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New Hadrons

Charmonium spectrum


X(3872) :  and  are mixed.


Emerging a new hierarchy by adding a pair of .

cc̄ cc̄(uū + dd̄) = DD̄*

qq̄
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New Hadrons

Numerous multi-quark resonances are observed!


Clear effect of the hadronic thresholds.

But maybe more ingredients in deeper level.

It is difficult to manage transitions between Fock spaces.
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House of composite hadrons

1st floor: QCD quarks and gluons (ex. Lattice QCD) 
They do not give intuitive picture for 
– quantum numbers of the low-lying states 
– why multi-quark states are rare?


2nd floor: Quasi-Particles 
	 (Effective Degrees of Freedom)


Colored QP (201) and White QP (202) 
	 colored QP in compact hadrons 
	 	 heavy baryons, tetraquarks  
	 white QP in molecular hadrons 
	 	 Λ(1405) = NK̄
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Room 201: colored quasiparticle (CQP)

Constituent quark with spin 1/2, color 3 and flavor 

	 Mass ~ 330 MeV (u,d), 550 MeV (s), 1500 MeV (c)


Diquark  

diquark correlation, clusters in hadrons 

	 [ud] (0+, I=0) : good diquark, mass ~ 500-600 MeV


Constituent gluon 

explicit gluon degrees of freedom: exotic mesons (Jπ=1-+, 0+-) 

	 Mass ~ 1 GeV (string vibration modes)
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Diquarks
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Diquarks in Heavy Baryons

In the strange sector, the spin-spin force splits SU(3) 8 and 10. 

In the heavier sectors, the heavy-quark spin symmetry suppresses 
ΣQ(1/2) - ΣQ(3/2) splitting. 

Diquark structure will appear clearly in charm and bottom 
baryons, but not so in the non-strange and strange sectors.
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Probabilities of  λ and ρ modes v.s. heavy quark mass 
in the lowest P-wave ΛQ(1/2-) state
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Quark model calculation by Yoshida, et al., PRD 92, 114029 (2015) 
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Diquarks in Heavy Baryons

The production cross 
sections are consistent with 
σ (0+) ~ 3 σ (1+), which 
suggests a strong scalar 
diquark correlation.

The cross sections are 
consistent with the λ mode 
excitations for Λc(2595), 
Λc(2625) and Σc(2800), and 
supports the quark model.
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Diquarks in exotic hadrons/matter

Doubly heavy tetraquark bound states 
TQQ =  

Diquark condensate  
in dense hadronic matter 
=> color-superconducting phase

QQq̄q̄
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Chiral Effective Theory of Diquarks
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Chiral Effective Theory of Diquarks

Goal: to explore properties of light diquarks under 
SU(3)×SU(3) chiral symmetry and answer questions such as


What are the chiral partners of diquarks and their 
implications to hadron spectroscopy?


How do we observe the chiral properties of diquarks?


What are the roles of U(1)A anomaly in diquark interactions?


How do diquarks decay strongly?


How do diquarks behave in matter, where chiral symmetry is 
partially restored?


Chiral effective Lagrangian based on the linear representation 
of diquarks (and S+PS mesons)
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Chiral Effective Theory of Diquarks
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The effective Lagrangian with  symmetrySU(3)R × SU(3)L

Scalar/Pseudoscalar Diquarks
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UA(1) anomalous mass

Chiral symmetric mass

SCSB mass

M. Harada, Y.R. Liu, M.O., K. Suzuki, PR D101, 054038 (2020)

Scalar and PS nonets
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Diquark-Heavy-Quark model

Single-Heavy-Baryon with a Q-dq potential: 
 

Double-Heavy-Tetraquarks with  
	 Q-Q and Q-dqbar potentials 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Inverse mass hierarchy for Baryons
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charm baryons bottom baryons
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Chiral symmetry vs Diquarks

Masses of the 0+ and 1+ diquarks under chiral restoration
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Chiral Symmetry Restoration
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Decays of SHB in matter

Decays of  baryons under chiral symmetry restorationΣc, Σ*c
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Chiral Symmetry Restoration
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Doubly Heavy Tetraquarks

The same model is applied to DHTQ 

Potential between a heavy quark and a (anti)diquark


Potential between heavy quarks 
	 (a la Semay-Silvestra Brac)
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Doubly Heavy Tetraquarks

TQQ states with I=0 (Flavor 3)
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Excitation

of QQ bond 

Y. Kim, M.O., K. Suzuki, Phys. Rev. D 105, 074021 (2022)

Excitation

of diquark 

Bound state
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Doubly Heavy Tetraquarks

Flavor SU(3) 6bar (I=1) states
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0+, 1+, 2+ triplet 
unbound

Y. Kim, M.O., K. Suzuki, Phys. Rev. D 105, 074021 (2022)
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Summary

Diquark is a non-trivial colored cluster in hadrons, which is clearly 
seen as a component in single heavy baryons.


Chiral properties of light diquarks have been studied in the 
context of heavy baryon spectroscopy.


UA(1) anomaly seems to play significant roles.


Chiral restoration may give notable effects on the spectra and 
decays of heavy baryons.


Future problems:  
roles of diquarks around the hadronic thresholds 
roles of diquarks and the other quark clusters in exotic hadrons 
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