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Possible nonlocal effects in u decay are investigated phenomenologically. It is shown that the possible
difference between the experimental p value from § can be attributed to such nonlocal phenomena.

ECENT measurements'™ on the energy spectrum

of electrons from p decay indicates that the ex-
perimental value of the Michel parametert p is near
0.68 which is somewhat lower than the theoretical
value, p=%, as obtained by using a two-component
theory of neutrino®7 with no derivative coupling terms
in the interaction Hamiltonian. It is possible that all
the Fermi-type interactions such as u decay, 8 decay,
etc., do not actually occur with four spin-} fields
interacting at precisely the same space-time point.
Phenomenologically, it might be more appropriate to
describe these interactions by a “nonlocal Lagrangian”
with these four spinor fields interacting at different
space-time points over an extension ~107¥—10"" cm.
The customary way of using a Hamiltonian without
derivative coupling terms is, then, only a first approxi-
mation.

The theoretical consistency or inconsistency of a
general “nonlocal Lagrangian” is not investigated here.
We restrict ourselves to some ‘‘nonlocal Lagrangians”
of forms suggested by local Lagrangians after the
elimination of a virtual field of heavy mesons. Phke-
nomenological calculations are then made to determine
whether the possible deviation of the experimental p
value from £ can be attributed to such nonlocal effects.

Throughout this paper we shall assume that the
neutrino field is described by the two-component theory
and that the law of conservation of leptons is valid.

L

To make our analysis definite, we consider first the
case that the u decay,

w—e+r+ v, (1)
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is represented by a “nonlocal Lagrangian” of the form

L= e [ (004 1K (a4
X[ O () Jdtxd%', (2)

where the neutrino field satisfies the supplementary
condition

75'507 = _¢v- (3)

Because of Eq. (3), in Eq. (2) the S-, P-, and T-type
couplings do not exist. The index 7 in Eq. (2) runs over
only the V- and A-type couplings with O; specifying
the corresponding (4X4) matrices.® The K;(x—«') are
assumed to be some invariant functions of (x—«’).8
We assume further that the space-time extensions of
K;(x—x') are much smaller than the inverse of the
energy momentum transfer involved in the decay
process. Thus, it is appropriate to expand K;(x—x')
into a power series in terms of derivatives of 8 (x—x'),

Ki(z—a) =8 (x— o) +m2€:(0%/dx2) o (x— ')+ - - -,
(1= V’A), (4)
where m is taken to be the mass of the y meson. | e;/m?|?
is the length characterizing the nonlocal effects (in
units =c=1). ,
It is convenient to introduce fi, fa, €1, €2 defined by
fi=fatfv,
Jo=fa—fv,
fier=faea+ frev,

feea= faea— frey.

®)

The mean life 7 of the u meson is related to these
constants by

mi=mi| fi|2(14-2&)+ | f2|2(14-2e2) J3X 2%, (6)
where
a=3(ete™), (1=1,2). (7)

8 It is of interest to notice that a more general form of K;(x—x")
is a tensor function K, (x—’) which may be written as

9
0xu 0%,

Kyy(x—a") =8u,K (x—x)+ K'(x—x'),

with K and K’ both being scalar functions. However, in the
present case the contribution of the second term (6%/9x.d%,)K’
is identically zero. Thus one may assume K; to be simply a scalar
unction.
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The energy spectrum of the electron is no longer
describable by a single Michel parameter. For a u~ at
rest with its spin completely polarized, the normalized
electron distribution can be written as
AN = 22dxdQ (4r)~{ (6— 4x)+ag (x)+bga ()

+£ cosf (2—4x)+cgi(x)+dg(2) ]}, (8)

where x= (electron momentum)/(maximum electron
momentum),
©)

(10)

g1(x)=%(3—4x),
g2(%) =% (3—8x+5x%),

6=angle between electron momentum and the spin
direction of u—, @=solid angle of electron momentum,
and, g, b, ¢, d, £ are numerical parameters. The shape
functions gi(x) and gs(x) satisfy the following con-
ditions:

g2(x)=0 at x=1;-

gi(x)=1 at x=0;

flx2 (x)dx=0, (:=1,2). (11)

Because of this choice of shape functions, the energy
spectrum of the electron depends rather insensitively
on the parameter b.

For the Lagrangian L;, the parameters g, b, ¢, d, and
£ are given by

B | f1]2(14-3&) — | fo|2(1+3&)

[ f1]2(14-3a)+ | f2|2(1+-3&)
a=(18/5)(| 1>+ 2|97 fl%&+ | fol%20), (13)
b=(24/5)(| fr]*+ | L] (| il 2t | fol%e2), (14)

c=—(6/5)(| f1l>= | f2| )| f1]%a— | fo] %), (15)
d=(24/5)(| f1*— | 2|72 (| 1] e | f2|%&2). (16)

The electrons emitted are all longitudinally polarized.
In the rest system of u—, the helicity (previously called
“spirality”)® of ¢~ is given by®
= AlPA+3a)+] fl2(1+3%)
|Al2+2e)+ | 21+ 8e)
where 3C is defined to be the average value of the
electron-spin operator in units of (3%) along the electron
momentum. Equation (17) is independent of the polari-

zation state of the u meson.
In all of the above formulas we neglect terms that

and

(17)

9 The helicity JC depends slightly on the electron energy. For
electrons with a definite «,
ge(x)=[|f1|2(1+2&—2&x)+ | f2[2(142E—2&x) ]!
X[—|f1|2(14+2&8—2&x)+ | f2|2(14-2&—2&x) ].
Equation (17) gives the value of the JC averaged over the energy
spectrum of ¢~

T. D. LEE AND C. N. YANG

are proportional to either the mass of the electron or
;2. For u* decay, all of the corresponding formulas are
identical with Eqgs. (6)—(17) except that the expressions
for £and 3C should be multiplied by a minus sign. The
seven quantities 7, £, a, b, ¢, d,and 3C are all in principle
measurable. The particular form of the Lagrangian Ly
imposes some definite relationships between these
quantities:

_%d’
=—t(1—%0).

a=3b, c=

(18)

The present experiments are not accurate enough to
test the validity of these relationships. Nevertheless,
these experiments can already be used to give the
magnitudes of the constants f; and e. We list the
following conclusions:

1. From the observed angular asymmetry in m-u-e
decay'®! together with the assumption of a conser-
vation law of leptons,'? the parameter £ is found to be

£=—0.870.12. (19)
By comparing with Eq. (12), we find
AP A (20)

2. If the energy spectrum is found to be approxi-
mately described by a single Michel parameter p, then
by performing a least-squares fit between the present
spectrum, Eq. (8), and the spectrum described by a
single Miche] parameter, the parameter ¢ is determined
to be

14+0.166(d
a=[8<%—p)3[ /e

1+0.332(b/a)+0.074(b/a)2]' )

In obtaining (21) we assume that the parameter b is
linearly proportional to a. For the Lagrangian Ly, b and
a are related by Eq. (18). Thus, we have

a=(0.78)[8(—p) . (22)

If the best p value is 0.68, then by using Egs. (13) and
(20) the constant & is
€220.12.

In this case, it is possible to assume that the nonlocal
effects can possibly be due to some intermediate
processes involving the virtual emission and absorption
of a particle with mass =2(/8)m.
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POSSIBLE NONLOCAL EFFECTS IN u DECAY

I

In this section, we shall consider a different form of
the “nonlocal Lagrangian” for the same process,

uE—et+ty+7.

The corresponding Lagrangian Ly is assumed to be

Ln=% [ CL00d @)K =)

X[ 10 (') Jatxd*s’,  (23)
where ¢ runs over the usual S-, V-, T-, P-, and A-type
couplings with O; the corresponding matrices. The
Ki(x—x') again are assumed to be some invariant
functions of (x—x). This particular form Ly is most
convenient to use in a discussion of the so-called
universal Fermi interactions.!

It is easy to see that in Eq. (23) the tensor coupling
term is identically zero. The spinor part of the scalar
term is identical with that of the pseudoscalar term
and, similarly, the spinor part of the vector term is
identical with that of the axial-vector term. It is
convenient to introduce

CiK (x—x")=CsKs(x—x")—CpKp(x—2'),
and (24)

Cng(x—x')=CVKV(x—x')+CAKA(x—x’).
As in Eq. (4), we expand K, into a power series
Ki(x—2") =8 (x—a")+m=% (9% a2 (x— ')+ - - -,
(2=1,2). (2%

The distribution function NV can be represented by the
same form as Eq. (8). The parameters g, b, ¢, d, £, and
the lifetime r are given by

= m| C* A+ )+ Gl 2 (1485)]

X (BX2r)L, (26)
:%1C112(1+%51)_* 10212[14"(6/5)?2]’ 2
TGP A+HEE)+ | Co 2 (14-3F)
a=—(6/5) (| C1[*+[Ce[)
X GE[C%1+2[Ce|%2), (28)

b=—(6/5)(F|C1|*+ | Ca|)1 (3| C1| 1+ | C:| %), (29)
¢=(6/5) 3| C1[?— [ Ca| )L (G| C1| %1+ | C|%2),  (30)
and

d=(6/5) (| C1|*— | Ce| ) (=2|C1[%1+] G| %K), (31)
where

181t is important to notice that the corresponding nonlocal

effects in B decay are expected to be smaller by a factor ~10~* as

compared to that in x decay. Thus, it is difficult to detect such
possible nonlocal effects in 8 decay.
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The helicity 3¢ for ¢, measured in the rest system of
the u, is _ _
5 — 1[G P (145D + [ Ca[2(148()

LA+ G2+

Again, we list the various conclusions concerning the
constants Cy, Cy, {1, and .

1. From the observed angular asymmetry in m-u-e
decay and the assumption of a conservation law of
leptons, we obtain

|C2| L] Ch 2 (33)

Consequently, if we neglect 1|C:|%, as compared to
| C2|?, we have the following approximate relations.

bd=E— b~ —1a, (34)
and
Je=—¢(1+30). (35)

2. From Eq. (34) and Eq. (21), the parameter ¢ is
determined to be

a=(0.9)[8(F—p) J. (36)

Thus, if the best p value is 0.68, the constant {; becomes

F~—0.21. (37

Because of the minus sign in Eq. (37), it is not possible to
attribute the nonlocal effect of L1 to some virtual emission
and absorption processes of a heavy particle (through
local interactions without derivative couplings).

IIL

Lastly, we consider a third form of “nonlocal La-
grangian’ Ly for u decay,

Lm=% [ /08! K/ )

X[,/ 103, (a") Jd*xds’,  (38)
where ,’ is the antineutrino field. It satisfies
veb =+ (39)
As in Eq. (24), we introduce
C/Ky (x—2)=Cs'Ks' (x—2)—Cp'Kp' (x—2'), (40)

C/Ky (x—a)=Cy'Ky' (x— ")+ C4'K 4/ (x—1").

141t may be useful to make a spectral representation for the
Fourier transform of K,

[ Kie) expigun,)dte= [P (a2t yam.

g‘he parameters {; are then related to the spectral function P; (M)
y

m= [ S, (M)dM] [ Sup, (M)dM]_l.

If the nonlocal effect is due to virtual emission and absorption
processes of a single heavy particle of mass M, (via a local inter-
action without derivative couplings), then P(M)=M25(M —M,).
Consequently ¢; is positive. If, however, the nonlocal effects are
due to some more complicated intermediate processes, then ¢;
may not be positive. We wish to thank G. Chew for an interesting
discussion on the possible usefulness of such a spectral repre-
sentation.
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The functions K’ are then expanded into a power series:

K/ (x—x)=8(x—x")+m2/ (0% dn2) o (x— )+ - - -,
(1=1,2). (41)

The results of this case can be directly obtained from
that of the previous case, Li1. If we perform the trans-
formation

C%_)Cil, §—¢ ily

then, correspondingly, the various observables

TII, 411, bn, c11, dir— 7111, e, bm, C11I, dm,
respectively, while

fr——¢m, and  3Crr——3Cim. (42)

In Eq. (42) all quantities with subscript II, such as
711, a1, etc., refer to those deduced from Ly and all
quantities with subscript III refer to the present case.
The expressions for 711, a1, - -, 31 are given by Eqgs.
(26)-(32).

As in Egs. (33) and (37), we have

%|C1,I2>>IC2,I2, and §1’§—042 (43)
In this case also, it is not possible to attribute the
nonlocal effects to some virtual emission and absorption
processes of a heavy particle.*

There exist some interesting identities between the
results of the above three cases, L1, L1, and Lyir. Let
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the constants f;, €;, C;, i, Ci, ¢ be related by

G1=0"=—2¢,
Se=81"=—2e,
$1C=C = f]*(1—2&),
[Ca|?=1|CY|*=| fa|2(1—28,). (44)

The various observables O for the three cases, denoted
by Oi, Ou1, and Oug, respectively, satisfy the identity

01=%(O1r+Or), (45)

where O can be T—l: (a/'r)s (b/T)7 (5/7)7 (CE/T)) (dS/'r)
and (3¢/7), respectively.

1v.

In the above, we have restricted ourselves to some
“nonlocal Lagrangians” that are of forms similar to
those due to virtual emission and absorption of some
heavy quanta through a local Lagrangian with no
derivative couplings. Each of these Lagrangians, L,
Ly, and Ly, introduces some definite but different
relationships between various observables. The validity
of these interaction forms is subject to direct experi-
mental tests. The interesting result is that if the energy
spectrum is approximately described by a single Michel
parameter p (=0.68), then only the first case L; can
possibly result from simple virtual emission and ab-
sorption of a heavy quantum via some intermediate
processes through a local Lagrangian with no derivative
couplings.!



