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y-q Correlations in the First Forbidden Transition*
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A discussion is given of the theory of P-p correlations in the unique and nonunique first forbidden transi-
tion. In particular, numerical results are presented for the Coulomb corrections to the P-y directional
correlation and transverse P polarization —p correlation. The energy dependence of the contribution associ-
ated with violation of time-reversal invariance is given.

INTRODUCTION
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Here p is in units of electron Compton wavelengths, so
these expansions converge rapidly. According to the
usual definitions, the second term in any of the expan-
sions (1) will include contributions of "higher forbidden-
ness. "I Thus in (1a) the nZp term involves allowed and
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' 'T is the purpose of this article to show what kind of
~ ~ information can be obtained from various p-y cor-
relation and transverse polarization experiments. In
particular, the Coulomb corrections are given for these
processes. Some features of the P-y directional correla-
tion were discussed many years ago' while the parity
nonconserving processes have been discussed by Alder,
Stech, and Winther, ' Curtis and Lewis, ' and Morita
and Morita, ' and by the present authors. ' The Coulomb
corrections have been independently investigated by
Iben. '

We shall discuss the first forbidden P-decay transition
probability in terms of an expanison in powers of p, the
nuclear radius. (Actually the lepton wave functions are
expanded. ) The ord. ers of magnitude of successive
terms in this expansion are as follows:

Allowed transition:
1+nZp+

second forbidden contributions. ' The second and per-
haps higher terms become of interest if the first term
in the expansion is unusually small due to small nuclear
matrix elements (e.g. , /-forbiddenness in the allowed
transition), if the energy of the decay is very high, or
simply if a very accurate experiment is performed. A
high-energy decay causes difFiculty because successive
terms in the expansion generally involve one higher
power of 8'0, the end-point energy, in units of the
electron rest energy.

The second term in the expansion for the allowed
transition (1a) and nonunique transition (1b) also
contains the first nonzero contributions to the p-y
directional correlation and transverse p polarizations.
The magnitude of these contributions yields information
about the rapidity of convergence of the expansions
and about nuclear matrix elements.

In this article, we confine ourselves to the leading
term in the expansion (1) which contributes to an
observable. We will include, however, all Coulomb
corrections and nuclear finite size effects. This approxi-
mation is seen to be somewhat better for the allowed
and unique transitions than for the nonunique. Indeed,
because of the structure of the expressions in the latter
cases, we must also keep in mind the possibility of
cancellation of nuclear matrix elements in the leading
terms.

We shall assume that the (local) U and A inter-
actions' and the two-component theory of the neutrino,
CY=CY' and CA=CA', Is characterize the p decay.

THE NONUNIQUE TRANSITION

In a previous Letter" we discussed the accuracy and
utility of the "fapproximation" for the nonunique first
forbidden transition. In the $ approximation only the
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p —7 CORRELATIONS

TABLE I. The numerical coeKcient for the P-p correlation: 5 is the ratio of the matrix element for the electric quadrupole transition
to that for the magnetic dipole transition, Ap ——(1+bp) ', A&=(1+2v3b —bp)np, 58= (1+2v35/5+8'bp)np, 68= (1+10b/v3 5b—p/21)60,
64= (1+2b/V3+13bp/27)np. See Eq. (8) for the definition of Gig (88).

Jo J2 G02(2)

0 0
0

n8/2v 5
0

0 0
0 —(1/14) &

—-', ap(3/35)&

GII (2)

—np/v/6—it8/2+6
pn8(sp)'—6&/10'/6
1/2v/6—1/2+6—~8(8)'/7

G12(2)

0
A8/2v/10
n, /5v2——,',n8(7/6)&—1/2v/6—1/2v/14—68/7+10

GoI(1)

0
0—pnp(5/3)'
0
0—1/v/6—364/2v/7

GII(i)

—A0/v2—568/6V2—np/3'
np/2v2—1/2V2—1/6v2

-n4/7v2

Examples

0 Ce144 (7)
49Inl17

Au199

80Hgppp (0)
69Tm'70
17Cl" 19K, 59pr'" 79Au"'
58Ce'4'

leading term for any observable is kept in the expansion
(ib) in descending powers of $—=nZ/2p.

In this approximation the energy spectrum has the
allowed shape. The shape correction factor is

using the substitution:

Cv~r ~gU,

CgMGp ~gI'.
(5)

C(W) =
/
V

J

'+
i

7'
I
', (2)

where U and I' represent certain combinations of
nuclear parameters:

V= P'vo+2gtvo(1+yt) ',

1"=$'yp —2/[go(1)+up(1)7(1+yt) ',

where y&
——[k'—(trZ)'7'*, and the subsidiary nuclear

parameters have the significance:

For these observables, as in the allowed transition,
there are then no Coulomb corrections. In (5), Cv, 3IIp,
CGT, and MGT are coupling constants and matrix
elements for the Fermi and Gamow-Teller transitions,
respectively. Thus, for example, the measurement of
circular y polarization —P correlation is defined by

N(R) N(L)—
pv=- =—&o(P/W) cosf),

N(L)+N(R)

q= —Cv rR( —2),

&'rf vo ——Cg iypR( —1),

rfwp ——C~ pr rR(1),

rfup(1) =Cg iaXrR(1), (4)

where N(R) and N(I.) are the numbers of y rays with
right and left circular polarization, respectively. Here
p and W are momentum and energy of the p ray,
respectively. cv depends on the relative magnitude of
V and F'. We have, in the t approximation, "'

co= [2Goi(1) Re(VY*)—42Grt(1)
~

F'~'7C(W) '. (7)

$ rfyo= —Cv, iirR( —1), rfxo(1) = —Cv rR(1).
Here C(W) is given by (2), and, for the transition
Jo (P) ~J—i b) ~J—s
Gy), .(n) = (—1)~8—~PW(Jt JtU. ', nJo) (2Jr+1)b

X[pzz (—1)z+z'F„(LL'JsJt)5z*bz /Qzt 8z~ 7) (g)
These parameters can all be taken as real if there is
time reversal invariance. The energy independent
quantity R(lr) entering in the matrix element accounts
for finite nuclear size effects" (80 is an electron angular
momentum quantum number). The parameters
No, ~,yo are dered so that they may be of order
unity. One of the interesting unsolved problems of
forbidden p decay is to determine the magnitude of the
parameter $' relating the relativistic to the non-
relativistic matrix elements. ""

Certain other observables in the nonunique decay
depend just on these same parameters V and Y. It can
be shown that for every observable of the type that
normally occurs in. the allowed transition [i.e., that
occurs in the leading term of (1a)7, the expression for
the same quantity in the nonunique first forbidden
transition can be obtained in the $ approximation by

where

F„(LL',JsJi)
= (—1)~' ~~'[(2Jr+1) (2L+1)(2L'+1)71

)&C(LL'n, 1—1)W(JiJ,LL', nJ, ).
The F coeKcients, F„(LL',JpJt), are tabulated by
Alder, Stech, and Winther. ' The SJ.,s are reduced
matrix elements for 2z-pole y-ray emission. $ Numerical
values of G&,z. (n) are listed in Table I for some P decays.

Similarly, the longitudinal P polarization with or

'8 F. Boehm and A. Wapstra, Phys. Rev. 109, 456 (1958).
$ Note added 7'I proof.—Concerning the dehnition of 5, a sign

ambiguity is pointed out by Biedenharn and Rose
I Sec. II-F of

their paper, Revs. Modern Phys. 25, 729 (1953)j. We define the
reduced matrix element for the 7-ray transition from the Jl to J2
states as follows:

bz=—(XIII-II%),

3=4,+8/4.

"See Sec. 3A of reference 5.
"Crudely perhaps, (=&'. It is however, indicated in reference and the ratio b is

ii that this relation probably does not hold for low Z.
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TABLE II.I. X1 as function of Z a
t A= = =1Th nuclear radius Is t k

258 '"p"t"'1 Th
m. e values of A

is a en to be p=i.

e numbers apply to ele
' ey. e same n

8, 200 an

a diferent nuclear r"n-. -l-n hs ould be multiplied b
q. ( ). The change would bewou e very unimportant.

tion. In thee latter case, in the a r, e
p- di io l o l horre ation has the form

lV= 1+e(2 cos 8——
2

where'

(p') Ea

0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
90

20

1.173
1.078
1.035
1.012
0.998
0.990
0.985
0.981
0.977
0.974
0.973
0.973
0.973
0.973
0.973
0.973
0.974
0.974
0.975
0.976
0.977
0.978
0.980
0.981
0.982
0.984

40

1.592
1.265
1.117
1.038
0.991
0.962
0.943
0.930
0.915
0.908
0.904
0.903
0.902
0.903
0.904
0.905
0.907
0.908
0.912
0.916
0.920
0.923
0.930
0.936
0.941
0.945

60

2.013
1.440
1.177
1.037
0.953
0.901
0.867
0.845
0.818
0.805
0.799
0.797
0.797
0.798
0.801
0.803
0.807
0.810
0.818
0.827
0.835
0.843
0.857
0.870
0.881
0.891

80

2.191
1.470
1.140
0.963
0.859
0.793
0.750
0.721
0.687
0.671
0.664
0.663
0.664
0.668
0.672
0.677
0.683
0.688
0.703
0.717
0.731
0.745
0.769
0.792
0.812
0.831

100

1.926
1.248
0.935
0.769
0.670
0.609
0.568
0.542
0.511
0.498
0.494
0.495
0.499
0.505
0.512
0.520
0.528
0.536
0.558
0.579
0.599
0.619
0.656
0.690
0.722
0.751

The ) s here an

particular,

l%.2=lb, g*A[cos(82—8 g v2 vg 12,—,)+y sin(82 —8~)/(v2+2v )j 12)

and

1,=-', X,~A[y
—' sin(82 —8~) —cos(82—8 )/(,X& A y 'srn 8 — —

2
—

~ v2+2v~)$, (13)

where

Xi ——2 v2)F~(Z, W)/2(1+van)FO(Z, W)

(2+v2)

2(1+vi
(2p )2(vm-vi —&)

~

0 I'(1+2v,) )
r(v, +iy) '

(14
r(v+ y)

without a -rp- ay coincidence, P» or P in

m b (5)y~ ) tobe

Fr,&» = —p/W. (9) and

A= —' 3A =4(3+vg —vg)(2+2v~)&(2+v2) &,

8g
——argr (Vt, +iy)+-'m (Vg —k )

y=nZW/p.

(15)

(16)

l.4

0.8
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0.6 "
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——Z= 100
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dependence.
er an this as dh', oes different ener

The - w ic are v

ergy

e p-v correlations which are v
corrections in the all

'
oe a owed transition o

, 1/P) fk i hn e nonunique first forbidden transi-

Numerical values for X~ and X2 are res
II d III t 1 C

id "" [he actual numbers by
s ecause the size o

e made an (nZ an approximation j
~ are given in Fi .ar

' ' 'g. 1, and for WXg/ph2 in

In Eq. (11), R3 and Ia are en - engy- dp
e time-reversal assum P 'o

in eraction, I3 vanishes

expressions are
3 vanis es. The detailed

~3= (3) '*(Go2(2) [so(—2)I'7*
—2G (2)[(1—l o(—2))I'*3

G»(2) [so(

E3=ReM„ I,=-' ImM 3y

0
I

I I

3 4 5 6

G~~~ (~) was defined ln 8 ~ S()
are isted in Table I. I

e nee two more matiix e ement ratio
FxG. 1. 'A. 'A2 as a function of Z. 'A o and electron ener

—= . N t' 1 ofZ 1o apply to positron decaecay. Davidavidson, Phys. Rev. 82, 48 (1951).
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TABLE III. ) 2 as a function of S and electron momentum p. See caption of Table II for units.
The negative S values apply to positron decay.

0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0

20

43

1.022
0.999
0.989
0.984
0.981
0.980
0.979
0.978
0.977
0.977
0.977
0.977
0.978
0.978
0.978
0.978
0.979
0.979
0.980
0.981
0.981
0.982
0.983
0.983
0.984
0.985

40

93

1.068
0.986
0.950
0.932
0.922
0.917
0.913
0.911
0.910
0.910
0.910
0.911
0.913
0.914
0.915
0.916
0,917
0.918
0.921
0.924
0.926
0.928
0.931
0.934
0,937
0.939

60

148

1.088
0.931
0.863
0.830
0.812
0.802
0.796
0.793
0.791
0.791
0.794
0.796
0.798
0.801
0.803
0.806
0.809
0.811
0.817
0.822
0.826
0.831
0.839
0.845
0.851
0.856

80

200

1.018
0.797
0.705
0.661
0.637
0.625
0.618
0,615
0.614
0.616
0.620
0.624
0.628
0.633
0.637
0.641
0.645
0.649
0.658
0.666
0.674
0.681
0.693
0.703
0.713
0.721

ioo

0.763
0.532
0.440
0.398
0.377
0.367
0.362
0.361
0.362
0.366
0.372
0,377
0.383
0.388
0.394
0,399
0.403
0.408
0.419
0.429
0.437
0.445
0.460
0.472
0.483
0.493

—20

38

1.028
1.003
0.993
0.987
0.984
0.982
0.981
0.980
0.979
0.979
0.979
0.979
0.980
0.980
0.980
0.980
0.980
0.981
0.982
0.983
0.983
0.984
0.985
0.986
0.986
0.986

—40

90

1.117
1.024
0.981
0.960
0.947
0.939
0.935
0.931
0.928
0.927
0.927
0.928
0.929
0.930
0.931
0.932
0.933
0.934
0.936
0.939
0.941
0.943
0.946
0.950
0.952
0.954

—60

143

1.247
1.054
0.966
0.920
0.893
0.877
0.867
0.860
0.853
0.851
0.851
0.852
0.853
0.855
0.857
0.860
0.862
0.864
0,869
0.874
0.879
0.883
0.891
0.898
0.904
0.909

—80

199

1.386
1.081
0.943
0.869
0.826
0.799
0.783
0.772
0.760
0.756
0.756
0.757
0.760
0.763
0.767
0.771
0.775
0.778
0.788
0.796
0.805
0.812
0.826
0.838
0.849
0.859

—100

256

1.467
1.067
0.883
0.786
0.729
0.694
0.671
0.657
0.642
0.636
0.636
0.638
0.643
0.648
0.653
0.659
0.664
0.670
0.684
0.698
0.710
0.722
0.744
0.763
0.781
0.797

parameters, in addition to t/' and V,

sp( —2) =rf 'Cg 8,;R(—2),

Here, in both expressions, E3 and I3 are the same as in
e, (11), and C(W) is as in (2). Also,

(19) )ip ——)iri&(»+1++1)/(3+/2 'Yl) j~ cos(82 81) (23)

alld.

Np( —2)=q 'C~ i XrR( —2). (20)
~s = s L(»+»+3)/(1+») (1+»+»)j)tp (24)

The transverse P polarization in the plane of P and y
(in the direction Lp, Xyr]Xy, ) is' '

fpq Rs
Pr„———-', sin8 cos8)tp~ —

~

&WJ C(W)

t'W)ir~ I;
X 1+-;nZ(

~

—,(21)
L p)tp) Rs

and the transverse p polarization perpendicular to the
plane of P and y (in the direction p, Xp„) is"

Pr~ = (9/8) nZ sin8 cos8)is—
W C(W)

)Whpq I;
X 1+-',nZi i

—. (22)
& p)~s &Rp

"In the case of very low S nuclei, where this leading term
becomes fairly small because of the coeKcient aS, it may be
necessary to look for the (1/P) correction terms which have no
aS coefficient. This additional contribution to P&z among many
other terms is

sing costi. /Q (p'/W) [I4/C (W)),

3

Fro. 2. WXp/p4 as a
function of S and 8'.

~ 80

Zw-80

0
W

where,

X&p=6X&&A(1+y&) '(2vi+1) '[y& cos(g& —8&)+y sin(g& —8&)).

I4/C(W) is of order of less than (1/f)' (see Sec. 4 of reference 5)
and vanishes, if time reversed assumption is correct.

A6 is plotted in Fig. 3. The Coulomb coe%cients of the
time reversal violating term are essentially the same in

(21) and (22). That is,

W)tr/pXp = WXp/pcs = tan(8s 8r)/nZ.

This quantity is shown in Fig. 4.
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L?

Z~0
IO

0.8-

0.6

OA

0.2

0
I

Z~ 60

Zw -80
Z 80

I'
w

FIG. 3. ) 6 as a function of
Z and 8'.

8-

Fio. 4. Wxp/p),
=WX9/pcs as a function
of Z and TV. For any Z
in the case of positron
decay, the curve lies very
close to the Z=O curve.

THE UNIQUE TRANSITION

The energy shape correction factor is

C(W) = 1/»[q'Iso( —1) I'+p') il zo( —2) I']
0

I

Z=O
I

4
W

where q is the neutrino momentum (q= Ws —W), and

ss( —1)=g 'Cg) "BgR( 1), —(27)

P~(v) = —p/W

s = —(s)*G»(2)p') i/(q'+ p')ti)

(Sq'+3Xip')Gss(1) —3Xtp'(5 cos'tt —3)Gss(3)

10&(q'+X P') [1+s(-s, cos'8 —-')]

(29)

(30)

(31)

There are no transverse P polarization~ correlations
in the unique forbidden transitions.

DISCUSSION

As far as general properties of the p decay are
concerned, in principle, a test of time reversal invariance

"See Sec. 3D of reference 5. According to Sec. 3A of reference
5, and the results of Matumoto and Yamada, Progr. Theoret.
Phys. 19, 285 (1958),

r o(—2)—o(—I)3/so( —1)= (L(&(—2)—&(—I))/&( —1)l.-,
=0.04(nZ)'

for a uniform distribution of charge in the nucleus.
"M. E, Rose, in Bete and Gamma-Rey Spectroscopy, edited by

K. Siegbahn (Interscience Publishers, Inc. , New York, 1955),
p. 884,

and Xt is defined in Eq. (14) and tabulated in Table II.
The difference between zs( —2) [Eq. (19)]and s, (—1)
should be very slight. " The more commonly given
expression for C,"

C= (q'Ls+9I. t) [6(1+7,)]—', (28)

differs from (26), in that certain nZp terms [see expan-
sion (1c)]are retained in (28). Terms of order aZp due
to higher forbidden contributions and finite nuclear
size effects are not retained in (28), however, so there
is little to choose between (26) and (28). This is just
to say that the accuracy of (26) is the same as that of
the ordinary allowed transition expression.

Letting ss( —1)=zs(—2), the P-y correlations in the
unique first forbidden transition are, briefly,

of the p interaction can be made by searching for the Js
term in the nonunique decay. A careful energy-
dependence measurement is needed to distinguish the
two terms Es and J3. From Fig. 2 it is seen that the
difference in energy dependence of the two terms is not
large, in the P-y directional correlation. The situation
is more favorable in the case of transverse polarization,
Fig. 4. This experiment is, however, much more difFicult

than the directional correlation. In either case, even
if there is no deviation from the energy dependence of
the first, term, namely, Xs(p'/W) for s or Xs(p/W) for
either Pp&l or Pz&, limits on the accuracy of time-
reversal invariance could not be deduced without some
information about the unknown nuclear parameters.
This is true because J3 involves a different nuclear
parameter combination than 83. Therefore many ac-
curate experiments for various quantities in the same
decay would have to be done to get some relations
among the involved unknown nuclear parameters, as
discussed below. If there is a diferent energy depend-
ence than Xs(p'/W) for s or Xs(p/W) for the transverse
polarization of the P ray, it would have to be shown
that contributions from the term of order unity in
(1b), like Rs" in (33) below, could not be responsible.
It seems that these measurements do not o6er a
possibility for a clear cut check of time reversal
invaria face.

Up to the present time, it has not been possible to
determine nuclear matrix elements reliably in the non-
unique decay. For the study of nuclear matrix elements
it is convenient to consider the four parameters V, F,
ss, and us( —2). In the P approximation, the ratio V/F'
can be determined from observables of the type that
occur in the allowed transition. Thus the circular y-ray
polarization, Eq. (7), yields a quadratic expression in
V/I'. Measurement of the P-v correlation by means of
resonance fluorescent scattering of the y would be
useful to fix the quantity V/F'. The theoretical expres-
sion for this process may be obtained by the substitution
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of (5) in the allowed transition expression. "Other P-y
correlations discussed here involve the combination E3
(and also Is). Clearly, measurements that can be
wholly described within the $ approximation will not
yield enough information to determine simple matrix
element ratios. Such measurements can be used, how-
ever, to determine spins, and in special cases we may
obtain limited information about matrix elements. In
a 0-1 P decay, for example, zs(ir) and V vanish. Measure-
ment of the P-p directional correlation would yield a
value for Re{L1—-', us( —2)jY*}/~F'['. In this case the
circular polarization coeKcient is just oi= —V2G»(1),
depending only on the mixing of different multipole

p rays. In a s-s P decay, the quantity

Re( L1——',us( —2)g F'*}/
~

F'
~

'

could be deduced by combining measurements of these
two quantities since ss(K) =0.

The situation becomes more promising if, in addition,
deviations from the P approximation or lack of them
can be measured for the same decay. As illustration,
we note that very accurate measurements of the
deviation or its lack from the allowed shape energy
spectrum, give values for, or upper limits on, the
constants, a, b, and c,' defined by

C(W) =k/1+aW+ (b/W)+cW'j (32.)

The constants, a, b, and c, are functions of unknown nu-
clear parameters. The a and b arise from the $-order term
of (1b) and so should be of order 1/$ for heavy nuclei. "
(In a case where a and b are comparable with unity,
like RaE, the expressions in this paper are not sufhcient. )
By including the next term of the $ expansion, the P-y
directional correlation coefficient has the form'

P' Rs WXs Is
e=X,— 1+nZ —+Rs'+WRs" ) (33)

W C(W) P)~s Rs

where R3' and E3" are energy independent to order
(nZW/p)' and are of order 1/P. C(W) must be defined

by (32). Here some 1/$ terms are neglected, which
vanish if time reversal invariance is correct. In addition,

'9 S. B. Treiman, Phys. Rev. 110, 448 (1958); Frauenfelder'
Jackson, and Wyld, Phys. Rev. 110, 451 (1958);R. R. Lewis and
R. B. Curtis, Phys. Rev. 110 910 (1958); Morita, Morita, and
Yamada, Phys. Rev. 111,237 (1958);M. Morita and R. S. Morita
Phys. Rev. 111, 1130 (1958); C. C. Bouchiat, Phys. Rev. 112,
877 (1958).

'o The measurement of longitudinal polarization of the y ray
can help to check the numerical values of a and b as discussed in
references 5 and 11.

one can, in principle at least, look for deviations from:
(1) the p/W energy dependence in longitudinal polariza-
tion Lsee Eq. (3—20) of reference 5j, (2) isotropy in the
longitudinally polarized P-p correlation )see Eq. (4—20)
of reference 5j, (3) p/W energy dependence in the
circularly polarized y-P correlation (see Eq. (4—18) of
reference 5j, or (4) Xs(p/W) energy dependence of Pi „
or P» Lwhere expressions similar to (33) applyj.

I.et us consider the simplest case, a 0-1 P decay.
Here we introduced the two nuclear matrix element
parameters F' and Ns( —2). When we examine deviations
from the g approximation, we find that other parameters
such as us(1) and Ns( —1) occur explicitly. ' These
parameters differ only in the finite size effect function,
R(s). It would seem a reasonable procedure to calculate
R(s) for a particular charge distribution and then to
assume approximate relations between the various
n(s), y(s), and x(s) that occur. " If this is done we will
have two parameters, say I' and u. Measurement of the
P-y directional correlation, s (and thus Rs), gives us
one relation. Measurement, then, of one of the devia-
tions from the j approximation such as a of (32) or
Rs" of (33) would suffice in principle to determine the
nuclear matrix elements (the parameter r) is fixed by
the ft value). In this discussion we have ignored the
case of no time-reversal invariance. In that case we
would have one additional parameter.

In other P decays, we must consider more nuclear
parameters. The problem of determining them experi-
mentally is similar, but correspondingly more difficult.

In this article the two-component theory of the
neutrino has been assumed. To remove this assumption,
the following changes should be made: C,C,*—+-,'E,;—= s (C,C;*+C,'C, '*) in the expressions for C, s, and Pr „
and C;C;*—+ sI-;,= ', (C,C *+C—C—,*) for Pr, Pz&, and
J Tli where i and j stand for either V or A.

All the results in this article are shown for the P
decay. The corresponding expressions for the P+ decay
are obtained by making transformations: (Z,P„Ps«,
Ps.",C~,Cv) ~ ( Z, Pr, Prii—, P—r,',+C—~*, C—v*).If-
the two-component theory of the neutrino is not
assumed, the transformation is (Z,E,s,I.,s) —+ (—Z,
~K,s*,&I.,s*), where the upper sign applies to the case
with i =j and the lower sign to i/j.
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