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Big mystery around 1900: 
What is the mechanism of energy production of the Sun?

Explanation around 1930:
• radioactivity discovered
• begin of nuclear physics, fusion of protons discussed

Sum reaction:     4𝑝 + 2𝑒− → 4He + 2𝑣𝑒 + 26.7MeV
„Birth of the Sun“ by Corrado Giaquinto (1762)

Energy Production in the Sun



Energy Production in Stars
Hans Bethe 1938 (Nobel prize 1967)

H. Bethe
1906-2005

pp-chain

CNO-Cycle
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From: C.E. Rolfs and W. S. Rodney, „Cauldrons in the Cosmos“, 1988, University of Chicago Press

Contribution of the pp and CNO cycles
as a function of the central temperature

20∙106K



p + p → d + e+ + ne

d + p → 3He + g

3He + 3He → a + 2p 3He + a → 7Be + g

7Be + e-→ 7Li + g +ne

p + e- + p → d + ne

3He + p → a + e+ + ne

7Li + p → 2a

7Be + p → 8B + g

8B→ 2a + e++ ne

The pp-chain
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calculation of solar neutrino flux

R. Davis & J. Bahcall

1934-20051914-2006
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Sum reaction:     4𝑝 + 2𝑒− → 4He + 2𝑣𝑒 + 26.7MeV
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energy of the neutrinos in MeV

Standard Solar Model (SSM) predicted solar neutrino fluxes
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A. Serenelli at al., Astrophys. J 7432, 2011  

Standard Solar Model (SSM)

pp-cycle

CNO-cycle
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measurement of solar neutrino flux

R. Davis & J. Bahcall

1934-20051914-2006



Solar Neutrinos: First Detection

Raymond Davis Jr.,  
Homestake Experiment

Nobel Prize 2002
−+→+ ee

3737 ArCln
Eν > 814 keV (8B Neutrinos)

1970 - 1994



3737 ClAr +→+ −

ee n

Ar – Counting: 

T1/2 = 35 d
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SSM

Result of the Homestake experiment: Where are the neutrinos?



Davis & Bahcall (1964)

http://www.sns.ias.edu/~jnb/JohnphotosHtml/pages/John%20Bahcall%20and%20longtime%20friend%20Norman%20Lebovitz.html


-7171 eGeGa +→+ev Ev > 233 keV



e

7171 vGaGe +→+−e

T1/2 = 11.4 d



Gallex / GNO data

Final result:  69.3 ± 4.1 ± 3.6 SNU
SSM prediction: 129 +8/-6 SNU (BP98)

SSM

measurement

Combined Gallium: GALLEX/GNO & SAGE: 68.1 ± 3.75 SNU
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The Gallium Anomaly: 
There seem to be only 80% of neutrinos from 51Cr-neutrino source detected in Ga.
In historic experiments Gallex and Sage and in recent BEST experiment

From arXiv:2209.00916v3 , Giunti et al.,
„Gallium Anomaly: Critical View …“

BEST experiment

consistent with a short baseline oscillation:
?

arXiv:2201.07364v3, Barinov et al.,
„A Search for Electron Neutrino Transitions to Sterile States in the BEST Experiment” 



Super-Kamiokande



electron event

myon event

50kt H2O

12000 PMTs

Super-Kamiokande



Detection of solar neutrinos in Super-Kamiokande:

Elastic neutrino – electron scattering

ne,m,t ne,m,t

t

s

ve can interact via 

CC + NC
vμ and vτ can only interact

via NC!

(Kinematics like Compton effect)

−− +→+ evev xx (dominated by ve)



Superkamiokande:

Solar neutrino

This is a real event 

(not Monte Carlo), 

recorded on 1998-03-

12 14:08:40. 

It is about 12.5 MeV 

and has an unusually 

nice, well-defined 

ring. 

The color scale is 

time. 





The Sun shines in neutrino light

as seen by Super-Kamiokande
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The solar neutrino puzzle 
(around 1995)

neutrino energy < 1 MeV:    60% observed

neutrino energy > 1 MeV:    30% observed


