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ABSTRACT 

A Reggeized absorption model is applied to 2-body and quasi-2-body 

hadronic scattering processes. The incorporation of U(6,6) 0 0(3,1) 

symmetry and the assumption of strong exchange degeneracy fix uniquely 

the relevant pole graphs in terms of the known pion-nucleon coupling 

constant and the known p 27 decay width. Using the experimentally 

observed elastic scattering data absorption corrections are applied to 

these amplitudes. By appealing to a number of plausible assumptions we 

are able to obtain a model with no further adjustable parameters to be 

fitted to the data. 

This model is applied to meson-baryon scattering processes which 

fall in the following categories 

0 1/2+ 	-- 0 1/2+  

0 1/2+  0 3/2+  

0 1/2+  1 1/2+ 

and baryon-baryon scattering processes of the type 

1/2+  1/2+  3/2
+ 
1/2

+ 

1/2+  1/2+  3/2+  3/2+  

and which proceed by the exchange of non-strange mesons. The predictions 

of the model are compared with representative data on differential cross 

sections, polarizations and spin density matrix elements for a wide 

variety of such processes. Although detailed comparison is not always 

good, it is extremely encouraging that for the processes considered there 

are no drastic failures and a substantial number of successes. 
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CHAPTER I 

THE REGGEIZED ABSORPTION MODEL 

1.1 	The Peripheral Model 

The scattering amplitude for the 2-body process 1 + 2 .4- 3 + 4 may 

be expressed as a function of the three Mandelstam variables 

s = (pi  + p2)2 

t = (p1  - p3)
2 

u = (p1  - p4)
2 

which are related by 

4 
s +t-t-u= Im. 

i=1 1  ' 

where the pi  and mi  are the 4-momenta and masses, respectively, of the 

particles. Now, one of the empirical facts which has emerged from 

experimental high-energy 2-body inelastic scattering data is that an 

accumulation of events near the forward direction occurs when, and only 

when, the quantum numbers of the crossed t-channel reaction correspond 

to some known meson. This indicates a simple model for such processes, 

namely, an interaction mechanism based on the exchange of single particles 

in the t channel (1)  

Early attempts to utilize this idea considered elementary 

particles as the intermediaries. Evaluation of the Feynman diagram for 

the exchange in the t channel of a particle of =ass M leads to a 

scattering amplitude with a propagator containing a term of the form 
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1/(t-M
2
). Since this is singular at the (unphysical) value t = M2, a 

general peaking of the differential cross section may be obtained at 

small values of momentum transfer. The idea of the peripheral model is 

that the scattering amplitude can be approximated by a sum of such 

1-particle-exchange amplitudes, the particles of smallest mass giving rise 

to singularities lying closest to the physical region and thus 

dominating the interaction. 

However, calculations involving the exchange of a particle of 

fixed spin J result in a momentum transfer distribution with an 

asymptotic energy dependence 

da 	2J-2 
dt s  • 

Since at sufficiently high incident momenta all cross sections are 

observed to decrease with energy, only spin-0 exchange can possibly give 

agreement at all energies, while higher-spin exchange inevitably fails 

except over a severely limited range. Theoretically, the total cross 

section should not diverge more rapidly than allowed by the Froissart 

bound 
(2) 

 i.e. it can behave at most like ln
2 

s as s tends to infinity. 

1.2 
	

Regge Poles  

Following an original suggestion of Regge (3), the spin of the 

exchanged particle may be made a function of the momentum transfer i.e. 

J a(t). 

The amplitude is then dominated asymptotically by a singularity in the 
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crossed channel which moves along the Regge trajectory a(t) (4). As for 

elementary particles, each such moving pole has associated with it 

definite quantum numbers, in particular, isotopic spin, parity, hyper-

charge, baryon number, and (for non-strange mesons) G-parity, and an 

additional quantity known as signature T = 

The Regge amplitude has the general asymptotic form 

1 + Te-iffa(t) 	1 	s a(t) 
A(s,t) 	p(t) 

2 	sinTra(t) (s
o) 

where s
o is a scale factor and the residue a(t) is related to the 

coupling constants at the vertices. The term 1/sinna(t) is similar to 

the elementary-particle propagator , but gives poles at all integer values 

of a(t). However, the signature factor gives zeros at wrong-signature 

points i.e. integer values of a(t) for which T = 	(-1)a(t), thus 

cancelling alternate poles. Therefore poles occur only at right-

signature points i.e. integer values of a(t) for which T = (-1)
a(t)

. For 

t > 0 these poles correspond to particles with the appropriate spin, mass 

and internal quantum numbers. To avoid poles in the physical region t < 0, 

appropriate factors of a(t) must be inserted into the residue to eliminate 

these "ghosts". Owing to the salt) term, those trajectories for which 

a(t) is greatest in the physical region tend to dominate the interaction. 

For the exchange of such a Regge pole the momentum transfer 

distribution behaves like 

du 
cc s

2a(t) -2 
at 

• 

With a(t) < 1 in the scattering region for all exchanges, qualitative 
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agreement with experiment is possible, thus overcoming the difficulty 

of energy dependence inherent in the exchange of fixed-spin particles (5)  

The presence or absence of peaks in the backward direction may 

similarly be correlated with the exchange of baryons in the u-channel (1)  

1.3 	Difficulties with Regge Pole Models  

However, particularly with the accumulation of more extensive 

and more detailed experimental data, it became apparent that there were a 

number of difficulties associated with simple Regge pole models 
(6) 

 . In 

particular,it became necessary to introduce Regge trajectories 

corresponding to no known particles in order to account for certain 

important experimental features. 

Pion-exchange reactions were a source of difficulty. The 

experimental differential cross-section data on certain processes which 

permit n exchange has an s
-2 

energy dependence and exhibits a sharp 

forward peak of width in t of the order of the square of the pion mass, 

suggesting n-exchange dominance. 

A typical process of this type is pn np. The n contributes 

predominantly to two s-channel helicity amplitudes traditionally known 

as 

4)2  = <4.+14)1--> 

$4  = <4-14)1 -4->. 

Parity imposes the condition 
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4)211.  = 4)4Tr  

since the pion has unnatural parity i.e. parity and spin related by 

P = 	(-1)J. Now, 4)4 is a net helicity flip amplitude and must therefore 

vanish in the forward direction for angular momentum conservation. Hence, 

2 vanishes at t = 0, although, being a net helicity nonflip amplitude, 

it need not vanish at this point. A forward zero is therefore obtained 

rather than a peak. 

In a pure Regge-pole framework a parity doublet of the 71., known 

as the pion conspirator, is introduced. Since this has natural parity 

i.e. P = (-1)j, 

cP2c 	4)4c. 

By arranging that at t = 0 

A2 	4'
c =A lr 

2 4'  

to give 

(P2 = '21T 	42c  

= 2 4)2Tr  

4>4 	=(1)4 7r 	(P4c  

=_ c 
4'2 	4'2 

- 

angular momentum is conserved without having 02  vanish at t = 0. 
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However, no candidate for this particle has been found, and 

Le Bellac showed, using factorization, that a consistent extension of 

the conspiracy solution predicts dips in the forward direction for reactions 

reactions such as 

nN pA 

KN K A 

irN 	fA, 

whereas forward peaks are observed experimentally (4)  

A second source of trouble was the type of process where only one 

known pole can be exchanged, notably the process 7 p 7
o
n, which 

proceeds by p exchange. Theoretically, the polarization of the recoil 

neutron depends on the term (7)  

P(t) ti  pm 0.1.4.4_+  )9 

where 4)++ and 4)-+  are the s-channel helicity nonflip and helicity flip 

amplitudes, respectively. Since both amplitudes have the same phase, 

zero polarization is predicted. However, high-energy experimental data 

shows that the polarization is about 15% for small momentum transfers. 

A solution in a pure Regge-pole framework is to invoke the 

existence of another particle with the appropriate quantum numbers to be 

exchanged, known as the p'. Polarization is then generated by 

interference between the two poles. However, searches for this particle 

proved unsuccessful (4)  

Elastic scattering also presented difficulties. High-energy 
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pp and pp elastic scattering should be dominated by the P + P' ± w Regge 

poles, respectively. Experimentally, the differential cross section for 

pp is larger at t = 0 but more steeply t dependent than that for pp, so 

that they intersect at to= - .15. In terms of a pure Regge-pole model 

this crossover requires the w residue to change sign at this point. Then, 

by factorization, all w residue functions must contain a zero at to. 
 

This agrees with the crossover in K p elastic scattering, which 

is also dominated by P, 1" and w, but it does not show up universally. 

For example, the reaction yp -+ rr°p should be dominated by w exchange, 

but it does not exhibit a minimum at t
o
. 

One solution is to introduce another w-like term, the w'. The 

crossover is then accounted for by having the w+w' amplitude change 

sign at t
o 
without having to insert a zero in the w residue. However, 

there is no known particle corresponding to the w'. 

1.4 	The Absorption Model  

These difficulties with pure Regge pole models can, at least in 

principle, be overcome by employing a model used very successfully for 

elementary-particle exchange in pion-dominated reactions, namely the 

absorption model. 

The absorption model is based on the characteristics of high-

energy elastic scattering 
(8)

. At high energies many inelastic channels 

are open. When a collision takes place it is likely to result in a 

transition to one of these other channels. With respect to the elastic 

channel, such a transition results in the loss or absorption of a beam 
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particle. This absorption is greatest at small impact parameters, since 

the more complex inelastic reactions take place in the more violent 

"head-on" collisions. The target particle therefore appears as a 

diffuse absorbing disc to the particles in the beam. 

For the elastic scattering of spinless particles of 3-momentum p, 

the partial. wave expansion of the scattering amplitude, defined by 

da = I 012, 
TM-  " 

where 0 is the center-of-mass scattering angle, is 

CO 

f(0) - 	E (2k+1) at Pt(cos0), 
"1 

P  2=0 

where 

a = 1 - S2. 

Introducing the impact parameter b, defined by 

pb = k + I, 

low partialwaves are seen to correspond to collisions at small impact 

parameters. The elastic waves are then largely absorbed i.e. 

S + 0 

a2. 
+ 1. 

Since the incident, particles must "hit" the target for scattering to take 

place i.e. 
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k 	1 < pR, 

where R is the radius of the interaction, no scattering takes place for 

high partial waves, and hence 

S 	1 

a 4- 0. 

Since at high energies a large number of partial waves contribute to 

the partial-wave expansion, the sum over k may be replaced by an integral 

over b i.e. 

E 4-J p db. 
Q=0 	O 	• 

In the Gaussian model it is assumed that 

a(b) = C e-b2 /2R2  

Using the small-angle approximation 

Pk (cose) = Jo(bfrn), 

we obtain 

f(e) = PC — R
2 
 e2R2t  , 

and hence 

(dal 	da 
= e dt 	

1R2t 

	

dt,elastic 	elastic 
t=0 
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This gives the falling exponential observed experimentally at small 

angles for elastic scattering. The quantity C may be obtained from the 

Optical Theorem, giving 

o
tot 

C= 
27rR2 

Similar considerations apply in the case of inelastic scattering. 

When the particles interact with impact parameter less than R, they are 

likely to be absorbed into another channel. Low partial waves are 

therefore absorbed out. 

The absorption model takes into account the strong elastic 

interaction of the particles in the initial and final states. 

Sopkovich (9) and later authors (10,11) used the distorted-wave Born 

approximation to solve the Schrodinger equation for scattering in the 

presence of a potential with an imaginary part to simulate the effects 

of the competing channels. This part of the potential was chosen to give 

an adequate representation of the elastic scattering. 

Sopkovich(9)  obtained the formula 

t 
T'
ba 

= S
bb 

T
ba 

S
aa ' 

where T
ba

t 
 is the Born term for scattering from channel a to channel b, 

S
aa

2, and 
 Sbb

II are the elastic scattering S-matrix elements in the initial 

and final states, respectively, and T
,
ba

2, 
 is the corrected amplitude. A 

similar formula, namely 

T' 	= 1[S 
Y. 
 T 
 2, 

 + £ +T 
	' ba 2  bb ba 
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was obtained by Durand and Chiu 
(10) 

 . These two equations become 

identical when Su!' = S
aa
Z. 

We see that these formulae do have the effect of absorbing out the 

low partial waves. Taking equal initial-state and final-state elastic 

scattering parameterized by a Gaussian, the above formulae become 

T' t = [1 - Ce-t(k+1)/R2p2]
T
ba  ba 

The high partial waves are unaffected, but the low partial waves are 

reduced. Indeed, when C = 1 the S-wave (t=0) is completely eliminated. 

The modified amplitude is then different from the original amplitude. It 

was for this reason that the absorption model was originally developed. 

The 1-particle-exchange model, in paying no attention to the 

requirements of unitarity, allows the unitarity limit on the low partial 

waves to be violated. This leads to differential cross sections which 

are generally too large and not sufficiently peaked in the forward 

direction. 

However, the assumptions made in the derivation of the various 

absorption formulae apply only at high energies. The use of the non-

relativistic SchrOdinger equation is therefore dubious. Despite this 

shakey theoretical basis, this model has been widely and successfully 

employed. 

1.5 	Regge Cuts  

Assuming the elastic scattering to be described by a pole in the 

complex angular momentum plane, these corrections generate Regge-cut 

contributions to the scattering amplitudes. In particular, they have 
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the same general cut properties as those deduced from Feynman diagram 

models (6)  

The existence of cuts in the complex angular momentum plane was 

first proposed by Amati, Fubini and Stangehellini (12)  from a study of 

perturbation theory. Mandelstam (13)  later showed that in fact the 2- 

Reggeon AFS cut is cancelled by other contributions, but he also showed 

how to generate cut diagrams which were not cancelled, the essential 

difference between the two diagrams being that, unlike the AFS diagram, 

the Mandelstam diagrams have a third double spectral function. 

Although no one knows how to calculate the cut contributions, some 

general properties are known (6)  

1. When n Regge poles ai(t) are exchanged, the branch point of 

the leading cut is given by 

n 
ac(t) = max [.E a.(t.)] - n + 1, =1  

where /7E-  and V7i7 form a closed polygon. In particular, for two linear 

trajectories the 2-Reggeon branch point is also linear and is given by 

ac  (t)= a (0) + a2
(0) - 1 + 

a
1 
a
2  

1 	
t 

If all the Reggeons except one, al(t), are pomerons, with a(t) = 1, 

the branch points of all the cuts coincide with al  at t = 0 and lie above 

it for t < 0. We therefore expect pomeron-induced cuts to dominate over 

poles asymptotically for t < 0. At t = 0 they are unfavoured 

logarithmically. 

al + 
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2. The discontinuity across the n-Reggeon cut near j = ac  has the • 

form 

disc ti  {ac(t) - 	11-2, 

with the cut contribution to the amplitude having the energy dependence 

a
c
(t) 

A rt,  
In s

n-1 • 

Since this logarithmic energy dependence is slow, it cannot be detected 

at presently available energies. 

3. Although a Regge pole belongs to a unique spin-parity class a 

2-Reggeon cut does not. It can contribute to both parities and can 

therefore conspire with itself. 

4. Cut contributions are non-factorizable. This overcomes the 

difficulties arising from factorizing pole residues and relating different 

processes. 

The main difficulty in including cut contributions is the lack of 

knowledge about the discontinuity function. The usual practical approach 

is to employ a model such as the absorption model, since the absorption 

corrections result in contributions with the known properties of cuts (14)  

the Gaussian parameterization of the elastic scattering being equivalent 

asymptotically to a fixed-pole pomeron. 

We can see how cuts arise in the absorption model by taking the 

absorption formula 
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k 	
T 	

s  initial k+ 
S 

	2, 
T

k 
2 	

] T' = 	
ex el 	el 	ex  

and, ignoring density of states factors, writting 

S
el 

= 1 - i T
el ' 

and expanding to obtain 

T1k  = T
k
- 	

[ ex el 	el 	ex 
T k T initial k + T final k T k 

ex 	
]
. 

The first term may then be thought of as representing the pure Regge pole 

exchange, while the other two terms represent, respectively, elastic 

scattering in the initial state followed by an exchange, and an exchange 

followed by elastic scattering in the final state. 

1.6 	Use of Absorption Corrections  

The sharp forward peaking observed in certain Tr-exchange reactions 

may be obtained by applying absorption corrections to the amplitudes (15)  

The rotation functions in the partial-wave expansions ensure that the 

helicity flip amplitude (1)4  vanishes in the forward direction but imposes 

no such condition on the helicity nonflip amplitude q52. Now, for small t 

71 
ti 	 

t m
2 
Tr 

2 

= 1 + 

  

t - m
2 
Tr 

The first term, being S-wave, is largely removed by the absorption, while 

the other partial waves are largely unaltered. Hence, after absorption 
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m
2 

(2.1T 	
Tr  

2 
t - mu 

which gives the desired peak in the forward direction. 

Absorption corrections produce relative changes of phase in the 

Regge amplitudes, thus generating non-zero polarization, and may be used 

to obtain destructive interference with the pole term to produce 

crossovers rather than having zeros in the residues. The Reggeized 

absorption model has thus eliminated many of the difficulties associated 

with models based solely on poles. 

1.7 	Comparison with Other Models  

Basically, there are two currently popular models (16)  which may 

be adopted for the introduction of Pomeron-Reggeon cuts by-means of 

absorption corrections to pole-graph amplitudes. 

In the "weak-cut" model, the approach adopted by the Argonne (17)  

and Imperial College (18'19)  groups, the input Regge-pole amplitudes are 

"traditional" in that they contain appropriate factors to cause them to 

vanish at "nonsense" a values i.e. values of a less than the net helicity 

flip at either vertex. The presence of such a factor in the flip 

amplitude is the customary explanation of the dip near t = - .5 in the 

TrN charge-exchange differential cross section. Because of the presence 

of these a factors the resulting cut contribution tends to be small. The 

absorption corrections therefore cause, for the most part, only modest 

changes to the pure pole term. The idea of wrong-signature nonsense zeros 

(20) 
is supported by the sucess of the Veneziano model 
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An alternative view, incorporated in the "strong-cut" model of the 

Michegan group (21)  , is that in the presence of cut corrections all prior 

notions concerning sense-nonsense factors should be discarded, since the 

standard arguments for the existence of these factors fail in the 

presence of a third double spectral function. The absence of a factors 

in this model then leads to a much larger cut term and the mechanism for 

generating dips in differential cross sections becomes the destructive 

interference between the pole and the cut amplitudes. This model also 

attempts to incorporate inelastic diffraction contributions by enhancing 

the contribution of the cut by a factor A above that given by the 

standard absorption formula. Arguments are put forward to justify A 2 

but in pratice it is taken as an arbitrary parameter to be fitted to the 

data, often with a value higher than this. Although the following remark 

in no way invalidates the concepts behind this approach, in a test of 

the systematics of dip generation by this model Drago et al 
(22)f

ound 

it possible with a suitable choice of A parameters to generate dips over 

a very wide range of momentum transfers and, in one case, found it 

necessary to take A ti  3.5 to obtain a dip in the correct position. They 

felt entitled to ask whether such a large A was physically reasonable or 

just parameter fitting. Indeed the weak point of this model is the 

considerable number of free parameters which are introduced to parameterize 

the cuts in addition to those required in the pole amplitudes. Such 

flexibility permits the relatively easy fitting of available data but at 

the expense of a considerable loss of predictive power (23)  

The model used here is the "weak-cut" type of model i.e. input 

Regge-pole amplitudes with wrong-signature nonsense zeros and cuts 

generated by the traditional absorption formula i.e. A = 1. This does not 

add any parameters beyond those already present in simple Regge-pole 
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models. However there is still a considerable amount of arbitrariness, 

thus permitting a certain amount of flexibility. In particular, there is 

usually considerable freedom in the calculation of the pole graphs since 

there are frequently several different particles which may be exchanged, 

with often alternative couplings possible at the vertices and with the 

magnitudes of the coupling constants unknown. The Reggeization is also 

arbitrary in that it allows different ghost-eliminating mechanisms and 

exponential factors in the residues, with trajectories which are 

frequently unconstrained. 

Rather than employ this arbitrariness to advantage by introducing 

free parameters which can then be fitted to the experimental data, it 

seems preferable to use some higher symmetry scheme in which the couplings 

are uniquely determined. We employ the U(6,6) 0 0(3,1) symmetry 

scheme 
(24) 

 to calculate the pole graphs. This determines the vertex 

couplings and their magnitude and thus the amplitudes for the t-channel 

exchange of 35 mesons for 35 + 56 	35 + 56 and 56 + 56 -4- 56 + 56 and 

the u-channel exchange of 56 baryons for 35 + 56 56 + 35. Since the 

35 contains the meson 0 octet and 1 nonet and the 56 contains the 

baryon 1/2+  octet and 3/2
+ 

decuplet, this accounts for a large section of 

2-body and quasi-two-body processes on which data is presently available. 

Higher multiplets are regarded as angular-momentum-excited recurrences 

of lower ones (25). Wethen take a single ghost-eliminating mechanism 

and a constant value of the scale factor s
o 
for all exchanges and obtain 

the Regge trajectories from the known masses of the particles lying on 

these trajectories. 

Bearing in mind that the model contained no free parameters, 
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previous work with the U(6,6) peripheral absorption model with elementary-

(26,27,28) 
particle exchange 	gave extremely good results for 7 (spin-0) 

exchange. Owing to the bad asymptotic energy dependence of the Born 

graphs for higher-spin exchange, this approach did not work except in the 

intermediate energy range for the exchange of spin other than zero. 

By Reggeization of these amplitudes the problem of energy dependence 

associated with high-spin exchange is eliminated. It is well known that 

for small momentum' transfer elementary and Reggeized r exchange give 

essentially similar results 
(19).We 

 therefore retain the good results of 

the U(6,6) absorption model for 7 exchange but improve the results for 

higher-spin exchange. 
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CHAPTER II 

THE MODEL 

2.1 	U(6,6) Formalism 

The fact that the known meson and baryon particle spectrum 

is well described by the lower representations of SU(6) is the 

motivation for using an absorption model with the couplings related by 

U(6,6), the relativistic generalization of U(6). 

The U(6,6) algebra (24) has 144 generators 

P B
= r TiRI I A 	L 	ab  [ YR 1 a 

with A, B = 1 - 12, a, b = 1 - 3 and a, S = 1 - 4. The yR  are the 16 

Dirac matrices 

1, Yu, our= i2[Y11,Yv], Y5  = YoY1Y2Y31 iYuY5  

formingthegeneratorsofU(2,2),whiletheT.=iX., where the X. are 

the 9 Gell-Mann matrices forming the generators of U(3). 

The basic spinor representation (quark), of multiplicity 12, 

transforms under the group according to 

A SA
B

B 

with 

s  B = 	eic.J Ri 1 B 
A 	JA • 
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However, this does not correspond to any known physical particles. 

Higher representations are constructed by taking products of quark 

representations and reducing to irreducible representations. The 

product of quark and antiquark gives 

12 0 E2 = 1 0 143 

and the product of three quarks gives 

12 0 12 0 12 = 220 0 364 0 572 0 572 , 

where the representations are denoted by their multiplicities. 

Two of the above multispinor representations are of interest, 

namely the traceless meson tensor (D
A
B
(143), which reduces to (6,6) 

under the rest symmetry group U(6) 0 U(6) decomposition, and the fully 

symmetric baryon tensor T
(ABC)

(364), which reduces to (56,1) under the 

U(6) 0 U(6) decomposition. 

For a given J assignment SU(3) relates mesons and baryons 

among themselves. Under SU(3) 0 U(2,2) the above tensors decompose as 

143 = (8,15) 0 (1,15) 0 (8,1) 

364 = (10,20) 0 (8,20) 0 (1,4). 

The 143 therefore contains the pseudoscalar meson octet and the 

vector meson nonet, while the 364 contains the baryon octet with 

spin 1/2  and the baryon decuplet with spin 3/2. 
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Written explicitly the decomposition of the meson tensor is 

4 A 
B  (p) = [ yR  Ti JAB ¢R1 0) 

i-- { Ti jab  [ (1)1(p) + y5¢5i(p) + iiPY5(I) p51(P) 

+ Yu(I) pi(p) + iapv cl)pv i(P) ]a 

where the ¢
R
i 
are the free meson fields of momentum p and mass p. The 

trace term has been included. 

Taking the fields on-shell, the Bargmann-Wigner equations 

(ri_ )AB cl)BC(p) 
= 4AB(p) 

(y 41) BC = 0  

lead to the relations 

¢1  (P) = 0 

iPp ¢u51(P) = P 4)51
(p) 

iP (0
p5
1(P) = 13p ct)

51
(P) 

iPp  cilpvi(P) = P ¢v1(p) 

iP $PV  i(P) = PP  (V  (P) - PV pi(P). 

Substituting these relations, and using the equation of 

continuity of the vector field 
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gives 

1)A
B
(p) = 2p 	

Tilab 	
(1S+11) (Y

u P
i(P) 	Y5 (I)51(0) a' 

where 4)
5 

is the nonet of pseudoscalar meson fields and (1) is the nonet 

of vector meson fields. 

The baryon tensor is similarly decomposed to give 

IN 
W(ABC) (P)  = cabc 1/(213y) (P) 	2if 

D(abc)(af3y)(P)  

1 
2176 [ abd 

Nd
(a6)1(P) 	

, 
6bcd "a

d 
 (13Y)a(P)  

+ e 
cad 

N
b• (ya)(i

(p)  

where 

=C V'+(y C) V +i(y y C) V 
(aay) 	aa Y 	

5 )as Y 
	P 5 aa PY 

= (YC) 	D 	+1(a 	C) 	DuvY 
D
0113Y) 	)as PY 	1.1V )as 

=C
aa Y 

N'+(y5 C)aa N +i(yp  y5 C)aa N PY, N
(aa)Y  

with C the charge-conjugation matrix 

C-1 y
o 
C = yo 
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and 

V = y5  V' 

V 	= 	y u y
5 
 V' 

N' = y5  N + i yu  y5  Nu  

yD=yD +iD = 0. 
P u 	P Pv 	v  

Applying the Bargmann-Wigner equations 

(i-m) AB  www(P) = 0' 

where m is the baryon mass, gives 

V = N' =0 

(i-m) N(p) = 0 

im N (p) = p N(p) 

(i-m) Du  (p)= 0 

im Dpv
(p) = p

p  DV  (p) - p Du 
 (p). 

We therefore obtain 
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T(ABC)(P) 
 = 17-5 
	((-1111) Y11 C  )a 21/fm 	

D
UY(abc)(P) 

1-6-  2/m 	((13+m) Y5 C ) a13 cabd Nc
d
y(P)  

+( q+m) y5  C ) 
f3y 

E
bcd 

N
a
d
a
(p) 

+ ( (04-m) y5  C ) 
ya 

E
cad 

Nbda(p)  

with N and D the fields corresponding to the 1/2
+ 
octet and 3/2

+ 
u 	UY 

decuplet, respectively. 

The 3-meson vertex is described by the unique interaction 

Lagrangian 

(DAB(-0 JBA(p,P') 

with 

JA
B
(p,p') = h 	(19A

c
(p) GCB(-p') + SAC (-P') 4)c

B 
 (P)j 

where h is the meson-meson-meson coupling constant, p and p' are the 

4-momenta of the incoming and outgoing particles, respectively, 

and Q = p - p'. 

There is also a unique baryon-baryon-meson interaction Lagrangian 

= ('AB(-Q) JBA(P,Pl) 
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with 

JA
B
(p,p) = g 

T(BCD)
(p) T(ACD)(p)' 

where g is the baryon-baryon-meson coupling constant. 

On evaluating the traces, we obtain the pseudoscalar current 

	

2m ir
2 

tv7 	+ QX(5 35 = 	 P  a 
4m
2`"l5N/D-1-4-S m AN)G 

3 

3 - 

4 
+ P 

2 
15 

m2Xy5DX 2m2 
+ ---(1

1XDX
y
5
Q
K
D  K + h.c.]  

_ 
2p  2j4 

pvKA
o 
pP  v aKX)D - 3hQXaX5-=4)-5X)F 

and the vector current 

Q
2 

- j 	= g 7111  1 + Tr--np ) (NN)F+3s  + g (1 + T
2m
)(
-  
N 
r 
 pN )D+-2  F-S 

4m2 3 

g 

2m

/  
u )cpvi<XPv(IK(5XN)G 

3gP2 	P, 
+ 

2m 
[ (1 + 	) 	- 

4m2 
T5

X  P yPPA  

3g 
+ 2 
	

( 1 + p i 
2m1 

l - 	1Q D + h.c. --7QADAN p 11KK m 

2 
+ h(1 + E-- 	As T 6 

2p2)P p 55
-  XX)F 	2pQvQX vX)F 

3h + 3hQ ( r,  "1" 3- 	1 113  - 	A 	' vp 	py)r 	4116  pyKA v0K - 	5 5 q) 23 D÷2S' 
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where 

r = c 	,P Q y,y, p 	VVKAVKAD 

with P and Q the sum and difference, respectively, of the momenta of 

the incoming and outgoing external particles at the vertex. 

The subscripts D, F, S and G represent the U(3) Clebsch-Gordan 

coefficients. Taking the baryon-baryon-meson vertex as an example, and 

normalizing to pp.rro  , we have, for the coupling of three octets the 

symmetric coupling 

(
iBm)  = 	

b
cB  abm 

c  a
+11. 
a
bB bcm ca),  

and the antisymmetric coupling 

diBm‘ 	cB  bm 	bB  cm  a\  
IF 	 bac 	abc 1' 

for the coupling of two octets and a singlet 

(EBM ) = 	B aB bM 
os r- b a o' y3 

and for the coupling of the baryon decuplet and baryon and meson octets 

(5Bm) 	
v 
„7.-rstMc 

USV
B
t
Y 

r
u  

These interactions are used to calculate 1-particle-exchange 

diagrams in which the exchanged particle is of: the mass-shell in the 

region of physical scattering. Since the Bargmann-Wigner equations are 
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used in the derivation, these interactions, strictly speaking, apply 

only to free fields. For this reason we take the P2 and Q2 terms 

appearing explicitly in the currents as on-shell i.e. 

P2 = (1 
2 

P 

4m2  

2 	2 
Q = 11 • 

The relevant parts of these currents required for the processes 

considered here are, for the pseudoscalar current 

2 
J
5(0) = g(1 + 

2m (1 	P  )(Ry N) 2 2 5 D+5F-S 4mB  

2m) QX J5(D) = g(1 + 	—(D N) p m
B X G 

J
5 
 (V) = - 3hQ

XX
(15
5
)
F' 

and for the vector current 

(1 4.  2m11&. r_NI 	2  3 	
P

11(0) = g [ - 11— (1 + 1--2---) (RN) 	+ 11  A 	" ID+-F-S J 2m 	2m 	F+3S  
2 	3 4mB  

g 
Jp  (D) = 

2 (1 + p  
29 E 

PVKA  
,P 

 V  Q  K 
 (BAN)G 

2MB  

(p) 	= —3 hP P ((1;
5 

 (1)5)F  2  

3h J (V) = 	c 
PVKA

,P
v
Q

ic(cTX5)D+2S LIN  
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Since there is no definitive procedure for mass splitting in 

higher symmetry schemes, we have adopted a simple prescription which 

seems physically reasonable. For the group-theoretic baryon mass we 

take m = 1.27 GeV/c2, the average of the 1/2+  octet and 3/2+  decuplet, 

and for the group-theoretic meson mass we take p = .63 GeV/c2, the 

average of the 0 nonet and 1 nonet. Where shown we use the average 

physical mass of the incoming and outgoing external particles at the 

baryon and meson vertices, mB  and mm, respectively. In the kinematics 

and the evaluation of NN etc. we use the physical masses of the 

particles. 

The two coupling constants which appear in the currents are 

obtained from the known pion-nucleon coupling constant (29),  giving 

2 	2 	2 	2 2 
gNNn 	 2 
--- -14.9 = 4n — (1 + 

p
.1a) (1 	u 2  ) (4) 4n  4mN  

where mN  is the nucleon mass, and from the p + 2n decay width (30) 

giving 

- 2.09 = (3h)
2 

 
47 

It is now a straight-forward matter to calculate the 1-particle-

exchange diagrams using second-order perturbation theory. For 

pseudoscalar exchange the amplitude is 

`P3P4ITIP1P2' 	`P3P4Ij5' 1 j51P1P2'' 
t-M- 

,, 

2 
pint 
47r 
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and for vector exchange the amplitude is 

_g Q /112 

<P3P4ITIP1P2>  = <1'31341j:I 	Pv 	P 	jvIP1P2>' 
2 

where the primed and unprimed currents distinguish the two vertices, 

M is the mass of the exchanged particle, and the diagonal metric 

is gpv  = (+1;-1,-1,-l). 

2.2 	Reggeization 

The Reggeization of the elementary-particle-exchange amplitudes 

is accomplished in the following manner. 

Consider the exchange of a 0 meson. By expanding in a Taylor 

series about t = M2 

sin7(a-J) 7 sinTr(a-J)) 	+ Tdivin7(a-J)1 (t-M2) 

t=M2 t=M
2 

7f dt 
dal k,t-M2,  ) 

 

t=M
2 

, 	, since a(t=M2  ) = 0. Therefore, near t = M
2 

_ da 	7  

t-M2 dt sin7a(t) • 

Using the identity 

t-M 

1 

t=M2 

Tr 
F(x) F(1-x), sinTrx 



1 	d_ 

t-M
2 71T 	r(-a) 1 + e

-iTra 

2 
t=M

2 

+ it - 2  E m
2 a
.  

i=1 1) 
so 

- 35 - 

we obtain 

= - a' r(-a) r(l+a). 

We then insert the signature factor 

1 + e -iTra  
2 

and the factor 

s - it - 	E m. a  
i=1 1  ) 

This second term changes the asymptotic energy dependence of the 

elementary-exchange amplitudes from s = s0  into the Regge dependence 

sa(t)
. Both these factors are unity at the pole t = M

2
. 

The Gell-Mann ghost-eliminating mechanism (4)  is introduced by 

dividing by r(l+a) in all amplitudes. We select this mechanism because 

it is required by exchange degeneracy and is supported by the sucess of 

the Veneziano formula (20).  It is easily introduced into the formalism 

and retains the same ratio between the helicity amplitudes when they are 

extrapolated from the pole. 

Hence,the replacement for 0 exchange is 

1 

t-M
2 

s
o 
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Similarly, for 1 exchange 

sinna(t) = sinna(01 

t=M2  

+ 
dt 
t=M2 
 sinna(01 

• t=M
2 
(t-M2) 

= - u 121 (t-M2), 
dt 2  
t=M 

since a(t=M
2
) = 1; Therefore, near t = M

2 

1_ 	daln 

t-M2 
 

dt 2sina 
t=M 

= - a' r(a) r(1-a). 

The signature factor 

1 - e
-ina 

2 

and the factor 

4 
+ it - i  E m2a-1  

1=1 1  ) 

0 

which changes the asymptotic energy dependence from s = s1 into  s
alt) 

are inserted. The Cell-Mann mechanism is introduced by dividing by 

r(a) in all amplitudes. 

The replacement for 1 exchange is therefore 

( 



1 
-)- - a' r(1-a) 1 - e-ia (s 

t-M
2 

2 

+ It - I 
4  
E m

2 	a-1 

i=1  1  ) 
s

o 
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In summary, the Reggeization of the amplitudes is accomplished 

by making the replacement 

s + It - I 
4  
E m2 	a-J 

1
-3- 

dal 	7 	 1=1 i  ) 
2 	dt 	

1  + to-ina ( 

2sin7(a-J) 	2 	s
o t-M 

t=M 

where a = J at the pole t = M2 and T is the signature, and substituting 

Tr  
- r(a) r(1-a) simra 

and dividing by r(a) for natural-parity exchange, and substituting 

n  - 	r(-a) r(l+a) sinna 

and dividing by r(l+a) for unnatural-parity exchange in all amplitudes. 

The scale factor s
o is taken to have the value 1 (GeV)

2 
 since any 

other choice is equivalent to the introduction of an exponential factor 

into the residue. The coupling constants g and h retain the values at 

the poles. 

2.3 	Higher-Spin Exchange  

We also wish to cosider the exchange of the A
2 
meson (J

P
=2
+
), 

which does not belong to the (35,2=0). By employing the representation 

of U(6,6) which contains the A2, namely the 4212, we have forced upon us 
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exotics, for which no experimental evidence has been found. However, 

employing U(6,6) 0 0(3,1) we obtain mesons not belonging to the (35,2=0) 

by angular-momentum excitating this representation of U(6,6) 0 0(3,1). 

This has the effect of only changing the spin and parity of the particles. 

Using a spin-2 field-theoretic propagator then gives amplitudes which 

are similar to those for 1 exchange but containing one more power of s 

and, in some cases, extra terms which are non-leading in s. If we 

ignore these extra terms, we may obtain the Reggeized 2
+
-exchange 

amplitudes from the I -exchange amplitudes simply by changing the 

signature and Clebsch-Gordan coefficients. This is the procedure we 

adopt, since we wish to obtain the coupling strength from the additional 

assumption of strong exchange degeneracy. The 1
+
-exchange amplitudes 

are obtained from the 0 -exchange amplitudes in a similar manner. Since 

previous authors have shown the applicability of p-A2  exchange degeneracy 

and SU(3) symmetry to 0 1/2
+ 
 0 1/2

-I- 
charge-exchange reactions (31), 

We consider this is a reasonable prescription. 

2.4 	Regge Trajectories  

The Regge exchanges considered here correspond to the 7, n, p, w, 

4, B and A
2 
mesons. We assume linearly rising trajectories 

a(t) = ao  + al t, 

where a
o 

and a' are the intercept and slope, respectively. 

To avoid the introduction of free parameters we make the plausible 

(32) 
assumption 	that the following pairs of particles 
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p(765) - A
2
(1300) 

w(784) - f(1264) 

4)(1019) - f'(1514) 

w(140) - B(1235) 

n(549) - D(1285) 

lie on exchange-degenerate trajectories. There were obtained by 

constraining the trajectories to pass through the positions of the 

relevant physical particles on the Chew-Frautschi plot, as shown in 

Fig. 1. The values obtained for these trajectories are given in Table 1. 

In Ref. 18 almost exchange-degenerate p-A2  and K (890)-KN(1420) 

trajectories were found to arise from fitting data, although this was 

not imposed as a constraint. We note that the p-A2  trajectory used 

here extrapolates to pass extremely closely to the probable p-Regge 

recurrence, the g-meson. The predicted mass is 1673 compared with the 

experimental mass of 1663. Similarly, the w-f trajectory extrapolates 

to give a mass of 1604 for the possible w-Regge recurrence, the 4)(1650). 

The Tr-B trajectory, when extrapolated, predicts a mass for the 

suggested w-Regge recurrence, the TrA, of 1740 compared with the 

experimental value of 1633. The Regge recurrences of the (1) and n are not 

yet well established. 

2.5 	Absorption Effects  

Now, the partial-wave expansion of the s-channel helicity 

amplitudes is (33)  

CO 

<X3X4Igs,t)1A1X2> = E (2j4-1) <A3X41Tj(s)1X1A2> dxui(cose), 

3=imin 



-40- 

*1.0 ///// 11. 
	

1.0 
	1.. 

2.0 	3.0 	4.0 
t [(6eV/c)2] 

Fig. 1 

Chew-Frautschi plot. The trajectories are given in Table 1. 
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Trajectory ao a'{(GeV/c)-2} 

7r,B - .013 .665 

n - .222 .737 

p,A2  .470 .905 

w .386 1.017 

4 .172 .798 

Table 1 

Regge trajectories 
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where j is the total angular momentum, jmin  = max( IX1,1111), 	= A1-X2' 

p = A3-X4' and e is the c.m. scattering angle. By making use of the 

orthogonality property of the rotation functions, 

+1  

-1 	

2 (5.i , d 
 Ap 

J(cosh) dj(COSO) d(COSO) 	2j+1  j, , 

we obtain the partial-wave amplitudes 

J

+1 
<A
3
X
4
ITj(s)lx

1 
 x 2 > = 2 ‹X3X4Igs't)IX1X2> dAp

j(cose) d(cos9). 
-1 

We employ the Watson absorption formula (11),  according to which 

the corrected partial-wave amplitude for scattering from channel a to 

channel b, T'baj, is related to the Born partial-wave amplitude, T
ba' 

by 

<A3A4IT'bajlx1x2>  = 1 	Nx3x4Isbbi l" 	ba 	1 2><a'IT 	> 
a,6 

+ <A3X4ITbajia(3><aBISaajIX1X2> 

where a, 13 and Ai  are the helicities of the particles, and SaaJ  and 

Sbb3  are the S-matrix elements for elastic scattering in the initial 

and final states, respectively. 

We assume a Gaussian model for the elastic scattering of spinless 

particles (8)  

-10.+1)/R2p2  S = 1 - Ce 	• 
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where 2 is the orbital angular momentum and p is the c.m. 3-momentum. 

Making the replacement k j in this formula assumes the same form for 

S3  as for Sk. This association is reasonable since, for example, for 

0 1 elastic scattering the amplitude for total angular momemtum j is 

a weighted mean of the amplitudes with orbital angular momentum 

= j±1. Similarly for 1 1 elastic scattering 2 = j,j±1. We also assume 

that S3  involves only helicity nonflip terms. This is the conventional 

assumption, which is justified on the grounds that the elastic 

scattering amplitude is experimentally largest in the forward direction. 

Since the helicity flip amplitudes vanish at this point they are 

hopefully relatively unimportant in general. 

The quantity R, the radius of the interaction, is determined from 

the observed exponential slope of the elastic scattering data 

W)
el
Algt)

el 
1 

2 
= e511 t  

t=0 

while the opacity C is obtained using the Optical Theorem 

u
tot 

C  

The final-state absorption coefficients, C and R, cannot generally be 

determined experimentally. To obviate the need to introduce free 

parameters we assume that the coefficients are the same in the final 

state as in the initial state. We note that since the initial-state 

and final-state c.m. 3-momenta are usually unequal, this means that 

S
final

j and 
 Sinitial.3  are slightly different. The absorption 
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(28,34,35) 
coefficients used 	are shown in Table 2. No data exists 

on K
+
n elastic differential cross sections at high energies. However, 

K
+
n and K

+
p total cross sections are almost the same, so hopefully the 

absorption coefficients are not too different. We have therefore used 

the K
+
p coefficients to describe K+n elastic scattering. We have also 

used the Tr
+
p coefficients to describe 7

+
n elastic scattering. 

With the above assumptions the absorption formula simplifies to 

<A3A4IT'bajl A1A2>  = 	(Sfinali+Sinitialj) <A3A41Tbai l AlA2>.  

The partial waves are modified according to this prescription and 

resumed to obtain the modified scattering amplitudes 

<AX
4
W(s,t)IX

1
X
2
> =E (2j+1) <X

3
X
4
IT'3(s)IX

1
A
2
> d

Au
3(cos0). 

3=lmin 

It is these modified amplitudes which are to be compared with 

experiment by means of differential cross sections, polarizations() and 

density matrix elements 
(36).  These are discussed in Appendices A 

and B. 

Explicit expressions for the rotation functions d j(cos6) are 

given in Appendix C. 
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Channel plab(GeV/c) C (R
1
)(GeV/c) 

n p 4.2 .83 .26 
5.9 .79 .26 
8.0 .76 .26 
9.8 .74 .26 

11.2 .73 .26 
13.3 .72 .26 
16.0 .71 .26 
18.2 .70 .26 

n p 3.54 .90 .27 
4.0 .87 .27 
5.1 .84 .27 
8.0 .78 .27 
9.0 .77 .27 

K p 4.1 .77 .26 
5.0 .74 .26 
5.5 .73 .26 
6.0 .72 .26 
7.1 .70 .26 
9.5 .67 .26 

10.1 .66 .26 
12.3 .65 .26 

Kp 5.0 .71 . 	.32 
5.5 .68 .31 
7.3 .58 .29 
12.0 .51 .27 
12.7 .51 .27 

pp 5.0 - 6.92 1.000 .247 
8.1 .989 .245 
10.0 .963 .245 
13.0 ' 	.926 .240 
15.0 .911 .239 
16.08 .904 .237 
18.1 .883 .236 
21.1 .844 .232 
24.2 .830 .230 

Table 2  

Absorption coefficients 
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CHAPTER III 

APPLICATION TO MESON-BARYON SCATTERING 

3.1 	Introduction 

We consider 2-body and quasi-2-body inelastic meson-baryon 

scattering processes which fall in the following categories 

O 1/2+  • 01/2+  

O 1/2
+ 

-4- 03/2
+ 

O 1/2+  • 11/2+  

and which proceed by the exchange of non-strange mesons (37)  . Since the 

conservation of angular momentum and parity forbids the coupling of 

three pseudoscalar mesons, only 1 and 2
+ 
exchanges are possible in 

the first two types of process, whereas generally 0 exchange, in 

particular the pion, is permitted in the third class. 

3.2 	Formalism 

Denoting the pseudoscalar-exchange and vector-exchange amplitudes 

by Tp  and Tv, respectively, we have for 01/2+  -4- 01/2+  

2 
T
V 
 = J 

p
`(P) -guy 	(Vv/14   Jv(0), 

for 01/2+  03/2+  

n a2  
TV  = J u

7(P) -gpv 	Qpv4vI"  Jv(D) 

t-M2 

t-M
2 
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and for 01/2+ 4- 11/2+  

T
P 

= J
5

c(V) 	1 J
5
(0) ,  

T
V 
= J I(V) -gyv 	QuQvill2  J

v
(0)' 

t-M2 

where the primed and unprimed quantities distinguish the meson and 

baryon vertices, respectively. 

We note that between spinors 

P2 y 
1-1 	_ 	1-1 
2 	2 4mt 4mt  2mB  

and take P
2 

and Q
2 
on-shell. 

The 1/M2 term in the propagator vanishes identically for 03/2
+ 

and 11/2
+ 

production from the properties of the E function. For 

01/2
+ 

production we eliminate this term by ignoring the slight p-n 

mass difference. This term, which is non-leading in s, would otherwise 

lead to a l/t singularity since M2  t on Reggeization. 

These amplitudes are Reggeized and the 1+  and 2+  exchanges 

introduced. We then obtain for 0-1/2+  -* 0-1/2+ 
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x 3 g h [ 1 ill + 2-17ingF  - (1 + m )gD+- 2 jun 
F 

+ (1 	)(1 + 2m 	D 11 	g_ 	7:1111 111 
4m

B 	
+3F 

for 01/2+ -4-  03/2+  

2mB  

  

1 + e
-iva

T 
2 

 

4 
+ it - E m

2 

1=1 at  r(1-aT) 

 

  

s
o 

 

    

2m 
x 3 g h gG  1 	(1 + 	evicApPp'PgQxrppu ' 

and for 01/2+  .4. 11/2+  
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2 
x 3 g h gp+4_5  (1 + 20)(1 - 14.7)Qxl-c-Ariy5u 

3 	u 	4m
B 

4 
+ It - i E m2  2 	
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Explicit expressions for the helicity amplitudes are evaluated 

using standard techniques and are given in Appendix D. 

3.3 	Discussion and Results  

We now discuss each class of reaction and compare the predictions 

of the model with representative experimental data on differential cross 

sections, polarizations and spin density matrix elements. 

(i) 01/2+  01/2+  

There is an abundance of experimental data on the four charge-

exchange processes 
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- 	-o 
Tr p 	Tr n 

r p 4-  nn 

K
-
p 	

-o 
K n 

K+n 	Kop 

at a sufficiently high energy for us to hope that in this region the 

asymptotic Regge form is a good approximation to the 2-body scattering 

amplitude. The first two of these processes are important in that 

for each only one known trajectory has the appropriate quantum numbers 

to be exchanged, namely the p and A2  trajectories, respectively, thus 

enabling us to compare with experiment the predictions of the symmetry 

scheme and strong exchange degeneracy for these particular exchanges. 

In Fig. 2 we show the contributions to the momentum transfer 

distribution from the pole, the cut and the pole+cut for the process 

np 	Tr
0
n. Since we are employing the Gell-Mann ghost-eliminating 

mechanism, the pole amplitudes contain zeros at a(t) = 0, -2, -4, etc. 

The first zero, for our trajectory, corresponds to the point t = - .52. 

The cut has the effect of partially filling in this zero to give a dip 

lying closer to the forward direction at about t = - .43. The 

absorption also produces the experimentally observed forward turnover, 

which is not present in the pole differential cross section. 

Fig. 3 illustrates the energy dependence of the differential 

cross section for this process. The decrease in magnitude of the 

experimental data with increasing energy is well represented. The 

positions of the dip and particularly the secondary maximum move towards 

t = 0 as the energy increases. Although the forward normalization is 

reasonable, the differential cross section is too high at wide angles. 
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However, considering that this is hardly the peripheral region and that 

we have not "fitted" the data, we consider the result to be extremely 

good. 

Since the pole-graph helicity amplitudes have the same phase, the 

polarization from the pole graph alone is identically zero. As already 

mentioned, the motivation for the introduction into simple pole models 

of the (undetected) p' was to allow the generation of the experimentally 

observed non-zero polarization by interference between p and p l  poles. 

However, the application of absorption corrections produces polarization 

from pole-cut interference. The polarization predicted by our model, 

shown in Fig. 4, is positive and decreases with increasing energy for 

small t in agreement with the data. We obtain about 90% polarization 

near t = - .43, which corresponds to the dip region in the differential 

cross section. Although the present data 
(38) 

 does not go to 

sufficiently large t values to rule out this possibility, it does not 

give much indication of this effect, particularly at the higher energy. 

We note that the dip in the differential cross section occurs near 

t = - .43, whereas the minimum in the data appears to be further out, in 

the region of t = - .55. If the predicted position of this dip could be 

moved to a larger value of Itl, the minimum in the polarization would 

also move out. Alternatively, since the polarization, particularly 

near the dip region, is sensitive to the ghost-eliminating mechanism, an 

alternative to the Gell-Mann scheme may be required to obtain agreement. 

Lastly, it may well be that a less simple parameterization of the 

elastic scattering is required. The change in sign near t = - .3 of 

the polarization in 0
-
1/2

+ 
0
-
1/2

+ 
hypercharge-exchange reactions can 

be produced by using a moving-pole pomeron rather than a fixed pole (39) 
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As discussed above, we invoke strong exchange degeneracy to 

obtain the A
2 contribution to Tr p -4- nn. The predicted s and t 

dependence is compared with the data in Fig. 5. Whereas a(t) = 0 

is a wrong-signature point for the p trajectory, it is a right-

signature point for the A
2. 

Hence, there is no zero in the pole 

amplitudes near t = - .5 and no dip in the absorbed differential 

cross section. The theoretical distributions exhibit a turnover 

near t = 0, somewhat broader than that obtained for Tr°  production. 

There is clear evidence for this broader turnover at 5.9 GeV/c but 

the data is not too clear on this detail at higher energies. 

Although a slight breaking of exchange degeneracy would naturally 

improve the results, our assumption of exchange degeneracy in not 

only the trajectories but also the residues of the p and A
2 
appears 

to be well founded in these two processes. 

The polarization given by the model, shown in Fig 6, is 

consistent with the somewhat sparse data available. We note that 

the theory does not exhibit a large negative value near t = - .5 as 

in TT°  production. 

In the other two processes, 

K
-
p + K

o
n 

K
+
n - K

o
p, 

both the p and A
2 

trajectories can be exchanged. Since we have 

assumed strong p-A2  exchange degeneracy 
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da
dt ‘ L• 

f,- 
p 	K n) at = 	(K

+ 
 n K°p) 

da 
 

before absorption, with the pole amplitudes complex for Kp -)-R°n 

and real for K
+
n K

o
p. 

Fig. 7 shows the energy dependence of the momentum transfer 

distribution for K p T°n. The general features of the data, namely 

a fairly broad turnover intermediate between that for IT p 	Tr
o
n and 

that for r p 	nn, and no dip near t = - .5 are given by our 

theoretical predictions, the dip near t = - .5 in the p-exchange 

contribution being filled in by the A
2 
exchange. The normalization 

is about correct in the forward direction but the differential cross 

section does not decrease as rapidly as the data with increasing t. 

The predicted polarization, for which data is not presently available, 

is very similar in structure and magnitude to that for Trp 	nn. 

Fig. 8 compares the differential cross section given by our 

model with the data on the process en 	The forward turnover, 

no dip near t = - .5 and about the correct normalization are obtained. 

Because of our parameterization of the elastic scattering the amplitudes 

remain real after absorption, thus predicting zero polarization. 

Since the data on all four processes exhibits a turnover near t = 0 

this indicates a large helicity flip amplitude compared with the 

helicity nonflip amplitude. This is given by the model. It is 

encouraging that a preliminary application of this model to 01/2 
	

0
-
1/2

+ 

hypercharge-exchange reactions gives the forward peaking of the 

differential cross sections observed for these reactions. 
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Contributions to the differential cross section for n p n
o
n from 

the pole, cut and pole+cut. Data from Ref. 40. 
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Polarization of the recoil neutron in 7-p -' nn. 'Data from Ref. 41. 



- 59 - 

Fig. 7 

Differential cross section for K p .4. K°n. Data from Ref. 43. 
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Fig. 8 

Differential cross section for K
+n -÷ K°p. Data from Ref. 44. 
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(ii) 01/2+  -> 0 3/2+  

We have applied our model to the reactions 

7
+
p 7

0
A
++ 

N p inA
++ 

K
+
p K

o
A
+4-
. 

These A-production reactions are similar to the 0-1/2+  -> 0-1/2+  processes 

discussed above in that they allow only p, A2  and 0A2  exchanges, 

respectively. The ANM and NNM vertices are related by the symmetry 

scheme. Although the data is poorer for these reactions, the evidence 

appears to point to the same correlation between the shapes of the 

differential cross sections and the permitted exchanges as in the 

nucleon-production processes. 

Fig. 9 shows our theoretical result for the momentum transfer 

distribution for 7+13 7°A++. The data indicates a fairly sharp turnover 

near the forward direction as in the similar process 7p -> 7°n. Although 

the pole-graph amplitudes go to zero in the forward direction, when 

absorbed the helicity nonflip amplitude peaks at this point. The 

symmetry scheme predicts helicity flip dominance in this region and 

hence a turnover in the absorbed differential cross section. There is 

a hint in the 4.0 GeV/c data of the expected dip near t = - .5. Our 

curves are lower than the data near the forward direction, but there 

appears to be some doubt in the literature about the absolute magnitude 

of the differential cross section. In particular, a plot of atot  

against 
10lab 

 is far from smooth. This difficulty is illustrated in the 
-  

figure, where the 4.0 GeV/c data has a higher normalization than the 

3.54 GeV/c data. 
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With no absorption we obtain the constant values 

p
33 

= 3/8 = .375, Rep
3,-1 

= //8 = .216, Rep
31 

= 0
' 

for the spin density matrix elements of the A resonance produced in 

reactions in this category. Our results for the reaction 7+p 7
o++ 

are shown in Fig. 10. We see that after absorption these values do not 

change significantly except in the forward direction. The absorbed 

nonflip amplitude no longer goes to zero at this point thus causing all 

these density matrix elements to vanish here. The results appear to be 

consistent with the data but with such wide "bins" a detailed comparison 

cannot be made. 

The predicted differential cross section for 7
+
p 	nA

+4- 
is shown 

in Fig. 11. As in the 01/2
+ 

4- 0 1/2
+ 
processes, the theoretical n-

production distribution has a broader forward turnover than the 7°  

production. The data appears to bear this out. Our normalization at 

the lower energy is too small but at the higher energy it is consistent 

with the data. The spin density matrix elements of the A, for which the 

data is rather meager, are shown in Fig. 12. The data is adequately 

represented by the model. 

Our results for the differential cross section for the reaction 

K+p KoA++ are shown in Fig. 13. The data at 7.3 GeV/c exhibits the 

turnover near the forward direction given by the model. Our forward 

normalization is low except at the highest energy. The density matrix 

elements, shown in Fig. 14, are consistent with the data. 

It is apparent from our results that the predicted normalizations 

for this class of reaction are too low, perhaps by as much as a factor 
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of four. Although our assumption of equal final-state and initial-state 

absorption coefficients may be causing some difficulty, it would seem 

that the symmetry scheme is at fault here, in particular the predicted 

magnitude of the coupling of the p to the A and the nucleon. 

(iii) o 1/2+  1 1/24.  

The reactions we have considered in this category are 

"irP'+PP 

r
-
p p

o
n 

* 
K p-a-Kp 

K p *o n 

Tr ▪ n 	. 

In all cases, except w production, Tr exchange is allowed. Because 

of the proximity of the pion pole to the scattering region, elementary 

and Reggeized 7 exchange are extremely similar for small values of t. 

Now r exchange was the forte of the absorption model with elementary 

particle exchange and so we expect Tr exchange in a Reggeized model to 

give similarly good results. Indeed this is the case, as may be seen 

by comparing the results of these calculations with those obtained in 

Ref. 26 and 28 with elementary-particle exchange and U(6,6) symmetry. 

The p -production reactions permit 7, w and A
2 
exchanges, 

while p o 
production proceeds by r and A

2 
exchanges. Since we have 

assumed "folk-model" co-¢ mixing i.e. 

VY w 	= 	w + - w phys 	0 	8 

= 	w 	VY w  
•phys 	0 ./.5  8 
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Fig. 9 

Differential cross section for 7+p -* n
o
A
++.  

Data from Ref. 45. 46 and 47. 
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Fig. 11 

Differential cross section for 77.+1, 	ne+. 

Data from Ref. 47 and 50. 
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the ¢ does not couple to the r-p vertex. Fig. 15, which shows the 

contributions to the differential cross section for the reaction 

+
p pp from the absorbed n-exchange amplitudes before and after 

Reggeization, illustrates their similarity. In the forward direction 

the contributions agree to within about 20%, but at larger values of t 

the Reggeized exchange is about an order of magnitude smaller than the 

elementary-particle exchange. The absorbed w and A
2 

contributions are 

also shown. We note that the forward differential cross section is 

almost entirely due to 7 exchange, while at wider angles the w and A
2 

exchanges dominate. 

In order to judge whether the behaviour of an amplitude near 

t = 0 is attributable to a Reggeized pion rather thean to some other 

contribution unconnected with the pion, Leader discussed minimal 

requirements for associating a contribution with Reggeized n exchange (55)  

These conditions are as follows. 

1. The contribution should be associated with a pole at t = m 
7

2 

'and the pole-like denominator should be largely responsible for the 

rapid variation with t for Itl < a few m 
2
. 

IT 

2. The contribution should reduce to the result for elementary n 

exchange when continued to the region t = m 
2
. 

3. The energy dependence of da/dt for small t should be 

approximately s
-2
. 

Leader's first condition is ensured by constraining the pion 
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trajectory to pass through the pion pole i.e. 

a(t=m 
2
) = 0. Tr 

For small t our amplitudes contain the factor 

r( -ad = 

 

1 
(t m  2) a + 

n 

near t = m 
2
, which is singular at t = m 

2
. This denominator is largely 

responsible for the rapid variation with t for It! 	m 
2
. In fact 

2 
m
w 

 

e
thn 

= e
50t 

for small t. 

The second condition is trivially satisfied since the Reggeized 

Tr-exchange amplitudes are obtained from .the elementary Tr-exchange 

amplitudes by the replacement discussed in Chapter II. This is exact 

at the pole t = m 
2
. 

The trajectory of the pion-pomeron cut is given by (12,13)  

a4 a' 
a
c 	

= a 	
el 

(0) + a
el
(0) - 1 + 	t . 

o4 aL 

In our case the elastic scattering is described by a fixed-J pole 

a
el
(t) = 1, 

t - m 2  Tr 
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giving 

ac(t) = an(0) 

= 0. 

Therefore the cut contribution to the differential cross section has an 

energy dependence of the form 

a
c
(0-1

\ 2 dos is  
dt 	In s ) 

ti S
-2 

because of the slow logarithmic variation. This satisfies Leader's 

third condition. 

The momentum transfer distributions for the three p-production 

reactions are compared with the experimental data in Fig. 16, 17 and 18. 

The t dependence of the differential cross sections is similar in each 

case, in particular, the sharp turnover near the forward direction 

produced by the 7T-exchange contribution. This feature is clearly 

exhibited by the p
+
-production data at 8.0 GeV/c, by the p -production 

data at both energies and by the p°-production data at 11.2 GeV/c. The 

s dependence is well represented, as is the forward normalization, but 

the distributions are too high at wide angles. There is a hint of a 

dip near t = - .5 in the p+-production data at 4.0 GeV/c, although this 

is the only set of data to show such an effect. If this is really 

present, it is not given by this model. The dip at this point in the 

w-exchange contribution is filled in by the A
2 
exchange. In fact our 
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curves exhibit a slight shoulder in the region of t = - .6 due largely 

to the contribution of the A
2
. 

Our results for the spin density matrix elements of the p-meson 

produced in these reactions are shown in Fig. 19, 20 and 21. The 

separate contributions to p
+ 

production from elementary 7 and Reggeized 

r, w and A
2 
exchanges are also shown in Fig. 19. With no absorption, 

we obtain for n (unnatural-parity) exchange 

POO = l' P1,-1 = °' Re p10 = 0 10 	' 

and for w and A
2 
(natural-parity) exchange 

POO = 0' P1 	Re 
,-1 = 1' 	P10 = 0.  

The absorption does not drastically change these values. The data 

indicates that, particulatly near the forward direction, r exchange is 

the dominant mechanism. This is given by the model. We note that the 

values given by elementary and Reggeized r exchanges are generally 

similar. The addition of the higher-spin exchanges improves the 

agreement with the data compared with that obtained from pure 7 exchange 

to give results which agree extremely favourably with experiment. 

The reactions 

exchanges, while the 

For all three charge 

energy dependence. 

* 
Kp-4-K p may proceed by 7, n, p, w, , B and A

2 

reactionKp÷ 
-*o
K npermits 7, p, B and A2  exchanges. 

modes the differential cross sections have an s
-2 

However, the non-charge-exchange reactions have 

broad forward turnovers and resonance decay correlations indicating 

dominance by natural-parity exchange, whereas the charge-exchange reaction 
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has a momentum transfer distribution which falls much more rapidly 

with increasing t and resonance decay correlations indicating dominance 

by unnatural-parity exchange. 

Fig. 22 shows the contributions to the differential cross section 

for the reaction K
+
p K

*+
p from the unnatural-parity and natural-

parity exchanges. The unnatural-parity exchanges, predominantly the 7, 

give a sharp forward turnover, while the natural-parity exchanges have 

the broader turnover exhibited by the data. However, the relative 

couplings predicted by the symmetry scheme lead to pion dominance and 

hence to a momentum transfer distribution which is too peaked in the 

forward direction. 

Our results for the differential cross sections for these three 

reactions are compared with the data in Fig. 23, 24 and 25. The 

7r-exchange dominance leads to a good s dependence but it does not 

* 
reproduce the broad forward turnover in K production. However, the t 

dependence of the K
-*o  -production distribution compares extremely 

favourably with experiment, although the data at small t is not good 

enough to test the predicted forward turnover. 

The density matrix elements calculated from our model are compared 

with the data in Fig. 26, 27 and 28. The separate contributions to 

4. 
K* production from unnatural-parity and natural-parity exchanges are 

also shown in Fig. 26. The data for the non-charge-exchange reactions 

strongly suggest natural-parity exchange, whereas the model predicts the 

dominance of unnatural-parity exchange. The charge-exchange data is 

strikingly different in that it indicates that unnatural-parity exchange 
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is the dominant mechanism. Our results for this reaction are therefore 

extremely satisfactory. We should remark that it may be possible 

within the confines of the model to enhance the contribution of the 

natural-parity exchanges relative to that of the unnatural-parity 

exchanges by means of, for example, a different mass-splitting scheme in 

order to improve the results for the non-charge-exchange reactions. 

The reaction n+n wp should be dominated at high energy by p 

exchange. However, experimentally the differential cross section shows 

no sign of the dip near t = - .5 given by this exchange. Previous 

authors (4) have attempted to eliminate this difficulty by also 

including B-meson exchange to fill in this minimum. The contributions 

to the differential cross section from p, B and p+B exchanges in this 

model are shown in Fig. 29. The constructive interference between the 

two exchanges attenuates the dip but not sufficiently to completely 

remove it. Fig. 30 compares the s dependence of the momentum transfer 

distribution with representative data. Although the agreement is 

reasonable in the forward direction, the secondary maximum leads to a 

distribution which is too high beyond t = - .5. The contributions to 

the density matrix elements of the w meson from p, B and p+B exchanges 

are shown in Fig. 31. The addition of the B seems to improve the 

results. A slight breaking of the assumed strong exchange degeneracy 

would enable us to improve the results for this reaction. 
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Contributions to the differential cross section for 

7
+
p •• p

+
p from absorbed elementary it, Reggeized 7r, W, 

A
2 

and 74-to+A
2 

exchanges. 
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Contributions to the differential cross section for K
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Density matrix elements of the K resonance in K p K p. 

-The contributions from unnatural-parity and natural-parity 

exchanges and the sum are shown. Data from Ref. 53. 
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Data from Ref. 61. 
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CHAPTER IV 

APPLICATION TO BARYON-BARYON SCATTERING 

4.1 	Introduction 

Results are presented for reactions of the type 

1/2+  1/24.  ± 3/2+  1/24- 

1/2+  1/2+  3/2+  3/2+  

and which proceed by the exchange of non-strange mesons. The large 

number of helicity amplitudes makes it desirable to employ a scheme to 

avoid the introduction of an extremely large number of parameters. 

Data on the production of the 0(1236) isobar in proton-proton 

reactions is available from various counter and bubble chamber 

experiments for 

pp nA
+4- 

PP PA
+ 

pp 6++6o.  

The model is applied to these single and double A(1236)-production 

reactions in the energy range 5 - 24 GeV/c (65).  Extremelyfavourable 

agreement is obtained between the theoretical predictions and the 

experimental data on differential cross sections and density matrix 

elements. 

4.2 	Formalism 

We have assumed that the principal trajectories exchanged in 

these reactions correspond to the n, p and A
2
'mesons. 
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Denoting the pseudoscalar-exchange and vector-exchange amplitudes 

by Tr  and Tv, respectively, we have for 1/2+  1/24- 	3/2+  1/2+  

TP = J5'(D) 	
1 J

5
(0) 

t-M2 

2 
TV 

= Jp'(D) -gpv %Qv/14   J (0) 

t-M2 

and for 1/2+  1/2+  -4- 3/2+  3/2+  

TP = J5T(D) 	1 J5(D) 

t-M2 

ha2  
TV = Jp

'(D) -gpv Q0v1"  Jv(D) 

t-M2 

where the primed and unprimed quantities distinguish the two vertices. 

Reggeizing and introducing the 2
+
-exchange contribution, the 

amplitude for 1/2+  1/24-  .4- 3/2+  1/24-  then becomes 
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while the amplitude for 1/2+  1/24.  4. 3/2+ 3/2+  becomes 

s + It - 	E m.2 
a  u 

T = - c' r(-a) 1+ e 
'wait  ( i=1 1  ) 

2 so 

2 	, 2m)2 xg GgG  1 (1 + 	L./A  A  qKyKu 

mB  

r(1-ap) 1 

 

e-ivap  

2 

4 	 a -1 
s + it - E mi   

i=1  

s
o  

 

4 
s + It - I E m1

a
A2
-1 

2 	2 
+ a' r(1-a

A2 
) 1 + e-IlTaA 	

i=1 
2( A2 	2 	s

o 

2 	, , 	t, 	2m12 c 
	

P'Q'tp'u'e 	P Q 4i U. 
x  g gGgG 	p I 	pc 	a 13 Y 	PKAP K A p 

4m4 

Explicit expressions for the helicity amplitudes are evaluated 

using standard techniques and are given in Appendix D. 

B 
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4.3 	Discussion and Results  

The theoretical momentum transfer distributions are identical in 

the forward and backward directions. In some cases the experimental 

distributions have been folded, therefore necessitating the 

multiplication of the data by a factor of one half, since the 

theoretical calculations consider A production in one hemisphere only. 

(i) 	l/2+  l/24-  -4- 3/2+ 1/2+  

Fig. 32 compares the contributions to the differential cross 

section for the reaction pp nA++  from absorbed Tr exchange before 

and after Reggeization in this model. We note that near the forward 

direction the Reggeized exchange gives a normalization lower by about 

30% than the elementary exchange. This difference becomes more marked 

with increasing momentum transfer, the Reggeized exchange being more 

steeply t dependent. The contributions from p and A
2 

exchanges are 

also shown. The relative couplings given by the model predict pion 

dominance, particularly near the forward direction, the other 

exchanges making relatively small contributions except at large 

angles. This is in keeping with the data, since Ma et al 
(66) 

 found 

the energy dependence of this reaction up to 24 GeV/c to be consistent 

with 7 exchange. 

Fig. 33 shows the energy dependence of the momentum transfer 

distribution for this reaction. Our theoretical results are quite 

consistent with the s dependence of the data over the energy range 

5.5 - 24.2 GeV/c. The t dependence is also satisfactory. The sets 

of data at 6.6 and 6.92 GeV/c confirm the presence of the predicted 
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turnover near the forward direction. This turnover persists in the 

6.6 GeV/c data when analysed as a function of t' = t - t 
mI  
. 
n' 

showing that this is not simply a kinematic effect. The data for 

this reaction at and above 13.0 GeV/c were analysed experimentally 

as a function of t'. Because of the small value of t 	for this nun 

reaction at these energies, we have, for consistency, plotted the 

data as a function of t. 

With no absorption we obtain 

p3,3  = Re p3,_1  = Re p3,1  = 0 

for the spin density matrix elements of a A resonance produced by 

Tr exchange. The p and A2 exchanges give 

p33 
= 3/8 = .375, Re p3-1 = 15/8  = .216, Re p3,1 = O. , 	,  

Our results for the spin density matrix elements of the A 

resonance produced in the reaction pp nA
++ 

are compared with the 

data in Fig. 34. The data strongly indicates thatrr exchange is the 

dominant mechanism. This is given by the model, the values of the 

density matrix elements being almost entirely due to Tr exchange. 

The predictions of the model are compared in Fig. 35 with 

representative data on the differential cross section for the reaction 

pp 	pA
+ 

at four different incident momenta in the range 5.52 - 15.0 

GeV/c. More data is available, but this is poorer and for this 

reason it has not been included in the analysis. We observe that 

both the s and t dependence of the theoretical distributions are 
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consistent with experiment. It should be noted that the data at 

6.0, 10.0 and 15.0 GeV/c have an additional possible 50% uncertainty 

in overall normalization. The theoretical differential cross section 

shows a turnover near the forward direction but the experimental 

statistics are not sufficiently good to test this point. However, 

charge independence gives the relation 

do (pp 	pA+) = 1 da(pp 	n041") 
dt 	3 dt 

independent of any particular model and, within the experimental 

errors, the data appears to bear this out. In view of this it would 

be surprising if improved statistics do not show the presence of a 

forward turnover in pA
+ 

production. 

Ignoring the slight p-n mass difference, the theoretical 

predictions for the spin density matrix elements of the A resonance 

produced in the reaction pp pA
+ 

are identical to those from nA
+A-

production. No data is currently available to test this. 

(ii) 1/2+  1/2+  -4- 3/2+  3/2+  

Our results for the differential cross section for the 

reaction pp -4- A++  A°  are shown in Fig. 36. We note that both the 

s and t dependence are well represented over the energy range 

5.0 - 16.08 GeV/c. The differential cross section peaks before and 

after absorption. The effect of the absorption is to decrease the 

forward normalization, and also to give a sharper fall-off with 
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Differential cross section for pp -4- pA
+
. 

Data from Ref. 71 and 72. 
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increasing momentum transfer. The experimental data at 5.0 and 

10.0 GeV/c were analysed as functions of t rather than t'. Since 

train is large for this reaction, the fact that t = 0 is not the 

forward direction gives a misleading appearance to the first bin. 

To approximately correct for this we have equated the areas 

betweent=0andtheedgeofthefirstbinandt=tnan and the 

edge of the first bin. This procedure is exact for zero-width 

resonances. A true correction for this kinematic effect would 

require a re-analysis of the original experimental data (73)  

The density matrix elements of the A++  resonance produced in 

this reaction are shown in Fig. 37. Our results, which are in 

satisfactory agreement with the data, indicate that Tf exchange 

is the dominant mechanism. 
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CHAPTER V 

CONCLUSIONS 

5.1 	Summary 

With the exception of the K - - and w-production reactions, for 

the processes we have analysed the angular dependence of the differential 

cross sections predicted by the model agrees with the essential features 

of the experimental data, in particular, forward peaks, turnovers and 

dips, in all cases where the data is sufficiently good to enable such 

comparisons to be made. General agreement is also obtained for the 

density matrix elements. Although the dips in the differential cross 

sections arise originally from the nonsense zeros introduced in the 

Reggeization procedure, this feature is largely due to the influence of 

the symmetry scheme, which determines the ratios of the helicity 

amplitudes and the relative strengths of the couplings at the vertices. 

The energy dependence of the model derives mainly from the 

replacement of s by s
a 
 in the Reggeization of the amplitudes, 

although there is an addition slow s dependence in the absorption 

parameters. This is in general agreement with experiment. 

One not entirely unexpected shortcoming of the model we have found 

is in the prediction of absolute normalizations, which do not always 

coincide with the data. This may not be unconnected with the difficulty 

of obtaining absolute normalizations experimentally. It should be 

remembered that the quoted normalization errors on experimental data are 

often in the region of 20 - 30% and frequently higher. When data is 

available for a particular process from different experimental groups, 

agreement may be reasonable good for one set of data but poor for another. 
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Although such a procedure is justified, we have not smoothed the data 

within the stated normalization errors in order to improve the appearance 

of our results. We should also remark that this difficulty of relative 

normalization errors makes the extraction of meaningful parameters from 

data extremely difficult. 

It should be emphasized that in this model we are in a theoretical 

strait-jacket, in that the symmetry scheme and strong exchange degeneracy 

fix completely the pole graphs. Since SU(3) is well known to be broken, 

we certainly do not expect a higher symmetry scheme to give perfect 

agreement with experiment. However, rather than at this point introduce 

a few arbitrary parameters and perform curve fitting procedures to bring 

about detailed agreement between theory and experiment, we feel that 

effort could more profitably be directed towards investigating a better 

consistent and physically plausible scheme for mass-splitting in U(6,6) 

0 0(3,1) and a method of breaking strong exchange degeneracy. 

Discrepancies between the predictions of the model and the 

experimental data, particularly the steepness of the t dependence, could 

be reduced by allowing the final-state absorption to be different from 

the initial-state absorption. However, the coefficients cannot be 

determined experimentally and we feel that little real insight is to be 

gained by making these arbitrary parameters to be fitted to the data. 

It must also be borne in mind that while the general concept of 

the absorption model is probably correct, the exact procedure for 

including such corrections is not at all clear at present, and that 

although our Reggeization procedure seems very natural other reasonable 

schemes could be devised. 
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Calculations have also been performed using this model for 

reactions of the type 0 1/2
+ 	

1 3/2
+ 

p
o++ p 

K
+
p 	K

*o++ 

K-n 	
-*o 
K A 

7i p 	w A
++
. 

The first three of these reactions exhibit a sharp forward pion peak. 

Considering the severe restrictions of the model, the agreement obtained 

with the experimental data is encouraging (37)  . The results of the 

model as applied to spin-2 production processes will be published 

shortly. 

We feel that a useful test of this model would be its application 

to the processes 

pn 	np 

pp ÷ nn . 

Here the pion contribution tends to exhibit, in addition to the sharp 

forward peak, a secondary maximum just beyond this peak. This is absent 

from the data but its phenomenological elimination presents difficulty. 

A similar problem arises in Tr-exchange photoproduction processes. 

However, additional complications not present in other processes result 

from the requirement of gauge invariance and the presence in some 

photoproduction processes of diffractive-type terms as well as exchange-

type terms in the amplitudes. Calculations with fixed-pole exchange and 

U(6,6) symmetry have already been published (27)  

This model is currently. being applied to backward scattering 

processes. An elementary-particle exchange model incorporating U(6,6) 
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symmetry has previously been reported (78)  

Encouraging results have been obtained by applying the Veneziano 

model to 3-particle production processes both in the spinless 

approximation (79)  and taking some account of spin (80) 	U(6,6) has 

been included in such B
5 

calculations to produce a Veneziano model with 

spin with favourable results for the reactions 

K p -+ 	
71.

A 

K
-
p K -p. (81)  

More sophisticated models are currently being developed (82).  Since 

most of the assumptions of the present work are consistent with the 

Veneziano model,a Venezianoized U(6,6) absorptive peripheral model has 

been developed with applications to KN and KN charge-exchange (83)  and  

* 
to K (890) and A(1236) production (84)  

5.2 	Calculational Procedure  

As discussed in Appendix E, for the numerical work we used an 

exact partial-wave series (85) rather than suffer the laboriousness and 

inaccuracies of the impact-parameter representation. We employed a 

48-point Gaussian quadrature to calculate explicitly 30 partial waves. 

Previous experience has shown this to be extremely accurate. To perform 

the partial-wave expansions, modify the partial waves, resum the series 

and calculate the results for all the reactions considered here took less 

than 300 seconds on a CDC 6600. Along with Lovelace 
(86), 

 we find it 

easier to be exact. 
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APPENDIX A 

NOTATION 

We employ 2-particle helicity states Ip0Wt1A2> to describe a 

system of two particles in the c.m. frame. Particle 1 has 3-momentum 

24, where in polar coordinates 24  = (p,E1,4)), and helicity Al. Particle 

2 moves in the opposite direction with helicity A2. The 2-particle 

state is constructed from two single-particle states with covariant 

normalization 

<2.'12.> = 2 
2. E 

33(C-2). 

.The  S and T operators are related by 

S = 1 - iT. 

When taking matrix elements we separate out from T the overall energy-

momentum conservation delta function 

<fisli> = <fli> - i  t4(pi-pf ) <flTii>, 

where pi  and pf  are the initial and final state 4-momenta, respectively. 

We distinguish between the incoming meson (baryon), target 

baryon, outgoing meson (baryon) and outgoing baryon by the label 

i = 1,2,3 and 4, respectively. The c.m. coordinate system is defined 

such that particle 1 is travelling along the +z direction and particle 3 

is travelling at 'n angle 0 to this direction in the x-z plane. The 

quantitiesm.,E.,s.andA.denote the mass,'c.m. energy, spin and 



helicity,respectively, of particle i, and k and q are the magnitudes 

of the c.m. 3-momenta in the initial and final states, respectively. 

We thus obtain the covariantly normalized c.m. scattering 

amplitudes 

<),
3X4

1¢(s,cos e)lx
1
x
2
> = <00;A

3A4
ITIk000,1

A
2
>. 

The differential cross section is then 

do 	1 	1 
	10.I 

 
dR 	(2s1+1)(2s2+1) k 6472s i  

where the summation is over all helicity amplitudes, and 

do 71 do 
dt 	kq dR.  

For calculations carried out in units of GeV, the differential cross 

section must be multiplied by the conversion factor .389336 to obtain 

do/dt in units of mb/(GeV/c)2. 
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APPENDIX B 

DENSITY MATRIX AND POLARIZATION 

In a 2-body scattering reaction where either of the final particles 

is a resonance, information concerning the production process may be 

obtained from the spin density matrix elements of the resonance. 

Taking particle 3 to be the resonance, in the c.m. frame the 

density matrix elements are given by 

X
I
X
2
X
4 x  Px3, 3 
	

E 149 I
2 

i 1  

Experimental results are usually quoted in the Jackson frame i.e. the 

rest frame of the decaying resonance, particle 3, in which the z axis 

is taken parallel to the momentum of the incident particle, particle 1, 

in this frame, and the y axis is perpendicular to the production plane. 

The reason for this choice is that in a peripheral-type model the 

change of momentum and angular momentum is carried by an exchanged 

particle. In the rest frame of particle 3, particle 1 and the 

exchanged particle approach each other with equal and opposite momenta 

and hence with no relative orbital angular momentum. The population 

of spin states of particle 3 is therefore directly related in this 

frame to the spin of the exchanged particle. With respect to this new 

reference frame, the density matrix elements are given by 

= I 	d 	,s3(0 ) d 	s3(!) ) 	, 
Pm m 	

A 3 
A 
 3 
, m X3 	3 mX3 	'3 	X3X3' 

where s3 
is the spin of particle 3, 03  is the angle between the 

I 	<X3X
4 
 1111X

1  X2 
><X34  1¢ T IX

1  X2 
 > 
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directions of particles 1 and 4 as seen in the rest frame of particle 3, 

and, with the coordinate system and notation defined in Appendix A, 

tan *3  - 
m3  1(1 - cos2  0 

 

qE1  
E
3(cos 0 kE3)  

Similar expressions hold when particle 4 is the resonance, with 

tan IP
4
= 	 

qE
2 
' 

E
4(cos 0 - -- -) kE4 

Explicit expressions for the rotation functions are given in Appendix C. 

Not all the elements of the density matrix are independent, since 

the matrix is Hermitian and has unit trace i.e. 

P 	= Pram' Pm' m 

M E p EM = 1, 

and parity is conserved in the production process, which, from the 

symmetry properties of the rotation functions, implies 

Imposing these constraints gives for the spin-1 density matrix 

m4  /1 - cos2  0 
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11(1P00) 	p10 	P1-1 

* 	* 
P10 	p00 	-P10 

P1,-1 	-P10 	1(1-P00)  

P 	= m m 

 

  

with realP00 and P1 -1 and for the spin-3/2 density matrix 

P m m 

	

/ 
P33 	P31 	P3,-1 	P3,-3 

	

* 	 * .1_ P31 	2  p3 3 	P1,-1 	P3,-1 

* 	 * 1.. 

	

P3,-1 	-P1,-1 	2  p33 	-P31 

\ P3,-3 P3,-1 	 P31 	p33 

with real p33  and imaginary p3,_3  and pi,_1. 

The polarization of the nucleons produced in the 0
+ 

0
+ 

processes is given by 

P(t) - 
10.412  101+1 2  ' 

where 	and 	are the helicity nonflip and helicity flip amplitudes, 

respectively. 

2 Im(0.:_+$':) 
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APPENDIX C 

ROTATION FUNCTIONS  

The functions d
Ap
i(x), where x = cos() , are evaluated by first 

writing these functions in terms of Jacobi polynomials, 

d j (x) - (TT(jlOcos10)A+P  (-sin28)XP  P. X-P1X+11(cos0), 
Au 	 -X 

where X-11 and X+p > 0. The Jacobi polynomials obey the two recurrence 

relations 

1(2+a+13+2n)(x+1)Pna'134.1 (x) 

=(n+1)P
n+1

a  (x) + (1+13+n)P
n
°  (x) 

and 

i(24.a+13+2n)(x-1)Pna+1'13(x) 

=(n+1)P
n+1  '

13(x) - (1+a+n)Pnc"(x). 

By application of these relations the Jacobi polynomials can be 

reduced to Legendre polynomials, since 

,o 
Pn ° (x) = Pn(x). 

The resulting expressions for the rotation functions therefore 

contain no derivatives of Legendre polynomials. 

This procedure gives, for the functions required in the 

partial-wave expansions, 



- 116 - 

di/2,±1/23(x)  - 	1  [2(1-x)] [ Pz+1(x) 	P2,(x)] 

± 3/2,1/2 	2 j(x)  [(1(t:32e 	1  
4-+1, (1±x)(17.x)1 

x [ (29,+1){Pz+2(x) - Pz (x)} ± (22.+3){13z+1(x) - Pt_i(x))] 

d  5/2+ 	3  (x) - 	[1  (k+3) (k+2)2,(2.-1)] 	1  
,-1/2  (22,+.5) (22..+3) (2z+i) (22.-1) (1±x)3/2(17-x) 

x [ (22,-1){ (2Z+1)Pt+3(x) — 2(22,+3)Pz+1(x) + (2Z+5)Pst_1(x)) 

(2k+5){ (22,-1)Pz+2(x) - 2(22,+1)PL(x) + (2t+3)Pt_2(x))] 

where j = t+i, and 

d j  0,0 (x) = P. (x) 
3 

d1 0j (x) = 
[i(j+1) 	1 

[Pj+1(x) 
	(x)] 2j+1 (1+x)(1-x) i  

d1,-1 	+ j  (x) = 1 	1 jP j+1 	 P3-1 (x) 	± (2j+1)P. (x) + (j+1) 	(x )] 
2j +1 1-x 

d 	{(j+2) (j+1)j (3-1)] 2 	1 
2,0 ) (2j+3) (2j+1) (2j-1) (1+x) (1-x) 

x [ (2j-1)Pi+2(x) - 2 (2j+1)Pi  (x) + (2j+3)Pi_2(x) 
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[(j+2)(j-1)] 2 	1 
d2,

+1 
 i(x) . (23+3)(2j+1)(23-1) (1±x)3/2(17x)1/2  

j(2j-1)1)+2(x) + 3(2j+1)Pj(x) - (3+1)(23+3)Pi_2(x) 

± 
	. 
(23+3)(23-1){P. 1  (x) - P.3-1  (x)11 

[(3+3) (3+2) (j+1)3 (3-1) (3-2)] 2 	 1 

a3'0  (x) 	. 
(2.3+5)(23+3)(23+1)(2j-1)(23-3) (1+x)3/2(1-x)3/2  

(23-1)(2j-3)Pi+3(x) - 3(23+3)(2.3-3)Pj+1(x) 

+ 3(2j+5)(2j-1)Pi_1(x) - (2j+5)(2j+3)Pj_3(x) I 

	

[(3+3)(j+2)(3-1)(j-2)] 2 	1 
d3'+1 i(x) = 	  

- (23+5)(23+3)(23+1)(2j-1)(23-3) (1-+  x)2  (1+x) 

x[ j(23-1)(2j-3)1)+3(x) - (3-5)(23+3)(2j-3)Pi4.1(x) 

--(j+6)(2j.1.5)(2k.1)P
3-1
.00 	

3 
+ (j+1)(2j+5)(23+3)P.

-3 
 (x) 

+ 
(2.34.5)(2j-3)1(2j-1)P34.2  (x) - 2(2j+1)P.(x) 

4-(2j4-3)1) . 2 001]. 

The Legendre polynomials appearing in these expressions are 

evaluated using the recurrence relation 

(n+1)Pn+1(x) = (2n+1)xPn(x) - nPn-1' fx) 
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given that 

For transforming the density matrices from the c.m. frame to 

the Jackson frame, the independent elements of the rotation matrices 

are, for spin 1 

d
11
(costp) = 1(1+cosip) 

d01(cosi) = 1 -sin1P 

d-11
(cosO = i(1-cosiP) 

d00 (cos1P) = cost') 

and for spin 3/2 

d33(cost4) = 2 (1+cosOcosvp 

d
13
(costP) = 2(1+costOsinilP 

d -13(costp) =--- 
i5 (1-cosOcosig) 2 

d-33(costp) = i(1-cosOsinitp 

d11
(costO = 1(3costP-1)cositli 
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d_11(cosp) = 1(3cos0-1)sin21P. 

The other dXp
j(x) may be obtained from the relations 

dAp
i(x) = (-1)X-11

dPA  j
(x) = d

-P,-A i(x). 
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APPENDIX D 

HELICITY AMPLITUDES 

We employ the Pauli representation of the y matrices i.e. 

(:1 0) 

Yo = 	0 1 
0 -1 

) 0 1 
0 a 

(-1 0 
= 

Y5 = YOY1Y2Y3 0 1 

where 

	

1 0 	(0 1 	 o 
1 = 
( 	

a
1 

= 	 a
2 
= 	a

3 
= 

0 1 	1 0 	i 	-1 

The following wave functions are used for a particle travelling 

at an angle G to the +z axis in the x-z plane with 4-momentum p = (E,2), 

mass m and helicity A. 

1. Spin-1/2 

u(X)(p) - 1 	
E+m 

0 e-ia2
le00 

2a l2~ 

where 

x
\ 	 ) (x=+1) 	1 

x(x=-1) 
(o) 	- o (1 
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2. Spin-1 

e(X=+1)1 

	

(p) = — ( 0 ; -cose , 	, sine ) 

coc=o)(p) 	( Lel 2  . E. 	, 0 	Rcos0 ) m 	m  

(x=-1)(p) = 1 — ( 0 ; cose , 	, -sine ) 

3. Spin-3/2 

1 (X=+3/2)(p) = ( 0 ; - -1 

1Y 	, 
coseu , - --u--sineu ) 

,(x=4-1/2)„ 	, 12- 

r m ' 
121 	E 	1 

(p) = k 	u, ; 	
m + - --coseu_ , P 	 15 	16 

- i-u 	5-coseu + -2-sineu ) 

• 
	tr6" 	15m 	16 

P(A=-1/2)„ 	L_ (p) 	
m 	' 16 

k 	I u  • —4 	E  0seu+ 
, 	

m
sineu_ , 

15 	15  

E - —u+  , - 1 — 
16 
sineu + — -cos eu ) 
' 

(a=-3/2) 	1 	1 	1 
* 	(p) = ( 0 ; --coseu_ , --u , - --sineu_ ) 

12" 

where u = u(x=4.1)(p) and u_ = u(AI)(p). 

To obtain the wave-functions for a particle travelling in the 

opposite direction we put 0 	0+1T and insert the phase factor (-1)s-A, 

where s is the spin of the particle. 
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In addition to the notation already introduced, the following 

expressions are used 

(E
4 
 +m
4  )(E2  +m2 -  )+kci 

C 
± - v(E4+m4)(E2

+m
2
) 

(E4+m4)k±(E2+m2)q 

+ 	) 	  - y(E4+m4 )(E2+m2) 

and 

- 	1 + 11--)g 	- ( 1 + 211)g 2 	] F1 2mB
r 	

2m F+3S D+3F 

F2 = (1 - (1  + 
4m 	3 B   

We also define 

P
P  = a' r(-a ) 1 + e-i/TaP (s + it - IE)aP 

	

2 	s
o 

	

PA = a'A  r(-aA) 1 - e 	(1A(s + it - lErA 

	

2 	so 

PV  = a;,7  r(1-av) 1 - e-iTraV (s + it - !E)av-1  
2 	s

o 

P
T  = aT F(1-aT) 1 + e-juaT (s + It - IE)aT-1  

2 	s
o 

where the labels P,A,V and T refer to 0 , 1 , 1 and 2
+ 

exchanges, 

respectively, and 
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4 
2 E = E m. . 

i=1 1  

The g's and h's with subscripts which are combinations of D, F, 

S and G are the appropriate U(3) Clebsch-Gordan coefficients at the 

baryon and meson vertices, respectively. These are given in Tables 3 - 7. 

The helicity amplitudes are related in pairs by parity according 

to the relation 

Ap 
‹X3X4WA1X2> = 	( 1)s3+s4 s

l_ 
s2 (-1) 	<-A,3-X4IcPI-A1-A2>' 

n1n

n3n4  

2 

where the n. are the intrinsic parities and A = Al-X2, p = X3- 4. The 

helicity dependence of the amplitudes is shown in Tables 8 - 12. With 

this notation, the following expressions are obtained. 

1. 0 	1/2+  -+ 0 1/2+  

Defining 

Al 	
3 = 
2 ( EV  + hD  PT 

 ) 

and 

E = (E
1
+E
3
)C
+ 

+ (k-q)H+ 

we obtain 

(pi  = Al  [F1(2s+t-E)C_ + F2E+ 1 cosi( 
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(1)2  = Al  [F1(2s+t-E)C
+ 
+ F2E- sinie. 

2. 0 1/2
+ 

0
- 
3/2

+ 

Defining 

3gh 2m 
A2 	2  gG  (1 + TT-) (E1+E2) qk sin() ( hFPV  + hDPT  ) 

mB 

we obtain 

1 = A2  C_ 	2  cosle 

02 	
1 = — A

2  C+ 	2  sin10 

1 
$3 = '- $1  

= 15  4)2 

3. 0 1/2+  1 1/2+  

Defining 

	

2m11 	p2 
A3  = i3gh (1 +)t--- 1 - 2' 

1 
gro+.4-S ( hFPP hD+2SPA ) 3 4mB  

i3gh 
A4 = 2mm  ( hD+2SPV hFPT ) 

we obtain 
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4) = A 1 — k sine H cosie _  1 	3 vy 

+ if A4• [ 2F1(E1+E2) C_ qk sine cosie 

+ F2  (C+  qk sine cosie + 114.{2E1q + E3k(1-cose)}sinie) ] 

E1q - E3k cos8 

42 
. - A

3 	m3 
	 H_ cosie 

+ 2 A
4 
F
2 
H
+ 
m
3 
k sine sinie 

1 
= - A,— k sine H cosi° 

3 - jf 	- 

+ / A
4

• [ 2F
1
(E

1
+E
2
) C

_ 
qk sine cosi° 

+ F2  (C+  qk sine cosle + HI.  E3k(1+cose) sinle) I 

4)
4   
= A3 

1 
 k —sine H

+ 
 sinle if  

+ 12- A4• {  2F1(E1+E2) C+ qk sine sinie 

+ F
2 
(C

_ 
qk sine sinie - H_ E3k(1-cose) cosi()) ] 

E q - E
3
k cose 

4)
5 

= - A
3 

1 	H
+ 
sinie 

m3  

- 2 A
4 
F
2 
 H

_ 
m
3 
k sine cosie 
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Cb6 = - Al-
1  k sine H+ sini8 

+ if A4  [2F1(El+E2) C+ qk sine sin28 

+ F2  (C_ qk sine sinle + H_{2E1q - E3k(l+cosO}cosi8)] . 

Since in the baryon-baryon scattering reactions explicitly 

considered here it is not possible in principle to distinguish from 

which vertex a particular final-state baryon emerges, the total 

amplitudes are obtained by antisymmetrizing the following amplitudes. 

4. 1/2+  1/2+-+ 3/2+ 1/2+  

Defining 

2 2 	1 	2m 	u2 i A
5 
= - g gG  gp+ap  --- (1 + T-) (1. ---1) Pp  

	

3 rai; 	4mia  

A
6 i g

2 
gG 

1 
 2 (1 

4.  2m 
)( PV 	PT ) 2m;a  

and 

C' 
i(E3+m3)(El+m1) 

E1q - E3k cosO 
B1  = 	 CI  sin18 - ik sine C' cosi8 m3 

E q - E3k cose 
i 

1  
B2 = 	C' cos° + ik sine CI  sinie m

3 

(E
3  +m3  )(E1 

 +m1  )+kq 



12" 
• A6  { Fi2(Ei+E2) qk sine CI C_ 
I-5 

21  cos 2 e 
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B
3 
= qk sine C cosle + E

3
k(1+cose) H sinie 

B4  = qk sine C_ sinie - E3k(1-cose) H_ cosie 

B5  = qk sine C4.  cosie + {2E1q + E3k(1-cose)} 114.  sinie 

B6  = qk sine C_ cosiO + {2E1q - E3k(1+cose)} H_ cosie 

we obtain 

121 
0 	A 	k sine C' H cos 2z0 
1 vy 5 

+ I 
A6 1  

[ F 2(E
1 
 +E
2 
 ) qk sine C' C_ cos

2
le 

+ F
2 
 C' B

5 
 cosle 

0
2 
= - 

T
— A

5  B2 
 H_ cosi° 

A6 
[F

1  2(E1 
+E2

+  
) qk sine CI  C

- 
 sinie cosie 

175   

+ F2  (C.:.  B5  sinie - 2m3k sine C' H+ 
 sinie cosi° )] 

03 	
ifY 

= 	 A5 
 B1 

 H_ cosi° 
r- 
v3 

+ F2 ( CL B3 
cosie - 2m3k sine C' H+ 

 sin210)] 
. 	+  
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=— 
1 

4 	A
5 
 k sine C' H-  sin20 cosi@ 7-- 

v2 	
+  

- if A6  [F12(E1+E2) qk sine 	C_ singe cosie 

+ F2 + 
C' B3 
	2  
sinle I 

1 
5 

= 	Ac  k sine C' H+  singe cosle -  

+ 12' A6  [ F12(E1+E2) qk sine C' 	sinle cosle 

+ F2  C' B4  cosie 

06  = - —A
5  B2  H+ 

 singe IN   

_ Is  A6[ F
1
2(E

1
+E
2
) qk sine C+ C+  sin210 

+ F2 	B4  sinle + 2m3k sine C' H_ cos210)] 

7 
=—A

5  B1  H+ 
 sin20 IN   

+ — A6[ 
1 
 2(E

1 
 +E
2 
 ) qk sine C' C+  sinie cosi° 

r3 	
-  

+.F2  (CI B6  cosie + 2m3k sine C+ H-  sin-'e cosi0)] 

, 
08  = 1 A

5 
k sine C'+  H+  sin

2 
 ie 

, 
I A6  [ F12(E1+E2) qk sine C.'4.  C.1.  sin

2 
 le 

+ F2  C T+  B6  singe 
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1 
9 
= — A5 
	+ k sine C T  H—  sinle cosie T2 

+ 1/27 A6  [F12(E1+E2) qk sine 	C_ singe cosle 

	

+ F2 + 
B
5 	2 

sinle 

(I)
10 

= — —A
5  B1  H— 

 cosle 

Vf 
+ — A

6
[ F

1
2(E

1
+E
2
) qk sine C' 

V5 

1  C_ cos 50 

+ F2( C'B5  cosie + 2m
3
k sine C+ H+  sin2le )] 

tri 
(I)
11 

= — —A
5  B2  H— 

 cosie 

. + 3 IY  A6[ F12(E1+E2) qk sine 	C_ singe cosle 

+ 	F2  (C' B3  singe + 2m3k sine C' 	singe cosie), 

2
Ie = — 1 A — 	k sine C T  H 5  	_ cos 

c1)12 

1  
+ if A

6
[ F

1
2(E

1
+E
2
) qk sine C' C_ cos

2 
 2e + F2  C' B3  cosie] 

X13. 
	

1 
= — A

5 
 k sine C' H+  sin

2
ie 

v-2- 	+  

2 
+ A6[ F12(E1+E2) qk sine C.:.  C.1.  sin le + F2  C.:.  B4  singe] 
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Vf 
14 = - — A5 i  

B_ 	sinle 
"5  

+[F..2(Ei+E2) qk sine C' C+ 
 sinle code 

,73  6i   

+ F2  (CI B4  cosiO - 2m3
k sine 	H_ sinie cosle)] 

IY 
- — A, B2 H+ sinle 4'15 = 

+ — A61.  IF12(E1 
+E2+ ) qk sine Cl  c + sin210 

+ F2  (C.:.  B6  sinle - 2m3k C' H_ cos22e )] 

cf,16 	
1 

= - — A
5 
 k sine C' H+  singe cosiO T2 -   

+ T A6  [ F12 (Ei+E qk sine C'C sinle cosle 2 

B6 	2  
cosle 1. 

5. 1/2+  1/2+  4- 3/2+  3/2+  

Defining 

2  2 , 	1 (i 	p  
A7 = 	g gG gG 2 	1-1  

A8 = g
2 
e -G -G 414 ( 1

B  

and 

+ 2m
) 

2  
(Fv + PT) 
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E
l
q - E

3
k cose 

D
1  - 
	C

+ 
sin - lk sine C_ cosle 

m
3 

Eiq - E3k cos° 
D
2 
- 	 C cosle + ik sine C

+ 
sinie 

m
3 

(E
1
+2E

3
)q + E

3
k cose 

D
3 

= 	C sinle + IC_ cosi° 
m
3 

(E1+2E3)q + E
3
k cose 

D
4 
- 	C cosi() - IC sinle 2 	2 m

3 

and assuming mi  = m2  and m3  = m4  we obtain 

A7  k2  sin2e C2  c0s22e 

2 	2 	2 2 	]_2 cos21  + A8  [ (s-2m3)k sin 0 + {(2s+t-E)t + (111-m3) } u 	20 

cp
2 
= - 

1  
—A

7  D2 
 k sine C_ cosie /-3-  

2 
- 	

1 A8[ {(2s+t-E)D
2 

+ tD
4 

+
1 
2 
-m
3
)(D

2
-D

4
)} k sine 

15.   

+ {(2s+t-E)t + 64-42} 	sinle] C_ cosi° 

3 
= 1 —A

7  D1 	
lksineC cose 2 

+ 	A
8 
 [ (2s+t-E)D

1 
+ tD

3 
+ 

T 
(Iml2 -m3

2  
)(D1-D3)] 

x k sine C_ cos 
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4)
4 
= 1 A

7 
k
2 
sin

2
e C

+
C
- sinle cosie 

+ A
8 

(s-2m
2
3) k

2 
sin

2
0 C

+  C-  sinie cosle 

45 
= 1 —A

7  D2 	
1ksin0C cos0 2 

+ 	1 — A
8 
 [{(2s+t-E)D

2 
 +tD

4 
 + (m

2
-m
2
)(D

2 
 -D

4 
 )1 k sine 

.7-3. 	
1 3  

2 2 " 
+ {(2s+t-E)t + (m

1
-m
3
)41 C sinle J C cos1 0 _ 	2 

2 
- A D

2 
6 - 	3 7 2 

2 	2 
- 3 
— A8[ (2s+t-E)D

2 
- tD

4 
- 2(m

2
-m)D D 
3 2 4 

2 2 

+ {(2s+t-E)t + 	
2 (m_m2)2}t

E

32 	- 	2
+q 

c2 cos210 	I + 	C2  sin220)] 1 3  
m
3 

2 
= — 

A7 	D1 D2 3 7 1 2 

+ +4 A8[ (2s+t-E)D
1
D
2 
- 

tD3D4 
- (m

1
2 
 -m
3
)(D

1
D
4
+D
2
D
3
) 

2 2 
2 2 2 E341  

+ {(2s+t-E)t + (ml-m3) 1 	C C_ sinles cosle) 
m
2 + 
3 

48  = 1 A7  D2  k sine C+ sinie 
1.5 

2 + 	1 — A
8 
 [ (2s+t-E)D

2 
+tD

4 
+ (m

1
2 
 -m
3
)(D

2
-D

4
) ] 

)7.5  

x k sine C sin10 
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1 
9 = —A7  D1 	i°ksineC cos ,r5   

1 	 2 2 + — A
8 
 [ (2s+t-E)D

1 
 + tD

3 
+ (mi-m3)(D1-D3)] 

x k sine C_ cosie 

2 4)
10 

= - —AD D2 
7 1 2 

2  2 A8  [ (2s+t-E)D1D2  - tD3D4  - (m
2i-m3)(DiD4+D2D3) -  

E
2
+q2 

+ {(2s+t-Ot + (m
2
-m
2
)
2
1 
32  C+ 

C
- 

sin
1
0 cosi@ ] 

m 
1 3 

3 

2 
= A 

2 
11 	3 7 D1 

+ 4 A8
2 
 - tD 2 
	2 2 (2s+t-E)Di 	3  - 2(mi-m3)D1D3  

E
2
+q
2 

1  
fin2_m21211  3  

+ {(2s+t-E)t + \ 1 3, JI 	2  C: sin210 + i C2  cos210)] 
m
3 

12 
= 1 —A

7  D1 
 k sine C

+ 
 singe 

+ —1 A[ {(2s+t-E)D
1 
+ tD

3 	
2

3  
(m-m

2
)(D

1 
 -D
3 
 )) k sine 

15 u 	
1  

(i4-23)} C_ - {(2s+t-E)t + 	2 	cost- C+sinie 

4)13  = - 	A7  k2  singe 	C_ sin10 cosi° 

2 2 2 
- A8  (s-2m3) k sin 0 	C_ singe cosle 
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1 
0
14 
= —A

7  D2 
 k sine C sinle 

/5  

+ 1 — A
8 
 [(2s+t-E)D

2 
+ tD

4 
+.(n

2
1
-Ala
3
2  
)(D

2
-D

4
)] 

/5--  

x k sine C
+ 

sinle 

15 
= 	

1 
- —A

7  D1 
 ksine C

+ 
sinle 

- 	
1 
— 1 t  [1(2s+t-E)D

1 
 + tD

3 
+ (m

2
-m
2
)(D

1 
 -D
3 
 )1 k sine 

17-5 	
1 3  

2, . 
- {(2s+t-E)t + 

(4_23 
 ) 	C_ cosi() ] 	sinie 

2 1 A7 k
2 
sin C+

2 
	sin 22e 

4)16 = 

2 	2 	2 2 2 	_2 s. 7 
- A8  [ (s-2m3) k2  sin e + {(2s+t-Z)t + (111-m3) ] u+ 

017 	
I = A7 k

2 
sin

2
0 C

+  C- 
 sinle cosie 

2   

2. 	 2 
+ A8  [ (s-2m3) k

2 
 sin

2 
 e + {(2s+t—ot + (mi—m3)

2 
 1] 

x C
+  C_ sinle cosle 

4)
18 	

- 
1 
 A

7  D1 
 k sin8 C_ cosi° 

2 2 
- 

1 
— A

8 
 [{ (2s+t-E)D

1 
+ tD

3 
+ (m1-m3) (D1-D3) } k sine 

- {(2s+t-E)t 	(m
2
1
-m
2
3
)
2
1 C_ cos18 	C_ cos'-z8 



- 135 - 

1 
19 

= - —A
7  D2 

 k sine C_ cosi° i5   

- 1  A
o° 
 [ (2s+t-E)D

2 
+ tD4  + 

2 
m12 -m3)(D2-D4).] 

x k sine C_ cosi° 

0
20 

= - 2 A7 k2 sin2
e C2 cos2

2e 

1  
- A

8 
(s-2m2) k2  sin2  8 C2  cos2  28 

21 
= 1 A7  D2  ksineC+ 	2 sinle ,r5   

2 + 1 — A8[ {(2s+t-E)D
2 
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1
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 -m
3
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2
-D

4
)).  k sine 
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D
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2
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2
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2
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- 2(m

2
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2  E3+2
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2 
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m3  
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.24 = 1  A7  D2  k sine C_ cosie 

1 	 2 2 - 	Ac,[ (2s+t-E)D2 + tD4 + 1-m3)(D2-D4)] 

x k sin C_ cosle 

25 

	

= 1 —A7  D1  ksineC4. 	2 sinie 
/5  

, 2A„ + 1 — A8  [ (2s+t-E)D1 + tD3 + km1
2 -m3 D1-D)1 

x k sine C+ sinie 

2 
026 = - 3 — A D2 

7 1 

2 - — A [ (2s+t-E)D2 - tD3 - 2(m2-m2 )D D 3 8 	1 	3 	1 3 1 3 

2 
E3 + 

2 
, 2 	2, 2 , + {(2s+t-E)t 	(ml--m3) f 	2 ,2  

m3  
sin2 i0 

027 = - 2  A7  D1  D2  

- 
2 	 2 A8  [ (2s+t-E)D1D2 - tD3D4 - (m1

2  -m3)(D1D4+D2D3) 
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+ i(2s+t-E)t + 
22 

(1112_m2\2}f E 3  +q  2 	
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11 
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Reaction Exchange Baryon Vertex Meson Vertex 

F D+.4 
3 

D F 

7 p 4- w
o
n p V2 51/3  2 

w p .4- nn A
2 !Z 511/3 2/Is 

Kp-+K
o
n p if 51T/3 -/ 

A
2 if 5/2"/3 if 

K
+
n -4. K°p p /1 5V-1/3 if 

A
2 VI 5/1/3 if 

Table 3 

Clebsch-Gordan coefficients for 0 1/2
+ 

 0 1/2
+ 

Reaction. Exchange Baryon Vertex Meson Vertex 

G D F 

w
+
p"4- w

o
A
++ 

w
+
p .4- nA

++ 

K
+
p ÷ K

0 ++ 

P 

A
2 

 

P 

A
2 

-/1 

-VI 

-172.  

-if 

2/V5 

if 

-2 

if 

Table 4  

Clebsch-Gordan coefficients for 0 1/24.  i 0 3/2+ 
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Reaction Exchange Baryon Vertex Meson Vertex 

F+3S D+-2  F-S 3 D+2S F 

7
+
p ÷ p

+
p n, A2  1 5/3 2 

w 3 -1/3 2 

Trp÷pp n, A2  1 5/3 -2 

w 3 -1/3 2 

Tr p ÷ pon n, A2  12 5i-f/3 2 

K
+
p ÷ K

*4. 
 p n, A

2 1 5/3 1 

n 15 1/15 i-3- 

p, B 1 5/3 1 

w 3 -1/3 1 

$ 0 -2if/3 if 

Kp-+K 	p u, A2  1 5/3 -1 

n /5 1/V5 45 

p, 	B 1 5/3 1 

w 3 -1/3 1 

(6 0 -2//3 VY 

- 
Kp-4-K-*o  n Tr, 	A

2 
if 5M3 -if 

p, B if 5i//3 VY 

7 n -4- wp p, B if 5//3 2 

Table 5  

Clebsch-Gordan coefficients for 0 1/2+ 	1 1/21. 
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Reaction Exchange F D+5F G' 

pp 4 nA
++ 

w, 	p, A2  / 51/D3 -ii 

PP -4- PA
+ 
 7r1 	P, 	A2  1 5/3 2/1-3- 

Table 6  

Clebsch-Gordan coefficients for 1/24-  1/2+  4 3/2+  1/2+  

Reaction Exchange G G' 

pp 4  6+4.2 n, p, A2  if/i-§ -1f 

Table 7  

Clebsch-Gordan coefficients for 1/2+  1/24.  4 3/2+  3/21- 
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Al X2 
0 1  0 	-1 A3 X4 

 

0 1 
(4 - (132 

0 -1 
C62 $1 

Table 8  

Helicity dependence of amplitudes for 0 1/2
+ 

 0 1/2
+ 

X1 
X2 

X3 A4 
0 	i 0 	-1 

0 	3/2 
$ 1 - $4 

0 	1/2  $2 $3 

0 	-1/2  $3 - 412 

0 	-3/2  
4'4 4'1 

Table 9  

Helicity dependence of amplitudes for 0-  1/2+ -4- 0 3/2+ 
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Al 
A
2 

A3  X 
0 	i 0 	-1 

1 	i 41 -46 
0 	1 

42 $5 

-1 	1 4,3 -.4 

1 	-1 $4 $3 

0 	-I $5 -$2 

-1 	-i $6 $1  

Table 10 

Helicity dependence of amplitudes for 0  1/2
+ 

 I 1/2
+ 

Al A2 

A
3 

A
4 

i 	i -i 	2 1 	-I -I 	-I 

3/2 	1/2  $1  $9 -416 48 
1/2 	1/2  

42 410 .15 -$7 

_1/2 	1/2  
$3 411 -.14 46 

-3/2 	1/2 .4 - 412 413 -$5 

3/2  _1/2  
$5 413 412 -.4 

1 /2  -1/2 46 414 -.11 43 
1/2  _1/2  

$7  415 410 -42 
_3/2  _1/2  

.8 416 -$9 41 

Table 11  

Helicity dependence of amplitudes for 1/24-  1/2+ 	3/2+  1/24- 
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)\\\\'X  
X3 A4

1 	2 

2 	2 2 	2 

	

3 /2 	3/2 

	

1/2 	3/2  

	

_1/2 	3/2  

	

-3/2 	3/2  

	

3/2 	1/2  

	

1/2 	1/2  

	

-1/2 	1/2  

	

-3/2 	1/2  

	

3/2 	 1/2  

1/2  -1/2  

1/2  _1/2  

3/2  -1/2  

3/2  -3/2  

1/2  _3/2  

_1/2  _3/2  

-3/2  -3/2  

(Pi 

02 

.3 

.4 

05 

.6 

07 

.8 

' 	.9 

.10 

.11 

.12 

.13 

.14 

015 

.16 

017 

.18 

.19 

.20 

.21 

022 

.23 

024 

025 

.26 

.27 

.28 

.29 

.30 

.31 

.32 

-032 

031 

.30 

.29 

.28 

-027 

.26 

-.25 

-.24 

.23 

022 

.21 

.20 

-.19 

.18 

-.17 

.16 

-015 

.14 

-.13 

-012 

011 

-.10 

09 

.8 

-07 

.6 

-05 

-.4 

03 
-0
2 

.1 

Table 12  

Helicity dependence of amplitudes for 1/2+  1/2+  -*. 3/2+  3/2+ 
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APPENDIX E  

NUMERICAL PROCEDURE 

Owing to the impossibility of performing the required partial-

wave expansions analytically, this work was performed numerically using 

a computer. Some of the work carried out by the collaboration involved 

models containing free parameters to be determined by fitting 

experimental data. The computer program was therefore written in such 

a manner as to allow it, if desired, to be used in conjunction with the 

minimization program MINUITS (CERN Program Library No. D506). In view 

of the general paucity of data on polarizations and spin density matrix 

elements, and the weak constraints imposed by such data on a fit, this 

facility for data-fitting was confined to differential cross sections. 

The procedure, when obtaining parameters, was to allow MINUITS to vary 

these parameters in order to reduce to a minimum the quantity X 2 

defined by 

do 	_ 0221 
1dt/ experiment kdti theory 

2 

X
2 

= All data 
points 

standard deviation of (dot 
experiment_ 

For a particular point a x
2
<1 represents a theoretical value within 

the statistical error. Overall normalization errors are not taken into 

account in this formula. 

Now, the partial-wave expansion is 

0,3x4 10(8,01x1x2> = E (2j+1) <A3X41T3(s)IX1
A
2
> d j(cose), 

where jmin  = max( IAI,J11 1), X 	Al - A2, p = A3  - A4, and e is the c.m. 

3=imin 
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scattering angle. The partial waves are given by 

+1 
<X
3
X
4
ITI(s)IX

1
X
2
> 	1 .1 <X

3
X
4Igs'

t)IX
1
X
2
> d 3(cos8) d(cose). 

-1 

The integration was performed using an N-point Gaussian quadrature, 

according to which 

f

+1 
f(x) dx = E w

n 
 f(xn), 

-1 
n=1 

 

where w
n 

is the quadrature weight associated with the point xn
. This 

integrates exactly a polynomial of degree 2N-1, and also does not 

require evaluation of the integrand at the end-points cose = *1, 

which presents computational difficulties. In our case, we obtain 

N 
<X
3
X
4
IT3(s)!X1

x
2
>E ,1  <X

3  X4  1g '
s cos8 

n 
 )1X

1  X2 
 > d

XII  3
(cos8

n
) w

n
. 

n=1 

The rotation functions depend only on cos8 and, for the integration, 

need to be evaluated only at certain points cos°n 
depending on the 

order N of the quadrature. This enables us to write the integration 

in terms of new weights 

A 	i A jf w
n(
j,A,p) = 2 u 	kcosu

n 
w
n
,
. 

which may be evaluated just once, thus saving a very considerable 

amount of computing time. We therefore obtain 
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<X3X4IT3(s)IX1X2> = E <X3  X4  Igs,cose n )I X
1 X2n 

> wi(j,X,v). 
n=1 

By using the symmetry properties of the functions d j(cos0), the number 

of sets of new weights which must be calculated and stored may be reduced. 

Once the partial waves have been obtained, they are modified 

according to the prescription 

<X
3
X
4
IT'3 (s)IX

1  X2  > 
	

2 
= 1 

[Sfinal  j
(s) + Siniti j(s)i <X3  X4  ITj(s)IX1  X2  > al 	 ' 

and resummed to obtain the absorbed amplitudes 

CO 

<A3X414)1(s301X1X2>  = E (2j+1) <X3X4IT,3(s)IX1X2> d j(cos8). 

The partial waves need be evaluated explicitly only until for some 

we find Si  = 1. Partial waves corresponding to j > 	are 
j  = jmax 

unaltered by the absorption. This "tail" may then be added, since, in an 

abbreviated notation, 

jmax . 	jmax . 
E T'j = E 	T'3  + cp(s,t) - E 	T3  

j=jmin j=jmin 	3=3min 

The value of j
max 

increases with increasing energy, and hence the higher 

the order of Gaussian quadrature required to give the high partial waves 

accurately. For the energies considered i max = 30 and a 48-point 
-  

Gaussian quadrature were found to be quite sufficient. As a check, 

calculations have been performed with i max = 50 and a 512-point Gaussian -  

quadrature. These results were found not to change significantly. 

j=jmin 
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