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ABSTRACT

We examine an SU(2} x U(1) model incorporating
massive neutrines and CP viclation for the leptons. The model has
"Dirac and Majorana mass terms for the neutirinos and twoe doublets and
one frip]et of Higgs bosons. We consider the implications of our
model for the neutrino oscillations and for the electric dipole

. moment of the Teptons.

1. INTRODUCTION

Recently there ha&é:béen'théoretiéaf as well as experi-
mental motivations for considering massive neutrinos. On the theoretical
side is the result of some grand unified models [1] as for instance
SO(10) where it is natural to have massive Majoraﬁé neutrinos. On
the other side, from the exberiﬁenta1 ﬁoint'of viéﬁ;.the possibility
of neutrino oscillations [2] and the poés%b1e éxﬁerimenta1 measurement
of a mass for the electron neutﬁino”[3j, have encouraged further
investigations on the questioh.of'leptbn number §101ation'and néuhﬁnoJ
masses. Assuming the neutrinos to be.massiﬁe leads us to.ésk if it
is a Majorana or a Dirac particle. In this.paber we-examine in detail
a possible modification of the standard SU(2) x W) model.qu.'The
model we consider has both Majorana and Dirac mass terms, there?ofe

tepton number is not conserved. The particle content is the following:

(i} the left-handed fermions are put into SU(2) doublets as

usual,

(i1) the right-handed component of the charged lTeptons are SU{2)
singlets and the right-handed neutrinos are singlets of both SU(2)
and U(1) , with zero hypercharge s¢ that they are sterile having

only a superweak Yukawa coupling,

{it1) two Higgs doublets of SU(2) giving Dirac masses for the
leptons in the usual way, ithe.reason why we choose two.such doublets

will be made ¢lear further down in this éection,

(iv) a Higgs triplet of SU(2) 1in order to gfve a ‘Majorana mass’
to the left-handed nedtrino] (7],

{v) the Majorama Masses.fnr fhe r{ghf-héﬁééé nédtrinos_are
achieved by a bare mass term [7]. . .

With such modifications of the-standard:m9de1 we can

come close to the experimental limits on lepton number violarting



processes [B8] such as ¢ + ey , u + eee double beta neutrinpless
decay, etc.. The eventual observation of such rare processes, while
not directly indicating one particular grand unification scheme, would
give us some hints as to the minimal scheme necessary for such
unification. Therefore it is of some value to explore the full extent
of a model built within the framework of SU(2) x U(1). On the other
hand experimental indications_of Tepton. number non-conservation will
help td s#]ye the_wg]]-known ambiguities en the nature of the partially
con;grvéd.:muqn _number; i.e. additive or multiplicative [9]. In
this paper we_aré not ;on;efned with:such processes but only inves-
tigate neutrinc osci]1ati§ns and ;ﬁe electric dipole moment of the
Teptons, furthef aﬁp}fcationﬁ of this{mode] will be presented else-
where [é].__ | _

. The Higgs trjp1gt has hypercharge Y =2 (we use the

definition Q = T3 +¥/2) and can be represented by a 2 x 2 matrix,

ot /T ot

A4
34
n

{1.1)

We do not consider the case of spontaneous viclatien of lepton number,
since no lepton number is attributed to the triplet as in the model
of Gelmini and-Roncade¥li [10]. Lepton number is violated explicitly
by the coupling of leptons with the triplet. This is more in_1ine
with our approach of relaxing natural flavour conservation (NFC).in
the doublet sector, as will be explained in the following.

The general mass. term-in cur model, with both Dirac
and Majorana masses, is of the form2 .

o —C —C :
Lm = DwLwR + AwLwL + BwaR f h.c. {(1.2)

The Majorana mass matrix A, for the left-handed neutrinos originateé
from the coupling with the Higgs triplet white B is & bare mass and
D s a Dirac mass matrix coming from the Higgs doublets. A motivation
for considering the general mass term is that rare processes such as
v + ey are incremented as close as possible to the experimental
Timit [11]. On the other hand this is the situation in grand unified
models, 1ike 0(10) with a 126-Higgs which contains both triplet and
singlet SU(2) represewtations with pessible non-vanishing vacuum
expectation values, To impose a vanishing vacuum expectation value
at the three level is not a nmatural precedure [7].

An important feature of our model is the possibility
of having CP violation in the leptonic sector, as we will introduce
two Higgs doublets. There is no reason & priori to expect CP to be
2 good symmetry for the leptons, especiaily if we invoke the symmetry
between quarks and Teptons.

There are two main alternatives to introduce CP
violation in gauge theories. One possibility is through complex
couplings in the weak charged current for more than twe generations
of fermiens, as first pointed out by Kobayashi and Maskawa |12|3.

The other alternative is to introduce a more complex Higgs sector and

~have CP wviolation via Higgs exchange [14]. It is ¢lear that CP

vioTation & la Kobayashi-Maskawa would have very few, if any, observable
consequences for the lepton sector since there is no amalog of the

K® -x° system, apart, perhaps, from neutrino oscillations, in which
case CP violating effecté would be extremely difficult to detect
anyway [13}. The other CP violating quantity of interest is the
electric dipole moment {(EDM), which in the Kobayashi-Maskawa model
vanishes identically at the two-loep level for z single elementary
fermion {quark or lepton) [15]. For quarks this does not imply a

zero EMD, at that order in the weak coupling, since there is the

possibility that strong (QCD) radiative corrections modify this result {16]



or that bound state effects give a non-vanishing EDM for a di-quark
subsystem, thus resulting in an EDM for the neutron [17}4‘ These

two possibilities are absent for the teptons and therefore the lepton
EOM would vanish to fourth-order in the weak coupling in the Kobayashi-
Maskawa model. This pravides one of the motivations for exploring

CP violation via Higgs exchange, where the EDM is not necessarily
small and occurs at the one locp level [14].

There are at least two ways of introducing CP violation
via Higgs exchange. The possibility suggested by Weinberg [14] relies
on three or more doublets and is characterized by the property of
natural flavour conservation [19]. In this mode! we can start with a
Tagrangean which is CP symmetric or net, the minimum number of
three Higgs doublets is necessary in order te guarantee the existence
of at Teast one CP violating parameter, in this case a complex phase
in the mixing matrix for the charged Higgss. T.D. Lee's model |14}, °
on the other hand, makes use of two Higgs'doublets [21] but does not
have NFC and CP violation is spontaneously broken. As discussed in
Section 2, there are no compelling reasons for imposing NFC for the
leptons, so that we adopt inm this paper a model of CP violation
with two Higgs doublets and one Higgs triplet, without NFC. Our model,
is irn a sense, a blend of Weinberg's and Lee's models, CP violation
is spontaneous and occurs via the exchange of charged and neutral
Higgs, but the presence of the triplet is important for the mixing of
the charged Higgs, characteristic of the way CP viclation is
parametrized in a model Jike Weinberg's.

We now give an ocutline of the paper. In Section 2 we
present the details of the model. Section 2.1 contains the discussion
of the Higgs potential and the mixing of the charged Higgs fields.
Section 2.2 presents the Yukawa couplings. Section 3 is devoted to
neutrino osciliations in 6ur medel. Section 4 discusses the EDM of the

leptons.  Our conclusicons are in Section 5. 1In the Appendix we analyse

the structure of charged.and neutral currents.

2. THE MODEL

2.1, The Higgs Potential

As mentioned in the Introduction we need at least two
Higgs doublets and one tr1p1et in order to have both CP violatien
and 3 Majorana mass, ‘without NFC and without having Tepton number
as a gTebé1 symmetry [10]. qu hypercharge aésfgnﬁeﬂt imb]iés that the
triplet is non-hermitian. Therefore we have fourteen real:fields,
eight for the two doublets and six for the tbip]et; The mést general

potential is of the form,

V(8,,8,,7) = - ufelo, - uZele, - 27* % £ h (ote,)” 4
+ h,(0f0,)% + hy(ete,)(efe,) + hH(QTGZ)(éjélj +
+onotete,)? 1 n¥iate,)? « [h;(éf@z) + hZ(@j@,)](@f@l) +
+ [hv(@féz) + h#{@jéz)]{¢j¢z) + fd(ﬁ*.ﬁ}%..+.
+F{278,)(RTR) ¢ L (070,)(R*.A) 4

ad

. _
+ (870, (R ) + Fr(ele,)(RY.A) + FL(01676,) . BT 4
+ k% * St A d

¢ FE(OTETROT) L R 4+ f.(0L670,) . BT & FE(8FETTCR) . T 4

Fo(01ET0,) . nr + fE(eteTrery L R, (2.1)

+

. -r . .
where € =171, and T are the Pauli matrices.
Up this point we have not yet imposed any restrictions on. t": constants
of the potential, but as we will reauire spontaneous CI?_ vioglation,

then these coastants Qil] ultimately be made real.



Expanding-around the vacuum expectation values of the

neutral Higgs fields,

o <A ly B o g h g Gl A ]y otip
vZ

Ay 7 |22l v By
{2.2)
we obtain,
v = -1 a0 - 1 $ira[? - ] 2[a + Ln fa]* + LAY [22]* +
c'"ﬁ" 2 i 3 7 Wz iAz . §~u Tt 1 Fhzlha
+ % (hath ) [A1]2 A2 ] * + % Re[hs(lt xz)z} + %:lkllz Re{hiitArz) +

| . i

£ 3 Dal® Re(hAih,) + ¢ folhsl® + £ el ®[a)® +

£ 21T+ 5 1212 Re(f33Ths) - Re(f A§N*)-Re(F,M50%) -
. |

- Re(fhihad™) (2.3a)

Although we do not show it explicitly, it can be shown that the

minimum of V will violate €P , as pointed out by Lee |14}.

c.n_.
L O .
We also have the auxiliary conditions,

S B S R T P S % (hsthy ) [ 2117 A2® & Re[hs(hfhz}z] +
3 a01% Re(heA®ng) + & 10,12 Refh A% I WIS
FARER! elhsdidz} + 5 1)y e(hsdih, ) + g-r1ll1l [A]* +

s b (A" Re(faafhs) - 2 Re(£uAiA%)-Re(fohyr ™)

o
L)

s (2.3b)

1 . 1
- H§§A2|2+ halAzl" + f(h3+hq)|11|2112!2 + REETE{ATAZ)Z} §'!A1[2 R?(hgltkz) +

3 1 1
* ?lAZEZRe(hTATAZ) ty foir "2+ E{AIZRe(faktkz) _ZRE{fslgiﬁ'RE(felzkzl*) =0

(2.3c)

i

SR PR PY RN SRR R b e +% f2lha ]2 IA %+ [ 2] %Re (Farh,) -

- Re(fy232%) - Re(fsi3A*) - Re(fgh 220"} = 0 (2.3d)

Im [hs(AfAz)Z] F o I1? Im(heang) + 3 Dag|® Im(h,afag) +

£ 3 A% In(EAT,) + 2 In(FA3N%) + In(Fehihad®) = 0 (2.3e)

- m [hsP0)%] - F G Intheabh) - 3 L 1E Im(eaath,) -

- 3 EXIE In(FAT) + 2 In(FaA3NY) & Im(Fehihad®) = 0 (2.3f)

0f the fourteen real scalar fields, three are eaten by the Higgs

mechanisms,

{10102 =019+ Palted -o8%) /2Rl (000 B} /TR TR, 1792 A

{|a1|¢; + | x, e, - |A|n_} AN (2.8}

and hermitean conjugate.

The mass matrix for the charged Higgs is given by,

N ¢F nt ntt
- Az + As As; - iB A. + iB
? T R a— - = ! 0
Pag Ay Aa YZAi A, :
1
. t
- | T As o+ iB A+ As Ay - iB
t1:‘2 -7 = 2 = * ! 0
Ay A ey VZ X2) !
: | (2.5)
1
- A, - iB A, + iB A, + A, ; 0
Y7 AN, VZ Ao A 2ix|? !
]
RGP VG U
n-- 0 0 0 AL E
AP




with

By = 2 Re(fsAin™) + Re(far h2 ™)

A, = 2 Re(fualA™) + Re(fgh a.2™)

1
Ry = = 5 b [0 ]| -Re[hsm’fxz)z] - 3 1 Re(hgithy)
1
- 3 131 Re(haalho) - 1 1A]2 Re(faadh,)
B o= - 2Im{f.23x™y - Im(Fghy ko a¥) {2.6)

B s the parameter characterizing CP vielation, B =0 would imply
CP conservation. Apparently there is another parameter B' , given.

by
8' = 2 Im{fsAZx*) + Im(fehyhan™)

which'would also control the amount of CP viclation in our model,

however, from egs. (2.3e) and (2.3f) we have the constraint,
Im{f,A20%) + Im(fsa20™) + Im(fgr h2n™) = 0

which implies B' =8 .

In (2.5}, the 3 x3 block matrix gives the mass matrix
for the singly charged Higgs. From (2.5) we also see that there is
no mixing involving the doubly charged Higgs, ¥t as expected. WHe
can diagonalize the 3 x3 submatrix in order to obtain the mass

-éigenstates. When performing this, there will appear phases of the
same type as those pointed out by Kobayashi and Maskawa [22]. An
dlternative is to find the expressions for the transition propagators

< &7 &>, <in’> , <é;n*s . As the mass matrix (2.5) still

.10,

'conta1ns the w0u1d be Go1dstone bosons, 1t is a s1ngu1ar matr1x and

in order to ei1m1nate the s1ngu1ar1ty we can add the term AOS S
to this matrix, where S~ s the second expr95510n in eq (2.4},

For zero momentum transfer, we have |23|

of: Lo - ..
cofactor (M+A0}13 cofactor-(M)1J

-+
<Pp.P.> = = £9 .
i¥; 350 det (Wen_) _ o (2.n)

where M is the 3x3 submatrix in (2.5)7. For instance, < ¢ ¢;>

is given by

2 2 z ] 2
< ¢ ¢t FSY R PSR PY. Il .
s = - - ——~ (A,+iB) (A, -iB)
A1z vioa [l [xad al®
- {A1+A,) - {Ay- iB) (2.8)
xz|” fa2]% . :
where
2
vio= (302 o+ ]+ Ing?) o (2.9)
and
A = AjA, + AA; + AGA, - B? | _ _ (2.10)
. < 47 o8> ' i
Therefore, we have for Im (—J —“2C the expression,
Y : -
¢ ¢+>} |}‘.|2 B } . . .
Im |i—220 . 2 (2.11)
[ ATAZ v A. . o

For non-zerc momentum transfer the generalizatizn of

the above expression is straightforward as given by Anselm and "ral‘tsev



a1

[22]. In the case of the neutral Higgs bosons, the mass matrix that
we have to diagenalize is 6x6 , the ﬁrocedure is similar but cumber-
some, however the fransifion propagators as <H;X;> are altways
proportional fo the paramefer B , and we also have CP :violation

through neutral Higgs exchange [20].

2.2. The Yukawa Couplings

With several Higgs doublets giving Dirac masses to the
neutfinos ahd'thafgéd lépfons, plﬁs a nﬁmbéf of Higgs tr%p]ets
responsible fo the Majorana masses of left-handed neutrinos, we-have
the following Yukawa couplings in the theory,

5 L (4] - 8 0
L. = LR r~{ ¢a“L+ ¢u£L) + v = ¢8v

- + by
¥ ¢8£L) + BvRv +

L R

_ ++ —C
L v’?nY e

] +hoe. (2.12)
where we have shown for completeness, a bare mass term for the right-
handed neutrinos. .

The coupling with the doublets is as-in the qhaﬁ<sector
and we could, if desired, impose naturé] flavour conservatiaon (NFC)
[19}. For example, with just twe Higgs doublets, one of them giving
@ mass to the charged leptons while the other givés a mass fto the
neutrinos, we would have NFC. However we see no forcefyl reasans
for imposing NFC for thé leptons, sinﬁef .

(i} the mass difference of the neutrinos is of the same order of
magnitude of their own mass. This is not the situation for hadrons
where %%% ~ 10‘1“ s theréfnre a mechanism has to be found jn this

case in order to suppress virtual corrections of order G;a that

spoil this relation [19].

2,

(ii} the processes that viclate lepton number are much supressed
by the very mass scale of the leptons [24], the neutrinos are very .
stable unlike kaons and we would 1ike to know in what conditions an
extended Higgs sector couid push up the rate for processes such as
u *ey , neutrinoless 2B decay, etc., as close as possible to the

present experimental 1imits.

For the above rezasens we will not impose NFC  in the couplings of
the leptons with the Higgs doubjets.

In order to relax NFC, it is enough to couple several

Higgs with LR and Y in such a way that the coupling matrices

P(a) in eq. (2.12) be not simultaneously diagonalizable by the same
bi-unitary transformation which diagonalizes the mass matrix, M =
= X r¢ Aa , with ka/lﬁ = <¢“> . As we want to introduce a- minimum
nu;ber of Higgs multiplets, with CP wviolation and without NFC, it
is enough to work with Just two Higgs multiplets [14]. Recall that
For badrons, the requirement of NFC. implies at jeast three multiplets.
We have from the beginning a triplet in order to intreduce Majorana
masses and one doublet for the Dirac masses, but dﬁe to our hypercharge
assignment for the triplet, there is no CP violation. This forces
us to introduce another doublet, which will alsc allows for Cﬁ
violation even . if it turns.out that neutrinos are Dirac particles
with or without masses and the triplet absent.

The éonsequences of not imposing NFC for the leptons
are that, (i} the established results relating NFC and non-calculability
of the mixing angles [25] are not valid anymore; (ii) the argument by
which NFC plus spontaneous breakdown of CP imply that the mixing
mass matrix is strictly real for any number of generations and Higgé
doublets [26] is no longer valid and therefore in principle we could
have complex couplings in the charged current. As we are interested
in CP wviolation via Higgs, we will assume the generatized Cabibba

matrix to be real.



3.

With these remarks, the Yukawa term in outr lTagrangian

reads,

—
n

y = T 0D i e By e r ) i e i)

= {2} 0 .t —C 0=C +,—c s
+ Vg A (¢va ¢2£L) + Bupup + kK{vZ n Viv - n (vL£L + iLvL)
-7t Ile_} + h.c. (2.13)

We only allow the coupling of Vo with the second doublet for reasons
to be explained below. Expanding the neutral Higgs as 1in eq. (2.2),
the Yukawa term splits into three parts, the mass term, and the

neutral and charged parts,
L =1L,6+ L, + L {(2.14)

Let us first consider the mass term:

* *
L, = L P(]) A, F(z) Al g & A(z) Az yoo4 eSSy, 4+
MTR| S sl TR 7 L 2R
+—"KGEvL + h.c. (2.15)
'3

Up to now our formulation has been valid for any number of generations,
however in the following we will restrict cur discussion to two
generations (electron and muon), for the sake of simplicity.

Already specifying for the case of two generations, let
us now rotate the Dirac fields to the physical basis, by the following

. . 8
ynitary transformation

\JI
e
N L,R y
L L,R

4.

The mass matrix for the charged leptons is brought to the diagonal

form by a bi-unitary transformation,

v, ir AL 4 p 22l v zM, = 2.1
R [ vz J’Z] R [o m'u] Lo (817

For the neutrinos, the mass -term is-as*iw eq. (1.2).  ‘Tntroducing’

the Majorana fields x and w ,

- c . - [~
X = v + v H w = vp + vp " ; (2.18)
the mass term can be written as,
2 : Az F(z)
- 2 2 V7 X
(x w) - . (2.19)
1 . :
lgP(Z) .
2 /7
With only a Dirac mass term, the situation would be simple,
D, 0 .
urlEh Ae ytoooy L 2.20
R /3 L ( }

In eq. (2.19) we have a 4x4 matrix s which can be diagonalized as,
T ' : '
W oMW = MD (2.21)

where W is a 2x4 unitary matrix., A convenient parametrization

for the matrix W it the following [11],



L5

u, 0 _
{_L_ ] o .
0 Uy . _

With this form we can diagonalize first the off-diagonal terms of

=
[0}
a—
]
) 1
O} )
——

eq., {2.19) using {2.20).  In eq.'(Z.ZZ) € and § are 2x2 matrices

whose elements are = coseiﬁij and sij = seneiaij . Thls is a

consequence of the fact that already with only one generation a Dirac

C'Ej

neutrino splits into two Majorana newtrinos having different masses,
in the presence of both Majorana and Dirac mass terms [7].

He now have,

X KU[I _
¢ -5l (¥, —— M. c 3
T L3
WM W = _ (2.23)
. = -1 - -
s ¢ M2 - URBUR -5 [
As in general UL KUE1 and URBlj;1 are not diagonal, we have two

possibilities. The first is to impese that « and B be each

proportional to the idemtity matrix;

-
[
n
=
(=]
M
n
ca
[=2]

(2.24)

.. H B.. -
vz 1] 1] 1]

which implies the same Majorana mass for all meutrinos of a given

handedness. The second alternative is to assume that « and B are
diagonalizable by a similarity transformation via the matrices UL
and U

R
mass matrices are proportional to the square of the Dirac onesg. We
will adopt in the following the first alternative since it is less
restrictive and because we are interested in the general features of
a model with both Dirac and Majorana masses independently of the

specific values of masses and mixing angles, which after all are.not

well known experimentally.

respectively, it then follows from (2.23) that the Majorana

After the rotation to the physical basis we must
consider the form of the mixing matrix appearing in the charged
current., This is done in the Appendix.

Returning to the Tagrangean given in eq. {2.14), the

neutral and charged parts are given by,

L= £ &i Hy-ixy) F{l) £ Af (Hz‘inz I‘(2) 2+

SN A N |l .
)\-2 (Hz+iX2) - A - —c
w520 2TeTRA2l oAy o+ - (o+ip) VE Y, + h.c. (2.25)
V2 e L 2 L L
-— 1 - - — —_—
Lc = ER T() ¢, + P(z) 9, VL T VR ¢: £L - Kn+(vE£L + ZE ?L) -
- vZn'T ZE g+ hec, (2.26)

Since by aq. (2.17), it is the sum Af F(l} + A F(z) that has to be
diagonalized instead of each of them separately, the parametrization
of T, or T, are rather arbitrary and dis not of the familiar
generalized Cabibbo form. As a simple way of reducing this arbritariness
and obtaining a Cabbibo form, we reguire r(z) and A to be
properticnal. However, allewing for an arbritary constant of pro-
P(z) and A , then the scale of flavour non-

porticnality between

censervation would no longer be controlled by the heutrino mass scale.
10 )

For this reason we use in the following an eguality -,

S A (2.27)

With UL,R and V¥

are written as,

LR defined in eq. (2.16), the Cabibbo matrices



a7,

ig iB
R . R
Cp® _ SR e
-1
v, U =
R R ivg 18,
“sp € cp ©
(2.28)
r iB
L
CL SL g
-1
VL UL = )
-15‘_
S ¢ ‘L
: = ) = g i
where CL,R cos L.R and SL,R s1n8L,R . In the Appendix we show
how to arrive at the above result. WNotice that in LN and Lc-,eqs.

_(2.24) and (2.25) there will be both left and right wmixing angles.
Since the right-handed neutrinos are sterile, a mixing among them has
no observable consequences in the weak charged current, 0On the other
hand the right mixing angles will only appear in the neutral and
charged Yukawa couplings always multiplied by the neutrino masses and
together with the corresponding left mixing angle, therefore even if
Bp is non-vanishing it will be a difficult task to detect its presence,
For these reasons we make eR and the right phases'vanishing.

With respect to the phase B in (2.28), we notice
that it is a potential source of CP violation., For the reasons
gxplained before we also make BL =0 .

With these remarks L and Ly in egs. (2.25) and

c
(2.26) can be written as,

*y =1
e A2 - - = BT - BT
L o= [“_] ¢, [(mecose D} Bp VoL * m singepv mus1neuRveL +

R ut

L
- Aa - — —
o+ (mucose—Dz) uRVuL} + [;E] b, [D1 epvaL + D, “RVuL}

RuL + D, s1n9vuRgL +

-1
- /7_{;%J ATt [gﬁgL + UE“L] +.hoe. L s (2.29)
and
H] _ : _ : '.- . _ -
LN = ™ (me—chose)ee + (mu—chosB)uu + Dlsme(eRuL + uLeR) -

. . R

_ . — — i ¥ _ : e . E ‘ _ _
DZS‘"B{”REL + ELUR)J + ™ [(me Dicos8ley.e + (mu D2cos0}uysu

- D‘S‘"G(ER“L - uLeR) + 0251R8(UREL - eLuR)] + [Dlee +

P¥
+ Dpup - Dxéine(ERuL + ﬁLeR) + Dosing(ipe, “+ EL“R)} -

- -}-*LZT [D1COSGEYSE+ DacosBuy,u - Bisinb(Epw - B ep y o+ DzsinB{'ﬁReL -
Ao

) etpR)] ' E;:T (0¥ *Da¥y v - Dl (Div¥gvg + D2y ¥e¥,) &

. A, ¢ . oE B -
+t&3 th@LveL+'vuL“uL T VeLVel ¥ vuLvuL) +

: C
NN s v YL v i
* 1[§J Aovever® VuLVul T Ve Vel R o (2.30)

Coming back to eq. {2.19) and remembering the restriction
on the matrices given in eg. (2.28),.we can identify the. generalized
Cabibbo matrix WT from za, {2.22}. In this way, we can.exaress
the phenomencisgical neutrines {Unprimed fields) in .terms of the2 mass

eigenstates {primed} as follows,
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: { TC; - SCi . €Sy
j-sc, cC, ~58
= {2.31)
-S3 D £z
1 8 -s, o

Hsing A and B 'défined in {2-24),.the mass eigen-

values are gives by
_BeA _ 1 Tp2 . jﬂ?fz
® =7 ~3 [P * (R

{2.32)
; + 142

and tamzes = - méygmemy with i:='1,2. The angles Bi could be
called Majorapa mixing angles since they are characteristic of the

spiitting of a Dirac seutrino into two Majorana ones [7].

3. NEPTRIND OSCILLATIDNS

e npw explore the conseguences of the mixing matrix
{2.31) for meulrimo osciliatioms. For iwo generations the phenomeno-
logical meutrimos {the weak sigenstates) will evelve in time as

4 -iEt 2 2 c
§vjl(t)> = kgl ij e {92} Hkp §VPL> + 323 Hkq]qu>} {3.1)

where ¥ is taken from eq. {2.31).and E, is the energy of the k-th

mass eigenstate (k = 1,2,3.,4 for 2 generations}“_

We show the expressions for some of the pessible

transitions that will occur in our model:
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P, LY L(t} = c“[c§+s§+2c§sicos(E,-E,)t] + s“[c;+s;+2c§s§cos(E2-Ek)t]+
el e

+ czsz[Zcfcicos(E,-Ez)t + 2cistcos{E,-E;) t +

+ 2c¥slcos({E,-E )t + Zsﬁsicos(Ea-Eu)f] (3.2a)

P, o L(t) = czsz[c§+s:+2c§sfcos(E1-E3)t + c3 + 55+ 2¢5s5c08(EE )t -
el u '

- 2cicicos{E,-E,)t - 2cisicos{E,-E;)t - 2cisicos(E,-E, )t -

- Zsisicos(E3;Ek)t] (3.2b)

Py e (t) = 2c®¢isi(1-cos(E,-E;3)t) ’ (3.2c)
el el

P, syc (t) = 2s?c?si(1-cos{E,~E ) t) (3.2d)

el b .

There are also the analogous expressions for the osciilations

c C . .
v > v v -+ v .
ul L and u ol Notice that even in the absence of

mixing beatiween the two generations (8=0) , there will occur a depletion

of fluax intensity for Vo beams due to the osci]]atfon within the

same generation {VEL d V:L) » in which case equations (3.2} become,

P (t,e=0) = 1 - % sin? 281[1-cos(E1-E3)t] (3.3a)
Vet Vel

= 21 sz _ .
P?eL+“§Et’e_0) = % sin 291[1 cos(E, Es)t] {3.3b)

We consider now some particular values for the Cabibbo
and Majorana angles and present the probabilities of oscillation in

terms of R , the distance from source to detector anmd L , the

i3
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oscillation length [2] expressed in meters as:

2.53 p/MeV ' o '
L - 5—3—7%£;7; n o N (3.4)
where p is the neutrino momentum and 'smgj = im%-mgl with m; the

neutrino masses given in Eq. (2.32). A first possibility is to choose
for © the same value as the Cabibbo angle for the quarks, as is
suggested in some models of grand-unification [27] as well as by
experimental analysis of reactor data [28]. Other phenomenologically
suggested value for @ s _e=50° [29]. For the Majorana mixing
angle, for each generation.we use a value ei=IQ'2rad., following the
analysis given in [11]. This value fér 6, Tleads to a branching
ratio B.R. (u+ey) n 107" which is below, but’not so far from the

present experimental upper Timit, 1.7 x 107t [30].

For the first set of angles, 6= _=13° and 8,510 rad.,

P R) - 0.90 + 0.10 cos 2T (3.5a)

. Vel Vel L1z :

P (R) - g.10 . 27R 3.5b
.\)eL+\)uL 1 (1 cos le) . ( )

while for 6=509 and 91=10‘2rad. we obtain,

R) = 0.52 + 0.48 cos 218 (3.6a)
Vel Vel 12
P (R) =0.48 (1 - cos %13 . (3.6b)
Val VL 12

We have only shown the dominant oscillations. It is important to

. . [ ¢ . .-
notice that the oscillations Vel +veL and v +vUL which could in

L
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principle lead to an apparent non-conservation of probability are,
for the above valiues of "8  and’ 6% ', completely negligible, “For

typical reactor energies of 5 MeV and R of aboit 10'm, the maximal

~effect would occur for &m?, = 0.32 (eV)? , which is not an unreascnable

value for the mass difference to which reactor experiments may be
sensitive [28].

The value used above for the Majorana mixing anglés
imply an hierarchy for the mass parameters A, B and Di which appear
in (2.32), A, B and D, are of order. 107’ , 10% and 10 gev ,
respectively, as pointed out by Cheng and Li [11}. We call attention
to the fact that within this scheme it is possible to obtain for
Smgj values of the order of a few-ténth_qf-(e\l_)2 , keeping the.
Majorana argles for each generation equal up to 10'20. With this

choice of parameters, m% , the other mass eigenvalues in eq. {2.32},

are much larger -than mé , being of the $amé order as B.

4, THE ELECTRIC DIPOLE MOMENT OF THE CHARGED LEPTONS

The most immediate consequence ﬁf CP- violation in
the Yeptonic sector is & non-vanishing electyric dipole moment
for the charged Teptons. Ks a matter of fact the exbef{mehtaT upper
1imit on the EDM of the electron is'almqs;-ﬁsfgbb& és'for.the
negtron (317, o ) o
2.4

D, < 2x10 eem ¢ (4.1)

while for the muon the experimental 1imit is [32],

Dy < T x107 " ecm . o T ey

In our model, the EDM for the charged ieptons is
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given by the diagrams in Figs. Ta and b, which can be calculated
using the couplings given in Eqs. (2.29) and (2.30).. The neutra1

Higgs contribution from Fig. la gfves the following result,

<H1X;>
2
{

<HyX>

- _ Pn2 -
De(neutral Higgs) = m DiD:5in%0 F(mu)

.4
.me(me-D1§ose) F(me) + WE m

1

<H2X2 ) <H2Xz>

- DicosB'F(m ¥ + ———m DyDssin®e F(m ) (4.33)
[l ® R L g
C<HaXa» 2 <HyXy> .,
Du(neutra1 Higgs) = -—;:IE— mu(mg-chasB)_ F(mu) - NE meD;Dzs1n 8 F(me) -
. . 1
- ——————m. Dcosd F(m ). - = m_D:D25in%0 Fim_ } {4.3b
TWE. 2 u TR e

In the above equations F(x} 1is given by,

Flx) = —— en my/x? (4.4)

where m, s a typical mass for a neutral Higgs boson. Notice that
we havé not.diagona11;§d the mass matrix for the neutral Higgs scalars
and have used instead the transition propagator <Hixi> as mentioned
at the end of section 2.1.

_ For the charged Higgs contribution to the EDM (Fig.
1b), we have to be careful since the intermediate fermions lines are
of two types, Xi and w1, associated with mass eigenvalues my and
m%., respectively. There are four contributions to this diagram.

For the diagrams invelving a X-line, we use the approxﬂgatio;ﬁ
>>-€}->>1_

2
me,u My

m;/m: >> 1 , while for- those involving an w-state, we use
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This is in the spirit of our choice of ei , made in the last section,
where an hierarchy B >> Di >> A was used. With these approximations

we obtain for the charged Higgs contributions,

De(charged Higgs)

- Im A = [{mecose—D1)chosae cosf; sind, +

+ méDzsinze €059, sinel] o (M G(my) - mG'(m})) +

+

Im A ({mecose-Dl)Dzsinzﬂ cosBz sindy +

+

meDgsinze co$6 cosf, sinez} o (mpGime) - mG'(m})) (4.5a)

%ﬁchargedfﬁggs) Im A » [(mucose-Dz)DlsinZB sin®, cosd; +

+ muDlsinze cos® x cosf, sineJ = {m,G{m, ) - mLG‘Uﬁ)}}'

+

Im A » [(mucose-DZ}Dacosze cos8, sin@; -

- muchose sin%0 cosd, sinez} } (mZG(mz) - méG'(mg)). (4.50)

With the approximations mentioned before, G(m;) and &'(m:) are

given by

1
G(m;) = -
1 32w° m;
and : (4.6)
12
1 5 g
6 n) - [ - 2tn _}
1 2 $2 4 2
81 m,i My
<¢;¢:>

In the above expressions ImA means Im » as in ea. (2.11},

*
Ay,
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bu{ with the restriction that the momenium dependence of the Uansiﬁon
pfupagator has atready been taken into accouni in the loop integration,
therefore ImA has dimensions of inverse mass squared and in it the
bn{y dimensional quantity is (Asz)'l . However, it is important
to remémber, that Im A contains the mixing parameters from the
transition propagator. We have not displayed the contributicns from
'the.mixing between ¢, , and n since they are less important being
supressed by the smallness of the Majorana ﬁixing angies chosen
at the end of section 3.

Now, for the numericail estimates of {4.3) and (4.5).
For the charged Higgs contribution, the dominant term, will be the

same for the muon and the electron,
De u(charged Higgs) = I:Irn A/{Gevﬂz)'} x 4 x 107 % ecm . (4.7)
ar -

The experimental upper Timit on the EDM of the electron [31] implies,

-2

ImA < 2.5 x 107" eV (4.8)

We should not be worried about the smaliness of this value for ImA
since it does not necessariliy imply a large mass scale in the Higgs
sector {remember that we have been assuming a Higgs mass around

10 G2Y¥). The reason for this is that, as remarked before, Im A
contains mixing angles for the charged Higgs and these can provide
‘additional suppresien factors. Furthermore if }Ail takes the maximum
value allowed by their contribution to the masses of the W and Z

_bosons, then EAi- 1600 Ge¥ and we oniy need a suppresion factor
from the mixing angles of the order of 107" , wiich is quitereaﬂméb]e
a value.

The neuira)l Higgs contribution to the EDM 1is of the

same order of megnitude a3 the charged one, provided llii has just
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the magnitude mentioned above, . {A ! ~ 600 GeV , in which case our

scheme is consistent with a Higgs mass arcund 10 GeV.

5. CONCLUSIONS

He have invégtigatéﬁ.iﬁ.this paper an SU(2)xU(1} model
for the leptonic sector, displaying both massive neutrinos and CP
violation. We have explored thé consequences for neutrine osciliations
and the electric dipole moment of the chérged leptons. It has been
shown that for a reasonable range.of the values of the Yukawa couplings
and parameters of the Higgs potential, the model could have testable
consequentes for neutfino gscilTations and for the EDM. One of the
characteristics of'éur mode11i$ that the eléectron and muon turn out
to have comparable electric dipole moments. In particular, we think
it is worth trying to improve the experimental upper 1imit on the
lepton EDM, since with this kind of medel, it segms.nétua&L.ta"thain
for the EDM, values around 10'25'ecm. For the neutrinos, since the
mass eigenstates are Majorana particTes, they do not have siatic
electromagnetic.form Factors, however they do have electromagnetic
transition moments.. As ouf model exhibits CP violation, the magnetic
and electric transition dipé!e'momenfé will be of the same order of

magnitude and this could be a distinguishing feature of this type of

model. This last point will be exp]ored elsewhere,
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APPENDIX

We summarize here the consequences, for the charged

and neutral currents, of having 2 (2n x 2n) mass matrix, where n

We first deal with. the charged curreat, which is of

the form,

T v, v (R.1)

vhere £ is an array matrix containing the n-charged ieft-handed

L
tepton fields and v the nrphenomeno1ogical teft-handed neutrinos.

After rotating to the physical basis, (A.1) becomes,

E I (4.2)
Before examining the meaning of (A.2) for The case of Dirac and Majorana
mass terms, we briefly recall the_pure cases: either Dirac or Majorana
masses. In both cases the neuirino fielas which appear in the charged
(reutral) current are those in the mass term, i.e., ¥ denotes
n-mass eigenstates and U is the (n x.n} ;mixing matrix, as usual.
The basic difference between Dirac and Majorana masses is now the
number of phases in U , since in the Dirac case there are -%(n<1ﬂn—2)
phases as is well known, while in the Majorana case there are %-n(ﬂ-l)
such phases [13]. However, in most models it is not possible to
obéawe this difference in the ﬁumber of phases in phenomena like
oscillations. Nevertheless, in certain types of models a la Konopinski-
Mahmaud-Zel'dovich [33], or in phenomena other than oscillaticens, it
is possible, in principle, to abserve this difference [34].

We now return to the general case in which we have

e
both Majorana and Dirac mass terms. Tnere are now % {3n*-n) phases
and % {3n?-n) mixing argles [35]. The matrix U in (A.2) s
rectangular, {n x 2Zn). In our model, however, the matrix U = W,

has a particular form, according to eq. {2.22}. From the beginning
ve consider a rzal Majorana mass métrix so that the only phase must .
come from the sub-matrix UL in eg. (2.316). This is (n x n)} but
there are only n-charged lepton fields to absorb phases, then despite
our matrix being (2n x 2n) the number of phases is only %-n(n—1} .

This explains the form of VLU[l in eq. (2.28). For the right-mixing
-1

7

Yalp

{s not possible to absorb the phases in the charged leptons.

matrix, u as we do not have right-handed charged currents, it
For the neutral curcents the situation is similar.

fn the physical basis, it is given by,

N g .
¢L Yﬁ ¢L {(A.3)
where U' s a (2n x 2n) matrix UL =W wl. , ey Zh
I NI L T IR 1o
and k = 1,... n . U has, in general, non-vanishing off-diagonat

elements, implying the existence of flavour-changing neutral currenis.

For instance, with (2.22) we have,

c? 0 c,s, 0O
oo o 3 0 €,5, ()
€18, ¢ 51 0 ’
0 C,5, O 52 J

- The phenomenology of such flavour-changing neutral currents has been

already analysed in the literature either in the case where the
rectangulay character arises becavse of the simulianeous occurence
of Dirac and Majoranc mass teras §3Gj or because of the presence of

m{m<n} right-handed neutrinos [37].
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FOOTNOTES

1. 0f course, we could give & Majorana mass with a singlet Higgs,

but only via radiative corrections, as shown by Zee [5]. The

phenomenology of this model has been explored by Wolfenstein [6].

Notation: §° = €% y* = CT', where € = 1v*+°

o

(v )% = (%)p -

In the case of Majorana neutrinos, the CP violating phases in

the Kobayashi-Maskawa matrix, already occur for two generations [13].

It is possible, however, to have a significant contribution to
the EDM, at the two-Toop level if there are flavour-changing
neutral Higgs bosomn couplings and atl CP violation coming from
the charged current [18]. We do not consider this possibility
in the following and assume that the charged current couplings

are real.

It is also possible to have CP violation through the exchange

of neutral Higgs bosons [20].

0

The vacuum expectation .values of ¢? R and 1 give masses to
3

the W' and z° bosons. We now have,

_ Mw ]2 Tagl? + [r2|® + (a2
W

MZ cos@ Hﬂz +|A2l2+21?\52

1

so that 7§ 0% T . To be consistent with the data on p , within
A
one standard deviation, we must impose, ————L—L———— < % {7}.
gt Iyl

1 J

. ¥, and wT may be members of the doublets or of the triplet.

The primed fields denote the mass eigenstates.
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9. A relation Tike this, between Majorana and Dirac mass matrices, - ‘ FIGURE CAPTION

abpear in some models of grand-unificatjon [27].

10. This is also the reason why we have not coupied the Vi and the FIG. T - One Toop Higgs exchange diagrams contributing to the EDM

&, -doublet. of a charged Tepton: a) neutral Higgs, b) charged Higgs.

11. In our notation, k = 1,3 are related to the electron neutrino

and k = 2,4 to the muon neutrino.

al b}

FiG. 4



