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rt... Most theorists are not interested in 

analyzing experiments - they want to predict 

the universe from scratch in one step, and 

preferably without a computer. " 

11,... All theorists should do some 

phenomenology occasionally to anchor them 

to earth, in the same spirit as St. Paul 

used to sew tents between epistles." 

C. Lovelace, 1966 
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ABSTRACT 

A brief review of high-energy scattering dynamics is pre-

sented with particular reference to the comparison of the predictions 

made by the various models to observed behaviour in the laboratory. 

The essential kinematics of single particle production 

processes are concisely listed. A thorough investigation is then con-

ducted into the possible effects of diffraction scattering in these 

processes and using the three reactions 1<r>612, 	enP rp. 

Trrp as examples, definite conclusions are drawn. 

In order to make these conclusions more quantitative, 

extensive calculations are carried out using Regge Pole techniques 

for these production reactions. This improved model seems to give 

a fairly complete picture of the observed background spectrum. 

Comprehensive results are presented for the reaction ,T'1 MN • 

It is shown that multiperipheral processes have the same 

behaviour as those containing internal diffraction verteces, and so 

the Drell-Deck virtual diffraction mechanism cannot be responsible 

for the production of enhancements which could be mistaken for 

resonances. 

4. 



INTRODUCTION 

It is the purpose of this thesis to set up squarely some 

aspects of the phenomenology of high-energy particle production pro-

cesses in strong interactions and to determine to what extent the 

standard techniques of high-energy physics are successful in 

describing such reactions. To this end the work is divided into three 

main sections. 

The first section is a self-contained unit which presents a 

general survey of the methods currently employed in the analysis of 

scattering processes. There are four main ideas that are important 

in practice4 Peripheralism, Regge Pole Theory, Group Theory and 

Unitarity. Their inter- relation and interplay with each other is far 

from clear, but it is often possible to assign a specific method of 

attack to each particular type of scattering process. The various ex-

periments are considered in turn, and the contentions of the different 

models examined with a view to establishing the range of validity of 

each one. 

The major portion of the thesis is concerned with explicit 

investigations and calculations for reactions having two particles in 

the initial state and three finally. Thus the second section commences 

with a scheme of notation for  these calculations which is subsequently 

5. 
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used consistently, and goes on to list all the kinematics needed. 

The first investigations deal with the role of elastic 

diffraction scattering in production processes. The number of 

apparent resonances seen in the spectra for high-energy scatterings 

has long been a source of anxiety and a constant embarrassment, and 

it was suggested that some of these effects might be due to some 

quite mundane mechanism, notably diffraction, rather than a genuine 

resonance. The calculations presented show conclusively that dif-

fraction scattering cannot ever account for resonance-like 

enhancements, in contrast with the claim of several authors. It now 

appears that this simple mechanism is responsible for a continuous 

background spectrum of the final state particles. 

The final section contains a completely general angular 

momentum analysis for single particle production, the participating 

particles being of arbitrary spin. This leads to a model for the back-

ground spectrum which leans heavily on Regge Pole Theory. 

Extensive calculations are made for the reaction At)1704 which 

account for many features of the observed spectrum, and finally the 

implications of the model for the reaction NiklAttr are pointed out. 

The final conclusion to be drawn from the calculations is 

that the Drell-Deck diffraction mechanism is multiperipheral in nature, 

and should always be calculated in such terms. 
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PART I 

a) 	A Review of High-Energy Scattering Phenomenology  

The current experiments in high-energy strong interaction 

physics consist almost entirely of two-particle scatterings. The experi-

mental techniques available limit these scatterings mostly to cases of 

71- meson, - meson, antiproton or proton beams colliding with nucleon 

targets. But within this apparently limited framework a whole wealth of 

final states is available. For convenience, the various final states can 

be assigned to one or other of four classes : 

1) 	Elastic scattering 

ii) Charge exchange scattering 

iii) Particle production with two final particles 

iv) Particle production with more than two final particles 

Strictly speaking, the second class of charge exchange scattering is a 

subdivision of the third class, the two particle production reactions. 

Nevertheless charge exchange scattering processes show many unique 

features which make them worthy of special mention. 

For the theorist, the problem is to write down unique matrix 

elements for all these processes. At the time of writing, this 

desirable state of affairs has yet to be attained, butthe theorist has 

several powerful weapons at his disposal which to a certain extent 
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enable him to describe with a certain degree of prediction each of the 

scattering classes referred to above. The weapons number four : 

i) Peripheral Particle Exchange 

ii) Regge Pole Theory and Complex Angular Momentum 

iii) Group Theory 

iv) Unitarity 

Each particular type of scattering process possesses its own 

problems which lead one to consider different avenues of approach. 

Before considering each scattering class in turn, a brief review of the 

four branches of theory will be made. 

For completeness, mention should also be made of the recent 

developments in high-energy scattering theory which stem chiefly from 

symmetry properties of the strong interactions. These developments 

include the Johnson- Treiman relations 1)  and the quark model 2). Each 

of these has met with a certain amount of success, but they are used 

chiefly to set up sum rules relating to amplitudes, rather than to 

specify the form of a single amplitude. For this reason these more 

modern achievements will not be described here in any detail. 

The idea of peripheralism dates back to the notion of virtual 

photons in electromagnetism and made its first appearance on the stage 

of nuclear physics with the 'heavy quanta' of Yukawa. The idea is that 
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the source particles, the nucleons, are surrounded by a cloud of virtual 

particles, the mesons. The lifetime and range of these mesons are 

governed by an uncertainty principle, which says that the size of the 

region of space-time influenced by a virtual particle is inversely pro-

portional to its mass. If it is assumed that the interaction between 

nucleons is caused by an texchangel of virtual mesons, then the long-

range interactions will be dominated by a mechanism whereby only the 

lightest mesons are involved. 

In S-matrix language, it is assumed that the 0- and t-

dependences of the amplitude are dominated by pole terms correspond-

ing to single particle intermediate states in the direct and crossed 

channel processes. ( Here 3  and t are of course the usual Mandelstam 

invariants ). At high energy one is normally far from any single 

particle threshold, so the effect of the a-channel poles is not important 

for these cases. The poles in the crossed channel now give significant 

contributions as the momentum transfer becomes small. Thus the 

high energy behaviour in the direct channel is determined essentially 

by the low-energy behaviour of the physical crossed channel. 

One is assuming all the time that the pole contributiors to 

the amplitude dominate over the integrated discontinuities for the 

various cuts. Pion poles are especially suitable for this purpose since 
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such a pole at t=rn is very close to small negative values of t compared 

with the branch point at tom:. For processes which cannot contain 

pion poles, the single particle pole will often be close to the branch point, 

and the assumption of pole dominance is not warranted. 

Since it is the lightest quanta which are being exchanged, the 

peripheral premise asserts that the momentum transfers are small, 

giving rise to final states that are strongly peaked in the forward 

direction. This is indeed found to be the case for most high-energy 

scattering, but should not be taken as direct confirmation of the 

peripheral hypothesis, since it will be shown that several other models 

produce so-called 'forward peaking'. 

Before proceeding, the reader's attention should be drawn to 

two serious drawbacks to this naive peripheral model. Firstly, no ap-

peal has been made to unitarity. That is to say, although a large part 

of the scattering amplitude will be due to direct peripheral interactions 

having large impact parameter, there must be a residual contribution 

due to 'head-on' collisions which may produce wide-angle elastic 

scatterings, or may be highly inelastic. The second drawback can best 

be illustrated by considering a scattering process with two particles in 

initial and final states. The peripheral model enables the apparent 

four-point vertex for such an occurrence to be split into two three-point 



verges, these verteces describing the emission and absorption of the 

exchanged particle. So a knowledge of these verteces is imperative to a 

meaningful peripheral. calculation. The first peripheral calculations 3) 

surmounted both hurdles by assigning an empirical 'form-factor: to each 

three-point vertex, the functional form of this factor being deduced by 

direct comparison with experiment. Although highly unsatisfactory from 

an aesthetic point of view, this approach nevertheless enabled some 

degree of prediction to be made. 

The different characteristics of elastic and inelastic scatter-

ings would seem to indicate that these processes come about through 

different workings. Inelastic modes possess a predominantly real 

amplitude which is accounted for by a simple Born term. Elastic 

scatterings show a markedly imaginary amplitude which cannot be ex-

plained by any simple particle exchange. It is for this purpose that the 

ideas of Regge poles and complex angular momentum find their chief 

application. This model provides a way of accounting for the small 

momentum transfers and large imaginary parts in a manner which still 

retains links with exchanges of physical particles. 

11. 
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The idea is to write a partial wave expansion for the amplitude 

in the crossed channel, and then use a Sommerfeld-Watson transform to 

change the summation over discrete partial waves into a contour integral 

over a continuous angular momentum variable. Under certain conditions 

this integration can be dominated by angular momentum poles along the 

real axis, the Regge poles, and it is assumed that there exists an 

analytic continuation of this amplitude into the region of the direct 

channel. If this is so, then the high-energy behaviour in the direct 

channel is due to the low-lying Regge poles, 

The series of Regge poles of similar quantum numbers which 

occur along the real angular momentum axis is viewed not as a series of 

objects of differing mass and spin assignments, but as manifestations of 

a single entity moving in a fixed trajectory across the complex angular 

momentum plane. 

The vacuum exchange mechanism referred to previously is 

found to be due to two trajectories, the lowest poles of which are identi-

Lied with the two isosinglet 2+ mesons with positive G-parity, the f° 

(1250) and the f° (1520). Besides these trajectories, elastic scattering 

is found to possess finer details which demand for more Regge poles5). 

These are capable of contributing to other types of scattering process 

and may indeed under certain conditions mask the peripheral particle 
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exchanges, in just the same way that Regge pole terms dominate over the 

peripheralism in elastic scattering. 

The Regge amplitude can be likened in some ways to the result-

ant effect of a sum of single particle exchange modes, the different 

particles being just the Regge recurrences. 

The Regge pole model suffers from the same two diseases as 

does the peripheral model, namely incorrect unitarization and an imprecise 

knowledge of the internal vertex functions. This is a far greater drawback 

for the Regge pole case than for the peripheral case since the coupling of 

a Regge trajectory to physical particles is much harder to calculate than 

the coupling of, say, three particles together. Thus to a certain extent, 

toda-;,--s Regge pole model is in precisely the same stage of development 

as the peripheral model in the days of Ferrari and Selleri, since all that 

can be done is for empirical form factors to be introduced to make up for 

the models s deficiencies. These form factors appear nevertheless quite 

simple6), and a great deal of prediction is possible. 

The main achievement of group theory in this context is that 

the form of the three-point vertex functions so necessary for peripheral 

calculations can now be written down, and in the case of the higher 

symmetries, can be explicitly compared. For instance a knowledge of 

SU(3} and charge conjugation is sufficient to enable the invariant couplings 
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of a vector meson to two useudoscalar mesons or three vector mesons 

together to be written7), but only considerations of higher symmetries 

such as U(6, 6) or SL(6, C) can provide the relative magnitudes of these 

couplings8). The trouble with these invariant couplings is that they are 

only approximate, and to obtain realistic results, one has to take into 

account the 'symmetry breaking', but even the approximate, invariant 

couplings are more desirable than an empirical form factor. So far, 

very little work has been done on the Regge vertoices using particle 

symmetries. 

The effects of unitarity are far-reaching and often very subtle. 

Take the case of ordinary elastic scattering. As the incident energy is 

increased, then more and more inelastic channels open up and, in 

optical language, the target particle becomes ;blacker'. It is well-known 

that the diffraction pattern of an opaque object in the path of a beam ex-

hibits an intense maximum in the centre of the geometric shadow, and in 

the same way high energy elastic scattering displays a very pronounced 

forward peak. This peak is the working of unitarity rather than any 

small momentum transfer mechanism. Although unitarity causes most 

drastic effects in elastic scattering, it has implications in all types of 

scattering. For two-particle scattering, considerations of unitarity 

lead directly to the optical theorem, which relates the total cross-section 
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with the imaginary part of the forward elastic scattering amplitude : 

T0T  (s) = 470Ec T rri T s = o) 
where p is the magnitude of the initial 3-momentum, and Ec is the energy 

of each particle in the centre-of-mass frame. 

This expression is derived by introducing the discontinuity of 

the elastic scattering amplitude across the real energy axis. In a similar 

way a formula can be obtained which defines the imaginary part of any two-

particle scattering amplitude, but this will not be reducible to such a 

simple form as the optical theorem. This immediately shows up a vast 

deficiency in the simple peripheral model. The simplest peripheral 

amplitude, the Born term, is wholly real and so necessarily violates 

unitarity. It is the aim of the absorbtive peripheral model to remedy this 

deficiency by including an imaginary part to the amplitude deriving from 

elastic scatterings in the initial and final states9). This model lends 

itself to considerable intuitive appeal and has the further advantage that 

the absorbtive terms which correct for unitarity can be easily derived 

from experimental recruits on elastic scatterings. 

For the Regge model, which finds its application chiefly for 

elastic scatterings, the unitarity corrections involve the sum of all the 

inelastic channels. Such corrections are much more difficult to picture, 

and are practically impossible to calculate. 
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To summarize, it would seem that there exist two main 

mechanisms for high-energy scattering, the peripheral particle exchange 

model and the Regge pole model, and that under different circumstances 

different workings dominate. At present accelerator energies, it appears 

that elastic scatterings are dominated by Regge modes and at low energies 

inelastic processes have a tendency to show features of particle exchange, 

especially when the exchanges involve pions. At higher energies, all pro-

cesses give indications of Regge behaviour. This would indicate that the 

Regge model is the more realistic of the two, but unfortunately its precise 

nature is not as well-known as that of the peripheral model. 

The application of the ideas of group theory and absorption 

serve to put the peripheral model on a very elegant and acceptable basis 

which can give excellent results10). Their explicit use in the Regge 

theory is severely limited. 

b) 	Elastic Scattering 

The differential cross-section for two-particle elastic scatter-

ing is related to the effective squared matrix element by the relation 

(87c) -S I tvl I 
	

2 

The form of the differential cross-section has a certain correspondence 

with the normal Airy diffraction pattern consisting of an intense central 



maximum surrounded by concentric seconclz. ry maxima. In practice it is 

assumed that the central maximum overwhelms everything elsell) so that 

a suitable empirical form for the differential cross-section is 

---- 	! 

 

so that that the effective squared matrix element is given by 

1 M 1 	) ZV C177  i 0 s" 
whereda 0  is the magnitude of the forward scattering cross-section 

and t is the squared momentum transfer. The parameter 	describes 

the sharpness of the forward peak and for all known elastic scatterings 

is in the range 5 GeV2 to 10 GeV2. It should be emphasized that this 

usual•form is only an approximation to the correct Airy function. 

66 	Ci ì  I 3,-  2.3-, (&`17

where b  is the angular sub- tance. 

This intense forward peaking produced at high energies is a 

direct consequence of the impenetrability of the targets to the incident 

beam, the central maximum being due to diffraction. The impenetra-

bility of the target area is caused by the many inelastic channels open at 

these high energies. These channels, although producing other final 

states, cause complete absorption of the incident beam and can be 

thought of as offering a certain cross-section that is completely 

impenetrable. As more inelastic channels open up, as happens in general 
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with increasing beam eneigy, this effective impenetrable zone increases 

too. Analogy with physical optics shows that such an increase in cross-

section has negligible effect on the resultant diffraction pattern after the 

area has attained an optirn.um, size, namely an area sufficient to blot out 

the first fe,-;- Fresnel zones. This analogy appears to be good since it 

is found that the diffractive parameter has very little energy dependence. 

An intermediate step in the derivation of the optical theorem is 

the statement relating amplitudes : 

2 Im 7-00. 	— 	8+ 	P') T sr, 
Ca • 

2.. 

where Taa denotes the forward-scattering amplitude. At high energies 

the summation on the right-hand side involves many inelastic channels 

and may be considered as a summation over inelastic channels alone. 

If the entire forward elastic scattering amplitude derives from these in-

elastic channels, then it will be seen that the forward elastic amplitude 

is largely imaginary. This does not mean to say that the elastic 

amplitudes away from the forward direction are completely imaginary, 

although this is often assumed. These amplitudes can possess a signi-

ficant real part for two reasons; firstly that the unitarity equation only 

applies to the forward direction and secondly any direct elastic 

scatterings, whether inside the central diffraction maximum or not, 

will give a real term. 



Thus a first order empirical approximation for elastic 

scattering is to assume a purely imaginary matrix element 

dale,/ 

which serves satisfactorily for many purposes. But there are many un- 

desirable features, notably the absence of any information on do-I  
i 0 

the height of the diffraction peak, which must vary with energy. Also, 

by definition, this form is entirely unsuitable for describing elastic 

scatterings away from the forward direction. For this latter purpose 

the Regge pole model is eminently suitable. 

The Regge pole formalism fer meson-nucleon elastic scatter-

ing has been described by many authors12) and the significant feature is 

that the amplitude for no spin flip has energy dependence 2.(cos03t7 

where Q is the centre-of-mass scattering angle in the crossed, IV 3t. 

channel, and C.:(;are the continuous spin variables, the trajectories. At 

high energy, this scattering angle is related to the Mandelstam quantity 

s by 

Z. 

2 kk cosOz,t 	 6 

where k k are the initial and final centre-of-mass momenta. Note that 

in the physical region for the direct channel, 03tis necessarily complex 

and CO:3631:tends to become infinite. The spin flip amplitude has energy 

2( COS 0.5% \(11(;-  I  dependence 	 Since the trajectories are functions of 
. ///  

19. 
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momentum transfer alone, then this Regge form for the amplitude can be 

directly tested without prior knowledge of the actual trajectories by 

examining the s-dependence of the amplitude for fixed momentum transfer, 

t. Ha single trajectory is present, then this s-dependence should 

exhibit tshrinkingl, 1. e. the amplitude for a certain fixed momentum 

transfer should decrease with increasing energy. This behaviour need 

not necessarily carry through when many trajectories are present. 

It would appear that the Regge pole model gives a satisfactory 

picture of the s-dependence of elastic scattering for fixed t. What of 

the t-dependence for fixed s ? Experimentally this consists of the in-

tense central diffraction maximum surrounded by residual wide angle 

scatterings. Although the Regge model gives a central maximum, it is 

not distinct enough to correspond with the observed one, which is not 

really- irarprising since it has been demonstrated how this central 

maximum owes its existence to the number of intermediate states, 

whereas the Regge model neglects these effects altogether. In practice, 

this difficulty is surmounted by assigning to each Regge amplitude a 

form-factor AeSt in the same way as the forward scattering is para-

metrized by the amplitude shown in equation 5. 

Thus the Regge-pole model with form-factor corrections 

presents the most satisfactory and complete picture of high-energy 

elastic scattering. 
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c) 	Charge-Exchange Scattering 

Since charge exchange is a somewhat cumbersome process to 

talk about in completely general terms it will be expedient to consider 

here the representative process A- -ID 4 e n . Both the peripheral 

exchange13) and the Reggo pole models14) are capable of prediction, and 

so this instance provides an instructive borderline case. 

The reaction must proceed through three distinct channels. 

Firstly via the channel containing one intermediate s-channel bound state 

or resonance, secondly via the exchange of a p-meson-like entity 

carrying one unit of isospin, and thirdly via fermion exchange. 

Fig. I 	Mechanischar 2,079xchaRge ocattering 

Barger and Cline have shown how N and N 4' like entities 

exist up to masses of 3.2 GeV J5), so the process shown in Fig. 1(a) must 

be important below, nA.y, 8 GeV incident pion lab. momentum. The high-

energy behaviour can be credited to the two exchange processes shown 

in Figs. 1(b) and 1(o).; r it generally assumed that meson exchange in 

the t-channel is responsible for the forward scat ring hemisphere, 

whereas baryon exchange in the ix-channel is responsible for the backward 
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scattering hemisphere, so that a unique matrix element can be written 

down. 

Although charge exchange is an inelastic process, it consti-

tutes only one of the many inelastic channels open at high energy and so 

from the point of view of charge exchange scattering, the target 

particle appears relatively !black% This causes the low partial waves 

to form an intense forward diffraction peak, just as in the case of 

elastic scattering except that this forward peak is now inelastic. Ar7  

Rogge pole calculation must then include drastic unitarity factors in 

order to describe this peaking. 

It will be seen that the forward peaking arises as a result of 

all the possible inelastic channels, so an exact unitarity calculation 

will be extremely difficult to perform. But it has been shown before 

how a major part of the forward elastic scattering amplitude owes its 

existence to precisely this same optical effect. It was the idea of the 

complete absorption model to take account of the sum of the inelastic 

channels by introducing initial and final state interactions consisting of 

forward elastic scattering with no helicity changes. This simplifies 

the calculation enormously. 

Apart from this question of unitarity, the difference between 

the two theoretical approaches is the specific form of the unit of isospin 

;7. 
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exchanged. The absorption model uses an off-mass shell p -meson 

having unique spin one whereas the Regge model uses a -trajectory 

whose effective mass and effective spin are indeterminate. Although the 

form of the Regge amplitude is not known as accurately as the particle 

exchange amplitude, it is of a more general nature and as such could 

incorporate the features of the particle amplitude. The Regge model 

introduces into the calculation the effects of the recurrences of the 

)-meson, and the question to be decided is to what extent these 

recurrences are important compared with the p-meson pole. The answer 

must presumably be energy dependent. It is worthy of note that the ab-

sorption calculation for charge exchange scattering mediated by -mesons 

demands the introduction of further modifications to obtain agreement 

with experiment, notably the introduction of a complex mass term for the 

exchanged meson. The Regge model needs no such further modifications 

although the predictions of this model for polarizations are far from 

satisfactory and it has been suggested16) that the introduction of an extra 

Regge trajectory is required to get the polarizations right. 

Production Processes with Two Final Particles 

For a long while two-particle production processes have been 

the particular forte of absorption model workers. A great number of 
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calculations have been madel7) and in several cases striking nErcr,-.rrIP-It 

with experimental data ha a ba.p.n a.chicvt.z.d. Tho Mai ity of these 

instances involve the one-pion-exchange mechanism and the predictions 

of calculations involving other exchange modes are on the whole less im-

pre s sive. 

The philosophy of peripheralism states that high energy 

scattering processes are mediated by the exchange of the lightest 

particles, that the production amplitude is dominated by the particle 

poles closest to the physical region. This philosophy is certainly very 

attractive and for a long time there was never any cause to doubt its 

validity as analysis of actual data always confirmed the presence of 

single pion exchanges. It was then discovered that certain reactions, 

which on a peripheral assumption should proceed via pion exchange, 

displayed the characteristics of a strong vector meson exchange model8). 

For the reaction Kp--1<c,) at 3 GeV, an analysis of ,:ho :imp:). decay 

products of the K* seems to indicate vector meson exchange, which is 

confirmed by examination of the spin density matrix. Furthermore 

this vector meson mode becomes more dominant as the energy is in-

creased, This is in complete contradication to the peripheral assump-

tion, which would assert that as the energy is increased and the 

momentum transfers become correspondingly smaller, the contribution 
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of the pion pole toward the total amplitude becomes even more significant. 

At very high energies, there is then no alternative but to re - 

course to the Regge pole model and the Regge trajectories themselves, 

being entirely phenomenological, take the anti-peripheral behaviour into 

account. But the model, being of such an empirical nature, can offer no 

explanations for the breakdown of the peripheral assertions. 

From the point of view of the Regge model, the cbminance of 

pion exchange for medium energy processes has been a constant source 

of embarrassment. A general form for one Regge pole amplitude is 

7  nxpr-Or(0(, -6-  pi.(0 	t.- 	) e ( COS zt)C4  
361 7C(tx - (5-,;  

where 0e;  is the Regge trajectory, G.; the signature, 63tthe crossed 

channel centre-of-mass scattering angle and 8. the vertex function 

which is supposed to contain the Regge pole residue, al?. rcnornializa-

tions and a unitarity correction. If this vertex function is of the same 

order of magnitude for all trajectories, then the dominant trajectory 

will be that one which contributes most to the angular dependence 

(.05639')(:- It is presumed that for medium energies the pion 

'trajectory' although having a small effective spin 0(i.has an outlandish- 

ly large residue 	which combined with the effect of its abnormally 
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low massi causes it to dominate other unit isospin trajectories. But at 

high energies this premise is no -longer true and the dominance reverts 

to the 	-trajectory. 

It would appear that dominance of a pion pole, or any other pole 

for that matter, must not be presupposed too rashly. On the other hand if 

the experimental evidence favours a pion pole, then a neat and often very 

accurate calculation can be carried out. 

Finally this is a convenient point to examine the formalism of 

unitarity for two-particle scattering. This is normally carried out using 

the usual transition matrix, T, and the real reaction matrix, the 

K-matrix19). The two are linked by an expression 

T= K 	)6p 
	 0 

where f) is a density of states factor. The matrix elements depend both 

on momentum p, spin s and channel, CX , so that a typical 2-particle 

matrix element has the form <r), 5 t  P J S. ki 1 T I pmsw, 
For this reason most authors follow Dalitz20)  and define new quantities 

(P) V2" T (/r- ) 

(7rp):l2  K (Tie) '/2-- 
which are related by an expression 

9 



which (neglecting spin) has the advantage of involving only channi.1 

labels. The expression becomes 

27. 

10 

The first term is the usual Borr amplitude and the second term incLuling 

summation over all channels represent:3 the unitarity correction. F or 

elastic scattering the expression reduces to 

V 
exlv( 	1.• api 

'11 
This clearly shows the fallacy in assuming a completely imaginary 

amplitude for elastic scattering. Apart from. the Born term, the uni-

tarity correction itself contributes a significant real part to the total 

amplitude. 

It should be emphasized at this juncture that th.e summation 

over states theoretically includes those channels which are closed, in 

the sense that their thresholds have yet to be attained, It is well known 

that channels just below threshold have serious effects on total ampli-

tudes21), although channels with. distant threshold vaic.os can bq safely 

ignored. The series expansion for the T -matrix is : 

-F-04'A = 4A, -(K,Vip- 	K,6Kwv,Ei  
where summation over repeated indeces is implied. It is the idea of 

the absorption model to approximate this by 

+ 
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In this way the effects of unitarily are allowed for by assuming initial 

and final state interactions consisting of linitarized elastic scatterings, 

with no helicity changes. The absorption approximateion involves 

truncation over only one set of intermediate states, and the elastic cor-

rection factors contain the combined effects of many complete sets of 

intermediate states. 

Such an absorption calculation is in principle simple and 

elegant. The approach fails altogether for the Reggc model for two 

reasons. Firstly that the Regge model is often used to calculate elastic 

scatterings, and secondly that the real K -amplitude cannot be identified 

with the complex Regge pole amplitude, 

e) 	Multi-Particle Production Processes 

It is with multi-particle production processes at high-energy 

to which the remainder of thic thesis is concerned, and in particular 

with three-particle final states. Consider the process a b -- 1+2.-F 3 



a) b) 

29. 

If it is assumed that the interaction is dominated by pole terms, this 

enables the apparent five-point vertex to be reduced to two smaller 

verteces in one of the two ways shown in Fig.2. The lines 

Fig. 2 Pole diagrams for single -particle production  

have not been explicitly labelled for in some cases each diagram can 

be meaningfully labelled in several ways. One can proceed in the same 

may to attack the four-point verteces, to obtain 

	> 

c.) ( 	  K••-, 	d) 
> 	> . Fig.3 Pole diagrams involving only three-point functions 

the set of 'irreducible' diagrams shown in Fig.3. Diagrams 3a and 

3b can both be considered as deriving from Diagram 2a, and diagrams 

3c and 3d evolve from 2b. Thus although 3a and 3d appear to be the 

same, they are capable of having different pole terms. 

The usual high energy philosophy argues that at high energy 

one is remote from any s -channel poles, whereas the momentum 

transfer variable tends to approach zero from below, and the momentum 



30. 

transfer dependence conmcpently become s increasingly dominated by 

poles in the t-channel. For this reason, diagram 3b is usually spoken 

of as the 'high-energy diagram's, 3a and 3d as medium-energy diagrams 

and 3c as the low-energy diagram22). Before carrying out any 

calculation, it is important to know precisely the form of the pole 

d.ominances, for instance in a Regge picture to include all the relevant 

trajectories, and for particle exchange to include the correct Propor-

tions of pseudoscalar and vector meson exchanges. 

If at any time a precise knowledge, however empirical, of a 

four-point function is obtained, i:hen it is possible to evaluate matrix 

elements directly for the Figo2 diagrams, without having to resort to 

the irreducible diagrams. This approach will be illustrated in some 

detail later. It is sone times possible to perform the reverse process, 

and starting from the experimental results one can infer a great deal 

about four-point functions which are otherwise inacce 3 sible. For in- 

stance the single pion production process -AD —) 71 p 	is often 

used to obtain an amplitude for pion-pion scattering23) which is an 

extremely difficult experiment to perform using present-day methods. 

This reaction class of multi-particle final states also covers 

the diffraction dissociation processes, the e:dstence of which was first 

pointed out by Goor.i. and. liraliccr23a),, Tho idea is that (Tr-di-nary 



diffraction scattering should exhibit in the final state traces of the 

'dressing' of the participating particles in the same way as the 

diffraction pattc.Irn of a beam of unpolarized light exhibits a sep-trate 

pattern for each distinct polarization state. These reactions, which 

appear distinctly inelastic might be lumped together with truly 

elastic diffraction scattering for the purposes of unitarity. This is 

urzommonly hard to achieve, and for most purposes now diffraction 

processes are viewed as distinct inelastic modes. 

31* 



PART 2 

a) 	Notation and Kinematics 

This section gives a summary of the notation scheme for the 

reaction a + b 	1 + 2 + 3 and goes on to define all the angles and 

kinematical quantities needed in order to calculate differential cross- 

sections. This is all standard stuff which draws heavily on the work of 

Wick24) and Razmi25). 

The two initial particles will be called a and b, and the three 

final ones 1, 2 and 3. The momenta of the particles will be denoted by 

a letter p with an appropriate suffix label, and the helicities in a 

similar way by . The process has five linearly independent 

kinematical invariants. The set to be employed is 

= 	+ 
,2_ 

523 	( P2. + p3) 16 

= 	Pb)
2-  

- 
Thus s always denotes a centre-of-mass energy-squared invariant and 

t always a squared momentum transfer invariant. From time to time, 

it will be convenient to use quantities other than those listed above, but 

which are defined in a similar way. They will be linearly related to the 

set 16 : 
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The various energies and three-momenta of the particles can then be 

expressed in terms of the fundamental set 16. To do this, it is 

convenient to define a quantity 

(a1-4- bz  c2--- 2ab 2b --2  ca- 
V?  

In the overall centre-of-mass frame, that in which. p 	= 0 ---4. -b 
the energies, Lo, and three-momentum magnitudes, q, are : 

(2 	 ) 	, 	r ) '523) 

(2 j7c ) I 	5ckb m?, 531) 

) (3c„b i  vy)L 5,0 
(2,15=z) 5a,, + 

(.12  \I -Seth ) (sub 	Pribz 	W)4) 
•••••••..••••••• 	I 

1 
= (2 ,,s17:b ) 	+ m 

(tskb 	17).2. 

('Sob + m32-  - 

k c..13 , MO ) 	b 



To specify the angular dependences to be outlined shortly, 

34. 

the energies and momenta measured in the frame where 0, 

the 0-frame, must be known. These are : 

( 2 \F":2) 1  ...> ( 5  12- r'̀ ?  b t - t el) J 	

2- 

q j  1 
--'- Ls1.2. --  (mi +  len 2- 

( .2 j5 i2-) 	f, (sr.:6 ) 7)13 '5/2) 

r: (2 Ig74) 	(,Stz.  vnex3b 

(2T)-;..  )-1 (5?2 t rri b 	t3t3 

(2 	I ( 	-fr WI; 

4510 (512.  f 

There are three angles which must be known in order to com-

pute cross-sections, and a fourth angle which will be needed later. This 

(2,1K1) )1(5! Inc .... ) 	) 

2. I 
y  I//2_ .  

2. 19 

2.) 

= 	I  ( 12_ 	2..2" 

rY) ) 

in the centre-of-mass of last quantity is the polar scattering angle 

the three-particle final state and is given by 

COS (.:1) 	 rn -- 	r-n 
2q, 	 z 

•
•a • 3 

2.140.0z) 
	

20 



35. 

The other three angles are ex  and ()3  , which are the 

scattering angles for particle 3 in the Q-frame, and X, 	 can be , 2.   

considered as the mutual scattering angle cf. particles 1 and 3 in the 

overall centre-of-mass framer  They are defined by 

( 
CO 	03 	-1

1  7\  77.0 	- t 
2

-1-  ro3  -I-- 2.142 63,3(1'( 21 

CO5 Y. 

X,C0S0 e , 3 

q 	 2-  
1-  S27, 5c03 11122-  2-Q1) 22 

2_. 	n  
+ 1.05 A2CO3 e3 	(-E,bt rt}b+ 11-1 —i-ILL6,41) 

'13 

The differential cross-section for the reaction 

a+ b 	1 + 2 + 3 is 

Y  
5T 

IZP. 	1 3  	3  

(2A) 	

ei C 	(ail  , T (-1) 	 2,4, 2. Lo2  2A3  cl _ 
	

F 
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—/ where F denotes the incident flux, :4-DeAt.,9/0 ,, and ZIT/ arepresents 

the squared matrix element for the process summed over final spin 

states and averaged over initial spin states. 

Transforming to angular variables and integrating trivially 

over 	the overall orientation, 

C4N 	2_ 
A %*-- 	 t J..- A 

71 /1 11' 	";:r4 1-71  4_1 ci (050A)de diz d (cos e 13  3 /I 	CI, 4%12.4Sqb 0.• 

(.4s, 	 j6' 1.;; ;;„bcecrt 	:5311(,--6 	(:.05 	) 

x 

 a 	 3 	2.
Stri •3 

dscp 	7 cl (os G3) 
3 
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so that the final expression for the cross-section becomes 

TI IT  2- 
‘51.2. (270# s0.613,,cocticosinxisir, 	bdt30, 

FA.. 	.e 	3 	3 

It is this formula which wilt be used to calculate the differential cross-- 

sections 	, these being the effective squared-mass spectra for 

two-particle subsystems in the three-particle final states. 

b) 	Possible Kinematical Enhancements in Three-Particle 
Final States  

It is in the mass-spectra of many-particle final states that 

the various resonances of the elementary particles are seen. Those 

spectra are very rich in detail and the study of their fine-structure is 

often a controversial matter with experimentalists, In order to study 

these finer details more carefully it is usually necessary to subtract 

out those parts of the spectrum which are dominant overall, for 

instance the p -meson will dominate the mass- spectrum of a two-pion 

final state and must be removed by a selection of the kinematics for 

the various events comprising the spectrum. As more resonances are 

identified and then removed successively, the remaining spectrum ap. 

proaches that of the 'background' process, that is the process in which 

the particles seen in the final state are formed directly, without any 

36. 
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s-channel resonance being produced which would subsequently decay. 

In view of the number of lesser enhancements seen in the 

different two-particle subsystems of a three-particle final state, it was 

suggested that some of these effects might be produced merely by the 

kinematics of the processes concerned26), rather than by a genuine 

production mechanism. That is to say that these enhancements could 

be merely groupings round a particular effective mass value brought 

about by kinematical effects which could superficially show up like 

particle resonances. 

The idea was first applied to the OTC sub- system in the 

reaction 7fp-> pp27). The existence of the A2  (1324) resonance was 

generally accepted but it was hoped that the lower enhancement at 

1080 MeV, called by some the Al meson28)
, could be explained away 

on this new basis. The mechanism is shown by the two diagrams in 

Fig. 4. The dark blobs denote elastic diffraction scatterings on the 

proton, which participates in the process merely as a ispectatorl 

particle, one which reacts only kinematically and takes no dynamical 

role at all. 
Jr 

In both instances shown it should be expected 

    

    

71 
P 	 p  	 P 

Fig. 4 Some Kinematical  Diagrams for xcp--)P7TP 



that the pr effective mass will show an enhancement at the lower end of 

the spectrum. 

If the incident pion lab. energy is T, then the corresponding 

centre-of-mass incident energy is 

=- 44b = 	LorvIrtrrip)2- 	 28 

The minimum effective mass is simply rn 	, and the maximum is 

The problem now is to determine whether the effects of these 

processes can be responsible for pseudo-resonance behaviour. It was 

the claim of the earliest calculations27) 
that this in fact was the case. 

These calculations were however very crude, involving many approxi-

mations in the kinematics, which is perhaps undesirable in the 

calculation of an effect which is supposed to be kinematical in origin. 

And in addition to this fairly superficial objection it might be argued 

that if these diagrams, which are perhaps the simplest which can be 

attributed to this specific production process, themselves give rise to 

mass-spectrum enhancements, to what diagram or diagrams belongs 

the remaining *background* spectrum. That is unless the background 

spectrum itself contains an intrinsic enhancement from which it cannot 

be disassociated. 



ference terms. Again the blobs show where 

1b 
	 Z. b 

(b 
C., 3 .3 

396 

Furthermore it could be presumed that this behaviour could 

be now exhibited in all production processes a + b 	1 + 2 + 3 which 

contain a 'spectator: particle, which can participate in the reaction 

merely as a target for elastic diffraction scattering. To this end the 

next section presents a comprehensive survey of the effects of 

diffraction scattering in the reaction type a + b --> 1 + 2 + 3. 

c) 	The Role of Diffraction Scattering in Production Processes  

This section shall deal exclusively with the reaction 

a + b --> 1 + 2 + 3 which contains one spectator particle. There are 

three important examples of this type, namely 

7rp ---> Q7c p 
Kp _'7cp 
'ITS 	p 

These reactions will be considered in turn in some detail, and there 

are further examples, e. g. Irp+0)1) , which will not be touched upon 

here, but are governed by the same general principles. 

The effect of diffraction scattering in these processes is 

due to the three diagrams shown in Fig. 5, together with their inter- 

Fig. 5 Diffraction Scattering in Production Processes  
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the diffraction scattering takes place and the quantities x, y, z repre-

sent the four-momenta of the propagated particles. To correspond to 

the reaction irp ()Tr) 	the identification needed is 

b E.- ) I 
) 3 

For Kp--Yi*Fp , the corresponding identification is 

--2110 )  baK, I 	K*, 2 	p 	and finally for 

TCP 	jrirP ,ct- 1:77,ba  

In these diagrams the diffraction vertex will be described by 

an imaginary function moose squared modulus is that of equation 3. 

This was the form of the matrix element for 2-particle on-

shell diffraction, and it is being tacitly assumed that the 4-point vertex 

function describing off-shell scattering is of precisely the same form. 

The matrix element for each diagram will be constructed 

from three factors, the imaginary four-point elastic scattering vertex 

function, a real propagator term and an inelastic three-point vertex 

function. This vertex will be the same for each diagram, and so the 

matrix elements for each diagram will have the same phase, giving a 

maximum possible total effect. 

Since each matrix element contains an empirical four-point 

vertex function, it is not possible to construct the matrix element and 
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perform spin summations in strict accordance with the Feynman rules. 

All that can be done is for a squared matrix element, summed and 

averaged over the appropriate spin states, to be written in a semi-

phenomenological way, in a form dictated by the Feynman techniques. 

These squared matrix elements are respectively for the three diagrams: 

Z Te4 ) = Ill  E: 2 	 jvi 1 2- 
;.)2.1 	23, 1 

2 21 17-b1.--: 5-1  E bba I I iv)  
(,)/ 	)2-  1 " )3 1 29 

T 	; 	 Tr  12 ;-•- 	bi2..1
2 
 (zz' ritY- I11"1 

The summation signs denote a summation over final spin states and an 

average over initial ones. Ebiz  is the common inelastic three-point 

vertex function and the Ms are the various elastic form factors. Thus 

the total effective squared matrix element for the process is 

ZIT!' 	rn_,12-1-zi —r,12-÷ • 

+ 2Ti2,17a1227iFt42-1 +2T[D -rcLIzzi -r-c.12] 30 

4- • • • 

. +2,1 [21"rd-217,12j . 



d). 	Some Explicit Examples  
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Consider first the reaction J<p --> K* 747:,  As mentioned 

before, the diagrams for this process are obtained from the general ones 

in Fig. 5 by the identification 

a  Fz p , 	! = K ) 2 a-- , 3 a--  p 

For the first diagram, in which the kaon goes into a K* and 

an off- shell pion, the three-point vertex is 

2_ / 	 P2.9 	31 
'it L-b12--11  =48K*KR(  P: +.) (13  fx) [1.- q 4_ 

) 	 •-•' 	I  
K4  

2 
The squared coupling constant 3x*KK will contain a Clebsch- 

Gordan coefficient characterizing the precise charge mode being 

calculated. This vertex function reduces to 

E 6'12. 1 2--  
_ 1 f e 	.4, 

	

,....00-v -A- r .2 2-1 	32 
2_ 	 f X —(1n -1-rn

K  t
tii 2.--- (rnK — IT1

K3 
) ; 

4 hei * L 	4 	 i 

In the the second diagram, the kaon goes into a pion and an off-shell K* 

7./A.Yv 15 	f 
2.1 	E biz i 	ci (P2  +. PI,V P2  ÷ P 	I -8)A 

4 1 "-t.  r 2.-- (rei v  tYl )2 	(rn,- min y L 
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Finally for the third diagram, 

r- 	2. 1 2 	 Plitt Pty  
t Lai 	1.(it Kr, V +  P2..,,(z-1--P2.)1, JJ 	rni- 

2_ 
.Z: 	< 	z 	 \ 	36 
	LZ. (MO( 	 (m,<* — ozi 
4 )r12.:( 

Many experiments have been carried out for both Fp and Kp 

elastic scattering at various energies, and the necessary parameters 

All to  and A are well established, so there is no difficulty in 

writing the elastic form factors for these diagrams. Data for K. p 

elastic scattering is almost impossible to obtain, so in the absence of 

such data the only thing left to do is to assume these parameters to be 

the same as those for the Kp case. But as would be expected from 

a pole calculation, the diagram with the pion pole dominates completely 

over the diagram with the K* - meson pole with the result that the 

second diagram can be neglected in the actual calculation. Whether 

this in fact is realistic is another matter completely, since at very 

high energies the Regge recurrences of the K* pole may cause signifi-

cant effects. 

The effective squared matrix elements for the two important 

diagrams are then - 

43. 
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The elastic parameters, especially 

 

energy dependent, but the variation over 	23 will be ignored and 

Sat)  is of course held fixed for each particular experiment. 

Fig. 6 shows the results of a calculation for an incident K-

particle laboratory momentum of 6 GeV. The histogram shows the 

experimental results for the effective squared mass of the K* 7; sub-

system of the final state and is due to a collaboration between the 

Birmingham, Glasgow, Imperial College London, Munich,tad-  ord and 

and Rutherford Laboratory experimental groups2  9). The solid curve 

shows the prediction of the two (really three) diagrams assuming maxi-

mum interference. The dashed curve shows the contribution due to the 

first diagram containing one-pion-exchange. The discussion of these 

c 
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results and their implications is postponed until the next section. Fig. 

7 shows the corresponding results for 10 GeV K-particle laboratory 

momentum. Here the experimental histogram is due to the Aachen, 

Berlin, CERN, Imperial College London, Vienna collaboration30). 

	

The next reaction to be considered is that of Yip 	c)  

1s.-_e )  2_ :11 ) .3 -...-sp 

The analysis of this reaction is very similar to the previous one since 

in both cases the inelastic three-point vertex involves a vector meson 

and two pseudoscalar mesons. 

1-412-=• .92"  X 	1 27-  (rn-fi t rne)2jEX 2  Z1 	 -(rn7t- me)] 	- 
+Olt 1- 

2.. X1 s 
2 

CAS  
3 	

da 
(x2-- mt1)2̀  (" 	Cla. to TrpL-- 	and 

2 I Tc12 = 3;A7 	 132-  ("V"1-02][Z2- (Me- nri3V)1  4 m2-  

1 	z  dcr t liP  IA_ 
(zt- mity- (330 So-b ,rn I  38 

Fig. 8 shows the resulting of[ mass distribution for 8 GeV pion lab. 

momentum compared with the experimental statistics31)  . Again the 

solid curve corresponds to maximum interference between diagrams 

and the dotted curve is the contribution of one-pion-exchange alone. 
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The final calculation is for 71p Rip at 8 GeV pion 

laboratory momentum 32). 

a= It 1  b p p) 
Again for a pole calculation the contribution of the second diagram 

containing nucleon exchange can be neglected i31 comparison with a 

one-pion-exchange diagram. The effective squared matrix elements 

turn out to be 

 

e)tl"r 5z,047r  (8)9223 	ix- 2 	m 202- 
1 

2. 	Chr 	,))-14')3c hINNtirt  (%.K) Sab 

and 
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There are several points about this calculation. Firstly 

it might appear strange that one diagram containing a nucleon pole 

is insignificant whereas another (the third) contributes significantly. 

This is because the nucleon poles z.re in the t- and s-channel modes, 

respectively, and at medium energies the s-channel pole still has a 

sizeable effect on the overall matrix element. 

Secondly there occurs a difficulty with the parametriza-

tions for pion-pion scattering. Such an experiment is almost 

impossible to perform using present-day techniques, with the result 

that no numerical values are at hand for the two elastic scattering 

49. 
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parameters. But for all the elastic scattering data available so far, 

the exponential parameter A is always in the range 6 - 10 GeV, and 

it would seem reasonable to suppose that the corresponding parameter 

for pion-pion scattering is also of this magnitude. The actual 

numerical value assigned is of no great consequence, the amplitude 

not being very sensitive to this exponential factor anyway. The other 

parameter, namely the scale parameter CiG7  dal  is an entirely 

different proposition. For the moment this quantity will be left as a 

free parameter which will be determined by the requirement that the 

contribution of the first diagram shall be of the same order of magni-

tude, but nevertheless greater than, the contribution of the third 

diagram. Obviously this is not an accurate procedure, but is never-

theless sufficient to determine the relative orders of magnitude of the 

pion-pion and pion-nucleon forward elastic scattering cross- sections. 

Actual calculation shows that in order to get a sensible 

comparison between the two major contributing diagrams for this 

process, the pion-pion forward elastic scattering differential cross-

section r/ d n 	o must be depressed by a factor of ten compared 

with the experimentally determined quantity from pion-nucleon 

scattering. This is an interesting result which will be touched upon 

again in Part 3. Fig. 9 shows the results of the calculation for the 
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mass spectrum of the two pions in the reaction )(p 431)1p , for 

8 GeV pion laboratory energy. 

e). 	Discussion  

Consider again the general process shown in Fig. 5(a). Both 

the momentum transfer variables t lb and  t3a are necessarily small, 

with the result that particle 2 is of relatively low energy in the overall 

centre-of-mass frame. For this reason both the 12 and 23 subsystems 

will display a larger differential cross-section in the low-mass region. 

On the other hand the 13 subsystem will tend to have fairly high energy, 

so the mass-distribution should peak up towards the phase space limit. 

For Fig. 5(c), these peakings will still exist but will be less apparent, 

with the result that a combination of the two diagrams will shift any en-

hancement towards the centre of the mass distribution. 

The results of the one-pion exchange diagram calculations 

shown in Figs. 6, 7, 8, 9 display clearly the enhancement of the cross-

section in the low mass region, in a manner which could not be 

predicted by any statistical phase-space model. But these accumula-

tions are not distinct enough to be mistaken for resonances. Genuine 

resonances have a width less than a few hundred MeV whereas the 

widths of these calculated mass distributions extend over several GeV. 



The effects of maximal interference between possible contributing 

diagrams also show low-mass enhancements, but again these are much 

too broad ever to be mistaken for resonances. It has been assumed 

that the diagrams contribute exactly in phase, since each diagram has 

a purely imaginary contribution. This assumption could prove wrong, 

and violent phase changes between diagrams could conceivably give 

rise to a pseudo-resonance effect. Such violent changes seem unlike-

ly though, and all the evidence so far seems to indicate that a 

reasonably smooth mass-distribution will be obtained in each case. 

If the cross-sections corresponding to resonance production 

are deducted from the total cross-section for the particular process 

one obtains a quantity which represents the cross-section for direct 

particle production. This quantity will be frequently referred to 

from now on, and will be termed the *background! cross- section. 

The corresponding processes in which the final three particles are 

produced without any intermediate s- channel resonances or isobars 

occurring will be termed :background processes*. If the experiment-

ally observed enhancements are subtracted from the overall cross-

section, then the resulting mass distribution resemblos very closely 

in shape those calculated. It appears that virtual diffraction of an 

exchanged pion provides a quite satisfactory fit to the background 

539 
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spectrum, especially at higher energies. 

There are several other points which should be mentioned at 

this stage. The one diagram 5(c) containing the s-channel pole should 

be carefully examined before attributing its effect to the background 

spectrum, since although the pole is not itself of a resonant nature, it 

could be associated in some way with poles which are of a resonant 

nature. This is particularly true with nucleon poles and will be dis-

cussed again in Part 3. In these cases where 5(c) is not a valid 

diagram for the background spectrum, then 5(a) alone is the mechanism 

responsible for direct particle production. 

Another point is the fact that the amplitudes for resonance 

production and the background process interfere with each other, with 

the result that the apparent widths of the resonances as seen from the 

mass distributions are not the !true' widths of the resonances. This 

should be borne in mind when making simple Breit-Wigner fits to 

resonance production
33)

. 

These calculations serve to indicate the general nature of 

kinematical effects in single particle production, how they produce a 

smooth mass-distribution free of pseudo-resonance effects. At the 

same time this background mass spectrum is considerably different 
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from that which would be predicted by a statistical phase- space model. 

The final part of the thesis sets out to examine the details of this 

residual spectrum by more sophisticated means. 
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PART 3 

a) Introduction  

The investigations in Part 2 indicated the existence of a definite 

background spectrum for direct single particle production, but the tech-

niques employed were not sophisticated enough to predict the form of the 

background spectrum in detail. Hitherto the elastic scattering has been 

presumed to possess a purely imaginary vertex function, i.e. the elastic 

scattering mechanism has been assumed to proceed entirely through the 

diffraction process. This assumption is not correct. It has been shown 

that even on-shell elastic scattering possesses a significant real part 

which arises from direct scatterings. The imaginary part is due mainly 

to the effects of unitarity, but a direct elastic scattering could also 

conceivably possess an additional imaginary portion. 

The idea of this section is to write vertex functions for the 

elastic scattering in terms of the Regge pole formalism, and it is hoped 

that such a formulation will be able to produce a more complete picture 

of the background spectrum. It is this Regge pole picture which is nor-

mally used to describe the experimental results for two-particle 

elastic scatterings, rather than a simple diffraction picture. 

34) 
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The formalism for pion-nucleon scattering has been studied 

extensively12) and the differential cross-section is usually written in 

the rather asymmetrical form 

Here p is the pion laboratory momentum, k is the centre-of-mass 

momentum, Fit.„. is the non-flip amplitude and F+._ is the helicity 

flip amplitude. 

These helicity amplitudes are assumed to be dominated by a 

number of Regge poles. For pion-nucleon scattering at least three such 

poles are needed to fit the experimental data. One of these poles is the 

Pomeranchuk pole, P , which governs the asymptotic limit of the 

high-energy scattering, whilst the other two, namely a second vacuum 

pole 1)  and the e  pole of isospin one, are needed to provide the 

systematic variation of the amplitudes from the asymptotic limit and 

to account for the variation with charge mode. The contributions of 

each pole towards the different helicity amplitudes are normally written 
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where Oc and (5%. are the trajectories and signatures of the various 

Regge poles. C L  and 3) t.' are vertex functions which contain the 

residues of the poles and must also be amended for the effects of uni-

tarity. The quantity etzt  is the centre-of-mass scattering angle in the 

crossed channel, which becomes in general complex in the physical 

region for the direct scattering process. 

To obtain these expressions for the amplitudes, it is 

necessary to assume that the Leg.endre polynomials T.  (of , CO5 ezt  
arising from the angular momentum analysis in the crossed channel 

of 
behave like (Cds G 3 E  . This assumption is justified only when 
CO5 	00 

	

The general expression for C(S 	is35) 

z. 
0:+vnzi-rnat+rn3 111 4.

2_ 

	

) + 2,1- (s - 	ynm  

iTi1-(01,4-n9ift-(m_yrizIL_oy,3_1_,n,ylit—(m,in4)  3 
where the s-channel corresponds to 1 + 3 ---;) 2 + 4, and the t-channel 

to 1 + 2 	3 + 4. It is easy to show that CoS eat  tends to become 
rni  mi  , 

infinite for large s and small t only if m- = m4. That is, the nor- 

mal Regge asymptotic form holds good only for elastic scattering. For 

all other cases this asymptotic form is suspect. 

The vertex functions Ci and J  should be regarded at 

43 
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this stage as pure phenomenological form factors. Very little 

theoretical work has been done as yet on the residues of Regge poles, 

or on the unitarity corrections to Regge amplitudes, and certainly 

nothing is known about their combined effect. They are usually para-

metrized as 

cx;(0.120( 	i-11Exp (c, Le) 	44 

0<, 	exp 	Il 
	45 

Where 	= 0, the scalar nature of the exchange process rules out 

the possibility of spin-flip. This is the reason for the presence of the 

' factor in the 1' vertex function. Empirically it is found that 

a number of Regge trajectories pass through GC = 0 in the region of 

negative t, and unless something is done about it, these poles will 

contribute towards the amplitude in the normal way. It is generally 

assumed that the actual Regge poles must correspond to real physical 

particles, and for this reason those Regge poles which occur in the 

negative t region are undesirable. They are usually termed 'nonsense' 

or 'ghost' states and are removed by placing suitable zeros in the 

numerators of the expressions for the amplitudes,, 
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Ghost states will occur in general whenever trajectories with even 

signature pass througheven integers for negative t and when those 

with odd signature pass through op integers. In practice, the only 

ghost states which are troublesome are those arising when 0( = 0. 

The factors 0( .1/4.  serve just this purpose in the vertex functions for 

the non-flip amplitudes; they cancel the zero occurring in the 

denominator when CX becomes zero which would otherwise give 

rise to a pole term. Finally the exponential factors provide the in-

tense forward peaking brought about by unitarity. 

b) 	Formalism 

This section will deal with the general formulation of 

scattering amplitudes for single particle production involving part-

icles of arbitrary spin. The mechanism adopted will be that of the 

twin-exchange multiperipheral diagram shown in Fig. 10. Each of 

the exchanges will be assumed to arise from the resultant contribu-

tion of an arbitrary number of Regge poles. 

	 3 
Fig. 10 Twin-exchange diagram for single  

p article production  
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The objection might be raised that this diagram alone is not 

sufficient to account for the complete high-energy background spectrum, 

and that the diagrams involving s-channel poles should be included, 

(see Fig. 3), as was done in the investigations into diffraction scattering. 

This is a valid point, but it is hoped that by excluding those events in 

the experimental results which definitely correspond to resonance pro» 

duction, the effect of these s-channel poles will be minimized. There 

can still remain s-channel poles, notably the nucleon pole, which do 

not correspond to resonance production but have a large coupling 

strength. The nucleon pole is in reality the first manifestation of a 

moving Regge pole which is responsible for a whole series of nucleon-

type resonances15), so vestigial effects of this diagram remain even 

after resonance production events are selected out. Happily it turns 

out that the experimental data has a background spectrum which is 

dominated by the twin-exchange multiperipheral diagram. The 

residual contribution due to s-channel poles can be readily identified 

and is of minor importance. The mode of calculation is now 

sufficiently sophisticated for the contributions of the candidate dia-

grams to the background spectrum to exhibit markedly different 

behaviour. This was not possible with the diffraction calculations. 

The procedure for constructing the amplitude follows 
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. closely that due to Kibb1e22) and Raz=25)  . The Regge poles corres-

pond to physical particle poles in an annihilation process, so what is 

done in all Regge analyses is to first construct the amplitude for a 

'crossed' process which contains the correct annihilation mode, and 

then change variables to obtain the corresponding amplitude for the 

'direct,  or s-channel scattering process. Thus for example, pion» 

nucleon scattering at high-energy is assumed to be dominated by 

t-channel poles which are just those which occur in the s-channel for 

nucleon-antinucleon annihilation into two pions. So really the diagram 

which will be under consideration, at least initially, is that shown 

in Fig. 11, in which all poles occur in the direct channel. When deal-

ing with this crossed diagram, all quantities will be primed, to avoid 

confusion. Any unprimed quantity refers explicitly to the high»energy 

diagram in Fig. 10. The connexion between the particle 

Fig. 11 11 Low-energy Diagram for Angular Momentum 
Analysis  

labellings is : 
/ 	/ 7 

_ 
l 

1 1  3 
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where a bar denotes the relevant antiparticle. All the kinematical ex-

pressions listed at the start of Part 2 will still apply here, provided 

primed quantities are used consistently throughout. 

Before embarking on the angular momentum analysis in the 

in the usual Wick manner, it will be necessary to at least indicate the 

meanings of the various angles which arise. The angles are shown 

schematically in 

Fig.12 The Wick Triangle.  

Fig. 12, the famous Wick Triangle. The various angles fS j  are 

Wigner rotations induced by boosting particle j to the 2-particle 

centre-of-mass system L . 

There are three distinct ways of performing the angular 
•1 / 

momentum analysis corresponding to the couplings (12)3, (23)1 and 

(31)2 of the final state particles. For the coupling (23)1, 
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where A
/ 
 denotes helicity and V3 	helicity 	S denotes spin 

. / 
and rn its component, vi 	is the angular momentum of the (2/3/)- 

subsystem and Li is the total angular momentum. 
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There is a simplification which can be made at this stage which will 

eliminate the Wigner rotations 	• Eventually the squared modulus 

of the transition amplitude must be summed over spins. The 

summation over /13 and )12.(  involves a quantity 

, 	/ 7 
d
s3  N , \A 

 
. 	ha  / ) 7 ...rs2.  na 	S2_ 

/ 	̀    	13/T32p-we k --)32),-7-1 (-1  A').1' 1. r2.3 	Azi ))24: (P.2.13 ) A 	3 3 	3 5 	)1 	2  2- 

	

4 	 2. 

1).3 J); CS-1)2/1)7-/'  
Bearing in mind that this summation will be done at some time, the 

angular decomposition can be rewritten in a much simpler form. 

i  a2 	
s-1 	i(tYl -A01)5/i.14 	 7,  }x e. e 

Prt l 1) -.9  

At this point the Regge trajectories will be introduced. They will be 

denoted by JL:.•_- 	(Set/b 	and J 1L  = C*(Zt.' ( S23) , and their 

respective signatures by IT; and 151 . Using these quantifies 

define new amplitudes 

3  2- 
V V /  ) 2 
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[1-1-(—][i -fr(-1)*1—al-d[ N t 	 1 )X • 
—) 

X N(.3;n1),' >)( N 	nei N 	93/  1)2/.  )j 

/ 
'(`Gtb 	<>.25 	 At; 

where N 	=- L(j* ).1 ( 

Introduce some new d - functions defined like 

d,1(j)cos8) = N(j)rn) N(j)mi) d;),,,, (8) 
and employ these new functions to write the angular momentum decom-

position in contour integral form. 
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The contours CI  and Czenclose the region where the integrands are 
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analytic. Perform the integration and assume that the contributions 

from the poles along the real axes, the Regge poles, dominate over the 

remaining 'background integral!, in the usual way. 
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Here kj  contains the effective residues of the amplitudes r'rti 
at the various Regge poles NT , jsj . 	Finally an asymptotic 

form for the d - functions will be employed22), 36) 

52 

This will give a final asymptotic form for the crossed channel 

amplitudes. Several results have been anticipated in the derivation, 

• 



notably the discarding of the Wigner rotation terms. Also the asymp. 

totic form used is not valid for the physical region of the crossed 

channel amplitude, but only for the region where the cosines of 

scattering angles become large, which corresponds to the physical 

region for the direct channel. 

The problem now is to extract the amplitude for the direct 

process. For a two...particle scattering process this would involve a 

Fierz-type transformation scheme and a generalization of this approach 

to particle production processes would quickly become unwieldy.. One 

idea is to use the two-particle crossing relations established by True-

man and Wick
37) by compounding suitable particle states until the 

production process takes the form of a quasi-two-particle scattering38)  

c) 	Single Pion Production  

After this hefty chunk of abstruse formalism, this might be 

a convenient point to consider an explicit process which provides a 

great simplification to the mathematics but which is still of great 

practical importance. It is the process of single pion production in 

pion-nucleon collisions, RN frji 	. The crossed channel process 

which is then relevant for the angular momentum analysis is nucleon -. 

anti-nucleon annihilation into three pions, 1\11-\I 	ri 	The 
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identification with the general process shown in Fig. 10 is 

a 	N b Jt, 	, 2 1.7- 	) 3 	N 
CT.-parity forces the assignment of CT-parity plus to one propagator and 

Cr-parity minus to the other. In the crossed process, the Regge tra- 

jectories contributing towards the total angular momentum SI  turn 

out to be the G-minus ones, and the G.plus ones belong to the angular 

momentum )) . The candidate G-minus entities are the pion, and 

the three trajectories R, LA) and 	whilst those for positive G are 

the usual trio of Pomeranchuk, E 	second Pomeranchuk L and 

. 	Nucleon exchange processes are ruled out on the grounds that 

they are relatively unlikely, and such mechanisms would be immed-

iately recognizable by producing backward rather than forward 

production of the final state particles involved. 

The angular momentum j will be assumed to be dominated 

by a pion pole to the exclusion of the trajectories R, Gu and 	• 

Although such an assumption is suspect in the crossed channel, there 

can be no doubt about the dominance of single pion exchange in a large 

class of scattering processes in the medium energy range. It turns 

out eventually that the positive G.parity contributions are dominated 

completely by the two Pomeranchuk trajectories, 	and L. , the 
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e contribution being negligible. Since the R, 	andit traject-

ories enjoy a comparable position in the Regge hierarchy to the e , 

there is every reason to presume that their contribution too will be 

To return to the angular momentum analysis. 	For the 

crossed channel NN 4 3 , the expression 51 reduces to 

-r'------ e Lo‘-  )kg)I; 	 
ri ' 	d 	 2s in -1-1- 	- 

,- cos (N) JX I X Ed x.t _x,;,m; 	cos ()) 
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Writing in the pion strictly in Feynman form so that 0( 1 E= 0 gives 
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Finally use the asymptotic form 52 to obtain 

(se:to ,s25)  
2sirav 

. in(c<2: 6,2s3-licos-e3 )z,3 
\ 2 
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It has been anticipated here how a summation over spin states for 

unpolarized nucleons will eliminate the spin orientation factor 

e 	Aos5 	It is generally assumed that the residue 

term is factorizable into its component vertex parts, the so-called 

'factorization hypothesis'. This would mean that Aizi can be written 

@o (S  b,523). (3L (5:b)(3; (5A) 
where - describes the coupling of the nucleon-antinucleon pair 

to the pion, and ),i is now a form-factor for the pion-pion scattering 

within the diagram. p 'will be taken to be th3 normal pion-nucleon 

coupling constant, 
8

NIIK , so that the amplitude looks like 

.14NR- - 	N (s .3  
50./b mrt 	(az/ 	) J:61/2)1 I e7*°('-1 61,1.] (6°6  I(  T 	 1d  

2- 
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This is now effectively a single amplitude free from helicity labels, 

and it is a simple matter to write the amplitude for the direct channel. 



All that has to be done is to rewrite the amplitude in terms of the in-

variants for the s-channel mode. The explicit connexion between 

this set and the dashed set used for the crossed channel is : 

Dab a c,14L 	S 23  SE 6)3  Elsa  Sekb Clb Sz3  ) 

so that the actual form for the amplitude for the production process 

whichis computed is 

8Nwir 	(ttb) 	--LIT044-9) (Cos Eiri(i 
14A 	J 2sin11(Ds 	÷ 6  / /57 

This shows clearly how the amplitude essentially splits into two 

portions; one part for the pion-nucleon coupling and a second purely 

Regge-type term which refers to the internal pion-pion scattering. 

The factors 
kJ 

 are parametrized in the form shown in 

equation 44, but must be regarded as purely empirical at this stage. 

The exponential parameters C j show very little variation for in-

vestigations of two-particle scatterings5) and it might be hoped that 

similar parameters will be valid for this instance of pion-pion 

scattering. A similar assumption about the parametrization of 

analysis of single pion production described in Part 2. So the three 

parameters CO3 remain. These determine the absolute scale of 

72. 
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the contributions to the total amplitude from the various Rogge poles, 

and will be frequently referred to as tscale parameters% These 

scale parameters have been fixed for the verteces of I 	and 

trajectories in pion-nucleon scattering} and are of comparable 

magnitude. If this holds true for the case under consideration, then 

the final contribution of the 	pole is totally negligible. It seems 

highly unlikely that Coo  would be inordinately large just for this one 

case. So now just two parameters remain, namely Cop and Cop '. 

The ratio of these numbers gives the relative coupling strengths of 

the Pomeranchuk and second Pomeranchuk poles for this particular 

reaction. It would be very convenient to assume'that this ratio takes 

the same value here as for the case of pion-nucleon scattering, ,to 

leave just one free parameter which determines essentially the ab-

solute magnitude of the cross-sections. Using these arguments it 

is possible to ascertain the structure of the mass.distributions 

without any free parameters occurring in the calculation. The 

assumption that the ratio Cop /Cop / is fixed from pion-nucleon 

analysis is perhaps objectionable, but the calculations turn out to be 

pretty insensitive to this ratio anyway, the kinematics being the 

dominant factor. 

Fig. 13 shows the predicted form for the two-pion mass 



distribution for rip )tt)rp at 8 GeV compared with the experi-

mental statistics32). These statistics have been selected as those 

which correspond to the background process of direct pion producticin, 

all events corresponding to the resonance production in the final state 

having been removed. This selection is ready effected by considering 

the experimental Dalitz plot shown in Fig.14. The regions 1, 2, 3 

correspond to resonance 

riTo 
efiective. 
orm SS 

oTte Ffect i vP mass 

ittp 	Jr° p  

production in the f) IT t 7f ° and ton-  e two-particle sub-

systems respectively. The remaining region 4 in the centre of the 

Dalitz plot contains those events of genuine pion production, and the 

histogram in Fig. 13 shows how these events are not isotropically 

distributed over the available phase space. Thus any explanation of 

the background spectrum in terms of a statistical model is doomed. 

The calculated mass-spectrum does exhibit a marked asymmetry, 

being confined to the lower half of the theoretically available phase 

space and is effectively zero above 5 GeV 2. Such behaviour can 
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Fig. 14 Dalitz plot for  





76;, 

account for some 70% of the observed total cross.- section, but it is sig-

nificant that the maxima of the calculated and the observed mass-spectra 

coincide exactly near 3 GeV2. This suggests that this picture of the 

background mechanism is pretty accurate, the remaining 30% of the 

total cross-section being due to the vestigial effects of the s-channel 

resonance diagrams alluded to previously. Since these diagrams con-

tribute mainly to resonance production, it would be an extremely 

difficult job to try to calculate this remaining portion of the background. 

Imagine the incident pion and the target nucleon with its as-

sociated pion cloud sweeping toward each other in the overall centre-

of-mass frame. The idea of the model is that the incident pions 

undergo elastic scatterings with the virtual pions, which subsequently 

materialize as physical pions. The nucleons thus take a minor role 

in the scattering process, and can be considered merely as 

IspectatorT particles, so that many of the features of the final state 

are characteristic of pion-pion scattering. The position of the 

observed maximum in the two-pion mass spectrum corresponds to the 

centre-of-mass energy of 8 GeV pions incident on stationary pions 

in the laboratory, and the structure of the spectrum about this maxi-

mum value derives from the explicit momentum transfer dependence 

in the mechanism. Any population of the upper portion of the 



available two-pion spectrum would correspond to large momentum 

transfers away from the nucleon, the phase-space limit occurring when 

the final-state nucleons are actually stationary in the overall centre-of-

mass frame. 

On purely qualitative arguments, the model requires the 

final state 	mesons to have a tendency to be produced strongly 

in the forward direction, the nucleons in the backward direction and 

the go- mesons to be isotropic in the overall centre-of-mass frame. 

This is indeed found to be the case for the background spectrum39), 

and any it particles deriving from s-channel resonances show up 

clearly by having a pronounced production angle. 

Fig. 15 displays the background spectra corresponding to 

various incident pion laboratory momenta, and also the variation of 

the total cross-section for the background with momentum. This 

latter behaviour is of interest because it might be expected that the 

total elastic cross- section for pion-pion scattering would Vary in 

the same manner. 

Fig. 16 shows the results of calculations for the related 

charge mode fitp )rtivi-n 

being made at 8 GeV
31)

.  

, comparison with experiment 
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Finally it should be mentioned that calculations for these 

reactions have been carried out40) assuming that both t-channel poles 

are Regge poles, rather than writing one pole explicitly as a Feynman 

term. These calculations yield similar results to those presented 

here, but are perhaps not capable of an equally graphic visualization. 

They would correspond to extremely high energy interactions for 

which pion poles no longer dominate, and where tin incident pions 

interact directly with the nucleon. The produced pions then arise 

from the overlap of the wave functions of the target nucleons and the 

projectile mesons. 

d) 	Other Processes  

The reaction NN Jul 	was eminently suitable for ana-

lysis because it could be written in terms of just one amplitude, and 

so involve a minimum number of adjustable parameters. Other 

reactions will involve several helicity amplitudes, for instance, the 

	

process N 	which can be examined by making the corres- 

pondence 

N 	b 	N ) 	Si 	) 	7-11 I\1 • 

The angular momentum analysis 51 for the crossed channel NN -ter NN 1T 

becomes 



• p "mi/  
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2sinfi (0( 
or • 

810  

Assume again that the angular momentum 

Feynrnan pion. 

is represented by a 

( - z —"N 	 rnfe .2)/ 3) 

dog-).) +1) 

••• 	• 

nr (c<2i•—(3-2:1) 

(il,i/;-64S(3-)J ;J(s416/5)-1  

There are two amplitudes, . namely T/2. )1/.2., and VIA —1/2_ 
each of which possesses its own set of residues, 	 • 

Before dealing with so many free parameters, it might be instructive 

to neglect spin in order to determine the general features of the 

model. A complete treatment with spin can be considered as adding 

some additional fine structure to the scalar behaviour. So wiite a 



scalar amplitude : 
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In the direct channel the twin poles must necessarily be of 

opposing G-parities, but these parities are not fixed absolutely. In 

physical language this means that the liberated pion can emanate 

either from the target nucleon or the projectile nucleon, these being 

indistinguishable in the overall centre-of-mass frame. It must also 

be remembered when calculating a RN final state mass-spectrum 

that there are in fact two ITN sub-systems in the final state which 

are experimentally indistinguishable. This is taken into account by 

taking an average matrix element from the two diagrams shown in 

Fig. 17-and evaluating the resulting mass-spectrum from the ( 12 ) 

subsystem. These diagrams can be obtained from 

82 '0 
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each other simply by reversing the order of the particle labels so that 

there occurs an interchange of ,Siz  and .S2.3  , and also of 
361 

and 	i_7( b 

There now arises the problem of the free parameters in the 

N N vertex functions. The reaction 	 ° can have no contribu- 

tion from a 	-Regge pole, the elastic scattering being due entirely 

to the two Pomeranchuk poles with the quantum numbers of the vacuum. 

It was hoped at first that the parameterizations for this 

process could be fixed by previous analyses of pion-nucleon elastic 

scattering data
5)

, but this hope was in vain. This was because the 

( cos e)Cit:. angular dependence 	 was represented for the two- 
\ 2. 

particle scatterings by a particularly simple form 	, obtained 

by employing the asymptotic form 6. This form is not suitable for 

use in a three-particle final state, the expression 21 showing that 

even at high energy the scattering angle has a detailed structure. 

This data still provides, however, the exponential parameters C L 

and the ratio Cop/Cop/ 	so that only an overall scale factor 

remains which does not affect in any way the actual behaviour of the 

calculated mass spectrum. 

The results of the calculation are shown in Fig. 18 for 
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proton energies of 8, 12 and 15 GeV, and show some very interesting 

properties. As for the case if 14-> TO N , the mass spectra are con-

fined to the lower mass values, and fall to a low minimum value well 

before the phase space limit is attained. This means again that the 

central region of the experimental Dalitz plot should not show a 

uniform population., Since essentially two matrix elements are 

calculated, it might be hoped that provided the interference between 

them is not too large, the final results will show two distinct 

patterns of behaviour. If the final pion emanates from a projectile 

nucleon, then the pattern of events will be roughly characteristic of 

free pions scattering horn target nucleons, whereas a pion from a 

target nucleon will show an effect very much that which would be ex-

pected from nucleons scattering from target pions. This latter 

process would have a very low effective centre-of-mass energy, and 

and thus accounts for the large enhancement for very low effective 

masses, the remainder of the spectrum being due to pion-on-nucleon 

and interference effects. 

These low-mass enhancements are much more pronounced 

than any others which have been calculated so far, but their width of 

several GeV units is much too broad for these phenomena to be 

mistaken by a sane experimentalist for a resonance. The existence 
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which are only fitted if b lies in the range 15 GeV to 20 GeV41). It 

ceptions to this rule are the 3,_ 3i, 	(1238) and the N* (1400) 
; 

of such enhancements in a region which is already plentiful with nucleon 

resonances could have nevertheless serious implications due to inter-

ference effects. 

Most of the nucleon resonances display a differential cross- 

dG section /Aut which when parametrized by a form Aebt require a 

value for b which lies in the range 4 GeV to 7 GeV. Two notable ex- 

is interesting to conjecture that this could be due to interference 

between the amplitudes for resonance production and the backg round. 

Experimentally the various nucleon resonances manifest themselves by 

a characteristic behaviour of pion-nucleon two-particle subsystems in 

the final state and are readily selected out. There is very little that 

can be done to this data to eliminate the effects of interference between 

the amplitude for resonance production and the background spectrum, 

if the exact form of the background spectrum is not known. 

It should be possible in theory to write matrix elements for 

the NN ••• NNr production process by employing directly the ampli-

tudes for pion-nucleon scattering which are free from kinematical 

singularities, Such a matrix element would take the form 



87. 

IT 1 2—  — 
2 

JNNN  

hi202-(1Ftt(t3c)r+ i Ft- (t3a.)}1)] 

I F (t3q— vrik )2-  ' F++-(tiOr-1—  ÷-. it))) 2') 

Where Ft*  and 	are the amplitudes for no-flip and flip pion-

nucleon scattering, respectively. This would demand that the 

angular dependence in these amplitudes would have to be kept 

explicitly in the form 	C.5 G3t) (3
‹ vvi th a minimum of asymptotic 

expressions being introduced. I is perhaps a pity that the current 

forms for the pion-nucleon amplitudes have approximated the crossed-

channel angular dependence by the particularly simple expression 

where E is the incident pion laboratory energy. Such an expression 

is highly unsatisfactory for use with pion propagator terms. 

e) 	Rcyge Residues 

Any formulation of a high-energy scattering amplitude using 

complex angular momentum techniques has the drawback that the ex-

plicit couplings of the external particles to the exchanged Regge 

trajectories are completely undetermined by any theoretical argument. 
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It has recently been suggested that these vertex coupling 

strengths could be governed by algebraic principles42) . The idea was 

that the vertex functions for fixed momentum transfer would appear as 

operators of a homogeneous LI (12) algebra, and the coupling strengths 

would be obtained by taking matrix elements of these operators in some 

way. It is obviously convenient to choose the fixed momentum transfer 

at zero, and so set up a formalism for two-particle forward scattering 

amplitudes, which can then be related into terms of total cross-

sections using the optical theorem. The factorization hypothesis for 

the Regge couplings is tacitly assumed, and furthermore, the idea of 

an effective quark model is used, so that the total residue for a 

particular two-particle scattering process A + B 	C + D in the 

forward direction comes out as 

G 	2,6 (ABR)G(c-Z) 
where G(ABR) represents the coupling of the quarks in A and B to the 

Regge trajectories and L. denotes a sum over all quark combinations. 
CR 

Thus the model assumes that exchange mechanisms occur between 

quark pairs, and the observable effect is obtained by adding all 

possible such contributions. 

The extreme high-energy behaviour is said to be due to a 

set of coupling strengths S` 
 
constructed in such a way as to be the 



same for quark-quark or quark-antiquark couplings to Regge poles. 

J`_ 43x P'ciez 
The set t  transforms as a nonet, and the matrix 	renders the 

particle/antiparticle nature of the participating quarks immaterial. 

In this way the model is made compatible with the Pomeranchuk 

theorem. The systematic deviation away from the Pomeranchuck be-

haviour is credited to a second nonet of strengths V 

jd3xfi  
These strengths now differentiafe between quark-quark and quark-

antiquark couplings to provide, for example, a difference between 

proton-proton and proton-antiproton total cross sections. It is hoped 

that such a L(3)® U ( 3) a lg eb r a is sufficient to describe the 

coupling strengths for non-spin flip forward scattering. The intro-

duction of spin flip would necessitate enlarging the algebra to cover 

For use with the optical theorem, however, 

only non-flip terms are needed. 

For elastic scattering, only the diagonal forms contribute, 

viz Sa  5 3 )  S V°)  V 3  aod V 8 	. S ° and S 

are identified with the two Pomeranchuk contributions, 5 3  with the 

° 	
/3 

R (A2) trajectory, V and V g  with 60 anden and 11 with the e 

89, 
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A simple example of this scheme is the derivation of the 

Levin-Frankfurt ratio for the total cross-sections of pion-proton and 

proton-proton scatterings at high energy43) 1). Restricting to the 

energy region where only Pomeranchuk contributions are important, 

(3- 	{S'Itin) t Slqi-1703[S°(pp)i S v(pp )3 	2 
•••••• 

APP 	E• 0(i)p) 88(pp)1{Slpr t S 8(10 p)] 
	MANS 

3 

This is in fair agreement with experiment. With this success in mind, 

a similar ratio should exist relating the residues for pion-pion and 

pion-nucleon forward scattering amplitudes. 

ig(nir)+ Sg(rricas )̀07) 	g(TilT)] 

A0( np) 	ESq(mr)-1-- S8(1r ifIS°(P?) 	(PO] 
This prediction seems woefully inadequate, since it was demonstrated 

in part 2 how pion-pion elastic couplings are down by a factor of ten 

on the pion-nucleon ones. This phenomenon should manifest itself 

when comparing the Regge residues used in the calculations for 

7(1\1-> A1A-1\1 
	

and 	NN 	N N i 	. Unfortunately the 

precise background spectrum for the latter reactions is difficult to 

measure due to the vast number of nucleon resonances seen in the 

final state. The reaction Kam- x-p requires a knowledge of pion- 



nucleon scattering amplitudes to calculate its background spectrum 

(see Fig. 15). Calculations show that the residues needed to obtain 

agreement with experiment are indeed up by t. ni.stallr•ant factor on 

those for the pion-pion part in 	N 	TOT 
N  44) 

91, 
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Comparison with Other Work and Final Conclusions 

The initial works on particle production via virtual diffract-

ion scattering
27) were of the firm opinion that some observed resonance 

effects were due to the kinematical diffraction mechanism. Recent 

work has suggested that some higher nucleon resonances might be 

accounted for by this same effect. It is very difficult to reconcile the 

claims of these workers with the conclusions drawn from Part Two o f 

this thesis. But a recent article46) seems to indicate that more exten-

sive calculations have caused people to change their minds. It now 

seems that they too believe how diffraction and dissociation 

contribute to a characteristic background spectrum for production 

processes, and that some knowledge of this spectrum is necessary in 

order to isolate the true resonance behaviour. There was a great 

temptation to always assign a simple phase-space distribution of 

constant matrix-element to the background, with the result that the 

statistics presented for resonance production would always display 

some effects that in fact were due to the true background. 

The work so far has been confined mainly to invariant mass 

distributions, since these plots are equally accessible to both measure-

ment and calculation, but there is an urgent demand for calculations 
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on, for instance, the various angular distributions of the final 

particles. For this purpose the usual method of using the phenomeno-

logical four-point diffraction vertex is highly unsuitable, since it is 

parametrized in a very naive manner. It predicts an isotropic dis-

tribution for all TreimazreYang angles which is not obtained in practice. 

A more sophisticated model is called for, and the multiperipheral 

mechanism is an attempt to provide this. 

The multiperipheral model gives essentially the same re-

sults as the old Drell-Deck diffraction mechanism and can be 

considered to supersede it, but with the knowledge that it is really 

the background spectrum for which it is responsible. Meaningful 

calculations on angular distributions are now possible. 

There is perhaps some doubt as to which poles should in 

fact be employed in a multiperipheral model. This work has used a 

Regge pole and a particle pole together, whereas other workers
40) 

have employed only Regge poles. Each of these procedures probably 

has an energy range where its application is justified, just as in the 

case of two-particle scatterings. But the general features of the model 

are to a certain extent independent of the choice of poles. 
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Recently several authors have calculated ratios 
of amplitudes for various proton-antiproton an-
nihilation modes at rest on the basis of a broken 
inhomogeneous U(12) symmetry scheme [1]. Their 
results are in serious disagreement with experi-
ment. Their calculations neglect mass splitting 
within the baryon octet. Although the mass-split-
ting between the observed particles is small, the 
splitting within the baryon octet is large. For 

* The research reported in this document has been 
sponsored in part by the Air Force Office of Scien-
tific Research OAR through the European Office of 
Aerospace Research, United States Air Force.  

stopped pp reactions, this suppresses intermedi-
ate states composed of behaviour baryon-anti-
baryon pairs. This will have an effect on the ob-
served process because of unitarity. This note 
presents a method for estimating these effects 
using the inverse reaction matrix formalism of 
Matthews and Salam [2]. 

The following model is an excellent illustration 
of the approach. For pp reactions consider only 
the nucleon and K-meson states and allow for an 
arbitrarily large p-n mass difference, all other 
masses being degenerate. Label the channels as 
follows: 

1 --7.- pp, 	2 m K+K, 	3 a Koko, 	4 = nil. 
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Time reversal makes T-1  symmetric. Define 
T11 1 as that matrix which describes nucleon-
antinucleon scattering at rest in this scheme with 
all the masses in the baryon octet degenerate and 
T• j-1  as the matrix which describes proton-anti-
proton scattering at rest with the one mass split 
between proton and neutron. Set T-1  = 	+ A 
so that T = T(1+ AT)-1. 

The approach of Matthews and Salam [2] en-
ables the mass-splitting matrix A to be written 
as 

0 0 0\ 

0 0 0 0 
= 

0 0 0 0 

\O 0 0 6i 

where 6 is the magnitude of the 3-momentum in 
the c.m. frame corresponding to the observed 
mass-split, Am. This gives the following am-
plitudes: 

T22 = T
22 

- 6T24 T24 
1+ 61'44 

6T34 T34 
1+ 6T44  

An i-spin analysis of the K-particle submatrix 
ti,

22 T231  

T̀23 
	

T331 
gives T22  = 1'33  

Thus 
T22 	122(1 I- 6144)  - 67242  
T33 	(1- - 	- 67' 2 22 	44 	34 

Following Hussain and Rotelli [1], a fj(12) esti-
mation of the amplitudes for nn K+K-, 
nn 	K°K°  gives 

T34  2 
T24 - 1  

so tl at 

T22 	T22(1+  5T44)  - (5T24
2  

33 
m 	M

22 	
AAT 2 

T33 	 k...-ry 44, - 	24  

which is greater than unity. 
This demonstrates the effect of below thresh-

old intermediate states on the i-spin relations 
between physical amplitudes. Suppose 6 — 00. 

522  

This means that the nn channel is no longer 
available as an intermediate state and all traces 
of nucleon i-spin are lost. For this case 

T22_ T22T44 - T242  
T33 	T22T44 - 41'242  

If the T-matrix elements are expressed in terms 
of T-1 matrix elements by direct matrix inver-
sion, then this final relation is found to be pre-
cisely that which would be obtained by inverting 
a T-I  matrix involving channels 1, 2 and 3 only. 

Apply this now to a more realistic model for 
stopped pp-annihilation into K-mesons. Re-label 
the channels as 
1 7 pp, 	2 7 K+K-, 	3 K°k°, 	4 

The "72" particle used here represents the 
combined effect of all below threshold interme-
diate baryon states. This trick enables the mass-
splitting to be accounted for by just one channel. 
Hussain and Rotelli's work [1] enables the follow-
ing ratios of amplitudes to be obtained: 

pp —. K+K- 2 	.11% 	K 	K 	-1 + 

- 	1—KK o-o  -2 ppKcle 

72-  — K+K -2 
KK o-o -1 

-+Z+ —K+K- 1 ZZ —KK -1 

Z+E 	KK 	ZZ —KK + 	o-o -1 	- 	o-o 1 

No amplitudes are obtained for the decay of 
10E0 or  AoAo into 2 K-particles. Notice that 
the amplitudes for the heavier baryons are nega-
tive whilst those for the light baryons are posi-
tive. Retain all these negative signs so that dif-
ferent amplitudes can be compared. Write am-
plitudes for the representative "7-;"-particle so 
that 

T24 -1 
T34  -1 

This gives 
T12 	2T13(1 +1544) + 6 T141724  
T13  - T13 (1 + 67'44) + 5 714 1T24  

2 + 26T44 + 8- 1714 1 -7241/T13  
= 1 + 6T44 +6 14 1T241/T13 

Because of kinematical factors in the amplitudes, 

ments [3 at these energies gives the ratio of am-
1 T.  I/T 24 	13  .;-, 1.4. Information from pp experi-

plitudes 

T33 = T33 - 
K+K-  1 

nn KIDIV ▪ 2 
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PP 	PP  2.5  . 
PP nn 

Assuming that T44/ T14  is near this Witte, then 
T12 2 	2.56  
T13 	1/ 714+3.96' 

which is estimated at 1.4, and is not very sensi-
tive, the important point being that 6 » 
This compares favourably with the latest experi-
ments, which give [4] 

= 1.34. T13 
In general the corrected amplitude assuming 

one intermediate state below threshold can be 
written as 

67  in 7.in  T • = T • - zi 	1+ a- nn '  

where if is the reaction matrix assuming degen-
erate masses and where relations between ampli-
tudes have been established using group theory. 
Also i,j and n are channel labels, n being the be-
low threshold particle combination. 

I wish to thank Professor P. T. Matthews for 
suggesting this problem and for many profitable 
discussions. 
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