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• Lecture 1 (today): 

• A bit of history and recap 

• A bit (more) of neutrino oscillations 

• Lecture 2 (tomorrow): 

• Determination of the neutrino mass ordering

Programme
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About Me
• PhD@Nikhef, 2012 for LHCb 

• TNO 

• Postdoc@Nikhef for KM3NeT 

• Postdoc@UW Madison for IceCube 

• Staff physicist@Nikhef for KM3NeT
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Reading Tip
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Listening Tip

https://www.preposterousuniverse.com/podcast/2025/12/08/228-ryan-
patterson-on-the-physics-of-neutrinos/
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• Why would one need a neutrino? 

• How would you discover a neutrino? 

• How would you figure out that a neutrino is different from an anti-neutrino? 

• How would you figure out that a muon neutrino is different from an electron neutrino? 

• How would you figure out that a tau neutrino is different from an electron and a muon 

neutrino? 

• How would you solve the solar neutrino puzzle?

Questions
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• Why would one need a neutrino? 
• How would you discover a neutrino? 

• How would you figure out that a neutrino is different from an anti-neutrino? 

• How would you figure out that a muon neutrino is different from an electron neutrino? 

• How would you figure out that a tau neutrino is different from an electron and a muon 

neutrino? 

• How would you solve the solar neutrino puzzle?

Questions
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Three known types of radioactivity:  

• Alpha radiation (positive)  

• Beta radiation (negative) 

• Gamma radiation (neutral)  

1902: Marie and Pierre Curie discover that the 
negative particles in beta decay/‘radiation' are 
electrons. (Electrons are already known and 
named at that time.) 

Question: if beta decay is like the image below, 
what is the energy of the electron?

Back to Basics: Back to Early 20th Century
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Mass Difference between Parent and Daughter

Chadwick, Ellis, Wooster
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One of the Proposed Remedies
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One of the Proposed Remedies

• Invent a new particle: the [neutron] 

• Spin 1/2 

• Electrically neutral 

• Massive (this distinguishes it from a 

photon)  

• Small mass, not bigger than 0.01 x 

proton mass 

• The sum of the emitted [neutron] and 

electron is constant and explains the 

continuous electron spectrum 
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Neutron discovery and Introduction of the ‘Undiscoverable’ Neutrino
• 1932: 

• Chadwick discovers the neutron, which bears the same mass as the proton 

• Rutherford had conjectured this neutron as early as 1920, but this was not picked up somehow 

• 1933:  

• Fermi renamed Pauli’s [neutron] to neutrino (i.e. ‘little one’) and develops his (effective) theory to 

explain the beta spectrum 

• Closer examination of beta spectra reveals that the neutrino mass must be VERY tiny indeed: 

‘Possibilité d’émission de particules neutres de masse intrinsèque nulle dans les radioactivités 

beta’, Perrin, Comptes-Rendus 197 (1933) 1625 

• 1934: 

• Bethe and Peierls conclude from Fermi’s theory that the neutrino cross section is so small that 

‘there is no practical way of observing the neutrino’
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• Bruno Pontecorvo: Bethe’s and Peierls’s opinion ‘too drastic’ 

• Pontecorvo’s idea (1946): a huge neutrino flux can overcome the extremely tiny cross 
section 

Or is it?
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• Why would one need a neutrino? 

• How would you discover a neutrino? 
• How would you figure out that a neutrino is different from an anti-neutrino? 

• How would you figure out that a muon neutrino is different from an electron neutrino? 

• How would you figure out that a tau neutrino is different from an electron and a muon 

neutrino? 

• How would you solve the solar neutrino puzzle?
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• Bruno Pontecorvo: Bethe’s and Peierls’s opinion ‘too drastic’ 

• Pontecorvo’s idea (1946): a huge neutrino flux can overcome the extremely tiny cross 
section  

•Detection method: ?

Or is it?
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• Bruno Pontecorvo: Bethe’s and Peierls’s opinion ‘too drastic’ 

• Pontecorvo’s idea (1946): a huge neutrino flux can overcome the extremely tiny cross 
section  

•Detection method: neutrino capture on (cheap!) chlorine atoms  

 

 

• Extract the radioactive argon atoms, and count the number of decays (half-life of 34 
days), this equals the number of detected neutrinos 

• Raymond Davis took up the experimental challenge 

• Brookhaven (1955): ?

⌫ +37 Cl ! e� +37 Ar
<latexit sha1_base64="41om3R+3xxsx++CP9G5CInh8VKw=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCWJJWqOCm2o3LCvYBTVom02k7dDIJMxOlhHyMG3/FjQsfuHDjtzhps9DWAwOHc85l7j1eyKhUlvVlLC2vrK6t5zbym1vbO7vm3n5TBpHApIEDFoi2hyRhlJOGooqRdigI8j1GWt64lvqteyIkDfidmoTE9dGQ0wHFSGmpZ146PIKnsBuXK4njIzUSflxjCXQEHY4UEiJ4gKQbnyXzoSuR9MyCVbSmgIvEzkgBZKj3zHenH+DIJ1xhhqTs2Fao3BgJRTEjSd6JJAkRHqMh6WjKkU+kG0+PTOCxVvpwEAj9uIJT9fdEjHwpJ76nk+mKct5Lxf+8TqQGF25MeRgpwvHso0HEoApg2hjsU0GwYhNNEBZU7wrxCAmEle41r0uw509eJM1S0S4XS7fnhep1VkcOHIIjcAJsUAFVcAPqoAEweATP4BW8GU/Gi/FhfM6iS0Y2cwD+wPj+AQ7xpHs=</latexit>

⌫ + n ! e� + p
<latexit sha1_base64="6nl3bIG4lJaM2yWlNPUIM0moqRI=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCyCIJakCnosevFYwX5AE8tmu22XbjZhd6OU0JMX/4oXD4p49Td489+4bXPQ1gcDj/dmmJkXxJwp7TjfVm5hcWl5Jb9aWFvf2Nyyt3fqKkokoTUS8Ug2A6woZ4LWNNOcNmNJcRhw2ggGV2O/cU+lYpG41cOY+iHuCdZlBGsjte19TyToGAnkSdbrayxl9IDoXXoyMmrctotOyZkAzRM3I0XIUG3bX14nIklIhSYcK9VynVj7KZaaEU5HBS9RNMZkgHu0ZajAIVV+OnljhA6N0kHdSJoSGk3U3xMpDpUahoHpDLHuq1lvLP7ntRLdvfBTJuJEU0Gmi7oJRzpC40xQh0lKNB8agolk5lZE+lhiok1yBROCO/vyPKmXS+5pqXxzVqxcZnHkYQ8O4AhcOIcKXEMVakDgEZ7hFd6sJ+vFerc+pq05K5vZhT+wPn8ACTOXkQ==</latexit>

Or is it?
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• Bruno Pontecorvo: Bethe’s and Peierls’s opinion ‘too drastic’ 

• Pontecorvo’s idea (1946): a huge neutrino flux can overcome the extremely tiny cross 
section  

•Detection method: neutrino capture on (cheap!) chlorine atoms  

 

 

• Extract the radioactive argon atoms, and count the number of decays (half-life of 34 
days), this equals the number of detected neutrinos 

• Raymond Davis took up the experimental challenge 

• Brookhaven (1955): nothing!

⌫ +37 Cl ! e� +37 Ar
<latexit sha1_base64="41om3R+3xxsx++CP9G5CInh8VKw=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCWJJWqOCm2o3LCvYBTVom02k7dDIJMxOlhHyMG3/FjQsfuHDjtzhps9DWAwOHc85l7j1eyKhUlvVlLC2vrK6t5zbym1vbO7vm3n5TBpHApIEDFoi2hyRhlJOGooqRdigI8j1GWt64lvqteyIkDfidmoTE9dGQ0wHFSGmpZ146PIKnsBuXK4njIzUSflxjCXQEHY4UEiJ4gKQbnyXzoSuR9MyCVbSmgIvEzkgBZKj3zHenH+DIJ1xhhqTs2Fao3BgJRTEjSd6JJAkRHqMh6WjKkU+kG0+PTOCxVvpwEAj9uIJT9fdEjHwpJ76nk+mKct5Lxf+8TqQGF25MeRgpwvHso0HEoApg2hjsU0GwYhNNEBZU7wrxCAmEle41r0uw509eJM1S0S4XS7fnhep1VkcOHIIjcAJsUAFVcAPqoAEweATP4BW8GU/Gi/FhfM6iS0Y2cwD+wPj+AQ7xpHs=</latexit>

⌫ + n ! e� + p
<latexit sha1_base64="6nl3bIG4lJaM2yWlNPUIM0moqRI=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCyCIJakCnosevFYwX5AE8tmu22XbjZhd6OU0JMX/4oXD4p49Td489+4bXPQ1gcDj/dmmJkXxJwp7TjfVm5hcWl5Jb9aWFvf2Nyyt3fqKkokoTUS8Ug2A6woZ4LWNNOcNmNJcRhw2ggGV2O/cU+lYpG41cOY+iHuCdZlBGsjte19TyToGAnkSdbrayxl9IDoXXoyMmrctotOyZkAzRM3I0XIUG3bX14nIklIhSYcK9VynVj7KZaaEU5HBS9RNMZkgHu0ZajAIVV+OnljhA6N0kHdSJoSGk3U3xMpDpUahoHpDLHuq1lvLP7ntRLdvfBTJuJEU0Gmi7oJRzpC40xQh0lKNB8agolk5lZE+lhiok1yBROCO/vyPKmXS+5pqXxzVqxcZnHkYQ8O4AhcOIcKXEMVakDgEZ7hFd6sJ+vFerc+pq05K5vZhT+wPn8ACTOXkQ==</latexit>

Or is it?
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• Bruno Pontecorvo: Bethe’s and Peierls’s opinion ‘too drastic’ 

• Pontecorvo’s idea (1946): a huge neutrino flux can overcome the extremely tiny cross 
section  

•Detection method: neutrino capture on (cheap!) chlorine atoms  

 

 

• Extract the radioactive argon atoms, and count the number of decays (half-life of 34 
days), this equals the number of detected neutrinos 

• Raymond Davis took up the experimental challenge 

• Brookhaven (1955): nothing! 

• Savannah River (1955): nothing!

⌫ +37 Cl ! e� +37 Ar
<latexit sha1_base64="41om3R+3xxsx++CP9G5CInh8VKw=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCWJJWqOCm2o3LCvYBTVom02k7dDIJMxOlhHyMG3/FjQsfuHDjtzhps9DWAwOHc85l7j1eyKhUlvVlLC2vrK6t5zbym1vbO7vm3n5TBpHApIEDFoi2hyRhlJOGooqRdigI8j1GWt64lvqteyIkDfidmoTE9dGQ0wHFSGmpZ146PIKnsBuXK4njIzUSflxjCXQEHY4UEiJ4gKQbnyXzoSuR9MyCVbSmgIvEzkgBZKj3zHenH+DIJ1xhhqTs2Fao3BgJRTEjSd6JJAkRHqMh6WjKkU+kG0+PTOCxVvpwEAj9uIJT9fdEjHwpJ76nk+mKct5Lxf+8TqQGF25MeRgpwvHso0HEoApg2hjsU0GwYhNNEBZU7wrxCAmEle41r0uw509eJM1S0S4XS7fnhep1VkcOHIIjcAJsUAFVcAPqoAEweATP4BW8GU/Gi/FhfM6iS0Y2cwD+wPj+AQ7xpHs=</latexit>

⌫ + n ! e� + p
<latexit sha1_base64="6nl3bIG4lJaM2yWlNPUIM0moqRI=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCyCIJakCnosevFYwX5AE8tmu22XbjZhd6OU0JMX/4oXD4p49Td489+4bXPQ1gcDj/dmmJkXxJwp7TjfVm5hcWl5Jb9aWFvf2Nyyt3fqKkokoTUS8Ug2A6woZ4LWNNOcNmNJcRhw2ggGV2O/cU+lYpG41cOY+iHuCdZlBGsjte19TyToGAnkSdbrayxl9IDoXXoyMmrctotOyZkAzRM3I0XIUG3bX14nIklIhSYcK9VynVj7KZaaEU5HBS9RNMZkgHu0ZajAIVV+OnljhA6N0kHdSJoSGk3U3xMpDpUahoHpDLHuq1lvLP7ntRLdvfBTJuJEU0Gmi7oJRzpC40xQh0lKNB8agolk5lZE+lhiok1yBROCO/vyPKmXS+5pqXxzVqxcZnHkYQ8O4AhcOIcKXEMVakDgEZ7hFd6sJ+vFerc+pq05K5vZhT+wPn8ACTOXkQ==</latexit>

Or is it?
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• Cowan and Reines had a similar but slightly different idea: 

• Do you remember what? 

• (Hint: how does it differ from )?⌫ + n ! e� + p
<latexit sha1_base64="6nl3bIG4lJaM2yWlNPUIM0moqRI=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCyCIJakCnosevFYwX5AE8tmu22XbjZhd6OU0JMX/4oXD4p49Td489+4bXPQ1gcDj/dmmJkXxJwp7TjfVm5hcWl5Jb9aWFvf2Nyyt3fqKkokoTUS8Ug2A6woZ4LWNNOcNmNJcRhw2ggGV2O/cU+lYpG41cOY+iHuCdZlBGsjte19TyToGAnkSdbrayxl9IDoXXoyMmrctotOyZkAzRM3I0XIUG3bX14nIklIhSYcK9VynVj7KZaaEU5HBS9RNMZkgHu0ZajAIVV+OnljhA6N0kHdSJoSGk3U3xMpDpUahoHpDLHuq1lvLP7ntRLdvfBTJuJEU0Gmi7oJRzpC40xQh0lKNB8agolk5lZE+lhiok1yBROCO/vyPKmXS+5pqXxzVqxcZnHkYQ8O4AhcOIcKXEMVakDgEZ7hFd6sJ+vFerc+pq05K5vZhT+wPn8ACTOXkQ==</latexit>

Neutrino Discovery
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• Cowan and Reines had a similar but slightly different idea:	 

⌫ + p ! e+ + n
<latexit sha1_base64="ZsvEe60+t7UORA8JVlWaf+J/7q8=">AAACBnicbVBNS8NAEN3Ur1q/qh5FWCyCUChJFfRY9OKxgv2AJpbNdtIu3WzC7kYpoScv/hUvHhTx6m/w5r9x2+agrQ8GHu/NMDPPjzlT2ra/rdzS8srqWn69sLG5tb1T3N1rqiiRFBo04pFs+0QBZwIammkO7VgCCX0OLX94NfFb9yAVi8StHsXghaQvWMAo0UbqFg9dkeAyjrErWX+giZTRA4a7tDw2qvFLdsWeAi8SJyMllKHeLX65vYgmIQhNOVGq49ix9lIiNaMcxgU3URATOiR96BgqSAjKS6dvjPGxUXo4iKQpofFU/T2RklCpUeibzpDogZr3JuJ/XifRwYWXMhEnGgSdLQoSjnWEJ5ngHpNANR8ZQqhk5lZMB0QSqk1yBROCM//yImlWK85ppXpzVqpdZnHk0QE6QifIQeeohq5RHTUQRY/oGb2iN+vJerHerY9Za87KZvbRH1ifPwZNl48=</latexit>

Neutrino Discovery

Target: 
water + 
Cd

Liquid scintillator + 
Cd, surrounded by 
PMTs

n+108 Cd !109 Cd⇤ !109 Cd + �
<latexit sha1_base64="zO27xwXcfzEnHgca2hASzDlq85o="></latexit>
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• Cowan and Reines had a similar but slightly different idea:	 

⌫ + p ! e+ + n
<latexit sha1_base64="ZsvEe60+t7UORA8JVlWaf+J/7q8=">AAACBnicbVBNS8NAEN3Ur1q/qh5FWCyCUChJFfRY9OKxgv2AJpbNdtIu3WzC7kYpoScv/hUvHhTx6m/w5r9x2+agrQ8GHu/NMDPPjzlT2ra/rdzS8srqWn69sLG5tb1T3N1rqiiRFBo04pFs+0QBZwIammkO7VgCCX0OLX94NfFb9yAVi8StHsXghaQvWMAo0UbqFg9dkeAyjrErWX+giZTRA4a7tDw2qvFLdsWeAi8SJyMllKHeLX65vYgmIQhNOVGq49ix9lIiNaMcxgU3URATOiR96BgqSAjKS6dvjPGxUXo4iKQpofFU/T2RklCpUeibzpDogZr3JuJ/XifRwYWXMhEnGgSdLQoSjnWEJ5ngHpNANR8ZQqhk5lZMB0QSqk1yBROCM//yImlWK85ppXpzVqpdZnHk0QE6QifIQeeohq5RHTUQRY/oGb2iN+vJerHerY9Za87KZvbRH1ifPwZNl48=</latexit>

Neutrino Discovery

Target: 
water + 
Cd

Liquid scintillator + 
Cd, surrounded by 
PMTs

Something is wrong here, can you see what?

n+108 Cd !109 Cd⇤ !109 Cd + �
<latexit sha1_base64="zO27xwXcfzEnHgca2hASzDlq85o="></latexit>



• 22

• Cowan and Reines had a similar but slightly different idea:	 

 

• Hanford: nothing, due to overwhelming background 

• Savannah River (1956): DISCOVERY!  

• Cross section as tiny as Bethe and Peierls had predicted: 6.3×10-44 cm2

⌫ + p ! e+ + n
<latexit sha1_base64="ZsvEe60+t7UORA8JVlWaf+J/7q8=">AAACBnicbVBNS8NAEN3Ur1q/qh5FWCyCUChJFfRY9OKxgv2AJpbNdtIu3WzC7kYpoScv/hUvHhTx6m/w5r9x2+agrQ8GHu/NMDPPjzlT2ra/rdzS8srqWn69sLG5tb1T3N1rqiiRFBo04pFs+0QBZwIammkO7VgCCX0OLX94NfFb9yAVi8StHsXghaQvWMAo0UbqFg9dkeAyjrErWX+giZTRA4a7tDw2qvFLdsWeAi8SJyMllKHeLX65vYgmIQhNOVGq49ix9lIiNaMcxgU3URATOiR96BgqSAjKS6dvjPGxUXo4iKQpofFU/T2RklCpUeibzpDogZr3JuJ/XifRwYWXMhEnGgSdLQoSjnWEJ5ngHpNANR8ZQqhk5lZMB0QSqk1yBROCM//yImlWK85ppXpzVqpdZnHk0QE6QifIQeeohq5RHTUQRY/oGb2iN+vJerHerY9Za87KZvbRH1ifPwZNl48=</latexit>

Neutrino Discovery

Target: 
water + 
Cd

Liquid scintillator + 
Cd, surrounded by 
PMTs

Something is wrong here, can you see what?

n+108 Cd !109 Cd⇤ !109 Cd + �
<latexit sha1_base64="zO27xwXcfzEnHgca2hASzDlq85o="></latexit>
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• Why would one need a neutrino? 

• How would you discover a neutrino? 

• How would you figure out that a neutrino is different from an anti-neutrino? 
• How would you figure out that a muon neutrino is different from an electron neutrino? 

• How would you figure out that a tau neutrino is different from an electron and a muon 

neutrino? 

• How would you solve the solar neutrino puzzle?

Questions
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Then Why Didn’t Davis See Anything?
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• We know now that nuclear reactors actually produce anti-neutrinos, not neutrinos.  

• So really what Cowan and Reines were seeing was  

  

• And Davis’s sought after 

 

• Simply doesn’t happen 

• This shows there is a difference between neutrinos and antineutrinos and calls for the 
introduction of a quantity called lepton number 

⌫ + p ! e+ + n
<latexit sha1_base64="7HvH6kFql0rm2PPjOpFERQzDBW0=">AAACEXicbVDLSgMxFM3UV62vqks3wSIUCmWmCrosunFZwT6gU0smvW1DM8mQZJQy9Bfc+CtuXCji1p07/8ZM24W2HggczjmXm3uCiDNtXPfbyaysrq1vZDdzW9s7u3v5/YOGlrGiUKeSS9UKiAbOBNQNMxxakQISBhyawegq9Zv3oDST4taMI+iEZCBYn1FirNTNF31p7XQ68UU8wSUcYV+xwdAQpeQDhruklKo2WnDL7hR4mXhzUkBz1Lr5L78naRyCMJQTrdueG5lOQpRhlMMk58caIkJHZABtSwUJQXeS6UUTfGKVHu5LZZ8weKr+nkhIqPU4DGwyJGaoF71U/M9rx6Z/0UmYiGIDgs4W9WOOjcRpPbjHFFDDx5YQqpj9K6ZDogg1tsScLcFbPHmZNCpl77RcuTkrVC/ndWTRETpGReShc1RF16iG6oiiR/SMXtGb8+S8OO/OxyyaceYzh+gPnM8fZzictQ==</latexit>

⌫ + n ! e� + p
<latexit sha1_base64="yPeavwTNHrCiZ21Irgk5CuaYEjU=">AAACEXicbVDLSgMxFM3UV62vUZdugkUoiGWmCrosunFZwT6gM5ZMmmlDM8mQZJQy9Bfc+CtuXCji1p07/8ZMOwttPRA4nHMPN/cEMaNKO863VVhaXlldK66XNja3tnfs3b2WEonEpIkFE7ITIEUY5aSpqWakE0uCooCRdjC6yvz2PZGKCn6rxzHxIzTgNKQYaSP17IonjJ2lU48nE3gMOfQkHQw1klI8QHKXnmRq3LPLTtWZAi4SNydlkKPRs7+8vsBJRLjGDCnVdZ1Y+ymSmmJGJiUvUSRGeIQGpGsoRxFRfjq9aAKPjNKHoZDmcQ2n6u9EiiKlxlFgJiOkh2rey8T/vG6iwws/pTxONOF4tihMGNQCZvXAPpUEazY2BGFJzV8hHiKJsDYllkwJ7vzJi6RVq7qn1drNWbl+mddRBAfgEFSAC85BHVyDBmgCDB7BM3gFb9aT9WK9Wx+z0YKVZ/bBH1ifP2oenLc=</latexit>

Then Why Didn’t Davis See Anything?
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• Pontecorvo (now in Russia, but that’s a different story…) heard a rumour that Davis did observe some 
events.  

• Based on the rumour, using similar mechanisms as in the kaon-antikaon system, he publishes (in 1957 and 
1958) his first ideas for neutrino oscillations: 

• ‘If the conservation law for the neutrino charge [that’s lepton number] does not hold, neutrino to 
antineutrino transitions in vacuum in principle are possible’ 

• ‘In the inclusive experiment of Reines and Cowan due to neutrino oscillations a deficit of 
antineutrino events could be observed.’ 

• ‘The cross section of the process [that Cowan and Reines observed] with the antineutrinos coming 
from the reactor must be smaller than expected. This is due to the fact that the neutral lepton beam 
[i.e. the neutrino beam] which at the source is capable of inducing the reaction changes its 
composition on the way from the reactor to the detector.’ 

• ‘Effects of transformation of neutrino into antineutrino and vice versa may be unobservable in the 
laboratory but will certainly occur, at least, on an astronomical scale.’

Intermezzo: Neutrino Oscillations to Explain a Rumour
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• Why would one need a neutrino? 

• How would you discover a neutrino? 

• How would you figure out that a neutrino is different from an anti-neutrino? 

• How would you figure out that a muon neutrino is different from an electron 
neutrino? 

• How would you figure out that a tau neutrino is different from an electron and a muon 

neutrino? 

• How would you solve the solar neutrino puzzle?

Questions
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• Cross section rises with energy: use (NEW!) 
particle accelerators 

• First time an accelerator was used to study 
neutrinos 

• At Brookhaven, protons on target gives intense 
beams of pions, decaying into muon and neutrino 
(with opposite spin as the pion is spinless): 

 

• At that time, it’s still thought that this is ‘the’ 
neutrino 

• The muon then decays into an electron and two 
neutrinos: 

⇡+ ! µ+ + ⌫(µ)
<latexit sha1_base64="uRYIKCwfeTZzbWGUtGPOR6I9WC0=">AAACDnicbZDLSsNAFIYnXmu9RV26GSyFilCSKuiy6MZlBXuBJobJdNIOnUzCXJQS+gRufBU3LhRx69qdb+O0zUJbfxj45zvnMHP+MGVUKsf5tpaWV1bX1gsbxc2t7Z1de2+/JRMtMGnihCWiEyJJGOWkqahipJMKguKQkXY4vJrU2/dESJrwWzVKiR+jPqcRxUgZFNhlL6V3J9ATtD9QSIjkAXqxNsQwroOsYm7H48AuOVVnKrho3NyUQK5GYH95vQTrmHCFGZKy6zqp8jMkFMWMjIueliRFeIj6pGssRzGRfjZdZwzLhvRglAhzuIJT+nsiQ7GUozg0nTFSAzlfm8D/al2togs/ozzVinA8eyjSDKoETrKBPSoIVmxkDMKCmr9CPEACYWUSLJoQ3PmVF02rVnVPq7Wbs1L9Mo+jAA7BEagAF5yDOrgGDdAEGDyCZ/AK3qwn68V6tz5mrUtWPnMA/sj6/AF56Jsb</latexit>

µ+ ! e+ + ⌫(e) + ⌫(µ)
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Lederman Experiment (1957)
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• ‘Traditional’ beta decays of nuclear particles produce electrons (or positrons) and neutrinos.  

• For pion decays, only one in ten thousand decays is to electrons and neutrinos. 
Overwhelmingly though, a pion decays to muons (or anti-muons) and neutrinos (Steinberger, 
1958) 

• This leads Pontecorvo (there he is again!) to ask in his 1959 Russian paper:  

• Are those neutrinos that are produced with muons the same as those emitted in 
conventional beta decays? 

• Additional evidence for muon neutrinos: 

•  is never observed, while it is allowed (but suppressed) if there is only one 
neutrino:  

µ� ! e� + �
<latexit sha1_base64="HQiwayvPpTTIVwFaSRwtjuPuVIw=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2CIJakCnosevFYwX5AU8tku2mX7iZhd6OU0LsX/4oXD4p49Q9489+4TXvQ1gcDj/dmmJnnx5wp7TjfVm5peWV1Lb9e2Njc2t6xd/caKkokoXUS8Ui2fFCUs5DWNdOctmJJQficNv3h1cRv3lOpWBTe6lFMOwL6IQsYAW2krl30RHKXnoyxJ1l/oEHK6AHTTDnGXh+EgK5dcspOBrxI3BkpoRlqXfvL60UkETTUhINSbdeJdScFqRnhdFzwEkVjIEPo07ahIQiqOmn2yxgfGqWHg0iaCjXO1N8TKQilRsI3nQL0QM17E/E/r53o4KKTsjBONA3JdFGQcKwjPAkG95ikRPORIUAkM7diMgAJRJv4CiYEd/7lRdKolN3TcuXmrFS9nMWRRweoiI6Qi85RFV2jGqojgh7RM3pFb9aT9WK9Wx/T1pw1m9lHf2B9/gD5oZpb</latexit>

Muon Neutrino?
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• Lederman, Schwartz and Steinberger (1962) use Brookhaven’s 
accelerator again (used in 1957 for establishing that muon is spin 1/2 
and violates parity) 

• Schwartz’s bright idea: use the neutrinos themselves! Higher energy 
means higher cross section means an actual chance to see the 
(muon?) neutrinos interacting 

• Intense proton beams on beryllium gives large numbers of pions 

• Pions decay to muons and (muon?) neutrinos.  

• 'Use the neutrinos themselves' -> How? Discuss!

Muon Neutrino!
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• Lederman, Schwartz and Steinberger (1962) use Brookhaven’s 
accelerator again (used in 1957 for establishing that muon is spin 1/2 
and violates parity) 

• Schwartz’s bright idea: use the neutrinos themselves! Higher energy 
means higher cross section means an actual chance to see the 
(muon?) neutrinos interacting 

• Intense proton beams on beryllium gives large numbers of pions 

• Pions decay to muons and (muon?) neutrinos.  

• Filter out the muons with thick steel plates and see how every now 
and then a neutrino creates either a muon or an electron.  

• Ten days and 1014 neutrinos later, 51 muons were detected and no 
electrons.  

• Conclusion: there is a muon-neutrino and it’s completely different 
from the electron-neutrino. 

Muon Neutrino!
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• Electroweak theory developed by Glashow, 
Weinberg and Salam (GWS) in the sixties 
predicts the existence of W+\- and Z0  

• Discovered in the early eighties at CERN in 
the UA1 and UA2 experiment 

• Z0 implies neutral current interactions for 
neutrinos 

• Found in early seventies in Gargamelle at 
CERN 

• Tau discovered in 1975, predicting the 
associated tau neutrino.  

• 1989: LEP experiments measure the ‘invisible’ 
width of the Z0

Number of Neutrino Species

�Z = �hadronic + 3�leptonic +N⌫�⌫
<latexit sha1_base64="t6tbINWtTgKRoiJPgCShDsY14fE="></latexit>

N⌫ = 2.99± 0.02
<latexit sha1_base64="a5qO/V7T7yqINq2qY8eTCFvVEsk=">AAACAHicbVC7SgNBFJ2Nrxhfq4IWNoNBsAq7a6EphBAbK0nAPCC7hNnJJBkyM7vMzAphSeOv2FgYxNbaL7Cz8VucPApNPHC5h3PuZeaeMGZUacf5sjIrq2vrG9nN3Nb2zu6evX9QV1EiManhiEWyGSJFGBWkpqlmpBlLgnjISCMc3Ez8xgORikbiXg9jEnDUE7RLMdJGatvHd+3UF8kIXkOvUCxCP+bQKThe286bNgVcJu6c5EtH1W86Ln9U2van34lwwonQmCGlWq4T6yBFUlPMyCjnJ4rECA9Qj7QMFYgTFaTTA0bwzCgd2I2kKaHhVP29kSKu1JCHZpIj3VeL3kT8z2slunsVpFTEiSYCzx7qJgzqCE7SgB0qCdZsaAjCkpq/QtxHEmFtMsuZENzFk5dJ3Su4FwWvatIogxmy4AScgnPggktQAregAmoAgxF4Ai9gbD1az9ar9TYbzVjznUPwB9b7D8JZl54=</latexit>
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• Why would one need a neutrino? 

• How would you discover a neutrino? 

• How would you figure out that a neutrino is different from an anti-neutrino? 

• How would you figure out that a muon neutrino is different from an electron neutrino? 

• How would you figure out that a tau neutrino is different from an electron and a 
muon neutrino? 

• How would you solve the solar neutrino puzzle?

Questions
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Tau Neutrino Discovery
• Detecting a ντ is a challenge: 

• ντ has to produce a τ lepton 

• One has to track the τ 
• τ lifetime is 3 x 10-13 s (ct = 90 μm) 

• How do you measure such a short 

lifetime 

• Hint: in LHC, you know where and 

when to look, here, you don't!
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Tau Neutrino Discovery
• Detecting a ντ is a challenge: 

• ντ has to produce a τ lepton 

• One has to track the τ 
• τ lifetime is 3 x 10-13 s (ct = 90 μm) 

• Use nuclear emulsion 

• 2000: DONUT experiment at Fermilab 

• DONUT searched for decays into 1 

charged particle (86% of τ decays) 

• Out of 1013 neutrinos, only 1000 ν 

interactions recorded out of which 

4 (!) were identified as ντ
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• Why would one need a neutrino? 

• How would you discover a neutrino? 

• How would you figure out that a neutrino is different from an anti-neutrino? 

• How would you figure out that a muon neutrino is different from an electron neutrino? 

• How would you figure out that a tau neutrino is different from an electron and a muon 

neutrino? 

• How would you solve the solar neutrino puzzle?

Questions
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• Remember Raymond Davis? 

 

• After not finding anything close to reactors, 

he turned to the Sun as a neutrino source: 

• “to see into the interior of a star and thus 

verify directly the hypothesis of nuclear 

energy generation in stars" 

• Solar neutrino fluxes calculated by Bethe and 

later Bahcall 

• Pure νe 

• Flux on Earth: ~1011/cm2/sec 

• Energy: < 10 MeV

⌫ +37 Cl ! e� +37 Ar
<latexit sha1_base64="41om3R+3xxsx++CP9G5CInh8VKw=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCWJJWqOCm2o3LCvYBTVom02k7dDIJMxOlhHyMG3/FjQsfuHDjtzhps9DWAwOHc85l7j1eyKhUlvVlLC2vrK6t5zbym1vbO7vm3n5TBpHApIEDFoi2hyRhlJOGooqRdigI8j1GWt64lvqteyIkDfidmoTE9dGQ0wHFSGmpZ146PIKnsBuXK4njIzUSflxjCXQEHY4UEiJ4gKQbnyXzoSuR9MyCVbSmgIvEzkgBZKj3zHenH+DIJ1xhhqTs2Fao3BgJRTEjSd6JJAkRHqMh6WjKkU+kG0+PTOCxVvpwEAj9uIJT9fdEjHwpJ76nk+mKct5Lxf+8TqQGF25MeRgpwvHso0HEoApg2hjsU0GwYhNNEBZU7wrxCAmEle41r0uw509eJM1S0S4XS7fnhep1VkcOHIIjcAJsUAFVcAPqoAEweATP4BW8GU/Gi/FhfM6iS0Y2cwD+wPj+AQ7xpHs=</latexit>

What Davis and Bahcall were Doing in the Meantime…
pp-cycle

CNO-cycle
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The Homestake experiment: 1965-1994 (!!!)

Homestake sensitivity
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The Homestake experiment: 1965-1994 (!!!)

Homestake sensitivity
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•  , Gallium is expensive: SAGE and GALLEX held world’s entire supply  ⌫e +
71 Ga ! e� +71 Ge

<latexit sha1_base64="BKmy+Bcg0rwMcs6eWBebg+ouq2Y="></latexit>

GALLEX (1991-1998) and SAGE (1990-)

Gallex/SAGE sensitivity
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GALLEX (1991-1998) and SAGE (1990-)

Gallex/SAGE sensitivity
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• Water-Cherenkov detector in Kamioka mine, Japan 

• Neutron Decay Experiment, refurbished to 

Neutrino Detection Experiment, ready late 1986 

• Water purification, better electronics, 

installation of outer veto detector 

• Time, direction and energy  

• Beginning of neutrino astronomy 

• First directional information -> neutrinos 

actually come from the sun!  

• They got really lucky: SN1987A on 23 February 

1987 

• Hints for atmospheric neutrino deficit (more on that 

later)

Kamiokande (1987-1995)

Kamiokande 
sensitivity
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Super Kamiokande (SuperK, 1996-) More on 
atmospheric and 
accelerator 
neutrinos in 
SuperK later….
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Super Kamiokande (SuperK, 1996-) More on 
atmospheric and 
accelerator 
neutrinos in 
SuperK later….



Neutrino Physics, BND 201945

SNO • Sudbury mine in Canada 

• Heavy water Cherenkov detector 

• Can distinguish ratio of electron (CC) to all neutrino 

flavours (NC) and solve the neutrino puzzle on its own

Does not 
happen for νμ 
and ντ due to 
final lepton 
mass threshold

Treats all 
neutrino 
flavours the 
same!

Probes 
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The Solar Neutrino Problem and its 
Resolution

• Bahcall’s Solar Model had been right all the time! 

• Pontecorvo had been right all the time, too: 

neutrinos oscillate! 

• But why do the various experiments measure 

different deficits? 

• They’re not all sensitive to the same channel 

• CC, NC, ES 

• They’re not all sensitive to the same solar 

neutrino energies  

• Intriguingly, the decades-old solar neutrino 

problem is very subtle: 

• Not just vacuum oscillations 

• Significant matter effects (MSW) in the interior 

of the Sun 

• And in Earth’s interior (day-night asymmetry)
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Borexino (2007-)

• Liquid scintillator 

• Very low threshold 

• Very good energy resolution 

• Isotropic (no direction information) 

• Can distinguish the various 

contributions to the solar neutrino 

spectrum 

• The solar neutrino problem (electron 

neutrino flux deficiency) is energy-

dependent! 

• MSW effect, will come back to this later
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• For higher energy atmospheric 

neutrinos, SuperK can distinguish 

between electron and muon neutrino 

interactions 

• Muon neutrinos go missing  

• Atmospheric Neutrino Anomaly 

• Note: No oscillation for νe 

• All νμ oscillate into ντ 
• Maximal mixing between νμ and ντ 

• There is no escape: neutrinos REALLY 

oscillate

SuperK Revisited: Atmospheric Neutrino Oscillations

Blue: no oscillation 
Red: oscillation included
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Neutrino Oscillations (I)
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α = [e,μ,τ]
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Neutrino Oscillations (I)
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Neutrino Oscillations (I)
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Neutrino Oscillations (I)
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<latexit sha1_base64="+h7XAHESEGwzuEiggCW3Gyfr6T8=">AAACAnicbVDLSsNAFJ34rPUVdSVuhhZBEEpSF7osunFZwT6gCeFmOm2HTiZhZiKEUNz4Cf6CGxeKuPUr3PVvnD4W2nrgwuGce7n3njDhTGnHGVsrq2vrG5uFreL2zu7evn1w2FRxKgltkJjHsh2CopwJ2tBMc9pOJIUo5LQVDm8mfuuBSsVica+zhPoR9AXrMQLaSIF97HFja0+kQe4BTwYw8iSIPqeBXXYqzhR4mbhzUq6VvPPncS2rB/a3141JGlGhCQelOq6TaD8HqRnhdFT0UkUTIEPo046hAiKq/Hz6wgifGqWLe7E0JTSeqr8ncoiUyqLQdEagB2rRm4j/eZ1U9678nIkk1VSQ2aJeyrGO8SQP3GWSEs0zQ4BIZm7FZAASiDapFU0I7uLLy6RZrbgXleqdSeMazVBAJ6iEzpCLLlEN3aI6aiCCHtELekPv1pP1an1Yn7PWFWs+c4T+wPr6AWSumwo=</latexit>

|⌫(x, t)i =
X

i

U↵ie
ipxe�iEit|⌫ii =

X

i,�

U↵iU
⇤
�ie

ipxe�iEit|⌫�i
<latexit sha1_base64="BN2jjyoWW1m2+7tc1eUnrrfjz9c="></latexit>

|⌫↵i =
X

i

U↵i|⌫ii
<latexit sha1_base64="7SEx96YvaD3naF/AAAUHTDUOB6w=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjN1oRuhqKDLCvYBnTLcSdM2NJMZkoxQxvmhbvwVEVxUxK2/YfqC2nogcDjnXG7u8SPOlLbtkZVZW9/Y3Mpu53Z29/YP8odHNRXGktAqCXkoGz4oypmgVc00p41IUgh8Tut+/3bs15+pVCwUT3oQ0VYAXcE6jIA2kpe/c7mxtStiL3GBRz1IXQmiyym+xq6KAy9haXXuYZYu5Nk86uULdtGeAK8SZ0YK5Xs8dL2XbsXLv7vtkMQBFZpwUKrp2JFuJSA1I5ymOTdWNALShy5tGiogoKqVTK5N8ZlR2rgTSvOExhN1cSKBQKlB4JtkALqnlr2x+J/XjHXnqpUwEcWaCjJd1Ik51iEeV4fbTFKi+cAQIJKZv2LSAwlEm4JzpgRn+eRVUisVnYti6dG0cYOmyKITdIrOkYMuURk9oAqqIoKG6A2N0Kf1an1YX9b3NJqxZjPH6A+sn18olq16</latexit>

|⌫ii =
X

↵

U⇤
↵i|⌫↵i

<latexit sha1_base64="Mv1L9cCn3BXh1NgVuI4OQVb1q+E="></latexit>

Neutrino:
i = [1,2,3] 
α = [e,μ,τ]

<latexit sha1_base64="hJjS7velooQ2Q+2c6+57U5y1bUY=">AAACInicbVDLSgMxFM3UV62vqks3oUWoKGXGRdWFUHTjsoKthU4dMultG5rJDElGWob+hXs3/oobF4q6Kvgxpo+FVg8EDuecy809fsSZ0rY9slILi0vLK+nVzNr6xuZWdnunpsJYUqjSkIey7hMFnAmoaqY51CMJJPA53Pq9y7F/ew9SsVDc6EEEzYB0BGszSrSRvOyZy42tXRF7CRsW+kf2gSuJ6HDA5xjuEhZ5rD/8FZr5XjZvF+0J8F/izEi+nHMPH0blQcXLfritkMYBCE05Uarh2JFuJkRqRjkMM26sICK0RzrQMFSQAFQzmZw4xPtGaeF2KM0TGk/UnxMJCZQaBL5JBkR31bw3Fv/zGrFunzYTJqJYg6DTRe2YYx3icV+4xSRQzQeGECqZ+SumXSIJ1abVjCnBmT/5L6kdF51SsXRt2rhAU6TRHsqhAnLQCSqjK1RBVUTRI3pGr+jNerJerHfrcxpNWbOZXfQL1tc37E6oKw==</latexit>

|⌫i(x, 0)i = eipix|⌫ii
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Neutrino Oscillations (I)

|⌫↵i =
X

i

U⇤
↵i|⌫ii

<latexit sha1_base64="6C8m5+uq2T5s14arOnIiS3oBDbw="></latexit>

Antineutrino: |⌫ii =
X

↵

U↵i|⌫↵i
<latexit sha1_base64="RbD9eQHivDJwj/ZvDFUQWaf/eEw="></latexit>

|⌫i(x, t)i = e�iEit|⌫i(x, 0)i
<latexit sha1_base64="DkJaUM7aTZPsQEXrgryZ+KTo4CQ="></latexit>

Time propagation:

Ei =
q

m2
i + p2i ' pi +

m2
i

2pi
' E +

m2
i

2E
<latexit sha1_base64="CQiYlqgYT2GU0GLFY9jMw7NhkbQ="></latexit>

Relativistic neutrinos:

Neutrino  emitted by a source at t=0 develops with time into state:|⌫↵i
<latexit sha1_base64="+h7XAHESEGwzuEiggCW3Gyfr6T8=">AAACAnicbVDLSsNAFJ34rPUVdSVuhhZBEEpSF7osunFZwT6gCeFmOm2HTiZhZiKEUNz4Cf6CGxeKuPUr3PVvnD4W2nrgwuGce7n3njDhTGnHGVsrq2vrG5uFreL2zu7evn1w2FRxKgltkJjHsh2CopwJ2tBMc9pOJIUo5LQVDm8mfuuBSsVica+zhPoR9AXrMQLaSIF97HFja0+kQe4BTwYw8iSIPqeBXXYqzhR4mbhzUq6VvPPncS2rB/a3141JGlGhCQelOq6TaD8HqRnhdFT0UkUTIEPo046hAiKq/Hz6wgifGqWLe7E0JTSeqr8ncoiUyqLQdEagB2rRm4j/eZ1U9678nIkk1VSQ2aJeyrGO8SQP3GWSEs0zQ4BIZm7FZAASiDapFU0I7uLLy6RZrbgXleqdSeMazVBAJ6iEzpCLLlEN3aI6aiCCHtELekPv1pP1an1Yn7PWFWs+c4T+wPr6AWSumwo=</latexit>

|⌫(x, t)i =
X

i

U↵ie
ipxe�iEit|⌫ii =

X

i,�

U↵iU
⇤
�ie

ipxe�iEit|⌫�i
<latexit sha1_base64="BN2jjyoWW1m2+7tc1eUnrrfjz9c="></latexit>

Time-dependent transition amplitude for a flavour conversion :⌫↵ ! ⌫�
<latexit sha1_base64="9eeYOIxdp+NNIqyPZepQJrJXYBc=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIJVuNNCS9HGMoL5gFwIc5u9ZHFv79idi4Tj/oCNf8VGQREbC3s7f4jWbhILjT4YeLw3w8y8IJHCoOu+O1PTM7Nz8wuLhaXlldW14vpGzcSpZrzKYhnrRgCGS6F4FQVK3kg0hyiQvB5cng79ep9rI2J1gYOEtyLoKhEKBmildnHHV2k780EmPcipr0W3h6B1fEXHRsAR8nax5JbdEehf4n2T0vHOx/1Lf+mz0i6++Z2YpRFXyCQY0/TcBFsZaBRM8rzgp4YnwC6hy5uWKoi4aWWjb3K6a5UODWNtSyEdqT8nMoiMGUSB7YwAe2bSG4r/ec0Uw6NWJlSSIldsvChMJcWYDqOhHaE5QzmwBJgW9lbKeqCBoQ2wYEPwJl/+S2r7Ze+gvH9u0zghYyyQLbJN9ohHDskxOSMVUiWMXJNb8kAenRvnznlynsetU873zCb5Bef1C1R+oMc=</latexit>

A(↵ ! �)(t) = h⌫� |⌫(x, t)i =
X

i

U⇤
�iU↵ie

ipxe�iEit

<latexit sha1_base64="ELUC5UXX7UiWpXqMyGtoOir3mys="></latexit>

|⌫↵i =
X

i

U↵i|⌫ii
<latexit sha1_base64="7SEx96YvaD3naF/AAAUHTDUOB6w=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjN1oRuhqKDLCvYBnTLcSdM2NJMZkoxQxvmhbvwVEVxUxK2/YfqC2nogcDjnXG7u8SPOlLbtkZVZW9/Y3Mpu53Z29/YP8odHNRXGktAqCXkoGz4oypmgVc00p41IUgh8Tut+/3bs15+pVCwUT3oQ0VYAXcE6jIA2kpe/c7mxtStiL3GBRz1IXQmiyym+xq6KAy9haXXuYZYu5Nk86uULdtGeAK8SZ0YK5Xs8dL2XbsXLv7vtkMQBFZpwUKrp2JFuJSA1I5ymOTdWNALShy5tGiogoKqVTK5N8ZlR2rgTSvOExhN1cSKBQKlB4JtkALqnlr2x+J/XjHXnqpUwEcWaCjJd1Ik51iEeV4fbTFKi+cAQIJKZv2LSAwlEm4JzpgRn+eRVUisVnYti6dG0cYOmyKITdIrOkYMuURk9oAqqIoKG6A2N0Kf1an1YX9b3NJqxZjPH6A+sn18olq16</latexit>

|⌫ii =
X

↵

U⇤
↵i|⌫↵i

<latexit sha1_base64="Mv1L9cCn3BXh1NgVuI4OQVb1q+E="></latexit>

Neutrino:
i = [1,2,3] 
α = [e,μ,τ]

<latexit sha1_base64="hJjS7velooQ2Q+2c6+57U5y1bUY=">AAACInicbVDLSgMxFM3UV62vqks3oUWoKGXGRdWFUHTjsoKthU4dMultG5rJDElGWob+hXs3/oobF4q6Kvgxpo+FVg8EDuecy809fsSZ0rY9slILi0vLK+nVzNr6xuZWdnunpsJYUqjSkIey7hMFnAmoaqY51CMJJPA53Pq9y7F/ew9SsVDc6EEEzYB0BGszSrSRvOyZy42tXRF7CRsW+kf2gSuJ6HDA5xjuEhZ5rD/8FZr5XjZvF+0J8F/izEi+nHMPH0blQcXLfritkMYBCE05Uarh2JFuJkRqRjkMM26sICK0RzrQMFSQAFQzmZw4xPtGaeF2KM0TGk/UnxMJCZQaBL5JBkR31bw3Fv/zGrFunzYTJqJYg6DTRe2YYx3icV+4xSRQzQeGECqZ+SumXSIJ1abVjCnBmT/5L6kdF51SsXRt2rhAU6TRHsqhAnLQCSqjK1RBVUTRI3pGr+jNerJerHfrcxpNWbOZXfQL1tc37E6oKw==</latexit>

|⌫i(x, 0)i = eipix|⌫ii
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Neutrino Oscillations (I)

|⌫↵i =
X

i

U⇤
↵i|⌫ii

<latexit sha1_base64="6C8m5+uq2T5s14arOnIiS3oBDbw="></latexit>

Antineutrino: |⌫ii =
X

↵

U↵i|⌫↵i
<latexit sha1_base64="RbD9eQHivDJwj/ZvDFUQWaf/eEw="></latexit>

|⌫i(x, t)i = e�iEit|⌫i(x, 0)i
<latexit sha1_base64="DkJaUM7aTZPsQEXrgryZ+KTo4CQ="></latexit>

Time propagation:

Ei =
q

m2
i + p2i ' pi +

m2
i

2pi
' E +

m2
i

2E
<latexit sha1_base64="CQiYlqgYT2GU0GLFY9jMw7NhkbQ="></latexit>

Relativistic neutrinos:

Neutrino  emitted by a source at t=0 develops with time into state:|⌫↵i
<latexit sha1_base64="+h7XAHESEGwzuEiggCW3Gyfr6T8=">AAACAnicbVDLSsNAFJ34rPUVdSVuhhZBEEpSF7osunFZwT6gCeFmOm2HTiZhZiKEUNz4Cf6CGxeKuPUr3PVvnD4W2nrgwuGce7n3njDhTGnHGVsrq2vrG5uFreL2zu7evn1w2FRxKgltkJjHsh2CopwJ2tBMc9pOJIUo5LQVDm8mfuuBSsVica+zhPoR9AXrMQLaSIF97HFja0+kQe4BTwYw8iSIPqeBXXYqzhR4mbhzUq6VvPPncS2rB/a3141JGlGhCQelOq6TaD8HqRnhdFT0UkUTIEPo046hAiKq/Hz6wgifGqWLe7E0JTSeqr8ncoiUyqLQdEagB2rRm4j/eZ1U9678nIkk1VSQ2aJeyrGO8SQP3GWSEs0zQ4BIZm7FZAASiDapFU0I7uLLy6RZrbgXleqdSeMazVBAJ6iEzpCLLlEN3aI6aiCCHtELekPv1pP1an1Yn7PWFWs+c4T+wPr6AWSumwo=</latexit>

|⌫(x, t)i =
X

i

U↵ie
ipxe�iEit|⌫ii =

X

i,�

U↵iU
⇤
�ie

ipxe�iEit|⌫�i
<latexit sha1_base64="BN2jjyoWW1m2+7tc1eUnrrfjz9c="></latexit>

Time-dependent transition amplitude for a flavour conversion :⌫↵ ! ⌫�
<latexit sha1_base64="9eeYOIxdp+NNIqyPZepQJrJXYBc=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIJVuNNCS9HGMoL5gFwIc5u9ZHFv79idi4Tj/oCNf8VGQREbC3s7f4jWbhILjT4YeLw3w8y8IJHCoOu+O1PTM7Nz8wuLhaXlldW14vpGzcSpZrzKYhnrRgCGS6F4FQVK3kg0hyiQvB5cng79ep9rI2J1gYOEtyLoKhEKBmildnHHV2k780EmPcipr0W3h6B1fEXHRsAR8nax5JbdEehf4n2T0vHOx/1Lf+mz0i6++Z2YpRFXyCQY0/TcBFsZaBRM8rzgp4YnwC6hy5uWKoi4aWWjb3K6a5UODWNtSyEdqT8nMoiMGUSB7YwAe2bSG4r/ec0Uw6NWJlSSIldsvChMJcWYDqOhHaE5QzmwBJgW9lbKeqCBoQ2wYEPwJl/+S2r7Ze+gvH9u0zghYyyQLbJN9ohHDskxOSMVUiWMXJNb8kAenRvnznlynsetU873zCb5Bef1C1R+oMc=</latexit>

A(↵ ! �)(t) = h⌫� |⌫(x, t)i =
X

i

U⇤
�iU↵ie

ipxe�iEit

<latexit sha1_base64="ELUC5UXX7UiWpXqMyGtoOir3mys="></latexit>

Natural units: t=x=L and using the relativistic limit: A(↵ ! �)(t) = h⌫� |⌫(x, t)i =
X

i

U⇤
�iU↵i exp(�i

m2
i

2

L

E
) = A(↵ ! �)(L)

<latexit sha1_base64="yQwjq0xvPCm4fR/KEgZ7eqo1Qcw="></latexit>

|⌫↵i =
X

i

U↵i|⌫ii
<latexit sha1_base64="7SEx96YvaD3naF/AAAUHTDUOB6w=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjN1oRuhqKDLCvYBnTLcSdM2NJMZkoxQxvmhbvwVEVxUxK2/YfqC2nogcDjnXG7u8SPOlLbtkZVZW9/Y3Mpu53Z29/YP8odHNRXGktAqCXkoGz4oypmgVc00p41IUgh8Tut+/3bs15+pVCwUT3oQ0VYAXcE6jIA2kpe/c7mxtStiL3GBRz1IXQmiyym+xq6KAy9haXXuYZYu5Nk86uULdtGeAK8SZ0YK5Xs8dL2XbsXLv7vtkMQBFZpwUKrp2JFuJSA1I5ymOTdWNALShy5tGiogoKqVTK5N8ZlR2rgTSvOExhN1cSKBQKlB4JtkALqnlr2x+J/XjHXnqpUwEcWaCjJd1Ik51iEeV4fbTFKi+cAQIJKZv2LSAwlEm4JzpgRn+eRVUisVnYti6dG0cYOmyKITdIrOkYMuURk9oAqqIoKG6A2N0Kf1an1YX9b3NJqxZjPH6A+sn18olq16</latexit>

|⌫ii =
X

↵

U⇤
↵i|⌫↵i

<latexit sha1_base64="Mv1L9cCn3BXh1NgVuI4OQVb1q+E="></latexit>

Neutrino:
i = [1,2,3] 
α = [e,μ,τ]

<latexit sha1_base64="hJjS7velooQ2Q+2c6+57U5y1bUY=">AAACInicbVDLSgMxFM3UV62vqks3oUWoKGXGRdWFUHTjsoKthU4dMultG5rJDElGWob+hXs3/oobF4q6Kvgxpo+FVg8EDuecy809fsSZ0rY9slILi0vLK+nVzNr6xuZWdnunpsJYUqjSkIey7hMFnAmoaqY51CMJJPA53Pq9y7F/ew9SsVDc6EEEzYB0BGszSrSRvOyZy42tXRF7CRsW+kf2gSuJ6HDA5xjuEhZ5rD/8FZr5XjZvF+0J8F/izEi+nHMPH0blQcXLfritkMYBCE05Uarh2JFuJkRqRjkMM26sICK0RzrQMFSQAFQzmZw4xPtGaeF2KM0TGk/UnxMJCZQaBL5JBkR31bw3Fv/zGrFunzYTJqJYg6DTRe2YYx3icV+4xSRQzQeGECqZ+SumXSIJ1abVjCnBmT/5L6kdF51SsXRt2rhAU6TRHsqhAnLQCSqjK1RBVUTRI3pGr+jNerJerHfrcxpNWbOZXfQL1tc37E6oKw==</latexit>

|⌫i(x, 0)i = eipix|⌫ii
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Neutrino Oscillations (I)

|⌫↵i =
X

i

U⇤
↵i|⌫ii

<latexit sha1_base64="6C8m5+uq2T5s14arOnIiS3oBDbw="></latexit>

Antineutrino: |⌫ii =
X

↵

U↵i|⌫↵i
<latexit sha1_base64="RbD9eQHivDJwj/ZvDFUQWaf/eEw="></latexit>

|⌫i(x, t)i = e�iEit|⌫i(x, 0)i
<latexit sha1_base64="DkJaUM7aTZPsQEXrgryZ+KTo4CQ="></latexit>

Time propagation:

Ei =
q

m2
i + p2i ' pi +

m2
i

2pi
' E +

m2
i

2E
<latexit sha1_base64="CQiYlqgYT2GU0GLFY9jMw7NhkbQ="></latexit>

Relativistic neutrinos:

Neutrino  emitted by a source at t=0 develops with time into state:|⌫↵i
<latexit sha1_base64="+h7XAHESEGwzuEiggCW3Gyfr6T8=">AAACAnicbVDLSsNAFJ34rPUVdSVuhhZBEEpSF7osunFZwT6gCeFmOm2HTiZhZiKEUNz4Cf6CGxeKuPUr3PVvnD4W2nrgwuGce7n3njDhTGnHGVsrq2vrG5uFreL2zu7evn1w2FRxKgltkJjHsh2CopwJ2tBMc9pOJIUo5LQVDm8mfuuBSsVica+zhPoR9AXrMQLaSIF97HFja0+kQe4BTwYw8iSIPqeBXXYqzhR4mbhzUq6VvPPncS2rB/a3141JGlGhCQelOq6TaD8HqRnhdFT0UkUTIEPo046hAiKq/Hz6wgifGqWLe7E0JTSeqr8ncoiUyqLQdEagB2rRm4j/eZ1U9678nIkk1VSQ2aJeyrGO8SQP3GWSEs0zQ4BIZm7FZAASiDapFU0I7uLLy6RZrbgXleqdSeMazVBAJ6iEzpCLLlEN3aI6aiCCHtELekPv1pP1an1Yn7PWFWs+c4T+wPr6AWSumwo=</latexit>

|⌫(x, t)i =
X

i

U↵ie
ipxe�iEit|⌫ii =

X

i,�

U↵iU
⇤
�ie

ipxe�iEit|⌫�i
<latexit sha1_base64="BN2jjyoWW1m2+7tc1eUnrrfjz9c="></latexit>

Time-dependent transition amplitude for a flavour conversion :⌫↵ ! ⌫�
<latexit sha1_base64="9eeYOIxdp+NNIqyPZepQJrJXYBc=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIJVuNNCS9HGMoL5gFwIc5u9ZHFv79idi4Tj/oCNf8VGQREbC3s7f4jWbhILjT4YeLw3w8y8IJHCoOu+O1PTM7Nz8wuLhaXlldW14vpGzcSpZrzKYhnrRgCGS6F4FQVK3kg0hyiQvB5cng79ep9rI2J1gYOEtyLoKhEKBmildnHHV2k780EmPcipr0W3h6B1fEXHRsAR8nax5JbdEehf4n2T0vHOx/1Lf+mz0i6++Z2YpRFXyCQY0/TcBFsZaBRM8rzgp4YnwC6hy5uWKoi4aWWjb3K6a5UODWNtSyEdqT8nMoiMGUSB7YwAe2bSG4r/ec0Uw6NWJlSSIldsvChMJcWYDqOhHaE5QzmwBJgW9lbKeqCBoQ2wYEPwJl/+S2r7Ze+gvH9u0zghYyyQLbJN9ohHDskxOSMVUiWMXJNb8kAenRvnznlynsetU873zCb5Bef1C1R+oMc=</latexit>

A(↵ ! �)(t) = h⌫� |⌫(x, t)i =
X

i

U⇤
�iU↵ie

ipxe�iEit

<latexit sha1_base64="ELUC5UXX7UiWpXqMyGtoOir3mys="></latexit>

Similarly, for antineutrinos: A(↵ ! �)(L) =
X

i

U�iU
⇤
↵i exp(�i

m2
i

2

L

E
)

<latexit sha1_base64="FecL6nXXwqNHNNFAu5cxEqRcwXs="></latexit>

Natural units: t=x=L and using the relativistic limit: A(↵ ! �)(t) = h⌫� |⌫(x, t)i =
X

i

U⇤
�iU↵i exp(�i

m2
i

2

L

E
) = A(↵ ! �)(L)

<latexit sha1_base64="yQwjq0xvPCm4fR/KEgZ7eqo1Qcw="></latexit>

|⌫↵i =
X

i

U↵i|⌫ii
<latexit sha1_base64="7SEx96YvaD3naF/AAAUHTDUOB6w=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjN1oRuhqKDLCvYBnTLcSdM2NJMZkoxQxvmhbvwVEVxUxK2/YfqC2nogcDjnXG7u8SPOlLbtkZVZW9/Y3Mpu53Z29/YP8odHNRXGktAqCXkoGz4oypmgVc00p41IUgh8Tut+/3bs15+pVCwUT3oQ0VYAXcE6jIA2kpe/c7mxtStiL3GBRz1IXQmiyym+xq6KAy9haXXuYZYu5Nk86uULdtGeAK8SZ0YK5Xs8dL2XbsXLv7vtkMQBFZpwUKrp2JFuJSA1I5ymOTdWNALShy5tGiogoKqVTK5N8ZlR2rgTSvOExhN1cSKBQKlB4JtkALqnlr2x+J/XjHXnqpUwEcWaCjJd1Ik51iEeV4fbTFKi+cAQIJKZv2LSAwlEm4JzpgRn+eRVUisVnYti6dG0cYOmyKITdIrOkYMuURk9oAqqIoKG6A2N0Kf1an1YX9b3NJqxZjPH6A+sn18olq16</latexit>

|⌫ii =
X

↵

U⇤
↵i|⌫↵i

<latexit sha1_base64="Mv1L9cCn3BXh1NgVuI4OQVb1q+E="></latexit>

Neutrino:
i = [1,2,3] 
α = [e,μ,τ]

<latexit sha1_base64="hJjS7velooQ2Q+2c6+57U5y1bUY=">AAACInicbVDLSgMxFM3UV62vqks3oUWoKGXGRdWFUHTjsoKthU4dMultG5rJDElGWob+hXs3/oobF4q6Kvgxpo+FVg8EDuecy809fsSZ0rY9slILi0vLK+nVzNr6xuZWdnunpsJYUqjSkIey7hMFnAmoaqY51CMJJPA53Pq9y7F/ew9SsVDc6EEEzYB0BGszSrSRvOyZy42tXRF7CRsW+kf2gSuJ6HDA5xjuEhZ5rD/8FZr5XjZvF+0J8F/izEi+nHMPH0blQcXLfritkMYBCE05Uarh2JFuJkRqRjkMM26sICK0RzrQMFSQAFQzmZw4xPtGaeF2KM0TGk/UnxMJCZQaBL5JBkR31bw3Fv/zGrFunzYTJqJYg6DTRe2YYx3icV+4xSRQzQeGECqZ+SumXSIJ1abVjCnBmT/5L6kdF51SsXRt2rhAU6TRHsqhAnLQCSqjK1RBVUTRI3pGr+jNerJerHfrcxpNWbOZXfQL1tc37E6oKw==</latexit>

|⌫i(x, 0)i = eipix|⌫ii



58

• Pontecorvo, Maki, Nakagawa, 

Sakata

The PMNS Matrix
<latexit sha1_base64="d9tOZMvAspydcRlzmxZa6rSiT8w="></latexit>

U↵i = UPMNS =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A|⌫↵i =
X

i

U↵i|⌫ii
<latexit sha1_base64="7SEx96YvaD3naF/AAAUHTDUOB6w=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjN1oRuhqKDLCvYBnTLcSdM2NJMZkoxQxvmhbvwVEVxUxK2/YfqC2nogcDjnXG7u8SPOlLbtkZVZW9/Y3Mpu53Z29/YP8odHNRXGktAqCXkoGz4oypmgVc00p41IUgh8Tut+/3bs15+pVCwUT3oQ0VYAXcE6jIA2kpe/c7mxtStiL3GBRz1IXQmiyym+xq6KAy9haXXuYZYu5Nk86uULdtGeAK8SZ0YK5Xs8dL2XbsXLv7vtkMQBFZpwUKrp2JFuJSA1I5ymOTdWNALShy5tGiogoKqVTK5N8ZlR2rgTSvOExhN1cSKBQKlB4JtkALqnlr2x+J/XjHXnqpUwEcWaCjJd1Ik51iEeV4fbTFKi+cAQIJKZv2LSAwlEm4JzpgRn+eRVUisVnYti6dG0cYOmyKITdIrOkYMuURk9oAqqIoKG6A2N0Kf1an1YX9b3NJqxZjPH6A+sn18olq16</latexit>
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• Pontecorvo, Maki, Nakagawa, 

Sakata 

• Unitary n x n 

• 2n-1 relative phases of the 2n 

neutrino states -> (n-1)2 

independent parameters 

• 1/2n(n-1)weak mixing angles 

• 1/2(n-1)(n-2) CP violating 

phases 

• If n=3: 3 mixing angles and 1 

CP violating phase

The PMNS Matrix
<latexit sha1_base64="d9tOZMvAspydcRlzmxZa6rSiT8w="></latexit>

U↵i = UPMNS =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A|⌫↵i =
X

i

U↵i|⌫ii
<latexit sha1_base64="7SEx96YvaD3naF/AAAUHTDUOB6w=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjN1oRuhqKDLCvYBnTLcSdM2NJMZkoxQxvmhbvwVEVxUxK2/YfqC2nogcDjnXG7u8SPOlLbtkZVZW9/Y3Mpu53Z29/YP8odHNRXGktAqCXkoGz4oypmgVc00p41IUgh8Tut+/3bs15+pVCwUT3oQ0VYAXcE6jIA2kpe/c7mxtStiL3GBRz1IXQmiyym+xq6KAy9haXXuYZYu5Nk86uULdtGeAK8SZ0YK5Xs8dL2XbsXLv7vtkMQBFZpwUKrp2JFuJSA1I5ymOTdWNALShy5tGiogoKqVTK5N8ZlR2rgTSvOExhN1cSKBQKlB4JtkALqnlr2x+J/XjHXnqpUwEcWaCjJd1Ik51iEeV4fbTFKi+cAQIJKZv2LSAwlEm4JzpgRn+eRVUisVnYti6dG0cYOmyKITdIrOkYMuURk9oAqqIoKG6A2N0Kf1an1YX9b3NJqxZjPH6A+sn18olq16</latexit>
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• Pontecorvo, Maki, Nakagawa, 

Sakata 

• Unitary n x n 

• 2n-1 relative phases of the 2n 

neutrino states -> (n-1)2 

independent parameters 

• 1/2n(n-1)weak mixing angles 

• 1/2(n-1)(n-2) CP violating 

phases 

• If n=3: 3 mixing angles and 1 

CP violating phase

The PMNS Matrix

UPMNS =

0

@
c12c13 s12c13 s13e�i�CP

�s12c23 � c12s23s13ei�CP c12c23 � s12s23s13ei�CP s23c13
s12s23 � c12c23s13ei�CP �c12s23 � s12c23s13ei�CP c23c13

1

A

<latexit sha1_base64="dPCQG62pG0JNePpk4o8sMTolb3M="></latexit>

UPMNS =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�CP

0 1 0
�s13ei�CP 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

<latexit sha1_base64="9IxKrf3bz5TX9xCIeveCmbOCFdA="></latexit>

s12 = sin ✓12, etc.
<latexit sha1_base64="EP4Gp0UZHftVTlk7qa9HFlhUPkI=">AAACDnicbVA9SwNBEN3zM8avU0tFFiVgIeEuFtoIQRvLCEYDuRD2NpNkcW/v2J0TwpHSysa/YiNBEVtrO3+Df8JNYqHGBwtv35thZl6YSGHQ8z6cqemZ2bn53EJ+cWl5ZdVdW780cao5VHksY10LmQEpFFRRoIRaooFFoYSr8Pp06F/dgDYiVhfYS6ARsY4SbcEZWqnpFkwz80v948AIFWAXkI3++zSIGHZ1lAHyYr/p7npFbwQ6SfxvslveGpx/3m4PKk33PWjFPI1AIZfMmLrvJdjImEbBJfTzQWogYfyadaBuqWIRmEY2OqdPC1Zp0Xas7VNIR+rPjoxFxvSi0FYOlzR/vaH4n1dPsX3UyIRKUgTFx4PaqaQY02E2tCU0cJQ9SxjXwu5KeZdpxtEmmLch+H9PniSXpaJ/UCyd2zROyBg5skl2yB7xySEpkzNSIVXCyR15IE/k2bl3Hp0X53VcOuV892yQX3DevgCzZ5+X</latexit>

<latexit sha1_base64="d9tOZMvAspydcRlzmxZa6rSiT8w="></latexit>

U↵i = UPMNS =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A|⌫↵i =
X

i

U↵i|⌫ii
<latexit sha1_base64="7SEx96YvaD3naF/AAAUHTDUOB6w=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjN1oRuhqKDLCvYBnTLcSdM2NJMZkoxQxvmhbvwVEVxUxK2/YfqC2nogcDjnXG7u8SPOlLbtkZVZW9/Y3Mpu53Z29/YP8odHNRXGktAqCXkoGz4oypmgVc00p41IUgh8Tut+/3bs15+pVCwUT3oQ0VYAXcE6jIA2kpe/c7mxtStiL3GBRz1IXQmiyym+xq6KAy9haXXuYZYu5Nk86uULdtGeAK8SZ0YK5Xs8dL2XbsXLv7vtkMQBFZpwUKrp2JFuJSA1I5ymOTdWNALShy5tGiogoKqVTK5N8ZlR2rgTSvOExhN1cSKBQKlB4JtkALqnlr2x+J/XjHXnqpUwEcWaCjJd1Ik51iEeV4fbTFKi+cAQIJKZv2LSAwlEm4JzpgRn+eRVUisVnYti6dG0cYOmyKITdIrOkYMuURk9oAqqIoKG6A2N0Kf1an1YX9b3NJqxZjPH6A+sn18olq16</latexit>
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• Pontecorvo, Maki, Nakagawa, 

Sakata 

• Unitary n x n 

• 2n-1 relative phases of the 2n 

neutrino states -> (n-1)2 

independent parameters 

• 1/2n(n-1)weak mixing angles 

• 1/2(n-1)(n-2) CP violating 

phases 

• If n=3: 3 mixing angles and 1 

CP violating phase

The PMNS Matrix

UPMNS =

0

@
c12c13 s12c13 s13e�i�CP

�s12c23 � c12s23s13ei�CP c12c23 � s12s23s13ei�CP s23c13
s12s23 � c12c23s13ei�CP �c12s23 � s12c23s13ei�CP c23c13

1

A

<latexit sha1_base64="dPCQG62pG0JNePpk4o8sMTolb3M="></latexit>

UPMNS =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�CP

0 1 0
�s13ei�CP 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

<latexit sha1_base64="9IxKrf3bz5TX9xCIeveCmbOCFdA="></latexit>

s12 = sin ✓12, etc.
<latexit sha1_base64="EP4Gp0UZHftVTlk7qa9HFlhUPkI=">AAACDnicbVA9SwNBEN3zM8avU0tFFiVgIeEuFtoIQRvLCEYDuRD2NpNkcW/v2J0TwpHSysa/YiNBEVtrO3+Df8JNYqHGBwtv35thZl6YSGHQ8z6cqemZ2bn53EJ+cWl5ZdVdW780cao5VHksY10LmQEpFFRRoIRaooFFoYSr8Pp06F/dgDYiVhfYS6ARsY4SbcEZWqnpFkwz80v948AIFWAXkI3++zSIGHZ1lAHyYr/p7npFbwQ6SfxvslveGpx/3m4PKk33PWjFPI1AIZfMmLrvJdjImEbBJfTzQWogYfyadaBuqWIRmEY2OqdPC1Zp0Xas7VNIR+rPjoxFxvSi0FYOlzR/vaH4n1dPsX3UyIRKUgTFx4PaqaQY02E2tCU0cJQ9SxjXwu5KeZdpxtEmmLch+H9PniSXpaJ/UCyd2zROyBg5skl2yB7xySEpkzNSIVXCyR15IE/k2bl3Hp0X53VcOuV892yQX3DevgCzZ5+X</latexit>

The mixing angles can be defined via the elements of the neutrino mixing matrix 

(compare the first with the third representation):

c212 = cos2 ✓12 =
|Ue1|2

1� |Ue3|2
<latexit sha1_base64="kBAD3MP6NxPXyvF84oR5r6CT6do="></latexit>

s212 = sin2 ✓12 =
|Ue2|2

1� |Ue3|2
<latexit sha1_base64="ReqmPEOxvTqgnIBr8053C/oF52o="></latexit>

s213 = sin2 ✓13 = |Ue3|2
<latexit sha1_base64="XACKza89/fboeuv+epwTDKi2qZg="></latexit>

s223 = sin2 ✓23 =
|Uµ3|2

1� |Ue3|2
<latexit sha1_base64="hF8TMHdWWP1XWkoNMrT8b/5BaDI="></latexit>

c223 = cos2 ✓23 =
|U⌧3|2

1� |Ue3|2
<latexit sha1_base64="olx5awZ38mcavAWHrPrFlSVIEyw="></latexit>

<latexit sha1_base64="KQqQxy2c/x2VNT3r2HY+OdS542c=">AAACDXicbVDLTsJAFJ3iC/FVdemmEU3cSFow6MaE6MYlJhZIoDTTYQoTptNmZmpCSn/Ajb/ixoXGuHXvzr9xgC4QPMlNzpxzb+be40WUCGmaP1puZXVtfSO/Wdja3tnd0/cPGiKMOcI2CmnIWx4UmBKGbUkkxa2IYxh4FDe94e3Ebz5iLkjIHuQowk4A+4z4BEGpJFc/QW5iVdJuUk6vrXMx/xjbboIr6bhbdvWiWTKnMJaJlZEiyFB39e9OL0RxgJlEFArRtsxIOgnkkiCK00InFjiCaAj7uK0ogwEWTjK9JjVOldIz/JCrYtKYqvMTCQyEGAWe6gygHIhFbyL+57Vj6V85CWFRLDFDs4/8mBoyNCbRGD3CMZJ0pAhEnKhdDTSAHCKpAiyoEKzFk5dJo1yyqqXq/UWxdpPFkQdH4BicAQtcghq4A3VgAwSewAt4A+/as/aqfWifs9acls0cgj/Qvn4BVU6afA==</latexit>

c213 = 1� s213 = 1� |Ue3|2

<latexit sha1_base64="d9tOZMvAspydcRlzmxZa6rSiT8w="></latexit>

U↵i = UPMNS =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A|⌫↵i =
X

i

U↵i|⌫ii
<latexit sha1_base64="7SEx96YvaD3naF/AAAUHTDUOB6w=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjN1oRuhqKDLCvYBnTLcSdM2NJMZkoxQxvmhbvwVEVxUxK2/YfqC2nogcDjnXG7u8SPOlLbtkZVZW9/Y3Mpu53Z29/YP8odHNRXGktAqCXkoGz4oypmgVc00p41IUgh8Tut+/3bs15+pVCwUT3oQ0VYAXcE6jIA2kpe/c7mxtStiL3GBRz1IXQmiyym+xq6KAy9haXXuYZYu5Nk86uULdtGeAK8SZ0YK5Xs8dL2XbsXLv7vtkMQBFZpwUKrp2JFuJSA1I5ymOTdWNALShy5tGiogoKqVTK5N8ZlR2rgTSvOExhN1cSKBQKlB4JtkALqnlr2x+J/XjHXnqpUwEcWaCjJd1Ik51iEeV4fbTFKi+cAQIJKZv2LSAwlEm4JzpgRn+eRVUisVnYti6dG0cYOmyKITdIrOkYMuURk9oAqqIoKG6A2N0Kf1an1YX9b3NJqxZjPH6A+sn18olq16</latexit>



Neutrino Oscillations (II)

Time-dependent transition amplitude for a flavour conversion :⌫↵ ! ⌫�
<latexit sha1_base64="9eeYOIxdp+NNIqyPZepQJrJXYBc=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIJVuNNCS9HGMoL5gFwIc5u9ZHFv79idi4Tj/oCNf8VGQREbC3s7f4jWbhILjT4YeLw3w8y8IJHCoOu+O1PTM7Nz8wuLhaXlldW14vpGzcSpZrzKYhnrRgCGS6F4FQVK3kg0hyiQvB5cng79ep9rI2J1gYOEtyLoKhEKBmildnHHV2k780EmPcipr0W3h6B1fEXHRsAR8nax5JbdEehf4n2T0vHOx/1Lf+mz0i6++Z2YpRFXyCQY0/TcBFsZaBRM8rzgp4YnwC6hy5uWKoi4aWWjb3K6a5UODWNtSyEdqT8nMoiMGUSB7YwAe2bSG4r/ec0Uw6NWJlSSIldsvChMJcWYDqOhHaE5QzmwBJgW9lbKeqCBoQ2wYEPwJl/+S2r7Ze+gvH9u0zghYyyQLbJN9ohHDskxOSMVUiWMXJNb8kAenRvnznlynsetU873zCb5Bef1C1R+oMc=</latexit>

A(↵ ! �)(t) =
X

i

U⇤
�iU↵i exp(�i

m2
i

2

L

E
)

<latexit sha1_base64="mosGFEh0lA1IXaUlKLUeN94/ty4="></latexit>

62



Neutrino Oscillations (II)

Time-dependent transition amplitude for a flavour conversion :⌫↵ ! ⌫�
<latexit sha1_base64="9eeYOIxdp+NNIqyPZepQJrJXYBc=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIJVuNNCS9HGMoL5gFwIc5u9ZHFv79idi4Tj/oCNf8VGQREbC3s7f4jWbhILjT4YeLw3w8y8IJHCoOu+O1PTM7Nz8wuLhaXlldW14vpGzcSpZrzKYhnrRgCGS6F4FQVK3kg0hyiQvB5cng79ep9rI2J1gYOEtyLoKhEKBmildnHHV2k780EmPcipr0W3h6B1fEXHRsAR8nax5JbdEehf4n2T0vHOx/1Lf+mz0i6++Z2YpRFXyCQY0/TcBFsZaBRM8rzgp4YnwC6hy5uWKoi4aWWjb3K6a5UODWNtSyEdqT8nMoiMGUSB7YwAe2bSG4r/ec0Uw6NWJlSSIldsvChMJcWYDqOhHaE5QzmwBJgW9lbKeqCBoQ2wYEPwJl/+S2r7Ze+gvH9u0zghYyyQLbJN9ohHDskxOSMVUiWMXJNb8kAenRvnznlynsetU873zCb5Bef1C1R+oMc=</latexit>

A(↵ ! �)(t) =
X

i

U⇤
�iU↵i exp(�i

m2
i

2

L

E
)

<latexit sha1_base64="mosGFEh0lA1IXaUlKLUeN94/ty4="></latexit>
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Transition Probability for a flavour conversion :⌫↵ ! ⌫�
<latexit sha1_base64="9eeYOIxdp+NNIqyPZepQJrJXYBc=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIJVuNNCS9HGMoL5gFwIc5u9ZHFv79idi4Tj/oCNf8VGQREbC3s7f4jWbhILjT4YeLw3w8y8IJHCoOu+O1PTM7Nz8wuLhaXlldW14vpGzcSpZrzKYhnrRgCGS6F4FQVK3kg0hyiQvB5cng79ep9rI2J1gYOEtyLoKhEKBmildnHHV2k780EmPcipr0W3h6B1fEXHRsAR8nax5JbdEehf4n2T0vHOx/1Lf+mz0i6++Z2YpRFXyCQY0/TcBFsZaBRM8rzgp4YnwC6hy5uWKoi4aWWjb3K6a5UODWNtSyEdqT8nMoiMGUSB7YwAe2bSG4r/ec0Uw6NWJlSSIldsvChMJcWYDqOhHaE5QzmwBJgW9lbKeqCBoQ2wYEPwJl/+S2r7Ze+gvH9u0zghYyyQLbJN9ohHDskxOSMVUiWMXJNb8kAenRvnznlynsetU873zCb5Bef1C1R+oMc=</latexit>

P (↵ ! �)(t) = |A(↵ ! �)(t)|2 =
X

i

X

j

U↵iU
⇤
↵jU

⇤
�iU�je

�i L
2E (m2

i�m2
j )

<latexit sha1_base64="CMlE9xaVwY6qjVAesdP2EnPIaPQ="></latexit>



Neutrino Oscillations (II)

Time-dependent transition amplitude for a flavour conversion :⌫↵ ! ⌫�
<latexit sha1_base64="9eeYOIxdp+NNIqyPZepQJrJXYBc=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIJVuNNCS9HGMoL5gFwIc5u9ZHFv79idi4Tj/oCNf8VGQREbC3s7f4jWbhILjT4YeLw3w8y8IJHCoOu+O1PTM7Nz8wuLhaXlldW14vpGzcSpZrzKYhnrRgCGS6F4FQVK3kg0hyiQvB5cng79ep9rI2J1gYOEtyLoKhEKBmildnHHV2k780EmPcipr0W3h6B1fEXHRsAR8nax5JbdEehf4n2T0vHOx/1Lf+mz0i6++Z2YpRFXyCQY0/TcBFsZaBRM8rzgp4YnwC6hy5uWKoi4aWWjb3K6a5UODWNtSyEdqT8nMoiMGUSB7YwAe2bSG4r/ec0Uw6NWJlSSIldsvChMJcWYDqOhHaE5QzmwBJgW9lbKeqCBoQ2wYEPwJl/+S2r7Ze+gvH9u0zghYyyQLbJN9ohHDskxOSMVUiWMXJNb8kAenRvnznlynsetU873zCb5Bef1C1R+oMc=</latexit>

A(↵ ! �)(t) =
X

i

U⇤
�iU↵i exp(�i

m2
i

2

L

E
)

<latexit sha1_base64="mosGFEh0lA1IXaUlKLUeN94/ty4="></latexit>

=
X

i

X

j

U↵iU
⇤
↵jU

⇤
�iU�j exp

 
�i

�m2
ij

2

L

E

!

<latexit sha1_base64="yEhUih1iZY2d+1jiwDTOFDLCs7g="></latexit>
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Transition Probability for a flavour conversion :⌫↵ ! ⌫�
<latexit sha1_base64="9eeYOIxdp+NNIqyPZepQJrJXYBc=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIJVuNNCS9HGMoL5gFwIc5u9ZHFv79idi4Tj/oCNf8VGQREbC3s7f4jWbhILjT4YeLw3w8y8IJHCoOu+O1PTM7Nz8wuLhaXlldW14vpGzcSpZrzKYhnrRgCGS6F4FQVK3kg0hyiQvB5cng79ep9rI2J1gYOEtyLoKhEKBmildnHHV2k780EmPcipr0W3h6B1fEXHRsAR8nax5JbdEehf4n2T0vHOx/1Lf+mz0i6++Z2YpRFXyCQY0/TcBFsZaBRM8rzgp4YnwC6hy5uWKoi4aWWjb3K6a5UODWNtSyEdqT8nMoiMGUSB7YwAe2bSG4r/ec0Uw6NWJlSSIldsvChMJcWYDqOhHaE5QzmwBJgW9lbKeqCBoQ2wYEPwJl/+S2r7Ze+gvH9u0zghYyyQLbJN9ohHDskxOSMVUiWMXJNb8kAenRvnznlynsetU873zCb5Bef1C1R+oMc=</latexit>
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<latexit sha1_base64="CMlE9xaVwY6qjVAesdP2EnPIaPQ="></latexit>
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<latexit sha1_base64="AFY1yc3okXvxMmmmwDYGZh4ryY8=">AAACEHicbZC7SgNBFIZn4y3G26qlzWAQBTHsxkIbIaiFZQRzgSQus5OTZMzshZlZISx5ArHxGXwDGwtFbC3tfBB7J7spNPGHgW/+cw4z53dDzqSyrC8jMzM7N7+QXcwtLa+srpnrG1UZRIJChQY8EHWXSODMh4piikM9FEA8l0PN7Z+N6rVbEJIF/pUahNDySNdnHUaJ0pZj7jbPgSuCPSdmN8PruDjEJ8kl4QNNqeuYeatgJcLTYI8hX9r/fryDfFh2zM9mO6CRB76inEjZsK1QtWIiFKMchrlmJCEktE+60NDoEw9kK04WGuId7bRxJxD6+Aon7u+JmHhSDjxXd3pE9eRkbWT+V2tEqnPcipkfRgp8mj7UiThWAR6lg9tMAFV8oIFQwfRfMe0RQajSGeZ0CPbkytNQLRbsw0LxUqdxilJl0RbaRnvIRkeohC5QGVUQRffoCb2gV+PBeDbejPe0NWOMZzbRHxkfPx3noFI=</latexit>

Use



Neutrino Oscillations (II)

Time-dependent transition amplitude for a flavour conversion :⌫↵ ! ⌫�
<latexit sha1_base64="9eeYOIxdp+NNIqyPZepQJrJXYBc=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIJVuNNCS9HGMoL5gFwIc5u9ZHFv79idi4Tj/oCNf8VGQREbC3s7f4jWbhILjT4YeLw3w8y8IJHCoOu+O1PTM7Nz8wuLhaXlldW14vpGzcSpZrzKYhnrRgCGS6F4FQVK3kg0hyiQvB5cng79ep9rI2J1gYOEtyLoKhEKBmildnHHV2k780EmPcipr0W3h6B1fEXHRsAR8nax5JbdEehf4n2T0vHOx/1Lf+mz0i6++Z2YpRFXyCQY0/TcBFsZaBRM8rzgp4YnwC6hy5uWKoi4aWWjb3K6a5UODWNtSyEdqT8nMoiMGUSB7YwAe2bSG4r/ec0Uw6NWJlSSIldsvChMJcWYDqOhHaE5QzmwBJgW9lbKeqCBoQ2wYEPwJl/+S2r7Ze+gvH9u0zghYyyQLbJN9ohHDskxOSMVUiWMXJNb8kAenRvnznlynsetU873zCb5Bef1C1R+oMc=</latexit>
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<latexit sha1_base64="yEhUih1iZY2d+1jiwDTOFDLCs7g="></latexit>
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<latexit sha1_base64="AFY1yc3okXvxMmmmwDYGZh4ryY8=">AAACEHicbZC7SgNBFIZn4y3G26qlzWAQBTHsxkIbIaiFZQRzgSQus5OTZMzshZlZISx5ArHxGXwDGwtFbC3tfBB7J7spNPGHgW/+cw4z53dDzqSyrC8jMzM7N7+QXcwtLa+srpnrG1UZRIJChQY8EHWXSODMh4piikM9FEA8l0PN7Z+N6rVbEJIF/pUahNDySNdnHUaJ0pZj7jbPgSuCPSdmN8PruDjEJ8kl4QNNqeuYeatgJcLTYI8hX9r/fryDfFh2zM9mO6CRB76inEjZsK1QtWIiFKMchrlmJCEktE+60NDoEw9kK04WGuId7bRxJxD6+Aon7u+JmHhSDjxXd3pE9eRkbWT+V2tEqnPcipkfRgp8mj7UiThWAR6lg9tMAFV8oIFQwfRfMe0RQajSGeZ0CPbkytNQLRbsw0LxUqdxilJl0RbaRnvIRkeohC5QGVUQRffoCb2gV+PBeDbejPe0NWOMZzbRHxkfPx3noFI=</latexit>
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<latexit sha1_base64="J/PbHYAoYspzMQv7eQG4JFUmUpQ=">AAACHHicbZDLSgMxFIYz9dJaq466dBMsgiCUmXahm5aiG91VsBdohyGTpm3azIUkI5RhnsKVG1/FjQtF3LgQBB/GtDOIth4I+fj/c0jO7wSMCmkYn1pmZXVtPZvbyG8WtrZ39N29lvBDjkkT+8znHQcJwqhHmpJKRjoBJ8h1GGk7k4uZ374lXFDfu5HTgFguGnp0QDGSSrL1Sk+Erh3ROLnHMazCVKqO45MUaz84rtHY1otGyZgXXAYzhWL96u6rnm0XGrb+3uv7OHSJJzFDQnRNI5BWhLikmJE43wsFCRCeoCHpKvSQS4QVzZeL4ZFS+nDgc3U8Cefq74kIuUJMXUd1ukiOxKI3E//zuqEcnFkR9YJQEg8nDw1CBqUPZ0nBPuUESzZVgDCn6q8QjxBHWKo88yoEc3HlZWiVS2alVL5WaZyDpHLgAByCY2CCU1AHl6ABmgCDe/AInsGL9qA9aa/aW9Ka0dKZffCntI9vwaelSw==</latexit>

and A+A⇤ = (a+ ib) + (a� ib) = 2a = 2ReA
<latexit sha1_base64="oc3+b/JF0fhJGaCAyTn/RoVdXJs="></latexit>
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Transition Probability for a flavour conversion :⌫↵ ! ⌫�
<latexit sha1_base64="9eeYOIxdp+NNIqyPZepQJrJXYBc=">AAACDXicbVA9SwNBEN3z2/gVtbRZjIJVuNNCS9HGMoL5gFwIc5u9ZHFv79idi4Tj/oCNf8VGQREbC3s7f4jWbhILjT4YeLw3w8y8IJHCoOu+O1PTM7Nz8wuLhaXlldW14vpGzcSpZrzKYhnrRgCGS6F4FQVK3kg0hyiQvB5cng79ep9rI2J1gYOEtyLoKhEKBmildnHHV2k780EmPcipr0W3h6B1fEXHRsAR8nax5JbdEehf4n2T0vHOx/1Lf+mz0i6++Z2YpRFXyCQY0/TcBFsZaBRM8rzgp4YnwC6hy5uWKoi4aWWjb3K6a5UODWNtSyEdqT8nMoiMGUSB7YwAe2bSG4r/ec0Uw6NWJlSSIldsvChMJcWYDqOhHaE5QzmwBJgW9lbKeqCBoQ2wYEPwJl/+S2r7Ze+gvH9u0zghYyyQLbJN9ohHDskxOSMVUiWMXJNb8kAenRvnznlynsetU873zCb5Bef1C1R+oMc=</latexit>
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<latexit sha1_base64="+bJdd29hHUoot//CkOXbXjxJIAo="></latexit>



Neutrino Oscillations: the Master Equation
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<latexit sha1_base64="G/U+ZfFHqy4xYmjYmIhDssWwrgs="></latexit>
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Experimental Physicist's View
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<latexit sha1_base64="G/U+ZfFHqy4xYmjYmIhDssWwrgs="></latexit>
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• Physics Parameters: 

• Obervables: L, E

<latexit sha1_base64="JwBgMEQk2iXuin/fsV7TrDfjBSA=">AAAB83icbVC7SgNBFJ2NrxhfUcHGZjAIVmHXIlqG2Fgm4CaB7BLuTibJkNnZYWZWCEt+w8ZCEdv8hV9gZ+O3OHkUmnjgwuGce7n3nkhypo3rfjm5jc2t7Z38bmFv/+DwqHh80tRJqgj1ScIT1Y5AU84E9Q0znLalohBHnLai0d3Mbz1SpVkiHsxY0jCGgWB9RsBYKfC7WQBcDgGzSbdYcsvuHHideEtSqp41vtm09lHvFj+DXkLSmApDOGjd8VxpwgyUYYTTSSFINZVARjCgHUsFxFSH2fzmCb60Sg/3E2VLGDxXf09kEGs9jiPbGYMZ6lVvJv7ndVLTvw0zJmRqqCCLRf2UY5PgWQC4xxQlho8tAaKYvRWTISggxsZUsCF4qy+vk+Z12auUKw2bRg0tkEfn6AJdIQ/doCq6R3XkI4IkekIv6NVJnWfnzXlftOac5cwp+gNn+gO3fJUx</latexit>

U↵i

<latexit sha1_base64="z3yaxyU/VV7j5BMDVj7zfUMHPfs=">AAAB+nicbVDJSgNBEO2JW4zbRI9eGoMgCGHGQ/QY1IPHCGaBZBx6OjVJm56F7h4ljPMFfoMXEUW8+iXe/BDvdpaDJj4oeLxXRVU9L+ZMKsv6MnILi0vLK/nVwtr6xuaWWdxuyCgRFOo04pFoeUQCZyHUFVMcWrEAEngcmt7gbOQ3b0FIFoVXahiDE5BeyHxGidKSaxY758AVwYGbspvsOj3KXLNkla0x8Dyxp6RUPfx+foBSXHPNz043okkAoaKcSNm2rVg5KRGKUQ5ZoZNIiAkdkB60NQ1JANJJx6dneF8rXexHQleo8Fj9PZGSQMph4OnOgKi+nPVG4n9eO1H+iZOyME4UhHSyyE84VhEe5YC7TABVfKgJoYLpWzHtE0Go0mkVdAj27MvzpHFUtivlyqVO4xRNkEe7aA8dIBsdoyq6QDVURxTdoUf0gl6Ne+PJeDPeJ605Yzqzg/7A+PgBzl6XaA==</latexit>

�m2
ij

• Any neutrino oscillation experiment measures neutrino oscillations as a function of 
(at least) observables L and E, to determine PMNS matrix elements (or equivalently, 
3 mixing angles and CP violating phase) and 3 mass splittings



Neutrino Oscillations without CP Violation
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<latexit sha1_base64="G/U+ZfFHqy4xYmjYmIhDssWwrgs="></latexit>
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IF no CP violation in the neutrino sector, PMNS elements are real. In that case, rewrite as

<latexit sha1_base64="9qBzZbGG5g67sQyLl11gHv20sKk="></latexit>
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<latexit sha1_base64="G/U+ZfFHqy4xYmjYmIhDssWwrgs="></latexit>
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IF no CP violation in the neutrino sector, PMNS elements are real. In that case, rewrite as

<latexit sha1_base64="9qBzZbGG5g67sQyLl11gHv20sKk="></latexit>
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Rewrite the cos using cos(2θ) = 1 - 2sin2(2θ)
<latexit sha1_base64="2yT+FO/dlNk5Oj+wZSZnC/NBiNo="></latexit>
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Neutrino Oscillations without CP Violation
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<latexit sha1_base64="G/U+ZfFHqy4xYmjYmIhDssWwrgs="></latexit>
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IF no CP violation in the neutrino sector, PMNS elements are real. In that case, rewrite as

<latexit sha1_base64="9qBzZbGG5g67sQyLl11gHv20sKk="></latexit>
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Rewrite the cos using cos(2θ) = 1 - 2sin2(2θ)
<latexit sha1_base64="2yT+FO/dlNk5Oj+wZSZnC/NBiNo="></latexit>
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For this part, use 
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<latexit sha1_base64="1z7kpZBV5DfY9rWQHXrkHV8ca3s="></latexit>
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<latexit sha1_base64="63h8X/WUxDoXbT1L7MKIDJbsilc="></latexit>

Neutrino Oscillations without CP Violation
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PCP holds(↵ ! �)(t) = �↵� � 4
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<latexit sha1_base64="63h8X/WUxDoXbT1L7MKIDJbsilc="></latexit>

Neutrino Oscillations Master Equation without CP Violation



72
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<latexit sha1_base64="63h8X/WUxDoXbT1L7MKIDJbsilc="></latexit>

Neutrino Oscillations Master Equation without CP Violation
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• The transition probability is a function of goniometric functions as a function of L/E. Hence the name neutrino oscillations.
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<latexit sha1_base64="hJVud1nuJmaNtran3OASy38kLZ8="></latexit>
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<latexit sha1_base64="WzlQD1sOX4ibhaV7IiIpmojPB3s="></latexit>
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• The transition probability is a function of goniometric functions as a function of L/E. Hence the name neutrino oscillations. 

• If all masses are zero, so are the mass differences. In that case,  and no oscillations occur.P (
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<latexit sha1_base64="jjhzSUl3Ti48/Y3TZcZg5jQY3NA="></latexit>

Some Remarks
+
(�)

2
X

i>j

Im(U↵iU
⇤
↵jU

⇤
�iU�j) sin

 
�m2

ij

2

L

E

!
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<latexit sha1_base64="WzlQD1sOX4ibhaV7IiIpmojPB3s="></latexit>
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• The transition probability is a function of goniometric functions as a function of L/E. Hence the name neutrino oscillations. 

• If all masses are zero, so are the mass differences. In that case,  and no oscillations occur. 

• If there was no leptonic mixing, all off-diagonal terms in the PMNS matrix are zero. Then at least one of the matrix elements 

in the product of four is zero, resulting in no oscillations. Observing neutrino oscillations implies neutrino mixing.
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Some Remarks
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<latexit sha1_base64="hJVud1nuJmaNtran3OASy38kLZ8="></latexit>
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<latexit sha1_base64="WzlQD1sOX4ibhaV7IiIpmojPB3s="></latexit>
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• The transition probability is a function of goniometric functions as a function of L/E. Hence the name neutrino oscillations. 

• If all masses are zero, so are the mass differences. In that case,  and no oscillations occur. 

• If there was no leptonic mixing, all off-diagonal terms in the PMNS matrix are zero. Then at least one of the matrix elements 

in the product of four is zero, resulting in no oscillations. Observing neutrino oscillations implies neutrino mixing. 

• The transition probabilities contain the terms , so this is the only quantity we can derive from observing neutrino 

oscillations. One can’t observe the mass of each mass eigenstate explicitly.
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<latexit sha1_base64="jjhzSUl3Ti48/Y3TZcZg5jQY3NA="></latexit>
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<latexit sha1_base64="S7eRt+0m7mHIqqabbh3dWQm7oMI=">AAAB+nicbVDJSgNBEO2JW4zbRI9eGoMgCGEmHvQY1IPHCGaBZBx6OjVJm56F7h4ljPMFfoMXEUW8+iXe/BDvdpaDJj4oeLxXRVU9L+ZMKsv6MnILi0vLK/nVwtr6xuaWWdxuyCgRFOo04pFoeUQCZyHUFVMcWrEAEngcmt7gbOQ3b0FIFoVXahiDE5BeyHxGidKSaxY758AVwYGbspvsOq1krlmyytYYeJ7YU1KqHn4/P0AprrnmZ6cb0SSAUFFOpGzbVqyclAjFKIes0EkkxIQOSA/amoYkAOmk49MzvK+VLvYjoStUeKz+nkhJIOUw8HRnQFRfznoj8T+vnSj/xElZGCcKQjpZ5CccqwiPcsBdJoAqPtSEUMH0rZj2iSBU6bQKOgR79uV50qiU7aNy5VKncYomyKNdtIcOkI2OURVdoBqqI4ru0CN6Qa/GvfFkvBnvk9acMZ3ZQX9gfPwAzBqXYQ==</latexit>
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<latexit sha1_base64="WzlQD1sOX4ibhaV7IiIpmojPB3s="></latexit>
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• The transition probability is a function of goniometric functions as a function of L/E. Hence the name neutrino oscillations. 

• If all masses are zero, so are the mass differences. In that case,  and no oscillations occur. 

• If there was no leptonic mixing, all off-diagonal terms in the PMNS matrix are zero. Then at least one of the matrix elements 

in the product of four is zero, resulting in no oscillations. Observing neutrino oscillations implies neutrino mixing. 

• The transition probabilities contain the terms , so this is the only quantity we can derive from observing neutrino 

oscillations. One can’t observe the mass of each mass eigenstate explicitly. 

• We implicitly used natural units  in the derivation. Expressing the argument of the trigonometric functions in real 

units: 
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<latexit sha1_base64="jjhzSUl3Ti48/Y3TZcZg5jQY3NA="></latexit>
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• The transition probability is a function of goniometric functions as a function of L/E. Hence the name neutrino oscillations. 

• If all masses are zero, so are the mass differences. In that case,  and no oscillations occur. 

• If there was no leptonic mixing, all off-diagonal terms in the PMNS matrix are zero. Then at least one of the matrix elements 

in the product of four is zero, resulting in no oscillations. Observing neutrino oscillations implies neutrino mixing. 

• The transition probabilities contain the terms , so this is the only quantity we can derive from observing neutrino 

oscillations. One can’t observe the mass of each mass eigenstate explicitly. 

• We implicitly used natural units  in the derivation. Expressing the argument of the trigonometric functions in real 

units:  

• One can detect flavour change in 2 ways: 

• Start with ν𝛼 and look for ν𝛽 (‘appearance’) 

• Start with ν𝛼  and see if any disappears (‘disappearance’/‘survival’)
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• When substituting the PMNS matrix elements things get messy very quickly

Three Neutrino Probabilities are Messy…
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• When substituting the PMNS matrix elements things get messy very quickly 

• Due to all the sums of products of four PMNS matrix elements

Three Neutrino Probabilities are Messy…
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• When substituting the PMNS matrix elements things get messy very quickly 

• Due to all the sums of products of four PMNS matrix elements 

• So let's make some assumptions and simplify

Three Neutrino Probabilities are Messy…
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• Assumption 1: no CP violation (U 

elements are real) 

Simplifications
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• Assumption 1: no CP violation (U 

elements are real) 

• Assumption 2: appearance 

Simplifications
+
(�)

2
X

i>j

Im(U↵iU
⇤
↵jU

⇤
�iU�j) sin

 
�m2

ij

2

L

E

!

<latexit sha1_base64="hJVud1nuJmaNtran3OASy38kLZ8="></latexit>

P (
(�)

↵ !
(�)

� )(t) = �↵� � 4
X

i>j

Re(U↵iU
⇤
↵jU

⇤
�iU�j) sin

2

 
�m2

ij

4

L

E

!

<latexit sha1_base64="WzlQD1sOX4ibhaV7IiIpmojPB3s="></latexit>

<latexit sha1_base64="3srLlBRxeDjllC9Z33aPlHQcH7k="></latexit>

P (↵ ! �)(t) = �↵� � 4
X

i>j

U↵iU↵jU�iU�j sin
2

 
�m2

ij

4

L

E

!

<latexit sha1_base64="30ZvuqsWwntnV3PWVSJrK6pvg0o="></latexit>

P (↵ ! �)(t) = �4
X

i>j

U↵iU↵jU�iU�j sin
2

 
�m2

ij

4

L

E

!



84

• Assumption 1: no CP violation (U 

elements are real) 

• Assumption 2: appearance 

• Assumption 3: neglect (small) 

   

• Assumption 4: 
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• Assumption 1: no CP violation (U 

elements are real) 

• Assumption 2: appearance 

• Assumption 3: neglect (small) 

   

• Assumption 4:  

• Assumption 5: PMNS Unitarity
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1

A

<latexit sha1_base64="dPCQG62pG0JNePpk4o8sMTolb3M="></latexit>

<latexit sha1_base64="d9tOZMvAspydcRlzmxZa6rSiT8w="></latexit>

U↵i = UPMNS =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A

P (⌫↵ ! ⌫�) = 4 sin2
✓
�m2

32
L

4E

◆
U2
↵3U

2
�3

<latexit sha1_base64="RwePckzzZlcbRVX374/VMcMniAk="></latexit>

<latexit sha1_base64="dHOu2gIZ+YF6NRa9TaW8xx6ySqg=">AAACAnicbVDJSgNBEO1xjXGLehIvTYKQYAgzHqIXIejFYwSzQCaEmk4ladKz0N0jhBC8+An+ghcPinj1K7zlb+wsB018UPB4r4qqel4kuNK2PbZWVtfWNzYTW8ntnd29/dTBYVWFsWRYYaEIZd0DhYIHWNFcC6xHEsH3BNa8/s3Erz2gVDwM7vUgwqYP3YB3OANtpFbqOOuCiHqQp66HGnJXNIt5149ztJXK2AV7CrpMnDnJlNLu2fO4NCi3Ut9uO2Sxj4FmApRqOHakm0OQmjOBo6QbK4yA9aGLDUMD8FE1h9MXRvTUKG3aCaWpQNOp+ntiCL5SA98znT7onlr0JuJ/XiPWncvmkAdRrDFgs0WdWFAd0kketM0lMi0GhgCT3NxKWQ8kMG1SS5oQnMWXl0n1vOAUC8U7k8Y1mSFBTkiaZIlDLkiJ3JIyqRBGHskLeSPv1pP1an1Yn7PWFWs+c0T+wPr6ARwKmE8=</latexit>

(↵,�) = (e, µ)

<latexit sha1_base64="gbzIOorfbuHFWM0lfBV6nUmW1W4="></latexit>

(↵,�) = (e, µ) ! P (⌫e ! ⌫µ) = 4s223c
2
13s

2
13 sin

2

✓
�m2

32
L

4E

◆
= s223 sin

2(2✓13) sin
2

✓
�m2

32
L

4E

◆
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UPMNS =

0

@
c12c13 s12c13 s13e�i�CP

�s12c23 � c12s23s13ei�CP c12c23 � s12s23s13ei�CP s23c13
s12s23 � c12c23s13ei�CP �c12s23 � s12c23s13ei�CP c23c13

1

A

<latexit sha1_base64="dPCQG62pG0JNePpk4o8sMTolb3M="></latexit>

<latexit sha1_base64="d9tOZMvAspydcRlzmxZa6rSiT8w="></latexit>

U↵i = UPMNS =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A

P (⌫↵ ! ⌫�) = 4 sin2
✓
�m2

32
L

4E

◆
U2
↵3U

2
�3

<latexit sha1_base64="RwePckzzZlcbRVX374/VMcMniAk="></latexit>

<latexit sha1_base64="RHhVk0XVM4XhX2pNANKTApcxeAM="></latexit>

(↵,�) = (e, ⌧) ! P (⌫e ! ⌫⌧ ) = 4s223c
2
13s

2
13 sin

2

✓
�m2

32
L

4E

◆
= s223 sin

2(2✓13) sin
2

✓
�m2

32
L

4E

◆

<latexit sha1_base64="WbprbbklP41TQbPEuyYbifzB/Bg="></latexit>

(↵,�) = (e, ⌧) ! P (⌫e ! ⌫⌧ ) = 4c223c
2
13s

2
13 sin

2

✓
�m2

32
L

4E

◆
= c223 sin

2(2✓13) sin
2

✓
�m2

32
L

4E

◆
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Two-Neutrino Appearance 
Propabilities: Summary UPMNS =

0

@
c12c13 s12c13 s13e�i�CP

�s12c23 � c12s23s13ei�CP c12c23 � s12s23s13ei�CP s23c13
s12s23 � c12c23s13ei�CP �c12s23 � s12c23s13ei�CP c23c13

1

A

<latexit sha1_base64="dPCQG62pG0JNePpk4o8sMTolb3M="></latexit>

<latexit sha1_base64="d9tOZMvAspydcRlzmxZa6rSiT8w="></latexit>

U↵i = UPMNS =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A

P (⌫µ ! ⌫⌧ ) = c413 sin
2(2✓23) sin

2

✓
�m2

32
L

4E

◆

<latexit sha1_base64="x0zeOYJFXzLJDOBIYQ+rBz670+g="></latexit>

P (⌫e ! ⌫µ) = s223 sin
2(2✓13) sin

2

✓
�m2

32
L

4E

◆

<latexit sha1_base64="KawdXte1MZ9wjKqtKYyg8Kh7Qx8="></latexit>

P (⌫e ! ⌫⌧ ) = c223 sin
2(2✓13) sin

2

✓
�m2

32
L

4E

◆

<latexit sha1_base64="KTbwSIpSyfAzvZ03RreeWMUv98w="></latexit>
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Two-Neutrino Appearance 
Propabilities: Summary UPMNS =

0

@
c12c13 s12c13 s13e�i�CP

�s12c23 � c12s23s13ei�CP c12c23 � s12s23s13ei�CP s23c13
s12s23 � c12c23s13ei�CP �c12s23 � s12c23s13ei�CP c23c13

1

A

<latexit sha1_base64="dPCQG62pG0JNePpk4o8sMTolb3M="></latexit>

<latexit sha1_base64="d9tOZMvAspydcRlzmxZa6rSiT8w="></latexit>

U↵i = UPMNS =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A

P (⌫µ ! ⌫⌧ ) = c413 sin
2(2✓23) sin

2

✓
�m2

32
L

4E

◆

<latexit sha1_base64="x0zeOYJFXzLJDOBIYQ+rBz670+g="></latexit>

P (⌫e ! ⌫µ) = s223 sin
2(2✓13) sin

2

✓
�m2

32
L

4E

◆

<latexit sha1_base64="KawdXte1MZ9wjKqtKYyg8Kh7Qx8="></latexit>

P (⌫e ! ⌫⌧ ) = c223 sin
2(2✓13) sin

2

✓
�m2

32
L

4E

◆

<latexit sha1_base64="KTbwSIpSyfAzvZ03RreeWMUv98w="></latexit>

• What about numerical values?
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Global Fit for Neutrino Oscillation Parameters: NuFIT 6.0 (2024)

• Mnemonic: 

• θ12 ≃ 34º (count up) 

• θ23 ≃ 45º (count up) 

• θ13 ≃ 9º (geometric series)

• PS: JUNO paper from last month, 59 days of data-taking (!): 
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Substitute Mixing Angle Values to Further Simplify

P (⌫µ ! ⌫⌧ ) = c413 sin
2(2✓23) sin

2

✓
�m2

32
L

4E

◆

<latexit sha1_base64="x0zeOYJFXzLJDOBIYQ+rBz670+g="></latexit>

P (⌫e ! ⌫µ) = s223 sin
2(2✓13) sin

2

✓
�m2

32
L

4E

◆

<latexit sha1_base64="KawdXte1MZ9wjKqtKYyg8Kh7Qx8="></latexit>

P (⌫e ! ⌫⌧ ) = c223 sin
2(2✓13) sin

2

✓
�m2

32
L

4E

◆

<latexit sha1_base64="KTbwSIpSyfAzvZ03RreeWMUv98w="></latexit>

θ13 = small P (⌫µ ! ⌫⌧ ) = sin2(2✓23) sin
2

✓
�m2

32
L

4E

◆

<latexit sha1_base64="iG61fbOQ2KsAwDKt6si/mHasc7g="></latexit>

θ23 = 45°

θ23 = 45°

<latexit sha1_base64="ihrOyimsitLKeZuurkP8ZNoJY1Q="></latexit>

P (⌫e ! ⌫µ) =
1

2
sin2(2✓13) sin

2

✓
�m2

32
L

4E

◆

<latexit sha1_base64="UZfZYLz4mW5LOspXkHftr7NGTus=">AAACJXicdVA9SwNBEN3zM8avqKXNYhSSJtxZRAsF0cYygjGBXDj2NptkcW/v2J2NhMM/Y+M/8A/Y2FgYRLDyV2jtJrHQqA8GHu/NMDMvTATX4LqvztT0zOzcfGYhu7i0vLKaW1u/0LFRlFVpLGJVD4lmgktWBQ6C1RPFSBQKVgsvT4Z+rceU5rE8h37CmhHpSN7mlICVgtxBpeBLEzDsK97pAlEqvsJDxY9MER/if20gphjk8m7JHQH/Jt4XyR9tv9/d9xY/KkFu4LdiaiImgQqidcNzE2imRAGngl1nfaNZQugl6bCGpZJETDfT0ZfXeMcqLdyOlS0JeKR+n0hJpHU/Cm1nRKCrJ72h+JfXMNDeb6ZcJgaYpONFbSMwxHgYGW5xxSiIviWEKm5vxbRLFKFgg83aELzJl3+Ti92SVy6Vz2wax2iMDNpEW6iAPLSHjtApqqAqougGPaAnNHBunUfn2XkZt045XzMb6Aect09aR6kC</latexit>

P (⌫e ! ⌫µ) = P (⌫e ! ⌫⌧ )
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PMNS Numerical Values

UPMNS =

0

@
c12c13 s12c13 s13e�i�CP

�s12c23 � c12s23s13ei�CP c12c23 � s12s23s13ei�CP s23c13
s12s23 � c12c23s13ei�CP �c12s23 � s12c23s13ei�CP c23c13

1

A

<latexit sha1_base64="dPCQG62pG0JNePpk4o8sMTolb3M="></latexit>

c212 = cos2 ✓12 =
|Ue1|2

1� |Ue3|2
<latexit sha1_base64="kBAD3MP6NxPXyvF84oR5r6CT6do="></latexit>

s212 = sin2 ✓12 =
|Ue2|2

1� |Ue3|2
<latexit sha1_base64="ReqmPEOxvTqgnIBr8053C/oF52o="></latexit>

s213 = sin2 ✓13 = |Ue3|2
<latexit sha1_base64="XACKza89/fboeuv+epwTDKi2qZg="></latexit>

s223 = sin2 ✓23 =
|Uµ3|2

1� |Ue3|2
<latexit sha1_base64="hF8TMHdWWP1XWkoNMrT8b/5BaDI="></latexit>

c223 = cos2 ✓23 =
|U⌧3|2

1� |Ue3|2
<latexit sha1_base64="olx5awZ38mcavAWHrPrFlSVIEyw="></latexit>

<latexit sha1_base64="KQqQxy2c/x2VNT3r2HY+OdS542c=">AAACDXicbVDLTsJAFJ3iC/FVdemmEU3cSFow6MaE6MYlJhZIoDTTYQoTptNmZmpCSn/Ajb/ixoXGuHXvzr9xgC4QPMlNzpxzb+be40WUCGmaP1puZXVtfSO/Wdja3tnd0/cPGiKMOcI2CmnIWx4UmBKGbUkkxa2IYxh4FDe94e3Ebz5iLkjIHuQowk4A+4z4BEGpJFc/QW5iVdJuUk6vrXMx/xjbboIr6bhbdvWiWTKnMJaJlZEiyFB39e9OL0RxgJlEFArRtsxIOgnkkiCK00InFjiCaAj7uK0ogwEWTjK9JjVOldIz/JCrYtKYqvMTCQyEGAWe6gygHIhFbyL+57Vj6V85CWFRLDFDs4/8mBoyNCbRGD3CMZJ0pAhEnKhdDTSAHCKpAiyoEKzFk5dJo1yyqqXq/UWxdpPFkQdH4BicAQtcghq4A3VgAwSewAt4A+/as/aqfWifs9acls0cgj/Qvn4BVU6afA==</latexit>

c213 = 1� s213 = 1� |Ue3|2

<latexit sha1_base64="tb402TFGn3HBwIpcbJcXtRFRpHU="></latexit>

U↵i = UPMNS =

0

@
|Ue1| |Ue2| |Ue3|
|Uµ1| |Uµ2| |Uµ3|
|U⌧1| |U⌧2| |U⌧3|

1

A =

0

@
0.83 0.55 0.15
0.37 0.61 0.70
0.42 0.58 0.69

1

A
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Flavour Content in Mass Eigenstates

<latexit sha1_base64="tb402TFGn3HBwIpcbJcXtRFRpHU="></latexit>

U↵i = UPMNS =

0

@
|Ue1| |Ue2| |Ue3|
|Uµ1| |Uµ2| |Uµ3|
|U⌧1| |U⌧2| |U⌧3|

1

A =

0

@
0.83 0.55 0.15
0.37 0.61 0.70
0.42 0.58 0.69

1

A

<latexit sha1_base64="P7H5/FkSyEB8y49xwM02kZZUnY4=">AAAB7HicbVC7SgNBFL0TXzG+ooKNzWAQrMKuRbQMsbFMwE0CyRJmJ7PJkNnZZWZWCEu+wcZCEVs7/8IvsLPxW5w8Ck08cOFwzr3ce0+QCK6N43yh3Nr6xuZWfruws7u3f1A8PGrqOFWUeTQWsWoHRDPBJfMMN4K1E8VIFAjWCkY3U791z5Tmsbwz44T5ERlIHnJKjJW8rkx7bq9YcsrODHiVuAtSqp40vvl77aPeK352+zFNIyYNFUTrjuskxs+IMpwKNil0U80SQkdkwDqWShIx7WezYyf43Cp9HMbKljR4pv6eyEik9TgKbGdEzFAve1PxP6+TmvDaz7hMUsMknS8KU4FNjKef4z5XjBoxtoRQxe2tmA6JItTYfAo2BHf55VXSvCy7lXKlYdOowRx5OIUzuAAXrqAKt1AHDyhweIAneEYSPaIX9DpvzaHFzDH8AXr7AWgbkiM=</latexit>⌫1
<latexit sha1_base64="t6294LyRf1EdLLwcdrqKN+RG9dI=">AAAB7HicbVC7SgNBFL3rM8ZXVLCxGQyCVdhNES1DbCwTcJNAsoTZyWwyZHZ2mYcQlnyDjYUitnb+hV9gZ+O3OHkUmnjgwuGce7n3njDlTGnX/XLW1jc2t7ZzO/ndvf2Dw8LRcVMlRhLqk4Qnsh1iRTkT1NdMc9pOJcVxyGkrHN1M/dY9lYol4k6PUxrEeCBYxAjWVvK7wvTKvULRLbkzoFXiLUixetr4Zu+1j3qv8NntJ8TEVGjCsVIdz011kGGpGeF0ku8aRVNMRnhAO5YKHFMVZLNjJ+jCKn0UJdKW0Gim/p7IcKzUOA5tZ4z1UC17U/E/r2N0dB1kTKRGU0HmiyLDkU7Q9HPUZ5ISzceWYCKZvRWRIZaYaJtP3obgLb+8SprlklcpVRo2jRrMkYMzOIdL8OAKqnALdfCBAIMHeIJnRziPzovzOm9dcxYzJ/AHztsPaZ+SJA==</latexit>⌫2

<latexit sha1_base64="txu+oXjNhcfbXIve42MaG2zbsH0=">AAAB7HicbVC7SgNBFL3rM8ZXVLCxGQyCVdhViJYhNpYJuEkgWcLsZDYZMju7zEMIS77BxkIRWzv/wi+ws/FbnDwKTTxw4XDOvdx7T5hyprTrfjkrq2vrG5u5rfz2zu7efuHgsKESIwn1ScIT2QqxopwJ6mumOW2lkuI45LQZDm8mfvOeSsUScadHKQ1i3BcsYgRrK/kdYbqX3ULRLblToGXizUmxclz/Zu/Vj1q38NnpJcTEVGjCsVJtz011kGGpGeF0nO8YRVNMhrhP25YKHFMVZNNjx+jMKj0UJdKW0Giq/p7IcKzUKA5tZ4z1QC16E/E/r210dB1kTKRGU0FmiyLDkU7Q5HPUY5ISzUeWYCKZvRWRAZaYaJtP3obgLb68TBoXJa9cKtdtGlWYIQcncArn4MEVVOAWauADAQYP8ATPjnAenRfndda64sxnjuAPnLcfayOSJQ==</latexit>⌫3
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NuFIT 6.0 (2024) Mass Splittings

• PS: JUNO paper from last month, 59 days of data-taking: 
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The Big Unknown: Neutrino Mass Ordering (NMO)

We do NOT know the sign 
of Δm232 (= Δm231)

We do NOT know the sign 
of Δm232 (= Δm231)

Normal Ordering (NO) Inverted Ordering (NO)



Normal Ordering (NO) Inverted Ordering (NO)
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But: m2 > m1!

We DO know the sign of 
Δm212 from the MSW 
effect in the sun!
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• If we assume 2 neutrino approximation for solar neutrinos: 

• L~108 km, E~1 MeV 

• Naively expect oscillations to be sizeable for  

• Instead, we observe oscillations at  

• This is caused by the MSW effect (Mikheyev–Smirnov–Wolfenstein) 

• Coherent forward scattering via W-boson exchange leads to an extra 

interaction potential energy in the Hamiltonian: 

•  

•  

• GF is the Fermi constant, Ne is the electron density in the medium 

• This raises the effective mass of  and lowers that of 

�m2 ⇠ E/L = 10�11eV2
<latexit sha1_base64="CmUKAH48a6Y3ib5akN0rCnWJ1BU="></latexit>

�m2
12 ⇠ 10�5eV2

<latexit sha1_base64="r4FglKVqUI3QFDLNB5lYinhieLA="></latexit>

⌫e : +
p
2GFNe

<latexit sha1_base64="WL1r0e4WIj+R06BGGu7rA/SQCf4=">AAACAXicbVDLSgNBEJyNrxhfUUEEL4NBEISwGw+KpxBBPUkC5gFJWGYnnWTI7Ow6MyuEJV78FS8eIuLVq1/gzYvf4uRx0GhBQ1HVTXeXF3KmtG1/Wom5+YXFpeRyamV1bX0jvblVUUEkKZRpwANZ84gCzgSUNdMcaqEE4nscql7vfORX70AqFogb3Q+h6ZOOYG1GiTaSm95tiMiFM3zUULdSx7kBvnQv8LULbjpjZ+0x8F/iTEkmv1P6YsPCe9FNfzRaAY18EJpyolTdsUPdjInUjHIYpBqRgpDQHulA3VBBfFDNePzBAB8YpYXbgTQlNB6rPydi4ivV9z3T6RPdVbPeSPzPq0e6fdqMmQgjDYJOFrUjjnWAR3HgFpNANe8bQqhk5lZMu0QSqk1oKROCM/vyX1LJZZ3jbK5k0iigCZJoD+2jQ+SgE5RHV6iIyoiie/SIhujZerCerBfrddKasKYz2+gXrLdvfgiZUg==</latexit>

⌫e : �
p
2GFNe

<latexit sha1_base64="ZLGohnqvJOyTYx2Ip3zORsTr+eI=">AAACDHicbVC7SgNBFJ2NrxhfUcHGZjAINobdWChWEkGtRMGYQHZZZid3k8HZ2XVmVghLPsDGPxEbC0XsxA+ws/FbnCQWmnhg4HDOudy5J0g4U9q2P63cxOTU9Ex+tjA3v7C4VFxeuVRxKinUaMxj2QiIAs4E1DTTHBqJBBIFHOrB1WHfr9+AVCwWF7qbgBeRtmAho0QbyS+W3NjY/enMFWnPh3287aprqbNKDx/7R/jUB5Oyy/YAeJw4P6R0sHb+xe6rb2d+8cNtxTSNQGjKiVJNx060lxGpGeXQK7ipgoTQK9KGpqGCRKC8bHBMD28apYXDWJonNB6ovycyEinVjQKTjIjuqFGvL/7nNVMd7nkZE0mqQdDhojDlWMe43wxuMQlU864hhEpm/opph0hCtemvYEpwRk8eJ5eVsrNTrpybNqpoiDxaRxtoCzloFx2gE3SGaoiiW/SAntCzdWc9Wi/W6zCas35mVtEfWO/fyhWeeg==</latexit>

⌫e
<latexit sha1_base64="PMj5O+njXpX6mbS4VQf9lXclLsY=">AAAB7HicbVA9SwNBEJ2LXzF+RQUbm8MgWIW7WGgZYmOZgJcEkiPsbeaSJXt7x+6eEI78BhsLRWzt/Bf+Ajsbf4ubj0ITHww83pthZl6QcKa043xZubX1jc2t/HZhZ3dv/6B4eNRUcSopejTmsWwHRCFnAj3NNMd2IpFEAcdWMLqZ+q17lIrF4k6PE/QjMhAsZJRoI3ldkfawVyw5ZWcGe5W4C1KqnjS+2Xvto94rfnb7MU0jFJpyolTHdRLtZ0RqRjlOCt1UYULoiAywY6ggESo/mx07sc+N0rfDWJoS2p6pvycyEik1jgLTGRE9VMveVPzP66Q6vPYzJpJUo6DzRWHKbR3b08/tPpNINR8bQqhk5labDokkVJt8CiYEd/nlVdKslN3LcqVh0qjBHHk4hTO4ABeuoAq3UAcPKDB4gCd4toT1aL1Yr/PWnLWYOYY/sN5+ALSnklA=</latexit>

⌫e
<latexit sha1_base64="IJmKdQzGol59NmNcIwcjwjrzYO4=">AAAB+XicbVDLSsNAFL3xWesrKrhxEyyCq5LUhS5L3bhswT6gCWEynbZDJzNhZlIooX/ixoUigit/wS9w58ZvcdJ2oa0HBg7n3MO9c6KEUaVd98taW9/Y3Nou7BR39/YPDu2j45YSqcSkiQUTshMhRRjlpKmpZqSTSILiiJF2NLrN/faYSEUFv9eThAQxGnDapxhpI4W27Qtj5+nM5+k0JKFdcsvuDM4q8RakVD1tfNO32kc9tD/9nsBpTLjGDCnV9dxEBxmSmmJGpkU/VSRBeIQGpGsoRzFRQTa7fOpcGKXn9IU0j2tnpv5OZChWahJHZjJGeqiWvVz8z+umun8TZJQnqSYczxf1U+Zo4eQ1OD0qCdZsYgjCkppbHTxEEmFtyiqaErzlL6+SVqXsXZUrDdNGDeYowBmcwyV4cA1VuIM6NAHDGB7gCZ6tzHq0XqzX+eiatcicwB9Y7z8Y0Jen</latexit>

Solar Neutrino Puzzle and the MSW Effect
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• Fractional importance of matter effects on oscillations with vacuum mass splitting 

Δm2 is                      (this definition will start making sense later) 

• The matter effect: 

• grows with neutrino energy E and electron density 

• is sensitive to the sign of Δm2  

• Affects neutrinos different than antineutrinos 

• Note: this last effect can ‘fake’ CP violation and therefore needs to be taken into 

account in searches for genuine CP violation

MSW effect 
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• The matter effect: 

• Is sensitive to the sign of Δm2  

• The signs of the mass splittings are determined using the MSW effect! 
• Therefore, the NMO can be determined using the MSW effect!

Experimental Physicist's View
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Intermezzo: Hamiltonian for 2-Neutrino Oscillations

• Set energy level of first eigenstate to 0
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Hamiltonian for 2-Neutrino Oscillations in the flavour basis

U =

✓
cos ✓ � sin ✓
sin ✓ cos ✓

◆
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Now including matter effects in the Hamiltonian: 

 

 

Can subtract any contribution proportional to identity matrix as that doesn’t change the eigenvalues. 

 

with 
 
as before
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�m

2

4E
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The MSW Effect for 2-Neutrino Oscillations
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• Then, defining  and  

•
 

• And all 2-neutrino approximations are adapted accordingly: 

•

�m2
M ⌘ �m2

q
sin2 2✓ + (cos 2✓ � x)2
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The MSW Effect for 2-Neutrino Oscillations HM =
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Even if sin2(2θ) is 
small, sin2(2θm) 
can be maximal 
if x~cos(2θ). This 
is called the 
MSW resonance



Normal Ordering (NO) Inverted Ordering (NO)
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So how was the 'Solar Mass Splitting' measured?

We DO know the sign of 
Δm212 from the MSW 
effect in the sun!
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• In the Sun things are even more subtle due to changing electron density as the neutrinos travel out from the 

Sun's core, leading to energy-dependent MSW-modified oscillation probabilities

MSW effect in Solar Neutrinos

PDG 2011 (https://pdg.lbl.gov/2011/reviews/rpp2011-rev-neutrino-mixing.pdf): 

https://pdg.lbl.gov/2011/reviews/rpp2011-rev-neutrino-mixing.pdf


107

• Matter effects in the Sun become significant for higher energy solar neutrinos. 

• They ‘feel’ a varying electron density as they travel outwards to vacuum 

• Can redefine mixing angles and mass splittings to take matter effects into account 

• Using these, the 2 neutrino approximation holds again, this time for oscillations 

including matter effects 

• Benefit from matter effects: allows to determine the sign of Δm212 

Takeaways Solar Neutrinos and Solar Mass Splitting
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Atmospheric Neutrinos, where the 2-Neutrino Approximation Works
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The Atmospheric Neutrino Deficit Explained with 2-Neutrino Oscillations
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• Confirmed neutrino oscillations through muon neutrino disappearance 

• Maximal mixing between muon and tau neutrinos found for atmospheric neutrinos (the electron 

neutrinos do NOT disappear!) 

• Easy to explain using two-neutrino approximation 

• But if you use the full three neutrino picture including matter effects: 

• Day-night asymmetry shows electron neutrino regeneration confirming matter effects inside 

the Earth 

• Future experiments: the matter effect is sensitive to the sign of Δm223 and solve the neutrino 

mass ordering question

Takeaways Atmospheric Neutrinos
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• We've entered the phase of precision measurements 

• 2-neutrino approximation not sufficient anymore 

• Need 'higher-order' terms from full 3-neutrino oscillations 

• Including matter effect 

• Including CP violation

Neutrino Physics isn't so Simple (Anymore)
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3-Neutrino Oscillations Including CP violation and Matter Effects

Taken from https://arxiv.org/pdf/hep-ph/0103300.pdf

V =
p
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• MSW effect: 
• Accelerator neutrinos 

• Currently:  NOvA, T2K 

• Future: DUNE, HyperK 

• Atmospheric neutrinos 

• Currently: KM3NeT/ORCA, IceCube DeepCore, SuperK 

• Reactor neutrinos: 
• Currently: JUNO 

• Non-oscillations: 
• Neutrinoless double beta decay: If 0νββ is detected, the measured value of ⟨mee ⟩ can constrain the mass 

ordering 

• Cosmological bounds: a strong upper limit on ∑mν  from cosmology can put pressure on or potentially rule 

out the inverted ordering.

NMO Determination

Normal Ordering (NO) Inverted Ordering (NO)
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Focus on NMO Determination in KM3NeT/ORCA (Nikhef's Involvement)
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(Because KM3NeT can't distinguish (well) between neutrinos and anti-neutrinos)
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(NO-IO)/IO
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Backup
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➤ Muon discovered in 1937 (p72) (‘found, but not predicted’ (p74): discovered first, anticipated as the pion) 

➤ Pion discovered in 1947 (p72) (‘predicted, not yet found’ (p74))  

➤ Wu: P violated in beta decay 

➤ Lederman: P violated in muon decay. See Niels’s lectures (https://www.nikhef.nl/~h71/Lectures/2015/ppII-cpviolation-29012015.pdf, p6): As an aside the curves also show an asymmetry in the height of the 
oscillation caused by the violation of parity in the muon decay.  

➤ Lederman at Brookhaven (see below): P violated in pion decay. 

➤ Brookhaven accelerator (1957) (p80): 

➤ protons on target gives intense beams of pions, 20% decays (the others semileptonically) into muon and neutrino (of which at that time, it’s still thought that it’s ‘the’ neutrino), both in the forward 
direction of the pion, but with opposite spin. The ‘gift of nature’ (Frank Close) is that the muon then decays into an electron and two neutrinos (*). So: stop the muons and see which direction the 
electrons emerge. If parity is violated, you expect more electrons in the direction the muon was originally moving. This measurement of H(mu+)=+1 (p8 of Zuber) establishes maximal parity violation. 

➤ (*)This was proven by Steinberger in 1948 (p75) (before the neutrino discovery!), who showed that the muon did NOT decay into an electron and a photon (then the electron energy would have 
to be fixed), but instead, energy was carried away by two additional particles! The mu->e+gamma was expected if the muon was ‘just’ a heavier version of the electron. 

➤ Also, it’s all an indirect measurement of the neutrino helicity (it was the chirality of the electrons in Wu and the chirality of the muons in Lederman). Goldhaber proposes a direct measurement of 
the neutrino helicity. 

➤ Steinberger 1958 (p76): pi+->mu+ + nu >50000 times, pi+ -> e+ + nu six times -> consistent with parity violation (as already found by Lederman, see above).  

➤ All this leads Pontecorvo to ask: are these neutrinos somehow different from each other (p76)? That’s his 1959 paper that only appears in English in 1960. It contains two important points: 1) higher energy 
neutrinos have a higher cross section (in fact, in Fermi’s effective theory it rises continuously), so use accelerator neutrinos. 2) there might be a difference in the type of neutrinos! 

➤ Schwartz, Steinberger and Lederman (1962) (p81) take up the challenge (sort of independent from Pontecorvo). Use the high energy neutrinos themselves: intense proton beams on beryllium gives large 
numbers of pions, which then decay to muons and neutrinos. Filter out the muons with thick steel plates and see how every now and then a neutrino creates either a muon or an electron. After ten days 
and 100e12 neutrinos, 51 muons were found and no electrons. The conclusion: there is a muon-neutrino and it’s completely different from the electron-neutrino.  

➤ Schwartz was onto the neutral current interaction, but his follow-up experiments never got funded and he left physics! (p82)

Summary from Frank Close’s Neutrino

https://www.nikhef.nl/~h71/Lectures/2015/ppII-cpviolation-29012015.pdf
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Remarks On A Confusing Naming Convention
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• Only makes sense under certain assumptions 

• 2-neutrino approximations  

• Mostly due to (numerical) coincidences 

• Small  

• Small θ13 

• Near-maximal ‘atmospheric’ mixing
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‘Reactor’ ‘Solar’

Boris Kayser: “The ‘solar’ matrix dominates the 

mixing of solar neutrinos. The mixing angle in this 

matrix, θ12, is approximately the solar mixing 

angle θsol determined by treating the solar 

neutrino problem as a two-neutrino problem. This 

is a very good approximation, since the solar 

neutrinos are born as νe, and  |Ue3|2, the ν3 

fraction of νe, is quite small. Thus, νe is 

approximately a mixture of just ν1 and ν2, and it 

will remain so as it propagates.”

‘Atmospheric’

Maury Goodman: “Despite the 
large νe component of the 

atmospheric neutrino flux, it is 

difficult to measure ∆m221 effects. 

This is because of a cancellation 
between νμ → νe and νe → νμ 
together with the fact that the ratio 
of νμ and νe atmospheric fluxes, 

which arise from sequential π and μ 
decay, is near 2. “
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The third, Solar, matrix on the right-hand side of Eq. (40) dominates the mixing of solar neutrinos. The mixing 
angle in this matrix, θ12, is approximately the solar mixing angle θsol determined by approximating the solar neutrino 
problem as a two-neutrino problem. This is a very good approximation, since the solar neutrinos are born as νe, and 
|Ue3|2, the ν3 fraction of νe, is quite small. Thus, νe is approximately a mixture of just ν1 and ν2, and it will remain 
so as it propagates.
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So What Does UPMNS look like?

•  , i.e. the measured solar electron neutrino 

flux is roughly 1/3 

• Neutrinos in the sun start out as the higher-energy 

eigenstate νe of HM(r=0) where electron density is high 

• The neutrino propagates outward as the slowly moving 

eigenstate of the slowly changing Hamiltonian. When it 

leaves the Sun it's still the higher-energy eigenstate. But now 

the electron density is zero and the Hamiltonian is just the 

vacuum Hamiltonian. We called that higher-energy 

eigenstate ν2 

• Thus, solar neutrinos leave the Sun as ν2  

• So electron content of ν2  is 1/3 

• Solar neutrino flavour change is νe to νx, where in νx, the 

flavour content νμ - ντ is governed by the maximal 

atmospheric mixing again

Psol(⌫e ! ⌫e)
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So What Does UPMNS look like?
• The νe content of ν1 follows from unitarity: 2/3 

• The νμ and ντ  content of ν1 follows again from 

maximal mixing 

• ν1 and ν2 contain the neutrino for (νμ-ντ)/√2, the 

50% mixture that is orthogonal to the one in ν3
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• If CP is conserved:  

• CP violation if: 
 

• If 𝛼=𝛽, the imaginary part is always zero due to U𝛼iU𝛼i*=|U𝛼i|2 

• Can only find CP violation in appearance experiments! 

• Defining the so-called Jarlskog invariant , with 

the +(-) denoting the cyclic (anticyclic) permutations of  

•  

• Note the signs of the  and how the sum of sines became a product using 

trigonometric identities
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Neutrino Oscillations including CP Violation
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<latexit sha1_base64="Cz7yVuEZcJLuWGSaC7VbEpIefPs="></latexit>

= 2(a cos(x) + b sin(x)) = 2(ReA cos(x) + ImA sin(x))
<latexit sha1_base64="NLMCe8a8dIRR5V8yaQ0JP3m82Xw="></latexit>
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Neutrino Oscillations including CP Violation
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Both imaginary!

= 2Re(a cos(x) + b sin(x) + i(b cos(x)� sin(x))
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2Re(A exp(�ix)) = 2Re((a+ ib) exp(�ix)) = 2Re((a+ ib)(cos(x)� i sin(x))
<latexit sha1_base64="Cz7yVuEZcJLuWGSaC7VbEpIefPs="></latexit>

= 2(a cos(x) + b sin(x)) = 2(ReA cos(x) + ImA sin(x))
<latexit sha1_base64="NLMCe8a8dIRR5V8yaQ0JP3m82Xw="></latexit>

P (↵ ! �)(t) =
X

i

|U↵iU
⇤
�i|2 + 2

X

i>j

Re(U↵iU
⇤
↵jU

⇤
�iU�j) cos

 
�m2

ij

2

L

E

!

<latexit sha1_base64="eqqk1RHgS42LwU+MEM8zligdQOQ="></latexit>

+2
X

i>j

Im(U↵iU
⇤
↵jU

⇤
�iU�j) sin

 
�m2

ij

2

L

E

!

<latexit sha1_base64="aZHjB/FuhrfjZiWz/4Zae9dYIzE="></latexit>



139

Neutrino Oscillations including CP Violation
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Neutrino Oscillations including CP Violation
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For Re term: rewrite the cos again using cos(2θ) = 1 - 2sin2(2θ).  
For Im term: use 2sin(2θ)=4sin(θ)cos(θ).
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Neutrino Oscillations including CP Violation
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Antineutrino: all
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For Re term: rewrite the cos again using cos(2θ) = 1 - 2sin2(2θ).  
For Im term: use 2sin(2θ)=4sin(θ)cos(θ).
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Neutrino Oscillations including CP Violation
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Antineutrino: all
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Equivalently
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For Re term: rewrite the cos again using cos(2θ) = 1 - 2sin2(2θ).  
For Im term: use 2sin(2θ)=4sin(θ)cos(θ).
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Neutrino Oscillations Master Equation including CP Violation
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Combining and using 2sin(x)cos(x)=sin(2x)
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SM Particle Masses
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• 1956: Question from Lee and Yang following the θ-τ puzzle: everyone assumes parity is 
conserved in weak interaction, but did we actually check??? 

• Parity (P) transformation:   

• Similarly, P is 1) reflection in a plane, 2) 180 degrees rotation around the axis 
perpendicular to that plane 

• P(A) = B

Properties of the Weak Interaction

A B
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• Feynman: “Never mind […mere conventions]. Let us talk about phenomena.”

Reflections on Reflections

Never mind (the convention of) the vector. Would you 
be shocked to find the wheel rotating in the other 
direction???

Never mind the conventions (like north and south). 
Would you be shocked to find the electron 
deviation to be in the same direction???

e- ⊗ e- ⊗
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What About This?
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Weak Force Parity Experiment if P is Conserved

A B

A B

60
27Co !60

28 Ni + e� + ⌫e
<latexit sha1_base64="j4hOp2gqIcDT2CpkT9hjJ0QdMD0="></latexit>

Assuming P-symmetry holds, would you be shocked to 
find more electrons being emitted downward or upward?
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Weak Force Parity Experiment if P is Violated

A B

60
27Co !60

28 Ni + e� + ⌫e
<latexit sha1_base64="j4hOp2gqIcDT2CpkT9hjJ0QdMD0="></latexit>

A B

A and B do NOT look the same -> P symmetry is violated!!!
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Wu Experiment (1956)

Parity is (maximally) violated in beta decays!
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• Helicity is the projection of the spin along the direction of the momentum: 

 

• Particle with h=+1 is called right-handed (spin and momentum parallel) 

• Particle with h=-1 is called left-handed (spin and momentum anti-parallel) 

• h is a pseudoscalar (dot product between ordinary polar vector and an axial or pseudovector) 

• As a result, h changes sign under the parity operation 

• h is invariant only for massless particles 

• Explanation that fits all observations of parity violation: the weak interaction only couples to left-handed fermions or 
right-handed antifermions. 

• Note that none of the mentioned experiments measured the neutrino helicity directly 

• Goldhaber did just that in 1958 in an experiment that is far too difficult to explain here…  

• Neutrinos are left-handed and antineutrinos are right-handed

h =
~� · ~p
|~p| = ±1
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Intermezzo: (Neutrino) Helicity



Neutrino Physics, BND 2019152

The cross product of two (‘normal’ or ‘polar’) vectors is a pseudovector  

So orbital momentum  is a pseudovector, just like spin  

Parity of a pseudovector (like J_i) is even; see picture below 

Parity of a normal vector (like p_i) is odd; see picture below 

Any scalar (=dot) product between a pseudovector and an ordinary vector is a pseudoscalar. Pseudoscalar is odd 
under parity. Example: helicity, which is J_i dot p_i

L = ~r ⇥ ~p
<latexit sha1_base64="XeOmGthf7WOVTjLKv5GT1favtVY=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgETyWpgl6EohcPHirYVmhC2Ww37dLNJuxOCiUUvPhXvHhQxKt/wpv/xm2bg7Y+WHjz3gyz84JEcA2O820VlpZXVteK66WNza3tHXt3r6njVFHWoLGI1UNANBNcsgZwEOwhUYxEgWCtYHA98VtDpjSP5T2MEuZHpCd5yCkBI3Xsg1t8ib0ho5kaYw94xPSsTMYdu+xUnCnwInFzUkY56h37y+vGNI2YBCqI1m3XScDPiAJOBRuXvFSzhNAB6bG2oZKYZX42vWGMj43SxWGszJOAp+rviYxEWo+iwHRGBPp63puI/3ntFMILP+MySYFJOlsUpgJDjCeB4C5XjIIYGUKo4uavmPaJIhRMbCUTgjt/8iJpVivuaaV6d1auXeVxFNEhOkInyEXnqIZuUB01EEWP6Bm9ojfryXqx3q2PWWvBymf20R9Ynz8v25dA</latexit>

~J
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Pseudovectors and Parity

A B
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• Fermi’s effective theory for beta decays 

 

• Only left-handed fermions contribute 

• Left-hand operator:   

• So operator O must be proportional to PL to form a combination with other γ matrices to 
create a parity-violating interaction  

• After a huge experimental effort it was found that the correct combination is 

 

M / GF [ uÔ d][ eÔ ⌫ ]
<latexit sha1_base64="UpJeusx1kTHzOwgVsWi/xb70bp0="></latexit>

PL =
1

2
(1� �5)
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V - A Structure of the Weak Interaction

V (vector) - A (axial vector)
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Reactor Neutrinos

• Were used to discover the (anti)neutrino (1950) 

• Are used to measure reactor flux and spectrum 

• Were used as a cross-check for solar neutrino 

oscillations parameters 

• Are sensitive to neutrino mass ordering
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First dip sensitive to θ13 

Second dip sensitive 
to θ12 
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• Sensitive to both ‘solar’ section of PMNS matrix (‘second dip’) and the ‘reactor’ section 

(‘first dip’) 

• Were first to measure non-zero θ13 

• That opens the door to CP-violation

Takeaways Reactor Neutrinos
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• Accelerator complexes create intense muon neutrino beams 

• Were used to discover the muon neutrino (1962) 

• Were used as a cross-check for atmospheric neutrino oscillations parameters 

• Measuring neutrino oscillation parameters 

• Are sensitive to neutrino mass ordering (through MSW effect) and CP violation effects 

• Main players: 

• Historic: K2K, MINOS, OPERA 

• Current: T2K, NOvA 

• Future: DUNE

Long Baseline Neutrino Experiments
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• Location (in L/E) of maximal disappearance gives sensitivity to |Δm312| ≃ |Δm322| 

• Survival probability at minimum gives sensitivity to θ23 up to the octant due to 

• In particular, in case of maximal mixing, at oscillation minimum

Detection Mode 1: νμ Disappearance
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Results νμ Disappearance
NuFIT 4.1 (2019)
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Detection Mode 2: νe Appearance
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• CP odd phase can result in asymmetry  

•  as opposed to  allows to disentangle the θ23 octant  

• Sensitivity to mass ordering is in A through the matter effect: enhancement of νe (anti-νe) in normal (inverted) ordering  
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Neutrino Parameter Degeneracies

• CP odd phase can result in asymmetry  

•  as opposed to  allows to disentangle the θ23 

octant  

• Sensitivity to mass ordering is in A through the matter 

effect: enhancement of νe (anti-νe) in normal (inverted) 

ordering  

P (⌫µ ! ⌫e) 6= P (⌫µ ! ⌫e)
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Long Baseline Neutrino Results

NuFIT 4.1 (2019)

• It looks like CP violation and matter effects are 
constructively contributing  
• Both pulling to ‘lower-right’ 

• But very large errors still 

• NOvA: normal hierarchy preferred at 1.9 sigma 
• T2K: normal hierarchy preferred at 89%

NHIH
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Future Long Baseline Detectors
• SuperK -> HyperK: 

• Large volume, 258kt total volume: two 74 x 60 m tanks 

• Construction 2019, beam 2026 

• DUNE/LBNF: new high-energy beam line from Fermilab to Lead, 

South Dakota and LAr TPC detector 

• Higher energy means stronger matter effects, hence good 

capability to resolve mass ordering 

• Construction 2019, beam 2026

Do Neutrinos Violate CP?

What Is The Neutrino Mass Ordering?

Mass Ordering CP violation
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• Two detection modes: electron neutrino appearance and muon neutrino disappearance 

• These are all precision measurements: higher order expansion of three neutrino 

oscillations gives sensitivity (and degeneracy) to octant of θ23, mass ordering and CP 

violation

Takeaways Long Baseline Neutrinos
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Ice/Water Cherenkov Neutrino Detectors Around the Globe

ANTARES

• Deep water

• 0.01 km3


• 2008 - 


KM3NeT

• Deep water

• 1 km3


• Under construction


IceCube

• Deep ice

• 1 km3


• 2011 - 


Baikal-GVD

• Deep water

• 1 km3


• Under construction
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Neutrino Mass Ordering (NMO), 
depending on the true ordering and true 
value of sin2(θ23): 

• IceCube Upgrade: 3 sigma in 3-8 years 
• KM3NeT ORCA: 3-6 sigma in 3 years

• KM3NeT ORCA: under construction, scheduled completion by 2022 
• IceCube Upgrade: funded, deployment in 2022-2023 

KM3NeT ORCA has a very competitive physics case!

~
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~
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23

ντ normalization

KM3NeT ORCA Physics Projections (2)
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• Both KM3NeT and IceCube have 

an aggressive (timeline-wise) and 

competitive low-energy (few GeV) 

neutrino oscillation physics 

program 

• KM3NeT ORCA (under 

construction) 

• IceCube DeepCore (running) 

and IceCube Upgrade (under 

construction) 

• Determination of θ23 octant, 

mass ordering, ντ appearance, 

BSM physics

Neutrino Oscillations in KM3NeT and IceCube
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Neutrino Detection

• Neutrino-induced charged particles emit Cherenkov radiation 

• Backgrounds from atmospheric muons reduced via timing, 
direction, energy and vetoing techniques

Angular resolution: < 1º 
Energy resolution: factor of ~2

Angular resolution: 10º above 100 TeV 
Energy resolution: ±15%
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Web: 

• History (and much more) of the neutrino: 

• https://neutrino-history.in2p3.fr 

• International Neutrino Summer School: 

• https://indico.fnal.gov/event/19346/timetable/
#20190805 (2019 edition) 

• Slac Summer Institute 2015 ‘The Universe of 
Neutrinos’: 

• https://www-conf.slac.stanford.edu/ssi/2015/ 

• A wikipedia list of (many, not all) neutrino 
experiments: 

• https://en.wikipedia.org/wiki/
List_of_neutrino_experiments

Resources
Lectures 

• Joachim Kopp, Theoretical Neutrino Physics: 

• https://indico.fnal.gov/event/19346/
contribution/55/material/slides/1.pdf 

• Steve Boyd: 

• https://warwick.ac.uk/fac/sci/physics/staff/
academic/boyd/warwick_week/
neutrino_physics/ 

Books 

• Neutrino, Frank Close 

• Neutrino Physics, Kai Zuber 

• Nuclear and Particle Physics, Burcham and Jobes 

• Multimessenger Astronomy (free ebook), Imre 
Bartos and Marek Kowalski: https://
iopscience.iop.org/book/978-0-7503-1369-8.pdf
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https://indico.fnal.gov/event/19346/contribution/55/material/slides/1.pdf
https://indico.fnal.gov/event/19346/contribution/55/material/slides/1.pdf
https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/warwick_week/neutrino_physics/
https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/warwick_week/neutrino_physics/
https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/warwick_week/neutrino_physics/

