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Four-neutrino oscillations at SNO
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We discuss the potential of the Sudbury Neutrino Observatory~SNO! to constrain the four-neutrino mixing
schemes favored by the results of all neutrino oscillations experiments. These schemes allow simultaneous
transitions of solarne’s into active nm’s, nt’s, and sterilens controlled by the additional parameter
cos2(q23)cos2(q24) and they contain as limiting cases the purene-active andne-sterile neutrino oscillations. We
first obtain the solutions allowed by the existing data in the framework of the BBP00 standard solar model and
quantify the corresponding predictions for the charged current and the neutral current to charged current
~NC/CC! event ratios at SNO in the different allowed regions as a function of the active-sterile admixture. Our
results show that some information on the value of cos2(q23)cos2(q24) can be obtained by the first SNO
measurement of the CC ratio, while considerable improvement on the knowledge of this mixing will be
achievable after the measurement of the NC/CC ratio.

DOI: 10.1103/PhysRevD.63.073013 PACS number~s!: 26.65.1t, 13.15.1g, 14.60.Pq
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I. INTRODUCTION

The Sudbury Neutrino Observatory~SNO! @1# is a second
generation water Cherenkov detector using 1000 tons
heavy water, D2O, as a detection medium. SNO was d
signed to address the problem of the deficit of solar neutri
observed previously in the Homestake@2#, SAGE @3#,
GALLEX1GNO @4,5#, Kamiokande @6#, and Super-
Kamiokande@7,8# experiments, by having sensitivity to a
flavors of neutrinos and not just tone , allowing for a model
independent test of the oscillation explanation of the
served deficit.

Such sensitivity can be achievable because energetic
trinos can interact in the D2O of SNO via three different
reactions. Electron neutrinos may interact via the char
current~CC! reaction

ne1d→p1p1e2, ~1!

with an energy threshold of several MeV. All nonsterile ne
trinos may also interact via neutral current~NC!

nx1d→n1p1nx8 ~x5e,m,t!, ~2!

with an energy threshold of 2.225 MeV. With smaller cro
section, the nonsterile neutrinos can also interact via ela
scattering~ES! nx1e2→nx81e2.

The main objective of SNO is to measure the ratio
NC/CC events. In its first year of operation SNO is conce
trating on the measurement of the CC reaction rate while
a following phase, after the addition of MgCl2 salt to en-
hance the NC signal, it will also perform a precise measu
ment of the NC rate. It is clear that a cross-sectio
normalized and acceptance-corrected ratio higher tha
would strongly indicate the oscillation ofne into nm and/or
nt . On the other hand, a deficit on both CC and NC lead
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to a normalized NC/CC ratio 1, can only be made compati
with the oscillation hypothesis ifne oscillates into a sterile
neutrino.

There are several detailed studies in the literature of
potential of the SNO experiment to discriminate between
different oscillation solutions to the solar neutrino proble
~SNP! @9–12#. Most of these studies have been performed
the framework of oscillations between two neutrino sta
wherene oscillates into either an active,ne→na , or a sterile,
ne→ns , neutrino channel. On the other hand, once the p
sibility of a sterile neutrino is considered, these two sc
narios are only limiting cases of the most general mixi
structure @13,14# which permits simultaneousne→ns and
ne→na oscillations.

In this paper we study the potential of the Sudbury Ne
trino Observatory to discriminate between active and ste
solar neutrino oscillations when analyzed in the framew
of four-neutrino mixing. We consider those four-neutrin
schemes favored by considering together with the solar n
trino data, the results of the two additional evidences po
ing out towards the existence of neutrino masses and mix
the atmospheric neutrino data@15# and the Liquid Scintilla-
tion Neutrino Detector~LSND! results@16#. We concentrate
on two SNO measurements: the first expected result on
CC ratio and the expected to be most sensitive, the ratio
NC/CC. The measurement of other observables, such as
recoil energy spectrum of the CC events and the zenith
gular dependence@9–12# can provide important information
to distinguish between the different allowed regions
ne-active oscillations but they are not expected to be v
sensitive as discriminatory between the active and sterile
cillations.

The outline of the paper is the following. For the sake
completeness we begin by discussing in Sec. II the expe
results when obtained in the pure two-neutrino oscillat
hypothesis. In Sec. III we determine the presently allow
regions for the oscillation solutions to the SNP in the fram
work of four-neutrino mixing. In Sec. IV we present th
results of the expected CC and NC/CC rates for the differ
solutions and quantify the attainable sensitivity to the ad
©2001 The American Physical Society13-1
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tional mixing controlling the admixture of active-sterile e
tering into the solar neutrino oscillations. Finally in Sec.
we summarize our conclusions.

II. TWO-NEUTRINO MIXING: ALLOWED REGIONS AND
PREDICTIONS FOR SNO

We first describe the results of the analysis of the so
neutrino data in terms ofne oscillations into either active o
sterile neutrinos. We determine the allowed range of osc
tion parameters using the total event rates of the chlorine@2#,
gallium @3–5#, and Super-Kamiokande@7,8# ~corresponding
to the 1117 days data sample! experiments. For the gallium
experiments we have used the weighted average of the
sults from GALLEX1GNO and SAGE detectors. We hav
also included the Super-Kamiokande electron recoil ene
spectrum measured separately during the day and night
ods. This will be referred in the following as the day–nig
spectra data which contains 18118 data bins. The analysi
includes the latest standard solar model fluxes, 2
Bahcall–Basee–Pinsonneault~BBP00! model @17#, with up-
dated distributions for neutrino production points and so
matter density. For details on the statistical analysis app
to the different observables we refer to Refs.@18,19#. Nev-
ertheless, two comments on the statistical analysis are in
der.

In the present analysis we also include the contribution
the theoretical errors of the event rates arising from the sm
uncertainty in the measuredS0 factor for the reaction
16O(p,g)17F which is new in the BBP00 model as discuss
in Ref. @17#. Following the standard procedure@20#, we in-
clude this new source of uncertainty for the rates, that
denote asCF , by adding a new fractional 1s uncertainty
D ln XCF

50.18. Since this uncertainty affects in dire

proportion to the17F flux we correspondingly add a new lin
a iCF

5]F i /]XCF
to the response matrix, with value

a 17F,CF
51 anda iCF

50 for all other fluxes.
In the analysis of the day–night spectrum data we inclu

the correlation between the systematic errors of the day
night bins which were conservatively ignored in Ref.@19#.
Thus, we use the correlation matrix:

s i j
2 5d i j ~s i ,stat

2 1s i ,uncorr
2 !1s i ,exps j ,exp1s i ,cals j ,cal, ~3!

wherei and j run from 1 to 36 bins in the day–night spect
data.s i ,stat is the statistical error, ands i ,uncorr is the error due
to uncorrelated systematic uncertainties.s i ,exp ands i ,cal are
the correlated errors due to correlated systematic experim
tal uncertainties and the calculation of the expected sp
trum, respectively~see Ref.@18# for details!. The addition of
the correlations between the errors for the day and night b
which more properly takes into account the day–night inf
mation, leads to stronger constraints on the regeneration
gion.

With all this we obtain that using the predicted flux
from the BBP00 model thex2 for the total event rates is
xSSM

2 556 for 3 d.o.f. This means that the standard so
07301
r

-

re-

y
ri-

t

0

r
d

r-

o
ll

e

e
nd

n-
c-

s,
-
re-

r

model ~SSM! together with the SM of particle interaction
can explain the observed data with a probability lower th
5310212.

The allowed regions in the oscillation parameter space
shown in Fig. 1. We present them in the full parameter sp
for oscillations including both Mikheyev–Smirnov
Wolfenstein ~MSW! @21# and vacuum@22# oscillations, as
well as quasivacuum@23# oscillations~QVO! and matter ef-
fects for mixing angles in the second octant~the so-called
dark side@24,14,19#!. In the case ofne-active neutrino oscil-
lations we find that the best-fit point is obtained for the lar
mixing angle ~LMA ! solution. There are two more loca
minima of x2 in the MSW region: the small mixing angl
~SMA! and low mass low probability~LOW! solutions. No-
tice also that LOW and QVO regions are connected at
99% C.L. and they extend into the second octant so maxi
mixing is allowed at 99% C.L. forDm2 in what we define as
the LOW-QVO region.

Following the standard procedure, the allowed regions
defined in terms of shifts of thex2 function with respect to
the global minimum in the plane. Defined this way, the size
of a region depends on therelative quality of its local mini-
mum with respect to the global minimum but from the si
of the region we cannot infer the actualabsolutequality of
the description in each region. In order to give this inform
tion we list in Table I the goodness of the fit~GOF! for each
solution obtained from the value ofx2 at the different
minima.

For oscillations into sterile neutrinos the global minimu
lies in the SMA solution. As seen in Fig. 1 we find that wi
the present data and using the criteria explained above, t
are also allowed solutions for sterile neutrinos in the LM
and LOW-QVO regions at 99% C.L. once the day–nig
spectra data is included. We consider, however, that they
not acceptable solutions as their fit to the global rates

FIG. 1. 90, 95, and 99% C.L. allowed regions in the tw
neutrino oscillation scenario from the global analysis of solar n
trino data including the total measured rates and the Su
Kamiokande measured spectrum at day and night. The glo
minimum is marked with a star while the local minima are deno
with a dot.
3-2
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FOUR-NEUTRINO OSCILLATIONS AT SNO PHYSICAL REVIEW D63 073013
really poor with a probability of acceptance less than 0.001

The differences between both oscillation scenarios~active
and sterile! can be easily understood. Unlike active neutrin
which lead to events in the Super-Kamiokande detector
interacting via NC with the electrons, sterile neutrinos do
contribute to the Super-Kamiokande event rates. Therefo
larger survival probability for8B neutrinos is needed to ac
commodate the measured rate. As a consequence, a l
contribution from 8B neutrinos to the chlorine and gallium
experiments is expected, so that the small measured ra
chlorine can only be accommodated if no7Be neutrinos are
present in the flux. This is only possible in the SMA soluti
region, since in the LMA and LOW regions the suppress
of 7Be neutrinos is not enough. Notice also that the SM
region for oscillations into sterile neutrinos is slightly shifte
downwards as compared with the active case. This is du
the small modification on the neutrino survival probabil
induced by the different matter potentials. The matter pot
tial for sterile neutrinos is smaller than for active neutrin
due to the negative NC contribution proportional to the n
tron abundance. For this reason the resonant condition
sterile neutrinos is achieved at lowerDm2. On the other
hand, the flatter spectrum, is better fitted in both LMA a
LOW regions independently of the active or sterile nature
the neutrino. This leads to the improvement of the quality
the description for these solutions for both active and ste
neutrinos. However, as mentioned above, for the analysi
the total rates these LMA and LOW solutions give a ve
bad fit in the sterile case and we decide not to consider th
in the following. Also, as we will see in next section, whe
the analysis is performed in the framework of four-neutri
oscillations those large mixing solutions for sterile neutrin
do not appear.

Next we quantify the predictions for the SNO observab
in the allowed regions discussed above. The total numbe
events in the CC reaction at SNO can be obtained as

NCC
th 5 (

k51,2
fkE dEn lk~En!sCC~En!^Pne→ne

&, ~4!

whereEn is the neutrino energy,fk are the total neutrino8B
and hep fluxes,lk is the neutrino energy spectrum~normal-

1Marginally allowed VO solutions were also possible~see for in-
stance Ref.@25#! with last year data sample but they are now rul
out.

TABLE I. Best-fit points and GOF for the allowed solutions fo
the global analysis in the framework of two-neutrino mixing.

Active Sterile
SMA LMA LOW-QVO SMA

Dm2/eV2 5.031026 3.731025 1.031027 3.931026

tan2 u 0.000 61 0.37 0.67 0.000 61

xmin 40.8 33.4 37.1 42.3
Prob ~%! 27 % 59 % 42 % 22 %
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ized to 1! and ^Pne→ne
& is the time-averagedne survival

probability for oscillations into either active or sterile neut
nos. HeresCC is thend CC cross section computed from th
corresponding differential cross sections folded with the
nite energy resolution function of the detector and integra
over the electron recoil energy:

sCC~En!5E
Tth

dTE dT8 Res~T,T8!
dsCC~En ,T8!

dT8
, ~5!

whereT andT8 are themeasuredand thetrue kinetic energy
of the recoil electrons andTth indicates the threshold ex
pected from the experiment. The resolution functi
Res(T,T8) is of the form@9#

Res~T,T8!5
1

A2p~0.348AT8/MeV!

3expF2
~T2T8!2

0.242T8 MeV
G , ~6!

and we take the differential cross sectiondsCC(En ,T8)/dT8
from @26#. For definiteness, we adopted the most optimis
total energy thresholdEth55 MeV (Tth5Eth2me).

Correspondingly, the total number of events in the N
reaction at SNO is obtained as

NNC
th 5 (

k51,2
fkE dEn lk~En!sNC~En!

3~^Pne→ne
&1^Pne→na

&!, ~7!

where sNC is the nd NC cross section from@26# and
^Pne→na

& is the time-averaged probability of oscillation int

any other active neutrino. In the case thatne oscillates only
into active neutrinoŝ Pne→ne

&1^Pne→na
&51 andNNC

th is a
constant.

In order to cancel out all energy independent efficienc
and normalizations we will use the ratio

RCC
th 5

NCC
th

NCC
SSM

[@CC#, ~8!

whereNCC
SSM is the predicted number of events in the case

no oscillations. The equivalent expression for the NC rat

RNC
th 5

NNC
th

NNC
SSM

[@NC#. ~9!

Out of those ratios one can compute the double ra
RNC

th /RCC
th [@NC#/@CC# for which the largest sources of un

certainties cancel out@11#. As it was shown in Ref.@26#, the
ratio between the NC and CC reaction cross sections is
tremely stable against any variations of the inputs of
calculations. The expected total uncertainties for the@CC#
3-3
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M. C. GONZALEZ-GARCIA AND C. PEÑA-GARAY PHYSICAL REVIEW D 63 073013
ratio and the@NC#/@CC# ratio are 6.7% and 3.6%, respe
tively, assuming 5000 CC events and 1219 NC events@11#.

In Fig. 2 we show the predicted@CC# and @NC#/@CC#
ratios for the allowed regions in the two flavor analysis. T
dots correspond to the local best-fit points and the error b
show the range of predictions for the points inside the 90
99% C.L. allowed regions. The mapping of the regions o
these bars can be easily understood from the behavior o
probability for the different solutions.

~a! For oscillations into active neutrinos the@NC#/@CC#
ratio is simply the inverse of the@CC# prediction.

In the SMA region smaller mixing angles are mapp
onto higher~lower! values of@CC# ~@NC#/@CC#! ratio. One
may notice that the prediction for the@CC# rate for the global
best-fit point~0.60! is larger than the measured rate at Sup
Kamiokande. This is due to the nearly flat spectrum at Sup
Kamiokande which implies that the best-fit point in the g
bal analysis corresponds to a smaller mixing angle than
best-fit point for the analysis of rates only.

In the LMA region, the lowerDm2 and u values are
mapped onto higher~lower! @NC#/@CC# ~@CC#! ratios and
vice versa.

In the LOW region the higher~lower! @NC#/@CC# ~@CC#!
ratio occurs for smalleru and higherDm2.

~b! For the sterile case, the best-fit point in SMA occurs
lower Dm2 than in the active case and this produces a hig
prediction for the@CC# ratio ~0.76!. The @NC#/@CC# ratio
takes an almost constant value very close to one~0.98 in the
best-fit point!, since both numerator and denominator a
proportional to^Pne→ne

&. It is smaller than one because fo
the SMA solution the probability increases with energy
the range of detection at SNO and the threshold for the
reaction is below the one for the CC one.

For the sake of consistency we have checked that
results agree perfectly with those in Ref.@11# when compar-
ing the same points in the parameter space. However a c
ful reader may notice that the predictions at the bes
points and ranges in each region displayed in Fig. 2
slightly different of those in Ref.@11#. The difference is due
to two factors. First, the allowed regions are defined in
different way. In Ref.@11# departures from the standard sol
model in the boron flux normalization are allowed and mo
over the regions are defined in terms of shifts of thex2

FIG. 2. @CC# and@NC#/@CC# predictions at SNO for the allowed
regions in the two-neutrino mixing scenarios obtained from the g
bal analysis of solar neutrino data at 90% and 99% C.L.
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function with respect to the local minimum in the corre
sponding region. Second, the inclusion of the updated da
mainly the Super-Kamiokande day–night spectra, lowers
value of tan2 u for the best-fit point in the SMA region by a
factor of 2 and increasesDm2 for the best-fit point in LMA
by a factor of 1.5.

What we see from these results is that while the data
@CC# can give a hint towards large or small mixing solution
it will be hard to distinguish active from sterile oscillation
on the only bases of this measurement. This is not the c
for the @NC#/@CC# ratio where both scenarios appear nice
separated. It is not hard to foresee from these results
from the @NC#/@CC# measurement SNO will be able to con
straint the additional mixings in the four-neutrino scena
which describes the admixture of active and sterile osci
tions. This is the main point in this paper.

III. ALLOWED FOUR-NEUTRINO MIXING PARAMETERS

Together with the results from the solar neutrino expe
ments we have two more evidences pointing out towards
existence of neutrino masses and mixing: the atmosph
neutrino data@15# and the LSND results@16#. All these ex-
perimental results can be accommodated in a single neu
oscillation framework only if there are at least three differe
scales of neutrino mass-squared differences. The simp
case of three independent mass-squared differences req
the existence of a light sterile neutrino, i.e., one whose in
action with standard model particles is much weaker than
SM weak interaction, so it does not affect the invisibleZ
decay width, precisely measured at the CERNe1e2 collider
LEP.

There are six possible four-neutrino schemes that can
commodate all these evidences. They can be divided in
classes: 311 and 212. In the 311 schemes there is a grou
of three neutrino masses separated from an isolated mas
a gap of the order of 1 eV which gives the mass-squa
difference responsible for the short-baseline oscillations
served in the LSND experiment. In 212 schemes there ar
two pairs of close masses separated by the LSND gap.
have ordered the masses in such a way that in all th
schemesDmsun

2 5Dm21
2 produces solar neutrino oscillation

and DmLSND
2 5Dm41

2 ~we use the common notationDmk j
2

[mk
22mj

2). 311 schemes are disfavored by experimen
data with respect to the 212 schemes@27,28# but they are
still marginally allowed@29#.

In any of these four-neutrino schemes the flavor neutr
fields naL ~we choosea5e,s,m,t) are related to the fields
nkL of neutrinos with massesmk by a rotationU. U is a 4
34 unitary mixing matrix, which contains, in general, s
mixing angles and threeCP violating phases~three addi-
tional phases appear for Majorana neutrinos but they are
relevant for oscillations!. We neglect here theCP phases,
which, in the schemes considered, are irrelevant for s
neutrinos because their effect is washed out by averag
over neutrino energy and distance. Existing bounds fr
negative searches for neutrino oscillations performed at
liders as well as reactor experiments, in particular the ne

-

3-4
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tive results of the Bugey@30# and CHOOZ@31# n̄e disap-
pearance experiment, impose severe constraints on the
sible mixing structures for the four-neutrino scenario. In p
ticular they imply that the matrix elementsUe3 andUe4 are
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very small @27,28,32#. As a consequence, for any of the
four-neutrino schemes, either 212 or 311, only four mix-
ing angles are relevant in the study of solar neutrino osci
tions @13,14,32# and theU matrix can be written as
U5S c12 s12 0 0

2s12c23c24 c12c23c24 s23c24 s24

s12~c23s24s341s23c34! 2c12~s23c341c23s24s34! c23c342s23s24s34 c24s34

s12~c23s24c342s23s34! c12~s23s342c23s24c34! 2~c23s341s23s24c34! c24c34

D , ~10!
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whereq12, q23, q24, q34 are four mixing angles andci j
[cosqij andsi j [sinqij .

Since solar neutrino oscillations are generated by
mass-square difference betweenn2 and n1, it is clear from
Eq. ~10! that the survival of solarne’s mainly depends on the
mixing angleq12, whereas the mixing anglesq23 and q24
determine the relative amount of transitions into sterilens or
active na , this last one being a combination ofnm and nt
controlled by the mixing angleu34. nm and nt cannot be
distinguished in solar neutrino experiments, because t
matter potential and their interaction in the detectors
equal, due only to NC weak interactions. As a conseque
the active/sterile ratio and the survival probability for so
neutrino oscillations do not depend on the mixing angleq34,
and depend on the mixing anglesq23 q24 only through the
combination cosq23cosq24. For further details see Refs
@13,14#. We distinguish the following limiting cases
cosq23cosq2450 corresponding to the limit of pure two
generationne→na transitions; cosq23cosq2451 for which
we have the limit of pure two-generationne→ns transitions;
if cosq23cosq24Þ1, solarne’s can transform in the linea
combinationna of activenm andnt .

In the general case of simultaneousne→ns and ne→na
oscillations the corresponding probabilities are given
@13,14#

Pne→ns
5c23

2 c24
2 ~12Pne→ne

!, ~11!

Pne→na
5~12c23

2 c24
2 !~12Pne→ne

!,
~12!

where Pne→ne
takes the standard two-neutrino oscillatio

form for Dm12
2 andu12 but computed with the modified ma

ter potential

A[ACC1c23
2 c24

2 ANC. ~13!

Thus the analysis of the solar neutrino data in the fo
neutrino mixing schemes is equivalent to the two-neutr
analysis but taking into account that the parameter spac
now three dimensional (Dm12

2 ,tan2 q12,cos2 q23cos2 q24).
We want to stress that, although originally this derivati
e

ir
e
ce
r

y

-
o
is

was performed in the framework of the 212 schemes
@13,14#, it is equally valid for the 311 ones@32#.

We first present the results of the allowed regions in
three-parameter space for the global combination of obs
ables. Notice that since the parameter space is three dim
sional the allowed regions for a given C.L. are defined as
set of points satisfying the conditionx2(Dm12

2 ,q12,c23
2 c24

2 )
2xmin

2 <Dx2(C.L., 3 d.o.f.! where, for instance,Dx2(C.L.,
3 d.o.f.!56.25, 7.83, and 11.36 for C.L.590, 95, and 99%
respectively. In Fig. 3 we plot the sections of such volume
the plane@Dm21

2 ,tan2(q12)# for different values ofc23
2 c24

2 .
The global minimum used in the construction of the regio
lies in the LMA region and for purene-active oscillations,
c23

2 c24
2 50.

As seen in Fig. 3 the SMA region is always a valid sol
tion for any value ofc23

2 c24
2 at 99% C.L.~the same is true a

95% C.L.!. As expected, in the two-neutrino oscillation pi
ture this solution holds both for purene-active and pure
ne-sterile oscillations. Notice, however, that the statistic
analysis is different: in the two-neutrino picture the pu
ne-active and ne-sterile cases are analyzed separate
whereas in the four-neutrino picture they are taken into
count simultaneously in a consistent scheme. Since the G
of the SMA solution for purene-sterile oscillations is worse
than for SMA pure active oscillations~as discussed in the
preceding section!, the corresponding allowed region
smaller because they are now defined with respect to a c
mon minimum. Also, we notice, that for the SMA solutio
the best scenario is a nonzero admixture between active
sterile oscillations. For this reason this solution is allowed
a C.L. better than 90% only in the range 0.11<c23

2 c24
2

<0.31.
On the other hand, the LMA and LOW-QVO solution

disappear for increasing values of the mixingc23
2 c24

2 . We list
in Table II the ranges ofc23

2 c24
2 for which each of the solu-

tions is allowed at a given C.L. We see that at 95% C.L.
LMA solution is allowed for maximal active-sterile mixing
c23

2 c24
2 50.5 while at 99% C.L. all solutions are possible f

maximal admixture.

IV. EXPECTED RATES AT SNO IN FOUR-NEUTRINO
SCHEMES

In this section, we present the predictions for the CC ra
and for the NC/CC ratio in the four-neutrino scenario pre
3-5
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ously described. This scenario contains as limiting cases
purene-active andne-sterile neutrino oscillations. However
when comparing the results for both limiting cases with t
ones presented in Sec. II the reader must notice that there
some changes in the predicted ranges because the allo
regions are obtained with a different statistical criteria. No
as discussed above, all the allowed regions are defined
respect to the same global minimum~laying in the LMA
with c23

2 c24
2 50) with 3 d.o.f. Because of that, the predicte

ranges in the four-neutrino scheme are wider for the p

FIG. 3. Results of the global analysis for the allowed regions
Dm21

2 and sin2 q12 for the four-neutrino oscillations. The differen
panels represent the allowed regions at 90%~lighter! and 99% C.L.
~darker!. The best-fit point in the three parameter space is plotted
a star.

TABLE II. Allowed ranges of c23
2 c24

2 at 90%, 95%, and
99% C.L. for the different solutions to the solar neutrino problem

C.L. SMA LMA LOW-QVO

90 @0.11,0.31# @0,0.43# @0,0.32#
95 @0,1# @0,0.52# @0,0.44#
99 @0,1# @0,0.72# @0,0.76#
07301
he

e
are
ed
,
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e

ne-active oscillations and narrower for thene-sterile case.
In Figs. 4–6 we show the results for the predicted@CC#

ratio and@NC#/@CC# ratio for the different allowed regions
~SMA, LMA, LOW-QVO! at 90 and 99% C.L. as a functio
of c23

2 c24
2 . The general behavior of the dependence of

predicted ratios withc23
2 c24

2 can be easily understood usin
the following simplified expressions obtained from Eqs.~8!,
~9!, and~12!:

@CC#;Pne→ne
, ~14!

@NC#

@CC#
;

12c23
2 c24

2 ~12Pne→ne
!

Pne→ne

. ~15!

n

s

FIG. 4. @CC# and@NC#/@CC# predictions at SNO as for the SMA
region in the four-neutrino scenario obtained from the global ana
sis of solar neutrino data at 90%~lighter! and 99% C.L.~darker!.
The dotted line corresponds to the prediction in the case of
oscillations.

FIG. 5. @CC# and@NC#/@CC# predictions at SNO as for the LMA
region in the four-neutrino scenario obtained from the global ana
sis of solar neutrino data at 90%~lighter! and 99% C.L.~darker!.
The dotted line corresponds to the prediction in the case of
oscillations.
3-6
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From Eq.~14! we see that the only dependence of@CC# on
c23

2 c24
2 is due to the modification of the matter potential e

tering in the evolution equation@see Eq.~13! and discussion
above# and it is very weak. The dependence of the allow
range of the@CC# ratio with c23

2 c24
2 displayed in the figures

arises mainly from the variation of the size of the allow
regions. Alternatively following Eq.~15! we find a stronger
linear dependence of@NC#/@CC# on c23

2 c24
2 with slope (21

1Pne→ne
)/Pne→ne

;121/@CC# and intercept 1/Pne→ne

;1/@CC#. This simple description is able to reproduce t
main features of our numerical calculations as can be see
the figures.

Figures 4–6 contain the main quantitative result of o
analysis in the four-neutrino mixing scenario. From each
them it is possible to infer the allowed range of the activ
sterile admixture,c23

2 c24
2 , compatible, within the expecte

uncertainty, with a given SNO measurement of the rat
Also, comparing the allowed ranges for the different so
tions one can study the potential of these measuremen
discriminatory among the three presently allowed regio
Of course, both issues are not independent as we havea
priori knowledge of which is the right solution and bo
must be discussed simultaneously. In order to do so we
to describe and compare in detail the predictions in the
ferent regions.

The results for the SMA solution are shown in Figs. 4~a!
and 4~b! for @CC# and @NC#/@CC# ratios, respectively. Firs
we notice that we find a small region allowed at 90% C
only for a nonvanishing admixture of active and sterile o
cillations as mentioned before. In this region@CC#
;0.65– 0.73 and@NC#/@CC#;1.3– 1.4. The predictions a
99% range from@CC#;0.4– 0.9 (@NC#/@CC#;1.1– 2.5) for
pure ne-active scenario to@CC#;0.59– 0.85 (@NC#/@CC#
;0.96– 0.98) for purene-sterile oscillations. Thus if SNO
observes a ratio@CC#,0.58 the value ofc23

2 c24
2 can be con-

strained to be smaller than 1 disfavoring purene-sterile os-
cillations. On the contrary a measurement of@CC#*0.68

FIG. 6. @CC# and@NC#/@CC# predictions at SNO as for the LOW
region in the four-neutrino scenario obtained from the global an
sis of solar neutrino data at 90%~lighter! and 99% C.L.~darker!.
The dotted line corresponds to the prediction in the case of
oscillations.
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will immediately hint towards the SMA solution but will no
provide any information on the active-sterile admixtur
Also, one must notice, that such value, although allowed
the present global statistical analysis at 99% C.L., will imp
a strong disagreement with the total event rate observe
Super-Kamiokande.

As seen in Fig. 4~b! the @NC#/@CC# ratio is more sensitive
to the active-sterile admixture. To guide the eye, in the fi
ures for the@NC#/@CC# ratio we plot a dotted line for the
prediction in the case of no oscillation@NC#/@CC#51. For
any of the solutions, the allowed range for this ratio shows
general behavior a decreasing withc23

2 c24
2 due to two effects:

~i! the allowed regions become smaller and~ii ! the prediction
decreases when more sterile neutrino is involved in the
cillations as described in Eq.~15!. The measurement o
higher values of this ratio will favor the four-neutrino sc
nario with larger component ofne-active oscillations. On the
other hand, a measurement of@NC#/@CC#;1, will push the
oscillation hypothesis towards the purene-sterile oscillation
scenario. This case will be harder to differentiate from t
nonoscillation scenario. We find that with the expected s
sitivity the parameterc23

2 c24
2 is constrained to be above 0.4

at 99% C.L. and that the purene-active oscillations in the
SMA region are compatible with@NC#/@CC#51 only at
;5s.

The predictions for oscillation parameters in the LM
region are shown in Figs. 5~a! and 5~b! for @CC# and @NC#/
@CC# ratios, respectively. The predictions at 99% vary in t
range@CC#;0.18– 0.62 and@NC#/@CC#;1.4– 5.6. The first
thing we notice by comparing Fig. 5~a! with Fig. 4~a! and
Fig. 6~a! is that the most discriminatory scenario for the@CC#
rate results if SNO finds a small value@CC#;0.25. This
would significantly hint towards the LMA solution to th
solar neutrino problem and towards thene-active oscillation
scenario. First, it is well separated from the predictions
the SMA and LOW regions. Second, it will include as
bonus a small but measurable day–night asymmetry@10,11#.
Third it will constrain thec23

2 c24
2 to a small value (;0.2). On

the contrary the less discriminatory scenario will be a m
surement 0.4,@CC#,0.6 where the prediction would b
compatible with both SMA and LOW-QVO solutions and n
improvement on our knowledge of the four-neutrino schem
is possible. The@NC#/@CC# ratio can definitively improve the
discrimination between the different scenarios provided
measurement lies in the upper range. For instance a mea
ment of @NC#/@CC#;4 ~60.7 at 5s! will be conclusive for
selecting LMA as the solution to the SNP and will imply a
upper bound onc23

2 c24
2 ,0.3.

The predictions for the LOW-QVO region lie between th
ones for SMA and LMA as displayed in Fig. 6 and therefo
they are more difficult to discriminate. The predictions
99% vary in the range@CC#;0.3– 0.68 and@NC#/@CC#
;1.2– 3.4. As a consequence we see that a low@CC# ratio
but still within the 99% C.L. range allowed for this region
0.3,@CC#,0.4, will constrain significantly thec23

2 c24
2 pa-

rameter compatible with this solution but it will not be di
tinguishable from the LMA solution unless the measur
@CC#,0.3. As mentioned above, the@NC#/@CC# ratio will be

-

o

3-7
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able to differentiate the LMA and LOW-QVO solutions
not in the range@1.5,3#. One should also notice that for th
upper part of this range a positive measurement of the d
night asymmetry and the zenith dependence@12# will point
towards the higherDm2 of the LOW region as the solution

V. DISCUSSION

In this paper we have studied the potential of the Sudb
Neutrino Observatory to discriminate between active or s
ile solar neutrino oscillations when analyzed in the fram
work of four-neutrino mixing. We considered those fou
neutrino schemes favored by considering together with
solar neutrino data, the results of the two additional e
dences pointing out towards the existence of neutrino ma
and mixing: the atmospheric neutrino data@15# and the
LSND results@16#. These schemes allow simultaneous tra
sitions of solarne’s into active nm’s, nt’s, and sterilens
controlled by the additional parameter cos2(q23)cos2(q24)
and they contain as limiting cases the purene-active and
ne-sterile neutrino oscillations. The allowed solar solutio
have been reanalyzed including the recently BBP00 stan
solar model and the latest solar neutrino data. We find
the global minimum lies in the LMA region and for pur
ne-active oscillations (c23

2 c24
2 50). We also find that in the

framework of four-neutrino mixing the SMA solution is a
lowed at 90% C.L. for nonvanishing active-sterile mixin
c23

2 c24
2 in the range@0.11,0.31#.

We concentrated on two SNO measurements: the first
pected result on the@CC# ratio and the expected to be mo
sensitive to the active-sterile admixture, the ratio of@NC#/
,

00

07301
–

y
r-
-

e
i-
es

-

s
rd
at

x-

@CC# and evaluated the predictions in the different regions
a function of the additional mixingc23

2 c24
2 . Our results are

displayed in Figs. 4–6. They show that in most cases w
the measurement of the@CC# ratio, it will be hard to improve
the present knowledge ofc23

2 c24
2 but with the precise deter

mination of the@NC/CC# ratio at SNO, this parameter can b
strongly constrained for some of the allowed solutions. F
example, we find that for the@CC# rate the most discrimina
tory scenario would be that SNO finds a small value@CC#
;0.25. This significantly hints towards the LMA solution t
the solar neutrino problem and towards an active–active
cillation scenario. In this case the@NC#/@CC#;4 ~60.7 at 5s!
will be conclusive for selecting LMA as the solution to th
SNP and will imply an upper bound onc23

2 c24
2 ,0.3. Con-

versely, a measurement of@NC#/@CC#;1, although harder
to distinguish from the nonoscillation scenario, will push t
oscillation hypothesis towards the sterile SMA solution, a
with the expected sensitivity a boundc23

2 c24
2 .0.44 at

99% C.L. can be imposed.
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