
Physics in 1975-new
problems and insights
The retiring president of APS assesses future trends
in employment and need for government support, and offers
his own analysis of the new fundamental particles.

Wolfgang K. H. Panofsky

Following the tradition of past farewell
messages, I will comment on the general
health of physics; I also want to report,
however, on a singular development
that occurred during my term in office.
This was the discovery of the new parti-
cles, an event that has generated a 20-
year high in the level of excitement
among high-energy physicists.

The physics profession is clearly
undergoing dramatic changes in its pat-
terns of activity. While it is still true
that a majority of the members of The
American Physical Society would char-
acterize themselves as "academic," indi-
cating some combination of research
and teaching, it is now evident that this
majority must soon become a minority.
New opportunities for academic careers
for physicists are withering and thou-
sands of physicists have entered other
fields, as shown in figure 1. A number
of factors are responsible for this incipi-
ent change from academic to other pro-
fessional activities: A decline in the
birth rate, coupled with a decline in the
percentage of young people seeking
higher education, reduces the demand
for college teachers; in addition, the
economic misfortune of the universities
and decreasing federal support further
limit the demand for new faculty.
There are only a few new permanent
teaching positions in the Nation's uni-
versities, and there is little hope for
change in this situation.

A shift from academe

Details of the transformation through
which we are going is now becoming
available. Figure 2 shows the growth
and decline of the temporary and per-
manent faculties of the university and
college physics departments. This

Wolfgang Panofsky is director of the Stanford
Linear Accelerator Center.

graph, demonstrating the fixed size of
academic faculties and the rapid satura-
tion of tenured ranks, tells most of the
story. The number of academic posi-
tions occupied by younger physicists is
declining alarmingly. An examination
of the age distribution of the faculties
and other factors leads to the conclu-
sion that the number of academic open-
ings each year will be less than 300—
and many of these will carry no hope of
permanency; in fact, about 200 non-ten-
ured faculty members are leaving aca-
demic life annually. Since more than
1200 physicists receive PhD's every
year, and there are more than 10 000
graduate students still in the pipeline,
this means that fewer than 10% of the
current PhD candidates can look for-
ward to lasting academic careers. It is
worth noting here that the majority of
the doctorates in this country are grant-
ed by the twenty most "prestigious" in-
stitutions, and that these institutions
themselves have very few openings in-
deed; in fact, most of them are studying
alternatives for retrenchment. Physics
is not alone here—this situation exists
in nearly all areas of academic special-
ization.

These conclusions are depressing to
those who regard an academic career in
physics as their exclusive goal. How-
ever, physics and physicists can and do
contribute much beyond academe. It
does not follow, therefore, that people
should cease to enter the profession, or
that present students of physics should
conclude that most of their number will
have to leave the field. What these fig-
ures mean is that physics is undergoing
the same transformation from academic
to broader-based professional activity
as chemistry did many years ago. In
contemplating this change it is impor-
tant to remember that a combined
teaching and research career is not nec-

essarily synonymous with an academic
position. Many academic positions
offer little opportunity for research of
any kind, while much of the work in
government-supported laboratories and
in industrial research laboratories
would meet even the strictest standards
for basic as well as applied research.

The clear implication is that a gradu-
ate student in physics must be aware of,
and prepare for, the broader range of
opportunities for the exercise of his pro-
fessional talents than those that were
once provided by the academic world.
The delineation of these wider opportu-
nities, and the development of educa-
tional programs to prepare physicists to
meet them, remain two of the most
pressing problems. Therefore, gradu-
ate departments should review both
their advisory methods and their curric-
ula to give students a less negative atti-
tude toward applied work and a better
preparation for pursuing it as a career.
The Forum on Physics and Society of
the APS recently sponsored a special-
ized conference dedicated to patterns in
graduate education with this reorienta-
tion in mind.

Many physicists have left the tradi-
tional subfields of physics and many
have found rewarding careers in other
areas. The flow chart in figure 1 shows
how, as of March 1973, about 24 000
PhD's in physics have chosen their oc-
cupations. Of these about 6000 doctor-
ate physicists have found their individ-
ual ways out of what is conventionally
called physics, but fewer than 1000 have
left technical fields altogether. All this
means that the large majority of physics
graduate students have entered scien-
tific-technical careers. These figures
describe the patterns of the past, but
how large are the future opportunities
for PhD physicists for permanent, or at
least continuing, positions in non-aca-

PHYSICS TODAY/JUNE 1975 23



Employment not in physics Physics PhD's Non-physics PhD's

900Non-Sci.

35% Education

67% Biop
10% Molec

i Biomath

750 Engirf!
23% Elect.

19% Eng. Phys
17% Nuclear
7% Mat. Sc,

. res

6070 not
in physics

43% Geophys
15% Ocean

36% Physical
12% Theor.

14% Organic

49% Computer
11% Physical
11% Op. res.

1200 US PhD's abroad
(600 are US citizens)

23 600 Doctorates of physics

4 150Astron. 1170

4 580 At./Mol. 1300

4 580 Elem. Part. 1800

4 1260 Solid State 3000

4 130 Plasma 450

<4 750 Nuclear 2000

•4 80 Optics 250

4 2540 Other 4660

1330 not employed
(300 are unemployed)

64% Physical
12% Analytic
7% Inorganic

Where do physics PhD's go? This flow chart traces the movement
of physicists into physics and nonphysics employment, abroad, and
out of employment. The chart, valid to March 1973 with uncertainties

of 5 - 1 0 % , also shows an influx of nonphysics PhD's into physics
jobs. It and figure 2 were composed by Lee Grodzins from data sup-
plied by the NRC Commission on Human Resources. Figure 1

demic pursuits? There is probably no
more difficult time to give meaningful
answers to this question than today.

Future need for physicists

It is simply unclear at this time
whether and when the large number of
problems facing society, many of which
have high technical content, will result
in major new opportunities for profes-
sional contributions by physicists.
While some may blame science and
technology for some of the evils that
presently beset society, it is evident

that active and thoughtful contribu-
tions from these disciplines will be re-
quired if we are to provide an adequate
quality of life for the population of this
planet. There is no question that phys-
icists can and must make contributions
to the energy and environmental prob-
lems that confront us. The real ques-
tion is where the responsibility for such
work is to reside.

Let us contrast the situation of today
with that following World War II. A
rapid increase in productive activity in
basic research, military development,

space exploration and nuclear energy by
increasing numbers of scientists and en-
gineers after the war was made possible
by an essentially monolithic social pat-
tern: There was but one responsible
consumer of such scientific and techni-
cal work—the Federal Government; and
there was a well-defined set of sup-
pliers—universities, certain institutes
and laboratories, and selected indus-
tries. The responsibility for dealing
with the problems of energy and envi-
ronment and for developing new re-
sources and managing their utilization
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is now shared among several elements
of society—the Federal Government,
local governments, industry and the cit-
izenry itself. The result has been that
society so far has not been able to coor-
dinate effectively even a small portion
of these efforts. How and how soon will
society succeed in finding and sustain-
ing centers of responsibility for attack-
ing these problems? Without an ade-
quate answer to this question it is all
but impossible to assess future profes-
sional opportunities for physicists.

In meetings of the presidents of sci-
entific societies with Federal officials
we have urged more intensified analysis
of this problem but so far the results
have been meager. The national crys-
tal ball remains cloudy.

The essence of the preceding remarks
is that a new demand for physicists—
but one outside the academic world—is
sure to arise in the future, but specific
predictions are non-existent so far. It
is not clear that we will have a suffi-
cient number of highly gifted new
physicists to meet these new needs for
physics outside of the academic envi-
ronment, once additional positions are
created. Many graduate schools are al-
ready finding exceptional candidates
rare, and shortages of good post-doctor-
al applicants are reported in some
areas. There are a number of reasons
for this, including disenchantment with
science or its technological conse-
quences, and the apparent lack of iden-
tifiable, promising job opportunities.

The Federal role in physics

In addition to the near-disappearance
of new permanent academic positions
for physicists and the lag of the ele-
ments of society in marshalling its sci-
entific talent toward the solution of the
new problems of energy and ecology,
there is a third major element of con-
cern: the pattern of Federal support
for basic science. The shift from aca-
demic careers on the part of the majori-
ty of physicists is a necessity brought
about by the birth rate and changing
social patterns, by the economy and by
changes in the general role of science in
our lives. Yet the strength of basic
science must be preserved if the contin-
uous chain leading from new basic
knowledge to cultural utilization is not
to be broken. Since the academic
world can no longer provide substantial
support for research, and since no single
segment of industry can be expected to
support research the benefit of which it
cannot predictably recapture, the re-
sponsibility for this aspect of the health
of basic science in general, and physics
in particular, falls squarely onto the
Federal Government.

Here, however, the recent patterns of
funding threatens the health of re-
search—there is not only a question of
levels of support but of the continuity

and internal consistency of that sup-
port. Effective research is a fragile en-
terprise. Inflation, the ever-increasing
complexity of valid scientific work is in-
creasing its cost. While many deplore
this evolution, few would argue that a
return to the good old days in which
profound results could be obtained with
simple apparatus is a realistic alterna-
tive.

It is often difficult to assess the true
level of support given to basic research.
Physicists contribute to a continuum of
activities ranging from very pure re-
search to the development of specific
devices. It is unproductive to argue
about the "logical division line" be-
tween basic and applied physics, or be-
tween science and development—in
fact, one of the strengths of the science
of physics lies in its basic unity. Yet,
depending on how one decides to draw
these division lines, one can get a large
variety of answers for the cost of sup-
porting physics; ultimately the costs of
development and production dwarf
those of more fundamental activities.

Let me illustrate the situation as I see
it with data pertaining to elementary-
particle physics. This is a field that
lends itself to relatively unambiguous
analysis. Since the situation is very
similar in other areas, the pattern of
particle physics can be considered as a
typical sample of all of basic physics.
Funding patterns in particle physics are

Total

Assistant professor

Instructors and lecturers

1962-63 1966-67 1970-71

ACADEMIC YEAR

1974-75

Faculty members in PhD-granting physics de-
partments. The breakdown shows declines in
the lower, and saturation in the upper, ranks
with the total dropping since 1971. (Courtesy
of Lee Grodzins.) Figure 2

particularly easy to analyze because
90% of its support comes from a single
agency, the Atomic Energy Commission
(recently superseded by the Energy Re-
search and Development Administra-
tion) and because all costs for building
and running accelerators and storage
rings are fully carried by the program.
In contrast, the real costs of space sci-
ences, for instance, are frequently very
hard to define, because one can adopt a
variety of practices in assigning the
costs of space vehicles that carry scien-
tific probes.

Figure 3 shows the support pattern
for elementary-particle physics plotted
in real purchasing power; the graph
shows the division among operating and
equipment funds, and funds dedicated
to new construction. It is evident that
there has been a continual decline in
real support since 1969. At the same
time that new facilities such as the
Fermi Laboratory near Chicago and
SPEAR at Stanford were being built,
older installations such as the Cam-
bridge Electron Accelerator and the
Princeton-Penn Accelerator were
closed out. It is also clear and disturb-
ing that the fraction of total support
dedicated to preparing for the future
has been declining since the peak of
construction at Fermi Lab.

We must all recognize that support
for physics ultimately depends on the
collective judgment of society of the
role of science in our culture and its
contribution to our well-being. It is a
difficult political decision to determine
what level of support for science is
"right" in terms of expected long- and
short-range benefits, or in terms of
basic cultural values. Once this deci-
sion is made, however, prudence de-
mands that:
• there should be a reasonable expecta-
tion that a predictable level will be
maintained for some years; and
• there should be a reasonable balance
between the development of new facili-
ties and the exploitation of older ones.

These conclusions may appear ob-
vious, but lately the annual budgetary
processes of government have operated
in a manner entirely contrary to these
needs.

Work in physics spans a long time be-
tween basic ideas and final results, and
between the training of a new genera-
tion of physicists and their entering into
a creative career; and high-energy phys-
ics is no exception. The time between
the conceptual design of a new accelera-
tor or storage ring and its impact on
physics is a decade. The time to ex-
ploit a specific facility (without major
upgrading in performance) tends to be
one to two decades; after that period
the usefulness of a facility tends to de-
cline, while costs to exploit it remain
high. These considerations lead one to
conclude that about 25% of the total
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support for elementary-particle physics
should be dedicated to new construc-
tion or major upgrading of facilities, if
the field is to remain productive. This
was the case from the end of World War
II until the beginning of this decade.
At the same time it is also true that the
level of support defines the degree of
exploitation of existing facilities; be-
cause of the large fixed costs, the pat-
tern of declining funding has had the
consequence that existing facilities are
seriously underutilized.

All this means that Federal support
of high-energy physics has not followed
an internally consistent pattern; fur-
thermore, this remark applies through-
out the physical sciences. Year after
year officials of the responsible govern-
ment agencies, together with the partic-
ipants in the work, go through the same
agonizing struggle as to how to "make
do" with funding ceilings patently in-
consistent with the commitments that
prior decisions imply.

Physics is healthy—so far

The standard answer to this problem
is, "What we need is better planning."
Yet probably no field of basic science
has been studied and analyzed as fre-
quently and as thoroughly as the field
of elementary-particle physics; studies
have been carried out by the National
Academy, by the government agencies
concerned, by the now discontinued
President's Science Advisory Commit-
tee and by the Office of Management
and Budget. What is needed is not
more and better planning, but more at-
tention and commitment to those plans
already developed. Last year's and the
previous years' studies tend to be large-
ly disregarded in the budgetary process

300 -

of any current year. Thus we are dam-
aging both the long-range and short-
range effectiveness of the science: fail-
ure to initiate new construction endan-
gers work a decade hence while at the
same time currently operating installa-
tions are seriously under exploited.

The budgetary processes of the gov-
ernment do not, of course, permit for-
mal long-range commitments. I do be-
lieve, however, that a meaningful pat-
tern of "guidelines" could be adopted;
their role would be that the burden of
proof in deviating from such guidelines
in future years would fall on those who
were to make the change: An increase
would require demonstration of some
new and unusual physical principle or
opportunity, and a decrease would have
to rest on unforeseeable contingencies
that have arisen nationally. With
predictability of support in terms of
real purchasing power, the correct mix-
ture of the type and number of facili-
ties, their exploitation, and the type of
resources that should be used for build-
ing for the future can be determined.
Under the present pattern the support
for long-range needs tends to be sup-
pressed not only in government funding
decisions but also internally within each
laboratory and university where imme-
diate pressing needs take priority over
the uncertain future.

The short-sighted system of Federal
support has two highly damaging conse-
quences: It seriously impedes the rate
and quality of evolution of new knowl-
edge—from basic to applied—and it has
a deep influence on the productivity
and attitude of the next generation of
physicists, as well as on their numbers.
It is this next generation on which we
depend for averting the threat to our
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future brought about by the limited
availability of ecologically safe energy
sources and raw materials, and for de-
vising methods for the world's popula-
tion to conserve these resources. The
current transition in the role (but not
the nature) of physics and the uncer-
tainties of that transition imply a seri-
ous threat to the future health of the
science: We can ill afford a major in-
terruption in the evolution of basic un-
derstanding, nor can we permit the dis-
couragement of a whole generation of
physicists.

The foregoing remarks are primarily
a concern and a warning for the future,
not an assessment of the past. Today
physics as a profession and as a source
of new and basic insights remains
healthy. The average time interval be-
tween important new discoveries that
have profoundly changed our percep-
tion of the nature of the physical world
has not been increasing. I would take
particular exception with those who
claim that, while the technical complex-
ity of physics experimentation has been
increasing, the productivity in real re-
sults has gone down. Indeed, I should
like to disprove that assertion by turn-
ing to a discussion of the almost explo-
sive evolution of new information in the
field of elementary-particle physics that
has occurred during the last year or two.

Leptons probe hadron structure

One of the most powerful and suc-
cessful methods of exploring the struc-
ture of the strongly interacting parti-
cles, the hadrons, to emerge in recent
times has been the use of lepton beams.
These lepton probes of hadronic struc-
ture can be charged (as in the case of
electrons and muons) or uncharged
(neutrinos). This approach uses a
known or partially known force to probe
unknown structures.

Quantum electrodynamics stands
unique among all the formulations of
physical laws in that its validity in de-
scribing the electromagnetic interaction
has been verified over intervals ranging
from several Earth radii to near 10~15

cm. In the case of the charged leptons,
this precise knowledge allows us to in-
vestigate the electromagnetic charge
structure of the hadrons.

For the neutral leptons, the neutri-
nos, the existence of a phenomenologi-
cally successful low-energy description
of the weak interactions allows us to
probe the weak charge structure of the
hadrons. Conversely, these experi-
ments can be used to test the validity of
quantum electrodynamics and the be-
havior of the weak interactions at high-
er energies.

The interactions of leptons with ha-
drons can now be studied over a wide
range of kinematic variables. The re-
gions presently accessible are shown in
figure 4. The electromagnetic interac-
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tion of charged leptons with hadrons
has been most extensively investigated
in electron-scattering experiments at
SLAC and in muon-scattering experi-
ments at Fermi Lab. The momentum
transfer from the lepton to the hadron
is spacelike (corresponding, in lowest-
order electrodynamics, to a photon with
negative mass-squared). The neutrino
interactions also probe the structure of
hadrons in the spacelike region, but do
so through the weak force.

More recently, evolving from the
lower-energy installations at Stanford,
Orsay and Novosibirsk, it has become
possible at SLAC, CEA, DESY and
Frascati to extend our electromagnetic
probes of hadrons into the timelike re-
gion, through the successful develop-
ment of colliding electrons and posi-
trons. The resulting annihilation of an
electron and a positron produces, to the
lowest order in the electrodynamic in-
teraction, a single virtual photon with
positive mass-squared.

This virtual object then materializes
into those states, mostly hadrons, that
are allowed because the well-defined
quantum numbers (odd charge conjuga-
tion, spin one, odd parity) of the virtual
photon are conserved. At relatively low
annihilation energies, this one-photon
assumption is amply justified by experi-
ment, and hadron production is domi-
nated by the known vector mesons.
The earlier experiments at Novosibirsk,
Frascati and Orsay have given valuable
insight into the widths and decays of
the p, w and 4> mesons and have been
used to study p-a> interference. At
higher energies, the annihilation cross
section appeared to smooth out into a
continuum of hadron states, and experi-
ments at the Cambridge Electron Accel-
erator measured this apparently smooth
cross section at two points, at center-
of-mass energies of 4 and 5 GeV. Sub-
sequent data at SPEAR added a large
number of additional measurements in
this same energy region.

The annihilation cross sections

This was the experimental situation
until late last year. Before I go into
what occurred at that time, it is worth-
while to examine the basis of our theo-
retical understanding of the annihila-
tion process prior to the new discov-
eries. An early suggestion, which re-
quires the validity of the one-photon
mechanism, was that, in converting into
hadrons, the photon coupled directly
and electromagnetically to the postula-
ted pointlike constituents of hadrons.
At collision energies exceeding the value
at which coherent resonant states can
be found, the total hadronic cross sec-
tion becomes proportional to the inco-
herent sum over such pointlike interac-
tions and is proportional to the sum of
the squares of the electromagnetic
charges of the constituents. It is cus-
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tomary to compare this hadron-produc-
tion process with the reaction

Since this latter process presumably in-
volves purely electrodynamic forces
among point-like particles its cross sec-
tion is known; one uses the ratio R of
the hadronic cross section to that of this
process.

It was the experimental behavior of R
as a function of energy that first drew
serious attention. It appeared to rise
linearly to a value of perhaps five at the
higher energy available at the Cam-
bridge Electron Accelerator and SPEAR.
This was not in good agreement with
the theoretical expectation that it
should be approximately constant and
relatively small. This expectation was
based on the simple fractionally-
charged quark model, in which R
should have the constant value of two-
thirds. While the simple quark model
had been spectacularly successful in ex-
plaining the systematics of hadron spec-
troscopy, its apparent failure in predict-
ing R was only another in the list of its
defects. Indeed, these other difficulties
gave some clue as to how to modify the
model and perhaps eliminate such

problems, including that of failing to
predict R.

The first of these difficulties was the-
oretical in nature. According to the
general theorem concerning the connec-
tion between spin and statistics, the ele-
mental fermion quarks should be in a
fully antisymmetric ground state.
However, the quark model gives suc-
cessful predictions concerning the spec-
troscopy of hadrons only if symmetric
ground states are used. Several theo-
retical suggestions for removing this
embarrassment were made, ranging
from the invention of a special kind of
statistics for quarks in bound hadron
systems to the assignment of a new
quantum number, called "color." This
number enlarges the family of quarks
from one to three triplets, each with a
different color. Thus construction of
hadrons from colored quarks removes
the apparent violation of the exclusion
principle, because states antisymmetric
in the color quantum number can be
constructed. There are at least two
variants of this model: one with the
original fractional charged quarks of
Murray Gell-Mann and Kazuhiko Nish-
ijima, and a second scheme proposed by
Moo-Young Han and Yoichiro Nambu
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with integrally charged quarks. The
importance of this suggestion to our
discussion is evident because an in-
crease in the number of quarks involved
in the annihilation process leads to an
increase in the value of the ratio R. In
the model of Gell-Mann and Nishijima,
R is expected to be two, while in that of
Han and Nambu, R would be four.

A second defect in which the quark
model apparently contradicted experi-
ment is a more detailed one: Experi-
mentally there appears to be a selection
rule that forbids the weak interaction
from coupling states differing in
strangeness but not in charge. You
may remember that what is known as
neutral currents, observed first at
CERN and then at Fermi Lab and Ar-
gonne, are processes in which neither
charge nor strangeness change under
weak interactions. Since the simple
quark model involves hadrons with
quarks carrying the quantum number of
strangeness, it is difficult to forbid
strangeness-changing processes that
leave the charge unchanged. The addi-
tional selection rule required to prohibit
or at least impede strangeness-changing
neutral currents led Sheldon Glashow
and James Bjorken to introduce a
fourth quark, which carries a new quan-
tum number that they called "charm."
This, added to the original quark model
in a manner parallel to the strange-
quark model, is contrived to cancel the
strangeness-changing neutral transi-
tions. The predicted value of R of the
"charming and colorful" model is 3%.

These quark additions were invented
in response to the basic difficulties indi-
cated; no further or more direct evi-
dence has as yet been obtained. We are
of course facing the fundamental diffi-
culty that all quark hunts—to observe
such objects in their free states, either
produced at accelerators or occurring in
nature—have been unsuccessful.
Therefore quarks either do not exist, or

they are too heavy, or their dynamics of
binding prevents their existence in a
free state.

In addition to this rise of the ob-
served hadron-production ratio to un-
comfortably large values, detailed ex-
amination of the final hadron products
produced in electron-positron annihila-
tion also exhibits distributions and ra-
tios among charged and neutral frag-
ments that are difficult to reconcile
with a simple electromagnetic-produc-
tion mechanism. In fact, a superficially
striking similarity emerged between the
distributions of secondary fragments
produced in electron-positron annihila-
tion on the one hand, and ultrahigh-
energy proton-proton collisions on the
other. This appears surprising at first
sight because proton-proton collisions
involve states of many angular momen-
ta and are dominated by the strong in-
teraction.

The new particle

In November a new series of striking
events added to these still unresolved
puzzles. At that time the discovery was
announced by the MIT-BNL group of
collaborators working at Brookhaven,
and the SLAC-LBL collaboration
working with the storage ring at SLAC,
that a very sharp peak was observed
corresponding to an electron-positron
state of effective mass 3.1 GeV.

The discovery of these heavy objects
sent shock waves through the high-en-
ergy physics community. If the new
particles are hadrons—an assumption
to be treated with caution—the exis-
tence of peaks this narrow appears to
indicate that a selection rule is acting to
prevent the decay of these objects into
lighter hadronic fragments on a time
scale of 10~23 seconds. To further com-
plicate things, a second peak was soon
discovered at SPEAR at a mass of 3.7
GeV. Figure 5 shows the total compos-
ite results on the low-energy and high-
energy annihilation cross section into
hadrons.

Let us enumerate the experimental
facts observed in connection with these
peaks.
• The 3.1-GeV object decays not only
into hadrons but also, with a rate 16
times lower, into electron-positron
pairs and an approximately equal num-
ber of muon pairs.
• The second object, near 3.7 GeV, is
observed only in the e+ + e~ annihila-
tion process and not in proton-nucleon
collisions at Brookhaven energies, with-
in the sensitivity of the apparatus used
by the MIT-BNL group. It has also
been observed in direct photoproduction
at SLAC.
• A cascade transition involving the
decay of roughly one-third of the 3.7-
GeV objects to the 3.1-GeV object is ob-
served to proceed through emission of
two charged pions. Transitions accom-

panied by the emission of one or more
photons do not occur with an observ-
able cross section.
• If the production of these objects pro-
ceeds via electrodynamic forces rather
than by some form of direct interaction,
then the observed peak is presumably
dominated by one-photon exchange.
Under the assumption of electrodynam-
ic production the spin-parity of these
objects is therefore most likely to be 1~,
corresponding to a vector particle.
• A direct determination of the spin of
these objects has been made by observ-
ing the interference between the muon-
decay channel of the 3.1-GeV state and
the muon pairs produced in an electron-
positron collision by direct electromag-
netic production. Observations are in
agreement with the 1~ spin assignment.
• The decay width of these objects can
be inferred theoretically but has not
been measured directly. In the Brook-
haven experiment the observed width is
controlled by the experimental resolu-
tion of the apparatus; in the SPEAR
electron-positron annihilation experi-
ments the width is controlled by the en-
ergy inhomogeneity of the annihilating
beams, which is controlled in turn by
the quantum fluctuations of the emit-
ted synchrotron light. With known en-
ergy width of the ring, and after radia-
tive corrections are applied, the ob-
served line shape is consistent with zero
width.
• Detailed balance allows us to connect
the annihilation cross section for pro-
duction of the new objects to their
decay rate into lepton pairs. Conserva-
tion of probability and an experimental
separation of leptonic final states from
hadronic ones then allows us to extract
the partial width for decay of the new
objects into lepton pairs. This partial
width for the 3.1-GeV object is about 6
keV. Since the branching ratio into
leptons is about Vie, a total width of
about 70 kilovolts may be inferred.
This is an extremely small width for
such a massive state.
• Despite early reports to the contrary
there is no front-back charge asymme-
try for final-state leptons in the annihi-
lation process. An asymmetry would
result if the couplings of the new objects
to leptons were violating parity.
• In a search for other narrow objects,
annihilation cross section has been
scanned up to a center-of-mass energy
of 7 GeV. No other sharp structures
have been found. However, the total
annihilation cross section does exhibit a
broad peak near 4.1 GeV. Observation
of this structure is not in statistical dis-
agreement with the earlier, less precise
analyses of the measurements in this re-
gion.
• Apart from the cascade process in
which the 3.7-GeV object decays into
that at 3.1 GeV, there is no spectacular
variation in the hadron composition of
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the final state as a function of energy.
As one passes through the peaks, the
kaon fraction decreases somewhat.
• The question of whether these objects
may be photoproduced is of particular
interest. If they are vector mesons, like
the p, w and <j>, then they will mix with
the photon and be produced diffractive-
ly by photon beams on matter. Photo-
production has been measured at Fermi
Lab and SLAC. The cross sections are
rising from threshold to 20 GeV and
then move slowly to Fermi Lab ener-
gies; the values are uncomfortably small
for the simple description given here.
• The final-state hadron distributions
are consistent with isotropic produc-
tion. This statement is true even for
the decay products of the 3.7-GeV
object, including the pions from the cas-
cade transition. This is consistent with
the conclusion that the spins of the 3.1-
and 3.7-GeV objects are the same.
• The angular distribution of final-
state leptons is consistent with the
decay of spin-1 objects.
• The decay pattern of the 3.1-GeV
object appears to conserve strangeness.
This and the photoproduction results
above indicate that these particles are
almost certainly hadrons.
• Final states leading to an even num-
ber of pions appear to be absent from
the decay of the 3.1-GeV object. This
fact and detailed fits of specific events
indicate that the G-parity of this parti-
cle is odd.

Interpretations

Let me now turn to the question,
What is the meaning of the new data?
The honest answer is that there is no
one interpretation that is even remotely
convincing. Many theoretical sugges-
tions are current, none of which neces-
sarily correspond to what will eventual-
ly become an accepted interpretation.
Let me list some of these suggestions:

1. Are the new particles the interme-
diate vector boson projected to be the
carrier of the weak interaction many
years ago?

2. Are the new particles the bound
states of the "charmed" quark and its
antiparticle, the conjectured existence
of which I discussed above?

3. Could the new particles be quark-
antiquark bound states in which the
quarks involved have different colors?

4. A combination of (2) and (3).
Each one of these conjectures has its
positive points but also its defects.
One can only state at this time that the
"charmed" quark interpretation is sim-
plest and perhaps the least defective.
It is likely that the correct answer will
be the unstated item 5: "something
else." These theoretical discussions are
already extensive and I will highlight
only some of the arguments relating to
the above conjectures.

The best that may be said of the hy-

pothesis that the new particles are weak
intermediate vector bosons is that the
narrow decay width then has a simple
explanation, since the weak bosons
would lack strong interactions. How-
ever, gauge theories that unify the weak
and electromagnetic interactions re-
quire a specific mass (much larger than
3.1 GeV!) for the neutral member of the
"weak" boson family. The neutrino ex-
periments from Fermi Lab also require
a charged boson with mass in excess of
10 GeV. Moreover, unequal masses for
the neutral and charged members of
this family are difficult to reconcile
with the apparently slow variation of
the ratio of "neutral" to "charged" cur-
rents from CERN to Fermi Lab ener-
gies. Beyond this, it would be difficult
to explain why there are two states or
why the higher mass states decay into
the lower with the properties known to
be true of this process. The photopro-
duction cross section would also be dif-
ficult to explain.

Are they hadrons?

When we turn to the more conserva-
tive hadronic explanations, our largest
problem is with the small observed
width. Hadrons usually decay into
other hadrons with a width of order 100
MeV and they decay electromagnetical-
ly with a width of about 1 MeV. An in-
teresting exception, to which we might
turn for guidance, is the vector meson 4>,
which decays with a total width of
about 4 MeV into other hadrons, pri-
marily into a kaon-antikaon pair. The
limited phase space for the last reaction
is responsible for the narrow width, so
the real problem is to suppress all those
decays into lighter hadrons that would
have larger phase space and give a
greater width. For instance, the lack of
decay into three pions is difficult to ex-
plain. In the quark model, where the 4>
is a quark-antiquark bound state of
strange quarks, it is necessary to invent
a selection rule, Zweig's rule, which says
that quarks inside a given hadron can-
not annihilate each other. This some-
what mysterious rule then prohibits the
strange quarks inside the 0 from getting
rid of their strangeness by mutual anni-
hilation. The result is that a particle
containing only strange quarks decays
strongly into strange particles and is
otherwise inhibited from decaying. If
the strange particles into which it might
decay are sufficiently massive, the
width will be small.

We may argue by analogy with this
somewhat ad hoc explanation of the <f>
decay, that if the new particles are
made of quarks carrying some new
quantum number, and ('/ the hadronic
states analogous to the kaons that
might carry this new quantum number
are high enough in mass, then we might
be able to inhibit the decays of the new
particles. The earlier inventions of

color and charm are both candidates for
this new quantum number, but in gen-
eral one must work rather hard to get a
small enough width with either choice.
This mechanism also has the inescap-
able consequence that when the new
particle with charm or color inside de-
cays, it must decay into states that con-
tain some of these new additions to the
quark family an appreciable fraction of
the time. As a result, the experimental
predictions as to the decay mechanisms
of the new objects made by either the
charm or color explanation differ sub-
stantially. In particular, the colored-
quark explanation would predict that a
large fraction of the decay modes of the
new objects into hadrons would be ac-
companied by gamma rays and that de-
cays purely into hadrons are forbidden.
However, this prediction is difficult to
test experimentally, because the pho-
tons can be of very low energy. The
reaction that might distinguish charm
versus color is the cascade transition
from the 3.7-GeV to the 3.1-GeV object.
The existence of this two-pion transi-
tion is difficult to explain in the color
scheme but very natural in the charm
explanation.

Both of these schemes would predict
that many other new objects, or even
whole spectroscopies, should occur in
nature; in particular, the explanation of
the new particles as charmed objects
predicts that a charged counterpart of
the discovered neutral objects should be
observed by its characteristic decays.
Hunts for such objects are going on in
many laboratories but have thus far
been unsuccessful; all of these under-
takings involve considerable experi-
mental difficulty. An appealing game
that is, however, quite unsupported by
further experimental facts to date, is to
interpret the 3.1- and 3.7-GeV states as
radial excitations of a quark-antiquark
combination; that is, as a beginning of a
new spectroscopy analogous to the hy-
drogen atom. However nostalgic this
interpretation may be, it is a large ex-
trapolation from only two lines in this
spectrum!

In conclusion one can only state that
these new phenomena are clearly open-
ing a whole new chapter in investigation
and insight into the structure and the
nature of elementary particles. Al-
though public understanding has unfor-
tunately not kept pace with these devel-
opments, the excitement of the new dis-
coveries has been shared by many, and
has traveled far beyond the particle-
physics community. Elementary-parti-
cle physics is still a wide-open field of
inquiry to those interested in the funda-
mental basis of our existence.

* * *
This article is a slightly condensed version
of the address of the retiring President of
The American Physical Society, presented
30 January in Anaheim, California. D
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