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ABSTRACT:

The seasonal effect on solar neutrino flux is studied. Two generations of Majorana
neutrino are considered. Because of the inclination of the solar axis to the ecliptic plane by an
angle of + 7° 15' and considering the toroidal structure of the solar magnetic field in the
convective zone, neutrinos crossing the sun through the equatonal plane or through regions of
higher latitude, should present different amount of suppression. Indeed neutrino going through
the equatorial plane were the magnetic field is thought to be zero, are not suspected to sufter
from any magnetic field effect, whereas those crossing it at higher latitude, hence higher
amplitude of the magnetic field, are.

However, the solar magnetic field structure is far from being well understood One is led (o
consider different magnetic field configuration. A latitude dependence 15 also needed. To
overcome such difficulty, we consider that the convective zone magnetic tield is scaled by a
parameter Bo . Hence, varying By is supposed to represent a latitude dependence of the
magnetic field.

After a statistical analysis of the available data from Homestake and Gallex experiments, limits
on neutrino particle properties are obtained, namely on the difference between the mass
eigenstates and the neutrino transitional magnetic moment.
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__ INTRODUCTION

INTRODUCTION:

Radioactive phenomena were observed since 1896, however their
interpretation became available only by around 1930. The continuity of the energy
spectra of electrons produced in p decay (assumed to be a two-body reaction), revealed
the possibility of violation of the fundamental physical laws mn such processes. Pauli
postulated the existence of a massless neutral fermion (called later by Fermi), the
neutrino. Fermi took into account this particle to establish the theory of ¢
disintegration. The theory was very successful at low energies. However, the
observation of the hypothetical particle has been possible only in 1956 by Cowan and
Reines (v,) while the observation of another generation neutrinov, had been possible
only by 1962 [1].

Up to now, many of the neutrinos properties remain unknown although their
understanding is of great importance. For instance, the neutrino is the most abundant
form of matter in the universe next to radiation. A massive neutrino should certainly
affect the density of the universe, which has to be compared to the critical density, to
deduce about the future of the universe. Neutrino is abundantly produced in the
nucleosynthesis reactions, and it plays a crucial role in the formation of heavy elements
that are the basis of organic life. There are some speculation that neutrinos constitute
the dark matter and that they are at the origin of the fluctuations that introduce local
inhomogenity in the matter distribution needed for galaxy formation [2]. On the other
hand neutrinos detection has been considered as an efficient probe of the solar interior.
However, a deficit in neutrinos fluxes from various sources, atmospheric, sun, had
been observed. The results of the operating experiments are in conflict with the most
accurate theoretical calculations. This conflict between theory and observation is known
as the solar neutrino problem. It is, for instance, a proof of the lack of precise
information on neutrino properties. If the neutrino mass and magnetic moment are
indeed equal to zero as it is the case in the Minimal Standard Model (MSM) of the
electroweak interaction, then the problem can be considered from its astrophysical

aspect. The understanding of stellar evolution seems to be closely related to that of the

1



INTRODUCTION

neutrino physics. After the understanding of the thermonuclear origin of the energy that
maintains stars in equilibrium, many efforts have been concentrated on the description
of the stellar evolution. The basic equations were given by Chandrasekhar and
Schwarzschild. However, there was no way to verify such models. Pontecorvo
proposed the detection of solar neutrinos as a probe of the solar interior. R.Davis
worked on the first experiment ;many others have been elaborated after the observation

of neutrinos deficit.

Table 1
Target Energy Source(s) Measured BSSM*
(Mev) (SNU') (SNU)
37C1 (Homestake) >0.8 223 +0.23 8.0+ 1.0
v + € Kamiokande >7 2.7 + 0.2(stat) 5.69+ 43
(1I and III) + 0.4(syst)
"1Ga >0.2 77.1 + 8.5 (stat) 31.5+ 14
GALLEX + 6.9 (syst)
" Ga >0.2 58 + 29(stat) 131.5+ 14
SAGE + 14(syst)

The different experiments confirmed the solar neutrino problem. The Gallex experiment
which had been recently calibrated confirmed that the deficit is actually a real effect (see
table 1, [3])

By considering a neutrino physics beyond the MSM or other assumptions
than those considered in the Standard Solar Model (SSM), this problem has to be
solved following these two approaches. Many solutions have been suggested.

! The unit SNU is defined to be 1 capture per 10* target atoms per second.
2 gtandard Solar Model which follows from the calculations of Bahcall.

2



INTRODUCTION

The reduction of the central temperature (T¢) of the Sun, appears to be a
plausible solution. It is the main idea that motivates most of the astrophysical
solutions. The temperature gradient characterizing a radiative transfer is proportional to
the opacity. The central temperature can be reduced by decreasing the opacity. This can
be achieved by assuming a lower abundance for the heavy elements such as iron. Other
models consider more terms in the equation of hydrostatic equilibrium than in the SSM.
In fact in the latest case, it is only the particle pressure and radiative pressure that
balance the gravitational collapse. Other forms of energy are considered in such model
as the so called: Non Standard Solar Model (NSSM). The rotational energy could also
minimize the thermal energy thus reducing Tc. Other models suppose the existence
of "Weak Interacting Massive Particles"(WIMP) which can escape from the solar core
thus opening a new channel of energy loss. NSSM are disfavored by most of the
astrophysicits. Indeed, SSM provide a good description of the sun oscillations. From an
other hand, neutrinos fluxes from different sources depend on the temperature n

different power, @ ;5 ~ T2 and @ s T? [4], no reconciliation between the different

fluxes seems to be possible.

Other possible solutions are related to neutrino physics. The different ways in
which electron neutrino can be turned out into sterile neutrino are considered. Matter
oscillation effect and resonant spin flip precession are the most favored. The possibility
of neutrino disintegration has been ruled out by SNI1987A observations. If such
process was possible, no neutrino from supernova explosion would have been detected.
20 events had been registered in Kamiokande and Homestake.

Resonant matter oscillation was first introduced by Wolfenstein and then studied in the
case of solar matter by Mikheyev and Smimov after whom it is named (MSW) [5,6]. 1t
is one of the most natural solutions, since it considers an effect that is already known to
exist for the quarks, that of flavor mixing. According to this effect mass eigenstates are

related to flavor states through mixing, provided that the neutrinos are not massless.
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Electron neutrino, for example, will oscillate to an other flavor vgor v . A second

solution is based on the possibility of a non vanishing magnetic moment. [t was
motivated by the apparent anticorrelation between neutrino rate detected at Homestake
and the eleven years solar cycle. This effect makes possible the conversion of a left
handed neutrino into a right handed one, thus becoming unobservable [7,8]. The
possibility of spin-matter resonance has been illustrated later see [9,10].

Our thesis deals with the study of the seasonal effect on solar neutrinos rate.
By considering observational limits on this effect, we determine some limits on
neutrino properties. We will consider the conjugate effect of spin-matter conversion.

The basic idea is related to the fact that the axis of the sun is not
perpendicular to the plane of earth’s orbit (ecliptic plane) but makes an angle of about
7°15°. In the equatorial plane of the Sun, the magnetic field is supposed to be minimal.
Thus neutrinos coming through the equatorial plane will not undergo as much spin flip
as those crossing the Sun at higher latitude. Because of the tilt of the solar axis, the
Earth passes through the sun’s equatorial plane twice a year, namely in the beginning of
June and December. Therefore,during these times, the neutrinos capture rate on Earth
should be higher than that during any other month. The flux in the beginning of
September and March should be minimum, it corresponds to the period when the Earth
is near the maximal latitudes (£ 7°157).

Unfortunately, very little is known about the solar magnetic field. Its
configuration could be understood as the consequence of the dynamo effect which
induces a turbulent motion of the conductive fluid of the solar matter. This motion
generates a constant large scale magnetic field superposed to a fluctuate component. [ts
toroidal form is such that it has a minimum near the sun’s equatorial plane. Homestake
experiment is the only experiment which has observed the neutrinos rate time variation
until now. The reason is possibly due to the difference in the energy domain of
sensibility of the working detectors. It is clear that the resolution of this problem will

bring more light on either the models of stellar evolution or those of neutrinos physics.
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We have divided our work in five main sections. In the first section, we will
give a brief summary of the (MSM), and will see how to associate a mass and a
magnetic moment to the neutrino, by considering it as a Majorana or a Dirac particle.
In the second chapter, we will discuss the main two effects of neutrino transmutation,
resonant matter conversion (RMC) and the resonant spin flip precession (RSFP). The
third section deals with the solar structure, we will discuss the main reactions that
produce neutrinos, and then describe the basis of stellar structure. SSM will be dealt
with as well as some of NSSM. We discuss in the section that follows the fourth one
the solar magnetic field to introduce the seasonal effect, and give details on the
numerical procedure. In the last chapter, we will go into computing the seasonal effect.
We will determine, for different magnetic field profiles, the domain of the magnetic
moment and the mass difference squared between v, and vy, for example, that could
make the seasonal effect observable. The main properties of the existing and the
projected neutrinos detectors has been relegated to an appendix.

We shall finally conclude by summarizing our results and discussing future

perspectives....

v
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CHAPTER 1
NEUTRINO PHYSICS:

1.1: MINIMAL STANDARD MODEL OF THE ELECTRO-WEAK
INTERACTION:

It is the present day wisdom in field theory that interactions are generated
from local gauge symmetries while the masses of the particles are the results of a
spontaneous symmetry breaking (SSB) of a scalar field, the so called Higgs.

The standard model for the electro-weak interaction is based on the gauge
group SU(2)®U(1) [11]. The production of the doublets (e, v.), ( u,v, ) and (7, v, )

motivated the choice of the SU(2) symmetry group. Such a symmetry will introduce

the gauge bosons coupled to the weak 1sospin currents:

J, = _L 7;.(7.\{)1.

H

J, = @L 7., a'F,

(v)

where \PLEVJ (1.1)
i -

1 .
and o, = ;)-(O'l + 10,) ; o being the Pauli matrices.

The neutral current would be identified with : J =¥, y o'V, . However,

because of the neutral current parity conservation, it seems necessary to complete the

structure of the symmetry by the U(1) group and add a weak hypercharge current J "

The three generators Q, o, , Y are such that:

6
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1
Q=0 +5Y
(1.2)

|
em 3 i i 4
or J” —Jﬂ+2Jﬂ

The masses of the propagators must follow from Higgs mechanism. In fact direct
terms (‘P'P) violate the SU(2)®U(1) symmetry. According to this mechanism a

spontaneous breaking of a local symmetry will break down the mass degeneracy.
1.1.1 : Mass Spectra:

a- Gauge bosons masses:

Consider the following Lagrangian, restricted to the (v, ,e)doublet:

Ll:WLyﬂ(iﬁ“—%&W"+%~B“}‘I’L+eRy“(i;¢“+g’B“)eR
e o 1 |
--W_W~ -_B B~ (13)
4" g4 om

where the first term represent the weak 1sospin current coupled to the three vector
W* introduced to preserve the invariance of the Lagrangian under the gauge
symmetry. The second is the weak hypercharge current coupled to the vector B*

The term in Z,that leads to the boson's masses is [11]:

o -

+ terms (h?*)

~-

(1.4)

o . L0 6
(o9 5m. o] (e w8
-

—(gjz W W) 81 W B G(
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where W' - (W’ Fiw?) / V2 should represent the observed charged bosons

1 (0
d=- —~—( 1s the chosen fundamental state,
+h)

¥2 0 )
&= (é’ i (L5)

g8 g”
g and g' are the coupling constants.

The mass eigenstates follow from the diagonalization of G.

z et 1.6
K \/'g2 +g,~ ( )

‘ SR v
with m, =0, m, =5v/grg?, m, =&

Z,. should represent the observed neutral boson, A, represents the photon.

The diagonalizing angle 0, is given by:

cos O = o —;§~—2
m, Jg" +-gf .
(Aﬂ]‘ ‘oot ey ), 4

\Z, ~siné,  cosy\W?)

The success of the MSM was in the detection of the gauge bosons in the expected
range of energy.

b-Neutrino mass:

The MSM does not incorporate the right handed component of the
neutrino. Thus it is considered to be massless. On the other hand, we shall see, no

Majorana mass term is allowed with in this framework.
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c-Electron mass:

Let us introduce the following term in the Lagrangian L:

W \(v : (Z} " (‘;J({:M (1.8)

1(0
by choosing the fundamental state to be ¢ = _ﬁ(v+ IJ’ one can deduce the

GV

electron mass to be - m, = 5

d- Case of a massive doublet:

Consider the quarks doublet (u, d). An other Higgs doublet has to be
0
considered, that is (Z } the choice of the fundamental state of ¢ will break the

symmetry of the Lagrangian to lead to the following mass term:

(¢ (0
Lz (U d)l\ d}{_Gu(u,d)L ¢,)|uR + hce i
G d,0 Vv (1 )
hence, m,, = _\[5

e- Higgs particle mass:

The Higgs potential :V(g)=pu"6"4 ca(¢" 8) A0 Lut<0 (1.10)
0
together with the following choice of the fundamental state, ¢ = —ﬁ(v + h)’ lead

to the mass associated with the Higgs particle, m, =V J 2 A

9
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I- 2 - NEUTRINO MASS BEYOND THE MINIMAL STANDARD MODEL:

I-2-1 Limits on neutrino mass:

The principal motivation for massive neutrinos came from astrophysics
and cosmology. Indeed, the rotation curves for stars of a given galaxy i.e. the plots of
their speeds against their distance from the galaxy center, show a constant velocity in
regions where stars density is the lowest ( far from the center ). By measuring the
mass to light ratio, we deduce that the bulk of matter is dark. Neutrinos could in fact
contribute to the hidden matter. Massive neutrinos can be extremely important for
cosmology as well. Standard cosmological big bang model predicts the existence of
a background neutrinos all over the universe. The number density of such
background is about 8 orders of magnitude larger than the average number density of
baryons. Hence even if neutrinos have a mass of about 10ev, they can contribute by a
huge amount to the energy density of the universe and thus affect it evolution as a
whole.

All existing data are not sufficiently precise to rules out the possibility of massless
neutrinos [12]. Limits on the antineutrino mass comes from the studies of the tritium
decay. The best upper limit is:

m, <4.5 ev (95% CL)
The measure of muon momentum in n” decays at rest gives the limit:

m, <160 ev (90% CL)
Decays such as 7~ —» v, + (5 or more hadrons) are used to extract the upper

Iimit on v mass:

m, < 29 Mev (95% CL)

v

10
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[-2-2 Mass generation:

Theoretically one can construct neutrino mass by considering it as a
Majorana or a Dirac particle. Before going further and discuss the theoretical
generation of neutrino mass, let us focus on the characteristics of Majorana and
Dirac particles [2,13,14,15,16].

The solution of the well known Dirac equation describing the evolution of

a free relativistic fermion is given by a quadrispinor field :

¥, (x) = I L{b (p)u.(p)e™ +d: (p)v,(p)e™] (1.11)

where b' and d' are the operators of creation of the particle and the antiparticle
respectively.

For massless fermions, Pauli matrices are sufficient to define solutions of Dirac
equation. Weyl representation is the most appropriate for such fields. Because
neutral particles could be identified with their corresponding antiparticles, another
description is possible, that is Majorana representation. In this case, the creation
operator of the particle is just proportional to that of the antiparticle. A Majorana

field satisfies the Dirac equation together with the Majorana condition:

cw! (x)= A, (x) (1.12)
- O & & :

where C is the charge conjugation matrix satisfying the conditions:

CyT c 1= -y, .C*C=1, cl=-¢ (1.13)

hence,
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W, (x) = I mZ{b<p)u (p)e ™ + Ab;(p) u,(-p)e™) (1.14)

where A 1s a phase factor.

In the chiral representation', v ; can be written in terms of the two-component

J , therefore, a Majorana neutrino is given by:
0

spinor field ¢: Vp =
’ (

(¢ \)
i (1.15)

V.= ¢ +v =
i e W WS

Hence, one need only one two-component field ¢ to define a Majorana particle. In
this representation , a Dirac field is a combination of two independent two-

components fields

(¢ )
% = (1.16)
L lO' b 4 J

Using Majorana condition together with the properties of the C matrix, one can
show that the CP parity of a Majorana particle can assume the values + i and that

the vector current of the Majorana field is identically equal to zero: ¥,y ‘¥, = 0.

The latest property is well expected since Majorana field do not carry any additive
charge.

The neutrino mass matrix usually originates in gauge theories of electro-
weak interaction from Yukawa coupling of the lepton doublets (singlets) with Higgs

scalar fields, some component of which develop non-zero vacuum expectation

[0 oq\ (630 (0 -o, (o, O)
To=g, o) L0 10,)’“_L02 o /737 o =y
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—

values. In order not to spoil the renormalizability of the theory, these couplings have
to be gauge invariant. Thus both Dirac and Majorana mass terms have to be
generated in such framework. Dirac mass terms arise most naturally in the standard
SU(2), ®U(1), theory containing right handed neutrino fields v, (x) as SU(2),
singlets.

The electro-weak Lagrangian can be completed by the following term:

[;2:—2:le(1/1,1)L gv, +hc (1.17)

where h.c denotes for the hermitian conjugate, ¢ is the Higgs doublet introduced in
G v
the generation of electron mass from which we deduce: m, = —\/—é:-.

However, this way of generating neutrino mass does not explain the great
disparity between the lepton masses and their corresponding neutrinos. In the
construction of mass terms, components of opposite chiralities are needed . For
particles which are identical with their corresponding antiparticles, opposite
chiralities fields can also be introduced by considering the charge conjugate of the
original field. Majorana neutrino mass term, which is indeed based on v and V" ,
cannot be generated naturally in the framework of the MSM. Indeed the product
(C'v, )"V, changes the weak isospin by one unit and the only Higgs field which is
available is an isodoublet. However, if a triplet of neutral, charged, and doubly

charged Higgs field which is conveniently expressed in a matrix form as:

—H+/J2_ ot \'
H =
HY H+/\/§J

whose neutral component has a nonzero vacuum expectation value , <H 0> =v[J2,
0

(1.18)

is introduced , the gauge invariant coupling :

13
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(¢
i)

)

where h are symmetric complex numbers leads to the following mass term:

LI’

s h*
i i § Y

k4

;A h
=8 1.t

(1.19)

)
|
|
+h

pror—"

LY

(

|

o L |
‘\/E[’lr i

The general Lagrangian mass term can be written as follows:

T '—MD[WL\PR ¥ h_(:]

: E’L[(TPT)“R'\H +h (1.20)

. .___‘* (e
5 [( ¥, +h c]
To illustrate the physical meaning of such formulation, consider the following fields:

l{*‘ +\¥ Ty + "PR
o \(fo ) ;F-_—--—"-—(—)~ (1.21.)

Notice that - f*=f and F°=F

Using the properties of the C matrix, one can show that:

TR (1.21.b)

It can be seen that the charge conjugation operator changes the chirality of the field.

The first term in L 1¢- usually known as the Dirac term, conserves the lepton charge

14
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e —— Iy

whereas the others do not. Completing L,, with the kinetic terms associated with the

kinetic terms associated with fand ¥,

= 4 - I Pl l—ML MD_‘ f
L=Fy*d, f+Fy dﬂP—(t,F)\M NI (1.22)
- D R

The diagonalization of the mass matrix gives the mass eigenvalues associated with

the eigenstates v and N. They are as it follows:

1 O | SR
m, = ; (M, +M,) (M, - M)+ 4M;]
} cosd smH\ ( } (1.23)
sin & cosf ) \I
2M,
where 120 =7
(I\JL - MR)

The interesting case 1s when Mg >> Mp . In this case the masses of v and N are

given by:

m,, = M (1.24)

the two masses differ enormously. Furthermore the mixing angle © approaches zero
so that v and N are completely decoupled.v could represent the neutrino. This 1s
known as the seesaw mechanism. It is by far the best explanation of smallness of the

neutrino mass.

15
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1-3: NEUTRINO MAGNETIC MOMENT:
I-3-1: Limits on the neutrino magnetic moment:

If the neutrino has a nonzero magnetic moment, then it will undergo a spin
flip, when passing through the convective zone. Left handed neutrinos would rotate
into right handed ones(7,8]. This effect is more appreciable when the following
condition is fulfilled:

1, Bx=l (1.25)
w, noting the neutrino magnetic moment, B the solar magnetic field amplitude and X
the neutrino travelled distance.
The solar convective zone is 2 10°km wide, the local magnetic field is expected to be

of the order of 10° G. For condition (1.25) to be satisfied, pr, must be of the order of

10" p,. However, the allowed magnetic moment for Dirac neutrino in the

minimally extended SM is far from the above value, it is just of 107" up. Two kinds
of magnetic moment can be associated with the neutrino, direct magnetic moment
and/or a (ransitional one. Before proceeding with the discussion of the
electromagnetic properties of the neutrino, let us check the present experimental

limits[2,12].Constraints come usually from laboratory experiment, astrophysics and

cosmology:
Table 2
| upper limit
10" ug
[Laboratory w(vey) — 10.8
experiments wv,) > 7.4
w(vy) —> 5.4 10°
SN 1987A 107- 10"
Nucleosynthesis 0.1

16
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From (v, e) scattering experiments, an additional diagram enters in the calculation

of the cross section due to the non vanishing magnetic moment . The additional term
in the total cross section is magnetic moment dependent, o,, =0y, +0,.

The astrophysical constraints arise from the estimation of the energy loss due to
neutrino pair emission. From stellar collapse, they are different ways to obtain
constraints on . the fact that all of the observed neutrinos events are clustered with
in a time of 10-12 seconds can be explained by the a non massless neutrino. From an
other side. neutrinos are supposed to carry out all of the gravitational binding energy
released in the process of core collapse. In the presence of the magnetic moment

interaction, the v, n the supernova core will scatter against electrons and protons to
produce right handed electron neutrino ( this is why transition magnetic moment 1S
free from supernovae constraints ). Once the v, 1s produced, it can interact with
matter mainly via it magnetic moment. Hence the energy brought by v, can be
deduced. The latest is estimated to be of about the third of the total binding energy
released in the process of the core collapse, a limit on the magnetic moment can then

be set.
I-3-2: Electromagnetic properties of neutrinos:

Physical differences between Dirac and Majorana neutrinos are well exhibited
in their electromagnetic properties(2,13].
For charged fermions, basic interaction Lagrangian contains a term:
L, =Q Py, PA*, where Q is the charge of the relevant particle. For uncharged
fermion, the interaction arise only from loops and is therefore momentum dependent.
The effective Lagrangian can be written in analogy with the above term
as:L g = ‘_P‘Z" W A* Subject to hermiticity condition, the conservation of the
electromagnetic current and the consistency with Lorentz covariance, the general
form of X, 1s:

17
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2. (p.p) = (0’7, ~a.9) [R(a") +r(a’) 7] 26
+0,,9”[Dy(a?) +iD: (a°) 7]

where R,r,Dy,,D; define the form factors.
Because of translational invariance, £, depends only on the photon momentum. The
physical significance of the form factors can be understood by considering the
nonrelativistic limit (G°—> 0). Thus Dy (0) can be identified with the magnetic
moment of the particle, Dy (0) with the electric dipole moment, R(0) is called the
charged radius and r (0 ) is the axial charge radius. The latest vanishes in the
nonrelativistic limit because of the electric charge neutrality. In the case of Dirac
particles all of the four factors are nonzero. No particular condition is assigned to the
particle field. However, in the case of Majorana particle, and because of the
identification of the particle with the antiparticle, the only nonzero form factor is
r(q’).
In the SU(2), ®U(1),, model, the one loop diagrams mediated by W-boson which

give rise to neutrinos magnetic moment arc as follows:

(a) ¥
7Y
Py
v 1 v

However. neutrino magnetic moment arising from such diagrams will
necessarily be proportional to the mass of the external fermion. Indeed, the right

chiral projections of the fermions are SU (2), singlets, they do not have any

18
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interaction with W* Hence, it seems that only the left chiralities are flowing on the
neutrino line. To obtain a chirality changing contribution, we must then put a mass
insertion on the external legs. Requiring a large magnetic moment seems to be
forbidden by the smallness of neutrino mass. Extended models have been considered.
Let us turn out to the case of Majorana neutrino. In such case, for each of the above
diagrams, their exists a second one in which all of the internal lines are replaced by
their conjugate lines. Such contribution is absent in the case of Dirac ne eutrino. To
determine the contribution from the conjugate diagrams, we notice that the charged
current interaction in the leptonic sector can be written as follows:

Lcc == g;) Z( ‘—’71.7“ PI. fW; +—€}/" PL Y W;)
V27 (1.27)

-3 gy 3(u vyt PEW +U 27" P, v, W)

3~ . - 2 N : .. .
where P, = - Y5 s the left chirality projection operator,U 1s the mixing matrix

defined in (2.2.2).

Using the definition of the conjugate field, L. can be rewritten in the form:

-‘2. v y*P LW -, (V“)fryprmcw;) (1.28)

[%‘mo

For Majorana neutrinos, one can use the proportionality between v, and (vg.)C , to

write:

L, =EFv (UL BeW, -4 U, P, (0)° W) (1.29)
R

Calculating the decay rate one can show that the direct neutrino magnetic moment

vanishes.
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CHAPTER 2
NEUTRINO CONVERSION:

In this chapter, we will be interested only in the known neutrino

generations.
2-1: RESONANT CONVERSION NEUTRINO IN MATTER:

The principal idea governing the possibility of the matter conversion
effect is already known for the quark sector. Mass eigenstates can be distinguished

from the flavor eigenstates [17, 18].
2-1-1: Vacuum oscillation:

We denote by o(P) the Hamiltonian eigenstate,
v
VP = ‘)‘ @2.1)

We are going to consider the case of two generations. The flavor states are related to

the mass eigenstates through a mixing matrix U:

vc e vl 7 ,
vh = (V,J = U(VJ (2.2.2)

b U _(cosﬁ sine} P
A “\~sin0® cosO (2.2.6)

U being the mixing matrix.

The equation of evolution of the state o P) js:
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P

i%v“’)(t) — HvO (1) 2.3)

From the definition of o) it can be seen that H 1s diagonal in this basis. Even if

neutrinos are not massless, their masses will be less important than their energies.

The following approximation is thus justified:

e 5 1 mi
E, =B, =P tm =pl¥ 3T r )
2 |p
(\ 2 0 \i
HWAY T I
0 | M
The equation of evolution for u(f) can be deduced from that of U(p)._
o _
1— V\U — I.{oka,
dx
where H'=UHU’
o mi+m A [—-cos20 sinzg} (2.5)
= -+ —— T )
P apl 4 pl \sm 26  cos2f
A= m

The diagonal term ' enters in the phase factor of the solution, thus it can be

omitted. Hence:
H'= —A—(a sin26 — o, cos26) (2.6)
4E' :

where we write | p| simply as E, o, denote for the Pauli matrices.

The mixing angle is the angle that diagonalize H', it is given by:
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12

(9(20) = -
g(“ )= }1'22 = Hn

hence v'(x) = exp(—iH'x)v"(0) 2.7

. AX i i 20 20) _ Ax) ‘”(0)
== oS— — 1o SN0 — 0, COSL SIN=——}V
(cos7p ~ 1@ ; AE

the probability of the evolution of an electron neutrino to a muonic neutrino is given

by:

P (x)=sin’20 sin’ ax (2.8)
b 4E

It is clear from this expression that the transition probability will be meaningless

when neutrinos are massless.
2-1-2: Neutrino oscillation in uniform matter:

How about neutrino oscillation in matter?
The main difference is in the dispersion relation. It is modified by the interaction

terms. In solar matter, neutrinos interact with electrons, protons and neutrons via

neutral (a) or charged (b) currents.

o
>

Ve L'e Ua €=

T4 =C € == i \( L‘a

L
- -

Charged current interaction: CC

With regard to the central temperature of the sun (~ 107 K), the impulsion
of the boson W can be neglected relatively to its mass. The interaction term takes the

following form:

(S
r2
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Loy =~ 4% {EL(px)r” v;L(pz)}{ v, (p,)7.e.(p )} (2.9.2)

Using the Fierz transformation and assuming that neutrino impulsion does not

change considerably:

4G, . : =
chf = —:/—itn {éL(pl)Y"eL(p4)}{VcL(p)vac,_(p)} (ng)

Written in this form, Leff represents a neutrino current propagating in an electron

medium. Averaging over three electron current:

Ly = <€L‘YpeL>—v:LY“ch

(y,e)=1/2 (ev,e) - 172 (e1,1) (2.10.8)

the spatial component of the Dirac current is assumed to be zero, electron velocity

distribution being a Maxwellien. We assume also that the electrons are not
particularly polarized, <éy WY ,)e> = (. HenceZ,, reduces to:
Lo = 42 Gen, (%, 7,V (2.10.b)

where n, is the electron density. Muons do not enter in the above term. Since solar

conditions do not allow their generation.
Neutral current interaction: NC

The Lagrangian of the interactions proceeding via neutral current is given

by:
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{f( w{:{157)- Qsint0,) K )}‘( ) 7, %. (P)
JQ Py J PP ) YW iP
(2.11.a)

where f denotes a nucleon or an electron.
Averaging L,, as before over the velocity and the polarization of the solar matter,

the contributions of the protons and electrons cancel in a neutral medium, because of

their opposite electric charges and weak isospin.

G .
L=t n T
ff Jz !1124 vLY( 1 (211b)
where £ represent any neutrino type.

The superposition of the two types of interaction gives:

o AN @12
where
V, = J2G, {n - Jl
¥y 5ol
o ‘/5 S £op

n, is the neutron density.

b %, o)

moim 1 1 (~Acos20+4v2GnE Asin29J

g+ BAT L Gun, + o .
"4EB o el P HE Asin26 A c0s26

(2.13)
The angle that diagonalizes /7' define the angle of oscillation in matter, it is given

by:
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5. 2, A2
Y= H{ —H, Acos20-A : (2.14.2)
A - 242G, En,

The mixing angle @'is maximal for A = A c0s26 , otherwise for an electron density

Acos20 "
such that n, = — ==, the mixing is maximal. From an other hand, the transition
242G,E

probability is proportional to sin? 26, the relation giving tg2§ can be rewritten in

the form:

T A’ sin 20 .

it P s e (2.14.b)
(Acos20 - A)" + A’sin” 20

Thus, the probability reaches a resonance at A= Acos20 , the width of the

resonance is given by: I' = Asin20. Mikheyev and Smimov first realized the

importance of the presence of such a resonance in the context of the solar neutrino

puzzle.
2-1-3: Neutrino oscillation in non uniform matter:

The study of this case is important for the case of solar matter distribution.
The evolution of the state v/is given by the equation:

'__4_ (f) _1_M¢ £)
IxY "2 (2.15.2)

where M’ is the term not proportional to the matrix unity.
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s S . |
5 v = (ﬁ U'M*U - 1U* d—g‘}\;(p'

(@ do) 2.15.b)
.g_(q)_':ﬁ ':L:z'm o
ax \v, ‘L a6 m |\

& 2E

where m, , are the eigenvalues of H’.

, 16
In the case of uniform matter (;:0 , the system (2.15.b) reduces to (2.13).

Otherwise the possibility of transition of ¥ 0 ¥, has to be considered.

Adiabaticity condition :

First of all we are going to quantify the adiabatic conditions. The evolution

of a physical state ¥/ is said to be adiabatic if doesn't suffer from any transmutation.

do| |m: -

&S{’ =TSR

or

de| Asin20 dn. (2.16.2)
3= 2G E ) 5 -

dx! V26, (Acos20 - A)* + A’sin? 20| dx |

(Acos20 - A)* + A*sin® 29] "
P S bt S B Jos

2E

Defining the adiabaticity parameter y by:



CHAPTER 2

e (A/E) sin*20 1
Y7026, sin* 26 [dn, o
| dx
the adiabaticity criteria sets that : y(x)>>1 (2.16.¢)

From (2.16.b) one can see that the propagation is said to be adiabatic when the
matter density changes sufficiently slowly. If the variation is important transition
between mass eigenstates became possible.

We suppose that the conditions of adiabaticity are fulfilled so that we can neglect the

non diagonal elements. The evolution of the state ¥, is given by:

v, (x) = cxp(—if dx'ﬁa(x')jV“(O)
P =|(v.(x)

= 2 (% GO N B O, O 0

Ve(0)>|2 2.17)

12

v, <0)>‘

Under such conditions, no transition between V. and v, is possible. The summation

reduces to a. Averaging over all the possible energies, one gets:
P& (x) = 1/2(1+ cos26, cos26) (2.18)

where @, is the mixing angle where neutrino is produced.

)
3
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Non adiabatic solution:

We denote by X, the probability of oscillation of ¥ to V,. The survival

probability of an electron neutrino is :

P, =1/2[1+(1 2X) cos26,cos26] (2.19)

Vo avy

The problem of the calculation of diverse probabilities is then reduced to the

determination of Py
Calculation of P .

The Landau - Zener method [19] for the calculation of the non adiabatic

transition probability between two states sets that:

LnP, = LnP, = -2Im[S,(t,.t,) +S,(t,.1,)] (2.20)
where S,(1,,1,) denotes the action for the motion of the neutrino beam In state v,

from some initial time t] to a transition time t(, t2 being the time when the neutrino

goes out of the non-adiabatic region.

I ¢ IPTIRg
LnP, = -LImD:Rdt LE; L?)j

(2.21.a)
IR = tl = 12
expressed in terms of A,
1 14 . .. qn)
Enb, = -—Imr &"—(““—[(ACOSZO-' A) + A° sm“ZB] J (2.21.b)

CE ()
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Using this method, Ag is the value of A for which £, = £,. For a linear variation of

A in terms of X , P[,Z 1s given by:

n Asin® 20 1

~ 4Eco0s20 | d
|— nA

LnP, = (2.22)

Hence,

3\
T
P = er( "ZYR)I

2.2: RESONANT SPIN FLIP PRECESSION:

The resonant matter precession effect is based on the fundamental
assumption of non zero neutrino mass. An other effect based on a non vanishing

magnetic moment is considered.
2.2.1: Spin effect:

To illustrate this effect, consider the simple case of the evolution of the

states (v, , v, ):

g {:J i @ B poBJ(:;J (2.23)

hence, the survival probabilities for a constant and a time dependent magnetic fields

are given respectively by:

B
P, .., (x) = cos’(nBx) 2.24)
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Note that the above expressions of the survival probabilities do not depend on
energy, whereas the matter resonant expression does (2.14.a, 2.14.b). If this effect
was the dominant effect that affects neutrinos propagation, the neutrino suppression
must be the same for the different neutrino sources. Spin flip effect has been
introduced to explain the observed time variation in the flux detected by Homestake
experiment. Since any time variation of the solar magnetic field is supposed to be
related to the magnetic field in the convective zone, let us roughly estimate the
survival probability for a left handed neutrino propagating through the convective
sone. At the minimum of activity, the argument x Bx is lower than its value at the
maximum activity. The corresponding flux is higher in the first cases than in the
second one. Thus an anticorrelation is invoked.

Consider a neutrino with a 107" z, magnetic moment propagating through the

convective zone. P, passes from unity in the minimum activity to 0.69 at the

maximum activity characterized by a magnetic field of the order of 10 kG . Hence,
for the suppression rate to be of the order of the observed one (1/3, 1/2) neutrinos

should go through a resonant zone.

2.2.2: Resonant spin matter efTect:

Consider the evolution of the states v/’ = ( v,, v, ) through the sun:

. d (vf\t (vf\.
Yy, e,

To illustrate this effect we are going to consider a zero neutrino vacuum mixing

(2.25.a)

angle. Proceeding as in the case of resonant matter precession we get [20]:
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H= A? (2.25.b)
LHB g ()

where

G

a,(t)= 2 ncf—nn)

51

a,(t)=- j—i(}f. n, (2.25.0)

n

c

n, ® ¢

n. and n,, are respectively the electron and neutron densities

€

Diagonalizing H, we define the spin matter mixing angle:

cosfg, —sinBg,
sinf,,  cosby,

v'? are the eigenvectors of H (2.26)
T . . -
g2 M T A2 5'\/:?:
556 o8

(4

where 6,, denotes for the mixing angle.
The mixing angle depends once again on the electron density. It passes through a

minimal value corresponding to v]=ve to a maximal value corresponding to v, = vV .

Transition probability:

Adiabatic solution:

0%, denotes for the local mixing angle where an electron neutrino is

produced. Thus,

v, = v, cos8y, + v, sinby, (2.27)
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R e

v, is produced in the state v, with the probability (cosBy, ). In adiabatic conditions,

no oscillation between mass eigenstates 18 possible. Then, it will be detected as an
electron neutrino with the probability (cosBg, )" However, it can be seen from the

plot of cos2 Ggy in terms of the solar radius, that such condition is fully violated near
the resonance, defined by the condition of maximal mixing. The survival probability

of an electron neutrino is then given by:

pod (a)= cos?B, cos’ Oy, + sin® 0%, sin” Oy,
= 1/2(1+ cos28, 08204, ) (2.28)
where 8, is the mixing angle at the edge of the sun

Non-adiabatic solution:

The adiabaticity parameter is defined from the condition of neglecting the
oft diagonal terms relatively to the diagonal ones, following (2.16.a):
s

| .| :
DOsd o Mz - M (2.29)
| | ‘ .

res “lres

From the expression of tg20,, and the fact that in the total extent of the solar

matter, the variation of the density is more important than that of the magnetic field -

the density varies from 102 to 10712 g/cm3 and the magnetic field from 107 at the

center to few gauss at the surface - one obtains for y:
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2
(2p.B) .
= 2.30
Y= A |dLn n, (2.30)
2E| dx |
Evaluation of transition probability:
According to the method of Landau-Zener, the transition probability is
2. i
given by: InP, =- —h-Im_[ dt(Mq, — Mg,) 2.31)
* 2 1

where tR is the time when the neutrino goes through the resonant zone, t( the time

when it goes out of the non-adiabatic region.

By considering the expressions of Mg, , and using a linear variation of the electron
12

density we get:

Ry fr dn (A’ )2 )

- s M TN 2 23

LaP , he Im]‘nl (dn—s 5p N +( p.B) (2.33)
dx )

where R, is the solar radius, n, 1s the value of n for which the mass eigenvalues are

equal, n, the value of n at the resonance.

2
R, En(2n B)
dlL.n nl

L dx

Hence: Ln P, =~ (2.34)

heA’

Ires

For an exponentially variation of the electron density, the transition probability is
given by Petcov formula. Resonance region is independent of the local magnetic

field, it's location is given by the same condition as the matter effect, namely

5J2 A?

——()-—-GF n, = 5g (2.35) , whereas the width of the resonance region is. The width

is given by: 'y, = 2B, since the probability is proportional to sin® 26, the latest
expression can be obtained by rewritten the expression of tg28,. The survival

probability of , say an electron neutrino is given by (2.20).
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CHAPTER 3
SOLAR STRUCTURE:

The Sun is the well studied star because of it proximity to the Earth. However
after decades of work . it is still not certain whether the physics of solar energy
generation s as expected. Solar neutrino experiments will bring the final decision.
In fact whereas the observed photons are last scattered (or are produced ) in the outer

0.05% of the solar radius[4], neutrinos emerge directly from the solar core.

3.1- Thermonuclear reactions:

The life history of a star is an interplay between the gravitational, the
electromagnetic and the strong nuclear forces. Main sequence stars bum their
hydrogen, the large Coulomb repulsion slows the nuclear reaction rates to an
astronomically long time scales. The determination of some nuclear reaction rates is
still uncertain (see table 2). The relevant energies are so low that the laboratory event
rates are small. This is a source of uncertainty in the calculation of stellar models.
The reaction rate enters, obviously, in the calculation of energy released by the
thermonuclear reactions. It gives the number of reactions per unit volume per unit of

time. [t is described by the formula [21]:

n() n2) (o V), 3.1)

B.= =
. 1+8,,
where n(1), n(2) are the number densities of particles of type 1 and 2, o 1s their
interaction cross section, v the magnitude of their relative velocity and the Kronecker

symbol is there to prevent double counting the identical particles.
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I

S(E
G(E):-—%)‘ exp(—271m) (3.2)

where
n=2,2,¢"/hv

The value of S (E) at zero energy 1s known as the cross section factor Sp. It is of
greal importance in the determination of cross sections at thermal energies . Usually,
cross sections are measured at energies of the order of the Mev. Using equation (3.2)
the cross sections at thermal energies can be parametrized. These computations are
important for the computation of the rate at which nuclear reactions contribute to the

total energy output of a star. It is given by:
6= 2 Q- DR (3.3)

where Q is the total thermal energy released, 4 the average neutrino energy loss
and R, for the reaction rate.

Thermonuclear reactions can be set into two chains: the pp chain and the
CNO cham.

The proton-proton chain is summarized in the following table [4]:
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Table 3
Reaction v Flux Energy Characteristics
(cm'2 ) (Mev)
prpo Hte Tve 6.10" =042 | The basis of the whole PP
chain after which follows
the name ofthe chain.
pte +tp- 7H +ve |1.510° 1.442
ZH+p-> "Hety so tast that it rate is not
important
He + "He » 'Bety Jeads to the production of
or "Be which is an important
source of neutrinos
$He + Ste »a+2p
TRe+te - Litve [4.10° 90% (0.86)
10% (0.38
"Litp > 2d
or
‘Be+p - BBy oceurs rarely (0.02%) but
it 1s of crucial importance
since it leads to the most
energetic "B neutrinos. Its
cross section is however not
well estimated.
B °Be +e +tue |58 10° < 15
BBe - 2a
or
3SHe + p"Hete + ve| 7.6 100 |s 1877
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The astrophysical factors for the reactions sHe (o,y) ]Be and 7Be (p.n 8B, S.. and S,
are the main parameters determining different solar models.

The CNO cycle contributes according to the SSM only by an order of 1.5% to the
total solar luminosity, it can be summarized as the conversion of four protons to
form an a-particle, two positrons and two neutrinos which is achieved with the aid of

12
C, the most abundant heavy isotope.

Table 4

Reaction v energy (Mev)

‘l(f t p— 15N Ty

13N - 13(: tel + ve |s 1.199

1C+p—,HN+Y
L4y 4 p 5 190+

150 ,, N +et +uve | 1.732

-N+p "’l‘fc

3.2: STELLAR EVOLUTION:

3.2.1: EQUATIONS OF STELLAR EVOLUTION:

The thermodynamical properties of any star can be described by the
conservation laws of mass, energy and the equations governing energy transport. For
a star in the quasistatic main sequence (or hydrogen burning) like the sun, some
simplifying assumptions can be considered. Spherical symmetry and quasistatic
equilibrium without material convection are quantitatively accurate for constructing
models of stellar interiors. Rotation and magnetic fields are not considered [4,21,22]
since rotational and magnetic energies are negligible compared to thermal energy.

The equation of hydrostatic equilibrium describes the balance between the

gravitational and pressure force:
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dP(r) _ GM(Dp(r)
i - o (3.4)

where P(r) and p(r) are the total pressure (radiative and thermal ) and density at a

distance r from the center of the star and M(r) the enclosed mass.

kT

Bomy %)

P(r) = 3T+

where u 1s the mean molecular weight, “-l =2X+%UY+%2Z

X, Y, Z being the fractions by mass of hydrogen, helium and heavier elements, a is
the Stefan Boltzman constant.

Nuclear energy supplies both the radiated luminosity and the local heat which

supports the star against gravitational contraction.

dl. . 98
5 =P (4nr )(Lmlw I dt

where S 1s the stellar entropy.

) (3.6)

The diffusion of this energy ( luminosity ) is guaranteed by the presence of a
temperature gradient. The energy transport can be either via a convective mode, a
radiative or conductive modes. In the absence of motion radiative transport is
favored. The repeated absorption and emissions rise the local temperature . It creates
a temperature gradient which intensity is proportional to the radiation flux LiAzr?

and mversely proportional to the mean free path of the photons ¢ .

ar 21 L, ) .
dr ~ \16 TP aAdnre) 3.7)

where 'a’ 1s the Stefan-Boltzman cconstant. Written in an other way:
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L Andr -
; il 3 xp dr .

x is the total opacity, it is the combination of a radiative and the conductive

opacities: x ' = k., + k.., . The solar interior is dominated by the radiative opacity.

3.2.2: STANDARD SOLAR MODEL:

The study of the physics of the sun is a way to explore the star's core to verify
the validity of the known theories of stellar structure. We are going to give a brief
description of the fundamental parameters that enters in the development of SSM.
The assumptions given above of spherical symmetry , hydrostatic equilibrium and
that of negiecting the effects of rotation and magnetic field are considered [23,24].
The elaboration of solar models can be summarized in the resolution of the equations
of stellar structure, generally expressed in terms of the M, enclosed mass m the
sphere of radius 1. We have to determine the time evolution of the pressure,
temperature, radius, luminosity and the mass abundance of the different clements:
PMp, t), TMp, ), r(Mr, t), Lp (Mr, t), 2i ( Mg, t). The variation of each
element 15 altered by the producing reactions and the destructive ones. Hence it is

given by:

e —Z—-~- i (3.11)

* lk - Qm
where Qjk’ 1s the energy released ( absorbed ) when 1g of the ith element 1s districted
(produced ) by k' (k" ) reaction . In the convective zone, one has to take the matter

mixing into account ( due to the motion of the particles ):
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( 8 €,. J
e | m(—;Qm_ " ZQM
TaM dM, (3.12)

conv

ot
We are dealing with a system of non linear differential equations. A satisfactory

solar model is then a solution of the evolutionary equations that satisfies boundary

conditions in both space and time. The present mass, luminosity and radius of the
sun must be finally found.

The predicted energy spectrum of the solar neutrinos is given in (fig 3.1) [4].

T T s i LB S | T3

Solar neutrino 7
spectrum y
13 - ]
— E N_-g] = Saeea, :
L 10° ;_’ no::_._-—' ' ,‘ :
i 4 — : ' :
£ 10 b AR 1
L LE : :
e[ 17 : » .
w 10 Fo- s
- g ;
= 10" b . 1
= Be - i !
. = ‘/ I I
) i/ : .
10° | aE
E pep' -
10° |- g
10’E 1 1 ll/ﬁill/n/‘l 1 Lol
0.1 1

10

Neutrino energy, g, in MeV

fig(3.1)

The dispersion of the production zone of neutrinos is one of most important
results of SSM. It is used in the study of the neutrino deficit to deduce the

conditions. neutrinos detected by each of the working experiments are concerned
with. It is given in fig(3.2)[4].
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The complexity in the elaboration of a stellar code is in the wide range of
variation of the density (10"?010% g/cm’) and of the temperature (510010’ K) .The

nuclear reactions at the energies equivalent to the solar core energy (10" K=13keV)
are not reproducible in laboratory. Their corresponding cross sections are obtained
by extrapolation. The factors S,, and S, are the most important. They determine the
production rate of 8B, the source of the most energetic neutrinos. Convective
phenomena, on the other side, are not well understood.

A- Chemical abundances: The chemical abundances of the elements affect

the computed radiative opacity and hence the temperature density profile of the solar
interior. The sun is assumed to be chemically homogeneous when it reached on the
main sequence. The present solar surface composition is assumed to reflect the
initial abundances of all of the elements at least as heavy as carbon, the surface
temperature being insufficient to favorite any nuclear burning. The mnitial ratio by

mass of elements heavier than helium relative to hydrogen, Z/X, is one of the crucial
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mput parameters in the determination of a solar model. The fractional abundances of
the heavy elements are given in [24].

B- The equation of state: The pressure appearing in the equation of stellar
structure is the superposition of the radiative and thermal pressure. A gas has to be
considered as perfect when the energy of interaction between the particles is
negligible when compared to their thermal energy. This the case for the ions. The
pressure due to the electrons is mainly affected by the degrees of ionization of the

chemical elements.

C- Radiative opacity: The transport of energy in the central regions of the sun

is essentially through photon radiation. The calculated radiative opacity depends
upon the chemical composition and upon the modeling of complex atomic processes.
Fortunately these calculations are not a major source of uncertainty for solar
neutrinos calculations. In fact, the radiative opacity in the central regions of the sun
1s mainly produced by photon scattering on free electrons and inverse bremsstralung
in the presence of completely ionized hydrogen and helium, processes that can be

calculated to a good accuracy.

Calculating procedure:

The models of stellar evolution are constructed by integrating the following

system:



s hs Ah A Aah N -

dP GM

T

dr r

Si—r—\-A—:-'ln r'p

dr

dL : ds |

—dT:47tr p{s—-T—d—t-J (3.13)
dT| 3xp L

_(—i—r—R:— 16aT’ 4nr’

ity F=1T4

drl T Pdr
R denoting for the radiative mode of transfert of energy, C for the convective mode
of transfert, [ for the second adiabatic exponent.

One has to guess an initial set of parameters ( X, X/Z), run the model using
difference equations to represent the equation of stellar evolution, calculate the
predicted characteristics of the present sun, results are iterated until numerical
agreement between the model and the observed sun is obtained. The solution of the
evolutionary equations determines the values of the mass fractions of hydrogen,
helium and heavy elements, the present physical variables inside the sun, the
spectrum of acoustic observed oscillation frequencies of the solar surface and, as
well, the neutrinos fluxes. The SSM calculations have been refined over years. The
model is in good agreement with helioseismology observation. Departure from SSM

has been presumed mainly to explain neutrinos flux deficit. Non Standard Solar
Models (NSSM) are constructed by modifying the current assumptions or input data.
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Table 5
BP TL SS (93) |DS (94) experim.data
pp (E 10) [6.00 6.02 6.1 6.04
Be (E9) |4.89 433 3.9 430
B(E6) [5.69 4.43 3.0 2.77 2.90 + 0.42
Kamiokande
IN(E8) [4.92 3.83 . 0.747
DO(ES) [4.26 3.15 . 0.217
Homestake [8.0:3.0]6.4+1.4]45 4.2 2.32+0.23
(SNU)
GALLEX |132%) 12747 |114 109 79+10+6
(SNU)
SAGE 1322 127+7 114 109 69+11+6
(SNU)
Tc (107 K) [1.559 |1.549 |1.545 [1.571
S17¢V.b |24 21 20.2 17
S34 keV . b [0.533 0.45

3.2.3:NON STANDARD SOLAR MODEL:

Before exposing the main ideas that underlay some of the proposed NSSM,

let us see why an astrophysical solution of the solar neutrino problem is disfavored

44

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

in units cm™2 5™ with the orders of magnitude indicated in the first column.
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by the present results of the four neutrinos experiments. The most compelling reason
for considering the particle physics solution comes from the failure of the present
astrophysical solutions to explain the lower Homestake rate when compared to the
Kamiokande rate. Astrophysical solutions do not destroy the neutrino energy
spectrum. We are allowed to change the amplitude of the 8RB flux, but not to deplete
only the lower energy part of the spectrum in order to reconcile the Homestake and
Kamiokande rates. However, particle physics solutions are energy dependent. The
resonance probability depends on neutrino energy and the experimental results can
be well explained in such scenario.

A class of NSSM can be characterized by lower core temperatures. The low Z
model modify the opacity[25], the rapid rotation model and the strong magnetic field
modify the equation of hydrostatic equilibrium, and the thermal pressure required to
support the star against gravity therefore decrease the emitted solar neutrino flux.
Neutrino fluxes are described by the power laws of the central temperature Te [4]:

M pp) T, Beyc T, (B o T, (3.14)
Note that the fluxes depend in different powers of the central temperature hence,
when the data are fitted to T¢ separately, the central temperatures thus obtained are
inconsistent between different experiments. Also a little variation in Tc will cause an
important variation of the fluxes. Diffusion mechanism are also considered to modify
the abundances of the chemical elements hence the reaction rates and the neutrino
fluxes[26]. Recent SSM consider Helium diffusion. However neutrinos deficit is still

present.
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SEASONAL EFFECT:

The solar magnetic field can be seen as the main superposition of a
toroidal component and a poloidal one . A toroidal field is a field whose lines of
foree are circles around the solar axis, whereas a poloidal field is a field having its
lines of force in the plane containing the solar axis. Each of the two components
is antisymmetric with respect to the equatorial plane. Tt is this antisymmetry
which plays a major role in the possibility of the observation of the seasonal
effect. The origin of the presumed semiannual dependence is the combined effect
of the inclination of the plane of the ecliptic with respect to the solar equator and
the weakening of the solar magnetic field near the equator. When the Earth is near
one of the intersection points of the Earth's orbit with the equatorial plane of the
sun (at the beginning of June and the beginning of December), the production
region of mainly the B® neutrinos is seen from the Earth through the equatorial slit
in the magnetic field and the source of left-handed neutrinos is not weakened as a
result of the leakage into right handed helicity state or into the antiparticle of any
other flavor. On the other hand, when the Earth is maximally distant from the
plane of the solar equator ( at the beginning of September and the beginning of
March ) the neutrinos arriving to the Earth traverse a strong toroidal magnetic
field and the detected flux should be minimal. Let us give a brief idea of the
present understanding on the solar magnetic field. Because the sun is a gas, it can
spin faster at the equator than at the poles, this effect is known as differential
rotation. The sun has an electromagnetic dynamo in the convective zone, the
convection and the differential rotation drive this dynamo to generate magnetic
field lines cast- west along the equator. It mixes up the polarities so that field
reverses after 11 years end the cycle repeats after 22 years have elapsed. The main

point here is that convection and differential rotation drive the solar dynamo and
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produce the magnetic activity cycle. The turbulent motion of the conducting fluid
generates and maintains a magnetic field on a large scale and produces a
fluctuating component on a small scale [27]. Neutrinos while traveling through

the convective zone will encounter each of the above components.

4.1: CALCULATING PROCEDURE:

Our thesis deals with the study of the effect of neutrino interaction with the

sun's magnetic field on neutrinos fluxes.

Let us first emphasis on the experimental situation. The Homestake experiment
detects neutrinos through the reaction: TCL+ ve—> VAr+e

which energy threshold is of 0.814 MeV. 14% of the neutrino that are detected are
from the 'Be reaction ( E = 0.86 MeV ), 78% are from the °B decay. The apparent

time variation of the detection rate motivate the possible anticorrelation of

neutrinos flux with the solar activity[28,29].
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On the other hand, Kamiokande experiment which is sensitive to all of the
neutrino flavor, detects exclusively high energy neutrinos coming from °B and
didn’t see any particular time variation of the flux. Gallium experiments observe
the lowest energy neutrinos which are produced in the pp chain. Their energy
ranges up to 0.42MeV. They account for 54% of the total flux, whereas the Be’
and B® neutrinos account for 26% and 11% respectively. No time variation has
been seen. Either this situation implies that the 'Be neutrinos are more depleted
than the °B ones or that the variation observed in Homestake is just a false effect.
Gallex experiment has recently been calibrated, it results where consistent to 1.04
[30]. This scenario appears to be consistent with an energy dependence of the flux
suppression. In fact, whereas the pp neutrinos are expected to be the least
suppressed, ’Be neutrinos undergo an important suppression at a rate which can
be as large as 50%, in which case the ’B neutrinos have to be the most
suppressed. This is why the actual solar neutrinos problem 1s said to be that of the
"Be neutrino deficit.

We consider Majorana neutrinos, and restrict ourselves to the two

generation case.

The evolution of the state v= ( v,V V. ) through the Sun is:

ey p y¥e e g

& , & 3
[(:)—E sin’@ + a (t) iE sin 26 0 uB
[ A A .
dv | zpsmn20 Tcosl 0+a,() puB 0
TG = - A |
g 0 uB -2—}—3-5121 0-a,lt) 2 EstB |
i X A
L ubB 0 4—Esm26 -chosle-—a”(t))
(4.1.a)
where
AN =m-m

u denotes for the transition magnetic moment of the neutrino,
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n, and n, are respectively the neutron and electron densities in the Sun
G is the Fermi constant.

We have considered the following electron and neutron densities in the Sun:

n(r)=24 10%exp(-1111 r/ Ry)

4.1b
(1)~ 250 a

In order to distinguish the spin matter resonance from the MSW one, we take the
vacuum mixing angle equal to zero (0 = 0). The system (4.2) decouples into two
systems describing separately the evolution of (v” V’L) and (v,,v,).

Consider the following system:

S 2.0 :
ot \_\7,1 —\“B _ég___ a”(t)J Vu ( --)

assuming that neutrinos travel through matter with the speed of light, x ~ t (in
natural units).
We are going to deduce the electron neutrino survival probability in three ways:

a/ We will first assume that the adiabatic conditions are fulfilled.

b/ We will consider a correction term describing the resonant zone where
the adiabatic conditions are almost violated.

o We will finally perform a numerical resolution of (4.2)

In the adiabatic case, the variation of the spin-matter mixing angle 0, is
so small. that the electron neutrino evolution can be deduced from that of the mass

eigenstates. That is, if the neutrino starts in an eigenstate of the Hamiltonian it
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will track that eigenstate, while the mixing angle changes due to change in matter

density.

(cos()f;,v,_ $in By | (v

“ \sinB. cosOu, J \V,

; - w )\ y (4.3.2)
P =5 (1 + cos 20, cos 20‘&’)

—

where the indices "C" and 'edge” denote for the core and the edge of the sun

respectively while ™ ad" is for adiabatic conditions. The mixing angle is given by:

Am
Bl (d (Y)+ a (t))
cos 204, = (A S s (4.3.b)
m \ 2
\\ SE (a(D+a (t))) +(2pB)
cos 20
107
057 e .
/
) ‘ /
057 /
-‘TL-*:.‘ o ,:-. Sramee 0
rl Rs fig (4.2)

However it is at the resonance that the mixing angle undergoes a large variation .
This is clearly shown on the graph fig (4.2) representing the variation of the

mixing angle versus the solar radius. In conditions such those in the sun, where

the density decreases exponentially, mixing angle would be subject
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to an important rotation somewhere in the Sun i.e.: where the resonance condition

is satisfied, that 1s, the diagonal elements of (4.2) become equal:

So2 Am’

. -G, N, = 7(4.4). Hence, we have to take into account the probability at
> 2E

the resonance. As we have seen earlier the general method for calculating such
probability follows from Landau. We have noticed that because of the smallness
of the width of the resonance («<2uB), the corrections induced in the above
method by the use of a linearly (P,,) or an exponentially (P ) decreasing of the
electron density are not significant. The following table shows the values of P, ,

P-and P, for resonance occurring in the radiative and the convective zone of

the sun for magnetic field configuration (¢)shown below. The survival probability

is given by equation (2.20), where Py denotes either for Py or Pc..

Table 6
Am*[E (ev) | PL |# Paum
. 107" 0.676 [0.684 0.638
10 0.755 10.758 ]0.726
107 0.880 [0.882 [0.850

If the mass difference between the Hamiltonian eigenstates and the energy of the
neutrinos that undergo resonance, are such that resonance occurs in the convective
zone, possible correlation between the neutrino flux and the solar activity can be
investigated.

The latitude variation of the magnetic field n the convective zone,
together with an adequate neutrino magnetic moment are presumed to be at the
origin of a possible seasonal effect. Unfortunately, very little 1s known about the
structure of the solar magnetic field, so that one is forced to use various magnetic

field configurations. In our calculations, we have assumed the transverse magnetic
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field profile to consist of two separate spherical symmetric pieces: a nonuniform
internal magnetic field with its scale defined by the parameter B, and a magnetic
field m the convective zone characterized by the overall scale B, which can vary
in time with changing solar activity. The effect its fluctuating component has not

been taken into account. We have used the following configurations[29]:

[ r 02
Bl on) 0<x <065 B =10G
Bm:i'zzf (x-o.7‘J"TI 065<x<l B, =10° -
B 1-(Tg3 ) | 06Ssxsl By =
1 02 ) ,
|B,|——— 0<x<065 B, =510'G
B(x) =1 x+02) (b)
|
|

B,/cosh|20(x~07)]  065<x<l B,=10'G

B(x)—<' ©
‘ — 07<x<l B, =312510'G
[+e‘(p[(r 09%)/001

4.5)

configuration (a) gives a vanishing magnetic ficld at the surface. For a giving
configuration and varying values of B,, we have determined the domain of
(Am’,w)that should reproduce the data. For the two extreme values of B, the
lower value 1s taken at most to be 1/10 of the upper one. We have superposed the
iso-survival probabilities contours, plotted on (Am?, u) plane. The different

values of By should modulate the magnitude of the magnetic field to simulate a

latitude dependence. For the lower value of By, describing the magnetic field near
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the equatorial plane, the survival probability is higher and vise versa. In order to
determine the maximum and the minimum fluxes with the corresponding
uncertainties, we have proceeded to a statistical analysis of the experimental
results, spread from 1970 to 1992 for Homestake experiment [31,32,33,34]. For
the Gallex experiment, the data spread from 1989 to 1992. 1t is worthwhile to
notice that the seasonal effect has |if the correlation with the solar magnetic field
is effective, to be superposed to the effect of the sunspots number.

We have considered a linear fit of the Ar rate, that is: R,, = ag + bg S, corrected

with the seasonal effect by the cosine function:

R,=a+bSz (4.6)
where z = cos(2 n (x-0.43))
S denotes for the Sunspot number , x for the time in years ,0.43 corresponds to
June.

We obtained the following results:

a=02199+ 5434 10"
b=(1.319+6.212) 10" (4.6.a)
with % =19.79

For the Gallex detector. no time variation seems to be favored, the coefficients of

the linear fit are the following:

a=(74.515 + 17.442) (SNU)
b= (-1.174 + 0.1988) (SNU) (4.6.b)
with ¥°= 10.13
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The absence of any published monthly collected data for Kamiokande
experiment, makes the analysis of the seasonal effect for this experiment
impossible. Hirata[35] shows that no seasonal effect is the Kamiokande
experiment. One can only try to deduce the minimal value of the convective
magnetic field which will cause a variation of 5% of the solar neutrino flux. Such
observations should be available in the super Kamiokande.

For the plot of the iso-probability contours, we have used the expression
(2.20) of the survival probability and Landau-Zener term for the resonant
probability.

3 The iso-probability curves correspond to March and June rates of 1992,

the experimentally available domain to the survival probability is the following:

Ry = 0.2199 +5.434 10°
Ruse = 0.228 +0.094 (4.6.0)

We have finally performed a numerical resolution of ( 4.2) [36]. We have to

v 1
solve a system of differential equations with the initial conditions: (_ } = (0)
0y :
This system is a good illustration of the importance of the calculation of the
eigenvalues of the system before choosing any numerical method.

For any differential system " = A | the stiffens coefficient 1s defined by:

Max(Re 1. |

= 4.
Min|Re A, #4

n

where Rel A, ) denotes for the real part of the eigenvalue A, of A. This coefficient

defines the stability of the system. Indeed when this ratio become important, the

usual methods for solving differential systems based on Taylor expansion to
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different orders ( Euler, Runge-Kutta ) will fail. They diverge, at once, or in the
best cases enforce the use of small stepsize < 10°.In such cases, it is worthwhile

either to use implicit methods or methods based on the following algorithm:
Y(x+Ax)=U"e™* U ¥Y(x) (4.8)

where D 1s the eigenvalues matrix , U the diagonalization matrix. For a
sufficiently small stepsize. each of the elements of U, U and D matrices vary so
slowly that the above approximation is meaningful. Decoupling the real part from
the imaginary part in system (4.2) induce imaginary eigenvalues in the spectra of
the decoupled system, such that it became unstable, and the usual methods are far
from leading to the right results. In such cases we are forced to reduce the stepsize
not to reach a better accuracy but to assure the convergence of the method. An
implicit Kutta method in which the value of the unknown function at the present

step ( say : X + A X) enters together with its value at the last step could also be

used:
Yx+Ax)=f(¥ (x+Ax), ¥ (x)) (4.9)

Finally, we have proceeded to the calculation of the average of the
survival probability over energy. For radiochemical detectors, one has to take into
account the efficiency of extraction of the transformed atoms afier the neutrino

capture. For Kamiokande detector the average survival probability given by:

[ 6@ e(E) ¢ (B) P (B)E

p==— (4.10)
Jo(® ¢ (B) ¢ (B) aB

where G(E) is the cross section for a given detector at energy E, ¢ is the

L
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distribution in energy of the neutrinos produced in the decay of B, ¢ (E)is the
detector efficiency. For the product o (£) £ (E ) @ (E). we have fitted the curves

given in [37]. Calculations will show even or not an average over energy 1s

cffective.
Table 7
E/Am* integrated probability ~ at  an
(evh probability average energy
10" 0.7217 0.726
2.10" 0.6553 0.6381
10" 0.1267 0.0801
10" 0 4432 0.4455
10°° 0.5192 0.5192

The above calculations were obtained using configuration (4.13-¢) of the
magnetic field. Whenever very precise calculations are not needed, integration of
the survival probability over energy can be skipped. Also the dispersion in the
zone of production of neutrinos should be taken into account in the computation
of the survival probability namely for the spread sources (like the pp one), see fig
(3.2). The average probability is hence given by:
y t;!o(E)s (B)é (B) P, (B)dE

1

P - (4.11)

L SR
Y foBye e ®
{ Eo
where 1, is the distance from the center, 1t 1s normalized with respect the the solar
radius, P, ,, denoting the integrated survival probability from r; to 1, f, denoting
the quantity of neutrinos produced in the volume delimited by r,and

(r, +dr) (d(Quantity)/d(R/Rs)) in fig(3.2). In the case of the B? neutrinos for which

we have performed such precise calculations no more accuracy has been noticed.
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CHAPTER §
RESULTS AND DISCUSSION:

Let us first focus on the statistical analysis we have performed. Our
choice of the fit function was dictated by our aim to look for any seasonal effect
embedded in the available data (4.6). Homestake experiment for which the
analysis was done on 101 values allows us to determine the parameters defining
the fit function. However, it seems that a more stringent analysis should be done.
Indeed, by considering the maximal error in the collected data, our results are
consistent to a confidence level of the order of 5%. one has to judge such
procedure by performing an F test for example. No information could be extracted
from the fit function related to Gallex data concerning the neutrinos parameters,
the errors on the fit parameters bemng important compared to the parameters,
although, the seasonal effect could be excluded with a confidence level of 75%.
The recent published work of the Gallex group excluded any observed time
variation with a confidence level of 82% [38].

This situation could be a guess of an energy dependence of the solution to the
possible anti- correlation of the solar neutrino flux with the Sun activity. Indeed
Gallex and Homestake experiments are concemed with different domains of
neutrino energy spectra (fig 3.1). On the other hand, we have discussed earlier
that it is at the resonance that the mixing angle undergoes an important variation
(fig 4.2). From the resonant condition (4.4) it can be seen that it is the lower
energy neutrinos which undergo resonance in deeper regions of the Sun rather
than the high energy neutrinos. Taking these two remarks altogether, one can
conclude that provided that Am’ is such that resonance for pp neutrinos (which
are the ones mostly detected by Gallex) occurs in the radiative zone ( 6.9 107 <

Am’ <1.610° (e\/'2 )) such a discrepancy could be explained.
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We have solved the system of differential equation (4.2) first by
assuming that the adiabatic conditions were fulfilled  >> 1. Assuming a constant
magnetic field of 2 10° G in the whole of the Sun, we plotted in fig (5.1.a) the
analytical survival probability of an electron neutrino produced at the center of the
Sun to emerge from its surface without changing its flavor in function of E / Am’.
E/Am’ isan important parameter in locating the resonance region. Indeed for a
resonance to occur anywhere in the Sun, E/ A m? should be bracketed between :

1 E 15 » 1 5 . .
10" < et < 10" (eV ). For a resonance to occur in the convective zone:
Am”~

(S

} ‘ 1°¢ 1
e £ 10 eV )
\m”

<

81

In a second step we have solved the system (4.2). The results are shown
in fig(5.1.b) for a constant magnetic field and fig(5 2.b) for a space varying
magnetic field by considering the configuration (4.5.0).

The numerically generated survival probability is well approximated by that
generated analytically which follows from equation (2.20). However the situation
is not very good when resonance occurs closely to the surface.

Let us give some comments on these figures.
Am’ . .
When = " comparable to p B there will be an energy dependence of the

mixing angle, (4.3.b) -the magnetic off-diagonal mixing terms become important-
and a large depletion sets in. This defines two regions of maximal depletion in the
case of differently defined magnetic field configuration in the radiative and
convective (fig (3.2.a) and fig(5.2.b)), whereas only one region of depletion is
observed in the case of a constant magnetic field (fig(5.1.a)- fig(5.1.b)).

)

Am*

=

As - decreases further, the mixing angle become energy independent and

hence the leaving off’in each of the above figures. Therefore the probability at the

edge of the Sun should depend on the magnetic field strength at the surface.
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Since the strength of the magnetic field is not well known, we have tried to see the
variation of the survival probability in terms of the overall scale of the magnetic
field both in the radiative and the convective zones. Considering the configuration

(4.5.¢) of the magnetic field and assuming a resonance in the radiative
. . . Am? . . : .
(convective) zone by taking = ~10™"* eV(10™eV), we plotted in fig (5.3.a)

(fig(3.3 b)) the electron neutrino survival probability versus B, (Bo) . What one
can learn from such curves s that for any anticorrelation with the solar magnetic
field to be significant a magnetic field as high as 10°KG for B, and 6kG for B, 1s
needed.

The main difficulty in the analysis of the seasonal effect is due to the
inexistance of any latitude parametrization of the magnetic field. To overcome
such a difficulty we have assumed that it latitude dependence could be represented
by letting B, vary. For each of the configurations given in (4.5), we have plotted
the isoprobability curves on (i, ,A m” ) plane by taking for B, the half and the
1/10 the given values in (4.5). The maximal neutrino flux has been associated
with these values. In each case we have determined the limits on u, and A m’ that
should reproduce the rates for March and June 1992 given by the fit function.

R, = (2.199 +0.543) 10"

R,. =(2.28+ 094) 10"
The allowed domain for March rate is 0.17 <R, = 0274 and for June rate it 1s
bracketed 0134<R, <0322 , sec fig (5.4.abc) fig (5.5.abc) and fig
(5.6.a.b,c).
The following table summarizes the limits obtained after the superposition of the
iso-probability curves, where the allowed domain for the plot corresponding to the
full value of B, ( when the Earth is at maximum latitude) is given by the limits on

March rate. whereas that corresponding to the reduced values of By

S9
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( when the Farth 1s near the equatorial plane) is given by the limits on June rate.
The superposition of the two domains gives the limits on the neutrino parameters,

the results are summarized in the following table.

Table7

magnetic field i, (in pp units) Am’(eV?)

configurations

config(4.3a),»By 7. 10°7° 1.710
= - 3.8 10" 1.7.10°

config(4.5b),,,Bs 19 10" 4510”
oBo 28 107 48107

config(4.5¢),:~By It 19 19107
neBo 1.1 10" 2. 107

The limits on ., indicate again that we have to look beyond the SM to
explain the neutrinos properties, namely seek models which allow one loop
contribution to the magnetic moment to be of the order of 10" g that is some
10° time the typical radiative mass in the minimally extended SM. Furthermore, it
is thus clear that only models of neutrinos which allows highly degenerate masses
are required in order to explain the solar neutrino deficit. This could come from
models which implement the sea saw mechanism (1 .26) and thus have a second
energy scale higher than the clectro-weak scale, or alternatively from models
which make use of pseudo-Dirac neutrinos (Majorana mass terms much smaller

than Dirac mass term).
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CONCLUSIONS

CONCLUSIONS:

The statistical analysis we have performed enabled us to make 1t plausible
that a time variation of the neutrinos flux do exist in the Homestake data, whereas no
time variation has been found with the Gallex data. However the treatment of the
uncertainties should be more stringent.

For the survival probability to be reduced by the allowed experimental rate
(173, 1/2), the overall factor of the magnetic field n the radiative (convective)
zoneB,; (B, ) should be bigger than 10° kG (6 kG). More precise calculations should
be done by performing numerical computations with exact distribution density of
electrons [23] and a functional dependence of the magnetic field with latitude. The
sensitivity of the solution to a fitted density 1s important ncar the surface.

We note that a more complete analysis is needed which would take into
account the MSW effect, in particular for the equatorial plane where the toroidal
magnetic field is vanishingly small, so that the deficit could be shaded by both the
MSW and the spin flavor precession .

We do mention again that a fluctuating magnetic field s supposed to exist
in addition to the mean field, the only one we have considered in our calculations,
and that it could play a role in explaining part of the flux deficit.

In the limits of our calculations, the lowest Iimits of A m”and w1, we could
obtain are given in table 7. Physics beyond the muimally extended SM should be
invoked.

Let us recall that a deficit is noticed on the neutrino fluxes from different
sources ( sun, atmosphere) and hence of different energies, an accumulation of data
is needed to conclude about the origin of the deficit. Clearly, the solution to the solar
neutrino problem lays with the data from future experiments which are planned to be
high accuracy statistics (3000events/ year) with real time event detector capability.
Some of them will offer the possibility of measuring the neutrino energy spectra,
which is by far the most crucial test of whether the solution of the neutrino problem

is an astrophysical one or a particle physics one.
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NEUTRINOS DETECTORS:

Neutrinos constitute an important way of probing solar mtertor. In fact
since the first results of Homestake experiments, many projects have been
investigated. Some experiments are working at this time, others will take their
first data in the near future. The table below summarizes the main characteristics
of the operating detectors and the funded ones{39] .

Neutrinos are either produced by P disintegration or an electron
absorption by the nucleus. They are detected via the following processes:

v, + (AZ) — e + (A Z+1) exchange of the W' boson
This is the basis of the radiochemical detectors. They are sensitive only to the
electron neutrinos. The transformed nucleus are extracted, thus no information on
neutrino direction nor on it energy are collected.

Collision: - on heavy nucleus:

ve + (AZ) —> vt (A rAY exchange of the boson Z
all neutrinos flavor can therefore be detected.

- on electrons:
Ve + € —>Vt € exchange of the bosons Z, W™
The characteristics of the recoiled electrons are correlated to those of the incident

neutrinos. The detectors based on such processes can particularly identify the
background.
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Homestake experiment:

It is a radiochemical detector, constituted of an immense volume of 615 tons of
perchloretylene C, Cly m the Homestake mine. This huge volume had been chosen
because of the smallness of the cross section of interaction of neutrinos, of the
order of 10! cm” for an energy of 14 McV.

The reaction follows the scheme:

37

e 3 Ml — €. ¥ N
After a certain time of exposure the argon is extracted. First of all, | cm’ of non
radioactive “°Ar or ®Ar is injected m the €, Cl, . It mjection will lead to the
determination of the efficiency of the extraction of argon. Indeed. the injected
quantity is compared to the recoiled one. The time of exposure 1s about of 2

months.
Kamiokande experiment:

[t is based on the following reaction of collision:

V., + & —»VWT 4
The target is a cylindrical volume of 16 m height and 15.6 m of diameter of pure
water. The electron energy is correlated to the direction of the incident neutrinos.
This experiment provided a particular proof of the solar origin of the detected
neutrinos. The efficiency of detection 1s of 30% (90%) for an energy of 52 (6.7)
MeV. The background is essentially due to gamma rays and also to the reactions
induced by the cosmic muons. However, they are absorbed by the pure water. The

fiducial volume is hence reduced to 680 tons.
Gallium experiment:

The importance of the radiochemical detectors is in the possibility of detecting the
less energetic neutrinos. This property depends on the energy threshold of the
basic reaction.

The reaction @ v, + "Ga 5 ¢ + "'Ge, has an energy threshold of 233

keV, thus offering the possibility of detecting the most abundant pp neutrinos of
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maximal energy of 420 keV. The SSM predictions for the gallium detector span a
relatively narrow range varying from 113 SNU[40] to 122.5 + 14 SNU (20) [41]
,to 131.5 £14 SNU (20) [42].

Two Gallium experiment are taking data. One is based on a target of a solution of
Ga Cl; it is the Gallex experiment in Gran Sasso in [taly, the other, the SAGE
experiment in Russia, has a solid target of gallium metal.

Gallex:

The exposure time is of 3 weeks. A volume of about 150 m'/h is injected in the
solution of Ga Cl; during 20 hours to extract the germanium atoms. The efficiency
of extraction is estimates to be of about 95% . that of counting is of 65 %. The
background is essentially due to the reaction "Ga (p,n) 'Ge, it is estimated to 4
SUN. The first results from May 1991 to April 1992 give a mean flux of 83 +19
(state) + 8 (sys). These results confirm for the first time the detection of the pp
neutrinos. A recent calibration of Gallex detector confirm the solar neutrinos
problem. By using a radioactive source of Cr. and measuring the neutrinos thus
emitted, the Gallex results are indeed fiable. The neutrino rate measured 15
(77.1£19) SNU [37], a deficit in the solar neutrino rate 1s still present. The
experiment will probably be stopped on 1997.

SAGE:

The target is a volume of 60 tons of metallic gallium in reactors cach of 7 tons.
The operation of extraction of germanium is more complex than in the case of
liquid target. The efficiency is of 80%. The background s reduced to 0.5 SNU

FUTURE DETECTORS:

Sudbury Neutrino Observatory (SNO)
It uses 1 kton of heavy water D-O. It detects neutrinos through the following

reactions:

v +d —p + p t+ ¢ exchange a charged boson

measures the flux of v.
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v +e& —v +t ¢ exchange neutral or charged bosons
measures cach of the neutrinos flavors

v +d —v + p + 0 exchange of neutral boson

The comparison of the different detected rates is o test of the effectiveness of the
flavor oscillation. A measurce of the neutrino spectra of energy is also foreseen.
Such precise measure will approve or disapprove the particle physics solution of
the solar neutrino deficit. Indeed , as it has been seen earlier , NSSM should not
affect the shape of the neutrinos spectra from that predicted by the SSM.

Borexino (first step of Borex):

It observes essentially the "Be neutrinos. In a scintillate liquid, the recoiled
clectrons are detected in comceidence with gamma rays. This detector will be able
to measure the neutrino flux at a given energy above 5 MeV . More restrictions
should be available on neutrinos parameters.

From an other side, the observation of anti-neutrinos provides tests on the naturc
of the neutrino ( Majorana or Dirac particle). The interesting reactions are the

following:

i+d —> e +n +n
v +p —> € +n
Icarus:

1t is a radiochemical detector, analogue to the chlorme one .

A s e+ PXe Eg= 0.789 MeV

The cross section of capture of neutrinos by the iodine 1s higher than that
corresponding to the chlorine. Hence , the event rate is much higher. This detector
will verify the Homestake results.
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SuperKamiokande:

It is an other new detector with a considerable improvements compared to the
Kamiokande detector ( which will work separately to S-K). It cnergy threshold 15
5 MeV. It fiducial volume 1s 22000 tons of pure water. The events rate has been
estimated to 50 neutrinos /day.

The future generation of detectors will certainly be able to verify many of the
proposed solutions. The number of events will be considerably multiplied. The

time variation will be eventually tested.



Table 9

SITE Fiducial Process E (€) Ew (V) Rate Background | Status
Mass (MeV) (MeV) Qumw._ ) (Day D)
(tons)
Homestake USA 140 TCA(v,.e)’ Ar B 0.814 0.3 0.08 taking data
(S. 615t/
= Dakota) C,Cly
SAGE Russia 60t Ga "Ga(v..e) 'Ge N 0.233 0.75 0.06 taking data
Baksan metallic 1.5 0.12
phase
Gallex [taly 30.3 "Ga(v..e) 'Ge B 0.233 0.75 0.06 taking data
Gran GaCl:+H
b Sasso Cl
Kamiokand Japan 680 vihe —vete 7.5 ~ 8.5 3 S taking data
¢ water
Super- Japan 22000 vhe -rvete 5 6 23 6.6 starting in 96
Kamiokand water
€
Sudbury Canada 1000 v +doptpte 5 6.4 27 3 starting in 96
neutrino d,0 v,he v e 3 ~6 3 3
obser- Na(l v Fd—vetptn 3 22 1.3 2.5
vatory(SN
o
Jcarus [taly 3 x 5000 vhe v e 5 6 3x8 <04 starting in 98
Gran Liqud “Ar(v..e)"K 5 10 3x6.5
| Sasso argon
Hellaz [taly 12 v te svete 0.1 0.22 15 10 - 100 proporsal
Gran Hehum
] Sasso
Borexino [taly 100 "B(v,.e)''C 25 - |x041 50 18- 117 conditionally
Gran Trimethy v e v e ¥ ? approved 96
Sasso lbo-rate 20




Index of tables :

Table 1: gives the threshold of Homestake. Kamiokande and Gallium experiments with the
corresponding measured fluxes and the calculated ones.

Table 2: gives the limits on neutrinos magnetic moment set by ditterent constraints.

Table 3: gives the energy threshold and the associated flux of each reaction in pp cham with
some of their main properties.

Table 4: gives the main reaction in CNO cycle.

Table 5: gives a list of physical quantities as caleulated by different solar models and of
experiments with their expected and measured fluxes.

Table 6: gives the analytically and numerically generated probabilities for some values of
i

Am®

Table 7: gives the numerically generated probability by averaging of not Over encryy

Table 8 gives the limits on neutrinos difference of masses and magnetic moment.

Table 9: gives the site, ihe fiducial mass, the process in which neutnnos are detected. the
energy recoil of the electrons for the experiment which are concemned with detection of
peutrinos through their scattering with electrons, ihe rate of detected peulnnos wiliy the

corresponding background, and eventually the status of peutrinoe detectors.
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Tadex of figures:

fig (3.1): shows the energy spectrum of neutrinos that is predicted by the SSM. Neutrinos
energy are expressed in MeV.

fig (3.2): illustrates the production fraction of neutrinos given by the SSM versus the
normalized solar radius.

fig (4.1):  shows the average monthly sunspot number (solid curve) versus the moving
averaged SNU rate (dashed curve) as afunction of calendar year. The scale of the ordinate is
arbitrary for sunspots and inverted (small sunspot number at the top).

fig (4.2): shows the evolution of the cosine of the mixing angle as a function of the nomalized

solar radius.

fig (5.1.a) . shows the analvtically generated survival Ps probability versus ) for a

constant magnetic field of 2.10°G.

=
3

, . E
fig (5.1.b):  shows the numerically generated survival probability Ps versus o= for a

&d

constant magnetic field of 2.10°G.

. . . E .,
fig (5.2.a): shows the analytically generated survival probability Ps versus o for the
Am”

configuration of the magnetic field given in (4.5.¢).

fig (5.2.b): shows the numencally generated survival probability Ps versus res s for the
Am*

configuration of the magnetic field given m(4.5.c¢).

fig (5.3.a): shows the variation of the survival probability Ps as a function of B, for the
configuration of the magnetic field given n (4.5.¢).

fig (5.3.b): shows the vanation of the survival probability Ps as a function of Bo for the
configuration of the magnetic tield given n (4.5.c).

fig (5.4.a,b,c): shows the isoprobability curves in (g, , A m”) plane for the levels and values of
B, discussed in chapter 5 for the configuration (4.5¢).

fig (5.5.a,b,c): shows the isoprobability curves in (U, , A m? ) plane for the levels and values of
Bo discussed in chapter S for the configuration (4.5.b) .

fig (5.6.a,b,c): shows the isoprobability curves in (p, , A m’) plane for the levels and values of

B, discussed in chapter 5 for the configuration (4.5.a) .
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