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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 feﬁ sclentists at a given‘time-they
arise rather from reéearch and discussions which take :some
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 science, not, usually,
those of the pioneers who saw some rays of light before the
perception of the brightness of hundreds of suns by the gen-
iuses whom we know by heart and venerate. _

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

"nghen one Looks overn the developmenit of physics, one dees
that it can be pictuned as a rather steady develogpment  with

many small steps and superposed on that a numben of big jumps.

04 counse, it is these big fumps which are the most interesting '

featunes 04 Zhis development. The background of steady  deve-
Lopment 44 Langely Logical, people are wonrking out'tﬁe Ldeas
which folflLow the previous sel-up accanding 2o atandaﬁd method#.
But then when we have a big jump, £t means that something enti
nely new has to be introduced. These big  jumps wsually consist dn
ovencoming. a prejudice.™” |

However the modern tendency among historians of science

seems to be to regard each historical phase as the result of

acontinuous action of subjacent forces during the - preceding

phases.
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""The old style, according to Stillman Drake?, was fo show

each pioneen scieniist as a revolutfionary, achnowledging  his

debt to the part as Little aé; possible and stressing the novelly
0f his work as much. as possible. The present style i8 to  ai-
tribute as much of his thought as possible to his predecessons,
“and to grant as Lititle as possdible to his own originality"".

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

""la séience modeane n'a pas jailli panfaile et complete, tel
Le Athena de :Ea. tete de Zeus, des cerveaux de ‘Glilie et  de
Deaaakte_zﬁ. Au cohtna.{.&a, La nrevolution galifeenne et caataa{.(_'.en-_
ne - qud este malghi tout une advolution - avait  Btd ‘préparce
par un Long effort de pensee"” |

We are here not to analyse the transition - through the mid
dle Ages - from Aristotle's physicéto Galileo'scientific revolu
tion of the XVIIth century,nor the origin of the thecry of re-
lativity or the eﬁolution of the ideas which sprouted gquantum
mechanics.

It is our aim to give an account of the developmant of the
physics of wéak interactions which, after about forty years,cénverged
with quantum electrodynamics to‘give birth to the first model
of unification of interactions - the so'= called electroweak
standard model.

This cannot clearly be a camplete history of weak interacticn
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 contemporary physics were actively working
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such as W. Pauli 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 electron 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 proton - J.J. Thomson, C.G. Barkla, H. Nagaoka and E.
Rutherford and his co-workers - there came the notion of photon
by A. Einstein in 1905 and its experimental confirmation - A.
Compton., |

These wefe:thé elementary particles which;§$l physic#ns ac

cepted until 1930 as the

Elementary particles before

1930

Electron

Proton

Photon

A nucleus A,Z would be formed

of A protons and A-Z electrons

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 etecthoné emiited
by the B-nadioactive nucled had a contimuious energy spectrum.
As the nucleus with mass number A and charge number 2z
was thought of as being formed of A protons and A-1 electrons,
it was natural to conceive ih the 1920's that the B-fays were
electrons coming out from the radioactive nuclei. The diffi-
culty was, as emphasized mainly by L; Meitnér, that as nuclei
possess discrete energy levels, as deduced from the & - 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 O. Hahn, L, Meitner and collaborators found "elec-
tron lines! which, however, were shown by Chadwich to be only
a smail fraction of the total B -ray coﬁtinuous spectrum. Af
ter Rutherford proposed in 1914 thaﬁ this continuous spec-
trum was due to collisions of the B-electron - with a well
defined energy ~ with the atomic outer eléctrons, C. El;is
gave an important contribution by separating the continuous e
nergy electrons from the electron lines. The latter were - des-
cribed by Ellis as resulting from the conversion of monoener-
getic Y-—fays coming from the nucleus and indeed nuclei like
Ra E which emit no Y =rays emit no glectron-lihes. The ex-
perimental definite solution of this question - and the end
of the Ellis - Meitner polemic —Iwas provided by the determi-
nation - C. Ellis and W.A. Wooster - of the total energy car-
ried by the ele¢ctrons corresponding to a known number of de-
cays - 1t was kmown 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 of the 8--e1ecfrons. In the case of.secondary
processes undergon by well -defined energy 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 energies coming out ffom the nucleus, this energy would

be the mean energy, according to. the distribution curve of
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Fig. 1

Whereas the upper 1iﬁit of the B -ray energies from 'RaE
is about 1 MeV the measured value was 0.344(:10%)MeV = E,

The possible y-rays which could be emitted together with
Eﬁe electrons (and not absorbed in the calorimeter) and ac-
count for the missing energy, where shown by Meitner - with

Geiger counters - not to -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 mamentum - conservation in nuclear-processes
like B -decay and thereby suggested - the nonrinvariaﬁce of
the theory under the group of translations in space-time, heme
under the Poincaré groups: why would angular ﬁomenta' be con
served? _

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

This prejudice was (timidly as he did not publish i FH
idea in a scientific journal paper?) broken by W. Pauli'in a
letter sent on December 4, 1930 to physicists who were meeting
in Tdbingen to discuss these 'questions ~and he addressed them
as "Liebe Radioaktive Damen und Herren'. |

Here is what he 5ays:

""NE&mlich die M8glichkeit, es kdnnten elektrisch neutrale
Teiichen, die ich Neutronen nennen will, in den Kernen ex{s-
tieren, welche den spin 1/2 haben und das  Ausschliessungs-
prinzip befolgen und sich von Licht - quanten -. ausserdem noch
dadurch unterscheiden, daB sie nicht mit Lichtgeschwindkeit
laufen. Die Masse der Neutronen miliBte von derselben Grd8benor-
dnung wie die Elektronen‘.msse sein und jedenfalls nichtgrdsser
als 0,01 Protonen masse. - Das kontinuerliche g -spectrum wire
dann verstdndlich unter der Annahme, dag beim g -Zufall mit
dem Elektrom jeweils noch ein Neutron emittiert wird, derart,

daR die Summe d@er Energien von Neutron und Elektron konstant ist,""



_ CBPF-M0-002/87
._7-_._

| This new particle is the (Electron-) Neutrino, = a : name
given by E. Fermi after the .discovery of the neutfon:by T,
Chadwick in 1932,

In the 1930 latter Pauli thinks that his neutrinos would
be part of the nuclei -as the present day neutrons —and ‘thus
would at the same time solve the'difficulties connected with
the assumed existence of electrons in nuclei:
~ spdn and 'bi@mﬁu‘: for instance deutercn would have spin 1/2 or 3/2 if
it were formed of 2 protons and 1l electron, whereas it | has
spin J=1; nitrogen N'* was shown (R.. de L. Kronig) to  have
spin 1 whereas if it wefe built up with 14 protons and 7 elec
trons it would have (Ehrenfest and Oppenheimer) a half-integral spin’
-magnetfz—momenié. The nuclei had - magnetic moments of the

order of the nuclear magneton

N~ onc ! mp =-protop mass '
and the magnetic moments of the nuclear electrons did not contribute .
at all, being 1800 times bigger than My Said . Niels. Bohr
"mthe nuclear electrons show a remarkable passivity.""

Pauli's particle, emitted togethetr with the electron, was
at fifst considered to exist im nuclei and solve -£he soabove
difficulties, 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 ﬁublish a paper about it:

""hie Sache schien mir aber noch recht unsicher, und ich liess
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meinen Vortrag nicht drucken.

In reality, we may consider two kinds of theoretidal con-

tributions to the advancement of physics.

3 THE THEQORETICAL DESCRIPTION IN PHYSICS

-One kind is an {intudifive new Lidea, which is put - forward
as suggested by an analysis of certain experimental results.
This was the kind of Pauli's proposal. Another idea of this
kind was De Brogiie's postulate of associating a wave to.ﬁar-

ticles but this was a speculative. intuitive idea. Pérhaps

L]
to this kind belongs also the notion of photon by Einsﬁein:
“"All of this was quite clear to me Shorfly after the‘ -appe-
arance of Planck's fundamental work;.so that wifhout having a
substitute fon classical mechandics I could nevertheless see
to what kind of consequences this law of temperature -radia-
tion leads for the photo -electric effect and for other relat
ed phenomena. of the transformatioh of radiation =-energy, as
well as for the specific heat (in'particular of solid bodies)"". -

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

The other kind of theoretical invention is -an intuition
guided by a feeling of mathematical beauty and simplicity which
leads one .to make unexpected predictions; examples are to be

found in Einstein's relativistic theory of gravitation, in

the discovery by Dirac of the relativistic wave equation of
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the électron and the resulting prediction of the positron -

and anti-matter {the preﬁud‘ice against new particles exlsting
at that time led Dirac to erroneously - identify the anti-;electron
with the proton). Here is what Dirac says about Schr8dinger's

discovery of the wave equation:

wiuThis advance [of quantum theory in 1925] wa.é brought aboul
Ln__depandent£y by two men, Heiéeubmg §inst and Schabdinger soon
afterwand, working faom diffenent points of view; . .‘Heibenbeng
worked keeping close to the expenimental evidence about spectra
that was being ammassed at that time, and he found out how the
experimental infoamation could be fitted inio a scheme. that 4is
now known as matrix mechanics. ALL the expenimenial data . 04
spectroscopy fitted beautifully into the scheme of mdtaix me-
chanics, and this Led to quile a different picture of the a-
tomic wonld. Schabdingen wonked from a more mathema,t.(‘.cat point
0f view, trhying to find a bzautiéuz.'.theany for describing  a-
tomic events and was helped by De Broglie's ideas of waves as-
aociatad with parnticles. 1] Schabdinger got his equation by
pure .thought Looking fon some beautiful generalization of ve,
Broglie's ideas, and not by keeping close to the expenimental
.development of the subj ect in the way Heilsenbeng did",

"1 might tell you Zhe afoay", pursues Dirac, "1 . heand
from  SchnbBdinger of  how, when he  {§dxsit got . the
A.dea for his equation, he immediately applied Lt & the. behaviowr .
of the electron in the hydrogen atom and then he got  nesufts
that did not agree with experdment. The diaagfaeernent arose be-
cause at that time 4t was not known that the efectron has a

spin. That, of course, was a greai disappointment 2o Schalbdin
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ger and it caused him Zo abandon the wonk forn some moniths.

Then he noticed that if he applied the theory 4in more apphoxi-
mate way, not taking into account the refinements aequéﬁed by
nelativity, &0 Zhis nough . dppnoximation his work was in

agheement with observation”

"1 think there is a moral to this sforny, namely that it is
more impontant to have beauty in one's equations than to have
them §4iz expeaiment. T4 th&ﬂdiqge& had been moxre confident in
his work, he could have pubfished iZ some months eantien, and
he could have pubfished a more accurate equation.""

The same philqsophy is expressed by Einstein® when he says:
gy am’ convinced that we can discoven by means of purely ma
thematical constructions the concepts and the Laws conneeting,
them with each other, which furnish the:hay to the unde&ﬁhnd&m
0§ natural phenomena. Experience may.ﬁuggéat the appropriate ma
thematical concepts, but they mosit centainty cannol be .deduced
from it. Expendlence nremains, of course, the sole ‘endtenion
0§ the physical utility of mathematical consthuctions. But the
eneative principle nesides in mathematics. In a certain sense,
thenefone, 1 hotd it taue that pure thought can grasp realdity,
as the ancients dreamed.”

This is perhaps not the Einstein’ of the 1905 paper "Zuxr E-
lektrodynamik bewegter K8rper", Ann. der Physik 17, 1905;whid1
starts with an analysis of the phenomena which led him to the
special theory of relativity.

He writes in this paper:

"Examples of this sont, together with the unsuccessful at-

tempts to discover any motion of the earth nelatively to the
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"gight medium", suggest that the phenomena of efectrodynamics
as well as of mechanics . possess no properiies comgwonding to
the {dea. of absofute rest. They suggesl nather that, as  has
alneady been shown to the §insi orndern of small quantities, the

same Laws of electrodynamich and opiics will be valid fohr atl

frnamesd 04 neﬁc&énce dor which the equations of mechanics hotd
good. We will naise this conjecture (the purport of whichwill
heneaften be catled the "Principle of Relativity") o the
dtatus of a postulate".

It was later that Einstein reached the couvictioﬁ expres
sed before the above quotation. About the notion that physi-
cal Laws would begin and end with expeliience, Einstein writes:
""A clear necognition of the epsronecusness of this noldlon real
LYy onky came with the general theory of relativity”.

As I am touching ﬁpon this question which is of cowse at
the core of the most receﬁt developmehts_in umﬁﬂxmtkﬁlthamﬂeérﬁ
may I just quote the introduction of the remarkable pape_rs of
Dirac's on monopoles, entitled "Quentised singularities in the
.electromagnetic field" in Proc. Ron Soc. 133A, 60, 1931:

"The steady progress of physics requinres fon Lits theone-
ticat formulation a mathematics that gets cantinua££y-mone ad
vanced, This is only naturnal and to be expected. What, how
ever, was not expected by the scientific workers of the 4fasit
centuny was the particular form that the Line of advancement
04 the mathematics would take, namely, it was expected Lhat
the mathematics would get more and mone complicated, but would
nest on a permanent basis of axioms and deﬁinéiioné, while ac

Iually the modenn physical developments have nrequired a mathe
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‘matics that continually 6higtb its foundations and gets monre
abstract. &anfeuclidéan geometry and non-commutative algebra,
which were at one time considened to be purely fictions  of
the mind and pasitimes for Logical thinkess, have now been
found to be very necessary 60& Zhe de&c&&pt&an of gene&at
facts of the physccal world. It sdeems Lihely that this paocess
0f increasding abstrnaction will continue in the 6utune and that
advance 4in physics is o be associated with a continual modifi
cation dnd genenalisation of the axioms at the base of the ma-
thematics nather than with a Logical development of any one ma
thematical scheme on a fixed foundation"!.

All of this leads us to the remarkable philosophical ideas
of Pwﬂﬁgﬂﬁs and his dlsciples as reported to us by Aristotle’
in hzs Metaphysics A. I do not resist ‘quoting this : sentence
which I take from a French edition of this work:

ﬁ"Et comme de ces pnincibeé Les nomb&e;_éqnt, par ‘:nazua%.
Les premiens, el que, dans Les nombres Les Pythagoriciens (27
yadient percevodirn une mutxitude d'analogies avec tout ce qui est
et devient, pfus qu'ils n'en apercevaient dans Le Feu, 2La Ter
re et £'Eau C..] ; comme ifs voyaient, en ouine, que des
nembres expaimaiant Les proprities et Les proportions musica-
Les; comme, énﬁin, toutes Les autnres .choses Leur panaissaient,

- daps Leun nature entiere, éine formies @ La nessemblance des
nembnres, et'que Les nombres semblaient Strne Les  nrealites p@él

mordiates de L'iniverss dans ces conditions, ils considenerent
que £ed principles des nombres sont Les tLiments de fous  Les:

Ctrnes, et que Le Ciel tout entiern est harmonic et.nbmb&e.""

(Aristote, La Métaphysique, A,5,985b, 25).



CBPF-MO-002/87
-]

In his paper, Fermi states that" a mathematical §oamalism
in agreement with thede tlnee nequinements [number of electrons
and neutrinos not constant,‘ neut-:r._-on and proton as two states
of the heavy particle and hamiltonian built in such a way.' as

to associate the neutron préton transition to the creation

of a pair electron -neutrino] can be set up uafcy'ea.{;ily by

means of the Dirac - Jordan - KLein method of "second quantization".

Fermi's ];:->aper 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 weak interactions. The big jump for their
understanding is contained in two paperls,_ one by Francis
Pernin®® in the Comptes Rendus de 1'Académie des Sciences de
Paris, Séance du 18 décembre 1933, under the title"" Possi
bilité d'émi.sslion de partiailes neutres de masse intrinseque-
ment nulle dans les radioactivités PB.""; the other papen, 1
whene the theony is pratically fully, developed, by E. Fermd
in Ricerca Scientifica in 1933 and in Zeitschrift flir Physik-
in 1934 (E. Amaldi tells us that the famous London scientific
journal. "Nature". - nefuded to publish Feami'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 nucléi by protons and.neutrons (Iwanenko, Cométes .Rendus
Acad. Scl. Paris, Adut 17, 1932). Fermi say;s:

"In the radiation -theonry the toial number of Light quanta

48 not a constant: Light quanta are created when they are
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-emitted from an atom, and disappear when they are absorbed.

In analogy to thdis theory we willbase our B -nray theony on the

§ollowing assumptions:

al The'toxat numben o4 ezecziona as well as of the neutrine
i3 not necessanily constant.ELectrons (on neutrinos) may
be énaated on destroyed ... |

bl The heavy paiticles, neutrons .and protons, can be consider
ed, as by Heilsenberg, as two internal quantum states < of

~Zhe heavy paaiicte v |

Already Petrin, after concluding that the mass of the neu
trino must vanish as a resu;t of‘ the comparison of his formu-.:
‘la for fhe mean electron energy with the experimental wvalue,
states:

"S{ Le neutrino a une madse Lnt&Lndeque nulle, on doit
aussi pensen qu'il ne maemia paA da.ms Les noyaux atomiques, et
qu' il est crle, comme L' eat un photon, Lons de L'émission. |
Engin i semble qu'on doive Lud atiribuer un spin 1/2 de fa-
gon qu'il puisse y avoir consenvation du spin dans Les radio-
activitis B et plus géniralement dans Les transformations even
tuetles de neutrdns en profons lou <Lnvernsement) avee Emission
ou abaaaptioh d'electrons et de neutainos""

Voili! Fermi's paper is actuallf beautiful and more com-
plete, with the vector form of thé'coupling, with the emission
W'and absorption operators "appearing in the theory", with the
calculation of the transition probability andhthe analysis of
the influence of the neutrino mass on the electron energy dis
tribution curve -and he also decides for a vanishing neutrino
mass (or very small with respect to the electron mass), .and

also an analysis of forbidden transitions. A beauty!
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However the fundamental i1deas ¢f the theory may be desig-

nated ~1f no one objects to that ~as the Feamdi - Pernin concep-

tion of B -decay..

Pauli writes:

"Einen Tell von Fermis Folgaerungen, bettreffend die .Form des Beta-
spehtnums und den Schfuss auf die Ruhemass des Neuf&inaé; hat
gledichzeitlg und ummabhlinging auch F. Pernin gezogen, den eben-
falls &m Sc;z_uay - Kongness anwesend wan,""

And Fermi himself knew of Perrin's paper as he quotes it
in his 1934 Zeitschrift flir Physik paper. Concerning the
conclusion on the neutrino mass Fermi says in his footnote
No. 5:""In a.necanzty published anticle, F, Pe&n&n,\ComptaA
Rendus 197, 1625 {1933), comes Zo the same conclusion  with
qualitative arguments”,

My ' gquotations 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 papér worthy +to appear in his collection.

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

Fermi chose for the interaction hamiltonian which - pro-
duces the neutron B - decay the vectof Coupling, of the form:

H, . = g(y'n) (e YV

The non-relativistic approximation for the nucleons is
appropriate and for the leptons - as we call today the light
particles - he writes plane waves (neglecting the Coulomb dis

tortion for the electron wave function).
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In general, of oourse, the interaction hamiltonian should

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

—_ - - Y
Bt ~'£ Ca(pIan)(eFa )_

where a=1,...5 and
r =1, r2='ﬂr P = %Ys
I'" = —_— I'5-= -'I.Ys'
vz .

Here 13 are the well~-known Dirac matrices and

qu = %" Ef'uer] . .

i v
? = ry eaBuvYQYBVUY

N
‘etc,

Jusqu'en 1956 les physiciens croyaient qué les lois de
la nature étaient invariantes par rapport & la = reflexion
spatiale et donc qu'il y aurait une conservation rigounﬁme de
la parite. Pauli, en particulier, qui a congu 1'hypothése "du
neutrino pour retahlir dan les processus faibles la conserva
tion d'energie, impulsion et moment angulaire croyait én
la conservation de la parité.

In general if parity violation is taken into account &n
the weak lagrangean, this will contain’ten coﬁpling constants

5
| l; inf = :éi(pr n)(er8(08-+CaY }v)
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The amplitude for the reaction N, * N, + e +V is obtained

by Feynman's . rules and 1s given by
S =-—i(2ﬁ)G(En —Ep'—Ee -Ev)M

where:

<
i

' 3 - a - e ?
E Jd x (u(p )T (C, +Cy yvig,))
. ) -
. e tprpy).x <N| (pr n)N, >
a 'i

" The momentum transfers ai'e of the order of a few MeV as
one may replace the exponential by 1. This approximation plus
the non-relativistic treatment of_ the nucleons constitutes the

so~called aflowed transitions. In this case

M= <I>-(1-1_.(fl?-‘)' {(cs +Cly%) + Y"(cv +C",’-r"’)}v(qv)

1

v 2
+é <..%'>.,. (E(pe){g(cT +CAY®) - 'c?y”(cA +CA75)}..v(qv)

where:

<I> = Jd’xﬂvf Ipt Hn ) N, >

is Fermd's matrix element and

<o> =Id.3x <Nf|p+('§)3n(§] lNi> :
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is the matrix element of Gamow and Tellex, |
.A pure Fermi transition as exemplified by: 0‘14; N1“ +ef-+v.
has the selection rules AJ = 0 and no change of ﬁa&ity. A search
for such a transition is facili?ﬂxﬂ'by the transitions ¢ =« O,
A pure Gamow-Teller is determined by the rules:
AT = 0, * 1 and no transition 0-~+0, and no.change 65 parity.
which is the case for '

He > i +e+v - J.=0-J =1

A mixture of the two amplitudes is present in several

reactions as in
n+p+e+ v
H? > He® + e + V

As the orbital angular moment:of the leptons is zero in the
allowed transitions, the electron and the anti-neutrino will
be in a singlet state in a Fermi transition (scalar S, and vecs
tor, V, interaction)whereas in a Gamow-Teller transition they
will be in a triplet state (axial vector, A, and tensor,. T,
interactions}.

The existence of both types of transitions leads us to con

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 B-decay ‘processes..

In 1934, artificial. radioactivity induced by  alpha -particles
was discovered by Irene Curie and Frederic Joliot and also
therﬁositron ¥emission reactions, and successively - the capture
of orbital electrons by nuclei, the capture of neutrinoé, the
early experimental attempts at testing the neutrino, the con-
sideration df exchanger of a pair eiectfon —antineutrino /. between
a neutron and a proton. Papers were published by many phy-
sicists and among them, G.C. Wick, H.A. Bethe, R. Peierls, M.
Fierz, H.R. Crane and J. Halpern, E.I. Konopinski . ..and G.

Uhlenbeck, and s¢ 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 positron, Nuovo Cimento 5, 171, 1937.

In today's notations what Majorana work lea&s to is to

state that:

R — . -

A
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If ¢(x) is a Dirac spinor which deécribes an electron with
charge .e in interaction with an electromagnetic; field Au (x),

cheying the equation:

Mg - T
{y.(j_au e.Au} m}w(x) =0

then there exists a Dirac spinor _tpc{x’) which describes an anti-

electron with charge -e and obeying the equation:

! - -
{Y (iau +eAu) | m}\bc(x)' 0

It is well known that, as t (x) where § = y*y® and t in-

dicates the transposed, satisfies the equation:

{t,,u_.(ieu teA) +m }"ﬁ =0
then a matrix C with thg properties:
IR c-"i.'y"c
‘¢ =-¢c, ct=c!

determines the relatienship between l,pc and {{x) namely:
v (x) = c("F(x)

"bc is the charge conjugate of Y. In general, the operation of

charge conjugation is the aeplacement of the stage of a par-
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ticles and b antiparticles by the state with a antiparticles
and b particles. _ _
It is only in guantum field theory that.the Dirac covariant

forms behave correctly for gxample in classical theory
B GovRe, (0 = 00 Py ix)
whereas in g-number theory:
1P, () Yy (x): =

= = 1Py (x):

as it must be, the ¢ouble points indicating the normal pro-

ducts.

Here is the table of the normal bilinear forms

' C - conjugate

S HOPx): T
v TR 10 L P )Yy
T i3 ¥ (x) Erufvv]w(x) : = - v
“:p(x)o” "Y(x):
P (x) "V (x)
S e M TOF 1P () yPy Sy (x) 5

p LiP ()Y (x): peP () YSP(x)
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A Majorana fleld describes particles which are identi-~

cal to their antiparticles:

Pix} = wc(x)

(up to a phase factor).

Therefore ¥ and T vanish and as V defines currents | .(elec-

tric, baryonic, leptonic, etc) and T the moments associabed

to these charges, M(x) EEMc(x) describes purely, iruly newtral .
pariticles.

The ‘simplest way to desciibe ¥ (%) .is in the Majorana nepre-

. sentation of the Y-matrices namely:

and

so that

Vo () = y*(x)

Charge conjugation is, however, a unitaxry operation. If

we consider the operators of absorption of particles A

and of anti-particles B, charge conjugation is:
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For a scalar field:

. 3 - - . )
x) = (2 }lﬂzj gpp {A(p)e ipx +B+(p)elpx}
T o

we gme. that

but
a,0; tayd, * a0 +ayl, =a;é) *+ay,

For a Dirac field:

= 1l . dsp ..—ipx -
P{x) (2“)375J' 29" )«:.-: {A(pSJu(pS)e +

+ B+(ps)v(ps)eipx}
(Y"pu -m)u(ps) = 0; (Yupu +m}v(ps) = &

-
then ascfvonqm an equation for u and C u the equation for

v clearly:

_ 1 dBP =
p (x) = 3/2I P E{B(ps)u(ps)e ipx

+ A+(ps)v(ps)eipx }
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In the Majorana representation, v* is a u function and

u* is a v-function since yH* = - y¥
So,
£+ 1 a’p 5 Ip(psiulpsre” iP* 4
v (x) = Syt = 373 . ¥. psiu(ps)e
¢ (2m) 2p° s .

+ Af(ps)v(pS)elp*

the transposition i1s only in spinor space.

If M(x) is a Majorana field then:

- 3 ) -ds -ipx
M(x) = W I ;;E:E A(pslul(ps)e +

+ A+(ps)v(ps)eipx

where v{ps) = Ctatps). In the Majorana representation v = u*;

and in this representation M(x) is a real field.
- After the Majorana paper the question arose as follows:
are neutninos in B ~decay a Dirac or a Majoﬁana §ield?
This question led to the study of the double -8 decay
first by Maria Goeppert -~Mayer in 1934 and by W. Furxy .. in
1939 4s a means of finding an answer to this guestion. . An

example is found in the isobaric: triplet ,.Sn'?", 51Sb‘“,

50
52Pe‘“.'lheir energy levels are of the type

124
518b

124
5050

124
597€
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therefore SOSn‘Z“ cannot give SleL27 but could go into SzTe’z“
According to Fermi's original idea this would be the result of

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

native diagrams:

v A,
e~
——Ik—p v 7 uc
// oo n-+p+e+v
) —— n+pte+V
| sn’2%»Tel 2*+2e+2v
n I _

MAJORANA  piq. 3

There are twoc vertices, both processes are of order g2,

in the Maﬁbrana case the neutrino emitted by one neutreon is
- captured by another neutron and there are no free peutrinos
emitted.only two electrons the total energy of which is fixed
and equal to the maximum enerqgy released. Phase space would
give an enhancement by a factor about 10° higher “than in

Fermi's case.

We shall see that according to current theory and experi-

o
L
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mental evidence neutrinos are left - handed (negative helicity)
whereas antineutrinos are right - handed. Therefore such a
two component neutrino cannot be a Majorana 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 Mejorana.

Left - handed Majoranas have even an effective electromag-
netic. interaction about which we shall speak later.

After the papers by F. Perrin 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 important paper with a

new idea.

6 YUKAWA'S MESCON 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 193?, the no-
tion of charge independent nucfear 60):.&(;5” became well esta-
blished - following the phenomenological research on the
form of the nuclear forces by Heisenberg and by Majorana in 1933.

yukawa's "™ idea was revolutionary in the sense that it pos-
tulated a new f{4ield which would be responsible for the nu-
cleon - nucleon interactions. The Klein - Gordon equaticn for

a scalar field ¢{x) generated by nuclear matter with density p(x)s-

| (O+ p?)o(x} = gp(x)
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has a Green's function in the static case

(W2 ~ p?)¥(x,x') = g6®(x -x')
which is:
. Y(rl =ge4'n'r r EF 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, %,

supposedly generated by a field of quanta with mass m_ ,% =

dé—', with this mass, Yukawa found oo 200n, ; a particle the-

m,"c

refore of mass intermediate between those of the electron and
of the proton, the meson, as it came to be called. Yukawa
knew Fermi's paper as well as the attempts to apply the Fermi
interaction to describe pucléar forces, which were not sucess

ful.

Fig. 3a
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He wote: """ according to oun theony the quantum . émitted
when a heavy panticle jumps from a neutron to a proton state
can be absoabed by a tight particle which will then in conse
quence o4 eneagy absoaption nise from a neutndino stale of ne
gative enengy to an electron state 0§ positive eneagy. Thus
an antineutrnino and an electron are emiited simullaneodsly
from the nucleus."”

Yukawa, therefore, not only announced a new description

of the neutron -~ proton interaction:

Fig. 4

he also believed that his theory would provide a description-

of Fermi's B - decay

<V

Fig. 5
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We know that this does not work although this diagram exists
and gives the so-called pseudoscalar Lndiuced Lnta&actian, pro-
portional to the light particle mass and whiéh is therefore of
interest in the muon - capture by nuclei (J. Leite Lopes, Phys.

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

7 THE COSMIC-RAY MESONS

I wish to emphasize that Yukawa's paper of 1935 remained prac
tically unnoticed. In spite of the discovery of the neutron - and
of the positron by C.D. Anderson and by P.M.S. Blackett and G.
P.S. Occhialini in 1932 - in ;spite_of Pauli's postudation of
the neutrino and the success of the B -ray théory of Fermi and
Perrin, physicists $1{€l had a prefjudice against assuming  the
existence of new pariicles apparently not needed to describe
the nuclear structure.

The experimental investigation of cosmic rays would open

new horizons. After the work 6f Bhabha and Heitler (H.J. Bhabha
" and Walter Heitler) and of F. Carlson and J.R. Oppenheimar on the
structure of (soft) showers - multiplication of photons and e-
lectroh - positron pairs - it became clear that this component
of cosmic radiation canhot 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 Andeisdn and Nedder-
meyer,'* have "unit charge but a mass (which may not have atuﬁquc

vatue} Larger than that 0§ a noimal f{ree electron and nmuch

ey rr——— e P —— - o r—— -
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smallen than that of a pnotoﬁ; this assumption would also ac-
count for the absence of numerous Large radiative Losses as weld
a8 for the obsenved ionization. Tn as much aalcha&ge and mass
‘are the only parametens which characterdize the electron in  the
quantum theony (b) seems to be the best working hypothesis .""
Hypothesis a) sug}gested by these authors would be t‘he-p.osmssic'mw
.by e+and e of scme 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 o4 pions
and thein decay into muons.

Although, Anderson and Neddermeyer particie . was not
“Yukawa's meson, phfsicists thought that they were so and nume-
rous articles started appearing on the meson tﬁeory of nuclear
forces: may I remind you some names of authors of theoretical
papers such as H. Yukawa, §S. Sakata, M. Taketani, N. Kemmer,
W. Heitler, H. Fr&hlich, H.J. Bhabha and L. Hulthén, H.A. Bethe
(:.'hr. M¢ller and L. Rosenfeld, Julian Schwinger, W. Pauli and
5. Kusaka, J;M. Jauch, Ning Hu, Gregor Wentzel. It was in
the atmosphere of 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.
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8 SOME CONTRIBUTIONS FROM BRAZIL

In the late 1930's and early 40's let me ‘méntion “osome
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 discovery of showerns of penetrating panticdes
by-Paulus Pompela, Marcello Damy de Souza Santos and Gleb
Wataghin'® (Phys. Rev. 57, 61 (1940), and the beautiful work
by Georges Gamow and Manio SchBnberg? on the neutnino theony
of stellar collapse (G. Gamow and. M, Schénbery, Phys.. Rev. 58,
1117 ;1940), Phys..Rev. 59, 539 (1941))}. Here is what Klemm
and Heisenberg say in the book: Cosmic Radiation, W.Heisenbenrg,
editor, Dover Publ. New York 1946, page 60:

"Wataghin, Sanfos and Pompe.ca., working a 800 m above sea
Level, have placed ﬁowc counten tuﬁeé of 100 em* each a0 that

in e.ach pain the two counte.rs are vertically undesr one  ano-

ther and the pairns are separated honizontally, 30 cms. 4n one

case and 65 cms in the othern, A panticle coming uenticdtiﬂy.éiwm

above and causing a pain of counten Xtubes to nrespond must pe

netrate 17 ems of Lead. The authors oblae.a‘wed‘ four - fold codin-..

cidences and found, with 30 cm. separation, 4.5 .coincidences

per day and, with 65 cm. sepanalion, 3.% coincidences pen day,

whenreas they report that on£y'0.3 coinedidences pen day were Lo

have been expected accidentally. Hene they were evidently .deal

Ang with pains of penetrating pariicles, 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 Schdnberg state:... "as the nesult of the progressive
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'cbntnaczion of the stan, the density and temperature in 448
intenion become sufficiently high to permiit the :penetration
0f free electrons into different nucled resulting 4in ihe for
mation od unstable isobans. with smaller atomic number. The
wo processes which will take place under such conditions can be

written schematically as:

1

(Nucleus)” + e + (Nucleus)®* " 4+ neutrino

(Nucléus)z-l > (Nuclequ +e + (anti) neutrine

Since the newutrinos. produced in both reactions cannoi be
held back by gaseous walls surrounding the central region of
the star, no actual theamodynamic equilibrium is evidently pos
éible and the matten under these conditions witﬁ rapidly - Lose
its extna heat content <Zhaough the neutrnine emission. ™"

This is what the authoré called URCA PROCESS - a name sug-
gested by the loss of money by gamblers in a cassino in Urca
beach in Rio de Janeiro, a procesé which impressed Gamow inu

his visit to this city.

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 begimning of modern particle physics.

An important paper by M. Conversi, E. .Pancini and O Piccioni!®
(Phys. Rev. 71, 209 (1947) announced the experimental result

that if negative mesons were absorbed by heavy nuclei they
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are not captured by light nuclei - thus negative mesons decay

in canbon but not in inon. E. Fermi, E. Teller and V. WedikskopE'®

(Phys. Rev. 71, 314 (1947)) calculated the process and showed

that the absence of capture of mesons in light nuclei implied
an interaction meson - nu¢1eon ‘probability about 10lz weaker
than given by the Yukawa interaction. The difficulty inspired
R.E. Marshak and H.A Bethe!® (Phys. Rev. 72, 506 (1947)) to pro-
“pose the existence of two mesons to account_'. for theYukawa strong
_interaction and the Conversi, Pancini, Piccioni. weak absqrption:
effect., This was immediately proved to be true by the beautiful
experiments by C.M.G. Lattes, H. Muirhead, .G.P.S. Occhialini
and C.F. Powell'® (Nature 159, 694 (1947)) which detected the
piond m(w+ and‘w-) which decay into lighter particles, the
muonsd and neutral particies which we now knbw to be the mionic

neutrinos:

It then became clear that pions should be produced by the

Yukawa interaction

p~+n+ at

n+p+m

and that the muons into which they decay have weak ..interac-

tion with matter and constitute the larger portion of cosmic
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rays at sea level.

| The discovery of pions and their u - decay was made .by
exposure of nuclear emulsions - made highly refined and aensgi
tive by Ilford - at the Chacaltaya Cosmic Ray Laboratory at
5000 meters, near La Paz. The Brazilian physicist Cesar M.G.
Lattes who brought the emulsions, went by Rio de Janéiro 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 the theony of nuclear forces, Nature (London)
160, 866 (1947); On the Light and heavy mesons, Phys. Rev.74;.
1722 (1948)). |

This was a period of great activity and creativity. The

important papers were, among others,”’ those:
I) by Bruno Pontecorvo (Phys. Rev. 72, -246 (194f)) in which

he proposed that
1) the muon capture must be ﬂmamical to a Fermi electron - cap

ture with emission of a neutrino: n + p > n + v, (only much

H

later, evidence was obtained about the existence of a mu - neu

trino different. from the e - neutrino vy # ve);

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

3) muons might decay into e + Y which was, hoﬁever, not .:.Qb-

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 Gc in a Fermi interaction for

apt
the u - capture process. is approximately equal to that

in ordinary B -decay GF and Gyae of u:
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Gdec = Gcax;:ol: = .GF
III) by J, Tiomno and J.A. Wheeler (Rev. Mod. Phys. .21, 144
(1949} ; g;,'153 (1949)) which made an extensive analysis:
of the y -capture with several forms of Fermi £  coupling
and several possible masses for the muonic -néutrino 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 (1950))
whd introduced the so -called Michel parameter to.charag
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))ﬁe
tried to consider Yukawa's original idea of cbupiihgsl
through pions and assumed a ¥ - u coupling with a pseudo
gcalar pion and an axial-vector interaction. This, mqever, can
not replace the direct Fermi (n p) ~ (uv) coupling as indicated by M.
Ruderman and L. Finkelstein (Phys. Rev. 76, 1458 (1949)). It
was in 1957 when the model of Chew for treating non-relati
vistic nucleons was available that we showed more rigorously
that only the Fermi coupling (n,p) ~{u,vu) can account for
the u-capture cross section; the n~y and w-p couplihgs how
ever are there and induce an effective pseudoscalar coupling™

in the reaction

W+ p + n+v
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of the form:
Gp(unY up) (u, (1 +'v -luu)

where:

G 2m m, -
-62 = '——.E.—-E_...q, 7
2 2 .
A m1T + mU

G_ is therefore proportional to mu (perturbation theoretical
4

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

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

Treiman, Phys. Rev. 111, 354 (1958))

10 THE CHIRALITY TRANSFORMATION

I should like to mention the contributions by the Brazi-
lian physicist, Jayme Tiomno,* in his work with Wheeler, then
with C.N. Yang (Phys. Rev. 79, 495 (1950)) and later on, in
é papef on the "mass reversal transformation" where he studies
the invariance under a y®-transformation as a principle to
determine the form of the four-fermion weak coupling (J. Tiamo,
Nuovo Cimento, 1, 226 (1955)), even before the discovery of
parity non-conservation. This is the transformation which
Pauli (W. Pauli, Collected Papars..vol. 2, 1325 (1964)) calls
the "Stech-densen transformation" and which obviously should
be called the Jensen-Stech-Tiomno transformation if one res-
pects the alphabetical order of the names. By this transforma

tion
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o= x5y

the interactions between four fermions fall into two classes:

those which are invariant:.

vi Pvuy o > vty

- = 5
A wYUst - 'IJTU'Y ¥

and those which change sign:

T: YoMVy + ~PouVy
P: iPySy » - i@st

The period 1956 - 1958 saw important contributions which
were given to a better understanding of the weak interactions
by a number of physicists.

Experimental proof of absorption of free neutrinos emitted
in nuclear reactions was given 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 (195%))}

i | o - ———r_— . tmr L
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If antineutrinos are emitted with the electron in. B-decay

of the neutron:
n+p+eé&+y

then they may be captured by protons 80 that

P+ vV +n+ et

-positrons are then emitted. Then if v#EN the reaction

+
P+ VvVIrn+oe

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

are not Majoréna particles. Reaction (1) suggested the np=-
tion of lepton quantum numbers and the principle of’ “their

conservation* (E. Konopinski and H.M. Mahmoud, Phys. Rev. 92,

1045 (1953)). The discovery that the particle emitted in u=decay:

+ + -
u +e % V. + vu
namely the muon-neutrino is different from the neutrino emit
l ted in B-decay of the neutron led to the attribution of spe-

cific quantum numbers to each lepton family, namely, as of

today:
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F
Le Ilu ; IJT a e ? .
\Y 1 "0 ¢}
e .
& -1 0. 0
Ve -1 0 0
- 2 0 .
V0 Y .
u 0 1 0
+ 0 =1 0
} 353 -
.vu 0 -} 0
T 0 .0 =1
Ve 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-f decay violates the
principle of consevation of Le). A similar violation of con-
servation of Lu and Le would be given by radiative decay of

maons:

nw>e+ y
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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 (19276)). This was based on the idea of neutrino
mixture as put forward by B._é’ontecorvo25 (see S.M. Bilenky
and B. Pontecorvo, Phys. Reps. 41, 225 (1978)). In odr paper
we showed that besides v, and v, we had.to introduce a third
massive neutrino, a heavy neutral lepton and mix it Qith v,
and vu in a three dimensional isopin rotation (see the fol-

lowing slides]).

11 PARITY VIOLATION AND THE VIOLATION OF THEORETICAL PREJUDICES

In the late 40's and early;SO's several groups - contrmbu—l
ted to the experimental discovéry of sirnange paniicles. In
particular the.famous g-1 puzzle led Lee and Yangzﬁto . naiéé
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 experimental data indicate closely identical mas-
ses and 1ifet:i.rres of the 8+(E K:Z) and the ‘r+(E K::;3) mesons. On
the other hand, analyses of the decay products of ot strongly
suggest on the grounds of angular momentum and parlty conserva
.tion that the 1* and 6% are not the same particle. This poses
a rather puzzling situation that has been extensifely dis-

cussed.”
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And then the authorslstate:

""It will become clear that existing experimenté ‘do indicate:
parity conservation in strong and electromagnetic'interactions-
to a high degree of accuracy, but that for the weak #nteractions
(i.e. decay interactions for the mesons and hyperdns, and wva-
rious Fermi interactions) parity conservation is so far only an
extrapolated hypothesis unéﬁpported by experimentale&i&ams.“'

This waé the important point: Lo break with the prejudice
that geometrical symmetries were all absclutely 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 connectiaon between éarity conservation and the :istrenght
of the interactions.

Here is what the great E.P. Wigner?’ said in a recent discus-
sion (Collogue International sur l'Histoire de la Physique des
Particules, page C8-448, Les Editions de Physique, Paris (1982)::

”"“Erankly; I was fully convinced that both time reversal in
variance and reflection symmetry are valid. It was a great Qrﬁk'
to me when a lack of validity of these was proved. I:....] It
is possible to think that the whole existence of the.weak in-
teraction is due to some initial condition of the wbrld, but I
can't believe it and therefore I am as puzzled as before by the
lack of validity.of-these invariances. If we believe in the sim
plicity and beauty of all laws of nature, these invariances
should be valid. Would you contradict me?""

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

in weak reactions, parity as well as charge conjugation . invari
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ance are not conserved. (C.S. Wu, E. Ambler, R.W. Hayward, D.

. b, 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 foildwing-words that Pauli expressed him-
self to V. Weisskopf in a letter which ;s publigshed and trans-
lated by Weisskopf in Paull's Collected-Pape?s: |

" Now the firSt.sHock is over and I begin to collect ny -
self again (as one says in Munich). Yes, it was very dramatic.
On Monday 21st at 8:15 p.m. I was supposed to give a talk about
"past and recent history of the neutrino”. At 5 p.m. the mail
brought me three experimental papers: C.S. Wu, Lederm;n and
Telegdi; the latter was so kind as to send them to me. The same
morning I received two theoretical papers, one by Yang, Lee and
Oehme, the second by Yang and Lee about the two - - .component
spinor theory". |

And in a few lines below: ‘

"Now, where shall I start? It is good that I a&id not make
" a bet. It would have resulted in a heavy loss of money (which
I cannot afford); I did make a fool of myself, however <(which
I think I can afford to do) -- incidentally, only in .letters
or orally and not in anything that was printed. But the others

now have the right to laugh at me. What shocks me is not  the
fact that "God is just 1left - hamded‘ll but the fact that in
spite of this He exhibits Himself as left/right symmetric when
He expresses Himself strongly. In short,the real problem now
is why the strong interactions are left/right symnmetric, How
can the strength of an interaction produce or create symmetry

groups, invariance or conservation laws?"
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Immediately after this experimental verificétion, there
was a revival of the two - component theory o_f the neutrino
{T.D. Lee and C.N. Yang, E_"hys. Rev. 105, 1671 (155?); A. Salam,
Nuovo .Cimento 5, 29 (1957); L.D. 'Landau, Bucl. 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 contravariant spinors -

transform under this group:

¢'T = A" ¢ e r=1,2 sum on s = 1,2

o' = _A% , A = (afs)
det A =1

The covarian£ Weyl spinors transform like this:
¢, = A

or:

oe
il
[nd
s
wl
~~
o -5
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or:

$' = A%
and finally the dotted covariant spinors ‘transform in this way:
4' =A% , (a %)= (a5)*
N : s ( : )_ .( r )

or:

1

g' = N7 ¢

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

Dirac - Weyl pair of spinors:

w =
X
which bbey the equations:
(o, p")*8x_ = mp"
g 8
o p%), % = mx,
rs x
where:
(o )ré , k=1,2,3 are Pauli

k
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1 0\
( ).and
0 1

matr’ices,(c’ro)rs

These equations are:

o+
BV,
I
=

-

(d%p° + T .

(O"p" - E; .

w4

So
It
.
arat

and.we see that the equations transform one into the other un
der space reflection.

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

the other equation:

-+

(o0%p® + g.p)¥n=_0

Left-handed neutrnino:

% X ;3-,* x _ — y . Histhe helicity;
ors
(@°p® ~ d.B}¢ =0
7% 4=13

the adight-handed neutrino, 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

(i,ru% - m)w = 0

in Weyl's representation:

01\ , [0-0 $ I oy
0 . - . 5 _ .
Y = ( ) H Y = o> ' q‘ - f Y__ (

10 ¢ 0 X 0 -I

12 THE V-A INTERACTION

In 1958 there appeared three important papers: by E.C.G.
Sudarshan and R.E. Marshak {(Phys. Rev. 229,1860 (1958}))), by
R.P. Feynman and M. Gell-Mann (Phys. Rev. 109, 193 (1958}) and
J.J. Sakurail (Nuové Cimento 7, 649 (1958)) which - determined
the form of the four - fermion weak coupling and which, as
you well know, is the so-called V-A interaction.? The require-
ment that the weak interaction lagrangean be invariant -under
the chiral - Jenéen ~ Stech - Tiomno transformation leads to
fhe exclusion of the §,T and P couplings there remaining only
V and A. The above authors tooklthe form in the case of the

muon - decay as follows:

L
w

G - o .
;;%: v,y (l‘ Y iu).
e -5 _
. ley, A -7V )

In the case of the non ~ relativistic approximation for
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the neutron decay one found the matrix element

M = .'-}-2_ <I>{G(pe)Y° {c, +.C‘:f’)V(q;)-

_].'_ - - - '.; 5 -
- <g>, {u(p‘)ay" (CA +l’:A Y )v(qv)‘

The experiment, very 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:

v
c, =-¢,
and it was found that
-gf = 1,23 & 0.02

Goldhaber and co-workers' experiment . consisted in meas-
uring the KHelicity of y-rays emitted in the electron K-capture

by Eu!®? according to the reaction:

Eul®? + e » Sm'¥* + v o+
(07) (17)

+sm'*? + v+ v,
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They showed that the excited Samarium nucleus has - the
same helicity as v and then that the y has the same helicity

as Sm*. The y was found to be left - handed.

13 THE QUARKS AND THE CABIBBO UNIVERSALITY

In 1949, Fermi and Yang published a paper and pointed out
that one might regard protons and neutrons in a primary level
and that pions could be formed_of a paii nucleon - antinucleon.
This means to consider the isospinor (g) as anelement of a
representation space of the SU2 group.

and then one would have:
+ -
T oapn, i T ~oAp,
v oo L -
0 A {nnc ppc}

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

know n-meson. Note that if:

P n
then Nc = 112( °)= ( c)

n -p

c c

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

uovo  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, 636

P .
{1956)) . He introduced the three component isovector|n ‘and

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

+ . K \ ; K° . R® & on
K" ~pd 7 K vp A 5 K ~nb .K '\ancﬁ.

As you know Gell-Mann and Ne'eman introduced the notion of

guark and the SU, model to classify the hadrons. The triality

3
of Sakata was replaced by a complex vector, an element of the

space representation of the group SU3 and so:

P u
(n)of Sakata +(d) of G- M~-N
A s

The classification 6f baéyons and mesons and the prediction
of new particies were well described by the 503 scheme.

On the other hand; in weak interactions, it arose from - the
papers already mentioned of Tiomno 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. Ci, 20, 521 (1958)) that if A had a Fermi coupling with (e,

v) and decayed in a proton:
A ptet v,

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

Ferml interaction can be expressed if one introduces a new

parameter, the Cabibbo angle in the hadronic weak current.
In current language the weak interaction.lagrangean is of

the form:
L, = = 3%(x)3,x)

v /2

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

pafts:
3%xy = h¥(x) + £%(x)
The leptonic part is:
L%x) = B, -ve) + (5" -y ¢
+ B Q-0+ 2
and ha(x),iJ1 éhe case of the SU3_model has the form:
‘W% (x) = COE;‘;‘ +ivy - (A +1A°‘2)] +

o d _ a0 o
CIEI_ +1V5 (Az; +iA5)] |

where Vi(x) and Ag(x) are the octets of vector and axial vec-
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tor currents, a = 1,... 8 in association with the SU, gene-

rators which obey the SU3 & 803 algebra.
Cabibbo's form of the universality is given by the condi-

tion:

2 2 _
C0 + C1 1

1 is the coefficient of Za(x).

He then set:

C. = s8in 6

CB = cos 08 , 1

determined experimentally and found

the Cabibbo angle was

to be:
"0 a726

ni

sBin 8

Thus in Su3_and in terms of the quarks u,d,s we have:

h%*(x) = (Wy*{l -y°)d)cos & +

(uy® (1 ~yS)s)sin @

The interaction constants are therefore

-5 .
G = lﬂ;— for p-decay;
™
P
for neutron B-decay and decays
G cos
with no change of strangeness;
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G sin® for B-decay with AS = 1

Thus:
trans.prob. (K -+ + v
| P WtV
trans.prob.{m + u + uu)
C2
m
. (1__11_)2
2 2
_sin?e S My M
2 2 m 2
cos“® f n m 2
" 1 - M-
2
R

14 INTERMEDIATE WEAK BOSONS AND SOME EARLY PREDICTIONS

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

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

"swe have adopted the point of view that the weak inter-
actions all arise from the interaction of a current Ju  with
itself, possibly via an intermediate vector meson of | high
mass"", |

And a few paragraphs below:

vnwe deliberately ignore the possibility of a neutral cur
rent, containing terms like (ee), (ue), (nn), etc. and :pos-
sibly coupled to a neutral intermediate field. No weak cou-

pling is known that requires the existence of such an interagc



CBPF-M0O-002/87
=53=

tion. Moreover, some of these couplings, like (ee), (we), lead
‘ing to the decay of a muon into three electrons, are excluded
by experiment™”. .

These are clearly statements by physicists who take into
account the existing experimental data, which is excellent.
However, sometimes, as emphasized by Dirac in a pfevious iéc-
ture, mathematical beauty may lead you into ﬂew physical ‘in-
tuitions which expeximent only later will confirm. And Feyrman
and Gell-Mann are possessed by such a matheﬁatical feeling in
the same paper when they make the requirement of a represen-
tation of fe:mions by two component spinors satisfying a se-
cond order differential. equation and the suggestion that in B-de-

cay these spinors enter the theory withouth gradient couplings.
These requirements were made because "one of the authors 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 - -~neutrino angular correlation
in the He® decaya did not discourage the authors from publish
ing their paper.'On the'cdntrary, they were so sure of their
mathematical intuition that they wrote: |

"These theoretical arguments seem to the authors‘ t6 be
strong enough to suggest that the disagreement with the He &
reccil experiments and with some other less accurate .. experi
ments indicates that these experiments.are 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 bosons, as already suggested in that paper, they were
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perhaps deeply related to photons which are also vector parti
cles. I had the feeling that sémehow photons énd‘weak‘ vector
bosons belonged to the same family and that therefore the cou
pling constant e of the elec£romagnetic interactions should
be eguai_tb g, the coupling constant of the interaction of the
.vector bosons with weak currents. Now a relation connécting e,
.g, the Fermi constant and the vector boson maés m, is well
known for the equivalence between the Fermi current - current
interaction and the coupling through the vector boson field
in the small momentum transfer approximation I therefore as-
suned g = e in this .formula which allowed me to evaluate the
mass mwﬁ‘And T obtained a high value, m_~ 60 n$(gnmxrinass).

| I used the formula —ii-='—§- L
.m2 /L2 7

w

whereas in . ..ithe . standard

model, as you know:

e =4dg sinew

.
Jlo

and
8m

£

with the value m_~ 75GeV, m_~ 90 GeV. _

As I got this wvalue I got discmnxmmd. In a multiplet, in
the case of exact internal symmetry, the masses of the compo-
pents are equal: case of (ﬁ) , C;), etc. But if m_ is so heavy
and photons have vanishiné 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, eéen if Feynman and Gell-Mann  dismis-
sed neutral curfents, I assumed neutral vector boéons ;. and
charged vector bosons as a possible model. Why? Bécaﬁse I
was familiar with the charge independent pion theory of nu-
clear forces where the coupiing constant is the same for
charged and for neutral pion iﬁteracfion with nuc¢leon matter.
Was the same true in the wéak interaction case, 1if one trdss
to impose conditions to forbid certaln transitions?

I then decided to send the note®? for publication (I was iin
Rio in 1958) I would not mention the idea of a y,W,Z2 multiplet:
but gave the value of m, when e = g, Besides if neutral vec-

tor bosons exist they should be responsible for an electron~

neutron scattering which would slightly differ from 'a pure

neutron magnetic interaction with the electron

n e
—_— " n
Ve 3
_. |
w 4
e
n
n
. . . _'?
Fig. 6 Fig
Second order and interme- First order coupling ! 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 Z 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 u_* e + v with
only one kind of neutrino - "this kind of intermediate  meson
theory is probably inconsistent with the experimental absence
of the u +.e + y decay mode"... His paper was received “on May
8, 1958 by Phys. Rev., mine on May 30, 1958 by Nucl. Phys.

My paper was not notiqed bylthe experts in the field {al-
thoughr; 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 vand g

g | then

Ik

based on current algebra. I then proposed that if e
the \{eétor meson dominance model should be extended™ s6 as to have
besides the vertex y = Por those like wip+ and w:= p- . (Nucls
Phys. B38, 555 (1972)).

And then I took notice and loved the 1967 paper by Weinberg
and the 1971 and following papers. And of course ithe 1968

Salam's paper and so on,””
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It is clea? that the gauge unified theories are beautiﬁui
although one does not know‘why the Dirac's_notion-of_mathémati-
cal beauty in the SU5 theory does not seem to be adapted to re-
ality. Or is it, still? |

s - 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
interactions and electromagnetic interactions should becanrbined,
originating as it aid with Schwingér, has been 6ften discussed
privately, as has also the possibility.that the resuiting A-
fields should be associated with a Yang-Mills type . of - gauge
transformation. In this connection wé are unable to disentangle

the extent to which we are indebted to others".

The difficu%ty probably arisen in these private discussions
was the fact that gauge fields-when there is gauge invariance -
have vanishing mass. This is exactly the saﬁe difficulty which.
impeached .me to consider the photon and the vector bosons aé a
multiplet since the latter would have to have a vaﬁishing mass
whereas I found m %.GOIﬁ) in assuming g = e. Mass generation was
only discovered later. |

An imﬁortant paper quoted by Salam and Ward, was : dlearly
the one by Schwinger?® (Ann. Phys. 2, 407 (1957)).

In 1958, independently of my own, let me 'mention S.A.
Bludman's paper” (Nuovo Cimento, 3, 433 (1958)) where he con-
éiders neutral currents and proposes the derivation of the
V-A interaction from an invariance principle "under a .cconti-
uu6u5 group of transgormations, in analogy with the ordinany
gauge -~ Linvaiiance derivation of the minimal electromagnetic in

Leraction of changed panticles.”
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In 1961 there came the importanf paper by Sheldon L. Glashow®
{Nucl. Phys. 22, 579 (1961)) - the same sacred Nuclear Physics-
where he examines "the weak d&& electromagnetic interactions un
"den the hypothesis that the weak intenactions are mediated by
uectok.bOAOné." ' . ‘ .

However,lhe é;scards the consideration of a triplet of vec-
tor bosons, rejects the notion 6f neutrél vector bosons and
considers the triplet wf,wjy.

Here I stop. You know the beautiful deve]ap?ents and at-
tempts at ﬁnifying interactions.

After 1975, I switched. my interest td a poSsible- astruc-
ture of leptons, an-. idea which was considered  independently:
later on by many physicists~preons and other objects..

To avoid tooc much speculation my attention was focused on
spin 3/2 leptons, so that experimenters migh gearch for them,

independently from supersymmetry or any other abstract theory.

-
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