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Confronting spin flavor solutions of the solar neutrino problem
with current and future solar neutrino data
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A global analysis of spin flavor precession~SFP! solutions to the solar neutrino problem is given, taking into
account the impact of the full set of latest solar neutrino data, including the recent SNO data and the 1496-day
Super-Kamiokande data. These are characterized by three effective parameters:DmSOL

2 [Dm2, the neutrino
mixing angleuSOL[u, and the magnetic field parametermB' . For the last we adopt a self-consistent mag-
netohydrodynamics field profile in the convective zone and identify an optimumB';80 kG strength form
510211mB. We find that no low mass~LOW! quasivacuum or vacuum solutions are present at 3s. In addition
to the standard large mixing angle~LMA ! oscillation solution, there are two SFP solutions, in the resonant
~RSFP! and nonresonant~NRSFP! regimes. These two SFP solutions have a goodness of fit of 84%~RSFP! and
83% ~NRSFP!, slightly better than the LMA oscillation solution~78%!. We discuss the role of solar an-
tineutrino searches in the fit and present a table of best-fit parameters andxmin

2 values. Should the KamLAND
experiment confirm the LMA solution, the SFP solutions may at best be present at a subleading level, leading
to a constraint onmB' . In the event the LMA is not the solution realized in nature, then experiments such as
Borexino can help in distinguishing the LMA solution from the NRSFP solution and the simplest RSFP
solution with no mixing.
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I. INTRODUCTION

The recent neutral current and day-night measuremen
the Sudbury Neutrino Observatory~SNO! @1,2# as well as the
1496-day solar neutrino data from Super-Kamiokande@3#
combined with previous solar neutrino data@4# have shed
more light on the long-standing problem posed by the so
neutrino anomaly. Evidence from atmospheric neutrino d
also indicates that atmospheric neutrino conversions
place@5# and involve mainly two flavors, in order to compl
with combined constraints from reactor neutrinos@6#.

While the oscillation interpretation of the atmosphe
data is rather robust@7#, present solar data are not yet enou
to pin down the mechanism underlying the neutrino flux s
pression. Although neutrino oscillations provide the m
commonly analyzed solution to both solar and atmosph
anomalies@8,9# at least two alternative mechanisms based
nonstandard neutrino matter interactions@10# and neutrino
spin flavor precession@11–15# have been considered.

In this paper we reconsider the status of two-flavor s
flavor precession~SFP! solutions of the solar neutrino
anomaly. The latter require the existence of nonzero tra
tion magnetic moments of neutrinos@16# and the interplay of
matter effects@17#. On general grounds one can argue that
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present, neutrino magnetic moments should be of this ty
as one expects neutrinos to be Majorana particles@18#. Such
spin flavor precession conversions represent an attrac
way of accounting for present solar neutrino data. Since t
involve only active neutrinos,1 these are actually the onl
magnetic-moment-type solutions that survive the eviden
e.g., from SNO neutral current~NC! data, that solar neutri-
nos do convert toactive neutrino states, and have just th
right features to reconcile the SNO charged current~CC! and
Super-Kamiokande results. It has also been shown how s
solutions are robust in the sense that the choice of the s
magnetic field profile in the convective zone can be ma
self-consistently. Following Refs.@11,12# we adopt as pro-
files the static magnetohydrodynamics solutions obtained
Kutvitskii and Solov’ev~KS! @19#.

Here we examine the status of all solutions described
the general two-flavor spin flavor precession Hamiltonia
which include the oscillation solutions as a particular ca
Using this generalized picture we show that both SFP so
tions give very good descriptions of the totality of curre
solar neutrino data, slightly better than the best oscillat
solution, namely, the large mixing angle~LMA ! solution
@20#, now robustly preferred among the oscillation solutio
@9,21–26#. For the best chosen magnetic field strength th
are no vacuum or low mass~LOW! quasivacuum solutions a
the 3s level. However, in addition to the LMA solution
there are two SFP solutions, resonant and non-resonant,
acterized by a goodness of fit 84% and 83%, respectiv

1Transition magnetic moments to sterile neutrinos are rejected
the SNO neutral current data.
©2002 The American Physical Society09-1
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BARRANCO et al. PHYSICAL REVIEW D 66, 093009 ~2002!
We present a table of best-fit values andxmin
2 and discuss the

role of electron antineutrinos from the sun@27–29# in the fit.
The latter will play an even more important role in the f
ture, should KamLAND confirm the LMA oscillation solu
tion. In this case the SFP solution may be realized at be
subleading level, leading to a constraint onmB' . This bound
is complementary to bounds on neutrino magnetic mome
such as the one discussed in Ref.@30#. In the event this is not
the solution realized in nature, then future experiments s
as Borexino can help to distinguish between SFP and L
solutions.

II. NEUTRINO EVOLUTION AND CONVERSIONS

The recent SNO data strongly support the idea that s
neutrinos convert toactiveneutrinos. On the other hand th
combined constraints from reactor neutrino experiments@6#
and atmospheric neutrino data@8# imply that solar neutrino
conversions involve mainly two flavors.

Here we consider the evolution Hamiltonian describing
system of two flavors of active Majorana neutrinos first co
sidered@16#:

i S ṅeL

nG eR

ṅmL

nG mR

D
5S Ve2c2d 0 s2d mB1~ t !

0 2Ve2c2d 2mB2~ t ! s2d

s2d 2mB1~ t ! Vm1c2d 0

mB2~ t ! s2d 0 2Vm1c2d

D
3S neL

n̄eR

nmL

n̄mR

D . ~1!

In Eq. ~1! c25cos 2u, s25sin 2u, d5Dm2/4E, assumed to
be always positive are the neutrino oscillation parametersm
is the neutrino transition magnetic moment;B65Bx6 iBy
are the magnetic field components orthogonal to the neut
momentum; Ve(t)5GFA2@Ne(t)2Nn(t)/2# and Vm(t)
5GFA2@2Nn(t)/2# are the neutrino vector potentials fo
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neL andnmL in the Sun, given byNe(t) andNn(t), the num-
ber densities of the electrons and neutrons, respectively.
generalized form takes into account that, in addition to m
ing, massive Majorana neutrinos may be endowed wit
nonzero transition magnetic moment. In the limit whe
mB→0 this system reduces to the widely discussed cas
two-flavor oscillations. On the other hand when the mixi
vanishes, sin 2u→0, one recovers the pure magnetic so
tions considered in@12–15#. As we will see, it will be im-
portant to take into account the effects of neutrino mixing
the characterization of the SFP solutions.

In our calculations of SFP neutrino survival probabiliti
we use the electron and neutron number densities from
Bahcall-Baso-Pinsonneault 2000~BBP00! model @31# with
the magnetic field profile obtained in Ref.@12# for k56 and
R050.6R( . Finally, in order to obtain Earth matter effec
we integrate numerically the evolution equation in the Ea
matter using the Earth density profile given in the prelim
nary reference Earth model@32#.

The combined amplitude for a solarne to be detected as
na (a being e,m,ē,m̄) with energyE at a detector in the
Earth can be written as

Ane→na

S-V-E 5^nauUEarthUVacuumUSunune&

5 (
i 51,2,1̄,2̄

Aei
S Aia

E exp@2 imi
2~L2R(!/2E#. ~2!

Here Aei
S is the amplitude of the transitionne→n i (n i is

the i-mass eigenstate! from the production point to the Su
surface,Aia

E is the amplitude of the transitionn i→na from
the Earth surface to the detector, and the propagation
vacuum from the Sun to the surface of the Earth is given
the exponential, whereL is the distance between the cent
of the Sun and the surface of the Earth, andR( is the radius
of the Sun. While the presence of a magnetic field coup
the four states in the evolution, its absence in vacuum an
the Earth produces the decoupling of the four states into
doublets: (ne , nm) and (n ē , nm̄). The corresponding prob
abilities Pea can be found by numerically solving the evolu
tion equation~1!. Note that in the limitB'→0 we recover
the oscillation case.

With the above we proceed to analyze the behavior of
neutrino survival probabilities with respect to variations
mB' . For the simple case of constant matter density a
field strength and neglecting Earth regeneration effects,
was given explicitly in Eq.~8! of Ref. @11#. The basic feature
s
FIG. 1. Neutrino survival probabilities versu
magnetic field strength (Bmax). The neutrino os-
cillation parameters have been fixed asE/Dm2

51.253108 MeV/eV2, tan2u50.001 ~solid
line!, 0.01 ~dashed line!, and 0.1~dotted line! in
the left panel~‘‘light’’ side !. The corresponding
numbers for the ‘‘dark’’ side~right panel! are
E/Dm252.53108 MeV/eV2, tan2u510 ~dotted
line!, 100 ~dashed line!, and 1000~solid line!.
Here we fixm510211mB.
9-2
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FIG. 2. Optimum two-neutrino
survival probabilities for the LMA
solution ~left panel! and for the
two SFP solutions: RSFP~middle
panel! and NRSFP~right panel!.
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to note in this case is that the survival probability exhibits
periodic behavior. In Fig. 1 we show that such behavior a
holds in the case of realistic matter density and magn
field profiles obtained from magnetohydrodynamics@19#.
One can see that, both for ‘‘light’’ side@resonant~R! RSFP-
like# and ‘‘dark’’ side @nonresonant~NR! SFP-like# solutions
the neutrino survival probabilities exhibit an approximate
periodic behavior with respect tomB' . Note that we have
fixed a transition magnetic moment of 10211mB, consistent
with existing present experiments. Examining Fig. 1 one s
that the smallest magnetic field magnitude that leads t
boron neutrino survival at the required level lies close to
kG. For simplicity, in what follows we will adopt the opti
mum strengthB';80 kG, because, being the smallest, it
probably the one preferred by astrophysics. It is straight
ward to repeat our analysis for higher field strengths. T
will lead to ‘‘recurrences’’ in solution space, i.e., to the e
istence of additional branches of the RSFP-like solutio
such as can be seen, for example, from Figs. 4 and 6 in
@12#. Similarly, there will be additional branches of the ‘‘ba
sic’’ NRSFP-like solution found in Ref.@11#. For simplicity
we focus, in what follows, on the analysis of the ‘‘first
RSFP and NRSFP-like solutions, and their comparison w
today’s favorite oscillation solution, the LMA.

In Fig. 2 we show a schematic view of the spin flav
precession survival probabilities for both resonant and n
resonant cases, RSFP~middle panel!, and NRSFP~right
panel!. The survival probabilities for the LMA case are als
shown, for comparison, in the left panel. For the LMA ca
the neutrinos are converted into muon neutrinos, while

TABLE I. Best-fit values ofDm2 and tan2u with the corre-
spondingxmin

2 and GOF for the standard oscillation case~top panel!
and for nonzero magnetic field~middle and bottom panels!. The
squared mass differences are given in eV2.

Region tan2u Dm2 xmin
2 GOF

Standard oscillation
LMA 0.47 5.631025 68.0 78%

mnB5” 0 without SNO CCn̄e

RSFP 4.231024 7.931029 66.1 83%
NRSFP 119 4.031029 66.4 82%
LMA 0.47 5.631025 68.0 78%

mnB5” 0 with SNO CCn̄e

RSFP 5.331024 7.931029 65.8 84%
NRSFP 33103 4.031029 66.4 82%
LMA 0.47 5.631025 68.1 78%
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the SFP scenario the neutrinos are mainly converted
muon antineutrinos. Note that the above survival probab
ties have been given for the best-fit parameter values de
mined in our fit~see Table I, below!.

III. FIT PROCEDURE

Global analyzes of solar neutrino data have become q
standard; for a recent reference see@9#. Here we briefly de-
scribe the main features of our analysis.

In order to determine the expected event numbers for
various solar neutrino experiments we calculate thene sur-
vival probability for each point in parameter space. We ad
standard solar model neutrino fluxes@31#, treating, however,
the 8B neutrino flux normalization as a free parameterf B ,
which is constrained by the SNO NC measurement. In or
to determine the expected signal in each detector, th
fluxes are convoluted with the survival probability at th
detector, the neutrino cross sections and the detector
sponse functions for Super-Kamiokande@3# and SNO@33#.
We use the efficiencies employed previously, e.g., in Ref.@9#.
For the SNO case the charged current and NC cross sec
of neutrinos on deuterium were taken from Ref.@34# and the
response functions from@33#.

We also include theoretical and experimental errors a
their cross correlations, following the standard covarian

FIG. 3. Allowed regions of tan2uSOL and DmSOL
2 for the two-

flavor spin flavor precession solutions RSFP and NRSFP as we
the LMA oscillation solution.
9-3
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FIG. 4. Solar neutrinos fluxes
Fne

, Fnmn̄m
5Fnm

1Fn̄m
, andFn̄e

~in units of 106 cm22 s21) de-
rived from the number of events
per bin at SNO for an undistorted
8B spectrum.
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approach. In particular, the errors associated with the ene
scale and the energy-resolution uncertainties of the Su
Kamiokande and SNO experiments are included.

Here we use all current solar neutrino data@4#: the solar
neutrino rates of the chlorine experiment (2.5660.16
60.16 SNU), the most recent gallium results SAG
(70.825.2

15.3
23.2

13.7 SNU) and GALLEX/GNO (70.864.5
63.8 SNU), as well as the 1496-day Super-Kamiokan
data sample@3# in the form of 44 bins~eight energy bins, six
of which are further divided into seven zenith angle bins!. In
addition to this, we include the latest results from SNO p
sented in Refs.@1,2#, in the form of 34 data bins~17 energy
bins for each day and night period!.

Therefore we have in total 3144134581 observables in
our statistical analysis, which we fit in terms of the para
etersDmSOL

2 , uSOL. The third parametermB' characteriz-
ing the maximum magnitude of the magnetic field in t
convective zone is fixed at its optimum valueB'584 kG.
As mentioned, we employ the self-consistent magnetohyd
dynamics magnetic field profile obtained in Ref.@12# for k
56 andR050.6R( .

We have compared the data described above with the
pected event numbers, taking into account the relevant
tector characteristics and response functions. Using a suit
definition of xSOL

2 ~the same as in Ref.@9#, except that we

FIG. 5. Same plot as in Fig. 3, but including the electron a

tineutrino CC interaction in SNO (n̄e1D→n1n1e1) with the
approximation discussed in text.
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leave the boron flux free and remove the corresponding
oretical flux errors from the covariance matrix! we have per-
formed a global fit of present solar neutrino data. The
lowed regions for a given C.L. with two degrees of freedo
~DOF! are defined as the set of points satisfying the con
tion

xSOL
2 ~Dm2,u!2xSOL,min

2 <Dx2~C.L.,2DOF!, ~3!

where Dx2(C.L.,DOF)54.61, 5.99, 9.21, 11.83 for 90%
95%, 99% C.L. and 3s, respectively.

We present in Fig. 3 the allowed regions of tan2uSOL and
DmSOL

2 for the two-flavor spin flavor precession. The con
dence levels are 90%, 95%, 99%, and 3s for two DOF. As
noted previously, we reconfirm the appearance of two n
solutions, totally due to the effect of the magnetic field. T
first is the RSFP solution@12#, which extends up to tan2u
values around 1022 or so. In addition, one finds a nonres
nant ~NRSFP! solution @11# in the ‘‘dark side’’ of parameter
space, for large tan2u values. The fits corresponding to the
two spin flavor precession solutions are slightly better th
that for the LMA solution, which is recovered without an
essential change due to the effect of the magnetic mom
Note, however, that the contours are defined with respec
the global minimum ofx2, and that this is located at th
RSFP solution. As a result the LMA region in our case
slightly smaller than the one corresponding to the pure os
lation case~no magnetic field! @9#.2

A characteristic feature of spin flavor precession solutio
is that they produce electron antineutrinos, in contrast w
the oscillation case. One of the new features of our pres
results is that, in contrast to what was found previou
@11,12#, the solar data alone are now sufficient to rule out
oscillation solutions other than the LMA, without need
include as part of ourxSOL

2 the term corresponding to th
data of the LSD experiment@35# or the electron antineutrino
Super-K flux limits@29#. While the inclusion of these term
would reduce the two SFP branches, in this paper we
show how the solar neutrino data sample including the s
antineutrino rates at SNO leads to the same effect. Before
do that, let us first generalize the neutral and charged

2In Fig. 3 we have adjusted the value ofmB' to its best value~for
m510211mB this corresponds to a maximum magnetic fieldB'

584 kG).

-

9-4
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FIG. 6. DxSOL
2 as a function of tan2u with

respect to the favored spin flavor precession
lution.
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discussion given by SNO@1# to the case where there is als
a third flux, namely, that of solar antineutrinos, expected
the SFP scenario.

In Fig. 4 we display the solar neutrinos fluxes includi
the electron-antineutrino flux, namely,Fne

, Fnmn̄m
5Fnm

1Fn̄m
, and Fn̄e

as derived from the observed SNO eve

number, assuming an undistorted8B spectrum. Note tha
fluxes are in units of 106 cm22 s21 and that here we assum
the standard solar model~SSM! boron flux prediction.

In the left panel we give the muon neutrino flux versus
electron neutrino flux. The middle and right panels give
electron antineutrino flux versus the electron neutrino fl
~middle! and versus the muon-type neutrino flux~right!.
These contours correspond to 68% C.L. and 90% C.L.
two DOF. One sees that the electron antineutrino flux, ca
lated with the cross sections in@34#, is constrained in model
independent way to be less than 13106 cm22 s21 at 90%
C.L. The best fitted fluxes are:Fne

51.793106 cm22 s21,

Fnmn̄m
53.023106 cm22 s21, Fn̄e

50.143106 cm22 s21,

with xmin
2 516.7 and 15 DOF. Note that the best fit fluxFn̄e

shown by stars in Fig. 4 is compatible with zero at 97% C
Encouraged by the consistency of our generalization

the SNO procedure for the SFP case, we now move to
inclusion of the antineutrino data in the analysis. The re

tion n̄e1D→n1n1e1 would lead, in addition to the posi
tron Cerenkov light, to the capture of two neutrons by de
teron~s! and the production of two monochromatic gamm
with energyEg'6.25 MeV. Clearly, a complete analysis o
the associated signal arising from this cannot be performe
the moment, since we lack the appropriate respo
function.3 As an approximation we can, however, assu
that the positron resolution function is the same as for e
trons, and also that the two neutrons can be captured
deuteron in the same way as the neutrons in the NC cha
~this last contribution is the most important one!. Under this
approximation we obtain in Fig. 5 an estimate of the allow
regions. Particularly noticeable is the fact that in this case
dark side region becomes smaller. This cut is required
order to avoid an unacceptably high solar antineutrino fl
~above 20% or so of the boron-8 neutrino flux! for values of
tan2u&20. This exercise highlights the relevance of so

3We thank Art McDonald for useful discussions.
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antineutrino searches at SNO in restricting the param
space of SFP solutions. This possibility using Super-K
certainly less favorable.

Before we conclude this section let us present in Tab
the goodness of fit~GOF! corresponding to each of our thre
solutions. The analysis has been done for 81~chlorine1GNO
1SAGE1Zenith SK spectrum1SNO D/N spectrum!23 pa-
rameters: tan2uSOL, DmSOL

2 , and the boron fluxf B , corre-
sponding to 78 DOF. This table shows the best-fit param
values,xmin

2 and GOF for the three solutions. The top pan
refers to the usual oscillation case, the middle panel co
sponds to the fit without including the SNO antineutrino C
interaction, and the bottom panel is for the case where
interaction is included.

To close this session we now illustrate more concisely
above results by displaying in Fig. 6 the profiles ofDxSOL

2 as
a function of tan2uSOL. This is obtained by minimizing with
respect to the undisplayed oscillation parameters, for
fixed mB' value indicated above. Note that theDxSOL

2 is
calculated with respect to the favored spin flavor precess
solution. The first thing to notice are the twoplateauscorre-
sponding to the RSFP and NRSFP solutions, slightly low
than the LMAxmin

2 . In contrast to the left panel, the righ
panel includes the electron antineutrino CC interaction
SNO. One can see how the NRSFP plateau has now bec
narrower~see also Fig. 5!. Moreover, one can appreciate tw
very small kinks corresponding to the ‘‘would-be’’ LOW so
lutions. Their status worsens and their position shifts sligh
toward the ‘‘dark side.’’

IV. FUTURE EXPERIMENTS

We have seen how the SFP scenario leads to three
good descriptions of current solar neutrino data correspo
ing to the RSFP, NSRFP, and LMA solutions. The iss
arises as to how to distinguish between these solutio
which are presently statistically equivalent. Note that this
not such an easy task since, as seen in Fig. 2, the expe
spectral energy distribution for our spin flavor precess
solutions is hardly distinguishable from the one expected
the pure LMA oscillation solution. Moreover, in contrast
the oscillation solution, where a day-night effect is predict
the SFP spectra show no day-night asymmetry.

There is at the moment great expectation as to the
physics results of the upcoming KamLAND experiment, e
pected shortly@36#. Here we analyze the implications of tw
9-5
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FIG. 7. KamLAND sensitivity
to the Majorana neutrino transi
tion magnetic moment in case th
LMA solution is confirmed. See
text.
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possible outcomes of the KamLAND experiment for the s
tus of SFP solutions.

A. If KamLAND confirms the LMA oscillation solution

In this case all alternative solutions, such as the pres
spin flavor precession solutions, may be present only a
subleading level and, on the basis of how good is the Ka
LAND determination of the LMA oscillation parameters, on
will correspondingly constrain any exotic alternative. O
resulting constraints on the SFP solutions are illustrated
Fig. 7. In Fig. 7 we have displayed the electron antineutr
flux predicted at KamLAND (E.8.3 MeV) for three differ-
ent DmSOL

2 values~indicated in the figure! and for tan2uSOL

values varying in the range from 0.3 to 0.8, as a function
m11Bmax, m11 being the magnetic moment in units o
10211mB andBmax being the maximum magnetic field in th
convective zone. In order to obtain such a simple correla
we note the importance of using our self-consistent mag
tohydrodynamics magnetic field profile, as in Ref.@12#. The
extremes of the neutrino mixing range correspond to
solid and dashed lines indicated in the figure, while the h
zontal line corresponds to a KamLAND sensitivity to th
antineutrino flux of 0.1%, expected with three years runn
@36#. Clearly the limits on the transition magnetic momen
are sensitive also to the ultimate centralDmSOL

2 value indi-

FIG. 8. PredictedRBorexino values for LMA and spin flavor pre-
cession solutions.
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cated by KamLAND~a 10% error is expected!, being more
stringent for lowerDmSOL

2 values, as seen from the le
panel.

B. If KamLAND does not confirm the LMA solution

Imagine now the extreme and unlikely case that Ka
LAND does not provide useful information on the neutrin
parameters. In this case one can compare the prediction
these three solutions for the upcoming Borexino experime
as suggested in Ref.@37#.

A simple way to display this is presented in Fig. 8. Th
figure shows the predicted values for

RBorexino[ observed Borexino rate SSM rate, ~4!

defined as the ratio of the observed-over-SSM-expected
nal in Borexino, assuming best-fit parameters as determ
in our fit, and 90% C.L. error bars for LMA~left line!, RSFP
~middle lines!, and NRSFP~right lines! solutions. For the
SFP solutions two error bars are indicated forRBorexino. The
error bars indicated in gray refers to the casesu50 for the
RSFP case andu5p/2 for the NRSFP solution. The erro
bars indicated in black correspond to the general SFP c
with nonzero mixing. Clearly, the zero mixing RSFP and t
LMA solutions lead to very different predictions, as alrea

FIG. 9. Neutrino survival probability for RSFP-like solutio
with DmSOL

2 ;231028 eV2 and tan2uSOL;1022, in the range be-
tween 0.2 and 0.9 MeV.
9-6
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FIG. 10. Contour lines of pre-
dicted RBorexino values as a func-
tion of the neutrino oscillation pa-
rameters. The shaded region
correspond to the three solution
discussed here~LMA, left panel!,
RSFP~middle panel!, and NRSFP
~right panel!. See text.
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noted in Ref.@37#. However, we remark that in general th
RSFP solution cannot be distinguished from LMA insofar
the Borexino predition is concerned. Indeed, as seen f
Fig. 6, the RSFP solution is characterized by a very flat p
teau of nearly constantx2, while the Borexino prediction
depends rather strongly on the poorly determined value
the ‘‘best’’ neutrino mixing angle for this solution. To see th
let us take, for example,DmSOL

2 ;231028 eV2 and
tan2uSOL;1022, and display the neutrino survival probab
ity versus energy, as seen in Fig. 9. One sees from this fig
how in the pp region this solution is similar to LMA, but
leads to a much smaller suppression of the beryllium li
This allows us to understand the inability to predict w
precision the borexino rate expected in this part of the~low-
est! RSFP region. In contrast, the NRSFP solution in
‘‘dark side’’ is the one that is more clearly distinguishab
from the LMA oscillation solution. Moreover, we have ver
fied that, for the case of the NRSFP solution, the Borex
predition is rather insensitive to whether the neutrino mix
is left free or not.

A more complete way to present this information is d
played in Fig. 10. Here we have overlapped the allowed n
trino parameter ranges determined from our fit with the p
dictedRBorexinovalues, for each one of these solutions, RS
NRSFP, and LMA, at 90% C.L. The results for the LM
solution agree well with those obtained, say, in Refs.@21,24#.
We can clearly identify from Fig. 10 which range in the 90
allowed confidence RSFP region leads to the large ‘‘spre
in the Borexino prediction discussed previously.

V. SUMMARY AND DISCUSSION

In this paper we have reconsidered the solutions of
solar neutrino problem involving two-flavor oscillations an
spin flavor precessions. We have given a global analysi
such SFP solutions to the solar neutrino problem, taking
account the impact of the full set of latest solar neutrino da
including the recent SNO data as well as the 1496-
Super-Kamiokande data. These are characterized by thre
fective parameters:DmSOL

2 [Dm2, the neutrino mixing angle
09300
s
m
-

of

re

.

e

o

-
u-
-
,

’’

e

of
to
a,
y
ef-

uSOL[u, and the magnetic field parametermB' . For the
last we have fixedm510211mB, with a corresponding opti-
mized self-consistent magnetohydrodynamics magnetic fi
profile with B';80 kG as the maximum field strength in th
convective zone. Two-flavor oscillations are recovered a
particular case of our general SFP scenario. We have fo
that no LOW quasivacuum or vacuum solutions are pres
at the 3s level. In addition to the standard LMA oscillatio
solution, we have reconfirmed the existence of two SFP
lutions, in the resonant~RSFP! and nonresonant~NRSFP!
regimes. These two SFP solutions have goodness of fi
84% ~RSFP! and 83%~NRSFP!, slightly better than that of
the LMA oscillation solution~78%!. We have discussed th
role of solar antineutrino searches in the fit and presen
table of best-fit parameters andxmin

2 values. Should
KamLAND confirm the LMA solution, the SFP solution
may at best be present at a subleading level, leading
meaningful constraint onmB' . If the magnetic field strength
is known from solar physics, we can obtain a bound on
Majorana neutrino transition magnetic moment, complem
tary to the bounds discussed in Ref.@30#. In the event LMA
is not the solution realized in nature, then future experime
such as Borexino can be of help in distinguishing LMA fro
the NRSFP solution, as well as the restricted RSFP solu
with no mixing.
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