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ABSTRACT

The diagonalization of the leptonic mass matrices 1is performed in
the framework of the triplet model to generate Majorana mass terms
for neutrinos. This allows the understanding of the role played by
the CP-violating phases in the Higgs sector and their relation with
those of the charged-current Lagrangian. It 1s shown that all the
leptonic mixings, including those of the Higgs couplings, can be
given in terms of a Kobayashl-Maskawa matrix and the relative Major-
ana phases of the neutrine fields. The c¢haracteristic Majorana
phases, always appearing together with the neutrino mass, are pres—
ent in |AL| = 2 pileces and they show up in processes with a) neu-
trino—antineutrino propagation, andfor b) at least two different
neutrinos as asymptotic states, and/or ¢) a vertex with a doubly-
charged scalar. The phenomenological implications for processes with
these characteristics are given.
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1. - INTRODUCTION

If neutrinos are massive, an appealing situation would be that they are of
Majorana typel). In fact, this kind of neutrinos emerge naturally from grand
unified schemes like S0(10) 2). From the point of view of the fermionic content
of the theory, Majorana masses are the most economical to generate, because no
right-handed VR neutrinoe is needed. A simple mechanism to do so 1s provided by
the Gelmini-Roncadelli models)’a) which enlarges the Higgs sector of the standard
minimal SU(Z%JQD U(l)Y theory by adding a Higgs triplet to the usual doublet.

3)-7)

It is known that Majorana—type mass terms lead, after diagonalization,

to the appearance of CP-violating phases in the leptomic charged current, in
addition to the usual Kobayashi-Maskawa oness). These additional phases are
characteristic of Majorana neutrinos and they can be related to the mass inser-

9)

tion present in the neutrino—antineutrinoc propagatiom™ .

In this paper we tackle the question of the origin of the CP phases for
Majorana particles, related to the particular mechanism used to generate neutrino
masses. Following the accepted wisdom, the fermionic mass terms originate, after
spontaneous symmetry breaking, from the Yukawa couplings with the scalar filelds.

Therefore there are two possible sources of phases:

a) the Yukawa couplings may not be relatively real, so that explicit phase

dependences appear in the Lagrangian, and

b) in theories with more than one neutral scalar, the different scalar vacuum
expectation values can have relative phases leading to spontaneous CP-viola-

tionlo)_lz).

In any case, the resulting phase effects will show not only in the charged cur-
rent piece of the Lagrangian, the one studied in previous works, but also in the

charged Higgs couplings to leptonic fields.

In order to work out the entire implications of the leptonic mass term diag-
onalization, we choose a definite theoretical scheme to generate the neutrino
masses. We will work in the framework of the Gelmini-Roncadelli (GR) model,
gselected dbecause 1t leads to Majorana neutrino masses In a very simple and
natural way. The simplicity of this model, where no spontaneous CP-violation can
occur (due to the lepton number symmetry of the Lagranglan), offers a good

scenario for clarifying these ideas.
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We shall show explicitly the appearance of phases in the scalar sector, and
also that, contrary to some suggestions, these are exactly the same phases that
have been discussed previously for the charged gauge piece. This fact is moti-
vated by the common phase-sources of both sectors, with AL = 0 and IAL] = 2

pleces.

In order to fix the notation, we present briefly the GR model in Section 2.
The diagonalization of the leptonic mass matrices 1s made in Section 3, where the
lepton-boson interaction Lagrangians are given in terms of the mass eigenstates.
The obgervable Majorana phases are discussed in Section 4, and applications to
particular processes are studied in Section 5. Finally, the main conclusions are

summarized in Section 6.

2. - THE TRIPLET MODEL

If we do not enlarge the leptonic content ¢f the standard theory, there are
only two possible scalar multiplets: the usual doublet -“f“ (%,%,0) and a scalar
triplet -B ~ (1,1,2). [The numbers between brackets refer to the SU(Z)W, U(l)Y
and U(l)L transformation properties.] The Yukawa Lagrangian is then given by:

:fr,gi = ?mb e;LkP Elbg + {’o.b 6-’.4‘ EI:jL(x ELL)C (1)

where a,b are flavour indices, 1,j are SU(2)W ones and R';L is the usual left-han-
ded leptonic doublet (v;, X.;)L. The super—index ¢ means charge conjugation. We
have put primes in the fields to indicate that they are not mass eigenstates. The

scalars with definite charge are

+ +) (++)
pe TR
lF _?(o) ¢ &7 ) -¢% (2)

o)

The most general Higgs potential invariant under SIJ(Z)w ® U(I)Y®U(1)L can
4),

be written in the following form
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which for A;, Ay, A, and Ag positive and

hal < 2. VYAlh; gets its minimum when

) 0 0
<Py = s (K)s
“/T ’ Y 0 (4)

With these vacuum expectation values, we parametrize the neutral Higgs in the

form

le(a):{_li(u,-{-fb +L7D) . 96(0):_{5 (V+f)T +e 71,)

(3)

Both vacuum expectation values can be chosen real by means of two sultable

3)

independent SU(Z)w and U(l)L global transformations™’, so, as we have ilndicated
before, this model caannot have spontaneous CP-violation. If v # 0, the global
U(l)L symmetry 1s spoataneously broken because the triplet field carries non—zero

leptonic number.

: +
The spontaneous symmetry-breaking mechanism generates the following W and

Z° wmasses

2 _ef 2,3v3) 5 M= e (u?+ 4 v?)
sz (wedv ! 27, . 02 g
LBy 4 sin® 0, ™8, (6)

1f v ¢ 0, the standard relation uw = Hz-cos 8. is violated to the order (v/u)?.

W
So the experimental success of the AL = % predictions implies that v << u ~

250 GeV.
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Once the gauge bosons have acquired a mass through the Higgs mechanism,

seven physical scalars rewmain in the theory. One of them 1s a massless Goldstone

boson assoclated with the global U(l)L breakdown, the majoron,

9:-s£nﬂ\2p+w5@ 77 -

The other six fields describe massive scalars

+
w‘t)z-scnu ({7”‘)+ooscx ¢(_)

qb (r *
e, 0s Yy € +smy €5

= =S + sy O (&)
¢, = Y $»
with masses
2
sz.“'.-‘z‘-)q(u'z'*.zv)
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The parameters a, B and y which determine the physical bosons are given by

w

W
oS o = —m———— ; oS =
Vu?e 2 v2 F Vu2+ 4 v2
~ 2 x4
coS ~
1 (10)

V422 u®+ Ay v?

It 1is interesting to remark that this pattern of masses 1s not substantially
13)

modified when one tries to embed the model in an SU(5) GUT



3. - DIAGONALIZATION OF THE LEPTONIC MASS MATRICES

In terms of charge eigenstates, the Yukawa Lagrangian is given by

fF,il‘ z 'PEB(UG.L(PH) + g:u. (P“)) ele

'y Iy ' + ! il Y L (+p*
+ ?ab[e:u_ (\I—% ¢m"u + @ +)9u.) N V@L(¢(O Vpo” ﬁ¢ 2"'-)] +hc.
(11)

From this expression one immediately realizes that each vacuum expectation wvalue
gives masses separately to only one kind of leptons: the doublet to the charged

ones and the triplet ro the neutrino species. The mass terms which arise are
Bl 4(4) VIO E )
- - +
‘fmass‘ (Ql-M BR QRM 91.

-t ' T 2)+ '
L(pte M@y + v MFVE)
& (12)

where

(&) (2) N
May 2 -2ab W V3 wd Map 2-Lar vV

Following the method of Ref. 9), we use the polar reduction of a regular

matrix, writing H(i) = HU, (1 =1,2), where H

171
self—-adjoint positive matrix M(1)°M(1)+

4 is the unique square root of the

, and Ui is the unitary matrix given by
U:I. = H7l -M(i). Due to the anticommuting character of the fermionic fields, we
take M ) as a complex symmetric matrix MCZ) = M(Z)T. This implies U; = UZT.

The positive definite matrices Hi have real and positive eigenvalues, and
can be dilagonalized by the similarity transformations H:L = Si"‘-Di‘Si. After some
algebra, we write the mass Lagranglan as

imwsszﬂﬁb“e—{i}_—ﬁbzu

(13)
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where the leptonic mass eigenstates are given by

2 = 84 (E.I. + U‘ EJR)

Y o= S,z,(uz “)’L - vl:c)
(14)

It 18 easy to prove for the mass eigenstate neutrinos that

p = - A V© (15)

= T
where A = §,°Up*S;" is a unitary diagonal matrix of phases. So Eq. (15) decouples

into different relations for each kind of massive neutrino, and the va fields are
of Majorana type, as desired.

Substituting now the mass eigenstates in F, 0 and gauging away the non-—
»
physical scalar fields (the ones eaten by the gauge bosons to get masses), we

obtain the Yukawa interactions among physical fields. They are:

-{neu.’cmg = -{-I E:D, g (6053'?,4 'S';“X ?;,)- i— ED‘, (59 SinF (&

YuKawa

- 5 D, v(eosy §, + 5 ) 5;, VD, sV cosf O
v

(16)
\ Iy { Y] +)
;fchm-aed = [ L{% sima v UD, B + — cosa v D,V e,‘]o)
Yu Kawa

¢ ++) Te
-J-;Vqét P VD, ULl + h e

where we have written separately the contribution of the neutral and charged
scalars. In the charged Yukawa sector, we have two different unitary mixing

matrices which are given by
+

U - Sz Uz S‘

* +

2 (17)
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These two mixing matrices are related by means of the A matrix defined above

V= UT A

(18)

Carrying out the same operation with the interactionm Lagrangian among lep-

tons and gauge bosons, we obtain

L

2)

3)

dom

1

e A/‘EW‘Q

Z, . < %-.@ y"[(l-hsinzowﬁfs]P + v z{"ysu} Z/‘

v Zs—f.ngw cos B

WP y* Uty s ke

(19)

Some important comnclusions can be extracted from these formulae:

The leptonic mixings appearing in the charged Higgs w and gauge Wp currents
are exactly the same but for the mass factors characteristic of the Higgs
sector. Therefore, both currents enjoy the same phase dependences. The
reason for this identical behaviour stems from the fact that the two single
charged boson pieces of the Lagrangian have the same v& field structure, and

they are not characteristic of Majorana neutrinos.

The neutral scalar couplings have no mixings at all because, in this model,
the diagonalization of the leptonic mass matrices implies the diagonaliza-

tion of the neutral Yukawa couplings.

The doubly-charged Higgs current has a richer mixing structure of the form
£TUTA*D2U L. As seen, it only depends on the same U mixing matrix and on
the Majorana phase matrix A, so there are no new phases. In fact, ome can
understand this peculiar mixing if one reinterprets the vertex as a product
of two single charged currents (;UI)T(;UI), the D, and A* matrices being the
residual effect of the missing (53T)* neutrinos. This argument will be more
apparent in Section 5, when we study a particular process. In any case, the

phases present here are characteristic of Majorana behaviour.



4. - MAJORANA PHASES

Some care must be taken to carry out a correct counting of the observable
phases. The unitary matrix U has in general ¥n(n-1) moduli and %n{n+l) phases
but, as one easily realizes, it always appears acting over the charged lepten
field, so, by redefinition of the unobservable e-phases, the aumber of U para—

meters is reduced to in(n-1) moduli and %n(n-1) phases.

To handle the neutrino phases, one can take two different approaches: one
can impose the v = v® condition fixing univocally the A matrix or, alternatively,
one can absorb U-phases by means of the neutrino fielde, leaving the A.ii elements
as free parawmeters. The observable effects are the same 1n both parametrizations,
as has been explicitly checked for two generationsla). We will follow the second
approach, which allows a clear distinction between the CP-invariant and CP-viola-
15)’16). In this scheme the different Majorana fields have dif-
ferent phase conditions, and the mixing matrix U is described in the Kobayashi-

ting situations

Maskawa manner. We have then the following parametrization:

U '/2. n(n -1) moclu.lr:
Yy (a-4)(n-2) phases

: - (20)
(n-4) [olw.ses of the Mqélora.na, gc,e.u.s

It is convenient to write the Fourier expansion of the free Majorana neu-—

trinos in the form

Y, (x) = f‘_ j‘fl? w.{p,r)a. (p,> e'LPx
: (zn)Ba,sz'{‘P)‘P)

+ uf(ﬁ,l) al(F, ) e P~ } (21)

with uz(ﬁ,h) = CG?(E,A) and arbitrary phases ﬁi and ?i' The diagonal mass matrix

A which relates v and v© is then given by A

44 F -f&ﬁi £ n,, so the meaning of

these phases 1s clear.

Let us discuss the phenomenological implications of all these new free para-
meters. Apart from the expected mixings 1a the chargéd—current leptonic vertex

(as in the charged—gquark current of the minimal standard model), and the similar
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ones appearing in the charged Yukawa couplings, we now have explicit phase depen-
dences in the neutrino fields themselves. This implies several changes in the

ugsual Feynman rules of these particles.

The “"neutrino-neutrino” propagation is given by the same formula

Y L pX - _ /+m
S(P)E-GS‘JJ x € <ol T(vix) 9(0))|0> = me

(22)

as for Dirac particles. But Majorana fields have also "neutrino-antineutrino”

propagation, given by

Fem)C

(
Pz-mz-ri €

E(P) 2 -1 gol,qx e;Fx<OlT(v(x) v))[o>= Vi

(23)

proportional to the product of phases n = —Gfﬁz). Thus we can have "CP-violating

propagation” of the massive neutrinos.

On the other hand, the same phases appear when one makes the Wick contract-
ions with the asymptotic neutrino fields. Besides, we have two different manners
of doing these contractions because of the self-conjugate property of Majorana

neutrinos. The rules for the external lines of the Feynman diagrams are given

for these particles by

r~—
v oot (B,2) o b ul(p, )

ﬂ+ ( [;, ,\) - (?5 lp)f ks (i;’ )\) incoming neutrino

a(F,2) V — () u(E,>)

. = B 1) outgoing neutrino
- v 5> T ul(p,

a (P ) >‘) (24)

Therefore, in order to get observable Majorana phases, we must look for processes

in which there is a) neutrino-antineutrino propagation, and/or b) at least two
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different neutrino asymptotic states, and/or c) a vertex with a doubly-charged

scalar.

5. — PHENOMENOLOGICAL IMPLICATIONS

In order to analyze specific examples in a compact form, we rewrite the

interesting pleces of the Lagrangian as

f(”:ﬂ; B,_ Uq.b.;n. “) Eb +h.c. , (52"'2:3)

i(h)__l(_-__ <£(¢»~I-) c “Y‘Q ch’u“,?c "oy, + h.e. (25)
1V

where

32 Fowo,
ﬁSLﬂew

(7R v
() €23 (3)
() K 1*'3@: .0 = m i- 72— . 0 = l‘f)ﬂ;
ab X .?/ ) ab ey ) ) ab Vo -—""'b 26)

(+) - =
BJ_—-; \Hl/‘ ) Bz=83"aJ

and a sum over repeated indices is understood.

As an example of a situation in which the a) and c¢) phenomena are present,
conslider processes where a positive charged lepton £+ converts into a negative
—« This conversion 18 a second- order process in the z(i)

b
Lagrangian (i = 1,2,3) mediated by the neutrino-antineutrino propagator, as

charged lepton X

depicted in Fig. la, but it can also occur as a first-order process in 1(4) as
indicated in Fig. lb. The relevant part of the amplitudes for diagrams with the

structure la is given by
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T

9: 4 w (py) (X * + K ) VT (pa)

X .. Z UCb[OqJ \?‘(ﬂtpfi-m:‘) C [Oco.) ] u

# PPy 4 € @)

where 1,j = (1,2,3) refers to the kind of interacting vertices considered, and
0 = yooty°.

Due to the (lityy) factors appearing in the 0;:)

of the neutrino-antineutrino propagator gives a non-vanishing contribution only

operators, the piece (Pa+Pi)

to X;3, X3;, X553 and X3,, whereas the m, . piece only contributes to the other
3)
ca = W, the result 1is always proportional to L NP

(except for the plece i=j=3 where there is an additional mgc factor), and

amplitudes. So, as 0
vanishes for zero neutrino masses, as it should.

The amplitude for the diagram ib is given by

T(“)': _f_é -(PB)J Yf CV(P)ZU uct‘?cm”c

(28)

)

It is important to note that the ﬂ( vertex plays an equivalent role to the
neutrino-antineutrino propagation. 1In fact, as is apparemt in the formulae, the
same leptonic mixings appear in both amplitudes, and one understands the role
played by the Majorana A matrix in the doubly-charged Higgs coupling. It should
not be surprising that the two kinds of diagrams have the same mixing structure
Wflab = ch:aU:bncmvc because both correspond to the game IALI = 2 plece, and it
is precisely the spontaneous breaking of leptonic number which lies at the origin

of neutrino masses and comsequently of Mdjorana phases.

Assuming that only two of the n generations were coupled, the matrix U may

be parametrized with a Cabibbo angle €, and the only observable phase would be
*

the relative one between the Majorana neutrinos: m;, = Mmy. The mixing factor

would then be given by
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- i .
05’9 m,, +sen’ 0 Va2 ™, sinf ng(mp‘ “Yia mvz).l

m = ?4 ao (29)
sinemsﬂ(m,‘-\?,zmgz) sin‘gm,‘-i-cos 7‘2_'#1:3, -

L

but for the i=j=3 piece where one must replace all the my factors by mii [1n
writing this formula we have neglected the small neutrino masses in the denomina-
tors of Eq. (27)]. This is the same expression obtained in Ref. 9) for the
particular i=j=1 case, where its relevance for pt-e~ conversion and neutrinoless
double beta decay, induced by gauge couplings, is discussed. The lim1t17) for a
Majorana mass extracted from the laboratory.experiment for the double beta decay
of 76Ge, T5(0v) > 3.7 x 1022 ¥, quoted as m £ 10 eV, corresponds to mﬂee' This
is sensitive to the CP-vioclating phase and, for the case of mixing of two genera-

tions, we have

- 2
los™8 m,, + 7,p S 6 m“zl £ 40 eV 30)

The contributions of the charged scalars to these nuclear processes are negli-
gible, because the charged Higgses are dominantly components of the triplet, not

coupled to quarks.

The Yukawa coupling of the doubly-charged scalar to leptoms is proportional
to mv/v. The triplet vev has a bounda) v { 1 MeV coming from Majoron emission by
stellar objects. So, this coupling camn be ilmportant even for small neutrino
magses. The electromagnetic muon decay p + ey 1s dominatedls) by diagrams with
the charged Higgs scalars in the loop. To the leading order in neutrino masses,
the vate does not depend on the Majorana phases in this particular process, due
to unitarity arguments when summing over all internal charged leptons. The rele-

vant mixing is given by

* » 2
. .= U . . = 'f
/:i Me: m}“ ‘j—-‘ ie Y d < >e/“ (31)

so this particular combination is the one constrained by the experimental bound

on the p + ey rate:
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: 2 ¢ 3.3.40°7
[<my>enl/v? < 2.3 )

The doubly-charged Higgs allows the existence of the pt + etete™ decay

channel at the tree levellg). Its branching ratio to ordinary p decay has been

20)

measured recently with improved precision:

r eece
g« Kp~ )<z.4..10

r CF > evy)

-i2

(33)

The amplitude for this process contains the product of mixings associated with
*

mee and Tfl“e, the first factor being the same as the oume seen in double beta

decay. We get the following relation:

e lzm"e’ = 4 6, m; R”¢c5.7.407°
\"4

(34)

9)

where the bound1 on the mass of ¢t¥, coming from the neutral current to charged

current ratio in neutrino scattering, has been used.

The result (34) contains an explicit dependence on the CP phases of the

Majorana sector. When two generatione are coupled, we have

-6 .2
Icosolm,‘-?nmgz)llc: m)" +7;z s;- lezl <5. %« 40 v 35)

in a self-evident notation. From this result, it is apparent that even for very

different physical situations such as m ~m orm ~m tanze, the interfer-
1 2 1 2

ing CP phase 1s relevant.

The pursult of the experimental effort in neutrinoless double beta decay and
rare decays of the muon, of the highest intrinsic importance, is of direct inter-
est for obtaining information on the wmixings and Majorana phases of the leptonic
sector. In particular, double beta decay corresponds to a type a) situation in

our classtfication, whereas the i + eee decay corresponds to a type ¢) case.
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A type b) situation is provided by the va<+ vb transition. There are now
two kinds of contributions arising from the two different manners of doing con—
tractions with the external neutrino fields. They are depicted schematically in

Fig. 2, and explicitly writtem in Eq. (24). The relevant amplitude is given by
.o o =— .
T - 9: ﬁ‘ #.., ¢b w (Fb) Y':J u'(P“)

() (<) T
Y;*. = Yy - 93 cY.,; C 36)

where
) () *
(0 4 E + My,
Y.. = Z ch Obc 2 2 - [ q.c} uﬁrc
! ¢ P -WQQC-PL €

]

) (J) o) »*
Y(z =5 U, 0. X +mMe [g ] Voo (37)
[

L 2 2 . bc
“¢ KE- g+ €

The mixing structure of these expressions is a little more involved than in

the previous example. However, the role played here by the b = n:nb relative
phase between the asymptotic neutrinos, which appears in the interference term
between the Y(l) and Y(z) amplitudes, is apparent from Eq. (36). This relevant
phase comes, in our choice of phase parametrization, from the different neutrino

external legs due to their Majorama character.

The simplest example of this kind of process is the electromagnetic decay of
Ma jorana neutrinos Vo + VpTs which has been discussed in the past21) in a variety

of astrophysical contexts. The amplitude, including mixings and the CP phases,

is given by

GF -— v bl
T :-:n’f.? *(pu) o, 9 €F(‘-‘r>{§ Ups Ue's F (55, 95)0myR +m, L)

‘Yq.b%' U;; Umsrffs’g“)(m"“lni-mbe)} u'(P“')

(38)

when the approximation m, << MW’Mw is used. The form factor is
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M (39)

2
r(f,g)z-%(l.-r)-g(h hg) ; fss("i*_S) , g’si(ﬂsr
Mw

The constant term -3/2 in the form factor does not countribute to the amplitude
due to the unitarity of the U matrix. Unfortunately, the charged Higgs contribu-
tion also presents a GIM-like cancellation. The structure of the amplitude can
be completely changed by the value of the phase LR In fact, 1f one assumes CP
invariance, U is a real matrix and nab can be +1 or =1, giving an amplitude of
the electric dipole type GHVYS or of the magnetic dipole type Gpv respectively.
In the general case, the rate is given by

25 () e oy e XD M
X

» (40)

Xap = Z F15,85) Ups Vas

The result (40) shows a strong dependence on the Majorana phase for m, ~ mvb.
a

In this case, however, there is a big suppression of the rate due to the kinemat-

ical factor of phase space.

The same Majorana phagses in a type b) situation appear in ordinary p-de-

cayzz)

, where we have two neutrinos in the final state. We have considered the
diagrams with the intermediate gauge boson W, including the neutrino crossed
diagrams associated with Majorana fields. We have analyzed the effect of neu-
trino masses, mixings and phases on the electron spectrum. We obtain the follow-

ing result

2
ar. muS  efaw-ze -2

d € JER £
‘ (41)
_3 et (WP UL R - B | Emn U, Uy 1}
g 10 i) (m,‘ld- i Ve il

where W = (mﬁ + mi)lzmu is the maximum electron energy for massless neutrinos.
Equation (41) is the result of summing incoherently all pairs of neutrinos in the
final state, and we have assumed that all Majorana neutrinos are kinematically

accessible, with (m /mp‘)2 {¢ 1. We notice that the mass and mixing effects are

3
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of two different kinds. There is a term in the spectrum not Specifically associ-
ated with Majorana neutrinos, but with massive neutrinos in general. The last
term of Eq. (41), however, comes from the interference between the two different
diagrams contributing to the process when neutrinos are Majorana particles. The
structure of this interference 18 the same as the AL‘ = 2 amplitude with the
mixing ?ﬂeu’ i.e., Eq. (29) for two generations. The detection of these terms
would be difficult.

6. - CONCLUSIONS

The study of an explicit leptonic model, the Higgs triplet cone, has allowed
us to analyze the phase dependences of the whole Lagrangian, starting from its
generating source: the spontaneous symmetry-breaking mechanism. We have shown
that the Higgs sector contains the same leptonic mixing dependences as the gauge
ones. These mixings have been parametrized in terms of a Kobayashi-}askawa matrix

U and the Majorana neutrino phases.

The single charged leptonic currents have always the mixing structure ;Ul,
but for the mass factors characteristic of the Higgs couplinga. This AL = 0

mixing is not related to the Majorana condition of massive neutrinos.

What is peculiar to Majorana behaviour is the existence of a doubly-charged
leptonic current, corresponding to the 'AL| = 2 violation of lepton number. This
current has the richer mixing structure XTUTDZA*UX, where A is the diagonal
matrix containing the Majorana phases and D, 1s the neutrino mass matrix. The
,ALI = 2 plece can be extracted directly from the ¢(++) vertex, but it also
appears when two single charged currents are combined, making the 5-3T contrac—
tion of the neutrino fields. The D, and A* matrix factors come in this later case

from the neutrino-antineutrino propagator.

The A matrix appearing in the IALI = 2 amplitude leads to observable Major-
ana phase effects In the interference terms. We have analyzed these manifesta-—

tions in several processes for which our conditions a)

AL’ = 2 neutrino propaga-
tion, or b) at least two different neutrino asymptotic states, or c) a vertex
with a doubly-charged scalar, are met. For a type a) situation, neutrinoless

double beta decay offers information on the mixing structure
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_ * %

Wlee =55 Uge Uye nyys

which is experimentally bounded by about 10 eV in absolute value. The case b) is
present in processes such as the electromagnetic decay of massive neutrinos and
the ordinary muon decay. For neutrino decay, the corresponding rate depends on
the relative (P phase of the external lines. For the two-neutrino p—decay, the
spectrum of outgoing electrons contains a Majorana effect associated with the
non—diagonal mixing structure WY?ql, when the incoherent sum of neutrino pairs is
made. These mixing amplitudes are also present in a process like the rare decay
pt > etate™, characteristic of a type ¢) situation. In fact, its rate is deter-
mined by the product "hqee||7ﬂue s but it also contains the triplet vev v, not
present in the gauge contributions of the a) and b) cases. From the experimental
Wﬂ < 5.7 « 1078 v2, associated with the

pe
Yukawa couplings of the doubly-charged Higgs.

limit to the rate, we get Imaee

Some care must be taken in trying to generalize our results of the Majorana
mixing effects to other theoretical models for the Higgs sector. Although it
remains obvious that the mixings appearing in the Higgs and gauge sectors must be
related, it is no longer true that they would be exactly the same. This nice
property of the GR model is a consequence of the fact that each component of the
lepton doublets gets its mass from only one vacuum expectation value. If ftwo
different Higgs hultipletu were able to give mass to the same type of leptons,
the diagonalization of the whole mass matrix would not imply that the leptonic

currents of the different Yukawa pieces would have the same mixing structure.

On the other hand, in models with spontaneous CP violation, although our
arguments are not spoiled because the vacuum expectation wvalues are already
enclosed in the fermionic matrices, its phases would appear in most of the Higgs
coupling constants, leading to additional phase dependences which are not related

with leptonic mixings.
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FIGURE CAPTIONS

Fig. 1 : Diagrams contributing to the conversion 1;-+ 1;.
a}) Second-order W and w emission mediated by Majorana neutrinoc pro—

pagation;
b) ¢t vertex.

Fig. 2 : Diagrams contributing to the conversion Vi Vo where (1), (i)

correspond to W and w vertices.
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