
STRUCTURE OF ELECTROMAGNETrC r IELD

It is therefore of importance to study the permanenc~.
properties of the null Geld, that is, to find under which
conditions Maxwel1's equations will keep null a field
initially null on a space-like hypersurface. Mariot"
has in this connection proved the interesting theorem
that this is so if the g-field is integrable, i.e., if it. is
orthogonal to a family of hypersurfaces. The geometrical
meaning of the conditions imposed on the actual

"L.Mariot, thesis, Paris, 1957 (unpublishedl.

geometry by the existence of a null field is, however,
not yet c1ear.'"
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The consequences for the electromagnetic interactions of strange particles of some proposed symmetries
of the strong interactions are discussed, A minimal electromagnetic coupling is assumed. It is shown that
if the interactions with both m and E mesons of the nucleon and cascade particle are identical, if one neglects
the n — mass difference, and if charge independence is satisled, then the electromagnetic form factors of
the &0 and 50, and in particular their magnetic moments, vanish. This is independent of any assumed relation
between the A and Z interactions, such as global symmetry. It is also shown that the same conditions,
together with charge conjugation invariance, imply a generalized form of the Pais-Jost-Pugh theorem about
processes involving only meson or photon external lines. If there is still more symmetry for the strong inter-
actions, as in the case where the x interactions are globally symmetric and the IC interactions also have this
doublet structure, it is shov n that the E.' acts as a completely neutral particle insofar as electromagnetic
interactions are concerned.

I. INTRODUCTION

'HERE have been a number of proposals that the
strong interactions of baryons with m. mesons

and E mesons possess more internal symmetry than is
implied by invariance under conventional isotopic spin
rotations. ' ' In this paper we will examine some of the
consequences of these proposed new symmetries for
the interaction of these particles with electromagnetic
fields. Some of these results have been stated before
under more restrictive assumptions than we will make
here, and part of our purpose is to indicate how strong
the symmetry required to derive a given result may be.

Ke shall assume the "principle of minimal electro-
magnetic coupling, '" i.e., that the fundamental inter-
action of the electromagnetic 6eld is only with the
current 4-vector of the charged particles. All other
interactions of the electromagnetic Geld are assumed to
arise through the combined ejII'ects of the strong inter-
actions and these minimal interactions. There is some

*Work performed under the auspices of the U. S. Atomic
Energy Commission.' M. Gell-Mann, Phys. Rev. 106, 1296 (1957); A. Pais, Phys,
Rev. 110, 574 (1958);J. Schwinger, Ann. Phys. 2, 407 (1957).

'G. Feinberg and F. Gursey, Phys. Rev. 114, 1153 (1959).
This paper will be referred to as I. J. Sakurai, Phys. Rev. 113,
1679 (1959).

~ M. Gell-Mann, P'roceedings of the Six/h Annuu/ Rochester
Conference on High-Energy Physics (Interscience Publishers, Inc. ,
New York, 1956); A. Pais, Phys. Rev. 86, 663 (1952).

evidence for this assumption in m-nucleon physics,
where the program of calculating the nucleon magnetic
moments and form factors without introducing non-
minimal terms has been moderately successful. ' In
strange-particle physics, there is very little evidence
about this, as the electromagnetic properties of the
strange particles, other than their charges, have not
been measured. There is, however, the original argu-
ment of G-ell-Mann and Pais' that the minimal prin-
ciple is su1Ticient to eliminate strangeness-violating
electromagnetic decays like A' —+n+y In this .paper
we use the minimal expression for the electromagnetic
interaction to determine the transformation properties
of the electromagnetic interaction under certain
permutations of the baryons and mesons. Any terms
which transform the same way could be added to the
minimal interaction without changing the conclusions,

In Sec. II of the paper, we discuss the electromagnetic
vertex operators, and in particular the magnetic
moments, of the baryons. In Sec. III, a theorem proven
by Pugh' is generalized and proven under diGerent
hypotheses than he used. In Sec. IV the electromagnetic
vertex of the neutral E mesons is discussed.

4 Federbush, Goldberger, and Treiman, Phys. Rev. 112, 642
(1958).' R. Pugh, Phys. Rev. 109, 989 (1958).
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This transformation is a rotation among particles with

opposite hypercharge, and is a special case of the
rotations called 1' rotations in I. The second trans-
formation we consider is the conventional isospin
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FIG. 1. Two diagrams contributing to the Z+ and Z electro-
magnetic interactions which have the same sign. The vertices
which have opposite coupling constants in the two diagrams are
labelled. It may be seen that the opposite charge of the p and p
are compensated by the opposite sign of the Z+ and Z couplings
with the mo.

II. ELECTROMAGNETIC PROPERTIES
GF THE HYPERGNS

The minimal electromagnetic interactions of the
baryons and mesons are

K &e[p O'NV ir (1+T3)O'N+ g O'RV p ( T3

+fz'YpT84'z]Air+ I$g Qx (1+Tg) 8~px
2(—B„yx)(1+Ta)yx jA „+2e'yx (1+Ts)4 KA „'

+ietL& T38„& $A„+e'p Tan A„'.

Here fN, iP;, and Qx are 2-component isotopic spinors,
for the nucleon, cascade particle, and E meson; fz and

are isotopic vectors for the Z hyperon and ~ meson.
r3 is the Pauli matrix, and T3 is the isotopic spin-one
matrix.

This Hamiltonian will be invariant if one changes
each positively charged baryon into a negatively
charged baryon, each neutral baryon into another
neutral baryon, and similarly for the mesons, and also

changes the sign of the electromagnetic field. A trans-
formation of this kind can be performed by erst making
a charge symmetry rotation for all the particles with

isotopic spin, and next interchanging nucleon with
cascade particle and the E+ with E', and 6nally
changing the sign of the electromagnetic field. To
discuss this formally, we consider two transformations.
The erst is

rotation e' ~ ('"~'~,

or p-+ Ti, e-+ —p,

fz ~ giwT2$Z or Z+ —+ —5, Z —+ —Z+,

g0~ g0

Qw~8' 2Q Ol m+~ —
m r 7r ~ —m'+,

~0 —+ —m0

4K~ el' "yx or E+~E', E'~ E+. —

Under the product transformation AB, one has

~ g$iwrQ

g2iww+N

or p~, n~—
or V0 ). g ~w —~ *

g0~ g0

gi w T2Q

or Z+ —+ —2,

or ~+ ~ —vr,

—+ —2+,
g0~ g0

(AB)

@x~e*' "Qx~—— Qx or—E+ —+ E+, —
E0-+ —X0.

Jfw= gNNw4'NQNQw+gzzwg'ZTQE4 w+gZLw PZQA4w

+g=---4 =-T4 =-4-+H.c.,
+x gNAK4'N4'L4'x+ gNzx4 N 4E4'K+gRdx4's444'x

+gKzxg w&z4 xg+H. c.,

(2)

where Dirac matrices are omitted. Invariance under 2
now implies the following relations among the coupling

Thus under the product transformation AB, each
positive baryon goes into a negative baryon and the
neutral baryons go into neutral baryons, and similarly
for the mesons. Therefore if one changes the sign of
A„, 8, will be invariant. It should be noted the II„„
is not invariant under A and 8 separately.

It is important to note that this transformation does
not mix Z with A, or with nucleon and cascade particle.
This distinguishes it from the transformation to be
considered in Sec. IV, which also leaves B, invariant.
However, since this transformation interchanges
nucleon and cascade particle, it will only be useful if
one neglects the mass difference between these particles,
and also certain mass splittings within each multiplet.
When this is done, the free-particle Lagrangian is
invariant under ~B. It is not necessary to neglect the
Z-A. mass difference or the Z-nucleon mass difference,
for example.

We assumes that the strong interactions are charge
independent, and so invariant under B. Then in order
to get invariance under the product, it is necessary that
they also are invariant under A. The strong interactions
with m and E mesons which are charge independent are
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constants:
gzrw ~=gee~)

gent =gzaz,

gNZX ggZK.

(3)

Therefore the electromagnetic vertex, and hence the
magnetic moment, of the A.' vanish. Similarly one can
prove the following theorems, if one has invariance
under AB.

It also implies that the Dirac covariants occurring in
the nucleon terms must be the same as those occurring
in the terms, so that E and ™have the same parity.
It may also be noted that if one had instead of (3) the
relation

gNAK ggAK)

gg ZZ = —g„"-ZII,
(3')

where T is the time-ordering operator and ( )o means
expectation value in the physical vacuum. This quantity
is related' by a simple linear integral transform to the
electromagnetic vertex operator for the A', and we will

therefore symbolize it by Fzoj".

Let U be the unitary transformation which generates
the permutations in AB. Since this commutes with the
total Hamiltonian when the above coupling constant
relations are satisQ. ed and nz~ —ns-. is neglected, it will

leave the vacuum invariant. Then

Sy the definition of what U does to the diGerent fields,

I so"= —Tg'slgaA„)o

=0.
'It is also possible to have invariance under the combined

transformation AB if the X+ and IC have odd relative parity,
although then neither A nor J3 are valid symmetries separately.

~ Y. Takahashi, Nuovo cimento 6, 371 (1957).

it would be possible to modify transformation A by
inserting an additional minus sign in the transformation
of f~ and f„-., which would maintain invariance of H.„
and give invariance of the strong interactions.

These conditions (3) on the coupling constants are
independent of any over-all doublet structure of the
ZA. system. Thus they would be satisfied in the model
proposed by Sakurai' and in I in which the ~ and E
couplings involve diGerent doublets. They could also
be satisfied in a theory in which the A does not interact
directly with + mesons at all, or even if the Z and A

have opposite parity. Of course, if the conditions (3)
are satisfied one cannot account for the nucleon-cascade
mass diGerence by either the x or E interactions, and
must look elsewhere for this eGect.

Let us examine the consequences of invariance under
the transformation AB. This implies that the electro-
magnetic vertex of the A.' and Z, and in particular
their magnetic moments, vanish identically, whereas
those of the Z+ and Z are equal in magnitude and
opposite in sign. To prove this, consider the quantity

1. Fq»= —F~o&=0, so the magnetic moment of the
2' vanishes.

2. F~+&= —F~-&, so the magnetic moments of the Z+
and Z are opposite.

3. F„&=—Fg-I', so the magnetic moments of the
proton and are opposite.

4. F„&=—F„-.o&, so the magnetic moments of the
neutron and ™0are opposite.

5. Since Z' —+ —Z', A.' —+A' and A„~ —A„, the
decay Zo —+As+2 photons is forbidden. This decay
might be expected to occur 1/300 of all Zo decays in
the absence of a selection rule.

Some of those theorems have been stated before
under more special conditions, "such as global sym-
metry for the pion interactions and neglect of the IC
interactions. We emphasize that they have been proven
here under the assumptions of charge independence
and symmetry between the nucleon and cascade
particle alone, even in the presence of E interactions,
and that no global symmetry is required.

It is interesting to note that while in low-order
perturbation calculations there is no contribution to
I's+&+I's-& or to I"s & from pion interactions alone, this
is not true in general. In particular, diagrams in which
the x mesons that are virtually present in the Z create
nucleon pairs, one of which then emits a photon, and
in which also a vr' is exchanged between the nucleon
and Z, will not give opposite contributions to the Z+
and Z vertex. Examples of such diagrams are given in
Fig. 1. It is remarkable that such eGects occur for the
first time in such a high order of perturbation theory.
We note that when invariance under AB is satisfied,
such diagrams are cancelled by corresponding diagrams
in which cascade-particle pairs occur in the intermediate
state. Also, in theories where pair eGects are neglected
such as the Chew model, there will be no pion contri-
bution to the quantities I's &, I'x &, I'r,+&+I's-& provided
that charge symmetry is satisfied. This follows because
in such theories one need not consider the nucleon and
cascade particle at all because they cannot be reached
starting from a state with Z or h. and only utilizing x
and electromagnetic interactions. In this case the inter-
action of the Z and A. with x and photon is invariant
under 8, and this implies the result stated.

One may next ask how these results will be affected
by whatever mechanism is responsible for the splitting
of the mass of the nucleon and cascade particle. Some
speculations as to the source of such a splitting within

8 M. Gell-Mann, ZP58' Annlal International Conference on High-
Energy Physics ct CERE, edited by B. Ferretti (CERN, Geneva,
1958).' Theorems I and 2 have been stated under essentially the same
conditions by D. C. Peasiee, Nuovo cimento 6, 1 (1957).
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the framework of symmetric m and E interactions will
be published elsewhere. In those processes where the
nucleon and cascade particle occur only virtually, one
possibility is to introduce the experimental values of the
masses of ™and E for the virtual particles, while main-
taining the coupling constant equalities given above.
Then in a lowest-order perturbation calculation of the
E contribution it is found that the Z and A' moments
and the sum of the Z+ and Z moments are still very
small compared to the Z+ moment, being perhaps 5%%u~

of the latter. "We therefore think that a measurement
of the A' magnetic moment in particular would provide
a good test of the symmetry between interactions of
nucleon and ™with m and E mesons which is implied
by invariance under A. Such a measurement will

perhaps be done in the near future at Brookhaven and
elsewhere.

+ e2fTTQ C

TQ~C

~ eimrg e

4m~ —pz,
A„~A„.

(ABC)

(The label p' means the charge-conjugate 6eld. )
This transformation therefore reverses the sign of the

m and E 6elds, permutes the baryons and antibaryons
as indicated, and leaves the electromagnetic field
invariant.

Consider now a process (or a Feynman diagram) in
which the external lines are all E mesons, m mesons,
or photons. In such a process the number of E's
involved must be even by strangeness conservation.
(One counts E's in the initial and 6nal states. ) Thus
the phase factor in the transformation of the E is
irrelevant. The following theorem therefore holds, if
one has invariance under ABC:

In any process only involving real x mesons, E
mesons, and photons, the sum of the number of m's in
the initial and 6nal states must be even.

This theorem is a generalization of the Pais-Jost
theorems, " which are satisfied when one neglects
electromagnetic interactions. A similar theorem has
been proven by Pugh, ' for processes involving only m

mesons and photons, assuming global symmetry for
the m couplings and neglecting the E interactions. It

"H. Katsumori, Progr. Theoret. Phys. (Kyoto) 18, 378 (1957).
"A. Pais and R. Jost, Phys. Rev. 87, 871 (1N2).

III. A GENERALIZATION OF THE PUGH THEOREM

Let us consider the transformation obtained by
taking the product of AB with the charge-conjugation
transformation C. This will act on the particles as
follows:

would appear that in any case the condition of global
symmetry is unnecessary, and could be replaced by the
weaker condition of symmetry between E and . One
also sees that the theorem can be extended to include
E interactions if they also show a symmetry between
E and

This theorem has no obviously useful consequences,
except that it forbids the x' decay into 2 photons, as
discussed by Pugh and others. This decay therefore
only occurs via the mechanism which splits the E and

mass.

IV. ELECTROMAGNETIC VERTEX OF K'

The discussion in the last two sections was inde-
pendent of any doublet structure of the Z-A. system.
The results to be given here will however require such
a structure. It will therefore be useful to rewrite the
baryon-electromagnetic interaction in terms of the four
doublets E~, E2, S3, E4.
He &~Apt sNiy„(&+rs)N&+-,'¹y„(1+r3)NQ

+sNsv, (rs —&)Ns+-,'N4y„(ro —1)N4). (4)

We also express in terms of these doublets the com-
pletely symmetric m and E interactions with baryons
discussed in references 1 and 2.

H =iG QN, psr N;y

H~= G&)E&N2Eo+N N,z++N, N~o N,N,~+j—
+H.c. (6)

Here the doublets are dehned by

pp~ ( (A.'+Zo)/V2)
N, =i i; N, =((~)' ( r,— )'

t' ~+ & I'-' l
( (ho Zo)/~2)

'

Both of the strong interactions are invariant under the
transformation I:

qadi)r TQ7 3)

g ~ g$im'vg7
4)

~ g-im 7'2Q
1)

g4 ~ g-ixT2g2

~ eswr2$

Eo —+ Eo,

E+~X+.
This transformation is the product of an "Irotation"

e'~~') in the notation of Pais, ' with the reQection
operation

Ey++ E3,
Z2++ E4,
E+++Z+.
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FIG. 2. Example of diagrams which cancel in the electromagnetic
interaction of the E . The diagrams are the same when invariance
under the transformation I is satis6ed, except for the opposite
sign of the electromagnetic interactions.

It may also be seen that if one simultaneously changes
the sign of A„, the minimal electromagnetic interactions
both of the baryons and of the x and E mesons are
invariant under this transformation. It follows from
this that the electromagnetic vertex of the E, which is
essentially defined by

I'pro& T(K'K'A„)s,
satisfies

I'xo&~ T(UtKsK A„Utt)s ——Fxo&=—0„(7)
where U~ is the unitary transformation generating the
transformation /.

Thus if the symmetry corresponding to transfor-
mation I is satisfied and if we neglect the mass diGer-
ences of the baryons, the E mesons will be electro-
magnetically completely neutral. One of the authors
(G.F.) has previous1y pointed out" that since the K'
is represented by a complex field, it could have a linear
electromagnetic interaction, coming from its dis-
sociation into charged baryons. What we have now
shown is that if the symmetry given by transformation
I holds, the E' nevertheless acts like a real Geld insofar
as its linear electromagnetic interaction is concerned.
By examining the transformation I, it may be seen that
what is happening is a cancellation of the intermediate
proton-Z —pairs against intermediate Z--™+pairs, as
shown in Fig. 2.

To the extent that transformation I is a valid sym-
metry, we therefore expect that the charge form factor
of the Eo will vanish. This may have an interesting

"G. Feinherg, Phys. Rev. 109, 1581 (1958).

consequence concerning the mass diGerence of the E
mesons. One of the terms in the electromagnetic
E-meson self-mass is the one considered by Feynman
and Speisman, '3 in which one inserts the two electro-
magnetic vertex functions for E and E+ into the
lowest-order Feynman diagrams (See Fig. 3).

By the above theorem, the contribution for the E
vanishes. The result for the E+ is positive, if the bare
E+ vertex is used. Thus within this approximation it
may be dificult to account for the recently observod'4
mass diGerence ns~o —m~+=4 Mev.

Of course there are other terms in the expressions for
the self-mass, and so one need not yet conclude either
that the symmetry I is strongly violated, or that there
are nonminimal electromagnetic contributions to the
self mass. It may be noted that the symmetry AB
considered in Sec. II implies that the masses of the
2+ and Z are equal even in the presence of electro-
magnetic interactions. One may then consider the
possibility that both the E'—E+ mass diGerence and
the Z+-Z mass diGerenee have a common nonminimal
electromagnetic origin.

It may finally be mentioned that if one requires
invariance under transformation I, and also charge
independence, one is led automatically to the inter-
actions (5), (6) for H, Htr with the usua1 ambiguity
in the sign of the E-cascade interactions.
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