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ABSTRACT 

The predictions of U(6,6) for the baryon-baryon scattering 

and the crossed processes are compared in Chapter II with the 

available experimental data, with particular reference to 

forward scattering and the threshold limit. 	The resuliiiin 

the annihilation channel are fairly satisfactory, whereas 

those in the direct channel are decidedly not so at the low 

energies where the comparison is effected. 	In the course of 

this investigation we derive an important relation between 

the non-relativistic (Wolfenstein-Ashkin) and the relativistic 

(GGMW) amplitudes of the baryon-baryon scattering, from which 

it is now possible to translate the analysis of scattering and 

polarisation experiments in terms of one set of amplitudes 

into the other. 

In Chapter III, we derive the mass formula for U(6) 	U(6), 

the little group of U(6,6), and show that it gives the same mass 

relations as the SU(6) formula, while in Chapter IV, we 

speculate on the possibility of using the infinite-dimensional 

unitary representations of non-compact groups to classify the 

strongly interacting particles, and display some of the 

techniques which will make= non-compact groups more amenable to 

computation. 	The last Chapter deals with the recent conjecture 
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that the low-lying baryon states may not belong to any pure 

representation but may in fact be in a mixed representation. 

This is studied in the context of U(616) and various predictions 

following from such an assumption are made and compared with 

experiment where the agreement is found to be very encouraging. 
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INTRODUCTION 

Attempts to understand the structure of the strong 

interactions led Gell-Mann and Ne'eman to propose in 1961 the 

'eight-foldt way theory of elementary particles.
1 T

he successes 

of the theory in classifying and predicting masses of the 

elementary particles stirred a number of authors to a 

consideration of some other higher symmetries. As a result 

the SU(6) symmetry was proposed in the summer of 1964 by 

Gursey and Radicati
2 
 and independently by Sakita3, in analogy 

to the Wigner sUpermultiplet SU(4) symmetry of nuclear forces4. 

The internal symmetry group SU(3) and the non-relativistic spin 

group SU(2) were here combined in a non-trivial way, with the 

octet and decuplet baryons placed in a 21-dimensional 

representation of the group (8x2+10x4 = 56), and the octet of 

pseudoscalar mesons and the nonet of vector mesons in a 

22-dimensional representation (8x1 + 9x3 = 35). 	The SU(6) 

symmetry represented a completely new departure in particle 

physics. Previously these existed only purely internal 

symmetries such as SU(3) or purely geometrical ones such as the 

Poincare' group. 

Although SU(6) predicted additional results (apart from 

the earlier SU(3) ones), pzrhaps, the most successful one being 
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the magnetic moment ratio of the proton and the neutron, 

1113/11n  = -3/2, it is good as a symmetry in the static state 

only since it is non-relativistic. 	A relativistic generalisation 

of this symmetry was therefore, sought for and achieved by a 

number of authors5 who found that the simplest but non-trivial 

relativistic extension is the group SL(6,C).• 

Meanwhile, Dashen and Gell-Mann also proposed the group 

U(6, e U(6) as an approximate symmetry group of strong interactions
6
. 

This is also a static group, which when boosted to a finite 

momentum E 21  gives us the non-compact U(616) symmetry of 

Salami  Delbourgo, Strathdee and other authors7. While SL(6,C) 

results can all be obtained in the U(616) symmetry, the latter 

has the added advantage of providing a definite value for the 

proton magnetic moment which is in fair agreement with experiment. 

Also U(616) explains the hitherto mysterious equality of the 

electric and magnetic form factors. 

Both these schemes, however, were not without their 

difficulties. 	Soon after they were proposed, it was realised 

that the symmetries were not compatible in general, with 

unitarity, one of the basic notions of S-matrix theory 8  

Concentrating henceforth on the U(6,6) group, we consider this 

aspect of the theory further in Chapter I as well as some other 

difficulties of the symmetry and the various attempts made to 
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remedy them. Chapter I is not now but is essential to our 

understanding of the rest of this work. 	In Chapter II, we 

assume that the unitarity terms mentioned earlier are small 

and test the consequences of such an assumption for the 

octet baryon scattering processes while we consider in ,  

Chapter III the ma,imal compact U(6) 9 U(6) group and derive 

the mass formula for this group which, since it is the 

little group of U(6,6), should also hold for the latter symmetry. 

In spite of the unitarity difficulties, however, it 

did not take long for Dothan et al to see the usefulness of 

using non-compact groups in other context9. What had so far 

been used in the SL(6,C) and U(616) groups are their finite- 

dimensional non-unitary representation properties. However, 

it was noted by Gell-Mann and his collaborators that in analogy 

with the well-known fact10 that the entire spectrum of the 

hydrogen atom forms an infinite-dimensional representation of 

the 0(4,1) group, with its maximal compact subgroup 0(4), a similar 

idea might be used to study the classification of elementary 

particles using the infinite-dimensional representations of 

some non-compact groups. This is the subject considered 

in Chapter IV where we speculate on the possible use of the 

non-compact U(6,6) as a leungt symmetry. 
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Following the success of the Adler-Weisberger relation
11 

 I  

it has been proposed that no pure representation exists 

(at least for the baryons) in the chiral (or collinear) 

U(3)0 U(3) but that a great deal of mixing of the stable 

baryons and the low-lying baryon states takes place
12
. 

We conjecture that a similar situation occurs in U(6,6) 

and study the consequences of this in the final Chapter for 

the weak and electromagnetic processes. 
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CHAPTER I 

REVIEW OF U(6,6) SYMMETRY 

1. The Algebra of U(6,6) 

U(6,6) is the group of all linear transformations on the 

complex 12 x 12 matrices of non-zero d‘toiminantwbich leaves 

invariant the Hermitian quadratic form 
 

H = 2 2;t + t2  42 + 	+ 266 - 77
- -2 Z 12 12 

6_ 	12 
F 	 -Z 2.z. 	(1.1) 

1 - 	• 3. 3.  =1  i=7, 
Ugebra Of.q616) is 'definedin terms Of the sixteen 12X12 

Dirac matrices' 

yR=1 , Y,µ, 0-..0, = t[yro  ;I] , iYvy5  , Y5  = YoY1Y2Y3  , 

where R = 1,2 	16 	; 11,y = 0,1,2,3, 

with 	yIL  ,yV  = 2g p.V [ 	
and g

IL V = 
[1, -1, -1, -1]. 

Taking yo  hermitian and Y anti-hermitian, the set of Y-matrices 

obeys the defining property 

Yo YR Y
o = y 
	 ( 1. 2 ) 

of the U(6,6) algebra. With this property we can choose our 

matrices as 

fl 
/ 	1 Yo 	l = 	°) 	Y. = (

0 or 0) • where 
0 -1 	-00-.  

1 
1 and T. are the 6x6 unit and Pauli matriceszespectively. i 
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Thus of the sixteen Dirac matrices, there are 8 hermitian ones: 

1, -  Yo, y0-  iyy5  and 8 anti-hermitian ones: Y5' 
y5- 
a- = 

-iCr iyoy iylf5E = 2( where 52.= 51 	o  ( 3'6-51' 12)  4 = 

(S1 T
02, 03). Note that all hermitian matrices are block 

,  

diagonal and all anti-hermitian ones are block off-diagonal. 

The generators 4 (A,B = 1,2, ...,12) of the U(616) 

algebra will obey the commutation relations 

E B, 43 
6,C JA 
B D 

sA JC 
D B 

(1.3) 
with 

(JA)+  = (Ya  JYa)! 

We pass to a 'hermitian' basis by making use of the YR  defined 

above together with the unitary spin matrices Ti  (i = 0, 1, ...8) 

which define the fundamental U(3) representation and where we 

i 
have chosen Tirel A (i=1,...18) with Ti  defined by Gell-Mann

1 

1 and To =4-6. Thus TiTj  = i(dijk  + ifijk)Tk, ilj,k = 0,1...,81  

where d
ijk2  f ijk  (i,j,k,=1, ...,8) have been given by Gell-Mann1 

and doJk  : 	J- 
,o jk 

3 
Tr (TI"Tj) = a 64i  

It follows that 

(1.4) 
The generators JR 

can now be constructed. These are defined 

as 

Ji  = (YR a 	r ) (Ti)s  JAS 
	 (1.5) 

where 

A = ar; B = Ps; a,P = 1,2,3,4; r,s = 1,2,3. 
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The transformed com=utation relations now ,read 

Di 	jj] 	if ijk Tk 
Ly  r  ri 

'v5.;  r ji 	,ijk 
O
tk 

Eji ljj_j if ijk jk 
110  

cji,jj
115 ] 
	if ijk

j11
k 
5 

Eji jj3 	if ijk j  k 
11,  

	

cj
5
,  jg j 	_if ijk jk,  rji ,p  jj 	= 

iifijke 
L. 5 	vi 

Ej5 
' 	
jjj 	

11 
idijkjk 

 5' 	5 
cji ' j 

115 
 j 	idijkjk 

( 1.6 ) le• ?\ 

▪ if
ijkg Jk  - idijkJk  

PV 	PV 
ijk id 	g 	jk + 211 1. ijk 

pV 5 	
6-,
ilvx:7‘): 

idijk(ga 	jk) if ijk k 
VIC 4• 5 

idijkj kif3Jkjk 
upV 

J15 	Npvic 

	

= idijk (a7p. v5 -g7\1) 1 ) 	ifijk& 	jk  ' 	 k 
, 

idijk(g Jk  +g 	Jk  -g. Jk gs  J!t  ) 
p, 	NI kv 	4-p. Nv - Av Kil 

ijk 1Jitlt. .1 if 	(944),g•xv  gNIgkr)Jk-e' iexp,v 5.)  

These commutation relations are obviously cumbersome. They 

can, however, be put into a convenient form if we adopt a new 

notation (Ji, Jtn) in place of the J11-1  where ra,n = 0,1,2,3,5,6 

and we use the identification 

Ywv = 	Y,µ5 = iYuY5, Y31,6 	Y56 = Y3 

Then all the above commu-cation relations collapse into the 

following forms14 
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ran 	 (1.7) 

Jjn 	= if ijk4 m 	[(gkmgln-gkngml)Jke 
D 	+ $7klmnij us 

g̀linjt+glmt-gkm ln-glnsTic  km 

where mn is the totally antisymmetric term, with 012356 
Using Eqn.(1.5) the eleven Casimir operators of SU(6,6) can 

easily be built up and calculated. These are 

c =cry c =JAJJC 
1 B 412 	2 B C A 2  

 

K 
C11 = j: 	

T 
 

 

They are in general very long and unwieldy except for the 

quadratic Casimir operator C1, which is simply 

C1= 2( jiJi-J5iJi55+,51\*.11\41-AiciN  ). 

2. 	The multispinor representations of U(6,6) 

The U(6,6) theory assumes that the fundamental entity for 

strong interactions is a 12-component Dirac quark _Under a' 

U(616) transformation the quark spinor undergoes the change 
B 

1̀̀  A ----* SA 113 

with S = exp(iAVI.) = exp(i124 	(1.8) 

where A,B = 1,2,...,12 and all the 14kE s are real, 	The 

antiquark spinor also defined by 

= qrar  = ( 	(l0/1  a,p = 1,2,31 4 
	(1.9) 

r = 1,2,3 

= ifijkjk 

cji / m 
ji 3  = ifiikjk 

n 
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transforms as 

_ A 	B 
(S

-1 )A 
3c 	y (S  )B 

leaves -7FlirA invariant. 	The kinetic energy term11).  A 

however, is not left invariant under U(6,6). 	Thus the free 

Lagraujlan breaks the symmetry, Finite-dimensional non-

unitary representations of U(5,6) may be built up from products 

of quarks and antiquarks. These multispinors transform 

according to the general rule; 

SAlSB1 ..(S-1)
C 
(S
-1D 

AB..1,-*--4 	A B " 	C/ 	)Dr... 	(1.10) 

where S is given by Eqn.(1.8). 

Following the usual procedure
15 

we assign to the 12-component 

1 quark the baryon number B75  . The baryons are then constructed 

from three quark states and the mesons from quark-antiquark Mates. 

Under U(6,6), these states decompose as follows 

12@12ffi12 = 220 + 564 + 572 + 572 

1210E = 1 + 143, 

where in terms of the Young Tableau
16 the 220 is completely 

antisymmetric[13], the 564  completely symmetric,[5], and the 

2z2 is of the mixed symmetry type [2,1]. The decomposition 

of these u(6,6) multiplets with respect to the subgroup 

U(5)QU(2,2) is given by the following 

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

220 = (10,11) + (8,200 + (1,20) 

and 
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364 = (10,20) + (8,201 ) + (1,4) 

572 = (10,200 + (8,201 ) + (8,20) + (8,70 + (1,200, 

where the first number in each bracket denotes the U(3) 

representation and the second the U(212) representation. 

The two U(2,2) representations denoted by 20 and 201  are 

of the symmetry types [3] and [2,1] respectively. 

As in the SU(6) symmetry we assign the spin i and spin 3/2 

baryons to the 261 representation of U(6,6) and the 141in 0 and 

1 mesons to the la representation. Then the following reductions 
of the products are relevant: 

1430143 = 1+143F+143D+4212+5005+5005*+5940 (1.11a) 

3640364* = 1+143+5940+126412 (1.11b) 

1430364 = 364 + 572 + 16016 + 35100 (1.11c)  

The single occurrence of al in (1.11b) makes the baryon- 

meson trilinear coupling unique. Hence, the F/D ratio is 

determined by U(616) theory. 

3.  Identification with physical states  

The regular representation 10 decomposes under SU(3)0U(2,2) 

into. 

	

041  = [911+Y
5 
 O+iY 

11 
Y
5 
 O 
115 
 +Y

11 
0+1 	re ]4(Tif"

q  1.1 2 	11  

	(1.012) 

where Greek letters indicate U(2,2) indices, running from 

1 to 4 and Latin indices stand for the SU(3) part and run from 

one to three. 	Eqn.(1.12), as it stands can lead to no physical 
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consequences unless it is made to represent physical particle 

states. This is accomplished by requiring that 0B 
satisfies 

some equations of motion, called the Bargmann-Uigner17 equations. 

Applying the Bargmann-Wigner equations 

(0):C1 = 11C 

(p)5y0Y;f= -1191Ar 
( 113 ) 

(where 11, is the meson mass), 

to each U(2,2) index results in the elimination of the scalar 

part of the 143 and the relation of the axial-vector to the 

pseudoscalar and the tensor to the vector part. Eqn.(1.12) now 

reduces to 

a e 	.0E0.45001. y5  PP  + y v 	13 	
(1.14) 

la I 

where P and V are the SU(3) pseudoscalar and vector nonets 

respectively, and II is the mean mass of the 143 representation. 

Similarly the baryons are described by the fully syrunetric 

tensor 1(tABCi of the 261 dimensional representation. Under 

SU(3)RU(2,2), this decomposes to give 

1"[ABCi= 2 2 DaPY,Pqr 	6111411r1rCaPY] 	
(105) 

	

216:11-1- .6.PQ s"  CaOY r 	IzarsNERrd a I:3 °).1-.6rPSN  Cy 00 Icsa  

where D is completely symmetric in both its spinor and 

unitary spin indices, 
VCaPY] 

 is completely antisymmetric and 

has mixed synmetry in spinor indices and is traceless 
Dx0Y,r 
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in unitary spin indices. The Bargmann-Wigner equations ensure 

that D describes a particle of spin 3/2  N a particle of spin 

1+ 
2 and V vanishes identically on account of its complete anti- 

symmetry. The relative parities of the decuplet and the octet 

are the same. As a result of the equations of motion, we can 

now write D and N in the forms 
) 

(P 	.ky C, D 	gq') 	0?) r  +—(0..C) ap  
„,[10. D

Yv  
,(P) 

2m 	filt V 	,pqr v Yp.
0?-  
ootrj  D

aPYIPar 11 4 

with the Narita-Schinger conditions18 

(V) (IS -m)D
10Pcir 

= 0, yD
111Pqr

(V) 
 

= 0 

i.e. 

(pi) 	= 1 [(i+m)y c] D  D
aPY,PQr m 	1z aP  JLYPqr: 

and 
1rfj  % 

N
EaPTY,r = WL P̀+mlY5CjaPNYir (7)  

(416) 

(1.17) 

(i-m) NS  (P) = 0; 

where C is the charge conjugation matrix satisfying the properties 

(c-1)43 = 

c(el)" = CY' 
a 

(Y 	= (Y c) 
aP 	Pa, 

  

(1.18) 

and m is the mean mass of the 364 representation. It can be 

    

shown from the above properties then that of the 16 Dirac 

R 
matrices (1 C)

aP; 
(y c)

aP 
 and (jr C)

ap 
 are symmetric whilst 

140  

C 	(y
5
c)
4 

and (iYII 
 y
5 C)aP are antisymmetric. DP2r2 the decuplet 

wave function of SU(3) is defined as 
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D 	= N 
*++ 	*4. 	N*o 	'0_ 

111 	D112 = N 
	D

122 
 =. 
N
,
3  
-- 	D

222 
= N 

43  

	

Y*+ n 	Y*o 	Y*- 
D113 =N! 	'-123 Vg 	D22, 17. 5 

	

D133 V5 	
D233  .43 

D333 
= Si. 

The normalisation is fixed by demanding that 

importance in our later work we defer to a later Chapter, the 

explicit particle correspondence of the Nr. 	It should 

be emphasized that the U(6,6) multiplets after the application 

of the Bargmann-Wigner equations no longer possess the full 

symmetry. They are now reduced to a number of subgroup 

multiplets, fully discussed in Section 5. 

With the definitions (1.10 (1.15) and (1.17) we can 

now write down the various currents 
jRj 	ABC(yBri )AA1  

1,1  BC 

and obtain all the successful results of SU(6) and more. All 

these can be found in the review article of Delbourgo et al
14. 

4. 	Troubles with U(6,6) symmetry and attempts to remedy them. 

Because U(6,6) is non-compact, its representations can 

be either (1) finite-dimensional and therefore non-unitary 

or (2) infinite-dimensional but unitary, corresponding to the 

existence of an infinite number of particles all with the same 

3-5p(irD  
pqr 

ak(A)S(A) 

where Y (A) represents the decuplet state A. Owing to its 
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mass, a physically unrealistic situation19  . 	We shall in 

Chapter II study the implications of using the finite-dimensional 

non-unitary scheme and consider in Chapter IV some speculations 

concerning the use of infinite-dimensional unitary representations. 

Shortly after the advent of U(6,6) explicit calculations 

were carried out to study the direct implications of the scheme 

for a variety of experimentally accessible reactions. In 

particular, several authors
20 

studied strict U(6,6) predictions 

for pseudo-scalar meson-baryon octet scattering and found that 

in addition to reproducing the SU(6) results like the Johnson-

Treiman relations
21 

viz. 

iE Or(ep)- 0-(K-p)] = Cr(hop)-  • 0-(11°.p)Z0-(7T+p)- 0'(7T p) (1.19) 

where 0-(4 B) means elastic OMB -4,  ms), the theory predicted 

other results concerned with polarisation effects. 	It was 

explicitly shown that the scheme predicts zero polarisation for 

various reactions, in particular the reaction 

K + p 

 

-+K+  (1.20) 

 

These predictions are found to be in violent disagreement with 

experiment. 	Thus, in the case of Eqn.(1.20), for example at 

K lab momentum P
lab 

= 1.95 BeY/c the average E  polarisation 

i s22 0.77 + 0.24. 

It has also been pointed out that u(6,6) scheme comes into 

conflict with the principle of unitarity of the physical S-matrix
8. 
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This can bo do,mouotrntod no ftl l crn 	'rho linitnrity condition is 

defined as 

4 I:rt<f IT 15.>,=. (2:r)2<,./1T+  In><,11 Ti i>6141-1).;• 
21 1 

where, in the summation over the intermediate states ni  we 

must sum only over positive energy states. The conflict 

of U(616) with unitarity comes about, by noting that the projection 

operator 	<211 = 	+ m 

is not U(6,6) invariant. 	It must, however, be remarked that 

even SU(3) is compatible with unitarity only if we ignore the 

physical mass differences produced by the symmetry-hreaking 

in S-matrix elements. A corresponding solution to the U(6,6) 

theory is (apart from requiring mass degeneracy) the use of 

inhomogeneous U(616) under which the kinetic energy term 

is invariant under the group. We consider the inhomogeneous 

U(6,6) further in Section 6. 	It is therefore not surprising 

that SU(3) predictions for scattering cross-sections are not 

in general in agreement with experiment 
23
. 

5. 	The derivative and non-derivative couplings  

In order to circumvent some of the difficulties of the 

theory, some authors introduced the notion of derivative coupling 

(kinetic spurion) as a symmetry breaking scheme
24. The 

use of these momentum-dependent spurious still. ' reproduced 

most of the good results of U(6,6), such as the Johnson-Treiman 
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relations and did not predict. any more zero polarisation for 

the processes conaidercd earlier
25  . However, in some cases, 

the number of amplitudes appearing in the calculations is so 

many that this greatly reduces the predictive power of the 

theory. An ingenious method of finding the subgroup which 

remains after the application of some special forms of the 

derivative coupling was given by Harari and Lipkin. These 

special forms of the derivative couplings also reduce the number 

of amplitudes considerably. The amplitudes involved are now 

dictated by the structure of the subgroup. 

The derivative coupling is of the form 25 =p' y . With 
11 11 

all the y present, the U(6,6) symmetry is broken and reduced 

to SU(3) and hence no new predictions are possible. However, 

it can happen that for a particular process, one or more of the 

component of the momentum is zero for all the particles present 

in a particular Lorentn frame. 	In this case, we obtain a 

subgroup of the symmetry which remains unperturbed to all orders 

in the symmetry breaking. Thus 

(1) if in a particular state all the particles are at rest, 

then we have p
x 
 =p y =p 

z
=o and thus the symmetry is broken by 

y p o  spuriors only. The subgroup of U(6,6) which commutes with 

Yo remains a good symmetry for these states and can be used 

to classify particles at rest only. This is the non-chiral 
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U(6)OU(6) group of Dashen and Ge11-Mann, defined by the generators 

i(i+yo) cr.Ti i=0,11213; j=0,11...18  

with Cr = 1 
0 

(2) Suppose that in a given set of processes the particles 

involved are moving in the P.-direction, say, in a particular 

frame, Then p x  =py  =o for all the particles and the symmetry 

is broken by a fYopo-Yzpz  spurion. The subgroup of U(616) 

which commutes with yo and yz 
becomes a good symmetry for these 

processes. 	This is the SU(6)/T  group)[hybrid SU(6)] with the 

generators 

T I  a- Ti y 0- Ti y - Ti 12 / o 23 1  o 31 

where 0  = 

It is to be noted that this group can only be used for collinear 

processes such as vertex functions, form factors, forward and 

backward scattering and two-body decays and it is compatible 

with unitarity if all intermediate states are also collinear. 

SU(6) has another peculiar property when it comes to the 

classification of particles. Thus, for example, the 22 of the 

non-relativistic SU(6), called SU(6A decomposes into the following 

SU(3)2SU(2) multiplets: (8,3),(8,1) and(113). 	Under W-S flip, 

the Sz=0 parts of the two representations will be interchanged. 

This interchange occurs within the 22 SU(6)Iir and SU(6)11  

But the corresponding flip between the (1,3) and (1,1) will 
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bring a term from the 22 of 3U(6)wioto 1 of SU(6)0  and vice-versa. 

Thus if (1,3) of SU(6)0.  is ai and the (1,1) X°, the (1,3) of 

SU(6)e  will be composed of to X00
4  and its singlet will be 

The baryonal  however, are unaffected by this W-S transition. 

It is precisely this pecularity which allows the p --4127T and 

N* 	N+ ?f decays, processes forbidden by SU(6)11 , contrarty 

to experiment. 

(3) For the particular case where, say, pp 
is zero for all 

particles, reduces to the form 

= YP 	-Y oo yy zz 

The subgroup which commutes with y , y , y as well as with 
o y z 

all LorentO transformations in the y-z plane is the coplanar 

U(3)2U(3) group generated by 1(14-y 0 23)Ti. 

All these subgroups of U(616) were also obtained independently 

by Dashen and Gen-Mann, using the algebra of current
6
. 

A further set of u(616) subgroups can be obtained by 

considering the momentum independent spurions
24 that arise 

from insertions of Y5ily5  matrices at the allowed places in a 

U(6,6) invariant amplitude. The symmetry is then reduced in 

such a way that the generators of the resulting subgroups 

commute with y5. This procedure automatically splits the 

psetdczcalnrsinglet X°  from the 143 meson states of U(6,6). 

All the allowed hierarchy of subgroups can be shown diagrammatically 

as follows
27: 



U(6,6) 

o 

u(6)eu(6) 

-ir z  

rest 

collinear 

co-planar 

su ( 6 )1,1. 

I 	 
U(3 ) U ( 3 ) 

4 

Y5 	I sL(61c) 

5 	I su(3) 

25. 

FIG. I - 	U(6,6) and its subgroups 

Range of validity 

SU(3) 3-dimensional 
processes 

	 B means the generators of A that commute with y generate 

The generators of SL(6,C) are : 

Ti, y Ti 	T 	y orr 5  	5__ 

By performing the Weyl unitary trick  
on the SL(6,C) generators, 

we obtain the chiral u(6)ou(6), with generators i(14-iY5) friTs  

This has found useful applications in the algebra of current 

densities
29 

 . The SU(6 is the Gursey-Radicati-Sakita group with 

A 

B. 
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the well-known generators Ti  0-Ti. We can similarly obtain the 

generators of the collinear U(3)0U(3) 	to be 1(1+6)T1. 

6. The inhomogeneous U(6,6) 

One of the difficulties of the symmetry was also the fact 

that the free Lagrangian, as we have already pointed out, and the 

Bargmann-Wigner equations are not invariant under the full group. 

It was in order to circumvent this difficulty that some authors 

introduced the idea of 143 momenta into the theory
1
'
30. This 

automatically leaves the free Lagrangian and the Bargmann-Wigner 

equations invariant under the full group, called the inhomogeneous 

U(6,6), which is obtained by adjoining to,  U(616) a translation 

group of 143 dimensions. The representations of this new group 

are now unitary. The physical implications of these extra 139 

momenta are clearly difficult to interpret. 

If we denote the 143 generators of the translation group 

A 
T143, by the notation PB

A 
 with PA•=0 (A,B = 1,1...;

112), then by 

requiring that every physical state can be brought to rest, i.e. 

Y1A3 = m(Y0)  

we see that the group of transformations which leaves y invariant 

is the little group U(6)0U(6). 	It should be noted, however, 

that the unitarity problem is still unaffected by this formulation 

as soon as we make contact with physical reality, i.e. as soon 

as we put the extra 139 momenta equal to zero. 
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7. U(6,6) S-matrix calculations  

As already stated, some of tho calculations hasod on complete 

u(6,6) invariance disagree rather badly with experiment. This 

might be due to the absence of the unitarity corrections which must 

be incorporated in the theory. To see this clearly, we proceed 

as follows. Let us decompose the full SU(5)0141  - the group 

remaining after the application of the Bargmann-Wigner equations 

invariant matrix elements into three parts, i.e. 

M = M
o 
+M

1 
+ M

2 

Mo 
has the full homogeneous U(6,6) symmetry and therefore possesses 

no derivative terms, M1  contains the derivative terms and M2 

represents what we call the unitarity corrections. For certain 

reactions, such as forward and backward scattering
25 

 , MT  collapses 

into M
o 
and we are then left with 

M = M
o 
+M

2 

In Chapter II, we shall be testing the assumption that the M  

terms dominate in certain situations. 	Thus, we consider in detail, 

the octet baryon scattering and because of experimental comparisons, 

we shall mostly deal with the forward scattering where enough data 

exists. 
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CHAPTER II 

OCTET BARYON SCATTERING IN u(6,6) 

The successful applications of U(6,6) to three-point functions 

prompted similar calculations for four-point functions such as 

meson-baryon scattering in the direct and crossed channels and led to 

the belief that the predictions would be equally good. Apart 

from certain limiting situations such as forward scattering and 

annihilations at rest, this hope has been largely disappointing. 

However, U(6,6) is only expected to provide the starting approxi-

mation to any calculation, perturbation-theoretic or otherwise. 

It is this first approximation for the scattering of two baryon 

octets (N) that we shall investigate here31. 	As already explained 

in Chapter I, in addition to the regular four-point interaction, 

there are the derivative couplings which follow directly from the 

ideas of the inhomogeneous U(6,6) group. We shall only consider 

the regular interactions with the modification of replacing the 

coupling constants by unknown form factors. Already at this 

level the calculations involved are complicated enough to make the 

task of including all the derivative interaction terms seem truly 

formidable. However, the neglect of these amplitudes is not 

serious for it so happens that in the special kinematical 

situation of forward scattering they reduce to regular form24,25. 

At the same time we disregard the baryon-decuplet scattering 
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processes which together with NN scattering form an integral part 

of the U(6,6) programme. This we have been forced to do owing 

to the absence of enough experimental data on such processes. 

There are some important observations concerning the validity 

of our results which deserve special emphasis. These stem from 

the fact that the pole approximation preserves the inhomogeneous 

u(6,6) structure321  and even with the derivative couplings such 

quantities as total cross sections remain easy to compute. 	This  

situation applies with force to all peripheral mechanisms where 

only the exchange (Born) amplitude is considered, e.g. pp —4YY 

with meson exchange. 	(An investigation in this direction has been 

carried out using the absorptive model and the results obtained 

are in fair agreement with experiment33.) However, any improvement 

of the scheme which comes to terms with unitarity, such as using 

the Born term as the potential input of an S-matrix N/D calculation, 

will necessarily destroy this last vestige of U(616) symmetry. 

Part of these unitary corrections again fall into U(6,6) form; 

the remainder we have disregarded in this work as a starting appro- 

ximation. The extend to which this neglect is justified can only 

be judged by comparing the consequences with experiment and 

these are none too striking. 

2. 	The baryon-baryon U(6,6) amplitudes  

The inhomogeneous u(6,6) theory classifies particles 

through the compact little group u(6)au(6). The 56 baryon 
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states belong to the (56,1) multiplet and when boosted to 

finite momentum 2 / o will fall into the 364 U(616) representation. 

From equation (1.16) and (1.17) the explicit decomposition 

of the 364 is 

	

(p) 	3 1  

	

2m AirADC 	) 2  (1(+m ) Y 	D 2 

41  
4tric(i+m)Y5 C]aP r s wyrs + cyclic in ABC pl 

(2.1) 

where A,B,C = 1,2,...,12, alP ty = 1,2,3,4,; pol trls, = 1,2,3. 

The modification to take account of mass differences between 

the multiplet members is described later. 

From the product 

364 x 364 = 1+143+5940+126412, 

we see that the amplitudes which describe the scattering 

N+N
2
-0.4 N

3
4.114 

(and by crossing N1
A3 	N4+N2) are given by 

FIGS' II 

2 	t 
M(s,t7u)=C1(sittu)_ 1pmac

(eg
" 
 ) .i. 	oy iDEFcr  . 

	

3 	ABC 	4) tDEF (P2) 

- ei(s,t,u) 5ABC 
023 1   
' 	ABC (P 2 

 ) T. DEF cp 
4) ipEF(P1) 

	

(p3) 	DBC(P1)  ...k- E 
(p4) tAEF (P2

) (2.2) 

	

+ B(s,t,u)t 	t 	
-nF -ABC 

-74(sif tl u)
--ABC

(P3) 1,- 
	DEF 

	

II- 	DBC(P2) 1,- 	(Pik) I, AEF (P1) 
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where s,t,u aro the ugmel MandelAam variables defined as 

(IY-P2)21 t = (p1 p3
,2

7  - 	and u = (p1-p4)
2 

 . 

Applying the generalised Pauli principle to the amplitude 

(2.2) we obtain the symmetry relations: 

Msit,u) =ti(slult), B(s,t,u) .'6 fs,u,t). 

It proves more convenient to cast (2.2) in the form 

M(slt,u) = AJA  A(P3,131)JEB(P4,P2) - VA(P3,P2  )J3333(13,1) 
(2.3) 

BJNP3'  P1 A  ),P(P4'  P2 	B ) gJA(P3'  P2 )JA5(P41  P1 	) B  

120 = IACD(p/)  if 
BCD
(0. 

where jAB(p 	 The expressions for 

yaq = (,R)oc ag. have been worked out by Salam et al and ap  

facilitate calculation of 

= iTrl ( JRJR), 

where we define 

JRJR  = JJ - JJ5 + JJ - JJp5 + 
IJ J 

	

o 	5 	115 
 

a 

As they are crucial to our work we list the baryon-octet 

contributions to the JR  : 

	

I 	
2 P

2 -q 
IF 

J
q  qy ,p) — uNN) 	eiTt(RN)] 

4m 	P 

ci/p(1)iv) 22-2  J5 	4m2E(RY5N)Cip,D4-2//3F-1/3 elTr(RY5 
 N)] + *04 	(2.4) 

J 	Ei (Fly y. NP 	-1/3i dc:Tr(Fry Y N)] 	. • 

	

115,11 	4m2 	11 5 P,Dt2/3 	P 	11  5 

1171)  
J 	(IA t ,P )=1 ,3F-D3 efr (RN)] ÷E—[ ( Fly 0

1  

	

2m 	p,1/ 	p 	42- 	p,D+2/3F 

1/3 00Tr(Fly N)] + 

„TA.? 
BA 
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JIL73, Icw,b)-41.1112(p5, -Bvc(RN);!,1/3F_Di 6' IlTr(FIN)] 

+ 	14,[cfl cr 	, 	ocgpTrai 0' N)] 	*40 

4m". 	p,D+2/3F 3 	112, 

Here q = p-p', P = p+pt, N = N(p), R = N(p'), and 

Tr(NN) = TJpNg  
P 

(RN)q = RqNr Rrgr 
plF rp pr 

(NN) q 	= Rqiir  + firNq  
p,D rp pr 

(2.5) 

and + ... means that we are dropping the decuplet countributions. 

In reducing 	from the form given in Ref.7 to the above 

form, we have used the relation 

R(pl)r N(p) = R(pl)CP2Y - 2mP JN(p) 

-.1V(13 1 ) rarll 0
- 	q 
11V V 

q2y ]N(p), 

with rv,  = 6 incri\  Pv R.' : 7.J5  • 

Further, we shall make use of the SU(3) identifications 

N
1 
= 	210+1,6 A ), 	N21.  = 2,4-, N31  = p 

1 N
2 

= I, N2 = 10(- z °4-45A), 	N32  = n 	(2.6) 

N
1 
	 ..-4o 	N -1L, 3 14k6 3 - , 	N2 

3 - -:.,t,. 	,  
3 

At this stage, we deem it appropriate to make some remarks 

about derivative and other amplitudes before closing this 

section. We know that the amplitude as it stands blatantly 

violates unitarity; in a6,1ition to (2.2) we should include 

spurion terms, first derivative terms constructed by PB = 
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fie)P Op insertions that are necessarily present in the framework a  

of inhomogeneous U(616) and secondly, higher spurious of the type 

2 	CR  (yR  e 	that make up the totality of SU(3)0 Poincaret- R 

group amplitudes. 	In this Chapter we shall be testing the 

assumption that the regular amplitudes of the initial U(6,6) 

approximation by and large dominate the processes in question. 

Even if it turns out that we need the spurion terms at the very 

minimum to explain certain experimental results, our conclusions 

will still apply to forward-scattering situations, when these 

kineton terms reduce to the homogeneous U(6,6) form. 

3. Elastic scattering of protons by the baryon octet  

Relations 2.14_ in conjunction with the amplitude 2.3 make 

it an easy matter to pick out any desired process. We shall 

naturally focus our attention on processes which can be 

physically realised, i.e. those in which the proton plays an 

active role. 	It is sufficient to consider the elastic 

scatterings pp, pn, pA, 	 ±,pZ 
	as all other processes 

- can be deduced from these. Except for p 	scattering, the 

other cross-sections are all observable as the interactions of 

hyperoAs with protons can be studied in the same pictures 

which record their production34. 

We now express our results for each case as linear 

combinations of the basic entities : 
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S 	R(P3)N(1-,1)11(1) N4P ) 4)  

P = R(p3)Y5N(p1)R(p4)Y5N(p2) 

A = R(p3)iyy5N(p1)R(p)iyy5N(p2) 

V = 1V(P3)Y1IN(p1)`N(p4)Y1IN(p2) 

T = lii(p3)(Y1.0p(p1)R(p4)arlif N(p2) 

as well as the interchanged (1 4-* 2) quantities S,fc 

(2.7) 

VI  T. In writing down the amplitude we would have the 

occasion to make use of the following very useful identities35: 

1/2ni'l(P4)N(P2)R (P3 )c2S2+164]N (131 )  

=2L 	 211, 

I 	 rt.  Tin2N(P4)N‘132)LtP2+134)11(1) — 
= 

C 4m2 	
7  tE2  

Also we introduce the abbreviations 

(2.8) 

p -p ) D71(p )u- -N(p ) 4 p 	3 	1 

x=s/4m2, y=t/4m2, z= u/4m2, x+y+z = 1. 

and note that 

JAA(p1,p) = TrJ(pr ,P) = 3(1-q
22  )Tr(N(pl )N(p). 

Compiling the results, we have : 

IMP = 961(1-y)2S-41-z)2g4Bg 1-y)2[5S+17/9(V+T-A-P)]+(x-z) 

(1+y)20/9S+8/9(1-y)[V-yT-(x-z)P3A1-z)2[5'g+174 

i(2.91  
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Mpn = 9Q(1-y)2SABI:(1-y)2[4S-8/9(V+T-A-P)]+16/9(x-z)(14-y)S 

4-28/9(1-y)[V-yT-(x-z)13]3.41-1[g4.25/9(M-1-P)] 

+4/9(x^y)(1+z)6I-20/9(1-z)[7-gri-(x-y)P] 	(2.10) 

MpA = 901(1-y)2S+1BE3(1-y)2S+2(x-z)(1+y)S+(1-y)[V-yT-(X-z)1)] 

-*B 3/2 (1-z )2[g/1'TR -A-I1] 	 (2.11) 

mpri. = 
AALli yj2S+-0,1-y)2C4S+16/9(V+T-A-P)J+4/9(x-z)(1+y)ir 

S+16/9(1-y)Dr-yT-(x-z)P466...z)2M4-1/9(V4i-a4)] 

+16/9(x-y)(1+z)g-8/9(1-z)[V-zi-(x-Y)i] 	(2.12) 

m1327 = 901(1-y)2S4Bi6.-Y)2[2S-4/9(V+T-A-P)]+8/9(x-z)(1+y)S 

+14/9(1-y)[V-yT-(x-z)P] 	 (2.13) 

- = 911(1-y)2S-441-y)2[S+1/9(V+T-A-P)]+16/9(x-z)(1+y)S 

-8/9(1-y)[V-yT-(x-z)13]i. 	(2.14) 

L. Conventional relativistic forms for NN scattering  

Before casting our results in the standard GGMW form36, 

we first extend the considerations given in their paper from 

SU(2)- (nucleon-nucleon scattering) to SU(3)-space. 	Contrary 

to what has been the general belief37, there are in general 

two additional amplitudes 8FD, 84, in addition to the usual 

six amplitudes corresponding to 27, 10, 10, 8D, 8F and 1. 

However, in the above relations which we are going to consider, 

time reversal invariance allows us to eliminate these two 

transition amplitudes 8DF  and 8FD
38 Thus in place of the 

1.1 amplitudes of SU(2), we now construct the SJ(3) 
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amplitudes corresponding to 27, 10, 10, 8D, 8r  and 1 intermediate 

states for the direct channel. Making use of the Clebsch-

Gordmn tables39 for SU(3) these are linearly related to the 

six processes considered in Section 3 as follows: 

Notice that M(27) and M(1O)correspond to the 

M(1o) 

M(8D) 

mOF) 

M(1) 

1 0 ;0 0 0 0 

-1 2 	0 0 0 

-1 0 0 2 0 0 

1 0 -5/2 -5/4 15/4 0 

-1 -2 9/2 	-3/4 0 

1 	4 -8 	0 	-4 	8 

Mpp 

Nipn 

MPS. (2.15) 

Mal" 

Mp Zrs; 

MpE "4"; 

isotriplet and 

isosinglet parts of nucleon-nucleon 'scattering. We are now 

able to write the above NN scattering amplitudes under the 

assumption of SU(3) invariance in terms of the GGMW form 

", 	(I) 	(I) M(/) = F1 
(I)  (S-Si+F2 (I)  (T+T)-F 	(A-A)+F 	(V+V) 

3 	4 
( 

-F
5

I) 
 (p-P) 

We infer from the Pauli principle that 

(2.16) 

F(27780,1)
(sItlu)=(-1)i+1  F 27'81191)(s tult) 

(2.17) 
F .(16108) 
1 	

7 	, F 
 (s,tsu) 1 	

(s,u2t) 

which conditions provide a useful check on our work. To cast 

our amplitudes in the for (2.16) from (2.15) we make use of 

the Fierz crossing matrix - 
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1 1 1 -1 -1 S 
M y 

 

ro 

4 -2 0 -2 4 V 

T 6 0 -2 0 -6 (2,18) 
A -4 -2 0 -2 -4 T 

P -1 1 ... 
1.61 

from which we obtain the useful matrix relation 

0 2 1 1  2 0 0 

V-.V -2 0 0 1 ...2 

TZT -3 0 0 0 3 T+T (2.18a) 

AAI 0 .,1 0 0 0 A-A 

P+P 0 EP. "*2 0 0 

The final expressions are collected in Tables I and II. 

In addition to those pN amplitudes already given in 

equations (2.9) to (2.14), we may now evaluate some inelastic 

amplitudes. 	Since the process 	--4p+Ais particularly 

interesting from the point of view of crossing to pp 

we present the result in detail, 

4-314  (PE )=-kB W3 (1-02  (V+T -A-P)+2/3 (x-z ) (141.  )S-7/3 (1-y )EV-yT- 

(x-z)P734 
	(1-z)2(3.4-i=1-11:01-(1-z)O-A-(x-OP]i. 

(2.19) 
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5. Reduction to non-relativistic forms for NN scattering. 

While it is certainly possible to express physically 

interesting quantities such as cross sectiond d0, polarisations 

CI> , etc. directly in terms of the F. (for instance through the 
helicity amplitudes listed in GGMW), we prefer first to pass 

into the conventional non-relativistic parametrisation where 

the connections with do and <P> are widely known and have been 

extensively tabulated40. For convenience we reproduce these 

in Table III. 

This non-relativistic reduction is straightforwardly, if 

tediously, carried out as follows. 	From equations (2.16) and 

(2.18), we have the expansion 

4.11=(3F1+6F2-4.F3+4F-F5)S+(-F1-2F3+2F4+F5)V+(-F1+2F2F5)T 

+ (F1-6F3-2F4.-F5)A+(F1-6F2-4.F3+4F4-3F5)P 	(2.20) 

We work in the centre-of-mass frame with 2 and Eldenotihg the 

initial and final relative momenta and, following standard 

practice, define the unit vectors 

• . 	. 

2721  
=In-21 ' 

p+R  
ivE,1  

2.)(e 
n - 

IRX21 1 

with 	!El 	I and the projections 

Cr OM Cr q p n 
Al 	At 	A 

ittoU respectively. 
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As stated earlier, we choose our Y matrices such that 

1 0 	o 	0 1 
Yo= to -1), 	= ( o-  0 )/ 	iY5 = (1 0) 

i m 
with U(p) = 1",rE+m, 

E+
E) X ; where X  is a two-component spinor. 

We thus obtain; 

U(p' )U(p) = [(E+m)-(E-m)cosE XI + x +i (E-m)sinti x + cr.rix 

6(p')YoU(p) = [(E+m)+(E-m)cosQ] x4 x -i(E-M)sinik . X+1 °701 

U(p1 )Yu(p) = P:)<-1-1 X 	ci X 

17(p' )iYoYu(p) = ig xl-tx + x+  Cr le X 

U(p' )o- 	= E(E+m)+(Fe-m)cos X:+1 0-  X -i(E-m)singliX+1  X 
^ 

--112/E+in x o-.Px +1-2/E-Hn X  o".1  X 

D(pOiY0Y5U(p) = X+T cr.PX 

rgpthyy5u(p) = DE+m)-(E,m)cosit].X4-1  TX+i(E-m)riSin0X +IX 

-ia/E+m )e,f  cr 	-1-k/E+In X + 0-  X 

)y5u(p) 	-1X 1-  cr.X 

We can now calculate the various quantities S,V,T,A and P 

by proceeding to the c.of m. frame where 

p1  = (E, R) 	P3  = 	21)  

p2  = (E, -2) 	p = (E
2
0 

The conventional non-relativistic expansion then reads
41 

M = cc 1e1 +13 0- Q 	+y( Cr 1 + 12 	) + 6' cr 	+ Eo- ii2Cf n n 	n 	n 	q q p p  

(2.21) 

M being understood to act between the two-component spinors X 



40. 

viz COWe+.1P'40)4  4O s,(. 0CA;)Iciend e are, of course, 
, 2 2,1  complex functions of the centre-of-mass energy EL=tEm /2=00:2..1 

and the scattering anglealcoot6.2.ee.(t-1.04+01„ 

In terms of the GGMW amplitudes, the c(213,Y,Cr,e are of 

the following forms  

a=[E2+m2-3(E2-m2)cosCF1+2Cm(2E+m)-(E2-m2)coso/+(E-m)2cos29]F 2 
-2(2E2+2r

3
4.2[E(E4.2m)+(E-m )2oos2 OF +(E2-m2)(1+o050)F

5 
33.-CE24-im214E2-m24cos0JF +2Cm(2E-m)4(E22)cos04-(E-m)2cos2OJF 1 	 2 

+2[2E2i-m2-2(E2-m2  )cosO]F3+2[E(2m-E)4. (E-m)2cos20F4  

-(E2-m2)(1+codS)F
5 

y=(E2-m
2)sin 6(F1+F3)-(E-m)

2sin20(F
2
+F4) 

m yoos4Dy2Cm2+2 (E2-m2)oosaP2+2[-E24-4m2+ 

+2[E2-(E ,m2)cosO]F
4
+(E2-m2)(-3+oosO)F

5  
.-EE2+m24-(E2-m2)oosCny2m2F2 

 +2t3E2-2m2“E2.-q)co.501F3 

+2[E2  +(E2-m2)cose]F +(E2-m2)(14-cosO)F 
4 	5 

connections between the F. and the cc.i3,Y, Jand € may 

prove valuable in their own right, without reference 

6. Physical observables and non-relativistic parameters  

At this stage, we find it convenient to state the physical 

observables in terms of the non-relativistic parameters: 

(a) The differential cross section for an initially unpolarised 

beam is 

These 

to u(6,6). 

(2.22) 

(2.23) 

(2,24) 

(E2..m2)cosoF3 

(2.25) 

(2.26) 



41. 

mia sl .1/12a0102itE la 1244f 12+21y 	612+(e( 2] 	(2.27) 

(b) The polarisation<P>of the final baryon (perpendicular to 

the scattering plane) is proportional to ImEY*(a+D)]. 

From (22), (23) and (24) we get 

4>C<-8(E2-m2)[2mE-(E-m)2cos20] 

xsinelm[(F1+F3)*(F2-1-F4)] 	
(2.28) 

,j  g sin° IIME(Fil-P3)*(F2+F 4
)3 - 

near threshold. 

(c) The spin-singlet and spin-triplet scattering lengths, 

as and- aT (obtained at threshold), are 
given by 

a(0)m2(3aTs), 13(0)m2(aT-as). 

Hence, 

aT.2(F24)s_.mm2 a
s
=2(F1-3F3)s--144.m2 
	

(2.29) 

(d) The optical theorem relates the total cross section to 

forward scattering as follows 

0-tot(s)=Ima(s10)/41112[s(s-4m2)] 
	

(2.30) 

where 

a(s,0)=1s(2F4+F5-F1-2F3)+2m2(2y3F2-F34-F4-F5) 	(2.31) 

(e) Connections with other experimental observables may be 

obtained from standard tables. For example, the correlation 

parameter Cqp :Ls proportio nal to Im[Y*0-0] and so on. 
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7. Incorporation of mass-differences  

lie wish now to make some observations on the question of 

mass differences. Throughout the whole of the previous work 

we have assumed the baryon octet degenerate at a common mass m. 

At high energies this is probably a good approximation, but 

at low energies where we shall be comparing scattering lengths, 

polarisations, etc., this will certainly not do. 	There is 

to date no well-defined prescription for taking exact account 

of mass corrections within any symmetry scheme, but a plausible 

method is to make comparisons of amplitudes for each channel at 

the same Q values after correcting for phase space and flux 

factors43. Q is defined as Q = E* - m3  - m
4 
where E* = total 

energy in the centre of mass system, and m
3 

m
4 
are the masses 

of the two outgoing particles. This choice has the virtue that 

the thresholds for each section are superimposed at Q = 0 

and that the opening up of new channels which, through unitarity, 

will affect the reactions under consideration is also superimposed. 

Secondly, at the same Q-value, each cross section Cr is weir 

by a relativistically invariant phase factor F, such that 

.14 12 = E*2 p in : 	c outr 
	= F .. 

2 represents the square of the scattering amplitudes 

computed from U(616) and. in and  Pout 
are the momenta of the 

incident and outgoing particles in the C.M.system. 	The 

kinematic factors that relate cross sections to matrix 



elements are, of course, different for each channel. We shall 

follow this approach and thereby need modify the external momentum 

factors. Consider typically the forward-scattering case where 

we meet the factor s(s-hm2  ) in the degenerate situation 

mi  = m2  = m3  = m
4 
= m. If m

1 
= m

2 
and m

3 
= m
& 
we make the 

e 1 

modi- 

fication s(s-tim ) -4 s[(s-hm2)(s-/4.m 	, whereas if m1 
= m3  

and m
2 

= m
4 
we make the modification s(s-hm) -4")[s-(m1-m2) 

2]  

[s-(m1im2)2]. 

Similar replacements may be envisaged for the various factors 

occurring in equations (2,9)-(2.14) and (2.19), and will be 

used particularly for pp —4 NN reactions. Although they 

correctly incorporate threshold effects, these prescriptions 

at best can only be a rough way of handling mass corrections. 

However, any more sophisticated treatment must make the theoretical 

analysis many orders of magnitude more difficult and really 

quite unnecessary, bearing in mind that U(6,6) is, by its very 

nature, an approximate theory. 

8. 	C2mparisons with pN scattering experiments  

In the direct channel, apart from the extremely well- 

studied nucleon-nucleon problem, there is a scarcity of data 

all of which is confined to Yp scattering as 74processes 

are entirely out of reach at the present time, Nevertheless, 

we shall concentrate on the seven processes pp 	pp, 

pn 	pnl  pA 	p./1 1 	• p Z 	p A 4 • pF, ° and 



p 6 	pe--+ 	since the last is physically attainable in 

the crossed channel pp --* NN. The analysis will be confined 

to comparisons of scattering lengths, polarisations, and total 

cross sections obtained from forward scattering. 

The F. for each of these processes is collected in Tables 

IV and V, whilst in Table VI we have for convenience listed 

the combinations (F2 
 + F ) 4 s.4m21 

(F
1 
 - 3F3)s=4m2 and 

Cis(-F
1 
 -2F

3 
 +2F
4 
 +F
5 
 )+2m2(2F

1
+3F

2
-F
3+F-F)]t=0, 

which have physical relevance. Theoretical predictions are 

then easily read off. 	Notice that in the threshold limit 

a(s,t,u) 	Cl(s,t,u) -- 01..(41112,0110) but that otherwised, 

a1 B, B remain distinct amplitudes in general. However, if 
we neglect all but S waves (i.e. neglect the t, u dependence 

of these amplitudes) It a and B = B and it is this special 
situation that has been studied for SU(6) by Barger and Rubin". 

We shall make no such restriction unless we have no other 

option, such as when we consider low-energy pp 	NN cross 

sections. 

(a) Firstly, regarding the question of polarisation which is 

given by the interference of (F1
+F
3
) and (F

2
+F) we immediately 

conclude from Tables IV and V that the outgoing proton may well 

be polarised for the reactions considered. 	To illustrate, 

let us take proton-proton scattering where 
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(F 
1 
 +F 3)(PP)=[9/2Ct-8/9B](1-y)2+5/18B(11-y)(x-z)+(y 	z), 

(F2+F4)(PP)=C9/2(1+13/9B](1-y)2+5/18B(1+y)(x-z)-(y 	z) 

The interference takes place between amplitudes of opposite 
ni 

symmetry types Cl+ a , B+B and is obviously nonzero. Similarly 

for each of the reactions in Tables IV and V there is never 

a single amplitude and polarisation of the final proton is 

quite feasible within U(6,6) symmetry. Evidently there exist 

processes which we have not considered such as p 	n o 
 which 

are predicted to give vanishing polarisations on the basis 

of U(6,6) because they involve just one amplitude. However, 

once derivative couplings are admitted into the theory, such 

conclusions will no longer apply. 

(b) 	The six independent scattering lengths of SU(3) are 

reduced to just two by U(6,6). 	Thus in addition to SU(3) 

predictions such asas 1p.  asnP' 
we have the relations 

(see Table VI) 

np 	AP AP 
s a 	. a

np 
T 	a

s = aT 

8a AP  . a EtP+7a nP 	6aAP= as2-P+5a nP  
(2.32) 

The only experimental evidence regarding these scattering 

lengths after eliminating possible Coulomb effects is as follows4°245  

a nP=. -23.680 + 0.028F, 	ATI1P  5.399 + 0.011F 

AS) a4P = -2.46 F 	= -2.07F  
(2.33) 

+p 
-3 diCaT G1.7F, 	 4F:Apas  p  71.30F 
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The very first theoretical conclusion asap  - aT
np 

is so badly 

violated that comparison with al.2413  - 8a
s
AP  in equation (2.32) 

is rendered meaningless. Most likely the discrepancy with 

U(616) lies in the great sensitivity of the results to the position 

of the deuteron poles (real and virtual) near threshold. 

Such excuses have already been invoked to account for deviations 

from SU(3) symmetry
23 

and therefore the lack of equality of 

singlet and triplet nucleon-nucleon scattering lengths could 

well represent only small U(6,6) symmetry breakdown. We 

must mention that kineton terms from inhomogeneous U(616) reduce 

to regular couplings and cannot affect this result. - However, 

it might be appropriate to point out that the equality of the 

singlet and triplet Ap scattering lengths is in good agreement 

with experiment. This equality is interesting since no 

resonance or bound state seems to exist inAp S-wave scattering 

giving support to the excuse already invoked to explain the 

equality of the np scattering lengths. 

(c) 	In view of these remarks it is desirable to make 

comparisons with experiment at somewhat higher energies. 

Unfortunately except for nucleon-nucleon scattering, this is 

not readily available. The present available Yp scattering 

data are summarised in Table VII. On the theoretical side, 

making use of equations (2.50) and (2.31), we obtain, apart 
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from the standard SU(3) relations such as 

c.tot( sop) =crtotm  -p),  

the extra predictions (unchanged even with derivative couplings), 

	

crtot(  ni-p) 	3 crtot( z-p)  = 4 crtot (no 	6 crtot ( zip),  

	

3 crtot z+p) 	8 a_tot 	-p) 	4 crtot (.7  -p) 	(2434) 
= 3 ortot(np)  

The fact that the first relation is violated at these low 

energies cannot again be regarded as a serious objection; 

0,-(np) shows very large variations in this region and, quite 

apart from that, Coulomb forces will muddy the strong interaction 

amplitudes, Until data is available at considerably higher 

momenta, equation (2.34) will not prove a useful test of 

U(6,6) theory. 

(d) It has been shown
b6  by Dashen and Gell-Mann that for 

coplanar nucleon-nucleon scattering the invariance under 

11<3)10(3), which is the invariance group left with insertion 

of the irregular couplings of inhomogeneous U(6,6), of the 

form = PoYo PlYx p2 2Ty1 
 leads to the prediction that the 

correlation parameter, Cpq = 0. We easily reproduce this 

result and extend it to &i NN scattering processes using 

Tables IV and V, by notiv0 that Si - e-710. 	This is the 
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single constraint on the F. imposed by U(626) invariance. 

This condition also implies R' = -A, R = A', 

- 9v (90°) = 2C1 - D(90°)] 
	

(2.35) 

(For the definitions of these parameters, sae 
OA 	1mA-diDP"- piA-4-ctevi" rc-0,44 

The available experimental data4for all these 

Table III.) 
edvi.1 

correlation 

parameters are collected in Tables VIII - XI. Apart from 

rte = -A prediction, the agreement with experiment of the 

others is not very encouraging. 

9. 	Comparison with pp 	NN experiments 

By applying crossing symmetry to the direct channel, 

p(1) N(2) + p(3) N(4) we obtain the amplitude for 

p(1) f)(2) + R(3) + N(4). This is expressed by the 

substitution law/`7 p2 	3,N(p2) 	N(-p3) in equations 

(2.2) and (2.3). 	At the same time ig(s,t,u) --0(slt,u) = 

a(t,s,u), etc. 	We could also apply crossing to obtain the 

processes pR 	pN but, apart from the elastic nucleon-anti-

nucleon scattering, these reactions do not hold much physical 

interest, and we shall therefore address oOrselves only to 

pp 	NN for which there is considerable data, especially 

in the form of total cross sections. 

One immediate con:Jequence of U(6,6) invariance is the 

vanishing of all inelastit (absorptive) cross sections pp 
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NN at threshold. The only surviving amplitude is then 
INJ 

t~J 
 B 
B (p49p1).7C

c
(p3'p2). 	

It is interesting that this symmetry 

scheme automatically leads to the dominance of pp elastic 

scattering without recourse to physical arguments. On the 

experimental side it is known thatCr(pP) andcr(nn) have values 

of about 100 mb and 20 mb very near threshold, while the data
48 

on ITC production at 3GeV/c p laboratory momenta show 011Yi) 

50 	At this energyCr(pP) 7-1 20 mb and Cr(nn) 	mb. 

Thus the U(6,6) prediction is in fair agreement with experiment. 

To make more detailed comparisons with U(6,6) we must 

calculatetheP.ahove threshold; for pp 	we cannot 

use the Johnson-Treiman device
21 to circumvent equation (2.27). 

However, though differential cross sections are known for these 

processes we will limit ourselves to comparing total cross 

sections and for that purpose we make the S-wave approximation 

(supposedly we are near threshold) of discarding all angular 

dependence (t-u) and retaining those terms to first order in 

(s-tam ). 	dCr/dS2 often shows a strong peaking in the forward 

direction indicating a peripheral mechanism with K* exchange 

and invalidating this approach, but as far as rough comparisons 

are concerned our approximation is permissible. 	In this limit 

the crossed non-relativistic amplitudes (2.22) - (2.26) become 
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(a.-§/tim2=-I (x-1) C-21F11-3F2+5P3-Fik+P.5] 

( c7+p/i4n2=C1+3/2(x-1)][4.142-P3+Pd, 

.7/4m22i(x_1)  ,2 CP1+2P2+P3+sF4] -2(x -1)(F24'4), 

( 	+ E,)14-A + 2P2+2P3  +P5  )4(x-1 ) [-Pi  +3f2+P3  -P4+ 05] , 

 

2 with x -1010/4n -1) as the expansion parameter. We then obtain 

the following theoretical leading behaviours of the cross 

sections from equation (2.27) valid for (x-1)<X1: 

47(PP) .-4 811d12/x, 

cr(n7i) —+ 25(x-1)1 1312/4x, 

Cr' (a) 	81 (x- )P312  16x 

a-  () 	3 (x-1)114 2/16x1  

Z+.0 	(x-1)0 2/41x 

Cr.  0fl-•'-* L9: (...1)4142 
2(x-1)14 2/81x 

(2.36) 

Experimentally pp annihilations at 3GeV/c laboratory momentum 

have yielded 

(pp) = 21 mb 

cr (nn) = 0+1.3 mb 
	 (2.37) 

(11)= 117+ 18 pb 
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= 31+8 

0-(z+2÷) = 36 + 16 .p,b 

= 10 + 4 -0 
, 

0-(2-.-.1i 	= 2 + 1 

(2.37) 

A first crude comparison of equations (2.36) and (2.37) is 

achieved by taking a common mass N 1.1GeV for the baryon octet 

(when x-1 0.6). 	This gives the rough theoretical estimates, 

: o- (AA'.  ) : o- 	o-( z+ ) N 125:100:!:5, 

o-(22r): o- (27E4; 3:1; 

and in the event that the S dependence of the amplitudes is 

neglected so that B = B, we have 

0- 	0-( Z+M+) 
	1:6. 

A more :correct: computation of the theoretical ratios (not 

entirely in accordance with the standard rules because the Q 

values of the processes are slightly different) must take 

account of the phase-space factors in equation (2.35) and 

the different masses involved. The prescriptions of Section 7 

give the corrected U(6,6) amplitudes to be 

Cr (nzl): Cr ( Alt): cr-( 0A7) 	2+ 4") 

Gr(fr): cr( Tie 2) 25:1 

and 

0-( ZZr) 	1:6, 

as before, if BP-IB. 

:1130:80:3:4 
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It should be emphasized that in view of the approximations 

made to derive equation (2.36) the quantitative results 

cannot be wholly reliable, particularly as (x-1) - 	1.1 
nn 

and (x-1)a-cs 0.75 are hardly small parameters. Moreover, 

the introduction of derivative couplings will in general 

radically change the answers although not in the approximation 

which gave equation (2.36) when we extrapolated from the 

forward direction. Therefore the most we can hope for is for 

qualitative successes of U(6,6); these we do obtain except for 

the over estimate of 0-(1a). 	It is a curious feature that 

in contrast to SU(6), U(616) is fairly satisfactory in the 

annihilation channels because it somehow incorporates absorption 

effects. 	In the direct scattering channel it seems to fail 

at low energies just as with SU(6); it is conceivable that 

this blame is carried by bound-state effects. 

Finally we remark that our comments about polarisations 

in Section 5(a) carry over unmodified to the crossed channel, 

viz, for the processes considered there will in general be 

polarisations. 
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CHAPTER II/ 

THE U(6) CR) U(6) MASS FORMULA 

1. Introduction 

Once the classification of particles in any symmetry 

scheme is decided, the next stage is the choice of a suitable 

mass-breaking operator since it is known that in real life the 

masses of the particles are not degenerate. Whilst this is 

fairly straightforward in the various symmetries studied so far, 

the situation in u(6,6) is a bit complicated by the fact that 

because it is a non-compact group, the usual techniques used 

for compact groups may not apply in this case. The situation 

is, however, not as gloomy as all that, for we are in general 

interested in the rest mass of a particle so that all that our 

interest lies in, is the little group, which is the maximal 

compact U(6)RU(6); in other words the mass formula is essentially 

a static problem. We shall show below how the little group 

U(6)@U(6) arises and thence consider its appropriate mass 

operator. 

2, The little group of U(6,6) 

As has been emphasized in the previous Chapter, because 

the homogeneous u(6,6) is non-compact, its finite-dimensional 
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representations are non-unitary and so cannot be associated 

directly with physical particles. 	In order to do this, let 

us, for example, consider a multispinor 0A1A••••belonging 
1 2 

to some irreducible representation of U(6,6). For the 

invariant scalar product we must take 

A
1
A
2 	

B1
1 	

Bt 	A 	A 
1 	1 	2 0A1A 	0B 	1 	(Y0) 	(0 ,A, )*(Y )A1 (Y0)111 Al.A..2 	gill 	A
1 2 	

(3'1) 
1 2 	1 	 11 	2. 

where the asterisk denotes complex conjugation and 

(Y0)113,  (y0): 6: 	 (3.2) 

Equation (3.1) is evidently not positive definite. 	We can, 

however, project out a positive definite dubspace by 

1.• • • 
restricting the set OB 	to those on which y

o 
acting on 

A
1
A 

this multispinorltakersone value, for example 

AI 131".  1 d 
l o

) 
 A 	'At A• 

1 2 

(Y ) AI 
	B••• 

° 	
2 0 1 

A2 A12  
Af••• 

B10110 

OA A 
1n. 

B•• • 
1  0A
12
A ••• 

(3.3) 

(3.4) 

for lower indices and 

B
1 	

Buo
1  • 
	B ••• 

(Yo)B'1 A1 
 A 0.. -°A1A 

for upper indices. 

Equations (3.3) and (3.4) are, in fact, the Bargmann-Wigner 
17 

equations for 2 = 0. Thus the set of multispinors satisfying 



r— [3
t  --4P c ar 

with 	C yc = -y o 	o 

(3.7) 
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(30) and (3.,) is now not invariant under the full group. 

Instead, the u(6,6) representation has now been reduced under 

the subgroup consisting of those matrices JBA  for which 

JYo
J = yo 	 (3.5) 

i.e. 

-1 	+ 
J = J J. 

This is the maximal compact subgroup u(6)ou(6), composed of 

the generators f(l+Y)Cr Ti  as already pointed out in Chapter I. — 	11 

Thus the indefinite space of the original representation breaks 

up in this way into a collection of subspaces, invariant under 

U(6)5U(6), each of which is positive definite. 	The 

prescriptions (3.3) and (3.&) single out a particular one of 

these. 

Now, under U(6)2U(6), the basic spinors to  and iTA  

reduce in the following way: 

A 
= (6'1)4- 

 0 (1,6)- 	 (3.6) 

(g, 1)4. 0 (1,0-, 
where the appended sign indicates the value taken by yo  in 

the respective subspaces. Charge conjugation invariance49 

implies that under this operation 
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(6,1) 
(3.8) 

and (1,6) 	. 

Thus the relative signs chosen in equations (3.3) and (3.4) 

ensure the invariance of these equations under charge conju- 

gation. 	The spinors IrA  and "I'
A 
 are now associated, in 

particular, with the (6,1) and (11;) or quark and antiquark 

respectively. The equations (3.3) and (3.&) exclude the 

other set, the pseudo-quark and antipseudo-quark (1,6) and 

(6,1). 	Hence under the U(6)21_1(6) symmetry and the first 

type of quark and antiquarks
16, the 36 meson states with 

JP=0 and JP  =1 will transform like (6,;) and the 56 baryon 

P 	P states with J =2+ and J =3/2- will transform like (56,1). 

3. 	The symmetry breaking operator in u(6)eu(6) 

We are now in a position to study how the symmetry breaking 

term in the Hamiltonian transforms
50. As has been shown in 

the derivation of the SU(6) mass formula51 the analogous 

SU(3) assumption that the mass operator transforms under SU(6) 

like the I=J=Y=0 component of the 35 representation leads to a 

mass formula which leaves the p and  74" and 	etc. 

degenerate. 	In other words, such an assumption does not succeed 

in spin-splitting the pseudoscalar and vector mesons, for example. 

It does seem Obvious thiCitthat for higher symmetries, one cannot 

assume that the symmetry-breaking term belongs to the adjoint 
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roprocente.tion without landing into serious trouble. 

The simplest way of determining the symmetry-breaking 

terms is to calculate the reduced matrix elements of all 

possible tensor operators for a given multiplet of particles 

and then to neglect those contributions which are either 

zero or are extremely small compared to the other terms. 

Such a method has been applied to the SU(3) mass formula52  

and we shall follow this approachl but taking a hint from the 

work of Beg and Singh 	we shall restrict ourselves to the 

assumption that under SU(3) we consider only the tensors that 

are either singlet or transform like the I-J=Y=O member of 

an octet. They will, needless to say, be singlets under SU(2). 

4. The baryon mass formula  

On the way from the full U(6)0U(6) down to SU(3), we 

could pass through SU(6) or through SU(3)RSU(5) symmetry 

as an intermediate stage. We choose mainly for convenience 

to follow the first chain, i.e. U (6)au(6) —.* SU(6) --i> SU(3) 

asu(2). 	Thus, for the U(6)2U(6) baryon states (56,1), we have 

the relation 

(56,1) (x) (3;,1) = (111) (i) (35,1) (E) (405,1)0(2695,1) 

(3.9) 

The SU(3)0SU(2) contents of 35, 405, and 2695 are of course 

well-known. From equation (3.9) we can write the baryon mass 

operator as 
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1 	m8 	1 	8 	8 
M = M. (1,1)+" (35,1)+M  (405,1)+"

m 
 (405,1)+"

m 
 (2695,1) 	(3.10)  

where the superscript refers to the SU(3) contents ofLirreduciblei  

representations of the subscripts. Applying now the iigner-

Eckart theorem to equation (3.10), making use of the 56036 

Clebsch-Gordan coefficients54 of SU(6), we obtain five equations 

involving the physical masses N,E,11, N* and Y*, and the 

reduced matrix elements c, a_, 
2 a

3, a
4 
 and a

5 
 corresponding 

to the 

MO, 

a
1 

respectively, 

tensors , 	. 
(1,1), 	05

8  11), 	t405
1 
 11), 	(405

8
,1) and (2695

8
,1) 

lie write these in the matrix form 

0 	1/7 	1/7 	0 	5/7 

a2 1/ 	6/7  —1/24[/7) —1/810 5/61-0 —5/647F 

a3  0 —4-10/14 4.0/14 .0 4-10/7 A (3.11) 

a
4 

-1/,45.4  3/0i14) 1/m141 1/4.14 —1/414 N* 

a
5 

—1/3/3/7 —1/6/3/7 1/3/7 1/343/7  —1/313/7 Y* 

Putting in experimental values of the baryons55 we obtain 

the values 

a1  = 1319 	a3  = 104 	a5  = -2 (3.12) 

a2 
= 144 	a

4 

from which we note that a
5 

is small compared to the other 

reduced matrix elements and can therefore be dropped. Doing 

this gives us the mass relation 
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2N* + 3A 	2N + 2Y* + E 	 (3.13) 

which is very well satisfied experimentally and justifies 

a_pOsteriori the Beg-Singh baryon mass formula. No further 

contribution can be neglected without obtaining disagreement 

with experiment. For example, if we discard the (40,8,1) 

contribution (because it is fairly small), then we have 

414* + A + 3 	= 4Y* + 4N. 	(3.14) 

so that from equations (3.13) and (3.14) we have 

A= 

which is physically out by about 10%. Thus in order to lift 

this degeneracy we have to retain the (1058.1) contribution. 

The mass operator for the baryons can now be written as 

M = m,1 
 
• M8 + M: 	+ M8 

(35,1) 	(.0531) (1,1) 	(405,1) 

which happens to be exactly the same as the SU(6) one53. 

(3.15) 

5, 	The meson mass formula  

The U(6)2U(6) mass formula for the mesons is definitely of 

more interest than that for the baryons owing to the presence 

of the pseudoscalar meson X? (960MeV). We shall proceed in 

much the same way as in the above and consider the reducible 

tensor (6,g)0(;16) in terms of its irreducible representations. 

Then we have 
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(6,2)2(6,6)=(1,1)0(35,1)0(1,35)0(35,35) 	 (3.16) 

The SU(6) contents of these irreducible representations are 

given by the relations 

(1,1) = 1 

(35,1) = 35 

(1,35) = 35 

(35,35)=14.35D+55F+189+280+580+405 

(3.17) 

Charge conjugation invariance (or equivalently, the equality 

of masses of say,the K and R) eliminates the antisyminetric 

tensors from (35,35). 

Also it is easily seen that the application of this same 

invariance leads to the equality of the reduced matrix elements 

Corresponding to (35,1) and (1,35). 	Thus if, following the 

Beg-Singh type of assumption, we drop the (189,8), the (189;27) 

and the (405,27) contributions, the mass operator we are left 

with may be written as 

2 	1;1 	35./ 8 	1;1 	m35;8 M =M 
(1,1)

+M 
 (35,1)+0,35)4' 1(35,35)+  (35,35) 

189;1 	N405'1 	m4.05;8 
+ M

(35,35)+  (35,35) 	(35,35) ' 
(3.18) 

where the superscript notation (a;(3) represents the SU(6) 

and SU(3) contents of the irreducible representation respectively. 

Equation (3.18) is the u(6)1C(6) analogue of the Beg-Singh mass 



 

11 2 

1 -1 

1 2 

1 -1 

1 0 

1 0 

0 4 

 

7r 

K 

• p 

K* 

  

with 

8  = a -2b' s-ct -2d; 

778  = a -2131  -c/ -2d' 

/2(a)1  4-11,(4)8) = 4b' 
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foz-m‘aln.  pn.1 we ax-e 1431low1ru the usual practice of using the 

squared mass for the mesons. It would be interesting to see 

whether this predicts any new mass relations. 

From (3.18) it is now a simple matter to write down the 

equations for the masses in terms of the reduced matrix elements 

corresponding to the (1,1)1; 
 
1, E(35,1)+(1 ,35)135187  (35135)111, 

(35,35)35;8, etc. by using the 3535 Clebsch-Gordan coefficients54  

for SU(6). We collect these equations into the matrix 

equation (3.19), where the particle label represents the 

particle mass squared, and we have normalised the reduced matrix 

elements in such a way that if we use all the ten parameters 

of the mass operator, the (1,1)1;1 contribution will be equal 

to the mean mass of the meson multiplet. 

-1 2 	-9 	-9 -18 a 

-1 -1 	-9 	-9 9 2b 

-1 2 	1 	5 14 1 .......)21  c4 
5 

-1 -1 	1 	5 -7 (Did - 
(3.19) 

-1 0 	16 	-16 O '1(1/10) 

35 0 	0 	0 0 2 (1/101' 
1 

0 32 	0 	0 0 L (1/10)2i  

412 45ft. -140 

-9e' -9f' +18g' 

-1-4d/ -20g' (3.20) 
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where bt, cl„ etc. are equal to the normalised reduced matrix 

elements of the column matrix on the right-hand side of equation 

(3.19). 	Note that the unphysical masses, w1,c118,7A8,x:11  

18 
 44 xi, col  t.30)8  are related to the physical masses (with .the 

usual mixing angles of sina=j1— and tan (3.0.19 for the Wand 0,0Rand 
X°  respectively) by the equations 

3(438 '= 4K*  — P 
	 (3.21a) 

378  = 4K —7f 

0)1  + 93  = + 

+78 = x 

(0)1 	co8)2  = cof08—oix 

(x144 • 17.8 )2  = 778x1  — 

(3.21b) 

(3.21c) 

(3.21d) 

(3.21e) 

(3.21f) 

Solftmg for equation (3.19) in terms of the masses, we obtain 

the following results 

,/a = 778 

= -429 

= 225 

/d = 325 

= 432 

= 565 

= —35. (3.22) 

It is thus seen that the (35,35)405;8 
 

reduced matrix element 

is very small compared to the others and can therefore be 

safely neglected. Doing this gives us the very well-known 

mass relation 

K* 	K =p - 	 (3.23) 

a result which was first r:iltained in SU(6) by Pais
56 

and is 

in impressive agreement with experiment. Also from equation 
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(3.21e), we obtain the Scharinger mass relation57. 

(ca-p)(gf-p) 4/3(<*—p)(056-2K*) 
	

(3.24) 

also an SU(6) result. We see therefore from the above that 

U(6)011(6) does not give us any new mass relations. The 

above results are not incompatible with the general Beg-Singh 

formula, but are only obtainable from it by imposing special 

conditions which are not dictated by the tensor analysis alone. 

Of particular interest now are the reduced matrix elements 

a and a. In the absence of any symmetry breaking, these 

are the Multiplet masses for the baryons and the mesons 

respectively. From equation (3.12), al  is about 1320 MeV 

and from equation (3.22), the meson central mass is about 

780 MeV. Thus the presence of thee particle raises the 

central mass fairly from the SU(6) value of about 750 MeV 

to 780 MeV. Feeding these into the relation 

2 
g Ps/4W = 25/9(2a1/a)2gv2/w 

where gv  is related to the rate for p 	1-  27 1  we obtain 

using the Gell-Mann, Sharp and Wagner
58 

result for p 

the gratifying result that 

, 
g
2 
Ps
/41T ^, 15.9 

(3.25) 

(3.26) 

to be compared with the experimental value of 14.7. It is 

rather puzzling that in spite of the rather unsatisfactory 
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U(6)0U(6) result for gA/gvi  the agreement with experiment 

should be so good in this strict U(6)0U(6) LiatIt4. 

In conclusion, then, we propose that the meson mass 

operator for U(6)211(6) should be 

M2 	1;1 + M 358 , = M 	m1;1 	M3518 (1,1) 	(35'1)+0135)4' (35135) 	(35,35).  

M(35,35)+  
, m405;1 

(55 955).  (35,35) 

(.%27) 

ithowing that the spin-splitting is produced by the singlet.. 

contributing terms of 189 and 405. Knowing now how the 

symmetry-breaking term transforms, we can write down equations 

(3.15) and (3.27) in the usual form by making use of the results 

obtained by Beg-Singh53 for the various tensor operators 

which we reproduce here for completeness 

M 
 5 
=a

1 
 +b

1 
 Y+ c

1 
[25( 3.i.1)-c2 

(4)-4Y2  + 	] 3  

M189 = a2 
+ b

2
[2J(J+1) - C

2
(3), 

 

M405  = 405 = a3 b
3
E2J(J+1) 	C2 J 
	

(3.28) 

M805 = a4  + b
4 
 [2J(J+1) + C

2
(3)3+21/8[28(8+1)-c2(4)+21Y2] 

45E2I(I+1)4Y2+2N(N+1)-26(3+1)] 

where J, Y, I, 8 and N refer to the total spin, hypercharge, 

isotopic spin and the spins of the strange and non-strange 

quark respectively; C
2
(3) 

and 
C2
(4)  are the quadratic 
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Casimir operators of SU(3) and SU(4), and %IN..  =Id Ai depend 

only on the Casimir operators of SU(6). 

Substituting these in equations (3.15) and (3.27) and 

making use of the following identities which hold only for 

the baryons 

2J(J-1-1) - p2(3) = -9/2  

2S(S+1) 	C
2
(4)  + *Y2  = -8Y - 15/2 

I(I+1) - tY2  - N(N+1) + S(S+1) = 

we obtain for the baryons the formula 

M = a+W(J+1)+cY+d[I(I+1)-4Y2] 

while for the mesons, we obtain the result 

M
2 

= a+bJ(J+1) 	cC
2
(5)+d[2S(S+1)-C2

(4) 
 4-41(

2 
 ]+ef 

(3.29) 

(3.30) 

(3.31) 

where e in (3.31) is zero for all the particles except Xi  

when it is 36. 

In Table XII we collect together the quantum numbers of 

all the baryons and mesons with their corresponding Casimir 

operators. 

Equation (3.0  now furnishes us with an explanation for 

the empirically known, but hitherto unexplained, fact that the 

mass formula for the baryon octet can be used with the same 

coefficients for the decuplet in broken SU(3). 
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CHAPTER IV  

NON-COMPACT GROUPS AND THE CLASSIFICATION OF HADRONS 

1. Introduction 

Until a year or two ago, only compact groups were used 

in classifying energy levels of baryons and mesons. However, 

several authors9259 have lately proposed that the infinite-

dimensional representations of some non-compact groups might 

possibly be used in classifying strongly interacting particles. 

It is then hoped that in analogy to the hydrogen atomi°, all 

hadrons could be accommodated in infinite-dimensional 

representations, thereby forming a ladder in which all the 

hadrons lie on the rungs. 	So far the groups U(616), GL(610) and 

U(6)OU(6)00(371) have been considered. 	U(616) and GL(6,0 

start with the maximal compact subgroups U(6) .(6) and U(6) 

respectively and quark-antiquarks (s-wave mesons) are added 

to these in a symmetrical manner. 	In this way, the maximum 

spin increases by one unit and also new SU(3) representations 

are introduced, 	On the other hand U(6)01_5(6)20(311) begins 

with a given renresentaticn of the maximal compact subgroup 

u(6)ou(6)eo(3) and keeps exciting its constituent quarks into 

higher orbic.al Mates. Once again the maximum spin increases 

by one unit each 'Axle such an excitation takes place but no 
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higher SU(3) representations are introduced. 

Besides the well-known fact60  that in some of these 

suggested schemes the mesons and baryons dorotcouple, it has 

also been recently stated that existing experimental evidence 

seems not to support all three possibilities61 	In spite of 

these, we wish to speculate
62 

on the possibility of using yet 

another non-compact group U(6,6)OU(6,6). This is the group 

which results when we relativistically boost the unitary 

representations"  of the rest-symmetry U(6,6)fand has U(676) 

as the little group and a chain of subgroups GL(6,C) for 

2-momentum processes; U(3,3) for 3-momentum processes and 

GL(51e) for 4-momentum processes. 

Apart from the little group U(616)p  (appropriate to a 

particle with 4-momentum pil), there is another U(6,6) subgroup 

called U(6,6)D by Delbourgo et al, which contains the Lorentz 

transformations. These two groups also have the distinguishing 

feature that U(6,6)p  can be defined as the set of matrices which 

commute with i x T3, where Tare the Pauli matrices, while 

U(616)D is generated by yeTi  and yncTi, with 

yc  = 	Yo, Y09-  

yno = Y 6,  Y5 -- Or, iy0  Y,, iy0  y5 c 

0-  = ( 0- 	3 23' 
C- 1' 12''  	 - V = iY v 

 )0CV p,  

(4.1) 
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and Ti are the usual SU(3) matrices. As is well-known, 

the Bargmann-Wigner equations (which intrinsically break the 

symmetry) will ensure a unitary norm even though the represen-

tations of U(616)D  we start with are non-unitary. We shall 

therefore consider the infinite-dimensional representations 

of u(6,6)ou(6,6) as the tower (or ladder) symmetry and take 

as the "rung" symmetry the finite-dimensional (non-unitary) 

U(6,6)D  and note that it is here acting as the maximal "compact" 

subgroup in analogy to the GL(6,C) reduction to U(6), say. 

It should be stressed that, although the group we are studying 

may or may not be the correct one, one of our main purposes 

here is to display some of the techniques that will make 

non-compact group representations more amenable to computation. 

2. The U(V,14DU(V,1) representations  

In studying the representations of U(616)RU(616) C 

U(12,12), we shall, as already stated, carry out the reduction 

relative to the subgroup U(6,6)D. This group has been chosen 

since it contains the compact rest-symmetry u(6)eu(6), which 

has been shown to be a good strong interaction symmetry, as a 

subgroup, in carrying out the reduction, therefore, we shall 

follow thE. procedure proposed by Dothan et al9 and used 

extensively oy Delhourgo et a159. The idea of the formalism 

is to construct an infinite ladder which creates an invariant 
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Space in which the irreducible representation of the parent 

group acts, and on each rung of the ladder, to put the 

irreducible finite-dimensional representations of the maximal 

compact subgroup. 

Although we are mainly interested in the u(616)2u(6,6) 

group, owing to the simplicity involved in working with the 

general group, we shall consider below some of the 

representations of U(1,11)2U(141). 	Following reference 9, 

we define creation and annihilation operators as 
and a  

with a = 1,2, ... 21,for fictitious boson quarks and another 

- 
set of creation and annihilation operators b and b

a 
for 

equally fictitious boson antiquarks. These obey the commutation 

relations 

Ca 
a
, aP] = S Pa' 

Cb
a'
EP] = e

a' 
	 (4.2) 

[bar  ah = Cb a 
 , a

p
-] = 	 = 0 

where 

a13 =)+(y )13 	La  = (1:1 )4.(Y )a 	with y 
a 	a. 	p 	p 	as defined 

in Chapter 	The generators of UCV,1-12U(V,V) are now given 

by i-CMP  a+NP 03 where 

mPa = b'ta+a
R a
a
, 	= b a

a
+ aPb

a 

and these satisfy the commtatation relations 
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Em3  M'] SMP   a-  	a Y 	14 a 

EMP  Me  -- NP 	 N s  
a Y 	a Y 	Y 

ENP  N g  SS  ] = 	aM 	Y"  a 

With (MP)+  = (YoMYo)(3al (NPa)+  = (YoNY0); 

(4.3) 

It is clear from the above relations that MP are the generators Ma 
 

of U(616)D. To construct the irreducible representations of 

u(v t i)fau(vt v), it is feasible to fix on a lowest or "ground" 
level and apply the generators MP  and Nato it repeatedly. Ma 

	a 

Whilst NP  will lead to new levels, MP  will produce a mixing Na 
	 a 

of states at each U(VV)D rung. The representation then 

appears as a tower of finite-dimensional non-unitary representations 

of U(V D.  With the vacuum state 10) defined as 

altO> = b
a
10> = 0, 	 (4.4) 

it is seen that the operator wc," is projected out of the 
vacuum state into 	)10. 	Hence we choose the lowest 

state as 

If) = 21 f (a.E)1110> 
n n 

with (01(b.a)n(13.-E-)n10).= (-1)n  
(WA-n-1);  

11.  (2V-1)1. 

(4.5) 

The constrions of the .presentations of U(1", 1.) and 

GL(v,C) hair- been discus:-'d elsewhere and the generalisation 

to U( 147,)RUP 1 1-1 follows losely on those lines. 
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infinito sequence of symmetrised, traceless tensors 
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We construct an irrducible roprosontntion from an 

where 

P1...131 ... a1 ar+1 

n 
131 	J3/ 

= 	f
n  (1) g* -...b -ga  ...;ar+1 1 

(4.6) 

traces ](ra-  )niON 

1 = 0,1,2, •.. 2V and r is the difference between the number 

of lower and upper indices. 0l a 
 are then defined by the Ma, 

relations 
06 P1 	3. P. 	...11  = Ma a1...ar+1 j=1 a al 	ar+1  (4.7) 

0 1,131 	PI p 1. ' a. aa .(i)...ar+1 2Y rx  
3. 	1" 	-16"-

, 
 r+1

I 
 

pp11p ....pi  
= A NP 1- 1 	ir 

a a1""ar+1 1 aa1....ar+1 

+B 	
spi so 

 	ar+1 	a. 	aa
1 
 ..(i)..ar+1 1 j a al   

d' 
P. ,IPP1",j!-1 _21+r 

	

P 	 P1-41 
ft 1 

	

lj a. 	a ...ki)...ar+1 	a ale"ar+1 

-Al -1 
E (6'  P a , 	

1 so spj) 	pi...(j)..." 
e 

ijam. O ccoci  1 .1  
(4.8) 

. 	P. 	P. ...(j)...pi 
d'P 	d' 	) 	A 	). • A i ). • ga

r+1 
1 1' 	1 a. 	(X . 	ai  a. , 
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( 	
AJI oPi) 

P4 	a• 	4*  a a a 1 	
141 	

r+1  

.(s  
ai ait ai  ail  aai...(i)...(i t )..ar+ii 

j t > 

where the notation (31... (,7)..01 

from the sequence 
P1P2—P  and 

indicates ulat . is missing I . 

)2_ 7\2 2 	(21+r+ 1,  A ts, 
1 t214.r+V)(21+r+Y+1)t  

B
1 

= 21+r+ V (4.9) 

,off   = 214-r-117-2 

and )‘ is a real number defined below in the next section. 

We demand also that A
1, B1 be non-zero. Thus we have obtained 

a two-parameter set of representations of u(v,v)fitu(v,v). 

That they are unitary follows from noticing the invariance 

of the positive bilinear forms 

,Z 1 
1 	4  11(1+r): 

p 1 	2 
a ...a 1 	.14+1 

(4.10) 

This invariance can be verified on using the generators as 

defined in equations (4.71  and (4.18). 
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3. The Ekenvalue problem  

The reduction under OW1 LOD of each level in the U(7,01)2 

U( 10 ladder is unique. In the U(VI ORU(VI V) ladder, however, 

there exists an infinite number of distinct irreducible 

representations of particle states, repeated throughout the 

tower, the only way of distinguishing among the same particle 

state being in the assignment of different values of the i, N 

the Casimir operator. Thus the U(6,6)D rungs of say, the meson 

tower will be made up of the series 

1 143 0 5940 0 

Under U(6)1011(6), for example, the following decompositions 

occur: 

= (1,1) 

145 = (1,1) + 	(6,6) + 	(676) + 	(35,1) + 	(1,35) 

5940 = (1,1) + (616) + 	(g,6) + (35,1) + (1,35) + (21,E1) 

+ (21,21) + (35,35) + (120,6) + (6,228) + (i2616) 

+ (6,120) + (405,1) + (1,405) 

The various (1,1) singlet states, for instance, coming from the 

U(6,6)D irreducible representations 1, 	and 3940  are 

distinct particle states ,nd are only distinguished from each 

other by the different vaiuss of Xthey take. We shall now 

determine the spectrum of X, where for convenience we consider 

the meson tower. Let us construct the U(V1
7O D  irreducible 
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particle state of the U(V,V)OU(V,V) by demanding that 

N
a 

satisfy the equations 

(M3 -  1 6' P Y ) 
a 	2 V aMy a 

Nocp ...p 	...p sit  
a al...al 	al,..al  

=0 

(4.11) 

Notice that for the appCiaX case where we poppider the singlet 

of U(V/D/ 
 pt. = a.. 	We are especially interested in knowing 

under what conditions, if any, the spectrum of Nis discrete. 

Applying equation (4.6) to equation (4.11), we obtain the 

recurrence relation 

f
n
(1)-Nf

n+1(1) - (n+2)(n+V 
+1)f

n+2(
1)=0 
	(t.12) 

By means of the function 

y = 	fn  (1)xn  

equation (4.I2) is replaced by the equivalent differential 

equation 

xY(x)+ Vyi (x) 	(x- 9\)y(x) = 0 
	(4.13) 

To solve this,we make the substitution 

y(x) =e x  Z, x = 

Then equation (4.13) red.3ces to the confluent hypergeometric 

equation 

2 ,7 
(1) 	 1(V ••• N)Z = 0 	 (4.14) 
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which has the solution64 

Z = 1 F 
 1, 

 4( V- N), V ; E ] and hence 

y(x) = e-x1F1  RV- X); v; 2x] 	(4.15) 

Note that Only the above solution is allowed since V is 

necessarily an integer and we are imposing the boundary condition 

that the solution be finite at x m 0. 	It now remains to see 

under what conditions the orthogonality relation 

oo 
s 	(X 	(x )yx(x)xv  -1dx 
0 

=CY
7t
*  xVyi  (x) - 12)Y"' 	0 (x)y (x)3G) 	

(4.16) 
0 

holds. 

From the properties64  of 1F14-(V-X); V; ax !, we see 

that this function increases with x for positive f(V-)\). 

However, if 1()-N) is zero or negative, then it reduces to a 

finite polynomial which tends to zero for large x. Hence for 

condition (4.16) to be fulfilled, it is sufficient that 

i(V-N be zero or negative, i.e. 

= -n for n=0,1,21... 
	 (4.17) 

Thus the discrete spectru.,,,  of Nis given by the relation 

N= V+2n. Now for i(V-:&- = -n 

Z = 1F1(-n; V;2x) 



co 	
n (-1)m+132m(n).1- rml (m""1)]-1xm+P  m 131  L 

p=o m=o 
(4.20) 
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and than 1 P1• , 
• 

(-n•V 21c) 1. -olatod to Lb. a.klovaliaod LaglicIrre 

polynomial by the equation 

L V -1 (2x)-( n+V-1. 11  F1 	2  (-V.2x) n 	w 2 

i.e. 

1
F
1
(-n;V;2x)= 	(n)[m'(m+V  1-  m=o m 	1) ' • V- 

 

 

  

The orthogonality condition now becomes 

J
00 r -1 xV 	y* (x)v-1\  (x)clx = N26'  
0 70\ 

where 

N2  = 2- V  1 tr(V+n) 	3/2f I(24 ) 3/21 
(r(W)2‘r (1+n) 	"171a7)1  

and 	n' = i(7\/ - V). 

Hence the required solution is 

Y(x) = e-x  F 1 1 	I  • 

(1,.18) 

(4.19) 

(1,.19a) 

Thus with the condition O<X<O0 we obtain a complete set of 

solutions by taking )\=-17+2n, implying that the spectrum of ?\ 

is determined. 	The coefficients fm 
can now, in principle, 

be evaluated. These are, however, complicated as can be seen 

E E 

above and so for purposes of illustration, we put n=o 

(corresponding to X.= V) in equation (1.20). 	In this very 

special case, we have 
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fm = (-1)°1/411 

and hence froll equation (4.5) the lowest state is now defined 

as 

kf> = m(-1)mi/Mi(a.g)m  To> 

which clearly betrays tine well-known fact
65 

that U(6,6) 

symmetry does not act on physical particle states but rather 

on the purely formal indices. The natural way to employ 

the finite-dimensional (and therefore non-unitary) 

representations of U(66)D 
is to make use of the Bargmann-Wigner 

equations which serve to restrict the physical states to positive 

definite sectors of the Hilbert space. 	Under this projection 

procedure the above state will become normalisable with a 

discrete spectrum N, a pleasant result physically. 

Equation (4.11) can now be used for the construction of 

higher meson states. 	For example, with this as the lowest 

state a ), the relation 

NY0P(7.3 = (I\13 	2\- (c a )000 Y a 	a 2U a 

will take us to the next state, etc. 

(4.21) 

4, The  trilinear coupling  

The general presc.:iption for coupling of towers has been 

discussed in reference
6o 

and we shall in this section employ 

this technique to determine the first few coupling coefficients 
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of a U(V,V)20(1),14 tower, assuming that coupling exists in 

general. 	We shall also consider only the coupling of two 

baryon towers to a meson one. The general form of such a 

trilinear invariant will be 

I .g 	£2. I 1,3 	( 	(1,,)*I-(12)0(10) 
11-2 3 	3 2  

(4.22) 

where ( 1-(11).k(12)0(13)) denotes a U(V,V)D  invariant term,' 

labels the distinct invariants which esy be obtained with the 

same three tensors and the coefficients 1.111213] must be 

determined so as to make the sum a U(V,V)faU(V,V)invariant. 

To achieve this, is to impose the condition 

a 
	0 
	 ( L.23 ) 

and from this we obtain a number of recursion relations 

for the various coupling coefficients. The meson-baryon 

invariant vertex function for any determination of the recoupling 

coefficients follows from equation (4.22). Applying equation 

('..23) to equation (&.22) and equating appropriate coefficients 

leads to a number of equations. 	Since in actual practice, only 

the first few terms are cf interest, we characteristically 

equate the coefficients of 

Y Y,P
a,  

Y V.1131P  t 	1  0 	and 	1Y 2Y 3 1. y
1
y
2
a 	'fie(1

a 01 	
a 

J, YY2Y 

respectively to zero and obtain the following equations 
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3C1\1+) 	
2 

3+y 	(:!WV+4.-Y 3 [.'311:3 	Ci  

3 
evz+.02....7,,,,1  1'; 	

(3140 2••• 	1 (NI  +7\) 

3+ IT0477v) L101] +[(3+ (ii+v)] [oil] __I+ 3+ 7)  [001] ri  

(4624) 

(2+2,)2-71 
(24.7.1)(3)+v) 	[002], 

'02..N9; ] 2  '-(3+v)2-?\22  -N2  0\7  
Cool] Coll]+ --a-- (3+v)(47...v) Eioi3+(3.i.v)(4+0_, v(2+ ) 

4  	 ]r 
2 1  

(2+V)2 	v -) 	2 1 

(i+v)(2-Lv ) [ (2+ v) (3+v) 	14, Ec002]-,_v(1)  [000] 

(4,25) 

(4.26) 

Following Bisiacchi and Fronsdal
66, we choose E001] arbitrarily 

and normalise it to unity. We then have 

2 	2 

0 [000j_ 
V V 

3\+W-A —Mu 	' (4.27) 

1 
2 1(V+4) ( 12+2143 ) (\1+ ;la) 

(4.23) 

E ( Ni+N2  )2v( 1+ ( 2+0-6 	( i+v )-1- (2+v) (3+v) ( v2-7\23  )] 

A similar method can, of course, be used to derive the recoupling 

coefficients for the meson-meson vertex tower. 
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CHAPTER V 

REPRESENTATION MIXING IN u(6+6) 

1. Introduction  

In this final Chapter we shall report on some investigations 

we have carried out,following the suggestion of Dashen and 

Gell-Mann
12 that,probably the low-lying baryon states do not 

belong to any pure representation. 	In fact, the recent 

applications of the algebra of current components to weak and 

electromagnetic interactions indicate that the assumption that 

the expectation values of the commutators of the time components 

of the vector and axial vector currents between stable octet 

baryons are saturated by the octet and decuplet baryons is 

rather unsatisfactory since it leads to some predictions , 

especially the GA/Gv ratio, which are not in good agreement with 

experiment. It was in an effort to remedy the situation that 

it was suggested by Dashen and Gell-Mann that there is presumably 

the possibility of some mixing of the stable baryons with the 

other low-lying baryon states. This is motivated physically 

by the observation that the spin 3/2+  decuplet, spin r singlet 

and octet and the spin 3/2-  octet make dominant contributions to 

the Adler-Weisberger sum rule 

L 
oo 9sLy , 

1 - (Gv/GA)
2 
 = 2  ( 

M 
----)

2 	
Cr 

tot
v 	

— , (5.1) tx+p)- tot v 
f, 

NN 



81. 

where ot, 
k7r+p) is the total cross-section for elastic ir+P 

scatteiing,V is the pion energy in the labaramet  q is the 

magnitude of the three-momentum of the pion in the lab.system 

and M and i  are the nucleon and pion masses respectively. 

Since the above sum rule converges fairly rapidly, much of 

the mixing will be with well-defined resonances. We shall, in 

the following, study the consequences of this representation 

mixing conjecture67  in u(6,6), first by assuming that the stable 

octet baryons are in the (220,L=0) and (364,L=0) mixed representation 

and secondly (because the first suggestion does not give 

encouraging results, as we shall demonstrate presently), that 

they are in the (220,L=1) and (36&,L=O) state. 	In both cases, 

we shall, following previous authors
68 who considered the problem 

in U(3)51U(3), assume that the decuplet is in the pure (36/1.1L=0) 

multiplet. Again, owing to the fact that the results of the 

§1 representation are well-known, we shall mainly be interested 

in the calculations involving the 220. 

2. The (220,L=0) and (364,L=0) representation mixing  

+ The (220,L=0) contains an octet of spin 2 1 so that, apart 

from the stable octets belonging to the 36/11  there should exist 

another set of positive parity spin 2 octet. We believe 

therefore that the recent discoveries of the resonances
69 

1+ like N* (14502+) and Yo 
(1663,2 	serve as an incentive to 
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the considoration of the (220,L=0) representation. 	Suppose 

that the helicity i state of the octet baryons of 220 and 2§1 

mix in such a way that the baryon wave function can be written 

as 
03> = sinal220>+ comic% 364) 	 (5.2) 

where a is the mixing angle. 	It is now a simple matter to 

calculate the necessary theoretical predictions resulting from 

such an assumption. 

The 220 fully anti-symmetric tensor •Ir 

(p) 	 ./ r 
 

EA1A2A3] -6nC16
k 

er3r1sN[a1a2]a3'r2 - 6r2r3s
N 
La1

a
2
]ar

1 

[A1A2A3]/  

leaving out the siniitt contribution, may be written as 

( 5 . 3 ) + cyclic in A1A2A3], 

where 

' 	
s (p)= tij+m)Y C) 

	oc r  
N 
 3
s  
2
(P)  

Nr,, 30t r Li 2 3' 2 	
5 a1a2 

 

Making use of the mixed symmetry properties 

N
Ca
1  a2 

 34:4'N[a2a5ia1+N[a5a1Ja2  

Ns + 	
N 

+ 	N
s = 0, 

r1r2s 
r3 r

2
r
3
s r1 	r3ris r2  

equation (5.3) reduces to the convenient form 

(5.3a) 

(5.4) 

./-1, 
CA1  A2  A3  ](1" 

=Ful ti KLE(i+m)Y5  C] 
a2a3 

C  r1r2s a 
N 
 1r2

(p) 

(5.5) 
n 

"[(i+M)Y,C]a 	r sNa
S 
 r j  

-1a2 r2 3 3 1 
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From this we can now write down the currents which interest us. 

With the definition 

AA C 
C 	.7 2 

k̀ AA D 	(Y Ti)C  ji JD  = 2 R. D R AA2D 
 

where 

-AA A 
JR = 	 \3(Y TJ)

A (p) 
(p2l, R Al A1

A
2
A

3 

and yR = 1, y Y51  iY Y5 

we obtain, on using the relation P2y = r + 2mP 

(notations are as defined in Chapter III  Section 2.) 

J - 12m,) 	 (NN)s]  

+2mP (RN)F 	(Nr N) 3, 
D 

2   
Jp5 12m - o[Tr(Tj)(RiY 11 y5 	

N)
s 
 (Riv5N)D3. -  

(5.6) 

(5.7) 

(5.8) 

From equations (5.2)., (5.7) and (5.8) and the U(6,6) results 

for the 2.6.A, we get the following relations 

= 1(3 -tan2a) 

GA 	- tan 2a 
G
V 	3 + tan 

From equations (5.9) and (5.10), we obtain the result 

D + F GA/Gv  
3F - D 

(5.9) 

(5.10) 

(5.11) 

in agreement with the U(5)0U(5) result obtained by Cabibbo and 

Ruegg68. If we take the experimental GA/GV  result of 
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GA  /GV 
 ev 1.2 and substitute it in Eq.(5.11), we obtain the -- 
D 

result F — A.) 1*  18I  which is bad compared with the experimental 

result of D/F 	1.75. 

3. The (220, L=1) and (5641L=0) representation mixing  

The bad prediction in Section 2 (Eq.511) now proMpts us 

to consider other possible states. We shall now assume that 

the mixing occurs between the octets of the (364,L=0) and the 

(220,L=1) states, thereby introducing automatically the negative 

parity resonance states such as Y*(14051-17), N*(151222  4 and 

n(1520,27). We shall further assume that the positive 

helicity state of the stable octet baryons is given by 

113,J=i) = cos91564,L=01 + sin01220,L=1› 
	

(5.12) 

while the decuplet, as already stated, is in the pure (5641L=0) 

multiplet. 	At first sight assumption (5.12) seems to be 

inconsistent, since we know that the proton has a definite 

parity. However, we usually refer to the intrinsic parity 

of the proton, i.e. in its rest frame. A proton moving with 

any definite momentum, finite or infinite, does not have a 

definite parity since the momentum changes sign under space 

inversion
70 

 . 

The baryon (220,L=1) kinetic supermultiplet theory of 

GittO et al71  described by the tensor product of the kinetic 

tensor and of the irreducible representation 220 will have the 
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SU(3)2SU(2)w  content of 

(8,2) + (8,3/2) + (1,i) + (1,3/2) + (1,5/2). 

We are only interested in the (81.1) part. 	Defining 

the wave-function for the (220,L=1) to be 

tCED=  1674[E(m)Y5C341E(1311-1411Y11)Y54(6  casN;b+ ecbsIca)(Y4 

+C(14m)Y5c3PY 11 	5 abs E(1)+DVY* C11% acs + C 17 b )(YIS 6: 

+E(14+m)Y5c]?ccE(Pp.+mYv.)Y53f3)(  6  bcsN;a+  basNio8c) (Yp.ri" 	ed (5.13) 

where A = (ala), B = ((3,b), 	with a = 1,2,3,41  a = 1,2,3, 

and g is a normalisation constant. 

Using Eq.(5.4), Eq.(5.13) reduces to the form 

E 
ABCD ( 	) Y5 C] 5y ( 11.11+MY11  ) Y53°a'  Cab 	(p)(,p,  

[(e+m)y c7 ar +mY )1' 	e 	Ns (Y u)0  «13 v. 12, y  pa 0 (5' ed 	(5.14) 

Hence, as in Section 2, we can now write down the various 

currents from which the D/F and GA/GV results are obtained. 

Notice, however, that here we have, in general, 16 amplitudes: 

_ABCD R j F 	E 	-ABCD R j F 

	

E
(y T )A 1,- FBCD 	E(Y T )DABcp 

--ABCD(  R j E 
E 

T )F tABCD  
--ABCD,_11_,j1F 

F‘T I  'A tEBCD 
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..iTABCD R j E 
A(Y T )F ;;BCD  

-ABCD R j F 
A(Y T B EFCD 

iABCD(vRpj )F 
A ' 	D EBCF I  

-ABCD RA F 
F(Y T A EBDC 

I; ABC
A 	EFD 
D(yRTJ )F

B t
E
C  

—ABCD R j F 
it 	• A (Y T )C  %Mr' 

"ABCD(vRTj )F 
A I 	D EBFC 7 

7MCD R j,E 
A
(Y T /F "ir EBDC 

TABCD0,11rj,F 
E 1A FBDC  

--ABCD R j F (y T ) D ABFC 

7 
BCDe 	 ABDF X 	l 4 

ABCD(vRTj‘E 

	

IF BDC 	(5.15) 
 

some of which are related by charge conjugation invariance. 

It can be shown, however, that all these produce the same 

D/F and GA/GV ratios. This is not surprising since we know 

that at infinite momentum for which all the Adler-Weisberger 

type of results are obtained, chiral U(3)2U(3) reduces to the 

collinear U(3)61U(3), a subgroup of 1.1(616)12'72 . 

one particular amplitude, say 

jRj 	
(p

C
I
D AB

E 
 (yRTj)

A
A1 

tAIBCD 
E ( 

P) 
 

) 

we obtain the relewat • currents as follows : 

Picking out 

2 
ja-4 2Tr(T 1[1

(p2-  2 - )(Nr..N)  _imp,13p2412)04 
II = 

	

	 N) 
• 2m ,,  s 

-2 t 
,
P 

 2 
-qtis  2,- 	2 2,,- (NN) F] -1.2mP (3P +q ANN/ D 	 F] 1 
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2 	2 { 	. . T6  Tr(T2 	i)F L2
ri 

 (P
2 
 -q2- 

 
)(NlYilyN)s-4miqi a 

115 	2m l Y5N)s) 

u 	
ìll

mip2_ (ay 
5 
 N) 
D 	

(F q2)(RiYY5N)] 

2 - 
Jility="62,p 2P

2
Tr(V)EV(P

2 
 +3q

2 
 )(NCr N) s . -2mi(14(1.  y -q y)N) 

s
] p v   

2 	P2 2 2 - + 4miP (N(q 771-q4Yv)N)D-i- (F +3q )(NcrwN)D  

- i(3P2+q2)(P1.1  q -q p. V P )(FIN)F] 

From these and Eq.(5.12), we obtain the relations 

D 2cosik+1GA 
F 2cos24i 2 Gy 

- ( 3 4cos4+1), 

and since the decuplet is pure, 

G* = -
3
‘ cos *0  

(5.16) 

(5.17) 

where G* is the strength of the axial vector transition between 

the nucleon and the N*(1258). 

relation 

From Eq.(5.17), follows the 

 

GA = 1 D+F 
3 D-F 

 

(5.18) 

first obtained by Gatto et al68 using a different approach . 

It is found that if we fix the mixing angle"  at 0 = 370, 

we have the results 

GA/GV = 1.18, D/F = 1.78, and G* = 1.05, 
	(5.19) 

to be compared with the experimental values of 

GA/Gy   = 1.18 + 0.02, D/F = 1.75 + 0.03 and G* 1 



(Mu=M
3 
 + 
3
lM
8  )' 

we obtain 

the expressions 

C P 2  
JII = 	 (NN)F  F (q2) 2m 2m 

for the electromagnetic form factors, 

(5.22) 
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4. The magnetic moment ratio  

The consistent impressive agreement of the results in 

Eq.(5.19) with experiment encourages us to take this particular 

mixing a step further. It is well-known that the pure 2§1 

representation predicts a magnetic moment ratio for the proton 

and neutron which is in excellent agreement with experiment. 

It may probably be that we have therefore to pay a price in 

this case and it will be interesting to see how the representation 

mixing now affects this result. 

The total effective vector current (on the mass shell) 

for the (220,L=1) is defined as 

j
fl,tot 	'11 

 4j 
 +OPPV  

4j 
W 	 (5.20) 

so that we have 

q 
},tot = 2(3P

2 
 +q2 )2m (1+ 2m11--)(NN)F 

44(P2-q2)(1+21)(RmN) D (5,21) 

Assuming, as in the 364 case, that the itotbril.6oiiiiies 	- 

the baryon through an effective gauge-invariant 'interaction" 

r(q2)F M
u 

111)  P3)  
where Mu is the U-scalar meson combination 
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1,  +392  2(1)(Kr1N)
D  F(q2), m  

where F(q2) is proportional to f(q2)A42-1125. 

(5.23) 

From Eq.(5.23) and the 364 result, the ratio of the proton 

and neutron magnetic moments is predicted to be 

	

uP 	1+(3t-1)cos24 

	

n 	2+2(/c-1)cos40. ' (5.24) 

where Kis the ratio of the reduced matrix elements corresponding 

to the 220 and 364. We thus have one extra free adjustable 

parameter 41:, which we will fit below. 

Denoting now, by II* the N*-N transition magnetic moment, 

we have the result 

2//Ccos  
- (3K-1)cos24:+1 

(5.25) 

Comparing Eq.(5.23) with the latest analysis of photo-production 

data, using the mixing angle of 0 =37°, it is seen that the 

recent data of 74  

 

11* = (1.25 4- 0.02)(10)u(6,6) (3.26) 

where 241  
(11"u(6,6) - 3 P ' 

 

enables us to obtain a very close result if K=3. 

In this case, Eq.(5.25) becomes 

= (1.18)(10)u(616)  



and Eq. (5.24) reduce0 to 

n 
- 8cos

2ON-1 
4cosaNi (5.27) 

in agreement with the result reported in reference 75 obtained 

by assuming the hypothesis of partially conserved tensor current. 

With the known mixing angle, Eq.(5.27) then becomes 

.'"F̀  = -1.34, 

n 

to be compared with the present available experimental result 

of -1.46. Thus it is noticed that the representation mixing 

of (220,Lft1) and (56411,=0) does not reduce the ratio of the 

magnetic moments in any significant way. 
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TABLE la: M
(27)

and M
(8p)

amplitudes deduced from U(616); 

x= s/4m2, y= t/4m2, z= u/4m2  

27 8D  

F1 
 

F
2 

F
5 

(20 B)(1-y)2  9 

8
• --BE5(1+y)(x-z)+2(1-y)] 

+ (y 	z) 

0.(1+ ZB)(1-)02 
4 9 

+ 36B[(7+3y)(x -z) -4(1 -y) 

- (y 	z) 

1 
- 9

-.13(1-y)+(y cz) 

9 	2 
(-
4 
 (A + 

3
-B)(1-y)2  

3▪ tB[(34-7Y)(x-z)+ 

4(1-y)]-(y 4 z) 

9
-B(1 -y)(3+2y -2z) 

+ (y E4 z) 

(2Ct+-1B)(1-y)2  2 

	

443 ( 1-y ) + ( y 	z)  

B)(1.-y)2  

+ *B(x-z-2)(1-y)-(y 	z) 

- *B(1-y)+(y 44 z) 

(4a- *B)(1-y)2+ 

+ *B(2-x+z)(1-y)-(y 44 z) 

1B(1-y)(3+2y-2z) 

+ (y 	z) 
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TABLE Tb s M(1) amplitudes deduced from U(616); 

x= s/km2, y= V4m2, z= u/432  

i '~., 
1 

F1 
i 

2 (2a +2B)(1-5)2  

+ iBr(1+y)(x-0-2(1-y)) 	' 

+ 	z) (y 	li.-.),  

' 	P‘2  ( a-B)(1-y)2  

+ iB[(..•1.+3Y)(x-z)+4(1-y)] 

(y (.*) - 	z) 

(y F
3 

B(1-y) + 	<---). z) 

• 
F
4  I  a(1-02  4 

+ IBE(3-y)(x-z)-4(1-y)] 

- (y404. z) 

F5 -B(1-y)(3+2y-2z) 

(y + 	fr-). z) 
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TABLE Ha : M(16)and m(10) amplitudes deduced from U(6,6); 

x=sAm2 	m,:y=ti4,..;=u/4m2  

10 

(2a+ 4)(1-y)2 3 

1 + 6-Bi.(1+y)tx-zi4-4t1-yu 

• (y 	z) 

10 

(2a_ zi3) (1-02.  3 

1 
+ 6-BC-(1+y)(x-z)-10(1-y)] 

- (y 	z) 

(2a+  
6B)(1-y)2  (-4  LA. 

9rd + - 6
1 B) (1-y)2  

1 + —BC (5-3y ) (x-z)-8 (1-y)] 12 

+ (y  44z) 

2 
- =B(1-y) - (y 4--)P z) 

(2a. - .113)(1-y)2  4 

1 
▪ —BL(-3+5Y)(x-z)+8(1-y)] 12 

+ (y 	z) 

3
2 -B(1-y) (3+2y-2z) 

- z) 

+ 1213[ (1-3y) (x-z)-4(1-y)] 

()r 

• 3B(1-y) - (y 4-01,  z) 

n 	 2 + 2-B) (1-y) 4  

+ 12 	/-3+y) (x-z)+4(1-y)] 

+ (y 	z) 

3
1 -B(1-y ) (3+2y-2z) 

- (y 	z) 

 

 

F
1  

4 

 

 

F
2 

F3 

F 

 

F 5 
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TABLE IIb 	M
(8F) 

amplitudes deduced from U(6,6)! 

x.s/4m2t. yt/1021 z="m2 

Fi 
8
F  

F
1 

F
2  

F3 

F4 

• 

F
5 

(2a+4)(1-y)2  

	

2 	6 	- 

1 
+ --BE4(11-y)(x -z) -5(1 -y)] 12 

- (y4-44 z) 

	

(4 	24
a- -41(1 -y)2  

24 
--B[(-1+9y)(x-z)+10(1-y)] 

(y 4---Ift z) 

5 --B(1-y) - (y4E-01. z) 12 

	

4 	Q 
(2(1+4 	

Y
B)(1- )2  

B 
24[(9 -y)(x -z) -10(1 -y)] 

(-b.-, z) (Y 

ir3(1 -y)(3+2y -2z) 

- (y<-> z) 
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TABLE III : Measured quantities in terms of the Wolfenstein 

Parameters 

= lap + 11612+2 	16124.  1 6.12 

der41> 	= 2Re Y*(a + p) 

-D) 	2621.2dp 112.0.? where It = (64 0, V=4(6-6.) 

67R 	 [,12_024._e N VII*3cos.(2/2-2ImY(a*-(3*)sina/2 

di7A 	= -Ca2  -P2+Re vil*]sin1/2-2ImY(a*-p*)cos0/2 

diTRI p ReilliOsin0Y2 + 2Imy(a*P*)cost9/2  

dalk , 	= (a2  -132  -RelltA)cos0j2 2ImY(a*-P*)sin45/2  

dUC 
Pq 

dall-CDIN) 

dacnnn 

doC
npq 

= 21my(6*- 6*) 

a...fl2 4.  11,2 

= ReY(a*+P*) 

= IIIIC(a-P)11* - (a+P)Y*3 

doC(nxq)np = cos0./2Im[(a+P)u* - 	-P))/*]+2sin8,/2ReY11* 



1 	, 
+ --13[5ti+y)(x-z)+2(1-y)] 18 

(y4-4),  z) 

Oa+ 2.131(1-y)2  
4 9 - 

+ 4C(745y)(x-z)-4(1-y) 

1 
- 9
-B(1 -y) + (y 47-4z) 

C+ 3B] (1-y)2 

+ 35B[(3+7y)(x-z)+4(1-y)] 

- 

9
1130. %. - -y/%3+2y-22) 

+ z) 

F
2 

F
3 

F5 
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TABLE IVa: The iF."/nP  as deduced from U(616); 

x=el4m21 PA/4m2,1  z=u4m2  

pn --+pn 

[2a- 4](1-y)2  9 

• g[4(1+y)(x-z)+7(1-y)] 

- 18BEit,(1-z)2+5(1-z) 

- (x-y)(1+z)] 

$1+ 36B] (1-y)2 

+ 3113[(11-3y)(x-z)-14(1-y)] 

- -4t11(1-z)
2
+10(1-z) 

36 

- (x-y)(4-6z)3 

- -4(1 ) 18 	- y + 18  -z)  

L4(t+ - 1217.0(1-y)2  

+ -3713L(-3+11y)(x-z)+14(1-y)] 

- --B[21(1-z)
2
-10(1-z) 

36 

+ (x-y)(6-4z)] 

-41(1-y)(3+2y-2z) 
18 

-  
-211A1-z)(3+2z-2y) 
18 
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TABLErft:Theas deduced from 11(6,6); 

x=s/4m2, y=t/to2, z.u/41:12  

recess 1.0 

p 	p 

18-40(1-y)2  

1 
--BE4(141r)(x-z)-2(1-y)] 18 

F
2 	34133(1-y)2 

1 3-6-BC(21-6y)(x-z)+4(1-y)] 

F
3 	9

1 -13(1-y) 

F 4 	[2.(1+ -4111-y)2 

 

  

4 12 

+ e3E(6+2y)(x-z)-4(1-y)] 

   

F5 9B(1 -y)(3+2y -2z) 
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p  A IA/ 

TABLE Va : The F. 	/ 'Pas deduced from U(6,6); 

, 
x=s/tI1n 

2 y---G/ 14M 2  

V3 (PA 	°) FProcess 	pA -4,pA 

F1  

F2 

F 

20(1-y)2  

1 + --B[(1+3y)(x-z)+2(1-y)] 
16 

-iB(1-z)2  

8
1 
.B(1 -y)(3+2y -2z) 

--BC2(141 )(x-z)-7(1-y) 
24 

-4(1-y)211. lbt(1-z)-(1-z)2] 

1 	./ --B[2.1+y,.x-z/+14.1-y/ 
48  

+(1-y)241t(1-z)(x-y) 

-2(1-z)+2(1-z)2] 

-7.1124  -y)-04(1-z) 
4 

BO 	
/ C-53")(x-z)-14.1-yi 4B  

• 15(1-y)24[(1-z)(x-y) 

-2(1-z)] 

▪ -4(1 -y)(3+2y -2z) 
24 

+ 414/(1 -z)(3+2z -2y) 
4 

F3 

F 
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TABLE Vb : The F P  - as deduced from U(6 26); 

2 	, x=s/un2  y=t/4m z=u/4m
2 
 

Process Pi PE 	 P P Z
+
--10 Pn

+ 

liEE1-y)2  
1 

+ -i-gBE(1+y)(x-z)+4(1-y)] 

t 
+ TUL4t1-1-z)(X...7)..•2(1..'2) 

9 -
2
B(1 -y)(3+2y -2z) 

- 9B(1 -z)(3+2z -2Y) 

[2a- TAB] (1-02  
1 	, + 3e.4t1+y)(x-z)+7(1-y)] 

[2a4. 14](1 -3)2  72 
1 r, 

+ -- 7211.%11-3y)(x-z) 

- 14(1-y)] 

- 3.4313(1•7) 

C2  -a+ --1B] (1-y ) 2  4 24 

-4(1-y)(342y-2z) 36 
F5 

1 F 

2 
F 

F3 

F 

1 
--B[(-3+11y)(x-z) 72 

+14(1-y)] 
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TABLE VI : Seattoring lengths and forward scattering 

amplitudes for various pN 	processes; x=8/4m2 

Reaction 
as=2(F1-3F3)x=1  aT=2(F2+F4)x=1  

.. 	, a(s10)/2m2  =x(-F1-2F3 
+2F 4  +F5  )+(2F2+3F2...F3 
+F

4-F
5) 

18€L. 4 

9 a- 1B 3 
9a 

9 (1- IB 3 
9.0:1-  2B 

9 a+ 3  -1-.13 

-Btr 

3 o 

9 0.- 1,B 3 
9a 

9  a+  ZB 
3 

90,..". ZB 
9 

91Q.+ 2B 9 
B/35 

242g-18x3a PP ""')P PP 341-lox13- 3 
3604-13xB- 2-2x 2TY  3 
36a6xB_6x2L.J  

3 6a8xB-421S4  
3 

36  a+ 4xB 

36‘4 2xB 

• • 	• 	• 

....... 

	

pn 	pn 

	

A 	A p —> p 

J.-4 	4.  i P 	PE 

pZ--,>pE-*  

P E --74 p  23-  

PA -**',. PE°  
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TABLE VII : Low-momentum elastic baryon-baryon scattering 

Process Effective mean momentum 
(MeV/C) (mb) 

--....—. 

PE
..
--+ P f 155 232 + 47a  

*3-  PZ÷  ---) P 155 185 + 55a 

PA 'pA 136 21& + 46b  

165 156 + 27b  pA --4 p A 

pn -d.4".pn 163 689 + 5e  

150 500 + 50d PP -"->PP 

i 

a. H.G.Dosch, et.al., Phys.Letters, 	162 (1965) 

b. G.Alexander, et.al., Phys.Letters, 19, 715 (1966) 

c. R.Wilson The  Nucleon-Nucleon Interaction  (Interscience 

Publishers, New York (1963)) p.206 

d. M.H.MacGregor, M.J.Moravcsik and H.P.Stapp, Ann.Rev.Nucl.Sci., 

10, 291 (1960) 
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TABU: VIII : Experim,:mtal comp:Irioon of the prediction C =0 
A A 	 Pq 

TLAB(MeV) 
& 	(deg. ) c.m. a 

Value 

o 52.3 90 0.10 + 0.14 

o 380 30 0.12 + 0.10 

400  90°  0.32 + 0.09 

450 1 	90°  0.37 + 0.14 

66o 90°  0.22 + 0.18 

a 	Data taken from R.Wilson, Ref.&0 
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TABLE IX : Experimental comparison of the prealetion R1  = -A 

TLAB 
1  (MeV) 

.1 

ill' 
c.mc ,  • Rt 

1 
TLAB . 	4 i 	 c.m.  
(MeV), 

, 	, 	-ii  

140a r 	31.4o 0.625 + 0.062 139 31.1°  0.568 + 0.052 

41.7
o  0.548 + 0.62 41.4°  0.344, + 0.031 

52.0°  0.470 1- .. 0.069 51.7
0  0.311 + 0,035 

61.8°  0.343 + 0.058 61.9°  0.251 + 0.046 

72.1°  0.466-+ 0.095 72.0°  0.189 + 0.056 

82.2°  0.190 + 0.177 82.1°  0.099 + 0.079 

213b  30°  0,491 + 0.025 213 30°  0.400 + 0.019 

1.o°o 0.390 	0.024 0.317 40°  + 0.019 

50°  0.1%7 :4- 0.022 50°  0.205 + 0.021 

60°  0.120 + 0.025 60°  0.102 + 0,025 

70°  .: -0.277 + 0.045 0.012 70°  + 0.016 

80°  -0.208 + 0.068 80°  0.090 + 0.046 

90°  -0.340 + 0.104 90°  0.180 + 0.077 

a 	0.N.Jarvis et al, Nucl.Phys., 50,529 (1964) 

b 	K.Gotow and F.Lobkowicz, Phys.Rev., 136, B.1345 (1960 
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TABLE X : Experimental comparison of the prediction R = A' 

T
LAB 

(MeV) 
dk c.m. R. At 

430a  o 30 0.06 + 0.11 0.47 + 0.20 

45°  0.40 + 0.11 0.06 + 0.11 

6o o.43 + 0.08 0.06 + 0.09 

75 0.47 + 0.07 (422 + 0,08 

90o  0.47 ± 0.05 0.36 + 0.07 

105°  0.35 + 0.11 0.01 + 0.11 

120°  0.34 + 0.18 0.08 + 0,0!. 

a R.F.Roth, Princeton Technical Report No.33, 1964 (unpublished 

Report quoted by P.B,Kantor et al, Phys.Rev.,140, B.1008 (1965) 
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TABLE XI : Experiwental comparison of the prediction 

2[1-D001=[1-CNN(90°)] 

(MeV) 

TLAB
TLAB 2:1-JAKP)] 
(MeV) 

1-CNN(900) 

510 

430°  

66o 

1.16 + 0.12d  

0.66 + 0.20 

0,14 + 0.34 

310 

425a  

650 

+0.22b 
o116 -0.io 

0034 ± 0.15 

0.07 + 0.20 

a Data averaged over T=400 and 450 MeV 

b 	I.M.Vasilevski et al., Zh.Eksperim i Teor.Fiz.,39, 889 (1960) 

[English translation - JETP 12, 616, (1961)] 

c R.F.Roth (see footnote in Table X) 

d Extrapolation of data in R.Wilson , Ref.40 



106. 

TABLE II : Quantum number of mesons and baryons 

(centre dots mean "not an eigenstate". 

Particle I N S J (3 c 2 0(
2
4) 

IT 1 0 0 0 6 8 

P 1 1 0 1 6 8 

K 1/2 1/2 1/2 0 6 15/1,  

K* 1/2 1/2 1/2 1 6 15/1, 

0)1  0 0 1 1 ... 0 

w8 0 1 0 1 ..c  8 

778 0 0 0 0 0.0 0 

xi  0 0 0 0 *00 0 

N 1/2 1/2 0 1/2 6 63/4 

E 1 1 1/2 1/2 6 9 

A 0 0 .1/2 1/2 6 9 

1/2 1/2 1 1/2 6 15/4 

N* 3/2 3/2 0 3/2 12 63/4 

Y* 1 1 1/2 3/2 12 9 
„* ,t, 1/2 1/2 1 3/2 12 15/1.. 

1-27 
0 0 3/2 3/2 12 0 

In general, if we denote the dimensionality of a particular 

representation of SU(5) and SU(4) by B(p,q) and B(p,q,r) respectively 

then C(3)= 2/3(p24-ci21-pq4-3p+30 
2 

() 	/ / 	% C 	3/4kp2  +413+q2-1-2q4-r2) 
2 
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