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It is shown that the AQ =2 semileptonic process can be tested by experiments on mu-
onic atoms. The 6 resonances in nuclear ground states will lead to a p e' reaction
presently observable if the AQ =2, AS=0 interaction is within about two orders of mag-
nitude of the ordinary strangeness-conserving interactions. The consequences for vari-
ous lepton schemes is discussed.

The assignment of leptonic quantum numbers is
not unique. '' There are several schemes which
are consistent with the observed weak processes
and also with the processes which have proved to
be inhibited. In the scheme most widely accept-
ed, a lepton number +1 is assigned to e, v„p. ,

and v& with their antiparticles having lepton num-
ber -1. Consistency with the inhibited process-
es, such as neutrinoless decays of muons into
electrons, can be obtained with an additional ad-
ditive (Scheme A) or multiplicative (Scheme A')
muon quantum number.

An alternative scheme in which e, v„p, ', and
v„are the leptons (Scheme B) was proposed ear-
lier' and is also consistent with present experi-
ments. The neutrinos v, and v„are assigned he-
licity —1, as in Scheme A, so that there are still
two distinguishable neutrinos. Thus no additional
muon quantum number enters, and the only in-
variance principle involved in accounting for the
inhibited processes is lepton conservation (or,
alternatively, the two-component theory). The
b, Q =1 semileptonic reactions cannot be used to
distinguish between Schemes A. and 8, since
these reactions will involve neutrinos, and the
helicity choice in Scheme B will prohibit the
same processes as does the muon number in

Scheme A. Schemes 4 and B are only distin-
guishable if the current p. '-e' exists. Purely
leptonic tests are not possible, although they can
distinguish between Schemes A. and 4', and lep-
ton-proton reactions cannot test AQ =2 interac-
tions in the first order. Thus it is now generally
accepted that Schemes A and B are equivalent in
practice. '

It is the purpose of this note to point out that
experiments on p. capture in muonic atoms pro-
vide a practical test of these AQ =2 weak cur-
rents. It will be shown that an experiment in pro-
gress searching for the semileptonic reaction

+ (Z, N) —e'+(Z —2, N+2)

will provide rather definitive information, and

that even the earlier experiments' which placed
an upper limit on this reaction contain useful in-
formation.

If the nucleus is simply a composite system of
neutrons and protons, Reaction (1) cannot take
place in the first order (weak) in any of the
schemes. However, it has been shown that nu-
clei contain baryon resonance components with a
probability of about 1%%uz for the least massive
resonances. " This has been exploited by Prima-
koff and Rosen' in the study of double p decay.
The isospin-2 resonances within the nucleus pro-
vide a mechanism for the first-order &Q =2 cur-
rent (if it exists). Here we consider only the
6(1236) resonance, which should be most impor-
tant. We assume an effective Hamiltonian

II,&f
c ' —G [(1—v ~ o)/2]r"'gI, "', (2)

f= 1

of the form of the usual bQ =1 effective Hamil-
tonian except that & ' ' changes a p, state to an
e' state and I;~" is a bQ=-2, rank-two, bary-
on-isospin step-down operator. Here v is a unit
vector in the direction of the lepton momentum,
and o is the Pauli spin operator. Note that there
are no ~Q = 2 first-order currents in the quark
model. The effective Hamiltonian (2) can be de-
rived from a m -core model of the baryons. ' "
This model gives radiative widths of baryon res-
onances consistent with experiment and with
quark-model calculations. " In this model the
DQ =2 baryon current arises from a basic v'-m
current, as illustrated in Fig. 1."

The basic nuclear mechanism underlying Reac-
tion (1) is g +p+p-e'+n+n, as illustrated in
Fig. 2. The two blobs represent the strong inter-
actions (nucleon+nucleon) '-[nucleon+ b, (1236)]
This is taken into account by using a coupled-
channel two-baryon wave function, e.g. ,

4 (I = 1,I~ = 1)
= e(PP) + ~,'='e([P~]I=1,I,= 1) (3)

to represent an I =1 nuclear pair within the nucle-
us. In perturbation theory with a one-meson-ex-
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FIG. 2. Mechanism for the p —e' process on a pro-
ton pair in the nucleus.

Evaluating this for p, capture on Cu, with a
b (1236) probability of (a~' ')' =0.0075, one finds
that

FIG. 1. The AQ = 2, AS = 0 interaction derived from
the vr-core model. =2.6 x10 6(G JG„)2. (6)

(R'"'"=1.6 &&10 'C"'/[G 2+3G„2+G 2-2G G ]

change coupling potential, one finds that"

(0 ' ')'=0.005-0.01.

The earlier experimental upper limit is"
O'"I's 2.2 x10 ', (7a)

All nuclear correlations are assumed to be in-
cluded via this parameter. Using the wave func-
tion (3), the p. -e' process is calculated as a
perturbation with the Hamiltonian (2).

Assuming the closure approximation, one can
use the work of Primakoff" to calculate the ratio
of Reaction (1) to the usual p, capture p, +(Z, N)
-N+ (Z+ 1,N-1):

+

g theor I

~V

P„G,'P„,„(a,'= ')'
P~[G v'+ 3G„'+G p'-2G pG„]P~

where P~ =Z/A and P»=Z(Z-1)/A(A-1) are the
probabilities of finding a proton and a proton
pair, respectively, and I'p „and P2p 2 are the
probabilities associated with a proton turning in-
to a neutron and two protons turning into two neu-
trons, respectively. The coupling constants in
the denominator of (4) are the usual spin-aver-
aged combination, and Gz is defined in Eq. (2).
The estimate of Ref. 13, P~ „=1-3(A-Z)/2A, is
used here. We also use this in the calculation of
P2p 2n thereby accounting for the exclusion prin-
ciple, but assuming that any additional correla-
tion effects are included in &~. Thus Eg. (4) be-
comes

61"'"= (3Z -A-3)
A(A+1)

G 2I= 1)4
Gy +3GA +Gp 2GpGA

while the experiment in progress proposes that
it will detect the p. -e' process unless

(R'"~(proposed) ~ 1 && 10 ".
Thus the present experimental upper limit on

the p. -8' decay suggests that the AQ =2 strange-
ness-conserving current cannot be as strong as
the bQ =1 current (Gz&G~). This result is mar-
ginal because of the uncertainty in the value of
a~. If the new experiment achieves the proposed
accuracy (7b), a negative result will rule out the
possibility that G&=—G~, and thus Scheme B wiII
lose much of its attraction. Note that this result
follows only by taking into account the baryon
resonances in the nuclear ground state.

The negative results would be consistent with a
superweak bQ = 2, AS = 0 interaction of the mag-
nitude of the AQ = 0, AS = 2 superweak interaction
suggested to explain CP-invariance violations. "
The possibility of such a current has been ex-
plored for double J3 decay. " However, in this
case the second-order weak interaction allowed
in Scheme B would be dominant. A positive ex-
perimental result at the level of G&=G~ not only
selects Scheme B, but demonstrates the exis-
tence of nonoctet currents which would require
extensive modification of the present models of
weak interactions. If the experiment detects the-e' process at the lower limit, i.e. , 8'"]'=1
& 10 ', the result would suggest either that
Scheme B is valid with a coupling G ~/Gv = 10 or
that lepton conservation is violated with a strength
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of about 10 ' (in contrast to the estimated' upper
limit of 10 ' for the lepton-conservation-violat-
ing interaction in double P decay).

Note added in Pr'oof. —A preliminary analysis
of the experiment in progress indicates that the
ratio 8"P will be tested to a value between 1
~10 ' and 1 ~10 "
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A model suggested by Sudarshan which relates strong, weak, and electromagnetic in-
teractions through vector and axial-vector currents is adapted to nucleon-nucleon scat-
tering. Strong time-reversal violation is predicted in n-P scattering above 100 MeV
through the same mechanism assumed to cause CP-invariance violation in weak hadx"on-

ic decays. Where a T-invariance violation has been sought for and not found, i.e., in

P-p scattering up to 685 MeV and low-energy n-P scattexing, the model predicts very
little T -invariance violation.

Sudarshan has suggested a model for strong,
weak, and electromagnetic interactions which vi-
olates CP invariance in strong interactions. ' As-
suming that CPT invariance holds, T invariance
is likewise violated. At first sight, it would seem
unreasonable to suggest such a model when all
experiments in strong interactions to date indi-
cate very little time-reversal invariance viola-
tion (TRV), consistent with zero. However, it
is possible that experimentalists have been look-

ing in the wrong places. We have extended Sudar-
shan's model, in a manner to be described short-
ly, in order to get accurate predictions fox' nu-
cleon-nucleon scattering and find that in p pscat--
tering, T invariance is only slightly violated
from 0 to 635 MeV, and in n pscatter-ing, T
invariance violation is likewise slight below 100
MeV. The only place strong violation occurs is
in n pscattering above -100 MeV, but here there
are no experimental measurements. If the mod-
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