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Table II, Cross sections for p production.

Photon-energy
range
(BeV)

1.1-1.4
1.4-1.8
1.8-4. 8

po

in 3C events

20
40
85

95% confidence
limits

0-60
0-90

55-100

Experimental po

production o

(pb)

12.1
17 ~ 7

19.6

efficient reduction of the data, and our engi-
neers and technicians for their help with the
operation of the bubble chamber.

This work is supported in part through funds pro-
vided by the U. S. Atomic Energy Commission.

40n leave from the Weizmann Institute, Hehovoth,
Is rael (1963-1964).

H. R. Crouch, Jr. , et al. , preceding Letter [Phys.
Hev. Letters 13, 636 (1964)) .

~The 95% confidence limits obtained from the X

fits are, respectively, 55-100@, 0-75%, and 10-50@.
The N~ was taken to have a Breit-signer form with
M~* =1225 MeV and I'=100 MeV.

S. D. Drell, Phys. Rev. Letters 5, 278 (1960}.
4L. D. Hoper, Phys. Hev. Letters 12, 340 (1964).

~M. L. Thiebaux, Jr. , Phys. Rev. Letters, 13, 29
(1964); E. Ferrari and F. Selleri, Nuovo Cimento
21, 1028 (1961);R. Cutkosky and F. Zachariasen,
Phys ~ Rev. 103, 1108 (1956).

6H. Del Fabbro, M. De Pretis, R. Jones, G. Marini,
A. Qdian, G. Stoppini, and L. Tau, Phys. Rev. Let-
ters 12, 674 (1964).

S. M. Berman and S. D. Drell, Phys. Rev. 133,
8791 (1964).

This is the best fit for the combination of p and

phase space. The p~ was taken to have a Breit-
%igner form with M& =725 MeV and I'=150 MeV.
The least-squares analysis gives 95 probability
that the fraction of p in this region is between 20%
and 100%.

SJ. Bronzan and F. E. Low, Phys. Hev. Letters
12, 522 (1964).

ELECTROMAGNETIC PROPERTIES OF BARYONS IN THE SUPERMULTIPLET SCHEME
OF ELEMENTARY PARTICLES*

Bunji Sakita
Argonne National Laboratory, Argonne, Illinois

(Received 7 October 1964)

Recently an extension of Wigner's supermul-
tiplet theory of the nucleus to the elementary
particles has been developed. ' ' The group
used in the theory is a group SU(6) which has
a subgroup SU(2) 8SU(3) identified with the
direct product of the ordinary spin group [SU(2)]
and the SU(3) internal-symmetry group. As
mentioned in reference 3, the group SU(6) al-
so has a subgroup SU(4) which can be identi-
fied with Wigner's SU(4).' It has been sug-
gested that the pseudoscalar mesons and the
vector mesons are members of a regular rep-
resentation 35 of SU(6). In reference 1, the
20 representation was derived from the quark
model' for the supermultiplet to which the
baryons belong, vrhile in references 3 and 4,
the 56 representation has been chosen. Al-
though the nucleon in the 56 representation
does not have Wigner's representation' of SU(4),
in contrast to the nucleon in the 20 representa-

tion, the 56 representation has the following
interesting features, as noted by Pais'. (a) It
contains a decuplet of spin-$ particles together
with an octet of spin-~ particles; (b) it gives
a relation between the mass difference among
octet baryons and the mass difference among
members of the decouplet.

The electromagnetic properties of baryons,
especially the magnetic moment, have been
discussed in reference j. under the following
assumptions: (i) The electric' (and magnetic)
current is a tensor of the regular representa-
tion of SU(6), and also a tensor of the (I, 8)
[and (3, 8)] representation of SU(2) 8 SU(3).
(ii) The representation for baryons is 20. These
assumptions are based on the quark model of
elementary particles which is assumed to have
the minimal electromagnetic current of quarks.
In this note we shall discuss the same problem
by replacing 20 by 56 for the baryon representa-
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tion in assumption (ii). Although we might avoid
the quark model in choosing a 56 representa-
tion for the baryons, the assumption (i) for
the transformation property of the electromag-
netic current is a natural one since it is the
simplest generalization of the electromagnetic
current from the SU(3) symmetry scheme to
the SU(6) scheme. We shall also discuss the
mass differences among the states in an iso-
multiplet under the assumption that they are
due to a second-order electromagnetic per-
turbation.

A basis of the irreducible representation 56
of the group SU(6) can be described by a total-
ly symmetric third-rank tensor in a complex
six-dimensional vector space, which we de-
note by %ABC =O'BAC =4ACB. %'e may inter-
pret this tensor as a wave function for an octet
of ba,ryons and a. decuplet of spin-~ particles,
and may decompose @ABC into wave functions
of the spin-z octet (N~;P) and the spin-q de-

cuplet (D~py. ,jI,) as follows:

4
ABC in, jP, ky

=D . , +(I/3&2)[~ e. .Na; ijk nfl ij y, k

A AaC A'—
A ABC (2)

Inserting the expression 4 into (2) we obtain

where Dnp . ijk is totally symmetric with re-
y9

spect to the Greek indices and the Latin indices,
respectively, so that it represents a decuplet
of spin-& particles. '

Inly and E'ij are the total-
ly antisymmetric tensors in a three- and two-
dimensional vector space, respectively.

We first construct the effective current in
a bilinear form in 4' in such a way as to retain
the transformation property of the 35 represen-
tation. Using the tensor notation, it is given
by

A' I il
A in nPy' ijk n i

, n'P5 i'j —,y, k —&'py, ijk 6
jnay', ijk nfl ij y, k

il I I
+ &{6. (~VN ) + z(v) . [3(NoN ) +2(NaN ) + 6 (NoN)]f,En ~ s Dn (3)

where

(DD)=D y' ~ D
nay,' ijk' (NN ) =N N NN-En P n n P

(NN ) =N N +N N —,26 AN&,Dn P n n p
(NN) =N N

n

The last line in Eq. (3) is the octet baryonic
current and the terms in this line correspond
to the (1, 8), the (3, 8), and the (3, 1) represen-
tation of the SU(2) Ca SU(3) group, respectively.
We may see that we have an E-type current
for the (1, 8) current, while we have (3D+2E)-
type coupling for the (3, 8) current. ~ From
assumption (i), therefore, the type of coupling
of the magnetic current is 3D+2I'. Since the
SU(6) symmetry is to be applied only in the
static limit, ' the magnetic current is propor-
tional to the total magnetic moment of the par-
ticle. From this consideration and the result
of Eq. (3), we immediately derive the ratio of
the tota, l magnetic moment of the proton and

the neutron:

P /9
P n

(4)

This exceedingly good agreement of the mag-
netic moment with the empirical one seems to
encourage us to choose the 56 representation
for the baryons as well as the SU(6) symmetry
scheme itself. Of course, we obtain all rela, -
tions among the magnetic moments of baryons
derived from the SU(3) symmetry. "

The second line in Eq. (3) gives the magnetic
dipole transition between the spin-& excited
state and the spin- & baryonic state.

Next let us consider the mass differences
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among the states in an isomultiplet due to the
electromagnetic interaction. Since the elec-
tromagnetic mass splitting is of second order
in the electromagnetic interaction and the elec-
tromagnetic current is a tensor in the 35 rep-
resentation, the mass-splitting Hamiltonian
should be a product of two 35 tensors, which
is reduced as

35 35 = 1+35+ 35+ 189+280+ 280*+405.

The mass term of the baryons formed from
4 4 is reduced as

56*@56 = 1+35+405+ 2695.

The number of representations in common in
these two products is the number of parame-
ters (number of independent couplings) in the
effective electromagnetic mass-splitting term
of baryons. One of the 35's in the first product
is antisymmetric with respect to the inter-
change of two tensors in the product, so that
it does not contribute to the electromagnetic
mass term because these two tensors in the
product in the electromagnetic mass-splitting
Hamiltonian are symmetric. Therefore, we
have three independent couplings: 1, 35, and
405. Since the terms from 1 do not contribute
to the mass difference, however, we have es-
sentially two parameters in an effective mass
term. Using tensor notations, we may write
the mass term of baryons as follows:

il, A,—B —il, jl, A

i1,A, 8 i1,j1,A
The first term is the contribution from 35
and 405, while the second term is from 405.
If we insert the expression for 4 [Eq. (I)], we
obtain

+PjD D

From this we obtain the following mass rela-
tions:

~4+ ~40 y g+ y W p g+ go1 1

y 4— y 40
1 1

where we have denoted the mass of the parti-
cle by its symbol. The relations among the
decuplet states are the consequences of SU(3)
symmetry alone. '~ Experimental values of the
mass differences are'~

p-n =-1.3 MeV, Z+-Zo= -2.85+0.30 MeV;

=6.1+1.6 MeV, Z- Zo 4 75+1 0 MeV

Agreements with the theoretical predictions are
not so impressive as for the magnetic moment.
%e note that our results, of course, satisfy
the Coleman-Glashow mass relation for bary-
ons, ' but are not compatible with some of the
predictions of the tadpole model. '~

%'e would like to thank Professor L. Michel
and Dr. H. J. Lipkin for their illuminating dis-
cussions, and Professor R. G. Sachs for his
careful reading of this note.

Note added in proof. —After we had written
this note, Professor L. Michel showed us a
preprint by M. A. B. Bdg, 8. %. Lee, and
A. Pais, in which they also obtained the ratio
of magnetic moments.
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Dsss =0 D~ss =" /~3 D2ss ="
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the type of coupling obtained in reference 4 for the
pion-nucleon interactions. In our point of view, how-
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Recently, ' striking evidence for the process

Z,'- n++ m

has been reported, with a branching ratio of
about 2 x10 ' to all the other decay modes of
E,'. Since this process is forbidden by CP
invariance, its existence means that CP in-
variance is violated in the weak interactions.
In the light of the CPT theorem, T invariance,
too, is violated. This development adds new
fog to an already confused situation. So far,
tentative partial explanations of the experi-
mental facts have been made possible by as-
suming empirical nonconservation regulari-
ties, namely M=

& and M = a/ rules, '&' and,
with the help of the spurion~ trick, by pushing
into the weak interactions, which are I- and 8-
nonconserving, the isotopic technique, built
into the strong ones on the assumption of I
conservation. Even so, it is difficult to under-
stand, from one side, the regularity in the
violations, more than the violations in them-
selves. From another side there is much dis-
cussion yet about the validity of such rules
and about the extent of their violation (M= ~,
bS = -aQ).' ' We are almost led to talk in
terms, so to speak, of "regularities in the
violation of the regularities of the violated
conservation of isotopic spin. " Still, the reg-
ularities in the weak interactions really exist,
suggesting the existence of some underlying
symmetry related to an isospinlike conserva-
tion. This idea is not new and several attempts
in this sense are known, ""but so far they
have been limited mostly to the leptons. Sum-

marizing, the trend has been to look at the
weak interactions through the strong-interac-
tion scheme, with its well conserved I and I„
and to realize that they are no longer conserved:
a curious, special way of being nonconserved,
however.

The recent discovery of CP nonconservation,
furthermore, robs the M= & rule of most of
its power. In fact, CP conservation together
with the Pauli principle allowed in many cases
the selection of one value for I out of the two
consistent with bI= ~, thus allowing Clebsch-
Gordan-type calculations to predict several
ratios. If CP is not conserved, this is no
longer possible: Two independent isotopic
amplitudes are involved (for instance in E,'
decay), and even a more or less ad hoc state-
ment about the "extent" of CP violation can-
not give definite predictions without further
assumptions on the relative "strength" of the
two amplitudes.

It is the purpose of this note to suggest a.

way of reversing the trend by looking direct-
ly at the weak interactions to see if the pres-
ent rules can be unified and understood on a
more general basis. Namely, we propose to
interpret the regularities shown by the weak
interactions as due to the existence and to the
conservation of a weak isotopic spin I' and of
its third component I, ', related to the electric
charge by

Q= xY'+I '

which is the weak equiva, lent of the well-known

Q = g~Y+I3,


