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1 INTRODUCTION

The polemic on the ?-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 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. I t is the names of the lat ter , 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 v/e know by heart and venerate.

P.A.M. Dirac1 expresses this view in the following pre-

cise words:

""When one. looks OV&A. the de.-Jtlopme.nt oh physics, one sets

that It can be. pictured as a KatheK steady de.ve.iopme.nt with

t\any 6ma.ll steps and superposed on that a numbet OjJ big jumps.

O^couist, it is these big jumps which axe. the moot inte/Ltsting

faeativxes oi this development. The background o& steady deve-

lopment is largely logical, people aKt working out the ideas

wittc/i lolloio the previous set-up according to standard methods.

Bat then when we have a big jump, it means that something enti

netij »«c /iai to be introduced. The.be big jumps usually consist in

overcoming a picjudi.ee. ""

However the modern tendency among historians of science

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

a continuous action of subjacent forces during the preceding

phases.
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""The old òtylc, according to Stillman Drake7, icaa to òhóu)

each pioneer òcientiòt ai a tie.v0Zut4.0n.atiy, acknovotedging hiò

debt to tht past a& tittle a4 possible and Atieòòiiig the novelty

O(J hiò work a& much aò po&éible. The present style i& to at-

tribute as much o& his thought as possible to hiò ptiedeceòòoKò,

and to gnant aò tittle a& po&òible to hit own oAiginatity"".

And it is Alexandre Koyré3 who writes in one of his remark-

able articles on the history of scientific thought:

""La science modenne n'a pa& jailli patifaaite et complete, tel

le kthena de la fite de leu&, de& ceiveaux de Galilee et de

Ve&catiteò. Au contnaitic, la revolution galilecnne et caiteòien-

ne - qui -teóte. matgxé. tout une revolution - avait eíê ptiépaxée

par un long e^oit de pen&ee""

We are here not to analyse the transition - through the mid

die Ages' - from Aristotle's physics to Galileo'scientific revolu

tion of the XVII th century, nor the origin of the theory of re-

lativity or the evolution of the ideas which sprouted quantum

mechanics.

It is our aim to give an account of the development of the

physics of weak interactions which, after about forty years/converged

with quantum electrodynamics to give birth to the first model

of unification of interactions - the so - called electrcweak

standard model.

This cannot clearly be a complete history of weak interaction'

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. Oppenhcimor, C.N. Yany,

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 zie.ct.xon 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 p'Xo-tcn - 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 were the elementary particles which all physicists 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 electfionò emitted

by the S-tiadio active nuclei had a continuous ene/igy òpectAum.

As the nucleus with mass number A and charge number Z

was thought of as being formed of A •pxotona and A-Z eZecttionò,

it was natural to conceive in the 1920's that the B-rays were

electrons coming out from the radioactive nuclei. The diffi-

culty was, as emphasized mainly by L. Meitner, that as nuclei

possess discrete energy levels, as deduced from the a - 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 small fraction of the total B -ray continuous spectrum. Af̂

ter Rutherford proposed in 1914 that this continuous 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 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 -rays coming from the nucleus and indeed nuclei like

Ra E which emit no Y ~ rays emit no electrcn-lines. 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 electrons corresponding to a known number of de-

cays - it was known that in each 8 -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 C -electrons. In the case of secondary

processes undergon by well -defined energy B -electrons, the

energy per decay would be equal to the upper limit of the

continuous spectrum; in the case of electrons with continu-

ous energies coming out from the nucleus, this energy would

be the mean energy, according to the distribution curve of

0.15 0 3 I 0.45 0.6

ENERGIES IN UeV

0.75 0.9 1.0

Fig. 1

Whereas the upper limit of the $ -ray energies from RaE

is about 1 HeV the measured value was 0.344(±10%)MeV = É.

The possible y - rays which could be emitted together with

the electrons (and not absorbed in the calorimeter) and ac-

count for the missing energy, where shown by Heitner * 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 violation of the

law of energy - and noncntum - conservation in nuclear processes

like 3 -decay and thereby suggested the non-invariance of

the theory under the group of translations in space-time, hence

under the Poincaré groups: why would angular momenta 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 he did not publish his

idea in a scientific journal paper?) broken by W. Pauli"* in a

letter sent on December 4, 193Ü to physicists who were meeting

in Tubingen to discuss these questions -and he addressed them

as "Liebe Radioaktive Damen und Herren".

Here is what he says:

""NSmlich die Mflglichkeit, es kflnnten elektrisch neutrale

Teilchen, die ich Neutronen nenncn will, in den Kernen zxi&-

titficn, welche den spin 1/2 haben und das Ausschliessungs-

prinzip befolgen und sich von Licht - quantcn . ausserdem noch

daduich unterscheiden, daB sie nicht mit Lichtgenchwindkeit

laufen. Die Masoe der Neutronen müBte von dcrselben Grflbenor-

dnung wie die Elcktronon masce sein und jcdenfalls nichtgrôsser

ais 0,01 Protonen iwssc. - Das kontinuerlichc 0 -spectrum wflrc

dann vcrstandlich unter der Annnhmc, da3 bcim S -Zufall mit

dem Elcktrom jeweils noch ein Neutron cmittiert wird, derart,

die SuWme dcr Encrgien von Neutron unJ Elcktron konstant ist.""
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This new particle is the (Electron-) Neutrino, a name

given by E. Fermi after the discovery of the neutron by J.

Chadwick in 1932.

In the 1930 lat ter 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:

-&pòi and òtat^UcM for instance deuteron would have spin 1/2 or 3/2 if

i t were formed of 2 protons and 1 electron, whereas i t has

spin J =1; nitrogen Nl* was shown (R. de L. Kronig) to have

spin 1 whereas if i t were built up with 14 protons and 7 elec

trons i t would have (Ehrenfest and Oppenheijner) a half-integral spin'

-magnetic mcmtnti. The nuclei had magnetic moments of the

order of the nuclear magneton

' mp " p r o t o n m a s s

and the magnetic moments of the nuclear electrons d:d not contribute

at all, being 1800 times bigger than uN- Said Niels Bohr

""the nuclear electrons show a remarkable passivity.""

Pauli's particle, emitted together- with the electron, was

at first considered to exist in nuclei and solve the -above

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 publish a paper about it:

""Die Sache schicn mir abcr noch rccht unsichcr, und ich liosu



CBPF-MO-002/K7

- 8 -

meinen Vortrag nicht drucken.""

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

tributions to the advancement of physics.

3 THE THEORETICAL DESCRIPTION IN PHYSICS

One kind is an Intuitivo, new idta, 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 Broglie's postulate of associating a wave to par-

ticles but this was a speculative intuitive idea. Perhaps

to this kind belongs also the notion of photon by Einstein:

""All of this was quite clear to me shortly after the appe-

arance of Planck's fundamental work;.so that without having a

Aubòtitute. hoi cZaòòicaí mtchanitt I could nevertheless see

to what kind of consequences this law of temperature -radia-

tion leads for the photo -electric effect and for other relajb

ed phenomena of the transformation of radiation -energy, as

well as for the specific heat (in particular of solid bodies)"".

An intuitive new idea was also 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 feelirg 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 electron and the resulting prediction of the positron -

and anti-matter (the prejudice against new particles existing

at that time led Dirac to erroneously identify the anti-electron

with the proton). Here is what Dirac says about Schrõdinger's

discovery of the wave equation:

""Thii advance. Tof quantum theory in 1925] waA brought about

independently by two men, He.i6e.nbe.Ag &ir&t and SchfitidinQe.fi &oon

afterward, working ^rom di^erent points ojj view; •Heiàenberg

worked keeping close to the experimental evidence about spectra

that was being ammassed at that time., and he. fiound out how the.

experimental information could be. fitted into a scheme that is

now known as matrix mechanics. All the experimental data . o£

òpectroòcopy fitted beautifully into the scheme o£ matrix me,-

chanicò, and thiò led to quite a di^erent picture o& the a-

tomic world. Schrõdinger worked firom a more mathematical point

0(J view, trying to £ind a beautiful theory ^or describing a-

tomic event* and wa& helped by Ve. Broglie.'6 ideai 01J wave* a&-

Aociated with particle*. I]] SclirBdinger got hiò equation by

pure thought looking &or &ome beautiful generalization o& Ve

Broglie'ò ideai», and not by keeping clo&e. to the experimental

< development o& the subject in the way Heiòenberg did".

"I might tell you the òtory", pursues Dirac, "I heard

irom Schfilhiinger o& how, when he ^int got the

idea ior hii equation, he immediately applied it .to the behaviour

oi the election in the hydrogen atom and then he got reiulti

that did not agree with experiment. The di&agreeme.nt aroie be-

cauòe at that time it wa& not known that the electron ha& a

òpin. That, o& cour&e, wa& a great disappointment to SchrOdin



CBPF-MO-002/87

-10-

ge.K and it cau*ed him to abandon tht work ion *ome month*.

Then he. noticed that i£ he. applied the. theory in mole, approxi-

mate way, not taking into account the. rehinement* required by

relativity t to thi* rough . approximation hi* work wa* in

agftee.me.nt with ob*ervation"

"7 think there i* a moral to thi* *tory, namely that it i*

mofie important to have beauty in one.'* equation* than to have

them £it experiment. I(J SchAtidinge.fi had been more confident in

hi* work, he could have publi&htd it *ome month* earlier, and

he could havt publi*hed a mort accurate equation.1'"

The same philosophy is expressed by Einstein6 when he says:

""7 am convinced that we can discover by mean* oh purely ma_

thojnatical con*truction* the concept* and the law* connecting,

them with each other, which ^urni*h the key to the underatanding

ofa natural phenomena. Experience may *ugge*t the appropriate ma

thematical concept*, but they mo*t ceA.toA.nly cannot be deduced

^rom i t . Experience remain*, oh cour*e, the *ole criterion

oh the phy*ical utility oh mathematical con*truction* . But the

creative principle re*ide* in mathematic*. in a certain *en*e,

therehore, I hold it true that pure thought can grasp reality,

a* the ancient* dreamed."

This is perhaps not the Einstein7of the 1905 paper "Zur E-

lektrodynamik bewegter Kflrper", Ann. der Physik 17, 1905, which

starts with an analysis of the phenomena which led him to the

ppecial theory of relat ivi ty.

He writes in this paper:

"Example* oh thi* *ort, together with the uniucce**hul at-

tempt* to discover any motion oh the earth relatively to the
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"light medium", *ugge.*t that the. phenomena otf electrodynamic*

a* vDQ.ll a* OjJ mechanic* poòieAò no propertie* corresponding to

the idea o& abAolute re*t. They *ugge*t rather that, at ha*

already been *hown to the. £ih*t order o& Amall quantitie*, the

6ame. law* o& e.le.ttn.0dynamic* and optic* will be valid £oti all

(name.* o<J Ktde.he.nce. ^on which the. equation* o£ mechanic* hold

good. We will n.ai*e. thi* conjee tule. [the puxpofit o$ which wiÃZ

hc*e.a6tci be called the "Principle o& Relativity") to the

*tatu* o& a po*tulate".

It was later that Einstein reached the conviction expres;

sed before the above quotation. About the notion that physi-

cal law* would beg-c,. and end with expedience, Einstein wri tes:

""A clean recognition OjJ the ethVioneoii&ne** o& ihi* notion xeal

£<J only came with the general theory ofa relativity".

As I am touching upon this question which is of course at

the core of the most recent developments in unification theories,

may I just quote the introduction of the remarkable paper8 of

Dirac's on monopoles, entitled "Quantised singularities in the

electromagnetic field" in Proc. Roy. Soe. 133A, 60, 1931:

"The *teady progre** oh phy*ic* require* &or it* theore-

tical formulation a mathematic* that get* continually more ad

vanced. Thi* i* only natural and to be expected. What, how_

ever, wa* not expected by the *cienti^ic worker* oh the la*t

century wa* the particular £orm that the line o& advancement

o& the mathematic* would take, namely, it wa* expected that

the mathematics would get more and more complicated, but would

re*t on a permanent ba*i* o& axiom* and definition*, while ac

tu ally the modern physical development* have required a mathe
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matic6 that continually 6hi£t6 its foundations and gets mona

abstract, tion - auclidcan QC.omo.tMj and non-commutativa algebna,

which wane at one. time. considcnad to be purely factions o<$

the. mind and pastimas &OK Logical thinkctl, have now been

fround to be. VCKIJ nacassaxy ion. the. dascniption OjJ ge.ne.ial

^acts 0(5 Zhc physical wonld. It òcemò likely that this ptioce.06

ei incKeaòing ab&tfiaction will continue in the. ^utuxe. and that

advanct in plujòia i& to be ah&ociattd with a continual modifii

cation and gtntiali&ation o& the. axiomò at the baòe o& the ma-

thematics Kathe.fi than with a logicat de.ve.lopme.nt OjJ any one. ma^

thematical òcheme on a &ixed foundation'-".

All of this leads us to the remarkable philosophical ideas

of Pythagoras and his disciples as reported to us by Aristotle9

in his Metaphyoico A. I do not resist quoting this . sentence

which I take from a French edition of this work:

""it comma de. ce4 piinciptò le.6 nombtiet, &ont, pan. natune,

leò pn.emien.&, et qua, dano Itò nombn.Q.0 le.6 Pythagon.icie.n6 cn.g_

yaient p^xcQvoi'i une. multitude, d'analogic* avec tout ce qui cot

et devitnt, pluò qu'il* n'en ape.ncevaic.nt dano It feu, la Tef±

ne et I'Eau (T..1 ; comme Ho ve.yaie.nt, en outn.t, qua dei

nombn.e.6 ixpnimaitnt Id pn.opn.io.tei> e..t lei, pnopontionò muòica-

Ic6', comma, enfain, touta.b la& autn.e.6 choòa6 leun panaiòsaient,

dam leun natune entianc , etna &onmécs a la ne.66e.mblancc dai

nombncò, at qua le.6 nombn.c.6 6tmblaie.nt etna laò htalite.6 pxi

moAdialai da I'lfnivcm dans cai conditions, il6 conòidánanant

que. Ic6 pninciplas das nombnc6 6ont las elements da tous las

ctn.es, at qua la Cial tout antian ast Uanmonic at nombne.""

( A r i s t o t c , La M é t a p h y s i g u e , A , 5 , 9 8 5 b , 2 5 ) .
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In his paper, Fermi states that" a mathematical

in agfiee.me.nt with C/iCie. thfiee fiequifiemeiitò [number of e l ec t rons

and neutrinos not constant, neutron and proton as two states

of the heavy particle and hamiltonian built in such a way as

to associate the neutron proton transition to the creation

of a pair electron -neutrino] can be &et up vefiy eaòily by

meant o^ the. Viiac -Jordan -Klein method oi "òecond quantization".

Fermi's paper had the re fo re a mathematical beauty and a t

the same time an accura te ana lys i s of the da ta . If was a cha

r a c t e r i s t i c of Fermi 's wri t ings: s i m p l i c i t y , elegance, clarity.

4 THE IDEAS OF FERMI AND PERRIN

Now back to weak inter*. ~ions. The big jump for t h e i r

understanding i s contained in two papers , one by Vfianciò

Pe-fuiilc in the Comptes Rendus de l'Academie des Sciences de

P a r i s , Seance du 18 décembre 1933, under the t i t l e " " Possi^

b i l i t é d'emission de part icules neut res de masse in t r in seque -

ment nul le dans l e s r a d i o a c t i v i t e s B . " " ; the. othe.fi pape.fi,11

whefie the. theoAij i& pfiatically ^atly, developed, by E. Te.fimi

in Ricerca Scientifica in 1933 and in Zeitschrift für Physih.

in 1934 (E. Amaldi tel ls us that the famous London scientific

journal* "Nature" /ie.iu&Q.d to pu.bl.Uh FcfinWi note : i t

was thought to be too remote fram physical real i ty.) (Are

referees not tyrans always? )

In his paper Fermi takes up the idea of the constitution

of nuclei by protons and neutrons (Iwanenko, Comptes .Rendus

Acad. Sci. Paris, Acut 17, 1932). Fermi says:

"J»t the. fiadiation-thaohtj the. total tiunibeA o& light quanta

i* not a cotutanti light quanta axe. thtattd wiicn they ane
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emitted fifLom an atom, and di&appc.ai when they ant ab&oKbed.

Jr. analogy to thiò tlwo-iy wre toü'.C baocouK B - Kay tfitoKy on the

following aòòumptionò:

a) The total number o& tlectkonò ai well a& o£ the neu.txi.no

i& not neceò&ahily constant. ElectKonò [OK neixtKinoi) may

be cKeated OK dtòtKoyed . . .

b] The heavy paH.tlc.lei>, neutKom and pKotcnò, can be contideK

ed, aò by Heii&nbeKg, a& two internal quantum òtateò o£

the heavy paKtlcle . . .

Already Perrin, after concluding that the mass of the neu

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

la for the mean electron energy with the experimental value,

states:

"SÃ. le ntutKA.no a unt maòAe intK-inòtque nullt, on doit

aiiiòi pctiicA qu'il ne pKccxAAtc pcu> daiiò lei noyaux atomiqueò, et

qu14.1 at cxet, tomme V tdt un photon, IOKÒ de l' émiò&ion.

EH({-CH il òemble qu'on doivt lui attKÍbutK un òpin 1/2 de &a-

çon qu'4.1 pui&&t y avoiK conAtKva.tion du òpin dan& leò Kadio-

activitti, B it plui QtntKaltment dan& le& tKan&^oKmationiy eve»i

tutlleò dt ntutKóni en pKotonb [o u inveKòtment) avtc mitelon

ou ab&oKption d' cltctKon& tt de ntutKinoò""

Voilât 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 of the transition probability and the 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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Howevcr the fundamental ideas of the theory may be desig-

nated -if no one objects to that -as the lexmi - Pv.Vi.Lu concep-

tion 0(J 6 - decay.

Pauli writes:

"iinen Tell von Fe-tm-ci FoígcMuigen, hetüie.^end die. To Am c/ci Gefa-

6pc.ktH.um-!> und den SC/ICUJJ au$ die. Ruhcma&Á dzò Nc.uttii.no4, hat

gle.ichze.itig mid umiabhUngiiig auch F. Pzfixin gezogen, dch. zben-

tallò am Sctvatj - Kongfizòi aniazòínd wan..""

And Fermi himself knew of Perrin's paper as he quotes it

in his 1934 Zeitschrift für Physik paper. Concerning the

conclusion on the neutrino mass Fermi says in his footnote

No. 5: ""In a xnccntiy published atiticti, F. Pzn.fiin, Co.r.ptei

Rendus, 197, 1625 (1933), com to to thz àamz concluiion with

qualitative aAgumenti".

My • quotations of Fermi's paper are taken from the transia

tion by P.K. Kabir, in his collection of original papers on

weak interaction, Gordon and Breach, 1962. Kabir, however, did

not find Pcrrin's paper worthy to appear in his collection.

The scientific world being what it is we may only regret

that some names are omitted from historical accounts .

Fermi chose for the interaction hamiltonian which pro-

duces the neutron 3 -decay the vector Coupling, of the form:

H i n t - g(PVlJn)

The non-relativistic approximation for the nucleons is

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

particles - he writeü plane waves (neglecting the Coulomb dis

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

be a superpor.ition of the five Dirac covariant forms, namely:

H. . = I C (p^n) (êr V)
m t ' • a a

a

v/here a = 1 , . . . 5 and

r1 = i , r 2 = Y # r3 = Y S 5

71

Here "y are the well-known Dirac matrices and

5 = _L
4Í

etc.

Jusqu'en 1956 les physiciens croyaient que les lois de

la nature etaient invariántes par rapport ã la reflexion

spatiale et done qu'il y aurait une conservation rigoureuse de

la parité. Pauii, en particulier, qui a conçu 1 'hypothèse du

neutrino pour retablir dan les proccssus faibles la conserve»

tion d'energie, impulsion et moment angulaire croyait on

la conservation de Ia parité.

In general if parity violation is taken into account in

the weak lngrnngean, this will contain ten coupling constants

5
» Z (pVn) (crfl(Ca -fCflY

s)v)
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The amplitude for the reaction N. •» N + e + 5 is obtained

by Feynman's . rules and is given by

S = -Í(2TT)5(E -E -E -E )M
n p c V

where:

M = I [ d3x(u(pe)r
a(Ca +C^Y

5)v(qv))
a J

*x . <N | (p r n)N.
£ a L

The momentum transfers are 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 allowed tfMM&itionò. In this case

M = — <I>(Ü(pe) |(Cs+C^Y
5) + Y°(C

n

where:

Í

= jd 3x<N f |p+(x)n(x) |N£:

i s Fc/imX'A matxix element and

<o> = jd3x <Nf |p+(x)( jn(x) |N i
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i s the ntat/i/.x element o£ Gani cm and lelten.

A pure Fermi transition as exemplified by: 01— ̂  N1* +e + v

has the selection rules AJ = 0 and no change o£ pa/iitij. A search

for such a transition is facilitated by the transitions 0 -* 0.

A pure Gamow-Teller i s determined by tha rules:

AJ = 0r ± 1 and no ViamÂXion O-»-0, and no change o£ paKity

which is the case for

He —

A mixture of the two amplitudes is present in several

reactions as in

n -»• p + e + v

H3 •* He3 + 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 vec-

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

elude that
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S and/or V

and:

A and/or T •£ 0

After Fermi's paper, many physicists contributed to the

theoretical and experimental development of fj-decay processes.

In 1934, artificial, radioactivity induced by alpha -particles

was discovered by Irene Curie and Frederic Joliot and also

the positron -emission reactions, and successively the capture

of orbital electrons by nuclei, the capture of neutrinos, the

early experimental attempts at testing the neutrino, the con-

sideration of exchange11 of a pair electron -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 so on.

5 MAJORANA'S NEUTRAL FERMIONS

We cannot, of course, forget the contribution of Ettore

Majorana12 in his beautiful paper on the SymmctAical thtOKij oi

the. election and the po&ítion, Nuovo Cimento 5, 171, 1937.

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

state that:
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If iM*) is a Dime spinor which describes an electron with

ge e in interac

obeying the equation:

charge e in interaction with an electromagnetic field A (x),

- ir; (x) = 0

then there exists a Dirac spinor $ (x) which describes an anti-
c

electron with charge -e and obeying the equation:

- m | *c(x) = 0

It is well known that, as tT. ., where ty = ty yc and t in-

dicates the transposed, satisfies the equation:

+eA(]) + raW =

then a matrix C with the properties:

V = - C* Vc

cc = - c, c+ = c"1

determines the relationship between ty and i|J(x) namely:

< (x) -c

ty is the charge conjugate of tp. In general, the operation of

charge conjugation is the Ktpla.CQ.mnnt of the state of a par-
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ticles and 6 antiparticles by the state with a antiparticles

and 6 particles.

It is only in quantum field theory that the Dirac covariant

forms behave correctly for example in classical theory

whereas in q-number theory:

u.

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

ducts .

Here is the table of the normal bilinear forms

S :$!(x)iMx):

v t^(x)y^\l> (x):

T i£ • < X ) J Y V , Y V ] * < X ) : =

sij>(x)apVip (x) :

A i^{x)yyty5\l>{x)i

P ii$!(x)Y5i|>(x) s

C - conjugate

$(xH(x)

-:\p(x) Y^</»(x) :

- :$(x)aM V<r(x):

*?(x)YPY 5*(x)i

; : ÍMX)Y 5 IMX)
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A Majorana field describes particles which are identi-

cal to their antipar tides:

(x)

(up' to a phase factor) .

Therefore V' and j vanish and as V defines currents (elec-

tric, baryonic, leptonic, etc} and T the moments associated

to these charges, M(x) ^M (x) describes pixnuly, tiuty

The simplest way to describe ^ (x) is in the MajoAana tie.pA.z-

ttntation of the y-matrices namely:

and

so that

Charge conjugation is, however, a unitary 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:

CBPF-MO-OO2/87

'A(p)e~ ipx+B
+<p)e i p x 1

(x)

we see. that

but

(x) =

a l*lc + a2*2c l + a2<|)2

For a Dirac field:

^72 í ^ I ÍA(ps)u(ps)e"lpx +
( 2 T T ) J / Z ) 2p° s

+ B+(ps)v(ps)e ipx

-m)u(ps) = 0; (Y P +m)v(ps) = 6

then as C vobeys an equation for u and C ü the equation for

v clearly:

KM = -
C
 (2TT)

(ps)u(ps)e" ipx

+ A+(ps)v(ps)e ipx
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In the Majorana reprosentation, v* is a u function and

u* is a v-function since yv* = - y^ .

So,

(x) - V = ^ 2 f^ 2 f í
(2TT)3/2 ) 2p° s

+ A+(ps)v(ps)eLpx

the transposition is only in spinor space.

If M(x) is a Majorana field then:

Mix) =
(2TT)3/2 J 2p° s

A+(ps)v(ps)eipx

A(ps)u(ps)e~lpx +

where v(ps) = Cc-(ps). In the Majorana representation v = u*;

M - Mc

and in this representation Mix) is a real field.

After the Majorana paper the question arose as follows:

CLKQ. nzutHÂnci in 3 - decay a ViAac OK a MajoAana faizld?

This question led to the study of the double - g decay

first by Maria Goeppert -Mayer in 1934 and by W. Furry in

1939 as a means of finding an answer to this question. An

example is found in the isobaric triplet 5 QSn
l 2\ ^Sb 1 2*,

-2Pe
12lt. Oheir energy levels are of the type

Sb12"

50Sn
51

Te12"52 i e
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therefore 50Sn
121* cannot give jSb127 but could go into 2Te

12'

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

n -* p +e + v

n •*• p +e +v

Sn 2*+2e+2v

v = vc
n •*• p +e + v

n +• V •* P + e

SnI 2k-•Te3 z+2e

. 3

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

in the Majorana case the neutrino emitted by one neutron is

captured by another neutron and there are no free neutrinos

emitted,only two electrons the total energy of which is fixed

and equal to the maximum energy released. Phase space would

give an enhancement by a factor about 10 s higher than in

Fermi's case.

We shall see that according to current theory and experi-
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irental evidence neutrinos are left - handeci (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 he.lic.itij do a.

chatige. which distinguishes it from its antiparticle, the

right -handed Majorana.

Left-handed Majoranas have even an effective electromag-

netic interaction about which we shall speak later.

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 important paper with a

new idea.

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 ch.aH.ge. inde.pe.nde.nt nucttcLK faonce.&13 became well esta-

blished - following the phenomenological research on the

form of the nuclear forces by Heisenberg and by Majorana in 1933.

Yukawa's11* idea was revolutionary in the sense that it pos-

tulated a new faitld which would be responsible for the nu-

cleon - nucleon interactions. The Klein - Gordon equation for

a scalar field <j>(x) generated by nuclear matter with density pfc):
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has a Green's function in the s t a t i c case

(V2 - p2)Y(x,x«) = g 6 3 ( x - x ' )

which i s :

Y(r) =

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 , — =

, with this mass, Yukawa found m *v> 200nu ; a particle the-
m c tf 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 nuclear forces, which were not suces£

ful.

Fig. 3a
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He wrote: "" according to oufi th&otitj the quantum twitted

whtn a heavy particle, jump* ^om a ncutnon to a pfioton itate.

can 6e ab60Kbe.d by a tight panticlt which will then in con&c

quznee o& e.ne.n.gy absorption Kii>t fitiom a ntutiino àtatz o£ nc

gative. e.ntngy to an zl&cVion òtate. o& positive entfegy. Thuò

an antintutKino and an tt&ctKon afie. emitted òimultancodòtij

^o.m 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 8 - decay

Fig. 5
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We know that this docs not work although this diagram exists

and gives the so-called pòeudoicala.fi induced Ante.AactA.on, 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, 382 (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 postuiation of

the neutrino and the success of the 3 -ray theory of Fermi and

Perrin, physicists Atill had a pA.zjudA.ce, againòt a&&uming the

existence o I new pan.ticle& apparently not needed to describe

the nuclear structure.

The experimental investigation of cosmic rays would open

new horizons. After the work of Ehabha 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 became 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 Nodder-

meyer,1!> have "unit change but a man {which may not have a unique

value) langeK than that o& a normal tfAec election and much
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imalLe.fi than that o& a photon; this assumption would also ac-

count for the absence of numo.Aou.6 langc hadZati-vc Io66e.ò a6

a.6 ^OK the. ob6c>ivcd ionization. In ai much a& chatige. and

ant tht only pan.ame.te.Ki, which chafiactthize the. election In the.

quantum thcony (b) 6o.em6 to be, the beòt wonkina hypo.the.M6 .""

Hypothesis a) suggested by these authors would be the possession/

by e and e of sane 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 dA.6Cove.fiy o& pÁjon6

and thtiK decay Into muonò.

Although, Anderson and Neddermeyer particle 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, S. Sakata, M. Taketani, N. Kenuner,

W. Heitler, H. Frôhlich, H.J. Bhabha and L. Hulthên, H.A. Bethe

Chr. M<J>ller and L. Rosenfeld, Julian Schwinger, W. Pauli and

S. 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 nic mention some

contributions to cosmic ray physics and to the theory of 3 -decay

and neutrino physics coming from physicists in Brazil- I

have in mind the discovery oh showers oh penetrating particle*

bij Paulus Pompzia, Marcello Damy de Souza Santos and Gleb

Watagliin1* (Phys. Rev. 57_, 61 (1940), and the beaut i ful work

by Georges Gain 010 and Mario Sc/itfnbcii}17 on the. ne.iith.ino the.oh.tj

oh stellar coilxpse (G. Gamow and M. Sch&iberg, Phys.. Rev. J38,

1117 (1940), Phys. Rev. 59, 539 (1941)). Here i s what Klemm

and Heisenberg say in the book: Cosmic Radiation, W. UeisenbeAQ,

e d i t o r , Dover Publ. New York 1946, page 60:

"Uataghin, Santoò and Vompeia, working a SOO m above. sta

level, have, placed hoah. counte.fi tube.* oh 100 cm2 each to that

in each pain, the two counters are vCAticaiiij undeh one ano-

ther and the pain* ane 0e.pah.atcd hoAizontally, 30 cmi. in one

caòe and 65 cm& in the. otheK, A pah-tide, coming vertically h^-om

above and earning a paih. oh counter tubcò to reòpond mu&t pe

ne.th.ate 17 cm4 oh lead. The authoh.6 ob&cAvcd h0UfL ~ h°£d coin-

cidences and jjound, with 30 cm. 6cpah.ation, 4.5 coincidence.6

per day and, with 65 cm. btpc/iation, 3.6 coincidences pch. day,

whereas they report that only 0.3 coincidences per day were to

have been expected accidentally. Here they were evidently dml

ing with pai'iS oh penetrating particles, most ph.obabl.ij mesons.""

After the remark that the neutrinos emitted in 3 -desinte

gration in the thermonuclear reactions which produce energy

in stars, carry only a small fraction of this energy aw<\y,

Gamow nnd Schflnberg s t n t e : . . . "as the result oh the. piogressivc.
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contraction o& the &tar, the density and temperature, in its

interior become, su^icienttij IUQII to petmit the. pe.netx.atA.on

o& ̂ ree electrons into di66e.ic.nt nuclei resulting in the fioA

mation od unstable isobars with smaller atomic number. The.

-two P4OCC44C4 which will take, place undeA Mich conditions can be.

wiittzn schematically ai:

z z —1
(Nucleus) + e •*• (Nucleus) + n e u t r i n o

z-1 z
(Nucleus) -* (Nucleus) +e + (anti) neutrino

Since the. ncu.tAinos pficduczd in both Ae.action& cannot be

held back by gaseous walls san.nounding the central legion o£

the stax, no actual theàmodynamic equilibrium is evidently pos

òible and the matte* undent these conditions will fiapidly lo&e

its extra heat content through the neutrino emission.""

This is what the authors called URCA PROCESS - a name sucj

gested by the loss of rr.cnctj by gamblers in a cassino in Urea

beach in Rio de Janeiro, a process which impressed Gamow in

his v i s i t to this c i ty .

9 PION5, 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 beginning of modern particle physics.

An important paper by M. Conversi, E. Poncini and O. Piccioni18

i

(Phys. Rev. 21' 2 0 9 (1947) announced the experimental result

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

in carbon but not in JLHQH. E. Fermi, E. Teller and V. WciEskopI18

(Phys. Rev. 21» 314 (1947)) calculated the process and showed

that the absence of capture of mesons in light nuclei implied

an interaction meson - nucleon probability about IO12 weaker

than given by the Yukawa interaction. The difficulty inspired

R.E. Marshak and H.A Dethc13 (Phys. Rev. 22' 5 0 6 (1947)) to pro-

pose the existence of two mesons to account for the Yukawa strong

interaction and the Conversi, Pancini, Piccioni. weak absorption

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. Powell1^ (Nature 159, 694 (1947)) which detected the

pionò (TÍ and ir ) which decay into lighter particles, the

muoiU and neutral particles which we now know to be the muonic

neutrinos:

ir •> y + v

It then became clear that pions should be produced by the

Yukawa interaction

p •*• n + TT

n •* p + IT

nnd that the muons into v/hich 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 p - decay was made by

exposure of nuclear emulsions - made highly refined and aensi.

tive by Ilford - at the Chacaltaya Cosmic Ray Laboratory at

5000 meters, near La Pa-z. The Brazilian physicist Cesar M.G.

Lattes who brought the emulsions, went by Fio de Janeiro and

I thus had the privilege of knowing at first-hand these events

and of taking part in the ensuing discussion (J. Leite Lopes,

Mt&on dtcaij and tht theory o& nactta.fi bonczt,, Nature (London)-

160, 866 (1947); On the. tight and haavy mtòonò, Phys. Rev. 74,

1722 (1948)).

This was a period of great activity and creativity. The

important papers were, among others,20 those:

I) by Bruno Pontecorvo (Phys. Rev. 21> 2 4 6 (1947)) in which

he proposed that

1) the muon capture must be identical to a Fermi electron - cap_

ture with emission of a neutrino: y + p •*• n + v (only much

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

trino different from the e - neutrino v ^ v e ) ;

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

3) muons might decay into e + Y which was, however, not ob-

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 G in a Fermi interaction for
capt

the \i - capture process is approximately equal to that

in ordinary fl -decay G and G d c c of p:
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G, = G . - G,,d e c capt I

Ill) hy J, Tiomno and J.A. Wheeler (Rev. Mod. Phys. 2J., 144

(1949); Zl, 153 (1949)) which made an extensive analysis

of the V' -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. 7_5,

905 (1949)) which reached the same conclusions as Tiomno

and Wheeler

V) by L. Michel (Proc. Phys. Soc. (London) A63, 514 (1950))

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 original idea of couplings

through pions and assumed a TT - JJ coupling with a pseudo

scalar pion and an axial-vector interaction. This, however, can

not replace the direct Fermi (n p) - (pv) coupling as indicated by M.

Ruderman and L. Finkelstein (Phys. Rev. 1b.' 1458 (1949)). It

was in 19 57 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,v ) can account for

the jj-capturc cross section; the TT-U and Tr-p couplings how

ever are there and induce an elective p&zado&calax coupling71

in the reaction

IJ" + p -• n + v.,
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of the form:

where:

G - Z m' mu • 7

G is therefore proportional to m (perturbation theoretical
P V

calculations by J. Leite Lopes, Phys. Rev. 1JD9, 509 (1958);

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

Treiman, Phys. Rev. 11JL, 354 (1958))

10 THE CHIRALITY TRANSFORMATION

X should like to mention the contributions by the Brazi-

lian physicist, Jayme Tiomno,22 in his work with Wheeler, then

with C.N. Yang (Phys. Rev. 2?_, 495 (1950)) and later on, in

a paper on the "mass reversal transformation" where he studies

the invariance under a y5-transformation as a principle to

determine the form of the four-fermion weak coupling (J. Ticmno,

Nuovo Cimento, 1, 226 (1955)), even before the discovery of

parity non-conservation. This is the transformation which

Pauli (W. Pauli, Collected Paparsvol. 2, 1325 (1964)) calls

the "Stech-Jensen transformation" and which obviously should

bo called the Jenicn-Stcch-Tiomno thanò^onn\ation if one ros-

pects the alphabetical order of the names. By this transforma

tion
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-• - Y 5<J>

rc c

the interactions between four fermions fall into two classes:

those which are invariant :

V:

A:

and those which change sign:

S:

T : ij!alJV^ •> -

P:

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 ir. a series of observations by

F. Reines and C.L. Cowan Jr. and F.B. Harrison, H.W. Krusc, A.

D. Me Cuire (Science 124, 103 (1956); Phys. Rev. 107, 528 (1957))
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If antineutrinos are emitted with the electron in B-decay

of the neutron:

n •*• p + ê + v

then they may be captured by protons so that

p + v •*• n + e +

positrons are then emitted. Then if v / v the reaction

p + v •*• n + e

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

are not Majorana par t ic les . Reaction (1) suggested the no-

tion of lepton quantum numbers and the principle of their

conservation23 (E. Konopinski and H.M. Mahmoud, Phys. Rev. 92,

1045 (1953)). The discovery that the particle emitted in y-decay:

U+ * e+

namely the muon-neutrino is different from the neutrino emit

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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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. 9̂

36 (1961)) (Neutrinos according to Majorana would have ' a'

vanishing lepton number and a double-8 decay violates the

principle of consevation of L ). A similar violation of con-

servation of L and L would be given by radiative decay of

muons:

•*• e + y
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An extension of the Glashow-Salam-Weinbcrg model to en-

compass muon-number violation was proposed by C. Ragiadakos and

myself (J. Leite Lopes and C. Ragiadakos, Lett. Nuovo Ci-

mento JL6, 261 (1976)) . This was based on the idea of neutrino

mixture as put forward by B. Pontecorvo25 (see S.M. Bilenky

and B. Pontecorvo, Phys. Reps. 4JL, 225 (1978)). In our paper

we showed that besides v and v we had to introduce a third

massive neutrino, a heavy neutral lepton and mix it with v

and v 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 50's several groups contribu-

ted to the experimental discovery of otfiangz pa.titJLcte.&. In

particular the famous 8-T puzzle led Lee and Yang*6 to raise

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 lifetimes of the 0 + (= K +J and the T +( = K+_) mesons. On
TT 2 H3

the other hand, analyses of the decay products of T + strongly

suggest on the grounds of angular momentum and parity conserva

tion that the T + and 0 are not the same particle. This poses

a rather puzzling situation that has been extensively dis-

cussed. "
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And then the authors state:

""It will become clear that existing experiments do indicate

parity conservation in strong and electromagnetic interactions

to a high degree of accuracy, but that for the weak interactions

(i.e. decay interactions for the mesons and hyperons, and va-

rious Fermi interactions) parity conservation is so far only an

extrapolated hypothesis unsupported by experimental evidence.""

This was the important point: to bKtak with the phe.ju.dicz

that geometrical symmetries were all absolutely held for all

types of interaction. And if parity conservation selection ru-

les were well established in nuclear as in atomic physics, it was

difficult for several physicists - like the great Pauli - to

see a connection between parity conservation and the ;strenght

of the interactions.

Here is what the great E.P.Wigner27 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)):

"''Erankly, I was fully convinced that both time reversal in_

variance and reflection symmetry are valid. It was a great shock

to me when a lack of validity of these was proved. [[..•. 3 Ifc

is possible to think that the whole existence of the weak in-

teraction is due to some initial condition of the world, but I

can't believe it and therefore 1 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,28as you know, and proved that

in weak reactions, parity as well as charge conjugation ; invari.



CBPF-MU-UUü/o/

-42-

ance are not conserved. (CS. Wu, 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 which is published and trans-

lated by Weisskopf in Pauli's Collected Papers:

" Now the first shock is over and I begin to collect my-

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, Lederman 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 did 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 left - handed" 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 symmetric, How

can the strength of an interaction produce or create symmetry

groups, invariance or conservation laws?"
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Immediatcly after this experimental verification, there

was a revival of the two - component theory of the neutrino

(T.D. Lee and C.N. Yang, Phys. Rev. 105, 1671 (1957); A. Saliim ,

Nuovo 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 jontravariant spinors

transform under this group:

$'T = A r 4 s , r = 1,2 sum on s = 1,2s

which WP symbolize by the equation:

0 0 r

<(>' = A<j> , A •= ( A s )

det A =1

The covariant Weyl spinors transform like this:

*• = A S<f>T r r s

or:

o \ /o

The dotted contravariant spinors transform under A*:

*• = A • • i A . s (A ) "y 6 s 8
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or:

and finally the dotted covariaht spinors transform in this way:

01 = A 8<J) , /•» «\ - /» 8\*

r s

or:

*\ = (A s

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

Oirac - Weyl pair of spinors:

X

which obey the equations:

/ ) . •'
rs

where:

(ok)
rS , Jc = 1,2,3 are Pauli
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. / I O
s = (

\0 1

rs fmatr ices , (o ) = [ ) and
0

(a.) = - ( o . ) r s

k fs k

These equations are:

(<t°p° + a . p ) x = m*

- 0 » B )<P = m x

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 or

the other equation:

(a°p° + a.p)x -. 0

le.it-handed neutiino:

\ =2-^ x = " X / H is the helicity;
IPI "

or:

(a°p°p° -

the. night-handed nzutnina. Paul! rejected Weyl's equation for



CBPF-MO-002/87

- 4 6 -

the neutrino because i t is not. invariant under space reflection.

The two equations above are the forros of the Dirac equation

in Weyl's representation:

12 THE V-A INTERACTION

In 1958 there appeared three important papers: by E.C.G.

Sudarshan and R.E. Marshal (Phys. Rev. 1GI?, 1860 (1958))), by

R.P. Feynman and M. Gell-Mann (Phys. Rev. 109, 193 (1958)) and

J.J. Sakurai (Nuovo Cimento 7.' 6 4 9 (1958)) which determined

the form of the four - fermion weak coupling and which, as

you well know, is the so-called V-A interaction.29 The require-

ment that the weak interaction lagrangean be invariant under

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:

In the case of the non - relativistic approximation for
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the neutron deoay one found the matrix element

)-r°(C + C'Y5)v(qv)v . v

. — <o>. | ü"(p )o V (CA +C! Y
5)v(qv)

71 I A A

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.30

In the above expression then:

C v = - C v '

Ci " " CA

and it was found that

C.
J± m 1.23 ± 0.02
v

Goldhaber and co-workers' experiment consisted in meas-

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

by Eu1S2 according to the reaction:

E u I S 2 + e - sm 1 5 2* •»• v e *

(0") (1")

•*• S m 1 5 2 + Y + v .
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Th ey showed that the excited Samarium nucleus has the

same helicity as vfi 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 pair nucleon - antinucleon.

This means to consider the isospinor (P) as en element of a

representation space of the SÜ, group.

And then one would have:

•n *v» pn ; ir~ % np

JL { nn c - ppc>

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

know n-meson. Note that if:

-0
then N = IT»

C 2

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. £2, 833 (1953); Suppl.

Iluovo Cimento £, 848 (1956); T. Nakano and X. Nishijima,
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Progr. Theor. Phys. 10, 581 (1953); K. Nishijima, Progr. Theor.

Phys. 1̂ 3, 285 (1955); S. Sakata, Progr. Theor. Phys. 16, 636

(1956)). He introduced the three component isovectorln J and

described the pions like Ferri and Yang but also the kaons, like:

K" ^ p A ; K° ̂  n A ; K6 % n A
c • c c

i ; K ^ p A ; K ^ n A ; K6

c

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

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

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

space representation of the group SU. and so:

( n } of Sakata •»( d]
\A/ \s/

of G - M - N

The classification of baryons and mesons and the prediction

of new particles were well described by the SU. 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 p-cag

ture were approximately equal.

In 1958, it was suggested (J. Leite Lopes, An. Acad. Bra-

sil. Ci. 120, 521 (1958)) that if A had a Fermi coupling with (e,

v) and decayed in a proton: n

A •*• p + e + v e

i

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 Cabibbo32 that the universality of the

Fermi 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 . - • %

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

parts:

ja(x) = haCx) + Ia (x)

The leptonic part is:

*ft(x) - (veY
a(l -Y5)e) + (vvY

a(l -Y5)y)

and h°(x), in the case of the SU3 model has the form:

h°(x) = C

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

rators which obey the SU3 A SU algebra.

Cabibbo's form of the universality is given by the condi-

tion:

C2 + C? = 1
o l

1 is the coefficient of £a(x).

He then set:

i = cos 6 , Cj = sin 8

the Cabibbo angle was determined experimentally and found

to be:

sin 6 = 0.26

Thus in Su. and in terms of the quarks u,d,s we have:

ha(x)

(ÜYa(l - Y5)s)sin 6

The interaction constants are therefore

G » for p-decay;
in2
P

for neutron 8-decay and decays
6 cos 0

with no change of strangeness;
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G sin 9 for fj-decay with AS = 1

Thus:

trans.prob. (K •*• \i + v )

trans.prob. (ir •*• p + v )

sin2 9 fk \

cos29 f 2

14 INTERMEDIATE WEAK BOSONS AND SOME EARLY PREDICTIONS

Clearly, before the discovery of the V-A interaction, the

idea of an intermediate boson responsible 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 papar:

""We hcve adopted the point of view that the weak inter-

actions all arise from the interaction of a current J with

Itself, possibly via an intermediate vector meson of high

mass"".

And a few paragraphs below:

""We deliberately ignore the possibility of a neutral cur

rent, containing terms like (ee), (ye), (nn), etc. and pos-

sibly coupled to a neutral intermediate field. No weak cou-

pling is known that requires the existence of such an interac
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tion. Moreover, some of these couplings, like (êe), (ye), 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 previous lec-

ture, mathematical beauty may lead you into new physical in-

tuitions which experiment only later will confirm. And Feymvan

and Gell-Mann are possessed by such a mathematical feeling in

the same paper when they make the requirement of a represen-

tation of fermions by two component spinors satisfying a se-

cond order differential equation and the suggestion that in ^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 v\s in disagreement with experimental re-

sults concerning the electron -neutrino angular correlation

in the He6 decay, did not discourage the authors from publish

ing their paper. On the contrary, they were so sure of their

mathematical intuition that they wrote:

"These theoretical arguments seem to the authors tò be

strong enough to suggest that the disagreement with the He 6

recoil experiments and with some other less accurate .1 expèri.

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 par^i

cles. I had the feeling that somehow photons and weak vector

bosons belonged to the same family and that therefore the cou

• pling constant e of the electromagnetic interactions should

be equal to g, the coupling constant of the interaction of the

vector bosons with weak currents. Now a relation connecting e,

g, the Fermi constant and the vector boson mass 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-

sumed g = e in this formula which allowed me to evaluate the

mass m . And I obtained a high value, m ^ 60 m (proton mass).

I used the formula -^— = whereas in : ;the standard
m2w ST *

model/ as you know:

e * g sin0w

and

with the value m 'v 75GeV, m ^ 90 GeV.w z

As I got this value I got discouraged. In a multiplet, in

the case of exact internal symmetry, the masses of the compo-

nents are equal: case of í^\ , Çt\ etc. But if m is so 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, m = 0 and
w y

no mechanism of mass generation was even dreamt of at that

tine.
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On the other hand, even if Feynman and Gell-Mann dismis-

sed neutral currents, I assumed neutral vector bosons . and

charged vector bosons as a possible model. Why? Because I

was familiar with the charge independent pion theory of nu-

clear forces where the coupling constant is the same for

charged and for neutral pion interaction with nucleon matter.

Was the same true in the weak interaction case, if one tries

to impose conditions to forbid certain transitions?

I then decided to send the note33 for publication (I was in

Rio in 1958) I would not mention the idea of a y,W,Z 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

\ /

A
Fig. 6

Fig. 7

Second order and interme-

diate hyperon interaction

in the charged theory.

First order coupling in

theory with charged and

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.

I 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. 11£, 1482 (1958)) in which he points the difficulty from

the vector-boson theory concerning the decay u •*• e + y with

only one kind of neutrino - "this kind of intermediate meson

theory is probably inconsistent with the experimental absence

of the y -»• 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 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 rand g

based on current algebra. I then proposed that if e = g then

the vector meson dominance model should be extended51* so as to have

besides the vertex y - p , those like w"p and w"= p" (Nucl?

Phys. B38, 555 (1972)) .

And then I took notice and loved the 1967 paper byWeinberg

and the 1971 and following papers. And of course .the 1968

Salam's paper and so on.35
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It is clear that the gauge unified theories are beautiful

although one does not know why the Dirac's notion of mathemati-

cal beauty in the SU theory does not seem to be adapted to re-

ality. Or is it, still?

In their paper of 1959, A. Salain and J.C. Ward (Nuovo Ci-

mento, 11, 568 (1959)) state at the end:36 "The idea that weak

interactions and electromagnetic interactions should be combined,

originating as it did with Schwinger, has been often discussed

privately, as has also the possibility that the resulting A-

fields should be associated with a Yang-Mills type . of gauge

transformation. In this connection we are unable to disentangle

the extent to which we are indebted to others".

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 which

impeached me to consider the photon and the vector bosons as a

multiplet since the latter would have to have a vanishing mass

whereas I found m ^ 60 m in assuming g = e. Mass generation was
w p

only discovered la te r .

An important paper quoted by Salam and Ward, was clearly

the one by Schwinger36 (Ann. Phys. 2, 407 (1957)).

In 1958, independently of my own, l e t me mention S.A.

Bludman's paper36 (Nuovo Cimento, £, 433 (1958)) where he con-

siders neutral currents and proposes the derivation of the

V-A interaction from an invariance principle "undc.fi a cokti-

nuouò flxoup oi t\ani^ofimation&, in analogy with tliz oidinany

gauge. - invaiiancz derivation o 6 tho. minimal (Lltctnomagnttic in

tviaction o& chafigtd pafititlii. "
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In 1961 there came the important paper by Sheldon L. Glashow*

(Nucl. Phys. 2^, 579 (1961)) - the same sacred Nuclear Physics-

where he examines "the. weafe and zlectfiomagnctic intnnaction6 u»t

dtA the hypothe&ii that the weak inte.fiactA.on6 aKe mediated by

vtctoK boòonò."

However, he discards the consideration of a triplet of vec-

tor bosons, rejects the notion of neutral vector bosons and

considers the triplet w ,w~ y.

Here I stop. You know the beautiful developments and at-

tempts at unifying interactions.

"After 1975, I switched, my interest tò a possible struc-

ture of leptons, an idea which was considered independently

later on by many physicists-preons and other objects.

To avoid too much speculation my attention was focused on

spin 3/2 leptons, so that experimenters migh search for them,

independently from supersymmetry or any other abstract theory.
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