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ABSTRACT 

A review is given of recent developments in the S-matrix theory of 

strong interactions supporting the hope that a complete theory may b~ based 

on: (a) maximal analyticity in angular as well as linear momentum, (b) 

maximUm· strength of the forces, and (c) conservation of baryon number, 

strangeness, and i~otopic spin. There are no elementary part~¢1es a~a no 

arbitrary dimensionless constants. The concept of Regge-pole trajectories 

plays a major role in implementing the basic postulates, apd the direct 

experimental significance of the trajectories is emphasized • 
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I. INTRODUCTION 

I am going to present to you today an indecently optimistic view of 

strong interaction theory. I believe that a major breaktt.crough has occurred 

and that within a relatively short period we are going to achieve a depth of 

understanding of strong interactions that a few years ago I, at least, did not 

expect to see within my lifetime. I know that few of you will be convinced 

by the arguments to be given here, but I would be masking my feelings if I 

were to employ a conventionally cautious attitude in this talk. I am bursting 

with excitement, as are a number of other theorists in this game. 

I shall give you my view of the current situation entirely in terms 
,-

of the analytically continued S matrix, because there is no other framewqrk 

that I understand for strong interactions. My oldest and dearest friends 

tell me that this is a fetish, that field theory is an equally suitable 

language, but to me the basic strong-interaction concepts, simple and 

beautiful in a pure S-matrix approach, are weird, if not impossible, for 

field theory. It must be said, nevertheless, that my own awareness of these 

concepts was largely achieved through close collaboration with three great 

experts in field theory, M. L. Gol~berger, Francis Low, and Stanley Mandelstam. 

Each of these has played a major role in the development of the strong 

1 interaction theory that I shall describe, even though the language of my 

description may be repugnant to them. Murray Gell-Mann, also, although he 

has not actually published a great deal on the analyticity aspects of strong 
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interactions, has for many years exerted a major positive influence both on 

2 the subject and on me; his enthusiasm and sharp observations of the past few ' 

months have markedly accelerated the course of events as well as my personal 

sense of excitement. 

II. THE POSTUlATES 

In addition to the postulates discussed by Stapp3 in the preceding 

talk, there are three assumptions underlying the S-matrix theory of strong 

interactions that I shall discuss here. First of all, Frautschi and I 

propose extending the maximal analyticity postulate to angular as well as 

linear momenta, thereby eliminating (as I shall explain later) the possibility 
. ; 4 

of elementar~ particles; future developments may well show that such a 

circumstance is unavoidable and requires no separate assumption. Philosophi~ 

cally speaking, I would motivate both of these maximal analyticity postulates 

by the principle of "lack of sufficient reason." It seems natural for an 

S-matrix element to vary smoothly as energies and angles are changed, and a 

natural mathematical definition of smoothness lies in the concept of 

analyticity. · The fundamental principle therefore is of maximum smoothness. 

The S matrix has only those irregularities necessary to satisfy unitarity. 

There is no "reason" for any others. Similarly, as Feynman and Heisenberg 

have both emphasized, there is no reason why some particles should be on a 

different footing from others. The elementary particle concept is unnecessary, 

at least for baryons and mesons. 

The second assumption may turn out to be closely related to the first, 

perhaps even a consequence, but Frautschi and I are using it at present as 

an independent principle.5 This is the postulate of maximum strength: 

Strong interactions saturate the unitarity condition. Forces in the S-matrix 
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framework are bounded in strengthby unitarity, sirice they are determined by 

" scattering amplitude.s in the crossed reactions reached by analytic continuation. 

It .is possible, therefore, to assume that all forces are "as strong as possible" 

so ~s tp eliminate .d:j.mensionless coup;Ling·paramete:r:s· from the theory. I shall 

explatn.laterhow this second postulate is applied in practice, and wha:t.are. 

some ·.Of its experimental consequences. The final postulate is less satisfying 

from-an 1:1esthetic standpoint but at present seems unavoidable. It ,is: The­

quantities isotopic spin (!), strangeness (S) and baryon number .(B) are conserved • 

. FJ;"autschi and I are hopeful that a connection eventually will be found betw.een 

this ugly assumption and the preceding two, but at present we have no proposals 

in such a direction. 

-~ '·. 
That the foregoing thr,ee postulates, together with those outlined by 

Stapp·, l.ead to a complete and self-consistent theory of strong interactions 

has not yet peen demonstrated--much less has it been shown that they explain 

all experiment;al facts. No inconsistencies have yet become apparent, however, 

.and the sum of the successful experimental predictions is impressive. Predic­

tions both_ q~antitative and qualitative, based on the postulate. of maximal 

~na;Lyticity in linear .momenta together with the conservation laws, have been 

emerging in a steady stream since 1955, when the relevance of dispersion 

relations to strong interactions was first recognized. To.date,,none of these 

predictions has failed. The current wave of excitement, however, .stems from 

• predictions associated with the postulates of maximum strength and maximal 

analyticity in angular momentum. To explain these predictions I must first 
.. 

tell you about the work of Froissart and of Regge. 
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III. THE RESVLl'S,.QF FROISSART AND REGGE 

It •ras Regge who drew attention to the poss'ibili ty of unique analytic • 

continuation in angular momentum, an:d I shall come quickly to his important 

results for nonrelativistic potential scattering. Froissart, however, has 

produced the first rigorous results in this connection for the relativistic 

6 
S matrix. He considered processes of the type a+ b-+ c.+ d, .with total 

barycentric energy squared s , connected by analytic continuation to two · 

·other processes, a+ c-+ d + b and a+ d-+ c + b 1 in which the squared 

energies are, respectively, t and u , with s + t + u·= constant. Froissart 

showed on the basis of the Mandelstam representation that an analytic 

continuation in J (maintaining the unitarity condition for. all real J and 

well-behaved at infinity) can be defined for. Re J >a· (s) , if the asymptotic 
max ( ) amax s· 

behavior of the amplitude for large t at fixed s is bounded by t • 

He also proved that amax(s) ~ 1 for s ~ 0 • In other words, a large domain 

of analyticity in angular momentwn has already been shown to follow from 

unitarity and maximal analyticity in linear momenta. Now Regge.has proved for 

potential scattering that there is an even larger region of analyticity in J 

--at least as large as Re J > - 1/2 --if simple poles are allowed.7 It is 

exceedingly tempting to conjecture that the same circumstance will hold 

relativistically, and that the characteristics of the poles in the general 

case are essentially those deduced by Regge. This conjecture has proved 

irresistible to at least three independent teams of theorists, Blankenbecler 

and Goldberger at Princeton; 8 Gell-Mann and Zachariasen ~t Cal Tech;~ and 

10 Frautschi, Mandelstam, and me at Berkeley (Frautschi is now at Cornell, 

Mandelstam at Birmingham). Chronologically, I believe that it was Mandelstam 

who first noticed the possible importance of Regge poles in the relativistic 

S matrix. 

• 
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I am confident that there will soon be a proof of J analyticity, 

except for poles, throughout the region Re J > 1 for all s , but an 

extension to the entire J plane (or even to Re J) 0) may not follow 

purely from analyticity in linear momenta. The further extension may require 

a separate postulate because physically it amounts to a denial of the existence 

of any elementary particles. In or&er for you to understand this last statement 

I must explain certain properties of Regge poles. 

IV. PROPERTIES OF REGGE POLES 

The most illuminating way to discuss Regge poles is in terms of the 

union of the two complex variables s and J • These two variables characterize 

systems of arbitrary multiplicity, so it seems almost certain that analyticity 

properties in s and J are common to all S-matrix elements of the same 

internal quantum numbers (not just elements for a + b ~ c +d), since this 

entire subset of elements is coupled by unitarity. In particular a pole in 

one must be accompanied by a pole in all at the same values of s and J , 

although the residues of corresponding poles in different elements will differ. 

According to Regge's analysis of scattering by a superposition of Yukawa 

potentials, all poles in the right-half J plane are at least incipiently 

connected with bound states and resonances. Any pole may be viewed in the 

s plane (perhaps on an unphysical sheet), where its position depends on J , 

or in the J plane, where its position ai depends on s • In fact, ai(s) 

is a real analytic function with a positive definite imaginary part along the 

upper side of the physical s cut. The position of a Regge pole necessarily, 

therefore, varies with s --a circumstance of the utmost importance. 

Regge has had nothing to say about the left-half J plane but he 

showed that, for a sufficiently attractive potential, as s is increased 
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· from -oo along the real axis a succession of poles in the J plane passes 

through the point J = -1/2 and moves to the right along the real J axis. 

For those values of s below the threshold·ar the physical scattering region 

( i.e.' the beginning of the right-hand cut in the s plane) for whi'ch a 

particular pole crosses' a real positive integer value of angtilar momentuni,' 

J = 0,1,2,•••, one has a bound state with this spin. At the threshold'enbrgy 

each pile moves into the upper-hfilf J. plane but with short-range· forces· 

continues its rightward excursion for some range of physical s • If Re 0:. ( s) 
l. 

crosses any further positive integer, Le., 

a resonance with half width given by 

r~ 
i 
2 

= 

M Re o:.(s. ) = M , one has here 
l. l. 

( 1) 

In th~ region of sharp resonances Im o:i is small compared to urii ty. Where 

there occur either bound states (stable particles) or sharp resonances 

(metastable particles) one may use the formula 

1 2 
d( 0: + '2 ) 

dp2 
= (2) 

where p is the momentum and R some average ."radius" of the particle. 

For sufficiently large enE:!rgy the trajectory ofeach Reggepole is presumed 

to turn around and retreat to the left~half J plane. The crossing of integer 

Re J on the return.~rip does not produce further resonances, since here the 

phase shift is decreasing. 

It is clear tha~ if J is the maximum·(integer) angular momentum max 

of a bound state or resonance produced by a given Regge trajectory, then . 

there will be resonances or bound states for all integer J ~ J , and one " max 

• 

·'-
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has a whole family of particles for each trajectory. Because of the general 

occurrence of exchange forces, one must ascribe different potentials to odd 

and even J, so that a particular trajectory is relevant only to physical odd 

or to physical even values of angular momentum. Nevertheless, for attractive 

forces of sufficient strength one may expect to find families of particles 

with a common set of internal quantum numbers (B, s, I, etc.) and definite 

J parity. The number of family members--or, equivalently, the extent of the 

rightward excursion of the Regge trajectory in the J plane--will increase with 

the strength of the attractive force. Also directly correlated with the 

force strength is the number of different trajectories that lead to particles 

--i.e., whose rightward excursion reaches as far as Re J = 0. It seems 

plausible that for each set of internal quantum numbers there are an infinite 

number of Re.gge trajectories beginning and ending in the left-half J plane, 

but that only a few manage to reach the right-half plane for the short-range 

forces actually occurring in nature. 

Frautschi and I consider it obvious that any particle associated with 

a Regge trajectory is not elementary in the conventional sense, because its 

spin (as well as its mass) is a dynamical consequence of the forces. 4 To 

avoid semantic arguments, however, it would be better to say that all 

particles associated with Regge trajectories are on a dynamically equivalent 

footing. None is more fundamental than any other. [Incidentally none of the 

above-mentioned theorists,
8' 9' 10 who have fallen in love with Regge poles, 

hesitates to apply the notion to baryons, where half odd-integer spins occur 

and where J parity should be defined as (-l)J-!B .] If one asks what kind 

of a pole in the S matrix would be associated with the conventional elementary-

particle concept, it appears to be a pole in s for a definite physical value 
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show that such a singularity for J > 1 is inconsisteht w~th the postulates 
< • 6 

of unitarity and maximal analyticity in linear momenta, and further study 

may show that such poles are mathematically inconsistent even for J = 0, 1/2, 

and 1. If one is willing to asstime maximal analyticity in J , as Frautschi 

and I are doing, 4 then elementary-particle poles are automatically eliminated. 

A further crucial property of Regge poles is that each contributes 
o:.(s) 

a term dC t ~ to the asymptotic'behavior of the amplitude for large t 

(the negative sg_uare of the momentum transfer in the channel where s is 

the sg_uare of the e~ergy). This circumstance follows from the Sommerfeld-

Watson contour representation in the complex J plane for the amplitude 
11 

A(s,t) • · This representation di vi,des : A( s, t) into two parts with different 

as:Ymptotic behavior in cos e (or, equivalently; in t since t··ce cos e). 

The first part is an integral along the vertical line Re J = - 1/2 th~t ... 

vanishes as cos e ~ oo • The second part consists of pole contributions that 

generally do not vanish at infinity, these being of the form 

!: 
~i(s) 

Pai(s)(- cos 9) (3) 
sin :rr o:i ( s ) ' i 

" where o:1 is the position of the !th pole in the complex J plane, and ~i 

is the residue •. Since Pa(z) ~ zo: for large z, those poles that at 

any particular energy stand farthest to the right in the J plane control 

the asymptotic behavior in t • ·Now large t at finite positive. s is 

always an unphysical region, but for s negative one is in the region of 

forward or backward high-energy scattering of a crossed reaction (because s 

and t have switched roles). Thus, if Regge's analyticity--except for poles 

--is maintained in the J plane for negative as well as positive s , then 

there follows a magnificently simple theory of high-energy scattering. 
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Conversely, one has here an elegant experimental tool to trace out Regge 

trajectories for 
4 

s ~ 0 • 

V. EXPERIMENTAL STATUS OF THE PRINCIPLE OF MAXIMUM STRENGTH 

In Fig. 1 is plotted the angular momentum of all particles of baryon 

number less than two, for which spin evidence exists, as a function of the 

square of the mass. [I am indebted to Arthur Rosenfeld and Duane Carmony for 

preparing this plot.] Each point is supposed to lie on a Regge trajectory, 

but according to the rule of J parity only a few pairs could belong to the 

same trajectory. These pairs have been connected with straight lines even 

though a strict linear behavior of the trajectories is not expected. (In 

particular there are singularities at the various physical thresholds, but 

Barut and Zwanziger have shown that the slope of a trajectory is continuous 
12 

in crossing a threshold if at this point Re ai > 1/2 • ) The uniformity 

of the slopes in Fig. 1 is striking, and is perhaps to be understood in terms 

of Formula (2) and the plausible notion that all the particles in Fig. 1 are 
. -2 

of about the same "size." The slopes shown are of the order da/ds "'1 Bev , 

implying through Formula (2) a particle "radius" of the order (2m )-l --a 
'T( 

result that will surprise no one. Note that with the family interval rule 

~ = 2 , the spacing in m2 between two members of the same family is 

2 
"' 2 Bev , so in each family only the member of lowest spin has a chance of 

being stable. Frequently all members are unstable, and the ABC trajectory 

tentatively shown at the bottom may be an example where the maximum of Re a 

is achieved before any particles are generated. 13 (In this case the trajectory 

almost reaches J = 0 and one has what is usually called a "virtual particle.") 

The principle of maximum strength depends on the assumption that Regge 

trajectories can be continued to the region s ~ 0 , where Froissart has proved 
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for all trajectories that a. ( s) ~ 1 • His' proof depends on the circumstance, 
]. 

noted above, that in this region t ~ Elab for a crossed reaction, while at 

the same time s = - t? , the negative square of momentum transfer. The high-

energy amplitude for the crossed reaction thus contains a contribution 

from a Regge pole located at a.(s) , and Froissart was able to establish-that 
]. 

physical amplitudes violate unitarity if they increase asymptotically as a 

power of Elab greater than 1. A glance at Fig. 1 shows that none of the 

trajectories associated with known particles is likely to reach the Froissart 

limit if all slopes are of the order of magnitude 1 Bev-2 • What then dO 

Frautschi and I mean when we speak of a saturation of the unitarity condition? 

Our motivation lies in the fact that total cross sections appear to 

approach constants at high energy, implying an imaginary part of forward 

amplitudes cC Elab • We have been emboldened to conjecture that a Regge pole 

for the quantum numbers of the vacuum is responsible-~with a trajectory such 

that a(s=O) = 1 • If a.(O) < 1 for all other trajectories, then the 
]. 

various Pomeranchuk conditions for total cross-sections limits are all 

automatically satisfied. I shall refer to this top-level trajectory as the 

Pomeranchuk trajectory. Only even integer J 

trajectory, but if its slope is of the order 

are physical for the Pomeranchuk 

-2 1 Bev then we may expect it 

to produce a spin 2 meson with a mass - 1 Bev. Sharp eyes in the audience 

will be wondering what happens at 2 s ~ -1 Bev where the Pomeranchuk 

trajectory cuts J = 0 • I shall return to this question presently. First 

I must give our tentative explanation of'why it is only the vacuum quantum 

numbers that saturate Froissart. 

.. 
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In a detailed study of the ~~ · system--where the quantum numbers can 

be I = 0,1,2 (together with B = 0, S = 0, and G = 0)--Frautschi, 

Mandelstam, and I have shown that the long-range forces are most attractive 

for I = 0, less attractive for I = 1, and perhaps even repulsive for 
10 

I = 2 • This circumstance follows entirely from the crossing matrix, and 

we are consequently inclined to make the conjecture that generally .. forces 

are strongest in systems with the simplest quantum numbers. The more 

compli~ated quantum numbers, we believe, will usual.ly lead to elements ·oi' 

the crossing matrix whose relative signs lack coherence. In systems with · .· 

the quantum numbers of the vacuum (I ;::; o, B = o, S = 0, G = 0},· all the' 

partial contributors to the force add with the same 'sign, and erie, gets the 

maximum possible force. For all other sets of quantum numbers the net forces 

are weaker. Since the level of each Regge trajectory in· Fig. 1 is correlated 

with the strength of the forces acting, such a hypothesis would immediately 

explain why only the Pomeranchuk trajectory reaches Froissart's limit. 

An examination of the order of trajectory levels in Fig. 1 bears out 

our hypothesis in a satisfactory fashion. There is a clear tendency for 

height of trajectory to be correlated with simplicity of quantum numbers. 

(The top, three trajectories, for example, have S = 0 and B = 0 and 

I zero or one.) Further support is given by the circumstance that the only 

set of quantum numbers for which two separate trajectories manifest themselves 

through particles is the quantum numbers of the vacuum (Pomeranchuk and ABC 

trajectories). 

Another qualitative feature of Fig. 1 worth noting is that high-level 

trajectories rarely occur for both values of J parity if all other quantum 

numbers are the same. Such a circumstance is understandable if we remember 

that corresponding systems of opposite· J parity have the same ordinary force 

but exchange forces of opposite sign. Since exchange and ordinary forces 
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are normel.lly of comparable strength, the net at.tractive force fpr o:rie value 

of J parity·will 'then usually be ·substantially greater·:than for the other. 

Quantitatively reliable methods for calculating short-range forces 

have yet to bedeveloped, but a preliminary investigation by Frautschi, 

Mandelstam, and me leads us to believe that although such· forces ·-~re crucial 

they are ma:i,i:lly repul$ive, 10 so that .a less detailed knowledge should be 

needed than for the long-range force s.-·-where ca.uanti t~ tive formulas· in a number 
. . 

_of t;:ases are .already available. The cu;rrent scheme· ·of calculation is ·.what . . . 
·14 Mandelstamand I like to call the "boot$yrap": Given_a generalized potential 

for one channel--in terms of analytic continuation from crossed channels.;.-one 

solves integral eca.uations to find the S matrix. With the assUmptions listed' 

above there are no arbi t;rary pa:rameters so far as we can see, except· for one · 

mass to be added to -il' and c in order to complete the dimensional structure. 

Gell-Mahn has predicted that calculational.procedures based on analyticity-in 

linear momenta (e.g., the Mandelstam representation) will soon.be superseded 

by methods that treat Regge poles as primary rather than derived aspects of 

the theory. I am inclined to agree, . ·but no such methods have yet been 

formula ted. 

VI. THEORY OF HIGH-ENERGY SCATTERING 

Whether primary or derived in a theoretical sense, Regge trajectories, 

if they have t~e properties conjectured, henceforth will dominate the subject 

of strong interactions because of the .direct light they shed on experiment. 

Experimenters are going to determine these trajectories just as they have 

determined phase shifts,.the ca.uantities that heretofore have constituted the 

meeting ground between strong interaction theory and experiment. .The details 

of Fig. 1 will be filled in, step by step, for the imaginary as -well as the 
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real part of ai(s) • The technique for. s > 0 is obvious and would be 

followed even if Regge were not so smart: One looks for both stable particles 

and resonances and tries to determine the masses, widths, spins, and internal 

quantum numbers. Figure 1 will be of help, of course, in suggesting where 

to look. The spin 2 meson of mass ~ 7m · belonging to the Pomeranchuk 
1( ' 

trajectory, is a good example. 15 Equally potent experimental tools, however, 

are high-energy total and differential scattering cross sections. These will 

determine trajectories for s ~ 0 . 

The essential ingredient for a theory of high-energy scattering has 

already been stated above in Formula 3: Each Regge pole contributes in the 

crossed amplitude a term that asymptotically is of the form 

± 

where ai is the position of the pole and ~i the residue. 

(4) 

Both a. and 
~ 

~i are real for ~2 > 0 . The plus or minus sign in (4) depends on the J 

parity of the trajectory. 9 The simplest experimental application of Formula 

-1 ( 2 ) (3) is to total cross sections, which are proportional to Elab Im Ai Elab'~ =0 , 

and which will get contributions from trajectories with B 0 , S = 0 , and 

I = 0 • The highest of these are the Pomeranchuk, p , and ill --probably z 

in that order. So one should be able to represent any high-energy total cross 

section by the formula 

0 tot(E ) 
n lab = 

- [ l.,,a ( o) ] 
p + P E P 

n n lab 

-[1-a (o)] 
ill 

+ illn Elab + • • • J 

(5) 



UCRL-10058 

where the series converges more rapidly the higher the energy. If further 

relevant trajectories exist with a:(O) ~ 0 they should of course be 

included (e. g. J' the ABC trajectory). There are many relations between the 

residues in different amplitudes that are now be-ing studied. Udgaonkar has 

looked at the NN, rrN, and KN combinations. 16 As an illustration of the 

power of this approach, he finds for the NN cross sections the following 

connections: 

tot · ) 
a (El b PP a 

tot(E · ) 
0np lab 

tot . ) 
a_ (El b 
pp .. a 

tot ) 
a_ (El b pn a 

p NN - PNN Elab 
~(1-a: (0)) 

p 
-( 1-o:ru( 0)) 

- ruNN Elab + ••• · 

= Prm 
-(l=a: (o)) -(1-a: (o)) 

PNN Elab p + ~ Elab ru + 0 0 0 

-·(1-a:P(o)) · -(1-a:m(o)) 
= p Nl\T + PNN E1ab . + ~ Elab + ooo 

(6) 

(The· signs of all the coefficients here are probably positive.) Experimenters 

may use formulas of this type,just as they use phase shift expansions and 

determine empirically the real parameters appearing therein. There is reason 

to believe that such asymptotic expressions should .. be usable almost as .soon 

as one gets beyond the resonance region, i.e., above about 2 Bev. Udgaonkar 

is currently analyzing existing total cross-section data on this basis, but 

more particle combinations and much greater experimental ac,curacy must be 

achieved before the potentialities of such formulas are fulfilled. 

For example, one es.pecially simple application isolates a:P(o) 
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tot(E ) tot·(E ) ~ 0pp lab - 0np lab 

.·-(1-a (o)). 
2 PNN Elab p 

( 7) 
. -(1-a (o)) 

o tot(E ) - o tot(E ) ~ 2 p E p 
~+P lab ~-P lab ~N lab 

Udgaonkar finds that existing data are consistent with a (0) ~ 1/2 , a 
. p 

result that would follow if the slope of the p trajectory is of the order 

-2 
1 Bev ; but experiments need drastic improvement before the energy dependence 

(7) can be definitely established and a value for a (o) 
p 

determined. 

A second application of Formula (4) is to high-energy differential 

cross sections for processes of the type a + b -+ c + d , which will have 

peaks in the forward direction due to Regge poles in the channel a + c -+ b + d, 

and in the backward direction due to poles in the channel a + d -+ b + c. 

These applications have been studied in some detail by Frautschi, Gell-Mann, 

and.Zachariasen.9 A careful measurement of the shape and energy dependence 

of these peaks evidently will yield both the residues and the positions of 

the relevant Regge poles for a continuous range of negative s • The most 

prominent peak is for elastic scattering in the forward direction, and is 

dominated by the Pomeranchuk trajectory. Keeping only this contribution one 

finds 

do el 
n 1 

16~ 
E lab 

2 
-2[1-~(-6 )] 

(8) 

Fitting to recent CERN data on pp elastic scattering, Frautschi, et al. 

find that ap( -.c~?) decreases smooth:J.y with increasing t:? , and probably 

2 2 9 
goes negative at 6 ~ 1 Bev , as_indicated in Fig. 1. Now Formula (8) 

blows up when unless at the same time the residue P vanishes· 
n 
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linearly with ap • Pr~sumably such a vanishing occurs, since an infinite 

cross section is neither tolerated by unitaritynor observed experimentally. 

Gell~Mann likes to interpret the simu~taneous vanishing at negative s of 

· ap( s) and all the residues of this Pomeranchuk Regge.-pole as meaning that 

there is a fundamental spin;_ zero ghost particle of imaginary mass ·(~ 1 Bev i), 

with the_quantum numbers. of the vacuum but zero coupling_to all physical 

sy.stems •. I prefer .not to use such language, but 'there is no difference in . . ~ 

' . 
our attitudes toward the physics. The Pomeranchuk trajectory manages to cross 

J = 0 at negative s ·without disaster for the S matrix. 

Formula (8) is remarkable in that it·predicts an indefinite logarithmic 

.decrease with energy·in the _width of the diffraction peak, and thus in the 

el/ tot. ratio o o · • For many months Frautschi and I felt this circumstance n n . 

to be so unreasonable that we were unwilling to ascribe diffraction scattering 

to a Regge trajectory. However,·a related prop~rty of (8) is that at fixed 

. ' 2 
there is an exponential decrease with ~ so long as ap(-6

2
) continues 

to fall. This feature also is contrary to a classical picture of diffraction 

sc~ttering, but it is clearly observed in elastic pp experiments.9 Lovelace 

has pointed out that such exponential behavior also occurs for ~P elastic 

scattering, 15 so ti:e nonclassical aspect~ of Formula (8) have to be taken 

seriously. No one yet is sure as to what interpretation should be given to 

an asymptotic logarithmic vanishing of the elastic cross section, bvt we 

believe that it is going to be observed exPerimentally~ 

.An important remark about Formula (4) is due to Frautschi. 4 He 

' 

pointed out that high-energy forward and backward peaks must be a con~equence 

of coherence in the scattering, and the strength of a peak, i.e., the value 

of a.(o), should inc~ease with the degree of coherence. This ·notion fits 
1 . 

perfectly with the earlier hypothesis that height of trajectory is-correlated 

with simplicity of quantum numbers. Maximum coherence should be and is 
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achieved by scattering with exchange of the vacuum quantum numbers. As the 

,.. exchanged quantum numbers become more complicated the degree of coherence 

decreases and a.(O) becomes smaller. 
l. 

VII. CONCLUSION 

One of the most attractive aspects of S-matrix theory is that checks 

with. experiment are· possible at many different levels and do not require a 

complete solution of the dynamical equations. We shall, in fact, never have 

a complete solution; it would be far too complicated, since ~ particles 

would have to be considered simultaneously. It may be that an approximation 

isolating a few of the top-level Regge trajectories will make sense, so that 

a few mass ratios can be roughly calculated; that remains to be seen. One 

need not wait for such a development, however, to join the fun. This report 

has only scratched the surface of possible contacts between theory and 

experiment, and I am convinced that a wild period of merrymaking lies before 

us. All the physicists who never learned field theory can get in the game, 

and experimenters are as likely to come up with important ideas as are 

theorists. They may even have an advantage over us. 

An inevitable question at this point is, "What. about electromagnetism 

and weak interactions?" I personally have not developed strong convictions 

on this question, but I do not see how leptons and the photon can emerge from 

the principles enunciated here. One may imagine, in fact, that leptons and 

weak interactions. represent a deficiency in one or more of these principles 

j that will become a major effect in some experimental domain of the future. 

Had we known of hyperfine structure in the early days of atomic physics, 

however, it would have been a mistake to insist that any theory should explain 
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the effect. Historically, all dynamical theories in physics have had 

limitations on their domainof validity, no matter howgeneral they seemed 

when they were proposed. We must not be too greedy. 

Note Added: 

After preparation of this manuscript I became aware of an article by 

V. N. Gribov, JETP 41, 2(8), (1961), which discusses the importance of the - . 

Pomeranchuk trajectory in high energy scattering. 
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FIGURE CAPTION 

Fig. 1. The spin of strongly-interacting particles or baryon number less than 

two plotted against the a~uare of the mass. Points conjectured to 

lie on the same Regge trajectories are connected by·straight lines, 

but a strictly linear be~vior of the trajectories is not to be 

inferred. 
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