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The polarization and angular distribution of a spin-} particle produced in the decay of a fermion of
arbitrary spin into two particles of spins 0 and 3, and in the decay of a boson of arbitrary spin into two
different spin-§ particles, one of which is a two-component neutrino, are calculated in terms of the general
decay amplitudes. The results are applied to the discussion of tests for the spin of the decaying particle.
Restrictions on the possible spins are found in terms of inequalities limiting the values of certain test func-
tions applied to the experimental angular distributions and polarizations. The results for the boson decay
are used in a discussion of the spin of the K2 and of the possibility of lepton conservation in the K, and
m—u decays. A limit of 109 nonconservation of leptons is found if the K spin is 0. Application of the spin
tests to the decay of the A® hyperon provides substantial evidence that the A° spin is 4.

I. INTRODUCTION

N a recent paper,! Lee and Yang have proposed
several tests which may be used to obtain bounds on
the spin of a fermion which decays with a violation of
parity conservation into two particles, of spins % and 0.
The utility of their results, formulated in terms of
inequalities limiting the values of certain test functions
applied to the decay angular distribution, was demon-
strated in a discussion of the spin of the A° hyperon. In
the present paper, we investigate the polarization as
well as the angular distribution of an outgoing spin-§
particle produced by (a) the decay of an integral-spin
particle into two different spin-4 particles; (b) the decay
of a half-integral-spin particle into two particles of spins
1 and 0. The results are used in the formulation of a
number of tests or consistency relations which must be
satisfied for an observed angular distribution and
polarization distribution to be consistent with spin J.
More tests than those discussed by Lee and Yang!
result when the polarization as well as the angular dis-
tribution of the emergent spin-} particle is discussed.
The tests are useful only in connection with the decay
of polarized particles; observation of the polarization of
a spin- particle resulting from the decay of unpolarized
particles of arbitrary spin provides by itself no informa-
tion on that spin. No nonrelativistic approximations are
made for either of the decay products in the calculations.
Case (a) above is discussed in detail for the situation
in which one of the decay products is a two-component
neutrino. The results for the decay of unpolarized bosons
are rather simple, and are applied to the discussion of
lepton conservation in the 7—u and K ,» decays and the
spin of the K meson. Spin 0 is suggested but cannot be
proved. A limit of 109, violation of lepton conservation
is found on the assumption that the = and K spins are
both 0.

* This work supported by the U. S. Atomic Energy Commission.
1 National Science Foundation Postdoctoral Fellow.
1T, D. Lee and C. N. Yang, Phys. Rev. 109, 1755 (1958).

The tests relevant to case (b) are applied to the decay
of the A® hyperon in an extension of the prior work of
Lee and Yang.! Substantial evidence for spin % is found.

II. DECAY OF A BOSON OF ARBITRARY SPIN
1. Results for Unpolarized Bosons

In this section we will consider the polarization of a
spin-} particle resulting from the decay at rest of an
unpolarized boson of arbitrary spin. The decay products
will be assumed to be two different spin-} particles. The
polarization of the first particle will be considered for
two cases, in the first of which the particles will be taken
as Dirac (four-component) particles. In the other case,
the second or unobserved particle will be taken as a
neutrino satisfying the tenets of the two-component
theory. The decay interaction will be assumed to be
invariant under rotations. Thus the total angular mo-
mentum J and the 2 component of the angular momen-
tum M will be conserved in the decay, and the decay
amplitudes will be independent of M. The direction of
motion p; of the first particle in the center-of-mass
system will be denoted by angles 6 and ¢ relative to an
arbitrary coordinate system. Then the amplitude of the
outgoing wave arising from the decay of a boson in an
eigenstate characterized by J and M is given in the
absence of parity conservation by

(1.1)

Here L is the orbital angular momentum of the decay
products in the center-of-mass system and S is the total
spin angular momentum of the two particles, S=0, 1.
The Ysurs are the usual angular momentum eigen-
functions, defined in terms of the spherical harmonics
Y. Mz(9,4), the single-particle spin functions X;™1(sy)
and Xy™2(s;) for spin 3, and the symmetrized vector

J7 M (0,0,51,52) =2 1s arsY s (0,0,51,52).
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coupling coefficients? (Wigner 37 symbols) by

Yrarrs(0,0,51,52)

1)S-1-M[2j 41T ¥ (L S J )
_( J MLMs ML Ms —-M

XY LME0,0)X5M5(s1,82), (1.2)

where
X sM 8 (S 1,5 2)

= (—1)~Ms[25+1T

1

3 3
X2

mim2 \ 1

)X;ml(é‘l)XQmZ(Sg). (13)

me '—Ms

These relations fix the definition of the decay amplitudes
ar, s, which may differ by factors of (—1)#£s from the
present definition if the Y1 are altered in phase.
The angular distribution of the directions of emission
of particle (1) with respect to the chosen axes is given by

1(6,0)=(/7,1"), 2.1

where the expectation value (f7,f7) is to be taken with
respect to the spin coordinates of the particles. Similarly,
the product of the polarization of the particle and its
angular distribution is defined by

P(07¢)I(0;¢) = (f'I)GPauli(l)fJ). (2.2)

Although the definitions of Egs. (1) and (2) are non-
relativistic in form, the results of the calculations are
relativistically correct for a decay at rest provided the
polarization P(6,¢) is interpreted as the expectation
value in its rest system of twice the spin angular mo-
mentum of the product particle (1), P=(0®),est. [For
a decay in flight, P is connected by a rotation with the
expectation value of ¢® in the rest system of the
particle as determined from the laboratory.?]

For the decay of an unpolarized boson of spin J into
two different particles of spin 3, neither a two-compo-
nent neutrino, it is found by straightforward calculation
that

1
I(0,¢)=— 2 |as,s|? (3.1)

T L,S
and

P6,6)1(0,9)
1
= 4—15[2f +1742 Reay, o*[Jias—1,1— (J+1)1as41,1]
v

—2Reas, *[(JH+1)larr,1+T2ar11,1]}-

The polarization of the emergent particle is seen to be
along its direction of motion, p=pi/p1, and to vanish

(3.2)

2 A. R. Edmonds, Angular Momentum in Quantum M echanics
(Princeton University Press, Princeton, New Jersey,.;1957),
Chap. 3.

3 H. P. Stapp, Phys. Rev. 103, 425 (1956); also, R. Spitzer and
H. P. Stapp, Phys. Rev. 109, 540 (1958).
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if parity is conserved in the decay. This longitudinal
polarization depends on the spin J of the decaying
particle, but depends also on the decay amplitudes ag
in a combination different from that in which they enter
the angular distribution. Thus in the absence of informa-
tion from some other source about these amplitudes, a
measurement of the longitudinal polarization of a spin-1
particle resulting from the decay of unpolarized bosons
does not provide a test of the boson spin.

More stringent conditions are obtained if one of the
spin-3 decay products is a neutrino satisfying the tenets
of the two-component theory.! This requires that the
spin of the neutrino be either parallel or antiparallel to
its direction:of motion: (e, p,/p,)==+1.

The eigenvalue +1 for ¢,-$, corresponds to right-
hand circular polarization of the neutrino, »=y»g, while
the eigenvalue —1 corresponds to left-hand circular
polarization, and y=wy. If, then, the amplitude of the
emergent wave, Eq. (1), is re-expressed in terms of
angular momentum eigenfunctions quantized along the
direction p;, appropriate subsidiary conditions must be
applied to the decay amplitudes a5 in order to eliminate
the unwanted spin function X3#(sy) or X;~(sy) ac-
cordingly as the neutrino in the boson decay is vz or »;.
The details of this calculation as well as the angular
distribution and polarizations for polarized bosons are
contained in Sec. 3. For unpolarized bosons, the results
are quite simple,

V=vg:

2
IR(01¢):4—{IaJ.OR!2+la’J,1RI2}> (41)

2
PIR(9,¢)=4—{ |as,o®|*— | @y, % |2} bs; (4.2)
T
V=Vvr.

2
IL(0,¢)=4_{ las,o"|*+]as, "], (5.1)

2
Pr.(6,6)= —;{ las, "2~ |as, 2| }pr (5.2)

The subsidiary conditions necessary in a two-component
theory of the neutrino relate the amplitudes @41 ; and
@s-1,1t0 a0 and ay,1, as is obvious from a comparison
of Egs. (4) and (5) with Egs. (3). For the special case
J=0,thetermsin Egs. (4) and (5) involving a,; vanish,
and the decay is completely described for a two-
component theory by a single amplitude.

2. Application to the =—u—e and K,, Decays;
Lepton Conservation and the Spin
of the K Meson

The results of the preceding section may be applied
at once to the 7—u—e and K,» decays. We shall con-
*T. D. Lee and C. N. Yang, Phys. Rev. 105, 1671 (1957); L.

Landau, Nuclear Phys. 3, 127 (1957); A. Salam, Nuovo cimento
5, 299 (1957). i
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sider first the case of #t—u*-». The polarization of the
ut meson has been measured using the forward-back-
ward asymmetry in the subsequent decay ut—et4vg
~+vg. For a positron angular distribution function of the
form (14-ap,-p.), Coffin et al.5 obtain for @ the value
a=—0.30540.033. The theoretical value of ¢*¢ derived
from the phenomenological theory of u decay with two-
component, left-handed neutrinos, and corrected for the
minimum acceptance energy for positrons in the experi-
ment, is given by e=—0.43£P, for u* decay. Here P,
is the longitudinal polarization of the u meson, P,=5,
-P,, and £ is the parameter

£=2 ReCy*C[|Cy |*+| Cal 2T

It follows at once from the measured value of @ that
£P,=-+0.7240.10. Utilizing Egs. (4.2) and (5.2) for
the case J=0, one finds that for a two-component
neutrino theory, independently of the details of the
mt—ut+v decay,!

P,=—1 for
P,=+1 for

Conservation of leptons requires that the neutrino in the
#t decay be left-handed,” hence, that P,=—1 and
£=—0.724-0.10.

On the other hand, a limit on P, is obtained by giving
| £] its maximum value, unity. For a V—4 interaction,
this is attained for C4=—Cy, yielding P,=—0.72
+0.10. Thus if we assume the validity of the phe-
nomenological theory of u—e decay, and take for P, the
experimental limit —1< P, <—0.6, it follows for a two-
channel interaction leading to neutrinos of both helicities
that |ao,o®|%/|ao,0%|2<0.25. This figure represents a
limit of ~209, on the possible violation of lepton
conservation in the #—u decay. The phenomenological
theory cannot, however, be considered as completely
adequate, the predicted value of the Michel parameter
for the u—e decay being p=2* while the observed value
is p=0.68.8 Thus it is perhaps more reasonable to assume
the validity of lepton conservation in the 7+ decay and
a two-component neutrino theory, and to use the
measured value of @ to obtain £. This procedure can be

v=vr,

V="Vg.

5 Coffin, Garwin, Lederman, Weinrich, and Berley, Bull. Am
Phys. Soc. Ser. I1, 2, 204 (1957).

¢ Larsen, Lubkin, and Tausner, Phys. Rev. 107, 856 (1957).
Note that the formulas are given for u~ decay. For p* decay, the
sign of the asymmetry parameter is reversed. We use Ca'=Cy,
Cyv'=Cy, and Cs’=Cs=Cr'=---=0, corresponding to left-
handed neutrinos.

7 Goldhaber, Grodzins, and Sunyar, Phys. Rev. 109, 1015
(1958). This work establishes that the neutrino in ¢~ capture is
left-handed, p+e —n-+»z. This observation, together with the
assumptions of lepton conservation and the u-decay process
w—e +vr+vr, assures that if ¢~ is defined to be an antilepton,
then »z and p~ are also. Hence, e*, u*, and »r are leptons, and
lepton conservation requires that #t—u*+vz and K*—ut+vr.
These results are consistent with the positive helicity observed for
the positrons in g+ decay [Culligan, Frank, Holt, Kluyver, and
Massam, Nature 180, 751 (1957)] together with negative asym-
metry parameter of the 7—u—e sequence.*®

8 .. Rosenson, Phys. Rev. 109, 958 (1958); K. Crowe, Bull. Am.
Phys. Soc. Ser. IT, 2, 206 (1957).
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checked by a direct measurement of the longitudinal
polarization of the u meson, which must have the value
—1 for 7t—ut+vr.

Similar arguments can be advanced at once in the case
of the K ,» decay, Kt—ut-+v. Lepton conservation again
requires that the neutrino be left-handed,” v=y»;. For
the parameter @ describing the forward-backward asym-
metry in the subsequent u—e decay, Coombes ef al.?
obtain ¢=—0.314-0.04. Using for the parameter #
characterizing the u— e decay the result £=—0.724-0.10
obtained from the #—u—e experiments on the assump-
tion of lepton conservation in the #—pu decay, and cor-
recting for the cutoff in the positron spectrum,? one
obtains for the longitudinal polarization of the u meson
in the K2 decay the value p,-P,= —1.024-0.22. Hence
it is likely that the u meson has almost perfect longi-
tudinal polarization, but a polarization with $,-P, as
small in magnitude as 0.8 cannot be excluded. We shall
assume a two-component theory for the neutrino, with
the consequence that the polarization is rigorously
longitudinal in the decay of unpolarized mesons, and
use for P,=p,-P, the experimental limit of —0.8.
Lepton conservation in the K,» decay (K*—u*+vz)
then requires that in Eq. (5.2), |es,1%|%/|as,0"|250.1.
The value P,=—1 can arise only for as,;=0, which
would seem unlikely for a nonzero K meson spin. The
present experimental results are consistent with (and
suggestive of) J=0 and rigorous conservation of leptons.
Higher spins cannot be ruled out by this test alone, but
the decay must then involve only a small admixture of
the as, ;¢ amplitude relative to the as,¢*. On the other
hand, with complete violation of lepton conservation,
K*+—yut+vg, the negative sign of P, requires the spin
of the K to be at least one. For />0, measurements on
the angular distribution and polarization of u’s from
polarized K’s can determine whether lepton-conserving
or -nonconserving decay is dominant, and can be used to
place rigorous limits on the spin; this will be discussed
in the Sec. 4. Finally, if it is assumed, as seems likely,
that the spin of the K is zero, the experimental limit on
P, requires a branching ratio of less than 0.1 for decays

“into the vz (lepton-conservation violating) as opposed

to the »1, (lepton-conserving) channel.

3. Angular Distributions and Polarizations
with Two-Component Neutrinos

(a) One Neutrino

The two-component theory of the neutrino? requires
that the spin of vz be quantized parallel, and that of »y,
antiparallel, to its direction of motion. Taking particle
(2) as the neutrino, we shall therefore re-express Eq. (1)
relative to a new coordinate system with the axis of
quantization along the direction of $;, and apply ap-
propriate subsidiary conditions to the amplitudes ars to

9 Coombes, Clark, Galbraith, Lambertson, and Wenzel, Phys.
Rev. 108, 1348 (1957).
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eliminate in the new coordinate system the terms in-
volving the unwanted spin function X;#(s2’) or X;~#(sy’)
accordingly as the neutrino is right- or left-handed. The
angular momentum eigenfunctions in the old coordinate
frame may be expressed in terms of the eigenfunctions
quantized in the new frame and the elements D of the
rotation matrix' as

Vs uzs(0,9,51,52)
=3 Do (0,0,6) Yrarr£5(0,0,51,557), (6)

where we have noted that in the new system §'=¢'=0.
The functions Ysu-1s(0,0,s1,s¢’) will be defined in
terms of the spherical harmonics and spin functions
quantized along the direction of $; by the formulas of
Egs. (1.2) and (1.3). Substitution of (6) in Eq. (1) and
the use of the definition of Ysumrrs yields for the
amplitude of the outgoing wave originating from the
state characterized by J and M in the original co-
ordinates,

) fJ'M(e)d)ysl;s?)
2J4+1)(2L+1)73
= Z (—I)S_L—MSGLS[S‘—)(—)‘]
LSMg 4

L S J
X ( )5°MSM‘”<0ﬁ,¢)stS(s1’,s2’). (7)
0 Ms — Mg

The entire angular dependence of the amplitude is now
contained in the matrix elements ©. If particle (2) is
assumed to be a left-hand polarized neutrino, vy, the
coefficient of X;~*(sy") must vanish when the spin func-
tion XgM5(sy,ss") is expanded in accordance with Eq.
(1.3). Imposition of this condition yields a relation
among the coefficients ars which must hold for all
values of m; and Mg,

[(ZJ+1)(2L+1)(25+1)]’}

2 (=15 Lars

L8 4
L S J 3 3
“( It
0 Ms —Mg my —%
The nonvanishing part of f7+¥ is given correspondingly
by

fJ'M(07¢;slys2)
2J+1)(2L+1)(2S+1)73
-5 (—-l)s“LaLs[( ) (2L+1)( +)]
LSM sm1 4

(o 20 )
OMS'—MS ml%—Ms

X Darsu(0,0,0)X3™ (s1)X31(s5).  (9)

1 A, R. Edmonds, Angular Momentum in Quantum Mechanics
((:Il’lrinceton University Press, Princeton, New Jersey, 1957),
ap. 4.
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When Eq. (8) is multiplied by (—1)7Darsxu(0,6,¢)
X X3™(s1")X3¥(s9"), summed over m; and M g, and added
to Eq. (9), the terms involving the decay amplitudes
@y_1,1 and @sp1,1 vanish because of the symmetry
properties of the 37 symbols.2 Thus we obtain finally, in
that case in which particle (2) is a left-handed two-
component neutrino, the rather simple result for the
amplitude of the outgoing wave,

far "M (0,0,51,52)
2(27+1)
e
+a5,191, 1 (0,0,6)X3}(s1)} X33 (s2).

3
] {a,0D0, 7 (0,0,0)X57%(s1")

(10.1)

Similarly, for particle (2) a right-hand polarized
neutrino, we obtain

f(R) J’M(0)¢'7s1)32)
[2(21 —|—1)]%
4

{as,0D0, 47 (0,0,6)X3}(s1)

“+az 19D, uD (0,0,¢)Xé_%(81’)}X§“% (SQI) . (10.2)

Calculations of angular distributions and polariza-
tions are now straightforward. Relatively simple tests
for the boson spin may be derived from the integrals
over the azimuthal angle.of I(6,¢) and the product
P(9,0)I(6,4), as will be shown in the next section. We
shall define the quantities 74 (6) and (7-PI)a(0) by

In@G)= f I1(0,9)do, (11.1)

and

P10 = [ " 40,6) POSI 6,56 (11.2)

It is easily seen that no interference terms between
states of different M occur in Ix(f), a substantial
simplification over the most general results for I(6,¢).
Direct calculation yields the results for particle (2), a
left-handed neutrino,

L y)n(0)
=(2J41) %(* )M p(2541)P;(cosh)

J T gN\{/T T §
e Zu NG o o)t
M —-M O 0 0O
(J
1
The constants py are defined by par=]ca|? with the

total amplitude f7 of the outgoing wave given by
f7=>"u cuf’+M. Thus the constants p are subject to

_]1 g)|a1,1!2l. (12.1)
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the restrictions 0< p» <1, and X par=1. The distri-
bution function I, (f) is, aside from a factor of 2,
precisely the result which would be obtained for 7(6,¢)
from an initial incoherent mixture of the eigenstates of
J., the eigenstate with (J;)=M appearing with the
weight pa.

Similarly, for the product of the angular distribution
and the polarization one obtains the results (with v=vz),

(B-PI1y)n(6)
=—(2J+1) Z}l:l(— 1) pa(2541)P;(cosd)

X(JIJJ JM 0){«; g (]))Ia”l2

+({ é)la.f,1|2}, (12.2)
(- PILzy)n(6)

=—(2741)2 Im{ays,oas,1*}
X _%(* DM puldr(25+1) 1}V ;40,0

X(]l]{[ —JM g)(g —J1 i) (123
(#-PIzy)n(6)

= — (2]+1)2 Re{dJ, o, 1*}
X %(— DMpyl4mr(25+1)]37 ;1(6,0)

J T iN\/J j
X ( ) ( ) (12.4)
M —M 0/\0 1

Here p, ¢, and 7 are unit vectors defined by ;b—pl/ 1,
g= (EXB)/|EXB|, and 7= (qX$)/|9Xp|, where k is a
unit vector along the axis of quantization. From these
results we shall, in the next section, obtain some prac-
tical tests for the boson spin. It should perhaps be
emphasized that the results, and the amplitudes of Egs.
(10), are independent of the detailed theory of the decay
process, depending only on the conservation of angular
momentum and on the asymptotic properties of the
particles involved. However, if it is assumed that
interactions between the decay products are negligible,
as should certainly be true if one is a neutrino, and that
the decay amplitudes a¢.s may be treated as essentially
first order in the decay interaction, then further state-
ments can be made concerning the matters of time-
reversal and charge-conjugation invariance.!' Time-
reversal invariance requires the amplitudes ars to be
relatively real. Consequently, one has Im{ay, 0as,1*}—0,
and observation of a nonvanishing value of (¢-PI(8))a
is evidence for the violation of time-reversal invariance.

(1“557c)3e, for example, Lee, Ochme, and Yang, Phys. Rev. 106, 340
957).

277

Using the CPT theorem, the operation of charge conju-
gation can be defined as PT" to within a phase which is
here irrelevant. Charge-conjugation invariance requires
aj,0and a1, and a;_1,1 and a4, 1, to be relatively real,
and the sets {as,0,6s,1} and {@s41,1,867-1,1} to be rela-
tively imaginary. In this case, the polarization given in
Eq. (3.2) vanishes. Observation of a nonzero longi-
tudinal polarization in the decay of a boson of arbitrary
spin into two spin-§ particles therefore evinces a viola-
tion of both parity conservation and charge conjugation
invariance in the decay. This violation follows auto-
matically for the case discussed above, in which one of
the particles is a two-component neutrino.*

(6) Decay into Two N eutrinos

A case of some theoretical interest is the decay of a
spin-J boson into two two-component neutrinos. For the
lepton conserving decay, with the “observed’ neutrino
right-handed, the coefficient a0 in Eq. (10.1) must
vanish. The angular distribution in the decay, inte-
grated over the azimuthal angle, is readily seen to be

In(0)=—(2J+1)|as1|?
X g{(— DM par(2541)P;(cosb)

( —1 0)(M -M 0)' (1s-1

The polarization, which is now defined as the expecta-
tion value of e-p/p, is given by

PI(0,¢)=1(6,¢)p for (13.2)

For J=0, I(,¢) vanishes. Thus conservation of leptons
and of angular momentum forbids the decay of a spin-0
particle into a vz, vg pair. This is apparent from
elementary considerations, since for the pair M g==1
along the direction of 4. Thus we must have M =71 in
order to obtain M =0, but for M 170, the decay ampli-
tude along p vanishes. This is true for all directions of $,
so I(0,¢) vanishes.

We may also consider the case of a complete violation
of lepton conservation in the decay. The particles are in
this case identical, and it is necessary to antisymmetrize
the wave function. For the decay into two left-handed
neutrinos, az,1=0 in Eq. (10.1) and we obtain

In(0)=2(2J41)|as,0|?
X %(— DM pu(25+1)P;(cosh)

J J iN\y/J T
%(o o o)
0 0 O/\M —M
where again P={(oy:p1/p1).

Vi=VR, V2=VL.

é), (14.1)

(14.2)

while
V1=V2=VL,
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4. Tests for the Boson Spin

The results of Sec. 3 are quite general, but do not
normally provide useful tests for the spin of the decaying
boson because of the presence of the unknown weights
pu. However, a number of restrictive conditions may be
formulated which may, if the decaying particle is
polarized, serve to restrict the possible values of the
spin. The simplest restrictions are obtained by inte-
grating I, (0) and (p-PI)x(0) over the range of 6 with
the weight cosf. For left-handed neutrinos, with an
arbitrary polar axis

{aI cos()):fl(ﬁ,dz) cosfdQ= las 1 |%J.). (15.1)

J(J+1)

Similarly,

(p-PI cosf)=

[ar, 1| T 2). (15.2)

J(J+1)

Here (J,) is the expectation value of component of the
total angular momentum along the chosen axis. Since
[{(J)] €J and since 2|as1]2<{T)=2|as,0|*+2]as1]?
we obtain at once the potentially useful restrictions

1
@ comt)| <1, (16.1)
and

(p-PI cosf)={(I cosb), (16.2)

V=VL.

For right-handed neutrinos, the second restriction is
changed, requiring

(p-PI cosh)y=—(I cosh), (16.3)

V=VR.

The nonvanishing of any of these quantities requires a
nonvanishing value of (J.), and that the spin of the
decaying boson be at least 1. Similar but less stringent
restrictions may be obtained by considering the trans-
verse components of P(0,¢)I(6,¢). The condition on
[{I cosf)| is a necessary condition for spin J to be
consistent with a measured angular distribution and
thus can in principle provide an upper bound on the
boson spin. The relative sign of (I cosf) and (p-PI cosf)
provides a direct determination of the helicity of the
neutrino involved in the decay.

Restrictions on the spin of a more general type,
similar to those discussed by Lee and Yang! in con-
nection with the spin of the A% are obtained by con-
sidering the integrals over the total solid angle of the
products of 7(8,¢) and P(6,¢)(6,¢) with certain test
functions, defined as

1
SJ, M, s_(e) =m ]_gd(Zj-{—l)P,-(cose) (-—— 1)M+S

T T i\gT T i\t
(7))
M —M 0/\Ss =S5 0
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and

1
Sy, a1, 57(0) =Eﬁ-— 2 (2j+1)Pj(cosh)(—1)M+S

1 7 even

T T iNgT T iyt
><( )( ) . (172)

M —M 0/\S —S 0
It then follows from Eqgs. (12) that
(Sra, T DH(S s, 7P PI)=2ay,1|*(pu— p—u), (18.1)
Sr DS s, u,1P-PI)=2| a1 | *(pu+p-n), (18.2)
(87,20, 1)—{Ss, 21,55 PI)=0, (18.3)
(S, 20,6 D)= (Ss, 31,65 P)=2| as,o|*(prrtp-n). (18.4)

Since the weights parare positive, 0 pur <1, X pur=1,
we obtain from the above results the consistency rela-
tions, necessary for spin J to be consistent with an
observed angular distribution and polarization,

[{(Ss, 0,7 (I+p-PD))| <(Ss, 20, I +5-PI)) <), (19.1)
and
[(Ss, a0, (I—=p-PD)| (D), M=—J,---J. (19.2)

We note also the simpler condition, applicable to the

angular distribution alone,
206Srmu D <), M=—J,---J. (19.3)

Consistency tests involving the transverse components
of P(6,¢)I(6,¢) may be formulated through the use of
the test function

1
Ur,u()= YAl z(:m(_ 1)¥[4m (27+1) Y ;1(6,0)

G o o 5 )@

(21.1)

Thus

(Ui, uq-PI)=2Im{ay,o0as,1*} (prr— p-m),
and

(U, u?-PI)=2Re{as,005,:*} (pr—p—ar). (21.2)

Finally, we have, therefore, among the consistency
relations necessary for spin J,

KU, - PI)| <KI), (22.1)
and

KU s, 5 PD)| KD, M=—J,---J. (22.2)

The use of relations similar to these will be demon-
strated in Sec. 3 of the second part of this paper in
connection with a spin determination for the A% We
shall only note here that if it is assumed that the spin
of the K meson is greater than zero, then the K’s
produced in association with the Z hyperons in the
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process m-+N—24K would be expected in general to be
polarized. The K., decay of the charged K mesons
provides the angular distribution required above, while
the subsequent u—e decay provides a natural analyzer
of the polarization of the u meson. However, as discussed
earlier, the present indications favor J=0 for the K
meson.

III. DECAY OF A FERMION OF ARBITRARY SPIN

1. J—0, ; Angular Distributions
and Polarizations

The amplitude of the asymptotic final-state wave
function describing the decay of a fermion of spin J into
a boson of spin 0 and a fermion of spin § will be taken in
the form given in Eq. (1). Re-expressing the angular
momentum eigenfunctions Yy rs in terms of functions
quantized along the direction of motion of the final
fermion [particle (1)7], one obtains for the amplitude
arising from the eigenstate of J, with (J,)=M in the
original coordinate system

7. 9’ 551
@) (27+1)(2L+1)
=2 (-DH"MS[—————] aL,}
LMg 47
L 1 J
X( )SDMSM”)(O,@@)X%MS(SJ). (23)
0 Mg —Mg

Since the total spin angular momentum in the final state
is always 3, the subscript 3 on the coefficients ay, s is
superfluous and will henceforth be omitted. Straight-
forward calculation yields for the angular distribution
and polarization in the decay of initially unpolarized
particles [that is, for the decay of an incoherent mix-
ture of the pure states (J,M), each appearing with the
weight 1/(2741)] the results

I1(0,4)= (1/4m){|as—

Hlarnl?,  (240)

and

P©0,)I(6,¢)=— (1/4m)2 Re{ari*ary}p. (24.2)

The angular distribution is isotropic, as expected, while
the only nonvanishing component of the polarization is
that along the direction of motion of the emergent
fermion. These results provide no test for the spin of the
decaying fermion; to obtain such tests it is necessary to
consider situations in which the initial particle is
polarized. However, the existence of the longitudinal
polarization of Eq. (24.2) is conclusive evidence of the
violation of parity conservation in the decay.

When the initial state of the decaying system is a
coherent superposition of states of different M, the
detailed angular distribution of the decay products
contains azimuthally dependent terms, and is in general
too involved to be useful in studying the spin of the
initial particle. Some simplifications can be effected by
integrating the distribution over the azimuthal angle;
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the resulting distribution is a function solely of 8,

2J+1
IAv(0)=T 2 (—1)7M+4(2j4-1) Pj(cos)
i, M

7

T T N T
“(r S o

M —-m o/\: —;

;= a3+ |aral? jeven

j odd.

J
O)OtjPM, (251)

where
(25.2)

;= 2 Re{dj_}_%*aJ_%} y (25.3)

The constants py are again the weights with which the
eigenstates of J, characterized by (J,)=M are present.

Similar results are easily obtained for the polarization
of the emergent spin-3 particle. As was noted previously,
the polarization P calculated from the nonrelativistic
formula

P(6,0)I(6,6)= (f7,0pamif”)

is correct relativistically if interpreted as the expectation
value in its rest system of the twice spin angular momen-
tum of the particle. For the integral over the azimuthal
angle of the component of PI along the direction of
motion of the product fermion, one obtains

(B PI)n(0)

2J+1
=== T (D7 1) P(cost)
»M

J T iN\yJ J
(e e o
M —-M 0/\} -1
This result differs from that for I, (6) only by the change
a;—~>—aj1. The transverse components of the product

of the polarization and the angular distribution, inte-
grated over the azimuthal angle, are

(¢-PIn(0)

J
0)aj+1pM. (26.1)

27+1
=——-2Im{as*as—y} D D (—1)Mipy
2 jodd M
X[4r(27+1)]47;1(6,0)
J T Ny T g
><( ])( I ) (26.2)
M —-M 0/\{ 1 -1
and
(#-PIn(0)
27+1

{laras|?—lary]?} X Z(—=1)Mlpy
2 jodd M

X [4r(2j+1) 7 *(6,0)

J T g\ygT
*( )
M —-M o/\i

_j 1), (26.3)

W=
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where p=pi/p1, §= (EXP)/|EXB|, #=(aXP)/|4XBl,
and k is a unit vector along the axis of quantization.
Specialization of these formulas to the case pu
=2J4+1)", M=—J, ---J, leads aside from a factor
of 27 to the results of Eqs. (24) for the decay of un-
polarized particles.

In cases in which final-state interactions are small and
in which it is sufficient to treat the decay amplitudes a,,
to first order in the decay interaction, time-reversal
invariance requires that the amplitudes be relatively
real.! Under such circumstances Im(as43*as—3)—0, and
(¢-PI)n(6) vanishes. On the other hand, charge-conju-
gation invariance under similar restrictions requires
aj_y and ayy; to be relatively imaginary .2 In this case
Re{a;13*as—3}—0 and the odd-order terms in 7 (6)
vanish. Thus observation of contributions of odd-order
Legendre polynomials to the azimuthally integrated
decay angular distribution evinces a violation of both
parity conservation and charge-conjugation invariance
in the decay, while observation of a nonvanishing
(¢-PI)s in the absence of significant final-state inter-
action indicates a violation of parity conservation and
time-reversal invariance.

2. Tests for the Fermion Spin

The foregoing results do not in general provide useful
tests for the spin of the decaying fermion unless further
restrictions can be placed on the decay amplitudes or on
the weights pau, all of which may be unknown in any
particular case. One possible restriction which leads to
angular distributions depending uniquely on J is that
proposed by Adair.’® We consider a production-decay
sequence of the type 0, 3—0, J; J—0, 3 ; e.g., of the type
7=+ p—KOHA°, A7 p. If the axis of quantization
is taken along the direction of motion of the incident
particle, and if the initial spin-} particle is unpolarized,
then the fermions produced at (or near) 6=0° or
6=180° can occupy only the states with M.=0,
M=% The states with M=+% and M=—3% are
produced incoherently and with equal weights. Special-
izing to this case, one finds for the angular distribution

27+1 .
- {lars*+larm?} X (25+1)Pj(cost)

J T 5\?
x( ) (27)
\: -1 o0

The angular distribution depends solely upon the value
of J. An exactly similar result is obtained for the

1(6,¢)=

12 Charge-conjugation invariance in the A? decay has been con-
sidered by R. Gatto, Phys. Rev. 108, 1103 (1957), taking into
account the large final-state interactions between the =~ meson
and the proton.

13 R. K. Adair, Phys. Rev. 100, 1540 (1955).

U F, Eisler et al., Nuovo cimento 7, 222 (1958).
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product P(6,¢)I(6,¢), with the consequence that
P(0,0)=—5p2 Re{ari*ar—3}/[|ary|®+]ary[?]. (29)

The polarization is therefore longitudinal and angle-
independent, and does not depend upon J in a charac-
teristic way. However, as in the decay of initially
unpolarized particles, a measurement of P provides an
unambiguous determination of the sign and magnitude
of the ratio 2 Re{as11*as—3} X[ | ar—3 |2+ |as3]2], and
is thus relevant to the discussion of parity conservation
in, and the theory of, the decay.

Relatively simple tests for the spin of the decaying
particle may be obtained by considering weighted
averages over I (0,¢) and P(9,4)1(8,4). Thus, relative to
any polar axis,

(I cosfy= f I1(6,¢) cosfdQ

(V202 Re{arii*ar—y), (29.1)
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where (J,) is the expectation value in the initial state of
the component of J along the chosen axis. Since

[(722 Re{ary*ar3} |

ST{ar—g|*+ary | =XD), (29.2)
Eq. (23.1) yields the inequality
1 .
T cosfy| < I). 29.3
< COS>[\2(J+1)<> (29.3)

This result has been used by Lee and Yang! to obtain
from its large decay angular asymmetry’®17 an upper
bound on the spin of the A%. An analogous limit may be
obtained by considering the average with weight cos@ of
the longitudinal component of P(0,¢)I(6,¢),

1
A-P S0) =———(J, J—1 2 Jad 2 . X
(p-PI cosh) 2](]+1)<J>{la 3>+ |ar] 2. (30.1)
Hence,
[{p-PI cost)| < (). (30.2)

2(J+1)

This second relation provides an upper bound for the
spin which is independent of the question of parity
conservation in the decay.

More general tests for the spin of the decaying particle
may be obtained in terms of the test functions T';, *

16 F. S. Crawford ef al., Phys. Rev. 108, 1102 (1957).

16 F, Eisler ef al., Phys. Rev. 108, 1353 (1957).
17 L. B. Leipuner and R. K. Adair, Phys. Rev. 109, 1358 (1958).
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defined as

2
Trut(O)=—— 2 (=DM 42j+1)P;(cost)

2J 41 jeven
J J Ny/J J N\
X( )( ) , (31.1)
M —-M 0/\% —%1 0/
2
Tr (0)=—— 2 (—1)"+(2;j41)P;(cosb)
2J+1 jodd
J J N\ 7J J I\t
X( ])( ]) . (31.2)
M —-M 0/\% -} 0

The T';, »* are essentially the same as the even and
odd parts of the test functions considered by Lee and
Yang.! Integrating the test functions over 6 with the
weight 7,(0), we obtain the results

(Ts,uDy={|ar—s|*+ | ary3|*} (prrt+p-n),

(32.1)

and
(Ts,w I)=2Re{aris*as—3} (pu—p-u), (32.2)

where

(Ts,ul)= f ’ T 7, 1 (6)I 5 (6) sinddo

_ f Tru@)(0,0)d2.  (32.3)

The observation that the weights ps are restricted by
the conditions 0 < par <1 and X u pur=1 leads at once
to the inequalities discussed by Lee and Yang,!

Ko DI (T o), M=—J,---J. (33)
Alternatively, we may define 7'y, =T, »*+7Tg, ~ and
write the inequalities in the more compact form

0T s ul), M=—J,---J. (33")
It is necessary that these inequalities be satisfied in
order that spin J be consistent with a given angular
distribution. The utility of these results will become
apparent in the next section in connection with the
discussion of the spin of the A°.

Further inequalities necessary for spin J can be
formulated when the polarization as well as the angular
distribution in a decay are measured. From Egs. (26.1)
and (29) we find that

(Ts.atp-PIy=—2 Re{aris*ar—3} (pr+p-m),
and
(T5,up-PD=—{]asm|*+|arus]*} (pu—p-n). (34.2)
Combining the results of Eqs. (32) and (34), we obtain

(34.1)
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the potentially useful inequalities
(T g, 3D PD)| (T, D), (35.1)
KT s, uD)| < (T, p-PI)|, (35.2)
and
(T, 3 D)—(Ts, - PI)|
ot D)—(T s p-PI)
<UD, M=—7J,---J. (353)

A third set of inequalities can be obtained which involve
the transverse components of the polarization. Defining

2
VJ,M='2—;_E(—1) + Zd (47 (27+1) 1Y ;(6,0)

jod
J J N\ /J T i \"!
G
M —M o/\: 3 —1
[V, 1q-PD)| =2 Im{ass*as—s} (pu—p-n) |

=

one obtains the results

KTy, utI), (37.1)
and
Vs, ut-PD)| = | (|as—3]*— |as43|?) (pr— p-n) |
(T utl), M=—J,---J. (31.2)

The inequalities of the preceding equations are valid
whatever polar axis is chosen, so long only as the choice
is independent of the details of the decay events con-
sidered. These inequalities provide conditions necessary
for spin J to be consistent with an observed decay
angular distribution and polarization. Unfortunately,
the tests involving the polarization do not appear to be
feasible at present relative to the decays of the A’ and =
hyperons. However, in the case of the decay E——A%4-7~,
the subsequent decay A%—p--m— provides a natural
analyzer of the polarization of the A% and it is con-
ceivable that the tests, especially those of Egs. (30.2)
and (35), may provide useful information of the 5~ spin.

3. Application of the Tests; Spin of
the A° Hyperon

In this section we shall apply the tests of Egs. (33)
to the consideration of the spin of the A% hyperon. A
discussion of the spin on the basis of the inequality of
Eq. (29.3) and the large “up-down” asymmetry in the
process A%—r~+p has been given by Lee and Yang,'
who noted also that if (IP;(cosfl)) is assumed to vanish
for 7>1, the further very restrictive inequality

1
KT cost)| Sg;(f ) (38)

followed from the test inequality (33) and the definition
of the test functions T'ys%. Oa the basis of this test and
the value 3(—0.524-0.10) of (I cos#)/{I) obtained by
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Eisler et al® from the combined data of several
groups,’®17 a spin greater that 3 was shown to be
unlikely for the A°. The less restrictive test

1
T cost)| < ——(I), 29.3")
(I cost) | 2J+2<> (

which requires no assumptions about the magnitude of
the averages {IP;(cosf)) for its derivation, is satisfied
for spin £ as well as for spin 3, and does conclusively
eliminate spin 5. However, spins greater than } may be
shown to be unlikely without special assumptions
through the use of the test functions 7', x* and the
tests of Egs. (33).

We have used the angular distribution of the proton
in the decay A%—7—+p as determined by Eisler et al.!8
for A° hyperons produced at angles between 30° and 150°
in the center-of-mass system in the process =~ p—
A+ KO, The polar axis was taken perpendicular to the
plane of production along the direction of $r ineXPa.
Using the test functions defined in Egs. (31) and the
experimental angular distributions with (I) normalized
to unity, we obtain the results

J=% M=%: (T, 1)=1.00=0.07,
(T, T)=0.4740.13;
J=%, M=3%: (Tys1)=0.40=0.08,
(T3, 1)=0.68£0.20; (39
J=%, M=%: (T3)=0.60=0.08,
(T43,y1)=0.28--0.10;
J=5, M=%: (Tys1)=0.1020.07,

(T5,51)=0.73240.23.

The test inequality |(Ts, »~I)| (T, u*tI) which must
be satisfied for spin J to be consistent with the observed
angular distribution 7(6,¢) is satisfied for J=% and
violated for /=% and for J=3%. Using the alternative
form of the test inequalities given in Eq. (33'), one may
state the inconsistency for spins § and § in the simple
form

28-£0.22,

—0. (40.1)
—0.630.25.

0is not <
0 < (40.2)

is not
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A spin of § for the A? hyperon is definitely inconsistent
with the present experimental results. A spin of §
appears to be unlikely, but cannot be excluded com-
pletely because of the rather large uncertainty in the
value of (T';—3I). However, it should be noted that the
lower bound of zero for (T'j—3I) can be attained
only under the stringent conditions that the ratio
|2 Reasii*a;—;| /[ | ar—s|?+]|are3|2] has its maximum
value, unity, and that one of the weights p; or p_3
vanishes. Any deviation from these conditions decreases
the possibility of ascribing the inconsistencies to ex-
perimental errors. Thus, for example, if the smaller of
ps and p_j is assumed to be as great or greater than 159,
of the larger in the energy range considered (910-1300
Mev), one obtains instead of (40.1) the more severe
inconsistency 0 is not < —0.440.2.

The present tests, based on the data of Eisler ef al.18
on the angular distribution of the product particles in
the decay of polarized A° hyperons, are consistent with
Ja=7% and appear to exclude higher spins. Thus Jy=%
is indicated for the A® hyperon, in agreement with the
results obtained by Eisler e/ ¢/ using the method of
Adair.®® It should perhaps be remarked that the tests
proposed here provide in general only limiting condi-
tions on the spin of the decaying particle, while the
selection of production and decay events according to
the criteria of Adair leads to decay angular distributions
[Eq. (27)] which depend uniquely on J. Nevertheless,
the present method should provide, with better sta-
tistics, more certain restrictions on the A° spin than
result from the Adair analysis, which requires in practice
assumptions concerning the production mechanism of
the A° and the spin of the K° meson which are un-
necessary in the present work.

ACKNOWLEDGMENTS

The authors would like to thank Professor C. N. Yang
for a number of stimulating remarks concerning this
work. Two of us (L.D. and L.F.L.) would like to thank
Professor J. R. Oppenheimer and the Institute for
Advanced Study for the hospitality accorded them
during the course of this work.



