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Hoofdstuk 7
Het ongrijpbare neutrino



HET ONGRIJPBARE NEUTRINO

Na 15 min
(n = 877,8 s)



HET ONGRIJPBARE NEUTRINO
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Waar komen neutrino’s vandaan?

Neutrino oscillaties

Consequenties van massieve neutrino’s

Neutrino’s vangen



Het ongrijpbare neutrino



Waar komen neutrino’s vandaan?

Zwak verval van atoomkernen 
(Zon/kernreactoren):

 …n…  →  …p… + e− + e (rechtshandig)

 …p…  →  …n… + e+ + e (linkshandig)

• Kosmische straling (pion verval)

    −  
→ − +    (rechtshandig)

    +  
→ + +   (linkshandig)

• Overgebleven na de oerknal

 net als fotonen (achtergrondstraling T = 3 K), 
van alle neutrino soorten (e,  en ) zo’n 
500 per cm3 
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Recentelijk beantwoorde vragen

Hoe zwaar zijn 
neutrino’s ?

Waar blijven de 
neutrino’s van de Zon?

 Helft was zoek!

Neutrino energie in MeV

Bahcall-Serenelli 2005
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ChlorineGallium SuperK & SNO

Ray Davis & John Bahcall
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Neutrino detectors

Super Kamiokande

Masatoshi koshiba

Georg Raffelt, MPI Physics, Munich Nijmegen 12, Schloss Gnadenthal, Kleve, August 2012

2002 Physics Nobel Prize for Neutrino Astronomy

Ray Davis Jr.
(1914–2006)

Masatoshi Koshiba
(*1926)

“for pioneering contributions to astrophysics, in
particular for the detection of cosmic neutrinos”

Ray Davis Jr
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Super Kamiokande4p → 4He+2e++2e+25MeV

Super-Kamiokande: Sun in the Light of Neutrinos

9



Neutrino oscillaties in atmosfeer

Superkamiokande heeft 
aangetoond dat neutrinos van 
de ene in een andere soort 
veranderen (oscillaties)

Oscillatie-golflengte is duizenden 
kilometers  massa’s kleiner 
dan 0.000 000 01 van die van 
het electron

Het blijkt hier te gaan om 
overgangen  → 
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Neutrino oscillaties in atmosfeer

Neutrino’s worden in atmosfeer gecreeerd in verval 
van pionen. Dit zijn  neutrino’s

Als het  neutrino een quantummechanische              
superpositie is van neutrino’s 1 en 2                          
leidt dit tot oscillaties

Maar alleen als neutrinos massa hebben                          
(m1  m2)

Consequenties? 
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Wat zijn consequenties

Deeltjes met massa komen in 

rechtshandige én linkshandige variant!

Dat kan alleen als een neutrino zijn eigen 

antideeltje is, net als foton, maar anders 

dan elektron (Majorana deeltje!)
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Dirac and Majorana neutrinos

Dirac
neutrino

P = spiegelen
C = deeltje-antideeltje
T = tijdomkeer

Paul Dirac
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Dirac and Majorana neutrinos

Oplossing 1:
Dit kan alleen als 
neutrinos geen 
massa hebben!
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neutrino



Dirac and Majorana neutrinos

Dirac
neutrino

Oplossing 2:
de omcirkelde 
neutrinos voelen 
niets

steriele neutrinos! 
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Dirac and Majorana neutrinos

Majorana
neutrino

Ettore Majorana

Oplossing 3:
neutrino is zijn 
eigen antideeltje!
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Neutrino oscillaties in de zon

Oscillaties veroorzaakt doordat e anders wisselwerkt met 

materie dan  en  

e ‘voelt’ elektronen en neutronen anders

SNO heeft laten zien dat wat er tekort is aan e verschijnt als 

een andere soort

Oscillaties van het type  e → combinatie van  en 

Georg Raffelt, MPI Physics, Munich Nijmegen 12, Schloss Gnadenthal, Kleve, August 2012

Sudbury Neutrino Observatory (SNO)

Heavy
hydrogen
(deuterium)

Electron neutrinos

Heavy
hydrogen
(deuterium)

All neutrino flavors

Sudbury 
Neutrino 
Observatory
(SNO)
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Menging van 3 neutrino’s

Massa’s:
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Neutrinos afkomstig van Aarde

Georg Raffelt, MPI Physics, Munich Nijmegen 12, Schloss Gnadenthal, Kleve, August 2012

Oscillation of Reactor Neutrinos at KamLAND (Japan)

Oscillation pattern for anti-electron neutrinos from
Japanese power reactors as a function of  L/E

KamLAND Scintillator
detector (1000 t)
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Detectie via cherenkov licht 
uitgezonden door deeltjes die 
“sneller” dan het licht bewegen
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The track of the unusually energetic muon detected on 13

February 2023 by the KM3NeT array was reconstructed by the

arrival times of light at various sensors. Unlike many of the

particles spotted by the detectors, the muon was traveling

horizontally (right to left along the line). (Image from

KM3NeT/CC BY-NC 4.0.)

Record-setting cosmic neutrino breaks in a new telescope 

21 February 2025

An analysis of the highest-energy neutrino ever detected has researchers questioning the frequency at which such energetic particles pelt our planet.

Andrew Grant

DOI: https://doi.org/10.1063/pt.uwwj.txjh

An array of sensors for the KM3NeT experiment is anchored to the Mediterranean seabed in this illustration. (It is much darker at

these depths, 3.5 km below the surface, than depicted.) The detectors capture flashes of light emitted by muons and other particles that

were produced in neutrino interactions. (Image copyright Edward Berbee/Nikhef, from KM3NeT/CC BY-NC 4.0.)

An incomplete neutrino telescope can still do the job when a can’t-miss particle shows up on its doorstep. Researchers with the Cubic Kilometre

Neutrino Telescope (KM3NeT) report that their under-construction array of light sensors in the Mediterranean Sea has measured the signature of a

neutrino that had on the order of 1017 eV (hundreds of PeV) of energy, making it the highest-energy neutrino ever detected. Analysis of the record-

setting neutrino, which likely originated beyond the galaxy, could help astronomers understand the universe’s most powerful particle accelerators.

Neutrinos mingle with other matter exclusively via the weak force, and they do so rarely. Unlike charged cosmic rays, the electrically neutral particles

are unaffected by magnetic fields and so travel in an unperturbed straight line from their sources. The challenge for doing neutrino astronomy is

detecting the reclusive particles. To do the job, KM3NeT and similar projects deploy a vast network of light sensors in a transparent medium—in this

case, Mediterranean seawater. Incoming neutrinos occasionally collide with water molecules to produce muons, electrons, and tau particles that travel

so quickly in the water that they emit blue light known as Cherenkov radiation (see Physics Today, September 2023, page 13).

Most detected neutrinos are produced in Earth’s atmosphere and rain down on the

telescope with energies at the scale of teraelectron volts. But the extraordinary signal

recorded in February 2023—when the array dedicated to neutrino astronomy was

operating with just 21 of 230 planned lines of sensors—clearly did not stem from an

atmospheric neutrino. The muon’s light saturated some of the telescope’s sensors, and

it propagated not downward but horizontally. The researchers estimated the energy of

the muon at about 120 PeV and that of the original neutrino at 220 PeV. Though there

is considerable uncertainty in those estimates, the neutrino almost certainly packed

more energy than the previous record holder, a roughly 10 PeV neutrino spotted by the

IceCube Neutrino Observatory in Antarctica.

The exceptional energy of the neutrino suggests that it was produced, directly or

indirectly, in a violent astrophysical process. The neutrino may have formed in a

relativistic jet of material ejected by an active galactic nucleus or other powerful

celestial accelerator (see the article by Francis Halzen and Spencer Klein, Physics

Today, May 2008, page 29). But the KM3NeT researchers found no clear match

corresponding to the direction of the incoming neutrino in catalogs of such objects.

Alternatively, the neutrino could have been cosmogenic, meaning that it was generated

when an ultrahigh-energy cosmic ray—itself likely produced by an active galactic

nucleus or similar object—struck a photon in interstellar space.

The mystery of the neutrino’s source is tied to another: How lucky was it that KM3NeT,

during a yearlong observing run with a skeleton of a detector array, snagged a particle

that was more energetic than any cosmic neutrino that has been spotted during a

decade-plus of searches by IceCube and other observatories? Using IceCube data,

the KM3NeT researchers estimate that the detection of such an energetic neutrino with their small array is a roughly 1-in-70-years event. A more

satisfying answer to the question requires pinning down the cosmic neutrino flux in coming years. IceCube, the still-in-progress KM3NeT, and other

existing and planned neutrino telescopes will aid in that effort. (The KM3NeT Collaboration, Nature 638, 376, 2025.)
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Een laboratorium onder water

Doel is een 
volume ter 

grootte van 
een km3

ANTARES
(middellandse
zee)

KM3NET
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Principe Controlekamer
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Simulatie 1

ANTARES
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KM3NET
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simulatie 2

AMANDA

ICE CUBE 

(South Pole)
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Resultaten van IceCube

26

IceCube   
(Zuidpool)

TeV neutrino’s



Georg Raffelt, MPI Physics, Munich Nijmegen 12, Schloss Gnadenthal, Kleve, August 2012 

Crab Nebula Neutrinos uit de kosmos
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Georg Raffelt, MPI Physics, Munich Nijmegen 12, Schloss Gnadenthal, Kleve, August 2012 

The Red Supergiant Betelgeuse (Alpha Orionis) 
First resolved 
image of a star 
other than Sun 
 

Distance 
(Hipparcos) 
130 pc (425 lyr) 

If Betelgeuse goes Supernova: 
• 6 107 neutrino events in Super-Kamiokande 
• 2.4 103 neutrons /day from Si burning phase 
   (few days warning!), need neutron tagging 
   [Odrzywolek, Misiaszek & Kutschera, astro-ph/0311012]  
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