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Decay Modes of a (e+s) System*

M. GOLDHABKR) T. D. LEE,t AND C. N. YANG)
Brookhaven 5'ational Laboratory, Upton, Env Fork

(Received August 12, 1958)

Relations among the diR'erent states of a system consisting of a 8 meson, a 8 meson, and a certain number
of pions are discussed. Theorems concerning certain correlations between the production probabilities for
charged and uncharged H mesons and the decay modes (HP and Hro) are obtained.

HE purpose of this note is to study the decay of
a system which consists of a 8 meson, a 8 meson,

and a certain number of pions. Such a system can be
produced, e.g., in a collision between an antinucleon and
a nucleon. We shall show that by the combined use of
the isotopic-spin rotation operator and the charge
conjugation operator there exist some interesting corre-
lations, not only in production but also between some
of the decay modes of the 8 and 8. To be specific, let us
first consider the reaction

p+ rz —+ 8+8+mir.

To study the dependence of E;;on i and j, we consider
all the states of a pair of 8 and 8 of given momenta k,
ks. There are eight possible states altogether.

Charge= 1: (+0), (0+);
Charge= —1: (—0), (0—); (3)

Charge=0: (+ —), (—+), (00), (00).

Here we adopt the obvious notation, e.g. , (+0) means
the state with a 8+ meson having momentum k, and a
8' meson with momentum ks. For the states with
charge=+1, we have, by (2),

1.e.)
i 1

8s=—(8i+i8s), 8s = (8i i8s)— —

We shall denote the final state of the m pions by D
which represents both a specific charge distribution and
0, fixed momentum distribution of the pions. The
charges and the decay modes' of the 8 and 0 mesons are
of interest here. Let us define I'„(D ) to be' the

probability of observing the m pions with a distribution
D together with a 8.; of momentum k, and a 8; of
momentum kb where i (j) runs over +, —,1, or 2

representing the cases in which' 8, (8,) is 8+, 8, 8i',
or 82'.

We assume that the two decay modes 1 and 2 are

given by
a

8 =—(8'+8') 8 = (8'—8')

(+0)=—(+1)—(+2),
v2

1 i
(o+)=—(1+)——(2+)

W2 K2

&~i(D-)=~+s(D-),

&i~(D-) =&s+(D-) (6)

&it(D~) =&sr(D~) ) (7)

A general state of charge +1 is a superposition of these
two states. One sees that in any superposition the decay
modes (+1) and (+2) always have the same proba-
bility. Also the modes (1+) and (2+) have the same
probability. Similar considerations can be extended to
the states with charge=o and —1. One easily proves in
this way the following theorem:

Theoretn 1.—

&»(D-) =&»(D-) (8)

It is well known that this decomposition corresponds
to the two experimental decay modes Hi and 02 if time-

reversal invariance holds in the decay.

In proving this theorem the only assumptions are that
the decomposition (2) holds and that the total strange-
ness of the pair 88 is zero (so that, e.g. , the pair 8+8' is
excluded) .

*Work performed under the auspices of the U. S. Atomic
Energy Commission.

t Permanent address: Columbia University, New Yor
New York.

f Permanent address: institute for Advanced Study, Princeto
New Jersey.' M. Gell-Mann and A. Pais, Phys. Rev. 97, 1387 (1955).

s If H should have nonzero spin, then P;g(D ) should be define
as the probability of 6nding 8; with momentum k and spin S, an
8; with momentum kg and spin Sq.

3 Throughout this paper, a 8+ meson is identical with a E
meson, including all the di6erent decay modes of X+.

It is possible to obtain more identities if one uses the
n, conservation of isotopic spin and of the charge conjuga-

tion operator in the strong interactions. To do this, one
has to study the transformation of the eight states (3)
under an isotopic spin rotation and/or charge conjuga-
tion. The problem is identical to that of the trans-
formation of the states describing a nucleon-antinucleon
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TABLE I. Eigenfunctions for vrhich strangeness S=O. Notations are explained in the text.

Form a
Wave function

Form b

1
1

—1
—1

0
0
0
0

—1

1
—1

1

1
—1

1

2-i[(+O)+(O+)g
2 'L(+o) —(o+)3
—2 '[(o—)+(—o)j
—2 '[(o—)—(—0)3
k[—(+—)+(oo)+ (oo) —(—+)3
k[—(+—)+ (oo)—(o0)+ (—+)3
$[—(+—)—(00)+(00)+(—+)g
K- (+-)- (0O)- (Oo)- (-+)g

=kL(+1)—s(+2)+ (1+)—~(2+)3
= 'L(+1)-'(+2) —(1+)+'(2+)7
= —k[(1—)+s(2—)+(—1)+i(—2)]
= -k[(1-)+i(2-)-(-1)-'(-2)j
= ~RL —(+—)—(-+)+(11)+(22)3
=i[—(+—)+(—+)—s(12)+s(21)3

(+ )+( +)+s(12)—s(21)j
=k[—(+—)—(—+)—(11)—(22)j

g+
00

g0 (9)

pair."Following the arguments used in reference 4 for
studying the latter problem, we erst consider the four
states of a single 8 or a single 0:

For a system of two particles with momenta k„and
k&, each described by a four-component wave function
(9), the operators I and 5 are additive, whereas G is
multiplicative. Of the sixteen states of the two-particle
system, eight belong to S=0 and are given in (3). For
these states, the charge

The isotopic spin operators which operate on these
states are

0
1Ig= 2

0

1 0 0
0 0 0
0 0 1
0 1 0

0
2 0

0

0
i 0

I2 2 0 0
0 0

0 0 0
—1 0 0

0 1 0
0 0 —1

0 0
0 0
0
i 0

(10)

0
0G=

0

0 1 0
0 0 1
0 0 0 '

—1 0 0,

(12)

The operator G commutes with I. The strangeness
number operator is diagonal in this representation,

We notice that

1
0~=
0
.0

0 0 0
1 0 0
0 —1 0
0 0 —1

Instead of discussing the charge conjugation operator
C, we define, as in reference 4,

G= C exp[is Isj,
and obtain

and P, G, and 5 all commute and can be simultaneously
diagonalized, The eight eigenstates can be easily
constructed and are displayed in Table I in the column
headed by "Form a." In the next column "Form b,

"
these eigenfunctions are rewritten by the use of (2) so
that their decay modes are explicitly exhibited.

In reaction (1) the process in general goes through
many channels of I and G which produce interference
eGects. However, the interference between diGerent G
values disappears if we average over the collisions

(pn) and (np), where the states are defined in a manner
similar to Eq. (3). To see this, one writes

(pn) =sL(Pn)+(np)3+sL(pn) —(np) j,
(np) = lL(pn)+ (np) j—-'L(pn) —(np) 3

The term (pn)+ (np) belongs to G= —1 and the term

(pn) —(np) to G=+1. The interference terms between
G= &1 therefore have opposite signs in (pn) and (np)
and cancel exactly upon taking the average. In other
words, after the average one may consider (1) as going
through incoherent noninterfering channels with definite
G values. Since the pions are4 eigenstates of G, for any
given distribution D of the pions, there are therefore
no interferences between the states of the (Ht)) system
with diferent G values. Table I shows then that for
charge Q= 1, the first two rows cannot interfere and
one obtains, in addition to (5) and (6), the identity

P+t(D )=Pi+(D ).

' T. D. Lee and C. N. Yang, Nuovo cimento 3, 749 (1956).' See also L. Michel, Nuovo cimento 10, 319 (1953);A. Pais and
R. Jost, Phys. Rev. 87, 871 (1952); D. Amati and B. Vitale,
Nuovo cimento 2, 719 (1955); C. Goebel, Phys. Rev. 103, 258
(19S6).' Note the minus sign in front of the e state. The convention
used here is similar to that discussed in footnote 1 of reference 4.

These considerations are easily extended to states with
Q=0 and —1.

Theorem Z.—Consider p+n and n+p which are
related by the substitution of a p by an n with equal
momentum and spin and vice versa. After summation
over these two initial states, the partial cross sections
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satisfy p+tt, one has
—2'(I++et )=st, =222, (20)

&11(D )=&22(D ),

F12(D„)=P21(D„),

where rt; is the total number of 8, produced (i= 1, 2, +,
(17) or —) integrated over all angles.

IV

and

+11(D )++22(D )+I 12(D )++21(D )
(D-)+-~ +(D-) -(19)

We thus have the interesting result that in those
collisions where 0' and 0' are produced, their decay
modes (812 and 82') are in general not independent of
each other but are related in a manner given by
Eqs. (17)—(19).

In the capture of an antiproton by a neutron, both
at rest, it is clear that theorem 2 applies.

A simple consequence of (16)—(19) is that in a collision

It is easy to see that the same identities (theorems
1 and 2) are also valid for the reaction

Furthermore, for both reactions (1) and (1') additional

equalities and inequalities may be obtained when m

takes on some specific small values. In all cases, we

found it convenient to use the eigenstates tabulated in

Table I. They are useful also in discussing

p+ p ~ 8+8+msr,

et+ tt ~ 8+8+ rtzsr.
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Unusual Cosmic-Ray Intensity Fluctuations Observed at Southern
Stations during; October 21—24, 1957

K. G. MCCRACKEN AND N. R. PARSONS
Physics Departmertt, Utsioersity of Tasmartia, 7Iobart, Tasmartia

(Received Decerrtber 17, 1957; revised manuscript received May 19, 1958)

Observations are reported from four southern stations of cosmic-ray intensity fluctuations during the
period October 21—24, . 195'lt. These fluctuations exhibit unusual features which suggest the existence of a
short-lived and highly directional anisotropy of the primary radiation during the period immediately pre-
ceding a Forbush-type decrease.

I. INTRODUCTION

w E report here observations made at four southern
hemisphere stations of cosmic-ray intensity Quc-

tuations which occurred during the period October
21—24, 1957.

The main feature of the Quctuations is an intensity
decrease of the well-known Forbush type, but other
features make the observations of unusual interest. In
particular, a transient, longitude-dependent decrease
prior to the Forbush event suggests the existence of a
direction of reduced primary intensity, which also pro-
vides a plausible explanation for the observed di8er-
ences in onset times of the main Forbush event.

II. OBSERVATIONS

Figure 1 displays the cosmic-ray intensity records
obtained at the network of four southern stations (Lae,
Hobart, Macquarie Island, and Mawson) on the days

*Antarctic Division, Department of External Affairs, Mel-
bourne, Australia t present address: Physics Department, Uni-
versity of Tasmania, Hobart, Tasmaniaj.

October 21—24, 1957. The locations of these stations
and details of the equipment used are included with

Fig
The stations at Hobart and I.ae are maintained by

the cosmic-ray research group at the University of
Tasmania, and those at Macquarie Island and Mawson

by the Australian National Antarctic Research Expedi-
tions, for the conduct of whose cosmic-ray program the
University group is responsible.

The hourly intensities plotted in Fig. 1 are expressed
as percentage deviations from the mean level during
the first 12 hours of October 21. Except in the case of
the underground records at Hobart, adjustments have
been made for the sects of barometric pressure varia-
tions. For the data from both vertical and inclined
meson telescopes, which are all near sea level, a theo-
retical total barometer coeKcient obtained from Fig. 1
of a paper by Trefall' has been used. The use of such
codhcients has been discussed elsewhere by Parsons. 2

In the present case coefficients of —2.31%%uq per cm Hg

' H. Trefall, Proc. Phys. Soc. (London) A68, 963 (1955).
' N. R. Parsons, Australian J. Phys. 10, 387 (1957).


