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THE SEARCH FOR S-MATRIX AXIOMSYT
| Geoffrey F. Chew

. Lawrence Radiation Laboratory and Department of Physics
University of California, Berkeley, California

 April 30, 1964

ABSTRACT

Recent efforts to find a complete set of S-matrix axioms are
reviewed, emphasis being placed on the impossibility of fitting |
electromagnetism into the existing fremework. It is suggested that
a pure S-matrix theory may,describe an artificial but recognizable l‘l
wofld containing all strongly interacting particles But}no photons dr“{
leptons. The theory would not be self-sufficient because of its feilufe
te provide'a mechanism for the meesureﬁent of particle momenta (i.e.,‘
for experimente that give a_meanipg to mécroscopic space—time), and -
therein would lie the neceesity for electromagnetism. F%om"this view- .
point, the photon mass and the fine structure'constent are linked to

the theory of measurement and will not emerge from the dynamicel boofstrap

that determines the strong interaction parameters.
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Lawrence Radiation Laboratory and Department of'Physics
University of California, Berkeley, California

April 30, 1964

INTRODUCTION
About thrée years ago there occurred a.reviVal of interest iﬁ the
S matrix as a framework for the formulation of fundamenfal subatomic laws.
The S matrix was defined by Wheeler in 1937,1 and the possibility of ité
role being fundamental was suggested already in l9h5iby Heisenberg,2 who
recogniied a number of the important advantéges over conventional quanfum
theory and who stressed certain properties of thé S matrix that.remain'l
central features of cufrept work. The'pfoperty now generally called
"maximal énalyticity" was not appreciated in the‘forties,.however, and
without this notion S-matrix'theory lacked dynamical‘contént. 'Heisenbefg
"and the Other S-matrix students of thaf pefiod eventually lost interest

[ .

Qhén they realized they had no way to compute interparticle‘forces, and
more than a decade elapsed‘before the S matéix was. resurrected as a
éompetitor with quantum field theory.

 The gradual appreciation of the dynamical content in anélyticity'
,‘occurred during the last half of the fifties and involved many names,
major figures being Gell-Mann, Goldberger, Low, and Mandelstam. All
results at this stage, however, were either motivated by or derived.

ffom field theory, and to this day many theorists believe that even if

S-matrix axioms can be found they will simply amount to an alternative
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istatement of field theory. In this view the search for S-matrix axioms
fié ah'interesting but acédemic exercise that‘is unlikely fo increase
;goefLUnaerstanding of nature. Were I to share such an opinion I should ‘
not be ﬁresenting this review. I beiieve that the effort to formulate

" fundamental. laws directly in terms of the S mafrix, even if destined
fto be only partially successful,'is o?éning»new avenues of development
‘that will not be found through field fheory. This belief‘is ended in' -
‘what follows.a

| Gunson, Stapp, and I independently became impressed by the
possibillty of adding maximal analyt1c1ty to the 014 Heisenberg scheme

and of thereby av01d1ng the field concept 24,5

During the past three~
.years Stapp, Gunson, and also Olive6 have made serious efforts to find -
fa minimal set of S;matrix axioms to reproduce all pfoperties conjectured;
ion the basis of perturbation field theory. In contrast, my own.chief
jintereet has been in "boetstrap" properties the£ canﬁot be motivated by
faAberturgation approach but which have‘been suggeeted by experimeht. I

_have been struck, nevertheless, by difficulties encountered in the work

:ofvStapp, Gunson, and Olive that hint at & connectidn between their goal

.‘and-that_of the bootstrappers. I propose here to stress these difficulties

~-rather than the recent successes of S-matrix axiomaficians--because it
'isionly in the difficulties they have uncovered fhat distinctions from

.,perturbation field theory are to be found.
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It must be added that the opinions I shail present concernihg
:the diffiéulties in S-matrix theory‘are not all shared by Stapp, Gunson,
-and Olive. Even among thg small clan of S-matrix enthusias@s, there
'fexist‘serious differences of outlook.
It is a tragedy that Léndau is unable to continué his role,iﬁ
the debate. He was perhaps the firét unequivocaliy to reject the field
:cbncept, and by 1959 was well aware of.the power of combining unitafity.i
with'analyticit&.7 Landau at that point, of course, was working with
'amplitﬁdes bo%h'on and off the mass shell, whereas the S.matrix is éﬁtirely

‘on the shéll. Current opinion, which I share, is that taking scattering
amplitudes in a meaﬁingful and unique way off the mass shell would be(h

[l
4 1

‘equivalent to field theory; only if such extensions turn out to be

'meéninglesé is there likely to be a basic inéompatibilify between field |

' ‘ftheofy and S-matrix theory. My personal guess is that off-mass-shell

~continuations are meaningless, but few other physicists share this
‘feeling. | Landau's participation in the discussion of such questions

would be of enormous value today.

A TENTATIVE SET OF AXIOMS TO REPIACE PERTUﬁBATION FIELD THEORY
It is perhaps premature to speak of a conse#sus haviné beihg
reachéd'in the work of Gunson, Olive, and Stapp, but their recenf writinésA
. contain meny common points. They be;ieve that approximately fivé-pfincipies
. should suffice to achieve all the generai properties of the S matrix that

. are suggested by perturbation field theory. These principles refer only
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to the S matrix and its analytic continuation end do not explicitly invoke

the full apparatus of quantum mechanics, with its state vectors, complete

sets of operators, and commutation rules. Little more than the super- -
position principle is maintained. The only observables are supposed to

be partiéie momenta and spin orientations,’befdre and after collisions.

Actually the usual connection by Fourier transform with macroscopic

spacé-time must be assumed if one is to connect theory with experiment,

‘but localized space-time functions cannot be formed from momenta constfained

" to the mass shell. The sharpest definition allowable is the particle

Compton wavelength, in accord with experimental limitations. By’contra?t-
there is no known limit to the accuracy with which momentum can be C
defined, at least in an infinite universe; the mass-shell momentum-energy

cpntinuum is experimentally realizable even though the space-time
continuum is not.

" The simple framework of S-matrix theory and the restricted set

. H
of questions that it presumes to answer constitute its chief advantage

over quantum field theory. The latter is burdenéd by a,superstructure;
inherited from classicai electromagnetic theory, that seems designed to
answer a host of experimentally unanswerable questioﬁs. Current S-matrix
theor& goes too far in the other diréction, however, because it is not
designed'to describe experiments in_which'interparticie forces continue

fo act while momentum measurements are being performed.l The forces thaf

we best understand can behave in this way, nameiy the long-range interactions

of electromagnetism and gravity; in its current form S-matrix theory can.

-

o

~
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at most describe short-range interactions. I éhall have ﬁore to,say létef'
about the problem of electromaghetism. For the momenf, let me remérk only

that the difficulty here has been obscured by the concentration on S-matrix

' “properties shared with perturbation field theory. In perturbation theory

one does not usually consider persistent forces.
The first two of the five Gunson-0Olive-Stapp S-matrix principles

are clean and noncontroversial: (1) Lorentz invariance and (2) decomposition

‘into connected parts. No comment is required about Lorentz invariance,

f vhich was emphasized already by Heisenberg in 1943, but the decomposition

law is perhaps.less familiar. It represents the obvious physical-factll

.‘that independent, uncorrelated events can take place concurrently, and if_

states that any S-matrix element may be broken into sums of products of -

" connected parts,"” each depending on a different and nohoverlapping-éubset

of particle momenta and spins and multiplied by the appropriate energy-

momentum conservation & function. Subsequent S-matrix axioms relate to.
S ’

these connected parts, which do not contain & functions.

‘The third axiom is that of the correspbndence between particles

~and poles in connected parts--a connection apparently noticed first by

" Kramers. Here we encounter some division of opinion.. In the recent work

of Olive6 the pole-particle correspondence is postulated only in physical

regions, where it is directly related to the possibility of a causal

‘sequence of macroscopically spaced collisions between stable particles.

Poles in unphysiéal regions, in particular those associated with unstable

| particles, are then to be deduced from the two axioms still to come. Such
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a snarp disfinction between stable and unsteble particles at the axiomatic

level disturbs me, however. Physically it is clear that the franSiﬁion

obetween'stability‘and‘insfability is a smooth one; mathematically nhe.

dynamical consideretions‘that predict resonances on the basis of the

final two axioms can just as well nredict bound states. ‘

To my mind it is more satiefactory,to treat all pole; on a common
basis, regardless of their location. As Gunson has argued, 3 once the
possibility of analytic continuation is accepted any part of the complex
momentum space 1s in pr1nc1ple access1ble-—through sufficiently accurate
measurements in the physical reglon, folloved by extrapolation. You ne¥
objecﬁ that the stable particles necessarily play a speciel-role in “

S;matrix theory, since they define the space in which the S matrix acts.

- It is unnecessary to speak of such a space, however, if one deals directly'

with connected pents. It turns out that tne-residues of all poles_in‘

connected parts are factofizable, each factor being itself a connected

'part for aismaller collection of particles, one of which corresponcs to '

.the original pole. As Zwanziger and Stapp have pointed out,8’9 if the

pole in question corresponds to an'unstable particle, one can thereby ;

- uniquely define a connected part involving thls unstable partlcle

' Connected parts for any collectlon of partlcles-—stable or unstable—-

may democratically be defined in such a manner. | :
Factorizability of reeidues, by the way, as.shown by Stappg'and

" others, seems to be a consequence of the final two pr1nc1ples. Were

,factorlzablllty not to emerge, however, the particle concept itself
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would be impossible. _Here.ié an example ofv"bootstrapping" in axiomatics.
And ﬁow a difficulty: If the photon has a striqtly.zero mass, |
the infrared phenomenon spoils the simple.pole-particle correspondence.
Put more simply, the basic notion of an initial or final state with a
-definite number of particles 1oses'meaning.when, regardless of,the
precision of energy-momentum determinations, the.numbef of low;freqyency '
‘photons is uncbnfrollable. This aéain‘is a‘facet 6f eleqtfoﬁagﬁetism
obscured by perturbation field theory, which considers only finite numbers
of photons. Some S-matrix fheorists believe the infrared pfoblem to be
‘an inessential difficulty because it has been surmounted in field theoqxv-
énd becaﬁse the photon, after all, is "just another particle." I dO'nott
. agree. Ilbelieve there is vifél significance in this mismatcﬁ betweén
electromagnetism and cugrent S-matrix axiomaties. I believenthe photon‘ ;
to be an aristrocrat.

.Returniné to our catalogue, the fourth principie, roughly speaking,
associates[branch points in connected parts with channel thresholds énd
defineé the nature of each éuch isolated éingularity by giving a.formula'
for the change'ip a connected part when a single circuit is made aréund
..the branch pdint. The discontinuity‘formula, long known in a variety of
expressions, has been stated by Gunson5 and Olive]_“O in an elegant.general
rulé: | | | |

Tab(s) - l-I'ab(sn) = \/P Tan(s) Tnb<sn) ?
o n

with S=1+T . The point S, 1ies directly below the point s on



threshold lies at, the branchvpoint. Note that Tab is in general not a

‘with care both by Olive6 and by S‘bapp.ll Olive, in fact; prefers to
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the next Riemann sheet, reached by a single circuit arouhd the singularity

in question. The integral runs over all variables of that channel whose

connected part and contains & functions. These, however, can be shown

3,6
to appear in & consistent way on the two sides of the eqpation;)» after

" cancellation of the ® functions there remains a formula involving

connected parts only. A definition of the physical sheet and the
physicél region must accompany the discontinuity formula to make it

complete and to guarantee unitarity. These matters have been discussed

i

: ‘1'.
start with unitarity in physical regions and to derive the discontinuity
formula therefrom. However, as Zwanziger has emphasized,8 threshold
branch points for channels containing unstable particles are described ;

by this same discontinuity formula, therefore the democratic charactér

e

of the éxioms probably can be maintained.

I{ goes without saying that we are in trouble here ggain_with
photoﬁs. Adding one or several zero-mass particles to a qhannel failé‘
to displace the threshold, and the unique associatidnvof isolated_brénch ._
points with individual channels'is lost. What recipe may replacé'the
discontinuity formulais not knovmn. .Unitarity of the S matrix in
physical regions is equivalent to the discontinuity'fdrmula, so in
.lbsing the latter we have lost unitarity. Indeed,lif we look back over ' ._
6ur catalogue,.it appears that only the axiom of Lorentz invariance'has

failed to clash with electromagnetism; there,is not‘évoiding the conclusion
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that the theory p}esently under consideration describes a world wiﬁhout
photons; Fortunately we seem to see a good approximation to‘such a.
'world if we look only at strongly interacting particles.

dne final axiom rémains to complete the S-matrix prbperties'
guessed on the basis of perturbation field theory. This fifth axiom
ﬁqstulates that, aside from particlé-poles‘and threshold branch pointSf
fhe only other singularities of conneéted parts are those implied by the
analytic continuation of the set of discontinuity formulas. This
vpostulate, which I shall call meximal analyticity of the first degfee;
has a marked bootstrap aspéct, meriting discussion; o : VI'VH

The additional singuiarities are generated thréugh the intggration_
-over,pfoducts of connected parts in the discontinuity formulas. They
arise by the "pinching" of combinations of Singulariﬁies. The simpiest
type of Landau éingularity, as they are calied, arises from the pinching
of a pair ?f parﬁicle poles, bqt a pole a%sovﬁay.pinch with a fhreshold
bfanch point or Qith‘a Landau singﬁlarity; fwo Landau singﬁlarifies may
pinch with each other, and so on. Principle #2 starts us off (presumably)
with an infinite number of particle poles and certainly principle #3
7giveé_an infinite number of threshold branch points, so the fuli set of
.singularities, even with maximal analyticity, is'enormously complicated;
Now principle #3 réqpires aﬂdé%inition of the.physical sheet. How can
this be done before the secondary branch pdints are understodd? In facﬁ_

the combined set of axioms at this point runs the risk of a contradiction,

because we evidently take for granted that;analytic éontinuation in
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momenta is possible ét least on the physical sheet and invsome part of
the adjoining éheéts. isolated singularities (polesuand bfahch.points)
cause no tféuble in thisvréspect, but what happens if singularities so
multiply‘through the discontinuity formulas as tQ become dense?
| | At present it is a matter of faith that such does not happen
and that the physical sheet élways can'bé identified. This fa;th has a
.concrete basis, however, in experience with iterative calculations--
“where a phenomenon has been observed which I.shall call the "Mandelstam
-prégfession." Mandelstam discovered that with four-line connected parts
(two incoming and two outgoing partiéles), if you start with‘the physical-
sheet particle poles and threshold branch points and generate Landéu |

singularities by an iterative procedure, there is a systematic tendency

1

- far the new physical-sheet singularities from each iteration to be located’

farther from the physical region than the previous‘set.12 Recently Hwa

13

" has found this same phenomenon in five-line connected parts.
: i

Fluctua-
tions may occur in the progréssion (e. g., anomalous thresholds) but

there is an indication that the singularities in a given finite region

. of the complex momentum space do not continue indefinitely to increase

in number. A key requirement of S-matrix theory is to establish that

~ such is really the case.

Recently a quartet of Parisians, Fotiadi, Froissart, Lascoux and
Pham, has developed a powerful approach to the Landau singularities that ;
eventually may prove strong enough to answer this question. k Alarmingly,

the mathematical basis of their new method is homology theory, with which
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.few physicists are familiar at present; but a multisheeted Riemann

surface in several complex’variables is undeniably a matter of topology.

'AdVOcates of the S-matrix approach cannot evade this circumstance. -

At the risk of being tedious I once again call attention to '

-the importance in S-matrix theory of the absence of zero-mass particleé.]"

" The Mandelstam progression has a chance to operaté only because, among

strongly.intéracting particles, there are none with vanishing rest mass..

_ The smallest particle masses hecessarily provide the scale for the

spacing of singularities.

Although the above tentative list of five principles will reéuige

B}
‘

further refinement and study,'it is plausible from the work of Gunson,

15 that all the significant

. physical content of perturbation field thedry is contained thereiﬁ.' In

fact, if one wishes to treat a few spin-O or'spin-% particle poles as

given, with small residues, the same power-series expansions apparently
i o

can be developed from these principles as are derived from a Lagrangian

with a corresponding set of fields. DNo further assumptions are needed.

We have séen, however, that if the current veréion of S-matrix theory

describes anything it can only be the world of strongly interacting

- particles. With electromagnetism turned off, not only does the photon

disappear but so do the primary interactions of electrons and muons,
which are electromagnetic. Not even the residual weak interactions
would be tractable if the electron mass, as often conjecturéd, were to

vanish in the absence of electromagnetism; electron-neutrino pairs
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IWOuld become just as avkward for thé S matfix as are photons.  Né&, to
Be.réstriéted to strong interactions is ﬁot,necessarily a fatal flaw Qf
.our theory, but perturbation expansiohsbcannot then be trusted. The:

' content of the theéfy has to be séught by methodé‘other than power

- series in coupling constants.

MAXIMAL ANALYTICITY OF THE SECOND DEGREE
Perturbation fiéld theory tolerates the arbitrary ihgertion bf _
elementarj particles of spin O and 1/2 , and even of spin 1 if coupled
to an appropriately conserved current. It has, however, never been

_ established that the perturbation power-series are meaningful, so one EL

}

cannot infer that our five S-matrix principles necessarily permit poles‘.

corresponding to elementary particles. I refgr here to poles whose
positions and residues can be arbitrarily assigned without violéfing
'the axioms. Pefhaps no such»polés can be tolerated, in which case’ there
may be no Peed for further principles to complete a theory of sfrong.
interactions. Perhaps only one éet of poles is consistent, and that is
the one we find in nature. The plausibility of such a conjecturevis
: enhaﬁced by the difficulty of fitting photoﬁs or leptons into the S
‘matrix. These are thelpérticles that still appear to us as "elémentary.'
None of the strongly interacting particles has such an appeafanée;
‘Despite its attractiveness, the cénjectured sufficiency of the

ébove five axiqms lacks support from the approximation procedures
currently used tolimplemént these principles. What is the basis of

these procedures?’ It is that connected parté in a local region of the
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' Méndelstam has given some support to this conjecture.
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complex momentum-space are dominatedbby."nearby"'singularities, the

collective effect of distant singularities being representable by

boundary conditions. Instead of a series ordered by powers of éoupling

constants, we have a series of singularities, ordered according to

' increasing distance from the point of interest. Ignoring all

singularities beyond a certain distance leads, through the Cauchy ~
formulae, to an approximate set of integral equations for the connected

parts--provided that boundary conditions at infinity are added. Thesé‘-

boundary conditions do not seem entirely to be contained in the five -

axioms. I
|

|
§
s Al
{

How are the boundary conditions chosen? If one believes in

nuclear'democracy, one chooses the solution to any particular approximate

k3
P

like the bound states of a potential. This is the so-called "bootstrap"
dynémics, and it necessarily leads to the property that all poles are
continuaﬂle in angular momentum. A converse conjecture has been made

that an adequate general formulation of the nécessary boundary condition’

is simply to require that all poles be Regge poles.l6 In his recent work

17

Whether or not the uniform requirement of Regge continuation is

sufficient, the object of the boundary condition is to eliminate all
" "unnecessary" poles. For that reason I like to call the sixth requirement

"maximal analyticity.of the second degree." Let me emphasize the possibility, °

before leaving this point, that the'appareht necéssity for a sixth condition

' may be a consequence of our approximation procedure. In neglecting all |
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singularities beyond a certain distance, an asymptotie requirement

implicitly contained in the first five principles may have been lost.

CONCLUSION = -

To eumﬁarize'the current S-matrix plcture, which apparently is
relevant only to strong interactioos, three different although‘not
indepeodent questions can‘bevidentified.

l. Can thevfifth principle, maximal analytioity of the first degree
be solidified? The problem here is the deflnltlon of the physical sheet
and the propagatlon of 51ngular1t1es via the discontinuity formula,
| major progress may require exploitation of homology-theory. _%3

2. Can a bootstrap bounda;y condition, our slxth.principle, be |
found that determines in a.democratic fashion all the particle polee?
Continuation in angular momentum is a key consideration here.

3. Can an approximation procedure based on nearest eiﬁgularities
_‘plus the boﬁndary condition be made syetematic, and then successfully
, employed to predict the strongly interacting partlcles?

I should remark parenthetically that my own optlmistlc feellngs
I about the first two qpestions are based largely on the qualitative success
in the understanding of strong interactions already achieved by.crude
aynamical applicetions of the nearest-singularity principle. ‘I can see
vno reason for fhis success if a ;eaning fails to exists for maximal *
analyticity of first and secood degree.

These three gquestions are tied together by asymptotic considerations.

A finite number of Mandeletam-type iterations produces an acceptably finite

c~

-
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“density of singularities; the difficulty.aépect of question #l therefore.
is to‘éhdw that asymptoticaily tﬁe singularifies'keep mo&ing to greater
and greater distanges.' It andfﬁhen the asymptotic behavior of this‘
progression becomés understood, "question #leay disappeér; tﬁat is, it
vmay tﬁrn out to be unnecessary to add a pole-determining boundary condition.
“In any event an understanding.of the most distant sihgularities‘should
N C1érify whether dynamical qalculations can in fact be based‘on‘én ordering
of Singularitigé according ﬁo distance. |

In closing I have three remarks about electromagnetism. First of

-all, we need not be distraught because the currently defined S matrix is

i

4,

“too limited to describe this most familiar of the interéctioné;‘ All .
‘.physical theorieé Qf the past have been limited to special ranges of .
phénomena and have been replaced in time by broader theo?ies. It ;s_
pfobably hopeless at presenﬁ to construct a complete theory; the problem

is to identify those areas of nature than can meaningfully be approximated

.as separaté. Strong interactions appear to constitute such a ﬁubdivision.
._‘Sécond; it has alfeady developed in practice that, given the strong-‘:”
_interaction S matrix, one can find a recipe for adding electromagnétic
- perturbations of finite order inlthe fine-structure constant. What remains
obscure is the handling of persistent electromagnetic effects or, if you'
- like, indefinite numﬁers of soft photons. In fact, Zwanziéerl8 and
v Wéinbergl9 have shown(that for reactions which can be characterized

- approximately as involving a finite number of real photons; the special

properties of electromagnetism usually aséociated in field theory with



UCRL-11414 B

-16- | |
: géuge invarianée follow automatically in momentum space from Lorentz
.invariance and the zero photon mass. Here'perhaps is an indicatioﬁ

ﬁhat a concept broader than the S matrix, but still based on the
mbmentum-energy continuum rather than the Space-time continuum,
eventually will encompass particles of zero mass.

| Finally, let me point out the logical incompleteness of current
S-matrix theory in its failure to provide the mechanism by which particle
momenta are to be experimentally measured{ The actual determination of
) momehtum, as well as its definition, requires a coarse-grained macroscopic
épace-time'measurement that never can be described through the preseﬁt{y
_concepfion of the S matrix. »in»pradtice such measurenments alvays deéénd‘
on electromagnetic interactions; a little thought suggeéts it'méy beb
impossible, in principle; to perform a momentum determination without
- employing fhe weak long-range forces characteristic of élécfromagnétism.

The zero-mass photon, together with the small magnitude of the fine-

| f

~structure constant, makes it feasible for one isolated system to observe
.another, and thereby plays a role that cannot be filled by any of the
Strpngly interacting partiéles.

If this view is correct the phétonvmass and thé fine-structure
constant are interlocked with the theory of measurement itself, perhaps
évén with the meaning of macroscopic spaceetime, and their values never
Qill be explained purely by dynamical gonsideratiohs. In constrast the
. parameters of strong interactions, having no conneption ﬁith'the.measure-

ment process, have a chance of being determined thréugh dynamics. My
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.sﬁrﬁeyvteday_nas deseribed the continuing attenpf to formnlate a purely
'd§namicai.theory of the stfong interactions.

Anyone looklng on from the out31de mey feel pessimistic about

‘the pos51b11ity of developlng the conseqpences of such a theory, but the

.hlstory of the subject offers encouragement. Progress has been sustalned‘
by efferts to undefstand'relatively small ana:speeific aspects of - the.
'problem, usually motivated by experiment. Herein lies a secret weaponfi'

. of S-matrix theory that guarantees its vitality. Because the fundamental

velement of the fheory, the'connected part, is sﬁsceptible to direct

measurement, one is gble to cheat by peeking at the solution nature nas

- found for fiercely nonlinear and circular equations. Knowing aspects iy
of the solutlon, even though the relatlon to a set of fundamental ax1oms

may be obscure, gives S-matrix theorists an enormous advantage.

A good example is the circumstance that all total cross secfions

" appear to approach constants at high'energy.. This simple empirical fact

“has been of little help to field theorists, but it suggests a generalA'
‘constraint on four-line connected parts that has been a powerful
stimilant to S-matrix theory, particularly in connection with the
“bootstrap boundary condition and Regge poles.

. An even better example is the Mandelstam representationlfor
eonnected parts involving especiall& stable particles,lz,a representation
which was motivated to a considerable extentvby experimental results on
pion;nucleon scattering and which has shed light on many observed aspeeﬁs

. of strong interactions. It was the experimental success~of-ﬂandelstam's_

vconjecture that encoﬁraged the more general idea of maximal analyticity;
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Ironically it has never been shown that maximal analyticity implies the -

entire detéiled ¢content oflthe Mandelstam representation; fortunately
such a demonstration is not essential to the S-matrix program.

Perhaps the most important hint from experiment has been the
absence of distinguishing attributes amongrthe observed poles_associated

with strongly interacting particles. Because there exists in S-matrix

- theory no concept more primitive than poles, one has thereoy been led

to the 1dea of nuclear democracy and the bootstrap boundary condltlon.

_Fleld theory, on the other hand, must contend with the perpleX1ng possi~ -

 bll1ty that even if all strong poles have an equlvalent status, certain

1 !
|

\
.

of the underlying fields may be more fundamental.than others.
You may have been struck by the absence from this survey of

symmetry considerations, apart from Lorentz invariance. This was not

an oversight, but represents a growing belief that arbitrarily postulated

- symmetries have no more place in the basic theoretical structure than

do arbitrarily postulated particles. The presence in strong interactions

and partial SU, symmetries, as well as time reversal and

2 3
parity, cannot be denied; but neither, for example; can'the existence
of the pion and the nucleon as especially stable particles. Confusion-

about such questions arises because in special limited applications of

. S-matrix theory the existence of certain symmetries and particles is'

often added to the llst of basic principles. There is room, however,-r

to hope that all strongly 1nteract1ng particles and symmetrles ultlmately

will emerge together as bootstrap consequences of the five or six principles

. we have discussed here today. Many studies of the so-called crossing
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».mgtricés, which I.havg no time to describe here, tend to encourage this
hépe; | |

' | My final remark is @irected to a question raised at phe-beginning:
>W£at-can the S-ma£rix approach teach us that cannot just as well be learned
,'f?om field theory? Perhaps nothing. .Perhaps a future field theory will
~ somehow deséribe é nuclear democrécy; but then how wi}l this field theory
recégnize the distinction betweenlelectromagnetic and nuélear interaciions?
The original idea behind field theory, after all, was that every interactioﬁ '

fs like electromagnetism. ' The absence of a classical liﬁit forvqﬁéntum ' |
'  fields associated with maséive particles is ignored in the pfoperties
'_aééighed to these fields. Conversely the assignment of a nonzero mass'%o
the photon seems perfectly allowable in field theory.

S-matrix theory, in contrast, pefmits no doubt that the zeré masé

: af the photon gives this particle a distinguished status,_outéide the
dynamical bootstrap. Furthermore, with the emphasis on physiéal obsérv- B
abillty, one becomes sensitive to a p0551ble connection between: the unusual .
: phdxn propertles ‘and the basic requirement underlylng all of physics that
one isolated system be capable -of observing another. We are approaching
\the'pime when this requirement must be searchingly examined. I do ﬁot see
'how it EEE be examiﬁed in any framework that fails to rest_sqpérely on
':'physical‘measurements themselves. The statement is often made that S-matrix
_ gheory destroys the uni£y of physics by plééing electromagnetism iﬁ a -
:sepgrate category from nuqleér interactions; but without sucﬁ a sepafation,.

" there would be no physics.
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