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element, we have (1456 (—4)]
@ t—
vp(0)=2car’ (?) (5—0@ o )
[(t_.4)/4]af’(t)+l
It will be seen that the prediction is well satisfied ex-
cept for 12 0.

Rea(f) has its maximum at ¢=~20 m,?, though we
have not traced the fall of Rea(s) in Fig. 1, since,
because of the large imaginary parts of @ and D, it is
not correct to identify the second zero of ReD with the
returning trajectory. From (33) we can see that if
pe(?) has its main weight in the upper part of the strip
one would not expect this maximum to occur for
t<s1/2. Our present calculation appears to emphasize
the region of the double spectral function just above
threshold, so that our results cease to be correct as
we enter the resonance region.

We conclude that it may be possible to ‘‘bootstrap”
trajectories with some hope of obtaining the physical

COLLINS AND V. L. TEPLITZ

parameters for {<0, when all the trajectories are in-
cluded, but there is no sign that we shall be able to
obtain the correct particle masses and widths. It is
likely that the presence of competing channels is im-
portant for higher angular momenta, and this possi-
bility is being examined.® Also it may be necessary to
iterate the potential* in order to obtain a better
approximation to the double spectral functions.
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The phenomenology of two-step processes of the type A+B — C+D, D — E+F is studied for the partic-
ular case when among the final particles only F is observed. Formulas convenient for the computation of the
polarization of F in terms of the parameters describing the production process are presented, and the con-
nection between the polarization of F and that of D, when D is not observed, is clarified. Numerical results
are obtained for the angular dependence of the A polarization in the process K~+p — 79+29, 2° — y+A at

a variety of incident energies.

1. INTRODUCTION

ARTICLES with spin are frequently polarized when
produced in elementary-particle reactions. As is
well known, measurement of this polarization provides
restrictions on the values of parameters, e.g., phase
shifts, used to describe the matrix element for the
production process. If the particle is unstable, the

1 Supported in part by the U. S. Air Force.

{ Based in part on a Ph.D. thesis submitted by MHC to the
University of Maryland in 1963.

* Present address.

§ National Science Foundation Senior Post-Doctoral Fellow,
on sabbatical leave from the University of Maryland, 1963-64.

polarization may often be measured from the angular
distribution of the decay products and sometimes
from the polarization of one of the decay particles.

Special circumstances prevail if the produced particle
is the 2 hyperon, e.g., in the reaction

K—p — w0420, (1.1)
The electromagnetic decay of the =9, via
20— y+A, (1.2)

involves two more neutral particles, and of the three
final particles 7% v, and A, usually only the A is de-
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tected, in a hydrogen bubble chamber, via the weak
decay

A— 7 +p. (1.3)
Thus, neither the polarization nor the angular distribu-
tion of the 2° is directly measurable, and the question
arises as to how the observation of the decay products
of the A may be used to gain information on the pro-
duction process.

The purpose of this paper is to study aspects of the
phenomenology of two-step processes of the type
A+B— C+D, D— E+F, for the particular case
when only particle F is observed. In Sec. 2 we present
formulas convenient for the computation of the polari-
zation of F in terms of the parameters describing the
production process. In Sec. 3 we attempt to clarify
the connection between the polarizations of F and that
of D when D is not observed, a subject on which some
confusion has existed in the past. Numerical results
are obtained for the specific case of reactions (1.1)
and (1.2) for 74(6), the energy-averaged polarization of
the A, for a variety of incident K-meson energies.
Section 4 contains a brief concluding discussion and
summary. Some calculational details are relegated to
an Appendix.

2. GENERAL FORMULAS FOR sr(pr)

Consider a two-body reaction

A+B—C+D, (2.1)
followed by the decay
D— E+F. (2.2)

We assume, for the sake of simplicity of notation in
this section, that particles 4, C, and E have spin 0,
and that particles B, D, and F have spin %; it will be
easy to generalize the results. We are then interested
in computing the four-vector polarization! sg of par-
ticle F, as a function of its momentum pr, when the
momenta pe, pp, and pg are not observed. Now, for
fixed p4 and pp, the process (2.1) will give rise to
particles D with polarization sp depending on pp:sp
=sp(pp). The decay of a beam of D particles with
momentum pp and polarization sp will yield F par-
ticles with polarization s¢" depending on pr as well as
on pp:sg’=s¢ (pr,pp). It is intuitively clear that
sr(pr) will be a weighted average of s#'(pr,pp), with
contributions from all kinematically allowed values of
pp. We first indicate the steps leading to the general
expression (2.8) for sr(pr), which has the expected
form. We then obtain the simplified formula (2.13)
which holds in the c.m. system of (2.1).

Let M; and M, denote the Feynman amplitudes for
the processes (2.1) and (2.2), respectively. Then we

! L. Michel and A. Wightman, Phys. Rev. 98, 1190 (1955).
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may write

Mi=14p01up
and

M=4rOup,

where O; and O; are formal scalars under proper
Lorentz transformations, constructed from the relevant
four-momenta and Dirac matrices. The symbols ug,
up, and up denote Dirac spinors, with up=u(p5,!zs),
etc., where u(p,t) is defined by

Au (PJ) =u (?)Z) , tystu (P:t) = M(P,l) .
Here A is the positive energy projection operator
A= (p+m)/2m

and ¢ is the pseudo-four-vector labeling the spin state.
The differential cross section for reaction (2.1), when
the spin of D is not observed, is given by

doi1= (mB/ZSF) (Trpl)Dl , (23)

where
F=[(pa- pp)*—ma*mp? ]2

and D, is proportional to the conventional Lorentz-
invariant volume element in phase space:

Dy= (27)"%(pc+pp—pa—ps) (mp/2EcEp) dpc dpp.
The matrix p; in Eq. (2.3) is defined by
pP1= ADO1p301'AD ) (24)

where pp is the spin density matrix of the target par-
ticle B, related to the polarization four-vector sz of B

by
pr=%(14-%ysSp)As.

In Eq. (2.4) we have introduced the abbreviation
0" =40ty0

for any 4X4 matrix 0.2 The polarization four-vector
sp of the outgoing particle D is given by

spt=Tr(—1ysy*p1)/T1p1,
and the corresponding spin density matrix pp is
pp=3%(1414vsSp)Ap.

The decay (2.2) of D with momentum pp and polari-
zation sp gives rise, with a rate dT's, to an F particle
with three-momentum in the interval dpp. The rate is
given by

dTy=(mp/Ep) / (Trp2)Ds.

Here, and henceforth, a prime on the integral sign

2 Qur notation is the same as that of S. S. Schweber, A% Intro-
duction to Relativistic Quantum Field Theory (Row, Peterson and
Company, Evanston, Illinois, 1961).
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indicates that pr is to be kept fixed during the integra-
tion. D is defined by

Do= (2m)~%6(pe+pr— pp)(mr/2EEEF) dpg dpr,
and p2 by
p2=Ar020p05'AF.
/

The polarization four-vector sg
both pr and pp and is given by

of F will depend on

se't=s¢'"*(pr,pp)="Tr(—ivsr*p2)/ T1p2.

We now consider the two-step process. The differen-
tial cross section for producing particle F in the in-
terval dpr when pp is measured, is

d0,=d0](dlvz/rz) y

where T’z is the total decay rate, for D, moving with
momentum pp. Thus

I'y= (mp/Ep)T'p,

where I'p is the decay rate in the rest frame of D.
When D, or equivalently E, is not observed, do’ — do
with

do= (mB/ZfH‘D)/ (Tl‘pz) (Tl’pl)Dle . (25)

The F-particle polarization four-vector sr=sr(pr),
when D is not observed, may be obtained by computing
do(tr), the cross section for producing F with momen-
tum in the interval dpr and the spin state labeled by
the pseudo-four-vector {r. The sum on the intermedi-
ate spin states of D must then be performed on the
product MM, coherently, i.e., before taking the ab-
solute square. The result is

do(tr)=3(1—tr-sp)do,
where

sp=sp(pr)= / s#'(pr,pp) Trps TrpDyDy
’ —1
X[/ Tl‘pz Tl‘p1DzD1] . (26)

Equations (2.5) and (2.6) have been written in such
a way that they remain valid, for example, for a three-
body decay of particle D, if the phase-space factor D,
is replaced by the corresponding factor appropriate
for three-body decay. If the unobserved decay par-
ticles have spin, Trp. should be replaced by

Z Tl'p2 ’

where 3~ denotes a sum over a complete set of orthog-
onal spin states for these particles.

For the two-body decay (2.2), we may infer from
the definitions of p2 and dT's, that

Trpe= (2empl'p/meqQ)Wr, (2.7a)
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where ¢ is the magnitude of the F-particle three-
momentum in the rest system of D and the invariant
W p is the angular distribution of F in the same system,
normalized to unity for sp=0. The general form of W
is

Wr=14p'sp- pr, (2.7b)

where p’ is a constant. If parity is conserved in the
decay, then necessarily p'=0, and Wr=1.

Egs. (2.6) and (2.5) may be rewritten, using Egs.
(2.7) and (2.3) as

5F(PF)=/SF/(PF,PD)WdeDz//Wpda'ng, (2.8)

do= (21rmp/mpq)/ I’Vpda'l.Dz . (29)

We now consider the simplification of Egs. (2.8) and
(2.9) in the c.m. system of reaction (2.1).

In the c.m. system of the production reaction, D,
reduces to

(87)'mp|pr| EE*6(Ep—Ex—Er)dErdQr,
so Eq. (2.8) becomes

sr(pr)= / se'(pr,pp)oiW rdr / / oiWedr, (2.10)

where

dr=Eg'$(Ep— Eg—Er)dQp, (2.11)

and
01=(do1/dQp)o.m..

Equation (2.9) reduces similarly to
’
da'/dEdep= (mD l pp,/%q)f 0'1Wpd1'. (212)

To proceed further, we note that considerable simpli-
fication is achieved by introducing, as polar axis for
the integration over the angles of particle D, not the
axis defined by the incident beam 54 but rather the
axis defined by the momentum of particle F. Thus, on
defining x and ¢ as polar and azimuthal angles of pp
with respect to pr, so that

dQp=sinx dx de,

we may use the § function in Eq. (2.11) to carry out
the integration over x. Since

Ep= (pr*+po’—2|pr||pp|cosx+mz)",
so that for fixed |pr| and |pp|
sinxdx=EgdEzg/(|pr||pp|),
Eq. (2.11) becomes

dr=(|pr||pn|)de.
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Thus, Egs. (2.10) and (2.12) become, respectively,

s;.(p,.) f

do’/dEFdQF =

¥ (pr,pp)oiWp d«?// oiWrde (2.13)

1

2m
- f aWede. (2.14)
ZT(EF(+)_EF(_)) 0

In the last equation we have introduced Er™ and
Ep™, the maximum and minimum values of Er in
the c.m. system, which are given by

Ep®=[Ep(mp*+me*—mg*)/2mp*1x[q|pp| mp].

3. APPLICATION TO X°— v+ A

Equation (2.13) of the preceding section may be used
to obtain an explicit formula for sr(pr) in terms of
parameters describing the production reaction and pa-
rameters describing the relation between s’ (pr,pp) and
sp(pp), determined by the dynamics of the decay. The
general analysis is given in the Appendix. Here we shall
consider specifically the case of Z° production followed
by

20— y4A.

Then, for either relative parity of 2° and A,
mzP+m’

mA

SA'(PA,PE)=t¥o(—3z'PA)(P2'" PA) , (3.1)

with
ag=—4mamsz/ (mz'—m*)?.

When the 20 is not observed, we get, from Egs. (2.13)
and (3.1),

s2°%(pa)=0, (3.2)

Ex(H)

7a(0a) =

EAC
a=[[

and

dFAdQA

EA(H)
dE, dQA//f
dFAdQA A dEAdQA
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and
(3.3a)

where the direction of polarization & is defined by

8a(pa)=mi,

£=paXps/|[PaXps],
and the magnitude of polarization (up to a sign), is

na= 2mSindata / f ore
0
with

2r
£a=2(x) a0 | pa| | 2] sinix j £x(u) sin*e do. (3.30)
0

(3.3b)

x is the angle between px and pa, and
CoSx = (2ExEA—m>;2—mA2)/2|pz[ IPAl .

The quantities o), £z describe the production cross
section and polarization of Z° in the c.m. system, with
the magnitude of 2 polarization nz= sinfz¢z,/o; (%), and

u=cosfz=pa-ps.

Equations (3.2) and (3.3) describe the polarization of
the A for a fixed pa. Experimentally, it may be measured
from the up-down asymmetry, with respect to the A
production plane, in the distribution of =— from the
parity-nonconserving decay A — 7+ p. If the number
of events is small, a more accurately measurable
quantity may be the up-down asymmetry, averaged
over the range of energy of the A at the same angle, or
perhaps averaged over both the energy and the angle,
weighted with the corresponding cross section. In these
cases the relevant theoretical average quantities are,
respectively,

EA($)
// dEy
=) dFAdQA

(3.4)

AEAdQ, . (3.3)

If we now represent ¢ and ¢z as power series in # [or in Legendre polynomials P,(x)] the integrations in (3.4)

and (3.5) may be carried out. For example, with

o0

o1= Z a,u",

n=0

and

=

n=0

we obtain the following results for (7,,) retaining only terms with #<3:

<m>=§[c,(bo+%"-’)—

(3.6a)
ban, (3.6b)
b*] / (ao+—), 3.7)
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where the coefficient C; is given by (we denote |p| by p, from now on)

4 4 3 2 4 4 4 2, 2 2
C1=K[mz mat f } )_(mz +mat+4dmzPma ;;mz) ln(-”f) :l’ (P22 po), (3.82)
4 \pzz m? 4p5? M
wnd E matdmatmy? Bxtp
mzi+m Mmzimp’
C1=K[ 2 (mz4+mA4+4m22mA2)—( e z mﬁ) 1n< : 2)] (pz<p.). (3.8b)
2ma%ps 4p5? Ez—p=

Here K= —2m®mz/ (mz2—m,?)? and p. is the minimum value of 5 for which the decay A in 2 — y+A all lie in
a forward cone with respect to pz: p.= (mz—ms?)/2ms. C is related to Cy via

Cy 1[ [EA™ Eath)
—=—[ / pa sinixdEy / / pa sinzxdEA] R
C 1 4 E E

A(—)

so that
Co/C1< 3 (SIN?X) max .

The expressions (3.8a) and (3.8b) may be expanded
as power series in the parameter 6= (mz—my)/ms, and,
for (3.8b), also in pz/E8(<1). Thus,
Ci1=—3[1-&((mz/5ps")+16) ]+0(#),

(P2> pc) ) (398')

and
Cr=—%(pz/ES)[1—%(pz/Exd)*+30

+75(pz/E0)8]+0(8), (p2<ps). (3.9b)
Since, for the case at hand, §~0.08, we have, for
PE/Ezsay

C~—%(pz/Eb);

for psz=p, to 19, accuracy, Ci=—4/15; and, for
P2 pe, C1——13, e.g., for pz>2p,,

Ci= '—% ) (310)
to within 59,

To clarify some confusion which seems to have
existed in the past on the relation between the A and
the 2° polarizations it is instructive to compare Eq.
(3.7) with {pz), the magnitude of the Z° polarization
averaged over 0x:

(nz)= / 7301dQs / / 01d9Qs.

On using (3.6a) and (3.6b) with #< 3, we get

(nz>=§(bo+%?> / <ao+‘;—2).

Thus, if CeKC1, one finds

(7ia)/(nz)=C1,
and if also p==>p., from (3.10)

(fia)=~—3(nz). @3.11)
On the other hand, it is definitely not true that
s (60) =~ —n2(0) ; (3.12)

A(')

i.e., the (energy-averaged) polarization of the A emitted
at angle 6, with respect to the incident beam, is in
general not related to the polarization of a Z° emitted
at the same angle by an angle-independent factor. It
is true (and a source of confusion) that, for fixed ps,
the polarization of the A averaged over pa, is —3 times
the polarization of the 29 but this statement, which
is independent of the production process, can not be
used to infer (incorrect) Eq. (3.12) or Eq. (3.11), the
validity of which depends on conditions such as
CoLCh.

Of course, if Eq. (3.12) is used only to infer Eq.
(3.11) by integration over 6§, no appreciable numerical
error is ultimately made, provided that the conditions
for the validity of (3.11) are satisfied. For the reaction
K~ p— a%4-20 studied by Watson, Ferro-Luzzi, and
Tripp® in the range (px)s=300 to 500 MeV/c, one
finds Cy/C1~1%, and pz> p.~80 MeV/c. Using (3.9a)
we find less than 59 deviation from (3.11) in this
region.

To illustrate the use of Eq. (3.4) we have computed
74(6) for (px)1ab=350, 400, and 450 MeV/c using the
results of the phenomenological analysis of Watson
et al. Figure 1 shows 7 (f) versus 6, for solutions I and
V of these authors, corresponding respectively to even
and odd relative 2-A parity. [The Z-A parity is of
course now known to be definitely even!; an odd-
parity solution has been included to indicate the sensi-
tivity of 7a(f) to the assumed parity.] It is clear that
the measurement of #,(f) can provide important re-
strictions on any phase-shift analysis of the initial
reaction and can more or less replace direct measure-
ment of 7z0(d). Of course, if enough events are available
still more information concerning the production re-
action would in principle be gained from a determina-
tion of 74(6,Es). We hope that the results of this sec-
tion will prove useful in the phenomenological analysis
of Z° production reactions.

3 M. B. Watson, M. Ferro-Luzzi, and R. D. Tripp, Phys. Rev.
131, 2248 (1963).

4 H. Courant ef al., Phys. Rev. Letters 10, 409 (1963).
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obtained by Watson et al. (Ref. 3).
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4. SUMMARY AND DISCUSSION

In Sec. 2 a two-step process of the type A+B—C
+D, D — E+F was studied in some detail for the case
of spin-0 4, C, and E particles and spin-3 B, D, and
F vparticles. The four-vector polarization sp(pr) of
particle F, when none of the particles C, D, or E is
observed, was expressed as a covariant integral, Eq.
(2.8). It should be emphasized that Eq. (2.8) is valid
whatever the spins of the other particles may be pro-
vided that:

(i) doi is interpreted as the differential cross section
for producing particle D in the element of solid angle
dQp with particles 4 and B in given states of polari-
zation;

(i) sr(pr,pp) is the polarization four-vector of F
resulting from the decay of D, with momentum pp,
and in the state of polarization (statistical spin state)
arising from the production process; and

(iii) Wp is the angular distribution of the F particle
resulting from the same decay as seen in the rest
system of the D particle.

If the spin of F is greater than one-half, sp(pr) and
s¥ (pr,pp) in Eq. (2.8) may be replaced by the corre-
sponding polarization tensors of higher order. The
simple modifications necessary when D decays into,
say, three particles, were also indicated in Sec. 2. For
a two-particle decay, considerable simplification was
achieved by evaluating sg(pr) in the c.m. system of
the production reaction and choosing as integration
variable the azimuthal angle ¢ of pp with pr as polar
axis. The resulting equations [Egs. (2.13) and (2.14)]
are especially convenient for calculational purposes.
General formulas expressing sp(pr) in terms of the
parameters of the production process, when F and D
have spin }, are given in the Appendix.

The case of Z° production followed by = — v+ A was
considered in detail in Sec. 3. It was shown that although
the ubiquitous factor —% does not relate 7, (8) to 7z(8),
the relation (fa)=—3(»z) is approximately correct
for ps> (mz—ma)/c=75 MeV/¢, mainly as a result of
the relatively small value of = (mz—m,)/ms.

Measurement of #4(f) will provide additional re-
strictions on any proposed phase-shift analysis of the
reactions K—+p — 7+4-2F related to K—+p — 70+2°
by charge independence. The predicted values of
#a(6) for px= 350, 400, and 450 MeV/¢, using solutions
I and V of Watson et al., are shown in Fig. 1.

In conclusion, it should be pointed out that Egs.
(2.13) or (3.4) may be useful for two-step reactions in
which more than one of the final momenta can be
measured, e.g., if charged particles (or resonances)
are produced, but the number of events is small. A
summation over the other momenta is then advantage-
ous for improving the statistics.
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APPENDIX : DEPENDENCE OF sr(pr) ON PARAM-
ETERS OF THE PRODUCTION PROCESS

Consider a two-body reaction, involving particles of
arbitrary spin,
A+B—C+D, (A1)
but with the initial particles unpolarized. The c.m.
differential cross section o1 then depends only on the
total c.m. energy W and on the c.m. scattering angle
6p, and is conventionally written, at not too large W,
as a power series (in practice, a polynomial) in cosép,
ie.,

S T (A2)

n=(0

where
u=cosbp=p4-pp,

and the a, are functions of W only. If particle D has
spin 3, and if the reaction (A1) conserves parity, the
four-vector polarization sp has, in the c.m. system,
necessarily the form

SD= (O’SD) ’

with the three-vector sp perpendicular to the produc-
tion plane. Thus 8p=#%pw, where 7p is the magnitude
of the polarization (up to a sign) and @w= (p4Xpp)/
|paXpp]|. np is generally written in the form

np=sinfptp(u)/o1(w) (A3)

with £p(u) assumed expandable as a power series in #,
tp(u)=2_ baum,
n=0

and the b, dependent on W only.

In order to exhibit explicitly the dependence on
{@nb,} of the effective polarization sp(pr) of the
spin-} particle F, arising from the decay D — E-+F,
we consider first, in part (a), the general form of
s¢#' (pr,pp), the polarization of F when pp is measured.
In part (b), this form is combined with the results of
Sec. 2 to obtain an explicit formula for sr(pr), in the
c.m. system of the reaction (A1), valid for both of the
two possibilities for the spin of E (0 or 1). In part (c)
the result of (b) is applied to the case where E is a
photon, relevant for Z° production, followed by the
decay 20— y+A.
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(a) General Form of s¢'(pr,pp)

From the definition of s#’ in Sec. 2 it follows that
s¢’ must transform as a four-vector under proper
Lorentz transformation, and satisfy the condition

pr-s¥’=0. (A4)

When the spin, if any, of particle E is not observed,
the only available four-vectors are pr, pp, and the D-
particle polarization four-vector sp. The only non-
vanishing and nonconstant scalar product which can
be formed from these four-vectors is pr-sp. However,
since sF’ is the ratio of two linear inhomogeneous
functions of sp, using Eqs. (2.7a) and (2.7b) for the
denominator in the expression for sz, we see that the
most general form of s’ may be taken as

s¢'(prpp)= (1+p'sp-pr) [ (sp- pr) (epp+Bpr)
+dsp+a'pp+B'pr], (AS)

where «a, 8, 6 and o/, 8/, p’ are constants whose value
depends on the dynamics of the decay. Since sp-pr is
a continuous variable, Eq. (A4) implies the pair of
equations

app-pp+PBmp+6=0,
and

&' prpp+Bmp=0,
relating «, 8, 8 and o/, 3/, respectively.

If parity is conserved in the decay s’ must change
sign with a change in sign of sp, so that then o'=4’
=p'=0. If the decay is electromagnetic, with E a
photon, then one finds §=0 also, so that Eq. (AS)
reduces to

s¢'(prpp)=a(sp-pr)(pp—Apr),

where

A= (mF2+mp2)/2mF2. (A6)

(b) Explicit Form of sr(pr)

It is convenient to define the azimuth ¢ of pp with
respect to pr in such a way that $=0 when $p lies in
the plane containing pr and p4 and 8p>60p, with

cosbp=pr-Pa.

On defining a unit vector £, perpendicular to the F
particle-production plane, by

&= (paXpr)/|PaXpr|,

and a unit vector §, perpendicular to pr but in the
production plane, by §= (prX£)/|prX£|, it follows
that

pp= (siny sing)£— (sinx cos¢)§+cosxpr,

and

(A7)

W= (cosx sinfp-+siny cosfr cose)s

+ (sinx sing)p4X£]/sinfp. (A8)



POLARIZATION OF DECAY PARTICLE

We now assume explicitly that o1 and £p depend
only on u=cosfp, as is necessarily the case when the
initial particles are unpolarized. Then

27T
/ (o1 or £p) sing dgp=0, (A9)
0

so that on substitution into Eq. (2.13) we find, using
Egs. (A7), (A8), (A9), and (2.7b), that

sP*=oa’Ep+B'Er, (A10a)
and
sr=M¢'[a|pr||pp|sin®x sinfr(Lo— Ls)
+8(cosx sinfr Lo+siny cosfr Ly) &
+M¢'[—d|pp|siny M1§
+[e'|pp|cosx+8'|pr|1pr. (A10D)
Here L
Ly=— / £p(u) cos™p do, (Al1a)
21r 0
1 27
Mn=—/ a1(u) cos™p do, (A11b)
2w Jo

and the variable « is related to ¢ by
u=Ccosy cosfp—siny sinfr cose.

On substituting the expansions (A2) and (A3) into
Egs. (Alla) and (Al1b), one gets

L"= Z memn, Mn= Z am[\rmn,
m==( m=0
where
1 27
Kpn=— U™ Cos"p dep.
27!" 0

On expansion of »™ by the binomial theorem one finds
that

Kpna=(—1)"3_ (cosfr cosx)™ (sinbr sinx)K mn?,
=0
where

Kpa@=[m!/ jl(m— HILG+Hn— D/ (G+u)!1],
(j+mn even);

=0, (74 odd).
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For even #, the function K., is a polynomial of order
m in cosfr, as well as in cosx.

The differential production cross section, Eq. (2.14),
becomes, in the present notation,

da/dEdeF= (EFH') — EF(—))—lMo .

We now consider in more detail the case where £ is a
photon.

(c) Application: D — y+F

The most general form of O, (Sec. 2) when particle
E is a photon is, for a parity-conserving electromagnetic
decay, and for, say, even relative parity of D and F,
O2= (const) ke, where k= pp—pr is the photon mo-
mentum and e is the four-vector photon polarization,
with e-2=0. From the definition of sz’ one then
obtains, on calculation of the traces, summed over the
7 polarization, the result?®*®

s#' (pr,pp)=ao(sp-pr) (Pp—ApF), (A12)

where \ is defined by Eq. (A6) and ag=—4mpmp/
(mp*—mp?)%. The same result holds for odd relative
parity of D and F, in which case O — v;0,.

Equation (AS5) therefore holds with a=aq, 8= —Aay,
and 6=o'=p8'=p'=0, so that from Egs. (A10a) and
(A10b) one obtains s°(pr)=0 and 8r(pr)=nrt. Here
nr, the magnitude of the polarization, is given by 7r
= SinOFEF/Mo and £p=aol ppl |pD|sin2x(Lo—L2), with?

cosx= (2ErEp—mp—mp?)/2|pr||pp|.

These results give Egs. (3.2) and (3.3) of the text.

© In agreement with the result of L. Michel and H. Rouhanine-
jad, Phys. Rev. 122, 242 (1961). [Equation (A.21) of this reference
is incorrect since the kinematical and dynamical weight factors
present in our Eq. (2.8) are missing.

¢ In the rest system of the D particle Eq. (A12) reduces to

8F'=—K,(8p'§)§, s’P=—K_sp-q,

where § is a unit vector in the direction of the F particle momentum
and K = (mp*+mp®)/2mpmp. Unless mp=mp, s¢’ differs from
the three-vector polarization P obtained from a noncovariant
treatment [R. Gatto, Phys. Rev. 109, 610 (1958)] which is
P=—(sp-9)§. However, the (invariant) degree of polarization
(—s#?)' is equal to |sp-§|, which coincides with |P].

"When mpg><0, the numerator in the expression for cosx
contains an additional mg? term.



