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Global analysis with SNO: Toward the solution of the solar neutrino problem
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We perform a global analysis of the latest solar neutrino data including the Solar Neutrino Observatory
~SNO! result on the charged current~CC! event rate. This result further favors the large mixing angle~LMA !
Mikheyev-Smirnov-Wolfenstein~MSW! solution of the solar neutrino problem. The best fit values of param-
eters we find areDm25(4.8–5.0)31025 eV2, tan2u50.35–0.38,f B51.08–1.12, andf hep51 –4, wheref B

and f hep are the boron and3He1p ~hep! neutrino fluxes in units of the corresponding fluxes in the standard
solar model~SSM!. With respect to this best fit point the lowDm2 ~LOW! MSW solution is accepted at 90%
C.L. The vacuum oscillation solution~VAC! with Dm251.4310210 eV2, gives a good fit to the data provided
that the boron neutrino flux is substantially smaller than the SSM flux (f B;0.5). The small mixing angle
~SMA! solution is accepted at about the 3s level. We find that vacuum oscillations to a sterile neutrino,
VAC~sterile!, with f B;0.5 also give a rather good global fit to the data. All other sterile neutrino solutions are
strongly disfavored. We check the quality of the fit by constructing the pull-off diagrams of observables for the
global solutions. Maximal mixing is allowed at the 3s level in the LMA region and at 95% C.L. in the LOW
region. Predictions for the day-night asymmetry, spectrum distortion, and ratio of the neutral to charged current
event rates@NC#/@CC# at SNO are calculated. In the best fit points of the global solutions we findADN

CC

'7 –8 % for the LMA, ;3% for the LOW, and 223% for the SMA regions. In the LMA region the
asymmetry can be as large as 15 –20%. Observation ofADN

CC.5% will further favor the LMA solution. It will
be difficult to see the distortion of the spectrum expected for LMA as well as LOW solutions. However, future
SNO spectral data can significantly affect the VAC and SMA solutions. We present the expected values of the
BOREXINO event rate for global solutions.

DOI: 10.1103/PhysRevD.65.073022 PACS number~s!: 14.60.Lm, 14.60.Pq, 26.65.1t, 95.85.Ry
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I. INTRODUCTION

With the Solar Neutrino Observatory~SNO! result @1,2#
on the charged current~CC! rate, we now, for the first time
ever, have more than 3s evidence of flavor conversion o
solar neutrinos. ‘‘Smoking guns’’ have indeed started
smoke. The statement, made first in the original publicat
by the SNO Collaboration, is based on the difference of
boron neutrino fluxes determined from the CC event rate
the SNO detector, and thene scattering event rate obtaine
by the SuperKamiokande~SK! @3# Collaboration~and con-
firmed, albeit with smaller statistical significance, by SNO!.
Somewhat paradoxically, the absence of a significant dis
tion of the boron neutrino spectrum at SuperKamiokan
adds to the strength of this conclusion.

In general, the difference between the signals in the S
and SK detectors can be due to~1! the appearance of th
nm ,nt flux, or/and~2! the distortion of the neutrino energ
spectrum. If the suppression of the boron neutrino flux~due
to some neutrino transformations! increases with increasin
neutrino energy, then the higher sensitivity to higher energ
of the CC reaction in SNO as compared withne scattering in
SK would explain the lower rate in SNO.

In fact, both reasons imply neutrino conversion. Howev
the absence of a strong distortion of the boron neutrino sp
trum, as found by SuperKamiokande and independently c
firmed by SNO, leads to the conclusion that the main rea
0556-2821/2002/65~7!/073022~15!/$20.00 65 0730
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for the difference is the appearance of thenm ,nt flux.
From the SNO result and its comparison with the SK d

one can immediately draw several conclusions: A stro
deficit of thene flux with respect to the standard solar mod
~SSM! predictions is found; there is strong evidence thatne’s
from the Sun are converted tonm ,nt ; there is no astrophysi
cal solution of the solar neutrino problem~for a recent quan-
titative analysis see@4#!; solutions of the solar neutrino prob
lem based on pure active-sterile conversionne→ns are
strongly disfavored; and more than half of the originalne
flux is transformed to neutrinos of a different type,nm , nt ,
and possiblyns , that is, thene survival probability

P,1/2. ~1!

In fact, with the assumption of a pure active transition o
gets P50.33460.22 @2#, which is just ;1s below 1/2.
Clearly, if the sterile neutrino component is present in t
flux, the survival probability is even smaller. The inequal
~1!, if confirmed, will have crucial implications for furthe
experimental developments in the field, as well as for fun
mental theory.

We know now with high confidence that electron neut
nos produced in the center of the Sun undergo flavor con
sion. However the specific mechanism of the conversion
not yet been identified. As we will see, only some extre
©2002 The American Physical Society22-1
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possibilities are excluded by adding the SNO result to
previously available solar neutrino data. A number of so
tions still exist.

The SNO result changes the status of specific solution
the solar neutrino problem. The changes can be immedia
seen by comparing predictions for the CC event rate fr
global solutions found in the pre-SNO analysis@5,6# with the
SNO result. There are four solutions, three active and
sterile, which give predictions close to the SNO result:

RCC
SNO[

SNO

SSM
50.34760.029. ~2!

~1! The large mixing angle~LMA ! Mikheyev-Smirnov-
Wolfenstein ~MSW! solution: the 3s prediction interval
RCC50.20–0.41 covers the SNO result (RCC[@CC# from
@5#!. The best fit point from the pre-SNO analysis,RCC
50.31, is slightly (;1s) below the central value given b
SNO. Therefore, the SNO result shifts the region of the LM
solution and the best fit point to larger values of mixi
angles, which correspond to larger survival probability.

~2! The low Dm2 ~LOW! solution: the interval of predic-
tionsRCC50.36–0.42 is above the SNO result. In the bes
point RCC is 2s ~experimental! higher than the central SNO
value. Therefore this solution is somewhat less favored,
the SNO result tends to shift the allowed region to sma
values ofu, which correspond to smaller survival probab
ity.

~3! The vacuum oscillation~VAC! solution: the expected
intervalRCC50.33–0.42 also covers the SNO range, and
best fit valueRCC50.38 is just 1s above the central SNO
result. Therefore, the SNO result improves the status of
solution.

~4! The solution of vacuum oscillations to sterile neut
nos, VAC~sterile!: the predicted intervalRCC50.36–0.41,
with the best fit point 0.39, is only slightly higher than fo
the VAC~active! case. Here the low rate predicted for SNO
due to the difference of the thresholds in the SNO and
experiments and to the steep increase of the suppression
neutrino energy. This solution survives the first SNO resu

Other solutions look less favorable in the light of the SN
result. In particular, the small mixing angle~SMA! MSW
solution intervalRCC50.37–0.50~especially its best fit poin
0.46 from the pre-SNO analysis! is substantially above the
SNO rate. This solution is further disfavored by the SN
result. In fact, the SMA solution predicts the opposite ene
dependence of the suppression on the neutrino energy to
one SNO prefers.

The just-so2~active!, SMA~sterile! and just-so2~sterile! so-
lutions predict essentially the same rate for the SK and S
experiments and therefore are strongly disfavored.

The statements above are supported by a detailed qu
tative analysis of the solar neutrino data that we have p
formed in this paper. The results of this analysis are
scribed in the rest of this paper. Previously some of the sa
conclusions were reported in@7–10#; see also the relate
studies@11–14#.

The paper is organized as follows. In Sec. II we pres
the results of the global analysis of the solar neutrino d
07302
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We construct the pull-off diagrams of available observab
for the global solutions found. In Sec. III we consider t
specifics of the global solutions and their implications. W
evaluate the quality of the data fit in each of the global
lutions. We calculate predictions for the day-night asymm
try and spectrum distortion in Sec. IV. Finally, prospects
identifying the solution to the solar neutrino problem a
discussed in Sec. V.

II. GLOBAL ANALYSIS AND PULL-OFF DIAGRAMS

We describe here the results of a global analysis of
solar neutrino data. We find global solutions~sets of oscilla-
tion parameters and solar neutrino fluxes that explain
solar neutrino data! and determine the goodness of fit~g.o.f.!
of the best fit points. We perform diagnostics of the glob
solutions by checking their stability with respect to vari
tions in the analysis and to uncertainties in the original so
neutrino fluxes. To check the quality of the fit we constru
the pull-off diagrams for the observables.

A. Features of the analysis

We follow the procedure of the analysis developed in o
previous publications@15–17,5# in collaboration with Bah-
call. We also describe some additional features, which sho
be taken into account when comparing our results with th
obtained by other groups.

In our global analysis we use~i! the Ar-production rate
from the Homestake experiment@18#, ~ii ! the Ge-production
rate from SAGE@19#, ~iii ! the combined Ge-production rat
from GALLEX and GNO @20,21#, ~iv! the CC event rate
measured by SNO@1#, and ~v! the day and night energy
spectra measured by SuperKamiokande@3#.

Following the procedure outlined in@5# we do not include
the total rate of events in the SK detector, which is not ind
pendent of the spectral data. In our standard global analy
we use 4 rates and 38 spectral data, a total of 42 data po
The number of free parameters and the number of degree
freedom ~d.o.f.! are different in different analyses and w
will specify them later.

The solar neutrino fluxes are taken according to
Bahcall-Pinsonneault 2000~BP2000! SSM @22# with the cor-
rected~due to improved measurement of the solar lumin
ity! boron neutrino fluxFB

SSM55.053106 cm22 c21. We de-
note byf B and f hep the fluxes of the boron and3He1p ~hep!
neutrinos measured in units of the BP2000 fluxes.

The analysis of the data is performed in terms of tw
neutrino mixing characterized by the mass squared dif
enceDm2 and the mixing parameter tan2u. We consider con-
version into pure active or pure sterile neutrinos.

We perform thex2 test of various oscillation solutions b
calculating

xglobal
2 5x rate

2 1xspectrum
2 , ~3!

wherex rate
2 andxspectrum

2 are the contributions from the tota
rates and from the SuperKamiokande day and night spe
respectively. Each of the entries in Eq.~3! is a function of the
2-2
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GLOBAL ANALYSIS WITH SNO: TOWARD THE . . . PHYSICAL REVIEW D 65 073022
four parameters (Dm2, tan2u, f B , and f hep!. It is an impor-
tant feature of our approach@5# that at each step of the min
mization process these parameters are kept the same in
of the two entries on the right-hand side of Eq.~3!.

B. Free flux fit

We perform the fit to the experimental data treating
boron neutrino fluxf B , and the hep neutrino fluxf hep, as
free parameters. There are several reasons to considerf B and
f hep as free parameters~for earlier work in this context see
@23#!.

~1! These fluxes have the largest uncertainties in the S
~see, however,@24#!.

~2! The goal of the solar neutrino studies is to find direc
from the solar neutrino data both the oscillation parame
and the neutrino fluxes. The free flux analysis is a way
achieve this goal.

~3! Comparing the fluxesf hep and f B found from the free
flux analysis with the SSM fluxes we can estimate the pl
sibility of the fit and the reliability of the solutions. Clearly
strong deviation of the fluxes for a given solution from t
SSM values will indicate certain problems with either t
solution or the SSM predictions.

~4! Last, but not least, this fit is the most conservative o
regarding the exclusion of certain scenarios.

Thus, together withDm2 and tan2u, there are four free
parameters and therefore 4224538 d.o.f. in thex2 fit. In
Table I we show the best fit values of the parametersDm2,
tan2u, f B , and f hep for different solutions of the solar neu
trino problem. We also give the corresponding values ofxmin

2

and the goodness of the fit. Several remarks are in orde
The absolutex2 minimum, x2529.2, is in the LMA re-

gion. Such a lowx2 for 38 d.o.f. is mainly due to the sma
spread of the experimental points in both the day and
night SK spectra. A similar situation is realized for the LO
solution. The SuperKamiokande day and night spectra ca
especially well described by solutions that predict a bump
the survival probability atE56 –8 MeV and a dip atE

TABLE I. Best fit values of the parametersDm2, tan2u, f B, and
f hep from the free flux analysis. The minimumx2 and the corre-
sponding g.o.f. are given in the last two columns. The numbe
degrees of freedom is 38: 4 rates~Homestake, SAGE, GALLEX/
GNO, SNO! 1 38 SK spectra points24 parameters.

Solution Dm2 (eV2) tan2u f B f hep xmin
2 g.o.f.

LMA 4.831025 0.35 1.12 4 29.2 0.85
VAC 1.4310210 0.40 ~2.5! 0.53 6 32 0.74
LOW 1.131027 0.66 0.88 2 34.3 0.64
SMA 6.031026 1.931023 1.12 4 40.9 0.34
Just-So2 5.5310212 1.0 0.44 0 45.8 0.18
VAC~sterile! 1.4310210 0.38 ~2.6! 0.54 9 35.1 0.60
Just-So2~sterile! 5.5310212 1.0 0.44 0 46.2 0.17
SMA~sterile! 3.831026 4.231024 0.52 0.2 48.2 0.12
LMA ~sterile! 1.031024 0.33 1.14 0 49.0 0.11
LOW~sterile! 2.031028 1.05 0.83 0 49.2 0.11
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510–11 MeV. This is the case of VAC solutions~both ac-
tive and sterile! with large hep flux. It is for this reason tha
VAC solutions have high goodness of the global fit. Accor
ing to Table I the VAC~sterile! solution is in the fourth posi-
tion after the LMA, VAC~active!, and LOW solutions, its fit
being only slightly worse than that of the LOW solution. Th
VAC~sterile! solution has, however, a number of problem
which we will discuss in the next section.

For LMA, LOW, and SMA solutions values off B , agree
with the SSM predictions within 1s theoretical uncertainty
(;18%). All VAC solutions and SMA~sterile!, as well as
just-so2 solutions, appear with a boron flux that is 3s below
the SSM boron neutrino flux. For the hep neutrino flux t
LMA, VAC, and SMA solutions imply significant~factors of
4–6! deviation from the central SSM value. However, a h
flux consistent with the SSM is still acceptable and does
significantly alter the goodness of fit~see the next section!.
The VAC~sterile! solution requires even larger hep neutrin
flux, namely, about nine times larger than the SSM value

For VAC solutions the matter effect is negligible and
the Table I two ‘‘symmetric’’ values of tan2u, tan2u1
51/tan2u2, correspond to mixing in the normal and dark~in
parentheses! sides of the parameter space.

Even within this conservative analysis the LMA~sterile!
and LOW~sterile! solutions give a very bad fit and in wha
follows we will not discuss them. Just-so2 ~active! and just-
so2 ~sterile! give very similar descriptions of the data so w
will present results for only one of them.

In Fig. 1 we show contours of constan
~90,95,99,99.73 %! confidence level with respect to the a
solute minimum in the LMA region. Following the sam
procedure as in@5# the contours have been constructed in t
following way. For each point in theDm2,tan2u plane we

f

FIG. 1. Global solutions from free flux analysis. The boron a
hep neutrino fluxes are considered as free parameters. The be
points are marked by dark circles. The absolute minimum of thex2

is in the LMA region. The allowed regions are shown
90%,95%,99%, and 99.73% C.L.’s with respect to the global m
mum in the LMA region.
2-3
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find the minimal valuexmin
2 (Dm2,tan2u) the varyingf B and

f hep. We define the contours of constant confidence leve
the condition

xmin
2 ~Dm2,tan2u!5xmin

2 ~LMA !1Dx2, ~4!

where xmin
2 (LMA) 529.3 is the absolute minimum in th

LMA region andDx2 is taken for two degrees of freedom
To clarify the role of the hep neutrino flux we present

Table II the result of thex2 analysis whenf hep51, treating
only f B as a free parameter. It follows from Table II th
fixing the flux f hep leads to a rather small change of th
oscillation parameters. At the same time, the constraintf hep
51 lowers the goodness of fit of solutions that imply a lar
value of f hep in the free flux analysis. We getDx251.8 for
VAC~sterile!, Dx251.4 for SMA, and Dx251.4 for
VAC~active! solutions.

According to Ref.@24# the calculated hep neutrino flu
has about 20% uncertainty. Therefore solutions that req
large f hep ~2–9! are disfavored and the results of the fit wi
f hep51 look more relevant.

C. SSM restricted global fit

In order to check the significance of the SSM restricti
on the boron neutrino flux we have performed the fit to
data adding to thex2 sum in Eq.~3! the term

S f B21

sB
D 2

, ~5!

wheresB50.18 is the average~of the upper and lower! 1s
theoretical error of the flux in the BP2000 model@22#. With
the term~5! included in our globalx2 we, in a way, treat the
SSM prediction for the boron neutrino flux as an independ
‘‘measurement’’ and consider it as an additional degree
freedom. This procedure makes sense because a signifi
contribution to the error in the SSM determination of t
boron neutrino flux comes from themeasurementsof the
p-Be cross section.

One ‘‘technical’’ remark is in order. Our approach diffe
from analyses where the boron neutrino flux is taken a

TABLE II. Best fit values of the parametersDm2, tan2u, and f B

from the global analysis withf hep51. The minimumx2 and the
corresponding g.o.f. are given in the last two columns. The num
of degrees of freedom is 38: 4 rates~Homestake, SAGE, GALLEX/
GNO, SNO! 1 38 SK spectral points24 parameters.

Solution Dm2 (eV2) tan2u f B xmin
2 g.o.f.

LMA 5.031025 0.36 1.1 30.1 0.85
VAC 1.4310210 0.363~2.7! 0.54 33.4 0.72
LOW 1.131027 0.69 0.86 34.5 0.67
SMA 5.531026 1.931023 1.04 42.2 0.33
Just-So2 5.5310212 1.0 0.44 46.4 0.19
VAC~sterile! 1.4310210 0.35 ~2.9! 0.55 36.9 0.57
SMA~sterile! 3.831026 4.231024 0.52 48.6 0.14
07302
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theoretical prediction from the SSM@8,9#. In the latter case
the term~5! is absent, the central SSM value is used in t
predictions of observables, and the theoretical errors on
boron neutrino flux are added to the experimental errors

In Table III and Fig. 2 we present the results of the fit wi
the SSM constrained boron neutrino flux. As expected,
most significant changes in comparison with the free fl
analysis~Table I! appear in those solutions and regions of t
oscillation parameters which imply strong deviation off B
from 1. Our results show that mostly the best fit points
well as thexmin

2 and goodness of fit of the VAC~active!, just-
so2, VAC~sterile!, and SMA~sterile! solutions are affected
Thus, for the VAC~active! solution Dxmin

2 53.4, and for
VAC~sterile! Dxmin

2 56.2. Moreover, the best fit VAC solu
tion shifts to another point of the oscillation parameters
agreement with results of other groups. There is no sign

er

TABLE III. Best fit values of the parametersDm2, tan2u, f B,
and f hep from the SSM restricted global analysis.f hep is considered
as a free parameter. The minimumx2 and the corresponding g.o.f
are given in the last two columns. The number of degrees of fr
dom is 40: 4 rates~Homestake, SAGE, GALLEX/GNO, SNO!
138 SK spectral points11 ( f B) 23 parameters.

Solution Dm2 (eV2) tan2u f B f hep xmin
2 g.o.f.

LMA 5.031025 0.36 1.10 4.0 29.5 0.84
SMA 5.531026 1.931023 1.10 4.0 41.2 0.33
LOW 1.131027 0.66 0.88 2.0 34.7 0.62
VAC 4.8310210 1.9 0.72 0.0 35.4 0.59
Just-So2 5.5310212 1.4 0.44 1.0 55.4 0.03
VAC~sterile! 1.4310210 2.63 0.55 8.0 41.3 0.33
SMA~sterile! 4.031026 4.831024 0.54 2.0 54.5 0.04

FIG. 2. Global solutions for the SSM restricted boron neutri
flux. hep neutrino flux is free. The best fit points are marked by d
circles. The absolute minimum of thex2 is in the LMA region. The
allowed regions are shown at 90%,95%,99%, and 99.73% C.
with respect to the global minimum in the LMA region.
2-4
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cant change of the LMA, LOW, and SMA best fit points a
goodness of fit.

In Fig. 2 we show the contours of consta
~90,95,99,99.73 %! confidence level for two degrees of fre
dom with respect to the absolute minimum in the LMA r
gion.

D. Analysis of ‘‘rates only’’

To clarify the relative significance of the total rates a
the SK spectrum in the global analysis of the data we h
performed a fit to the rates in the five experiments Hom
stake, SAGE, GALLEX/GNO, SNO, and SK. In this analys
we use the total rate of events in SK but do not use the
energy spectrum of the recoil electrons. The results of thex2

test are summarized in Table IV.
Notice that with the SNO result the SMA solution n

longer gives the best fit to the ‘‘rates only,’’ in contrast wi
pre-SNO analyses. The best fit is obtained in the VAC so
tion region. However, the parameters of this solution dif
significantly from the parameters of the global solution wh
spectral data are included.

The ‘‘rates only’’ fit shifts the LMA region to smaller
Dm2. The LOW solution is essentially unchanged. No
VAC~sterile! and LOW have low goodness of fit.

Notice that in the absence of the spectral data the valu
xmin

2 is comparable to or larger than the number of d.o.f.

E. Pull-off diagrams

In order to check the quality of the fits we have calcula
predictions for the available observables at the best fit po
of the global solutions found in the free flux analysis~see
Table V!. Using these predictions we have constructed
‘‘pull-off’’ diagrams ~Fig. 3! which show the deviationsDK
of the predicted values of observablesK from the central
experimental values expressed in units of 1s:

DK[
Kb f2Kexpt

sK
, K[QAr ,QGe,RCC ,Rne ,ADN

SK .

~6!

HeresK is the 1s standard deviation for a given observab
K. We take the experimental errors only:sK5sK

expt. The

TABLE IV. Best fit values of the parametersDm2 and tan2u
from the ‘‘rates only’’ analysis. The minimumx2 and the corre-
sponding g.o.f. are given in the last two columns. The numbe
degrees of freedom is 3: 5 rates~Homestake, SAGE, GALLEX/
GNO, SNO, SK! 22 parameters.

Solution Dm2 (eV2) tan2u xmin
2 g.o.f.

LMA 2.931025 0.36 3.55 0.31
SMA 7.931026 1.431023 5.1 0.16
LOW 1.031027 0.66 7.9 0.05
VAC 7.9310211 3.5 2.24 0.52
Just-So2 5.5310212 2.0 16.4 0.0009
SMA~sterile! 4.431026 1.031023 17.4 0.0006
VAC~sterile! 1.0310210 0.35 6.4 0.094
07302
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theoretical errors are related mainly to the uncertainty in
boron neutrino flux. Sincef B is treated as a free paramet
we do not take into account its theoretical errors. The
maining theoretical errors are small and strongly correla
in QAr , RCC , andRne .

The diagrams are good diagnostics of the fit. They all

f

TABLE V. Values of the total rates in Cl, Ga, SK, and SN
experiments at the best fit points of global solutions found in
free flux analysis. The rates in the radiochemical experiments
given in solar neutrino units. For SuperKamiokande and SNO
ratios of the best fit rates to the rates predicted in the SSM
given.

Solution Cl Ga SK SNO

LMA 2.89 71.3 0.452 0.323
SMA 2.26 74.4 0.463 0.396
LOW 3.12 68.5 0.446 0.368
VAC 3.13 70.2 0.423 0.364
Just-So2 3.00 70.8 0.434 0.434
SMA~sterile! 2.93 75.5 0.435 0.445
VAC~sterile! 3.24 69.9 0.414 0.381
Just-So2 3.01 70.9 0.434 0.435

FIG. 3. Pull-off diagrams for global solutions. Shown are dev
tions of predictions for the Ar-production rate, Ge-production ra
SK rate, day-night asymmetry at SK, and SNO rate from exp
mentally measured values. The pull-offs are expressed in unit
one standard deviation, 1s.
2-5
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one to pin down problems that some of the solutions h
and to elaborate criteria for further checks.

According to Fig. 3 only the LMA solution does not hav
strong deviations of the predictions from the experimen
results. The LOW, VAC, and SMA solutions give somewh
worse fits to the data. The fit from other solutions is ve
bad.

The pull-off diagrams give some clarification to a com
mon concern, namely, that the high statistics SK experim
~in particular its spectral data! overwhelms the rate data i
the global analysis. In particular, solutions, that are stron
disfavored by the rates give a good fit when spectral data
included.

This problem can be approached in a different way: o
can use just one parameter, e.g., the first moment, w
describes possible distortions of the recoil electron ene
spectrum@25#.

III. GLOBAL SOLUTIONS: PROPERTIES AND
IMPLICATIONS

Here we evaluate the status of global solutions using
following criteria: ~1! goodness of the global fit in the fre
flux analysis;~2! deviation of the boron and hep neutrin
fluxes found in the free flux analysis from the SSM val
fluxes, that is, the deviation off B and f hep from 1; ~3! good-
ness of the fit in the SSM restricted analysis and in the ‘‘ra
only’’ analysis; ~4! stability of the solution with respect to
variations of the analysis; and~5! quality of the fit of the
individual observables, i.e., features of the pull-off diagra
a deviation by more than 3s for some observables is a cle
signal of trouble. We identify solutions that pass all of the
criteria.

A. The best fit solution: LMA

The SNO result further favors the LMA solution@26#. In
all global analyses in which the SK spectral data are
cluded, the LMA method gives the minimalx2. The best fit
point from the free flux analysis is

Dm254.831025 eV2, tan2u50.35,

f B51.2, f hep54.0. ~7!

A large f hep is needed to account for some excess of the
events in the high energy part of the spectrum. Forf hep51,
values of the oscillation parameters are practically the sa
as in the free flux analysis~see Table II!, and the goodness o
the fit is even slightly higher. The boron neutrino flux is 20
higher than the central value in the SSM:FB5 f B3FB

SSM

55.663106 cm22 c21 being, however, within 1s devia-
tion. This flux is rather close to the central value extrac
from the SNO and SK data@1#.

The fit of the data with the SSM restrictedf B gives a
minimum of x2 at essentially the same values of paramet
as in Eq.~7!.
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The values of the oscillation parameters~7! found here
are very close to the values found by other groups@8,9#. This
shows that the solution is robust and does not change
the type of analysis.

Notice that the SNO data lead to a shift of the best
point ~as well as the whole region! to larger values of tan2u
as was discussed in the Introduction.

According to the pull-off diagram, the LMA solution re
produces observables at;1s or better. The largest deviatio
is for the Ar-production rate: the solution predicts a 1.1s
larger rate than the Homestake result.

The ‘‘rates only’’ analysis shifts the best fit point t
smallerDm2.

Considering the allowed regions at different confiden
levels we find the following.

~1! Dm2 is rather sharply restricted from below by th
day-night asymmetry of the SK event rate:Dm2.2
31025 eV2 at 99.73% C.L.

~2! The upper bound onDm2 is of great importance for
future experiments, in particular for the neutrino factori
@27#. We find, from the free flux fit~the CHOOZ bound is not
included!,

Dm2<H 1.931024 eV2, 90% C.L.,

2.331024 eV2, 95% C.L.,

4.331024 eV2, 99% C.L..
~8!

Similar results can be obtained from the analysis in Ref.@8#
where the CHOOZ data@28# have also been taken into ac
count. The CHOOZ bound becomes important for larger v
ues thanDm2;831024 eV2 where it modifies the 3s con-
tour.

The fit with the SSM restrictedf B gives a stronger bound
on Dm2. Instead of the limits in Eq.~8!, we get the upper
bounds 1.731024, 2.131024, and 3.131024 eV2 for 90%,
95%, and 99% C.L.’s respectively.

~3! The SNO and SK results~evidence ofnm ,nt appear-
ance! give an importantlower limit on mixing:

tan2u.0.2, 99% C.L. ~9!

~4! Maximal mixing is allowed only at the;3s level:

tan2u>1 for Dm25~4 –10!31025 eV2,

99.73% C.L. ~10!

In spite of the shift of the best fit point to larger values
Dm2 the C.L. for acceptance of maximal mixing is not low
than it was before the SNO result. The reason is that
SNO rate corresponds to a survival probability smaller th
1/2, which disfavors maximal mixing.

A similar result follows from the analysis in Ref.@8#,
where it was found that maximal mixing~at the 3s level! is
allowed forDm25(4 –20)31025 eV2.

In the fit with the SSM restrictedf B , maximal mixing is
even more disfavored: tan2u,0.9 at the 99.73% C.L.
2-6
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B. Large or small? The fate of the SMA solution

The fate of the SMA solution, the only solution that
based on small mixing, is of great importance for future d
velopments in both theory and experiment.

We find that the SMA solution is only marginally allowe
at the 3s level ~with respect to the global minimum! in the
free flux fit. The best fit point parameters are

Dm256.031026 eV2, tan2u50.0019,

f B51.12, f hep54. ~11!

The SNO result shifts the local minimum to substantia
larger mixing angles in comparison with the pre-SNO res
This is a consequence of the appearance of thenm /nt flux,
which implies large transition probability and therefore lar
mixing angles. At such a large tan2u one expects significan
distortion of the boron neutrino spectrum~see Sec. IV!.

An important feature of the solution is a large flux of h
neutrinos. It is this large flux which, together with the corr
lated systematic error andf B.1, makes it possible to get
reasonable description of the SK energy spectrum. If
SSM value is taken for the hep neutrino flux~see Table II!
the x2 increases byDx251.4.

These results are in agreement with those obtained in@8#.
In @9#, the SMA is accepted at lower than the 99% lev
Surprisingly, in this analysis the SNO result shifts the mixi
to even smaller values: the best fit value from@9# is at
tan2u5431024.

Before the SNO result, the SMA solution always gave
best fit to the total rates. Inclusion of the CC event r
measured by SNO moves the SMA solution to third positi
after the VAC and LMA solutions. Furthermore, the fit is n
longer good:xmin

2 55.1 for three d.o.f. From the pull-off dia
gram we find that there is a tension between the SNO
Homestake rates: The SNO data~CC rate! require rather
small survival probability for boron electron neutrinos. Fu
thermore, the gallium experiments imply strong suppress
of the beryllium neutrino flux. This leads to a low (1.9s)
Ar-production rate. At the same time, according to Fig. 3
CC event rate is 1.7s higher than the SNO result.

For a mixing angle corresponding to the best fit point~11!
one expects a significant regeneration effect in the core n
bin @29# due to parametric enhancement of oscillations
the core crossing trajectories@30#. However, the day and
night spectra we used in our analysis are not sensitive to
feature. The zenith angle distribution of events measured
the SK experiment does not show any core enhancemen@3#.
Inclusion of this information in the global analysis will fur
ther disfavor the SMA solution.

C. LOW solution: Next best?

For the best fit point of the free flux analysis we get

Dm251.131027 eV2, tan2u50.66,

f B50.88, f hep52.0. ~12!
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If the hep neutrino flux is fixed at its SSM value,f hep51, the
best fit point shifts to larger mixing: tan2u50.69. Notice that
the solution implies;1s lower boron neutrino flux than in
the SSM.

In the analysis with the SSM restrictedf B the best fit
point is the same as in Eq.~12!.

The LOW solution gives a rather poor fit of the total rate
x257.9 for 3 d.o.f.~see Table IV!. In the best fit point we get
2s larger Ar-production rate and 1.9s lower Ge-production
rate. It is this case where the overwhelming spectral inf
mation ‘‘hides’’ some problems with total rates in the glob
fit. The use of a single parameter for description of the sp
trum distortion gives a much lower goodness of fit for t
LOW solution as compared with the LMA solution@25#.

D. VAC oscillation solution is back?

As anticipated from the comparison of the pre-SNO p
dictions with the SNO result the VAC solution improves i
status. Indeed, at the best fit point of the free flux analys

Dm251.4310210 eV2, tan2u50.40 ~2.5!,

f B50.53, f hep56.0, ~13!

thex2 is even lower than in the LOW solution. The solutio
with the parameters~13! was found in the pre-SNO analys
@5#, but before the SNO result the goodness of the fit w
substantially lower in comparison with those of other so
tions.

The solution gives a very good description of the SK e
ergy spectrum. Thex2 is substantially smaller than the num
ber of degrees of freedom. The solution reproduces ra
precisely the bump in both the night and the day spectra
7–8 MeV and the dip at 11–12 MeV.~These features can b
well seen in Fig. 4e of Ref.@31#.! The bump in the spectrum
originates from the first maximum of the oscillation pro
ability, which corresponds to the oscillation phase 2p.
Above the bump the probability decreases with increas
energy and the increase ofRne at E.12 MeV is due to the
large flux of the hep neutrinos.

Notice that an excellent description of the spectrum
quires nonmaximal mixing, otherwise the distortion is ve
strong. The value of sin22u, which immediately determines
the depth of oscillations, should be about 0.8. Then to co
pensate for the rather large survival probability and to
plain the SNO result one needs to assume a smallf B
;0.5) original boron neutrino flux.

However, there are several problems with this solution
requires substantially (;3s) lower original boron neutrino
flux than in the SSM and substantially higher original h
neutrino flux:f hep56. In the fit with f hep51 thex2 increases
by Dx251.4.

For this solution one predicts seasonal asymmetry du
oscillationsA'20.6A0, whereA0;7% is the asymmetry
due to the geometrical factor only (1/R2 change of the flux!.
Thus one expects a suppressed seasonal asymmetry, in
trast with observations.
2-7
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The solution gives a rather good fit to the rates, althou
in the ‘‘rates only’’ analysis the best fit point shifts to a di
ferent island in parameter space. According to the pull-
diagram, the solution predicts a 2.1s higher Ar-production
rate and 2.6s lower SK rate, and no day-night asymmetry

The SSM restricted global fit shifts the best fit point to
‘‘island’’ centered around

Dm254.8310210 eV2, tan2u51.9. ~14!

Now f B50.72. This solution was found by other groups to
The solution in the same ‘‘island’’ of the oscillation param
eter space already appeared earlier~after 508 days of SK
operation! when a significant excess of events in the hi
energy part of the spectrum was observed. The solution
later excluded by SK data on the spectrum. After the S
result it reappeared again. The solution can reproduc
bump atE;8 MeV and the increase ofRne at high ener-
gies.

Thus, in the VAC region there are three local minima~two
of them are degenerate! with rather closex2. Small varia-
tions in the analysis shift the best fit VAC point from on
minimum to another.

Although the VAC solution provides a very good fit to th
data in the free flux global analysis, it does not pass ad
tional criteria of quality. It requires very strong deviations
the boron and hep neutrino fluxes from the SSM values.
goodness of the fit becomes substantially worse when
SSM restrictions are imposed on these fluxes. There are
nificant deviations in the pull-off diagram.

The just-so2 solution looks extremely unlikely in light o
the SNO result. It gives a very poor fit to the rates. In fa
the fit is so bad that even the flat spectrum that it predicts
agreement with the SK measurement, is not sufficient
make it plausible. Given the excellent fit of the LMA solu
tion, the Just-So2 solution is ruled out at 3s C.L. This result
is in agreement with Ref.@8#. Note that if the SNO experi-
ment fails to observe a large day-night asymmetry, the s
ation might change, and the Just-So2 solution might reappea
at about;3s C.L.

E. How large is large mixing?

This question is crucial for theory. In a number of a
proaches to bilarge mixing one gets mixing of the elect
neutrino that is very close to maximal mixing~see@32# for a
general discussion!.

In the LMA region we find from the free flux analysis

tan2u,H 0.68, 95% C.L.,

0.82, 99% C.L.,

1.05, 99.73% C.L.,
~15!

and, as we discussed in Sec III A, maximal mixing is allow
at ;3s level for Dm25(4 –10)31025 eV2. In the SSM
restricted analysis the bounds become stronger.

In the LOW region we find tan2u,0.9 at the 95% C.L.
Maximal mixing is accepted at slightly lower than 99% C.
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in the range 631029–331027 eV2, which covers the
LOW and the so-called QVO~quasivacuum oscillation! re-
gions.

Maximal mixing is the best fit value of the Just-So2 solu-
tion, although this solution is ruled out at the 3s level in the
global analysis. Notice that the fit of the data in the VA
region implies significant deviation from maximal mixing.

F. Do pure sterile solutions exist?

The best pure sterile solution~and the only one accepte
at the 3s level! is VAC~sterile!, as could be expected from
our pre-SNO analysis@5#. In the free flux analysis the solu
tion already appears at the 90% C.L. with the best fit po

Dm251.4310210 eV2, tan2u50.38~2.6!,

f B50.54, f hep59. ~16!

Partially, the difference between the SK and SNO rates
explained by distortion of the spectrum: the suppression
creases with increasing energy and therefore the hig
threshold at SNO leads to lower averaged survival proba
ity. However, mainly the fit ‘‘shares’’ the deviations betwee
SNO and SK results: the solution requires a 1.2s higher
SNO rate and significantly lower boron neutrino flux, whic
gives ane scattering rate 3.0s below the SK result~see Fig.
3!. The free flux analysis without the SK total rate does n
locate this problem immediately. In principle, it should rea
pear in a fit of the spectrum with similarDx2 since the
solution fits the shape of the spectrum rather well.

Notice that the parameters of this solution are very clo
to the parameters of VAC~active! apart from the two times
larger hep flux. So this solution leads to the same type
spectrum distortion as the one described in Sec. III D w
the bump atE57 –8 MeV and the dip atE511–12 MeV.

In addition to a strong deviation of thene scattering event
rate from the SK result, the solution predicts a 2.1s larger
Ar-production rate. The fit worsens when SSM restrictio
are imposed. For the SSM value of the hep neutrino flux
best fit point shifts to a smaller mixing angle and thex2

increases byDx251.8. In the analysis with the SSM re
stricted f B , the goodness of the fit drops further:Dx256.2.
In the fit of the rates the solution shifts to smallerDm2 where
the description of the SK spectra becomes bad. Thus,
solution does not pass additional quality tests.

The SMA~sterile! solution gives a very bad fit since
leads~in contrast with the VAC solution! to a distortion of
the boron neutrino spectrum with suppression that weak
with increase of energy. This solution contradicts the SN
result: a 3.3s higher rate is predicted.

Concerning sterile solutions one remark is in order. A b
ter fit of the data can be obtained if more than one ste
neutrino participates in the conversion. Such a possibility
realized when solar neutrinos convert to the so called ‘‘bu
neutrinos which propagate both in the usual and in~large!
extra space dimensions@33#. From the four-dimensiona
point of view the solarne is transformed to several Kaluza
Klein modes of the bulk neutrino, which show up as ster
2-8
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neutrinos. In this case one can reproduce~with low x2) the
SK spectral data, and at the same time have better des
tions of the total rates~see@34# for a recent analysis!.

IV. SNO: PREDICTIONS FOR THE NEXT STEP

Forthcoming results from SNO will include measur
ments of the day-night asymmetry and a more precise de
mination of the electron energy spectrum~higher statistics
and lower energy threshold!. Later, results on the NC/CC
ratio will be available. Predictions for these observables h
been extensively discussed before@35–40#. Here we sharpen
the predictions using the latest solar neutrino data. We
calculate the expected values of the total event rate in
BOREXINO experiment which will start to operate soon.

A. Day-night asymmetry

We calculate theD-N asymmetry at SNO,ADN
SNO, defined

as

ADN
SNO[2

N2D

N1D
, ~17!

for events above the thresholdEth56.75 MeV.
We compare the asymmetry of the CC events at SNO w

the asymmetry of thene events measured at SK:ADN
SK . There

are three factors that can lead to substantially different S
and SK asymmetries.

A ‘‘dumping’’ factor hdump describes the suppression
theD-N asymmetry in thene event rate due to the contribu
tion of thenm ,nt scattering to the signal. We get@16#

ADN
SNO}hdumpADN

SK , ~18!

where

hdump511
r

~12r !P̄
. ~19!

Here r[s(nm)/s(ne) is the ratio of cross sections of th
nme andnee scattering, andP̄ is the averaged survival prob
ability. Notice that with decrease ofP̄ the damping factor
increases.

A second factorh thr describes the effect of difference o
the energy thresholds: 5 MeV for SK and 6.75 MeV f
SNO. It also accounts for the larger minimum difference~the
binding energy of the deuteron, 1.44 MeV! between the neu
trino energy and electron energy in the SNO experiment

A third factor h reg is related to the difference of the geo
graphical latitudes. Since the Sudbury mine is at higher l
tude, the regeneration effect there is slightly weaker tha
Kamioka.

The total difference between the SNO and SK asymm
tries is the product of these three factors.

Let us consider now the predictions for the asymmetr
for individual solutions.
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1. LMA solution

In Fig. 4 we show the dependence of the asymmetry
Dm2 for different values of tan2u from the allowed region.
The asymmetry decreases with increase ofDm2 as;1/Dm2

for Dm2.431025 eV2, and at largerDm2 the decrease is
faster due to the effect of the adiabatic edge~see@17# for
details!. The dependence of the asymmetry on tan2u is rather
weak. At the best fit point we get

ADN
SNO57.2% ~Eth56.75 MeV!. ~20!

In the allowed region the asymmetry can take any value fr
essentially zero to 15% at the 90% C.L. At the 3s level it
can reach 20%. The asymmetry is maximal at the smal
possible values ofDm2 and tan2u within the allowed region.
It increases with the energy threshold due to increase of
regeneration factor:f reg}E/Dm2.

The expected asymmetry at SNO is substantially lar
than at SK. At the best fit point we getADN

SK53.6%; thus
ADN

SNO'2•ADN
SK . This difference can be easily understood

considering the factors mentioned above. Indeed, for the
fit point the survival probability can be estimated asP̄
'RSNO/ f B . Inserting the numbers from Table V we g
from Eq.~19! hdump51.6. In the LMA region the asymmetry
increases with increasingEth . The threshold factor ish thr
;1.2, andh reg is close to 1. As a result, the overall enhanc
ment factor at SNO is about 2.

2. LOW solution

The dependence of the asymmetry onDm2 for different
values of tan2u from the allowed region is shown in Fig. 5
At the best fit point~of the free flux analysis!

ADN
SNO52.4% ~Eth56.75 MeV!. ~21!

FIG. 4. The dependence of the day-night asymmetry of the C
event rate measured at SNO onDm2 for different values of the
mixing angle. The oscillation parameters are taken from the LM
allowed region. The best fit value ofDm2 is marked by the vertical
dashed line.
2-9
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The asymmetry increases linearly withDm2 for Dm2

.1027 eV2. It can reach 10–12% at the upper border of t
allowed (3s) region. ForDm2,1027 eV2 the asymmetry
decreases faster with deceasingDm2 due to the effect of the
nonadiabatic edge~see@17# for details!. It depends weakly
on the mixing angle.

Let us emphasize that theD-N asymmetry at the best fi
point of the LOW solution is substantially smaller than th
in the LMA region. Thus, observation of an asymme
ADN

SNO.5% will strongly favor the LMA solution.
In the LOW region theD-N asymmetry at SNO is also

larger than in the SK detector. However, the difference h
is not as large as in the LMA case. At the best fit point we
ADN

SK52%, which results inADN
SNO51.2ADN

SK . There are two
reasons for this difference.

~i! The average survival probability is larger now~the
mixing angle is larger!: P̄'RSNO/ f B50.42 ~see Table V!.
As a consequence, the damping factor is smaller:hdamp
51.45.

~ii ! The difference in the thresholds works in the oppos
direction in comparison with the LMA case, thus suppress
the SNO asymmetry. Indeed, in the LOW region the reg
eration factor decreases with increasingE/Dm2 and there-
fore the asymmetry decreases with increasing energy thr
old. For h thr;0.85 we get a total enhancement factor
agreement with the exact calculation.

3. SMA solution

The dependence of the asymmetry on tan2u for different
values ofDm2 is shown in Fig. 6. At the best fit point we ge
ADN

SNO52.6% and most of this asymmetry is collected fro
the ‘‘core’’ bin. The asymmetry increases fast with tan2u. In
the 3s allowed region it can be as large as 8%.

The SNO asymmetry is only slightly higher than the S
asymmetry:ADN

SK52.4%. In the SMA range, due to stron
dependence of the survival probability on energy, the rela

FIG. 5. The same as in Fig. 3~a! for the LOW solution. The
dashed vertical line marks the best fit value ofDm2 from the free
flux fit.
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between the SNO and SK asymmetries is more complica
than in Eq.~19!.

B. Spectrum distortion

As follows from previous studies@39,40,31,41#, in gen-
eral the sensitivity of the SNO measurements to the ene
spectrum distortion is higher than the sensitivity of SuperK
miokande due to better correlation of the neutrino and
~produced! electron energies. However, the present statis
at SNO is much lower than at SK, and the statistical err
are more than 2 times larger~in the range 8–10 MeV we ge
10–12% at SNO as compared with 4 –5% at SK!.

In our analysis we do not use the spectral informat
from the SNO experiment. Instead, we present here a qu
tative discussion comparing the present SNO data with p
dicted spectra from different solutions. This allows us
evaluate the significance of the present and forthcom
SNO results.

In Fig. 7 we show the expected spectra of events at S
for several values of the oscillation parameters in the LM
region. In the high energy part of the spectrum the distort
is due to the earth regeneration effect as well as the co
bution of the hep neutrino flux. However, forDm2<(4 –5)
31025 eV2 the regeneration effect is small and the turn
at E.11 MeV is due to increased (f hep55) flux of the hep
neutrinos. The turnup of the spectrum at low energies is
effect of the adiabatic edge of the suppression pit. Recall
the ratio of the event rate with oscillations to the event r
with no oscillations is determined by the product of the s
vival probability times the factor f B :RCC

} f B(Dm2) P̄(Dm2). With increase ofDm2 the spectrum
shifts to the adiabatic edge; forDm2,1025 eV2 the prob-
ability can be written as

FIG. 6. The dependence of the day-night asymmetry of the C
event rate measured at SNO on tan2u for different values ofDm2.
The oscillation parameters are taken from the SMA allowed reg
The best fit value of tan2u is marked by the vertical dashed line.
2-10



i

th

vi

in
o

th

all

d
th
c

w
ction

near

A
trum
lly.
on

at

the

n-
he

ng

.

al
and
n

rst
e
nt

im-
s
ts of
i-

ers
ts,

V.
er-

o a

e
s
he
so-

s
uld
sur-

,
for

s
ar

a

x

GLOBAL ANALYSIS WITH SNO: TOWARD THE . . . PHYSICAL REVIEW D 65 073022
P̄'~sin2u1 f reg1A!,

whereA is the correction due to the adiabatic edge and
proportional to the first momentdT:

A}dT}cos2uS Dm2

E D 2

~22!

~see the Appendix of@17# for more details!. The factor cos 2u
accounts for the disappearance of the distortion when
mixing approaches its maximal value. With increasingDm2

the size of the turnup and the distortion of the spectrum~first
moment! increase as (Dm2)2. Notice that at the same timef B
decreases to compensate for a total increase of the sur
probability. The distortion reaches a maximum atDm2

;1.531024 eV2 when the boron neutrino spectrum is
the middle of the adiabatic edge. With further increase
Dm2, the spectrum shifts out of the suppression pit and
distortion decreases. ForDm2.331024 eV2 the spectrum
is in the range where the probability is determined basic
by the averaged vacuum oscillations,P512sin22u/2, and
does not depend on the neutrino energy. Notice that the
tortion of the spectrum weakens due to integration over
neutrino energy and folding with the energy resolution fun

FIG. 7. The recoil electron energy spectra of the CC- event
SNO for global solutions of the solar neutrino problem. Shown
the ratios of the numbers of events with and without conversion
a function of the electron kinetic energy.~a! Spectra in the LMA
solution region for different values ofDm2 and tan2u50.35. ~b!
Spectra for the best fit points of the SMA, LOW, and VAC~active!
solutions.~c! Spectra for the best fit points of the SMA~sterile! and
VAC~sterile! solutions. Shown also in all panels are the SNO e
perimental data.
07302
s

e

val

f
e

y

is-
e
-

tion. Moreover, the SNO sensitivity to the distortion at lo
energies is weakened by the fast decrease of the cross se
with increasing energy.

The curves shown in Fig. 7~a! illustrate this behavior of
the spectrum. The short dashed line corresponds to
maximal distortion. As follows from the figure it will be very
difficult to establish the distortion expected from the LM
solution with SNO data. One needs to measure the spec
down to;5 MeV and to increase the statistics substantia
Thus, the prediction for SNO is that no significant distorti
should be seen in forthcoming measurements.

In Fig. 7~b! we show the expected spectra of events
SNO at the best fit points of the LOW, SMA, and VAC~ac-
tive! solutions. The correlated systematic errors~mainly due
to the error in the absolute energy scale calibration! are not
shown here. These errors can affect the conclusions from
fit to the spectrum, making the spectrum appear flatter.

At the best fit point of the LOW solution the earth rege
eration effect on the shape of the spectrum is small. T
weak positive slope~positive shift of the first moment! is due
to the effect of the adiabaticity violation~nonadiabatic edge
of the suppression pit!. The slope increases with decreasi
tan2u as well asDm2 ~for some analytical studies see@17#!.
It will be difficult to establish this distortion with SNO data

For the VAC~active! solution with low Dm2, Eq. ~13!, a
one predicts maximum of the ratioRCC at E;6 MeV. It
corresponds to the first oscillation maximum of the surviv
probability. The ratio decreases with increase of energy
at E.11 MeV the distortion flattens due to the contributio
of the hep neutrino flux. Thus, a negative shift of the fi
moment~slope! is expected. As follows from the figure, th
distortion is at the border of sensitivity of already prese
SNO data~correlated systematic errors can somewhat
prove the agreement between the data and the prediction!. A
further increase of statistics and especially measuremen
the spectrum at lower energies will be crucial for discrim
nation of the solution. Notice that the oscillation paramet
are well fixed by the SK spectrum, and no freedom exis
e.g., to change the distortion by varyingDm2. In particular,
the position of the maximum atE;6 MeV is immediately
determined by the maximum in the SK spectrum at 8 Me
The distortion can be identified by comparison of the av
aged ratioRCC at low and high energies:RCC(,9 MeV)
andRCC(.9 MeV).

A similar distortion is expected for the VAC~sterile! solu-
tion; see Fig. 7~c!. For VAC~active! with high Dm2 @see Eq.
~14!# one expects a flat distribution at low energies due t
strong averaging effect and a bump at high energiesE
.12 MeV.

For the SMA~active! solution there is a strong positiv
shift of the first moment~slope!. Correlated systematic error
improve the agreement with the experimental data. T
present SNO data can already have some impact on this
lution. The allowed region will drift to smaller mixing angle
where the distortion is weaker. The best fit boron flux sho
decrease in order to compensate for the increase of the
vival probability.

For the SMA~sterile! solution the distortion is very weak
as a consequence of very small mixing angle. However,
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this solution the predicted spectrum is systematically ab
the experimental points, which corresponds to a 3.3s higher
total rate.

In conclusion, the present SNO spectral data further fa
the LMA and LOW solutions. However, it will be difficult to
establish with the SNO data the weak spectral distorti
expected for these solutions. At the same time, the S
measurements can be sensitive to the strong distortion o
spectrum predicted by already disfavored solutions such
VAC and SMA.

C. NCÕCC ratio

The reduced neutral current event rate@NC# is defined as
the ratio of the rates with and without oscillations:@NC#
[NNC /NNC

SSM. Similarly, the reduced rate of the charged cu
rent event rate@CC#[NCC /NCC

SSM. We have calculated the
ratio of the NC and CC reduced rates,@NC#/@CC#, for global
solutions found from the free flux fit.

For the active neutrino conversion the ratio equals

NC

CC
5

1

P̄
'

f B

RSNO
, ~23!

where P̄ is the effective~averaged! survival probability of
the electron neutrinos. At the best fit points, using results
f B and RSNO from Tables I and V, we find@NC#/@CC#
53.5 ~LMA !, 2.4 ~LOW!, 2.8 ~SMA!, 1.5 ~VAC!, and'1
~Just-So2! in agreement with the results of numerical calc
lations ~see Fig. 8!.

For the sterile solutions we have

FIG. 8. The ratio of the reduced NC event rate to the redu
CC event rate. The circles give values of@NC#/@CC# at the best fit
points of the global solutions. The error bars show the predic
intervals of@NC#/@CC# that correspond to the 3s allowed regions
of global solutions.
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@NC#

@CC#
5

P̄NC

P̄CC

, ~24!

where P̄NC and P̄CC are the effective survival probabilitie
for the NC and CC samples, respectively. For the NC sam
the energy threshold is about 2.2 MeV, so thatPNC is aver-
aged over a larger interval thanPCC . As a consequence, th
probabilitiesP̄CC and P̄NC are different in general.

Notice that the largest value of the ratio is expected
the LMA solution:

@NC#

@CC#
53.521.7

12.4 ~LMA !. ~25!

Then rather close predictions follow from the SMA an
LOW solutions. A smaller value is predicted for the VA
solution. For sterile solutions the ratio is close to 1.

According to Fig. 8, there is a significant overlap of th
3s regions of predictions. However, measurements of
ratio with better than 20% accuracy can significantly contr
ute to discrimination of the solutions.

D. BOREXINO rate

For global solutions we have calculated the reduced ev
rate in the BOREXINO experiment@42#, RBOREXINO
[Nosc/NSSM, whereNosc andNSSM are the expected rate
with and without neutrino conversion. We averaged the
fect over the year.

The rate can be estimated asRBOREXINO5 P̄Be(12r )1r ,
where P̄Be is the averaged survival probability for the7Be
neutrino line. The probabilityP̄Be has been calculated for th

d

n

FIG. 9. The reduced event rate in the BOREXINO experime
The circles give values ofRBOREXINO at the best fit points of the
global solutions. The error bars show the prediction intervals t
correspond to the 3s allowed regions of the global solutions.
2-12
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oscillation parameters from the 3s allowed regions of solu-
tions found from the free flux analysis.r is the ratio of cross
sections of thenme and nee scattering at the the beryllium
line. We have used the neutrino-electron scattering cross
tions from Ref.@43#.

The results of calculations for six global solutions a
shown in Fig. 9. The rate is suppressed for all solutions
particular, for the LMA solution we get

RBOREXINO50.6620.08
10.11 ~LMA !.

A similar suppression is expected for the LOW solution. T
VAC solutions predict stronger suppression and the low
rate is expected for the SMA. Notice that the range of p
dictions for the SMA solution is very small due to the sma
ness of the allowed region itself.

There is a significant overlap of the predicted intervals
LMA, LOW, and VAC solutions. Therefore, it will be diffi-
cult to discriminate among these solutions using just to
rate measurements. However, BOREXINO has other ca
bilities, e.g., it can detect a strong day-night effect in the c
of the LOW solutions@44#, whereas strong seasonal vari
tions are expected if either the QVO or VAC solution
realized@45#.

V. CONCLUSIONS

We have performed a global analysis of the solar neutr
data including the charged current event rate measured
the SNO experiment. We tested the robustness of the gl
solutions by modifying the analysis. The quality of the
was checked by construction of the pull-off diagrams.

We find that the LMA solution with parameters in th
range Dm2;(4 –5)31025 eV2 and tan2u50.35–0.40
gives the best fit to the data. Moreover, the solution rep
duces the flat spectrum of recoil electrons at SK and give
very good description of the rates and of the day-night as
metry. It is in very good agreement with the SSM fluxes
the boron (f B51.10–1.13) and hep neutrinos. The values
the oscillation parameters and the goodness of the fit
stable with respect to variations of the analysis.

The LOW solution appears at 90% C.L. with respect
the best fit point in the LMA range. It gives a good fit to th
SK spectral data, but a rather poor fit to the rates: it pred
a larger than measured Ar-production rate and a smaller
measured Ge-production rate.

The VAC solution has a high goodness of global fit due
a very good description of the day and night spectra m
sured by the SK experiment. It has problems with other
teria, however. The solution requires strong deviation of
boron and hep fluxes from their SSM values. The fit becom
substantially worse when SSM restrictions are applied. T
solution shows strong deviations in the pull-off diagram~es-
pecially for the SuperKamiokande rate and the Ar-product
rate!. The analysis of the rates only selects a different po
in the oscillation parameter space.

The SMA solution appears at about 3s C.L. level with
respect to the best global solution in the LMA range. It giv
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a bad fit of the recoil electron energy spectrum and also
fit of the rates is rather poor.

The best sterile solution is VAC~sterile! with Dm251.4
310210 eV2. It is the only sterile solution accepted at low
than 3s C.L. in the free flux analysis. This solution, how
ever, has serious problems with other tests. Similarly
VAC~active!, the solution requires strong deviation of th
boron and hep fluxes from their SSM values. The fit becom
substantially worse when SSM restrictions are applied. T
solution shows strong deviations in the pull-off diagram:
particular, thene event rate is about 3s below the SK rate,
and the Ar-production rate is 2.4s higher than the Home-
stake result. The analysis of the rate only selects a diffe
point in the oscillation parameter space. Significant dist
tion of the energy spectrum is expected. The appearanc
the VAC solutions~both active and sterile! in the global fit is
related to a small spread of the experimental points in the
spectrum. These solutions can describe rather precisely
bump at 7–8 MeV and the dip at 11–12 MeV.

Maximal mixing is allowed at the 3s level in the LMA
region and at the 99% C.L. in the LOW and quasivacu
oscillation regions.

Measurements of theD-N asymmetry will provide strong
discrimination among the solutions. In the best fit range
the LMA solution the asymmetry at SNO isADN

SNO.7 –8 %,
and in the 3s allowed region it can reach 15–20 %. In th
LOW region one expects smaller asymmetry: at the bes
point ADN

SNO.2 –3 %, although in the 3s allowed region it
can be as large as 10–12 %. For the SMA solution the as
metry isADN

SNO<3%. The predicted SMA zenith angle distr
bution is not supported by SK data.

Clearly, observation of a largeD-N asymmetryADN
SNO

.5% will favor the LMA solution. It will strongly disfavor
the SMA solution, and exclude solutions based on vacu
oscillations~VAC, QVO, and Just-So2!. Furthermore, this re-
sult will strongly restrict the LMA solution to lowerDm2.
Even with existing statistics~the expected error is
324 %)any SNO result on theD-N asymmetry will be of
physical importance, excluding some solutions or further
stricting the allowed regions.

Significant distortion of the boron neutrino spectrum
expected for SMA and VAC solutions and already the pres
data can affect them. The VAC solution predicts the bump
6 MeV and the dip at 11 MeV in the dependence of theRCC
on energy. In the case of the LMA solution a turnup of t
spectrum at low energies is expected, which will be rat
difficult to observe at SNO. For the LMA and LOW solu
tions one expects essentially no distortion in future SN
measurements.

Important discrimination among solutions can be done
ing a precise determination of the@NC#/@CC# ratio. If the
soon-to-be-measured value of the@NC#/@CC# ratio turns out
to be significantly different from 1 it will become furthe
important evidence for neutrino oscillations. The value of t
measured ratio can also help distinguish between compe
solutions which presently provide comparable fits to the
lar neutrino data.

Additional information about the oscillation hypothesis
2-13
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expected to come from the KamLAND reactor experime
@46#. According to Ref.@47#, if the LMA solution is the cor-
rect one, KamLAND will be able to determine the oscillatio
parameters with high accuracy. Recently it was pointed
in Ref. @48# that the complications arising in the larg
(Dm2.1024 eV2) part of the LMA solution, for which
KamLAND will not be able to see a clear oscillation signa
can be resolved with intermediate long baseline ('20 km)
reactor experiments.

The forthcoming SNO data will undoubtedly provide im
portant empirical information and might become the n
major step in identifying the solution of the solar neutri
problem.
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