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Expressions are given for the electromagnetic final-state interaction contribution to D, the triple-product
correlation coefficient, in the nuclear P-decay transitions -', ~ —+ $+, $+-+ —,'+, and -', + —+ ~+ to all orders of
Za/e, in the Coulomb interaction. The contribution to D from the final-state magnetic scattering is investi-
gated to order 0..

I. COULOMB INTERACTION
' 'N a recent paper, ' henceforth denoted as I, we gave
& - expressions for the electromagnetic 6nal-state
interaction contribution to D, the triple-product
correlation coeKcient, in the nuclear p-decay (EI~ )Vs
+e +I,) transitions —,

' ~ s, s ~ s, s
+ ~ —',+, s+ ~ s~,

and 1+—+0+ to all orders of Zn/v, in the Coulomb
interaction. We emphasized that allowed Gamow-
Teller transitions (Ad=1, no parity change, and the
Fermi matrix element Has

——0) were the best place to
look for an experimental measurement of D regardless

of whether or not time-reversal invariance is broken in
the semileptonic weak-interaction Hamiltonian. ' In
this section we give similar results for the transitions
~+~ ~+, ~+~ ~+, and 2+~ ~+. For the usual intro-
duction, notation, and methods of calculation, the
reader is referred to I.

If we consider the initial nucleus polarized with
l
ntr

l

= J~, then for each of these transitions we And a common
form for the electromagnetic (EM) and time-reversal
violating (TRV) contributions to D. With W= E,+E,.
we have

, ( 2, If~I', , P'&l
0=l &elgl'1+4 Re(gf~*)l (&.&. P')+b — p'+&, '

(Mod, 235„' g, j
Re(gf *)P. P

D (P+)$ =~DI (8,+rrt, ) sin(r)I —rt4)+ l sin(rls —qs)
M~X, z.+~.&

l f~l 'P.
+Ds ~ ~ »n(~I —ns) —2P'I »n(~I —~4)+»n(~s —~s)j

3f„'E,
p ) s

+Is E„(F,+nt, ) sin(rtI —rt4)+ —
l

sin(rts —qs), (2)

2P,W Im(g fM*)
DTRV(P+) ] ~D

M„E,

Case —,'+ —+ —,'+. For this case we take our nuclear
matrix element to be J„=J'„(—', ~ s; g*, fsr*) Hence, .

(3) we have

*Research supported in part by the U. S. Atomic Energy
Commission.

' J. C. Brodine, Phys. Rev. D 1, 100 (1970); 2, 627(E)
(1970).

2

f"=sg.(pr) V"(1—gVs) — o""q. V ex u(PI),
2M„

' See also C. W. Kim and H. Primakoff', Phys. Rev. 180, 1502
(1969);H. H. Chen, ibid. 185, 2007 (1969).
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TABLE I. Values of the coeiiicient Do™in the equation D = (DOE ) (f~E,/W) for various cases of Gamow-Teller p-decay tran-
sitions given in this paper and in I. i g i

is obtained from the ft values using —Gg/Gv = 1.20 and ft(N -+ p+e +v) =1180sec.

Transition

Si"—+

Br77

As" —+

Br83

P33 —+

Se81 ~
Ge69 ~
Nj65 ~
Zn65 —+

Ni63

$121~
Sn'" ~
Snl21 ~
Tel27 ~
Xe"'~
Cu67 —+

Co"~
Nbg' —+

Nbg' ~

+e +ve
Se77+e++v

Se77+e +v,
Kr"+e +v,
S"+e +v,
Br"+e +v,
Ga'9+e++v,
Cu65+e +v,
Cu 65+e++ve

Cu +e +v
Te"'+e++v,
Sb'23+e +v,
Sb121+e—+v

P27+e +v,
Cs"'+e +v,
Zn"+e +v,
Ni6'+e +v,
MO97+e +v,
Mop'+e +v,

(z)

(15}
(34)
(34)
(36)
(16)
(35)
(31)
(29}
(29)
(29)
(52}
(51)
(51)
(53)
(55)
(30)
(28)
(42)
(42)

+3 1
2 2
3 1
2 2
3 1
2 2
3 1
2 2

3
2 2
X~3
2 2
5 3
2 2
5 3
2 2
5 3
2 2
5 3
2 2
5 3
2 2

4~2
3 5
2 2
3 5

3 5
2 2
3 5
2 2
7 5
2 2
9 7
2 2
9 7
2 2

log1 pft'
5.51
5.36
5.76
5.13
5.05
4.72
6.40
6.56
7.34
6.56
5.05
5.27
5.00
5.66
5.58
6,30
5.20
5.35
5.08

0.070
0.083
0.0522
0.108
0.084
0, 122
0.025
0.021
0.0085
0.021
0.118
0.075
0.102
0.048
0.0525
0.023
0.100
0.084
0.114

1.99
0.85
1.20
1.45
0.76
2.11
1.72

2.61
0.84
0.58
1.64
1.77
0.89
1.20
0.86
1.00
1.73
1.78
0.67

1.3
1.0
2.7
1.7
0.17
0.69
5.7

11.6
8.5
2.9
2.6
2.6
1.0
3.0
2.0
2, 7

1.6
3.1
0.89

W (MeV) 10'y (D,™)

a Reference 3.

where g= (—G~/Gv)/V or/+8. We find ps= 8, (i= 8/3,
ps=8/3, Dr=2/3, Ds=4/9, and Ds= —,. Using Eq. (3)
from I, dropping terms in

I fsr I

' from DEMP and terms
in fsr from $, we have to first order in Zn/v,

Re(gfsr*)ZnE, m, '
DEM(P+) 3+ (4)

Case 2~ ~ ~+. We take our nuclear matrix element
to be J„=J„t(ss —& ss; g*, fsi*). Hence, we have

J"=I-e(pe) v"(I—gvs) — ~""V»q'& (pr)
235„

where g= (—G~/Gv)cVgr/Q6. We find &s= 6,
$t= 19/10, $s= 19/10, Dr= 9/10, Ds= s, and Ds= 9/10.
To first order in Zn/s„we find

3 Re(g fir*)ZnE, fm, '
DEN(PT) 3+I-

40IgI m„ iE,
(5)

Case —,'+ ~ 2+. We take our nuclear matrix element to
be J„=J„t(s7 —+ ss; g*, f~*).Hence, we have

&fM.J"=N.es(p~) 7"(I—gys) —— ""q, 7n'~'p(r),
235~

where g= ( G~/Gv)4cVgr/v3 —We find (,= 16/3,
$i = 34/21, ps = 34/21, Di = 20/21, Ds= 40/63, and
Ds = 20/21. To first order in Zn/s„we find

In Table I we show values of the coefhcient DO~M in
the equation

DEN (D EM)(f E /gr. )

for various AJ= 1 transitions which might be of some
experimental utility. Do M is the maximum value of
DEN given by Eqs. (1)—(3). The D's for the transitions
Jr =&+—,'—+ Ji,= 1V—sr have been given in Eqs.
(1())—(12) of I. The behavior of D as a function of p.
for these transitions is essentially identical to that
shown in Figs. j. and 2 of I.Table II shows the maximum
value of DEM for some DJ= 1 boson transitions. '

II. MAGNETIC SCATTERING

In I and in Sec. I of this paper we calculated the
Coulomb part of DEM with phase shifts for the scattering
of a relativistic electron with a spinless target. If the
final nucleus has spin Sp/0, then it may have a mag-
netic moment pI;=p~gI:SI:, where p~ is the nucleon
magneton e/2'„. The "magnetic moment" is usually
denoted pr, = gs5~,' hence, tie=- (p~p p/Si)S p. The
scattering of the electron charge (e= IeI) off the final
nuclear magnetic moment yields a contribution to DKM

called DM"0 since there is an interaction potential

V(r) =+en A(r),

where A(r) = Lps)&rj/r'. DM"o(s —+ sr) has been calcu-
lated by Callan and Treiman4 and D ~o(s ~ s) has
been calculated by Chen. ' We will obtain DM" for
the Gamow-Teller transitions of Sec. I.

5 Re(gfsr*)ZnE, m, '
DEN(p+) 3+

28IgI ~„E, (6)

K. J. Konopinski, The Theory of Beta Radioactivity (ClarendoI|,
Oxford, England, 1966), pp. 151 and 157.

4 C. G. Callan and S. B.Treiman, Phys. Rev. 162,t1494 (1967).
5 H. H. Chen, Phys. Rev. 185, 2003 (1969).
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TABLE II. Values of the coefficient Do in the equation D = (Do M) (E,/W) for various cases of boson Gamow-Teller P-decay
transitions. (FA( is obtained from the ft value using —GA/Gv=1. 20 and ft(n p p+e +P,) =1180sec.

Transition (Z) logrpfi~
~
pM/pA~b W (MeV) 10'X(DP )

P32

P34

gl2

N12

F18

Cu'4
Cu66

In114

Mn56

Na22

Co60

~ S32+e +v,
—+ S34+t. +v
—+ C12+t, +v
—+ C~+e++v.
—+ 0'8+e++v,
~ Zn64+e +v.
—+ Zn66+e +v.~ Sn"4+e +v.
—+ Fe56+e +v.
—+ Ne22+e++ v,~ Nl +8 +v&

(16)
(16)
(6)
(6)
( 8)
(30)
(30)
(50)
(26)
(10)
(»)

1 —+0
1~0
1 —+0
1 —&0

1~0
1~0
1~0
1 —+0
3 —+2
3 —+2
5-+ 4

7.9
5.2
4.1

4.2
3.62
5.3
5.3
4.4
7.2
7.4
7.5

0.0063
0.14
0.50
0.45
0.866
0.125
0.125
0.355
0.014
0.011
0.010

50'
1

47
4.7
6.1
1

19c

1

1

1

2.22
5.61

13.9
16.9
1.16
1.08
3.14
2.51
3.36
1.05
0.85

5.7
0.28
1.2
1.3
0.17
0.11
0.31
8.6
0.28
0.032
0.084

& Reference 3.
b When the value of I FJl/I [ is unknown, we have taken tiFJrl/Fg I

= 1.0.
o Large experimental uncertainty.

Let Gi ——esp/Z, j=l+S„and J=Sp+j. In order to
incorporate the magnetic scattering into our calculation,
we must replace the phase shifts pi(j ) of I by the total
phase shifts e(Jj l) =pl(j l)+o(Jjl), where the o's are
the magnetic-scattering phase shifts. A well-known
formula from elementary quantum mechanics for the
phase shifts due to a potential leads in the Born ap-
proximation to the generalized result

o "(Jjl) =sino "(Jjl)
—p p(Ep+m p)

0 q, it"(r) V(r)%'q, i"(r)d'r, (7)

where 4g;~ is the total state function of the 6nal nu-
cleus-electron system. Following Messiah, ' we And

(l= lp. l)

I+~ i &= 2 (spi~p~l Jfif&lsp~p&IA -i"&,

with the spherical wave electron states given by».()x;"(')
ili; i"(r)=-

r iGgpr ~, r"

where Fs&(r) =Nrj i(kr),

Gs, (r) = prole/(E, +rrs, )]rj p(kr),

l= j+sro, l'=j sro, and &o=& —when j=l&sr. The
normalization

the following possible states IJ;i)" of the system:
0-'0) = 1), I0-'1)+= I3» I Is0& = I2& I

1-'1&+= I4&
1—',1) = 5), and I1—,'2)+= I6), where we have taken

the case S~= ~~. Since we are not interested in terms in
DM"G proportional to (W/Dan)', we set fsr=0 above
and ignore the bottom components of the nuclear
spinors; then, the weak interaction does not initially
produce states I5) and I6). However, our electromag-
netic S matrix is not diagonal in representation

I
1)

I6). If we diagonalize in a representation II) IVI),
we find that the state mixing of

I 2) and
I 6) and

I 4) and

I 5) is so small that diagonalization is not necessary. If
Sss (I+)= ipse" p p+ p pi, we finder= (v2/6) (GiZn) (p./Mn), and
the mixing para'meter between

I 2) and I6) is )i= (v2/9)
XGiL(E,—m, )/cV„]&3X10 ' for all reasonable cases.
It is apparent that diagonalization effects are of order
l)il ' which can be neglected. We find DMAG n (oi —os)
= s(GiZn)(p, /M ) for Sp= s. For Sp&i the o's must
be redefined. If Sp ——ss, then o.i—o.s

——(8/9) (GiZn)
X(p./Ms, ), and if Sp= s, then pri —prs ——-"s(GiZn)(pp/M„).
The results for DM"G are

~Zo.'E g
DMAG(pT. 1 ~ i)

4(1+3
I gl s)~„

8 m,) '-
X —-Gt(1~kg)(1~g) 1——

I

3 E,i
~ZcxE g

DMAG(P+. s ~ s)—
4LI+(5/5) I gl']~.

A,
"jul A:jml

= s(k-k') =
I J'I, i&a i*+Go,i Ga v*]«

8 1n. 2

X —-Gi(3~5g)(l~g) 1——,(9)
9 E.

yields Ã= (2/pr)'"kL(E +rr4)/2E ]'i' With the nuclear
matrix elements given in I and in Sec. I above, we And

P A. Messiah, Qrcanippnp Mechanics (Interscience, New York,
1961), Vol. II, pp. 9258.

DMAG(p~ Jr ——cVa-,' —p Jp ——A"W-,')=0. (10)

Equation (8) gives 8/9 times DM"G (Callan-Treiman)P
and Eq. (9) gives 8/9 times DM"G(Chen). ' One way of
understanding Eq. (10) is to note that with our approxi-
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mation of neglecting terms in J„proportional to g/cV„,
we get only 6nal states with j=j.= j„=—,'. It is easy to
see by conservation of angular momentum that in the
transition Jr=tV&~ —& Js =1V&s (Jr——Jr&1), we
have only one hyperfine state J=Jp& —,'. Since there
can be no interference, Etl. (10) follows immediately.
Hence, we find for any pure Gamow-Teller transition
that

D ou l(lgl/lf' l)(Z/Z), (11)

where E~OpV/J)/I„). DMa can be neglected com-
Pared to DoouL as long as

l fsrl is not too small
compared to lgl. r If we use experiments on 1 —+0

transitions as a guide, we expect' that
l fsr l

&
l gl and

l
DIAG l((l DGOULl
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'There will also be a contribution. DM o~D uL(R/Z) from
weak magnetism Gamow-Teller interference and another contri-
bution DM ~D ouL((g ~/( fss )R/(AZ) from the bottom com-
ponents of the nuclear spinors. These may also be neglected.

We expect that fsr/g for fermion transitions is of order
tFss/Fg

~
(see Ref. 1 for boson transitions. Experimentally we

have (Fsr/Fg (
=4.7 for B" N"-+ C"+e+v. ; (FM/Fg (

=40
for P"—& S"+e +vr and (Fsr/Fg ( =6.
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First-order corrections, due to chiral symmetry breaking, to the E'-+ 3m soft-pion theorem are calculated.
The corrections turn out to be independent of any assumption of specific properties of the chrial-symmetry-
breaking Hamiltonian.

HK success of soft-pion theorems' derived from the
hypothesis of partially conserved axial-vector

current (PCAC) and current algebra has an elegant and
simple explanation in the notion that there exists an
underlying broken SU(3) SU(3) symmetry for strong
interactions. ' In this approach the low-energy (or soft-
pion) theorems, which are only approximate in the real
world, would become exact in the symmetry limit where
axial-vector currents are conserved and the pseudo-
scalar-meson masses vanish. Such a symmetry does not
manifest itself in the multiplets of particles, as does

'See, for example, S. L. Adler and R. F. Dashen, Current
Algebras and Applications to Particle Physics (Benjamin, New
York, 1968); R. E. Marshak, Riazuddin, and C. P. Ryan, Theory
of S"eak Interactionsin Particle Physics (Wiley-Interscience, New
York, 1969), where references to original literature can be found.

2 The original suggestion that PCAC is related to broken chiral
symmetry is due to Nambu and his collaborators. See Y. Nambu
and D. Lurie, Phys. Rev. 125, 1429 (1962), and earlier papers
quoted therein. The first paper relating the modern work on
current algebras to chiral symmetry seems to be S. Weinberg,
Phys. Rev. Letters 16, 163 (1966). See also S. steinberg, in
Proceedings of the Fourteenth International Conference on High-
Energy Physics, t/'ienna, 1W8, edited by J. Prentki and J. Stein-
berger (CERN, Geneva, 1968), p. 253, where other references can
also be found. This point of view has recently been clearly stated
by R. F. Dashen, Phys. Rev. 183, 1245 (1969);R. F. Dashen and
M. &einstein, ibid. 183, 1261 (1969); 188, 2330 (1969).

SU(3), but through the appearance of eight Goldstone
bosons (massless in the symmetry limit). The language
of approximate symmetry is useful in that it not only
gives a precise meaning to PCAC but can provide a
scheme for keeping track of corrections to PCAC
approximation. The picture that emerges is that the
hadronic Hamiltonian can be decomposed as follows:

H =H p+eH',

where Hp is invariant under SU(3)I3SU(3), and H'
breaks the symmetry. ~ is small so that symmetric-
theory predictions approach the real world. In the
symmetry limit when ~ —+0, the axial-vector currents
are conserved, and the symmetry is realized by the
appearance of eight massless pseudoscalar mesons.
Further, the basic symmetry is broken according to the
pattern

SU(3)SU(3) —+ SU(2) g SU(2) —& SU(2) .

Assuming that major deviations from the predictions of
symmetric theory may be computed by working to the
lowest order in e, there have been computed two types
of corrections to the results of the symmetric theory,
namely, those which are independent of any specific


