
a Fermi National Accelerator Laboratory w 

A Bayesian Analysis of the Solar Neutrino Problem 

C.M. Bhat and P.C. Bhat 

Fermi National Accelerator Laboratoty 
P.O. Box 500, Batavia, Illinois 60510 

M. Paterno 
Department of Physics 

University of Rochester 

H.B. Prosper 
Department of Physics 
Florida State University 

September 1996 

Presented at the 1996 Annual Divisional Meeting (DPF 96) of the Division of Particles and Fields of the 
American Physical Society, Mi~eapolis,  Minnesota, August 10-15, 1996. 

I bJ 
rSTRlBUTldN OQIWS DOCUMENT I§ UNLIMITED 



Disclaimer 

This report was prepared as an account of work sponsored by an agency of the United States Government. 
Neither the United States Government nor any agency thereoj nor any of their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process disclosed, or represents that its use would 
not infringe privately owned rights. Rtiference herein to any speciflc commercial product, process or service 
by trade m e ,  trademark, manufacturer or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation or favoring by the United States Government or any agency thereof The 
views and opinions of authors expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof: 

Distribution 

Approved for public release: further dissemination unlimited. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



A BAYESIAN ANALYSIS OF THE SOLAR NEUTRINO 
PROBLEM 
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We illustrate how the Bayesian approach can be used to provide a simple but 
powerful way to analyze data from solar neutrino experiments. The data are 
analyzed assuming that the neutrinos are unaltered during their passage from 
the Sun to the Earth. We derive quantitative and easily understood information 
pertaining to the solar neutrino problem. 

1 Introduction 

Solar neutrinos are of interest both in astro-physics as well as in particle 
physics. The discrepancy between measured and predicted solar neutrino 
fluxes' has prompted a great deal of activity in both fields over the last few 
years. 

The solar models' that predict the solar neutrino fluxes use the standard 
mode2 of elementary particles and the theory of stellar evolution. Table I gives 
a comparison between the neutrino fluxes measured by the four pioneering 
experiment2" and the standard solar model predictions' for these experi- 
ments. In the past, these data have been analyzed using x2 method@. In this 
paper we outline an alternate analysis in the Bayesian framework to extract 
more information in an elegant manner. 

2 Bayesian Analysis and Results 

Bayes' theorem gives us a prescription for calculating the posterior probabil- 
ity P ( 4  I .,I) for certain hypotheses about parameters 4, given measured 
quantities s and prior information 1. According to the Bayes' theorem, 

where L is the likelihood function assigned to s, P(4 I I )  is the prior probability 
function for c$. 
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Table 1: Measured and predicted solarneutrinofluxesin units of SNU ulatomlsec). 
Kamiokande data are relative to the Bahcall and Pinsonneaultl predictions. 

Experiment 

Homestakz 
GALLEP 

SAGE? 
Kamiokande' 

Detection Technique Flux Rates 
and Threshold Energy Eth Measured Predicted' 

ve+" C1 + e-+j7Ar, Eth=0.814 MeV 2.56f0.21 9.31t1.41 
ye-t7'Ga -+ e-+71Ge, Eth=0.233 MeV 7017 137f8 

n 72114 
ve+e- + e-+ve, Eth=7.5 MeV 0.42f0.09 1.0f0.014 

We are interested in extracting information about solar neutrino fluxes 
4 ~ ,  4~~ and 4 p p .  We model here the measured solar neutrino rates as 

) (2) ( 1.0 0.0 0.0 0.0 

7.36 1.24 0.0 0.7 
s = R . 4 ,  with R = 16.1 37.3 69.7 13.1 . 

The matrix elements of R are products of predicted energy-averaged neutrino 
fluxes from the core of the sun and the experimental detection efficiencies. 
The columns in matrix R correspond to B,Be, P P  and other neutrino fluxes, 
respectively, and the rows correspond to C1, Ga, and H 2 0  experiments. We 
assume that the data are uncorrelated so that the error matrix (T associated 
with the neutrino rates sT = ( S C I ,  S G ~ ,  S H ~ O )  = (2.56, 70, 0.42) is diagonal, 
with aT = (0.21,7.0,0.09). We assume the likelihood function L to be of 
Gaussian form, 

L(s I 4, I )  = exp(--z 1, z ) ,  with z = (T-' . (s  - R .+). 
2 (3) 

We take the prior probability function P(4 1 I) = constant. Our studies 
show that any reasonable function for P(4 I I) is acceptable. The posterior 
probability function P ( ~ B ,  4 ~ ~ ,  4pp, 40), written as in Eq. (l), can be used to 
get the probability for one or more of the fluxes by marginlizing it with respect 
to all other fluxes. 

Figures l(a), (b) and (c) show, respectively, the normalized probability 
distributions for B, PP and Be neutrino fluxes and they indicate that all of 
them deviate from the standard solar model predictions. The PP flux is con- 
sistent with the standard model prediction within two standard deviations, 
whereas ' B  flux is down by more than a factor two. The probability for the 
?Be flux peaks at zero. At 95% confidence level, we find that 4~~ is less than 
0.78. 
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1.5 1 Equi-hobability contours (d)l 

Be vs B Discrepancy (e) 
Equi-Probability contours 

Figure 1: Normalized probability distributions of the solar neutrino fluxes from Bayesian 
analyses. In figures (a)-(d) the results of standard solar model' (BP) are also shown. 

Figure l(d) shows equi-probability contours for 7Be versus *B fluxes. The 
results from the standard solar modep are also shown for comparison. The 
discrepancy plots between theory and experiment are shown in Fig. l(e). In 
this analysis both theoretical as well as experimental uncertainties have been 
included. 
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