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Abstract 

There are large uncertainties in the predictions of the boron neutrino flux from the Sun 

which cannot be considered as being of purely statistical origin. We treat the magnitude 

of this flux, @B, as a parameter to be found from experiment. The properties of the MSW 

solution to the solar neutrino problem for different values of G jj are studied. Present data. 

give the bounds: 0.35 < (a,/@: < 13.1 (‘a~), where (a$ G 5.7. 10’ cm-%-’ is the flux in the 

reference SSM. The variations of the flux in this interval enlarge the allowetl region of misillg 

angles: sin’20 = 8 . LO-” + 2 s 10qL (small Inising solutiolls) and sin’ 20 = 0.2 + 0.&5 (largcs 

mixing solution). If the value of the origina. boron neutrino flux is aboutj that measured I+. 

Kamiokande, a consistent description of the data is achieved for sin’ 20 w (0.8 + 2) * lo-:’ 

(“very small mixing solution”). The solution is characterized by a strong suppression of 

the beryllium neutrino line, a weak distortion of the high energy part of the boron neutrino 

spectrum and a value of the double ratio (CC/!VC~)‘““/(C’CI/NC’)‘““’ at E > 5 MeV close 

to 1. We comment on the possibility to measure the neutrino para.meters and the original 

boron neutrino flux in future experiments. 
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1 Introduction 

Some important aspects of the solar neutrino problem can be formulated in an essentially 

(solar) model independent way [I] - [5]. H owever, the implications of the experimental results 

and, in particular, the appropriate regions of the neutrino parameters in case of neutrino 

physics solution, strongly depend on the predicted fluxes, the strongest dependence being 

on the boron neutrino flux, a~. According to the standard solar models [a], [6] --[lo] this 

flux supplies lOO%, 70 + SO% and 10% of the Iiamiokande, Homestake and gallium signals 

correspondingly. On the other hand, the predicted value of @‘B has rather large uncertainties. 

They are mainly due to poorly known nuclear cross-sections 01;~ 03.& at low energies [lo]? 

as well as to different astrophysical uncertainties which influence the central temperature 

of the Sun. In the model [7] these uncertainties are estimated to be at the level of 40%. 

Some recent experimental (111 and theoretical [ 131 [ 1.31 . t d s u ies indicate that nuclear cross 

sections ~7~7 and ~3~~ extrapolated to solar energies, might be 20 - 40 ‘Z below those used in 

the models [2] - [G]. Furth ermore. in [lb] it was pointed out, that collective plasma effects 

have not yet been properly taken into a.ccount. .A number of small corrections. when added. 

may result in diminishing of the opacity. and consequently. of the central temperature of the 

Sun up to 2 - 3%. Thus changes of the cross sections and the implementation of plasma 

effects may reduce the predicted boron neutrino flux t.o the one measured by the Kamiokande 

collaboration. On the other hand, this flux can increa.se by as much a.s 20 % in solar models 

with some mixing and diffusion of elements [1.5]. 

In [16] aim was considered a.s a free unknown parameter. The t2-fit of present data was 

done in terms of neutrino oscillations pa.rameters Ant ‘. sin’ 20 and the flux @B-. In particular. 

the bound has been obtained (1.1:3+~:$) . @‘og ( la). where QU, = 3.7. 1O’j cnl-’ s-‘. 

The uncertainties related to t,he o~.hcr solar [lcutrillo ll\~sc:s ;IW ~.a?.t,her small. For I II(~ 

beryllium neutrino flus the predictions from different models have onl!~ 10% spread. Other 

fluxes, like those from 13N a.nd ‘“0 decays, although being verv uncerta.in, give small contri- _ i 
butions to the signals. 

Present uncertainties of the ‘B-neutrino flux cannot be considered as pure statistical ones. 

Moreover, these uncertainties are unlikely to get significantly smaller in the near future. a.t 

least not before data from new solar neutrino esperiments become available. For this reason? 

we will discuss a solution of the problem without referrin g t,o the origin4 (t.heoretical) va.liie 

of the boron neutrino flux. This flux will be considered as a j&d pnrx771~f~~ which should 

be measured in solar neutrino esperiments. The features of the MS\Y solution to the solar 



neutrino problem will be studied for different values of @B. CVe present simple analytical 

relations which describe the modifications of the solutions when the flux is changed. The 

range of a[)~ will be found for which a consistent description of present data exists. 

2 Boron neutrino flux and solar neutrino signals 

We will vary the fluxes with respect to the central values predicted by the “reference model” 

[6]. The predictions of the reference model will be denoted by a superscript “0”. 

Let us introduce the parameter f~, so that the original boron neutrino fiux equals 

@B = .fB ’ @o,, (1) 

where @g s 5.69 - 10” cm-Ls-l [C,] a.nd f B is the boron neutrino flux in units of (ai. 

The effect of the resonant flavor conversion, v, t v,(u,) [17] is described by the surviva.1 

probability, PB(E), where E is the neutrino energy. In case of small mixing solutions the 

boron neutrino spect.rum is on the nonadia.ba.tic edge of the suppression pit. The shape of 

this edge can be described clown to sin’ 20 - IO-” hy the La.ndau-Stueckelberg-Zener formula 

[18] [19]: 
Ll 

PB(E) =&‘~~~p -E , 
( > 

(3 

where 

Ena z Arn2i, sin’ 20, (:I 1 

where I, z I-& In n.,l-’ a.nd 11, is the electron number clensity. For smaller va.lues of mixing. 

sin’ 20 < 10e3. the survival prol>a.l>ility as given 111~ the silnple anal,vt,ical espressions in 

refs.[lS], [20] may differ by as much a.s 30% from the correct ones. The anal~ltzical description 

of the neutrino transitions found in [21] is free of this shortcoming a.nd can he used in this 

region. From (3) and (3) one finds the relation between mixing angle and suppression: 

sin2 20 z & IllPB(E)* 
’ n 

C-1) 

i.e. the weakening of sllppression for fixed Am2 implies a decrease of sin” 20. From (4) one 

gets 

sin ’ 21) = sin2 21)‘. 
In J’B 1 1 1 _ - 
Ill P; - 

(5) 

where 8’ and I’; correspond to the reference model ( j‘B = I ). 
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In the region of large mixing solutions the high energy part of the boron neutrino flus 

is on the bottom of the suppression pit and PB is practically independent on E : PB M sin’ 8. 

Let us define the averaged over the neutrino energy survival probabilities for boron (elec- 

tron) neutrinos in the Homesta,ke, PH, a.nd the Kamiokande, Pr<, experiments as 

p, - JdEQiigip~ 
’ - ,-dE@&; ’ ti = H, I<)* (6) 

Here P(E) is weighted by the original spectrum and by the relevant cross sections: 

C,,L,(,?) 3 Q,.(E), arc(E) - dTeI’v(Te) ’ J bet (E. Te 1 
dT 1 

e 

where W(T,) takes into account the efficiency of the recoil-electron registration in Iiamiokande. 

as well as the energy resolution of the detector? and 7’, is the energy of the recoil electrons. 

The average probabilities strongly depend on the neutrino parameters. However, their ratio, 

PH/PK, is close to 1 and changes rather weakly (< 10%) see Table I. This is related to the 

fact that the products @~a~~ and @,a[; depend similarly on energy at E > 5 MeV. Both 

products have peaks with maxima a.t 10 MeV and 10.5 Me\/ [Z]. The first (Homestake) 

peak is appears at lower energies, and consequently for the nonadiaba.tic edge, where P(E) 

increases with E, one gets PH < Pf<. The stronger t,he distortion of spectrum, the large! 

the difference. The difference clisappea.rs. PH/P~, + 1, when the distortion becomes weakel 

PB(E) x const. These effects can be seen in Table I: P,y/Pl; approa.ches 1 with diminishing 

of mixing. In the large mixing domain PHIPI; = 1.0. 

In terms of JB and PII the 37;1r I)ro~luction-r;lt.c. C),.,,., cali be \vrittell as 

Q..rr = .fBPUQ(!,~.~ + ()A,. .I. (7) 

where Q”,,,, z JcfE@&a~ = 6 .2 SNU is the contribution of boron ileutrinos according to 

the reference model and Q At,r is the real contribution to “‘Ar production-ra.te from all but. 

the boron neutrino fluxes (“rest” fluxes). The suppression factor for 37.1r production--rate 

with respect to the reference value, Q”,,,, E S.0 SNU. is 

Q.41 
R.4r - Q”,,, - = .f’Bhfb + QAJQ;,, (8) 

here kg c Q”,,.,/Q tr = 0.7’i.Y is the part. of the boron neutrinos in the total signal according 

to the reference model. 
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The signal in the Iiamiokande experiment can be written as 

R,, = SE [hi + 4 1 - Pli ,I * (9) 

Second term in (9) is the contribution of v,,e-scattering, the factor r M 0.16 is essentially the 

ratio of the VPe and v,e cross-sections. In (9) we have neglected the very small difference in 

the averaged over cross-sections survival probabilities for vP and v,. 

Let us also introduce the ratio (“double ratio”) of suppression factors (8) and (9): 

R 
R AT HII; E - = .~BPH~B + QA~,?/Q~)~~ 
R”, fB [PI< + ?-(I - PI<))] ' 

(10) 

From the existing experimental data (Table I) one finds: 

RH,,; = 0.625 f 0.11 (la) (11) 

The “Ga production-rate QG~ depends rather weakly on .f~: according to the experiment 

Q",e,,/QZ < 1’776, where Q:e,B is the contribution to Ck production rate from 8B-neutrinos 

in the reference model. 

The relations obtained above allow to control the effects of the @s changes on the solal 

neutrino signals. Evidently, the decrease (increa.se) of the original boron neutrino flux can 

be compensated by weakening (strengthening) of the suppression clue to the resonant con- 

version. For fixed am2 this is achieved by diminishing of the mixing angle. However, the 

variations of f~ cannot be compensated completely by a change of the survival probabil- 

ity. According to eqs.( 7) - (10) there are three rea.sons t’or this: (i) other fluxes apart front 

@B contribute to C),i,., (ii) ~/,,t- scattering colltributcas to [lie lia.llliol<andc signal and (iii) I’,, 

and PH are different. As a result of these a constra.int 0~1 .f~ a.ncl on the mixing angle emerges. 

In what follows we will give the estimates of the mixing angle for fised Am* z 6. lo-” (a\;“. 

The mass-squared difference, Am’, is restricted essentially by the results from the gallium 

experiments which imply t.hat the adiabatic edge ( Ea) of the suppression pit is between the 

highest energy of the pp-spectrum and the energy of the beryllium line Ezz < E, < EBB. 

This gives Am2 - (6 f 2) . LO-’ eV2. The \.a.lue of sin’ 26’ for other values of Am* call lx 

estimated by using the .*clia.gonal ;r.lnbiguit.>.“: for boro11 neutrinos the survi\.al probabilitios 

(8) depend essentially on the product A?7)L sin’ 20. 



3 Data fit for different values of boron neutrino flux. 

Very small mixing solution 

Present data (Table I) fix uniquely the solar neutrino fluxes which give the best fit: 

(i). The boron neutrino flux is - ry 0.41. @.Og a.t E > 7 MeV. Moreover, the low energy pa.rt 

of the flux (E 5 7 MeV) should be suppressed stronger. 

(ii). The fluxes of the beryllium, pep-, 13N-, and ‘50-neutrinos are strongly suppressed 

with respect to the reference model predictions. so that their contributions can be neglected. 

(iii). There is little or no suppression of the pp-neutrino flux. 

The conditions (i, ii) allow one to reconcile the Ka,miokande a.nd the Homestake results. 

if there is an additional contribution to the Kamiokande signal (but not to the Homestake 

one) which is equivalent to the flux AQ~B z 0.09 GOB. For the Homestake and Iiamiokande 

experiments then one gets QAr - 2.5 SNU and R ,,e zz 0.5. According to (i) - (iii) the gallium 

production rate is QG~ = Qt,,,, + 0.41 . Q$, B 3 77 SNU, where Q”,, pp = 71 SNU and 

Q”,,,, = 14 SNlJ a.re the contributions from pp- a.nd “B-neutrinos in the reference model. 

Any deviations from the so inferred \~.lues ot’ the solar neutrino fluxes gi\.e a worse fit of the 

present data. 

The resonant flavor conversion of neutrinos v, ---) v,(v,) [li] allows to satisfy the abo\:e 

conditions (i-iii). The best fit of the data. in the reference model (1~ = 1) is achieved fat 

Q Ar,r % 0, PJf E PI< X 0.12. 

The allowed regions of neutrino parameters for different values fB are shown in fig.1. 

They were calculated by y2-method according to the data. presented in Table I? and corre- 

spond to 95% C.L. The original fluxes ha\;e been kept fixed (110 astroph?:sical uncertaintics 

for each contour). For the calculation of t,lle sur\*ilral probahilit~ics WC have> ~~secl the analyt- 

ical description outlined in [al]. 

Consider first the small mixing domain. \Vi t,li diminishing .f’~ the allowed regions shift. 

to smaller mixing. Expression (5) describes the shift for values of fs not too close to Pg 

(fs > 0.5) and mixing a.ngles sin” 20 = 3 (- + rj) . lo-“. In this case a.11 the changes are related 

to the narrow energy region of the boron (electron) neutrinos only. For smaller or la.rger 

angles the allowed regions shrink (fig. La), and both lower and upper bounds on sin’20. and 

consequently on .f B, esist for wllich one’ ~a.11 get a. consist,ent description of the data. 

The shrinking of the allowed regions as \vell as tile esistence of hounds are related to the 



three following effects. 

(i) With diminishing jr, and. consequently. mising angle the contribution of v,, to the 

Kamiokande signal decreases. According to (9) one has 

and the last approximate equality in (12) is true if PI< is not too small and f~ > R,,. Ev- 

idently, AI&, --t 0, when fs + R,, w 0.4 + 0.5. The contribution drops from 16% at 

sin’ 20 = 8 - 10e3 d own to 3% at sin’ 28 = 2. 10V3 and smaller than 2% at sin2 28 = 10q3. 

(ii) With decreasing fB the distortion of the high energy part of the boron neutrino 

spectrum becomes weaker. The spectrum shifts to the upper part of the nonadiabatic edge. 

The distortion can be characterized by the ratio of the probabilities PI a.nd P2 at two different 

energies El, E2. Using eqs.( 2) and (3) one finds 

p2 p,2-’ 
P,= 

(13) 

With diminishing fB, and therefore increasing PI, the ratio will approa.ch 1: if &/E, = 2, 

P2lPl = 1.S2, 1.41. 1.20 and 1.12 for PI = 0.3. 0.5. 0.7 and 0.8, correspondingly. The 

change of the distortion of spectra is shown for different values of the neutrino parameters 

in fig. 2. (The corresponcling probability ~a.11 IX restored fro111 eys.(2),( 3)). 

With weakening of the distortion of spectrum the ratio PH/ P/i approaches 1 (see Table I). 

(iii) When fB decreases the rela.tive contributions, first of all of the ‘?O. pep, 13N and thcll 

of the ‘Be neutrinos. to the Homestake signa,l (as well as to the gallium one ) increase. Indeed. 

for fs - 1 all the rest neutrino fluxes a.re on the bottom of the suppression pit. thus being 

strongly suppressed. With diminishing j’~ the nonadiabatic edge shifts to lower energies and 

at sin2 28 < 2. 10e3 ’ It reaches the end point of the spectrum of “0 neutrinos. E = 1.73 Me\‘. 

With further diminishing of the mixing angle pep- “Y- and ‘Be neutrinos also t.urn out to . 

be on the nona.diabatic edge. ‘l’he contributions from the rest fluses increase quickly: fog 

sin2 20 = 2’ 10s3 we get Q.A~.~ k 0.03 SNLI. for sin I 2 v = lo-“: Q&.0 + C)..,r,.y + Q..l,.,l.‘ep - 0.16 

SNU and, moreover, the contribution of ‘Be-neutrinos becomes a.ppreciable: Q,4r.Br ‘V 0.1-I 

SNU. The total contribution QAr,r w 0.3 SNIJ is la.rger than the la error. 

For sin220 > 13. 10R3, when all the *‘rest” fluxes are at t,he bottom of the pit (Q,.lT,T z 0). 

one gets from (S) and (10): 

f2Ar = fBh~:B (1-I) 



and 

R H/Ii K5 
LB 

1 + r( 1 - PIi)/PH 
(1.5) 

With diminishing sin 2 30 the double ratio increa.ses. L For relatively small f~ w 0.5 and 

sin228 N (2+4). low3 one can neglect the second term in the denominator of (15) (the effect 

of v~). In this case the Kamiokande signal and the double ratio are 

R ve z fBy RH/l< M k~ M 0.75. (16) 

The last number should be compared with the experimental value (11). The contribution 

from the “rest” of the fluxes (see (iii)) further increases the double ratio (16), thus worsening 

the fit. The relative suppression of the Homestake signal becomes weaker. For this reason 

the allowed region stops to shift and shrinks at sin 2 20 = 10s3. The diminishing of the orig- 

inal fluxes of 7Be- and 13N-, 150-neutrinos relaxes these effects. and smaller values of sin2 20 

down to 6 . lo-” become allowed (fig.1b.c). Let us stress that for small sin2 26’ the size and 

the position of the allowed regions are sensitive t,o Huses of’ neutrinos from the CNO-cycle. 

The influence of the effects (i) - (iii) on the results of Gallium experiments is rathel 

weak. At sin* 28 = 10s3 the contribution from the ‘Be neutrinos is Qgz z 4 SNU and from 
13N , ‘50: Q;;O z 2 SNU which is smaller than la. Therefore present data from gallium 

experiments do not give additional bounds on the mising. 

Thus a consistent description of present data is possible even if the predicted boron neu- 

trino flux is about that measured by l\;a.miokancle. i.e. ,f~ = O.-l + 0.5. In this case the 

allowed region of lepton mixing is sin I ’ “0 = (0 (i 1 :I) . IO-” anti \vc’ \\yill rc>fer t.o it as to f*f /‘:‘/ . . 

small mixing solution. :1s follows t’rom t,lic abo\:~ colisidcratioll t hc solution is characterizctl 

by weak distortion of the boron neutrino spectruln at, f? > 7 Jle\‘. and sma.ll contribution 

of V, to the Kamioka.nde experiment. 

Consider now the case ,fs > 1. The suppression of the Homestake signal is described 1)~ 

(14). With increasing fs (diminishing P/i) the contribution of the /jr, to the Iiamiokande 

signal increases and therefore the clouble ra.tio (10) diminishes. It is the increase of R,, which 

gives the upper bound on .fs and mising. I’sillg ( l-1) ;r~~tl (9) w can espress .f~ in terms 0T 

experimentally observable va.lues and the ratio l’,, /f’,; : 

fB = L 
I’ 

R,, - $$$ ilr,.] (17) 



This equation allows to estimate the ma.simal value of f~ which corresponds to a central value 

R 7: and the largest possible value of R,, (M 0.65): j$“” - 2. In this case sin” 20 z 2. lo-‘. 

The best fit of present data with two degrees of freedom: I* = 0.09 + 0.12 is achieved a.t 

f~ = 1.0 (i.e. at the reference value). For .fs = 0.75 we get &, = 0.45 + 0.57, for fs = 0.5: 

xki, = 1.9 + 2.2, and for f~ = 1.5: ui,,,, = OX3 + O.SS. According to fig.1 a k-allowed 

regions exist for 

0.38 < j-B < 2.5 (18) 

which corresponds to the region of mixing angles: 

sin’ 211 = 6. 1()-4 j 2. I()-’ (19) 

Lower and upper bounds on flux and angle a.re determined by the lower ancl upper bounds 

on the double ratio correspondinglJr. 

The difference between the results (18), (19) and those obtained in [lG] is essentially clue 

to the different value of QAr as well a.s t,o the different trea.t,ment. of t.he boron neutrino flus. 

In our analysis fB does IlOt partiCipa.te ill the y2 fit. 

In the region of large mixing solution t.he pp-neutrinos are outside of the suppression pit. 

boron neutrinos are on the bottom of the pit ancl all other neutrinos a.re in the intermediate 

region. Consequently, PV > PH = PI; = sin’0. With increasing boron flux (fs > 1) the 

probabilities Pi decrease a.nd consequently, the contribution from the “rest” of the neutrino 

fluxes to QA~ decreases. On the other hand. the contribution of the I/, t,o R,,, increases and 

the suppression of the pp-neutrino flus becolnes \reaI<er ( I - sin’ ’ *‘U/Z). Thus the suppression _ 

picture approaches t,Iic one for sttiall illisillg antI t lie lit l~oco111~~s IMt (‘1’. I%31 fit,. ii,,,, = 

0.11 + 0.14, is achieved at .f’ B = 1.S + 2.0. M;itll increasing ,f’~ the a.1lowec.l region is shifted 

to smaller mixing angles. Va.Iues of sin’20 as small as 0.2 become possil)le. As in the ca.se 01 

small mixing the possible increase of .fB is restricted 1~~. the contributiotl to R,, from mu011 

neutrinos, which increases with f B. klaximal a.llowecI values are about .fl - 13. ln contrast 

with small mixing solution here the distortion of boron neutrino spectrum is very weak. 

With diminishing f~ the fit gets worse and the allowed region quickly disappears. 

4 Measuring the original boron neutrino flux 

1. The original boron neutrino flus. or equivalentl~~ .f’B, ~a.11 he measured by a signal which is 

solely due to neutral currents. if there a.re no sterile neutrinos in the so1a.r Ileutrino flux. (The> 
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experimental criteria from which the existence of such neutrinos can be inferred have been 

discussed in [27]). After five years of operation of the SNO detector [2S] f~ will be measured 

with an 1% accuracy by the measurement of the event rate NNC (estimated 1400 ev/year 

for a boron neutrino flux of 3 x lo6 crna2. sec- ‘) due to the neutral current disintegration 

of the deuteron: f~ oc :V,vc [J dE~~C@~]-‘. 

The double ratio 

&~c,,vc s (g) trp, (g) ““* = ps,vo 

gives immediately the average survival probability in SNO experiment, PsNO, provided there 

is no sterile neutrinos. The parameter fs is fixed then by the total number of CC-events: 

fB = Ncc[ps~oSdEacc~Os]-'. Here .WCC is the number of the charged current events 

and ~CC is the corresponding cross section. The fluxes measured by NC- and by CC- 

disintegration of the deuteron in the SNO esperiment, should approach ea.ch other with 

diminishing jB, i.e. the double ratio will coilverge to 1. For .f’~ = I, 0.75, O..‘,. 0.4, one gets 

RNC/CC = 0.4, O.G. 0.7.5. O.S.5 corresl)onclingl~.. 

2. The survival probability and, consequently, .fs, can be obtained by measuring the dis- 

tortion of the neutrino energy spectrum. As follows from fig .2 the SNO-detector will be able 

to distinguish between the distorted spectrum for sin _ * ‘78 > G. 10m3 and the undistorted one 

predicted by la.rge a.nd very sma.11 mixing solutions. However. it will be difficult to further 

resolve the spectra corresponding to large mising. LO very sma,ll Inixing a.nd t,o astrophysical 

solutions. 

3. The recoil-electron spect,rulll IIIC~\SL~L'(-'III("IIL~ also call lis to so~llt: c-~s~,c~~lcl tile clistort.ioll 

of neutrino spectrum and the neutrino parameters. In fig. 13 the recoil energy spectra are 

shown for different values of the mixing a.ngle. Xlso. present Iiamiokande sensitivity. ;IS 

well as the sensitivity of Superl~amiokancle [29], a.re depicted. As follows from the figure. 

the Superkamiokande experiment will be able t.o distinguish the undistorted spectrum from 

the distorted one LIP to sin2 20 = 5 . 10q3. It certainly should be possible to identify small 

mixing solutions. However, as in ca.se oE SNO. it will be clifficult to disentangle the large 

mixing, very small mising and astroph~~sical solutions 1,~. studying of the Iligh energy part 01 

the solar neutrino spectrum. In this case one cnn use the information from neutral current 

measurements a.s for very small mixing t.he effects from niuon neutrinos are very sma.11 in 

contrast with the large mixing case. 

The very small mixing solution ca.n be identified by the strong suppression of the beryl- 
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lium neutrino flux [30]. 

5 Implications 

The shift of the allowed region towards smaller mixing angles may have serious implications 

for particle physics. Suppose the solar neutrinos undergo the conversion 11, + .v~, then fol 

the V, - u, mixing, one can write the formula 

uep = ~&?q, (‘21) 

where m, and m, are the masses of the electron and muon, 4 is a phase and 8, is the angle 

related to diagonalization of the neutrino mass matrix. The relation (21) between the angles 

and the masses is similar to the relation in the qua.rk sector which follows naturally from 

the Fritzsch ansatz for ~nass nlatriccs. Such ii I)ossil)ility (‘ail IW realized in terms 0i tlw 
see-saw mechanism of the neutrino lllass generatioil. :\ccording to eq.(Zl) for very sina.ll 

lepton mixing one needs a. strong cancellation of the contributions. The level of the Tine 

tuning can be characterized by the parameter 

For example, at sin*ZU,, = IO-” one gets < = 10-l. i.e. the two terms in (21) should IX 

tuned with 10% accuracy. No tuning is needed for sin’20 > 5 . lo-“. 

Note that the values of mixing angles irl (I!)) are st,iil 11lucl1 la.rger t.ha.n t,he mixing IX- 

tween the first and the third gellerat,ions ot’ t,he quarks: sill’ 20 - I O-‘. However. t tie lept,oli 

mixing can he easily enha,ncecl hy the see-saw mechanism itself \vitli it wide class of right 

handed neutrino mass ma.trices (see e.g. [31]). In this case the solar neutrino deficit could 

be explained by u, + I/, conversion. Such a scenario can be realized in t,he supersymmetric 

SO(10) with unique scale of symmetry viola.tion. 

In the region of large mixing solutions t,he illcrease of ,[H improves the fit. and moreov(*r. 

the mixing parameter as sma.11 as sin’ ~‘0 - 0.2. i.e. ol’ tile order ot’ the (‘abibbo inisiiig 

becomes allowed. 
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6 Conclusion 

1. At present the uncertainties in the predictions of the boron neutrino flux are rather large 

and cannot be considered as purely statistical. In this connection we have studied the MSW 

solution of the solar neutrino problem for different but fixed values of the original sB-neutrino 

flux. Present data (if correct) allow to obtain a. bound on this flux, f~ = 0.38 + 3.1 and on 

the mixing angles: sin* 20 = 6. lo-” + 2 a lo-’ in small mixing domain or sin* 20 = 0.2 + 0.9 

in the large mixing domain. 

2. If the original boron neutrino flux is close to that measured by Iiarniokande the data. 

can be described by “very small mixing solution”: sin’ 20 = (O.S+ 2). 10B3 which corresponds 

to a narrow suppression pit. In this case one expects a weak distortion of the high energy 

part of ‘B-neutrino spectrum and a small contribution to the signals at E > .5 MeV due to 

muon neutrinos. For very small mixing angles sin - * “0 < 2. 10B3 the size and the position of 

the allowed region depend essentially on the fluses of 13N-. 150- a.nd pep-neutrinos. 

3. The values of .f~ > 1 a.llow for a muctl bet.l,er fit of the data in the large mixing 

domain. The description beco~~les as good its ii1 11~ case ol’ i-1 slnall I1iising solution. In 

particular, one can get strong suppression of the ‘Be-neutrino flux. The allowed region ol 

the parameters shifts to sma.ller mising a.ngles. so tha.t sin*.%9 = 0.2 are not excluded. 

4. The measurement of purely neutral current induced events as well as the double ratio 

will allow to determine the original flux of boron neutrinos. The study of the neutrino energ). 

spectrum in future experiments will allow a.lso to mea,sure the mixing a.ngle (at fixed am.*) 

up to (3 + 5) * 10-3, thus identifying the small mixing solution. However, by studying only 

the spectrum it will be difficult to disenta.ngle I he large mising , \‘ery small mixing alit1 

astrophysical solutions. In order to clistinguisll between these solutions. one needs precise. 

measurement,s of the Iieut.ra.1 currcllt. e1Fect.s as \\Y~II as (he measure-11lent.s 01’ t.he berylliulll 

neutrino flux. 
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Table I. 
The averaged survival probabilities for boron neutrinos in the Homestake P,T, and the Kamiokanclc 

PK experiments for different values of sin* 26 and Am” = 6 . lo-” eV. 

sin* 28 PH PK pH/pl< 

1.25. 1O-3 0.824 0.834 0.988 

2 - 10-3 0.734 0.749 0.9so 

5 * 1o-3 0.465 0.487 0.9.5.5 

7 - 1o-3 0.345 0.366 0.943 

1o-2 0.222 0.240 0.925 

2 * 1o-2 0.0564 0.0630 0.895 

3 * 1o-2 0.0201 0.0220 0.914 

I’able II. r 

The solar neutrino data used in the analysis. 

1 Experirn en t 

Kamiokande I+11 

Parameter Result (la) Reference 

Q/,r, SNIJ 2.55 * O.l’i( stat) f O.lS( sysl) [23] 
8 &g.z 

Q;e, SNt 

0.51 31 0.04( std.) k 0.06( syst.) [24] 

79 f lo(stat) f ‘i(s?@) [25] 

Qce, SNIJ 74 f l!J(stat) It lO(syd) PI 
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Figure Captions 

Fig. 1. Allowed at 95 % C.L. regions of Ana’ and sin ’ 20 for different va.lues of the parameter 

fe (figures at the curves). In fig.la only the boron neutrino flux varies by a factor of f’~ 

with respect to the standard one, while the other components of the solar neutrino flux have 

values as in the standard solar model [6]. In fig.lb the beryllium neutrino flux is reduced 

by 30 % and in fig.lc, in addition to that, the CNO-neutrino flux is reduced by the same 

factor. 

Fig. 2. The distortion of the boron neutrino spectrum due to the MSW effect for different 

values of the neutrino parameters. The ratio of the distorted spectrum to the undistorted one 

is normalized to 1 at E = 10 MeV. The error-bars shown illustrate the expected sensitivity 

after five years of operation of SNO (in the reaction v, + tl + /I+ p + E-) and do not take 

into account any possible systema.tic errors. 

Fig. 3. The distortion clue to the h4SW effect of the spectrum of recoil-electrons scattered 

by ‘B-neutrinos in water Cherenkov detectors for different values of the neutrino paremeters. 

The ratio of the distorted spectrum to the undistorted one is normalized to 1 at T, = 10 

MeV. The error bars shown illust,ra.te t,he present sensitivity of Iia.miokantle a.nd the expect,4 

sensitivity after five years of operation of the Superl;ariiiokancle detector. 
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