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ABSTRACT

Chapters I and II contain a review of U(6,6) symmotry

and its hiorarchy of subgroups. The problem of proton - anti-proton
annihilation at rest into two mesons is treated in chapter IIT in the
framowork of broken U(4,4). A detailod comparison with broken U(6,6)
is drawn. In chapter VI we assume that the physical baryons belong

to the mixed states of the 220%, 364" and 572% irroducible represen-
tations of U(6,6); and find the consequences of this assumption on the
woak and electromagnetic vertices. Finally, chapter V deals with the

problom of higher boson mass spectra in the group U(6) ® U(6) ® 0(3) f‘
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INTRODUCTION

The discovery, at Brookhaven, of £~ in January 1964 was not
only a landmark to unitery symmetry scheme of Gell-Mann and Nefeman -
the 'Eight-Foldway’, but also a signpost to many a scholar who desired

a clearer understanding of the structure of ‘Elementary Particles® by

1 arriveds in

symmetry principles. Following this, Gursey and Radicati
the summer of 1964, at SU(6) symmetry scheme which is a non-trivial
merging of space-spin and unitary-spin. Thus, for the first time in the
history of particle physics; it became possible to classify the octet
pseudoscalar and the nonet vector mesons into one single multiplet -
the 35, and the octet and decuplet baryons into another - the 56, with
a unique coupling for all baryon-baryon-meson vertices. One of the good
consequences of this was the prediction of - 3/2 for the magnetic
moment ratio of proton and neutron.

Nevertheless, SU(6) had its limitations, one of which is that
it could only be applied to situations at rest. A relativistic
generalization of it was needed. And it did not take long before
Fulton and Wessz, Charap and Matthews, Ruhl,and many others, thinking
along somewhat different lines, introduced the group SL( 6,C) as the
least non-trivial relativistic completion of SU(6). At mearly the same |
time, Salam, Delbourgo and StrathdeeB, Sakita amd Wali"*, independently
proposed the group U(6,6), which has most of the good features of SL(6,C)
with the added advantage of accormodating more particles in its regular
representation; and of providing a definite reasonable value for the

proton magnetic moment. However, it may be true to say that the
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explanation of the hitherto mysterious eqality of the proton electric

and magnetic form factors is the most striking prediction of U(6,6)
theory. For, it was soon realised that U(6,6) is incompatible with the
requirements of unitarity5 of the S-matrix; and that at any rate, ignoring
this very problem, calculations done on scattering processes with U(6,6)
invariant amplitudes,; in more cases than not, give results in violent
disagreement with experiment.

The main aim of this work, therefore, is to amphasisesome of the
weak points of this theory and to illustrate using three specific examples
how one can obtain better results, and possibly prediotions, from a strong
interaction symetry theory of this type, by broken symmetry techniques.

Thus in chapter I we make a brief survey of the development of

U(6,6) thoory by means of auxiliary oporators, following closely the

systematic logical approach of Feldman and Matthews.6 The limitations
on the S-matrix elements, due to the requirement of pure U(6,6) index
invariance, are discussed in detail in chapter II under “The need for
symmetry breaking®. This chapter closes with a discussion on the hierarchy
of subgroups of U(6,6) produced by the insertion of symmetry breaking
spurionse

Wo choose in chapter III, as our example, the problem of pp
annibilation at rest into two mesons, in the dynamical spurion scheme
of U(4s4) (in which the A-quarks are separated from the non-A quarks).
The rosults® led to tho conclusion that; among other factors, these
dynamical spurions were necessary for better agreement with experiment.

Similar to what people do in current algebra, we assume, in

chapter IV, that the physical baryons exist’ as a mixed state of the
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three low lying irreducihle reprusentations of U(6,6) - (220,L=0)+,
(364,1=0)" and (572,1=0)". This breaks the U(6,6) symetry since the
physical baryon tensor is no longer an irreducible representation of
this group. The consequences of this assumption are studied with
special reference to electromaghstic and weak vertices. Cslculations

of the Gy/Gy and D/F ratios led to the conclusion that such a mixing, at
besty; reproduces the old SU(6) results.

Finelly, in chapter V, we choose as our example the two point
function for mass spectra, and treat the problem of further classification
of higher boson resonances, by deriving an approximated mass formula for
the group U(6)&® U(6)®0( 3)€ s (for any given angular momentum € ) ’and

exhibi ting thel0 exact values of the spin-orbit and tensor mass splitting

torms for 4 = 1, 2, 3o Equal spacing mass relations which give fitting
predictions are obtained. Our mass formula contains terms which determine
the mixing angles unambiguously.

More detailed summaries are given at the begimning of cach of

the last three chapters.



9.
CHAPTER T

U(6,6) AS AUXTLTARY GROUP

As mentioned earlier, the contents of the first two chapters
are not new, but they are necessary for a logical introduction to, and

a clear understanding of the motivations for symmetry breaking.

1. Homogeneous Lorentz Group as Auxiliary Operators.

4
The homogeneous, proper orthochrononst Lorentz group Lt is

the group of transformations

xp',_) AIJ‘V x’\) sacelsl
with
dot A =+1, AJ>1 eveslel

and which leaves invariant the quadratic form
gV X, Xy seeele2
Since the corditions (1.1) exclude separate space or time reflections,
the group elements are éontinuously connected with the identity. The
infinitesimal Lorentz transformation
0%y = M,y XY ceeslel
are expressed in terms of six real antisymmetric parameters Ry and
are generated by six infinitesimal antisymmetric operators JLW satisfying

the commutation relation:

LR N ] ‘1"4‘

Let us add to this the displacement in space-time
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x, ~¥ xu+-€u vassleb
which form a four paramectazr Abelinn group, With infinitesimal
genaraiora Pu satisfying

(PWPV) =0 soosled
The Poincare group is the semi-direct product of this Lbelian group
with the proper homogeneous Lorentz group. It is defined with the
additional commutation relation

(PMJW) = i(g)\p.Pv - g)\va.) casela?
which is the requirement that under Lorsntz transformation Pu transforms
like a lY~vector.

Thus the general Poincare transformation, parametrised by a

displacement ¥ and a Lorentz transformation AMY (det A= 1, A°° = 1)

is

U(LA) = expfi(B, €4 + 3 3yy) veoels8
In (1.8) P, is interpreted physically as the total energy and momentum
operator., Jij (or equivalently qij) are interpreted as angular momentum.
Joj (or n, j) generate pure Lorentz transformation and are related to the
velocity of the transfomation parallel to j-axis.

The Poincare group generated by JI-W’ Py is non-compact so that
all its unitary representations are infinite. However we require that
the physical states be normalizable and hence form unitary representations
of the Poincare group. These states are specified by the eigen-values
of the operators of a complete commuting set constructed from these
group generators. Thus an irreducible representation is partially

specified by giving the value of the Casimir operator

Pz lm2> = mzlm2> ecenled
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ard for any state in thie roproswntation we can further specify the

eigenvalue of P .

B‘m29p>='p'm29p> ) ...-1-10

where for physical states,

(ST

m? > 0, p, =+ (p? + m?) cessloll
and in particular we restrict ourselves to
me > 0 cecelel2

Clearly, physically we have selected those states correspording to a
given mass. The manifold of states satisfying (1.9) to (1.12) is
infinite, and it is called an orbit. A particular point of interest
on this orbit,; corresponding to a particular component of this infinite
component multipl¥et,is given by the state of zero momentum,

Py, =my, = (m,0) asvelall

Now, by definition, the Little Group of the Poincare group corresponding

to a state of four momentum Py, is the subgroup of the homogenheous Lorentz
group which leaves p,, invariant. Since the 1ittle group is the same for
all points on an orbit, it is convenient to specify this subgroup - the
little group - with respect to the special point defined by equation
(1.13) which corresponds to the rest frame p; = 0. The little group
therefore is generated by Jij - the angular momentum operators. Thus we
may further specify J2 and J 12 for a state in this representation. For
one particle state these reduce to the spins, and spin components Sqe
Thisy; apart from parity, completely determines the representation of
the one particle states, as far as their space-time properties are
concerned. We denote these one particle states by

Inssips89> = |pssd ceeelellt
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where ng s determine an irreducible representation and p and sy 2
state in this representation.

To obtain an explicit representation for the general Poincars
transformations,; equation (1.8), on the one particle states, we shall
for convenience introduce the boost operator which takes the rest state
mys) to a moving state |p,sd.

Ipss> = N exp(-i € (p) « )| mysd censla15
where

K.=J_. secelolba
and €(p) is parallel to p and satisfies

cosh|€| = Po/p , sinhl€] =[P|Mm esoelelbb
and N is a normalization factor chosen converisntly.

Under a puro Lorentz transfomation\r{, a general state ]p,s}
is transformed to

U(r) {py 8 D= 1k 5,5 evselel?

- (B_ié' ’.I.{[eiég a'iQ“.IS e-j%';-{-]lms s> 001.18

where £° = €(p*), p' =A"! p veeelsl9
and /A is the Lorentz transformation.
From equation (1.15) the effect of the three exponential factors

in theo square brackets in equation (1.18) is successively to take m -+ P,
p~»p°, p’—» m. Thus they take a rost frame state to a rest frame state.
In other words, they are just the little group spin rotation. Therefore,
if we define the Wigner rotation as

D(p) = ot6'°K grig-E i€k ceesle20

Then
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D(pHmss) = Im; 52 {mys? | p)im,sd> vesale2l
and equation 1.18 may be written
U(Tl) IPSS>= ‘P°959><m95nlD(P)’m9$> 000'1022

ard under translations

U(L) |ps s = giPu{u | pos» = @ipueufpgs> eoevle23

Let us now express these transformation properties in terms of

ordinary Fock annihilation and creation opsrations on a non-degenerate
vacuum state |2»,

at (p,s)} > = lpys > evsele2ly
where with covariant normalization

[a(ps 8),a*(p3sD],  2m6(p,) 6(p2-n?)

= (2m¥s(p-p*) 6ss?  ....1e2h3

Then by (1.22) - (1.2ha)

U alpys) U-1(n) = <m,s1D-1(p)im,s?a(p’s?) «e1.25
and

U@) alpss) U-1(0) = ¢ 2Put” a(p,s) ceeela26
Fran these we can see that the transformation properties of these
operators under Lorentz transformations are complicated because the
Wigner rotation, D; depends not only on Qs the parameter of pure Lorentsz
transformation; but also on the momentum of the particular state being
transformed. We therefore want to construct operators with simple
transformation propertiess To do so, we must first develop explicit
representations for the three factors appearing in D. This is done

by introducing an auxiliary group which must contein the Lorentz

boosts K and the spin operators Jij as subgroupse The simplest group
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to take is the homogeneous Lorentz group, and we may use any.répresentation
which includes the spin s in the decomposition. Again, it is simplest
to use finite (but non-unitary) representations [e{>,

We can write

iy [D(p)fmy 50> = <my s|a><ale EEip> a1t (5>

-if.K
x <8je §‘“1Y><Y£m,s°> ceaclel?
and define the auxiliary opsrator

ho(p) = <wle'i§'§¥8><81m;S> a(ps s)

Uo(p)® a(pss) cesole28

Then by (1.25) and (1.27)

A, (UL = <ot Eles <o, 0GR a(p, ) U ()

= <o let T E 19>ag(p?)
P 0
S, AB(p ) caeele29

1}

where we have made use of the relation

< Blmys> <{mys{DImy s> = <BIDI><plm, 5D esesla’30
which is true since D is an element of the rotation group, which is
a subgroup of the auxiliary group and the representation fo> includes
the spin [Is).

In equation (1.29) the spin label s in a(p,s) is replaced by the
index o in An,(p), and this has the consequence that the spinor matrix
SQB is a pure indox transformation, parametrised only by n:and decoupled
from the momentun p. In A,(p), p is replaced by p° =A'1p. Therefore
A (p) transforms as a density representation of the homogeneous Lorentz

group. The finite non-unitary states ia) have no direct physical meaning.
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The link beotween the physical states [mys>» and the awxiliary states
Ja> is the spinor {uof{m,sd» appearing in eguation (1.28).

To construct Ax(p) itis nocessary that the representation jo>
contains the spin {s>. If |o) contains several spins, then Ax(p) may be
constructed to include particles of different spin. If o runs over
more values than the label s, then there must be restrictions which
roduce the number of indepondent auxiliary operators Aa,(p) to the
mmber of independent a{pys). It is in this respect that the equations
of motion play a vital role. Let us consider for example the case of
spin 4. Here s runs ovor two values. We may choose for jo> the repres-

entation ($,0) = ]ad> or (0,3) = }4> and given explicitly as

<alkiby z - 1/2 oP (a,b = 1,2)
N ° oeon1031
<algigr= /2 o% (38 =1,2)

where cab9 oag are the conventional Pauli matrices. In either choice,
o runs over two values and there will bs no constraints. But if we choose
for jo> the Dirac representation (%,0) + (0,3) for which
<Q’}Ki’6> = %(CO:.L)O[B W = 1eaaslt s0sele32
where
-1
cuv - /ZE.YUJ’ 'Y \)]
and voeeleld3
{'Yu,s YV} =2 gp,\)’
then ¢ runs over four values, and we may impose the conditions
('YO)Q,B<B'msS> =+ Laojm,s> coeelellt
From (1.32)
~if K . B
<C¥‘e - -'B> = [erxp(-liic'oi/z)]a oonolo35
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Using (1&16b)9 (1-35) in (1034), we obtain

by é)exp(i Ei Goi) = YuPy ...
from which we derive, using (13%8§ (1.34) and (1.35),
(’Y}Jopu- - m)a’ AB(P) =0 o.'-1036

where, we use the representation in which Yo is hermitian, Y3 is

antihermitian. If we now define Parity Operator R which satisfies
the conmutation relations,

{r,p} = &P T = {Ro 3} = ‘[R,Jij] =0 N 7
we can see that in the Dirac representation,

00001038

and vy , satisfies (1.37), and may serve as a representation of R.

Tuv 7%
Therefore equation (1.34) may be interpreted as a specification of the
particle parity. Thus equation (1.36) shows that for a particle of spin
% and definite parity, the Uy(p)® defined in (1.28) is the conventional
Dirac spinor. This expression for the spinor in terms of the auxiliary
group matrix elements of the boost operator is the crucial link between
the group theoretic and field theoretic approaches to relativistic
particle theories. The role of the Dirac equation in reducing, in a
convarignt manner; the number of independent Ad(p) to the number of
independent a(p,s) is typical of all such’equations of motion®, other

than the Klein-Gordan equation.



17.

2. Construction of Poincare scalar densities with Auxiliary Operators.

The auxiliary operator dusl to A,(p) is

1%(p) £ at(pys) <m,sip>< pletiE -S> ceeels39
so that under Lorentz transformation
A (PIUt() = aP(pr) <ple~i%Ele > o
= AB(pv)(s-i)BQ‘ oeelolO

This ensures that the quantity

AQ’(p)Au(p) esvelaeltl
is a scalar density. Since the matrix element < ¢jK{gris antihermitian,
4%(p) is not the hermitian conjugate of Ay(p). The hermitian conjugate
of Ay(p) is to be constructed for each particular case considered. For
example, for the Dirac representation of the spin % particles,

(Aa,(p))"' = AB(p)(vo)Bo" (+ means hermitian conjugate)

ooooiouia
Under translations
M
A,(p) -99'19“5 Ay(p) ceeolel2
+ip &+
1¥(p) > 6 TH 4%(p) coselols3

Thus with these auxiliary operators one can construct Poincare scalar
densities. To do so, we notice that under Lorentz transformation puﬂa(p)
transforms effectively as a lU-wvector. The vector representation in the

Lorentz group is the (4,3) representation, so one may introduce the

matrices
(cp‘)af) E (1’9')&.5 veoo 01-%
(‘&'pl)aLb Z (1,-0)%P cossloli5

As is suggested by the notation, o, and '&'u transform as Lorentz 4~vectors.
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Therefore given any Y-vector pu we can construct Lorentz spinors by

saturating the indices us

"

. = 000010
P = PO e 46
- )
5ib p*(o,) b ceeelolt?

&b

The spinor Paps P transforms as indicated by their indices, so that

for example under Lorentz transformation (p % p?)

19(p)p,g 450 28%(p0)sTt @ p g 8% 4%

= 4%(p")p? p 4%(q") evaeloliB
is a true sealar. So that to construct Poincare invariant densities, all
one has to do is to saturate indices in the product of four momentum
spinors, and multiply by a four momentum S-function. A typical example
is

é.u. bdﬁ‘o

NN CE PO R AR
ceeelal}9

where the form of the 6-function argument implies that A(p) and A(q) are

croation operators, and A{r) annihilation operators, or vice versa.

3. Fields, Statistics, CTP and Crossing.

We have been able, in the previous sectiony, to construct Poincare
scalar densities of type (1.49) with the auxiliary opcrators, without
introducing the notion of antiparticles, causality, statistics, crossing
and CIP. W’einbergii9 Feldman and Matthews6 have, by introducing a local

field §,(x), defined as some linear combination of auxiliary operators
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which transforms under homogeneous Lorentz transformation as indicated

by the space-~time variable x and the sufiix «, and satisfies causality

in the form of the local commutation relationss

[l}JCY(X)Qiijg(y):‘i- =0 H - y)z <0 aneels50

shown that

(1)

(11)

(1ii)

\pa,(x) nust be a combination of annihilation ard creation operaters,

and that the auxiliary operator assoclated with a creation operator
can be made to have the same transformation properties as that
associated with an annihilation operator.

11 yse the representation (j,o) or

If for particles of spin J we
(0s3) for the @, the usual condition botwsen spin and statistics™®*

is obtained:

fiw (=0:W5(]_ = o, (x - p)2<o0 cesele5l
only if j is an integer and {Af = fp$, and that
W NI, =0  for (x-y2<o ceselas2

orily if'j is one half an odd integer and IAt = $ui and these
causality conditions lead to crossing symmetry and CTP.

If for pauc"cclcles6 of spin %, we use the Dirac (3,0) + (0,%)
representation, then if we assume the parity doubling theory ie.c.
there are as many s as there are o, then our fields can satisfy
causality, but will not satisfy any equation of motion except the
Klein-Gordan type. However, if we put in a definite parity on our
particle state my,s>», and put in opposite parity on the antiparticle
state fm;3 >, then for our field operator Y(x) to satisfy causality

it will in addition satisfy, in configuration space; the equation
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of motion

(i'yuau-m)ly(x) = 0 eoesle53

which is the Dirac equation of motion for 4 component spinor ¢(x).

Le Extension of Auxiliary Group to U(2.2).

We prescribed earlier that any Azy( p) which contains the pure
Lorentz transformation Ki as infin®tesimal generators, and which
includes the required zpin s in its decomposition can serve as an
auxiliary group. Let us now exploit the freedom in this prescription,
and consider the extension of the auxiliary group to U(2,2), which is
the group of transformations whose infinitesimal generators are FR

(R = 152400+16). In the basic (Dirac) L x & representation lod>

<0’!FR”3> = %(YR)QJB 0000105’4'
where
YR = LsYee Y ¥es o,y = 2lvusw] cesela55a
Y5 = YOY1Y2Y3 eossle55b
+ —_
YO(YR) YO - YR 000010550

We define an auxiliary operator
Bo(P) = Ca]e™E+EIB> <BIm, 5> a(p, 5) veeela56
This has exactly the same form as (1.28), but now ja> is to be
interpreted as a representation of U(2,2) and will transform like some
reducible representation of the Lorentz Group. Thus under pure Lorentz

transformation

U0V A, (P)UE(R) = < te'E (B> g (p7)

s(,,B AB(p") veesle5?
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which is exactly the same as equation (1.29). However we now have
the possibility of performing U(2,2) index transformation on the
auxiliary operators

fy(p) ><arleBRIBS 1 (p)

z TaB Ag(p) cacele’58

The auxiliary operator dual to Aa,(p) is A%(p) whers

4%(p) = a*(p,s) <m,sipy <ple € Loy veeele’9
and under U(2,2) index transformation

82(p) =+ 2P (p) (T 1) veo 160
It is worth pointing out at this stage that under the U(2,2) index
transformations of type (1.58) and (1.60) there is no effective trans-
formation on p. Thus if we were to insist on invariance under these
index transformations we would be led to a restricted class of Poincare
scalar densities. This distinction is important, especially in chapter
IT where we show how restriction on U(6,6) index invariants leads to a
restricted class of Poincare invariant S-matrix elements.

The cordition (1.55¢c) ensures that the relationship between
hermitian conjugate operators and dual for U(2,2) is the same as for
the homogeneous Lorentz group. Thus for the basic 4 x 4 representation

(8, ()" = 4P (ol o
and this ensures that (4*(p)v,)® transforms like A*(p).

We can now build auxiliary operators of the form AZ/[;::(F) out of
many index tensors, and these will represent particles of higher spins.
We may then define corresponding fields \Vgé::(p) which transforms under

0{2,2) index transformation as
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Wieo @ > 15" By VY, 16

(s (@)
transforms like

(1Y e WBYyet o (Y s (VB oo
Feldman and Maa.t.thews6 ha\;s ;arried out the construction of fields
(paB composed of auxiliary operators of the form AaB(p) (eB = Laualt)
which transforms as an irreducible reprusentation of U(2,2) and which
describes particles of both spin 0 and 1. They have shown that if one
assumes parity doubling and that the creation and amnihilation operators
ars bose operators; then the fields cpa,e will satisfy causality, and there
will be no constraint on the indices (i.e. no equations of motion except
the K.G. type). Whereas if one assigns negative parity to both the
particle and the antiparticles states then cpa,B will satisfy causality
in addition to theconsibaint, the equation of motion

(iya)Q“ cpﬂp(x)(iya)PB = .m? cpa,a(x) eeeeleb2
The above parity assumption implies that %B(x) is a self conjugate
field consisting of two singlets and two triplets, all of negative
parity.

Howevery if one imposes further restrictions by specifying
separately the parities of the quark and antiquark componentsy; so that
for instance the quark stateim,s> has a positive quark parity and the
state | my8> has negative quark parity, then cpa,B(x) will satisfy
causality together with the equations

(1v3 - m) P cppB(x) = 0 evee1463
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CPQ)‘(x) (iyd +m)}LB = 0 cooalebly

which are Bargman-Wignor (B.W.) equations first introduced into
U(6,6) theory by Salam et al.? The fields in (1.63) and (1.64) cannot
be made self conjugate because the quark parities of |myS$> are opposite
to those of {mys> . This is a direct6 consequence of causality. This
has physical significance only if the interactions are such that the
quark parities are observable.

The problem of constructing fields QJQ,BY(p) from auxiliary operators

12 By assigning positive and

of type AO!B‘Y(P) runs along similar lines.
negative quark parities to the states tmy;s> and im,Sx respectively, one
obtains the B.W. equation

00001065

11}
o

(20 - m) g ()

in configuration space.

5. Extension to U(6,6).

We have extended the auxiliary group to include U(2,2). We shall
now discuss briefly the inclusion of the well-known internal symmetry
group SU(3). The rest states are now defined as

fmy 5N, I3 53H3> eevalobb
where N is an SU(3) irreducible representationy, I is the total isospin,
Y and I3 the hypercharge and third component of isospin respectively.

If, in addition to U(2,2) invariance, we assume that the single particle
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state (1.66) transforms as a represemtation of SU(3), then we can take
our auxiliary group to be U(2,2)@SU(3), and the corresponding(spinor)
field in the basic representation is

Yo, r (@ = 1.eel)s (= 10003) eoee(1.67)
where & specifies a representation of U(2,2) and r, of SU(3). The
auxiliary group transformations are index transformations carried out
independently on these two indices and U(2,2) and SU(3) invariants are
constructed by taking products of these fields and saturating indepen-
dently, the two types of indices. The little group of this auxiliary
group is™t U(2)@U(2)® sU(3).

Now we can extend the auxiliary group to U(6,6) by requiring the
transformation, in the basic representation, on the corresponding twelve
component field (spinor)

g, = q}%r (A= 1ee0012) eceale8
to include transformations which couple U(2,2) indices, & to SU(3)
indices, re Like in the previous sections our fields here satisfy
causality, and if we restrict them to satisfy the requirement that our
particle and anti-particle states have opposite quark parity, they will in
addition satisfy the B.W. equations. This will then correspond to the
theory of Salam, Delbourgo and Strathdee.3

Our ability to extend to higher groups, the auxiliary operators
out of which we construct local fields, stems from the fact that we
restrict ourselves to pure index transformations on these fields. In
the latter part of the next chapter, we shall discuss the difficulties
one encounters in trying to construct Poincare invariant S-matrix

elements out of these local fields.
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CWIER II.

U(6,6) ALGEERA AND THE NEED FOR SYMMETRY BREAKING

1. Algekra of U(2,2) and its subgroups.

Wo shall first review the algebra of U(2,2) and its subgroups. The
extension to U(6,6) becomes trivial. The non-compact U(2,2) algebra is
defined in terms of sixteen 4 x 4 Dirac matrices yg (R = 1s4..16)
defined in equation (1.55):

YR & 19‘YMSti"Y59 CU;V = %E PY\)l Y5 = YOY1Y2Y3

asee2.0
{Ypﬁy\)}

Here we adopt a representation in which vy, is hermitian and v4
(1 = 1,2,3) is antihermitian, so that the set of y-matrices obeys the
defining property

Yo¥gYo = Ya' ceesZel
of U(2,2) algebra. Of the total sixteon matrices, eight of them

1 g, Yo? 'yog = iyiy5 s0ee2e2
are hermmitiany, and eight

Ygs 'y53 = igo, iyoy5, iyoy5g = vy : 0008243
anti-hormitian, where & = (023,031,012), ? = (o 01*%29%3 )e
In Pauli representation,

0 _( 0 ci) (0 1 2 g o
_1)’ Yy T -0y 0 ’ Y5 (0 5
.0.02‘“’

The hermitian and anti-hermitian matrices appear as block diagonal

and block off-diagonal respectively. This provides a mnamonic for



ramnembering them.

Tho Yp S° defined obey the multiplication rules
Yy = -yt g,
N o = He vy -yt €y 1¥gYs

AR RS- T % €uvir Ok
Iy = Hegiyu * &k - 8Oy - e veueZe
+ (gmg}\v = &u8ky - EKJ\p,\)Y5)

odyv,ys = i g Y Ys - BguiYaYs) - ExruvYy

OgAYs = %emuv%v

iy 'Y51Y\,'Y5 U' - gl»W
Use will be made of these rules in the computat:l.on without explicit
reference to them.

Tho U(2,2) algebra is realized in general by a seot of matrices g

which satisfy commutation rules analogous to those of the Yg* These

comnutations rules are much simplied by defining alternative bases,

J B 1(YR) B JR ey B = 1929391'!‘ 00-02.6
It takesthe fomm,

{0,809 5_} Poef vees2e?
In this new basis, the hemlticity condition (2.1) becomes

Byt Y 1 6 @

(32 = ()Y 9,204, cere2.8

The relations(2.6) and (2.7) are now easily generalized to U(P,P) with
PxPf 1V 0O
KR Sy
t=17pxp

Now, there exists local isomorphism between the U(242) group and the
0(4,2) group - the roal orthogonal group in six dimensions with metric
gN[N = (+ Xy +) 9 MN = 09192,3,5,6
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We will write the y-matricos’'in the form Yun where
Yy = ©

w - %uy Vs
Then equations (2.5) and (2.7) will take tho simple form

= Yo Ve T Ve Yeg < Vs ceee2ed

Vi = e * fadir  Sec'iy T GNVmy

)

e0e2010
+ (g - + %€
(e o~ BB 7€ mamnrs¥ 10

[ fayd = 2Ceror * ey = By - e o2
with
I = $vndy” JB‘” ceee2il2
Using this local isomorphism one can systematically break down U(2,2)
into all its important subgroups. A comprehensive account of this is
contained in reference (13). We shall here discuss only those, the
direct application of which we need in this work.
The maximal compact subgroup 0(4) locally isomorphic to U(2)®U(2)
is composed of the generators,
1,3y sve = 21T v)), #1t )2 ceea2e13
which commute with y,e It is therefore the little group of U(2,2)s If
we select from the set (2.13) those generators which commute with 9429
we have the sot.
1,0129'y0q23,y0031 essolellt
which generate the Wespin group of Lipkin, 4 uhich is relativistic for
all processes whose kinamatics restrict the free momenta to the z-direction.
If we further restrict the set (2.14) to
1, 3 veee2el5
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we have the ordinary spin group (SU(2)).

The most important non-compact subgroup of U(2,2) for our purpose
is the (already introduced) homogeneous Lorentsz group ,Gu locally
isomorphic to 0(3;1) locally isomorphic to SL(2,C), with generators v
Within the algebra Ofodus as indeed within the algebra of S0(3,2) composed
of the generators (cuv,yu), there exists an antisymmetric tensor Cch_
which has the property that

(¥ ¢ = 5%

2t
(@ (5,)4Y 5 = = (0,) ceee2.16
1yaB - o
(@™ (¥ s == (v)s

In fact one can show that3 the 16 Dirac matrices of U(2,2) fall into
two distinct classes. The matrices
B

(‘Y“’ C)Q’ 9 (O-“'\))O/B
are symmetric, and

CQB9 (Y5C>Q’59 (1YLLY5C>O!B
are antisymmetric. The tensor Cch is identified with charge conjugation
operatore The transformation properties of the fields under C will be

defined later.

2. Extension to U(6,6).

We shall now pass smoothly on to the algebra of U(6,6), which we
define as the algebra of the 144 matrices
Fol =t T (R=1 see 16); (i = Osees 8) vese2e1?
where Yg are as defined in (2.0) and i are the unitary spin matrices

which we conventionally define as



2G.
™ =% Ays TO = 1/ 1 (1 =1 oos 8) T
where Ay are the Gell-Mann!? matrices. The T satisfies the ecmmutation
relations
Tipd = L(gldk + 1633K)7K s 3 5,k=0 ... 8 ceee2e19
where dijk, 13k (353k =1 +oo 8) are completely symmetric and
completely antisymnetric tensors respectively. They are all given by
Gell-Mann, and
P - o godk . 5ij',; cvee2e20
S (ripdy = 4 gl cese2.21
In the same way as in U(2,2), the genurators of U(6,6) algebra denoted
by JA, (4,B = 1....12) will satisfy the commutation relation
[ = 5%.1% - 5*§Jg ceee2:22
and the hsmi‘ticity condition
Gt = (v v, )y vous2023
analogously to (2.7) and (2.8).
If we now define
= (v )y (T2 e veee2a2ly
where A = oyry B = By53 €eB = leeoolly rys = 1,2,3,
the relation (2.22) will give:
[o%,09) = - [‘,T§i’J5j] = gtk
[0 53} = 15795 5k
[Ji,Jug 1= ifiijuff

(5559, N =4urtdke ok

[,.LVP)\ p}\ s00e2:25
5i g3 qlik k k _ k _ k
[ ?\’ ] i ( pVv AP' gM’» Jpv gPP* J?\V g}\,\’ Jpp, )

it {(gPp» Exv = By ng)J ephp,v J5 }
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[Ji,J‘U ‘

s o gk g4tk gk
y

KV
[J}J"%} = 1t S J5k + parte eWP)\Jpﬁ
fJi,Juj] = 3ridk g, Ju'k
[Ji,Jug] = 3pidk J:f5 .eee2.25
(continued)
[J51,Jpj]= 1913k JE’5
[J519 Jllg]= iéiijuk
[,50,3= 1045, 35 - ¢, 31 . ardd €puvp 75
[1,5,0,0= 16", 9,5 - ¢, 9,9 - artde wp 3

and if we use (Jl,JI:;N) as introduced in (2.9), in place of JRi, equation

(2.25) collapses into
[08,509] = agidk oK

i 457 2 spidk ok
[o sl ifd e ceee2e26

i y34= ikl k. 1 k3
[JKL’JMN] 10095 ey e - gy &) 7 + Fnngy 951
. ijk ¥ x ¥ K

+ 10 gy ah + ey gy - & Y1y ~ &N T

which sumarizes the algebra of U(6,6).



3« Multispinor Representation of U(6,6).

In the fundamental (quark) representation of U(6,6), under an
infinitesimal transfomation, the i2-component spinor ¥ (A = 1....12)
transforms similarly to equation 1.58,

¥, (p) = 5,2 44(p) ceee2427

where now

€l i L ApB
S ei RIRT _ eleB Ja (€, real) eees2e28

and the adjoint (anti-quark) spinor which is defined by

‘pA = q‘ar = (q}Br)-'- (Yo)g 0.002029
transforms
Pho (s-hh B cere2030

so that the quantity $*Y, is an invariant. As indicated in (1.61)
multispinors representing particles of higher quantum mmbers can be

built up from these basic spinors, amd they transform according to the

general rule,
CDO... ¢ ¢ — C — D CBDO. 0o o
Yoapoiol > Sy Sp eree(8TG (5 0e eee Wyepe ] T
'0002.31

The representations of interest in this work are the regular reprosentation
tpAB( 143), the completely symmetric representation, W@BC}(B&DS' the mixed
symmetry representation, lP@.B)C(E‘?z)’ and the totally antisymetric
representation [ABC] (220), The full decomposition of these into their
spin and unitary spin contents; after tho application of B.W. equations

are
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Bs -

B, B
(PA CPQ’I' E;[(ﬁ + U')(Yu (Pur 'Y5 tPSr)J 10002032

Vi)™ %“BY}{PCIT} ) 'z%n'/g‘[(ﬁ *mv, Clg "l park

* _21}/% {_[G + w5 Clig €pqg 1y, * cy"(A’B’C)}

00902033
and
. )o.f LLBCPCII‘}
Yapc = ‘L;ir; [+ mhv,, Top €pgsMyy,=
1 /1 . | S
* 20V 6 {eqrs[(ﬁ * m)Y5 CJBYJ{’IS) h érPS[(Ié +m 5&@%9‘1}
1 /1
+ &[T epq‘{[(,s +my 0] %, + (6 + w3t Y
1
<+ -?r—a"/?;: (:(]Z‘ + M)'YS C]OIB@Y {qu} eovole I
and
B 5 _
('Yp,)OI N‘ussr - 0
-1
%BC] 2m q& épqr[(p‘ ¥ m)YU- CJQ’B b
+ -—f {-f(li‘ *myg c} o Erps ¥ Yq €ors Y;) + cyd, Bsc}
cese2e35
with
(v )w e =0
Hera, } means symmetry,f_ ] s antisymmetric.

Thess decompositions have been dons according to the reduction
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U(6,6) —2? U(2,2) ®sU(3) es0e2.36
and the spin and unitary spin of the particles are as indicatod by
the indices o8,y and p,qsr respectively.

12

We can generalize™ ™ the charge conjugation operator introduced in

(216) such that under C,

P () —> Y4 (p))°
GA(p) — @())°

'CAB:PB(“p)

eeee2s37
(c1y* B g(-p)

and for the multispinors, we have, for example,
w1, DEF
Y apc(P)—# Gy Cgg Copt ™

o(@) — (D FGq) g

-p)
...02.38

The generalized C will now have the propertiss,
..1)BD D

6
A 00002.39

Cag(C
8 (v, ™5 (@ = - (v, (TH D

The relations (2.38) and (2.39) will be extensively used in our

(c

calculations.

4. The need for Symmetry breaking.

We showed in Chapter I how one can construct Poincare scalar densitiss
by use of auxiliary groups which we extended to include U(6;6). Let us
for the moment suppress the internal symmetry indices and consider only
the awxiliary groups which belong to U(2,2) symmetry. In this case we

are now dealing with physical particle local fields such as

B
\'y foBy ¥ \\’E&BJY’ \'\)[a'ﬁv T %
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built up from the fundamental fields \Pa(p), and its dua.l'\}‘a(p)c Now the
most natural mquirement for theories constructed from such fields is that
the effective interaction Lagrangian, or S-matrix elements; are limited
to be invariant under the index transformations of U(2,2) of type,
equations (1.58) and (1.60), This restriction to index U(2,2) invariance
leads to a subset of Poincare invariants., Thus a term like

W@ (EW(D b, o020
which is Poincare invariant is excluded by U(2,2) imvariance. Even
terms of the form

WS W X% ()¢ x, | e e2ult
which are index Lorentz invariant are not index U(2,2) invariant because
the Y“fs are orily a subset of FR's which would have, if inserted into
(2.41)5 made it full U(2,2) invariant.

Thus we see that any form which was index invariant under auxiliary
group transformation was automatically Poincare invariant, but certainly
not vice-versa. Now it has been pointed out16 that even if the interaction
Lagrangian is restricted by requiring index invariance under auxiliary

group U(2,2), it is not possible to construct a theory (that is a
6

specification of an interaction Lagrangian” and free particle propagators

from which S-matrix elements can be calculated to any order in the coupling
strength) which leads in general to S-matrix elements which show this
U(2,2) index invariance. This is because any such theory based on local
fields leads to S-matrix elements which contain terms of the form p v ,

AT

YlJ»Yu' which arise from propagators and summation over spins. These tems

certainly destroy the invariance of the S-matrix element under index
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transformation of the auxiliary group. Thus we are left with S-matrix
which is invariant only under Poincare group, P Thus, with U(6,6) as
auxiliary group, the surviving invariance of our theory is P@SU(3).

On the other hand if we force in a presciption that our S-matrix
be U(6,6) invariant; then we come into direct conflict with the principless
of unitarity. This can easily be seen as follows: the unitary condition
is

mm (eln|e) = (2m™ 3 {ei7) ) Lz} el (en - p3)
' n
ceee(2442)

where, the sumation is over positive energy intermediate stétes n. Nows
the projection operator
i'n}(n' = Pp+m (P =Yupu) eeseleli3

introduces termsY!})u, which are not U(6,6) index invariant. Thus any
S-matrix built on such a prescription, cannot in general be unitary. It
is perhaps worth remarking  in passing at this stage that even SU(3) is
compatible with unitarity only if we neglect the physical mass differences
produced by symmetry-breaking effects in the S-matrix elements. It is
therefore not surprising that SU(3) predictions for scattering cross-
sections are not, in general, good compared with experiment. This point
will be stretched further in chapter IIT.

If one dacidedly ignores the difficulties with unitarity mentioned
above, and makes mmerical calculations with a U(6,6) index invariant
amplitude; one does obtain results which are, to be fair, in remarkable

agreement with experiments for two and three point functions. Notably,

its prediction of the exact magnetic moment of the proton and the proton-
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neutron magnetic moment3 ratios. However when applied to four point
functions for rsactions it gives some results which are in violent
disagreement with experiment. A few of these include:
(a) 7ero polarization5 for various meson baryon scattering processes;
in particular

K’+p,..:;§+lf" seealolily

Experimen‘bally17 at K lab. momentum of 1.95 Bev/c the average 8
polarization is 0.77 T 0.24.
(b) Equality of the differential”?’ cross-section for
K +pegyn +2 and K +p-prK + = ceee2eli5
At low energies the left hand side is about one hundred times greater
than the right hand side; but at higher energies both tend to zero very
rapidly. This result is also true for SU(3) alone.
(c) The ratios of cross-sections of various two meson proton-antiproton
ammihilation processes are also bad compared wifhis experiment; e.g.
o(ktK*=) 3 o(K°Ee*) = 16 : 1 ceea2elif
Experimentally the ratio is 0.92 ¢ 1.2. This particular problan is
treated in great detail in chapter III.

Since the requirements of U(6,6) index invariance have led to Se-matrix
elanents which are in conflict with unitarity, and which predict some
resultsin conflict with experiment, it certainly needs some modification.
We were led to U(6,6) index invariance ard not true invariance bocause we
restricted our space time dimension to four.19 As suggested by many
authors,z for example in the case of U(2,2) we can extend the space-time

to 16, so that we have 16 energy-momentum operators Pp which obey the
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commutation relations
PriPg] = © vooa2eli7
(FpoPg ] = ifpl Pr evee2.48
The last relation shows that Pp transforms like a 16~vector under U(2,2)
transformation. We can then fom the spinor (PRFR)QB which is a
generalization of (1.46) and (1.47) and our auxiliary operators will

be of the form

b = o] |2 3Cp|m, 5y alrs) eee2ol
where now p rursover sixteen values ahd under IU(2,2) transformation
A(p) --y(alei’lRFR[ B> Ag(p") coae2e50
which is a true, not an index, transformation. We make contact with the
physical world by requiring that the p runs over the real four values p.
The little group is still U(2)6QU(2). We would then proceed as in the
case of U(2,2). The only difference now is that with IU(2,2) transformation,

the derivative or irregular couplings are no longer excluded from the

interaction Lagrangian as they were in pure U(2,2) index transformation.
In the same way IU(6,6) admits the irregular couplings into the Lagrangian
and is therefore less restrictive than U(6,6).

On the other hand we can look at the problem from a slightly different
view point. We take U(6,6) index invariance as a working hypothesis,
first order approximation in the scattering amplitude, and then, as need
arises; supplement this with irregular couplings. These irregular couplings
will then break the U(6,6) symmetry. The inclusion of irregular temms
into U(6,6) invariant matrix elements may be looked upon as intrinsic
symmetry breaking, since the requirement that the physical particle fields,

constructed from U(6,6) auxiliary operators;> obey Bargman Wigner equations
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of motion, introduces theso irregular lLermsy intrinsically into the

wPu
theory.

Equation (2.43), tozether with the remark we passed on SU(3) and
unitarity, reveals that the inclusion of these ‘intrinsic’ irregular
torms will not be sufficient to restore wnitarity, since the phsyical
multiplets of U(6,6) binds together particles of different spins, and
therefore largely different masses. This suggests thenzo the inclusion
of spin-dependent mass splitting terms vhi ch?l may be called ‘unitarity
corrections?. These temms are of tha fomm -YR@ YR Again, thess
corrections may give only an order of approximation to unitarity, and
cannot restore it completely. In this way we can write the S.matrix

elements as a sum of thres leading temms,

5 =5, + SD + Su ecee2e51

where S_ has full homogeneous U(6,6) symmetry, Sp are the derivative
terms which break ®intrinsically® the U(6,6) symmetry, and S, are the

spin-dependent *unitary corrections®.

5, The hierarchy of U(6,6) subgroups.

An interosting equation now arises: with these symmetry breaking
terms; can any vestige of our symetry still possibly survive?

We shall answer this question first by considering the derivative
tems Sp only. The derivative coupling is of the form VP, = . Thus
if in any process it is not possible to find a Lorentz frame where any

of the components of P, is zero, then the term ¥ breaks down U(6,6)
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symmetry to P® SU(3), and there will be no new prediction except SU(3)
predictions. Let us consider the following more interesting cases:
(i) Some particulzr processes may be such that the S-matrix depends on
only one Lemomentum (this includes mass natrices for two point functions).
In this case weo can go to the rest frame whore py = py = p3 = 0, amd the
surviving symietry is that whose generators commuite with Y, - the chiral
U(6)U(6) composed of the generators

31t W, 1 F vy P veas2052

This is the little group of U(6,6).

(ii) TFor some processes involving two indepermdent 4momenta Pys qug we
may go to a frame

Py = (Po909090) and 9 = (0,0505q)
and the surviving symmetry will be the collinear U(6); of Lipkin and
Meshkovi¥ or the lessor group of Matthews; Charap and Streater with
gensrators

(15 oyps Y0923 Y0031) -~ coesle53
Such processes include vertex functions, all forward and backward
scattering and pp annihilation at rest into two mesons. U( 6)w is compatible
with unitarity provided all its intermediate states are collinar.

(iii) If three momenta Pus 9o ke, are independent, we can sot

Py = (Po9°9°9°)9 qu = (0,0505q) kﬂ‘ = (0,0,k,0)
and the symmetry that remains will be generated by all matrices which
comute with Yop Y39 Y29

(19 Y0023) Ti ‘ 00092054
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This is the coplanar or the least group U(3)®U(3).

We consider next the effects of insertion of such non-momentum
dependent spurions ‘of the form

Y5 BY50 Y@V, iv5vu®iv5vus 9,080,y es002055

into U(6,6) invariant amplitudes

As in the case of derivative coupling, the insertion of any but
Y5 @Y 5 reduces the U(6,6) symetry down to P&SU(3). With the insertimm
of Y5®Y 59 the residual symmotry is generated by all matrices wiish
ccrmute with v 50 An excellent d:'Lagraxnmert:’n_cz3 way of representing the

hierarchy of subgroups is as shown in fig. 1.

Fige 13 Hybrids of U(6,0)

Range of Validity

| 3 (
b U(6,6) > Sl,\é,C)
‘ J. ¥ Y,
'Y5 :
rest 1 U(6)RU(6) > $ Su(6)
+ "3 Y | 1
collinar L sue, % TG &(3)
Y Y2 | : +’Y2
) Y '
coplanar U(3)2U(3) 5> su(3)
3~dim. processes |  SU(3) '

Note: In this figure, A —~X> B means the geherators of A that commute
with v generate B.
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Other interesting subgroups of U(6,6) which sre not obtained

directly by insertion of dynamical spurions includes

(a) USI(LL)®USY(2) with the generators

1,0, T, 87 ¥, Y& esse2e56
where

F = (ri,1%,19), ¥ = @ (1 . 42 8) 0ove2e57
and S; I, Y stand for space spin, isospin ard hyperchagge respectively.
e recognise USI( L) as the originral supermultiplet group of Wignerzl"’
and Ugy(2) as the strange quark spin introduced by Lipldn.25 The

application of the relativistic extension of this group forms the 'asis

of our discussion in the next chapter.

(b) The chiral U(6)®U(6) with generators
31 E 1Y) ™, 1 tvy) 3

obtained from SL{6,C) by psrforming Weyl®s unitary tzﬁckaz6

(c¢) U(2,2)@5U(3), the generators of which we have already displayed.
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CHAPTER IIT.

BROKEN U(4,4) AND pp ANNTHILATION AT REST

INTO TWO MESONS

1. Introduction.

Since the advent of U(6,6) several authors have investigated its
predictions on pp annihilation at rest into two mesons with or without
dynamical spurions. It has been shown18’27 that the full U(6,6)
invariant term Sy, (in equation 2.51) vanishes in annihilation amplitude
while, under certain conditions S, the irregular momentum dependent
term, gives a unique coupling which predicts results in violent disagree-

28 at including the momentum non-dependent

ment with experiments, Attempts
spurions S;; does improve the results on some events but not on others.
Tt becomes therefore apparent that the trouble with U(6,6) symmetry does
not only lie in its dynamical structure but also in its internal symmetry
structure., Recalling that even at SU(3) level some of the bad predictions
of U(6,6), for example
do(Xp-K° =°) = do(K'p —In") vees3.0

still survive, and the fact that Lipkin‘’s A-quark selection rule29 does
fairly well agree with experiments we are tempted to attribute, to some
degree, the failures of U(6,6), for reactions,30 to the merging of
strange and non-strange qu;rks.

Following Macfarlgne,<0°Raifeartaigh and Su.darshan,31 therefore,
we propose and test, within the spurion scheme, a covariant U(4,4)

generalization of the Wigner supermultiplet SU(%4). This group, U(4,..l)
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has been 8hown31 to reprodnce the same predictions as U(6,6) on magnetic
moment of the proton and on the proton-neutron magnetic moment ratio.
We shall here treat in great detail the application8 of this group to

the problem of pp annihilation at rest into two mesons.

2. Particle classification in U(4,L),

Under the reduction

U(6!6) *’U(L“QL")SI ®U(2,2)SY 0001301
a fundamental twelve component (Dirac) quark goes into
U(A-ﬁwo,(P“"B) 00.03’2
so that a U(6,6) meson tensor mﬁ will reduce according to
B 6(p*3)

O % (p3)

Pa 4 ., Ba 4 B3° B3°
P ap T 2,03 + Cxp + 93703 ceeede3

l

where, S5, I, Y denote space-spin, iso-spin, and hypercharge respectively,
¢ runs from 1 to 4, p from 1 to 2, and similarly for all small greek and
latin indices.

The generators of tﬁe algebra of U(L,4) are VBQDTi where the yR°s,
R running from 1 to 16, are the Dirac matrices, the same as for U(6,6)
but now the Ti, i running from O to 3, with T° =1, are the Pauli spin
matrices.

The physical particle content of the w;°s are realised in the
maximal compact subgroup of U(4,4), the non-chiral U(L)®U(L) composed

of the generators
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Thus under the reduction (3.1) and (3.3) the 36 low-lying mesons are
classified as follows:

0y D(pomawi)ygr 0y DKK*),

esesded

g5 D(K.E*). 03 D(02x)y -y
where here, A = n, means the total number of A-quark and antiguark content
of eachmrticle in the multiplet.

In terms of this classifications, v, ¥, % are physical in u(y)
space. This can easily be seen. The classification here is a complete
separation of particles according to their A-guark and antiquark contents.
No two particles with different A-quark contents can mix. Therefore, Wf
cannot mix with © and)] cannot mix with x. Again, although W and h, now
belong to the same multiplet, they are distinguished by their space spin
contents and cannot mix. Similarly ¢ and y cannot mix. The expression
of these phsyical classifications in terms of the unphysical SU(6)
classification of these singlets determines, unambiguously, the mixing
angles in SU(6) space.

We now apply Bargman Wigner equations to each v, so that, for

instance (equation 2.32),

(k) = [(u + k)(vﬁ s 5 Py v, Y, N A W'

1aq uq v

with subsidiary condition
v = 0
oW
The baryons are similarly treated. Under (3.1)



Wase —'Vo(pt3)r(a43)v(z+3)

+ .
= ‘?1 2By sPar w{Z:Q’BV?(mB + C¥.pP.q 91‘)

}
* ‘4‘)3’0'8’\"(1333+CY°P5(1 ,r) +\%'4,a6\/.333 veeede?

%)1 :D (N’N*))\:o» Wz :) (Zs/‘hY*)}\=1’

_ ) vee3.8
\}'3 D= ), ;{;4 D),

and each ﬁ? satisfies the T>W:. equations cf motion. In this particular
problem we shall be concerned with only the 1+ The spin % beat of’%ﬁ

is abstracted from squation (2.33),

’ = 3 _
2@%’@3'\(:1),(1 Ny equ NO(B'V,l‘ + CYCeP s s T30 4By
0--.3.9

where
mNQ,B.v’r = [(m + ﬁ) ‘YS C:IC(B Nv,r 0.-.3.10

3. Construction of U(L,L) Invariant Amplitudes.

Sinee U(6,6) contains in its regular representation all the different
multiplets of U(4,4), to construct U(4,4) invariant amplitudes it is more
convenient to construct U(6,6) invariant amplitudes and then use the
redwtion (3.1) to oxpress them in terms of U(L,4) amplitudes.

To begin with let us assume that all the mesons have egual mass u
(in the actual computation, physical masses are used where these make a
substantial difference), and let the proton, anti-proton mass be m.

We specify the rest condition by going to a frame where

p = (m,0) = momentum of proton

i

momentum of anti-proton eess3+10a
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q = (e:q?) = momentum of meson 1
-'0.3‘108-
q, = (e :q“) =  momentum of meson 2 contd.
Energy momentum conservation gives
q1+q2 = 2p '-=’- [ =m ---03911
We define
q. = ql " qz = (O'g.)’ Where g. = an --003012

so that we have only two independent momenta q and p. Thus the

irreducible insertion of d and, or p into U(6,6) [U(4,4)] invariant

amplitude will leave us with residual symmetry U(6)y [U(IJ—)I,J] (see fig. 1).
The reductions

1439143 — 1 @ 1U3p D 143, © 5940 & 4212 © 5005 & 5005%

and
364 g360* — 1 @ 143 D 5040 & 126412
indicate that there are four U(6,6) invariant amplitudes,
1, 1435, 13y, 5940
which can be constructed for pp annihilation into two mesons. These
are given by

5o = W P-PIVY, (@) ¢52(a,) op-(a,)
A0 W) {96%a,) opay) ¥ og%@y) o) )

IJABC D )
+\‘) (—p)\PADE(p) tDB (ql) (DC (qz) 00093016
where I indicate F or D couplings respectively, and '\V(ap) represents
incoming antiparticle with momentum p.
Tt can be shown'®'?? that

SO E o 'ou03017
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bocause

\—PABC(ﬂa) \VADE(P)' -0 for p = (m,0) cees3l18
j.0. the left hand side of (3.17) vanishes whenever there is a
direct contraction between §7(-p) and W(p). This property arises purely
from the Lorentz indices and has nothing to do with the internal symmetry
indices. Thus the 'leading’ term, the U(6,6) invariant term in the
S-matrix eloment, vanishes identically. This result is however in
reasonable agreement with experiment for two meson production compared
with higher meson production rates. Except the pn production, the two
meson production is considerably damped.

We are now left with the terms Sp and S, Let us treat Sp first.
These are terms obtained by the insertion of the two independent spurions
b and ¢ in the U(6,6) amplitude in such a way as to obtain all possible
irreducible independent terms. On account of the °rest conditions® and
equation (3.18) the number of independent terms one gets in this par-
ticular problem is very much limited. This is more so because whenever
p acts on either \y or ’? » the vertex is reducible because of the E.Uh.
equations. Similarly, whenever P or ¢ acts between vy and @y or @ ,
and Y or ;o and"\{}, the vertex is reducible. So that the only

irreducible terms are:

Sp alwwc(-p) (qi)i (sﬁ)g‘ (szi)g\PDEF(p) crg (qy) cog (a,)
L CONCHETI ey {mgcqixng;@z) + wg(q1>m‘§<q.2>}

apP () @)D (EY (e { eilay daila,) - m§<q1)mg<q2>}

+

+
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+ a*+’ABV ~p)(é)D )= B Wimr(®) WC (ql)(ﬁ)ﬁ m (a,)

+ a, PR ) @E Y o ()@ o (a,)

+a;‘v‘*‘*BC<~p)<¢§) Woep(®) 05 (ag) og (@) +ese3019

where the a’s are in general invariant functions of ( s.,t,u)s However,
the rest conditions reduce the a's to functions of the energy only. We
shall now assume that strong interaction is invariant under charge con-
jugation C defined in (2.37) - (2.39). To test (3.19) on C, we first

symmetrize and antisymmetrize Bose and Fermi Operators respectively.

For example, consider the last term a..
<

[P @) WRWyae,) - W e Y )] x

x [wg (ay) co'g (ay) + (pg (a,) cpg (ql)] c0003.20

Under C, the first term of (3.20) goes into

(C-»-l >AA° -1 )BB

c DUEF 2

-1,CCt
(™) \%/AQBVCQ( Pl)(?i)A CDDvCpEc vaw

-1\EG H -1\FI
(c™™) oG (ql) CHB (c™) cr)I (q,_) CJC

= (A DER B c
here we have used (2,38) and (2.39). Treating all the other terms
in a similar way, we obtain for ag*
ABC B F C
\’J (- pl)(é)A\"‘DEF(pZ) ¢y (qi) g (qz) —y

- PAECCp ) ()7 Yop(py) o (a)) g (a) =
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- \pABC D, E F

= =W YA Wrpp(p,) o (@) g (@) weee302
obtained by making the replacement p1—<>+ Pyr A4 5%y 5 which is
consistent with energy momentum conservation equation (3.11).

nvu : 3.5 = 0

by charge conjugation invariance. Applying C to the other terms we

find that the only non-vanishing amplitude is

e A S ICHECHTTINCY {wg@l)wgw + op(a, Joa(a,) }

00.-3.22
We next consider the terms Su arising from the insertion of non-
. 20,28
momentum dependent spurions of the form,
i ] *9 00 .2
Ys@®Vs5e 3, Y@1Y, ¥or v @Y, W@y 3.23

These terms when inserted into baryon and meson mass terms split their
masses as follows:
Ve@Ysr iYMV5Q§£YMY5 splits 0 singlet from 0  octet
Guvéacuv"ﬂLQQNh splits 1~ singlet from 1~ octet
quéaawv, 1VuV5QalYuY5 splits 0 nonet from 1 nonet

S - LN iVuVSQDiVuYS splits £ octet from 3/2 decuplet
ot"B.%

The insertion of the ¢'s break U(6,6) symmetry down to U(6)w4 The
additional liberal insertion of (3.23) will break the symmetry down to
SU(3). To prevent this, therefore, we shall choose from (3.24), one term
that splits the masses of the 0~ nonet from the 1~ nonet. Moreover,
since our ultimate goal is U(4,4) wherenr and o are physical and belong
to different multiplets, it will be desirable also to split their masses.

The only term that accomplishes these two requirements is

o & cee3.25



which we choose. (By this econcmy of choice the offly torm
we really miss is iyuava@iquS’ or y5®y5.) In spite of all this,
wo realize that the term (3,25), if contracted in all possible ways,
still breaks down our symmetry to SU(3). To prevent this we have to
impose the extra condition that our annihilation amplitude is dominated
by a single 35 plet meson pole. This is analogous to the octet dominancs
assumption in SU(3), and will correspond in SU(L) to the 15 plet dominance.
With this restriction, and with charge conjugation invariance; (3.25)
will give the unique temm
S = D) ()] (o) s (P {Banaflep) + el e}
eese3026
so that S will now be
S=SD+Su svee3e27
Now we have to express every U(6,6) amplitude in terms of the
corresponding U(4,4) ampliZude. Using (3.1) and (3.3) we find that on the
basis of the above prescriptions, notably 15 plst dominance, a typical
U(6,6) amplitude, say \?‘qupg will now break into two U(4,4) amplitudess

(F(Pcpcp -_5\"}1*1[&1 Q1 P * Uy ¢p (PZJ ooo¢3n2l8
Thus, we have for the general U(i,4) amplitude,

A= \‘TJ?BC(‘p)(’i)i( @g\}’i,DEF(P) {‘wii‘f)?,c(qﬁ“’ie( a) + ‘Pie(qﬁ‘PGm(QzG

+ ap (15 a)ef(ag) + wl;(qi)wgg(qz)j}

+ PP (0,20, 8 W, (6o o e el (0 (]
W 1D ARG T Rl e 15 Y/ P

+ 8, fr5p(a, ), (@) %oy (a, Dol (qzdl
ee 003029
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Here, A, B, C are now U(k,k) indices with the appropriate decomposition
for \t‘l and. P 2 in terms of the o’s and the p°s as irdicated in equations
Ed

(3.3) and (3.7), and 04 5tpsBy 5By are coupling constants.

Lo Evaluation of the amplitudes.

Before we duscnstrate how to evaluate (3.29), we shall first analyse
the state of our initial and final systems. The pP system at rest is in
the 351 and 150 states. The parity and charge parity of these states are

summarised in Table 1.

Table 13 Show parity and charge parity of (pp) system.

P c

14 ) +
o}

3 - -
S

Thus while the single and triplet states have same space parity, they
have opposite charge parity. We shall assume here, as in the case’? of

Gell-Mamn®s SU(3), that for pseudoscalar mesons

pa ¥
Cin®p =+|n°>
Mf) = +]KT > 0oes3e30
clkey =+HEK D>

and for vector mesons

olo™> = -IpF>



in
¥
o

ity = .ty
ClR*) = -{k*°)

Since the initial state is eigonstate of P and C with definite

seoe3e3l

i}

eigenvalue wo must construct final states which are also eigenstates of
P and C with same eigenvalues. Consider for instance *the production of
two pseudoscalar mesons. The 1.'30 mode is forbidden by space parity, since
. . . 3 .
the conservation of J implies @ = 0. But the So mode is allowed,
since f, = 1, and
Cimtm ) = |t

- (_)ﬁ gﬂfﬂ-) soeaJe32

"
i

EX
:‘5

Therefore C invariance will thus forbid singlet particle pseudo-
scalar (PP) production. Therefore a C invariant amplitude will be of
the F type, i.c. ’n’*’n"- et }; since

380,0’11"'17" - pE - ln+1'r" S F coupling
vess3e33

In the same way, we can construct for C invariant amplitude for other

modes?
1, (V) s cf™™ - Kk Y =+ JKKT - KK ) F coupling
I, (PV) & CfKHE* + kKM ) = - 3K*K*- + KK ) D coupling
Is, (W) 2 ofi™g"= + KD =+ %K &+ K } D cowpling
380 (VW) = CIK™K*- - g ) = - |K - LK ) F coupling

Here V stands for vector meson; P for pseudoscalar meson.
Baquations (3.33) and (3.34) will act as rough guides in our computations.

Let us now indicate how one computes specific centributions fram

(3.29):¢
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G @DADZ Y 0 = PEPFCR (DD 6% (DT 2y 1ol

6 s
- WlaB‘{quI‘(mp)(ﬁ)a 6; (Sli)g ngﬂgsgh,tus(lj)

_ \ylo.’B'Yqur( -p)( Vi):, (ﬁ)g %}1 9 éeh,pqs( p)

_2_15 {E-PQB N[ag’lvgr + equ ﬁfﬂgjasp + erpB I-\TL'YCBV}B,qJ}

J 3 3 . 3
x (DS
(the last equation comes fram using 3.9)

N e e + FiPen3

12 fodh,s T T3 ae,s
Ede 3 ~Bde 3 r 8 (1€
+ (1513 Nens - N3 N(xa]e’és (yi)a (szi)8
00913035
Here we have used
NL&B}Y+N[BQM = 0
= Q on003036

Veeyy T Tevie T Vpade

pa3 = &P 59 _ P za
€ €st3 asat atas

b} 2
A similar result is obtained for the other term with (UMV)Q, (GLLV)B
replacing (;4)2 (gﬁ)g.
For the meson part,; consider for example the term pypys using

equation (3.6)



G F
Qicpiﬂ(PLc(q )CPj_G(q ) + qi R

- 4 . i Ly ‘91 1k, i\t
= {(1 + .F.-?l) v 93 (qp) + {1+ 111) Y, 7 (q1)§ v (g

f . .
x {1+ 2 vy o) (g + (1 §2> v o (o}

tq e g, (1,3 = 1,2,3) s0e03e37

so that, using the kinematical relations

(ot 1) vldy + 1) vy = d(E - w)
(dt ) vsldy + 1) vg = ~4(F - u)

a4 =+ Y2) 5 q,= (- Y2)

we obtain

=1 A1 J wind  mdpi]S
o0 = o [A(# - u)JY 95 o (a) [0 - 1 jr ceeo3e38

The same is true for 0,5 » We can now couple (3.38) to (3.35) and apply

the B.W. equation given in (3.10) to the N's to obtain

-& (m-uw T4 N{(Fz o fr'rd - TjTi):} teee3ed)

Notice the F combination as expected from (3.33). A1l other terms are

similarly treated. Finally, by defining the following quantities:

2
G=§;~2 (ma-p)idu
2 -
.9.,_2 (m - p)n [Sﬁ YU:YV - (%Yv - q\,Yu) = By Vi]u
2 ,
" -;EZ (m - ) & [d v,v5* w5 4]0
_ g? 2 2 1
T= &y WP -6 8 firs s s e
2
J = %ZZ ﬁ{" Z(rnlz - !Jaz) Yp,Yv +(m - p‘)(unV * qV'YUJ - q”vsi)

- 2pyy, 4]u



L“-g-i- u{thY +t_2(m-p,)g myquq)]é
+ (avd - q\,vuﬁi)}

y =9 pl4 - - ._1;.-
i=9- @£ pp, - i, - Pa) =5 B
- 2(m - p,) gu\) ];li u

2

=5 ﬁ(‘i (m - W+ 20y, +ay)+@-uwe,d

_[2'“1 1 pupng}u ce 50391-'-0
we have the results:
For pp —>PP via 38,
b= {3, - 138 %% + (3, - 138) (%)% ]
5 ' , s
+ (0P (3 - B EPYZ + (- Bz><P3P3>fS]}
000030}-‘»1
For pp -——PV via 15,
A= (NN)l;{[uox + 1) @y - 6013, }PW)S + (101 + 9) @, - @Iﬁz}(P3v3)_s_

(I {fer+ o) o + 1218, J(PW )7, + L(2D + 9) oy + 12182}(P3V3)
cos 03014'2
Is

For pp — PV via
= B3 0y - 138) (P ]+ (F ey - 138,) (35)7 ]

+ (Eng [(Bey + 8 @EWYT, + (o + 8PS ]}
oouoBcLlfB

9

For pp — VV via 18;
&= QNG [(-5y + 308 (VDL + (<5erp + 308,) (V)] ]
+ (M ey - WIS+ (g - 682 (WV3)5 ]}
o0 noBuLIJ-}'

For pp— VV via IS,
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A= (NN)g{[(ﬁzc +1) @, - 260 KV S+ (5K + 1) oy - 261(923(v3v3)fr§
+ (TWN);‘.'{‘{(-K ~L+M) oy + (K4 R) B JVIVYS + [(- K- L +H) ap
+ (K + IR) Bz}(VBVB)fS} cuse3ali5
wherae
-

Tt = TF 3 s = (pbtps + psopt
()] = §3 w7, (PtPt)_i_r (PoP§ T PSPY)

5. Results and Conclusions.

We shall first discuss those results which are directly obtained
from equations (3.41) to (3.45) meking no use of experimental input. We
shall classify them according to their modes.

From equation (3.41) we deduce

35 5 A(xox°) = Almeme) = A(mey) = 0 vooo3elth
This result is in fact a consequence of charge conjugation invariance. It
was also obtainedl® in U(6,6) theory.

From equation {3.43),

J5 5 Alpm) = AGwY) oo s30li7
35 5 a(p ) = AQwm) cree3uli8
35 5 Algn) = Algm) = Agx) = AlpxX) = AGwx) =0 ceea3el9

Equation (3.39) is satisfied experimentally in so Tar as these events
have not been seen. It could easily have been deduced from (3.29). It
also agroes with U(6,6) results. Equations (3.47) md (3.48) are hardly
easy to Justify since there are no relialbile experiments on (Wwn) and Gum)
events, while data on (pm) and (py) are pretiy sure.>” Physical mass
insertions enhance A(pm) desirably but depress A(p%n) undesirably. U(6,6)

predict512
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3, Apm) = AGum) 3 Alwn) 3 Alpy) 3 A(px) 3 Alwx)
= 31 51 A3 s LS 046 AE
Thus, experimentally, the predictions (3.47), (3.48), (3.49) appear

mors tolerable than their U(6,6) equivalent. Equation (3.44) gives

1s s A@w) s App) 3 AlpW) = 3:3:5 voes3.50
Is ¢ A(KFFK*-) ¢ A(KFR) = Bo:owt vos03a51
15 5 Alqp) = Mpop) = Alesp) = O co003252

Bouation (3.52) agroes with experiment and with U(6,6) predictions.

The

square of the ratio A(pp) ¢ Alpw) in (3.50) is in fair agreement with

experiment rate o(pp) & o(pw) = 3.8 2 7.0, But there are no data on

(). Equation (3.51) is ccaspicuously bad compared with experimental

rate o(K*K*™) 1 o(X*°F°) = 1.3 2 2.9. It was also obtained in U(4,

6)s

and is the single disturbing aspect of U(6,6) which survives a broken

U(s4) thoory in this probleme. ‘Iowever, it arises from 1S mode which

accounts for at most 355 of most two-mason annihilation33 processess
Using equations (3.42) and (3.45)3

1s s A(XE*™) - A(KOEC#)

1

i

{(10I + J) o, - 60Ip, }

e

i}

S

we

ApTmm) [(101 + ) @, - 601(51]

00003553

and

1l

35 5 A(*E*Y - A(K*R*)
3s 5 a(p™pm)

f(5K +.1) x, - 261(52}

{(51; +1) o, - 261{,81}

1

oosn3054

Thus we sce that none of the U(6,6) sum rules can be simply derived in

U(hsl) s  The U(6,6) sum rules are not well sat:lsfiodzs by experiment.



586
It is worth mentioning that we can derive all U(6.6) resuits by
going to the U(6,6) limit @y —2ap, By~ Bye
Let us now turn to a more execiting aspect of our problem. Let us
‘asstme that the anmihilation amplitude for PP and VP preductions are
dominated by the 3S node - a very reasonabls assumption«3393u Than fireom
equation (3.41), by putting
35 5 MKTEY) 2 A(KK®) = 7 5 ovce3a55
we obtain the ratio
ooy, = 1287 0003056
and equation (3.43) gives
35 5 METK*) 5 A(KK*) = 4 -5 ceeo3e57
the square of which campares favourably with experimental cross section
o(KFK*) 2 o(K°K*) = 0,92 ¢ 1.2 oos03058
This result is rather satisfying since the ratio is insensitive to mass

factors. 1In the same way, using the results

35 ¢ AT s A(KYE=) = 93 5 cees3e59
38 ; A(poﬂ'o) 3 A(porio) = 5 H 2 90003060
we ovtain the ratios
By 2ag =13 11 coas3eb1
¥y s g =9 ¢ 50 vove3.62
and equations (3.43) and (3.44) give
*
35 5 Ae® m) 8 A(KETES) = 33 1 vera3.63
+ -
18 9 A.(p.g p-j;) H A.(K*-FKH“) = 2 g8 1 0.003064

which are also good compared with experiment. However, equation (3.64)
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canriot be taken too seriocusly in view of cur assumption of thes 3S mode
dominance. If this is so the possibility of the existence of a singlet
resonance in the effective mass region of (K*+K*“) cannot be ruled out.

In our calculations we have usad physical masses of the form
(m"”J/u? where this will make significant difference. But we have not
taken phase space corrections into account. The fact that the results
obtained in this way are consistently good indicats that phase space
oeffects tend to cancel out in the ratios. In fact, as pointed out by35
Fraser, phase space corrections change the results only slightly, and in
the right direction. In table II we exhibit these results, comparing them
with U(6,6) results and with experiment.

We can make one nore interosting deduction from this problem. The
ratios in equations (3.56) and (3.61)

Bo s wp = 127 By sy =13 11 oe003:65
indicate that the coupling strengiiis of the derivative term Sp are an
order of magnitude greater than those of the unitariiy terms Sy° This is
only in keeping with thé expression

S=8_ + 8y + 5, * coes s00e3:66
as a rythmic perturbative expansion in the couplirg strengths. This
rosult is however contingent on the kinematics of this particular problem
and the assunptions made in deriving (3.65). Here, S,, the leading term,
vanishes identically.

In conclusion, this problem has sorved three useful purposes.
First; it has demonstrated how one can obtain better results from

higher symmetry groups by symmetry breaking techniques using momontum
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dopendent and momentum non.dependent spurions.

Nexts that the bad effects of SU(3) for reactions are to a good
extent due te the lumping togother of the non-strangc and the strange guarks.
These bad effects are obviously amplified at U(6,6) level, because of its
high predictive power. U(L,4) similar to U(6,6) in all respects except
that the A-quarks are separated from the non-A-quarks is, therefcre,; a
betler approximate symmetry for reactions than U(6,6) .

Finally, subject to the assumptions mede here, and to the kinematics
of this problem; there is sense and rythmin the expansion (3.66) as a
perturbation expansion in the coupiing strengths.
Table iT: The predictions of U(4;4) in this table are subject to the imput

date (underlined) which fix the ratios By t aqy Bp 3 vy and

g $ap tol 2 11, 13 7 and 9 3 50 respectively.

. N U(6,§) U(LLQ{») Ratios of (a)
Ratios of amplitudes Modes {predic- | predic-} oxperimental
tions tions ratos ~ ¢
fA(n+n—) 3 ACKTEK~) 33 112 | 935 3.2 ¢ 1.1
PP \lA(K"‘K“) : A(KKe) 3% 231 | 725 1.1 3 0.56
fA(pome) ¢ A(pome) | P8 | 3543 522 14 2 2.2
PYSAKIE ) ¢ 4(K°E°*) 3¢ | by 1| bs -5 0.92 ¢ 1.2
"A(ptrﬁ) s AT | Js | 30 n | 321 [(1420.92)4,(29:0.92)F
['}\.(pjgp%) s A(KTER) s J3sn 201 3.8 ¢ 1.3
W'*)A(K”“‘K*—)m(m’“k"“) s | us ot ]ns -1 1.3 5 2.9
i‘A(pp) 2 A(pw) s {3355 | 3:5 3.8 2 7.0

(a) Most of the experimental data are taken from Tablo I of ref. (33).
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CHAPTER IV

REPRESENTATION MIXING TN_T(6,0)

1« Introduction.

Applications of the algebra of Zntegrated current camponent536
to weak and electromagnetic phenomena had; about a year ago, indicated
that although the assumed cammutation relations between the intograted
currents seem to be correct, the assunption that the obtained sum rules
aro saturated by very few inteimcdiate states is, in most cases,
inadequate. In particulary, it is realised that the saturation of the

Adler-Welsberger sun rule,
> o]

1 - (cv/GABZ = Z(I:I. )53-163)— [cvtOt(ﬂ+p) - cvtOt(Tr'P)}
"NEa/ ] eeuslhaO

(here, v/GA is ratio of vector to axial vector coupling constants,
ctOt(ﬂ*p) is the total cross-section for elastic r"p scattering, v is
the poin lab energy and g is the magnitude of the three-momentun of the
poin inte lab system. M and p are the nucleon and pion masses
respectively,) with the spin & octet and 3/27 dscuplet alone gives results
for %/G,, and G* (the strength of the axial vector transition between
the nucleon and N*(1238) which are bad compared with experiment. On the
other hand it is observed that in (4.0) the contribution of states like
¥ (1512, 9P = 3/27), Yi(1205, oF = £7) and Y}(1520,0° = FT/5) gives terms
of the same order of magnitude as the denupleta37 Again it is to be
noted that none of the low lying irreducible representa“ions of U(6,06),
alone; reproduces the experimental values of both GA/GV and D/F ratios.

Thus if we still belisve that the sum rules are saturated by a few states
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these states must then belong to more than one irreducitle representation
of our symmetry group. This idea has led many aui:hor536937 »38 to the
concept of the physical baryons belonging to more than cne irreducible
representation of U(3)&U(3) and SU( 6)W" Investigation of the consequences
of this assymption have bwen successfully carried out in the context of
algebra of currenb37938 coriponents.

We shall here consider assumptions of similar naturc within the
context? of U(6,6) symmetry. We shall assume specifically that the
physical baryons belong to sowme mixed states of

O)+ and (36, 5, = O)+

(1) (220, L

and

(41) (220, L = 0)%, (364, L = 0)¥ and (572, L = 0)7.

Theseo assumptions are motivated by our belief thet the recent discovery

of the resonances 3?2 like I (1450,47) and Y’;(1663,%;+) serve £s an incentive
to the consideration of the 220" and the 572" nultiplets.

It iswurtbuldle to remark that theseassumptions break the U(6,6)
symmetry, since the tensor for a baryon single particle state is no longer
irreducible in U(6,6).

From the decomposition equations (2.33) - (2.35), it is seen that
only the 364 contains the decuplet -§+ + Therefore we shall focus attention

on the 4F octet partsd

2o (1) The (220, L = )" and (364, L = 0)* mixing.

We assume that tho physical baryon wave function can be written as

§B> = 0!}36)4»> + 5 l220:> esosllal
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vhere o and 8 are mixing paremeters with constraint
Q’2+ 82:: 1 ”o.LLaZ
We compute the expectation values of the 143 vectors

L.

(Fgh)2 = (yymh)B
betueen the states {B), namely
o (36ufFpt(36u) + (1 - o) (220)Fpif220 )

2 WABC D
Y 1 (YRTi)u Warn}
+ (i = o?) cPﬁ“BCJ (*{R‘l‘i)g LP[ABD] ceselte3

where we are only interasted in the spin ¥+ octets.

. . \
&iJ{ABC}: é{/é: {[(];{ + m) Y5 C}o;[} €qu N,\s,r + cy.hy B9CJ’

1
IR

ooooLPoL[a '
S
oCABCJ \/5 }{g}‘ +m) Yy C]ozB(Erps v qrs Nyp)
+ bj'oAg B9 C } ;oooL!'o5

Using the functions,
q= pV - Py P = pV + Ps rp}: €'ka7\ P\) q‘k 'Y)\ 'Y5 nool!-.G

and the identity
Fy, (1+25) n (M4w%w cecolte?

We ontain for the first terms of (4.3)

i = LR N ]
A= i Tvs My 8
J i = 2 (1 1\] Y 'Y N)fﬂ ooooL[u9

w5 12m2 HHEF

3 — 1, T
J = Pp (W), + (N -t acesllsll

L 20 “'F 3 ) 3D2F
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2

i 2 g WA -
T 7 Tam oy Mopiae * 0P, - Pua )W o
ena.z-!'nli
and o the sscond term,
J_,i - e _-Pzn (jﬁ Y M) oeeollel2
5 12rn2 57D
i
J = N \] aoa:)-hsi
5 1&:1 p (N vg b D 3
i - I 2+ - 7Y ocecalleld
§ anng r, Np=2m?P, (I\TN,FI oleids
S oaeBl (o W) 43 (P g wP g ) () eeeslold
W2 T W D pp2 Ty T v D

(wo do not need the scalar current).

Using the free field equaticas (B.W.)

. . 5 .
U“:'-D5l = 1 qp, CP‘J59 Uﬁ)\) =2 qu CPV‘J, -00-4916
e can dofine the total psiudoscalar and vector currents as
A tot)
J = ji+iq o " corollal?
5 5 u53(
AT ST 418
& U Y qu/'

and have respectively for the sot (4.8) - (4.11) and (4e12) - (4.15),

;(tot) = (1 + % I%?IZ (F g 1) 3 op soooltsl8
Ji(t"t) = -9: (1 + ..a" (T, + _ (1 + 28 )(N um -
eeoolteld
and jis(tot) - Ilfgi_z (1 + %ﬁ Y(F & By vooele20
ji(t"t) = -;- (1 + z;z ) (T t (1 + %"f ) (T E;tz R

sasolta2l
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rom equations (1,9), (4.13) and (4.3) we have

D - .’:L‘f_,-_l voeola22
F o

The common assumption about weak interactions iz that they proceed via

the coupling G WWULS (Yu + lYuY5) which iathe static limit gives,

iCGni_ 6o
‘Eﬁ,’" EET} coeolta?3

From (4.22) and (L4.23) wo obtain

Gfi. ! = ‘,Pu:.l..f_ W2l
’ /oy D - F .

in agreament with the U(3)®U(3) results obtained by Cabibbo and Ruegg38
from a cousideration cf the mixing of the (56,1=0)" and the (20,I1=0)"
and the (56,1=0)" and (70,1=0)" in the context of current algebra. If
in (Le2h) we put B/F = 1.75, we get FAI/G’V } = 2.2, Alternatively, if
Q'Gf'y,GV , = 1.2, D/F = 1.18. These results are bad compared with the

experimental result of i‘GA/GVI, = 1.2 and D/F = 1.75.

3. (31) The (220,1=0)", (361,1=0)* and (572,1=0)% mizxine.

is in the case of (i), wo assume that the physical baryon state can
be written as

[BY = a;fpéud +epf220y + g5z ) ceeole5

3 = 1 o..‘l-l'l26

with .2 + o,
Then
jRi = @, 236 F Y 3603 a,? {220 7 220y
+ a/32 (572]FR'1’ 57231 + gias? {572 Fgd 572 -
+ gy (720N 38 )+ g, (Sr2fm Y 220
ceesln2?
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whare g19g29g3 are constants. The first two terms have been worked out
in (i), To work out the rest we need the 3 octet part of the 572

representation shown in equation (2.34%).

-1 A 7 X
Yoo = 2 /5 {Ears 0+ m v5 g, 6

- Erps [(ﬁ + m) YS C]W BQ} eo0¢ le-'28
Using (4.4), (4.5) ard (4.28) we work out the respective F/D ratios due

to the relevant components of current in the right hand side of (4.27).
These, together with their corresponding GA/GV ratios &3 displayed in
Table IIX.

From this table we see that the current ¢ 572\FRi1 572) 1 bas the
same F/D ratio as the current QZO‘FRii 220) and is therefore not
irdependent.

The usual practice in the applization of group theory to plysics
is to assume that the interaction is invariant under a group of iransfor-
mations, and to classify our physical particle states into definite irreducible
representations of our group so that the interaction will take a given
irreducible representation into itself. However, if the interaction is
approximately invariant under the group, it will induce some transition
botween states belonging to different irreducible representations of the
group. It can then be argued that such transitions are small compared with
the transitions betwoen states of same irreducible representation. They
break the group symmetry. ."ow we can consider the case for approximate
invariance in another light. We assume; as in this problem,; that our
physical particle state is a mixed state of the irreduciblo representations

of the group. Here we build in the symmetry breaking. We may then
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rassonably requirc that our interaction takes an irreducible representation
of the group into itself. This eliminatos the cross terms (364‘F i 572)
and 220|F; {572 ).

This heuristic argument is supported by the fact that these cross
terms give non-zero electric charge to the neutron. This can be danonstrated
as followss

We can express all the currents in (4.27) in terms of the total
pseudoscalar and vector currents from which we can read off the magnetic
mcements and electric charges.

For (364|Fg1{364) and £220fFpii220) see oquations (4e18), (.19)
and (4.20), (i.21).

For {2zo[FRi[ 572%

, 2 |

J i(tot) - P~ an \ eoetle

5 o (1 S Wy Wy seeehed?
5 iltot) _ L Po o0 R\ (F

. (1 + 2 " )(NL-U‘ Mp_p + m(1+2m)(N1~7)ZD;§

For (36uFyjs572)
2

J i(tot) = - _P..._. e .

5 w2 (1 S s gy g sectedt

i(tot) _ 1 =T 2 (T
g itot) _ g(1+.i“:1:.)(I\IE{L;“ZI\I)BD+5F+-5X-T%(1+5'~- )(NN)D.;.%F

U 2my
cosalte32
For 572fFpifs72y
i(tot) - P2 2 \(F ye N
JS 1m2 (1 + n )(N Y5 )‘;‘(D'FF) 00004-33

P 2 -
T = 5 (14 B)(F 2 Wy + 22 (1 £ (T,
vesslie3l
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Wo now assume that the electromagnetic intoractions proceed via
e.P interﬁédiat@ states, which in the Lagrangian modell3 corresponds to
introducing courlings of tho form (epg/g)Aupu in the U.spin scalar
projection (¢ + @8/j§). Then to lowest order in e, we have for Sach’s
olectric form factor0
(- £ o = (50 P RAIJE - D
: s0oolte35
vhere F(q?) is an ad hoc form factor introduced into U(6.6) vertexe
According to Oohzrm.,LLi on account of pole daminance, at g = p? we can

s 2 .
replace the factor (1 + ga ) 2 Fiq?)j o7 tho vesidue at 2. Thus

1%

(Le35) bocomes
, 2 -1 - z :
(1 -9 )7 6 (® = [(1+3=) U,2]/(”,2_ @)
2 E - Zmy,
Im
00004036
from which we can read directly the e«lectric charzo of the octet baryons
using the D and ¥ parts of the coefficients of Pu in equations (4+19), (4.21)
(U4s30)y (L532) ard (4434). (These ratios are also shown in Table III under
PU) The cross tems are not pure F and therefore give non-zero charge to
the neutron.

Eliminating these, (4.27) becomes

3= (oeufrtyseu) + oy <e20|FRY| 220) + o, {572|rpt 572 1

00004037
where we have made . use of the constraint (4.26).
4o HResults and Conclusions.
From (4.37) and Table III wo obtain
- o + 3
D/F = 3 Qz E‘QB oo.c’-luss

2+ v

3
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G i + v -
|2 = 2‘;913*1133 voeslti39
GV 3 0’2 0!3

from which we obtain

EYEE LS. b

Gy 3F - D

Lo

which is the same as we obtained in the case (%) equation (4.24).
As we have commeanted, this result is bad compared with expsiiment, and
with the resuli obtained by Gatto et ald® and Harari,’’ whose consideration

+ s - N ’ .
of (50.7.=0)" and {20,L=1)" in U(3)EU{3) algebra of currents yielded

~

“al. D+F

&1 30 -m)

G
which is in excellent agreement with experimental values of 1.2 for A'/GV

LN ] ..lLﬁl'"l

——

and 1.75 f>r D/F, This good result (4.41) has been obtained by Akyeampongl"2
in U(6,6) symmetry scheme by mixing (364,1=0)" and (220,1=1)". However,
if in (4.38)

D/F = 3/2 ceeslli2

which corresponds to
u(p)/‘l'(n) = - 3/2 o.-ol".ll'B
a good experimental result, then (4.40) gives
G .
'—A ' = 5/3 } -uool"olﬁu‘"
Gy

the old SU(6) result.
Thus, in conclusion, if we assume that the physical baryons belong

to mixed states of the three low-lying irreducible positive parity
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cspresontations of U(6,6), (220,1=0)F, (364,1=0)" and (572.1=0)7,
“han the reguirsznents thal

(a) w0 = 0
for all currenits; and that

(5)  wle}un) =-3/2
automatically fix the ratio iGA/ G\,ﬁ§ to 5/3. No more, no less. So far,
it appsars that only the mixtuce of the (56,L=0)" with the (26,L=1)"
can really depr-ss 5/3 to the experinertal value 1.2,

Tl is useful o ?.*eunark9 that urder mixing assuwtions (i) and (ii)

Johmson Trizmzn velaiions are rerrciacsd if the parameters are chosen in

such a waz” o %o eliwinate the cross lerms,



Currant, for F: D for F: D for } F: D for Gp ¢ Gy
each I.R. Mag. moment} charge pseudo-
pert of part of scalar and
vector vector axial vector
cureant curront current
(r)) (P) \PIEANG
{6uFRi|364y | 3D + ¥ 3F 3D + 2F 5/3
(320‘FRi'220> -D f F -D -1
{572| | 57211 | (D + F) F 3( + F) 1
(72} 7t ask ) !Tw (30 + 5¥)| D+ iF - (30 + 5F) -
{572[3Ri|226> ! Du-F -(3D+F| D-~-F -

Table ITI:

representations considered.

the expression for the multiplets given by Delbourgo et al.

Shows the different I/D and Ga/ Gy patios for the irreducible

The calculations are based on

13

It is worth pointing out that the magnetic moment part of the

vector current has the same F/D ratio as the pseudoscalar and

axial vector currents.
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CHAPTER V.

£-mxoTrarIon T U(6)®U(E).

i, Imtroduction.

As remarked by Professor A. Salam, at the September (1965) Oxford
International Conf‘erence21 on Elementary Particles, the year 1965 was
a yoar of rare achievement in a phencmenological gorielgtion of the
resonances. A greater portion of this achievement stemsz from the concept
that higher iresonances could be thought of as angular momentum excitation
of the lower ones. We shall here restrict ourselves to the bosons. The
rest symmetry subgroup U(6)BU(6), of U(6,6), with its magic multiplet of
36 provides the most convenient basis for this orbital excitation. Several
authors, notably, Gatto et al,u'3 Mahanthama and Sudarshan,h& and S:’manog;lull'5
have considered, with some measure of success, the pcssible classification
of higher bosons in U(6)RU(6)B0(3); with certain definite approximate
assumptions regarding the spin-orbit and tensor symmetry breaking terms,
and the mixing angles. So far, it is not known for sure, for example, the
exact value of the tensor symmetry breaking terms, and the general effect
of these spin -breaking terms on the mixing angles between the T =Y =0
octet-singlot merbers of the nonsis.

It is therefore the purpose of this reportlo to conduct a systematic
study of the above problems, deriving an approximated mass formula for the
group U(6)GﬂU(6)6§0(3)5 (for any given £) by dropping certain well-defined
mass tensors, and exhibiting the exact forms (values) of the symmetry
breaking terms. Our approximated mass formula contains terms which

determine the mixing angles.
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2. Mass tensors and Mass Formula.

Throughout this work we shall assume the quantum number assignments
of mesons consistent with the model of bound quark-antigquark (qgq) system
in relative f-wave, So that

go= b+s, co= (s, p =@t 50
whero £ is the angular momentum, s the intrinsic spin, P is space parity,
and C charge parity of the uncharged mesons. And we extend the concept
of charge parity to the kaon by using the definition that if C{x°) =
[%°2 + then clk> = | X 7 whore K and n belong to the same multiplet.
This helps to distinguish, for instance, the 1P1 K*¥(t#~) and the
e, xx(1*).

The physical meson stato in U(6)@U(6)®0(3)6 is represented by
(6,6; £). To construct the mass operator which we will require to
transform like an I =Y & J = 0 tensor in the product space of
U(6) ®U(6)R0(3)g, » we shall use the chain reduction

U(6)@U(6)B0(3)g ~+ SU(6)BO(3),
~ SU(3)® su(2) 2 5u(2)g ceee5el

Consider then the reduction processes

(6.8; £)RB,6;L) > 1®35,3581; 2{ €2 -1 @.... BO
ceee5.2

and

35@35 7 1 & 35, @35, @ 189 B 280 ® 280 D 405 ....5.3

(35,1) —*35

(1'35) ‘_'735 --005011’
(1,1) =1



7
 Charge conjugation invariance applied to (5.3) eliminates the 355
and the 280, 280, and groups together the (35,1) and (1.35). Since
an SU(3)®S5U(2)g reduction of 35,189 and 405 of SU(6):
35 = (8,3) @ (1,3) @ (8,1) | cees5.5

189 -» (8,5) & (1,5) ® 2(8,3) ® (27,1) B (8,1) P (1, 1) B ....
vees5.6

405 = (27,5) ® (8,5) € (1,5) B (27.3) @ 2(8,3) @ (27,1)
®(8,1) ® (1,1) ®oeus ceee5e?

gives a maximum spin of 2, to construct a scalar in total spin space,
the maximum value of the irreducible representation of the orbital spin
in the right hand side of ( 5.2) must be 2. This maximum value is already
reached in the case C= 1., Thus the maximum number of mass tensors is
the same for all € 21, Mor-over, exactly the same mass tensors
operate for all C z 1.

The coupled state of our system in the product space is defined in

terms of the Imcoupledh6 state by

6 6 s £ 3 .
Uy J . "
s 3 6,3, = ) 6vq\ 3 ’
'u‘\( VjJB bs > \J%Z c(\,l Vo v 0(53 5 jS)l Vi/" Vz)‘f, E3>
53963 00105.8

and the mass tensor is similarly defined, to wit:
Ma(fn L) 2 {il i 5) Miz IV% SsL 653L3
- 83L3 sese5.9
where & corresponds to some SU(6) irreducible representation in the
decomposition of o®B, and (P,S) are (SU(3), SU(2)) decompositions of 6.
L is some irreducible representation of e ®€ in SU(Z)E space. Using

(5.8) and (5.9) we write the transition element as



6 & 6 6 6 o 6
(k})quﬂ\i& - 2 Ci(vi Vo tv) CZ{\)}_ V3 zv) C3 (Vl C;\i vi)

('"583) ¢ B 8 s t'fj
x CLL‘\JZ)\Z\% 05(?\1)\27\) 06( ¢ )

8

;S @j')c (L Oy
8lpy 1y 63/ Ss1, 8514

x C 0 ‘o
7\53 6 33

x (6 1I63GMPBD (¢, ..uu5.10
the sunmation being taken over all possible magnetic quantum members.
Equation (5.10) reveals soms interesting features. The coefficients
C6 , C7, 08 are independent of the internal symmetry guantum numbers and
are directly responsible for spin-splitting. This splitting falls into
three categories according as L takes the values 0,1,2. For L = 0, there
is no spin splitting in total spin space and all particles come out with
degenerate mass in this space. The most interesting case is L = 1. In
this case 'phe spin-splitting term, denoted by C: in Table IV shown below,
is given by
S= Ls/VEEFIY cees5all
and is proportional, for a given f; » to the anticipated spin-orbit
splitting (reference (24) and (45), and Dalitz (39)). PFor L = 2, we have
tho spin-splitting terms denoted by £ in table V. This surely corresponds
to some tensor forces and its exact values are computed for 'e =1,2,3.
It cannot be simply expressed in terms of J, L, S. This is not surprising

since the supposed tensor forces

T - 1‘2 -'gi * gz .o.n5¢12
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unlike L.S, does not commute with Jz, L and S and so its diger.v.lues
cannot be simply expressed in terms of these quantities.

The coefficients Cl’ Cz, C3, CL;.’ 05 contribute to the splitting
within the U(6)QU(6) multiplets. In working out these coefficients it

27,8 and 40527’8,

is reasonable to neglectl'w contributions from the 189
drawing our morals from the case of SU(6).
Equation (5.10) g:’LvesL"8 then, using conventional mass squared for

mescans,l'l'9 the approximated mass formula

W2 = by + (ag + 8,8 )p + (4, + ByE)a *+ (Ay * BE)P
A4Vt BL + (4 +136\.9)t seve5013
for any given C .
Here A (Al’Bl)’ (A ,B))g (A3 »B5) b B , (A6 ,86) are reppectively

the reduced matrix elements corresponding to

21(1,1) .35(8,1) 23)

M1 0 M(35,1)+(1,35);1] M[(35 i)+(1 35):3]
L189(1,1)_ 189(1,5) 405(1,1) 05(1,5)
Ma5,35:1) * ¥ [35,35:5] ' M[35,35;1] #35 35;5)

L1(1,1) 5(1,3) (8,1) 5(8,3)

M35,35;1] ° M%(B D+1,35):3] * H13.5511] * H135.5515]

case5.1l

and p, 9, ry Vv, t are products of C1"’°C5 in (5.10) and are shown

below in Table V.

3. Results and Conelusions.

From Tables IV and V, we obser've5 0 that if we set A6 = B6 = 0 we

come out with equidistance relations,



1l

%, [(17) - pa™) T = B k(0™ - w(0™h]

n

1P1 k*(1™) - o(1™)]  ....5.15

and

I

3P° [k*(0™) - ac0™)] 3P1 [K*(1T) - p(1™)]

= 3P2 [k*(2*") - p(2™)]  ....5.16

The first part of (5.15) is well known and is satisfied by experiment.51

For the second part, fitting in the masses of 891 for 331 K*(177), 769

1

for 351 p(177) and 1220 for P p(1+-)rv B, we come out with a satisfactory

prediction of 1225 eV for 1

cg 1215'-'715 2 resonance,

From relation (5.16), feeding in the masses 1410 for 3P2 K*(2tFy,

P, K*(1*~). This can be identified with the

1324 for 7P, p(2H) ~ by, 1072 for 3B, p(1™) ~ A, and 725 for 3P, K#(0™)

~~k, we come out with 1175 MeV for 3P1 K*¥(zT). This fits exactly with

the Knn(1175) resonance. Also from (5.16) we predict 540 eV for

3 P, p(0T"), which falls neatly into pattern, but has not yet been seen.
The relations (5.15) and (5.16) are expected to repeat for corres-

ponding particles as we go up the ladder. Thus for e = 2, we expect

1o have

[}

o, [kx(27) - o(2™)] = Js, [+(17) - p(1™)]

|

s k(™) - x(0™] ...5.17

and

i

%, [14(17) - p(17)) = O, [k#(27) - p(2)]

i

op, [K4(377) - p(37)] ...5.18
The validity of the first part of (5.17) and of (5.18) will be a matter
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for future experimental test. Some of these equal spacing relations

43

were also obtained by Gatto, Miani and Preparata, - who considered only
the case U =1 in U(6)ﬁ@U(6)Q§O(3)ﬁ *moving states® of besons.

Now from tables IV and V, it is clear that for any given @«. the
mixing between the I =Y = 0 octet-singlet within each nonet depends
not only on ps g, r, vy, t, but also on é; and € and on the massos of
the particles belonging to the multiplets. Thus we do not expect in
general to reproduce the YL ~x or o-u; type of mixing. With explicit
knowledge of nine masses for any given {, , we can calculate the seven
other masses and the four mixing angles, using for each mixing angle the
:t‘ormu1a152

sinZEQ

(£° - f8) /[ (£° - 1) veee5.19
)2

f + f9 fl + f8’ fo = (flﬁ"% f8 - f1f8 00005020

where fy., f8 ropresent the singlet and the octet I =Y = 0 particles of
sach nonet and f,f? are their corresponding physilcal states, (f1*~7 f8)
given in table V is the singlet-octot transition slement.

In deriving these results we have neglectod the effects of possible
mixing between, for example, 1P1 K*(1*=) and 3P1 K*(1™), Tho fact
that our predictions fall into nice pattern with experiment justifies
this neglect a posteriori, and indicates that such a mixing is expected
to be small, It is interesting to notice that for & = 0, our approx-
imated mass formula agreoes with U(6)®U(6) mass formula of reference
(50). Al though our method here is fairly unwieldy and tends to make the

true nature of the symmetry breaking forces less transparent, it has

the sole advantage of giving the oxact values of these symmetry breaking
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terms, notably, tha so-called tensor forces, and that, for any given e.
Morsover, if we believe in orbital excitation, it contains in it the
ingredients that will supply most of the information needed sbout higher
boson mass spactra, once as little as nine masses are known, for any

given value of the orbital excitation.
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A s J Spact.Noth L=20 L =1,§ L = 2,8
0 0 o=+ 130 1 0 0
1 1 331 1 0 0
1 0 1= 1Pj 1 0 0
1 o+t 3Po 1 -1 1
1+ %, 1 = -3
2 0 2~+ 1z, 1 0 0
1 17 3D1 1 23/2 21/40
o 3p, 1 -5 -21/10
3= 3ps 1 1 3/5
3 0 3t 1F3 1 0 0
1 zr ’, 1 -2 6
3+t 3F3 1 i -3 —21/2
i 3R, 1 32 /2

TAELE T¥: “hows values of the spin spiitting terms for £€=1,23.
Gand € are written up to factors of 1/\/52‘(2" 1) and

1/WL(2 F-1) 2( 2+ 1)(2£+ 3) respectively. Thuse factors are

however irrelevant for considerations withini a given 2.
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Symbol I p q r v t
K* i -1 ) 10 -1 0
0 1 2 -11 1 -1 3

wu 0 0 -32 | =32} -1 0
% 0 -2 -2 10 -1 0
wed 0 2Lz 0 0 0 0
K 3 -1 18 -18 | -1 b
T 1 2 9 =27 -1 -5
XY 0 0 0 0 5 0
" 0 -2 18 -18 1 -1 8
e 0 242 0 0 0 0

TR Y.
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APPENDTX

In this appendix we shall compute all possible baryon-baryon-meson
vertices related to the processes
BY ~3 B+ M veseliel
vhere M is a member of the 143:ureduciltis representation of U(6,6)

and B, B are membears of tho 220, 364 and 572 irreducible representaticns

of U(6,6). First, such a compui~iion will illustrats the procedure
outlined in chapter IV. Next, if U(6,6) invariance is approximately
truey, the large widths of scme of the newly discovered53 TOSON:. 1CeS,
notably the N% and YZQ strongly suggests that they may well bolong to
the three low-lying irreducible ropresentations of U(6,6), parity
di seropancies notwithstanding. It is thorefore wortlwhile, in the
manner of Re. Delgourge sid M.A. Rashi<:1,5l‘L to compute the coupling
strenghts for such transitions as (4.1).

From the product decompositions,

2207220 — 1 @143 @ U212 B ccuee

WU RIL > 1 P3G D eooe.

572 @572 —> 1 ® 143, D143,04212 ® ..o cenehe2
220 @ 572 —> 143 BU212 B aenns

36-'4» @5‘72 iy 143 @5095 @ sgnoe
wa see that there are unique invariant couplings for all but the process
572 —> 572 + 143 which has two distinet imvariant couplings. These

invariants are
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T 1
Y et %ABva L‘) tete \YLAB Jc “’B 5
. coe voB
W 4503 W{AB]C" \VI'ABC q”{ABﬂ o %5 -
where
kl')[ABJc * \H:CA.]B ¥ W[BC}A =0 .
=0

W}'_AB]C * L\}{’_BA]C
Tho SU(3)&SU(4) reduction of 220, 3G and. 572 «we given by:
220 = (8,207) B (10,4%) & (1,20)
364 = (10,20) ®(8,20%) B (1,4%) cosole’
572 = (10,20°) & (8,20) & (8,20°) ® (1,20) & (8,4%)
The decomposition in terms of the wave functions are given in equations
(2.33) to (2.35).
As an oxample we shall computo the first term of (4.3) Weiting
= (YR):{'(Ti)f o coooheb

wo compute, using oguation (2,35), the form

B
P et ey

e ST L B e
x (€YPS 5‘:9‘1 + g% 'G:’p) + cy.A,B,C}
Y e (g v
\/2 Lii._)_ Y CJ&B(er +€ vE Y 4 ay.d,B, C}

‘pt Y" q " Erigt Vyt,p
voonA.o?
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where A‘.u is a spin g" singlcet and v a spin %"' octet. The SU(3)

indices are trivially contracted using

£ Par . = (&P 59 6T 4 &P 59 6T 4 gD 59 T
c Elsm (65 6’0 6u t u 6s * 6u 65 6‘0)

- (&P 82 8T + 8P 59 8T + 5P 59 §F) seechsd
s u t t 5 u u t s

'pqr - = q .r - q g ooao.-
- E—ptu 6t ou 6u 6‘0 A9
(P¥ o =24 eo0ehol

C.pqu u

We consider in dotail the contraction of the U(L) indices.

For A‘JJ - Aup Ap‘ —% V transitionss; we have,
Y -1 PN v -
5,fc v (B0 + m)]%P ()Y {8 +m) v, Clog b, e
+ {(F‘ +m) Ysg QB.,:: Vo,}

;
=8, ¥p by S (B + eI 4 m) vy p} * 208+ ) sy (4° + m)v
l...A,Oil

and for v —» v transitions,
.\.;Y [C"'i Ys(lﬁﬂ + m“)]o(f:’ (,YR)z{[(Iﬁ + 1m) Y5 QQ’E’ \),Yq
+ [(F+m) vg €T vcf}

v Yo V Sp&(p{ +m)($* + nt) }

i

‘ - .\.)‘ '\(R ('g‘ + m)(]ﬂ“ + mv) Vv ' ..'..A.olz
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and

.\30( [C"i Ys (#* + m’)J By (\"R)z ‘C(# + m) Yy C}B-\{C Vo
='\3 v Sp {‘(F" + m?) YR (}‘.{.m)} cceochell

where p'y; p are the momenta of outgoing and incoming baryons
rospectively.
Taking into account the B.W. equations for the mesons; we can

define the analogue of the total current equations (4.17) and (4.18)
in terms of (YR),

tot _ 1
'\’5 = N (%"‘ U‘) 'Y5 .q.voilJ»



854

tot 1
= e + aoogA.i5
Y " (d + w A

1
whoere u is tho mass of the meson. Plugging (A.14) and (A.15) into

(As11), (Ao12) and (A.13)s and using the relations

q=p°-py P=p°'+0p

- e
er = 6\_),\)1{)\ Pv Qe Yy Y5 sso0efold
p\-“ \J. qu QP\JJ 0 oonvoi?
and the identity
p! P v ; r
oyl g J Y pep = _ (D) et
e [+ ko 1+ 2R v Vu(e) = - (e 5, u(p)
DGG.AD1_8

wo obtain, for 220 ~>» 220 + 143,

S =
g J5 12m2\)

0 . - s
p2 (1+-—pJ-) (\)\(5\))D-Tr(T1)\)‘v5\)

1 mti ° -
_W[( +"‘“")mq \)T A -i-h.c_l

= -
+ T2 (15 )LP B, Y58, * (Puay - aP) B, vs b)) T(D
L

(1+ 2)[ 25 9y - TH 0 e W

]

-1 gl o=

2l

+
W e un—u

2 .. e -
(1 +§%_L-b)\~(w)F+ Tr(Tl) w |

™

+
L §

REL S DY - *
(1+§%)\.£1+%)3MVT1Y5$\JJ

1 PO
Phquley by, + = qvaly's'yAAp,
4+ hee ]

2mm v

1 2m {2 = = }
- + & + (P q. ~qP
¥ 12:112{(1 BRI A Yy 8 Blay - a ) Ay Ay

Prfp2 = = A i
- {P By By, F (P&q\) - quP,,) Ay, A\,j»_\ Tr(T )
000-.«‘}..20
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For 572 —~» 220 + 1432

g'Ji5 = -fé' (1 + 220 )£ (1 + “?n){()\'f@ Vor - 2T1.(Ti)j§’4"v5 v
2 \omi i 6 = 3 -
+~/511§T1 Vg V- 2 gt Vg v +f§ }\'p, (th) Vs Ap‘J
+..2.Lrv.qu(f~rm~i Awﬁgaun(ﬁ) +V3 N, V)

\/3 -
mng \J,q'\) \_],P\J) N\J, Tl 'Y5 AV } oaoolle2]

-

, P P
~igioo L nrm ¢ ReRfyim B Mmd o IA Rl 7 i
gy =5 (1 + " )5{(1+mno )1_/3“ JT V+2u§m v+2,/55\/;\y5T v
—e S 2 . o
+\/'§NT1 Yy, Au'ﬁyYS Ay Tr(Tl) + 2f2 fr Ys 4y
+(p7\ + P ¢ ) p - 2T (T ¥ v - -‘,;IT vaidr v
lnﬂ ) M r ‘/6 - 7z

R}q;{)DF-T Tl)ﬂv+ jT v-2iPr oyl

; . , L -
(%YAY,s_ AT ﬂ.NT VE S YT - 2T ]

mn 2m'm

e Fudv T a8y Ny T
o B (0 e - 2000 v+ B T 8]
1 7 i

- S PA(P q,, - 9P, ;(u T A, soeeho22

For 572 = 572 + 143, the first coupling,
glol = L (e m >{<1 + BBY (7w T () AT vy

1 5
) , _ o il
+ ',-z-hrTl Y5J3]+ me 9, ,Np‘ Tlﬂ + .é—“';(u le



87.
2 - oA
¥ Biﬂv (P2 8 +Pa, - Py 1, T v Y, }th,c

conehie3
gziJi = é (1 + I_";:!‘;fﬂ")l (1 + ﬁ*ﬁ”)[ b}(}\ i Y;,j - \/gh‘;\ ™ y5))/
(- 242 Py 2] - ‘/SNTI’“’ + o Vi ]
o) ne®
P
o A%y q, 7 ol
(R g [ AT

* i (N - Gigy + AT+ AP

=== (%5 4 P, - Pya) v ;‘{u ™ Nv }

umm
P

~ Lmn® W

P () —- -
* '63'{ (1 + \L) {Tr(Tl) NIT+ (J{}{)F} +hec  eseche2l

(P2 6, + Pay - Pya) i, TV,

For the second coupling of 572 - 572 + 143,

gl o L .1::!.1.{ BBy (5. 5 5
g% =k (1 B (14 B )[(}Wﬂﬂw*ﬁ;m Y5y

+ J-?L}?Ti \/55,%1
CBRL Yy -8 A - (03

bk, Eupo 2,00 + B - pro S 1, - ALY, 7

Lym ?
J¢ OA 25

1.1 1 9( opt u I oy i, T
810y = 75 (1 + EEDD (14 2R v, /B T (T NN -Jémwn)D

N, Y]
féT(Tl)\f - J6CH y(

0
P35 Px

1
(- g qp’ Yy '\/5 + p ©
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+ N o
N, Ty ]

. T 2Nty ¢ LRt

+ R L+ gNTY + LTS ]
¢

+ L(EA . Py Vi i i
Fﬁ(m’ +.H)[\/‘3;)(T ¥y -]

A _a? i 1y f Y ‘

* g (Wt me ) BTN T + U“‘”F}

1§ m? ( iy 1Y, i

T L(i +=)(q By = q, S * Py 6\4&]’1 Tr(T )Np,Nv "Np,’\fv Tl}

L W W

Sl 140 ppe B v}‘Ti’

T gmmi\( 2 ) ppg - pg B N, T &
. ¢ P —~ 1 - . — .

4 (1+RS-E .—2\ - Tl -+ -1- T:L .-.-A.26
where m, m® are respectively the masses of the incoming and outgoing
baryons at each vertex. We have not included here the results for
572 ~» 364 + 143 and 364 —» 36l + 143 as these have been published in
references (54) and (3) respectively. The presence of the characteristic
factor fi + (m + m')/u‘] whica enters through the equations of motion,
and the appearance of the same F/D ratio in the magnetic moment part
of the vector current as well as in the pseudoscalar current, are

noteworthy.

Here, the particle symbols s Np? N ‘;t are respectively decuplet
of spin £*, octet of spin _gk, octet of spin £ and singlet of spin 3, all

belonging to the 572 irreducible representation of U(6,6).
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* For detailed calculation, see Appondix.
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