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How many s ’s is the solar neutrino effect?

John N. Bahcall*
School of Natural Sciences, Institute for Advanced Study, Princeton, New Jersey 08540

~Received 3 September 2001; published 12 December 2001!

The minimal standard electroweak model can be tested by allowing all the solar neutrino fluxes, with
undistorted energy spectra, to be free parameters in fitting the measured solar neutrino event rates, subject only
to the condition that the total observed luminosity of the Sun be produced by nuclear fusion. The rates of the
five experiments prior to SNO~chlorine, Kamiokande, SAGE, GALLEX, Super-Kamiokande! cannot be fit by
an arbitrary choice of undistorted neutrino fluxes at the level of 2.5s ~formally 99% C.L.!. Considering just
SNO and Super-Kamiokande, the discrepancy is at the 3.3s level (1023 C.L.). If all six experiments are fit
simultaneously, the formal discrepancy increases to 4s (731025 C.L.). If the relative scaling in temperature
of the nuclear reactions that produce7Be and8B neutrinos is taken into account, the formal discrepancy is at
the 7.4s level.

DOI: 10.1103/PhysRevC.65.015802 PACS number~s!: 26.65.1t, 12.15.Ff, 14.60.Pq, 96.60.Jw
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I. INTRODUCTION

The Sudbury Neutrino Observatory~SNO! has reported
an epochal measurement@1# of the rate of charged curren
interactions in deuterium due to8B solar neutrinos. The pre
cise Super-Kamiokande measurement@2# of neutrino-
electron scattering~charged plus some neutral current sen
tivity ! by 8B neutrinos reveals a total neutrino flux that
about 3.3s @1# larger than thene flux measured by SNO. The
combined SNO and Super-Kamiokande result seems to h
convinced most physicists that neutrino oscillations are
curring in the solar neutrino domain.

Why is a single 3s result so convincing? We all know o
examples in particle and nuclear physics where 3s results
have not been verified. The purpose of this paper is to qu
tify the role of the additional information on solar neutrin
event rates that, when taken together with the SNO/Su
Kamiokande result, makes the inference of neutrino osc
tions so compelling.

I will not discuss the precise helioseismological verific
tion, better than 0.1% rms throughout the Sun, of the so
speeds predicted by the standard solar model@3# ~hereafter,
BP2000!. I will also not discuss nonquantifiable effects su
as the manifestly great care with which both the SNO a
Super-Kamiokande experiments were performed. The ex
lent agreement between the standard solar model predic
and the helioseismological measurements and the rigo
calibrations of the SNO and Super-Kamiokande experime
are undoubtedly important factors in convincing many in
physics community that solar neutrino oscillations occur,
I will focus here only on the measurements of solar neutr
event rates in different detectors.

Suppose we allow the solar neutrino fluxes to have a
trary ~positive! amplitudes, subject only to the condition
that the fusion energy associated with these fluxes equa
precisely measured solar luminosity and that the ene
spectra be undistorted by neutrino oscillations. If the mi
mal standard electroweak model is valid~no neutrino oscil-

*Electronic address: jnb@ias.edu
0556-2813/2001/65~1!/015802~7!/$20.00 65 0158
-

ve
-

n-

r-
-

-
d

d
l-
ns
us
ts
e
t
o

i-

he
y
-

lations occur!, solar neutrino energy spectra differ from the
laboratory shapes by the order of 1 part in 105 for b decays
~like 8B or 13N decay! and less than 1 part in 102 for thep-p
reaction~1 part in 103 for thehep reaction! @4#. Suppose we
ignore all other information about the Sun, including he
oseismology. How well can we then fit the observed set
solar neutrino event rates in different experiments?

I report here on a simultaneous fit with arbitrary neutri
fluxes to all the available neutrino event rates, chlorine@5#,
Kamiokande@6#, SAGE @7#, GALLEX 1GNO @8#, Super-
Kamiokande@2#, and SNO@1#. We shall see that including
all of the available experiments~not just SNO and Super
Kamiokande! increases by an order of magnitude the str
gency of the formal C.L. by which one can conclude th
neutrino oscillations are required~a 4s effect for all six ex-
periments!. If the temperature scaling of the nuclear rea
tions giving rise to7Be and 8B neutrinos is imposed as a
additional condition on the fitting procedure, then the n
oscillation hypothesis is rejected at the 7.4s level ~compared
to 6.9s in the pre-SNO era!.

In the present paper, I also provide a physical explana
of why thexmin

2 method leads to the unphysical requireme
that some solar neutrino fluxes (7Be, 13N, and 15O) be com-
pletely absent while thep-p neutrino flux is enhanced ove
the standard solar model prediction.

The calculations described in this paper utilize an i
proved formulation of the solar luminosity constraint on ne
trino fluxes@9#.

There have been a number of pre-SNO investigations
the failure of free-flux, no-oscillation fits to solar neutrin
data. The first such study stressed as early as 1990@10# the
apparent incompatability of the chlorine and Kamiokan
experiments, if new physics did not affect the shape of
solar neutrino energy spectra. The seminal studies in
mid-1990s by Hata, Bludman, and Langacker@11#, Parke
@12#, and Heeger and Robinson@13#, and related discussion
@14#, helped convince many physicists of the necessity
solar neutrino oscillations. The inadequacy of free-flux fi
was reinforced by the most recent pre-SNO studies@15,16#.

The principal results of this paper are presented in Ta
II and summarized in Sec. VI. The reader is urged to lo
©2001 The American Physical Society02-1
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TABLE I. Solar neutrino rates: standard theory versus experiment. The unit is SNU (10236 interactions
per target atom per sec! for the radiochemical experiments: chlorine@5#, SAGE @7#, and GALLEX 1 GNO
@8#. The unit is 106 cm-2 s21 for the water Cherenkov experiments, SNO@1#, SuperKamiokande@2#, and
Kamiokande@6#, which measure the8B neutrino flux. Results are also shown in the last two rows for
weighted average of the SAGE and GALLEX/GNO experiments and for the weighted average of th
miokande and Super-Kamiokande experiments. The BP2000 predictions for the combined standard s
electroweak model are taken from Ref.@3#. The errors quoted for Measured/BP2000 are the quadratic
combined statistical and systematic uncertainties. The larger experimental error was used here whe
metric errors were quoted in the original publications.

Experiment BP2000 Measured Measured/BP2000

Chlorine 7.6@1.00 20.14
10.17# 2.56@1.0060.088# 0.33760.030

Kamiokande 5.05@1.00 20.16
10.20# 2.80@1.0060.136# 0.55460.075

SAGE 128@1.00 20.05
10.07# 77.0@1.0060.087# 0.60260.052

GALLEX 1 GNO 128@1.00 20.05
10.07# 74.1@1.0060.092# 0.57960.053

Super-Kamiokande 5.05@1.00 20.16
10.20# 2.32@1.0060.037# 0.45960.017

SNO 5.05@1.00 20.16
10.20# 1.75@1.0060.084# 0.346560.029

K 1 SK 5.05@1.00 20.16
10.20# 2.34@1.0060.035# 0.46460.016

GALLIUM 128@1.00 20.05
10.07# 75.6@1.0060.063# 0.59060.037
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first at the table and discussion section and then to de
whether to read the more detailed discussion in the m
body of the text.

Section II summarizes in a convenient form the data
the measured solar neutrino event rates and Sec. III desc
the way the calculations were done. Using the data and m
ods described in the previous sections, Sec. IV presents
principal results for the pre-SNO era, for just the water Ch
enkov solar neutrino detectors, for all six detectors, and
the effect of taking account of the scaling of the fusion re
tions that produce7Be and 8B solar neutrinos. Section V
explains physically why thexmin

2 solutions eliminate all7Be
and CNO neutrinos. I summarize the main results briefly
Sec. VI.

All of the results presented in this paper depend upon
validity of the published solar neutrino measurements. T
formal statistical estimates given here are not to be ta
literally when the probabilities become extremely small b
cause of the likely effects of unknown systematic errors.

II. MEASURED RATES

Table I summarizes the data from measurements of s
neutrino event rates. For each of the six experiments liste
the first column, the table gives in the second column
combined prediction@3# of the standard solar model and th
simplest version of standard electroweak theory~BP2000 so-
lar model, non oscillations!. The third column shows the
measured values for each experiment@1,2,5–8#. In the last
column, the table gives the ratio of each measured valu
the predicted standard value~no theoretical errors include
in the last column!. The dimensionless ratios are convenie
to use in calculations. The last two rows present the weigh
average rate for the twon-e scattering experiments~K and
SK! and the weighted average rate for the two gallium
periments~GALLIUM !. In this paper, we shall use the the
01580
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retical predictions only for one very special case, when
compare the standard solar model with all the measureme

III. CALCULATIONS

The predicted event rates are linear functions of the se
important neutrino fluxes:p-p, pep, hep, 7Be, 8B, 13N,
and 15O. From purely physics considerations, any or all
these fluxes could be important. In fact, at one time or
other in the history of solar neutrino research, each of th
fluxes has been hypothesized to be important for solar n
trino measurements@17#.

A. Equations and uncertainties

The equations for the neutrino event rates can be wri
conveniently in terms of the ratios of the actual fluxes to
predicted BP2000 fluxes. In this case, the linear coefficie
of the predicted solar neutrino interaction rates can be r
directly from Table 7 of Ref.@3# and the observed rates ca
be taken from the last column of Table I of the present pap

The luminosity constraint can be written also as a con
nient linear equation in the neutrino fluxes. One has

15(
i

S a i

10 MeVD S f i

8.53231010 cm-2 s21D , ~1!

where accurate values of the energy coefficientsa i are given
in Ref. @9# and thef i are the individual neutrino fluxes (i
5pp, pep, hep, 7Be,8B, 13N, and 15O).

The best-fit neutrino fluxes were obtained by minimizi
x2 for each case considered~see Table II in the following
section for a description of the different cases!. The x2 can
be written symbolically as

x25(
i

S ratei2(
j

ci j f j D 2

sexpt
2 1sc.s.

2
, ~2!
2-2
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where theci j are numerical coefficients for each experime
~cf. Table 7 of Ref.@3#! andf j are the neutrino fluxes. Th
experimental errorssexpt were taken from the last column o
Table I. It is important to include also the theoretical unc
tainties for the calculated interaction cross sectionssc.s.. For
each neutrino flux, the cross section errors are take from
@18# for the gallium experiments and from Ref.@19# for the
chlorine experiment. The cross section uncertainties are
cluded in the reported rates for the other experiments lis
in Table I. Since the neutrino fluxes are treated as free
rameters, the uncertainties in the predicted fluxes are
included in the calculations~except for the special case o
testing the standard solar model fit; cf. the last two rows
Table II!.

For a given number of degrees of freedom,n@n5 ~num-
ber of experiments1 1! 2 ~number of free fluxes!#, the
value ofxmin

2 corresponds to a probabilityP that a worse fit
would have been obtained by chance if the model be
tested is correct. In our case, the model is that the meas
experiments plus the luminosity constraint are described b
theory in which the undistorted neutrino energy spectra
have arbitrary amplitudes. When the number of experime
plus the luminosity condition is one more than the numbe
free-parameter neutrino fluxes, then there is a particul
simple relation betweenxmin

2 and the effective number o
s ’s. For this special case (n51), s5xmin . Here s is the
number of sigmas for a normal distribution such that
two-sided probability of getting a value greater thans is
equal toP. More generally, forxmin

2 @n, one can show1 that

s25xmin
2 2 ln s21~22n!ln xmin

2 1 ln g~n!, ~3!

whereg(n)5G2(n/2)/(212np) andG is the gamma~gener-
alized factorial! function. The result given in Eq.~3! is exact
~not just asymptotically correct! for n equal to 1. For practi-
cal cases withnÞ1, Eq. ~3! can be solved simply by itera
tion with a hand calculator.

B. Supplementary conditions

We fit the results for at most six experiments and
luminosity constraint. Therefore, we cannot use all seven
the neutrino fluxes as free parameters. In previous free-
analyses of solar neutrino rates, nearly all authors have
lowed Hataet al. @11# in taking the ratio of thepep to p-p
fluxes to be the same as in the standard solar model.
justification for this assumption is that thepep to p-p ratio is
practically independent of details of the solar model, depe
ing upon just the weighted average of the density over
square root of the temperature@21#. For the 12 variant and
deviant solar models listed in Table 10 of Ref.@3#, the ratio
of pep to p-p fluxes is (2.2560.1)31023. The model that

1This asymptotic formula can be derived by integrating the norm
distribution by parts to obtain the leading term for the probability
have a value greater thans and then equating this expression to t
leading term in the repeated fraction expansion of the incomp
gamma function that describes@20# the x2 probability distribution.
01580
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gives the most extreme ratio~and also the most conservativ
result! is ruled out by helioseismological data, giving a rm
fit to the helioseismological data that is more than 100 tim
worse than the standard solar model. In the calculations
scribed in the following section, I chose the value of thepep
fluxes to be within the range (2.2560.1)31023 p-p, vary-
ing the exact value to give the most conservative result.

Many authors@11,13,15,16# have also assumed that th
CNO nuclear reactions are in equilibrium and have theref
taken the13N and 15O neutrino fluxes to be exactly equal~or
in some cases both to be equal to zero@12#!. Any nonzero
value for the CNO neutrino fluxes increases the discrepa
with the standard electroweak model.

Finally, all previous authors~except for Hataet al. @11#!
have neglected thehep flux, althoughhep neutrinos could
in principle contribute significantly to the chlorine and ga
lium experiments~see Ref.@3#!. At the 3s upper limit cor-
responding to the Super-Kamiokande result@2#, thehep flux
contributes 1.4s expt(Cl) ~0.31 SNU! to the chlorine rate but
only 0.2s expt(Ga) ~0.8 SNU! to the gallium rate. Here
s expt(Cl) is the total experimental error for the chlorine e
periment@5# andsexpt(Ga) is the total weighted average o
the SAGE and the GALLEX/GNO experiments.

I want to add a word of reassurance for the mathem
cally fastidious who may be concerned about the fact t
before imposing the supplementary conditions there are m
free fluxes than experiments plus constraints. One can
the minimumx2 using all the fluxes. As we shall see in Se
IV and V, this minimum always lies in the region withi
which the supplementary conditions apply; i.e., there are
7Be or CNO neutrinos. By choosing to consider the subse
fluxes that give the smallestx2, we are making it as difficult
as possible to reject the no-oscillation hypothesis.

In the following section, I explore the robustness of t
free-flux analyses to the supplementary conditions onhep
and CNO neutrinos described above. For simplicity, I sh
denote in Table II and in Sec. IV these conditions symbo
cally as~i! n135n15 and~ii ! hep50.0.

IV. RESULTS

Table II presents the principal results of this paper. T
table gives the formal probabilityP of obtaining a fit as bad
(x2>xmin

2 ) as the best-obtainable fit with arbitrary amp
tudes, but undistorted energy spectra, for the solar neut
fluxes. The table also gives the effective number of stand
deviationss @defined by Eq.~3!# by which the no-neutrino-
oscillation hypothesis fails to fit the observed data on so
neutrino event rates. In a number of cases, the probabil
quoted are so small that the distributions from which t
probabilities are calculated are not valid in the relevant
treme limits. Therefore, I have included the effective numb
of s ’s because most physicists have, based upon bitter e
rience with unknown systematic errors, developed their o
healthy internal recalibration for the meaning of sigmas.

I also give in Table II the best fit values, in units of th
BP2000 standard solar model fluxes@3#, for the three most
important neutrino fluxes,p-p, 7Be, and 8B. Contrary to
what one expects on astrophysical grounds, the formal m

l
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2-3



ts. The

as

ions

JOHN N. BAHCALL PHYSICAL REVIEW C 65 015802
TABLE II. How manys ’s? The table shows the effective number of standard deviations,s, by which the
no-oscillation hypothesis fails to account for the total event rates measured in solar neutrino experimen
abbreviated notation for the six experiments is the same as in Table I. For each case~combination of
experiments!, the table also gives the probabilityP for errors distributed normally of obtaining a fit as bad
the best fit found, the neutrino fluxes~in units of the BP2000 fluxes! for thep-p, 7Be, and8B neutrinos, and
the predicted event rate~in SNU! for the chlorine and gallium experiments. The supplementary condit
pep5pp, hep50.0, n135o15, andn135o1550.0 are defined in Sec. III B.

Case P s ’s pp 7Be 8B Cl Ga

Pre-SNO

Cl,K,gallium, SKa 131022 2.5 1.0917 0.000 0.4550 2.9 84.6

Only water Cherenkov experiments

SK and SNO 831024 3.35 — — 0.4311 — —
K, SK, and SNO 131023 3.3 — — 0.4356 — —

Six experiments in different combinations

Cl,gallium,K1SK,SNOa 731025 4.0 1.0917 0.000 0.4333 2.7 84.4
Cl,K,gallium,SK,SNOb 3.531025 4.1 1.0917 0.000 0.4315 2.7 84.3
Cl,K,gallium,SK,SNOc 3.531025 4.1 1.0917 0.000 0.4315 2.7 84.3
Six experiments 331025 4.2 1.0917 0.000 0.4314 2.7 84.3

7Be>8B in units of BP2000 fluxes

Cl,gallium,K1SK,SNOa 1310213 7.4 1.039 0.6787 0.4144 3.4 103.6
Pre-SNO: Cl,gallium,K1SK d 4310212 6.9 1.039 0.6907 0.4312 3.5 104.1

Standard solar model

Cl,gallium,K1SK,SNO 3310211 6.7 1.000 1.000 1.000 7.6 127.8

ahep50.0, n135o15.
bhep50.0.
cn135o15.
dhep50.0, n1350.0, o1550.0.
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mization process requires in all cases, where they are
lowed to vary freely, that the neutrino fluxes from the CN
chain, 13N and 15O, as well as thehep neutrino flux, be
identically zero~for an explanation, see Sec. V!. Therefore,
these fluxes are not given explicitly in Table II. Thepep
neutrino flux is fixed to have that ratio relative to the ba
p-p neutrino flux which produces the most conservative
sult, given the general form of the ratio that results fro
weak interaction theory~see discussion in Sec. III B!.

The table also presents the predictions of each of the
fits for the capture rates in the radiochemical chlorine a
gallium experiments~in SNU, 10236 interactions per targe
particle per sec!. By hypothesis, we are considering on
undistorted energy spectra; all the neutrinos arene . There-
fore, the predicted rates for the Kamiokande, Sup
Kamiokande, and SNO CC measurements are, when
pressed in units of the predicted rates of the combi
standard model, all numerically equal to the tabulated va
for the 8B neutrino flux ~which is given in units of the
BP2000 flux!.

One can make contradictory plausibility arguments ab
whether or not one should use the weighted average of
Kamiokande@6# and Super-Kamiokande@2# experiments or
the weighted average of the SAGE@7# and GALLEX/GNO
01580
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@8# experiments. I therefore report calculations perform
with the experiments combined in different ways. Fort
nately, it turns out not to matter much whether one uses
weighted averages or the individual experiments~see the sec-
tion labeled ‘‘Six experiments in different combinations’’ o
Table II!. Because it yields the most conservative answe
adopt as ‘‘standard’’ the case in which one combines b
Kamiokande and Super-Kamiokande and SAGE a
GALLEX/GNO.2

2My personal preference, however, is to regard the Sup
Kamiokande and Kamiokande measurements as two experim
because they have different energy thresholds and because
energy calibrations were performed in different ways. On the ot
hand, I prefer to combine the SAGE and GALLEX/GNO expe
ments because they have exactly the same energy sensitivity.
could argue, however, that for purposes of testing the null hypo
esis of no new physics the SAGE and GALLEX/GNO experime
should be treated as different because they are located at diffe
places on Earth and they made measurements over different ti
The null hypothesis could, in principle, be wrong because o
strong regeneration effect in the Earth or because of a highly ti
dependent neutrino flux.
2-4
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A. Pre-SNO

The situation prior to the announcement of the SNO
sults is the first case listed in Table II. Considering the fi
pre-SNO experiments, but using the weighted average of
SAGE and GALLEX/GNO experiments, the no-oscillatio
hypothesis is rejected at the effective 2.5s level ~99% C.L.!.
Even this most-favorable solution requires that7Be neutri-
nos be entirely missing, a result which many authors h
argued is not physically or astrophysically reasonable@10–
14,22,16#.

Following essentially all previous work on this subjec
the case listed in Table II includes the supplementary co
tions pep5p-p, hep50.0, andn135o15 ~see explanation
of this notation in Sec. III B!. Nearly identical results are
obtained if SAGE and GALLEX/GNO are treated as separ
experiments and either pair of supplementary conditio
pep5p-p, hep50.0, orpep5p-p andn135o15, is used.3

B. Water Cherenkov experiments

The published results of the SNO CC and Sup
Kamiokande experiments are inconsistent at the leve
3.35s, as shown in Ref.@1# and in Table II. One might hope
that this result would be strengthened by including the K
miokande measurement. However, this is not the case.
discrepancy that arises from assuming no neutrino osc
tions is essentially unchanged if all three experiments
included; in this case, the fit is acceptable atP5131023,
which corresponds to 3.3s @for n52; cf. Eq. ~3!#.

Several authors have shown@23–25# how one can choose
the energy thresholds for the Super-Kamiokande and S
experiments such that the response functions for the two
periments are made approximately equal. The advantag
this method is that some of the systematic errors are redu
but there is some slight loss of statistical power. Also, o
must understand the details of the Super-Kamiokande exp
ment well enough to reevaluate accurately the rate at a
ferent threshold than the published value. Apparently,
has been done successfully. In obtaining the results give
Table II, I have simply used the rates and energy thresh
published by the Super-Kamiokande@2# and SNO@1# Col-
laborations. The straightforward result given in the pres
paper is in good agreement with the more sophistica
analysis described in Refs.@25,26#.

C. Six experiments in different combinations

Table II shows the results for a variety of different wa
of combining all six of the experimental results and of im

3The case in which SAGE and GALLEX/GNO are treated as
dependent and the supplementary conditionhep50.0 and n13
5o15 is imposed leads to a doubly unphysical result for the par
eters that correspond to the minimumx2. Not only is the7Be flux
required to be zero, but also the best-fitpep neutrino flux is iden-
tically zero ~cf. the extreme allowed range forpep given in Sec.
III B !. For this very unphysical case, theP50.07, 8B50.4608, and
the predicted chlorine and gallium rates are, respectively, 2.7 S
and 81.8 SNU.
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posing the supplementary conditions. The formal statist
probabilities of obtaining fits as bad as the best fits that w
found range fromP5331025 to P5731025, about an or-
der of magnitude worse than obtained with the water Ch
enkov experiments alone. The corresponding number ofs ’s
at which the best fit is formally rejected is 4.0s –4.2s. The
SNO experiment contributes 56% of the totalx2, with the
other experiments contributing much less: K1 SK ~23%!,
gallium ~18%!, and chlorine~3%!. Even if one omits without
justification the chlorine experiment, the result is barely
fected;P5331025 (3.9s).

The best-fit solutions all correspond, as in the pre-SN
case, to the unphysical result with an identically zero7Be
neutrino flux.

D. Temperature scaling of nuclear reactions

The temperature scalings of the neutrino producing re
tions can be derived without considering details of a so
model, requiring only energy conservation and a quasist
equilibrium @27#. The dominant factor is the exponenti
temperature dependence of the Gamow penetration fa
~see, e.g., Chap. 3 of Ref.@17#!. In a one-zone model for the
present-day sun, with a fixed temperature and density,
finds @27#, for the 7Be neutrino flux,

f~7Be!}T11 ~4!

and, for the8B neutrino flux,

f~8B!}T25. ~5!

These results are in excellent agreement with the sca
found in detailed Monte Carlo studies of complete so
models @28#. The scalings are robust because the Gam
factor depends sensitively on temperature in the region of
exponential tail where nuclear fusion reactions occ
@17,29–31#.

If the deficit of neutrinos observed in the water Chere
kov experiments were due to astrophysical processes,
one would expect that

F f~7Be!

f~7Be!BP2000
G>F f~8B!

f~8B!BP2000
G 11/25

. ~6!

Table II shows that, using all six experiments, the best
for f(7Be)/f(7Be)BP2000>f(8B)f(8B)BP2000 is awful, cor-
responding to a rejection level, 7.4s, that is so small that it
has no practical meaning. The gallium experiments~SAGE
and GALLEX/GNO! contribute 50% of the totalx2, with the
chlorine and K1 SK both contributing;20%.

For practical purposes, the fit omitting the SNO result
just about as bad, 6.9s, as the fit including SNO.

Figure 1 shows the dependence ofxmin
2 on the minimum

allowed value off(7Be). It is obvious from Fig. 1 that a
little 7Be goes a long way.

-
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E. Standard solar model

The fit with the standard solar model, BP2000@3#, is
shown in the last row of Table II. The fit is bad, but th
formal level of the discrepancy is not quite as bad
for the free-parameter case withf(7Be)/f(7Be)BP2000
>f(8B)f(8B)BP2000. The reason for the somewhat low
apparent discrepancy is that for the standard solar mode
relatively large theoretical uncertainties in the flux pred
tions are included in the quadratically added errors.

Nevertheless, the agreement between the standard m
predictions and the experimental measurements is poor,
formal values ofs56.7 andP53310211.

V. WHY ARE THE 7Be, 13N, 15O, AND hep NEUTRINOS
REQUIRED TO BE MISSING COMPLETELY?

All of the formal best fits of the undistorted solar neutrin
energy spectra to the observed event rates require tha
7Be, 13N, 15O, andhep neutrino fluxes be identically zero
On the other hand, these same solutions require a8B flux
that is a reasonable compromise fit to the observed fluxe
8B neutrinos in the different water Cherenkov detectors~no
big surprise! and ap-p neutrino flux that is typically 9%
larger than the predicted standard solar modelp-p neutrino
flux ~cf. Table II!.

The requirement that7Be, 13N, 15O, andhep neutrino
fluxes be absent contradicts all astrophysical calculations
basic laboratory astrophysics data@10–14,22,16#. For ex-
ample, the formal solutions require the complete absenc
7Be neutrinos and only a modest reduction in the flux of8B
neutrinos predicted by the standard solar model. But b
7Be and 8B neutrinos are produced by nuclear interactio

FIG. 1. ~Color! A little bit of 7Be goes a long way. The figur
shows the best fitxmin

2 versus the minimum allowed value fo
f(7Be). The neutrino fluxes were treated as free parameters in
ting to the rates of the chlorine, gallium,n-e scattering, and SNO
CC experiments, except thatf(7Be) was required to be at least a
large asf(7Be)min . The neutrino flux is measured in terms of th
BP2000@3# flux. Nuclear fusion scaling arguments givef(7Be)min

>0.69. The figure also shows the corresponding number of s
dard deviations at which the no-oscillation hypothesis is rejecte
01580
s

he
-

del
ith

the

of

nd

of

th
s

on the same parent isotope (7Be), with production of7Be
neutrinos being about 1000 times more probable~according
to the standard solar model estimates!. Moreover, according
to simple estimates and to detailed calculations, the fus
reactions that lead to13N and 15O neutrinos occur more fre
quently than the reaction which gives rise to8B neutrinos.

So why do the minimumx2 solutions preferp-p neutri-
nos and abhor7Be, 13N, 15O, andhep solar neutrinos? The
answer is simple and is contained in the basic equation
describes the nuclear fusion process that is responsible
the solar luminosity: four protons are burned to form ana
particle, two positrons, and two electron-type neutrinos. Th

4p→a12e112ne . ~7!

Equation~7! shows that two neutrinos are emitted every tim
four protons are burned to ana particle.

Thexmin
2 solutions prefer replacing other neutrinos byp-p

neutrinos sincep-p neutrinos have by far the lowest energi
(<0.42 MeV). Because of their low energies,p-p neutrinos
have the smallest interaction cross sections in gallium s
neutrino detectors and are not detected at all in the chlo
and water Cherenkov experiments. Moreover, the amoun
thermal energy communicated to the star depends u
which neutrinos are emitted: if high-energy neutrinos a
emitted, then less energy is communicated to the star.

If one replaces in a formal fitting process a higher-ene
neutrino ~like 7Be or 13N) by a p-p neutrino, then math-
ematically the replaced solution wins in two ways: mo
thermal energy is communicated to the star~making it easier
to satisfy the luminosity constraint! and the calculated even
rates are lower~in agreement with observations!.

VI. DISCUSSION

No satisfactory fit can be found that describes well t
observed event rates in solar neutrino experiments, if
different sources of solar neutrinos have amplitudes that
be treated as free parameters but energy spectra that ar
distorted.

Table II summarizes quantitatively the situation regard
fits with undistorted energy spectra to the measured s
neutrino event rates. For the pre-SNO era, which inclu
five experiments~chlorine, Kamiokande, SAGE, GALLEX
and Super-Kamiokande!, the no-distortion, no-oscillation hy
pothesis fails at a formal statistical level of 99% (2.5s).
Considering just the water Cherenkov experiments, SN
Super-Kamiokande, and Kamiokande, the discrepancy w
the no-oscillation hypothesis is at the 3.3s level, where the
formal probability of obtaining a fit as bad as observed
P5831024. These results confirm previously publishe
calculations and are included here to provide an appropr
context.

Two new results on the quality of fits to solar neutrin
data are presented in this paper. First, if all six of the so
neutrino experiments~SNO, chlorine, Kamiokande, SAGE
GALLEX, and Super-Kamiokande! are included in the fit,
the formal statistical level at which the fit is unsatisfacto
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rises to 4.0s (P5731025). Second, if the temperature sca
ing of the fusion reactions producing the7Be and 8B solar
neutrinos are taken into account, then the failure of the fitt
procedure is at the enormously high 7.4s level ~the formal
value ofP is ridiculously small!.

To achieve even the unsatisfactory fits described in Ta
II, the xmin

2 solutions require that the7Be, 13N, and 15O
neutrinos be entirely missing. Section V describes the ph
cal reasons leading to this unphysical effect. Since the for
best fits are achieved at the expense of eliminating the7Be,
13N, and 15O neutrinos, we should really regard the~improb-
.

,
//

01580
g

le

i-
al

able! solutions found here as even more unlikely because
their physical implausibility.
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