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Global oscillation analysis of solar neutrino data with helioseismically constrained fluxes
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A seismic model for the Sun calculated using the accurate helioseismic data predicts a lower8B neutrino
flux as compared to the standard solar model~SSM!. However, there persists a discrepancy between the
predicted and measured neutrino fluxes and it seems necessary to invoke neutrino oscillations to explain the
measurements. In this work, we have performed a global, unified oscillation analysis of the latest solar neutrino
data~including the results of SNO charged current rate! using the seismic model fluxes as theoretical predic-
tions. We determine the best-fit values of the neutrino oscillation parameters and thexmin

2 for both ne

2nactive and ne2nsterile cases and present the allowed parameter regions in theDm22tan2 u plane for ne

2nactive transition. The results are compared with those obtained using the latest SSM by Bahcall and co-
workers.
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I. INTRODUCTION

Solar neutrino fluxes measured by all the experiments
date are significantly at variance with the expected theor
cal predictions. The most recent confirmation of this h
come from the heavy water (D2O) detector at Sudbury Neu
trino Observatory~SNO! @1# which measures the solar8B
neutrinos through the charged current~CC! reaction ned
→ppe2. SNO has also published their result of8B flux
measured by the neutrino-electron scattering~ES! reaction,
and reported a lower8B flux as compared to theoretical pre
dictions of the standard solar model. This is in agreem
with the 8B flux measured by the SuperKamiokande~SK!
detector through the same reaction@2#. Thus, SNO and SK
confirm the deficit of solar neutrino fluxes reported first
the 37Cl radiochemical experiment of Daviset al. @3# and
subsequently by Kamiokande@4# and the radiochemical71Ga
experiments SAGE, GALLEX and GNO@5#. The theoretical
predictions most widely used are from the standard s
model~SSM! developed and remarkably refined over the l
four decades by Bahcall and co-workers@6–8#. In recent
years, the observations of solar oscillations have provided
independent test of solar models. Inversions of accura
measured frequencies of solar oscillations have enable
determination of the sound speed and density profiles in
the Sun@9#. While the SSM matches these inverted profi
remarkably well, there is still a significant discrepancy whi
is much larger than the errors in helioseismic inversions
would, therefore, be desirable to check the results on n
trino oscillation solutions to the solar neutrino problem us
a solar model which is consistent with the helioseismic da
Such models can be constructed using the inverted profile
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sound speed and density along with the equations of ther
equilibrium, provided the heavy element abundance pro
and the input physics such as opacity, equation of state
nuclear reaction rates are assumed to be known@10,11#.
These models represent the present Sun and do not de
on the evolutionary history of the Sun. Such seismic mod
can be used to calculate solar neutrino fluxes which turn
to be somewhat different from those obtained with the st
dard solar model.

In this work, we consider the seismic model calculat
using the technique described by Antia and Chitre@11#, but
using updated helioseismic data. This model predicts a lo
8B flux than the 2000 Bahcall-Basu-Pinsonnea
~BPB2000! SSM @8#. However, when all the experimenta
rates are taken together there is still inconsistency betw
theory and experiment@11#. This inconsistency cannot b
removed even if opacities and heavy element abundance
varied by arbitrarily large amounts@12#. Thus one needs to
invoke neutrino oscillations to explain the observed fluxes
solar neutrinos. Seismic models have also provided so
constraints on the pp reaction cross-section@11,13–15#. It
appears that pp reaction cross-section needs to be incre
by about 4% over the value used by Bahcallet al. @8#, to
obtain solar models that are consistent with seismic d
This increase in pp reaction rate in the seismic model w
correct luminosity tends to decrease the predicted neut
fluxes for all four experiments.

In addition to the data on the total flux, SK also provid
the data on the day-night recoil electron energy spectr
@16# and the zenith angle distribution of events@17#. SNO
has also reported the recoil electron energy spectrum for
CC events. Global oscillation analysis of the data on ra
and spectrum has been carried out by different groups to
constraints on the oscillation parameters@18–23# ~pre-SNO!
and @24–27# ~post-SNO!. These studies have used the ne
trino fluxes from the standard solar model of Bahcallet al.
@7,8#. However, it would be interesting to see the implic
tions of neutrino fluxes from the seismic model on the os
lation parameters. In this work, we perform a global a
©2001 The American Physical Society01-1
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TABLE I. Neutrino fluxes in the seismic model.

Neutrino
Flux Fn

(cm22 s21)

Logarithmic derivatives
] ln Fn

] ln X

S3,3 S3,4 S1,14 S1,7 L( Z k

pp (6.1260.01)31010 0.03 20.07 20.02 0.00 0.96 20.06 20.13
pep (1.4560.01)3108 0.03 20.07 20.02 0.00 0.76 20.17 20.31
hep (2.1260.01)3103 20.41 20.07 20.01 0.00 0.09 20.21 20.41
7Be (4.5460.12)3109 20.44 0.95 0.00 0.00 2.06 0.68 1.4
8B (4.1660.26)3106 20.49 1.04 0.01 1.00 3.85 1.65 3.4
13N (5.0260.25)3108 20.08 0.14 0.85 0.00 2.39 1.24 2.5
15O (4.1460.26)3108 20.09 0.17 1.00 0.00 2.93 1.52 3.0
17F (4.7760.32)3106 20.10 0.18 0.01 0.00 3.07 1.59 3.2
Rel. error 0.060 0.094 0.143 0.11 .004 0.033 0.
ta
er
S
ar
o

w
cr
IV
, a

ple
n

sid
iq
le

g

e,
lar
t,
o
at
rns
li-

o-
be
om
ese
for

he

ic
no

ed
lso
the
unified oscillation analysis of the solar neutrino data on to
fluxes from the SNO, Cl, Ga and SuperKamiokande exp
ments together with the day-night spectrum data from
using the seismically inferred neutrino fluxes and comp
the results with those obtained using the latest standard s
model ~BPB2000! of Bahcall, Basu, and Pinsonneault@8#.1

We use the latest 1258-day SK data in our analysis@28#.
The rest of the paper is organized as follows: in Sec. II

present the basic features of the seismic model and des
the formalism for the unified analysis in Sec. III. In Sec.
we discuss the procedure for the analysis and the results
finally we summarize the conclusions in Sec. V.

II. SEISMIC MODEL

We use the mean frequencies from the Michelson Dop
Imager ~MDI ! data from the first 360 days of its operatio
@29#, to calculate the sound speed and density profiles in
the Sun using a regularized least squares inversion techn
@30#. We adopt the inverted sound speed and density profi
along with the heavy element abundance~Z! profile from the
solar model of@31# to calculate the seismic model usin
equations of thermal equilibrium@11#. We use the OPAL
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opacities@32# and equation of state@33#, and nuclear reaction
rates from@34#, except for the proton-proton reaction rat
which is slightly adjusted to yield the correct observed so
luminosity @14#. With the latest physical and seismic inpu
the pp reaction cross-sectionS11 needs to be increased t
4.17310225 MeV barn. The helium abundance by mass
the base of the convection zone in this seismic model tu
out to be 0.250, which is in good agreement with the he
oseismic estimate in the envelope@35#.

With the knowledge of temperature, density and comp
sition profiles from the seismic model, neutrino fluxes can
calculated and the results are shown in Table I. Apart fr
inversion errors, other main sources of uncertainties in th
calculated fluxes are the nuclear reaction cross-sections
the 3He-3He (S3,3),

3He-4He (S3,4), p-14N (S1,14), and
p-7Be (S1,7) reactions, as well as the solar luminosity, t
heavy element abundanceZ and opacitiesk. To estimate the
effect of these quantities on neutrino fluxes in the seism
model we calculate the logarithmic derivatives of neutri
fluxes with respect to each of these quantities (Xi); these are
also listed in Table I, with the last row showing the estimat
relative errors in these quantities. Apart from these we a
include the uncertainty due to the electron capture rate of
ve large
TABLE II. Predicted neutrino fluxes in various solar neutrino experiments.

Experiment Homestake SK Gallex, SAGE, GNO SNO CC
(37Cl) (H2O) (71Ga) (D2O)
~SNU! (106 cm22 s21) ~SNU! (106 cm22 s21)

Measured flux 2.5660.23 2.3260.08 74.765.0 1.7560.14
SSM ~BP00! 7.621.1

11.3 5.0520.81
11.01 128.027

19 5.0520.81
11.01

SSM ~BP95! 9.321.4
11.2 6.6221.13

10.93 13727
18 6.6221.13

10.93

SSM ~BP98! 7.721.0
11.2 5.1520.72

10.51 12926
18 5.1520.72

10.51

SSM ~Bru98! 7.2 4.8 127 4.8
SSM ~Bru99! 6.7 4.7 125 4.7
Seismic model 6.4660.99 4.1660.76 124.966.5 4.1660.76

1We have not incorporated the SNO ES data as well as the SNO CC spectrum data as they still ha
errors.
1-2
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TABLE III. The seismic model predictions for the solar neutrinos fluxes and neutrino capture rates
Cl and Ga detectors. The expected8B flux in SK and SNO is as given in Table II.

seismic BPB2000

source 37Cl 71Ga 37Cl 71Ga
~SNU! ~SNU! ~SNU! ~SNU!

pp 0.00 71.58 0.00 69.7
pep 0.23 2.95 0.22 2.8
hep 0.04 0.07 0.04 0.1
7Be 1.09 32.57 1.15 34.2
8B 4.74 9.98 5.76 12.1
13N 0.09 3.03 0.09 3.4
15O 0.27 4.72 0.33 5.5
17F 0.00 0.05 0.00 0.1

Total 6.46 124.94 7.6 128.0
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7Li and the astrophysical uncertainty i

the S0 factor of the reaction16O(p,g)17F. These contribu-
tions are same as in@8#. The expected neutrino fluxes i
various solar neutrino experiments can be calculated f
Table I and these values are given in Table II, for compari
with observed fluxes@3,5,28# and those in the standard sol
models@8,7,36,37#. In Table III we present the contribution
of the various neutrino sources to the Cl and Ga experim
according to the seismic model and BPB2000. Table IV su
marizes the ratios of the experimental rates to the theore
predictions for the Cl, Ga, SK and SNO experiments for b
BPB2000 and seismic model. For SNO we display only
CC rate. We also show the compositions of major flux co
ponents.

The neutrino fluxes in our seismic model are somew
different from those in the seismic model of Watanabe a
Shibahashi@38#. The main difference arises because th
have used only the sound speed from primary inversion
calculate the seismic model, while we have used both so
speed and density profiles from primary inversions. Thus
density profile in the seismic model of Watanabe and Sh
hashi does not, in fact, match the inverted density profi
Further, since the density profile in their model is not co
strained to a seismic profile they are able to construct seis
model with correct luminosity using the standard pp nucl
reaction rate, which tends to give larger neutrino fluxes
they were to assume a slightly larger cross-section for
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reaction, the density profile in their model would be in bet
agreement with the inverted profile. Apart from this, t
adopted heavy element abundance,Z-profile is also different
in their work. While we have taken theZ-profile from model
of Richardet al. @31#, which includes mixing just below the
base of convection zone, as implied by helioseismic d
@39,9#, Watanabe and Shibahashi@38# use a homogeneousZ
profile. Similarly, the neutrino fluxes in our seismic mod
are somewhat smaller than those in the SSM@8#. The main
reasons for this reduction are again the increase inS11 and
neglect of mixing just beneath the convection zone in
SSM. If these had been incorporated, then the SSM flu
should also come close to the corresponding seismic m
fluxes.

III. FORMALISM FOR UNIFIED OSCILLATION
ANALYSIS

The general expression for the probability amplitude
survival for an electron neutrino produced in the deep in
rior of the Sun, for two neutrino flavors, is given by@40#

Aee5Ae1
( A11

vacA1e
% 1Ae2

( A22
vacA2e

% , ~1!

where Aek
( (k51,2) gives the probability amplitude ofne

→nk transition at the solar surface,Akk
vac is the survival am-
ositions
TABLE IV. The observed rates relative to the theoretical predictions for Ga, Cl, SK and SNO experiments along with their comp
~comp.! for both seismic model and SSM. The Ga rate corresponds to the combined SAGE and GALLEX1GNO data.

Model Experiment Ga Cl SK SNO~CC!

Rate 0.58460.039 0.33760.030 0.45960.017 0.34760.027
BPB2000

Comp. pp ~55%!, 7Be ~25%!, 8B ~10%! 7Be ~15%!, 8B ~75%! 8B ~100%! 8B ~100%!

Rate 0.59860.040 0.39660.035 0.55760.021 0.42160.033
SEISMIC

Comp. pp ~57%!, 7Be ~26%!, 8B ~8%! 7Be ~17%!, 8B ~73%! 8B ~100%! 8B ~100%!
1-3



an
e

ei
he

he

e

a

y
r-

o

un

e

the

un,
-
of

in

atic

sur-

e

can

ent
is

n
v

.

CHOUBEY, GOSWAMI, KAR, ANTIA, AND CHITRE PHYSICAL REVIEW D64 113001
plitude from the solar surface to the surface of the Earth,
Ake

% denotes thenk→ne transition amplitudes inside th
Earth. We can express

Aek
( 5aek

( e2 ifk
(

, ~2!

wherefk
( is the phase picked up by the neutrinos on th

way from the production point in the central regions to t
surface of the Sun and

ae1
( 25

1

2
1S 1

2
2PJD cos 2um , ~3!

um being the mixing angle at the production point of t
neutrino, given by

tan 2um5
Dm2 sin 2u

Dm2 cos 2u22A2GFneE
. ~4!

Here ne is the ambient electron density,E the neutrino en-
ergy, andDm2 (5m2

22m1
2) is the mass squared differenc

in vacuum. We denote byPJ the nonadiabatic level jumping
probability between the two mass eigenstates which for
exponential density profile2 can be expressed as@41#

PJ5
exp~2g sin2 u!2exp~2g!

12exp~2g!
, ~5!

g5p
Dm2

E Ud ln ne

dr U
r 5r res

21

. ~6!

For sterile neutrinos, thene in Eq. ~4! has to be replaced b
ne2 1

2 nn , wherenn is the neutron number density. The su
vival amplitudeAkk

vac is given by

Akk
vac5e2 iEk(L2R(), ~7!

where Ek is the energy of the statenk , L is the distance
between the center of the Sun and Earth, andR( is the solar
radius. For a two-slab model of the Earth—a mantle and c
with constant densities of 4.5 and 11.5 gm cm23

respectively—the expression forA2e
% can be written as~as-

suming the flavor states to be continuous across the bo
aries! @42#

A2e
% 5 (

a,b,s
i , j ,k,

Uek
M e2 ick

M
Uak

M Ua i
C e2 ic i

C
Ub i

C Ub j
M e2 ic j

M
Us j

M Us2 ,

~8!

where (i , j ,k) denotes mass eigenstates and (a,b,s) denotes
flavor eigenstates,U, UM and UC are the mixing matrices
in vacuum, in the mantle and the core respectively andcM

andcC are the corresponding phases picked up by the n

2Note that for the actual calculation of the probabilities we ha
used the numerical density profile given in@8# for the SSM and the
model in @11# with updated helioseismic data for seismic model
11300
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trinos as they travel through the mantle and the core of
Earth. Thene survival probability is given by

Pee5uAeeu2

5ae1
( 2

uA1e
% u21ae2

( 2
uA2e

% u212ae1
( ae2

(

3Re@A1e
% A2e

% * ei (E22E1)(L2R()ei (f2,(2f1,()#. ~9!

Identifying P(5ae1
( 2

and P% 5uA1e
% u2 Eq. ~9! can be ex-

pressed as@43,44,40#

Pee5P(P% 1~12P(!~12P% !

12AP(~12P(!P%~12P% !cosj ~10!

where we have combined all the phases involved in the S
vacuum and inside Earth inj. This is the most general ex
pression for survival probability for the unified analysis
solar neutrino data. Depending on the value ofDm2/E one
recovers the well known Mikheyev-Smirnov-Wolfenste
~MSW! @45# and vacuum oscillation@46# limits:

~i! In the regimeDm2/E&5310210 eV2/MeV matter ef-
fects inside the Sun suppress flavor transitions andum
'p/2. Therefore, from Eq.~3!, we obtainP('PJ'cos2 u
as the propagation of neutrinos is extremely nonadiab
and likewise,P% 5cos2 u to give

Pee
vac512sin2 2u sin2~Dm2 ~L2R(!/4E!. ~11!

~ii ! For Dm2/E*1028 eV2/MeV, the total oscillation
phase becomes very large and the cosj term in Eq. ~10!
averages out to zero. One then recovers the usual MSW
vival probability

Pee
MSW5PD1

~2PD21!~sin2 u2uA2e
% u2!

cos 2u
. ~12!

The daytime probability is given byPD being

PD5
1

2
1S 1

2
2PJD cos 2u cos 2um . ~13!

~iii ! In between thepurevacuum oscillation regime wher
the matter effects can be safely neglected, and thepureMSW
zone where the coherence effects due to the phasej can be
conveniently disregarded, is a region where both effects
contribute. For 5310210 eV2/MeV&Dm2/E*1028

eV2/MeV, both matter effects inside the Sun and coher
oscillation effects in the vacuum become important. This
the quasi vacuum oscillation~QVO! regime@40#. In this re-
gion, P('PJ andP% 5cos2 u and the survival probability is
given by @43,47#

Pee5PJ cos2 u1~12PJ!sin2 u1sin2 2uAPJ~12PJ!cosj,

~14!

we calculatePJ in this region using the prescription given i
Ref. @47#.

e
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IV. RESULTS AND DISCUSSIONS

In this section we present our results of globalx2-analysis
of the data on total rates and the day-night spectrum
served in SK. We have done two sets of calculations tak
the theoretical predictions from the seismic model as wel
from BPB2000 SSM. Our principal objective is to compa
the two sets of results.

Different approaches have been adopted regarding
treatment of the SK data on total rates and the recoil elec
energy spectrum, in the global analysis. A critical compa
son of the various methods used and the dependence o
final results on the method followed is discussed in a lu
and extensive manner in@22#. Below we summarize the sa
lient features.

~i! One approach is to to include both the SK rate and
spectrum in the global analysis@21,22#.

~ii ! The total rate measured in SK is not independent
the spectrum and hence the above method of including b
may lead to a possible overcounting of events. To avoid
the total SK rate is excluded from the global analysis in Re
@22,25#.

~iii ! Another approach adopted to avoid the overcount
is to include the total SK rate in the global analysis but
adopt a free normalization factor for the spectrum@19,22–
24,26#. Thus the spectrum gives information on only t
shape of the8B survival probability.

In case of methods~i! and ~ii !, if the 8B flux normaliza-
tion is varied as a free parameter in both rates and spect
no error correlation between these needs to be taken@22#. On
the other hand, if the8B flux normalization is kept fixed a
the SSM value, then one should incorporate the correla
between the error in the8B flux measured in the total rate
and the SK spectrum@21,25#. For method~iii !, since the
normalization of the spectrum is varied as a free parame
the x2 due to rates and spectrum can be summed inde
dently. For the purpose of this paper we adopt method~iii !,
so that our totalx2 is given by

x total
2 5x rates

2 1xspectrum
2 , ~15!

where

x rates
2 5(

i , j
~Fi

th2Fi
expt!~s i j

22!~F j
th2F j

expt!. ~16!

HereFi
j5Ti

j/Ti
SSM, wherej designates th~for the theoretical

prediction with oscillations! or expt ~for the experimental
value! andTi stand for the quantities total rates from diffe
ent experiments. We have used the weighted average o
three Ga experimental rates and thus we have 4 data p
for the total rates. The error matrixs i j contains the experi-
mental errors, theoretical errors and their correlations.
correlation matrix for the total rates is constructed as in@50#.
The logarithmic derivatives for the seismic model needed
the calculation of error correlation matrix are given in Tab
I. For the SSM we take the latest values from@8#. The spec-
trum chi-square is defined as
11300
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xspectrum
2 5(

i , j
~XspFi

th2Fi
expt!~s i j

22!~XspF j
th2F j

expt!.

~17!

HereFi
j5Si

j/Si
SSM, wherej designates th~for the theoretical

prediction with oscillations! or expt ~for the experimental
value! and Si stands for the electron energy spectrum
different energy bins. We have used 1258 day SK data on
electron energy spectrum at day and night which includes
energy bin from 5.0–5.5 MeV also, and we have 38 d
points for the spectrum.Xsp is the normalization factor for
the spectrum which is floated as a free parameter in the
bal analysis in order to filter out the information on the to
flux from the spectrum data. Thus for the global analysis
have 41 degrees of freedom~DOF! for the no oscillation
scenario. For the error matrix in the spectrum data we
clude the statistical error, correlated and uncorrelated s
tematic errors and the error due to the calculation of
spectrum @16#. The no oscillationxmin

2 for 41 DOF for
BPB2000 SSM is 89.27 while for the seismic model it
94.17.

Next, we perform the chi-square analysis assuming n
trino oscillations to operate. For the oscillation analys
there are two parameters,Dm2 and tan2 u, and thus the num-
ber of DOF is 39. In Table V we present the best-fit values
parameters,xmin

2 and the goodness of fit~GOF! of the solu-
tions for both BPB2000 and seismic model forne2nactive
transitions. There are five allowed solutions in bo
models—large mixing angle~LMA !, vacuum oscillation
~VO!, low Dm2-quasivacuum oscillation~LOW-QVO!, just
so2 @48# and small mixing angle~SMA!—in order of de-
creasing GOF. The GOF in these regions are more or
similar in both models. The best-fit for both models comes
the LMA region. In order to understand the results of Tab
V, we write Eq.~13! as

Pee5PD2
1

e
~2PD21! f reg ~18!

with e5cos 2u, freg5uA2e
% u22sin2 u andPD defined above in

Eq. ~13!. In Fig. 1 we plot the regeneration factorf reg and the
actual Earth regenerationRE5Pee2PD vs energy at the SK
latitude for the best-fit values of parameters in the SM
LMA and LOW regions. Since the latitude of the other d
tectors are not very different we do not expectf reg andRE to
be very different for these. Sincef reg is always positive, the
possibility of regeneration inside the Earth depends onPJ
For PJ, 1

2 there isne regeneration inside Earth while fo
PJ. 1

2 morene’s are flavor converted.
~i! For the SMA regione'1 and from Fig. 1 we observe

that f reg is very small excepting for two peaks atE'6 and
15 MeV corresponding to strong enhancement of the Ea
regeneration effect for the neutrinos passing through the c
@49,42#. Hence

Pee
SMA'PD. ~19!

In this region for low energy (pp) neutrinos, resonance i
not encountered~resonance density@ maximum solar den-
1-5
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TABLE V. The best-fit values of the parameters,xmin
2 , and the goodness of fit from the global analysis

rates and the 1258 day SK day-night spectrum data for MSW analysis involving two active neutrino fl

Nature of Dm2 tan2 u xmin
2 Goodness

solution in eV2 of fit

SMA 5.2831026 3.7531024 51.14 9.22%
LMA 4.7031025 0.38 33.42 72.18%

BPB2000 LOW-QVO 1.7631027 0.67 39.00 46.99%
VO 4.64310210 0.57 38.28 50.25%

Just So2 5.37310212 0.77 51.90 8.10%

SMA 4.6631026 5.1031024 51.15 9.21%
LMA 5.1131025 0.44 35.62 62.48%

SEISMIC LOW-QVO 1.7631027 0.71 38.22 50.53%
VO 4.65310210 0.47 36.23 59.69%

Just So2 5.37310212 1.00 49.30 12.49%
-
of
r a
ven

for

and

O

as
NO
and
eo-
sity! and hencePJ'0 and cos 2um'1 giving Pee
SMA'1. For

intermediate energy (7Be) neutrinos cos 2um'21 ~resonance
density! production density! and Pee

SMA'PJ'0 for these
energies. For high energy (8B) neutrinos also, cos 2um'21

FIG. 1. The regeneration factorf reg5(uA2eu22sin2 u) and the
net Earth regenerationRE(5Pee2PD) as a function of energy for
typical values of the parameters in the SMA, LMA and LOW-QV
regions.
11300
andPee
SMA'PJ , with PJ rising with energy. This energy de

pendence of the SMA survival probability gives a GOF
9.22% for BPB2000 and 9.21% for the seismic model fo
simultaneous description of all the four observed rates gi
in Table IV and the SK spectrum.

~ii ! For the Dm2 of the LMA solution in Table V, the
motion of the neutrino in the solar matter is adiabatic
almost all neutrino energies andPJ'0. For low energy neu-
trinos the matter effects are weak inside both the Sun
Earth, givingf reg'0 and cos 2um'e so that for Ga energies
@51#

Pee
LMA'

1

2
~11e2!. ~20!

FIG. 2. The 90%, 95%, 99% and 99.73% C.L. allowed are
from the global analysis of the total rates from Cl, Ga, SK and S
detectors and the 1258 day SK recoil electron spectrum at day
night, assuming MSW conversions to active neutrinos, using th
retical predictions from BPB2000 and seismic model.
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FIG. 3. ~a! The experimental rates~in SNU for the Cl and Ga experiments and in units of 106 cm22 s21 for SK and SNO! with 3s errors
~shown by ellipses! and the 99.73% C.L. range of predicted rates for LMA solution, in the plane of any two of the experiments for BP
~dotted line! and for seismic model~solid line!. ~b! Same as in~a! but for LOW-QVO-VO solution. For this solution there are multipl
contours~cf. Fig. 2!, resulting in a complicated pattern.
of

rg
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al-
At SK and SNO energies matter effects result in cos 2um'
21 while f reg is small but non-zero ('0.03 at 10 MeV as
seen from Fig. 1! giving

Pee
LMA'

1

2
~12e!1 f reg5sin2 u1 f reg. ~21!

With the values ofe from Table V andf reg given in Fig. 1,
Eqs. ~21! and ~22! approximately reproduce the rates
Table IV. Since the probability~22! is approximately energy
independent, it can account for the flat recoil electron ene
spectrum. Since the seismic model predicts a higher va
for observed to predicted ratio for the SK, SNO and Cl rat
the best-fit value of sin2 u or tan2 u obtained for seismic
model are larger@cf. Eq. ~22!#.

~iii ! In the LOW region cos 2um'21 for all neutrino en-
ergies andPJ'0 ~except for very high energy neutrinos! and
thus

Pee
LOW5

1

2
~12e!1 f reg. ~22!

As is seen from Fig. 1,f reg is small for high energy neutrino
and large for low energy neutrinos. For the best-fit case
11300
y
e
,

50.2 andf reg;0.2 for Ga energies and;0.025 for SK en-
ergies, which can just about reconcile the Ga and SK ra
But it provides a very good description of the flat SK spe
trum. The best-fit mixing angle is larger for the seismic ca
as in LMA.

~iv! At the best-fit value ofDm2 of Table V for VO solu-
tions the energy smearing over the bins washes out the
ergy variation due to the oscillations and the flat recoil el
tron spectrum observed at SK can be explained.

~v! For theDm2 in the just so2 region one obtains a very
small survival probability for the7Be neutrinos while for the
8B neutrinos the survival probability is close to 1.0@52#.
Therefore it cannot explain the total rates data but sinc
gives a flat probability for the8B neutrinos the spectrum
shape can be accounted for and the global analysis giv
GOF of 8.1% in BPB2000 and 12.49% in seismic. Since
ratios of observed rates to predicted rates are higher for s
mic just so2 gives a lower contribution tox rates

2 and a better
GOF in seismic.

In Fig. 2 we plot the 90% (x2<xmin
2 14.61), 95%

(x2<xmin
2 15.99), 99% (x2<xmin

2 19.21) and 99.73% C.L.
(x2<xmin

2 111.83) allowed areas in theDm2-tan2 u plane
for both BPB2000 and the seismic models. We plot the
1-7
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TABLE VI. The best-fit values of the parameters,xmin
2 , and the goodness of fit from the global analys

of rates and the 1258 day SK day-night spectrum data for two-generationne2nsterile MSW analysis.

Nature of Dm2 tan2 u xmin
2 Goodness

solution in eV2 of fit

SMA 5.5931026 2.8331024 54.21 5.35%
LMA 6.1331025 0.50 52.93 6.75%

BPB2000 LOW-QVO 2.9331028 1.00 53.18 6.46%
VO 4.67310210 0.37 46.28 19.70%

Just So2 5.37310212 0.77 52.09 7.83%

SMA 3.8131026 3.6731024 58.18 2.47%
LMA 6.0431025 0.62 54.97 4.64%

SEISMIC LOW-QVO 3.2031028 1.00 53.26 6.36%
VO 4.68310210 0.37 44.82 24.09%

Just So2 5.37310212 0.98 49.51 12.07%
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lowed regions with respect to theglobal minimum. Both
models do not admit any allowed area in the SMA regio
For other regions the allowed areas in the SSM and the s
mic model are roughly similar with the following difference
observed in the seismic case:

~i! More area seems to be allowed in the LMA and LOW
QVO region.

~ii ! The LMA region extends to higherDm2.
~iii ! Higher values of mixing angles are allowed for LM

and LOW-QVO regions, specifically, with LMA extendin
into the dark zone (u.p/4).

For the Ga experiment, the seismic model predicts
higher pp and lower8B flux as compared to BPB2000. Th
net effect is that the increase of the flux ratio is smaller in
than in SNO, SK and Cl, and the observed to predicted
in Ga is closer to that in Cl, SK and SNO for the seism
model. Thus the energy dependence between the low en
pp and high energy8B rates seen for BPB2000 is reduced
the seismic model and the data can now be better accou
by an energy independent scenario. In fact, since the en
distortion in the observed rate is less in the seismic ca
most parts of the bands in the parameter space with en
dependence of,10% are permitted.3 This accounts for the
extended allowed areas appearing in Fig. 2 for the seis
model. These extended areas with weak energy depend
include both highDm2 zones as well as high mixing angles4

In fact, the allowed area expands well into the dark zone
the LMA solution. For these values of the mixing angles t
predicted flux ratio for the SK and SNO is more than that
Ga, against the energy trend of the data. However, for
seismic model these zones are still allowed at 99.73% C
owing to the proximity of the Ga and SK-SNO rates.

In Figs. 3~a! and 3~b! we show the experimental rate
with their 3s errors, together with the 3s range of predicted
rates for the LMA@Fig. 3~a!# and LOW-QVO-VO@Fig. 3~b!#

3Figure 1 of Ref.@23#.
4The increase of the mixing angle with the decrease of the

between the Ga and SK-SNO rates can also be inferred by com
ing Eqs.~21! and ~22!.
11300
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L.

solutions, in the plane of any two experiments taken toget
From the figures it is clear that the LMA~LOW-QVO! re-
gion can better account for the SSM~seismic model! pre-
dicted rates.

In Table VI we give thexmin
2 and the best-fit points forne

transition to sterile neutrino. Since the8B flux measured by
the charged current reaction at SNO is significantly low
than the observed SK flux, all the sterile solutions appea
be disfavored with more than 90% probability, except for t
VO solution for BPB2000 and both VO and just so2 for the
seismic model. The VO solution produces better fits than
MSW solutions as it gives a lower contribution to th
xspectrum

2 @cf. Eq. ~16!#. As in the ne2nactive case, just so2

gives a better fit for seismic.

V. CONCLUSIONS

The measured solar neutrino fluxes have been consiste
lower than the theoretical predictions from the SSM. W
have constructed a seismic model of the Sun consistent
the helioseismic data that predicts8B fluxes lower than that
predicted by BPB2000, but the corresponding pp flux tu
out to be slightly higher in the seismic model. We exami
how the use of the seismic model fluxes changes quality
the fits in the MSW and the vacuum oscillation region
compared to BPB2000. For the statistical analysis of the d
we use ax2 minimization technique where we vary the no
malization of the spectrum as a free parameter, and t
avoid the overcounting of the SK observed flux and consi
only the shape information from the SK spectral data.
find that the inclusion of theoretical uncertainties and th
correlations self consistently in both models result in fai
similar GOF’s for the oscillation solutions in both model
However, we note that the use of seismic fluxes does mo
the allowed areas in the parameter space. The incre
proximity of the Ga and SK rates reduces the energy dis
tion of the observed fluxes and allows the regions of para
eter space with weak energy dependence.
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