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Outline of the course

Introduction

Lecture I: Solar Neutrinos (θ12, Δm212)

Lecture II: Atmospheric Neutrinos (θ23, Δm223)

Lecture III: Bounds on θ13 and δ

Lecture IV: Sterile Neutrinos
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Introduction 

• We need a να neutrino flux, Φα

• We need a ν-N cross-section, σνN

• We need the detector efficiency for a given 
neutrino (lepton) flavor, εα

• We need the relevant oscillation probability:         
P(να → νβ) = P(θij,δ;Δm2ij)

• Eventually, compute                                             
Nα=∫dE Φα ×σνN × εα ×P(θij,δ;Δm2ij)

3



EXTRACTING Θ12

 AND ΔM212

FROM SOLAR 
NEUTRINO DATA
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Outline

• The solar neutrino fluxes

• The solar neutrino problem

• Fits to the solar neutrino data

5



Nuclear reactions in the Sun
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The pp-chain
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The pp-chain

Five reactions produce neutrinos
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Three reactions produce neutrinos
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SOLAR NEUTRINO FLUXES
change very little in different

SOLAR MODELS
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Solar neutrino fluxes
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Neutrino spectrum
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Typical neutrino energy: 1-10 MeV
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THE
SOLAR NEUTRINO 

PROBLEM

18



(a) Chlorine: Homestake 1970-1994

(i.e. to all the spectrum)
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(a) Chlorine: Homestake 1970-1994

(b) Gallium: SAGE (1990-2001) and GALLEX (1991-2000)

(i.e. to all the spectrum)
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K and SK measure mainly νe solar neutrinos

(c) KamiokaNDE (1987-1995) and SuperKamiokaNDE (1996-)
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1) Confirm that neutrino are coming from the Sun

2) Look for deviations from the SSM                         

3) Measure the difference between Day and Night fluxes

4) Measure seasonal variations of the neutrino fluxes

The last two measurements are important to 
constrain the oscillation pattern
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Directionality
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Day-Night asymmetry
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(d) Sudbury Neutrino Observatory, SNO (1999-)
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To be updated ! Third phase data have been released!

Nothing astonishing has been shown... 
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To be updated ! Third phase data have been released!

Nothing astonishing has been shown... 
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(e) KamLAND reactor experiment (2002-)
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FIT TO “SOLAR” DATA
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• SNO has measured the total neutrino flux 
emitted by the Sun and it is compatible 
with the SSM. 

• All experiments testing the Sun neutrino 
flux observe a deficit in the number of νe 
neutrinos reaching the detector

• KamLAND has observed a similar deficit 
for νe neutrinos produced in nuclear 
reactors
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P(νe→νe) = 1 - sin2 2θsol sin2 (Δm2sol L / E)
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P(νe→νe) = 1 - sin2 2θsol sin2 (Δm2sol L / E)
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Four possible oscillation solutions to the SNP
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Solar νe survival probability as a function of the energy
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Day-night asymmetry at SuperKamiokaNDE
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Day-night asymmetry at SuperKamiokaNDE
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Allowed regions in 2002 with SK and SNO data
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SNO and KamLAND
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CONCLUSIONS
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• The solar neutrino flux is extremely complicated: it 
took 40 years to be convinced that the SSM works, and 
that particle physics must be changed.
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• The solar neutrino flux is extremely complicated: it 
took 40 years to be convinced that the SSM works, and 
that particle physics must be changed.

Gonzalez-García and Maltoni, 2008

• The most recent data give: 
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Bandyopadhyay et al
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TUTORIAL
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• Write a code to compute numerically 2x2 
oscillation probabilities in matter, 
P(θ12;Δm212). Check the result with the 
analytic formulae.

• Consider the new KamLAND data from 
arXiv:0801.4589v2. From non-oscillated 
events, we have Nα(bin)=∫dE Φα ×σνN × εα 

• Ntheo (bin) = Nα(bin)× P(bin; θ12;Δm212)

• Fit: χ2 = [Ntheo (bin) - Nexp (bin)]2 /σ2 
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• Repeat the exercise for the MINOS data 
from arXiv:hep-ex/0607088v2

• Notice: if some of you have access to the 
fluxes of KamLAND (painful) or MINOS 
we could compute much better this: 
Nα(bin)=∫dE Φα ×σνN × εα

• Notice: we have not included ANY 
systematics. We are not considering 
backgrounds.We are not doing three-family 
probabilities. 
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MINOS data, 2006

52


