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ABSTRACT

A review of the evolution of weak interaction physics fram its
beginning (Fermi-Majorana-Perrin) to the electroweak model (Glashow
-Weinberg-Salam) . Contributions from Brazilian physicists are spe-
cially mentioned as well as the first prediction of electroweak-u-
nification, of the neutral intermediate vector boson Zo and the

firast approximate value of the mass of the W-bosons.

Key-words: Weak interaction; Unification of interactions; Standard
model; Intermediate vector bosons.
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1 INTRODUCTION

The polemic on'the B=-ray spectrum

We all know that great discoveries are not the result of
only the work of one or a few scientists at a given time-they
arise rather from research and discussions which take :somé
time-- years, hundreds of years --before they converge to a great
new idea, to a new theory formulated by one or a few remark-
able men of science. It is the names of the latter, however,
which are registered in the history of sctence, not, 'usually,
those of the pioneers who saw some rays of light before the
perception of the brightness of hundreds of suns.bf the gen-
juses whom we know by heart and venerate.

P.A.M. Dirac! expresses this view in the following pre-
cise words:

""hen one Looks over the development of physics, one 4eead
that it can be pictured as a rathen steady development with
many small steps and superposed on thai a number of bdig jumps.
0f counse, 4t 48 theaeibig jumpalwhiéh are the most interesting
features of this deuelbpment.-Tha background o4 steady .. -deve-
Lopment 44 Langely Logical, people are working out the = ideas
which §ollLow the previouns Sset-up adco&ding to standard methods.
Buf then when we have a big fump, £t means that somelhing entd
wely new has to be introduced. These big  jumps usually consist in
overooming a p&e'judice.;”'

However the modern tendency among historians of s¢ience
seems to. be io regard each historical phase as the result of

acontinuous action of subjacent forces during the ' preceding

phases.
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""The ofd style, according to $tillman Drake?, was fo . show
each pioneer scientist as a revolutionary, acknowledging  his

debt to the past as rittle as possible and stressing, the novelity
04 his work as much. asé possible. The present style 48 to  at-
tribute as much of ﬁi& thought aalﬁaéaibze 2o his predecessons,
and to grant as Litile as possible to his own onriginality". .

And it is Alexandre Koyré® who writes in one of his remark-
able articiles on the-history of scientific thought:

""la séience moderne n'a pas jailli parfaite et complite, tel
Le Athena de La t2te de Zeus, des cerveaux de Galilie et de
Descantes. Au contradinre, ia.niua£ution.ga££téenne et cartesdien-
ne - qui neste malgn? teut une reévalution - avait  2tE. ”p&éﬁaaég
par un Long effort de pensece”"

We are here not to analyse the transition - through the mid
dle Ages - from Aristotle's physics to Galileo'scientific revdlg
tion of the XVIIth century, nor the origin of the theory of re-
lativity or the eveclution of the ideas which sprouged  guantum
mechanics.,

It is our aim to-give_an account of the developmant of the
physics of weak interactions whigh, after about forty years,domaerged._.
with quantum electrodynamics to'give birth to the first model
of unification of interactions - the s&i- called . electroweak
standard model.

This cannot clearly be a complete history of weak interactidn. .
physics. These notes will of course reflect my view of the sub-
ject after many years of work in this field - and after having
had_the privilege of spending some time in laboratories where

great exponents of contemporsry physics were actively working
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such as W. Paull and J.M, .Jauch, J.R. Oppenheimer, C.N. Yang,
F.J. Dyson and A; Pais, Oskar Klein and H..Yukawa, R.P. Feynman
and M. Gell-Mann.

After the theoretical developments and experimental disco-
very of the efeciron at the end of the last century and the
beginning of the XXth century - W. Crookes, J.J. Thomson, H.
A. Lorentz and J. Perrin and R.A. Millikan, among others - and
of the proten - J.J. Thomson, C.G. Barkla, H. Nagaoka and E.
Rutherford and his co-wnfkers -~ there came the notion of;ﬂwinn
by A. Einstein in 1905 and its experimental confirmation - A.
Compton. -

These were thée elementary partiicles (Fig. 1) which all phy=

sicists accepted until 1930 as the

Elemtentary particles before

1930

Electron

Proton

Bhoton

A nucleue A,Z would be formed

of A protong and A-Z electrons

Fig. 1

tools for the atomistic description of matter and the electro-

magnetic forces.
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After the discovery of radioactivity it was J. Chadwick who
established experimentally in 1914 that the electrons emitted
by the B-radioactive nuclel had a continuous energy spectrum.
As the nucleus with mass number A and charge number pA
was thought of as being formed of A.pactons and A-I electrons,
it was natural to conceive in the 1920's that the B-rays ﬁere
electrons coming out from the radioactive nuclei. The diffi-
culty was, as emphasized mainly by L. Meitner, that as nuglei
possess discrete energy levels, as deduced from the o - and
Y = ray - spectrum the B - electrons should have .a definite e
nergy determined by the energies of the initial and final nu-
clei. And 0. Hahn, 1L, Meitnef and. collaborators found "elec-
tron lines" which, however, were shown by Cﬁadwich to be only
a small fraction of the total 8 -ray continuous spectrum. Af
ter:: Rutherford proposed in 1914 that this continuocus spec-
trum was due to collisions of :the B-electron -~ with a well
defined energy — with the atomic outer electrons, C. Ellis
gave an important contribution by separating_thé continuous e
nergy electrons fxom the electron lines, The latter were .des-
cribed by Ellis as resulting from the conversion of monosner-
getic y -rays coming from the nucleus and indeed nuclei like
Ra E which emit no vy ~-rays emit no electron-lihes. The ex-
perimental definite solution of this question - and the end
of the Ellis - Meitner polemic — was provided by the determi-
nation - C. Ellis and W.A. Wooster - of the total energy car-
ried by the elettrons corresponding to a known number of de-
cays - it was known that in each B ~decay process there is
one electron emitted. The experiment ‘was- the

measurement in © a calorimeter of'the heat produced by
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the absorption qf the B —electrons. In the case of secondary
processes undergene by well -defined mnergy B —electrons, the
energy per decay would ke equal to the upper limit of the
continuous. spectrum; in the case of electrons with continu-
ous energfes coming out from hhevnucleus,. this energy woulé
be the mean energy, according to. the distribution curve of

the Fig. 2.
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Fig. 2

Whereas the upper limit of the B -ray energies from :RaE
is about 1 MeV the measured value was 0.334(210%)MevV=E (Fig.2).
The possible y-rays which could be emitted together with
the etectrons (and not absorbed in the calorimeter) and ac-
count for the missing energy, where shown by Meitner - with

Geiger counters - not &b exist,
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2 THE NEUTRINO HYPOTHESIS

Where did the missing energy go?

Niels Bohr advanced the hypothesis of wviolation :of . ~the
law of energy - and momentum - conservation &n nuclear:processes
like B ~decay and thereby suggested the non-invariance of
the theory under the group of translations in space-time, hence
under the Poinéaré' groups: why would angular momentd be con
served?

This was clearly more radical than breaking the prejudice
that no other particles -aside from electrons, protons and
photons ~ existed.

This prejudice was (timidly as bhe did not publish Whis
idea in a scientific journal paper?) broken by W. Pauli’in a
letter sent on December 4, 1930 to physicists who were meeting
in T#bingen to discuss these questions -and he addressed them
as "Liebe Radicaktive Damen und Herren':

Here is what he says:

""NUmeich die MBglichkeit, es k8nnten elekirisch neutrale.
Teilchen, die ich Neutronen nennen will, in den Kernen _exds- .
tiernen, welche den spin 1/Z haben und das Ausschliessungs-
prinzip befolgen und sich von Licht - quanten ausserdem noch
dadurch untenscheiden, dat sie nicht mit Lichtgeschwindheit
Laugen. Die Masse der Neutronen miBte von denselben Grbbenor
dnung wie die ELectronen masse seinund jedengalls nichigrBsser
als 0,01 Protonen masse. -Das kontinuerfiche B - specirum wire
dann venstlindtich unter den Annahme, daB beim B - Zugall mit
dem ELektrom jeweils noch ein Neuthon emittiert wird, derart,

daB die Summe der Energien von Newtron und Elektron konstant isf.""
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This new particle is the (Electron-) Neutrino, a . mname
given by E. Fermi after the.discovery of the neutron:.by J.
Chadwick in 1932,

In the 1930 letter Pauli thinks that his neutrinos would
be part of the nutlei -as the present day neutrons —and wthus
would at the same time solve the difficulties connected with
the assumed existence.ofehxmnxm in nuclei:

-Apin and statistics: for instance deuteron would have spin 1/2 or 3/2 if
it were formed of 2 protons and 1 electron, wheréaé.it has
spin J =1; nitrogen N'* was shown (R~ de L. Kronig) to hawe
spin 1 whereas 1f it were built up with 14 protons and 7 elec
trons it would have (Ehrenfest andcppmhemer) 'a'haif-'vint.'egraxu.spin'
-magnetic-moments. The nuclei had’ magnetic moments of the

order of the nuclear magneton

uN = _SE__, mp = proton mass ,
and the magnetic moments of the nucltear electrons did not contribute .
at all, being 1800 times bigger than Myt Said @ Niels  Bohr
""the nucdear electrons show a remarkable_passivify."“

Pauli's particle, emitted together with the electron, was
at first considered to exist in nuciei and solve ~the. lLuabove
difficalties, but in 1931, in the Pasadena meeting of the
American Physical Society, when he publicly spoke about his
ideas, he did not consider the neutrinos as existing _pieces
in nuclei, anymore but he thought that the matter was still
uncertain and he did not want to publish a paper about it:

""Die Sache schien mirn aben noech necht unsichen, und Lch Riess
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meinen Vortnag nicht drucken."”
In reality, we may consider two kinds of theoretical con«

tributions. to the advancement of physics.

3 THE THEORETICAL DESCRIPTICON IN PHYSICS

One kind is an intuitive new idea, which is put forwarqd
as suggested by an.analysis'of certain experimental results.
This was the kind of Pauli's proposal. Another jidea of this
kind was De Broglie's postulate of assoclating a wave to par-
tiéles but thés was. a speculative.intaitive: tdea. Perhaps
to this kind belongs also the notion of photon by Einstein:

.""Azi 0f this was quite clean to me shorily after iLhe appe-
arance of Planck's fundamental wonk; 80 that without having a
substitute for classical mechanics 1 could neventheless  see
to what kind of consequences this Law of Zemperature - radia-
iion Leads for the photo - efectric effect and for other xefat
ed phenomena of the transgormation of radiation - energy, as
well as forn Lhe specifdic haat'(in pariiculan o4 6o£id-bodie6W".

An intuitive new idea was also the exclusion principle for
mulated by Pauli after an analysis of miésing lines in atomic
spectra.

The other kind of theoretical invention is an intuition
guided by a feeling of mathematical beauty and simplicitywhich
1eads-one-to;make-unexpected predictions; examples are to be
found in Einstein's relativistic theory of gravitation, in

the discovery by Dirmg of the relativistic wave equation of
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the étectron.and.the resulting prediction. of the positron -

and anti¢matter (the prejudice against new particles existing
at that time led Dirac to erroneocusly - identify the anti-electron
with the proton). Here is what Dirac says about Schrddinger's

discovery of the wave equation:

""This advance [of quantum theory in 1925] was brought about
indcp?ndentig by two men, Heisenberg f4inst and SchaBdingen soon
afterward, working from differenit poinid of view; Heibanbonrg
worked keeping close to the experimental evidence about spectra
that was being ammassed at that time, and ke found out how the
expeiimental information could be {itted into a scheme. that is
now known as matnix mechanics. ALL the experimental data v 0§
spectroscopy fitted beadtifully inte the scheme oﬁ_mdt&it me-
chanics, and this Led to quite a different picture of the :a-
tomic wonld, SchabBdinger wornked from a more mathematical podini
of view, trying o gind a beautiful -theory fon descrdibing a-
tomic events and was hetﬁid by De Braglie's ideas of waves asd-
sociated with panticles. SchiaBdinger got his equation by
pure thought Looking fon some beautiful generalization of De
Broglie's ideas, and not'bg keeping close to Zhe axpeiimeniaz
~development o4 the subject in the way Hedisenberg did";

"I might Zell you the 4£oay", pursueg Dirac, "l  heard
grom  Schabdinger of how, when  he 'ﬁixét got  the
idea gor his equation; he immediately applied it da the behaviour
of the electron in the hydrogen atom and then he got - Aesubis
that did net agree with expeaiment. The disagreement arose be-
cause at that time 4t was noi known that the electaon has a

spin. That, of course, was a great disappointament %o Schrlidin
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ger and it caused him to abandon the work for some months.

Then he noticed that if he applied the theory in more approxi-
mate way, noi taking inte accouni the refinements requined by
nelativity, o this nough . approximation his work was  4An

agreement with observation”

"1 think there is a moral to this stonry, namely that it ia
more impoatant to have beauty 4in one's equations than to have
them it experiment. I§ Schabdinger had been more confdident 4in
his wirk, he could have published i some months earfier, and
he could have published a more accurate equation.”""

The same philosophy is expressed byIEinstein6 when he says:
nmi aqm convinced that we can discover by means of purely ma
thematical constructions the concepts and the Laws connecting,
them with each othea,_which furnish the key 2o the und erstanding
04 natural phemomena. Experience may suggest the appropriate ma
thematical concepts, but they mosi c@maunﬂg cannot be :deduced
from it. Expenience -remains, 0f courde, the sole Jlondtendon
of the physical utifiiy 0f mathematical consiructions. But the
eneative principle nesdides in mathematics. In a. centain sense,
- thenefore, I hold it true that pure thought can grasp realily,
as the ancients dreamed:”

| Thig is perhaps not the Einstein”of the 1905 paper "Zur E-
lektwodynamik bewegter K&rper", Ann. der Physik 17, 1905, whidh
starts with an analysis of the phenomena which led him to the
special theory of-relativity.

He writes in this paper:

"Examples of this sori, together with the unbucceéaﬁut at-
tempts Lo didcover any motion of ithe aanth.&alatiuety_td the
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"2ight medium", suggesd that the phenomena of electrodynamics
as well as of mechanics (possess no propenties corrnesponding Lo
the idea of absolfute nest. They suggesd nathen that, as has
abrneady been shown to the finsl onden of small quuufitiea,iﬁé

same Laws of electrodynamies and optics will be vatid for alt

{rames 04 nefenence.fon which the equations 0§ mechanics hotd
good, We will naise 1this conjecture (the purport of whichwlll
hereaglen be catied:tha nprinciple of Relativity'l o the
status of a postalate”.

It was later that Einstein reached the conviction expres
sed before the above gquotation. About the notion that physi-
cal Laws would begin and end with expeiience, Einstein writes:
nna ofean necognition of the eppronecusness of this.noiion neat
LYy only came with the general theory of relativity".

As I am todching upon this question which is .of coxse at
the core of the most recent developmeﬁts in unificatioh theories,
may I just quote the introduction of the remarkable papera of
Dirac's on monopoles, entitled "Quantised sihgularities in the
.electromagnetic field" in Proc. ROy-. Soc. 133A, 60, 1931:

"The steady phroghess of physdics requires fon 4iZs ;£E¢aaeF
tical formulation a mathematics that gets continually more ad
vanced. Thés is only natural aad 1o be expected. What, how
even, was not expected by the scientific wonkens of the Basi
centuny was the panticular form that the Line o4 advancement
04 the mathematics would take, namzzy, it was expected that
the mathematics would get moxe and more comp£4ca£cd but would
nest on a pamnanent basis of axioms and deginitions, while ac

tually the modern physical develepmenis have nequined a mathe
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matics that continually shifts its foundations and gets more
abstract. Hpﬁ;eﬁclidaan.gaomez&y and non-commutative algebra,
which wene at one time considered 2o be pu@ety gictions . of
the mind and pastimes for Logical thinkeas, have now been
dound to be very necessary for the descrdption o4 genernal
dacts of zhe physical world., I+ seems Likely that Lthis pavcess
of increasing abstraction will centinue in the future and that
advance 4in. physics 4is #¢ be associated with a continual modifi
cation dand genenalisation of the axioms ai the base of the ma-
thematics &atﬁek than with a Logical development of any one ma
Zhematical scheme on a fixed foundationt®,

All of this leads us to the remarkable philosophical ideas
of Bythagoras and his disciples as reported to us by Aristotle®
in his Mefaphysics A. I do noil resist guoting thiz : sentence
which I take from a French edition of this work:

"PEL comme de ces princdipis Les nombres sont, par  -natune,
Les premiens, et que, dans Les nombres Les Pythagordiciens cro
yaient pgreevodnune mulititude d'analogies avec tout ce qui eét.
el devienit, plus qu'ils n'en apercevalent dans Le Feu, fa Ter
ne et L'Eau  [L..] ; comme Zks voyaient, en dutre, que des
nombres exprimaignt Les propui@des et Les proportions musica-
Les; comme, enfin, toutes Les autnes choses Leun paraissaient,
dans Leur nature entiere, etre formees @ La nessemblance ded
nombnes, et que Les nombres semblaient Etre Les  realites pui
mordiales de L'Univenss dans ces conditions, ils considererent
que zaé'pninciptea des nembres sont Les elements de tous  Les
2trnes, ‘et qdc £e Ciel tout entiern esit hammonic. et nombre,""

(Aristote, La Métephysique, A,5,985b,".25).
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In his paper, Fermi states that" a mathematical formalism
in agreement with these Lthree nequirements Enumber of .-electrons
and neutrinos not constant, neutron and p¥oton as two states
of the heavy particle and hamiltonian built in such a way as

to assoclate the neutron préton transition to the creation
of a pair electron -neutrinc] can be set up very casily by

means ¢4 the Dinac - Jondan - KLein method of "seeond quantization”.
Fermi's paper had therefore a mathematical beauty and at

the same time an accurate analysis of the data. If was a cha

racteristic of Fermi's writings: simplicity, elegance, clarity.

4 THE IDEAS OF FERMI AND PERRIN

Now back to weék_inte:actionsm The big jump for thedr
understanding is contained in two papers, ocne hy  Fhancis
Perrnin® in the Comptes Rendus de l'Académie des Sciences de
Paris, Séance du 18 .décembre 1933, under the title"" Possi
bilité d'émission de particiles neutres de masse intrinseque-
ment nulle dans les):padicactivitds B.""; the othex papexr, '’
where the theory is pratically {ully, developed, by E. Feamd
in Ricerca Scientifica in 1933 and in Zeitschrift fdr Physik
in 1934 (E. Amaldi tells us that the famous London scientific
journal "Naturme" nefused Lo publish Fermi's note: it
was thought to be too remote from physical reality.) (Are
referees not tyrans always?)

In his paper Fermi takes up the idea of the constitution
of nuclei by protons and neutrons (Iwanenko, Comptesg .Rendus
Acdd. Sci. Paris, Adut 17, 1932). Fermi says:

"In the nadiation-theony the totml number of Light quanta

is not a constant: Light quanta are created when they are
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emitied from an atom, and disappear when they are absorbed,

In analogy to this theony wewillbase our B8 -nray theory on the

g§ollowing a&&dmptioné:

a) The foial number of electrons as well as of the neutnino
i4 not necessarily -constant.ELectrons {on neutninos} may
be ereated on destroyed. ... |

bl The heavy pajiticles, neutrans:and protons, can be considex

_ed, as by Heisenberg, as two internal quantum states of
the heavy panticze cee

Already-Petrin, after concluding that the mass of the nsu

trino must vanish as a result of‘the comparison of his formu-.

la for the mean electron energy with the experimental value,
states:

"S{ Le neuinine a une masse intrinsdeque nuble, on ddét
aussi penser qu'il ne priexiste pas dans Les noyaux atomiques, et

qu' il est cnle, comme L'est un photon, Lors de 2'émission.

CEngin i semble qu'on dodve Lul attribuer un spin 1/2 de fa-

~

gon qu'il puisse y avoir conservation du spin dans Les radio-

aetivites B et plus gEnEralement dans Les trans formations even

tuelles de neutrdns en protons (ouw inversement) avec @mission
ou absorption d'electrons et de neutrinos""
Voild! Fermi's paper is actually beautiful and more com-

plete, with the vector form of the coupling, with the emission

‘and absorption operators "appearing in the theory", with the

calculation-dflhe transition probability and the analysis of

the influence of the neutrino mass on the electron energy dig.

tribution curve -and he also decides for a vanishing neutrinc

Y

mass (or very small with respect to the electron mass), and

also an analysis of ‘forbidden transitions.‘ahbanﬁyl.

o
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However the fundamental ideas of the theory may be desig-

nated - if no. one ocbjects to that -as the Feami - Perain sancep-
tion o4 B -decay..

Pauli writes:

WEinen Tell von Fermis Folgerungen, bettregfend die Foam des Beta-
ppektrums und den “Schluss au{'dieikuhemaaa des Neutrinos, hat
gleichzeitig und unmabhliaging auch F. Peardin gezogen, der eben-
datls am Solvay - Kongness anwesend warn.""

And Fermi himself knew of . Perrin's paper as he quotes it
in his 1934 Zeitschrift f£8r Physik paper. Concerning the
conclusion on the neutrino mass Fermi says in his footnote
No. 5:""In a necently pubfished anticle, ¥, Pearnin, Comptes
Rendus 197, 1625 (1933), comes to the same conclusdion with
qualitative anrguments”.

My' quotations of Fermi's paper are taken from the transla
tion by P.K. Kabir, in his collection of original papers on
weak interaction, Gordon and Breach, -1962. Kabir, however, did
not find Perrin's paper worthy to appear in his collection,

The scientific world being what it is we may only regret
that some names are cmitted from historical . accounts.

Fermi chose for the interaction hamiltonian which - Pro=-
duces the neutron B -decay the vector\Coupling,_of the form:

H, o= g (py'n) (E-mv')_

The non-relativistic approximation for the nucleons is.

appropriate and for the leptons - as we call today the light

particles - he writes plane waves (neglect;ng the Coulomb dis

tortion for hhe electron wave function).
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In general, of course, the interaction hamiltonian shouild

be a superposition of the five Dirac covariant forms, namely:

= = =V
H, . —-EgcaipIan)(eTa )

where a= 1,...5 and

Here NA are the well-known Dirac matrices and

[

_ i o v
P = AT Sapuv? Pty

&'V =

(S

etc.

Jusqu'en 1956 les physiciens croyaient gque les lois de
la nature étaient invariéntes par rapport a4 la . reflexion
spatiale et donc qu'il y aurait une conservation rigounase_de
la parités Pauli, en particulier, qui a congu 1 'hypothése du
neutrino pour retablir dan les processus faibles la conserva
tion d'energie, impulsion &t nmoment angulaire crojait en
la conservation de la parité.

In deneral 1if parity violation is taken into account &n

the weak lagrangean, this will contain®ten coupling  constants

5 o
(:E inf Z (PI'an) (era.(c. ".'c;“ifs)\))

a=]1
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The amplitude for the reaction Ni + Nf + e + vV &8 obtained

by Feynman's . rules and is given by
8 = -i(Zﬂ)&(En'-Ep'-Ee -3U)M
where:
. = 5 S a S
M= EJd.x(u(pé)I‘ (Ca +CoY )v(qv))
L >
. e PPV X G| (BT nIN, >
£ a i

The. momentum transfers are of the order of a few MeV as
one may repitace the expdnential by 1. This approximation plus
the nen-relativistic treatment of the nucleons. constitutes the

go~called allowed transiiions. In this case

M = le' <I>(ﬁtpe) {(c*i +Cly®) + Y°(Cv +C"’q5)}v'(q°)-

+hl- <as'a’>...1'ﬁ(pe}{3(cT +Cfy®) - Sy°(c, +cps)}~.v(qv)_

where:
AI> = Jd3x<wf [p+ (x)n (X) IN, >
i I3 : 1
is Fermi's matrix element and

<5> = Jd.ax <N [p*G)&n(x) N >
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is the matrix efement of Gamow and Teller.

A pure Fermi transition as exemplified by: clé_;«ul“-+e+-+v
has the selection rules 8J = 0 and no chaage of parity. A search
for such a transition is facilitated h;z the transitions 0= 0.

A pure -Gamow-Teller is detarmined by the rules:

AT = 0, + 1 and: na’ transitéon 0-+0, and ng.chgnge. Gé’pﬂk&ty
which is the case for

He &> L1+ e+ VvV - J =0+ =1
A mixture of the two amplitudes is = . present in several

reactions as in
n-+7p-+ e_+;
H® + He® + e + V

As the orbital angular momentiof the leptons is zero in the
allowed transitions, the electron and the.anti-nautrino will
be in a singlet state in a Fermi transition {scalar S, and vec-
tor, V, interaction)whereas in a Gamow-Teller transition they
will be in a triplet state (axial vector, A, and temsor,. T,
interactith).

The existence of both types of transitions leads us to son

clude that
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S and/or V # 0

{and

‘A and/or T 0

After Fermi's paper, many physicists contributed to . the
bheoretical and experimental development of f-decay :processes..
In 1934, artificial. radiocactivity induced by - .aipha -wpatticles
was discovered by Irene Curie and Frederic Joliet and also
the positron -emission reactions, and successively - the capture
of orbit&l electrons by nuclei, the capture of neutrinos, fhe
early experimental attempts at testing the neutrino, the con-
sideration of exchange» of a pair electron -antinemtrino ' between
a neutron and a proton. Papers were published by many phy-
sicists and among them, G.C. Wick, H.A. Bethe, R. Pelerls, M.
Fierz, H.R. Crane and J. Halpern, E.J. Konopinski and G.

Uhlenbeck, and 8o on.

5 MAJORANA'S NEUTRAL FERMIONS

We cannot, of course, forget the contribution of Ettore
Majorana® in his beautiful paper on the Symmetrical theory  of
the electron and the positren, Nuovo Cimento 5, 171, 1937.

" In today's notations what Majorana work leads to 'is to

state that:
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_If P(x} is a Dirac spinor which describes an electron with
‘-__cl_';?zjge e in interaction with an electromagnetic field Au‘ (x),
cbeying the equation:

.{y“uaﬂ ~eA) - m}w(xx =0

then there exists a Dirac spinér wc(x’)' which describes an anti-

electron with charge -e and obeying the equation:
{7’” (13, +eA ) - m } b x) =0

It is well known that, as tlTJ(x)' where § = \b+‘y° and t in-

dicates the transpogeed, satisfies the equation:

t oy o+ + 7 =.
{’y(:l.a‘1 eAu) m}w_o
then a matrix C with the properties:
-1
+ -1

tc=-¢,c"=c
determines the relatienship between ¢ and P{x) namely:
Lo
V. (x) = ClTv(x)

wc is the charge conjugate of Y. In general, the operation of

charge conjugat\ion is the neplacement of the state offi a par-
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ticles and b antiparticles by the state with a . antipaxticiles
and b particles.

It is only in quantum field theory that the Dirac covariant

forms behave correctly for example in classical theory

v ety 0 = v Yy

whereas in g-number theory:
- -"' u » —
.wc(x)y wc(x).

= = ¥ (x)

as it must be, the double points indicating the normal pro-

ducts.

Here is the table of the necrmal bilinear forms

C-=~"gonjugate

s sRIvx: ) (x) s
v 0y -2 (x) Yy (%) ¢
T L P (x) E“' 'r"]w(xh:-i -
2 . ) —: 50x) PV (%) ¢
:ﬁ(x)ouvw(x)z '
a PYPYS P s 9 ()Y 5P (x)

P 13 (x)ySe(x): 19 (x)y Sy {x)
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A Majorana field describes particles which are identi-

cal to their antiparticles:

Vix) =y (x)

(up to a phase factor}.

Therefore V'andjfwudéh and as V defines currents

{elec~

- tric, baryonic, leptonic, etc) and T the moments - associated

to these charges, M(x) EM_(x) describes purely, Zruly neutnal:
particles.

The simplest way to desckibe tbc(}{) .is in the Majorapa repre~

sentation of the ¥-matrives namely:

and

se that

¥, ) = p*x)

Charge conjugation which is anti wnitary in classical theory is, how-

ever, a unitary operation in the Hilbert space of state vectors. If we con
sider the operatars of absorptlon of particles A and of anti-particles B,
charge conjugation is, in quantum theory:
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For a scalar field:
p(x) = ﬁljﬁf %_B—E Alp) e"ipx +B+(p)eipx _
{2m) I “Po ’

1 fde . -] . ;
e = s [ 52 {B“”e X 1 AT (preten

we see. that

6o (x) = ¢"(x)

As the charge operator' Q anticommutes with the chgrge conju-
gation operatorg -~and as only states with the same elgenvalue

of Q may be superposed, according to the superselection rules,
then:

0® {a |q; iP8,> +a, la: P252>}— -QQ{a lq'Plsl> +a2|q,pzs‘~>} =
= -qe{a laipys,> + a ,laip,s;>1

Thus:

@ {a' Iql Pls > +a |q P2 2>} = a l-q;pls >+ azl-q:p252>}=

- aBlaip,s,> +aBlaip,s,>

For a Dirac field:
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1 [ & : -
P(x) = - J' R ¥ da(ps)u(ps)e LP¥
@ 37% } opo Es { ps)u(ps)é +

+ B+(ps)v(ps)eipx}',

(Yupu"—m)u(psl = g; (Yupu +m)v(ps) = &

then asCfGohas an equation for u and c'a the equation for
v clearly:
l .I d3P =
¥y (x) = j. 4B (ps)u(ps)e *P* 4
¢ (2'11)3/2 2p° g

+ A+ (ps)v(ps)eipx }

In the Majorana representation, v* is a u function and

u* is a v-function since y"* = - y* |
So,
t, + 1 . daP | ( -ipx +
o (x) = T 377 n.i B(PS)U ps)e
¢ (21r) 2p° s_

+ AT (ps)v(psleP®

the transposition is only in spinor space.
If M(x) is a Majorana field then:
d’p

1 . -ipx
M(x) = - I . A(psiu(ps)e +
(2my3/2 J 2p° )

+ A+(ps)v(ps)eipx

where v(ps) = Ct;(pS).'In the Majorana representation v = u*;
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and in this representation M(x) is a real field.

After the Majorana paper the question arose as  follows:
are neutrings in 8 —decay a Dirac on a Majoﬁana field?

This question led to the study of the double -8 decay
first by Maria Goeppert —Mayer in 1934 and by W. Furry .. in
1939 4s a means of finding an answer to this question.. An
example is found in the iscbaric: triplet .Snl?*%,

50
Pe!?" Their energy levels are of the type

124
518b '

52

124
518b

124
50Sn

) 124
52'I‘e

therefore SOSnlz“ cannot give 515b¥27 but could go into 52Te.”"_

According to Fermi's original idea this would be the result of

the decay of two neutrons in the nucleus according to the alter-

native diagrams:

v # v,

n->p+e+v
Tn o+ ptetv

Snl2%apel 2%42e+2v
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MAJORANA  riq. 3

There are two vertices, both processes are of order g?,

in the Majorana case the neutrino emitted by one neutraon is
captured by another neutron and there are no free npeutrinos
emitted,only two electrons the totak energy of whiéh.is fixed
and équal to the maximum energy released. Phase space would
give an enhancement by a factor about 10° higher ' than in”

Fermi's case.

We shall see that accordina to onrrent theory and experi-

mental evidence neutrinos are left - handed (negative helicity)
whereas antinemntrinos are right - handed. Therefore such a
two component neutrino cannot be a Majorané particle: if a
Majorana particle has electric, leptonic, baryonic charges
zero, a left —handed Majorana particle has the helicity as a
charge which distinguishes it from its antiparticle, the
right -handed Majorana,

Left —handed Majoranas have even an effective electromag-
netic¢ interaction.

After the papers by F. Perrih and E. Fermi in 1934, Hideki
Yukawa published “in 1935 in the Proceedings of the Physical~ Mathema-
tical Society (vol. 17, pg. 48} Japan, an ﬁﬁ;niant paper with a

new idea..
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6 YUKAWA'S MESON FIELD

After the work by Tuve, Heydenburg and Hafstad, and by
Breit, Condon and Present, after the work by Cassen and Condon
and by Bartlett, in 1936, and by E.P. Wigner in 1937, the no-
tion of charge independent nuclear gforces’® becama well esta-
blished - follewing the phenomenological research on the
form of the nuclear forces by Heisenberg and by Majorana in 1933.

vukawa's ™ idea was revolutionary in..the sense that it pos-
tulated a new §ield which would be responsible for the nu-
cleon - nucleon interactions. The Klein'w Gordon equation for

a scalar field ¢(x) generated by nuclear matter with demnsity p{¥j2~

(O+ n2)é({x) = gpixl

hag a Green's function in the static case
Sl uziY(§f§'} = g63(x =-x")

which is:

THI > +

Y(rl = QE%FE? , r=|x=x'|

and which describes the field at X generated by a point .. nu-

cleon at the point X", By relating the range of this force, %,

suppeosedly generated by a field of quanta with mass m. ,% =

;éz-, with this mass, Yukawa found mTr n 200m, ; a particle the=
i

refore of mass intermediate between those of the electron and
of the proton, the meson, as it came ©o be called. Yukawa

knew Fermi's paper as well as the.attémpts to apply the Fermi
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lateraction to describe nucléar forces, which were not sucess
fdl. B

Fig. 3a

He wote: "" according to our theoay Zhe quantum . dmitted
when a heavy particle jumps from a nauiron to a proton étaté
can be absarbed by a zight.paaticta which will then in conég
quence 0§ enengy absonption rise gfrom a neutrdino state of ne
gative enengy Lo an e&edz&bn state of positive energy. Thus
an auiineutnino.and an electron are emitted :isimultaneodsiy
grom the nucleus.””

Yukawa, therefore, not only.announced a new description

of the neutron - proton interaction:

Fig. 4
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he also believed that his theory would provide a description-

of Fermi's 8 - decay

Fig. 5

We know that this does not work although this diagram exists
and gives the so-called pseudoscalar induced iktenaction, pro-—
portional to the light particle mass and which is therefore of
interest in the muon - capture by nuclei (J. Leite Lopes, Phys.

Rev. 109, 509(1958}; L. Wolfenstein, Nuovo Cimento 8, 882 (1958)).

7 THE COSMIC-RAY MESONS

I wish to emphasize that Yukawa's paper of 1935 raemined prac
tically unnoticed. In spite of the discovery of the neutron - and
of the positren by C.D. Anderson and by P.M.S. Blackett and G.
P.S. Occhialini in 1932 - in uspite of Pauli's postulation of
the neutrino and the success of the B -—ray theory of Fermi ~and
Perrin, physicists still had a prejudice against assuming  the

exdistence of new particles apparently not needed to desceribe
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the nuclear structure.

The experimental investigation of cosmic rays would open

new horizons. After the work of Bhabha and Heitler (H.J. Bhabha
and Walter Heitler) and of F. Carlson-and J.R. Oppenheimer on the
structure of (soft) showers - multiplication of photons and e-
lectron - positron pairs - it beocame clear that this component
of cosmic radiation cannot penetrate great thicknesses of mat-
ter. The mystery of the existence of the penetrating components
of cosmic rays was at least partly explained by the discovery
in 1937 of particles which, in the words of Anderson and Neddexr-
meyer,® have "unit charge but a mass (which may noi have a unique
value) Larger than that of a nonmal free electron “and -~ much
smaller than that of a proion; this assumption would also  ac-
count for the absence of numerous Large radiative Losses as well
as . gon the obhsenved Lonization. In as much as charge and mass
ane the only panametens whiech characterize the electron in  the
quantum theory (b) seems to be the best working hypethesis .""
Hypothesis a) suggested by these authors would be the  possession
by e+and e of sdme unknown property capable of accounting for the
absence of large radiative losses on a heavy element. )

. The observation that in cosmic rays there might be particles
with intermediate mass but not with a unique value, would be
ten years later revealed to be true with the discovery 04 pions
and thein decay 4into muons. .

Although, Anderson.and'.Neddermeyer“particie L. was not
Yukawa's meson, physicists thought that they were so and nume-
rous articles started appearing on the meson theory of nuclear
forces: may I remind you some names of authors of theoretical

papers such as H. Yukawa, §. Sakata, M. Taketani, N. Kemmer,
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W. Heitler, H. Fr8hlich, H.J. Bhabha and L. Hulthén, H.A. Bethe
Chr. M¢ller and L. Rosenfeld, Julian Schwinger, W. Pauli and
S. Kusaka, J.M. Jauch, Ning Hu, Gregor Wﬁnt'zel. It was, in
the atmésphere &f the late development of the meson field
theory of nuclear forces that I started research in :Princeton

under J.M. Jauch first, and then under W. Pauli, in 1944.

8 SOME CONTRIBUTIONS FROM BRAZIL

In the late 1930's and early 40's let nme mention Jsome
contributions to cosmic ray physics and to the theory of g -decay
and neutrino physics coming from physicists in Brazil. I
have in mind the déscovery of showenrs of penetrating particdes .

by Paulus Pompedla, Marcello Damy'de Souza Santos and Gleb
‘. Wataghin® (Phys. Rev. 57, 61 (1940}, and the beautiful work
by Georges Gamow and Marioc Sch¥nberg? on the neutrnino theorny
0§ stellar collapse (G. Gamow and.M., Schinberg, Phys.. Rev. 58,
1117 (1940}, Phys. IRev. 59, 539 (194l1)}. Here is what Klemm .
and Heisenberg say in the book: Cosmic Radiation, W.Hedsenberg,
editor, Dover Publ. New York 1946, page 60: '

"Wataghin, Santos and Pompeia, working a 800 m above sea
Level, have. placed four counter tubes of 100 em® each so that
in eachopain the two counters are vertically under one  ano-
ther and the pairs are separated hordizonially, 30 cms. in one
case and 65 ems in the othen. A particle coming uentiaatly.&um
above and causing a pair of counter tubes to respond musi pe
netrate 17 ems of Lead. The authors observed fourn - fold coines

cideaces and found, with 30 em. separation, 4.5 . cdincidences
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per day and, with 65 cm. separation, 3.% coincidences per day,
wheneas they report that only 0.3 coincddences per day were fo
have been expected accidenﬂuiy. Hene they were evidently deak-
ing-with prQ 0f penetrating particles, mosi probably mesons """

After the remark that the'neutrinos emitted in 8 -desinte
gration in the thermonuclear reactions which produce .= .energy
in stars, carry only a small fraction of this energy away,
Gamow and Sch#nberg state:... "as the resulit of ithe progressive
contraction of the szar, the density und tempenature in _its
intenion beecome sufficiently high to penmii the cpenetration
of free electrons into different nucled resulting in the for
mation of unstable isobars with smallen atomic numba&a The
iwo processes which will take place under such conditions can -be

written schematically as:

1

(Nucleus)z + e -+ (Nucleus)z- + neutrino

(Nucl%us)z-l ~+F'fNucleu§f +e + (anti) neutrinoe

Since the neruixrinos. produeed im both nreactions cannot be
held back by gasecous walls surrounding the centxal regian “of
the starn, no actual Lheamodynamic equilibrium is evidently pos
4i5£z and the matter under these conditions will rapidly. Lose
Ats extra heat content <through the neutrino emission.""

This is what the authors called URCA PROCESS - a name sug
gested by the loss of money by gamblers in a cassino in Urega
beach in Rio de\Janeixo, a process which impreased Gamow ina

his visit to this city.
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9 PIONS, MUONS AND THE UNIVERSAL FERMI INTERACTION

After the Second World War, research was resumed and was
intensively developed in Europe and the United States and
the:year 1947 was the begiming of modern particle physics.

An important paper by M. Convérsi, E.-Pancini andO Picciond?®
(Phys. Rev. 71, 209 (1947) announced the experimental result

that if negative mesons were absorbed by heavy nuclei they

are not captured by light nuclei - thus negatiué mesons decay
in carbon but not inm iron. E. Fermi, E. Teller and V. Wedisskopf'®

(Phys. Rev. 71, 314 (1947)) calculated the process and showed
that the absence of capture of mesons in light nuclei implied

an interaction meson - nué¢ledn probability about 10'?2  weaker
than given by the Yukawa interaction. The diffiéulty inspired
R.E. Marshak and H.A Bethe'® (Phys. Rev. 72, 506 (1947)) to pro-
pose the existence of two mesons to account for the: Yukawa ‘stromy.
interaction and the Conversil, Pancini, Pigcioni weak absofpti@n:
effect. This was immediately proved to be true by the beaatiful
experiments by C.M.G. Lattes, H. Muirhead, G.RP.S. Occhidlini’
and C.F. Powell'®? (Nature 159, 694 (1947)) which detected ‘the
piors (v and %7) which decay into lighter particles, the
muonsé and neutral particles which we now know to be the muonic

neutrinos:

It then became clear that pions should be produced by the
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Yukawa interaction
p+n+ at
nep o+ T

and that the muons into which they decay have weak  ..intaerac-
tion with matter and consfitute the larger pertion of cosmic
rays at sea level.

The discovery.of pions and their 1 - decay was  made : by
exposure.of nuclear emilsions =:made highly refined and sensi
tive by Ilford - at the Chacaltaya Cosmic Ray Laboratory at
5000 meters, near La Paz. The Brazilian physicist Ce;ar M.G.
Lattes who brought the emulsions, went by Rio de Jangiro and
I thus had the privilege of knowing at first-hand these events
and of taking part in the ensuing discussion (J. Leite Lopes,

Meson decay and ithe thevay of nuclean forces, Mature (London).:

160, 866 (1947); On the Light and heavy mesons, Phys. Rev.Zd,.
1722 (1948)).
This was a period of great activity and creativity. The
important papers were, among othérs,#’those:
I) by Bruno Pontecorve (Phys. Rev. 72, 246 (1947)) in which
he proposed that
1) the muon capture must be identical to a Fermi electron - cap

ture with emission of a neutrino: H+p=+n+v, (only much .

i
later, evidence was obtained about the existence of a mu - A2 |
trino different. from the e - neutrino vu # vé);

2) the muon must therefore have spin 1/2;

3) muons might decay into e + v which was, howevexr, not ab-
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served.

II) by Oskar Klein (Nature (London) 161; 897 (1948))) and by
G. Puppi (Nuovo Cimento 5, 587 (1948})) in which they point
out that the constant Gcapt in a Fermi interaction  for
the yu - capture process. is approximately equal to that
in ordinary § -decay G, and Gyqe OF M:

- L

G -G

Gdec = capt F

IIT) £w=J.Tiomno and J.A. Wheeler (Rev. Mod. Phys. .21, 144
(1949); 21, 153 (1949)) which made an extensive analysis:
of the y —capture with several forms of Fermi  coupling
and several possible masses for the muonic -neutrino and
several models for accounting for nuclear excitations.

'IV) by T.D. Lee, M. Rosenbluth and C.N. Yang (Phys. Rev. 75,
905 (1949) which reached the same conclusions as Tiomno
and Wheeler

V) by L. Michel (Proc. Phys. Soc. (London) A63, 514 (1850}
who introduced the so ~called Michel parameter to charac
terize the electron energy spectrum curve in muon -decay
in a general study of the direct Fermi coupling between
four fermions.

VI) In our paper at that time (Phys. Rev. 74, 1722 (1948))we
tried to consider Yukawa's origiﬁal idea of couplings'
through pions and assumed a T = M coupling with a pseudo
sc.alar pion and an axial-vector interaction. This, however, can

not replace the direct Fermi (n p) - (uv) coupling as irdicated by M.
Ruderman and L. Finkelstein (Phys. Rev. 76, 1458 (1949)). It

was in 1957 when the model of Chew for treating .. non=relati
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vistic nucleons was available that we showed more rigorously
that only the Fermi coupling.(n,p)l-(ﬁ,vu) can account for
the u-capture cross section;'the w-ﬁ and w—p-coupliqgs how
ever are there and induce an aﬁﬁectiﬁe pseudoscalar coupling®

in the reaction

Uy +p = n V_u

"of the form:
Gp(unx upl(uu(l-+7 )-u)

where:

G 2m m o
i
2 2
A mTr + mu

G is therefore proportional to mu (perturbation theoretical
p .

calculations by J. Leite Lopes, Phys. Rev. 109, 509 (1958);

dispersion relation-treatment by M.L. Goldberger and . S.B.

Treiman and by Wolfenstein®®.

10 THE CHIRALITY TRANSFORMATION

I should like to mention the contributions by the Brazi-
lian physicist, Jayme Tiomno,? in his work with Wheeler, than
with C.N. Yarig (Phys. Rev. 79, 495 (1950)} and later on, in
a paper oﬁ the "mass reversal transformation" where he studies
the invariance under a<?5-transformation as a principle " to

determine the form of the four-fermion weak coupling (J. Tiamo,
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Nuovo Cimento, 1, 226 (1955)), even before the discovery of
parity non-conservation. This is the transformation which
Pauli (W. Pauli, Codlected Papars.:vol. 2, 1325 (1964}) calls
the "Stech-Jensen transformation" and which cbviocusgly should
be called the Jensen-Stech~Tiomno transformation if one :res-

pects the alphabetical.order of the names. By this transformation .

o> -y

the interactions between four fermions fall into two classes:

those which are invariant

and those which change sign:

T2 $o'Vyp > -YouVy

P: idy'y > - 19y%y

The period 1956 - 1958 saw important contributions which

were given to a better understanding of the weak interactions
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Experimental p;oof of absorption of free neutrincs emitted
in nuclear reactions was gilven in a series of observations by
F. Reines and C.L. Cowan Jr. and F.B. Harrison, H.W. Kruse, A.
D. Mc Guire (Science 124, 103((1956); Phys. Rev. 107, 528 (1957}

Tf antineutrinos are emitted with the electron in fB-decay

of the neutron:
n>p+ e+ v (1)
then they may be captured by protons 80 that
p+G*n+e+
positrons.are then emitted. Then if v # Vv the reaction
P+ v-*n+e+

would be forbidden. This was indeed shown to be true: neutrinos

are not Majorana particles. Reaction (1} suggested the neo-
tion of lepton guantum numbers and the principle of" ‘their
aonservation?® (E. Konopinski and H.M. Mahmoud, Phys. Rev. 232,
1045 (1953)). The discovery that the particle emitted in u-~deeay:

+ + -
u. >+ e + \Je + vu
namely the muon-neutrino is different from the neutrino emit
ted in B-decay of the neutron led to the attribution of . spe-
cific guantum numbers to each lepton fanmily, namely, as of

today:
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! LG . L]:l LT - a e ?
% 1 ] .0
e
e 1 0 0
& 7 0 o
Ve -1 0 [
' 0
vy 0 I
ur o 0
+ ) -1 0
2
Yy 0 -1 0
vt 0 0 1
T 0 0 -1
x 0 ¢ -t
Vo 0 0 -1

This was an important experimental discovery made later
(1961}, and here are the names of the physicists who took part
in it: G. Danby, J.M. Gaillard,K. Goulianios, L.M. Lederman,
N. Mistry, M. Schwartz, J. Steinberger {Phys. Rev. Lett. 9,
36 (1961)) (Neutrinos according to Majorana would = have ..a
vanishing lepton number and a double-8 6acay.violates the
principle of consevation of Le). A similar violation of con-
servation of I..u and Le-would be given by radiative decay of

muaons:

Bty
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An extension of the Glashow-Salam-Weinberg model to en-
compass muon-number violation was proposed by C. Ragiadakos and
myself (J. Leite Lopes and C. Ragiadakos, Lett. Nuovo Ci-
mento 16, 261 (1976)). This was based on the idea of neutrino
mixture as put forward by B. Pontecorvo?® (see S.M, Bilenky
and B. Pontecorvo, Phys. Reps. 41, 225 (1978)). In dur paper
we showed that besides Ve ang v, we had to introduce a third
massive neutrino, a'heavy neutral lepton and mix it with v,

and vu in a three dimensional isopin rotation.

11 PARITY VIOLATION AND THE VIOLATION OF THEORETICAI, PREJUDICES

In the late 40's and early 50's several groups contribu-
ted to the experimental discovery of strange particles. In
particular the famous §-1 puzzle led Lee and Yang® toc - paise
the question of parity conservation in weak interactions = in
general (T.D. Lee and C.N. Yang, Phys. Rev. 104, 254 (1956))
and ‘suggest experiments to test this question. Here is the be-
ginning of this article:

"Recent experdimental data indicate closely identical mas-
ses and Bifetimes o4 the 94{5’(;2} and the T+(EK;3) mesons. On
the other hand, analyses of the decay products of ©° strongly
suggest on the grounds of angular momentum and parity conserva
tion that tﬁe 'r'.r and 8% are not the same particle. This poses
a nathex puzzling situation that has . been  extensively dis-

cussed".
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And then the authors state:

"It will become clear that existing expeniments do indicate
parity conservalion in sirong and electromagnetic interactions
Lo a high deghee o4 accuracy, but that for the weak interactions
{L.e. decay interaciions {on the mesons and hypeaona,_ahd V-
nious Fermi interactions) pardily conservation {4 s0 far only an
extrapolated hypothesis unsupporied by experimental evidence™.

This was the important point: £o break with the prejudice
that geometrical symmetries were all absolutely held for all
types of interaction. and if parity conservation selection ru-
les were well established innuclear as in atomic physics, it +was
difficult. for several physicists - like the great Pauli - to
see a connection between parity conservation and the :sstrengit

of the interactions,

Here is what the great E.P.Wigner?’ said in a recent discus-
sion (Colloque International sur l'Histoire de la Physique des

Particules, page C8-448, Les Editions de Physique, Paris (1982):

""Frankly, 1 was {ully convinced that both fime reversal 4in
variance and redlection symmetry are valid. It waé.a.gumt4ﬂwck
to me when a Rack of validity of these was proved. [....]. 1£
44 possible to think that the whole existence of the weak din-
teraction 44 due to some initial condition o4 the world, but 1
can't believe it and therefore 1 am as puziled as before by the
Lack of validity of these invariances. 1§ we believe in the sim
plicity and beauty of all Laws of nature, these JLnvarniances
dhould be valid. Would you contradiet me?"",

Experiments were carried out,?®as you know, and proved that

in weak reactioné; parity as well as charge conjugation. invari
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ance are not conserved. . (C.S. ﬁus,- E. Ambler, R.W. Hayward, D.
D. Hoppes, R.P. Hudson, Phys. Rev. 105, 1413 (1957); R.L. Garwin,
L.M. Lederman and M. Weinrich, Phys. Rev. 105, 1415 (1957): J.
J. Friedman and V.L. Telegdi, Phys. Rev. 105, 1681 (1957)).

And it was in the following words that Pauli expressed him-
self to V. Weisskopf in a letter wﬁich is publighed and trans-
lated by Weisskopf in Pauli's Collected Papers:

"Now the finst shock is over and 1 begin to colleck My -
self{ again (as one says 4in Munich). Yes, it was very dramatic.
On Monday 2141 at 6:15 p.m. 1 was supposed to give a talk about
"past and necent history of the neutrine". At 5 p.m. the mail
brought me thrnee expenimental papens: C.S. Wu, Ledeaman  and
Telegdi; the Latlenr was 40 kind as to send them to me. The same
moxning 1 received two theoretical papers, one by Yang, Lee and
Ochme, the secand by Yang and Lee about the two - component
spinon theory".

And in a few lines below:

"Now, where shalf I stant? 1% ié good that 1 did not make

@ bet. 1t would have resulted in a heavy Loss of money - (which
1 cannot afford); 1 did make a fool of myseld, however (which
d-tkink 1 can afford to do} - incddentally, only in  Lettens
on orally and not in anything that was printed. But ithe othens
now have the right to taugh at me. What shocks me is not Zhe
fact that "God is jusit Left - handed" but the gact Zhat din
apite of this He exhibiis Himseld as Left/right symmetric when
He expresses Himsel{ strongly. In short, the neal problem now
is why the.ézxong Lntenactionsd anre £eﬁtlnigﬁt sgmmetric. How
can the Atncngzh 04 an interaction produce or cheate symmeiry

groups, invardiance ox condenrvation Laws?"
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Immediately after this experimental verification, thére
was a revival of the two - component theory of the neutrino
(£.D. Lee and C.N. Yang, Phys. Rev. 105, 1671 (1957); A. Salam,
. Muevo-Cimento 5, 29 (1957); L.D. Landau, Nucl. Phys. 3, 127
(1957}).

The set of all 2 x 2 matrices with complex elements and
determinant 1 is the SL(2,c) group. Weyl's cintrassxriant.dpinors:

transform under this group:
$'* =a" 4% , r=12 smons=1,2
which we sSymbolize. by the equation:
$' = ad ., a = (afs)
det A =1
The covariant Weyl spinors transform like this:
= a,

or:

.o,.
n

_ =1
b 0
The dotted contravariant spinors transform under A¥;

o'F = Aigcbé . Ai_a . (Ars)*.
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or: -

and finally the dotted covariant spinors ‘transform in this way:

o ."A! _ ra B\ _ <
' 'A;Cbg a (‘A;. )= (35)

or:

o' = (A1) 7o

Now a particle with mass m and spin 1/2 is described by the

Dirac - Weyl pair of spinors:

e o

which bbey the equations:

where:

Lﬁk]ré , k=1,2,3 are Paull.
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e _ L0
matrices, (q’:o) = ( ) and
0 1

| _ ra
(akl. = - (ak)
rs

These equations are:

~ CBRF-NF-039/87

and.we see that the equations transform cne into the other un

der space reflections

For a massless neutrino, it may be described by one or

the -other equatiou:
(0°p° + g-ﬁlg*=.0

Legt=handed neutrinos

-

+

b X

;

*

oy

(@%p® ~ T.DYd = O

o i-4

Y = =% ¢ H is the helicity;

the night-fhanded neddrina. Pauli rejected Weyl's equation for
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the neutrino because it is not invariant under space reflection.
The two equations above are the forms of the Dirac equation

(iflal' my = 0

in Weyl's represen.ation:
01\ , [0-0 $ RS AN
Yn =,( ); ¥ = - : q; = : Y =( .
I0 ¢ O X 0 ~I

12 THE V-A INTERACTION

in 1958 there appeared three important papers: by E.C.G.
' Sudarshan and R.E. Marghak (Phys. Rev. 109,1860 (1958))), by
R.P. Feynman and M. Gell-Mann (Phys. Rev. 109, 193 (1958)) and
J.J. Sakurai (Nuovo Cimento 7, 649 {1958} ) which .- determined
the form of the four - fermiop weak coupling and which, as
you weil know, is the so-called V-2 intanxﬁjon.”. The require-
ment that the weak interaction lagrangean be invariant Lunaéer
the chiral - Jensen - Stech - Tiomno transformation leads to
the exclusion of the S,T and P couplings there. remaining only
v and A. The above authors took the form in the case of the
muon - decay as follows: |
G

= 2.ty (4 ] - D
L, _ﬁ_(vu'r (L -y)iu.

. ley, -7°)v,)

Tn the case of the non - relativistic approximation for
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the neutron.deeay one found the matrix element

M = % <«I> {;ﬁ(pe)q° (c, +.Cly*)viae).

<§>.<{ﬁ(pe)31’(cA'FCAYs)vﬁqa)}

1
.::E
The experiment:, wvery ingenious, made by M. Goldhaber,
L. Grodzins and A.W..Sunyar, Phys. Rev. 109, 1015 (1958)) de-
termined the neutrinos helicity and showed. that it is a left-
polarised particle. *

In the above .expression then:

and it was found that

"

CA
v %

Goldhaber and co-workers' experiment . consisted in meas-

uring the Helicity of y-rays emitted in the electron K-capture

by Eu!®? according to the reaction:

Eul’? + e » Smis2% + v =
e
(07) (1)

> sm't 4 v+ v
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They showed that the excited Samarium nucteus has the
same helicity as've and then that the ¥ has the same helicity

as Sm*. The vy was "found to bﬂulEft = handed.

13 THE QUARKS AND THE CABIBBO UNIVERSALITY

In 1949,.Fermi add Yang published a paper and pointed gut
that one might regard protons and neutrons in a pﬁimary level
and that pions could be formed of a paif nucleon - antinucleon.
This means to consider the isospinor (g) as mnelement of a
representation space of the SU2 group.

aAnd then one would have:

6 o L -
LA T {nnc ppc}

with T = 1; with T = 0 combination being similar to the .= now

know n-meson. Note that if:

P n
then Nc = :I.Tz( c)= ( -.c)
P “Pg

This idea was extended by Sakata after the discovery of
strange particles and théir classification by Gell-Mann .. and
Nishijima (M. Gell-Mann Phys. Rev. 92, 833 (1953); Suppl.

Nuovo . Cimento 4, 848 (1956); T. Nakano and K. Nishijima,
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Progr. Theor. Phys. 10, 581 (1953); K. Nishijima, Progr. Theor.
Phys. 13, 285 (1955); S. Sakata, Progr. Theor. Phys. 16, 686

_ P.
(1956)) . He introduced the three component isovector\n and .

. A
described the pions like Fermi and Yang but also the kaons, like:

+_ - - - ﬂ' " . rl
K ~ pﬁc : K "bpcﬂ ;1 K m.{lﬁc s K mncﬂ

As you know Gell-Mann and Ne'eman introduced the notion of
guark and the SU3'model to classify the hadrons. The triality
of Sakata was replaced by a complex vector, an elemeént of the

space representation of the group SU3. ané so:

P r G
n) of Sakata +(d) of G- M-N
\ A 8

The classification of baryons and mesons and the prediction
of new partivles were well described by the SU3 scheme.

On the other hand; in weak interactions, it arose from - the
papers already mentioned of Tiomnb and Wheeler, Pontecorvo, Pup
pi, Klein-and Lee, Rosenbluth and Yang that the coupling cons-
tants in the neutron B-decay. in the u-decay and in the u-cap
ture were approximately equal.

In 1958, it was suggested  {(J. Leite Lopes&, An. Acad. Bra-
sil., Cci. 20, 521 (1958)}) that if # had a Fermi coupling with (e,

v) and decayed in a proton: %!

,A_‘\‘F+p+e+5e

then the rate would be about 3% of the experimental rate.
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The universal Fermi interaction seemed not to hold 1f one
included strange particles.
Tt was then shown by Cabibbo®? that the universality of the

Fermi interactlion can be expressed if one introduces a. new

—

parameter, the Cabibbo angle in the hadronic weak curfent.

In current language the weak interaction. lagrangean is of

the form:

j“(x)ja(x)

€
Sile

the current ju(X) is the sum of a hadronic and a leptonic weak

parts:
§%x) = %) + £%(x)
The ieptonic part is:
2%x) = (57 -v)e) + G-y
+ (GTy“(l.-..- YE:")T).-*I- en 7

and ha(x), in the case of the SUa_model has the form:

1

o y® o (a0
o + 1V, (A1+1A°‘2):|+

"h*(x) = C_{V

[ o o o
c, ﬁ +iVe - (A + iAs)]

where Vi(x) and Az(x).are the octets of vector and axial vec-
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tor currents, a = 1,... 8 in association with the'SU3 gene-
rators which obey the SU3 [ SU3 algebra.

‘Cabibbo's form of the universality is given by the condi-
tion:.

2402 =
Ce + C1 1l

1 is the coefficient of £%(x).

He then set:

CS =cos B , C1 = gin 6

the Cabibbko angle was  determined experimentally and found

to be:

10.26

Il

sin 8
Thus in Su3 and in terms of the quarks u,d,s we have:
h%(x) = (Uy*{l - ¥)d)cos 6 +

(ay*41 —y%)s)sin o

The interaction constants are therefore

. _5 N A
G = 52;_ for u-decay:;
n
P
for neutron B-decay and decays
G cosé

with ne chande of strangeness;



CBPF-NF-039/87
=52-

G sin® for B-decuy with AS =1

Thus:

trans.prob. (K > u + v )

trans.prob.(m »+ u + v )

u
P
m_ *\o
1 - _E€>2
2 2
_sin®o G My Py
cos?e £ 2 By m 2 \2
. n 1 - B
2
B

14 INTERMEDIATE WEAK BOSONS AND SOME EARLY PREDICTIONS OF THE.
'NEUTRAL VECTOR BOSONS AND OF UNIFICATION

Clearly, before the discovery of the V-A interaction, the
idea of an intermediate boson reﬁponsible for the weak interac
tions was not considered. What would it be: scalar, pseudo-
scalar, vector, etc.?

Feynman and Gell-Mann, however, state in their paper:

""We have adopted the point of view that the weak interac-
tions all “andise grom the interaction of a current _Ju width
itself, possibly via an intermediate vector meson of  high
mass®",

And a few paragraphs below: |

""We deliberately Lgnone the poaéfbitity 04 a neutral cuxn
nent. contaihing teams Rike [2e]), [ﬁal, (an}, etc. and pos-
S4bLy couptéd-zo a neutral intermediate {4ield. No weak cou-

pling 44 hnown that zequines the e;i@tenqe qﬁ 4@ch an Lptlerac
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tion. Monreover, some.cof these couplings, Like (Eel, fﬁeJ; Lead
ing ta=£&€ decay 04 a muon into three efectrons, are excluded.
by ekpakiment?”.

These are clearly statememts by physicists who take into
account the existing_experimental data, which is excellent.
However, - sometimes, as = emphasized by Dirac, ma-
thematical beauty may iead you into new physical tn-
tuitions which experiment only later will confirm. And Feymman
-and Gell-Mann are possessed by such a mathematival feeling in
the same paper when they make the requirement of a .repzmesan-
tation of fermions by two component spinors satisfying a se-
cond order differential. equation and the suggestion that in f-de-
cay these spinors enter the theory withouth gradient oouplings.
These requirements were made because "gpe of the authoxrs has
always had a predilection for"  such an.equation. And the fact
that this:coupling was in disagreement with experimental re-
sults concerning the electron-=cneutrino angular  corrélation
in the He® decay, did not discourage the aﬁthors_from publish
ing their paper..On the~c6ntrary, they were so sure of their
mathematigal intuition that they wrote:

"These theoretical  anguments seem to the authors to be
strong enough to suggest that the disagreement with the He®
recoil expanimeni@ and with some othen Less accurate exXpeUic
ments indicataa_thaz these experniments ane wrong." And  they
turned out to be indeed wrong.'

As I read Feynman and Gell-Mann's paper I was immediately
struck by the fact if the weak interactions were mediated by

vector bosonsg, as already suggested in that paper, they were
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perhaps deeply related to photons which are also vector parti
cles. T had the feeling that sémehow photons and weak -vector
bogons belonged to the same family and that therefore the cou
pling constant e of the electromagnetic interactions should.
be equai to g, the coupling constant of the interaction of the
vector bosons with weak currents. ﬁow a relation connecting e,
+g, the Fermi constant and the vector boson.mass m, s well
known for the equivalence between the Fermi current - current
interaction and the coupling through the vectbr boson field
in the small momentum transfer approximation I therefore as-
sumed g = e in this formula which allowed me to evaluate the

mass m_. And I obtailned a high value, mw v 60 mEQEOUN1nass).

22 .
I used the formula - S

2,
W

% whereas in +ha sgtandard

o

model, as you know:

2

with the value m ~ T5.GeVy m, ~ 90 GeV.

As I gnt this value I got. discouraged. In a multiplet, in
the case of exact internal symmetry, the masses of the compo-
pentsg are equal: case of"-(ﬁ‘) ’ i(g), etc. But if m is se heavy
and photons have vanishing mass, it would be meaningless to
speak of a multiplet. This is of course the same difficulty
with the exact gauge symmetry which gives m, = 0, mY = 0 and

no mechanism-of mass generation was even dreamt of at that

time.
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On the other hand, even if Feynman and Gell-Mann . dismis-
sed neutral currénts, I assumed neﬁtral vector besons and
charged vector bosons as a possible model. Why? Because I
was familiar with the charge independent pidn-theory of nu-
clear forees where the coupling constant is the  Bame for
charged and for neutral pion interaction with nuéleon matter.
Was the same true in the weak interaction case, if;dne triss
to impose conditions to forbid certain transitions?

I then decided to send the note’® for publication (I was iin
Rioc in 1958) I would not mention the idea of a.y,W,Z multiplet
but gave the value of m when ¢ = g. Besides if neutral vec-

tor bosons exist they should be responsible for an électron-

neutron scattering which would slightly differ from 1a  :pure

neutron magnetic interaction with the electron

n e
- n e
Ve
z
v z e
e
n
n
; - i u.j
Fig. 6 Fig
Second order and interme- First order coupling i in
diate hyperon interaction theory with charged and

in the charged theary. neutral vector bosons.
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This test was proposed - neutrino beams were not yet
in use.
I also found that the coupling of 2 with neutral cur-

rents is not the same as the w = charged current coupling.
T was fortunate to be in Rio, far away from the discussions

‘and telephone. call messages between physicists of - -the great
centers. I therefore had not read G. Feinberg's paper (Phys.
Rev., 110, 1482 (1958)) in which he points the difficulty' ‘from
the vector-boson theory concerning the decay p +~ e + ¥ with
only one kind of meutrino = "this kind of dntenmediate meson
theony As probably inconsistent with the experimental absence
0f the u e + ydecay mode" ... His paper was recelved ‘on May
8, 1958 by Phys. Rev., mine on May 30, 1958 by NucllPhYSa
My paper was not noticed by the experts in the field {al-
though:, NUCLEAR PHYSICS, Amsterdam, was and is an important in

ternational journal).

At that time, in the 60's, political developments made re-
search difficult in Brazil. Only in 1971, when I was invited
by Strasbourg, did I see.a paper by T.D. Lee (Phys. Rev. Lett,
26, 801 (1973)) where he deduced a relation between e sand g
é- ‘thkean

based on current algebra. I then proposed that if e
the \(ecﬁtor meson dominance model should-be extended® s as to hhve
besides the vertex y - o . those like w¢p+ and w:-p- (Nucl=x
Phys. B38, 5535 (1972)).

And then I took notice and loved the 1967 paper by Weinberg
and the 1971 and foilowing papers. And of course ".:the 1968

Salam's paper and so on,
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It 1s clear that the gauge unified theories are beautiful
although one does not knoﬁ why the Dirac's notion of mathemati-

cal beauty in the SU_ theory does not seem to bé.adapted to re-

5
ality. Or is it, still?

In their paper of 1959, .A. Salam and J.C. Ward (Nuovo Ci-
mento, 11, 568 (1959)) state at the end:’® "The idea that weak
intenactions and eledtromagnetic interactions should be combined, .
6&£giﬁat£ﬁg ag-it did with Schwingen, has been often discussed
privately, a3 has also The possibility that the nresulting  A-
dields should be assocdiated with a Yang-MiLEs tdpe 04 gauge

tﬁanéﬁonmation. In this connection we are unable to disentangle

the extent to which we are indebted to otheié”.

The difficulty probably arisen- in these private discussions
was the fact that gauge fields-when there is gauge invariance -
have vanishing mass. This is exactly the same difficulty whichf
impeached .me to consider the photon and the vector bosons as a
nmultiplet since the latter would have to have a vanishlng mass
whereas I found m, 601%} in assuming g = e. Mass generation was
only discovered later.

An important paper quoted by Salam and Ward, was = dlearly
the pne by Schwinger®® (Ann. Phys. 2, 407 (1957)).

In 1958, independently of my. own, let.me mention S.A.
Bludman's paper® (Nuovo Cimento, 9, 433 (1958)) where he con-
siders neutral currehts and proposes the derivation. of the

- V-2 interaction from an invariance principle "undexr a _ceanti-
RUcus group oﬁit&anéﬁokmazioné, in analogy with the ondinary
gauge - inuaiiance derivation of the minimal electromagnetic in

teraction o4 charged particles.”



CBPF-NF-039/87

-58-

In 1961 there came the important paper by Sheldon L.- Glashow®
{Nucl. Phys. gg,.579 (1961)) ~ the same sacred Nuclear Physics-
where he examines "the weak .and electromagnetic interactions un
der Zthe hypothesis that the weak interactions anre mediated by
veetor bosons."

r However, he discards the consideration of a triplet of vec-
tor bosons, rejects the notion of neutral vector bosons ang
?onsiders the rriplet w+,ﬁjwu

ﬁere I stop. You kggw the beautiful developments and at-
tempts at ﬁnifging interactionsf

After 1975, I switched. my interest to a possible :struc-
ture of leptons, an. idea which was considered  independentily
later on by many physicists-preons and other objects.

To awoid too much speculation my attention_was focused_ on
spin 3/2 teptons,’” so that experimenters migh search for  them,.

independently from supersymmetry or any other abatract theory.
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