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1. Intermediate bosons (real and virtual)

Almost sixty years ago W.Pauli "invented" the neutrine.
Afterwards neutrinos were discovered experimentally. Be;ause
of their amazing properties (first of all their phantastic
penetrating power) they played the role of protogonist in
many popular papers and books. Although for many years Qe have
been knowing quite a lot about neutrinos, today we can write
about them'in a way which would not have been possible only
a few years ago.

This is connected with the outstanding discovery of three
new fundamental particles, the so-called charged (W' and W)
and neutral (2z°) intermediate vector bosons. These particles
were discovered by C.Rubbia and others in 1983 with the help
of the CERN proton-antiproton collider (see S & T 85, C.Rubbdia,
Osservazione sperimentale dei bosoni vettoriali intermedi .
wh, W oe 2°).

Below we éhall explain why intermediate vector bosons
have such an exotic name; For the time being let us remark only
that W', W and 2° are unstable particles with a mean life

approximstely equal to 10™24

sec and that the decay of these
particles has many channels in which neutrinos are present.
According to the uncertainty relation, such a mean life corres-
ponds to a width/ (or to an uncertainty in the mass) of about
one GeV. In spite of this uncerteinty intermediaste bosons have
a wonderful "individuality", since their width is =much less

than their mass (the msss of W' and W~ is 81.3+1.5 GeV and

the mass of 2° is 92.641.7 GeV; upper width limits are

.

/—w<6.5 GeV, /_z°“< 4.6 Ge\ﬂ The very existence of particles

with such large masses is in itself quite remarkable. From a

fundamental point of view WY, W~ and 2° are—ggg_gg;x_gggzgigé
gources known et present. However this does not mean that for
the production of neutrinos it is necessary to use extremely
high energy accelerators like the CERN collider, with the help
of which "real" W+, W™ and 2° bosons can be produced. Neutrinos
can be generated (and ususlly are) in low energy processes in
which intermediate bosons participate as "virtual" particles.
Later we shall explain the meaning of the words reasl and virtual.
We have already stated that the direct generation of
neutrinos by real intermediate bosonas was first observed only
in 1983. This result means without any doubt that virtual inter-
wediate bosons are responsible for all kmown "weak" processes,
in which neutrina either ‘are produced or interact with matter.
A well-known example of such processes is the /8 ~decay of
the neutron (asee Fig. 1).
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Fig. 1.

Beta-decay of the neutron - the process in which a neutron n
is transformed into a proton p while an electron-neutrino
pair is produced. The W-boson in this process is virtual.




Such low energy processes already in the fifties were
called’weak processed. According to the modern point of view
they are due to the virtyal production and decay of intermediate
charged boscnsrwi . Inciaentally such processes are called
charged current processes. The word weak i3 due to thé fact
that the effective interaction constant GF regponsible for

the processes, called Fermi constent, is extremely small:

G
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Let us turn to Fig. 1,which is an example of the so-called
Feynman didgrams. Such diagrams are quite illustrative and
give us a- powerful tool for the calculation of process proba=-
bilities. In Pig. 1 neutron decay 18 presented in the form
of a two step process: first, a néutron is transformed into
a proton with the emlssion of a virtual W-béson, second, the
virtual W decays into an electron-neutrino paire

An example of a process in which a virtual 2°-boson parti-
cipates 1s the scattering of a neutrino by a proton (see PFig. 2).
In Fig. 2 the initial neutrino ») emits a virtuasl z°-boson and
transforms into the final neutrino; the virtual 2z° is absorb-
ed by the initial proton which transférms into the final proton.
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Neutrino~proton elastic gcattering. The 2°-boson is virtual.

Neutrino-proton scattering is an example of so-called neutral
current processes, weak process;s discovered (CERN) in 1973
(75 years after the discovery by Rutherford of the first
charged current process!). -

Particles with integer spin (intermal angular momentum)
are called bosons and particles with half integer spin are
called fermions. Since the proton and the neutren are fermions
from Fig. 1, for example, it follows that the W-spin is integer
and consequently the W-particle is a boson. The same can be-
said about the Zo—particle (see Fig. 2). Purther it is clear
why WL and 2° are called intermediate bosons: they mediate
the interaction, taking part in four-fermion weak processes as
virtual particles. It is well known that the J-quantum mediates
the electromagnetic interaction between charged particles;
namely the analogy with electrodynamics was the starting point
in the four fermion theory of F ~decay (1933, E.Fermi) as well
as in the intermediate boson hypothesis (1938, 0.Klein).

Let us try now to explain in a simple way when particles
such as Wi, z°, which mediate the interaction between
fermions, are called real and when virtual. Of course we are
not pretending to give a full explanation. Let us consider a ,
free particle of mass m . Its energy E and its momentum ﬁ
are related by the expression g° = w® + ﬁz. Such particle
is called real. However for a virtual particle the above ex-
pression is not valid: the energy and the momentum of virtual
particles are independent. In gpite of this statement, when
such virtual particles are emitted or absorbed.in intermediate
processes, the total energy as well as the total momentum are

conserved (of course and as it should be, this iaplies the



conservation of the total energy and momeéntum in observable
processes).

Let us consider as an example the ~decay of the
neutrén. How can a neutron transform itself into s proton
with the ewission of a (virtual) W-boson? (see Fig. 1). The
momentum conservation requires that in the rest system of the
neutron, the W-boson momentum is equal to JE s Where "E is
the proton momentum. If the W-boson were real, its total energy
would be equal to about 100 GeV and the neutron decay would be
impossible. However the total energy of the virtual W-bosgon
does not exceed 1 MeV, so that the brocess at isgue is perfectly
possible. Virtual particles arise as & result of the quantum
nature of fields. The posaibility of existence of virtual
particles is deeply connected with the famous Helsenberg uncer-
tainty relation.

The importance of the notion of virtual particles, for
example W-bosons, can be appreciated even by a profane: without
Iirtual W-boson neutrinos would be generated only in the
decay of real W-bosons, for the Production of which ﬁarticle
‘beams of superhigh energy are required. But we lmow that

neutrinos do arise in prlenty of low energy processes!

2. Leptons, quarks and their interactions with intermediate
bogons

Neutrinos of various types are electrically neutral
perticles, belongihg to the class of so-called leptons (fundament-
al fermions with spin 1/2, not undergoing the streng interaction),
to which belong also electrically charged particles such as

electrons, muons and taons,

The notion of electrical charge is well known to everybody.

In nature there are also other charges (lepton, baryon, ...).
Charges characterize internal particle properties and may

take only discrete values. To every particle with charges
different from zero there corresponds an antiparticle of
identical mass, all the charges of which are opposite in sign
to the particle charges. If all the particle charges are equal
to zero such a particle is identical to its antiparticle and
is called truly mneutral particle (examples of which are
photons and the so-called Majorana neutrinos).

The electrical charge is strictly conserved in all pro-
cesseS. It is not known whether lepton charges are strictly
conserved. This important question will be discussed later.

) A1l known leptons may be groupped into three generations.
Every generation is consiating of one particle with electrical
charge equal to zero (neutrino) and one particle the electrical
charge of which is equal to -1 (in proton charge units). The
electron neutrino 99 and the electron e” are the particles
of the first generation. The second generation consists of the
muon neutrino and the muon }L-, the mass of which is
about 200 times larger than the electron mass. Finally, in the
third generation the particles are the taon neutrino Dt and
the heaviest known lepton, the taon T~ , the mass of which is
about 3500 times larger than the electron mess. Of course in
addition to leptons D.e”, ¥ fu, T there exist also
antileptons 9 ée+, y fL? . )Q T7 . Let us notice that at
present we do not know why there are three lepton generations.
Moreover we do not know whether in nature there exist only

three genergtions. Incidentally the last point should be



clarifyed soon in e*-e” collider experiments. In Table 1
the values are presented of the masses, of the electrical charg-

es and of the (currently used) lepton charges for all known
leptong,

Isble 1. Leptons

Electric
Mags charge Lepton charge
Electron Muon Taon
I generation WV, < 50 eV 0 1 0 0
- 0.51 MeV -1 1 0] 0]
II generation <

,??f 0.25 MeV 0 0 1 0
) e 105.66 MeV -1 0 1 0

III generation Qt < 70 MeV 0 0 0
1
T~ 1784.2 MeV -9 0 0 1

There exists a second class of spin 1/2 fundawental fermions
undergoing the strong interaction, - the quarks, Every quark is ’
characterised by the mass, the electrical charge and the baryon
charge. Quarkas are grouped also in three generationa,a fact
which 18 of great importance from the point of view of the sym~
aetry between leptons and quarks., Every generation is congisting

of quarks with electrical charges +2/3 and -1/3. The lightest

quarks u and 4 are the particles of the first generation.

The particles of the second generation are the heavier ¢ and s
quarks. Finally the most heavy ¢t
third generation (see Table II).

and b quarks belong to the

P —————

=

Table IL. Quarks

» Electric Baryonic
¥ass ™ (MeV) charge charge

I generation u 4 +2/3 1/3
10 -1/3 1/3
I1 generation < 1500 +2/3 173
3 200 -1/3 1/3
III generation t** > 30000 +2/3 1/3
b 4500 -1/3 1/3

* The free gquark approximate values of masses, presented as
an illustration in the Table, are the 8o called "current" masses.
The effective querk masses inside hadrons, especially in the
case of light quarks, exceed the values given in the Table.

** For the time being there are no experimental proofs of the
t-quark existence.

As already mentioned, leptons participate only in electro-
magnetic an& weak interactions (as we kmow today, in the united
electroweak interaction). Quarks participate also {and as pro-
togonists!) in the astrong interaction. According to modern ideas
this is comnected with the fact that the quark is carrying a
supplementary quantum number called conventionally "colour",
there being three colour sorts: every quark can be "green", "blue’
and "red", so that in fact the quarks are three times more numer-
ous than leptons. At a variance with the strong interaction, the
electroweak interaction is not able to distinguish the colour

of the quark.
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Due to the strong interaction, quarks are bound in hadrons:
protons, neutrons, pions, ... . For example the proton is
composed mainly of two wu~quarks and omne d-quark, the positive
pion is composed mainly of one quark (u) and one antiquark (d),
etc, Until now querks'in a free state have not been observed,

a fact anticipated by the so-called hypothesis of "quark confi-

nement" (see S&T'84, M.Conversi, Pisica dei laboratori Sotter-
ranei ).

We will consider now the interaction of leptons and quarks
with charged and neutral intermediate bosons. Let us stress
right a way that intermediate bosons posses neither lepton nor
baryon charges. Charged W bosons iﬁteract with pairs (currents)
composed of either a neutrino and = charged lepton or a quark
of charge +2/3 and a quark of charge -1/3. Notice that W-bosops
interact with a combination of every quark of charge 2/3 with all
quarks of charge -1/3. This fact is the so-called Cabibbo-
Kcobayashi-Maskawa quark "wixing". The question as to whether
leptons also are mixed is open. It i3 one of the most important
question in todaysd neutrino physics and will be discussed later
in some detail. In Pig. 3 all possible interactions of charged
W-bogone with leptons and quarks ere shown.. In the case of
quarks the main pairs are written without brackets, whereas the
Pairs entering the mixture with coefficients definitely less
then the main one are written in brackets.

In Fig. 4 el1 pbssiblé interacfions of lepton and quark
pairs (currents) with neutral z°-bosons are shown . The so-
called standard model of the electroweak interaction (see,

N.Cabibbo, S&T, 83, L'Unificazione delle forze fondamentali)
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requires that the %Z%bogon interacts only with pairs (currents)
of identical leptons and of identical quarks (i.e. there ig no
mixing). -

T, H
W8 T
W
t8(ts,td) ad (as,ab)
¢s (2d, T6)

Fig. 3. Interaction of charged

W~boscons with lepton and quark
currents,

13
Fige 4.Interactions of neutral

Z°bosons with lepton and
quark currents.

M : M
tw (Z°
e/\ve e/\e
Big,

Diagrams of the process \)e-i-e, »De+e.

In Fig. 3 and Pig. 4 it is shown which pairs of fundemental
fermiorgeither different in Fig. 3 (so-called charged currents)
or identical in Fig. 4 (so-called neutral currents) the inter-

mediate besons are interacting with. Every current in Fig., 3
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and Fig. 4 through the appropriate intermediate boson can
interact either with any other current or with itself. As we
have mentioned before, such four-fermion interactions,in which
intermediate virtual bosons do participate, are called weake
Fig. J shows that there are 3 lepton decay channels and mainly

3 quark decay channels (9 if quark mixing is taken into account)
of a real W~boson. Fige. 4 shows that there are 6 lepton decay
charmels and 6 quark decay channels of a real z°-boson. From
Fig. 3 one can see that the number of different concrete types*)
of charged current (virtual W) weak interactions is 78. From
Fig. 4 one can see that the number of different concrete types‘)
of neutral current (virtual z°) weak interactions is also 78.

It ig easy to verify that there are 12 different charge
current (diagonal) interactions and 12 different neutral current
interactions which give contributions to the same processess.

A good example is the process Pg te \>8 + e '
a contribution is given by both the virtual W and the virtual

to which

2° bosons (see Fié. 5)e

All processes arising from the interactions presented in
Fig. 3 and Fig. 4 were surely present in the Hot Univerase, but
by far not all of them have been obgerved experimentally. For
example there are expected 24 purely leptonic (charged and
neutral) current x current interactions, whereas with certainty
there have been observed experimentally only 8. These are

1isted below, each interaction being examplified in parenthesis

*)

A type of the current x current weak interaction is fully
defined if.the relevant four fundamental fermions are
indicated.

.
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by one of the relevent observed processes:(?iﬁ:)(il Y ) .

,fit? e%z% SID) ;(EELQ,)CEE YD (%f*;>fikﬁé.%:) ;(%;L/XJ)(?? 2,

(t*._,/ufﬁ Vi (D, Y(Ee), (J e~ e)ize)(ee),s (é’:e-*e+e');
(ee) (L pe) '(e+v:¢/-L+/t4-—);('ée)(ft) , (efe>TT);

eres) ana (3 3 )(ee) (e = e) .

Let us underline here that practically all we mow today
about neutrinos is based on investigations of weak processes at
relatively low energies. We should like to stress also that
neutrinos we are detecting in the laboratory (from thg /5 ~decay
of fission fragments in nuclear reactors, from decays of mesond
produced in accelerators, from thermonuclear reactions prdducing
neutrinos in the Sun,etce. ) arise in processes in which virtual
W -bosons *) take parte.

Such type of neutrino sources may be very intense. For

20 neutrinos

example, an industrial uranium reactor may emit 10
per second. In contrast with this, since the discovery of & and
Z°, the overall number of neuytrincs emitted by real intermediate
posons produced at the CERN p-P collider is about 103,

Iet us discuss now the process of neutron decay and the
process of neutrino-proton scattering moving from the interac-

tions of leptons and quarks with W& and z° bosons, presented

*) Neutrinos from decay of virtual 2°-bosons as a rule are not
observed, This is due to the fact that weak processes medlated by
virtual z°%-bosons are much less probable than electromagnetic
processes (this is of course true at energles well below the

masa of 7z%-boson). However there is an exception to this rule:
neutrinos from decay of virtual 2%-bosons play a very important
role in the case of astrophysical objects such as gravitational-
1y collapsing stars (see the last three paregraphs of the present
paper).
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in Fig. 3 and Fig. 4. Instead of Fig. 1 and Fig. 2 we have

correspondingly Fig. 6 and Fig. 7. One of the possible diagrams
of the neutron decay is presented in Pig. 6: the d-quark in the

neutron emits a virtual W -bogon and transforms into a u~-quark

(of the proton); the virtual W -boson decays intoa e - 2
One of the possible diagrams of the scattering of the neutrino

by a proton is presented in Fig. 7: the initial neutrino emits

8 virtual Z°-boson and transforms into the final neutrino; a

u-quark of the initial proton absorbs a z%-boson and trensforms

into a u-quark (of the final proton).

Fig. 6, Fig. 7.

The processes of neutron decay and neutrino-proton scattering
are presented from s modern point of view.

Few remarks of historical nature, mainly relevent from the

point of view of the development of theoretical ideas. The first

quantitative theory of the -decay was created by E.Ferml in

1933. The theory is based on the 1930 Pauli's "invention"
neutrinos. Fermi!

of
8 theory played an outstanding role in the

Ssubsequent development of elementary particle physics. According
to such theory the diagram of the neutron decay is presented in
Fig. 8. The idea that the four-fermion interaction is not local !
but is due to exchange of intermediate bosons belongq to O.Klein

14

e pair.

is associated with a lepton charge.

(1938). Fenomenologically the current X current weak interaction
Was introduced by landau, Lée and Yang, Salem (1957), Feynman

and Gell-Mann, Marshsk end Sudarshan (1958). The electroweak

theory unifying electromagnetic and weak intersctions (the so-
called standard theory) is associated with the names of Glashow
(1961), Weinberg end Salsm (1967).

e "—

RE
n P
Fig. 8.

Diagram of the process n -+ p + e 4—§é in Fermi's theory,
according to which all particles interact locally (in ome
Space~time point). Through the discovery of Wt -bosons we

have definitely learned that the interaction is not local.

3. Lepton charges

In paragraph 2 we introduced the notion of charges. Below
we discusas lepton charges in detail. Why and how lepton charges
were introduced? What is known today about their conservation?

In Teble I it is seen that at present there exist three

generations of charged leptons and neutrinos. Every generation

The lepton charges which

are associated with the first, second and third generations

are called correspondingly electron, muon and taon charges.

At beginning let us consider the situation when only one

generation of leptons (99, e) was Jnown. The particle emitted

in F--decay together with the electron was called by coanven-

. —— e e e




tion antineutrino (7§€). Then the particle emitted together
with the positron in +—decay had to be called neutrino (» e).
However the question as to whether o and -5 e 8Te really
different particles was open and had to be answered experimen-
tally. Let us see how this came about.

Antineutrinos were first observed by Reines and Cowan in

the fifties through the reaction

Qe +p — e+ + Ne

In order to detect such a reaction one needs a very intense
source of antineutrinos. In the experiment of Reines and Cowan
such a source was a powerful uranium reactor. The detector of
-;7e was a large scintillation counter.

The above reaction (inverse P ~decay of the neutrom) is
due to the same interaction which is responsible for the neutron-

decay. Such an interaction 13 also responsible for the reaction

Vg tn —e” +p.
Let us consider now the following two reactions
Qe +p =» et 4 n

Y

e B — e +Dp.

They obtain from the preceeding omes through the substitution
- = -

V<= VoIt Y and ¥V

two last reactions are obviously possible. On the contrary if

are ldentical particles, the

e ;& S| e the last reactions are experimentally unobservable.
Thus in order to answer the question "are neutrinos and anti-
neutrinos identical particles?", one must investigate whether
the last reactions are possible. There are no sources of ;) e

intense enough whereas there exist intense ) sourcea

e
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(uranium reactors)e. Thus it is natural to fix the attention
on the second of the last reactlons. True, nuclei consisting-
only of neutrons do not exist. However it is possible to use as
a target neutrons inside nuclei. For practical reasons 3701
happens to be by far the most useful nucleus, the relevant
reaction being the following one:

ERAFIE(C RN (e
It was shown that this process does not take place. This mean%
that 9D #& V| 2
opposite values for and la . What 1s the nature of

e
this charge? Let us say right away that to answer this question

‘),i.e. there exists a lepton charge having

today is definitely more difficult than in the late fifties,
when parity nonconservation in weak interactions was ongrved.
At that time it was posgible to think that the lepton charge
amounts to the so-called neutrino helicity. Below we expléin
what we are talking about. _
We have already s%ated that the neutrino spin is equal

to 1/2. According to quantum mechanics {he projection of thé
neutrino spin upon the direction of its womentunm (helicity)“)

has two poesible values: + 1.

#) Notice that such conclusion can. be reached with a much
higher degree of accuracy in experiments aimed to detect the
neutrinoless double -decay process (4,z). == (A,Z+))+e"+€ ,
where A is the dass nJiber, 2 is atomic number (see later).

**) Let us remark that the word helicity sometimes is used
(improperly) to indicgte—longitudinal polarization, in which
case there may appear values different from 1.
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Neutrinos with negative (positive) helicity gre called
left-handed (right-handed), because they remind left-handed
screws (right-handed screws). Before the discovery of parity
non-conservation it was naturally thought that in neutrino
beams one half of the particles are left-handed and one half
are right-handed. This followed from the parity conservation
law, upon the validity of which physicists had no doubts before
1956. According to this 1aw,in 8ll phenomena there must take
Place a strict right-left (mirror) symmetry. As a result in
nature there must not be processes in which either the right
outbalances the left or viceversa. The parity conservation
law, in particular, is forbidding the emission of longitudinal
polarized neutrinos, i.e. of neutrinos, let us say, preferen-
cially left-~handed.

Before 1956 physicists thought also that a different
symmetry must takes place - charge conjugation s;mmetzy, accord-
ing to which all physical laws are invariant when every par-
ticle is substituted by its antiparticle. Such a symnetry
doea not allow, for example, the polarization of neutrinos to

be different from that of
antineutrinos
cesges. in charge conjugated pro-

lee and Yang (1956) put forward the idea that the two
above-mentioned symmetries do not take place in the case of
weak interactions. As a matter of fact subsequent experiments
showed that there exist phenomena in which parity (P) and charge
conjugation (C) ar? violated, the violation of both symmetries
taking place simlteneously. Then Landau as well as Lee and
Yang put forward the hypothesis that the laws of nature are in-

variant with respect to the combined PC inversion, consisting in

»
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the simultaneous change of right into left and of every par-
ticle into 'its antiparticle. From the point of view of this
new symmetry neutrinos "have the right" to be polarized longitu~
dinally. In eddition if neutrinos are left-handed (right-handed)
antineutrinos must be right-handed (lef t~handed). Such a pos-
sibility was considered by landau, Lee and Yang and Salam (1957)
in their theory of the two-component neutrino. According to
this theory neutrinos must have a mads strictly equal to zero.
The predictions of the theory until now are confirmed
experimentally. We lmow now (Goldhaber et al. 1957) that neutri-
nos are (at leest mainly) left-handed; the degree of polarisa-
tion of neutrinos and antineutrinos is extremely highe. True,
experimentally it has not been demonstrated that they are to-
tally polarized and that their masses are equal to zero, as the
two-component theory requires. Summarizing it was shown experi-
mentally that neutrinos and antineutrinos have different heli-
cities, a good model of the neutrino (antineutrino) being a
left-hended (right-handed) screw. Thus a very natural question
ig arising: is the difference in the helicities of neutrinos
and antineutrinos the only difference among these particles?
In other words is the neutrino lepton charge amounting only to
its helicity? In the fifties most physicists would have answered
this question positively.

. The great increas; in our kmowledge about neutrinos which
came about with the developuent of high energy neutrino physics,
especially with the investigations of neutrinos from meson decay,
rendered more subtle the question about lepton charges. Muon
and teon neutrinos have been discovered. Clearly one needs

something more than the helicity to distinguish, for example,

19



v g from Y etc. All the experimental data can be described

by the introduction of three additive lepton charges (electron,
muon and taon charges), characteristic of three lepton genera~
tions (see Table I).

The question arises as to whether lepton charges are con~
served exactly or not, From a theoretical point of view, pre-
sent-day models of either the unified electroweak and strong
interactions or models of electroweak, strong and gravitational
interactions (see N.Cabibbo, SKT,83 L'Unificazione delle forze
fondamentali) would suggest that lepton charges are not conserv-
ed strictly. In such models the violation ig due to the finite-

ness of neutrino masses, the expected values of which are as low
as 1 eV - 10-6 eV, ‘

4. Lepton charge violation?

The question about lepton charge violations can be investi-
gated experimentally by Searching for rare lepton charge viola-
ting processes such as those presented in Table IIIX,

A3 1s seen in Table III, there are no experimental indica~
tions of lepton charge violations, However, from the point of
view of modern ideas about neutrinos, the lepton charge conser—
vation law is expected to be violated, true at a level of proba«
bilities much less than the upper limits experimentally achieved
today and presented as illustration in Table II1. We are talking

about finite neutrinc masses and neutrino mixing.

20
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Table III.

Upper limits of probabilities of Some processes forbidden
by lepton charge congervation

Process Experimental data
(F 's.are the relevant widths,
W1's are capture probabilities per unit
time)

+ #
.’:#f_gﬂ_ < 1,7010710
r /4**0.&) u
/_( t;e‘ke-ef- .
/_%fif7§ all )

W{/‘[n re 79 < 1.6010"11.
W_gL[Tgl-"aZ(.]«’). e
%/ZZ[tZL9 eféif)_
« W’&:.[I~> gll’)

2.4.10~12

0

4 ¥t

< 3.10-1

5« Neutrino mgsses

Already Permi in 1933 pointed out that measurements of the
/3 -gpectrum of a rgdioelement should give information about
the neutrino mass. Clearly such method should be the more sen-
sitive the leas 18 the total energy released in the /5 ~decay.
From this point of view the most attractive decay is

B - 3He+e'+ x)e+Q ’

where ‘the energy release Q is only 18.6 keV, In the last few
years Iublamov et al. (Moscow) and then many other groups inves-
tlgated the question at unprecedent levels of accuracy with the

help of magnetic and electrostatic Spectrometers. The published
data are summarized in Table iv.
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Zaple IV.

Recent data on (anti)neutrino mass from the measurement of
the F ~gpectrum of tritium

Group Tritium source Anti(neutrino) mass
my
Moscow Valin (CSH12H02) 14< m,< 46 eV
Tokyo Arachidic acid (020H4002) m9< 31 eV
Los Alamos Free tritium diatomic molecules my < 29 eV
Zirich Pritium implanted in a thin
carbon layer mp < 18 eV

The experiments are very difficult and we take off our hat
before the authors in signs of admiration. At the same time the
experiments are quite ngerobatic” and in our opinion they only
exclude values of the antineutrino mass larger than, let us say,

40 eV.

6. Lepton mixing and meutrino ogcillations in vacuum

There is a method of getting information on neutrino masses
less direct than the tritium method mentioned above, but mumch
more sensitive. We have in mind the search for neutrino oscilla-
tions, the existence of which does imply finite neutrino masses
and neutrino mixing.

I¢ neutrino mixing does exist, the neutrinos which parti-
cipate in the weak interaction ( DL, 9}4, , Dz ) do not possess
definite masses and are not described by stationary states.

We shall demote by Y., Y 5 V5 the neutrinos of definite

.
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=

T

masses Wy, Moy Wye The fields of neutrinos _\)e are

SRS
then combinations of the fields g, '))2, \)3 :
) =2 U, )
/4 AR
where 5 stands for e)/.l}t and U.is a unitary matrix.

In the simplest case of two types of neutrinos (let us say
D ., ) we have

e [" 5 -
9&:000 ))7 - S 92,’

CA (1
,)/J_~¢ub6 97 + b 92’,
where © 'is the lepton mixing angle. In this example there

will be oscillations in vacuum 9@(—'-‘—’ Y : if & source is

emitting let us say »,'s in a pure/l:ta'te, at a sufficient
distance from the source the number of V. will decrease and
there will appear J 'g, the totel number of neutrinos being
of course constant.

The probability P 9( R)-to tind Q}b at a distance R

e
from a source of e'9 fé

. R ’
PQ}‘: %(R) = i’éwﬂ* (1~ C@Z’CT_R’ ), @)
wheTe
[ =4r Li 3)
AL
is the oscillation length, ig the neutrinc wmomentunm,
An = ]m$ - mg | 1s the mass squared difference. A convenient

formula for the oscillation length in meters is
L = 2.5 —ﬁ-z meters,
PaSag”

where f) is expressed in MeV and o m2 in eV2 .
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The probability P R) to find D at a distance R
J
from a source of ))e'e in the considered case of two neutrinos
18 obviously

1,2 R
Py s (R)=1- R/\SULZ,G-(’I = Coo27 )_(4)

¢’ e
Clearly there are two methods of searching £or neutrino oscilla-
tions. Appearance method: searching at a distance from a source
of neutrinos of a definite type (let us say De's) for the
appearance of other type neutrinos (in our example v %5). Dis-
appearance method: searching at a distance frbm a gource of
neutrinos of a definite type (let us say De's) for a decrease
in the expected intensity of ) 's.

The "philosophy" of oscillation experiments is physically
very simple. If R&L, no conclusion about oscillations can be
reached. If R®L and D is not too small, oscillation effects
of the appearance and disappearance typ; will be observable.
The cosinusoidel term in this case is not obgervable, as 1t
turns to zero .upon averaging over the neutrino energy gpectrum,
the detector and source gizes and, when needed, the distance
gource-detector. If R~L and # is sufficiently large, perio-
dical effects will be observable, a circumstance which leads to
the possibility of directly measuring squared neutrino mass
differencies. The gensitivity of oscillatlon experiments
is very high. For example in reactor experiments (for large f} )
oscillation effects would be seen if A m2 > 10'23V2. Por
the Sun, which is a very favourable object due to the fact that
. R is as high as 150'106 km and p as low as -~ 1 MeV, one can
in principle see oscillation effects if A m? > 10~12gv2 ¢

. .
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We remind the reader that direct measureménts of the anti-
neutrino mass give m)( 40 eV. The fantastic aehsitivity of
oscillation experiments is connected with the fact that they
are interference type experiments, in which an amplitude is

measured and not an amplitude squared.

'
'

Presently a large number of experiments in which neutrino
oscillations are searched for are being conducted a? various
facilities. There is no éxperiment in which neutrino oscilla-
tions have been definitely observed. This refers to regctor,
accelerator and cosmic ray eXperiments (the solar neutrino
experiments will be dealt with latér). Experiments already
performed yield only limits on the values of the parameters

involved. Froam reactor experiments, for example, it follows

An2 < 0,016 (gin? 26 = 1)
ginZ 20 < 0.16 (42> 5 eV2) .

7. Neutrino masss terms

Neutrino mixing 1s due to the pregence of mass terms in
the Lagrangian. Let us underline that in modern‘theoretical
models such terms arise quite naturaly. Apriori ihere are'three
types of neutrino mass terms: Majorana, Dirac, Majorana and
Dirac. In order to define them let us-cunsider for simplicity
the case of one lepton generation, Let us introduce the most
general Majorana and Dirac mass term, in which there are taken
into account the possibilities of lepton charge violation and
of existence of a right-handed neutrino field together with the
usual left-handed field:
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O(:_i[m(j)c)) +m 9(9) +Zrn9ﬂ ]+ /IC
- XL L L L

RARA (5)

where my, mp, W are real parameters, QL and QBbare lef t-
handed and right-handed neutrino field compoments, (Y;)® is
the charge conjugated component. The case considered implies
the existence of four particles: the two well-kmown Vi and';SR
and two sterile (that is not taking part in the standerd weak:
interaction) particles Yp and Y. Simple considerations
show that in the general case of 8 Majorana and Dirac mass
term, the particles with definite masses are twa truly neutral
particles with Majorana masses @y, T, (four states as it should
be). _ c

In (5) the terms _éml_(;{)c)i and _ZL m&%,())!()
stand correspondingly for the left Majorana term and the right Majo-
rane term, the term - /7L A Y, stands for the Dirac Aerm. If
tp = o = O there are no sterile states and there is one
neutrino with Majorana wass (2 states), the corresponding
mass term being defined ag pure Mejorana mess term. It is
seen that a pure Dirac mass term 1s obtained when Oy = mp = o,
a 8ituation which corresponda to one (four component) neutrino
with Dirac mass (tour states).

Clearly in the conaidered case of one lepton generation,
oscillations (9 P \)L) may take place only if the mass term
ig of the Majorana and Dirac type. The Majorana masses o, and
m, and the mixing angle f} are given by the expressions

=3 Zr(ﬁq »r7,) J&p4€;;_7;;_;€;7;;;i‘]

?29 _ 2/77.'9_ (7)
"R
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If neutrino masses are finite, as is desirable from s
theoretical point of view, they are incomparable smaller than
the maesses of charged fundamental fermions. Why? The following
congideration might suggest the so-called "see-saw" mechanism
of generation of small neutrino masses (Gell-Mann, Ramond, Slangky,
1977).

8. The "see-saw" mechanism of neutrino mass generation

In modern theories all mass terms arise from the inter-
action with scalar (so-called) Higgs fields through the spon-
taneous violation of the basic symmetry of the relevant theory.
Suppose that the right Majorena term - .:&L m, SK(VK)C
in expression (5) is arising through the violation of the GUT
(Grand Unified Theory of electroweak and 8trong .interactions)
symmetry and that consequently wmp has the order of magnitude
of a typical GUT mass M (M ~10'%GeV); in the Dirac term
mD.§R Y1 1t is natural to expect that w, hes the order of
magnitude of a quark mass. A8 far as the left Majorana term
—j%rnLG{)cg_ia concerned, let us suppose that my 18 strictly
equal to zero (which is corresponding to the classical two-
component neutrino e la landau, Lee and Yang). Prom the expres-
sion (6) we see that such situation leads to a very heavy
neutral lepton with Mgjorana Tase m,c M aﬁglto a (very light)
neutrino with a finite Msajorana mass m2::7;?<< Mg: « From
expression (7) one can see that ©= {?ih@ 1 , which means
practically absence of mixing and oscillations in the case
considered. As far as numerical values of neutrino masses are

concerned, it should be stressed that there are many uncer-




tainties in the estimate. Finally one gets a range 1078ev - 1 oV. It is natural to assume that DL and. ) p are also entering
symmetrically in the mass term (5), which should lead to the

9. mw-m%x expectation of equal values of m,, and m . As it is
We have considered the case of one lepton generation in m seen from (7) such equality should imply £ =7 (maximum

the presence of sterile states. Now we turn to a particular mixing and maximum amplitude of oscillations in vacuum).
case of two lepton generations ( , D /u_) for example): J If the scheme is to be generalised to more than two gene-
but without sterile states. We start asain from the Majorane rations, it would be requested that the number of generations
end Dirac mass term (5), where both »; and ‘)R are active must be even. The scheme is aesthetically so attractive that
components (no sterile compoments!). It is natural in this the possibility of its realization should be considered seri-
case to change in expressions (5), (6) and (7) the notz;tione as ously.
follows: my —>m,, , my — mf‘fL. s mp mf“’“ « Again .
the particles with definite wmasses are two neutrinos with 10, Neutrinoless double F-decax
Majorena masses my and m,. The striking two-component structure ' :
of the weak current is fully preserved by the Majorana charac- We have already underlined the high sensitivity of the

- ter of the mass eigenstates and there arise oscillations of the . neutrino oscillation method. Even if neutrino oscillations

type DC.:: Y, « If we wish to preserve the motion of lepton will be observed in the future, it will be practically im-

charge (useful even in the case considered, where it is violated) possible to make definite conclusions about the nature ="
we must recognize that there is only one lepton charge which - (either Majorana or Dirac) of neutrino masses. Fortunately
has opposite signs for e~ and ’L+- Incidentally, this is the there 1s a process which would take place only if neutrinos
Zeldovich~-Konopinsky-Mahmoud lepton charge scheme (essentially have Majorsna masses, the neutrinoless double )6 ~decay
different from the one given in Tablé I !) revised in connection (4,2) — (A,Z+2) + e te.

with the assumption of lepton - -charge nonconservation. The con-

In the standard weak intéfaction theo this is a two-ste
sidered scheme 1s the most ecanomical one (for the case of two 'ry ’

. , process:
generations) + All the four component ‘of the neutrino field

to ome!) are present in th . (\ I. One neutron in the nucleus decays into a proton, an
nly ! e current on the same footing. =
. ing ﬂ electron and 1)¢ , the state of which is the proper super-
: position of states of particles v ia1,2,s4s with
*) As a matter of fact the scheme implies that two generstions ﬂ . L "
R 1 definite masses.

merge into ope, the ,J. -e generation,
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I1. The emitted 1>e is absorbed by another
neutron which transforms itself ingo a proton with the
emission of a second electron. This process is forbidden if
the neutrino mass is strictly equal to zero. In such a case
neutrinos are completely polarized longitudinally. Then a
right-handed neutrino can be emitted together with an electron
by a neutron, whereas only a left-handed neutrino can be
absorbed by a neutron with the emission of an electron. The
situation changes if the neutrino mass is different from

zero. The polarization is no more full and the process is
allowed if neutrinos Y i have Majoranas masses and forbidden
if Qi have Dirac masses. This is so because a Majorana mass
neutrino x)i (which is a two component object) has no lepton
charge and consequehtly can be emitted together with an
electron as well as absorbed with production of an electron
(see Fig. 9). At a variance with this the emission of a Dirac
mass neutrino Qi (which is a four-component object) together
with an electron is not compatible with its absorption with

the emission of an electron.

Pig. 9.
The diagram of neutrinoless double F ~decay. The process

may take place only if neutrinos V. (i = 1,2,...) have
Mgjorana wmasses.

S

i

e e e

——— s

We have already mentioned that neutrinoless double F -
decay cannot take place when the masses my of neutrinos i
are equal to zero. It can be shown that the process amplitude

in the simple case of two neutrino types is proportional to
2 -2
<m>=coOm + 761-'“9’”2,’

where m, and m, are Majorana masses, € 1is the neutrino
mixing angle and #» = +1 is the relative CP-parity of 91
and 92. From this formula it is seen that experiments on
neutrinoless double f ~decay give information on neutrino
Majorana masses. '

Two, words about the experimental situation. First a
simple remark of methodical character. Such experiments are
incredibly sensitive. The background in them can be kept
down, since in neutrinoless double f?-decay the sum of the
energies of the two emitted electrons is practically fixed.

Until now neut;inolees double /8 -decay has not been ob-
served. The best result is obtained in the search for the
decay

T6e  — 765¢ + o™ + o~ ’

for which the following limit for the half-life period was
obtained (Senta Barbara-Berkeley)

T1/2 > 4‘1023 years .
This limit implies for <m > ‘a value as low as
<m> <L 2 eV.

Notice that if the relative CP parity of 3)1 and \)2 - is
positive ( = 1), this result means (let us say at ﬁé%‘ )

that m, and w, are less than about 4 eV,
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i =2 -1, there is mpensation of

On the contrary, if ! ere 8 cofipe emitted in the process p+p =-—>» d+et+ Qe s Which is the
i Y i uld imply that m

contributions of V), and 2» Which wo imply *ha 1 mein thermonuclear reaction in the Sun (see the last paragraph

v.

and m, could be well above 2 e "Panorama e<se" st the end of the present paper). Thus the neutrino

flux (mostly from 83 decay) which can be detected by the Cl-Ax
11, Vacuum oscillations and solar neutrinos

. method i8 & very small fraction (A'10'4) of the total solar
. neutrino flux, its predicted value strongly dependi upon
Solar neutrino aatronomy is extremely important ndét only ! P ngly dep ing up

. the solar model parameters.
from an astrophysical point of view but also from the point

A . The Solar neutrino puzzle might be due to oscillations.
of view of elementary particle physics (neutrino mixing, mass :

Anyw: the on experiment made up to now certain does not
and magnetic moment). The investigation of solar neutrinos is & ly exp P Ly

exclude oscillations and might be an indication of their
ideally suited for the study of oscillation phenomena, because

2} exigtence. et us assume that the solar neutrino puzzle is
|the Sun-Earth distance is enormous ( v 1.5°10° km) and solar

really connected with vacuum neutrino oscillationa. Such
neutrinos energies are relatively low (~1 MeV).

assumption would imply that the difference of the neutrino
The very first step in solar neutrino astronomy is besed

magdes squared A ng 10712ev2 1y
on the radiochemical Cl-Ar method, whereby the reaction

The importance of possible vacuum neutrino oscillations

> + 31 = &+ M

o in neutrino astronomy was pointed out in Dubna before the

37 first solar neutrino observations were performed, The Cl-Ar
is searched for, the radioactive Ar being extracted from a

. method gives the possibility of detect only », . Thus if
large volume of 02014 and introduced in a small proportional & 4 ¥ ing Y Ve .

there are vacuum oscillations » .=V )y = . the
counter. R.Davis et al. succeeded in detecting solar neutrinos e * e T 1°ee

intensity of » t » -
making use of such method. It was found that the rate of Mpr 4 e (averaged over the e “Producing region
production by solar neutrinos is 2.0+0.3 SKNU (I SNU = 10"36 37Ar of the Sun, the Sun-Earth distance and the neutrino energy)
- ' be as low as 1/N of intensit :
atoq/sec 37¢1 atom) to be compared with the value 5.8+2.2 SNU nay /N of the averaged intensity I, expected in

the absence of oscillations, N be the number of lepton
calculated by Bahcall et al. on the basis of the standard ' ing p

generations. If there are oscillations also into sterile
model of the Sun. The discrepancy is currently named "solar

states (Qe,;') s VL, N S ,%_Z—’Q,,_L_, ess ) the
. - I ~
averaged intensity of Qb may be as low as ;-1 . In both

2N

cases such maximum reduction is achieved at maximum mixing,

neutrino puzzle". The cause of the puzzle may well be connect-
ed with uncertainties in the predictions of the standard model.
As a matter of fact the threshold of the reaction )e + 01 —

S . Thus it is seen that a reduction of the Y  intensity by the
e + Ar is considerable above the maximum energy of neutrinos 2

[ S




"peutrino puzzle factor™ ( 1/3) would be easily understood
in terms of vacuum oscillations with substantial mixing and
three lepton generations *).

4 substantial lepton mixing is gemersally not considered
likely (by analogy with quark mixing). True,earller we present~
ed some asesthetic arguments in favour of a scheuwe with meximum
mixinge. Be that as it may, we have discussed until now vacuum
ogcillations. In other words we have not taken into account
the presence of. matter; Recently it was shown (Miheev, Swirmov,
Wolfenstein, MSW) that matter effects may substantlally change

the picture of neutrino oscillations.

12, Mgtter oscillations and so;er geutrinos

The neutrino Hamiltonian in matter is the sum of the free
Hamiltonien and the interaction Hamiltonian. The interaction of
a neutrino beam with matter can be effectively described in
terms of a refraction index, which is determined by the ampli-
tude of the forward ﬁeutrino elastic scattering and by the
matter density. The reason why oscillations in matter may be
different from vacuum oscillations is that the zi -e 8catter-
ing amplitude is different from the ) ~e ( Qi-e. oo )
scattering amplitude ( Qz -e scattering is due to ¥ as well

as 2° exchange, whereds Y ,-€, ... 8cattering is due to 2°

’1—

*) We are not consldering here the accidentel possibility that
the oscillation length is of the order of the Sun-Earth distance,
in which case the term cos 2xR/L in (4) might survive averag-
ing, with the result of a large reduction factor: (and may be of
time veriaetions of the V), intensity, as first noticed by
Pomeranchuk). )
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exchange only)e. Thus the mixing angle E%l and the oscillation
length Lm in matter are different from the values f end L

in vacuum. One gets for the ‘simplest case of two neutrino

types (VY |, VY ):
3

Fa. el - 212G,
<3/7Lﬁ3cfzilﬂ coolb = gkt ef )

SéndB = —mm—> - 4 '
oA 2 ’ @)
L am
Z-rn. - A ’
where

2L
Y+ (amsin28)

(o e 20212 G1Lp ()

Here a w? = mg - m? > 0 4is the vacuum oscillation parameter
supposed to be positive, m, and m, are the masses of 9&

and )% (in vacuum), q; is the Féruwl constant, N, 18 the

electron density and p 1s the neutrino momentum. The expres-

sions for the transition probability z)é — 1), in matter is
jdentical to the vacuum oscillation expression (4) in which
the & — Bm, ’ L — L,n gubastitutions are made:
/;rf‘o(/{)-—-i -éétﬂzZGm(7~m2’tz@‘m)' (4a)
e’ e
It is seen from (8) that there might be oscillations in
matter only if there is lepton mixing, that is if f# andan
are not equal to zero. The most noteworthy feature in (8) is
that for arbitrary (but finite) vdlues of 6 and A w®  the
matter mixing angle 8 a 1s equdl to /4 (weximum amplitude

of matter oscillations) provided the resonance condition
2 .
Arm coolB =,2|/ZGF Ne/o (10)

ig-fulfilled.
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When the resonance condition ig gatisfied, however, the
ogcillation length in matter Lm is connected to the vacuum

ogcillation length T by the relation

L
[ =— , (11)

foxd S L!"L,Z,B'

which implies that for the relevance of matter oscillations &
aust not be too small.

The resonance condition may be written ns follows

’ -~ F
é_\/’f’LL(',o\’) 28 = 0. 65 /()f/o R
2 .

, (10a)
where A m“ is given in units eVe,JD is the matter density

in g/cm3 end p 18 the neutrino momentum in MeV. Having in

mind applications to the Sun let ug takebf):: 102 g/cmg‘(typi—
cal for the Sun central region) and p~ 1 MeV., The resonance
condition in such a region i satisfied at values<3/r£%:aniaé*

as low ag ~ 10-5eV2.

Until now we have discussed the situation in which the -
matter density is constant. In ‘such a cage matter neutrino
oscillations, but for different values of o8cillation ampli tudes
and lengths, are simllar to vacuum oscillations, in the sense
that we are confronted in both casés with a periodical pheno-
menon. A different situation is arising when the matter
density is not constant. We shall briefly discuss below this
case having in mind the Sun.

The matter demnsity obviously decreasges from its maximum
value.jg max 2%t the center of the Sun. The minimum neutrino
momentum for which the resonance condition (10s) is fulfilled

is 2
= g0 Amicmlt
. /DnLuL upniaa:
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For neutrinos of momentum p < Ppin the resonance condition

cannot be fulfilled. On the contrary all neutrinos of momentum

P > Puip On their way from the central region of the Sun to
its surface pass through matter of "resonance density"‘jj R
JC
for which O 3_7 .
m

Let us supppge now that the vacuum mixing angle 9 is
small. Then from expressions (8) it follows that in the high
density region (}Q:LP ), where 3 are generated, the matter

R e

angle fam is approxzimately equal to j? s which means that

‘the ) -state practically coincides with the heavier of the
e

two eigenstates of the neutrino Hamiltonian in matter, the

other eigenstate practically coinciding with the ») -state.

When the neutrino is passing from the region of high density
through the resonance region = to a small

Qjo;ifk ) ug e g ﬂjD ug&_) o

density region SJO <J%_)' the matter angle & ig changing

m
fron =  to O (through the resonance value é?: )e This

implies that at low densities the heavier eigenstate is prac=
tically the ) -state, the lightest one being practically
the 5; -gtate. This picture is correct if the spatial change
in density 18 slow enough. This condition (so-called adiabatic
condition) can be formlated as follows: the effective change
of the density in the resonance region must take place over
lengths greater than the matter oscillation length at reso-
nance.

Under the assumptions made above we get finally the
following picture: +the o'S With momentum larger than /D win
generated in the center regions of the Sun pagsing through

the resonance region, emerge as Y 's (or 'S, ees ),

/.L
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that is as particles which cannot be detected in the radio-
chemical experiments of the Davis type. Incidentally, the perio-
dicity characterizing neutrino oscillations in vacuum (see (4))
and in s medium with constant density is entirely loat through
the effect of changing density. This very interesting effect

may be a solution of the solar neutrino puzzle. If we assume
that the explanation is right, there arise two posgible solu-

2 . 2 *)_
tions for the fundsmental vacuum parameters A m and s8in 29

1. pul > 107472, atn? 26 > 1070,

2. A wlsin?2B ~ a°10'8eV2 .
The future of experimental Solar neutrino astironowy is quite
bright. With respect to the Davis observations, improvements
are expected in experiments being prepared now in which:

1) there will be detected low eneify neutrinos
(E < 0.4 MeV from the main /D/D—bde Y, reaction) the
flux of which is predictable in an almost model independent
way if there are no oscillations (Ga-Ge radiochemical method)

2) electronic methods of detecting neutrinos will be used,
suitable for giﬁing some information on the neutrino energy,
for proving that the neéutrinos come from the Sun direction
and also for detecting (through neutral current reactions)
not only Dc tut also »¥ and . . Some information on
such developments can be found in the paragraph "Panorama of today
experimental neutrino physics" at the end of the present

paper.

*) Of course in principle there exists the old solution of a
completely different type: the large amplitude_jacuum
oscillation solution, which implies 2m™2 10 eV=.
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In conclusion we would like to notice that matter
oscillations may play a relevant role not only in the passage
of neutrinos through the Sun, but also in the passage of
neutrinos through the Earth and in the gravitational collapse

of stars, ee. o

13¢ Neutrino magnetic moment and solar neutrino agtronoumy

The solar neutrino puzzle might be explained not only by
the presence of neutrino oscillations. A number of different
explanations of the possible lack of detectable solar neutrinos
has been suggested in terms of either particle physics or
astrophysics. Below we discuss one explanation which is connect-
ed with possible finite values of the neutrino magnetic moment,

I1f massive neutrinos are four-companent (Dirac) particles,
they might posses finite wagnetic moments. The existence of a
large enough magnetic neutrino moment would have important
agtrophysical consequences. In particu{:;, it might lead to a
decrease of the detectable solar neutrino flux. As s matter
of fact a left-handed solar neutrino passing through a region
where a strong enough megnetic field is present, becomes in
rart sterile (right handed) due to the Precession of the
magnetic moment. If the neutrino magnetic moment were the
cause of the solar neutrino puzzle, ;he magnetic moment should
turn out to be B2 (0.3-1)*10"1° Bopr magnetons *). In such

& case as recently suggested in Moscow, one would expect to

*) Incidentally, a value by many orders of magnitude larger
than the value predicted by the standard model,




observe, among other things, 11 year period varietions of
the detectable solar neutrino flux, which are connectéd with

the variations of the golar magnetic activity.

14. Neutrinoesand the Universe

In general, becduse of their properties, mainly. 1low
masses (if any) and an enormous penetrating power, neutrinos
are of extreme importance in astrophysics, cosmology and
astronomy. Noteworthy are:

1) the appearance of a new page in astronowy - the solar
neutrino astronomy; ;

2) the participation of neutrinos in hydrogen burning
termonuclear reactions, whereby hydrogen is finally trans-
formed into helium (4H —» 4o + 2e* + 2~De + 26 MeV), result-
ing for the Sun case in a flux at the earth surface.equal to
v 6 1010 /cm gec (the neutrino luminosity of the Sum being
only ~ 2% of ita photon Juminosity, a proportion typical for
all stars slowly évolving while hydrogen burning therwo-
nuclear reactions take place in their central regions);

3) the today presence, inferred by big-bang cosmology,
of a relict rediation of neutrinos of all'tyies, whose last
interactions took place only ~ 1 sec after the big-~bang,
that is much earlier than the last relict mlcrowave radiation
interactions, having taken place ~ 106 years after the big-bangs

4) the possible contribution of neutrinos to the mass of
dark matter (that is the bulk of matter in the Universe which
is not luminéus and is revealed only through gravitationly
as well as their possible importance in the formation of

galaxies;
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5) the remarkable fact that coswologicel, astrophysical
and astronomical data are giving soume information on neutrino
properties (number of neutrinos, masses, mixing, magnetic
moments, ees)3

6) the fantastically large (A:1058!) number of neutrinos
of all types with average energy ~ 10 MeV radiated by a gravi-
tationally collapsing star during ~ 20 sec;

7) the variety in the atar evolution of neutrino emiggion
processes, which rapidly increase in importance while the
nuclear fuel is being consumed in the star central regions,
ingure the neutrino luminosify to dominate over the photon one
at temperatures T > 108K, lead to a considerable shortening
in the time scale of the late stages in the evolution of massive
stars, eventually entirely define the star collepse dynamics:
in order of relevance, gtarting back from the collapse phase
and high temperatures down to relatively small temperatures,
the processes are: 1) one neutrino processes in which the charge
W boson is involved - e p — D.n, e'n — _5ep (Urka), 2)
neutrino pair processes in which the W and/or the neutral 2% are
mvolved'_ ote” —¥ ;) v ‘),J),L 9.,._ (electron positron),_
mumndu)ﬁwﬂ %,tt(ﬂumhgeae%%,e%%ﬂ

e v_D_ (photo), eZ e, DX eDﬁ/‘ ,en » Z (brem-
gtrshlung), 3) neutrino pair processes in which only z2° is in-

volved = A* —» A iLL, s A »;;% (deutrino radioactivity

(aia
from exc¢ited nuclei);

8) the importance in nucleosynthesis, especlally in the
efficient production of by-passed (neutron poor) igotopes,
of neutrinos from the collapsing steller core, which produce

(in the matter of the star ‘envelope to be thrown out) such
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isotopes in agreement with observed galactic abundancles;

9) the rise, to be covered below, of & new era in astro-
nomy, marked. by experimental searches fox, and investigation
of’neutrinos associated with gravitationally collapsing stars,

15, Gravitational collapse of stars. Supernova SN 1281 A

On February 24, 1987 the supernova now called SN 1987 A,
resulting from the collapse and successive explosion of the
star Sanduleak (69-202) was optically discovered by Shelton
and Jones in the Large Magellanic Cloud, a nearby galaxy. The
event is providing and will provide unique astrophysical in-
formation because

1) the ‘supernova is an enormously bright object, many
millions of times brighter than the Sun, E

2) the distence of the Supernova from the earth,only
about 160000 light years, is well known,

3) detailed and comprehensive observations of the initial
explosion steges are being made for the first time,

4) the dependence of the supermova SN 1987 A luminosity
upon time is rather unexpected, the fact that the presupernova
star was mch heavier than the Sun being almosat beyond
question,

5) also for the first time a supernova is observed at a
moment when theoretical understanding of supermovas, and in
general of the star gravitational collapse, is serving as a
guide to physicists, astrophysicists and astronomers, in
particular through the outstanding prediction that a few tens
of second long burst of = 1078(1) neutrinos of average energy
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2~ 10 MeV should accompany the collapse, preceding somewhat
in time the emission of visible supernova light,

6) last but not least the.supernova has appeared at a
time when in various sites a number of large electron detectors
guitable for the registration of ~ 10 MeV neutrinos were
found ko be in workipg conditions.

Naturally ell the groups working with large electron
detectors carefully inspected their records before and after the
24 of February. During the last few yeuars they created the
necessary apparatus]suibableito observe an event just of the

type considered (meutrino burst from gravitational collapse) and

they were more or less ready (see also the paragraph "Panorama..."

at the end of the present paper). The detectors with the
help of which collapse neutrinos were obgerved on Pebruary 23,
as 1t was| announced, are

i) The ~/ 100 ton liquid scintillator (antineutrino)
detector (Italy-USSR) placed in the Mont-Blanc tunnel: during
7 seconds there were registered 5 pulses (ZF—' €+ﬂ-.2 ) above
the 7 MeV energy threshold (om Pebruary 23, about 1 day before
the firat optical sighting)

if) The several thousand ton H,0 Cerenkov detector
Kamiokande II (Japan): during 13 seconds there were registered
11 electron pulses in the energy interval 7.5 - 36 HeV (on
Pebruary 23, also before the optical sighting, but 4.5
hours after the Mont-Blanc burst). Two electrons (from neutrino-
electron scattering?) point to the large Magellanic Cloud with
angles 18418 and 15427 degrees. The other tracks (:2F—0€ﬁL ?)
are distributed random. The discrepency in time of the Mont-

Blanc and the Kamiokande II signals is not explained. The
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Kamiokande II signal is may~be the more convincing experimental G.Zatsepin), and as such are of utmost importance. The

evidence for a cerrelation between the Supernova SK 1987 A and enterprise has been prepared in the course of the last ten years
a neutrino burst. and will certainly be very active in the future. It is already
i111) The geveral thousand ton H,0 Cerenkov detector (Irvine- ) clear that there is a lot of room for improvement,especially the ne-
Micbigan—Brookhaven): during six seconds there were registered cessity of unambiguous universal time measurement end of register-
8 electron pulses in the energy range 20-40 MeV at a time ing star collapse neutrinos independently of supernova light.
coinciding with the Kamiokande time to an ac;uracy of 1 min. . The ihternational collaboration program should include
The discrepancy with the Mont-Blanc event time is not explained. the permanent operation at various sites of apparatus suitable
Also not sufficiently well explained is the absence of a signal for the obgservation of visible light from the supernova, -of
at the Mont-Blanc time in  the Kamiokande detector, which radio waves from its possible remnant neutron star (pulsar),
makes 1t difficult to think in terms of two distinmct meutrino of neutrinos end gravitational waves. At the moment there exist
bursts. gensitive cryogenic antennas for gravitational radiation, but
vi) The »~ 3000 1iquid scintillators (of total weight ~ unfortunstely on February 23, 1987 only a room temperature
300 ton) at the Baksan Observatory‘(USSR); gome indications resonance antenna (Rome) was in operation. The relatively low
of a neutrino signal were suggested at the Kamiokande - ’ sensitivity of the antenna gave little hope of detecting gravi«
time. tational waves; it was not claimed by the authors that gravi-
The question as to whether a neutrino burst fconnected with : tational radiation has been detected, although there was an
the 1ight emission from the Supernove SN 1987 A has been sc- indication of a positive signal coinciding in time with the
tually detected - geemgto us, under the cir- Mont-Blanc neutrino burst. However the record of the data from’

cumstances, not easential. such antenna was published mainly with the eilm of showlng "the

. v T

kind of analysis involwed on occasion of evenis of this and
similar types".

There are many wiclear points in evaluating The star gravitational collapse is a quité complex phero-
a posteriori progaﬂilities of accidental coincidences. And menon. However some of its features, of great importance
yet all the groups have open a new era in astronomy. The : from the poiht of view of the possibility of observing fhe
study of the light from SN 1987 A and the search for,as well ' neutrino burst and also of getting information on neutrino
as the investigation ofs neutrinos connected with star gravita= } properties (mass, lifetime, ...), are aluost model independent.
tional collapse constitute a sort of| dress rehearsal  of an The energy of neutrinos (v 3°10°2 erg) emitted in the gravita-
jnternational enterprise (especislly associated with the name of tional collapse of a star {the collapsing mass of which 1is,

for exauple » 2 Mg, ) can be estimated simply: neutrino emission

44 45




is the only effective way of cooling the star and therefore
the gravitational wass defect of the remaining star is emitted
almost entirely in form of neutrinos. The neutrino energy is
estimated to be 10-15 MeV, which correspond to 1058 neutrinos
of all types ( 3, , 1, ,1)}&,3/,\‘,1).& ,51)‘). The time in which
neutrinos are emitted is expanded to 20 sec due to the opacity
of the collapsing star to neutrinos. These considerations
directly suggest the experimental requirements to a detector
suitable for revealing a gravitational collapse taking place,
let us say, in our galexy: one ﬁust be able to register with
efficiency 100% the passage through the detector of,\,1012))/cm2
during ~ 20 sec. An underground detector of weight ~ 100 tons
(either CH2 geintillator or Hy0 Cerenkov counter) is sufficient
to fix (well above the background)> 10 interacting neutrinos
(neutrino burst), especially if several detectors are working

at various sites.

Information on neutrino masses can in principle be obtained
in the following ways:

1) 12 gravitational radiation is detected, the delay of
memummnMSMMl(iF*én)wywuwﬁhmemuu&
ment of the positron energy yields direct information on the

y -~ mass.
¢

*) The intense emission of ) >, Qt;; pairs is due to neutral
current processes (éﬁi—é R C-Kai% } involving the z°-boson.
Because the photon mean free path is incomparably smaller than the
neutrino mean free path, electromagnetic processes are no wore
competing with processea involving the virtual z°. Thus, as stated
in §2, collapsing stars are practically the only example (we are
able to give) ofgneutrino source in which neutrinos arise in the
decays of virtual Z°-bosons. -
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2) if neutrino have finite masses, neutrinos of higher
energy arrive to the detectér éarlier than neutrinos of lowexr
energy; thus the study of the time of arrival of neutrinos
together with measurements of their energy gives informetion on
neutrino masses *).

As far as the stability of neutrinos is concerned,. it is
clear that the very observation of neutrino bursts would per-
mit to get information on neutiiﬂo life~times. For example
the Kamiokende II observation of the ncutrino burs: implies
that the life-times of %é and ;%’ are larger than 105 years.

Thus all over the world there are now a number of perma-
nently working stations, well comﬁunicating between themselves,
led by physicists, astronomers and asstrophysicists, who are
expecting the great event, the collapse. How long will they
have to wait?

The gravitational collapse, s fantastically rapid (free
fall) implosion of the star or of the centrel star region in
which the nuclear fuel has been consumed‘.), may be accompanied
by @& supernova explosion, when the star envelope is thrown out

and there appears a fantastic show whereby a single star has

*) If a neutrino burst has really been detected in the
Kamiokande II experiment, one can get an upper value of the
electron neutrino mess my, < 10 eV from an analysis of
the time distribution of pulses in the burat.

* %k
) One would expect that the result of the collapse is either
& neutron star (pulsar) or a black hole.
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12 The photograph is showing the Beksan observatory neutrino telescope

Figc

(o 3000 1liquid scintillators of total weight A, 300 tons).

O et T e T e A T e e

‘|which ts the most actual problem In today neutrino physics, Vacuum neutrino

BuneHbkuit C.M., NoHTexkopso b.M. £1,2-87-567
HeltTpuHo Ceroamn

flocne OTKPHTUA NPOMEmYTOUHLX wi, 2°-603on08 /1983/ MowHo c yBepeHHOCTbk
yTBEpKAaTb, uYTO W, Z°-6030H0 OTBETCTBEHHN 33 ofipasdnBsatne
MogeidcTenA. Puanka HelTPUHO PACCMATPMBAGTCA C ITON TOUKM
THPEX BBOAHHX, COBCEM afneMeHTapHLiX,naparpadax. Cnefyouue cemb naparpados Me-
Hee anemeHTapHu. OHWM NOCBAWEHB BONPOCY MACC M CMELMBEHMA HEWTPHHO, ABNADIEMY -
CR CaMbiM aKTyanbHbHM BOMPOCOM COBPEMEHHONM PU3NUKM HelTpUHO. PaCcCCMATPMBAOTCA oC-
UMNAAUMKM HERTPUHO B BaKyyMme, B BemlecTBe M NpouUecCc GE3HEATPUHHOrC RBOMHOro
Bera~pacnaga. PuU3uKa CONHEUHWX HERTPUHO NoApobHo oficy#laeTCA C TOUKKU 3peHun
OCUMNNALMA HEHTPUHO B BakyyMe W BewecToe. KpaTko oficymaaeTca pons, KOTOpYID
urpaet HeiATpuHo Bo BcenenHoli. B nocneamem naparpade peubv maet o B8EepOATHOM
HabnopeHUn Pas3nnuHLIMU FPYNNaMM HeRTpUHO, CBA3AHHMX C cynepuosoit 1987 A: nep-
Boe nafinopeHne HeBTPMHO OF rpaBMTaUMOHHOrO KoNNanca aseagd /no KpaviHe#t Mmepe,
FEHEPANLHan peneTUumA Takoro HabnoAgeHMA/ OTKpHBAET HOByK 3Py B acTPOHOMUM.

"NanopamMa’’ ceropHAwHEN 3KCNEPUMEHTanNbHOM PHINKK 1 "ACTPODUBUKKM HEHTPUHO npep-
CTasfieHa 8 KOHYe cTaTbu 8 Bupe Tabnuusl.

HEHTPUHO M WX B3au~
3peHWA B nepswx ue-

Pabora sunonHerna 8 NaGopaTopuu agepHwx npobnem u JlaBopaTopuu TeopeTuueckos
Ouvsmnkn OUAK.

Tpetiput O6BeAHKEHHOTO MHCTHTYTA AREPHLIX UCCNELOBAHMI. Ily6ua 1987

Bilenky S.M., Pontecorvg B.M. E1,2-87-567
Neutrinos Today

After the famous 1983 discovery of Intermediata W , Z° bosons it may be
stated with certalnty that W, Z° are entirely responsible for the production
of neutrinos and for thelr Interactions, Neutrino physics notlons are presen-
ted from thls point of view In the first four Introductory, quite elementayy,
paragraphs of the paper. The following seven paragraphs are more sophlstica-
ted. They are devoted to the neutrino mass and neutrino mixing questlon,

osclllatlens, matter neutrine oscillatlons and neutrincless double =decay
ara consldared. Solar neutring physics 1s discussed in some detall from the
paint of vliew of vacuum and matter neutrino gsclifations, The role played by
neuti fnos In the Universe Is briefly considered. |n the last paragraph there
Is discussed the probable observation by different groups of neutrinos con-
noctad with rhe Supornova 1987 A: the Flrst observation of gravitational star
colinpna (at lanst the general| rehearsal of such observatlon) opens up

a naw win lpastronomy. A 'panorama' of today experimental physics and astro-
physlcn ta raaintod nt tho end of the paper In the form of a Table.

Tho lnvest ljatlon has baon performed at th

e Laboratory of Nuclear
Problens, JINN, ’

Prapring of tho Joint Institute for Nuclear Research. Dubna 1987




