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We analyze the 1258-day Super-Kamiokande day and night solar neutrino energy spectra withyfarious
definitions. The bestfit lies in the large mixing angltMA) region at (Am? tarfd)=(5.01
X 10" %eV?,0.60), independently of whether systematic errors are included iyZhtefinition. 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 areAm?,tarf6) = (5.01x 10" ® eV2,0.56).
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[. INTRODUCTION simultaneous measurement of the rates of the charged current
(CC) and neutral currentNC) reactions:

Neutrinos oscillate. Atmospheric neutrino experiments
[1-5] provide compelling evidence of this. The solar neu- ve+d—p+p+e” (CO), (1)
trino problem[6] has been in existence for 30 years, long
before the first indications of an atmospheric anomaly. Vari-
ous solar neutrino experimeritéd—12] detected a flux deficit
of 1/2 to 1/3 of the standard solar mod&SM) prediction
[13]. The deficit can be explained by invoking the neutrinowherev, denotes any of the active flavors. The NC reaction
oscillation hypothesis. Despite this, the solar neutrino probmeasures the total flux of active neutrinos which is the same
lem is unsolved. Super-Kamiokand8K) [11,17 did not as the®B flux produced in the Sun if there are only active-
find evidence of any of the three litmus tests for neutrinoactive neutrino oscillations. Thus a cross-section-normalized
oscillations: the energy spectrum distortion, the zenith angleatio NC/CC ~2.5 indicates the oscillationve—v, /v, .
dependence of the fluarising from the earth regeneration If oscillations into sterile neutrinos occur, both the CC and
effect[14—-16), or seasonal variations of the flux. Moreover, NC rates will be suppressed, giving NC/CC of unity, thereby
there are three distinct robust solutions, all of which havesignaling the existence of sterile neutrinos. Since the energy
comparable significance levels: large mixing an@l&A),  threshold is expected to be about 5 MeV for the CC reaction
small mixing angle(SMA), and low probability, low mass and 2.2 MeV for the NC reaction, on§B and Het p (hep
(LOW) [17,18. A vacuum VAC solution at Am§1 neutrinos will contribute to the SNO event rates.
~10 1 eV?is fragile in comparison to the three other so- Because the NC reaction is unique to SNO, a number of
lutions and its existence depends sensitively upon how mucgtudies have been devoted to its exploitation. In this work we
emphasis is placed on the SK d&i&]. We do not consider undertake an analysis of what the CC rate measurements at
it further and focus on the Mikheyev-Smirnov-Wolfenstein SNO by themselves can and cannot tell us. They can provide
(MSW) solutions. Presently, data from SK favor the LMA valuable information for active-active oscillations but are not
solution [12]. The KamLAND reactor neutrino experiment as sensitive to active-sterile oscillations. The recoil energy
[19] will establish once and for all whether or not the LMA spectrum of CC events and their zenith angle distribution can
solution is correct, independent of the solar neutrino flux. Ifin principle eliminate two of the three globally allowed re-
it is, within three years we will knovam§1 and sif26,, to gions in oscillation parameter space, and also measure the
accuracies oft10% and 0.1, respectively{20,21. The oscillation parameters.
SNO experimenf22], too, is expected to make significant  The stringent CHOOZ Ilimif26] (also see the Palo Verde
inroads toward a resolution of the solar neutrino pug2B-  Experiment[27]) of sir’26,3,<0.1(at the 95% confidence
25], especially through neutral current measurements. level), approximately decouples solar neutrino oscillations

SNO is a Cherenkov detector with 1000 tons of heavyffom atmospherlc neutrino oscillations. For small values of
water as its detection medium. Its central objective is to tesfhs, providedAm3;<Am3,, the three-flavor survival prob-
whether electron neutrinos produced in the Sun oscillate int@bility P is related to the two-flavor survival probabilify,
active or sterile neutrinos. This can be accomplished by th®y (see the first paper of Ref18])

vyt+td—p+n+v, (NC), 2
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P3=c0S 2013P,=0.95P,< P;<P, 3 N
3 1372 PR ) RP'N:NJ dE,[Dg(E,)+1.8416
0

where the inequality arises from the CHOOZ limit @s. X107 3P E,) PP NE,)occ(E, . AT), (4)
Thus, even when the limit is saturated, the two-neutrino
analysis represents a very good approximation to the thregvhered®g and®,c, are the normalized energy spectra of the
neutrino analysis. Our analysis is performed in the two active'B and hep neutrinos respectively. For the undistorted spec-
neutrino framework. trum shape of théB neutrinos, we have adopted the result
In Sec. Il we briefly describe how the electron recoil en-based on a measurement of {fedelayeda spectrum from
ergy spectra expected in the daytime and nighttime are cafhe decay of°B [30], with this spectrum normalized to the
culated. We will collectively call both spectra the “DN spec- [ux of the 2000 resuits of Bahcall, B§3SL," and Pinsonneault
tra.” In Sec. lll we analyze the DN data from SKL258 [4?]t'(BP':3?O|Og' Th? Lactor 1'?418 1t068 n th; (4) is t?he
effective dayswith different 2 definitions and find the op- €!alve total fux of heép neutrinos 105 neutrinos in the
timum definition for the analyses of the simulated SNO dataSS'vI (BPB200. This factor is 4.5 times larger than that of

In Sec. IV we describe our simulation of the SNO experi-BBPg8 [31] for two reasons(i) A recent calculation of the

. . hep neutrino flu{32] updates the BBP98 value by a factor
ment and the subsequent data analysis. In Sec. V we Crltldf 44, (i) In BPB2000, the ®B flux is 5.05

cally examine if the zenith angle distribution at SNO adds to>< 106(1+°'28) em 251 versus 5.15 106(1+o.1$ e 251

~0.1 . -0.1
what can be learned from the DN spectra. We compare OUls pepgg. The overall normalizatiol yields the expected
expectations for SNO with an analysis of the zenlth—anglenumber of events in the absence of oscillations if the
distribution at Super-Kamiokande. We summarize our reSU|t§urvival probability at the detectoP®N(E.), is unity. If

in Sec. VL. oscillations occuf15],

PP(E,)=Po(E,), ©)
Il. DAY AND NIGHT RECOIL ELECTRON
ENERGY SPECTRA 1-2P,(E

N _ ) N H

The SNO CC data will provide an accurate determination PHE,)=Po(E,)+ cos20 (Pe(E,)) —sir?6),
of the shape of the energy spectrum fréB neutrinos. In- (6)
formation about the oscillation parameters will be embedded
in the overall suppression of the CC rate relative to that ofvhereP is the probability that a neutrino leaves the Sun as
the SSM and in the distortion of the shape of the energy,, given by the well-known Parke formu[&83]
spectrum. The lowQ value of the CC reactiofl.442 MeVj
makes this process well suited to obtaining a spectrum with
high energy resolution because most of the energy of the Po(E,)= §+
incoming neutrino is carried away by the outgoing electron
(0=Te<E,—Q). Since SNO is a real-ime experiment, itis \yhere 92 s the mixing angle in matter at the point of neu-
capable of studying the effect of the Earth on neutrinos thaf;, production in the Sun. It is given by
pass through it en route to the detector. A nadir artiylés
defined as the angle between the negatiggis of the coor-

1
~—P,

5 cos26 cos240,, (7)

dinate system at the detector and the direction of the Sun. tanzg%:ﬂ_ (8)
With this definition, co®,<0 during the day and ca 2\2GENJE,
>0 at night. Conventionallyg, is called the zenith angle, 1_—Am200526'

although it is actually the complement of the zenith angle.

The relative amount of time the detector is exposed to th 0. I .

Sun at a particular zenith angle is given by the zenith-ang| ere N is the e!ectron densﬁy in the S_un at the creatl'on

exposure functiofi28,29. point of_ _the neutrmo. An analytic expression for Fhe crossing
Two electron energy spectra can be measured, one eagﬁobabmt_y_, P., WhICh is a measure of the nonadiabaticity of

for neutrinos detected in the daytime and nighttime. Eactin® transitions, i$34]

electron spectrum is divided into 19 bins, every 0.5 MeV

from the kinetic energy thresholfi,=5 MeV! to 14 and a ™ F ™ F
last bin that includes all events with energies from 14 MeV 2 B N e Sirko
to 20 MeV. The expectation in each day or night bin defined P.= F ., 9
by AT,=[T™" TN i ) p( 77 )
27 sirkg

INote that the target threshold for the CC reaction is 5 MeV ki-Where y characterizes the ad_iabatiCitY_ of the resonance _and
netic energy, not total energy. We thank E. Beier for emphasizing= = 1—tar? @ for the exponentially varying matter density in
this point. the Sun. The adiabaticity parameter is given[8$,35
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B Am?sirf26
2E, c0s26|Ne/Ng|r’

(10

with |[No/Ng|r evaluated at the resonance. Finallp),) is
the time-averaged probability of the transitiopi— v, due to
the effect of Earth mattérWe assume the preliminary refer-
ence Earth moddl36] for the Earth’s electron density. The
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the best for SNO. The calculation for the ES rate at SK is
similar to the CC rate described above for SNO except for
the following alterations.

(i) Pocc is replaced byPoe+(1—P)o,, whereo, and
o, are thev,—e andv,—e ES cross sectiongtl], respec-
tively.

(i) The bins are defined in terms of the total electron
energy, since SK reports its data in terms of the reconstructed

reduced cross section for producing an electron with meatotal energy of the recoil electron, with threshold,

sured kinetic energy in the intervalT; is

“S(E,. THR(T.T),
(11)

T max T/
occ(E, AT, =f - de maXdT’
CC( |) dT’

Timm 0

=5 MeV.

(iii) In Eq. (12, w=0.47 MeV[11].

SK has reported results from 1258 days of data taking
[11,12 as ratios with respect to the first version of BPB2000
in which the B flux is 5.15< 10°(17 523 cm~2s~1 [40]. We
call this SSM. A recently revised version of BPB2000 gives

wheredocc/dT' is the differential cross section for the CC the ®B flux as 5.05¢10°(17329 cm 2s ! [13]. Conse-

reaction(from Ref.[37]), with T’ being the actual kinetic
energy of the electronl,,, is the kinematic limitE,— Q.

quently, we modify the SK data accordingly, by multiplying
the central value and statistical error in each bin by the ratio

R(T,T') is the energy resolution function that describes theb.15/5.05. The systematic errors are conveniently given as

distribution of the measured enerdy about the actual en-
ergy T’, and is given by 37]

)

1 (T-T")2
wy27T’ 2w

R(T,T')= -

: 12

with w=0.348 MeV.

IIl. USING THE SIMILARITIES OF SUPER-KAMIOKANDE
AND SNO

percentages and do not need modification. The measured flux
suppression i§11,12]

Datagy

~=0. 451" 591L, (14)
SSM
which relative to the SSM is
Dat
S S?\SAK =0.459'0918 (15)

Super-Kamiokande and SNO are fairly similar experi-
ments insofar as CC measurements are concerned. Both apé Presented results using several differgftiefinitions. In

high-statistics real-time electronic experiments using Cherth€ir latest flux-independent analysis of the DN spectra, they
enkov light detection and both are sensitive to ofiy and used[12]

hep neutrinos because their energy thresholds are almost the
same. SK uses 4D as its detection medium, while SNO uses
D,0. Thus, SK detects solar neutrinos via the elastic scatter-
ing (ES) reaction

X3 (Am? tarfe)

—E {w.me%m—afi<ﬁ>¢?3°/¢?w>2

(U;stat)2+(o_itjncorr)2
2
B
+ corr
Jj

vte —v,+e”  (EY), (13

: (16)

which only makes a minor contribution to the rate at SNO.
However, since the neutrino source and the principle of neu-
trino detection are the same in both experiments, it is reason-

able to expect the two experiments to yield equivalent fluxV
measurements. This equivalence has been exploited to devisgpected flux without oscillations i;

where the flux measured by SK in the bin is ¢"¢®%, the
SSM and the expected

ways to predict the NC rate at SK once SNO has CC ratdlux with oscillations is¢{°°= ¢?*(Am?,tarfd). The uncer-
results[38], and to predict the energy spectrum at SNO fromtaintiesgftat, g% and 6% are the statistical, uncorre-

that measured by SK39].

lated and correlated uncertalnties in ille bin, respectively.

We assume that the equwalence of SK'and SNO is suffiThe correlated errors include the experimental uncertainties

ciently robust that the begt? definition for SK will also be

2We follow the usual conventions that and v, are the mass
eigenstates with masses; and m,, the mass-squared difference
Amzzmg— mf is positive, and is the vacuum mixing angle which
can take values between 0 and2, thereby accommodating an
inverted mass hierarcHy3].

in the determination of théB spectrum[30] and the theo-
retical uncertainties in the calculation of th expected energy
spectrum[42]. The functionsf;(8) parametrize the corre-
lated uncertainty in the shape of the specftas a free shift
factor of the correlated error, andis a free parameter that
normalizes the measured flux relative to the expected flux.
The sum runs over 38 energy bit$9 day bins plus 19
night bing.
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SK D&N Spectra (ve—=v,,) SK in earlier analysegof 825 effective days of datais

10-3

T T 7] 75

I

i l_,m--'_ll4

Y2(Am? tarfe)

38

(¢{T]ea7¢iSSM— a/(l+ﬁo_i(:orr)¢ic)sc/¢iss 2

6; o5 L z "(////Illlllllllli~ SRS, 4 = (O_istat)z_l_(o_iuncorr)Z
Q
g 1078 | A 7 / i %
N Ypr Y { L Again, « is a free flux normalization factor an@l constrains
10-7 L Uy ‘l'.l, the variation of correlated systematic errors. Performing a
T ¥ analysis of the 1258 day data with this definition gives the
" l 1 . - 95% C.L. exclusion(hatched region (y?>52.19 for 37
10 10-3 1072 10-1 100 d.o.f), outlined by the dashed line in Fig. 1. The hep contri-
sin?26 bution to the neutrino flux is left unconstrained in the SK
10-8 analysis while we have fixed the ratio between the hep and
' 8B fluxes. Thus, for a test of the MSW hypothesis, the SK
. analysis has 36 degrees of freedom while our analysis has
10~

E 37. Also, keeping in mind that the regions enclosed by the
dotted and dashed lines correspond to two different reference

& 105 L . solar models angy? definitions, it is noteworthy that the

2L general shapes of the regions closely resemble each other,
5 08 L although they differ in size as a consequence of the term
g 4

S(Blof°™)? in .. Even if B is very small,3~0.001, the
} contribution from this term can significantly increase the
07 b Qe value of y2. thereb itti i o
5 SK y permitting a larger exclusion regron.
On the other hand, by including the correlated errors as in
108 Ly il sl el - 2y Eq. (17), their effect is greatly diminished. It is evident that
- f[he spe_ctral dlstqrt_lon functlo_r1‘$(,8) p_Iay an |mportant_ r_o_Ie
in defining an efficieny? function. To include the possibility
FIG. 1. The exclusion(hatched and allowed(lightly shadeg  of negative Am?, we have also plotted the same region
regions at 95% C.L. obtained from the 1258 day SK DN energy(dashed lingwith tarfd as the abscissa3].
spectra using three differegf definitions. The regions enclosed by  In the approximation that systematic errors can be ne-
the dottedtaken from Ref[12]), dashed and solid lines result from glected, both the abov/e2 definitions lead to
the use of Eqs(16), (17) and (18), respectively. Equatiofil8) has
no contribution from systematic errors. The flux constraint is im- 38 ¢meas/¢SSM_a¢psc/¢_SSM 2
posed to find the allowed regions. The crosshairs mark the best-fit 2 _(Am? tarfg)= > = ! : :
=1

parameters, Am? tarfd) = (5.01x 10~ ° eV2,0.60) using Eqs(17) ot

and (18). The dark shaded regions are the global solutiwish (18)
1117 SK daysat 99% C.L. with freeB and hep fluxes found in

Ref.[17]. The resulting 95% C.L. exclusion regighatched and en-

closed by the solid lineis shown in Fig. 1. Again, we note

We have taken the SK 95% C.L. exclusion region fromthe remarkable similarity of the shapes of the exclusion re-
Ref. [12] for our later comparison with regions obtainable gions from the three analyses. Dropping systematic errors
with alternativey? definitions. It is the hatched region en- leads to a region more similar in size to that obtained by the
closed by the dotted line in Fig. 1. Note that this exclusionSK collaboration than that obtained by using Etj7). On
region corresponds to data relative to SSWhe dark shaded this basis, we hereafter assume that we can safely ignore all
areas are the allowed regions at 99% C.L. from a globaystematic errors when making projections for SNO with
analysis with free®B and hep fluxes and the SSKkhot Simulated data. If SK is a reasonable guide, we will err on

SSM') [17]. The LOW solution is allowed only at the 99% the gonseryative _sidez. It_may be counterintuit_ivezthat the ex-

C.L. The analysis includes the DN spectra from the 1117-da§f!USioOn region usings is larger than that usings;a;, be-

event sample but not the total rate, since that information {§2US€ One expects more errors to lead to less confidence and

contained in the energy spectra. Referefit@ used the ther_efore a smaller exclusmn_reglon. However, as_explalned

shape of the undistorted spectrum& neutrinos from Ref. earlier, the correlated errors in E@L6) are responsible for

[42]. We emphasize that although the SMA region found

from a combined fit of flux measurements is excluded at the

95% C.L.[12], the SMA region from the global fit of Ref.  3if we setf,(8)=1, thereby making the flux normalization the

[17] is not. same in all bins, an@=0.001, we improve the agreement with the
Another suitable definition of?, similar to one used by SK region significantly.
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this. The region using Eq17) is smaller than that of?,,,,

in agreement with expectations.

0.8

PHMCAL REVIEW D 64 073009

— am® = 42 x 107 &V?
L ----Am® = 52 x 107° eV®,

] 1
tan®6 = 0.26
tan®0 = 5.5 x 10™* ]

So far we have only considered flux-independent exclu- ™ ... Am® = 7.8 x 10~ eV® . tan®d = 0.72
sion plots. If instead, flux-dependent allowed regions are
sought, one needs to add another term tothalefinitions
considered,

041 4

03 ]

Ratio

—a\2 Forgrrerdef—pad !
)(2(Am2,tan?e)ﬂ(z(AmZ,tanZe)+(1(r “) . (19 02rf trd 1 { t ]

a
01f Day Spectrum

where o,=32%5SM (or SSM) is the theoretical uncer-

tainty in the 8B flux. In our analysis we symmetrize this 0' 8 8 10 12 14
value too,= *0.18 SSM. The 95% C.L. allowed regions
(Ax?<5.99 for two oscillation parametérsare superim-
posed on the exclusion plots in Fig. 1. The allowed region
from SK's analysis is not shown in Rgfl2]; we have taken 04
it from Ref. [44]. It is evident that the allowed regions are ]

alike with minor differences in size. With the? definitions 0al

of Egs.(17) and(18), we find the same best-fit parameters, I 1 oz ;__I ______ I -

(Am?,tarfd) = (5.01x 1075 eV2,0.60) with y2=30.6 using 02l Tt PF1t

Eq.(17) and x?=32.4 using Eq(18) for 36 degrees of free-

dom. 01f
In Fig. 1, the crosshairs represent the best-fit parameter.

which are very close to those presented by SK from an oo L L L L L

analysis of the data from 1117 days in which they included - Kinetic E (MeV)

the flux constrainf45]; SK did not report the best-fit point € eHie Haerey e

from a flux-dependent analysis of the 1258-day DN spectra. FIG. 2. The expected™ DN energy spectra at SN@s a ratio

From a flux-independent analysis they found that the miniwith respect to the SSMwith three years of accumulated data for

mum x? value lies in the VAC regiori12], which we have typical LMA (solid histogran SMA (dashed histograyrand LOW

not considered in our analysis. However, from a flux-(dotted histogramsolutions. The data points are simulated for the

dependent analysis of their zenith spectrum, they found theMA solution. The spectra are normalized to the flux reflected by

minimum XZ in the VAC region, with some points in the the data. The last bin includes all energies from 14 to 20 MeV.

LMA region with similar x? values[12]. For example,

(Am? tarfd) = (7x 10 ®eV?0.47) is one such point, which y?/d.o.f~1. We enforce this by simulating data for which

is close to our best-fit parameters. A cautionary note whethis is true at the input oscillation parameters. The normal-

interpreting Fig. 1 is that the dark-shaded flux-independenization constant\'in Eqg. (4) is set by the stipulation that we

globally allowed regions of Ref17] are not directly com- are considering three years of data accumulation.

parable to our flux-dependent allowed regions. Our motiva- Figure 2 shows the expected spedtaa a ratio with re-

tion for superimposing the flux-independent allowed regionspect to the SSMfor typical LMA (solid histogran, SMA

is to facilitate a comparison with the flux-independent exclu-(dashed histograjrand LOW (dotted histogramsolutions.

sion regions. The data points here are simulated for the LMA solution. For

a direct comparison of the spectral shapes, these spectra are

normalized to the flux corresponding to the simulated data.
For the sake of specificity, we defing as

Ratio

Night Spectrum .
SSM

IV. DATA SIMULATION AND ANALYSIS

If the SSM flux is correct, then in the absence of oscilla-
tions SNO should detect about 9250 events per year. If in-
stead the SSM flux is wrong and no oscillations occur, the y2(Am? tarf6)= 2
flux suppression expected at SNO is the same as that seen by i=1
SK[Eg. (15)]. We first simulate data assuming this pessimis- (20)
tic scenario and predict the exclusion and allowed regions :
that we can expect SNO to present three years from nowvherea$''= (RS M2 JRSSMand the number of simulated
Then we turn to the more reasonable explanation in whiclevents, Rs'm”""“ed, in bin AT, is obtained by randomly
neutrino oscillations do occur. choosing a point from a Gaussian distribution centered at the
We simulate data for the best-fit oscillation parameters irtheoretical value and of a width equal to the square root of
each of the three allowed MSW solutioffsom the global the theoretical value. This definition is the same as that of
analysis of Ref[17]) and display the corresponding exclu- Eq. (19) except that it is expressed in terms of the number of
sion and allowed regions. Exclusion regions are meaningfugévents rather than the flux.
only when the data points are normally distributed and that To be conservative, we only show 99% C.L. exclusion
for at least some region of the parameter space of interesty?>>59.89 for 37 d.o., and allowed regions Ax?

| 2
R5|mu atec}RSSM R;:)sc/RiSSM

stat !
i
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SNO D&N Spectra (v,— v,,)

10—3 s
(b)

104

10~5

10—8

Am?® (ev®)

10~7

Flux—suppressed Am® = 4.2 x 107

Flat Spectrum tan®6 = 0.26
10_8 | Ll 1 N, 1 | 1 | 1

10—3 T T T T

()

104

10-5 |

Am? (ev?)

10-6 |

1077 L
Am® = 7.6 x 107® v
tan®9 = 0.72

1078 2 L3 - = o
10 10 10 10 10

tan®g

FIG. 3. Expected 99% C.L. exclusiaimatched and allowed(lightly shaded regions from the DN spectra at SNO f@a) a flux-
suppressed flat spectrufn) a LMA solution, (c) a LOW solution andd) a SMA solution with three years of accumulated data. The dark
shaded regions are the global solutions at 99% C.L. with ¥&and hep fluxes. The stars and crosshairs mark the theoretical inputs and
best-fit points, respectively.

<9.21), resulting from the simulated SNO data. Figure 3cratic, but does not take advantage of any distinctive features
shows the expected regions for the flat spectrum hypothesisf the distributions of the different solutions. In the context
(with the same flux suppression as seen by) 8Kd three of SNO, the qualitative behavior of the distributions for the
MSW solutions. The stars and crosshairs mark the theoreticaMA, SMA and LOW solutions was studied in detail in Ref.
inputs and best-fit points, respectively. The SMA expectationf24]. It was found that with a suitable choice of binning, any
is characteristic and easily identifiable. For all other possismearing of peculiarities intrinsic to the region of parameter
bilities, the plots bear a striking semblance to each other angpace can be avoided. The events were binned in a manner
to the SK results. The LMA and LOW solutions persist si- that leads to a characteristic distribution for the LOW solu-
multaneously for all but the SMA solution. The SMA region tion because for neutrinos passing only through the mantle,
is excluded to a large extent, and, with a more efficight in the SMA and LMA regions, the ca%-dependence is
definition, the entire SMA region could be excluded. rather weak leading to a more or less flat distribution. This
remark is pertinent since, as we have seen, it is difficult to
differentiate the LMA and LOW solutions from each other. If
the SMA solution is the correct one, the strong spectral dis-
To a |arge extent, the information contained in the Zenithtortion will eaSily make it stand apart. As defined in Table I,
angle distribution is contained in the DN spectra. The Skthere is one day bin and there are five nonuniform night bins.
exclusion regions obtained by them in separate analyses di€e “core bin,” N5, at SNO[(c0S67) nax=0.92] is smaller
the DN spectra and the zenith angle distributimith energy ~ than that at SK(cos6z) nax=0.975 because SNO's higher
subdivision$ bear testimony to this expectation; the differ- latitude restricts thé@, range. Thus a smaller number of solar
ences are sma|lL2]. This is despite the fact that each zenith neutrinos that pass through the Earth’'s core are incident at
angle bin is split into several energy bins, thereby potentiallySNO than at SK.
maximizing the resolution available to SK. It was advocated Since we know the zenith-angle exposure functiag],
that an appropriate choice of binning might make it possible¢he SSM prediction for the number of events in each zenith
for SNO to not only identify which solution is correct but angle bin, R’ssy, and the prediction with oscillations,
also to determine the oscillation parametg?d]. By per- Rf osc» €an be calculated. For a given set of oscillation pa-
forming a complete analysis, we now assess the extent tmmeters, we want to generate zenith angle distributions that
which this claim can be validated. have the same number of events as the simulated energy
The choice of night bins of equal size in asis demo-  spectra of Sec. IV. The number of events in the day bin is

V. ZENITH ANGLE DISTRIBUTION
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TABLE I. The definitions of the night bins in terms of the nadir datasets used to find the regions of Figwah the simpley?
of the Sun,#,. Note that the “core hin” N5 does not contain function
zeniths beyond 0.92 because the latitude of the detector restricts its

range. X2(Am? tarfg)?
6 z z z z 2
Data set _ Ri simulated Ri, ssv™ @Ry 0sd R ssm
Day —1=<c0s6,=<0 = of ’
N1 0<co0s#,=<0.173 21)
N2 0.173<c0s6;=<0.5
N3 0.5<c0s6,<0.707 ., = ; o
N4 0.707%c0s6,<0.83 where o7 = VR{ simulated Rl ssy- From Fig. 4, it is evident

that the zenith angle distributions of the various solutions
lead to similar 99% C.L. exclusion regiong{>15.09 for 5
d.o.f). We underscore the fact that the regions corresponding
) . to the flat spectrum, LMA and LOW datasets exclude part of
simply the sum of all the events in the day spectrum. For thgne gvA region, and that the region found with the SMA
night bins, we us& ... as the central value of a Gaussian dataset excludes a large part of the LMA and LOW solutions.
distribution and simulate the number of events in each nightThis is consistent with Fig. 3. Additionally, the 99% C.L
bin. Note that the number of events at night represented byllowed regions have the same shapes for the LMA and
this distribution does not coincide with that of the night spec-LOW solutions. The flux constraint is included to find the
trum. The nighttime distribution is renormalized to yield the allowed regions. The stars and crosshairs mark the theoreti-
number of events in the night spectrum. Now the simulatedtal inputs and best-fit points, respectively.
energy spectra and zenith angle distribution reflect the same Figure 5 shows the 99% C.L. exclusiog?>16.81 for 6
data. To match the number of simulated events in the zenitd.o.f), and allowed regions from the zenith angle distribu-
angle distribution and the DN spectra, two normalizationstion from 1258 days of data at SK. In making these regions,
are needed, one each for the daytime and nighttime eventae have employed SK’s binning, which is different from our
The shape of the theoretical expectation, however involveshoice for SNO. The statistical and systematic errors are
only one normalization, namely, the total number of simu-added in quadrature. The crosshairs mark the best-fit param-
lated events. eters, A\m?,tarfd)=(5.01x 10" °eV?,0.56) with y°=5.15.

We perform flux-independent analyséfor the same The exclusion regions of Figs. 4 and 5 are similar to the 99%

N5 0.83<c0s#,=<0.92

108 SNO Zenith Angle Distribution (v,— v,,)
T T T T T T T T

10-8
10—3

104

10~5

10-6

Am?® (ev?)

10-7

Am® = 7.6 x 107® Am® = 5.2 x 107®

tan®0 = 0.72 tan® = 5.5 x 107*
1 1 1 1 1 Al L

1074 1073 1072 107! 100 10104 1003 1072 107! 100 10

10-8
tan®9 tan®g
FIG. 4. Expected 99% C.L. exclusighatched and allowedlightly shaded regions from zenith angle distributions at SNO correspond-
ing to the simulated datasets of Fig. 3. The stars and crosshairs mark the theoretical inputs and best-fit points, respectively.
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SK Zenith Angle Distribution (v, —v,,)

regions. Isoasymmetry lines that pass through all three re-

1073 gions must havé\p\>0 and are given by
1074
Sirf26
Am? (eV?)~3x 10 °— (LMA), (23)
a?; 10-5 DN
2
<E, 10-8 Apn=SirF26 (SMA), (24
107
Am? (eV?)~2.5x 10 s_fon_ (LOW). (25)
sirf26
1073 The relations in Eqs(23)—(25) have a wider domain of ap-
plicability than indicated. For example, E@5) is applicable
- in the range 108<Am?<3x10 eV This explains why
the 99% C.L. allowed regions almost connect the SMA and
o~ . s LOW solutions.
s In Ref.[24], an attempt was made to enhance the identi-
© fication of the correct solution by the use of correlations
5 1076 between the event rates in the different zenith bins/Agg.
However, this study found that the expectations for SNO are
10-7 similar to that of SK and that it will be difficult to discrimi-
( nate between the solutions in this way.
10_?0‘4 1o|'3 10I~2 1o|'1 1oI° 101
tan®6 VI. SUMMARY

FIG. 5. The exclusiorhatchedl and allowed(lightly shaded

We have analyzed the 1258-day and night energy spectra

regions at 99% C.L. from the 1258-day SK zenith angle distribu-presented by Super-Kamiokande usjfgdefinitions that ac-

tion. The crosshairs mark the best-fit parametersm?,tarf6)

=(5.01x 10 ®eV?,0.56).

count for systematic errors in different ways. The best-fit lies
in the LMA region at Am?,tarfg) = (5.01x 10~ ° eV?,0.60),
independently of whether systematic errors are included in

C.L. exclusion region reported by Skwith a 504-day the y? definition. We have shown that these approaches lead
dataset with a similar x* definition [46]. No parts of the to exclusion and allowed regions of different sizes, but the
globally allowed regions are excluded. Of course, subdividgeneral areas of the regions remain unchanged even if sys-
ing each zenith angle bin into energy bi@s done by SKin tematic errors are neglecte@ee Fig. 1L Using Super-
their latest analysif12]) will greatly improve the sensitivity =~ Kamiokande as our reference, we then draw conclusions for
of the analysis, but this is similar to using DN energy spec-SNO based on analyses that incorporate only statistical er-
tra. rors. We assume the optimistic electron kinetic energy
The day-night variation embodied in the zenith angle disthreshold of 5 MeV and three years of accumulated data.
tribution can also be presented in terms of a day-night asym- If the SMA solution is correct, the day and night spectra
metry defined by will show sufficiently strong distortions to distinguish this
solution from other solutiongFig. 3(d)]. For a flux-
suppressed flat spectrum or the LMA and LOW solutions,
the regions are similar enough to not provide any constraint
beyond the exclusion of most of the SMA solutiphigs.
whereD andN are the total number of events detected dur-3(a)—(c)]; the LMA and LOW solutions are indistinguish-
ing the days and nights, respectively. The approximateble. However, KamLAND19] will certainly help in this
ranges ofApy are (0.005,0.1) in the LMA and LOW regions regard by either ruling out the LMA solution or by pinning
and (—0.01,0.05) in the SMA region. Note that in parts of down the LMA oscillation parametef&0]. The zenith angle
the SMA region Apn<0 [47], thus uniquely identifying the distribution in itself will not add anything to what can be
SMA solution. HoweverApy>—0.01 and an identification obtained from the day and night spectra, unless each zenith
of such a small deviation from zero will be difficult. Semi- angle bin is subdivided into energy bins.
analytical approximations fokpy were derived for the three The 99% C.L.exclusion regions in Fig. 4 bear a striking
allowed regiong25]. These expressions can be used to prosimilarity to that obtained from the 1258-day zenith angle
vide insight into the orientations of the zenith-angle alloweddistribution at Super-Kamiokand€ig. 5), for which the

N-D _2PN—PD
N+D “PN+pP’

ADN =2 (22)
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