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Motivation 

•  Spectroscopy àinteraction dynamics & structures  
   atomic spectrum à atomic quantum theory  
   nuclear spectrum à shell model, collective motion  
   hadron spectrum à ? Important discovery  

•  Many mesons and baryons discovered recently: 
    Bc(2S)             ATLAS    PRL 113, 212004 
    Ξb*(5955)-       LHCb      PRL 14, 062004 
    …… 



Gell-Mann-Okubo formula 
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M. Gell-Mann, Phys. Rev. 125, 1067 (1964)    S. Okubo, Prog. Theor. Phys. 27, 949 (1962) 

•  Predicted the existence and mass of Ω- 
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     After c quark and b quark were found in 1970s, GMO formula 
was generalized to 
2 , 2 ,

2 , 2 , 2 .
s

s c

D cc nn D cc ss

B bb nn B bb ss B bb cc

M M M M M M

M M M M M M M M M

= + = +

= + = + = +

These Eqs. do not agree with experiments,  e.g., for vector mesons, 
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Bc(11S0) Exp. Pre. 
Mass (MeV) 6275.6±1.1 6274.6±3.4 

 For the pseudoscalar 11S0 meson multiplet: 

 We can get a mass relation for mesons in a spin-parity multiplet: 

 In fact: 



Charm-bottom mesons  



Doubly and triply charmed baryons  

    However, the JP number has not been determined 
experimentally. 
    Moreover, it has not been confirmed by other experiments 
(notably by LHCb, BABAR, BELLE,  and FOCUS). 



    Many light baryons and singly charmed baryons have been 
well established.  (3 or 4 stars in Baryon Summary Table) 

Doubly and triply charmed baryons  

     Therefore, we focus on searching mass relations which can 
express the mass of a doubly charmed baryon as a function of 
masses of the well established light baryons and singly 
charmed baryons. 
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Masses of the doubly	
  and	
  triply baryons 

= 0.4±0.3 MeV 1.5±2.7 MeV, PLB 698, 251 

2.3±1.7 MeV, PRD 78, 073013 





Doubly and triply bottom baryons  

= -2.4±2.0 MeV 

-6.3±1.7 MeV,  PLB 698, 251 

-5.3±1.1 MeV,  PRD 78, 073013 

= 0.4±0.3 MeV 

1.5±2.7 MeV, PLB 698, 251 

2.3±1.7 MeV, PRD 78, 073013 



Regge phenomenology 

•  Regge phenomenology was derived from the analysis of 
the properties of the scattering amplitude in the complex 
angular momentum plane.(T. Regge, Nuovo Cim. 1959) 

•  In 1962, it was introduced to study hadron spectra by 
Chew and Frautschi. (PRL 8, 41) 

•  Regge theory is concerned with almost all aspects of 
strong interactions, including the particle spectrum, the 
forces between particles, and the high energy behavior 
of scattering amplitudes. 

•  One of the most distinctive features of Regge theory is 
the Regge trajectory by which the mass and the spin of a 
hadron are related. 



     We plot Regge trajectories for some mesons and baryons in the 
(J,M2) plane. 



For meson, Regge slope and intercepts have the following relations: 

(2) 

(3) 

(1) 2(0) 'J a Mα= +

    Equations (2) and (3) were derived in a model based on the 
topological expansion and the qq-string picture of hadrons 
(QGSM) [Kaidalov 1982].     This model provides a microscopic 
approach to describe Regge phenomenology in terms of quark 
degrees of freedom. 

      The quasi-linear Regge trajectory is usually parameterized as Eq. (1) 

the additivity of intercepts 

the additivity of inverse slopes 



    For baryons, the additivity of intercepts and the additivity of 
inverse  
slopes are written as follows: 
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(5) 

     There are also relations about the factorization of slopes for 
mesons and baryons: 
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which follow from the factorization of residues of the t-channel poles. 

, 
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   Using Eqs. (1) and (2), we have Eq. (8) 

      Combining the relations (3) and (8), we can get relations between the 
slope ratio and meson masses.  

. 

. 

(9) 

     For baryons, one can have  



Quadratic mass equalities 
     For mesons, from Eqs. (2) and (3), we can redefined Regge slope and 
Regge intercept as the following: 

    For baryons, from Eqs. (4) and (5), we can redefined Regge slope and 
Regge intercept as the following: 

where 

where 

b-baryons 



From Eq. (31), we can see that      is independent of q. 

      To evaluate the deviation of Relations (13) and (16), from the equalities 
that would be obtained by changing the signs of inequalities to equal signs, 
we introduce a parameterδ, which is denoted by    for mesons, 

and      for baryons, 

(31) 







…… 



Summary 
•  The mass relations obtained from Regge 

phenomenology are suitable to describe the existing 
hadron spectra with high accurcy.  

•  We numerically prove that  the factorization of slopes 
is wrong for heavy mesons. 

•  We support that Ξcc(3520)+ is the ground baryon with JP = ½+. 
•  The mass of a0(1450) is too high to be the 13P0 state. 
•  The mass relations and the predictions may be 

useful for the discovery and the JP assignment of the 
unobserved states. 



Thank �  � you �  � for �  
 �  �  �  �  �  �  � your � 
attentions � ! 


