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5.3 Neutrino oscillation experiments

Neutrino sources

PDG 2020

e. g.  For solar neutrinos: ( ) ( )
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Studied neutrino sources can be well described by a “2-neutrino mixing model”:
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2-body decays

Cl2 detectors νe + 37Cl → 37Ar + e, 37Ar → 37Cl (EC)  Eν>0.8 MeV

Ga detectors νe + 71Ga → 71Ge + e Eν>0.2 MeV

H2O detectors Elastic scattering: νe + e → νe +e Eν>5 MeV (detection)

Reaction for neutrino detection on earth:

HomestakeSage, GallexSolar neutrinos:

Solar neutrino 
spectrum from 
different fusion 
reactions 
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Radio-chemical experiments – the pioneer:    Homestake

Solar Standard Model prediction

• Homestake mine, 1400 m underground

• 615 t of C2Cl4  (perchloroethilene)  = 
2.2x1030 atoms of 37Cl

• Use 36Ar and 38Ar to carry-out the few 
atoms of 37Ar (~ 1 atom/day)

• Count radioactive 37Ar decays

Homestake Cl2 experiment

by Raymond Davis

νe + 37Cl → 37Ar + e, 37Ar → 37Cl (EC) 
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Neutrino detection with water detectors [Eν~O(GeV)]

Water =    “active target” (Cherenkov effect)

Elastic scattering ES

Cherenkov 
light from 
electron 

Experiments: (Super)-Kamiokande

Detection of Cherenkov photons: Photo multiplier
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Super-Kamiokande

• Largest artificial water detector (50 kt)

• 11000 PMTs (50 cm tubes!): 40% of 
surface covered with photo-cathode 
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Stopped Muon
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Cherenkov cone:

Experiment can distinguish 
electron and muon events, 
can measure energy  

stoppedµνµ →
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Solar Neutrino Problem

Depending on the neutrino energy between 70% and 35% of the 
expected neutrino flux from the sun  is seen. Solution: νe → νµ, .ντ
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Sudbury Neutrino Observatory

• 6 m radius transparent acrylic vessel

• 1000 t of heavy water (D2O)

• 9456 inward looking photo multipliers

• Add 2 t of NaCl to detect neutrons

Try to measure the “oscillated” neutrinos of different flavors 
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Solar Neutrino ( 8B) detection with SNO
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SNO Evidence for Neutrino Oscillation

Electron neutrino flux is too low:

Total flux of neutrinos is correct!!
Interpreted as                    
νe ↔ νµ or ντ oscillation

)%235( ±=eeP νν

ecc νφφ =

6/)(
τµ ννν φφφφ ++=

eES

τµ ννν φφφφ ++=
eNC

But in case of simple “vacuum oszillation”: %502sin
2
11 2 ≥−≥ θνν eeP

Vacuum oscillation effect is enhanced by matter inside the sun.                                
Reminder: the neutrino leaves the sun in a fixed mass state. 

Phys. Lett. B539, 179 (2002), PDG 2020
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2
12 0 33sin .θ ≈

2 2 5 2
21 7 10 eVsolm m −∆ ≡ ∆ ≈ ×

Only works with “resonance” matter effect in sun:
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Choosing                       fixes  122 0cos θ > 2 2 2
2 1 0solm m m∆ = − >

Fits to data:

2 2 2
21 2 1 0m m m∆ = − >

i.e. matter effect inside sun fixes m2 > m1

W. Rohdejohan
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Atmospheric neutrinos  (produce by cosmic rays in the atmosphere)

Muon neutrino : electron neutrino = 2 :1 
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Super-Kamiokande:
Detected νe and νµ Detected upward 

going muon

Described 
assuming 
νµ → ντ

Oscillation:

2 3 22 5 10~ . eVm −∆ ⋅
45~ oθ

PDG 2020
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Reactor anti-neutrinos (from neutron β-decays):

KamLAND:

Average baseline:
L = 180 km

Nuclear 
power plant

Japan
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νe → νe  at distances 
of L0 =180km very 
well described by the 
2 neutrinos model 

KamLAND confirms solar neutrinos results:
large mixing angle  and ∆m2 ≈ 7×10-5 eV2

KamLAND

PDG 2020
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T. Schwetz-Mangold
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Measurement of θ13
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To observe CP violation in neutrino mixing a finite value of sin2θ13 is necessary.

Solar neutrino 
mixing; KamLAND

Atmospheric 
neutrino mixing

reactor neutrinos; 
accelerator neutrinos

2 3 22 5 10~ . eVatmm −∆ ⋅

23 45~ oθ

2 5 27 10~ eVsolm −∆ ⋅

12 33~ oθ13 ??θ >
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θ13 with reactor neutrinos:

Survival probability for 3-neutrino mixing:

The νe survival probability as a function of the 
distance from the nuclear power plant (NPP). 
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fast oscillation (wiggles)
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RENO

Daya BayDouble Chooz

(South Korea)

(China)

All experiments have a “near” 
detector to monitor the neutrino 
flux and a “far” (typ. Distance 1.5 
km) to measure the deficit. 
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Rheno

Daya Bay

The 3 reactor neutrino experiments published first results in 2012: Double Chooz
reported an indication of electron antineutrino disappearance with the ratio of 
observed to expected events of R= 0.944±0.016 ±0.04 ruling out the no-oscillation 
hypothesis at 94.6% CL. Daya Bay observed of R= 0.940±0.011 ±0.004 
corresponding to 5.2σ of a non-zero value of θ13. RENO reported R= 0.920±0.000 
±0.014 indicating a non-zero value of θ13 with a significance of 4.9σ.

PDG 2020
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13 9~ oθ
23 45~ oθ
12 33~ oθ

Summary: Neutrino Mixing

0 82 0 58 0
0 64 0 58 0 71
0 64 0 58 0 71
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T..Schwetz-Mangold
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Normal
∆m2

13 > 0
Inverted
∆m2

13 < 0

Summary: Neutrino masses

νe
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