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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 curre(@C) event rate. This result further favors the large mixing arfgMA )
Mikheyev-Smirnov-WolfensteifMSW) solution of the solar neutrino problem. The best fit values of param-
eters we find areem”=(4.8-5.0)x 10" eV?, tarf¢=0.35-0.38,f5=1.08-1.12, and,o,= 1—4, wherefg
andfe, are the boron andHe+p (hep neutrino fluxes in units of the corresponding fluxes in the standard
solar modelSSM). With respect to this best fit point the losvm? (LOW) MSW solution is accepted at 90%

C.L. The vacuum oscillation solutiofvVAC) with Am?=1.4x 10 % eV?, gives a good fit to the data provided

that the boron neutrino flux is substantially smaller than the SSM ffux-0.5). The small mixing angle
(SMA) solution is accepted at about ther 3evel. We find that vacuum oscillations to a sterile neutrino,
VAC (sterile), with fz~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 ther3evel 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 ratefNC]/[CC] at SNO are calculated. In the best fit points of the global solutions we Affd

~7-8 % for the LMA, ~3% for the LOW, and 2 3% for the SMA regions. In the LMA region the
asymmetry can be as large as 15-20%. Observatigxfgf>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.
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[. INTRODUCTION for the difference is the appearance of the, v, flux.
From the SNO result and its comparison with the SK data

With the Solar Neutrino Observato@8NO) result[1,2]  one can immediately draw several conclusions: A strong
on the charged curred€C) rate, we now, for the first time deficit of thev, flux with respect to the standard solar model
ever, have more thand evidence of flavor conversion of (SSM) predictions is found; there is strong evidence that
solar neutrinos. “Smoking guns” have indeed started tofrom the Sun are converted ig,,v; there is no astrophysi-
smoke. The statement, made first in the original publicatiorfal solution of the solar neutrino probleifor a recent quan-
by the SNO Collaboration, is based on the difference of thditative analysis sept]); solutions of the solar neutrino prob-
boron neutrino fluxes determined from the CC event rate ilem based on pure active-sterile conversiog— v, are
the SNO detector, and thee scattering event rate obtained strongly disfavored; and more than half of the original
by the SuperKamiokandésK) [3] Collaboration(and con-  flux is transformed to neutrinos of a different type,, v,
firmed, albeit with smaller statistical significance, by SNO and possiblyvs, that is, thev, survival probability
Somewhat paradoxically, the absence of a significant distor-
tion of the boron neutrino spectrum at SuperKamiokande
adds to the strength of this conclusion.

In general, the difference between the signals in the SNO
and SK detectors can be due b the appearance of the In fact, with the assumption of a pure active transition one
v, v, flux, or/and(2) the distortion of the neutrino energy gets P=0.334-0.22 [2], which is just ~1c below 1/2.
spectrum. If the suppression of the boron neutrino fldxe  Clearly, if the sterile neutrino component is present in the
to some neutrino transformationsicreases with increasing flux, the survival probability is even smaller. The inequality
neutrino energy, then the higher sensitivity to higher energieél), if confirmed, will have crucial implications for further
of the CC reaction in SNO as compared with scattering in  experimental developments in the field, as well as for funda-
SK would explain the lower rate in SNO. mental theory.

In fact, both reasons imply neutrino conversion. However, We know now with high confidence that electron neutri-
the absence of a strong distortion of the boron neutrino spegios produced in the center of the Sun undergo flavor conver-
trum, as found by SuperKamiokande and independently corsion. However the specific mechanism of the conversion has
firmed by SNO, leads to the conclusion that the main reasonot yet been identified. As we will see, only some extreme

P<1/2. (1)
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possibilities are excluded by adding the SNO result to théNe construct the pull-off diagrams of available observables
previously available solar neutrino data. A number of solu-for the global solutions found. In Sec. Ill we consider the
tions still exist. specifics of the global solutions and their implications. We

The SNO result changes the status of specific solutions tevaluate the quality of the data fit in each of the global so-
the solar neutrino problem. The changes can be immediatelytions. We calculate predictions for the day-night asymme-
seen by comparing predictions for the CC event rate frontry and spectrum distortion in Sec. IV. Finally, prospects for
global solutions found in the pre-SNO analyfbs6] with the  identifying the solution to the solar neutrino problem are
SNO result. There are four solutions, three active and ondiscussed in Sec. V.
sterile, which give predictions close to the SNO result:

SNO Il. GLOBAL ANALYSIS AND PULL-OFF DIAGRAMS
R2EO= Som~ 0-347+0.029. 2 We describe here the results of a global analysis of the
solar neutrino data. We find global solutiofs®ts of oscilla-

(1) The large mixing angléLMA) Mikheyev-Smirnov- tion parameters and solar neutrino fluxes that explain the
Wolfenstein (MSW) solution: the 3 prediction interval ~Solar neutrino dajeand determine the goodness of(fjto.f)
Rcc=0.20—0.41 covers the SNO resuR{-=[CC] from  ©of the best fit points. We perform diagnostics of the global
[5]). The best fit point from the pre-SNO analysRcc  Solutions by checking their stability with respect to varia-
=0.31, is slightly (-10) below the central value given by tions in the analysis and to uncertainties in the original solar
SNO. Therefore, the SNO result shifts the region of the LMANeutrino fluxes. To check the quality of the fit we construct
solution and the best fit point to larger values of mixing the pull-off diagrams for the observables.
angles, which correspond to larger survival probability.

(2) The low Am? (LOW) solution: the interval of predic- A. Features of the analysis
tionsRc-=0.36—-0.42 is above the SNO result. In the best fit We follow th d f th vsis developed i
point Re¢ is 20 (experimental higher than the central SNO ¢ foflow the procedure ol the analysis developed in our

value. Therefore this solution is somewhat less favored, anfreVious publication$15-17.3 in collaboration with Bah-

the SNO result tends to shift the allowed region to smallerca"' We also describe some additional features, which should
values of, which correspond to smaller survival probabil- be taken into account when comparing our results with those

ity obtained by other groups.

_— . In our global analysis we usg) the Ar-production rate
(3) The vacuum oscillatiofVAC) solution: the expected . . ;
interval Rcc=0.33-0.42 also covers the SNO range, and the]:rom the Homestake experimefats], (i) the Ge-production

. ~ o fate from SAGH19], (iii) the combined Ge-production rate
best fit valueR;-=0.38 is just br _above the central SNO from GALLEX and GNO[20,21], (iv) the CC event rate
result. Therefore, the SNO result improves the status of this d b d he d d nigh
solution measured by SNQ@1], and (v) t e day and night energy

: . I . . spectra measured by SuperKamiokangle
(4) The solution of vacuum oscillations to sterile neutri- : . .
nos, VAQSsterile: the predicted intervaRec=0.36—0.41 Following the procedure outlined ] we do not include
’ . cc— V. —VU. y . . . . )
with the best fit point 0.39, is only slightly higher than for the total rate of events in the SK detector, which is not inde

the VAC(active case. Here the low rate predicted for SNO is pendent of the spectral data. In our standard global analysis,

; . e use 4 rates and 38 spectral data, a total of 42 data points.
due to the difference of the thresholds in the SNO af‘d SK he number of free parameters and the number of degrees of
experiments and to the steep increase of the suppression wi

) ; 2o

neutrino energy. This solution survives the first SNO resuIt.vflﬁfgog:i(%?g'e)n?rlgtgr'ﬁerem in different analyses and we
Other solutions look less favorable in the light of the SNO P X

result. In particular, the small mixing anglEMA) MSW

The solar neutrino fluxes are taken according to the
solution intervaR¢ = 0.37—-0.50especially its best fit point Bahcall-Pinsonneault 200@P2000 SSM[22] with the cor-
0.46 from the pre-SNO analy$iss substantially above the

rected(due to improved measurement of the solar luminos-
SNO rate. This solution is further disfavored by the SNO

ity) boron neutrino flu53"=5.05< 10° cm™2 ¢~ . We de-
result. In fact, the SMA solution predicts the opposite energ)POte byfs andfhepthe fluxes of the boron antHe+p (hep
dependence of the suppression on the neutrino energy to t

quutrinos measured in units of the BP2000 fluxes.
one SNO prefers The analysis of the data is performed in terms of two-
The just-sé(active), SMA(sterile and just-sé(sterile) so-

neutrino mixing characterized by the mass squared differ-
2 s .

lutions predict essentially the same rate for the SK and SN@nceAm and the mixing parameter t&1 We consider con-

experiments and therefore are strongly disfavored.

version into pure active or pure sterile neutrinos.
2 . . . .
The statements above are supported by a detailed quanti- We perform they“ test of various oscillation solutions by

tative analysis of the solar neutrino data that we have pei@iculating

formed in this paper. The results of this analysis are de-

2 _ .2 2
scribed in the rest of this paper. Previously some of the same Xglobal™ Xrate T Xspectrunm ()
conclusions were reported i¥—10]; see also the related
studies[11—14. wherexfaie and x5 pecirymare the contributions from the total

The paper is organized as follows. In Sec. Il we presentates and from the SuperKamiokande day and night spectra,
the results of the global analysis of the solar neutrino datarespectively. Each of the entries in E§) is a function of the
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TABLE I. Best fit values of the parametedsn?, tarf g, fg, and 10-8 p——rrrrm— e g
fhep from the free flux analysis. The minimurg® and the corre-
sponding g.o.f. are given in the last two columns. The number of 107 .
degrees of freedom is 38: 4 ratddomestake, SAGE, GALLEX/ - ]
GNO, SNQ + 38 SK spectra points-4 parameters. 10-° 3 <~ SMA -
Solution Am?(eV?)  tarfd fg  fhep Xain 9-0F. 100 F i
LMA 48x107° 035 112 4 292 085 > 107 F 90 % C.L. LOW 3
VAC 1.4x10°1° 04025 053 6 32 0.74 o f e eszcCL :
LOW 1.1x10°7 066 088 2 343 064 Ew - mmmm 99 % CLL. I
SMA 6.0<10°° 19x10°% 1.12 4 409 0.34 10 = 9973 % CL 4
Just-Sé 55<102 10 044 0 458 0.18 e — ]
VAC (sterile 1.4x107%° 0.38(26 054 9 351 0.60 10-1 |- ———=
Just-SB(sterile 5.5x10°2 1.0 044 0 462 0.17 s b le ¥ B0 w5ph) + Spl) 3
SMA(sterilg ~ 3.8x10°® 4.2x10°4 052 0.2 482 0.12 1o-1t B and hep free + BP2000 E
LMA (sterile 1.0x10* 033 114 0 49.0 0.11 - AP BT BN T I
LOW(sterile 2.0x10°8 1.05 083 0 492 011 10-4 10-3 10-2 10-? 100 10!

four parametersAm?, tarf6, fg, andfey). It is an impor-
tant feature of our approadb] that at each step of the mini-

tan?(@)

FIG. 1. Global solutions from free flux analysis. The boron and
hep neutrino fluxes are considered as free parameters. The best fit
points are marked by dark circles. The absolute minimum ofythe

mization process these parameters are kept the same in eashin the LMA region. The allowed regions are shown at

of the two entries on the right-hand side of Eg).

B. Free flux fit

90%,95%,99%, and 99.73% C.L.’s with respect to the global mini-
mum in the LMA region.

=10-11 MeV. This is the case of VAC solutiofisoth ac-

We perform the fit to the experimental data treating thetive and sterilg with large hep flux. It is for this reason that

boron neutrino fluxfg, and the hep neutrino fluk,e,, as
free parameters. There are several reasons to corfgi@erd
frep @s free parameterdor earlier work in this context see

[23]).

VAC solutions have high goodness of the global fit. Accord-
ing to Table | the VAGsterile solution is in the fourth posi-
tion after the LMA, VAQactive, and LOW solutions, its fit
being only slightly worse than that of the LOW solution. The

(1) These fluxes have the largest uncertainties in the SSNAC (sterile solution has, however, a number of problems

(see, howevel,24]).

which we will discuss in the next section.

(2) The goal of the solar neutrino studies is to find directly  For LMA, LOW, and SMA solutions values dfy, agree
from the solar neutrino data both the oscillation parametersith the SSM predictions within & theoretical uncertainty
and the neutrino fluxes. The free flux analysis is a way tq ~18%). All VAC solutions and SMAsterile, as well as

achieve this goal.
(3) Comparing the fluxe$;,., andfg found from the free

just-s@ solutions, appear with a boron flux that is-®elow

the SSM boron neutrino flux. For the hep neutrino flux the

flux analysis with the SSM fluxes we can estimate the plaut MA, VAC, and SMA solutions imply significantfactors of

sibility of the fit and the reliability of the solutions. Clearly,

4-6) deviation from the central SSM value. However, a hep

strong deviation of the fluxes for a given solution from theflux consistent with the SSM is still acceptable and does not
SSM values will indicate certain problems with either thesignificantly alter the goodness of fisee the next section

solution or the SSM predictions.

The VAC(sterile solution requires even larger hep neutrino

(4) Last, but not least, this fit is the most conservative oneflux, namely, about nine times larger than the SSM value.

regarding the exclusion of certain scenarios.

Thus, together wittAm? and tafé, there are four free
parameters and therefore 42=38 d.o.f. in they? fit. In
Table | we show the best fit values of the parametens’,
tarfg, fg, and f,, for different solutions of the solar neu-
trino problem. We also give the corresponding vaIue,i;ﬁqf1
and the goodness of the fit. Several remarks are in order.

The absolutey? minimum, x2=29.2, is in the LMA re-
gion. Such a lowy? for 38 d.o.f. is mainly due to the small

For VAC solutions the matter effect is negligible and in
the Table | two “symmetric’ values of taw, tarfé,
= 1/tarf §,, correspond to mixing in the normal and ddik
parenthesgssides of the parameter space.

Even within this conservative analysis the LN#&erile
and LOWsterile solutions give a very bad fit and in what
follows we will not discuss them. Just%scactive) and just-
s¢f (sterile give very similar descriptions of the data so we
will present results for only one of them.

spread of the experimental points in both the day and the In Fig. 1 we show contours of constant

night SK spectra. A similar situation is realized for the LOW (90,95,99,99.73 %confidence level with respect to the ab-

solution. The SuperKamiokande day and night spectra can belute minimum in the LMA region. Following the same

especially well described by solutions that predict a bump irprocedure as ifi5] the contours have been constructed in the
the survival probability aE=6-8 MeV and a dip aE  following way. For each point in tham? tarfé plane we
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TABLE II. Best fit values of the parametefam?, tarf¢, andfg TABLE lIl. Best fit values of the parametetsm?, tarfé, fg,
from the global analysis witf,.,=1. The minimumy? and the andfy,e, from the SSM restricted global analysfs is considered
corresponding g.o.f. are given in the last two columns. The numbeas a free parameter. The minimuypA and the corresponding g.o.f.
of degrees of freedom is 38: 4 ratésomestake, SAGE, GALLEX/ are given in the last two columns. The number of degrees of free-
GNO, SNQ + 38 SK spectral points-4 parameters. dom is 40: 4 ratefHomestake, SAGE, GALLEX/GNO, SNO
+38 SK spectral points-1 (fg) —3 parameters.

Solution Am? (eV?) tarf o fs X2, Q.Of — -

LMA 5.0x10°® 0.36 1.1 301 0.85 Solution Am*(eV)  tars fo  Trep Xmin 9-Of
VAC 1.4x10°10 0.363(2.7 0.54 334 0.72 LMA 5.0X10°° 0.36 1.10 4.0 295 084
LOW 1.1x10°’ 0.69 086 345 067 gMmA 55x10°6 1.9x10°3 1.10 4.0 412 0.33
SMA 5.5x 1076 1.9x10°% 1.04 422 0.33 LOW 1.1x10°7 0.66 0.88 2.0 347 062
Just-S6 5.5x10 12 1.0 044 464 019 \ac 48x10°° 19 072 00 354 059
VAC(sterile ~ 1.4x10°*° 03529 055 369 057  justSd 5.5x 10~ 12 1.4 044 1.0 554 0.03

SMA(sterile ~ 3.8<10°° 4.2x10°* 052 486 0.14  yaC(sterile 1.4x10°1° 263 055 80 413 033
SMA(sterile  4.0x10°® 4.8x10°* 0.54 2.0 545 0.04

find the minimal valuey?,,(Am?, tarf¢) the varyingfg and
fhep- We define the contours of constant confidence level byheoretical prediction from the SSE8,9]. In the latter case

the condition the term(5) is absent, the central SSM value is used in the
predictions of observables, and the theoretical errors on the
szmn(AmZ,tar?e)zxrzmn(LMA)+AX2, (4) boron neutrino flux are added to the experimental errors.

In Table Il and Fig. 2 we present the results of the fit with
where szm(LMA) =29.3 is the absolute minimum in the the SSM constrained boron neutrino flux. As expected, the
LMA region andA y? is taken for two degrees of freedom. most significant changes in comparison with the free flux

To clarify the role of the hep neutrino flux we present in analysis(Table ) appear in those solutions and regions of the
Table Il the result of the¢? analysis wherfp,o,=1, treating ~ oscillation parameters which imply strong deviation fgf
only fg as a free parameter. It follows from Table Il that from 1. Our results show that mostly the best fit points as
fixing the flux f,e, leads to a rather small change of the Well as theyz,, and goodness of fit of the VA@ctive), just-
oscillation parameters. At the same time, the constrijgt s, VAC(sterile, and SMA(sterile solutions are affected.
=1 lowers the goodness of fit of solutions that imply a largeThus, for the VAGactive solution Ax3,,=3.4, and for
value of o, in the free flux analysis. We gety’=1.8 for  VAC(sterile AxZ.,=6.2. Moreover, the best fit VAC solu-
VAC (sterile, Ax?=1.4 for SMA, and Ax?=1.4 for tion shifts to another point of the oscillation parameters in

VAC (active solutions. agreement with results of other groups. There is no signifi-
According to Ref.[24] the calculated hep neutrino flux
has about 20% uncertainty. Therefore solutions that require 103 ——rrrm——
large fe, (2—9 are disfavored and the results of the fit with 3 @ 3
frep=1 look more relevant. 107 LMA 3
: . 106 |- o
C. SSM restricted global fit 3 ~ SMA 3
In order to check the significance of the SSM restriction 10-¢ 3 3
on the boron neutrino flux we have performed the fit to the s ]
data adding to thg? sum in Eq.(3) the term \%, 107 3 90 % C.L. Low i
™ - e 95 % C.L.
E 10® [ 5
fg—1)2 4 " == 99 % CL.
o ) : 5 10%f == 9973 % CL = ]
Wk “vac =~ ]
whereog=0.18 is the averagéof the upper and lowerlo 10 .- Cl + Ga + SNO + Sp(D) + Sp(N) _'
theoretical error of the flux in the BP2000 modaR]. With 10-11 [ BP2000 ]
the term(5) included in our globaj? we, in a way, treat the 3
SSM prediction for the boron neutrino flux as an independent ot L vvnd vl vl vl i
“measurement” and consider it as an additional degree of e 1o lo':ana(o)lo" 1g# 1ot

freedom. This procedure makes sense because a significant
contribution to the error in the SSM determination of the |G, 2. Global solutions for the SSM restricted boron neutrino
boron neutrino flux comes from theeasurementsf the  flux. hep neutrino flux is free. The best fit points are marked by dark
p-Be cross section. circles. The absolute minimum of thg is in the LMA region. The

One “technical” remark is in order. Our approach differs allowed regions are shown at 90%),95%,99%, and 99.73% C.L.’s
from analyses where the boron neutrino flux is taken as &ith respect to the global minimum in the LMA region.
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TABLE IV. Best fit values of the parameter&m2 and take TABLE V. Values of the total rates in Cl, Ga, SK, and SNO
from the “rates only” analysis. The minimuny? and the corre- experiments at the best fit points of global solutions found in the
sponding g.o.f. are given in the last two columns. The number ofree flux analysis. The rates in the radiochemical experiments are
degrees of freedom is 3: 5 ratédlomestake, SAGE, GALLEX/ given in solar neutrino units. For SuperKamiokande and SNO the

GNO, SNO, SK —2 parameters. ratios of the best fit rates to the rates predicted in the SSM are
given.
Solution Am? (eV?) tarf o X2in  g.o.f
Solution Cl Ga SK SNO
LMA 2.9%107° 0.36 3.55 0.31
SMA 7.9x10°© 1.4x10°3 5.1 0.16 LMA 2.89 71.3 0.452 0.323
LOW 1.0x10°7 0.66 7.9 0.05 SMA 2.26 74.4 0.463 0.396
VAC 7.9x10° 1 3.5 2.24 0.52 LOW 3.12 68.5 0.446 0.368
Just-S8 5.5x 10712 2.0 16.4 0.0009 VAC 3.13 70.2 0.423 0.364
SMA(sterile 4.4x10°° 1.0x10°® 17.4  0.0006 Just-Sé 3.00 70.8 0.434 0.434
VAC (sterile) 1.0x10 10 0.35 6.4 0.094 SMA(sterile) 2.93 75.5 0.435 0.445
VAC (sterile) 3.24 69.9 0.414 0.381

cant change of the LMA, LOW, and SMA best fit points and‘JUS‘t'Sa 3.01 709 0.434 0.435

goodness of fit.

In Fig. 2 we show the contours of constant
(90,95,99,99.73 %confidence level for two degrees of free-
dom with respect to the absolute minimum in the LMA re-
gion.

theoretical errors are related mainly to the uncertainty in the
boron neutrino flux. Sincéy is treated as a free parameter
we do not take into account its theoretical errors. The re-
maining theoretical errors are small and strongly correlated
in Qar, Ree, andR .

D. Analysis of rates only The diagrams are good diagnostics of the fit. They allow

To clarify the relative significance of the total rates and
the SK spectrum in the global analysis of the data we have = — ;
performed a fit to the rates in the five experiments Home-SNO LMA - |[ISMA
stake, SAGE, GALLEX/GNO, SNO, and SK. In this analysis Apx| 1 L
we use the total rate of events in SK but do not use the SKsK | ([ : i
energy spectrum of the recoil electrons. The results of¢the Ga | O I
test are summarized in Table IV. a | - |

Notice that with the SNO result the SMA solution no : : :
longer gives the best fit to the “rates only,” in contrast with gyq |[Vac
pre-SNO analyses. The best fit is obtained in the VAC solu-, |
tion region. However, the parameters of this solution differ ™~
significantly from the parameters of the global solution when
spectral data are included. Ga

The “rates only” fit shifts the LMA region to smaller e —' —]
Am?. The LOW solution is essentially unchanged. Now : — ;
VAC (sterile and LOW have low goodness of fit. SNO | |Just—so* | ||[VASs -

Notice that in the absence of the spectral data the value oApn| [—
X2 is comparable to or larger than the number of d.o.f. sk [—

Ga ]

E. Pull-off diagrams a | m—— E——

In order to check the quality of the fits we have calculated —— S — T
predictions for the available observables at the best fit pointsSNO || SMAst Just=sog;
of the global solutions found in the free flux analyss®e  Apn L— L—
Table V). Using these predictions we have constructed thesk (— (—
“pull-off” diagrams (Fig. 3) which show the deviationB Ga I (-
of the predicted values of observablgsfrom the central ¢« | _— :
experimental values expressed in units of: 1 — —

LOW |

I_I

[ 1]

D, o D, o
be_Kexpt

Dy= U—K' K=Qar,Qae:Rcc:Rye 'Agllfl : FIG. 3. Pull-off diagrams for global solutions. Shown are devia-
(6) tions of predictions for the Ar-production rate, Ge-production rate,

SK rate, day-night asymmetry at SK, and SNO rate from experi-
Here oy is the 1o standard deviation for a given observable mentally measured values. The pull-offs are expressed in units of

K. We take the experimental errors onlyix=o5*P'. The  one standard deviationol
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one to pin down problems that some of the solutions have The values of the oscillation parametd® found here
and to elaborate criteria for further checks. are very close to the values found by other gro@8]. This

According to Fig. 3 only the LMA solution does not have shows that the solution is robust and does not change with
strong deviations of the predictions from the experimentathe type of analysis.
results. The LOW, VAC, and SMA solutions give somewhat Notice that the SNO data lead to a shift of the best fit
worse fits to the data. The fit from other solutions is verypoint (as well as the whole regioito larger values of te
bad. as was discussed in the Introduction.

The pull-off diagrams give some clarification to a com-  According to the pull-off diagram, the LMA solution re-
mon concern, namely, that the high statistics SK experimenproduces observables-atlo or better. The largest deviation
(in particular its spectral dataoverwhelms the rate data in is for the Ar-production rate: the solution predicts adl.1
the global analysis. In particular, solutions, that are stronglytarger rate than the Homestake result.
disfavored by the rates give a good fit when spectral data are The “rates only” analysis shifts the best fit point to
included. smallerAm?.

This problem can be approached in a different way: one Considering the allowed regions at different confidence
can use just one parameter, e.g., the first moment, whiclevels we find the following.
describes possible distortions of the recoil electron energy (1) Am? is rather sharply restricted from below by the
spectrum[25]. day-night asymmetry of the SK event rate&xm?>2

X 10> eV? at 99.73% C.L.
(2) The upper bound ohm? is of great importance for
Ill. GLOBAL SOLUTIONS: PROPERTIES AND future experiments, in particular for the neutrino factories
IMPLICATIONS [27]. We find, from the free flux fiithe CHOOZ bound is not

Here we evaluate the status of global solutions using thécluded,
following criteria: (1) goodness of the global fit in the free

flux analysis;(2) deviation of the boron and hep neutrino 1.9x10° % eV?, 90% C.L.,
fluxes founq in the fre.e.flux analysis from the SSM value A< 2.3x10°4 eV2 95% C.L., .
fluxes, that is, the deviation df; and fye,from 1; (3) good- me< I (8)
ness of the fit in the SSM restricted analysis and in the “rates 4.3x10°" eVvs, 99% C.L.

only” analysis; (4) stability of the solution with respect to

variations of the analysis; an@) quality of the fit of the  gimijlar results can be obtained from the analysis in &
individual observables, i.e., features of the pull-off diagram;where the CHOOZ dat28] have also been taken into ac-
a deviation by more thana for some observables is a clear count. The CHOOZ bound becomes important for larger val-
signal of trouble. We identify solutions that pass all of theseyes tham\m2~8x10-% eV2 where it modifies the @ con-
criteria. tour.
The fit with the SSM restrictefly gives a stronger bound
A. The best fit solution: LMA on Am2, Insteeﬂ of the Iirfn4its in Eq(8), V,Vf get2 the upper
. bounds 1.%¥10 %, 2.1X10 %, and 3.X 10" * eV* for 90%,
The SNO result further favors the LMA solutig@6]. In 950, and 99% C.L.’s respectively.
all global analyses in which the SK spectral data are in- (3) The SNO and SK resultg@vidence ofv, ,v, appear-
cluded, the LMA method gives the minimgFf. The best fit ance give an importantower limit on mixing:M
point from the free flux analysis is
tarf9>0.2, 99% C.L. 9
Am?=4.8x10°5 eV,  tarf§=0.35, ’ ©

(4) Maximal mixing is allowed only at the-3¢ level:
fe=12,  fnep=40. @ tafg=1  for Am?=(4-10x10°5 eV?,

A large f,¢pis needed to account for some excess of the SK 99.73% C.L. (10)

events in the high energy part of the spectrum. fp=1,

values of the oscillation parameters are practically the samin spite of the shift of the best fit point to larger values of

as in the free flux analysisee Table I, and the goodness of Am? the C.L. for acceptance of maximal mixing is not lower

the fit is even slightly higher. The boron neutrino flux is 20%than it was before the SNO result. The reason is that the

higher than the central value in the SSMz=fgxF5°™  SNO rate corresponds to a survival probability smaller than

=5.66x10° cm 2c¢~ ! being, however, within & devia-  1/2, which disfavors maximal mixing.

tion. This flux is rather close to the central value extracted A similar result follows from the analysis in Ref8],

from the SNO and SK datfl]. where it was found that maximal mixin@t the 3 level) is
The fit of the data with the SSM restricteéfgg gives a  allowed forAm?=(4-20)x10° eV2,

minimum of 2 at essentially the same values of parameters In the fit with the SSM restrictefly, maximal mixing is

as in Eq.(7). even more disfavored: ta8<0.9 at the 99.73% C.L.
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B. Large or small? The fate of the SMA solution If the hep neutrino flux is fixed at its SSM valug,e= 1, the
The fate of the SMA solution, the only solution that is best fit p(l)int.shift.s to larger mixing: téﬂ=0.§9. Notice thqt
based on small mixing, is of great importance for future delhe solution implies~ 1o lower boron neutrino flux than in
velopments in both theory and experiment. the SSM. . ) )
We find that the SMA solution is only marginally allowed [N the analysis with the SSM restrictefg the best fit

at the 3r level (with respect to the global minimunin the ~ Pointis the same as in E¢L2). ,
free flux fit. The best fit point parameters are The LOW solution gives a rather poor fit of the total rates,

x2=7.9 for 3 d.o.f(see Table IV. In the best fit point we get
Am2=6.0x10"6 eV2, tarf6=0.0019, 20 Iarggr A(—production rate and ]aQIowerlGe-productic.)n
rate. It is this case where the overwhelming spectral infor-
mation “hides” some problems with total rates in the global
fg=1.12, fhe=4. (1) fit. The use of a single parameter for description of the spec-
trum distortion gives a much lower goodness of fit for the

The SNO result shifts the local minimum to substantially| ow solution as compared with the LMA solutig@5].
larger mixing angles in comparison with the pre-SNO result.

This is a consequence of the appearance ofuthev; flux,
which implies large transition probability and therefore large
mixing angles. At such a large tahone expects significant As anticipated from the comparison of the pre-SNO pre-
distortion of the boron neutrino spectruigee Sec. IV. dictions with the SNO result the VAC solution improves its

An important feature of the solution is a large flux of hep status. Indeed, at the best fit point of the free flux analysis,
neutrinos. It is this large flux which, together with the corre-
lated systematic error anis>>1, makes it possible to get a Am?=1.4x10"10 eV?, tarf6=0.40 (2.5),
reasonable description of the SK energy spectrum. If the
SSM value is taken for the hep neutrino fl(isee Table Il
the x? increases by y?=1.4. fg=0.53, fpe,=6.0, (13

These results are in agreement with those obtainé¢é]in
In [9], the SMA is accepted at lower than the 99% level.the 2 is even lower than in the LOW solution. The solution
Surprisingly, in this analysis the SNO result shifts the mixingyith the parameterél3) was found in the pre-SNO analysis
to even smaller values: the best fit value frd8] is at  [5) put before the SNO result the goodness of the fit was
tarfg=4x10"*. substantially lower in comparison with those of other solu-

Before the SNO result, the SMA solution always gave theijgns.
best fit to the total rates. Inclusion of the CC event rate The solution gives a very good description of the SK en-
measured by SNO moves the SMA solution to third positionergy spectrum. Thg? is substantially smaller than the num-
after the VAC and LMA solutions. Furthermore, the fit iS N0 per of degrees of freedom. The solution reproduces rather
longer good;x7,,=5.1 for three d.o.f. From the pull-off dia- precisely the bump in both the night and the day spectra at
gram we find that there is a tension between the SNO and—8 MeV and the dip at 11-12 MeYThese features can be
Homestake rates: The SNO dat@C rate require rather well seen in Fig. 4e of Ref31].) The bump in the spectrum
small survival probability for boron electron neutrinos. Fur- griginates from the first maximum of the oscillation prob-
thermore, the gallium experiments imply strong suppressiogpility, which corresponds to the oscillation phaser.?2
of the beryllium neutrino flux. This leads to a low (&P  Above the bump the probability decreases with increasing
Ar-production rate. At the same time, according to Fig. 3 theenergy and the increase Bf, atE>12 MeV is due to the
CC event rate is 14 higher than the SNO result. large flux of the hep neutrinos.

For a mixing angle corresponding to the best fit poiri Notice that an excellent description of the spectrum re-
one expects a significant regeneration effect in the core nighjuires nonmaximal mixing, otherwise the distortion is very
bin [29] due to parametric enhancement of oscillations forstrong. The value of sf26, which immediately determines
the core crossing trajectorig80]. However, the day and the depth of oscillations, should be about 0.8. Then to com-
night spectra we used in our analysis are not sensitive to thigsensate for the rather large survival probability and to ex-
feature. The zenith angle distribution of events measured bMIain the SNO result one needs to assume a snfgl (
the SK experiment does not show any core enhancef8ént ~0.5) original boron neutrino flux.

Inclusion of this information in the global analysis will fur- However, there are several problems with this solution. It

D. VAC oscillation solution is back?

ther disfavor the SMA solution. requires substantially~3¢) lower original boron neutrino
flux than in the SSM and substantially higher original hep
C. LOW solution: Next best? neutrino flux:fpe,=6. In the fit withf,o =1 the y? increases
by Ax?=1.4.

For the best fit point of the free flux analysis we get . . .
P y 9 For this solution one predicts seasonal asymmetry due to

oscillations A~ —0.6A,, where Ag~7% is the asymmetry

due to the geometrical factor only @ change of the flux

Thus one expects a suppressed seasonal asymmetry, in con-
fg=0.88, fpe=2.0. (120  trast with observations.

Am?=1.1x10"" eV?,  tarf#=0.66,
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The solution gives a rather good fit to the rates, althoughn the range & 10 °-3x10 7 eV?, which covers the
in the “rates only” analysis the best fit point shifts to a dif- LOW and the so-called QVQquasivacuum oscillationre-
ferent island in parameter space. According to the pull-offgions.
diagram, the solution predicts a 2.Jhigher Ar-production Maximal mixing is the best fit value of the Just?Smlu-
rate and 2.6 lower SK rate, and no day-night asymmetry. tion, although this solution is ruled out at the- 3evel in the

The SSM restricted global fit shifts the best fit point to anglobal analysis. Notice that the fit of the data in the VAC
“island” centered around region implies significant deviation from maximal mixing.

Am?=4.8x10"1° eV?,  tarf=1.9. (14) F. Do pure sterile solutions exist?

Now fg=0.72. This solution was found by other groups too. | € best pure sterile solutidiand the only one accepted
The solution in the same “island” of the oscillation param- &t the 3 level) is VAC(steril®), as could be expected from

eter space already appeared eariigfter 508 days of SK  OUT pre-SNO analysifs]. In the free flux .analysis the.solu_-
operation when a significant excess of events in the hight'on already appears at the 90% C.L. with the best fit point:
energy part of the spectrum was observed. The solution was ) 10

later excluded by SK data on the spectrum. After the SNO Am?=1.4x10"10 eV?,  tarf6=0.382.6),

result it reappeared again. The solution can reproduce a

bump atE~8 MeV and the increase &, at high ener- fg=0.54, fe=9. (16)
gies.

Thus, in the VAC region there are three local minithmo  Partially, the difference between the SK and SNO rates is
of them are degeneratevith rather closey?. Small varia-  explained by distortion of the spectrum: the suppression in-
tions in the analysis shift the best fit VAC point from one creases with increasing energy and therefore the higher
minimum to another. threshold at SNO leads to lower averaged survival probabil-

Although the VAC solution provides a very good fit to the ity. However, mainly the fit “shares” the deviations between
data in the free flux global analysis, it does not pass addiSNO and SK results: the solution requires aol.Righer
tional criteria of quality. It requires very strong deviations of SNO rate and significantly lower boron neutrino flux, which
the boron and hep neutrino fluxes from the SSM values. Thegives ave scattering rate 3d@ below the SK resul{see Fig.
goodness of the fit becomes substantially worse when th8). The free flux analysis without the SK total rate does not
SSM restrictions are imposed on these fluxes. There are si¢pcate this problem immediately. In principle, it should reap-
nificant deviations in the pull-off diagram. pear in a fit of the spectrum with similaky? since the

The just-sé solution looks extremely unlikely in light of solution fits the shape of the spectrum rather well.
the SNO result. It gives a very poor fit to the rates. In fact, Notice that the parameters of this solution are very close
the fit is so bad that even the flat spectrum that it predicts, ino the parameters of VA@ctive apart from the two times
agreement with the SK measurement, is not sufficient tdarger hep flux. So this solution leads to the same type of
make it plausible. Given the excellent fit of the LMA solu- spectrum distortion as the one described in Sec. llID with
tion, the Just-Sbsolution is ruled out at 8 C.L. This result  the bump aE=7-8 MeV and the dip aE=11-12 MeV.
is in agreement with Ref8]. Note that if the SNO experi- In addition to a strong deviation of thees scattering event
ment fails to observe a large day-night asymmetry, the siturate from the SK result, the solution predicts a® larger
ation might change, and the Just?$olution might reappear Ar-production rate. The fit worsens when SSM restrictions

at about~30 C.L. are imposed. For the SSM value of the hep neutrino flux the
best fit point shifts to a smaller mixing angle and th&
E. How large is large mixing? increases byA x?=1.8. In the analysis with the SSM re-

strictedfg, the goodness of the fit drops furthery?=6.2.

In the fit of the rates the solution shifts to smallem? where

"he description of the SK spectra becomes bad. Thus, the

solution does not pass additional quality tests.

The SMA(sterile solution gives a very bad fit since it
leads(in contrast with the VAC solutionto a distortion of

068 95% C.L the boron neutrino spectrum with suppression that weakens

e 0 e with increase of energy. This solution contradicts the SNO

0.82, 99% C.L, (15) result: a 3.3 higher rate is predicted.

1.05, 99.73% C.L., C_oncernlng sterile solutions one r_emark is in order. A bet-
ter fit of the data can be obtained if more than one sterile
neutrino participates in the conversion. Such a possibility is

and, as we discussed in Sec Il A, maximal mixing is allowedrealized when solar neutrinos convert to the so called “bulk”

at ~30 level for Am?=(4-10)x10"° eV?. In the SSM neutrinos which propagate both in the usual andlémge

restricted analysis the bounds become stronger. extra space dimensiong33]. From the four-dimensional
In the LOW region we find ta#9<0.9 at the 95% C.L. point of view the solam, is transformed to several Kaluza-

Maximal mixing is accepted at slightly lower than 99% C.L. Klein modes of the bulk neutrino, which show up as sterile

This question is crucial for theory. In a number of ap-
proaches to bilarge mixing one gets mixing of the electro
neutrino that is very close to maximal mixirigee[32] for a
general discussion

In the LMA region we find from the free flux analysis

tarf <
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neutrinos. In this case one can reprodgaith low x?) the 20 —
SK spectral data, and at the same time have better descrip-
tions of the total rategsee[34] for a recent analysjs

15
IV. SNO: PREDICTIONS FOR THE NEXT STEP
Forthcoming results from SNO will include measure-
ments of the day-night asymmetry and a more precise deter- »
mination of the electron energy spectruimgher statistics &

and lower energy thresholdLater, results on the NC/CC
ratio will be available. Predictions for these observables have
been extensively discussed bef68&—4(. Here we sharpen 5
the predictions using the latest solar neutrino data. We also
calculate the expected values of the total event rate in the
BOREXINO experiment which will start to operate soon.

—
(=]
LIS B S B B B B S By BN B B B B BN B B B

0 1
. 0 5 10 15
A. Day-night asymmetry Am2, 10-6 eV2
SNO :

We calculate th®-N asymmetry at SNOApy ™, defined FIG. 4. The dependence of the day-night asymmetry of the CC-

as event rate measured at SNO am? for different values of the
mixing angle. The oscillation parameters are taken from the LMA

sno._N-D allowed region. The best fit value afm? is marked by the vertical

AoN =27 D" (17 dashed li
N+D ashed line.

for events above the threshdid"=6.75 MeV. 1. LMA solution

We compare the asymmetry of the CC events at SNO with In Fig. 4 we show the dependence of the asymmetry on
the asymmetry of thee events measured at SKS'E, .There Am? for different values of tat¥ from the allowed region.
are three factors that can lead to substantially different SNO'he asymmetry decreases with increasAnf® as~ 1/Am?
and SK asymmetries. for Am?>4x10"° eV?, and at largeAm? the decrease is

A “dumping” factor 74,mp describes the suppression of faster due to the effect of the adiabatic edgee[17] for
the D-N asymmetry in there event rate due to the contribu- detail. The dependence of the asymmetry orf tais rather

tion of thew,,, v, scattering to the signal. We gEt6] weak. At the best fit point we get
SNO_ 7 9g th_
ASNO ﬂdum;ASﬁ, (18) AN =7.2% (E"=6.75 MeV). (20
h In the allowed region the asymmetry can take any value from
where essentially zero to 15% at the 90% C.L. At the Bvel it
can reach 20%. The asymmetry is maximal at the smallest
r possible values cAm? and taR# within the allowed region.
Tdump= 1+ 1-np’ (19 It increases with the energy threshold due to increase of the

regeneration factorf o< E/A m?.
, ) , The expected asymmetry at SNO is substantially larger
Herer=o(v,)/o(ve) is thE ratio of cross sections of the than at SK. At the best fit point we g@t§§=3.6%; thus
v, andvee scattering, and is the averaged survival prob- ASNO_ 2. ASK This difference can be easily understood by
ability. Notice that with decrease d? the damping factor  considering the factors mentioned above. Indeed, for the best
Increases. _ _ fit point the survival probability can be estimated Bs

A second factorp,,, describes the effect of difference of ~Rsnolfs. Inserting the numbers from Table V we get
the energy thresholds: 5 MeV for SK_and 6._75 MeV for rom EQ.(19) 7gume=1.6. In the LMA region the asymmetry
SNO. It also accounts for the larger minimum differeffitee A i

increases with increasinB,. The threshold factor isp,

binding energy of the deuteron, 1.44 Mebetween the neu- 9 5 andy,eq is close to 1. As a result, the overall enhance-
trino energy and electron energy in the SNO experiment.  1ant factor at SNO is about 2.

A third factor 7,4 is related to the difference of the geo-

graphical latitudes. Since the Sudbury mine is at higher lati- 2. LOW solution
tude, the regeneration effect there is slightly weaker than at ,
Kamioka. g gnty The dependence of the asymmetry dm? for different

The total difference between the SNO and SK asymmeyalues of taRé from the allowed region is shown in Fig. 5.
tries is the product of these three factors. At the best fit point(of the free flux analysjs

Let us consider now the predictions for the asymmetries SNO "
for individual solutions. Apn =2.4% (E"=6.75 MeV). (21
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FIG. 5. The same as in Fig.(& for the LOW solution. The
dashed vertical line marks the best fit valueAoh? from the free
flux fit.

FIG. 6. The dependence of the day-night asymmetry of the CC-
event rate measured at SNO onZaror different values ofAm?.
The oscillation parameters are taken from the SMA allowed region.

The asymmetry increases linearly withm? for Am? The best fit value of t&® is marked by the vertical dashed line.

>10"7 eV2. It can reach 10-12% at the upper border of the
allowed (3r) region. ForAm?<10 7 eV? the asymmetry between the SNO and SK asymmetries is more complicated
decreases faster with deceasinm? due to the effect of the than in Eq.(19).
nonadiabatic edgésee[17] for detailg. It depends weakly
on the mixing angle.
Let us emphasize that tH2-N asymmetry at the best fit B. Spectrum distortion
point of the LOW solution is substantially smaller than that  ag follows from previous studief39,40,31,41, in gen-

|nS"\[|he LMA region. Thus, observation of an asymmetry g the sensitivity of the SNO measurements to the energy
ABN~>5% will strongly favor the LMA solution. spectrum distortion is higher than the sensitivity of SuperKa-

In the LOW region theD-N asymmetry at SNO is als0 jigkande due to better correlation of the neutrino and the
larger than in the SK detector. However, the difference her?producec}l electron energies. However, the present statistics

is not as large as in the LMA case. At the best fit point we getat SNO is much lower than at SK, and the statistical errors
ASK=29%, which results inASN°=1.2A5K . There are two : : ’
are more than 2 times largén the range 8—10 MeV we get

reasons for this difference. S 10-12% at SNO as compared with 4-5% at)SK

(i) The average survival probability is larger naithe | : . ,

o i — n our analysis we do not use the spectral information
mixing angle is larger P~Rsno/fg=0.42 (see Table V. from the SNO experiment. Instead, we present here a quali-
As a consequence, the damping factor is smaligfamp  tative discussion comparing the present SNO data with pre-
=145 _ . _ dicted spectra from different solutions. This allows us to

(ii) The difference in the thresholds works in the oppositegyaluate the significance of the present and forthcoming
direction in comparison with the LMA case, thus suppressingsNO results.
the SNO asymmetry. Indeed, in the LOW region the regen- |y Fig. 7 we show the expected spectra of events at SNO
eration factor decreases with increastBgAm? and there-  for several values of the oscillation parameters in the LMA
fore the asymmetry decreases with increasing energy threshegion. In the high energy part of the spectrum the distortion
old. For 7, ~0.85 we get a total enhancement factor injs due to the earth regeneration effect as well as the contri-
agreement with the exact calculation. bution of the hep neutrino flux. However, fam?<(4-5)

X 10 % eV? the regeneration effect is small and the turnup
atE>11 MeV is due to increased (.= >5) flux of the hep

The dependence of the asymmetry or?tafor different  neutrinos. The turnup of the spectrum at low energies is the
values ofAm? is shown in Fig. 6. At the best fit point we get effect of the adiabatic edge of the suppression pit. Recall that
ASNO=2.6% and most of this asymmetry is collected fromthe ratio of the event rate with oscillations to the event rate
the “core” bin. The asymmetry increases fast with2anin ~ With no oscillations is determined by the product of the sur-
the 30 allowed region it can be as large as 8%. vival  probability ~ times  the factor fg:Rcc

The SNO asymmetry is only slightly higher than the SK o« fg(Am?)P(Am?). With increase ofAm? the spectrum
asymmetry:AS'ﬁ,=2.4%. In the SMA range, due to strong shifts to the adiabatic edge; fdrm?><10~° eV? the prob-
dependence of the survival probability on energy, the relatiombility can be written as

3. SMA solution
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08 T T 7 T tion. Moreover, the SNO sensitivity to the distortion at low
i a) energies is weakened by the fast decrease of the cross section
o 04 EE—=— ' g — I _{_ with increasing energy.
= e }'-—-"“ = ‘% - The curves shown in Fig.(&) illustrate this behavior of
2t i :
02 L Am?/eVe . the spectrum. The short dashed line corresponds to near
L 4.8%10-® (LMA) ~ =~ 1.6x10"4] . . . . . .
o 78010 maximal distortion. As follows from the figure it will be very

— — 3.2x107+

difficult to establish the distortion expected from the LMA
solution with SNO data. One needs to measure the spectrum
down to~5 MeV and to increase the statistics substantially.
Thus, the prediction for SNO is that no significant distortion
should be seen in forthcoming measurements.

In Fig. 7(b) we show the expected spectra of events at
SNO at the best fit points of the LOW, SMA, and VAde-
tive) solutions. The correlated systematic errgrainly due
to the error in the absolute energy scale calibratame not
shown here. These errors can affect the conclusions from the
fit to the spectrum, making the spectrum appear flatter.

At the best fit point of the LOW solution the earth regen-

Ratio

Ratio

0.2 SMa (Sterile) . eration effect on the shape of the spectrum is small. The
L VAC (Sterile) weak positive slopépositive shift of the first momejts due
ol t v v v to the effect of the adiabaticity violatiofmonadiabatic edge
8 8 T 10 12 of the suppression pitThe slope increases with decreasing

. tar’ 9 as well asAm? (for some analytical studies sg&7]).
FIG. 7. The recoil electron energy spectra of the CC- events altt Will be difficult to establish this distortion with SNO data.
SNO for global solutions of the solar neutrino problem. Shown are FOr the VAQactive solution with low Am?, Eq. (13), a
the ratios of the numbers of events with and without conversion a§ne predicts maximum of the ratiBcc at E~6 MeV. It
a function of the electron kinetic energi) Spectra in the LMA  corresponds to the first oscillation maximum of the survival
solution region for different values akm? and taR#=0.35. (b) probability. The ratio decreases with increase of energy and
Spectra for the best fit points of the SMA, LOW, and &Ctive atE>11 MeV the distortion flattens due to the contribution
solutions.(c) Spectra for the best fit points of the SNsterile and  of the hep neutrino flux. Thus, a negative shift of the first
VAC sterilg solutions. Shown also in all panels are the SNO ex-moment(slope is expected. As follows from the figure, the
perimental data. distortion is at the border of sensitivity of already present
SNO data(correlated systematic errors can somewhat im-
prove the agreement between the data and the predictions
further increase of statistics and especially measurements of
the spectrum at lower energies will be crucial for discrimi-
whereA is the correction due to the adiabatic edge and ighation of the solution. Notice that the oscillation parameters
proportional to the first momeniT: are well fixed by the SK spectrum, and no freedom exists,
e.g., to change the distortion by varyidgn?. In particular,
the position of the maximum &~6 MeV is immediately
(22) determined by the maximum in the SK spectrum at 8 MeV.
The distortion can be identified by comparison of the aver-
aged ratioRc¢ at low and high energieR:(<9 MeV)
(see the Appendix df17] for more details The factor cos@  andRqc(>9 MeV).
accounts for the disappearance of the distortion when the A similar distortion is expected for the VASterile) solu-
mixing approaches its maximal value. With increasixign? tion; see Fig. %). For VAC(active) with high Am? [see Eq.
the size of the turnup and the distortion of the spect(first ~ (14)] one expects a flat distribution at low energies due to a
momen} increase asAm?)?. Notice that at the same tinfg  strong averaging effect and a bump at high enerdies
decreases to compensate for a total increase of the survival12 MeV.
probability. The distortion reaches a maximum Am? For the SMAactive solution there is a strong positive
~1.5x10"* eV? when the boron neutrino spectrum is in shift of the first momentslope. Correlated systematic errors
the middle of the adiabatic edge. With further increase ofimprove the agreement with the experimental data. The
Am?, the spectrum shifts out of the suppression pit and th@resent SNO data can already have some impact on this so-
distortion decreases. Fkm?>3x10"4 eV? the spectrum |ution. The allowed region will drift to smaller mixing angles
is in the range where the probability is determined basicallywhere the distortion is weaker. The best fit boron flux should
by the averaged vacuum oscillatiorB=1—sir’26/2, and  decrease in order to compensate for the increase of the sur-
does not depend on the neutrino energy. Notice that the disdval probability.
tortion of the spectrum weakens due to integration over the For the SMAsterile solution the distortion is very weak,
neutrino energy and folding with the energy resolution func-as a consequence of very small mixing angle. However, for

P~(Sif6+feq+A),

AmZ 2
Acx STMCOSZH(?
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FIG. 8. The ratio of the reduced NC event rate to the reduced FIG. 9. The reduced event rate in the BOREXINO experiment.

CC event rate. The circles give values[dfC]/[ CC] at the best fit The circles _give values dRgorexinoat the bESI_fit_ poi_nts of the

points of the global solutions. The error bars show the predictiorgl()bal solutions. The error bars_ show the prediction |r!tervals that

intervals of[ NC]/[ CC] that correspond to thedallowed regions correspond to the & allowed regions of the global solutions.

of global solutions. o
[NC] Pyc

this solution the predicted spectrum is systematically above [CC] Ecc' (24)
the experimental points, which corresponds to arhgher
total rate. where Py and P are the effective survival probabilities

In conclusion, the present SNO spectral data further favof,; the NC and CC samples, respectively. For the NC sample
the LMA and LOW solutions. However, it will be difficult to the energy threshold is about 2.2 MeV, so tRaf. is aver-

establish with the SNO data the weak spectral distortion%ged over a larger interval thah.c. As a consequence, the
expected for these solutions. At the same time, the SNO Lo = . .
measurements can be sensitive to the strong distortion of tt%oNbab'“t'esPC%ar;d Pne arel dlffe][err:t in general. qf
spectrum predicted by already disfavored solutions such % e C)I;[;I(,:A\estoliii(t)ne' argest value of the ratio Is expected for
VAC and SMA. :

C. NC/CC ratio [NC] :3_5+§.471 (LMA). (25)
The reduced neutral current event rgiC] is defined as [CC '
the ratio of the rates with and without oscillationiC]  Then rather close predictions follow from the SMA and
=Nnc/Ny¢™- Similarly, the reduced rate of the charged cur-| ow solutions. A smaller value is predicted for the VAC

rent event ratd CC]=Ncc/NZ2". We have calculated the solution. For sterile solutions the ratio is close to 1.

ratio of the NC and CC reduced ratéslC}/[CC], for global According to Fig. 8, there is a significant overlap of the
solutions found from the free flux fit. . 30 regions of predictions. However, measurements of the
For the active neutrino conversion the ratio equals ratio with better than 20% accuracy can significantly contrib-

ute to discrimination of the solutions.
NC 1 fg
— ==~ (23 D. BOREXINO rate
CC P Rsno )
For global solutions we have calculated the reduced event
rate in the BOREXINO experimen{42], Rgorexino

whereP is the effective(averaged survival probability of —Nyoo/Nssy, WhereN, . and Ny are the expected rates

the electron neutrinos. At the best fit points, using results fo(/_vith and without neutrino conversion. We averaged the ef-
fg and Rgyno from Tables | and V, we find NC]/[CC] fect over the year. '

=3.5(LMA), 2.4 (LOW), 2.8 (SMA), 1.5(VAC), and~1 . =
(Just-Sé) in agreement with the results of numerical calcu- The_rate_ can be estimated 'a?OREX'NO_ F_)fBe(l_ n+r,
lations (see Fig. 8 where Pg, is the averaged survival probability for tHée

For the sterile solutions we have neutrino line. The probabilityTBe has been calculated for the
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oscillation parameters from theo3allowed regions of solu- a bad fit of the recoil electron energy spectrum and also the
tions found from the free flux analysisis the ratio of cross fit of the rates is rather poor.
sections of thev, e and vee scattering at the the beryllium The best sterile solution is VAGterile with Am?=1.4
line. We have used the neutrino-electron scattering cross ses10 10 eV?, It is the only sterile solution accepted at lower
tions from Ref.[43]. than 30 C.L. in the free flux analysis. This solution, how-
The results of calculations for six global solutions areeyer, has serious problems with other tests. Similarly to
shO\_/vn in Fig. 9. The rate is_ suppressed for all solutions. 'r\/AC(active), the solution requires strong deviation of the
particular, for the LMA solution we get boron and hep fluxes from their SSM values. The fit becomes
substantially worse when SSM restrictions are applied. The
_ 0.11 solution shows strong deviations in the pull-off diagram: in
Reorexing=066-005  (LMA). particular, theve event rate is about® below the SK rate,
and the Ar-production rate is 2idhigher than the Home-

A similar suppression is expected for the LOW solution. Thegtake result. The analysis of the rate only selects a different

VAC_SOIUt'OnS predict stronger suppression and the lowes oint in the oscillation parameter space. Significant distor-
rate is expected for the SMA. Notice that the range of Pretion of the enerav spectrum is expected. The appearance of
dictions for the SMA solution is very small due to the small- gy sp P ' bp

ness of the allowed region itself the VAC solutiongboth active and sterijan the global fit is
There is a significant overlap of the predicted intervals forrGIated to a small sprea}d of the expern_’nental points n the SK

LMA, LOW, and VAC solutions. Therefore, it will be diffi- spectrum. These solutions can describe rather precisely the

cult to discriminate among these solutions using just totaPUmp at 7—8 MeV and the dip at 11-12 MeV.

rate measurements. However, BOREXINO has other capa- Maximal mixing |soallowed. at the 3 level in the LMA

bilities, e.g., it can detect a strong day-night effect in the caséegion and at the 99% C.L. in the LOW and quasivacuum

of the LOW solutions[44], whereas strong seasonal varia- 0Scillation regions.

tions are expected if either the QVO or VAC solution is _ Measurements of thB-N asymmetry will provide strong
realized[45]. discrimination among the solutions. In the best fit range of

the LMA solution the asymmetry at SNO AN°=7-8 %,
and in the 3 allowed region it can reach 15-20%. In the
LOW region one expects smaller asymmetry: at the best fit

We have performed a global analysis of the solar neutrind0int ASN°=2-3 %, although in the & allowed region it
data including the charged current event rate measured an be as large as 10-12%. For the SMA solution the asym-
the SNO experiment. We tested the robustness of the globanetry iSASN°<3%. The predicted SMA zenith angle distri-
solutions by modifying the analysis. The quality of the fit bution is not supported by SK data.
was checked by construction of the pull-off diagrams. Clearly, observation of a larg®-N asymmetry ASN®

We find that the LMA solution with parameters in the >5% will favor the LMA solution. It will strongly disfavor
range Am?~(4-5)x10"° eV? and taR#=0.35-0.40 the SMA solution, and exclude solutions based on vacuum
gives the best fit to the data. Moreover, the solution reproescillations(VAC, QVO, and Just-S9. Furthermore, this re-
duces the flat spectrum of recoil electrons at SK and gives ault will strongly restrict the LMA solution to loweAm?.
very good description of the rates and of the day-night asymEven with existing statistics(the expected error is
metry. It is in very good agreement with the SSM fluxes 0of3—4 %)any SNO result on thB-N asymmetry will be of
the boron §z=1.10—1.13) and hep neutrinos. The values ofphysical importance, excluding some solutions or further re-
the oscillation parameters and the goodness of the fit arstricting the allowed regions.
stable with respect to variations of the analysis. Significant distortion of the boron neutrino spectrum is

The LOW solution appears at 90% C.L. with respect toexpected for SMA and VAC solutions and already the present
the best fit point in the LMA range. It gives a good fit to the data can affect them. The VAC solution predicts the bump at
SK spectral data, but a rather poor fit to the rates: it predict® MeV and the dip at 11 MeV in the dependence of e
a larger than measured Ar-production rate and a smaller thaon energy. In the case of the LMA solution a turnup of the
measured Ge-production rate. spectrum at low energies is expected, which will be rather

The VAC solution has a high goodness of global fit due todifficult to observe at SNO. For the LMA and LOW solu-

a very good description of the day and night spectra meations one expects essentially no distortion in future SNO
sured by the SK experiment. It has problems with other criimeasurements.

teria, however. The solution requires strong deviation of the Important discrimination among solutions can be done us-
boron and hep fluxes from their SSM values. The fit becomeig a precise determination of tH&IC]/[CC] ratio. If the
substantially worse when SSM restrictions are applied. Theoon-to-be-measured value of tiéC]/[CC] ratio turns out
solution shows strong deviations in the pull-off diagréas- to be significantly different from 1 it will become further
pecially for the SuperKamiokande rate and the Ar-productiorimportant evidence for neutrino oscillations. The value of the
rate). The analysis of the rates only selects a different poinineasured ratio can also help distinguish between competing
in the oscillation parameter space. solutions which presently provide comparable fits to the so-

The SMA solution appears at aboutr3C.L. level with  lar neutrino data.
respect to the best global solution in the LMA range. It gives Additional information about the oscillation hypothesis is

V. CONCLUSIONS
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expected to come from the KamLAND reactor experiment

[46]. According to Ref[47], if the LMA solution is the cor-
rect one, KamLAND will be able to determine the oscillation

parameters with high accuracy. Recently it was pointed ou

in Ref. [48] that the complications arising in the large
(Am?>10"* eV?) part of the LMA solution, for which
KamLAND will not be able to see a clear oscillation signal,
can be resolved with intermediate long baselire2Q0 km)
reactor experiments.

PHYSICAL REVIEW D65 073022
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