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An interesting offshoot of our investigation was the
discovery of a three-hadron resonance which has the
unusual property of moving to higher energy and
becoming more prominent as the H-H coupling is in-
creased. Pagels" has suggested that there might exist
a three-pion resonance just above 0.42 BeV/c', with
the quantum numbers of the pion. Although the absence
of isospin in our model makes detailed comparison im-

possible, the analogy is suggestive, particularly since
our II-H interaction, for moderate strengths, produces
a phase shift closely resembling current ideas about

"H. Pagels, Phys. Rev. 179, 1337 (1969).

the 5-wave m. -m interaction. '4 Ke are currently in-
vestigating the properties of this resonance in more
detail.
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With time-reversal invariance, the P-decay correlation ((J)/J) prXp„, where (J)/J is the polarization
of the decaying nucleus and p& (p„) is the momentum of the electron (neutrino), can arise only through a
final-state electromagnetic interaction. For allowed transitions with vector and axial-vector couplings,
this effect is recoil-dependent. It was shown by Callan and Treiman that this effect, for the special class
of spin--, mirror transitions, and the assumption of the conserved-vector-current (CVC) hypothesis, is
dominated by weak magnetism. A corresponding calculation for the class of spin-~ mirror transitions,
of which the decay Ar" ~ CP'+e++v, is an example, shows a similar domination by weak magnetism.
The magnitude of this effect is estimated for several mirror P transitions.

INTRODUCTION

1
~~NE of the classic tests of T invariance in nuclear P

decay is the search for a possible correlation in the
decay spectrum of the form ((J)/J) (p&XP„), where

(J)/J is the polarization of the decaying nucleus, and

pr (p„) is the momentum of the electron (neutrino). In
the absence of electromagnetic final-state interactions,
this correlation is forbidden by time-reversal invariance.
Experimental upper limits on the presence of such a
correlation term have been obtained for the spin--,'
mirror transitions is ~ Pev ' and Ne" —+ Fisc+i.' There
is also possible experimental interest on this correlation
in the spin-~ mirror transition Ar" ~ Cl"e' v. '

The allowed P spectrum, summed over all final-spin
polarizations, has the following form in the standard
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theory with vector and axial-vector couplings (with the
neglect of nuclear recoil' ):
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where F(WZ, Ei) is the well-known Fermi function that
accounts for the Coulomb modification of the electron
(positron) spectrum; $, a, c, A, 8, and D are simply
related to the vector and axial-vector couplings which
are, effectively, constants in the realm of P decay; and
J is a unit vector along J. Present experimental limits
on D, the coefTicient of the correlation effect ((J)/J)



(y&Xy, )/E&E. , are for neutron )0 decay, ' D(n) =0.01
&0.01, and for Ne" decay, ' D(Ne") =-0.002&0.014.

There have been theoretical estiniates on the magni-
tude of D based upon the assumption of time-reversal
invariance, but with the inclusion of final-state electro-
magnetic interactions. It was found by Jackson,
Treiman, and Kyld4 that, for allowed transitions with
vector and axial-vector couplings, and neglecting
nuclear recoil, the coefficient D receives no contribution
from the final-state electromagnetic interaction, i.e.,
D is not generated to lowest order in Zn, where n is
the fine-structure constant (r~1/137. This is the basis
for experimental interest in D for testing time-reversal
invariance, since crude estimates then suggest that D
is of order ZnE(/M (M is the nuclear mass) or (Zn)'.
The magnitude of D from the final-state interaction in
these cases would not contaminate tests of T invariance
for some time to come.

However, it was noticed by Callan and Treiman' that
the nuclear-recoil effects can generate a much larger
contribution to D. They considered spin- —, mirror tran-
sitions, but the argument is relevant to any mirror
transition if one considers only the lowest relevant
order in the nuclear recoil. Inspection of the recoil
phenomena shows that there are two sources. One is
electron (positron) scattering off the nuclear magnetic
moment. It was shown that this contributes to D on the
order Zc(E(/M, as estimated. The other comes from
recoil-dependent effects of the P-decay interaction.
Assuming the existence only of "first class" currents as
defined by Weinberg, s the P-decay interaction will have
two contributions in addition to the normal vector and
axial-vector terms. One is the induced pseudoscalar
term, but its contrubition is negligibly small. The other
is the "weak magnetism'" tenn. The magnitude of this
term can be estimated on the basis of the conserved-
vector-current (CVC) hypothesis' from the magnetic
moments of the parent and daughter nucleus. It was
shown that the contribution to D from this source is of
order Zn(E(/M) (M/r)s) ()((r—ii;), where t)s is the nucleon
mass and pr (ii,) is the magnetic moment of the daughter
(parent) nucleus. It represents an increase by a factor
of the order A (A = M/m, the atomic mass number of the
nucleus). In the case of Ne" P decay, it was found that
D is about 2 X 10 ' for the most energetic positrons. The
number is still very small. However, it is dominated by
weak magnetism, and, in the absence of T violation in P
decay, a measurement of D will constitute a new test of
CVC. The hope is that for favorable allowed transitions,
the magnitude of D may become of order 10 ' and thus

' C. G. Callan, Jr., and S. B. Treiman, Phys. Rev. 162, 1494
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be experimentally detectable in the near future. The
calculation of D for spin=,' mirror P transitions became
of interest due to the existence of higher-spin mirror
P decays, and, in particular, the decay Ar'"~ Cl"c+).
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and m, p, I, and i" are the momenta of the parent nucleus,
the daughter nucleus, the electron, and the neutrino,
respectively; P'=n'= —M', is= —m ', (I")'=0, q
=n —p is the niomentum transfer, and all f s, g s
are functions of q', but are effectively constants in the
energy region of P decay. They can be approximated by
their respective values at (7'=0. The f, 's a,nd g, 's are
also relatively real if T invariance holds. The structure
terms above, for both the vector and axial-vector
current matrix elements, are those of Weinberg's'
"~est class" type. The "second class" terms are ignored,
despite possible large violation of charge syliulietry.
The complexity of the above is reduced by retaining
terms only up to first order in nuclear recoil. The induced
pseudoscalar term is also dropped. The invariant T-
matrix element then has the simpler form

2'p""=~(i)v-(1+v")s(i")
X .(P)Lv (1+gal )+f 4'))/2M) j ( ) (5)

where the parameter g is related to the Fermi and
Gamow-Teller matrix elements Mp and MGT, respec-
tively, by

g= —(ga/gv) (&s)(MoT/MF), (6)
' W. Rarita and J. Schwinger, Phys. Rev. 60, 61 (1941);R. E.

Hehrends and C. Fronsdal, ibid. 106, 345 (1957).

DISCUSSION OF DETAILS

The calculation of D induced from an electromagnetic
final-state interaction for the spin-s mirror P transition
is straightforward, but tedious, and it follows the
general procedure outlined by Callan and Treiman. '
We consider the invariant T-matrix element for the
spin-ss mirror decay process (Z —1, A) —+ (Z, A)+P +),
(using the Rarita-Schwinger' formalism for higher
spins) in the absence of electromagnetism. It has the
following structure, up to an over-all constant:

Tp""——u(l)y. (1+y,)t)(l")X (V +& ),
where



j8$ ELECTROMAGNETI C S I M ULATIO N OF T VIOLATION I N P DECAY' 20Pp

and g~/gv ———1.23&0.02 '0 is the ratio of axial-vector
to vector coupling constant in the elementary P-decay
process. For the case of Ar" —+ Cl"e+v, g= 0.10&0.05."
In general, f~ is undetermined; but, on the basis of CVC,
the parameter f2 has a definite relation to the magnetic
moments of the parent and daughter nuclei, since these
belong to a mirror pair. It is

1+f~=(~/i')(l+ I )=—f-~ (7)

where M'/m=A, the atomic mass number; p+ (p ) is
the total magnetic moment of the I3=+-,' (——,') com-
ponent of the nuclear isodoublet. These are given in
units of the nucleon Bohr magneton. For the case of
Ar" ~ Cl"e+v, p,+=p;=0.632; p =IJ,y=0.822, and thus

f,~ 6.7. —
Assuming T invariance, a triple-product correlation

in the decay spectrum can only be generated by the
electromagnetic final-state interaction. This interaction
modifies the structure of the P-decay matrix element
both by changing the magnitude of the above coefficients
and by giving rise to new types of terms. Because we
are interested only in the lowest-order o, contribution to
a triple-product correlation, it is sufhcient to consider
only the absorptive part of the decay amplitude gene-
rated by electromagnetism to lowest-order o.. This is
given by the unitarity relation

ImTr, ~ ——2(2ir)4+ Ty tT;,

in which T„; represents a decay process in the absence
of electromagnetism, and T~„~ represents the electro-
magnetic scattering in the final state. In general, the
set of intermediate states which are to be included
above must contain excited states of the daughter
nucleus that are also reached by the P interaction. How-
ever, the matrix elements to these states are, in general,
smaller than those to the mirror state. '2 It is clear then
that these states contribute little to the absorptive part
above. The major contribution then comes from elastic
electron-nucleus scattering in the final state.

The invariant T matrix for elastic electron-nucleus
scattering is given, to lowest order in n, by the one-
photon exchange diagram. It has the structure

Zg2 — k„k„)
T& = u(l)y u(l')u„(p) Gy—&„,+G3

4M')

k„k„kp
+~ G,~.,+G. ..s ..(P'), (9)

4M' 23II

G-(p, p') = G5v-+iG~(p-/~), (12b)

with
To"~=u(l)yp(1+y„-)v(l")u, (p)Pp(p, n)u„(n), (13a)

Fp(p, n) = f„yp+ gysy5-+if~(nii+ ps)/235 . (13b)

The unitarity equation (8) becomes, after summing
over intermediate spin states,

(2ir)4 d'p'd'i' M m,
ImT '=Ze' — — —$(p+i —p' —P)

2 (27r)" Eo Io
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where A(l') = ( il'+m—&)/2m& is the projection operator
for an electron of momentum i'. Here h.„„(p')is the corre-
sponding projection operator for a spin-~ nucleus of
momentum p' and is given by

(—ip'+Mq—
~..(p') =I

2M

2p'p'
+—(v.p.' —v.p.')+ —, (13)

3M 33II'

and which can be written in a more compact form

electron before (after) the scattering, i= p' —p=i —P,
and 6;, i= 1—4, are form factors related to the charge,
magnetic moment, etc. Again we make the approxima-
tion of keeping the two lowest-order terms in nuclear
recoil, and evaluating the respective G;(k')'s at k'= 0.
The T matrix reduces to

T&= (Ze'/k') u(l) y.u(l')
&&u (p)h-+G2(4/2'-f)~-P)u. (p'), (1o)

where Gi(0)=1 by normalization, and G,(0)=G2 is
related to the magnetic moment hy

1+G2 ——(A/Z) pi =—G;„

and p~ is the magnetic moment of the daughter nucleus
in units of the nucleon Bohr magneton. (In the case of
interest, ur ——0.822 and G5=1.7.) For ease of calcula-
tion, Eqs. (10) and (5) can be put into the respective
forms

T =(Z'/k') -(l) . (i') „(p)G.(p,p') „(p'), (12 )

with

C. J. ChrIstensen, A. AIelsen, A. Bahnsen, WV. K. Brown,
and B. M. Rustad, Phys. Letters 268, II (f967)."F.P. Calaprice, E. D. Commins, and D. A. Dobson, Phys.
Rev. 137, BT453 (1965).

1 H. H. Chen, Princeton University thesis, 1968 (unpublished).
The definition of the magnetic moment. in the thesis for spin ~ is
inconsistent with standard usage. In Chap. 3, spurious factors of
3 should be removed in order to be consistent.

where
~-p(P') = ~.p+P-'P8'/~' (16b)

The above integration is straightforward, although
extremely tedious. Minor simplifications arise as a
result of our neglect of terms of second order and higher

where p', i' (p, /) are the momenta of the nucleus and ~»(p)=L( ~P'+iM)/2'-'Il
&&L~"(p') --:V-V ~,-(p')~. (p') j, (16a)
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TABLE I. Numerical estimates of D [the coeKcient of the triple-product correlation ((J)/J) (p&Xp„)/Z&E„7 induced
by the electromagnetic final-state interaction for several mirror p processes.

Mirror
process

C11~ g11e+
T13 ~ C138+y

$i'l7 ~ O17~+y

Ne19 ~ F19~+v

Arg5 —+ C135e+y

K37 ~ Ar3ze+y

Sc4' —+ Ca4'~+v

Nuclear
spin ft (sec}

3840~ 70
4700a80
2330+80
1900~100
5680~400
4250a500
2560&160

(MeV)

1.49
1.73
2.28
2.75
5.48
5

6

—1.027
—0.322

4.722
—1.887

0.632
0.203

(5.2)'

2.689
0.702

—1.894
2.628
0.822
1.00

—1.59

—0.6
—0.3

ic
—1.0
+0.1
—0.5

1 Oc

g) max

o.7X10 4

0.4X10 4

—2.4X10-4
2.6X10 4

0.6X10 4

1.7X10-4
13 X10 4

a We thank Dr. E. A. Phillips for providing these data.
b The sign of g is estimated on the basis of the magnetic moments of both the parent and daughter nuclei Lsee E. J. Konopinski, The Theory of Beta

Radioactivity (Clarendon Press, Oxford, 1966), except for Ne'9 and Ar» where experimental information is available.' For F" and Sc4', we set g =0 in order to estimate D ax (see text).
"Estimated (Dr. E. A. Phillips).

in the recoil parameter Ei/cV. The paper work is also
somewhat decreased because of our interest solely in
the coe%cient D of the triple-product correla. tion. This
comes about because only the interference between
Ts"~ and IrnT " will contribute to D from

~

T"~~'
=

~

Te"~+i ImT" ~' Terms in ImT"~ that are pro-
portional to To can be dropped, since an over-all
change of phase for To" cannot contribute to D.

The net result of picking out all the contributions to
D from

~

T"~~ ' is the expression

D(p+) = +PnE, '/{43EPi(1+ (5/3)g'j)
Xi(l~g)(fs~g) —Gs(l~g)(3~5g)+(~i'/«')

XL(3~'sg) (fs~g)+ Gs(1~g) (3~5g)3), (17)

where p& (Ei) is the momentum (energy) of the electron,
mt is the electron mass, and iV is the nuclear mass. g,
G5, and f& are defined by Eqs. (6), (7), and (11).We note
that the above is identical in form to the result calcu-
lated by Callan and Treiman for the case of the spin-~
mirror transition if one sets the axial-vector coupling g
to zero.

The result for D(P+) is obtained by noting that the
coeScient of D is an even-parity correlation. Therefore,
the application of charge conjugation to relate P+ to
P decay can be used. The only changes which occur
under charge conjugation are a change of sign between
vector and axial-vector currents in the weak process
and the over-all change of sign due to the charge of
P+ relative to P in the final-state electromagnetic
scattering.

For the particular spin-~ mirror transition
Ar" —+ C135e+s, the various parameters have been given:

g 0.1, G.- 1.7, fs 6.7. —

fs is somewhat smaller than expected. This is due to the

cancellation of the magnetic moments in (7). Since
(Ei)„„.is 5.46 Mev, we ignore the positron mass, then
the coefficient D has the va, lue

D(Ar") +0.6X10 'Ei/(Ei)„„. (1S)

This number is far smaller than present experimental
errors. ' This effect for Ar" is not likely to be measured
in the near future, and measurements of D for Ar"
will remain a clean test of T invariance for some time
to come.

The list of mirror P decays is now examined. We
calculate the value of D induced by electromagnetism
for a few candidates. For the case of spin ~, the result
of Callan and Treiman is used. For the case of spin —,',
Eq. (17) is used. It is already noted that D has the same
form for spin —,

' and spin ~ in the absence of axial
coupling (g= 0). We hypothesize that this remains true
for higher spins. In order to verify this and to find the
dependence on g for the case of higher spins, explicit
calculations will have to be done. We use the approxi-
mation g=0 for cases with spin) —,'. The error involved
in this approximation can be quite large and the nu-
merical values are to be taken only as a rough estimate
for these cases. The other approximation —viz. , neglect-
ing the contribution to ImTf; " LEq. (8)j from excited
states of the daughter nucleus —is expected to be good,
in general. The numerical results are tabulated in Table
I. It is clear that for favorable cases, the value for D
has been enhanced.
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