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Solar gold 

•  Neutrino oscillations, mass, 
explain the solar neutrino 
problem. 

•  Θ12
 and Θ13

 accurately known 
now. 

•  Solar models very accurate 
(metals abundance remains in 
doubt, but minor). 
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What is the future for solar neutrinos? 

•  Our challenge is a 1% measurement of the 
TOTAL neutrino luminosity.  Comparison 
with the electromagnetic luminosity will test 
for sterile neutrinos and whether there is 
solar variability, with climate consequences. 
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Can we DO that? 

1% 
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Energy from Hydrogen Burning: 
4 p + 2 e- --> 4He + 2νe + 26.731 MeV 

Measured power reaching Earth: 
137 mW cm-2 = 8.53 x 1011 MeV cm-2 s-1 

So… the neutrino flux is 
2 x 8.53 x 1011 
    26.731 = 6.38 x 1010 νe cm-2 s-1 

Energy 

Neutrinos 

Simplicity of the luminosity test: 
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Solar Irradiance 
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Solar Irradiance from Sunspot Numbers 

Kopp & Lean; Geophys. Res. Lett., 38, L01706 (2011). 



Reactor anomaly 
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T. Schwetz, Nu2012 
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The Neutrino Luminosity 
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Some corrections and 
assumptions:--  
  Residual heat from formation 
(gravitation, deuterium burning) 
<<1% 
  Quasi-static burning (3He, CNO) 

I = 85.31(34) x 1010 MeV cm-2 s-1   (solar irradiance) 

The Luminosity Constraint: 

The practical problem   
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What do we need? 

SAGE, Gallex/GNO: 
Borexino: 1.6(3) x 108 cm-2s-1 
Borexino: 4.89(24) x 109 cm-2s-1 
SNO:  5.25(19) x 106 cm-2s-1 
Borexino: <3.7 x 108 cm-2s-1 
SNO: <2 x 104 cm-2s-1 

θ12  SNO, SK, KamLAND 

θ13  D-Chooz, Daya Bay, RENO 

DATA: 



Recent global analyses 
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Fogli et al. 1205.5254v2 

€ 

sin2θ12 = 0.307−0.015
+0.018

€ 

sin2θ13 = 0.0245−0.0031
+0.0034

€ 

sin2θ13 = 0.026−0.004
+0.003

Forero et al. 1205.4018v2 

€ 

sin2θ12 = 0.320−0.017
+0.015



SNO hep limit 

NDM12 Nara June 10, 2012" 12"



8B Solar Neutrino Flux 

AGS05 GS98 
Predictions 

SNO 
measurement 
5.25± 0.16!0.013

+0.011

B. Aharmim et al. 1109.0763v1 
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It has the longest almost uninterrupted time of measurements among operating solar neutrino experiments	



 20.6 year period (1990 – 11.2011):  214 runs, 396 separate counting sets 	
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Luminosity measurement plan 
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Only two fluxes are significant, pp and 7Be.  Others are ~1% 
or less. 

A neutral-current measurement at low energies seems out of 
reach for the foreseeable future. 

Therefore we must use CC and/or ES measurements and 
oscillation parameters to deduce the total active flux. 

For a 1% measurement:  
 precisely known cross-sections 
 precisely known oscillation parameters (we have 5%) 
 high statistics 
 low systematics 



Four possible strategies 
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1.  Make direct measurements of pp and 7Be by ES.  

2.  Use pep measurement by ES to determine pp by calculation. 

3.  Use pep measurement by ES to normalize a CC measurement of pp 
and 7Be. 

4.  Use available data and validate the model. 



Precise cross sections required 

•  Elastic scattering is 
very precisely known. 

•  CC reactions to 
ground states known 
by detailed balance. 

•  CC reactions can be 
calibrated with 
sources. 

•  Distribution is a 
continuum. 

•  Radiochemical rates 
include excited states. 

•  Intense sources, 
geometrical factors 
are complications. 

NDM12 Nara June 10, 2012" 19"



Neutrino-
electron 
scattering 
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‘t Hooft PLB37, 1971 



Neutrino – electron scattering 
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Uncertainties ~ thickness of the lines 
Radiative corrections not included 



The ES `miracle’ 
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The ES `miracle’ 
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The ES `miracle’ 2 
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The ES `miracle’ 2 
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Determination of the neutrino luminosity 
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Gonzalez-Garcia et al. 0910.4584v4:  
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A. McDonald, Nu2012 
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A. McDonald, Nu2012 



pep  and  pp closely related 
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Bahcall & May, Ap. J. 155 (1969) 
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Using the neutrino luminosity 
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Electromagnetic 
Luminosity 

85.35 x 1010 MeV cm-2 s-1 

Sum of known fluxes 
x ηi (not Ga) 

4.89 x 109 cm-2 s-1  

`Predicted’ pp flux 6.01(3) x 1010 cm-2 s-1  
GS98 5.98 x 1010 cm-2 s-1  
AGSS09 6.03 x 1010 cm-2 s-1  
Use Ga data 6.30(47) x 1010 cm-2 s-1  
Neutrino Luminosity 
scaled by Reactor 
Anomaly 

79.8(20) x 1010 MeV cm-2 s-1 

`Predicted’ pp va flux 5.59(15) x 1010 cm-2 s-1  
Difference 0.71(49) x 1010 cm-2 s-1  



Summary   

•  A ~1% measurement of the ν luminosity 
appears achievable.  We need a good pp or 
pep measurement by ES. 

•  Current data with Ga and no SSM disfavors 
reactor anomaly at ~90% CL. 

•  Strong tension between solar and source 
data for Ga experiments. 
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FIN 
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Data from SOlar and Optical Radiation 
Climate Explorer satellite: 
http://lasp.colorado.edu/sorce/
total_solar_irradiance_plots/sorce_tsi_plot.html 



A Low-Threshold Solar Neutrino Target 

K. Zuber PLB 709, 6 (2012). 
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D. Frekers, 2011 (INT) 



GALLEX/GNO 
   Gran Sasso, Italy 

SAGE 
Baksan, Russia 

 V. N. Gavrin,  June 11-15th, 2012, Nara, Japan  38"NDM12 Nara June 10, 2012"



Survival Probability 
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Approximately 20% 
improvement over 
previous analysis. 

Principal result 
Crosscheck 

c
0
= 0.317± 0.016± 0.009

c
1
= 0.0039!0.0067

+0.0065
± 0.0045

c
2
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MSW Solution 

10−1 100 101

Eν(MeV)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

P
ν e
→

ν e

Pνe→νe 1σ band

SNO

Borexino
7Be

pp - All solar ν experiments

40"NDM12 Nara June 10, 2012"



Oscillation Parameters 
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Oscillation Parameters 
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Solar Neutrino Experiments ca. 2002 
Solar Neutrino Experiments

Fiducial  Mass Threshold, keV BP00 Rates per year
Expt. Type Tons of ES CC NC pp

+pep
7Be 8B CNO Event

Eff. %
Start

Cl-Ar Radioch. 135 37Cl 814 14 72 363 26 16 1968
Kamioka Cerenkov 680 water 7000 120 100 1985
SAGE Radioch. 23 71Ga 233 181 86 31 22 25 1990
Gallex Radioch. 12 71Ga 233 94 45 16 11 1991
SuperK Cerenkov 22000 water 5000 10200 100 1996
GNO Radioch. 12 71Ga 233 94 45 16 11 1998
SNO Cerenkov 2000 water 5000 1100 100 1999

200 2H 6400 10000 100 1999
200 2H 2223 5000 50 1999

KamLAND Scintillator 1000 scintillator 2001
Borexino Scintillator 100 scintillator 250 20000 2002

HERON L He rotons,
Scintillator

5 He 100 3025 1500 2 125 80

TPC Gas TPC 7 He 180 4000
CLEAN Scintillator 12.5 Ne 100 9000
XMASS Scintillator Xe
LENS Scintillator 5 176Yb 301,445 570 400 32 136
MOON Scintillator 3.3 100Mo 168 409 129 14 34 20
Cl Hybrid 2200 37Cl 814 230 1200 5900 420 16
GaAs Ionization 71Ga
LiF Bolometer 0.9 7Li 862 487 27 29 100


