
The 1979 Nobel Prize in Physics 

This year the Nobel Prize in Physics 
was awarded to Sheldon Glashow, Ab- 
dus Salam, and Steven Weinberg. Gla- 
show and Weinberg are professors of 
physics at Harvard University; Salam is 
professor of physics at Imperial College, 
London, and director of the Inter- 
national Centre for Theoretical Physics, 
Trieste. The award occasioned little sur- 
prise and much approval within the com- 
munity of high-energy theoretical phys- 
icists, where the work of Glashow, Sal- 
am, and Weinberg has become widely 
recognized as major achievements of the 
field. 

There is a popular model of a break- 
through in theoretical physics: A field of 
physics is afflicted with a serious con- 
tradiction. Many attempts are made to 
resolve the contradiction; finally, one 
succeeds. The solution involves deep in- 
sights and concepts previously thought 
to have little or nothing to do with the 
problem. It unifies old phenomena and 
predicts unexpected (but eventually ob- 
served) new ones. Finally, it generates 
new physics; the methods used are suc- 
cessfully extended beyond their original 
domain. 

As I shall attempt to explain here, the 
work of Glashow, Salam, and Weinberg 
fits this model almost perfectly. I will be- 
gin with the contradiction, as it troubled 
us in the late 1950's: The weak inter- 
actions were not renormalizable. This 
sentence requires six paragraphs of ex- 
plication. 

On the scale of the distances and 
energies characteristic of nuclear phys- 
ics, the fundamental forces of nature fall 
into four distinct classes. The weakest 
force is gravitation; indeed, it is so weak 
as to be of no relevance to nuclear phe- 
nomena. Next in strength is the (unimag- 
inatively named) weak interaction, the 
force responsible for many radioactive 
nuclear decays. Somewhat stronger is 
the familiar electromagnetic force. Final- 
ly, strongest of all is the (again unimagi- 
natively named) strong interaction, the 
force that holds the neutrons and protons 
together in the nucleus. 

These forces differ in ways other than 
strength. Two of these are all that need 
concern us here. First, electromagnetism 
and gravity fall off slowly with separa- 
tion, while the strong and weak inter- 
actions fall off rapidly, becoming essen- 
tially negligible for particles separated by 
more than a few nuclear diameters. Sec- 
ond, not all forces act on all particles; for 
example, electromagnetism does not di- 

rectly act on electrically neutral parti- 
cles, and the strong interaction does not 
directly act on what are called leptons 
(electrons, muons, neutrinos, and so on). 

No one is able to compute exactly the 
effects of any of these forces, even in the 
simplest cases. However, there are ap- 
proximation methods that can some- 
times be used to give predictions of great 
accuracy. The only one of these methods 
we need consider here is perturbation 
theory, an approximation method based 
on expansion in successive powers of 
some small quantity characteristic of the 
process under consideration. For ex- 
ample, for most electromagnetic pro- 
cesses, the first approximation predicts 
effects proportional to 10-3, the second 
approximation predicts corrections to 
the earlier predictions proportional to 
10-6, the third approximation predicts 
further corrections proportional to 10-9, 
and so on, until whoever is doing the 
computation gets tired. 

Or until disaster occurs. For it is pos- 
sible for the computation to explode. To 
be more precise, if one writes down an 
arbitrary force law consistent with rela- 
tivity and quantum mechanics, no prob- 
lem ever occurs in the computation of 
the first approximation. However, it may 
well be that the second approximation 
turns out to be infinite. (To use the ex- 
ample of the preceding paragraph, in- 
finity may emerge as an infinite multiple 
of 10-6, but this is still infinity.) Even if 
this disaster does not occur on the sec- 
ond approximation, it may still occur in 
one further on in the series. Only a small 
class of theories give finite predictions 
for all observable phenomena to all or- 
ders in the perturbation theory expan- 
sion. These theories are called renor- 
malizable. (The reason for this curious 
name is too long and irrelevant a story to 
be told here.) 

Renormalizability is tricky to spot; po- 
tentially infinite quantities may cancel 
each other at the last moment, and un- 
less you set up the computation in just 
the right way you are liable to miss the 
cancellation. The quantum theory of 
electromagnetism was around for nearly 
20 years before it was found to be renor- 
malizable; before then it had been 
thought to make evidently infinite, evi- 
dently meaningless predictions. 

I can now return to the situation in the 
late 1950's. The electromagnetic inter- 
action was renormalizable, and the pre- 
dictions of perturbation theory for elec- 
tromagnetic processes were in splendid 
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agreement with experiment. The strong 
interaction did not involve any small pa- 
rameter that could be used for per- 
turbation theory. The simplest quantum 
generalization of the classical theory of 
gravitation was apparently nonrenormal- 
izable, but the theory was so compli- 
cated and the effects in high-energy 
physics of such small magnitude that 
most researchers were happy to post- 
pone consideration of this problem. 

The weak interaction was a different 
story. The small quantity of perturbation 
theory was roughly 10-5. The first ap- 
proximation was big enough to be ob- 
servable and the second approximation, 
proportional to 10-10, should have been 
negligible. By the late 1950's, a theory of 
the weak interaction had been found 
such that the first approximation was in 
agreement with experiment wherever the 
theory could be tested. The second ap- 
proximation was 10-10 x infinity; the 
theory was not renormalizable. 

There were two possible ways out. 
One was that perturbation theory was 
deceptive, that the fault lay in the ap- 
proximation rather than in the theory. 
Much effort was devoted to this possi- 
bility, but nothing substantial resulted. 
The alternative was that the true theory 
of weak interactions was some undiscov- 
ered renormalizable theory that mim- 
icked the predictions of the current theo- 
ry in all experiments yet done. 

In his 1958 Ph.D. thesis, Glashow sug- 
gested that such a theory would involve 
the unification of weak interactions and 
electromagnetism (1). There were tan- 
talizing similarities between these two 
interactions. The electromagnetic inter- 
action between two charged particles 
could be thought of as being mediated by 
the exchange of a quantum of light, a 
photon. A photon is one of a class of par- 
ticles called vector mesons. The weak in- 
teractions could also be thought of as 
mediated by the exchange of a vector 
meson, called the W. The striking dif- 
ferences in range and strength between 
the two interactions could be explained 
by assuming the W was massive (on the 
order of 100 times more massive than the 
proton), in contrast to the massless pho- 
ton. A unification along these lines had 
been advanced shortly before by Gla- 
show's thesis adviser, Julian Schwinger 
(2). Glashow, however, was the first to 
connect the idea with renormalization. 

By 1960, Glashow thought he had dis- 
covered the desired theory. It had two 
unanticipated ingredients. One (3) was 
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another heavy vector meson, the Z. The 
other (4) was a set of complicated inter- 
actions among the photon, W, and Z- 
interactions that were characteristic of a 
kind of theory called gauge field theory, 
invented for other purposes 6 years ear- 
lier (5). 

Glashow had reached gauge field theo- 
ry starting from renormalizability. Four 
years later, Salam and J. C. Ward, igno- 
rant of Glashow's 1960 work, found the 
same theory while pursuing their long- 
held ambition to explain all fundamental 
interactions as gauge field theory (6). In 

retrospect, it is not surprising that the 
same destination should have been 
reached from two such different starting 
points, for we now believe that the cor- 
rect theory is both renormalizable and a 
gauge theory. However, it is not the the- 
ory found by Glashow, Salam, and 
Ward; despite Glashow's high hopes in 
1960, that theory is not renormalizable. 
As we now know, it would be renormal- 
izable, all potential infinities would can- 
cel, if physics were absolutely symmet- 
ric among the three vector mesons (pho- 
ton, W, and Z). In the 1960 theory, the 
symmetry is spoiled by the different 
masses assigned the different mesons, 
and this in turn spoils the cancellation of 
infinities. (Actually, to make all infinities 
cancel, the masses not only have to be all 
equal, they have to be all zero.) 

It was not until 1967 that a theory that 
overcame this difficulty was finally pub- 
lished, by Weinberg (7); shortly after- 
wards, Salam announced his indepen- 
dent discovery of the same theory (8). 
The earlier careers of both Weinberg and 
Salam could be read as preparation for 
this work. From the early 1950's, Salam 
had been a major figure in both weak-in- 
teraction theory and renormalization 
theory. Weinberg's 1957 thesis was on 
renormalization and weak interactions, 
and he had gone on to make important 
contributions to both fields. Most impor- 
tant, though, both had been active in the 
development of the theory of hidden 
symmetry; it was here that the solution 
was found (9). 

Hidden symmetry is best explained by 
a parable. The parable involves a man 
who lives inside a gigantic ferromagnet- 
a very large array of magnetic dipoles, 
interacting in such a way that nearby di- 
poles tend to align. Note that this de- 
scription is completely symmetric with 
respect to spatial direction; there is noth- 
ing in it to distinguish north from east. 
The ground state of the ferromagnet, its 
state of lowest energy, is one in which all 
the dipoles are aligned in some direction. 
To be definite, let us assume it is north. 
Now a man living in the ferromagnet will 
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not observe the directional symmetry of 
the laws of nature; for him, north will be 
a very special direction, the direction in 
which there is a huge magnetic field that 
critically affects all of his experiments. It 
does no good to suggest to him that it 
would be just as consistent with the laws 
of nature for the magnetic field to point 
east; it is a very large ferromagnet, and it 
is energetically impossible for him to at- 
tempt to realign the magnet. Only by a 
long and exacting sequence of experi- 
ment and analysis will he gain an under- 
standing of the microscopic structure of 
the world in which he lives and discover 
the directional symmetry that is hidden 
from him. 

The reading of the parable is this: The 
directional symmetry is the symmetry 
between the vector mesons, the magnet 
is the universe, and the man in the mag- 
net is you and I. The ground state of the 
universe, what we think of as empty 
space and what high-energy theorists call 
the vacuum state, has a structure as 
complex as the ground state of the mag- 
net. Like the ground state of the magnet, 
its structure is determined by the form of 
the laws of nature, and it can hide a sym- 
metry those very laws possess. This is 
how the Weinberg-Salam theory attains 
renormalizability. The cancellation of 
potential infinities is not spoiled because 
the symmetry between the vector 
mesons is not spoiled. It is only hidden. 

This was Weinberg and Salam's mas- 
terstroke. Hidden symmetry had given 
them not only a renormalizable theory, 
but also a truly unified one. Its predeces- 
sors had been only partially unified; the 
weak and electromagnetic interactions 
were similar, but different; there was 
something in the laws of nature that dis- 
tinguished the photon from the other 
vector mesons. In the Weinberg-Salam 
theory this is not so; the laws of nature 
no more know the photon as a special 
particle than the laws of the ferromagnet 
know north as a special direction. 

There were only two things wrong 
with the Weinberg-Salam theory. (i) In 
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its original form, the theory treated lep- 
tons only. (Indeed, the title of Wein- 
berg's paper was "A theory of leptons.") 
It was not clear how to extend the theory 
to; strongly interacting particles. (ii) No- 
body paid any attention to it. Rarely has 
so great an accomplishment been so 
widely ignored. Here is a census of cita- 
tions of Weinberg's 1967 paper as record- 
ed in 7 years of Science Citation Index: 
1967, 0; 1968, 0; 1969, 0; 1970, 1; 1971, 4; 
1972, 64; and 1973, 162. These include ci- 
tations by Weinberg himself (10). 

Weinberg was of two minds about his 
theory. Friends recall that when it was 
published he told them it was the best 
thing he had ever done. At the same 
time, though, he worried whether the 
same mechanisms that hid the symmetry 
of the theory could also spoil its renor- 
malizability. He struggled intermittently 
with the problem for years, but never ob- 
tained any results he felt were worth 
publishing. He spent most of his time 
working on other things (11). 

Likewise for Salam. When he pre- 
sented his theory, he expressed his belief 
in its renormalizability, and even gave 
the kernel of a correct argument for his 
belief (12). Nevertheless, 2 years later, 
he spoke "On renormalization constants 
and inter-relation of fundamental 
forces" at an international conference 
(13). He did not mention his theory of the 
weak and electromagnetic interactions; 
he was working on other things. 

It is clear from the citation census that 
something happened in late 1971. What 
happened was that Gerard 't Hooft 
wrote a paper on the renormalization of 
gauge theories that revealed Weinberg 
and Salam's frog to be an enchanted 
prince (/4). Although 't Hooft's work fell 
short of a complete proof of renormali- 
zability, it went far enough to transform 
the subject. Before 't Hooft, the renor- 
malizability of the theory was con- 
jectural; after 't Hooft, it was the non- 
renormalizability that was conjectural 
(15). 

The 1971 revival of the theory found 
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the extension to strongly interacting par- 
ticles ready to hand. In 1970, Glashow, 
John Iliopoulos, and Luiciano Maiani 
had performed an extraordinary analysis 
(16). They did not know how to build a 
renormalizable weak-interaction theory; 
the Weinberg-Salam theory was then 
sunk in deepest obscurity. Nevertheless, 
they knew that something must render 
higher-order weak-interaction effects fi- 
nite, and they argued that whatever that 
something was, it would run into experi- 
mental contradictions when extended to 
the strongly interacting particles, unless 
the theory of the strong interaction itself 
obeyed certain constraints. In particular, 
there must exist kinds of strongly inter- 
acting particles that had not yet been ob- 
served, which they called charmed parti- 
cles (17). 

The indirection of the argument de- 
serves emphasis. New kinds of strongly 
interacting particles were predicted, not 
on the basis of strong-interaction theory 
per se, but in order to make strong-inter- 
action theory consistent with a weak-in- 
teraction theory that (so far as Glashow 
et al. knew) had not yet been invented. 
Despite its indirection, Glashow found 
the argument absolutely convincing; he 
was unwavering in his belief that 
charmed particles must exist and that ex- 
perimenters must look for them. Of 
course, as any newspaper reader knows, 
they do exist, but I will forgo telling the 
story of their discovery here (18). 

By 1971, then, all the pieces had been 
assembled. Weinberg-Salam plus 't 
Hooft plus Glashow-Iliopoulos-Maiani 
had finally yielded the theory striven for 
since 1958. Experimental techniques had 
also advanced enormously; there existed 
neutrino beams, electron accelerators, 
detection apparatus vastly more pow- 
erful than anything available in the 
1950's. Weinberg wrote that we now had 
a structure of great theoretical appeal 
"neither confirmed nor refuted by pres- 
ent data." It predicted novel effects, "ef- 
fects which are just on the verge of ob- 
servability" (19). The ball was in the ex- 
perimenters' court. 

In 1973, experiments at CERN, near 
Geneva, and Fermilab, near Chicago, 
detected neutral-current events (that is, 
weak interactions involving exchange of 
the Z vector meson) of a form and magni- 
tude consistent with the theory. The next 
5 years were a confusing period of exhil- 
aration and disappointment, alarms and 
excursions. Experiment confirmed the 
theory; experiment denied the theory. 
Enormous theoretical effort was devoted 
to producing grotesque mutant versions 
of the theory consistent with the new ex- 
perimental results; the new experiments 
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were shown to be in error; the mutants 
were slain (20). In the last few years, 
though, the experimental situation seems 
to have stabilized in agreement with the 
original 1971 version of the theory (21). 
The Weinberg-Salam model is now the 
standard theory of the electroweak inter- 
action. 

Even before it was confirmed experi- 
mentally, the standard theory had effects 
outside the domain of the weak and elec- 
tromagnetic interactions. It inspired a 
surge of activity in gauge theory in gen- 
eral; in 1973, this led to the discovery 
that certain remarkable phenomena ob- 
served in electron-nucleon scattering 
could be explained by assuming that the 
strong interaction itself was also a gauge 
theory. From this observation have 
grown many (though not all) of our rea- 
sons for believing in the current leading 
candidate for the theory of the strong in- 
teraction quantum chromodynamics, the 
theory of quarks and gluons. 

If the weak, electromagnetic, and 
strong interactions are all three gauge 
theories, then it is tempting to envision 
unifying them all, in the same way the 
standard theory unifies electromagnetic 
and weak interactions. (The parallelism 
is not precise; in this case, renormaliz- 
ability does not force unification.) Gla- 
show, Salam, and Weinberg have all 
been leaders in the development and in- 
vestigation of such grand unified theo- 
ries. Unfortunately, both decisive exper- 
imental tests and stringent theoretical 
constraints are hard to find here. Thus, 
although grand unification in general is 
an extraordinarily attractive idea, the 
particulars of how it happens remain 
mysterious. 

Only gravity has resisted the armies of 
unification. Despite strenuous assaults, 
it remains in adamant isolation: not a 
gauge theory (at least not in the same 
way other interactions are gauge theo- 
ries) and not renormalizable. I suspect 
the understanding of gravity will require 
some profoundly new physics, physics 
that will be in its way as original, inge- 
nious, beautiful, and deep as the physics 
which won this year's Nobel prize. 

SIDNEY COLEMAN 

Stanford Linear Accelerator Center, 
Stanford, California 94305 
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