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The solar neutrino puzzle 
(around 1995)

neutrino energy < 1 MeV:    60% observed

neutrino energy > 1 MeV:    30% observed
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Two problems:
• Overall number of neutrinos does not agree with SSM, only 30-60% of expected
• Strange energy dependence, like a step function

Possible solutions:

• Experiments are wrong: (mainstream narrative: Homestake is probably wrong)
but more and more data and cross checks made this more and more unlikely

• Solar model is wrong.
However, it was supported by new data from helioseismology.
The SSM correctly predicted the sound speed inside the Sun as measured by helioseismology.

• Nuclear cross sections are wrong.
They were measured at MeV energies and had to be extrapolated to keV energies.
But first dedicated experiments showed, that the estimates are correct.

• Particle physics:  neutrino masses & neutrino mixing, neutrino oscillations, flavor change of neutrinos
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Neutron detction in SNO



SNO Result (salt-phase)
(PRL 92, 181301, 2004)

• 1/3 of ve arrive on Earth.

• 2/3 of ve have transformed into vμ or vτ .

• measured total neutrino flux = prediction by SSM

Result of first phase (without salt):

"Direct Evidence for Neutrino Flavor Tranformation from Neutral-Current Interactions 

in the Sudbury Neutrino Observatory“, 

The SNO Collaboration  Phys. Rev. Lett. volume 89, No. 1, 011301 (2002). 

Nobel Prize 2015

Arthur McDonald
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Theoretical Prediction of Neutrino Oscillations:

• 1957-58: Pontecorvo:
states for first time possibility of Neutrino Oscillations

(But: at that time only ve were known, so he was thinking 
of  Neutrino ↔ Anti-Neutrino oscillations)

B. Pontecorvo, J.Exptl. Theoret. Phys.34(1958) 247 [Sov. Phys. JETP7(1958) 172]

• 1962 Maki, Nakagawa, Sakata:
describe mixing of 2 flavors and discuss 
transitions between neutrino flavors.

• 1967 Pontecorvo :
thorough discussion of 2 flavor mixing, 
oscillations of solar-neutrinos 
and possible existence of sterile neutrinos.
Also possibility of Cl-Ar experiments

Bruno Pontecorvo

(1913 – 1993)

Very nice overview on history:

Samoil M. Bilenky „Neutrino oscillations: brief history and present status“ 

arXiv:1408.2864v1  [hep-ph]  12 Aug 2014

Pontecorvo
Bilenky
1928-2020
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in german: Physik Journal 12 (2013) Nr.10
https://youtu.be/d4rCjoWiOrw

…and here a talk by F. Close

And a discussion of this book in Nature 
https://www.nature.com/articles/518032a

One of last great unsolved cold-war science mysteries

https://youtu.be/d4rCjoWiOrw
https://www.nature.com/articles/518032a
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Neutrino Mass and Mixing



Neutrino Oscillations (simplified)
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Neutrino Oscillations (2 Flavors)
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Important: ve and vμ,τ have different interaction with matter 
e,,

e,,(ve can do both CC and NC,  vμ,τ only NC!)

Relevant for propagation is elastic forward scattering
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Neutrino Propagation in Matter (Overview)
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The flavour propagation equation in matter
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For 8B Neutrinos at center of the Sun:
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This means, the probability that ve has mass m2 is sin2(73°) = 91%
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For 8B Neutrinos in vacuum (at earth):
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Neutrino Propagation in Matter: MSW mechanism

Stanislav Mikheev
(1940-2011)

Alexei Smirnov Lincoln Wolfenstein
(1923-2015)

L. Wolfenstein, Phys. Rev. D17 (1978) 2369
S. P. Mikheev and A. Yu. Smirnov, Nuovo Cim.C9  (1986)17

Interaction of ve and vμ,τ with electrons
different.
→ Effective masses, effective mixing angles

depending on electron density Ne and
energy of neutrino

Important for solar neutrinos:
Survival probability

Quasi-Vacuum
Oscillation

Matter-Effect

Transistion at 1-2 MeV



 −

33

eV105.7

12

252

12



m



Lecture 3:  Neutrino Oscillations Caren Hagner, Astroparticle School Obertrubach 2023 18

BOREXINO @ LNGS

18m

300t

2200





Photomultipliers and light concentrators in Borexino



Borexino during filling (on top scintillator, lower part water)



elastic scattering of neutrinos on electrons:
neutrino „lines“ → Compton-like edge in spectrum of recoil electrons

7Be

pep



Borexino Result 2018: Flux of pp-chain Neutrinos

Borexino Coll. „Comprehensive measurement of pp-chain solar neutrinos“, Nature Vol562, pages505–510 (2018) 
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BX Analysis 2018: Flavor Transition in Matter

Borexino Coll. „Comprehensive measurement of pp-chain solar neutrinos“, Nature Vol562, pages505–510 (2018) 







BOREXINO measures CNO neutrino flux



Lecture 2:  Solar Neutrinos Caren Hagner, Astroparticle School Obertrubach 2023 29


