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ABSTRACT

With the advent of the standard model of quarks, leptous and unified forces oue
has achieved an understanding of the wealth of data in particle physics and provided a
new basis for the understanding of nuclei and hadrons. In particle physics one now seeks
to improve the standard model and to go beyond it. In nuclear physics one enquires
about the role of quarks and gluons in the dynamics of strongly interacting systems.
To answer these new questions an impressive network of large accelerator facilities,
including CEBAF, is under construction or in the proposal stage. A global view of this
network and its physics is given.

1. INTRODUCTION
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If one looks at the development of accelerators and of the recent explosion of ideas
in subatomic physics, one is led to the somewhat whimsical and homocentric view of
our universe which regards it, at present, as an incredible learning machine (ILM).

Two images support this view. First, in Fig. 1 we show the rapid increase in the
maximum energy of accelerator beams with time over the past several decades. Since

1930 there has been an increase in the
maximum energy by a factor of ten ev-
ery six years. Different kinds of accel-
erators have each had their moment on
the stage, but the inarch upward con-
tinues inexorably to the SSC and be-
yond.

Next, in Fig. 2, we give a brief
history of the unfolding of our universe
since the Big Bang. As time moved on
grand unification gave way to a quark-
gluon-leptr>n plasma and onward fur-
ther to hadrons (first nucleons and then
nuclei) to molecules and to life.

The events of Fig. 1 unfold them-
selves, as indicated in Fig. 2, in the
merest sliver of time. Higher accel-
erator beams reveal, in turn, nuclei
and nuclcons and quarks and beyond.
It is at this moment in the history
of our universe that we, the fossils of
the cooling process, are able to attain
energies which allow us to reveal the
history of our universe. It is, as it
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Fig. 1. The Livingston plots of the increase of
maximum accelerator energy with time. Various
accelerators have been on centre stage as the max-
imum energy increases tenfold every six years.
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Fig. 2. The history of our universe in which the drama of accelerator develop-
ment is unfolding.

were, that our universe has produced and programmed us to suddenly contemplate
itself. We are the instruments of this instantaneous switch of the universe into an ILM.

Nature felicitously leads us on. One could give many examples of how our uni-
verse has constructed itself to lighten our work as the instruments of the ILM. Thus
our discoveries with accelerator beams led us recently, so we thought, to build large
underground detectors to look for proton decay. Proton decay may never be found, but
we of course were programmed to build these devices - although we weren't aware of
it - to be in readiness for the supernova of February 23, 1987. The universe said to us
"look here, look here!" And then it revealed to us, for the first time, the neutrinos from
deep inside a collapsing star. In addition to having us inadvertently provide the proper
experimental tools for this event, nature arranged that we finally attained the requisite
full theory of stellar collapse just weeks before Shelton 1987a. Perhaps our pleasure in
discovery is not lightened by the appreciation that we are destined to attain it.

Continuing in the same vein, we observe first that astronomers are somewhat
less impetuous than particle physicists and that therefore optical telescopes increase in
diameter by a factor of ten every 180 years instead of every six years. It is for this
purpose that nature conveniently originated telescopes 300 years before accelerators so
that large distance observations of the structure of our universe would be able to move
hand-in-hand with the small distance probes provided by accelerators to together reveal
our history in the sliver of time of the ILM.

Even more impetuous than particle physicists are the builders of large detectors.
For many decay-modes the sensitivity of detectors, in recent years, has increased by a
factor of ten every three or four years. Fermi in the middle 1950s, confronted by the
evolution of accelerators as shown in Fig. 1, predicted that thirty years later, in the
middle 1980s, we would have an accelerator encircling the world. Now one can predict
that thirty years hence it is the detectors that will dominate - that the whole earth
will be converted into a single detector for an orbiting accelerator. Again nature has
arranged, as part of the ILM, that the materials of our earth are appropriate for this



Table I. Quarks and leptons - the basic building blocks of the standard model.
Each quark or lepton is a fermion of spin 1/2 and each has an antiparticle. The
quarks each come in three different colours.

Some quantum numbers

Baryon
Spin Charge number

Quarks
~~u c t 1/2 +2/3 1/3

d ' B b 1/2 - 1 / 3 1/3

Names: u = up, d = down, c = charmed, « = strange, < = top,
6 = bottom

Masses (GeV): mo « 0.35, md « 0.35, mc as 1.8, m, = 0.55,
m, w 35??, m4 w 4.5

Leptons
e n r 1 / 2 - 1 0

1 I • * *

v, !/„ vr \/2 0 0
Names: e = electron, vt = electron's neutrino, /t = muon,

vv •=. muon's neutrino, r = taon, i/T = taon's neutrino
Masses (MeV): m, = 0.511, m,, < 0.0003, mM = 105.6,

mVr < 05, mr = 178.4, mVr < 250

purpose: Fe for calorimetry, Si for strip detectors, hydrocarbons for liquid ionization
chambers, etc.

The future is both promising and challenging. Our purpose here is to put into
perspective how CEBAF fits into the inexorable march toward higher energy. Herman
Grunder is programmed to elevate the recalcitrant electron community from their past
pursuits below 1 GeV. In this collective climb toward the peaks at higher energy some
members of the community would like to pause and rest at 2 GeV - perhaps even
contemplate building Experimental Hall A there - but Grunder will firmly place this
hall at its intended destination at 4 GeV while depositing a trust fund for Hall C at
6 GeV.

2. THE STANDARD MODEL

The basic building blocks of our universe are quarks and leptons whose properties
are given in Table I. At present three pairs (or "generations") of quarks and leptons are
known although an active search for a fourth generation is in progress. Each quark or
lepton has spin 1/2 (and therefore obeys Fermi statistics) and each has an antiparticle.
The quarks come in three colours. The physical particles made of quarks are colour
singlets.



The quarks combine to form composite particles, called hadrons, which have been
the subject of so much study. The various mesons are made of quark-antiquark pairs.
The baryons are each made of three quarks. The spectroscopy of mesons and baryons -
and the possibility of other combination of quarks - is an important application of the
standard model.

The work on the unification of the four fundamental forces has been as important
to the establishment of the standard model as the elucidation of the building blocks.
Using Maxwell's elegant unification of electricity and magnetism into a unified elec-
tromagnetism as a template, the weak force - and even the strong force - have been
unified with electromagnetism. The essence of the template is gauge symmetry which
not only provided elegance to Maxwell's theory but was also so essential in achieving
renormalizability when quantum mechanics arrived on the scene.

The unification of electromagnetism with the weak force into the electroweak
theory - within the framework of renormalizable local gauge theories - predicted that
the photon should be joined by three new particles, the W* and Z°. The direct discovery
of these new gauge bosons by Carlo Rubbia and his colleagues at CERN in 1983 was
a tour de force which heralded the full emergence of the standard model. Those of us
who work at energies lower than that of the SPPS collider used at CERN to discover
W^ and Z° can take some comfort in the knowledge that our efforts also contribute
to even the most important results. It was at TRIUMF, in the same year (1983), that
one was able to elucidate what is perhaps the most important property of the unified
gauge interactions, namely their handedness. The interactions of the W* and Z° were
believed to be left-handed. These gauge bosons are the quanta involved in the weak
decay processes. If one takes the purest of these, \T —* e~ + fM + Ve, the handedness of
the interaction determines the polarization of the fast electron emerging from the decay.
Using TRIUMF and its very pure intense muon beams Mark Strovink and his colleagues
were able to show, from the measured polarization of electrons in muon decay, that any
right-handed weak interactions involved gauge bosons at least five times more massive
than the W± and Z° discovered at CERN. Physics marches forward with a variety of
tools and approaches.

With regard to the strong interaction the standard model states that it is ex-
change of coloured gluons between coloured quarks. This theory is called quantum
chromodynamics (QCD). In nuclear physics we have now the task of understanding all
the properties and interactions of composite systems of quarks in terms of QCD. The
unification of the strong force with the electroweak into a single entity called grand
unification theories or GUT) invokes new symmetries and predicts the existence of new
particles (X-particles, with masses of ~1015 GeV). A number of candidate GUTs exist.
Among other things, they predict the finite lifetime of the proton.

The effect of the standard model has been not only to consolidate our large body
of knowledge of subatomic physics processes but, even more, to raise important new
questions. Any large step forward in understanding provides a framework in which we
can confront nature with new questions. Among the most important questions for our
field are the following:

• What are the properties of the new gauge bosons, W* and Z°l
• What governs the masses of the quarks and leptons?
• How do systems of quarks behave?



• How does one improve the standard model? Here, for example, one seeks greater
unification, that is, to properly bring the strong force into the fold and thus achieve
GUT; further, one seeks ways of hiding gauge symmetry which might be better than the
Higgs or technicolour methods presently proposed and one seeks to solve the hierarchy
problems which arise when the vastly disparate masses of the different sets of gauge
bosons (W*; X's, etc.) enter perturbatively into matrix elements.
• How does one unify gravity with the other forces?
• Why are there so many particles? Counting leptons, quarks (each in three colours),
gauge bosons, Higgs particles, gluons, .Y's and gravitons, one has, still, an embarrassing
richness of fundamental particles.
• Is there a "theory of everything"?

The response to these questions continues to define the current interests of particle
physics and nuclear physics.

3. FUTURE DIRECTIONS IN PARTICLE PHYSICS

The impact of the standard model and its new questions on particle physics has
been dramatic and the response, in the form of proposals for and construction of new
facilities, has been equally dramatic. With ons exception, all of the new questions we
listed above have strong implications for the future pursuits of particle physics. The
one exception pertains to the behaviour of systems of quarks which now lies firmly in
the new nuclear physics.

The new pursuits in particle physics seek to improve the standard model, to find
its limits and to enquire about what lies beyond it. For those of us working at lower
energies it is useful to have a perspective of the future directions of particle physics.

The world network of new and proposed particle physics accelerators involves
about half a dozen facilities, all of them very large and impressive and all with important
science goals.

The Tevatron at Fermilab is now providing the first glimpse of the physics which
lies in the domain (up to 1 TeV) beyond that of the SPPS.

The Stanford Linear Collider (SLC) is intended to provide collisions of 50 GcV
electrons and 50 GeV positrons to elucidate the detailed properties of Z°. The LEP
project at CERN has similar goals. Important as the CERN SPPS (and, more recently,
the Tevatron) have been for the discovery of W* and Z°, these accelerators have pro-
duced only a hundred or so Z°'s, clearly confirming their discovery but not sufficient to
pin down branching ratios or the parameters of the electroweak theory. What is needed
is thousands or millions of Z°'s. It appears that LEP is going to operate in late 1989
producing rapidly 10s Z°'s. SLC is a major accomplishment in accelerator design, but it
is now an open question whether or not SLC can also accomplish a major physics coup
by achieving at least 10* Z°'s before LEP swings into action. To this outsider to the
U.S. particle physics program it appears that not enough attention has been devoted by
U.S. funding agencies - or, for that matter, by the U.S. particle physics community -
to optimize the chances for physics success at SLC. Odds are now for another European
success in the pursuit of Z° physics.

The other major European facility in particle physics now nearing completion is
HERA, at DESY in Hamburg. This collider involves 30 GeV elertrons and 820 GeV



protons. The lepton-hadron collisions promise much new physics, including quark-
dynamics of the proton. HERA has also been a model for international collaboration in
the realization of a large accelerator project proposed and operated by a single nation.

The most attention focuses on the Superconducting Supercollider (SSC) whose
funding is being strongly pursued in the U.S. or, alternatively, in the Large-Hadron
Project (LHP) which could be installed in the LEP tunnel in Europe. The SSC would
provide 20 TeV x 20 TeV proton-proton collisions and would, among other things, look
for the particles responsible for the mass of the quarks. LHP would provide lower energy
collisions (about 8 TeV X 8 TeV). It is possible that the first of the colliders above 1 TeV
will be in the U.S.S.R. although it would make only a modest leap above the Tevatron.
These large colliders constitute a very bold leap forward in energy and in physics. i

There is much room for discovery at higher energy, and it is clear that particle
physicists, worldwide, are very ambitious and very hopeful. In the meantime a very large
amount of new physics at somewhat lower energies has also been opened for discovery
by the standard model.

The KAON Factory proposed in Canada [equivalent to the Advanced Hadron Fa-
cility at LAMPF or the EHF of Europe] is, for particle physics, complementary to the
work of the high-energy colliders. In spite of the enormous dedication to achieving the
new generation of supercolliders, the high-energy physics representatives of the Group-
of-Seven nations (Britain, Canada, France, Germany, Italy, Japan, United States) at
their annual meeting in Vancouver in May 1988 strongly endorsed the Canadian pro-
posal. The pertinent extract from the minutes of this meeting reads as follows:

"Canada reported on progress since last year on its proposal to build a KAON
Factory at TRIUMF. International collaboration on construction funding has been ex-
plored with encouraging results, and a decision by Ottawa appears near on the final
project definition studies ($11M) including negotiations with foreign partners. The
working group reaffirmed last year's conclusion that there is a very good scientific case
for a machine of this type for the sound development of high-energy physics. It also
concluded that an early decision by Canada to proceed with its KAON Factory would be
very welcome, and it encouraged Canada to seek interest and scientific engagement from
the international community. It was noted that other projects, such as the Japanese
Hadron Facility, would explore interesting fields complementary to the KAON Factory."

The final project definition study has been funded in Canada (July 1988). It {
includes approval of the formal consultations required to achieve international funding :

participation. Although it does not constitute formal funding approval we at TRIUMF -|
are confident that the Canadian KAON Factory is under way. The impact of this project , |
on nuclear physics is referred to in the next section. s|

4. FUTURE DIRECTIONS IN NUCLEAR PHYSICS $

The very important development of the CEBAF experimental program should
be viewed in the perspective of the whole field of nuclear physics which is undergo-
ing profound change. Here we consider the new nuclear physics to be the physics of
strongly interacting systems, that is systems of quarks interacting through gluon ex-
change (QCD). The systems to be studied include the various hadrons - baryons and
mesons - atomic nuclei and phases of nuclear matter at high temperatures and densities,



including collapsed stars. The new nuclear physics also includes tests of fundamental
symmetries in all such systems.

The application of QCD to systems of quarks is not straightforward. Unlike
the other three forces the strong interaction increases with distance. At very short
distances the strong force can be handled and the quarks are said to be asymptotically
free. However, at the quark separations typical of the systems we are interested in,
QCD cannot be handled perturbatively. The quarks are always confined and only
colour-neutral systems of quarks exist in nature. The nonperturbative treatment of
confinement and of the dynamics of systems of quarks (and gluons,) requires cumbersome
lattice gauge calculations which, at present, do not provide a tractable theory and give
us only hints of the dominant physics. It appears very likely that for a long time yet
the description of the confinement process and of the dynamics of quark-gluon systems
will require phenomenological models (like the bag models) which may, however, be
increasingly anchored in proper QCD calculations. This situation - with a proper
theory in sight but out of reach - leaves much room for surprises in the new nuclear
physics and for new experimental tools to discover them.

In the simplest systems, the hadrons, we have only a few quarks but Btill many
important questions. For instance in the lightest baryon, the nucleon, we have three
quarks (uud for the proton) confined in a volume of radius about 0.8 X 10~15 m. There
are, of course, exchange gluons in the systems. Similarly in the pion we have a quark-
antiquark pair (u3 for 7r+).

Even for the hadrons we now have a number of very fundamental questions:

• What is the real content of the nucleon? The phase-shift analysis of low-energy pion-
nucleon scattering (based on some suspect data) suggests a large strange quark content
of the nucleon. Some very recent work at CERN (see below) on spin-structure functions
of the nucleon suggests that only a small fraction of the proton's spin arises from the
uud quarks. The rest must presumably come from gluons. This makes the picture much
more complex than the eight-fold way of hadron spectroscopy which first led us to the
quarks.
• What models do we use for hadron spectroscopy? The nonrelativistic models of Isgur
and Karl have described successfully a large number of the members of the baryon and
meson families, but there is room for better models. It is also clear that correct models
must directly confront the description of the confinement process because the differing
radii of the various hadrons clearly span the range of quark separations involved in
confinement. Successful models of quark spectroscopy must also include the gluons
and may lead to conjectures about the existence of pure gluon systems ("glueballs") or
hybrid systems of quarks and gluons.

• Can we describe the nucleon as Skyrmion? The description of the nucleon as a soliton
of meson fields has many attractive features.
• Hew do we describe the nucleon-nucleon force? The various successful models of the
strong force between nucleons in terms of meson exchange do not fall easily out of QCD.

For nuclear physics QCD has meant a radically new viewpoint with the possibility
of very new physics. For so many decades nuclear physics concerned itself with low-
energy accelerators and confronted a large variety of data with the very successful shell
model. Now the basis of that model and its limits must be understood. Even more,
the influence of nucleon substructure (quark and gluon degrees of freedom) on the



description of nuclear systems must be elucidated. This has led to the great new interest
in new accelerators at intermediate energy, of which CEBAF is such an important
example.

In the traditional shell model picture of the nucleus we have neutrons and protons
in mean-field orbits, plus meson exchange currents. Test of the limits of this picture
may come from a number of experiments at low-energy accelerators but especially at
accelerators offering beams of electrons and protons up to 1 GeV (Bates, N1KHEF,
Mainz, Indiana, TRIUMF, LAMPF, etc.). Some of the structure functions, multiple
moments, static moments, etc. are intrinsically more sensitive to quark spin-flips, and
therefore such properties become important in the search for the limits of the shell
model. It seems clear that the new tools for this purpose must have spin capabilities.

There are at present no "smoking-gun" experiments pointing to the importance
of quark degrees of freedom in the description of atomic nuclei. It is, however, among
the reasons that we now want new tools at somewhat higher energy, such at CEBAF
and COSY (a proton cooler at 2.5 GeV in Jiilich now under construction). In the
search for quark propagation we want to know whether or not the quarks are really
confined in the nuclear system or whether they tend to wander somewhat. We want to
know what symmetries (chiral, etc.) are crucial for the physics, and we need a better
understanding of what nuclear properties are specially sensitive to the quark and gluon
degrees of freedom. Perhaps the quarks and gluons don't matter much but much room
for surprises remains.

Of special importance for the new nuclear physics is the structured program of
electromagnetic physics now emerging as a result of the new generation of cw electron
accelerators. The likely impact of these new machines can be discussed in terms of three
different kinds of physics in three successive domains of momentum transfer.

The physics of confinement requires momentum transfers of 1 GeV/c or more
and is the regime for which CEBAF is so important, with its electron beams up to
5 or 6 GeV. Our universe, as an ILM, has been very kind in providing the requisite
superconducting technology of CEBAF just when it was needed! The NPAS facility at
SLAC is also providing some early noncoincidence experiments in this energy regime.
For confinement physics one is interested, for example, in nucleon structure, in the
modification of the nucleon in the nuclear medium, and the effect of the nuclear medium
on quark confinement.

For hadronic physics in nuclei one requires momentum transfers of a few hundred
MeV/c up to a few GeV/c. The physics pertains to the role of mesons and excited
nucleons in the nuclear response. Here Mainz, NIKHEF and the Bates upgrade will
be especially important, with cw electrons up to 1 GeV. The combination of polarized
beams and internal polarized targets (e.g., at Bates) should be very interesting.

For nucleonic physics in nuclei one needs momentum transfers of a few hundred
MeV/c. Here the dominant physics is the single particle and collective motions of an
assembly of nucleons. A new machine here is the Saskatoon storage-ring facility which
has just begun operation.

The direct attainment of dense high-temperature quark systems is now the aim
of a substantial fraction of the nuclear physics community. The RHIC proposal at
Brookhaven would provide a facility for relativistic heavy-ion collisions intended to
attain a quark-gluon plasma.
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Fig. 3. Phase diagram for nuclear matter relevant to relativistic heavy-ion collisions

Figure 3 shows how, in central collisions of 100 GeV/nucleon heavy ions, IU1IC
would try to achieve the conditions of temperature and density attained in the early
universe, while for collisions less central (fragmentation regions) one may also have
opportunities for observing phase transitions to a quark-gluon plasma. The objectives
of RHIC are very grand and ambitious. The fixed target program of the Brookhaven
AGS and of the CERN SPS are serving to lead the way to RHIC. There are some early
experimental indications (see below) that the physics of RHIC will be very rich. Clearly
RHIC is very ready for funding.

The KAON factory mentioned above will provide many new kinds of beams to
explore strongly interacting systems or symmetries in such a system. The primary
beam is 100 pA of 30 GeV protons intended to produce intense secondary beams of
kaons, neutrinos, pious (over a wide energy range), muons, etc. The kaoii itself, as
the lightest carrier in nature of the strange quark, has many very interesting properties.
Neutral kaons manifest CP (or T) violation. The many different decay modes of K+ test
different aspects of the standard model. Nishijima (Meson 50 Conference, Tokyo, 1985)
has called the kaon: "next to the hydrogen atom, nature's most fertile laboratory". The
present generation of kaon experiments at Urookhaven involves a great leap forward in
sensitivity for decay modes over earlier experiments of a decade or more. They may
bring some of the very important physics into reach. The next generation of such
experiments, with the KAON factory, offer a hundred-fold increase in intensity over
existing facilities but will require new thinking about detectors to accommodate this
flux increase.

The KAON factory also provides many new opportunities for studying quark
confinement issues with hadron spectroscopy, hypernuclei, high-energy pious, etc. We
expect that hadronic physics, in the regime of several GeV or more, will move hand-in-
hand with the electromagnetic physics of CEBAF.
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5. SOME RECENT EVENTS IN SUBATOMIC PHYSICS

While CEBAF is moving toward completion, and RHIC and the KAON factory are
rapidly moving toward construction approval, our field i6 moving forward impressively,
using the existing tools at hand. To give some indication of the momentum of the field
I would like here to give a very few of the new results which were interesting at the
Rockport conference (International Conference on the Intersections Between Particle
Physics and Nuclear Physics, held at Rockport, Maine, May 14-19, 1988).

a) CERN first and now Fermilab have both produced enough neutral kaon decays to
obtain nonzero values for the parameters t'/t used to describe CP violation. The mea-
sured parameters fall within the range predicted by the standard model and therefore
rule out many of the variants in theory proposed for CP violation. These very difficult
experiments are still expected to yield more data, but they have already given a strong
affirmation to the standard model.

b) Quark mixing in /?-meson decays has been observed, especially in a few very striking
events of the ARGUS experiment at DESY. This success has led to several proposals
for beauty factories.

c) There is evidence for large-volume energy transfer in relativistic heavy- ion collisions.
For example in Experiment NA35 at CERN with the reaction 16O+Au —> 2JT~-f A',
using 200 GeV/nucleon, a Hanbury-Brown-Twiss analysis for correlations between the
two emerging pions suggests a transverse radius of Rj — 8.1 ± 1.6 fm. This occurs for
mid-rapidity events, using a central trigger, but not for low-rapidity events which yield
#7 = \.'i ± 0.G fm. This sharing is hopeful for the production of very hot plasma in
central collisions.

d) The troublesome positron peaks observed in low-energy (~6 MeV/nucleon) heavy-
ion collisions refuse to go away. The systematics is complex. The peaks are dependent
on the target, on the projectile and on energy. The new GSI experiments have again
revealed the peaks. There is much theoretical speculation. An explanation in terms of
a new particle is unlikely because of the number of lines observed. An explanation in
terms of a QED transition also has problems.

e) There is much new data for meson spectroscopy with results from many complemen-
tary machines and a variety of reactions. For example, if m is a meson some of the
processes are:

mN —* mtnN, mmmN

J/il> -* 7 m

77 —> mm

pp —> mmm

etc.

f) A great deal of progress has been made on quark structure functions (EMC effect)
with high-energy lepton beams. The latest results from CERN indicate that significantly
less than half of the spin of the proton arises from its three quarks. New experiments
for spin structure functions are vital.
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6. CONCLUSIONS

The development of CEBAF is occurring at a very exciting time for subatomic
physics. With many new facilities one is promising to go beyond the standard model
and also to elucidate the new strong interaction physics. CEBAF has a central role to
play in the new strong interaction physics, especially with the confinement regime. It
seems important that CEBAF should try to capture the new opportunities at its highest
energies.


