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1. Intermediate bosons (real and vir-tual) 

Almost sixty years ago W.Pauli "invented" tbe neutrino. 

Afterwards neutrinos were discovered experimentally. Because 

of their amazing prDperties (first of alI their phantostie 

penetra ting power) they pLayed the role of protogonis.t in 

muny popular papers end books. Although for many years we heve 

been knowing quite a lot about neutrinos, today we can write 

about them in a way whieh would not have been possible only 

a few yeara ago. 

Tbis is connected with the outstanding discovery of three 

new fundamental particles, the so-called charged (W+ and ~-) 

and neutral (Zo) intermediate vector bosons. These particles 

were discovered by C.Rubbia and others in 1983 with tbe help 

of the CERN proton-antiproton collider (see S & T 85, C.Rubb1a, 

Oaservazione sperimentale dei bosoni vettoriali intermedi 

w+, W- e ZO). 

Below we ahall explain why intermediate vector bosans 

have such an exotic nome. For the time being let us remark only 

that w+, W- and ZO are unstable parti eles with a mean life 

approximate1y equal to 10-24s ec and tb&t the decay of tbese 

partieles hos many ch~els in whicb neutrinos are presente 

According to the uncertainty relation, auch a mean life correa

ponda to a wi·dthT(or to an uncertointy in the moss) of about 

one GeV. In spite of this uncerteinty inter~edi8te bosons have 

a wonderful "indivi duali ty", since their widtb ls muc h lesa 

than their ma s s (the mass of W+ and W- 1s 81.811.5 GeV and 

the mass of ZO 1s 92.6~1.7 GeVj upper width limita are 
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rw<6.5 GeV. r ZOo< 4.6 Ge~ The very existence of particles 

witb eucb large masses is in 1taelf quite remarkable. From a 
+ ·0fundamental po1nt of view W • W- and Z are tbe onb neutrino 

aources kn0wn at presente However th1s does not meBn tbat for 

the product1on of neutrinos it is necessary to use eXtremely 

h1gh energy sccelerators like the CERN collider. with ~he beJp. 

of which "rea,l" W+. W- and ZO bosons can be produced. Neutrinos 

can be generated (and usually are) in low energy processes in 

wh1chintermediate bosons participate as "virtual" particles. 

Loter we shall explain tb~ meaning of the words real and virtual. 

We have already stated tbat the direct generation of 

neutrinos by ~ intermediate bosons waB f1rat observed only 

in 1983. Th1a res~t means without any doub~ that virtual inter

mediate bosona are respons1ble tor alI known "weak" proceases, 

in which neutrinoo ei.ther -az-e pz-oduceô or in-teract w1th matter. 

A well-known example ot such processes is the ! -decay ot 

tbe neutron (aee Pig. 1). 

e
~'ino 

~ .p 

Pig. 1. 

Beta-decay of the neutron - the proces8 in which a neutron n
 
is transformed into a proton p while an electron-neutrino
 
pair is produeed. The W-boaon in tbia process is virtual.
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Such low energy processes already in the fifties were
 

called,weak processes. According to the modem po~t of view
 

they are due to the virt~al productfon and dec~ of intermediate 
+' ' 

charged bosons W- • Incidentally such processes are called 
r 

charged current processes. The word weak is due tq the ~act
 

that the effective interaction conatnnt GF responsible for
 

the proc~ases, called Fermi constant, is extremely amall:
 

-1.;..9 .3
 
G = 1 4'1'/0 eiq C/'Y1v
 

F 1 (J 
• 

Let us turn to' Fig. 1,which is an example ofthe so-called 

Feynman diàgrama. Such diagrams are quite illustrative and 

give us a,powerful tool for the calculation of process proba

bilit1es.ln Fig. 1 neutron decayia preaented in the form 

of a two step process: tirst, a neutron ia transformed into 

a proton with the emission of a virtual W-boson, second, the 

virtual W decays into an électron-neutrino pair_ 

An example of a process in which a virtual ZO-bosou'parti 

cipates ia the scattering of a neutrino by a proton (aee Pig. 2). 

In Pig. 2 the initial neutrino J emita a virtual ZO-boson and 

transforma into the final neutrino; the virtual ZO ia abaorb

ed by the initial proton which transforma into the final proton. 

~P 
II 

~ 
Pig. 2. 

Neutrino-proton elastic scattering. The ZO-boson ia virtual. 

·t 

I 1\ 

Neutrino-protpn scattering ls an example of ao-called neutral 

current procesaes, weàk processes discovered (CERN)' in 1973 

(75 years after tbe discovery by Rutherford of the firat 

charged current process!). 

Particles with integer spin (internaI angular momentum) 

are called bosons and particles with half integer spin are 

called fermiona. Since the proton and the neutran are fermions 

from Fig. 1, for exa~ple~ it followa that the W-sp~n ia integer 

and consequently the W-particle is a boson. The same can be' 

said about the ZO-particle (see Fig. 2). Further it ia clear 

wby W± and ZO are called intermediate bosons: they mediate 

the interaction.taking part in four-fermion weak processes as 

virtual particles. It is well known that the }-quantum mediatea 

the electromagnetic interaction between charged particlesj 

namely the analogy with electrodynamics was the starting point 

in the four fermion theory of p -decay (1933, E.Permi) aa well 

as in the intermediate boson hypothesis (1938, O.Klein). 

Let UB try now to explain in a simple way W'hen particles 

auch as WZ, ZO, which mediate the interaction between 

~ermiona. are called real and when virtual. Of courae we are 

not pretending to give a full explanation. Le~ us consider a 

free particle of mass m • Its ~nergy E and its momentum p 
E2 2are related by the expre~sion ~ m + p2. Such particle 

ia called real. However for a virtual particle the above ex

preasion is not valid: the energy and the momentum of virtual 

particles are independente In spite 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, tbis implies the 
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conservation of the total energy and moméntum in observable
 

processes).
 

Let us eonsider as an example the ~ -decay of tbe 

neutrón. How can a neutron transform itself into a proton 

with the emission 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 -1, where -p is 

the proton momentum. lf tQe W-boson were real,its total energy 

would be equal to about 100 GeV and the neutron deeay would be 

impossible. However the total energy of the virtual W-boson 

does not exceed 1 MeV, so that the process at isaue is perfeetly 

possible. Virtual particles arise as a result of the quantum 

nature of fields. The possibility of existence of virtual 

particles ia deeply connected with the famoua Heisenberg uncer
tainty relation. 

The importance of the notion of virtual particles, for
 

example W-bosons, can be appreciated even by a profane: without
 

Yirtual W-boson 'neutrinos would be generated ~ in the
 

decay of real W-bosona, for the production of wh1ch Part1cle
 

~eams of superh1gh energy are required. But we know that 

neutrinos do arise in plenty of low energy processes! 

2. 
uarks and their interactions w1th intermed1ate 

~ 

Neutrinos of various types are electrical1y neutral 

partic1ea, be10ngihg to the class of so-called leptons (fundament

al fermions with spin 1/2, not undergoing the strong interaction), 

to which belong a1so electrically cbarged particles such as 

electronB, muona and taons. 

() 

The notion Df electrical charge is well known to everybody. 

In nature there are also other charges (lepton, baryon•••• ). 

Charges chsraeterize internaI partiele properties and may 

take only discrete values. To every particle with charges 

di!ferent from zero there corresponds an antiparticle of 

identical mass, alI the charges of which are opposite in sign 

to the particle charges. li alI the particle charges are equal 

to zero such a particle is identica1 to its antiparticle and 

is called tru1Y neutral particle (examples of which ,are 

photons ~d the so-called Majorana neutrinos). 

The electrical charge ia strictly conserved in alI pro

cesses. lt is not known whether lepton charges are strictly 

conserved. This important question will be discussed later. 

AlI 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 electrieal 

charge of wb1ch ia equal to -1 (in proton charge units). The 

electron neutrino »e and the eleetron e- are tbe particles 

of the first generation. The aeeond generation consista of the 

muon neutrino ~ and tbe muon f -, the maBa of which ia 
, f 

about 200 times larger than the eleetron masa. Finally, in the 

tbird generation the partielea are the taon neutrino 0 and 
7: 

the heaviest known lepton, the taon. 1: - , the mesa of whieh is 

about 3500 times larger than the e1ectron mesa. Oi course in 

addition to leptons -)ee-, Y f'-
- , Y "L there exist a180e T 

+antileptons » ~e , -~,...f 
-+ 

, 
'y

<:. 
i" . Let us notiee that at 

present we do not know why there are three 1epton generations. 

Moreover we do not know whether in nature tbere exist only 

three generqtions. lncidentally the last point should be 
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clarityed soon in e+-e- eollider experiments. In Table 1 

the values are presented of the masses t of the eleetrieal charg

es and of the (eurrently used) lepton charges for alI known 

leptons. 

Table 1. Lepton~ 

Electric 
Le p t on chargechargeMass 

Eleetron Muon Taon 

I generation »Je. <" 50 eV O 1 O O 

e - 0.51 MeV -1 1 O O 

11 generation < 0.25 MeV O OJf.- O 1 

"jJ-- 105.66 MeV -1 O 1 O. 

UI generation ;>1: < 70 MeV o O O 

-r 1184.2 MeV -1 O O 

There exists a second clas8 of spin 1/2 fundamental fermions 
t 

undergoing the atrong interaction - the quarka. Every quark iat 

character1aed by the masB. the electrieal charge and the bar,ron 

charge. Quarke are grouped alao in threa generat10ns.a faet 

which ia ot great importanee trom the point of via'" of taa sym

metry between leptonB and quarka. Every generation 1s conBiat~ 

of quarka with eleetrical charges +2/3 and -1/3. The lightaat 

quarks u and dare the partieles of toe first generation. 

The partieles of the second generation are the heavier c and a--

quarks. Pinal1y the moat heavy t and b quarka belong to the 

third generation (see Table 11). 

8 

Table 11. Quarks 

Electric	 Baryonic
Mass"'(MeV)	 chargecharg~ 

+2/3 1/3I generation u 4
1/)
10 -1/3d 

1/311 .generation	 c 1500 +2/3
 

s
 200 -1/3 1/3 

+2/3 1/3lI! gen€ration t** > JOOOO
 

1/3
b 4500 -1/3 

'" The free quark approxirnate values of masses, presented as 
an illustration in the Table. are the 80 called "current"masses. 
The effeetive quark ~~ssea inside hadrons, eapecially in the 
case of light quarka. exceed tbe values given in the Table. 

*'" For the time being tbere are no experimental proofa of the 

t-quark exiatence. 

As already mentloned~ leptons partlcipate only in electro

magnetic and weak interact10ns (as we mow today, in the \U'llted 

electroweak interaction). Quarta partic1pate also (and as pro

togonista!) in the strong interacti~n. According to modem ideas 

thia la connected with the fact that the quark ia carrying a 

aupplementary quantum numb"er called conventionally "c{)lourn~ 

there be~ three col{)ur sorta: every quark can be "green", "blue' 

and "red", ao that in tact tbe quarks are three times more numer

ous than leptons. At a varlance with the strong interaetion. "the 

electroweak interaction ia not able to distinguish the colour 

of the quark. 
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Due to the strong interaction, quarka are bound in hadrons:
 

protons, neutrons, piona, •••• For example the proton ia
 

composed ma1nly of two u-quarka and one d-quark, the positive
 

pion ia compoaed mninly or one quar'k (u) and one antiquark (d)',
 

etc. Until now quarks'in a free state have not been observed,
 

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


nement" (aee S&T'84, M.Conversi, Fisica dei laboiatori Sotter

renei). 

We will consider now the interac~ion of leptons and quarks 

with charged and neutral intermediate bosona. 1et us atresa 

rigbt a way that intermediate bosons posses neither lepton nor 

baryon charges. Charged ~ bosona lllteract with pairs (currents) 

composed of either a neutrino and a charged lepton or a quark 

of charge +2/3 and a ~uark of charge -1/3. Notice that W-bosona 

interact with a cornbination of every quark of charge 2/3 with all 

quarka 01 charge -1/3. This fact ia the so-called Cabibbo

Kobayasbi-Maakawa quark "mixing". The question aS to whether 

leptons also are mixed ia. open. It ia one of the moat important 

queation in todayà neutrinô physica and will be diacussed lster 

in aome detail. In Pig. ) all possible 1nteractiona of charged 

W-boaona witb leptona and quarka are shawn,. In the case of 

quarka the main paira are wr1tten without'bracketa, whereaa the 

paira entering the mixture witb coefficienta definitely lesa 

then the rnain one are written in brackets. 

In Fig. 4 all posaible intersctions of lepton and quark 

paira (currenía) with neutral ZO-bosona are shovm. The 30

called standard model of tbe electroweak interaction (see, 

N.Cabibbo, S&T, 83, L'Unificazione delle forze fondamentsli) 

](I 

requires that the ZO-boaon interects only with paira (currents) 

of identicel leptons and of identical quarks (i.e. there ia no 

m1xing). 

~e vel z-~.... l üu 

CS te«, c6)
Fig. 3. Interaction of charged _S 

Fig. 4.Interactions of neutralW-bosons witb lepton and quark 
ZO-bosons with lepton andcurrents. quark currents. 

~ ~ 
Iw IlO 

A ~ 
Fig.~ 

Diagrams of the process '0 ~e-+i) +e. e. e. 

In Fig. 3 and Fig. 4 it ia shown which paira of fundamental 

fermion3,either different in Fig. 3 (so-called chorged currents) 

ar identical in'Figo 4 (so-celled neutral currents) the inter

mediste bosons are interacting witb. Every current in Fig. 3 

II 



and Fig. 4 through the appropriate intermediate bOBon can 

interact either with any other current 01' with itself. As we 

have mentioned before, such four-fermion interactions,in which 

intermediate virtual bosona do participate, are called weak. 

Fig. J showa that there are J lepton decay channels and mainly 

) quark decay channels (9 if quark mixing is taken into account) 

of a real W-boson. ,Fig. 4 shows that there are 6 lepton decay 

channels and 6 quark decay channels of a real ZO-boson. From 

Fig. ) one can see that the nurnber of different concrete types*) 

of oha rge d curren t ,(virtual \7) weak interactiona ia 78. Frorn 

Fig. 4 one can see that the number of different concrete types*) 

of neutral current (virtual zo) weak interactioU3 i3 also 78. 

It ia easy to verify that there are 12 ditferent charge 

current (diagonal) interactions and 12 different neutral current 

interactiona which give contributions to the same processes. 

A good example is the proceBs Ye + e -+ ~ a + a to which 

a contribution ia given by both the virtual W and the virtual 

ZO bOBona (aee Pig. 5). 
AlI processes arising trom the interactions presented in 

Pig. 3 and Fig. 4 were surely present in the Hot Universe, but 

by far not alI of them bave been obaerved experimentally. Por 

example there are expected 24 purely leptonic (charged and 

neutral) currentxcurrent interactions, whereaa with certainty 

there have been observed experimentally only 8. TheBe are 

listed below, each interaction being exampli!ied in parenthesis 

$) A type of the current x current weak interaction 1a fully 
defined if.the relevant fOUI fundamental fermions are 

indicated. 

12 

by one of the relevant observed processes:( ))~e. )(P: }) ~)t': t.: + - - r::« + - -/1'" e- V Vt-) l( iJe.e ) (7: Võ ) • '''' -> e ~ V-c) ; (}/d(f võ ) ' ~ 
I 

( L -I-~ d e 
y yz;); ()},c.L Y )(e e), (~e ~ ~e); (e e. ) (e e..) , (e+e-"'é+e- ); 

/ /:'- / / F + - +/ - - /.;:) (+ - :+ -)
'e.e) lp.- f-) ,(e e. -;.f- jA-);(e e) LL"t: , e, e.4><: r i 

(15 e ) te ~e. ) and G3e. ~e. ) (e€o ) ,(~ee. -.Je. e.,) • 
e 

Let tiS underline here that practically alI we know today 

about neutrinos ia based on investigations of weak processes at 

relatively low energies. We should like to strass also that 

neutrinos we are detecting in the laboratory (from th? ;S -decay

I of fissiqn fragments in nuclear reactora, from decays of mesons 

produced in accelerators, trom thermonuclear reactions producing

~ neutrinos in the Sun,etc. ) arise in processes in which virtual 

W -bosons *) take parto 

Such type of neutrino sourceB may be very intensa: For
II example, an indus tri~l uranium reec tor mas emi t 10

20 
neutrinoa 

per second. In contraat with this, since the discovery af W~ and 

zO, the overall number of neqtrinoa emitted by real intermediate 
3

bosons praduced at the CERN p-p collider is about 10 • 

Let us discuss now the process of neutron decay and, the 

procesB of neutrino-praton scattering moving trom tbe interac

tions of lsptons and quarks ~th w± and ZO bosons, presented 

*) Neutrinos from decay of virtual ZO-bosona as a ruIs are not 
observed. This ia due to the fact thát weak processes mediated by 
virtual ZO-bosons are much lesa probable than electromagnetic 
procesaes (thia ia of course true at energies wel~ below the 
mess Of ZO-boBon). Howev.er thera is an exception to this rule: 
neutrinos from decay of virtual ZO-bosons play a very important 
role in the case of astrophyBical objects such as grav1tatianal
ly collapsing atara (aee the last three paregrBpha of the proaent 

paper). 
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in Fig. 3 and Fig. 4. lnatead of Fig. 1 and Fig. 2 we have 

correspondingly Fig. 6 and Fig. 7. One of the poasib1e d1agra~ 

of the neutron decay ia preaented in Fig. 6: the d-quark in the 

neutron emits a virtual W--boson and transforma into a u-qua~k 

(or the pro t on ) i the virtual W-- bos on decays in to a e- - ";) e paí,r-, 

One of the possible diagrama of the acatter~ of the neutrino 

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

a virtual ZO-boson and transforma into the final neutrino; a 

u-quark of the initial proton absorbs a ZO-boson and transforms 

into a u-quark Cof the final proton). 

\)~V
 

n{~ "l°
 

f{~A:~}p 
Fig. 6. Fig. 7.
 

The proceSSes ot neutron decay and neutrtno-proton scattering
 
are preaented from a modem point of vie••
 

Pe. remarka of híatorical nature., mainly reievan t trom tbe 

point of view of tbe development o! theoretica1 ideas. The !irst 

quantitative theory of the r -decay .as created by E.Permi in 

1933. The theory ia based on the 1930 Pauli's "1nvention" of 

neutrinoa. Fermita theory played an outstanding role in the 

Subsequent development of e1ementary partic1e phyaics. According 

to Buch theory tbe diagrsm o! the neutron decay ia presented in 

Pig. 8. ~ne ideá that the four-fermion interaction ia not local r 

but is due to exchange of intermediate bosons be10ngs to O.Klein 

14 

(1938). Fenomeno1ogically the current x current weak interaction 

was introduced by Landau, Lee and Yang, SaIam (1957), Feynman 

and Gel1-14.an11, Marshak and Sudarsban (1958). The e1eetroweak 

theory uni!ying electromagnetic and weak interactions (the so

ca11ed atandard theory) ia associated with the Dames of Glashaw 

(1961), Weinberg and Salam (1967). 

-Ve 

n pk
 
Fig. 8. 

Diagram of tbe proceaa n ... p + e- + ~ in Ferm1 'a theory, 
according to which al1 partie1es interaet 10ca1ly (in one 
apaee-time point). Through the diacovery of W± -boaons we 
have definitely ~earned that the interaction ia not local. 

3. Lepton charges 

II
~ 

In paragrsph 2 we tntroduced the notion of charges. Below 

we discuss 1epton charges in detail. \iby and bo. lepton charges 
I, were introduced? \Vhat ia knawn today about their conservation? 

In Tab1e I it is seen that at preaent there exist three 

generations of eharged ~eptons and neutrinos. Every generation 

ia assoeieted with a lapton charge. The 1epton charges which 

are associated W1th the !irat, second and third generations 

are ca11ed corresponding1y e1ectron, muon and.taon charges. 

At beginning let us consider the situation wben only one 

generation of 1eptons (V e' e) wa8 known. The partic1e emitted 

in ~ --decay together wi th the e1ectron wa,a ca11ed by conven

15 
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tion antineutrino (~'e). Then the particle emitted together 

wl th the posi tron in f +-decay had to be c:al"':ed neutrino (}) e). 

However the question as to whether ) e and ~ e are reall~ 

ditterent particles was open and bad to be answerad experimen

tally. 1et UB se~ how this came about. 

Antineutrinoa were firat observed by Reines and Cowan in 

the fiities through the reaction 

~ + p ~ e+ + n. e 

In order to detect such' a reaction one needs a very intense 

aource of antineutrinós. In the experiment of Reines and Cowan 

such a aource was a powerful uranium reactor. The deteotor of 

Y WaS a large scintillation counter. e 
The above reaction (inverse p-decay of the neutron) ia 

due to the same interaction which'is reapon~ible for the neutron

decay. Such an interaction ia also reapoD8ible for the reaction 

V + n -fll e- + p • e 

Let UB cons1der naw	 the following two reactions 

~ .+ 'p -+ e+ + n 
e 

~e + n - e- + P • 

They obtaãn trom the preceeding ones througl:r the Bubsti tut1on' 

V e ~ )) a· If }) e anel v e are identical part1clea, the 

two last reactions are obviously posaible. On the cantrary it 

) e 1= ~ e tbe last r-eac t í one are experimentall,y unobservable. 

Thus in order to answer tbe queation "are neutrinos and anti 

neutrinos identical particlea?", one must investigate whether 

the last reactions are poas1ble. There are n~ sourcea ot ) e 

in~ense enougb,whereas tbere exist intensa. 0 e soureea 
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(uranium reaetors). Thus 1t ia natural to tiX the attention 

on ~he second of the laat r-eact Lons , True t nuelei eonsis.ting' 

only of neutrons do not existe However it ia possible to uae as 

a target neutrons inside nuclei. For'practical reasons 37C1 

happens to be by far the most uBeful nucleus, the relevant 

reaction being,the following one: 

"0 + 37Cl -+ e-' + 37Ar 
a 

It was shawn tbat this procass does not take plece. This meant 

that v F D *),i.e. there exists fi lepton charge havinge e . 
opposite values for Y and»e • 'Nhat is the nature ofe 
this charge? Let tiS say rigbt away that to answer this queat10n 

tod~ i9 de!initely more difticult than in the late fitties, 

when parity nonconservation in weak interactions waS observed. 

At that time it was possible to tbink that the leptou charge 

amounts to the so-called neutr1.no helicity. Belaw we expleiu 

what we are talking about. 

We have already atated that tbe neutrino apin ia equal 

to 1/2. According to quantum mechanica tbe project1on of the 

neutrino spin upon the direction uI ita momentum (helicity)·*) 

haa two possible values: ± 1. 

.) Nptice that auch concl~ion canbe reached with a much 
higher degree of eccuracy in exper~menta aimed to detect the 
neutrinolesB double ~ -decay process (A,Z).~ (A,z+t)+e-+e , 
where A ia tbe wass nJmber, Z is atomic number (see leter). 

**) Let us remark that the word helicity sometimes ia uaed 
(improperly) to ind~cAte"longitudinal polarization, in which 
case there may appear values different from i 1. 
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Neutrinos With negative (positive) he1icity ~re ca11ed 

1eft-handed (right-handed), because they remind 1eft-habded 

screwa (right-handed acrewa). Refore the discovery of par1ty 

non-conaervation it was naturally thought that in neutrino 

beama one hal! of the part1clea are 1ett-handed and one hal! 

are r1ght-handed. This tol1owed trom the parity conservation 

law, upan the validity of which physiciata had no doubts betore 

1956. According to this 1aw,in all phenomena there' mus~ take 

place a strict right-left (mirrar) symmetry. As a result in 

nature tbere must not be processes in whicb either the right 

outba1ances the left or viceversa. The parity conservat1on 

law, in particular, ia torbidding the emission of longitudinal
 

polarized neutrinos, Le. »t neutz-í.ncs , let us say, 'preferen

c1al1y lef"t-handed.
 

Bafore 1956 phys1cists thought a1so that a ~1ffarent 

symmetry muBt takes place - charge conjugation symmetr,y, accord

i.n8 to wh1ch all ph,yaical lawa are invariant whep every par

ticle 1a substituted by 1ts antiparticle. Such a symmetr,y 

does not allo., for examp1e, the polar1zation of neutrinos to 

be d1:tferent trom that of ant1neutrinos in charge conjugated pro
cesses. 

Lae and YSJ18 (1956) put tonrard the idea tbat the two 

above--ment1oned symmetries do not take p1ace in the case of 

weak interactions. As a matter of fact eubaequent experiments 

showed that there exist phenomena in which pari ty (P) and charge 

conjugat1on (C) are violated, the violation of both symmetries 

taking p1ace simu1taneously. Then Landau as wel1 as Lee and 

Yang put forward the hypothesis that the laws of nature are in

variant with respect to the combined PC invers1on, consisting in 
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the simultaneous change of rigbt into left -and of every par

ticle into 'its entiparticle. From tbe point of view of this 

new symmetry neutrinos "have tbe right" to be po1arized longitu

dinally. In addition if neutrinos are left-handed (right-handed) 

antineutrinos must be r1ght-handed (lefi-banded). Sucb a pos

sibi1ity was considered by Landau, Lee and Yang and Salam (1957) 

in their theory of the two-component neutrino. According to 

this theory neutrinos muat have a mesa strict~ equal to zero. 

Tbe predictions oi the tbeory until now are con!irmed 

experimentally. We know now (Go1dbaber et a1. 1957) that neutri 

nos are (at least mainly) left-handed; the degree of polarisa

tion of neutrinoa and antineutrinos is extremely high. True, 

experimentally it has not been demonstrated that they are to

tally polarized and that their masses are equal to ~ero, as the
 

two-componeilt theory requires. SUlIIIIlarizing i·t was shown experi


mentally that neutrinoa and antineutr1nos have d1fferent beli .
 
cities, a good model of the neutrino (antineutrino) being a 

1eit-handed (right-b.e.nded) screw. Thus a very natural question 

iB ar1aing: ia the diffarence in the hel~citiea of neutrinoa 

and antlneutrinoa tha only difference among these particles? 

In other worda i8 the neutrino lepton charge amounting only to 

its helicity? In tbe !1fties most phya1cists would have anawere~ 

this question positively. 

Tbe grea t mcrease in our k:now1edge about neutrinos which 

came abou~ with the development oi high energy neutrino pbyaica, 

esp~cia11y with the inveatigations of neutrinos trom meson decay, 

rendered more subtle the question about lepton charges. Muon 

and taon neutrinos have been discover~d. Clearly one needs 

something more than the he11city to diatinguish,for example, 
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V from V etc. AlI the experimental data can be described 
e f 

by the' introduction of three additive lepton charges (electron, 

muon and taon charges), characteriatic of three lepton genera

tions (aee Table I). 

The queation ariaes as to whether lepton chargea are con

aerved exactly or note From a theoretical point of view, pre

aent-day modela of either the unified electroweak and strong 

interactiona or modela oi electroweak, strong and gravitatio~al 

interactiona Caee N.Cabibbo, S&T,83 L'Unificazione delle iorze 

f9ndamentali) would auggeat that lepton charges are not conServ

ed strictly. In such'models the violation ia due to the finite

ness of neutrino masses, the expected values of which are aa low 

as 1 eV - 10-6 eV. 

4. Leptos charge violation1 

The queation about lepton charge violations can be investi 

gated' oxperimentally by searching for rare lepton charge viola

ting processes such as those presented in Table 111. 

As ia seen in Table 111, there are no experimental indica

tiona of lepton charge violationso However, trom the point of 

vie. of modem ideaa about neutrinoa, the lepton charge conser

vation law ia expected to be violated, true at a level of proba~ 

bilities much lesa than the upper limita experimentally achiev~d 

today and preaented as illustration in Table 111. We are talking 

about finite ueutrino masses and neutrino mixing. 
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Table 111. 

Upper limita oi prDbab~lities of some proceSSes iorbidden 
by lepton charge conaervation 

Process Experimental data 
(r 'a, are the relevant widths,. 

'rI'a are capture 'probabilitiea per unâ t 
tim~ ) 

+ f ík~~e-~)r-f-,3 -: 1.r10-10 

r !f-t- .-. ali ) 
r iu" -t- - f-)tI': 4 e. e e..f- 'f- - + 2.4.10-12 . <.e..ee.·f -. r '1+~ afR )
 

- r· - ~I . W (fL-Ti -.ê Te.,)

1_1 -/L e . c 1.6·10"Q1 • 

/ WlfY-Ti ...o aLi: ). , <... 
I;'D..l 

J 'ri fÍ(I~ ~st) 3.10- 10 - e+/~8 <
W0-I-~) 

5. Neutrino masses 

Already ~ermi in 1933 po~ted out that meesurements ol ~he 

f -spectrum of a r~d1oelement sbould give intormatio)1 about 

tbe neutrino masa. Clearly such metbod should be the more sen

sitive the lesa ia the total energy released .in tbe ~ -decay. 

From thia p~int of view the moat attractive decay ia . 

3H ~ JHe + e - +"0 + Q 
e 

where 'the energy release Q ia only 18.6 keV. In the last few 

yeara Lubimov et ale (Moscow) and then many other groups inves

tigated tbe question at unprecedent leveIs of accuracy with the 

help of magnetic and' electroatatic spectrometers. The published 

data are summarized in Table IV • 
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Table IV. 

Recent data on (anti)neutrino mesa from the measurement of 

the r -apectrum of tritium 

Anti(neutrino) messTri tium sourceGroup mv 

J4oscow Valin (C5H12N02) 14<.m»<46eV 

Tokyo Arachidic acid (C20H4002) m~ c 31 eV 

Los Alamos ~ tritium diatomic molecules m» < 29 eV 

Zürich Tritium implanted in a thin 
carbon layer m < 18 eV 

~ 

The experimenta are very difficul t and we take ot t our hat 

before the authors in signs or admi.:ration. At the same time the 

experimenta are qui,te "acr~batic" and in our opinion they op.ly 

exclude values of tbe anttoeutrino m8SS larger than, let us aay, 

40 eV. 

6. Lepton mi.x1.ng and neutrino OBcillat1ons in vacuulb 

There ia a method of getting intormation on neutrino masses 

1ess direct tban the tritium method ment1aned above, but much 

more 8ensitive. We bave in mind the search for neutrino osc1118

tionB,the existence of which doea imply finite neutrino masses 

and neutrino miXing.
 

If neutrino mixing does exist, the noutrinos which parti 

cipate in the weak interaction ( 1) , Y , v_ ) do not posseas
 
e, I.r: 

definite masses and are not deacribed by stationary states. 

We ahall denote by y 2' v:3 the neutrinos of def1ni te..)1 ' 

22 

aremasses m m • m • The fields of neutrinas .Ye, Vr' Y"r:
1, 2 3

thQn comb:l..nations of the fielda Yl' »2' )) 3 : 

:;> =LU,.).,
e L..(.. L 

where l atando r or e IJ. "t: and U ia a uni tary matrix. 
) I ) 

In the aimplest esse of two types of neutrinas (let us say 

,) '»r )we have e_ 

y zz: ecoe}) - SÚLfj)) ) 
e. 7 2,.. (1) 

~ ~.s cn: $ ;) -+- CLD,IJ y;.Z., ,
f 1 

mixing angle.' In this exemple therewhere f7 is the l:epton 

will be oscillations in vacuum V ~ V : if .a aaurce ia 
e F
 

emitting let us sa.y Ye's in apure s ta te , at a sutficient
 

diatance trom the source the number af Y will decrease ande 

there will appear ~ 'a, the total number of neutrinos being 

of caurse c onaten t , r 
The probab1li ty Pi>' ))( R..). to !1nd)) a t a distance R 

JA-I G!, fv 
fram B source of »e' a ia 

I . Z'
p,) . ~ (R-) .= o. s VL 2 fJ- (1 - ü:b2>c-.&. ) (2 )


f' ~ N L '
 
whera
 

L = 4n: L.t (3) 
~(YL 

~8 the oacillBtion length, !' i~ tbe noutrino momentum, 

A m2 = I m~ - m~ I ia the maae squar.ed difterence. A convenãent 

formula for the oscillation length in metera ia 

L = 2.5 L :L metera, 
..órn.. 

r 
2

where ia expressed in MeV and .6 m in ev2 • 
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The probabili ty P .,(R) to find )) e at a dlstance R 
j)Vlle. 

from a source of »e' e in the considered case of two neutrinos 

is obviously 

1 ..2. ( R.:)P;> .» (R.) = 1 - Cf .5'u-t.,2 e- 1 - C.ro27CL "(4) 
e/ e. ~ 

Clearly there are two methods of searching fàr neutrino oscilla

tiona. Appearance method: searching at a distance from a source 

of neutrinos of a definite type (let us say vets) for the 

appearance of other type neutrinos (in our example v S). Dis
. r-- 

8jpearance method: searching at a distance from a source of 

neutrinos of a definite type (let us say ))e's) for a decrease 

in the expected intensity of » 's.e 

The "philoBophy" of oacillation experiments ia phyeically 

very aimple. I! R« L, no conclusion about oscillat1ons can be 

r eachad , II R.» L and -& is not too amall, oBcillation effects 

of the appearance and diaappearance type will be obeervable. 

The coainusoidal term in tbis case ia not observable, as it 

turns to zero upon averaging over the neutrino energy spectrum, 

tbe detector and source sizes and, when needad, the distance 

aource-detector. If R1'-' L and f) is sulficiently large, perio

dical effects will be observable, a circumatance which leads to 

tbe possibility of directly measuring equared neutrino mesa 

differencies. Tbe sensitivity of oacillat10n experimenta 

is ver,y higb. Por example in reactor experiments (for large tt 
2ose illati on eff ec ts would be seen if L\ m > 10-2ev2. Por 

the Sun, which ia a very favourable object due to the fact that 

R is as bigh as 150.10
6 km and p as low as /r 1 MeV, one can 

in principIe see oscillation effects if 4 ma » 10-12ev2 ! 
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We remind the reader that diTect measurements of the anti

neutrino mass give m~< 40 eV. The fantastic sensitivity of 

oscillation experimenta is connected with the fact that they 

are interferenae type experimenta, in which an amplitude is 

measured and not an amplitude squared. 

Presently a large number of experimente in which neutr~o 

oscillations are eearched for are being conducted a~ various 

facilities. There is no experiment in which neutrino oscil1a

tions have been definitely observed. This refera to reactor, 

accelerato~ and cosmic ray eiperiments (the solar neutr~o 

experiments will be dealt with later). Experimenta already 

performed yield only limits on tbe values of the parameters 

involved. From reactor experimenta, for example, it !0110~8 

~ m2 < 0.016 (sin2 2& ,::I 1) 

sin2 2e < 0.16 (.~~m2 » 5 ev2> 

7. Neutrino mesa terms 

Neutrino mixing ia due to the presence of mass terms in 

the Lagrangian. Let UB underline that in modem theoretical 

models such terma arise quite naturaly. Apriori there are three 

types or neutrino mass terms: llajór~a, Dirac, Majorana and 

Dirac. In order to define them let us cansider for aimplicity 

the case of 2!!!. lepton genera tion. ,te t U.JJ introduce the most 

general Majorana and Dirac mass terrn, in which the~e are taken 

into account the possibilities of lepton charge violation and 

of existence of a right-handed neutrino field together ~th the 

usual 'left-handed field: 
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<1 == - Q1 fm (-;) )G v + rn· "J(0 )c.+2m J J> ] + h... c., 
oc: LL L IrAI\ e&R.L ) (5) 

where mL' mR' m are real parametera, YL and ;>R are left D 

handed and right-handed neutr1.no field componenta, (}\)C ia 

the charge conjugated componente The case considered implies 

the existence of four part1cles: the two well-known )) L and·V R 

and tW'o sterile (that ia not taking part in the standard weak' 

1nteraction) particles )) R and )) L" Simple considerations 

show that in the general case of a.. lIajorana and Di'rac maas 

term, the particles wi tb defini te masses are twQ truly neutral 

particles with Majorana masses m ~ (four states as ít should1 ,
 

be J,
 
i - c _ j _.J.. ;; (~ ) c 

In (5) the terms - I m (~) v a.a:a: 2, In/{. 1. I{
L L 

stand correapondingly for the left Majorana term and' tbe r1ght Majo

rana term, tbe term - ~""J~»L atanda for, th. nirae "'erm. li
 

m .. m O there are no ster11e states and there 1a one
R D •
 

neutrino with Majorana masa (2 statea), tqe correaponding
 

meaa term being detined as pure Majorana maaa term•. lt ia 

seen that apure Dirac maaa term ia obtained wben ma D m .. O,
L 

a s1tuat10n wh1ch correspondB to one (iour oomponent) neutrino 

with Dirad'mass (tour'; atates). 

Clearly in the co~aj:dered'case of one lepton generation, 

oac111a t1'ons .( vL~ -:;:> L) ~ take placa only 1.f the mass term 
~ , 

ia of the Maj orana and Dirac type. The Maj orana. masses m and
1
 

m2 and the '"mixing angle ir are given by the expressions
 

rri "=:: .~I [r-m. -;- rri ) ± yrm '- rn. ~;.. ljfl1~ ] )". (6') 
'l,~ oC L li L It c»

2~
~2& :::. 

(7 )-

~-mlL 
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lf neut~ino masses are finite, as ia desirable from a 

theoretical point of view, they are ãnc omparabke smaller than 

the masses of charged fundamental fermions. Why? The following 

consideration might suggest the ao-called "see-Saw" mechani.sm 

of generation of smal+ neutrino masses (Gell-Mann, Ramond, Slansh7t 

1977 ),. 

8. The "s ee-s aw" mechanism of neutrino mess generation 

In modem theories .alI mass terms urise fram the inter


action with sca1ar (so-called) Higgs fields through the spon


taneous vio1ation of the basie symmetry of the re1evant theory.
 
f - c..

Suppose t ha t tbe right Majorana term - -;- rri v (v
D 

) 

• ~ A R- "
in expression (5) is arising through the violation of the GUT
 

(Grand Unified Theory of electroweak and .strong.interact10ns)
 

symmetry and that conaequently IDR has the order of magnitude
 

of a typical GUT maaa 11 (M N 10 14GeV) ; in the Dirac term 

- mD»R vL 1 t ia natural to expect thut m has the order ofD
 
magnitude of a quark maas , As !ar as the 1eft J4ajorana term
 

-.1 rn (;i )c- y 1a concerned, let us suppose that IDL 1s strictly
:t L LL 
equal to zero (which 1s correapanding to tha class10al two-


component neutrino a la I6ndau, Lee and Yang). Prom the expres


sion (6) _e see that such 81tuat10n Ieada to a very heavy
 

neutraI lep ton w1th Ksj orana mas,s m,-c:: li! and.2., t o a (very ligbt)
 
m 

neutrino wi th a fini te llaj orana .maaa m -~« rn-s: • Prom2 ~ , ----- M
n ~ .expresaion (7) one can see that v~ H <-e:: '1 , which means
 

practically absence of m1xing and oacillations in the case
 

considered. As far a8 nume~ical va1ues of neutrino masses ate
 

concerned, 1t sbould' be streased that there are many uncer
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tainties in the estimate. Pinally one gets a range 10
-6-

eV - 1 aV.	 It ia natural to asaume that VL ando »R are also entering 

symmetrically in the mesa term (5), which ahould ,lead to the 

~ 

9. A possible scheme o! maximum mixing 

We have considered the case o! one lepton generation in 

I~ 
II'!'I 
I lI! 

the presence of sterile states. Now we turn to a particular 

case of two lepton generations ( V e e ) J r f) for example): 

but without sterile states. We start again from the Majorana 

and Dirac maaa term (5), where both -> L and .) R are active 

componenta (no aterile componente!). It ia natural in this 

case to change in expressions (5), (6) and (7) the notations as 

follows: mL -... me.e.. mR.... mrr-.' mD...... mF · Again 

the partieles with definite masses are two neutrinoa with 

II Majorana masses m1 and m2• Tbe atriking ·two-component structure 
,[ 

II of the weak current ia fully preaerved by the Majoraná charac

ter of tha masa eigenstates and there arise oscillatians o!'the 

type v(..;;:!:»r · I! we wiah to preserve the notion o! lepton 

charge (uoe!ul even in the case considered, where it io violated) 

we must recognize that there is 0Ali one leptan charge which 

haa oppooite signa for e- and fL+. Incidentally,this i8 the 

Zeldo~ch-Kanop~sky-Kahmoudleptoncharge scheme (essentially 

di!!erent !rom the-' one given in Ta-blà I!) revised in connection 

with the assumption o! lepton -charge nonconservation. The con

sidered snheme is the most ecanomical one (for the case o! two 

generations) 
*) 

• All the four component:o! 
,

the neutrino !ield 

(onl1 one!) are present in the current on the same footiDg. 

*) As a matter of fact 
merge into one, the 

the scheme i~pliear -e generation. 
that two generátions 

t' 
expectation of equal values of me.e. and m • As it is 

aeen from (7) auch equali ty shoukd imply fi !t;é (maximum
'-I 

mixing and maximum amplitude of oacillations in vacuum). 

I If the scheme ia to be generalised to more than two gene

rations, it would be requested that the number of generations 

must be even. The acheme ia aesthetical1y so attractive that 

the posaibility of its realization ahould be considered seri 

ously. 

10. Neutrinoless double f -deca,y; 

We have already underlined_the high sen~itivity of the 

neutrino oacil1ation method. Even if neutrino oacil1ations 

will be obaerved in the !u~ure, it will be practically im

possible to make de!inite conclusions about the nature 

(either Majorana or Dirac) oí neutrino masses. Portunately 

there is a process which would take place on1y i! neutrinos 

have lIajorana alasses, the neutrino~esa_doUble f -decay 

(AJZ) - (A.)Z+2) + e -r e . 

In the standard weak interaction theory thia ia a two-atep 

procesa: 

I. One neutron in the nucleua decay~ into a proton, an 

~\ electron and 0 the state of which ia the proper super1 
~ 

position of states of particles )i l i = 1,2,... with 

deíinite masses.,"~. 
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11. The emitted V e is absorbed by another 

neutron whicb transforma itself injo a proton with the 

emission of a aecond electron. This process ia forbidden if 

the neutrino mass ia strictiy equal to zero. In such a case 

neutrinos are completely polarized longitudínally. Then a 

right-hunded neutrino can be emitted togetber with an electron 

by a· neutron, whereas only a left-handed neutrino can be 
II
 

IIIIII
 

absorbed by a neutron with the emission of an electron. The 

situa~ion changes if tbe neutrino mBsa is different from 

zero. Tbe polarization is no more full and the procesa is 

allowed if neutrinos ~ i have Majorana roesses and forbidden 

if »i have Dirac maaae s , This is ao because a Majo.rene mess 

neutrino V i (wbich is a two component object) bas no lepton 

charge and consequently can be emitted togetber with an 

electrqn as wel1 as absorbed witb production of ao electron 

(see Fig. 9). At a variance witb this tbe emission o! a Dirac 

mass neutrino Vi (whicb ia a' four~component object) together 

with an electron ia not compatible Witb ita absorption with 

the emission of an electron. 

'>: -
YlE=:e

~W-

~p 
Fig. 9. 

The diagram of neutrinoless double f -decay. The 'procesa 
may take place only if neutrinos v i (i = 1,2, ••• ) have 
Májorana masses. 
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We have already mentioned that neutrinoleas double f
decay eannot take place when the masses ~ of neutrinos ~ i 

are equal to zero. lt ean be shawn that the proeess amplitude
H 

in the simple case of two neutrino types is proportional to 

z, . ~LL 

< rn.;» = eco ern, + t SLI1.. vJll~ ~ 

where m1 and m2 are J4aj orana masses, -&- is the neutrino 

mixing angle and Z=±1 is the relative CP-parity of J 1 

and 1)2. From this foi'mula it is seen that experiments on 

neutrinólesa double f -decay give information on neutrino 

Majoraria masses. 

Two. words about the experimental situation. First a 

simple remark of metbodical character. Such experiments are 

incredibly sensitive. The background in tbem can be kept 

down, sinee in neutrinoless double f-decay the sum of the 

energies of the two emitted electrons is practieally fixed. 

Until now neutrinoless double ;B -decay has not been ob

served. Tbe best result is obtained in the seareh for the 

deeay 

76G 76Se +e ~ e + e 

for whieh the following limit for the half-life period wasI 
'I obtained (Santa Barbara-Berkeley). i 

I > 4.102) years •II T1/2 

Tbis limi't impli,es for <m >' a value as low as 

I! <m...> < 2eV. 

~ i Notice that if tbe relative CP p~rity of 01 and -J 2 . isII positive ( /, = 1), this result means (let us say at e!::. x 

I 
~ 

that w1 and ~ are less than about 4 eV. 
I' 
\ . 
I 

I
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On the contrary, i·f 2:: -1. there s a compensa tion ofí 

contributions of 01 and -:> 2' which would imply that m1
 

and m could be well above 2 aVo
2 

110 Vacuum oscillations and solar neutrinoa 

Solar,neutrino astronorny ia extremely important nót only 

írom an as~rophysical point of view but also from the point 

af view of elementary particle physics (neutrino mixing, rnBSS 

and magnetic moment)o The inveatigation of solar neutr~nos is 

ideally suited for the study of oscillation phenomena, because 

)the Sun-Earth diatance is enormous ( v 1.5.108 km) and solar 

neutrinos energies are relatively low (~1 MeV). 

The very first step in solar neutrino astronomy is based 

on the radiochemical Cl-Ar method, whereby the r~action 

~ + 37Cl ~ e- + 37Ar e 

ia aearched for, the radioaetive 37 Ar being extracted from a 

large volume of and introduced in a amall proportionalC2C14 
countero R.Davia et aI. succeeded in deteeting'solar neutrinos 

making use of auch method. It waa !ound tbat tbe rate of 37Ar 

production by solar neutrinoa ia 2.0z0.3 SNU (I SNU • 10-36 37Ar 

atom/aec 37Cl atam) to be compared with the value 508Z2.2 SNU. 

ca~eulated by Baheall et alo on the baaia of the standard 

model of the Sun. The discrepancy ia eurrently named "solar 

neutrino puzzle". The cause of the puzzle may well be c{)nnect

ed wi th uncertain ties in the predí.ct í.ona of the atandard modelo 

As a matter of faet the threshold of the reaction ) + J1 Cl ~ e 

~ + J7 Ar ia eonsíderable above the aaximum energy of neutrinoa 

I 

I 
emitted in the proceas p+p ~ d+e++ Ve , which ia t he 

main tbermonuclear reaction in the Sun (aee the laat paragraph 

"Panorama ••• " at the end of the present paper). Tbua the neutrino 

flux (moatly irom 8B decay) whlch can be detected by tbe Cl-Ar 

metbod ia a very amall fraction (N 10-4) of the total aolar 

neutrino flux, lta predicted value strongly depending upon 

the solar model parameters. 

The solar neutrino' puzzle might be d~e to oscillatlonso 

Anyway the on1y experiment made up to now certain1y does not 

exclude oscillations and might be an 1ndicatlon of thei~ 

existence. Let us assume that the solar neutrino puzzle is i 

really connected with vacuum neutrino oscillationa. Such I" 

assumption would imp1y tbat tbe di!ferenc~ of the neutrino 

mas sea squared ~ m2 2; 10-12ev2 ! t 

The importance of poaaible vacuum neutrlno oacillatlons 

in neutrino a8trono~ was pointed out in Dubna bafore the 

firat solar neutrino observatlons were pertormed. The Cl-Ar 

method givea the posslbility or detecting only ;>e, o Thus. if 

there are vacuum oscillations v ~ J I.L ' J ~ ~'t:. 'o.. the 
e. I e. 

intensity of ~~ (averaged over the ~~ -producing reg10n 

of the Sun. the Sun-Earth distance and tbe neutrino energy) 

may be as lbw aa 1/N cr the averaged ~tensity lo expected in 

tbe abaence of osclllat1ons, N being the number of lepton 

v 

I 
generationa. If there are 

states ( Ye. ~ Jf' ~e. ~ v~ 
averaged in tensi ty or 0 

~ 

oacillations also into sterile 

, ~e.. ~ {)eL ,0e.,. ~ ~F-.' ... ) the 

may be as low as -N' I . In both2 o 

\ cases such maxillIUm redu6tion is achieved a t maximum mi.xing. 

Thus it is seen that a reduction of the 0 
e, 

intensity by the 
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"neutr:lno puzzle factor" (N 1/3) would be easily, understooq 

in term..'3 of vacuum oacillationa "ith aubste.n.tial mi.xing and 

t~ee lepton ~enerations *). 

A aubatantial lepton mixing ia generally not considered 

likely (by analogy with quark mixing). ~eJee.rlier we preaent

ed some aeathetic argumenta in tavour of a acheme with maximum 

mixing. Be that as it may, we have disQussed until no~ vacuum 

oscillations. In other worda we have not taken into ac.count 

the presence of. matter. Recently ~t waa ahown (Miheev, Smirnov, 

Wol!enstein, MSW) that ma~ter effects may substantially change 

the pict'lire, ot neutrino oacillations. 

12.	 !atter oscillationa e.n.d .Bolar ~eutrinoa 

The neutrino Hamiltonian in matter 1s the sum of th~ free
 

Hamiltonian e.n.d the interaction Bamiltonian. The interaction of
 

a neutrino beam with matter can be effectively deacribed in
 

terms of a retract10n ~dex, wb1ch 1s determined by the ampli-

I 

tude of the torward neutrino elastic scattering and by the 

matter density. The reason wby oac111ations in matter may be 

d1!!erent trem vacuum oec1l1at1ons ia that the ~. -e scatter-e.
 
ing amplitude ie different from the l} -e ( 0.z:. -e, ••• )
 

scattertng	 amplitude ( ~e -e scattering ia due to Was well
 
o- '. o


aS Z excbange, whereés yf-e, ••• acatter~ ia due to Z 

*) We are not cons~der1ng here the accidental possibility that 
the oscillation length ia of the order of the Sun-Earth distance, 
in wh1ch caae the term coa 2~R/L in (4) might aurvive averag
ing, With tbe result of a large reduction factor'(and may be of 

~ time variations of the J intensity, as first noticed bye
 
Pomeranchuk).
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exchange only). Thua the mixing angle e~ e.n.d the oacillation 

length I.J in matter are different from the values e and L 
m 

in vacuum. One geta for the 'simpleat case of two neutrino 

types (v ) V ) :	 z, 
~ f LJJnGro:l..;f) - 2.r2§//et


" .2 A _ LjJn.~Ú12{J c.ro2e
 
.5lJL. r::J - 'm A

In A. 
~	 

(8) 

LL11n

L~ -
A 

where 

A. x: ff4lrL~2{} - J. 6.GfI?)~ f- (Llfn:SLn..2{) )~. (9 )
F e 

2 2 2
Here L1 m = lI12 - m1 > O 

supposed to be positive, 

(in vacuumJ, Gand ~	 F 
electron denaity and p 

ia the vacuum oscillation pBrameter
 

m and are tbe masaes of ~~
 m1	 I2 
N	 ia theia tbe Férmi conatant, e 

iB the néutrino momentum. The exprea- I 
I 

aí.ons for the transition probability v~ -))e. in matter ie	 I 
I

identical to the vacuum oscillation expreaaion (4) in whicb 

the e.-... ern: J L L f'T'L suba ti tutiona are made: I----9 

In 1 . .z, ( R. )P (fi.) = 1 - -..5Ln2 e 1 - GU=J2xL' (4a)
v'L) ,Z. rn: .,......e..) e.	 •• '" 

It is a~en from (8) that there migbt be oacillationa in 
2 

matter only i! there ia l.epton m:1x1ng, that ia 1! -ft and..ó m 

are not equal to zero. The most noteworthy feature in (8) ie
 
2
 

that !o-r arbitrar,y (but finite) vàlues of e and ~ m the 

matter mixing angle ~ m ia equál to /[/4 (maximum amplitude 

of matter oacillationa) provided the reaonance condition 

.z 
~rn- CAXJ28 = 2{;[GF N !	 (10)e

is'fulfilled. 
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When the resonance condition ~s satisfied, however. the
 

oscil1ation length in matter L ia ,connected to the vacuum
 m
 
oacillation length t by the relation
 

L
L =-	 (11) 
rn. ,5 (f7..2.J)-. 

which implics	 that [OI' the r'e Levanc a of ma t ter 08ci11a tiona e 
lDust not be toa amall. 

The resonance	 condition moy be written 0.9 follows 
'. -- 1

6rn.,2~,2."f} -x: 0 .. .óS-,. /0Y f > (10u) 

where 6 m
2 

is given in unita ev2,JP i8 the ffiatter denaity 

in g/cmJ and P i9 the neutrlno momentum in MeV. Having in 

mind opplications to the Sun let us take f a: 1O~ g/cmJ' (typi

cal for the Sun central r eg on ) and 'p~ 1 MeV. The resonanceí 

condition in such a region ia sati3fied at valuesL)/YL
z,
COO~~ 

as low as ~ 10-5ev2. 

Until now we have· discussed the situation in which the ' 

ma.tter density is cons tane , In 'such a case matter neutrino' 

oscillations. but Ior ditferent values of oacillation ~mplitudeB 

and lengthB. are similar to vacuum oscillations. in tbe sense 

tbat We are canlronted in both cases with a periodicaI phen~ 

menon, A different situat10n ia ar1aing 1Jhen the matter 

density ia not conatant. We aball briefly diacuas belcrw thia 

case having in mind tbe Sun. 

The matter density obviously decreases trom 1ta ~mum 

value jP max at the center of the Sun. The minimum neutrino 

momentum tor wbich the resonance condition (1Qa) ia tulf111ed 

ia 
-I -1--<" 

rn.cn; - • S ,10 ~rn. Uo2fft Yrn..a.x:.. 

For neutrinos of momentum p < Pmin the resonance cond1tion 

.cannot be fulf111ed. On the contrary alI neutr1nos of momentum 

p .> Pmin on their wa.y from the central reglon oI the Sun to 

i ts surface paas through matter of "resonance densi ty" Y R 
=Xfor which B ~ 

nL 

Let us aupppae now that the vacuum mixing angle f) ia 

small. Then from expressions (8) it follows that in the higb 

densi ty region (f>..fi). where ~ are generated, the matter 
7Langle & is approÃimately equal to ~ ,,,bicb means thatm: 

. the V -state practically coincides with the h.avier ot the e.
 
two e1genatates ot tbe neutrino Hamiltonian in matter, the
 

other eigenstate practically coinciding "ith' the.J -stste. 
r-

When the neutrino ia paaaing trom the region of. h1gh density 

(Y";7~ ) through tbe· resonance region (f =..fJt. ) to a small 

denai ty 
~ 

region ( p <: O ). the matter angle (7 
n 

ia changinB
..J JIL . rn: 

trom ~ to	 O (through the reaonance value 7L ). 1'1118 
~.	 ~ 

impIiea that at low dena1tiea the heavier eigenstate 1a prse

tically the	 J -atate, the lightest one being practically
r:

the ~ -state. Th1a p1çture ia correct iI the apat1al change 

in denai ty ia slow enough , 1'111a condi t10n (so-called adiabat1c 

condition) can be formulated as tollows: tbe eftective change 

of the denaity in tbe ~e8onance regi~n must take place over 

lengtbs greater than the matter oscillation length at reao

nance , 

Under the assumptions mede 3bove we get finally the 

tollowing picture: the ~els with momentum largar than f m1n 

genera~ed in the center regions of the Sun passing through . 

tbe resonance region. emerge as J's (OI' lJ IS, ••• ),

f c:: 

3() 
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that ia ea particles which cannot be detected i~ tpe radio

chemical experimenta af the Devia type. Incidental~, tbe perio

dicity characterizing neutrino oscillations ~ vacuum (aee (4) 

and in a medium with conatant density is entirely loat through 

the effect of chânging denaity. This very interesting efíect 

may be a solution of the solar neutrino puzzle. I~ .we assume 

that the explanation i8 right, there arise two possible aolu
2

tione for the fundamental vacuum parameters ~ m2 an~ sin 2&*): 

1. L) m2 ~ 10-4ev2 , 8in2 2 e- > 10-3 

2 .	 22 n '" ·10-8-~2• .6 m s an TJ --:3 er • 

The future of experimental solar neutrino astronomy ia quite 

brigbt. Witb reapect to tbe Davis observations, improvementa 

are	 expected in experiments being prepered now in whicb: 

1) tbere will be detected low energy neutrinoa 

(E <. 0.4 JleV frODf the me.1n ff ~de+Ye.. reaction) the 

ílux of which ia predictable in an a1most model independent 

way if there are no oscillat10ns (Ga-Ge radiochemical method) 

2) electronic metbods of detecting neutrinos wi11 be used,
 

su:itable for giving some information on the neutrino energy,
 

for proving that the neutrinos come from the Sun d1rection
 

and a180 for detecting (through neutral current reactions)
 

not on1y j) but also v and»..,... Some intormation on
 
e, . r l.. 

such developmenta can be found in the parft8re.ph npanoralll8 of toda)' 

experimental n~utrlno physics" Bt.the end of the present 

paper. 

*)	 Oí course in principIe there exista the old so~ution of a
 
completely different type: the large amplitude vacuum
 
oscillation solution, wbich impliea ~m2~ 10-

12ev2.
 

111 '

'i 

In conclus1on we would l1ke to notice that matte~
 

oacillations may play a relevant role not only in the pasaage
 

of neutrinos through the Sun, but also in the pessage of
 

neutrinos through the Earth and in the gravitational collapse
 

of atara, 

13.	 Neutrino magneticmoment and solar neutrino astronofi[ 

I 

The solar neutrino puzzle might be explBined not only by 
I. 

the presence of neutrino oscillations. A number of different 

explanations of the possible lack oí detectable solar neutrinoa 

has been suggested in terms of either particle phyaica or 

Bstropbysics. Below we diSCUBS one eXplanation which is connect

ed witb possible finite values of tbe neutrino magnetic moment. I 
li massive neutrinoa are four-companent (Dirac) particles, I

they migbt posses finite magnetic moments. Tbe existence of a
 

larga enough magnetic neutrino moment jL would bave important
 Ii' 
astropbysical canaequences. In particular, it m1ght 1ead to a 

I I 

decrease of tbe detectable solar neutrino fluz. As a matter 
I

of fact a left-handed solar neutr1no paas1ng through a region 

where a strang enough magnetic field ia preaent. becomes in 

part aterile (right banded) due to the precessian of the 

magnetic moment. li the neutrino magnetic moment ..ere the 

cause of the aolar neutrino puzzle, the magnetic moment ahould 

turn out to be f 2; (c, 3-1)·1 0- 10 Bohr magnetQDB $). In such 

a case as recently suggested in Moacow, one would expect to 

*)	 Incidental1y, a value by many ordera of magnitude larger 
tban the value predicted by tbe standard modele 
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observe,among other things, 11 year period variations of 

the detectable solar neutrino ~Iux, which are connect~d with 

the variótions of the solar magnetic activity. 

14- Neutrinca and the Universe 

In general, becáuse of their properties, main1y,Iów 

masses (if any) and en enormous penetrating power, neutrinos 

are of extreme importance in astrophysics, cosmology and 

8stronomy. Notewortby are: 

1) tbe appearance of a new page in astronomy - the solar 

neutrino nstronomy; 

2) the participation of neutrinos' in hydrogen burning 

termonuclear reactions, whereby hydrogen ia f1naIly t rans 

formed into helium (4H -11' 4He + 2e+ + 2.;) e + 26 MeV)', resu1t

ing for the Sun case in fi !lux at the earth sur!ace equal to 

~ 6-1010 Icm2sec (the neutrino 1uminoaity oI the Sun being 

only N 2% of its photon luminosity, a proportion typical for 

alI atara slo1fly évolving wh1le hydrogen burn:!ng tbermo

nuclear reactiona taka placa in tbeir cent~al reg10ns); 

J) the today presence, interred by big-bang cosmology,.. 
of a re1ict radiation o!' neutrinog or al1 'typeá, wbose last 

interactions took place _only N 1 see after the big-bang, 

that ia much earlier than the last reli~t microwave radiation 

interactions, having taken place ~ 10
6 years after the big-bang~ 

4) tbe posaible contribution of neutrinoa to the mess of 

dark matter(that ia the bu1k of matter in the Univerae which 

í.s not Lumí.noua and ia reveaIed on1y through gravitation), 

aS well as their possible importanee in the formation of 

galaxies; 
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5) the remarkabIe fact that CQsmological, 8strophysical 

and astronomical data are giving some intormation on neutrino 

properties (number of neutrinoa, masses, mixing, magnetic 

moments, • - -); 
6) the !antastically large (.N 1058 t ) number of neutrinoB 

of alI types wi th average energy N 10 MeV radiated by a gravi

tlltionallY collBpsing star during N 20	 sec; 

7) the variety in the atar evolution of neutrino emisaion
 

processes, which rapidly increase in importance while the
 

nuclear fue~ is being consumed in the star central regions,
 

insure the neutrino luminosity to dominate over the photon one 

at temperatures T > 10~, lead to a conslderable shortening 

in the time seaIe of the late stages in the evolution of maasive 

stara,eventuaIly entirely define the star collapse ~mics: 

in order of relevance, starting back from tbe collapae pbase 

and high temperaturas dcrwn to reIat1veIy amall temperatures, 

tbe processes are: 1) one neutrino processes in which th~ charge 
+ 

W boa on is involved - e-p -I> l>en, e n ~ ~eP (Urka), 2) 

neutrino pair processes in which the W and/or the neutral ZO are 
. + - - 

involved - e e-_~ »e_V , ~I:_))r-"))'T;. ))1:. (electron p~aitron),_e

plasmon ~ i>e va ' ~t:0r-'Vl::~ (Plas~)'ltZ..-e.))e~ ,e..VrVr-' 
e. v-r 0t: (photo), e..~-e.:J~ve.l,evr-} ,e...ll7=»7:: Z (brem

atreh1ung),	 3) nautrino pair processes in wh1.ch only ZO is in

(neutrino radioact1vity
volved - A* -I> A })e~' AyrJr- ' A V-r ~
 
from excited nuclei);
 

8) the importance in nucleosyrithesis, especiaIly in the 

e!!ieient production of by-passed (neutron poor) igotopes, 

of neutrinos from the collapsing ste1Ier core, which produce 

(in the matter of tbe stár 'envelope to be tbrcrwn out) aucb 
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iaotopes in agreement with obaerved galactic abundanciea; 

9) the rise, to be covered below, ot a new era in astro

notny', marked. by experimental searchea tor., and inveatigation 

of,neutrinos associated with gravitationally collapsing atara, 

15. Gravitationa1 callapae of atara. Supernova SN 19~7 A 

On. February 24, 1981 the Bupernova now cal1ed SN 1981 Â, 

resu1ting from the collapse and successive explosion Df the 

atar Sanduleak (69-202) was optical1y discovered by She1 ton 

and Jones in the Larga Magellanic Cloud, a nearby galaxy. The 

event ia providing and will provide unique astrophys1cal in

tormation because 

1) the 'aupernova ia an enormoualy br:l.ght object, many 

millions of times brighter than tbe Sun, 

2) the d1atance of tbe Supernova trom tbe eartb,only 

about 160000 light years, ia well known, 

) detailed and comprehensive observations Df the initial 

exp1osion at&gea are being made tor the tirst time, 

4) the dependence ot tbe Buperno~ 5D 1987 A luminosity 

upon time 18 ratber unexpected, the tact that the presupernova 

atar waa much heavier than tbe Sun being a1most beyand 

question, 

5) also for the first time a supernova 1s obaerved at a 

moment wben theoret1cal underatanding of supernovas, and in 

general of tbe atar gravitationa1 co1lapse, ia serving as a 

guide to physicists, aatrophysicists and astronomers, in 

particular through the_ outatanding pred1ction that a few tens 

of aecond long burst of ~ 1058 ( ! ) neutrinos of average energy 
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li , 

I
111 • 

li,
~ 10 MeV ahould accompany the c o.lLapse , preceding aomewhat 1

I I 

in time the emission of visible supernova light, 

6) last but not least the.aupernova haa appeared at a 1\ 

time wben in varioua sites a number of large electron detectora 
\: 

suí, table for the registra tion of IV 10 MeV neutrinos were. 
found to be in workivg conditions. 

Naturally alI the groups working with large electron L 
detectora carefully inBpected their recorda before and after the .~I
24 of February. During the last few yeurs they created the 

necessary oppaxatus lauitabl&~to observe an even t juat of the 
l: 

type conaidered (neutrino burat irom gravitational collapse) and 

they were more or lesa ready (aee sIso the paragraph uPanorama ••• " 

at tbe end of the present paper). The detectora with the 

help of which collapse ne~trinos were observed on Pebruary 23, 

as it was\ announced,are 

i) Tbe ~ 100 ton liquid acintillator (antineutrino) l'f': 
detector (Italy.-USSR) placed in the Mont-Blanc tunnel: during 

- + 2
7 seconds there were regiatered 5 pulses (~F --. e. fI-. ) above 

the 7 HeV energy threshold (on Pebruar,y 23, about 1 day before 

the firat optica1 sighting) 

1i) Tbe several thousand ton ~O Cerenkov detector 

Kamiokande 11 (Japan): during 1) aeconda there were registered 

11 electron pulses Ln the energy Últerval 7.5 - )6 IleV (on 

February 23, alao before the optical s1ghting, but 4.5 

hours alter tbe Mant-Blanc burst). Two e1ectrons (trom neu~rino

electron scattering?) point to the Large Mage1lanic Cloud witb 
- +angles 18.:!:18 and 15.127 degrees. The other tracks (Ve.f-en.-?) 

are diatributed random. The discrepancy in time ot tbe Mont

Blanc and tbe Kamiokande 11 signals ia not explaiDed. The 

4:3 



Kamiokande II signal ia ma~e the more convincing experimental 

evidence tor a correlation between the Supernova SN 1987 A and 

a neutrino burst. 
iii) The several thousand ton H20 Cerenkov detector (Irvine

Micbigan-Brookhaven): during aix aeconda there were registered 

8 electron pulses in tbe energy range 2Q-40 ~eV at a time 

coinciding ~th the Kamiokande time to an accurac~ of ±1 mine 

The discrepanc] with the Mont-Blanc event time ia not explained. 

Also not suIficiently well explained ia tbe absence of a aignal 

the Kamiokand~ detector, whichat tbe Mont-Blanc time ~
 

makes it difficult,to think in terms of two distinct neutrino
 

bureta.
 
vi) Tbe!v 3000 liquid scintil1ators (of total weigbt I'Y
 

)00 ton) at the Baksan Observatory (USSR); some indications
 

signal were Buggested at the Kamiokande of a neutrino 

time. 
Tbe question as to wbether a neutrino burst Iconnected with 

the ligbt emission from the Supernova S~ 1987 A has been ac

see~to us, under the cir tually detected
 

cumatances, not esaential·l
 

G.Zatsepin), and as such are of utmost importance. The 

enterprise bas been prepared in the courae of the last ten years 

and wi11 certain1y be very active in tbe future. It la already 

clear that there 1a a 10t of room for improvement,especiall1 tbe ne

ce~sity of unambiguoua universal tlme measurement and of reglster

ing atar co1lapse neutrinos independently of supernova 11ght. 

The Ülternatlonal collaboration program should include r 
j 

the permanent operation at various sites of apparatus suitable 

for tbe observation or viaible ligbt trom the supernova, -of 
,:II 
I'" 

radio waves from its posaible remnant neutron atar (pulsar), 
I 

~I 

of neutrinos and gravitational wav~s. At the moment there exist 

sensitlve cryogenic antennas for gravitational radiation, but 

unfortunete1y 'on February 23, 1987 only a room temperatura 

resonance antenna (Rome) was in operation. The relatively low 

sensitlvity of the entenna gave little hope of detecting gravi· 

tatlonal waves; it waS not claimed b~ the authors that grav1

tationa1 radiation ~s beeri detected, a1tbough there waS an 
' 

indication of a positive algnal coinciding in tlma with the 

Kont-Blanc neutrino burst. HOwever tbe record of tbe da~a trom' 

:l such entenne was publiahed mainly W1~h tbe sim of sbowLog "the 

kind ot ana1yais involved on occaaã on of aventa of this and 

similar typea". 

The atar gravi. tatlona.1 co1lapae la a qui te cómp1'êX pheno'
~here are many unclear points in evaluating 

a posteriori probabilitlea of accldental coincidences. And 

yet, all the groups bave open a new era in astronomy. The 

study of the light trom SN 1987 A and tbe search for,as we1l 

aS the investlgatipn of,neutrinos connected with atar gravita

tional collapse constltute a sort Of\ dress rehe~al of an 

lnternatlonal enterprise (espeoially assoolated with the nama of 
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manon, Howevar some of 1 ta features, or great 1mportance 

trom the potnt of vie. of the posalbility of observing :he 

neutr1no burst and alao of getting information on neutrino 

propertiea (mass, l1!etime, ••• ), are almóat mode1 ipdependent. 

The energy or neutrinos -C'\r )'1053 erg) emitted in tbe gravita

tional co1lapse of a star (the col1apsing mesa of wh1ch ls, 

for axamp1e .::: 2 Msun) can be sst1ll1ated simp1y: neutr:ino emí.aaí on 
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11 

ia the only effective way of cooling the star and therefore 

the gra~~tational msss defect of the remaining atar ia emitted 

almost mlt~rely in torm,of neutrinos. Tbe neutrino energy ia 

estimated to be 10-15 MeV, which'correspond to 1058 neutrinos 

af alI types ( )}e > 0<t.. 1 Jr- )0('--, v~ ,~) *). The time in wh;ich 

neutrinas are emitied is expanded to 20 seo due to the opacity 

of the collapsing star to neutrinos. These considerations 

directly suggea t the experimental requireroents to e. detect.or 

suitable for revealing a gravitational collapse tuking place, 

let us say, in our galaxy: o~e must be able to register with 

efficiency 10CY;'G tbe paasage through the detector of'\l 1012 vIcm2 

during I'J 20 seco ~ undargr-eund detector of weight IV 100 tons 

(either C~ scintillator 01' H20 Cerenkov counter) is sufficient 

to fiz (well above the background)~ 10 interacting neutrinos 

(neutrino burst), especially ii severaI detectora are work1ng 

at various sites. 

Information on neutrino masses can in principIe be obta1ned 

in the followi.n8 ways: 

1) ir gravitat10nal radiation is detected. the delay of 

theant1neutrino s1gnal ( ':Jef ~ e.+n.) together wi th the measure

ment of the positron energy ;v1elds direct 1.nforlllBtion on the 

y - mass. 
e. 

.. ) The intense emaaion of V ";5 , » ~ pai.rs ia due to neutraI 
+- - f r.. oLcurrent processes (e. e, -... vr)Jr- )Yt:;J"t; ) invobTing tbe Z -boson. 

Because the photon mean free path is incomparably amaller tlUlU the 
neutriIlO mean free path, electromagnetic processes are no more 
compeUng with processes. involving the virtual z", Thus, as stated 
in §2, collapsing atara are practically the only examplo (we are 
abIe to give) of~neutrino source in which neutrinos arise in the 
decays of virtual ZO-bosons. 
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2) if neutrino have finita masseS' neutrinos of higher 

energy arrive to the detector éarIier than neutrinos of lower 

energy; thua the study of the time of arrival of neutrinoa 

t.ogether with meaaurements of their energy gives Wormation on 

neutrino masses *). 

As far aS the stability of neutrinos ia concerned" it i8 

clear that the very obaervation of neutrino bureta would per

roi t to get informa tion ou neu trirío iife..t í.mea, For example 

the Kamiokande 11 observaiion ~i the nc~trino burst impli€3 

tha t the life-times of 0 and LJ are larger than 105 yea ra , 
e-. G 

Tbus alI over tbe world there are now a number of perma

nently working stations. well communicating between themaelvea, 

led by physicista, aatronomera and astrophysicista, who are 

e:xpect~ the great event, the collapse. How long will they 

have to wait? 

The gravitational collapse. a fantastically rapid (free 

falI) imploaion of the atar or of the central atar region in ..)
which the nuclear fuel haa been consumed , ~ accompanied 

by a supernova exploBion. when the atar envelopo is thrown out 

and there appeara a ~anta8tic show whereby a single star has 

*) lf a neu t r í.no burst haa really been detectado in the 
Kamiokande II experiment. one can get an upper value of the 
electron neutrino maas mv < 10 eV from nn analysia of 

• e..
the time diatribution of pulses in tbe burst. 

**) One would expect that the reault of the collapse ia either 
a neutron s tal' (pulsar) 01' a black hoLe, .' 
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6HneHbKHH C.M., nOHTeKopBo 6.M. El,2-87-567 
HeHTpHHo CeroAHR 

Ilocne OTKpblTHf1 npoMelHYT04HblX W:!:.. ZO ··6030HOB 119831 MOlHHO c yaepeuuoc ruo 
yraeoxnar e , 4TO W, ZO ...6030Hbl OTBeTCTBeHHbI a a oõpaaosauae HeHTpYlHO H HX B3ilH
MOAeHCTBH~. ~H3HKa HeHTpHHO paCCMarpHBaerCR C 3TO~ T04KH 3peHHR B nepablX 4e
TblpeX aaOAHblX, coaceM 3neMeHTapHblX,naparpa$ax. CJ1eAYO~He ceMb naparpa~OB Me
Hee 3neMeHTapHbf. OHM nOCBRUleHbI aonpocy Mace H C/-tetaw::JaUHH HeHTpHHO, f1B11SUo~eMY

CR C8MblM aKTyanbHbIM BonpOCOM COBpeMeHHO~ 4JH3I1KH tteHTpHHO. PaCCHaTpHsalOTCR oc
4"1nIlR4HI1 HeHTpHHO B aaKYYMe, B Be~eCTBe Yl npouecc 5e3HeHTpHHHoro ABOHHoro 
6eTa-pacnaAa. 4l1i13HKa C0I1He4HblX HeHTpHHO nOAPOôHO oóCYil<AaeTCR c T04KH 3peHHR~ 

Pt OC4H1lnRlIHH HeHTpHHO a BaKYYMe H aeurecr ue . Kpa"TI<O o6cY:"II.laeTC~ poris , KOTOPYJOo 
o YlrpaeT HeHTpHHO ao BceI1eHHoH. B nOClleAHeM naparpa$e pe4b HAeT o BepO~THOM 

Ha6I1KlAeHYlI1 pa3I1H4HblMI1 rpynnaMH HeHTpHHO, CBR3aH~blX C cynepHoBoH 1987 A: nep

:;

In 

~ 

. I.rl 
~ 

,.... 
Boe Ha6I1KlAeHHe He~TpHHo ot rpaBHTallHOHHoro KüI1I1anCa 3Be3A~ Ino Kpa~HeA ~epe: 
reHepaI1bHaR peneTHIIHR Ta~bro Ha6I1~AeHHRI oTKpwuaeT HDBYKl 3PY B aCTpOHOMHH ..o ~ 
IlnaHopaMa ll ceroAHRwHeH 3KCnepl1MeHTaIlbHoH 4JH311l<~1 ~1 '<)crpo<pl-13HKH HeHTpYlHO npen.~ o 
CTaBneHa B KOH4B cTaTbK 8 BKAe Ta6I1HII~. 

~ l":\ 

Pa60Ta B~nOI1HeHa a fla60paTopHH RAepH~X np06neM H na50paTopKI1 TeopeTH4eCKO~ 

J..i o 

~ ~ 
~113HKI1 DHRH.~ :i 

~ ~ 
Ilpenpscrr 061>e,llHHeHHOro WICTHTYTB anepasrx IfccneI40DluHul. J~y6Ha 1987 
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{',11] 't:1 Bllenky S.M., Pontecorvo B.M. Er,2-87~567 

In -g Neutrinos Today 
'" C'
,Q '"M After the famous 1983 discovery of 1n~ermedlata W , zo bosons lt may be 
Pt o stated wlth certalnty that W , zo are entlrely responslble for the production
~ o of neutrlnos and for thelr Interactlons. Neutrlno phY$lcs notlons are presentIO o o l""\ ted from thls polnt of vlew In thc flrst four Introductory, gulte elementary,
"6 ~ paraqrephs of the pape r , The f'o l l owl nq sev en pe r açr-aphs are more soph l s t l ca
Pt 

.Q ...... 
ted. They are devoted to the neutrlno mass and neutrlno mixing questlon, 

Q) "whlch 15 the most ac t ua l prob l em In todav neutr1no phys l cs , Vacuum neut r l no 
~ o9cll1atlons, matter nelltrlno oscll1atlons and neutrlnoless double ~decay 

aro conc Idcred. Solar neut r Ino phys l cs l s d l scuss ed In some de ta l l f'rom the. polnt of v levr of vacuurn and matt er neut r lno osc l l lat lons , lhe ro le plaved byC\I 
~ nOlltlllh>' In the Un Ive r-se 15 brlefly cons Idered, In the last paraqreph there. 19 d l ncu-is ed tho probab l e obs erva t lon by dlfferent gi'OUpS of neutrinos con1lO.,... 

ncc tud ~/llh r ho $up0T'nova 1987 A: the flrst observat lon of qrav l t at Iona l star~ 
coll'lIu1.1 (n~ lt\lut the generall rehearsaJ. o f such obs e rva t lon] opens up 
c) now \11'1 IrIQI!II·lHlnmy. A "panorama" of todav experimental phy s lc s and astro
phYG1, II 1"1 1Il'('''''1I1ud I1t tho end of the paper In the form of a Tabl e , 

TI\l1 1111/('11 I\Jat lon hna boon performed at the Labor-atorv of Nuclear 
Prob 1C.I1:I, .11 tlll, " 

"'o\l11n. IIfLho "otnL IruULuto for NuclolU' U.ceearch. Dubnll1987 
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