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So many excellent talks… 
History 

• Luciano Maiani: From GIM to Tcc, a brief history of charm 

• Robert L. Jaffe: Tetraquarks and other exotics, a brief history 

 

Experimental progress 

• Yanxi Zhang: LHCb results and perspectives 

• Chengping Shen: Belle II results and perspectives 

• Ryan Mitchell: Belle III results and perspectives 

• Peter Braun-Muntzinger: ALICE and hadron physics 

 

 

 

 

 



Theory on compact Tcc/Tbb (1) 
Lattice QCD 

• Pedro Bicudo: Lattice QCD and tetraquarks 

• Kim Maltman: Results from lattice QCD 

Symmetry 

• Chris Quigg: Heavy quark symmetry 

PQCD potential 

• Nora Brambilla: QCD and exotic hadrons 

String picture 

• Gian Carlo Rossi: String picture of exotic hadrons 

QCD sum rules 

• Marina Nielsen: Exotics in QCD with sum rules 

Holography 

• Stan Brodsky: Light-Front holography 

 

 



Theory on compact Tcc/Tbb (2) 
Quark model 
• Makoto Oka: Tcc: structure, decay, and production 
• Eric Braaten: Heavy exotics in the Born-Oppenheimer 

picture 
• Javier Vijiande: Constituent model 
• Angelo Esposito: Tetraquark: successes, challenges and 

new avenues 
• Jean-Marc Richard: Stability of tetraquarks, lessons from 

atomic physics 
Decays 
• Eliecer Hernandez: Lifetime and main decay modes of Tbb 
• Ahmed Ali: Weak decays of heavy flavors 

 
 
 
 



Hadronic molecules (3) 

• Tesuo Hyodo: Hadron-hadron interaction from 
heavy-ion results 

• Bing Song Zou: Hadronic molecules with charm 

 

 



Compact tetraquarks vs hadronic molecules 

• The dominant part of QCD strong interaction is flavor independent. Color 
configuration is unique in conventional baryons and meson 

•   flavor multiplets in baryons and meson 

• Mass splittings are induced by various chromo-magnetic interactions: spin-
spin, spin-orbital, tensor, … 

• For multiquark states such as Tcc/T4c, there should exist color-flavor dual 
multiplets since two types of color configurations are allowed 

• Once a member state is observed, all the other states with different isospin 
and strangeness should also exist.  

• Their mass splittings can be calculated from chromo-magnetic interactions 

• Compact tetraquarks are formed by the quark-gluon COLOR interaction 

 In contrast, hadronic molecules are very sensitive to the isospin 

 States with the lowest isospin are favored    

 Hadronic molecules are bound by the hadron-hadron color-less interaction 



Compact Tcc/T4c 

• Spatial configuration 

• Color configuration 

• Confinement 

• non-Abelian triple-gluon and quartic-gluon 
interactions 

 



Spatial configurations of Tbb/Tcc 

There are three types of spatial configurations: 
• (1) Two heavy quarks are close to each other and look like 

compact heavy di-quark  

• These Tbb/Tcc systems are similar to heavy baryons (Qqq) and 
Helium atom in QED 

 (2) Two heavy quarks are not close to each other (separation 
around 1 fm?). They share light quark pair and form QCD 
valence bond   

 similar to valence bond in Hydrogen molecule in QED where 
two protons are bound by electron cloud 

 (3) Two heavy quarks are separated far away  

 Hadronic molecules are similar to Deuteron  

 

 



Color configurations of Tcc and T4c 

• Color configuration unique for conventional baryons (qqq) 
and mesons (qqbar) 

• Color configurations complicated for multiquarks 

• For tetraquarks, there are two color confihurations: triplet 
and sextet. (the quark pair and anti-quark pair form color-singlet 

through 3cX3c_bar=1c or 6cX6c_bar=1c) 

• Linear confinement and Coulomb force from one-gluon-
exchange do not mix different color configurations if we 
ignore the running of coupling constant alpha_s 

• However, various fine and hyperfine interaction induce mixing 
of color configurations 



Color configuration mixing in S-wave Tcc/Tbb 

Lowest isoscalar state dominated by 3cX3c_bar in Tcc/Tbb 

Weng, Deng, Zhu, CPC(2021), arXiv:2108.07242 
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Color configuration mixing in S-wave Tcccc 

Lowest S-wave state dominated by 6cX6c_bar 

Wang, Meng, Oka, Zhu, PRD 104 (2021) 036016 
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Color configuration mixing in P-wave T4c 

Some P-wave states dominated by 3cX3c_bar 

Wang, Meng, Oka, Zhu, PRD 104 (2021) 036016 
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Confinement mechanism 

• Conventional hadron spectrum and lattice QCD simulations 
favor linear confinement between the color-singlet 
(qqbar)_1c pair or color-triplet (qq)_3c_bar pair within color-
singlet hadrons 

• Long-distance force between the color-octet (qqbar)_8c pair 
or color-sextet (qq)_6c pair within multiquarks is still 
unknown  

• Need more data to explore confinement force: do we still 
expect the linear confinement force with the same color 
factor as in Coulomb potential? Or flux tube with universal 
string tension? Or …  



non-Abelian triple-gluon and quartic-gluon 
interactions in Tcc 

• In the traditional quark model, in addition to the long-ranged confining 
force, one generally considers the two-body short-ranged interaction from 
the gluon exchange, which follows similar formalism in atomic physics 

• non-Abelian SU(3) gauge group of QCD differs from the U(1) of QED 
• There exist the triple-gluon and quartic-gluon interactions in QCD  
• Very luckily, these non-Abelian interactions do not contribute to the 

traditional meson and baryon spectrum due to their unique color 
configuration in quark model 

• However, the situation is very different for the Tcc/T4c . The color wave 
function of any three quarks within the Tcc/T4c is color-triplet 3c or 3c_bar  

• the genuine three-body interaction from the triple-gluon or quartic-gluon 
interaction does not vanish 

• This effect has seldom been investigated in the literature 
• Multiquarks may provide an ideal platform to study non-Abelian guage 

interactions 



Hadronic molecules 

• Only two talks on hadronic molecules 



Chiral effective field theory for hadronic molecules 

• Chiral symmetry and its spontaneous breaking play an 
important role both in the light and heavy hadron systems 

• In the eyes of the pions, the heavy mesons and baryons are 
the SAME matter fields as the nucleons 

• Modern nuclear force was built upon the chiral effective field 
theory (ChEFT) proposed by Weinberg 

• The same chiral dynamics not only governs the nuclei and 
forms the deuteron, but also dictates the shallow bound states 
or resonances such as Pc/Pcs/Tcc/Zc/Zcs/Zb… 

• ChEFT is modeled by One-Boson-Exchange Model (OBE) 

 

 

 



OBE vs ChEFT 

OBE ChEFT 

Long distance 1 pion  1 pion  

Medium range Sigma meson exchange 2- pion loop 

Short distance Vector meson exchange Low-energy constants 



Pc states were predicted in OBE model 

Wu, Molina, Oset and Zou, Prediction of narrow N and  resonances with hidden charm above 4 GeV,  
Phys. Rev. Lett. 105 (2010) 232001  

zhu
矩形

zhu
线条

zhu
线条



Molecular picture confirmed by LHCb 

PRL122, 222001 (2019) 



JHEP 11 (2019) 108 
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JHEP 11 (2019) 108 
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• We predicted Pcs around 4457MeV with ChEFT 

• Later, LHCb reported evidence of Pcs(4459) in 2020 
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We predicted a very shallow DD* molecule, which was confirmed by LHCb in July  
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Tcc vs X(3872) 

• Tcc and X(3872) share the same one-pion-exchange 

potential. Their long-range dynamics is similar and 

strongly correlated to each other  

• If X(3872) contains a large portion of molecular 

component or X(3872) is a loosely bound molecular 

state, the existence of X(3872) implies the existence 

of Tcc 

• There should also exist partner states Tccs/Tbb… 

• The difference is that X(3872) contains a short-

distance ccbar core 



• LHCb first reported Tcc width to be (410±163) keV 

• Within the molecular framework, we employed the 
couple-channel effective field theory and calculated the 
decay widths of Tcc  

• In the isospin symmetry limit, we obtained its total decay 
width to be 46.7 keV 

• One month later, the LHCb collaboration adopted the 
unitarized Breit-Wigner distribution and extracted the 
total width to be (47.8±1.9) keV, which further supports 
the molecular picture 



Summary 

• Tcc signal observed by LHCb is probably a shallow DD* 
molecule  

• One may expect similar signal below 
D*D*/BB*/B*B*/DsD*/DDs*… thresholds 

• Other molecular cousins Tccs/Tbb… should also exist 
• Compact tetraquarks Tbb must exist (lattice QCD, various 

quark models, chromomagnetic models…) 
• Need more efforts to look for compact Tcc?   
• Multiquark states (T4c/Tbb) provide ideal platform to 

study confinement mechanism, non-Abelian 3-gluon/4-
gluon QCD interaction, QCD valence bond, novel 
spatial/color configurations…  

 




