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I. INTRODUCTION

One of the goals of experiments to be made accessible by
the 200 GeV accelerator is a unified description of all strong
interaction phenomena--a description based on a smali nunmber of
simple and esthetically attractive principles. Such a goal may
not be reached, but the evidence available today justifies
setting our sighfs at least this high.: I say "at least" because
"all of us believe a unification of stfohg interactions with
weak and (or) electromagnetic interactions to be a development

that must eventually come. The only quesiion is, "when?'.

- . S '
Prepared for delivery at the Argonne meeting of April 7-8, 1967,

called to discuss status and plans for the 200 GeV accelerator.

T This work supported in part by the U. S. AtomiciEnergy Commission.
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‘The program today instrucfs me td éoncentrate on stfong
interaction physics és é separate éubject and such an instruction
‘makes sense, because specific arguments can be given that the
Vcontemélated increaée of energy will be of qualitative value to
the internal development of é strong interactién theory. This
talk will feview cerfain'of these argumenté.' As a basis, leﬁ

me begin with a brief survey of the existing state of knowledge.



P
ITI. ALREADY ESTABLISHED FEATURES OF STRONG INTERACTIONS

A. The outstanding achievement of the ?ast two.decades
of strong interactioh physics has been the expérimental‘verifi-
cation that all known hadrons, froﬁ excited states of transuranic
nuclel éll the wéy down to the fion, Share.an essentially
equivalent.statué as "composite" particles. This verification
has developed gradually, and one cannot assign to any single :
experihent a crucial role. For hadrcns with baryon number greaté%
ﬁhan 1l a composite status has long been fecogniied, butlearly
confusion over the status of hadrons with B = 0 (mesons) and
B=1 (béryons) is historically reflected in the oft-employed
practice of calling these latter particles "elementary".

So long as physicistg knew of 6nly a few baryons and mesons,
the notion of'ﬁelementary pafticleS" could be maintained, but
as the established number grew and grew and the spectra came
more and more to resemblé those for B > 1, the conclusion that
we are dealing with a hadron.democracy became inescapable. The

3 multiplets accelerated

beautiful and amazing discovéry of SU

this conclusion. Two aspects of 8U, deserve special mention

b) , .
in this regard: (1) One particular hadron, the pion, turned out
early inthe gare to be distinguished by having a mass several

times smaller than any other. Aé an  inevitable result it plays

a quantitatively more prominent role than 1ts colleagues

in a number of phenomena. However, many tentative theories
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went further and assigned to the pion a qualitativély special
role on the basis of its small mass. We might still be tempted
. by this idea of a mass distinction between hadrons if the pion

1

had not been shown to Fit nicely into an SU, octet, whose

b)
remaining members ha&e ﬁore norﬁal masses even though their
properties ofherﬁise are similar to those of the pion. (2) A

few B=0 or 1 hadrons, such as the'nucleon, are distinguished
-by théif stability With\respect to stfong interaction decay, and
there consequently was temptation to.assign a special role fo
these stable particles, reiegating all unstable hadrons to a
composite status. The discovery, however, of the baryon SU3

- decuplet put an end to ‘the idea of stability distinction: One
member of the decuplet turned out to bevstable and the remaining
nine unstable.

The notion that low spin might be a qualitatively distinguishing
trait faded with the discovery of rotational sequences for baryons
connecting very low with very high spins, séquences that look
for all ﬁhe world like the fémiliar rotational eicitations of
hadrons with large B. Such sequences are appearing now also for
mesﬁns. It seems almost certain at this point that all currently
estaﬁlished hadrons lie on Regge trajectories. A corollary is
that for B =0C, 1 as well as for B >1 we are @ealing with

an infinite hadron spectrum, the low lying states being more
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acgéssible‘but the total establishéd numbér at any giveﬁ time
being limited only by the patience and ingenuity . of experimenters.
Another corollary is the absence of any hadron parameters,
like the fine structure constant of electrodyﬁamics, which can
be regarded as fundamental. We of course can define»and measure
partiéle masses and coupling constants, Bﬁt these parameters are.
not independent of each other and ﬁone have a distinguiéhed role.
With apéropriate choice of units, in fact (and apart from
symmetry constraints) all hadron coupling constants seem to be
of order unity. |
High energy physicists have been so attuned to the search
for elementary particles th;t some regard the verification of
hadron democracy as a disaster for the profession--a whole generation
of effort down the drain, the exaited status of high energy nuclear
physics having been reduced to that of "ordinary" nuclear physics.
AI do not share this gloom, finding exciting the prospect of a
revolutionary alternative to the centuries--0ld concept of
elementary particles. In any event, we may draw from these con-
sidérations tﬁe most dramatic single question yet to be identified
aé a target for the 200 GeV acceierator: Is there after all,
underlying the known and complex hadrons, a small group of un- . 3
discovered particles whose properties are'so'simple that they
will deserve the title "elementary". You sll are aware that SU5

triplets, the so-called "quarks", are the currently fashionable
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candidatés.for such a role. There is uncgrtaihty”asrfo the
proberties'of.quarks, ifithey in fact exist, but they must be
'substantially more massive than the low lying hadrons to have.
eludéd observation. With luck,.fhe extra energy from the new
accelerator might put us oyer'a.quark threshold.

I for one would be di;appointed if elementary quarks were
- found, for such a development would'seém to return physics to the
lconceptdal level already reached forty years ago. No basic
questions wquld have beén.answered; the scale.of discussion would
simply have been reduced. In fact, it is recognizéd by théorists
- on a widespread basis thgt the naive view of quarks as small,
simple, highly massive objects, which can combine with eaéh other
in tightly bound configurations, is inherently inconsistent. The
forces to generéte interquark bihdinglwould necessarily reﬁaer
'individual quarks as iarge and as complicated as any. other hadron;

Thus, even if SU, " triplets are discovered, they will probably

)
have 1little connection with the elementary-quark hadron models

that lend stimulus to the triplet search. Still, one must look
for quarks and the 200 GeV accelerator will extend significantly

our hunting capability.

‘B. A second important achievement of high energy hadron
physics has been mentioned--the discovery of a multiplet structure
among B = 0, 1 hadrons that was unforeseen on the basis of the

low excitation studies of hadrons with B > 1. SU3 symmetfy
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“is by now familiar, but we must not forget that this is a
broken symmetry and the meaning of the "breaking" remains
obécure. Thus an obvious second guestion to be attacked by
the 200 GeV accelerator is to what extent the "goodness" of

SU symmetry is a function of energy and momentum transfer.

P

It SU5 has a dynamical origin, like the shell structure of
hadrons with -large B,.and @he reascn for its breaking is
dynamical, one ﬁay expect regions where its violation becomes
much greater than in the region where it was first discovered.
If oﬁ the othé? hand the ofigin:is closely related to some
fundamental nuclear property, the violation may diminish in
appropriate circumstances.. Since the characteristic energy of
strong interaction phenomena appéars'on the vhole to be ~ 1 GeV,
the contemplated increase of center of mass energies to ~ 20 GeV,
with corresponding increases in momentum transfer, should be
significant in fhis regard. N

The SU3 line of thought, furthermore, réminds us that
- there méy be as yet undiscovered symmetries, with associated new
quantum numbers, whcsé multiplet structure will require higher
energies to be revealed. I_am hot aware of compelling theoretical
_arguments’for further conserved quantities like strangeness, but,
again, one certainly must look.

C. A third major accomplishment of hadron physics, shared
‘between high and low energy experiments, has Eeen the establishment

of the analyticity of reaction amplitudes as functions of particle
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) moﬁenta. Individual hadroné correspond to'thé poles of the
scattering matrix, the remaining éingularities being braﬁcﬁ
points whoée locatién aﬁd character follow from unitarity once
the poles are given. This analytic structure has been verified
through a great variety of dispérsion'relatioﬁs——tﬁe term
physicists employ for fhe Cauchy formulas expfeséing analytic
reaction amplitudes in terms of pole residues and cut disg-
continuities. Obviously it will be desirable to extend in
energy fhe tests of dispersion relations, but I cannot at this
time report any arguments for expecting a breakdown of énalyticity
to be revealed by going to‘2OO GeV. On the cdhtrary, it seems
logical to anticipate that'analyticify will bé accepted as a
major tool, like conservation laws and unitarity, to be used

in the interpretation of experimental results.

D. Closely related to the analyticity quesﬁion but de—
serving of special mention has been the experimental verification
and generalization of Yukawa's idea concerning the dynamical origin
of ﬁhe forces between hadrons. In a sense which is precisely
understood in some respects aﬁd roughly understood in others,
these forces arise from the‘gxchéﬁge of hadrons. Since there is
an infinite number of hadrons the forces are infinitely complicated,
‘but fortunately the long range aspects are dominatedvby the lowest
mass hadrons, the ones about which we have the most information.

The argument is familiar that, by going to the higher momentun
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transféfs made possible by the 200 GeV accelerator, we shall

be able to probe correspondingly shorter range aspectS'éf hadron
forces. The sense in wﬁich this probing is likely to be
interpretable, however, is so far removed from Yukawa's original
picture that discussion must be deferred to a later portion of

my talk.

E. A final bfoad aspect of our existing understanding of
strong‘inferactions is the power law bghévior with large energy
at fixed ﬁomentum traﬁsfer. The maximum possible power is 1,
accordiﬁg to both experiment and theory; experimentally this power
seems reserved to those reactions {like elastic scattering) where
the exchanged quéntum numbers are those of the vacuum. With
non-vacuum exchange the bouhding poWer'has turned out to be less
than 1 and furthermore to decrease as the momentum transfer is
increased. An important aspect of 200 GeV research will be to-
investigate whether these decreasing powers have a tendency to
level off (say at =-1) for large momentum transfer or to continue
the downward trend now seen. This behavior should throw light
on the existence of an elementary particle substructure for
hadrons. An equally important objéctive is to establish whethef
or not a fixed ﬁower (equal to 1), independent of mementun
transfer, is associated with vacuum~-like exchange, plééing this
clasé of reactions on a qualitatively differeﬁt fQotingAfrom all

others. In the éimplest-concrete terms, the latter question
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'amounts to asklng whether elastlc cross sectlons approach constants
or whether they decrease slowly as the energy increases. . A clear
answer will have enormous,lmpact on’the'development of theory,
current confusioniover the vacuun quantum numbers constitutinglv
a major roadblock? | |

I should also recall the recent ralslng of the startllng
question as to whether the vacuum power, even at zero momentum
transfer, is exactly equal to l In other words, do total cross .
sectlons approach constants or.do they asymptotlcally vanlsh The
power O 95, for example, has been adduced from certaln |
theoretical arguments, correspondlng to total cross sectlons that

would vanish as E O 07

Obv1ously thls is a matter of prlme
importance, to be studied through prec1se measurements of total
‘cross sections (Changlng the energy by a factor ten gives a 15%
change in E o7 ) If, 1n01dentally, the vacuum power turns out

to be less than 1 then thls power would be. expected to vary,

like the non-vacuum powers, with momentum transfer, all theoretical

;

arguments for a flxed power belng llnked to the speclal value 1.
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III. HINTS FROM THE EXISTING DATA

Now.let me pass from well—estéblished ideas to a variety
of intriguing hints that have recently ariéen. Since these hints .
have evolved in a time interval =S 5 years and remain in a state
of flux; it is unlikely that maﬁy of fhe questions which they lead
us to ask today will seem relevant at the time when the 200 GeV
machine begins operating. Still, it ﬁay be iﬁstructive-fo speculate
on how such a machine might respond to such questions if it were

available today.

A. First there are the already mentioﬁed quark models of
hadrons, which have successfully correlated & substantial number
- of hadron facts and make many prédictions. The mo§t obviously
relevant correlations for the 200 GeV machine are the ratios of
high energy reaction amplitudes at smgll momentum transfer, such
as the 3:2 frediction for the ratio_ dﬁNtOt to cﬂNtOt; It
the new accelerator leads to beams of short-lived particles such
as A's and 3's, whose total cross sections could be measured

at energies above 5 to 10 GeV, one could test previously unchecked

= 32 mb. (It would be

quark-model predictions such Ty = N
amagzing in view of SU5’ however, if GAN and GzN were very
different from o, = 36 mb, and quark models are not usually

NN

claimed to be more accurate than 10%,so theoretical conclusions

from such measurements may be indecisive.)



: ._']._gv.'.

B. A second aspeét of ﬁigh-énérgy.reaéﬁion theory stands‘
in greater obvious.néed of an energy stép-up. _This is ﬁhe~so-
called Regge pole hyﬁothesis, which attempts to correlate the
previously menﬁiongd power behavior of reaction amplitudes at
fixed momentum transfer with sequenceé of particles in crossed
reactims. A well-known example is the reaction np - non,‘ whefe;
the leading energy power is supposed fo correlate with the T = i,
Y = O meson sequence l-, 5-, 5 e that begins with the. p.
A host of general issues surrounding the Regge pole hypothesis
is illustrated by questions now being asked about fhis particular
example, questions which all would benefit gfeatly from a tenfold
energy step. (1) Does the p trajectory fall indefinitely with
increasing momentum transfer? »An indefinitély falling trajectory,
according tovpresent theoretical ideas, would mean that the p 1is
not composed of elementary particles (such as 2 quarks) but of
composite particles whicﬂ are composites of composites...and so ad
infinitum. (2) Will the minimum in the ﬁ-p - non cross section,
'which appears at or near the point where the p trajectory crosses
J = 0, be repeated a£ J = -2, -k, ete., as simple theoretical
reasoning suggests? (3) What is tﬁe energy dependence at this
minimum--where the p pole spin flip contribution vanishes?
Certain theoretical arguments predict also a vanishing of the p

non spin-flip term. If so,other J-plene singularities must play-



~13-

thé controlling role at the minimum and:the energy power here will
be correspondingly different from zero. (L) What is the enefgy
and.angular dependence of the charge exchange polarization, which
arises from an interference between the p pole and some other
singulerity or group of singulagitiesé ‘The nature of this dependence
can tell us whether the additional singularity is another pole,
& branch point or a combination related to direct channel poles.
Certain issues not raised by this first illustration are
exemplified by the reaction np - pn 'andvthe companion pp - nn.
' The extremely sharp forward peak observed hefe up to 10 GeV 1is
supposed to be somehow associated with the gn trajectory, but the
x lies = 0.5 units of J below thg p. Therefore the relative
strength of the o contribution to the cross section should in-
crease by a factor 10 ﬁhen the eﬁergy is increased by a factor
ten and the forward peak should become broader--in conflict with
naive intﬁitive expectations. Furthermore, in Regge terms, the
n  trajectory alone cannot produce the forward peak, interference
with another trajectory (not the p) beiné required. One possibility
is & O+ trajectory which.crosses the =« just_in'the forward
direction: this is the mechanism called "conspiracy", which is
related to a special symmetry developed at zero momentgm transfer,
Another possibility is interference with the first daughter of

the A which lies exactly one unit of angular momentum below

l)

the A, (in the forward direction). These two possibilities
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| could be distinguished ﬁy tﬁe enérgy'dependence_of the fedction
‘if this dependence were knowﬁ over a widgr interval than
currently available. |

There are many additional qﬁalitative questions coﬁcerning
the Regge pole hypothesis to bé‘resolved by a large increase of

energy, but the foregoing perhaps are sufficient to illustrate the

.eurrent crop of puzzles.

Cc. A quite'different and highly intriguing subject 6f
recent speculatioﬁ has.beeh thé possibility of exponentially de-
creasing behavior for reaction amplitudes when momentum transfer
is increased (or when energy and momentum transfer are increased
together, as when the reaction angle is held fixed). The idea
of & universal asymptotic exponential.dependence:on transverse
 'momentum has not fared too well iﬁ recent experiments at Brookhaven
and CERN but might well revive in the 200 GeV range. In any
eVent, existing‘data suggests some kind of'exﬁonential law, and
if the asymptotic law turns out to be simple it coﬁld have. a
profound effect on the dévelopment oflfheory. Thorough exploration
of this question requires experiments in which both enefgy and
' momentum transfer are large\compared to 1 GeV,.while at tﬁe same
time the first of these quantities can be made'large compared to

the second. Evidently energies in the hundred GeV range are needed.
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D. Multiple Production

A collection of Phenomena. almost inaccessible to existing
~accelerators, which will be opehed up by the 200 GeV machine,
‘ N »
are the multi-peripheral reactions. An ordinary (singly) peri-

pheral reaction may be represented by the picture

0

where the momentum transfer 3/:2 is <1 GeV while'at the same
time the energy “¢;~iis >>1 GeV. Such a kinematic situation
requires the "cluster masses" “J;;~ and W/;; to satisfy the
ineqﬁa;ity 8o Sp < st and it is a familiar fact that the pre~
ponderance of observed reactions fall into this.category for

s g ko GeVg, with s _, s % 6 CeV. Now, clusters of mass
T/E;:; < 2-3 GeV are of marginally sufficient energy to them-
selves manifest a predominantly peripheral structure, but had we
 started with 200 GeV lab energy, or s ~ 40O GeV2, _then the small
momentum transfer requirement would permit. 5,7 Sp < a0 GeVz, and

multi-peripheral analysis becomes possible; That is, as shown
r— A~Z A\

S
S C S

a —~ ~ ~ b
— -~ ~ o N N
vV v N\
/ ° \

a
* 3 I3 . 3 ' ' >
I use this term in a phenomenological sense, not to describe any

particular theoretical model.
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in the figure, we. may break each of-the clusters a;_b ué iﬁto
-ﬂ fwo smallef qlustérs éuch'that ali three momentum transfers t, t
and tb are small. |

Thecretiéal study of ‘the multi-peripheral mechanism,
which obviously_éan be extendediiﬁdefinitely_as the energyvin-
creases, has yielded qualitatively encouraging correlations of
the méager data frbm cosmic rays~-particularly the so-called
- "fireball" phenomena. Quantitative investigation will reqﬁire an f _
acceleratoi, howe?er. For example, there exists a close connectionﬁj.
with the Regge pole hypothesis, whése natural extension predicts »
e behavior |
aa(ta)f s:5<tb) ac(tc)

S

8
c

a

" To check a distribution‘inVOlviﬁg so many variables evidently
will require an enormous number of events, far more than can be

provided by cosmic rays.
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IV. CONCLUSION

‘I began this télk by formulating one of the 200 GeV
‘accelerator goéls as & "unified description of all strong inter-
action‘phenomena—-based on a small hqmber of esthetically attractive
principles".. What relation exists between this broad objective
end the specific topics touched in the foregoing? Let me
illustrate some possible,connection through a confrontation of
ideas which, grossly oversimplified, has been described as, "quarké
versus bboéstrap". I am now using the'term "quark" to stand for
any éntity, particle, field or'otherwisez that represents an g
elementary (pointlike) constituent of hadronic matter. In contras%,
the term "bootstrap” stands for a hadronic regime in which the
céncept of elementary constituent is totally absent, requirements
of self consistency between unitarity and analyticity being the
keylto the puzzle.

On the basis of present knowledge, one can conceive of
reaching the goal via either gquarks or the bootstrap. The former
' concept is an exténéioﬁ of a line of thought familiar to physicists,
and even putting aside the naive version of strucfureless
elementary particles, it can be imagined that, as the energy in-
creases, evidence:for an uvltimate point-like basis for nuclear
matter will reveal itself. The presence in asymptotic expansions X
elther of fixed powers or of powers that approach limits (like -1)

might be so interpreted. - So might the discovery of simple cross-
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section ratiqs-'(likevj/é). %hat become asympﬂoticéily'exéct.
The ‘absence of simple and exact‘integef ruleé would, on
the other hand, tend to éupport the bootstrap idea. Furthermofe,
the experimental elucidation of the propertiésvof Regge trajectofiés
‘and residues may provide the:key to a systematic: theoretical
.approach reconciling unitarity wiﬁh anal&ticity. In othef words,
the bootstrap.concept‘might be gi&en mathematical respectability.
The hint fromvexisﬁing data that tréjectories arise indefinitely
on therright and fall indefinifely on the left, with exponehtial
residues; is already exerting on bootstrap theory a profghhd in-
fluence. |
Quark or bootstrap, we need not doubt that the 200 GeV
accelerator will contribute enofmouély touthe final theory of strong

- interactions. With luck, the contribution may be decisive.

Thank you .
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