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The consequences of a possible nonconservation of parity in the electromagnetic decay, 20— A%+,
are deduced and an experimental test of parity conservation is proposed. In order to devise a method to
determine the =° lifetime, 7(29), a study is made of A? — 3° conversion in A’-nucleus collisions and it is
found that the A? — 2° conversion induced by the nuclear Coulomb field, with cross section proportional
to Z2/7(29), is the dominant process at large Z for =0 generation in approximately forward directions.. In
addition, the implications of a principle of “minimal weak coupling” (involving a conserved baryon-meson
polar-vector current) are exhibited for Z* — A strangeness-conserving leptonic decays and are used to
propose a further conceivable method to determine the 29 lifetime. Throughout the discussion, the various
cross sections and decay rates are given for the two possible relative intrinsic parities of the A? and 20,

HE Z° hyperon is the most short lived of all the

known elementary particles other than the “ex-
cited baryons” or the “multi-mesons” associated with
scattenng resonances. Whereas the ‘“‘excited baryons”
or the “multi-mesons’ are not umversally considered
to be elementary particles, the 2° is customarily
treated as such essentially because of the belief that
it would be stable if all but the strong interactions
were turned off. Since the lifetime of the 20 is, according
to theoretical estimates,? in the neighborhood of 10—
sec, the usual methods for measuring lifetimes are not
practical and the determination of the Z° mean life
becomes a challenging experimental problem.

It is also ordinarily assumed that the electromagnetic
2% — A conversion involves a parity-conserving inter-
action (Sec. I). This assumption is as yet without
direct experimental verification and, though we believe
it true, we have nevertheless scrutinized the 20— A%y
decay for a method of testing the consequences of any
possible parity nonconservation (Sec. II).

With the use of the general form of the electro-
magnetic 2°—A% vertex function the problem of
A — 20 conversion in the Coulomb field of a nucleus
is studied (Sec. III), the results being used to propose
an experiment for the determination of the Z° lifetime.
The method depends essentially on the observation
that the strength of the Z9—A° electromagnetic vertex
determines both the lifetime of the 2Z° and the
differential cross section for A°— Z% conversion in a
Coulomb field.

Finally, the leptonic and electromagnetic decays of
the 2*, 2=, 2° multiplet into the A° are compared
(Sec. IV). If “minimal weak coupling” together with
a conserved baryon-meson polar-vector current is
assumed to govern all strangeness-conserving weak
interactions, the characteristics of the 2+ — A'e*+»
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process can, under favorable circumstances, also be
used to determine the lifetime of the 2°.

I. PHENOMENOLOGY OF X¢ ELECTROMAGNETIC
DECAY

First let us assume that the electromagnetic
interactions always entail parity conservation. The
principle of minimal electromagnetic coupling then
determines the form of the Lagrangian which couples
the baryons and mesons with the electromagnetic field :
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there being, according to Eq. (1), no primitive electro-
magnetic coupling whatsoever for 7% K°, n, A%, =° =0
Certain matrix elements of the current 7.(x) have
been partially explored; in particular, considerable
informationisavailable about (p’|7.(x)| ), (#'|ju(x)|n)
which describe the interaction of a proton and a neutron,
respectively, with the electromagnetic field.®* The
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current 7,(x) also gives rise to a nonvanishing matrix
element for 20 electromagnetic decay, (A°|j.(x)|Z°),
whose magnitude determines the lifetime of the 2° and
which can be written as

(A0]fu(x) [Z0)=e*r=o(A°| 74 (0) | 2°), ko= (p3—P1)0;

2
k2= |k|2—ki=|ps—pa|>*— (Ez— E)* @

It is clear that only the isovector part of 7,(0)
(cf. Egs. (48) below) contributes to {(A°]7,(0)|2°) since
| 20), |A?) are, respectively, isovector and isoscalar.

We proceed to investigate the general form of
(A°]7,.(0)|Z°) and begin by applying the restrictions of
Lorentz, space-inversion and time-reversal invariance.
We then have, for the two possible A% Z° relative
intrinsic parities,

PyPy=+1,

(A°]7,(0)[2°)
=F® (kpz)i(dAauvuz)kv+F2(+) (kpz)i(dln’u“i‘)

+F5®) (k,2) (daus) (mz—ma)k,, (3a)
PaPs=—1,
(A°]7.(0)|2°)
= Fl(_) (kp2)i(12A’Y5quuz)kv
+Fo O (k)i (Aaysywus)
+F3 (k,2) (nysus) (ms+ma)k,, (3b)

where ), uz are appropriate spinors and the form
factors F1), - -+, F3©) are real for k2> — (2m,)% In
addition, gauge invariance of the second kind permits
a further reduction in the number of independnet
form factors by requiring a differential conservation law
for 7,(x), whence

ku(A?]7,(0)[20)=0.. 4)
Equations (3) and (4) yield
PyPs=+1,

(A°]4,(0)|Z%)
=F,® (kpz)i(ﬁAa,.,uz)ky
+F3 (k,2)i(dsy uz)ks?

+F3®) (k,2) (aus) (mes—ma)ky, (52)
PAPs=—1,
(A°]7,(0)|20)
=F &) (kpg)i (ﬂA'Yk’:O'uqu)kv
+F3(_) (kp2)i (ﬂA'Ys'YpuE)sz
+F5) (k,2) (dnysus) (ms+ma)ky, (Sb)

which together with the Fourier-transformed Maxwell
equations,
k,?@,“(k)\)=41r]“(k)\), (63')

ku@u(k)\)zoy (6b)
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gives
PyPs=+41,

<A0 !],.(0) I ZO}QM(k)\)
=F® (kpz)i (ﬂAonv“E)kvap (k)\)

+Fs® (k,D)i(any,uz) (4nT o (ky), (Ta)
PpPs=—1,
<A0‘]'u(0) |EO>&n(k)\)
=F,0) (kpz)i ('ﬂA'Yso'uqu)kvan (k}\)
+F3 (ki (@nysyuus) (dnT (k). (7b)

In Egs. (7) and (6a), J.(k\) is the current (in
momentum space) of all the sources of the electro-
magnetic field which may be present, not inclusive of
the 2°—A% current itself—e.g., J,(k\) contains the
current of the Dalitz pair, of any nuclear Coulomb
field, etc. Thus only the F; (k,?) terms contribute to
the process 2 — A%4-vy while all the terms, with @, (k»)
replaced by 4wJ.(k\)/k2, contribute to a Z0«> A°
process where the photon is virtual with a nonzero
“mass” (—k,2)% In the limit of k,2— 0, F;® is the
20—A° transition magnetic moment f®e/2my while?
F3® is = f®e(ry_42/6) where

d
1’2_A2E —'6[
d(k,?)

p

InF, & (kpz)]

kp’=0

is the root-mean-square radius of the Z°—A° transition
magnetic moment distribution.

An effective Lagrangian can now be constructed
which simulates the 20— A° vertex function of Egs. (7)
for 20— A4+, viz.,

PpPs=+1,
L0 (x) = §f(+) (e/sz) (‘;A (x)”'w"pE (x) ), (x)+H.c.
=P (¢/2my)[ (aoyz)-H
—i(seys)-E]+H.c,,
e/ 2my=F,(0),
PyPy=—1,
L (1) =31 (e/2mn) Ps (@) yso w2 (%) )F s () +H.c.
=) (e/2my)[— Paez)-H
+i(faoys)-E]+H.c,

(8a)

%/ 2my=F,(0), (8b)

so that £ (x), £ (x) contains only an anomalous or
Pauli moment of the same type as the strong inter-
actions induce in nucleons. Thus, as already noted, the
2% would not decay electromagnetically in the absence
of strong interactions, just as the neutron would have
no electromagnetic couplings if the strong interactions
were turned off.*

4 Of course, the processes Z° — A%y, # — n-+~ would still be
possible, even in the absence of strong interactions, through the
intervention of the weak interactions, i.e.,

=0 > weak Ao+ﬁ+z-’ —el. mag. AU+'Y;
N > weak n+13+i) —el. mag. n+ty.



PROPERTIES OF

Up to this point we have assumed that electro-
magnetic 2°— A° transitions conserve parity. To
explore possible parity-nonconservation effects in
20— A%, we consider an effective 20 <> A® Lagrangian
which is not invariant under space-inversion, i.e.,

1
S(x;N)== / ‘(_6__> Wa(l+Mys)ouz) o
2 (14223 \2my

+H.c.=1,(x)@u.(x)+H.c.,
/ =fCh; N
(14223 (14-22)%
L@0)=LM(x); L(x,20)=L7(x),

=7

whence, nonrelativistically,

;:(x,mé’g%’f)—’f[ Waloys) [(*%) (E—H)

+(i\—-—2—1)(E+iH):| '-}—H.c. (10)

We shall explore, in the next section, the con-
sequences of Egs. (9) and (10). Equation (10) already
indicates the tendency for the photon emitted in
20— A%+~ to have a net circular polarization if parity
is not conserved in the decay interaction since the
operators creating left and right circularly polarized
photons (E+4-iH and E—:H, respectively) appear with
different coefficients [(A—1)/2, (A\-+1)/2] in £(x; 7).

II. POSSIBLE PARITY NONCONSERVATION IN
ELECTROMAGNETIC X¢ DECAY

The decay rate of Z°— A4+, which we shall need
below, follows from the usual procedure for computing
transition probabilities on the basis of an effective
Lagrangian such as that of Eq. (9). Thus,

1/7(2")= /2#5(E7+EA'—mE)
&py
(2m)

X: X

SySASz

= /2#6(E1+EA—M2)

ife/sz
xp £ 2
SySasziL (14224

(e’)')ll N 2 dsp'y

X (ps—pa) v:l[——:] (4m)3

(2E,)} (2m)?
=4(fe/2mn)*(E,)*=[2X5.0X 108 sec™!, (11a)
Such weak-interaction-mediated contributions to I0— A%+,
n — n-+~ are presumably actually present and adjoin negligibly

small parity-nonconserving terms to the corresponding matrix
elements. .

140 4,(0) | 2°) @ (k) |*

(@a(14Nys)opus)
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where
Ey=mz— Ex= (mz—my) (ms+my)/2ms ,
= (mz—m4)(0.97); €=1/137. (11b)

The estimate given in reference 2 for f&), the 20— A°
transition magnetic moment in units of e/2my,

f®=1.2(ga P g/ g, (11c)

with go®, g5, gnv the renormalized 7AZ, 722, VN
coupling constants, yields in the parity-conserving
case where fP=f(A=0) or fO)=f(A= o0):

1/7(2%) ~ (g ®gs/gn?)2X 109 sec ~ 10152 sec—, (11d)

which is an equation that will be used in what follows

We proceed to discuss the polarization properties of
the ¥ and A°. These are given by evaluating the matrix
element

(8] 3, (0) [Z°)Gu(kr) = (A°|2,(0) | Z°){v| @4 (0) | 0)
for definite Sy, Sa, Sz characterizing the states
[, 1 Z0).

For the case in which the 2% has a polarization Py= (o3),
the square of the transition matrix element

| (4°]2,(0) | 2°)(v| @, (0) |0
is proportional to

W (5,8,5,Py)=[{- {*(1=Ps- §)—idX {*- (Ps— )
+ - Psl*- s+ 0+ Ps- §],

|A%),

AN
Y s o

g, n=unit vectors in direction of the emitted photon’s
electric, magnetic fields; k=eXn=pH,=—ps. Here W
represents the relative probability for various final state
configurations specified by given 2° polarization Pz, A°
spin direction §, photon polarization 6=1, —1 for left,
right circularly polarized photons, and photon, A® emis-
sion directions &, pa(=—k). It is to be noted that W
is different for A=0 and for A= o so that an investiga-
tion of the various correlations predicted by W is suffi-
cient, in the parity conserving case, to determine the
A% 29 relative intrinsic parity.®

Specifically, the relative probability of emission of a

6 R. Gatto, Phys. Rev. 109, 610 (1957); G. Feldman and
T. Fulton, Nuclear Phys. 8, 106 (1958); J. Sucher and G. Snow,
Nuovo cimento 18, 195 (1960); N. Byers and H. Burkhardt,
Phys. Rev. 121, 281 (1961); L. Michel and H. Rouhaninejad,
ibid. 122, 242 (1961).
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15,

(a) (b) (c) (d)

F16. 1. Special configuration in the decay 2° — A%+ illustrating
the selection rules operative. A small arrow indicates the helicity
of the particle. Configurations (a) and (c) are allowed; (b) and (d)
are forbidden.

left, right circularly polarized photon is

wlzww,l,iﬁe,Pz):[(l;—l)? / (>\2+1)J

X{(1+s5-E)(1—P3-B)},

wa=WE —1, b Pg:[(xj—l)? / (x2+1)}

X{(1—$-k)(1+Ps-F)},

and if the A° spin and momentum directions are summed
over, an average net circular polarization results:

(w_l)—<w1>: 22
() + @) N+

The phy51ca1 51gn1ﬁcance of the factors (1=5-F),
(1£P;- k) in Eq. (13) is obvious. Thus in w the factor
14 §-k guarantees that (S,+S4)-k= Sy kis 1 and
not %. Similarly the factor 1—Ps- k ensures that
(S4+S4)-Ps=Ss-Py is never negative. The four
diagrams in Fig. 1 illustrate the ideas graphically.

We next consider the polarization properties of the
emitted A°. Let us first compute the direction-
polarization correlation of the A’ by summing
W (3,3,k,P5) over the two possible photon polarizations:

(13)

Py (14)

W(f,ﬁA,Pz) Ew1+w—1

1 Podid 2
=—11—PzDaS-pa—
2 A=

1ﬁA-<Pz—f>}, (15)

from which we obtain the polarization of the A% Py, by
considering the value of § which maximizes:

‘ZU(f,ﬁA,PE)_‘UZJ(—f, ﬁlh Pz)
w($,p4,Ps)+w(—S, s, Pz)
2 PE
<[2x/ z+1)]- pA) e (16)
1—=[2\/ (\24-1)]Ps- pa
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Equation (16) shows that the A° is longitudinally
polarized, with®

_ ( [20/ (¥41)]—Ps-pa >A
VYIRS Y

so that a study of the variation of P, with the angle
64 between P and p, will test whether or not parity is
conserved in Z°— A%vy. We also note that for A= +1
the A° is completely longitudinally polarized whatever
the value of Px-p, and that even if Py=0,7

2\
A+1

Finally, if p4 is averaged over, the corresponding (Py)
is necessarily along Ps and turns out to be

A{ <>\22J);1_

A/ PZ

™ AN
/ (1——|Pz| cos@A) SUUNLN
0 A+1

_%PE) (19)

which is independent of A and so independent of
whether or not parity is conserved in 20— A%+,

We proceed to discuss the directional asymmetries
which are expected when parity is not conserved, in
particular the up-down asymmetry in the A° or v
emission relative to the 2° production plane. Since the
20 is produced in a parity conserving strong interaction,
e.g., 7 +p— 24K Ps is parallel or antiparallel to
the normal to this production plane so that the up-
down A° emission asymmetry is proportional to |Ps|.
In fact, summing the w($,5s,Ps) of Eq. (15) over the
A% spin direction §, we have for the correlation function,
f(cosfy), between the A° direction p, and the
polarization Ps:

2\
flcosfs)=>" w($,pa,Ps)=1———|Ps| costy,
B AN+1

17

Pyo=

Pa. (18)

| Ps] cosﬁA> cosﬁA} sinfxdf,

(20)
so that the up-down A’ emission asymmetry, a, is

/2 T
[ f(cosBy) sinfrdfs— / f(cosfa) sinfxdby
0 /2

/ f(COSOA) sin@AdBA
0

| Py

=—— (2
A1 2 =

8In the parity conserving case: A=0, o, Eq. (17) becomes
Pao=— (Pz-pa)pa, a relation obtained prev1ously by the authors
of reference 5.

7For A=1, Eq. (18) gives Py o=
immediately from Eq. (10) since

(MATUu\:,) - (8——1‘1’) = [:uAf (o 8+i0~13AX us ]
=[upl(140-pr) (@ e)us].

pa, a result which follows
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a is a convenient experimental quantity to measure
since its determination involves only the difference
between the numbers of A° emitted into the upper and
into the lower hemispheres the distinction between the
upper (0=6,=7/2) and the lower (r/2<6,=m) being
independent of the Z° momentum. If the momentum of
the Z° is not well defined we need only replace |Px| in
Eqs. (20) and (21) by a suitable average over the
momenta of the accepted Z°.

We thus see that an experimental study of the
Py, « [Eqgs. (17) and (21)7, with Py calculated from
observation of (P,) [Eq. (19)], should be sufficient
for the determination of the parity-nonconservation
parameter: 2\/(A2+1). It may also be mentioned that
considerations similar to those in Egs. (9)-(21) can
be given for a study of parity-nonconservation effects
in A= n4y, Zt— pty, B0 — Z704y 8 pF — ety
(if this last reaction is not absolutely forbidden),? etc.

III. DETERMINATION OF THE X° LIFETIME FROM
A0 — X0 CONVERSION IN A NUCLEAR
COULOMB FIELD

As we have previously mentioned, the lifetime of the
20, 7(2V), is very short compared to the lifetimes of all
other elementary particles, but it is still very long
compared to the lifetimes of the ‘“‘excited baryons” or
of (most of) the “multi-mesons”. Hence, the experi-
mental methods normally used for finding the lifetimes
of elementary particles or “excited baryons” and “multi-
mesons”’ should be essentially inapplicable to the 20 In
fact, the usual experimental methods for finding a
particle’s mean life fall into two classes:

(a) Individual Lifespan Measurements. The flight
distance from birth to death of an individual unstable
particle in, e.g., an emulsion, gives its rest-frame
lifespan if the energy of the particle is known. Taking
the minimum resolvable distance in an emulsion as
0.1p=10"% cm and assuming that 7(Z%)=10"" sec
(Sec. II), the Z° energy required to produce a flight
distance of 107% cm, is

105 Cm/vz

Ex=mz/(1—v3?)i= (
10-19

)mz= 3IX10%ms

=3.6X10° Bev. (22)

This method (a) is then out of question for the Z° at
the present time.

(b) Mass Spread Measurements. The spread in mass
in a collection of identical unstable particles is related
to the particle lifetime by the uncertainty principle,

Am=1/7. (23)

In the case of the 2°, with 7(Z%)=10"" sec, Eq. (23)

yields

(24)

so that the relatively short 2° lifetime induces only a
8 R. Behrends, Phys. Rev. 111, 1691 (1958).

Amz=6kev; Ams/(ms—my)=10"4,
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0.01%, spread in the mass difference. Thus method (b)
is also quite inapplicable to the Z° with presently
available techniques.

The method for determination of 7(Z°) which we
shall develop in this section, namely the deduction of
7(Z) from observations on the differential cross section
for A— 2% conversion in a nuclear Coulomb field,
docon(A'— 2°)/dS, is reminiscent of a procedure
wherein the lifetime of an excited state of nucleus is
deduced from observations on the differential cross
section for excitation of that state by the Coulomb
field of, say, an incident proton. This last deduction
depends on the fact that both the excitation cross
section and the excited state reciprocal lifetime
are essentially proportional to the square of the
same nuclear matrix element; analogously, both
doconi(A®— 29)/dQ and 1/7(Z°) are essentially pro-
portional to the square of the form factor |F;® (0)|2
= (f®e/2my)* defined above, so that 1/7(Z%) can be
expressed as a product of docou(A’— =9)/dQ2 and
immediately calculable quantities. Thus 1/7(Z°) can
be obtained from an experimental study of A?— Z°
conversion in a A%nucleus collision provided that
docon1 (A® — 29)/dQ can be satisfactorily extracted from
the directly observed doj_nue1(A?— Z9)/dQ which also
contains a contribution to the A°— Z° conversion
process induced solely by the strong interactions. We
shall show, however, that for small |ps—p4|:

d‘TCoul (AO - 20) > do'stmng (AO s EO)

a _~
aQ aQ
dO’A-—nuel (AO had EO) dO'COul(AO - 20)
B e 4
and
dJCOul (AO - 20) dastrong (AO e d EO)
(b) and
aQ aQ

have very different dependence on Z and on |ps—pa/,
so that for small |[ps—pa| and high Z the nuclear
Coulomb field contribution to the A’ — Z° conversion
in a A’nucleus collision can be fairly readily identified
and used to calculate docou1 (A — Z°)/dQ and eventually
7(20).

We proceed to write down the matrix element for
A9 — 30 conversion in a nuclear Coulomb field. From
Egs. (7) and (62) we have, with

ko= (pz—P)ps
k2= |k[?— k= | pz—pa|*— (Es— E4)?,
PrPs=-+1,

(2] 7x(0)[A%) Cu (%) (25a)

k,
=[F1<+) () i)

P

FFD (k) (ﬂE’Y;;uA):|i47T~7u(kx),
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PyPy=—1,
(2174(0) [A) Qu(Br)

k.
=[F1(—> (k) By

P

FEO®) (ﬂwwnm):li‘lrh(kx),

(25b)

where

Ju(kr) =6,A4iZe/p( |x|/R)e & *dbx=5,4iZep (| k| R)’(?.())

o(|x|/R) being the normalized-to-unity ground-state
distribution of charge within the nucleus of radius R,
and p(|k|R)=p(|pz—pa|R) the corresponding nuclear
form factor. With neglect of the kinetic energy of the
recoiling nucleus so that Ex= FE,, we have

(k)= |ps—pa| = pa{0+ (1—-0)[2 sin(6/2) '}?

=pa{o2+62)E,  (27a)
with
Pa—pz { [1 (ms*— mA2):r 1 mst—m,?
==1—| 1— - ;
2\ Pa’ 2 pa? (27b)

f=cos™!(pz- pa).
Equations (27) show that the momentum transfer for
A®— 2% conversion in a nuclear Coulomb field,
| ps—pa| =2pa{0®+62}% is small compared to m, for
0<0=8 and 0=} (ms2—ma?)/pa2&m./ps, the last
condition always being satisfied for sufficiently large®
Pa, e.g., for
pa=4my=4.4Bev/c, 6=20.0043, m./ps=0.030.
Further, since? for small £,2,
Fy® (k)22f ) (e/ 2my)[1— (57°2-)k,"],
Fi (k2) = [ 2% 1/6),
and since? 72s_,=~1/2m.,?, we have
F3® (k) (my|ps—ps|)
)
Fi® (k,%)/ (k) (1—%s_alps—pal?)
~1.2(|pz—pal/ms), (28)

and, as just seen, |ps—pa|/m~ is small compared to
unity for 0266 and ps T4ma. Thus under conditions
of approximately forward A°— 2% conversion with
high-energy incident A?, we can write Egs. (25) as

Py\Ps=+1,
<EO I]M(O) |A0>@u(kk)

e
= fH——(sizony)
2mN

) (p=—ps)

4nZep(|p=—pa|R), (29a)

|pz—pa|?

9Tt is worth mentioning explicitly that |ps—pa|e—o=724d
=4[ (mx2—ma?)/pa] approaches zero at large pa as (pa)~.
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PyPs=—1,

(°15u(0) [A%) Gu(kr)

e
=~ f H'z‘*— (dsou,)
mn

(p=—pa)

4rZep(|ps—pa|R), (29b)

' [pz—pal?

where the importance of (2°]4,(0)|A°) at small A®— =0
momentum transfers, through its proportionality to the
photon propagator 1/k2=1/|ps—ps|?, is explicitly
shown. Physically, this importance is a consequence of
the long range character of the nuclear Coulomb field
which permits peripheral collisions and which for small
| ps—pa| is composed coherently from the Coulomb fields
of the individual nuclear protons [4nrZep(|pz—pa|R)
drZe for |ps—pa| R=|ps—pa|0.84 /m.<1].

For larger 0, where |ps—pa| becomes Zm., and the
A’-nucleus collisions are definitely nonperipheral, the
terms in F3® must be included in Egs. (29) and
the dependence of Fi® | F;% on k2 considered.
However for such large |ps—pa| the strong inter-
actions dominate the A°— Z° conversion and the
contribution of the nuclear Coulomb field matrix
element (2°]7,(0)|A%)@, (%)) is, in any case, relatively
negligible.

We now use the matrix elements of Egs. (29) to
calculate docou1(A® — 2°)/dQ. Analogously to Eq. (11a)
we have

do® cour(A® — 2)

aQ

= /21r6 (Ez—Ep)%

: 0] 0 2d3?2 f_j_\_
x5 1eomami” /() o

so that, substituting Egs. (29) into Eq. (30) and
performing the indicated operations:

do (i)COul (AO — 2())

aQ

() oy 2 2 1 2
— 4Z2e2(f e) [(pEXpA) L1 (msFmy) %i:l
[pz—pa|?

1
2my / L|pz—pal*

x(?f)[pupz—mm]?, (31a)
PA
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or, using Eqgs. (27),

do-(ic)coul(Ao — 20)
aQ

=4Zzez<f(*>e>[ (1-9)*(sin)?
2my / L[6%4 (1—6)(2 sindf)? ]2
1 (mzFma)?/ pa? .
" [84 (1—8) (2 sin6)?] ]
X (1=8)[o(|pz—pa| R) T

N[r—-

[ ) /®)]

XLo([p=—ps| R) I,

the = signs referring to the two possible A%, Z° relative
intrinsic parities: PyPz= +1. Expressing, via Egs. (11),
the A® — 20 transition moment (f®e/2my) in terms of
the 2° decay reciprocal lifetime, 1/7(2°), Eq. (31b)
becomes

(31b)

do® coui (A — )

dQ

IR

(o)

X[(aﬁfaﬁ)ﬁ+7 <mz+mA>ﬂ/ WW)]
X[o(|pz—pa| R) T,

the proportionality of do™® geu1(A® — 2°)/dQ to 1/7(Z°)
being explicitly shown. It is to be emphasized that
do® gou1 (A — 2°)/dQ peaks strongly in the approxi-
mately forward directions, i.e., as a function of 6,
do® o1 (A — Z9)/dQ has a sharp maximum at!

5”:1 16(m2"mA>:l:1:]/|:1+18(mz—m,x>:t1:|l
B : ms+ma ’ ms+my

=1,

(32)

and is relatively very small at 6>>8. It is amusing to
mention that in the strictly forward direction Eq. (32)

10 In working out the position of this maximum, p([pv—pA|R)
=p[pa(8*+6%R] can be treated as 1ndependent of 6 since its
actual rate of variation with 6 is considerably slower than that of
the other §-dependent factor in Eq. (32) for do® cou1(A® — 29)/dQ.
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yields:
do O cout (A" — 20)/d$2 ms+ma\2
} ~( ) =950, (33)
da (+)Coul(A0 - EO)/dQ 0==0

thus offering an enormous discrimination between
results expected for negative and for positive A?, Z°
relative intrinsic parities.

Let us now assume that

Mz—MA

p(|p=—pa|R)
Nsin([pz—pAIR)Nsin[pAéR(l—I—O?/&?)ﬂ
(Ipx=palR) — [pa8R(1-+6%/8%)]
Sm(PAaR\/“)' 0=6/6= 0R; R==0.84%
W S0/6=w/psdR; R=0.84%m,
=~0; 7/ padR <8/, (34)

so that we are using the nuclear form factor appropriate
to E vanishing within the nucleus and hence essentially
excluding any Coulomb field A°— 2° conversion in
which the A° is born inside the nucleus. Substituting
Eq. (34) into Eq. (32) we obtain, using Eq. (27b) for §,

dd(i)COul(AO d EO)

aQ

{CE )]

X[ ©/0)?  3(0.07/a5)(1/ 30)*‘]
[1+@/67F  [1+0/5)7]

sin(0.654%/x)

x[———-] . 0=0/56=6.8x/4}
(0.654%/x)
~0; 6.8x/41<8/5, (35a)

where

x=pa/mp; 6=20.07/x2, (35b)

so that the peak differential cross section for nuclear
Coulomb field A°— 2° conversion is, taking' Z=82,
A¥=6, 7(2°)=(ga®gs/gv*)* 107" sec [Eq. (11d)],
x=4:

{d0(+)00u1(A0 - EO) }
aQ 0=5220.004

gA(+)g2
E( : > 3.4 barns/sr, (36a)
gn

{da("COul(A" il ZO) ‘
aQ 6=5220.004

gA( )gz
o 4.2 barns/sr. (36b)
- v’

11 The choice of Z =282 in our numerical illustrations is motivated
by the possibility of use of, e.g., a spark chamber with lead plates

for the observation of the A9 — =% conversion. The mean flight
path before decay of a A® with x=4 is about 30 cm.
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Frc. 2. Production of a =°
from a A° in a A%nucleus
collision. (a) is the Coulomb,
(b) the competing strong-
interaction-induced process.

Finally, the Eqgs. (35) show that the total cross
section for nuclear Coulomb field A’— 2% conversion
is essentially all contained in a forward cone of opening
angle

0,~5(6.8x/ A%)=2(0.5/x4%)
(=1.2° for x=4, A}=6), (37a)

and is given numerically by

0 E) gou (A — 20)
o~ f e [do ™ gour (AY — 59),/d 200
-{esm(0) (o ngsars |
|G L) ]
1 (6.8x/4%:

2 (6.80/4%)2 1 } (375)

which for Z=82, A}=6, (2% = (g, P gs/gn?)"2X 1071
sec [Eq. (11d)], x=4, is

ocout™ (A — 20 (g, M gs/gn?)?(1.8 mb);
0conl ™) (A° — 2= (g, T gs/gn®)?(2.0 mb).

(37¢)

Equations (35)-(37) are the basis of our expectation
that the A9— 2° conversion process in a high-Z nuclear
Coulomb field is governed by cross sections of the
respectable order of magnitude of millibarns. Results
comparable to those in Egs. (25)-(37) have also been
obtained by Pomeranchuk and Shmushkevitch,® by
Williams,”2 and by Valuev®? in publications received
after the present paper was completed.

12T, Ya Pomeranchuk and I. M. Shmushkevitch, Nuclear Phys.

23, 452 (1961); W. S. C. Williams, Nuovo cimento 19, 1278
(1961); B. Valuev, Dubna preprint. -
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We now consider the question of the size of the
background to the Coulomb field A°— Z° conversion,
viz., the A— Z° conversion induced by the strong
interactions between the incident A° and the target
nucleus. The particular strong interaction which is
most important to the A°— 2° conversion at small
|ps—p4| is, in all likelihood, the exchange of a single
virtual 7° between the A® and the nucleus (see Fig. 2);
this follows since small |ps—pa| correspond to large
A’-nucleus impact parameters, i.e., to peripheral
collisions, for which the relatively long range of the
virtual #° should prove decisive. More mathematically,
one can say that for small real (k,2)} the strong inter-
action induced matrix element is dominated by the
pole at k2= —m,? in the #° propagator 1/(k24m,)
so that the dependence of this matrix element on
(k2) = |k|=|ps—pa| is essentially determined.

Granting the validity of the above arguments, it
becomes necessary to estimate the matrix element for
AY— 20 conversion due to the exchange of a single
virtual 7 between the colliding A° and nucleus.
Analogously to the procedure of Eqgs. (1)-(7), (25),
(26) and (29), we may write:

PyPs=+1,
(20,9, I Tstrong I AO:‘I’i> == gA ) (yysun)dp (kr)
47 J (k)
=ga ™ (dzvysita) , (38a)
[k|2+m,?
PaPs=—1,
(B0 | Tstrong | A% W) = ga ™ (ts12) (k)
477 (k)
= g7 (Astp)———— (38b)
K[,

with
J(ky)=J (k)= /J (x)e—ik-xg3y

A
. / { / WAL 5(x=x) (rarer]
=]
XV 3%y - - dPxy ,_e“ik"‘dsx

{ / q,,f[lf:l 5 (x—x2) (o75):]

gy—-

my

XV 3%y - - dPxy ]e—ik~xd3x

k A
=gv—" | %[ e vi(ory),]

2my =1

A
Xpod (X yo)dPys- - -dPya, (38¢)
=1
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where Tstrong 18 the transition operator of the strong
interactions; ¢(k»), J(ky) is the amplitude and source
function (in momentum space) of the #° field due to the
target nucleus; ¥V;=v,, ¥;=vyo exp[—ik->__1* x;/4]
are ground-state wavefunctions of the target nucleus
(Ym=%Xm— 21— X;/ A) with center of mass initially at
rest and finally recoiling with momentum [—k]
=[—(pz—pa)]. From Eq. (38c) we have

J(k)=0: target nucleus isospin and/or spin=0, (38d)
gv k| 1 .
](k) z_z'“_"{§<zsnr0t" ZSncut)2>} zp( | k l R)

mn

NgN[k|

p(|k|R):

mn

target nucleus isospin and spin=0, (38e)

where p(| k| R) is given in Egs. (26) and (34). The esti-
mate of Eq. (38e) is justified if one remembers that
Zl:lA(UTS)l':ZSprot— 2Sneut, Where Sprot (Sneut) iS the
resultant spin of all the target nucleus’s protons (neu-
trons), and that the distributions in space of the target
nucleus’s protons and neutrons are very similar. Thus,
combining Egs. (38a), (38b), and (38¢), we can describe
the most unfavorable background situation by the
matrix elements:

PrPs=+1,
Fon | k
(20,07 | Tatron| ¥1,A%) = [MJ
2my
i 4mp(|k|R)
X (MEYsMA)W, (39a)
PAPzZ —_ 1,
=) A k
(Z0% | Tstrong| ¥s,A) = [gA gv| ~!:|
sz
4mp(| k| R)
X (ﬁzu,\ _ (39b)
|k |24-m.2

Equations (39) yield, following a procedure analogous
to that of Egs. (29)-(31), and with 62=2L (mz2— ms2)/ pa,
0=<0=8<m./pa [Eq. (27b) et seq.]:

dastrong(+) (AO -— 20)

aQ
(gA(+) 2( gN4 )[ (62+02)02/4
- v > P (52+02+mn2/ﬁ1\2)2:|

X[o(|pz—pa| R) T,

(40a)
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dastrong(_) (AO - 20)
aQ

YNt
gN mN2 PA (52+02+mn2/PA2)2
X[o(|pz—pa| R) T,

with p(|pz—pal|) given by Egs. (34) and (35b). It is
to be noted that on the basis of Egs. (29) and (39):

Ssz}A Qu(kr) (20| 74 (0) [A*)(2, ¥ | Tstrons| W3,A°)* =0, (41)

(40Db)

so that
do A—nua™® (AO - ZO)

aQ

do—Coul(i) (AO - EO) dUstrong(i) (AO - 20)

— 1
; , (42)
aQ aQ

without any interference term. Comparison of

Egs. (40) with Eq. (31b) or Eq. (32) shows that
dostrong™® (A° — Z°)/dQ has a very different dependence
on 9 for 0=<0<m,/ps than does docen® (A°— 20)/dQ,
the latter peaking much more sharply than the former
in the approximately forward directions essentially
because of the difference between the photon and =°
propagators: 1/p,2(8246%) and 1/[ pa2(82°+6%)+m.2]. It
also follows from Eqs. (40) and Eq. (37a) that for
0=6=0.:

A0gtrong T (A — 2% /dogtrong™ (A — Z)

< Y / de )
~ (ga ) /ga )2 (pa/m)* (6/4)
< (g4 /ga)2(0.06) /A

=2X107%(ga®/ga)?,  (43=6). (43a)
Since according to Egs. (35)-(37):
docon™ (A — 2% sdocon ™ (A — 29)
e )
=~ (g /gaO),  (43b)

it is clear that the strong interaction background to
the Coulomb field A°— 2° conversion is far more
serious in the case PpPs=—1 than in the case
PpPy=+1.

We proceed to calculate the total cross section for
strong-interaction-induced A°® — 2° conversion. On the
basis of Eqgs. (40) and (34), this, like the Coulomb
field A°— Z0 conversion, is essentially all confined by
the cutoff property of the nuclear form factor
p(tpz—ps|R) in a forward cone of opening angle
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0.~6(6.8x/A4)=20.5/(xA%) (=1.2° for x=4, Ai=06).
[See Egs. (37a) and (35b).] We obtain, with gy?=14:

Ostrong C (AO g 20)

0.5/z4% Ao strong™® (A — 20)
= / 2m0d6
0

aQ

G213 /6.8 0
~(1X10- mb)(w) <ﬁ> ( )
4% x/ \A43}
sin (0.654%/x)
[—_J (442)
(0.654%/x)
2N /1\? /6,814
~em () () ()
on x/ \A}
sin(0.654%/x)
{:———:I , (44Db)
(0.654%/x)
[a'strong ) (AO - 20)/astrong &) (AO — 20)]
=2X1073(ga ) /ga)2(6.8/4%)?, (44c)
whence for x=4, 4*=6:
Tstrong P (A0 — Z9) = (1.0X 1072 mb) (gs P/ gn)?,  (44d)
Tatrong ) (A2 — 20) = (0.5 mb) (g4 ™/ gn)% (44e)

Thus, comparison with Eq. (37¢) yields, if one takes
gz=gy (Z=82, A¥=6, x=4):

I:o'Coul(_H (AO g 2;0)/0-517r0ng<+) (AO i EO)] =~ 1800,
[7Coul(—) (AO i EO)/”strong(—) (AO - 20)] ~ 47

(44f)
(44g)

so that the strong interaction induced A°— 29 con-
version is quite unimportant if PyPz=-1 and is far
from dominant even if P,Ps=—1. It must also be
emphasized that the A°— 20 conversion experiment
should be performed with targets of different Z,
and incident A° of different® pj(=xm,), in order to
identify properly the contributions of ocou (A% — Z9)
and  osrong™ (A2 — 2% or of oceu™ (A — 2) and
Ostrong ) (A — 29). Finally, we should mention that
at least in principle, one will be able to decide on the
basis of the variation with p, whether the expression
for

A—nuel (AO - 20) =0cour™ (AO —> EO)
+0'strong(+) (AO — EO)
or for

TA-nuel T (A = 2 = 6con ) (A0 — 20)
+Ustrong(_) (AO — EO)

13Tt is worth mentioning that one will be able to determine x
by kinematic reconstruction, since in each particular A°— 0
conversion with 20 — (A%)’++, the energy of the v and of the p, 7
decay products of the (A?) will presumably be available, i.e.,

C(ma)+ (ma PR=F(E0)=LEL(A) ]+ E(y)
=E@p)+E@)+E®X).
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agrees better with the data, i.e., decide on the
basis of the variation with ps of the experimental
0 A—nucl (A’ — Z°) whether PsPy=+1or —1.

The previous discussion dealt with the strong inter-
action induced A°— X9 conversion in which the A°
interacts with the target nucleus as a whole, the latter
recoiling in its ground state with relatively negligible
kinetic energy, i.e., dealt with cokerent strong inter-
action induced A°— 2° conversion. We must now
estimate the order of magnitude of the incokerent
strong interaction induced A°— Z° conversion which
contributes to the background of our Coulomb field
A — 20 conversion, i.e., we must estimate the strong-
interaction-induced differential cross section in approxi-
mately forward directions of the reaction: A’4nucleus
in ground state ¥o— A’+nucleus in excited state ..
From Egs. (382)-(38c) this cross section is proportional
to

, v (k/2my) 4
M|2= - . aF ~ik-yi(gry 0
M=% e /‘/’ {El € (er3) )¢

n

2

A
X8(X y)dy1- - -d®ya| (1=bn0),

=1

(45a)

where the sum over » runs over all energetically
accessible states and may, without appreciable error,
be extended to run over all states; also we have
neglected the effect of the excitation of the nucleus on
pz—pa and on Es— Ey, so that we are still taking!4

[K|2=|ps—pa|2=2pa2(82+62), kot= (Es— E,)*=0.

Use of closure over the ¢, then yields

sl ursm]

X[/¢°T[ 2 ek vim(ory); k(ors)m ko

1,m=1

4
X6(2 Yz)d3y1- : -d3yA

=1

A
B U WILE e si(ors)i- ko

A 2
X8 yi)dPy1- - -dya l (45b)
l=1

14 We actually have, taking the excitation energy of the nucleus
€, into account:
k2= |k|2—k=|pz—pa|2— (Ez—Ea)?
= pa2%(142en/ pa8) + €x?+ pa%%]
—et= PA252(1+25n/17A5)+PA202~
[compare Eqgs. (27)]. The correction factor to the value of
(B2)omo: 1+42en/pad=1+ (2en/m)[x/(7X1072)] [cf. Eq. (35b)]
is, numerically, equal to 1.5 for e,=5 Mev, x=4; inclusion of

this correction does not change the order of magnitude of our
estimate for | M |2 in Egs. (45b) and (45c).
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and making the same kind of estimate as that in Egs.
(38¢)-(38e), we have

IMI%:(?—rkl)z/(mum,z){

mN

X3{(28prot—28ueu) ) {1~ [o(| k| R) I}

z:(Zi;:;uq)2/(|k|2+m,ﬁ)2:

X{1=[o(|k|R)P}. (45¢)

Hence, comparing Eq. (45¢) with Egs. (39) and
considering the general procedure of Egs. (38)-(40),
we obtain for the total incoherent cross-section within
the forward cone of opening angle 6.[~6(6.84/A4%)
=0.5/xA*—Eq. (37a)]

{[ostrong ® (A° = 29 Jinconer/[Tstrong & (A — =) Jooner}
1-G(k[ )T
" D(KIRT
1—[sin(0.6543/2)/(0.6543/x) T
" Lsin(0.654/x)/ (0.6541/2)
~1[x=4, A1=6—Eqs. (34), (35)],

(46)
with a very similar estimate being valid for

{[a'Cou].(ﬂ:) (AO d Eo)Jincoher/ [O'Coul(i) (AO 4 zo)Juoher} .

Therefore, Eqs. (44f) and (44g) for the ratio of the
Coulomb field to the strong interaction induced
A% — 20 conversion cross sections can be left unaltered,
the therein contained

Tcou® (A0 > 2%)  and  oyirong™®) (A°— 20)
being interpretable as

[U'Coul(d:) (AO — 20)]c0her+incuher
and

[a'strong & (AO — Eo)jcoher-i-incohep

We thus conclude that for high Z and sufficiently
large pa the conversion process possesses a relatively
dominant Coulomb field component within the forward
cone of opening angle 6. [Eq. (37a)]. Hence the Z°
lifetime should be calculable from the observation of
the cross sections in Egs. (35)-(37), (42), (40) and
(44), provided that the incoherent, mostly strong
interaction induced, A°— Z° conversion oufside this
forward cone can be kinematically distinguished irom
A% — 30 conversion within the cone. While it is clear
that such a kinematic distinction will be difficult to
make in practice’® encouragement regarding the

15 Incoherent, mostly strong-interaction-induced, A® — =° con-
version appreciably outside the forward cone will involve a
sizeable momentum and energy transfer from the A9 to the
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ultimate possibilities of our method can be taken from
the fact that a generally similar method has recently
proved itself capable of determining the lifetime of
the 7#°.16

Finally, it should be mentioned that the general
method of the present section can be extended to
determine the total or partial lifetime of any other
possibly existing elementary particle or of any actually
existing ‘“‘excited baryon” or “multi-meson’ if this
should decay wholly or partly through an electromag-
netic channel. Thus, one can conceivably determine
the electromagnetic decay rate of a p* with J=1
(p* — -+ in competition with a predominant
pEf— m047%) by a study of w*— p* conversion in
w+—high Z nucleus peripheral collisions. In fact, this
general method has already been applied by Bég,
DeCelles, and Marr'? to relate the rate of the electro-
magnetic decay of a K* with J=1 (K*—> K4y in
competition with a predominant K* — K+) to the
cross section for K — K* conversion in a nuclear

Coulomb field.

IV. RELATIONS BETWEEN LEPTONIC AND
ELECTROMAGNETIC ¥ DECAY

Consider the strangeness-conserving decays of Fig. 3:

2= Ae 45, ZT— A0tet4y, Z0— Ay,

which are reminiscent of a 7'=1 nuclear isobaric triplet
exhibiting leptonic and electromagnetic decays to a

target nucleus—or effectively to a nucleon in the target nucleus:
A’+nucleon — 20+nucleon—so that Es=(FEar)+E, will be
noticeably less than Ej, thus affording a basis for kinematic
distinction over and above that arising from an experimental
estimate of the angle 6; also this incoherent, strong-interaction-
induced A? — 2° conversion with sizeable momentum and energy
transfer will quite often result in a =° accompanied by one or
more pions thus affording a further distinction vis-a-vis a =°
produced in a coherent Coulomb field A® — Z° conversion process.
As an (empirical) estimate of the cross section associated with the
incoherent strong-interaction-induced A%— =0 conversion with
such large momentum and energy transfer that @ lies between,
say, 59,=6.0° (19.0°: c.m.) and 6,=1.2° (3.8°: c.m.) [Eq. (37a)
with x=4, 4*=6] we may quote [see G. Alexander et al., Phys.
Rev. Letters 7, 341 (1961)]:

[(8.52:4.9) mb/4x 1A (19/57)2—x (3.8/57)2]= (8=4) mb,

which is to be compared with the 6™ o1 (A? — 29) of Eq. (37c¢).
It should also be mentioned that A°4nucleus — Z%+-nucleus;
30— A%+ is kinematically distinguishable from a background
A% bremsstrahlung (A°+nucleus — A%++y-+nucleus) since in the
former case (pp+py):— (Ea+ E,)?= — (mz)?for each final state A?,
v. In addition rough theoretical estimates indicate that A° brems-
strahlung has a much smaller cross section than Coulomb field
A% — 30 conversion Eby a factor (A° magnetic moment/A%—Z°
transition moment)* (f®e)2<<1)].

16 Theory: H. Primakoff, Phys. Rev. 81, 899 (1951); V. Glaser
and R. A. Ferrell, sbid. 121, 886 (1961); C. Chiuderi and G.
Morpurgo, Nuovo cimento 19, 497 (1961). Experiment: A. V.
Tollestrup, S. Berman, R. Gomez, and H. Ruderman, Proceedings
of the 1960 Annual International Conference on High-Energy
Physics at Rochester (Interscience Publishers, Inc., New York,
1960), p. 27; H. Ruderman, S. Berman, R. Gomez, A. V.
Tollestrup, and R. Talman, Bull. Am. Phys. Soc. 5, 508 (1960).

17 M. A. B. Bég, P. C. DeCelles, and R. B. Marr, Phys. Rev.
124, 622 (1961).
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T=0 nuclear isobaric singlet, e.g., ;B2 — (C24-¢74-7;
IN2— (C2+-et+4-v; 6(C2)*— ¢C24+v. In the latter
case, as pointed out by Gell-Mann'® on the basis of
the conserved vector current hypothesis,*® the y-decay

rate of (4C2)* is related to the ¢t momentum spectra.

of sB®2, ;N*?; analogously, we may anticipate that the
decay rate of 20— A%+ is related to the ™ momentum
spectra and decay rates of ZT — A04-eT4y. We
proceed to investigate various aspects of this relation-
ship and shall establish such a connection between the
leptonic and the electromagnetic 2 decays that under
favorable circumstances an observation of, e.g., the e¥
momentum spectrum of =T — A’+¢T+» should be
sufficient to determine the lifetime of 2% — A%+~.

We begin by writing down the weak interaction
Lagrangian, £ (x), which describes the primitive
coupling of the baryons and mesons to the leptons in
strangeness conserving transitions. We shall postulate a
specific form for £(®(x) and attempt to motivate
our choice by analogical arguments relative to the
form of £ (x) in Eq. (1).

The form we assume for £Vl (x) is determined by
a principle of “minimal weak coupling,” viz.:

£(weak) (.’JC)
=7,k ()L, (x)+H.c.
=7, (1) [ — e (x)vu(1+vs)¥, (v) ]+ Hee.,, (47a)

with a charge exchange baryon-meson ‘“weak” current:
: G . T
oo () =] T @i v )
. = . T+
+X2(x)27ut+xz(x)+xi(x)m’ugxi(x)
i ()14 (— 0w (%)

+i¢KT(x)( *)z(—S’ﬂ)¢K(x>}, (47b)

.
2
. 145
XNZ( V2 )¢N’

_ |:1+’Ys
Xn=
V2

where

:IT J (1—7s) .
V4= y €LC.,
N 4 N_E“

(47¢)

T+= T1+i’T2; l+Elf1+itz,

18 M. Gell-Mann, Phys. Rev. 111, 362 (1958).
19 R. Feynman and M. Gell-Mann, Phys. Rev. 109, 193 (1958).
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so that

j“(weak) (x) =j“(V) (x)+ju(A) (x)) (47d)

with

7u¥ (@)= (G/VD) { (2)iva(rs/2)¥n (%)
F¥s(@)ivitibs (0)+Pz(@)iva(re/ 2z ()

g, (0)L (— 0,061 (2)
Fige () (r4/22(— 0k (@)}, (4Te)

Tu® (@)= (G/V2){dn ()i ,vs (14/ 2w (x)
Fs(@)ivvstibs(x)
F=(@)ivuys(r4/2)¥=(x)}.

Decomposing the electromagnetic current j,(x) of
Eq. (1) into an isoscalar part €7, (x) and an isovector
part €7, (x):

(@) =[50 () 47,09 ()],
7200 ()= (P @iy, () — Pz (@)iv,bz (@)
Fige! (2) (3)2(— 0,0 (@)}, (48b)

Fu® (1) = (v (@)ivu(r3/ 2w () +P s (x)ivutads (x)
= (0)iyu(rs/ 2=

Fig, @)ta(— ) ()
+ipxt (15/2)2(—du)px}, (48¢)

we note that the “weak” current of Eqs. (47b) and
(47¢) is obtained from the isovector part of the electro-
magnetic current of Egs. (48a) and (48¢) by replacing
the field amplitudes ¢, ¥3, Y= by their positive chirality
components Xy, X3, Xz, the isobaric spin operators 73, 3
by the isobaric spin operators 74, £y, and the electro-
magnetic coupling constant e by the weak-coupling
constant G/V2. These replacements, together with that
of @u(x) by L,(x) constitute the analogy between the
principles of minimal electromagnetic coupling and
minimal weak coupling which motivates our choice of
the form of £ (x) given that of £™ (x). We also
note, on the basis of Egs. (48c), (47¢) and (47¢), that

(47f)

(48a)

G
O v A OR A C L)

and that the space integrals of the isovector components
Fa@m () (m=1,2,3) give the corresponding components
of the total isobaric spin of the system of baryons and
mesons:

i"lfdsx Fa@m () =Ty, (48¢)

We now consider the differential conservation laws
satisfied by the various currents of Egs. (47) and (48),
this consideration affording some further support for
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our choice of £(Veak) (), We have?:
aju(-’”)/axu:()y

8ju ™ (2)/024=0; s (w)/90,=0:
conservation of T; of T1447T .

(49a)

(49b)

the second relation in Eq. (49b) being the differential
conservation law for the baryon-meson polar-vector
current. It is to be recalled that the conservation law
of Eq. (49b) for T holds only if one neglects in the
baryon-meson Lagrangian the mass differences among
members of a given isomultiplet and assumes that the
various baryon-meson strong interactions are strictly
invariant under rotations in isospace; it is also to be
recalled that, in the absence of strong interaction
symmetries higher than isospin rotational invariance,
T is the only such conserved quantity and the 7, (x)
of Eq. (47¢) the only corresponding conserved charge
exchange baryon-meson polar-vector current. Thus,
if no higher strong interaction symmetries are present,
our choice for LMol (x)=[7,0 (x)+7,4 (x)]L.(x)
+H.c. contains the only available conserved charge
exchange baryon-meson polar-vector current. If, on
the other hand, such higher symmetries are present,
there exist quasi-conserved charge exchange baryon-
meson polar-vector currents 7, (x), different from
7. (%), and one might argue that terms

~[u™ (x) Lu(x)+H.c.]

should also be present in £k (x); for example, for
an existing doublet symmetry, we have?:

91,7 (x)/9x,=0, (50a)

with

i“(V) (()C) E]'M(doub) (x)
G 7 . / - .
= \”/—Z{%"(x)i‘/uxlfz (%) +s+ () iy ac(x)

—¥so(@)iv s (x) Fdst (x) iy bz (x)

—igti2(—3,)pxe).  (50b)

We shall however assume that such higher symmetries
are in fact absent and employ the

£ (weak) (x) =]'“(weak) (x)L“ (x)+HC.
= (7.7 () 47,4 (%)) L. (x)+H.c.

of Egs. (47)-(49) to describe the strangeness conserving
leptonic decays of the baryons and mesons; it is

2 Tt is to be noted that the simultaneous validity of 95, (x)/9x,=0
and 97,®%/dx,=0 implies, using Eq. (48a), that 97,9 /dx,=0,
i.e.,( implie)s the conservation of total hypercharge ¥ =S4B
=2(Q—T3).

21 R. Behrends and A. Sirlin, Phys. Rev. 121, 324 (1961). We
are indebted to Dr. Behrends for pointing out to us this explicit
possibility.
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important to mention that our

£, (1) =[], (5) ) () JLp() + Hc,

does not contain any primitive Z—A—ev coupling
while an £(¥¢2¥) (x) containing a term

~ [ () Ly(x)+H.c.]

would contain such a primitive coupling. Thus, with
our LWesk) (x) 3+ — A%4et+p would not occur, just
as with our £em (x), 20— A4~y would not occur, if
the strong interactions were turned off.

We now consider the general form of the Z—— A°
leptonic decay matrix element (A°|7,(¥9(0)|Z7)
= (4°[7.7(0) [ Z7)+(A°[ 7, (0)[Z7) and begin, as in
the corresponding discussion of (A°]7,(0)|2°) in Egs.
(3)-(5), by applying the restrictions of Lorentz, space
inversion and time-reversal invariance. We then have,
with (y5)=1 or v;, referring to PxPs=-41or —1,and
with k= (pr—pa)u= (pot-po)u:

(A°]7,(0)[Z7)
=G, (ka)i(dA (75I)quu2)kv
+Go® (k)i (s (5" )y ues)

4G ®) (k,2) (ua (vsus) (msFma)k,, (51a)
(A°] 7,4 (0)|27)
=H® (k)i (@ (vs)owysusz)k,
+H & (k)i (@ (vs' )y wysues)
+H;® (k,?) (ia (vs")vsus) (ms£mp)k,, (51b)

where the weak interaction form factors G;® (k,2), - - - ;
H{® (k2), - are real for

k= | P=—Pa l 2— (EE—EA)2= (pe+ l"ﬁ)2
- (E9+E7’)2> - (2m,,)2, - (mr)2'

Further, from Egs. (48d) and (48a), and remembering
the isovector character of 7,4 (x) and the isoscalar
character of

7409 @) (Le. (A%: T=0]7,09(0)|2: T=1)=0):
@0l (0) =)

G
=—{(@°[7.4(0) | Z7)+i(A°] 7,4 (0) [27)}
V2

—_ 2 G A°| 7 a 3)(0)IEO>
—\—a($)< i

=é[% / e]wmm) ),

which in view of Eqgs. (3) and (51a) establishes the
proportionality of the weak interaction form factors
G (k,%) to the electromagnetic form factors F;& (k,2) ;

(51¢)
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in fact, using Egs. (51c) and (5), we have:

(4], (0)[27)

=\—25L% / e}{Fﬁi)(kf)i(m('ys')a,wuz)ku

+F3® (k,M)i(da (s ) vuus)ks?
+F3® (k%) (1 (ys )uz) (meFma)ky}y.  (52)

It is to be noted that Eq. (52) predicts that
{A%7.7(0)|Z")—>0 as k,—0; this also follows
directly from the fact that as &, — 0,

/ P2, (x,0) Ly (x,0) — [ / daxjuw(x,oﬂm(m

= (G/V2)(T1+iT2)iLs(0) [Eqgs. (48d), (48e)]
so that as

k,— 0,

<A°: T=0(/d%j,“”(x,O)L,.(x,O)IE—: T=1>—>
G
—iL,;(O)(AO T'—'OI T1+1T2IE_ T=l>=0
V2

We now recall, from the discussion just preceding
Eq. (28), that for small &,2:

e 1
Fi® (k 2)g( <¢>___)<1_ k 2);
T o\ T |

1
Fy@® (B2 (i)e( )’
; = 12m,2

(53a)

where @& the 20— A° transition magnetic moment in
units of e/2my, is related to the ZO lifetime, 7(2°),
by Eq. (11a):

F=[2.0X 107 sec/7 (=), (53b)

while

kuLy (O) = (pe_\l’pﬁ)ﬁi[— i‘/—/e (0)7M (1+75)¢V (0)]

=imL—i.(0) (1+vs)¥, (0)].  (53¢c)

Thus, combining Egs. (52) and (51b) with Eqgs.
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(53a) and (53c):
(A7, (0)|Z7)L,u(0)

2 N @rironny (1
= V2 V2 are Jowits my 12m,,2)

2

kp

+ (@n (v )y us)
6

2
T

|0

+[ (m@y)u»)(@ﬁm“)me) }

6.2
x(—ith(o)(lJr«ya)%(O))}, (54a)

(A°] 7,2 (0)| 27)Lu(0)

~ '(%)HK@ () G i)

mn

K () (@ (s )y vstes) }Lﬂ ©)

(m)::!:mA)me
+lK3(i) (k%) (@A (vs")ysus) }
M

x(—i¢8(0><1+75>¢»<o>>], (54b)

where
Hy® (k) my

GN2)
Hy (k)
GN2)

Hy® (k,2)m,?
K;® (k)=— —
(G/V2)

Ky (k)=

Ky® (k5= (S4c)

Also, since
] (kp2)mux| %(mz-—mtx)2= 0.37}1-,,—2, (54d)
and since for relatively small | (£,2)max| we should have

K& (kpz) ~ K@) (kp2)
~ K@ (B,2) ~ K@ (0) =k, &),

we finally obtain from the Eqgs. (54):
(A7, (0) |Z7)Lu(0)

(54e)

/G f&® ) k
=1<6 E){ (@ (ys )pruz)m—N L,(0), (55a)

(8]7.42(0) [Z7)Lu(0)

G
gi@w){<aA<75'>msu2>}Ln<0), (55b)
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wherein it is seen that (G/V2)(f®/V2) and (G/V2)k4&®
play the roles of weak magnetism and axial vector
effective coupling constants, respectively.

Equations (55) may now be used for the prediction
of the 2= — A% leptonic decay rate and e~ momentum
spectrum from which quantities

FE=[2.0X10"1 sec/7(Z0) }
can be determined if

Ka ) éfG:) ( I kvl max/mN)Ef(i) (mE"—mA>/mN
=0.086/) ~0.1(gsPgs/gv?) [Eq. (11c)].

Such a small value of k4, & :

ka®) = (m/mw) (84 / gw) = (gnm/ 2mw)* (84 / gw),

may perhaps be anticipated with our £ (x) which
provides no primitive coupling for’? ZF — A'4¢T+» and
which, from the point of view of perturbation theory,
ascribes the actual nonvanishing value of the term
proportional to K,®(k2) in (A°|7,4(0)|Z~)L,(0)
and so the actual nonvanishing value of x4® to a
sequence of virtual reactions such as?:

z- ——)strong 1_7+7L+A0,

We proceed to calculate the Z—— A° leptonic decay
rate T'(Z~— A%4¢+5) and the corresponding e~
momentum spectrum 9(p.). Using the matrix elements
of the Egs. (55) and remembering Egs. (47d) and
(47a) a standard calculation gives, with pp=mz—my

[Eq. (53b)]

Z-J'H’I« > weak e+

=0.086my; G=universal weak coupling constant
=1.0X1075/(mn)?; & as in Eq. (53b):
PyPs=+1,

G? f(+) Pm_ZPe
N(p,)=—| 3(ks® 2_4< (+>__><___)

o 21r3[ (ea) “ V2 my
2 __ 2
N f(+))2<pm (10/3)pmp o+ (10/3)p )]
mN2

X[pe (pm—p)"], (56a)

I'E — A4e+)

G2 3(KA(+))2 (f(+))2 Pm 2
A
278 30 105 \my

= l:l.l X108 (ka )2

10719 sec
+ 1.7 X 103(W)J SEC—I, (56b)
T

22 Tt will be noted that our £¥e#k)(x) does of course provide a
primitive coupling for ‘
n— pte+9, ZTTo34e+p, 20— Zt4e 47,

B — E0e 0.

23 In this connection one should recall that the strong-interaction
induced renormalization of the axial vector coupling constant in
n — p-+e 47, which is conceivably associated with virtual reac-
tions such as # —grong pFP+7; P+7 —weak € 47, amounts
empirically only to about 20%.
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Py\Ps=—1,
G? m2_Z m, e+1 e2
91(;08)=—[(KA(‘))2+ (f(_)y(?_s&z’_)]
27['3 'mN2
X[p&(pm—1pe)*],  (56¢)

rE—A4e+5)
G (1) 3P m?
e 1
2r%L 30 105 \my
———[3.7)(10"’(:<A(—))2

10719 sec
+5.1X 103(?)] SCC_I, (56d)
(2

while, as a comparison, we have from experiment:
T'(Z~— nt+77)=6.3X10% sec, (57)

Equations (56) show explicitly that, as expected from
our previous discussion, k4™ must be fairly small if
the terms in f& or 1/7(2°) are to be more or less
dominant in, and so determinable from, the expressions
for N(p.), T'(Z~—— A'+e +7). Thus, for example, in
the case PyPz=—1 and with 7(2°)=5X10"1sec
[.e. (ga9)2=1gn?=3, gx?=gn? in Eq. (11d)] the axial
vector and weak magnetism terms in Eq. (56d) are
about equal numerically for k4 =1/15 [i.e. x4
=~ (ma/my) (g2 /gn) =0.15/4/57]. However, even if the
term in k4 is much the larger,?* eventual observation
and analysis of the e~ momentum spectrum and
leptonic decay rate of Z—— A’e¢+# should, at a
minimum, ultimately confirm or deny the general
validity of the principle of “minimal weak coupling”
in strangeness-conserving leptonic decays.?®

CONCLUSION

Although we share the general belief that the
radiative decay, 2°— A4y, is subject to the con-
servation of parity, we have nevertheless included a
discussion of the consequences of a possible breikdown

24 T, Bernstein and R. Oehme, Phys. Rev. Letters 6, 639 (1961),
have considered a theory of Z%— A'4-e*+y with PyPz=—1
which predicts k4 =~6X1.2=7.2. This estimate, and an analo-
gous one which can be made for the case PpPz=+-1, are based on
a Goldberger-Treiman type relationship:

xa® /1.2 2my/ (mx*mp)](ea™®/gw)

[see J. Bernstein, S. Fubini, M. Gell-Mann, and W. Thirring,
Nuovo cimento 17, 757 (1960)] and always predict relatively
large k4.

25 It is worth commenting that on the basis of this principle
(and with neglect of the £+, 3~ mass difference), the e" momentum
spectrum and the leptonic decay rate in T+ — A%-et+v are the
same, except for the sign of the term proportional to k4™ ) in
the momentum spectrum, as the corresponding e~ momentum
spectrum, and leptonic decay rate in 2~ — A%+-¢~ 7. In addition,
if the AS=AQ rule is valid in hyperon leptonic decay, all e* ap-
pearing in Z* leptonic decay must be ascribed to Z* — A%4-et .
It is also worth mentioning that a further test of our “minimal”’
Lweak) () in T* — A%et+p decays can be obtained from a study
of the A? polarization and of the correlation of the ¢ momentum
with the 2* spin.



1686 J.

of parity conservation in this decay. We merely note
here that, at the moment, no direct evidence is available
for or against parity conservation in high-energy
electromagnetic interactions of strange particles.

Our main interest in this paper has been to devise
a means of determination of the 2 lifetime, 7(Z9),
which remains the only unknown elementary particle
lifetime. We conclude that the study of approximately
forward A°— 2% conversion in a high-Z nuclear
Coulomb field may well provide a feasible experimental
procedure of finding 7(2°).

We also suggest that the Z° lifetime may be deter-
mined from an analysis of 2*-— A° strangeness-
conserving leptonic decays if these decays are subject
to a principle of “minimal weak coupling” and the
associated assumption of a conserved baryon-meson
polar-vector current, and if the effective axial vector
coupling is not dominant. We emphasize that the advent
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of machines of high beam intensity should eventually
permit a fairly detailed study of 2% — A’4-e*+» and,
in view of the expected ‘‘anomalous’ features of these
decays, point out that the corresponding decay rates
and electron momentum spectra will surely provide
important weak-interaction data even if they should
prove incapable of yielding the value? of 7(2°).

26 For the sake of completeness we mention that one can write
the weak-electromagnetic branching ratio

B=Rate[Z° — p+=r~]/Rate[Z0— A'+~v]
=Rate[Z* — p+n]/Rate[Z0 — A%+~ ],

the second equality following upon use of the AT =3% rule. Thus
any future measurement of B together with already available
empirical information about Rate[Z+ — p+#2]=6X10° sec™! is
sufficient to determine Rate[Z0— A%+~ |=1/7(2). This weak-
electromagnetic branching ratio method will be the least im-
practical method for determination of 7(2°) if 7(Z°) is appreciably
greater than the 1078—10-2 gsec now anticipated [Eq. (11d)]
since in this case the methods discussed in Secs. III and IV
will become prohibitively difficult.
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Precision Measurement of the u+ Lifetime*{
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A new precision measurement of the mean lifetime of the
positive muon, 7(u*), is described. On the basis of 12 in-
ternally consistent, independent determinations performed
under a variety of experimental conditions we obtain 7(u*)
=(2.20340.004) psec. These determinations were performed by
means of an improved version of Swanson’s ‘““digitron”—a digital
electronic time interval measuring device—embodying a con-
tinuous wave (CW) oscillator and several protective features.
The available experimental conditions, in particular concerning
the percentage of background events, were greatly superior to
those available in earlier experiments here and elsewhere. Particu-
lar attention was paid to sources of systematic error, such as time
dependence of background events and rate dependence of the
over-all measuring process. All sources of background have been

I. INTRODUCTION

PRECISION measurement of the mean lifetime,

7(ut), of muons is of great theoretical interest for
several rather well-known reasons. This lifetime is
essentially given by the rate for the decay process

wt— et v+, (1

in which only weakly interacting leptons (as opposed
say, to the baryons in ordinary beta decay) participate.
Hence one can extract from 7(ut) valuable information

* Research supported by a joint program of the Office of Naval
Research and the U. S. Atomic Energy Commission.

t Based on a thesis submitted to the Faculty of the Department
of Physics, the University of Chicago, in partial fulfillment of the
requirements for the Ph.D. degree.

I National Science Foundation Fellow, 1958-1959, 1959-1960.,

localized, their effects quantitatively exhibited and, in general,
suppressed electronically during actual lifetime determinations.

The prediction of the conserved vector-current theory, using
Jt(0O%) = (3069-£13) sec and m, =206.76m,, is (including radiative
corrections) 7(u*)=2.2984-0.05 usec, and thus in disagreement
with the experimental value reported here. This discrepancy is
even greater than with the somewhat higher values obtained for
7(u*) by other workers; these values are briefly reviewed.

A full discussion of the logical operation of the digitron, and
of time-interval measuring devices in general, is presented. In
Appendix I (by R. Winston) a general formalism is given which
establishes the connection between arbitrary interval distributions
presented at the input of such devices and their corresponding
output interval distributions.

concerning the absolute magnitudes of the ‘true”
coupling constants, i.e., their magnitudes with the
“renormalizing” effect of strong interactions switched
off. All present-day evidence! concerning process (1)
is compatible with the assumption that it is described
by the (V—A) interaction, i.e., that only two types of
coupling (V,4) intervene in the relevant Fermi inter-
action and that the absolute magnitudes of the corre-
sponding coupling constants are equal: |Cy|
=|C4| =G. Thus, there appears to be only one funda-
mental coupling constant, G, for weak interactions and
its measure is given by 7(u™t).

1V. L. Telegdi, Proceedings of the 1960 Annual International
Conference on High-Energy Physics at Rochester (Interscience
Publishers, Inc., New York, 1960), p. 713,



