
Oscillations in vacuum, starting with muon neutrino



Oscillations in vacuum, starting with electron neutrino



Davis, solar n

n + 37Cl à 37Ar + e-

Decay via e capture,
half-life 35 days





Davis� result:

à The sun produces neutrinos, but not nearly enough!

1 SNU = 1 interaction / (1036 Cl atoms � s)



Solar neutrino spectrum



Super-Kamiokande (Japan)



Super-Kamiokande: water Cerenkov detector



electron muon



Super-K, 1998
Flux depends
on polar angle



NuMi: neutrinos to
Minnesota

Muon neutrino beam
from Fermilab to
MINOS experiment

Similar set-up from
CERN to Gran Sasso



MINOS detector









Kamiokande sees the sun as a
source of neutrinos





SNO

Sudbury
Neutrino
Observatory



Measures CC as well as NC scattering
CC: only electron neutrinos
NC: all neutrino flavours

Result: neutrino flux agrees with solar models
but only 1/3 are electron neutrinos





KamLAND







Older results



New results











Current status of
parameter fits







PMNS:

0.83    0.54   0.15

0.49    0.57   0.66

0.28    0.62   0.73

CKM:

0.98   0.22    0.004

0.22   0.98    0.04

0.004  0.04      1

q12 ~ 320   q23 ~ 450 q13 ~ 80

Big mixing (Almost?) Maximal mixing! Small but nonzero mixing!



This is very different from CKM matrix!          Why?   Nobody knows!

Open questions:         Hierarchy ν1, ν2, ν3 (mass ordering) ?

d ?

Is the 3-neutrino picture correct?

Explain the form of the PMNS matrix?

What are the neutrino masses exactly?
Why are they so small?

Neutrinos:  Dirac or Majorana?







Future experiments



T2K





NOvA



KM3NeT/ORCA



Asymmetry = NH / IH

Track-events Shower-events



Long Baseline Neutrino Facility  (Chicago-South Dakota)
1300 km, muon (anti)neutrino beam, start 2026



DUNE experiment in the Homestake mine.   40 kton liquid argon TPC



DUNE: Liquid argon TPC   (Time Projection Chamber)



Measure asymmetry between muon neutrinos and muon antineutrinos
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Katrin experiment @ Karlsruhe



Neutrinoless double beta decay  (0nbb)

Not possible if neutrino is Dirac particle:

But possible if neutrino is Majorana particle:
(Violation of lepton number!)      

nn =

Experimental sign:  double beta decay, no energy lost by neutrinos
Rare!  Need low noise detectors, excellent energy resolution!

ν ≠ν































``Reactor Anomaly’’



dashed: 3 neutrino flavours + oscillations
full: 3 + 1 flavours

https://phys.org/news/2017-04-antineutrino-anomaly-fueled-error.html
Latest news, april 2017:

https://phys.org/news/2017-04-antineutrino-anomaly-fueled-error.html













