THE 1990 NOBEL PRIZE

Finding The Quark

The 1990 Nobel Prize for Physics
has been awarded jointly to Jerome
Friedman and Henry Kendall of the
Massachusetts Institute of Technology
(Cambridge, USA), and to Richard Taylor
of the Stanford Linear Accelerator Cen-
ter (Stanford, USA) for their key contri-
butions to a series of deep inelastic
scattering experiments of electrons on
protons and bound neutrons that confir-
med the existence of an inner structure
in these two constituent particles of the
nucleus. The results of what is known
as the SLAC-MIT experiment were first
disclosed at the 1968 international high
energy physics conference in Vienna.
They were subsequently interpreted as
experimental evidence for quarks, a
new layer in the structure of matter, that
had been postulated a few years before
by M. Gell-Mann and G. Zweig but of
which no direct trace had been found.

The quark structure of the proton,
involving point-like coloured quarks
bound by the colour force into a colour-
less particle, lies at the root of our pre-
sent knowledge of the deep structure of
matter. It is the origin of a number of
recent important findings and remains
the framework within which much re-
search is conducted today. Many physi-
cists thus consider the Nobel laureates’
pioneering experiments as standing
alongside the classical scattering expe-
riments of Rutherford in the early
1900's that led to the nuclear model of
the atom.

The SLAC-MIT Experiment

The SLAC-MIT experiment was a
continuation of earlier work that used
electrons to probe the structure of nu-
cleons. It exploited the new, two mile
long linear electron accelerator, giving
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the highest energies then available, that
had been completed in 1965 under the
leadership of W. Panofsky, who was
SLAC’s Director at the time. The experi-
ments employed large magnetic spec-
trometers to measure the scattering
angle and energies of the recoil elec-
trons emerging from the violent collisi-
on of the 4 to 21 GeV incident beam
with a fixed target comprising either
liquid hydrogen or deuterium. The prize-
winners collaborated with others in buil-
ding three spectrometers and they ope-
rated two of them — one for scattering
angles of 6° and 10° the other for
angles of 18°, 26° and 34° (Fig. 1).
The SLAC-MIT collaboration had
started in 1967, with the California In-
stitute of Technology as the third part-
ner, with a study of of elastic scattering
of electrons against protons to measure
the form factors of the nucleons. Pre-
vious results at lower energies had
shown that the nucleon behaved like a
““soft’” structure in mainly scattering
electrons at small angles. After this ini-
tial phase, the MIT-SLAC team turned to
inelastic electron scattering where the
nucleon target is shattered. Such pro-
cesses had been identified in experi-
ments at lower energies and nothing
very new was expected. The experi-
ment was difficult, the size and com-

plexity of the equipment notwithstan-
ding, since cross-sections were a priori
very small and important radiative cor-
rections had to be dealt with. The
names R. Taylor, J. Friedman and H.
Kendall clearly stood out among the re-
searchers who found that the probabi-
lity of deep inelastic scattering, where
the electron looses a large fraction of its
energy and emerges at a high scattering
angle, was much greater than expected.
The results were surprising to many as
the proton appeared to be behaving as
made up of point-like objects carrying
the proton’s global positive charge, and
responding independently to the high
energy impinging electrons.

Scaling

The interpretation in terms of point-
like scatterers followed from the scaling
property which was observed. When
describing the properties of the scatte-
red electron one has to consider two
independent Lorentz invariant variables,
namely mv the proton mass times the
energy transferred by the electron, and
g? the momentum transfer squared.
The dynamics, which depends a priori
on both, was found to depend only on
the ratio 2mv/q? at the large values of v
and g2 which could be reached simulta-
neously at SLAC. This property, called

Fig. 1 — The two magnetic spectrometers used for the SLAC-MIT experiment. The 8 GeV
spectrometer is in the foreground and the 20 GeV unit is to the rear. The bulk of the detec-
tors comprise shielding (weighing 450 tons for the 8 GeV device).
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“’scaling’’ (Fig. 2), is what is expected
for scattering on point-like constituents
within the target proton. The 1990
Nobel Prize has been awarded for this
remarkably clear result from a difficult
experiment.

J.D. Bjorken, a theoretician at SLAC,
had in fact predicted in 1967 the scaling
behaviour long before the results of the
SLAC-MIT experiment were available.

Fig. 2 — The scaling behaviour of
deep inelastic scattering of elec-
trons on protons. Data from the
SLAC-MIT experiment showing
that the structure function VW,
where v is the transferred energy,
depends only on the ratio 2mv/q?
where m is the proton mass and
q is the transferred momentum.
This behaviour is expected if
scattering occurs on point-like
constituents in the target nu-

J cleons. From Miller G. et al., Phys.

20 Rev. D5 (1972) 528 with permis-
sion.

He used a tool called Current Algebra
which had been developed as a theore-
tical device for attaining wide-ranging
properties. The quark theory that could
be used was considered too elementary
to be correct and it invoked quark fields
for which no particles were known. Yet
there were strong reasons to believe
that the Current Algebra relations
which could be thus derived were far

more general than the theory within
which they were obtained.

The quark structure of matter itself
dated back to the early sixties and the
success of the “‘eightfold way’’ of M.
Gell-Mann and Y. Ne'eman. Large num-
bers of particles called hadrons, which
resembled nucleons or m-mesons in
some respects, had been discovered.
The similarities and differences among
these hadrons could be accounted for in
terms of Unitary Symmetry, and the
simplest visualization of the abstract
mathematical description became
much more comprehensible when M.
Gell-Mann and G. Zweig proposed that
hadrons could be ‘‘constructed’’ in
terms of building blocks called quarks
for the baryons, and a quark-antiquark
pair for the mesons The properties of
these hypothetical particles, and in par-
ticular their fractional charges, were
however such that few believers came
forward. Quarks, moreover, had been
sought but never found.

Whilst Bjorken’s approach was care-
fully phrased in terms of the properties
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of almost equal time commutators at
infinite momentum — the accepted
orthodox approach — he could not
resist relating the inferred scaling pro-
perty to the possible presence of point-
like constituents, something which was
then meeting strong resistance from
many. He has been given much credit
by the Nobel laureates for his réle in
helping the experimentalists analyze
their data and assess its implications.
The part played by R.P. Feynman at
the time is also of great significance.
Starting from a different corner of par-
ticle physics, namely the properties of
particle production in high energy had-
ron collisions, he had reached the idea
that hadrons were made of point-like
partons. Thanks to his inspiring talks,
these partons were soon recognized by
many as the agents at the origin of the
scaling property. They were later identi-
fied with quarks. To quote Riordan in his
book ‘“The Hunting of the Quark”,
“partons swept through SLAC like a
brushfire’’ after Feynman’s first presen-
tation. Feynman could explain scaling in
a language which everybody under-
stood. But perhaps more important was
the respectability he brought to an idea
which seemed unorthodox to many.

Eliminating Doubt

The results of the SLAC-MIT inelastic
scattering experiment were at first
believed to be misinterpreted owing to
possible errors introduced mainly by the
radiative corrections that took account
of the energy that an incident or out-
going electron could radiate as light.
The scaling property eventually helped
a great deal in making the observed
rates much higher than those anticipa-
ted from a '‘soft’’ proton with a charge
spread over its volume. By 1968 the
statistics were such that it was clear
that a major new effect had been found.

It still took a considerable effort by
the same team to fully establish the
scaling property through an extension
of their analysis to larger angles, and
therefore lower cross-sections, and to
eliminate experimentally all other “ex-
planations’’ which were of course rea-
dily ventured to avoid the need for
point-like structures.

The behaviours of the two indepen-
dent structure functions which contain
the dynamical part of the scattering
cross-section had to be separated.
Scattering off deuterons had to be done
in addition to the initial experiments on
hydrogen to compare the proton and
neutron responses in terms of these
structure functions. By 1972, the point-
like constituents were there to stay;
they could also be identified with
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quarks. Moreover, CERN’s experiments
on deep inelastic neutrino scattering in
the Gargamelle bubble chamber started
to provide strong supporting evidence
for the identification of the point-like
scatterers as quarks.

Into The Future

We understand today how each of
the quark types with their different fla-
vours exists in three states differing by
a property called colour. The quarks
interact strongly via the exchange of
massless vector bosons (or gluons)
which themselves exist in eight colour
states, and the quantum field theory of
quarks and gluons, called Quantum
Chromodynamics (QCD), represents
the modern approach to the strong in-
teraction. Quarks have never been
detected as free particles owing to the
long-distance nature of the strong force
between coloured particles which con-
fines quarks within the colourless
hadrons that are observed. We appre-
ciate therefore how coloured objects
like quarks can form colourless hadrons
and yet never appear as free particles.
One also understands how the scaling
property emerges at large transferred

energy and large g%, but not as an
exact property since logarithmic devia-
tions originating from the radiation of
gluons by the scattered quarks have to
be acknowledged.

With the great steps forward of the
seventies and early eighties, and the
successes of the Standard Model, the
electroweak theory of Glashow, Salem
and Weinberg combined with QCD,
which recently emerged with flying co-
lours from the first round of LEP expe-
riments (see Europhysics News 21
(1990) 166), one now understands ra-
ther well the deep structure of hadrons
in terms of point-like quarks. Indeed,
many predictions thus inferred have
been verified. Hadrons containing at
least one quark or antiquark of the first
five flavours have been observed. The
sixth quark, the heaviest called “‘top”’,
remains unidentified (see page 203)
and collisions between quarks in future
colliders are expected to probe much
deeper into the structure of matter (see
below). And all of these past and future
developments started with the beautiful
experimental result of 1968 which has
now been acknowledged with the 1990
Nobel Prize in Physics.

LHC Physics

CERN’s Theory Division looks beyond LEP and the Standard
Model in describing the physics potential of a future proton-

proton collider.

The LEP accelerator at CERN is now fully
operational so it is legitimate to prepare for
the steps beyond the machine’s further de-
velopment (which is in progress and mainly
involves boosting the energy to 200 GeV by
installing superconducting RF cavities). The
underlying rationale is clear-cut — to reach
a more profound understanding of the way
the world is built and works, physicists seek
greater unity and simplicity in descriptions
of the physical world by probing the struc-
ture of matter to increasing depth. For
behind the enormous variety and complexi-
ty of structures met in our everyday expe-
rience, there is a basic description in terms
of fundamental constituents and interac-
tions. At today’s level of scrutiny of 10 m
we have found quarks and leptons — fun-
damental point-like components. Their in-
teractions as summarized by the Standard
Model are the building blocks of matter
— hadrons, nuclei and eventually atoms
and molecules — and they show a cohe-
sion never met before in physics.

The Standard Model is a relatively recent
achievement which must be thoroughly
tested. CERN’s LEP machine that began
operating in July 1989 was designed with

this in mind, by continuing with greater
accuracy the exploration started at the
organization’s pp collider. For according to
the quantum rules governing sub-atomic
physics, the price to pay for resolution is
energy. So to probe in detail the structure of
matter at the level of 108 m one needs the
100 to 200 GeV provided by LEP. The phy-
sics we meet is the one which prevailed
when the expanding Universe was a tenth
of ananosecond old. It is only in this distant
past that the many questions raised by the
observation of the Cosmos at large can find
their answers.

Despite the Standard Model's relative
simplicity it is not the ultimate in physics. A
natural progression in expanding the model
is an order of magnitude increase in resolu-
tion, with an analysis of the structure of
matter at the level of 10'® m and, accor-
dingly, an understanding of the physics of
the Universe when it was 102 s old.

Symmetry Breaking

In both the electroweak theory, which
provides a unifying framework to such
diverse phenomena as electromagnetism
and radioactivity, and modern descriptions



