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Solar Neutrinos 

Solar Standard Models predict spectra, fluxes of solar ν
Solar Neutrino experiments can test SSM 
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Solar Standard Model predicted ν fluxes

Small 
uncertainties

Large 
uncertainties

Tension between High and Low Metallicity SSM
High Z SSM (GS) → older model, higher heavy element 
abundances, agrees with helioseismology
Low Z SSM (AGSS) → new model based on solar 
atmospheric spectroscopy, lower heavy element abundances, does 
not agree with helioseismology
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Solar Neutrino Propagation
Neutrinos undergo oscillation

Non null neutrino masses & mismatch between 
flavor states and mass states (mixing) 

Neutrinos produced in one flavor can be detected as 
another flavor neutrinos 

In vacuum:

Because Δm2L/E >> 1
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Solar Neutrino Propagation

MSW-LMA scenario: coherent scattering in matter enhances 
oscillation probability → Energy dependent Pee 

Large Mixing Angle

Physics beyond Standard Model can affect Energy dependence of Pee

8B

7Be

pp

Matter 
Enhanced 
Region

Vacuum 
Dominated
Region
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The present: Solar Neutrino 
and Astrophysics wish list

 Particle physics:
– Test MSW-LMA Pee with high accuracy
– Probe the Pee in the transition region, 

sensitive to Physics beyond Standard Model 
 Solar Astrophysics:

– Test SSM predictions, prove CNO cycle in Sun
– Test two competing models of SSM: High and 

Low Metallicity
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Purification → Low background rates

High Light Yield → High Energy Resolution

Calibration → Detector response understood

210Po
7Be ν

11C

pep CNO v
210Bi

85Kr

Ext γ

arXiv: 1104.1816
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Solar Neutrino Spectroscopy in 
Borexino
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7Be + e → 7Li + νe 
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pep ν measurement motivations
pep neutrino flux predicted with high precision: 1.2% SSM 

uncertainty

pep neutrino energy (1.44 MeV) in Pee transition region, 
sensitive to Physics beyons Standard Model 

Allows for more stringent tests of oscillation models
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CNO ν measurement
motivations

Detecting CNO ν prove that CNO cycle happens in Sun

Abundance of heavy elements in Sun have high impact 
on CNO ν flux magnitude

Test of High vs Low Z SSM 

CNO  FLUX (108 cm-2 s-1)

HIGH Z SSM 5.24 ± 0.84

LOW Z SSM 3.76 ± 0.60

ΔΦ 28%

Serenelli, Haxton, Pena-Garay 
arXiv 1104.1639
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pep and CNO neutrino 
measurement in Borexino

 More challenging than 7Be ν measurement
 Low rates: few interaction per day/100tons
 Dominant background in pep energy region:

 β+ emitter cosmogenic 11C (27 cpd/100tons) 

 Adoption of novel techniques to suppress 11C:
– Three Fold Coincidence

– e+/e- pulse shape discrimination 
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Cosmogenic 11C

Reconstructed μ entry/exit points

Reconstructed position of neutron

Reconstructed position of 11C

Can use space + time 
correlation with μ + n to 

veto regions of the detector 
with higher 11C background:

Three-fold coincidence 
(TFC)  technique

μ + 12C μ + n + 11C

n captured in scintillator
11C rate 27 cpd/100ton

Lifetime: 29.4 min

4200 μ/day

Spallation neutron in 95% cases
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Borexino
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Summary & Outlook
40 years of Science with Solar Neutrinos: from proving 
nuclear reactions happening in the Sun to precise test 

of Astrophysics and Particle Physics

Precision measurement of 7Be solar neutrino flux in 
agreement with MSW-LMA scenario of neutrino 

oscillation

First evidence of pep solar neutrinos opens the doors 
to future tests of solar neutrino oscillations

Strongest limits so far on CNO solar neutrino flux. 
Next Borexino phase could measure CNO ν flux and 

solve the Solar Metallicity Problem
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