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Possible Nonlocal Effects in p Decay
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Possible nonlocal effects in p 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 parameter' p is near
0.68 which is somewhat lower than the theoretical
value, p=~3, as obtained by using a two-component
theory of neutrino' with no derivative coupling terms
in the interaction Hamiltonian. It is possible that all
the Fermi-type interactions such as tt decay, P decay,
etc., do not actually occur with four spin-2 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 ~10-"—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. I'he-

nomenological calcmlatioms are then made to determine
whether the possible deviation of the experimental p
value from ~3 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.

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

is represented by a "nonlocal Lagrangian" of the form

I-r=P f; ~pi, tO;f„(x))K,(x x')—
z

X [Q„tO;f„(x'))d4xd4x', (2)

where the neutrino field satisfies the supplementary
condition

(3)

Because of Eq. (3), in Eq. (2) the S-, I' , and T-type-
couplings do not exist. The index i in Eq. (2) runs over
only the V- and A-type couplings with 0; specifying
the corresponding (4X4) matrices. ' The K, (x x') are-
assurned to be some invariant functions of (x—x').'
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 it'(x x'), —
K;(x x') =b—'(x x')+—rN 'e, (c)'/—ctx)P )54(x x')+-

(i= V,A), (4)

where nt is taken to be the mass of the tt meson.
l e;jrw'l &

is the length characterizing the nonlocal sects (in
units h=c=1).

It is convenient to introduce f&& fs, e&, es defined by

fr= f~+fv,
2 A Vy

161 g6g 7 Gap

262 g 6A. gled.

The mean life r of the p meson is related to these
constants by

tc ~e +t+t,
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where
e,=-,'(e;+e,*), (i=1,2).

It is of interest to notice that a more general form of E;(x—x')
is a tensor function E»(x—x') which may be written as

g2
X„„(x—x') =&„„E(x—x')+ X'(x—x'),

Bxp,Ox'

with X and E' both being scalar functions. However, in the
present case the contribution of the second term (S'/Sa„ex„)IC'
is identically zero. Thus one may assume X; to be simply a scalar
function.
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gr(x) =-', (3—4x),

gs(x) =-,'(3—8x+Sx'),

(9)

(10)

&=angle between electron momentum and the spin
direction of p, , 0=solid angle of electron momentum,
and, a, b, c, d, $ are numerical parameters. The shape
functions gr(x) and gs(x) satisfy the following con-
ditions:

gs(x) =0 at x=1;

g, (x) =1 at x=0;

The energy spectrum of the electron is no longer
describable by a single Michel parameter. For a p

—at
rest with its spin completely polarized, the normalized
electron distribution can be written as

dE=xsdxtJQ(4rr) '{(6—4x)+ttgt(x)+bgs(x)
+p coseL(2 —4x)+cgr(x)+dgs(x)$}, (8)

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

are proportional to either the mass of the electron or
e . For p+ decay, all of the corresponding formulas are
identical with Eqs. (6)-(17) except that the expressions
for $ and K should be multiplied by a minus sign. The
seven quantities ~, $, tt, b, c, d, and K are all in principle
measurable. The particular form of the Lagrangian Lz
imposes some definite relationships between these
quantities:

6= 4b) c= —
g d)

K= —((1—-,'c). (18)

$= —0.87&0.12. (19)

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-p-e

decay"" together with the assumption of a conser-
vation law of leptons, "the parameter $ is found to be

1

)~ x'g, (x)dx=0, (i=1,2).
0

By comparing with Eq. (12), we find

(20)

I fr ['(1+-se)rI fr['—(1+ses)

I fr['(1+set)+ I fs I'(1+ ses)
(12)

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

For the Lagrangian I.~, the parameters a, b, c, d, and

$ are given by

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 Michel parameter, the parameter a is determined
to be

1+0.166(b/a)
a=[:8(e—t)j (»)

1+0.332 (b/a)+0. 074(b/g)'
&= ( 8/S)([fr['+ [fs[') '([fr[ "i+ Ifs[ "s),
b= (24/S) ([fr ['+ [fs I')-'(I A I

set+
I fs I "s),

c= —(6/S) (I fr I'—
I fs I') '(I fr I "i—

I fs I "s),

(13)

(14)

(1S)

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

—
I fr['(1+set)+ [fs['(1+ses)

3C—
I fr I'(1+asser)+ I ysl'(1+sees)

(17)

where 3.' is defined to be the average value of the
electron-spin operator in units of (s5) along the electron
momentum. Equation (17) is independent of the polari-
zation state of the p, meson.

In all of the above formulas we neglect terms that

'The helicity $Q depends slightly on the electron energy. For
electrons with a de6nite x,

gQ(x) =)[fg['(1+2eg 2egx)+ [-fs['(1+2es 2esx)g '—
XL—

[ fr['(1+24—2cix)+ [ fs['(1+2es —2esx) j.
Equation (17) gives the value of the ~ averaged over the energy
spectrum of e .

and
d=(24/S)([fr[' —Ifs[') '([fr[ "i—Ifslses). (16)

The electrons emitted are all longitudinally polarized.
In the rest system of tt, the helicity (previously called
"spirality")' of e—is given by'

&= (o 78)L8(-' —t)). (22)

If the best p value is 0.68, then by using Eqs. (13) and
(20) the constant es is

~2—0.12.

In this case, it is possible to assume that the nonlocal
eGects can possibly be due to some intermediate
processes involving the virtual emission and absorption
of a particle with mass —(+8)ttt.

"Garwin, Lederman, and Weinrich, Phys. Rev. 105, 1415
(1957); J. I. Friedman and V. L. Telegdi, Phys. Rev. 105, 1681
(1957).

'

"For other experimental results on angular asymmetry in m-p-e
decay see, e.g., Proceedings of the Seventh Annual Rochester Con-
ference on High-Energy Nuclear Physics (Interscience Publishers,
Inc. , New York, 1957). A critical study of these experimental
results has recently been made by D. H. Wilkinson (to be pub-
lished). Wilkinson s value for g is given in Eq. (19).

"The minus sign in Eq. (19) is the result of assuming that the
lepton number is conserved in weak interactions. See T. D. Lee,
Proceedings of the Seventh Annual Rochester Conference on High
Energy Nuctear Physics, (lnterscience Publishers, Inc. , New York,
1957).
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—:IcI'(1+it )+Ic.l'(1+if. )

-',
I
Ci ['(1+xvi)+ I c~ ['(1+5''2)

(32)
p+—-e++i+ v.

The corresponding Lagrangian Lzz is assumed to be

C,g, tO,P„( )xgK, (x—x')

Again, we list the various conclusions concerning the
collstailts Ci C2 fi, and t 2

1. From the observed angular asymmetry in m-p-e

decay and the assumption of a conservation law of
leptons, we obtain

Xy,&O,y„(x')jd, xd'x', (23)
I
c I'»-.'I cil'. (33)

II. The helicity X for c, measured in the rest system of
In this section, we shall consider a different form of

the "nonlocal Lagrangian" for the same process,

where i runs over the usual S-, V-, T-, I'-, and A-type
couplings with 0; the corresponding matrices. The
E,(x x') ag—ain are assumed to be some invariant
functions of (x—x'). This particular form Lii is most
convenient to use in a discussion of the so-called
universal Fermi interactions. "

It is easy to see that in Kq. (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

Consequently, if we neglect ~ ICil', as compared to
I
C2[', we have the following approximate relations.

and
$d=$c= b= —2r a, —

X=—g(1+-,'c).

(34)

(35)

|.,=—0.21. (37)

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

o=—(o 9)[:8(4—p)3 (36)

Thus, if the best p value is 0.68, the constant j2 becomes

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

CiKi (x x') = C sK—s (x x') CpK—p (x —x'), —

As in Eq. (4), we expand K, into a power series

and (24)
CgK2(x x') =CvKv—(x—x )+CgKg (x x). —

K,(x—*')=b'(x —x')+ m-2f. , (a'/ax, ')b4(x—*')+ ".

(i= 1,2) . (25) Lastly, we consider a third form of "nonlocal La-
grangian" L»z for p, decay,

XQ, A( )j-'= m'p-,'
I
Ci ['(1+-;fi)+ I

C2['(1+-',t' )j2
X (3X2'v') ', (26) where p, ' is the antineutrino field. It satisfies

vA'. '=+4.'
As in Eq. (24), we introduce

(39)-', [Ci ['(1+5t'i)—,C2['[ 1+(6/5)f2j

—:icI'(1+if)+IC I'(1+ii )

The distribution function dS can be represented by the
same form as Eq. (8). The parameters a, b, c, d, P, and
the lifetime r are given by

'tO x' d'xd4x', (38)

a= —(6/5)(4[et['+lc2[') '

X (-,' [Ci ['f'i+2 [C2[ '12), (28)

b= —(6/5)(4 lcil'+ [C2l') '(-'[et['1'1+ ICel'je), (29)

c= (6/5)(llcil' —IC2[') '(klcil'it+ IC2['f2) (30)

d= (6/5) (4[et I'—
I C2[') '(—4[et ['f i+ [ce I'f'2) (31)

where

j,= -', (f'~+ f',*), with i= 1, 2.
"It is important to notice that the corresponding nonlocal

effects in P decay are expected to be smaller by a factor 10 ' as
compared to that in tLt, decay. Thus, it is dificult to detect such
possible nonlocal effects in P decay.

C,'K, '(x—*')=C.'Ks'(x —x') —Cp'Kp'(x —x'),
C2'K2'(x x') =Cv'Krr'(x x—')+Cg'Kg'(x x—'). —

'4 It may be useful to make a spectral representation for the
Fourier transform of E;,

JIB;(x) exp(iq„x„)d'x=fP, (M)(M'+p) 'dM

The parameters f; are then related to the spectral function I'; {M)
by —I

m 't', = fM 4P;(M)dM JM 'P, (M)dM

If the nonlocal effect is due to virtual emission and absorption
processes of a single heavy particle of mass Mo (via a local inter-
action without derivative couplings), then P(M) =M~b(M Mo)—
Consequently f; is positive. If, however, the nonlocal effects are
due to some more complicated intermediate processes, then f;
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 E,' are then expanded into a power series:

K (x x'—) =84(x x'—)+m 't,'(8'/Bgi, ')84(g x'—)+
(i= 1,2). (41)

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

C,—&C,', l, +t,—',

the constants f;, e;, C;, |;,C, i be related by

l i l
——2'= —2~i)

l 2=t i'= —2e2)

—,'lc,
l
=lc,'l =lf, l (1—2.-,),

c,
l

=-, Ic,'I =lf, l2(1 —2;,).
The various observables 0 for the three cases, denoted
by Oz, O&I, and O&II, respectively, satisfy the identity

then, correspondingly, the various observables Oi = 2 (Oir+Oiir), (45)

~II& ~II' ~II' &Izp dzz TIII) +III) bzizp &III' dzzzp

respectively, while

III~ /III and ~ii~—xiii.

In Eq. (42) all quantities with subscript II, such as
7zz czz etc., refer to those deduced from Lzz and all
quantities with subscript III refer to the present case.
The expressions for 7zz Gzz ', ASCII are given by Eqs.
(26)—(32).

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

4 l
Ci'l'))lC2'l', and |i'——0.42. (43)

In this case also, it is not possible to attribute the
nonlocal eGects to some virtual emission and absorption
processes of a heavy particle. "

There exist some interesting identities between the
results of the above three cases, Lz, Lzz, and Lzzz. Let

where 0 can be r ', (a/r), (b/r), ($/r), (cg/r), (dg/7)
and (K/r), respectively.

IV.

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, Lz,
Lzz, and Lzzz, introduces some definite but diGerent
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. '4


