
P H YSI CAL RKVI EW VOLUME 107, NUM B ER 3 AUGUST 1 195'7

Mu Decay with Nonconservation of Parity
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The distribution of the decay electrons from polarized p mesons is calculated, without presumption of
parity conservation, time-reversal invariance, or charge-conjugation invariance. The four-component
neutrino theory is used. The result is expressed in terms of three parameters, p, a, and f, of which p is the
usual Michel parameter. Theoretical inequalities among these parameters are given. An analysis of experi-
mental data is made in terms of these parameters, and the results are found to be in fair agreement with the
more stringent requirements of two-component neutrino theory.

charge conjugation to Q„U =g„t. (We use t for Hermitian
conjugate, for transpose. )

Imposition of various additional invariance require-
ments yields relations among the ten coupling con-
stants; in particular, if the Hamiltonian is invariant
under time reversal, all ten coupling constants must
have the same phase modulo x.' In no case will sub-
sequent inequalities linking the three shape parameters

p, II, { of Eq. (2) be sharpened by such a restriction on
the phases.

We have approximated the electron's mass to be
zero, and we have summed over electron polarizations
and over all neutrino coordinates. "With k= c= 1, m the
mass of 14 meson, p the electron's momentum, x=2

~ p ~
/m

the electron's energy in such units that 0(@&1,and
with 0 the angle between p and "up", our detailed
result for the rate per unit x and per steradian solid
angle 0 associated with p is

KCENT theoretical considerations' ' and experi-
mental results' ' show that conventional parity is

not conserved in weak decays, and many consequences
of these phenomena have been discussed. ' ' In par-
ticular, p decay with nonconservation of parity has
been considered from the standpoint of a two-compo-
nent neutrino theory, ' ' and explicit formulas for the
energy and angular distribution of the electron produced
in the decay of a totally polarized p meson have been
given. ' 4

We have calculated the decay of a spin--,' p, meson with
spin "up" to first order in phenomenological Hamil-
tonian interaction terms using the conventional four-
component neutrino theory, "our terms being analogous
to those used by Lee and Yang in their discussion of
P-decay. i These terms comprise all relevant direct-
coupling scalars and pseudoscalars, as follows:

&= (4.P,) (CEA+CEVpgk)
+(W.vAs) (CvkvA+CEV'v vs4)
+ s (& ~-e4.) (Cr4U-ek+Cr V~-erst)
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+ (4"746) (CI 4'V sf+CI 'A')

1 dQ 2

(1) R(x,Q)dxdQ= —12x'dx—(1—x)+—p(4x —3)
r 4n. 9

2
+cos9 rr(1 x)+ f (4—x 3)— . (—2)

9where o e —— stiff,—ye-g and ys ——yiysysy4. The symbols
lt and p are defined to be p=p„, p=g„ty4 for the
process II~e+v+ v; P=P., lt =lt „y4 for I4

—+e+2v; lt =P„",
/=it, ty4 for 44~e+2E. We use Hermitian y and take a
representation with y1, y2, y3, iy4 real so as to simplify

The parameters will be designated as v- =mean
life, p= Michel parameter, ' n= asymmetry parameter,
(=asymmetry Michel parameter. The significance of
these parameters is apparent from the variously
integrated versions of (2):*National Science Foundation Predoctoral Fellow.

t Joseph Pfister Graduate Fellow.
' T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956).' Lee, Oehme, and Yang, Phys. Rev. 106, 340 (1957).' T. D. Lee and C. N. Yang, Phys. Rev. 105, 1671 (1957).
4 L. Landau, Nuclear Phys. 3, 127 (1957).
~ A. Salam, Nuovo cimento 5, 299 (1957).
'Wu, Ambler, Hayward, Hoppes, and Hudson, Phys. Rev.

105, 1413 (1957).
7 Garwin, Lederman, and Weinrich, Phys. Rev. 105, 1415

(1957).
4 J. Friedman and V. L. Telegdi, Phys. Rev. 105, 1681 (1957).

Berley, Coffin, Garwin, Lederman, and Weinrich, Phys. Rev.
106, 835 (1957).I See L. Michel, Proc. Phys. Soc. (London) A63, 514 (1950)
for the calculation without the parity-nonconserving terms. Afte
the completion of the present calculation, we have been informe
by Professor Lee of a new calculation by C. Bouchiat and L
Michel [Phys. Rev 106, 170 (1957)j taking into account parity
nonconserving terms in the four-component neutrino theory.

)ip 2
R(x)dx=

i
— i12x'dx (1—x)+—p(4x —3)

L~) 9

1 )dQ)
R(Q)dQ= —

~

—
~
{1+Iscosg};

R= 1/r.

r "We have also neglected all radiative corrections. See A.
d Lenard, Phys. Rev. 90, 968 ('1953); Behrends, Finkelstein, and

Sirlin, Phys. Rev. 101, 866 (1956); T. Kinoshita and A. Sirlin,
Phys. Rev. (to be published), and R. E. Behrends (private
communication).

856



p DECAY WITH NONCONSERVATION OF PARITY

Only the following combinations of coupling con-
stants occur in the parameters: for p~e+v+v,

S= ICel'+ICv'I'+ICe'I'+ICOSI',
s=2 Re(Cs~Cv'+ Ce'*Ca),

V= ICv I'+
I
C~'I'+

I
Cv'I'+

I C~ I'

v=2 Re(Cv C~+Cv Ca),
(3)

T= Icri'+lc 'I',
t=2 Re(Cs*Cr'),

"1.0

1.0
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whereas for p~e+2v and for p~e+2v,

S=2(l eel + IC,'I'+ ICe'I'+ ICOSI'),

s= 4 Re(Cs*Cv'+Cs *Ca),

U=2(I «'I'+
I c~ I')

@=4 Re(Cv'*Cg),
1'= t=0.

(4)

Indeed, in terms of these combinations the parame-
ters are

1 m'
(S+4U+6T),

24(4r)'

p = (3V+6T)/(S+4V+6T),

g= (3v 6t)/(S+4—V+6T)

n= 3 (3s+4v —14t)/(S+4V+6T).

The restrictions imposed on 5, V, T, s, e, t, by their
de6nitions are precisely S&0, Isl&S, V&0, Iei&V,
T&0, Itl &T, and, in the cases 2v or 2v, T=t=0.
These inequalities and (5) imply that the following are
a maximally strong system of inequalities between the
shape parameters: for p~e+v+v. 0(p&1, If'I (p, and

ln —P/9)fI &1—p (see Fig. 1); whereas for p~e+2v
l.O

-i.O

Fn. 2. Inequalities for the decay p,—+e+2v or 2v. For each value
of p, the parameters 0. and f must lie inside the corresponding
parallelogram.

and p~e+2v: 0&p&-,', I/I &p, and In (4/9)f—l&1
—(4/3) p (see Fig. 2). If only p is given, but not f', the
conditions on n are, respectively,

I
n

I
& 1—(2/9) p;

I
~

I
&1—(g/9) p.

The empirical parameters for a mixture of the cases
2v, 2v, and v+v are readily seen to be the weighted
averages of the corresponding parameters proper to the
respective cases, with weights proportional to the three
branching ratios, as indeed distinct channels do not
interfere. Since the inequalities are linear, the 2v or
2v inequalities apply as well to the empirical parameters
for a mixture of 2v and 2v. Because the cases 2v and 2v
differ effectively from v+ v only in involving the addi-
tional restriction T=O, it follows that the inequalities
for identical neutrinos are at least as strong as those
for v+v:. they are, in fact, stronger. Thus the more
general v+v inequalities apply to the most general
mixture.

Lee and Yang have shown' how the two-component
neutrino theory may be regarded as a special case of the
four-component theory, by choosing the coupling
constants in (1) as follows: for the case p~e+ v+ v,

- l.O I.O

C,=C,'=c~=c~'=C, =C', '=0,
Cv = —Cv)

whereas for the cases p +e+2v and p~-e+2v,

Cv=cv =Cg=c~ =0,
c,'= —c„c,'= -c„c~'=-c~.

(6)

-1~ O

FIG. 1. Inequalities for e and g for several values of p, for the
decay p—+e+v+ v. For each value of p, the parameters n and g must
iie inside the corresponding parallelogram.

Their distributions are, then, necessarily special cases of
those described here; see Figs. 1—3. The general condi-
tions under which these special distributions appear in
the four-component theory are, for p +e+v+v, -

5=2T, s=2t;
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as to the extent of polarization of the p, mesons: they
are not totally polarized because of imperfect collima-
tion, scattering, capture, etc., and indeed it is not known
whether the p is completely polarized in +—p decay.
But, clearly, t'=(2f—1)t; n'=(2f —1)n, where f is
the fraction of the p spins parallel to the backward
direction, and therefore (f,n) must lie in either of the
two zones, in the 6rst and third quadrants, indicated on
Fig. 3.

Our method of analysis was as follows: If E(t,x) is
the resolution function, with t= thickness of absorber,
then we define

p1
N(t) = i E(t,x)(4x—3)x'Ch E(t,x)(1—x)x'Ch.

FIG. 3. Comparison of experimental values of a, p, with theo-
retical limits. The direct empirical parameters o.', f' for p=0.68,
p=0.75 are represented by the little rectang]es. The actual
parameters 0., p are larger in absolute value, because of depolariza-
tion effects. The first quadrant applies if the p, s are polarized in
the direction back to the parent m, the third quadrant, if they are
polarized opposite to this direction.

If P(t) is the experimental peak-to-valley ratio and
1+a(t) cos9 represents the electron distribution from
the y mesons, then a=1.092(P—1)/(8+1), as there is
a correction of 9.2% for gate width and counter solid
angle. Then, if we go to I as independent variable,

whereas for p~e+2v or 2v (where T=O),

V=0. (9)

Conditions (8) and (9) are, respectively, more general
than the conditions (6) and (7) for two-component
theory, but indeed one does not expect to derive a large
number of detailed conditions from only three shape
parameters.

Professor Lederman has very kindly given us de-
tailed data on the peak-to-valley ratio of electrons for
various thicknesses of absorber in his experiment, "and
resolution curves which were obtained by E. Garwin
and C. Oxley at Chicago. From this information, we
have determined the empirical parameters f' and n',
which are plotted on Fig. 3. These "empirical parame-
ters" refer directly to the empirical electron distribution
expressed by a formula of form (1), where however the
direction "up" or 0=0 is chosen arbitrarily in the sense
of the peak of the asymmetry, which happens to be the
"backward" direction from the p, back to its x origin.
Thus, ot' is here positive by convention, and our former
0, is respectively positive or negative according as the
p spins are predominantly parallel or antiparallel to the
backward direction; this ambiguity may, however, be
resolved by future experiments. A further difhculty in
nferring 1, a from t', a' is the lack of precise knowledge

We therefore made a least-squares 6t of a straight line
to the left member, weighting points inversely as the
square of their error Gags; the latter included only the
errors quoted on the peak-to-valley data. For p =0.68,12

we find n'=0. 251&0.018 t'=0.431&0.022. By dif-
ferentiating our least-squares formulas in order to
extrapolate linearly to nearby values of p, we find for
p=0.75 that n'=0.246&0.018 f'=0 467% 023. As can.
be seen on Fig. 3, these values (as well as the values
1, n one would obtain after the unknown correction for
sense and intensity of the polarization) come rather
close to the line ot= (4/9)l consistent with the two-
component decay p~e+v+v. Since the errors quoted
represent only those from peak-to-valley data, the
consistency with the two-component theory seems fair.
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