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How large is the "Be neutrino flux from the Sun?
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On the basis of present solar neutrino observations and relaxing the constraints from solar models it is
possible that mostor nearly al) of the flux of electron neutrinos detected comes from electron capture in
"Be. These solutions arise from neutrino oscillations in whighy, mixing suppresses high energy and
ve-v, Mixing suppresses low energy as qualitatively suggested from some (8@ grand unified models.

The importance of future observations is emphasig88556-282(197)01007-2

PACS numbes): 14.60.Pq, 12.15.Ff, 26.65t, 96.40.Tv

. INTRODUCTION its standard solar model value of 6:620° cm 2 s 1, and
for a pp neutrino flux equal to that maximally allowed by the

Solar neutrinos provide the only direct evidence of thejuminosity constraint value of 6.5410"° cm 2 s~ 2.
nuclear reactions that are believed to be the primary source Recently a number of authof8—11] have considered re-
of energy inside the Sun. Solar model calculatiphisshow  |axing the constraints of the SSM in order to determine what
that the energy is produced mainly in tg cycle which s really known about the fluxes, at the same time allowing
yields three major neutrino sourced) pp neutrinos with  neutrino oscillations. One assumes only that the neutrinos
energies below 420 ke\(2) neutrinos from electron capture arise from known nuclear reactions and that the presently
in "Be with a line spectrum and a main energy of 862 keV,observed luminosity is the result of these same reactions.
and (3) the much rareB decay neutrinos with a spectrum The neutrino oscillation parametetsn? and sif26 are var-
up to 15 MeV. Three types of experiments have detecteged so as to fit present experiments with nonstandard solar
neutrinos: (1) the Kamiokande experimenf2] using neutrino fluxes. It turns out that solutions can be found even
neutrino-electron scattering sensitive only 38 neutrinos,  for neutrino fluxes vastly different from the ones in the SSM.
(2) the Davis*'Cl detector{3] sensitive primarily to®B but  An extreme possibilitf12], which assumes the MSW solu-
also to 'Be neutrinos, and3) the two gallium experiments tion as a solution, allows that nearly all of the solar energy
GALLEX [4] and SAGE[5], sensitive to all three sources arises from the CNO bicycle of nuclear reactions and nearly
but, due to the rareness 8B neutrinos, primarily important  all of the v Observed in gallium and chlorine experiments
for the pp and "Be sources. By combining the data from the are from 13N and *°0 decays.
three experiments one can try to determine the flux from Here we consider the possibility that most or nearly all the
each source that reaches the Earth. ve Observed are from’Be, the opposite of the “conven-

In the standard analysis repeated in many paf@rene tional” interpretation of solar neutrino experiments. While
uses the observed Kamiokande detection rate to determirtee radiochemical detectors measure directly the fluwof
the flux of v, from 8B that reaches the Earth. One then from the Sun, neutrino-electron scattering detectors are also
applies the so-obtained constraint on the boron neutrino flugensitive tov, and v.. Therefore it is still possible that
to the 3'Cl experiment and finds that the observed rate isnearly all the signal in the Kamiokande detector is due to
explained by®B neutrinos allowing for few or ndBe neu- v, or, as in the scenario we consider,, resulting from
trinos. If there are ndBe neutrinos, then one can understandoscillations of the originab, .
the gallium results as being due primarily pgp neutrinos It is interesting to note that the total detected rates in
with flux equal to that of the standard solar mod8EM). chlorine and gallium are both very close to twice that ex-
Thus one concludes that there must exist neutrino oscillapected in the SSM fofBe neutrinos. To obtain this result we
tions that almost totally convert thiBe v, into another type need an oscillation solution in which the low-eneqgy and
of neutrino but have little effect opp neutrinos. This leads high-energy 8B neutrinos are more suppressed than those
to solutions for neutrino masses and mixing, in particular, thdrom “Be. This can occur within the grand-unified theory
small angle Mikheyev-Smirnov-WolfensteitMSW) solu- (GUT) seesaw model when the large mass in the seesaw
tion with Am?~10"° eV? and sirf26~10"2. formula is close to the GUT scale. Then high-energy neutri-

It is worth pointing out[7] that without oscillations one nos are suppressed ly-v . oscillations but the low-energy
does not obtain a good fit to the data, even if all the solaneutrinos could be suppressed by thev,, oscillations[13].
neutrino fluxes are allowed to vary assuming arbitrary non- It should be emphasized that we have no reason to expect
negative values, subject only to the luminosity constraint. Inthe deviations from the SSM considered here. The main pur-
this case the minimuny?,,=5.9 and it occurs for zero CNO pose of this study is to point out how little we directly know
and beryllium neutrinos, boron neutrino flux equal to 0.35 offrom published solar neutrino experiments and how much
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can be learned from SNO, BOREXINO, and other futureThe quantitied ,, wherea = pp, 'Be, pep,®B, etc., are the
experiments. The spirit of this discussion is similar to theratios of the true fluxes to the ones predicted in the SSM:
demonstration if12] that the existing experiments cannot, if ®(a)/®(a)sgy. The numerical coefficient in Eqlb) is
neutrino oscillations occur, rule out a CNO energy generaequal to the ratiq ®(’Be)/®(pp)]ssy of the 'Be to pp
tion scenario. neutrino flux in the SSM and follows from the fact that one
This paper is organized as follows. In Sec. Il we discusgp reaction is needed to produce’Be nucleus. It has been
the range of possible beryllium neutrino fluxes assumingassumed in Eqg1) thatfcyo = 0.0 andf e, = fpp, i.€., that
MSW transitions are taking place inside the Sun. The neceshe ratio between pep anmp neutrino fluxes is the same as
sary conditions are formulated that would allow for the be-in the standard solar modtlAs mentioned in the previous
ryllium neutrino flux to take on its maximum allowed by the paragraph, from Eqg1) it follows that the maximum’Be
luminosity constraint value. The realization of these condi-neutrino flux is about 6.5 times the SSRBe flux.
tions in a scenario where three neutrinos take part in MSW  |n order to find the fluxes and average survival probabili-
transitions inside the Sun is described in Sec. Ill. The alties, for which the scenario we consider here can provide a
lowed parameter regions are found and the implications fogood fit to the data, we write the event rates in the three

neutrino masses are discussed. In Sec. IV we describe detectorggallium, chlorine, and neutrino-electron scattejing
three-neutrino MSW solution which assumes a 5% highegs

central temperature in the Sun than in the SSM. The beryl-

lium neutrino flux in this solution turns out to dominate the Qca=fePsQaat feePseQot fopPppQRa, (23
event rates in both gallium and chlorine experiments. In Sec.

V the expected event rates in the future detectors SuperKa- Qci=fgPeQl+ faPeQ2r, (2b)
miokande, SNO, BOREXINO, ICARUS, HELLAZ, and

HERON are calculated. We also discuss some of the distinc- R,e=fg(0.855Pz+0.145. (20

tive features of the signals in the future solar neutrino experi-

ments the nonobservation of which will rule out the maxi- The quantities on the left-hand side of the first two equa-
mum “Be neutrino flux solution. tions are the event rates in the gallium and chlorine detectors,
R, is the ratio(measuredB flux)/(SSM 8B flux). P, is the
average survival probability for neutrinos from soureand

Q" is the SSM contribution of source in the ith radio-

In this section we present in a simplified form the valueschemical detectori& Ga, Cl). Here we have neglected the
of the fluxes from each of the major neutrino sourcpg,(  “Minor” solar neutrino sources, namely, the CNO and pep
'Be, and®B) allowed by the present experimental data sub-heutrinos. We have also assumed that the suppression factors
ject to the luminosity constraint and assuming MSW oscilla-Pg are the same for all three experiments and the factors
tions as a solution of the solar neutrino problem. Pge are the same for chlorine and gallium. In reality these

The luminosity constraint follows from energy conserva-factors are different from experiment to experiment because
tion assuming the amount of energy emitted by the Sun ighe experiments do not cover the same energy range and also
matched by the amount of energy produced in the nucledpecause the detector cross sections are slightly different
reactions. It can be written as a linear relation between théunctions of energy. These simplifications are made in this
neutrino fluxes from each neutrino sourcep( 'Be, 8B,  section, but not in Secs. lll, IV, and V, in order to make
etc) [8]. Assuming essentially constant solar luminosity, themore clear the general idea of the proposed scenario.
present value of which has been measured with a better than Equation(2¢) is based on the fact that the Kamiokande
1% accuracy, any solar model has to satisfy this constraingetector is sensitive te,, and v, as well asv, with the
As explained i8] the luminosity constraint imposes upper cross section fow, and v, down by a factor of about 0.15.
limits on all neutrino fluxes. When the beryllium neutrino For R,.=0.44, as indicated by the Kamiokande result, when
flux reaches its maximum valug¢®(’Be)=3.33x10'° fg is varied from 0.3 to about 3, the required valueRyf
cm 1s71], the pp neutrino flux is reduced by a factor of goes from one to zero. Whefy is close to its maximum
approximately 0.56Fassuming the samp+e~ +p (pep/  allowed value nearly all the neutrinos observed by Kamio-
pp flux ratio as in the SSYand all the other neutrino fluxes kande arev,, or v,.
should be zero. However, in order to explain the Kamio- When we turn to the’’Cl detector only thev, are effec-
kande result, one has to account for a boron neutrino flutive. As a result, asPg approaches zero, there is B
roughly between 0.3 and 3 times its standard solar modeieutrino signal and, neglectintN and *°0 neutrinos, the
value [9]. As the boron neutrino contribution to the solar detected rate must be almost entirely due’Be neutrinos.
luminosity is very small this does not significantly changeThis requires &Be rate about twice the SSM value which in
the upper limit on the beryllium neutrino flux. turn means that nearly all the signal in the gallium detector is

In a simplified version, suitable for the discussion of thedue to 'Be neutrinos.
general ideas here, the luminosity constraint can be written
as

II. BERYLLIUM NEUTRINO FLUX

INote thatf,,>1 for fge=1. This reflects the fact that, since for
fpp: 1.10-0.08F 5., (18 simplicity we have set the CNO neutrino flyx has to zer.o, some of
the other fluxes have to be larger than in the SSM in order to
compensate for the approximately 2% of the luminosity that the
frp=0.087 ge. (1b) CNO neutrinos account for in the SSM.
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TABLE I. Fluxes and survival probabilities depending on the
assumed boron neutrino flufirst column which satisfy the con- e LR LRI

straints from the existing dat@olumns 2-% which are then com- 0.8 [-4m3, = 4.0x10°® eV* sin®26,, = 0.10 (alf
bined with the luminosity constraint and the specific energy depen- I~ 0.6 E Amf, = 2.0x107 eV® sin®26,, = 0.028
dence of the survival probability for nonadiabatic MSW transitions Y E 3
to get the last three columns. E;f 0.4 - E
0.2 =
fB PB fBPB fBePBe fppppp fBe PBe Ppp 1 = T ——+ H} === |. 1 |ﬁ‘} 3
1.0 0.34 034 0008 098 0.0089 096 0.89 __ 0.8 [-4mZ = 4.0x1077 eV* sin®26,, = 0.01 (blf
15 017 026 051 072 058 088 0.69 ?" 0.6 4% = 1.3x10® eV® sin®20,, = 001 3
20 0.088 0.17 1.02 0.47 131 0.77 048 v E 3
25 0036 0091 152 022 248 061 024 2 04F < E
29 0.008 0.023 1.92 0.017 6.46 0.30 0.031 0.2 ;— \ L 3
1 e :i.:iiig\\\#\.‘ﬁ‘.ﬁ‘:ﬂ/f
Given the experimental result€Qg, = 74 + 8 SNU —~ 0.8 [-4mZ, = 2.0x10°® eV? . (c)—f
(combined GALLEX + SAGE result, Q¢ = 2.55* 0.25 ?" 0.6 [4™5 = 6:3x107 eV E
SNU, andR,, = 0.44 = 0.06, and the contributions of the o F M\ ]
individual sources to each experiment according to the SSM 2 04t sin®28,, = 0.10 \ \ E
[1], which includes helium and heavy element diffusion, we o2 F sin®26,, = 4.5x10-2\ N
can solve Eqs(2) for the products P, , assuming different o E Ll N S
boron neutrino fluxes. The first five columns of Table | sum- 0.1 1 10
marize the results of this simple calculation using the central E, (MeV)

values of the experiments.
greI;?(rartht?\e:ﬁstjgi]tgaeV\;ﬁivc\:lﬁ ?r]:;—a?']bsletrllai?%gl?lgf f%fecl;ge cl)sf the FIG. 1. Neutrino survival probabilities averaged over the rel-
detected flux in thé chlorine and gallium detectors is due tevant neutrino production regiokdotted linepp, short-dash-dotted

7 . Yine "Be, solid line B, short-dashed liné®N, long-dashed line
Be neutrinos. The last row corresponds to the extreme casgy | .0 oo (o oo ppre shown as a function of ener
that nearly all of these fluxes is due f@e. In order to get »ong PER oy

the large suppression needed for fheneutrinos for such a The nt_eutrino mass-squared differences gnd mixing_ gngles are indi-
. - : , cated in each panel. The type of the dominant transitiga-(v,, or

SO|Ut.'0n we requ'rGPPP<PB.e' This can be a.Ch'e"ed by ar- ve— v,) IS indicated on both sides of the peak in the first panel.

ranging for a nonadiabatic MSW oscillation to suppress

these fluxes.

The survival probability in the nonadiabatic regime ising angles and mass-squared differences for the particular
given to a good approximation by a simple function of en-example in which the beryllium neutrino flux has its maxi-
ergy, namely, P=exp(-C/E,), where C=7Am’si’26/  mum allowed by the luminosity constraint value.
4COSZ9N,;, Né is the logarithmic derivative of the electron In the general case of three-neutrino oscillatiph] the
density at the resonance, ag is the neutrino energy. Thus electron neutrino survival probability is a complicated func-
it is not possible to have very smafl,,, e.g.,P,,=0.1and  tion of the mixing anglesd;, and 6,5 of the mass-squared
Pee=1. Using the nonadiabatic survival probability for gifferencesAm3, and Am3; and of the density distribution

Be (0.862 MeV} and pp neutrinos(assuming averagep  aong the neutrino path. The existing analytic expressions
neutring_energy Ep,=0.3 MeV) to find the relation 14z for p(y,—1,) in this case are far from transparent and
Ppp="Pge', one can then use E(la) together with the val- 4 a5y to implement in a numerical calculation. However,
ues off,,Pp, and fgePge to determine the values dise, a5 shown in[16], when certain conditions on the neutrino
Pge, andPy, given in the last three columns of Table I. 1 ao5 a0 mixing parameters are satisfied, the three-neutrino
s f bk | stats the case 1 h el yobabity can be witen down 2 3 poduc of

two-neutrino survival probabilities plus a residual term

Iowe_d by the Iumlnosny_ constralr_nf be= 6.‘46)' In the next. which is suppressed by a coefficient dependent on the mixing
section we explore solutions of this type in the three-neutring

oscillation scenario. A similar large beryllium neutrino flux angles. In the limit of small mixing angles and sufficiently
. o . o ) lar ration between th itidi a f the reso-
can be fitted with two-neutrino oscillatiori§], but in that ge separation between the positigimsspacg of the reso

. . nant transition regions the residual term is vanishingly small.
case thepp flux is not suppressed and théBe neutrino g gy

tribution d t dominate the sianal in th lium d In our calculations we have neglected this residual term. In
f:cq;; ution does not dominate the signal in the galium A€+,qqt f the interesting situations discussed here we have

verified that it is indeed small and does not contribute more
than a few percent to the overall electron-neutrino survival
probability, which is sufficiently accurate for our purposes.
Here we discuss the three-neutrino survival probabilities Using the product of the two two-neutrino survival prob-
and the allowed regions that we obtain for the neutrino mix-abilities, for each of which we apply the analytical descrip-
tion from [17], we have been able to study numerically a
large number of interesting cases. Three characteristic sets of
2We have combined quadratically the statistical and systemati@eutrino survival probability curves are displayed in Fig. 1.
errors for each experiment. The survival probabilities have been averaged over the rel-

Ill. THREE-NEUTRINO OSCILLATION SCENARIO
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TABLE II. Event rates in the operating experimefitisree neutrino oscillations, maximufe neutrino
flux). The values in the table are in SNU for chlorine and gallium and the (akiserved®B flux)/(SSM®B
flux) is given for Kamiokande. The neutrino mass and mixing angles are given in the text and correspond to
the black dot in Fig. @). The last line in the table gives the ratios of the assumed neutrino fluxes to the ones
in the SSM[1].

Experiment pp B 'Be(0.862)  "Be(0.384) N %0 pep Total
Gallium 2.6 0.30 70.2 0.70 0.0 0.0 0.65 745
Chlorine - 0.14 2.38 - 0.0 0.0 0.05 2.57
Kamioka - 0.44 - - - - - 0.44
fa 0.56 2.9 6.46 6.46 0.0 0.0 0.56

evant production regiofas calculated in the SS\Wf each  experimental results with a maximum beryllium neutrino
neutrino source and are indicated with different lines. In allflux. First we choose th@p, pep, ‘Be, and CNO neutrino
three figures the transitions in the energy region to the left ofluxes so that they correspond to the maximum beryllium
the peak(lower than the energy at the maximumre pre- neutrino flux allowed by the luminosity constraint assuming
dominantlyv.— v, and those to the right of the peékigher  the SSM pepip flux ratio. The requirement of maximal
than the energy at the maximymare predominantly ’Be neutrino flux automatically sets the CNO fluxes to zero.
ve— v,. The position of the peak, its height, and width areThe values of all flux ratio$®(a)/®(a)ssul are given in
determined by all four parameters indicated in each panethe last line of Table II. We then vary the boron neutrino flux
For the maximum’Be neutrino flux solution the width of the within 0.44 to about 3 times its SSM value, i.e., within the
peak is not very important because the CNO neutrino flux idimits set by the Kamiokande result. In addition to thB
negligible in this case. Changes éj; do not affect strongly  flux we vary the parameterAmgl, Amgl, sirf26,,, and
the peak, but are very important for the suppression of thgir’2¢,; and compute the:? taking into account detection
high-energy boron neutrino flux; e.g., in Figb}, the high-  cross-section uncertainties and experimental errors. Once we
energy part of the boron neutrino flux is less suppressed than
in Fig. 1(@). The curves in Figs. (& and Xb) at energies
below about 0.8 MeV coincide except for energies<0.2
MeV, which is below the threshol(D.233 MeV) of the gal- .
lium experiments. This is explained by the fact that the as- %
cending parts of the curves represent the nonadiabatic ™~
£
<

LBLELLL BN R R L

LELEREERR

branches of the two-neutrino survival probabilities. The lat-
ter depend mainly on the produdtm?sir’26 which is the
same in both panels. In Fig(d@ the flux of the low-energy, 10-¢
pp and 'Be, neutrinos are more strongly suppressed than the 104
flux of the intermediate-enerddCNO) neutrinos. Most of the T
8B neutrino flux, essentially all above 6 MeV, is strongly C

NEﬂ

<l

sl

suppressed.

Without a solar model that could provide the neutrino
fluxes envisaged in the scenario under discussion one might 10-8 |
think that the survival probabilities so described are very 104
uncertain. However, any solar model will have to have ap-
proximately the same density distribution, exponential to a
high degree of accuracy, if it describes a star in hydrostatic
equilibrium. Note also that helioseismology provides inde-
pendent information about the density distribution inside a
large part of the solar interior. Although the neutrino produc- 107 F i vl
tion regions cannot be expected to be the same as in the 1o 10 10~ 1 10 107 1
standard solar model, their exact shapes are not so important Sin®(R6,,) sin®(26,,)
as it might seem. Note that in the energy region of pipe
’Be, and®B neutrinos the survival probability curves essen-
tially coincide (see Fig. 1 The difference is largest in the

region of the intermediate-energy neutrinos which are relagye: For each of the six panels &#,,=0.1 and the values of
tively unimportant in the scenario discussed here. AmZ, are given in units of 10° eV? in the upper right corner of
Using the so-described analytical approximation of thegach panel. The point in the mass-mixing plane whereythés

three-neutrinav, survival probability we have performed an minimum is indicated with a black dot. The boron neutrino flux is
analysis of the solar neutrino data from the four operatingqual to 2.9 (®B)ssy, the pp neutrino flux is 56% of the SSM
experiments in a way similar to the standard analysis for thalue, and the beryllium neutrino flux is equal to 99.9% of the
two-neutrino MSW solution. Our goal is to find allowed re- maximum allowed by the luminosity constraint value
gions in parameter space in which it is possible to fit all the(3.33x 10" cm™2 s7%).

(0

FIG. 2. Allowed regions at 95% C.L. in the mass-mixing plane
(Amgl-sinzzem). The other two-neutrino oscillation parameters are
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TABLE lll. Event rates in the operating experimeritaree neutrino oscillations[,=1.05T>°"). The
values in the table are in SNU for chlorine and gallium and the ratiserved®B flux)/(SSM ®B flux) is
given for Kamiokande. The neutrino mass and mixing angles are given in the text. The last line in the table
gives the ratios of the assumed neutrino fluxes to the ones in the[$EM

Experiment pp 8B "Be(0.862)  Be(0.384) BN 50 pep Total

Gallium 13.7 1.00 324 0.55 5.82 15.0 1.83 70.3

Chlorine - 0.18 1.10 - 0.19 1.10 0.13 2.70

Kamioka - 0.48 - - - - - 0.48

fa 0.90 3.22 1.63 1.63 3.29 3.75 0.90
have found a value of the boron neutrino flux d(pp)<[1—0.08 T /T ssm ™ 1, (39
[@(8B)=2.9] for which x? is sufficiently small(typically '
x?<0.7), we then keep théB flux, Am3,, and sif26;, d(pep = (Te/Tessm 24 (3b)
fixed and repeat the calculation varying onym3, and '
sirf26,5, the two parameters corresponding to the high- ¢(8B)M(TC/TC,SSW241 (30
energy resonance. We repeat the same procedure for several
pairs ofAm%l and siff26;, close to the ones for which a d("Be)oc(Te/Te ssm ™o, (3d)
sufficiently small y?> has been found. The resulting 95% '
C.L.-allowed regiondcorresponding tg(zz)(ﬁqur 5.99 for D(PN) o (To/Te ssm 44 (30
two degrees of freedopin the two parametersim3;, and '
sinf26,5, are shown in Fig. 2. In each of the six panel ¢(150)OC(TC/TC'SSM)27'1_ (3f)

sif26,,=0.1 and the values oAm3, are indicated in the
upper right corner. As noted before the results depend pri- From Egs.(3) it is clear that in solar models with higher
marily on the producﬁmglsinzzalz. Therefore quite similar  central temperaturéand no radically new physigghe pp
plots as those shown in Fig. 2 can be obtained for differenheutrino flux will be reduced, whereas tfiBe and®B neu-
Am3, and sirf26;, the product of which is the same as in the trino fluxes will be enhanced. As discussed in the previous
six panels of Fig. 2. The black dots indicate the position ofsection, these changes are in the direction of the ones needed
the best-fit point in each case. The survival probability forin the scenario where théBe neutrinos are the major com-
the best fit solution in Fig. @) is the one displayed in Fig. ponent of the signal in the radiochemical experiments. Be-
1(a); the corresponding event rates expected in each of theause of the strong temperature dependence of most of the
four operating experiments are given in Table Il for the bestfluxes, it turns out that it is possible to find a solution with
fit solution. The resulting event rates in the four experiments’'Be neutrino dominance fOr(T—T.)/T.=0.05. The solu-
in this case correspond to mainly beryllium neutrinos con-ion that we have found is described in Table Ill. The
tributing in all radiochemical experiments and Kamiokande“best-fit” (Xﬁqin= 0.7) neutrino oscillation parameters are
detecting onlyv, but virtually no v, from the Sun. Am3,=2x10"% eV?, Am3=6.3x10"° eV?, sirf26;,

The solutions shown correspond to the extreme possibility=0.1, and siﬁ2013:4.5>< 10~ 3. The survival probability av-
of a maximum beryllium neutrino flux. Somewhat similar eraged over the different neutrino production regions in the
solutions could be found for less extreme cases such as thosgin is given in Fig. &). The major component of the signal
illustrated by the third and fourth rows of Table I. As the in the radiochemical detectors comes frofBe neutrinos.
values offg (and fgo) go down the value of\m3, is de-  The pp neutrino event rate in the gallium detectors is about
creased and that akm3; is increased for given values of 2.5 times lower than the one due to beryllium neutrinos. The
0., and 6,3. This yields an increase in the peak of the sur-allowed region in theﬁmgl—sinzzelg plane for ﬁxedAm%l
vival probability curve which corresponds approximately toand sirf26;, is given in Fig. 3 where the black dot indicates
Pge- the “best-fit” solution.

The values ofAm3, correspond to a, mass of the order We want to emphasize that we do not introduce any par-
a few times 103%eV in qualitative agreement with the seesawticular mechanism to change the central temperature of the
formula with large mass near the GUT scale. Themass ~ Sun. It should be noted that the temperature dependence
can then be chosen a factor of 30 or so lower in generagiven in Egs.(3) has been derived from a set of models in
agreement with the assumption of a mass hierarchy, althoughhich the temperature varied by less than 2% and our exten-
many detailed GUT models give a significantly larger ratio.sion to a change of 5% is not necessarily justified. Further-
more, there exists helioseismological evidence against such a
large central temperatuf&9]; however, our goal has been to
see what can be learned from neutrino data alone.

The nuclear reactions in which solar neutrinos are pro-
duced take place in a hot plasma and the neutrino fluxes are
functions of the temperature. The effective temperature de¥n order to satisfy the luminosity constraint we have reduced the
pendences of the neutrino fluxes in the standard solar modelp neutrino flux by 2.5% from the value prescribed by EBg). For
[1] have recently been estimatgtB]: all other fluxes we have used values given by Egs.

IV. HIGH T. SCENARIO
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events may be distorted; for example, for the case shown in
Fig. 1(b) the spectrum is suppressed at low energies and rises
T = 1.05TSM at high energies relative to the nornf spectrum.
10-4 L L | SNO will also measure the rate of neutral current disinte-
i gration of deuterium(NC) (v+d—p+n+v) which is di-
r y rectly proportional tofg and is independent of oscillations
between active neutrinos. For the set of possibilities shown
in Table | as the charged current event rate decreases the
o . neutral current one increases, yielding the possibility of a
very large neutral current to charged current ratio.
SuperKamiokandg21] measures only neutrino-electron
scattering from®B neutrinos, the overall rate of which was
already determined by the earlier Kamiokande experiment.
This experiment is sensitive to significant distortions in the
- 8 spectrum of detected neutrinos. In the extreme case we con-
2%10-8 eV? sider in which nearly all the neutrinos detected ajeand
v, there is very little or no distortion at all. The day-night
sin®26,, = 0.1 effect which could occur because of regenerationih the
10-5 bl il i Earth is not expected for the values/din? in our solutions.
10-3 10-2 10-1 1 Future detectors such as BOREXINER], ICARUS[23],
sin2(26. ) _HERON[24], and HELLAZ[25] mlght becomt_a operational
13 in about 5—10 years. BOREXINO will be the first detector to
directly measure the beryllium neutrino flux. According to
FIG. 3. Allowed region at 95% C.L. in the mass-mixing plane the standard two-neutrino MSW solution based on the SSM,
(Am3,-sin’26;5) corresponding to neutrino fluxes in a solar model this detector is unlikely to measure afe flux above back-
with Tc=1.05T; ssy. The neutrino oscillation parametetsm;;,  ground whereas in the solution discussed in Sec. Il the de-
and sif26,, are fixed and their values are indicated in the paneliected flux could be more than a factor of two greater than in
The black g‘?t corresponds fo the point in the mass-mixing plangne SSM. HERON and HELLAZ could be the first detectors
yvhere thex” is minimum. The ratl_o of the neutrino fluxes to those to directly measure thpp neutrino flux. It is generally be-
in the SSM are given in the last line of Table IIl. lieved that thepp neutrinos are little affected by MSW os-
V. EUTURE DETECTORS cillations but in 'the solutions considered here the arriving
flux of pp neutrinos may be severely suppressed and the
The scenarios we consider here have important implicaspectrum distorted.
tions for the SNO[20] detector. In the set of possibilities Table IV summarizes our predictions for the event rates in
shown in Table IfzPg gives the ratio of the charged current future detectors in two scenarios with beryllium neutrino flux
(CO) event rate to the same rate in the SSM without oscillahigher than in the SSM; these are compared to the predic-
tions. This varies from about one-thirghe value for the tions of the standard two-neutrino MSW solutions. The first
standard MSW solutiorto close to zero in the extreme case. line corresponds to the solution where tfge neutrino flux
SNO can distinguish the CC events on deuteriumg+d is 6.46 times higher than in the SSM and almost equal to the
—p+p+e”) from the neutrino electron scattering becausemaximum allowed by the luminosity constraint. The second
the latter are strongly forward peaked, whereas the formdine corresponds to the solution for neutrino fluxes from a
are weakly backward peaked. Thus for the first time the ratdéypothetical solar model with a central temperature higher
of v, arriving from B will be measured. The smaller the by 5% than the one in the SSM. The normalized CC/NC
ratio of charged current events to those frome) scattering, double ratiof (CC/CGsgp)/(NC/NCggp) ] in SNO can be ob-
the larger the flux ofv, or v, compared tov, must be. In  tained from the column corresponding to the SRO) event
some of the solutions the spectrum of the charged curremate by dividing byfg (2.9 for the first line and 3.22 for the

Amg, (eV?)

2
Amg,

TABLE IV. Ranges of event rates in the future experiments(&@three-neutrino oscillations, maximum
"Be neutrino flux;(b) T.=1.05T ssm; () small mixing-angle two-neutrino MSW solutid$MA); and(d)
large mixing-angle two-neutrino MSW solutidhMA ). Each entry in the table represents the range of the
ratio of the predicted event rate in the corresponding scenario to the event rate assuming SSM fluxes and no
oscillations. The central value of the ratio corresponds to “best-fit” neutrino oscillation parameters in the
relevant case. The neutrino mass and mixing angles are given in the text for the first two solutionf8and in
for the SMA and LMA solutions.

Scenario SuperK SN@C) BOREXINO ICARUS HELLAZ/HERON
Maximum "Be 04553  0.019°9%2, 2.8870% 0.019°33%, 020735
High T, 051705  0.012§gs  1.04795%  0.0107G30, 0.41°55;
SMA (2v) 0.41°313 0.32°3%2 0.22°382 0.34°3%3 0.96"937

LMA (2 v) 0.34" 3% 0.22°52 0.59'01% 0.22" 3% 0.73 3%
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second ling The results for BOREXINO include only the from “Be and that nearly all the signal in the Kamiokande
neutrino-electron scattering events originating froBe neu-  detector in this case could arise from, or v, scattering
trinos and include the contribution fromv{e) and/or  from electrons. The neutrino oscillation parameters required
(v.e) scattering. The high event rate in BOREXINO in the are qualitatively consistent with neutrino masses and mixing
maximum beryllium neutrino scenario could be a clear signakuggested by some grand unified theories.

of oscillations because it requires a contribution frepor The major goal of this exercise is to emphasize how little
v, neutrinos in order to be consistent with the measurgd s directly known about the solar neutrino flux arriving on
rates in gallium and chlorine. the Earth and the importance of future experiments, particu-
larly SNO, BOREXINO, HELLAZ, and HERON, which will
VI. CONCLUSIONS be the first experiments to directly measure thdlux from

. _ _ _ 8B decay and thé Be+p and pp reactions.
The ultimate goal of solar neutrino experiments is to learn

about the nuclear reactions in the Sun and about possible
neutrino oscillations. Given the limited present data the stan-
dard approach has been to use a standard model for the SunThe work of L.W. was partially supported by the U.S.
and deduce neutrino oscillation parameters. These yield thBepartment of Energy Contract No. DE-FG 02-91 ER40682.
result that practically no’, from ’‘Be have been detected. The work of P.K. was partially supported by NSF Grant No.

Here we relax the constraints on the fluxes from the SSMPHY-9513835. We are thankful to J. Bahcall and K. S. Babu
keeping intact only the luminosity constraint, and demon-for useful discussions. P.K. acknowledges support by the
strate that the present data are consistent with the possibiliffheory Group at Fermilab for their summer visitor program
of nearly all thev, detected in radiochemical detectors beingduring which part of this work was completed.
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