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ABSTRACT 

We study the classification and the production of 2
+ 

and 1
+ 

Mesons and 5/2+  Baryons within U (6,6) and U (6,6) R0(4) groups, 

using the Born term Reggeised, Absorbed and K Matrix Model. 
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Applied Mathematics is a compromise. The 

questions we deal with are usually too 

hard to be treated by rigorous argument 

but we have the added interest that the 

theorens are observable. 

Professor STEWARTSON.1 
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CHAPTER 1 

Quantum Electrodynamics is not a consistent theory - 

in fact not a theory in-the proper sense because its 

equations are In-aontradiction-to-each other. 

E. WIGNER
2 

1.1 High Energy Phenomenology 

The situation in strong interaction physics is worse 

than in Quantum Electrodynamics. Whereas Quantum Electro-

dynamics characterised by a coupling constant e2/4n = 1/137 

makes certain low order term predictions which are truly 

remarkable3, quantised strong interaction field theory has 

hardly any redeeming feature. For instance there exist now 

more than 100 elementary particles4 and a massive amount of 

data, supplied in ever copius amounts from high-energy 

collisions, to be explained and correlated. As a consequence 

one has to rely on a large number of models, to extrapolate 

techniques and results of non-relativistic quantum mechanics 

and to obtain as much as we can from the theory of quantized 

fields, in spite of its weak foundation, in order to explain 

this great diversity of empirical facts5. 

As in this thesis we are concerned mainly with the class-

ification and production of resonances within the Global and 

Supermultiplet Symmetry Schemes we shall confine our discussion 

only to these theories of scattering in which two particles 

or quasi--particles are produced in the final state. See 

fig. 1. 1. 



2 	4 
(a) 	 (b) 

Fig.l.l Production of (a) One and (b) two quasi-particles 

We do this review of current techniques of high energy 

collision in order to show clearly the merits and drawbacks 

of the Absorption Model and Regge Pole theory which are the 

main tools we use in our dynamical consideration. At the 

same time we bring out the main experimental features of 

high energy scattering. The extent to which our two main 

group theoretical approaches explain these features will 

then be used as a criterion to decide which approach is 

better, if at all. The main facts that a model must attempt 

to explain are 

(i) the magnitudes of the cross-sections, 

(ii) the energy dependence of the cross-sections, 

(iii) the momentum-transfer (t, or, u) dependence of the 

differential cross-section and any structure, such 

as 'dip' this dependence may exhibit. See fig1.2, 

(iv) the polarizations of the particles or resonances, 

(v) the ratio of real to the imaginary part of the 

amplitude in the forward direction. 
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(b) (c) 

cos 	+1 	cos W -1 + 	os 
Fig.1.2 Representative production cross-sections 

(a) A large forward peak is caused by meson exchange.Of 

the order of 100 - 500 µb/st 

(b) Backward peak caused by baryone exchange. Of the 

order of 5 - 20 µb/st. They decrease rapidly with 

increasing incident momentum. 

The most frequent type in which both meson and 

baryon exchanges occur. 

(c)  

(a) 

Figr1.3 a t channel meson exchange 
b u channel Baryon exchange 

The task of explaining these features is considerably 

simplified if we assume that strong interactions are invariant 

under certain groups of transformations: in other words that 

they have to satisfy certain conservation laws. For instance 
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bt,fore the advent of SUN the interaction Lagrangian for the 

then known hadrons, assuming a three point vertex, was 

= glg  N'n+g2 	
.7c h.c. Lstrong 

.7C+g4 L---Jerl-3.7G+g5Tic fv-ia . 

C 	R' +h. c 	K Z+h. c 

with eight independent couplings. Introduction of SU(3) 

reduces this to a single one6. In an analogous way application 

of U(6) 0 U(6) 0 0(3) places constraints on the parameters 

present in Regge pole theory and consequently simplifies our 

physical interpretation of the theory; again it does so in 

field theory models which would otherwise be plagued by 

arbitrary parameters. Theeenergy range of the incident 

momentum in which group theoretical methods can be most simply 

and fruitfully applied is the 2-12 Gev, 	in which range an 

appreciable number of resonances are formed. It is in this 

region that most of the 1-, 3/2+, 5/2+  resonances are seen. 

Resonance formation is summarised in Fig.l.l, Fig.11,2, and 

Fig.l.3. As can be seen from these diagrams the formations 

shcw several smple features and the appropriate transition 

amplitudes can be written fairly simply - hence their amen-

ability to group theoretical treatment. More complicated 

exchanges either of states with high spins or of complex con-. 

figurations cannot be excluded; hbwever the simple exchanges 

of a few particles belonging to the c 1/2+ 1-  nonet or of a 

one or two Regge trajectories have been highly successful in 
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explaining a large body of data
8. In fact Jackson, Gottfried 

,.nd others have made a detailed empirical investigation on 

the quantum numbers of the exchanged systems and have shoWn 

that forward or backward peaking is caused by simple exchanges 

rather than by more complicated difractive effects7,9. Their 

results are based on the angular distribution of the decay of 

the resonances which yield information on the production act 

provided the spin and parity of the resonances have been 

established by independent methods. The spin population of 

a resonance is usually described by a density matrix pmm , 
huembos 

where m and m' are the magnetic quantum,of the decay 

products expressed in the rest frame of the resonance. For 

J = 1 resonance decaying into two spinless boson e.g. 

2n the general angular distribution of the decay product 

is 

W(0/0) = 	(P00  Cos2  0 	p11  Sine  0 - p1_1 Sin2 0 Cos 20 

12 p10  Sin 20 Cos 0) 
	1.1 

and for a J , 3/2 resonance going into spinless boson and 

baryon of spin 1/2 the relevant expression is 

W(0,0) = 1 + Cos2  0) (p33  Sine 	"1" pli7(  

- et) Re 

A - (---2  ) Re p
31 

Sin'20 Cos 0) 
i/3 

1.2 

Measured in suitable frames these two expressions become 

P 3-  1 Sin2  0 Cos 20 
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and(14-3CosPO) for spin-zero exchanges. This 

means that the type of exchange mechanism can be tested from 

the decay dorrelation independently of the momentum transfer 

distribution. 

1.2 The Peripheral Model 

The angular distributions for the productions of reson-

ances is summarised in Fig.1.2 with the forward or backward 

peaking indicating small momentum transfer; they are almost 

entirely confined to momentum transfers of less than 0.5 Gev 

with an average value of 0.2 - 0.4. This predominance of 

small momentum transfers implies that glancing collisions are 

most important in these reactions. This fact can be stated ' 

in various equivalent ways° collisions with large impact 

parameters give rise preferentially to quasi-two body react-

ions; these collisions are dominated by high partial waves 

or equaiva.lently that the reaction is mediated •by a long-range 

force corresponding to the ex;:hange of a light particle; 

nearby singularities in the t-channel dominate the reaction. 

This strong peaking at very small values of t and the angular 

distributions seem to be largely independent of the type of 
exchange occuring and bearing little or no relation to the 

mass of the possible exchanged particle. Given the peripheral 

nature of the processes a peripheral model with one particle 

exchange was naturally the first one to be used for these 

data. Fig.1.4 shows the essential features of this model 
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Fig.1.4 General case of peripheral interaction 

where c and d could be resonances. The matrix element 

has the following structure. 

m,.1 	mI  (t M2)  2 1  	
MII ' (t M

d
) 1 	4.  IT1 

where MI 
and M 	are vertex functions. On the mass-shell 

they are the matrix elements for the following processes: 

a + e —> c 

b + 	--> d 

When c and d are quasi or real particles these vertex 

functions at -t = m2  are proportional to the coupling 

constants. Here 	t 	is the momentum transfer and is given 

by10  

-t = (Pc Pa)2  

	

2 	2 = 	Mc 	ma - 2EcEa + 2P c  Pa  cos() 

For instance in this model assuming a ONE--PION-EXCHANGE 

(OPE) then we have 	for the process np 	.pp 

1.3 
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du m2 m2 t2 
dt 	I II h  m2 2 p 

) -N inc 

(t 	- (m
P 
 - m 

n 
 )2)(t-(m P 

 +m
n  )
2) 

t - 7C 

with 

112  = g2 pnn  

4n 
2 m2 	G  

11 	Nnit 
1.6 

Such models have been studied by Drell11, Salzman and 

. Salzman
12 
 and by Ferrari and Seller'13  who introduced ad hoc 

form factors of the type 

F(t) 0.72 	0_28 

   

	

1+(µ2-t)/4.73[12 	1+ ( (µ2-0/32µ2  )2 
	

1.7 

F(t) = exp(-Nt) 
	 1.8 

in order to overcome the za:men4.&4..1-a short comings of the 

unadorned OPE model1  . However most processes considered 

seem to need their own particular form factor irrespective of 

the exchanges; further the OPE model with form factors predict 

	

the same cross-sections for MN 	NN3c-  and Ng 	NNx  contrary 

to experiment. These form factors modify primarily the medium-

to-short range forces which may involve multiple scattering or 

exchange of massive particles about which we know nothing and 

so such an arbitrary treatment with no physical interpretation 

is hardly justifiable. Also some of these factors require a 



three pion state with mass squared 	5m2n and particles 

with same quantum numbers as the p and w but with a lighter 

mass - particles which are not known in nature. It was mainly 

for these reasons that this model was rejected in favour of the 

Pbsorption Model. 

1.3 The Absorption Model 

This model seems to be able to cope with the following 

features: 

(i) a particular quasi-two-body production channel only 

accounts for a small fraction of the total inelastic cross-

section on account of the many competing channels; 

qt.cikgoas (ii) as the are formed peripherally only the highest partial 

waves contributed to their formation; 

(iii) more complicated reactions at small impact parameters 

cannot contribute to resonance formation. This model completely 

removes the lowest partial waves leaving unchanged the higher 

ones with the result that there is a reduction of the cross-

section, important modifications of the angular distribution 

and an alteration in the decay correlations. 

The form of the Absorption Model we shall use is the one 

proposed by Sopkovitch15,16 although many others exist17,18,19 

It has its origin in the low energy nuclear physics Distorted 

Wave Born Approximation (DWBA) model. It will be recalled 

that there the transition amplitude Tf.i  is approximated by 

the matrix element 

TT„ 1  . 	<0-t: IVIOI> 

1.9 



a 
el 

= ) 	(21+1) 2 4-- 
P 

bin = 
5---(21+1) 2 

k 

1.13 

(1-W2) 
	1.14 
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Where Of 	and 01 are wave functions of the system in the 

final and initial state respectively, V is the interaction 

causing the transition. The wave functions 0+ and 0 are 

customarily approximated by the wave functionsoof an optical-

model potential whose imaginary part simulates the absorptive 

effects of the many competing channels. How elastic scattering 
co'i 	a vaa t slIft.N\cit32. 
kmplt-sa absorption (or vice.versa) may be seen by recalling 

that the transitiori amplitude for non-relativistic scattering 

is given by 

(Cos 	0) f(0) =T—(214-1) S1 1̀  p
1 

	0) 
Zip 	 1.10 

where 

21.5 S = e 1 1 

and 

51  . a1  + if31 
	p) 0 	

1.12 

and the elastic and inelastic scattering given respectively by 

In the Optical Model it is assumed that 
	

>> an  so that 

Sk  = e'31, 	 1.15 

F om this it is clear that absorption i 	elastic scattering. 
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In the same way one may see how absorptive effects may be 

simulated by elastic scattering. In high energy scattering 

the wave functions representing the particles may be assumed 

be highly local- sed so that one may represent geometrically, 

the whole process as happing inside two concentric circles 

with radii v and µ if the particles interact inside the 

inner one there is 'absorption' as far as the inelastic 

process 1a> HP) is concerned whereas the outer circle 
represent the region in which this inelastic or Born exchange 

occurs. µ is assumed to be of the order of m 1  where m 

is the mass of the exchanged particle whereas v represents 

the range of elastic scattering. See Fig. 1.5. 

Fig.1.5. Range of interaction of Born term and elastic 

scattering. 

In the Born approximation the scattering amplitude which is 

given by 

f(0) 	E 
	

J0(tb) (eib)- 1) bdb 	1.16 

where t stands for the three momentum and b the impact 

parameter becomes r. 

2p- 	J
o(tb) B(b) bdb 
	

1.17 

Viz 1,045e. my;AS 	‘kN.tc‘) 
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where we have taken 

icXrp) 
e 	'- 1 = :21pB(b) 

1.18 

:his being the usual Born approximation. 

To represent the effects of absorption it is usually 

assumed that the particle is under the influence of a complex 

potential U c4c• and U
Pf3 
 in the initial channel and final 

•)hannel respectively. As p >5 v the appropriate wave 

-"motion is 

0 (z) 

 

41 e.L.ZZ p (z ) 

 

where in the WKB approximation2 1 

p(b+kz) U(b+kz' )dz' 1.19 

The phase shift suffered is then given by 

__ rn
p  Uols(b+kz f )dz I  1.20 

If we include these two phase shifts suffered by this 

particle we have that finally "the amplitude f(Q) is vibsio• 

given by 

-Pa(Q) . 2p i5aa (J0(tb
)f,a(b

))ei5ppbdb 

1.21 

• This result is true only under the conditions we have 

assumed but bearing it in mind we posulate, has an ansatz, 

that in the relatilrsti region the Born term is modified by 

absorption which may be simulated by elestic scattering between 

the particles in the initial and final state and is given by 
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512 .p g1/2 
(Bmodified)aP 	as 

B
ap -pp 

1.22 

This relation is represented diagramatically in Fig. 1.6. 

a 
7 ym_ 

    

a 	a' 

 

    

7/.//1 
e 

b' 
	

d' <-4 

   

   

   

   

   

   

   

Fig.4. Schematic representation of eq.1.22. The shaded 

blobs represent elastic scattering in the initial 

and final states 

It is to be emphasised that eq.1.22 is valid under the 

conditions 

-1 P << <<Il 

and that for the situation 

- 1 P 	<<11<< p. 

1.22a 

1.22b 

Durand and Chin have shown that the appropriate modification 

is 

(Bmodified)aP = -f 1 (Saa Bad  + B
eL  So) 

1.22c 

The use of such a relation in the relativistic region has 

not been proved at all and its justiflcation lies mainly on 

the success it has had in explaining a host of e:Terimental 

1, and data,8'9'522 	in its great simplicity from the computational 

point of view. it is solely for this reason that we will 

adopt it as one of our main tools for explaining the production 
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of high spin particles. In Chapter III we shall investigate 

it further and look at some of its subsequent modifications. 

Although the absorption model met great success from 

early on its drawbacks were soon apparently as it could not 

cope with exchanges mediated by high spin particles
9,24 

and 

could not explain the decrease of the total Croy section with 

increasing lab energy. For such cases the amplitudes varied 

too rapidly over any appreciable energy range and eventually 

violated unitarity. It was for this reason, among others, 

that the Regge Pole Model - our second formalism - was revived. 

1.4 The Regge Pole Model 

We recapitulate here some of the relevant relationships 

of non-relativistic Regge Theory
25 to show the form of the 

amplitudes we shall eventually adopt in our subsequent applic-

ations, and the assumptions under which these will be deemed 

to be true. The scattering amplitude is given in its simplest 

form by 
Pi() 	(-Cos .B) 	Backrou F(Cos 0, E) 	Pai(E) 	Integral 

 

Sin na. (E) 1.23 

Where 

13.
1 
 (E) = 	(2ai (E) + 1) Ri(E) 	1.24 

with li
i
(E) being the residue of the relevant pole. Introduc-

tion of space exchange potentials - exchange forces for the 

relativistic region - modifies this to 
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F (Cos 0,E) Pi(E) (!ai(E)(- Cos 0) 4-crp_ (7)(Cos0)1) 
	Sin na,M) 

+ BI(Cos Q, E) 	1.25 

Where 1' is the signature. In analogy with this the relevant 

relativistic amplitude in the t channel will be taken to be 

	Pi() 
(E) 1 	

(-Cos 0) +9rPai(g)(Cos 0)) 

Sin .n ai(E) 

+ BI (Cos et, E) 
1.26 

Fig.1.5 explains our convention 

s- Channel Reaction 	t- Channel Reaction 

s = (Pa + P 
	

= (Pc 	
Pd  )2 
	

(Pa 	P.C.)2=*(PI-Pd )2  
t 	(pc-I)a)2 

	(pb_p  )2 	. (Po-P02 = (1)-Pd)2  

T 	T(s,t) 
	

T = T (s, t) 

r3 

To go to the s-channel we use the relation 

2(s+— M
2 

2 	1 Cos 0th 

It-2m2  It-4m2  

M2) 

C 	S as 

and 

S 

   

  

1.27 

 

t < 0 , 1inite 



k(t) 1 + 	(- ina(t) 	a(t)  1.30 

/ 	tx 

	

(tr f m . 	n( t ) 	0 (s-1/2) 	1.32 T (s,t) 
0 

-- 	- 

Vne 

Pam (- Cos 0
t) k(0 (1-)a(t)  

	

so 	
fors 

1.28 

L-imilarly can be shown that 

	

BI (Cos ot,E)C\.3 0 (s-1/2) 
	

1.29 

We then have 

Pa( J)(- Cos Ot) +Yr paw  (Cos Ot) 

= k(t) 	)a(t) 	s 	(t) 

where rris the signature of the Regge Pole. Defining the 

signature factor as 

(t) = 
1 +Te::p(- ina(t).  
Sin n a(t) 

1.31 

the amplitude for S-channel.becomes 

We shall assume that a(t) the trajectory of the t-

channel Regge Pole continued into the s-channel is real28; 

such an assumption seems to be justified for bosons exchanges 

Regge trajectories. 'We shall also assume that the residue 

function IN to be real - this can be proved from general 

principles of quantum field theory if a(t) is rea128. Just 
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as for the -OPE model -a-characteristic property of which is 

the Geourance of two coupling constant one for each vertex, 

we shall assume that the one pole contribution can be factor-

ized toc29. More precisely this means that the residue 

function can be written 

y(t) 	(Known Kinematical factors) YaRc(t) 'Yclid(t) 	1.33  

Where yaRc(t) refers to the coupling of the Regge pole R 

to the t-channel initial state ac while vbRd  refers to '  

the coupling of R to Ed. As in the OPE model the same 

Regge pole coupling,aRc(t)  may occur in different reactions 

and is independent of how the Regge pole couple to the other 

two particles; and obviously one may use internal symmetry 

schemes to relate couplings of members of the same multiplet30 . 

However it has to be emphasised that factorization is a 

property of one Regge Pole contribution only and that as soon 

as several trajectories exchanged there is in general no clear-

cut prediction from this principle. It should be emphasised 

that this relation tacitly assumes that the t-channel ampli-

tude is dominated by bound states or resonances. Experiment-

ally in two body collisions depicted in fig. 5 the s-channel 

differential cross-section is appreciable and has a peaking 

for small momentum transfers only if there exist a particle or 

resonance in the exchange channel. Also we shall ignore the 

contributions of cuts which are proportional to 
ac(t) 	-v 

(1.-) 	 [loge--)] 	where v is a number depending on the 
ol 

nature of the branch point ac(t). 



i8 - 

The ampl:ttudo depends strongly on the exchange of the 

Regge trajectories a(t) on which all particles have the same 

quantum numbers. Experimentally there is a strong correlation 

between the energy-dependence of the cross-sections we have 

described in fig. 2 and the exchange quantum numbers. 

Morrison31 assuming a relation on the form 

a ETn 
O tab 1.34 

has found that the values of n fall naturally into four 

groups depending on the exchange quantum numbers: 

Vacuum exchange 	n (7-,) 0 

Charge or isospin exchange 	nP_.) 2 	 1.35 
Strangeness exchange 	nrN) 2,5 
Baryon number exchange 	n 	3-4 

The t-channel amplitudes may contain Kinematical branch 

point, poles or even zeros at the boundary of the physical 

region at the threshold, psudo-thresholds and at t = 0
32. 

Many authors, among them Cohen-Tannoudji, Morel and Navelet, 

CTMN33, have given general prescriptions for removing these 

unwanted features. These 'regularised' amplitudes may then be 

connected to s-channel amplitudes by means of a relation of 

the form 

TX (s,t) 	;>2),   Xxx 
	(E,) 	1.36 

Where X is the crossing matrix which is a rational function 

of s and t. For T(s,t) to be free from singularities 

there must exist relations between different t channel 

15 	'NA cff4 	lx-ON h L Gp 
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regularised amplitudes. These give rise to constraint equations 

at the threshold and pseudo-threshold of our amplitudes;the 

general consequences of these have been classified as follows 

by Leader34: 

(1) 
	

there exist relations between trajectories of different 

Regge Poles with different quantum numbers valid at 

the constraint points. This is known as conspiracy 

(ii) the constraint equations are satisfied by enforcing 

conditions on different residuum functions but not on 

the trajectories. This is known as evasion 

(iii) the constraints are satisfied by requiring the existence 

of sequences of Regge poles with the same quantum 

numbers on different but related trajectories. These 

trajectories are known as daughters. 

Later on we shall invoke certain of these properties to 

rid ourselves of unwanted singularities. 

The problem of constraints may also be viewed from a much 

more general point of view at t = 035. At this point the 
scattering amplitude is invariant under the little group of the 

general Poincare group belonging to Pti  = 0 which is isomorphic 

to the homogeneous Lorentz Group 0(3,1). The scattering 

amplitude can then be expanded into the irreducible represent-

ations of this group and a 'Reggeization' performed by means 

of a sort of Sommerfeld-Watson transform. The whole procedure 

is completely analogous to the 3-Dimensional non relativistic 

case. The asymptotic behaviour of the scattering amplitude 

for s -> w at t = 0 is correspondingly dictated by the 

exhchage of Toiler poles - these poles are characterised by 

S „ C ep L  
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the usual quantum numbers plus the following: 

(i) A Lorentz quantum number M which takes the following 

values 

M 	7  0, , 1, , 2, 1 	3 7 	• • • 

with the half integers referring to boson and twes.Laur  
to fermions. 

(ii) The Lorentz signature TL  = +1 and is related to CPT. 

(iii) And the complex 4 dimensional angular momentum a(t) 

which gives the dotinant asymptotic behaviour es sa(t).  

One can also deduce that: 

(1) 
	

Any Toiler pole gives rise to an infinite family of 

Regge poles at jn a-n '6he a trajectory is the 

known one and the othersknown as the daughters. 

(ii) All the residtftz of the daughters satisfy factorization 

if the parent Toiler pole does. 

(iii) As one unique pole determines all the properties like 

trajectories and residuum functions of all the Regge 

poles in the family one has dtfinite relations existing 

between different Regge poles corresponding to the same 

Lorentz pole. This is conspiracy. These relations are 

identical to those found by CTMN. 

There is yet another source of singularities which come 

this time from the signature factor. For positive signatures 

this is 

\S(t) 	(Sin n a(0)-1  exp- i n a(t) 
2 	 2 1.37 

and give rise to a pole at a(t) = 0. This cannot be accepted 

for t < 0. We redefine the residue function in order to get 
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of 	undesired pole which i known as a 'Ghost'
36: 

y(t) = a(t) (a(t) + 1) i (t) 	 1.38 

and it is with this new y(t) that we work. The second factor 

1c introduced as the residue functfon must vanish at a(t) 
1 

values which are symmetric with respect to a(t) = 

One further point needs to be mentioned. We shall use 

mostly straight line Regge trajectories although there is no 

convincing theoretical argument for or against it37. They 

are not straight line for Yukawa potentials
38 and moreover an 

neQY 	 t0130. 
infiniteNincrease of the trajectory seemsrta disagreement with 

the basic requirements of Regge pole model and strong interac-

tion dynamics in general39. Exchange of particles with high 
da 

spin requires a(t) < 1 'from the general fact that 717 .7 s2a-2  

for a one pole exchange and the fact that the differential 
ka;t11,:meti 	ok 

cross-section decreases experimentally. However inspite 

the arguments one has almost a complete functional freedom for 

the trajectories and an appreciable number of parameters can be 

introduced into the theory to patch up the t depenclemat 

fixed s. The curve fitter can consider not only additional 

trajectories but cuts, fixed poles and a certain amount of 

liberty introduced on account of evasion and conspiracy 

However it cannot be over emphasised that one of the Aoca0 
1/414zKkklilly 

virtues Pi of the Regge Pole model is its 	At best 

it ohly affords a convenient parametrization of the scattering 

amplitude and provides a convenient framework for the phenomen-

ological discurssion of the data. Having no theoretical backing 

for the relativistic regions it is nothing more than that in 
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spite of its great aesthetical appeal. 
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CHAPTER II  

Attempts to find groups which would englobe both the 

Poincar6 Group T and Internal Symmetry groups have not 

been succe6sful at all. The great itzficulties faced by 

such an endeavour have been summarised as follows by 

Feldman and Matthews: 
41
' 
 42 

The Michel - O'Raifertaigh Theorem which states that 

-1y symmetry group which contains V SU(3) 	demands a 

Pomentum four vector with more than four components.
43
'
44 

b) If we combine the four relativistic spinor indices 

with those of SU(3) it is found that invariance requires 

the particle multiplets to be infinite dimensional.
44 

c) If these infinite-dimensional multiplets are degenerate 

then the requirements of causality forbid Fermi Statistics 

completely irrespective of spin. 41 

Given this pathological situation it is to be 

,ondered why one should continue to use symmetry groups at 

all. The answer is that we use them in pite 	of these 

difficulties, for we have no alternative approach at ,remit 

for tackling the actual dynamical problems of scattering 

experiments such as w?re listed at the beginning of Chapter I. 
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45 
Other approaches sucIL as those of current algebra, in 

-thich scheme one postulates the commutation rules which 

hold when the current are given their simplet forms have 

been successful on a different plane. The most remarkable 

success of this approach has been the Adler-Weisberg 
46sum 

le which gives the absolute value of the ratio between 

a-iak-vector and vector r 	 constants of 

:seta decay in terms of pion-nucleon total cross-section. 

Similarly one may obtain other kind of such useful 

relationship but no help on the dynamical plane.47 

2.1 The Quark Model 

The other main approach is the Quark Model,
48 

the 

most attractive feature of which is that it predicts in a 

very direct way relations between certain properties of 

nucleons and mesons. The basic assumption is one of 

additivity stating that some particular property of a hadron 

or a meson is a sum of terms belonging to the quarks and 

antiquarks composing that particle - all such applications 

are based on properties of bound quarks and are quite 

independent of what a quark would be if free ek or the 

mechanism binding them together.
49 

Mathematically formulated 

the additivity principle is as follows. 
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2 	For the process A + 	A' + B' 

AB> 	2.1  

Tqhere the operator T acts on thefl-12 quark of A and the 
ij 

luark of B but leaves the other quarks unaffected; in this 

model a further assumption is made: 

J <JOBIITi..I AB> = <QA I QB'I TijiQA QB>fi
A'A 

 ( )f.B'B (-t)  

2.2 

Here <QA, 	TWA.  (4> 	describes the collision of 

quarks in the initial spin and SU(3., states QA  QB  to final 

spin and states QA QB 	It is tacitly assumed that A A' 

and B B°  have the same quarks composition. The form factors 

AA' 	RR'  
f 

 
and f 	represent the overlap between quark, wave 

iunction(A, Aland (B, e)respectively. As a consequence 

the elastic scattering of hadrons are given as linear super-

position of basic scattering of quarks and antiquarks., 

Denoting tlivt 	'tkveNe a at 
A + B ---> A B by(AB) 

<QiQjTijf Qi  Qi> = (Qi  Qi) 

(PP) = 4(Qp  Qp) 	4(QpQn) + (Q1.1Q11) 

(el') = 2(QpQp) + (QpQn) + 2(Qx%) + 

(lihp) = 2(QpQn) + (QpQn) 

<A'B'i TIAB> = 6(PA + PBt  - PA  - 'PB) 

and 

we have 

Qn)  

2.3 
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qhere the mesons an protons are made up of Cuarks and 

al:ti-marks 

= Qp 	, K = Q 84X 

P 	 and so on 
= glo QP 	 2.4 

orw55-sessk\Nt  
From these one then obtains relationships for/\forward 

.irection% which can be compared to experiment by applying 

-he Optical Theorem: 

t (PP) - a (NP) = a._(K-1-P) - at‘ 'eN) 

at(eP) 	at(K-P)  = ut(n+P) 	at(n-P) 	at(K+N)-ut(K-N)  

In deriving these relationships the quark amplitudes 

were not assumed invariant under SU(3i or any other group. 

If we invoke the former we regain the Johnson-Treiman 

relation: 

2fat  (eP 	t(K-F)] 	at(n+P) apc-1 

. at(K+N) 	at(K-N) 	2.6 

Invariance under larger groups, except possibly SU(6)w  -

which are discussed later - which classifies meson and barions 

in different multiplets do not give such simple relationships. 

The result of eq. 2.5 and 2.6 agree fairly well with 

experiment. 

At high energies ( 	Q,i and (Q, Q,) become identical 

so that 

<ABITIAB> = ig1.2(t)fAwfB(t) 
	

2.7 

2.5 
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.tch looks identical to eq.
1.32 for the Legge Pole Model. 

The great merit of this model is that it predicts a great 

degree of universality for high energy difraction of all 

hadrons, as is suggested by present day measurements and 

their extrapolations. A more direct and more general 

..)asequence of the implications of equations 2.1 and 2.2 

for s —>0.3 and t small is that the quantum numbers in the 

Onbse. 
t channel are of the Q 0-  systemwith positive and negative 

signatures. These are in fact precisely what we find for 

meson nucleon reactions where nonets are exchanged. In 

consequence one may view this model as providing a dynamical 

basis for the exchange of legge trajectories; it also 

accounts for the universality of the trajectories and their 

relation to particles. The basic ideas of this model can be 

extended to inelastic high energy scattering at small momentum 

transfers under certain plabsible assumptions for the 

behaviour of the form factors. Most of the predictions are 

again in fair agreement with experiment. The weak point is 

that we have no justification whatsoever for the dynamical 

assumptions made so long as we know nothing about quarkt 

forces 
50

which by all indications seem to be characterized 

by a coupling constant of the order of e /47c.26 which is one 

order of magnitude above the universal coupling f2  J47c=2.5  .; Pnw 
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1.-.1-ther it should be remembered
A 
 we just do not know how to 

solve the problem of bound states in which the binding energy 

is of the order of the mass of the bound particles. And 

although we shall be assuming throughout this thesis that 

1.adran are made up of Quarks this will be done more because 

q is a convenient group thereoretical concept than belief 

in the model we have just outlined; for the same reason we 

shall not discuss evidence for or against the existence of 

quarks.
48 

2.2. The Mixing of Internal and Space - Time Symmetries  

/s 
U (6) g U (6) m 0 C3)and its subgroup will be the main 

tool we shall be using;
51 we shall not be regarding it as a 

strict invariance group but rather use it as a symmetry group 

for three-point functions adding the dynamical assumption that 

the unitarity relations for these vertex functions is 

dominated by given two body intermediate states. In this 

way it is possible to obtain useful, results albeit in very 

restricted sense, from these dynamical groups. In Chapter 3 

unitarity will be enforced in an ad hoc way by assuming 

absorption of low order partial wave amplitudes. 

We now examine in detail how unitarity and other basic 

precepts of particle physics like crossing ar violated in 

the framework of these dynamical group and see to what extent 
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our limited use of their applicability is justified. In 

doing so we shall use both highly sophisticated mathematical 

arguments as well as dawn to earth examples. There is a 

danger in the latter approach in the sense that too naive 

an approach, although leading to the correct conclusions, 

1-Aght mask the real issue. For instances it has been 

claimed that adding angular momentum to the Pauli Spin 

matrices in the construction of the generators of U(6) 

lead to overtly manifest ridiculous situations.
52 

If we 

-ONO\ tit  to 
concentrate on the one mil4h X

3 
of the Cell hann generator 

we would obtain the following generator of U (6) of SLIGO 

which is an operator which does not act on the X quark but 

acts with opposite sign on p's and n's. Thus the orbital 

part effects a spatial separation of Ws and n's, and—to--an. 

increasing 	with distance from the origin. If for 

instance we consider two particles in initial state of a 

sctattering experiment the effect of such an operation 

would be tot separate then beyond the range of the inter-

action force; or equally it would separate a bound quark-

antiquark systam composing a meson without any expenditure 

of energy. This argument is certainly wrong. For would this 
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.1rwh4e- 
oTerator not act on the "leetth' of interaction force too? 

One cannot use this argument without investigating more 

thoroughly this effect. On the other hand it can be claimed 

that this description is not manifestly covariant in the 

owe_ 
sense that for an observer in the rest system of a bound 

sl,:ate the particles would be together whereas for ancar 

e.e:iiLvaLent observer they would be arbitrarily separated. 

-onsequently this set of operators cannot be accepted - for 

this latter reason and not for the former one. With this in 

mind we now proceed to give an account of the rigorous 

theorem forbidding mixing of the Inhomogenous -..orentz Group 

(ILG) with any internal symmetry group.
53  

They then will be illustrated by simple examples. 

In any such symmetry, besides obtaining a dynamical 

group interaction formalism, one would like to have the 

possibility of obtaining a mass formula for particles 

belonging to the same representations. Denote such a 

symmetry group by G. Then the algebra of G would be the 

direct sum of an internal symmetry algebraq U and that of 

the 	i.e. 

U 
	

2.9 
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This leads immediately to the conclusion that the particles 

belonging to the same irreducible reqpresentation of 

would have the same mass. As a minimum requirement for mass 

spliting we would like the elements Ul of U not to commute 

with the translation elements of the algebra of fp , i.e. 

(u1,1,111 4 0 	 2.10 

That this would indeed give us mas-splitting can be seen as 

follows.
54 
 Consider a group which contains SU(3) and time 

translations as non-commutative subgroups, ignoring homo-

geneous Lorentz invariance L for the time being. The 

elements for time-translation can be represented by the 

Hamiltonian H, which we also assume has the eight baryons 

as•eigenvectors with their observed masses 

H IN> = MmiN> 	HfA> = MIA> 

HM) 	MCI > 	H I > 	M,IS1 > 
	2.11. 

The mass splitting Operator in this scheme would then 

be 

H+aY+b[J2  -Y2/4] 
	

2.12 

where J is the isospin generator. 
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Then from 

[L, 2(x4  - ix5))r> = 0 

	

[L, 2fx6  - iyi I A> 	o 	2,13 

we find 	a and be give the Gen-harm mass formula 

ex.ept that it is ar: exact relation for this representation. 

For comparison sake we mention that the usual hass breaking 

Aerator of StJ(3) is 
Li 	1 	8 	27 	64 vq, = qi.,, + TI, + Tv  +T 

where'' = (o,o,o,) 4ector labelling the I.R. representa-

tions and the T's are scalar operators such that Al = AI
3 
= 

AY = 0; keeping the first two terms only we have 

   

M M0 	+ M1  Y + M2[J(J+1) - Y
2
/4] 

   

    

and from this we obtain an approximate relation for the 

masses of the balgons. 

So in our scheme we would like the elements of 11,', not to 

commute with the P 's but we would still like them to do so 

with those oritL; this last requirment just means that the 

quantum numbers associated with unitary symmetry do not 

change when one performs a homogeneous ',orents transormation. 

The elements of the algebra 	obey the following commutation 

relations 
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jx01 	i[gyX jp.a 	Jrx ^ gpA Ìva gya JIAT 
2.14 

P [gam  P
P 
 - g

110  Pa
j 2.15 

2216 [ 	P = 0 
11' 

Jp 	- J ot  np 2.17 

If we denote the elements of U by Ui with i = 1, 2, 

3,....n the 10 elements of IHL can be denoted by Un+4  

to Un+ 10 with the following identification56  

Pi 1 

	

Un+i 	< i < 4 

	

J12 = Un+5 	.J13 = Un+6 ' J14 = U n+7 

J23 	 n+8 	J24 = U n+9 	2.18 

The algebra of the full symmetry group G will then be 

determined by 

[U u = C U 
s' 	JK R 

where the structure constants satisfy 

c- c JK 	KJ 

2.19 

2.20 

P S 	P S CPIS CJK +CJS CKI + CKS CIJ = 0 2.21 
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The requirement that the elements of N, commute with 

aose oft/ immediately implies 

C0 K 

The restriction G = UOV implies that for i<n, j> n 4 

n 	1 < K < n 4, CI3s 	= Oso that the Jacobi identity 

z_duces to 	p s 
CIS  C 	0 IS IK 

Continuing on the same line of thoughtip, using relations 

2,14 - 2.16 we arrive at the conclusion that 

CiKJ = 0 for K<N , J> N+1 all I 	
2.22 

But this means that G =U @ CI) , in other words if we 

demand 

[pi  , Jo] = 0 for all I 	2.23 

i.e. commutation of the Unitary Symmetry elements with those 

ofPL we automatically obtain 

	

[UI' Pµ  . 0 	
2.24 

Then any unitary representation of G will be infinite 

dimensional, being the product of those of U andP and we 

shall have infinite towers of particles with complete mass 

degeneracy - precisely the sort of thing we wanted to avoid. 

What happens if we weaken the condition of eq. 2.23 and 

for J< N , K>N+4 
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6-!3aiid 

	

[UT' J LU / 0 	 2.25 

except for one value of i and identify this operator, with 

the charge operator? Nichel and Sudarshah
57 have shown 

that McGlinn's theorem still follows. This problem has been 

44 
tackled in a much more general way by 0'-laifeartaigh ' 58  

does not assume that G is the direct sum of U and but 

rather has investigated the way in which both can be imbedded 

a Lie Algebra G assuming only that this is or finite order. 

T 	
59

hen using Levi's Theorem 	which states that any Lie 

-Ilgebra G can be written as 

G 	F +CD S 
	 2.26 

where F is a semi-simple subalgebra of G and S is an invariant 

solvable subalgelira 
60  of G he obtains the result that: 

either (a) L CF and P C=S 

oa 	(b) P t  = s = o 

It will be recalled that qp 	and P are the algebras of 

the Inhomogeneous, the Homogeneous and translation of the 

Poincare group respectively. The relevance of this theorem 

13 that it tells us how we can classify the ways in which 

can be imbedded in the larger Algebra G. This classification 
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dividing the C-15e (a) into the following three 

cases 

(1) 	S = P (ii)P (:=.8 where S Is abelian (iii) F 	S 

but S not abelian 

Case (b) may be reduced to (iv) P fl S 

O"Raieartaigh then proceeds to show that 

.c. ,- 4.ifinition leads to G =C 0 U 

case (i), up to a 

which is just the McGlinn 

.aeoremi case (ii) cannot be reduced to a direct sum in this 

v but has the 

algebra of more 

discussed later 

U(6) k U(6); 

not know how to  

disadvantage of introducing a translation 

than four dimensions - this point will be 

on as it has some similarities with U(6,6) 

case (ills/  is unphysical as physicists do 

interpret non-Abelian algebras - case (iv) 

is equivalent to imbedding P in a simple algebra. It would 

seem that f all the ways in which we can imbed Q and U in 

G, the direct sum one is the only physically attractive one 

with consequences already discussed. The case of G being 

of infinite order has been discussed by Jordan 
61 but the 

final conclusions are not so bright either. His argument 

is further continued to show how forlorn is our goal of 

obtaining a scheme which will describe mass-splitting. 

Without attempting to define exactly what is a multiplet 
4 osk 	CON I4Q.C.L 	6ve 

tzAvs7014) 	C \v3.1-4dell t:tcr ; 
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(Q) partLcles belonging to the same physical 'grouping' 

sb;:'uld be represented by state vectors belonging to the 

same I.R. of the gobal algebra G 

(b) each such state vector should be an eigenvector of P 1 1  

and 

'c) P PP' being an observable should be Hermitian. Then the 

following theorem precludes any mass—splitting among particles 

elonging to the same—multiplet. 

Let Gi-70P and let) c.(' be a Hilbert Space on which the 

irreducible representations of G operate. If on M P2= P 
)4' 

has a discrete eigenvalue m2  and P2  is Harmitian then the 

-,igenspace )4„ belonging to hm -P is closed. As H is 
), 

Irreducible this means *7=2-1=t. The mass operator then has 

either a continuous spectrum or a spectrum consisting of one 

point. A continuous spectrum cannot constitute a multiplet 

and if we do have a multiplet then it has only one mass. 

In order to circumvent these formidable obstacles Salam 

2, et al?Patis and W. Ruhl introduced the auxiliary Group approa6cn. 

In this scheme the Lagrangians one writes down are 'index 

invariant' in the sense of SU(2) or SU(3) for example) In 

the former formalism an Isopin invariant vertex for NNM can 

be written as follows: 



which transform under I sping r 

as Na 

satations 

Na  N - Na  

--a 
through e 

( e-i172 
.0 )a 

) a > ( e17/2. Or' Na  
a 

	

.b 	> ( e-1T/2. 0 

	

a 	a 

	

nbe 	19/2.0 lb 

	

at 
	( e 	ib' 

a' 2.29 
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Starting with 

Na 	n = (1)) 
a 2.27. 

and 

nb 	
(7co/..../r- 

a = 
n ,.. 

which transorm as 

2.28 

we can write the I spin invariant vertex as 

Na nb 
L  = gNNn Isj  a Nb  = gumr[g513

-aW/fiiTrin++EPTc-) 

2.30. 

Such a Lagrangian is then invariant under rotation in 

the Isospin space as the exponential factors of such a 

transormation cancel out in pairs. The difficulty with 

Poincar6 invariance, on the other hand, is that the 

transformations depend explicitly on the momenta of the 

particles at the vertex and we do not have simple cancellation. 

We cannot construct, consequently, scalar invariants by a 

naive saturation of indices as is done for Unitary Symmetries. 

How this arises and how one usually goes round this can-be 
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follows. 

By means of a Lorentz boost L one obtains a state with 

tour-vector P11  from one with four-vector e which are 

'efined as follows: 

KP  = (0, 0, 0, m) 

LP (P) Kv 	PP 

• 
PA = (p, w  = (p+m2)1/2 ) 

2.31 

2.32 

L (p) = R(P) B( P ) R-1  (p) 

2.33 

B is the boost from rest to momentum p in the z direction 

and is given by 

1 0 0 	0 
O 1 0 	0 
O 0 	Cosh 0 	Sinh 0 
O 0 	Sinh 0 	Cosh 0 

B11  (P) 

.,5 

11% 

2.311 
• 

SinhO 	P/ m 	and 	Cos h 0 = Po/ m 

R(P) is the rotation about a vector in the x-y plane 

normal to P which carries the Z axis into the direction P. 

We then have for state vector transformations 

2.35 

IP' a > = 
1 

C m/w(P) rff 	U 	L (P) I a > 2,36 

where 13-= (J.  is the spin label. 
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Th. normalisation fn'..,tor being chosen to give 

•• 
	

r w (P) w (Pt) i1/2  <1)1  a' I P a > = 5 fa  53(P - P') 

2.37 

and therefore the following orthogonality relation 

< P 	IP a > E,a, 6 53 (P - P') 
	2.38 

The set of states t JP,a>\)constitute the mass m spin J 

representation of ILG. Amongst themselves they transform as 

follows: 

V[A] 1Pa> 	[ m/w(P)]1/22  U[AL(P)] I Ka> 

m/w(p))1/2 U[L(/1 0)U[L-1(AP) L(P))/Ka> 

[w( P)/w(P)]1/2\ Dal aiL 1(AP) L(P)] 1Pg'> 
a 2.39 

L-1(AOAL(P) 	is the generator of 'Wi&mer -,Ratation' which 
Ỳ  

takes 0/  of e.g. 2.31 via D 
ye and (AP)I1  back to 01  

The analogue of eq. 2.39 for ordinary rotations is angular 

momentum or Isopin space is 

U [R] 1J J3 > 	>  
J1  
3 

DJ  [R] IJ J1  > 	2.40 
3 

[We have not considered translation in the above as 

this can be easily done by multipying IPa> by a phase factor 

11 exp ( -11).a) corresponding to x11-->XI1+a11  11141)Ic however that 
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roation deperv3c not only on the parameters W 

which specify the general Lorentz transformations: 

	

LP (p) = 64  + w4  (p) 	with 	wpy 	g wa  v 	µa µ 	2.41 

•, U [/1,a] 	exp 1.(2 diet jtla 	aP" P ) 

	

and 	wµa = -w 
	

2.42 

but also on the momentum value P of the operator being 

transformed. The invariants of Quantum Field theory are 

usually written in terms of the creation and annihilation 

operators 41 

3 
a+  (p 0.)1 >

o 
	P o > 	and 	a (P6)I >0  = o 

••I 

2.43 

where( >0  is the vaccum state. Under a pure Lorentz 

transformation which takes P4  to (A13)11  the creation operator 

transforms according to 

    

U pli a+(pa)u-1W = 
(MI') 1 
w(P ) 	ae a a 

[ 	_ML(P)] 	OP,a) 	D t  L-  AP 

2.44 

And again the Wigner rotation depends on the momenta. 

In order to construct invariants in the usual way one 

needs to decouple the spinor index from the momentum. This 
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is done by moans of an aul,iliary group which contains the 

ho.qogeneous Lorentz group as a subgroup. As this latter 

group will play a role in our subsequent discussion we state 

a few facts about its representations. The irreducible 

representations are specified by two numbers Kel  C 

where 
1 1a 

pal 	 c 	(J2  - K2)1K0  C > 2 

(K(2)  + C2- 1) KK°  C> 

and 

0443 jap 
P,PaP 

 

2.1+5 

K: C> = J.K1K0  C > 

i K
o 
 C, KU C > 

 

2.46 

From these it is also seen that (-K.,-c) also specify 

an equivalent representation, although by convention we 

restrict ourselves to representations having Ko> 0 . For 

both finite and infinite representations 

Ko = 0, 2, 1 2 
3 

 

 

2.47 

The component of a representation are labelled by 5%-.. 373 

which can be either integer oz half integer satisfying 

K o -< J 

J < J, < J 
- 2.48 
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We taen have two cla*3es of representations 

0  
(1- ) Finite dimensional Non-Unitary Repregentations

55 

I C! = Ko + n 	 2.49 

where n is a positive integer and J has the finite range 

Ko  < J < I cl - 1 	2.50 

(22) Infinite Dimensional representations  

In this case either 

c is pure imaginary 

n 1 	3  and 	K
o = v".2 I  7 2.51 

or Ko = o, C real and within the range 

0 < C 

4 

2W  
2.52 

In both of these cases J has no upper limit and runs 

over an infinite range of integer or half-integer values. 

For both cases the representations are specified by 

1K0  C 	 2.53 

and individual components by 

IK0  C 	J J3> 
	

2.54 

The Parity Operator R satisfies the following set of 

relations with generators of linear transformation of both of 
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the above representation spaces 

[ R, Pi  ]+ 	= 0 

[ R, Po  I_ 	= 	0 

[ R, Ki  ) 	= 	0 

[ R, Ji  1 	. 	0 

R2 = 1 

And for both unitary and non-unitary representations 

2.55 

2.56 

2.57 

2.58 

2.59 

RIK°  C 	J J
3 
> = + 

Where  

Ko - C ; J J3 
> 

K. = J • = - J. 01 1 	10 

2.60 

2.61 

and 

	

J. 	 	
j 	J. •• 	 1 	ik 2.62 

for the generators to0 defined by eqs. 2.14-2.17 

The symbols [4 and [1-denote anti-commutations and 

commutation relations respectively. 

The generators of the Wigner rotation form a set of 

unitary operators as their net effect is to tr)n-lo,-,d_Xlic> += 

ID, 0, 0_ .1.1 ). = /M, crIA1 apiang, themselves 	in fact they 

constitute the little group spin rotation set. This group 

of transformation involve the generators Ki of pure Lorentz 



— 45 — 

t.ransf,7,rmans or boosts. Whatever auxiliary group we 

consider must include these generators. We denote the 

-2epresentation states for this group — to be specified as we 

go on — by 

icy definition < alP>. 6 	 and 	:a > < a I -= 1 

and 

<MGIUM""1( P) L(P)ilmal> = Dal cr[1:1(6p) L(p)3 

<ma e -ie.(AP)ei -Pei Pima t >  

= 	<ma e 
	

a.)<al e
A.k 

I
I 
0> 

<Nei 'P1 y> <ylmal› 	2.63 

The auxiliary Operator is defined as 

A
a 
(P) = <a!e-i1E'PIP> <pima> a(Pa) 

Ua(P) a(P,a) 	 2.64 

The role of the 'Generalised Spinor' appearing in eq. 

2.64 can be easily seen if we take the auxiliary group to be 

the Homogeneous Lorentz group or SL(2,C) and we take is > 

to be either the dotted or undotted representations of HL 

which in the notation of eq. 2.53 can be labelled 

IK
o 
C > = I 1  

' ---- 2 
4. 2 

The components can be specified by a label taking values “2-

and the relations between these and the physical state of 

the representations of the little group allows us to write 

<aim a> 	6 with a, a= 1,2 
	

2.66 

2.65 
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Tf we want f-o include eigenvalues of R, the parity operator 

in all this)
we have to take a combination of dotted and 

nadotted spinors combines . For J = 1/2 we recuperate the 

usual Dirac Spinors and the above relation becomes 

< aiM a > . 5a 	with a, a = 1, 	2.67 

It should be noted at this point that as we are dealing 

with finite (non unitary) dimensional representations of 

HT,
)
<a ! Kip > is not Hermitian. In fact it is , anti- 

Hermitian as can be demostrated as followsz 

For J = 1/2 and the irreducible representations denoted 

by (32.  , 0) and (0,2) which correspond to dotted and undotted 

case we have 

< al Kil p 4 (a. c.. 	CY, 
a, 13 = 1,2 

2.68 

a, = 1,2 2.69 

-Aud for Dirac reducible representation (k, 	a (0A) 

we have P 
(a01 .) a a, 	4 

2.70 

where 
= 	 2.71 

• 



And under a Lorentz transformation)ma the auxiliary 

9peratbrt:became 

U( lAa(P)U-1[ ] = <a le-i°1313> <PIma> U[A] a(Pa) U- [(1] 
1 

oima:› [W p)]15alaTL-1(11)) 
x L(P)] a(Pa') 

<ale-i"IPIP<P1ma><malU[L-1(AP)AL(P)11 me> x 
xa(Pa') 

<a le 	t
-iE

/ilf1><PIU[L-1(/11"),AL(P)1 -peltIma e > 

<a je-ic'Pj Ry A
P
( P) 
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All three are manifestly anti-Hermitian. For Unitary 

infinite dimensional irreducible representations of LG the 

corresponding < al K.lp > are Hermitian. 

From eq. 2.70 we see that 

• <a I e-i 	f3> • exp ( aoi) ]: 

▪ r Cosh La iPaoi  Sin h101 I'  2 2 
[ 	F0 4'm  1/2 r 

2 	L  1 	

i a 	P. 1 oi 	]13 Po + m 

2 

2.72 
And so for the  Spinor we have 

1 
U a(P) 

a 
exp( 	 1

2  o
il  16  <56 a  > 

P + m
) 	

ia .P 
[ 	( "I-/ 2 	C 1 	°.1  1  1 • m 	

Po+m 'a  
<s ima> 2.73 

t L 	f 	1 S
a 

A r3 p i  

-In eq. 2.74 the Spinor indices have replaced cr=(J,J3))-sts 

the spin labels. 

2.74 
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We see then that the spinor,14boa undergoe's a pure 

matrix transformation under Lorentz transformation, 

independent of the momentum p —hence the reason for 

introducing the auxiliary group. 

The duel operator to Aa (P)  is 

a A (P) =+ a (Pa) <malP> <Plei Pi 
la>  2.75 

and 

0 
	U [A] Aa(P) tr/  [A] . AP(AP) (S-1)ept 	

2.76 

so that Aa(P) Aa  (P) is a scaler, just as for Unitary 

Symmetries. 

For unitary representations 1 a> 

Aa (P) = A: (P) 	2.78 

but for non-unitary I a> the relation between Aa and Aa 

depends on the particular representations. For the Dirac 

(2P.0) S (0, 	representation.  

Aa(P) 	(Ap(P) 	
(Yo a 
	

2.79 

and, as we shall see later, in general we need to define 

a matrix such that 



-.49- 

Aa  (P) 	(Ap(P))÷'P 
1  2.80 

We also need the following auxiliary operator for the 

constructiont‘Toincar6 invariants: 

Ba  (P) 	<a le-i''Plp› <p ma> b+  (P, a) 

(Va  (P) )cr  ID+  (Pla) 

where 

2.81 

Va(P,a) 	exp aoici) a  <edma*> 2  2.82 

t‘.› 
Ba (P) 
	

is a creation operator which transforms 

Eq.276 
like/under Lorentz transformations. The matrix B of eq.2.81 

defined by the f011owing relationship: 

<rnalUE L-1(/P)AL(P) limat> 	<mal 1B-1U 	] Bima> 

2.83 
(see footnote 65) 

From which we can construct the Usual fields 

(x) - la - 2n (NAa(P)e-iPx  + µ Ba(P)eiPx)0(P0)6(P2-m2) 44P4  

2:84; 

 

Weinberg has shown that : for particles of spin j we muse  

use the representations (j, o) or (o, j) for the a>/in order° 
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to obtain the right connection between spin and statistics. 

That isg 

for j an integer and X = 

we have 

{ya(x) s ro  (y) j_ = 0 	(X-Y 2  < 0 
	

2.85 

and for j one half an odd integer 

(Uct(x) 	p(Y) 14  = 0 	(x-y)2  < 0 	2.86 

He further demonstrates that these causality relations 

lead to crossing symmetry and CTP invariance. 

2.3, The. Auxiliary Group Approach 

The approach of Salam in his original paper was to exploit 
amt. 

the fact that Lorentz transformations on the suffix a i;s- 

independent of momentum and and so to extend the auxiliary 

group to contain internal symmetry groups and c15  as subgroups. 

For his global symmetry group he took U (2,2) R SU (3) or 

U (6,6) also commonly called U(12). The ruark fields in 

this formalism are YA = ,kaa  with a = 1,2, 3 and a = 0,. 3 

and transform as 
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As can be seen from this equation the Unitary Symmetry 

irfic%„:„ tikz-ly a fairly straighforward role so we can ignore it 

, 
in the following. The auxilia group now is U(21 2)64  

It leaves Z1 + Z2 - Z73  -. 2 invariant. It will therefore 

also leave +yo 	where 	are the usual Dirac Spinirs, 

invariant. The infinitesimal generators of this group are 

Fr  , r = 	16 and in its basic representation they 

are 4 x 4 matrices which are such that 

<al Fri 13> 
	rr)  

a 	 2.88 

where 

1, 
2.89 

• • 2.90 

In order to ensure that the relations between
M1 
 Hermitian 

1±5  

conjugate operator and dual for U(2,2) are of the type given 

by eqs. 2.78, 2.79, these rn 's satisfy;: 

Yo Fr)l-  Yo = 
	

2.91 

coy(11t)c VNelc1 	1\k-tit6.-m 
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Just as before we can introduce the relevant auxiliary 

operators: 

Aa(P) = <aleilp> Ofmn a(P,a) 
	

2.92 

w -̀Isre now I a> is a representation of U(2,2); as 

group contains the Lorentz group LG as a subgroup 

pure Lorenti transformations we have 

U (Al  Aa(P) U-1  [A] 	<dleinPip Ap( P) 

a A
0 
 (P) 

this latter 

under a 

2.93 

But under a general indent transformation of U(2,2) 

we have: 
Fr  

Aa(P) 	> <a le- 	10> A0( p) 

T0 A (P) 

2.94 

cst 
The dual A (P) is Aa  (P) and this transforms 

N a 

Aa(P) 

 

AP (AP) ( 
2.95 

  

Actually as in the basic representation (4) (1(0 )g 
transforms as the dual, it is this operatos which will be 

used henceforth for construction of invariants. Auxiliary 

as 
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operators representing higher spin particles can be constructed 

from the product of these basic fields. Such a field might or 

example be e (x), constructed from products of A (P) 	P\  a ' A / 

and will be given in terms of 

• 
AP  (P) 	(U(P)S ) a(Poa. a 2.96 

where 

7  (U(P)S) 	<aPle-i k  latP 	<alPflms> 

(exp (-1 .aoi  12)a' <a'P'ims> (exp(i aoi  /2)13  

2.97 
From these we can define the field 0(x) as 

(AB  (P)e:-IPx+.175(P) eiPx)Q (P0)5(P2-m2)d4P a 	 2.98 

This procedure may be continued to still higher spin 

fields such as 1[)13?Ip 	and its dualYa13 	These, under 
Y 

eq. 2.94 , transforms as 

• 3,0(x) 	(1 14 
`215 1  

••• 

(P) 

 

al At 51 T 	Cri  5  a  0 alp!  

2.99 

   

and 

up:03 
1-1  6 (P) ---> 

( 1 P ' aW(T)5' 
pt 	of 	5  

2.100 

It may further be shown that these fields obey 
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BaL:-.mann-Wigner
6 
 equations 

* 	ea  (i+m)(I; 	= 0 
	 2.101 

(1% + m 0 2.102 

In this original paper Salam62 did not consder the whole 

set of generators of U(2,2) but took E5  =E711  = 4:R5  , 0 la 414,,2.8T. 
For this subgroup of U(2,2) one can then define and anti- 

symmetric matrix (C) -1\aD such that (C-1-) 4-)T  transforms as 

V-Yo 	. Then (C-1)Y TY 	is an- invariant just like Y4) 

. [The y v s are Dirac Field here]. 

Furthermore 

= w (41  C)T 2.103 

where 	W:= 1 for fl =1µ1µ1) 	2.104 

= 	1 for VI  = 15 , Y41, 1 	2.105 

This matrix ( ccf3 	(Cu) re / 	plays the role of a metric 

for this subgroup of U(2,2) 	and is extensively used for the 

construction of high-rank spinors. For example ..a second rank 

symmetric spinor must baye the form 

(Y. C) 0 	I (aPA) )aP 2.106 



-55- 

and likewise the general antisymmetric spinor has the form 

• 	0{41]._ = [ (0) + (y5c) 05  + i(yllya) 9p,5  )ap 
	2.107 

and a fully symmetric spinor of rank 3 has the form 

0 	 W 	( a C) P coy  = aµ 
(y 	+ µ py 2 aµv µ 	py 

2.108 

with cb and 	obeying certain subsidiary conditions. 

shall be using such relationships extensively later on. 

From these fields then one can construct invariant 

Lagrangian by index saturation; for instance in Salam's 

approach the Baryon - Baryon s  Meson vertex is given by 

A'BC 	A  

(YR T'  )A ABC riff 
2.109 

which is invariant under indOttransformation just as the 

Lagrangian representing the charge independence of very 

high energy hadron collisions is invariant. 

This procedure can be also extended to unitary 

representations, i.e. to infinite dimensional ones. 

We now investigate under what circumstances this 

requirement of index invariance is consistent with, the 

unitary of the S Matrix which states that 

 

   

2.110 

 

<fISI i5 2  = 1 ---- 	• 



2.113 
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this may be expressed in term...3 of the. transition matrix T as 

follows for states characterised by initial p and final pf 

- [1 - 1(270464(P - pt) T] [1+i(270454(P-PT-11 = 1 	2.111 
2.111 

which gives 

(2706(p -  10) (2,0S (P.43 )<PITriln> <nIT)PI> 
	2.112 

. 	 , (2n)4  5 	-10) <PIT T p5 

where summation over n is understood. 

As usual the states jn> can be expressed as an outer 

product of Fock creation operators on the vacuum and 

consequently on the L.H.S. it is sufficient to consider 

the contribution of a single particle in the sum. If .T 

is <index tinvariant the whole expression on L.H.S must be 

invariant. This means that singleparticle contributions 

of the form 

y 	a  .. 	
a )s  (Up(P)s)+  (11+)/53  t5  

must be invariant. 

See eq. (2-95, 2.91) for meaning of (yP)s ri+) ; we  gw,t1.er 
have lumpedoll operators in t. .,.Under .an index trans- 

formation only, these operators are affected and this )term 
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goes, formally into 

• 

  

2.114 

 

t-1-1  U U+-7F.  st 
P,s 

Whi.h means that we must have 

 

   

2.115 

 

;› 	u u+ 	1 

In virtue of eqs. 2.73 this may be written as 

4F1,-+ 	 2.116 
<ale-iCkIP>P1Ma> 	<yle'-' 1 6› ‹6r-rilx› 

a 	2.116 
We have two cases Unitary and Non-Unitary representations 

of U (2, 2) 

(a) For non-unitary representations we see from eq. 

that 

• • 
	<a le-irk i 

	
<ale-iEkIP>

+ 	
2.117 

which may alternatively be expressed as 

K = ..K+ 
	

2.118 

If we write 

• 
H (P) = e-14k 	 2.119 

eq. 2.116 may be written in operator form as 

H (P) 0 e(p) 	1 	2.120 

Where 0=IMa > <aM 	, is projection operator 	2.121 

and 	02  = 1 	 2.122 
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Using these last relationships we then get that 

r+ 2.123 

for all p, which is impossible. 

This treatment may be made more trassparent by the 

following two down-to-earth examples. 

Any Lagrangan of the form 

L 
= Y(Yµ 5µ M)Y 4- Lint 

with equal time commutation relations 

Na(x) ,)(y)] = 5 ( 	37->) 

need to be invariant under say U (4) which is a 

subgroup of U (2, 2). 

The commutation relations are invariant under 

transformations with unitary matrices 

t (X) ---- U y (x) ; 	y+ u+ 

2.124 

2.125 

2.126 

but in order that such a group be a symmentry of the group 

the quadratic part of the Lagrangian should also be invariant; 

this means that 

and 	= 	2.127 

with 
• 

this may be written, 

( U, 	= [U„ 	o 
	

2.128 
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There is only non-trivial non-vanishing solution 

e-Is 3- 
	U = 1 	2.129 

Suppose we start our quest for a relativistic theory with 

the representations of the U6) group of spin invariance. As 

this is a non-relativistic formalism the quark wave functions 

are specified by momenta X 0 and a spinor A  where A = as 

and a represents the unitary symmetry indices with values 1, 

2, 3 whereas a .is the spin indices with value 1, 2. All Dirac 
states can be obtained by boosting up particles at rest, in 

other words by boosting up the spinors of the form 

0 	I 0' 
0/ 	V3k 	 2.130 

There 0 aneXare two-spinors. Once we do this we can ask 

under what condition8 the S matrix dements be spin independent 

in the ordinary sense i.e. be invarian 

of 

0 —) 0' = (1 + E.a) 0 

 

2.131' 
where a are the Pauli spin matrices. That such a scheme is 

not Lorentz invariant can be immediately seen as we start by 
alftsLiW 

boosting two.--spinors erf-egtry a laboratory frame and this makes 
See &I4 

the laboratory a. preferred syStem. In any case the futility of 

such a scheme may be more clearly demOstrated by writing the 

transition amplitude for any process in this Scheme. If for 

instance we choose n N scattering then frOm Chew-Low-Fambu-

Goldberger we know that the general Lorentz invariant parity 

conserving element transition matrix is 

T 	. A(s,t) U U + B(s0t) U (K+KI)111(0,  U 

2.132 



1 	 - AI(s0001  0 2 
(E+m)(E'+m) 2.137 

- 

where Kand IC Lre the initial and fig: a-1 state momenta of the 

nucleon and 	0 
a.K U = _IN +m 
E+m 01 

and represents the boost of 0 0 . Expanding T we have 

a,K T  a.K  )0  
E'lm E + m 

B(s,0N+K.) e (14. "Kt "K  )0 
E'+m E+m 

+ B(sl t)0I[a.(K >+ ITT>) 2Z- + ("I  a, (K+K' )10 
E+m 	E+m 

2,134 
To meet U(2) spin-independence these should be no a's 

between the O's. However this means 

A(s,t) = B(s,t) = 0 2.135 

We can salvage the above approach if we demand spin-

independence only in the C.M. frame for which 

RT.> 	 2.136 
Then we have 

2.133 

T = A(s,t) 0 x (1- 

However there are three objections to choosing the C.M. 

frames 

(a) Crossing Symmetry is violated as the C.M, system is not 

a crossing invariant concept. 

(b) Locality is not satisfied, If we consider two particles, 

one at rest, the other moving at very high speed and 
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outside their interaction range, then in C.M. frame both 

are moving very fast and so the velocity of one affects 

the internal dynamics of the other - thus this symmetry 

formalism cannot be regarded as a good candidate especially 

if we demand local causality5eijM 

(c) 	This approach make the C.M. a preferred system. 

This then means that index invariance for the S matrix 

elements is not consistent with unitarity for finite dimensional 

representations of the =Ziliary group. 

For Unitary infinite dimensional representations the pos- 

ition is completely different. 

For such representations we have 

K = K+ 
	

2.138 

H(P) = e-1.C°Ic 
	

2.139 

111-(P) 	eiC.k 

2.140 

making H(P) unitary. 

An equation 2.120 then becomes 

H(P) 0 H-1-(P) = 1 

which is obviously true from the relationship '<a (MQ +=,:,`5Ft  

which gives 
0 = 1 	 2.142 

This means that index invariance is thus consistent with 

the unitarity of the S matrix provided we take infinite dimens-

ional representations for the auxiliary group. 

For finite dimensional representation the usual connection 

between spin, statistics and commutation relations exist -as has 
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bee shown by Weinberg. However for infinite dimensional represen-

tations we have67 

[Yot(x),Y+f3(Y))+= kaiH(P) 0 H-T-(P)113> e-11)*(x-Y)  

flE <aIH(P) 0 H+(p)1 p› eiP(x-Y)] (270-38(p)6(13P-m2) 

2.143 
where 	

. 131 eid> <ma1B-1 	 2.144 
and c refers to antiparticles. 

If we write 

P(p) 	H(p) 0 114-(P) 
	

2.145a 

P(p) = H(p) 0 H+(P) 	2.145b 

we then see we need to have 

P(p) = 	 for [ya(x),;(y))...  = 0 , (x-y)2<o 

2.146 
and 

P(p) = -P(-p) 
	

for [ 	. 0 
2.147 

, 
As P(p) and P(p) are projection operators eq. 2.146 can 

be satisfied but not eq. 2.147. 
ONik 

The consequences of the introduction of auxiliary group. 

approach can now be summarised by the following ol;)  theorems 

of Matthews-Feldman:41  

Theorem 1,  

Invariance of the S matrix with respect to the index trans-

formations of the auxiliary group is incompatible with its unitary 

unless all auxiliary operators are unitary representations of ,the 

auxiliary group and there is a one-to-one correspondence between 

the components of the auxiliary infirAte dimensional represent- 
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ations 'and the states of the corresponding physical multiplets. 

Theorem 2.  

A local field constructed from those auxiliary operators 

satisfying Theorem 1 cannot satisfy anti-commutation relation. 

These authors have also considered multimass fields which 

are characterised by creation and annihilation, operators of the 

form 

a(mS 

a+(mS 

U s3)1 >o = 0 

U s )1 .> " S ; U > 

2.148 

2.149 
where m,H,S,„ have thbir usual meaning and U is a four, 

label; These fields are the most general free field which trans-

forms locally under Lorentz transformations. Such fields are 

linear combination of the annihilation and creation operators 

- defined •in eqs. 2.14-12.142 - for particles belonging to an 

infinite tower of irreducible multiplets of P . The requirements 

of causal commutations and anti-commutations can be satisfied 

simply if one assume Bose statistics for the particles in the 

towers for both integer and half-odd integer spin.. Generalised 

Fermi fields can still be constructed from such an approach but 

they do not enable one to construct an index invariant S matrix 

satisfying Unitarity and the correct statistics. The theorems 

quoted then also apply to these generalised fields. 

It seems then thA there is little we can do about these 

restrictive and powerful theorems. There is no way of going round 

6veyTor such is their generality. All the same one cannot deny the 

utilitarian aspect of the approach of Salam and others. Such 

a fact has been exploited before. The foremost examples the'  

S0(4) symmetry of the relativistic and nArelativistic riatom which 
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accounts for the degeneracy of levels with the same principal 

Quantum number but different angular momentum,
68 The success 

of such an approach cannot be denied but then: the problem of 

relativistic covariance view more acute. Another example is the 

generalised spin of Wigner which has been quite successful in 

Atomic Physics, The history of the theory of hydrogen atom demos-

trates 'chat progress is possible without developing a formal-

ism that resolves the apparent contradictions between spin sym-

metries and relativistic covariance. However it may be argued 

that in all such approaches we were dealing with a coupling 

.., e 	1 
7 

constant 
4 

-- 13- which is small. 
7c -  

The Hadrom physics where not even a shadow of a theory 

exist we have to grasp at any recipe which presents itself. The 

formalism of Salam offers us a framework, not only Uatn the pos- 

sibility ,of predicting as yet undiscovered resonances but more 

important a dynamical mechanism for a variety of decay or collis- 

ion processes- it allows the calculation of a complete set of 

vertex functions, for every tenergy and momentum transfer. 

Agreement with experiment will be our only criteria of accept-

ability, But whether they agree poorly or not the transition 
GA\ 	tax:kb u.-t es s ccik-bef ;,ArA  chlri tit clez 

amplitudes should have and therefore they have a much better 

chance than the predictions of Unitary Symmetry alone. 
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CHAPTER III 

3.1 Critical Survey of the Absorption Model 

A cursory glance at experimental data on nN and KN 

scattering in the 1 - 15 Gev region
69  reveals the existence of 

a high number of channels, a substantial portion of which show 

the formation of one or two resonances in the final state. 

For instance n+P, at 4.0, Gev has the following distribution: 

Main Reactions (The figures indicate cross-section in mb) 

(1) n
+P 6.42 	(6) en+n-P 3.09 

(2) n+noP 2.31 	(7) n+7r+7r7r0P 3.43 

(3)n ++n  n 	1.44 	(8) n+n+n+n-n 0.93 

(4) n+P(mn°) m > 2 3.04 	(9) en+en-P(mn°) m > 2 1.27 

(5) nn+n-/-(mn°) m > 1 	1.78 (10) nn+n+n-I-n-4.n-(mn°) m> 1 0.70 

and reaction 2 itself has the following features Pp+  (0.35), 

Nx-44-n°  (0.3), Nx-i-n+  (0.2), Pen°  (1.55), nnl-n+  (1.35) 

.while for reaction 6 we have 0-11-e7L-  (1.1), 044-p°  (0.6), 

Nx++F°  (0,1), Nx°n+n-4-  (0.25), Pep°  (0.65), Pep°  (no 

resonance) (0.3), PAI (0.1), PA-42' (0.25), Peen-  (0.4). 

The other channels too show similar distributions. 

The predominance of small momentum transfer indicatd that 

'large impact parameter collisionst7,8 are most important in 

these reactions; also the one particle exchange gives a 

natural explanation to the decay correlations. An analogous 

situation is also met in low energy Physics, especially as 

regard the former feature;and there Butler70 suggested elimin-

ating from the interaction region in configuration space, a 
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sphere with a radius of the order of the sum of radii of the 

colliding particles and to calculate the contribution from the 
the 

rest of/configuration by the plane wave Born approximation. In 

this crude fashion he eliminated the low partial waves which 

dominate the reaction cross sectionend which in most cases 

violate the Unitarity bound. In this way he obtained the nec-

essary collimation of the differential cross section - but if 

this picture is true there should be considerable effects 

caused by the shadow of the absorption region. It was for this 

reason that Sopkovich15,71 suggested that a modified absorption 

model to account for the peripheral nature of high energy 

collisions. The simplest forth of this model is, as we have 

already quoted, given by 

<XcXd/Tj/XaXb>  = (‹XcXd/461./XcX0 )1/2  c diBj/Xaltb)  

(0‘.a xb - /8g/xa  xb  )1/2  (  3.1 

Where BJ  are the partial wave Born helicity amplitudes 

for the reaction and S
t 
 are the partial wave helicity ampli-

tudes for elastic scattering in the initial and final channels, 

(I, = initial, final). 

The latter functions are obtained from spinless diffraction 

analysis of elastic scattering; parametrised in terms of a 

Gaussian model of radius R(s) and opacity C(s)72  they are 

<X X
2  /S/X1 2  X 	.( )exp f j(j+1)/Ri(s) K2) 	

3.2 

Where K is the magnitude of the three momentum in the centre- 
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of-mass frame. The Optical Theorem gives the following 
ebat „ 

relation 
L 
 ef

ny 
 C(s) and R(s) 

C(s) = at 0 t  (s)/2nR2(s) 	 3.3 

From plausibility arguments and for consistency C(s) 

has to lie between 0.8 and 1.0; once we have fixed the value 

of C - we shall take it to be 1.0 throughout - we can 

determine the value of R(s) from experimental results on 

elastic scattering. This is true for the initial state elastic 
h'e're, 

scattering but not for the final one, where leg particles 

like f°044  on which no elastic dater exist, we cannot estimate 

the value of R4 Modest variatiohs of the strength and range 

of the final state interaction do not lead to significant 

changes in the differential cross-section as we shall see; 

Jackson et al have also shown that they hardly produce changes 

in the spin density matrix: ThtA factor Sao  is positive, 

real and small for low partial waves and increases monotonic-

ally towards unity for high partial waves. How far is it 
3,ma 

realistic? There are three week objections to---#141-8-54-fid 
clissuNApboy‘ 
1.=Jas.0.4 (i) 

elastic amplitudes are essential (ii) our assumption that the 

elastic scattering is pure imaginary73,75 (see footnote 74) 

(iii) the range of peripheral Born exchange is not always 

smaller than the range of forces in the entrance and exit 

channel75. 

What about the validity domain of the absorbed Born model 

itself now? The one-pion exchange theory with absorption is in 

remarkably good agreement with experimental data for reactions 

our assumption that only the helicity-nonflip 
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like nP 	pP, nP 	pe, KP 	KEN, PP -> feNx  etc. 

which are all mediated through a n. Furthermore there are 

no counter examples of two-body hadronic processes in which 
\.,44.;Cr‘ 8;50L5.1-.2cs 

one-pion exchange is allowed and 	 with 

observed data7,9,71. Why this is so may perhaps be illustrated 

by a simple example77. If we consider the process a+b 	c+d, 

where all the particles have equal masses and are spinless the 

partial wave expansion may be written 

    

0 (s,t) 

where 

(21+
2
1) T 1 (s) pl(cos 0) (212+1% ) Ti(s)PI(Cos o) 

1=0 	3.4 

L 	P/2mn>>1 	 3.5 

The first term on the R.H.S. expresses the contribution 

of the pion and the second term that of particles heavier than 

the pion i.e. exchanges with particles of masses > 2M7 . The 

pion partial wave contribution is given by 

+1 
1 	m2 	P (Cos o) d (Cos 0) 
TBorn 	(4—) glg2 m2 t  

Which using eq.3.5 

W- g1-  
g
2  Ko (14) 

Where Ko denotes the modified Bessel function. 

Then 

3.6 

3.7 

0 (s,t) (21+1,M2  
	, 2 ) 	glg2 Ko(1) P1(Cos 0) 

(22+1) TiPi  (Cos 0) 
3.8 
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From the Unitary rehtion for the partial wave amplitudes: 

2 	T1 = 	11* f
"n 

ry  
-Ffl if 	 in/ 	fi  

we see that T < 1 so that we may write 

21+1 TiPi  (Cos 0) 

1=L 
2141 L2 

\ 

IN 2  
2 	- 

1=o 

3.9 

3.10 

If we consider forward scattering we may transform the summation 

of the other contribution to Ps,t) to an integral: 
oo 	OD 

\ 	(21+1 )1c (_24) 	11 1K k-,r) dl C---V L2 	X dX K (2) 
	 p 	o 2L' 	o 	 o 2 

- 	 1 

,7  L2  = e  

3.11 

Finally we have 

M2  n• 
0 (S,t) 	

7 
 L2 	 '1°2  

it P2  
L2  3.12 

The second term on the R.E.S. must be small compared to the 
,s1 

first one for us to 'absorb' it; this means that 

M2  

2 glg  2 7 3.13 

which is well satisfied in the few Gev region - hence the 

success of the Absorption model for exchange reactions dominated 

by one pion. 

What are the disadvantages of this model itself? Basically 

it comes from the fact that it is a hybrid model combining 

potential theory and field theory. E. introducing absortion 
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we are giving the hadrcr a structure which we do not take into 

account afterwards in our use of the Born term78. If we 

assume that the hadrons are made up of Quarks we could presum-

ably assume that some of these entities play the role of 

spectators and so provide absorption and that the Born term 

accounts for the strong interaction. Although this would still 

be a hybrid model it has a physical appeal and is completely 

analogous to the description of Hadron-Nuclei reactions; but 
) ne gc V e cent 05u 

so long as one uses left-hand singularities only the introduc- 

tion of absorption is 

Also them are two 
1.€ 

absorption. The first 

reaction P+P 	NN4-4-n 

artificial. 

Main reasons against the presence of 

one is that a form-factor for the 
Gtv 

determined at 0970, where Only one 

inelastic channel is practically open (atk = 4Orkb, ae‘  = 201a_13 

aNxn = 19), accounts very well for the reaction at higher 

energies although other inelastic channels take now a consider-

able share of the total cross-section. The second one is based 

on a unitarity-analliticity argument and my be illustrated by 

_I the process nN 	1 pN and let 	pi  be its amplitudes. 

Denote by /li  and /2i  respectively the elastic partial wave 

amplitudes for 7N pN scattering and let (°1n)/ and ( '‘)2n)i 

be the amplitudes for other final states n which can be 

reached from these initial states. Then Unitarity gives us the 

following relationships: 

0 
RI- 1 

1 0  
'7 

 

N )2  3.14 

 

of  2 

  

0 It 21. o2n 
3.15 

    



- 71 - 

/ 	Ott  01  + 0*  m 	 021 + 2> (011' 	) 

	

1 	in 2n 1 
3.16 

Assuming that 

   

a 	:= .1
1 
 (exp 2i6 	- ) 	j 	1,2 

2 3.17 

Then the equations 3.14 - 3.16 are satisfied provided 

(Si2  < 1. Both the Form-factor and the absorption formalism 
‘YN 

make sure that this is so. The sum QC eqs. 3.14 -. 3.16 being 

the sum of a large number of complex quantities, each small in 

number, may be equated to zero - this is called the random 

phase approximation(*)and will be used later'. Then we have 

that 

01  
Re 7.= 

tg 
(a
11
+a
2 ). 
	 3.18 

This means that the only restriction on /2  is on its phase; 

at high energies the a's are near zero.,  For the Born term 
it 

Im1d Q 
	-) 
= 0 and)  as a first approximation may then be accepted. 

The main conclusion is that this unitarity relation does not 

9 
give rise toqeductiong of the modulus of the Born term and 

eloisctr 
so contradict the idea that there must be absorption Lk--511 

celitge-titl-efr of other channels. Unitarity gives rise to absorp- 
clkie to 

tion for the elastic channels taaotim the presence of the squared 

moduli and forces the phase shifts to become complex but this 

is not so for the inelastic case. However this argument holds 

true for the 1-5 Gev region and at higher energies one must 

take account of other channels with cannot be simply lumped 

off to zero in the Random Phase Approximation (RPA). 

From the experimental point of view the energy dependence 
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of the moc:c1 and its predictions for high spin exchanges are 

its main failures. Form factors both in s and t have 

been introduced but these suffer from indeterminancy of param-

eters. Dar et al71 have suggested modifying the model by UrNe 

inclusion of an energy dependent factor in the Born term partial 

wave amplitude: 

<XcXdiTj(s'q Xa D 
	= aJ  (4)<XcXdIBJ(s)i2%.

aXb> 	

3.19 

Where 

a,J(s.)' 
a
tOt (s) 	1  - h1,11 

2  

  

 

a'ell (s)   acXd1 (s't)I XaXb>  
2 

3.20 

Here .1,1  is the phase shift for elastic shattering and-4 

represents the maximum set of final inelastic channels for 

which one can define consistently helicity Born amplitudes. 

It has been very successful but as it rests on shaky foundations 

we shall not adopt it. 

It should also be remembered that for high energy the 

optical radius is of the order of 1 fermi (fm) over a widel' 

mil  = energy range while m-1 2fm and mp1 2  - -fm. Thus the 

conditions of eqs. 1.22 - 1.22d are not satisfied. 

The other alternative which attempts to take into account 

the effect of UnitaAr and the many inelastic channeB is the 

K matrix approach. 

3.2 The K Matrix Approach79  

In this approach one starts from the relationship 

1 + ipK'  
1 - ipK' 
	 3.21a 



w r3 

and 

T = K' - ipK' 	 3.2lb 

where p's are density-of-state factors. 

This guarantees that S is unitary if K is symmetric 

and real; this condition is automatically sai:j. 	if we 

take K' = Born term. 

If we define K' 	(01/2K(01/2 we get a simpler formal 

relation 

T = K - iKT 	 3.22a 

or 

T 	( 1 
Pa 	Pa 	pig '1+IK yylKy'a 3.22b 

The first term represents the Born term and the second 

one unitarity corrections. The entire philosophy of this K 

matrix approach is to estimate this correction. Watson80 for 

instance approximates it by two contributions. Using the RPA 

principle one may say that of all terms of the form 

1 

(rialr) yy  = Toy, and 

the largest Will be given by when Y e  =0 and y = a respect-

ively. By setting y' . 0 and y = a we obtain the following 

two correction terms: iT oKoa  and iKt3aTaa. Inserting these 

in eq. 3.22 we have 

  

K
ya

= T
ya YY 

Y 
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T 	= K. 	(T K- + K 
Pa 	Pa 	pp Pa pp 

= B 	(T B + B TOP) 
Pa 	PP Pa Pa  

= 	((1 - 2iTpp) Bpa  + Boa  (1 2i T )) aa 

• 2 
 (Spo  Bpa  Bpa  saa) 3.23 

If Saa = SPP i.e. if the elastic corrections are equal 
^iecoVe 

in the initial and final states we then re4tzialeTia,te eq. 1.22. 

This derivation it shodld be observed, makes no mention of 

absorption and is deriVed solely on the assumption that the 

total number of states with three or more uncorrelated particles 

is very large and that their matrix elements are all small22'2-'  

This argument has been carried further by Dietz and Pilkuhn31  

who start their approach from eq.322,@1 the following the first 

and second subscripts refer to the number of particles in the 

initial state and second state respectively.) If we expand 

this equation in a formal way we obtain relationships of the 

form 

T22  = 2 K22  + ip2  K T 22 2 
K23,T23  + 

  

 

3.24 
T32 • 2 K32  ip3 K32 T22 + ip l3  x32 T32  + 	 

. (1 - iK)-1 K32 
(2 + ip T

22
) 

3.25 

If we substitute the last relationship in eq. 3.24 we get 

2 K22  + 3B22  

3.26 



-75- 

where 

'22 	i K 3 (1 - i K
33

)-1 K
32 	3.27 

.1Lcomy‘ VAAJa5" 
,\T

22 will satisfy unitarft: 	B
22 
 is positive. We 

assume that all the K's except those for two particles reaction 

are satiscally f independent and are given by a distribution 

function P 

(Kid) = 	exp 
15Tc- 	2 -2 	 3.28 

one then obtains that 

K. = C1 	(N 	1)-12  = C 	3.29a 

  

ij K jk 	0 3.29b 

  

,\NkIVI;n 
From this one can show thatNB22 	ib. 3114on 

T 	(K4=1 K2  + i6(1+b))  
22 	

(14;12+K2 3.30 

b can be determined from elastic scattering. 

The damping of this amplitude is due to two particles 

effects and three particle channels. 

In this derivation assuming the number of channels N =
/t 

 200 
t.1,0„ G. t ors c\eci\K- 
e.Re makes errors of the order of 10?//0 	cIrocilisoiti ors ot 

Following on these lines and using the methods of Van 

Hove82, Fincham et al
83 have suggested an approach which does 

not contain any parameter and in which one only uses the 
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elastic scattering of the initial state only. Usually in 

pract'_al applications of eq. 1.22 some room for nanoeuvre is 

always available as the final state elastic scattering is 

usually unknown. In this method the channel space is divided 

into the experimentally important two-body and quasi-two-body 

Channels and the background set of all other channels - we 

denote the former,Latin letters and the latter by Greek ones. 

Also Operators which have elements only between significant 

channels will be denoted by a bar. The Unitarity equation now 

reads: 

    

rt 	 be 
S 
 ca  +  y 

S
ya 

= 6
ba 

 

1' 3.31 

Denoting by F the second sum or overlap term on the 

L.H.S. this may be rewritten formally as 

F 

Now we write 

S = GIL 

3.32 

3.33 

with 

GG
+ 	

3.34a 

and 

1 + i 3.34b 

  

1 	i 7  

Where R is Hermitian. 

According to the R.P.A., 	Tby Tya for a / b -  can be 

neglected compared to E T T . a),  ya 

This means that G is a diagonal matrix and can be shown 
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to be a complex multiple of the unit matrix. So we can write 

S = a  1+ iK 
 iK 3-.35 

Eliminating the real and imaginary parts of G between the 

diagonal and off diagonals elements of eq. 3.33 we obtain 

Tba 
i ((l-FiR)/(3.-iR)oax  

((i+iR)/(3.-g))aa  
aa , S=1-- 'I' 3.36 

One obvious advantage here is that the unknown final-

state elastic scattering is not included explicitly in the 

equation. We can take Kba to be the Born term; however 

there is an arbitrariness in the choice of the diagonal elements 

of R. We choose the simplest case: R = 0 which corresponds 
to an entirely imaginary amplitude in a two-channel model. For 

a two-channel model with K11 K22 0 eq, 3.36 becomes 

Tj 	BJ. Sj  
11 

1 '72 
d. 	

S1  
a 	3.37 

If we let S.. = Sff in eq. 1.22 we then see that the factor 

in the denominator will give extra absorption. This will 

result in differential cross-section which is reduced in mag- 
OncANNce 	elN101 

nitude and has a greater h 

adequate for an A2  (Spin 2) exchange in the process 

TE-P--fi r  t) n. 
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3.) Orbital. Global and Regge trajectory Resonance Classifications  

There are, in principle, three approaches on the question 

of classification of higher resonances into multiplets of 

symmetry groups! the 'Orbital', 'Global' and 'Regge' 

Here we discuss the first two only, leaving discussion of the 

third one for the last chapter. 

In the Orbital framework one believes all particles, both 

meson and baryons, are made up of Quar-AntiQuark and three 

Quarks systems respectively. The spin of all quarks S q  

and antiquarks S- couple to a total quark spin S. These 

may or may not have an orbital excitation L; in case they 

have this angular momentum is then coupled to S to give the 

total angular momentum J which is the spin of the physical 

particle: L + S = J. The resonances so generated will have 
1mAlAbo5 

the same internal quantums the basic particles but may have 

different spins and.parities. In the language of SU(3) this 

would mean that one needs nothing more than octets, nonets, 

decuplets. Radial excitation, SU(3) breaking, L S splitt- 

ing have been introduced in this model but we shall ignore 

these and keep to the simple basic ones 

The resulting multiplets would then have parity 
,S 

P = (Parity of Q system) (-1) , charge conjugation number 

C = (- 	 S. . The evidence for this scheme is overwhelming84 

All the presently known mesons are naturally classified 

according to it. Further all natural parity mesons, according 

to this model must have normal change conjugation C = P: 

experimentally we do not have a single established meson which 

violates this rule. This model howe,:ar conflicts with the 
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Regge one which classifies particles on parent and daughteri 

trajectories. All the odd daughters of all natural parity 

trajectories as well as many other daughter states are not 

allowed by the quark model: To get out of this difficullIGell-

Mann and Zweig haVe suggeated we Should classify mesons accord- 

ing to U(6) 	11(6)-  0 0(3,1) as the existence of duaghters 

originates frOM the 0(3,1) group. This however introduces an 

additional quantum giving more families of particles which so 

far have not been found. Overall this scheme has been extremely 

successful from the experimental point of view alsothe wave 

functions have a simple form in this scheme as we shall see 

further'on. 

In the Global scheme the resonances are built up by 

addition of more quark. and antiquark all, piled up in :an overall 

S state. The more Q and a we add the higher are the spins 

and internal. symmetry quantum numbers so the resonances may 

belong (.8), (10), (27) etc. of SU(3) or equivalently to 

the (35), (56), (405), (700) etc. of SU(6). The fact that 

most of these high number_multiplets are empty and that no 

esoteric particles (i.e. those with high Isotopic-hypercharge 

numbers): exist counts heavily against this model,- Also the 

wave functions in this approach are just too long and complicated.- 

It should be mentioned, however, that the diScovery of a single 

tsoteric particle with, say I = 1, Y = 2, which is allowed 

in peripheral collision of Kaons or Pions on nucleons would 

be a fatal blow to the Supermultiplet scheme but quite a 

success for the Global one. 

It is convenient to subdivide the exotic states into two 

kinds; the first have values of isospin, hypercharge and baryon 
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numbers not found in the quark-anticuark (QQ) and three 

quark systems (QQQ). The second kind are non-strange mesons 

which do not appear in the Q 	system; namely JPC  = 0-- 

and natural parity P = (-1)14  states, with odd CP, abnormal 

conjugation. 

One reason for missing exotic states of tae second kind 

is the suppression of their coupling to two pseudoscalor 

mesons. Conservation of angular momentum, parity and charge 

conjugation forbid nn,KR, and -nic couplings for all exotic 

states of the. second kind, and 	n couplings for all even J 

exotic states. SU(3) forbids the Tln coupling for exotic 
5 

states of the second kind which are in SU(3) octets8-. This 
Elg,gt 

means then exotic states of the second kind would not be 

produced by pseudoscalar exchange or decay into two psudoscalar 

mesons. There are SU(6)w selection rules86 which forbid the 

decay of exotic states into common two body channels and this 

may perhaps explain why they may have been missed experiment-

ally. Other theoretical arguments suggest the existence of 

exotic boson states coupled to baryons only and not to mesons, 

and observable as baryon-anti baryon resonances. Experiment-

ally87 there seems to be some evidence for positive strangeness 

baryon resonances and exotic t-channel exchanges at low energies 

but such evidences ane not strong. Furthermore, one must 

remember that analysis of peripheral reactions indicate that 

objects appearing ire as s-channel resonances are also exchanged 

in t or u channels; and what is particularly striking is 

the absence of a forward or backward peak in those cases when 

the exchanged particle would have to have quantum numbers 

which do not correspond to known resonances - a fact which has 



- 81 - 

been fruitfully exploite,1 by the ex.;c,nent of the Regge Theory.. 

The absence of these exotic states has also been quite 

successfully exploited in the applications of super convergence 

and finite energy sum rules. Sum rules88 of the form 

N 

-VII I, A(1),t) d 
-N 

ql(N,t) 	
P(t)Na(t)-411+1 

a(t)+n+1 

3.38 

where fn(N,t) represents an integral over a contour at high 

energy isl = N of the asymptotic limit of Regge amplitude, 

are assumed to be dominated by resonances89; one also assumes 

the non-resonant backgrouhd to the left is balanced by the 

Pomeranchuk contribution to the right-hand side and that these 

two contributions can be subtracted from the sum rule.. This 

leaves only resonances on the left hand side and only Regge 

trajectories other than the Pomeranchuk on the right. The 

absence of exotic states is introduced into this sum rule by 

setting the left and right hand sides of this equation equal 

to zero for channels having a 	s and t channel exotic 

resonances respectively. 

This remark may be illustrated by looking at the particular 

case of nn scattering where I = 2 is exotic90. A sum rule 

with I = 2 in the s-channel has zero on the left hand side 

and contributions on the right hand side from I = 0 and 

I = 1 exchanges but not I = 2 exchange. The contributions 

of isoscalar and isovector exchanges must therefore cancel one 

another unless each of them vanishes identically. Since this 

cancellation must hold as a function of the energy N which 

can be varied in the sum rule, the isoscalar and isovector must 
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cancel one anuther unless each of th;.:1 vanishes identically. 

For it, Kit and KK scattering this would then imply the 

existence of norpts with the standard mixing angles90'91  

The requirements of the absence of exotic states also leads 
OhS 

toA between masses and coupling constants on Regge trajectories 

and in certain cases implies the degeneracy of trajectories, 

,o 	92 

this approach is not without its 

of which is encountered in baryon 

which requires contributions from 

in those reactions which are mediated 

mainly by pseudoscalar exchanges applications of the F.E.S.R. 

of eq. 3.38 requires the degener'acy of isoscalar and isovector 

trajectories but there is no isoscalar degenerate with the 

pion
94

. It has also been argued that some of observed low 

I --Y, J
P 
 = f  may possesstthe group structure of the (27) 

of SU(3) or correspondingly of the (700) of. SU(6); the 

group structure was tested by analysis of their decay widths95. 

Overall then we can say that 'although the evidence is strongly 

in favour of the Supermultiplet scheme it is not conclusively 

so; at the currently available accelator energies the issue 

annot be decided96,9  

3.4 Production of. JP+  and 1
+ 
 Mesons  

The transition amplitudes for such processes may be written 

in either the Kinetic Supermultiplet formalism51  or else in 

the Global Symmetry one62. The Dimensions of the representa-

tions which will accommodate these spin 2+  and 1+  mesons 

instance that of the 

Thies application of 

difficulties, an example 

anti baryon scattering93 

exotic resonances. Also 

for 	 and the Ao  
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are 4212 and 5940 in U(6,6) theor: 	the corresponing SUC6) 

representations are 189 and 405 respectively. The wave functions 

which describe these mesons can then be extracted from:' 

(a) For the 4212 
L..)(A B)(p)  

(C D) 

(b) For the 5940 

t II {A Bt 
(C OP)  

which is completely antisymmetric 

in lower and upper indices respectively. 

Completely symmetric in lower and 

upper indices respectively. 

Here 	= aa,Pb,..., where a,13, • • • I are the 

U(2,2) indices and range from 0 to 3 while 	are 

the Unitary Symmetry indices and take values 1,2,3. 

Of these two representations we can choose either ()Jae, 

as there are no convincing arguements for eliminating the 

other. Using their SU(2,2) N SU(3) decompositions, which are 
• 

given below we can extract those parts which describe a 2 

and 14-  particle: 

SU(2,2) N SU(3) decomposition98  of the 4212 \S 

4212 = (84,8) 0 (84,1) Q (45,10) Q (75,10) 	;.i-5,8) 	(T5,8) 

8..(20,27) @ (20,8) Q (20,1) 0 (15i27) Q (15,10) 0 (15;10) 

14 3 x (15,8) Q (15,1) 0 (1,27) 0 (1. 8) 0 (1,1) 

339 

Here the first numbers of the brackets .refer to the 

SU(2,2) 'multiplets whereas the second ones refer to those 
of SU(3). 

(ii) For the 5940 decomposition into SU,(2,2) N SU(3) 

multiplets we have 
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5940 = (84,27) ® (84,27) ® (84,11 0 (45,10) 0 

05,10) 0 (45,8) 0 (7.5,8) 0 (20,8) 0 (20,1) 

® (15,27) 0 (15,10) 0 (15475) 0 3 x (15,8) 

	

0 (15,1) 0 (1,27) 9 (1,27) 	(1,8) 0 (1,1) 

3.40 

Their decompositons look much more familiar in terms of 

their SU(3) 	SU(2) decompositions which are respectively: 

189 = (8,5) 0 (1,5) 0 (10,3) 0 (10,3) 	2 x (8,3) 

9 (27,1) @ (8,1) 	(1,1) 

3.41 

and 

405 = (27,5) 0 (8,5) 0 (1,5) 0 (27,3) 0 (10,3) 

0 (10,3)  9 2 x (8,3) Q (27,1) 	(8,1) 0 (1,1) 
3.42 

And it should be recalled that these representations make their 

appearance in 'the follwing way in the SU6) SUM decomp-

osition of SU(6,6) 

4212 = (15,15) 0 (1,15) 0 (6,) 0 (1;',6) :9 (35,35) 

.(1,1)*9 (84,6) 4) (6,8V) 0 (7,6) 0 (6,84) 

5940 

0 	(35,1) 0. (1,35) (189,1) (1,189) 

3.43 

= (21,21) 0 (21,21) 4)-(6,6)-0 (6,6) 0 (35,35) 

®• (1,1) 	® (120,) 0 (6,120) 0 (120,6) 0 ( 

(6,120) 0 (35,1) 0 (1,35) 0 (405,1) 

0 (1,405) 3.44 
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Such a decomposition comes from the fact that under 

su(6)‹b SU(6) the basic spinors 4JA and qA  reduce in 

the following way 

A 
	(6,1 	0 (1,6) 	

3.45a 

6,1 o 
3.45b 

where the appended iiignS indicate the value taken by yo  in 

the respective Subspaces. This decomposition becomes more 

familiar if we remember that in the Pauli representation,of 

the Dirac matrices which are 

          

          

          

  

1 0 

 

C 4 	0 
1 = 	 4sopotto 

; 
0 	: 
• Qi 

  

0 1 

     

Yi , 15 = 

 

• • 	• c4i • • • • • 

6 
0 

0 

 

0 -1 

 

      

         

          

          

          

one can separate the Dirac spinor Y into -
o
x 

Bearing these decompositions in mind we can then extract 

those parts of the wavefunctions which describe Spin 2, 1 and 

0 particles; after application of the Bargmann-Wigner equation 

the wave functions belonging to the 4212 are given as follows: 

*JR (ya+m)1, ci 	[2_ c-1_ ( .p_mmafya b} (P) 5 	y5 2M 	Y5 T
_ 	

(C d) 

1 	, 	- 	 ,„A (a b) 
+ T2-  2M 

(". P+M) 5Ciyo[-gg C-lyp,(y.P-M)]' tte d)(P) 

[7174 (Y 4P+m) Y 

(y.P+M)yilc] 

ail a b  - 
y5L2M.t;-1  Yi /P-M)] Igo d)(P)  

- 1 
(a b) 

C-.1 Y
I,.(1.4P-M)lai3  0 	.03)  

111)(c cfl 

3.47 

3.46 

\i1)(A B) (P) = 
(C D) 
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where (p2.412)/Ilv(p) = 0 = (p2.4v12)vi_t (p) = (p2.442) (p) = 0 

and 
	

Pospx( ) = Ppyil(P) = 0 

'..r) describes 0+  particles, V describes 1 ones whereas 

describes the 2+ 
 
1
+ and 0 jointly. It may be decomposed 

further into 

i‘v(P) ='Sfliv)(P) 	Aµv(P)  

where the S, A and $ desdribe 2+, 1+ and 0 particles respedt 

ively: 

The corresponding Unitary Spin decomposition is 

symbolically given by 

nfab) 	n(071(ab) 	1 rsa ntp‘b 
"(Cc]) = "‘"ii(ed) + 255 l'c "'''d permutations] 

+ 
216 c d 

a b 
q 6 	+ 	oa u i)

loN
/ 3.48 

‘f[a
od]
b]  

`C  + 
2/3 	d  

[5 Ub(8) 

&66 v (s)--) 

 

• 

3.49 

oc[a
cd
b
)
l  

'[  
cabte77, 

Codu d(8)
u 	_I_ (5a 	5,(15 )0(1) 
t r- 

/3 c  
3.50 

The U(6.,6:) .invariant coupling of 4212 w:Lth two 143 
mesons is unique and is given by 

) 0B (q) 3.51 

0 9 	Lol• 	VN Ns A 4;A.  (t) 
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Since however strict U(6,6) forbids the decays 2+  -4 0-0 

and 2+ -4 1-0-  we have to introduce symmetry breaking through 

the use of the momentum spurion of the type 

S1 *vs cr, 	 6e.ltA 3.52 

in order to accommodate such vertices in the theory. Once 

we do this we have two Lagi,angians involving two couplings 

G Ca[AB]fp 	ofE.0  )opt  ) 	mEt )0(10  
1 lcle[CD L3 PBliPE\q' PB\q/PE1)  3.53a 

L C D[AB] Gqqp .2 A B [CD] 4(Y)4(q) 3.53b 

Unfortunately we do not know how to relate these couplings 

and this would introduce paraMeters into our theory - precisely 
,wal.ked 6 maid k)  the sort of situation we 40aVe introduclq9dynomial groups to 

e3iii4nate. Furthermore the introduction of spurions is dubious. 

It should however be mentioned that Delbourgo99 has used such 

an approach to study the decay of the f0, in which case only 

one of the Lagangians is needed. Although such a procedure 

may be used fOr certain decays it cannot however be used 

,consistently for production reactions when both Lagrangians 

have to be used, For these reasons then we prefer the Kinetic 

Supermultiplet formalism which as we shall see is much simpler 

An its philosophy in addition to being on firmer ground from 

the experimental point of view84. 
In this P wave Quark-an ,Quark model these entities 

are so tightly bOund that they forM to all intents and 

purpose8 a single object, as is implied by its group structure 



	

(11P)PPte 	(P) = M 	(P) 

	

P 	PP: 

(yp)cct„ fog:, (P) = M og,„(p) 

da _ 
11 1311 

0 and 

3.54a 

3.54b 

3.55 
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U(6,6) 63) 0(3). This means that these mesons are described 

by a 143 component object belonging to U(6,6) and moreover 

they possess an independent four-vector character which 

represents their P wave behaviour. More explicitly they are 
(154cP(6.4  

represented by 0310.(P),, The Unitary symmetry part of this is 

completely similar to that of the 4 which has been described 
by Salem62  et al and used by others°. Suppressing thesek1-11;61YvSt;), 

indices then these mesons are described by Ocolp,(E)  which obey 

the following conditions: 

The field 44  (') can then be exp6hded in terms of the 

Dirac. matrices as follows 

recA1( ) = 	(P) 	ix0L(P) 	avxT!41(P) 

+ iY05  K*115(P) + Y504.5(P))g(Ti)lao.  

3.56 
The constraints of eqs. 3.53 - 3.54 then give us the 

following relations among the components of the wave function: 
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S ▪ 	= 0 

Pv 0vµ5 

P 0 = 
v 115 

im °115 

im 0vµ5 

P T 	= -im 0 µ µav 	6V 

i(Pv  0 	- Pp,  0v  ) m T vµa 

3.57 
(all these relations follow immediately from the Bargman - 

Wigner ecb.) 

We also have the following condition, which is sometmes 

refered to as the divergenG,less condition: 

P 0v 	= Pµ  T ,(P) 	P 015(P) = P gvP5  (p) 	0 
3.58 

Using these relations the wave function simplifies to 

v Bµ (P) 	= 	(11121) Y 01  (P) + 	m 	Y511 015  (P) I [Ti a M   

3.59 

Here the first term describes a 2+  particle whereas the 

second term represents a 1+  particle. The parity is obtained 

from the relation 

P = (Parity of Quark K - Anti-Quark K) (-1)1' 

= (-1) (-1)1' 	1  

= 

3.60 

A 
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For the production of these mesons the U(6,6) 	0(3) 

Lagrangian is given by 

L(p3P1) 
A  B. 

0 	(P3) WA(P1)°C(q) 4(q)95CB (P1)] -g 
EU 

3.61 
and corresponds to the vertex shown in. Fig. 3.1 

P 2+ or 0 
3. 

q 

Fig. 3.1 Meson Resonance Production.IQN.AonsokSyInloc%\s 	etc 

This Lagrangian must conserve parity and charge conjugation; 

that it does so may be shoWn as folloWs. The basic U(6,6) 

quarkS from which it is made transform as 

6  * 	= 	+ e y + euy + ei iyµlc  
, ej: a )13(24/) * 

2 tiv p.v a• 	a rib 

which contains the parity transformation P: 	-) yoP. And 

to see that charge conjugation is preserved we only have to 

remember that the charge conjugation antisymmetrical matrix 

Cad, which is defined by 

C-1 
 17  c w tw 

	

	w 	for r 	Gpv 14. 	-11 
w 	- for R 1, y5, 	y5  

Cat3 C 	= 6f3 as 	a 	 3.62 
, acts as a lowering operator and kC-1  

one and that under charge conjugation 

as a raising operator 



'fra 

ric31 

 

Caat  Tat  

> + C 	/c-1)PW 61: 
- as 

3.63 

3.6.4 

 

 

The scalar expression given by eq. 3.64 is then trivially seen 

to be C invariant. 

This Lagrangian may be written formally as 

L = G (J505  + Joy 
	3.65 

where j45  and IS are the pseudoscalor and vector fields 

corresponding to the 0-  and 1 nonets. In this section these 

will be the only mediators of our Yukawa exchanges. The 

U(6,6) 04  0(3) prediction for those parts of the pseudoscalar 

and vector currbnts relevant to the interaction of the 2+  

meson nonet with the 0-  and 1-  mesons are (neglecting SU(3) 

indices) 

3.66 

J1_ 5L 	4G(- 1 1 	1  ) 	pa  x 
- 	- 	MW m -  

• MW.S -PaPV 141 11 

x f Pilp(IY 0 (P1) lr  

3.67 

For the production of the 1+  the relevant current is 

µ 

X P 
Jl  =GAµ S,  [0 (P3) 0(01 :11  ) 5,  

3.68 

skk5z,, v.,cv  

1 5L 4G  1 1 M  J
5 = -6-0; = n(  MW 	S.MW) (kX(P3) 05(1'1) )D /11 Pl 



. + - -g  (0 	Nrcmtice8 Fig. 3.2a 3.2a 1  (0-0.-  2 

92 

where 

4 A 	= 	•[ (M S - Mw. - S2)1 -  + (M.S - M,M,Til - M2)P4  i µ m1  s:mw 	
1  	1 

3.69 

The corresponding expressions for the bottom vertices 

which are symbolically represented in Fig.3.2a are given,by 

4(07,1`) 

(1/2) P2  

 

(1/2+)P2  P4  (3/2+) 

2 	2M% P2  = G, ( 	-*J 5 	2 	s  4m2  
N(P 	)yN(P 

a 
 ) 1 -J2 5 	D+.5F 

 

3.70 

   

J2  2m + (i + .P1) 

   

.+ 	) 

3.71 

In the case the bottom vertex involves the formation of 

a resonance the current is 
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J2 _ G  (1  2M0 
DX  

) 	(p  )N(p  ) 
5 	2 	s mo- X 4 	2 

3.72 
The masses appearing in these expressions are taken ad 

hoc to be the average of the octet, nonent or decuplet to which 

the particles belong; S = 417 Mev, average of the 0-, MO.1.1 Pfet/ 

My = 850, average of the 1-, MW = 549 Mev, average of both 

0-  and 1-, M . 1375 Mev, average of the 2+, M1 = 121111, the 

average of the 1+. These-  last two nonets not being tcofamiliar.  

as the others are shown in Fig. 

o K&(11120) t, K 0320) 

elm 

Fig. 30; The 2+ and 1+ Nonetse 84  

The relations expressed by eqs. 3.69 - 3.71 which are 

derived from the original U(6,6) Lagrangian of Salam62  

L(P2P4) 	AI BC (P4)021 (9) ( P2 ) 3.73 

may obviously be regarded as peing obtained from - U(406) 11431.  

with L = 0. P and r of eq. 3..70 are the conventional 

,norms for the 'electric' and 'magnetic' interactions and 

divided by 2m and 4m2  respectively they are the coefficients 



_ gk _ 

of the Sach form factors. As far as the algebraic work is 

concerned it is more convenient to rewrite J in terms of 

P ▪ and y ▪ as follows 

3.74 
and this will be the form we shall be working with. 

M F 1 c M 
M2 = [1-q2/4m2] Pm  

The transition amplitudes for the production of these 

mesons may then be Symbbiically written as 

3.75 

. 0(s, t) = 	 J35* 

3.76 
where the summation over i and j represent the number of 

allowed exchanges of 0-  and, 1 particles respectively. The 

masses in the propagators are taken to be that of the physical 

particle exchanged. More explicitly the amplitude for the 

production of a 2+  via the exchange of a vector for example 

will be 

igs,t)  
1 	1   )e 	Pa  PP  PP MWS MW.M MW.S pctfiV 3 1 1 

gpa 	qgqa/m:  ] pl(P24-Pida  IT(PON(P2) 
m2  t 

F
2 
 17(P
4a 

 N(P
2 
 ) ] 

3.77 

x 	0 	(P3  )0(P1  ) [ pp  



95-- 

where 

= 1 + -fg F1 	r7r7 -(13(1+4) 

F
2 

2(1 4. 2M) (1 	P2 P  ) 
3 	mv 	m2 

3.78a 

3.78h 

The contribution coming from the second term of the 

propagator will be zero as N(f-m) = (f2-m)n(P2) = O. Similarly 

one writes the other terms. The moments appearing in these 

expressions 

given 

are 

by 

E
l  

diagramatically shown 

E
2 

in Fig. 

E
3 

and are 

P1  KSin Q  P2  = -K Sift0 ;: P 0
0 / P4=  0 0 

K Cos 0 -K Cos° -Q 
479 

which are their forms in the Centre of Mass frame; 	Q 	and 	K 

are the 3-momenta of the 

(see footnote 100). 

P2  (X a P3(X3)  

particles after an before collision 

   

	> 

 

ti 

 

  

v 	Pl(X1)  

P4(X4)  
Fig. 3,3 Four Momenta and helicities in the C.M. frame. 

The only expressionswe need to know are the components 

of the wave functions 15(P
3
) and f/(P

3
) for the various 

values of the helicity amplitude. They may be directly computed 

as follows, starting from the fact tht - the Spin One wave 



function are simply given by101 

Y1,0 = 	Cos 0 0 = 	_/ 	e-+  Sin 0 
3.8o 

in the rest frame of the particle. If we represent the 4 

dimensional coordinate system by 

x 
1 
0 
0 
0 

3r 
0 
3. 
0 
0 

; 	z 
r  

0 

1 

0 

r 

   

0 
0 
0 
3. 

0.1 

  

    

   

- 3.81 

   

AM 	••lo 

then the wave functions of eq. 3.79 may be written, on a unit 

sphere, as 

Op  [Sz  = + 1; P.= (mso) = T (x±iy) 1. 	-1 — 	1 '-' 
+ 1 

0 
0 

Se [S = o; P = (m,o) 1= z = 11 	2 

Then by means of the following Lorentz boos t
102.  

L(Z) 1 0 
O 1 
O 0 

O 0 51
1-d

it
z3

0  
0
  

nI
t
p

-d
o
  
o

  

    

0 
	 3.82 

0 
1 
0 

3.83 

3.84 

we obtain the wave functions for a particle of Spin 1, 

helicity X +1,0 moment 	along the z axis and energy E: 

04 	P = (E,0,0,P) 1 	= L
11  ▪ Or XI  P = ms0,00 0 

3.85 

The two wave functions of eq. 3.82 do not change under 

this boost but that of eq. 3.83 now becomes 
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0P  [X P = (m,0,01P)] 
0 
0 
E/m 
P/M 
j 3.86 

 

Should one wish to obtain the wave functions at an angle 

0 to the z axis one only has to apply the rotation R(0,0,0.) 

tb this wave function:101 

	

Cos 0 	0 	Sin 0 	0 

11(010,0)== 	0 	I 	0 	0 

	

-Sin 0 	0 	Cos 0 	0 

0 	0 	0 	1 

The wave functions for a spin 2 particle can be easily 

obtained by suitable combinations of spin one wave functions:103 

Olxv [ s = +2, P = (my o) 	. 	00, (s=PI) 0 (s.+3.) 	3.88 

P .(ms o) ] 	s=0) 0(s.+i) 	x 
x.00  (s=o) 

3089 

s--= 	p1,0)). 	cep,(s=2.)01)(s.-)44011(s.-1)01/ (s.1) 

4) 204 (s=o) 01)  (s=o) j 
3.90 

All the wave functions of the R.H.S. are rest-frame ones. To 

:obtain the wave function for spin 2 with momentum P along the 

;/ z axis we must Lorentz boost each index individually e.g. 

r.s=2, P = (m$0,00P)] — L(P) r 0
a 
 rs=2, PL-4m$0)] 

11   

[ L(P) ,P  Op  [s=2, P.(m,0)] 

3.91 

3.87 



3.94 I°-2  2 
4. 24 > i  

.98_ 
It should be emphasized that on the R.H.S. of this equation 

we have an outer matrix multiplication and not an ordinary one, 

and is done as follows:104 

A EB 
al1 a12 

a  21 a22 
B = 

a11B a12B  

  

a12B a22B 

    

    

In a similar way one obtains the 

1 functions. Denoting the Dirac Spin -f 

. reit' 
N( p ) E 

spin ; and ; wave 

wave functions by 

N(p

E+m 

 ) w. = v. 
3.91a 

where 

N = 2m(51,m)1V2 
3.91b 

then the -3 wave function may be formally written as- 

2, + 2 > 	 3.92 

> 1  112,42 >t.J.- - 	+ 12,1- 1 >y+  ] 3.93 

  

Below we list the explicit forms of the wave functions 

for different helicity states: 

Spin 1 

+1: 02.  = +1/1/2, 02 	1/V2, 02 = 00 = 0 

X = 0: 01  = 0, 02' 0,  03  = -E/m, X60  = -P/m 

  



*+ 	* = * 	0, 2 3 0 
== _ 2 E 

1/-6- 	m  

lfr
13 

= *23 = *33 = *00 = * 01 

X 	± 3/2: *11 

 

/ *12 

 

   

1 E 
m 

P = 	+ 
%r5 m  

*1  

*20 

- -99 - 

Spin 2 

0 Cci.v = vµ 

X = +2: 011 = 1/2, 

	

11 	9512 = ±1/2, 9/22 = i ' 
0 	= 0 13 	23  033 9500 = 001 = 9502 = °03 = 0 

0' 	-E 	0 	1E 	0 	P 	_ iP 13 - 2m ' 	23 - 2m ' 	10 	2m ' 9/20 = 2m 
5611 = °22 = 9512 = 63 = 60 - 000 = ° 

X  = 0: °11 = 1/16, 9522 = -1/16, 033 = (7) 
E2 

030 = (2/1/6)PE/m2' 9500 = (2/16) PT; 

°12 = °13 = 9/23 = 010 - 9120 = ° 

Spin 3/2 

X = +1: 

Spin 5/2 

5/2• *11 = 2 *+' *12 = 2 *+' *22 
X = 

- *02 = *03 = 0 

' X22 	215. + 

i E 
m V±' *10 = - 1 y 

*4.  
,rs  m 

0 = *00 = ° 
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h 	+ 1/2: * 1 till+11 = J=1 	' 	 --1+*22 	ild 
Y 10 

= 2 	 k+ 	1  P 
*
20 

= - 10 - „Tu  m + 23 	ifT5  m2 
l 
— 	m 

 

* 	_ 2 PE *4.  , 
30 	/15 m2 oo - 	' *12 = 45 *4'  

We now have everything needed to evaluate our amplitudes 

except the coupling constant. For 2
+ 

production the basic 

couplings from which all the others are obtained by U(6,6) is 

2  GApn  
4n 	This obtained from105 

E 4 (1 + 1 M 	2 	- 112  Apn  
S.MW) 	4n 	3.95a 

and 

1 Q5 

	

= 	 3.95b 

Where Q is the three Momenta of the vector meson in the rest 

frame of the decay 2+ 	1-  0-, M is the mass of the A2  and 

r is the width for the decay. r was tkaen to be equal to 
a.2 
91Nn 

vertex is obtained from 

 

%-n) 	3.4.9 3.96 

 

For the case of the 1+  production the basic coupling was 

derived from the relationship 

G2  A1pn  1 .Q3 
4n ". 3 mn 

3.97 

Aip
2  

n 
fi 	)2 
4n M1S2MW 	n 	4  

 

 

3.98 

0.28 Gev. The basic U(6,6) coupling for the bottom 
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In writing down the couplings we have to take into account 

mixing between the eightth member cf the octet and the singlet. 

If W is the former and 0 the la'tter then the respective 

physical particles will be given by 

1 Wphy = Sin GI W> + — Cosi 0> 3 

0
phy 

1— Sin 010> -Cost W> 
V3 

The D type Lagrangian involving 'mixed' particles will 

be of the form 

Tr [M Xi  M + M M Xi  

where we sum over i from 0 to 8. 	Ao  = 1 this trace can 

be written as 

z Tr( M X. M + M M X. I 	+ Tr(M M + M M) 
1=1 

It is the last term which involves mixing, It should be noted 

that for F type Lagrangian this last term is 

for example will be given, for a mixing angle 

e 	= 	I F0) 	I Fx> 
phy 2 	2 1(5 

zero. The 

0  = 300, by  

where F°  and the Fx  are the 1220 Mev and 1500 Mev 2
+ 

mesons respectively,. The couplin will then be 

yl 
2 • 7-7  g +=x F.n 	y3 n e-n- 

From the Lagrangians we have written down we have the 

following general types of couplings 
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2+ 1-  0-  F type 

2+ 0-  0-  D type 

1+ 0-  0-  F type 

1+ 1-  0-  D type 

Assuming a mixing angle of 10°, 40°  and 30°  respectively 

for the 0-, 1-  and 2+  the various couplings of interest are 

given in terms of the basic ones as follows: 

2+ Production Vertex 1 

g6nn 2" ; 	g  ° 
gA2111  = 1.286 ; 	= 1.0 ; 

-x nK 

_ _1 g 
.... 	1 

KX 

	

	- .1-- 	n n  ; gKxOK = gA pn ; gKxwK - 7-2- gA2pn nK 	A2r- 

1 g x 	= — gA  ,n  ; g x_ . 0.964 
K pK 	-1/ -- 	2r 	K 11K 

For 1+  Production 

13_4; 	2 	1 
K-wK = /- gA1 	/- E° ; gKpK = 	

cf. 
111  pn 

	

3 	2  

Vertex 2 

giviN  = 0,214 	for F type 

= 0.984 gNnN  for D type 

_1- g  
gNON = 

	

ltff 141rdg 	both for F and D type 

gNpN 

	

= /
7  gNnN 	both for F and D type 

gNwN = 2 gNnN 	both for F and D type 

g_x 
N-nN = gNnN 
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The amplitudes are decomposed in the helicity formalism 

of Jacob and Wick'06  

<P3'.3,1'x4ITIPixiPP 
	0241(s,t) 	 3.99 

‘(.sot) =57--(2J+1)  Tj(s) 
	 3.100 

where 

X 	X2 -Al, 
	

4 	x3 

Then making use of the orthogonality of the d µ  (0) 

functions 

5+1 xg  
dj(Cos 0 

-1 

J1  
Xp. Cos 0) =:12/(2J+1)]6JJ:1  3.101 

we obtain the partial wave helicity amplitudes 

Tj(s) = ,c+1 gr(sP 	Xg t)d (Cos o) d(Cos 0) 
-1 

3.102 

3.1 

Once this partial wave amplitude has been modified 

according to the prescription of eq. 3.1 

T'(s) 	(S)1/2  T(S) ()1/2  

the unitarised amplitude may be written in the form 

Ox  (sot) = 	_.(2J+1) T'(s) dx  (Cos 0) 	3.103 

The 	dJµ  (Cos0) functions may be written in terms of X 

Legendre polynomials, In terms of the Jacobi dN polynomials 

they assume the form107 
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4 	- 1 	/ ION 11 
x- r 	

ip 
/PA W-X)1]1 	e) X oin2 clJ (Cos 0) = 	3/(J,J1.)! (Cos 

PJ-X-, 	(Cos CI) X-µ0+µ 

3.104 

Pjoo (Cos 0) = P (Cos 0) 
3.105 

The other relevant Jacobi Polynomials may be written as 

linear combinations of Legendre polynomials by making use of 

these two recurrence relations: 

% 
(2 + a + p + 2n) (x + 1) Pa

n  .041  .(x) 

= (n + 1) PIV (x) + (1 + p + n) Prclop(x) 

3.106 

1 (2 + a + p + 2n) (x - 1) t+1,0(x) 

= (n + 1) P:1(x) - (1 + a + n) P,rolisp(x) 

3.107 

The derivation is simplified if we use the property 

d (:1) = (-1)1/  d µ(0) = (-1)X  d, 	x(0) 
	3.108 

There 20 and 12 amplitudes respectively for 2+  and 1+  produc-

tions but by means of eq. 3.125 these numbers are halved.  
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3.5 .Production of 5/21-  Baryon  

This Baryon is usually regarded as the first excited 

state of the proton and in the Kinetic Supermultiplet scheme 

it is clssified in an SU(6) octet characterised by (56,1;L=2): 

The reason why we choose the above multiplet and not the 

(56,1;L=1) one is that the latter, if we write L.a(0=aB(0- .0  

aB  being the Regge trajectory, will not be the first recurrence 

of the basic particle if we take into consideration the signat-

ure ruleA L.2 198  Specifically the 5/2+  octet and the 7/2+ 

decimepft are the first recurrences of the 1/2+  octet and 3/2+  

decimeXt contained in the (56,1;L=0) whereas the remaining 

multiplets of the (56,1;L.1) lie on a Regge trajectory that 

becomes nonsense at L=0. 

The wave function describing this particle is given in 

the terminology off' Salam byUABC,µV(P)  on which we impose the 

folloWing constraints so that it describes a 5/2+  particle 

amongst others 

yC-)ABC;1/1)(  ) 	ABC,vp, (P) 
	

3.109 

V"ABC,0 ) 0 f" Is Ike,me.4 r-ic- 3.110 

µtP = ABC,µy (P) 	0  3.111 

The wavefunction is completely symmetric in A,B,C and obeys 

the generalised Bargmann-Wigner equation introduced by Salam et 

a162'66,109 

(Y.P - Ivey a p 	(13) = 0 a 	 y,I.JV 3.112 
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We then can decompose it as follows 

ABC,µ.9 (P) 
	i 	D = 1 (ypC)aP Dpy µ'(P) + Tin 	xC)(P

p XIII) 
 (P) - 

POpyilv(P) )Jabs 

[(y-P+M)y5C Lisro(P))a sbc  + cyclic permutation 

of abci,  + 
3.113 

where the D's and V's are generalised Rarita-Schwinger wave-

functions describing the 7/2+  decimet and the 5/24-  octe resp-
ectively; the dots stand for the remaining multiplets contained 

in the (56,1;L.2). 

On the other hand the simplest object describing a 5/2+ 

resonance correctly i.e. with the right parity, Baryon number 1)  

ABIDEcharge e etc is VABCDE (P) in the Global formalism: Its 
U(6,6) decompoSition is 

12212012111213/121/1204 

. 

4 x 308308 0 5 x 520520 0 6 x 731808 0 5 x 737100 ®4 x 741312 

0 272272  0 20 x 220 0 40 x 576,0 20 x 364  

3:114 
Picking the parts describing a 5/2 spin particle from 

a 
this will be long and tedious task and the Lagrangian involving 

A 

them will be almost impossible to manipulate. So in the name of 

simplicity we have to reject this scheme. 
411 

The U(6,6) Ei0(3) interaction Logragtpec for the vertex 

containing this particle is 

56,056,  ®4 x 370656 0 5 x 623700 0 6 x 876096 ®5 x 880880 

324324  0 10 x 5720 0 30 x 35100  ® 10 x 16016 0 46332 0 
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L (P1P3) = 
---A I BCDµ9 	A 

(P3)  PlAi(q) 	(P l) 1 	 ABC 	M2 3.115 
Corresponding to the vertex shown in Fig. 3.2b 

1/2+  (pl) 	5/2+  (3) 

0 (q) 

Fig. 3.2b Vertex with resonance formation 

This may be written formally as 

L - G1 
 (J1  05 	11.  + J1  g P  ) 5  3.116 

The only current we will need will be J5 as we consider 

a 0 exchange only 

A. (1±11)] 1 

(sez yap 91. elk. 3.72 ) 

The transition amplitude will be given as before by the 

first term of eq. 3.75:G2, the U(6,6) coupling for NNE  is given 

as before and we make the simple assumption that Gi  is equal to 

it. As we have no way at present of relating couplings of part-

icles belonging to the multiplets (56,1;L) for different values 

of L this assumption is not unreasonable. 	) 

It should be noted that again owing to parity conservation 

the number of independent helicitris halved to 24. See eq.3.125, 

3.6 Exchange of 2+  Meson 
4 

In this section we look at the exchange ofAspin 2 particle 

in the reaction n-  P 



functional differentiation of L and is 

J = 6L 
6011.31  

4G1 

M2  
(1._ 4. 	m8 mo 
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1 

r.----C1112-0 	
(P3) 

2 

Fig. 3.3 Exchange of a Spin-2- 
-verCe_x- 

The U(6,6) El 0(3) Lagrangian deberibing the topAis the 

One given by eq 3.60 with slight alterations of the arguments: 

L = G1  1016(q) 1...P(P3)0g(P1) 	02(P1)$3 (P } 	+P )11  3 	1 3
S  

3.118 
The current involved in the vertex 1 is obtained by 

given by 

[0 (P )05(P 	+P 5 3 	1 	1.. 1 3 
D 

3.119 

The Lagrangian involving vertex 2 is given by 

L  (p2p4) = G21VA tBC 
(P4) °Ata(q)TABC ( 

) (P2  +P4 
M 

) g  

3.120 

and the current obtained by functional differentiation 

T2 
WO-  = 

ri. E
(P2+P4 )x  Fl  [ g(P4 )N(P2 ) ] + F2P(P4 )yxN(P2 )13 

x (P2 -14.- P4  
 )a 

where F
1 
 and F2 are given by eqs. 3.77a and 3.77b. 
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The transition amplitude for this reaction is then given 

by 

0 (s,t)J 1 ,PilvaX 	2 JaX 04  2 
M -t 

whem P 'X  the spin 2 propagator is given by a 

1 pµvaX 	(dµa 
2 +d 	= 

	

µX d/la, 	 d /la 	µV aX) 
3.123 

and 

qp, qv / M2  111/ 
3.124 

As we haVe mentioned before it would be rash to expect 

the Absorptive peripheral model to be able to cope with a spin 

2 exchange when we know it already fails for spin 1 exchanges. 

So we shall not modify the partial wave Born term as prescribed 

by eq. 3.1 i.e, not by 

Tj  ( ) . (Sj)1/2 
	

TJ (s) 	J 1 2 	
3.1 

but rather by that of eq. 3.37 

sJ  T (s) 	B 	 

3.37 
where Sii  represents elastic scattering in the initial state. 

For this reaction there are four helicity amplitudes 

which can be written formally as <X3X/T/x1N2> where X1 X
3
= 0 

and X2= X4= -±1/2. However from the following relationship,which 

comes from Parity invariance, we can reduce /the number of indep-

endent amplitudes from 4 to 2: 

?). x /11/x x 	= 	3 4 	1 2  (_1 X-11<_x _x /T/-X  _x > 
S -ES -SS    

i'•3 4' 	2 	 3 4. 	2 )11-1 2 
3.125 

Jt 	J 	1 

1-1/403T ii 
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Here thes are the basic parities of particles and s their 
Spies 	

ir 

pftri. 444.. Written explicitly these two amplitudes, are, in the 

Born approximation of eq. 3.122, as follows 

11. 	<o +/T/0+> 	 3.126 

B+- 	<o VT/0-> 	3.127 

As modified by the .prescription of eq. 3.3783 they 
become 

[B+j+ 

B+-X 

X°. 	+ B ++ 	+- 

+ ++ 	++ 

+- 

)(J.  

J)  11 ++ 

[ (S 	) 

3.128 

3.129 

3.130 

It is these modified partial waves which are then used 

in eq. 3.103 to obtain our absorbed amplitudes, Our normalizat-

ion is such that the differential cross section for uMpolarised 

particles in the initial state is given by110 

3.131 

where the summation is over the independent helicity amplitude§. 

The density matrix elements will only be plotted for those which 

appear in the decay 21- 	> 0-  0 and 2+ 	> 1-  0-  . They 

are obtained from111 

• 
PX;N3  = 114 \ <X; 4/T/X > X X4/T/X1X2 

2,,e4 3.132 

3.133 
where N 

  

  

  

id  /2  
dt 	r/c + 	+ 1) ahnsg 1/4*V1 	 1  
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This density matrix is (2S-+1) but the elements have the 

following properties: 
frofQ444 

1) Tracel=ess: Tr  

ii) Parity: 	Pmm t  = ( -1)m -Int  

iii) Hermiticity: 	pate= perounimm 

P-m-m e  

3.7 Comparison With Experiment and Conclusions  

i) The results for the case PP(ir°)N(5/2)P is amazing. 

This relatively simple model successfully describes the 

formation of the 5/2+  resonance. We have no normalisation 

factor and no parameter either: the differential cross-

section is well accounted for both in shape and in absol-

ute value, for the region of validity of the peripheral 

model. 

ii) Again this approach' successfully describes the formation 

of the fo and the fo_ ++ double resonance. These-three 

allove 	productions ) it should be remembered are mediated by 0-  

particles. 

iii) The results for n+P(i,p)A-;-  P , K-P(nAlp000w)K*-P 

K-P(n-,P-)e°  , 10-  , n+P(p)A1 , n+P(w,p)BP, 

and 	K-P(p,w) KIP , where the exchanged particles are 

indicated in the brackets, are bad. The contribution 

coming from the 0-  particles are in agreement with exper- 

imental data but the contribution of the 1-  exchanges are 
-60Lule. 

two to three orders of magnitude,,and they also have the 

wrong t dependence but this behaviour seems to improve 

with increasing lab momentum. This is in contrast to the 

results of the earlier U(6,6) appUcations112  where the 
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vector. constributions were found, to be smaller than those 
of the pseudoscalar ones and solthereone had good agreem-

ent for a wide variety of processes. The spin density for 

some of the processes are given with the 0-  and 1 contrib-

utions shown separately. Forthcoming experimental results 

will no doubt indicate which are the dominant contribut-

ions. However this will not count in favour 4U(6,6)E0(3) 
rill a ti c— 

The present failure would sylm, overall, to be symptot*1

of the absorbed peripheral model's inability to prevent 

the well-known wrong vector particles t dependence. 

iii) 	The modification of the usual peripheral model as express- 

ed by eq. 3.37 does not work for the spin 2 exchange. This 

model does
ho t 
A
predict either the shape or the absolute value 

of the differential cuss-section.As there are only two 

partial waves here we have included them to show how they 

are modified by Absorption. 
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CHAPTER  IV 

4.1 Introduction 

As we have already pointed out the Regge Pole Model is the 

other main alternative to the Absorption Model for the descrip- 

tion of High Energy data. Although -  it has enjoyed considerable 

success in explaining the characteristic features of meson-baryon 

charge exchange processes, an unfortunate feature of the present 

status of the theory is that its quantitative fits to the exper-

imental data are plagued by an embarrasingly large number of 

phenomenological parameters. The compilation§ of R.J./LPhillips 
118 	 ,4painmetei-s 

et al 	illustrate the wide divergence Afromauthor to author. 
of 	ne 

The use of SU(3) symmetry, assumption/exchange degeracy reduces 

some of the parameters but a certain number survive: quantities 

like D/F ratios for varying degrees of spin-flip in the vertices, 

the relative magnitudes of the vertex couplings, the possibility 

of different exponential damping factors in each of these and a 

choice .of various kinds of dip mechanism at nonsense points. 

As before the mechanism which cuts down the number of parameters 

is the use of orbitally excited supermultiplet theories of the 

U(6)0 U(6) type. By the manner in which spin in such theories is 

combined with unitary spin and owing to the operation of a U(6)w  

generalised helicity conservation at a 3-point vertex these 

theories, as we have shown, predict satisfactorily the nature 

and relative magnitudes of couplings. 
WTTAwcr_it 

The formalism to write such couplings was first raa4e-

by Freund and Arnold119  who applied their work to near forward 

scattering. Howew,r the properly ReggeiYed version of this was 



From the 

. T1(E) 
-e 

mathematical point of view however we could say 
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given only by Salem and his co-workers;120  they gold much deeper 

into the question, discussing among others the criteria for 

assigning the positive parity mesons to one multiplet and not 

to another. 

4.2 Reggeised Symmetry Schemes 

Reggeisation is conventionally performed through a partial 

wave expansion of the S matrix. This expansion can be understood 

either as a consequence of the rotation invariance of the S matrix 

or alternatively as a mathematical expansion in terms of an 

appropriately chosen set of functions. 'In the ordinary Regge 

Analysis the role of the two approaches blend themselves and 

there is a one-to-one correspondence between the two. This can 

be illustrated easily as follows. Let as consider a two particles 

state in the CMI, ,(P1  Ps›; it has only 3 independent components, 

which we may denote by I'd, 0, /. Making use of the invariance 

of T we can write 

<P1  P2  1TIP3  P • 5(P-P'Y 

• Z- R 
lmlf mt  ° 

<PoROWoRig) 

"q Polm><PolmtTiPolf th> <l t m' Pq> 

1 Dom  (R) Dino1 	(1)6111 6mm t PoLITAPol 

that the amplitud being square integrable it can be expanded in 

terms
of 
 representation functions of the rotation group: 

F(0,,0,02 ) = .151 flm f Di t us ono mm 	'3 — 2 4.2a 
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Where 

fjm t =SFe
i01m ei02m dl mm f(Q) d Cos 0 a1 d;52 	

4.2b 
m  

For scalar scattering fmm t  = dmto  dm)  so this decomposition 

reduces to the former. However this analogy is far from being so 

simple - for higher symmetries so we shall adopt the mathematical 

approach, drawing o the invariance of the S matrix for our choice 

of complete sets of functions. 

The rotation symmetrAof the S matrix we shall be invoking 

are given below; they are based on the following: 

a) Particles at rest group themselves into (2J+1) components 

multiplets of SU(2)j  

b) Three point functions wiiiiall particles confined to the 

0-3 plane show helicity conservation: 

<XIT(E)IXIX2) = 5x;x1...  x (E) 
1 2 

4.3 

c) 	Four point functions witt all particles confined collinear-

ly (forward scatt -ring) show net helicity conservation 

<N
3
x1T(E))7 X2> = 	Tx3x4'x1x2(E) 	4.4 

We can extract the angular dependence of T(E,0) 

amplitude for scattering with the final particles rotated through 

an angle 0 out of the 0-3 plane 	by a purely mathematical 

procedure which consist in expanding this function in a complete 

set of orthonormal, square integrable functions as follows: 

T(E,0) . :n   Tn  (E)fh(0) 	 4.5 

Bearing b) and c) in mind it pays to choose the set dj-(0) 
PA‘ 

of the rotation functions, so that we have 

<X 3X4WE., IX1X2> =F(2J+1) TJ  (E) dx11(0) 	4.6 

the 
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the 
One may tie in all/three conditions by assuming that Tj(E) 

exhibits poles in the expansion parameter J according to 

J 
X4 	 

<X3X4ITty2> += 	5 	dxJ  f x (Q) Gx 
1 

x
2 
 x X 	X3 JXX1 	3-X  , X1 G 

4   
0- m2  

x 5
X,X1-X2 

4.7 

Replacing the summation by the Sommerfeld-Watson integral 

we can then obtain the usual Regge amplitude: 

COSw nlim <x3k4jT(E,Q)Ix1x2> 

XX' 6X3-X '
G  x 
3 
x  dxxl (- 	G

X1X2 4 	 Sinna(E) 

X, X1 -X2 

For the higher symmetries too the notion of helicity plays 

an important role and is variously known as W spin or generalised 

helicity. For the group U(6,6) of Chapter III this group is 

generated by (1,1(3, yoly2)Ti6P and these leave invariant the T 

matrix for collinear processes confined to the 0-3 plane. The 
t 

W group is defined as that part ofire
he  
stsymmetry which is left 

invariant by a particular Lorentz transformation J03, which 

includes only one component of spin, J12. Since the Lorentz slate 
transformation e-iaJ03 can be used to boost a rest4into motion 

along the 3 axis one can see that W symmetry leaves the 3-compon-

ent of momentum invariant. Two particley states, which form the 

basic entities of quantum scattering, with vanishing total momen-

tum and with relative momentum directed along the 3-axis can be 

classified into W representations. These states constitute a 

(See elt‘. 2.87 	otif 4 1- t  ) 



-.138- 

manifold which is invariant under the W group. 

In complete analogy with the familiar situation we have 

just outlined, on generalizing we would like to have the follow-

ing criteria: 

a') Physical particles group themselves in U(6) X U(6) 

multiplets 

b') Three point functions exhibit W-spin conservation 

‹w 	)1 w1w2) = 	< IsW 1 Wlw2 > Tw1w2 (E) 
	 4.9 

Where <W W1W25  denotes the U(6)w Clebsch-Gordon coefficients 

which coupled DW  1 0 D 2 to D . As in general we have more than 

one-independent coupling)we have to include the parameterS to 

distinguish among them. 

c') Collinear scattering processes also exhibit W conservation: 

<W31441 T 1 W1142>  

 

<w
3 

 w, NW> T,„ ,(E) <SWIW1
W
2
> 

LE 

 

4.10 

d') Non-collinear four point functions show conservation of 

coplanar symmetry U(3) 0 U(3) which has no analogue for 

the smaller rest symmetry SU(2)j  

If now we wish to expand our amplitude we choose a complete 

set of suitable dN 1(0) functions defined as follows 

<INT
3
w
4
IT(E0) W

1
W
2> <w3w4 tVW1 > dam, (0) 

x T.14,
3s
L1  (E) OW1W1W> 

	
4.11 

N stands ae-  a relevant Casimir invariant of U(6) 0 U(6); 

as we have 12 such choices the one we shall eventually adopt 

will be discussed later on. Since we are eliminating a single 

angle 0, the completness notion - ;requires that we f .sum over a 
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one-parameter family of U(6) AI U(6) representations DN. These 

functions are well defined if they are nondegenerate in their 

U(6) content. In other words if we have a complete set of 

basic vectors which can be unambigously labelled INW> then the 

functions 

d
N (0) . <NWVQj21 NW> 	4.12 WW 

are well defined. Different choices of. N'S and W'S will give 

completely different Reggeisation schemes. For example if we 

choose N to be the Quark Number, which is defined as half :the 

sum of Quarks and antiQuarks, we may characterize the represent-

ations DN  by U(6) 0 (6) tensors el'""A/dB , where B 
4̀"1""aN4AB 

denotes the Baryon number and N takes the values 2 B, 21941 
2 	2 

2 B+2,...,s one may then show that eny square integrable functio 
2 
defined over the interval 0<Q <it and satisfying the appropriate 

boundary conditions at 0 = oon may be expanded interms of. the_ 
N 

"WW' (0). These remarks may be futher clarified if we consider 

the 0(4) groups its generalized helicity group is 0(3) while 0(2) 
ti 

plays the role of the coplanar group. Imposing the conditions a' 

to d i  we encounter only flipless amplitudes Tsxst(0) which can 

then be expanded as follows 

  

(E) dRjy (0) 

 

TJNJ f(E 0) = 

 

11.13 

Where the d(Q) are the complete set of 'rotation' functions for 

0(4). For 0(4) the, expansion theorem reads: 

TN 	N 	N' (E10) 	;>- 1 	(E) 4\111v  N 	(0) v-2 	k-1 	 P -1 Y-2 P-3 

11.14 
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Assuming we have found the appropriate quantum number N 

which we wish to Reggeise and we have settled the ambiguities 

of W spin labelling we may then proceed as before: we assume 

T(E00) is meromorphic in the E plane 

<W3W4IT(EMIW1W2)  1\?%;; <W3W4r8tWi> G W W3W4 

x d N(0W 
 ) GN <UTIW

1
W
2
> 

WI 	W1111W2 
E2-m2  

(41  S are_ Cott p 	- Copt 34etiA71-s 
4,15 

and then pass to the Regge amplitude in completely analogy to 

eq. 4.8, 

lim 	<143W4IT(E,Q)1W1W2> 
Cos 0 ---bCro 

C\•.") <143  W4 	G)'W' 	
A fnl rta 

W W 	T/41 	 "  t.rt WW
1  W2  <V6I 1W

1  W2 
 > 

3 U
a

'W  )  
Sinna(E) 

4.16 
2% Where a(Mm) = N is the master trajectory function and representS 

for example, the complexification of Quark number. 

As before we have tWo choices of Sytmetry scheme, the 

super Multiplet or the Global one. With the latter it happens 

that an irreducible representation of the rest symmetry will 

contain some W representations more than once, and this will 

lead to labelling problems; it will be necessary to introduce 

extraneous operators into the system in order to obtain a complete 

set of quantum numbers with which to label the states. These oper- 

ators will ,,generally not commute with J03  ---- otherwise they 

would belong to the W algebra 	and so for example will not 

be conserved in forward scattering where W spin is conserved. 

This may be illustrated as follows for the groups SU(6,6) and 

SL(6,c). We tabulate the generators of the group itself together 



Ji  Ji  y, 	, 1.1,2,....8 

Ji Ji 
Jlb 

su(3) su(3) U(1): J12, - 	- 

i) 	SL(6,c) : 

su(6): 	Jab,  a,b.1,2,3 

Ji i J , J12 

- 3.41 - 

with those of the rest symmetry from which it arose and then 

those of the W group. 

ii) 	SU(6,6): 	Jp5,JR5,  J15- 	, Jµ' 

su(6) m su(6) m u(1): 	Jab' Jab, Ja5' 
i 
0  JO, 0  J J 

su(6): 	j , Ji 	J 	J 	Ji 	Ji 	Ji 12 12, 15' 25' 15' 25' 

The rest symmetry SU(6) requires 20 labels. Five of these 

are provided by the SU(6). In the W chain 11 are provided by 

SU(3)0SU(3) DA U(1) and its subgroups. It is necessary to sup-1  
these 	c• 

plement/with 4 contructs H1....1.14  in order to fill out the W chain. 

The SU(6,6)rest symmetry requires 41 labels. The Casimir operat-

ors give 5+5+1 = 11 of these. The W chain yields 20 leaving 

another 10 to be made up. Choosing suitable labels is not an 

easy task but once it has been done we can then proceed to 

calculate our generalised d functions. The groups we shall be 

dealing with in our analytic continuation will be: 

Relativistic 
Symmetry 	Rest Symmetry 

SO(V,1) 	SON) 

SL(2V,C) 	SU(21) 

su (v,v) 

W Symmetry  

SU(V -1) 

SU(v)OSUMMu(1) 

Crossed Channel 
Symffietry' 

SO(v-1,1) 

SU()), 

SI4,000(1,1) su(V)asu(),$)mu(1) 	su(P) 

The rotation function d W`.  n) associated with the groups W
t 

is a sum of derivatives of a basic functiondN which appears oc  1' 
in aupersealar'scattering with the exchangex a multiplet labelled 

with the quantum number N. ThisAanalogous to the statement that 



J the dvo(0) in three dimensions canbe expressed as sums of deriv-

atives of P (0). Let G denote the multiplet symmetry at rest, 

G the generalised helicity subgroup, G the embedding covariant 

group, and N the label of class representation; then the functions 

are as follows:121 

(a) For G= U(V) U00, Gw= U(P) , dC= U(V)14 

See footnote 127 

dN(Q) 	CL/211  (Cos 0) 

(b) For G= U(21,), Gw=  U(v) 2 U(V), 0--= SL(20-,C) 

dN  (0) CND C1)-1/2  (Cos 0) 

(c) For G= U(19, GN= U(V-1), a. U(V,1) 
N 	k, 	%N d (o) = Cos) 

(d) For G= ON), Ow = O(V-1), 5 = 00,4) 
dN (0) 	CN /2V  (Cos 0) 

CY  (Cos Q) stand for the GegenbaUer polynomials. 

These general remarks may be clarified by looking at the 

Reggeisation of 0(6) SUM. The set of one particle states 

at rest may be labelled jXm  Pm  am  a>; these labels form the 

so called Gelfand pattern122 

Pm qM 

a b 

P q 

3 
defined relative to the chain of subgroups 

0(6) Do(5) J  0(4) .17) 0(3) 	 0(2) 
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In a six dimensional space xl, x2, x3  correspond to the 

physical dimensions and xit  x5  x6  to internal isospin coordinates. 

We can label the representations of the members of the chain with 

Casimir invariants as follows: 

GROUP 	COORDINATES AFFECTED  

0(6) 	xl  x2  x3  x4  x5  x6  

0(5) 	x1  x2 	x4 x5 x6 
o(4) 	x2 	x5 x6 
0(3) 	x4 x5 x6 
0(2) 	x5 x6 

LABELS  

X P q m m m 

a b 

P q 

I 

1
3  

The parameters which enter into the labelling of an irred-

ucible representation of 0(6) satisfy the inequalities 

X 	> 	a> P m > 	> 

a > P> b> - q 

P > I > q 

I > I3 — > - I 

They are all integers or half-integers; the dimensionality 

of the representation is 

'1 	 ((P +q +1) (P 	q + 1) (X -P +1) (Xm-qM+2)x 12131 	m m 	m m 	m m 

x (qm+Xm+2) (Xm+Pm+3)) 

In this pattern we could associate Am  and Prri  • with third 

components of spin and isospin respectively. Some typical repres-

entations corresponding to m  Pm 
 q, ' with their (2s+1, 21+1) 

content are 



in 
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15 = 

64  = 

20 = 

(110) 	(13) (31) (33) 

(210) = (13), (31), (33)2, (15), (51), (35), (53) 

3- 0= (22), (44) 

With these we can now construct two particles states to 

give eventually our scattering amplitudes: 

<ab(T(0, E)labl > 

513 3 5I1t 5PP' 5qq t  

X Pmq 	X m, 	ms mq  m 
E/ab(Pq)albt(Q)  

Anctiostar 2,1 Cet. 1.99, 3,too, ) 	 4.17 

448 
so that Pm and qm cover a finite range while Nm  varies from max 

(a, a') to 

We now complexity Xm  for example: 

<abIT(Q)latb'> = 1 S dNm 2 i SinnX P q m 	m m 

r7rm
X P q 	(1 mP m m 	(0) 

m  m(E) X ab(PcOa'73 

+ pole contributions 	4.19 
Selz eiu, 1.21 

Disregarding the signature complications, the contribution 

of a pole a.t Am  := a(t) would be 
P q 	aP q 

<ab 	m m'afbt) 	dab(4)af bt(Q) 	4.20 in na 	 e..e 41A. 1.24 
The trajectory N,s,

m 
 a(t) would then tie together a sequence 
aPmq m  

of 0(6) representations D 	with 

a = ao+1, ao+2,."," 

The high energy behaviour of the amplitude should be domin- 

ated by the Nm  with the largest value of Re Xm  and they would be 

subject to the following restriction 

N > a> P > b> q 
m — m 	m 

> at> P > 	q m 	m 	m 
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of the form 

P q 	X - IP -P1-1q-q! 
<abi Tia l b<ablf3 m mlaibl > (Cos 8) m 	m 	

m 
 

4.21 

From this viewpoint one sees that the dominant pole is no 

longer classified by the I value of its trajectory but rather 

by the new quantum numbers Pm,   q
m 
 . Such a trajectory gives 
combining 

rise to supermultiplets generally/6everal I values as well as 

spin values, when it passes through integer values of Xm . The 

formalism in a sense Reggeises both spin and isospin,treating 

thehlboth on an equal footing. However physical unitarity must 

act as a breaker of this exact 0(6) symmetry)for the S matrix 

is a submatrix operating within the 0123 subspace and diagonal 

within 456. 

The model we have jUst presented Was based on the rest 

symmetry 0(6); it would be more realistic to consider a rest 

symmetry of the form U(6) ot)(6) which would lead to a relativis-

tic symmetry U(6,6). In connection with the Reggeisation of this 

group Salam et al12°  have proved the following theorem: 
do 

Generalized partial-wave expansions of invariant S matrix 

into UN) 0 U(Y) components provide at most aV -fold infinity 

of Casimir operators which can be continued into the complex 

plane. The remaining V Casimir operators possess fixed finite 

ranges, fixed by the W spin Casimir operators of incoming and 

outgoing states. 

On Reggeisation we have to proceed to the crossed channel 

where the little group is GL(V,C)123  The unitary representations 

are characterized by at most V continous Casimir Operators pi, 

with i = 1,2,... 1,) , spanning an infinite range - ego <p < oq 

In the Gelfand and Naijmark124 classificat,ion there are tr., series 
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of irreducible representations: one nondegenerate and nine 

degenerate ones which differ from each other physically in their 

degree of degeneracy. If the multiplicities are perfectly general, 

then only the nondegenerate series of representations of GLQ),C) 

must be considered for which all)/ continuous Casimir operators 

are independent. However if the multiplicities are fixed at 

certain low values we need to consider as well more degenerate 

classes of representations, From the mathematical point of view 

all classes should presumably be included in the crossed-channel 

expansion, with meromorphy assumptions for the amplitude giving 

rise to ten distinct classes of Regge poles. The most degenerate 
leads 

series/to the Reggeization of just the quark number whereas for 

other series not only the quark number but also other Casimir 

operators are Reggeised. There exist no criteria for choosing 

anyone of them; 	we know nothing about the asymptotic behaviour 

of these functions so that we cannot invoke mathematical simplic- 

ity either. 

The simplest possible case, belonging to the most degener- 

ate series, to Reggeize is the Quark number. This class of 

U(6) 0 U(6) states is characterised by a single Casimir label 

N and there is no degeneracy of W states: 

N = 	0 	1 	2 

(W1'w2) = 	( 1 , 1 ) 	(6,6) 	(21,21),.... 	B = o 

(W1, W2  ) 	(56,1) 	(126 	(252,21),.... 	B = 1 

One makes use of the multispinorial representation of 

U(6) 0 U(6) particle fields 

0(0 4 OtTP) 

 

a1  

(B1 B2 B3... 
7'(A. 2  A A3... (P) 

 

fOr mesons 

( a i S Paatri 0 PIN avv,  der 



the amplitude is 

G;(1q11q 1 1 N  

(2mN)2N(P2  
T 1/2V Cm  (q.qt) 

4.22 
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(A A 	.A 	)(E)' 1 2""' N+3 

for Baryons 

  

  

to evaluate our relevant dW1 functions. For elastic scattering 

which may be continued analytically to give the Reggeised 

amplitude 

T 	( 191 	) a(p2) 13  (P2  ) 	01/211 
'-'a(P2 ) 4m2 	Sin 7ra(p2) 

i;s 4.2) 
The Reggeisation technique here consists in making the 

4.23 

replacement 

+ , 
G-' El l 	 I/  
N, jf ..14,, 	> IiitYy'(a,t)(11-eTina) C L  a 
P .-11 	Sin tux 
' 1/2,(  / V 	 4123b 

	

,... 	 : 61) are Gegenbaner polynomials.0i-fotetkovi, orbis siw N 	 - elik.A.32.. 
The ordinary J plane trajectory reduction of the general- 

ised N-plane trajectory can be obtained from the series 

011  Ca (9) Aka Pa-2k(Q)  

where 

4.24 

A
v
k  
Aka 

x (a-2r) 1-1(k-r-1/2) I(a-k-r) 

11(k-r+1) rl(a-k-r+3/2) 	4.25 

2a-4k+1 	 (r+1/2 ) 141(a+1/2  
'8( 	/2))2  > 	r (r+1) r (a-r+1) 
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Thn 	N trajectories are as shown in Fig. 4,1 

Dz= 

13 z: 
I 	 a 

405 

35-- 

C 
lot,* 

SC. 	 
Fig 4.1 

(a). Quark number Regge plot 

(b) SU(6) meson decomposition of (a) 

(c) SU(6) Baryon decomposition of (a) 

From the U(6) and U(2)J0 U(3)F  content of the U(6)011(6) 

we can interpret more clearly the meaning of the physical content 

of the trajocto'ries: 

(6,) = 	1 0) 35 4.26 

(21,21) = 1 0 35 0 	405 4.27 

35 = (1,3)0(8,3+1) 4.28 

405 = (1,5)0(8,5+3)0(10+rd,3) (0(27,5+3+1)0(1,1)0 

(8,3+1) 4.29 

seo 
L-464 J" al 	 tAhtitoi 

and 
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From these decompositions we can trace out ge;Ic=rations 

n=0,1,2,..„. of parallel J trajectories for each 	These will 

have the following properties (i) From external couplings all 

negative J residues must vanish (ii) for sufficiently large F 

external couplings must ensure that all residues occuring below 

a critical mass should vanish e,g. with the 27 fold no particles 

with masses M2 should materialize (iii) the number of members 

in suceeding n generations of trajectories increases. 

The basic consequences we can draw from this scheme are: 

i) We have an infinity of trajectories whose characteristic 

are interrelated; thus one will have a single master 

formula M = m(N) 

ii) Residue funotions of different J poles are related. 

iii) One will be automatically' bumMing over the contributions 

from ail j trajectories by proceeding directly with the 

generalised dN functions belonging to the supermultiplet 

groMp. 

As can be seen this scheme does not resolve the difficulties 

associated with the Global symmetry schemes whereas, one suspects, 

that its advantages might also be present in the Supermultiplet 

scheme. 

4.3 Reggeised Supermultiplets And Applications  

The rest symmetry for this scheme is SU(6)00L(3). Even 	
(frl 

though the physical ideas behind the'two types of models A and B 

are different the techniques for applying Regge ideas to the high-

energy behaviour of scattering ampl1L.).oes ale very similar. In 

this model it is the orbital quantum number L which will be 

Reggeised. 

(*) 	A is Ike 1 to ha itt a-de / 
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Unlike our previous application we now work in the M--
of WAN+ et at Ciao ) 

function approach using a multispinor formalism; this approach 
A 

has the merits of exhibiting manifest covariance, of allowing 

crossing to be performed with ease, of automatically incorpor-

ating the threshold and other mass-dependent Kinematic factors. 

Our Kinematics too will be 'different and is described in Fig 4.2 

firn+q  

 

 

• 

	

1 	m3 

p 

	

m2 	I 	m4  

-P 

Fig 4.2 Kinematics 

The multispinors which will appear in Lagrangians are: 

M A 
B 	

N  (P,..a.P) 
) n 

for (6,5;N) particles 

m 

for (56,1;N) particles 

These are subject to the constraints we have already met; 

see eqs. 3.53_3.5L1 

The two Lagrangians we shall need are: 

for the (6,5; 1)0_/05,4q  (6,5;O) j h _ci  (6,5iN)p 	vertex 

() 

Nil 	
A  
B (V2113+q) 	(0,41-q) (4q (h10(613 5 	-- 5 5 ) 

 -r 
6c1A 	6qC 

h10 (5° 8 	+ 5A  6  )) + D 	D  --r  
6cIA
D  

6qC 

60 p, ;5 Ike AtotS 	Ike Tiect,czkoze.ck 	see. eTA, 

• S2 cf.-I die4-14- 	at: : 
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A 
µ36  h+11 B (5C 5 AA 5D  Ste) + 

5q 	6qA 	5qC 

C 
—15 µ3 	h

11 B 6 
	D + 5A 5 )) 

6q 	6qA 	6qC 

,q) 

4.30 
GYA for the (56,1;0)i/ -q  (76, .;0b./04.q(6,64N) vertex 

L = i 17(gCD)((i/21P+q) U(3cD) ((_1/2P+q) 

(ii\ 	Pr.  

(Go A  5B  + mG
1 

it 5qA) (P
1
q) 4.31a 

   

whei.e we have used the AbbreViation 

 

 

q N 1 ) 	clilic1µ2  	qB 
A 

9 µ N 
(P) 4.31b 

  

The superscripts + on the couplings h for the meson couplings 

of eq 4.30 refer to the even and odd values of the meson. Bose 

statistics tells us that h+= o when N is odd and h-  = N *s&ven,), 

The meson multispinors describing 2
+
, 1

+ 
mesons are now 

decomposed as ---- we have suppresed Unitary spin indices-: 

01113(P) = 95(11))  + 1 	Exti,p 	
 
+ 1/3 4111 121"(0) 

2 

which correspond to an 0(2,1) decomposition. 

4.32 

It is always possible to express the covariant M functions 
(i2o) 

in the form M = UmT . • U where T for example may be 

AB TAIBI= DA

B

''  
() 

	DAB  i  (̀LI '"),A N . ‘ (P C'  glie) 

where the D's stands for various differentials whose order is 

4.33_ 

governed by the external excitation numbers and 

M 	wa_sg 	tx-clActii szed 	01,--rt;c_ 
pi IS taass 	it, (oaf) 	OI t3 Crcthi"eir 
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= ( q . ql)N+1 ((Cos 0141  (F2-M?)) 	 11.34 

The first few derivatives we shall need are: 

5  --E 	N 
6c1A 

= (q.ce)N ((m+p)qt(m4,3 A 
P2-M2 	4M2  11.35a 

5 
6qp,  

 

N(9."11 )N  q t  

tmic° 
Pµ) 

2 
	- 

 

 

4.35b 

2 52 	
N = 

. 	N(q.qt) 	q1  
' P2 

	m2 	

t 
2
.q

sq 5q
) 

M µ A 	 4.36 

5  2 	A 	= 	(cloce)N m+p):t  • m  p 

i3 	t ik t 	N 	p2.442 	
& A 

5qb 
4.37 

These derivative douplings and the methor:F of differentiat- 

ion we have just outlined were developed by Zemach1.5  and Scadtg6. 

Reggeisation consistSin the replacement 

(q.q t.)N (q..q,)a-1 	4:38a 

P2  —M2 
	Sin u(a-1) 

N 	) a - 1 
(See eq. 4.23b also) 

4.38b 

This is just the conventional Reggeisation which gives 

poles at
U
nonsense values of N (a = 0,1,2,.....). Gell-Mann has 

suggested that to avoid these poles one should have a ghost(*) 

eliminating mechanism. Representing natural and unnatural parity 

exchange by n and u respectively.  we then make the following 

replacements for natural parity 

1 	 1  ----> p 	m2 	Sin 7t(an-1 
= 	11(an) 11(1-an) 

 

  

4.39a 

C* I sea. emu. 1,37 , 	3`g 
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N 

 

.a a
n - 1 

 

 

4,39b 
and for unnatural parity 

1 	 1 	 = 

	 (1+a )1-a u 

	

Bin 7Equ.' 	 7r 	 4.39c 
N 	a 
	 4,39d 

The Gell-Mann ghost-eliminating mechanism is introduced 
W ri 
(a ) by dividing 	and by 11(1+a ) for the natural and unnatural 

A n 
parity exchanges respectively: 

The argument so far does not introduce the signature factor 

at all. In what follows, whenever we write Gt, we shall assume 

that N - signature projections(1/2)(lteilffl) are to be included. 
tetv../.37, 1.3T. 

The amplitude which describes the production of 2+,14-  and 

0+ is then 

U -ACD et  (1/2P+OUBcD(-1/2P+q) Af(1/2P+cl')7C  (1/2P-q'). 

OWN-El  04G 5 

6gB 

	

f  hIl (6c' 	A 
6 	- 6 	5 	) + h

- 
 (5c: 

	

B' 	11 B --Tut 

	

6c1' 	tb' 	D —713' 

	

V 	5q A t 	6g  C' 	6g A' 

A' 	• 
B  )» A  N 

6c1C' 
4.40 

Upon Reggeisation a la Gell-Mann we obtain the an amplit-

ude, from which one has to pick the parts describing th7) produc- 

tion of 2
+
, 1

+
and 0

+ particles; obvf.ously we also have to 
ACD 	

decom- 

pose -  U 	and UB  into octet and decuplet pieces. In writing it 

we have used the abbreviation 



	

4

4+1B 	(1:4)B 

	

-/A 	2M 	A ' = Gamma Function 

 

The Reggeised amplitude written fully is then 

.ACD 
T 	(14-) 1.1 	(r+q f  p Ti  11.)A  uBeD  

P 
qt 

i 
[ 

ln(10) I 	+iita_, r(-) k-e 	01-a-) (05,0)1; (a.amt)a.-1 

1 + 	(10) (14.eina4 r, 
2 (+) ) (05,05A; (2,-aiiphoa+-1  

  

(1411.1 uACD 
2p' r Ti/14 UBCD qp (. 144)  

213(1  ) (1 eina4-1(1-a+)(a+  ) (05' 0 )i 	q fbM)a+-2  91 D 

I (l) (1 ina4-1(1_,_)(a...1)(05,05) 	(a.q.,/w4)a_-2  e) 

2p 
ZILTACDfn r 	i 

/. 	44. 01110Y 	T /211). U 5r 1- 	A BCD cip 

1 (10)( ein (.1 
(a..a rmoa..-1 

 

1 (10) 	ina e(4.) (1+e + 

 

(05•91x,i)Di  (a-atiocc+-1  

(+11) TTACD 	c 1  
2p 	kl tC1 Y)y 5 r - 	A u BCDqµ(111111) 

w ii)(14.eina,) 2! (+ 

 

) (a+-1) (° 45A.p) (q-aVilh)ct+-2 

  

20((y -e±na-) 	)(a__0(05,0,)D (a.avpm)a..-2 

+ 	(1 +-- M)  ACD 2p 	YNYa r_  ) uncL c.1 



2..96,m4)a+-2 
(11 ) fl+eina 	• +I"( -a+)(a+-1)(05 4 (+) 	

x,4 

do-
dt 

2 + 	+ m) Tx t v,I) a. Tr (( + 	+ m) Jxv, 

1 4-N3 a 64n2 2 
PL 

1 	i • 

S +1)(2&-+1) 	10x(0.197316)2 
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x 	;P((13) (1-eina-171(1-a_)(95500x,4)/j (a.af/04)a--1 

11 

040 tACD11+ 705[1.)Bili UBCD cl4WM) 

ip((14)))(1+ein14)f-ki-a+)(0 ,0,,4) 

)(a_-1)(05,0x,di(a.11/111M)a--2 

4.41 

This formidable expression may be made more 
physically. 

transparent if we pick out the various parts)of interest 
and 

write the differential cross-section in the following 
way: 

1+ 	-4. 1+ 
For 0 	2. 

1p(11 f,_eina_17410._ 
2 (-) 

	 074 (-; I q) -k0.1 (- + CI) 

Spin 4.4, 

where 

and 
2 A 

7X111 1 = dxx, dwit + dxtit doxe - 3 ,1,4 

1 ~4 4L4 
_ gx0, 	(_ 	 (- 7 P + (Op. 

	

14- 	+ 1+ 
.27 

	

For 0- . 	1 -f 
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dt  
da 	a Tr(cg µ(-2m)J 	+ 4 + my:1",t)  

Exilap  ExTli t al p f ...P a  Pat  ( gpp t q t)(44(11))) 

 

9210•• ••ro. 

 

4.45 

The currentOxp  appearing in these expressions are 

JXµ = 	PXy5 	_R +i 	akx 	y5  -ekXpv Ppqi(Opqk+ Dtlyk) 
2µ2m 	4.46 

where for the sake of computation we can write 

A . 	+ a qp 	
4.47a 

B = btq f  + b q 	etc. 	 4.47b 

In more detail$ these are 

A
1-1. 

= S 
2t - L) 	2 

4m2  D  5 F  
x 

[RA 
R, 

r1(1-a) ( 71 )a-14(1-e-i  P)(0530x11)F4(1+e-i7ta)(05/071)D  

_ 	 1 	na 
4-e4A k m )P  r(2

_a S a-2 
(2
2. (1 	AP5,024)F-t(ie-I  ) 

x (05,0241))) 

+ 	µ (11 	)(1-L--) 2 µm 	km 2 D+-3  F 

a-1 
(1-a)(—.L.4% (2.0.-e-ina)(0 0 ) + 41+e-iota) 

	F
) 2µm ) 2 	5' Aµ D 2 

51,(m)  11 (2_h)l m  a-2 (1+e-ina)(050xp)D4(1-e-ina)(05074)F 

4.48 

7T 
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i 	t B = 1)+EF e 

f, 
 4:m2 1  3 

  

4 .49 

  

     

     

CL  ,- 	(1112) 
P 23=F-D 

    

 

4.50 

 

= a, 2  (1 11---) . 2 4m2  3 4.51 

  

The Squarts brackets in the last three expressions stand 

for the first term in the scy,,Lz brackets of eq. 4.48. The part-

icles written on top of the field operators are those associated 

with the trajectories i.e. these terms will represent the contrib 

utions of these particles when they are exchanged. 

In deriving these expressions we have already removed 

Kinematic singularities which make their appearance whenever 

spins are involved. Typical expressions are products of the form 

(1 + t 	2µ2 )(1 + qrt ) 13(t) Net  

which is not an analytic function of t, near t = o. There are 

two mechanism for removing thee singularities: the first is 

evasion, which means that gt) must have a compensating zero; 

the second is the addition of conspiring trajectories. As we 
sotuilon. 

pointed out in Chapter 'Toiler has proposed an elegant ile-s4614-a.t.low 

of this problem; however an alternative solution is to introduce 

conspiring trajectories following Gribov. This is the solution 
ba.d- 
we-s4rsuited to the multispinor formalism for hadrons as it springs 

from the4  doubling, first introduced by Gribov, which finds a 

natural explanation in terms of quarks within a multispinor frame-

yrork. We then have to add to the amplitudes extra terms with the 

sign of M reversed. For this amplitude weERII!14- meet the 4-

combination 
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1 049(1 1+1)13(Mr1(1-a)Sa--1-4(1--2--1,141)(1-1-v-1µ-)Pt(M) —1(1-&)Scit-1  2 	 2 

Taking a(0) = at(0), go) . p'(o), the M ..--srt singularity 

dissapears. The whole procedure boils down to the following pres-

cription 

1. Teffective =AT + Tconspirator) 4-.52 

There is no reliable theory to take account of mass-splitt-

ing between members of a supermultiplet, so the only course open 

at present is to take the positions of the trajectories as empir-

ical inputs. 

Before we proceed to consider the applications of this 

model we must discuss the role of the Reggeised pion128  This 

particle has stubbornly resisted attempts at Reggeisation. One 

of the reasons is that the contribution of pion exchange in NN 

collisions is given by 

eft 

G2 

try 
Li t.) 	LI 

.1112  	5 	1 
1/ 

 5 

Now summation over the.  nucleon spins gives a factor t for each 
000  'NU so the cross-section is given by 

da n 	G4 t2 4.53 dt 2k2s 	t2  -1/1112  

and for a Reggeised pion one obtains 
2 

da n 	G t
2al+e-ina (s)a-1 

(IL 	2k2s 	Sin na 	q5 	 4.54 

G is the nucleon-nucl-on-pion coupling This :rocs-section is 

zero in the forward direction 	in direct uoitradiction with 

=aetexperiment6 ,fe-a_to which 	that pion exchange is respons- 

ible for the forward peaking of the differential cross-section. 
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To reconcile theory with .experiment conspiracy and evasion 

have been put forward.129  These explftions however have met (sit 
^ 

from the rather artificial character 
Wtotebd 
wildly varying residues113936- 

Le Belac129that conspiracies 

predict dips in the forward directio4 for reactions such as 

nN(n)p,A, KN(n)K41 , nN(n)F°L 

whereas experimentally no such dips are observed. It has also 

been suggested that one should interpret the pion as a Jo+= 1 

Toller pole and using conspiracy to obtain a non-vanishing 

1:5D contribution.131 In the present formalism Delbourgo, 	regarding 

the pion as a fermion-antifermion composite, and using symmetry 

breakinglhas obtained an amplitude which apparently has the 

right behaviour but .the whole scheme has been violently crit-

icisedl28and so we shall not use it. Another scheme which has 

been successfully exploited by Moriarty 133et al is to 'absorb' 

the Reggeised amplitude. As can be seeh from eq. 4.52 the amplit-

ude 0 1.8 given by 

t-m2  

M2 

= 1 + 
t-m2 

The first term is an s wave contribution which is removed 

by absorption corrections giving 

m2 
0 (absorbed) 0Q '"7 

t-M2  
'7 

Given these _ifficulties we cannot then7" study all the 

reactions which were considered in Chapter III; only those not 

some seibacks quite aside 

of the fits as exemplified by the 
Lit, err 1" if otql-ef eyLi Clu-thaw . 
For instance it has been shown by 
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involving the exchange of a 0-  particle will be considered. These 

are: 

A n PkJA2P, n+P(p)A1  P, K 	
4' P(w p A2)K (1320)P, n Pv130p)B1  P 

where the exchanged particles are indicated in the brackets. The 

couplings for each of these exchanges ham been given in Chapter 

III. We assume)as i is customary that the residues are just 

numbers and that all the trajectories are linear, a = a0  + alt. 

We fix /the value of the constant ao by making our line go 

through the mass of the particle it representp. We then have 

the following sets of parameters. The parameters which are 

allowed to vary are lebelled by X and the figures after then' 

show the range of values between which they were constrained. 

(i) For the A2 trajectory 

a1 = X1 	 0.7 < X1<1.0-

ao = 2.0 - 1.745a1 
p = X2 
	 X1  < 

(ii) For the RHO trajectory 

a1 X3 	 008.g311.0 

ao 	1.0 - 0.582 + a
1 

p 	. X4 	 -- AMP <X4‹ C>C) 

(iii) For the OMEGA trajectory 

a1 = X5 	
04g55.2,0 

ao  = 1.0 - 0.613xa1  

p = x6 	 X6<ts4,  

(iv) For the Al trajectory 

a1  = X7 	 0.1g75.2.0 

p = x8 	 fl<X
8
< 0.40 
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(v) For the PHI trajectory 

a
1 

= X
9 	 9— 

0.1<X <2,0 

ao = 1.0 - 1.04xa 1 

p = x10 	 <x10< Qo 

We then see that overall we have 10 parameters, half of 
TJ1 

which are severly constrained between narrow ranges. In perfor-

ming the CHI squre134 minimisation the search was made ,at 

intervals of 0.1 for the residues and 0.01 for the slopes. 

4.4  Comparison with Experiments and Conclusions 

The results' as can be seen from the figures are not 

exactly brilliant. For 58 experimental data points the minimised 

CHI square, was 2500,  The value of %,2  characterises the good-

ness of the fit. Ideally with data)free from systematic error 

and a perfect theory theexpected value is the number of data 

points less the number of adjusted parameters. However when 

the quoted accurafiy of data becomes less than the systematic 
rs 

errors of experiment, the value of °V soars, And this4precisely 

what is happening here. The number of data ,is low and the errors 
a4t 

On them large. So that, although the rY2  Is very large, one cannot; 

immediately conclude that the results are poor. With the errors 

we have no theory with a smooth energy variation can give an. 
ictaca ..elm fit. 

The final results for the trajectories and the residues 

were as follows: 

for the A2 the slope was 0.88 and the residue was 50.3 respec-

tively; for the p they were 0.8 and 1.02 respectively,; for w 

they were 151.1; for the Al  they were 0.8 and 1.0 respectively 
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for the 0 0.9 and 1.0 respectively; the slope and the residues 
. % are in units of (Gev/c)-2  and (Gev/c)-1  respectively, The slopes 

akre koe 
have the generally 	ed values. As for the residues, we cannot 

compare them directly with values of R.J.N Phillips et al
19,135 

or with thos of K.Moriarty et al133; the reason being that .the 

former has too many parameters -for instance he has 18 paramet-

ers for KN scattering- so that comparison is meaningless; the 

latter uses a slope a.ao+alea2t  which means there are four 

parameters for each non-linear trajectorVX. However we can 

compare the relative values of the p and A2  residues: from SU3  

the ratio of the process 7cP(p)n°n/n-P(A2)11n, where the exchanged 

trajectories are indicated in bracket, is (ly,77.3)2  =3 whereas we 

get 2500. The only explanation we can put forward for this huge 

discrepancy Ls that we had a very poor statistics at our disposal; 

the total number of points for all the processes was a meagre 58 

them being large. Again when we assumed 

F ts2 
p_=PA etc, our7 2  was '8,300; 

2  F 

values of the slopes were ap.aA2=0.9;aw=013V:A  L-10.71a0.0.1 all are 
1 

in units of (Gev/c)-2. The residues were Pp---PA2=11-56;i w=81 ;13A1.17j, 

130=7 ; all are in units of (Gev/c)-2.Given the large X2  one cannot 

attach much significance to these values. 

The theory does not solve the problem of Reggeised pion- one 
A itethc,t 

of its main drawback5. Ti)a-aaly way to incorporate pion exchange 

is to absorb the Reggeised amplitude:
139 

T' 	TRegge + 
(S)1/2 T (8)

1/2 

The Absorbed Reggeised amplitudes overcomes some of the 

difficulties ofA  egge pole approach' 
40 —such as exchange of O-

parftcles -- and also overcomes the difficulties of the Absorp-

tion model such as wrong energy dependence and the problem of 

the exchange of high spin particles. 

with the errors on 

exchange degeneracy 
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APPENDIXA 

Evaluation of One- Particle-Exchange Graphs. 

Section A.1 

In the computation of these amplitudes we chose the 

Pauli representation of the y matrices: . • 1 : 0 	0 : a' 
Yo = ( 0 :-1 ) 0 	Y

> -- 	
.,—,.. 

= 	( 	....) 
. 	--"Ci : 0 

115 = YoY1Y2Y3 = 

where 

0 1)  
1 0 

al = ((1 0)  's a 	(C)  - 2 	0i) 3 	N 

= (

O  
1 
-1 
0% 

As we have pointed out in Chapter III, e.g. eq. 3.99, 

these amplitudes may be written formally as 

<P3 3' P4 X4/  T/ P1 X1, 	X2> 

«3/X1> a2/X21> 

This result follows directly from eq. 3.76 and essent- 

ially it means that we can evaluate the vertices appearing 

in these diagrams independently of each other . See figs..3.1 

and 3.2. 
Alert 

The bottom vertex, <X2/X4>, in the case thin involves 

pseudo-scalar exchange is given explicity by 3.70 of Pp. 92. 

<X2/X4>  = VP4)il5N(P2)  

Ell+M4 N N [( 	y 4 2 	+Pit 
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Evaluation of the above expression and those similar to 

it-is considerably simplified if we write the y matrices 

appearing in them as the outer product of two 2:x 2 matrice 

, = (1 01 	(1 01  
To 	`0 -' 	`0 1' 

= 	
0 

f0 
1) M 

(1 .0) 
`1 0' ` 11  

Then using the identity 
more. 

)(CEO) . (A C) 	D) several times we have nothing 

than the multiplication of 2 x 2 matrices to deal with. 

Nit  and N2 are normalization factors given by equation 

3.916. 

The net result is: 
C 

qp;x=1-)yN(p;xt2+) = j--)72  

-s, 
170,4;x4.+)y5N(p2;x2= -) 2  [B0Q+AK] ( s-

1
). 

where A = 	4 B = E2+m2  C = (Ei+mi)(E3+m3) ; D = AtB 
Si  = Sin 0 ; Ci  = Cos 2; K PLabl NVal

/0.  
2 

See also footnote 100. 
a 

For the exchange oft,vector particle we need the follow 

expressions which appear in( eq. 3.74: 

qii(134;7k4=+)N(P2;X2=+) = 3;4-72  (DT.Q10(3.
1 

R(Po+)yoN(P2;+) -172 (1)+Q-10(  - 

-472  (D+QK)(C.1) 
1/(PV4)Y1N(P2;+) D 	1 

R(Pe) Y2N(P2;+ )  
-S 1 

1772  \ f BK+AQ)(_c1) 

= E; - M3 
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1 	
-c 

1-(P4k0Y3 2° N(P '+) = -172  (BK+AQ)( Si) 

The only other term we need to know for the bottom 

vertex is the one involving the formation of a 	resonance 

PX  r (p )N (P ). The values N4  4 N2  2 
are listed on page 99. 

of D (P4) for +- 1 
-2 

Using these we then have 

/ 1.) Min() 	
C, 

2 	- 2 ' ----1720T-U) ( "L) 
(2DY 	Si 

for instance; 

its value for the other helicity amplitudes are listed at 

the end of section . AA. 

Section A.2  

For the production of 2+ particles one needs to evalua 

1.1,x(P3) 05 1 	1 
(P ) 1 1

1 
PX  and 6 	PPIA)a  7 (P )0(P ) which 40V 1 1 3 µp 3 	I 

correspond to the 2+0-0-  din.C1 2+10-  vertices respectivel 

See eqs. 3.66 and 3.67. The momenta are given by eq. 3.78 

and the various values of the 2+ wavefunction corresponding 

to N
3 
 = - +2, +1,0 are listed on page 99. Evaluation of these 

terms is fairly straightforward and then to obtain the ten 

independent amplitudes we only have to multiply these by the 

relevant expressions of the bottom vertex. Their values are 

given at the end of Section A.4. Then the amplitudes are: 
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ALI- 5"1"1",Ls 	tLe--hr hri ea 	g Et-IA/ass avidu 	ikig owe 
re„ste 	-dot - 

For 0-  exchange: <X3X4/T/h1X2> 

0
1
= SQ6. T1. V2PP. VC = 03.0/N170><X4-+/N2=+> 

02  = SQ6. T1. V2PM. VC = <0/0><+/-> 

03  = K. SN. CC. V2PP.VC = <1/0><+/+> 

04 = K. SN. CC. V2PM. VC = <1/0><+/-> 

05 = K, SN. CC. V2MP. VC = <1/0><-/+> 

= K. SN. CC. V2MM. vc... <1/o><-/-) 

07  . cci. V2PP. VC . <2/0><+/+> 

8  CC1. V2PM. VC = <2/0><+/->  

.
0
9 
= col. V2MP. VC = <2/0><-/+> 

010= CC1. V2MM. VC = <2/0><-/_> 

where 

VC = G1G2/(t - W2) , W2  = mass of the 0-  particle and G1 , 
for G2 are the couplings at the two vertices their explicit for 

being given on Pp. 102. 

V2PP = - -172  1°0  MB - KA) C1  

V1PM - 14)2(QP+KA)S1  

VIMP 1 ,2(QP+KA)S1 

1/MM . 24,2(QB - KA) C1  
D'/  

sq6 . 1/61/2  

T1  = 	(2(E1Q)2 	(M3K.Sin 0)2  + 2.0(E3
cos 0)2  

3 
4.E1  E3  .Q.K.Cos Q) 

CC = (E1Q - E3K Cos 0)/M3 
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CCd. = 0.5.(K.Sin Q)2  

SN . Sin 0 
	cs = cos e 

For 1-  exchange (kir*. Ike pt-e-vious kobcdt oh 

the helicity amplitudes are:am=ted:ftse. 

01  = 2gQ6. VC. FS2. K. SN. C4.2Qp. S1/M3 

= 29Q6. VC. FS2. K. SN. C4.2QM. C2/M; 

03  = CC, VC(FS1. K. SN. ESM. DM. C2 + FS2.(E3.K.Sin 0 . 

(QP.02 - DP.S1  )) + 2. CC. QP. S1)/2. 

04  = CC, VC.(FS1. K. ESM. DP. Si  + FS2(E3. K. Sin 0 

(QM. Si  + DM. C1) - 2. CC. QM. C1)/2. 

05 = - CC. VC. K. SN. S1(FS1. ESM. DP + FS2. E3(QM + DM)/2. 

5:46 = CC. VC. K. SN. C2(FS1. ESM. DM  - FS2.E
3(QP - DP)/2. 

07 VC. K. SN. (K. SN. FS1. ESM. DM. C2  + FS2(E3. K. SN 

(QP. C1  - DP. Si) + 2. CC. QP. Si )/2.0 

08 . VC. K. SN. (K. SN. FSI. ESM. DP. Si  + FS2(E3K. SN. 

(QM. Si  + DM. C1) - 2. CC. QM. C2 )/2.0 

09 VC. (K. SN)2. S1  (FS1. ESM. DP - FS2. E
3

(QM + DM)/2.0 

010= VC. (K. SN)2i, C2(FS1, ESM. DM  - FS2. E3(QP - DP)/2.0 

where 

FS1 . 1.0 + t/(2MV. MO) -(1.+ 2;13) 

FS2 - 3. (1.0 + 2-12)(1.0 + 2. MO2  - 0/M02  . 	MV 

ESM = E3  ('K: CS + Q + E2 	4 
+ E,) + CC 



1-  particles 

0(p3) 

are 

we only have to 

as shown by eq. 3.68. The 
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DP = D + Q.K 

DM =D -Q.K 

QP QB + K. A 

QM = QB - KA 
,De-f14-iii-;bn,s 4 fro ...a MV mw Pe. 93. 

Section A,3 

   

    

For the production of 

evaluate the expression P1 

six independent amplitudes 

01  = CC. 

cc. 

03 CC. 

04  = CC. 

05  = CC. 

06  = cc. 

(V2PP + FSPM). VC 

(V2PM + FSPP). VC 

(V2PP + FSPM). VC 

(V2PM + FSPP)VC 

(V2MP + FSPP). VC 

(V2MM + FSPM). VC 

where 

FSE = E1 + E3 
FSK = K. SN 

FSQK = K. Cos + Q 

P1 	E1  (E2  + E1) + "2  + K. Q 

P2 = E3(E + E4) + Q. K. Cos 0 

FSP c. (P1  + P2)FS1/b1/2  

FSPP = FSP, DP. S1  
FSPM .'FSP. DM. Cl  
CC = 	CE37. Ko  Cos 0 •- M3. El  Q)/M3 

Q2 
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KSN2 _ K.SN.  
21/2 

V2MM = FS2. (FSE. DP. C1  + FSK. QP. Si  + FSQK. QP.C1)/D1/2  

V2PP = FS2. (FSK. DP. Si  + FSQK. QP. C1  - FSE. DP, S1)/b1/2  

V2PM = FS2 (FSE. DM. C1  FSK, QM. C1 + FSQK, QM. S1  )/b1/2  
% V2MP FS2(FSK.QP. S1 - FSE. DM. S - FSQK. QM. S1)D 
1/2 

1 

Section A.4  

For the production of the double resonance F N 	in 

the process n+P --> F°Nic 	the 20 independent amplitudes 

are as follows: 

<X3  X / /X1  X2 	<X >  3/X1><X4/X2> 4  
01 = V10. V22PP. VC = <0/0><2/+> 

	

= V10. V22PM. VC 	. <0/0><1/-> 92 	. 	2 
03  = V10. V23PP. VC = <0/0><2/+> 

V10. V22 
° 	

PM. VC = 
4 = 	<0/0><3/-> 

05  = V11. V22PP. VC = <1/0><4/+> 

06 . V21. V22PM. VC = <1/0><2/-> 

07  = Vil. V22MP. VC . <1/0><4/+> 

= V11. V22MM. VC = 08 <1/0><-i/-> 

09  = V11. V23PP. VC = <1/0><; /+> 

010. V11. V23PM. VC 	..-.. 	<1/0><2/-> 

V11. V23MP. VC = 011- 	<1/0><-2/+> 

	

°12= V11. V23MM. VC 	<1/0><4/-> 

°13= V12. V22PP. VC . <2/0><2/+> 

VC V23PM.  014= V12. <2/ox2/-) 

V12. v2314p. vc 	<2/0><4/4-› 
9115=  
016= V12. V23MM. VC . <2/0><-2/-5 
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9117 

°18 

019  
020  

. 

= 

= 

V12. V23PP. VC 

V12. V23PM. VC 

V12, V23MP. VC 

V12, V23MM. VC 

= 

= 

<2/0><3A> 
<2/0><3/-> 
<2/0><-2/+> 
<2/0><-31-> 

where 

CC = 20(Q. E2  E4.K.CS)/M4  

V10 . SQ6. (2 Q2E21  - (M3
K. SN)2  + 4 E .E Q)/M2  3 	3 

V11 = K.SN.(E.1Q E
3
.K. Cos 0)/M

3 

V12 = (K. SN. )2/2.0 

V23PP = K. SN. DM. C
1 
 /(2D)1/2  

V23PM = K. SN. DP, S
1 
 /(2D)1/2  

V23MP = K. SN. DP. S1
/(2D)1/2  

V23MM = -K. SN. DM. C1/(2D)1/2  

V22PP 	(-K. SN. DP. Si  - 2.0. CC. DM. c)/(a))1/2 

V22PM = (+K. SN. DM. C1  - CC. DP. S1)/(6D)1/2  

V22MP = -(K. SN. DM. C1  CC. DP. S1  )/(6D)1/2  

V22MM = -(K. SN. DP. Si  + CC. DM. C1)/(6D)1/2  

See also end of Section A,2. 

Section A.5 

5+ 	h. 
And finally for the production of the -f  in the reactio 

7 
P + P 	-5- + P the 24 independent helicity amplitudes are 2 
given below. These expressions are obtained from eqs. 3.117, 

3.70 and multiplying them together as indicated by the first 

term of eq. 3,76. Written explicitly the transition amplitud 

is 
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0
3 
 = SQ10. SC. QM. ((RHO. FP. SN) - (FM, K. SN. C2. CC)) 

• <2_11.->< 
2 2 2 

04  = SQ10. SC. QP. (RHO. FP. S2 - FM. K. SN2. CC) 

= <21/1><,1
' 2
/ 1> 

2/2 2 

05  = -SQ10. SC. QP. RHO. FM. SN) + FP. K. SN. S2. CC) 

r4 <1/-1> <211--> 2 2 	2 

06 = SQ10. SC. QM. (RHO. FM. C2 + FP: K. SSN2. CC) 

<2_1.1->4-/J> 
2 2 2 2 

07  = SQ10. SC. QP.(RHO. F144: C2 + FP. K. SN2.=) 

= / <1,1 	14> <_ 1.1..> 
2' 2 	2' 2 
• -SQ10. SC. QM (RHO. FP. SN  - FM. K. SN. 	CC) 

= <2/-1><_17-1> 
2 2 2 2 

09  = SQ5. SC QM. K. SN.(K. SN2. FP. 0.25 + C2. FM. CC) 

'31 
2  
11 

• 2 2 	2 

0  10= SQ5. SC. QP. X. SN2 (K.S2. FP. 0.25 + CC. FM.)  

= <2/2><2/  2> 

011= SQ5. SC. QM. K. SN2 (K. C2. FM. 0.25 - CC.. FP) 

• <N> < 4-4> 

°12=  SQ5. SC. QP. K. SN(K.SN2. FM. 0.25 - S2. FP. CC) 

= 
<N><4./-4> 

0,3. SQ5, SC. QP. K. SN2.(K, S2. FP. 0.25 + CC, FM) 

= 4/4><2i2> 
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• -SQ5. SC. QM. K. SN2 (K. S2. FP. 0.25 + CC. FM) 

= 4/4><+.1.14>  
• SQ5. SC. QP. K. SN (K. SN2. FM. 0.25 - S2. CC. FP) 

• 4/4><-114>  

• -SQ5. SC. QM. K. SN2. (K, C2. FM. 0.25 - CC. FP) 

▪ 4/4><  214>  
= 0,25. SC. QM. K2. SN2, FM. C2 

= ‹...2
V></> 
2 2 2 

018 = 0.25. S.C. QP, K2, SN2. SN. FM. 

• <,,V1></-1> 
2 2 2 2 

9519 . -0.25. SC, QM, K2. SN2. SN, FP 

• <2/2>< -14> 

9520 • -0.25. SC. QP. S2, K2. SN2, FP 

= 

°21 • 0;25,SC. QP, K2. SN2. SN. FM 

• 2 2 2 2 

022 = -0.25.SC. QM. K2. SN2. C2. FM 

< 21 1><4/-1> 2 	2 2 

-0,25, SC. P. K2. SN2. F. S2 9523 = 

• 2 2 	2 
1>< 

2  
1/1> 

°24 = 0,25. SC4QM. K2. SN2. SN. FP 
• <1-1><-1/-1> 2 2 2 2 

0111 

015 

r61.6 

9517 
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where saw= JAI° 	sac= 1/47 
C2 = 1 + Cos 0 , S2 . 1 - Cos 0 

SN2 = Sin2  , CS2 = Cos2  0 

CC = (El. Q E3.K.CS)AN 

RHO = QEEK. CS - Q2E1+K2  Sin2  0/2.0 - E31K. CS2 

QEEK = 4.0.Q.E3* E1. K/(2.0.M.m) 

Q2E1 = Q2.E1/M2  

E31K = E. K2/M2  

FM = (E1 + M1) Q - (E3 +m3) K 

FP • (E1 + M1) Q + (E3 + M)K 

See also end of Section A.2. 

2+  Reggeized  Differential Cross-Section  

Section A.6  

2 A2(_ 2t 
o ( 	tA[12  ) at 	42m2 

▪ (A.qt )(e.q1 )[24 (1 - t/342)] 
m247 

▪ B2X 22 [S2(,-Lv) - 4m2(1 - t/40.2)(1 + t/3m2)] 
44 3m2  

+ (B.q)(B*.q) ( 	-a- (1 - t/4µ2)) 3m2 

+ (B.ci t )(B.cit) ( --a 	[2§2- + t + 12m2(1 - t/4m2) 
3m242 42 

(1 - t/442)]) 
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+ [(3.q:)(11tIsq) 	(B.q)(B.cit)(BIE.c0)] [ 
 m2

4S  ) 
3p2 

St t a + (A.B+B.A j(-m2
4
µ2 
--- 	- t/4112 )) 

+ [(A.cit)(B*.e)+(B.qt)(A.q1)) ("21t, (1 - t/3112 )) 
m24-r 

▪ c2(  2 (1 	.t ) t.S2Bu) 
m2 	4m2 

+(C.q')(C*.e)f 	4  (1 - t/4m2) S2Bu) 
2p, m 

tie.0) 	s2Bu) ▪ [(B.e) 
em 

+ [(B.e)(C*.qt ) + (B.q')(C.q')] ( 21t1 	 S2Bu) 
m 

+ fs2  - D2(42µ2 

+ (D,q)(D*.q)(-§--) 
3m2 

+ (D.e)(D*.q1 )( 324  3m  2p7 
S2  t2  r L2  — 	— M2114 (1-042 )(1—t/4112  

2 	1,1 + 2m µ3 (1-tillm2-iii 
+ (D.,711 )(DIE .q)+(D,q)(0'.q t  )] ( -15,7) 

3Pgm' 

+ i[A,D*-D.AT- g. (1 - t/4µ2)) 

▪ E 	ilk  ) • q  t r (A*. q  )] ( 4..( 1 	
t ))(-1)  

411 	3112  

+ F2(-m2 , [(S2-4µ2m2  (1 - ti4m2 )S2B0 
4u  

+ (F.q)(F*.q)(-12.7  S2Bu]
m24-r 
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+ (F.e 	8 )(F*.q1)( 	IS2-3m2µ2(1-t/4µ2).S2Bu ) m 

+ [(F.e)(Ft.q)+(p".(0)(F.q))(- 3 	- S2Bu}112.S  

+ i[-B.D*  - D.g] (LI_ (4° ,pm  .3  

+if (B.ci t ) (D*.q)-(B*.qf )(D.q)] e-u) 
113m 

• i[03.(0()*.q1)..(B*.q)(D.cif)] 	4t  
3

A 
MI-1/ 

• if(Boci f)(DA•q t)... (B*.qt)(1)._,(41)14S3  3  (io 

+ ((D.q)(F*.q)+(DI.q)(F.q)] 
3m2112'  

• L r(- acif)(F*.q!)+(3*.e)(F.e)]  (  4s 6  (s2_3m2p2(1,04; 
3m211  

X ( i-t/A.12  ) ) ) 

+ q')+(DI.q)(F.q')](  24  3 

+ [(D.q')(1.q)+(D.e)(F.q)] (=-Lhal - m2t(1---I))) 3,1124- 	• • 41e. 

+ 	[(D.FI)+(F.DI)] (-24S  S2Bu) 

+ i[B,F*  + F.B*] 	S2Bu) 
m4, 

+ i[(B.q)(F*.q)-(B*,q)(F.q)j, 	t/4µ2)) 
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ir(B.e)(FIpcit)_(B.cit)(F.cit)] 	m2p2(1_t/4m2 
mp 

(1-t/4p2)1 

+ i[(B,q)(F*.q t )-(B*.q)(F.e)] 

	

t 	(1+t/2p2)) 
3P3  

+ i[(B.e)(F*.q),(Bt.v)(F.0] ( - 4S, (1_3041,3))  

3m 11' 

1
+ 
 Reggeized Differential Cross-Section 

Section A.7 

da 	 ." 1 4-r-c -2  1.11-1.27- (82+µ2  t(l-t/411.2  ))t(i+t/4µ2  )-2S2+-t2µ2  (1-t/4µ2  

+ 4t(1-W4m2)(1-t/4µ2)] 

+ [(B.e)(C*.e)+(C.e)(B*.cli )11-FT(2.1- m2(1-t/4m2)) 
m p 4p2  

t3  [(13.q)(C*.q)+(B*.q)(C.q)](:.-7-7  (1-t/4µ2)} 
4m µ2  

+ [(B.q)(e.e)+(B.e)(CI,q)+(C.q)(13*.e)+(C.4)(gt.q)] 

t 
r 8m

St3  , x 	71.  
p' 

+ (C.q)(C*.q) 	
e
t2  (1-V4m2)} 

[1.2  

+ (c.e)(c.e)(t2(1-t4m2) , 4 S2Bu1 
4m4µ9.  

+ [(C.q)(C*.q' 
4 4 	4" 

)+(c.qt)(cco .lTSt
3 	(1  p td" )1 

8m p 
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+ [(B.e)(B*.e)] (
m211
2
2
) 

+ [(B.c1)(B.q)][-  4(1-t/4µ2)] 

+ [(B.q)(B*.e)+(B*.q)(B.e)][41P-] 

+ D2  12- (1 	t  ) rriF 

+ [(D.q)(D*.q)] () 

+ (D.(V)(D*.qt )(P (1 - t/4m2)) 

st2  + i[B.D* - D.B*  ] 
2mµ" 

• i[GB,(1 0(p*aci t) 	(B.(1.1)(D.(41)] (2t3 s)  

mµ 

4t (1 	t/km2) S2Bu] 

• (F.0(F401 
m2
4

11

.t.„ 
 s2Bu) 
4 

+ i B*P-BF*l 	Itt  S2Bu) 
il m 3 

+ it(B.q)(F*.q)-(F.q)(Bl.q)] 	(1 - t/4m2)) 

• i[(3*.q)(F.e)-(13.0(0.cif)) 22; 

+ [(D.q)(F*.q)+(F.q)(D*.q)] ----- m2St
2
µ
2 
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+ [(D.q)(F*.e)+(D*.q)(F.qrn (-14 (1 ...ti4m2)) 

+ i[(B.e)(D*.q)-(BI.e)(D.q)10 

The values of A, B, C, D, F are given by eqs. 4.47a, 

4.47b, 4.48 to 4.51. 

S2Bu = 1 q2..  „, m22  (1.L. ._ t2  )lye 
...L.) 

i-, 	k 	
4m 	4µ2  

It should be emphasised that in these two expressions 

not all the terms contribute to all the different processes 

depending on the trajectories being exchangedjsome of the 

A's, B's, etc. are zero. 
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