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Neutrino Oscillations - Experiments
 
Variety of experiments, sensitive to different 
neutrino flavors, energies and oscillation lengths: 

•  Solar neutrinos 

•  Atmospheric neutrinos 

•  Reactor neutrinos 

•  Beam neutrinos



Solar Neutrinos
 
Solar model 
predicts flux:  
 

1 LECTURE 3: SOLAR NEUTRINOS

Figure 2. Burning inside the Sun: pp-chain (left) and CNO-chain (right). Figure
from Borexino Collaboration, 2018 [1].

• pp-, pep- and hep-neutrinos have a broad spatial distribution (see figure 3)

• 7Be-, 8B, 15N-, 15O- and 17F- neutrinos are more localized

Figure 3. Normalized production profiles of solar neutrinos as a function of solar
radius. Figure from Antonelli et al. 2013 [2].
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The neutrino spectrum is calculated [3] using input parameters such as:

• Solar age and luminosity

• the equation of state

• nuclear parameters (as discussed above)

• chemical abundances

• opacities (due to processes like Thomson scattering ...)

With all these ingredients, the solar model predicts fluxes of ⇠ 1010 neutrinos·cm�2·s�1

with % precision (see figure 4).

Figure 4. Predicted solar neutrino spectrum by Bahcall and Serenelli. Figure from
Borexino Collaboration, 2018 [1].

• dominant flux from the pp-reaction featuring a continuous spectrum up to 0.42MeV

• A 7Be line at 0.86MeV has the second highest rate (another 7Be line at 0.38MeV)

• At highest energies: 8B and hep-neutrinos with continuous spectra up to 14.06MeV

and 18.77MeV, respectively.

1.3. Radiochemical experiments

The search for solar neutrinos began with radiochemical experiments in the 1960s.

Raymond Davis and his collaborators carried out the Homestake experiment (see

figure 5, left) which aim was to collect and count solar neutrinos.
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Neutrinos Experiments
 
Solar neutrino experiments:  
Homestake exp (37Cl→37Ar),  
GALLEX, GNO, SAGE (71Ge→71Ga), 
(Super-)Kamiokande (water, Cerenkov),  
Sudbury Neutrino Observatory SNO  
  (heavy water, Cerenkov), 
Borexino (liquid organic scintillator) 
 
Atmospheric neutrino experiments: 
(Super-)Kamiokande, …



SNO                   Super-Kamiokande
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Figure 8. Scheme of the SNO experiment. Figure from [6].

The detection of neutrinos is also via Cherenkov e↵ect in the heavy water for

changed particles produced in the reactions:

⌫x + e
� ! ⌫x + e

� (12)

⌫e + d ! e
� + p+ p (13)

⌫x + d ! ⌫x + n+ p (14)

• Reaction 12: elastic scattering (ES) of all neutrino flavours ⌫x on deuterium. Note

that ⌫e has a 6.5⇥ larger cross section for this reaction than the other flavours,

therefore mostly ⌫e are measured.

• Reaction 13: charged current (CC) reaction of ⌫e on deuterium.

• Reaction 14: neutral current (NC) disintegration of deuteron by neutrinos. The

energy threshold for the reaction is Eth = 2.2MeV which implies that the reaction

is insensitive to high energy neutrinos like 8B. To identify this reaction the neutron

has to be absorbed by a deuteron via: n+ d ! t+ � (6.25MeV).

• The electrons produced in reactions 12 and 13 have a direction correlated with the

incoming neutrino. Therefore, as in Superkamiokande, the directionality of the

Cherenkov e↵ect can be used to determined that the neutrinos are from the Sun.
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Neutrinos Experiments
 
Reactor neutrino experiments:  
Double Chooz, Daya Bay, RENO  
(all liquid scintillator) 
 
Beam neutrino experiments: 
LSND (liquid scintillator),  
MiniBooNE (oil, Cerenkov)  
 

with near and far detector: 
MINOS (steel-scintillator), NOvA (liquid scint.),  
K2K (KEK to Super-K), T2K (J-PARC to Super-K)



Neutrino Oscillation Parameters
 

Two mixing angles large, one small.  
CP violating phase depends on assumption about 
hierarchy of neutrino masses. 

<latexit sha1_base64="ykrjvXOe/X7aAz4+egLJFDt+QJY="></latexit>

sin2 ✓12 = 0.307± 0.013

�m2
21 = (7.53± 0.18)⇥ 10�5 eV2

sin2 ✓32 = 0.558+0.015
�0.021

�m2
32 = 0.002455± 0.000028 eV2

sin2 ✓13 = 0.0219± 0.0007

� = 1.19± 0.22⇡ rad



Neutrino Masses
 
Many experiments, only upper limits so far.  
 
Best current upper limit on anti-electron 
neutrino mass: 
 
Katrin Exp.:  m𝝼 < 0.8 eV
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