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Majorana-lepton-mediated p, to e+ conversion in nuclei
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We estimate the branching ratio of the anomalous conversion of p, to e + in nuclei via the exchange of a
virtual Majorana lepton to ordinary muon capture to be &10 " for a 0,5-6eV/c ' lepton and &10 ' for a

~ 1.0-6eV/c' lepton. A sequential Weinberg-Salam gauge model with four lepton doublets and neutrino
mixing is used. The change in the anomalous capture rate with respect to the mass of the Majorana lepton
is also discussed.

I. INTRODUCTION

Recently, the question of lepton-number conser-.
vation has received much attention, both theoret-
ically and experimentally. With the meson factor-
ies now in full operation the limits for the conver-
sion of muonic matter into electronic matter in p,

'
-e'y decay' and- p, +nucleons have been pushed
to unprecedented levels. The question of total-
lepton-number' conservation has been examined in
three different kinds of experiments. The first one
studies the rare decay of the kaon into two same-
charge electrons plus a pion. The second kind
searches for no-neutrino double-P decay of nuclei'
such as '~Qe -'"Se; and the last involves the cap-
ture of a negative muon by a nucleus and the detec-
tion of a positive electron in the fina, l state. ' Ex-
plicitly, the latter is represented by

p, +(A, z)-e'+(A, z —2),
where (A, Z) denotes the target nucleus. The char-
acteristics of all three kinds of experiments in-
volving no neutrinos hinge crucially on the kine-
matics of the reactions.

Theoretical estimates of nuclear no-neutrino and
two-neutrino double-P decay rates' have provided
a stringent limit on the level of possible electron-
number violation. On the other hand, reaction (I)
is more interesting since its observation signals a
violation of the conservation of total lepton number
as well as a breakdown of separate electron- and
muon-number conservation. This is turn will
mean a positive signature at some level for reac-
tions such as g'-e+y, g'-ee e', and LLi, e con-
version in nuclei. However, the reverse is not
true.

In this paper we study the reaction (I) in a simple
extension of the standard Weinberg-Salam (WS)
SU(2) &&U(1) gauge theory which has enjoyed much
phenomenological success in places where it has
been tested. ' However, our result is mostly free

of the details of the particular gauge model we
construct.

II. MODEL AND CALCULATIONS

Consider the SU(2) &&U(1) model of unified weak
and electromagnetic interactions where the left-
handed leptons are.arranged in sequential doublets
as follows:

V~ V2 V3 V4

where L —= (1 —y, )/2. We have extended the usual
WS model with six quarks and six leptons by one
lepton doublet denoted by the last entry in (1). The
neutrinos need not necessarily be massless. The
neutrino states in (1), denoted by v, , are eigen-
states of the weak interactions. We assume that
the mass eigenstates represented by n,. are re-
lated to the states v,. by a unitary transformation, '

(v, )~ = u, ,(n, )~ .
We need not go into a detailed discussion of the

Higgs system and how the neutrino may acquire a
mass. This is discussed in Ref. 9. The mass ma-
trix generated by the Higgs mechanism is nondi-
agonal both in the lepton and the quark sector. ' In
the quark sector with six quarks, it generates the
Cabibbo-type rotations and one CP -violatingphase. "
It was pointed outby several authors' that a sim-
ilar phenomenon can occur for the leptons in that
the diagonalization of the neutral-lepton mass ma-
trix induces mixing among the corresponding weak
eigenstates. In our treatment of the mixing in the
lepton sector we shall ignore the CP-violating
phases. For 2n lepton flavors the mixing is gener-
ated by an orthogon'al n&n matrix. For the case
of four lepton doublets, six real parameters de-
termine the neutrino of the last doublet in (1) and

v, and v, which we will treat as v, and v„. The
latter two neutrinos are taken to be very light with
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masses no larger than 2 eV. Thus we can now re-
write our lepton weak doublets as

ev+Pg+ ~ ~ ~ v +yN+ ~ ~ ~ l
P

+ v+y vp+'''

where N' is now a mass eigenstate of a fourth neu-
trino and the dots denote other neutrino states
which are of no interest to us. In particular the
v, mixing with v, and v„will be assumed small"
and its connection with N will give rise to pheno-
mena beyond the scope of this paper. The mixing
between N' and v, and v„ is given by the param-
eters P and y respectively, both of which are less
than unity as we assume universal gauge couplings
for weak interactions.

Next we assume the N to be a Majorana par-
ticle, " i.e., N'=8'o= CN' -where C is the charge-
conjugation matrix. The general mass term for
this lepton Mog'6 will serve as a source or a
sink for the Majorana particle. This term obvious-
ly violates conservation of total lepton number by
two units. "

The model discussed above can induce p, -e'
conversion in nuclei via a second-order weak pro-
cess. '~ The interaction Lagrangian density involv-
ing the Majorana particle is

2 =f(Pe~ypN~+ yV~yqNI )W",

where f is the gauge coupling. The W-boson field
is denoted by 5 ". The terms involving unphysical
Higgs-boson exchanges would be smaller. 'The

right-handed field N„will have no effect on the
charged-weak-current processes since it has weak
hypercharge V=0 and weak isospin I3

In the g capture reaction (I) the muon is cap-
tured in the 1$ orbit of a nucleus, usually chosen
to be heavy to ensure a high capture rate, and the
final state e' should in principle be described by a
Coulomb wave function appropriately distorted by
the nucleus. However, we shall ignore such com-
plexities of the final state and estimate the conver-

4n~= me''
P

(5b)

where Z is the atomic number of the initial nuclear
state ~i) and u„ is the muon spinor. In Eq. (5b)
we should, strictly speaking, use the reduced
mass of the muon-nucleus system instead of m„.
However, such corrections are minor and since
we are interested in an estimate of the p e' con-
version rate we shall ignore this kinematic correc-
tion. Furthermore, we will only treat the case of
coherent capture where the final nucleus recoils
as a unit, i.e., the nucleus does not break up but
can be excited. This implies that the e+ is emitted
with energy of -100 MeV. The energy difference,
~E, between the initial and final nuclear states is
usually less than 10 MeV. It has been argued that"
the coherent effect is the dominant one occurring
about 6 times more often than the incoherent ef-
fect. Then the e+ spectrum will have a peak at
m„—AE. Selecting the energy of e' to be large al-
so serves to cut down the background from the
Dalitz pairs from ordinary radiative capture.

With the model and assumption stated above, the
matrix element for reaction (2) is given by second-
order perturbation theory:

sion rate by assuming plane waves for the e'. The
generic Feynman diagram as well as the kinemat-
ics are depicted in Fig. 1(a). The g is absorbed
by the nucleus via one ~-boson exchange and con-
verts into a virtual N'. The mass insertion repre-
sented by the cross in Fig. 1(a) turns the virtual
N into a P' which scatters from the intermediate
nucleus (A, Z —1) and emerges as an e'. Figure
1(b) shows in detail the coupling of W locally to
one proton at a time (single-nucleon approxima-
tion).

For the initial muon we will use the 1$-state
wave function given by

y„(x) = y„(x)e 'ev"

g3/2
»z, exp~ — (x[ —iE x u~ (5a)

(7fg ) ( g

and

1
(2v)' {u -n )'-M ' (I —a )'-M ' (u ' M')'-

&& [u(k )&yq(I —ys)(ft'„+M )M (1 —ys)($„+ M )y„(1—y )u„j

&& p[e"~'e '
u e "~" "&e '&

& ~" e '~ x s" g„(y)(f (g„(x)(+(~(g„(y)(i)],

where
~ f) is the final nuclear state with energy Ez and ~a)' is a complete set of intermediate states of ener-

gy E . The hadronic charged weak current is denoted by p„(x).
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'The integration in k„can be performed using the usual techniques of contour integration. We shall make
the simplifying assumption that all external momenta are small compared to Mw . This is a good approxi-
mation for g capture since all external momenta involved are of the order of 100 MeV whereas Mw is in
the range of 50 to 100 GeV. After the k'„ integration is done, we have

a . d4 d4~ d3$ e(k» e-s$ & e-(» ~ (x -y)
p (y)e- i(E.-E ))1 E-i(Ez -Ef )x gg()3 )ey

M f'Py Ei 1

4(2w) 4 2 (M.'-M, ')'
( 4„0) (~

x g(~'-y') ', l(y " —i(p —y')(y'ro, -y k„)
(d~ Mg

and

, (yo~. -y k„) ~+ (M. =M, )
W

e"
+g(y' —E') ', — " +i(X' —y')(y'(d, —y k„)

QPg

(y e, +y k))+ (M = M )I -MW

x y" (1 —y, ) u (f I d(((x) I &) ( &
I ~.(y) I i &

ar ' =k 2+M '.a n 0

Similarly, with (M, = M~),

(8a)

(8b)

We have kept the Mw term which will enable us to investigate the range of 3E, from smaller to larger than
M,

Next we invoke the closure approximation" where we can approximate the energy of the intermediate Ex
by some average value (EE) which is of the same order as (E,.). Studies of ordinary muon capture indicate
that the energy difference E, —Ex is usually no greater than 10 MeV and probably much smaller. " Hence,
replacing E» by (EE) should not introduce a gross error. The closure approximation then allows us to use
completeness on ~X) and obtain

5( &-Exp e E&-Ep x Z x X Z Z y ~ + '(E] E& pe '. Ex Ef Z xZ y

The ~, y, and k„ integrations can then be done by contour integrations. Performing them in succession
leaves us with

d'xd'y 5(Eq+E; E —E~)e 'k» —"P„(y)'

,), u(&,)&y„Ly„(1—y, ) u„(f ~ J)(x)J„(y)~i),
W o

(10)

(k )

N (Ig

IZ-

e+ (k, )
+

e where
5

L = g J~ + (M, = My)),
f=l

and

i(A, Z) f (A, Z-P) i(A, Z)

(b)

f(A, Z —2)
eo )'3' '

0 E —co~
(11b)

FIG. 1. (a} Generic Feynman diagram for p to 8'
conversion in a nucleus via the exchange of a Majorana
lepton N . The cross denotes a mass insertion (see
text). (b} The one-nucleon mechanism for the coupling
of the W boson to the nucleus is depicted.

f33j, o'3r)
~2 WZP 'K dk 2(E2 . 2 ~

)&, E —+ —ic~

J = -8Ei 3"' d)'3 ' ' (lid)
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and

32wEy "
k j (kr)

(M,' —M.'), (E'- ~.' —i~) '

32niy'r " k'j, (kr)
(Mw' —M '), (E' —(u,' —ie) '

(11e)

and

16+E 0 e-NG

4 (M.' —M ')

162iy g e™or
(M,'-M. ') r ' r '

(12c)

(12d)

(E (11g)
Thus keeping only J„J,, and J„one gets

with r= lrl= Ix- yl; We can now divide the dis-
cussion into four cases:

L =-4~iy re

x 1+, 2
'+ —+(M -Mw}

4 M. 1

(i}The mass of the Majorana lepton is in the in-
termediate region E & M ~Mw, e.g. , from 0.5 to
10 GeV/c';

(ii) superheavy lepton range of M» Mw, say,
M =2 TeV/c2;

(iii) M, = Mw about 80 GeV/c',
(iv) a very light M, less than 1 MeV/c'.

In the limit M~ «Mw, J, drops out and then
(M, = Mw) term is small giving

L=—4n iy re

(13)

(13a)

22sy'
M

2m i y-re "o",

(12a)

(12b)

The case of immediate experimental interest is
the first one. We also note that the actual value of
Mw is of less importance, although in our numeri-
cal results for cases (ii) and (iii) we will use Mw
= 84 GeV/c' which is the value in the WS model
with the weak mixing angle, 6lw, given by sin'ew
= 0.25.

Consider first both M, and Mw large leases (i)
and (iii)]. Then we have

In the limit E «M~ «M we obtain simply

1,=-4w iy re w". (13b)

For M, =Mw we ca,n expand (13) in M,'-Mw' and

set M, =Mw. This gives

8wi

3 y t'e w& (13c)

Next we consider in detail the evaluation of the
matrix element for case (i). For superheavy-
lepton cases (ii) and (iii), the treatment is identi-
cal and only the results will be presented. Hence,
putting (13a) into (10) we have explicitly

3if = — 4 d'x d'y6(Eq+ E, —E,-E~)e '"4'"

x p&(y) u(k, )8y&y ry „(1- y, ) u&(f I Jz(x)J„(y)I
t'& ~ (14)

We observe in Eq. (14) that the exchange of a heavy lepton gives rise to an effective Yukawa interaction in
accordance with Ref. 18. This is independent of the treatment of the nuclear physics. To proceed we need
to know the two-current correlation function p„„—= (f Ip&(x)Z„(y) I i&. The superscript f labels the particular
final state to which transition is made. Next we assume that each of the weak current J„(x) couples locally
to one nucleon at a time in the nucleus. Then in reaction (1) we have two protons changing into two neutrons
and we can write in the usual t/'-A current form

J'„' '(x) = —,
'

p„(x)y„(1 —y, ) p~(x), (15)

where g~ and P„are proton and neutron wave functions. We note that owing to the nonrelativistic nature of
the problem, the dominant term in p„„ is given by p~f. The terms involving J(x) will be proportional to the
spin of the nucleon which samples the small components of the nucleon wave functions. Hence, in neglect-
ing p„and p,, (i,j =1,2, 3), we will not be making a gross error. The hadronic current is given by Eq. (15).
The nucleons are treated nonrelativistically. The matrix y, which mixes large and small components of
the Dirac spinor in the hadron current can be ignored. Then with g =0, v =0, we write

(f I
p'(y) Ii&f(r»
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where f i; ) is a two-nucleon correlation function which we assume to be spherically symmetrical in r =x
—y. %'e have also set x=y in the nuclear density since the matrix element is multiplied by a rapidly damp-
ing exponential in r. As the nucleon-nucleon potential has a hard core of radius r„we take the correlation
function to be

f(r) = 0, if r & r, and r & 2R

=1, if r, &r&2R,
(17)

(18)

where the nuclear radius R is taken to be related to A through R =bpA' ', with 50=1.2&10 "cm. 'The nu-

clear density o(y) is assumed to be constant within the nucleus. Using Eqs. (16) and (1V) in (14) one gets

gz(z -1) f'(py) z"' [2u(b. )~y k.(1-y, ) u„j
16b 6A2 M 4M 2 (v~5)1/2 (k 2 +Z2/~2)2

1 —cosk Re z" '0 — e z" 'psink R+ ' e z"'0 1 — sink R —0 Rcosk R 19z . (k„'+z'/g, ' „ZR
2z/+

and

G=e ~6 "6(1+r~, + —,'r, M, + +6r, M65)
(, 1 9Z(z —1) ' (8G~2) 2

4 b 'A' s'
0

—(r, -2R) . (20) (py)'( )'
(25)

j" represents the finite nucleus effect and G the
correlation effect. In the "large-nucleus" limit,
F and G are

=1,zg / pp»
(21)

2M~R»1

(22)

'The large nucleus limit is easily met for M, &0.5
GeV; however, for medium heavy nuclei A=64,
Z =30, ZR/a =0.5V, and one cannot use the limit
of Eq. (21).

The capture rate into a particular final state (f (

is then given by

(26)

where Q~ =1 and g„= 1.2. In writing these rates
we have ignored the Pauli blocking factor. The
last two equations give

R(g -e") 1(9Z(z-1) ' (8G ')'(py)'n"Z
R(g -&6) 2 k b'A M, m2 (C +3C„

where the gauge coupling f has been replaced by
the Fermi coupling Gz via f /M~ =4~ Gr and k,
has been approximated by m„.

The capture rate decreases as M 4 in this mass
range (E, & M, «Mv). The normal capture rate
for p, +(A, Z) -v& +(A, Z —1) is given by

4

R(g - v„) = '~6 n5m„5Gr2(Cv2+3C„'),

R~(p -e+) = m 2 6(E2 + E1—E,—Ey)
d'A. . (27)

&&+ (x'~, ('.
spm

(23)

However, since the final state nucleus is not de-
tected, we have to sum over all the final states to
obtain the total anomalous capture rate

R...(y -e') = Q R~(g - e') . (24)

In doing this final sum, we invoke closure once
more" by using an average (EI) = E~ which allows
us to use Qz(f)(f(=1. Finally, we obtain

Pauli blocking will in general lower the normal
capture rate by forbidding transitions to filled neu-
tron levels. In the anomalous capture one may
argue that Pauli blocking will come into play by
forbidding transitions to some of the states (X)
introduced in Eq. (6) and finally forbidding transi-
tions to some other states of (f). Thus the Pauli
blocking may enter twice and will lower the ratio
given in Eq. (27) by a single Pauli blocking factor.

hus we can calcuIate an upper bound for anomal-
ous capture from Eq. (2V}.

The parameters yet to be determined are P and
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and

p' s 1.0x10 ' for M, =0.5 GeV/c'.

(26)

Hence the product (py)' has the limit

(Py)' s 2.7x10 ' for M = 1 GeV/c',

s 1 x10 ' for M, =0.5 GeV/c'.
(29)

Alternatively, we can use experimental informa-
tion from neutrino-hadron reactions ':

(30)
v~+N p +N

Assuming this limit for violation of p, -e universal-
ity gives"

(py)' ~ 2x10 '. (31)

From Eqs. (25)-(27) and (31), the branching ratio
for anomalous capture for medium heavy nuclei
with Z =30 and Z,« taken from Ref. 23 is

~ 0.7&&10 '4 for M, =1 GeV/c'Rr., (p -e')
R(g &~)

~ 2 x10 " for M, =0.5 GeV/c'.

(32)

Using the value on (py)' from Eq. (29) we have in-
stead

R ~ 0.95 x10 " for M, = 1 GeV/c',

~ 7.5x10 '4 for M, =0.5 GeV/c'.
(33)

These are to be compared with the current experi-
mental value of'

y. The model of Eq. (3) permits neutrinoless dou-
ble-P decay of heavy nuclei into two electrons as
well as neutrinoless double-P decay of the kaon in-
to two muons. The latter will occur at level of

y G~' for rare decay of kaons. Recent analysis"
shows that y can be as large as unity for M &0.5
GeV/c' to tens of GeV/c'. On the other hand, P
can be determined by analysis of various no-neu-
trino double-P decays of naturally occurring nu-
clei as is done in Ref. 18. Taking the results of
their analysis, we have

p' ~ 2.7x10 ' for M, =1 GeV/c'

cess (1). As pointed out in Ref. 6, there may exist
a non-negligible probability p~ of finding a virtual
P~++ = 1%. The p. -e' conversion can proceed via
a ~"-n in the nucleus. This mechanism is de-
picted in Fig. 2. Following the treatment of the 6
in the N-N potential, ' the gi ~"n vertex is ex-
pected to have the form

(35)

In the nonrelativistic reduction of the wave func-
tions, Eq. (35) is proportional to (Ap)'/M~' -10 ',
where gp is the difference in momentum between
the g" in the nucleus and the intermediate nu-

cleon. Hence, we estimate this mechanism to give
a rate smaller than the two-nucleon mechanism; '
therefore we can neglect this as a source for p,-e' conversion, at least in the region where the
mass scale is set. by M~ or M~.

Next we discuss the effects of a superheavy
Majorana lepton M, »M~. From perturbative
treatment of gauge theories, one expects that
M, & 0.5 TeV/c'. Now we will use the value of
(Py)' in Eq. (31) as a guide and the calculation fol-
lows as in the previous case, with I. given by (13b)
and (13c). Observe that now the effective Yukawa
potential has a r'ange that is set by M~. The M, 4

behavior is still obtained in the rate since other
factors in the amplitude are symmetrical under the
interchange M = M~. There is, however, an ad-
ditional suppression factor e '"&"~ in the rate,
which strongly suppresses the effect of a super-
heavy Majorana lepton. With x, =2.5 GeV ', the
branching ratio is many orders of magnitude below
present experimental capabilities. Even when the
core softens, one obtains a branching ratio of the
order 10 for r, -0. However, we caution that
this is a very conservative estimate based on ex-
trapolation of current knowledge of quarks and
leptons and is very model dependent.

For completeness we examine the case of a light
Majorana lepton. The mass M, cannot be in the
range between the mass of the kaon and the elec-
tron, otherwise the kaon would decay into pN.

I1 c 1 x10 ' (experiment) . (34)
e

The ratio given in Eq. (32) is within reach of the
next generation of experiments on this reaction
that are now in progress at the meson factories. '
We emphasize here that a bare minimum of nu-
clear physics is put into our estimate. However,
we expect our results to be good to within an order
of magnitude.

So far we have discussed the two-nucleon mec-
hanism as a mode of inducing the conversion pro-

N

f(A, Z-2)

FIG. 2. Feynman diagram for p e via interaction
of the charged weak current with a virtual 4++ in the
nucleus.
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which willbe detected. On the other hand, for M, & 50
keV/c, the N will be stable and one will not be
able to distinguish it from the usual v„or v, by
just studying the kaon or pion decays. Current
data do not exclude this possibility. To discuss the
effects of such a light Majorana lepton we return
to Eqs. (10}-(llg). In evaluating p, one has to keep
E' in the denominators. One now has complex
poles in the 0 plane resulting in J, having oscilla-
tions of frequency E, dampened slowly by M .
Note that E being -100 MeV and a typical nuclear
radius being of the order of a few fermis (-2+,
(MeV) '), Er becomes unity and the oscillations
are slow. The scale dimension of J,. will be set by
E, i.e., these in integrals will not depend on in-
verse powe rs of M . Instead the matrix element
will behave as M 2 and since M «E this case mill
give an undetectable rate for (I).

III. SPECULATIONS AND DISCUSSION

More exotic reactions can also take place at the
hadronic vertex. If one assumes that exotic quarks
of charge +~3 or antiquark of charge —, exist in the
sea-quark (qq) components of the nucleons, then
reaction (I) can proceed via the Feynman diagram
of Fig. 2 with the ~++ being replaced by an exotic-
quark line and the nucleon lines by ordinary u or d
quark lines. The spectator partner of this quark
will then most likely decay nonleptonically or in-
teract with other quarks and lose its identity. En-
ergetically the semileptonic de'cay into (ev} of this
latter quark is allowed but only at the few percent
level. Moreover, this will appear as the weak de-
cay of the recoiling nucleus. Experimentally the
'existence of these quarks will be difficult to estab-
lish. 'The rate of p, e' conversion proceeding
with this kind of exotic quark mechanism is pro-
portional to the probability of finding them in the
nucleon. Current experimental information from
high-energy inclusive v& and v„reactions together
with dimuon and trimuon events indicate27 that the
total sea-quark content is about I(P/c The m.ajor
part of this consists of u, d, and s quarks with the
cc+other qq of the 1 to 2%%ua level. The exotic
quarks will certainly be massive as indicated by
e'e annihilation. " We do not expect it to occupy
a large portion of the sea content of a nucleon and
no more than 1'%%ua would be a fair estimate. Thus
we see that such a mechanism will not contribute
to a larger conversion rate than we have calculated.

Besides all the rare decays of the muon and neu-
trinoless double-P decays in nuclei that have been
looked for, the existence of the (N, N )~ doublet
will result in other spectacular signatures owing
to the Majorana nature of N . Firstly, there will
be the neutrino-sharing phenomenon. " If N is

light [case (iv}j, the following scenario can take
place

p,
' »e'v, N, .

p, e v ,
together with

N'(N )+P -e'+n,

(36a)

(36b)

(37)

e'e -N'N

e'm' .

(38a)

(38b)

(38c)

This takes place if the charged N' is heavier than
the Majorana lepton N . Otherwise single produc-
tion via the sequence

e'e -N v, (v, ) (39a)

(39b)

is possible and an exotic resonance e'g' can be
searched for. '

(ii) If the mass of N is light enough it can also
be produced in deep-inelastic charged lepton scat-
tering on nucleons. Here single production of N
can take place via

e (p ) + nucleon -N + hadrons

(40)

where again an electron-pion or muon-pion reso-
nance will be a signature. These can certainly be
looked for at SLAC'and Fermilab for M in the
GeV/c' range.

simulating the multiplicative scheme. Reaction
(36a) will proceed with rate proportional to y' and
(36b) goes as P', so does reaction (37). Similar
considerations also apply to the pion. For heavier-
mass N, the reactions (36) are forbidden but non-
orthogonality can still occur via direct e and p.

mixing, which was considered by many authors. "
We note in passing that all the classical tests' for
other known lepton-number schemes can be in-
duced as a second-order weak interaction by a
Majorana lepton that mixes with both v, and v&.
This includes the antimuonium-to-muonium conver-
sion.

Since in our model we do not have flavor-chang-
ing neutral current, N cannot be produced in a
first-order weak process in v„scattering. Pro-
duction of N and N via the Bethe-Heitler mech-
anism is possible but the rate will be very small. '
The more promising possibilities are as follows:

(i) Pair production of N'N in e'e annihila-
tions'2 and subsequent decays into N and/or'P'
followed by the e+ (p') w' decay mode of N' de-
picted by, for example,
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We have seen that p -e' conversion in a nucleus
can be induced in a generalized sequential WS
model if neutrinos are nota Priori massless. If
one of the massive neutrinos Ro is a Majorana par-
ticle, the conversion proceeds as a second-order
weak effect and at a branching ratio of about 10 "
compared to ordinary muon capture for a l-GeV/c2
leptpn and a branching ratip pf 10 ' fpr a 0.5-
GeV/c' lepton. Both a light N and an ultraheavy
~ give too low a branching ratio for the conver-
sion to be achievable by current machines.
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