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Probability of a Solution to the Solar Neutrino Problem within the Minimal Standard Model
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(Received 5 August 1996)

Tests, independent of any solar model, can be made of whether solar neutrino experiments
are consistent with the minimal standard model (stable, massless neutrinos). If the experimental
uncertainties are correctly estimated and the Sun is generating energy by light-element fusion in
quasistatic equilibrium, the probability of a standard-physics solution is less than 2%. Even when
the luminosity constraint is abandoned, the probability is not more than 4%. The sensitivity of the
conclusions to input parameters is explored. [S0031-9007(96)01495-0]

PACS numbers: 26.65.+t, 14.60.Pq
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The Sun is believed to generate its energy by fusi
reactions that can be summarized as

4p 1 2e2 ! 4He 1 2ne 1 26.731 MeV .

A number of pathways lead to4He, and a complex
spectrum of neutrinos frompp, pep, 7Be, hep, 13N,
15O, 17F, and8B results [1]. The spectral shape of eac
individual component, whether line or continuum, is d
termined by laboratory measurement and/or electrowe
theory. Its relative intensity, on the other hand, depen
delicately on astrophysical models of the Sun. The fa
that these models predicted to within a factor of 2 th
intensity of a 0.01% branchs8Bd that varies as the 25th
power [2] of the central temperature of the Sun must
regarded as a stunning achievement and a clear indica
of the basic correctness of our understanding of how
Sun and other stars function.

Nonetheless, the lack of perfect agreement raised spe
lation about possible exotic origins, such as neutrino osc
lations. At first, the model dependence of the8B flux cal-
culation made such speculations interesting but not co
pelling. Now, however, steadily improving data from fou
independent experiments are available. The Homest
Cl-Ar experiment [3] gives2.55 6 0.17 6 0.18 solar neu-
trino units (SNU), and the Kamiokande [4] result (in
creased 2% by radiative corrections [5]) iss2.9510.22

20.21 6

0.36d 3 106 8B ne cm22 s21. For the SAGE [6] and
Gallex [7] experiments, a weighted average of73.8 6

7.8 SNU is adopted [8] (1 SNU ; 10236 events per atom
per second).

Because the three types of experiments have differ
energy thresholds, a coarse neutrino spectroscopy of
sun has been made. The least model-dependent ques
that can be asked are,Is it possible to describe the
neutrino spectrum with any combination of the know
sources in hydrogen burning? Is the total neutrino flu
consistent with the solar luminosity?

Many have considered model-independent analyses
17]; in particular, Hataet al. [13] showed the data to be
inconsistent with hydrogen burning and the luminosi
constraint without new physics. To this body of analys
we add (a) a test of consistency free of the luminos
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constraint, (b) a test for inconsistency of the data wi
the total solar luminosity, (c) the probabilities that th
existing data would be obtained from true values in t
physical regime in the absence of new physics, and
the dependence of the conclusions on the neutrino cr
sections.

The spectral shape and endpoint of the neutrino d
from Kamiokande show that8B neutrinos are emitted
from the Sun and thathep neutrinos are, as expected
negligible. Thepep reaction rate we take to be a fixe
fraction,fpep ­ 0.23s2d%, of thepp rate [18,19] (while,
in principle, model-dependentfpep is one of the most
reliably determined model parameters, depending chie
on the electron density and only weakly on temperatu
and on nuclear wave functions [1]). The7Be and CNO
fluxes play a qualitatively interchangeable role in th
existing experiments—the Cl-Ar and Ga experiments a
sensitive to both and Kamiokande to neither. As a resu
it is possible to draw very general conclusions witho
knowledge of the relative sizes of each.

Defining thepp 1 pep, 7Be 1 CNO, and 8B fluxes
as F1, F71, and F8, respectively, the experimenta
capture rates asRCl for Cl-Ar and RGa for Ga-Ge, and
the experimental8B flux from Kamiokande asRKam, the
following equations result:

aC1F1 1 aC7F71 1 aC8F8 ­ RCl , (1)

aK8F8 ­ RKam , (2)

aG1F1 1 aG7F71 1 aG8F8 ­ RGa . (3)

The coefficients, with the neutrino physics of th
minimal standard model (MSM), are listed in Table I. Th
parameterfCNO is the fraction of the fluxF71 that is
due to CNO reactionss0 # fCNO # 1d. In Table II are
shown the values of the fluxes obtained by propagat
the uncertainties in the cross sections and solving. O
finds thatF71 is alwaysnegative, at the same confidenc
level, irrespective of the value offCNO.

A negative flux is unphysical. Remarkably, the initia
premise that the data can be described as the sum
© 1996 The American Physical Society



VOLUME 77, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 28 OCTOBER1996

c

s
o
t

e

of
le

tly,
ky,

in

e

do
is
pe
re
/or
ch
ult
nde
of
of

he
lent
the

in
rino
tical
the
g
l

ar
e

as
d
e a

ion

ut.
he

n-
TABLE I. Cross-section coefficients.

Cross section Reference
s10246 cm2d

aC1 16fpep [18,20]
Cl-Ar aC7 2.38s1 1 2.60fCNOd [21]

aC8 11100 [22,23]

Kamiokande aK8 10000a [5]

aG1 11.8s1 1 17fpepd [20,24]
Gallium aG7 76.5s1 1 1.42fCNOd [25]

aG8 24600 [23]

aDimensionless. Kamiokande reports flux directly.

pp 1 pep, 7Be, CNO, and8B electron-neutrino spectra,
in any proportions whatsoever, fails at the 96% confiden
level [26].

A fourth neutrino-flux relationship is contained in the
total solar luminosity, for a quasistatic Sun deriving it
energy entirely from hydrogen burning. When neutrin
losses are accounted for, the electromagnetic solar cons
(irradiance)I in 1010 MeV cm22 s21 is given by

0.980s1 2 0.088fpepdF11

0.939s1 2 0.003fCNOdF71 1 0.498F8

­
2I
Q

. (4)

Experimentally, I ­ 85.31s34d [18], and Q ­
26.731 MeV . Additional flux constraints for hydro-
gen burning are given by Bahcall and Krastev [27].

Under the assumption of hydrogen burning, Eqs. (1)
(3) can be recast with variablesI, F71, and F8 (for
example). The irradiance is found to be 101(18), in agre
ment with the experimental value, but, as before,F71 ­
20.43s24d 3 1010 cm22 s21. On the other hand, forc-
ing F71 to zero yields I ­ 72s8d, and x2 ­ 3.2 for
1 degree of freedom. (Principally, it is the gallium experi
ments that induce the strong negative correlation betwe
the irradiance andF71.) Thus, while any MSM solution
is relatively improbable, the solar neutrino problem is no
necessarily manifest in the total neutrino flux.

Including the photometrically measured luminosity as
fourth constraint reduces the uncertainties in the deriv
TABLE II. Fitted values of the fluxess1010n cm22 s21d s fCNO ­ 0, fpep ­ 0.0023d.

Component Value Uncertainty Value Uncertainty SSMa

(Luminosity unconstrained) (Luminosity constrained)

pp 1 pep 8.1 1.7 6.75 0.11 5.91 1 0.01
7Be 1 CNO 20.43 0.24 20.25 0.11 0.52 1 0.12

8B 0.00030 0.00004 0.00027 0.00003 0.00066
I 101 18 85.32 0.34 85.31

x2 0.8
Probability 4% 1.7%

aReference [18].
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fluxes, as summarized in Table II. The probability
this result being obtained from a physically realizab
set of fluxes (i.e., with the7Be 1 CNO flux being
non-negative) is less than 2%, and quantifies direc
for example, the “last hope” suggested by Berezins
Fiorentini, and Lissia [28].

The luminosity constraint, Eq. (4), defines a plane
F1F71F8 space. Solutions allowed in the MSMmustfall
within the triangular region of this plane in the positiv
octant (Fig. 1). The data do not meet this condition.

The assumptions made in reaching this conclusion
not include any features of solar models (one [18]
shown, for reference, in Table II). Therefore, the sha
of the 8B spectrum is not as expected, containing mo
strength at high energies and less at low [29], and
the neutrino flavor content is not pure electron, whi
alters the relationship between the Kamiokande res
and the radiochemical experiments (because Kamioka
detects, via the neutral-current interaction, neutrinos
all active flavors). These features are characteristic
neutrino-oscillation solutions [9,30–32]. In contrast to t
standard-physics solution, such solutions give an excel
account of all data. Once such solutions are admitted,
fluxes may, in general, be quite different [33,34].

While no astrophysical model inputs have been used
the analysis, the conclusions do depend on both neut
cross sections and experimental uncertainties (statis
and systematic). The dependences serve to highlight
most critical experimental inputs, and aid in plannin
future experimental work. In Table III the differentia
coefficients for the7Be 1 CNO flux F71 are tabulated.

Although it is a common perception that the sol
neutrino problem stands or falls on the validity of th
Cl-Ar experiment, the Kamiokande datum is twice
critical. By “critical” is meant the number of standar
deviations change in an experimental result to produc
given change inF71, i.e., the value of≠F71

≠R sR.
The Ga data are almost irrelevant in the determinat

of the 7Be 1 CNO flux when the luminosity is a free
parameter, but dominate it when the luminosity is inp
This sensitivity draws attention to the importance of t
neutrino cross sections,aG7 andaG8, which are determined
in part bys p, nd reactions to excited states, with uncertai
3721
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FIG. 1. The luminosity plane defined by Eq. (1), and (ins

the 1.64 standard-deviation contours (95% confidence le
for F71) from the data for selected values offCNO. The
fluxes are in units of1010 cm22 s21. Solutions allowed by
the MSM and the luminosity constraint must fall withi
the triangular area. Below the dashed lines parametrized
fCNO, the Bahcall-Krastev conditionF1 $ F7 1 F8 required
in hydrogen burning is not met.

ties that are difficult to assess. Hata and Haxton [25] h
pointed out that the Gallex [35] and SAGE [6]51Cr source
calibration experiments are, in fact, experimental confirm
tion thataG7 is close to the expected value unless a no
effect has caused the extraction efficiency to be low, a
aG7 is correspondingly larger than expected. In the l
ter case, the calibration data make the detector respo
to 7Be neutrinos virtually independent of the efficienc
while the response topp and8B neutrinos scales linearly
with the efficiency. The efficiency of Gallex and SAG
would both have to be reduced to 77% of the measu
values to bring the derived7Be 1 CNO flux up to zero,
at which pointx2 exceeds 4.
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Could the present situation reflect an experimental res
outside its estimated uncertainty? Luminosity-constraine
fits of the three types of experiment in pairs give forF71

the following valuess1010 cm22 s21d: Kamiokande–Cl-
Ar, 20.39s22d; Gallium–Cl-Ar, 20.18s12d; Kamiokande-
Gallium, 20.19s11d. The anomaly emerges from all
combinations of pairs of experiment. This fact has th
corollary that, since Gallium and Cl-Ar have no neutral
current sensitivity, a nonstandard8B spectrum shape is
somewhat favored. Experimental uncertainties in th
shape contribute about 2% [23] to the error inaC8 and
somewhat more [29] to that inRKam, but in a correlated
way that diminishes the effect onF71. New laboratory
determinations of the spectrum are highly desirable.

At an interesting level of confidence (about 98%)
there exists a solar neutrino problem independent of so
models, except for the assumptions of neutrino productio
by light elements and a steady-state Sun. Moreove
even abandoning the steady-state Sun assumption
equivalently, postulating exotic energy sources) does n
deliver a satisfactory solution at the 96% confidenc
level. With unpublished new data [36] these confidenc
levels reach 99.5% and 94%, respectively. The numbe
quantify the minimum extent of the problem in the sens
that neither the7Be nor the CNO flux can actually be
exactly zero. At the present level of significance, the
data suggest new neutrino physics, and, at the sa
level, demonstrate that the solution to the solar neutrin
problem is not to be found in the realm of astrophysic
While we keenly await results from the new generation o
experiments [37], SuperKamiokande, SNO, and Borexin
we emphasize that, in this approach, there is also much
be gained from improvements to existing experiments. T
illustrate the potential, setting to zero the statistical erro
in the present experiments gives a result incompatib

TABLE III. Differential coefficients for the flux F71

s1010n cm22 s21d. s fCNO ­ 0.185, fpep ­ 0.0023d.

Parameter ≠F71

≠X X ≠F71

≠X X Uncertainty DX
X

(Luminosity (Luminosity
X unconstrained) constrained) (%)

aC1 20.09 20.02 1.2
aC7 10.29 10.02 1.2
aC8 21.01 20.17 3
aG1 10.08 20.73 1
aG7 20.02 10.18 13
aG8 10.01 20.07 128

215
RCl 10.79 10.18 10

RKam 21.00 20.31 14
RGa 20.07 10.65 11
fpep 20.08 20.06 10
fCNO 10.10 10.04

I · · · 20.72 0.4

F71 ­ 20.29s16d 20.19s8d
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with standard physics at.99.998% confidence level. On
the other hand, systematic uncertainties are notorious
difficult to estimate, and caution is advisable. We als
underscore the value of experimental work on the impo
tant cross sectionsaC8, aG7, andaG8, and the shape of the
8B spectrum, in the task of clarifying this fundamentally
important question.

We have benefited greatly from discussions with J. N
Bahcall, S. Brice, N. Hata, W. Haxton, and J. F. Wilker
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