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The lepton-violating (tz-, e +) reaction has been studied in the context of modern gauge 
theories. Both left-handed and right-left symmetric models have been examined. Special attention 
has been paid to the following mechanisms: (i) those mediated by massive neutrinos (light or 
heavy); (ii) those accompanied by massless or light physical Higgs particles (majoron); (iii) those 
involving more exotic intermediate Higgs particles, e.g. singly charged isosinglets (Zee model) 
and doubly charged isotriplets; (iv) right-handed currents. The formalism has been applied to the 
experimentally interesting process tz + 58Ni ~ 58Fe(gs) + e +. The branching ratio is computed using 
realistic nuclear wave functions. It is found to be ~< 10 _27 in all models, i.e. too small to be 
measurable in the foreseeable future. The branching ratio for the (Ix , e +) reaction to all nuclear 
states is estimated to be ~< 10 2o, i.e. beyond the goals of planned experiments. 

1. Introduction 

All  phys ica l  p rocesses  o b s e r v e d  thus far  s eem to be  cons is ten t  with the  conse rva-  

t ion of a l ep ton  n u m b e r  L which  in ou r  days  is wr i t t en  as 

L =Le+L~,  +LT, 

where  Le, L , ,  L ,  a re  l ep ton  n u m b e r s  assoc ia ted  with each  of the  k n o w n  famil ies  

(genera t ions)  of l ep tons  and are  k n o w n  as e lec t ron ic  muonic ,  and  t auon ic  l ep ton  

number s  respec t ive ly .  In fact  on the  basis  of p re sen t  da t a  the  numbe r s  Le, L , ,  L~ 

are  s e p a r a t e l y  conse rved  [1 -4 ]  and  serve  as a basis  for  the  classif icat ion of the  

k n o w n  l ep tons  in to  th ree  famil ies .  The  ques t ion  ar ises  of w he the r  such conse rva t ion  

laws are  the  c o n s e q u e n c e  of exact  symmet r i e s  of na tu re  or  w h e t h e r  they  are  b r o k e n  

at some  level.  In the  l a t t e r  case,  which seems  to be  f avo red  by m o d e r n  gauge  

theor ie s  and  in pa r t i cu l a r  the  g rand  unif ied vers ions  [5] (GUT) ,  it is in te res t ing  to 

k n o w  w h e t h e r  this level  is a t t a inab l e  by p r e sen t  day  e x p e r i m e n t s  and ,  in par t i cu la r ,  

which e x p e r i m e n t s  shou ld  be a t t e m p t e d .  The  answer  to this ques t ion  is crucial  s ince 

it is well  k n o w n  tha t  conse rva t ion  of l ep ton  n u m b e r  is i n t ima te ly  r e l a t ed  to the  

na tu re  of the  neu t r inos  and in pa r t i cu l a r  its mass  [6-8] .  

The  o ldes t  l e p t o n - v i o l a t i n g  p rocess  s tud ied  is the  neu t r ino less  d o u b l e / 3  decay  

(A,  Z )  ~ (A, Z + 2) + e -  + e - ,  (double  nega t ron  d e c a y ) ,  (1) 
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(A, Z )  ~ (A, Z - 2) + e + + e + , (double  pos i t ron decay) ,  (2) 

eb + (A, Z )  ~ (A, Z - 2) + e + , (electron cap tu re ) ,  (3) 

F r o m  such studies* we have l ea rned  that  the l ep ton-v io la t ing  pa rame te r  r/, which 

will be given more  precise m e a n i n g  later,  mus t  be less than  10 -5 . It is also k n o w n  

that  observa t ion  of such processes will imply that  the neu t r i no  is a M a j o r a n a  part icle 

and  that  the pa r ame te r  r / i s  re la ted  to its mass. The  above processes are character ized 

by smal l -energy  release and  they are p lagued by radioact ivi ty backg round  problems.  

Thus  more  exotic l ep ton-v io la t ing  processes have been  searched for exper imenta l ly  

e.g. 

-* e y ,  (4) 

/x -~ ee+e ,  (5) 

~b  + (A, Z ) ~ e - + ( A ,  Z ) ,  (6) 

I.Lb +(A ,  Z ) ~ e + ( A ,  Z - 2 ) .  (7) 

Only  limits** have thus far been  put  on the b ranch ing  ratios for the above react ions  

which are of order  10 -1° . 

The  above  react ions,  in par t icular  (4)-(6), have also been  s tudied theoret ical ly  

in the past. In  most  such invest igat ions  the purpose  was to extract  the paramete rs  

of the gauge models  f rom the ob ta ined  exper imen ta l  limit. Process (7) was expected 

to proceed  slower due  to nuc lear  effects***. 

In  the p resen t  work we will focus our  a t t en t ion  on react ion (7). W e  shall show 

that  in a class of models  involving light in t e rmed ia te  neu t r inos  the ampl i tude  

associated with process (7) is p ropor t iona l  to the mass of the neu t r i no  while the 

cor responding  one  for processes (4)-(6) is p ropor t iona l  to the square  of such a 

mass. It is therefore  conceivable  that  it may be faster than  the o ther  three,  someth ing  

which would  be very surpr is ing from the p re -gauge  theory  po in t  of view, which 

axiomat ized  that  the family lep ton  n u m b e r  may be b r o k e n  easier than  the total  

l ep ton  number~ .  

* The lower limit on 0v/3/3 decay lifetime T >  1022y has been set by the non-observation of the 
74Ge~ 74Se + e -+e -  reaction. See Belliotti et al. [1]. Also recent analysis of the geochemical data 
of the decays 13°Te~13°Xe+e +e and 12STe~2SXe+e +e are consistent with no lepton- 
number-violation, see Kirsten et al. [1]. 

**Limits on L~, (and Le) come from the limits on the branching ratios R-FOx ~ey)/F(t~ ~evf,) 
which have been put by a number of experimental groups, e.g. see ref. [2]. The most stringent limit 
is R < 2 × 1 0  -~°. Limits on Le and L, conservation come from the branching ratio R =  
F(I~-, e )/F(tt-, v,) on various nuclear targets. The most stringent limit is R < 7 × 10 1~, see e.g. 
ref. [3]. Limits on total number L come also from the non-observation of (tz , e ÷) conversion in 
the presence of nuclear targets. The most stringent limit here is R < 3 × 10 11 and has recently been 
established by the (tz-, e +) reaction o n  127I, see ref. [4]. 

***Some of this suppression may be compensated by nuclear physics effects in the case of (/z-, e ). 
Indeed this process does not change the charge of the nucleus and can proceed coherently while 
(/.L-, e ÷) is affected by the nucleons near the surface. 

~t For a discussion of various lepton numbers as well as a review of the older data, see ref. [9]. 
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React ion (7) has, of course, many similarities with the neutrinoless double fl 
decay. After  a careful examination we find, however,  that, in addition to the obvious 

differences resulting f rom the different ene rgy -momen tum transfer, there are some 
rather  surprising features which make (/z-, e ÷) complimentary to neutrinoless t i f f  

decay. These are as follows. 
(i) Neutrinoless t i f f  decay is absolutely forbidden if the intermediate neutrinos 

are Dirac particles, i.e. the neutrino is different f rom its antineutrino. On the 
contrary ( # - ,  e ÷) can proceed even if the intermediate neutrino is a Dirac particle. 

(ii) The amplitudes for neutrinoless/~/3 decay and (/z -,  e ÷) conversion are propor-  
tional to some combination of the masses of the neutrino mass eigenstates. The 
mixing angles and phases are such that the effective mass may be less than the 
lightest mass. We shall see, however,  that when one of the processes is hindered 
the other is enhanced. Thus assuming non-degenerate  neutrino masses such a 
cancellation cannot account for the non-observat ion of both processes. 

The (/z-, e ÷) process has been investigated in the past [10-12]. All calculations, 
however,  have focused on only one gauge model. Fur thermore  individual branching 
ratios have not been computed.  From the experimental  point of view transitions 
to concrete final nuclear states are more  interesting given sufficiently fast rates. 
The reason is that even though one does not have here formidable radioactivity 
backgrounds,  as in tiff decay, one must cope with the background induced from 
the reaction 

/z~ +(A,  Z ) ~  (A, Z - l )+3 ,  + ~,, 
L-÷ 

e e , (8) 

in which almost all the energy is carried away by the positron. Since reaction (8) 
does not violate any conservation law such positrons may overwhelm the experi- 
ment.  If one considers (Ix-, e ÷) transitions leading to the ground state of the final 
nucleus by a judicious choice of the target nucleus one can arrange so that the 
max imum positron energy (EPe)max arising from reaction (8) is less than the well- 
defined positron energy Ee of reaction (7). In fact one finds that 

Ee = m~ - b  + A m  - 3rne, (9) 

(E~)'m~x = m ,  - b  + A m ' - 3 m e ,  (10) 

where b is the binding rlauon energy (of the order of a few keV) a n d / t m  the suitable 
(atomic) mass differences. More specifically 

A m  = m ( Z ) - m ( Z - 2 ) ,  A m ' = m ( Z ) - m ( Z - 1 ) .  

Thus it is desirable to make  the quantity 

A = E e -  (E')max =z lm - A m ' =  m ( Z  - 1 ) -  m (Z  - 2 )  

as large as possible. The most favorable situation [9] is achieved by choosing SSNi 
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as the target nucleus: 

A = 2.5 M e V ,  Ee = 106 MeV.  

Thus with a resolution better than/ I  one can work in a background-free region. 

In addition to the ground-state transitions we will also estimate total transition 

rates using shell-model nuclear wave functions. For comparison we will also present 

results of such calculations in the simple uniform nuclear density approximation. 

The present paper is organized as follows. The essential features of the gauge 
models we employed and the lepton-violating parameters derived from them are 

discussed in sect. 2. The structure of the amplitude of (/z , e +) conversion in the 

various models is exhibited in sect. 3 and a convenient expression for the branching 

ratio is given in sect. 4. In sect. 5 we present our results and our conclusions. 

2. Gauge models 

Before we embark on detailed calculations we will briefly discuss the qualitative 
features of various fashionable gauge models. In particular we will concentrate on 

situations whereby the parameters of the gauge models can be separated from the 

nuclear aspects of the problem and thus be given in terms of a single lepton-violating 

parameter. The models we are going to employ can be grouped into two classes: 

left-handed models and right-left symmetric models. 

2.1. LEFT-HANDED MODELS 

Such models are suitable extensions of the standard model [13] so that the weak 

currents are strictly left-handed but lepton number is broken locally or globally. 
In such models reactions (1)-(3) and (7) are mediated by (Majorana) neutrinos. 
We further distinguish two classes of such models: 

2. I. 1. Models  with convent ional  neutrino masses.  We will not elaborate here on 
how a Majorana mass can be generated. The interested reader is referred to a 

recent review [14]. We only mention here that the minimal model must be extended 

to include a right-handed neutrino put in an isospin singlet and/or  a weak isospin 
triplet of Higgs particles. The important thing is that in those situations one should 

distinguish between two kinds of neutrino eigenstates, as follows. 
(i) The weak eigenstates Vo = (re, V,, V . . . .  ) which appear in weak interactions 

L )  ' • • 
~ -  L'  z L (11) 

For n flavors there are n additional eigenstates No = (Ne, N~,, N~ . . . .  ) which do 

not appear in weak interactions. 
(ii) The (physical) mass eigenstates symbolically written as ~, = 0'1, u2 . . . . .  un) 

and N = (N1, N2 . . . . .  Am). In this grouping the states u are presumed light and the 
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ZJ ~ ¢ /  N j 
- ~ U Cd~ -~ 

(A,z) (A,Z-f) (A,Z-2) (A,Z) (A,Z-t) (A, Zl2) 

(ct) LIONT (hi I.tF...AVY 
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Fig. 1. The  Majorana  neutr ino mediated (/x , e +) conversion when there exist lef t-handed currents 
only. (a) corresponds to light and (b) to heavy neutrinos.  

states N are heavy. The two sets of states are related by a unitary transformation 

No = k W  { Z,] ' (12) 

where (X), (Y), (W), (Z) are n x n  matrices so that the above 2n x 2 n  matrix is 
unitary. 

We note that if the two mass scales are vastly different the matrices Y and W 
have elements  of order m / M  while the matrices X and Z are approximately 
unitary. The separation of the neutrino states into light and heavy is crucial in view 
of the approximations which we are going to follow. Specializing into the first two 
flavors we can write 

ve= Xei i+ re,U,, 
/=1 i=1 

v~,= ~ X~,ivi+ Y. Y~iN,. (13) 
j - 1  i=1 

Now a typical diagram contributing to (/~ , e +) conversion is exhibited in fig. 1. In 
fig. l a  the intermediate neutrino is one of the ~,j, and in fig. l b  one of the Ni, 
j = 1, 2 . . . . .  n. Assuming that the two mass scales are very different and Z ~ X  we 
can write 

Y ~[3Z,  W -~ - f i X ,  (14) 

where /3 is a sort of mixing angle between the light and the heavy sectors. It is 
convenient to relate the neutrino mass eigenstate with its charge conjugate partner  
(Majorana condition) with the relation: 

p c =  (ei,~)v , N ~ = (e i '~)N,  (15) 

where (e ~) and (e ~'~) are diagonal matrices of phases. Then it has recently been 
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shown [14] that with the above definition 

(X) ~ (U(1)), (Z) -* (U(2)), (16) 

where U I1) and U ~z) are well-known Kobayashi -Maskawa (KM) type n x n matrices. 

From our point of view it is essential to examine the light and heavy neutrino 
components  separately. 

If the neutrinos are sufficiently light, e.g. in the eV or even keV region, the 
process exhibited in fig. l a  depends on the parameters  of the gauge model via 
lepton-violating paramete r  'O'~ defined by 

(mo) 
, = - - ,  , U(1 )U(1 )  i,,,j "O. ( m . ) =  Y. ~i ,~j e m i. (17) 

m e  /=1 

On the other hand the amplitude associated with the process of fig. l b  is 
proport ional  to the lepton-violating pa ramete r  'O ~ defined by 

, 2 mA 1 ~ Uq)U(~ ~ 1 
nN =/3 , , , = ~, m e~ '  (18) 

F n N  m N  ]=1 M] ' 

the quantity mA = 0.85 G e V  characterizes the size of the nucleon (see sect. 3). The 
above approximation holds when Mj > m ,  (rnp = nucleon mass). 

The corresponding lepton-violating parameters  entering neutrinoless double* 
/3 decay are [15] 

rn~ ~ U~PUip ~,~ "O~ = - - ,  (rn~)= ~, ~ e mj ,  (19a) 
??le i=1 

"ON =/32 mA,  (my) = ~.  U (2) U(2)e] ei ei~im i . (19b) 
m N  i= l  

We thus see that the phases aj and ¢j are, in principle, observable in those processes 
in which a neutrino converts to an antineutrino. In the special case of a CP- 

conserving theory the above phases take the values 0 and zr and they coincide with 
the CP eigenvalue of the neutrino mass eigenstate to which they correspond. 

From the above discussion it is obvious that the neutrino masses (my) and (m'~) 
entering/3/3 decay and (tz-, e +) conversion are average quantities and, in general, 
different f rom the mass eigenvalues. We also note that they are different from each 
other. 

In what follows we are going to use the KM matrices available in the literature 
and treat  the phases ai and ~oj as free parameters .  For illustration purposes we will 
consider the case of two generations [16]. Then the matrix U (~) is characterized 
by one mixing angle. Since an overall phase is immaterial  the problem is character-  
ized by one phase a. Thus 

( m v ) = m l c o s 2 0 + m 2 e i ~ s i n 2 O ,  ( m ' v ) = ( m l - m 2 e i ~ ) s i n O c o s O .  (20) 

* We warn the reader that our notation here is slightly different from that of ref. [15]. 
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In a CP-invariant  theory they become 

(m~)=ml cos2 0+m2sin2 0, (m'~)=(ml ;Zmz)sinO cosO. (21) 

If one accepts the limits [17] 14 eV ~< m~ ~< 46 eV of the triton decay experiment,  
which clearly applies in the case of the lightest neutrino, one will tend to attribute 
the non-observat ion of neutrinoless/3/3 decay [15] ([(mv)l < 4  eV) to cancellations 
between the various neutrino mass eigenstates. In our example this implies a = 7r. 
As a result in the (/x-, e +) reaction the various mass eigenstates may enhance each 
other as indeed happens in our example,  (m '~) = ½(ml + m2) sin 20. 

In the special case that the neutrinos are Dirac particles,/3/3 decay is absolute 
1 forbidden but (/z , e +) may proceed. In our example,  m l = mz = m, 0 = z~r, a = rr, 

one finds 

( m ~ ) = 0 ,  (m'~)= m .  

i.e. the (t~-, e ÷) proceeds maximally. 
In our numerical calculations we are going to employ the lepton-violating 

parameters  predicted by the horizontal gauge mixing model recently discussed by 
Papantonopoulos  and Zoupanos  [18]. Their  KM matrix takes the form 

0, ) -03 01= x/~m~lm, 0.07 
U (1) ~-~- - 0 1  1 , 0 2 = 5 x 1 0  -5 

03 -02  03 = 6.2 x 10 4. 

Their  mass eigenvalues are expressed in terms of the lightest i.e. 

m e  mT 
m 2 = - - m l ,  m 3 = - - m l ,  

m ,  me 

thus we find 

me X me I 

Taking rnl = 30 eV we obtain 

Pv ..~_.ml (mtx::t: l ) 01 .  
rl me ',me 

(22) 

rt~ = 1 .2x  10-4(+),  rt'~ = 8 . 6 x  10-4(+),  r/~ = 0 ( - ) ,  

rT" = 8 . 8 x  10 4(_), (23) 

where + ( - )  refer to the same (opposite) CP eigenvalues respectively. 
Thus in this model the value of r/, is very sensitive to the relative CP eigenvalues 

and it is absolutely forbidden if they are opposite. Conversly the (/z-, e ÷) reaction 
is insensitive to such phases. 

The above exact cancellation of the/3/3 process may be an artifact of the way 
the masses of the neutrinos and the mixing angles scale with the masses of the 
charged leptons. Since, however,  the predictions of the above model  are consistent 
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with the limits on the experimental  lifetimes of the neutrinoless/3/3 process we find 
it suitable for our numerical calculations of the (it , e +) process. 

Following a procedure explained a little below (see subsect. 2.2.1) and assuming 
[10] that/32 10-3 we get 

! ¢ 
r/N = 8.9 X 10-8 (+) ,  .0N = 3.0X 10 8 ( _ ) .  

2.1.2. Production o f  Higgs particles in the ( ~ - ,  e +) process. One can construct 
gauge theory models which are such that neutral Higgs particles survive the Higgs 
mechanism as actual physical particles. One such interesting model was recently 
proposed by Gelmini and Roncadelli  which has far reaching implications discussed 
by Georgi,  Glashow and Nussinov [7]. This model in addition to the standard 
isodoublet of Higgs scalars also contains an isotriplet. Two neutral scalars, one 
which is massless and the other which is light, survive the Higgs mechanism as 
physical particles and are designated as X °. (The model contains doubly charged 
scalars as well which however cannot decay to two leptons (see subsect. 2.2.2)). 
The presence of X ° allows lepton-violating processes like that exhibited in fig. 2 in 
the case of the (tz-, e ÷) reaction. X ° does not couple directly with quarks but it 

does couple to the neutrinos via a coupling of the type 

Lee = "/~g~t~u tJX ° , 

where a and /3 are generation indices. This coupling plays the role of the usual 
mass insertion term in the sense of converting a neutrino of one flavor to an 
antineutrino of the same or other flavor. The corresponding amplitude for 
sufficiently light neutrino mass and to leading order is independent  of the neutrino 
mass and it may thus dominate  when the neutrino mass is very light or when the 
cancellation ment ioned in sect. 1 is complete.  The reaction 

tZb + ( A , Z ) ~ ( A , Z - 2 ) + e +  + x  ° ,  (24) 

is, of course, distinguishable f rom reaction (7). Since, however,  X ° does not interact 
with ordinary mat ter  it will go undetected (like neutrinos), and it will thus be 

(A, z ) (A, z-  0 CA,Z-21 

Fig. 2. A possible contribution to (/z-, e +) conversion which does not involve the mass of the neutrino, 
but is accompanied by the emission of a light (massless) Higgs particle. 
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difficult to experimentally distinguish between positrons originating from (7) or 
(24). The disadvantage from our point of view is that the positrons originating from 
eq. (24) are going to have a continuous spectrum. We will therefore limit ourselves 
to that portion of the available space which is in the background-free region. 

If we restrict ourselves in the background-free region the momentum carried 
away by X ° is small. Thus the Fourier integrals required, which in general are 
complicated, are in this case simple and similar to those entering the mass insertion 
diagrams. Assuming that gue "-~ gee and using the limits on gee from neutrinoless [3[3 
decay [15] we get 

¢ "i- r/g =~/~g,e~X/~gee~<2.8× 10 3 (25) 

2.1.3. The Zee  model. This model [19] is interesting in the sense that lepton 
violation involving different generations is allowed but the neutrinoless [3[3 decay 
is forbidden. In this model the lepton-violating amplitude is to leading order 
independent of the neutrino mass. 

The essential ingredient of this model is the existence of a fairly light singly 
charged Higgs scalar h -  which is a colour and weak isospin singlet. This particle 
allows for lepton violation which for (tz , e +) is exhibited in fig. 3. The motivation 
for assuming such a particle surely comes from the fact that the antisymmetric 
10-dimensional representation of GUT SU(5) accommodates a particle with such 
quantum numbers. Following Zee, however, we will follow the implications of the 
existence of such a particle not in the context of SU(5) but phenomenologically. 

The scalar h couples of fermions of different generations antisymmetrically. 
The coupling of interest to us here takes the form 

+ - c  - c  

~ f f = f h  (/,'eR/Z L -- eRV~L) + h . c .  (26) 

t { 
i I 

<,1,.> h- ', ,h- 
i I (~7 

- - ~  W ~" _ ~ f - -  --~ -~o 

('A, t ~  ('A, Z-t  1 (A,Z-2) (A, ;z ) (A ,Z - I }  CA,Z-2) 

( a )  (b) 

Fig. 3. Schematic representation of the leading diagrams at the one-loop level associated with (/x-, e ÷) 
reaction in the Zee model. In the hadronic sector two fermions (nucleons or quarks) must participate 
in the reaction. Ji), [n> and If> stand for the initial, intermediate, and final nuclear states. Note the relative 

minus sign between the diagrams (a) and (b). 
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Since h -  does not couple to the quarks directly, communicat ion with the hadronic 
sector is achieved through the Higgs isodoublets via a coupling of the type 

i i 
~LP = M~t3e iic~ ~c~ oh , (27) 

where i and / are isospin indices and a , / 3  are generation indices. One needs at 
least two different isodoublets. 

The effective doublet-singlet coupling of fig. 3 takes the form 

5~ = M(&°)~b h - ,  (28) 

where M is a specific choice of the parameters  of eq. (27). 
The above model has been considered in connection with (/x-, e ÷) in a previous 

publication [20]. In the previous calculation, however,  transition rates to all nuclear 
states have been considered. Here  we will consider ground state transitions even 
though the model would favor 0 + ~  1 + transitions. 

Utilizing the results of ref. [20] and proceeding in a way which was outlined in 
subsect. 2.1.1 we can define an effective lepton-violating pa ramete r  ~7'z which is 
related to the masses of the Higgs particles and the couplings given above as follows: 

, fMf~q(d~o) (29) 
7/z - 2 . ~ m  2 2 ' 

6 m  hGF 

where f~q is the coupling of the Higgs doublet  to the quarks. We will now give an 
estimate of rl'~. The quantity f is constrained by an inequality of the type [19] 

f 2  e 2 2 2 
~ <  1 0 - 1  2 , o r  10 -2 e e = g sin 0w g 2 = 4x/2GF. (30) 
mh Mw M2w ' ' Mw 

Adopting estimates of this type we put f 1 = ~g and assuming further* that [20] 

2 

m .  w m ~ , ~ M w ,  (~b0) = x/2 Mw, f~q (~b0) g ' Mw(~b°) = 2 Mw - - - - ,  ( 3 1 )  
g g 

we obtain 

, 1 m q  g 1 . 0 × 1 0 _  4 (32) 
n z - 8  Mw GFMaw 

It is not entirely clear what we should choose for the quark mass [20]. In the above 
estimate we used mq = 10 MeV. This value may be 30 times larger if the constituent 
quark mass is used which is not unreasonable [21]. In any case with the above 
choice of the parameters  we see that this mechanism compet+s with the Majorana  
mass mechanism discussed in the previous subsections. 

* We are here more conservative than in ref. [20]. There the value m,~ -~lMw was used. 
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2.2. LEFT-RIGHT SYMMETRIC MODELS 

It is obvious  that  such models  offer more  possibilities which can be used in testing 

their validity. These  possibilities arise, as we shall see, f rom the interference be tween  

the leptonic left- and r igh t -handed  currents  and f rom the possible decay of doubly  
charged Higgs particles directly into two leptons. 

2.2.1.  Neutr ino media ted  process. In addit ion to the usual le f t -handed currents  

media ted  by the ord inary  vector  bosons  one has r igh t -handed  currents which are 

media ted  by much  heavier  vector  bosons.  The  addit ional  currents  of interest to us 
here  are 

(eN_~) rt, (N~)r ~ , (33) 
where  

Ne = ~ Wejl.~j-~- E ZeiNi, Ntz = ~ W.iui + E Z.iNi. (34) 
j = l  i = l  j = l  1 = 1  

Once  again it is necessary to consider  separately  the contr ibut ions  arising f rom the 

light and heavy components .  

( i)  L igh t  neutrinos. Since the mixing coefficients are a l ready small the impor tan t  

contr ibut ion will come f rom ampli tudes which are independent  of the neutr ino 

masses. This is indeed the case when we consider  interference be tween le f t -handed 
and r igh t -handed  leptonic  currents  as is shown in fig. 4. The  smallness of the mixing 

(A,I-2) (A~I-2) 

L ~ ~ 

4 

L L ~  L 

~ ,A,Z-,) ~ ,  (A,Z-,) 
(A,Z) (A,Z-Z) 

LI 

Wl'l" 

L 

\ 
(A, IL-~) 

Fig. 4. A possible Majorana neutrino mediated contribution to (/x-, e ÷) conversion in the presence of 
right-handed interactions. Lepton violation is in this case not explicitly dependent on the neutrino mass. 

The upper diagrams are proportional to K and the lower ones to E (see subsect. 2.2.1). 
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coefficients may be compensated by the fact that in this case the helicities are such 
that f rom the neutrino propagator  we pick the m o m e n t u m  term. This term is of 
the order of an average nucleon m om en t um  (a few M e V / c )  that is much bigger 
than the expected neutrino mass (of a few eV). Clearly the Lorentz  structure of 
the associated amplitude is now very different. Since, however,  it has extensively 
been discussed before in connection with/3/3 decay we will only give the essential 
points here. 

The weak vector boson eigenstates W~ and W~ are linear combinations of the 
mass eigenstates __,,wm and __~w ~2~ with masses approximately M w L = M w  and MwR. 
More specifically 

W L . . , ( 1 )  . . z (2)  R ~)  . . . .  (2) = c w  , - s w  , , W ,  = s W  t c w ,  , (35) 

where c = cos 0 and s = sin 0 (0 = mixing angle). 
The hadronic currents can now be either R-R,  in which case the amplitude will 

be proport ional  to e = s/c, or of type L-L in which case the amplitude will be 
2 2 proport ional  to K = Mw/Mw~,  (see fig. 4). Thus to leading order the lepton-violating 

paramete r  associated with this mechanism takes the form 

'I~RL =2C "VE t l ~  ( X e i W ~ i q - X u t i W e i ) .  ( 3 6 )  
j = l  

Loosely speaking this paramete r  gives the fraction of the r ight-handed current in 
the predominant ly  left-handed weak interaction. 

The precise value of r/~L may be difficult to calculate since it depends on so 
many parameters  of the gauge models. We will a t tempt  to provide an estimate in 
line with what we have done in the previous sections. Using eq. (14) and proceeding 
in a way analogous to the one that led to eqs. (8a) and (20) we get 

~7'Re --C4~/K-2+e2/3 ~ rrmrTm e '~' = ~ej  ~ , i  • (37) 
i = 1  

In the model  of Papantonopoulos  and Zoupanos  [18] we get 

r/~L = c 4X/K7 + e 2/3 (01 q: 0a). (38) 

The quantity e' ,/~+K z is not accurately known. The estimate ~ ~ - ~  has 
previously been given [22]. Double /3-decay data, however,  may be more  consistent 
with a smaller value [15]. We will therefore employ ~/e---~K2=0.02 and c = 1. 
Then taking [10, 11]/32= 10 3 and 0a = 0.07 we obtain 

t r/RL = 0 ( + ) ,  rtRL' = 2 . 8 X  10 6(_),  (39) 

the corresponding lepton-violating paramete r  for/3/3 decay is rlai~ = 10 4 which is 
consistent with the available/3/3-decay data [15]. 

(ii) H e a v y  neutrinos. A contribution arising f rom the heavy neutrinos is 
analogous to that of fig. lb  except that /3  becomes K and 1-3 '5  becomes 1 + 3'5. 
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This mechanism is thus characterized by a lepton-violating parameter given by 

2 
t 2 m a  MwL 

"O R L  = K , , K - -  2 , (40) 
m N MwR 

where rn~ is given by eq. (15). If, as is believed, K2>/32 this mechanism will give 
a bigger contribution than that associated with r/h of left-handed theories. Using 
the two-flavor model of ref. [22] we obtain 

( m~) 0' 0 ' ~ ' o ~ = r n a  lw  cos sin K , (41) 
m l \  

Taking [22] 

sin 0 ' =  ~ m ~ ,  
~ b L  

we obtain 
¢ "OR = 1.2 × 10-8(+), 

m l = l m 2 = 1 0 3 G e V ,  K = 2 x l 0  -2, (42) 

t "OR = 3.5 X 10-8(--), "OR = 8.5 X 1 0  6(+ or --). (43) 

We stress once again that the lepton-violating parameter involving heavy neutrinos 
is inversely proportional to their mass for masses much greater than the nucleon 
mass. 

2.2.2 .  D o u b l y  charged  H i g g s  particles. As we have already mentioned in the 
introduction, in many theories left-handed or right-left symmetric, a possible 
mechanism for generating a Majorana neutrino mass is the introduction of weak 
isospin triplets of Higgs scalars. The doubly charged members of such triplets can 
decay directly into two leptons violating lepton number by two units [6]. These 
Higgs particles do not couple directly to the quarks. Therefore communication with 
the hadronic sector is achieved via their coupling to the vector bosons and/or  the 
ordinary isodoublet Higgs particles. It has been shown, however, that such couplings 
are suppressed in left-handed theories [23] and for this reason we did not discuss 
such models in sect. 2.1. The contribution of such mechanisms can in principle be 
sizable in right-left symmetric models. 

One such mechanism is exhibited in the Feynman diagram of fig. 5 whereby the 
doubly charged Higgs particle is coupled to the vector bosons associated with the 
right-handed currents. Once again the essential ingredients of the gauge model are 
absorbed in a lepton-violating parameter "o h given by 

, 1 AoM-omA 
- - 2 2 K - h . e ,  ( 4 4 )  

"O vl G F ~ / 2 M  w m a 

where ma is the mass of the triplet in question, AoMo is the effective cubic coupling 
of the triplet to the vector bosons, K as given above and h~e represents the coupling 
of the triplet to the leptons. We will assume that h,,e ~ hee-- 1. With "reasonable" 
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V 
I 

.I .÷ 

I 

( A,z ) ( A , z - r )  (A,z-2) 

Fig. 5. A possible contribution to (Ix , e ÷) conversion into two leptons of a doubly charged Higgs 
+ +  . . particle ~R • Commumcatlon with the hadronic sector is achieved via the vector bosons associated with 

the right-handed interaction. 

choice of the parameters  [24] 

h o M o / r n ~  ~ 2 × 10 -4 (GeV) -1 , 

we obtain 

I< = 2 × 1 0  -2 , 

' 4 × 10 -6 (45) "OH ~- 

which may  substantially exaggera te  the 0u/3/3-decay rates [15]. 

The  second mechan i sm which is exhibited in fig. 6 has been  previously discussed 

in connect ion  with neutrinoless/3/3 decay  [25]. The  appropr ia te  lepton-violat ing 

pa ramete r  now becomes  

, h V R m A  2 
' 1 7 / " -  4 2.-,2 h q h e , ,  (46) 

mHmAtLrF 

where  he~, was given above,  hq is the coupl ing of the Higgs double t  to the quarks  
(h2q ~ 10 9), mH is the mass of Higgs double t  (mH ~- 100 GeV),  mat is the mass of 

the Higgs triplet (mAt = 100 GeV)  and VR is the vacuum expecta t ion value of the 

neutral  m e m b e r  of the r igh t -handed  triplet (h Va =- 1000). We  thus obtain 

r/At 10 -9 (47) 

We  thus see that  this mechan i sm is less impor tan t  than the one containing r/h and 

it will not  be discussed further.  
We  conclude this section by repeat ing that  in the special limit of the small neutr ino 

mass or in the limit of the large mass of all the in termediate  particles all the 
parameters  of the gauge mode l  can be separa ted  out  and expressed in terms of a 
lepton-viola t ing parameter .  All  the uncertaint ies  of the gauge models  are conta ined 

in these parameters .  
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| 

~, At-4-L 
f 

~ , , . / ~ v ~  \ ,< l.l+ 
/ \ 

(A,z) (A,z-~) (a , z -2 )  

Fig. 6. A similar process with that of the previous figure except that now communicat ion with the 
hadronic sector is achieved via the Higgs doublets.  

3. The amplitude for the (tz-,  e ÷) conversion 

In this section we are going to give the expressions for the invariant amplitude 
for the various models described in sect. 2. The mathematical details are given 
elsewhere [15]. 

(i) The Majorana  mass  contribution. This process is exhibited in fig. 1. The 
associated amplitude takes the form 

1 (GF]  2 mef2A Y~ n'e(flS2e[i)[ac(p~)(1-Vs)u(p,.)] (48) 
r o A .  3 < 

(we suppressed for notational convenience the Cabbibo angle). In this equation 
R = r o  m l / 3  (r0 = 1.1 fro) is the nuclear radius, introduced to take into account the 
gross-dependence on the nuclear mass number, g = v, N corresponds to the light 
and heavy neutrino case respectively, 7/'~ and rt ~ are the lepton-violating parameters 
discussed in sect. 2 [see eqs. (18) and (22)] and S2v and ON are the effective transition 
operators which for 0+--> 0 + transitions take the form: 

S2e = i~s ~ r - ( t ) r - (1 )  -~a -fir i • fir# - - F e ( r i j ) j O ( p e R i i ) f o ( ~ p e r i j )  . (49) 

The quantity Fe(rq) depends [15] on the quantities 6 =,orii, v = m.ris and o2 = 
E e + E ~ - E < . >  ~- 80 MeV. In the case of light Majorana neutrino it takes the form 

Fv(rii) =--2 t/°° sin x dx.  (50a) 
7r atj 6 + x  

In the case of/3/3 decay, aJ ~ 0  and Fv(rii) ~ 1. 
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For a heavy Majorana neutrino one finds 

1 mAc~(2+3C~+3)  ' c~=mArij. (50b) 
FN(rU) = 48 me 

The above expression assumed that the nucleon has a size adequately described 
[15] by a dipole shape form factor with characteristic mass mA. Without such a 
form factor Fy(r~i) is essentially a 8 function and results in a negligible contribution. 

Of course in the case of heavy Majorana neutrinos processes involving particles 
other than nucleons, which have a reasonable chance to be found in the nuclear 
medium, they may also contribute [12-26]. Of such processes for 0 + ~ 0 + transitions 
only the double charge exchange of pions between two nucleons becomes important 
i.e. 

/x + r r + ~ - - + e  +. (51) 

In the case of neutrinoless /3/3 decay this process is somewhat smaller but 
comparable to the one involving only nucleons [15, 26] (fig. lb). In the case of eq. 
(51), however, due to the large energy-momentum transfer being involved the 
effective transition operator is too complicated to be discussed here and we have 
chosen not to include it. We do not expect this mechanism to substantially alter 
the conclusions of the present paper. 

(ii) The Majoron emission mechanism. So long as we limit ourselves to the regime 
which is free of the reaction background, i.e. so long as X ° carries away little 
momentum, the amplitude is of the same structure as the light neutrino case 

r m t 1- d i s c u s s e d  above except that r/~ e is replaced by T/g = x/~g,e (the dimensionality 
of the amplitude is different by a power of the mass due to the production of one 
extra scalar particle). 

(iii) The Zee mechanism. The amplitude associated with fig. 3, in the case of 
0 + ~ 0 + when only the vector current contributes, takes the form [20] 

, __mefA • -C(pe)y0 ~/" Pe (1-- y5)u (P,) ,  (52) 2_1(CF  2 
4zr  \ x / 2 1  rlZroA1/3 (f[g-2211>u 9me 

f 2v x. 6jl(~rlipe) R . 0 2 = 6 ~ i ~ j r - ( i ) ~ ' - ( j ) g °  ~ /o(pe ij)k2(8, u) (53) 
rq .. 

Again for light neutrinos we get 

k 2 ( 8 ,  u )  ~ k2 (8 ,  0)  = ~2 I ?  (28(~ ~'- X) 2+x)  sinx dx.  (54) 

The lepton violating parameter r/' is given by eq. (34). 
(iv) Left-right interference term. This amplitude arises from the Feynman 

diagrams of fig. 5. It has been extensively discussed in connection with neutrinoless 
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[3fl decay [15] and there is no need to give a detailed derivation here. We find that 

1 [GF'~2 , reef2 
d d =  - 4--~ ~-~'] r/RL ~ {2ls(fl,Osli} - 21A( fkOAli)}, (55) 

where 

- c  ~1 • P c  ~ , 

ls=u (P,) l-~m uqT,),  IA = u tpc) 7 ~/~u (p , , ) ,  
~me 

(56) 

~ ¢ - - K  K E 
~'25 x / ~  O1 + 4e  2--~-~K/'22, .OA = x / ~ a 3 ,  (571 

121 = ~, r_(i)r_(/) - - / a  ~ - - ~ r i  • or1" + 2 Y (rq). (o'i N ~j)2 
i e j  Fij L ] A  

6jl(½per,)jo(pcRii) 
x k2(& v) ,  (58) 

perq 

~'-~3 = 3 fv • R o (cri _ tr i ) .  (ifo x/~ij) 311(PcR')l°(2Per°) k2(t~, v) .  (59) 
fg  i~i r (i)r_(j) rii pcrii 

(The quantity k2(6, v) is given by eq. (54). The above effective operators have 
been normalized is such a fashion so that in the limit Pc-* 0 they coincide with 
those entering Ov f13 decay [15]. 

(v) Heavy particles in right-handed currents. In the limit of large masses the nucleus 
cannot distinguish between the mechanisms shown in figs. lb  and 5. Thus the 
amplitude associated with them will depend on r/h + r/~. Proceeding in a fashion 
analogous to (i) above we obtain 

1 (GF] 2 mcf2A 
~ ---- --~--~ \~-~/ ~ (rt ~ + ~ h)ac(po)(1 -- rs)U (p,,)fflt2Nli), (60) 

with the operator ON defined in eqs. (49a) and (49b). In both cases the amplitude 
is inversely proportional to the heavy mass. Restricting ourselves to 7/~ we disagree 
with Riazuddin et al. [22] who predict a quadratic increase with the neutrino mass. 
Clearly (/z-, e ÷) involves two particles (quarks or nucleons) and one encounters a 
Fourier rather than a loop integral. 

4. Branching ratios 

Once the amplitude is known it is fairly straightforward to compute the width 
for the (tz-, e +) conversion. First one finds that 

2 

y. [~[2= GF (~__~) Ec me it/, 121MEI2 (61) 
spins I'nc r 2 a  2/3 ' 
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where r/'ea is an effective lepton-violating parameter  given by 

[ .7o.I  2 1 ,7~L2+[ .7~12 , 2  , ' = ' +l'0z[ +lr/H+rl~le+[r/ 'gl 2, (62) 

and IMEI 2 is a combination of the various nuclear matrix elements discussed in 
sect. 3. This expression will not be given here. We only remark that in writing eq. 
(61) we factored out the energy-dependence characteristic of the purely left-handed 
(or purely right-handed) neutrino-mediated process which is described by the 
leptonic current of eq. (48). Additional energy dependence may appear in the 
quantity IME[ 2. This arises from two sources: (i) the additional momentum depen- 
dence of the leptonic currents of eqs. (52) and (56) and (ii) the energy dependence 
of the nuclear matrix elements themselves which enters via the spherical Bessel 
functions appearing in the relevant nuclear operators• 

We note that if the lepton-violating (/z-, e ÷) process proceeds via only one of 
the mechanisms described in sect. 2, 7/'¢n coincides with the lepton-violating par- 
ameter associated with that mechanism alone and IME[ 2 is, except for a possible 
kinematical factor, the square of the nuclear matrix element. In general what we 
have is interference between the various mechanisms, which is not discussed in 
detail here. Only for illustration purposes we will exhibit the effect of all these 
mechanisms combined assuming that the lepton-violating parameters are real (as 
given by the relevant expression of sect. 2). 

Using eq. (61) it is easy to find the relevant width i.e. 

r ( .  ~e+~ 1 2 
~ li)~ if ) ] =--rnep=(cb~)Tr ,v,o,Z lef/I 2 ' (•2) = (am=)37r Za"Z 

(~b~) is the average of the muon wave function at the center of the nucleus. Z~n is 
different from Z in order to account for possible distortions of the muon wave 
function compared with the hydrogenic one. We thus obtain 

+ -- 3 4 EePe r len  F(" - , e  1 Z : . ( m o )  ' 2M Z  2 
2 A2/3(m,ro)2. . )  ot Z \ r n . /  m .  - \  li)--,If)/ 4 (27r) 4(GFm2"4 

The corresponding width for Majorana emission (eq. (24)) with energy between 
0 and A = 2.5 MeV (background-free region) must be multiplied by the kinematical 
scale factor c = (1/2rce)E~A/rn~ ~ 50. 

The total muon capture rate is given by [27] 

3 
P(ts-  ~ u~.) = m .  ~-~T Z 4 . ( G F m 2  )2f(A, Z ) [F  2 + 3 F  2 + F  2 - 2FAFp], 

where Fv,  FA and F v are the vector, axial vector and pseudoscalar form factors 
such that F 2 + 3F 2 +F2p - 2 F A F p  ~ 5.9. The function f (Z ,  A)  takes into account 

the two-nucleon correlations given by [28] 

f ( A , Z ) = l - o o 3 A + 0 2 5 ( ' 4 - 1 ) + 3 . 2 4 (  Z 1 1 1 
• 2 Z  " \ 2 Z  2 ~ - ~ -  / 

which is 0.16 for A = 2Z. 
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T h u s  t h e  b r a n c h i n g  r a t i o  R = F O x - ,  li)--, e+[f ) ) /F(~t  , v , )  t akes  t he  f o r m  

e =Ol~'e.I 2Eepe2 IMgl2 
m~ A z / a z f ( A ,  Z ) '  

w i th  p = 1.5 x 10 -2~. T h e  s m a l l n e s s  of  p is d u e  to t he  fac t  t ha t  t he  p r o c e s s  (/~ , e +) 

is a s e c o n d - o r d e r  w e a k  p r o c e s s  wh i l e  t h e  o r d i n a r y  m u o n  c a p t u r e  is a f i r s t - o r d e r  

o n e .  W e  e x p e c t ,  of  cou r se ,  a d d i t i o n a l  s u p p r e s s i o n  s ince,  as we  h a v e  seen ,  t he  

l e p t o n - v i o l a t i n g  p a r a m e t e r s  a r e  sma l l  c o m p a r e d  to uni ty .  

5. Results and discussion 

T h e  g e n e r a l  f o r m a l i s m  d e s c r i b e d  in t he  p r e v i o u s  s ec t i ons  can  n o w  be  a p p l i e d  in 

t he  spec i f ic  t r a n s i t i o n  58Ni-~SSFe (gs). T h e  r e q u i r e d  n u c l e a r  m a t r i x  e l e m e n t s  a re :  

0 .202 ,  21,  - 0 . 3 6 0 ,  0 .153 ,  - 0 . 0 3 4  fo r  t he  o p e r a t o r s  ~ ,  ~QN, ~ 1 ,  d22 and  ~ 3  

r e s p e c t i v e l y .  T h e s e  m a t r i x  e l e m e n t s  w e r e  o b t a i n e d  us ing  t h e  n u c l e a r  m o d e l  

d e s c r i b e d  in de t a i l  in ref .  [29].  T h e  r e l e v a n t  b r a n c h i n g  ra t ios  a r e  p r e s e n t e d  in 

t ab le  1 t o g e t h e r  w i t h  t h e i r  c o r r e s p o n d i n g  l e p t o n - v i o l a t i n g  p a r a m e t e r s .  A l l  b r a n c h i n g  

ra t ios  a r e  e x t r e m e l y  smal l ,  t he  l a rges t  b e i n g  - 1 0  -27 a n d  b e y o n d  the  goa l s  of  any  

T A B L E  1 

The lepton-violating parameters and the corresponding branching ratios and half-lives entering (~ -, e +) 
conversion are presented. 

- + + 
/.t. - + e  e --->e 

(0+-* 0+ (g's')) R (0+ ~ all) "qea T1/2 (y) n'¢n R( 0+~ 0+ (g.s.)) T1/2 (y) 

, = / 8 . 4 x  10 _4 6.2x 10 31 5.3x 1 0 1 5  8 , 0 X  1 0  26 {1;2x 10 -4 8 . 6 x  1024 

t8 .vx  10 -4 6.7x 10 31 4.9x 1015 8.5 x 10 -26 "q~= oe 

8.9x10 s 7.9x10 -3s • 4.2x1019 1.3x10 29 /8 .9x10-7  8.4x1024 

r /~= 3.0x10_ s 8.9x10 36 3 . 7 × 1 0 1 9  1.5x10 3(i "qN=t3 .0xl0-7  7.4x1025 

rt, =2 .8x10  3 3.4x10 28 9.7x1012 4.5x10 23 .0g=2.8xl  0 s 1.6x1023 

rl,z = 10 4 2.6x 10 -3° 1.3x 1015 zl..5 X 10 -23 r/z= 0 o0 

r / h = 4 x l 0  -6 1.6X10 31 2 .0X1016  2.6x10 26 r t H = 4 x l 0  6 4.1x1023 

, = / 3 . 5 x 1 0  8 1 .1x l0  3s 3.0x1020 2.0x10-3o 
OR [1.2X 10-s 1.3 x 10-36 2.5 X 1021 2.3 x 10-31 r/H = 8.5 X 10-6  9.0x 1022 

0 0 oc 0 = 2 x 10 5 1.3 X 1 0 2 7  
r/Re= 2.8×10 6 8 . 0 x l 0  S3 4X1017 1 .1x l0  26 T~RL 

For comparison the corresponding quantities for (e , e +) are also given. Whenever a double entry 
appears the upper row refers to CP eigenvalues of the same sign and the lower one to those of opposite 
sign. The total rates shown in the table are those obtained in the shell-model treatment. For further 
exolanations see text. 



156 G.K. Leontaris, .I.D. Vergados / Lepton-violating (p, , e ÷) reaction 

experiment. The smallness of these branching ratios can be attributed to the 
following three factors. 

(i) The smallness of the parameter  p discussed in sect. 4, which has to do with 
the fact that the lepton-violating processes are second order in weak interactions. 

(ii) The smallness of the lepton-violating parameters which are smaller than 10 4. 
(iii) The suppression of the ground-state to ground-state transition due to the 

large (by nuclear standards) momentum transfer Lql -~ m,.  Indeed the nuclear matrix 
elements involved in double fl decay (small momentum transfer) computed in 
exactly the same nuclear model in the above order are [29] 1.17, 60, -1 .77 ,  0.79, 
-1 .17 .  

The branching ratios can, of course, be improved if one considers the sum of 
the transition strengths to all final nuclear states, which as we have seen introduces 
background problems. Such calculations are of course complicated and model 
dependent.  An estimate of the sum rule is possible if one makes two assumptions, 
which are spelled out in some detail in refs. [12] and [15]. These are the following: 

(i) the energy dependence of the matrix elements can be treated in an average 
way, and this makes it possible to invoke closure over the final states; 

(ii) the 4-body pieces of the operator  I2÷I2 can be neglected. 
With the above assumptions it is easy to compute the matrix element of the 

two-body piece of the operator  which is pretty much independent of the nuclear 
model used. The reason for this is that now all protons and not only the ones near 
the nuclear surface contribute. This is demonstrated by computing this matrix 
element in two models, the nuclear shell model (s.m.) and the uniform density 
(u.d.) approximation. It turns out that the spin singlet of the two-nucleon wave 
function dominates. Thus in the u.d. approximation we included the singlet piece 
i.e. we multiplied our result with the probability of finding two nucleons in a singlet 
state (P0-0 .25) .  The s.m. treatment included both singlets and triplets. We thus 
obtained: 

(iI,O~+/2~[i) = 5.3 × 103 , (il/2~,ON[i) = 7.5 X 107 , (s.m.) 

(ilg2 ~+g2~[i) = 5.5 × 103 , (ilg2~g2Nli) = 1.1 × 107 . (u.d.) 

We see that the matrix element associated with/2~ is almost the same in both cases. 
The matrix element of ON is larger in the (s.m.) treatment since the harmonic 
oscillator wave functions peak closer to the origin something that favors the 
somewhat short-ranged operator  ON. 

The sum rules associated with the Zee-model  have previously been discussed 
and we will not elaborate them here. We only mention that in ref. [20] the rates 
have been overestimated by a factor of - 1 0 4  since m,~ was there taken to be 
10 GeV. The spin structure associated with the R-L interference term has also 
been found previously [12]. On the basis of such estimates this contribution is 
expected to be approximately 300 bigger than that associated with (i[/2+J2~li). The 
branching ratio ( R -  10 29) obtained by considering heavy Majorana neutrinos 
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with mass --103 G e V  is in ag reement  with the results of the simplistic model  of 

ref. [12] and much  smaller than the est imate of ref. [22]. 
F r o m  table 1 we see that even if we compu te  transit ions to all final nuclear  states 

we are far f rom the goals of current ly  p lanned exper iments  (R - 10-12). The  largest 

c o m p u t e d  branching ratios are R -  10 -22 and arise f rom unconvent iona l  models  

involving ex tended  Higgs sectors. 

The  smallness of the branching ratios associated with ground-s ta te  transitions 
may  come as a surprise to most  people.  In hindsight, however ,  this appears  

reasonable .  If we conver t  the branching ratios to life-times for all mechanisms 

considered we find that  the (/z-, e +) react ion is just about  10 l° faster than its sister 

react ion (e , e+). This is pret ty  much  what  one  expects on the basis of simple 

kinematics  ( - ( m J m e ) 5 ) .  (The half-lifes of the (e-,  e +) react ion have been included 

in table 1 for the reader ' s  convenience.  For  details see ref. [15]). Thus  it is not  so 

much the slowness of the react ion which makes  it undetectable  but the short  time 
the muon  lives that  makes  it unable  to contr ibute  to our  unders tanding  of lepton 

non-conserva t ion .  
We should stress that our  results depend  on gauge parameters  about  which little 

is known.  Somet imes  our  lepton-violat ing pa ramete r  depends  on large powers  of 
such parameters  making  it less reliable. This is the reason why we have absorbed  

all the parameters  of the gauge models  into one  lepton-violat ing parameter .  One  
can, if necessary,  put  one ' s  own choice of gauge parameters  and apply our  formalism. 

F r o m  the above discussion, barr ing a complete  cancellation a m o n g  the various 

neutr ino mass eigenstates or  a world in which only mechanisms similar to the Zee  

model  remain  effective, 0u double  13 decay  appears  to be more  promising in 

unravel ing the mysteries of lepton non-conservat ion .  Af te r  all, there are many  
more  nuclei in a gram of mat te r  than the largest number  of s topped muons  (---1011) 

and they live much longer.  This, of course,  should not deter  the exper imental  

searches for rare m u o n  decays. One  hopes  that  such searches will continue.  Af te r  

all, our  conclusions depend  on not  so well unders tood  aspects of gauge theory  
models.  There  may  be unforseen  mechanisms which could invalidate our  con-  
clusions. 
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