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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 resuitﬁin
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
{GGMY) 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



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(6,6) 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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INTRODUCTICN

fittempts to understand the structure of the strong
interactions led Gell-Mann and Ne!eman to propose in 1961 the
teight=fold! way theory of elementary particles.1 The successes
of the theory in classifying and predicting masses of £he
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 196l by
Gursey and Radicati2 and independently by Sakitas, in analogy
to the Wigner supermultiplet SU(4) symmetry of nuclear forcesg.
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 Eé-dimensional
representation of the group (8x2+10x4 = 56), and the octet of
pseudoscalar mesons and the nonet of vector mesons in a
35-dimensional representation (8x1 + 9x3 = 35), The SU(6)
symmetry represented a completely new departure in particle
physics,. Previously thefc 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), porhaps, the most successful one being



the magnetic moment ratio of the proton and the neutron,

up/pn = ~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

5

number of authors” 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) # U(6) as an appromimate symmetry group of strong interactionsG.
This is also a static group, which when boosted to a finite
momentum p £ O, gives us the non-compact U(6,6) symmetry of
Salam, Delbourgo, Strathdee and other authors’, While sL(6,c)
results can all be obtained in the U(6,6) 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(6,6) 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?
Concentrating henceforth on the U(6,6) group, we consider this
aspect of thc 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 I1I the mamimal compact U(6) 8 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 contextg. What had so far
been used in the SL(6,C) and U(6,6) 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 factio that the entire spectrum of the
hydrogen atom forms an infinite~dimensional reprcsentation of
the 0(4,1) group, with its maximal compact subgroup O(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 ‘rung' symmetry,
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. R . 1
Following the success of the Adler-Weisberger relat:.on1

it has been proposed that no pure representation exists

(at least for the baryons) in the chiral (or collinear)
U(3)® U(3) but that a great deal of mixing of the stable
baryons and the low-lying baryon states takes placeiz.

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 devaerminant which leaves

invariant the Hermitian quadratic form13
H = Z' ﬁ' + Zz étz + see * ZGZG - 3727"' se s -212141‘.2
6 _ 12 _
= X 3,5, -3 4,3, (1.1)
~ e . i1 ., 11
* i=} i=7

. The atgebra of U(6,6) is defined in terms of the sixteen 12%12
Dirac matrices

Y

i .
R Yy Ty = S0, el AT

n 5
where R = 1,2 aooooooooolG ‘, u,y = 0,1'2,3,

= Y0Y1Y2Y3,

with Y LY = 2
w’ g

y and g ,, = 1, -1, -1, =1],

v

Taking Y, hermitian and Y anti-hermitian, the set of Y-matrices
obeys the defining property

Y = Y (1,2)

Yo YR o R

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

matrices as

10 _ 0 ot
Y, = (o _1), Y, = (__‘B,_i 0) where

1 and 0} are the 6x65 unit and Pauli matrices wespectively,
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Thus of the sixtecen Dirac matrices, there are 8 hermitian ones:

1, 7, Yo’ Y°£'= iIYS and 8 anti~hermitian ones: YS, Ysg'_

“i0, iy Y0 = -
10, 1Y,V 1Y°Y5_ Y where O (%5,0‘31,

g
(01’ 0z, 03). Note that all hermitian matrices are block

o =
12) &

diagonal and all anti-hermitian ones are block off-diagonal,
The generators Ji (4,B = 1,2, ...,12) of the U(6,6)

algebra will obey the commutation relations

c c
[‘rg’ Jg] = JBJJS - ‘5\1[;"13 (1.3)
with
+ B
0" =y I

We pass to a 'hermitian' basis by making use of the YR defined
above together with the unitary spin matrices ™ (i = 0, 1, +..8)
which define the fundamental U(3) representation and where we

. . 1
have chosen T =& R (i=1,...,8) with %} defined by Gell-Mann

and T°= ~f61;. Thus T = 3(a*I¥ 4 le)T i9d,k = 0,1044,8,
where dijk, giik (i,3,k,=1, +..,8) have been given by Gell~Mann’
and a®I¥ =:\[=32-A, ¢k 9% o, It follows that

e (rd) = 4 ¢t (1.4)
The generators J; can now be constructed. These are defined

as

_ B is r
C N (R C 2 (1.5)

A =oary B =Bs; «,p =1,2,3,45 r,s =1,2,3,
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The transfcrmed comnutation relations now read

[Jl,J;V] = ifiJkJ’;y , [Ji,Ji] = ieidk Juk
[Ji,Jgs] = 1fijkak
i J 1Jk k
J = =
C 51 J5] -if Jk [J JjL:I 1i¢t € e A J:;\ (1.6)
g JJ] = ileka 33 7 = iatdksk
5’ u5? 5’ uSJ * L
[J;, Jj ] = ifijkg Jk - idiijﬁv
i 1Jk 1. ik
J = ‘
EJ;’ vsj id S JJ; * 7if euwc?\‘li

i gk c . ijk 1
L3, Tt = id (g?S‘p,Jll) -\, Jﬁ) - T v s

[ol g3 7 = 1atdky k0K, K

u5*vs v nv
J _ le _ jk.
[J)i\s"] "] a (91\ JES v Jk ) ‘\)\uvfci‘
J - =
Cignr 70 = o oy T J" ng‘;\v 5y T

)Jke Jl)

+ if ) (9;@97\1) I KN 5

These commutation relations are obviously cunbersome, They

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

notation (J°, J_ ) in place of the Jp where B,n = 0,1,2,3,5,6

and we use the identification

Y, ;=0 Y

nwv wv!? = 1Y ALY 6 =Y

5 5 Y56 = Y5

Then all the above commuiy*ion relations collapse into the

14

following forms
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[, ] o 135K
ot 1 - getdlge
mn mn (1,7)
. » . ijkr! 2
[Jlki,ng] = if E(gkmgln-gkng,,,l“k * %ﬁlmniflgj]
Hog Koy

. ijk}
+ ia*d [gknJﬁ +g; I

» "l 1. s .
where Iilmn( the totally antisymmetric term, with 6012356 = 1
Using Eqn,(1,5) the eleven Casimir operators of SU(6,6) can

easily be built up and calculated. These are

c B
01=J2J§’ Cz=JgJ§JA’ ceees Cpp = g aned

11 B A
They are in general very long and unwieldy except for the

quadratic Casimir operator C_,, which is simply

13

= a(st st -J JisJi5+th%jgghk e ).

2. The multispinor representations of U(6,5)

The U(6,6) theory assumes that the fundamental entity for
strong interactions is a 12-component Dirac quark Under a’

U(6,6) transformation the quark spinor undergoes &he change
B
YAo—> Sy B
with S = exp(iﬁ%J;) = exp(itA B (1.8)

where AB = 1,2,,..,12 and all the 1LLE€ s are reals  The

antiquark spinor also defined by

¥ 3o (g TG, a8 = 1,238 (19)

r=1,2,3
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transforms as

- A _B ,_-1.A
T s T (s )B and

leaves -@fkgA invariant, The kinetic energy termiykqdéak
however, is not left invariant under U(6,6), Thus the free
Lagranjizn breaks the symmetry, Finite~dimensional non-
unitary rapresentations of U(5,6) may be built up from products
of quarks and antiquarks, These multispinors transform

according to the general rule;

CD.-- A' B' -1 C "‘1 D C'D'-oo
¥ i Sy 5p e (S G (S Dppeee ¥ gy T

(1, 10)
where S is given by Eqn, (1.8).

Following the usual procedure15 we assign to the 12-component
quark the baryon number B=% . The baryons are then constructed

from three quark gtates and the mesons from quark-antiquark Siates.,

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

12012612 = 220 + 364 + 572 + 572

12812

1+ 143,
where in terms of the Young Tableau16, the 220 is completely
antisymmetricfijj, the 364 completely symmetric,[3], and the
572 is of the mixed symmetry type [2,1]. The decomposition
of these U(6,6) multiplets with respect to the subgroup
U(3)eu(2,2) is given by the following

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

220 = (10,4) + (8,201) + (1,20)
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364

]

(10,20) + (8,20') + (1,L)

]

572 = (10,20') + (8,20') + (8,20) + (8,4) + (1,20'),
where the first number ia each bracket denotes the U(3)
representation and the second the U(2,2) representation.
The two U(2,2) representations denoted by 20 and 20' are
of the symmetry types [3] and [2,1] respectively.

AS in the SU(6) symmetry we assign the spin % and spin 3/2
baryons to the 364 representation of U(6,6) and the sgin O and

1 mesons to the 143 representation. Then the following reductions

of the products are relevant:

1430143 = 1+143F+143D+4212+5005+5005*+5940 (1,11a)
361L,R36L% = 1+143+5940+126112 (1.11pb)
1138364 = 364 + 572 + 16016 + 35100 (i.11¢)

The single occurrence of 143 in (1.11b) makes the baryon-
meson trilinear coupling unique. Hence, the F/D ratio is
determined by U(6,6) theory.

Te Identification with phygical states

The regular representation 1.3 decomposes under SU(3)U(2,2)
irto .

S S g i PR NI :
By = (747 Beri Yo oY B +2 w2 1g(T )z (1,12)

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.(i.iz), as it stands can lead to no physical
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consequences unless it is made to represent physical particls
states. This is accomplished by requiring that ¢g satisfies
some equations of motion, called the Bargmann—Wigner17 equations,
Applying the Bargmann-Wigner equations

P -

(133)

P P T
(where y is the meson mass),
to each U(2,2) index results in the elimination of the scalar
part of the 143 and Bhe relation of the axial-vector to the
pseudoscalar and the tensor to the vector part. Eqn, (1,12) now
reduces to

¢'g o[ (14gf /1) {Yng LTV ff:lj ]9“3 (1.14)
where P and V ave the SU(3) pseudoscalar and vector nonets
respectively, and p is the mean mass of the 143 representation,

Similarly the baryons are described by the fully symmetric

tensor”?{ } of the 364 dimensional representation, Under

ABC
Su(3)eU(2,2), this decomposes to give

e

i’{ABCg= 2 (1i15)

3

Py Vv

1'2' DocBY,pqr * qur Lopy]

13-, S S &, 8

=€ N + N._ - 8 N 1
2 5[ pas Laply,r %rs [pylo erps CyadB,g

where D is completely symmetric in both its spinor and

unitary spin indices, VEGBY] is completely antisymmetric and

has mixed symetry in spinor indices and is traceless

S
Naply,r
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in unitary spin indices, The Bergmann-Wigner equations ensure

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

+
37 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) p D 1
%BY ,par (Yu )DLB - 2m ﬂv cxﬁ Y'U(p:z * Y‘p, ,par

with the Rarita-Schwinger conditions1

Gmd P) 0, yp @ _o

v pQe % 1,bgr
i,e, )
@)
oBY,par = [(16+m)Y C]ch PYpar (1a16)
and
S
NEaB]Y,r = [(15+m)Y cl B Y, @) (1,17)

(Fm) N(®) =
where C is the charge conjugation matrix satisfying the properties

(C-i)aB - _(C-i)Pa

caB(c'l)BY = &t (1.18)

(*xruc)(JLB = (ch)aa’

and m is the mean mass of the 364 representation, It can be
shown from the above properties then that of the 16 Dirac
(v.C) and ¢ C)
ek noaB py ‘of
Cc (o} d (i c

p? (YS )ch an (1YuY5 )QB

wave function of SU(3) ig defined as

matrices (Y3C) are symmetric whilst

are antisymmetric, D the decuplet

par?
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The normalisation is fixed by demanding that ﬁpqupqr ?é?PLA)@(AJ
where ¥ (A) represents the decuplet state A. Owing to its
importance in our later work we defer to a later Chapter, the
explicit particle correspondence of the Nz. 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 (1.1.) (1.15) and (1.17) we can
now write down the various currents

e A
and obtain all the successful results of SU(6) and more, All

L

1
these can be found in the review article of Delbourgo et al .

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

Because 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
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mass, a physically unrealistic situation 7. e 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 authorszo 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 relation521, viz.
3L 0 (K'p)- (K 'p)] = (k%)= (R p)®o (7'p)- o7 D) (1.19)
where 0 (M B) means elastic @(MB —¥ MB), 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—> B +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~ 1lab momentum Plab = 1,95 BeV¥/c the average ¥ polarisation
1572 0,77 + 0.24.

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

. .. 8
conflict with the principle of unitarity of the physical S-~matrix .
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This can bo demoustreated as €ollowa. Tho mmitarity condition is
defined as .

T | T[>0 = (2%r)4n2}<£‘[T+[n><nfT[ >4 P )i
where, in the summation over the intermediate states n, we
must sum only over positive energy states., The conflict
of U(6,6) with unitarity comes about, by noting that the projection
operator ; [n> @' =P +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~hbreaking
in S-matrix elements, A corresponding solution to the U(6,6)
theory is (apart from reguiring mass degeneracy) the use of
inhomogeneous U(6,6) 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

. R . . 2
in general in agreement with experiment 3.

S5e 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 schemezk. The

use of these momentum-dependent spuriofts still, ' reproduced

most of the good results of U(6,6), such as the Johnson-Treiman



22,

relations and did not predicl any more merc polarisation for
the proossses considered earlierzB. 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 Lipkinz's. 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 po! =]JﬂYu. With
all the Y.u 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 allhlhe particles present
in a particular Lorenitz 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 px=py=pz=° and thus the symmetry is broken by
Y.P, spurions 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)RU(6) group of Dashen and Gell-Mann, defined by the generators
By ) o) i20,1,2,3; §=0,1,...,8
with 0 =1
o

(2) Suppose that in a given set of processes the particles
involved are moving in the #-direction, say, in a particular
frame, Then px=py=o for all the particlegs and the symmetry

is broken by a ﬁEYopo-szz spurion. The subgroup of U(6,6)

which commutes with Yo and Yz becomes a good symmetiry for these

processes. This is the SU(6); group)lhybrid sSU(6)] with the

generators
i i i i
a o g
Ta 93000 Y, 3T 0 ¥ 75T
o =4
where W 2EYﬁ’{’]'

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(G)‘li has another peculiar property when it comes to the
classification of particles, Thus, for example, the 35 of the
non~relativistic SU(6), called SU(6) decomposes into the following
SU(3)RSU(2) multiplets: (8,3),(8,1) and(1,3). Under W-S flip,
the Sz=0 parts of the two representations will be interchanged,
This interchange occurs within the 35 SU(6),, and su(6), .

But the corresponding flip between the (1,3) and (1,1) will
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bring a term from the 35 of SU{6)yinto 1 of SU(6)9 and vice-versa,
Thus if (1,3) of SU(6), is w® and the (1,1) X°, the (1,3) of

o

SU(6), will be composed of w‘:, X, (Jf and its singlet will be

’1

.0 : . P
@ . The baryong, however, are unaffected by this W-S transition.

It is precisely this pecularity which allows the £ —¥27 and
N* ~——>» N+ T decays, processes forbidden by SU(6)!, contrarly
to experiment.
(3) For the particular case where, say, P, is zero for all
particles, ¥ reduces to the form
¥ =vp - )‘»y?y -\,
The subgroup which commutes with Y, Yy’ Y, as well as with
all Lorent® transformations in the y~z plane is the coplanar
U(3)8U(3) group generated by %(IIYOO_ZB)Ti.
A11 these subgroups of U(6,6) were also obtained independently
by Dashen and Gell-Mann, using the algebra of currenté.
A further set of U(6,6) subgroups can be obtained by
considering the momentum independent spuriot:zszzk that arise
from insertions of YSQYS 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 Ys. This procedure automatically splits the
pseuddcrcalarsinglet x° from the 143 meson states of u{6,6).
A1l the allowed hierarchy of subgroups can be shown diagrammatically

27

as follows ' :
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FiG, I ~ U(6,6) and its subgroups
Range of validity
U(6,6) YS } ] 514(6,‘:) .
o lro
u(6)au(s) Y- N SU(6)S 3 rest
] 7 4
I, .
\ i(
SU(6),, Ys y, | U(3)eu(3) collinear
y 5
u(3)Ru(3) \ > Su(3) co-planar
Yx
Su(3) 3-dimensional
processes
A ~——I~——%P B means the generators of A that commute with Y generate
B,

The generators of SL(6,C) are :

i i i i
T ] YBT ? g—..T ¢ YB_ZT

By performing the Weyl unitary ‘l:rickz8 on the SL{6,C) generators,
we obtain the chiral U{(6)2U(6), with generators %(1iiY5) aiTs
This has found useful applications in the algebra of current

The SU(6)

densitieszg. is the Gursey-Radicati-~Sakita group with

)
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the well-known generators TJ, ££TJ. We can similarly obtain the

generators of the collinear U(3)QU(3) to be %(lifEJTJ-

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 eguations 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 theorylh’Bo. 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 ‘tc. U(6,6) 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
by the notation Pg with Pﬁ:O (A,B = 1,1,.,,12), then by

T1y3

requiring that every physical state can be brought to rest, i.e.
pg = m(Yo)g !

we see that the group of transformations which leaves P invariant

is the little group U(6)RU(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 thoe calculations based 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(B)Qlii ~ the group
remaining after the application of the Bargmann-Wigner equations -
invariant matrix elements into three parts, i.e.

M = Mo + M1 + Mz.

M has the full ho@ogeneous U(6,6) symmetry and therefore possesses
no derivative terms, My contains the derivative terms and M2
represents what we call the unitarity corrections. For certain

reactions, such as forward and backward scatterinng, My collapses

into Mo and we are then left with

M=M + M

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

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 d;ta

exists,
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CHAPTER _1II

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 goode 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 heresl. 4z 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 calculafions involved are complicated enough to make the
Yask 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 formzé’zs.

At the same time we disregard the baryon-decuplet scattering



29,

processes which together with NN scattering form an integral part
of the U{6,56) 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) structurejz, 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 —YY
with meson exchange. (4in investigation in this direction has been
carried out using the absorptive model and the results obtained

33,9

are in fair agreement with experiment 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(6,6) 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}QU(6). The 56 baryon
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states belong to the (56,1) multiplet and when boosted to
finite momentum p # o will fall into the 364 U(6,6) representation.
From equation (1,16) and (1.17) the explicit decomposition

of the 364 is

om ¢ B o (é)é[(xﬁm)‘Y clp | (2.1)
ABC ~ ‘2 m BY ypur *
1
ﬁ&%ﬁ{é(ﬁ+m)Y5C]aBEﬁgsN$r+ cyclic in ABC]

where A,B,C = 1,2,...,12, «o,B,Y = 1,2,3,4,§ PM,I'S, = 1,2,3.
The modification to take account of mass differences between
the multiplet membhers is described later.

From the product

361 x 36L = 1+143+5940+126412,

we see that the amplitudes which describe the scattering

N1+N2-} N3+Nlt {(and by crossing N1+N3 - N4+N2) are given by
: P
FIGy II )
~_/
Simﬁﬁ>
A
TABC P,) = DEF
Mz, t,w=Clls,t,0) #%p,) ¥, Po) ¥ ®,) Lop®,)
=ABC . (P_,) = DEF
- Qe P00 7, PP T g )
(2.2)
—ABC ~DEF
+ B(s,t,u) ¥ ¥ -ﬂp ) ¥ (r.)
L “’3) DBC(pi) . L AEF 72

Bls,t,w) 000, wpp@) T8 0D T 4o @)
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where s,t,u aroe the usual Mandelstos variasbles dofined as

s = (p1+p2)2, t = (pi-pB)z, and u = (pi—pl‘k)z.

Applying the generalised Pauli principle to the amplitude
(2,2) we obtain the symmetry relations:

(st ,u) =(l(syu,t), Bls,t,u) =B Is,u,t).
I+ proves more convenient to cast (2.2) in the form

M{s,t,u) = AJi(PB,PI)J (p -'KJﬁ(P PZ)JE(P&,

+ BJQ(PB,Pi)Ji(P' ,Pz) - BJ‘Q(PB,pz)Jﬁ(Pé, .

P.)
(2,3)

where JA(pI ) —i‘ACD(p ) \If

(p)e The expressions for

JRP = (Y )EJE;I have '‘been worked out by Salam et 9_{,7 and

BCD

facilitate calculation of
B 1
J';J A= z'B:_(JRJR),
where we define

JRJR=JJ-JJ+JJ—JJ +
oo

J J
5°5 1w w5 us uy wv

s

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

contributions to the JR :
. 1. P2 = G (7
Loefe) = Tl v ¢le@l + ..

(p'p) %ZE(NY N piaspmt/3 SR (RNT + wun (200
P2

Sq(p p) = El(NY s N)E -1/31 d‘qTr(NY Vs N + .

W P, D+2/3E

p P )=t E(m)q #oﬂqmmm—-zc(m N

,1/3F-D ,D+2/3F

1/3 6‘;”’l‘r(ﬁYuN)] + oaee
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Apr p)in - = 1 -
Tymp PP 8 P q;.1l)[(NN)p’1/3F_D+§ ) :Tr(NN)]

P2 - 1 ) g -
P N) — é‘ T N N 'x)
+ ANZE(NOHU )p,n+2/3F 5 °p v { Ghv )]+
Here ¢ = p=p', P = p+p!, N = N(p), N = ﬁ(g'j, and

Tr{NN) = RPNY
P (2.5)

()2 = RO -
p,F rp pPr
(Wn) 4 = BT o+ BT
p,D rp pr
and + .., means that we are dropping the decuplet countributions.
In reducing JR from the form given in Ref.7 to the above

form, we have used the relation

- = — 2 -
N(p')ru N(p) = N(p')[P Yn 2mPu]N(p)
= =N{g')[2im U‘uv q, + quu]N(p),

withr = & avih B S ATs .

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

(%15 1), Ni': =t Ni

=p
= 37, N2 = 18- 2 %afB 1), N> = n (2.6)

- = 50 > .
- & N§ HO N, = -6

N

y

Wik DM R R

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 acuition to (2,2) we should include

A
spurion terms, first derivative terms constructed by PB =
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(#)g 6; insertions that are necessarily present in the framework

of inhomogeneous U(6,6) and secondly, higher spurions of the type

RE Co(Yp @ Y,) that make up the totality of SU(3)@ Poincare'-
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,L 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, ph, p}}:, pﬁf‘ as all other proeesses
can be deduced from these. Except for p E - scattering, the
other cross-sections are all observable as the interactions of
hyperofts 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 = ﬁ(pB)N<P1\}R(‘p )N{p \i

L 2

P = ﬁ(pB)YsN(pi)ﬁ(plt)YsN(Pa) (2.7)
A = 'I:I(pB)iYuYSN(pi)ﬁ(p4)iYuY5N(p2)
V = 171(93)YuN(pi)‘ﬁ(plk)YuN(pz)

T = %ﬁ(ps)O‘va(pi)ﬁ(plk)O‘w,N(pz)

N

as well as the interchanged (1 &~% 2) quantities S, P,

AL
v, T, In writing down the amplitude we would have the

35,

occasion to make use of the following very useful identities

1/3N(p )N(pZ)N(p )Eﬁ +p ]N(p1

L
- %[‘ngts-p)+v £ o1, (2.8)
L NG NG, (5,79,), = (0,48, )yfmyp,) JN(R)T N (p,)
= E(—Z—'fz-z-s-P)meJ

Also we introduce the abbreviations

=s/Mn2, y=t/Mn2, z u/hmz; x+y+z = 1.

and note that

3 (pt,p) = TrI(pt,p) = 3(1-q%/um®)Tr (Rlp* N (p).

Compiling the results, we have :

Mpp = 98(1-y)25-9Q(1-2)2S148{ 1-y) 2[55+17/9 (V+T-A-P) 1+ (z~2)
(1+y)20/95+8/9 (1~y ) [V-yT=(x~z )PJ}%E’Q 1-z)2[ 5§+17/a:

(VaT-K-5)] +20/9 (si~y) (1+2)3+8/9 (1-2z) [ Vegl~ (x~y )] }(2.9
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Mpn = 9€k 1—y)28+2h{'[( 13 )20 148-8/9 (V4T-A-P ) 1+16/9 (xwz) (1+y)S
+28/9 (1-y) [V-yT= (x-2)P1}4BY 1- P §ras/9 (BF-E-5)1
+14/9(x~y) (1+2)§+20/9 (1-2 ) [V-§T- (x-y ) P] (2,10)

Mph = 9l(1-y)25+1BL3 (1-y)?S+2(x-2) (147 )5+ (1~y ) [V-yT= (%2 )P]

-8 3/2(1-2)?[§+V+1 -A-P] (2.11)
MpZs = 9{\( 1-y)2‘5+£;35( 1—y)2[4s+16/9 (V+T=A-P)]+4/9 (x~2) ( i+yk

5+16/9 (1-y) [V-yT- (x-2) P1}4B (1-2) *[B41/9 (F41-5-3)]

+16/9 (x-y) (1+2)5-8/9 (1~2) [V-zTm (x~y)P] (2012)
MpE- = o(l(1-y)?5+3B{l-y) %[ 25-1/9 (V4T=A-P)148/9 (x=2) (1+y)S

+14/9 (1-y) [V-y T~ (x~2)P] (2.13)
Mpz - = 90(1-y)zs+};B{(1-y)2[s+1/9(V+T-A—P)]+16/9(x-z)(1+y)s

-8/9(1-y) (V-yT~(x=-z)P]} « (2.14)

L, Conventional relativistic forins 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

37

to what has been the general belief”’, there are in general

two additional amplitudes 8., Bbg, in addition to the usual
six amplitudes corresponding to 27, 10, 36, 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 8F338. Thus in place of the

I=0, I=1 amplitudes of SU(2), we now construct the SU(3)
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amplitudes corresponding to 27, 25, 10, 8D’ 82. and 1 intermediate

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

39

Gordan tables for SU{3) these are linearly related to the

s8ix processes considered in Secticn 3 as follows:

r. - j— —— — —
u (27) 1 0o o ) o o Mpp
1(10) -1 2 0 0 0 ) Mpn
M3 14 o o 2 o o Mod. | (5 15)
- L]
(8p)
M 1 0 -5/2 -5/u 15/ O | | wpxd
M"SF) -1 -2 9/2 $ -3/, O Mp e
(1) | -
M 1 L -8 o} -l 8 MpE @
Notice that M(27) and M(lo)correspond to the 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

(1) (1), . = (1), o (1),, ™ (1), .=
M = F, (s--s)+F2 (T+T)--F3 (A-A)+Fh (V4+V)

~F5(I) (p-B) (2416)

We infer from the Pauli principle that

Fi(27’83’1)(s’t’“)=("1)i+1 F§27’BD’1)(s,u,t)

F.(26,1o,8 (2.17)
i

P (s,t,u) = (-0p, (10120:88)

Ju,t)
which conditions provide a useful check on our work, To cast

our amplitudes in the fors (2,16) from (2,15) we make use of

the Fierz crossing matrix -
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- e - - ] - -
s 1 1 1 1 1 -1 -1 S
. L
v L -2 o) -2 L v
-
T | = 6 0 ~2 o -6 T (2,18)
A -y -2 o -2 -4 A
P ! 1 =1 -1 1L P

(ss87 [0 % % o oj[s-s-
VeV -2 e o 1 -2 || vV

T |= | -3 o o 0 3§ | T+T (2.18a)
A+K 0 =~1 O 0 o || A-4

P+B o 2 -3 o o _P;§_~

L K 4

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 p+§? —> p+ A is particularly
interesting from the point of view of crossing to PP --y,-fAE?
we present the result in detail,
thM(pElﬁ\)=%B§5/3(1-y)2(V+T -A-P)+2/3(x-2) (1+y)s-7/3(1-y ) [V-y T~

~

(x-=z )PJ}'Z‘Iﬁ'& (1-z )2 (33-V-T+R+B) + (102 ) [V=2 T (x-y )B] 1
' (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 sectiondg de, polarisations
(&), etc. directly in terms of the F, (for instance through the
helicity amplitudes listed in GGMiWW), we prefer first to pass
into the conventional non-relativistic parametrisation where
the connections with do and (P 3 are widely known and have been
extensively tabulatedqo. 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
LM=(3F 1+6F2—4F3+4F 4—F5)5+(—F 1—2F3+2F[*+F5 W+ (-7 1+2F2-F5 )T

+ @ 1-6F3-2F1;F5)A+(F 1~6F2—11F3+4F4-3F5)P (2420)
We work in the centre-of-mass frame with p and p'denoting the

initial and final relative momenta and, following standard

practice, define the unit vectors

~ B2 pR'  ,  PRXP'
9 _12“2'[ _lB"’P." » B "IEKB"
with '21 = lg»l and the projections

A A A~ ]
b‘qs 0"pq Oyt =€y xRy .2 respectively,
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As stated earlior, wo choosc our Y matrices such that

1 o &)

Yom o 1) X=1 4

o

o
o )1 iv, = ( )

with U(p) = 1/!E+m,&§j;)‘x $ where X is a two-component spinor,

We thus obtaing B

T(p')U(p) = [(E+m)=(E-m)cos®] x'+ x +i(E-m)sin@ x'+g.nx

Tp")Y_U(p) = [(Ewm)+(E-n)oosa] x*x ~i(E-M)sink X" 0.3 X

TpUyue) = X" x-i X _oK § X

ﬁ(p')iYoy_U(p) = igq x‘”'x + x+_9:)4§ X

T U(p) = [(@em)+(B-mlcos 8 X' o X -i(E-m)sinaf x*' X
3p/mm X o Bx +ia/mm X 0.8 X

Bpn)iv v Ulp) = X" .BX

B(p )iy U(p) = [(Bwm)-(E-m)cost] X* X +1 (E-m)Asin0x *'x
“dg/Bm X' o8¢ +p/Bmxt o B X

Bl v Ue) = -ix " oLdx

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

by proceeding to the c,of m, frame where

(E, p) (E

i
il

y '2')
(E, -p")

Pz = (E’ -E) ¢

i

L

The conventional non-relativistic expansion then reads

K
M=oi10l +8 0 @0 +y(0@1+100 )+ 800 + E0 QF _,
noon n n” "7 Tq aq P P

(2.21)

M being understood to act between the two-component spinors X
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viz %)QJ — 3%"637(), 36.9" ¥, o(‘ﬁ,’{,;and € are, of course,
complex functions of the centre-~of-mass energy E[=(g§m2)é=éﬁéj
and the scattering angle 6[cos&m2.E/P2=(}-qy@+dﬂ- N
In terms of the GGMW amplitudes? the a,B,Y,c;;E are of
the following for'msltz
a=EE2+m2-3(Ez—mz)cosQ]F1+2Em(2E+m)-(Ez-mz)cos@+(E~m)zcoszﬁjF2 (2,22)
-2(2E2+m%F3+2[E(E+2m)+(E-m)2cosztﬂFL+(E2-mz)(1+cosﬁ)F5
p=~[Etm?+ (E%-n%)cosIF +2[m(2E-n)3 (5%-u) costi+ (B-m) *cos®0 IF,,
+2|12132+rnz-z(Ez--mz)cosfi]F3+2.|:E(2m-E)+(E-m)zcos2 @F4
= (8%m®) (1+cod)F (2.23)
Y=(E%-n%)sin O(F  +F )~ (B-m) *sinz O(F +F, ) (2.24)
JF=-[E2+m2+(Ez-mz)costﬂFH+2[m2+2(Ez—mz)code2+2[-E2+4m2+(Ez-mz)cosﬁ]Fé
+2[E2-(Egmz)Cos@]Fl:(Ez—mz)(-3+cos@)F5 (2,25)

2
€ =—EE2+m2+(Ez—mz)cosfﬂF1+2m2F +2E5E2-anz+(E.—m?)cosﬁiF3

2
+2[E2+(Ez-mz)cosQ]F4+(E2-mz)(1+cosﬂ)F5 (2.26)

These connections between the Fi and the a.B,Y,<§and € may

prove valuable in their own right, without reference to U(6,6).

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
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da67/a Q=3 /158we% 1 | Byl [Przly > | 5P+ €] ® (2,27)
(b) The polarisation{ P)of the final baryon (perpendicular to
the scattering plane) is proportional to Im[y*(x+3)].
From (22), (23) and (24) we get
f&ix(-B(Ez-mz)EZmE-(E-m)zcoszﬁl
xsinQIm[(F1+F3)*(F2+F4)] (2,28)
~ Bsind ML R E P ] O
near threshold,
(c) The spin~singlet and spin-triplet scattering lengths,
a and'aT (obtained at threshold), are given by
a(0)=m2(3aT+as), B(O)=n2(aT~as).

Hence,

aTmz(F +F ) as=2(F1~3F3)s 2 (2,29)

27y s-i»lynz, —31m
(d) The optical theorem relates the total cross section to
forward scattering as follows @

ot (5)-Ima (s,0) /4m 2T (s-tm>) 12 (2.30)
where

=1 oF - 2 - -
a(s,o)-zs(2F4+F5 F, 2F3)+2m (2F +3F, Fy+F, Fs) (2.31)

(e) Connections with other experimental observables may be
obtained from standard tables, For example, the correlation

parameter Cdﬁ is proporticnal to Im[Y*&f—E)] and so on.
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7« Incorporation of mass-differences

We 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
factorsks. Q is defined as Q = E* - my - m, where E* = total
energy in the centre of mass system, and m3, m& are the masges
of the two outgoing particles. This choice has the virtue that
the thresholds for each section are superimposed at Q = O
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 0 is weig °
by a relativistically invariant phase factor F, such that

|u [P = &2 P, /P & =F0 .
]M! 2 represents the square of the scattering amplitudes
computed from U(6,6) and. ©,, and P_ . are the momenta of the

incident and outgoing parcicles in the C,M,system, The

kinematic factors that relate cross sections to matrix
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elements are, of course, differont 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-hmz) in the degenerate situation
m, =m_, =m, =m =m, Ifm, =m_ and m, = m, we make the modi-~

@ “ B =My =M, 17 M2 3
fication s(s-gmz) o 4 s[(s-gmi)(s-@mz]% , whereas if m_ =m

2 1 3

I . 2 2

and m, = m, we make the modification s(g~im~) ~> [s-(ml—mz) ]
2

Ls-(m, +m,)"].
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 pB —> 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. Comparisons 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 X processes
are entirely out of reach at the present time, Nevertheless,
we shall concentrate on the seven processes pp —> PR,

pn —y pn, pi—> pA, ;Eiqui,plx-@p2° and



’t’l:‘

— —~

p&E — p& since the last is physically attainable in
the crossed channel pp —3 NN. The analysis will be confined
to comparisons of scattering lengths, polarisations, and total
cross sections obtained from forward scattering,

The Fi for each of these processes is collected ;n Tables

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

(F, - 3F))

the combinations (F2 + Fg)s=4m2, 1 3's=4m2 ana

Lofor o 2 _ _
[3s( F ~2F +2F4+F5)+2m (2F1+3F2 F_+F Fs)]

3 3 t=0,

which have physical relevance, Theoretical predictions are
then easily read off, Notice that in the threshold limit
a(s,t,u) -y a(s,t,u) -—aa(z,mz,op) but that otherwisea y
Zi, B, g remain distinct amplitudes in general, However, if
we neglect all but S waves (i.e. neglect the t, u dependence

of these amplitudes) a= & and B = ; and it is this special
gsituation that has been studied for SU(6) by Barger and Rubinéé.
We shall make no such restriction unless we have no other
option, such as when we consider low-energy pﬁ —~3~Nﬁ cross
sections,

(a) Firstly, regarding the question of polarisation which is
given by the interference of (F1+F3) and (F2+F4), 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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(pp) _ Cl 2
(F1+F3) =[9/2W-8/9B] (1-y) “+5/18B(1+y) (x-2) +(y &~ 2),

(F, %, ) PP)o09/200+15/98] (1-y)%45/18B(147) (xm2)=(y = =)

The interference takes place between amplitudes of opposite
symmetry types a_-_r_ Zi, Big 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 pE:-ﬁ n E° 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 as ag 5P asnp , we have the relations

(see Table VI)

np __np Ap _ AP
a g an as = an
(2.32)
8a Ap = a 2+p+7a np 6a AP= o B—p+5a np
s T T s s S

The only experimental evidence regarding these scattering

0]
lengths after eliminating possible Coulomb effects is as f0110ws.L'e 145

a "P= 23,680 + 0,028F,  a,"P = 5.399 + 0.011F

s T
Ap N
al” = 2,46 F a,% = -2.07F (2.33)
2 +p Zup
-3 Sag &1,7F, 4F a "7 B30F
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The very first theoretical conclusion asnp - aTnp is so badly

viclated that comparison with a72+p - 8asAp in equation (2,32)

is rendered meaningless, Most likely the discrepancy with

U{6,6) 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

5 and therefore the lack of equality of

from SU(3) symmetry2
ginglet 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(6,6) 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. Thisg equality is interesting since no
resonance or bound state seems to exist inA p S-wave scatiering
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 ¥p scattering

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

making use of equations {2.30) and (2,31), we obtain, apart
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from the standard SU(3) relations such as

Giot( o tot(

Hp) =0 (X p),

the extra predictions (unchanged even with derivative couplings),

(5 - 30 5T) = no ) - 605 (A D),

tot

50 5%p) = 80°H(= D) + 4ot (E ) (2.34)

g =3 O—tOt(np) ~- L ,o_tot (t-" P)o

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.,3L4) will not prove a useful test of
U(6,6) theory.

(a) It has been shown”6 by Dashen and Gell-Mann that for
coplanar nucleon-nucleon scattering the invariance under
U(B)QU(3), which is the invariance group left with insertion
of the irregular couplings of inhomogeneous U(6,6), of the
form g = P.Y, - ple - szy, leads to the prediction that the
correlation parameter, Cpq = 0, Ve easily reproduce this
result and extend it to all NN scattering processes using

Tables IV and V, by noting that % - &€ 0. This is the
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single constraint on the F, imposed by U(6,6) invariance,

This condition also implies R' = -A, R = A!,
o o
1 - Gy (907) = 2[1 - D(907)] (2.35)

(For the definitions of these paramoters, sae Table IIL,)
on  macleon - nacleow Ccobktring.

The available experimental data‘for all these correlation

parameters are collected in Tables VIII - XI, Apart from

RY = «A prediction, the agreement with experiment of the

others is not very encouraging.

Ve Comparison with;pﬁ — 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) + p(2) —» N(3) + N(4). This is expressed by the
substitution law™! P, ~—§-p3, N(pz) — N(~p3) in equations
(2.2) and (2,3). At the same time a(s,t,u) -ﬁa—(s,t,u) =
(A(t,s,u), etc. We could also apply crossing to obtain the
processes pﬁ - pﬁ but, apart from the elastic nucleon-anti=~
nucleon scattering, these reactions do not hold much physical
interest, and we shall therefore address owselves only to
pp --¥» NN for which there is considerable data, especially
in the form of total cross sections.

One immediate corsequence of U(6,6) invariance is the

vanishing of all inelasti¢ (absorptive) cross sections pp —>
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NN at threshold, The only surviving amplitude is then
ot

B
AV %)
aB(p

scheme automatically leads to the dominance of pi elastic

Cc PR s

4’p1)JC (p3,p2). It is interesting that this symmetry
scattering without recourse to physical arguments, On the
experimental side it is known that ¢"(pp) andg”(mn) have values
of about 100 mb and 20 mb very near threshold, while the data48
on YY production at 3GeV/c p laboratory momenta show (YY) ®
50 pb. At this energy O (pp) ® 20 mb and 0(nn) <1 mb,
Thus the U(6,6) prediction is in fair agreement with experiment,

To make more detailed comparisons with U(6,6) we must
calculate the Fi above threshold; for pﬁ ”f}‘Y? we cannot
use the Johnson-Treiman device21 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-émz). do /dfl 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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(G~ o=t (2-1) [ -2F ~5F ,45F,-F +F.1,

1 L 5

(&+Eth2=[1+3/2(x~1)][-§1+§2-§3+§ 1,

- 1 - bnd o™ b P F
Y/Lgnz=%i (x-1)2[F1+2F +F +sFlt] ~2(x~1) (F2+F4),

2 3

(5 + EY@RA-F +2F ool +F ) +d (om0 [-F 43F poF - F, 4R,

4
C-=06 '
with x-i:fg'/mz—i) as the expansion parameter, We then obtain

the following theoretical leading behaviours of the cross

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

(p5) —b 81]@[%/x, ey
2e

- ~ho
o(nn) — 25(x-1)] B[*/sx,
-~

0 AR) > 81(x-1)15 12/163:,

o 0% —> 5Ge-)}3] 2/16x,

A > (-] 2/

0 Fewr 19 (x-1) M /618x

(&7 ED 2(x-1) 8] ?/81x
Experimentally pB annihilations at 3GeV/c laboratory momentum
have yielded

o (pp) = 21 mb

o- (nn) = 0+1,3 mb (2.37)

o (AL)

117+ 18 pb
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o{57R) = 5148 b

(=¥5*) = 36 + 16 w

{3 %) =10 + 4 pb (2.37)
O‘(Ené—) =24+ 11qb

A first crude comparison of equations €2.36) and (2.37) is
achieved by taking a common mass =~z 1.1GeV for the baryon octet
(when x~1 & 0,6). This gives the rough theoretical estimates,
m(nn) o (AK): o (P Ak o(557) » 125:100:4:5,
o (Z5): o TERE ) 3:1;

and in the event that the S dependence of the amplitudes is
neglected so that B = B, we have

o (278 0(278 ) » 116,
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

o (mn): 0 (AR): o (5% ( 275 ™) 22 130:80:3:4
@& (B By 25:1

and .

(i () & 116,

as before, if Bx B.
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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-l)na & 1.1
and (x-ibnﬁ-ﬂﬁ 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 (ML), It is a curious feature that
in contrast to SU(6), U(6,6) 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 IIX

THE U(6) (X) 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)8U(6); in other words the mass formula is essentially
a static problem, We shall show below how the little group
U(6)QU(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-tinitary and so cannot bc associated
directly with physical particles, In order to do this, let
us, for example, consider a multispinor ¢A1;f‘..belonging

1

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

invariant scalar product we must take

B A A B B' Bt A
1 12 1 1 1 A,
Bin, Io, o Pas O )EEME Goang V' Madsy Ohf s oD

where the asterisk denotes complex conjugation and
B B s
(v ), = (Yo)a d‘r (3.2)

Equation (3,1) is evidently not positive definite, We can,

however, project out a positive definite subspace by

Jrease

restricting the set ¢i to those on which Yo acting on

1A2"
this multispinor,take;one value, for example
Boeess Beose
At i i
(v),1g = g (3.3)
' X ] o
o’A ¢ TA 1A2 AlAé
B... *
Beeo 1
(v,) A2 g% =0 aes
tons
Az AIA é 12
for lower indices and
B Bleso B ees
1 1 2
(v .l 8 - -8 (3.4)
o' B 1 A1A2.00 Aleo‘
for upper indices.

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

equations for p = 0, Thus the set of multispinors satisfying

-~
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(3.3) and (3.1) 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 Ji for which

-1
T =X ' (3.5)

(o]

ise,

J—1 = J+.
This is the maximal compact subgroup U(6)2U(6), composed of
the generators %(11”&)0‘uTi as already pointed out in Chapter 1.
Thus the indefinite space of the original representation breaks
up in this way into a collection of subspaces, invariant under
U(6)RQU(6), each of which is positive definite., The
prescriptions (3.3) and (3,.) single out a particular one of
these.

. = A
Now, under U(6)RU(6), the basic spinors ih and ¥

reduce in the following way:

¥, o= (6,10 @ (1,6)- (3.6)

o E, 0 @ (1,8)-,

where the appended sign indicates the value taken by Yo in

I

the respective subspaces. Charge conjugation :i.rwar'iancel19
¥ . —»c_. 3P (347)
ar af
ith clyc= v
wi Yob = o !

implies that under this operation
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(6,1) —» (1,8)
(3.8)

and (1,6) —» (5,1) ,
Thus the relative signs chosen in equations (3.3) and (3,4)
ensure the invariance of these eguations under charge conju~
gation, The spinors ﬂi and 74 are now associated, in
particular, with the (6,1) and (1,8) or quark and ant&quark
respectively, The equations (3.3) and (3.L) exclude the
other set, the pseudo-quark and antipseudo-quark (1,6) and
(6,1). Hence under the U(6)QU(6) symmetry and the first
type of quark and antiquarksie, the 36 meson states with

JP=0" and JP=1" will transform like (6,8) and the 56 baryon

A
states with JP=§% and Jp=3/2f will transform like (56,1),

3. The symmetry breaking operator in U(6)&U(6)

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

50

term in the Hamiltonian transforms” , As has been shown in

51

the derivation of the SU(6) mass formula , 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 v, E* andE, etc,
degenerate, In other words, such an assumption does not succeed
in spin-splitting the pseudoscalar and vector mesons, for example,

It does seem ©bvious thém that for higher symmetries, one cannot

assume that the symmetry--breaking term belongs to the adjoint
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reprocentation 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
zeroc 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 approachy but taking a hint from the
work of Béb and Singhss, 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=0 member of

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

L« The baryon mass formula

On the way from the full U(6)QU(6) down to SU(3), we
could pass through SU(6) or through SU(3)8SU(3) symmetry
as an intermediate stage. Ve choose mainly for convenience
to follow the first chain, i.e. U(6)QU(6) —=» SU(6) —> SU(3)
@su(2), Thus, for the U(6)QU(6) baryon states (56,1), we have
the relation

(56,1) (x) (38,1) = (1,1) @ (35,1) () (405,1) (B)(2695,1)

(3.9)

The SU(3)@SU(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 8 1 8 8

4, 0™ 5,0™ (05,0 (uos, ™M (2695,1) 310

M =M

where the superscript refers to the SU(3) contents oféggﬁeducible
representations of the subscripts. Applying now the Wigner-
Eckart theorem to equation (3.10), making use of the 56856
Clebsch-Gordan coc—::t‘:t‘ic:’tentssl'E of SU(6), we obtain five equations
involving the physical masses N, %, A, N* and Y*, and the
reduced matrix elements Ay Oy Ogy &) and g corresponding

to the tensors (1,1), (358,1), (4051,1), (4058,1) and (26958,1)

respectively, We write these in the matrix form

e

(e, ] [ o 1/7 1/7 o 5/7 N
% 1/6/8/7 -1/216/7) -1/80677 5/6[677 -5/6V677)| %
o | = 0 -N10/11,  #10/14 .0° N10/7 A | (3.11)
o, -1/M 3/@F1z,) 1/(1,@1'14)'- 1A ~1/3L N*
% -1/33/7 -1/&[3/7 W3/7 1/383/7 =1/3] 3/3 _Y*w
Putting in experimental values of the baryons”>, we obtain
the values
o, = 1319 a3 = 104 as = =2 (3.12)
o, = bt o, = 24

from which we note that o_ is small compared to the other

5

reduced matrix elements and can therefore be dfopped. Doing

this gives us the mass relation



59.

oN* + 3A = 2N + 2Y* + X (3.13)

which is very well satisfied expcrimentally and Justifies

a posteriori the Bég-Singh baryon mass formula., No further

contribution can be neglected without obtaining disagreement
with experiment. For example, if we discard the (4058,1)

contribution (because it is fairly small), then we have
LN* + A+ 335 = LYY + 4N, (3.14)
so that from equations (3.13) and (3.1L) we have
A = 3

which is physically out by about 10%. Thus in order to 1lift
this degeneracy we have to retain the (AOSS,I) contribution,

The mass operator for the baryons can now be written as

1 8 1 8

i1,1) " s, M:(zkos,n " Mos,1)

M = M (3.15)

which happens to be exactly the same as the SU(6) one?>,

5e The meson mass formula

The U(6)RU(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 (6,6)8(%,6) in terms of its irreducible representations.

Then we have
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(6,8)2(6,6)=(1,1)0(35,1)8(1,35)0(35,35) (3.16)

The SU(6) contents of these irreducible reprosentations are

given by the relations

(1,1) = 1
(35,1) = 55 ‘ (3.17)
(1,35) = 35

(35,35)=1+35D+55F+189+280+§§5+405

Charge conjugation invariance (or equivalently, the equality
of masses of say,the K and K) eliminates the antisymmetric
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
ecorresponding to (35,1) and (1,35), Thus if, following the
Bég-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

o418
(35 35)" (35 35)

P 131 3518

M= M(1 1)* (35 1)+(1,35)" M

y18931 0531 20538
M(35,35)" ”?35 35)* M(35,35) (3.18)

5

where the superscript notation (ajB) represents the SU(6)
and SU(3) contents of the irreducible representation respectively.

Equation (3.18) is the U(6)BU(6) analogue of the Béb-Singh mass



61,

foxrmula and wo are following 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

131
2

corresponding to the (1,1)1;1, [(35,1)+(1,35)]35’8, (35,35)
(35,35)35;8, etc. by using the 35835 Clebsch-Gordan coefficients” *
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}'7! contribution will be equal

to the mean mass of the meson multiplet.

7 |1 l1 2 -1 2 -9 -9 -18]]a i
K 1 =1 =1 =1 =9 =9 9 b
P 1z -1 2 1 5 14 (3—)%34
35
K* 1 -1 -1 -1 1 5 -7 Baya.
3 ‘11 (3.19)
g 1 0 -1 o0 16 -16 0} |1(1/10)8
X, 1 03 o O O ol Be/te
1
2y €% { |0 4 0 32 0 O 0 | H(1/10)%g

with
@ = a ~2b! ~c! -2dF 4@l 45£' ~14g"
Mg = & -2b! —c! -2d' -9e' -9f! +18g!

,/2(601 4—-90)8) = 4b' +44' -20g!' (3.20)
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where b, ¢!, etc. are equal tc the normalised reduced matrix
elements of the column matrix on the right-hand side of equation
(3.19). Note that the unphysical masses, Wy Wy Tgs Xiqs

?8 & )(1, W, éa)ws are related to the physiccl masses {with the

1

usual mixing angles of sinzf{ and tan B=0,19 for the Wand ¢,q7and
a

x° respectively) by the equations .
XL’ = l.l—K'* - P (3.213)
8
g = K -7 (3.21b)
W+ =W 4 (3.21c)
X.1 + ?8 =X + .Z (3.21d)
(031 Jes coB)2 = wfva-w;! (3.21e)

X, 7g)% = X, - X (3.210)

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

the following results

Ja = 778 /d = 325
/b = =129 /e =132 /g = -35. (3.22)
Jc = 225 /8 = 365

It is thus seen that the (SS,BS)AOS;B reduced matrix element
is very small compared to the others and can therefore be
safely neglected, Doirng this gives us the very well~known
mass relation

K¥ = K =0 = 7, (3.23)

a result which was first oitained in SU(6) by Paiss6 and is

in impressive agreement with experiment, Algo from equation
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(3.21e), we obtain the Schwinger mass relation’’,

W-p)(F-~p) = L/3(K*~p) ((Hh-2K*) (3.24)

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

U(6)QU(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 e;ements

oq 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), o  is about 1320 MeV

1
and from equation (3,22), the meson central mass is about

780 MeV, Thus the presence of the x° particle raises the
central mass fairly from the SU(6) value of about 750 MeV

to 780 MeV., Feeding these into the relation

gzps/zgr = 25/9(2x /)% */ur (3.25)

where g  is related to the rate for p == 27 , we obtain
using the Gell-Mann, Sharp and Wagner58 result for 0 ~» 2% ,

the gratifying result that
2
9" Mm 159 (3426)

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)QU(6) resuit for gA/gv‘ the agreement with experiment
should be so good in this s¥rict U(6)RU(6) zimit, .

In conclusion, then, we propose that the meson mass
operator for U(6)QU(6) should be

2 131

_ 35;8 131 3558
M = M(1,1)+ M +M M

(35,1)+(1,35)7(35,35)" "(35,35)" . :

3 (2427)
»18951 40551

(35,35) " (35,35)
ghowing that the spin-splitting is produced by the singlet=
contributing terms of 189 and L4O5. 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
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obtained by Beg~Singh for the various tensor operators

which we reproduce here for completeness

M8 = a, + b1 Y + cy Ezs(&ﬂ-cz(”‘) +11:Y2]

35 1
Ml = a_ + b . [2FJ(J+1) -« C (3)]

189 2 2 2

L (3)
Mhos =a; + b3[2J(J+1) *+ C, ] (3.28)
8 (3) e (B) 1.2
MQOS =a, + bh [25(J+1) + c, 1+21/8[28(8+1) Cy Y ]

"
A3021(1+1)-3v2eaN(N+1)-28(8+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

¢ 3) ana ¢

2 > are the quadratic

quark respectively;
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avd £,

)y depend

Casimir operators of SU(3) and SU(4), and ai?bi

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

23(I+1) - c2(3) = —9/2

25(S+1) - c2(4)+ %YZ

2

= «8Y - 15/2 (3.29)

I(I+1) - £Y" - N(N+1) + S(S+1) = = Ya2

we obtain for the baryons the formula
M= a+bJ(J+1)+cY+d[I(I+1)—1Yz] (3.30)
while for the mesons, we obtain the result

2 ( (1)

M” = a+bJ(J+1) + cC, 3)+d[25(5+1)-02 +3Y% vef (3.31)
where e in (3,31) is zero for all the particles except X,
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 (3,30 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 classifving energy levels of baryons and mesons, However,

9439 have lately proposed that the infinite-

several authors
dimensional representations of gome non-compact groups might
possibly be used in classifying strongly interacting particles.
It is then hoped that in analogy to the hydrogen atomio, 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(6,6), GL(6,C) and
U(6)2U(6)20{(3,1) have been considered. U(6,6) and GL(6,G)

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)QU(6)Q0(3,1) begins

with a given representaticn of the maximal compact subgroup
U(6)au(6)ec(3) ard keeps cxciting its constituent quarks into
higher orbical ctates, Ince again the maximum spin increases

by one unit each time suclhi an excitation takes place but no
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higher SU(3) reprcsentntions are introduced,

Besides the well-known féctGo that in some of these
suggested schemes the mesons and baryons dolﬂtcouple, it has
also been recently stated that existing experimental evidence
seems not to support all threec possibilitiGsGi. In spite of
these, we wish to speculate62 on the possibility of u;ing vet
another non-compact group U(6,6)RU(6,6). This is the group
which results when we relativistically boost the unitary
representation563 of the rest-symmetry U(6,6}tand has U(6,6)p
as the little group and a chain of subgroups GL(6,f) for
2-momentum processes; U(3,3) for 3-momentun processes and
GL(3,€) for L-momentum processes,

Apart from the little group U(6,6)p (appropriate to a
particle with h-momentum pyJ, there is another U(6,6) subgroup
called U(6,6)p 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 B x T3, where Tare the Pauli matrices, while

U(6,6)p is generated by ‘YcTi and Ynch, with
Yo = 1o Ty Yo Y, 00
- . . .1
Ync ys, Y5£1 1YO)‘53 1YOY5-2: (Lb )

T = (05 Caya PN = AN »EV
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and 13 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(6,6); we start with are non-unitary. Ve shall
therefore consider the infinite-dimensional representations

of U(6,6)8U(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 UV, VoU(V, V) representations

In studying the representations of U(6,6)RU(6,6) 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)RU(6), which
has been shown to be a good strong interaction symmetry, as a
subgroup, in carrying ~ut the reduction, therefore, we shall
follow th: procedure proposed by Dothan et gl? and used

59

extensively by Delbourgn et al™”. 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(6,6)QU(6,6)
group, owing to the simplicity involved in working wi£h the
general group, we shall consider below some of the
representations of U(V, VeU(V, 1), Following reference 9,
we define creation and annihilation operators aa and o>
with @ = 1,2, ... 2V for fictitious boson quarks and another
set of creation and annihilation operatorS'Sa and ba for

equally fictitious boson antiquarks, These obey the commutation

relations
(a,a] = &P,
Eba,SBJ = <fﬁa, (Le2)
[y, aP1 = Tbyy ] = e = 0
where
o - (;a)+(Yo)Ba’ B = (bﬁ)+(Yo)ap With Y a5 defined

in Chapter I. The generators of U(V,V)@U(V,V) are now given

by %[MB +NB 1 where
o~ «

and these satisfy the commatation relations
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B ) ¢ B g . &
ana, MY] JaMY -4 M

d 5 B B O
a’NY] 6‘aNY~6‘YNa

B8 I B 0
[N Ny 3 =0 v ¢ Y o

n

P

I

(1e3)

[}

.yl Byt ) B + o
with (M)" = (v My )" , (Nﬁa) = (YONYO)B

It is clear from the above relations that MS are the .generators

of U(6,6)D. To construct the irreducible representations of

u(v, Yau(v,V), it is feasible to fix on a lowest or "ground"

level and apply the generators MS and Nﬁ to it repeatedly,

Whilst Ng will lead to new levels, ME will produce a mixing

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

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

of U(V, V) . Vith the vacuum state }O> defined as

a*jo> = b jo» =o, (4o t)
it is seen that the operator Nz is projected out of the
vacuum state into (Eaﬁa)‘0>'. Hence we choose the lowest
state as

le> = 2t G.5)"os (4e5)

(2V4n=1)!
(2v-1)1.

with <0L(b.a)"(5.2)"10» = (-1)" n!
The construvc+ions of the <cpresentations of U(V, 1 and

GL(V,C) hav- ieen discusz<d elsewhere and the generalisation

to U(YV)eu, 1) follows ::losely on those lines,
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We construct an irreducible raoprosentation from an
infinito sequence of symmetrised, traceless tensors

¥(0) T (1), erecee, 1), .... }

where
Pi...Pa (1.6)
¥ = ¥ 1°°*%rs1 :
-Bl —Bl— - -‘Y- n
= 2 Ff (1)) b "s.eb Ta, seea - traces ((b'a_) lo) '
n n o o Y

1 r+l
l =0,1,2, .vo4 2V and r is the difference between the number

of lower and upper indices, Mi, Ni are then defined by the

relations
. B "‘B 1 B- ﬁB -oo(j) .QIB
1-0. r+1 j:la 1 s e P0G P r+1 (4.7)
r+l B Bl 'o‘..l'.ltﬁl 1 B ‘ B']_‘...Bl
- 521 CS‘OL\I’OLQL (i)...x *2y %« ¥ a .
i 1-.. see r+l 1--. r+l
Nﬁ \PB']...“B]. - ?Eﬁlloo.ﬁl
d aioiocar-‘-l 1 a(ll..-.ar+1

B { 2 6‘Bj ‘I‘_aalo-o(j)tnaﬁl 2 d\B Blauoal
1 j i

(4.8)

+ ¥ .
« Ggoovovonel o @y aal..(l)..ar+
_—?.'“ 2 CS‘BJ. ?861..‘(3.)..-81 -21+r &B‘yﬁloocal
a ij ai :\1011...(1)..-(11_+1 v o al"'ar+1
) . eeald)e. Bl
-A [ 2 (6TEgB 1 gB £iyy 1 (1) g
1-1 iJ o ai e oL a.i (11--. 1 ...dr+1
B, B, seel(desef

A3 (FgP 5P sy ¢ I
’i 151' Qg Gy &y gy ooy r+l
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1 (dﬁj (5‘ J' éﬁj! dPJ BB -Qo(J)-nt(J )...Bl
p,@ J#j' a al....(l)...a +1
‘3- B ' B B. ﬁﬁ 0.0(3)0..(3 )o-.ﬁ .
,oé,czﬁTIT (B (EA I gty g e e al}
6 J )J i i' i .i' 10.0 LN . e r+l

where the notation B1"'(j)"‘B1 indicates that ﬁj is missing

from the sequence BIBZ...BI and

2 (214r+ V)2 N2

A (214r+V) (21 +r+V+1)?

B = EA (49)
15 v ko9
Py = 21+rd/ ~2

and.)\is a real number defined below in the next section,
We demand also that Al, B1 be non-zero, Thus we have obtained
a two-parameter set of representations of U(V,V)QU(V, V),

That they are unitary follows from noticing the invariance

of the-posit{ve bFilinear forms

ﬁ..‘B} . .
2.2 1 {7 ! lz (4.10)
aB»I?TT:f): Oqeonll 4 - o N .

This invariance can be verified on using the generators as

defined in equations (4.7 and (4.18)
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3. The Efgenvalus problem

The reduction under U(V,V)  of each level in the U(yw)e
U( YY) ladder is unique, In the U(V,1)8U(v,v) ladder, however,
there exists an infinite number of distinet 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 /N ,
the Casimir operator. Thus the U(6,6)D rungs of say, the meson
tower will be made up of the series

10 143 @ 5940 @ .,..

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

occur:
1= (1,1)
14% = (1,1) + (6,8) + (6,6) + (35,1) + (1,35)
5940 = (1,1) + (6,6) + (8,6) + (35,1) + (1,35) + (21,21)

+ (21,21) + (35,35) + (120,8) + (6,120) + (120,6)
+ (6,120) + (405,1) + (1,405)

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

U(6,6)D irreducible representations 1,143 and 5940 are

distinct particle states ~und are only distinguished from each
other by the different values of A they take, YWe shall now
determine the spectrum of A , where Zor convenience we consider

the meson tower, Let us construct the U(U,IOD irreducible
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particle state of the U(¥,V)RU(V,V) by demanding that Mg ,

N; satisfy the equations

)

¢ .

S '.l.s
B _ 1 5ByY 1 1 _
(Ma 2v d‘aM‘() {ra ool °
X 1 ‘1
(1411)
Na @-B‘l"‘ﬂl —4 7\‘"&45'1..431
o ?1ft'al - Xy eeoty

Notice that for the special case where we copsider the singlet
of U(V,LQD? Bi = Q. We are especially interested in knowing
under what conditions, if any, the spectrum of ) is discrete,
Applying equation (4.6) to equation (n.11), we obtain the

recurrence relation
- - 2] v ] )
£ ()= (1) - (n+2) (s +1)2 (1)=0 (re12)
By means of the function
P n
y = r%) fn(l)x .

equation (L.12) is replaced by the equivalent differential
equation

xy L (x)+ Vyt () - (x= Ny(x) = 0 (40 13)
To solve this,we make the substitution

y(x) =e ¥z, x = %‘E
Then equation (4.13) redices to the confluent hypergeometric

equation

2
g‘g.éz_-z + @ - g)g-g_ L(va-aAN)Z =0 (1o 14)
d
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which has the solution61+
Z = 1F]{%( Ve Ny 7/;3:_;} and hence
y(x) = e"x,_lF1 (v - N); vy 2x} (44 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 = O. It now remains to see

under what conditions the orthogonality relation

o0}

S NNy, Gy, (X tax
5 \

v @
— * ] - * 1
=Ly 'xvy?\ (x) - x y?\,(x)y?\(x)lo
(4.16)

=0
holds.

From the properties&* of ,F, {%(v-7\); Vs 2x ,}, we see
that this function increases with x for positive tw-N.
However, if $(’-N is zero or negative, then it reduces to a
finite polynomial which tends to zero for large x. Hence for

condition (%.16) to be fulfilled, it is sufficient that

3@W-N be zero or negative, i,e.

$@-N) = -n for n=0.1,2,.., (4417)
Thus the discrete spectrur »f Nis given by the relation
N= V+2n. Now for 3(V-N"= =n

= — V'
yA 1F1( ny V;2x)
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and then 1F1(—n,v 12%) ies —olatod to thoe gonoralisod LagMerre

polynomial by the equation

n+V=-1

Lz)—1(2x)=(
n n

)1F1(—n;v;2x) (L.18)

i.e.
n 1

. S n m+y=~1, oo m

4Fq (i Viex)= & (m){m!( g} § (-2) %

The orthogonality condition now becomes

(e @]
{ "y oy, (K)ax = N6y (4.19)
where
N =27 g (I‘(Vm) )3/2 X(Vanr) 3/2 (1.19a)
(T()2'T (14n) T:(1m?)
and n' = ( N=-v).
Hence the required solution is
yi{x) = ehxlFi(-n;lfszx)
oo n -1
= T 2 (~D)™PPM)L [Py e (4420)
m P v"1
P=0 mi=o

Thus with the condition 0<x<oo, we obtain a complete set of
solutions by taking A=V +2n, implying that the spectrum of A
is determined, The coefficients fm can now, in principle,

be evaluated, These are, however, complicated as can be seen
above and so for purposes of illustration, we put n=o
(corresponding to A= V) in equation (%.20), In this very

special case, we have
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£ = (-1)"1/m!

m
and hence from equation (4,5} the lowest state is now defined
as

> = 2 (~1)"i/m1@H)" [o>
which clearly betrays the well-known factes <hat U(6,6)
symmetry does not act on physical particle states but rather
on the purely formal indices, The natural vay to employ
the finite~dimensional (and therefore non—unitary)
representations of U(6,6)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 7\ a pleasant result physically.
Equation (4.11) can nov be used for the construction of

higher meson states, For example, with this as the lowest

state @(: ), the relatien

Yo B N oB
NYSZ&(?\) = (NOC - 6a)¢(?\) (L.21)

will take us to the next state, etc,

L, The trilinear coupling

The general prescription for coupling of towers has been
. . 60 . . .
discussed in reference end we shall in this section euwploy

this technique to determine the first few coupling coefficients
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of a U ,}QU{V,V} tower, assuming that coupling exists in
general, We shall alse consider only the coupling of two
bagyon towers to a mescn one, The general form of such a

trilinear invariant will be

I=

i
1% 5 &

.o [A (T (¥
[;1,1.) o (1) F(1,)8(1,)) . (r.22)
: \ ’ N . . . .
where ('%lli,'y(la)Q(IB)) denoties a U(U,V)D invariant,term,
labels the distinct invariants which mzy be obtained with the
same three tensors and the coefficients [111213] must ke
determined so as to make the sum a U(V,V)@U(v,v)invariant.

To achieve this, is to impose the condition

Ngl = 0 (1..23)
and from this we obtain a number of recursion reilations
for the various coupling coefiicients, The meson=baryon
invariant vertex function for any determination of the recoupling
coefficients follows from equation (L.22). Applying equation
(1..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

eguate the coefficients of

=Y,Y._B . *1 -
APRE Ty oy o Fr ¥ '1P4P Ty oaofp 2 ¥ "1%aY5 ¢2
12 171 "1 J»Y1Y2Y5

respectively to zero and obtain the following equations
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30\+ ) 2,2 ~F
7> f 7\1 } fool] = G,

Sy L0003 500 (4e24)
3 r((3+v)z~:7\f % (3+w') _ ]
3+ 3+ 7Y (1) } L1°1]+{f3+v, (4+v)} [o11] E001]
Py
(2+1 _7\5 }2 |
GG o021 (10 25)
2 '}\2 ‘é‘ 1 N
{<3+w X } {(m) 5\ 2,
3+ 1) (L V) C101]+ (3+0) () fo11]+ ;T2+13[001]

NI SN
* TG LG Gan ) [0021=35) § Focod (4026)

N - . 6 X .
Following Bisiacchi and Fronsdal 6, we choose [001] arbitrarily

and normalise it to unity. We then have

v:}@
and { (2+1)2- } 1
foo2] =
(2+ 1) (3+1) 22(V+4)(V2+ZV+3)0\1+?§)
(1.28)

*E()a+)b)zv(1+10(2+v)-6(%&+%b))3(1+v)+(2+v)(3+v)(1?-%§)]

A similar method can, of course, be used to derive the recoupling

coefficients for the mezon-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-Marm12 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 %t singlet
and octet and the spin 3/2" octet make dominant contributions to

the Adler-Weisberger sum rule

1 - (ay/6y)? —,,—i(;;—) ’, Ve, totghy otte ), (s.)
NN
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where oiOt(7r+p) is the total cross-section for elastic m+p
scatterng,V is the pion energy in the lab.frame, q is the
magnitude of the three-momentum of the pion in the lab,system
and M and 1 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 (364,L=0) state. In both cases,
ve shall, following previous author868 who considered the problem
in U(3)QU(3), assume that the decuplet is in the pure (364,L=0)
multiplet, Again, owing to the fact that the results of the
36L 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 (220,1=0) contains an octet of spin %' so that, apart
from the stable octets belonging to the ééé, there should exist
another set of positive parity spin % octet. We believe
therefore that the recent discoveries of the resonances

*
like N* (1450,3") and.'YO (1663,12") sewe as an incentive to
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the congideration of the (220,L=0) representation, Suppose
that the helicity 3 state of the octet baryons of 220 and 36l
mix in such a way that the baryon wave function can be written

as

[B> = sindd220> + cosa| 364> (5.2)
where o 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 tenser ¥ '
- [A1AA5]

leaving out the ginglet contribution, may be written as

\Ir[AlA;i;] 26-151”[%[ (ErBrisN[a1a2]a3,:z - €r2r3sN a1a2]a3 ’ii)
+ cyclic in AjAgjAg], (5.3)
where
N[aiazjayiz(pﬁ {(lﬂsm)Ysc)alazNa;z(p) (5.30)

Making use of the mixed symmetry properties

N +N +N =0
[aiocz]% [a2a3]a1 Ea3a11a2
S 8 s
€ "N +¢ N, +¢ N. =0, , (5.4)
T TS Ty Sroras rgr.8 r,

equation (5.3) reduces to the convenient form

(¢4 rr. s a.r

¥ (0) ==y [ (Fem)v.Cl € N 5 (p)
[A1A2A3] omn”’ 6 5 "o, 5 TyfgS %47y

(5.5)
~[(gm)Y,Cl & NS 1]

r
1%2 ToF3% %3y
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From this we cvan now write down the currents which interest us,

With the definition

AA C
C_ F 2 - p3C j
JD = ¥ \IrAAzD - (YR. )D J’i_]{ '
where
X JAA_A
- 23 LA (p)
Jp = if(p,) (vgr') 1 \IfAlAzAS . (5.6)

and Yp = 1, A Y59 iYuYS’ T
we obtain, on using the relation PzYu = ru + 2mPu

(notations are as defined in Chapter II, Section 2,)

j_ 1 = =
Jp = IEEQ[Tr(T&) {(NrpN)s+2mPu(NN)s}

+2mPu (NN)F - (NrnN)DJ, (5.7)
i P - .
Jusmg[Tr(TJ)(NlYuYSN)S - (Ni‘YuYSN)D]. (5.8)

From equations (5.2), (5,7) and (5.8) and the U(6,6) results

for the 364, we get the following relations

% = %(3~tan%1) (5.9)
A 2 - tan g tan's (5,10)
GV T 3 %+ tan ‘

From equations (5.,9) and (5.10), we obtain the result
D+F
GA/GV = ZF oo (5.11)
in agreement with the U(3)QU(3) result obtained by Cabibbo and

6
Ruegg 8. If we take the experimental GA/GV result of
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GA/GV = 1.2 and substitute it in Eq.(5.11), we obtain the
D
result ; »~ 1,18, which is bad compared with the experimental

result of D/F =~ 1,75.

3. The (220, L=1) and (364,L=0) representation mixing

The bad prediction in Section 2 (Eq.511) now prompts us
to congider other possible states., VWe 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;(lqps,%?), N*(1512,%7 and
Y;(1520,%r). e shall further assume that the positive
helicity state of the stable octet baryons is given by

|B,J=dy = cosfl|364,L=0% + sinf |220,L=1) , (5.12)

while the decuplet, as already stated, is in the pure (364,L=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
inversion7o.

The baryon (220,L=1) kinetic supermultiplet theory of
Gtto et 2171 described by the tensor product of the kinetic

tensor and of the irreducible representation 220 will have the
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sSu(3 )QSU(Z)W content of

(8,3) + (8,3/2) + (1,3) + (1,3/2) + (1,5/2),

e are only interested in the (8,3) part., Defining
the wave~function for the (220,L=1) to be
(p)

£3 5 € e
ABCD - 6{[(xf+m)Y5C]aB[(pu+mYu)Y5]$(e c&sl\lfob+ € cbs pa)(Yu)d‘ §4

e
+LmClp Lp S L (€ 0+ (5 69

L Bmdvscl [y ) fCe, N ae w8 )y B

e
bespa baspc pd 5d}(5'13)

where A = (a,2), B = (B,b), ,.. with a = 1,2,3,4, 4 = 1,2,3,
and g is a normalisation constant,

Using Eq.(5.4), Eq.(5.13) reduces to the form

E 1 €
%&BCD = -E-EVZm g{[(ﬁ+m)Y5C]BYE(pu+mYu)Y ]P N (p)('Yu)d} 4 Z

5%a abs pc

- [(g+m)v el L L¢ ‘ ¢ e} .
[gm)v el o nu+mYp)Y5fYEbcsNFa(Yu)é\ &Y (5.14)
Hence, as in Section 2, we can now write down the various
currents from which the D/F and G A/GV results are obtained,

Notice, however, that here we have, in general, 16 amplitudes:

=ABCD,_R_j F E ABCD Ry E
¥ Y T, ¥ppep v (Y T )D ¥ .BcF
ABCD 3\ E F —'ABCD J,\F E

(Y ) ¥ppep (Y T°), ¥Epcp



ABCD(Y TJ) EBCII; ' "ABCD( j)B ‘I’Ech

PR e 0 FPROL v g

ABCD(Y TJ)g EFD% . ABCD(Y TJ) '?Esnﬁ'
¥ ABCi(YRTj)g EBF? ’ FINOCTE e

\I'ABCD(Y Ta)i \I’FBDIg d -\I}ABCIE)(YRTj)g ‘I’Asng

ABCD(Y ’I‘j)F ‘I’ABF}é , @ABCQ(YRTJ' )g ‘I’manﬁ .

Bome 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 gurprising since we know
that at infinite momentum for which all the Adler-ieisberger
type of results are obtained, chiral U(3)QU(3) reduces to the

12,72
[ ]

collinear U(3)RQU(3), a subgroup of U(6,6) Picking out

one particular amplitude, say

P2 F TN e @)

we obtain the relevant * currents as follows ¢

2

J{"; - %-76{ zTr(TJ;\[z}(P )(er N)_~4mP.. (3P2+q2)(ﬁN)53

-%(Pz-qz(ﬁrﬁ.N)D-%.ZmPu(Sszz)(ﬁN)F} .

(5.15)
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g3 —E;ngr(T')szl(Pz é)(ﬁ‘ N) ~4miq (N v_N)_]
15 = Zm 3 2{P -q lY‘uYS s I;:ﬂ:tqﬂ}l Y5 s
2 - 2, 2 2, =
+ hmiP qu(NYs")n'lp (P -~q )(NiYuYSN);}
g3 - J-:-{szTr(T")E%(Pz-Fqu)(NG‘ N)_-2mi(N(q_y -q Y.IN) ]
p?  2m 3 w s vy gy s
(P2 (R ( Pz( 2 5.2y (W )
+ Lmi qup~qprv)N)D-5 P"+3q") Ncrqu D

2 2 -
- i(3P7+q )(Puqy-qu))(NN)F} (5,16)

From these and Eq.(5.12), we obtain the relations

GA
D _ 200528&1 _a
F = Tooos2l ! & -3 (écosgﬁ+1), (5.17)

and since the decuplet is pure,
G* = % cos @,

where G* is the strength of the axial vector transition between

the nucleon and the N*(1238), From Eq.(5.17), follows the

relation
Gp l D+F
% ™3 boF (5.18)

first obtained by Gatto et 21?8 using a different approach .
It is found that if we fix the mixing angle73 at g = 370,
wé have the results
G,/G, = 1,18, D/F = 1,78, and G* = 1,05, (5.19)

to be compared with the experimental values of

GA/GV = 1,18 + 0,02, D/F = 1,75 + 0,03 and G*~ 1,
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4« The magnetic momeént 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 364
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 sece 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 P B T,
Ju,tot = Ju + ;gvavu, (5.20)
so that we have
P 2

3 _ 2 2y AV (X
T ot = 2(3P"+q )55 (1+2mu)(NN)F

12_2 Zm-_

+2(P7=q") (1+55) (NryN) (5,21)

Assuming, as in the 364 case, that the photdn™ toiptes with ™ Lo
the baryon through an effective gauge-invariant 'interaction'

2 u
£(q )Fp,vM

oy ? where M: is the U=-scal@r meson combination

u 1 .
(M =M3+J§M8)’ we obtain for the electromagnetic form factors,

the expressions

c F 2 . )
o k(49—
J > (1+ )(NN)F F (¢7) (5.,22)
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1 2Mm,y o 2
Jﬁ = ;2(1+Tr)(thN)D F(q"), (5.23)
where F(qz) is proportional to f(qZ)Ahz-u%.

From Eq.(5.23) and the 36.L result, the ratio of the proton

and neutron magnetic moments is predicted to be

14+ (% ~1)cos2

= T 2t2(-1)cos20. (5.24)

FIF

where Kis the ratio of the reduced matrix elements corresponding
to the 220 and éﬁ&. We thus have one extra free adjustable
parameter X, which we will fit below,

Denoting now, by p* the N*-N transition magnetic moment,
we have the result

u* 2y 2Kcosf
Up = (3ic=1)cosG+1 (5.25)

Comparing Eq.(5.25) with the latest analysis of photo~-production

data, using the mixing angle of 0 =37°, it is seen that the

recent data of 7h
p* = (1,25 + °°°2)(“*)U(6,6) (5.26)
whére 2 /3
(u*)U(G,G) = —£.3 lp ’

enables us to obtain a very close result if & =3,

In this case, Eq.(5.25) becomes

?
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and Eg., (5.24) reduces to

1 2
P _ _ 8Bcos U1
n ToosZ0s (5.27)

75

in agreement with the result reported in reference obtained
by assuming the hypothesis of partially conserved tensor current,

With the known mixing angle, Eq.(5.27) then becomes

= -1034—,

512-' ‘U-l:

to be compared with the present available experimental result
of =1,46, Thus it is noticed that the representation mixing
of (220,L=1) and (36/,L=0) does not reduce the ratio of the

magnetic moments in any significant way.
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(27)8‘n

d M(81))

amplitudes deduced from U(6,6);

2 2 - 2
x=8/im”, y = t/tp", 2 = u/tm

27

8p

(%d-% B)(1-y)?

+ :—]l‘-S-B[S(1+y)(x—z)+2(1'Yn
+ (y 65 2)

(%.a+ Z8) (1-y)?

. E%B[(7+3y) (x=2)-4(1-y)
- (y €3 z)

- %B(i-y)+(y «s z)

200 + 28) (1)

+ -3-€13-13[(3+~7:r)(x-z)+
L(1-y)]-(y &> z)

%B( 1-y) (3+2y-22)

+ (y €9 2z)

1

ga +3B) (1~y)2

. +3B(1~y)+(y & z)

(%(l—- B) (1-y) 2

+ $B(x=2=-2) (1-y)=(y &> 2z)

= 1B(1~y)+(y &= 2)
<-3;a - 3B) (1-y) %+

+ $B(2=x+z) (1~y)~(y &> z)

$B(1-y) (3+2y-22)

+ (y & z)
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(1)

TABLE Ib ¢ M amplitudes deduced from U(6,6)s

x = s/hmz, y = 't_/.gmz, z = u/llm2

F (%a +2B) (1~y)?

+ %B[(iﬂ-y)(x-z)-Z(i-y)] 1

+ (y &> z)
¥, | Gl-m(1-y)?

+ #BL(=343y) (x=2)+4(1-y)]

- (y &> z)
Fy B(1~y) + (y €>2)
F ‘%OLu-y)z
| + $BL(3-y) (x=2)-4(1-y)]
- (y &= z)
FS ~B(1-y) (3+2y-2z)

+ (y &> 2)




TABLE Ila
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M('io):amd 1 (10)

amplitudes deduced from U(6,6);

N 2
x=s/bm2,: y=t/l§:1,z, z:—-u/lgn

Fa 10 10
P, | GR+ Zraan? 20 - o)1)
+ 380 (1+y) (xz)#4(1-y)] | + 2B[=(14y) (x=2)=10(1-y)]
- (y «> 2z) - (y €% z)
E F, (%a + %B)(l-y)z (%a+ 513)(1-y)2
+ 7380(5-3y) (x-2)-8(1-y)] | + £3BL(1-3y) (x~2)=4(1-y)]
F + (y ©€2z) + (y &2)
Fy | - §B(1-y) - (y €3 2) - %B(i-y) - (y €» z)
Py | @R 23 (n)? Cd + Loy (1-p)?
+ 5580 (345y) (x-2)+8(1-y)] | + D3BL‘~34y) (x-2)+1(1-y)]
+ ly €>2) v (y €>2)
Fy %B( 1-y) (3+2y=22z) -;-B( 1-y) (342y-22)
- (y&=>2) - ly €>2)




b

(8.)
TABLE IIb ¢ M amplitudes deduced from U(6,6);

x=s/ lgmzy - yst/ limz: z=u/ llmz

Fq

9,50 ) (1-v)2
F <2a+63><1 ¥)

+ I%B[Q(1+y)(x-z)-5(1-y)3

- (y €3 2z)
9 2
o, | CA- FB(1-y)

+ E::BE (=1+9y) (x~z)+10(1-y)]

+ (y & z)

P, -1-52-!3(1-y) - (y&> 2)
Y JUETRUSHIN -

P, ijC{+ £8) (1-y)

+ -é%[(9-y)(x-z)-10(1-}’)]

+ (y &9 2)
P - 2B(1-y) (3+2y-22)
2.

- (y &> z)
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TABLE III : Measured quantities in terms of the olfenstein

Parameters

a6<p>
do(1-D)
JdoR

dgA

doR!

dgA!
4TChq
do(1-C )
docnnn

doC
hpq

doC
O™ (roxq Inp

"

)]

I

|of « 18|12 ] 24 |62 [e]?

2Re Y*{a + B)

282%+26° = 42+ 77 where p = (04 9, V=(6-€)
[a2-32+Re Vi *]cos6/2-2TnY (a*~=B*)sind,/2
-[aa-;azme Vu*lsin@/2~2ImY (o *~p *)cosd/2
(«®-p2-Ren1*)sind/2 + 2Imy(a*~B*)cosf/2
(02-p2-Rep1#)cosb/2 - BImy(a*~B*)sind/2
2Imy (§*- &)

l a-ﬂlz + ua
ReY(a*+3%)

Im[ (=B )p* - {a+B)¥*]

= cosb/2Im[ (a+B )u* ~ (a=P)v*]+2sin &/2Reyn*
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TABLE IVa: The F,PP'™ as deduced from U(6,6);

+ (y > z)

x=s/lm?  y=t/ta, " z=u/1m’
Ky gcess rp —> pp pn —¥ pn
r, |20- Ss1ay 2Q- 351 (1-y)2
+ E%B[S(hy)(x—z)«»z(i-y)] + Ig[lg(hy)(x-z)n\?(l-y)]
+ (y & z) - -5331-5[149(1—z)2+5(1-z)
- (x~y)(1+2)]
R, (020 Ze1Gay)? 20+ 3261 (192
[+ 56L (73y) (x-2)-1(1-y) + 5380 (11-3y) (x~2)-14(1-y)]
- (y&=pz) - 528012(1-2)%410(1-2)
- (x~-y)(14~62)]
F, - -;-B(l-y) + (y &> 2) - 3%3(1-y)+ Igﬁu-z)
F, E{ﬂﬁ §B3(1—y)2 [%a+ 581 (1y)?
+ 52BL(3+7y) (xmz)et(1-y)] |+ 520(=3+11y) (x-2)+14(1y)]
- (y&>2) 3613[21(1-z) 2.10(1-2)
+ (x~y)(6-42z)]
F5 %B(l-y) (3+2y-22) ;%B(i-y) (3+2y-22)

- -1-82}\3’( 1-2) (3+22~2y)

o
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TABLE IVb: The FiE P as deduced from U(6,6);
2
z=s/!1m2. y=t/bm2, z=u/m

rqcess p B >pa"
Py c%(b -1%81(1-}')2
+ T%n:g(1+y)(x-z)-2(1—y)]
F 9 1 2
5 [Za' 5281 (1-y)
+ E%B[(2+6y)(x~z)+&(1-y)]
F 1
3 9B(1-Y)
F 2
4 [%Q+ 5Bl (1-y)
+ E%B[ (6+2y) (x~z)-4(1-y)]
Fg - -;-B(l-y)(3+2}"‘25)
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A
TABLE Va : The Fip PAPE geduced from u(6,6);

2
x=s/ l_amz, y=t/1m" ,

2
z=u/lm

r Process Pl =——dpA Y3(pA —%p}}o)
3
F, %ﬂ(l-y)a E::BEZ(Hy)(x-z)-?(i-y)
+ %B[2(1+y)(x-z)+(1-y)] -5 (1-y)21+ %gf(i-z)-(i-z)ej
- 28(1-2)2
AB(I z)
F 9 2
2 [-l;a"' _1%3] (1-y) 2%3[2(1+y)(x-z)+1h(1-y)
1
-+ 'EB[(B'FY)(X'Z)‘Z(I-Y)] +(1"y)2]‘%§[(1"2)(x-y)
~ 2
-%B(PZ) -2(1-z)+2(1-z)2]
1~
Fy - %.B(l—y) EZ:Q l-y)-EB(l—z)
P [%(L =281 (1-y)? -és[(9-5y)(x-z)-14(1-y)
v 2BL(143y) ez)s2(1y)] |+ 15C1-y) 1Bl (1-2) Gemy)
-%Bh-z)z ~2(1~2z)]
R, [§BG-y) (Gezy-ez) - 5B1-y) (3+2y-22)
+ %ﬁ’u-z)(mz-zy)




TABLE Vb :
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+,
The F,P 2™ as deduced from U(6,6);

i

x=s/tm>, y=t/imZ, zeu/im>

- -;-ﬁl(l-z) (3+2z-2y)

Fi Progess p 5= p3t px ~—»p3"
Fy 20 251 (1-y)° 20~ 281 (1-y)?
+ 3L (14y) (x-2 )40 (1-9)] |+ 5284 (14y) (x-2)47 (1-y)]
B
+ ig[@(1+z)(x-y)—2(1-z)
+ 7(1-z)2]
F, 20+ Zal (1) t%a+ 15 (1-y)°
' B%BE(S-BY)(x-z)-SU—y)] + '.;'%BE(li-Sy)(x-z)
- ;ég[(2+62)(x-z)+4(1-z) - 14(1=y)]
- (1-2)3
5 1= B8y $Blata) - 53B(1-y)
F4 [%(1+ T%B](i-y)z E%£1+ EiB](i-y)z
4 + E%B[(~3+5y)(x-z) + 7%3[(-3+11y)(x-z)
+ 8(1-y)1- 3§-§c<s+2z)(x-y) +14(1-y)]
- 4(1-z)+3(1-z)2]
F 5 -;-B( 1-y) (3+2y-22) 3%13( 1=y ) (2+2y~22)
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Scattering lengths and forward scattering

amplitudes for various pN —-3% pN processes; x=s/11.m2

as=2(F 1—3F3 )x=1

aT=2(F2+F 4)::_

=1

2
«(s,0)/2m =x(-F1-2F3

Reaction +th+F5)+( 2F,+3F ,~F,,
+F!}-F5)
PP == pp 1801 - %B 0 36a+10x3~5;°‘x21'§’-18x3&’
pn =3 pn 9(- 31-13 oL~ -;-B 36&8::13-—‘?‘581213'
pA —HpA o0L 9(L 360k 6xB-6x°5"
piy p2H  ofd- -;-B 9+ %B 36@8:;3—%;:215"
pE >3 9.0+ %B oL+ -;-B 36 1+ 1xB
pE~=yps | ol -;-B 9.0+ ga 36+ 2xB
ph =) p=” -8/ B/3/3 . v e e
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TABLE VII : Low-momentum elastic baryon-baryon scattering

Process Effec:pid:s/?;an momentum (wb)
PR 03" 155 232 » 47°
pst 3 p st 155 155 £ 55°
pA w=3pA’ 136 214 + 46°
pA ~—¥ pA 165 156 + 27°
pn ~~% pn 163 689 + 5°
PP —>Dpp 150 500 + 50%

a. H.G.Dosch, et.al., Phys.Letters, 1L, 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)



TABLE VI1IY : Experimzntal comparigcen »f the prediction Cpq

102,

- &

=

0

T, g (MeV) Qb‘m.(deg.) Value 2
52.3 90° 0.10 + 0,11
380 30° 0.12 + 0.10
100 90° 0.32 + 0.09
150 90° 0.37 0.1l
660 90° 0.22 + 0,18

Data talien from R.Wilson, Ref, LO
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TABLE IX : Experimental comparison of the preaiction R' = ~A
T ]
Teas m R LAB g ¢ -A
(MeV) Colle (Mev)y T :
‘!r‘
a o . .0

140 314l 0,625 + 0,062 139 3141 0,368 + 0,032
51,7° | 0.5u.8 + 0,62 L1.4° | 0.3 + 0,031
5240° | 04470 + 0,069 51.7° | ©0.211 1+ 0,035
61.8° 0.343 + 0,058 61,9° 0.231 + 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

b (o] o .

213 30 0,491 » 0,025 | 213 30 0,400 + 0,019
10° 0.390 = 0.024 10° 0,317 + 0,019
50° 0,177 + 0,022 50° 0.205 + 0,021
60° 0,120 + 0,025 60° 0.102 + 0.025
70° ~0,277 + 0.0L5 70° 0.012 + 0,036
80° -0, 208 + 0,068 80° 0.090 + 0,046
90° ~0.3L0 + 0,104 90° 0.180 + 0,077

a

b

O.N.Jarvis et

al, Nucl.Phys., 50,528 (1564)

K.Gotow and F,Lobkowicz, Phys.Rev,, 136, B,1345 (1961)
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TABLE X : Experimental comparison of the prediction R = A!

f;is) Ceille R, Lt

130% 30° 0,06 + 0,11 0.47 + 0,20
15° 0,10 + 0,11 0,06 + 0,11
60 0.43 + 0,08 0.06 + 0,09
75 0.47 + 0,07 0.22 + 0,08
90° 0.47 + 0,05 0.36 + 0,07
105° 0,35 + 0,11 0,01 + 0,11
120° 0.34 + 0,18 0.08 + 0,01

a R.FeRoth, Princeton Technical Report No,33, 1964 (unpublished

Report quoted by F.B,Kantor et al, Phys.Rev.,140, B.1008 (1965}
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TABLE X1 : Experiwental comparison of the prediction

n - I - o
o[ 1-DHO N =[1 Cyy (901
TeaB ol 1-ifydN Tias 1~CNN(9O°)
(MeV) (MeV)
a +0,22°
310 1,16 + 0.12 310 0,16 _*/%
1,30 0,66 + 0,20 25 0,34 + 0,15
]
660 0,14 + 0.34 650 0,07 + 0,20

a Data averaged over T=400 and 450 MeV

I.M,Vasileveki et al., Zh,Eksperim i Teor,Fiz.,39, 889 (1960)
[English translation - JETP 12, 616, (1951)]

¢ R.,F,Roth (see footncte in Table X)

d Extrapolation of data in ®.Wilson , Ref.L0




TABLE XIY : Quanftum nunber of mesons and baryons

(centre dots mean "not an eigenstate”,

Particle I N ¢ s 5 0;3) c;l*)
T 1 0 0 0 6 8
1 1 0 1 6 8

1/2 {1/2 1/2 o 6 15/1,

K* 1/2 |1/2 1/2 1 € 15/,
W, 0 0 1 1 aoe 0
wg 0 1 0 1 ver 8
g 0 0 0 0 cre 0
X, 0 0 0 0 oee o}

N 1/2 | 1/2 o 1/2 6 63/1
pH 1 1. 1/2 1/2 6 9
A o 0 1/2 1/2 6 9

X 1/2 | 1/2 1 1/2 6 15/4

M* 3/2 | 3/2 o ! 3/2 12 63/1
Y* 1 1 1/2 3/2 12 9

i 2/2 | 1/2 1 3/2 12 15/n
Q- o o) : 3/2 ] 3/2 12 0

)

In general, if we dencte the dimensionality of a particular

representation of SU(3) and SU(L} by D(p,q) and D(p,q,r) respectively
then C(z ) = 2/3 (pz-l-qz+pq+3p+3q )

C(g)u 3/!;.(p2+4p+q2+2q+r2)
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