© 1975 |EEE. Personal use of this material is permitted. However, permission to reprint/republish this material
for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers
or lists, or to reuse any copyrighted component of thiswork in other works must be obtained from the |IEEE.

1EEE Transactions on Nuclear Science, Vo&,NS-22, No,3, June 1975

The Promise of High Energy Physics,

Why More Accelerators?

Vict

tor F, Weisskopf

Massachusetts Institute of Technology
Cambridge, Massachusetts

Almost always the construction of new accelera-
tors at a higher energy level was followed within a
period of a few years by a burst of new discoveries
and insights. The construction of the Cosmotron led
to a vast expansion of pion physics; the Bevatron was
followed not only by the discovery of anti-nucleons --
that was the avowed aim -- but by the opening up of
baryonic spectroscopy; the CERN-PS and the Brookhaven-
AGS brought about the discovery of SU3 symmetry and

gther aspects of the systematics of barvons which led
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to the quark hypothes1s, the electron accelerators in
Cambridge and Hamburg sparked the development of
photoproduction of hadrons; SLAC initiated the amazing
results of deep-inelastic electron scattering; the ISR
revealed the rising total cross sections and the de-
tailed scructure of the perpendicular momentum distri-
bution; the Frascati-CEA-Spear-rings opened up a great
new fiald of hadron creation,

Surely, not all new and interesting discoveries
are made at the latest energy frontier. The discov-
eries of the parity violations and of the recent ¥-J
particle at BNL are outstanding exceptions. Neverthe-
less, it is the essence of High Energy Physics to
create access to new territories of knowledge. This
was and will be achieved only by developing new ways
and means of attaining energies that were hitherto out
of reach, apart from the weak and restricted rays that
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Strange and unexpected ways of material behavior have
been discovered and nature turned out to be much
richer at high energies than anyone expected. Instru-
ment construction was and will remain for some time
the most important precondition to further progress
of our knowledge of the basic structure of matter.
High Energy Physics today is an exploratory science;
it s still far from its explanatory stage. It may
appear surprising to an outside observer that, in
spite of this, theorists dominate the field and the
names of the instrument builders do not appear on the
title pages of the publications of discoveries.*

What is the present situation in our field and
why do we need an extension of the energy frontier?
In my view, hardly ever before did it seem so evident
that such an extension will yield most significant new
insights and surprises In order to support this
statement, let me start with a short description of
the empirical situation in particle physics today, as
compared with the situation in the "pre-subnuclear"
era before, say, 1945, At that time the elementary
particles (fermions) were considered to be the proton
{p) and the neutron (n), the electron {e) and the
nuetrino (v). As interactions between them figure:
a) the nuclear force acting between protons and reu-

ose transmitted by the pien (no other

e

*The situation has been compared to Columbus trip to
the West in 1492: The accelerator physicists are the
ship-builders and navigators who made possible the
crossing of oceans; the experimental physicists are

the people who stepped upon the new territories explor-
ing the plains, mountains, streams, and the strange
peoples and animals; the theorists are those who re-
mained in Madrid and predicted that Columbus would

land in India.

known), b) t
the phOLOﬂ and c) the weak interaction which
transacts the emission of the lepton pair {ev) by the

nucleons. {Gravitational interactions will be Jeft out

as seemingly unimportant in particie physics.)

he e1ectromagnetic forces trans-
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In the “subnuclear" era, from the 1940's to today,
the world of "elementary particles was greatly enlarged
{see Table 1). The two nucleons turned out to be only

the grmmd states of a vast and pv-nh:ah'lu infinite spec-
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trum of baryon-states; the pion turned out to be the
ground state of a probably infinite set of meson-states.
The observed spectra and transitions exhibited a number
of striking regularities which led to the introduction
of new quantum numbers such as strangeness or hyper-
charge. The two leptons, e and v, were found to be
part of a gquartet of leptons including the muon and the
second neutrino. The nuclear force between p and n was
replaced by seemingly complicated manifestations of
strong interactions between baryons and mesons of all
sorts {these strongly interacting entities are referred
to as hadrons). The weak interactions are now a much
wider array of effects, dealing with the interactions
of Teptons with each other, with hadrons and also of
hadrons among themselves. A certain universality in
the effects of the weak interactions was perceived;
they all can be described by a common coupling constant
named after Fermi. Our description of the electromag-
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was deepened and put in a better form. The quantiza-
tion of Maxwell's and Lorentz's equations of electro-
magnetism turned out to be a reliable theory even at

the highest attainable energies. [t is comforting to
the conservative physicist that at least some of the
fundamental ideas of old remain valid, as it is comfort-
ing that certain conservation laws also seem to remain
exactly valid, such as the conservation of energy-
momentum, of charge, of baryon number (assuring the sur-
vival of the universe) and of the number of Jeptons.
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This rich array of new facts and relations in the
subnuclear world has led to many theoretical specula-
tions as to the basic foundation of this new world of
phenomena. No definite and logically consistent founda-
tion yet is found but it looks as if certain outlines
are vaguely perceptible through the dense fog of facts.
These outlines may lead to a true understanding of what

is goina on, hut futuro diccoveriae mayv ales nyove that
gemng on, DUT TUTUre aiscoveries may aiso prove that

they were nothing but a mirage without base in reality.

These vague outiines can be described as foliows
(Table II): The quartet of leptons are "real” elemen-
tary particles whereas the hadrons are not. The analy-
sis of the complicated hadron spectra and hadron reac-
tions points towards the existence of hadron constitu-
ents: the quarks. All quarks are fermions with half-
integer angu]ar momentum Recently, one was led to
distinguish twelve different types of quarks They are
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“flavor" and "color". There are four flavors called u,
d, 5, c; u and d refer to "up" and "down” in regard to
dn isotopic spin %, s refers to strangeness and ¢ to
"charm"; s and ¢ are suppased to have zero isogpin. The
most common assignment of electric charges is 19 for u
and ¢, —ve for d and s. The quartet of quarks is
assumed to exist in three different “colors" This i
necessary in order to explain the fact tha th hadro
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states appear symmetric and not d”L]bymmELf!L in re-
spect to quark exchange as fermions cught to be. In-
deed, the presently known hadron states appear to be
antisymmetric in color but symmetric in respect to
other quark properties. Color also helps to understand
why quarks cannot appear singly as free particles:
There probably exists a fundamental rule that only
"colorless” Guark confiquraeions axist at all (or exist
with reasonably low energy). A configuration is color-
less if it is an equal mixture of the three colors, for
example, by having triplets of quarks as in baryons,

or by having quark-antiquark pairs as in mesons. Single
quarks must carry color and therefore cannot exist or
must have a very high mass. The leptons are not sub-
ject to this restriction since they are considered as
colorless.

The fourth flavor of quarks -- the charmed quarks
-- was introduced only recently. The interpretation of
the presently known hadron spectra does not yet require
a fourth type, with the possible exception of the newly
discovered {/J particle which may be a "charmonium”,
that is a combination of a charmed quark and its anti-
particle. The reasons for introducing charm were
based upon arguments of general symmetry -- four lep-
tons, four quark flavors -- and also upon the circum-
stance that the existence of a fourth type of quark
pTOV;uta a relatively s%mp?e way of eAp1a1n1ng the ob-
served absence of weak interaction transitions in which
the hadron strangeness changes but not the charge.
This absence was puzzling in view of the discovery of
such transitions without strangeness change.

What are the interactions between these 16 elemen-
tary fermions supposed to be? The present description
is modelled after gquantum D1nrfwndvnam1r< to the ef-
fect that interactions are transmwtted by vector fields
whose quanta are often referred to as intermediate
bosons. These f fermions via
the effects of general1zed charges. There is, of
course, the elec*tromagnetic interaction itself which is
known to be coupled to the electric charge and trans-
mitted by massless photons v. Then there is the weak
interaction coupled to something 1ike a "weak charge"
and transmitted by the still hypothetical intermediate
bosons of which there should be three types W™, W, Z,

the first two transmitting the charge chanaging inter-
tne 7Irst Two transmitiing tne Charge Cnanging intey

actions and the third transmitting the interactions
without charge transfer. These field-quanta should be
very massive particles because of the observed short
range of weak interaction.

There exist interesting ideas about a common root
of both electromagnetic and weak interactions. Accord-
ing to these ideas the v, w , W, Z fields are all mem-
bers of a multinlet with the same coupling constants.

If this is so, one can estimate the masses M of the

weal cince the ohserved iunivers
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Fermi constant G would be connected with the electric
charge by a relation G ~ e/ M", which indicates a
bosan mass somewhere between 50 and 100

intermadiate boscons

q
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100 MeV. For
energy exchanges way above this value, the electric

ard weak phenomena would be of the same order and would
merge into a common realm of phenomena.

We now come to the strong interactions which, in
this theoretical framework, are the interactions to
which quarks only are subjected. First of all, there
must be an agent which keeps the guarks confined in
colerless cor¢1gurat ons, preventing the separation
intc color carrying parts. [t may be the consequence
of some fundamental principle or the combined effect of
some quark interactions. The agent producing the con-
finement has been referred to as "bag" urthermore,
there must be a direct interaction between quarks,
transmitted by a vector field whose guanta are "gluons"
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The gluons are LUDP]CU to ¢o Wn1 the gen-
eralized charge for this field. S1nce the hadrons are
colorless, this interaction does not produce a direct
force between hadrons, just as there is no direct elec-
tromagnetic force between neutral atoms. However, we
know that the internal electrodynamic structure of
atoms indirectly produces an attraction between atoms:
the chemi~31 bond. The nuclear force between hadrons

may be the corvesponding analogue to the chemical force.
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There are many indications that the "gluonic" in-
teraction between quarks seems to be not very strong.
The strongest action upon quarks is the confinement.
The latter, however, is an effect involving relatively
small momentum transfers. The characteristic momenta
involved in the confinement are those which correspond

to the size of the hadron according to the Heisenbera
the size tne nadaren acceraing LNe nelsenserg

principle (several hundred MeV/c). There are experi-
mental indications of what one may call the "softness"
of strong interaction, which is a name for small inter-
actions at large momentum transfer and strong interac-
tion at small momentum transfer. One indication is the
deep inelastic scattering of highly energetic electrons
on nucleons studied in the well-known M.I.T.-SLAC exper
iments. Here the experimental results can be interpre-
ted as evidence for the fact that the quarks inside the
nucleon act as if they were free particles in respect
to large momentum transfers (> 1 GeV). Another indica-
tion is the fact that, in high energy proton-proton
collisions the transverse momenta of the emerging had-
rons are very low, namely of the order of a tenth of a
GeV. Seemingly the internal interactions within a had-
ron are not capable to transmit large momenta to the
emerging reaction products. On the other hand, it is
known that hadron interactions at low momentum transfer
are strong; this is why they received the name of
strong interactions; the nuc]ear force is an example.
Indeed, if hadrons can never be separated into single
quarks, the force between quarks must go to infinity
with increasing distance.*

The theoretical picture that emerges here, of 12
quarks and 4 leptons and their various couplings to
different fields must be considered as very tentative
and incomplete, in particular in respect to the funda-
mental root of the confining agent. Furthermore, the
existence of the fourth flavor “"charm" is still based
upon very tenuous experimental evidence. No charm
carrying mesons have yet been discovered. Nevertheless,
this theoretical picture presents a system of connec-
tions between observed facts that, at this moment, does
not seem to be obviously in contradiction with experi-
ments, although its validity is far from being estab-
1ished. Whatever its eventual success, it may serve a

purpose: 1t indicates the directions of research where
‘ Such

new and relevant information may be expected.
predictions must be taken with some reservations. If
the theoretical ideas are wrang, the most important in-
sights may come from the most unexpected direction (see
footncte on page 1).

The first conclusion to be drawn is this: the ex-
perimental attack upon the unresolved questions must be
carried out on a broad front. We expect important re-

sults from lepton beams, hadron beams and colliding
beam facilities of all kinds The outstanding problems
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will not be solved by one device only. Furthermore, it
seens most probable that some of the most important

“This situation,softness at large g, strength at small
~q, seems to be theoretically not excluded - even in a
field theory. A generalized electrodynamics in which
the field carried "charge" may in fact lead to such

affarte attempts turn out to be
atuer
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call this effect
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on the right track. The theorists
“asymptotic freedom”
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questions can be answered only by experimentation with
higher energies; where we expect some new phenomena to
appear. The creation of intermediate bosons is one ex-
ample, the hypothetical merger of weak and electromag-
retic effect is another. The establishment of the ex-
istence of new gquantum numbers like charm may require
at least the energies attainable by the Fermi lab or
the SPS. However, one must never forget that further
exploitation of lower energy beams has led and may
Tead again to decisive discoveries as it did recently
with the discovery of the long-lived ¢/J mesons. The
spectroscopy of hadron states is still in its very be-
ginnings; only the lowest multiplets are well known.
It is the foundation on which the quark hypothesis
rests, and it must be further pursued in depth at pre-
sently existing accelerators.

Let us now look in greater detail at the different
energy frontiers and their promises.

A. The electron, muon, and photon frontier.

The instruments working at this frontier are:
electron accelerators with fixed targets, secondary
electron-,muon-or photon-beams produced by proton ac-
celerators, electron-proton colliding beams, electron-
electron (positron) colliding beams. Experimentation
with charged leptons and photons of higher energy first
and foremost will tell us whether there is a Timit to
the applicability of quantum electrodynamics. So far
no such 1imit has been found nor any indication of a
structure within the electron or muon. Furthermore,
the electromagnetic interaction is a sharp and reliable
tool for probing hadron structure. Its reliability
comes from the fact that we understand the interaction
better than any other.

Electron and muon scattering at higher energy with
hadrons will tell whether scaling breaks down, and if
so, how. This is a way of looking into the question of
quark interaction: Does it indeed remain to be a soft
interaction at even higher momentum transfer? Does the
assumption of a point-like elementary quark remain
valid? What are the hadronic products of deep inelas-
tic lepton scattering? A further extension of the
electron-proton frontier into the 100 GeV region in the
center of mass will have to take the way of electron-
protan colliding beams; only such devices can attain
that energy region.

The photon-hadron interactions are harder to inte-
pret but the process of photoproduction at higher en-
ergy may yield important information about the new par-
ticles and perhaps about newer particles not yet dis-
covered. After all, we would like to know whether
those 16 elementary fermions is the correct 1ist; there
may be more {or fewer) quark flavors, there may be more
than four leptons.

Electron-positron colliding beams represent one
of those frontiers that turned out to be much richer
than anyone expected. The high concentration of elec-
tromagnetic energy which one gets in the annihilation
process is a most useful tool, in particular when one
observes how this energy turns into hadrons, If the
quark model is correct, the total cross section for
nadron production is easily predictable and it should,
in the high energy limit, be inversely proportional to
the square of the energy. The proportionality factor
should deperd only on the number and charge of the
guarks. At first this proportionality was not born out
by the experiments at CEA, Frascati and SLAC; and the
quark-model was thought to have encountered a serious
setback. Recently, however, the deviations could be
traced to identifiable resonances - the creation of the
famous y/J particle. However, present energy
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Timitations make it impossible to get a clear cut de-
cisijon in regard to this question. Here observations
at higher energy will make or break some of these ideas,
or it will direct our thinking in completely new direc-
tions. The study of the details of hadron production
at higher energy will provide many new clues as to the
structure of these particles.

B. The proton-proton colliding-beam frontier,

A relatively simple way of achieving high center-
of-mass energies between protons is the construction of
p-p colliding beam devices. Many of the present ques-
tion marks will be removed or replaced by bigger ones
when center-of-mass energies of several hundred GeV be-
come available. If our ideas are correct, this is the
region in which the intermediate bosons should be pro-
duced and it should be possible to verify the existence
of the charged and uncharged types. It is the region
where the weak interactions should undergo qualitative
changes in energy dependence and other properties, and
where perhaps electrodynamics may change by exhibiting
its connections with weak interactions. Some of these
problems would be cleaner and more direcly investigated
by means of electron-proton colliding beams with center
of-mass energies of several hundred GeV, but it seems
to be easier to get such energies with p-p devices
since it is difficult to accelerate electrons to suf-
ficiently high energies.

Proton-proton collisions of that energy will tell
us much more about the behavior of strong interactions
at high momentum transfer and possible consequences of
the softness. New entities such as single quarks,
charmed mesons and other exctic particles may show up
at these energies. We reiterate the importance of find-
ing out whether the proposed 1ist of 12 quarks and four
Teptons is correct and complete and whether our inter-
pretation of hadron spectroscopy in terms of the as-
sumed quark-flavors will remain valid.

C. The TeV fixed target frontier.

Colliding beam facilities restrict research to the
effects of collisions of the accelerated particles; no
secondary beams can be produced. In order to get at
pion-, muon-, kaon-, electron-, photon, and neutrino-
beams with energies higher than 200 to 300 GeV, a fixed
target accelerator in the TeV region is needed. Such
beams are necessary to fully investigate the new realm
of phenomena which one expects to open up when the weak
interactions become comparable to, and perhaps merge
with the, electromagnetic ones, and when the strong
interactions may reveal new features. All present indi-
cations point towards expectation that a very different
behavior of elementary particles will appear at center-
of-mass energies of several hundred GeVY. Proton-proton
colliding beams of that energy are a much too narrow
window for looking into this new realm of phenomena.

This incomplete and sketchy description of the pro-
mises expected from new energy frontiers is supposed to
show two points. First, our present ideas about the
structure of the subnuclear world indicate strongly
that the next steps in expanding the energy frontier
should yield a number of important qualitatively new in
sights. Second, those new insights are expected to
show up at different energy-frontiers and the informa-
tion at one frontier alone will necessarily be incom-
plete without the results at other frontiers. The re-
cent discoveries of the y/J-particles and their proper-
ties was a good example of the necessity of complemen-
tary information with very different beams. I close
this series of predictions of future results with the
obvious statement that nature is far more inventive
than the human mind: Expect the unexpected!
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