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approximations involved. We also note that the pre-
diction SignBz=SignB, is quite consistent with the ex-
perimental values 84=0.184-0.24 and Bz=0.1320.17.

VI. A BRIEF SUMMARY OF SU; RESULTS

It is perhaps convenient to recall briefly some of the
comparable results of the well known theory con-
structed by Cabibbo on the basis of the SU; algebra.?
This theory predicts the rule AQ=AS, [for example
x=0, RE+*— n+lt+r)=R(E'— Z~+I++»)=0] and
the relation Rp=R,. The fact that in this theory
=0 implies that no observable violation of CP can be
found in the time distribution of the (K°).; decays. In
addition the Cabibbo theory leads to the following

2t N, Cabibbo, Phys. Rev. Letters 10, 531 (1963).
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ratios for G4/Gy in leptonic decays?:
(Ga/Gv)aop=—0.68,
(G4/Gv)s=0.305,
(G4/Gv)zao=—0.19,
(G4/Gv)zz0=(G4/Gy)zes+=—1.18.
The Cabibbo theory also predicts the branching ratios

B(A— p+e+7)=0.91X1073,

B(E— nte+9)=1.32X1073,

B(E~— A+e+79)=0.61X10~,

B(E~— A+e+9)=0.65X1073.

2 W, Willis ef al., Phys. Rev. Letters 13, 291 (1964). We quote
solution A(i).
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The electromagnetic predlctlons of the particle symmetry G. with symmetry breaking are given. Since
none of these predictions are in conflict with present experimental results, it is concluded that arguments
against G, based on its electromagnetic predictions without symmetry breaking are invalid.

OME of the arguments against Ge as a particle

symmetry have been that it predicts, in the sym-
metric limit, incorrect electromagnetic properties for
the particles.! For example, G2 contains CA (charge
conjugation times 4 parity) as an inner automorphism.
From CA, it follows, to all orders in the electromagnetic
field and to zeroth order in the moderately strong
symmetry-breaking interaction Hg p., that

me-—mzo=mp—my, (a) I's+=—T3-, (e)
mz*—mz-= (b)  Tp=—Tz-, (® W
T'y=0, (© Ip=—Tx, (g

I'y=0, (d)

where T, is the electromagnetic vertex operator for the
proton. Moreover, there exist other inner automor-
phisms of G, which, in the same approximations, give

1 Supported in pa.rt by the National Science Foundation.

1See, for example, G. Feinberg and R. E. Behrends, Phys.
Rev. 115 745 (1959) ; R. E. Behrends and A. Sirlin, 4bid. 121, 324
(1961) Y. Dothan andH Harari, Nuovo Cimento 32 498 (1964)

A. J. Macfarlane, N. Mukunda, 'and E. C. G. Suda.rshan Phys.
Rev. 133, B475 (1964) ; N. Mukunda, A. J. Macfarlane, and E.C.
G. Sudarshan bid. 138 B665 (1965) J. B. Bronzan "and F. E.
Low, Phys. Rev. Letters 12, 522 (1964) S. Okubo and R. E.
Marshak, Nuovo Cimento 28 56 (1963).

the additional results
r,=0, (h)
p=T3+, (1) 1)

By using these and other properties of G, one can also
show, to the same approximation, that the following
processes are forbidden

= 704y, (k)
=y, (@)
(m)

It is immediately apparent that all of these predic-
tions on which data exists are in violent disagreement
with experiment. Clearly, fo this degree of approxima-
fion in electromagnetic processes, G2 is a very poor
candiate for a particle symmetry.

Now, it would be convenient for physicists if the
particle symmetry of nature were such that all its pre-
dictions in the symmetric limit were valid to a high
degree of accuracy. Unfortunately, however, nature does
not always arrange itself for our mathematical con-
venience. It thus seems entirely reasonable to examine
G: and its electromagnetic predictions a little more
closely before arriving at any conclusion as to its

Mz+—mzo=mp—mMy. (j)

=, (n)
20— A4y, (o) (1)

wo_é‘Y:



1102

validity in particle physics. It is the purpose of this
paper to establish the electromagnetic predictions of G,
which hold when the symmetry-breaking effects are
included. We denote by 8 the coupling strength of the
symmetry-breaking interaction, Hggp,, which trans-
forms like the hypercharge generator of Gs.2

In an accompanying article,® we have seen that the
relative forbiddeness of the processes (1”%)-(1""%) is con-
sistent with the present experimental situation; the
results were | gusta| ~Blg el 5 |gsor|~Bguty]. Also
from the electromagnetic-form-factor analysis, we con-
cluded 'ngN( "’ﬂlgpNN‘ . (Note that JuNN and 80NN
are not related by symmetry because the p and w belong
to different representations.) As one can easily establish,
both g,0,¢, and g0, are forbidden in first order (i.e.,
gox0y < al/?B and g0, < @'/28 where e is the fine-structure
constant), and hence can be related to other constants
only through a dynamical model. Thus, by including
symmetry-breaking effects, the processes (1”'%2)—(1""n) do
occur and there is no inconsistency with experiment.

Let us now turn our attention to the form-factor pre-
dictions. Up to first order in Hs 5., and first order in the
electromagnetic interaction, the form factors will trans-
form like Q+QHs 5., where Q transforms like the elec-
tric charge. For the seven dimensional representation,
to which the N, 2, and & are assigned, the quantity
QHs . will transform as a linear combination of the
I;=0 and V=0 matrices D*(0), D*(1), and D*(0) (the
superscript is the dimensionality of the representation
and the argument is the total isotopic spin). If one notes
the further condition that (Es,(Es,QHs.5.))=0, then one
obtains, to first order in the symmetry-breaking inter-
action, the following relations*:

Pn= PZD:' on’
FP*FE_=F2+_I‘E-, (2)
Pz++rz'= 2Pz°.

Thus, we see that already in first order all the objec-
tionable form-factor predictions have been removed.

But we can do better. Proceeding in exactly the same
manner, only now to second order in the symmetry-
breaking interaction and first order in the electro-
magnetic interaction, we find the relations®

T+ Tgo=T5++T5-=2T5. 3)

2 R. E. Behrends and L. F. Landovitz, Phys. Rev. Letters 11,
296 (1963).

3R. E. Behrends, L. F. Landovitz, and B. Tunkelang, Phys.
Rev. 142, 1092 (1966) (first paper of this series).

4N. Mukunda, A. J. Macfarlane, and E. C. G. Sudarshan,
Phys. Rev. 138, B665 (1965). By considering representation
mixing of the states, these authors obtain the relations I'» =TIz,
I‘p—I‘z+=I‘g'—I‘z"=3(I‘,.—I‘z“).

5In fact, by using (Es, (Es5Q**"Hg.p.))=0 where #» is an;
integer and by noting that CA(Q*H4-Q1Hg g2 (CA)!
= — (Q»+H14- Q2 F1fg 5 ?), one can show that I',+T'z0=2T30 holds
to second order in the symmetry-breaking interaction and to all
orders in the electromagnetic interaction. The relation I's+*4TI's-
=2T's, on the other hand, is the well-known isotopic-spin relation
which holds to all orders in the symmetry-breaking interaction
but to only first order in the electromagnetic interaction.
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It should be noted that these relations among form
factors hold for all four-momentum transfers.

If one confines his attention to the low four-momen-
tum transfer part of the form factors (say, to the region
where the neutron and proton form factors are now exper-
imentally known) one can say a little more. Recent form-
factor analyses® of # and p seem to indicate that I', and
T', are dominated by the p, w ,¢, and an I=1, JF=1~
resonance above the ¢. (Whether it is the B or not is
an open question; however, in Gs, the ¢ is assigned to a
14-dimensional representation and hence must have
such a partner in the nearby mass spectrum.) Because
of the higher symmetry, then, we expect that all the
baryon form factors in the low four-momentum region
will be dominated by this same set of resonances. In
fact, if we assume that these four resonances (at four
different masses) are coupled in a G, symmetric way
to the baryons, then we may easily derive the
relationships

T o= Ty Tg-=Too-T3-=2T, (4

which should hold for low four-momentum transfers,
e.g. static magnetic moments.

The form-factor analyses seem to suggest that the
contributions from these four resonances are roughly
comparable.® Since [g,oy|~B|goy| we were led to
|gonn|~B|gonw|. Similarly, since ¢ — v and B°— vy
are allowed while w— v is first-forbidden, we might
guess that the full relation |g,o,|~B|guoy| ~B%|gev|
~fB?| gpy| roughly holds. We then would be led to the
relation | govw |~ |gavn|~B| gony| ~B%| gonr| in order
to obtain comparable contributions to the nucleon
form factors.”

Since the A is assigned to a one-dimensional represen-
tation of G, its form factor cannot be related to the
other baryons. However, it would not be unreasonable
to expect its form factor to be dominated in the low
four-momentum transfer region by the w and the ¢. If
such is the case, and if, through some accident, |goaa|
~ | gonn| and |gean| ~ | gonn|, then the form factor for
the A would be the same order of magnitude as the
form factors for the other baryons, which seems to be
the case experimentally. One might also note that just
from the symmetry properties, the A form factor is
nonzero in the same order of symmetry breaking as the
neutron form factor is nonzero. It, therefore, seems to
us that although no relation can be given between the
A and other baryon form factors, the experimental re-
sults on the A do not contradict the results expected
from G, with symmetry breaking.

With regard to the transition form factor I'sy for the
process »_9— A%+, we note that this becomes non-

6 E. B. Hughes ef al., Phys. Rev. 139, B458 (1965).

7 It appears that such a relation is not completely absurd since
there seems to be some evidence for |g,nn|<|gonn| when one
compares K~p — Aw and K~p — Ap. See P. Schlein, lecture at
Summer Institute for Theoretical Physics, University of Colorado,
1965 (unpublished).
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zero to order O(8?). In Gs, however, there is no way to
relate this transition moment to any of the baryon form
factors. Thus, although we know that the process is
inhibited to O(8?), there is no way of testing this pre-
diction short of using a dynamical model.

We are now left with the question of the electro-
magnetic mass differences of the baryons. In a manner
similar to that which we used on the form factors, we
note that for the seven-dimensional representation, the
first-order contribution to the electromagnetic mass
differences will transform as a linear combination of the
I3=0, Y=0 matrices D7(1), D'4(1), and D#(0). It is
then easy to determine the relations which hold to
first order in symmetry breaking and all orders in the
electromagnetic coupling:

Om p+ Omg-= dms++dms-,
Mt Omzo=20mso.

Written in terms of electromagnetic mass differences,
these become the one relation

My—Mp— (mg-—mz0) =2mzo—mz*+—mszs-.  (5)

Although this relation is still badly violated experi-
mentally, we can see that, in fact, it is a world of im-
provement over the relations (1a) and (1b).

If one assumes that D7 is dynamically suppressed (we
shall discuss such a model in a moment), then one ob-
tains an additional relation

Mn—Mp+mz-—mgo=ms-—msz* (6)

which, with the present numerical values, holds within
experimental error.

By proceeding to second order in the symmetry
breaking, one finds that there are no restrictions on the
electromagnetic mass differences of the baryons. If, how-
ever, one again imposes the dynamical assumption that
D7(1) is suppressed, one finds that the relation (6) holds
to second order in the symmetry-breaking interaction.

Let us now turn to the question of a dynamical sup-
pression of D7(1). In most of the popular models for
calculating the electromagnetic mass differences, the
dominant contributions are of order « and involve
only the low four-momentum part of two-baryon elec-
tromagnetic vertex operators (for an emission and
absorption of a photon). We have already discussed
the G; form factors when they are dominated by the
p, ®, ¢, and B, i.e., the low four-momentum part of the
form factors, and have listed certain relationships
among the various couplings. If one uses these results
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in a model in which the form factors appear twice, one
finds that the dominant contribution (up to second
order in Hgs p.) to the electromagnetic mass differences
will appear in the representations contained in 14® 14,
1®14, 1®1, and in the N=1 and 27 representations
contained in 7® 14. Since N="7 is not contained in any
of these products, it then follows that D7(1) is dy-
namically suppressed in such a model [the suppression
is of order O(B)]. Thus, we see that on the basis of a
rather general dynamical model, relation (6) is expected
to hold in G, with symmetry breaking.

Let us recapitulate. The electromagnetic predictions
of G, with symmetry breaking which we expect to hold
with some degree of accuracy are Eq. (3) for all four-
momentum transfers, Eq. (4) for low four-momentum
transfers and Eq. (6). The objectionable electromagnetic
predictions of Eq. (1) which follow from G, without
symmetry breaking are all changed, by including the
symmetry-breaking interaction, into relations which
either do not yet contradict experiment or in fact agree
with experiment. We thus conclude that the arguments
presented, so far, against Gp as a particle symmetry,
based on its electromagnetic predictions, are not valid.

For purposes of comparison, one should note that the
symmetry SU; predicts Eq. (6) for the electromagnetic
mass differences and therelations I's+= T, 'go=T', = 2T,
= (— 2/\/3)PT= —ZFEO, Pz‘= PE‘= - (Pn-l- Pp) in the
limit of no symmetry breaking.® To first order in the
symmetry-breaking interaction, there is no relation-
ship among the observed masses of the baryons while,
for the electromagnetic vertex operators, two relations
survive®: the usual isotopic-spin result I's-—+ T'g+=2T's0
and (—2V3)T'p=20'g0+ 2T'y— 'o— 3T},

An interesting comparison of the SU; and G, pre-
dictions are given by the static magnetic moments of
the Z—and the 2~. In SU;in the symmetry limit, these
are uz-=puz-=—0.88(¢/2m). For G, with first-order
symmetry breaking, we have from Eq. (2) uz-=pu,~+puz-
—pzr=upt2uso— 2us+=pp+2u,—2uz+ and wuz-=2use
—us+=2uy—pus*+ which gives uz-~(—9.64-3.0)(e/2m)
and ups-~(—8.1%1.5)(¢/2m) for the present experi-
mental value us+=(4.341.5)(¢/2m). Although these
relations may not hold to better than 209, for both
SU; and G, the predictions for uz- and wz- are suffi-
ciently different that they can easily be distinguished
experimentally.

8S. Coleman and S. L. Glashow, Phys. Rev. Letters 6, 423
(1961).
9S. Okubo, Phys. Letters 4, 14 (1963).



