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Four-neutrino oscillations at SNO
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We discuss the potential of the Sudbury Neutrino Observa®NO) to constrain the four-neutrino mixing
schemes favored by the results of all neutrino oscillations experiments. These schemes allow simultaneous
transitions of solarv,'s into active v,’s, v.’s, and sterile vs controlled by the additional parameter
co(D,3) co(D,4) and they contain as limiting cases the pugeactive andv,-sterile neutrino oscillations. We
first obtain the solutions allowed by the existing data in the framework of the BBPOO 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?@ds)cog(d,,) 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.
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I. INTRODUCTION to a normalized NC/CC ratio 1, can only be made compatible
with the oscillation hypothesis if, oscillates into a sterile
The Sudbury Neutrino Observatof@NO) [1] is a second neutrino.
generation water Cherenkov detector using 1000 tons of There are several detailed studies in the literature of the
heavy water, RO, as a detection medium. SNO was de-potential of the SNO experiment to discriminate between the
signed to address the problem of the deficit of solar neutrinodifferent oscillation solutions to the solar neutrino problem
observed previously in the Homestaf@], SAGE [3], (SNP [9-12. Most of these studies have been performed in
GALLEX +GNO [4,5], Kamiokande [6], and Super- the framework of oscillations between two neutrino states
Kamiokande[7,8] experiments, by having sensitivity to all wherev, oscillates into either an active,— v,, or a sterile,
flavors of neutrinos and not just tg, allowing for a model  »,— v, neutrino channel. On the other hand, once the pos-
independent test of the oscillation explanation of the obsibility of a sterile neutrino is considered, these two sce-
served deficit. narios are only limiting cases of the most general mixing
Such sensitivity can be achievable because energetic nestructure[13,14] which permits simultaneous,— v, and
trinos can interact in the J® of SNO via three different »,— v, oscillations.
reactions. Electron neutrinos may interact via the charged In this paper we study the potential of the Sudbury Neu-

current(CC) reaction trino Observatory to discriminate between active and sterile
- solar neutrino oscillations when analyzed in the framework
vetd—pt+pte, (1) of four-neutrino mixing. We consider those four-neutrino

. . schemes favored by considering together with the solar neu-
with an energy threshold of several MeV. All nonsterile neu-trino data, the results of the two additional evidences point-

trinos may also interact via neutral curréhtC) ing out towards the existence of neutrino masses and mixing:
) the atmospheric neutrino dafta5] and the Liquid Scintilla-
rtd—n+p+v, (X=eu,7), (2)  tion Neutrino DetectofLSND) results[16]. We concentrate

on two SNO measurements: the first expected result on the
with an energy threshold of 2.225 MeV. With smaller crossCC ratio and the expected to be most sensitive, the ratio of
section, the nonsterile neutrinos can also interact via elastigC/CC. The measurement of other observables, such as the
scattering(ES) v,+e” —v,+e . recoil energy spectrum of the CC events and the zenith an-
The main objective of SNO is to measure the ratio ofgular dependenc®—12] can provide important information
NC/CC events. In its first year of operation SNO is concen4o distinguish between the different allowed regions for
trating on the measurement of the CC reaction rate while in-active oscillations but they are not expected to be very
a following phase, after the addition of MgCsalt to en-  sensitive as discriminatory between the active and sterile os-
hance the NC signal, it will also perform a precise measureeillations.
ment of the NC rate. It is clear that a cross-section- The outline of the paper is the following. For the sake of
normalized and acceptance-corrected ratio higher than dompleteness we begin by discussing in Sec. Il the expected
would strongly indicate the oscillation af, into v, and/or  results when obtained in the pure two-neutrino oscillation
v,. On the other hand, a deficit on both CC and NC leadinchypothesis. In Sec. Il we determine the presently allowed
regions for the oscillation solutions to the SNP in the frame-
work of four-neutrino mixing. In Sec. IV we present the
*Email address: concha@flamenco.ific.uv.es results of the expected CC and NC/CC rates for the different
"Email address: penya@flamenco.ific.uv.es solutions and quantify the attainable sensitivity to the addi-

0556-2821/2001/63)/0730139)/$20.00 63073013-1 ©2001 The American Physical Society



M. C. GONZALEZ-GARCIA AND C. PENA-GARAY PHYSICAL REVIEW D 63 073013

tional mixing controlling the admixture of active-sterile en- _ 107 oo

tering into the solar neutrino oscillations. Finally in Sec. V % BPOO BPOO

we summarize our conclusions. Zgw"’g E
< sF

7 2 E

II. TWO-NEUTRINO MIXING: ALLOWED REGIONS AND _65 R ]

PREDICTIONS FOR SNO 0

We first describe the results of the analysis of the solar 107k E
neutrino data in terms of, oscillations into either active or of

sterile neutrinos. We determine the allowed range of oscilla- " £ 3

tion parameters using the total event rates of the chidéhe 0oL ]

gallium [3-5], and Super-Kamiokande,8] (corresponding : : ==

to the 1117 days data samplexperiments. For the gallium  ;y1[  Active L sterile o]

experiments we have used the weighted average of the re G|ob0|=Rotes+spD+§SpN Globa|=Rates+Sp,,+§SpN

sults from GALLEX+GNO and SAGE detectors. We have 107 [l sl il ol i sl il iial i

also included the Super-Kamiokande electron recoil energy tan?®

spectrum measured separately during the day and night peri-

ods. This will be referred in the following as the day—night ~FIG. 1. 90, 95, and 99% C.L. allowed regions in the two-

spectra data which contains +88 data bins. The analysis heutrino oscillation scenario from the global analysis of solar neu-

includes the latest standard solar model fluxes, 200@ino data including the total measured rates and the Super-

Bahcall-Basee—Pinsonnea(BBP00 model[17], with up- Kgn_wiokan_de measurgd spectrum at day and_r!ight. The global

dated distributions for neutrino production points and solaminimum is marked with a star while the local minima are denoted

matter density. For details on the statistical analysis applieith & dot.

to the different observables we refer to Rdfs8,19. Nev-

ertheless, two comments on the statistical analysis are in omodel (SSM together with the SM of particle interactions

der. can explain the observed data with a probability lower than
In the present analysis we also include the contribution tx 10~ 2

the theoretical errors of the event rates arising from the small The allowed regions in the oscillation parameter space are

uncertainty in the measure®, factor for the reaction shown inFig. 1. We present them in the full parameter space

1%0(p, ¥)*'F which is new in the BBP0OO model as discussedfor oscillations including both Mikheyev—Smirnov—

in Ref.[17]. Following the standard proceduf20], we in-  Wolfenstein(MSW) [21] and vacuum[22] oscillations, as

clude this new source of uncertainty for the rates, that wavell as quasivacuurf23] oscillations(QVO) and matter ef-

denote asCr, by adding a new fractional d uncertainty ~ fects for mixing angles in the second octdtite so-called

AlInXc =0.18. Since this uncertainty affects in direct dark side[24,14,19). In the case of-active neutrino oscil-

proportion to thel’F flux we correspondingly add a new line lations we find that the best-fit point is obtained for the large

aic.=0P;/dXc_ to the response matrix, with values m@xing angIS(LMA) solution. .There are two more local
F F minima of y~ in the MSW region: the small mixing angle

awec, =1 andaic =0 for all other fluxes. (SMA) and low mass low probabilit OW) solutions. No-

In the analysis of the day—night spectrum data we includgjce also that LOW and QVO regions are connected at the
the correlation between the systematic errors of the day anggo, C.L. and they extend into the second octant so maximal
night bins which were conservatively ignored in REf9].  mixing is allowed at 99% C.L. foAm? in what we define as
Thus, we use the correlation matrix: the LOW-QVO region.

Following the standard procedure, the allowed regions are
defined in terms of shifts of thg? function with respect to
the global minimum in the plan®efined this way, the size
of a region depends on thelative quality of its local mini-
wherei andj run from 1 to 36 bins in the day—night spectra mum with respect to the global minimum but from the size
data.o; IS the statistical error, andl; ,,coris the error due  of the region we cannot infer the actuabsolutequality of
to uncorrelated systematic uncertainties.,, ando; .o are  the description in each region. In order to give this informa-
the correlated errors due to correlated systematic experimetion we list in Table | the goodness of the {@&OF for each
tal uncertainties and the calculation of the expected speasolution obtained from the value ojz at the different
trum, respectivelysee Ref[18] for detailg. The addition of  minima.
the correlations between the errors for the day and night bins, For oscillations into sterile neutrinos the global minimum
which more properly takes into account the day—night infor-lies in the SMA solution. As seen in Fig. 1 we find that with
mation, leads to stronger constraints on the regeneration rehe present data and using the criteria explained above, there
gion. are also allowed solutions for sterile neutrinos in the LMA

With all this we obtain that using the predicted fluxesand LOW-QVO regions at 99% C.L. once the day-—night
from the BBPOO model the? for the total event rates is spectra data is included. We consider, however, that they are
x4sv="56 for 3 d.o.f. This means that the standard solamot acceptable solutions as their fit to the global rates is

2 _ 2 2
gij = 5ij (Ui stat™ Ui,uncor) t o expd | ,exp+ Oj cal0j,cal 3
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TABLE I. Best-fit points and GOF for the allowed solutions for ized to 3 and (P, _, ) is the time-averaged survival

the global analysis in the framework of two-neutrino mixing. probability for oscillations into either active or sterile neutri-
nos. Hereo ¢ is thevd CC cross section computed from the
corresponding differential cross sections folded with the fi-
nite energy resolution function of the detector and integrated

Am?eV?2 50x10°8 3.7x10°5 1.0x107 3.9x10°° over the electron recoil energy:

Active Sterile
SMA LMA LOW-QVO SMA

taf 9  0.00061 0.37 0.67 0.000 61
, , dUCC(EviT,)
Yonin 40.8 33.4 37.1 42.3 oec(B)= . dT | dT'ResT.T') a7’ (9
. . . . )
Prob(%) 27 % 59 % 42 % 22 % ‘

whereT andT’ are themeasuredind thetrue kinetic energy
4 of the recoil electrons andy, indicates the threshold ex-

The “differences between both oscillation scenafmstive Pected from the experiment. The resolution function
and sterilg can be easily understood. Unlike active neutrinosReS(, ") is of the form[9]

which lead to events in the Super-Kamiokande detector by
interacting via NC with the electrons, sterile neutrinos do not

contribute to the Super-Kamiokande event rates. Therefore a [ 8 [ —
larger survival probability foPB neutrinos is needed to ac- 2m(0.348VT"/MeV)

commodate the measured rate. As a consequence, a larger F{ (T-T')?
X ex

really poor with a probability of acceptance less than 060

RedT,T')=

contribution from 8B neutrinos to the chlorine and gallium
experiments is expected, so that the small measured rate in
chlorine can only be accommodated if ABe neutrinos are
present in the flux. This is only possible in the SMA solution and we take the differential cross sectibaic(E, ,T')/dT’
region, since in the LMA and LOW regions the suppressionfrom [26]. For definiteness, we adopted the most optimistic
of "Be neutrinos is not enough. Notice also that the SMAtotal energy threshol&,=5 MeV (T4=Ex—my).

region for oscillations into sterile neutrinos is slightly shifted  Correspondingly, the total number of events in the NC
downwards as compared with the active case. This is due teaction at SNO is obtained as

the small modification on the neutrino survival probability

©6)

0.242T' MeV|’

induced by the different matter potentials. The matter poten- th

tial for sterile neutrinos is smaller than for active neutrinos Nic= k;z ék | dE,N(E,)onc(E,)

due to the negative NC contribution proportional to the neu-

tron abundance. For this reason the resonant condition for X((Pyvgd T(Puu ), (7)

sterile neutrinos is achieved at low&m?. On the other
hand, the flatter spectrum, is better fitted in both LMA andwhere oy is the vd NC cross section fron{26] and
LOW regions independently of the active or sterile nature 0f<PV o > is the time-averaged probability of oscillation into
:Ee geutrm? Thf's '?ﬁds to tlh(i |mprfovet|)“n?hnt OI the q‘aa“;‘y Olfany other active neutrino. In the case thr@toscnlates only
e description for these solutions for both active and steri th
neutrinos. However, as mentioned above, for the analysis ;r'Pto active Neutrinog P, ., ) +(Py,-.,,) =1 andNyc is a
the total rates these LMA and LOW solutions give a Veryconstant . L
bad fit in the sterile case and we decide not to consider them In order to cancel out all energy independent efficiencies
in the following. Also, as we will see in next section, when and normalizations we will use the ratio

the analysis is performed in the framework of four-neutrino th
oscillations those large mixing solutions for sterile neutrinos th _ —

Rcc= =[CC], (8)
do not appear. Nggm

Next we quantify the predictions for the SNO observables
in the allowed regions discussed above. The total number QX/hereNSSM is the predicted number of events in the case of

events in the CC reaction at SNO can be obtained as no oscnlatlons. The equivalent expression for the NC ratio
=2 f dE,N(E,)oc(E)(P, ), (4 NI
< h _
k=1,2 e Ve R}\jc NSSM [NC] (9)

. . . NC
whereE, is the neutrino energyp, are the total neutrinéB

and hep fluxesh is the neutrino energy spectrumormal-  Qut of those ratios one can compute the double ratio
R"/RY.=[NC]/[CC] for which the largest sources of un-
certainties cancel o(fL1]. As it was shown in Ref(.26], the
Marginally allowed VO solutions were also possiltee for in-  ratio between the NC and CC reaction cross sections is ex-

stance Ref[25]) with last year data sample but they are now ruledtremely stable against any variations of the inputs of the
out. calculations. The expected total uncertainties for {G€]
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o'l 1 o8 . function with respect to the local minimum in the corre-
© F 3 25 - k sponding regionSecond, the inclusion of the updated data,
08¢ 387 E mainly the Super-Kamiokande day—night spectra, lowers the
06§ EREEAS = value of taR @ for the best-fit point in the SMA region by a
3 1 ] factor of 2 and increasesm? for the best-fit point in LMA
o4l SMA W 3 3 E by a factor of 1.5.
3 1 2 E What we see from these results is that while the data on
ook LOW-GvO E f VA w-avo 1 [CC]can give a hint towards large or small mixing solutions,
ELMA R -V S it will be hard to distinguish active from sterile oscillations
00E 1 ofF ] on the only bases of this measurement. This is not the case
Region Region for the [NC]/[CC] ratio where both scenarios appear nicely

separated. It is not hard to foresee from these results that
FIG. 2. [CC] and[NC]/[CC] predictions at SNO for the allowed from the[NC]/[CC] measurement SNO will be able to con-
regions in the two-neutrino mixing scenarios obtained from the glo-straint the additional mixings in the four-neutrino scenario
bal analysis of solar neutrino data at 90% and 99% C.L. which describes the admixture of active and sterile oscilla-
tions. This is the main point in this paper.
ratio and the[NC]/[CC] ratio are 6.7% and 3.6%, respec-
tively, assuming 5000 CC events and 1219 NC evghts
In Fig. 2 we show the predictefiCC] and [NCJ[CC]  |; ALLOWED FOUR-NEUTRINO MIXING PARAMETERS
ratios for the allowed regions in the two flavor analysis. The
dots correspond to the local best-fit points and the error bars Together with the results from the solar neutrino experi-
show the range of predictions for the points inside the 90 anénents we have two more evidences pointing out towards the
99% C.L. allowed regions. The mapping of the regions ontceXistence of neutrino masses and mixing: the atmospheric
these bars can be easily understood from the behavior of tHeeutrino datd15] and the LSND result§16]. All these ex-

probability for the different solutions. perimental results can be accommodated in a single neutrino
(a) For oscillations into active neutrinos tH&IC]J/[[CC]  oscillation framework only if there are at least three different
ratio is simply the inverse of thgCC] prediction. scales of neutrino mass-squared differences. The simplest

In the SMA region smaller mixing angles are mappedcase of three independent mass-squared differences requires
onto higher(lower) values of[CC] (INC]/[CC]) ratio. One the existence of a light sterile neutrino, i.e., one whose inter-
may notice that the prediction for th€C] rate for the global —action with standard model particles is much weaker than the
best-fit point(0.60 is larger than the measured rate at SuperSM weak interaction, so it does not affect the invisile
Kamiokande. This is due to the nearly flat spectrum at Superdecay width, precisely measured at the CE®N™ collider
Kamiokande which implies that the best-fit point in the glo- LEP.
bal analysis corresponds to a smaller mixing angle than the There are six possible four-neutrino schemes that can ac-
best-fit point for the analysis of rates only. commodate all these evidences. They can be divided in two

In the LMA region, the lowerAm? and ¢ values are classes: 3-1 and 2+2. In the 3+ 1 schemes there is a group
mapped onto higheflower) [NC]/[CC] ([CC]) ratios and of three neutrino masses separated from an isolated mass by

vice versa. a gap of the order of 1 eV which gives the mass-squared
In the LOW region the higheflower) [NCJ/[CC] (([CC])  difference responsible for the short-baseline oscillations ob-
ratio occurs for smalled and higherAm?. served in the LSND experiment. IrH2 schemes there are

(b) For the sterile case, the best-fit point in SMA occurs attwo pairs of close masses separated by the LSND gap. We
lower Am? than in the active case and this produces a highehave ordered the masses in such a way that in all these
prediction for the[CC] ratio (0.76. The [NC]/[CC] ratio schemesAmSun Am3, produces solar neutrino oscillations
takes an almost constant value very close to @@8 in the and AmLSND Am3, (we use the common notatloﬁmk
best-fit poin}, since both numerator and denominator are= mk m; %). 3+1 schemes are disfavored by expenmental
proportional to<PV o > It is smaller than one because for data W|th respect to the-22 scheme$27,28 but they are
the SMA solution the probability increases with energy instill marginally allowed[29].
the range of detection at SNO and the threshold for the NC In any of these four-neutrino schemes the flavor neutrino
reaction is below the one for the CC one. fields v, (we choosex=e,s,u,7) are related to the fields

For the sake of consistency we have checked that oury, Of neutrinos with masses by a rotationU. U is a 4
results agree perfectly with those in REf1] when compar- X4 unitary mixing matrix, which contains, in general, six
ing the same points in the parameter space. However a cargtixing angles and thre€P violating phasedthree addi-
ful reader may notice that the predictions at the best-fitional phases appear for Majorana neutrinos but they are ir-
points and ranges in each region displayed in Fig. 2 areelevant for oscillations We neglect here th€ P phases,
slightly different of those in Ref.11]. The difference is due which, in the schemes considered, are irrelevant for solar
to two factors. First, the allowed regions are defined in aneutrinos because their effect is washed out by averaging
different way. In Ref[11] departures from the standard solar over neutrino energy and distance. Existing bounds from
model in the boron flux normalization are allowed and more-negative searches for neutrino oscillations performed at col-
over the regions are defined in terms of shifts of e  liders as well as reactor experiments, in particular the nega-
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tive results of the Bugey30] and CHOOZ[31] v, disap- Vvery small[27,28,32. As a consequence, for any of these
pearance experiment, impose severe constraints on the pdgur-neutrino schemes, eithert2 or 3+ 1, only four mix-
sible mixing structures for the four-neutrino scenario. In par-4ng angles are relevant in the study of solar neutrino oscilla-
ticular they imply that the matrix element$,; andU,, are  tions[13,14,33 and theU matrix can be written as

C1io S1o 0 0
U= —S12C23C24 C12C23C24 S23C24 S24 ’ (10
S12(C23524S34+ S23C34)  —C12(S23C34C23524534)  C23Cas— S23524534  C24S34
S12(C23524C34~ S23534)  C1(S23534— C23524C34)  —(C23S34S23524C34)  C24C34
|
where ¥1,, ¥,3, 924, 934 are four mixing angles and;; was performed in the framework of the+2 schemes
=cosd; ands;;=sin; . [13,14, it is equally valid for the 3-1 ones[32].

Since solar neutrino oscillations are generated by the We first present the results of the allowed regions in the
mass-square difference betweenand vy, it is clear from  three-parameter space for the global combination of observ-
Eq. (10) that the survival of solar,’s mainly depends on the ables. Notice that since the parameter space is three dimen-
mixing angled;,, whereas the mixing angles,; and 9,, Sional the allowed regions for a given C.L.zare deflrzlecg as the
determine the relative amount of transitions into stesjer ~ S€t Of points satisfying the cond|t|ox|2_(Am12,1912,;:23024)
active v,, this last one being a combination of, and», ~ ~Xmn=Ax"(C.L., 3 d.o.f) where, for instancehx*(C.L.,
controlled by the mixing angl@s,. v, and v, cannot be 3 d.0.f)=6.25, 7.83, and 11.36 for C£.90, 95, and 99%
distinguished in solar neutrino experiments, because theffeSPectively. In Fig. 3 we plot the sections of such volume in
matter potential and their interaction in the detectors ardn€ Plane[Amj, tarf(d,,)] for different values ofc5,C5,.
equal, due only to NC weak interactions. As a consequencgn® global minimum used in the construction of the regions
the active/sterile ratio and the survival probability for solar"‘2as n the LMA region and for pure-e-active oscillations,
neutrino oscillations do not depend on the mixing angjdg,  C2€24=0. o _
and depend on the mixing angléss 9,4 only through the As seen in Fig. 3 tyeZSMA r%glon is always a.valld solu-
combination cos),;cosd,,. For further details see Refs. fon for any value oft,Cy, at 99% C.L.(the same is true at
[13,14. We distinguish the following limiting cases: 95% C.L). As expected, in the two-neutrino oscillation pic-

€0SU,3Cc0StH,=0 corresponding to the limit of pure two- ture th.is solu.tion_ holds b.Oth for purec-active and pure
generationv,— v, transitions; cosl,;Cosd,,=1 for which ve-Sterile oscillations. Notice, however, that the statistical
e a ) 23 24=

we have the limit of pure two-ceneration-— . transitions: analysis is different: in the two-neutrino picture the pure
. P ) 9 0= Vs | - ye-active and ve-sterile cases are analyzed separately,
if cos¥,3c08U,,# 1, solarv,’s can transform in the linear

23 ; whereas in the four-neutrino picture they are taken into ac-
combinationv, of activer, andv,. count simultaneously in a consistent scheme. Since the GOF
In the general case of simultaneous—vs and ve—v,  of the SMA solution for pureve-sterile oscillations is worse

oscillations the corresponding probabilities are given bYinan for SMA pure active oscillation@s discussed in the
(13,14 preceding section the corresponding allowed region is
smaller because they are now defined with respect to a com-
PyeHVS=C§30§4(1— Py (1)  mon minimum. Also, we notice, that for the SMA solution
the best scenario is a nonzero admixture between active and
sterile oscillations. For this reason this solution is allowed at
a C.L. better than 90% only in the range Osld3.c3,
(12) =0.31.
) o On the other hand, the LMA and LOW-QVO solutions
where Pve_,ge takes the standard tvvp—neutrmo _c?scnlatlon Qisappear for increasing values of th.e mixicfge2,. We list
form for Am, and 6;, but computed with the modified mat- in Table Il the ranges o€3.c3, for which each of the solu-
ter potential tions is allowed at a given C.L. We see that at 95% C.L. the
LMA solution is allowed for maximal active-sterile mixing
A=Acct €3 AN (13)  c5535,=0.5 while at 99% C.L. all solutions are possible for
maximal admixture.

Thus the analysis of the solar neutrino data in the four-
neutrino mixing schemes is equivalent to the two-neutrino
analysis but taking into account that the parameter space is
now three dimensional Xm2,,tarf 91,,C0& ¥,3C0S Us). In this section, we present the predictions for the CC ratio
We want to stress that, although originally this derivationand for the NC/CC ratio in the four-neutrino scenario previ-

—(1_pr2 A2 _
Pv—ma—(l C53C54) (1 P”e—”’e)’

e

IV. EXPECTED RATES AT SNO IN FOUR-NEUTRINO
SCHEMES
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FIG. 3. Results of the global analysis for the allowed regions in
Am3, and sirf 9y, for the four-neutrino oscillations. The different
panels represent the allowed regions at 9U&tter) and 99% C.L.

(darke). The best-fit point in the three parameter space is plotted as

a star.

ously described. This scenario contains as limiting cases th8O

pure ve-active andve-sterile neutrino oscillations. However,
when comparing the results for both limiting cases with the
ones presented in Sec. Il the reader must notice that there al
some changes in the predicted ranges because the allowe
regions are obtained with a different statistical criteria. Now,
as discussed above, all the allowed regions are defined witl
respect to the same global minimug@laying in the LMA
with c3,c2,=0) with 3 d.o.f. Because of that, the predicted
ranges in the four-neutrino scheme are wider for the pure

TABLE Il. Allowed ranges of c3,c3, 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 [0,0.37
95 [0,1] [0,0.53 [0,0.44
99 [0,1] [0,0.74 [0,0.76
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FIG. 4. [CC] and[NC]/[CC] predictions at SNO as for the SMA
region in the four-neutrino scenario obtained from the global analy-
sis of solar neutrino data at 90%ghter) and 99% C.L.(darke}.

The dotted line corresponds to the prediction in the case of no
oscillations.

ve-active oscillations and narrower for the-sterile case.

In Figs. 4—6 we show the results for the predici&L]
ratio and[NC]/[CC] ratio for the different allowed regions
(SMA, LMA, LOW-QVO) at 90 and 99% C.L. as a function
of c34c5,. The general behavior of the dependence of the
predicted ratios withc3.c3, can be easily understood using
the following simplified expressions obtained from E(§,

(9), and(12):

[CCI~P, .., (14
[NC] 1- C§3C§4(1_ Pve—v Ve) 15
ca e, W

1
9 F ]

0.8 f 1

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

b LMA

0 02 04 06 0.3

cos*,,c05™,,

INC/CC]

0.2 04 06 08 1
05,5005 W,

FIG. 5. [CC] and[NC]/[CC] predictions at SNO as for the LMA
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region in the four-neutrino scenario obtained from the global analy-
sis of solar neutrino data at 90%ghter) and 99% C.L.(darke).

The dotted line corresponds to the prediction in the case of no
oscillations.
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= = A will immediately hint towards the SMA solution but will not
Soot L provide any information on the active-sterile admixture.
- Q 5 LOW=QVO | Also, one must notice, that such value, although allowed by
- = the present global statistical analysis at 99% C.L., will imply
‘ 4t 1 a strong disagreement with the total event rate observed at
0.6 Super-Kamiokande.
0.5 3 1 As seen in Fig. &) the[NC]/[CC] ratio is more sensitive
04 - to the active-sterile admixture. To guide the eye, in the fig-
a8 2t ] ures for the[NCJ]/[CC] ratio we plot a dotted line for the
' prediction in the case of no oscillatigiNC]/[CC]=1. For
0 | 1 any of the solutions, the allowed range for this ratio shows as
0.1 ¢ LOW~QY8: § general behavior a decreasing withc3, due to two effects:
0 e . 0 S (i) the allowed regions become smaller diglthe prediction
0 02 04 06 08 | 0 02 04 06 08 I . L .
cos*cos?D,, cos*,cos D, decreases when more sterile neutrino is involved in the os-

cillations as described in Eql5). The measurement of

FIG. 6.[CC] and[NC]/[CC] predictions at SNO as for the LOW higher values of this ratio will favor the four-neutrino sce-
region in the four-neutrino scenario obtained from the global analynario with larger component af,-active oscillations. On the
sis of solar neutrino data at 90%ghter) and 99% C.L.(darke). other hand, a measurement[®§C]/[ CC]~1, will push the
The dotted line corresponds to the prediction in the case of ngscillation hypothesis towards the purg-sterile oscillation
oscillations. scenario. This case will be harder to differentiate from the
nonoscillation scenario. We find that with the expected sen-
jomt at the , sitivity the parametec3.c3, is constrained to be above 0.44
C23C24 Is due to the modification of the matter potential en-4; 9904 C.L. and that the pure.-active oscillations in the
tering in the evolution equatiofsee Eq(13) and discussion gpa region are compatible witfiNC]/[CC]=1 only at
abovg and it is very weak. The dependence of the allowed _g
range of the[CC] ratio with c3.c3, displayed in the figures  The predictions for oscillation parameters in the LMA
arises mainly from the variation of the size of the allowedregion are shown in Figs.(8 and 5b) for [CC] and[NC]/
regions. Alternatively following Eq(15) we find a stronger  [cc] ratios, respectively. The predictions at 99% vary in the
linear dependence ¢NCJ/[CC] on c5,c5, with slope (-1 range[ CC]~0.18—0.62 andNC]/[CC]~ 1.4—5.6. The first
+P, )P, ., ~1-1[CC] and intercept ¥, .,  thing we notice by comparing Fig.(® with Fig. 4a) and
~1/[CC]. This simple description is able to reproduce theFig. 6a) is that the most discriminatory scenario for fieC]
main features of our numerical calculations as can be seen iate results if SNO finds a small valy&€C]~0.25. This
the figures. would significantly hint towards the LMA solution to the

Figures 4—6 contain the main quantitative result of oursolar neutrino problem and towards thgactive oscillation
analysis in the four-neutrino mixing scenario. From each ofscenario. First, it is well separated from the predictions for
them it is possible to infer the allowed range of the active-the SMA and LOW regions. Second, it will include as a
sterile admixture,c3,c3,, compatible, within the expected bonus a small but measurable day—night asymnia@y11].
uncertainty, with a given SNO measurement of the ratiosThird it will constrain thec3,c3,to a small value {-0.2). On
Also, comparing the allowed ranges for the different solu-the contrary the less discriminatory scenario will be a mea-
tions one can study the potential of these measurements aarement 0.4[CC]<0.6 where the prediction would be
discriminatory among the three presently allowed regionscompatible with both SMA and LOW-QVO solutions and no
Of course, both issues are not independent as we hawe noimprovement on our knowledge of the four-neutrino schemes
priori knowledge of which is the right solution and both is possible. ThéNC]/[CC] ratio can definitively improve the
must be discussed simultaneously. In order to do so we pasiscrimination between the different scenarios provided its
to describe and compare in detail the predictions in the difmeasurement lies in the upper range. For instance a measure-
ferent regions. ment of[NC]/[CC]~4 (0.7 at ) will be conclusive for

The results for the SMA solution are shown in Fig&)4 selecting LMA as the solution to the SNP and will imply an
and 4b) for [CC] and [NC]/[CC] ratios, respectively. First upper bound orm§3c§4<0.3.
we notice that we find a small region allowed at 90% C.L.  The predictions for the LOW-QVO region lie between the
only for a nonvanishing admixture of active and sterile 0s-ones for SMA and LMA as displayed in Fig. 6 and therefore
cillations as mentioned before. In this regiofCC]  they are more difficult to discriminate. The predictions at
~0.65-0.73 and NC]/[CC]~1.3-1.4. The predictions at 99% vary in the rangg¢ CC]~0.3—0.68 and NC]/[CC]
99% range fronf CC]~0.4-0.9 (NC]/[CC]~1.1-2.5) for ~1.2—-3.4. As a consequence we see that a[lo@] ratio
pure ve-active scenario td CC]~0.59-0.85 [NC]/[CC] but still within the 99% C.L. range allowed for this region,
~0.96-0.98) for pureve-sterile oscillations. Thus if SNO 0.3<[CC]<0.4, will constrain significantly the3.c3, pa-
observes a ratipCC]<0.58 the value ot3.c3, can be con- rameter compatible with this solution but it will not be dis-
strained to be smaller than 1 disfavoring putgesterile os-  tinguishable from the LMA solution unless the measured
cillations. On the contrary a measurement[@C]=0.68 [CC]<0.3. As mentioned above, thRC]/[CC] ratio will be

From Eq.(14) we see that the only dependence[GfC] on

Veﬁ 14
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able to differentiate the LMA and LOW-QVO solutions if [CC] and evaluated the predictions in the different regions as
not in the rangd1.5,3. One should also notice that for the a function of the additional mixing3.c2,. Our results are
upper part of this range a positive measurement of the daydisplayed in Figs. 4—6. They show that in most cases with
night asymmetry and the zenith dependefit® will point  the measurement of tH€C] ratio, it will be hard to improve
towards the higheAm? of the LOW region as the solution. the present knowledge co:f%3c§4 but with the precise deter-
mination of thegf NC/CC] ratio at SNO, this parameter can be
strongly constrained for some of the allowed solutions. For
example, we find that for thigCC] rate the most discrimina-
¥ory scenario would be that SNO finds a small vaJ@C]
~0.25. This significantly hints towards the LMA solution to
‘the solar neutnno problem and towards an active—active 0s-

V. DISCUSSION

In this paper we have studied the potential of the Sudbur
Neutrino Observatory to discriminate between active or ster-
ile solar neutrino oscillations when analyzed in the frame-
T e ot e s llaonscenaro n s case GNC}(CC]4 (=07 at

. y g togethe ~will be conclusive for selecting LMA as the solution to the
solar neutrino data, the results of the two additional evi- S P

- ; : SNP and will imply an upper bound orb,c3,<0.3. Con-
dences pointing out towards the existence of neutrino masse%arsel a measurement BRC]/[CC]~1, although harder
and mixing: the atmospheric neutrino ddti] and the to dIStI)/I’; uish from the nonoscillation scenario, v?nll ush the
LSND results[16]. These schemes allow simultaneous tran- 9 P
sitions of solarv,’s into active »,’s, v,’s, and sterilevg

oscillation hypothesis towards the sterile SMA solution, and
controlled by the additional parameter #a%s)co (9, with the expected sensitivity a bound3,c3,>0.44 at
and they contain as limiting cases the purgactive an

d 99%C.L. can be imposed.

ve-Sterile neutrino oscillations. The allowed solar solutions
have been reanalyzed including the recently BBPOO standard
solar model and the latest solar neutrino data. We find that \we thank J. N. Bahcall for clarifying several aspects of
the global minimum lies in the LMA region and for pure the BP0O standard solar model. We also acknowledge valu-
ve-active oscillations ¢,c3,=0). We also find that in the able discussions with E. Lisi on the correlations in the day—
framework of four-neutrino mixing the SMA solution is al- night spectra and with C. Giunti on the four-neutrino
Iowed at 90% C.L. for nonvanishing active-sterile mixing schemes. This work was supported by the spanish DGICYT
C54C3, in the rangg0.11,0.31. under Grant Nos. PB98-0693 and PB97-1261, by the Gener-

We concentrated on two SNO measurements: the first exalitat Valenciana under Grant No. GV99-3-1-01 and by the
pected result on theECC] ratio and the expected to be most TMR network Grant No. ERBFMRXCT960090 of the Euro-
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