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Motivation 
 • Bc(2S) and B*c(2S) are already detected,  

                                          >  
     Atlas PRL 113 (2014) 212004, CMS PRL 122 (2019) 132001 

• Bc(3S) can be found via their strong decays,           R. Ding, 

B.D. Wan, Z.Q. Chen, G.L. Wang, C.F. Qiao, PLB 816 (2021) 136277  

• S-D mixing 
 

•              mixing 
 
 

• In a relativistic method, e.g.   solving the Bethe-Salpeter 
equation or Salpeter equation, how about upper mixings  
 



Meson and its description 

• Usually using                          to describe a meson  
• Non-relativistic  



Meson and its description 

• Relativistic  
 
 
 

• Three categories 
1.       and   
2. Natural parity  
3. Unnatural parity 
 

 



• Wave function 



• 𝐽𝐽𝑃𝑃𝑃𝑃     
 
 

• Partial waves 
 
 
 

 a1 and a2 terms are S waves, non-relativistic 
 a3 and a4 terms are P waves, relativistic correction 



• Non-relativistic 
 
• Normalizaiton ∝ 𝑆𝑆2 

 
 

• Full normalization ∝ (𝑆𝑆 + 𝑃𝑃)2 
 
 

• S: P=1: 0.082;  1: 0.091;  1: 0.097 for 1S, 2S, 3S Bc states 



 



 
 
 
 
 
 

• P: S = 1: 0.097;  1: 0.10;  1: 0.11 for 1P, 2P, 3P Bc 



• zero-q is S wave, one-q P wave, two is D, three is F… 
 
 
 
 

• So it is S-P-D mixing state 
 

• Normalization 
 
 

    It is ∝ (𝑆𝑆 + 𝑃𝑃 + 𝐷𝐷)2 
 
 



• Pure S wave 
 
with                                                               ∝ (𝑆𝑆)2 
 
• Pure D wave 
 
With                                                            ∝ (𝐷𝐷)2 
 
So S: P: D=1: 0.09: 0.037;  1: 0.097: 0.044;  -0.576: 0.48: 1 
for 1S, 2S, 1D dominant states. If delete P wave, then obtain 
the S-D mixing angle for 1D dominant state:   

 



 



 
 

• It is P-D-F mixing state, with normalization condition 
 
 

• Pure P wave  



• Pure F wave 
 
 
 

• P: D: F=1: 0.10: 0.039; 1: 0.11: 0.049; -0.633: 0.50: 1  
       for 1P, 2P, 1F dominant states, respectively 



 
 

 
• It is D-F-G mixing state 

 
• D: F: G=1: 0.11: 0.043; 1:0.13: 0.052; -0.654: 0.505: 1 
      for 1D, 2D and 1G dominant states 



 
 
 
 



• Normalization 
 
 

where the mixing angle is defined by wave function 
• There is also P and D partial waves, f1,f2,g1,g2 terms 

are pure P waves, with normalization condition 



• Solutions appear in pairs, first and second are 1P, 
third and fourth are 2P, etc 

• First two  
     with mixing angle  
• 3, 4  

 
• Pure P wave:  
•                                for two 1P 
                                   for two 2P          



 



 
 
 
 

• Normalization and mixing angle 
 



• First and second solutions 
 
 
 

• Third and fourth solutions 



Mass spectra 

 



Mass spectra 

 



Summary 

• There are three categories of mesons. 
• All states have different partial waves. 
• The mixing of different waves naturally 

appears in relativistic method, not manmade, 
only one wave function is needed. 

• In a relativistic method, the mixing angle can 
be calculated by wave function, not potential.  
 



Thank you 
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