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Abstraet

Thé status of the Solar Neutrino Problem (SNP), as it is seen in 1995, is reviewed. Ba-
sically, there are two principal solutions to the.SNP: (i) with standard neutrine {neutrino
of SM-of electroweak interactions) and (ii) with nonstandard neutrino (neutrino beyond .
the!SMJ. Actually, one can distinguish three solar-neutrino problems:.the deficit of 3B- .
newseisiosy-bhe ‘deficit of  Bé-tieutrinos and the Homestake/IKamiokande conflict.. The first:-c:
problem -probably can-be solved with small correlated changes of nuclear cross-sections. .
ancrthe' change of central temperature of the Sun. The deficit of 7 Be- neutrinos looks
like#Brerkey problem.. The. Homestake/IKamiokande conflict strongly disfavors or excludes-
thestandard neutrino (nuclear/astrophysical solution to the SNP). MSW conversion gives
most plausible explanation to the SNP.
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1 Introduction

The Solar Neutrino Problem (SNP) is a deficit of neutrino fluxes detected in all four solar-
neutrino experiments [1},[2], [3],[4]. The data, as reported in 1995. are listed in Table 1
and compared with calculations of Bahcall and Pinnsoneault [5] for the Standard Solar
Model (SS\!I) a

Table 1: The solar-neutrino data of 1995 compared with the SSM prediction [5]

DATA SSM [5] | DATA/SSM ||
GALLEX
(SNU) 77.1 + 8.5+44 137 | 0.563 +0.073
SAGE '
(SNU) 69 £ 10+ 137 | 0.504 £ 0.085
KAMIOKANDE
(10 em=2s71) | 2.89%322 .4 0.35 6.5 | 0.444 +0.062
HOMESTAKE l
(SNU) 2.55+0.17+0.18| 9.3 |0.274 4£0.027

The solar neutrino spectrum is characterized by three most important components.
(see Table 2).

(i) The most energetic part of the spectrum is presented by boron neutrinos from
8B —8Be + e* + v, decay. The maximum energy of neutrinos in this spectrum is E, oz =
14 MeV. Kamiokande, which has the highest threshold of neutrino detection (E!* =~
7 MeV since 1991) detects only boron neutrinos.

(ii) Beryllyum neutrinos (*Be+ e~ —7Li + v, ) are monoenergetic (E, = 0.862 Mel’).
Predicted flux of Be-neutrinos depends weakly on the solar model and is (4.2 — 4.9) -
10° cm~2%s~!. Homestake detects both boron and beryllium neutrinos: & B-neutrinos pro-
vide about 80% of the total signal and " Be-neutrinos - about 15%

(iii) The low-energy part of the solar-neutrino specrum is presented by pp- neutrinos
(p+p —*H +e* +v.) with maximum energy E™** = 0.42 MeV. These neutrinos greatly
overnumber the flux of other neutrinos (6.1 - 1010 em~2%5~1). The flux is determined practi-
cally ouly by solar luminsity and therefore is very reliably predicted. GALLEX and SAGE
measure mostly pp-neutrinos (about 60% of the total signal) thh some contribution of
“Be and 8B neutrinos (about 25% and 10%, respectively).

From Table 1 one can see that the suppression factor, DATA/SSM, is ~ 0.5 within lo
for the first three experiments. while for the Homestake detector it is ~ 0.3. It is easy to
understand that it creates a problem for nuclear/astrophysical solution to SNP. Indeed.
since the nuclear/astrophysical factors cannot change the shape of 8 B-neutrino spectrum.
the suppression factor for boron neutrino signal in Homestake should be the same (~ 0.3)
as in Namiokande.



Table 2: Nuclear reactions in the Sun (pp-chain)

D+e+4+v,

P+D —— SHe+ 7

pP+p

86 % | 14 %

I l | o
3He + *He —'He + 2 p %He + ‘He— "Be + v
4% | 002%
"Be +€~— "Lit+V, “Be + p— ®B+ 7

p+ Li —4He+1He BB — ®Be+et +u.
8Be — iHe + ‘He

Of course " Be-neutrinos can be suppressed more strongly, but their contribution to
the total signal in the Homestake detector is small (~ 15%). The incompatibility of the
Homestake and Kamiokande results was first recognized Bahcall and Bethe [6].

Neutrino oscillations. e.g. v, — v,, easily solves the Homestake /Kamiokande conflict.
Each case of v, — v, conversion results in full disappearance of a signal in the Homestake
detector. while in the Kamiokande detector it still exists due to v, + € — v, +¢ scattering.
As a result the signal in Kamiokande should be stronger than in Homestake. as observed.

The discrepancy between predicted and observed neutrino fluxes. as given in Table 1.
is a severe problem for an astrophysical solution. The SSM is the most elaborated stellar
model. The modern status of the SSM is described in ref’s [7].[8]. The calculations use
input parameters such as the solar mass. solar radius. surface chemical composition and
nuclear reaction rates. and are normalized by the value of luninosity, L:. The SSM is
confirmed by helioseismological data for distances r > 0.1 R;; from the center.
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There are at least 11 recently published calculations [5,9-20] for the SSM as it is
described above. In all these works the physics included is the same. The slight difference
in the results is caused by the different input parameters, most notably by the opacity of
the Sun. The calculated parameter which is most important for the solar neutrino fluxes
is the central temperature. It varies by 1% in the above cited calculations. The results
are summarized in ref.[20] as T, = (15.55 & 0.15) - 106K . o

The numerial predictions of the SSM are questioned by uncertainties most notably i in
the rate of nuclear reactions [7],{10] and in the opacity coefficients [7],[8]. They can be
also influenced by collective effects in plasma [21].

There are actually three solar-neutrino problems.

The Homestake/Kamiokande conflict, mentioned above, will be described in some de-
tail in Section 2. This is the most serious problem for the case of the standard neutrino (the
nuclear/astrophysical solution to the SNP). If both experiments are correct and *7CI-
cross-section is not overestimated. neutrino is not standard. The Homestake/Kamiokande
problem is analyzed in refs.[6], [10], [22], [23]. An interesting discussion of the adjacent
problem, the ratio of beryllium and boron neutrino fluxes, is given in ref.[24].

Boron-neutrino deficit is a second solar-neutrino problem. For the last 25 vears the
Homestake results were interpreted as deficit of ® B-neutrinos. As described in Section 3,
it could be that 8B- neutrino problem will be solved by the small correlated changes in
the nuclear cross-sections combined with very small (~ 1 — 2%) reduction of the central
temperature of the Sun. It must be emphasized that the boron- neutrino flux could be
brought into agreement with with the direct measurements by the Kamiokande detector,
while the Homestake result remains unexplained.

The third solar-neutrino problem, the deficit of " Be-neutrinos, is discussed in Section 4.
At present it looks like the essence of the solar-neutrino problem. The significant contri-
bution to understanding of this problem is given in refs.[25]-[28]. The direct detection of
7 Be-neutrinos will be performed by BOREXINO [29] at Gran Sasso.

The three solar-neutrino problems, as they discussed above, were recently reviewed in
refs. [23], [30].

It is worth to emphasize the role of gallium experiments in understanding of Be-
neutrino problem. In fact, the gallium results alone limit the beryllium neutrino flux
below the prediction of the SSM [31], [32]: ¢(Be)/dssm(Be) < 0.76 at 95%C L. However,
if to subtract from the gallium counting rate the contribution due to ® B- neutrinos (taken.
for example. from the INamiokande data) and the contribution due to pp-neutrinos (from
the solar-luminosity sum rule) then no place is left for * Be-neutrino flux [33]. For more
detailed analysis see ref.[27].

One can conclude therefore that the case of the standard neutrino (the astrophysxcal
solution to the SNP) is strongly disfavored.

The other solution is given by the nonstandard neutrino: MSW conversion [34], vacu-
um oscillations [35](for the state-of-the-art description see [36]), resonant spin-flavor pre-
cession [33]. and matter enhanced transition induced by flavor-chaging neutral currents
[39]. The most accurate description of all solar-neutrino data is given by the small-mixing
angle MSW conversion.



We shall not touch here the description of the experiments. A reader can find it in
the recent review [40].

2 Homestake/Kamiokande conflict or a problem of
Be/B neutrino ratio

It can be rigorously proved that the case of the standard neutrinos (a nuclear/astrophysical
solution) is excluded or strongly disfavored if the Homestake and Kamiokande results are
correct within the cited the statistical and systematic errors.

The point is that the suppression of SSM flux for the Homestake detector (data/SSM
= 0.27) is stronger than for Kamiokande (data/SSM = 0.44). However, Homestake detects
the same boron neutrinos as Kamiokande, and additionally Be-neutrinos. This argument
was first considered quantitatively by Bahcall and Bethe [6]. Using the known relative
efficiencies of the two detectors, they found that the counting rate due to boron neutrinos
in the Homestake detector calculated from the Kamiokande date to be 3.0 & 0.49 SNU.
It has to be compared with the total counting rate, 2.55 & 0.25 SNU, which includes
Be-neutrinos, pep-neutrinos etc. For this latter contribution the authors suggested to use
the SS) calculations, since SSM uncertainties for Be- and pep-neutrinos are considerably
smaller than for B-neutrinos. The two above-mentioned sources give 1.4 SNU and there-
fore the total counting rate should be 4.40 4 0.49 SNU. to be compared with 2.55 £ 0.23
SNU observed. Note that we updated here the data used in ref.[6].

In refs.[10],[22] the Homestake/Kamiokande problem was analyzed using the graph
" ¢,("Be) — 6,(8B), where ¢, is the neutrino flux at the Earth. It is demonstrated that two
regions allowed by Kamiokande and Homestake, respectively, do not intersect each other.
The separation of two regions is the smallest at the zero * Be- neutrino flux, however, even
here thev do not intersect each other at 90%C L.

In ref.[23] the Homestake/Kamiokande problem is analyzed analytically in terms of
two ratios: Rg. = 6,(Be)/o35Y(Be) and Rg = ¢,(B)/¢55M(B). It is shown that
independently of the choice of the SSAM model

Rp./Rs < —1.08 £0.48

The uncertainties in nuclear cross-sections do not affect this proof. The temperature
solution (low T) is strongly excluded.

The analysis described above implies that an astrophysical solution to the Homestake-
Kamiokande conflict needs unphysically low Be-neutrino flux.

The only way to avoid the Homestake/INamiokande contradiction is to assume that
v* ('l cross-section is overestimated (however, according to ref.[7] it is clear that it is not
the case) or that at least one of the two experiments (Homestake and Kamiokande) has
uknown large systematic error.



3 Boron neutrino problem

This problem is clearly seen from Table 1 as neutrino deficit in the Kamiokande detector.
which measures only boron neutrinos. The neutrino deficit in the Homestake detector
also shows the suppression of the boron neutrino flux, because about 80% of the total
signal in this detector is provided by the boron neutrinos. The boron neutrino problem
was recognized during the last 25 years due to the Homestake results. ‘

Two recently discussed effects, if combined, can resolve this problem.

The first one is the new measurements of p +'Be =8B + et + v, cross-section. As one
can see from Table 2. the boron neutrino flux is proportional to this cross-section or to
the astrophysical S-factor, S37(0), which conventionally characterizes 7] this cross-section.
Recently this factor was found from the inverse process, the dissociation of ®B-nuclei in the
Coulomb field of 22Pb: ®B +208Pb —2%8Pp +7Be + p. These measurements [41] result in
the value of S-factor §17(0) = 16.7£2 eV -b to be compared with S17(0) = 22.4+2.1 V- b
used by Bahcall and Pinsonneault [5]. This value of §,7(0) coincides with the lowest value
from the previous measurements and, if true, can lower the predicted flux by a factor 1.3.
which alone is still insufficient to resolve the boron neutrino problem (see Table 1).

The second phenomenon is the collective processes in the dense plasma [21].

Collective effects imply the influence of plasma on the elementary processes (e.g. on
scattering). The major effect is the change of opacity. According to ref.[21] there are
three main effects: the Doppler effect in the Raman resonance, the collective effects in
the bremsstrahlung and degeneration of electrons. All these effects can diminish the local
opacity in solar core by 18%. In principle it should result in decreasing of T,.. However. at
present we have only the indication of the new plasma effects, which must be incorporated
in the calculations of solar opacity and the solar models. Note that helioseismological data
confirm the existing SSM models at 7 > 0.1 R;. Therefore, these effects should operate
only at very small distances and disappear at » > 0.1R5. Production of boron neutrinos
has maximum at r ~ 0.04 ;. not far away from the distance given above.

To bring the Namiokande flux into agreement with theoretical prediction one needs.
beyond the factor 1.3 due to the low value of §17(0). to diminish the central temperature
T. only by 2.5%. It can be achieved by lowering the opacity in the solar core due to e.g.
the collective plasma effects or due to slight increase of the heavy element abundancies.
The increase of 3He +3He cross-section. Si3, or decrease of *He +*He -cross-section.Sz;.
(see Table 2) can also facilate this task.

We therefore conclude that the prediction for boron neutrino flux can be brought into
agreement with the Kamiokande observations by the price of small correlated changes of
the cross-sections and the central temperature. At present this possibility should be still
considered as the speculative one.

4 Beryllium-neutrino problem

We have at least a realistic hope that the borou-neutrino problem can be solved within
the nuclear/astropliysical solution. ’
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In several works [25]-[28] it was recently realized that the essence of the solar neutrino
problem is a deficit of beryllium neutrinos.

We saw already this problem in Section 2: the Homestake/Kamiokande conflict de-
mands too low Be/B neutrino ratio.
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Fig.1  The gallium signal Sg, as a function of 7 Be- neutrino flux (from [27]).
Cm'vc?s bél’;‘;”(( ) and S¢i* (K a) give the gallium signal with the minimum boron neutrino
contribution evaluated from the Homestake and Kamokande experiments. respectively.

The predicted signal is above the observed one (73.1+ 7.6 S.NU) even when o,(B¢) = 0.



The model-independent lower limit for the gallium experiment gives another insight
into the problem [33]. To obtain this limit let us assume zero beryllium neutrino flux
¢.(Be) = 0. The flux of pp-neutrinos can be found from the solar luminosity sum rule.
:Ve obtair.z o(pp) =6.48- 10'° em=%s~1 or 76.5 SNU for a gallium detector. The flux of

B- neutrino as given by the Kamiokande experiment is (2.89 % 0.40) - 10° cm=2s~!. The
lo lower limit (statistical error only) corresponds to 2.49-10% em=2s~! or 6.0 SNU for the
gallium experiments. If we neglect all other neutrino sources we obtain in sum 82.5 SNU.
To compare this (unrealistically low) lower limit with observational data we use the latest
data of GALLEX [1] (77.1£8.5%75{ SNU) and SAGE [2] (69 £10 + 3 SNU). If we take
the average and sum the errors quadratically we obtain 73.1 & 7.6 SNU, i.e. 1.20 below
the very stringent lower limit obtained above. We then conclude that the results of the
gallium experiments combined with the lower limit of Kamiokande leaves no place for
beryllium neutrinos.

The upper limits for beryllium neutrino fluxes were obtained in ref’s [25] and [26] from
gallium experiments and Kamiokande. In terms of the signal in the gallium detectors they
are found to be 19 SNU at 95% CL [25] and 5.1 SNU at 68% CL [26]. These figures
are to be compared with 31 — 36 SNU predicted by the most SSM. If one takes the
Homestake data instead of Kamiokande, almost the same cotradiction arises [27]. This
result is illustrated by Fig.l from the work [27]. We updated this graph averaging the
fluxes of GALLEX and SAGE.

5 Low neutrino-flux models.

Reducing the 5;+(0) and slightly changing the other cross-sections or the temperature, one
can bring the prediction for the 8 B- neutrino flux into agreement with observations (the
IKamiokande data). Two models with low ® B-neutrino flux have been recently elaborated.

Let us start with the Shi and Schramm (SS) model [42]. This is the SSM model
with two input parameters modified as S;; = 20.2 €V and heavy element abuundance
Z =0.015. The low Z provides the lower central temperature 7,. Actually. this aim can
be accomlished due to the collective plasma effects. The 3 B-neutrino flux is predicted to be
3-10% em~2s7!. in a good agreement with the Ivamiokande data (2.75+0.45)-10° em~2s~1,

Dar and Shaviv [43] introduced in their model (DS) the following new elements: (i)
thev calculated Sy7(0) from the Filippone et al data and found this value as low as 17 €175,
(i1) they evaluated also S3,(0) for *He(a.~)"Be reaction and found it to be 0.45 kel” - b.
which is considerably lower than the Bahcall-Pinsonneault value 0.533 kel - b. (iii) they
used the updated value of the solar luminosity. Lz = 3.826(8) - 10* erg/s, (iv)they
reconsidered the screening effects for the nuclear reactions and (v) they included into
stellar evolution code the diffusion of all chemical elements and started the evolution
calculations from the pre-main sequence stage. Actually, only items (i) - (iii) are relevant
to neutrino fluxes. In fact, the item (v) was already included in the KNovetz-Shaviv [9]
model and did not give much difference in comparison with the other SM calculations.
The item (iv), as the authors mentioned. give the minor effect. The same is true for the
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item (iii),which was already taken into account in some other calculations. Therefore, the
main impact on the neutrino fluxes is caused by diminishing of S\7 and S34.

The comparison of the low neutrino-flux models (SS and DS) with the two standard
models (BP [3] and TL [11]) and with the observational data is given in Table 3.

Table 3: Comparison of the low neutrino-flux models with the Standard Solar ;podel‘s
and experimental data.

BP TL SS(93) | DS(94) | experim. data
pp(E10) 6.00 6.02 6.1 6.04
"Be(E9) 4.89 4.33 3.9 430 | <2.1(95%CL)
8 B(ES) 5.69 4.43 3.0 2.77 2.75 % 0.45
(IXamiokande)
13V(ES) 4.92 3.83 — | 0.747
ISO(ES) | 4.26 3.15 — | o217
Homestake
(SNU) |80+30[64+14| 45 4.2 2.55 +0.25
GALLEX
(SNU) 132220 [ 12747 | 114 109 79+ 1046
SAGE
(SNU) 13243 | 12747 | 114 109 69+ 10+ 6
T.(10" &) | 1.559 1.549 | 1.545 | 1.571
Sz eV b 24 21 20.2 17
Sy keV -b | 0.533 — — 0.45
Ssz MeV-b| 50 — 5.6 5.6

The first column in Table 3 gives the list of physical quantities and of experiments. the
second column gives the predictions of the Bahcall and Pinsonneault model [3]. the third
column refers to the Turck-Chiese and Lopes model [11], in the fourth and fifth columns
the predictions of the low-flux models (Shi and Schramm [42] and Dar and Shaviv [43])
are listed and the last column gives the experimental data. The neutrino fluxes (pp. Be

etc) are given in units em~2s~! with the orders of magnitude indicated in the first column.

One can see that in both low neutrino-lux models the predicted ® B- neutrino flux is
in good agreement with the observations (IXamiokande). In accordance with the general
demonstration given in Section 2, both models contradict the Homestake data. As we
already know from Section 2 the only way to avoid this confict in the framework of an
astrophysical solution is to assume that one of the two experiments (or both) has the
large systematic error. This point is clearly recognized by Shi and Schramm [42]. Dar
and Shaviv [43] claim that the discrepancy of their model with the Homestake data is not
significant, if onc takes the Homestake data after 1986. But actually even in this case
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their predicted flux (4.2 SVU) is 4.10 higher than the the flux 2.7840.35 SNU measured
for the same period [4]. For the case of the flux, averaged over 1970 - 1993, it is 6.6c
higher.

We conclude therefore that both low neutrino-flux models are in contradiction with
the Homestake observations as they must be according to the general demonstration given
in Sections 2 and 4. i

The second neutrino problem, i.e. the deficit of 7 Be-neutrinos, is also present in the
low-flux models. It can be seen from the comparison of the predicted 7 Be-neutrino flux
(3.9-10° cm™2s~! and 4.30-10° em~2s~! for the SS and DS models, respectively) with the
model-independent upper limits2.4-10° cm™2s~1(95%C L) and 2.1-10° cm~25"}(95%C L)
according to refs. [25] and [26], respectively). The deficit of 7 Be-neutrinos is also reflected
by too high prediction for the counting rate in the gallium experiments (114 SNU and
109 S.VU for the SS and DS models, respectively).

Thus the models confirm the model-independent conclusions of the Sections 2 - 4:

(i) Boron-neutrino problem can be solved by the price of the small correlated changes of
the input parameters.

(i1) The Homestake/Kamiokande conflict and the deficit of " Be neutrinos are not solved
bv these models, in accordance with the model-independent analysis.

6 The last hope

One might hope to save an astrophysical solution in the following way.

(i) First increase strongly S33 motivated by a hypothetical low-energy resonance in the
3He +3 He channel until ¢,(Be) decreases below the obtained upper limit. It results also
in the undesired effect of equally strong suppression of the boron flux &,(B) (see Table
2). To boost ¢,(B) back to the observed level one can either increase §); (the boron
flux is proportional to this factor) or increase the central temperature T, (¢,(B) grows
with T, much faster than &,(Be)). This possibility was recently studied in ref.[44]. The
CNO neutrinos play an important role to exclude this possibility. Fig.2 illustrates well
the game. ‘

Let us start with the SSM prediction (point SSM in Fig.2) and follow the track shown
by solid line. Increasing S33 we can diminish ¢,(Be) below the model-independent lower
limit 2.4 - 10° em™2%s7! (95%CL). In Fig.2 point 1 corresponds to ¢(Be) + o(C NO) =
1.6 - 10° em~2s71. Increasing the temperature ¢. we move away from the region allowed
by the four solar-neutrino experiments (shown in Fig.2 by the solid ellipse). Increase of
S17 does the better job (solid line 1-2),but still we do not reach the allowed region. If we
arbitrarily neglect (!NO neutrinos (dashed line in Fig.2) we can reach the allowed region
(point 5), but the price for this agreement is unrealistically high: S3a should be increased
by a factor ~ 200 and S;; - by a factor of 3.

Thus the last hope turned out to be a no-hope case.


http:2.'iS�0.35
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Fig.2. The last hope. ,

& Be)+o(CNO) and o B) are given in units 10° emn~2s~! and 108 em =25~ | respectively.
The solid ellipse confines the region allowed at 95%C L by the Homestake. lNamiokande.
GALLEX and SAGE experiments. The dotted region corresponds to the limits from the
chlorine and and gallium experiments. The solid lines give evolutionary track from the
SSM to point 1 (increase of S33) and [urther - to point 3 (increase of central temperature)
or to point 2 (increase of Sy7). Dashed lines correspond to the case when CNO neutrinos
are arbitarily excluded.
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7 MSW solution for the models with low $B-neutrino

flux
&

Assuming the SSM for neutrino production. the MSW conversion describes well all solar
neutrino experiments. Howevere, it seems plausible that the SSM will be rnodlﬁed as
described above, with the boron neutrino flux reduced.

Does MSW solution exist for such the models?

What are parameters of this solution (Am? and sin?20) for the models with low 2B-
neutrino flux? _

The refs.[45] and [46] address these questions. Fig.3 (from ref.[46]) illustrates how the
allowed regions in Am? — sin® 26-plot transform with variation of ® B-neutrino flux.

The numbers in Fig.3 give the ratio ¢ of B neutrino flux to that in the SSM [3].

SURRELL lillﬂli 1 illlll T llHlIi T ilHlHI =
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1074 10~3 10~2 10-1 100
-
sin”26
Fig.3 The Am? —sin? 20 plot for SSM [5] with the boron neutrino flux varied (from

[46]). The original boron neutrino flux in this model corresponds to the ratio ¢ = 1. The
flux reduced by factor ¢ = 0.4 is marked in Fig.3 by nuinber 0.4. The region marked by
number 1.5 corresponds to the boron flux increased by factor ¢ = 1.5. The confidence
regions are defined as \? = 7.82.
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The following conclusions can be derived from this picture.

(1) MSW solution exists for a large range of ratios ¢.

(i1) The small angle MSW solution shifts to the smaller mixing angles when the boron-
neutrino flux becomes smaller (¢ decreases).

(iii) Increasing the boron neutrino flux results in appearance of large allowed regionor the
large-angle MSW solution, while the decreasing results in disappearance of this solution.

(iv) Am? remains practically unchanged with the variation of the boron neutrino flux.
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Fig.4 Neutrino spectra and the MSW suppression factors for different mixing angles
(figures on the curves give values of sin?28). For large mixing angles. sin?20 ~ 10-2,
the suppression of boron neutrino flux at £, > 5 AMeV is strong and therefore both
Kamiokande and SNO can observe the distortion of spectrum. For small mixing angles
sin*20 ~ 1073 the suppression factors at E, > 5 Mel’ are close to 1 and the effects in
Kamiokande and SNO are weak.
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These models can have rather pessimistic predictions for the nearest-future solar neu-
trino experiments, SNO and Superkamiokande. In the models with the small mixing
angles, sin?20 < 1 - 1073, the MSW conversion of v,-neutrinos occurs most effective-
ly at energy E, < 5 MeV, (see Fig.4) i.e. below the threshold energy for SNO and
Superkamiokande. Therefore, the distortion of the boron-neutrino spectrum. as well as
anomalous NC/CC-ratio, are the small effects for these detectors. T

8 Time variation of solar neutrino flux

The data of the Homestake detector show the time variation of neutrino flux in anticorre-
lation with solar activity (e.g. sunspot number) during a period from 1970 to 1990. Most
notably this effect was established in ref.[47], where the pronounced anticorrelation of the
37 Ar production with the product s | z | (where s is sunspot number and = is the latitude
of the line of sight) was found at the confidence level 0.9993 (for the other results see ref’s
[48, 49, 50] and references therein).

This anticorrelation was explained in terms of neutrino spin precession [37] or spin-
flavor precession [38] in the toroidal magnetic field in the convective zone of the sun.

For these models the large magnetic magnetic moment of neutrino (4 ~ 10~ ug) and
strong magnetic field in the convective and radiation zones of the sun is needed.

A recent analysis of Stanev [52] has demonstrated that runs 106 - 126 in the Homestake
experiment reveal no correlation with the sunspot number at all. Inclusion of the last
16 runs after 1990 in the analisis of ref.[47] has decreased the confidence level of the
correlation from 0.9993 to 0.99. Simultaneously the data of the Kamiokande detector
for 1987 - 1994 reveals no correlation, being consistent with time-independent flux. The
GALLEX data are also consistent with constant flux.

A natural question arises. whether the time variation of the spot number reflects
well the variation of perpendicular component of the toroidal magnetic field which is
responsible for neutrino spin precession.

Recently there were the attempts to find the correlation between variations of neutrino
flux and magnetic field on the surface of the sun. measured by the Zeeman effect. Obridko
and Rivin [53] have searched for correlation of neutrino flux with different components
of magnetic field on the surface of the sun. The strongest correlation was found with
the perpendicular component of the surface magnetic field along a neutrino trajectory.
The authors analyzed the data (Homestake and Ikamiokande) up to 1992. The statistical
significance of the correlation is not presented.

More accurate analysis was performed by Oakley et al [54]. These authors also found
statistically significant correlation between the Homestake counting rate and the surface
magnetic field along the line of neutrino propagation. The significance level decreases
with increasing the latitude band. over which the magnetic field was averaged. It gives
an additional signature for neutrino propagation effect.

One can observe that the kamiokande data contradict the results of both analyses.
In ref.[53] the Kamionkande data are displayed in the way different from the original
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presentation of the Kamiokande group (e.g. [53, 56]). The authors of ref.[54] hope that
the absence of time variation in the I{amiokande data are connected with the limited time
of reported observations (January 1987 - April 1990) which coincides with the beginning
of the solar cycle. Now the Kamiokande data [55, 56] are available up to 1994 and they
are consistent with time-independent neutrino flux.

The interesting attempts to reconcile the variability of the Homestake data and the
apparent constancy of the Kamiokande flux are made in ref’s [52, 51]. '

My personal opinion is that at present we do not have neither convincing proof of
neutrino flux variability, nor strong evidences for correlation with the solar activity. The
data we have can be considered just as indication for the existence of these phenomena
and only future experiments can shed light on this problem, exciting but controversial at
present.

9 Conclusions

The low p'Be- cross-section and reduced core opacity (due to collective plasma effects)
can diminish the flux of & B- neutrinos to the level of the Kamiokande observations. Thus,
the 25 year-old problem of the ® B- neutrino deficit can disappear. Instead we face now
the problem of low ¢,(Be)/é.(B)- ratio or Be- neutrino deficit. This problem is mainly
created by the ratio of the Homestake to KKamiokande counting rates and is supported
by the deficit of the “Be- neutrinos in the gallium experiments. If the Homestake and
Kamiokande data are correct within the given statistical and systematic errors and if the
ve +3°C1 =3 Ar + e- cross-section is not overestimated. a nuclear/astrophysical solution
" to the ¢,(Be)/¢,(B) problem is excluded. It means the existence of the nonstandard
neutrino, i.e. with properties outside the SM of electroweak interactions.

If one belives that one of these experiments is wrong, we are still left with the conflict
(though statistically less significant) between the gallium experiments and the remaining
experiment. This comparison results in very small lower limit for “ Be-neutrinos: ¢,(Be) <
2.6:10° em ™25~ (95%C L) [25] and ¢,(Be) < 2.1-10° em~2571(95% C L) [26]. These limits
are to be compared with the SSM prediction 4.89 - 10° em~2s71.

The deficit of the beryllium neutrinos looks now as the essence of the solar neutrino
problem. SNO and Superkamiokande have too high energy threshold (5 MeV) for de-
tection of beryllium neutrinos. BOREXINO [29]. recently approved at Gran Sasso. will
detect the bervilium neutrinos even in the case of the full conversion of electron neutrinos
into muon or tau neutrinos. This is possible due to NC scattering of these neutrinos off
the electrons. From the future projects HELLAZ [57] is extremely efficient detector of " Be
neutrinos. Like BORENXINO it will exploit ve-scattering. The signature of ” Be-neutrinos
in this project is their energy, which is supposed to be known due to precise measurements
of the energy of the recoil electron and its scattering angle.

In couclusion. a nuclear/astrophysical solution to the Solar Neutrino Problem is strong-
ly disfavored. while the MSW solution can explain the results of all four neutrino experi-
ments, even if the prediction for #B neutrino flux is considerably changed.
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