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INTRODUCTION

It is commonly accepted that stars, due to their long mean lifetime, are systems in hydrostatic *
equilibrium. Since stars continuously emit energy (in the form of radiation or particles, with velocity
higher than the escape velocity) a mechanism for the energy production must be active in the star.
The other key ingredients to describe the stellar evolution are nuclear combustions, which provide
energy, and the energy transport mechanism. If we limit our attention to stars being in an evolutive
stage which is typical of the sun, the main contribution to the energy production is due to the so

called PP chains of reactions

H+H — D+et 4y,
PPl — q H+D — 3He+ 4
3He +3He — %He-t+2H

SHe+*He — "Be+t«
PPII — { "Be+e~ — "Li+u,
"Li+H  — *He+'He

Be+H — Bty
PPIII — ¢ B8R — "Bet e + v, (1)
"Be — 2 *He

The relative importance of each of these chains depends on the temperature in the core of the star.

Once the mechanisms for energy transport are known, the evolution equation for the state of
the star can be determined. This equation links together the macroscopic variables of the system
(luminosity, mass, temperature, pressure) and the microscopic mechanisms which determine them
(energy transport and nuclear reactions). Given the equation of state and the initial conditions
(luminosity, mass, the temperature at the surface of the sun) it is possible to determine the complete
state of the system. In particular it is possible to determine the reaction rates for (I) and consequently
the neutrino fluxes.

The main source of the solar neutrino flux is the reaction:
H+H— D+et 4+, pp neutrinos (II)

Electron neutrinos are produced also in the following reactions:

"Be+e~ — "Li+u, "Be neutrinos
BN« Botet 40, BN neutrinos
B0 & BN 4t + Ve 50 neutrinos
p+e +p— D+, pep neulrinos
8B — "Be+et +u, 8B neutrinos (I11)

* For a description of the theoretical models of stellar evolution see, for example, [1]



The reactions (III) are essentially negligible from the point of view of energy production, and
the corresponding neutrino fluxes are much smaller in compazison with those due to reaction (II).
However, "Be and ®B neutrinos are easier to detect due to their higher energies. The spectra of the
different components of the solar neutrino flux are shown on fig. 1.1. Notice that the total fluxes
of the pp, "Be , 8B , pep and CNO neutrinos depend on the conditions in the neutrino production
region in the sun [2]. On the contrary, the shape of the spectra of pp, 8B and CNO neutrinos
is independent of the solar physics: it is determined only by the nuclear processes in which the

corresponding neutrinos are produced and it is known with a very good accuracy.
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Fig. I.1 Solar neutrino spectrum. The neutrino fluxes from continuous sources are given as number per cm”

per second per MeV. The line fluxes are given as number per cm? per second [3].

The predicted total fluxes are [2]:

$,, = 6.00(1 % 0.02) 10'%m™? sec™*
Brpe = 4.89(1 4 0.18) 10%cm™? sec™"
®sp = 5.69(1 % 0.43) 105cm ™2 sec™!
Bpep = 1.43(1 % 0.04) 10%cm™? sec™
B1so = 4.26(1 £ 0.58) 108cm ™2 sec™?

®isn = 4.92(1 4 0.51) 10%cm™? sec™? (IV)
where all the errors are estimated to be effective 3¢ errors in [2].
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According to the present day views abou£ how the sun ”Wofks”, embodied in the standard solar
model (SSM), neutrinos are produced in spherical regions centered around the solar center. The
dimensions of these regions are different for the different neutrinos: pp neutrinos are produced in a
region with a radius R ~ 0.20Rg, Ry = 6.95x 10° km being the solar radius, "Be neutrinos in a
region of radius R =~ 0.13Rg and ®B neutrinos in a region of radius R ~ 0.08Rg. The differential
rates of productions of the pp, "Be and 2B neutrinos as functions of the distance from the centre of

the sun are shown on fig. 1.2.
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Fig. 1.2. Neutrino and Energy production as a function of radius. The fraction of neutrinos thata originate
in each fraction of the solar radius is [dFlux/d(R/Rg)|d(R/Rg). The figure illustrates the production
fraction for B, "Be, pp and hep neutrinos. The fraction of solar luminosity that is produced at each radius

is denoted by L [3].

To our knowledge, the story of solar neutrinos begins in 1946 with the famous Chalk River
Laboratory report PD-205 by B. Pontecorvo [4]. In it Pontecorvo suggested that the nuclear reactors
and the sun are powerful sources of neutrinos. On the basis of flux and cross section estimates he
concluded that the experimental detection of the reactor neutrinos is feasible, while the detection
of solar neutrinos might be very difficult, but not impossible. In the same article the radioactive
methods of neutrino detection in general and, more specifically, the Cl-Ar method, were proposed.
As it is well known, neutrinos indeed were first detected in an experiment performed at a nuclear
reactor by Reines and Cowan in 1956 [5]. It took much longer time preparing and beginning an

experiment to detect the solar neutrinos.



At Homestake R. Davis together with his collaborators are performing an experiment running
since 1968 [6]. This experiment exploits the Cl-Ar radiochemical method for detection of solar

neutrinos of Pontecorvo. The method is based on the reaction
37 -, 37
ve+ °'Cl—e™ + °'Ar, V)

which has a threshold energy of 0.816 MeV. Due to the energy threshold and to the fact that the
cross-section is strongly increasing with the neutrino energy, the Homestake experiment is predicted
to be sensitive mainly to 8B (about 75 % of the signal) and "Be (about 15 % of the signal) neutrinos.
Notice that this experiment is not sensitive at all to the most abundant pp neutrinos whose end-point
energy is 0.420 MeV.

The experimental set up consists of a tank of 615 tons of liquid tetrachloroethylene, CyCly,
placed underground to reduce background from cosmic radiation at an acceptable level. The overall
shielding corresponds to about 4400 m of water equivalent. The 37Ar atoms counting is performed
removing the atoms from the tank and observing the radioactive decay of 37Ar (with an halflife
of 35 days) in a small proportionval counter chamber. The half-life of 37Ar determines the exposure
time which i1s about 60 days.

The average 37Ar production rate, Reqp(Ar), in the Homestake experiment, during 20 years of
measurements, reads [7]:

Rezp(Ar) = 2.33 4 0.25 SNU (vI)

(1 SNU is 10728 captures per target atom per second) which corresponds to approximately half an
atom of 37Ar produced per day and to a counting of 10-15 atoms per run. In more than 20 years
of operation Homestake experiment collected about 750 3TAr atoms.

The predicted capture rate in the Cl-Ar experiment has been calculated by many authors, We
give below the results obtained within the SSM by Bahcall and Pinsonneault [2], REP, and by S.
Turk-Chieze et al. [8], R7,

RPP(Ar) =8.0 + 3.0
RT(Ar) =6.4+4.2 (VII)

where the quoted errors are estimated to be effective 3o errors taking into account both theoreti-
cal uncertainties and uncertainties in the experimentally determined quantities which enter in the
computation.

The difference between the predicted rates gives an idea about the astrophysical uncertainties
in the calculations. We have chosen to quote this two particular results since all the other existent
results [9, 10] give predictions which lie in between the quoted (VI) one. Let us add that in the
calculation performed in [2] the helium diffusion in the sun was taken into account. This is the
only existent calculation which embodies this effect in the evolutionary code (the typical effect is to
increase the calculated ®B neutrino flux by about 10 %)

The discrepancy between the theoretical prediction (VII) and the experimental result (V1)

constitutes the essence of the so called ”Solar Neutrino Problem” (SNP).
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It was suggested that the Homestake data are anticorrelated with the eleven years solar semicycle
[7]. One way to see the correlation is to compare the signals at the maxima and minima of the solar
activity. Averaging over the two semicycles, during which Homestake detector has taken data, the

reported signals are [7]:

s{P) = 0.8+ 0.3 SNU
SP) = 41406 SNU (VIII)

where Sj(‘lzzn is the signal detected at the maximum (minimum) of solar activity
In 1986 another experiment begun a systematic measurements of the solar neutrino flux. The
Kamiokande II collaboration [11] developed a water Cherenkov detector which can detect the elastic

scattering of solar neutrinos on electrons,
Vee  —s Vge™ (IX)

The reaction (VI) is always kinematically allowed. However for technical reasons an effective
threshold of 7.5 MeV (it was 9.3 MeV in the earlier stage of the experiment [12]) is used in the
analysis of the data. Due to the large threshold energy only 8B neutrinos contribute to the signal
in the Kamiokande detector.

The experimental set up consists of a 3,000 tons water Cherenkov detector surrounded by 950
photomultipliers. Only the most inner 680 tons of the detector are used as fiducial volume for the
solar neuntrino detection. The neutrino counting proceeds through the collection of the Cherenkov
light emitted by the scattered electrons. The amount of produced Cherenkov light is proportional to
the energy of the emitting electron and this allows to measure also the electron energy. Moreover,
the Cherenkov light keeps track of the direction of the momentum of emitting electron giving the
possibility to reconstruct the direction of the electron momentum. Since the electron momentum
is correlated with the incoming neutrino momentum it is possible to measure also the neutrino
momentum.

The result of the first and second period of data taking (Kamiokande II collaboration) starting
from January 1987 to March 1990 is [13]:

$sp = 2.674+0.29 (stat.) = 0.35(sist.) 10%cm™?sec™, (X)

where ®sp is the integral 8B neutrino flux and the value is obtained assuming the SSM prediction for
the neutrino spectrum. The result (VII) corresponds to the detection of about 240 neutrinos from
the sun. The detector was subsequently upgraded (to become Kamiokande III) and the combined
Kamiokande II and Kamiokande III * result is [14]

$sp = 2.84 1 0.29 (stat.) =+ 0.35(sist.) 10°cm™?sec™! (XI)

* The Kamiokande IIT collaboration reported results based on data taken December 1990 to

August 1992
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In total about 350 solar neutrino induced events have been collected.

The predictions for the B neutrino flux are -

38F = 5.7(1+ 0.43) 10%cm™?sec™!

37, =44+33 10%cm~%sec™ - (XII)

where, again, the BP subscript refer to Bahcall and Pinsonneault calculation, the T subscript refer
to S. Turk-Chieze et al. calculation, and the error is an estimated effective 3¢ error. Therefore
we can conclude that the Kamiokande experiments have reinforced the case of the Solar Neutrino
Problem.

The Kamiokande II-III collaboration have searched for an eventual correlation of the solar
neutrino flux with the solar activity. They do not observe such an anticorrelation within a 30%
accuracy [13, 14] Finally two collaboration, SAGE [15] and GALLEX [16], begun two different

radiochemical experiments, based on the detection of the same reaction
Ve + MGa— e + "QGe, (VII)

which has a threshold energy of 0.233 MeV. The low energy threshold implies that these experiments
are mainly sensitive to the most abundant pp neutrinos (about 55 % of the predicted signal) and "Be
neutrinos (about 25 % of the predicted signal), with a small contribution coming from B neutrinos
(about 10 % of the predicted signal). Let us recall here that the predictions for the pp neutrino flux
are essentially free from theoretical uncertainties being directly related to a measured quantity, the
solar luminosity.
The SAGE experiment uses 60 tons (30 in the first stage of operation) of metal gallium placed in
a tunnel under Mount Andyrchi in Caucasus region. The overall shielding is about 4700 m of water
equivalent. The 7!Ge is removed by a weak hydrochloridric acid solution mixed with the gallium in
the presence of hydrogen peroxide, which results in extraction of germanium in the aqueous phase.
The extracted solution containing "*Ge is placed in a proportional counter where the low-energy K-
and L-shell Auger electrons and X rays produced during the decay are detected. The experiment
begun in may 1988. However, due to a strong contamination of 68Ge produced by cosmic rays when
the gallium was on the earth surface, the data taking begun in January 1990, after almost all the
68Ge atoms decayed. The result S for the period January 1990 - July 1990 (published at the end
of 1991) is [17]:
520 = 20113 (stat) & 32 (syst). (XIV)

It was obtained using 30 tons of gallium and analyzing only the data in the K peak (the background
in the L peak being larger than the signal). In August 1992, after the publication of the first
GALLEX result, the SAGE collaboration announced a new, preliminary, result based on data taken
the period June-December 1991. The announced result is [18]:

5% = 85722 (stat) + 20 (syst) (XV)
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and combining the two sets of data the following average value is obtained

Ss = 58737 (stat) & 14 (syst). (XVI)

The measurements in 1991 were performed using 57 tons of metal gallium and again using only the
data from the K peak. The whole set of data correspond to the observation of 25 "!Ge atoms.

The GALLEX experiment uses 30 tons of an aqueous solution of gallium acidified with HCI,
placed in the underground Laboratori Nazionali del Gran Sasso. The volatility of GeCly allows it
to be separated from the non-volatile GaClz by bubbling an inert gas through the solution. The
extracted germanium is then placed in a proportional counter and its quantity is measured. An
important feature is that both L and K peak data can be used for the analysis essentially allowing
a double number of counts. The result, Sg, obtained by the GALLEX collaboration after eleven
months of data taking (May 1991 March 1992, altogether 14 runs) was published in June 1992 and
reads [19]:

S¢& = 84+ 19 (stat) + 8 (syst). (XVII)

This result is remarkable since it provides the first observation of the neutrinos from the pp chain,
which, as we have already discussed, is the source of the energy of the sun. In this manner, the
GALLEX observations conﬁrm a basic element in the theory of stellar evolution.

693% (Rusmust ~Fe utawj)
Subsequently [20] m? the result for additional six months (%) of data taking was announced.

The average result reads:

S¢ = 87+ 13 (stat) + 8 (syst), (XVIII)

which corresponds to about 75 "' Ge counts.

Let us notice here that the two collaboration plan to perform calibration experiments in 1994
using calibration sources of one megacurie of 3!Cr. This will allow a direct measurement of the
extraction efficiency.

The predicted signal according to the SSM is [2, 8]:

SE, =132t sNU
SL. =123+21 SNU (XIX)

where the meaning of the subscripts and of the quoted errors is the same as in eq. (XII). Notice
that the uncertainty in the predicted signal is much lower than for the other experiments since, as
we have already emphasized, the prediction for the pp neutrinos flux is almost free from theoretical

uncertainties.

The first results of the Ga-Ge experiments published in 1991-1992 made it clear that the data
of the first generation of solar neutrino detectors (Homestake, Kamiokande II-III, GALLEX, SAGE)
will not be sufficient to resolve the solar neutrino problem which exists since the second half of 70ies.
In principle, there can be two, very different, potential sources of the discrepancy between the solar
neutrino observations and the corresponding predictions based on the SSM. First, it is impossible,

at present, to exclude the possibility that the current SSMs do not predict correctly the 8B and
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"Be fluxes (this possibility is conventionally referred to as astrophysical solution). However, it was
shown recently, on the basis of very general arguments, that,-if the solar neutrino data (VI), (XI)
and (XVIII) are correct, an astrophysical solution of the solar neutrino problem is very unlikely (if
not excluded) [10, 21]. Second, the SNP can be ascribed to the existence of unconventional neutrino
properties (neutrino physics solutions). This second possibility is the main subject of investigation
in the present thesis.

If neutrinos have unconventional properties, the solar electron neutrinos can take part in a
number of physically rather different processes when they travel from the central part of the sun to
the surface of the Earth. They can undergo:

i) Neutrino Oscillations in Vacuum into different weak eigenstate neutrinos (v, and/or v, and/or
sterile neutrinos v,), on their way from the surface of the sun to the earth [22-24],

ii) Matter-Enhanced Transitions, ve — Vyu, Vr, Vs while they propagate from the center to the
surface of the Sun [25, 26],

iii) Spin or Spin-Flavour Precession in the magnetic field of the sun [27-29],

iv) Decay into a lighter neutrino and a very light or massless scalar particle v, — ' + ¢ [30].

The vacuum oscillations v, « v, (r, 5) and the matter-enhanced (MSW) transitions v, —
Yy, (r, s) can take place if neutrinos have nonzero masses and lepton mixing occurs in the weak
charged lepton current. The matter-enhanced transitions of the solar neutrinos can be generated
by neutrino changing neutral current interaction and flavour diagonal but flavour nonsymmetric
neutrino interactions with the ordinary matter [31] even in the absence of lepton mixing (32, 33] and
neutrino masses [32]. Neutrino decay is possible only if neutrinos are massive, lepton mixing occurs
and if neutrinos are coupled to an almost massless scalar.

All these possibilities have been thoroughly studied in the literature and they appeal to physics
beyond the Standard Theory of Strong and Electroweak Interaction or Standard Model (SM) and
most of them imply that neutrinos are massive and that lepton mixing exists.

The existence of nonzero neutrino masses and lepton mixing is closely associated, according to
the gauge theory of electroweak interactions and its possible extensions, with the non conservation
of the global lepton charges Lg, Ly, L..

The hypothesis of massive neutrinos can be implemented with only minor modification of the
SM, namely with the introduction of right-handed neutrino states. However, this option leaves
unexplained the smallness of neutrino mass with respect to the quark and the lepton masses of
the same family. Basically only two known mechanism of neutrino mass generation provide an
explanation of the smallness of neutrino mass: the see-saw mechanism [34] and the radiative one (a
well known example of the second one is the Zee model [35]). In many extension of the SM and in
particular Grand Unified Theories (GUT) like SO(10), non minimal SU(5) and string inspired low
energy effective theories these mechanisms are naturally implemented and a small neutrino mass
appears.

In the see-saw mechanism the active neutrinos are supposed to mix with sterile partners. The
smallness of neutrino masses is connected to the existence of a fundamental scale M much large

than the electroweak scale (M can be either the scale of the unification of strong and electroweak
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interactions or some intermediate scale of the theory like the left-right symmetry breaking scale).
The typical size of the active neutrino mass appearing in these models is M3 /M. In the radiative
mechanism of neutrino mass generation it is assumed that neutrino masses are zero at the tree-level.
They arise only as radiative corrections which are vanishing in the limit of zero mass of the charged
lepton (or more seldomly of the quarks). This naturally implies a hierarchy among the neutrino
masses and the charged lepton masses.

In addition to massive neutrinos, the hypothesis that neutrinos have a magnetic moment large
enough to affect the evolution of solar neutrinos requires the introduction either of new spontaneously
broken gauge symmetries [36], addressing therefore the issues of the hierarchy of lepton masses and
of the family structure of the SM, and/or the introduction of a non trivial pattern of scalar particles
with masses quite close to the electroweak scale [37].

Finally, the neutrino decay hypothesis requires again massive neutrinos. In addition an almost
massless scalar is needed. Barring fine tuning of the parameters the only possible candidate is a
Goldstone boson [38] which can typically be associated with the spontaneous breaking of the lepton
number symmetry. Therefore in this case also a spontaneous breaking of a global symmetry plays
an important role.

From the previous discussion it should be clear that the solar neutrino experiments are testing
the fundamental symmetries of the electroweak interactions and are searching for effects beyond
these predicted by the Standard Model. As it was indicated earlier, our hopes for understanding
the origin of the SNP are associated with the next generation of solar neutrino experiments, some of
which will become operative in 1995-1996. We shall next briefly discuss the planned capabilities of
three of these experiments: SNO, Super Kamiokande and Borexino. The next generation detectors
have all the common feature to be high-statistic experiments with respect to the first generation
experiments (Chlorine, Kamiokande, Gallium) for which a few hundreds of events have been collected
in several years of operations. Moreover all these three experiments are real time experiments in
contrast to to the radiochemical experiments (Cl-Ar and Ga-Ge).

At the end of 1995 two experiments, SNO [39] and Super Kamiokande [40], are expected to
be operative and to have the capability to measure the neutrino spectra. Super Kamiokande is
essentially an enlarged (50, 000 tons of water, corresponding to about 22, 000 tons of fiducial volume)
version of the existent Kamiokande detector. SNO will be a Cherenkov detector using 1,000 tons
of heavy water designed for the detection of e~ from the reaction v, + D — e~ + p+ H. Both
collaboration plan to have an effective threshold for the electron kinetic energy of about 5 MeV and
therefore they will be sensitive to 8B neutrinos only. The predicted events rate for this two detector
is approximately 10 neutrino scattering per year. Since we already know from Kamiokande II-I1I
results that the observed capture rate cannot be lower than 2 <+ 3 times the predicted one we are
left with at least a few thousands events per year.

At the end of 1996 Borexino [41] detector is expected to be operative. The aim of this detector
is the measurement of the strength of the Berillium line with an impressive statistic (the predicted
rate is 50,000 events per year). The neutrino counting is again performed through the detection

of scattered e~ which are however revealed trough their scintillator light. Borexino is expected to
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detect the electron from v e~ elastic scattering up to a recoil electron energy of about 250 KeV. Due
to the large number of events this detector is expected to have strong capability to reveal neutrino
mixing in vacuum in the case of large mixing angles for Am? in the range 1077 + 107! (eV)?. In
principle one expects that the information about the "Be line strength measurements will have a
great impact also in the analysis of the matter induced neutrino oscillations. In fact in combination
with SNO and Super Kamiokande, which determine the 8B neutrino flux and with GALLEX and
SAGE which measure a combination of pp, "Be and 3B neutrino fluxes, the determination of "Be
neutrino flux should allow the determination of the pp component of the spectra which is almost
completely independent of the solar model (only 2 % h).

Finally in a second stage SNO detector will also attempt to measure the total content of active
neutrinos coming from the sun irrespective of their flavour exploiting the reaction vy + D? —
vy + n + H which is mediated by the Z boson exchange and require only the presence of an active
neutrino. The detection will be performed trough the observation of the v rays released in the capture
of the free neutron by the target material. This reaction is conventionally referred as neutral current
reaction in literature while the previously discussed v, +D — e~ -+ p-+p, being mediated by the wt
boson, is usually referred as charged current reaction. The predicted rate for the neutral current

reaction is about 2 x 10% events per year.

The present thesis is mainly devoted to the analysis of the neutrino physics solutions of the
solar neutrino problems.

In CHAPTER 1 we review the theory of the neutrino oscillations in vacuum [22] and the theory
of neutrino oscillations in matter (MSW effect) [25, 26]. These theories represent the basic technical
ingredients of the original results described in the subsequent chapters. We discuss also the current
status of the vacuum oscillation solutions of the SNP and review, qualitatively, the solutions based

on the idea of matter-enhanced neutrino transitions.

In CHAPTER 2 we analyze [42) the MSW solution of the SNP. The system of evolution equations
for neutrinos crossing the solar matter is solved numerically. We determine the regions of values of
the relevant parameters, characterizing the neutrino transition in the sun, for which the predicted
signals agree with the experimental data (Homestake, Kamiokande, GALLEX and SAGE results).
The computation is repeated using both Bahcall and Pinsonneault and Turk-Chieze et al. prediction
to study the effect of the theoretical uncertainties. We then concentrate on the expected results from
the future detectors with particular emphasis on the measurements of the neutrino spectra, of the
"Be line and of the neutral to charged current ratio.

Using x? analysis we compute the region of parameters where a detectable distortion of the
spectrum will take place. This information is completely independent from the standard model and
therefore it allows to study neutrino properties without any reference to the source strength.

We than study the impact of the measure of "Be neutrinos flux in testing the MSW hipothesys.
To this end we assume for the experimental errors the ultimate errors which are expected in 1997

for the Kamiokande, Chlorine and Gallium experiments.
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Finally we concentrate our attention o the neutral to the charged current ratio. We determine
the region of parameters where a charged to neutral current ratio significantly (larger than the
detectors sensitivity) different from one arises.

Particular emphases is given to the relevance of these signal in the region of parameters allowed

for the solution of the SNP.

In CHAPTER 3 we discuss the hypothesis that neutrinos have unusual electromagnetic prop-
erties, such as an electric dipole moment or a magnetic moment. In this case the interaction of
neutrinos with the solar magnetic field can induce the transition of the left-handed electron neutrino
into a right-handed neutrino state either sterile (right-handed electron neutrino) or active (right-
handed muon or tau antineutrino) [27, 28]. The main interest in this effect is due to the fact that it
can explain the suggested correlation of the signal with the solar activity [28].

To understand if neutrino spin-flip can be effective in the sun it is crucial to determine the
magnitude of the neutrino magnetic moment and the solar magnetic field which are required im
order that observable effects can occur. The answer to this problem is connected with the magnetic
field spatial shape which is unknown and in principle arbitrarily complicated. This has lead in the
past to some conceptual misunderstanding. We derive [43] a rigorous lower bound on the magnitude
of the product of neutrino magnetic moment and the solar magnetic field which is required in order
that a given spin-flip precession takes place for solar neutrinos.

The solar neutrino data can be described in particular using the so called "hybrid models”
where it is assumed that the spin-flavour conversion is assisted by vacuum oscillations or the MSW
effect. A very important predictions of this class of models is the existence of a ¥, component in the
solar neutrino flux. It arises as a result of the interplay of flavour v, — v, transitions and spin-flip
v, — U, transitions. Using the data of Kamiokande II experiment which can detect U, via the
reaction U, + p — n + e+, we derive [44] a stringent upper limit on the ¥, component of the solar
v, flux. This upper bound rules out the class of two neutrinos hybrid models which require large

lepton mixing in vacuum.

In CHAPTER 4 we propose [45] an alternative hybrid model which is qualitatively compatible
with the data and is free from some internal theoretical inconsistency typically characterizing the
hybrid models. We consider all the three neutrino flavors and we assume that the lepton number
L.+ L. — L, is conserved. The particle spectrum of this model consists of one massive Dirac
neutrino and one massive Weyl neutrino. An unquenched spin flip can occur between the left and
right helicity states of the Dirac neutrino while oscillation, can occur between the Dirac neutrino
and the Weyl one. The model we propose requires only one mass scale and does not predict ¥,
production.

Then we study the neutrino evolution problem postulating that the magnetic field is present
only in the convective zone. We examine in detail the evolution equations for the neutrinos looking
in particular at the condition under which the neutrino evolution is adiabatic or non adiabatic. This

discussion is valid also beyond the specific contest in which is made.
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In CHAPTER 5 we consider the possibility that solar neutrinos decay on the way to the earth
[30]. Since the fast radiative decay is excluded both from particle physics and astrophysical argu-
ments, one has to consider "fast” invisible neutrino decay.

The observation of the T, pulse from SN1987A [11, 46] rules out the neutrino decay solution
of SNP with negligible neutrino mixing [30], which requires a v, (we remark that, in vacuum, the
decay properties of v; and U; are the same, namely I', = T'5) decay length adjusted to the sun-earth
distance. However, the case [47, 48] when the neutrino mixing angle o is substantial remains an
open possibility.

We determine [49] the allowed region of parameters which could explain the Homestake and
Kamiokande solar neutrino data. We obtain also the prediction for Gallium detectors. The com-
parison of this prediction with the recent GALLEX results shows that this scenario is strongly
disfavoured. Omne of the central phenomenological feature of this scenario is the appearance of a
substantial flux of solar ¥.. We examine the perspective for the detection of this signal.

Matter effects can drastically alter the properties of neutrino decay [47]. In particular in matter
the v, — T, + x (x is a light scalar) decay become possible. In the second half of CHAPTER
5 we revisit [50] in great detail the characteristic of the matter induced neutrino decay (decay
amplitudes, kinematics, energy distribution of the decay products) and we examine the perspective

for the possibility to detect this interesting signal.



CHAP. 1
NEUTRINO OSCILLATIONS IN VACUUM AND IN MATTER

‘We now consider the possibility that neutrinos are massive. Generally neutrino flavour eigenstates
do not coincide with mass eigenstates. Neutrinos produced in weak processes, therefore, are linear
superpositions of neutrinos with different masses. During the propagation the mass splitting among
the different neutrinos induces a phase shift among the neutrinos with different masses. Due to this
phase shift the flavour content of the initial neutrino depends on time. This physical possibility is
called neutrino oscillations [22].

If neutrinos are moving inside a dense medium neutrino evolution can be substantially modified.
Even neglecting neutrino scattering, the coherent interference of the forward scatiering amplitude
with the unscattered wave modifies the dispersion relations for the neutrino. This can induce an
effective mixing angle in matter strongly different from the vacuum mixing angle {25].

The occurence of both type of oscillations can influence the flavour content of neutrinos coming
from the sun.

In the case of vacuum oscillations two quite different possibilities can occur:

a) if the oscillation length is adjusted to be of the same order of magnitude of the sun earth
distance (just-so oscillation) [23, 52, 53], it is possible to observe the oscillations with energy of the
flavour content of the incoming neutrinos. The survival probability for the flavour of the initial
neutrino can be as small as zero. In this case the modification of the spectrum of electron neutrino
coming from the sun depends on the neutrino energy and experiment with different thresholds are
expected to detect different signals [53].

b) for oscillation length smaller than the sun earth distance the energy resolution of the detectors
average over the oscillating term and its net contribution to the signal is negligible. In this case it
is expected an energy independent modification of the spectrum and the survival probability for the
flavour of the initial neutrino is fixed and larger than 1/N, N being the number of neutrinos involved
in the oscillations. The only possible difference arises among the experiments which employ different
reactions to reveal neutrinos due to the contribution of neutral current interactions. In this case no
oscillation at all is observed, however, also this case is almost always referred as neutrino oscillation
in the literature.

In matter, for squared mass splitting in the range 107* + 10789 (eV)? the effective mixing
become maximal in some region inside the sun core independently of the vacuum mixing angle [26].
The v, — v, transition probability is energy dependent and even with small vacunm mixing angle
can be large. Also in this case experiments with different threshold energies are expected to give
different results.

Given the present experimental situation and uderstunding of the solar dinamic both the
ipothesysis can explain the solar neutrino problem and are compatible with the experimental re-
sults. Vacuum oscillations require large mixing angle and just-so oscillations, in addition, require a

very specific mass splitting. On the contrary matter oscillations can occur with both large and small
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vacuum mixing angles and for a rather wide mass range, avoiding the fine tuning of the relevant
parameters. -

Neutrinos can be either Dirac or Majorana particles. For relativistic neutrinos the description
of neutrino oscillation is the same in both cases (neglecting correction of order m,/E,, m, and
E, being the neutrino mass and energy respectively); therefore we shall consider for definitness

Majorana neutrinos.

§1.1 The Relevant Lagrangean for Neutrinos

For simplicity we limit the discussion to only two neutrinos since the extension to three (or more)
neutrinos is straightforward. In terms of the flavour neutrino fields, the kinetic term of the lagrangean

density for neutrinos is
L =i0(2)YaBaVe(T) + i0u(2)7a0avu(z)
+ 5 (maer ()Cve(@) + meuv (2)Cv(o)
+ m#eu;{(z)CVe(m) + m,,,,uZ(m)Cul,(:c) + h.c) (1.1)

where C is the charge conjugation matrix and v, are left-handed spinor fields. Due to the relation
C = —C7T and to the anticommutation of the spinor fields we get m,, = my.. Out of the three
complex phases in m,, my, and me, two can be reabsorbed redefining the phases of v, and v,
and these phases can be eliminated from the lagrangean of the standard model using the freedom
of redefining the phases of the electron and muon fields which are unobservable. Only one phase is
phisically relevant in the lagrangean (1.1) [54]. This CP violating phase does not exist in the case
of Dirac neutrinos, however as we shall see it is irrelevant in the description of neutrino oscillations.
For convenience we redefine the mass parameters in (1.1) as follows:
——
Mpp = mye” 2
Mgy =M (1.2)
where m,, m,, m and § are real positive parameters.

Given the lagrangean (1.1) the neutrino mass eigenstates are the Majorana fields vy, va:

v, =e'?(cos av, + sin avy)

vy :e_iﬁ(— sin av, + cosavy) (1.3)
where
cos 2a = Me — T =
V(1mee — myy)? + 4m?
-2
sin 2a = m (1.4)

\/(mee —myu)? + 4m?
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The Lagrangean (1.1) can be rewritten as:

L = i01(z)Ya0avi(z) + W2 ()70 Bata(z)

1
+ E[mluir(z)Cul(z) + mavd (z)Cra(z) + h.c.] (1.5)
where
1
m :"z'(mee + My — \/(mee — myy)? + 4m? )
1 ; ;
m3 :g(mee + My + \/(mee — myy)? +4m? ) (1.6)

§1.2 Propagation of a Flavour Neutrino State in Vacuum

We now study the propagation in the vacuum of an electron neutrino produced in a weak process.

If this neutrino has been created at the point x, and time {; = 0, the neutrino wave packet is:

[90x)) = [ dpla(p) | vapeP) 4 b(p) | vap)eol—)] (1.7a)

where a(p) and b(p) are momentum distribution peacked around the momenta p; and ps respec-
tively and with widths Ap; and Ap; and | vjp) is a j-type neutrino with definite momentum p and

the usual normalization

/ dp | a(p) =1
[ v 18w P=1

(vma || Vip) =6imb(p — q)
(x || vjp) =P~ (1.78)

In the relativistic limit we can neglect term of order m/py and p; ~ p2 = po, a(p) = cos aay(p)e’’

and b(p) ~ —sin aao(p)e™*’. After a time ¢ the neutrino propagates in the following way
| be(x,2)) = _/dp [a(p) | vip)e PEx0)=E1t] 1 p(p) | gy ) eltPOx—x0)=Eatl] (1.8)

where E;(p) = /p? + mjz-. Therefore at time ¢ the wave packet will be located around a point x;

at a distance d = vt, v denoting the velocity of the neutrino wave packet. For a relativistic neutrino
v 2= ¢ and so p(xo — x1) = pt. ;

The probability amplitude for the emitted neutrino to be detected at a time ¢ as an electron
neutrino located around x; is Aee = (¥e(x1) | ¥e(x0,t)). Using egs. (1.7) and (1.8) we obtain

Age = /dp [cos® @ | ag(p) |? ellPxr=%0)=Eutl 4 5in? o | go(p) |* e'lP(¥1—%0)~Eal] (1.9)
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For small m/p we get E;(p) =p+ m?/Zp. In this limit we obtain from (1.9)

Age = /dp [cos® a | ao(p) |? e~ it/ 4 gin? o | ao(p) |? e“i’"gl/z”] (1.10)

If the width Ap of the wave packet is small in comparison with the neutrino momentum pg, for all

the relevant momentum p we get

m'Z m2 2 qQ

= — 4 —sq+ O0(%

2p  2po 2P} (pﬁ)
p=po+g (1.11)

Exactly in the same way taking for the v, state the ortogonal one to v, state we get A.,. The
probability P, to detect the original v, as a v, is the square of the probability amplitude, from
(1.10) and (1.11) we get:

1.,
Pee(t) =1-— 5 sin” 2a(1 — Ccos &)

1
P.,(t) = 5 sin? 2a(1 — Ccos @) (1.12a)
where
m3 — m?
&= 2—14 (1.12b)
2po
and
m3 — m?
¢ =| _/dq la(po+q) I expi——z?——qt | (1.12¢)
0

When C = 1 egs. (1.12) describe the phenomenon known as neutrino oscillations * [22]. It is
a typical quantum mechanical phenomenon and, as it follows from egs. (1.9-1.10), is due to the
interference of the two neutrinos wave packets. Let’s we remark here that, as we anticipated the CP
violating phase § has disappeared from the expression of P,; and it is therefore irrelevant [54].

As we have already outlined, for relativistic neutrinos time and distance are equivalent and in
the previous equation we can substitute ¢ with R where R is the distance between the points xo and
x1. It si therefore useful to define an oscillation length Lo = 4w E/(m? — m2) which is the distance
after which the phase ® takes the value 2.

When C = 0 the interference phenomenon disappear. The neutrinos emitted in the process
under consideration are two distinct particles with different probability to be produced and with
distinct interactions. In particular, in scattering process these neutrinos do not conserve separately
the family lepton numbers L., L, and have different probabilities to produce leptons of a given
flavour. (If neutrinos are Majorana particle no lepton number at all is conserved, however for
scattering process involving relativistic neutrinos the total lepton number is almost conserved, the

deviation from this approssimate conservation law being of order m2/E?).

* For a description of neutrino oscillations using wave packets see [55]

4



The value of C is strongly dependent on the behaviour of the oscillating term in the integral. If
the phase is nearly constant over a momentum interval 6q > Ap then C ~ 1 and neutrino oscillations
holds; in contrast if the phase varies strongly over a momentum interval éq < Ap its net effect is
to average to zero the integral and then C ~ 0 and no oscillatory behaviour can be obseved in the

detected signal. Therefore

c=1 if D()Ap<1
c=0 if D{)Ap>1
m'f — m%
D(t) =L =2 1.13
(t) 272 (1.13)

The meaning of D(t) is straightforward. If €; and e; are the energies of the two neutrinos then

2 2
P _P Ty
D)=L 2 Tyt 1.14
(=2-LaMolhe, (1.14)
where v,¢; is the relative velocity among the two neutrino wave packets. From eq. (1.14) it follows
that D(t) is the mean spatial separation among the wave packets. Since Ap = 1/6z, éz being the
spatial spread of the wave packets, from (1.13) one gets that C ~ 1 until when the wave packets
overlap and C ~ 0 when they do not overlap [22, 24]. This is in agreement with the fact that the
term proportional to cos @ in the espression for the probability (1.12) is due to the interference
among the two wave packets; it disappears when the two wave packets no more overlap. According
to (1.13-1.14) we can define a decoupling time 4 as
2p°
If ¢ > t4 holds, no interference occurs between vy, v, and € = 0 in egs. (1.12). Let’s we notice here

that in this case the probabilities P,, do not depend on the energy of the neutrino.

§1.3 Relevance of Vacuum Neutrino Oscillations for the Solar Neutrino Problem

We shall now assume that vacuum neutrino oscillations occur between the sun and the earth and we
shall examine briefly their implication for the signal which is detected by solar neutrino experiments.

The signal Sp in the Chlorine experiment is

Eeng
Sp = TNG/ dE@(E)a‘(E)Pee(E) (1.16)

th

where ®(F) is the differential flux of solar neutrinos, o(FE) is the absorption cross section for the
reaction v, + CI37 — e~ + Ar37, E,; is the threshold energy for the detection of the signal, E.nq is

the end point energy of the spectrum, T is the detection time, N is the number of scatierers and €
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is the efficiency for the extraction of Ar®" from the detector. The signal Sg in Kamioka experiment
is -
Eecna

Sk =TN dE®(E)e(E)|[(0c(B)Pee(E) + 0u(E) Pey(E)) (1.17)
Eqn

where o, is the elastic cross section for v,e scattering The signal in the SAGE and GALLEX
experiments is again given by (1.16) where now o(E) is the cross section for the reaction v, +Ga™ —
e” + Ge'.

Assuming both ® and o to be known in (1.16-17) the signal in the various detectors are deter-
mined once P,y is known. In the standard model neutrino are massless and P,; = §,,. If neutrino
oscillations indeed occur it is important to notice that if P,, is energy dependent than the amount
of deviation of the signal with respect to the standard model prediction is a function of energy and
it is expected a different behaviour among the three experiments due to the different thresholds.
If instead P, is energy independent than the radiochemical experiments which are sensible only
to electron neutrinos are expected to give the same deviation with respect to the standard model
prediction while the Cerenkov experiment is expected to show a somewhat smaller deviation due to
the contribution of x neutrinos (if they are active neutrinos) whose cross section in the detector is
about 1/7 of the cross section for electron neutrinos. These considerations are quite general and can
be extended in an obvious manner also to the expected future experiments.

To understand the possible difference among the various experiments it is therefore important
to understand if the probability P., depends on energy. It is useful to define A = m? — m2. There
are three points to take into account

a) the condition for spatial overlapping (see 1.13) of the two wave packets.

This problem was investigated in [55]. The two wave packets are still spatially overlapped when
they reach the earth if

A
— <10”% .
E2 — (1.18)

If condition (1.18) is not satisfied the interference term in eq. (1.12) goes to zero before neutrinos
reach the earth and neutrino oscillations disappear.
b) If the oscillation length is not larger than the solar core averaging over the region of production

of the neutrinos is equivalent to average over the oscillating term which gives zero contribution [22,
24]. If

E, 2
—2 > 107%R, :
N 2 @ (1.19)

where Rg is the solar radius, than vacuum oscillation length is larger than the production zone.
This case, in principle, is quite different from the previous one. If condition (1.18) is not satisfied
individual neutrinos wave packet can indeed oscillate among different neutrino flavors, however due
to the size of the production region the oscillatory phase (& in eq. (1.12)) can acquire all the possible
values for neutrinos produced in distinct process. Since from the experimental point of view it is
impossible to follow the evolution of an individual neutrino the net effect of the oscillatory phase

is averaged to zero. Therefore in this case the oscillations are present but they cannot be observed
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due to experimental limitation. In the case of the sun the parameters are such that condition a and
b are equivalent [24]. -

c) If the product R,.(m} — m3)/4, where R,. is the sun-earth distance, is much larger than
the typical energy of neutrinos which are detected the contribution of the oscillating term is again

averaged to one half, due to the finite energy resolution of the detectors [52]. I
3x 10710 < A < 3 x 107122 (1.20)

than the detector energy resolution does not average the oscillating term. In other words looking at
egs. (1.16-1.17) one can realize that if the product ¢(E)e(E)o(E) varies slowly during an oscillation
period of P, the net effect of oscillation on the detected signal is negligible. The bound which comes
from condition ¢ is the stronger one.

One comment is in order. Condition ¢ applies only if the spectrum for the production of
neutrinos is continuous. In particular it does not apply for berillium neutrinos. In the case of large
mixing angle, experiments like the planned Borexino/Borex with large statistics and whose main
goal is the detection of berillium neutrinos, will be sensitive to mass square difference lower or equal
to 1077 (eV)? [41].

Finally oscillation are ineffective for oscillation length which are larger than the sun earth
distance since in this case there is no time for the oscillations to develop and P, =1 and P,, = 0.

The region of parameters for which the probabilities are energy dependent has been investigated
n [56]. For:

5x 107" <A <25x%x 107 sin2a > 0.7 (1.21)

it is possible to reconcile, within the experimental errors, the data of the four experiments. The

allowed parameter region at 95 % C.L. is shown in fig. 1.1

10-10 10-101

Am?, eV2
AmZ2, eV2

S e
10~11 | ! — 10-11 |
0 0.2 04 0.6 0.8 1.0 0 0.2

sin? 20




Fig. 1.1 (2) Region of values of the parameters Am? and sin? @ allowed by the Homestake, Kamioi(ande
II and SAGE 1990 individual run data (grey-+black area), and by the 68% C.L. (black area) and 95%
C.L. (grey+black area) GALLEX results in the case of solar neutrino oscillations into active neutrinos:
Ve «+ Vy(r). Shown are also the iso-SNU contours corresponding to an average rate of "1Ge production in
the Ga-Ge experiments of 83 SNU (dash-dotted line), 104 SNU and (63) SNU (solid lines). (b) The same

as in (a) but for solar neutrino oscillations into sterile neutrinos [56](Krastev and Petcov)

If just so oscillations are the main responsible for the SNP one expects a variation of the signal
of monocromatic neutrinos with the variation of R,, which is at least of order several per cent. Such
an effect will probably be measured in the large statistic Borexino detector. Another important
phenomenological feature of this scenario is the distortion of the neutrino spectrum which should be
measurable in the future Kamiokande Il and SNO detectors [56]. Finally, if oscillations occur among
two active states, one expects the deviation of the ratio among neutral current and charged current
from one. The size of this deviation is such that it will be certainly measured in SNO detector.
Let’s we notice that all these effects are completely independent from the standard model of the sun
and therefore all these measures are unaffected by the theoretical uncertainties and will provide an
unambiguous analysis of this hypothesys.

If the oscillating term can be averaged the probability can be taken out of the integral. If we

assume that electron neutrino oscillates only in active neutrino we get (see (1.16-1.17))

Rp =P,
Ry :[Pee + (1 - Pee)Ey/Ee]
Ecna
7, = / dES(E)os(E) (1.22)
Eqp

where Rp and Ry are the ratios of the detected signals and the the theoretical expectation. Taking
into account possible oscillations between all the three neutrino flavors it must be P, > 1/3 (if a
‘neutrino is a linear superposition of n neutrino mass eigenstates, v, = » ._, a;v;, averaging the
oscillating terms in the probabilities we get P, = Z?:l | a; |* and for the three neutrino system the

minimum value for P, is 1/3). Having in mind this restriction to reconcile the two signals require
0.413 < P, < 0.442 A >3 x 107%(eV)? (1.23)

where we have considered 2¢ intervals for all the experiments and we have used the Turk-Chieze’s
theoretical prediction [8]. Using instead Bahcall prediction [2] this possibility is excluded. We there-

fore conclude that this possibility, although disfavoured, is still compatible with the experimental
data.



§1.4 Matter Induced Neutrino Oscillations

The neutrinos we are considering are produced in the sun core and for a time of about two seconds
travel inside the sun which is a relatively dense medium. Matter density in the sun is not enough
to provide significant cross section for neutrino scattering, however the interference of the forward
scattering amplitude with the the unscattered neutrino wave modifies the dispersion relation for
neutrinos. Due to the contribution of charged current interaction of electron neutrino with electrons
in the sun the dispersion relation are differently modified for ve and v,. This induce an effective
level splitting among neutrinos of different flavors. In general this level splitting has the effect to
quench the oscillations in the flavour space. However, if this level splitting compensates the splitting
due to the mass difference, it has the effect to produce maximal mixing among the neutrino states.
Therefore, even in presence of small vacuum mixing angle, the effective mixing in the sun interior

can be large and large conversion probabilities are possible.

§1.4.1 The propagation of a neutrino in a dense medium

The neutrino travelling in the medium is a coherent superposition of states | v;p) as in (1.7). We
now want to understand the time evolution of the system. We follow the evolution of a J-type
neutrino, neglecting scattering and absorption (for the typical matter density in the sun it is a very

good approximation). In a background medium of electrons the neutrino state is:

14505, = [ dpudep(pe,me) [ dpdasss(p)a(a, poje (BB tpim atesal | (o

(1.24)
where a,; and a, are the wave function in momentum space for j-type neutrino and electron

respectively and p is the electron density. The evolution of the | v;) state at a time ¢ 4+ At is given
by,

] ¢j (X, i+ At)) = / dPedXeP(Pe, xe) / dpdqdka'uj(p)ae(Qw Pe)e—i[(Ep+E=)t+p(x-xn)+q(x—xe)]e—:'ExAt
X -

[6(p + a — k)by,x + S52, At] | Xi) (1.25)

where | Xy) is any final state of neutrino electron interaction, S}féf is the scattering amplitude
for unit time and volume for the process | v) | e) —| X). Since weak interactions are short range
interactions one immediately realize from (1.24) that only electrons for which x. ~ x,, are relevant
and therefore for sufficiently rarified medium we can forget the integration over electron densities
and consider only individual scattering. It is now crucial to understand what are, among the | X)
states the states which can coherently interfere with the initial neutrino states. We are interested
in states | X) which can evolve back to the initial neutrino states with non negligible amplitude

(O(GF), Gr being the Fermi coupling constant). To avoid a negligible scatterers density this states
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have to be the product of the initial electron state times an arbitrary neutrino state. We shall

therefore study the evolution of the state,

| X(2)) = /dpdqbum(p)ae(q,pe)e“[(E“+E=)‘+P(x“x")+“(""‘°)] | vimp) | €q)- (1.26)

The time evolution of the state | vy, (x, 1)) is described by | ¥m(x,1)) and it can be directly read
from eq. (1.25). Given

| X(x, ¢+ AL) = alt) | vj(x), ) At+ | ¥) + O((A1)?) (1.27)

we want to understand what are the | v, (x),t)) states for which « is non negligible.
From (1.25) and (1.26) we get

alt) = / dpdqdkduae(u)ae(q)auj(p)bm(k>s;;136f<tﬁv<p>+E=<q>—Eu<k>+Ee<u>lt+<p—k><x—xn>+<q—u><x—><e>i
(1.28)

If the initial neutrino and electron have a well defined momentum (if § is nearly constant over

the wave packets widths) az(p) ~ Nz8(p — px) and from (1.28) one gets

alt) = N2SH¥znp. [ dacu;(a)bus(a) (1.29)

therefore a is non negligible only if a,;(p) =~ bum(p). From eq. (1.29) we obtain that only the

forward scattered states can coherently interfere with the initial state.

§1.4.2 Forward scattering amplitudes

We can now determine the evolution equation for our system. The amplitude Syy, for a state | ¢)

at a time ¢ to become a state | 9/) at a time t + At is

Lo+t
Syypr = (Y1 Te:z:p(i/t diLint) | ¥)

Lint = / dxLini (1.30)
R3

where L;,, is the interacting sector of the lagrangean density. Since we want to compute the time
evolution we need to consider the small At limit. Essentially we need At much less than the typical
mean free path of neutrinos. On the other hand for (1.30) to be of any use (read calculable) At
must be much larger than the typical collision time in order we can apply asymptotic states limit
in the computation of the S matrix. In the case under consideration the typical mean free path is

much larger than the sun and we can safely compute (1.30) with the ordinary methods.
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The medium is constituted of ordinary matter and we will need to consider the elastic scattering

off electrons, protons and nentrons. We shall now consider in detail the amplitude S for the process

V) e

Vip+eq = vy, +eq (1.31)

where with UJ(-L’R) we denote v; neutrinos with left (right) handed polarization. From (1.30) and

we getl:

tot+AL
=(0 | a,L,2p [Tz/ dt/dx— —= sin a cos ae” e (Por—poz)ty
ty

V2
x Ta(@) 74 (1 + 75)e(2)2(2)74(1 + 15)21() + ... + B. ] auqal, , | 0)
(1.32)

where alp is the creation operator for a particle  with momentum p, and the factor e=i(Por=pu2)to
takes into account that we are working in the interaction picture.

Normalizing properly at a density of one neutrino per unit volume and N, electron per unit

volume we get:

.G stozNE o-2i0 /‘“""N ;
S = ' 1+ e dtel(Puz Po1)to
W AT €(a)7u(1 +7s)e(q)
x [P2(2)7u (1 +75)v1(P) + 7 (P) O (1 + 75)Cw3 (p)e™ ']
G sin 2a N, o—2i05
8q0p0

% [F27(1 4 13)01 + 0T C1u(1 + 73)Cws ] eilPor=podto 4 0 (A1) (1.33)

= —iAt evu(l+7s)e

For the evolution equation we need N = z—-Se"‘(‘702 Poi)to wwhere the time dependent phase is

needed to go back to the ?7 representation. Averaging over the electron spin we get:

LA Gsin2aN, _,; - . i
Nipg =iz A=~ e ? % qu[Paru(+ p)vs + 0 O (L4 15)Cw5e ] (1.34)
0L0

in the rest frame of the medium (q) = 0 and finally we get:

Ni, = —GN,V2sin 20e™ 2 (1.35)
In the same way we get the other contributions
Y C v v, er € VL VL
+ zﬁztw , % Y -+ —‘—g’g
e Y e e g e % € <

(1.36)
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It follows
L G

L= E(ZNG cos’ @ — Gy,

o= S (oN, sin? a— GN,) (1.37)

2,2:7—5

Transition | v{,,) | ey viap) | e} are forbidden by angular momentum conservation and

this can be verified explicitly, so we get
NII:ER:NIL”ZR:NQL”IR:A/;’QRZO (1.38)
for transition of right handed polarized states we get in general A% = —N &~

G
N = ———=(2N, cos’a — GN,)

L1 — \/§
NS, = ——C—;-(ZNE sin? @ — GN,,)
2, \/5 n

12 = GN,V/2sin 2ae?'t (1.39)

§1.4.3 Neutrino evolution equation in matter

If the neutrino state at a time £ is
| 22 (t)) = dp™(2) [vn) ™" +dy " (2) [ vy™) (1.40)

the evolution equation in matter is

8
i di” = Hidp" (1.41)

where * [25]

HL — (El—l_'Aff,l N’lL,Z )
f;; Ey +./v2["2
E +NE NE
gr= (T 12 1.42
< 12 By +N2’?2) (1.42)

We define
EX = (By+ Ex + N7 + N3 /2

* We have given here our own derivation of the Wolfenstein equation, for the original derivation

see [25], for alternative derivations see [57]
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6% = N3 (1.43)
The Hamiltonian is ] . - )
H” = (FJ: on) + (;,;—, i\) (1.44)
The diagonal term can be reabsorbed in a redefinition of the amplitude a;(t). With

Aj(t) = e Fla; ()

we get

i_a%Aj(t) = ijAk(t) (1.46)

where we have dropped the X index. If 6 = 6pe'® using the unitary transformation

7= ( cosﬁe"“el/2 sinﬁew‘“)

—sin Be~191/2  cos Beifr/2

cos 28 = i
€2 + 02
-8
sin 20 = — 1.47
2
€2 +62
we can diagonalize H
Hp = UHU!

(1.48)

Hp = [ /€3 + 62 0
0 Ved + 62
If N is constant in time following (1.48) the evolution problem is solved. Solar neutrinos, of interest
for the experiment we are discussing, for masses below 1 MeV are relativistic. Since we are interested
to discuss the effect of matter induced oscillation for solar neutrinos we give the relativistic limit for

the previous equations. We choose, for convenience, to give the expression in the flavour basis.

e - 35 cos2a + N, — 45 sin 2a
(r) = ——%sinZa —;% cos 2a + N,
A % cos 2a — N, :1% sin 2ae %0
Hiy = 2efsin2a  —-=2 cos2a—N (1.49)
iE 45 H
where
G
-A/e = G\/ETLE — %nn
G
N, = -5 (1.49)



The matrix ’H(Lr) is diagonalized by the transformation

Hp = UnHEUL

U, = (cosam —smam>

sing,, cosan,

A G
3E COS 2c + 3 e

cos 2¢y, = —
\/(% cos 2a + %ne)2 + (£5)?sin® 2a
A .
sin 2a,, = ip Sin 2o (1.50)
™ A CRPRY A 22
(4Ecos2a+\/§ng) + (5%)%sin” 2a
where _
-A 0
and
- A G A .
A= \/(@— cos 2a + -ﬁne)z—l—(ﬁ)'-’ sin? 2a (1.52)

and similar expression with the obvious changment are obtained for H*.
Since the equations we got are similar to the equations for the vacuum neutrino oscillations,
in analogy with this case a,, is called the effective mixing angle in matter and L,, = 27/} is the
effective mixing length in matter. Notice that also in the case of matter induced neutrino oscillations

the CP violating phase disappear from the evolution hamiltonian and is therefore irrelevant [58].

§1.4.4 The MSW effect

The density, in the sun, is not constant and in its travel neutrino experience different densities and
therefore a potential A" which is not constant in time. Neutrinos are relativistic and R — tif Ris

the distance between the point in which the neutrino is emitted and the point it reaches at the time

t. Equation (1.46) becomes

.
io=A =M (R)A (1.53)

where the R dependence of 7’{(,_) is completely described by the R dependence of electron and
neutron densities N,(R), N, (R).
Micayev and Smirnov [26] noticed that, according to the sign of A, tanea,, can share resonant
behaviour. In fact for negative A we observe the following behaviour of a,,:
a) at large electron density (Gn. > —A/4E) the mixing angle in matter is vanishing and the
electron neutrino coincide with the higher energy eigenvalue of the hamiltonian

b) at the resonant density n, = —v2A/(4E cos? @)G the mixing, in the flavour basis, becomes

maximal and substantial v, — v, transition is possible
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c) for small electron density (Gn, < —A/4E) the vacuum case is recovered and the higher

energy eigenstate of the hamiltonian is vy = cos o, — sin ave..

Since the matter density in the sun is obviously varying from the density in the solar core to
zero density, if condition a is fulfilled in the solar core, neutrinos will certainly meet the resonant
density (see b) in their path to the detector. In this region an almost maximal admixture of flavour
neutrino states occurs also for small vacuum mixing angle.

Using the diagonalization (1.50) and taking into account that e, is a function of R we get

#(3)-C0 o) (B) (g ) o

where Bj = (Um)jkAk-

In general equation (1.55) is not exactly solvable. However two important limits are easily under

control.

am(R) >> A(R) (1.53)
which corresponds to the impulsive limit, the time variation is too fast and the state doesn’t change.
am(R) << A(R) (1.53)
which corresponds to the adiabatic regime. In the limit in which o), is negligible we get for the
evolution of a state | vj,=o) which at a time ¢ is an eigenvector of H with eigenvalue A;
t

| v;,1=0(t)) —| vj.) exp —i/; dsA;(s) (1.58)

where | v;,) are the instantaneous eigenstates of the hamiltonian H() at the time t.
If the evolution is adiabatic | v;,) evolves staying an instantaneous eigenstate | v;,) of the
Hamiltonian. Let’s we write the adiabatic condition for the hamiltonian H{‘r),

A .
GF {psin2e -

[
—
~
~—~
[y
[$3]
-1
~—

which, at the resonant density, becomes

The meaning of condition (1.59) is intuitively clear. The term A(R)/(dN,/dR) is the typical
distance over which the diagonal elements of the hamiltonian is changing significantly, A/4FEsin 2a
is the oscillation length at the resonance. Looking at (1.60) one can therefore interpret (1.59) in the
following way: if the oscillation length is much larger of the distance over which the hamiltonian
is going to change there is plenty of time for the system to develop oscillations and therefore the

instantaneous hamiltonian eigenstates evolve remaining eigenstates and acquiring a phase, if instead
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the oscillation length is much larger than the typical time of evolution of the hamiltonian there is

no time to develop any oscillations and the system does not change.

§1.4.5 Relevance of Neutrino Mixing in Matter for the Solar Neutrino Problem

If impulsive condition (1.56) holds the neutrino state is left unchanged and the evolution is the
same as in vacuum. Conversely if adiabatic condition holds the picture is drastically altered. As we
have already stressed, for relativistic neutrinos time and distance are completely equivalent and we
can substitute the time ¢ with the position R in the equation for the evolution of the neutrino.

If vjm are the instantaneous eigenstates in matter, the initial neutrino state, at the point R; in

the interior of the sun, is:

| ve(R;i)) = cosam(R;) | vim) + sin am (Ri) | vom) (1.61)
In a point R; at the surface of the sun, the v, states becomes

-1 Rr s\;{s in sA;(s
ve(Ry) = cos am(R) | vn)e” I N 4 i (Re) | va)e Jad M0 (1.62)

Projecting the neutrino states v,(R;) over the v, state in vacuum, we get the amplitude A, for the

emitted v, to emerge outside the sun as v,

Age = cos o (Ri) cos ae—i f:-! dsrile) + sin ap, (R;) sin aei f:j ds2s(e) (1.63)
For the outcoming probability we get
P,, =cos® ot (R;) cos’a +sin® ap (R:) sin? &
+ 2sin am (R;) sin a cos am (R;) cos acos /Rf ds;(s) (1.64)

Once one takes the average over the production region the term which is oscillating with the adiabatic

phase in (1.64) is averaged to zero and the probability becomes

1
< P, >= 5(1— < cos 2a, cos 2a >) (1.65)

where <> denotes a quantity averaged over the neutrino production region.
Particularly simple is the small o limit: cosa = 1 and sina = O(a). In this case we get,
neglecting O(a) terms:
P,, = cos® am(R;)cosza (1.66)

where,

1 AcpsZa + Gn.
cos® am(R;) = 5(1 - 2L V2 == ) (1.67)
\/Igﬁg + ﬁGnECOSZQ% + —2—"—=
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If A < 0 cos® am(R;) is a decreasing function of energy. This is a manifestation of the tesonant

condition, in fact if

Gne(R;) A

—_—— > = 1.68

V2 4E (1.68)

than neutrinos cross a resonance in their path to the detector, otherwise this is not possible. From

(1.68) on can roughly say that only neutrinos with energy F, such that
A V2

E,>—-—

1 G () (1.69)

are significantly affected from matter effect. An additional constraint for matter effect to be sigmf-
icant is given from the adiabatic condition (1.59). Again qualitatively speaking the point at which
this condition is more easily violated is at the resonance where X get its minimum value. Defining

the resonant point R, as
A

~375GE (1.70)

the adiabatic condition at the resonant point (1.70) can be rewritten as

ne(R;) =

dN.
dR

| N ry 1< (% sin 2)?2 (1.71)

In general this condition has a complicated dependence on E since also R, depends on E. How-
ever for the sum, if the resonance is not too close to the solar core, the matter density is expo-
nentially varying with a very good approximation, n, =~ noe~1°%/Fo  and therefore dN'/dR | =

10/ R )(A/4F)sin 2 and finally the resonant condition becomes
®

R¢
E< —ﬁAsin 2a (1.72)

With a crude approximation in order to estimate at least qualitatively the possible influence

of the matter effects on the flavour content of solar neutrinos we can assume, following (1.69-1.72),
that

A V2 Ry . .
=0 if ———T"— —=2 Asin?2 73
P,.=0 i 1 Gno(B)) <E,< 20 Asin2a (1.73)
Or
. —A : 5
Pee =0 if — -7-10"(eV)"! < B, < Asin2a-103(eV) ! (1.74)
X

where E, is the neutrino energy and x = n./n., n4 being the Avogadro number. From (1.74) we
can estimate the order of magnitude of all the relevant parameters which can give rise to a significant
matter effect for solar neutrinos. We recall that the only neutrino fluxes which are important for
solar neutrino experiments are 8B, "Be and pp neutrino fluxes. The end point energy for these
fluxes are 15, 0.8, and 0.4 MeV respectively. Looking at (1.74) one can therefore immediately infer,
taking into account that the maximum value of x in the sun is around 150, that for —A above
2 x 107* (eV?), 2 x 107% (eV?) and 10-5 (eV?) no matter effect is expected for ®B, "Be and pp

neutrinos respectively. Taking the sin 2a — 1 limit we can also infer a lower imit on A. For —A
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below 5 x 1079 (eV?), 107° (eV?) and 5 x 1010 (eV?) 8B, "Be and pp respectively are not affected.
Finally one can also observe that for a given A there is also a lower limit on sin 2¢r which has to
be greater than E,/(—A) x 1071%(eV)~! (one can assume E, = 3 — 5, 0.8, 0.3 MeV for 8B, "Be
and pp respectively ). This constraint can easily be understood qualitatively, in fact, in the limit
of vanishing « no oscillation is possible in the flavour space, due to the absence of mixing both in
matter and in vacuum, and therefore it must exist a lower limit on the non diagonal elements in the
evolution hamiltonian below which oscillations are ineffective.

To go beyond these qualitative analysis an exact or almost exact solution of the evolution
equation is needed. The evolution equation has been solved analytically assuming a linear density
or an exponential density. The linear approximation [59] can be good only locally and must be used
near the resonance, however it has the drawback to be not very accurate for large mixing angle due
to the fact that in this case the length of the resonant region can be quite large. The exponential [60]
density is a good representation of the solar density (at least not too close to the solar core) and it
has not problems in the case of large mixing angle. These two approximation have been extensively
used to analyze solar neutrino data [61-65].

In the following chapter we report the results of our analysis of solar neutrino data based on

numerical solution of the evolution equations.
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CHAPTER 2

SOLAR NEUTRINO EXPERIMENTS AND DETERMINATION OF THE NEUTRI-
NO OSCILLATION PARAMETERS

The MSW matter enhanced neutrino oscillation mechanism [25, 26] offers an attractive possibility of
reconciling the theory and the experimental results with a minimal change of the standard neutrino
physics. We believe it is worthwhile investigating the quantitative impact that the forthcoming
experiments will have in testing the MSW hypothesis.

We first address the numerical calculation of the solar neutrino signals in the different detectors
as a function of the neutrino square mass difference and of the mixing angle. This computation has
been repeated using both Bahcall best model with helium diffusion [2] and Turk-Chiéze solar model
[8] in order to estimate the impact of the theoretical uncertainties. This calculation determines the
region of MSW parameters that reproduce the experimental data. We compare our results with the
other existing computations [61-65] of the MSW effect to assess the importance of our more rigorous
approach and try to explain small differences between calculations.

The other purpose of this chapter is to discuss the impact that future experiments, namely
Super Kamiokande [40], SNO [39] and Borexino [41], are likely to have on the MSW effect. We
individuated the following two key issues. The first question concerns the range of MSW parameters
that can be tested independently of the SSM. We do not need to stress the importance of testing
the MSW mechanism without dealing with the theoretical uncertainties on the neutrino fluxes. The
second question addresses the possibility of restricting the MSW parameters to only one of the two
disjointed regions of the parameter space that are allowed by the present experimental data (the so
called large and small mixing angle solutions to the SNP).

Because of the correlation between the detected electron and the incoming neutrino energies,
the SNO and Superkamiokande detectors will be able of measuring the ®B neutrino spectrum. The
shape of the neutrino spectra is determined only by the nuclear process responsible for the neutrino
production and is independent of the solar model. Therefore, any spectral distortion would be
an incontrovertible evidence of unconventional neutrino properties independently of the SSM. We
compute the neutrino spectra as a function of the squared mass difference, Am?, and the vacuum
mixing angle . Using both Montecarlo simulation and theoretical analysis of the x? distribution
function we obtain a quantitative estimation of the possibility to appreciate the distortion. In this
way we are able to precisely delimit the region of MSW parameters where a, say, 30 effect will be
detected (with a given probability).

The SNO detector has the unique possibility of measuring separately both the charged current
contribution from solar neutrinos, through the reaction v,D — p+ p, and the the neutral current
contribution, through the reaction v, D — n+p+e~. The ratio of these two signal is again indepen—r
dent of the solar model and its being different from the value expected in the case of no oscillation

would be also evidence that v, are converted to v, or v,: unconventional neutrino properties would

19



be tested independently of the SSM. To this purpose, we report the isocontour plot of the ratio of
the charged to the neutral current signal expected from the SNO detector on the MSW plane.

We also realize that an independent measurement of this same ratio can be extracted from the
comparison of the SNO charged current and the Super Kamiokande mixed current signals. To our
knowledge this is the first time that this possibility is noticed. Given the expected statistics in the
two experiments, we estimate that this second measurement of the charged to neutral current ratio
will have the same accuracy of the direct measure. Moreover, the comparison of the SNO charged
current and Super Kamiokande mixed current signals will provide not only this ratio integrated over
the energy, but also its differential value as function of the energy.

Finally, the Borexino experiment [41] is expected to measure with a large accuracy the "Be
neutrino line. The knowledge of the "Be neutrino flux from this experiment, of the 8B neutrino flux
measured by Superkamiokande and SNO and of the combination of the pp, "Be and ®B neutrino
fluxes from the Gallex and Sage experiments should determine at least in principle, the various
components of the neutrino flux: i. e. one can derive the total neutrino flux which can be compared
with that inferred from the measured energy produced in the Sun (again a test independent of the
SSM). We report the iso0SNU contour plot for Borexino. »

Before reporting the results of our analysis we believe useful to recall all the important points
which have to be considered to obtain the correct answer.

1) Since neutrinos are produced over an extended region of the sun one has to average the
conversion probability over the production region of the neutrinos.

2) Expecially in the case of large mixing angle large vacuum precession amplitudes are possible.
However in the parameter range of interest this results in oscillations with the neutrino energy which
cannot be resolved by the detector energy resolution, therefore one has to take only the average effect
of these oscillations.

3) In a restricted range of parameters matter effects are important also inside the earth. Neutri-
nos converted to v, can cross the earth and be regenerated as v,. This effect is extensively discussed
in [66, 67]. This effect is obviously present only for neutrinos detected during night and therefore in
the relevant range of parameters one expects to observe some difference among the signal detected
during night and the signal detected during the day (day-night effect). On the basis of the non
observation of this effect alone it has been possible to exclude a portion of the parameter space [14,
68]. Let’s we notice here that this effect is completely independent from the solar model. In the
future we expect that the sensitivity to this effect will be enlarged expecially for the large statistic
detector Borexino [41]. In the computation of neutrino evolution one has therefore to include the
path of neutrinos trough the earth and in the analysis one has to take into account the exclusion
region obtained on the basis of the non observation of the day-night effect.

4) Finally it is evident from the resonant and adiabatic conditions (1.69) and (1.59) that the
matter effect is energy dependent and therefore some deviation is expected from the original neu-
trino spectrum. Since this spectrum depends only on the involved nuclear reaction it is completely
independent from the solar model. On the basis of the spectral information alone it has been possible

to exclude a region in the parameter space [69]. This effect will be extremely important for some
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of the future experiments (SNO [39], Superkamiokande [40]) which will measure the B® neutrino

spectrum with large statistic.

§2.1 The Calculation

Neutrinos are produced as flavor eigenstates. If mass and flavor eigenstates do not coincide, flavor
oscillations will occur. The practical relevance of this effect will depend on the neutrino mixing
angle and mass difference. Neutrino interaction with matter can significantly change the oscillation
pattern [25, 26]. The time dependent evolution hamiltonian depends on the neutrino energy, mass
splitting and vacuum mixing angle, and on the matter density. Approximations are available that
yield analytic solutions of the neutrino evolution equations and reproduce the numerical solution
within a few percents for a given monotonic density profile (69, 60] For non monotonic density pro-
files, as the ones found on their path by part of the neutrinos, these solutions can be less accurate.
We realized that the results from the next stage experiments, as we hope to show in this paper,
will be accurate enough that even the small errors introduced by these approximations might mat-
ter. Therefore, we chose to numerically integrate the equations. To this end we developed a new
numerical code completely independent from the one [67] used by the GALLEX group [61]. The
main difficulty of numerically integrating this system of equations is due to the presence of two often
widely different length-scales in the problem: the distance over which matter density changes and the
wave-length associated with the energy difference between the two solutions. We use a combination
of an adaptive-step Runge-Kutta method, which controls that the 1% required accuracy on the final
amplitude is achieved, and exact diagonalization of the evolution hamiltonian at intermediate steps,
which solves the problem for constant density and make the computation more efficient when the
density is not constant. Sum over the production regions is performed using the radial distribution
functions for the different neutrino fluxes given by Baheall [3]; total fluxes and energy spectra are
taken from the same source. Solar electron and neutron density profiles have been calculated by
Castellani et al. [10]. To check the stability of the MSW suppression against changes of the electron
and neutron density profiles, we have repeated the calculation with the electron and neutron density
profiles for the best model of Ref. [2] with and without helium diffusion. A preliminary comparison of
the suppression obtained with the three densities profiles, the one calculated by Castellani et al. [10]
and the two calculated be Bahcall and Pinsonneault [2], shows no significant difference between the
three models. Since we used about twice as many density points for the first profile, this lack of
difference seems also to imply that the mesh used was adequate. We shall more carefully address
these issues elsewhere. We took the terrestrial densities as tabulated by Poirier [70], and assumed
a 0.5 ratio of neutrons to nucleons. We did not test the effect of changing the terrestrial densities,
but the check made for the solar densities suggests that results are not very sensitive to the details
of the density profile. We used the "'Ga(ve, e™) ' Ge cross-section tabulated by Bahcall [3], and the

3TCl(ve,e™) 37 Ar cross section from Ref. [71]. Cross-sections for 2d(ve, e~ ) pp have been taken from
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Ref. [72]. All tabulated data, fluxes, densities and cross-sections, have been interpolated by cubic
spline. -

Solar neutrinos can undergo matter induced oscillations [25, ms] both inside the sun and inside
the earth [66, 67], and vacuum oscillations on their way from the sun to the earth surface. Depending
on the production point, on the time of the day, the time of the year and the position of the detector,
neutrinos travel along different paths inside the sun, in the vacuum and inside the earth. Results
reported in this paper are properly weighted averages over the neutrino production region and over
the whole year: we selected 34 earth positions equally spaced in time on the exact orbit and 38
equally spaced times of the day for a total of 1292 different paths. The detector has been taken at
a latitude of 45 degrees.

The whole calculation has been performed for a set of 6000 choices of the neutrino oscillation
parameters: 60 logarithmically spaced values of sin® 26 between 10~ * and 1, and 100 logarithmically

Am?

spaced values of </~ between 1.25 X 1023 MeV and 7.5 x 10717 MeV. The already good resolution

obtained by this grid has been improved by a two dimensional interpolation.

§2.2 Confidence regions for neutrino oscillation parameters

For each choice of the neutrino oscillation parameters Am? and sin? 20 there is a corresponding
theoretical prediction for the probability P.x of an electron neutrino v, produced in the sun, to
reach a detector as a different neutrino vy. In this paper we shall only consider mixing between
ve and v,. We calculate this conversion probability in the region of parameter space relevant for
the MSW effect. The combination of the conversion probability and a theoretical prediction of the
solar neutrino fluxes yields a theoretical prediction for any experiment whose neutrino detection
cross-section is known. This prediction for the chlorine, ve-scattering and gallium experiments has
already been reported by many authors. For completeness we show the results we obtain by using
the solar neutrino fluxes given by Bahcall and Pinsonneault [2] in Fig. 2.1.

Given the experimental results R; and their errors AR;, we can calculate

<3 () &

for any theoretical predictions r;. The index j labels the different experiments. The experimental
results R; and their errors AR; are given in Table 1. Minimization of x? as function of Am? and
sin? 20 defines our best fit values for the neutrino oscillation parameters, which we report in Table 2
together with the relative x2; . We performed this exercise using fluxes from the solar model of
Bahcall and Pinsonneault [2] (BPSM) and from the one of Turck-Chitze et al. [8] (TCL) to estimate
the influence of SSM uncertainties. We believe that these two models well represent the whole range
of reasonable theoretical predictions [9, 10]. Both values of x2, indicates a good fit for 1 degree of
freedom (3 experiments — 2 parameters). Under the assumptions that the experimental errors be

normally distributed and that the model could be linearized around the best fit values, x2 — x?nin
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would be distributed as a x? distribution with 2 degrees of freedom. In this case there would be a
90% probability that the true values of the parameters lay in the region defined by x2 < X2 +4.61
and a 99% probability that they lay in the region defined by x? < x2,;, + 9.21. These regions,
together with the best fit points, are shown in Fig. 2.2 for both models. We point out that the
plotted constant x? curves are not ellipses, as they should be if the above assumption were correct.
Moreover, three of the four selected regions in the parameters’ plane are disconnected. We deduce
that the model is definitely not linear in log(sin® 26) and log(Am?). Nonetheless we still use x2
defined regions to characterize the “most likely” neutrino oscillation parameters and, for simplicity,
refer to them as 90% and 99% confidence level (CL) regions, even if a precise assessment of the
CL, i.e. the probability of finding the real parameters inside that region, would require a Monte
Carlo simulation. In the literature, the part of the CL region that includes the best fit value, i.e.
the point at which x? has its absolute minimum, is referred to as the small angle (or nonadiabatic)
solution of the SNP; the other one, when present, as the large mixing angle solution. We shall
follow this convention. For reference, Table 2 reports, together to the absolute minima, the local
minima found inside the large angle solution. We notice that the x* values corresponding to the
local minima indicate that their parameters are excluded at the 90% C.L. for 1 degree of freedom,
but still allowed at the 99% C.L. For consistency we should disregard the large angle part of the
90% C.L. region present only for the BP model. However, because these C.L.’s have only a semi-
quantitative validity, as previously discussed, we do not disregard this region; in spite of the fact
that it is strongly disfavored. Finally let us remark that the large angle region disappears at the 87
% C.L. confirming its statistically marginal role.

The TCL predicts lower neutrino fluxes respect to the BPSM. This reduction is stronger for the
8B neutrinos producing a less severe disagreement, relatively to the BPSM, with the Kamiokande
experimental result compared to the other experiments. As a consequence, the large angle solution,
which implies equally suppressed fluxes, is even less probable in the TCL than in the BPSM, as it is
evident in Fig. 2.2. We also notice that the small angle solution is the most stable against changes
of fluxes due to the steepness of the iso-SNU in that region.

The calculation of the iso-SNU contours, and consequently of the C.L. regions, is not trivial
and computationally demanding, if one takes our approach and does not make any uncontrolled
approximation at any stage. Several authors have performed similar calculations using various
approximations that greatly simplify the task and are believed to reproduce the exact results within
a few percents. We think worthwhile to compare our approach with a representative sample of
the more recent such calculations [61-65]. To make the comparison more accurate, we repeated
our computation of the C.L. regions in our approach by using in turns the solar models and the
experimental results that have been used in the four computations under exam. In spite of the
different inputs, the resulting C.L. regions (not shown) are similar one to the other. Moreover, the
90% confidence regions differ from the one shown in the top window of Fig. 2.2 mainly for their size:
especially at large mixing angles they are bigger reflecting the use of older data with bigger errors.

The main points that distinguish the different calculations under exam are: the choice of the

solution to the neutrino evolution equations on a given path, the average over the production region
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and the handling of the regeneration inside the earth. We have tested several analytic solutions to
the neutrino evolution [73] and found that it is indeed possible to find prescriptions that reproduce
our numerical solution to within 5% for neutrinos that find monotonically decreasing densities as
the ones that are produced at the center of the sun. Averaging over the neutrino production region
is necessary not to overestimate the suppression and to correctly get a different average suppression
of neutrinos that are produced over a larger region, e.g. pp-neutrinos, or over a smaller one, e.g.
8B-neutrinos. This average implies that part of the neutrinos will find a non monotonical density
and could resonate twice. It is not completely obvious to us that this part of the computation could
be handled analytically with the same accuracy as the previous case. Finally, the main effect of
neutrino propagation through the earth is to partially regenerate the 8B neutrinos. On most of their
path through the earth neutrinos find a density about 30 times smaller than they find in the sun,
therefore resonating at values of —Afg—z about 30 times smaller than in the sun: only the 8B neutrinos
have energies large enough that Am? falls in a region not already excluded by the GALLEX result.
At large angle the uniform suppression of 3B and "Be is disfavored by the fact that Kamiokande sees
a larger percentage of the SSM signal than the percentage seen by Homestake. Therefore, the smaller
suppression of the 8B neutrinos due to the earth regeneration increases the size and probability of
the large angle solution to the SNP. This solution is still disfavored by the GALLEX result, and
should disappear if GALLEX reduces its errors while keeping the reported value.

The calculation discussed by the GALLEX group [61] is the most similar to ours. The only
differences are the method used to numerically solve the equations, the earth and sun density profiles
(see remark in Sect. 2.1 on the insensitivity of the MSW suppression to densities changes) and the
use of Monte Carlo method to perform the integrals over the production region, over the earth
rotation and over the neutrino energy. We find almost identical intersections of the 20 regions for
the three experiments. The 90% CL region reported by the GALLEX group [61] is also in good
agreement with the one we obtain by using the same SSM and experimental results they use. The
only difference is in the large angle solution which we find slightly bigger. Given the agreement in
the intersection of the 20 regions, we ascribe the small difference to a different definition of the 90%
CL region or to a different number of points in the parameter space that may affect the exact shape.
Overall, we find reassuring, given the complexity of calculation, that two independently developed
codes, which use different numerical algorithms, still provide very close results.

We are able to reproduce the small angle part of the 90% C.L. region found by Bludman et
al. [62] with no theoretical uncertainties, but we disagree on the large mixing angle solution. They do
not find this solution at the 90% C.L. when theoretical uncertainties are not included, while we find
such solution using their input data, even if smaller than with the other inputs and that disappears
at the 80% C.L. We think that the main cause of this discrepancy is the lack of earth effects in
the discussion of Bludman et al.. In fact, a more recent computation by the same group [63] shows
that including the earth effect enlarges the large mixing solution when theoretical uncertainties are
included; even if they do not show there a calculation without theoretical uncertainties, we can

assume that the effect would go in the same direction.
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Calculations by Krastev and Petcov [64] of the intersection of the 68% and 95% C.L. regions
for the Homestake, Kamiokande and GALLEX experiment (intersection that results in nom-y2-
symmetric 31% and 86% C.L. regions) agree with our similar calculations in the small angle region.
We do not find any large mixing intersection of the 68% C.L. regions, and they find a very small
one. Our large mixing intersection of the 95% C.L. regions are qualitatively similar to theirs, but
larger and shifted towards smaller angles: this discrepancy is most likely to be blamed on the lack
of the earth regeneration.

We find the larger discrepancy with the work by Krauss et al. [65]. Even the small angle
solution part of the 90% C.L. region, which seems to be the most stable in all calculations, is slightly
shifted toward smaller mixing angles compared to our calculation that uses their same experimental
numbers. Moreover, Krauss et al. [65] find a much wider large mixing angle solution, contrary to
the previous cases, which all find smaller large mixing angle solutions: their solution extends from
Am? =17 x 1078 to Am? = 10~*, while ours goes from Am? = 3 x 106 to Am? = 3 x 10~3. We
do not understand the reason of this relatively larger discrepancy.

In conclusion, we agree best with the one calculation [61] closer in method (numerical integra-
tion) and physical inputs (earth regeneration, annual and daily averages) to ours, find small and
understandable differences with other two analytic calculations [62, [64]] and larger and less easily
understandable differences with one calculation [65]. However, it is important to notice that most
of the discrepancies are in the large mixing angle region, where iso-SNU are less steep and small
changes of the experimental and/or theoretical data produce large changes of the confidence region.
Moreover, this region has very little statistical weight, as already noticed it does not appear at the
90% C.L. using the TCL and disappear at the 87% C.L. using the BPSM, and seems doomed to
disappear in the near future, if the next batch of GALLEX results confirm the actual ones.

We should mention that another effect of matter induced oscillations in the earth interior is the
production of different day and night signals. The non observation of this effect excludes a portion

of the parameter plane [14, 68]. The 90% C.L. excluded region is outside our 90% C.L. allowed

regions and, therefore, we do not show it in our plots.

§2.3 Energy spectra

The MSW mechanism produces an energy dependent suppression of the solar neutrinos: experiments
such as SNO [39] and Kamiokande [11, 12, 40], which provide information about the energy of the
detected neutrino, should observe, given sufficient statistics, an energy spectra deformation that is
independent of the overall flux and therefore of the SSM. We should remember that what is actually
measured is the electron energy: in the charged current reaction at SNO little recoil energy is left to
the much heavier nuclei, and the electron spectrum is almost equal to the neutrino one, shifted by
the threshold energy, whereas in the neuirino-electron scattering the spectrum is smeared because
of the neutrino recoil energy. Therefore, more stringent constraints on the oscillation parameters

should come from the SNO spectrum information, given the same number of events. Fig. 2.3 shows
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the theoretical electron spectra for the Sudbury experiment (ve + D — €™ + p + p) in the following
cases: no mixing, parameters that produce the maximal spectral distortion, best fit, and the local
x? minimum for large mixing angles. Spectra for the same four cases are shown in Fig. 2.4 for the
Kamiokande experiment. As already noticed, the figures show that the electron spectrum measured
by Sudbury reflects directly the incident solar v, spectrum, while the electron spectrum measured
by Kamiokande is smeared.

We report on the log(sin® 26) vs. log(Am?) plane the information about the spectral deforma-
tion, so that it would be immediately evident for what range of parameters this information might
help. To this end we find useful to characterize the deformation with the percentage variation of the
moments of the electron energy spectrum from their standard value. Most of the relevant informa-
tion is already present in the first of such moments: the average electron energy. We show results for
the average energy over the scattered electron spectrum with a lower threshold of 5.5 MeV assuming
100% efficiency and no background.

We show in Fig. 2.5a the change in average energy that should be seen by SNO [39] because
of the spectral deformation. The most useful constraints are along the nonadiabatic branch, where
the average energy increases up to 14%, and along the adiabatic branch, where the average energy
decreases as much as 20%; however, this last region is already excluded by the present experiments.
The increase of the average energy along the nonadiabatic branch reflects the fact that the spectrum
is depleted at lower energies; conversely, the spectrum is depleted at high energies in the adiabatic
region and the average energy is consequently lower.

The change in average energy that can be measured by the neutrino-electron scattering gives its
stronger constraints along the adiabatic branch for Am? around 10~* (eV?) as shown in Fig. 2.5b.
Again in this parameter region the spectrum is depleted at higher energies, and the average energy
decreases to about 7% of its SSM value. The lower absolute variation respect to the corresponding
measure at SNO reflects the smearing of the spectrum due to the recoil energy of the neutrino. The
percentage deviation is much smaller in the nonadiabatic region ranging from 1% to 2%. However,
the statistical analysis as discussed later show that even this small effect is not out of reach given
the expected large statistics.

We remark that the change of the average neutrino energy depends only on the change of
the shape of the spectrum and not on the possibly associated flux reduction, which is solar model
dependent. To extract the maximal amount of information from the solar model independent spectral
deformation and, therefore, to fully understand the quantitative impact spectral measurements we
have performed the following more detailed analysis.

The spectra have been calculated in the whole region of the (Am?, sin® 26) plane which is
concerned by the solar neutrino problem with the aim of identifying where the distortion is significant.
We used a grid of 60 values of sin” 20 logarithmically spaced between 10™* and 1 times 100 values
of Am? logarithmically spaced between 10~7 and 1072 eV? for a total of 6000 spectra. We consider
these spectra between a threshold energy of 5.5 MeV (7.5 MeV) and an upper bound of 13.5 MeV,
above which the signal is practically zero and experimental resolution and the smearing in energy

are taken into account by histogramming the spectra with a bin width of 1 MeV: this produces 8 (6)
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bins. Two experimental characteristics are not taken into account: the background which is not yet
known in Sudbury, and which is hoped to be reduced in SuperKamiokande compared to the actual
Kamiokande, and the fact that the efficiency is not 100 % above the threshold but increases from
50 % at 6.5 MeV to more than 90 % at 10 MeV [74]. For a fixed number of events N, typically 5000,
let us define the following quantities: ngo) as the expected number of the events in the ith bin if
the spectrum is not distorted and n; as the actual number of the events found in the ith bin. If the
spectrum under consideration is not distorted < n; >= nSO). Where we indicate with < A > the
expected value of A. For each spectrum, we can generate by Monte Carlo an histogram {n;} and

characterize its difference by the standard histogram {ngo)} by the function:

nfo))z

2= Z (”_::@__ : (2.2)

We can roughly say that a “large” x? indicates a significant distortion. In the following, we shall
call distorted (respect to the standard spectrum) a binned experimental spectrum {n;} for which
x?, as defined by Eq. (2.2), is greater than a fixed value X25.5- The precise meaning of this definition
is discussed in the Appendix.

For any given neutrino mixing angle and mass splitting we can compute theoretically the
20(16.4), 40(34.6),100(92.3) for a threshold emergy of 5.5(7.5) Mev. These x2 isocontours have,
roughly speaking, the following meaning: within this isocontours a spectral distortion, as defined

above, should be detected with a statistic of about 5000, 2150 and 750 events respectively. We

average < x° > in the limit of (ni) < 1. In Figg. 2.6 we report iso-x? contours for y? =

discuss in much more detail and in a more precise way the exact meaning of these statements in
the Appendix. In Fig. 2.6a we plot the contours < x? >= 20, 40 and 100 for the SuperKamiokande
experiment assuming a 5.5 MeV threshold. Only the contours < x2 >= 16.4 and 92.3 are plotted for
the same experiment with a 7.5 MeV threshold in Fig. 2.6b. We conclude that the SuperKamiokande
experiment with a statistics of 5000 events should be able to test, via the spectral information alone,
and independently of the SSM, the whole adiabatic region centered around Am? = 107 *(eV)2. If the
SuperKamiokande experiment is able to achieve a lower threshold of 5.5 MeV, most of that region
would already be excluded with only 1000 events. Moreover, the lower threshold experiment would
be sensitive also to the nonadiabatic branch and in particular would cover the most likely region
of the neutrino oscillation parameters given the present experiment and SSM’s. In any case less
than two years of data taking for either SNO or SuperKamiokande should be sufficient to achieve a
significant result, i.e. show or not a significant distortion of the measured spectrum.

In Fig. 2.6c and 2.6d we plot the contours < x¥? >= 20 and 100 with respectively 5.5 MeV
and 7.5 MeV thresholds for the SNO experiment. This experiment will be able to test the MSW
hypothesis via the SSM independent spectral information over basically the whole interesting region
of parameters including the actual best fit region of parameters. The lower threshold would imply
that this result can be achieved already with the first 1000 events.

The results in Fig. 2.6 are perfectly consistent with Montecarlo simulation, we have chosen to

display the < x? > only because it has a simpler visual interpretation.
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For reference in Table 3 and Table 4 the expected < x? > for 5000 events is given at the best
fit points, using respectively the BPSM and the TCL, for both experiments and thresholds. Notice
that the < x? > we plot is only the expected value for the experimental quantity and statistical
fluctuations of size described in Eq. (2.14) are indeed possible. Therefore, better discussed in the
Appendix, we can conclude that the detection of spectral distortion for values of the neutrino
oscillation parameter lying in the allowed 90 % C.L. region is only likely for the SuperKamiokande
detector with the full 5000 event statistics. The same effect cannot be missed with the same statistics
by the SNO detector. Let us remark that the chosen number of 5000 events is an extrapolation of
the known Kamiokande result and it will be presumably obtained in about one or two years of
operation, depending on the threshold.

The comparison of the results at different thresholds show that the detection threshold and
efficiency near threshold will play a crucial role to determine the sensitivity of the spectral measure-
ment. An higher threshold has a lower sensitivity due to both the lower statistics and the reduction
in the number of points that define the shape of the spectrum, and consequently its distortion. In
particular it seems that for a threshold of 7.5 MeV the nonadiabatic region might not be tested from
Kamiokande and will require a large statistics at SNO.

As demonstrated by Figs. 2.6 the whole range of
1078 < Am?/eV? <2-107% and 107%%%(Am?/eV?)~1%8 < sin?26 < 0.3 (2.3)

will be explored by means of the spectral information only, covering almost four order of magnitude

in Am? (the actual upper limit in sin® 26 is not so sharp as can be seen in figg. 2.5-2.6).

§2.4 Charged and Neutral Current Interaction

The detection of a v, (or ;) flux would provide a firm and SSM independent evidence of nonstan-
dard neutrino properties. The possibility of distinguishing electron from other active neutrinos is
provided by their different interactions with ordinary matter: electron neutrinos have both charged
and neutral current interactions, while the other neutrinos can only interact with ordinary matter
via neutral current at the relevant energies. We shall discuss two independent methods of extracting
this important piece of information from future experiments.

A direct determination shall come from the SNO detector [39] that will be able to measure
rates both of the charged current reaction v,D — p+ p + e~ and of the neutral current reaction

Ve uD — n+p+ v, ,. The experimental rate for the first reaction is:

Lio =< (E)Pee(E)o (B, T) >pr=< (T + AC)Poo(T + AV (T) >, (2.4)

where F and T are respectively the energy of the incoming neutrino and the energy of the detected
electron. We denoted the B neutrino flux with &(E), the survival probability of electron neutrinos
with Pe.(E), and the charged current v, D — p -+ p+ e~ cross section with ¢°¢(E, T). (Notice that

the 8B neutrino flux is the only component of the total flux above the experimental threshold for
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this reaction). We also denoted the integral over the neutrino and electron energy with <>ETS
this integral depends on the threshold energy for electron detection and on the detection efficiency,
which in the following we shall assume equal to one. Since the kinematics is such that the final
electron energy T is practically equal to the neutrino energy E minus the threshold energy A for
the charged current reaction, we defined °°(T") such that o**(E,T) = ¢°(T)6(E — T — A°°), and

explicitly performed the integral over the neutrino energy in Eq. (2.4). Analogously, the experimental

rate for the second reaction is:

gio =< Q(E)(Pee(E) + Pe#(E))Jnc(E) >E (2'5)

where E' is again the incoming electron energy, and no final particle energy is measured. We
denoted the probability of electron neutrino conversion to muon neutrino with P.,(E), and the
neutral current v, , D — n -+ p+ v, cross section with o™¢(E). Notice that P..(F) + P, (E)=1
only if there are not oscillations in sterile neutrinos. We shall also use the symbols (RELG), for the
corresponding quantities when P..(E) = 1 and P,,(E) = 0. We extract a solar model independent

physical information from the experimental quantities defined in Egs. (2.4) and (2.5) through the
following quantity:

Rcc/nc _ Rg(l:\lo (RTSLLSIC)) (26)
0

SN T REo \ R0

Notice that the normalization factor is independent of the absolute value of the 8B flux and, there-

fore, of the SSM. If electron neutrinos oscillate into muon or tau neutrinos, the ratio R;T\(gc is less

than one. However, this ratio could be different from one even when there are no muon or tau neu-

trinos, if the electron neutrino is converted into sterile neutrino with a energy dependent conversion

probability. This spectrum deformation effect can be tested more effectively with the techniques
discussed in the previous section and we shall assume only oscillations into active neutrinos.

We report in Fig. 2.7 the expected values of Rgf\{gc as function of the oscillation parameter for a
lower threshold for electron detection of 5.5 MeV. We repeated the calculation for a threshold of 7.5
MeV finding no appreciable difference. In the same figures we report the 90% CL region (the exact
definition of the region and the caveat about the meaning of 90% have been discussed in Sect. 2.2)
coming from the present measures at Homestake [7], Kamiokande [14] and Gran Sasso [19, 20]: the
overlap predicts the expected rate for the experiment. The predicted rates for the best fit values in
the BP and TCL models are reported in Table 3 and Table 4, respectively. At the 90% C.L. the
MSW solution of the SNP implies an effect larger than 50%, which should be clearly seen by the
SNO experiment.

An alternative and complementary determination of the presence of active solar neutrinos other
than the electron ones shall come from the comparison of the SNO and SuperKamiokande data. To
our knowledge this is the first time that the following analysis of the experimental data is proposed.
At SuperKamiokande v, and v, scatter off electrons through the neutral current interaction. This
process has an averaged cross section which is, for threshold energies between 5 and 8 MeV about
15 % of the total v, scattering cross section. If we only look at the total cross section of the process,

the oscillation of the v, into active neutrinos would be indistinguishable from the effect of a lower
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neutrino flux. Nonetheless, it is possible to distinguish the two effects by comparing results from
SNO and SuperKamiokande. From the SNO experiment, we shall have not only the total rate, but

also the differential rate as a function of the electron energy:

dREo

aT (T) = (T + A°) P (T + A)e*(T)

where the symbols have been defined following Eq. (2.4). From this differential rate it is possible to
derive ®(E)P,.(F) as function of the electron neutrino energy E for neutrino energy E > T}y, + A°C,
where Ty is the threshold electron energy for detection. Using this information, it is possible to
isolate the contribution of the muon neutrinos to the Kamiokande signal. We define the ratio of this

contribution to the total signal:

RE  — < ®(E)P.,(E)e*(E,T)) >g1
Kem ™ < &(E)(P.e(E)o*(E,T) + Pepu(E)o(E,T)) >p1

(2.8)

where o®# is the cross section for v, ,e™ scattering. It is also useful to define as Rxam the total
signal from the SuperKamickande detector, which is nothing that the denominator of Eq. (2.8), and
as (Riam)o the corresponding signal expected if P, = 1 and P, = 0. It is a trivial exercise to

obtain RY,  from the known experimental quantities:

_ (RKam)O < W(E)%S%Q(E - Acc) >E
(Rgf\'O)U Ryam

R#

Kam

=1 ) (2.9)

where
_ (R&o)o < o*(E,T) >r

W(E) = Foa)e T o) - (2.10)

W(E) is a known function that depends on the threshold energy used to take the average over T,
but not on the solar standard model. In Fig. 2.8¢c we plot W(E): notice that it does not depend
much on the energy in the relevant range. In the limit when W(E) is constant, and equal to one

because of chosen normalization, R, = reduces to:

— R am RC(\:
Ritam = 1 — {Bam)o o Jo RSk | (2.11)
(RSNO)O Exam

which is derived from the total rates only. Both R, and ﬁ’éam can be calculated from the
experimental data and are independent of the solar standard model. The experimental error on the
absolute value of ﬁ%am is smaller than the sum of the relative errors on RS o and Ryxam, which
is expected on the order of few percents. Moreover, we wish to point out that more information is
in principle available: the possibility of comparing measurements as function of the electron energy

o . . "
will yield a differential measure of Rkam-

We report in Fig. 2.8a the expected values of R, = as function of the oscillation parameter for
a threshold for electron detection at Kamiokande of 7.5 MeV. The choice of 7.5 MeV has been made,
because it implies a threshold for electron at SNO lower than 7.5 — A x 6 MeV, which should be

achievable. In the same figures we report the 90% CL region coming from the present measurements.
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The predicted rates for the best fit values in the BP and TCL models are reported in Table 3 and
Table 4, respectively. At the 90% C.L. the MSW solution of the SNP implies an effect larger than
15%, which should be clearly seen. We report in Fig. 2.8b the expected values of ﬁ%am. The fact
that there is almost no difference between Fig. 2.8a and Fig. 2.8b demonstrate that for all practical

purposes W(E) is one and it is enough to consider the information derived from the total rates.

§2.5 BOREXINO

The interest of the BOREXINO [41] experiment is that it is sensitive mostly to berillium neutrinos,
and therefore supplements the chlorine measures [7], sensitive to boron and berillium neutrinos, the
electron scattering experiments {13, 14] sensitive only to boron neutrinos, and gallium measures [20],
sensitive to boron, berilium and pp neutrinos. The expected rate for this experiment is of a few
10* events per year. The ratio of the yield expected if the MSW mechanism is at work over the one
expected without MSW as function of the square mass difference and of the mixing angle is shown
in Fig. 2.9 together with the “90% CL region” from the present experiments. Tables 3 and 4 report
the predictions for this experiment based on the available measures and on respectively the BPSM
and the TCL.

This exercise teaches us that almost any value of the ratio from zero to one is compatible with
the present experimental situation. This result reflects the fact that the berillium line has an energy
close to the one for which nonadiabatic correction become important, and that a slight change of
parameters can make the line fall in or out the suppression region. Conversely, if the steepness of the
iso-ratio lines does not allow to make a prediction for this ratio, it is also true that an experimental
measurement will pinpoint the neutrino oscillation parameters.

To better understand the impact of this measurement we have repeated the same plot assuming
the experimental errors that should be available at the end of 1996, about the time when Borexino
is expected to become operational, and by assuming three different central values, 77, 87 and 97
SNU for the gallium measurements. In fact, the gallium experiment is the only one which can
have significantly different results and smaller errors at that time, both because of the increased
statistics and of the better assessment of the systematic errors that shall follow the calibration
of the detector. We should like to make two points here: ) the large angle solution is likely to
disappear with increasing accuracy of the gallium experiments, i) the prediction for Borexino will
remain largely unfixed, even if one should notice that in the best fit point an almost maximal

suppression is predicted for this experiment.

§2.6 Discussion and prospectives

i) We first addressed the calculation of the solar neutrino signals in the different detectors as

a function of the neutrino square mass difference and of the mixing angle, using purely numerical
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methods, without any approximation, in order to get the high accuracy necessary for the comparison
of experimental data. We obtain a good fit to experimental data in the small angle region and a
statistically marginally acceptable fit in the large angle region. We also notice that the small angle
region is very stable against changes of fluxes. When comparing with other authors, we agree best
with the one calculation closer in method and physical inputs to ours, find small and understandable
differences with other two analytic calculations and larger and less easily understandable differences
with one calculation. However, it is important to notice that most of the discrepancies are in the
large mixing angle region, where iso-SNU are less steep and small changes of the experimental and/or
theoretical data produce large changes of the confidence region. Moreover, this region has very little
statistical weight and seems doomed to disappear in the near future, if the next batch of GALLEX
results confirm the actual ones.

i1). Future measurements, of electron spectra (SNO, SuperKamiokande), will explore the region
1078 < Am?/eV? < 2-107* and 107%3%(Am?/eV?)~ 108 < sin? 26 < 0.3. In particular, the small
angle solution will be tested certainly by SNO and likely also by SuperKamiokande.

112) With respect to the no oscillation case, the ratio of charged to neutral current events in S-
NO would test unconventional neutrino properties in the range 1078 < Am"z/eV2 < 2-107% and
1078 (Am?/eV?*)~! < sin? 26 < 1.0 (Fig. 2.7). This ratio is varied by at least 50 % for the MSW
solution and should be clearly detected.

iv) We point out that the presence of muon neutrinos can be determined also by comparing the
SNO charged current signal with the SuperKamiokande signal. We estimate that the essentially the
same range of the previously discussed measurement will be explored For the MSW solutions muon
neutrinos contribute at least 15 /which should be clearly identified.

v) For "Be neutrinos, almost any suppression factor is compatible with MSW solutions (Fig. 2.9a).
Even improved accuracy on the gallium measurement will not change this conclusion, (Fig. 2.9b-d).
On the other hand, an accurate experimental determination of "Be flux will pinpoint the neutrino

mixing parameters.

§2.7 Appendix

In this Appendix we give a more detailed discussion of the function x?, which has been defined
in Eq. (2.2), and of the information carried by its average value. This discussion supplements the
qualitative description of Sect. 2.3 and, hopefully, clarifies the statements made there and conclusions
drawn from Fig. 2.6.

Our first remark is that, even when the two underlying distributions are equal, i.e. < n; >= ngo)’
we still expect a x2, as defined by Eq. (2.2), different from zero owning to statistical fluctuations.
Under the hypothesis that the < n; >>> 1 the distribution of the stochastic function defined in
Eq.( 2.2) are well approximated by the chi-square probability function with a number of degrees of

freedom equal to the number of bins minus one, because the normalization imposes one constrain.

A chi-square probability function with 7 (5) degrees of freedom yields an average < x® > of 5 (3)
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and x* values larger than x3g 5 = 20.3 (16.7) with a probability lower than 0.5%. Note that these
numbers are independent of the total number of events and depend only on the number of bins. The
first quantitative statement we are able to make is that if the experiment determines a x? larger than
X305 = 20.3 (16.7) we can conclude that the spectrum is distorted at the 99.5% C.L. This explain
our definition of distorted spectrum given in Sect. 2.3 as that spectrum that yields a x2 > x255. We
could obviously have chosen a different CL for the definition.

The second quantitative statement we would like to make is the answer to the following question:
will N events be enough to discriminate a given distorted spectrum from the standard one with the
chosen C.L. or, equivalently, how many events are necessary to discriminate a given spectrum from
the standard omne If the two spectra are not equal, the x?, as defined by Eq. (2.2), has a probability
distribution that is not anymore the chi-square probability function. Since we need this distribution
to make quantitative statements, we can generate by Monte Carlo many histograms {n;} obtaining
the distribution of the corresponding x*’s for each point in the MSW plane. Alternatively, we can
assume that the distribution does not change much among points close to each other in the MSW
plane and generate only one x? for each point. An averaged (smeared) value among neighbouring
points estimates the expectation for x?, and the fluctuation between neighbouring points estimates
the expected spread. A

We find more instructive to follow a third approach. It is possible, even if tedious, to show,

again under the hypothesis that the < n; >>> 1 and dropping nonleading terms in 1/N, that the
expected value of x? is:

<x*>=<x}>+Nf , (2.12)
where
(0)y2
(<ny =ni)? .
== Z O (2.13)
bins

and the variance o2 of the x? distribution is given by
_ 2 232
oz =< (x*— < x* >)*>=2Nf . (2.14)

Note that the function f depends only on the spectral distortion and does not depend on the
normalization N. We have indicated with < x3 > the value expected with no distortion. Under the
resonable hypothesis that there is about an equal probability of finding x? larger or smaller than
< x? >, we can make the following statement. Given a theoretical distortion characterized by f the
condition < x? >> x3g 5 selects the values of N for which an experiment has a 50% probability of

classifying the spectrum as distorted:

2 .2
N>N50:X—99——'—°’?——X—9 . (2.15)

For 8 (6) bins this formula yields N > 15.3/f (N > 13.7/f).
Under the additional hypothesis that the x? distribution is approximately gaussian with pa-

rameters given by Eq. (2.12-2.14) we can also make the following statement. Given a theoretical
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distortion characterized by f the condition < x? > —20,2 > x34 5 selects the values of N for which
an experiment has a 97.72% probability of classifying the spectrum as distorted:

4 + XS9.5 — X6 + V16 + 8(xGo.5 — X3
N > Ngr7g = 99. 0 \/ (99. Xo)

7 (2.16)

For 8 (6) bins this formula yields N > 31.1/f (N > 28.9/f).

All the above statements should be taken with a grain of salt. They are valid under the
stated assumptions and become less and less quantitatively valid the more we go into the tails of
the distributions. Our attitude is that Eqgs. (2.15) and (2.16) do not define the precise boundaries
within which the statements become valid at the claimed C.L., but they correctly represent the
regions where those statements are valid. Moreover, it is possible to give different C.L. as the
definition of distorted spectra and, given the definition, require different probabilities of seeing the
distorted spectra in a given experiment. With this caveat in mind and with the hope of giving a
simple picture of the possibility of this approach, we content ourselves with giving the contours of iso-
x? that are defined by < x? >= 20(16.4), 100(92.3) and, in same cases, 40(34.6) for an hypothetical
experiment with at total number of events N = 5000 and a threshold of 5.5(7.5). The first contour
delimits the MSW parameters that produce spectra that have a probability certainly larger than
0.5 of being detected as distorted. The other two contours delimit areas of MSW parameters with
spectra that obviously have probability practically 1 of being detected as distorted, if we keep the
number of events fixed to 5000. It is more interesting to read these other two contours as selecting
spectra that have a probability certainly larger than 0.5 of being detected as distorted with total
number of events N < 1000 and N < 2500.
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TABLES

TABLE I. Comparison of experimental results (Experiment) to the theoretical predictions of the Bah-
call and Pinsonneault [2] Solar Model (BP SM) and of the Turck-Chitze et al. [8] Solar Model (TCL sM).
The BP SM is their best one with Helium diffusion from Ref. [2]. The TCL SM is their prediction from Table
8 of Ref. [8] (1993). Experimental errors are statistical 1-c errors quadratically combined to the systematic
ones. SM errors are 1-¢ effective errors.

Homestake Kamiokande GALLEX
(SNU) (108 cm™2 571) (SNU)

Experiment 2.234+0.25° 2.8440.45° 87+ 16°
BP SM 8.0 £1.0 5.69-+0.80 13271
TCL SM 6.4 £1.4 4.4 +1.1 123+ 7
“Ref. [T]
bRef. [14]
“Ref. [20]

TABLE II. Best fit values of sin® 26 and Am? and corresponding absolute minima of x? for the Bahcall
and Pinsonneault [2] (BP) and for the Turck-Chi¢ze et al. [8] (TCL) SM’s. For reference we also report the

values of sin” 26, Am? and x? corresponding to the local minima found at large mixing angle.

Small mixing (best fit) Large mixing
BP TCL BP TCL
Am? (eV?) 7.4 x1076 7.4 x107° 1.9x107° 3.0x1073
sin” 26 5.8 x1073 4.2 x1073 6.3%x1071 8.6x107!
x? (1 d.o.f) 0.54 0.92 4.6 6.2
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TABLE III. Predictions for the future neutrino experiments by using the Bahcall and Pinsonneault
SM. The figure number next to each symbol refers to the relative caption for a description of the quantity
considered. The first column reports the prediction correspond-ing to the best fit to the neutrino oscillation
parameters (column labeled BP in Table ITI). The second and third columns report the range of allowed
values at the 90% CL in the same model if we restrict the parameters to respectively the small and large
mixing angle region (see top window in Fig. 2). The union of the two ranges gives the range allowed at the
90% CL

BP SM Small mixing Large mixing
best fit range range
R/ (Fig. 7) 0.35 0.20 - 0.45 0.20 ~ 0.30
R am (Fig. 8) 0.20 0.15 - 0.35 0.25 - 0.35
Borexino (Fig. 9) 0.27 0.22 - 0.80 0.45 - 0.70
A{E)sno (Fig. 5a) 4.0% 2.5% - 5.5% -0.3% - 1.5%
A(E)Kam (Fig. 5b) 1.4% 1.1% - 1.7% -0.1% - 0.4%
XI2<am,5.s MeV (Fig. 6a) 27 20 - 38 5-8
X%{am, 7.5 MeV (Fig. Gb) 13 9-21 3-4
X&NO, 5.5 Mev (Fig. 6c) 150 90 - 360 5 - 34
X%NO,T.S MeV (Fig. 6d) 50 30 - 130 3 - 18

TABLE IV. Predictions for the future neutrino experiments by using the Turck-Chitze et al. SM. The
figure number next to each symbol refers to the relative caption for a description of the quantity considered.
The first column reports the prediction corresponding to the best fit to the neutrino oscillation parameters
(column labeled TCL in Table II). The second column reports the range of allowed values at the 90% CL

in the same model. In this model there is no large mixing angle region allowed at the 90% CL (see bottom
window in Fig. 2).

TCL SM Small mixing
best fit range

R (Fig. 7) 0.45 0.25 — 0.60
RE. (Fig. 8) 0.13 0.10 - 0.30
Borexino (Fig. 9) 0.27 0.22 - 0.85
A(E)sno (Fig. 5a) 2.5% 1.7% - 4.5%
A(‘E)Kam (Fig. 5b) 1.1% 0.8% — 1.6%
Xiam, 5.5 MeV (Fig. 6a) 20 12 - 36
Xiam, 7.5 MeV (Fig. 6b) 9 6 - 18
X8NO, 5.5 Mev (Fig. 6¢c) 80 30 — 260
X&NO, 7.5 MeV (Fig. 6d) 30 20 - 90
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Fig. 2.1 Iso-signal contours for the chlorine, electron scattering and gallium experiments. Results for the chlorine
and gallium experiments are in SNU and have been obtained using neutrino fluxes from Ref. 2. Results for the electron

scattering experiment are fractions of the no suppression result and the threshold energy for electron detection is
7.5 MeV. Labels refer to solid curves, dashed curves are half-way the solid ones.

Fig. 2.2 Confidence regions obtained using the Bahcall and Pinsonneault solar model [2] (BP) and the Turck-

Chitze et al. solar model [8] (TCL). Solid curves delimit 90% CL regions, dashed curves 89% CL regions. Plotted
points mark the best fit values for each of the two models.
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Fig. 2.3 Electron energy spectra as expected at SNO. Window labeled “standard” show the spectrum expected
without neutrino oscillations and the corresponding binned histogram. The other three windows show as dashed
curves the spectra expected for three choices of the MSW parameters: the top-right one corresponds to the maximal
deformation, the bottom-left one to the best fit values and the bottom right one to the “large mixing” solution. We
also plot the corresponding binned histograms and, for comparison, the standard spectrum as a solid curve. Spectra
have been arbitrary normalized so that the integral between 3.5 MeV and 14.5 MeV is 2.5.
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Fig. 2.4 Electron energy spectra as expected at Kamiokande. Window labeled “standard” show the spectrum
expected without neutrino oscillations and the corresponding binned histogram. The other three windows show as
dashed curves the spectra expected for three choices of the MSW parameters: the top-right one corresponds to the
maximal deformation, the bottom-left one to the best fit values and the bottom right one to the “large mixing”
solution. We also plot the corresponding binned histograms and, for comparison, the standard spectrum as a solid
curve. Spectra have been arbitrary normalized so that the integral between 3.5 MeV and 14.5 MeV is 2.5.
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Fig. 2.5 Contours of iso-percentage-variation of the average electron energy expected at (a) SNO and (b)
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with 8 bins (a and c), larger than 17 for the same number of events for cases with 6 bins (b and d). Short-dashed
curves delimit (x?) values larger than 82 (71) for the same sample size with 8 (6) bins or equivalently, as explained
in the text, larger than 20 (17) for a sample of 1000 events. For cases (a) and (b) we also show curves (medium size
dashes) delimiting <X2> values larger than 43 (37) for 5000 events or equivalently larger than 20 (17) for a sample
of 2000 events. The largest values of (x?) (larger deformations) we found are: (2) 700 for sin® 26 = 1.7 x 10-3
and Am? = 1.1 x 10~ (emough 108 events to give a (x?) larger than 20), (b) 525 for sin?26 = 1.0 x 10-3
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Am?=1.3x10"4 (enough 17 events to give a ()x?) larger than 17). The 90% CL region (long-dashed curves) and
the best fit to the experimental data as obtained in the BP SM (Fig. 2) are also superimposed.
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BP SM (Fig. 2) are also superimposed. This approximation becomes exact in the limit that W(E), as defined in

Eq. (2.10), is constant in the relevant range. We plot (c) this function and the two cross sections whose ratio define
W(E); the y-scale is arbitrary.
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CHAPTER 3
NEUTRINO SPIN PRECESSION IN A COHERENT. MAGNETIC FIELD

The data of the Homestake detector do not seem to be constant in time and seem to be anticorrelated
with the solar activity [7], the trend being that the signal is lower during the periods of stronger
activity. The statistical significance of this time dependence does not allow definite conclusion, being
at the 3o level [75, 76]. One can therefore speculate over this possible anticorrelation and try to
understand its origin. Since neutrinos are produced in the core of the sun, their production rate is
independent from the solar activity in the convective region, and the only possibility to explain the
eventual temporal correlation of the signal is to appeal to neutrino properties.

The ideas which have been proposed until now rely on non-standard neutrino electromagnetic
properties which should allow non negligible interactions of neutrinos with the solar magnetic field.
Observational data show the existence of a magnetic fleld at the surface of the sun whose magnitude
is strongly correlated with the twentytwo years solar cycle.

It has also been postulated (without any experimental evidence) that a inner magnetic field can
be present inside the most interior region of the sun, the "quiet” sun. This inner field, if it exists,
however cannot be correlated with the solar activity in the convective region.

If we assume that neutrinos have unconventional electromagnetic properties, such as a neutrino
magnetic moment, the coherent interactions of the neutrinos with the magnetic field origins new
terms in the hamiltonian connecting left-handed neutrino states with right-handed, active or sterile,
neutrino states. The effect of this interaction is to induce an effective mixing among right and
left-handed states [27, 28]. Since this interaction connects neutrinos with opposite helicities (for
ultrarelativistic neutrinos) we will usually call this effect neutrino spin-precession. If the interactions
of neutrinos with the field of the convective region is strong enough, some correlation with the solar
activity is expected [28]. This feature reproduces the claimed correlation of the Chlorine data with
solar activity and motivates the large interest in this effect.

Up to now essentially two classes of models have been explored, namely either the original
proposal [28] in which only spin-precession is postulated and the right-handed neutrino can be either
the sterile right-handed partner of a Dirac neutrino or an active right-handed antineutrino (ZKM
neutrinos [77]), or variants of the previous one in which both neutrino spin-precession and neutrino
oscillations are supposed to be important. The models of this last class are usually referred as Hybrid
models [29]. This second class of models seems to be more atiractive since it provides naturally an
explanation of the low signal also at periods of minimum solar activity when the magnetic field is
supposed to be ineffective.

The evolution equation depends crucially on the magnetic field shape and strength. In particular
it depends on the profile of the magnetic field and also on the relative direction of the magnetic
field in the plane transverse to neutrino momentum as functions of neutrino positions. Whatever
complicated is the spatial shape of the magnetic field, it results that the precession phase ¢ =
J pyBdr must be at least of the order of the desired spin-precession probability and therefore for
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a magnetic field of 1 kG along the convective zone neutrino magnetic moment p, ~ 107 %5, pp
being the Bohr magneton, are required. This value (even if, eventually allowing for a larger magnetic
field, whose magnitude is unknown, it can be be somehow lowered) is very close to the experimental
bounds [78], and it is probably in conflict with limits coming from astrophysical considerations [79].

Such values for the neutrino magnetic moment would be a clear indication of physics beyond
the standard model [36, 37]. In fact the most simple extension of the standard model, namely
the assumption that the neutrino is a Dirac particle and its mass is less than 10 eV, as allowed by
experiment, implies that g, < 107*8up, several order of magnitude lower than the required strength.

Together with the time dependence of the signal, the scenario including neutrino magnetic
moment can have other peculiar phenomenological features. In particular hybrid models predict
that a sizable fraction of the initial neutrinos oscillate in electron antineutrinos (unless forbidden by
an exact symmetry, see the next chapter) whose detection would be an incontrovertible signal of non
standard behaviour of the neutrinos, since there is no known process in the sun which can originate
electron antineutrinos. This signature is extremely important since 7, detecting inverse beta decay
process, can be distinguished experimentally from the other neutrinos and the cross section for the
detection is much larger than the cross section for neutrino electron elastic scattering allowing the
detection also for small fraction of antineutrinos. On the basis of the non observation of U, signal
in Kamiokande detector it is already possible to exclude hybrid models with large mixing angles
and with the future detectors it will probably be possible to confirm or reject this class of models.
Up to now it doesn’t exist a complete analysis showing the consistence of these models with the
data although many semiquantitative estimation show that, at least the hybrid models, can probably
reproduce also the quantitative features of the data and possibly also the difference among the signal

observed in the two detectors.

§3.1 Effective Lagrangean Accounting for Neutrino Electromagnetic Properties

Since neutrinos are electrically neutral, the most effective coupling (at low g2 where g is the four
momentum carried by the photon) of neutrinos to photons is of electric and magnetic dipole moment

type. We are therefore induced to look for an effective lagrangean of the type

Lem = 1ikX;CapXkFag +idjEX;006Y5 Xk Fap (3.1)

where pjr and dj; are the magnetic and electric dipole moment respectively, x; and xx are the
fields of v; and vy neutrinos, and Fag = 0,45 — 95 Aa.

If x; are four components Dirac fields the case j = k in (3.1) is indeed possible and u is the

standard magnetic moment for the usual fermions.

If, on the contrary, x; are two components Majorana fields, due to the Majorana condition,

xi = C%; T, xk = Cx T, we get
XjTapXk = —XpTapXj
X;TapTsXE = —XpOapV5X; (3.2)
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and therefore diagonal magnetic and electric dipole moment are forbidden for Majorana neu-
trinos [80]. Usually non diagonal magnetic moments are called transitional magnetic moments.
In the following we shall assume that some new interactions give rise to the effective Lagrangean

(3.1) and we consider the possible effects.

§3.2 Neutrino evolution equation in a coherent magnetic field

The interaction of the neutrino with the magnetic field can lead to two different consequences

a) neutrinos are scattered by the field B which is present in the convective zone.

b) Some interference effect of the same kind we have described in the previous chapter can hold.

We shall neglect a since it turns out that it requires unreasonable high value of 1 and B and we
shall concentrate on b. Analogously to the weak interaction of neutrinos with matter, the interactions
with a magnetic field modify the dispersion relations of the neutrino and affect its evolution.

Exactly in the same manner as we got for the coherent weak interaction we get a contribution to
the hamiltonian, due to the interaction of neutrino with the magnetic field; the coherent requirement
leads exactly to the same condition: initial and final neutrino momentum must be equal.

In presence of a coherent magnetic field the evolution hamiltonian has non vanishing elements
which connects v| and vy states with v and v{ states; therefore oscillations involving left handed
and right handed components of both neutrino species are allowed.

For a static magnetic field, again using the convention of appendix A we get the followings

forward scattering amplitudes

«
[
B
m ., B
Bi,= O(E—g)'_plil,z (3.3a)

Biy=2Be(1+ O(EE))E"‘i (3.3b)
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m  Bp
B3, = O(E’g‘)_p‘#’lﬂ (3.3¢)
v
L N

G
¢
I
X e
B, = —2Be(1+ O(g—))pfﬁ (3.3d)

where Be'? = B; +iBy, B; and By being the components of the projection B, of the field B
in the plane transverse to neutrino momentum, and 7% = p -+ 4d. Including also this effect for the

time evolution hamiltonian we get:

HTOT:HO+V+B (34)

where Hy stands for the kinetic term, ¥V and B account for the coherent interactions of neutrinos

with matter and magnetic field respectively.
We shall discuss essentially two cases.
a) the magnetic moment is of Dirac type and neutrino oscillation are either absent or decoupled

from spin precession.

In this case in eq. (3.4@) the term Hy is diagonal being left an right-handed neutrinos degenerate

in mass and it is
Via Bf
)2 (g ; 1,2 3.5
TOT (Biz V) (3.5)

where Bf, have been defined in (3.3) and Vy 2 is the level splitting induced by coherent interaction
and depends on the flavour content of v; neutrino in (3.1).

b) The magnetic moment is of transitional type and we cannot decouple neutrino oscillations

from neutrino spin precession. In this case, in the flavour bases, assuming, to be definite, that v;

neutrinos in (23.1) are mass eigenstates and v., v, are superposition of v; neutrinos with mixing

angle 6,
6:: + Vl 6.5 0 ﬁ
. 65 "‘5c + V2 "ﬁ 0
Hror = 0 _p- 5, — s, (3.6)
.B! 0 65 “6c - 1/—2
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2 2 2 2
where V| = %—%(ne(r) —n,(r), Va = —g\/—%nn(r), be = Ln—*%—’— cos 28, &, = m‘_{;;m"’ sin 26, 6 being

the vacuum mixing angle and 8 = Bf ,. In egs. (3.5-3.6) we have neglected vanishing small terms
of order m, /E,

§3.3 Neutrino Magnetic Moment and the Solar Neutrino Problem

There are two important issues to take into account in order to conclude if the occurrence of neutrino
magnetic moment can be important for the solution of the SNP. First it is important to understand
what are the values of u, and B which can significantly change the neutrino content in the sun
and compare these values with the experimental bounds. Second one has to understand if models
including neutrino magnetic moment effects are able to reproduce the observational data, namely
a larger neutrino deficit in correspondence of stronger solar magnetic field intensity, a consistent
deficit even for weak field intensity and possibly also some difference among Homestake detector
which indeed observes such an anticorrelation and Kamiokande detector which, within large errors,
observes no such an anticorrelation.

In the original proposal of Okun, Visotsky and Voloshin [28] it was considered the case of a
diagonal magnetic moment of Dirac type and it was neglected the effect of coherent interactions.
Under these assumptions, the equation of motion is exactly solvable and, for a solar magnetic
field B of about 1 1 kG, a neutrino magnetic moments of order 107°up, pp being the Bohr
magneton, is needed in order that the conversion probability becomes appreciable. Subsequently
it was noticed that, generally, the effect of coherent weak interaction is to induce terms in the
evolution equation whose net effect is to suppress the spin-flip. As a result a magnetic moment
five to ten times larger than the previous one is needed. This class of models suffers from two
main difficulties: the experimental upper bound on p, is very close to 107195 [78] and, moreover,
astrophysical consideration from supernova and red giant cooling set limits of order 10~ + 10~ 13,5
[79]; additionally, at least under the more conservative hypotheses that the inner magnetic field is
absent or negligible, this model cannot explain the neutrino deficit at minima of the solar activity
and probably cannot explain a depletion of the signal as large as the observed one.

To overcome partially these problems, "Hybrid Models’ were proposed [29], namely models with
both neutrino magnetic moment of transitional type and neutrino mixing. In this class of models
the mass splitting among the two neutrinos can compensate for the coherent weak interaction as
discussed in the previous chapter and this allow for a somewhat lower p, value (three to six times
Bohr magneton). Additionally, in these models, since the magnetic moment induce transitions
among states which are both active supernova limit is avoided. Finally these models, due to the

contribution of neutrino oscillations, allow to reproduce the neutrino deficit at solar minima.

1 Here and below one has to remember that only the product u, B is relevant for the problem,

therefore if one wants to use different magnetic field the net effect is just a rescaling of u, in all the

following consideration
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Subsequently it was noticed that the direction of the magnetic field along the neutrino path
is not necessary constant. The effect of the twisting of the B, direction along neutrino path is
to induce a dynamical phase in the evolution equation [81]. When this idea was proposed, it was
claimed that a rapid twisting of the magnetic field can result in lowering the value of i1, B, which is
required to produce large v,y — vg conversion, by 3 +4 orders of magnitude [81]. Subsequently this
result was shown to be incorrect [82, 83]. The twisting of the magnetic field can induce many new
phenomena such as resonant spin flip even when v,;, and v are the components of a Dirac neutrino,
the appearance of new resonant level crossing and also suppression of the precession, depending on
the value of the corresponding parameter [82]. However, it results that, even for the "best choice”
of parameters, the needed 1, B, value, ensuring large v, — vy conversion, can be lowered at most
of a factor two [82]. Since the quoted analysis was carried out assuming a specific shape of the
magnetic field and of the changing of the twisting of B along neutrino path, the question of what
is the minimal value of y, B which can induce large neutrino spin precession assuming arbitrary

B, and twisting of B, along the neutrino path, still remains open.

§3.3.1 The Region of Parameters Relevant for the Solar Neutrinos

We now try to understand what are the values of x, B, which can indeed be of some relevance
for the solar neutrino problem. Looking at the evolution hamiltonians (3.5) one can easily trust
that the spin-flip probability goes to zero in the limit Bi, ~ 0. Additionally in the case of time
independent hamiltonian the evolution equation can be exactly solved and it is well known that the
effect of diagonal terms in (3.5) is to dump the amplitude of the precession. Therefore one can guess
that the limit of vacuum oscillation in presence of constant magnetic field give a good estimation
of the values of parameters u, B required to induce a spin-flip probability of order one. However
since we do not have exact solution for the problem for a time dependent hamiltonian and in view
of the claim of the possibly strong effect of the twisting of the field it is important to have a rigorous
bound on the effect which can be induced by a given u,B.

In the following we shall demonstrate that for a general two level quantum system the maximum
precession efficiency is reached when diagonal terms are absent. In this case the evolution equation
is straightforwardly solved and one obtain as a general results that the value of the precession phase
¢ = [ p,Bdr must be at least of the order of the desired precession probability. We briefly examine

also the case of hybrid models, where neutrino oscillations and spin-flip precession are interfering
and we found that this limit still holds.
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§3.3.1.1 General Analyses

The evolution of a two-level quantum system in the case of an arbitrary, time dependent, hamiltonian

is described by the equation

d (ai(t) _ A(t) D()e )\ [ ay(t) (3.7)
it \ax(t) ) T\ D@)e~®  _4) as(t) )’ '
where a),5(t) are the amplitudes of the probabilities that the system is in the state | 1), | 2)
respectively; A(¢), D(t), w(t) are real functions and an inessential diagonal term in the evolution
Hamiltonian was omitted. If we introduce the amplitudes
bi(t) =ax(t)e” (02,
bo(t) =aq(t)e™ ()2 (3.8)

the probability to find the neutrino system in the state | j) is P;(t) =| a;(¢) |>=| b;(¢) | and eq.

(3.7) becomes
4 (u®) _ (o) DO (bi) 59)
dt \ ba(t) D(t) —C(t)) \ ba(t) )’ :
where C(t) = A(?) + w(t)/2. Henceforth we shall discuss eq. (3.9) to which the more general eq.
(3.7) can always be reduced.

Our aim is to determine the minimal value of ¢ = fttf dtD(t) which is needed to change the
system from an initial state | i) = b1(2;) | 1) + b2(t:) | 2) characterized by the probabilities P;(t;) to
a final state | f) = by(2y) | 1) + b2(¢s) | 2) characterized by the probabilities P;(ty).

Since the hamiltonian is hermitian the probability is conserved,

P(t) + Po(t) =1, (3.10)

and it is enough to follow the evolution of P,.

Given the real and imaginary components of by 2(t)

bi(t) ==(t) + iy(t),
bo(t) =2(t) + sw(t), (3.11)

one can write the evolution equation for P,(t), which has the form

dPa(t) _
= 2D(t)a(2), (3.12a)
where
o(t) = z(t)y(t) — w(t)z(t) (3.12b)
From (3.12a) and (3.12b) it follows that
Py(t;) — Pa(ts) = / ‘tf d2D(t)(2). (3.13)
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Using eq. (3.10) one can show that | o |< 1/2. Consequently, to get a change AP, in the Py
probability, according to (3.13), at least the following inequality must hold

| /t .t’ datD(t) |>| AP, | (3.14)

This bound can be further refined. One has to look for a path from i; to t; along which o is
maximal at each instant. For any given value of P, (which means for any given couple (z,w)) from
eqs. (3.10) and (3.12) it follows that

o=zy—wy1—Py— 1y (3.15)

The maximal value of o occurs for y,, such that do/dy |, = 0. This value is given by

Pi(t)

Ym (1) = £2(2) B

(3.16)

Therefore the minimal value of D(t) of interest is obtained for a configuration of D(t) and C(t)
for which condition (3.16) is satisfied. One can directly verify that for C(t) = 0 condition (3.16)
is always fulfilled during the evolution of the system, if it is fulfilled for ¢ = ¢;. T Under these

assumptions eq. (3.9) is straightforwardly solved and one gets an exact expression for Py(i):
Pa(t) =Pa(ti) cos® Q@ + Py (t;) sin® Q £ /Pa(t:)P1(t:) sin 20
t
Q :/ dtD(t) (3.17)
t.

where P 2(t) denote the probabilities P;(t) in the specific case when C(t) = 0. Therefore the
bound in eg. {3.14) can be substituted by a stronger one. If we define by ©Q the minimal value of
| ©2 | for which Pa(t;) — P2(t;) = AP, then the bound (3.14) can be substituted by

|2]>0 (3.18)

This result has a very simple meaning. The speed of the transition | 1) —| 2) is directly
proportional to D(¢) and eq. (3.9) tells us just that this rate goes to zero in the limit D(¢) = 0.
Moreover, the effect of the term C(t) is always to reduce the speed of the transition. The existence
of resonance points 1, (C(¢;) = 0) just ensure the condition C(t) = 0, which is the most favourable

for the transition, over a time interval At ~ B(3,)/(dC(t)/dt |.,).

t This condition can be verified to hold, in particular in the case of solar neutrino, in which we

are mainly interested here.
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§3.3.1.2 Neutrino Spin Flip in the Sun

We now come back to our original motivation, solar neutrino spin precession in the presence of a
twisting magnetic field. If we consider an electron neutrino v.; with transition magnetic moment
ty which is crossing the convective zone of the sun and we assume for concreteness that v = UuR,
the evolution equation [29] of the system, taking into account also the possibility that B, can be
twisting continuously on the way of the neutrino [81,82] is given by eq. (3.7), where now ¢t = r,
| 1) =[ ver), | 2) =| vur), a1 = ac, az = ag (electron neutrino and muon antineutrino amplitudes),
A(r) = (G’p/\/ﬁ)(‘n,E (r)=7nn(r))+ (m? —mﬁ)/(f%E) (GF is the Fermi constant n,, n, are the electron
and neutron densities), D(r) = p, B (r), w(r) describes the twisting of the magnetic field [82, 83]
and we have neglected possible mixing among neutrino flavors. In order that the magnetic field
induces a change APy in the v content of the neutrino state the inequality (3.18) must hold, where

now

P = PE;
P’Z = Pﬁ)
Rg
Q= / drp, B (7), (3.19)

independently of w(r) (we have denoted with r; the point in which the electron neutrino is produced
and with Rg the solar radius). This disproves the claim made in ref. [81]. We are just left with the
vacuum spin-flip in presence of a non twisting field as an optimal case and the minimal value of the

parameters which can induce a given spin-flip can be directly read from the results in this limit [28].
In this limit

R
P =sin’® | ¢ / dRBe | (3.20)

For P,y to be significative we require

. ko .
|zz"’/ dRBe'? |> 1 (3.21)

Where R; is the beginning of the convective zone and Rg is the solar radius. The length of the

convective zone L. is

3
Lc - I—OR@ (3.22)
From (3.21-3.22) we get
1 -
uB > I~ 107 18ev (3.23)
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For magnetic field of order 1 up to 100 kG which seems possible inside the convective zone of

the sun this mean.

By >2-10712 22,107 0p (3.24)
where pp is the Bohr magneton.

The upper value for p, is at the border of the present terrestrial limit [78]. Astrophysical bounds
are more stringent p, < 1071245 [79] even if some caution is needed. In any case, even being very
optimistic about p, and B values, from the experimental limit we get pu, B < 10~ 1eV.

From the discussion of the previous section we can also infer what is the "best choice” for w(r)
(which, as B, is unknown); we obtain the maximum precession efficiency for
-md o)

4F

GFr

A(r) = T (melr) = mn(r)) + z

= 0. (3.25)

Condition (3.25) is probably unphysical in the sense that it would require a quite strange twisting
of B, to be realized. However, from the previous discussion we can infer what is the condition which

can be realized in the physical case and is the closest to eq. (3.25):
A(r) =0, A(r,)=0. (3.26)

In fact condition (3.26) would not only imply the occurrence of a resonance but also the widening
of the resonance layer.
We shall now briefly describe the case of RSFP in which a nonzero mixing between v, and v,
is assumed. In this case the system of evolution equation has the form 29

.da;(r)
T

= 'H(r)jkak(r)‘ (327)

In eq. (3.25) j,k = e, € u, & and H = Hror and Hror has been defined in eq. (3.26) It is
convenient to introduce
b;(t) = <1,j(1l)eEJ""(r)/2 =lLifj=ep =-1,ij=¢x
bj(r) = w;(r) +dy; (). (3.28)

Only the B term can be responsible for the suggested time dependence of the signal in the
Homestake experiment [7]. The net effect of this term is neutrino spin flip process which produces

the change of the neutrino and antineutrino contents of the state. Let us define
P(r) =] be(r) I* + 1bu(r) I),  P(r) =|bz(r) I’ + | bg(r) I, (P+P=1) (3.29)

in order to study the efficiency of the neutrino spin-flip (which is the only effect which produce the

time modulation), it is enough to follow the evolution of P. From egs. (3.26-3.29) one obtains

Z0)  os(r)BL )

£

o4(r) = —Teyy + YsTp + THYe — Yrte. (3.30)
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The configuration for which neutrino spin flip proceeds with the highest speed at fixed 1, B},
corresponds to the maximum of oy for any given P (for any given (zs, vs, z7, ¥i)). This implies that
such configuration can be realized if the following conditions can be simultaneously fulfilled

Ty + Tpyz =0,
Tets — Yup = 0,

T T+ Yely = 0,

where =z, = \/1 —-P- zl —y: -y (3.31)

One can directly verify that if conditions (3.31) are fulfilled for r = r; and if all, but g, B4,
terms in (3.27) are zero, egs. (3.21) are always fulfilled during the evolution of the neutrino system.
So, also in the case of RSFP, condition (3.18) gives the correct estimate for the minimum size of
B which is needed to produce a given effect. Again in this case the diagonal terms suppress
the transition amplitudes, moreover also the nondiagonal term §, suppresses the spin-flip transitions
since it induces an energy splitting between the neutrino states which are connected by the magnetic
moment term.

Two comments are in order: i) the above statement is correct only for spin flip transitions
and it does not hold for the disappearance amplitude for v,, since also neutrino flavour transitions,
induced by §, contribute to this amplitude. However §, is present even if By ~ 0 (the guiet sun)
and it cannot provide any time dependence for the signal; i) the case §, # 0 has the attractive
feature that it can provide lowering of the signal also in the periods of low solar activity and this is

in agreement with the trend of experimental data [7].

§3.4 Implications of a large neutrino magnetic moment for the solar neutrino signal

We shall now turn to discuss the effect of the assumption that the neutrino has a magnetic moment
large enough to affect the solar neutrino signal.

There are essentially two class of models: the original proposal to consider only spin-flip and
the later proposal to include also neutrino oscillations.

It seems difficult to account for the depletion of the signal at the minimum of the solar activity
in the case of neutrino spin-flip alone, the possible way out being either the assumption of a very
strong magnetic field in the solar interior or the assumption of an extremely tuned shape and time
dependence of the solar magnetic field. The only relevant phenomenological feature of this scenario
is the correlation of the solar neutrino signal with the solar activity.

In the case of Hybrid models it is made the assumption that both neutrino spin-flip and neutrino
oscillations are effective. In this way it is easier to explain the depletion of the signal at the minimum
of the solar activity, moreover, in this class of models the occurrence of resonant crossing of energy

levels is energy dependent and therefore some difference among experiments with different threshold

energies is expected.
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In addition to the time dependence of the signal for a wide class of hybrid models it is predicted
a spectral distortion and the conversion of a fraction of the initial v, to T,. This last signature turns
out to be extremely important since U, are relatively easily detectable trough inverse beta decay
processes. In the following we discuss how it is already possible to exclude hybrid models with large
mixing angles on the basis of the existent data.

Up to now it is possible to make only semiquantitative statements about this scenario since
only partial or incomplete analysis have been performed. On the basis of the existent literature one
can perhaps say that it’s plausible to think that for some parameter regions the hybrid models fit

the existent data better that the models which do not predict any time variation of the signal.

§3.4.1 The Main Feature of the Models

In the original proposal of Okun, Voloshin and Visotky [28] it was assumed that v; and vy were
the four component of a Dirac neutrino. In this case both A and the vacuum mixing angle are zero
and the evolution hamiltonian in the v,r, veg basis (ver, ver evolution is decoupled from 7, Ly Ush
evolution) is given in equation (3.5) where V; 2 = Gp(N, — Nn)/\/i and the phase 8 in (3.5) was
assumed constant along neutrino path.

This class of models is plagued with several difficulties. If one take the more conservative
assumption that the magnetic field is present only in the convective zone, these models cannot
account for any depletion at the minima of solar activity, in contrast with the phenomenological
evidence. This difficulty can be overwhelmed only assuming a strong inner solar magnetic field of
order 1077 kG at the border of the values which are assumed possible.

Additionally these models can account for some difference among Homestake and Kamiokande

detectors only for extremely large neutrino magnetic moment, namely
py =4+ Tx 107 Pp (3.32)

since for these value of the magnetic moment elastic neutrino scattering mediated by a virtual
photon contributes significantly to the detected signal in Kamiokande detector, while giving no
contribution to the signal in Homestake detector.

Finally in these models the level splitting among L and R state induced by coherent interaction
of neutrinos with matter have the tendency to dump the oscillations, therefore increasing the required
tv B value, as was noticed in [84].

This last problem however is not unavoidable. Assuming that the phase 8in (3.5) is not constant
along neutrino path inside the solar magnetic field, induces a new dynamical term in the evolution
equation [81]which can compensate for the level splitting if 8 ~ —V1,2 [82]. Evaluating V; o at the
beginning of the convective zone one can see that if

. 0.2
B< Eg (3.33)
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a resonant point will indeed occur in neutrino path. It is remarkable that the required values for ,6

is just of the same order of the extension of the magnetic field and, therefore are very natural values.

We don’t know of any detailed computation showing the possible consistence to these models
with the observed time correlation and average suppression of the signal. Only qualitative and
incomplete computation are at disposal, however it seems that to reconcile the difference among the
detectors very large values of p, are needed, very close to be excluded by terrestrial experiment and
in strong conflict with astrophysical consideration, additionally to reproduce the average suppression
of the signal on needs a very strong primordial inner magnetic field with which must be tuned in
order to give an effect stronger than the coherent one and to provide just the observed one half
suppression (roughly) during the periods of low solar activity during which only the inner field is
assumed to be effective.

In view of the difficulties of these class of models it was natural to introduce the Hybrid models
(3.6) in which both neutrino mixing and spin precession were operative.

We now study equation (3.6). Two situation can arise

1) some resonance can occur inside the convective zone

2) No resonance is crossed in neutrino travel.

In the following we shall show that 2 requires large mixing angle. This requirement leads to a
large T, production and conflict with experimental data.

If we assume that ms > m; and that adiabatic resonances indeed occur inside the convective

zone of the sun this implies

2 2 ;
5-10716ev < T2 T < 5. 10715y (3.34)
= B =
We observe that in their travel neutrinos crosses two resonances, the first when H.. = Hy y which
implies
G m? — m?
— (N, — Np) =22 3.35
ﬁ( e = Ma) 4F (3.35)
if the crossing is adiabatic we have v, — U, conversion.
The second crossing is for He, = H,, which implies
C N, =M™ ooy (3.36)
~—N, = —————=cos 2a .
N 4E

Again if adiabaticity holds we have v, — v, conversion.

However it turns out that in the convective zone N, is quite small (N, ~ 1/6N,) and the two
resonance are very near, this implies that even when adiabaticity is a good approximation equation
(3.6) requires numerical investigation.

Due to the resonance (3.35-3.36) we expect a sizable amount of v, and ¥,. In addition a small
fraction of U, is expected since it is not forbidden by any comservation law. It can be due to the

following process

spin flip_ oscillation__
e > Vp Ve
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oscillation spin flip__

Ve — Uy — D, (3.37)

since in both process one step is not resonant the ¥, fraction is expected indeed small if the mixing
angle is small. ; ;

Some numerical investigation of (3.6) has been carried out [85] and it seems that this idea
can reproduce experimental data accounting also for the observed difference between the two ex-
periments. However due both to the incompleteness of this investigation and to our ignorance of
magnetic field shape and size we still lack a quantitative knowledge of the allowed region for the
parameters (u,, B, a, Am?) and of the v, flux.

In particular a better understanding of the following problems is needed:

a) The region of m and @ which can reproduce the data.

b) The dependence of the solution on the magnetic field shape.

¢) The relevance of the inner magnetic field

d) The stability of the behaviour of the system for small changement of the input parameters
(expecially B(R)).

§3.5 Do v, Come out from the Sun?

In the frame of the class of hybrid models we have described up to now some production of ¥, is
expected. Free proton rich detectors like kamiokande are very semsitive to ¥, and it is a meaningful
effort to investigate what bounds the kamioka data put on the ¥, productions and how significative

are for the hybrid models [43].

§3.5.1 Bounds on the solar 7, flux from Kamiokande background data

As is well known, the specific signature of ¥, in materials containing hydrogen is through the

reaction
Ue+p—et +n (3.38)

which produces isotropically distributed monoenergetic positrons (E,+ = E,—ém, ém = m, —my).

For energies above a few MeV, the cross section is

E, — ém)

E,) =092 10"42( 2 em? 3.39
o(B,) = 9.2 x 107X )? em (3.39)

The Kamioka water detector, which is sensible to the v, — e interaction with a much smaller

cross section, is clearly also capable of detecting reaction (3.39) provided there is an appreciable flux

of solar 7,.
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For the moment, we assume that the energy distribution of 7, is the same as that of v, apart
for an overall factor P.z denoting the probability of the v, — 7, transition. We also assume that
the v, spectrum, d®/dE,, is that given by the standard solar model [3].

The average number of positron with energy larger than a threshold Eg which are produced in
the detector is

N(FE.+ > Ey) = PzATN, eovim dE,,d;?%‘?———u]W)

where T is the measurement time (T' = 1040 days), N, is the number of free protons contained in

o(E,) (3.40)

the fiducial mass of the Kamioka detector (680 tons of water) and A, an overall factor accounting
for the SSM uncertainty, ranges in the interval 0.7 + 1.3.

This number is shown in table 1 (last column) for several values of Eq, by taking A = 1 and
Pz = 1. (In the same table, the number of v, — ¢, T, — ¢, v, — € and D, — e interactions are also
shown for comparison.)

Ey [MeV] N(E+>Ep)
V—€ Ve V=€ Ve VD

5.30 2.08x10° 3.59%10° 316X 107 2.45x107 6.65%x 107
6.30 1.42x10° 2.13%10? 2.13%10? 1.63x10° :.68)(10‘:
7.30 9.05x10* 1.20x 107 1.34x 107 1.01x 107 4.48)(104
8.30 5.29x 107 6.32x 10 7.77X 10! 5.83%x 10 3.l7><104
9.30 2.76x 10? 3.03x 10 4.02x10! 3.00x10! 1.93%10
1.03x 10! 1.23x 107 1.26 x 10 1.78x 10! 1.32x 10! 9.40X10§
1.13%x 10! 4.34x 10 4.25 6.25 4.62 3.13)(10’
1.23x 10° 1.06x 10" 1.00 1.52 112 5.13X10:
1.33x 10" 1.37 1.27% 10! 1.96x 10! 1.44%x 10! 2.24%10

TABLE 1. Average number of interactions taking place within Kamiokande II fiducial volume during T=1040

d. with energy of e¥ in excess of Eg by assuming for each neutrino species the same differential flux d®/dF,
as given by the SSM for v, and by taking sin? 28y = 0.23.

If we take Ep = 9.3 MeV, the detection efficiency for e~ exceed 90 % [12]. We assume the

efficiency for et to be the same, thus the average number of detected positrons is

N%*YE,+ > Eq) > AP, x 1.7 x 10* (3.41)

These events, being isotropically distributed, contribute to the flat background detected by
Kamioka in the angular distribution. On the other hand, the total background for 1040 days at
Eo = 9.3 MeV is about 1160 counts, see fig. 3 of Ref. [13]. This provides a bound on Ny (E,+ > Ep)
and thus on AP,:

A(Ps) < 7.7% (at99%CL) (3.42)
where the average refers to the data taking period January 1987 - April 1990.
More detailed information can be obtained by looking at the energy distribution of the Kamiokande

events, see fig. 3 (vertical bars) from ref [86], corresponding to the period June 1988 - April 1989.
The
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number of positrons which are produced inside the detector in the energy interval B,y + F.+ + AFE
in time At is given by

AN,4
AEAT

dd5

= N,o(FE,)—== 3.43
(B 1 (3.49)
where E,+ = E, —§m and d®;/dE, is the flux of 7 which we want to determine. Again by assuming
a detection efficiency better than 90% and requiring that the number of detected positrons does not

exceed the observed signal, we get the upper bound for d®5/dE, shown in fig. 3.1 (diamonds).

Eo+ [MeV]
9.7 10.7 11.7 12.7 -
106 E T T T l T T T I T T T T l T T T T I T T 1 3‘
C a 1
L fa) a !
- D o 1
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10 3 o E
- E ° o ]
% i o ]
= " o o o
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o 4 ¢ —  ud
A . . —
w ° °
R - T o g A
3 - I 1 . 1
103 I .
g I 1 &
I I :\i o2
02 R S ! PR S S [ [ B S ‘ et t 1 ‘ [ Rl 1
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E, [MeV]

Fig. 3.1 The background spectrum in the Kamickande II experiment for the period June 1988 - April 1989
86, in units of counts AN per day per energy interval of 0.4 MeV (vertical bar, right of the electron or
positron energy Eex (top scale). The corresponding upper bound on the ¥, flux (diamonds, left scale),

differentiated with respect to neutrino energy E, (bottom scale), fixed at F,, = E,+ +§m. For comparison,
the differential flux of v, predicted by the SSM is also shown (squares).

We derive that the total flux of T, in the energy region of interest to us is severely bound,

®5(E, > 10.6MeV) < 6.1 x 10*cm™2s™!  at99%CL (3.44)

in comparison with the ¥, flux predicted by the SSM in the same region ®(SSM)(E, > 10.6MeV) =
AX6x10%cm~2s~1,
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We remark that the bound in eq. (3.44) does not depend on assumptions about the spectrum
of the antineutrinos. A more stringent bound can be derived if-one assumes, as above, the spectrum

to be the same as for v, One finds in this way

A(Pz) < 6% (at99%CL) (3.45)

§3.5.2 Hybrid models with large mixing angles and solar ¥, flux

With the aim of appreciating how severe are the bounds we presented, we discuss as a concrete
example a simple hybrid model, were we assume:

a) validity of the SSM

b) a squared neutrino mass difference §m? = 107%V?, so that the oscillation length A =
4wE,/6m? is much larger than the solar radius and much smaller than the sun earth distance
(B, =~ 10MeV)

¢) a ¥e — U, transition magnetic moment, (v, | g | U,), and a transverse magnetic field B in
the convective zone of the Sun such that, when the solar activity is high, the magnetic interaction

energy Far = pB is the dominant term of the neutrino evolution hamiltonian in the convective zone:

2

om
E,
M z,

Epxr > Gn, (3.46)

where n, is the electron density and G is the Fermi constant.

Independently of E, for each v, produced in the core of the sun the probabilities of emerging

from the surface of the sun as v, and 7, are respectively
Ps(ve) = cos®’B, Ps(v,) =sin?g (3.47)
where 8 = p [drB(r) and the integral is between the beginning and the end of the convective

zone. It is natural to take B to be proportional to the square root of the sunspot number N,, [76],

so that
8= FVN,, (3.48)

In the trip from the sun to the earth a flavour transition can occur with an average probability

sin® 8, which can be written in terms of the vacuum mixing angle o as

. 1.
sin® 4 = 3 sin’(2a) (3.49)
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In conclusion, the arrival probabilities of the different neutrino species can be written as

P(ve) = cos? O cos® (FVN,;)
P(v.) =sin® §sin*(fvV'N,,)
P(v,) =sin® 6 cos®(fV'N,,)
P(7,) = cos?Osin*(fVN,,) (3.50)

We can now get information on th two parameters § and f by analysing the experimental data
of the kamioka experiment.

For high electron energy threshold (Eq close to the kinematical bound) the cross section of
Ve — e, Vo — e and Uy — e are about 1/9 of the v, — e cross section (within 20%), see for example
table 1. In the kamioka experiment, the ratio Ry of the electron signal in the direction opposite to

the sun to the expectation of the SSM can be written as

Ry = A{P(ve) + %[1 — P} = A[% cos? 8 cos?(Fv/,4) + %} (3.51)

For simplicity, and without affecting the results in any significant way, we make a two parameter

fit of these data by assuming
8 1
RK = -Q-CCOSQ(f'\/]—V—55) + 'é (3'52)

where C = Acos? 6
The available data on Ry correspond to five time intervals in the period 1987 - 1990, see fig. 2
of ref. 13. Fig. 3.2 shows in the plane (C, f) the results of the best fit (diamond) and the 99% CL

contour (dashed curve).

The Chlorine experiment can be analyzed in the same way. The ratio of the observed number

of Ar®T atoms to the expectation of the SSM is

Rep = CCOSZ(f\/—ﬁ“) (3.53)

By analysing the Chlorine data for the period 1970 - 1990 ( and by treating the quoted errors
as if they were up - down symmetrical ) we find as best fit value the point denoted by the cross in
fig. 3.2 and at the 99% CL the area inside the dot - dashed curve. The shaded area denotes the

area in the (C, f) plane consistent with both experiments.

By using eq. (3.50), the upper bound on the fraction of T, given in eq (3.45) can be written as

(4- C)(Sinz(f\/ﬁu))ss-ae < 6% (3.54)
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Fig. 3.2 In the plane (C' = Acosa, f) we show (a) the best fit for Kamiokande II electron signal Ry
in the period 1987 - 1990 (diamond) and the allowed region (inside the dashed curve), the best fit of the
Ard7 signal Rp in the period 1970 - 1990 (cross) and the allowed region (inside the dot-dashed curve),
and we show the region which is consistent with the above constraint within the shaded curve. All curves
correspond to 99 % confidence level. (b) The boundary of the region corresponding to the upper bound on
tile U, flux (full curve), calculated for A = 0.7, the constraint 0.5 < cos?8 < 1 (vertical lines) and the

region consistent with the above constraints (shaded area).
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No region of parameter space is left which is consistent both with the signal in the Chlorine
experiment and in the Kamioka experiment as well as with the indirect information on the 7, fiux.
Choosing a value of A grater than 0.7 would worsen the situation.

The discussion of the simple model given above shows that, when building a consistent hybrid
model, one has to avoid overproduction of T,. This can be accomplished, perhaps, by exploiting
resonant phenomena induced by matter effects, for a suitable choice of parameters of the model
[29]. Alternatively, a complete suppression of U, can be achieved in a class of hybrid models where
a suitable combination of lepton numbers (e.g. L. + L, — L;) is conserved. We will come back to
this last possibility in the next chapter.

Other mechanism of U, production occur in a class of models where a heavy neutrino decay into
a lighter one and in a pseudoscalar v; — 7; + M. The most characteristic feature of all neutrino
decay scenarios (including the matter induced decay) is that the ¥, takes a smaller fraction of the
initial neutrino energy, typically 1/3. The data we have discussed (corresponding to a threshold
energy of 9.3 MeV) are clearly poor for giving information on the decay process. On the other hand,

interesting information could be obtained with a significantly lower detection threshold.
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CHAPTER 4
NEUTRINO OSCILLATION AND MAGNETIC MOMENT TRANSITION IN A MOD-E
EL WITH A CONSERVED LEPTON NUMBER

As we have already stressed the hybrid models proposed up to now, in our opiniom, present two
unpleasant feature: they require two vastly different mass scales and they lead to the production of
VU, which are severely restricted by data. A natural way of avoiding both these problems consists in
considering all the three standard neutrino flavors v, v, and v; and assuming a suitable nonstandard
lepton number to be conserved:

Li=L.,+L,FL, (4.1)

This conservation law implies just one mass scale, the mass spectrum consisting of one massive
Dirac neutrino and one massless Weyl neutrino [87, 88]. An unquenched magnetic transition can
take place between the two helicity states of the Dirac neutrino and, on the other hand, the fact
that the mass eigenstates are linear superposition of the different neutrino flavors gives rise to a
flavour oscillation. In other words by considering all the three neutrino flavors one can have flavour

oscillations even in the presence of a Dirac neutrino state in the spectrum.

§4.1 The model

For definiteness, we take L, as a conserved quantum number. The most general mass term

which is consistent with this constraint is
L= —mb<,(ve, cosa + vy, sina) + h.c (4.2)
This lagrangean describes one Dirac neutrino with mass m

Ymr = Ve, COSQ + Vyrsina, YPmp = ”rCn (4.3)

and a massless Weyl neutrino

Vg = —Ve,sina + vy cos a (4.4)

For a sizeable values of the mixing angle «, experiment at nuclear reactors yield [89] m < 0.1
eV. Since significant magnetic moments call for high masses, we will explore the region near this

upper bound
m=~10"2 - 107! eV (4.5)

In this range of masses the existing data from accelerator experiments on v, — v, (Te — Tp)

do not impose any constraint on «.
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The most general magnetic moment effective lagrangean, consistent with the conservation of

L., has the form -

1

Ly= —§uyfﬁa',\¢F,\¢(V5L cos B+ vy, sinB) + h.c. (4.6)

The Hamiltonian H which determines the evolution of the v, state in the sun

i () = H(r) | v(r) (47)

where r = ct, is immediately obtained from eqgs. (4.2) and (4.6), including the coherent neutrino weak
interaction with matter [25]. We observe that due to the conserved lepton number the hamiltonian

decouple into two sub-hamiltonians each couplings only three states. In the mass eigenstates basis

([ VO)) [ "/sz,>, I ¢mn)) one has

Grned/2sin’ a — Q\/L;_‘ﬂ —Genev2cosasina pBsin(f — a)
H(r)= ~Grnev/2cosasina '2"—; + Grrev/2cosa — —E—”-G\/'il ;LB::os(ﬁ —a) (4.8)
pBsin(g8 — «) uB cos(B — a) o=+ Q-F—\/_’Q‘-u-

where n, and n, are the electron and neutron densities respectively, G, is the Fermi constant and
B = B(r) is the transverse component of the solar magnetic field.
In the convective zone (r > Rp = 0.7TRg, where Rg = 7 x 10° kim is the solar radius) we assume

7, = 1/6n, and the density profile to be given by [3]

e & g exp(-i;)

(4.9)
with Ly = 0.1Rg, and ne(Rpg) =~ 0.16 Nycm~3, N, being the Avogadro number.

Concerning the magnetic field, we will assume that it is confined within the convective zone. In
the absence of detailed information on the shape of the field, we use the following parameterization:

B(r) = 8(r — Rp)Bo{l - exp[‘—"]%@]} (4.10)

The starting point Rp is taken at the beginning of the convective zone. The raising length Lg
(some fraction of the convective zone) and the plateau value By are kept as free parameters. By
varies during the solar cycle, from By % 0 at the solar minima up to a value B™%% in correspondence
of the maxima of the solar activity.

Note that according to (4.10), in the very outer region of the sun the field does not fall (as fast)
as the coherent weak interaction. In fact we expect the magnetic field to decrease with some power
of the distance, whereas the density profile is exponentially decaying.

It is useful to introduce a magnetic energy term,

e(r) = pB(r) cos(8 — a) (4.11)
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and a magnetic energy plateau €y which is obtained from (4.11) for B = By. For the values of
interest to us (u =~ 107'%p, B7*** = 1 T ) one has €J'*" ~ 26/ R, for cos(8 — a) = 1.

§4.3 Flavour oscillations and spin flip in the absence of coherent weak interaction

As a first stage of the discussion, we neglect in eq. (4.8) the coherent weak interactions. For the
values of interest to us, one has m?/2EF > uB and consequently the | vo) state is decoupled from
the others.

One also has (m?/2E)Ry > 1 and so the oscillating terms of argument (m?/2E)Rg can be
replaced by their average values. In these hypothesis, the arrival probability P(v,) of the originally

v, state are

4

P, =sinta + costacos? &

1.,
P, =1 sin® 2a(1 + cos® @)
cos? asin? &

® =pcos(f8 — a)/drB(r) (4.12)

o8

T

The main phenomenological features of the model are immediate from the equations given
above:
a) Let us assume that the spectrum of neutrinos produced in the core of the sun dF/dE, is

correctly given by the standard model, apart from a factor A accounting for the SSM uncertainties:

dF dFSsM
_— = A A=07+13 .
5 A E 0.7 (4.13)
In this case, the ratio of the signal in the Chlorine experiment to the expectation of the SSM is
simply

Rc = AP, (4.14)

The signal deficit at solar minima (@ = 0) calls for a large value of the vacuum mixing angle.
Indeed from egs. (VII) and (4.12) at the 1o level, one gets

0.61 0.45
2(1 - —=)<sin’2a < 2(1 — —— 4.15
(1- =) <sin’2a <201 - =) (4.15)
In the case A = 1 this yields
0.78 < sin®2a < 1 (4.16)

Note that the same result hold for ® = 0 also in the case that coherent weak interactions are
included. In other words, the signal deficit at solar minima always implies a large vacuum mixing
angle.

b) A significant depletion of the signal in correspondence of the solar maxima can be achieved

only for ®,,4, close to w/2. In fact, smaller values of &,,,, yield a too small time dependence,
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whereas for larger values the signal oscillates with a frequency larger than that of the solar cycle.
As remarked in [90] this condition requires a fine tuning of the parameters (¢ and B) which are
involved.

¢) Even for the best case, ®maz = 7/2, a significant depletion of the signal at the solar maxima

calls for large vacuum mixing angle. From (VII) one has

(RD>mar

=0.19+0.07 4.17
(RD>min ( )

By using eq (4.12) with ®,,,; = 7/2 and @i, = 0 we get, at the 1o level
sin” 2 = 0.79 & 0.20 (4.18)

d) In the Kamioka experiment, in addition to v,, both v, and U, can scatter off electrons. For

the Kamioka experiment one has
Ryg = A[Pee + W, (En)Pep + W, Pe7) (4.19)

where the factors W;(E,s) depend on the threshold energy and on neutrino flavour ( for Eyp = 9.3
MeV W, = 1/7 and W, = 1/9. For the present model one obviously have (Rg) > (Rp), in
agreement with the trend of the experimental data. Also, the time modulation comes out to be
weaker in Kamioka. As an example, by assuming $,,,,; = 7/2 and ®,,;, = 0 at solar maxima and
minima respectively, for o as in (4.18) and threshold energy E;; = 9.3 MeV we get a modulation
(RK )max/{BK )min = .34 £ .06

§4.4 Inclusion of coherent weak interaction

The neutrino evolution corresponding to the full hamiltonian given in egs (4.8) has to be studied
numerically. In this section we shall investigate two opposite limiting cases, which can be discusses
analytically and yield a qualitative understanding of the complete solution.

For the values of masses we are considering (see (4.5)) both Gn, and Gn, are (almost) negligible
in comparison with the energy splitting, m?/2E. The same holds true for the uB term for the
values of interest to us. In these circumstances, the massless neutrino component | 1) is piratically
decoupled from the others.

The problem thus simplifies to the study of a two state system, | ¥n,) and | ¥my). For this

system the relevant part of the hamiltonian (i. e. apart from terms proportional to the identity) is

h(r) = (f((:)) _ig’"(),,) ) (4.20)

where '
A(r) = G(necos’a — n,)

V2
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Note that, since the magnetic moment couples the left and the right components of the same
Dirac neutrino, there are no mass terms inhibiting the spin flip transition.

2@ =~ 1/2 and in the convective region we use

We recall that we assume a large mixing angle cos
eq. (4.9). We note that, as a consequence of the large vacuum mixing angle, A(r) never vanishes in
the convective zone. A non zero value of A(r) clearly inhibits spin flip transitions [84], with respect

to the case without coherent weak interactions.

The term €(r) is defined by means of eqs. (4.10) and (4.11)

e(r) = 6(r — Ri)eo{l — exp{#‘?_]} (4.22)

We shall investigate the solution of the problems in terms of the field raising distance Lg and
the interaction energy plateau g which, we recall, varies during the solar cycle from €9 = 0 at solar

minima up to a maximum value €'*F at solar maxima.

Qualitatively, for the solution of the problem, one can distinguish three different regions:

a) in the inner part of the sun (say 7 < R;) weak coherent effects dominate (A(r) > €(r)) and

the solution is immediate. For a state which is | ¥m, ) at » = 0 one has

T < Ri: | Ymer) =] Yme,r)exp(Ei /T dsA(s)) (4.23)

b) In the outer part (say r > Rj) the magnetic moment interactions dominates (A(r) < e(r)).
Also in this case the analytical solution is immediate. For a state which can be described as | ¥, 5)

at r = R, on has

7> Ryt | Yme) =] Yme) cos€(r) — i | Ym,) siné(r)
| Ymr) — =i | Ym.)sin€(r)+ | Ymr) cos&(r)
&r) = / dseg(s) (4.24)

Rz
c) In the intermediate region R; < 7 < R, A and € are comparable. The behaviour of the
solution in this intermediate region ( and consequently of the entire problem) depends crucially on
the shape of the magnetic field. One can envisage two limiting situations, corresponding respectively
to an adiabatic or a sudden transition between regions a and b. We investigate the region of validity
of the two approximations in the plane (ep, Lp) and then we discuss the appropriate solution for

both cases.
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§4.4.1 The adiabatic and the sudden region

The transition between the two regions can be taken as adiabatic or sudden depending on the

value of the function

_JeA" €A |

g(r) = ERVOTE (4.25)
For g < 1(g > 1) the adiabatic (sudden) limit is realized. One has to verify such condition close

to the point 7 = r* where ¢(r”) = A(r"). the curves shown in fig. 4.1 correspond, for cos? a & 1/2,

to g(r*) = 1, i. e. they denote the transition between the two regimes.
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FIG. 4.1 In the plane (€9, Ip) we show the borders of the adiabatic and the sudden regimes, defined as

g = 1, see eq. (4.25). € is the plateau value of the magnetic interaction energy and L g is its raising length.

Ry is the solar radius.

The main features of fig. 1.1 can be understood from the following considerations. Note that g

is the sum of two positive functions, g = g; + g2, where

eA’ €A

gi(r) = _W ga(r) = —m (4.26)

At 7 =17%, g, = [4V/2Lre(r*)]~" and one has g; > 1 for €9 < (4\/5131\1)”1. This explains the
region of small fields where the sudden limit is achieved.
For intermediate values of the field, (4\/§LM)"1 < € < A(rp) = 10/Rg, g: is smaller than

unity. Also, the magnetic interaction € approaches its plateau value €y before 7* and go(r*) tend to
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zero. Consequently the adiabatic condition can be satisfied. For even larger fields (g > A(rp) =
10/Rg) 7™ is reached while the magnetic interaction energy e is raising and the adiabatic condition -

is fulfilled only for sufficiently large values of Lp.

§4.4.2 The adiabatic and the sudden solution

If the transition between regions a and b is adiabatic, the (instantaneous) eigenstates of region
a go into the corresponding ones of the region b. After traversing the sun the probabilities of the

different neutrino flavors are

) 1
P,. =sinta + 3 costa

3
Py =— sin’ 2c
8
Ps=cos’a (4.27)

where oscillating terms of argument (m?/2E)Rg > 1 have been averaged. If the tramsition is
sudden, when crossing the intermediate region (R; < 7 < Rjy) the | ¥, ») states do not change.
Beyond Rj, coherent interactions are irrelevant and the time evolution is the same as discussed in
the previous section.

The arrival probabilities are thus given again by eqs. {4.12). where the phase @ is now given
by

& = pcos(f — a) . dsB(s) (4.28)

This means that the magnetic field contributes to the phase only in the region where it over-

whelms the coherent weak interaction.

§4.4.3 Discussion

On these grounds we can discuss the arrival probabilities P,, during the different phases of the
solar cycle.

For any Lg, at the solar minimum (ep = 0) one is in the sudden limit. The solution is given
by egs (4.12) with ® = 0. As discussed in section (4.3) a significant depletion of the neutrino signal
can be obtained for large mixing angles, as given in eq. (4.16).

As the field raises, different regimes (adiabatic, sudden, or intermediate) can be reached de-
pending on the value of €7*** and Lg.

From the phenomenological point of view, the most important features of the adiabatic regime
are:

a) The results do not depend on the precise value of p and B*#*. Thus a significant modulation
of the signal, anticorrelated with the solar cycle, can be obtained without a fine tuning of the

magnetic field and magnetic moment, provided that €*** and Lpg.
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b) Note that the lowest values of ¢f'* which satisfy the adiabatic condition (and thus provide
a significant time modulation) are of order €J'*® & 5/Rg, {the4nverse of the convective zone dimen-
sion). Whichever mechanism one is invoking, one cannot do better, in the sense that for a significant
spin flip probability the phase © = €p.D where D is the depth of the convective zone, has to exceed
unity.

¢) On the other hand, the minimum value of P, is 1/3, which is at the border of the region al-

lowed by the Chlorine data. Also, the signal modulation in the Chlorine experiment (R¢)maz /{Rc)minl
cannot be smaller than one half, which looks in disagreement with (VII).

In the case that sudden regime is reached, the same phenomenological consideration as for the
”vacuum” case hold. In addition, we note that only the region of high fields (e > 10/Rg) is relevant

for getting a significant phase ®. In comparison with the adiabatic limit, the sudden case requires

€p'®* appreciably larger in order to achieve a significant time modulation. On the other hand, the
amplitude of the modulation can be much larger, as previously remarked.

In summary, the inclusion of matter effects does not alter drastically the picture. One can choose
the available parameters so as to reproduce the main feature of experimental results. Furthermore,
if adiabaticity holds, one has a natural suppression of the signal at the solar maxima, which does
not require a fine tuning of the neutrino magnetic moment and the solar magnetic field.

So far we restricted the magnetic field to the convective zone. On the other hand, the existence
of a primordial field in the core of the sun, B;, is not excluded. Of course B;, is decoupled from
the eleven years solar semicycle. Before closing this section we note a peculiarity which occurs for
Bin # 0. For cos? 8 < 1/2, A(r) teverses its sign in the core of the sun. If the resonance is crossed
adiabatically all | ¥, ) transform into | ¥, z). In the convective zone, if the field is high enough,
the | ¥mp) transform back into | ., ). Thus a positive correlation with the magnetic field would

occur.

§4.4.4 Conclusions

We have developed a phenomenological model with both neutrino flavour oscillations and spin
flip transitions, characterized by a lepton number conservation law Ly = L.+ L, & L. This implies
a massless Weyl neutrino and one massive Dirac neutrino. The main consequences of this class of
models are:

i) There is a large mixing angle between v, and v, or v, depending on the choice of the conserved
lepton number (L4 or L_).

1) The mass difference Am coincides with the mass of the Dirac neutrino. As such it cannot
be too small, in order to allow for a sizable magnetic moment. A value of order 1071 + 1072 eV
is consistent with bounds from reactor experiments. We note that v, - v, oscillation with a large
mixing angle and similar Am may be indicated by the recently reported atmospheric neutrino flux

anomaly [91].
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iii) We have seen that the model can account for both the experimental data of the Chlorine
and kamiokande II experiment, for a large mixing angle. The-difference between the results of the
two experiment can be understood on the basis that in the former only v, are active, whereas in the
latter all the neutrino states contribute to the signal. Our discussion was qualitative in that only
two limiting cases (the adiabatic and the sudden solution) have been explored.

iv) Obviously the model predict no U, signal from the sun. This is supported by the stringent
upper bound on solar 7, flux from the results of the Kamioka experiment. v) The suppression of
the neutrino signal with the SSM prediction comes out to be independent of the neutrino energy.

Thus we expect the Gallium experiment to give the same modulation as the Chlorine experiment.
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CHAP. 5
NEUTRINO DECAY

We now turn to study the possibility that neutrinos are unstable particles. This possibility was first
considered in connection with the SNP by Bahcall Cabibbo and Jahill [30]. Since electron neutrino
is almost massless it can decay only in a lighter neutrino and an almost massless scalar or vector
particle (we don’t consider the possibility of three body decay in three lighter neutrino or similar
channels since due to the much smaller phase space they cannot play any role for solar neutrinos).

The most natural candidates for the decay product are pseudo-goldston bosons and gauge vector
bosons which are massless due to symmetry considerations. Since it turns out that neutrino decay
into a photon cannot play any role in solar neutrino decay we devote our attention to the case of
neutrino decay into a lighter neutrino and a majoron, namely a pseudo-goldstone boson arising as a
consequence of the spontaneous breaking of lepton number conservation.

We first discuss the possibility that the neutrino decay in the path from the sun to the detector
and we show that this is still a viable solution to the SNP (although strongly disfavoured from the
recent Gallex results). Then we discuss the impact of matter effects when a strong enough neutrino
majoron coupling is assumed. The effect of weak interaction of neutrinos with a medium is to
induce additional effective mass splitting therefore modifying the phase space for the decay. One
unique feature of neutrino decay in matter is the appearance of an effective mass splitting among
a neutrino and its own antineutrino allowing also the decay in this channel which is forbidden in
vacuum due to the mass degeneracy of this two states. Neutrino decay in matter, in the simplest
models, cannot play a significant role for the solution SNP, however the detection of the decay of a
neutrino into a lighter neutrino and a majoron would be of enormous interest independently of the
SNP and therefore we study in detail the perspective for the detection of this signal. In addition
it has recently been noticed that when also additional, strong enough, interaction of tau neutrino
are included in the model the matter induced neutrino decay can be a plausible candidate to the
solution of the SNP.

§5.1 The Neutrino Decay Solution to the SNP

One of the possible solutions of the solar neutrino problem (SNP) appeals to the possibility of
neutrino decay during the flight from sun to earth [30, 48]. Since the fast radiative decay is excluded
both from particle physics and astrophysical arguments, one has to consider fast invisible decay
modes of the neutrino. This idea can be proposed in the context of majoron models [92, 93]. In
order that the decay vy — v+ M occurs during the neutrino transit time tg ~ 500s, the majoron M
should have sufficiently strong off-diagonal couplings (g > 10~*) with the neutrino mass eigenstates
vy,2. (The existence of tree level off-diagonal couplings requires non-trivial symmetry properties

distinguishing among the lepton families, as was emphasized in [94]). As well known, the most
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familiar candidate, the triplet majoron [92], has been tuled out by LEP data on Z-boson invisible
width [95], whereas the "see-saw” singlet majoron [93] is very weakly coupled to neutrinos. However,
a variety of new singlet (or predominantly singlet) majoron models can be considered, in which the
scale of lepton number violation can be sufficiently low as to provide coupling constants in the proper
range (see [96] and references therein). In addition, if the 17 KeV neutrino [97] will be confirmed,
it can be considered as one of the strongest arguments in favour of the existence of such a majoron:
only the fast majoron decay can make the 17 KeV neutrino compatible with recent cosmological and
astrophysical restrictions [98] .

The observation of the T, pulse from SN1987A [11, 46] rules out the neutrino decay solution of
SNP with negligible neutrino mixing [30], which requires a ve decay length adjusted to the sun-earth
distance. However, the case [47, 48] when the neutrino mixing angle 6 is substantial remains open.
Even if only the component v; reaches earth owing to the fast decay of va, the v, signal is not
vanishing and it directly measures the neutrino mixing angle: cos* 6 ~ Npayis/Nssar = 0.3 [47, 48].
This is quite compatible with the SN1987A bound cos* 6 > 0.1 [48].

We now revisit the majoron decay solution of SNP. We show that this scenario can reconcile
the Homestake and the Kamiokande results and does not conflict with astrophysical constraints and
terrestrial experiments. Definite predictions for Ga-Ge experiments are also given.

The central feature of this scenario is the appearance of a substantial flux of solar 7, We show
that future low threshold real time detectors like Borexino/Borex [41] will be quite sensitive to this
signal so as to confirm or rule out the v decay solution.

As another solution [29] to SNP, the interplay of Majorana neutrino oscillations and spin-flavour
precession due to neutrino magnetic moment can also provide a mechanism for solar T, production
[29, 99]. However, in the case of neutrino decay the ¥, energy spectrum is degraded in a specific way
with respect to the initial v, flux, whereas hybrid models generally lead to a much less degraded
spectrum. Note that in the latter case the ¥, flux can be strongly bounded [44] on the basis
of Kamiokande data, whereas for the former one this bound does not apply. We will show that
detectors like Borexino/Borex can clearly discriminate between these models of ¥, production.

We remark that the study of solar T,’s can be of interest also independently of SNP, ie. in
the context of possibilities which by themselves are not capable to account for the solar neutrino
deficit. Flux of solar D, could appear due to matter induced neutrino decay ve — Ve + M [47], due
to MSW transition v, — v, with forthcoming decay v, — ¥, + M [100], or due to decay of a 17 KeV
neutrino v,7 — U, + M which, if it exists, should be unavoidably produced in the sun being a small
admixture (sin 6 >~ 0.1) to the v,. Of course the last possibility could be applied to any Majorana
neutrino with large mass and a small v, component. We briefly discuss these possibilities, which

generally lead to a weaker antineutrino signal.
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§5.1.1 Neutrino Decay with Majoron Emission

We assume the minimal CP conserving phenomenological Lagrangean for two Majorana neutrinos
T = Cﬁig, with mass term

1 _ —
Ly = 5(7774”11/1 + mavav2), mg > My, (5.1)

and Yukawa coupling with the majoron field M

1 —
Lyuk = EZV[ZQijVi’YSVj; gij = Gji- (5.2)

i,j

The inclusion of a third neutrino as well as of CP violating effects does not alter our discussion. In

terms of the flavour eigenstates one has:
V] = CVg — SVz vy = Sv, -+ cUg, (5.3)

where v, can be any active (v, vr) or sterile (v;) neutrino and 6 is the vacuum mixing angle

¢ =cosf, s =sinf). The g;; in (2) are related with the majoron coupling constants in the flavour
J g

basis via

giir — ngee — C8ger + Szgm
giz = (C2 - 32)9ez + 2cs(gee - gx:‘)

= szgee — €SGer + Szgzz- (5.4)

Q

v

3
|

In the lab frame the decay widths of ultrarelativistic v2 (E > mg = m) in the two channels
vy — v+ M and vy —» T + M ! are [101]: ‘

2,.2

L =1y = 5

g =912 (5.5)

Here and in the following we neglect the mass of ) neutrino, assuming my > m;. The energy

distributions (normalized to 1/2) of secondary v, and 7y are respectively:

W, (e, B) = T(E)ir__”(gi—’@ - 'EE_
Wi(e, E) = T(E)drgt(;e’ b = EE: : (5.8)

where ¢ is the energy of the secondary neutrino and

T(E) = TO_T};EL = [F,,(E) + I‘U(E)]nl, T = ;2—6——:; ) (5.7)

1 In our case of Majorana neutrinos we identify the states of neutrino v and antineutrino ¥ as

states with negative and positive helicities, respectively.
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is the v lifetime. Egs. (6) show the strong degradation of the final state energy: forvg — v+ M
and vy — Uy + M decays, typically 1/3 and 2/3 of the initial neutrino energy E is taken away by
the majoron.

The following remark is in order. In some previous papers [48, 100, 102] the decay vo — v1+ M
was assumed to be strongly suppressed as compared to v, — U; + M, appealing to the approximate
lepton number conservation. According to [102] the majoron should carry two units of lepton
number, in order to avoid an unacceptably fast pr — e + M decay. In this respect the uniqueness of
the triplet majoron model was emphasized, which now is already ruled out by the LEP data.

A more careful analysis shows that in fact there is no straightforward contradiction between
these points. The criticism of [102] does not apply to the wide class of the singlet majoron models
considered in [96]. The majoron, being the imaginary part of some complex scalar S with two units of
lepton number, can not carry a definite lepton number. From the Lagrangean (2) both vy — v+ M
and v» — ¥y + M decays are allowed and their widths are equal in the limit of massless v. This
can be seen if one considers the decay of v, state with fixed spin s in the rest frame. In this case the
decay widths in both helicity states v, and T, are equal, but the angular distributions are different:
for vy (v1) it is peaked backward (forward) with respect to s direction. After a Lorentz boost to
the lab frame, where E 3> m, both v; and ¥, are peaked forward with respect to the momentum
of initial v, (at least for ¢ > m). However, due to the above reason, the energy spectrum of the
U, state is degraded more than that of v;. In other words, in the lab frame the decay amplitudes
Vs — vy + M and vy — T, + M are both proportional to m/E, the former due to chirality while the
latter due to spin conservation.

The neutrino decay solution requires a large mixing angle (6,45°) and a short lifetime ¢to.
Since £ = 10 MeV is a typical energy of solar neutrinos, relevant for both the Homestake and
Kamiokande experiments, in the following we will use the parameter tg /710 where 70 = 7(10 MeV)

is the lifetime of a 10 MeV neutrino. According to (7), this parameter can be written as

iz sm[eV
2 =5 10-°m[e 15 10°¢’m?[eV?]. (5.8)
Tio Tos]

Let us examine now the present bounds on the parameters of the Lagrangean which are relevant
for the fast v decay scenario.

A. Mixing angle. As already mentioned, the observation of the 7, signal from SN1987A excludes
the possibility that v, is very close to the heavier unstable eigenstate 1, yielding the limit on the
mixing angle: § < 50° + 60° [48].

'B. Neutrino mass. In the case of large mixing angle , the upper bound on m? ~ édm? comes
from the absence of U, — D, oscillations at reactors: for § = 45° one has m? < 1.6 - 10" 2eV2,
If v, = v, more severe limits (m? < 1.5- 10~3eV?) can be derived from atmospheric neutrino
oscillations (for a recent review see [103]).

C. Majoron coupling constants. The upper bound on the constant g.. coming from the 508,

majoron decay varies between 1.5-10 % and 3.3-1073 [104], depending on the evaluation of the nuclear
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matrix elements. On the other hand, leptonic decays of K-mesons give the limit g2, +g¢2, < 4.5-107°
[105]. Stronger restrictions are imposed by the SN1987A neutsino observation [11, 46):

i) the vv and vM scattering beyond the neutrinosphere will lead to an additional neutrino
diffusion, resulting in a significant time spread of the U, signal, unless g;; < 2- 1073 [106];

i) neutrino scattering off relic neutrinos and majorons in the way from LMC to earth could
diminish the T, energy spectrum below the observational threshold unless g;; < 1.4- 1073 [107);

2) for gj; in the interval 10~% = 10~* the emission of majorons produced in the supernova
core due to neutrino annihilation and matter induced decay reduces significantly the duration of the
diffusive cooling stage [108, 109]. As a consequence, the v-signal is shortened and the the energies
of emitted neutrinos become smaller. Additionally, for the interval 5- 1078 + 2.107%, the effect of
matter induced decay (U, — Ve, V;) leads to the disappearance of the 7, signal [109].

By taking into account the above restrictions, the range 10~% = 1073 seems to be allowed
for the neutrino-majoron coupling constants g;; and, in particular, for the off-diagonal constant
g = gi2. In fact, in this range majorons are strongly trapped inside the supernova core together
with neutrinos and do not affect significantly the diffusive cooling stage. In addition this range is
obviously consistent with laboratory restrictions.

We should note, however, that this range of neutrino-majoron coupling constants is not free of
criticism. Firstly, in this case, due to the fact that majorons are in equilibrium with neutrinos inside
the supernova core, the lepton number symmetry is restored, and the resulting deleptonization of
the core [110] makes more difficult to expel the supernova envelope with the prompt shock wave
mechanism. Furthermore, in the Early Universe majorons come in equilibrium with neutrinos before
the nucleosynthesis epoch and thereby contribute effectively to the cosmological energy density as a
4/7 neutrino species. Thus the effective neutrino number becomes N, = 3.6, to be compared with
N, = 3.4 [111], as derived from the abundance of primordial 1He. However, we do not consider
these arguments as sharp indications against the quoted range of g;;.

In conclusion, the resulting restrictions on the neutrino lifetime and mixing angle are depicted
in Fig. 5.1. The bound on 6 comes from the SN1987A neutrino signal, whereas the restriction on
to/Tio is derived as a combination of the astrophysical bound g < 1.5+ 1072 and of the bound on

ém? (as a function of 8) from v, — v and v, — v, oscillations [103].
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Fig. 5.1. In the plane of mixing angle and neutrino lifetime we present a) the region of cos? § excluded by
by the SN1987A dat (to the left of the solid vertical line); b) the region of 7)o excluded for arbitrary v, state
(above the vy line); c) the region of 71 excluded for v; = v, (above the v, line); d) the region allowed by
the Homestake experiment, at the 2¢ level (inside the dashed curve); €) the region allowed by the kamioka
experiment, at the 20 level (inside the dotted curves). The intersection betwee all constraints is within the

shaded area. The subregion excluded for v; = v, is denoted by X.

§5.1.2 The Neutrino Decay Solution for SNP Revisited

Let us analyse the fate of a solar v, being a mixture cvy + svy of the mass eigenstates vy,2 in the
case of fast v — vy (¥) + M decay. As far as g2 < 1, the decay length 16w E/g?m? is much larger
than the oscillation length 4w E/m?. Therefore, one can average over the v oscillations. Note that
the secondary neutrinos produced in the decay are not coherent with the initial neutrino state. In

conclusion, the fluxes of v, v;, ¥, ¥, arriving on the earth are respectively:

3.(E) = (¢ + s'e o/ TENG(E) + *s*® [ (E)
3. (E) = s°c*(1 + e~/ ENG(E) + 5*3,(E)
®z(E) = s°c*®+(E)
&z(E) = s'@7(E), (5.9)

where ®(E) is the differential v, flux expected from SSM [3] and s°®, 7(E) are the fluxes of

secondary vy, ¥;:

Ecnd
&, 7(E) = /E dE'®(E')[1 — e to/"ENW, (B, E'). (5.10)

From these equations one can compute the response of any solar neutrino detector as a function
of 710 and 6 and compare with the experimental data. (The response of detectors sensitive to neutral
currents depends also whereas v, is an active or sterile neutrino).

The ratio of *"Ar production rate in the Homestake experiment (Npavis = 2.33 £ 0.25 SNU
(1o) [7]) to that expected from the SSM, averaging over the period 1970-1990, is:

(R.r)7os90 = 0.29 £ 0.03. (5.11)

(Note that the ”3c ” theoretical uncertainty in Nsga; = 7.9 -+ 2.6 SNU (30) [3] is not included in
(11)). On the other hand, the signal to expectation ratio for the Kamiokande detector is considerably
larger [13]:

(Ri)gr00 = 0.46 = 0.05 = 0.086. (5.12)
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We have computed the values of R4, and Rx as a function of 71 and §. The results can be

represented in the following way: B

R, =c' £ ¢'F, +0.132c%s* F
Rp =c* 4 s1f, + 0.127¢%s* fL + 0.148¢%s* (1 + f2)Qz +0.0195 /2 Qx. (5.13)

For active (sterile) neutrinos @, = 1(0). The functions F., fo, f: denote the contribution of the
vy flux surviving the decay, and Fy, fi, fi are the contribution of secondary neutrinos. All these

quantities depend on T16. The numerical values of these functions for different values of 719 are given
in Table 5.1.

Ti0 Fe F’E fe f’e fx f; Ge G;

500s 028 071,038 055 033 064 007 096
1000s {046 049 062 034 061 040 004 093
— 0 1 0 1 0 1 0 1 0

TABLE 5.1. The quantities F,, fo and f; are the contribution of the v, and v, componenents which
correspond to the vy flux surviving the decay, for the calculation of the Homestake and Kamiokande signal,
see (5.13). F!, f! and f. denote the similar quantities corresponding to secondary neutrinos, see again
(5.13). Similarly G, and G’; are the contribution to the Ge-signal, see (5.14). Tqg is the lifetime of a 10

MeV neutrino.

In a range of parameters we can reconcile both the Homestake and Kamiokande data, provided
that v, is an active neutrino. In Fig. 5.1 the 20 contours are shown for both experiments. One can
observe a large overlapping region (shadowed) within the area allowed by the bounds considered in
section 2. (In Figs. 5.2 and 5.3 the 1o allowed region is also shown).

Some comments are in order:

a) for small lifetime, 710 < i, the signals depend only on the mixing angle @ since all solar
vy’s decay before reaching the earth. In this regime (vertical branch of the shadowed area in Fig.
5.1) the flux of secondary v.’s gives almost the same contribution to both experiments and the
difference among the signals is provided mainly by the neutral current contribution for Kamiokande,
corresponding to vz (v, or v;) flux.

b) For lifetime 719 ~ t@ (horizontal branch of the shadowed area) more energetic neutrinos are
less suppressed due to the Lorentz factor. This ”just so” decay provides the main difference between
the signals of these the two detectors due to the different energy thresholds.

¢) If v; is a sterile neutrino the overlapping area for the two experiments is significantly reduced

at the 20 level (only the horizontal branch remains) and does not exist at 1o level.

In order to understand the influence of the theoretical uncertainty we repeated the computation
by considering 3¢ deviations from the central value of the SSM prediction. It turns out that the
neutrino decay scenario is incompatible with the data if we take the lower prediction for the flux

&(F) (in this case the overlapping between 2o contours appears in the area forbidden by SN1987A,
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c? < 0.3). On the contrary, with increasing ®(FE) (at least within the SSM uncertainty) the 2o
allowed area is slightly increasing and the relevant region of parameters is not changed drastically:
cos?@ ~ 0.3+ 0.5, T1p < 1000s.

We also computed the response of Ga-Ge detectors. The result can be expressed as
Rge = c* + G, +0.15c%° G, (5.14)

where the functions G’gl)(no) are tabulated in Table 5.1. In Fig. 5.2 the contours corresponding
to different ratios of "!Ge production rate with respect to the SSM central value (132 SNU ) [3] are

shown.
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Fig. 5.2. The expectation for Gallium experiments. Isosignal curves corresponding to different values of
R, are shown. The area relevant for the SNP at 20 level is within the solid curve. 1o level region is also

shown (shaded). The subregion excluded for v; = v, is denoted by X.

Note that in the region of 7o which is relevant for SNP the Germanium signal depends mainly
on @ since low energy neutrinos are most important. In correspondence to the shaded area we
have Rg, = 0.15 + 0.36. This is compatible with the preliminary results of the SAGE experiment
(RaGe)gos91 < 72 SNU (90% c.l.) [17].

§5.1.3 Solar Antineutrino Signal and SNP

As we have shown in the previous section, the range of parameters relevant for the solution of SNP
corresponds to ¢ = 0.3 + 0.6 and 719 < 1000s. In this case, according to eqs.(9,10), a substantial
part (~ 10%) of solar neutrinos should decay into U,. The Kamiokande detector is not sensitive to
this ¥, flux due to the strong degradation of the energy spectrum (we remind that a secondary v,

takes typically about 1/3 of the initial neutrino energy). However, the planned low threshold, free
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proton rich detectors like Borexino/Borex will be quite sensitive to this 7,’s. The relevant reaction

is -

’178+p——>n,+e+

n+'"B —" Li+a+7 (0.48MeV) (5.15)

The coincidence of e™ and v signal provides a unique signature for ..

As an example, we consider 100 tons of liquid scintillator corresponding to the fiducial volume
of Borexino [41]. In Fig. 5.3 the total number of solar ¥, reactions above the energy cutoff E =5
MeV (E4 = 3.7 MeV for the positron energy) is depicted as a function of § and 710. As we see, for
the region corresponding to SNP, about 10 -+ 30 interactions per year are predicted. We note that
the reactor antineutrino contribution, which is considered as a main source of background, is very

low (~ 3 + 5 reactions per year, see [41] and references therein).
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Fig. 5.3. Isosignal curves corresponding to the number of U +p — n+ et interactions per year in Borexino,
for a fiducial mass of 100¢ and positron energy cutoff £y = 3.7 MeV. The area relevant for the SNP is

within the solid line, same notation as in fig. 5.2

The appearance of solar antineutrinos is predicted also in the context of so called hybrid models
as a result of the combined effect of resonant oscillations and spin-flavour precession of Majorana
neutrinos [29, 99]. Such a possibility was suggested essentially for the explanation of the time
variation of the solar neutrino flux in anticorrelation with solar magnetic activity. In this scenario the
U, energy spectrum should not be significantly altered as compared to the initial solar v, spectrum.
Due to cancellation between the v, — v, — T, and v, — U, — V. amplitudes, the ratio ®z/®,
is predicted at the level of few percents {99]. A rather conservative experimental upper bound,
®;/®, < 6%, was derived from Kamiokande data by assuming that all the background is due to
solar Uy’s [44]. This bound could be improved by taking into account conventional background

sources [112]. Note however, that ®z/®. = 1% corresponds to about 30 events/yr for Borexino.
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Borexino sensitivity allows to discriminate clearly between these two solution of SNP. In Fig.
5.4 the energy distribution of T,p interactions is shown for the antineutrinos from the decay and
from the hybrid model, for some values of the parameters. The parameters have been chosen so as
to give the same number of events in the two scenarios for a positron energy threshold B, = 3.7
MeV. The U, energy spectra can be clearly discriminated. For comparison, the energy distribution

of reactor U, interactions is also shown.
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Fig. 5.4. Energy distribution of U, + p — n + eT interactions per year in Borexino, for a fiducial mass of
100¢: a) due to reactor background (dot dashed line); b) due to solar U, flux for the case that a perchentage
of solar neutrinos are converted to U, due to magnetic moment transition, dashed lines. Assuming E, =37
MeV, the total number of interaction is 5 events for a, 32, 21 and 10 events repectively for the three curves

in b and same for c.

We would like to remark that another important feature of the hybrid scenario is the prediction
of direct correlation of solar U, flux with solar activity. However, to establish this correlation large
exposition time is required (~ 6 <+ 10 years).

Before concluding, the following comment is in order. The hybrid model will not produce ¥,
signal if the conservation of some lepton number takes place (L+ = L, & L, F L,) [45]. The same
holds for the case of neutrino decay. Even in this situation the decay scenario can be distinguished
by other ones by looking at neutral current signals. The point is that, due to energy degradation of
secondary neutrinos, on has a significantly weaker (by at least a factor two) neutral current signal,

as compared to the oscillations and magnetic moment transition scenarios.

§5.1.4 Other Mechanisms of Solar Antineutrino Production

The study of solar T,’s can be of interest also independently of the solar neutrino deficit. In this

spirit we discuss briefly some mechanisms of solar ¥, production.
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The 17 KeV Neutrino decay. If the 17 KeV neutrino [97] exists, it should be unavoidably
produced in the sun with flux about 1% of ®. If its lifetime is 79 < 1s, the solar v,7, according to
(7), have to decay before reaching earth. The decay channel vy — U, + M can occur, if it is not
forbidden by conservation of lepton number L = L, — L, + L, as in popular models [88, 113]. Due
to the small mixing angle (sin # ~ 0.1) the response of Borexino to this signal should be weak: less
than 1.5 events per year for By > 3.7 MeV. For the cutoff £y = 6 MeV the signal to background
ratio becomes one, however one expects less than one event per year. Due to small statics, Borexino
will not be able to discriminate the signal from background. However, the planned 2000 ¢ Borex
detector could observe such a signal and discriminate it from the background.

Similar considerations hold true for any heavy majorana neutrino and small mixing angle
(sin? 26 < 0.14 [103]).

MSW catalized decay [100]. In the case of small mixing angle 6, 1.e. 19 >~ v; and vy ~ v,
and small mass (§m? ~ m? < 107* eV?), a flux of solar ¥, could be produced via a MSW transition
v, — vy and forthcoming decay vs — ¥, + M, in the flight from sun to earth. In this case the ¥,
flux does not exceed 1/2(1 — R4, )c?®7(E), where ®7(E) is given in equation (10). This value is
smaller than that given in [100] due to the fact that the branching ratio for v, — U, + M is 1/2, see
section 2.

In this case, due to the restrictions on m and g, we have that 79 > 3%y, which corresponds at
most to 10 events per year in Borexino.

Matter induced neutrino decay [47]. In the inner part of the sun, the direct decay v, —
U, + M can occur due to matter induced level splitting, even in the absence of non diagonal neutrino
coupling. For gee = 1.5+ 1073 we get that a conversion probability of about 0.25%. In the case
of small neutrino masses, the ¥, spectrum is degraded as in the case of decay in vacuum, see egs.
(6). However, if the neutrino mass is larger than the effective mass splitting induced by coherent
interaction with matter, the energy spectrum is not degraded and essentially repeats the spectrum
of solar neutrinos. In the latter case, again for g = 1.5- 1072 we get about 10 events per year in

Borexino.

We finally would like to remark just two points of the above discussion:

i) The neutrino decay solution of the solar neutrino problem can be definitely tested by future
real time, low threshold solar neutrino detectors like Borexino/Borex;

11) also independently of the solar neutrino problem, the detection of neutrino decay with ma-
joron emission is feasible. If successful it will be of major relevance for particle physics, establishing

the idea of the spontaneous lepton number violation.

§5.2 Matter Induced Neutrino Decay and Solar Antineutrinos

As we have already discussed matter effects can be crucial for neutrino properties. It was shown
in [47] that the presence of dense matter can drastically change the neutrino decay properties as

well. For example in the simplest majoron models [92, 93], where all neutrinos have the same lepton
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numbers, the majoron has only diagonal tree-level couplings with neutrinos [114], so that no neutrino
decay occurs in vacuum with emission of the majoron. However, matter can induce the decay. The
point is that the coherent interaction with the medium leads to an energy splitting between v and
¥ states, providing available phase space for the emission of the majoron x through the decay either
v — v =y or v — U = x, depending on the neutrino type and on the chemical content of
matter [47]. In the general case, when neutrino mixing is non-vanishing, i.e. the flavour and the
mass eigenstate are not the same, the diagonal (e.g. v, — 7. + x ) as well as non-diagonal (e. g.
Ve — Uy + x ) can occur. The properties of the v decay in matter and its astrophysical implications
were investigated in a number of papers [109, 115]. It was first emphasized in [47], that the sun
can be a potential source of antineutrinos which could appear due to the decay of solar neutrino in
vacuum [94] during the flight from sun to earth or due to the matter induced decay in the sun. The
matter induced decay v. — Uz + x (z = €, p,...) is excluded to be a solution of the SNP because
of the laboratory constraints on the majoron couplings. Nevertheless, the study of matter induced
solar neutrino decay is interesting as a mean of investigating neutrino properties. This is really the
spirit of this paper.

This solar T, flux could be, in principle, detected and studied in future large volume solar
neutrino detectors like Borex and Super Kamiokande. The matter induced decay of neutrinos, at
least in principle, can be distinguished from other possible sources of solar ¥,’s. These are the decay
in vacuum [47, 48, 49], and the resonant spin-flavour precession of Majorana neuntrinos due to the off
diagonal magnetic moment (provided the oscillation also occur) [99]. Spin-flavour precession does
not alter significantly the v, energy spectrum (the solar D, spectrum essentially reproduces the one
for the v,’s) which, on the contrary, is degraded for the case of the decay. On the other hand, the
matter decay, in principle, can be discriminated from the decay in vacuum due the unusual energy
dependence of the decay probability which does not depend on the energy in the laboratory frame
or even increase with energy, whereas the opposite occurs for the vacuum decay, where I'(E) ~ E~1.
The paper is organized as follows. In sect. 1 we reexamine in some detail the dynamics of matter-
induced decay for the cases of Majorana, Zeldovich-Konopinsky-mahmound and Dirac neutrinos.
Then we study the effect of such decays for solar neutrinos (sect. 2) and discuss the possibility of
the detection of the resulting U, flux in the future underground detectors (sect. 4). Finally, in sect.

5 we draw our conclusions.

§5.2.1 Dynamics of Matter Induced Decay

Let us consider the propagation of neutrinos in matter. For the sake of definiteness we take the
electron neutrino. The v, state is identified with the left-handed Weyl spinor, v, = v, whereas the
right-handed component can be specified as

(a) electron antineutrino state: v = C'UZL(Majorana neutrino);
(b) muon antineutrino state: vy = CL; (ZKM neutrino) [77];

¢) sterile state: vz = CP?, (Dirac neutrino).
sL ’
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In the majoron picture the meutrino mass appears due to the spontaneous violation of some
lepton number symmetry, which is L, for the case (a), L. + L, for the case (b) and L. + L, for the
case (c). For the case (b) and (c), the symmetry violation occurs as U(1). @ U(1), — U(1)e—, and
U(1)e ®U(1), — U(1)e—, respectively, keeping L. — L, and L. — L, conserved.

As a consequence of this symmetry breaking, a Goldstone boson ¥, called majoron, * appears.
Its Yukawa coupling constant has to be b = m/v, where (¢) = v/+/2 is the non zero vacuum
expectation value of some complex scalar field o, violating the relevant lepton number symmetry. In
order that the effects of y-v interaction are observable, a large enough coupling constant h is needed.
Although the popular candidate for such a strong coupling, a triplet majoron model [92}, is already
ruled out by LEP data, a variety of singlet majoron models was suggested in which h can be as large
as 1072 = 1072 [96]. The interaction of neutrinos with the majoron cannot obviously provide the
transition vy, — viy in vacuum due to vanishing phase space: v, and vi are two components of a
massive four-component spinor v = vy @ vp. However the background of dense matter, being CP
asymmetric, distinguishes these two components and the decay becomes allowed.

The lagrangean relevant for the neutrino propagation and decay in matter has the form:
. — _ - - -
L= T/L(za,, — Vlf')’)’”VL + L/R(Zay — Vf)‘)’”VR — m(VLI/R + VR_I/L) + EhX(VLVR - I/RVL) (5.16)

where m is the neutrino mass, x is the majoron field, V,f is the potential arising from the coherent
forward scattering of v, off the matter constituents, and Vf is the same for the vy component. In
the contest of the standard SU(2) ® U(1) model, these potentials, in the rest frame of matter, take

the form:
V= 60,V2GF(ne — 1n /2), (5.17)
(where Gp is the Fermi constant, n., are the number density of electrons and neutrons respec-
tively), and
Vi =-vk (5.18a)
in the case (a)

Vi = GFnn, (5.18b)

1
50#—\/—:2_
in the case (b) and
Vi=0 (5.18¢)

in the case (c).
Due to the presence of these potentials Vf =+ Vﬁ: the dispersion relations for the propagation

of the two helicity components L and R are different: **

pg =m’ +p? +2V0F | p | +(¥2F)? (5.19)

* Actually the name majoron corresponds only to the case (a). The Goldstone boson of (b) in

[113] was called flavon and the one of (c) diron [47].
** Tor ultrarelativistic neutrinos the + and — helicity states can be identified with vz and vg, so

in the following we keep this notation.
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Thereby a phase space for the decay either v, — x + vp or vg — x + vr is non vanishing
(depending on whether VL > VE or VE > VL), due to a non-zero energy level splitting. Formally
the (5.19) means that in matter neutrinos acquire an additional (though somehow dependent on the
momentum) mass term, so that the effective masses for v, and vp states are [109]:

(mip)ers =m® +2V0F | p . (5.20)

Let us assume that VX > Y% | Then for | p |>> V, m the squared matrix element for the decay
v, —+ X+ VR is

| A(p,q) P=h* [ p Il q] (1 cosb), (5.21)
where p and q are the four-momenta of vy, and vy respectively, and 8 is the angle between p and

q in the laboratory frame. The expression (5.21) coincides with the one for the non diagonal decay

with helicity flipping in vacuum. Then the differential decay rate in the laboratory frame is:

dT(po,qo)  him? 90 Po
= (11— 25+ 1- B, 5.22
dgo 167pg ( Po A 90 ) (522)

where

_Amgy 28V p|

. AV = (VE VR, (5.23)

m? m?
is the parameter which characterize the phase space. The energy go of the emitted vy is in the

range:
Po
—— < g < 5.24
116 90 = Po ( )
Then for the decay probability per unit length we obtain [115]:
h? 246, 2
T = — AV[{(——) — = In{1 + §)]. 5.25
(o) = 1o a2 - i1 ) (5.25)
The energy distribution of the secondary vpg,
1 dI'(po, go)
14 = - 2P0, 90) 5.26
(pOa QO) P(PO) qu ( )

is plotted on Fig. 5.5 for distinct values of 6.

Y,'s energy distribution
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Fig. 5.5. The U energy distributions W{po, qo) due to the matter induced decay v — T + x for different

values of §.
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The magnitude of the parameter is clearly ctucial. - Considering the matter density as fixed it is
interesting to distinguish different regimes -
i) The ”small mass’ regime, § > 1, in which case the phase space is maximal. From a kinematical
point of view this is the most profitable regime for the decay. We have
B2
T(po) =To = EAV. (5.27a)

The energies of the secondary vg are strongly degraded: < ¢qp >= %po (as well as in the case of
vacuum decay 1oV + X, with my > m), since the bulk of energy is taken away from the majoron.
Notice, that (5.27a) does not depend [47] on the parent neutrino energy po, as distinguished from
the case of decay in vacuum (I'yz0 ~ pgl).

ii) The intermediate regime 6 ~ 1. In this case the energy of secondary vp is less degraded, but the

decay probability is smaller. E. g. for § = 1 we have

1
T(po) ~ 5T (5.27b)

i) The "large mass” regime § < 1. In this case the energy of secondary vg is not essentially
degraded gg =~ po. However, the decay probability is substantially decreased:
§? h2AV3p3

T(po) = -To=

3 rp— (5.27¢)

which clearly shows the unusual energy dependence: I'(pp) is increased with neutrino energy. The
angular distribution of vy is also of some interest, due to the peculiar properties of the decay. Due
to the kinematical relativistic effect the angular distribution is sharply peaked forward, although the
extremely forward direction cos@ = 1 is not allowed due to the conversion of angular momentum.

The momentum of the final vz depends on the angle as follows:

1+ %(1 + /1 _ spg(’:l;;osa)

l q I:I q ! 252(1—cosf ! (5280')
P ==
where the angle is constrained by

252
1- 20 <cosf <1 (5.28b)

8p5

From (5.28) we derive the angular distributions for the above regimes. For 6 > 1 we get
d h2p3AV? 1—cosé
LY 14 22 , (5.29a)
dcosd 167 [po(1 —cosf) + AV]3

which has a sharp maximum for cos§ ~ 1 — (AV/2po) (cf. [109]). In the opposite regime, § < 1

the momentum of the secondary vp is practically the same as that of the parent vy. We find:

ar h?p? 1-—cosf
dcosf — 167 [AV? — 2m2(1 — cos §)]1/2

(5.29b)
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This distribution reaches the maximum at the lower extreme: cosf = 1 — 2(AV/2m)? < 1 —
(AV/2/p0). -

The extremely forward peaked angular distribution makes the picture of matter induced decay
self-consistent. In fact, the decay vy — vr 4+ x can be treated as a coherent majoron production
due to the neutrino scattering off matter components: vp + X —vp+ X + x (X = e, p, n). This
implies that the coherence length 7.,n ~ 1/pof” is larger (or, at least of the same order order) than

the refraction length Iy = 2x/V [25], which is obviously the case since §21AV/po.

§5.2.2 Neutrino Decay in Solar Medium

In view of discussing the potential detection of T, flux produced in the solar interior, in what follows
we shall mainly devote our attention to the matter induced decay v, — ¥, 4+ x. The discussion can
be straightforwardly extended to the other possible decays, v, — ¥, or v, — ¥,. Now we consider
the case in which neutrino propagates in a matter with varying density, as it takes place in the sun.

The full decay probability for a neutrino with energy po, passing the sun from its center (r = 0) to
the surface (r = R), is obtained taking into account the dependence of the potential yif = VL’R(T)

on the space coordinate r:

R dl

Py = [ dr [ dao (im0 o) (5.30)

0 qmin 0

with ¢t = .—17'_%"’(—55, where 6(0) is the value of § at r = 0. For the most profitable case 6(v) > 1,
the probability of the decay v, — ¥, + x can be rewritten as [109]:

k% d

P(py) = —ee=LS 5.31

(po) 4d0 ? ( )

where dey; = my ‘]'on(ne — %nn)dr is the effective width of the matter traversed by the neutrinos,

m, is the nucleon mass and do = ﬂrG}lmn = 1.6 x 10%/cm? is the refraction width. As far

as d.y; is a global characteristic of the sun, the possible value of P depends only on the majoron

coupling constant. Comncerning the existing bounds on the majoron coupling, we recall that

hee < 1.5x 107% +3.3x 1073 (5.32a)

> kI <4570 (5.32b)

(z = e, p, T or s). Equation (5.32a), originated * from non observation of neutrinoless 23 decay

with majoron emission [104], is relevant for the case (a) of Majorana neutrino. Equation (5.32b),

* This limit contain uncertainty of nuclear matrix elements of 28y, decay. The values shown

in (5.32a) correspond to two ultimate estimations of matrix elements, given in [116] and [117]

respectively.
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derived from the limits on @ — evy and K — evy decays [105], applies to the case (b) and (c) with
vz = v, nu, and v, respectively. -

Somewhat more stringent constraint follows from astrophysics. Namely, the observation of SN
1987A neutrino signal sets the bound: hee, her < 1.3 x 1073[106, 107]. Bearing in mind this limit,
in the following we will however base our conservative estimate on more direct laboratory limits
(5.32a), (5.32b).

Just to get some numerical insight, it is useful to note that one has § ~ 1 in the solar core
2Vl =~ 6 x 10~ 1%eV) for m ~ 10~ ?eV, and pp = 10 MeV. Therefore, since the bulk of the decay of
boron neutrinos occurs in the solar core, the small mass regime (§ 3> 1) corresponds to m < 1072
eV. In the opposite case, m > 10~2 eV we have the large mass regime (6 <« 1) for the solar interior.

We have calculated the decay probability P as a function of m?/pg see Fig. 5.6. The profiles of

electron and neutron densities in the sun are taken from [3].

Decay probability

A AU N AN
10715 1012 109 10-8
(m®/p,)[eV]

Fig. 5.6. The value of P/h?, for the decay v — U, + X (solid line) into the sun and P/hsﬂ for the case
Ve — Uy + X (dashed line) versus the ratio m?/po

The two cases are clearly distinguishable. For small m?/py values (§ >> 1), there is practically no

dependence on the energy: P/h?, ~ 160, whereas P is sharply decreasing with increasing energy

€e

m?/po in the regime § < 1. The numerical values for P (see Table 5.2) are obtained by taking he.
at the maximal allowed value in (5.32a) and py = 10 MeV.

m (eV) P dlem™Is7!)  (god NG N(6.2) N2
1074 21073 9- 103 2.5 44 1.7 10
1072 3107+ 1.3-10° 52 3.0 1.4 0.8
31072 1-1073 55 7.7 0.4 0.3 0.2
51072 2-1076 8.4 8.2 661072 61072 51072
107! 21077, 6107} 8.5 51073 44-107  4-107°

TABLE 5.2 Numerical extimates for the decay Ve — U, -+ X. Assuming b = 3.3 - 1073, we display for
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different values of the neutrino mass: 1) The decay probability P for Boronb neutrinos; 2) The total ¥, flux
® originated by the decay of Boron neutrinos {cf. @gm = 5.6+ loatm_gsec"l); 3) the average energy (qo)
of U,'s in MeVs (cf. (po)ssm = 6.7 MeV for Boron neutrinos). 4) The number N of positron events per year
in 1000% fiducial mass of Borex, for different positron energy thresholds F,; = 3.7, 6.2 and 7.2 MeV (cf.

the number of events from reactor background : 30, 2.3 and 0.1 respectively).

As we see in the most profitable regime in which matter effect is dominant (m < 10~2 eV) about
one or two of thousand solar v,’s can decay into ¥, and x. The case m =~ 1072 eV (§ ~-1) can
be regarded as a transition regime and, it comes out, together with the small mass regime, to be
relevant for solar U, detection. The case of large masses (m > 10~2 eV) is hopeless for U, search

due to the extremely small decay probability:

h?pj i 3
= Vadr. .
P(po) 127rm‘*/(; AV7dr (5.33)

According to (5.31) and (5.27), the differential flux ®(q0) = d®/dqo of U.’s, resulting from the
decay v, — ¥V, + x for the case § > 1 is:

b d,. d
$(go) = mesel / B oo (p0) (1 — L2 2P0 (5.34)

4d0 qu Po Do ’

where ®ssm(po) is the differential flux of v.’s expected from the Standard Solar Model [3]. The
spectrum of antineutrinos appears to be strongly degraded at high energies: < qg >~ é < po >.
For the case § ~ 1 the U, energy is not degraded practically (see TAble 1): < gg >=~< pg >. In the

limit of large mass, § < 1, we have

2(g0) = P(g0)®ssm(0), (5.35)

due to the unusual energy dependence of the decay probability (P increase with po see (5.33)), the
antineutrino spectrum is shifted towards higher energies so that the average energy < go > is larger

than the average energy < qo > of solar neutrinos. From (5.26c) and (5.35) one has:

Jp 490 - 00®(@0) < pd >
J.., 420%(g0) <p>

< gy >= >< pp > (5.36)
Unfortunately there is practically no hope to observe this interesting effect, due to the extremely

small decay probability in this regime (see Table 1).
In Fig. 5.7, the energy spectra of electron antineutrinos are plotted for different values of the

mass, by considering the decay of ®B neutrinos which are the only ones having energies high enough

(E ~ 10 MeV) to make feasible the detection of solar U, 's.
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¥, Spectrum from malter decay
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Fig. 5.7. The differential energy spectra of solar ¥, fluk produced due to matter-induced decay v, — V. +x
of the 8B neutrinos for the three different regimes (solid lines). Notice that, in the case m < 1072 eV,
the spectrum is strongly degraded compared to the "parent” spectrum of solar 3B neutrinos (dashed lines),
whereas for m 3> 1072 eV it is even enhanced to higher energies, since, in this regime, the more energetic
neutrinos are decaying faster, quite the opposite to the case of decay in vacuum. All the spectra are

normalized to unity.

In the above analysis we have confined ourselves only to the v, — T, + x decay. Everything
holds true for the v, — U, + x decays as well (z = p, 7, s), provided there is some conserved lepton
number L, — L;. The antineutrinos appear not to be ¥, if the lepton number L, — L. is exact. This
symmetry however , can be broken explicitly by Plank scale effects, leading to the mass splitting
Am ~ 107% eV between the two components [51, 118]. Then the ¥, — 7, oscillations come into the
game creating a ¥, signal for the terrestrial detectors. Therefore, after the v, — ¥, + x decay in
the sun, in average a half of the produced 7, will oscillate into ¥,. (Notice, that for m > 107° eV
the neutrino mixing angle is practically 45° and the oscillation length L,,;. = 2xE/mAm for Boron
neutrinos is less than the sun-earth distance). The probability P,, of v, — Ty(ry + x for the sun
density profiles is also shown on Fig. 5.6 (the probability of v, — T, + x decay is practically the

same). The U, energy spectra are the same as that of Fig. 5.7.

§5.2.3 Antineutrino signal

Now we can discuss the possibility of detecting the electron antineutrino flux in future large volume

real time detectors. The relevant reaction is the inverse 8 decay U, +p — n + e™. The spectrum of

93



positron events occurring in a detector is given by:

d
N =TN,®(E)o(Ve +p— n+eT), (5.37)

dE

where E = qp — m;, + mx is the positron energy, Np is the free proton number contained in the
fiducial volume, T is the detection time and o(¥, +p — n+eT) ~ 9.2-10~* E? cm?. The spectra

of positrons are shown in Fig. 5.8 for distinct masses of neutrino.

Positron spectra
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Fig. 5.8. We present the positron spectra resulting from ¥, + p — n + e interactions, for antineutrinos
originated from matter induced v, — U, + x decay, for different values of neutrino masses (solid lines). The
background deu to the reactor U,’s is given by the dot-dashed line. For the sake of comparison the positron
spectra from V,’s due to spin-flavour precession is also given (dashed line). The U, spectrum for the v,
decay in vacuum is practically the same as that of matter-induced decay for m < 10~% eV. All the spectra

are normalized to unity.

From this figure we see that there is at least in principle, some chance to discriminate from the
alternative mechanisms of solar 7, production, as are the decay in vacuum [47, 48] and spin-flavour
precession [29], provided high statistic and detection sensitivity are available. However, experimen-
tally the situation is quite difficult and this can be understood by looking at the total number of
detectable events N for one year running of 1000 ¢ of Borex detector [41], for different energy thresh-
olds Ey; of positron energy. The results are displayed in Table 1, where the maximal upper bound
of (5.33a) is assumed h., = 3.3 - 1073, We see that the number of events depends crucially on the
neutrino mass: only the regime of small masses < 1072 eV could be relevant.

Constraints on the positron energy threshold arise, at least, from the presence of spurious
terrestrial antineutrinos. The flux of antineutrinos due to the terrestrial radioactivity [119, 120]
extends up to Ey;, = 3.3 MeV and it is about 107/(cm?s) that is some order of magnitude larger
than the solar ¥.’s, which we may expect (see Table 1). Moreover, we must also take into account

the external background due to nearby nuclear power reactors. It is estimated to be about 20-30
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events/yr [121] for By, = 3.3 MeV, in a 1000 ¢ of fiducial volume of Borex detector [41], planned to
be located at Gran Sasso, which few times exceeds the possible solar ¥, signal. The reactor spectrum
ends at gy ~ 10 MeV so that one is forced to take higher thresholds. As we see from Tablel, the
threshold F,; > 6-T MeV could be enough to exceed the background. The background can also come
from diffuse supernova neutrinos or from atmospheric neutrinos, which, in the energy range 10-15
MeV, can be estimated to be at the level of N ~ 1072 [120] which is less than the possible signal.
Notice, that for m > 10~2 eV the distributions of events reaches its maximum beyond the threshold.
In the case of high statistics this could distinguish the matter-induced neutrino decay from the decay
in vacuum. The spectrum in the latter case is essentially the same as the one of the matter decay in
the small mass regime: m < 1072 eV. However, the extremely small rate of positron events (about
one per year) is too small to be reliable for the identification of matter induced v, — Ve + x decay.

We have performed our calculations using the maximal allowed value he, = 3.3- 1073, which is
not in fact too conservative from the present point of view. For the more reliable bound k., < 1074,
the U, signal would be two orders of magnitude less and therefore hopeless for the detection in the
terrestrial installations. However, as it was mentioned in Sect. 3, the direct v, — ¥, + x decay is
not the only possibility for the creation of ¥, signal. In the case of ZKM or Dirac neutrinos, the
Ve — Uy + x decay can occur, which provides ¥,.’s due to the subsequent oscillation U; — ¥, during
the travel from the sun to the earth. The majoron coupling constant in this case is constrained by
(5.33b). However the relevant phase space is smaller in this case due to the fact that dp,r =~ 1/38.
and 8,.51/26... These relations, accounting also for the factor 1/2 due to oscillation, compensate
what we could gain for the decay probability owing to the weaker bound on the coupling constant
hex (5.33b). Thus the estimations given in Table 1 remain roughly the same.

§5.2.4 Conclusions

Our main goal in this paper was to investigate the possibility that the solar ¥, flux can be created
by the hypothetical matter induced decays in the solar interior: v, — ¥+ x or v, — U+ x with the
subsequent oscillation¥, — ¥, (z = p, 7, s). For that reason we have reexamined the features of
neutrino decay with majoron emission in the presence of matter background. Our results are not very
optimistic. In the future free proton reach real time detectors (like Borex and SuperKamiokande),
one can expect few events in one year for fiducial mass in the range of thousands of tons, for
m < 1072 eV, and h?, = 1075-107% for the majoron coupling constant. Besides, the analysis of
the event spectrum could in principle, allow to discriminate the matter induced decay from other
mechanisms of U,'s production for the special transition regime of m =~ 1072 eV.

However, in principle, the experimental data do not exclude that v, or v, have an additional
interaction as strong as the weak one. In this case the value of AV could be not so small and
corresponding the decay probability could be of the order of 10~? in which case the detection of

solar 7, flux could be of experimental relevance. Let us notice that the existence of such interactions
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is an unavoidable consequence of most of the models in [96], which could provide enough strong

majoron coupling of singlet majoron with neutrinos. .
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