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Preliminary statistics: 65  years of n-physics  
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1933  
b-decay EFT  
 

1957  
parity violation       
 

1967   
standard model  
 

1973  
neutral current  
 

1998  
n-oscillations  

job market  

> 28 000 Papers  INSPIRE:  find title NEUTRINO  and date XX 

 



We have known quite a lot é.  

A global fit by I. Esteban et al (2007.14792); also by F. Capozzi et al (2107.00532).     

Experimental open questions: absolute neutrino mass, mass ordering; 
CP violation in oscillations; Majorana nature (phases); extra speciesé   

Theoretical open questions: flavor structures of massive neutrinos, é.    
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atmosphere  

ѮӔσᶼ₭ѦỈḑ    

T. Kajita  
June 5, 1998  

Ѣᵕ Ӆ Ԇẩσ 

ẘ~1000 km  

Ṇ ѼσᶇѢᵕ Ӆіֶⱴ׀ ῏і ԆẩⱣײַ ᶼ

₭ѦỈḑ ѬαὝ σᴧPMNSַ2ײÓ2ᴟᾎצβ  
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Fine structure  

JUNOôs idea 

Reactor  (JUNO):  Optimum baseline at the valley of           oscillations, 
corrected by fine structures of           oscillations.  

Accelerator /atmospheric:  terrestrial matter effects play crucial roles.   

  T2K, NOnA, SK, DUNE, HK, é  

Normal mass ordering  is favored over the inverted one at the 3s level.  

1.3 ѦỈḑ Ẑσ≡ ᴜⱣ   

L. Zhan , Y.F. Wang , 
J. Cao, L.J. Wen 08  
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1.4 ◓ ᾇẓ Ҟσ ᾑ   

Lincoln Wolfenstein (2004): I think I have learnt as much from all my 
students as they have learnt from me.     

     Ref. [8]  

Wyler  



In vacuum the evolution of three neutrino mass eigenstates with time    

In the flavor basis the evolution of 
three neutrino flavors is described 
by the Schroedinger - like equation:     

Propagating in a medium , neutrinos may have CC and NC interactions  

CC  NC  

electron 
replaced  
by  
proton   
or  
neutron  

1.4 ◓ ᾇẓ Ҟσῑᾇᵞḷ α1β   

Coherent 
forward 
scattering  

⅜ ᾴⱣ ὒ≡ᵷ 



In this case the effective Hamiltonian with a matter potential is      

                            from electron           from neutron  

The NC contributions from electrons  
and protons  cancel each other, since 
we stay with normal matter : 

¦  The NC term is universal for three 
neutrino flavors, and hence it can be 
neglected in the standard case.  

¦  When an antineutrino beam is taken into consideration, the CC and 
NC terms flip their signs, and simultaneously the flavor mixing matrix 
U  needs to be complex conjugated.   

¦  The NC term should not be ignored if sterile neutrinos are included.   

 

1.4 ◓ ᾇẓ Ҟσῑᾇᵞḷ α2β   



Τ The effective Hamiltonian for neutrino oscillations in a medium ----

matter effects are from the CC -induced coherent forward scattering.    

A neutrino  
beam, + a  

An antineutrino  
beam, -a  

Τ Using the effective  quantities defined in matter , one may write out 

neutrino oscillation probabilities in the same form as in vacuum !    

                           in vacuum              correction                     in matter   

1.4 ◓ ᾇẓ Ҟσῑᾇᵞḷ α3β   



The effective Hamiltonian for two -flavor neutrinos in vacuum/matter:  

The 2 -flavor approximation is good for solar or atmospheric neutrinos  

1.4 ◓ ᾇẓ ҞσѢᵕ ẺѮӔ   



Effective   neutrino mass -squared difference & mixing angle in matter:  

The matter density changes 
for solar neutrinos to travel 
from the core to the surface  

 

exercise:  discuss 
2 extreme cases:  
 
 

1.4 ◓ ᾇẓ Ҟσῑᾇ═ᴿ ј ẇᾛṭ   



It is very hard to understand why Wolfenstein ignored the resonance.  

1.4 ◓ ᾇẓ ҞσMSWԉ ᾇẓ   

G.T. Zatsepin ẀốᶇổᶼֶῙ ѕᴦ αḄῺ ҂εҹ Ố τḄῺḽ҂εҹể Ϊβ 

Ἃ Phys. Lett. B ἢΪ 



ᶾ ѦỈḑј◓ ᾇẓσḪ ≡   

Vacuum dominant  

Matter dominant  

Beryllium nôs ~ 56%                        

Boron nôs ~ 32%  



In the two -flavor approximation, the effective 
Hamiltonian of solar neutrinos is:  

5 20.75 10  eV / MeV (at  0)r-³ =5 27.6 10  eV-³

Be-7 nôs:  E ~ 0.862 MeV .  The vacuum term 
is dominant. The survival probability on the 
earth is (for theta_12  ~ 34£):  

B-8 nôs:  E ~ 6 to  7 MeV . The matter term is dominant. The produced n 
is roughly  n_e ~ n_2  (for V >0 ). The n-propagation from the center to 
the outer  edge of the Sun  is approximately  adiabatic .  That is why it 
keeps to be n_2  on the way to the surface (for theta_12  ~ 34£):  

ᶾ ѦỈḑј◓ ᾇẓσֳ₉Ᵽ    

Ḫ ѕ⅍ῑ
ὒ≡ָᶾ
ѦỈḑ
ѬψΪ 



1.4 ◓ ᾇẓ Ҟσ Ḫ    

◓ ᾇẓểṆεїẼᵟ ẇᾛṭַײ ᴹτḽ═ᴿ ῑ Ẽᵟεјײ1%ַ ᾈẘּגặ 



The 3¦3 unitary PMNS neutrino mixing matrix can be parametrized:  

§  (1,2) mixing sensitive to solar n-oscillations;  
§  (1,3) mixing sensitive to short -baseline reactor anti -n-oscillations;  
§  (2,3) mixing sensitive to atmospheric n-oscillations.  
 

§  Dirac phase d  sensitive to long -baseline accelerator n-oscillations;  
§  Majorana phases r  and s  sensitive to lepton number violation.  

ӻּר α1βσPMNSּש    צᴟᾎ֜ ײַ


