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ABSTRACT
A discussion is given of the conjecture that classical space-
time properties pres¢ribe a unié_ue S matrix which approximateé strong-

' interaction phenomena.
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I. INTRODUCTION
An esthetically compelling specﬁlation is that the laws of

né.turé might uniquely be determined by requireﬁlents of éelf-consistency

or, phrased more picturesquely, by a "bootstrap". This paper puts

forward and analyzes & "partial bootstrap” conjecture that has for

~some time been the subject of ihforml discussion but that heretofore

has not found its way into research publication.. The conjecture is

the following: Quantum superpesition, when expressed through & non-

ti'iv:i.al S matrix, can achieve compatibility with the real (classica;)

world in 6nly, one possible way -- close to the way exhibited by nature
112}5 in

for hadrons. - Recent’progress by Stapp and collabarators
clarifying the relation between the S matrix snd classical space-time
suggests that the 'mome_nfc may be bripe for systematic analysis of this
uniqueness conjecture. »

| Ffom the standpbint of hard science the complete bootstrap idea
is inadmissible because science requires the a.ggidri acceptance of
certaiﬁ language-defining concepts, so that "questions" can be formu-
lated and experiments performed to give "answers'. The role of theory
is to provide ﬁ set of rules fdr predicting the results of experiment,
iut rﬁieé necessarily are formulated in a language of accepted ideas.
Among currently unguestioned notions prerequisite to the conduct of
science are: ‘

(1) Three dimensional space and & unidirectional time, with

. an associated cause-effect event structure; the existence of suitable.

measuring rods and clocks is corollary.

(2) The arrangement of macroscopic matter into blobs of

 sufficiently well-defined shape and permanency that the isolated system

N

D=

or "object” concept becomes meaningful.

{3) The existence of weak long~-range interactions like electro-
magnetism and gravitir that allov "messurements” to be made upon "objects
without the objects .losing identity; the obsérver's integritj must aiso
be preserved. _

The foregoing detailled prerequisites may deceptivély be
summarized by the single term, ’_'méasurémeﬁt, " but the concept of
meaéurement, on which hard science is based; is admissible only because
of certa.ip speéigl attributes of nature, atiributes that a complete
bootstrap vtheory‘would have to explain as necessary components of self-
congistency. It is in tﬁis sense that the idea of a complete bootstrap,
vhile not obviously foolish, 1s intrinsically unscientific.

Although natural philosoi)hy eventually will no doubt idenfify
a framework more génex;al than that of observational science, such a
develoﬁment cannot be gxpected soon. In the meantime it ma.y be possible
to £ind an aiea of relevance for a "partial bootstrap" that is
explorable within the framework of conveﬁtional science, accepting .
wj.thout question the mea,spz'emeﬁtv Process and the surrounding space-time
attributes but avolding further specific and arbitrary ingredient-

concepté--such as elementary constituents of matter or a fundamental

equation of motion.

The world ,Of quantum phenomena constitutes a natural .possibility
for such a partial bootsfra‘.p if one regards as philosophically
uncrossable the gap between quantum and "real” (classicai) worlds.
Measurement, the concept that science requires'us to accept without
qﬁestion, belongs to the real world. Insofar as the qugntum world can

be described by a collection of amplitudesliothe scattering matrix--
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oﬁe may pose questions of self-consistency within the mathematical
structure of the S matrix and temporarily ignore the puzzle of why
nature arranges itself so as to permit those measurenients that give
' physical meaning to scattering amplitudes. A further sense in which
an S matrix 'boots_,trap would be only partial is, of course, that the
‘superposition principle is acce_ptéd on an a priori basis and not
explained. In other words, we take for granted the existence of a
q_ua.ﬁtum world.

» In the achievement of a separate meaning for real and quantum
worlds, the role of electromgnetism--as reviewed in thevfollowirg
section~-is mysterious 'but_ essential., We shall reason, correspondingly,
that a scientific (parﬁal) bootstrap is unlikely to shed light on the
origin of eiectromgnetism. Qur argument will suggest that the most

. promising possibility for a partial bootstrap is an idealized hadronic
dofnain of purely strong interactions, confined entirely within the .

qua.ntum— world.

II.. _ELECTROMAGNEI'ISM AS THE BRIDGE BETWEEN REAL AND QUANTUM WORLDS
Attempts ’(:.o undérstand the i'elation between scattering ampli-

tudes and the real world usually lgnore the detailed mechanisms of
interaction between matter. It appears, nonetheless, that special
. attributes of electromagnetism are vital both to the conceptual separa-
tion between quantum' world and real world and to the practical linkage
o’f' the two.

' If electromagnetic forces ﬁere of short range it is hard to
imagine how matter and the interaction between pieces of matter could

assume a form consistent with the (real world) concept of measurement.

A piecé of measuring apparatus based entirely on nuclear forces, that

wlpm

is to say, is extremely difficult to conceive. The long range electro-
magnetic interaction, associated with the zero5 photon mass, appea.rs.
essential, A sharper formulation of the question is to inqui.re under
what conditions a quantum picture of i:nter.a.ctions in terms of scattering
amplitudes may become compatible with a classical description. In
apprppriate_ circumstances it is known that ﬁhe classical elegtromgnetic
field concept is consistent with the quantum picture of’ photons,6 but
the connection depends on speciél properties of fhe phéton, espe'ciq;lly
the zerovmas\s. It seems most unlikely that classical interaction- |
transmitting observables analogous to the eléctromgnetic field can be
associsted with particles other than phot,ons.'?. Owr argument here, in
summary, is that measurement is a classical concept and that electro-
mé.gnetism is unique among particle interactions in possessing a
classical menifestation, ‘

An important corollary is that particles are observed in the
real world only through their electromesgnetic interactions.. Without

electromagnetism there would exist no mechanism for contact between

quantum world and real world; there would be, in other words, no way to '

attach physical éignificance to the écattering m‘_bri\x‘. _

’ Attributing to electromagnetism an essential role in 'measpremeht
suggests that a'bootstrap effort to éxplain the zero photon mass would:
involve the nonscientific .task of explaining the measurement concept
iﬁseif. Given the zero photon mass, furbhermore,. the small value of
the fine structure constant appears essential to our picture of the
quantum world based on scattering amplitudes. This latter point

requires elaboration.

4
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It is faﬁier that for compatibility with the event~
relationships of the ;‘.eal world, as well as with quantum sgperposition,
the scattéring mé.trix should be both Poincaré invariant and unitary.8
But the existence of zero-mass particles gives trouble with unitarity

because there then exist, at all energies, infinite numbers of

accessible asymptotic states (open chennels). The very -concept of

"aSyﬁptoﬁic state, ;’_ in fact, becomes imprec;tse; This difficulty is
obscured by q_ue.ﬁtum_ electrodynamics because of the pover series
expansion in the fine structure constant « . A finite order in the
a 'expans:i:on‘ c;orresponds to a fiz;ite number of photons and restoi'es,
meanlng to asymptotic states. Although the smallpess of . Q a]_lows
superficial use of S-matrix machinery, the scattering matrix has been
defined only in t_he limit « -+ O, where photons can hge ignqred. In
the absence of relisnce on va truncated power series in the. fine
strueture constant, the zero mass difficulbty becomes even more severe
with fespect té & third major category of S-matrix properties, loosely
described as ."analyticity, " that will be discussed in Section III. '
There Shoﬁd be no surprise at. the existence of a dilemma here
if -one -accepts that the scattering matrix, degigned to describe the
quantum :world in téx’u'm of measurements carried out in the real world,
is incapa.bie‘ of des;ribing the real world itself. To the gx‘bent that
certain aspects of électromagnetism constitute defining characteristics

of the real worid, the S matrix should not be expected to encompass

electromagnetism in totality. Of course, as already remarked, certain .
quantum-world aspects of e}éctromagnetism, as embodied in quantum

electrody'namics,'-can be given a superficial S-mb‘._trix description to the

exbe_rlxt'thatvv‘thé éi'nallhés_s.‘of a pe;"mits n‘eglect of all but a finite
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number of terms in the Feynman expansion. The amazing accuracy of this
description is an unending source. of confusion for the subject under _
discussion. ‘ |

If the smallness of the fine structure constant is somehow

necessary far our picturé of the quantum world, one anticipates that a-

“bootstrap effort to explain the value of « will become entangled with

2 Here is further

an explanation of the origin of ‘quantum superpositién.
ba.si; to believe that it would be futile to seek & scientific bootstrap
theory of electromagnetism. |

Shou.ldv the logical interrelation of the points made in this
section be obscure to the reader, let him be aware that the author )
fares no better. The intended message is that electremagnetism is
déeply mysterious and its origin unlikely to be explained within our
current scientific framework because the uniqué attributes of this

interaction are inextricably enmeshed with the framework itself.

| -II1, THE HADRON S-MATRIX BOOTSTRAP
Abandoning hope :.of explaining electromagnetism through a
scienﬁific_bootstrap; we are led to consider an idealized quantum world
in which the ’f.ine sfructure constant becomes vanishingly small. "Sending

a to iero would change the real world beyond recognition, but it is

" plausible to postulate that the collection of hadron amplitudes would

approach a meaningful limit, the "}Mron S matrix, "as a = 0 and that
this limit would bear é. recognizable relation to actually observed
hadronic phenomena. v

The experimental motivation for such a postulate is the

observation of spproximate isospin symmetry for hedrons. Since the

i 10
symmetry breaking appears to be of electromagnetic origin,” ' the
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difference between the idealized S-matrix limit and actual hadron
rhenomena, may plausibly be presumed to be of the same order of magnitude

as the observed differences within an isospin multiplet and thereby

tolerably small. With respect to leptons there is no experimental basis

for postulating & significant limit as electromagnetism is "turned off.”

Our part:ial bootstrap is therefore not expected to encompass leptonic
phenomena.

The reader may be concerned that in turning off electromagnetiém
we have completely decoupled the real and quantum worlds and thereby
undercut the physical significance of thé S matrix. Hadrons are
observed, that is to say, only through their electromagnetic inter=-
actions. We need not require, however, that our idealized hadron S
matrix make direct contact with the real world. We may compe.i‘e its
elements to experimentally méasured "amplitudes” whose precise
significance is, in principle, blurred by electromagnetic complications
but whose numerical value is gupbos_ed to be meaningfully "close" to the
value of the ideal matrix elements.

Beyond Poincaré invariance and unitarity, if 6ne considers in
detail the cause-effect rela.‘l-:ionship of space-time events when massive
particles are m_u.ltii)ly scattered, it has been argued by Iagolnitzer
and Si;,appl that in momentum space the S metrix needs to be an analytic
function, with only those physical-region sinéularities that correspond
to macroscopically separateci space-time events. The locations of thesg
.singularities and the associated discontinhuities satisfy requirements
bearing the names of landau and Cutkosky. Now, once one accepts that
S-matrix analyticity, as well as Poincar€ invariance and unitarity, is

implied by the observed characteristics of the real world, it becomes

-8

conceivable that there may exist only one possible S matrix compétible |
with the classical (flat) space-time structure of the real world. This
is the hypothesis stated in our introduction.

We are dealing here with an extreme version of hadron bootstrap
hypothesis. During the past decade many forms of bmtstrép hypothesis »
have been advanced thé.t involve more elaborate requirements. The
bypothesis under consideration in this paper will be regarded by many
readefs as implausibly si:_nple or, even, as untenable on the grounds‘

that indefinitely many Ixypothetical. S matrices can surely be constructed.

‘What is the basis for this latter opinion?

Avareness of analyticity arose historically from Iegrangian '
models; only recently have attempts been m&ev'to connect thls S-matrix
attribute directly with the real world. Such a history makes hard to
swallow the idea that anmalyticity, together with Poinc_aré invariance
and unitarity, might determine a unique S matrix, because there is
nothing unique about a Lagrangian. It is well-known, at the same time,
that no lagrangian has ever been shown to lead to an S ma‘l;rix satisfac-
ory on all three counts. ShoﬁldA such a Lagrangian ever be found,
containing any degree- of arbitrariness, the conjecture in question

would collapse. In récent years a variety of relativistic non~

Y

lagrangian models, containing arbitrary aspects, have been formulated.

at

Were any of these to lead to an acceptable S matrix, the conjecture
similarly would become untenable. So far, none hag approached success
as closely as have conventional local Laegrangian models.

It is a remarkable fact that, more than fox_'ty years after
discovery of the quantum superposition principle, no thecretical model

has been constructed that is demonstrably compatible both with super-
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position and with physical (relativistic) space-time.  Perhaps the
reason is that all heretofore-created models tontain arbitrary aspects.
It is correspondingly-ronceivable that quantum superposition,' as

embodied in an 5 matrix, can be made compatible with relativistic

space-time principles @n only one possible way--close to the way -

exhibited by nature for hadrons. -

It must of course not be forgotten that even should. a unique
S matrix exisf, it cande no more than an imperfect model of strong
interactions, depe_nding for its‘ potential physical relevance, in
parallel wj.th'qmntum -electrodjﬁamics, on the smallness of the fine
structure constent. One can iﬁagine that a framework broader than the
S-'matrix (pe;'mps broader than conventional science) and capable of

including zero-mass phenomena, will ultimately be developed. Within

" such a framework a self-consistency hypothesis might be feasible and

might lead to an understanding of the heretofore arbitiary aspects of

- electromagnetism {and weak interactions). Physicists are not at present,

however, in possession of any such frameéwork. The concept of an
ama.ly'tlc S matrix, though imperfect, appears a natural model to

describe a subset of phys:n.cal phenomena wiherein the absence of zero-

mass particles is striking.

IV. “SUPPLEMENTARY S-MATRIX FRINCIPLES
A variety of 'global” hadron S matrix attributes more detailed
then "analyticity," unitarity and Poincar€ invariance has over the

years been identified. Examples are cluster decomposition, crossing,

. hermitian analyticity, +the Landau-Cutkosky rules generallzed to

unphysica.l regions, the connection between spin and statistics, con- -
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servation of baryon number and hypercharge, the comnnection between
baryon number and spin, time reversal and parity invariance, isospin
symnetry, and the principle of "second-degree a.naly’ticlty" or "Regge -
asymptotic behavior" by which the S matrix may be constructed from a
knowledge of its discontinuities.. All of these attributes have
substantial‘expefimeﬁté.l support; . some have been connected, to a
gréé.ter or leéser extent, with classical space-time; all have been
subjécted to nontrivial tests of mutual consistency. A reasonable
guess is that all are true -=-to the extent that the analytic S matrix
constitutes a viable description of hadrons. Additional global S-matrix
principles may be discovered in the future, either by loéical:deduction,
by guesswork 5&sed on models, or as & result of experiment. What
relation do such "supplementary principles” bear to the bootstrap .
hypothesis under consideration?

The hypothesis implies that all such supplementary principies
shouldvbev d.erivabie from the requirement of comﬁatibility with the
cause-effect event structure of the _real world, in the same sense that

the Landau-Cutkosky rules for physical region singularities have been

'dérived. A d.emonstration' that any principle cannot be so derived would

imply either that the extreme version of the hadron ‘bootstrép hypothesis

is inadequate or that the presumed supplementary principle does not in
fact apply to nature.

Historically one may divide supplementary principles into two
categories, those suggested by Iggrangian models and those discovered
by other routes. It is so far only within the former categéry that
substantial progress toward "derivation" has been achieved, but the

significance of this circumstance may be no deeper than that the best
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. cieveloped ans.iytical techniques are those relevant..to Lagrangian models.
Theoretical physic1sts, that is to say, still lean heavily on theu‘
experience with lagrangians when thinking about the S matrix.

Among the above examples of supplementary principles, ‘baryon
number conservatlon presents an especia.ny severe ,_cha.llenge for the
bootstra,p. hypothesis; to "derive" this principle an approach totally

| unrelated to lagrangians seems r_equired. Second-degree a.na;lytioity
also deserves sbecial menticn. In the past the author’s personally-
favored version of bootstrap.hy'pothesis has reflected the Iagrangian:
influence by inoluding second-<degree analyticity as a distinct and
‘sepmrate constraint on the S mitrix. My interest now in the simpler
hypothesis stems from esthetics, coupled with the striking continued
none'scistence of models having demonstrably acceptable space-tm )
cha:racterist'_ics, with or without second degree analyticity.

The hadron bootstrap hypothesis will be judged in large measure
according to thevsuccess achieved in deriving "non-Ie.grangian" supple-
mentary 'prinoiples from the requ:l.rement of S matrix compatibility with
the real world. The current rapid growth of analytical technitiues

’ relevant to_Regge asymptotic behavior suggests the.t,v among '"non-

lagrangian” global principles, second-degree a.nalyt-icity will be among

‘the first to have its status clarified.

V. EXPERIMENTAL IMPLICATTONS; MODELS
Implied by the hadron bootstrap hypothesis is the theoretical
possibility, not only of expla.ining globa.l hadronic attributes such as
baryon number, but of calculating in the o - 0 limit all h&dronic '

,-nra.ssesl3 and reaction a.mplitlxies without any input parameters. Implied

at the same time, however, is that the properties of no selected

=12~
particle or subset of particles are more amenable to calculation than

those of any other. -Since all hadrons are mutually interdepe_ndent'in

- a bootstrap, an attempt to completely understand any individual strongly

interacting particle requires an understanding of all. V‘I'his "811 or
nothing" character of the hypothesis mekes its experimental predictive - o
combent extraordinarily elusive. Given, that is, the richness of
observed hadronic I;henomena, it is manifestly beyond human capability o
ever to predict everything from nothing, even if everything flows '.
uniquely from self-consistency. It is nonetheless a historical fact
that important encouragement for the bootstrap _Aidea has arisen from

experimenta.l observations of hadron properties. - How is this paradoxical

situation to be understood? -

It is to -'be understood in terms of approximate and limited
extrapolation schemes or "models, " based on general S-matrix prinoiples;
Each schewe (model) accepts a certain increment of experimental
information about the hadron S matrix and t_hen attempts to predict as
much as possible about "neighboring” hadron properties. = There has by
now been sufficient variety and success for such models as to mske
apparent the deep dynamical content of unitarity when combined with
analyticity and Pomca.z_-é'invarﬁnce. Tt has in particular been - o
established that the redictive content associated with traéiitional ‘ .
equations of motion for specified degrees of freedom is at least
mtoh,ed by the content of general S-xnetrix principles, without any need
to identify definite "degrees of freedom." The recognition that
equations of motion are unnecessary for predicting hadron behavior has

been a powerful spur to the bootstrap idea.
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S-matrix extrapolation schemes (models) are ne;er sharply
defined wither with respect to input or 6utput and are inevitably
characterizable by the derogatory term "phenomenology," since they
représent no more than an a.ppiication of widely accepted general

principles. The hadron bootstrap hypothesis nevertheless implies that .

- the predictive power of these principles is limited only by human

ingenuity and dedication. By ﬁorking harder and (or) by exercising
more powerful mathemstieal techniques, physicists are supposed by the
hypothesis always to be able to reduce the experimental input and

increase the predictive output of S-matrix extrapeolation schemes. There

‘is 'supposed to be no irreducible minimum ratio of input to output.

It may be noted that once a selection has been made of the

experimental input and of the approximations to be tolerated in a

' particular S-matrix extrapolation model, the technique em_ployed to

accomplish the extrapolation may resort to the same type of equation
used to evaluate "Pundamenton” models. The term "fundamenton" is used
here to characterize any a;:’bifrarily assignable component in a theory,
such as an elementary vpa.li'ticle' or a field in a Lagrangian. By
definition & bootstrap thedi'y contains no mntgns, but in an
approx‘imte S-matrix extrapolation model the experimental input in .
effect plays:fhe fole of fundamenton.

‘The potential model of classical nuclear physics provides an

- excellent example. From the S-matrix stanapoiht, as shown by Charap

and’ Fubini™* 1 the

following the meore genmeral work of Mandelstam,
experimental input consists of certain conservation laws, such as

baryon number and'iéntopiq épin, plus the position and residues of pion

and nucleon poles, together with the knowledge that these poles are

=14~

relatively isolated from their neighbors. It is then possible to use

" general S-matrix principles to extrapolate from this input to predict

(approximately) a wide variety of phenomena involving nucleons.of low
kinetic energy. The Charap-Fubini extrapolation technique employs a
differential equation formally identical to a Schrodinger equation for

a nucleon wave function under the influence of a Yukawa potential, the

- strength and ra.ngé of the latter being determined by a pion pole

position and residue. Nucleons and pions thus a_ﬁpear as fundamentons

in this particular extrapolation model; they are accepted, that is to

_say, as arbitrary input.

_ Other S-matrix models assign a fundamenton role ‘to other types
of experimental  input and attempt to cover (approximately) other ranges
of phenomena by extrapolation. Because the ranges of different models
may partially overlap each other, the fundsmenton of one model may be
part of the predicted output frem another. Consj_.dered vcolvlectively,
therefare, _thé use of such models to investigate the bootstrap hypothesi

is compatible with the possibility that no fundamentons are tolerable

in a completely self-consistent hadron S matrix.

VI. CONCLUSION

If human limitation allows no hope for extrapolation from -

" nothing to everything, cen one even imagine what might constitute

"erification” of the hadron bootstrap hypothesis? Certainly not in
the sense of a fundamenton theory where all predictions flow from
una.mbig’uéus arbitrary input. Nonetheless, increasinglj remarkable
theoretical correlations of experimental facts about hadrons may come

to be accomplished purely through general properties of th_e analytic
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- 5 matrix. If at the same time‘. no example of a f‘xmdamenton-containing
S matrix is constructed, and if observed global hadronic attributes
such as baryon number conservation and Regge asymptotic behavior can
be deduced from genera.l principles, it may gradua.lly become: plausible
_that the only uniguely necessa.ry input is the req_uirement of self-

consist ency .

D. Iagolnitzer and H. P. Stapp, Commn. Math. Fays. 1k, 15 (1969).
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superposition. We take the deseription of the quantum world to - ]

be reeliied through scattering amplitudes between ’asympto‘ﬁic‘ states.
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length is much larger than all relevant macroscoplc dis’tzmces.

For references, see H. P, Stapp, S Matrix Derivation of the Motion -

of an Electron in a Classical Electromagnetic Fleld, Iawrence

Rediation Iaboratory Report UCRL-20211, to be publisheri in Americen
Jourpal of Physics. E : _
We ignore gravite.tion in this discussion, so little being known ! )

about the rela.tion to the gquantum world of this. extra.ordinarily

_ weak interaction.

W. Heisenberg, Z. Physik 120, 513 and 673 (1916)

~The line of thought pursued here suggests that the conventional

description of vsuperposition through scattering amplitudes may not

be "an absolute truth” but only an approximation, somehow related

- to the smallness of the fine structure constant. In such an event
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(Cont. ) . T : 1k,
one may feel less perplexed at the well-known rhilosophical ' 15.

absurdities that result from an attempt.to apply quantum éupér-,

~ position to the real world. The point if view of this paper,

‘already stated several times, is that, in a scientific framework,

qpantuh ah& classical Varlds shoﬁld be regarded,asiseparate.

A partial bootstrap seéﬁs incapable of explaining why the electro-
magnetic coﬁpling-ofvhadrons shoﬁld be related, as Qbsefved, to-

the conserved hadronic attributes called isospin and hypercharge.

As discussed in Sectioﬁs IV and V, the hédron bootstrap hypothesis
is supposed to explain all hadronic symmetries'aﬁd conservation |
laws; but the relation of these attributes to electromagnetism

may not be understandable until the origin of the latter has been

comprehended.

Without leptons, weak interactions seem unlikely to be repreéentéd

within a scientific booﬁstrap. From the bootstrap viewpoint, a

more than superficial theory of weak interactions thus promises
td_be~as formidable a task as ‘understanding the origin of electro-

magnetism.
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contact between the S matrix and the real world. There is no

- mechanism, in other words, for setting the scale of momentum

space. .
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