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ABSTRACT
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may also substantially affect the propagation properties of solar and astrophysical
neutrinos.
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1 Neutrino Masses and Non-Orthogonality

In the standard SU(2),5 @ U(1) 1 te ec roweak model there are no gauge invariant
interactions that can lead to non-zero neutrino mass [l]. As a result all lepton
flavours as well as total lepton number, L *, are exactly conserved. On the other
hand, it is clear that neutrino masses are much smaller than those characteristic
of the charged fermions of the standard model, if not zero. The clue to this puzzle
may lie in the fact that neutrinos are the only electrically neutral fermions in the
standard model, most likely expected to be Majorana particles. How can we then
understand this relative smallness of neutrino masses?

An attractive way to understand the smallness of the neutrino masses is through
the addition of right handed neutrinos. While this may seem ad hoc from the
point of view of the standard theory, the situation changes in theories beyond the
standard model where often one is forced to add right handed (RH) neutrinos
in order to realize a larger gauge symmetry such as left-right, grand unified, or
superstring-inspired symmetries. Alternatively Majorana neutrino masses could
arise as radiative corrections and therefore be naturally smaller than the charged
fermion masses. These mechanisms are illustrated in Fig. 1.

When the physical mass-eigenstate neutrinos are Majorana fermions total lep-
ton number is broken and CP is violated even in a 2 generation world [2, 31, in
contrast with the quark sector. CP violation at this level may also occur even when
the physical neutrinos are massless, provided iso-singlets  exist. Here I will focus on
the possibility that deviations from the minimal massless-neutrino scenario arise
from the existence of extra leptons. In this case the gauge currents contain addi-
tional couplings involving these neutral heavy leptons, as shown in Fig. 2. The
expected pattern of weak interactions of massive neutrinos is then considerably
richer than that characteristic of the quark sector.

New physics in the lepton sector may arise in neutrino mixing models both from

*Total lepton number is defined as L = L, + L, + L, In unified models the combination that

often appears is B-L, baryon number minus lepton number. From our point of view here these
are equivalent.
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Fig. 1 : Mechanisms generating small Majorana neutrino masses

a) b)

Fig. 2 : Couplings of the neutral fermions to the standard charged and neutral intermediate
vector bosons.
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neutrino mass and from the effective non-orthogonality of the flavour neutrinos
produced in weak decays. Although these features are often present simultaneously
they are a prioriindependent. For example, processes such as /J t e+y, p t 3e, p-
e conversion in nuclei, etc. can proceed at observabIe rates even when the physical
neutrinos have no mass. It follows that experimental searches of “rare” processes
should be carried out in addition. to direct searches for neutrino mass, since they
probe complementary aspects of lepton physics.

.
i- -Models

The models discussed here can be implemented in several gauge theoretic frame-
works. For simplicity and generality I base the discussion on the simplest SU(2)L@
U(1) gauge structure. To the fermion sector of the standard electroweak model,
consisting of the following set of (left-handed) fermions (repeated over generation
index, ;)

and manifestly asymmetric between quarks and leptons, we now add a number of
is-o-singlet neutral leptons. There is no constraint on the number of isosinglets that
can be added to eq. (1). The models also illustrate the important role played by
B-L symmetry in lepton physics. To simplify the discussion I first consider the
simplest possibility where B-L is broken explicitly or unbroken. The basic Yukawa
terms leading to charged fermion masses are completely standard and these models
differ only in the neutral fermion sector, as follows.
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2.1 The Seesaw Model

In this model one adds one isosinglet right handed neutrino denoted v,’ t for
each generation of isodoublet leptons, thus completing the table in eq. (1). The- _
existence of isosinglet leptons brings in the possibility not only of Dirac mass
terms for the neutrinos (analogous to those of the charged fermions) but also of
gauge invariant, L violating, Majorana mass terms. The physical neutrino masses
are determined from the corresponding neutrino mass matrix (in the basis (v, v”))

. WI-- _ , I.
(2)

where the matrix Dij is the Dirac mass term for the three RH neutrinos, and MRij
is an isosinglet mass term, added as a bare mass. The resulting neutrino mass
matrix after diagonalizing out the heavy fields is ~~~~~~~~ = DMi’ DT where MR
is the Majorana mass for the right handed neutrinos.

2.2. The L-Conserving Model

This model includes in addition to right handed neutrinos, an equal number of
gauge singlet leptons Si. The neutral fermion masses are restricted by imposing
the exact conservation of total lepton number, thus ensuring the masslessness of
neutrinos in the presence of the extra singlets. In such models total lepton-number
symmetry is impos ,d while in the standard model it is automatic. This restriction
leads to the following form for the neutral mass matrix (in the basis V, vc, S)

(3)

where the Dirac mass term coupling an SU(2)L doublet VL to an SU(2)r,  singlet
vc is described by the matrix D while the other Dirac mass term described by the
matrix M couples together two electroweak singlets vc and S. Hence one expects

t Right handed fermions are described in charge-conjugate notation.
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the corresponding coefficients Mij to be large compared with the characteristic scale
for the elements Dij which are proportional to the standard Higgs VEV responsible
for electroweak breaking and charged fermion masses *. The three light neutrinos
are massless Weyl neutrinos while the other 6 neutral 2-component  leptons combine
exactly into 3 heavy Dirac fermions. However individual leptonic flavours are

violated in this model despite the fact that physical neutrinos are strictly massless
17, 81. The corresponding form of the gauge currents is given in ref (7, 8, 91 and is
briefly discussed below.

-- _.

2.3 The p-Model

A variant of the previous model may be obtained by introducing total lepton num-
ber violation e.g. through a non-zero Majorana mass pij for the 5’; [8] in eq. (3)

(4)

This leads to small neutrino masses determined from ML = DM-‘iMTvlDT  and
to the possibility of neutrinoless double-beta decay. In this case the six heavy Weyl
leptons split and no longer form three Dirac particles exactly. For sufficiently small
p they will form 3 quasi-Dirac heavy leptons [l l]. Most of the results also apply
to this variant of the model. In particular leptonic flavour and CP violating effects
need not be suppressed by the smallness of neutrino masses.

tA mass matrix of the form given in eq. (3) has been suggested in several theoretical frame-
works such as in superstring-inspired models [l, 5, 61. In this case the zeroes of these entries can
naturally arise e.g. due to the lack of Higgs fields that could provide the usual Majorana mass

terms needed in the seesaw mechanism.



3 Weak Gauge Currents

The physical mass eigenstate leptons are identified by diagonalizing the mass ma-
trices in each of the above models. This leads to the following ge.neral  form for the
charged current leptonic weak interaction

“9w- E
+Jz p

L yp [Ii’&, + KHNL] + H.C. (5)

where V’L are the light neutrinos and NL are the neutral heavy leptons. The mixing
m&ix K describing the charged current leptonic weak interaction is made up of
two blocks [2]

I< = (Iig&) (6)

where the second block describes the coupling of the heavy leptons to the standard
gauge bosons, Fig. 2. If one takes as starting point the weak basis where the
charged lepton mass matrix is diagonal, these submatrices may be written only in
terms of the matrices that diagonalize the neutral leptons. The expected magnitude
~of the elements of the n x n submatrix KH may be severely limited by observational
restrictions on the neutrino mass. For example in the seesaw model one has

while in the p-model one has

( 1
112

Gi- mode’ =o m,
P

(7)

(8)

The smallness of the neutrino masses implies the smallness of the NHL couplings
in eq. (7) and eq. (8). However, in the second case when ~1 4 0, m, 4 0 so that
KH + const, as in the massless neutrino model of section 2.2. In this case the only
constraints that apply on I(H are those that follow from universality considerations
(see below) 5. In contrast the my constraints that apply on eq. (7) are much more
restrictive due to the large MR value required in the seesaw mechanism.

§The detailed forms for K in each of the models discussed in sections 2.1 and 2.2 above have

been determined in ref [l, 121  by diagonalizing out the heavy fermions with the method of ref

P31.

7



The corresponding neutral current expressed in terms of mass-eigenstate neu-
trinos is determined by a projective hermitian matrix P given in terms of K as
P = KtK and takes the form [2]

There is no Glashow-Iliopoulos-Maiani mechanism due to the admixture of fermions
of different weak isospin in the currents. As a result, there are neutral current cou-
plings connecting light to heavy neutrinos, and in general off-diagonal couplings
involving only light (or heavy) neutrinos among themselves [a].

In the L-conserving model or the p-model these new couplings may be con-
siderably enhanced relative to the seesaw model expectations. As a result many
processes become potentially detectable.

In the absence of a detailed model for the mass matrices all one can say about
the parameters involved in the rectangular matrix I( is that they consist of n or-
thonormal row vectors, i.el liLli’L + Ii’~1<k = 1 (n is the number of generations.
This imposes restrictions on the products of these n row vectors that eliminate
n(n - 1) + n parameters [n(n - 1) are orthogonality relations and n are normaliza-
tions]. Of these, there are n unphysical phases that can be eliminated by redefining
the phases of the charged leptons through a diagonal matrix of phases w,. This
leads to a total of n(3n - 1) real parameters describing the seesaw model weak
leptonic currents! This counting plus an explicit parametrization was given in ref
[2]. The charged current weak interaction of leptons is clearly far more complex
than that of quarks because of the possible Majorana nature of the neutrinos 12, 31.
In addition there can be light-heavy mixing as well as CP violation [12].

Depending on the model, there may be additional parameters that can be elimi-
nated by redefining the neutral leptons. For example, in the model of section 2.2, as
a result of B-L conservation, it is possible to transform the heavy Dirac neutral lep-
tons through a diagonal matrix of phases UN and the massless neutrinos through an
arbitrary unitary matrix U,. Under these transformations the submatrices ILL, Jill
change as follows, ILL ---f  wdlr’~U,  and l<H + W,~I<HWN.  The net number of physi-
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cal parameters in I( is then obtained as 2n x 2n - n(n - 1) - n - n2 - (272 - 1) =
n2 + (n - 1)” independent parameters. These split as follows: n2 mixing angles
and (n - 1)” CP violating phases. This number of parameters still exceeds q those
needed to describe the charged current interactions of quarks despite the strict
masslessness of the physical neutrinos. In this model one can not eliminate mixing
even if the physical neutrinos are massless. Moreover, there is CP violation even
if there are only 2 families of massless neutrinos involved.

Laboratory experiments constrain isosinglet NHL admixture IcH in the gauge
cuirents eq. (6) and eq. (9). For example in low energy weak decay processes
only the light neutrinos can be kinematically produced and from eq. (5) one sees
that the coupling of a given light neutrino to the corresponding charged lepton
is decreased by a certain factor. This would lead to universality violation in
low energy weak decays [14] such as ,B decay and p decay, e - p universality
in K + 12 decay, T lifetime, etc. These constraints have been summarized in ref
[14]  as (Ii’~KA),,s4.3 x 10m2  ,(K~li~),,~O.8 x 10m2  and (KHK~),,~~O x 10m2.
If light enough the isosinglets would also be produced in charm and beauty de-
cays; etc. and these have been looked for in beam dump experiments. A tighter
constraint extending up to the 10 GeV range has recently been obtained at Fermi-
lab using the wide band neutrino beam. So far no direct constraint exists above
20 GeV or so. To extend the limits on the possible existence of neutral heavy
leptons to high mass values (or discover them!) high energy accelerator exper-
iments are needed. LEP/SLC experiments can probe isosinglet NHL mass and
coupling strength parameters far beyond the range accessible to othcl laboratory
experiments [lo].

When the presence of neutral heavy leptons also engenders non-zero neutrino
masses, as in sections 2.1 and 2.3 there are additional, stronger limits on the
attainable rates for new physics that follow from astrophysics and cosmology as in
eq. (10).

(Note however that it is considerably smaller than the corresponding number of parameters
describing the weak interaction of the leptons in a model without total lepton number conserva-

tion, such as the seesaw model or the p model.
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4 Majorons and Neutrino Stability

Many aspects of lepton physics depend on whether B-L symmetry is broken and
in this case, what is the corresponding mass scale and the nature of this symmetry
breaking. In a. theory where B-L is a local gauge symmetry one expects it to
be broken as there is no evidence for the existence of a light intermediate gauge
boson coupled to it. This is the situation in left-right theories [l] and also in some
superstring-inspired models [15].  Alternatively, when an ungauged B-L symmetry
is violated in a spontaneous way it leads to a massless Goldstone boson - the
Majoron  - denoted J. It provides neutrinos with new interactions [16, 13, 8, 171
that can play a very important role in astrophysics and cosmology.

Majoron  emission generates new stellar energy loss mechanisms: once produced
in a stellar environment, in Compton-like processes e.g. y + e --$ e + J the weakly
coupled Majorons easily escape. Suppressing the resulting energy-loss requires a
stringent limit on its coupling to electrons [18].

Light neutrinos (of mass less than O(lO0 KeV) or so, depending on the specific
model) that only have the interactions prescribed in Fig. 2 are cosmologically
stable. Their contribution to the present density of the universe implies [19]

c Em
i 2

“I s970,h2eV (10) -

where R,h2 2 1 and the multiplicity factor g; = 2 for the models discussed in
section 2.

The possible existence of non-standard interactions of neutrinos due to their
couplings to the Majoron  brings in the possibility of fast invisible neutrino decays

PO, 81.
v’ ---f  v + J. (11)

where J denotes the Majoron. These can be much faster 11 than the neutral-
current-mediated neutrino decay v’ + 3v [2] that follows from Fig. 2. Invisible

IIAlthough  this was shown in ref [13] not to hold in the minimal versions [16]  of the Majoron

model it has been demonstrated to hold in the extended models considered in references [20]  and

PI.
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neutrino decay has interesting astrophysical and’ cosmological implications [21]. It
avoids the astrophysical restrictions based on nucleosynthesis considerations, on
the cosmic background radiation spectrum, etc. as long as it is the dominant form
of decay. The decay lifetime due to eq. (11) can be made sufficiently short as
to satisfy the cosmological constraint following from the critical density argument
and allows neutrinos to have any mass that is consistent with experiment.

. 5 New Physics-- _

There is a broad range of new phenomena that can take place in various models
of neutrino mass and mixing [l].

l lepton-flavour-violating effects associated to non-zero neutrino masses such
as neutrino oscillations. These may be affected by the presence of matter.

l total-lepton-number-violating processes such as ppsU decay and neutrino-
anti-neutrino oscillations [22, 31.

-a
l lepton-flavour-violating effects such as p t e + y, p --t 3e, p-e conversion in

nuclei, etc. following from NHL admixture in the weak currents.

l leptonic CP-violating observables such as a non-zero electric dipole moment
for the electron, d, [12, 231.

l invisible neutrino decays [20, 81.

l non-standard neutrino propagation properties affecting the solar and/or su-
pernova neutrino fluxes [24]  etc.

The smallness of neutrino masses suggests that, with the possible exception of
neutrino oscillations and /3&, decay, most of the above processes are expected to
be non-observable due to experimental bounds on the neutrino mass that follow
from cosmology eq. (10). However the possibility of larger neutrino masses being
cosmologically acceptable due to the decay in eq. (11) allows an enhancement in
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the rates of some of the new effects listed above. The expected rates depend on
the constraints that apply on the neutral-heavy-lepton admixtures shown in Fig. 2
and these in turn depend on the neutrino mass. For example, in the seesaw model
these couplings are still too small to lead to observable flavour violating effects
because they are restricted by laboratory limits on neutrino masses [7, 81.

Alternatively, the relationship between the magnitude of the rates for “new
physics” in the lepton sector and the magnitude of the neutrino mass is very much
dependent upon the details of neutrino mixing. For example, as noted above, both

. flaTour  and CP violation can occur in the lepton sector even when the physical
neutrinos are kept strictly massless (for example, as a result of an exact B-L
symmetry). The new couplings in Fig. 2 can then be substantially enhanced,
being restricted only by universality considerations. Correspondingly, many of the
new effects can be enhanced without unnatural fine-tuning of the lepton parameters
nor conflict with any laboratory, cosmological or astrophysical limits on neutrino
masses and lifetimes [7, 81.

5.1 Neutrino Oscillations and Solar Neutrinos .

Neutrino oscillations are one of the most basic manifestations of non-zero neu-
trino masses. If the neutrino mass differences are sufficiently small, then a given
neutrino flavour produced by the weak interaction is a coherent mixture of all mass-
eigenstate neutrinos and can, in the course of time, develop a different flavour com-
ponent. This is the phenomenon of neutrino oscillations. So far no oscillations have
been seen and this places constraints on the mass diferences and mixing angles,
shown in Fig. 3, ref [25]  **.

Oscillations could play an important role in the propagation of solar and super-
nova neutrinos. If neutrinos travel through matter then oscillations can be affected
due to charged current (CC) forward elastic scattering on electrons, which exists
for ye but not for vfi (or v~) [26]. Th e s s emy t of evolution equations has been

**For a brief discussion of the possibility of oscillations into sterile neutrinos see ref [l]  and
references therein.
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discussed by several authors after Mikheyev and Smirnov noted [27]  that when
the CC effect is included there is the possibility of a resonant neutrino conversion
whenever the condition

c5m2 cos(26)  = 2&GFEN, (12)

is satisfied, where N, is the electron number density, E is the neutrino energy, Sm2
is the squared neutrino mass difference and 6 is the mixing angle in vacua. As a
result sizeable neutrino conversion in matter is possible even for small values of
the vaccuum mixing angle 8. To discuss solar neutrino propagation the system
of evolution equations describing oscillations in matter of varying density was
solved both analytically (for given density profiles), and numerically [28].  When
the density decreases slowly enough a v, born e.g. in the solar core can simply
“follow” the slowly changing Hamiltonian, find the resonance region, and end up
still in the same matter eigenstate, but this time as a vP or v,. This requires for the
s u n ,  9( >

2
N 10b4,  and corresponds to the upper horizontal lines in Fig. 3.a. The

conversion of neutrinos due to this MSW effect has been analysed also in the non-
adia.batic  (NAD) approximation where it happens for 3( > 2sin228  2i 3 X lo-‘,
leading to the tilted lines in Fig. 3.a. There is also a “large mixing” solutioi
indicated by the vertical lines on the right of Fig. 3.a. A big effect requires the solar
core density to exceed the resonance value so only neutrinos whose E/6m2X105
(E in MeV and Sm in eV) are converted. For AD one needs Sm -N 10w2eV  so
high energy neutrinos are the ones converted, as can be seen from the iso-SNU
contours shownin  Fig. 3.a. However for the NAD solution low energy neutrinos
can be strongly suppressed for larger mixings (lower masses) since in this case
the threshold for conversion is low as can be seen again from Fig. 3. In this
figure we also show the predictions of a prototype model suggested in ref [31, 301
where the solar neutrino transitions occur preferrably in the NAD regime. The
oscillation parameters are predicted by relating the tiny neutrino mass to some
new particles (such as the Majoron)  whose couplings can cause effects measurable
in the laboratory. The prediction is relatively stable in a wide class of models.
The neutrino mass arises from gauge intera.ctions due to the exchange of heavy
supersymmetric fermions as a result of spontaneous violation of total lepton number.
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Fig. 3. bFig. 3.a

‘” 10-4 ,0-J lo-2 lo-” IO0 IO’
sen (20 )/cos(26)

- I@ 10-3 lo-2 .10-l IO0 70’

sine(28)/cos(26)

Fig. 3 Fig. 3.a shows the iso-SNU  contours for the chlorine experiment in the recent 7.9 SNU
solar model [29]  (taken from Baltz and Weneser [28]  who also included earth effects averaged over
day/night, and seasonal variations). Shown in Fig. 3.b are gallium iso-SNU contours, for night.
In the model of ref [31,  301 only the region left and below curve labelled V, = vd or v, = 3vd
is allowed. Comparing 3.a and 3.b shows that even when the high energy neutrino count rate is
high, the model favours a large suppression in the low energy neutrino flux.
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To generate neutrino oscillations one introduces some mechanism of explicit flavour
violation. Because in this model the Majoron  carries L = 1 one needs a double

breaking to generate the left handed Majorana neutrino mass. This fact, combined
. - with the astrophysical limit [18],  then implies a neutrino mass in the range where

the MSW effect can substantially affect the solar neutrino flux for-very reasonable,
yet restricted choices of the parameters. Out of the three neutrinos, to a very good
approximation, only one acquires a mass, thus reducing to three the parameters .
describing neutrino oscillations: two mixing angles and one mass parameter, m,.
One of the two angles specifies whether the oscillation channel is u, t vP or
V, -+ u, and is not affected by matter, while the other is the angle shown in Fig.
3. The astrophysical constraint [ISI combined with restrictions on the oscillation
parameters that follow from conventional laboratory experiments then lead to the
region of oscillation parameters shown in Fig. 3 tt. The upper bound on m, reflects
a strong trend towards non-adiabaticity of high energy solar neutrino conversions,
especially for the favoured case o, > TJ~. For u, = vd the region of large nz, and
small 8 is allowed. However, for vu = 3 Vd this AD region disappears, the only
allowed region being that bf very small m, and relatively large 6. In this case
we expect a depletion of low energy neutrinos up to a factor 7 or so below the’
standard solar model prediction, in sharp contrast to the AD case. In addition,
in this region of parameters, regeneration of solar neutrinos at the earth could be
important [as].  This large reduction in the expected pp and 7Be neutrino fluxes
is expected even in cases where the high-energy-neutrino-count rate in chlorine is
fairly large, say 5SNU or so, thus stressing the importance of gallium experiments.
There is however still a window for an adiabatic high energy neutrino conversion
due to the uncertain determination of the astrophysical limit used above.

In the MSW effect the NC, being the same for all neutrinos, can be consistently
ignored. However if gauge-singlet leptons e.g. right-handed neutrinos exist in na-
ture, then as we saw in section 3, the resulting lepton mixing matrix is non-unitary,
and the NC in the neutrino sector is non-trivial [2]. In this case the neutrinos pro-

tt Another test of this model arises from the fact that the Majoron  belongs to an isodoublet

and increases the width of the 2’ by 80 MeV i.e. one half generation of neutrinos, which will be
measurable at LEP. -
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duced in low-energy weak-decay processes can be e$ectiveZy  non-orthonormal and
lead to a new type of resonant oscillation effect in matter that may happen even
for massless neutrinos [24].  The massless oscillation effect is very different from

-. - the MSW effect. First it has an energy independent resonance condition

Nenet = 6h2N,, (13)

where 6h << 1 due to limits on weak universality violation, Nzet  is the net electron
number density and N,, is the neutron density. This is to be contrasted with eq.

(12 w h i c h  h  Ido s in the MSW model. In matter, such as the sun, with a “normal”
concentration of electrons relative to nucleons, the large CC contribution masks
the NC effect making it impossible for the massless neutrino system to undergo
resonant oscillation in the V, + vP,, channel of interest to the solar neutrino
problem [24].  Oscillations such as V, -+ V, or cP + V, could be large, since there
is no CC coherent scattering term for v,, or v7 on electrons. While the MSW effect
can affect either neutrinos or anti-neutrinos, but not both, the massless resonant
oscillation, if it occurs, will affect both V’S and V’S. It could then substantially affect
the propagation of Y - v pairs emitted in the late phase of a supernova explosion,
and the resulting neutrino signal. .w

5.2 Neutrinoless Double-Beta Decay

The existence of the neutrinoless double-beta decay (A, 2 - 2) --f (A, 2) + 2 e-
would ,ignal the violation of total lepton number in nature, as expected in many

gauge theories. Moreover it would shed light on the nature of neutrinos them-
selves. This lepton number violating decay has usually been interpreted in terms
of the ordinary (lepton number conserving) second order nuclear ,8 decay process,

_
(A, 2 - 2) ---f (A, 2) + 2 e- + 2 v by assuming that a virtual neutrino (or a
combination of these) is exchanged between the decaying neutrons. The nuclei
for which ,Bp decay is expected to be detectable are those where the transition to
the intermediate nucleus via single ,i3 decay is kinematically forbidden or strongly
suppressed, as in 48Cu,  76Ge, 82Se, “‘MO, 12?Z’e, 13’Te etc. Although the neutri-
noless  process is highly favoured by phase space, it proceeds only if the virtual
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neutrino is a Majorana particle. Since this requires non-zero Majorana neutrino
mass this mechanism is sometimes called the “mass mechanism”. It is the simplest
mechanism that can engender /?poy in the standard model. The large phase space
advantage of the ,Opov process makes it a sensitive probe of the Majorana charac-
ter of neutrinos. The relevant combination of parameters that governs the decay
amplitude is

< m >= 2 Kea2mcr (14)
a=1

. where cr runs over all the light neutrinos. The non-observation of ,/?,Bov e.g. in 76Ge,
. 8ise,  “‘MO, 12’Te,  and 13’Te leads to the limit [32]

<m><l-5eV (15)

illustrating the uncertainties in the determination of nuclear matrix elements [33].
A better sensitivity is expected in the planned enriched germanium experiments.

The parameter < m > in eq. (14) may differ substantially from the neutrino
mass inferred from tritium decay since in eq. (14) there can be a destructive
interference between contributions of different neutrino types. To understand the.L
simplest example where this can take place, consider the case where there is onl;
one Dirac neutrino coupled to the charged current. A Dirac neutrino is equivalent
to two Majorana neutrinos degenerate in mass in such a way that < m >= 0,
as expected [II]. There are other ways to achieve the vanishing of < m >, for
example whenever the mass matrix in the weak basis has a zero in the ee entry.
Gauge models urhere  either of these types of cancellations may take place have
been considered [ 11.

If there are neutrinos heavier than about 10 MeV one needs to correct eq. (14)
as discussed in ref [34].  In this case the relevant parameter that controls the decay
amplitude is no longer universal, but depends on the specific nucleus considered.

In addition to the “mass mechanism” in gauge theories there are new ways
to engender the ,f3po,  decay process. One of these only involves the exchange
of scalars and raises an important question of principle [22]:  since it is possible
to induce the ,Bpo, process without virtual Majorana neutrinos being exchanged,
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perhaps we can do away altogether with the Majorana requirement. A simple but
essentially rigorous proof showing that this is not so was given in ref [22].  There
we showed that any generic “black box” mechanism inducing neutrinoless double-
beta decay in gauge theories is bound to also produce a diagram generating a finite
Majorana neutrino mass, so the relevant neutrino will, at some level, be a particle
of Majorana type [22]. T his result is completely general, and has been subsequently
elaborated and made quantitative by several authors. If neutrinoless double-beta
decay is induced by the exchange of vector currents one may set a lower limit on
one of the neutrino masses m&l eV x (1024yr/r~,)1/2  1351. This bound does not-- _
however apply in general. For example it fails if the neutrinoless double-beta decay
is dominated by scalar exchange. A model of this type has recently been suggested
in ref [36].

Many other mechanisms, involving right handed currents, Quasi-Dirac neutri-
nos and supersymmetric particles could also induce the ,Bpoy [l]. In addition gauge
theories may lead to other, genuinely new, possible varieties of neutrinoless double-
beta decay where light scalars are emitted. For example, in theories that contain a
Majbron ppoV decay may proceed with Majoron  emission. The dominant Majoron
emission mode depends on the lepton number carried by the Major-on. If the Mar
joron  belongs to an isotriplet coupled to two lepton doublets, it carries ) AL I= 2
and the dominant scalar emission mode is

(4-Z-2)  + (A,2)+2 e-+J (16)

while in the case that the Majnron has ) AL I= 1 the favored scalar emission
process involves double Majoron  emission [37]

(A, 2 - 2) -+ (A, 2) + 2 e- + 2 J (17)

An interesting example of this situation is provided by the model discussed in ref
[31, 301. It is not yet clear whether this process is large enough to be observable
in this model [38]

Since the Majoron  is very weakly coupled to matter it will not be detected
except through its indirect effect on the p spectrum, characteristically distinct for
each one of the double-beta decay processes.
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Another process quite similar in structure to neutrinoless double-beta decay is
the neutrino-anti-neutrino-oscillation process suggested in ref [3]. It involves the
propagation of real rather than the virtual neutrinos of the ,0&, process. Oscil-
lation probabilities are however too small to observe due to helicity suppression
present in the standard model.

5.3 Flavour and CP Violation

. Lepton flavour violation can be induced at one-loop due to neutral heavy lepton
admixture in the weak currents and lead to flavour violating effects at low energies
[7, 81. These effects include processes such as p + e + y, ~1 -+ 3e, p-e conver-
sion in nuclei, etc. These processes can occur even when the physical neutrinos
are massless [7]. In Fig. 4, taken from ref [8], we illustrate the branching ratios
for the flavour violating process p --t e + y produced by non-zero neutrino masses
in the seesaw model and in p models discussed in sections 2.1 and 2.3. The non
observation of p + e + y places strong constraints on the parameters of the models
discussed in sections 2.2 and 2.3. Note in contrast that the seesaw model expecta-
tion is below detectability.

In addition we have the possibility of flavour violating decays of the 2’ [7] such
as 2’ --+ e + 7, 2’ + p + I which might lead to observable signatures at high
energies in 2’ factories such as LEP [7].

Another type of flavour violating decays involves Majoron  emission. This is
possible, for example, when the Majoron  is the supersymmetric partner of the
neutrino as in the model described in ref [31, 301.  There are then various spectral
distortions in weak decay processes due to Majoron  emission in processes such
as p + e + J, p + e + J + J, r + e + J + J, etc. The accuracy of the
present determination of the Michel parameter places stringent constraints on the
branching ratios for the double Majoron  emission processes, while single emission
could be barely measurable in the case of p decay.

As discussed above leptonic CP violating effects may also be present even when
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Fig. 4 : Large ~1 + e+y decay branching ratio estimated in the p model assuming a typical NHL
mass of 20 to 6OGeV  and different p values of 50GeV(A),  lOGeV(B),  lGeV(C)  and O.lGeV(D).
For large p values the seesaw-model prediction is recovered.

neutrinos are massless and thus need not be suppressed by the smallness of neutrino
masses. This leads to CP asymmetries in weak processes such as the decays of the
intermediate vector bosons. Another promising possibility is the existence of a
sizable electric dipole moment for the electron [12].

.q

5.4 Neutrino Decay

When a Majoron  exists the invisible neutrino decay lifetime due to eq. (11) can
be made sufficiently short so that large neutrino mass values (consistent with ex-
periment) are fully consistent with astrophysics and cosmology. Models where this
is possible have been discussed in ref [20, 81 and a typical lifetime versus mass

_ relationship is illustrated in Fig. 5, taken from ref [8]. It is worth noting that a
recent experiment [39] reports a finite neutrino mass that violates eq. (10). The
importance that such an observation would have justifies the effort necessary to
obtain an independent experimental confirmation of this result.

This work was supported by CICYT under grant number AEN 89-0348. I am
thankful to Pierre Depommier for the kind invitation, and to Michael Pearson for
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Fig. 5 : Neutrino decay lifetime estimated in two versions of the Majoron  model where lepton
number is broken spontaneously in the seesaw model (line A, MR = 50GeV) or in the p model
(line B, M = IOGeV). Line*C denotes the cosmological constraint. All  neutrino mass values
consistent with experiment are cosmologically allowed in the p model and neutrino masses larger
than O(20 KeV) are allowed in the seesaw model.
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