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ABSTRACT 

Firstly, forward photoproduction 

of neutral pi"~hd eta mesons is simultaneously described in terms 

of models inv~lving Regge poles and Regge cuts. Two distinct 

models are usedto produce good fits to the existing data -

the Dual Absorptive Model (DAM) and the.Weak Cut Model (WCM). 

This analysis is extended to certain quantities of the processes 

wN+wN and wN+pN through the use of vector dominance relations. 

The suitability of using the absorption prescription to 

calculate the Regge cut contributions corresponding to Reggeized 

vector exchanges for the imposition of the DAM requirements is 

discussed. The DAM results are compared to those of the WCM 

and some tests for experimentally distinguishing between these 

two models are suggested. 

Secondly, photoproduction of charged 

pions in both forward and backward directions is discussed in 

detail in terms of the Veneziano model,a crossing symmetric 

dual model. A simple model with a small number of beta 

functions (and essentially without any free parameters) is seen 

to explain the forw~rd structure of different experimental 

quantities and also to correctly predict the residues of some 

higher b~ryon resonances. In the backward direction, the 

introduction of some satellite terms is seen to be neccessary 

to account for the differential cross-sections. 
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Author's statement 

The original work contained in the thesis is in two parts:-

1) Forward photoproduction of neutral pi and eta mesons has 

been studied for the first time in terms of the Dual Absorptive 

Model (DAM). AIso, the requirements of the DAM have been 

imposed for the first time through the introduction of suitable 

combinations of Regge poles and Regge cuts generated by the 

absorption prescription. This analysis has been extended 

thro~gh vector dominance to certain quantities of the processes 

TIN+pN and TIN+wN., A parallel study of the above reactions has 

also been carried out in terms of the Weak Cut Model (WCM) and 

sorne tests for experimentally distinguishing between the DAM 

and the WCM have been suggested~(Part B)'. 

2) Photoproduction of charged pions in both forward and 

backward directions has been studied for the first time in 

terms of the Veneziano Model, with a small number of beta 

functions and essentially without any free parameters. (Part Cl. 



ABSTRACT 

Firstly, forward photoproduction 

of neutral pi and eta mesons is simultaneously described in terms 

of models involving Regge poles and Regge cuts. Two distinct 

models are used to produce good fits to the existing data -

the Dual Absorptive Model (DAM) and the Weak Cut Model (WCM). 

This analysis is' extended to certain quantities of the processes 

~N~wN and ~N~pN through the use of vector dominance relations. 

The suitability of using the absorption prescription to 

calculate the Regge cut contributions corresponding to Reggeized 

vector exchanges for the imposition of the DAM requirements is 

discussed. The DAM results are compared to those of the WCM 

and some tests for experimentally distinguishing between these 

two models are suggested. 

Secondly, photoproduction of charged 

pions in both forward and backward directions is discussed in 

detail in terms of the Veneziano model,a crossing symmetric 

dual model. A simple model with a small number of beta 

functions (and essentially without any free parameters) is seen 

to explain the forward structure of different experimental 

quantities and also to correctly predict the residues of some 

higher baryon resonances. In the backward direction, the 

introduction of some satellite terms is seen to be neccessary 

to account for the differential cross-sections. 
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PART A GENERAL DISCUSSIONS 



CHAPTER 1 

INTRODUCTION 

Photoproduction has always been 

a useful tool for the study of the interactions and structure 

of hadrons. Strong similarities exist between certain purely 

hadronic processes and photoproduction of certain particles on 

hadrons. For example, photoproduction of neutral p mesons 

closely resembles elastic hadronic reactions, while photo-

production of pions and kaons has many similarities with 

certain inelastic hadronic reactions. At high energies, the 

phenomenological approaches to these two types of reactions 

are also quite similar. 

In testing high energy models, 

photoproduction of pseudoscalar mesons has often been superior 

to most hadronic reactions. One reason for this is the 

superior quality of the photoproduction data, which are more 

precise and reliable compared to the data for most hadronic 

reactions. Another reason is the amount of the existing data; 

details are known not only of the angular distribution and the 

energy dependence of the differential cross-sections, but also 

of polarised photon asymmetries, polarised target asymmetries 

etc. 

During the past few years, most 

of t~e high energy phenomenology has been based on models 

involving Regge poles and Regge cuts. Photoproduction of 
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psedoscalar mesons has offered some of the most important 

phenomenological arguments in support of the existence of 

+ 
Regge cuts. These are the forward peak in yN~ n-N ( to be 

discussed in§ 7.2), the large positive values for polarised 

photon asymmetrY for yp~ nOp and the absence of dips in the 

differential cross-sections for yp~np ( to be discussed in 

Chapter 5). 

Regge phenomenologists have 

mostly used either the Weak Cut Model (WCM)(1-4) or the 

Strong Cut Reggeized Absorption Model (SCRAM)(5-7). It is now 

accepted that each of these models is only partly successful, 

facing serious difficulties in a number of two-body processes. 

In an effort to combine the successes of these models, Harari 

has proposed the Dual Absorption Model (DAM)(B). On the basis 

of this model, Harari offers explanations for a number of 

experimental facts on hadronic and photoproduction reactions. 

However most of these explanations are strictly on a qualitative 

basis; no quantitative comparison with the data has been 

presented so far. 

A main purpose of this thesis 

is to study the photoproduction of neutral pseudoscalar mes ons 

in the framework of the Regge theory. Our models involve the 

exchange of Regge poles and cuts; however we incorporate in 

them, et least approximately, the basic requirements of the 

DAM.Vector dominance relates yN~nON ( and yN~nN) to certain 
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quantities for the processes TIN~wN and TIN~pN; our analysis 

has been extended to these quantities as weIl. Our motivation 

for this analysis is to determine whether the DAM, formulated 

in terms of Regge poles and cuts, accounts for the basic 

features of the experimental data. In addition, the results we 

obtain in the framework of the DAM are compa~ed with fits of 

the same processes in the framework of the WCM. Means of 

experimentally distinguishing between these two models are 

discussed. 

In the last part of this thesis, 

we study the photoproduction of charged pions in the framework 

of the Veneziano representation. Since for charged pion photo­

production, measurements have been made in both forward and 

backward directions, our basic objective is to test the ability 

of this crossing-symmetric dual model (with a small number of 

satellite terms) to correctly account for the experimental 

situation in the two separate regions of interest. 

This thesis is divided into four 

parts. Part A ( Chapters 1-4) contains, in addition to this 

introduction, the notation and symbols used throughout this 

thesis, formulae for the important physical quntities ( 

Chapter 2), a brief review of the WCM and the SCRAM (Chapter 3) 

and a discussion of the physical principles and of the most 

important qualitative predictions of the DAM (Chapter 4). In 

part B (Chapters 5 and 6), we present our analysis of yN~TIoN, 

J 
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YN+nN and related vector meson production processes. Part C 

(Chapters 7,8 and 9) contains our study of the photoproduction 

of charged pions in the Veneziano model. Part D is a collection 

of three appendices, where we have presented detailed 

derivations of some of the most important formulae used in 

this thesis. (*) 

(*) This thesis is based to a great extent on two publications: 

Part B on Ref (9) and Part C on Ref (10). 



CHAPTER 2 

DEFINITIONS, NOTATION and FORMULAE 

In this chapter, we shall define 

the symbols and notation that will be used throughout the rest 

of the thesis. We shall also define the invariant amplitudes 

used in photoproduction, give their relations with the 

corresponding helicity amplitudes in different frames of 

reference and express the experimentally measured quantities 

(differential cross-section, polarisation etc.) in terms of 

these invariant amplitudes. Algebraic details will be kept to 

a minimum in this chapter. Whenever more details are required 

for our discussions, we shall consider these in Appendix II. 

We shall discuss here only the formulae for the pion photo-

production. The corresponding relations for the photoproduc-

tion of eta mesons will be introduced later in Chapter 5 as 

modifications of pion production formulae. We shall also 

discuss the different Regge exchanges, both poles and cuts, 

that are allowed in the various processes under consideration. 

Chew, Goldberger, Low and 

Nambu(ll) (henceforth referred as CGLN) have defined a 

particular set of invariant amplitudes and have also given 

their isospin and angular momentum decompositions. In this 

section, we shall summarise the CGLN relations. 

5 
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Pion photoproduction is 

described by (Fig. 1) 

(2.1) 

where the quantities"inside the brackets denote the 

corresponding four-moment a of the·particles takingpart in the 

reaction. The four-moment a have the fo11owing components: 

k=(k,k); q=(q,w); Pl=(Pl,E
1
); 'P2=(P2 ,E 2 ) (2.2) 

After satisfying energy 

momentum conservation and mass-she1l restrictions, on1y two 

independent sca1ars can be formed out of the four four-momenta. 

CGLN take them as 

V 
P.k P.q 

Vl= 
q.k =- -- -- - -- (2.3) M M 2 M 

where M= mass of nuc1eon and P= ~ (p +p ). V and VI can of 
1 2 

course be rep1aced by any two of the Mandelstam variables s,t 

and u, which are defined as fo11ows: 

(2.4) 
u=(k-p )2= M2_2kE -2kq cosa 

2 2 S 

Here ~ = mess of the pion, a = scattering angle in the C.M. 
s 

system of the s-channe1 'and W= total energy in C.M. system. 

The complete invariant photo-

meson transition e1ement is given by 

H = M /' + M BB + M CC + MD D ( 2 • 5 ) 

where A,B,C,D are functions of V and V (or say sand t) as 
1 
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weIl as nucleon isotopie spin T. The gauge invariant scalar 

coefficients are 

M = iy y.e: y.k 
A 5 

MB= 2iYs(P.e: q.k - P.k q.e:} 
(2.6) 

MC= ys(y.e: q.k y.k q.e: 

M = 2y (y.e: P.k - y.k P.e: -iM y.e: y.k ) 
D 5 

where e: is the photon. polarisation vector, and the y's are 

the usual Dirac matrices. 

Let Ai denote any of the four 

invariant amplitudes A ,B, C and D • In the isotopi c spin space 

A. can be decomposed as follows: 
~ 

(+) ( ) ( ) 
A.(s,t,T)= Ô A.(S,t)+~[T ,T3]A. - (S,t)+T A.o (s,t) (2.7) 
~ a3 ~ a ~. a J. 

where a denotes the isotopie spin index of the outgoing pion. 

The cross-sections for the four possible charge combinations 

are obtained by setting: 

i) A.=12 CA. (-)+A. (0» for + 
~ ~ ~ 

yp-+7r n 

ii) A. =12 ( (-) -A. (o)} for -A. yn-+7r p 
~ ~ ~ (2.8) 

iii) A. = (A. (+)+A. (o)) for YP-+7r°p 
~ ~ ~ 

iv) A. = (A. (+)-A. (0» for yn-+'IT°n 
~ ~ ~ 

In the C.M. system, the differ-

ential cross-section can be written as 

where Il>, 12> denote the initial and final Pauli spinor 

states. For a given isotopie spin combination, F can be 

written as 
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(2.10) 

-+-
where cr is the Pauli spin matrix. 

The F .'s are related to the A. 's in the fOllowing fashion: 
~ 1 

2W 
W-M 

2MVI 
= -A+(W+M)D+ W M (C-D) 

= -(W+M)B+ CC-Dl 

(2.11) 

The angular dependence of the 

F.'s is also given by CGLN in terms of expansions involving 
~ 

derivatives of Legendre Polynomials as follows: 

where x = Cos e 
s 

The energy dependent-amplitudes M~± and E~± refer to 

(2.12) 
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transitions initiated by magnetic and electric radiations 

respectively, leading to final states of orbital angular 

momentum i and total angular momentum i± ~. 

2.2 Basic Formulae for pion Photoproduction 

Let ÀN ' ÀN,À and 
1 2 7T 

Ày denote 

the helicities of the incident nucleon, the outgoing nucleon, 

the produced pion and the incident photon respectively. We 

shall denote the s-channel helicity amplitudes by f~À where 

and the amplitudes 

The relations between the f~ÀrS 

F.'s introduced in eqn.(2.10) are(12) : 
~ 

.f =-
l 3 
2"; 

. 1 

12 

f _ 
1 1 

= ~ 
-,-
2 2 

f = 
-.1,1-

2 2 

Sin e 
s 

a 
Cos s 

2 

Sin e 
s 

Sin 
e 

s 
-2-

Cos 

Sin 

e s 
-2-

In terms of the f 's, the 
llÀ 

differential cross-sections for pion production by photons 

polarised perpendicular and parallel to the plane of production 

are ( see Appendix II for more details) 



10 

dO'l. _, .9. [If + f 12 + 1 fIl - f 12J dQ -2 k 1 3 1 1 1 3 
î'"2 -"2'"2 2'"2 -2'2 

(2.14) 

dO"II _, .9. [1 f - f 1 1 1 2 + 1 fIl + f 12J dQ -2 k 1 3 1 3 
2'-; -'2''2 '2'7 -T'T 

so that 

The recoil nucleon polarisation (in the direction kxq) is 

p(e)=- ~ 1 Im (f 
1 3 

+ f 
1 1 

f* (2.16) 
2'2 '2'7 

The polarised photon asymmetry is defined as 

~- dO"n 

1:(e) dS1 dQ 
= 

dO"L + dO". 
dQ dQ 

and is given by 

1:(e) q 1 
Re (f f* f f* -- k 

dO" 1 3 1 1 1 1 1 3 

dQ 
"2'2' -"2'2 "2'2 -"2'2 

And finally, if we denote by ,the differential 

cross-sections for target nucleons polarised 'up' and 'down' 
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A A 

in the direction kXq , then the polarised target asymmetry 

is defined as 

T(S)= 

and is expressed as 

T(e)= 1 

da 
df2 

lm (f f 
1 3 
'P"2 

(2.18) 

We shall now give the expressions 

for the asympto~ic forward and backward cross-sections and 

other relevant quantities in terms of the CGLN invariants. 

Here we shall only outline the method of obtaining these 

expressions, leaving the algebraic details for Appendix II. 

For this purpose, we remember that to the leading order in s, 

for s~oo , t fixed (small angles, forwa~d direction) 

Cos e ~ 1+ 2t 
s s 

(2.l9a) 

and for s~oo , u fixed (large angles, backward direction) 

Cos e ~ -1- 2u 
s s 

( 2 .19b ) 

Imposing these limits in Eqn. (2.11), the asymptotic relation-

ships between the F. 's and the A. 's can be obtained. These, 
~ ~ 

in turn, relate the CGLN invariants to the s-channel helicity 

amplitudes f~À's (SHA) through eqn. (2.13). From these, 

1 

J 
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using eqn. (2.14), we immediate1y obtain 

s .... oo, t fixed (2.20) 

and 

s .... oo, u fixed (2.21) 

It should be noted here that the asymptotic forward cross-

section is dominated by exchanges in the t-channe1, while the 

backward cross-section is dominated by exchanges in the u-

channel. 

the forward ~irection 

() r-t P e =- --~~-­da 

and 

T (e) --

161T dt 

da 
161T dt 

Im 

In terms of the A.'s, we have in 
1 

(2.22) 

(2.23) 
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2.3 Parity Conserving t-ehannel Helieity Amplitudes and 

Analytieity Constraints 

The singularity free parity 

eonserving t-ehannel helieity amplitudes (PCTHA) would be 

_cr,cr
c 

denoted by f À -À À (s,t), 
N N' y 

where J cr=p(-) is the n~rmality 

J of the exchanged system and cr =C(-). The reason for considering 
c 

cr and cr in the PCTHA is that in any reaction with an initial 
c 

or final t-channel state of equal mass particles, say m1 =m2 ' 

and with À1 =±À 2 ' both cr and cre of the asymptotically dominant 

exchanges are well speeified. 

The method of constructing parity 

conserving helieity amplitudes has been described by Gell-Mann 

et al(13) and the relations between the singularity free 

PCTHA for photoproduction and the CGLN amplitudes have been 

(14) 
derived by Diu and Le-Bellac . These are: 

A 
4 [Mf++ +t f++] = -

t-4M 2 1 1 4" o 1 

1 --+ 4 (Mf++ + t f++)] B =:r [f + 
o 1 t-4M 2 1 1 '4 o 1 

(2.24) 

C =~f--
1 1 

D 2 [t:++ + Mt:++] --
t_4M 2 1 1 o 1 

The inverse relations are 

,.1 
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f-+~ A+tB 
o 1 

-f = 2C 
1 1 

14 

-++ 
f = -A+2MD 

o 1 

-++ t 
f = MA- -2 D 

1 1 

Since the invariant amplitudes 

are ana1ytic at t=O, we immediately see from the expression 

of B in (2.24),that B wou1d have a pole at t=O , unless 

--+ 
f + 

o 1 

or 

= 0 at t=O 

(2.26) 

This is also evident from the expressions for f-+ and f++ 
o 1 1 1 

in eqn. (2.25). When in later chapters we shall write down 

exp1icit expressions for the invariant amplitudes, we shall 

have to satisfy this kinematic ( or analyticity) constraint. 

2.4 Regge Exchanges in the t-channe1 (Fig. 2) 

With the isospin decompositiori 

of CGLN, it follows that A~+), which does not contribute to 
~ . 

charged pion produ,ction, corresponds to I=O; A~-) and A~O), which 
~ ~ 

~o contribute, have I=l. If we consider neutral pion production, 

we see tha~ the isovector part of the photon has positive 

G parity, while the outgoing neutral pion has negative G parity. 

This means that the isoscalar exchange A~+) has negative G 
~ 

parity and hence negative C. Similarly~ AiO) has G=+ and C=-. 
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If we now consider the two charged pion photoproduction 

processes, we also see that A~-) and A~O) have opposite 
~ ~ 

charge conjugation. 

w (and $) exchange, 

Ai and A2 exchanges. 

80 A~t) receives contributions from 
~ 

A~O) from p and B, and A~-) from 1T , 
~ ~ 

In view of the fact that in 

these reactions, cr and cr of the asymptotically dominant 
c 

exchanges are weIl specified, it is clear that f-+ will be 
o l 

dominated by the exchange of trajectories 1T and B, 
-++ 
f and 

o l 

r;; by p, w (and $) and A2 and r~~ by A1 • On the basis of 

these observations we have constructed Table 2.1. 

There is a weIl known theorem 

due to Stichel(15) which states that for pseudoscalar mesons, 

the differential cross-section with photons polarised perpen-

dicular to the plane of production is dominated by natural 

parity exchanges, while the differential cross-section with 

photons polarised parallel to the plane of production is 

dominated by unnatural parity exchanges. This implies that, 

for example in eqn. (2.20), ~~ essentially receives contributions 

from w (and $),p and A2' while receives contributions 

from 1T, B and Ai • 

80 far , we have only considered 

the exchange of Regge poles. In addition to these poles in 

the complex angular momentum plane, branch cuts may also exist. 

The theoretical basis of Regge cuts is already weIl known(l6,17). 
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In this work we consider cuts generated by the simu1taneous 

exchange of a Regge pole (R) and n Pomerons(P). Since the 

Pomeron has vacuum quantum numbers, cuts corresponding to R 

will contribute to exact1y the same amplitudes. Moreover, the 

cut contribution will a1so have to obey the ana1yticity 

constraint (2.26). There is however one important difference. 

Un1ike a Regge pole, a Regge cut has no definite norma1ity. 

Hence at t=O, a certain cut may give non-zero contributions 

to both f++ and f-+ of (2.26), imp1ying non-zero contributions 
l l 0 l 

(and of comparable magnitude) to both ~~ d 
dO' .. 

an dt This is 

the case with the p-Pomeron and the w-Pomeron cuts of this work. 



Table 2.1 t-channe1 Exchanges, Quantum N~bers and PCTRA's 

Regge Spin of lowest Parity Charge I-spin o J oC J 
trajectory partic1e P conjugation l =P(-) =C(-) 

J C 

1 

w(CP ) 1 - - 0 + + 

p 1 - - 1 + + 

A2 2 + + 1 + + 

1T 0 - + 1 - + 

B l + - 1 - + 

Al l + + l - -
i 

I-spin 
index 

(+) 

(0) 

(-) 

(-) 

(0) 

(-) 

/.-. , 

PCTRA receiving 
1eading 
contribution 

-++ -++ 
fOl' f 11 

-++ -++ 
fOl' f 11 

-++ -++ 
fOl' f 11 

--+ 
fOl 

--+ 
fOl 

-
f;:;: 

1 

, 

1 

1-' 
~ 
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eHAPTER 3 

A BRIEF REVIEW OF EXISTING REGGE eUT MODELS 

In this chapter, we shall briefly 

review the basic principles of the two principal Regge cut 

models - the Weak Cut Model (WCM)(1-4) and the Strong Cut 

Reggeized Absorption Model (SCRAM)(5-7). ·The guiding philoso-

phy behind the calculation of Regge cut contributions will 

also be discussed. Detailed mathematical derivations for 

Regge cut contributions, as caleulated in this thesis, will 

be given in Appendix I. The predictions of both the WCM and 

the SCRAM with respect to some specifie reaetions and their 

agreements and disagreements with experimentally observed 

eharacteristics will be pointed out. We shall also discuss 

. (18 19) very briefly a third model, the Per1pheral Model (PM) , , 

and point out its similarities and dissimilarities to the 

WCM and the SCRAM. 

3.i Some commonly used Methods for the Calculation of Regge Cuts 

As in § 2.1, for the two-body 

reaction 1+2+3+4 (Fig. 3) we denote by· f~À(s,t) the s-channel 

helicity amplitudes, where·~=À4- À3 ' À=À 2 - À1 and À1,À2,À3 

and ~4 are the helicities of the particles 1,2,3 and 4 

respectively. In the impact parameter representation, we can 

write 

db J (bql 
li 

(3.11 

18 
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where n=lÀ-~I= total helicity change, b= impact parameter, 

k= C.M. momentum and q=1=f = momentum transfer. The inverse 

transformation is given by 

1
00 

q dq 
o 

J (bq) 
n 

We shall be concerned with Regge cuts generated by the 

simultaneous non-planar exchange of a Reggeon (R) and n Pomerons 

(p) and shall calculate the corresponding contributions through 

the absorption prescription. 

This prescription is motivated 

by the weIl known peripheral model with absorption(20), in which 

= f(B)(S b) 
~À ' 

n(s,b) 

f~~)(S,b) is the transform of a proper elementary particle 

exchange (= Born term) and n(s ,b) (the so-called 'absorp.tion 

function') has the form shown in Fig.4. Then the contribution 

to f~À(s,t) from the part b ~ b O of the integral in (3.1) is 

essentially the same as the contribution of the Born term, 

but the contribution for b < b O will be effectively depleted, 

m particular at b= O. 

In the Regge phenomenology, 

f~~)(S,b) is replaced by the transform f~~)(S,b) of the 

corresponding Regge pole exchange: 

f(R)(s b)= 
~À ' 

1 dq J (bq) 
n 

(3.4) 
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db J (bq) n (s,b) 
n 

With appropriate choice of the absorption function n (s,b), 

it follows that the asymptotic behaviour of the difference 

f~À(S,t)-f~~)(S,t) has a number of properties(4) in common 

with multi-Regge exchange models leading to moving branch points 

in the complex angular momentum plane. Thus we can write 

(R) = f ~À (s, t) + (3.6) 

We shall now describe very 

briefly the two most commonly used methods of calculating the 

absorption function n (s,b). Henyey et al(5) (Michigan 

prescription) have used the Sopkovich approach(2l), which can 

be seen to introduce a Regge cut corresponding to Reggeon-. 

single Pomeron exchange. In the impact parameter representation 

this method gives 

where X (b) is the phase shift due to elastic scat~ering ( ië 

Pomeron exchange part), and is given by 

(3.8) 

f(P)Cs,t) is the elastic scattering amplitude, which is 

empirically fitted in the forward direction by 
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i 

a t is the total elastic cross-section of the relevant process 

and A is determined by fitting the corresponding diffraction 

peak. Fr 0 m (3. 8) an d (3. 9 ) , 

e iX(b) e = 1 - C e (3.10) 

where 

So the Michigan prescription corresponds to the absorption 

function 

n (s,b) = 1 - C e (3.12) 

This is easily seen to be of the form of Fig.4. 

Another commonly used prescription 

is due to Arnold(l). This prescription uses the full eikonal 

representation,and obtains 

where 

i Jo:. 
2k 20 

Eqn. (3.13) gives 

q dq 

db 

(3.13) 

J (bq) 
n 

f(R)(S t) 
'Il À ' 
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The first term inside the parenthesis can be taken to 

represent single scattering and corresponds to the Regge pole 

exchange part. Then the second and higher order terms 

represent second and higher order (ié multiple) scattering 

and correspond to the absorption correction. If we only 

consider the first order cuts, then 

(3.16) 

If, as in the usual absorption prescription, the first order 

cut is generated by the simultaneous exchange of a Reggeon 

and a Pomeron, then the term - X2 in (3.16) is to be replaced 

by XR Xp where X
R 

corresponds to Reggeon exchange and Xp 

to Pomeron exchange. So, the Michigan prescription is 

equivalent to the first terms of the Arnold prescription. 

In this thesis, aIl cut 

contributions will be calculated through the Michigan 

prescription. From (3.6) and (3.12), we have 

b 2 

f {cut)( t) 
~À s, = _2k 2 {oob db C e- 2A Jn{bq) f~~){S,b) 

which after some algebra gives 

= 

where l (x) is the modified Bessel function defined as 
n 

l (x) = (_i)n J (ix) 
n n 

The integral on the right hand 

side of eqn. (3.17) is multiplied by a phenomenological factor 
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-(R) (5) 
À~À ,the so called ' coherent inelastic factor' • We 

shall discuss in more detail the reasons for introducing this 

factor (§3.3). So the final formula used for calculating the 

cut contribution is 

f~~)(S,T) ~C e~A(t+T) In(A ltT ) 
(3.18) 

The actual calculation will be shown in Appendix I. 

Notice that the particular form 

of' n (s,b), as shown in eqn. (3.12), implies that the 

attenuation in the helicity amplitudes due to absorption is 

negligible f'or b >12A. Clearly, R ~ l2A is the so called 

'absorption radius' (of typical value 1 fermi). In most 

parametrizations of elastic scattering, A is taken to be energy 

independent or has a weak dependence on s (ië logarithmic). 

If the hadronic interaction 

under consideration has a range R~ then clearly in eqn.(3.l), 

aIl the contribution to f~À(s,t) will come from the part of 

1 
the integral corresponding to os b~ R • In the partial wave 

decomposition of f~À(s,t), the highest partial waves will have 

~ - kR'. The peripherality of the amplitude f~À(s,t) means 

that f~À(s,t) is essentially dominated by t - kR' partial 

waves. The contri büt'ions from the lower partial waves are 

substantially absorbed. In terms of the absorption prescription 

this implies that R'~ R . Also, the t-structure of f~À(s,t) is 
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similar to that of the Bessel function J (R~) (see eqn. n 
(3.1)). 

3.2 The Weak Cut Model (WCM) 

~here are different methods of 

calculating the cut contribution(1-4) in the Weak Cut Model, 

but the general principles involved and their implications 

are similar. In this section, we shall discuss these common 

characteristics of the different versions of the WCM. 

For our discussion, we shall 

use eqn. (3.18). Notice that in the integral in this equation, 

at fixed s, both f~~)(S,T) and e~AT decrease exponentially 

as T becomes more and more negative, so that the integral 

receives most of its contributions from the interval QS-Ts1 

The major differences between 

the WCM and the SCRAM ( to be discussed in the next section) 

are in the t-structure of the amplitude f(R)(s t) and in the ]..lÀ ' 
magnitude of the factor ~~iR) • These differences lead to 

different relative magnitudes of f~~)(S,t) and f~~P)(S,t), and 

thus in general,to different structures of the ove raIl 

amplitude f]..lÀ(s,t). 

In the Weak Cut Model, the Regge 

pole amplitude f~~)(S,t) contains the weIl known non-sense 

wrong signature zeroes (22) (NWSZ). So, if we are considering 
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an amplitude which is dominated by vector meson exchange (e.g. 

p and w exchanges), then the corresponding Regge pole 

contribution f~~)(S,t) hasa zero at t~ -.55 GeV 2 • More 

precisely, at this value of t, lm f~~)(S,t) changes sign and 

Re f~~)(S,t) has a double zero. Therefore the integral in 

(3.18) receives, in general, two significant contributions 

with opposite sign and the resulting cut contribution is 

relatively weak. Moreover, in the WCM, the factor is 

taken to be unity. Therefore, the cut contribution is not 

enhanced in any other way. Thus for p and w exchange f~À(S,t) 

is expected to show a dip at t~ -.55 GeV 2 • 

The cut contribution produced by 

the convolution of eqn. (3.18) has its shape dependent on n, 

the total helicity change in the amplitude. However, since the 

total amplitude, in general, is dominated by the pole 

contribution, the location of a given zero is, roughly, the 

same in all helicity amplitudes, and is determined by the 

trajectory function and the signature of the exchanged particle. 

Also, the real and the imaginary parts of the total amplitude 

f~À have, roughly, the same structure as the corresponding 

quantities for f~~). For f~~) , the real part has double 

zeroes at 1±Cos TIa(t)= 0, and the imaginary part has single 

zeroes at Sin TIa(t)= 0 

We discuss the experimental 

situation with regards to the presence or absence of dips in 
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the differentia1 cross-sections for some of the most important 

two-body reactions. The assumption invo1ved in a11 these cases 

is that vector meson exchanges dominate. The experimenta1 

situation regarding the corresponding differentia1 cross~ 

sections is indicated {n the third column of Table 3.1. In 

the table, n denotes the total he1icity change of the dominant 

amplitude. 

corresponding differential cross-sections. Xw(s,t) is the 

iso1ated w-exchange contribution to the process nN+pN (see 

eqn. (5.15» and is defined as 

( ) dG( +" +) dO( - -) dO( - 0) 
Xw s,t = dt n p+p p + dt n p+p p - dt n p+ p n 

It is quite c1ear from the table 

that the WCM has on1y 1imited sucess in exp1aining the dip 

structure of the different reactions(*): Notice that the WCM 

seems to succeed usua11y in reactions dominated by the single 

f1ip amplitudes. This is an important observation and we 

sha11 e1aborate further in the next chapter. 

Another important fai1ure of 

the WCM is in connection with the cross-over phenomena of the 

+ + 
different e1astic scattering cross-sections Ce.g. K-p+K-p, 

(*) The absence of dips in the differentia1 cross-sections 

+ dG( + dG( -
for yp+np, n n+wp and in dt yp+n n)-dt yn+n p) has been 

exp1ained by adherents to the WCM in terms of a strong B-meson 

exchange. There are however important difficu1ties in this 

exp1anation (see §6.1 and a1so Ref. (6» 
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~±p~~±p(23». Fina11y the WCM is unable to exp1ain the po1ar-

. t· . - 0 (24) h th· . ( ~sa ~on data ~n ~ p~rr n ; owever ~s last fa~lure even 

more prominent in SCRAM) is typica1 of a11 Regge cut models 

defined in terms of absorption prescription (3.18). 

. ()(5-7) 3.3 The Strong Cut Reggeized Absorpt~on Model SCRAM 
-----------------------------------------------------------

In this model, the cut contri-

bution is again generated through eqn. (3.18). However, 

does not have any NWSZ, and does not vanish in the region 

O<-t~1 GeV 2 Therefore, the resu1ting eut is st ronger than 

that of the WCM. This cut contribution is further enhanced 

by choosing a value of It has been argued(5) that 

the factor represents the effects of diffractive 

dissociation of the initial (or final) particles. The choice 

of ~~~» 1 is equiva1ent to the assumption that the 

contributions from the Regge recurrences of the intermediate 

states in the diagrams generating the cuts add up coherently, 

at 1east to some extent. 

The cuts in this mode1 are at 

least as important as the pole contributions. The value of 

~~~) is adjusted so that the imaginary (and the real) part 

of a particular amplitude f~À(s,t) has at-structure similar 

to that of the Bessel function J (R f,:t) where R~1 fermi. In 
n 

other words, both the real and the imaginary parts of the 

amplitudes are peripheral. The zeroes in the amplitude are 
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not correlated at aIl to the dominant exchanged trajectory 

or its signature; rather they are produced by the destructive 

interference between the pole and the cut terms, and they appear 

at about the same values of t as the zeroes of the corresponding 

Bessel functions J (R ~). In general, both the real and 
n 

the imaginary parts of the helicity non-flip amplitude ( n= 0) 

have zeroes at t~ -.2 GeV 2 , while those of the single-flip 

amplitude (n= 1) exhibit zeroes at t~ -.55 GeV 2 • 

The SCRAM is quite successful 

in explaining the features of the reactions listed in Table 

3.1 as weIl as in explaining the cross-over phenomena. However 

- + ++ - -0 + 0 (23) it fails in TI p~nn, TI p~n~ , K p~ K n and K n~ K p . 

In aIl these reactions, the SCRAM predicts dips at t~ -.55 

GeV 2 
; experimentally, no such dips are observed. 

Another serious failure oj the 

SCRAM is in explaining the polarisation data in TI+P and TI-p 

elastic scattering(23). It fares even worse in the case of 

TI-p~TIOn polarisation, where it predicts large negative values 

around t~ -.55 Gev 2 (5); experimentally, the polarisation is 

large and positive in this region(24). 

We shall use eqn. (3.5) in 

discussing the Periphetal Model. The fundamental differences 

.between the PM on one hand and the WCM and the SCRAM on the 

other are : 



29 

a) Ip both the WCM and the SCRAM, the input f~~)(s,b) in (3.5) 

represents the corresponding Regge pole amplitude. In the 

PM, this input is replaced by the corresponding Born term 

f~~)(S,b). This is the same input as used by Gottfried and 

Jackson(20) in their peripheral model (see eqn. (3.3)). The 

Born term gives incorrect energy dependence, except for pion 

exchange near the forward direction. This leads directly to 

the other fundamental difference between the standard absorption 

prèscriptions and this model. 

b) As we have remarked in § 3.1, in the standard absorption 

prescriptions, the absorption radius R is either energy 

independent or has a weak dependence on s (logarithmic). In 

the PM, the absorption radius R is considered to be strongly 

energy dependent. The lack of variation with s in f~~)(S,b) 

is compensated by the strong energy dependence of the absorption 

function n (s,b). The most commonly used n (s,b) is of the 

Wood-Saxon form: 

n (s,b)= 1 + exp[{R-bl/d] 

where d is the so called width of interaction (Fig. 5). The 

energy dependence of Rand d are obtained in practice by fitting 

the differential cross-section in the charge exchange reaction 

~-p~~On at different energies. 

In spite of the above differences 

between the PM and the SCRAM, there are many similarities 

between these two models. The objective in each case is to 
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make bath the real and the imaginary parts of the total 

amplitude peripheral (see for example egn. (D.IO) in Ref. 

(19)). Sa, in the PM, bath the real and the imaginary ~arts 

of f ,(s,t) again behave like J (R ~). 
~A . n 

As such, this model 

enjoys basically the same successes and has the same failures 

as the SCRAM. 
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Table 3.1 The Dip Structure in sorne Important Reactions 

Reaction Al10wed Vector Dip Present 2 Dominant Helicity Amplitude 
Exchange at t=-.55 GeV n 

yN~ON oo(p) yes 1 

1r-p~On p yes 1 

YP~nOp p (00) no- 0,2 

+ (yp-+1T_n) 
p no 0,2 - (yn-+1T p) 

+ 0,2 'II" n~p p no 

Xw (s, t) 
1 for 00 yes 

'll"N-+pN 



CHAPTER 4 

PHYSICAL PRINCIP LES OF THE DUAL ABSORPTIVE MODEL 

In the first part of this 

chapter, we shall discuss the physical principles behind the 

Dual Absorptive Model (DAM) and point out its similarities 

and differences with the WCM and the SCRAM. In the second 

part, we shall examine some of the qualitative predictions of 

the DAM and compare them with experiment. Since aIl the 

reactions to be considered in this thesis are non-diffractive, 

the principles of the DAM shall be explained only for non-

diffractive processes. 

(8) 
4.1 The Physical Principles of the Dual Absorptive Model (DAM) 

Harari made the following 

observations and assumptions about non-diffractive two-body 

hadronic interactions: 

a) The general s-channel helicity amplitude f~À(s,t) for any 

such process can be described in two different ways. The 

first is the t-channel description, when the features of f~À(S,t) 

are usually explained on the basis of a few Regge poles and 

cuts. The second is the s-channel description, mainly in 

terms of resonances. Duality states that these two descriptions 

are essentially equivalent. 

b) From the s-channel point of view, lm f~À(s,t) is considered , 
to be locally dominated by resonances of mass m- s~. Re f~À(s,t) 

32 
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on the other hand, is not determined by nearby resonances 

alone. It receives substantial contributions from distant 

resonances, including those with s< 0 (u-channel resonances). 

So one should apply the concept of duality as stated in part 

(a) only to lm f~À(s,t). 

c) The t-channel description gives the angular structure of 

the amplitude. In most t-channel models, any such structure 

occurs at approximately fixed t-values at aIl energies. Thus, 

duality demands that the s-channel description in terms of 

resonances should also reproduce the same t-structure. One 

possibility is that every single resonance exhibits these 

structures, so that their sum also exhibits the same 

characteristics. This is a strong assumption, but such a 

possibility cannot be ruled out. As a matter of fact, it is 

weIl known that(25) in TIN scattering, the imaginary part of 

the single-flip amplitude has a zero at t~ -.55 Gey2 , while 

that of the non-flip amplitude has a zero at t~ -.2 Gey2. As 

shown by Dolen, Horn and SChmidt(26), each of the prominent 

* N resonances contributing to this reaction shows zeros at 

approximately the same fixed t-values for the corresponding 

helicity amplitudes. Another possibility is, of course, that 

the resonances do not exhibit individually the required t-

structure, but only the sum of the prominent resonances at 

any particular energy does so. However, Harari assumes that 

the first alternative is more likely to occur in nature. 
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This assumption has an important 

consequence. The angle in which a given resonance produces 

a zero is dependent on the spin of the resonance. Also, this 

angle is connected to the t-value through the resonance mass 

(ië 15). So the assumption of zeroes of resonances at fixed 

t-values leads to a relation between the spin of the resonance 

and the resonance mass. This is 

(4.1) 

where JI, is thecorresponding partial wave. Again, an 

examination of the prominent resonances contributing to ~N 

scattering shows that they indeed lie· on the curve JI, .cx: 15(8). 

Now, if k is the C.M. momentum, then kcx: ~. So the condition 

is that Im f~À(s,t) is dominated by s-channel partial waves 

with JI, _ k. 

We can now state the basic 

postulates of the DAM: 

a) Im f~À(s,t) is dominated by the most peripheral s-channel 

partial waves. For total s-channel helicity flip n (=IÀ-~I) 

J (Rr:t") 
n 

(4.2) 

where R is the radius of hadronic interaction (- 1 fermi, 

defined in § 3.1). For exotic s-channel processes, 

Im f~À(s,t) - o. 

b) Since the real part of f~À(s,t) is not locally dominated 
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oy resonances, it need not be peripheral. At asymptotic energies 

a definite phase relationship exists between the real and the 

.. (27-29) ( )' . 
~mag~nary parts , so that Re f~À s,t ~s determ~ned 

uniquely from lm f~À(s,t). However at non-asymptotic energies, 

no definite statements can be made about Re f~À(s,t). 

We can now examine the similar.ities 

and the differences between the DAM and the older models ( 

WCM and SCRAM). For the WCM, let us again consider amplitudes 

dominated by vector (e.g. p and w ) exchanges. In § 3.2, we 

saw that the WCM predicts that for the single-flip amplitude 

(n= 1), lm f~À(S,t) has a zero at t~ -.55 GeV 2
• It also 

has a kinematic zero at t=O. So, lm f~À(s,t) has approximately 

the t-structure of J
1

(R!=t) with R~1 fermi, and hence is 

peripheral. This is in agreement with the DAM requirements. 

Hence for the s ingle-flip ampli t,ude, the DAM is very s imilar to 

the WCM, and the corresponding cut contribution is weak. For 

the non-flip and the double-flip amplitudes, the DAM requir.es 

that lm f À(s,t) behave like JO(R~) and J 2 (R ~) 
~ , 

respectively. The WCM does not exhibit these characteristics 

and the corresponding lm f~À(s,t)'s are not peripheral. So, 

if the DAM requirements are to be satisfied through the 

introduction of Regge cuts, these cut contributions cannot 

be small for these amplitudes. 

The difference between the DAM 

and the SCRAM lies in the fact that the latter demands that 
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both the real and the imaginary parts of f~À(s,t) be peripheral 

while the former only requires the imaginary part to be 50. 

In particular, as stated for the single-flip (n=l) amplitude, 

the DAM is very similar to the WCM. This means that the 

amplitude is dominated by the corresponding pole(s) contribu-

tion. Now the real part of the pole contribution is related 

to the imaginary part through the signature of the pole even 

at comparati vely low energies ( - few GeVs). Thus for n=l, 

if lm f~Â(s,t) - Ji (R r-t), then 

Ji (R r-t) tan'ITcx(tl 
2 (odd signature) 

Re f~Â(s,t) (4.3) 

Ji (R M) 
t'ITcx(t) 

co 2 (even signature) 

The SCRAM demands that both lm f~À(S,t) and Re f~À(s,t) behave 

like J
1

{R r-t) at all energies, so that it definitely violates 

the simple phase relationship of (4.3). On the other hand, for 

the n=O (and the n=2) amplitude, the DAM requires the cut 

contributions to be quite important, and in this respect it 

can be considered in agreement with the SCRAM. 

4.2 Some Qualitative Predictions 

In this section, we shall enumerate 

the qualitative predictions of the DAM with respect to some 

important reactions. More detailed discussions on these and 

other reactions can be found in Refs. (8) and (23). 
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Let us first consider the 

differential cross-sections for the reactions rr-p~rrOn, yN~rrON 

and the combinations of differential cross-sections X (s,t) . w 
for the process rrN~pN (see Table 3.1). AlI these reactions 

are dominated by the single-flip (n=l) helicity amplitude, 

and the dominant t-channel exchanges are p or w. So from 

(4.3) we obtain 

da 
dt 

cc cc 
1 J 1 (Rr-t) 1

2 

Cos 2 rrct{ t ) 
2 

(4.4) 

where a(t) is the p or the w trajectory. With R~l fermi, 

J (R Î7t) h t t 55 G y2 Sl.°nce Cos 2 rr~~t) 1 y-,; as a zero a ~ -. e. is 

regular and non-zero at this point, aIl the above mentioned 

reactions show a dip in the differential cross-section around 

t~ -.55 Gey2. As we mentioned before, the WCM and the DAM 

are very similar for the n=l amplitudes. This explains why 

the WCM is usually successful for reactions dominated by 

single-flip amplitudes. 

-The reaction rr p~nn is again 

dominated by the n=lamplitude. The dominant t-channel exchange 

is A2 • So again from (4.3) 

da 
dt 

cc 
1 J

1
(Rr-t)12 

Sin 2 rra(t) 
2 

Here the zero of J
1
(Rr-t) at t~ -.55Gey2 

(4.5) 

is cancelled by 
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the zero of the denominator at the same point. So the cross­

section should not show a dip at this point; indeed, no dip 

is observed experimentally. 

We now consider those reactions 

of Table 3.1, which are dominated by n=O and n=2 amplitudes. 

The DAM requires the imaginary parts of the corresponding 

helicity amplitudes to behave like JO(R~) and J2(R~) 

respectively. These do not have any zeroes at t~ -.55 GeV 2 
• 

So we do not expect (and we do not observe) dips in the cross­

sections for these processes in this t-region. 
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CHAPTER 5 

CALCULATIONS WITH THE DUAL ABSORPTIVE MODEL (DAM) 

In this part of the thesis, we 

shall try to account for the experimental features of the 

photoproduction of neutral pseudoscalar mesons. We shall also 

extend our analysis to certain quantities in the processes 

nN~N and ~N4PN through the use of vector dominance relations. 

In the photoproduction of nO 

and n mesons, the following characteristics are to be noted: 

a) The ~o differential cross-section shows a dip in the forward 

direction at t ~ -.55 GeV 2 • The n cross-section on the 

other hand, does not show this dip. Remembering that a basic 

test of any model is its ability to predict the presence or 

the absence of dips in the cross-section, it is immediately 
1 

seen that a simultaneous study of these reactions with any 

model will be useful. 

b) If s is the total energy squared,M the mass of the nucleon 

and da 
dt 

the forward differential cross-section, then the 

quantity (s_M 2
)2 ~~ is approximately constant for aIl s 

in these two processes. 

c) The ratio R = ~~ (yn4~Dn)/ ~~ (yp4~Op) has been measured 

in the forward direction. The error bars are comparatively 

large and it is very difficult to make any definite statements 

about its t-structure. However one thing to note is that this 

ratio is always less than unit y (see Fig. 8) 

40 
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d) The polarised photon asymmetry 

(see eqn. (2.17)) for the process yp+~Op has also been 

measured (Fig. 7). This ihows a small dip at t~ -.55 GeV 2 • 

In the absence of Regge cuts, 
dCY,J.. 

receives leading contribu-dt 

tions from p and ùl exchanges, while dO'n is dominated by B dt 

exchange. At t~ -.55 GeV 2 the p and the ùl contributions 

vanish due to the presence of the non-sense wrong signature 

zeroes in the amplitudes. So, if cuts are absent,E~ - 1 

around this point. Since the experimental value is ~ .5, 

we have some evidence for the existence of Regge cuts. 

e) The polarised target asymmetry T (defined in eqn. (2.18)) 

has also been measured for yp+~op (Fig. 9) at 4 GeV. The data 

show that T is negative in the interval osItls1 GeV 2 , with a 

maximum ITI(-.6) at t~ -.55 GeV 2 • 

In this chapter, we shall present 

the DAM calculations. We shall try to obtain the peripherality 

of the imaginary parts of the different s-channel helicity 

amplitudes as required by the DAM through the introduction 

of suitable amounts of Regge cut contributions ( in addition 

to the Regge poles), calculated through the abRorption 

prescription ( eqn. (3.18)). 

5.1 General Procedure 

From our discussions in chapter 

2 ( see Table 2.1 and eqn. (2.8)), we know that for ~o 
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photoproduction, the important t-channel Regge exchanges are 

w, p and B. For aIl these exchanges, we consider linear 

trajectory functions of the form 

where R denotes any of the w, p and B Regge poles. 

Most of the present phenomeno-

logical analyses of two-body reactions proceed through the 

Reggeization of the s-channel helicity amplitudes of definite 

parity. Here we shall proceed through the Reggeization of 

the invariant amplitudes A .• The main reason for our approach 
l. 

is the special form of vector meson dominance relations we 

adopt, and this will become clear in §5.3. Another important 

reason is that we shall be studying charged pion photoproduction 

in the framework of the Veneziano model, which neccessaorily 

involves the Reggeization of the invariant amplitudes. 

Certain expressions as weIl as some important quantities in 

both parts Band C are thus related in a straightforward 

manner ( see §8.3). The relations between our Regge pole and 

cut contributions to the CGLN invariants and the corresponding 

contributions to SHA of definite parity will be discussed in 

§5.4 and are summarised in Table 5.1. 

The contribution in the forward 

direction to the CGLN invariant A. trom the Regge pole 
l. 

trajectory 
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a R(t)-l 
(_s_) 

sR 

SR is a constant with dimensions of GeV2 
( = energy scale); 

the residues e~R)(t) are smooth functions of t to be discussed 
~ 

below. It is evident from (5.2) that our Regge pole exchanges 

contain NWSZ's. 

Since we proceed through the 

Reggeization of the invariant amplitudes, we must take special 

care to satisfy the analyticity constraint (eqn. (2.26)): 

f++ (s,a) = 
1 1 

M f-+ (s,a) 
o 1 

In the case of ~O photoproduction, the leading contribution 

to f++ 
1 1 

--+ comes from the w and the p exchanges, while f 
o 1 

receives only non-Ieading contributions from these exchanges. 

One way of satisfying (5.3) would be to make the w and the p 

contributions to f++ proportional to t ( so that they vanish 
1 1 

at t= 0), and set the corresponding contributions to f-+ (= 
o 1 

-++ MA-f = 
1 1 

A + tB) identically equal to zero at aIl t. Since 

this means that the explicit representation for the CGLN 

invariant A must be proportional to t (ië e(R)(t)_ t). The 
~ 

t 
2" 

contribution from the CGLN invariant D to f++ is explicitly 
1 1 

multiplied by t. So we have 

( 5 .4) 

D, 
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Here A(P) stands for the contribution to A from p exchange 

etc. These observations completely determine the residue 

functions The forms we adopt in our 

calculations are shown in Table 5.2. 

This method of satisfying the 

analyticity constraint is known as the evasive solution. For 

the B exchange contribution, we shall also proceed with an 

evasive solution. As we discuss in Appendix II (eqns. (A.II.3) 

and (A.II.4)), the combination of SHA 

f + f A + tB 
1 1 _.1. ..! 
2'; 2'2 

is dominated by t-channel exchanges of 0=-, whereas the 

combination 

f _ f A 
1 1 1 3 

2'; -;'2 
is dominated by 0=+. Since the B meson has 0=-, in the 

asymptotic limit it only contributes to the CGLN invariant 

B. In terms of PCTHA, B exchange dominates only the amplitude 

f-+ (=A+tB). So if only the invariant B receives a contribution 
o 1 

from the B exchange, the analyticity constraint (5.3) is again 

satisfied by evasion. The form of our B exchange contribution 

is also presented in Table 5.2. 

In addition to the p, w and B 

Regge poles, we consider p-Pomeron and w-Pomeron Regge cuts. 

Their contributions to the SHA f f and f are 
Il' Il 13 
-,- -2'2 2'2 

calculated in detail in Appendix 1. 2 The cut contributions to 
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the double-flip (n=2) amplitude f are very small ( unless 
-~ 2 • 2 2 

multiplied by an unusually large À~À) and will be neglected. 

Appendix l also contains the 

explicit representations of our p-P and w-P contributions to 

the invariants A and D (denoted by A(PP), D(PP), A(WP) and 

D(WP)). These are related to the corresponding cut contributions 

to SHA via eqns. (A.II.2) (see also Tables 5.1 and 5.2) 

In our calculations, we use two 

different models of Regge cuts: Model Cl and Model C2 (both 

defined in Appendix I(*)). We do not consider Regge cuts 

associated with B-meson exchange. 

5.2 Formulae for the Photoproduction of nO and n 

The photoproduction of neutral 

•• ••.•• (+) + A(O) p10ns 1nvolve the 1S0tOp1C sp1n comb1nat10n A. -. 
1 1 

From Table 2.1, we see that there are no known t-channel 

exchanges corresponding to the amplitudes C(+) and c(O). 

Accordingly we take 

(*) Model C2 is identical to Model A of Ref.(9). This ref. also 

presents a Regge cut model B ( not presented in this thesis). 

As we discuss in Appendix l, these cut models differ between 

them with respect to non-leading ( in ln s) terms; these non-

leading terms are important at the energies of interest. 
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Then our discussions in the previous section together with 

eqn. (2.20) lead to the following expressions for the differen-

tial cross-section in the forward direction for TIO photo-' 

pr,oduction: 

~~ 1 ~ TI [1 A ( + ) ± A ( 0) 1 2 - t 1 D ( + ) ± D ( 0 ) 1 2 ] 

(5.6) 

upper (lower) sign refers to the photoproduction on protons 

(neutrons). The differential cross-section and the polarised 

photon asymmetry are 

E (e) = 
d<1L dan 
dt - dt 

Also from eqn. (2.23) ( using eqn. (5.5)), the polarised 

target asymmetry for YP~TIOP is given by 

() r-t 
T e = - lm 

dO' 
16TIdt 

For the photoproduction of n 

mesons, eqns. (5.6) are to be modified in the following 

fashion. In our notation, denotes the contributions 

to the TIo amplitude A. from the Regge trajectory R. If A~R)(n) 
~ 

~ 
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denotes the corresponding contribution to n production, then 

(5.8) 

where gyrrR denotes the coup1ing of R to the y-rr vertex, 

whi1e gyn R is the corresponding coup1ing to the y-n vertex. 

Now su(6) symmetry gives 

where the w-cp and the n-x mixing has been neg1ected 
(30 ) 

So for n photoproduction we have 

where 

H = and h = 
gY7TW gynp 

gynw gyrrp 

5.3 Connection with rrN~wN and 7TN~pN 

(5.10) 

(5.11) 

Starting with the reaction 

7TN~wN, we assume that it is dominated by the same t-channe1 

exchanges, which in § 5.1 determines y. 1 + N ~ 7To+N, iè 
~sosca ar 

the p and B Regge po1es and the pP eut. We are interested in 

the part of 7TN+wN which corresponds to he1icity À = ±1 w in 
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the t-frame ( or Gottfried-Jackson frame). It will become 

clear that the use of certain t-frame quantities allows a 

direct determination of the magnitude of the B- exchange at a 

physical value of t (t< 0) and independent of the magnitude 

and the structure of the pP eut. 

We shall use the six invariant 

amplitudes B.(s,t) (i=1,2,3,5,6,8) as used by Diu and Le Bellac 
~ 

(14) f d' . N VN h V t d f t or ~scuss~ng TI + , W ere s an s or any vec or meson. 

Off the mass-shell (iê for k2~m;), the Bi's will be functions 

of s,t and k 2 • To relate these amplitudes to the photoproduc-

tion invariants A. 's, we assume that B.(s,t; k 2 ) are smooth in 
~ l 

k 2 (=squared vector meson mass); then the following relations 

can be shown to be valid at k 2 =0 ( the photon limit) and 

high s: 

2B3 
- - =A s 2 

where q is the four momentum of the pion. In this derivation 

we have used an extrapolation in the vector meson mass as done 

in Refs. (31-34). Vector meson dominance is a special conse-

quence of eqns. (5.12) . 

Eqns. (3.1) and (3.4) of Ref. 

(14) enable us to express the relations between the CGLN 

invariants A. and the t-channel helicity amplitudes (THA) for 
l 

the process TIN+wN. If pet) denotesthe density matrix element 
mn 



in the t-frame, then it is determined in terms of the THA's. 

The combinations are asymptotically 

dominated by t- channel exchanges wi th pos i t ive (upper si gn) 

and negative (lower sign) normalities respectively. We can 

express them in terms of the CGLN invariants as: 

[p(t)+ p (t) JdO 
(2Yw/e ) 2 

[ 1 A ( 0) 1 2 -t 1 D ( 0 ) 1 2 ] = 
1 1 1 -1. dt 16 7T 

(5.13) 

(2Yw/e ) 2 

l(t+m2_p2)A(PP)_t(m2+p2_t)B(~)12 [p(t)_ pet) JdO = w w 
Il 1 _1 dt 

16 7T,[~ 

where Yw is the y-w coupling constant, 

are the w and the pion masses and 

Now the important point to notice is that at t= _(m~_p2) 

=-.59 GeV 2 , the contribution to[p(t) _ pet) JdO from the 
11 1 -1 dt 

p-P cut vanishes(34,35). So a knowledge of this quantity at 

this point directly determines the magnitude of the B exchange. 

It should be remarked that the point t=_(m 2_p2) is in the w 

physical region of the process 7TN~WN, so that this method 

of determining the B exchange involves only experimental 

quantities and does not rest on assumptions about extrapolation 

to t=m~ or strong 7T-B exchange degeneracy. 

It is known that vector dominance 

relates directly the photoproduction quantities to the density 
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matrix elements of nN~wN ( and nN~pN) in the s- ( or helicity) 

frame(6). However our determination of the B exchange 

contribution is based on the t-frame quantity [p(t)_p(t)] ~~ . 
1 1 1 _ 1 

Because of the special form of vector dominance relations 

shown in eqns. (5.12), we have been able to express the t­

frame quantities [p(t)±p(t) ]dO directly in terms of the 
II 1 - 1 dt 

photoproduction quantities (eqn. (5.13». These relations 

involve invariant amplitudes for both nN~wN and yN~nN. This 

is the main reason we have proceeded in § 5.1 through the 

Reggeization of the CGLN invariants. 

For the process nN~pN, isospin 

invariance tells us that the w exchange contribution can be 

isolated in the following combination of differential cross­

sections(36) : 

( ) dO( + +) dO( - -) dO( - 0) Xw s,t = dt n p~p p +dt n p~p p -dt n p~p n 

It is known that this exchange couples to the n-p system only 

when the p helicity is ±i(37). So it follows that 

X ( t ) 2 ( t) dO 
w s,= Pli dt (5.16) 

So the left hand side of eqn. (5.15) is evaluated from the 

formulae (5.13) with B=O, and replacing aIl p and p-P indices 

by the corresponding w and w-P indices. 
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5.4 Requirements of the Dual Absorptive Model 

We shall use the basic require~ 

ment that 

of the DAM in order to place restrictions on the t-structure 

of the imaginary parts of our SHA, and implicitly, on the 

magnitude of our Regge cuts. We shall require that, at any 

given energy, the combination of Regge pole and cut contributions 

forming our SHAhas an imaginary partwith approximately the 

t-structure (zeroes, maxima,minima) of the corresponding 

Bessel function. 

We first consider the amplitude 

with isospin index (0) (ië p, p-P and B exchange contributions). 

Then Table 5.2 and the DAM requirement (5.17) imply that for 

the single-flip amplitudes (n=1 ): 

2 2 2 2 

Also Table 5.2 implies that for the non-flip amplitude (n=O ); 

lm f'O)(s t)=_1:2S Im(A(P)+2A(PP)+tB(B)) - Jo(R~) 
1 l' 16 TI -,-
2 2 

and tor the double-flip amplitude (n=2} 

2 2 
Next consider the amplitudes 
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with isospin index (+1 Ciè w and w~P exchangesl. For the 

n=l amplitudes, the requirement corresponding to eqn. (5,181 

is obtained from Table 5.2 as 

Here the n=O and the n=2 amplitudes are much smaller in 

magnitude (see § 5.5b). In any case, the corresponding DAM 
requirements can be easily obtained from Table 5.2. 

5.5 Fits, Parameter Values and DAM requirements 

Our fits to the experimental 

data are presented in Figs. 6-14. The Regge pole and the 

Regge eut parameters used are given in Tables 5.3 and 5.4. 

a) Features of the Fits produced 

') da 0 ~ dt for yp~TI p: Both our models account fairly weIl for the 

t-structure and the energy variation of the data (Fig. 6). 

The expected dip at t~-.55 GeV 2 is observed in both the models. 

Model C
1 

consistently gives a slightly stronger dip than what 

is actually observed. 

ii) Polarised photon asymmetry r for YP~TIop: Both models 

reproduce this parameter quite successfully (Fig.7) 

iii) The ratio R= ~~ (yn~TIOn)/~~ (yp~TIop): Both the models 

are again quite successful in fitting the data (Fig. 8). 
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Mode1 C
1 

gives a f1at t-structure, whi1e Mode1 C
2 

shows a dip 

at t~-.55 GeV 2 • This ratio is quite sensitive to the relative 

magnitudes of the isovector and the isosca1ar photon 

contributions, and in genera1, quite difficu1t to obtain 

correct1y. 

iv} Po1axised target asymmetry T for YP~TIop: Both Mode1s C
1 

and C2 are unsuccessfu1 in fitting the data for T, in parti-

cu1ar at Itls.5 Gey 2 , where they predict T>O (Fig.9) . They 

a1so predict. a change of sign in T at t~-.5 GeV 2 , not supported 

by the present data. However, another set of parameters in 

the framework of the mode1 C
1 

( ca11ed C' 
1 

in Tables 5.3 and 

5.4) produces better resu1ts; at sma11 1 t l , T is still positive, 

but at 1arger Itl , reasonab1e agreement is obtained. This 

mode1 a1so gives large negative T (~-.42) at t~-.6 GeV 2 , in 

agreement with experiment (Fig. 9, cross-dashed curve). With 

these particu1ar parameters certain other quantities {e.g. the 

ratio of maximum to minimum value of ~Z (YP~TIop, Fig. 6 at 9 

GeY) are in 1ess satisfactory agreement. However most of the 

predictions are qua1itative1y the same as of Mode1 C1 (see 

po1arised photon asymmetry E at 6 GeV, Fig. 7; the yp~np 

differentia1 cross-section at 6 GeV, Fig. 10; and the quantity 

xw(s,t) at 8 GeV, Fig. 11). 

da 2 
v) dt for yp~np: Mode1 C1 shows a shou1der at t~-.55 GeV 

(Fig. 10). This feature is not supported (but a1so not definite1y 
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excluded) by the present data. Model C2 on the other hand, 

shows no such shoulder or dip. 

vi). Xw(s,t) for ~N~pN: From the w and the w-Pomeron 

contribution to ~o photoproduction, we can obtain Xw(s,t) 

(egn. (5.15)) by using vector dominance. As we see-in Fig. 

11, both the models Ci and C2 fit the existing data guite 

welle 

vii) The quantities (t) der 
PlI dt ' 

and 

for + ~. n~wp: Comparisons with experimental 

data are shown in Figs. 12,13 and 14. Model C
2 

semms to fit 

the data for the first two quantities quite welle Model Ci shows 

d " t t~-.55 GeV 2 for p(t) der a l.p a 11 dt' For the quantity [p(t)+p(t) ] 
1 1 1 - 1 

der 
dt' the expe.rimental information is quite imprecise and 

precludes any definitive statements about the presence or the 

absence of dips at t ~-.55 GeV 2 • Model Ci again shows a dip, 

while Model C2exhi~its no such dip. At smaller Itl, Model Ci 

seems to fit the data better. 

b) Values of Constants 

In both the models, the pN~ 

coupling is dominantly s-helicity flip ( see value of G~p)/Gip) 

in Table 5.3). The wNN coupling on the other hand is by far 

dominantly non-flip ( see value of GiW)/G~w)). We need 
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G(W) /G(W) > 0 to fit the data. Theoretical considerations(18) 
1 4 

give a small negative value for this ratio. Notice that other 

h ;gh e"nergy models(6,18) h 1 b f d t "t" • " ave a 50 een orce 0 use pos~ ~ve 

( and rather large) values for this ratio in order to fit the 

data. In our fits, th~ required GiW)/G~W) (= .1 -.05) is 

quite small. Also yN+rroN is dominated by W exchange ( as seen 

from the values of the ratio G~p)/G~W) used in our fits) • The 

expected values of the constants G~p) d G(W) 
~ an . have been 

~ 

calculated in terms of the pNN and wNN couplings and the decay 

widths r(p+rry) and r{w+rry). However, these are only oràer 

of magnitude estimates, and our fitted values compare weIl 

with them. (see also Table 8.2). 

In the n photoproduction fits, 

we see that 8u(6) predictions compare favourably with our 
" y2 y2 

parameters values. The values of 4~ and 4~ as determi-

ned from our fits of Xw(s,t) for rrN+pN and the t-frame density 

matrix elements for rr+n+wp are also quite consistent with 

the experimentally determined magnitudes of these quantities. 

The trajectories p, w and B are 

constrained to pass through the masses of the corresponding 

particles. ÀB is taken to be ~ .7 GeV- 2 , so that the B 

trajectory becomes exchange degenerate to the pion trajectory. 

To account for the t-variation of the experimental [p(t)_p(t) ] 
1 1 1 - 1 

for rr+n+wp, we were forced to introduce an extra t-

1 

...J 



dependence in the B meson residue So 

the exchange degeneracy is weak. 

c) Requirements of the DAM 

As we discussed in §5.4, the 

Dual Absorptive Model requires that the imaginary parts of the 

single-flip amplitudes f(O) and f(O) behave like J
1

(RI=t), 
1 1 1 3 

with R~l fermi. This me~I~2that in2~Xdition to vanishing at 

t= 0, each of them has a zero near t~ -.55 GeV 2 • Fig. 15 

shows that this requirement is weIl satisfied for both the p 

and the w exchanges in both our models. Since vector exchanges 

are involved, we expect from our discussions in chapter 4 that 

the corresponding cut contributions are weak. This is indeed 

the case as seen from Table 5.3 ( values of î~p~,(w) ). 
2'2 

As discussed in the third section 

of this chapter, the non-flip amplitude f(O) is proportional 
1 1 
2'2 

to the combination [A(P)+2A(PP)+tB(B)]. So, the imaginary 

part of this combination should behave like Jo (RI=t), having 

a first zero at t~ -.2 GeV 2 , a local maximum at t~-.6 GeV 2 

and a second zero at t~ -1.2 GeV 2 • As shown in Fig. 16, both 

models show the first zero around t~ -.15 GeV 2 , but the 

maximum and the second zero are displaced towardo smaller It/. 

This tendency is more evident for Model C2 . 

Similarly the combination 

[_A(P)+tB(B)] is proportional to the double-flip amplitude 

f(O) Hence its imaginary part is proportional to J2(R~), 
1 3 

-~'2 
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and consequently it has zeroes at t=O and t~-l GeV 2 • Model 

C2 satisfies this requirement quite weIl (Fig. 17), but Model 

Ci has its second zero at a smaller value of Itl • 

Since the wNN coupling is 

to f
(+) and f(~) 

dominantly non-flip, the w contribution 
1 l 1 3 -,- --,-
2 2 2 2 

are quite small. So we do not discuss the DAM requirements 

for these two helicity amplitudes. Again, in view of our 

discussions of chapter 4, we expect the corresponding cut 

contributions to be quite large. This is again seen from 

Table 5.3 ( values of ) . 
The real parts of the correspo-

nding s-channel helicity amplitudes are also shown in Figs. 

18 and 19. The real parts of both f(O) and f(+) (Fig. 
1 1 1 1 

-'2'2 -'2'2 
18) look alike in both models Ci and C2 • These amplitudes 

show structures somewhat resembling Ji(R~) but with the 

zero shi fte d towards small 1 t 1 • For Re f ( 0) ,none of the 
1 1 
2'2 

two models give anything resembling JO(R~) (Fig. 19). For 

Model C2 ,Re f(~) 1 looks like J2(R~) (Fig. 19), but 
-2'2 

Model Ci gives a different structure. Of course, the DAM 

does not impose any constraints on the real parts of the 

amplitudes. 



Table 5.1 Combinations of SHA with Definite Normality (*) 

Normality cr + - + 
-+ 

{ft,.tf-t,t} {ft,.Ff .. t,t} {ft,t-!t,.T} 
Isospin '" 
Index x (-8rr/l2s) x (-8rr / 12s) x (-8rr / 12s) 

(+) 
-r-t(D (w) +D (wP» A(w)+A(wP) 0 

w-like 

(0) 
-r-t(D (p) +D (pP) A (P)+A (pP) 0 

(p+B)-like 

(*) This table i8 directly obtained from equations (A.II.3) and (A.II.4). 

l 

-

{ft,t+f-t,t} 

x ( -8rr / 12s) 

A(wP) 

A (pP) +tB (B) 

\JI 
CP 



Table 5.2 Residue Functions and Contributions to s-channel Helicity Amplitudes 

Residue functions eiR)(t) Contributions to s-channel helicity 
amplitudes x (-l6~/~) 

Exchanges el(t) e2(t) e3(t) e4(t) f_.z,.z = f.z,.~ f.z,.~ f_.z,.~ 

P -tG(p) 
1 

G(p) 
1 0 G(p) 

4 
-r-t. D(P) A (p) -A (p) 

W _tG(w) 
1 

G(w) 
1 0 G(w) 

4 
-k D(w) A(w) _A(w) 

B 0 G(B)ebt 0 0 0 tB(B) tB(B) 

p-Pomeron -k D(PP) 2A (pP) negligible 

w-Pomeron -r-t. D(wP) 2A(wP) negligible 

- - -- --- ---- - -- - -- -- -

r--

1 

\J1 
\0 
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Table 5.3 Fitted and Expected Values 

Parameters Cl (DAM) 
Fi ted Values 

Cl (WCM) C2(DAM) C2(WCM) Ci (DAM) 

G (oo) (llb+GeV-2) 
4 97 79 118 118 94 

Gfoo) 
(Gev-1) 0.1 0.03 0.05 0.05 0.05 

G(oo) 
4 

G§p) 
(Gev-1) 0.39 0.45 0.25 0.25 0.25 

G(oo) 
4 

G(p) 

GÎP) (GeV) 0.35 0.24 0.45 0.45 0.45 

gy1Too = ! -4.54 -3.22 -4.0 -2.96 -3.86 
g"(noo Iii 

gY1Too
g
ynp = h 9.0 8.87 9.0 9.0 9.0 

g"(noogY1Tp 

2 5.4 5.2 5.4 10.1 4.9 y /41T 
00 

2 0.45 0.55 0"6 0.6 1.5 y /41T 
Q 

(*) See discussions at the end of §8.3(c) and Table 8.2. 

l. 

Expected 
Values (*) 

95 

-0.07 

0.225 

0.50 

-3.0 

9.0 

3.7±0.65 

0.52±0.03 

References 

(18) (40) (41) 
(42) and SU(6) 

(18) (39) (42) 

(18) (40) (41) 
(42) and SU(6) 

1 

(18) (38) 
(39) (42) 

SU(6) 

'SU(6) 

(43) 

(43) 
--

0\ 
o 
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Table 5.4 Other Parameters 

Parameters Cl (DAM) Cl (WCM) C2 (DAM) C2 (WCM) Ci (DAM) 

-2 
~\ =Àoo (GeV ) 0.86 0.88 0.90 0.90 0.90 

ÀB 
(GeV-2) 0.68 0.70 0.70 0.70 0.70 

Àp (GeV-2) 0.40 0.39 0.30 0.30 0.10 

2 1.31 1.49 (6À
p
)-1 (6À

p
) -1 (À )-1 SOI' (GeV ) .p 

s (GeV2) 0.83 0.63 (À )-1 (À )-1 (À )-1 
000 00 00 00 

SoB (GeV2) 0.80 0.63 (À )-1 
B 

(À )-1 
B 

(À )-1 
B 

s' (GeV2) sO.Q. S (À )-1 sop sOI' OP Op .p 

s' (GeV2) s S S S S 
000 000 000 000 000 000 

i(~t) 
~. 

4.1 1.0 3.5 1.0 4.25 

À~~~) 3.8 1.0 3.5 1.0 4.25 

i:r.~ 1.5 1.0 1.0 1.0 1.0 

i:~~ 1.5 1.0 1.0 1.0 1.0 

-2 Ao (GeV ) 2.40 2.35 0 0 4.0 

G(B)/G(w) 
4 -1.62 -2.11 -2.54 -2.54 -0.96 

b (GeV-2) 4.4 3.79 4.87 4.87 4.4 

0tot (mb) 24 24 24 24 24 



CHAPTER 6 

CALCULATIONS WITH THE WOM AND COMPARISON WITH THE DAM RESULTS 

In this chapter, we shall 

discuss the Weak Cut Model (WCM) results for the same quantities 

for which the DAM results were presented in the last chapter. 

We shall also suggest some tests for experimentally distinguish-

ing between the DAM and the WCM. We shall also discuss the 

implications of our calculations. 

6.1 Weak Cut Model 

a) Amplitudes in the WCM 

The contribution to the CGLN 

invariants A. in the forward direction from the Regge trajectory 
~ 

R Cp, w and B exchanges) is taken to be the same as in the 

DAM (eqn. (5.2)) 

-i 1TCX
R 
(t) 

A~R)(s,t)= f3~R).(t) ;r __ 1 __ -_e _____ _ 

~ ~ r[aR(t)] Sin[;raR(t)] 

a R(t)-1 
(_s_) 

sR 

The explicit forms of the residues 

(6.1) 

f3~R)(t) have been shown 
~ 

in Table 5.1. As usual, sR is the energy scale. 

For the cut contributions, we 

remember that (see chapter 3 and Appendix I) the WCM is defined 

by taking 

1. (RP) = 
l l -,-
2 2 

1. (RP) 
_.1 .1 , 

2 2 

= 1.0 (6.2) 

62 
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and 

= (6.3) 

Of course in C1 (WCM) we take Ao~O, while in C2 (WCM)" we have 

AO=O ( see Appendix I). 

It is easy to see that in this 

model, the analyticity constraint (5.3) is satisfied exactly 

in the same way as in the case of the DAM. 

b) Features of Fits produced 

The fits to the experimental 

data are shown in Figs. 6-14. The corresponding Regge pole 

and Regge cut parameters have already been given in Tables 

5.3 and 5.4 • 

. ) da 
1 dt As in the DAM, both Models C

1 
and C

2 

account fairly weIl for both the t-structure and the energy 

variation of the data (Fig. 6). However, the WCM always 

gives a slightly stronger dip at t~-.55 GeV 2 compared with 

the corresponding DAM. 

ii) Polarised photon asymmetry ~ for YP~TIDp: Again both 

models are quite successful in explaining the data (Fig.7). 

iii) The ratio R=~Z(yn~TIOn)/~Z(YP~TIOp): At 4 GeV, the ratio R 

comes out somewhat high. At 8 GeV, the fit is quite good. 

iv} Polarised target asymmetry T for yp~TIDp: Both models fail 
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quite badly. Model Ci gives a small positive value for this 

quantity in the smal1 Itl region. T changes sign at t=-.55 

GeV 2 , and assumes a smal1 negative and practic~lly const.nt 

value upto Itl~l GeV 2 (Fig. 9). Model C2 predicts a very sma11 

T for aIl Itl~l GeV 2 (not shown in Fig. 9). 

) dO' 
v dt for yp~ np: Model C

1
(WCM) exhibits a shoulder at 

t=-.55 GeV 2 , just 1ike the corresponding C 1 (DAM). Model 

C
2 

(WCM), on the other hand, does not exhibit any dip at 

t=-.55 GeV 2 and fits the data quite we11 (Fig. 10) 

vi) Xw(s,t) for wN~pN: Both the mode1s fit the data quite 

weIl. The resu1ts are very simi1ar to the corresponding DAM 

results ( see Fig. Il; the WCM resu1ts are not shown). 

vii) The quantities 

for + w n~wp: 

dO' 
dt and 

For the first two quantities, 

both mode1s show strong dips near t= a (Fig. 12 and 131. At 

larger values of Itl , b6th models show reasonably good agree­

(t) dO' 
ment with the data, a1though for the quantity Pl 1 dt' 

Model C
2

(WCM) seems 

+ P (t) ] dO' 
1 -1 dt 

to produce the better fit. For the quantity 

, both the Weak Cut Models predict strong 

dips around t=-.55 GeV 2 
• 



c) Values of Constants 

da 0 Both dt and E for yp7TI p and 

Xw(s,t) for TIN7pN are eff~ctively determined by the single­

flip amplitude which is dominated by w exchange. Since the 

DAM and the WCM are quite similar for single-flip amplitudes 

and the parameters used for W exchange corresponding to this 

helicity amplitude in both the DAM and the WCM are also similar, 

the corresponding results are predictably similar. 

In our discussions in § 3.2. 

we pointed out that if vector exchanges dominate, then the 

WCM h ld d t d d · . da f s ou pro uce an unwan e ~p ln dt or yp 7 np around 

t~-.55 GeV 2 • Model C
2

(WCM) does not give this dip. Model Cl 

(WCM) produces a shoulder around ~his point, but this is 

weaker than that produced by Cl (DAM). The reason for this is 

that in both the WCM's, we have introduced a relatively large 

B contribution. This is also evident from an examination of 

the quantity [ p~t~ (Fig. 13) at t~-.6 GeV 2 • 

At this point, this quantity is exclusively determined by the 

amount of B contribution, and we see that this is somewhat 

overestimated in both the WCM's. Moreover, in order to obtain 

the proper normalisation for da 
dt , [ P 

Ct) 
1 1 

, the model C2 (WCM) has to use a value 

1 
...J 
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which is about 3 times larger than the experimentally 

observed value (Table 5.3). 

6.2 Conclusions and Predictions 

The Dual Absorptive Model imposes 

the requirement that the imaginary parts of the different 

helicity amplitudes be peripheral. It, however, does not 

specify how to achieve this objective. In this work, we have 

introduced suitable amounts of Regge cuts ( Reggeon-Pomeron 

cuts to be exact) in addition to the corresponding Regge pole 

contributions in order to obtain the required peripherality. 

These Regge cut contributions have been calculated through the 

absorption prescription (eqn. (3.18)). So, our prin~ipal 

motivation for carrying out this calculation is to examine 

whether the absorption prescription is a proper tool for 

implementing the DAM requirements. 

We have seen that both the 

models C1 (DAM) and C2 (DAM) are in reasonable agreement with 

the data ( except vith those for the parameter T). It is true 

that C1 (DAM) predicts shoulders at t ~-.55 GeV 2
. for the 

quantities da (yp-+np) and (t) da [p(t)+p(t) ] da for 
dt Pl 1 dt ' 1 1 1-1 dt 

+ No dips experiment ally observed for these at 1T n-+wp. are 

this point. However, the corresponding data contain large 

errors ( in particular for the last quantity). So the presence 



of a small shoulder cannot be ruled out. 

seem to be in disagreement with the present data on the 

polarised target asymmetry T. Parameters corresponding to 

Model C~(DAM) give better numerical results, but the t-

dependence remains basicaIly the same. It should be 

pointed out here tbat other Regge cut ruodel calculations 

through the absorption prescription, as carried out by Gault 

(6) (44) . 
et al and Worden as weIl as the WCM (see §6.1), also 

give similar results. So far, the parameter T has been 

measured only at one energy, and the data contain large errors. 

If more precise and thorough measurements confirm the present 

data, then the conclusion will be that the absorption prescrip-

tion is not a suitable method for calculating the Regge cut 

corrections to reggeized vector exchanges. 

We ·can speculate here about the 

reasons for the seeming failure of the absorption prescription. 

It is true that we have imposed the DAM requirements on the 

imaginary parts of the helicity amplitudes in a reasonably 

satisfactory manner. It should be remembered that these 

requirements are to be satisfied irrespective of the particular 

method chosen to calculate the Regge cut contributions. 

However, for the corresponding real parts, only for the n=l 

amplitudes does the DAM implicitly predict any definite t-

behaviour (eqn. (4.3)). For the n=O ( and the n=2) amplitudes, 
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these real parts are determined in a model dependent way 

( in this case, the absorption prescription). Since of aIl 

the quantities we have tried to fit, T is the most sensitive 

to the real parts of the amplitudes, the shapes of the rea1 

parts of n=O and n=2 amplitudes in our mode1s shou1d be b1amed 

for the disagreement with :he data. Notice that Re f(a) 
1 1 
22 

(Fig. 19) of our mode1s do not look at a11 1ike the rea1 part 

of the n=O amplitude of Ha1zen-Michael and Kelly(25} analyses. 

It is also possible that the 

DAM reqùirements shou1d not be imposed through the introduction 

of Regge cuts in the first place. However, the theoretica1 

basis of the existence of these cuts have been we11 estab1ished 

(16,17) So, such a possibi1ity demands a proper ~va1uation 

ot the relative importance of Regge cuts for different 

hadronic interactions. 

Another motivation for doing 

this work is as fo11ows. If we accept that, at 1east in 

photoproduction, the absorption prescription is suitable for 

ca1eulating Regge eut contributions, we would like to see if we 

can experimenta11y distinguish between the DAM and the WCM on 

the basis of the existing data or from some yet unmeasured 

quantities. 

da 
The present data on dt and 

for yp+~Op and the corresponding ratio R do not rea11y prefer 

one mode1 over the other. The same is true for the differentia1 
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cross-section for yp+np. The predictions for the polarised 

photon asymmetry L for n production for aIl models at 4 GeV 

are shown in Fig. 20. We see that the WCM ( both Cl and C2 ) 

predicts a strong dip in L at t~-.5 GeV 2
, and, in general, 

this quantity should show a strong t-dependence, while the 

DAM (again both Cl and C2 
gives only a small shoulder at 

that point. So an accurate measurement of this quantity will 

help in distinguishing between the DAM and the WCM. The ratio 

R= da(yn+nn)/da(yp+np) is also shown in Fig. 20. The predic-
dt dt 

tions are very similar in both the models. 

A more precise determination 

of the small t-behaviour (t-O) of the quantities 

and [p(t)_p(t) ] da 'for 1T+n+wp will be very useful 
1 1 1 -: 1 dt 

(t) da 
Pli dt 

for our 

purpose. The WCM gives strong dips near t=O, a feature not 

predicted by the DAM. But the most clear distinction can be 

obtained from the behaviour of the quantity [p(t)+p(t) ] da 
- 1 1 1 -1 dt 

near t~-.55 GeV 2 • The WCM predicts a strong dip at this point, 

while the DAM does not give this dip, or at best produces a 

small shoulder. Unfortunately, due to the inaccuracy of the 

present data, definite conclusions about the presence or the 

absence of this dip cannot be made. 



PART C CHARGED PION PHOTOPRODUCTION 

70 



CHAPTER 7 

REVIEW OF EXISTING MODELS 

In this part of the thesis, we 

shall discuss different aspects of photoproduction of TI+ and 

TI The important features observed in the case of charged 

pion photoproduction are: 

) + -a Both TI and 11' cross-sections show sharp forward peaks of 

width _~2(~ = pion mass). 

) • der ( - ') der + ) b The rat~o R= dt yn~1I' p /dt(YP~TI n has a value R=l in the 

forward direction (t=O) and then drops rapidly and shows a 

broad dip around t~-.4 GeV 2 • 

c) Unlike 11'0 photoproduction, charged pion photoproduction 

does not show any dip around t~-.55 GeV 2 • 

d) The polarised photon asymmetry r ( defined in eqn. (2.17)) 

for both 11'+ and 1I'~,rises rapidly trom r=o at t=O to r-l at 

+ 
After this initial increase, r drops for both TI- , the 

drop for 11' + being faster than that for TI 

e) The polarised target asymmetry T (defined in eqn. (2.18)) 

+ has been measured for the process yp~TI n. The data show that 

T, starting from zero at t=O, becomes large negative with 

increasing Itl. For Itl~.5GeV2, T decreases in absolute value. 

f) In the backward direction, the 11'+ ditferential cross­

section drops smoothly with increasing lui, and exhibits no 

dip structure. There is yet no experimental information for 

7l 
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The photoproduction of charged 

pions involves the isotopie spin combinations A~-)±A~O) • 
~ ~ 

The Regge exchanges in the t-channel corresponding to these 

amplitudes are shown in Table 2.1. The asymptotic expressions 

for the forward and the backward cross-sections in terms of 

the CGLN invariants are given in eqns. (2.20) and (2.21) 

respectively. 

Pion exchange dominates the 
. . 

cross-section in the extreme forward direction (t-O) and this 

is demonstrated by the sharp forward peak of width-~2. We 

shall now proceed with a brief review of the most important 

theoretical models advanced for the understanding and the 

description of charged pion photoproduction. 

7.1 Electric Born Model 

The forward structure of charged 

pion photoproduction can be explained on the basis of a gauge 

invariant perturbation theory model (Electric Born Model). 

This consists of an elementary pion exchange in the t-channel 

and nucleon contributions in the s- and u-channels; the nucleon 

anomalous magnetic moment is ignored. The corresponding 

Feynman diagrams for YP~TI+n are shown in Figs. 21 a,b,c. The 

elementary pion exchange alone (Fig. 20a) is not gauge 

invariant; the nucleon exchange diagrams (b) and (c) must in 

addition be considered in order to obtain a gauge invariant 

contribution. 
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If we only consider the electric 

and the normal magnetic moment couplings between the photon 

and the nucleon, then ele~entary Feynman diagram calculations 

give the following contributions to the different CGLN 

amplitudes: 

A{+)=A{O)=~eg [ 1 1 ] A{-)=~eg [ 1 1 ] + -- - --
S_M2 u_M2 s_M2 u_M 2 

(7.1 ) 

B{+)=B{O)=eg 1 B{-)=eg s-u 

(s_M2){u_M2) (S_M2){u_MZ){t_~~) 

In the asymptotic limit s~=, 

t small, it is clear from (7.1) that the amplitudes A(-) and 

B{-)dominate over A(O) and B(O). So for small Itl we can write 

Thus at t=Q 

dCA, _ da. 
dt - dt 

This condition is essentially a restatement of the analyticity 

constraint eqn. (2.26). 

Form (7.1), we see that A(-) 

increases very slowly with Itl, and 50 ~~ is almost constant 

da in the forward direction. So the t-structure of dt is to 

explained solely on the variation of ~ with t. For dt 

calculating ~~" , we note that the Electric Born Model gi ves 
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S-"u 

dau 
This shows that dt starts from 

a finite value (= da~) at t=O and drops off to zero at t=_~2 
dt 

and then rises again. 
da,L 

The quantities dt 
da. 

, dt 
da 

and dt 

are plotted in Fig. 22. The Electric Born Model qualitatively 

da 
reproduces the forwardpeak in dt However for Itl>~2 , :~ 

as calculated from this model, starts increasing again, in 

total disagreement with the experimental data, which show a 

smooth decrease, more in tune with conventional Regge behaviour. 

Quantitativel:h the Electric Born Model agrees reasonably weIl 

with the experimental cross-section in the region Itls~2 • 

From (7.3) and (7.4), it is also 

evident that the polarised photon asymmetry L rises from L=O 

at t=O where dca. = da,. ) t L=1 at t=-11 2 (where dOis= 0"). 
dt dt 0 t"' dt Also 

the amplitudes A~O) are smaII compared to A~-) , the 
~ ~ since 

ratio R=1 at t-O as experimentally observed. AlI versions of 

the pion exchange model ( including pion parity doublet and 

Regge cut models , and not just the Electric Born model) 

da 
explain the forward structure of dt ' Land R in a similar 

way. 
da 

The change in dt cornes almost entirely from the rapid 

t-variation of ddtQI, hOI da,L is w ~ e dt 

7.2 Regge eut (Absorption) Model 

essentially constant in t. 

The analyticity properties of the 

CGLN amplitudes lead to the requirement that at t=O, the 
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singu1arity free PCTHA's must satisfy (eqn. (2.26» 

-++ --+ 
f· ( S ,0) = M f ( s ,0 ) 

1 1 0 1 

Whi1e discussing the photoproduction of ~o and n mesons, we 

showed (§ 5.1) how the p and B trajectories satisfy this 

condition (by evasion). In the present case, we have two 

--+(-) 
additiona1 trajectories, ~ and A2' which contribute to f 

o 1 

and r++(-) respective1y ( the superscript (-) denotes the 
1 1 

i-spin index). As in the case of the p trajectory, A
2 

gives 

a contribution that vanishes a~ t=O ( r++(A2 ) (s,t) + 0, as 
1 1 

t+O; evasive solution). 

The simp1est possibi1ity is that 

the pion as w.e11 gives a contribution that vanishes at t=O,ië 

which at sma11 Itl behaves as: 

--+(~)( ) f s ,t ~ 
o 1 

where is a 

t 
ex (t)-l 

(_s_) ~ 

So 
(7.6) 

smooth1y varying function of t (s (O)~O). 
~ 

However, as a1ready mentioned, there is a sharp forward peak 

in the differentia1 cross-section for charged pion production, 

and this peak has a width _~2 and shou1d presumab1y be 

exp1ained on the basis of pion exchange. A pion contribution 

vanishing at t=O will give a dip instead of a peak. So, we have 

to have some additiona1 non-vanishing contribution at t=O. 

This can be done by generating through the Bessel transform 

of eqn. (3.18) a pion-Pomeron Regge cut, 1ike the p-Pomeron 
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and the W-Pomeron cuts of chapter 5. This cut ( having no 

definite normality cr ) contributes to both f-+ and r++ 

with contributions 

= r++(-ITP) (s ,0) 
1 1 

o 1 l 1 

thus satisfying the constraint (7.5). So, we have 

-++ ( ) f . s,t 
1 1 

(le~ving out contributions from other exchanges like A2 etc.Y 

--+(7TP) The sign of f is so 
o 1 

chosen that it interferes destructively with r-+(7T) . This 
o 1 

destructive interference produces the sharp forward peak as 

shown in Fig. 23. 

Notice that such a picture is 

in complete agreement with elementary pion exchange plus 

absorption corrections(20). At smalliti , Regge and elemer.tary 

pions are practically indistinguishable; and the effect of 

of the Regge cuts is very much the same as that of the , 
.absorption corrections. 

Models based on the above Regge 
.J 

cut mechanism account quite weIl for the experimental situation 

in charged pion Photopro~uction(5). 
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7.3 Pion Parity Doublet Model 

cuts. r-+(-) 
o 1 

This model does not use any Regge 

receives its entire contribution from the 

exchange of the pion Regge trajectory, and this contribution 

is non-vanishing in the forward direction. In order to satisfy 

the analyticity constraint (7.5), the existence of another 

trajectory a, , (t), which has positive parity, but has aIl 7T 

other quantum numbers the same as those of the pion trajectory 

( 'parity doublet conspiracy'), is assumed. 

-++ to f (s,t), and'if a, (0)= a, ,(0) and a (0)= 
11 7T 7T 7T 

a,7T' (t) contributes 

~ a 7T' ( 0) ( ;t0 ) , 

(where a 7T (t) anda7T,(t) are the residue functions of the 7T 

and 7T' contributions to f-+ and f++ respectively), then (7.5) 
o 1 1 1 

is satisfied. Also, both --te ) f s,t 
o 1 

and f++(s,t) give finite 
1 1 

contributions to the differential cross-section at t=O. Good 

fits were obtained by BalI, Frazer and JaCob(45) to charged 

pion photoproduction using such a model. Similar mechanisms 

. (46 47) were also used to expla~n the forward structure of np~pn ' , 

where similar problems with analyticity constraints arise as 

weIl. 

For quite some time, this model 

received much attention, because the existence of such a parity 

doublet was predicted in the ToIler classification of Regge 

trajectories. Particle theorists were initially led to this 
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classification by group theoretical methods(48.49), and later 

by means of analyticity and factorisation(5 0 ). However, 

certain serious difficulties in connection with factorisation 

and the forward structure of the reaction ~+p~po~++(5l,52) 

and with the soft pion limit(53), as well as the fact that the 

existence of particles corresponding to quantum numbers of ~I 

has not been unambiguously established, made this model rather 

unpopular. 

7.4 Pseudomodel(5 4 ) 

Both the model with a pion 

parity doublet conspiracy and the model with an evasive pion 

and pion absorption eut are consistent with Finite Energy (FE) 

and Continuous Moment (CM) sum rules, as the works of Bietti 

et al(55), DiVecchia et al(5 6 ) and Jackson and Quigg(54) 

indicate. This suggeste that one can attempt to explain the 

forward structure of this reaction essentially on the basis 

of its low energy features and the sum rules, without postulating 

any specifie high energy model . This approach(54) leads to 

quite successful fits to the differential cross-section and 

the polarised photon asymmetry E for Itl~.45GeV2('pseudomodel'). 

Sum rules are applied by Jackson 

and Quigg to the t-channel helicity amplitudes H.(i=l,4), which 
1 

a,a c are related to the PCTHA f~À (s,t) of §2.3 as follows: 



++ __ + I2H2 f = I2Hl ; f = 
Dl Dl t_~2 
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-++ 
f = 

1 1 

1 

12 

The contributions of the trajectories rr,B,p,A
2 

and Al to the 

H.'s can be easily deduced from (7.8) and Table 2.1, In the 
J. 

forward direction, the contributions from p,B and Al are 

negligible, and we consider only contributions from rr and A2' 

both of which have ~ signature. 

Now if ~. denotes the low energy 
J. 

side of the sum rule for the amplitude H., then the Y th. 
J. 

CMSR is given by 

l:!. 
V 

dV(_V_ 
y , . 

~i(y,Vmax,t)= ! max ) lm [e-l!J.rry H. (V,t)J - rr 0 V J. max 

(7.9) 

where v= 
s_M2 

= incident photon in the lab frame. 2M'" energy 

Eqns. (7.8) and (7.9) establish 

the connection between the ~. 's(y,v ,t) and the H.'s. These J. max J. 

in turn relate the ~.'s to the CGLN invariants A. 's through 
. J. J. 

(2.24). Some algebra gives (using eqn. (2.20)), in the 

forward direction (t-O):' 

(S_M2)2 dOJ. 
dt 

(S_M2)2 dou 
dt 

where 1$'. = J. 

= 

= 

lim 
t+O 

1 [ / ~'312 / ~'112 J -
4rr11 2 (7.10) 

M2 
[ 

1 q{2/ 2 

I~: /2 ] 
rr~2 (t_11 2 )2 

~.(y=O,V ,t) J. max 

The ~/.' S in (7.10) are completely 
J. 

supplied by low energy data. Eqns. (7.10) were obtained 

J 
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without using any specifie model for the H.'S in the right hand 
~ 

side of eqn. (7.9). This model fits the différentiaI cross-

section of n+ photoproduction quite weIl upto t~-.45 GeV 2 • 

Its predictions for polarised photon asymmetry E also agree 

with the experimental data quantitatively upto t __ ~2 and 

2 (54) qualitatively upto t~-.45 GeV 

7.5 The Veneziano Model 

We have seen that the gauge 

invariant Electric Born Model is quite successful in explaining 

the features of charged pion pho~oproduction in the extreme 

forward direction. However, as we mentioned in §7.1, for 

2 da Itl>~ ,this model predicts a differential cross-section dt 

increasing with Itl, while the experimental ~~ decreases 

smoothly, and is compatible with conventional Regge behaviour. 

It is of interest to formulate a model which will be compatible 

with the Electric Born Model at small Itl , while giving the 

desired Regge behaviour at large Itl. 

The Veneziano representation is 

one framework, through which this objective can be achieved. In 

the next chapter, we shall explicitly build up a Veneziano 

model with n,A2 ,p and A1 exchanges in the t-channel and Na 

Ny and ~ exchanges in the s- and u-channels, and shall try 

to account for the different features of charged pion photo-

production. In the limit s~~, t small, the Veneziano model 

for any particular CGLN invariant amplitude will give an 
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energy dependence - Sa(t)-l , where a(t) is the Regge trajec-

tory dominating the amplitude. At small Itl, where the pion 

contribution dominates, the corresponding amplitudes will have 

a (0)-1 1 

a power behaviour - s TI - s- as aTI(o)~ O. If we look 

at the Born expression (7.4), we seethat at t-O, A(-)+tB(-) 

. -1 
has the same power behav~our -s • To ensure that the 

Veneziano model also produces the Electric Born results 

quantitatively, we shall impose the constraints that the 

residues of the Veneziano model expression for the amplitudes 

A(-)+tB(-) at the pion and the nucleon poles be the same as 

those obtained from the Electric Born model at the same points. 

There are two other advantages 

of using the Veneziano model. Firstly being a dual model, it 

satisfies FESR's, at least approximately(57). Secondly, being 

crossing symmetric, it can be used, at least in principle, to 

describe charged pion photoproduction in both the forward and 

the backward directions. The application of the model to 

+ • b . 
backward yp+TI n w~ll e taken up ~n §8.5. 



CHAPTER 8 

CALCULATIONS WITH THE VENEZIANO MODEL 

In this chapter, we shall formulate 

a Veneziano model for the different CGLN invariant amplitudes 

and apply this model to explain the various featurès of charged 

pion photoproduction in both forward and backward directions. 

In the last chapter, we discussed 

the pseudomodel of Jackson and Quigg. We saw that as far as 

+ 
the explanation of the forward peak in ~- photoproduction is 

concerned,the pion parity doublet model and the evasive pion 

model with absorptive pion-Pomeron cuts are equivalent. The 

incorporation of absorptive corrections in a crossing symmetric 

(Veneiiano type) framework is quite a complicated problem, 

while the pion parity doublet model can be formulated in a 

stràight forward and simple way. So in our formulation of the 

Veneziano model, we shall adopt the pion parity doublet 

approach. 

The parity partner o~ the pion, 

~' , will contribute to the singularity free PCTHA r++(-)(s,t). 
l l 

-++(-)( ) Now, f s, t 
l l 

also receives contributions from A2 exchange 

in the t-channel and from baryon resonances in the s- and u-

channels. If only a finite number of resonances are considered, 

then in the high s limit, the corresponding contribution has 

the behaviour r++(-)~ Es-n, where n is an integer. In the 
l 1 n 

82 
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Veneziano approach, the number of resonances "are infini te, 

and the corresponding infinite sum can be considered to give 

_++( _) "_ ct'!T' (t )-1 
a contribution f . (s,t) s , where ct'!T,(t) denotes 

i 1 

the Regge trajectory of '!T' (conspirator). 

In the second portion of this 

thesis, when we were considering '!TG and n photoproduction, we 

used a substantial B meson (cr=-) contribution to the amplitude 

B(O). This contribution is evasive, iê it vanishes at t=o. 

In the extreme forward direction (t-O), pion exchange (cr=-) 

dominates charged pion photoproduction ( contribution ta B(-)), 

and is taken to be non-evasive. An analysis by Diebold(58) of 

the experimental data shows that 'the combinat ions ('!T±B) which 

+ 
contribute to '!T- photoproduction, are essentially dominated 

by the pion contribution in the forward direction. Sin ce the 

present analysis will be confined to small /t/, we shall 

construct our Veneziano amplitudes simply by neglecting the 

B exchange. 

8.1 Parity Doublets, Walker Residues 

Near an s-channel resonance, 

sayat s=sO ' each of the CGLN invariants Ai has a behaviour 

g(i)(t) 
where g(i)(t) is a polynomial in t. of the form 

s-so 

If the highest spin of all resonant states at s=sO is J, th en 

the degree of g(i)(t) in t is related to J. We consider the case 
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that the highest spin J resonance has a definite normality 

cr{=p{_)J), and wedenote by A{i) 
J 

the coefficients of the 

leading terms of g{i){t). Then it can be shown that (10) : 

R A ~ A tJ-~ es. J Res. 

The symbol ~ means we are only considering the leading t-

behaviour. Then from eqns. (2.ll), which conne ct the amplitudes 

F.'s to A. 's, we obtain the degrees of F. 's as 
~ ~ ~ 

J-~ J_l F ... te. F ... t 2 
1 ' 2 

J-l.. 'F ... t 2 , 4 (8.2) 

Now the s-channel regularised 

helicity amplitudes f~À (i=1,4) are related to the Fi's as 

follows {see eqn. (2.l3)): 

f = 12 {F2-Fl+~(1-Cos 9
s

){F
3

-F
4

)} 
1 1 
2'2 

(8.3) 

- fi {F
2

+F
1

+Hl+Cos 9
s

){F
3

+F
4

)} f = 
-.!.,.!. 

2 2 

Then it can be shown that(lO) 

(8.4) 

From (8.3), this implies that 
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F !:: 0 2F
1

+F
4

+Cos e !:: 0 (0'=+) ( 8.5 ) 
3 s 

F !:: 0 2F
2

+F
3

+Cos e !:: 0 (0'=-) (8.6) 
4 s. 

These two equations, coupled with (8.2), give 

(0'=+) (8.7) 

(0'=-) (8.8) 

Using the relationship between the F. 's and the A. 's (eqn. 
l. l. 

(2.11», we immediately obtain from (8.7) and (8.8) 

(W-M)BJ + (CJ-DJ) = 0 
(O'=+) (8.9) 

2AJ+ BJ + (W-M)(CJ+DJ ) = 0 

and 

{W+M)BJ (CJ:-DJ> = 0 

(0'=-) (8.10) 
2AJ+ BJ - (W+M)(CJ+DJ ) 0 

Notice that if W~-W, eqns. (8.9)~(8.10). This is an 

explicit statement of the MacDowell symmetry(59). 

These last two eqns. are satisfied 

when the resonance with spin J has a definite normality. If a 

resonance with spin J has 0'=+ [ - J and does not satisfy eqn. 

(8.9) [(8.10)J , then it means that it recieves contributions 

from a resonance at the same s(=so) and with spin J, but with 

opposite normality; then we have a parity doublet. Since 

the evidence for the presence of parity doublets is very scanty, 

in our construction of the Veneziano amplitudes, we shall 

,1 
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eliminate parity doublets, at least from the experimentally 

known (lower mass) baryon states. 

Walker(12) has calculated the 

residue functions at various baryon poles in the s-channel 

from the low energy photoproduction data. For a given resonance 

of spin J, the residues AJ and BJ can be calculated from 

Walker's data in a straightforward manner (see Appendix III). 

Then if the resonance has 0=+ [-J, we can use eqn. (8.9) 

[(8.l0)J to calculate CJ and DJ' This automatically eliminates 
(10) .. 

any contribution from the parity partners • The corresponding 

results are shown in Table 8.1. 80, we shall construct our 

Veneziano amplitudes in such a way that they reproduce the 

Walker residues of the low spin baryon resonances. 

8.2 Explicit Veneziano Representations for the CGLN Invariants 
--------------------------------------------~,--------~-------

While considering the baryon 

exchanges in the s- and the u-channels, we shall assume an exchange 

degenerate N -N (60,61) t . t b t d t A raJec ory, u a non- egenera e U ô a. y 

trajectory. The pion, its parity partner TI~Al and A2 aIl 

couple to the isovector part of the photon, and as such, the 

corresponding exchanges in the s- and the u-channels will 

include aIl three baryon trajectories - N ,N and 6. ô ' On the a. y 

other hand, p couples to the isoscalar part of the photon, 

and so only the Na. and Ny trajectories are allowed in the 

crossed channels. 

1 
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The pion exchange in the 

t-channel and Nœ ' Ny and 6 ô exchanges in the s- and u­

channels contribute to the combination A(-)+tB(-) (cr=-), 

and the simplest form(62) for such a contribution is 

(8.11) 
+ 82 {B[1-œ~(t),~-œ6(s)J - (s~u)} 

+ 83 {B[~-œN(s),~-œ8(u)J - (s~u)} 

where B(x,y) _ r(x)r(y) 

r(x+y) 

The trajectory œ~, (t) contributes 

to l++ (=MA - 12 D). The analyticity constraint (eqn~(2.26)) 
1 1 

-++ ( ) involves f ,s,O. 
1 1 

This means that, in terms of CGLN invariants, 

only the ~' contribution to A(-) (cr=+) is to be adjusted in 

order to satisfy eqn. (2.26). 

, ( - ) 
~ contributes only to A . 

For simplicity, we assume that 

A(-) (cr=+) also receives 

~ontributions from A2 . A2 satisfies (2.26) by evasion, which 

implies that the contribution of A
2 

to A(-) must vanish as 

t~O. So we can write the following Veneziano expression 

for A(-): 
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(-)_ t , 
{B[l-a

A 
(t), ! -a (s)] ( s-+-+u)} A -- al 

2M 2 2 
2 N 

+ al {B[ l-a
TI

, (t) , 
, 

-aN(s)] (s~u) } 2 (8.12) 

+ a 2 
{ B [ 1 - a TI' (t ) , ~- aLles)] - (s-+-+u) } 

+ a 3 
{Bn- aN(s), ~ -aL\ (u)] - (s-+-+u)} 

For the amplitudes c(-) 
~eceiving contribution from Al in the t-channel) and D(-) 
(receiving contributions from A2 in the t-channel), we 

have to remember (see eqn. (A.II.12» that in the asymptotic 

limit S400 , u fixed 

C + D - c - D - s (8.13) 

Also, the mode1s for amplitudes C(-) and D(-) have to be so 

constructed that the residues of th~ 10w baryon resonances 

as given by Walker (see Table 8.1) are correct1y accounted 

for. We simp1y take 

c(-) = c 1 { B[l-a
A 

(t) , 1 - aN(s)] + (s-+-+u) } 2 

1 

c 2 { B[l-aA (t), 3 
aN(s)] + . (s-+-+u) } + "2 -

1 (8.14) 
3 

+ c
3

{ B[l-a
A 

( t ) • "2 - aLles)] + (s~u) } 
1 

clj.{ 
3 

-aN ( s ) , 
3 

aLleu)] ( s-+-+u) } + B["2 "2 - + 

and 
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(-) 
D = d

1
{ B[l-a

A 
(t) , ~ aN(s)] (s~u) } 

2 

d
2

{ 3 
- aN(s)] (s~u) } + B[l-aA (t)'2" 

2 (8.15) 

d
3

{ 
'3 

- aL\(s)] (s~u)} + B[l-aA (t)'2 
2 

+ d
4

{ 3 3 
B [2" - aN ( s ) , 2 - at,(u)] (s~u)} 

For the p exchange contl"i but ion, 

we again remember that p satisfies eqn. (2.26) by 

and hence the contribution from p to A(O) goes to 

evasion, 

zero as 

t~O. So we write 

7 
B[l-ap (t), 2" - aN(s)] + (s~u) } 

3 
+ L 

r[(2k-l)/2- aN(s)] r[(2k-l)/2- aN(u)] 

k=l 

(8.16) 

The contributions from the exchange degenerate N -N trajectories a y 

have been written in this particu1ar form, because we want our 

mode1 to correct1y reproduce the Wa1ker residues for Na (938), 

Ny (1519) and Na(1672) resonances (see next section). 

There are no known t-channe1 

Regge exchanges contributing to C(O). The corresponding 

residue at the nuc1eon pole is proportiona1 to (~ +~ ) and is 
p n 

very sma11. (~ and ~ are the anoma10us magnetic moments of 
p n 

the proton and the neutron respective1y). Residues of other 

baryon resonances are a1so very sma11. So we take 

c(o) = 0 (8.17) 
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For constructing a model for 

3 

n (O) t th t' C{O)+ n(O) _ so{u)-2 , we no e a s~nce 

cannot receive any contribution from the nucleon pole. So 

the simplest representation for n{O) is 

(B.IB) 

This contributes only to the lower daughters of 0N{s). 

8.3 Determination of Constants 

The constants in the Veneziano 

amplitudes written down in the previous section are 

determined through the following requirements: 

a) Exchange non-degeneracy of ~ô 

The ~ô trajectory has a definite 

signature ~~ given by 

-i~ (o~-~) 
~~ = 1- e 

If we calculate the ~ exchange contributions to the amplitudes 

A{-)+tB{-) , A(-), C{-) and n(-) (eqns. (8.11), (8.12) , 

(8.14) and (8.15» in the asymptotic limit s+oo, u fixed, 

then it is easily seen that in order to obtain the correct 

signature factor, we must have 

d = 3 
(8.19) 

J 



92 

b) Asymptotic Behaviour of C(-)+D(-) in the backward direction 

In the asymptotic limit s~ , 

3 
() () a(ti)- ~ 

u fixed, C - +D - - s (see eqn. (A.II.12». Imposing 

this condition on eqns. (8.14) and (B.15), one immediately 

obtains 

(8.20) 

c) Comparison with Elementary Particle exchanges in the t-channel 

In our model, we have t-channel 

exchanges of ~,~I, Al' A2 and p Regge trajectories. We 

require that the residues at the poles (physical particles) 

are given in terms of the (approximately known) couplings of 

the exchanged and the external particles. 

i) Pion exchange: The results of the elementary pion exchange 

in the t-channel have already been considered in the Electric 

Born model ( §7.1). Comparing the residue at t=~2 given by the 

Electric Born model with that obtained from (B.ll), we have 

. (B.21) 

ii) p exchange: An elementary p exchange in the t-channel 

. th 11' .. (10) g~ves e fo ow~ng contr~but~ons ; 

A{O) t ( 2) gy~P 1 (B.22) = - TM" gp 
mp t_m 2 

p 

D(O) = 
(1 ) gy~p 1 (8.23) gp 

mp t_m 2 
p 
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and 

mp is the mass of the p meson, gYTIP. is the P coupling to the 

yw vertex and is related to the width r(p+TIY) in the following 

fashion: 

4 -1 ( 11 2 )-3 2 m 1 - --
P m2 

P 

(8.24) 

where we have considered an interaction of the form 

~ = gYTIP e ~EÀ kl1 QV 
m KÀl1V Ep y 

P 
( 2 ) 

and gp are the pNN couplings defined through the vertex 

function 

where Q is the four momentum of p. 

Comparing the residues at t=m 2 

P 
obtained from eqns. (8.16) and (8.18) with those obtained 

from (8.22) and (8.23), we have 

c = À ( 2 ) 
(8.25) m gYTIP gp 

P 

d =- À ( 1 ) 
(8.26) 

2m gYTIP gp 

P 

iii) A2 exchange: An elementary A2 exchange in the t-channel 

gives the following contributions (10): 

J 



i 
\ -
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(-) 
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(8.27) 

= (8.28) 

Again , mA 
2 

is the mass of the A2 is the coupling , 

of the A2 meson to the yn vertex. This is again related to 

the width r ( A
2 

-+-ny ) ( 2 ) as 
g2 . e2 

r ( A2 -+-ny ) 
Y'ITA2 M2 

k 5 = 
40 'IT 112 

where k is the C.M. momentum in the ny system, and the 

interaction used for the ynA
2 

vertex is of the fo~m(lO); 

The couplings ~i1) and g(2) 
2 A2 

are the A2N~ couplings defined 

from the vertex function 

where Q is the four momentum of A2 and P=~(p +p ) 
1 2 
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2 Again, comparison of the residues at t=m
A of eqns. (8.12) 

2 
and (8.14) with (8.27) and (8.28) gives 

a'= M (2) 
(8.29) 1 2)J e g

y7rA gA 
2 2 

dl + d 2 + d
3 

1 (1) 
( 8.30 ) -- 2)J e g

y7rA gA 
2 ,.. 

.:: 

The value of the constants 

g~l), g~2), gi~), gi:) and of the decay rates r(p?7rY), 

r(A2+7rY) used in our calculations are presented in Table 8.2 
(second column). This table also presents the expected values 

of the same quantities, as determined experimentally or in 

certain phenomenological analyses (third column). 

We want to point out here that the 
(1) ·(2) constants gp ,gp and gY7rP are related to the residue 

constants Gi p
) and G~p) of part B (Table 5.3) as follows: 

(8.31 ) 

Then we easily verify the consistency between the expected 

values of Tables 5.3 and 8.2. The value of g(1)/g(2)= 0.27 p P 
corresponds to G~p)/Gip)= 0.5 GeV. Also, r(p?7TY)= 0.2 MeV 

leads through eqn. (8.24) and G(p)/G{W)= 0.225 GeV- 1 to 1 4 
tlb ~ G V- 2 
t-' e • 

d) Comparison with Walker Residues at low baryon resonances 

We again Tequire that our model 
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be consistent with the residues for low baryon resonances as 

calculated by Walker (Table 8.1). 

i) Nucleon Residue: Comparing the residue of A(-)+tB(-) 

(eqn. (8.11)) at nucleon pole (s=M2) with that obtained from 

the Electric Born model ( §7.1) and using eqn. (8.21), we have 

f3 = ~Àeg 2 (8.32) 

Eqns. (8.21) and (8.32) ensure that our Veneziano model for 

pion exchange becomes identical to the Electric Born model at 

small 1 t 1 • 

Requiring the correct residue 

C(-) ( (-)) at the nucleon pole in or D gives 

c =d = 
1 1 

].lp - lln 

2M Àeg 

A similar requirement for the amplitude A(O) gives 

(8.33) 

ii) Other Baryon Resonances: Consistency with Walker residues 

for N (1519) and N (1672) 
y . Il 

(-) (-) in C -D give 

(8.35) 

(8.36) 

are also determined from the Walker 
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Consideration of ~(1236) 

residues in A(-) (eqn. (8.12» and C(-)- D(-) give 

a
2 

=-0.29 eg 

c 3 -d 3 =0.99Àeg 

Notice that in our model, the entire contribution of Ai 

(8.37) 

(8.38) 

to C(-) is completely determined without involving any free 

parameters for the unknown A
i

NN coupling. 

e) Analyticity Constraint 

The analyticity constraint 

(2.26) together with eqns. (8.11) and (8.12) give 

(8.39) 

In Table 8.1, we have given the 

Walker residues for different amplitudes. The residues marked 

with asteris~have been used in this section to evaluate the 

constants of our Veneziano model. For the other residues, 

we show two values. The values outside the brackets are those 

given by Walker, while those inside the brackets are those 

calculated by our model. 

8.4 The Forward Direction 

The asymptotic limit in the 

forward direction is given by s~oo, t fixed. If we denote by 

T.(s,t) this asymptotic limit of the left hand side of eqns. 
1 
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(8.11), (8.12), (8.14), (8.15), (8.16) and (8.18), then we have 

(8.40) 

where k denotes the sum over the di~ferent Regge trajectories 

contributing to T .. 
l. 

k 
The S.' s are comp1ete1y speci~ied in 

l. 

terms o~ the constants eva1uated in the 1ast section. The 

residues S~I(t) are shown in Table 8.3(without cur1y brackets). 
l. 

Using these asymptotic expressions 

in ~ormu1ae (2.18), (2.15), (2.21) and (2.8), we ca1cu1ate 

the di~~erential cross-sections, the pOlarised photon asymmetry 

L , the target a,symmet ry T and the ratio R= da (yn~7f - p) Ida (YP~7f + n) . 
, . dt dt 

The results of this calculation have been shown in Figs. 24,25, 

26 and 27. In section 8.1, we remarked that 7f' can have a 

contribution to D(-) as weIl. This can be introduced without 

a~~ecting the leading baryon resonances (ië without making 

changes in eqns. (8.32) to (8.38) to fit the Walker residues). 

Su ch a contribution, which was taken to be of the same order 

of magnitude as the contribution of 7f' to A (-), has been 

incorporated in our calculation (see Table 8.3). 

The important points to notice 

are the ~ollowing: 

a) The ~orward,peak (of width-~2) is due to non-evasive pion 

exchange. This peak is produced by a sharp variation of 

A(-)+tB(-) (0'=-) near t=O. 
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b) The experimentally obse~ved rapid drop of the ratio R 

vith increasing Itl is explained on the basis of a significant 

p exchange t6 A(O) and n(D), which contributes ~th opposite 

signs to + -yp~~ n and yn~~ p (eqn. (2.8). An evasive p exchange 

also means that at t=O there is no p contribution, and R=l. 

c) The rapid rise of L(~±) fram L=O at t=O to L~l at Itl=~2 

is again explained by the fact that d~ dt varies smoothly at 

Il Itl h "l d~ h" h' d . t d b th" h sma , v ~ e d~ , v ~c ~s om~na e y e p~on exc ange, 

drops very fast for 0~-ts~2 see discussion in the last 

paragraph of 7.1). 

d) The faster drop of L(~-) compared to the drop for L(~+) 

for. Itl>~2is again explained on the basis of an increasing 

p exchange vhich interferes destructively vith the other 

a=+ contributions in da -
dt(yn~~ pl. 

e) The calculated values of the polarised target asymmetry T 

agree quite vell with the experimental values for Itls~2. For 

Itl~~2, the magnitude of T drops off much faster than vhat is 

indicated by the data 
(*) 

(*) It should be remarked that the experimental data on T 

+ 
(yp~~ n) became known to us after the completion of aIl the 

york reported in this part of this thesis ( and published in 

Ref. (10) ). Thus our results (Fig. 27) actually constitute 

a prediction of the Veneziano model under discussion. 
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f) At Itl~.35 GeV 2 , the present model is inadequate. Our 

exchange has a NWSZ (Chapter 3), and this will produce an 

unwarranted dip in the cross-section around t~-.55 GeV 2 • 

Unless we have significant p-Pomeron Regge cuts (and/or strong 

B meson exchange),· we cannot eliminate this dip. T.his also 

explains why the agreement with different experimental 

+ 
quantities like ~(TI-) , R, T gets poorer at larger Itl values. 

g) The pion contribution in the Veneziano model has been 

adjusted so that it reproduces the Electric Born results at 

small Itl • However, the Electric Born model gives differential 

cross-sections slightly lower than the actually observed ones. 

In order to fit the forward cross-section more accurately, 

we can add a satellite term of the form 

(s~u)} (8.4l) 

to the amplitude A(-)+tB{-) of (8.11). This does not affect 

the residues of the poles at t=~2 and the leading baryon 

resonances. The contribution of TI' to A(-), or, more precisely, 

eqn. (8.39) has to be modified accordingly so that eqn. (2.26) 

can still be satisfied. The modified residues are also given 

in Table 8.3 inside brackets. We see that the rits of the 

resulting cross-sections and the asymmetry ratios improve 

immediately. 

8.5 The Backward Direction 

The asymptotic limit in the 
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backward direction is given by s+oo, u fixed. The formulae 

for the differential cross-sections in this limit are given 

in eqns. (2.21). + For yp+TI n, these involve the combinations 

(A(-)+A(O» ; s(B(-)+B(O» ;s(c(-)+C(O)+D(-)+D(O» and 

(c(-)+C(O)_D(-)_D(O». 

Let us then introduce the quantities xCi) as follows: 

(8.42) 

X(3)=Às(C(-)+C(O)+D(-)+D(O); X(4)=Às(C(-)+C(O)-D(-)-D(O» 

Now using eqns. (8.11)-(8.18) it is quite str~ight forward 

to show that 

for i=l, 2 

+ 

and for i=3 

and for i=4 

where 

-iTICCtB(u)-n 
1 ±e 

(8.43) 

is the signature factor of the 
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corresponding baryon trajectory. 

The constants x~i),s in the 
k 

above expressions are again completely specified in terms of 

the constants evaluated in §8.3. These are shown in Table 8.4 

(inside parenthesis). Thus no free parameters are used and the 

x~i),s are consistent with the Walker residues. 
k 

With these expressions we can 

estimate the differential cross-sections as weIl as the 

residues of some higher baryon resonances. The differential 

cross-section in the backward direction consistently comes 

out to be one order of magnitude larger than the experimentally 

observed value. The main reason for this was found to be an 

excessive 6 contribution to x(3), ié a very large xi 3 ) • 
2 

Relatively large contributions from x~4) (connected to the 

(2) 1 
nucleon pole) and x

6 
are also observed. 

1 
In order to obtain a fit to the 

differential cross-section, while correctly accounting for the 

Walker residues, we use a Veneziano model with satellite terms. 

W~ write 

3 
+ E 

k=1 

(i)r[2k-1 ()] x 6 2 -a6 u 
k (8.46) 

This shows that we are adding 
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one or two satellites to each baryon trajectory. Some of 

the x(i),s are again determ~ned from the Walker residues. We 
Bk 

( i ) 
treat the other xB 's as free parameters and vary them in 

k 
order to obtain the best rit. These values have also been 

shown in Table 8.4 (without parenthesis). The fit to the 

differential cross-section obtained in this fashion is shown 

in Fig. 28. This has x2 =35.5 for 32 data points. 



Table 8.1' Coefficients of the Leading Powers of:-t of the Residues at· the lowest Baryon 

ResO'nances 

Residues in units of eg.X(proper power of .GéV) 

Baryon 
. 

c(o). L(O)_D(O) 
Resonance . ' .. 

.' .. (-) (-) (-) (-) (-) A(o) B (0) A B C C -D 
1 

N (.!+ . 938) . * * * * * (t_1l 2 )-1 * 1 (t_1l 2 )-1 llE-lln 0 1 ll,e+Vn 0 -ï -2 ex 2 • 2M [!(t-1l 2 )-1] 2t-1 
2 [OJ 

* * * 
N (1+ 1672) -0.72 1.06 0.26 0.097 . 0 

ex 2 • -0.78 -0.06 [0] 0 
[-0.64] [0.76] [0.5.0 J- '. [0.06] 

* * 3- . . 
Ny(ï • 1519) -0.39 0.53 '0.22 0.03 0.05 -0.017:. 

-0.31 -0.05 
[-0.·31J [-0.194] [0.982] [0.05)" . [O.l . [0] 

' .. . . * - * 
6 <ï+. 1236) 

Cl 0 0 0 
0.91 -0.056 

-0.58 1.98 
[0] [0 ] [0 J [0 ] [Ql - _._._-_.~ 

1-' 
o 
w 
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Table 8.2 Used and Expected Values 

Parameters Values used in calculations Expected References of Chapter 8 values 

(2) 
8 0. 868 (18) (38) (39) 8p 

(41) (42) 

. (1) / (2) 
8p 8p 0.24 0.27 (18)(42) 

r (p-l1Ty) 0.2 MeV <.5 MeV (40) 

8 (2) (2) (2) 
(22) (10) A2 8p 8p 

(1) / (2) 
8A2 8A2 

(1) / (2) 
8p 8p 

(1) / (2) 
8p 8 p (22) (10) 

r(A2-11Ty) 0.15 MeV 0.5 MeV (63) 
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Table 8.3 Residue Functions k S.(t)ts of eqn. (8.40) 
~ 

Meso~ trajectories used: œ (t)=-~2+t=œ ~t)=œA'(t);œ (t)=.4l5+t;œA (t)=.35+t 
7T . 7T 1 ,p 2 

Res1 due functions B~(t) 
x 
Q) 

(units e "tS 
c:: 

or-f 

c:: Regge 
or-f 
Cl. Exchange A A + tB C D CI) 

o ' 
! 

~2 + 0.5 œ
7T
(t) 

7f 

-œ
7T

(t) 

. 
~2 + 0.6 œ (t) 

{ -a (t) 7T } 
7f 

A 0.3861; -0.174 
2 

(-) 

A 0.96 
1 -

-

0.5 
7f' 1.0 

{O.6} 

(0) p -0.722t 0.325 

1 

1 

.. 

j-o 
o 
\J1 

. i 
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Table B.4 The parameters x~i),s of eqn.(B.46) in units of ego 
k 

Baryon trajectories used: aN (s)=aN (s)=aN(s)=-.59+s ;a~(s)=-.0277+s 

a y 

(i) (i) (i) (i) (i) (i) Ci,) 

xN 1 xN 2 x N 1 xN 2 x~l x~2 xa3 
a a 'y 'y 

1 

X(l) 
.0 -.3362 -.6124 -.4433 .1458 .1422 .1082 

(.0) (-.336{2) (.0) ( .1691) (.0) (.288) (.0) 

x(2} 
.0 .4285 -.0052 -.2502 .0141 -.4437 .172 

(.0) (.4285) (.O) (-.245) (.0) (-.4578) (.O) 

x( 3) 
.0 .4890 .5579 .4179 - .1091 .8909 -.5783 

(.0) (.4890) (.O) (- .14) (.0) (1. 0) (.0) 

X(4) 
1.022' .2545 .2922 .4530 .2006 .1446 -.3306 

(1.022) (.2545) (.0) (.1608) ( .O) (-.056) ( .0) 

-- -----~------ -------~- ------ -- -

1-' 
o 
0\ 



CHAPTER 9 

CONCLUSIONS 

In the last chapter, we used 

the Veneziano model, a crossing-symmetric dual model, to study 

charged pion photoproduction both in the forward and back-

ward directions. The model we have formulated essentially 

does not involve any free parameters. The coefficients of 

aIl the leading terms were determined in terms of the known 

couplings of the t-channel exchanges to the NN and y~ 

vertices and some of the experimentally known residues 

Walker residues (12» of the low energy resonances contri-

buting to pion photoproduction. The Veneziano model so 

formulated makes definite predictions about residues of other 

resonances. Comparison with the other Walker residues shows th~t 

these are in good agreement. 

In the forward direction we 

separately consider two distinct t-regions: the region 

The dominating 

contribution in the first region comes from the pion exchange. 

The principal feature in this domain is the sharp forward 

peak in the differential cross-section. As we have discussed, 

this forward peak is usually explained on the basis of the 

rapid t-variation of ~II dt in the extreme forward direction. 

Our model also employs this mechanism to explain this peak. 

107 
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Since all other experimental features ( e.g. structure of 

da 
polarised photon asymmetry E , the ratio R= ---(yn~TI-p)/ 

da 
dt 

the 

a;-(YP~TI+n) are strongly related to the t-behaviour of the 

differential cross-section, our model justifiably produces 

good fits for the parameters E ,T and R in this region. 

In the other important t­

region (t~-.55 GeV2 ), charged pion production data do not 

exhibit any dip in the differential cross-section. The 

dominating contribution in this region comes from the p and 

the A2 exchanges. Since the p contribution in our model has 

a NWSZ at t~-.55 GeV 2 , detailed calculations give a dip at 

this point. From our discussions of n photoproduction and 

of the process TIN~wN in the second part of this thesis, we 

expect that a substantial p-Pomeron cut will be required to 

get rid of this unwarranted dip. A reasonable B contribution 

( which we have neglected in this case) will also help. The 

unsuitability of a pure pole model with NWSZ's in this region 

is also clearly demonstrated by the worsening agreement 

between our results and the experimental data for the parameters 

E ,T and R as Itl gradually increases. However,as we stated 

in the beginning of Chapter 8, we did not want to go into the' 

complication of introducing Regge cuts in the framework of a 

simple Veneziano model, and exclusively devoted ourselves to 

explain the experimental features in the very small Itl(~~2) 

regiou. 
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In the backward direction,TI+ 

photoproduction recieves leading contributions from Na ,Ny and 

. h . th h l N d" h"b"t . da 
Aô exc anges ~n e u-c anne. 0 ~p ~s ex ~ ~ ed ~n ___ 

du 
2 

at u~-.2 GeV , which corresponds to a non-sense wrong signature 

point for the Na trajectory. The absence of this dip is 

explained in our model through strong Na-Ny exchange degeneracy. 

+ 
These same three exchanges contribute to backward TI p scatter-

ing. The differential cross-section in this case, however, 

2 

shows a dip around u~-.2 GeV , and this is attributed to the 

NWSZ of the Na trajectory. These two explanations might seem 

contradictory. However, there are two important differences 

+ + + 
between yp+n~ and TI P+PTI • In the case of photoproduction of 

pions, four independent helicity amplitudes (one non-flip, 

two single-flips and one double-flip) are involved, while TIN 

scattering is described in terms of two independent helicity 

amplitudes (one single-flip, one non-flip). Also photo-

production demands that gauge invariance be satisfied, a 

requirement which has no parallel in hadronic processes like 

TIN scattering. It has been shown by Roy(60)that gauge 

invariance and duality require that the contributions of the 

Na and the Ny trajectories to the particular combination of 

the two single-flip amplitudes proportional to the CGLN 

invariant B be strongly exchange degenerate. It has also been 

pointed out(64) that the elastic couplings of the resonant 

states Ny(1520) and D1 s(1670) are known from phase shift 
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analyses, and these are roughly about ~ of those of Na (938) 

and 8 ô (1236). If similar large residue functions are 

considered in the physical region of nN backward scattering 

( negative u values), the pronounced dip in in backward 

n+p would be considerably smaller. So, it is the presence 

of the strong dip in backward n+p scattering which really 

needs a better explanation. 

The other important point to 

notice is that the Veneziano model, which reproduces the 

extreme forward cross-sections and the Walker residues so weIl, 

gives backward cross-sections which exceed the experimentally 

observed ones by about one order of magnitude. For nN~nN, the 

Veneziano approach encounters exactly the same difficultie~65). 

To solve this problem, we added certain satellite terms 

involving several free parameters while taking care not to 

disturb the agreement with Walker residues. The free parameters 

were adjusted to obtain the best fit to ~. We notice that 
du 

the best fit values of these free parameters are, roughly, of 

the same order of magnitude as the Walker residues. Moreover, 

they imply definite predictions about residues of higher nN 

resonances contributing ta photoproduction. No experimental 

information is presently available to check these predictions. 
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APPENDIX l 

In this appendix, we sha11 ca1cu1ate 

exp1icit1y the contributioris from the p-Pomeron and the 

w-Pomeron Regge cuts. We sha11 start with eqn. (3.18), which 

states 

(A.I.1) 

where R stands for the p or the w. 

We take the Pomeron contribution in the forward direction as 

P f (s,t)= i (A.I.2) 

where the Pomeron trajectory 

(A.I.3) 

and, So is the energy sca1e. AO is direct1y determined by 

fitting the e1astic scattering data (essentia11y TIN e1astic 

scattering in this case). Comparing (A.I.2) with eqn.(3.9), 

we immediate1y obtain 

A1so 

O't 
C= 4TIA as in (3.11) 

expressions for the CGLN 

(A.I.4) 

The exact Regge pole exchange 

invariants A. 
1. 

112 

have b~en written 

j 
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down in §5.l. In order that the integral in (A.I.l) can be 

evaluated analytically, we shall use a simplified version of 

these expressions and take" 

(A.I.5) 

where S~R)(t) are given in Table 5.2. This simplification 
l. 

is a reasonably good approximation of (5.2) in the range of 

importance (osltlsl GeV 2 
). 

Let us now define the following 

quantities: 

B (s' ) = ln (~ ) - H TI 
s' 

O't 
R ( s ,s' ; t ) =--

16 

w (s s·, t ) = A 
4 ' ,. 

[! +ÀBJ2 
2 

x= iAr-t 
b 

. . 1 (66) are the generall.sed Laguerre polynoml.a s 

follows: 

n 
= E 

m=O 

n-Ct 
n-m 

(A.I.6) 

(A.I.B) 

(A.I.9) 

defined as 

(A.I.10) 
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It is now easy to show that (A.I.l) leads to (66) the 

rollowing results 

(A. Lll) 

(A.L12) 

Notice that the exact calculations give the same scale sa 

ror both W1 ,4 and R. 

Also rrom Table 5.2, we obtain 

A(RP)= l[ 167T] r(RP) (A.I.13) 2 ---

l2S 1 l 
"2"'2 

n(RP)= 1 16 7T r(RP) (A.I.14) 
r-t l2S 1 3 

2'2 

There are two important 

observations about (A.I.ll) and (A.I.12). In most important 

models leading to èranch points in complex angular momentum 

plane, including those studied by Mandelstam(67), polkinghOrne(16) 

and Gribov et al(68), a Reggeon-Pomeron cut contribution has 

an energy dependence or the rorm (apart rrom ln s terms) 

a (t)-l 
c s , where a (t) = 

c 
However, rrom eqn. 

(A.I.7), we see that our Regge cut expressions contain the 
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factor 

Substituting the values of A and x 2 , we obtain the corresponding 

energy dependence as 

where 

À'= 
À+Ap[ 1+ 

AO 
--~X-p~{~1-n7(-s'7-s-o~)--~~~i-~~}-J 

We see that in the limit ln (s /s )+co o 

À' + 

However for energies of interest 

(A.I.15) 

(A.I.16) 

(iê extremely high s) 

Furthermore, when the energy 

CL (t)-1 

dependence of the cut is s c well known applications of 

s-u crossing and of Phragmen-Lindelhoff theorem(27-29) demand 

that the phase of the leading contribution be determined by 

a factor of the form the cut signature 

factor). With eqn. (A.I.16), the phase is determined by the 

factor , which again reduces to 

-H~[CL (t)-1] 
e c only at extremely high s. 
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Nevertheless, we notice that if 

in our model of the Pomeron contribution, we take AO=O, then 

, so that even at relatively low s, the 

Cl (t)-l 
energy dependence becomes s c and the phase is controlled 

by 

Thus in view of the uncertainties 

concerning the featurés of the Pomeron contribution and of 

the great importance of nonleading terms at energies of interest, 

we carry out calculations with two different Regge cut models: 

i) Model Cl: Here we use the exact formulae (A.r.ll) and 

(A.r.12) with Ao~O. 

ii) Model C2 : Here we take AO=O. However we allow different 

energy scales sa and s~ for the functions Rand Wl 4respecti-, 
vely. Again, this is easily seen to leave unaffected the 

leading (in powers of ln,s) contributions of the Regge cuts, 

but does affect the non-leading contributions. 

The preceding discussions make 

it clear that to the very leading order in s and ln s, both 

Cl (t)-l 
our cut models have the correct asymptotic (- s c I(ln s)n) 

behaviour and the correct asymptotic phase, as required by 

s-u crossing and the Phragmen-Lindelhoff theorem. 
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APPENDIX II 

In this appendix, we shall give 

a brief outline of the deiivation of the formulae (2.20), 

(2.21), (2.22) and (2.23) and shall also obtain the asymptotic 

behaviour of the CGLN invariants A .. We follow the notation ~ 

of Chapter 2. 

For this purpose, some useful 

relations are 

(IS+M) 2 E +M= 1 E +M= 
2 

(fi+M+Jl) (IS+M-Jl) 

2rs 
1 2J -[s+u-2M 4M 

Using these relations in (2.11), the following limits are 

obtained in the forward direction (s~~, t fixed): 

F1+F2= s D F -F ::: rsA 
81T 1 2 81T 

(A.ILl) 
F

3
+F

4
::: s (C-D) F -F ::: srs 

B 161T 3 4 
161T 

So from (2.13), we immediately obtain 

f 12 {-ts (C-D) f 12 VS (2A+tB) 
::: - 161T ::: - 161T 1 3 1 1 2'2 2"7 

(A.IL2) 

f ::: 12 fi tB f 12 {-ts (C+D) - 161T ::: 
161T 1 3 1 1 -2"2' -"2'2 

The following combinations of SHA are known(12) to be dominated 

by t-channel exchanges of a=~ 

117 



( 
.''- .. 

118 

-.!. .!. 
2 ' 2 

{2 .,t-ts C 
=:! - Sn f 

1 3 
2'2 

f 

(A.II.3) 

f + f 
1 1 1 3 

~ - ;;; IS (A+tB) 
2'2 -2"'î 

whi1e exchanges of 0=+ dominates the combinations: 

f + f ~ n.,t_ts D 
1 3 1 1 8 'If 
"2'2 -î'2 

(A.II.4) 

f f ~ 
.f2 .,tSA - 8 'If .!..!. 1 3 

2' 2 -2'2 

Sin c e a c cor di n g t 0 St i che 1 's the 0 rem ( 1 5 ) ( § 2 • 4 ), ~~II (~~J. 

is dominated by exchanges with 0=- (+), we immediate1y see 

that (see eqn. (2.14»: 

da. 
If f 1

2 + If + f 1 3 1 2 - - -dn 1 3 1 1 ! 1 
2'2 -"2'2' 2'2 -2"2 

(A.II.5) 

~- If + f 1
2 + 

!f.!. .!. - f 1 3 1 2 dn 1 3 1 1 
"2'2 -7""2 2 ' 2 -"2""2 

The substitution of (A.II.2), (A.II.3) and (A.II.4) in (2.14), 

(2.16) and (2.18) gives eqns. (2.20), (2.22) and (2.23) 

respective1y. 

8imi1ar1y in the backward 

direction (S400 , u fixed) : 

(A.II.6) 

1 

....J 
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whence 

.f2 
~ i6n u(C-D) 

f [sB+M(C-D)J; f 

Eqn. (2.21) follows immediately. 

[2A+sB-M(C-D)J 

(A.IL7) 

~ ~~ [2MA+s(C+D)+M 2 (C-D)J 

For ascertaining the asymptotic 

behaviour of the A. 's, we remember that according to Regge 
~ 

pole theory 

s a(t)-~ 

So from (2.11), 

s 
a(t) 

s 
a( t ) 

and 

- s 
a.(t)-~ 

.p _p _ sa(t)+~ 
'3 4 

P +p _ a(u)+~ .p _p _ 
3 4 s '3 4 

a(u) 
s 

Combining (A,II.9) with (A.II.l), 

A - sa(t)-l ; B _ sa(t)-l ; 

s a(u)-~ 

t fixed 

u fixed 

for s~OO , t fixed. 

(A.IL8) 

(A.ILlO) 

(A.II.ll) 
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Similarly from (A.II.lD) and (A.II.6), 

5-+00 ,u f'ixed (A.IL12) 



APPENDIX III 

In this appendix, we sha11 give 

an out1ine of the determination of the residuescorresponding 

to AJ and BJ (§8.1) from Wa1ker's residues (Table III of 

Ref. (12)). 

The angular dependence of the 

amplitudes F. (see eqn.(2.11)) has been given in terms of 
~ 

e1ectric and magnetic transition amplitudes Et ± and Mt ±. In 

his paper, Walker has given the relations between the quantities 

Et± and Mt± and the partial helicity amplitudes At± and Bt± 

These are 

and for 

(A.IIL1) 

If the 1eading term in pt(x) is given by 

(A.III.2) 

then using (A.III.I) in (2.12),we obtain for 
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i) a resonance with cr=+ ,J=t-~ 

Res F1 
~ [AR._+~(R.+l)BR._J (R.-l) Tt - 1 

(_t_) t-2 
2kq 

Res F 2 
~ [At_+~(R.-l)Bt_J t Tt 

(_t_)t-l 
2kq 

(A.III.3) 

Res F3 ~ BR._ (R.-l)( R.-2) Tt - l 
(_t_)R.-3 

2kq 

Res F ~ 
4 -BR._R.(t-l) TR. 

(_t_)R.-2 
2kq 

and for 

ii) a resonance with cr=- , J=R.+~ 

Res F1 
~ (At+-~R.Bt+) (R.+l) TR.+1 

t t 
(2kq) 

Res F 2 
~ [AR.+-~(t+2)BR.+J t Tt (~)R.-l 2kq (A.III.4) 

Res F3 ~ BR.+ t(t+l) Tt +1 
(_t_)t-l 

2kq 

Res F4 
~ -Bt+ R.(t-l) Tt 

(_t_) t-2 
2kq 

If we now define the quantity A as fo11ows 

A = 41T 1 
(A.III.5) 

~-M 

then ,substituting (A.III. ) and (A.III. ) in (2.11) we have 

at a resonance at S=9 0 

i)cr=+, J=t-~ 
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(A.III.6) 

and ii) a=- ,J=R,+~ 

(A.III.7) 
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FIGURE CAPTIONs-. 

Fig. 1. The process y(k)+N(Pl) + TI(q)+N(P2) • The quantities 

inside the brackets denote the four momenta of the corresponding 

partic1es. 

Fig. 2. t-channel Regge exchanges for y+N + TI+N 

Fig. 3. The process 1+2 + 3+4. À. denotes the helicity of 
~ 

the i th particle (i=1,4). 

Fig. 4. Absorption function 

b 2 

- 2A 
n(s,b)= l-C e 

Fig. 5 Wood-Saxon type absorption function 

1 
n(s,b)= l+exp [(R-b)!dJ 

In Figs. 6-20, the fo11owin~ notation will be maintained: 

Solid curve Model C
1

(DAM) 

Dashed curve 

-x->(-x- :Cross-dashed curve Model C~(DAM) 

-. -. -. -. - : Dot-dashed curve Model C (WCM:) 
1 

•••••••• ".,t Dotted curve 
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Fig. 6. DifferentiaI Cross-sections for YP~TIOP at 6,9, 

12 and 15 GeV. Data as in Ref. (69) and (70). The data points 

are as follows: 

f f : data from Ref. (70) 

! data from Ref. ,( '~9 ) 

Fig. 7. Polarised photom asymmetry E for yp~TIOP at 3 and 6 

GeV. Data as' in Ref. (71). 

. dO( 0 dO( 0) Fig. 8. The rat~o R= dt yn~TI n)/dt yp~TI p at 4 and 8 GeV. 

Data as in Ref. (72). 

Fig. 9. Polarised target asymmetry T for yp~TIop at 4 GeV. 

Data as in Ref. (73). 

Fig. la. DifferentiaI Cross··sections for yp~np at 4, 6 and 

9 GeV. Data as in Ref. (69) and (74). The data points are 

as follows : 

data from Ref. (74) 

data from Ref. (69) 

Fig. Il. The quantity Xw(s,t) for TIN~pN at 4, 6 and 8 GeV. 

Data as in Ref. (36) and (75). 
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Fig. 12. The quantity (t) der 
Pli dt 

+ for TI n~wp at 4.2, 5.1 

and 6.95 GeV. Data as in Ref. (76) and (77). 

Fig. 13. The quantity _ P (t) ] der 
1 1 dt 

+ for TI n~wp at 

4.2, 5.1 and 6.95 GeV. Data as in Ref. (76) and (77). 

Fig. 14. The quantity r pet) + 
1 1 

P (t) ] der 
1 1 dt 

+ for TI n~wp 

5.1 and 6.95 GeV. Data as in Ref. (77). 

Fig. 15. Imaginary parts of f(+) and f(O) at 5.1 GeV. 
1 1 1 1 

-7'2 -2'2 

Fig. 16. Imaginary parts of f(O) at 5.1 and 12 GeV. 
1 1 
2'2 

Fig. 17. Imaginary parts of f(O) at 5.1 and 12 GeV. 
--}of 

Fig. 18~ Real parts of f(+) 
1 1 

-2'2 

Fig. 19. Real parts of f(O) 
1 1 
2'2 

at 5.1 GeV. 

at 5.1 GeV. 

at 

Fig. 20. Predictions for the po1arised photon asymmetry L 

. der( \ der ( ) and the rat10 R= dt yn~nnJ/dt yp~np at 4 and 9 GeV. 



134 

Fig. 21. Feynman diagrams for the gauge invariant pion 

contribution to the process YP+TI+n. The corresponding four 

momenta of each part of each Feynman diagram are shown inside 

brackets. E is the polarisation vector of the photon and 

Q=q-k ; P=p +k ; P~k-p . 
1 2 

Fig. 22. Plots of ~ , ~~ da 
and dt as calculated by Electric· 

+ Born Model for the pro cess YP~TI n showing sharp forward peak 

of width -11~ 

Fig. 23. Sharp forward peak of width -11 2 for the process 

YP~TI+n produced through the absorption model. 

In Figs. 24-26, the following notation will be maintained: 

Solid curve : Veneziano Model with 

the term given in eqn. (8.41). 

Dashed curve: Veneziano Model 

without this term-

Fig. 24. Forward differential cross-section for YP~TI+n 

at 3.4,5,8 and 16 GeV. Data as in Ref. (78). The source 

of the data points are explained inside the diagram. 

Fig. 25. Polarised photon asymmetry r for processes 

YP~TI+n and yn~TI-p at 3.4 GeV. Data as in Ref. (79). 
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da ( -) da ( +) Fig. 26. The ratio R=dt yn~rr p /dt yp+rr n at 3.4,5, 8 

and 16 GeV. Data as in Ref. (78). 

+ Fig. 27. Polarised target asymmetry T for yp+rr n at 5 and 16 

GeV. Data as in Ref. (80). Data points are as follows: 

T 
J 

? 
f 

...J.. 

5 GeV l 16 GeV 

A11 calculations done with the term in eqn. (8.41). The two curves 

are as follows: 

Dashed curve 

Solid curve 

Fig. 28. Backward differential cross-sections 

5 GeV 

16 GeV 

+ for yp+7T n 

at 4.3,5,9.5 and 14.9 GeV. Parameters used for this calculation 

correspond to numbers witho1t parenthesis in Table 8.4. Data 

as in Ref. (81). 
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