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Mesonic Second-Class Currents in Nuclear P Decay
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Mesonic second-class currents have been studied in semileptonic 6, 8=0 transitions. The
closed-loop diagram is finite for the 7rcu current, and its energy-dependent lepton part is
dominant over the contributions from the two-body exchange diagram. The two-body ex-
change diagram has energy-dependent and energy-independent lepton parts, which are of com-
parable magnitude for the A=12 triplet. A general form of the mesonic current has also
been considered. A general theory of second-class effects, including both mesonic currents
and the induced-tensor term for ft values and X/P+ ratios, has been discussed.

I. INTRODUCTION

After series of papers had connected the asym-
metry observed in mirror P decays with the in-
duced-tensor interaction, ' thus initiating renewed
interest in theoretical investigations, ' "some evi-
dence to the contrary started to emerge. ~ ' It
was pointed out that the observed asymmetries
are explainable as binding-energy effects arising
from electromagnetic sources. " ' The phenom-
enologically introduced induced-tensor interac-
tion' ' predicts for the K/P' ratio a dependence on

the charge Z and the atomic number A which is
completely contradictory to experiments. ""
Furthermore, the induced tensor leads to an ef-
fect proportional to the maximal lepton energy of
the compared mirror transition. An important ex-
periment performed for the A. =8 triplet" did not
show any energy dependence of the mirror asym-
metry 6 = (ft)'/(ft) —I. The result obtained by
Wilkinson and Alburger' prompted Lipkin" to
argue that mesonic second-class currents (SCC)
would lead to both 5c0 and SCC effects which are
energy-independent. Lipkin considered a diagram
where the mesonic line is exchanged between two
nucleons (see Fig. 2). In Sec. III we point out that
even this diagram leads to an energy-dependent
effect, which was also discussed in Ref. 17. In

Sec. IV we show that for the case of the A. =12
triplet, energy-dependent and energy-independent
contributions are comparable.

Besides exchange diagrams there are diagrams
where a mesonic loop closes on the same nucleon
line"" (see Fig. I). Generally, such a diagram
is highly divergent and should be cutoff-dependent
because of nonrenormalizability. For a particular
case of p& mesonic SCC, divergent parts cancel
out due to internal symmetry properties. Final
results are dominated by an energy-dependent
lepton contribution, which is much larger than the
one coming from the exchange diagram. The nu-

merical results given in Sec. IV do not support the
suggestion that energy-dependent contributions

II. CLOSED-LOOP DIAGRAM

The closed-loop diagram shown in Fig. 1 has
already been investigated for strangeness-chang-
ing semileptonic decays. " ln this case the con-
tribution turned out to be divergent. In nuclear P
decay the z~ current, originally suggested by Lip-
kin, " leads to a result which is cutoff-independent.
In the calculations of the decay amplitudes we use
the Lagrangians

(I)

(2)

(s)

(4)

Here G„characterizes the strength of mesonie
SCC, while f and g are determinable from other
experiments. All other notation has the usual
meaning. The two diagrams in Fig. 1 have been
calculated, leading in the l'-0 limit to the result

dL -dl +dL q

d,"= i(I~2G g-f m'

x[4Ig —2(m/m )'I"+(I/m ')(I" +-,')j

x ui(p„+ p'„)r,r'ui, „, (6)

coming from various diagrams might cancel out.
However, a general mixture of mesonic SCC alone,
or with the phenomenologically induced tensor in-
cluded, might be sufficiently flexible to accommo-
date both the K/P' ratio" and the result for the
A =8 triplet. "

A detailed discussion presented in Sec. V leads
to the conclusion that such a theory is r either a
very attractive nor convincing one. Further prog-
ress in the investigation of SCC will probably fol-
low through the theoretical study of electromag-
netic nuclear-structure effects" '4 and through
the experimental investigation of various possible
P-decay correlations xo, xx, z, as
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Fjo. 1. The full lines are fermions, the wavy line is the vector meson, and the dashed line is the pion. p and p' are
the nucleon moments, and the closed-loop integration goes over k. 1 =p —p' is the total momentum carried by leptons.

d~ = iv 2G-~gf~v (M„M~)I~~~-uy„y, r'uL&.

In formulas (6) and (7), M is an average nucleon
mass, while Mp and M„are the proton and neutron
mass, respectively. The integrals appearing
above are given by

(7)

1 1
s Q1 Q2

Ir = dO. 1a1 dn2
0 p D(G1y (12)

1 1
Is d d~ 1+&1—2&1™2

da a da (I+a~)(I
0 0 D(ag, aa)
t 1 1

I"= da, a, da~(6a~ —4) ln
p 0 Dk&1p &2)

'

(8)

(10)

where

D(a„a,) =m~'a, a, +m, '(a, —a, a.,) +M'(1 —a,)'.
(12)

The integral I is actually independent of the cut-
off X, thus making our result finite. Other possi-
ble mesonic currents, similar to those listed in
Ref. 27, do not always lead to finite contributions.
The contribution to the axial-vector part [i.e. , to
dl, in Eq. (7)] coming from the k k„part in the
vector-meson propagator is of the form

dz(V) =i(I/mv') ,'v'Cv (M„—M~)ln(X'/M, -«')u y„y,v'uL„.

(13)
Here the index V refers to the particular vector
meson, while Cv is given. in Table I.

%hen the cutoff is fixed, from Pietschmann and
Rupertsberger's results" one finds

(14)

parable with neo terms. However, one may ques-
tion the comparison between nucleon P decay and

ZAp decay, since the p-decay result is proportion-
al to the small nucleonic-mass difference, while
in the case of ZAP-decay baryonic mass differ-
ences appearing as a common multiplicator are
much larger. The alternative choice would be to
leave the cutoff as an additional parameter, thus
making it impossible to compare the closed-loop
diagram with the contributions of the exchange
diagram. Therefore, we have decided to make an

analysis only for the mes current, thus staying with
I.ipkin's suggestion. "

The effective contribution of neo SCC to the nu-
clear P-decay interaction is as follows:

D~~ =v(1/2MG)G gf 0.453x10 'fm

xui(P„+P'„)y5&'uL~ &

Dz =+(I/2MG)G~gf~0. 818x10 uy&ysv uL„.

(15)

(16)

TABLE I. Values of Cv expressed through the cou-
pling constants defined in Ref. 26.

The system of units 8 =1, c=1, and fm=10 "cm
was used.

%e should keep in mind that the nuclear-struc-
ture independence of the above results follows
from the nature of our approximation. A more
exact approach would be to work in the bound-state-
interaction representation" with the shell-model
potential, for example, in the role of the external
field. As the integration over k (see Fig. 1) is
dominated by the "high-energy" part of the propa-
gator, our approximation, in which we use plane-

It can be shown that the p-meson anomalous mag-
netic moment gives a cutoff-independent contribu-
tion to formula (13). The induced-tensor term
d~z(V) is also cutoff-independent for P decay. Its
magnitude is comparable with d~ in Eq. (6). It
seems very likely that divergent terms are com-

Mesonic current
constituents

'op

K'K *'+K'K*'
'0 P

Cv

0

&uIv ~fp
—3dp~

Gufv ~fp + dp~

G„.V2 gfv
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wave nucleon propagators, is most probably satis-
factory.

III. EXCHANGE BIAGRAM

In order to proceed, one has to deal with the
integral

fk (ry-ra)

[(k —T)'+m. '] [P +m „'] (21)

It has been argued by Lipkin" that the contribu-
tion coming from the exchange diagram shown in
Fig. 2, should have negligible energy dependence,
thus avoiding the contradiction to measurements
of the P decay of 'I.i and 'B." However, there is
a sizable contribution coming from the fourth com-
ponent of the vector-meson vertex (x, in Fig. 2).
The product of mesonic vertices for this term be-
haves as a pseudoscalar and, therefore, in the
case of the Gamow-Teller transition the neces-
sary vector ingredient can come only from the
multipole expansion of the lepton covariant:

L (r) = - i r I I. (0) + ~

Dg = K2 d Xgd &2d &3$ &~ y

&&iD„,(x, —x, ) j„(x,)i&(x, —x,)iy(x, ) y,ray(x, ),
(13)

(19)I& =2gf~G~/G.

Here D„, is the (d-meson propagator and 6 is the
pionic propagator. The functions p(x, ) appearing
in (18) are bound-state nucleon wave functions. "

We first calculate the part corresponding to the
exchanged line in Fig. 2:

P(x„' x,) =
J~ d'x,D„,(x, —x,)e ""L„(0)A(x,—x„)

This makes the result proportional to the total
lepton momenta 1 and, therefore, energy-depen-
dent. Contributions from the spatial components
of the vector-meson vertex are energy-independent.

The following expression corresponds to the dia-
gram in Fig. 2:

A similar integral has already been considered
in Ref. 30. Using the Feynman parametrizatj. on,
the integral (21) can be transformed into

a, (4) =-«(a+a, +a,),
where

(23)

[(r, ~ 1)(o, ~ V,)Q„ra2M

+ (r, ~ l)(o, ~ v, )Q„r',]1.,(0),

fix ~ (ry- r2)

@" (2&)'J (k'+m„')(P+m ')' (25)

1
(r, —r, ) l1 2~ 1 2

x [(c,.&,)Q,r,' —(o, v,)q, r', ]I.,(0), (26)

&. =~2M [(o. 1)Q,r; +(8, .1)q,r', ]L„(0), (2'1)

d + f n1 (r~- ra)

dsy &/k (r~-1'3)

[P+m'+I'n(1 —n)+(m '-m, ')]''
(22)

The leptonic momenta 1' appearing in the denom-
inator of j can be neglected.

Using the NRA for the nucleon wave functions,
we arrive at the following two-body operator cor-
responding to the combination of indices p. = p =4:

=( 2)-v' e""~f, (0)

(xg x2)D P ) g y 20

——E'
l2

The integrations in Eq. (19) over i, and i, fix
and k, —f as relatively small constants in the non-
relativistic approximation (NRA) when compared
with the integration variable k or with the mesonic
mass squared.

In the following we also neglect the term
(k —l)„(k —l)„/m ' appearing in the vector-meson
propagator. As m „'» (ko —lo)~, it can obviously
be neglected for p, =v =4. For other combinations
of indices the analysis becomes somewhat more
involved. The combination p, =4, v =j, for exam-
ple, leads to a contribution proportional to F. but
20 times smaller than E [E is defined in Eq. (32)].

———Et)

FIG. 2. The exchange diagram. The lines correspond
to fermions, ~ meson, and the pion, respectively. The
coordinate dependence of the vertices and the energies
of the nucleon lines are indicated.
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The approximation used by Kubodera, Delorme,
and Rho" corresponds to

k+m, k +m~
e m"

a y Qa-oy (36)

(28)

%hen p, = v =j, we obtain the two-body operator

Ds(j) =-i~(C +D+E), (29)

where

C =+(I/2M')[p, (o, . V,)q„T,'+p, (o, ~ V,)q„r', ] ~ L,(0),

thus omitting the large terms b, and b, .
The situation is particularly simplified for 0 -0

first-forbidden P-decay transitions. The effective
nuclear operator in this case has to behave as a
pseudoscalar, which means that the exponentials
in Eqs. (20) and (25) can be replaced by unity. The
only important contribution is then

D =+(1/4M )[(o~x V~)(o~ ~ V~)q„r2

+(o, XV,)(o, V,)q„7',] L,(0),

(30) D, (4, 0--0') =+~(1/2M)[(o, V,)q„~,'

+(o, V,)q„~',]L„(0).
(3'I)

-~(f ~A(i) =ao, etc. , (33)

where v is a unit axial vector, we can write the
results as follows

g=pY 2.908x10 fm,

b, =+Y~3.953x10-' fm,

b2 =+Y~4.641x 10 fm,

e =~Y,1.076x10-',

d =+Y~2.565x10 ',
e =+Y~5.522 x 10 ' .

(34)

The upper and lower sign refer to P' and P decay,
respectively. The dimensionless constant Y~ is
defined by

Y'~ =gf~ G~ /M . (35)

(31)

E =+i(I/4M )[Vi(a, ~ V2)q„rm +V2(oi Vi)q„7', ] ~ L4(0),

(32)

Here L, =g~y, g, and L, =g,"og, . The effective nu-
clear matrix elements transforming like axial vec-
tors are found by omitting 1 L4 in the two-body op-
erator Dz(4) in Eq. (23) or L4 in the two-body op-
erator D~(j) in Eq. (29). In the following we write
A =A 1L4, C =C ~ I „etc.

In order to establish the relative importance of
the various contributions listed above and thus test
for the possibility of energy dependence of the the-
ory, we described the nuclear-physics side by a
simple model. Our numerical calculations were
performed for the A =-12 triplet using the shell-
model wave functions. The formalism is very
similar to the one encountered in the study of
parity-violating nuclear forces, "which means
that all 12 nucleons have been considered.

Introducing the notation

IV. EFFECTIVE P-DECAY INTERACTION

In this section we present expressions for the
correction factor for Gamow-Teller transitions,
including both closed-loop and exchange-diagram
contributions. For the sake of comparison, we
also write the phenomenologically introduced in-
duced tensor (IT) ' ' which enters the interaction
Hamiltonian (for P' transitions) as

».t =g~o'L~~2 (38)

All notation has the same meaning as in Ref. 15.
Equation (38) corresponds to case A in this refer-
ence. The exchange-diagram contributions to the
interaction Hamiltonian (for P' transitions) are as
follows:

Z(IT) =+VsV~o ~ 11.», V=-3.33x10 ' fm (39)

E(Z) =+V~Wo ~ L„W= -1.23 x 10-'. (40)

Here 1L,' indicates the particular multipole in the
expansion of the lepton covariant. It is important
to note that lL,' is not equal to the derivative iVL4
when electron Coulomb wave functions are intro-
duced. " The numerical values correspond to the
A. = 12 triplet. The effective single-particle inter-
action has a formal meaning. It is obtained by
writing, for example, av =ao/(o) and using (o) =--', .

Contributions of the D~(j) type require multipole
expansion, in contrast to Gamow- Teller transi-
tions, thus becoming negligible. This, in princi-
ple, makes 0 - 0' transitions very suitable for
investigation. (In the case of unique forbidden tran-
sitions all types of contributions would be impor-
tant. ) However, the nuclear-physics side of the
problem is extremely difficult, as one has to deal
with heavy and very complex nuclei.
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TABLE II. Partial contributions 6; to the 6=Ca /CS —1=+&6& asymmetry.

5& analytic 6& numeric Remark

-'x(EO++E;) rm
x~v-32 (Eo++E;&

-x 0.1003
-x~0.33x lo 4

xz 0.25x 10 4

2xz0.4lx10 4 x~ 0.81x 10

-x@(0.23x 10 fm) 3 (Eo + E() ) -x~ 0.23x 10

phenomenologic al IT
energy-dependent
exchange contribution
energy-independent
exchange contribution
energy-dependent
closed-loop contribu-
tion
energy-independent
closed-loop contribu-
tion

The closed-loop diagrams give the following con-
tributions to Eq. (38):

C(IT) =+Y (0.22V x10 ' fm)o (-t'V~ )L, (41)

C(Z) =+Y»0.490x 10 'g ~ L, . (42)

v x»WCtor+ x»0. 227 x 10 a(Cs +P,Ca) fm

+ x~0.409x 10 'C,GT. (43)

The parameters appearing here are defined as fol-
lows:

x=5/2M fm, 5 = Y/g„, xs = Ys/g„, (44)

while all other quantities are defined as in Ref. 15.
Equation (43) completes expression (82) reported
previously. "

In order to be able to discuss the importance of
various mesonic-current contributions to the cor-
rection factor Cs, we have to calculate the mirror
asymmetry 5 for A =12 from Eq. (43). To simplify
the estimate of 5, we use the low-Z approximation
and neglect P,. The results obtained are given in
Table G. It is evident from the table that the ener-
gy-dependent term C(IT) in Eq. (41), coming from
the closed-loop diagram, is a dominant one.

As maximal P-decay energies have to be ex-
pressed in fm t units(Eo+Zo is 0.1376 and 0.1505
for A = 8 and A = 12, respectively), the energy-
dependent term 5, coming from the exchange dia-
gram is comparable with the energy-independent
term 5,. A similar conclusion can be inferred
from Ref. 1V, where an entirely different nuclear
model was exploited. The approximation (36) in-
troduced into our calculational scheme leads to
&=-5.28x10 ' fm, which is appreciably different
from the value V= -3.33x10 ' fm in Eq. (39) ob-

The spectrum-shape correction factor for Gamow-
Teller transitions is of the form

C =C,oryx(C, +P3C3) fmvx»VMCaor

tained using the full expressions (23) and (29).
This indicates that the two-body operator should
not be approximated too severely. As the relative
magnitudes of our parameters V' and W are qualita-
tively comparable with the relative magnitudes of
the corresponding quantities I. and I in Ref. 17,
we estimate that changes in nuclear-model wave
functions do not change this ratio by more than 50%.

V. EtP' RATIO AND CONCLUSION

It was suggested" that experimental results might
follow from a suitable mixture of the "normal" in-
duced tensor IT '" ' and of the exchange term
coming from mesonic SCC. Our calculations do
not support the expectations" that the energy-de-
pendent closed-loop contribution cancels the ener-
gy-dependent exchange-diagram contribution.
Therefore, mesonic SCC do not seem to be able
to explain the result for the A =8 triplet. As we
are dealing with an essentially nonrenormalizable
theory, there is some arbitrariness in the theo-
retical description. It seems, therefore, interest-
ing to make some additional considerations of the
"mixed-model" theory. Let us show how the as-
sumption necessary to explain the energy indepen-
dence of the result for the A =8 triplet" leads to
somewhat better agreement with Vatai's results
for the K/P' ratio than in the standard approach. "

When the Coulomb charge Z is low, the spec-
trum-shape correction factors can be written as

C s = 1 + p —,(Eo v 2 $ —1/W) + y s (Ec + 3&
—1/W) + ti,

(45)

C» =1+P-', (-E, +2() +y-,'(-E, +3)) +7I . (46)

Here E, are the maximal kinetic energies and F.,
is the electron binding energy. All other notation
has the usual meaning. " The arbitrary constants
P, y, and g parametrize the contributions from
both the phenomenologically induced tensor and
mesonic currents. The most general mesonic cur-
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FIG. 3 C@/C~ ratios for p=3x10 3 and p=6x10 3.

The experimental points are those compiled in Ref. 18.

rents" may be assumed as being included. "
For small P, y, and q we find the ratios

c' /O' = I+-.',-(p+y)(z++E;)+3q, (47)

P+y =0, (49a)

In order to make the ratio (47) energy-independent,
we have to select

as suggested before, "or

The first selection leads to

C "/C' =1+2'&1

(49b)

(5o)

CK/CB ] 4P((] (51)

Figure 3 shows the Cr/C8 ratio for p=3x10 ~ and
p=6x10 '. The alternative choice (49b) can also
be easily explained in the mixed model. It should
be considered in the case when Vatai's deviations
are explainable as pure nuclear-structure effects.
As the mirror asymmetry 5 is actually ascribable
to the same causes, '0 "we may end with the result
P =y =q. We might even insist that second-class
currents are present, but "hidden" by interference.

Thus, the mixed theory is aesthetically unpleas-
ing. On the other hand, the pro mesonic current
alone does not seem to be sufficient to explain ex-
perimental results. The energy-dependent closed-
loop contribution 5, in Table I is by far the largest,
and the energy-dependent exchange-diagram con-
tribution 5, in Table II does not have even the cor-
rect sign to compensate it.

However, we should keep in mind that we are
dealing with an essentially nonrenormalizable theo-
ry, which makes all closed-loop results somewhat
suspect. It is difficult, however, to imagine why

they should be any smaller than as calculated.
Thus, on balance, neither the phenomenologically

introduced induced tensor' nor mesonic currents
lead to an easy and natural fit of experimental
results.
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