
VOLUME 13, NUMBER 6 PHYSICAL REVIEW LETTERS 10 AUGUST 1964

p. 364; F. S. Crawford et al. , Phys. Rev. Letters 3,
394 (1959); W. B. Fowler, Phys. Rev. Letters 6, 134
(1961);W. Graziano and S. G. Wojcicki, Phys. Rev.
128, 1868 (1962); S. Kelman, W. P. Kovachik, and
T. A. Romanowski, Phys. Rev. 129, 365 (1963); S. S.
Schweber, H. A. Bethe, and F. De Hoffman, Mesons
and Fields {Row Peterson and Company, Evanston,
Illinois, 1955), Vol. II; S. J. Lindenbaum, Proceedings
of the International Conference on Nucleon Structure at
Stanford University, 1963, edited by R, Hofstadter and
L. I. Schiff (Stanford University Press, Stanford, Cali-
fornia, 1964); L. Bertanza et al. , Proceedings of the
International Conference on High-Energy Nuclear Phys-
ics, Geneva, 1962, edited by J. Prentki {CERN Scien-
tific Information Service, Geneva, Switzerland, 1962).
For oel(x+p) we used estimated values as reported by

Lindenbaum. The graphs in Figs. 1 and 4 were obtained
by subtracting the experimental values whenever possi-
ble and using interpolations in a few other cases. A
word of caution might be introduced in applying the Q-
value comparison method of Meshkov et al. (reference
5) to a comparison of exothermic {K+p-2+x) and en-
dothermic reactions (x+P &+K,K+P " +K), as in
Eqs. (5) and (6) and discussion thereof.

The equality of these elastic and total cross sections
at "high energies" has already been pointed out (refer-
ence 3). The condition (2) specifies a precise criterion
for which energies are "high enough".
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~0M. Konuma and Y. Tomozawa, Phys. Rev. Letters
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An informative way to examine the role of uni-
tary symmetry in strong interactions' is to con-
sider the predictions that can be made about
reaction cross sections. 'ys The problem of com-
paring reactions with different incident energies
and with various initial and final states has ap-
parently been successfully overcome in an earlier
analysis' of reactions of the type

meson+ proton -baryon resonance

+ meson (vector meson). (I)

The incident mesons were s+ and K mesons, and
the baryon resonances belonged to the decuplet of

Prior to this analysis, it had been pro-
posed' that a test of the decuplet assignment could
be made via a study of the scattering amplitudes
of the "U-spin equalities" listed below,

(w pIN» v+)/&3= (m pIY, * K+)-
= (K-p I r, »- +) = -(K-pl"-»-K+), (2)

(v P!N -p+)/W3=-(m-Pl1»-K»+)

=(K pl I;» p+)=-(K pI:"» K*+).
(3)

In the present work we analyze the data that
are available on these processes to see to what
extent the SU(3) predictions are obeyed. Devia-
tions from pure SU(3) symmetry by an order of

magnitude are found. The role of symmetry
breaking in the interaction matrix elements is
explored and correlated with the possible appear-
ance of super resonances.

The mode of comparison, still ad hoc in nature,
is described in detail in reference 4. It consists
of comparing the processes at the same Q = E*
-M, -M„and weighting each cross section cr by
a phase-space factor I" =E»'(Pin/Pout), to yield
the squares of the scattering amplitudes, tM I'
=Fe. In Fig. 1 we plot the results of a compari-
son of the data, carried out in this manner, for
the processes listed in Eq. (2). Table I lists the
pertinent cross sections together with associated
values of E», Q, and I'. The data are still too
sparse to do this for the production of vector
mesons as in the amplitudes of Eq. (3).

The salient features of Fig. 1 are the following:
The equalities among the IMI~ of Eq. (2) seem
to divide into two subsets of equalities below a
Q of approximately 600 MeV. I Ml ' for the
(w Pl N» v+) and (K Pl I;» v+) processes are
large and roughly equal, with matrix elements
rising rapidly above threshold, reaching a max-
imum at Q=—300 MeV, and falling to a small value
above about 600 MeV. These curves may encom-
pass considerable structure because they cover
an energy range which contains several reso-
nances in both the m P and K P systems. The
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FIG. l. Experimental values of paFa, obFb, &xoFo, and odFd vs Q for the "U-spin equalities. The letter next
to each data point is the reference number of the data source {Table I).

other two processes are small and equal, show-
ing no discernible peaking. Above 600 MeV there
is no indication of any violation of the equalities.
Below 600 MeV there seems to be a clear viola-
tion of the simple SU(3)-invariant relationships.
Once again, one observes that reactions that in-
volve the vertices (N, Y) —(Ya, "a)+K are small
compared to those involving (N, Y)-(¹,Y*)+s.
This seems to be a recurrence of earlier observa-
tions that led to the hypothesis of strong (N¹')
coupling and weaker (NYZ) coupling.

Let us explore the effect of explicit symmetry
breaking in the interaction matrix elements t M l '.
Recently, Konuma and Tomozawa' have examined
some of the consequences of such breaking by the
use of trace techniques. ~ In the present work,
we make use of two alternative approaches to
calculate symmetry-broken matrix elements.

Consider any process or interaction in which
symmetry breaking is involved. Since the sym-
metry-breaking operator has the transformation
properties of an I= 0, ~= 0 member of a unitary
multiplet which is usually taken to be an octet, '
it must then be a particular linear combination
of tensor operators in U-spin space with com-
ponent Uz =0, namely, U = a(-Un0+v 3Unl). U,'

is a tensor operator of rank 0, i.e. , a scalar,
and Uo' is a tensor operator of rank 1, i.e. , a
vector operator. Using the standard methods of
Racah algebra one need only compute matrix
elements of the types (o.'UM I &(-One+ V 3U, ') I o. 'O'M')
for the processes to be described fully. ' This
matrix element is evaluated with the following
definition of the Eckart-Wigner theorem.

(nlUM I U I o. 'O'M') = (kU'qM'I UM)(2U+ l)k -I/2
q

x(-) I(olUkol'U'). (4)

M and M' are the z corn nents of the initial and
final U-spin states. Uq is a U-spin tensor oper-
ator of rank k and component q. n and 0." repre-
sent all other quantum numbers (such as the
charge) necessary to specify completely the ini-
tial and final states of the system. I(nUka'U') is
a reduced matrix element. The result of the ex-
plicit evaluation of the amplitudes (2) for the case
of first-order octet symmetry breaking is listed
below, using a phase convention consistent with
the U-spin assignments shown in references 3
and 4.
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Table I. Data for the U-spin equalities. ' Meson+ proton- baryon resonance+ pseudoscalar meson.

Reaction (Mev) (MeV)
F

(BeV2)

o.

(mb) -oF
3

Reference

(a) w +p W~ +x+

(b) m' +p Y( ~ +E

1382
1490
1557
1620
1632
1695
1798
1980
2556

1978
2020
2159
2180
2309
2556

50
112
179
242
254
317
413
602

1178

99
141
280
301
431
677

8.0
5. 0
4. 5
4, 4
4.4
4 4
4. 5
5. 0
6.0

10.7
9.64
8.22
8.31
8.25
8. 87

1.54
3.5
3.7
4.2
2. 54
5.03
2.92
0.65
0.32

&0.48
0.021
0.032
0. 042
0.030
Q. 011

+0.4
+0.4
~0.4
+0.1
+0.4
+1.2
+0. 7
+Q. 1
+0.16

+0.015
+0.004
+0.006
+0.012
+Q. 010
+0.005

&0. 52 ~0. 16
0.21 +0.04
0.27 +0.05
0.35 +0.10
0.25 +0. 08
0.098 + 0. 044

4. 1
5. 8
5. 5
6.2
3.73
7.37
4. 3
1.1
0.64

+1.0
+0.67
+0.6
+1.5
+0.6
+1.7
+1.0
+0.5
+0.32

a
b
b
b
c
d
d
e
f

(c) E +P-F,* +a+ 1616
1722
1831
1892
1963
2031
2104
2330
1680

91
197
306
367
438
506
579
805
155

5.6
5.3
5.0
5.1
5.3
5.46
5. 70
6. 58
5. 5

Q. 85
1.0
1.20
1.15
1.20
0.69
0.55
0.037
1.72

+0.15
+0. 07
+0 2
+0. 12
+0. 12
+0.09
+0. 14
+0.008
+0.2

4. 8
5.3
6.0
5.9
6.3
3.8
3.14
0.24
9.4

+0. 8
+0.4
+1.0
+0.61
+0.63
+0. 50
+0. 80
+0. 05
+1.1

(d) K +p-"- +Z 2065
2109
2151
2213
2314
2411
2505

41
85

127
189
290
387
481

1.9
14.6
12.4
11.1
10.3
9.97

10.0

0.006 + Q. 001
0. QQ9 + 0. 0015
0.015 +0.003
Q. 009 + 0.0015
Q. 006 +0. 0015
0.005+0. 0012
0.003 +0.0012

Q. 11 +0.02
0.13 +0. 02
0.18 +0.03
0.10 +0. 02
0.062 + Q. 15
0. 050 +0. 012
0.030 + 0. 012

Analysis based on Olsson-Yodh model: M. Olsson and G. B. Yodh, University of Maryland Technical Report
No. 358, February 1964 (unpublished).

Janos Kirz, Ph. D. thesis, University of California Radiation Laboratory Report No. UCRL-10720, March 1963
(unpublished) .
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ticles, 1961 (C. E.N. Saclay, France, 1961), p. 257.
V. Hagopian, Ph. D. thesis, University of Pennsylvania, 1963 (unpublished).
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April 1963 (Ohio University, Athens, Ohio, 1963), p. 67.
~D. Colley et al. , Phys. Rev. 128, 1930 (1962).
„T. P. Wangler, A. Erwin, and W. Walker, private communication.3
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(unpublished) .

P. Bastien, Ph. D. thesis, University of California Radiation Laboratory Report No. UCRL-10779, February
1963 (unpublished).
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The symmetry-broken amplitudes are

M =(m pl U IN v )/&35a

= (-~V 3)I(101)-(~V 10)I(112)+ (~W2)I(111), (5a)
+

M =(~pIU IF K )

= (qv 3)I(101)- (g/10)I(112) - (A%2)I(111), (5b)

+
M =(KpIU IF n )5c

= -(~~W3)I(101)-(~%10)I(112)+(~)I(011), (5c)
+

=(KPIU I=- K )

= ( ~V 3)I(101)- (~V 10)I(112)- (~~)I(011).

The result follows immediately that

M +M =M +M

(5d)

This agrees, apart from signs due to a different
phase convention, with the result of Konuma and
Tomozawa. ' Note that only one reduced matrix
element, I(112), remains when the indicated sum
is taken on both the left and right sides of Eq. (6).
I(112) is due to a U = 2 final state which may arise
from either a (41) amplitude or from a (22) ampli-
tude, as is discussed later If I(11.2) vanishes,
then M5a = -M5b and M 5c = -M 5d, contrary to the
exper imental situation.

Equation (6) does not provide very stringent
conditions on the cross sections o5a, ~ ~ ~, 0'5d
which are proportional to !M5al, ~ ~ ~, I M5dl '.
These conditions on the squares of the ampli-
tudes l M5al' through IM5dl' are certainly con-
sistent with the experimental data. In the region
where IM5al +& lM5bl and IM5cl» IM5dl, i.e. ,
Q & 600 MeV, Eq. (6) predicts I M5 I = IN5 I,
which agrees with the observations. Hence we
conclude that first-order octet symmetry break-
ing is sufficient to "explain" the large discrepancy.

An alternative more detailed view of the sym-
metry-breaking process may help us to see why
processes 5(a) and 5(c) have large experimental
IMI' while 5(b) and 5(d) are small. As described
previously, '~' the SU(3) -invariant amplitudes
A("i"), in terms of which one writes the ampli-
tudes (2), contain only those symmetries com-
mon to both the initial and final states, namely
(22), (30), and two (11)'s. Note that the (41) part
of the baryon-resonance meson wave function re-
mains unprobed. If we introduce octet symmetry
breaking into the interaction, the scattering

amplitudes contain terms of the type

((11)S (11)I (11)I (30)S (11)). (7)

A (41) contribution may arise from two separate
sources, namely [(11)S(11)]»S(11) and [(11)
S (11)]„S(11). These contributions produce an
overlap with the (41) contribution from the final
state. Only contributions from the (41) sym-
metry and some of the (22) symmetries allow
the amplitudes M5a to be different from M5b and

M5c to be different from M5d. In fact, a detailed
examination of the amplitudes of Eq. (7) indicates
that in order to make M5a and M5c large, and

M5b and M5d small, one must invoke an inter-
ference between the (41) and/or (22) amplitudes
with the A(~&)'s.

Let us try to correlate these results with our
previous analysis of m+P and K+P reactions, be-
cause both studies involve different states of the
same SU(3) multiplets. The processes analyzed
previously were

K++p - ¹+++Ka, v+ +p -¹+++wo, (Ba, Bb)

~++p- ¹+++q n++p- F,*++K+. (Bc, Bd)

was obtained without the introduction of symmetry
breaking in the interaction. Why it was not nec-
essary there and yet is required for the equalities
(2) is not at all clear. It is also worth noting that
the system of experimental curves for the produc-
tion of vector mesons~ in K+P- and m+P-initiated
processes displays a qualitatively different ap-
pearance from those in which pseudoscalar me-
sons are produced.

One interpretation of the processes which peak
at a Q=—300 MeV is that there are "super reso-
nances" being formed which correspond to com-
posites of the K"++K, K"++m, K"-m+, and F* m'+

systems. The energies of these super resonances,
which equal the masses of the constituents plus
the Q of 300 MeV, are then about 2030, 1670,

An up-to-date plot of the availabl. e data is dis-
played in Fig. 2; the data are taken from refer-
ence 4 and from Daudin et al. ,

"Foelsche and
Kraybill, Yamamoto et al. , Abolins et al. ,
and the Aachen group collaboration. " Note that
the curves for lMl for the N*++Z and N*++m

processes are qualitatively similar to those for
¹

m+ (Fig. 1), i.e. , they peak at Q= 300 MeV.
The other two m P-initiated processes are smaller
and there is also a rise in the K"++g curve. Re-
call that a good fit with the SU(3) prediction~

l'+3lM
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FIG. 2. Experimental values of a8 +8, 08bF8b, (TS F8, and (T8dF8d vs Q. The lines are drawn roughly
through the data points simply as a guide. The numbers next to some of the data points give the reference num-
ber for those data points. The data unaccompanied by numbers were copied from our earlier paper on these re-
actions4 and the references are given there.

1680, and 1820 MeV, respectively. The masses
of the ¹msystems are very close to the known
K"(1688) and to the "shoulder" in the v+P total
cross section at about 1650-1680 MeV. The F,*m

mass lies very close to the 1815-MeV Y=O reso-
nance. An ¹Eresonance is more of an enigma,
inasmuch as there has been no convincing evi-
dence of any F=2 meson-baryon resonance. Any
attempt to ascribe the peaks in the four processes
to one amplitude would require that amplitude to
be of a (22) type. [A (41) channel is not allowed
since it does not couple to the I= 1, F=2 K+P sys-
tem. ]

Clearly, we have not found a unique and com-
pelling interpretation of the data when we try to
correlate the E p and n' p reactions with the K p
and m P reactions. For example, one may adopt
the point of view that the peak exhibited in the
K+P reaction (Ba) is not of the same character
as that of the peaks in the other three channels
[(5a), (5c), (Bb)] with large cross sections. The
E+P peaking may be simply a manifestation of
the competition between available phase space
and unitarity, whereas the peaking in the other
three channels could be predominantly related
to the resonances which are known to exist in
the mass region corresponding to Q = 300 MeV.
Such a line of argument (which essentially denies
SU(3) invariance) makes it hard to understand

the success of the SU(3) relation (9) for both
pseudoscalar and vector meson production.

In conclusion, we find that the predictions of
pure SU(3) invariance are badly violated for the
"U-spin equalities. " The inclusion of octet sym-
metry breaking in the scattering amplitudes is
sufficient to explain this violation, provided that
additional amplitudes from the (41) adn/ ro (22)
representations are large. In addition, the Q
plots of Figs. 1 and 2 suggest the possibility of
super resonances.

We are indebted to Jogesh Pati and Harry J.
Lipkin for helpful suggestions and discussions
and to Janice Button-Shafer, Don Miller, Gerald
Smith, and T. P. Wangler for kindly supplying
us with the results of their experiments.
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LEPTONIC DECAY OF THE 0 PARTICLE*
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Recently a particle of strangeness -3 and of
mass about 1680 MeV has been found' which fits
the prediction2 ' for the tenth member (the iso-
singlet) of the spin-parity &+ baryon decuplet.
Because such a particle can decay only via the
weak interactions, it is interesting to study its
leptonic decays, since they may appear with a
rate large enough to be observed in the near
future.

Assuming V-A leptonic interaction, the most
general interaction for the process

0 -" +3+v, l=g, e,

can be written in the form

n =H $0'+F-ha
v v v

(4}

where v and f are vector and polarization in-
dices, respectively, 9+ are spin-up and -down
positive-energy &-spinors, and 8 ~, F ~ are
the following four -vectors:

convenience on1y). :", f, and» are the usua1
spinors, whereas Qv is a ~ spin operator. We
adopt for it the Rarita-Schwinger representation'
and, following Kusakav and Brown and Telegdi
we will use the set of orthonormal positive-
energy spin states defined as

ff =[=-(G O'p/v 2+iy G 'q p/W2)n ]A 5 v

x[ly (1-iy5)v],
p

(2)

a "&=2-'"(1,i, 0, 0),
v

a ")=0,
v

(&) 0
V

F ' ' -=2 " (1, -i, 0, 0),
v

Ii ~&=(1/W6)(1, i, o, o), -F o'=(v )(0, 0, 1, 0),
V v

O P=(f +f F P /Mm)g P a "&=-(K;)(o,o, i, o), F "&=--(1/W6)(1, i, o, o}. (5)

+(f I&f /M+f p /m+f y )p /m,

=(f '+f 'p p lMm)g

I', M and p, m being the four-momentum and the
mass, respectively, of the 0 and of the =0
particle; f„f„ f~, f~, and f, are form factors
(f, which is equal to unity has been put in for

In the square matrix element we need, the lep-
tonic term is straightforward. In the baryonic
term, instead, we have the products 0 ~Q

V
which are linear combinations of spin-up and
-down Dirac spinors. Thus we need two step
operators such that (lower indices refer to en-
ergy and upper indices refer to spin)

(6)
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