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Limiting ourselves to the two flavor approximation within the SU(2)L3SU(2)R3U(1)B2L gauge model the
motion of the neutrino flux in solar matter is considered. For the neutrino system described by the
component wave functionCT5(neL ,nXL ,NeR,NXR , n̄ eR, n̄ XL ,N̄eR,N̄XR), whereX5m,t, an evolution equa-
tion in a Schro¨dinger-like form is found. It is shown that the number of possible resonance transitions fo
flux of solarneL is defined both by the mass hierarchy within the systemneL ,nXL ,NeR,NXL , and by the choice
of mixing scheme. Factors influencing the neutrino flux crossing a region of solar flares are defined.

PACS number~s!: 96.60.Jw, 12.60.Cn, 14.60.Pq
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I. INTRODUCTION

Two of the most fundamental unanswered questions
particle physics, cosmology, and astrophysics concern
issues of whether neutrinos have nonzero masses an
Major-
ana or Dirac nature. The existence of a neutrino rest m
leads to the picture of oscillations which can be tested by t
independent kinds of experiments:~1! experiments with the
solar neutrino;~2! experiments with so-called terrestrial neu
trino ~neutrino, born in the atmosphere, in accelerators a
nuclear reactors!. Notwithstanding the negative result for ac
celerator and nuclear neutrino an oscillation scheme can
5321/96/53~9!/5298~12!/$10.00
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considered as the possible solution of solar and atmospher
neutrino puzzle. A flux of solarneL measured in four various
experiments ~Hometstake, Kamiokande, SAGE, and
GALLEX ! turns out to be greatly suppressed in comparison
with predictions of existing solar models. Thus, for example,
the Homestake experiment, which uses for neutrino detectio
the reaction

neL1
37Cl→37Ar1e2

gives forneL capture rate the result
2.160.3 solar neutrino units~SNU! ~1 SNU510236 capture/atom s!.
d
n
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Though theoretical predictions are

7.9 SNU

for the Bahcallet al.model ~standard solar model! @1# and

6.4 SNU

for the Turck-Chieze model@2#. Let us note, that there are
two approaches which predict neutrino oscillations. First, t
Mikheyev-Smirnov-Wolfenstein~MSW! @3# mechanism is
based on the resonant angle enhancement in matter. Sec
motivated by observations in the Homestake experiment
anti-correlations between neutrino flux and solar activity w
suggested in Ref.@4# by Voloshin, Vysotsky, and Okun
~VVO!. In this approach the neutrino, having as large a ma
netic moment as;10211mB (mB-Bohr magneton! while
moving in the solar magnetic field undergoes both flav
oscillations and spin precession. Thus only a combination
MSW and VVO effects gives a whole picture while studyin
various oscillation schemes~for review see@5#!.

Analogously, a theoretical ratio of atmospheric fluxes
muon and electron neutrinos without involving an oscillatio
picture contradicts those measured in Kamiokan
(h5Rm/e

expt/Rm/e
theor'0.6) @6#, IMB (h'0.54) @7#, and Soudan
he
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II ( h'0.69) @8# experiments. As the problem both of solar
and atmospheric neutrinos finds its solution within one an
the same hypothesis, one should expect that their oscillatio
parameters regions~squared mass differencedm2 and mix-
ing angle in vacuumu) should coincide. However, if one is
to operate with the standard model~SM! of electroweak in-
teraction, in which due to any mechanism~an extension of
either fermion or Higgs sectors, radiative corrections, etc.!,
neutrino acquired its mass, then in the two flavor basis
does not take place. Thus, for example, the usage of MSW
mechanism gives

dm2;6~9!31026 eV2,

sin22u;731023 ~0.6!

for the solar neutrino in adiabatic~nonadiabatic! case and

dm2'102321022 eV2,

sin22u'0.5

for the atmospheric neutrino. The solution of this problem
demands either use of a three flavor approximation, or ex
beyond the SM.
5298 © 1996 The American Physical Society
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53 5299SOLAR NEUTRINO PROBLEM WITHIN THE LEFT-RIGHT MODEL
As up to now the most part of neutrino physics aspec
was discussed within the SM, we take a natural interest
what really new information an exit beyond the SM can giv
The aim of this work is to consider the solar neutrino pro
lem within the left-right model ~LRM! based on the
SU(2)L3SU(2)R3U(1)B2L gauge group@9#. The oscilla-
tion picture in this model considerably differs from the SM
scenario. New resonance transitions appear, probability
pressions are changed, and places of resonance localiza
are shifted. It is obvious that existing experiments for so
neutrino observations due to their low statistics cann
choose between different models of electroweak interactio
However, it is possible to be sure that this task will be solv
in the next generation of solar neutrino experiments, whe
statistics of neutrino events will increase on two orders
magnitude. Thus, for example, for Superkamiokande
events per day is planned, HELLAZ 53103 events per year,
BOREXINO 50 events per day, and ICARUS 33103 events
per year.

In the second chapter we give the necessary informat
about the Sun structure. There we obtain an evolution eq
tion for a neutrino system both for Dirac and Majorana ne
trinos. In the third chapter we investigate the possible re
nance transitions for a solar left-handed electron neutr
flux. The fourth chapter will be dedicated to the study of
neutrino flux motion through a solar flare~SF! region. In the
fifth section we discuss the obtained results.

II. OSCILLATIONS SCHEMES

Let us consider an evolution of the neutrino system in tw
flavor approximation. In doing this we shall take into con
sideration effects of neutrino interaction both with the Su
matter and with its magnetic field. Electron neutrinos a
mostly born in the central core of the Sun. High energe
neutrinos7Be and8B are produced in the hottest part of th
core, where magnetic field should not exceed the va
Bc50.53108 G @10# ~atB.Bc due to a buoyancy effect this
magnetic field would have been lost by the Sun during
time of existence!. In the radiative zone (0.1,r /R(,0.7)
the magnetic field value can be as strong as 104–105 G. Both
in the center core and in the radiative zone the field does
display the time dependence. In the convective zo
(0.7,r /R(,1) the magnetic field module has an 11.2-y
cycle. During the years of the active Sun, in the bottom
the convective zone in the region of 103 km the field has a
value of 105 G. With the increasing ofr a field decreases and
its value on the surface totally depends on the existence
the surface of the so-called active region~AR!. AR first ap-
pears as a developing magnetic field, preferably within
close to an old expanding magnetic region whose field h
fallen to about 1 G or less. Its characteristic measures on th
surface isR( in diameter, and its height reaches coron
level. The number of these regions and their location on
disk changes within the solar cycle. In the period of th
highest maximum~1957–58!, the activity involved practi-
cally the whole solar disk. In those places of AR where t
field value reaches 500 G the process of sunspot format
begins. The field strength of a developed sunspot is maxim
in the center (B1) and directed up the solar radius, nea
periphery it decreases (B2), and force lines are more strongly
ts
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inclined to the surface. FieldsB1;53103 G and
B2;23103 G are characteristic for big spots (d;23105

km!. According to modern view points, the geometrica
depth of a spot is approximately 300 km. Magnetic field
above a spot slowly decreases with the growing of heigh
Thus, for example, it may reach the values of 103 G in upper
levels of the chromosphere, while beyond a spot region
field value is only 1 G. Usually sunspots form a group. Suc
a group exists for about a month, and most big spots live u
to one hundred days.

A field in a convective zone is characterized by geometr
cal phase,F(z), defined by

Bx6 iBy5B'e
iF~z!

and its first derivativeḞ(z) ~we have chosen a coordinate
system with thez axis along the solar radius!. Nonzero val-
uesF(z) andḞ(z) also exist both in photosphere and chro
mosphere in regions above sunspots. A magnetic field abo
and under a spot has the nonpotential character@11#

~rotBW !z54p j zÞ0.

The data concerning centimeter radiation above a spot test
of a gas heating up to the temperatures of a coronal ord
Thus, for example, at the height;23102 km the tempera-
ture reaches the values of the order of 106 k, which results in
a great value of solar plasma conductivity (s;T3/2). That
allows us to suppose that the density of longitudinal electr
current might be large enough in a region above a spot.

Now we may study an evolution of solar neutrinos fo
various oscillation schemes. At first we shall consider a situ
ation where only mixing angles between neutrinos havin
the same helicity but belonging to different generations a
not equal to zero~OS1!: i.e.,

neL5n1cosun1n2sinun , nXL52n1sinun1n2cosun ,

NeR5n3cosuN1n4sinuN , NXR52n3sinuN1n4cosuN ,

takes place, wheren i ( i51,2,3,4) are mass eigenstates,un

anduN are mixing angles in vacuum, andX5m,t. As we are
limited only by two generations, we should consider a neu
trino system consisting ofneL ,nXL ,NeR,NXR and their anti-
particles (neL)

c,(nXL)
c,(NeR)

c,(NXR)
c, where c means an

operation of charge conjugation. We stress that Majoran
neutrino is also not a charge conjugation operator eigenst
due to a switching on of weak interaction. As (nL)

c and
(NR)

c are right- and left-handedn andN neutrinos, respec-
tively, further on we shall use for them both in Majorana an
Dirac cases following the notions,n̄ L andN̄R . To obtain an
evolution equation in a Schro¨dinger-like form let us make
standard assumptions:~1! the solar matter is electroneutral;
~2! the speed of solar matter particles is negligibly smal
Then a required equation for the Majorana neutrino case w
be

i
d

dz
C5HC, ~2.1!

whereCT5(neL ,nXL ,NeR,NXR , n̄ eL , n̄ XL ,N̄eR,N̄XR),
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H5SHpp Hpa

Hpa
†

HaaD , Hpp5S Hnn HnNB'e
iF

HnN
† B'e

2 iF HNN D ,
Hnn5S dc

121VeL14panene
j z1D 2ds

1214panenX
j z

2ds
1214panXne

j z 2dc
121VXL14panXnX

j z1DD ,
HNN5Hnn~$m1 ,m2 ,L, j z%→$m3 ,m4 ,R,2 j z%!,

HnN5S mneNe
mneNX

mnXNe
mnXNX

D , dc~s!
12 5

m1
22m2

2

4E
cos2un~sin2un!,

dc~s!
34 5

m3
22m4

2

4E
cos2uN~sin2uN!, D5

m1
21m2

22m3
22m4

2

8E
,

VeL5A2GFne1VeL
NC, VeR5

negR
2

4 S sin2jmW1

2 1
cos2j

mW2

2 D 1VeR
NC,

VXL,R5VeL,R
NC 5nn(

i51

2 gi
nL,Rgi

n

4mZi
2 ,

g1
f 5ecW

21@sW
21cf~T3L

f 22QfsW
2 !1sfa21~T3L

f 1T3R
f cW

2 e22gR
222Qf !#,

g2
f 5g1

f S f→f1
p

2 D ,
cW5cosuW , sW5sinuW , cf5cosf, sf5sinf, a5AcW2 e22gR

221 ,

Hpa5S M nnB'e
iF 4pAnNj z

24pANn j z MNNB'e
iFD ,

M nn5S 0 mnen̄X

2mnen̄X 0 D , MNN5M nn~$ne ,nX%→$Ne ,NX%!,

AnN5S aneN̄e
aneN̄X

anXN̄e
anXN̄X

D , ANn5AnN~n l↔Nl !,

Haa5Hpp~$VlL ,R , j z%→$2VlL ,R ,2 j z%!, l5e,X.
m ik andaik are the magnetic and anapole moments betwe
i - andk-neutrino states, andne andnn are electron and neu-
tron densities, respectively. Hereafter we shall use notatio
of Ref. @12#. For the sake of simplicity we consider all th
particles to be ultrarelativistic. As we have for solar neut
nos energies,

0.14,E,14 MeV,

this in its turn limits massesmNl
to the keV range. Generali-

zation in case ofmNl
'MeV does not present us with any
en

ns
e
ri-

kind of principal difficulties, but greatly complicates an al-
gebraic essence of the problem.

For Dirac neutrinos we should take a matrixM nn in the
form

M nn5S mnen̄ e
mnen̄X

mnen̄X
mnX n̄X

D
and assumeVlL ,R equal to zero in the expression forHaa .
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To further analyze the equation~2.1! one should get rid of
an imaginary part in a Hamiltonian. That can be achieved
transformation into reference frame~RF!, rotating at the
same angle speed as a magnetic field. A matrix of transit
to the new RF has a form

S5diag~l,l,l21,l21,l21,l21,l,l!,

wherel5exp(iF/2).
A Hamiltonian in a rotating RF follows from the initial

one by a replacement

e6 iF→1, VlL ,R→VlL ,R7
Ḟ

2
.

Let us go to the analysis of the terms constituting th
Hamiltonian. Magnetic dipole moments entering a who
Hamiltonian can be divided in two classes. First let us d
cuss them on the example of moments, induced by char
gauge bosons exchangeWL,R

6 . Let us notice that these mo
ments do not depend on the assumed neutrino nature.
first class appears from diagrams with one photon and t
neutrino external lines with the helicity flipping on an exte
nal neutrino line. Its value is defined by the expression@13#

mn i n̄ j

W 52
3e~mn i

1mn j
!

256p2 (
a51

3

mla
2 FgL2S cos2jmW1

4 1
sin2j

mW2

4 D
3U ja

†
Ua i1gR

2S sin2jmW1

4 1
cos2j

mW2

4 DVja
† Va i G , ~2.2!

wheremna
5Ua imn i

andmNa
5Va imNi

.
The second class is produced by diagrams with the he

ity flipping on the internal lepton line. The magnetic mome
of this class is much bigger than in the first case and
expression is@13#

mn iNj

W 5
egLgR
32p2 sin2j (

a51

3

mla
~U ja

† Va i1Vja
† Ua i !

3~mW2

2 2mW1

2 !
mW1

2 mW2

2 . ~2.3!

Now let us discuss moments induced by the exchange
the physical Higgs bosons. In the LRM there are two po
sible choices of Higgs multiplets@in brackets quantum num-

bersTL ,TR ,(B2L)/2 are given#: ~a! bidoubletF( 12 ,
1
2 ,0)

and two triplets DL(1,0,1),DR(0,1,1); ~b! bidoublet

F( 12 ,
1
2 ,0) and two doubletsX L(

1
2 ,0,2

1
2 ), X R(0,

1
2 ,2

1
2 ).

At ~a! neutrinos are Majorana particles and at~b! they are
Dirac ones. First we consider the Majorana case. A con
nient representation of the multiplets is given by the 232
matrices
by
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F5S F1
0 F1

1

F2
2 F2

0 D , DL,R5S dL,R
1 /A2 2dL,R

11

dL,R
0 2dL,R

1 /A2D .
The most general Yukawa couplings involving the leptons

is given by

2LY5(
a,b

$habC̄aLFCbR1h̄abC̄aLF̄CbR

1 i f ab@CaL
T Ct2~tW•DW L!CbL1~L→R!#1conj%,

~2.4!

where t1,2,3 are Pauli matrices, F̄5t2F*t2, and
a,b5e,m,t. Next for the sake of simplicity we shall set
h āb5hab and ignore mixing between generations. After
spontaneous symmetry violation

^F&5S k 0

0 k8D , ^DL&5S 0

0

vL
D , ^DR&5S 0

0

vR
D ,

where vR@max(k,k8)@vL , we are left with four doubly
charged, four singly charged, and six neutral physical Higg
bosons. Among them only singly charged onesd̃L

6 andH6

can contribute to the multipole moments~MM !. These Higgs
bosons correspond to the quanta of the fields@14#

d˜L
65

dL
61

A2vL
k

F2
6

A11
2vL

2

k2

, H65

F1
61

k

A2vR
dR

6

A11
k2

2vR
2

.

Neglecting the terms which are proportional tok/vR and
vL we obtain the following Lagrangians describing the inter-
action between leptons and singly charged Higgs bosons

L d̃L
5g d̃L

~ n̄ lL
c l L1 l̄ L

cn lL !d̃L
11conj, ~2.5!

LH5gH~ n̄ lL l R2N̄lRl L!H11conj, ~2.6!

wheregH;gLml /A2mW1
andg d̃L

;gLmNl
/mW2

@15#.

Diagrams withd̃L
6 exchange give magnetic moments cor-

responding to the first class and their value is defined by
relation

m
n i n̄ j

d̃L ;(
a

egL
2mNe

2 ~mn i
1mn j

!mn i
mn j

A2p2md̃L

2
mW2

2
Uia

†
U ja . ~2.7!

Diagrams withH6 in an intermediate state lead to magnetic
moments of the second class

mn iNj

H ;
eGF

2A2p2mH
2 (

a51

3

mla
3 ~U ja

† Va i1Vja
†
Ua i !. ~2.8!
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For Dirac neutrino the contribution to a magnetic dipo
moment will produce only diagrams with an exchange of t
H6 boson.

Having taken valuesj'331022, gL5gR , mH580 GeV,
andmd̃L

540 GeV and assuming that an electron neutrino

mixed with at-lepton one, we obtain

mn i n̄ j

W ;10222Smn i
1mn j

eV
DmB ,

m
NiN̄j

W
;10222S gRmW1

gLmW2

D 2SmNi
1mNj

eV D mB ,

mn i n̄ j

W @m
n i n̄ j

d̃L , mn iNj

W ;10211mB , mn iNj

H ;3.7310213mB .

~2.9!

Thus we see that diagrams withWL,R
6 exchange make the

main contribution to magnetic moments. At the introductio
of a singly charged singletS1(0,0,22) or doubly charged
oneS2(0,0,4), valuesmn i (Ni ) n̄j (N̄j )

could also have an order of

10211mB . Remembering this we shall not ignore them in o
further consideration. Let us note that an account of infl
ence of polarization of dispersive solar plasma results in
value of an induced magnetic moment, which proves to
comparable and even substantially larger than a vacuum
@16#.

Let us recall existing on a vacuum level problem of inev
table connection of a big magnetic moment with an una
ceptably large neutrino mass. As diagrams defining a m
netic moment follow from diagrams of self-neutrino energ
by means of the addition of an external photon line, there
a connection

mne
'
2memne

M2 mB ,

whereM is a typical mass in a loop. Then forM'100 GeV
andmne

;10211mB we havemne
;1 keV. The mass suppres
le
he
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sion down to phenomenologically acceptable values (;1
eV! is satisfied by introducing either additional gauge de
grees of freedom@17# or discrete horizontal symmetry be-
tween lepton generations@18#.

In the present work we shall not do any calculations o
anapole moment~AM ! and limit ourselves only to display of
results for the SM. At neutrino mass neglecting AM is con-
nected with a radius of an electric charge~REC! by a relation

aL,R
l 5

1

6
^r 2&L,R

l . ~2.10!

Let us stress that this connection exists only for nondiagona
AM moments. REC of neutrino was calculated in Ref.@19#.
Since an analytical expression for it is rather cumbersome
we shall limit ourselves only to numerical values of REC for
all the three kinds of neutrino found atmt5180 GeV,
mH5100 GeV, andmW1

580.2 GeV. They have the form

^r 2&L
e5~49.863.6!310234 cm2,

^r 2&L
m5~82.463.6!310234 cm2,

^r 2&L
t 5~99.663.6!310234 cm2. ~2.11!

Induced AM has nonzero value only for anisotropic media
Magnetized plasma above a sunspot could serve such an e
ample.

It is also instructive to consider the example of LRM in
which due to certain reasons multipole moments of neutrin
are negligibly small. Let us assume that in this case the fo
lowing mixing scheme~OS2! takes place:

S n lL

nXL

NeR

NXR

D 5~Ug!21S n1

n2

n3

n4
D ,

where
e other
tion
~Ug!215S cun
sun

0 0

2sun
cun

0

0 0 cuN
suN

0 0 2suN
cuN

D S cwe 0 swe 0

0 cwX 0 swX

2swe 0 cwe 0

0 2swX 0 cwX

D ,

cun
5cosun , sun

5sinun , etc.
As a result, an evolution equation in such a scheme decouples into two independent equations: one is for neutrino, th

is for antineutrino systems. By means of standard method for neutrino flux, described by wave func
CT5(neL ,nXL ,NeR,NXR) we obtain the following equation for both Dirac and Majorana neutrinos:

i
d

dz
C5S Hnn HnN

HnN
†

HNND C, ~2.12!

where
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Hnn5S dc
12cwe

2 1dc
34swe

2 1Dc2we
1VeL ds

12cwe
cwX

1ds
34swe

swX

ds
12cwe

cwX
1ds

34swe
swX

2dc
12cwX

2 2dc
34swX

2 1Dc2wX
1VXLD ,

HnN5S 221s2we
~dc

342dc
1222D! ds

34swe
cwX

2ds
12cwe

swX

ds
34cwe

swN
2ds

12swe
cwX

221s2wX
~dc

122dc
3422D!D ,

HNN5HnnS $we ,wX%→H we1
p

2
,wX1

p

2 J D .
ts

tu-
n-

no
ne
ry.
s

he

s

To conclude this section let us discuss experimental lim
on neutrino parameters. Bounds on multipole moments v
ues follow from laboratory experiments and astrophysic
estimations for the following processes:~1! cooling of young
white dwarves and red giant stars,~2! an observation of an
explosion of supernova, and~3! primordial nucleosynthesis.
The upper boundary on the magnetic moment varies fro
0.5310212mB up to 7310210mB ~see @20# and references
therein!. However, most parts of the estimations refer to th
Dirac neutrino. Upper bounds on magnetic moments tran
tions for Majorana neutrino, obtained by studies of red gia
luminosity before and after helium flash, are given by e
pressions@21#

mne
<3310212mB .

Limitations on neutrino REC can be obtained by studies
elastic scattering reactionsn lL( l5e,m) on electrons. The us-
age of the CHARM II Collaboration data for muon neutrin
gives the result@22#

^r 2&L
m,~2.022.5!310232 cm2,

while for electron neutrino an analysis of the LAMPF exper
ment leads to the inequality@23#

^r 2&L
e,~9.6210.2!310232 cm2.

The upper limit on right-handed electron neutrino REC
obtained by observation of SN 1987A and has the form@24#

^r 2&R
e<2310233 cm2.
its
al-
al

m

e
si-
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is

For masses of left-handed neutrino existing experimen
give the bounds

mne
<0.9 eV, mnm

<160 keV, mnt
<29 MeV.

~2.13!

As concerns the mass of the right-handed neutrino, the si
ation is less definite because the obtained experimental co
straints depend on the other parameters of the LRM.~We
recall that in the seesaw picture, the right-handed neutri
masses are in the tens of GeV range. However, when o
gives up the seesaw picture, their masses could be arbitra!
The lower bound on the mass of Majorana neutrinos follow
from the lack of neutrinoless doubleb decay (bb0n) for
76Ge @25#:

mNe
.~377 –413!S 1 TeV

mWR
D 4 GeV, ~2.14!

where the different values in brackets are connected with t
way in which a nuclear matrix element is calculated.

Bounds on both Dirac and Majorana neutrino masse
could be obtained by analysis of experiments onZ1 bozon
decays at the CERNe1e2 collider LEP I. Assuming OS2,
we have, for the width of decay,

Z1→n k
f n̄ l

f ,

wheren k
f5neL ,nXL ,NeR,NXR obtain the expression in the

case of Majorana neutrino
GZ1→n
k
f n̄

l
f5

mZ1
g
1
nk
f

g
1
n l
f

12p (
i51

4

Uik
g Uil

g S 12
4mkml

mZ1
2 DAS 12

ml
21mk

2

mZ1
2 D 22 4mk

2ml
2

mZ1
4 , ~2.15!
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wheremk stands formn
k
f . The use of~2.15! and the results

of L3 Collaboration for the limit of the branching ratio
Z1→nN̄ @26#,

BZ1→nN̄,331025,

will give us bounds only for the regions of the allowed va
ues ofNlR masses and oscillation angles.

III. RESONANCES AND TRANSITIONS PROBABILITIES

Now we discuss the possible resonances within oscillat
schemes OS1 and OS2. In addition, conventional for the S
here we will have resonance transitions including neutrin
from an additional SU(2)R sector. Further on we will label
them as exotic resonance transitions. In our analysis we w
limit ourselves to consideration of resonance conversio
only for left-handed electron neutrinos. Then for OS1 in th
case of the Majorana neutrino we have six resonance tra
tions.

~1! neL→nXL is an MSW resonance, which is realized
the condition is satisfied

SnenX
52dc

121VeL2VXL14p~anene
2anXnX

! j z50,
~3.1!

with the transition width

dne~nenX!;@ne~nenX!24pb21~anene
2anXnX

! j z#tan 2u,
~3.2!

whereb5A2GF2ne
21(nenX)(VeL

NC2VXL
NC), andne(nenX) is

electron density at which the resonance takes place. A va
VeL
NC2VXL

NC is different from zero only if radiation corrections
~RC!, connected with REC calculations, are taken into a
count. According to Ref.@19# these RC lead to nonequa
values of the Weinberg angle for various fermions. In oth
words, sin2uW acquires a flavor index and is defined by th
relation

~sin2uW! l5sin2uWS 11
mW1

2

2
^r 2&L

l D . ~3.3!

Calculations show that atX5t andnn'
1
6 ne ~these very

densities are realized in the upper radiative and convect
zones of the Sun! ne

21(nenX)(VeL
NC2VXL

NC);1023GF . How-
ever in neutron stars, wherenn.ne the influence of this
quantity will increase.

Let us show that the last addendum in~3.1! does not exert
any influence on the resonance under consideration. Acco
ing to the existing assumptions about solar matter dens
distribution,VeL2VXL for the low bound of convective zone
is equal to 4310216 eV. If one assumes that diagonal AM
elements are of the same order as nondiagonal ones, the
anapole interaction to have the same order one requ
anomalously large electric current density (;1014

A cm22). On the other hand, an analysis of existing expe
ments with solar neutrinos, which uses two-flavor appro
mation and the standard solar model, gives for the first a
dendum in~3.1! the following interval (E510 MeV!:
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12'~0.8•10212 –0.4310214! eV. ~3.4!

Therefore the MSW resonance may only occur before t
convective zone where even at the existence of the nonz
value of j z the anapole interaction would have the order o
magnitude much less than the rest of the terms in~3.1!.

~2! neL→NeR is exotic resonance with spin flipping. It
takes place at the condition

SneNe
5dc

212D1VeL2VeR14p~anene
1aNeNe! j z1Ḟ50,

~3.5!

wheredc
65dc

126dc
34. The width of this transition is given by

the expression

dne~neNe!;
2mneNe

B'ne~neNe!

dc
212D1Ḟ14p~anene

1aNeNe! j z
.

~3.6!

Let us discuss the mass termsdc
612D. Their values and

signs are entirely defined by the mass hierarchy~MH! in the
systemneL ,nXL ,NeR,NXR . In the LRM there are the five
possible versions of this hierarchy.

~a! The choicem1'm2'm3'm4' eV ~MH1! leads to
the following. The termsdc

112D and dc
212D could have

any signs with the values being arbitrarily small.
~b! Whenm1'm2!m3'm4 ~MH2! the termsdc

612D
exceed the matter potential by several orders of magnitu
even at the central core of the Sun (Vc

s).
~c! The scheme with

m1!m2 , m3!m4

andm2 which surpassesm3 so thatd212D could turn into
zero at the definite values of the anglesun and uN ~MH3!.
MH3 is very attractive for the reason that unlike MH1 an
MH2 it does not contradict the following quadratic mas
formula for neutrinos:

mne
:mnm

:mnt
5mu

2 :mc
2 :mt

2 , ~3.7!

which is predicted by the grand unified theories~GUT’s!.
When

m2
2sin2un,~. !@m4

2sin2uN1m3
2cos2uN2m1

2cos2un#
~3.8!

is satisfied the termdc
212D has the positive~negative! sign.

As for dc
112D its values are much larger thanVc

s .
~d! The hierarchy withm1!m2!m3!m4 ~MH4! just as

the previous one is in agreement with the neutrino ma
spectrum given by GUT’s. In this case we have

udc
612Du@uVc

su. ~3.9!

~e! The choicem1'm3!m2'm4 ~MH5! once again does
not contradict~3.7! and could lead todc

212D with positive
and negative sign and with the values of the same order
magnitude as the solar matter potential. In this ca
dc

112D is so large that in the conditions of the Sun none
the resonances with its participation could be realized.
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As it is easy to see,neL→NeR resonance will take place
only if MH1 or MH3 is realized, while MSW resonance wil
take place at MH1 and MH2.

Now the situation when anapole interaction will play
considerable role is possible. To achieve this one may
sume, for example, thatḞ in the region above sunspot satis
fies the relation

dc
212D1Ḟ50. ~3.10!

Then resonance, i.e.,

VeL2VeR14p~anene
1aNeNe! j z50, ~3.11!

may take place in the chromosphere above sunspot w
j z;104 A cm22 @to estimate AM formulas~2.11! were
used#.

~3! neL→NXR is an exotic resonance with spin and flavo
flipping. The corresponding condition for its observation h
the form

SneNX
5dc

112D1VeL2VXR14p~anene
1aNXNX! j z1Ḟ50.

~3.12!

For the width of this transition we get the expression

dne~neNX!;
2mneNX

B'ne~neNX!

dc
112D1Ḟ14p~anene

1aNXNX! j z
.

~3.13!

This resonance may take place only at MH1. Then, on
again, we may imagine a situation in which an anapole
teraction will turn out to be decisive for the existence o
neL→NXR resonance conversion.

~4! neL→XL resonance with flavor and spin flipping oc
curs at the condition

Snen̄X
52dc

121VeL1VXL14p~anene
1anXnX

! j z1Ḟ50,
~3.14!

which may be satisfied only for MH1 and MH2. The reso
nance transition width is defined as

dne~nen̄ X!;
2mnen̄X

B'ne~nen̄ X!

2dc
1214p~anene

1anXnX
! j z1Ḟ

. ~3.15!

The given resonance, as well as the MSW resonance, is
dicted also within the SM. However, while for the MSW
resonance the condition for its fulfillment has one and t
same form in both models, forneL→ n̄ XL resonance it is not
true. Now by means of theVeL1VXL term there are contri-
butions, connected with an exchange of additionalZ2 boson.
For the convective zone they change matter potential on
value of 1%. With the growth of neutron concentration the
contrbutions are growing and will become considerable f
such objects as neutron stars.

~5! neL→N̄eR is an exotic resonance without spin an
flavor flipping. It takes place if the following condition is
satisfied:
l
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SneN̄e
5dc

212D1VeL1VeR14p~anene
2aNeNe! j z50,

~3.16!

which might occur at MH1 and MH3. The resonance transi
tion width is defined as the following:

dne~neN̄e!;
8paneN̄e

j zne~neN̄e!

dc
212D14p~anene

2aNeNe! j z
. ~3.17!

~6! neL→N̄XR is an exotic resonance with the flavor flip-
ping. It takes place at the condition

SneN̄X
5dc

112D1VeL1VXR14p~anene
2aN̄XN̄X! j z50,

~3.18!

which is realized only at MH1.
For the resonance transition width we have the expressio

dne~neN̄X!;
8paneN̄X

j zne~neN̄X!

dc
112D14p~anene

2aN̄XN̄X! j z
. ~3.19!

A common property forneL→N̄eR, N̄XR resonances is the
fact that if the anapole interaction is absent, they would hav
been possible only in the second order of the perturbatio
theory by means of two-step resonance conversions

neL→I→N̄eR,N̄XR ,

where IÞn̄eL , NeR for ~5! and IÞn̄eL , NXR for ~6! reso-
nances, respectively.

The analysis of the picture in the case of the Dirac neu
trino is analogous. Let us only notice the fact that now the
maximally possible number of resonance conversions fo
neL is 7.

Now let us discuss OS1 predictions from the point of
view of experiment. If lifetimes of new relative to the SM
neutrinosNlR turn out to be longer than the time of the
motion from the birth place to the detecting place,NlR could
be detected in the ‘‘appearance’’ experiments. Let us con
sider, for example, perspectives for theN̄eR observation. At
mNe

,14 MeV the following decay modes dominate:

N̄eR→ n̄ lLe
1e2,n̄ lLg,3n̄ lL .

Formulas defining the widths of these decays could be foun
in @25#. The choice of parameters LRM in the form

mNe
59 MeV, mne

50.9 eV, j5u51022,

E510 MeV

leads to the domination ofn̄tLg decay mode with the width
of

G N̄e→ n̄ tg'8310222j2u2S mNe

1 MeV
D 2 MeV.

It gives for the lifetimeN̄eR the value;53105 s, while the
time of the motion from the Sun to a terrestrial detector ha
an order of ;103 s. So, if in the solar conditions
neL→N̄eR resonance is realized and a degree of deviatio
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from adiabaticity is small, then falling down on the Eart
N̄eR flux is rather intensive. The following process coul
serve as a candidate for an observation of such neutrino

N̄eR1eR
2→m21 n̄mL .

It should be noted that in the SM the reaction of th
m2n̄mL-pair production takes place only at the collision o
the left-handed electron antineutrino on left-polarized ele
trons.

In ‘‘disappearance’’ experiments they measure the s
called survival probability of left-handed electron neutrin
P (neL→neL), which could be found by means of solving th
~2.1!. It is obvious that we cannot always hope to obtain
precise solution in the analytical form. Even for a two
component neutrino systemCT5(neL ,nXL) at Ḟ5 j z50
this task was solved only in the following case of matt
density distribution: ~1! ne(z);z @27#; ~2! ne(z);
exp(const3z) @28#; ~3! ne(z);tanhz @29#; ~4! ne(z);z21

@30#. To simplify the case let us assume that the resona
localization places are situated rather far from one anoth
i.e., the conditions are satisfied

ne~k!1dne~k!,ne~ i !2dne~ i !, ~3.20!

where i ,k5nenX ,neNe, neNX ,nen̄ X ,neN̄e ,neN̄X . That al-
lows us to consider them as independent ones. Then tra
tion probabilities on resonances are defined by the expr
sion

D i5exp$2g i~zi !Fi%, ~3.21!

whereg i(z) is the adiabaticity parameter ofi resonance,zi is
the z coordinate ofi resonance, theFi value depends on a
kind of a resonance, and in the most general case, on
behavior of such quantities asḞ(z),VlL ,R , and j z near reso-
nance. Assuming that all three above-stated quantities
linear functions onz, we haveFi5 p/4 . Adiabaticity pa-
rameters are defined according to the relation

g i~z!5
8~H i !

2

sin32u iU ddzS iU , ~3.22!

where sin22ui52H i
2/(S i

212H i
2 ), andH i is a nondiagonal

element of the Hamiltonian in Eq.~2.1!, corresponding to an
i-resonance transition.

In our further analysis we shall not take into consideratio
an anapole interaction and for the sake of definiteness s
consider the neutrino to be a Majorana particle. Then assu
ing that MH1 is realized in the nature, we have four possib
resonance transitions forneL :

neL→nXL ,NXR ,NeR,n̄XL .

To such a sequence of resonances corresponds the choi
model parameters in the form

dc
12,dc

112D,dc
212D,dc

121Ḟ,0.

In the presence of several resonances we should ave
not only overneL birth and detection regions, but also ove
h
d
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the regions separating these resonances. That results in
following expression for theneL survival probability:

^P ~neL→neL!&5~cos2un ,sin
2un ,0,0,0!B

nXBNXBNe

3B n̄XS ~cnX
cNXcNec n̄X

!2

~snX
cNXcNec n̄X

!2

~sNXcNec n̄X
!2

~sNec n̄X
!2

sn̄X

2

D , ~3.23!

where k is a resonance number; (k11)3(k11) matrices
Bd (d5nX ,NX ,Ne ,n̄X), describing transitions between
eigenstates, have the nonzero elements

Bnene

d 5Bdd
d 512D̄ned

, Bned
d 5Bdne

d 5D̄ned
;

Bii
d51 at iÞne ,d, cd5cosūned

, sd5sinūned
, D̄nenX

5

Q(SnenX
)DnenX

, the functionQ(x) @Q(x)50 for x,0 and

Q(x)51 at x.0] allows the transition probability to come
into play only after reaching a resonance point and a li
above an effective angle means that it is defined in theneL
birth point.

Let us switch over to an MH2 analysis. In this case LRM
as well as the SM, predicts forneL two resonance transitions

neL→nXL ,n̄XL .

The expressions for a survival probability have the form

^P ~neL→neL!&5~cos2un ,sin
2un ,0!BnXB n̄XS cnX

2 c n̄X

2

snX

2 c n̄X

2

snX

2
D .

~3.24!

The corresponding expression for the SM follows from
~3.24! by a replacement

j5f5gR50, mZ2
→`.

Consider now a situation when a MH3 is true. Provided th

dc
212D1Ḟ,0,

there is only one resonance transition forneL

neL→NeR.

Having averaged, we obtain for the sought probability

^P ~neL→neL!&5~cos2un ,0!BNeS cNe2sNe2 D . ~3.25!

At MH4 and MH5 the oscillation scheme under conside
ation does not predict any resonance transitions for aneL
flux.

In the conclusion of this chapter let us briefly discuss OS
predictions. First of all, let us notice the absence of tran
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tions to an antiparticle sector even in the highest orders
the perturbation theory. All the possible resonance conv
sions ofneL flux are already going in the first order of inter
action. The resonance conditions have the form

SnenX

OS25dc
12~cwe

2 1cwX

2 !1dc
34~swe

2 1swX

2 !1D~c2we
2c2wX

!

1VeL2VXL50 ~neL→nXL!, ~3.26!

SneNe
OS25c2we

~dc
122dc

3412D!1VeL2VeR50 ~neL→NeR!,

~3.27!

SneNX
OS2 5dc

12~cwe

2 1swX

2 !1dc
34~swe

2 1cwe

2 !1D~c2we
1c2wX

!

1VeL2VXR50 ~neL→NXR!. ~3.28!

It is not difficult to show that by corresponding choice o
oscillation parametersneL→nXL(NeR) resonance takes place
at any mass hierarchy except for MH5~MH2! while
neL→NXR resonance can occur in the conditions of the S
only at MH1. It is important to notice that even whe
mNl

.14 MeV the mass values of the right-handed neutrin
influence the MSW resonance in the case of the small ang
we,X .

Once again, as for OS1, assuming the resonances to
well separated, we can write down analytical expressions
the survival probability ofneL flux for all the five possible
mass hierarchies. Thus, for example, in case of MH1 reali
tion we have

^P ~neL→neL!&5~cun

2 cwe

2 ,sun

2 ,swe

2 ,0!BOS2
nX BOS2

Ne BOS2
NX

3S cnX

2 cNe
2 cNX

2

snX

2 cNe
2 cNX

2

sNe
2 cNX

2

sNX
2

D .

IV. SOLAR FLARES AND THEIR INFLUENCE
ON THE NEUTRINO FLUX

At certain conditions an AR evolution may lead to a
appearance of SF which represents as itself the most pow
ful of all the solar activity events. Magnetic energy of sun
spots transforms into kinetic energy of matter emission~at a
speed of 106 m/s!, into energies of hard electromagnetic ra
diation, and into fluxes of so-called solar cosmic rays~SCR!.
In general SCR consist of protonsEk>106 eV, of nuclei
with charges 2<Z<28 and energy within an interval from
0.1 to 100 eV/nucleon and of electrons withEk>30 MeV.
Relative content of nuclei withZ>2 reflects in general solar
atmosphere composition, while proton portion depends
flare power ~for big SF power is about of;1029 erg/s!.
Pretty popular mechanism of flare appearance is based
breaking and reconnection of magnetic field strength lines
neighboring spots. This mechanism suggested in Ref.@31#
further on was developed in detail in Ref.@32#. According to
this model a change of magnetic field configuration in a su
spots group of fairly opposite polarity might lead to the a
pearance of a limiting strength line common for the who
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group. Throughout the limiting line the redistribution o
magnetic fluxes takes place, which is necessary for magne
field to have the minimum energy. The limiting strength lin
rises from photosphere to the corona. From the moment
this line appearance an electric field induced by magne
field variations causes current along the line, which due
the interaction with a magnetic field takes a form of a curre
layer. As the current layer prevents the magnetic fluxes
distribution, the process of magnetic energy storage of t
current layer begins. Duration of appearance and formati
period of the current layer~initial SF phase! varies from
several to dozens of hours. The second stage~an explosion
phase of SF! has a time interval of 1–3 minutes. It begin
from the appearance in some part of the current layer o
high resistance region, which leads to a current dissipatio
Then due to penetration of the magnetic field through t
current layer a strong magnetic field appears perpendicula
it; this process of magnetic force breaks the current layer a
throws out plasma at a great speed. Observations and th
retical analysis show that main mechanisms of accelerat
hot plasma particles from a breaking region are the follow
ing: ~1! particles are accelerated by a quasiregular elect
field, appearing at a current layer breaking;~2! betatron
mechanism, at which particles are accelerated by the infl
ence of a fluctuating magnetic field;~3! Fermi mechanism,
when particles are accelerated by the collisions with ma
netic nonhomogeneities. The height where particles accele
tion takes place is not the same for different flares. Accele
tion regions may be located either in chromosphere whe
plasma particles concentrations isn;1013 cm23, or in the
corona atn;1011 cm23. The particle distribution according
to energies and charges while in motion through the inte
planetary medium is defined by a mechanism of their acc
eration at SF and by pecularities of an exit from an accele
tion region. For high energy particles withEk>108 eV time
dependence of flux intensity near Earth represents itself a
nonsymmetrical bell-like curve with a very quick increas
~minutes to dozens of minutes! and a slow~from several
hours to one day! decrease. An increase amplitude on th
Earth’s surface for the most powerful SF may reac
;4500% in comparison to background flux of cosmic pa
ticles. The concluding stage~hot phase of SF! is character-
ized by the existence of a high temperature coronal regi
and can continue for several hours. The heating of den
atmospheric layers leads to an evaporation of a large amo
of gas, which favors a long-continued existence of a den
hot plasma cloud.

One of the characteristic flare features is its isomorphis
i.e., the repetition in one and the same place with the sa
field configuration. A small flare may repeat up to 10 time
per day, while a large one may take place the next day a
even several times during active region lifetime. Besides, t
stronger a flare is, the larger magnetic field gradient preced
its appearance. After the flare the general decrease of m
netic field gradients comes, but by the time of the next fla
the gradients return to their previous values.

Now let us discuss the factors, which may influence on
neutrino flux, crossing an SF region. Let us start from a ca
when a mixing according to OS1 takes place.

~1! A change in a twisting rate of magnetic fieldḞ and
electric current densityj z in an active zone, beginning from
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a preflare period, may result in disappearance or appeara
neL→NeR, neL→NXR , andneL→ n̄ XL of resonance transi-
tion.

~2! At motion of neutrino flux along a current layer the
resonance conditions for all the resonances under study
change due to abrupt increase of an anapole interaction.

~3! Adiabaticity conditions may be violated on all the
three SF phases which leads to an increase ofneL flux ob-
served by terrestrial detectors.

~4! While a neutrino flux crosses a dense plasma clo
evaporated during an SF in the upper atmospheric layers,
resonance conditions forneL→NXR ,N̄XR transitions could be
satisfied.

~5! A flux of particles accelerated up to gigantic energie
will also influence the neutrino moving along it. In the sim
plified form the flux motion could be imagined as a motio
with the different speed of three regions, each separat
consisting of electrons, nuclei 2<Z<28, and protons, re-
spectively. Further on for the sake of simplicity we sha
limit ourselves to consideration of electron and proton r
gions only. The terms, describing multipole neutrino intera
tions with an electromagnetic field, should be changed in
following manner:

4paik j z→4paikS r f1
1

4p

]Ez

]z D , ~4.1!

m ikB'→dikEz , ~4.2!

wherer f is a volume charge density in a region consisting
f ( f5e,p) particles, anddik is a dipole electric transition
moment between neutrino statesi andk. If for the AM aik
one uses values~2.11! then terms 4pr f andVeL have one
and the same order of magnitude, provided that a flare
curred in the chromosphere. To estimate a contribution o
dipole electric interaction let us use ford its upper experi-
mental bound@33# d,1,3310240 C cm. Then it has the
same order of magnitude as a matter potential in the ch
mosphere atEz;105 V cm. Now matter potential for the
neutrinos, found in one of the two regions, are defined by t
expressions

VeL5
1

2
~12Qf !A2~12vz

f !GFnf1VXL , ~4.3!

VeR5
gR
2

8
~12Qf !S sin2jmW1

2 1
cos2j

mW2

2 D ~12vz
f !nf1VXR ,

~4.4!

VXL,R5nf~12vz
f !(
i51

2 gi
nL,Rgi

f

4mZi
2 , ~4.5!

wherevz
f is an averaged longitudinal velocity off region,

Qp52Qe51, andnf is defined as a density off particles in
a flux. Now it is possible to imagine a situation when a flu
neL undergoes one and the same conversion both in the s
matter and in a flux of accelerated particles. Let us consid
for example, neL→NeR resonance. We assume tha
dc

212D is negative and its module is;VeL
chr, where a su-

perscript chr means that a value in brackets is taken for
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chromosphere. Let the twisting rateḞ be such that a reso-
nance condition~3.5! is satisfied in a convective zone. Then
a flux neL crossing a region consisting of accelerated proto
may undergoneL→NeR resonance for the second time pro
vided that

dc
212D14p~anene

1aNeNe!r
p50. ~4.6!

To satisfy~4.6! it is enough for the anapole interaction to b
positive and SF to take place in the chromosphere.

At OS2 realization the number of factors influencing th
neL flux is reduced to 2.

~1! Resonance conversionsneL→nXL ,NeR,NXR may oc-
cur during crossing the plasma cloud evaporated after an

~2! A resonance appearance is also possible during a m
tion in a flux of particles accelerated by an SF.

V. CONCLUSION

The analysis of the two flavor system of Majorana ne
trino from the point of view of the LRM shows that, depend
ing on the neutrino mass correlation in lepton family and o
the chosen mixing scheme, the oscillation picture may co
siderably differ relative to the SM. In the case when all th
masses are close enough to one another, the number of
sible resonance transitions for Majorana~Dirac! neL may
reach 6~7!. The appearance of new resonances is caused
NlR neutrinos belonging to an SU~2!R sector. At
m1'm2!m3'm4 and mixing of neutrino with the same he
licity but different flavor, the resonance transition numbe
of neL equal 2 and the difference from the SM is only re
duced to matter potential values. At the existing limitation
on LRM parameters the difference in potentials should n
exceed 1,2%@34#. The problem of solar neutrinos in the
LRM may as well be explained by the choice

m1!m2 , m3!m4 ,

which is dictated by mass hierarchy in grand unificatio
theories.

In this work we considered two possible mixing scheme
OS1 and OS2. The obtained expressions for theneL survival
probability may be used for obtaining allowed regions o
oscillation parameters in both schemes. Now, however, ev
in assumption

dḞ

dz
5
d jz
dz

50,

while fitting such parameters asdm34
2 , un , anduN in OS1 it

is necessary to know values of neutrino multipole momen
Neutrinos, crossing sunspots practically all the time o

their motion through the Sun and its atmosphere, are loca
in the region of an intensive magnetic field. According to th
existing viewpoints the structure of this field is rather com
plicated (ḞÞ0, rotBÞ0), and a value can vary from;108

G in the central region to;103 G in the coronal part of the
Sun. On the condition that OS1 is realized, a resonance p
ture for such a neutrino might prove to be richer than for th
neutrinos which on their way out do not face sunspots. Thu
for example, resonancesneL→NeR, neL→NXR , neL→ n̄XL
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due to a changeḞ and j z may occur both in the convective
zone and in the atmosphere. Consequently, a compariso
neutrino fluxes crossing and escaping sunspot regions
serve as a source of information on the following:~a! a struc-
ture of the solar electromagnetic field;~b! values of neutrino
multipole moments;~c! low bounds on neutrino masses ad
ditional in respect to the SM.

It is well known that when a magnetic dipole moment o
neutrino is of about 10211mB , the change of a magnetic field
in the convective zone will lead to an anticorrelation of
neutrino flux with the solar activity@35#. This time correla-
tion is not the only one from the ones predicted nowadays
a solar neutrino flux. Experimentalists may hope to obse
some more variations with a smaller time scale:~1! seasonal
n of
will

-

f

a

for
rve

variations with the maximum in July and December con
nected with the inclination of the Earth orbit plane to the Su
equator plane on the angle of 7° 15 ft@4#; ~2! half-year
variation with a September maximum caused by a change
the twisting rate of the magnetic field in the convective zon
@36#; ~3! day-night variation, caused by a neutrino interactio
with a field of the Earth matter@37#. We also discussed one
more correlation: the correlation of a neutrino flux with sola
flares whose possibilities for the first time were noted in Re
@34#. We have shown that this correlation occurs both at OS
and OS2. Let us notice that detection of the neutrino flu
correlation with solar flares is already possible on neutrin
telescopes of the next generation, where events statistics
crease on two orders of magnitude.
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