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It is shown that the double charge exchange of pions in flight between two nucleons makes a

substantial contribution to neutrinoless nuclear double-P decay if it is mediated by heavy Ma-

jorana neutrinos.

Neutrinoless double-P decay has recently be-
come' a very interesting process due to recent
developments in gauge theories ' which predict that
lepton charge (number) must be broken at some lev-
el. In this Communication we explore a new
mechanism for neutrinoless double-P decay which in-
volves the double charge exchange of pions in flight
between two nucleons.

In a previous paper, "which will be referred to as
I, we have examined the neutrinoless double-P decay

(w, z) —(w, z+2) +e +e-
concentrating solely on a mechanism which involved
only nucleons. %'e showed that even if the mediat-
ing Majorana neutrino is very massive the two-body
transition operator behaves as e '/r with m = m~

provided that the nucleon form factor is taken into
account. Thus, this operator does not suffer from
severe short-range pathologies and the two-nucleon
mechanism will substantially contribute to neutrino-
less double-P decay even in the presence of the nu-
clear hard core. ' It is tempting, however, to consid-
er the contribution of other particles which can un-
dergo a change of charge by two units and have a
reasonable chance to be found in the nuclear medi-
um. Such candidates are the nucleon isobars' and in
particular

n b+++e +e

Such a process, however, does not contribute to the

0+ 0+ nuclear decay due to angular momentum
selection rules. ' Other processes, such as

bo 5+++e +e, 6 6++e +e

may contribute to second order but their contribution
will be small since they are proportional to
Pq' = 10 (Pq is the probability of finding such an
isobar inside the nucleus). More recently" Halprin
has investigated the contribution of processes like
n 6(1910)+e +e to reaction (1). Such a pro-
cess is indeed allowed from the point of view of an-
gular momentum. Kotani, however, has argued'
that even this mechanism will not substantially con-
tribute to 0+ 0+ nuclear transitions since the
5(1910) must predominantly have I =2 (around its
center of mass). Furthermore, the probability of
finding such a particle inside the nucleus is not
known. Kotani argues again that, due to the heavy
mass of 4(1910), this probability must be very
small. ' Thus the situation at this point is not com-
pletely clear.

In the present paper we will investigate another
mechanism which does not suffer from the above
ambiguities, namely, the double charge exchange of
pions in flight between the two nucleons:

m m++e +e

The relevant Feynman diagrams which give rise to
(4) are shown in Fig. 1. The amplitude associated
with Fig. 1(a) takes the form

0it = iN(p, )g, y,.~l [N(j 4) g,.+~5N(p, ) ]- ', , ', ,alt, .
(Pt Ij3)'-m ' (lj4--P2)'-m. '

All the essential new physics is contained in the am-
plitude Otter associated with Fig. 1(b). In evaluating
this diagram we will follow a procedure analogous to
that described previously' in I. The charged current
in the leptonic vertex is taken to be of the form

where v, and Wo are the light and heavy components
of the intermediate Majorana neutrino v given by

Vg XX' Vjr No QXgj Nj r

J J

1

v, +pNO
e L

(6)

where vj (Nj) are the (Majorana) mass eigenstates in
the light (heavy) sector and P is a convenient param-
etrization of the mixing between the two groups.
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FIG. 1. (a) Lepton-number-violating diagrams associated with the double charge exchange of a pion in flight between the two

nucleons. (b) The elementary process n e +e + m+ is exhibited,

The amplitude associated with the heavy sector takes
the form

GF
ORi = g Ig„(1—Pi2)

P

plitude to coordinate space to obtain

OR= ,'(GFm,-)',. 'f, ' ", (fin. ii)
m~ m~c2R 0

x (1 —Pi2)[e (q2)(1+y5)e '(qi)], (13)
x [e (q2) y "y~(1 + y5) e '(q2) ] (8a)

where Ro=r+ 'i3= nuclear radius, fq =1.24, and
where GF is the Fermi coupling constant,

p2 X(g (2l)2
m.

' m. J
'

m)
' (8b)

Pi2 is the permutation operator exchanging the spins
and momenta of the two electrons, and M& are the
heavy-mass eigenvalues.

The quantity I» will be calculated in two ways.
Case (i) The pi.ons will be treated as "elementa-

ry. " Only the m will be included in the intermediate
mesonic states. The vertex functions are taken' to
be v 2(pi —p2+ q) & and J2(p4 —p2+ q)„,each multi-
plied by a dipole shape form factor'

F(k2) = 2», m~ =0.85 GeV/c21

1 —k2 mg2 2

d'q (Pi P3+q). (P4 P—2+2), —

(2m)' q' —m ' (1 —q'/m ')'
MA4

(10)

ORi = —,(Grmp) q 4m („(1—Pi2)

x [e (q2) (1 + y5) e '(qi) ]

where k is the momentum transfer at the vertex. Ig-
noring the external momenta in front of mA and em-
ploying standard loop-integral techniques' we obtain

m~ Ro0 =n X r+(i)r+(j)
me lwj ~lJ

x[F(x )o,. ai

+F2(x )(3o.; r" o. r" —a. ; a. )]

(14a)

r m c
r~= r; —rJ, x„=r&

fy tc

Fi(x) =(x —2)e ", F2(x) = (x+1)e ",
'(r )'

72m m~ m„ f 2

(f~wx)'=0. 08

(14b)

(14c)

(14d)

Case (ii) The pions a.re considered as composite
particles described in terms of a bound quark-
antiquark system. The bound wave function can be
treated in the fashion of Adler et al. ' or in the
quark-bag-model approach. For our purposes it is
adequate to consider the quarks as nonrelativistic
with a quark density corresponding to the
phenomenological form factor of Eq. (9). The opera-
tor at the quark level can be obtained as in I. Em-
ploying closure for the intermediate meson states we

finally obtain

with

mA mA

96m m~ m~

3

where

4

96m 2
(15a)

It is now pretty straightforward to make a nonrela-
tivistic reduction of the amplitude of Eq. (5). Furth-
ermore, since the momenta of the electrons are negli-
gible in front of m we can easily transform this am-

(15b)
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In the above expression unlike Eq. (14a), the indices
i and j label the quarks and lm+),

l
rr ) describe the

spin-isospin part of the quark-antiquark wave func-
tion. Combining Eqs. (15a), (15b), and (8) we once
again obtain (3) with

n„=0.06 (16)

The larger value is attributed to the fact that, by in-

voking closure, we included here intermediate states
other than no Equ. ation (13) is the same with that
obtained in I except for the nuclear matrix element
which in I was found to be' (f l

0 li ) with

fv Ron = X 7+(i)7,(j),—o=; rr, F(xg)
i41 f~' &v

2.mac r~~x„=,F(x) =—x(x'+3x+3)e " .
fc 48

Thus one can apply the analysis of double-P decay
given in I with the only modification that

(fin lI )(fl'n + 0 li)

In order to estimate the pionic contribution to
double-P decay we will examine the 48Ca 4 Ti tran-
sition. ""We will employ a nuclear model which
has been described in some detail elsewhere. " For
the reader's convenience we summarize its basic
features here. The N =0, 1, 2 harmonic-oscillator
shells are assumed completely filled (inert core) and
the active nucleons are distributed in the 1f,g shell.
Thus the initial SCa state is a closed I f7~2 neutron
shell, while the final state contains two protons and
six neutrons in the I f7~2 shell. The precise final nu-

clear wave function depends on the effective two-

nucleon interaction" used, but the final results re-
ported here are not too sensitive to such variations.

Our numerical results were obtained using

Ti(g.s.) = 0.8451
l
1 ) —0.5233 l2)

+0.1094
l 3) —0.0009 l4)

with

li ) =
lfq~y6 (n) J;;fq~g (p) J;;0+), J; =0, 2, 4, 6

With the above nuclear wave function we obtained

(fl o„li) =14 [ (i)]

and

(f I
&

1
i ) = 94 [(ii) ]

This must be compared with the matrix element of
the two-nucleon mode

With the above pionic contribution included, the lim-

its obtained in I change by approximately a factor of
2. Thus using the experimental lower limit" on the
lifetime of Ca Ti we obtain

m~P' ~5 x10 8,
flI ~

m ) (2 x10 ) —(2 x10 ) GeV/c

Analogous calculation for the light-neutrino sector
shows that the pionic matrix element is less than 1%
of that involving only nucleons. So in this case it can
safely be neglected.

In conclusion, we have shown that if q is not
negligible, the heavy component of the Majorana
neutrino will make an important contribution to neu-
trinoless double-P decay. A substantial part of this
contribution may come from the pionic mode dis-
cussed in this work.
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