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Earth regeneration of solar neutrinos at SNO and Super-Kamiokande
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We analyze the 1258-day Super-Kamiokande day and night solar neutrino energy spectra with variousx2

definitions. The best-fit lies in the large mixing angle~LMA ! region at (Dm2,tan2u)5(5.01
31025 eV2,0.60), independently of whether systematic errors are included in thex2 definition. We compare
the exclusion and allowed regions from the different definitions and choose the most suitable definition to
predict the regions from SNO at the end of three years of data accumulation. We first work under the
assumption that Super-Kamiokande ‘‘sees’’ a flux-suppressed flat energy spectrum. Then, we consider the
possibility of each one of the three Mikheyev-Smirnov-Wolfenstein regions being the solution to the solar
neutrino problem. We find that the exclusion and allowed regions for the flat spectrum hypothesis and the LMA
and low probability, low mass solutions are alike. In three years, we expect SNO to find very similar regions
to that obtained by Super-Kamiokande. We evaluate whether the zenith angle distribution at SNO with opti-
mum binning will add anything to the analysis of the day and night spectra; for comparison, we show the
results of our analysis of the 1258-day zenith angle distribution from Super-Kamiokande, for which the best-fit
parameters are (Dm2,tan2u)5(5.0131025 eV2,0.56).
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I. INTRODUCTION

Neutrinos oscillate. Atmospheric neutrino experime
@1–5# provide compelling evidence of this. The solar ne
trino problem@6# has been in existence for 30 years, lo
before the first indications of an atmospheric anomaly. Va
ous solar neutrino experiments@7–12# detected a flux deficit
of 1/2 to 1/3 of the standard solar model~SSM! prediction
@13#. The deficit can be explained by invoking the neutri
oscillation hypothesis. Despite this, the solar neutrino pr
lem is unsolved. Super-Kamiokande~SK! @11,12# did not
find evidence of any of the three litmus tests for neutr
oscillations: the energy spectrum distortion, the zenith an
dependence of the flux~arising from the earth regeneratio
effect @14–16#!, or seasonal variations of the flux. Moreove
there are three distinct robust solutions, all of which ha
comparable significance levels: large mixing angle~LMA !,
small mixing angle~SMA!, and low probability, low mass
~LOW! @17,18#. A vacuum VAC solution at Dm21

2

'10210 eV2 is fragile in comparison to the three other s
lutions and its existence depends sensitively upon how m
emphasis is placed on the SK data@17#. We do not consider
it further and focus on the Mikheyev-Smirnov-Wolfenste
~MSW! solutions. Presently, data from SK favor the LM
solution @12#. The KamLAND reactor neutrino experimen
@19# will establish once and for all whether or not the LM
solution is correct, independent of the solar neutrino flux
it is, within three years we will knowDm21

2 and sin22u12 to
accuracies of610% and60.1, respectively@20,21#. The
SNO experiment@22#, too, is expected to make significa
inroads toward a resolution of the solar neutrino puzzle@23–
25#, especially through neutral current measurements.

SNO is a Cherenkov detector with 1000 tons of hea
water as its detection medium. Its central objective is to
whether electron neutrinos produced in the Sun oscillate
active or sterile neutrinos. This can be accomplished by
0556-2821/2001/64~7!/073009~10!/$20.00 64 0730
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simultaneous measurement of the rates of the charged cu
~CC! and neutral current~NC! reactions:

ne1d→p1p1e2 ~CC!, ~1!

nx1d→p1n1nx8 ~NC!, ~2!

wherenx denotes any of the active flavors. The NC reacti
measures the total flux of active neutrinos which is the sa
as the8B flux produced in the Sun if there are only activ
active neutrino oscillations. Thus a cross-section-normali
ratio NC/CC ;2.5 indicates the oscillationne→nm /nt .
If oscillations into sterile neutrinos occur, both the CC a
NC rates will be suppressed, giving NC/CC of unity, there
signaling the existence of sterile neutrinos. Since the ene
threshold is expected to be about 5 MeV for the CC react
and 2.2 MeV for the NC reaction, only8B and He1p ~hep!
neutrinos will contribute to the SNO event rates.

Because the NC reaction is unique to SNO, a numbe
studies have been devoted to its exploitation. In this work
undertake an analysis of what the CC rate measuremen
SNO by themselves can and cannot tell us. They can pro
valuable information for active-active oscillations but are n
as sensitive to active-sterile oscillations. The recoil ene
spectrum of CC events and their zenith angle distribution
in principle eliminate two of the three globally allowed re
gions in oscillation parameter space, and also measure
oscillation parameters.

The stringent CHOOZ limit@26# ~also see the Palo Verd
Experiment @27#! of sin22u13,0.1 ~at the 95% confidence
level!, approximately decouples solar neutrino oscillatio
from atmospheric neutrino oscillations. For small values
u13, providedDm21

2 !Dm32
2 , the three-flavor survival prob

ability P3 is related to the two-flavor survival probabilityP2
by ~see the first paper of Ref.@18#!
©2001 The American Physical Society09-1
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P3.cos 2u13P2⇒0.95P2&P3<P2 , ~3!

where the inequality arises from the CHOOZ limit onu13.
Thus, even when the limit is saturated, the two-neutr
analysis represents a very good approximation to the th
neutrino analysis. Our analysis is performed in the two ac
neutrino framework.

In Sec. II we briefly describe how the electron recoil e
ergy spectra expected in the daytime and nighttime are
culated. We will collectively call both spectra the ‘‘DN spe
tra.’’ In Sec. III we analyze the DN data from SK~1258
effective days! with different x2 definitions and find the op
timum definition for the analyses of the simulated SNO da
In Sec. IV we describe our simulation of the SNO expe
ment and the subsequent data analysis. In Sec. V we c
cally examine if the zenith angle distribution at SNO adds
what can be learned from the DN spectra. We compare
expectations for SNO with an analysis of the zenith-an
distribution at Super-Kamiokande. We summarize our res
in Sec. VI.

II. DAY AND NIGHT RECOIL ELECTRON
ENERGY SPECTRA

The SNO CC data will provide an accurate determinat
of the shape of the energy spectrum from8B neutrinos. In-
formation about the oscillation parameters will be embed
in the overall suppression of the CC rate relative to that
the SSM and in the distortion of the shape of the ene
spectrum. The lowQ value of the CC reaction~1.442 MeV!
makes this process well suited to obtaining a spectrum w
high energy resolution because most of the energy of
incoming neutrino is carried away by the outgoing electr
(0<Te<En2Q). Since SNO is a real-time experiment, it
capable of studying the effect of the Earth on neutrinos t
pass through it en route to the detector. A nadir angleuZ is
defined as the angle between the negativez axis of the coor-
dinate system at the detector and the direction of the S
With this definition, cosuZ<0 during the day and cosuZ
.0 at night. Conventionally,uZ is called the zenith angle
although it is actually the complement of the zenith ang
The relative amount of time the detector is exposed to
Sun at a particular zenith angle is given by the zenith-an
exposure function@28,29#.

Two electron energy spectra can be measured, one
for neutrinos detected in the daytime and nighttime. Ea
electron spectrum is divided into 19 bins, every 0.5 M
from the kinetic energy thresholdTth55 MeV1 to 14 and a
last bin that includes all events with energies from 14 M
to 20 MeV. The expectation in each day or night bin defin
by DTi[@Ti

min ,Ti
max# is

1Note that the target threshold for the CC reaction is 5 MeV
netic energy, not total energy. We thank E. Beier for emphasiz
this point.
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dEn@FB~En!11.8416

31023Fhep~En!#PD,N~En!sCC~En ,DTi !, ~4!

whereFB andFhep are the normalized energy spectra of t
8B and hep neutrinos respectively. For the undistorted sp
trum shape of the8B neutrinos, we have adopted the res
based on a measurement of theb-delayeda spectrum from
the decay of8B @30#, with this spectrum normalized to th
flux of the 2000 results of Bahcall, Basu, and Pinsonnea
@40# ~BPB2000!. The factor 1.841631023 in Eq. ~4! is the
relative total flux of hep neutrinos to8B neutrinos in the
SSM ~BPB2000!. This factor is 4.5 times larger than that o
BBP98 @31# for two reasons:~i! A recent calculation of the
hep neutrino flux@32# updates the BBP98 value by a fact
of 4.4. ~ii ! In BPB2000, the 8B flux is 5.05
3106(120.16

10.20) cm22 s21 versus 5.153106(120.14
10.19) cm22 s21

of BBP98. The overall normalizationN yields the expected
number of events in the absence of oscillations if thene
survival probability at the detector,PD,N(En), is unity. If
oscillations occur@15#,

PD~En!5P(~En!, ~5!

PN~En!5P(~En!1
122P(~En!

cos2u
~^Pe2

N ~En!&2sin2u!,

~6!

whereP( is the probability that a neutrino leaves the Sun
ne , given by the well-known Parke formula@33#

P(~En!5
1

2
1S 1

2
2PcD cos2u cos2um

0 , ~7!

whereum
0 is the mixing angle in matter at the point of ne

trino production in the Sun. It is given by

tan2um
0 5

tan2u

12
2A2GFNe

0En

Dm2cos2u

. ~8!

Here Ne
0 is the electron density in the Sun at the creati

point of the neutrino. An analytic expression for the cross
probability,Pc , which is a measure of the nonadiabaticity
the transitions, is@34#

Pc5

expS 2
p

2
g F D2exp S 2

p

2
g

F

sin2u
D

12expS 2
p

2
g

F

sin2u
D , ~9!

whereg characterizes the adiabaticity of the resonance
F512tan2u for the exponentially varying matter density i
the Sun. The adiabaticity parameter is given by@33,35#

-
g

9-2
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g5
Dm2sin22u

2En cos2uuṄe/NeuR
, ~10!

with uṄe/NeuR evaluated at the resonance. Finally,^Pe2
N & is

the time-averaged probability of the transitionn2→ne due to
the effect of Earth matter.2 We assume the preliminary refe
ence Earth model@36# for the Earth’s electron density. Th
reduced cross section for producing an electron with m
sured kinetic energy in the intervalDTi is

sCC~En ,DTi !5E
Ti

min

Ti
max

dTE
0

Tmax8
dT8

dsCC

dT8
~En ,T8!R~T,T8!,

~11!

wheredsCC /dT8 is the differential cross section for the C
reaction~from Ref. @37#!, with T8 being the actual kinetic
energy of the electron.Tmax8 is the kinematic limitEn2Q.
R(T,T8) is the energy resolution function that describes
distribution of the measured energyT, about the actual en
ergy T8, and is given by@37#

R~T,T8!5
1

wA2pT8
expF2

~T2T8!2

2w2T8
G , ~12!

with w50.348 MeV.

III. USING THE SIMILARITIES OF SUPER-KAMIOKANDE
AND SNO

Super-Kamiokande and SNO are fairly similar expe
ments insofar as CC measurements are concerned. Bot
high-statistics real-time electronic experiments using Ch
enkov light detection and both are sensitive to only8B and
hep neutrinos because their energy thresholds are almos
same. SK uses H2O as its detection medium, while SNO us
D2O. Thus, SK detects solar neutrinos via the elastic sca
ing ~ES! reaction

nx1e2→nx81e2 ~ES!, ~13!

which only makes a minor contribution to the rate at SN
However, since the neutrino source and the principle of n
trino detection are the same in both experiments, it is reas
able to expect the two experiments to yield equivalent fl
measurements. This equivalence has been exploited to d
ways to predict the NC rate at SK once SNO has CC r
results@38#, and to predict the energy spectrum at SNO fro
that measured by SK@39#.

We assume that the equivalence of SK and SNO is su
ciently robust that the bestx2 definition for SK will also be

2We follow the usual conventions thatn1 and n2 are the mass
eigenstates with massesm1 and m2, the mass-squared differenc
Dm2[m2

22m1
2 is positive, andu is the vacuum mixing angle which

can take values between 0 andp/2, thereby accommodating a
inverted mass hierarchy@43#.
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the best for SNO. The calculation for the ES rate at SK
similar to the CC rate described above for SNO except
the following alterations.

~i! PsCC is replaced byPse1(12P)sm , wherese and
sm are thene2e andnm2e ES cross sections@41#, respec-
tively.

~ii ! The bins are defined in terms of the total electr
energy, since SK reports its data in terms of the reconstru
total energy of the recoil electron, with thresholdEn

55 MeV.
~iii ! In Eq. ~12!, w50.47 MeV @11#.
SK has reported results from 1258 days of data tak

@11,12# as ratios with respect to the first version of BPB20
in which the 8B flux is 5.153106(120.16

10.20) cm22s21 @40#. We

call this SSM8. A recently revised version of BPB2000 give
the 8B flux as 5.053106(120.16

10.20) cm22 s21 @13#. Conse-
quently, we modify the SK data accordingly, by multiplyin
the central value and statistical error in each bin by the ra
5.15/5.05. The systematic errors are conveniently given
percentages and do not need modification. The measured
suppression is@11,12#

DataSK

SSM8
50.45120.015

10.017, ~14!

which relative to the SSM is

DataSK

SSM
50.45920.016

10.018. ~15!

SK presented results using several differentx2 definitions. In
their latest flux-independent analysis of the DN spectra, t
used@12#

xSK
2 ~Dm2,tan2u!

5(
i 51

38 F ~f i
meas/f i

SSM82a f i~b!f i
osc/f i

SSM8!2

~s i
stat!21~s i

uncorr!2

1S b

s i
corrD 2G , ~16!

where the flux measured by SK in thei th bin is f i
meas, the

expected flux without oscillations isf i
SSM8 and the expected

flux with oscillations isf i
osc[f i

osc(Dm2,tan2u). The uncer-
taintiess i

stat , s i
uncorr and s i

corr are the statistical, uncorre
lated and correlated uncertainties in thei th bin, respectively.
The correlated errors include the experimental uncertain
in the determination of the8B spectrum@30# and the theo-
retical uncertainties in the calculation of th expected ene
spectrum@42#. The functionsf i(b) parametrize the corre
lated uncertainty in the shape of the spectra;b is a free shift
factor of the correlated error, anda is a free parameter tha
normalizes the measured flux relative to the expected fl
The sum runs over 38 energy bins~19 day bins plus 19
night bins!.
9-3
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We have taken the SK 95% C.L. exclusion region fro
Ref. @12# for our later comparison with regions obtainab
with alternativex2 definitions. It is the hatched region en
closed by the dotted line in Fig. 1. Note that this exclus
region corresponds to data relative to SSM8. The dark shaded
areas are the allowed regions at 99% C.L. from a glo
analysis with free8B and hep fluxes and the SSM~not
SSM8) @17#. The LOW solution is allowed only at the 99%
C.L. The analysis includes the DN spectra from the 1117-
event sample but not the total rate, since that informatio
contained in the energy spectra. Reference@17# used the
shape of the undistorted spectrum of8B neutrinos from Ref.
@42#. We emphasize that although the SMA region fou
from a combined fit of flux measurements is excluded at
95% C.L. @12#, the SMA region from the global fit of Ref
@17# is not.

Another suitable definition ofx2, similar to one used by

FIG. 1. The exclusion~hatched! and allowed~lightly shaded!
regions at 95% C.L. obtained from the 1258 day SK DN ene
spectra using three differentx2 definitions. The regions enclosed b
the dotted~taken from Ref.@12#!, dashed and solid lines result from
the use of Eqs.~16!, ~17! and ~18!, respectively. Equation~18! has
no contribution from systematic errors. The flux constraint is i
posed to find the allowed regions. The crosshairs mark the be
parameters, (Dm2,tan2u)5(5.0131025 eV2,0.60) using Eqs.~17!
and ~18!. The dark shaded regions are the global solutions~with
1117 SK days! at 99% C.L. with free8B and hep fluxes found in
Ref. @17#.
07300
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SK in earlier analyses~of 825 effective days of data!, is

x2~Dm2,tan2u!

5(
i 51

38 F ~f i
meas/f i

SSM2a/~11bs i
corr!f i

osc/f i
SSM!2

~s i
stat!21~s i

uncorr!2 G
1b2. ~17!

Again, a is a free flux normalization factor andb constrains
the variation of correlated systematic errors. Performing ax2

analysis of the 1258 day data with this definition gives t
95% C.L. exclusion~hatched! region (x2.52.19 for 37
d.o.f.!, outlined by the dashed line in Fig. 1. The hep cont
bution to the neutrino flux is left unconstrained in the S
analysis while we have fixed the ratio between the hep
8B fluxes. Thus, for a test of the MSW hypothesis, the S
analysis has 36 degrees of freedom while our analysis
37. Also, keeping in mind that the regions enclosed by
dotted and dashed lines correspond to two different refere
solar models andx2 definitions, it is noteworthy that the
general shapes of the regions closely resemble each o
although they differ in size as a consequence of the te
((b/s i

corr)2 in xSK
2 . Even if b is very small,b;0.001, the

contribution from this term can significantly increase t
value of xSK

2 thereby permitting a larger exclusion region3

On the other hand, by including the correlated errors as
Eq. ~17!, their effect is greatly diminished. It is evident th
the spectral distortion functionsf i(b) play an important role
in defining an efficientx2 function. To include the possibility
of negative Dm2, we have also plotted the same regio
~dashed line! with tan2u as the abscissa@43#.

In the approximation that systematic errors can be
glected, both the abovex2 definitions lead to

xstat
2 ~Dm2,tan2u!5(

i 51

38 Ff i
meas/f i

SSM2af i
osc/f i

SSM

s i
stat G 2

.

~18!

The resulting 95% C.L. exclusion region~hatched and en-
closed by the solid line! is shown in Fig. 1. Again, we note
the remarkable similarity of the shapes of the exclusion
gions from the three analyses. Dropping systematic er
leads to a region more similar in size to that obtained by
SK collaboration than that obtained by using Eq.~17!. On
this basis, we hereafter assume that we can safely ignor
systematic errors when making projections for SNO w
simulated data. If SK is a reasonable guide, we will err
the conservative side. It may be counterintuitive that the
clusion region usingxSK

2 is larger than that usingxstat
2 , be-

cause one expects more errors to lead to less confidence
therefore a smaller exclusion region. However, as explai
earlier, the correlated errors in Eq.~16! are responsible for

3If we set f i(b)[1, thereby making the flux normalization th
same in all bins, andb50.001, we improve the agreement with th
SK region significantly.
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EARTH REGENERATION OF SOLAR NEUTRINOS AT . . . PHYSICAL REVIEW D 64 073009
this. The region using Eq.~17! is smaller than that ofxstat
2 ,

in agreement with expectations.
So far we have only considered flux-independent exc

sion plots. If instead, flux-dependent allowed regions
sought, one needs to add another term to thex2 definitions
considered,

x2~Dm2,tan2u!→x2~Dm2,tan2u!1S 12a

sa
D 2

, ~19!

where sa520.16
10.20SSM ~or SSM8) is the theoretical uncer

tainty in the 8B flux. In our analysis we symmetrize thi
value tosa560.18 SSM. The 95% C.L. allowed region
(Dx2,5.99 for two oscillation parameters!, are superim-
posed on the exclusion plots in Fig. 1. The allowed reg
from SK’s analysis is not shown in Ref.@12#; we have taken
it from Ref. @44#. It is evident that the allowed regions a
alike with minor differences in size. With thex2 definitions
of Eqs. ~17! and ~18!, we find the same best-fit paramete
(Dm2,tan2u)5(5.0131025 eV2,0.60) with x2530.6 using
Eq. ~17! andx2532.4 using Eq.~18! for 36 degrees of free
dom.

In Fig. 1, the crosshairs represent the best-fit parame
which are very close to those presented by SK from
analysis of the data from 1117 days in which they includ
the flux constraint@45#; SK did not report the best-fit poin
from a flux-dependent analysis of the 1258-day DN spec
From a flux-independent analysis they found that the m
mum x2 value lies in the VAC region@12#, which we have
not considered in our analysis. However, from a flu
dependent analysis of their zenith spectrum, they found
minimum x2 in the VAC region, with some points in th
LMA region with similar x2 values @12#. For example,
(Dm2,tan2u)5(731025 eV2,0.47) is one such point, which
is close to our best-fit parameters. A cautionary note w
interpreting Fig. 1 is that the dark-shaded flux-independ
globally allowed regions of Ref.@17# are not directly com-
parable to our flux-dependent allowed regions. Our moti
tion for superimposing the flux-independent allowed regio
is to facilitate a comparison with the flux-independent exc
sion regions.

IV. DATA SIMULATION AND ANALYSIS

If the SSM flux is correct, then in the absence of oscil
tions SNO should detect about 9250 events per year. If
stead the SSM flux is wrong and no oscillations occur,
flux suppression expected at SNO is the same as that see
SK @Eq. ~15!#. We first simulate data assuming this pessim
tic scenario and predict the exclusion and allowed regi
that we can expect SNO to present three years from n
Then we turn to the more reasonable explanation in wh
neutrino oscillations do occur.

We simulate data for the best-fit oscillation parameters
each of the three allowed MSW solutions~from the global
analysis of Ref.@17#! and display the corresponding excl
sion and allowed regions. Exclusion regions are meanin
only when the data points are normally distributed and t
for at least some region of the parameter space of inte
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x2/d.o.f;1. We enforce this by simulating data for whic
this is true at the input oscillation parameters. The norm
ization constantN in Eq. ~4! is set by the stipulation that we
are considering three years of data accumulation.

Figure 2 shows the expected spectra~as a ratio with re-
spect to the SSM! for typical LMA ~solid histogram!, SMA
~dashed histogram! and LOW ~dotted histogram! solutions.
The data points here are simulated for the LMA solution. F
a direct comparison of the spectral shapes, these spectr
normalized to the flux corresponding to the simulated da

For the sake of specificity, we definex2 as

x2~Dm2,tan2u!5(
i 51

38 FRi
simulated/Ri

SSM2aRi
osc/Ri

SSM

s i
stat G 2

,

~20!

wheres i
stat5ARi

simulated/Ri
SSM and the number of simulate

events, Ri
simulated, in bin DTi is obtained by randomly

choosing a point from a Gaussian distribution centered at
theoretical value and of a width equal to the square roo
the theoretical value. This definition is the same as tha
Eq. ~19! except that it is expressed in terms of the number
events rather than the flux.

To be conservative, we only show 99% C.L. exclusi
(x2.59.89 for 37 d.o.f.!, and allowed regions (Dx2

FIG. 2. The expectede2 DN energy spectra at SNO~as a ratio
with respect to the SSM! with three years of accumulated data f
typical LMA ~solid histogram!, SMA ~dashed histogram! and LOW
~dotted histogram! solutions. The data points are simulated for t
LMA solution. The spectra are normalized to the flux reflected
the data. The last bin includes all energies from 14 to 20 MeV.
9-5
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FIG. 3. Expected 99% C.L. exclusion~hatched! and allowed~lightly shaded! regions from the DN spectra at SNO for~a! a flux-
suppressed flat spectrum~b! a LMA solution, ~c! a LOW solution and~d! a SMA solution with three years of accumulated data. The d
shaded regions are the global solutions at 99% C.L. with free8B and hep fluxes. The stars and crosshairs mark the theoretical input
best-fit points, respectively.
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,9.21), resulting from the simulated SNO data. Figure
shows the expected regions for the flat spectrum hypoth
~with the same flux suppression as seen by SK! and three
MSW solutions. The stars and crosshairs mark the theore
inputs and best-fit points, respectively. The SMA expectat
is characteristic and easily identifiable. For all other pos
bilities, the plots bear a striking semblance to each other
to the SK results. The LMA and LOW solutions persist
multaneously for all but the SMA solution. The SMA regio
is excluded to a large extent, and, with a more efficientx2

definition, the entire SMA region could be excluded.

V. ZENITH ANGLE DISTRIBUTION

To a large extent, the information contained in the zen
angle distribution is contained in the DN spectra. The
exclusion regions obtained by them in separate analyse
the DN spectra and the zenith angle distribution~with energy
subdivisions! bear testimony to this expectation; the diffe
ences are small@12#. This is despite the fact that each zen
angle bin is split into several energy bins, thereby potentia
maximizing the resolution available to SK. It was advoca
that an appropriate choice of binning might make it possi
for SNO to not only identify which solution is correct bu
also to determine the oscillation parameters@24#. By per-
forming a complete analysis, we now assess the exten
which this claim can be validated.

The choice of night bins of equal size in cosuZ is demo-
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cratic, but does not take advantage of any distinctive featu
of the distributions of the different solutions. In the conte
of SNO, the qualitative behavior of the distributions for th
LMA, SMA and LOW solutions was studied in detail in Re
@24#. It was found that with a suitable choice of binning, a
smearing of peculiarities intrinsic to the region of parame
space can be avoided. The events were binned in a ma
that leads to a characteristic distribution for the LOW so
tion because for neutrinos passing only through the man
in the SMA and LMA regions, the cosuZ-dependence is
rather weak leading to a more or less flat distribution. T
remark is pertinent since, as we have seen, it is difficult
differentiate the LMA and LOW solutions from each other.
the SMA solution is the correct one, the strong spectral d
tortion will easily make it stand apart. As defined in Table
there is one day bin and there are five nonuniform night b
The ‘‘core bin,’’ N5, at SNO@(cosuZ)max50.92# is smaller
than that at SK@(cosuZ)max50.975# because SNO’s highe
latitude restricts theuZ range. Thus a smaller number of sol
neutrinos that pass through the Earth’s core are inciden
SNO than at SK.

Since we know the zenith-angle exposure function@29#,
the SSM prediction for the number of events in each zen
angle bin, Ri ,SSM

Z , and the prediction with oscillations
Ri , osc

Z , can be calculated. For a given set of oscillation p
rameters, we want to generate zenith angle distributions
have the same number of events as the simulated en
spectra of Sec. IV. The number of events in the day bin
9-6
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simply the sum of all the events in the day spectrum. For
night bins, we useRi , osc

Z as the central value of a Gaussia
distribution and simulate the number of events in each n
bin. Note that the number of events at night represented
this distribution does not coincide with that of the night spe
trum. The nighttime distribution is renormalized to yield th
number of events in the night spectrum. Now the simula
energy spectra and zenith angle distribution reflect the s
data. To match the number of simulated events in the ze
angle distribution and the DN spectra, two normalizatio
are needed, one each for the daytime and nighttime eve
The shape of the theoretical expectation, however invol
only one normalization, namely, the total number of sim
lated events.

We perform flux-independent analyses~for the same

TABLE I. The definitions of the night bins in terms of the nad
of the Sun,uZ . Note that the ‘‘core bin’’ N5 does not contai
zeniths beyond 0.92 because the latitude of the detector restric
range.

Data set

Day 21<cosuZ<0
N1 0,cosuZ<0.173
N2 0.173,cosuZ<0.5
N3 0.5,cosuZ<0.707
N4 0.707,cosuZ<0.83
N5 0.83,cosuZ<0.92
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datasets used to find the regions of Fig. 3! with the simplex2

function

x2~Dm2,tan2u!Z

5(
i 51

6 FRi , simulated
Z /Ri , SSM

Z 2aRi , osc
Z /Ri , SSM

Z

s i
Z G 2

,

~21!

wheres i
Z5ARi ,simulated

Z /Ri ,SSM
Z . From Fig. 4, it is evident

that the zenith angle distributions of the various solutio
lead to similar 99% C.L. exclusion regions (x2.15.09 for 5
d.o.f.!. We underscore the fact that the regions correspond
to the flat spectrum, LMA and LOW datasets exclude part
the SMA region, and that the region found with the SM
dataset excludes a large part of the LMA and LOW solutio
This is consistent with Fig. 3. Additionally, the 99% C.
allowed regions have the same shapes for the LMA a
LOW solutions. The flux constraint is included to find th
allowed regions. The stars and crosshairs mark the theo
cal inputs and best-fit points, respectively.

Figure 5 shows the 99% C.L. exclusion (x2.16.81 for 6
d.o.f.!, and allowed regions from the zenith angle distrib
tion from 1258 days of data at SK. In making these regio
we have employed SK’s binning, which is different from o
choice for SNO. The statistical and systematic errors
added in quadrature. The crosshairs mark the best-fit par
eters, (Dm2,tan2u)5(5.0131025 eV2,0.56) with x255.15.
The exclusion regions of Figs. 4 and 5 are similar to the 9

its
nd-
FIG. 4. Expected 99% C.L. exclusion~hatched! and allowed~lightly shaded! regions from zenith angle distributions at SNO correspo
ing to the simulated datasets of Fig. 3. The stars and crosshairs mark the theoretical inputs and best-fit points, respectively.
9-7
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C.L. exclusion region reported by SK~with a 504-day
dataset! with a similar x2 definition @46#. No parts of the
globally allowed regions are excluded. Of course, subdiv
ing each zenith angle bin into energy bins~as done by SK in
their latest analysis@12#! will greatly improve the sensitivity
of the analysis, but this is similar to using DN energy sp
tra.

The day-night variation embodied in the zenith angle d
tribution can also be presented in terms of a day-night as
metry defined by

ADN52
N2D

N1D
52

PN2PD

PN1PD , ~22!

whereD andN are the total number of events detected d
ing the days and nights, respectively. The approxim
ranges ofADN are (0.005,0.1) in the LMA and LOW region
and (20.01,0.05) in the SMA region. Note that in parts
the SMA region,ADN,0 @47#, thus uniquely identifying the
SMA solution. However,ADN.20.01 and an identification
of such a small deviation from zero will be difficult. Sem
analytical approximations forADN were derived for the three
allowed regions@25#. These expressions can be used to p
vide insight into the orientations of the zenith-angle allow

FIG. 5. The exclusion~hatched! and allowed~lightly shaded!
regions at 99% C.L. from the 1258-day SK zenith angle distri
tion. The crosshairs mark the best-fit parameters, (Dm2,tan2u)
5(5.0131025 eV2,0.56).
07300
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regions. Isoasymmetry lines that pass through all three
gions must haveADN.0 and are given by

Dm2 ~eV2!'331026
sin22u

ADN
~LMA !, ~23!

ADN'sin22u ~SMA!, ~24!

Dm2 ~eV2!'2.531026
ADN

sin22u
~LOW!. ~25!

The relations in Eqs.~23!–~25! have a wider domain of ap
plicability than indicated. For example, Eq.~25! is applicable
in the range 1028&Dm2&331026 eV2. This explains why
the 99% C.L. allowed regions almost connect the SMA a
LOW solutions.

In Ref. @24#, an attempt was made to enhance the ide
fication of the correct solution by the use of correlatio
between the event rates in the different zenith bins andADN .
However, this study found that the expectations for SNO
similar to that of SK and that it will be difficult to discrimi-
nate between the solutions in this way.

VI. SUMMARY

We have analyzed the 1258-day and night energy spe
presented by Super-Kamiokande usingx2 definitions that ac-
count for systematic errors in different ways. The best-fit l
in the LMA region at (Dm2,tan2u)5(5.0131025 eV2,0.60),
independently of whether systematic errors are included
thex2 definition. We have shown that these approaches l
to exclusion and allowed regions of different sizes, but
general areas of the regions remain unchanged even if
tematic errors are neglected~see Fig. 1!. Using Super-
Kamiokande as our reference, we then draw conclusions
SNO based on analyses that incorporate only statistica
rors. We assume the optimistic electron kinetic ene
threshold of 5 MeV and three years of accumulated data

If the SMA solution is correct, the day and night spec
will show sufficiently strong distortions to distinguish th
solution from other solutions@Fig. 3~d!#. For a flux-
suppressed flat spectrum or the LMA and LOW solutio
the regions are similar enough to not provide any constr
beyond the exclusion of most of the SMA solution@Figs.
3~a!–~c!#; the LMA and LOW solutions are indistinguish
able. However, KamLAND@19# will certainly help in this
regard by either ruling out the LMA solution or by pinnin
down the LMA oscillation parameters@20#. The zenith angle
distribution in itself will not add anything to what can b
obtained from the day and night spectra, unless each ze
angle bin is subdivided into energy bins.

The 99% C.L.exclusion regions in Fig. 4 bear a striki
similarity to that obtained from the 1258-day zenith ang
distribution at Super-Kamiokande~Fig. 5!, for which the

-
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best-fit parameters are (Dm2,tan2u)5(5.0131025

eV2,0.56). We expect results from charged-current meas
ments at SNO to be similar to those of Super-Kamiokan
thus providing an important check of the Super-Kamiokan
conclusions. Needless to say, neutral current data from S
will provide a crucial test of the existence of sterile neut
nos, and if solar neutrinos do not oscillate to sterile neu
nos, SNO will measure the8B flux produced in the Sun.
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