
 Nirmal Raj 

The ‘Tang’ible Enigma of  Flavour  

                  Graduate Student Seminar 
                     21 May 2014 



                                  Jay Wacker 

                              touched upon it 

                            (and quit physics) 

      

 

                      Wolfgang Altmannshofer 

                         presented it in detail 

  

 

                                  This talk 

                      a different perspective 
 

 



              Why copies? 
      
                            

             

         

 

 

 

 

  

 

  

 

                                    

 

 

                             

 



   Analogy I 
      
                            

             

         

 

 

 

 

  



   Analogy II 
      
                            

             

         

 

 

 

 

  



    
      
                            

             

         

 

 

 

 

  



    
      
                            

             

         

 

 

 

 

  



    
      
                            

 

A little deeper 



    
      
                            

             

         

 

 

 

 

  

 

A lot deeper 



    Analogy III 
      
                            

             

         

 

 

 

 

  



             

         

 

 

 

 

  

“Find Element 6” 



             

         

 

 

 

 

  

“Find Element 6” 



             

         

 

 

 

 

  

A = 13 A = 12 
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                        Defining properties  
                
                             (Near-)Copies 
 
                     Probe at deeper lengths 
    

 

   The analogies 
      
                            



             

         

 

 

 

 

  

                   Defining properties  
                
           (a) Fundamental particle 
          (b) Feels electromagnetism 
          (c) Neutral under strong force 
    

 

    
      
                            



             

         

 

 

 

 

  

    
      
                            

Gauge invariance à la  
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“Who ordered that?”  
                  -  I. I. Rabi 



             

         

 

 

 

 

  

    
      
                            



             

         

 

 

 

 

  



             

         

 

 

 

 

  

Other definining properties = other states 
                



             

         

 

 

 

 

  

Other definining properties = other states 
                



             

         

 

 

 

 

  

Other definining properties = other states 
                



             

         

 

 

 

 

  

All fundamental fermions come in three families! 
                         Why?! 

Other definining properties = other states 
                



             

         

 

 

 

 

  

  

 

 

     

Conundrum extends into new world below 10-18 m  
 

    



             

         

 

 

 

 

  

    
      
                            

Gauge invariance à la  
                

HYPER-Q.E.D. 



             

         

 

 

 

 

  



             

         

 

 

 

 

  Does the mass pattern give a clue? 



             

         

 

 

 

 

  

   e, μ, τ  



             

         

 

 

 

 

  

 χ’s 



             

         

 

 

 

 

  

ψ’s 



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  

Ψ3 – heaviest known elementary particle 



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  

No easy parametrization, 
no pattern 

Lepton mixing matrix 



             

         

 

 

 

 

  

• Three (near-)replicas of matter 
• No clear mass hierarchies 
• ψ3 ridiculously massive 
• Approximate pattern in quark mixing 
• No pattern in lepton mixing 
 
               +  Neutrinos [WTF is up with them?] 
 
               +  Strong CP problem 



             

         

 

 

 

 

  

• Three (near-)replicas of matter 
• No clear mass hierarchies 
• ψ3 ridiculously massive 
• Approximate pattern in quark mixing 
• No pattern in lepton mixing 
 
               +  Neutrinos [WTF is up with them?] 
 
               +  Strong CP problem 



             

         

 

 

 

 

  

• Three (near-)replicas of matter 
• No clear mass hierarchies 
• ψ3 ridiculously massive 
• Approximate pattern in quark mixing 
• No pattern in lepton mixing 
 
               +  Neutrinos [WTF is up with them?] 
 
               +  Why no CP violation in strong interaction? 



             

         

 

 

 

 

         And that’s the flavour puzzle 



             

         

 

 

 

 

                               Has it helped? 
       
  



             

         

 

 

 

 

                               Has it helped? 
       
 Yes – (i) in establishing neutrinos have mass 



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

  



             

         

 

 

 

 

                               Has it helped? 
       
 Yes – (i) in establishing neutrinos have mass 
           (ii) in probing  for “new physics” (< 10-18 m)  



             

         

 

 

 

 

  

PROHIBITED 



             

         

 

 

 

 

  

PROHIBITED ALLOWED IN SM 

SM prediction:  

BR ~ 10-40 



             

         

 

 

 

 

  

PROHIBITED ALLOWED IN SM 

BEYOND SM 

MEG Limit:  

BR < 5.7 x 10-13 

SM prediction:  

BR ~ 10-40 



             

         

 

 

 

 

  

PROHIBITED ALLOWED IN SM 

               SM prediction: BR ~ 10-14 

 

 

CMS: BR < 5 x 10-4 ;   ATLAS: BR < 7.3 x 10-3                

 

 

LHC limits 



             

         

 

 

 

 

                               Has it helped? 
       
 Yes – (i) in establishing neutrinos have mass 
           (ii) in probing  for “new physics” (< 10-18 m) 
          (iii) in constraining (=enhancing) imagination 
                 of model-builders 



             

         

 

 

 

 

             



             

         

 

 

 

 

            Wait, are you sure there’s just three? 



             

         

 

 

 

 

  
            Guesses? 
 
 
   
 
  



             

         

 

 

 

 

  
            Guesses? 
 
Microscopic phenomena 
   
 
  



             

         

 

 

 

 

  

                       (0)  
Something is profoundly sick 
in our understanding of 
quantum fields  
  



                       (1)  
           Fermion masses 
          
        Higgs interactions 
 
 Something in the ultraviolet 
 
     [Disclaimer: Doesn’t answer ‘Why three?’] 
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           Fermion masses 
          
        Higgs interactions 
 
 Something in the ultraviolet 
 
     [Disclaimer: Doesn’t answer ‘Why three?’] 
  

Perturbative  
expansion 
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           Fermion masses 
          
        Higgs interactions 
 
 Something in the ultraviolet 
 
     [Disclaimer: Doesn’t answer ‘Why three?’] 
  

Perturbative  
expansion 
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                       (1)  
           Fermion masses 
          
        Higgs interactions 
 
 Something in the ultraviolet 
 
     [Disclaimer: Doesn’t answer ‘Why three?’] 
  

Perturbative  
expansion 

Number of  
UV fields 



             

         

 

 

 

 

  

                       (2)  
         Symmetry principle 
               
              Flavour force 
 
 
 
  



             

         

 

 

 

 

  

                       
(1) and (2) keys that open just the flavour lock 
               
  

                        
                   (Sub)master keys? 
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              Russian dolls 
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              Russian dolls 
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                       (6)  
               Anthropics? 
  



             

         

 

 

 

 

  

                       (6)  
               Anthropics? 
 
                     Nah. 
  



             

         

 

 

 

 

      How may we probe the mystery? 
       



             

         

 

 

 

 

  

            The LHC? 



             

         

 

 

 

 

  

    Bigger microscopes! 



             

         

 

 

 

 

  

           Final words 

Flavour:   21 out of 26 
Standard Model 
parameters. 
 
 
  

12 fermion masses  

                + 

03 quark mixing angles 

                + 

01 quark CP violation phase   

                +  

03 lepton mixing angles 

                + 

01 lepton CP violation phase 

                + 

01 strong CP violation phase 

Where do these come from? 
          And why three?! 
 
 



             

         

 

 

 

 

  

http://xkcd.com/474/ 

   Quark names 


