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Abstract. This retrospective paper traces the conceptual evolution of two theories in which
the author was involved--the two-meson theory (with H A Bethe) in 1947 and the universal
(V- A) theory of weak interactions 1with E C G Sudarshan) in 1957--into the present-day
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pseudo-Goldstone bosons" and Part 2 "From the muon and neutrino to QFD and chiral
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Part 1: From the pion to QCD and pseudo-Goldstone bosons

1. Historical introduction
When the present author joined the University of Rochester, Physics Department in
1936, the other member of the theoretical physics group, Victor Weisskopf, had already
published a significant quantum electrodynamical paper (showing that th,• divergence
in the self-mass of the electron is only logarithmic in the theory of holes) and he invited
me to collaborate with him in this programme. For some obscure reason, QED-type
calculations did not appeal to me--and I turned instead to my own research problems
in meson and beta decay theory. Let me remind you that Yukawa's hypothesis
of a boson of intermediate mass mediating *he strong short range nuclear force had
only been put forward four years earlier, and Fermi's theory of beta decay just one year
before that, whereas quantum electrodynamics had been on the books in a primitive
form for all of a decade! Apparently, the strong and weak interactions caught my
youthful fancy more than the staid electromagnetic interaction.
Be that as it may, Yukawa's hypothesis seemed to be spectacularly confirmed just
two years later when a particle of several hundred electron masses was discovered in

*Adapted from two lectures delivered at the University of Rochester in October, 1987.
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the cosmic radiation in 1937; however, the confirmation of the Yukawa hypothesis
was more apparent than real. If the observed cosmic-ray meson at sea level was
the Yukawa meson, theory predicted a scattering cross-section of the order of
10-Z6cm2per nucleon at energies of several GeV. Cosmic ray experiments at sea
level, using cloud chambers and metal plates, seemed to give cross-sections lower by
at least a factor of 102. This discrepancy was troublesome and the difficulty of
reconciling the properties of a "Yukawa" meson with the small observed scattering
cross-section of a "cosmic-ray" meson was already pointed out by Nordheim and
Hebb (1939).
During the next few years, several attempts were made to solve this dilemma.
Weisskopf and the present author (Marshak and Weisskopf 1941) tried to show that the
replacement of a single bosonic meson by a pair of spin-1/2 mesons in Yukawa's theory
could reduce the scattering cross-section and still maintain the strength of the nuclear
force predictions; however, the weak coupling nature of the calculations did not
convince anyone, least of all ourselves! A more imaginative explanation offered for the
relatively weak interaction of the "sea-level" meson was advanced in Japan in 1943,
unbeknown to the rest of the world, by Sakata and Inoue (1946). It seems that a "meson
club", founded by H Yukawa and S Tomonaga, was meeting regularly during World
War II and Sakata and Inoue delivered a paper there in 1943, proposing to explain the
dilemma by postulating two mesons, of which the heavier would be the "Yukawa
meson" (with spin 0 and/or 1), decaying into the "cosmic-fay" meson (with spin 1) and
having a weaker coupling (by a factor of 10) with the nucleon. Because these authors
were trying to explain a discrepancy of only a factor 100 in the scattering cross-section,
they understandably predicted an extremely short lifetime (10- 21 s) for the decay of the
"Yukawa" into the "cosmic ray" meson. But the basic idea was correct and I am sure
that if the Sakata-Inoue paper were known at the Shelter Island conference in June
1947, the two-meson story would have unfolded in a much less dramatic fashion at that
conference. But the fact is that because of the war, the English version of the SakataInoue paper was not published in Japan until 1946 and did not reach the United
States--again because of post-war conditions--until November 1947 (when a copy
was personally delivered to Oppenheimer by a Japanese physicist, T Tanaka*). [It
should also be remarked at this point that the first publication by the Bristol group of
the rc - # decays (in the 24 May 1947 issue of Nature) did not reach the US (Rochester)
until 13 June 1947 because journals had to travel by sea in those days!]
Absent the Sakata-Inoue and Bristol papers, the drama of the first Shelter Island
Conference (held 2-4 June 1947) can now be appreciated. Four months before the
Shelter Island Conference, Conversi, Pancini and Piccioni published a paper entitled
"On the disintegration of negative mesons" (Conversi et al 1947) in which they
reported that a substantial fraction of negative "sea-level" mesons decayed in a carbon
plate but were captured in an iron plate. All positively charged mesons decayed in both
carbon and iron plates. According to the theory of Tomonaga and Araki (1940),
"Yukawa" mesons carrying positive charge should always decay (in agreement with

*It is true that Sakata and lnoue postulated the heavy meson to be a boson and the light one to be a
fermion but their light meson could never be a second generation lepton because it was too strongly coupled
to the nucleon. However, it is not true, contrary to the belief of some authors (cf. Peyrou 1982) that the
Sakata-Inoue paper was known to the Shelter Island conference participants. For a full account, see Marshak
1983).
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experiment) and those carrying negative charge should never decay (in disagreement
with experiment). Analysis of this experiment by Fermi, Teller and Weisskopf(1947) led
to the startling conclusion that "the time of capture from the lowest orbit of carbon is
not less than the time of natural decay, that is, about 10 -° s. This is in disagreement
with the previous estimate by a factor of about 1012. Changes in the spin of the meson
or the interaction form may reduce this disagreement to 101°... ." This tremendous
discrepancy of a factor of 101°-12 between theory and experiment of the expected
behaviour of a "Yukawa" meson, deduced from meson decay in carbon, now replaced
the disturbing discrepancy of a factory of 10 2 deduced from meson scattering.
The mystery of the "Yukawa" meson thus reached crisis proportions and R Oppenheimer was moved to send to each participant in the forthcoming Shelter Island
conference a memo entitled "The Foundations of Quantum Mechanics: Outline of
Topics for Discussions." I quote from this memo:
"It was long ago pointed out by Nordheim (Nordheim and Hebb 1939) that there is
an apparent difficulty in reconciling on the basis of usual quantum mechanical
formalism the high rate of production of mesons in the upper atmosphere with the
small interactions which these mesons subsequently manifest in traversing matter.
To date no completely satisfactory understanding of this discrepancy exists, nor is it
clear to what extent it indicates a breakdown in the customary formalism of
quantum mechanics. It would appear profitable to discuss this and related questions
in some detail... One [-reason for these difficulties] is that in all current theory there
is a formal correspondence between the creation of a particle and the absorption of
an anti-particle ...The question that we should attempt to answer is whether,
perhaps along the lines of an S matrix formulation, this condition must be
abandoned to accord with the experimental facts."
Not surprisingly, the discussion of the Italian experiment became very animated at
the conference, but there was very little inclination to support Oppenheimer's
suggestion that one should surrender microscopic reversibility. At one point,
Weisskopf suggested a possible way of overcoming the apparent lack of reversibility
(between "creation" and "absorption"), namely, to postulate that the primary cosmicray proton converts a normal nucleon in an "air" nucleus into an excited nucleon,
capable of emitting mesons; the lifetime of the "meson-pregnant" state could be chosen
sufficiently long to account for the subsequent weak interaction between mesons and
nucleons (Fermi et al 1947). This hypothesis seemed inelegant, and I proposed a
simpler solution, to wit, that two kinds of mesons exist in nature, possessing different
masses: the heavy meson is produced with large cross-section in the upper atmosphere
and is responsible for nuclear forces, whereas the light meson is a decay product of the
heavy meson and is the meson normally observed to interact weakly with matter at sea
level. It is amusing how the earlier collaborative attempt by Weisskopf and myself to
explain the mildly anomalous behaviour of the "cosmic ray" meson prepared us for our
mutually supportive role in cracking the much greater mystery of the Italian
experiment.
There is no point going into the details of the paper by Bethe and myself (Marshak
and Bethe 1947) except to note that the most important result was an estimate of the
lifetime for decay of the "Yukawa" to "cosmic ray" meson (n --*#v decay). We deduced a
very good phenomenological upper limit for the lifetime z~ for the decay of the
"Yukawa" meson from the observed presence of "cosmic ray" mesons deep under-
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Figure 1. Triangle of weak interactions: diagrammatic sketch showing the weak interactions (dotted lines) ano the strong interaction (solid line).
ground. This estimate was based on the argument that the "cosmic ray" mesons
penetrating deep underground must be the decay products of the "Yukawa" mesons
when hitting the earth. From a knowledge of the smoothness of the number versus
energy curve underground, it followed that "Yukawa" mesons of energy up to 200 GeV
must transform into cosmic ray mesons before they make a nuclear collision. By
comparing the mean free path for a nuclear collision of the "Yukawa" meson to the
"decay" mean free path, it was possible to estimate the upper limit on the lifetime of the
"Yukawa" meson*, namely z~ < 2 x 10 -8 s. We also used a less phenomenological
approach to estimate the value ofz~: by relating the observed decay time of the "cosmic
ray" meson in carbon (see figure I) to the strength of the "Yukawa" meson-nucleon
interaction and the unknown strength of the transition amplitude for the "Yukawa" to
the "cosmic ray" meson decay, we deduced a value z ~ 10-as **. Whatever the
derivation, this large value of the decay lifetime, on the nuclear time scale, confirmed
our view that the "cosmic ray" meson was completely different from the "Yukawa"
meson.
In our paper, Bethe and I did not directly pin down the "cosmic ray" meson as the
second-generation lepton. This was done by Pontecorvo (1947) within the framework
of a one-meson theory. Pontecorvo's paper was published in the 1 August 1947 issue of
Physical Review; he was reacting to the Italian experiment and to the analysis of Fermi
et al (1947) and made this brilliant observation:
"We notice that the probability ( ~ 106 S- 1) of capture of a bound negative meson is

* We could only obtain an upper limit on the lifetime because we accepted the customary explanation of the
kink in the number versus energy curve underground as due to the onset of radiation loss for the 'cosmic ray'
mesons. When this explanation was shown to be untenable, Greisen (1948) pointed out that the position of
the kink actually determined the value of the lifetime namely T. ~ 2 × 10-8 s.
**By good fortune, we related g.NN and g.uv to 93 (using the notation of figure 1) rather than relating .q.~. to
9.Ns and g3; as N6eman (1977) pointed out, this was equivalent to making use of the Goldberger-Treiman
relation ga = g.NN.f./2mN(f. is the decay amplitude) and was responsible for the good prediction ofz,, at the
same time that it supported Pontecorvo's argument for the equality of g3 and q~ (Pontecorvo 1947).
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of the order of the probability of ordinary K capture processes, when allowance is
made for the difference in the disintegration energy and the volumes of the K shell
and of the meson orbit. We assume that this is significant and wish to discuss the
possibility of a fundamental analogy between fl processes and processes of emission
or absorption of charged mesons...."
He obviously had not seen the Nature article by the Bristol group nor was he aware of
our two-meson theory. Pontecorvo realized the need to understand the large
production cross-section for mesons and appealed, of all things, to my meson pair
theory of nuclear forces (Marshak 1940) to reconcile the weak "single" meson
absorption with the "strong" meson pair production*. This was a curious twist but
does not diminish the importance of Pontecorvo's statement that the muon is a heavy
electron (i.e., the second-generation lepton). Indeed, a reading of Pontecorvo's paper
immediately persuaded me that the choice of spin 0 for the Yukawa meson and spin ½
for the cosmic-ray meson was the likely choice in the two-meson theory.
In November 1947, I visited Powell's cosmic-ray laboratory in Bristol. Armed with
the basic ideas of the two-meson theory and the likelihood that the "Yukawa" meson
(pion) was a boson and that its decay product (muon) was a heavy electron, the Powell
group and I engaged in a wide-ranging discussion of the consequences that could be
tested with nuclear emulsions: e.g., n's (not p's) should be produced directly in nuclear
collisons, n - s should be captured by all nuclei, whereas p - s should not; in nuclear
capture, ~- should convert an appreciable fraction of its rest energy into "star" energy,
whereas # - should not, and so on and so forth. The atmosphere at Bristol was electric
at that time with so many exciting discoveries to make with ruclear emulsions and so
many improvements in technique still possible (e.g., development of electron sensitive
plates). The results of three years of intensive work at the Bristol Laboratory were
summarized by Powell (1950) in his review article on Mesons in 1950. The following
quotation spells out the state of affairs three years after the Shelter Island Conference:
"In addition to the isolated tracks of mesons, plates exposed to cosmic radiation
were also found to record nuclear disintegrations from which mesons of low kinetic
energy were emitted. A large proportion of these 'ejected' mesons, at the end of their
range, produce nuclear disintegrations. It was therefore suggested that they are the
negative counterparts of the n mesons, the latter being positively charged and thus
unable to interact with nuclei when reduced to low velocities. It was suggested
further that the positive and negative n particles are the primary products of nuclear
interactions of great energy oc,'urring in the atmosphere; that being shortlived,
however, they decay 'in flight' and thus produce the positive and negative/~ mesons
of the penetrating component of the cosmic radiation... Further experiments have
shown that this view of the origin of the particles, and of their relationship to the
cosmic radiation--closely similar to that put forward at the same time by Marshak
and Bethe on the basis of other evidence--is substantially correct."

*Specifically, Pontecorvo said in his paper (see Pontecorvo 1947): "The hypothesis that the meson
decay is not a fl process, while the meson absorption is a fl process, does not require that hypothetical
particles such as neutral mesons are invoked to account for nuclear forces. In fact, a heavy electron pair
theory of nuclear forces was successfully developed by Marshak (1940). Moreover, a pair theory is capable
of accounting, at least in principle, for the existence of processes in which several pairs of mesons are
produced in a single act, as suggested by Heisenberg in connection with a different problem."
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And so we knew, by the time Powell published his review article on Mesons, that the
pion was the Yukawa meson and the muon a second-generation lepton. The dominant
decay process was n--* p + v, with the v some form of neutrino (initially identified with
the neutrino in beta decay). In 1950, it seemed that the world of strong interactions--in
which the pion appeared to be slated for a pivotal role--and the world of weak
interactions--into which the muon had become an unexpected intruder--were very
distinct worlds and were only linked by the tenuous thread of a massless, chargeless
fermion called the neutrino. In my book on Meson Physics (Marshak 1952) published
only two years later, I said:
"One of the most surprising developments in the field of meson physics--, has been
the dethroning of the p meson--the meson most commonly observed in cosmic
rays--from its former exalted position of supreme interest for an understanding of
nuclear forces and cosmic-ray phenomena to its present subsidiary position with
hardly any apparent reason for existing at all."
And then;
"Despite the fact that the p meson appears to have little bearing on nuclear forces
and nuclear processes in general .... a study of the p meson may provide a clue to a
future comprehensive theory of elementary particles."
In many ways, it has been the unceasing attempt since 1950 to understand the
fundamental role of the pion in the strong interactions and the roles of the muon and
neutrino in the weak interactions, as well as the emerging linkages between the two
worlds, that has guided the course of particle physics to the present day.
I believe that this story is a fascinating and instructive episode in the history of
physics and I propose to recount some of the highlights as best as I can recall. In the
remainder of this first part, I shall focus on the pion and attempt to trace the pion part of
the story from the pion's initial role as a Yukawa meson in hadronic physics to its
present role as a Goldstone boson generated by the spontaneous breaking of the global
chiral quark flavour symmetry induced by condensates of u and d quarks. The small
finite mass of the pion (the pseudo-Goldstone mass) results from the small masses of the
u and d quarks that, in turn, are ascribed to the Higgs spontaneous symmetry breaking
(SSB) mechanism in the electroweak interaction. In the second part of the paper, I
shall turn to the muon and neutrino and describe the evolution of their roles from
mere decay products of the pion into their crucial roles in the new world of quark
and lepton families, chiral gauge anomalies and quark-lepton unification.
Already, by 1950, the mass of the charged pion and its lifetime for ~--, #v decay had
been well measured but the neutral pion had not as yet been seen and, moreover, the
spins and parities of neither the charged nor neutral pion had been determined. Within
two years--thanks to the Berkeley, Rochester and Columbia synchrocyclotrons--the
phenomenology of charged and neutral pions was pretty much in hand (the methods
and results are discussed in my book on Meson Physics (Marshak 1952)). The charged
and neutral pions were found to be pseudoscalar particles with almost equal masses,
both very small compared to the nucleon mass, properties which qualified the two
charged mesons and the one neutral meson, as we shall see presently, to be candidates
for the pseudo-Goidstone boson designation. The three charge states of the pion
required the assignment of the I = 1 representation of the isospin group SU (2)t (in
contrast to the I = 1/2 representation for the nucleon) and opened the door to the
application of the very fruitful concept of isospin invariance to the zcN system.
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The determination that the pion was a pseudoscalar particle, that the rtN interaction
was isospin-invariant and that the first excited state of N possessed the quantum
numbers I = 3/2, J = 3/2 (A resonance), seemed to provide a reasonable starting point
for a theory of the strong rcN interaction. Hope was high that QED could somehow be
emulated even though the mediating boson was pseudoscalar rather than vector and
the global symmetry was SU (2) rather than U (1). In trying to imitate the renormalization strategy of QED, theorists underestimated the importance of gauge invariance
and of the small value of the coupling constant for the success of the perturbationtheoretic approach exploited in QED. These efforts to develop a theory of strong
interactions were soon abandoned and a new tack was taken.
Beginning in the mid-1950's and taking a cue from Heisenberg's S matrix theory, a
theoretical push was made to identify certain general properties of local field theory-such as crossing, analyticity and unitarity--that would, hopefully, have a validity
beyond the first few orders of perturbation theory. This S matrix approach made ample
use of dispersion relations and could yield useful predictions in strong interaction
physics provided one was willing to accept a considerable amount of phenomenological input. The pion was the centerpiece of the dispersion-theoretic approach to strong
interactions--because it was the lightest of the hadrons and a boson to boot. With the
introduction of the Mandelstram representation, the proponents of the dispersiontheoretic approach to strong interactions began to talk about "bootstrapping" and to
argue that no hadron particle (including the pion) was more elementary than any
other*. As we see from the quotation (see footnote), despite Chew's strong views about
the primacy of the S matrix and "nuclear democracy", he acknowledged that S matrix
theory could not explain the origin of the symmetry principles governing the strong
interactions. It was precisely the understanding of symmetry principles that became
increasingly important as progress was made in strange particle physics in the 1950s.
The story is well known and I shall only discuss that part of it that enables us to
understand the origin of the quark flavour model of hadrons and the re-emergence of
the pion to a central position in the modern gauge theory of strong interactions.
Enough will be told to demonstrate the power of symmetry principles to dictate the
dynamics of the strong interactions.
The first step then was to enlarge the isospin group SU(2)t by identifying the
strangeness quantum number S (or, more suitably, the hypercharge Y) and to write
down the Gell-Mann-Nishijima (GMN) relation Q = 13 + Y/2 with Y = B + S (GellMann 1953; Nakano and Nishijima 1953; Nishijima 1954, 1955; Gell-Mann 1956).
This amounted to enlarging SU(2)z to SU(2)z x U(I)r with the G M N relation
connecting one of the SU (2)z c h a r g e s (13) and the U r charge to the electric cha.rge Q. All
the strange particle experiments were consistent with the conservation of isospin and
hypercharge under, what I like to call, the "strong" G M N group SU (2)t × U (1)r.

*Chew (1961) said. "So that there can be no misunderstanding, let me say at once that I believe the
conventional association of fields with strongly interacting particles to be empty. I do not have firm
convictions about leptons or photons, but it seems to me that no aspect of strong interactions has been
clarified by the field concept. Whatever success theory has achieved in this area is based on the unitarity of the
analytically continued S-matrix plus symmetry principles... We have absolutely no ideas as to the origin of
the strong-interaction symmetries, but we expect that promising developments here can be incorporated
directly into the S matrix without reference to the field concept . . . . . . . Which of the strongly interacting
particles are elementary?.., I am convinced that there can be only one sensible answer, and that is that none
of them is elementary..."
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With invariance of the strong interactions under the "strong" G M N group
established, it was possible to make rapid progress in the further enlargement of the
global strong flavour symmetry group. A further useful step was taken by Sakata (1956)
when the baryon triplet (p, n, A ) - - a combination of (! = 1/2, Y = 1) and (I = 0, Y = 0)
representations under SU (2), x U ( 1 ) r - - w a s used to construct all known hadrons as
composites. The (relatively) small mass difference between n and A then made it
attractive to enlarge the "strong" G M N group to SU (3)n . . . . . (Ogawa 1959; Ikeda et al
1959). The SU (3)F group, in the Sakata formulation, could predict the pseudoscalar
meson octet but it failed with the J = 1/2 + baryon octet. The pion was, of course, the
lightest member of this pseudoscalar meson octet but was otherwise inconspicuous by
its presence.
The imperatives of the "eightfold way" for baryons (Gell-Mann and N6eman 1964)
soon brought Gell-Mann (1964) and Zweig (1964) to the realization that the Sakata
triplet p, n, A had to be replaced by the u, d, s quark triplet (the three "light quarks") in
the fundamental (3) representation of SU (3)r ("unitary" spin) with its assignments of
fractional B, Y and Q. In the quark flavour model of hadrons, it was natural to assume
that the lowest mass states of the mesonic and baryonic hadrons consist respectively of
q~ and qqq composites in zero orbital angular momentum states. Thus, the expectation
that the four lowest mass SU (3)~ multiplets are two meson hadron multiplets [with
J = 0- (pseudoscalar) and J = 1 - (vector)] and two baryon multiplets (with J = 1/2 +
and J = 3/2 + ). Table la lists these four hadron SU (3)r multiplets with their masses,
SU (2), and Y quantum numbers, and SU (3)e representations. For reasons that will
become apparent, we focus on the baryon states.
From Table lb, it is evident that the flavour quark model predicts SU (3)F octets for
the low-lying J = 1/2 + states of the hadron spectrum but it also predicts low-lying
d = 1/2 + decouplets as well as J = 3/2 + octets and decouplets. It then becomes unclear
why there is no low-lying d = 1/2 + decouplet nor a J = 3/2 + octet of baryons. An
explanation of the observed groupings in mass and spin of the lowest baryon states was
made possible by the observation that the semi-simple group SU (3)~ x SU (2),pin could
be unified into the simple (non-relativistic) group SU(6) (Sakita 1964; Gursey and
Radicati 1964). Under SU (6), the fundamental representation is 6 (u r, u *, d T,d *, s T,s *) and
the composite baryon (qqq) representation can be decomposed into four irreducible
representations of SU (6)*:
6 x 6 x 6 = 2 0 + 2"70+ 56
(A) (M)

(1)

(S)

where A, M and S denote respectively anti-symmetric, mixed and symmetric
representations of SU (6). One then finds that only the 56 representation of equation (1)
decomposes into the observed (8, 2) (J = 1/2 + octet) plus (10, 4) (J = 3/2+ decouplet)
low-lying baryon representations under SU (3)F X SU(2),pin (Slansky 1981).
The symmetric 56 representation of the combined flavour-spin SU (6) group neatly
explains the uniqueness of the observed low-lying SU (3)e baryon representations but
immediately raises the dilemma of consistency with the Pauli principle. To save the

*The 8 and 2 are M while the 10 and 4 are S representations of [SU (3)r, SU (2)spirt] respectively so that
their combinations are both S representations of SU (6).
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Table la.

Four lowest mass SU(3) F hadron multiplets (quantum numbers under SU(2)I

× U(1)r).

Particle

d = 0 - meson octet

J = 1 - meson nonet (octet and singlet)

(B = o)

(B = 0)

Mass
(MeV)

(21 + 1)(Y)

71"O, 7r ±

3 (0)

134.96
- 139'57

g+,g 0

2(1)

RO, K -

2 ( - 1)

493.9
- 497.7
497.7
- 493'7
548.8

1 (0)

tl

{21 + 1)(Y)

p_+,p0

3 (0)

769

co
K * + , K *°

1 (0)
2(1)

782-6
892.1

/~,o K*-

2 ( - 1)

892.1

~b

1 (0)

1019"5

J = 1/2 + baryon octet
(B = 1)

Particle
p, n

(21 + 1)(Y)
2(1)

mo

1(0)
3 (0)

Z+,Z°,Z ~o,--

2(-1)

Table lb.

Mass
(MeV)

Particle

J = 3/2 + baryon decouplet
(B = 1)
Mass
(MeV)
938.28
- 939.57
1115-6
1189.4 1197
1315
- 1321

Particle
A+ +,A+,A°,A -

(21 + 1)(Y)
4(1)

Z* +, ~,o, ~ , E*°,E * f/-

3 (0)
2 ( - 1)
1 ( - 2)

Mass
(MeV)
1232
- 1232
1382
t531
1672

Quark model of baryons
b a r y o n = q q q = 3 x 3 x 3 = 1 + 8 + 8 + 10
SU(3)F = SU(2)I x U(1)y
8--,(2,1)+(1,0)+3(0)+2(-1);
10--*(4, 1 ) + ( 3 , 0 ) + 2 ( -

1)+ 1 ( - 2 )

Pauli principle (Greenberg 1964; Han and Nambu 1965) one must postulate a new
internal symmetry group, say Gc (c stands for "colour" which is still global),
which, when adjoined to SU(6), i.e. Gc x SU(6), yields a totally anti-symmetric
wavefunction. Moreover, Gc must be such that "colour" is not detected in the
three-quark system. Mathematically, this is equivalent to two requirements: (i) the
group Gc must contribute an anti-symmetric part to the wavefunction of the
three-quark system in the new degree of freedom; and (ii) Gc must satisfy the
condition R~ x Re x R~ ~ 1, where R~ is the hypothesized fundamental "colour"
representation. It turns out that only five groups satisfy these two conditions, as
shown in table 2.
From table 2, it follows that the E 6 and F4 groups are eliminated because they give
symmetric contributions to the "colour" singlet state of the three-quark system. The
remaining groups: SU (3), G2 and E6, do satisfy the two conditions with Rc of SU (3)
being complex and the R/s of G2 and E 6 being real. However, it is possible to rule out
the real G2 and E 6 groups by noting that in both cases a "colour" singlet can be
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Table 2. Groups satisfyingthe condition R x R x R D 1, where R
is the fundamental representation.

Group
SU (3)
E6
G2
F4
E6

R (fundamental
representation)
3
27
7
26
248

R is real
or complex
Complex
Complex
Real
Real
Real

Symmetry of
singletfor qqq
system
A
S
A
S
A

constructed out of the fundamental quark representation R¢ and a finite number of
"gluon" (adjoint) representations. This means that it is possible to construct a (colour
singlet) fractionally charged object for the centrum-free G2 and E 6 g r o u p s - - i n contrast
to the SU (3) group where the presence of the Z3 centrum requires a minimum of three
quarks to produce the (colour singlet) integrally charged baryon. Thus SU(3) is the
only "colour" group that is consistent with the generalized Pauli principle and yields
true confinement (no "one-quark" baryon with fractional charge, only a "three-quark"
baryon with integral charge)*.
We have travelled through a rapid progression of steps from the global flavour
G M N group SU (2)~ x U (1)r to the global " c o l o u r " - - f l a v o u r group SU (3)c x SU (3)F
but we still do not have a dynamical theory of strong interactions. Moreover, the pion
seems to have been increasingly lost in the shuffle: it now merely represents the I --- 1,
J = 0 - qq composite {ud, (uf~ - dd)/x/2, df~} belonging to the SU (3)F pseudoscalar octet
and possessing, it would appear by sheer accident, the lowest of all hadronic masses.
The dynamical theory of strong interactions was accomplished in the 1970's through
the gauging of SU(3) c, and only after the electroweak gauge theory was in place.
However, some indication of the special role that the pion would play in later
developments was foreshadowed in the 1960s by the observation that the global SU (3)
(vector) flavour symmetry, SU (3) v, is enlarged to the global chiral flavour symmetry
SU (3)L x SU (3)R (L and R refer to the left-handed and right-handed chiral fermions
respectively) when the quark masses are set equal to zero**.
Now, since the masses of the u, d and s quarks are small, one would expect to observe
parity mass degeneracy patterns attributable to the global chiral flavour symmetry
SU (3)L x SU (3)R (or at least SU (2) L × SU (2)R since the u and d quark masses are really
tiny). Since there is no evidence for such mass degeneracies, one can argue that the
mechanism of spontaneous symmetry breaking (SSB) is operative, i.e. that while the
lagrangian is invariant under chiral SU(3)L x SU(3)R [or SU(2)L x SU(2)R], the
physical vacuum is not. The SSB of the global chiral quark flavour symmetry SU (n)L

*Okubo (1977)has used the quark-linecum "'colourG parity" argument to rule out the real groups G2and
E6.
**The positiveand negativechiral projections ~+ ofa Dirac spinor are defined by ~O±= (1 + ?,s)/2~,Oso that
the Dirac equation (i),~%,-m) ~ =0 becomes iv"O,~±= -mtk±. When m =0, ~,+_are decoupled and
separately satisfy the "Weyl'"equation 7"r?,,~b~ = 0. With the helicity ~'(= ak/Ipl) eigenvalues: ,,V'T-I
corresponding to ~b_+.That is, the Dirac fermion becomesa lefthanded (L) or righthanded (R) Weyl (chiral)
fermion. For n flavours of massless quarks, the global quark flavour group SU (n) is enlarged to SU (n)L
x SU(n)R (cf Marshak and Okubo 1961).
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x SU (n)R (n = 2 or 3 is the number of light quark flavours) leads to the "diagonal sum"
(vector) group SU(n)L+R (which is SU(2)r for n = 2 and SU(3)F for n = 3). In the
process, Goldstone bosons are generated that can be identified with the three pions in
the case of SU (2)L X SU (2)R ~ SU (2)t and with the entire pseudoscalar meson octet in
the case of SU (3)L x SU (3)R ~ SU (3)F.
In addition, it was already shown in the 1960's that, the global chiral symmetry
currents, associated with the u,d and s quarks, satisfy a simple set of equal-time
commutation relations and can be identified with the physical currents in electromagnetic and weak interactions (cf. Adler and Dashen 1968). This led during that
period to the highly successful programme for calculating semi-leptonic weak processes
based on current algebra, PCAC (partially conserved axial vector currents) and soft
pion theorems. However, it was not until the SU (3) colour group was gauged (and
the three light quarks were taken seriously (i.e. by setting m k = 0 in equation (2) below)
that a genuine rationale was provided--through the quark condensates produced by
the confining SU (3)cgroup--for the SSB of the global chiral quark flavour symmetries
and the generation of Goldstone boson "pions'*.
The gauging of SU (3) colour was an inspiration (Politzer 1973; Gross and Wilczek
1973) and, while I shall not discuss QCD per se, I should like to explain how the gauging
of SU (3) colour clarifies the very special role of the pion in strong interaction physics.
To see this, we write down the QCD lagrangian for n quark flavours allowing for
distinct masses of the n quarks:
LQC D = - - ¼ T r

Gu~Guv + ~,

(IR(i])UDu - -

mk)qk,

(2)

k=l

where
Gu, = ~?uA~ - ~?~Au - i9 [A u, A ~],

(2a)

Duqk = (Ou -- i9 Au)qk,

(2b)

8

A.=

2 A]2J2.

(2c)

a=l

In the above, A~,represent the 8 (gluon) gauge fields, mk and qk are respectively the mass
and Dirac spinor of the kth quark, 9 is the gauge coupling constant and 2a is the ath
generator of the SU (3)c group. The operation [Au, A v] is an abbreviation for fabc A~ A~
wheref~bc are the (antisymmetric) structure constants of the SU(3) group. The
lagrangian in equation (2) is invariant under SU (3)c but possesses no special global
quark flavour symmetry because the ink'S are distinct. If we set all mk'S = m ~ 0, the
global flavour symmetry is SU (n) r.
As it stands, equation (2) defines the present-day gauge theory of strong interactions
in terms of the flavour-independent confining non-Abelian colour group SU (3)c. This
leads to the asymptotic freedom feature required to understand the striking experiments on the deep inelastic scattering of leptons by hadrons and the "confinement"
feature required to understand the failure to observe free quarks (and gluons) and to
understand the observed spectroscopy of heavy quarkonia (Close 1979). Indeed, it was
*Y Nambu was the first to hypothesize that pions were "Goldstone bosons', he called them "collective
excitations of fermion pairs" (Nambu 1959).
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the gauging of SU (3) colour which promoted the quarks of SU (3)Ffrom "mathematical
fictions" to physical particles whose fractional electric charges are actually measured in
the deep inelastic lepton scattering experiments.
To gain insight into the Goldstone boson behaviour of the global chiral quark
flavour symmetry, one must go further and set m = 0 for the n quark flavours. Then it
can be shown that (2) (without the mass term) is invariant under separate left-handed
and right-handed (chiral) transformations on the quarks,*:

qiL~qiL+ie~(2i~/2)qjL;

(3)

qiR"'qiR+ie~(2~/2)qjR.

Consequently, the QCD lagrangian for n massless quark flavours is invariant under the
combined colour-flavour chiral flavour symmetry group

(4)

SU(3)~ x SU(n)L x SU(n)a x U(1)L+R.

Now we can understand why the quark condensates that are produced by the confining
non-Abelian SU (3)¢ group leave SU (3) colour (as well as U (1)L+R (baryon charge))
unbroken but break the global chiral flavour group SU (n)L X SU (n)a to SU (n)L+R. To
see this, I list in table 3 the quantum numbers of the quarks and the quark condensate
under the colour-flavour group SU (3)c x SU(n)L X SU(n)R x U(1)L+R.
We note: (i) The quark condensate is a singlet under SU (3)c so that gauged SU (3)c is
unbroken (in agreement with experiment). (ii) the global flavour quantum numbers
[(n, ~) + (~, n)] of the quark condensate break the separate global SU (n)L and SU (n)R
symmetries but are precisely those required to leave SU(n)L ÷ R - SU (n)r unbroken
while breaking SU (n)L-R; the breaking of SU (n)L-R gives rise to n 2 -- 1 Goldstone
bosons. (iii) The quark condensate leaves the baryon charge group U (1)L+R unbroken.
Point (ii) has been given a good deal of attention because nature seems to prefer
"maximum unbroken global symmetry" (MUGS), i.e. the breaking pattern SU (n)L
x SU (n)R ~ SU (n)L+R (at least for n = 2 or 3) ('t Hooft 1980); this requires a particular
choice of vacuum expectation values (VEV's) for the condensate, i.e. equal VEV's for all
n flavours (Li 1974). A direct proof of MUGS has been given in the large Nc limit (No is
the number of colours) (Coleman and Witten 1980) and an indirect proof follows from
the demonstration that, in a vector-like gauge theory, the lowest mass of the
pseudoscalar q~ composite cannot exceed the lowest mass of the qqq fermion composite
(Weingarten 1983; Nussinov 1983; Witten 1983). Thus, the quark condensate in QCD

Table 3.

Quantum numbers under SU(3L x SU(n)L x SU(n)R × U(1)L+RSU(3)c

SU(n)L

SU(n)R

U(1)L+a

q

3

n

1

1/3

,~

3-

1

~

- 1/3

(01q~10)

1

[(n, t~) + (~, n)]

0

* Strictly speaking, equation (4)should be replaced by SU (3), × SU (n)t. × SU (n)R x U (1)L × U (1)R. It can
then be shown (cf Cheng and Li 1984) that the instantons break U(I) L x U(1)R into U(1)L+R x Z2,. The
discrete group Z2, is put aside for the purpose of the discussion in the text.
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explains the MUGS pattern of breaking the global chiral flavour symmetries needed to
generate the Goldstone boson "pions'*.
In this fashion, the grounding of the dynamical theory of the strong interaction in
Yang-Mills gauge fields restores the pseudoscalar meson octet [and especially the pion,
because SU (2)L X SU (2)R is a much better global chiral flavour symmetry than SU (3)L
x SU (3)R] to a special role in hadron physics. The quark condensates in QCD even
help to explain the finite (pseudo-Goldstone) masses found for the "pions" instead of
the zero (Goldstone) masses expected from the SSB of the global chiral quark flavour
symmetries. It can be shown from current algebra that the "pion" masses can be written
in the form**:
f ~m2~~- mq ( OlqgtlO),

(5)

where f~ is the "pion" transition amplitude, mq is the quark mass and (01q~10> is the
quark condensate. In principle, the quantities f~ and (0lq~10> are determined
completely by QCD and are of the order of AQcD and A~CD respectively, so that (5)
becomes:
m~2 _~mqAocD"

(5a)

QCD itself is incapable of predicting mq but, in the standard electroweak theory, it is
ascribed a Higgs origin, i.e. mq = hqAssa, where hq is the (dimensionless) Yukawa
coupling constant for the q quark and Assn is the scale for the SSB of the SU(2)L
× U(1)r electroweak group by the Higgs doublet. [This is the same Higgs that is
responsible for the finite (and much larger) masses of the weak gauge bosons W and Z,
as we shall see below.] Hence, the "pion" mass becomes, apart from hq, the "geometrical
mean" of the very different QCD and QFD scales: AQcD~200 MeV while AssB
-~250GeV (a factor of 10a!). This linkage between the strong and electroweak
interactions arises from the need to invoke the Higgs SSB mechanism to generate the
finite quark mass. This is the second important linkage (linkage II) between the strong
and electroweak interactions that has emerged because of the chiral character of the
electroweak interaction (itself a consequence of maximal parity violation in the weak
interaction). The first linkage (linkage I) was the identification of (positive/negative)
linear combinations of the lefthanded and righthanded chiral quark flavour currents
with the physical (vector/axial vector) currents in the electroweak interaction. We shall
see in Part 2 that two further major linkages between the strong and electroweak
interactions arise from the interplay between chirality invariance and gauge invariance
in the standard model.
Part 2: From the muon and neutrino to QFD and chiral anomalies
Preface

We have seen in Part 1 how the discovery of the pion in 1947 gave great impetus to the
*We write "pions" for the octet of pseudoscalar Goldstone bosons that result from the breaking of the
eight generators of SUL_g (i.e. the axial vector generators).
**The "~pion'"masses include the masses of all members of the pseudoscalar meson octet in addition to
the pion (cf. Peccei 1985).
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use of internal symmetry groups in strong interaction physics, culminating in the SU (3)
colour gauge group, which provides for the first time a dynamical basis for the strong
interaction. The SU(3)c group also provides a rationale for the identification of the
global chiral quark flavour currents with the physical currents in weak and
electromagnetic interactions involving the three lightest quark flavours u, d and s.
Moreover, through the quark condensates constructed out of the three light quarks,
one can identify the Goldstone origin of the lightest of the SU (3)F multiplets, i.e. the
pseudoscalar meson octet and--through equation (5)--can explain why m,~ is by far
the smallest mass of the pseudoscalar octet. While (5) has the feature that m,~ is
expressed in terms of both the scale of the strong interaction (AQcr,) and the scale
for spontaneous symmetry breaking (Assa) of the electroweak interaction it must be
admitted that the Yukawa coupling constant is put in "by hand" so that (5) is not a
prediction for m,~. However, the linkage between the two scales (of the strong and
electroweak interactions) is a clear cut consequence of the standard model and
underlines the very special role the pion plays in present day particle physics.
In this part, I pick up the story with the two dominant decay products of the pion,
namely the muon and its associated neutrino (the branching ratio into the other decay
mode e + v is smaller by a factor 1.2 x 10 -4) and recount how each decay particle (and
both together) contributed to the advances that led first to the universal V - A theory
of weak interactions, then to generational doublets of quarks and leptons, and finally to
the gauged electroweak group with its built-in chiral anomaly cancellation and quarklepton symmetry. I shall trace the successive stages in these developments under the
following headings: (i) Muon and the universal Fermi interaction (UFI); (ii) Neutrino
paradigm and the V - A interaction; (iii) Absence of/~---,e~ decay and the three
generations of lepton and quark doublets; (iv) From the global SU(2) × U(I) weak
group to the gauged SU (2) × U(1) electroweak group; (v) Cancellation of triangular
chiral anomalies and uniqueness of electroweak group: (vi) Cancellation of global
chiral anomalies and quark-lepton unification; (vii) Linkages between strong and
electroweak interactions pointing "beyond the standard model",

1. Muon and universal Fermi interaction (UFI)

The discovery in 1947 that the charged decay product (muon) of the pion is essentially a
second-generation lepton immediately increased the number of weak interaction
processes that could be studied: from one (beta decay) to three (muon decay, muon
capture by nucleons, in addition to beta decay). Within one year (1948), the famous
"triangle" of weak interactions (see figure 1) was used to test the universal Fermi
interaction (UFI), i.e. the hypothesis that all weak interaction processes were of equal
strength. Let us recall that Pontecorvo (1947) had noted the rough equality 93 gl
(figure 1) and Bethe and I (Marshak and Bethe 1947) had related g,NNand g,~,vto g3 (see
N6eman 1977) but muon decay had not as yet been brought into the discussion. During
1948-49, a number of authors (Klein 1948; Puppi 1948, 1949; Tiomno and Wheeler
1949; Lee et al 1949) examined the relationship of the various weak processes implied
by figure 1, with and without the mediation of the strong pion-nucleon interaction.
Since the Lorentz structure of the three weak interactions was as yet undetermined, the
analysis had to be "order of magnitude" but the overall conclusion was that muon
decay fitted into the UFI hypothesis (i.e. 92 ~- gl) as long as the beta interaction was not
predominantly pseudoscalar (Tiomno and Wheeler 1949). It was not until (maximal)
~

From mesons.., to quark-lepton interactions

23

parity violation was discovered in weak processes in 1956 and the universal V - A
Lorentz structure was established for all weak processes in 1957, that UFI received
definitive confirmation*.
One very useful observation resulting from the early UFI discussion was that of
Ruderman and Finkelstein (1949), who noted that the ratio R of the decay rates of the
pseudoscalar ~ into (e, v) and (/~,v) is independent of the strong pion-nucleon
interaction. If one assumes electron-muon universality (i.e. gl = g3), ~ depends only on
the form of the weak coupling in the following fashion: ~ = 1"2 x 10 -4 for the axial
vector (A) weak interaction, ~ = 5-4 for the pseudoscalar (P) weak interaction and
R = 0 for the scalar (S), vector (1/) or tensor (T) weak interaction. The measurement of
became an important test of the universal V - A theory in the early days.
While it is true that UFI could only be pinned down within the framework of the
known V - A structure, it should be noted that, historically, Sudarshan and Marshak
(1957) argued for the V - A theory of the weak interaction as the only one that would
satisfy UFI and maximal parity violation. In this argument, muon decay played a
crucial role. Because this purely leptonic process involved two Weyl neutrinos (more
precisely, a neutrino and an anti-neutrino), the novel feature of maximal parity
violation could be tested in a clear-cut and decisive fashion. With the establishment of a
V - A Lorentz structure, the exciting possibility opened up of developing a dynamical
theory of the weak interaction through gauging.

2. Neutrino paradigm and the V - A weak interaction
It was realized fairly early in the game that the chargeless, massless (or at least
exceedingly low mass), fermionic character of the particle accompanying the muon in
pion decay qualified it as a neutrino and, indeed, as far as the experimental data were
concerned (at least for a decade), there was no need to distinguish between the neutrino
in muon decay and the neutrino in beta decay. Even the extensive experiments on muon
decay during the early years were compatible with two identical neutrinos. We shall
show in § 3 that by 1959 the identity of the two neutrinos in muon decay was seriously
questioned because of the failure to observe the decay # ~ e% However, in this section
we make no distinction between the muon and electron neutrinos and describe how the
discovery of maximal parity violation led to the two-component (Weyl) neutrino (what
we call the "neutrino paradigm") that, in turn, led to chirality invariance and the V - A
structure of the weak interaction.
I do not intend to discuss Lee and Yang's comprehensive analysis in 1956 of the
consequences of parity violation in beta decay (Lee and Yang 1956) or to detail the
confirmation of maximal parity violation in beta decay and muon decay (Wu et al 1957;
Garwin et al 1957; Friedman and Telegdi 1957). Suffice to say, the maximal parity
violation seen in beta decay during those early years was consistent with a combination
of S and T interactions together with a right-handed neutrino (vR) or a combination of

*The paper by Sudarshan and Marshak (1957) noted that the V - A structure for the weak interactions
was consistent with all known data on the strange particle decays although the relative strength of the
strangeness-changing to strangeness-conserving weak decays was poorly known. Strictly speaking, the
statement about UFI as of 1957 refers only to the strangeness-conserving weak processes. The broader
interpretation of UFI in terms of the Cabibbo angle (Cabibbo 1963) and subsequently, the KobayashiMaskawa matrix (Kobayashi and Maskawa 1975), for all weak processes came later.
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V and A interactions together with a left-handed neutrino (vL). The observation of
maximal parity violation in muon decay, however, mandated a combination of V and A
interaction together with VL. It was for this reason that Sudarshan and I, after
reanalysing all the experimental data on parity-conserving and parity-violating
experiments in beta and muon decay as well as the experiment on the n ~ ev/n ~ l~v
ratio ~, argued that the only possible universal weak interaction was V - A with a vL
and that the universal V - A theory could only survive if the claims of four experiments
at that time were incorrect. Those experiments were: (a) electron-neutrino angular
correlation in He6*; (b) sign of the electron polarization from muon decay; (c) frequency
of the electron mode in pion decay; (d) asymmetry from polarized neutron decay.
Within the next two years, those four experiments were all redone and the new results
were in complete accord with the I1"- A theory**. Within the same two-year period,
Goldhaber et al (1958) carried out their ingenious experiment to directly measure the
neutrino helicity, which they found to be left-handed, thereby giving powerful support
to the universal V - A theory.
In addition to the phenomenological arguments presented in our Padua-Venice
paper in favour of the universal V - A weak interaction, Sudarshan and I (in 1957)
made use of the "neutrino paradigm" to extend the concept of chirality invariance,
which holds automatically for the massless neutrino but does not hold for the Dirac
fermion with finite mass. We simply argued that the general charged weak current
defined by ffj Ou~li(i ~j), [0 u is the S, V, T, A and/or P operator and ~bi is a Dirac
spinor corresponding to particle with flavour i] should be invariant under the
transformations ffi ~ 3'5~bi and ~,~~ 75 ~kj separately (this defines chirality invariance);
this leads to two conditions and to the result Ou = ~u(1 + ~'5), i.e. the V - A structure
for the charged current interaction (Sudarshan and Marshak 1957; Feynman and
Gell-Mann 1958). The V - A structure obviously guarantees maximal parity violation
and is equivalent to the statement that only left-handed chiral fermions are coupled
in the weak interactions governed by the charged currents. It is interesting to note
that the same argument of chirality invariance applied to a general neutral current
(weak or electromagnetic) does not require chiral fermions. If one starts with the
general neutral current ffiOu~bi, invariance under the chiral transformation ~i--, 75 ~
yields only one condition and merely requires Ou = V + eta (ct is an arbitrary constant).
This result is consistent with the parity-conserving (V) neutral electromagnetic current
[ct---0] and with the form of the neutral current in the standard electroweak gauge
theory: (I3L- sin20wQ) (Ow is the Weinberg angle) [0t = (sin 20~.(Q/lar. ) - 1)- x]. Thus,
the utilization of the "neutrino paradigm" of 75 invariance for the neutral current

*It was this experiment, almost universally accepted in the Spring of 1957 (Rustad and Ruby 1955),
that led T D Lee to state at the Seventh Rochester Conference(Lee 1957) that: "Beta decay information
tells us that the interaction between(p, n) and (e,v) is scalar and tensor, while the two-componentneutrino
theory plus the law of conservation of leptons implies that the coupling between (e, v) and (/z,v) is v e c t o r .
This means that the universal Fermi interaction cannot be realized in the way we have expressedit ....
** For experiment(a), the correlation coefficientwent from + 0-33_+_0'06 to -0.39 +_0"02(and is now
- 0-334_+0.003);for experiment(b), the sign of the polarization went from positive to negative (and is now
- 1.001+ 0.008). For experiment(c) the ratio R increased from < 10- ~ to 1'03_+0"20 x 10-4 (and is now
1-274+ 0.024 x 10-4). Finally, for experiment(d), the electron asymmetrywent down to -0" 11 _+0-02, in
much better agreement with the V - A theory (cf. Marshak et al 1969).
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does not predict the unique maximal parity-violating V - A Lorentz structure as it
does for the charged current*.
Because of the highly significant role played by chiral fermions in the standard
electroweak theory (as well as in all attempts to go beyond the standard model), it is
worth quoting some remarks about chirality invariance and chiral fermions contained
in our original V - A paper, to wit (Sudarshan and Marshak 1957):
"...One can rewrite the interaction of the four [Dirac] fields A, B, C, D, in the form:

where A',B',C',D' are the "two-component" fields: A'=(1/x/2)(1 +75)A,A'
=(1/x/2)-4(1 -75), etc. Now the "two-component" field (l/x/2) (1 _ Ys) A is an
eigenstate of the chirality operation with eigenvalue _ 1. Thus the universal Fermi
interaction, while not preserving parity; preserves chirality and the maximal
violation of parity is brought about by the requirement of chirality invariance. This
is an elegant formal principle, which can now replace the Lee-Yang requirement of a
two-component neutrino field coupling... Thus our scheme of Fermi interactions is
such that if one switches off all mesonic interactions, the gauge-invariant electromagnetic interactions (with Pauli couplings omitted) and Fermi couplings retain
chirality as a good quantum number...".
We have thus seen how muon decay and the ~---,ev/~--, pv ratio, when combined
with the UFI hypothesis, led to the phenomenological uniqueness of the V - A theory.
We have also seen how the "neutrino paradigm" gave rise to the concept of chirality
invariance which, in turn, led to the rationale for the central role of chiral fermions in
determining the form of the weak interaction. Finally, it should be pointed out that the
V - A structure of the weak current made it possible to give serious consideration to
the mediation of an intermediate vector boson (IVB), thereby opening the door to the
unified gauge treatment of weak and electromagnetic interactions embodied in the
standard electroweak theory.

3. Absence of It--, eT and the three generations of lepton and quark doublets
Once the V - A interaction (with baryon and lepton conservation) became the
accepted theoretical framework for understanding all weak processes, one could turn
to more subtle questions in weak interaction physics, in particular, the failure to
observe # ---,e + ~,. The absence of/~ ---,e), was a deep puzzle because this decay appeared
to satisfy conservation of lepton number and all other known conservation laws.
Furthermore, if an intermediate (charged) vector boson (IVB) with zero lepton number
(and zero baryon number) was responsible for the weak interactions, a straightforward
calculation gives much too large a branching ratio. The solution to this dilemma that
received the widest currency at the 1959 Kiev (Rochester) Conference was the idea that

*It should be pointed out that several authors (Stech and Jensen 1955; Tiomno 1955) missed the discovery of
the V - A interaction because they applied chirality invariance to a charged current in precisely the same way
as a neutral current, i.e. they did not impose separate ~'s invariance on the charged current and thus missed the
feature of maximal parity violation.
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the muon and electron neutrinos are distinct particles, i.e.v. # ve. Pontecorvo
emphasized this point when he commented at the Kiev conference (1959):
"The intermediate boson in weak interactions would be a nice thing to have, in order
to explain that the weak interaction current is a charge exchange one.., the negative
experiment on the/~ ~ e + 7 process is difficult to reconcile with the existence of the
IBV meson but this difficulty is present only if there exists one neutrino. If there are
two neutrinos.., there are no arguments against the existence of [IVB] mesons..."
The argument was that without the IVB, diagram (a) of figure 2 would vanish but with
the IVB and only one neutrino, the photon can be emitted by the IVB and diagram
(b) (of figure 2) gives too large a contribution. If vu # re, diagram (b) is absent and
# ~ e~, is forbidden.
It is worthy of note that I pointed out at the Kiev conference (Marshak 1959) that if
the two-neutrino hypothesis were correct:
"... It destroys a useful symmetry principle which Gamba et al (1959) have called
attention to. These authors have pointed out that if one postulates the invariance of
all weak interactions under the simultaneous transformation:
A~I~-,

n~e-,

(6)

p,--,v

all four-fermion interactions which yield observed weak processes transform into
observed processes and conversely.., one can even introduce the concept of weak
strangeness according to the formula.
Q

=

(7)

13w + (B - L + Sw)/2

... I believe that the symmetry principle (6) may really be significant and it evidently
cannot be reconciled with the two-neutrino theory (because two types of protons
would be necessary)"

p ---/--b e ~'

p--~e7 unless vp :~ Ve

1/

q~

(o)

Four-

fermion

Figure 2. Conditionfor/z--*e7decay.
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Table 4.

q+
ql+
1-

Three families of quarks and leptons (F = family).

Q

B

L

Iw

2/3
1/3
0
- i

1/3
1/3
---

--1
1

1/2
1/2
1/2
1/2

+
+
-

13w

F1 (current
mass)

F2 (current
mass)

F3 (current
mass)

1/2
1/2
1/2
i/2

u(4-5 MeV)
d(7-9 MeV)
v,( < 18 eV)
e-(0.51 MeV)

c(1350-1500 MeV)
s(150-175 MeV)
v~( < 0-35 MeV)
#-(106MeV)

(t)( > 23 GeV)
b(4'95 GeV)
v~( < 50 MeV)
z(I-78GeV)

Looking back, it now seems absurd that the absence of a second "proton" at that time
biased me against a second neutrino! But I remind you that the Kiev Conference took
place in 1959 when only one neutrino and two charged leptons were known, no quarks,
no colour, no Ac and no GIM mechanism (Glashow et al 1970).
As we know, in 1962, the second-generation neutrino was found to be distinct from
its first-generation counterpart (Danby et al 1962) and provided the first evidence for
the generational replication of doublets of leptons. This result confirmed the view of
Pontecorvo and others that the absence of/~ ~ e7 decay is readily explained by the twoneutrino hypothesis. The h, result led Bj6rken and Glashow (1964) to revive our
baryon-lepton symmetry principle and to reiterate the argument that the existence of h,
implied the existence of a second protonic (charmed) baryon. Within a few years, when
the quark flavour model of hadrons had gained acceptance, the baryon-lepton
symmetry was easily translated into quark-lepton symmetry* and the existence of vu, it
was then argued, implied the existence of a second-generation quark (the c quark)--the
counterpart to the first-generation u quark. (The s quark was already known as the
second-generation counterpart to the first generation d quark.) The discovery of J / ~ in
1974 and its correct interpretation as the 3S~ state ofcg quarkonium (Aubert et a11974;
Augustin et al 1974) completed the identification of a members of the second quarklepton generation. The third generation of quarks and leptons was unexpected but was
not such a shocker (see table 4).
It is really striking how the muon's presence raised a question--the absence of
~ eT--whose solution led to the prediction of an entire generation of lepton and quark
doublets. We still do not have a good answer to Rabi's question: "Who ordered the
muon?" but at least the question has been transformed into a more comprehensive one:
"Who ordered more than one generation of quark and lepton doublets?" This is the
"generation problem" which is completely unexplained by the standard model.
4. From the global SU(2) × U(I) weak group to the gauged SU(2) × U(I)
electroweak group
We have seen in the previous section that the baryon-lepton symmetry principle, and its
subsequent formulation as the quark-lepton symmetry principle, led to the correct
prediction that vu should be matched by c. In making this prediction, only the simple
* The point is simply that in the quark model, p = (ud)u, n = (ud)d, A = (ud)s and p' = Ac = (ud)c so that
the baryon-lepton symmetry: v e ~ p , e - ~ n , p - , - - , A
and v~,--*Ac is translated into the quark-leptonsymmetry: v e ~ u , e-*-*d, v~,--*c and p - ~ s quark. It is then obvious that acceptance of the quark-lepton
symmetry principle suggests a c quark as the counterpart to v,.
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permutation symmetry v ~ d , e - ~--~u,vu~--~cand/t- ~ c is exploited. However, already
in the 1959 baryon-lepton symmetry paper, Gamba et al (1959) went a step further and
introduced the concepts of weak isospin (Iw) and weak hypercharge (Yw) and wrote
down the "weak" version of the Gell-Mann-Nishijima (GMN) relation, namely:
Q = 13w + Yw/2,

(8)

where I w is the weak isospin and Yw is the weak hypercharge with Yw = B - L + Sw
(see eq. (7)) B is the baryon number of the quark (in the modern version) and L is
the lepton number; fi~r a weak isodoublet (Iw = 1/2) of quarks or leptons Yw = B - L
and Yw = B - L _+ 1 for a weak isosinglet (lw = 0) of quarks or leptons. We shall see
below that this tells us that the weak hypercharge of the lefthanded weak isodoublet
in the electroweak theory has YL = B - L (we have written Yw as YL) whereas the
weak hypercharge of the righthanded weak isosinglet in the standard electroweak
theory has YR= YL -----1 (we have written YR for Yw) depending on whether 131` = _ 1/2
for the lefthanded weak isodoublet. In analogy to the "strong" G M N relation, the
weak version implied the relevance of the "weak" G M N group SU (2)1Wx U (1)r,, for
the weak interactions. It should be emphasized that in 1959, the "weak" G M N group
being proposed was a global group, perfectly compatible with the existence of quark
and lepton doublets in each generation, but still not invoking the Yang-Mills approach
to the gauging of non-Abelian groups. Furthermore, there was no apparent connection
to the electromagnelic gauge group.
The conversion of the "weak" G M N global group SU(2)1w x U(1)y,, into the
remarkably successfe.l electroweak gauge group SU (2)L × U (1)r (Iw has been rewritten
as L and the subscript W has been dropped on Yw) was achieved, not by enlarging the
group structure (as in QCD), but rather by first gauging the "weak" G M N group (the
"strong" G M N group is never gauged!), then by making use of the weak isosinglet
righthanded (R) quark and lepton representations (in addition to the weak isodoublet
lefthanded (L) quark and lepton representations), and, finally, by adding a "strange"
Higgs representation I-a weak isodoublet with weak hypercharge = 1, unrelated to
B - L (shades of "st~:ong" strangeness!)].
The well-known consequences of these adroit conceptual manoeuvres (Glashow
1961; Weinberg 1968; Salam 1968) are: (i) gauging the "weak" G M N group permits one
of the four gauge fields to be identified with the electromagnetic field so that the group
becomes an electroweak group "unifying" weak and electromagnetic interactions,
rather than just a weak group*. The "weak" G M N relation Q I3L q- Y/2 [13L =
+ 1/2(0), Y = B - L
( B - L + I ) for the L (R) quarks and leptons] becomes a
relation among loca] charges (Q is vector, I3L and Y are chiral) and allows the neutral
weak current to contain an electromagnetic contribution. (ii). The "unification" of the
weak and electromagnetic groups in the electroweak group SU (2)1` x U (1)r has the
consequence that the neutral electroweak current is an admixture of the (V - A) weak
and the V electromagnetic currents [depending on only one parameter sin 20w where
tan Ow = 9'/9 with 9' and 9 the gauge coupling constants for the U(1)y and SU(2)L
groups respectively] Consequently, the neutral current is a different mixture of V and
A currents for each of the two charged quarks and the one charged lepton and becomes
=

* The unification of the weak and electromagnetic interactions becomes possible because they both satisfy
chiral invariance (Sudarshan and Marshak 1957).
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Table 5.

Gauge groups of electromagnetic, weak and strong interactions.
[-SU (rt)=~-(n 2 - 1) gauge fields]

Electromagnetic (QED) = ,q~ju(x)A ~

(gauge coupling ge = e
constant)
(~e=ge2/4n)

one vector
current

(m = 0) one
gauge field (photon)

[U(1)E~ is unbroken, Abelian, vector gauge group]
Weak (QFD) = .qwJ~k
(flay ur)
c~w = g~/4n

W~ (i = 1, 2, 3)
3 L chiral
currents
(chiral fermions)

(m :~ 0)
3 gauge fields (weak bosons W~-, Z °)
(W+,Z °)

[SU(2) L is broken, non-Abelian, chiral gauge group]
Strong (QCD)=g~
(colour) j /
~ = g~/4n

j ~.~
. G u~ ( a -- 1,2 .... 8)

~ ~
(m = 0)
8 vector currents
8 gauge fields (gluons)

[SU (3)¢ is unbroken, non-Abelian, vector gauge group]

a purely lefthanded weak current only for the neutrino in each generation. It is the nonvanishing value Of 0w (the most recent value is sin z 0w = 0.23) that is responsible for the
difference between the masses of the charged and neutral weak bosons. (iii). The Higgs
SSB mechanism can be used to break chiral SU(2)t. x U(1)r down to non-chiral
U(1)EM and to generate masses for the three weak gauge fields. The SSB scale, AssB
~ Gv- 1/2 (GF is the Fermi constant) -~ 250 GeV is a thousand times larger than AQcD.
(iv) The Higgs mechanism is also invoked to give masses to the quarks and charged
leptons (the neutrinos stay massless) of each generation*. I have summarized in table 5
the key properties of the gauge couplings that define the electromagnetic, weak and
strong interactions (i.e. QED, QFD and QCD respectively). It is also useful to have
before us a summary of the quantum numbers of a single family of quarks and leptons
under the standard group SU (3)c x SU (2)L x U (1)r and these are given in table 6.
The successes of the standard electroweak group are well known; especially
impressive are the verification of the predicted masses of the charged and neutral weak
bosons as well as the direct determination of the V - A character of the coupling of the
W boson to the charged lepton current. However, in contrast to the strong SU(3)
colour group in QCD--which is unbroken and vector-like - t h e electroweak SU (2)L
x U(1)y group in quantum flavourdynamics ( Q F D ) i s spontaneously broken and
chiral (see tables 5-6). Since the great success of QED was made possible by the
renormalizability of this unbroken vector-like gauge theory, one must insist on the
renormalizability of QCD and QFD if one is to take them seriously and to understand
their successes. Since QCD is a vector-like (albeit non-Abelian) gauge theory, one can
rest assured that the chiral anomalies (defined in § 5)--which are capable of destroying

* It is interesting to note that before the Higgs SSB mechanism becomes operative, the quarks and leptons
are all massless (Weyl) fermions and are reflective of the v paradigm: after the SSB of the electroweak group,
only the neutrinos stay massless and give rise to purely V - A neutral currents.
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Table6. Quantumnumbers of one familyof quarks and leptons under SU(3)cx SU(2k
x U(1)EM,
Particle

Represent~.tion L rep.
of SU(3)~
ofSU(2k

(quark)

(colourtriplet)

(chiral
fiavour
doublet)

(chiral
flavour
singlets)

(])

2(f_~)L

1(~)

(chiral
flavour
doublet)

no vR,
chiral
flavour
singlet

l(f_~)
(lepton)

(coloursinglet)

R rep.
ofSU(2k

for

Q

B

(01)(--)(1)

L

YL
Yn
(B-L) ( B - L + 1)

(--1)

(--2)

eR

the renormalizability of a gauge theory--will cancel in QCD because all chiral
anomalies associated with the left-handed fermionic currents are manifestly cancelled
by the anomalies associated with the righthanded fermionic currents. For the chiral
electroweak group SU (2k x U (1)r, the situation must be scrutinized more closely and
we shall see in the next section that there is cancellation of the triangular chiral gauge
anomalies in the star~dard electroweak theory precisely because there is a quark-lepton
symmetry already present in the three generations of quark and lepton doublets.

5. Cancellation of triangular chiral anomalies and
uniqueness of electroweak group
The problem of the triangular chiral (axial vector) anomaly first came up when Adler
(1969) and, independently, Bell and Jackiw (1969) tried to calculate the decay width for
go ~ 27 (the dominant process for ~o decay) on the basis of a combination of current
algebra, PCAC and soft pion theorems. They considered the lowest order diagram
(shown in figure 3) wherein the neutral pion field is replaced by the divergence of the
appropriate axial vector quark current and the two vector quark currents are coupled
to the two photons They discovered that the straightforward application of the
customary methods of quantum field theory gives rise to a contradiction between the
requirements of electromagnetic gauge invariance and chirality invariance (equivalent
to the statement that the divergence of the axial vector quark current does not vanish in
the limit of zero quark mass). Since electromagnetic gauge invariance must hold (it is
essential to QED), the contradiction can only he resolved by adding an "anomalous"
term to the divergence of the axial vector quark current of the form:
'~uJ~ --- 2m~js + a ~ ,

2~ ~v~

7;u~
,

(9)
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Figure 3. U (1) triangular (perturbative) anomaly in n ° ~ 2~/,
where j~ is the axial vector quark current defined by:
.u_
- u75q,
J5
- q7

(9a)

and J5 is the axial quark density defined by:
Js = iq75 q.

(9b)

In (9), ~e is the fine structure constant, ms the quark mass, Fuv the electromagnetic field
tensor and/Tu~= 1/2eu~p,Fp~ the dual electromagnetic tensor.
It can be shown that the anomalous term is independent of the fermion (quark) mass
and hence the axial vector current is not conserved in the massless limit. This is the ABJ
U (1) axial (triangular) anomaly which, because of the last remark, must depend only on
the "charges" at the vertices of the triangle in figure 3. It is important to note that the
triangular graph in figure 3 used to calculate the ABJ anomaly is the lowest order
graph; however, it can be shown that the anomaly is not affected by higher-order
radiative corrections, i.e. triangle diagrams with more than one loop do not contribute
to the anomaly.
It would appear, since the second term in (9) can be written as the four-divergence of a
vector, that it should be possible to define a new axial vector current that is conserved.
However, the new current is not gauge-invariant and hence cannot be coupled to
physical fields so that we have a conflict between gauge invariance and chiral
invariance. Furthermore, the anomalous term would destroy the renormalizability of a
gauge theory if the axial vector fermion current were an integral part of the gauge
theory. Fortunately, the axial vector quark current in the calculation of the process
n °-~ 27 involves global axial vector fermion current and therefore is consistent with
the demands of renormalizable QED.
In actual fact, the only contribution to no_, 27 decay comes from the anomalous
term in (9) and one can directly check the correctness of the anomaly term by
experiment; one finds for the predicted value of F~o:
F~o = e2D/2n2f,,

(10)

where D is the anomaly coefficient (depending on the "charges" at the three vertices of
the triangle graph in figure 3) and f,, as usual, is the decay amplitude for the weak decay

32

R E Marshak

process n~l~v, Tc, calculate D, one assumes the simple quark model (with colour)
where the electromagnetic and axial vector currents are respectively:
J i m ( x ) =:

~l(X)TuQq(x) (Q is the electric charge),

,~3
A3u(x) = ~t(X)Tu75~q(x)

(11)

(,;].3/2 is the

third generator of SU (3)r
and gives the "charge"),

(lla)

with:
Q=½

-1
_

;
-1

3=

-1

.

(llb)

0

It is then easy to see that the anomaly coefficient D takes on the value:
D = ½tr({Q,Q}½2) = ½,

(12)

where the summation has been taken over the three colour degrees of freedom for the
quarks. The predicted value of F~o is 0.0369 m~ 1, to be compared with experimental
value F,o =0.0375m~-l--a remarkable agreement. Without the triangular axial
anomaly, there would be no n o ~ 2 7 decay in the soft pion limit, contrary to the
successful applications of the soft pion theorems to other processes. But more
importantly, the realization that the gauged chiral electroweak group contained
triangular (fermion) anomalies first led to grave concern about the renormalizability
of the theory, a concern that disappeared when it was shown that all the triangular
anomalies cancelled because of the quark-lepton symmetry present in the electroweak
theory.
The relation between triangular chiral gauge anomaly cancellation and quarklepton symmetry may provide one of the clues for going beyond the standard model
and, consequently, I shall discuss it in somewhat further detail. I have pointed out above
that the calculation of n o ~ 27 does not contravene the dictates of renormalizability
because only vector currents are coupled to the photon in QED. However, in the chiral
gauge theory of tile electroweak interaction, there is an axial vector current (of the
massless fermions) which is coupled to the (neutral) Z gauge field in the
theory. Hence, the non-zero divergence of the axial vector current in this theory leads to
lack of renormalizability, showing up in an unphysical behaviour of certain scattering
amplitudes at high energies as, for example, in the scattering between a photon and an
electron when the Z is coupled to the chiral weak electron current. Thus, the scattering
amplitude in fourth order (given by figure 4) will violate the bounds imposed by
unitarity because of the anomaly associated with the axial vector current coupled to Z.
The only way to achieve cancellation of the triangular anomalies, and maintain
renormalizability of a chiral gauge theory, is to have more than one type of fermion
so that cancellations can occur. As already mentioned, the important point is that
the anomaly coefficients associated with different fermions do not depend on the
masses of the fermions and therefore depend only on the internal symmetry quantum
numbers (i.e. the "charges"). Consequently, the cancellation of the triangular anomaly
is not a dynamical but a group-theoretic problem and the only complication is to
rewrite (12) for the anomaly coefficient in the non-Abelian case.
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Figure 4. Scattering amplitude of electron and photon in fourth order, taking account of the
chiral interaction with Z.
It was straightforward to write down the anomaly coefficient D (equation (12))
because we were dealing with a U(1) (Abelian) anomaly. In general, for nonAbelian gauge theories, more complicated diagrams (than the triangle diagram with an
odd number of axial vector couplings) contribute anomalous terms to the divergence of
the axial vector current; however, the triangular anomaly is basic and its absence
implies the absence of all other anomalous diagrams. The general condition for the
cancellation of chiral anomalies in non-Abelian gauge theories can be obtained as
follows: we consider a general non-Abelian gauge group G. The coupling of the
fermions @ to the gauge bosons is given by:

~e = 0 ~ ( ~ " A ~ , L + ~v"A~,~),

(13)

where/~ denotes the gauge boson fields, and AL'R are the transformation matrices
for the lefthanded and righthanded chiral fermions respectively; we have:
L

L

EAo, A b ]

=

"
L
/f,b,A,,

R
[Aa,
AbR]

=

/fob~A~,

(14)

where Jab, are the structure constants of the gauge group. Since the lefthanded and
righthanded fermions need not transform the same way under G [-this is the case for the
electroweak chiral group], one has, in general, A L # A R. The fermion triangle graph
involving three gauge boson vertices has an anomaly which is therefore proportional
to:

Do~ -- Dabc,
R

(15)

where
D a~c =

L L L
tr({Ao,Av}Ac),

=

Ab }A,).

(16)

Note that D~ff is totally symmetric in a, b, c, i.e.:
tr {Aa, Ab}A, ,~ [tr AaAbAe]symmetrlz,d.

(l 7)

The theory is thus free of anomalies if DoLe- Do~c vanishes for all values of a, b, c.
We must now convince ourselves that the electroweak gauge group SU (2)L x U (1)r
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Table 7. qL and qR representations under SU(2)L
x U(1)r

qL
q~), q~)
lL
IR (no v~)

IL

I3L

Y

2
1
2
1

+ 1/2
0
+ 1/2
0

1/3
(4/3, -- 2/3)
- 1
-2

is free of triangular chiral anomalies and consequently is fully renormalizable. In
contrast to SU (3)., SU (2)L × U (1)r is chiral, has anomalies and, in principle, could
suffer from non-renormalizabity. We show that because of the symmetry between the
quark and lepton :representations, when due account is taken of the three colours, the
anomalies actually do cancel for the electroweak group. To see this, we write down in
table 7 the lefthanded and righthanded representations of the fermions of one
generation, under SU (2)L × U (1)r (cf. table 6).
Since SU(2) is vector-like (it has pseudo-real representations), the anomaly
connected with three SU (2)L "charges", i.e. SU (2)L 3, must vanish. When two of the
"charges" are SU (2)Land one U (1)y,since every member of an SU (2)Lmultiplet has the
same hypercharge, we get:
tr({z", rb}Y) = 26"b tr Y,

(18)

where it is easy to see (from table 7) that (~ is the sum over one generation):
3~ Y = 4

(18a)

quarks

(the factor 3 is due to the colour degree of freedom) which is cancelled by:
~, Y = - 4 .

(18b)

leptons

When all three "charges" are associated with U (1)r, we get (from table 7):
3 ~ (Y~ - y3) = _ 6,

(19a)

quarks

which is cancelled by:
y' ( y3 _ y~) = 6.

(19b)

leptons

Thus, the electroweak gauge theory is triangular anomaly-free and renormalizable. It
should be emphasized that the freedom from triangular anomalies requires the
presence of both quark and lepton representations with account being taken of the
three colour degrees of freedom. Indeed, the strongest (theoretical) argument for the
existence of the t quark is the necessity to have freedom from triangular anomalies in
the electroweak interaction for the third generation of quarks and leptons (see table 4).
The dependence of the renormalizability of the electroweak theory--expressed
through the condition of triangular anomaly cancellation--is a direct consequence of
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the interplay between chiral fermions and gauge invariance and constitutes Linkage III
between the quark and lepton worlds.

6. Cancellation of global chiral gauge anomalies and quark-lepton unification
We have seen that a chiral gauge theory like the electroweak theory is only viable
(i.e. renormalizable) if the chiral fermion representations are so chosen that the
triangular anomalies all vanish. The triangular anomaly is also called the perturbative
anomaly because, clearly, in the expression (equation (11)) for the lagrangian,
only the first term is retained in the perturbative expansion of the gauge transformation operator U = exp iea(x)Aa = 1 + iea(x)Ao + ..-(Aa are the generators of the
group in question). It turns out that a new type of anomaly arises for the SU (2) chiral
gauge group in four dimensions (or any group containing SU (2) as a subgroup)--the
so-called non-perturbative or global anomaly--when the topological effects of the fullfledged gauge transformation exp ieaA~ are taken into account. The presence of a
global or non-perturbative anomaly is as disastrous for the theory (producing
mathematical inconsistency) as the presence of the local or perturbative anomaly and
must also be cancelled to achieve a viable chiral gauge theory. In particular, Witten
(1982) has shown that any SU (2) chiral gauge theory with an odd number oflefthanded
fermion doublets (and no other representations) is in trouble whereas the anomaly is
absent for an even number of lefthanded fermion doublets. Thus, the standard
electroweak chiral group SU(2)LxU(1)r emerges unscathed from the nonperturbative anomaly constraint because there are an even number (three quark and
one lepton) of lefthanded doublet fermion representations in the theory.
I should like to add some comments on the nature of the non-perturbative
anomaly in four dimensions to indicate how another important linkage between the
quark and lepton fermions arises in the standard theory and argues for quark-lepton
unification. The origin of the non-perturbative anomaly for the non-Abelian SU (2)
chiral gauge group lies in the existence of topologically non-trivial non-perturbative
solutions (instantons) of the theory. This is stated in more formal language by writing
(Atiyah 1982)

7t,(su (2)) = z2,

(20)

where 7r, is the fourth homotopy group of SU (2) and Z 2 is the two-valued discrete
group (like parity). The general definition of the kth homotopy group of a topological
space X is defined as the set of mappings of S k (the k-dimensional sphere, like S a for
four-dimensional Euclidean space) into the space X, where two mappings are
considered equivalent when one can be continuously deformed into the other. Thus n4
(SU (2)) defines the mappings from the points on S 3 (which can be labelled by three
angles) to the elements of the SU (2) group (which can be characterized by three
parameters). Hence the manifold of the SU(2) group elements is topologically
equivalent to the three-sphere S 3, i.e. S 3 ,--, SU (2) group, and the instanton solutions
mapping

with topologically non-trivial "winding numbers" (the winding number is the number
of times S 3 is covered by the group manifold of SU (2)) then follow.
Interestingly enough, the instanton winding number can be expressed in terms of the
four-dimensional (Euclidian) integral of the non-Abelian anomaly on the righthand
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side of (18), namely:

n= l~--~f d~Tr(Fj'V ).

(21)

It can further be shown that the Euclidean actionis minimized when Fuva_- _ Fuv,-ai.e.
the self-dual (instanton) or anti-self-dual (anti-instaton) fields are the finite action
solutions to the classical Euclidean Yang-Mills theory. The instanton solution yields
the topologically non-trivial n = 1 winding number in (21). We shall not write out the
explicit instanton solutions (Cheng and Li 1984) but merely note that the total number
No of fermion zero modes in an instanton background gauge field plays a crucial role in
deciding whether the global chiral gauge anomaly is present or not" the global anomaly
is absent if N o is even and is present if N o is odd. Since there is just one fermion zero
mode in a doublet representation of SU (2), it follows that the global SU (2) anomaly
will be absent for an even number of chiral doublet representations and present for an
odd number. (It should be noted that a Dirac fermion is equivalent to two Weyl
fermions so that Dirac fermions cannot give rise to the global SU(2) anomaly.)
Consequently, the standard electroweak group, with its three colours of quarks and
its one "colour" of leptons (a total of four--an even number) per generation (see
table 6) is global anomaly-free. This is remarkable considering that for the quarks
and leptons separalely, the number of doublets is odd.
Again, the simultaneous requirements of chirality invariance and gauge invariance
impose a striking linkage in nature between the quark and lepton worlds--this is
Linkage IV--pointing towards unification, a common origin, or what have you--and
one naturally inqui~:es into the reason. In an attempt to throw light on this linkage,
several of us (Geng et al 1987) were able to show that for any simple gauge group G,
containing SU (2) ~s a subgroup, and for which ~4 (G)--0, the vanishing of the
triangular perturbalive anomaly for a representation of G will guarantee the absence of
the global non-perlurbative SU(2) anomaly. Unless the cancellation of the global
anomaly in the standard electroweak theory is a sheer accident, the above result
constitutes, in my view, a strong argument for some form of quark-lepton unification.
To put it another way, unless the electroweak SU (2)L x U (1)r group is a subgroup of a
larger chiral group 1hat is triangular anomaly-free, there is no logical necessity for the
number of quark and lepton doublets of the electroweak group to be even. Indeed, it is
easy to identify quarks and lepton representations at the SU(2)L x U(1)r level for
which the perturbafive anomaly vanishes and where the total number of quark and
lepton doublets is odd (Witten SU (2) anomaly is present). Quark-lepton unification of
some form would provide the requisite connecting link between perturbative and nonperturbative freedom from chiral gauge anomalies.

7. Linkages between strong and electroweak interactions pointing beyond the
standard model
Forty years have passed since the two-meson hypothesis was put forward as a way to
understand the very different worlds of strong and weak interactions inhabited
respectively by the heavy Yukawa meson (pion) and the light "cosmic ray" meson
(muon). In these retrospective lectures, I have tried to explain how the changing role of
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the pion has been closely correlated with the introduction of seminal concepts like
Yang-Mills gauge groups (see table 5), spontaneous symmetry breaking of global chiral
symmetry groups and the Higgs origin of the pseudo-Goldstone masses of the
pseudoscalar mesons associated with the broken generators of these global chiral
quark symmetries. I have tried to show how the muon gave rise to the concept of the
universal Fermi interaction and led to the three generations of quark and lepton
doublets (see table 4) through the absence of the/~ ~ e~ process and the operation of
quark-lepton symmetry. In many ways, the most spectacular development has been
the dominant role played by the neutrino with the concomitant features of chirality
invariance, chiral fermions and chiral gauge anomalies (both perturbative and nonperturbative)--in establishing the novel and intriguing linkages between quarks and
leptons, strong and electroweak interactions, that have emerged in our discussion. I
list these linkages--four in number--in the hope that they will stimulate efforts to go
beyond the standard model. They are:

LinkageI: The global chiral quarkflavour symmetry currents of QCD are identical with
the electroweak chiral quark currents in QFD. This explains the success of current
algebra and underlines the importance of the concept of quark-lepton flavour
universality.
Linkage lh The pseudo-Goldstone mass of the "pion" is (apart from the Yukawa coupling
constant) the geometrical mean of AocD (the QCD scale) and AssB (the scale of
spontaneous symmetry breaking by the Higgs doublet of the electroweak group). While
the Goldstone mass of the "pion" is due to the breaking 'of the global chiral quark
flavour symmetry in QCD by the quark condensate, the pseudo-Goldstone mass arises
from the finite quark mass which, in turn, is attributed to the Higgs SSB mechanism.
Linkagellh The cancellation of the perturbative (triangular) chiral gauge anomalies of
the electroweak group is guaranteed by quark-lepton chiral flavour symmetry. The
chirality invariance follows from the v paradigm which brings in its wake the triangular
fermion anomaly. The need to cancel the triangular fermion anomaly--to save the
renormalizability of the theory--requires the presence of both quarks and leptons
(quark-lepton symmetry--table 6).
Linkage IV: The cancellation of the global chiral gauge anomaly of the electroweak
theory is guaranteed by an odd number of SU (2) doublets for both quarks and leptons
(the sum is even). The odd dimension of the fundamental quark representation of the
S U (3) colour group and the singlet (non-interacting) character of the lepton representation within QCD conspire to cancel the global (non-perturbative ) SU (2) anomalyfor
the standard electroweak group. This saves the self-consistency of the electroweak
theory. The relation between triangular and global chiral gauge anomaly cancellation
provides a further argument for quark-lepton unification.
Whether these four linkages--all flowing from the entry of chiral fermions into the
theory--are best understood by placing quark and lepton states in the same higher
dimensional fermion representations of a larger group (grand or partial unification) or
by ascribing a common origin (by means of preons or superstrings) to quarks and
leptons, or in some other way, will have to be decided on a more auspicious occasion.
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