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Solution of Solar Neutrino Problem 

Takaaki Kajita  (1959)  and  Arthur McDonald (1943)

2015 



Neutrino Oscillation Experiments 
  

Under construction:

KM3NeT/ORCA
  (data taking: 2020)
   with full det. 2027

JUNO     (2025)

Hyper-K     (2027)

 DUNE      (2030 ?)



Direct Neutrino Mass Measurement   

Key requirements:

● Strong β-source
   

 3H: 12.3 y, E0 = 18.6keV 
 
● Excellent energy
 resolution (1 eV) 

● Low background



Karlsruhe Tritium Neutrino Experiment (KATRIN)   

Christoph Köhler (TUM), PIC 2024

MAC-E-Filters (Magnetic Adiabatic Collimation combined with an Electrostatic Filter).



KATRIN Results  

Christoph Köhler (TUM), PIC 2024

New KATRIN release improves direct

 neutrino-mass bound by a factor of 2:  

       m < 0.45 eV (90% CL)

Expected final result (2025, 1000 days):  

       m < 0.3 eV (90% CL)



Neutrino Astronomy/astrophysics 

Solar and Supernova neutrinos

High Energy Neutrino Astronomy 



Neutrinos in Nature   

✓ Cosmological neutrinos (CB)

✓ Neutrinos produced in the fusion
     reactions in the stars 

✓ Neutrinos from the supernova 
explosion of massive stars 

✓ Neutrinos from astrophysical objects
     (AGN, GRB,...) produced by cosmic
     rays,  CR)

✓ Neutrinos from UHECR interactions
   with CMBR (GZK )



Borexino Solar Neutrino Experiment     

Marco Giammarchi, "Borexino and the SUN",  PIC2024  

1990:  idea of a real time neutrino detection for a sub Mev solar neutrinos 

1995:  testing the record radiopurity 238U, 232Th < 10-16 g/g & 14C/12C < 10-18

1996-1997 : Approval 

2007-2021:  Data taking 

Measure of the neutrino–electron elastic scattering rates 



Borexino Solar Neutrino Experiment at LNGS     



Compehensive Measurement of Solar Neutrinos     

BOREXINO Collaboration,   Comprehensive measurement of pp-chain solar neutrinos,  
Nature 562(2018), 505–510 

neutrinos produced 
by 4 reactions of 
the Sun pp chain: 
-initial pp; 
 7Be;  
 pep; 
 8B 



BOREXINO Results      

Marco Giammarchi, "Borexino and the SUN",  PIC2024  

Fundamental step to the understanding and the experimental demonstration of the working 
principle of all stars in the Main Sequence



BOREXINO Results      

Marco Giammarchi, "Borexino and the SUN",  PIC2024  



Neutrinos from SN1987A      

Core Collapse Supernova (CCSN) / 
   Supernova type II (SN II) 

The onion-like layers of a massive, evolved star 
just before core collapse. (Not to scale.)

Massive stars (8-40 solar masses) - explode as after 
the core is formed from Fe/Ni. 

99% of gravitation collapse energy is released by
Neutrinos 

SN II very rare event:   few per Galaxy per century  

Bethe, H. A. Supernova mechanisms. Rev. Mod. Phys. 62(1990), 
801–866 (1990)..

Very active field of research since SN1988A  



SN1987A      

SN1987A (SN II) explosion in the LMC satellite galaxy of Milky Way about 51.4 kpc 
(168 000 light-year) away.  Observed on Feb 23, 1987 (photo by 

The progenitor star: 
Sanduleak −69 202 
(Sk -69 202)

Closest observed  
supernova 1604
(Kepler's Supernova)



Neutrino Burst from SN1987A      

SN neutrino flux:
  

25 neutrinos were detected from SN1986A 
in a time interval of about 10 sec by 3 
neutrino detectors:
   Kamiokande (12 events)
    IMB     (8 events)
    Baksan (5 events)

e- + p→ n + e

weak interactions of electron-positron pairs:

e+ + e-→ x + x    x= e,  

n→ p +e- + e



Diffuse Supernova Neutrino Background (DSNB)      

DSNB is an integrated flux of neutrinos emitted 
from all past supernovae in the universe.

SK Collaboration, "First result of a search for Diffuse Supernova Neutrino Background in SK-Gd 
experiment", PoS ICRC2023 (2023) 117



Terrestrial Neutrinos (Geoneutrinos )     

Electron antineutrinos 
produced by the decay of 238U 
and 232Th within the Earth. 

Earth composition models:
16 TW 

40K,  232Th,  238U 

Measurements by 
KamLAND and 
BOREXINO



High Energy Neutrino Astronomy     

First attempt: 

Deep Underwater Muon And NeutrinDetector (DUMAND)

Moisey Markov
1908-1994



First Generation Neutrino Telescopes     

Baikal telescope in the lake Baikal

ANTARES:  first deep-sea neutrino telescope (near Toulon, France) 

AMANDA:  South Pole, Amundsen-Scott Station 

Polar ice: high transparent environment,  short scattering length,
                 no background 

Remote location: high transportation and energy supply costs

Deep-sea environment: short absorption and longer scattering lengths,
                 Optical background from 40K and bioluminescence, 



ANTARES Neutrino Telescope     

ANTARES Neutrino telescope.
 (data taking: 2007-2022)



Current Projects of High Energy Neutrino Astronomy     



IceCube: First km3 Scale Neutrino Telescope     

Cristian Haak, Current State of Neutrino Astronomy,  PIC2024



Neutrino Sugnatures in IceCube  



ORCA (Oscillation Research with Cosmics in Abyss) 

IceCube Collaborartion, Evidence for High-Energy 
Extraterrestrial Neutrinos at the IceCube 
Detector, Science 342 (2013), 1242856 



History of Neutrino Astronomy in Antarctica  



KM3NeT Project   

The KM3NeT Collaboration  ( 62 institutes, 22 countries)



KM3NeT Detector 



Neutrino Oscillations in KM3NeT/ORCA6  



VHE Neutrino Events in ARCA21

ARCA21:  VHE event 

3672 PMTs (35%) triggered 

Energy:  > 100 PeV



KM3NeT VHE-Event: GZK Neutrino?



LHC Neutrino Detectors 



LHC Neutrinos in the KM3NeT ?  



LHC Neutrinos in the KM3NeT ?  



Summary  

Neutrino physics is very active field of research:  linking Standard Model and New Physics?

Measurement of neutrino mass 

Unanswered questions: 
     - are massive neutrinos Dirac or Majorana particles?   (0)  
     -  are there sterile neutrinos?
     -  are there non-standard neutrino interactions?

Neutrino oscillation research: 
    - precision measurement of 5 PMNS parameters
    - defining NMO and CP

New neutrino experiments: DUNE, Hyper-K,  JUNO,  KM3NeT, . . . 



End of Lecture II 
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