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The present state of the problem of the double neutrinoless beta decay, 28 (0v), and related ques-
tions is reviewed. Various mechanisms for AL = 2 transitions in models with spontaneous viola-
tion of lepton number (L ) conservation are discussed. From the standpoint of unified gauge
theories, a Majorana neutrino mass would be the most probable reason for processes with AL = 2
(if they occur). The 23 {0v) decay is compared with other phenomena which are sensitive to the
neutrino mass. It follows from this comparison that the 23 (0v) decay is essentially the only process
which could be detected at the present level of experimental capabilities and which might tell us
about the nature of the neutrino mass, if this mass is some tens of electron volts.
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INTRODUCTION

The double neutrinoless beta decay has been under dis-
cussion for several decades now. ' The history of the formu-
lation and development of the problem of 23 decay is de-
scribed in detail in Refs. 3-5.

Attempts to observe the neutrinoless 23 decay experi-
mentally are extremely complicated since the half-life of the
23 (0v) decay (if it occurs) would be no less than 10*'~10%? yr,
and the energies of the decay products would typically be no
more than a few MeV. Experiments on double £ decay may
be classified as direct and indirect. The indirect experiments
arebased on a geochemical analysis of ancient rocks contain-
ing the isotopes Te'?, Te!?®, and Se®?, which convert in the
course of double B decay into Xe'3?, Xe'?®, and Kr*?, respec-
tively. Of particular interest here are data on the half-life
ratio’ T, ,,(Te'**)/T,,»(Te'*°). The results of an analysis of
these data are consistent with the existence of a neutrinoless
decay, but the results of different experiments contradict
each other.®® It would thus clearly be premature to assert
that the 2/3 (Ov) decay does (or does not) occur on the sole
basis of the indirect data available. In the category of direct
experiments, all that we have at the moment are upper
bounds on the probability for the 23 (Ov) decay.

What is so interesting about the 23 (0v) decay? In the
infancy of the theory of weak interactions this topic attract-
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ed interest for a variety of reasons. For example, before the
V-A structure of weak charged currents was established it
was asserted that a search for the 23 (Ov) decay would be one
way to test the identity of neutrinos and antineutrinos. At
the time it was believed that the B-decay interaction was
described by a combination of scalar and tensor versions of
the interaction, and in this case the only obstacle to a neu-
trinoless 23 decay would be a difference between neutrinos
and antineutrinos. The subsequent determination of the V-
A structure of the Fermi interaction meant that there was
another forbiddenness (the “chiral” forbiddenness) on neu-
trinoless 23 decay. It appeared that the chance that the
2/3 (0v) decay would occur had sharply diminished. At any
rateit was clear that one could not trust estimates of the half-
life found on the basis of the “old” theory, without the chiral
forbiddenness.>'° Nevertheless, experimental searches for
the 23 (0v) decay continued. The theoretical work on the
problem which was carried out in parallel involved studying
various modifications of the generally accepted models
which allowed processes involving a change in lepton num-
ber.

The first calculation of the decay probability based on
the assumption of a Majorana neutrino mass” appeared in
1960 in Ref. 11. Another possibility was examined simulta-
neously: an admixture of right-handed currents (V + A}
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with the additional assumption that neutrinos and antineu-
trinos are identical.!'~'*

In 1968 Pontecorvo’ suggested the existence of an inter-
action with AL = 2 on the basis of the analogy with the Wol-
fenstein interaction,'> which changes strangeness by two
units. It was shown that searches for the 23 (Ov) decay would
be a sensitive way to test this hypothesis if the constants of
the AL = 2 and AS = 2 interactions were identical.'®"’

Today, most of the interest in the double neutrinoless 5
decay stems from the possible existence of a Majorana neu-
trino mass. An experiment carried out at the Institute of
Theoretical and Experimental Physics, Moscow,'® to mea-
sure the 3 spectrum of tritium demonstrates that there is an
effect which can be explained in terms of a nonzero mass of a
neutrino emitted in 3 decay. The hidden mass of the universe
is regarded as a serious although indirect argument in favor
of a nonzero neutrino mass.'® Both of these experimental
facts, despite their markedly different nature, can be ex-
plained in a natural way by assuming that the mass of the
electron neutrino is a few tens of electron volts. Here the
Dirac and Majorana masses are completely equivalent. Con-
sequently, a nonzero mass of a neutrino emitted in ordinary
B decay, for example, would not be a sufficient condition for
the existence of a neutrinoless B decay. At the same time,
from the standpoint of the grand unified theories, which are
enjoying much popularity today, a neutrino mass of some
tens of electron volts would be interpreted more naturally as
a Majorana mass. The Majorana mass, in contrast with the
Dirac mass, could serve two functions. The first (which is
common to both types of masses) is kinematic: The mass is
treated as a quantity which determines the position of a pole
in the neutrino propagator. The second function of the Ma-
jorana mass is that it characterizes the amplitude for a tran-
sition involving a change of + 2 in lepton number. For this
reason, the appearance of a Majorana mass would mean a
breaking of the symmetry with which the conservation of
lepton number is associated. The preferred mechanism,
which does not affect the renormalizability of the theory, is
of course the Higgs mechanism, for spontaneous symmetry
breaking. The consequences of spontaneous violation of lep-
ton-charge conservation would depend strongly on whether
the corresponding symmetry is local (a gauge symmetry) or
global. In turn, these consequences tell us how natural it
would be to expect a violation of lepton-number conserva-
tion and the associated appearance of a Majorana mass. Let
us assume that all the conservation laws, including lepton
conservation, are associated with local symmetries. A mass-
less gauge field then corresponds to each strictly conserved
quantity. One such quantity is the electric charge, which
interacts with the massless electromagnetic field. The exis-
tence of a massless gravitational field corresponds to the
conservation of energy and momentum.*° If lepton number
is also a strictly conserved quantity, then there must exist a
corresponding massless gauge field: a second “‘photon.” The
absence of such a “photon,” having a significant coupling
constant with leptons, raises the suspicion that the lepton
number is not conserved and that the corresponding symme-
try is broken. The “photon’ mass which arises upon a spon-
taneous symmetry breaking can be quite large and could lie

556 Sov. Phys. Usp. 27 (8), August 1984

far outside the range of detectability. If the conservation of
lepton number is associated with a gauge symmetry, it would
then be more natural to expect that this symmetry is broken
and that the neutrino has a Majorana mass.

Another possibility is that the conservation of lepton
number is associated with a global symmetry, and there sim-
ply is nosecond “photon.” This is the situation, for example,
in the standard SU(3), X SU(2) X U(1) model.?'"* We know
that the neutrino masses (Dirac and Majorana masses) are
zero in the minimal version of this model. If we “add” a
right-handed neutrino,then a Dirac mass can arise by the
same mechanism which “gives” masses to the other parti-
cles. Here we would naturally expect that the neutrino mass
would be of the order of the masses of the other fermions of
the given generation. This situaiton, however, is in clear con-
tradiction of experiment: The neutrino masses (if they exist)
are far smaller than the masses of their charged partners for
all known generations. The mechanism for the appearance
of a Majorana mass is different from-that which gives rise to
Dirac masses. In the standard model, a ““soft” incorporation
of a Majorana mass implies a breaking of the global symme-
try with which lepton-number conservation is associated.
We know that a spontaneous breaking of a continuous global
symmetry will be accompanied by the appearance of mass-
less Goldstone particles.”®?” The particle in this case has
been labeled the “majoron,” M° (Refs. 28—30). This is a real
physical entity, whose existence should give rise to some new
physical phenomena. One example is a double S decay ac-
companied by the emission of a majoron: N— N'e "e "M°.
These possibilities for the appearance of neutrino masses in
the unified gauge theories are examined in more detail using
some concrete examples in Section 2.

It should also be noted that in models with a spontan-
eously broken global symmetry the appearance of a Major-
ana mass is not the only factor which would lead to a 23 (Ov)
decay. The expansion of the sector of Higgs particles with a
nonzero vacuum expectation value would unavoidably lead
to the appearance of mechanisms for a 28 (0v) decay®'~*?
which would effectively reduce to Pontecorvo’s AL =2 in-
teraction.’

As we have already mentioned, a 23 (Ov) decay can also
occur if a charged lepton current contains an admixture of a
right-handed component.

fn=evp 1+ v +0" (1 —y5)lv,

and if the neutrino is a Majorana particle for which the con-
dition v = ¥C holds. The mass of the neutrino can be arbi-
trarily small. Before the advent of the unified theories, it was
this possibility which was discussed most frequently. In the
gauge theories with a left-right symmetry there can be some
very closely related possibilities, which lead to consequences
which are essentially indistinguishable expeirmentally.
Right-handed currents are embodied in these models from
the outset, while the mixing of neutrinos and antineutrinos
stems from the appearance of Dirac and Majorana masses.
Just whose contribution to the amplitude of the 253 (Ov) decay
is the basic one—that of the left-handed Majorana mass or
that of the right-handed currents—depends on the particu-

lar version of the model. The conditions which lead to 22 (Ov)
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decay in the models with a left-right symmetry are discussed
in more detail in Section 2.

We thus see that a rather large number of mechanisms
might lead to 23 (Ov) decay. Would it be possible to distin-
guish these possibilities experimentally—for example, to
distinguish right-handed currents from a Majorana mass—if
the 23 (Ov) decay does in fact occur? As far as direct experi-
ments are concerned, it would be necessary to measure the
angular and energy distributions of the electrons. As we will
see, for 0" — 0" nuclear transitions the Majorana mass and
the right-handed currents lead to completely different one-
electron spectra and completely different angular distribu-
tions. In principle, one could distinguish between these two
possibilities simply by measuring the total probabilities for
the decays of different elements (with different energy re-
leases), but this approach would require an accurate knowl-
edge of the amplitudes for nuclear transitions. Unfortunate-
ly, these amplitudes are not yet known very accurately; the
estimates reported by different investigators differ by more
than an order of magnitude. This is the fundamental reason
for the discrepancy between the results calculated for upper
bounds on lepton-nonconservation parameters on the basis
of experimental restrictions on decay half-lives. Quite brief-
ly, the results of these estimates appear as follows: The upper
bound found, for example, for the Majorana mass of the elec-
tron neutrino from direct experiments on 253 decay lies
between a few tens of electron volts and hundreds of electron
volts. In practice, this is a very interesting region, as we see
when we recall the tritium experiment, '® whose result can be
interpreted under the assumption that the mass of the neu-
trino emitted in 8 decay liesin the interval 14—46 eV. If thisis
a Majorana mass, then an improvement in the accuracy of
the measurements of 25 decay by, say, an order of magnitude
would very probably lead us to the desired result. Actually,
however, the situation may turn out to be more complicated.
Even if the Lagrangian contains only Majorana mass terms,
we still do not have an unambiguous correspondence
between the mass which determines the amplitude of the
273 (Ov) decay and the mass which appears in the 3 spectrum
of tritium. We will be discussing this point in more detail
below.

Section 1 deals with certain questions of the phenomen-
ology of the mass Lagrangian of neutrinos. Section 2 briefly
review models in which left-handed Majorana masses arise.
We then compare the 23 decay with other processes which
are sensitive to neutrino masses. In the subsequent sections
of this review we give expressions for the matrix elements,
and we examine the spectra and angular distributions of the
final electrons in various 23 transitions. These characteris-
tics, in contrast with the absolute value of the decay ampli-
tude, can be predicted essentially unambiguously. In the fi-
nal sections we examine some numerical estimates and
briefly summarize the results.

1. NEUTRINO MASS MATRIX; PHENOMENOLOGY

In this section we consider the most general case of the
neutrino mass matrix and its diagonalization. We also look
at some particular cases of interest for a study of double 8
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decay. This analysis is required for discussing the various
mechanisms for the appearance of neutrino masses in the
unified gauge theories and also for a comparison of the
2/3 (0v) decay with other phenomena which are sensitive to
neutrino masses.

If we focus on only a single generation of fermions, i.¢.,
neutrinos of a common species (v = v,, say), then the La-
grangian may in general contain mass terms of the type>*°

— L = mp + moyT Oy + m_yT Cyygp +Has (1)
here m is the ordinary Dirac mass, while m_, and m_ are
Majorana masses. The Dirac mass term conserves any
charge which the field ¢ has, while the Majorana terms
change this charge by two units. It is convenient to trans-
form from the four-component spinors ¥ to the chiral com-
ponents v and vg :

15

P

In the case of zero masses, there is a one-to-one correspon-
dence between the indices L and R and the neutrino helici-
ties. If the masses are nonzero, the v, and vz can have an
arbitrary helicity.

In terms of the chiral fields v; and vy, Lagrangian (1)
can be written as

VL, R=

- T T
— L =mpvyvg + myvilvy + mrvirCvr, (2)

where m; y are related tom , by
mi:%(mLi mg), m=mp. (3)

If all three mass terms are nonzero, then v; and vy are not
eigenstates of the Hamiltonian and do not have definite
masses. Diagonal states (which we denote as ¢, and ¢,) with
definite masses 4, and u, are orthogonal superpositions of
the states v, and vy :

iL=vpcosa+ vl sina = v cos o+ vy sin a,
L="VL L y ®im R

(4)

QoL = vy Sina —v§ cosa, @op=vRSina— vyCcosa.
The mixing angle @ and the masses 1, and u, can be ex-
pressed in terms of the parameters of the initial Lagrangian:

By o=my+ YV mE +mb, tha:mT]i—, (5)

The states ¢, and ¢, describe Majorana states for which the
following condition holds:

(p"f. 2= @y, 5C,
where C = iy,y, is the charge conjugation matrix. The in-
verse transformation, which expresses v; and v; in terms of
the diagonal states @, 5, is

Vi, = VL €08 & + @, Sin o, (6)
YR = @R SIn & — @,y COS .

We turn now to two limiting cases of interest in a study
of double 8 decay.

1. All the masses in Lagrangian (2) are comparable in
magnitude: mpy ~my ~my or my »mp,my . The amplitude
for the 2/3 (Ov) decay is then proportional to m; and indepen-
dent of the two other masses.

2.m; = 0and mp €myg. In this case one of the diagonal
states is light, with amass u, = m2 /my <m,,, while the oth-
er is heavy, with u, ~my. In this case the left-handed neu-
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trino v; contains primarily an admixture of the light neu-
trino ¢,, while the right-handed neutrino primarily contains
an admixture of the heavy neutrino, @,:

mp mp
VLNCP1L+—”';(P2L1 VR A S PR P2r- (7)

We further assume that my is significantly greater than the
characteristic energies of the process under consideration (in
this particular case, this would be the momentum of the vir-
tual neutrino, which is equal in order of magnitude to the
reciprocal of the distance between nucleons). In this case the
amplitude for the 273 (Ov) decay will be dominated by the left-
handed neutrino, and the contribution of the heavy neutrino
would be exponentially small. This limiting case is therefore
equivalent to the introduction of an effective left-handed
Majorana mass m; = m%/mg. The diagram in Fig. 1 illus-
trates the situation. The amplitude corresponding to this
diagram gives us a Majorana mass term of the type
m; v{ Cv,, where m, is proportional to the square of the
Dirac mass m,, divided by my, which enters from the propa-
gator of the right-handed neutrino. Here we have taken into
account the fact that mp and the neutrino momentum are
small in comparison with my .

That is the situation in the case of a single generation of
fermions. If we allow a mixing of neutrinos of different gen-
erations (v,,v,,v,,etc.), then in the most general case the La-
grangian will have the formin (2), where m, ,m, ,and my are
to be understood as matrices which act in the generation
space:

D= LT R.T
— L=mpvipver + mipvieCver -+ MipvirCver, (8)
i,k:e, p., Ty oo

The three N X N mass matrices, where & is the number of
generations, which appear in (8) can be written as a single
2N X 2N matrix

1

Lx D
Mmik 3 ik
'\ pr e (9)
5 Mip’ mip

The diagonalization of the Lagrangian reduces to seeking a
unitary 2N X 2NV matrix K which expresses the neutrinos of a
particular species i(i = e, u, 7, . . . ) in terms of the diagonal
states ¢ ,, of which there are 2. The details of this proce-
dure can be found in Refs. 34, 35, 37, 39, and 40.

Let us examine in more detail the case in which only the
left-handed Majorana masses are nonzero. For three genera-
tions of leptons (f = e, &, 7) the Lagrangian

— L=m4viCvi+ Ha. (10
can then be put in the following form after diagonalization:

3 —
—L= Z RaPaPa
A=1

An analogous Lagrangian for N = 2 [{ = e, u) was first ex-
amined by Gribov and Pontecorvo.*' The diagonal states ¢,

, Vg LA
My g

FIG. 1.
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are Majorana states (¢} = @, C) and are related to v,, Vs
and v, by the 3 X 3 unitary matrix U,;:
Par=Uxivir, Par=Ultvig.
The inverse transformations are
vip =Ufa9ar, vir= U?ACPAR-
As before, the indices L and R have the following meaning:

1+
P, R=—51% .

We assume that all the masses in Lagrangian (8) are of the
same order of magnitude. The amplitudes for transitions
withAL, = 2 [including the 2 B (Ov) decay] are then propor-
tional to the mass-matrix element mL%, , which is expressed in
terms of the masses ., of the diagonal states @, by means of
the matrix U ;:

2mee = ; palia.

In the case in which the only nonzero term in Lagrangian
(10) is the term

L T
~— L =meeverCver.+H.a.,

my, [or, for precisely, 2mL ) is interpreted as the mass of the
Majorana electron neutrino.

We refer the reader to Refs, 34-43 for more details on
the processes involving the study of the neutrino mass ma-
trix, including the various limiting cases

2. NEUTRINO MASS IN GAUGE THEORIES

In this section we will examine the various mechanisms
for the 23 (0v) decay which arise in unified theories with a
spontaneous breaking of the symmetry which corresponds
to lepton-number conservation. For brevity we will refer to
this symmetry as “L symmetry.” Along with the Majorana
mass, whose appearance we would naturally expect upon a
spontaneous breaking of the L symmetry, there may be some
other mechanisms which would lead to transitions with
AL = + 2.

We begin with the models based on the standard Wein-
berg-Salam group®'~** SU(3), x SU(2)x U(1), and for the
moment we will consider only a single generation of fer-
mions. We know that in the standard model with the mini-
mal set of particle multiplets the masses of the neutrinos
(both Majorana and Dirac) are zero. A Dirac neutrino mass
can arise by analogy with the masses of other particles
(quarks and charged leptons). Here we need to “add” a right-
handed neutrino [a singlet according to the SU(2)x U(1)
group] and to introduce an interaction of the neutrino with
the doublet @: fv vy (p)". The spontaneous symmetry
breaking caused by the nonzero vacuum expectation value
{¢°) = vgivesrise to a Dirac neutrino mass of fv. If there are
no other contributions to the neutrino mass matrix we
should assume that the interaction of the neutrino with the
field @ should be many orders of magnitude weaker than the
interaction of electrons with @. This dramatic difference in
the interaction constants of particles of a common genera-
tion for interactions with the same field @ does not seem
natural.
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The possibility of a “soft” incorporation of the Major-
ana mass was studied in Refs. 44 and 28-30. Let us consider
two possibilities discussed in Refs. 28-30. For the appear-
ance of a Majorana mass we must clearly assume that there
exist some additional Higgs particles which carry a double
lepton number.

We assume that there exists an interaction of left-hand
and right-hand neutrinos with an SU(2) doublet ¢ of the
form f v, vy (@)™, where the constant fis of the order of the
constant of the interaction of ¢ with other fermions of the
same generation (in this case, these other fermions are the
electron and light quarks). The spontaneous breaking of the
SU(2) X U(1) symmetry thus gives rise in the Lagrangian to a
Dirac mass of the electron neutrino; this mass is of the order
of the masses of the other fermions. We further assume that
the right-handed neutrino vy interacts in a Majorana-like
fashion with the new scalar Higgs field y, which is a singlet
with respect to the standard group:

FaveCve (1) (11
Since v is also an SU(2) X U(1) singlet, the introduction of
this interaction does not alter the symmetry properties of the
model. If we assign the field y a double lepton number then
interaction {(11) will also conserve lepton number. Conserva-
tion of leptons is associated with the global group U(1),,
which is external with respect to the gauge group
SU(2) x U(1). The spontaneous breaking of U(1), which can
result from the appearance of a vacuum expectation value of
the field y should give rise to a right-handed Majorana mass
my = fq 4, where u = (y °). The breaking of the L symme-
try should in turn lead to observable processes in which lep-
ton number changes by two units [e.g., 23 (0v) decay]; the
amplitudes for processes with AL = + 2 will be determined
by the magnitudes of the coupling constants of leptons with
Higgs particles and the vacuum expectation values (¢°) and
(x °). We assume that my is considerably larger than the
Dirac mass and has a value of, say, ~ 100 GeV. The situation
which we discussed in the preceding section then arises: the
left-handed neutrino contains primarily an admixture of a
light diagonal state with a mass ~ m3, /my , while the admix-
ture of the heavy state (with mass ~ my, ) is small and propor-
tional to m/my . As we have already stated, this model is
effectively equivalent to the introduction of a left-handed
Majorana mass m, = my/my. This possibility was ana-
lyzed in Ref. 28. Since the L symmetry is global in this case,
its spontaneous breaking should be accompanied by the ap-
pearance of a massless Goldstone boson.?® In this case the
continuous L-symmetry group is the U (1), group, and the
massless particle is described by an imaginary component &
of the Higgs field y:

1= {x% + 277 (p + iE). (12)
Because of the spontaneous symmetry breaking, the field p
acquires a mass of the order of my and thus is not manifested
in real physical processes. In contrast with that field, the
massless pseudoscalar particle described by the field £
should generate new physical phenomena even at low ener-
gies. The particle £ is called a majoron since its Yukawa
interaction with the neutrino has a Majorana-like form:
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% E* vECvg. (13)

The constant of the interaction of a majoron with left-hand-
ed neutrinos is determined within small corrections by the
constant of the interaction of the majoron with light diag-
onal neutrinos; it is easy to see that this interaction constant
is fi =27"2fx X(mp/mg)*. The interaction of a majoron
with left-handed neutrinos also of course has a Majorana-
like form,

fLviCve (B, (14)
and means that there may be a {virtual) transition of the ma-
joron into two left-handed neutrinos (the diagram in Fig. 2).
One possible manifestation of an interaction of a majoron
with left-handed neutrinos is double 8 decay accompanied
by the emission of a majoron, N—+N’'e~e~M°. This decay
may compete with the “ordinary” neutrinoless 23 decay if
the constant /; is large enough. These two processes will be
compared in detail in the following sections of this paper.
The double £ decay is not the only process in which a mass-
less majoron could be manifested. Processes involving a ma-
joron and restrictions on the constant f; are discussed in
more detail in Refs. 28-30 and 45-47.

A left-handed Majorana mass may arise spontaneously,
even without the participation of right-handed neutrinos.
This process, however, requires the introduction of a large
number of Higgs particles. Let us assume that a left-handed
Majorana mass arises from the vacuum expectation value of
a Higgs boson which is interacting with left-handed neu-
trinos:

gviCvy, (HY)*. (15)
What would an Su(2)XU(1) interaction which leads to a
Yukawa coupling of the type in (15) look like? Since v, is a
component of an SU(2) doublet, /; = ("), the Majorana
combination v{ Cv; transforms as a component of an isovec-
tor. Accordingly, H° should also belong to a triplet. The
charges of the two other particles are fixed by, for example,
the requirement of invariance under U(1) transformations
(by conservation of hypercharge, equal to twice the average
electric charge of the multiplet):

H® H/VY 2)
H= - .
( H/ V2 H—
The SU(2) X U(1) interaction of left-handed leptons with the
H triplet is
It is easy to see that expression {16) contains a term which
describes the interaction of H? with v;_ in (15). If the vacuum

expectation value (H®) is nonzero, a left-handed Majorana
mass

FIG. 2.
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(LA,
g (H% V3

arises. The vacuum expectation value of the field H® also
contributes to the masses of the gauge bosons W * and Z°.
Accordingly, the relation between the W and Z masses
which holds in the standard SU(2) X U(1) model with a single
doublet of Higgs particles ¢,

MW = CO0S§ ew'Mz,
where 8, is the Weinberg angle, is broken, strictly speaking.
To avoid spoiling the predictions of the standard model,
which agree well with experiment, we must assume
(H®) ¢{¢°), where @, is a component of a doublet. In the
scheme which we considered earlier no corresponding re-
striction arises on the vacuum expectation value of the field
y interacting with right-handed neutrinos, since the singlet
Higgs boson is coupled with gauge bosons only through a
neutrino loop (Fig. 3).

A model with a triplet of Higgs particles H interacting
with a Majorana-like combination of light leptons was stud-
ied in Refs. 29 and 30. In this model, as in that of Ref. 28, the
spontaneous breaking of lepton number is accompanied by
the appearance of a massless boson {a majoron). In this case
the structure of the Higgs sector is more complicated than in
the model of Ref. 28. The majoron M® is described by a com-
bination of neutral components of the doublet @, and the
triplet H:

Mo = [u (HO— H*) — 20 (9"— %) (2 V 2w+ 807 ) ',

where, we recall, u = {@,) and v = 2 (H °). As in the pre-
ceding model, the majoron is a pseudoscalar boson capable
of converting into a pair of left-handed neutrinos. In discuss-
ing models with a spontaneous appearance of a Majorana
mass in the standard model we considered only a single gen-
eration of fermions for simplicity. Both these models can
obviously be generalized to an arbitrary number of genera-
tions, and a possible mixing of generations can be taken into
account. The model of Refs. 29 and 30, for example, would
then contain, instead of the single constant g for the interac-
tion of the triplet H with leptons, a symmetric matrix g, (7,
k=3,u,r,...), and the interaction would be

Z gihlEiCTluH++H.a. (17
ik

The Majorana mass matrix is evidently

m%‘k =g ;xV-
This is one of the particular cases, discussed in the preceding
section, in which the Lagrangian contains only left-handed

nonsterile states.

The appearance of a left-handed Majorana neutrino
mass in the SU(5) model, which combines the strong, weak,
and electromagnetic interactions, ***° was studied in Ref. 47.
This is a direct generalization of the model proposed in Ref.

FIG. 3.
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29. Transitions with AL = 2 arise in the SU(5) model from a
spontaneous breaking of the global symmetry associated
with the conservation of B-L: the difference between the
baryon and lepton numbers. It was shown*’ that all the low-
energy predictions are the same as in the standard model
with a spontaneous breaking of L symmetry.

We find a different situation in the SO(10) model,*° in
which the conservation of B—L is associated with a gauge
symmetry. This symmetry cannot remain exact, since there
is no second massless “photon” which interacts with the
number B-L with a sufficiently large coupling constant (of
the order of the electromagnetic coupling constant, say). The
spontaneous breaking of the local B-L symmetry does not
give rise to massless bosons: They are absorbed by the Higgs
mechanism,”*"%?7 and the correspondong gauge field ac-
quires a mass.

There is one more argument in favor of a spontaneous
breaking of B—L in the SO(10) model. The fundamental rep-
resentation of the SO(10) group is known to contain 16
parts,” including left-hand and right-hand neutrinos (of the
same generation). Accordingly, the Dirac mass m, should
arise just as naturally as the masses of charged fermions do,
and it should be of the order of the mass of the upper quark
(the # quark in the first generation), i.e., of the order of a few
MeV. In this form the model contradicts experiment, since
the electron neutrino in this case is an eigenstate of the Ha-
miltonian with a mass my,. As Gell-Mann, Ramond, and
Slansky have pointed out,*® this contradiction is eliminated
if the B—L symmetry is spontaneously broken. Let us assume
that the spontaneous breaking of the B—L symmetry has giv-
en rise to a large right-handed Majorana mass my. We
would then have two diagonal states: a light one with a mass
14, ~m% /my, and a heavy one with y, ~ mg . The left-hand-
ed neutrino would contain primarily an admixture of the
light state. A situation of this type has already been encoun-
tered: At low energies it is equivalent to the introduction of a
left-handed Majorana mass m; = u,<myp,.

Witten®* studied two mechanisms for the generation of
anmy in the SO(10) model. In the first, my arises in the tree
approximation because of the vacuum expectation value of a
Higgs boson from a 126-plet which carries a double lepton
number and which interacts with a Majorana-like combina-
tion of right-handed neutrinos, v{ Cvg . It is natural to as-
sume that this vacuum expectation value is of the order of
the energy at which the interactions become unified, i.e., no
less than 10" GeV. The “right-handed” mass is equal to the
vacuum expectation value to within the constant of the
Yukawa interaction. Such a large value of my leads to a
vanishingly small effective mass m; = m32 /my, which may
be manifested in oscillations of solar neutrinos (if these oscil-
lations occur).

If we do not introduce an interaction with a 126-plet of
Higgs particles, then the right-handed neutrino automati-
cally acquires masses by virtue of the two-loop diagram. The
details of this mechanism are discussed in Ref. 54. The corre-
sponding contribution to the mass my turns out to be con-
siderably less than 10" GeV. If this is the only mechanism
which contributes to my, then we find the estimate’
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my ~107"m,, where m, is the mass of the upper quark of
the same generation. For the first generation, for example,
we would have m; ~1 eV. A Majorana mass of this order of
magnitude for the electron neutrino leads to 2/3 (Ov) decay
times which, it may be hoped, will be amenable to experi-
mental study not too far in the future.

There is yet another class of models for which a search
for the 23 (Ov) decay could in principle be a critical test. These
are models with a left-right (L—R ) symmetry. The basic idea
underlying these models is that the parity breaking observed
experimentally in weak interactions is a property of low-
energy processes, while at energies above the masses of
gauge bosons the symmetry between left and right is re-
stored. In other words, the right-handed symmetry is broken
to a greater extent than the left-handed symmetry, with the
result that the mass of the left-handed W boson, my , is
considerably smaller than that of the right-handed boson,
my,, - This circumstance in turn explains the dominance of
V_A currents in the effective weak interaction. If the break-
ing of L-R symmetry is accompanied by a violation of the
conservation of lepton charge, then there may be mecha-
nisms for the 23 (Ov) decay other than those which arose in
the models described above. This possibility is discussed
most comprehensively in Refs. 55-59. Initially there is a
symmetry under the gauge group SU(2)p XSUR2)x
xU(1)g_ 1, where B-L is the difference between the baryon
and lepton numbers. The leptons (the electron and the elec-
tron neutrino, for example) form multiplets of the group:

vy, (1
lL:(eL) ('2_’ 0, —1)’
_ [ ¥r 1
w=(a) (03 1)
The numbers in parentheses here are values of (7;,Tx ,B-L),
which characterize the transformation properties of the left-

and right-hand particles under the transformations of the
group. The Higgs sector includes the following particles:

(18)

_ ey et 11
i=(e o) (320);
/v oy
Ap= — 1,0, 2),
v ( -y 1/2) ( ) 19)
6+/V§ 51t
R:(R60 " ) (0, 1, 2).
% —Sk/ V2

The appearance of a vacuum expectation value vy = (4g)
implies a breaking of the initial symmetry to the standard
symmetry:

SU(2). xSU(2)r x U(1)p-1

oo SU@exU).
At this stage the parity, like the local B-L symmetry, is
broken. The breaking of B-L is accompanied by the appear-
ance of a right-handed Majorana neutrino mass of the order
of vg . The subsequent breaking of the standard symmetry
SU{2),. X U{1) to U(1),,, is due to the vacuum expectation
value of the field ¢:

®=(o w)-
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In this stage, the Dirac masses of the fermions, including the
neutrinos, arise; these masses are proportional to k + & '. Si-
multaneously, the vacuum expectation value®”8
0 0
(Ay)= ( o, 0)

arises and contributes a Majorana mass to the left-handed
neutrinos. This mass is of the order of v, ~k?Z/vy, if
vp >k>k’. The condition k>»k ' guarantees a slight mix-
ing>¢ of W and Wy, while the requirement vy >k guar-
antees dominance of the left-handed interaction. According-
ly, the situation which arises in the neutrino sector is one
with which we are already familiar, in which the diagonali-
zation of the mass matrix gives rise to Majorana diagonal
neutrinos with masses u, ~v; ~k /vy and g, ~vg >u,. The
left-handed neutrino contains primarily an admixture of the
light diagonal neutrino, and the right-handed neutrino con-
tains primarily an admixture of the heavy neutrino:

1+ s

VL& —5—— (¢, C0s 0+ @, sina),
1~ .
VR & 2% (— @, sina+ g, cosa),

. m
sin et ~ —mi<<1, cosat~1, mp~ me.
R

Under the condition vy >k>k ' the vacuum expectation val-
ue vy = (A4 ) basically determines the mass of the right-
handed gauge boson Wy, while k = (¢ ) basically deter-
mines the mass of the left-handed boson W, . The effective
mass of the left-handed neutrino ( =~ ) can therefore be writ-
ten

M, 2
va ~ Wg ( mWR ) .
If the parameters of the Higgs potential are chosen in a spe-

cial way,”” we could have a situation with
2
m,

(20)

my, = const-

T 21
This relation also holds if we assume that there exists an
additional multiplet of Higgs fields ¢, which has the same
transformation properties as ¢, with the vacuum expectation
value (¢ )>{¢ ), which contributes only to the masses of
the gauge bosons. In this version, the model couples the
small value of the neutrino mass with the dominance of the
left-handed interaction. If we use the known bound>® on the
mass Wy (my, X 3my, )and set the constant in (21) equal to
one, we find m, < ~1eV. All these estimates are of course
order-of-magnitude estimates and depend on the constants

a, uy,
I
bw,
e
o [———
g
T, €r
L R
e
[
dr up
FIG. 4.
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of the Yukawa interaction and the parameters of the Higgs
potential.

Since the diagonal states ¢, and ¢, are Majorana states
with substantially different masses, the left- and right-hand-
ed neutrinos may annihilate with an amplitude proportional
to the mixing angle @ (= sin @). In this manner, the mecha-
nism in Fig. 4 for the 253 (Ov) decay arises. Right-handed cur-
rents “work” at the lower vertices, and left-handed currents
at the upper vertices. The amplitude corresponding to the
diagram in Fig. 4 contains the product of constants

My \2
GrGro= G [ L ) a.
me
By definition, G is equal to the Fermi constant Gg¢. The
parameter

oV 2 me (Mg )

" _a( Wy ) 3 ( TWR ) 22)
is thus a measure of the breaking of lepton number. The
numerical value of 7 depends on the particular parameters of
the model. With my R 100 GeV, for example, we find from

the restriction on the mass of the right-handed boson the
condition

n << 10-8,

If there is a mixing of the left- and right-handed gauge
bosons, characterized by a parameter €, then we have yet
another analogous mechanism for the 23 (0v) decay (Fig. 5).
Here the lepton current is

eyu 1+ v5 + €x (1 —vg)lv, (23)
so that the amplitude corresponding to the diagram in Fig. 5
is proportional to G 2 ea. We know from 8 and i decay®® that
€ < 1072 The parameter of the breaking of lepton number,
7 = €a, is thus an order of magnitude smaller in this case
than in the case corresponding to the diagram in Fig. 4. We
might note that the diagrams in Figs. 4 and 5 predict essen-
tially identical characteristics (spectra and angular distribu-
tions) for the 23 {0v} decay, so that it would not be possible to
distinguish between these diagrams experimentally.

To conclude this section we consider yet another mech-
anism for 28 (0v) decay in models with doubly charged Higgs
bosons. In these models there can be transitions of a doubly
charged boson y ~ ~ into a pair of left- or right-handed (de-
pending on the model) electrons: y ~ ~—e~e™. In addition,

there is the interaction of y ~~ with singly charged scalars
and the interaction with gauge fields
(x ~"—x "x "~ W ,W~W7). Asaresult, thediagramin
Fig. 6 contributes to the amplitude for 253 (0Ov) decay. Here

562 Sov. Phys. Usp. 27 (8), August 1984

FIG. 6.

the heavy lines are quarks belonging either to different nu-
cleons or to, for example, a 7 meson. The contribution of this
mechanism was studied in Refs. 31-33. Because of the large
masses of the intermediate particles (large at least in com-
parison with the characteristic energies of the process), the
diagram in Fig. 6 effectively reduces to a Pontecorvo interac-
tion with AL = 2 (Ref. 7). To see this, we assume that the
initial and final quarks in Fig. 6 belong to #~ and 7+ me-
sons, respectively. The diagram then reduces to an effective
AL =2 interaction of the type shown in Fig. 7.

Modifications of the standard model which allow a
breaking of lepton number have also been examined in Refs.
60-63. Among these modifications there are some mecha-
nisms analogous to those which we have discussed here
which allow 23 (0v) decay.

3.DOUBLE SDECAY AND OTHER PROCESSES SENSITIVE TO
NEUTRINO MASS

As we have already mentioned, there are many phe-
nomena whose study might yield information on neutrino
masses and the breaking of lepton number. Among these
possibilities, searches for 28 (0v) decay would be the most
sensitive method for determining the nature of the neutrino
mass at the present level of experimental capabilities. This
conclusion is based on a comparison of the 23 (Ov) decay with
such phenomena as neutrino oscillations and the 8 decay of
tritium.

1. Let us begin with neutrino oscillations. This is per-
haps the most elegant phenomenon which should occur if
the current states (in the weak Lagrangian) of the neutrinos
are not the same as eigenstates of the mass matrix.54-66:42:43
The neutrino oscillations may be initiated by either Dirac or
Majorana masses. We restrict the discussion to the three
known generations of leptons: e, i, and 7. In the general case
of the Dirac mass matrix there are three diagonal Dirac neu-
trinos with masses 12, i2,, and z25; three mixing angles, which
express v,,v,,, and v, in terms of the diagonal states ¢,, @,,
and @;; and one CP-odd phase.?”***° We note that the mix-
ing matrix is completely identical to the Kobayashi-
Maskawa matrix®’ for quarks. Measurements of the oscilla-
tions v,ewv, (i,k=-eu,7) present the possibility of
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determining the difference between the squared masses
15—u%, the mixing angles, and the CP-odd phase.

In the case of a Majorana mass matrix, the number of
physical CP-odd phases is three,*>*"*%4%% pyt two of them
would be essentially impossible to see experimentally.>”* It
would thus be necessary to seek transitions v—v, whose am-
plitudes contain a small factor of the order of m /F,. It
follows that it would be impossible to distinguish Dirac
masses from Majorana masses (if any of these masses exist)
on the basis of oscillations.

There is the possibility, however, that the Lagrangian
contains both Dirac and Majorana mass terms. This is the
most general case of the mass matrix.***° In this case there
should be transitions to sterile states, e.g., v, —V, . How-
ever, in studying reactions caused by charged currents we
still cannot tell whether there is an active component in the
neutrino beam, so we cannot draw conclusions about the
occurrence of transitions v—v. It may be suggested, for ex-
ample, that there exist other generations of neutrinos with
rather heavy charged partners. Such a neutrino, having been
formed as a result of oscillations, would appear as a sterile
neutrino simply because there is not enough energy for the
creatijon of ““its” charged lepton. Neutral currents are more
favorable in this regard: there is no threshold for them. By
studying the dependence of the cross section for neutrino
scattering by hadrons due to neutral currents on the distance
from the neutrino source, one could draw conclusions about
transitions to sterile states.

2. We turn now to the B spectrum of tritium. As we will
see, precise measurements of the edge of the £ spectrum of
tritium would make it possible to determine a rather large
number of parameters of the mass matrix.*” Obviously, how-
ever, again in this case we would not be able to distinguish
Dirac masses from Majorana masses, since the manifesta-
tion of the neutrino mass is a purely kinematic manifesta-
tion, and the f spectrum is sensitive to both. For example, let
us assume that there are three types of neutrinos,
v,(i = e,u,7). If the mass matrix is either a Dirac matrix or a
Majorana matrix, with all possible mixings of the different
v;, then v, would be a superposition of three diagonal states
with masses g, 5, and p5:

3

2 1 Ueal2=1.

A=1

Ve=Ue @4 Ues®z+ Ue3¥s, (24)
The spectrum of electrons in S decay should then look like
that in Fig. 8. The quantity plotted along the ordinate axis
here is the function F(E,) = /W,/P.E, ,and E, is the maxi-
mum electron energy at a zero neutrino mass. With decreas-

F(Ee)

FIG. 8.
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ing electron energy, thresholds for the production of more
massive neutrinos are crossed. As can be seen from this fig-
ure, it is possible in principle to find from the spectrum all
three diagonal masses i ,(4 = 1,2,3) and two mixing angles
{of the three in the mixing matrix). At E, < E,~max{u , }, the
spectrum is sensitive to some effective mass of a neutrino
emitted in 8 decay. This effective mass is given approximate-
ly by

3
Uegt = (AZ=1 palUea ,2)1/2.

Let us compare this mass with the mass which appears in the
amplitude for the 23 (0v) decay:

(25)

3
Mos= 2 paUa. (26)
A=1
We assume that the neutrino mass matrix is a Majorana ma-
trix. Using the properties of the mixing matrix U,;, we can
easily show that

Rop < Uets- (27)
In particular, we could have a situation with z 4 %0 but
I,z = 0. This possibility arises, for example, in the model of
Zee,%* in which the different diagonal neutrinos have oppo-
site CP parities.5* This situation corresponds effectively to
the vanishing of the matrix element mY, of the left-handed
Majorana mass matrix mj, (, k=e, 12, ... ).

Diagonal neutrinos cannot always have definite C and
CP parities. If the initial mass Lagrangian, written in terms
of current neutrinos, is invariant under CP conjugation, then
the diagonal neutrinos ¢, generally do not transform into
themselves under Cand CP transformations. It follows from
the explicit expression for ¢, that

Coi=04, C=iyoVo;
and the diagonalization procedure can be chosen such that
the sign on the right side of this relation is positive for all @ .
Herep,, is related to the masses of the diagonal neutrinos by
expression {25). Questions related to the charge parity of the
states which arise upon a diagonalization of the neutrino
mass matrix are discussed in more detail in Refs. 62, 63, and
37.

Returning to the comparison of x,, and p.+, we note
that inequality (27) may also hold in general. In the particu-
lar case in which the masses are Dirac masses, we would
obviously have u,; = 0.

A nonzero effective mass of a neutrino emitted in £ de-
cay would thus by no means imply that a 23 (0v) decay must
exist. As for the oscillations, we note that they may also be
absent if, for example, we assume that all the diagonal
masses are identical. The result of the comparison of the
three processes may be formulated as follows: A nonzero
effective mass of a neutrino emitted in 8 decay is not a suffi-
cient condition for the existence of oscillations in a 23 (0v)
decay; neutrino oscillations and the 283 (Ov) decay may also
occur independently of each other. There is, nevertheless, a
coupling between these effects: If the 2/ (Ov) decay or the
oscillations (involving electron neutrinos) do occur, then the
effective mass of the neutrino emitted in 8 decay should be
nonzero. The situation is shown schematically in Fig. 9.
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3. The possibility of determining the neutrino mass
from measurements of the spectrum of bremsstrahlung y
rays produced in the capture of an orbital electron,

Z>(Z—=1)+7 + v (28)

was recently studied in detail.”®”" This method is obviously
analogous to determining the neutrino mass from measure-
ments of the electron spectrum in 8 decay. Therefore, every-
thing we said in the preceding subsection on the £ spectrum
of tritium also applies to reaction (28). Asbefore, a determin-
ation of the neutrino mass from the y spectrum cannot dis-
tinguish between Dirac and Majorana masses, but it would
allow us to set upper limits on masses of both types.

4. Both Dirac and Majorana neutrino masses can initi-
ate the processes u—ey, u—3e (Refs. 72-74), muon-anti-
muon oscillations”™’® [u*e ][y "e*] and the decay
K°—ue. Experiments on these processes thus cannot distin-
guish between Dirac and Majorana masses. Furthermore,
the amplitudes of these processes are quadratic in the neu-
trino masses, so that experimental searches for them could
hardly shed light on the neutrino mass matrix. This assertion
does not, of course, mean that attempts to observe these pro-
cesses would be pointless. In the models of Refs. 29 and 30,
for example, diagrams with an exchange of heavy Higgs me-
sons arise, and these mesons contribute substantially to the
amplitudes of the decays”” p—ey and p—3e.

The processes listed in Subsections 1-4 look the same in
the Dirac and Majorana cases. A simple rule can be stated: If
the total lepton number L, + L, + L, is conserved in some
process, then measurements of this process cannot distin-
guish Dirac from Majorana masses. Those processes in
which the total lepton number is not conserved can occur
only if the masses are Majorana masses (or if some other
mechanism is operating). Among these processes are those
which we will list in the following subsections.

5. The decays”® K*'—w e'e', Kt—rputet,
K*—7m u*u*. For these decays we have AL, + AL, =2.
The decay K*—7~e*e™ is obviously a double neutrinoless
[ decay of the K meson. Its amplitude is determined by the
same neutrino mass as that which determines the 253 (Ov) de-
cay of a nucleus.”® The restriction on the mass m};, which can
be extracted from the experimental data available is weak, of
the order of 2 MeV.

6. The reaction ¥, + Z—(Z + 1) + e~. The amplitude
of this reaction is also proportional to 7L . The restriction
found on the ratio mY /E, from the experiment by Davis’® is
again quite weak, about 0.2.

7. i capture accompanied by the emission of a positron:
U~ 4+ Z—(Z —2) + e*. Thisreaction is analogous to X cap-
ture (of an electron) accompanied by the emission of a posi-
tron, which is in turn a crossing process with respect to the
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2/3 (0v) decay.”®" The y capture with AL, + AL, =2is in-
teresting because its amplitude is determined by a parameter
of the Majorana mass matrix, m; , and is independent of the
other masses. Present experiments are, however, insensitive
to small masses m,;, and can only place a lower limit on the
large “transitional” mass M., 10 GeV (Ref. 79).

In summary, from this comparison of the various pro-
cesses we conclude that at the present level of experimental
capabilities searches for the 2/3 (Ov) decay represent the most
sensitive method for measuring the Majorana mass of the
electron neutrino at a few tens of electron volts.

4. PROBABILITY OF DOUBLE BETA DECAY

If a neutrinoless 23 decay were to be discovered, we
would have to ask what caused it. A large number of mecha-
nisms for 23 decay arise in the models which we discussed
earlier which have a spontaneous violation of lepton-number
conservation. As a rule, the spontaneous breaking of the
L (B-L )symmetry would give rise to Majorana masses which
would contribute to the amplitude of the 25 (0v) decay. An
exceptional case is Zee’s model,®® in which the Majorana-
like coupling of the leptons with Higgs bosons is anti-sym-
metric with respect to generations, so that diagonal elements
of the left-handed Majorana neutrino mass matrix (includ-
ing m% ) would be zero.

In this section we give expressions for the probabilities
for all possible 233 transitions to ground and excited levels of
the daughter nucleus. We should point out the various esti-
mates of integral probabilities found by different investiga-
tors diverge substantially, primarily because of the calcula-
tions of the nuclear matrix elements. The existing estimates
of these matrix elements differ by more than an order of
magnitude. The results found by the different investigators
will be summarized at the end of this section.

It is no less important to know the differential charac-
teristics of the decay, primarily the distribution in the total
energy of the electrons. Clearly, without measurements of
these distributions we would not be able to distinguish, for
example, neutrinoless decay from two-neutrino decay, in the
calculated probabilities for which there are again large dis-
crepancies. Furthermore, one could in principle work from
the spectra and angular distributions to distinguish among
the various mechanisms for lepton-number breaking, e.g., to
distinguish right-handed currents from a Majorana mass. In
contrast with the total probabilities, it is possible to predict
essentially unambiguously the shape of the electron spectra
and angular distributions, at least for transitions to the
ground level of the daughter nucleus. In addition to 253 (Ov)
decay, studies are being made of the crossing process—the
capture of an orbital electron accompanied by the emission
of a positron—and also the 28 decay accompanied by the
emission of a scalar particle (a majoron):N—N'e~e~M°

a) Light Majorana neutrino

The decay 2/3 (Ov) with the Majorana neutrino mass has
been studied in several places.'%%%° As we will see, the Ma-
jorana mass can cause 23 (Ov) transitions between initial and
final nuclei having identical spins and parities. All known
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2f3-active nuclei have J £ = 0™, so that our calculations actu-
ally pertain to 0" —0™ nuclear transitions.
The amplitude for the 23 {0v) decay is

S=—t 5 déz dsy (N'ee™| TL (z) L (3)] N). 29)

{We will not retain the common phase factor in the calcula-
tions below.) Here N and N’ characterize the states of the
initial and final nuclei, and L (x) is the Lagrangian of the
interaction of weak charged currents, given by

Gy

L= Tu@e@) v+ @),

where J,, is the hadron current. Let us calculate the contri-
bution of the two-nucleon mechanism in Fig. 10. (The so-
called 4 mechanism, 4—pe~e~, does not contribute be-
cause A and p have different spins.) The effective weak
Lagrangian L {x) can be rewritten as

L (@) = 2= 005 0cB (2) Oun (2) & (2) %, (1 +74) ¥ 2,

g.=125

(30)
0=, (1+ 2,475,
(the terms with neutral currents of course do not contribute).
The symbols for particles denote the corresponding second-
quantization operators. The final electrons are described by
plane waves
1
Ve
where k =k, or k, are the 4-momenta of the electrons,
£, = kg, ,,and é(k ) is a 4-spinor. After the standard trans-
formations (Appendix I), we can write the matrix element of
the S matrix in the form

c 30— A Gim.

§=EREtl ) R costO-L(hy, ) (£). (1)
1 2

The last factor in this expression is the nuclear matrix ele-

ment,

ORS

andr=x —y =r, —r,. In (32) it is assumed that there are
isospin operators 7,5 7,7 which transform two neutrons into

eihxé (k),

eiQor

ZH(i*gfwaob)jN>, H="—0, (32)
b

a

two protons. The expression (N'| ... |N) denotes the inte-
gral
o
n 14
P
¢ mée
i z
o
FIG. 10.
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where @y and @y, are the wave functions of the initial and
final nuclei, and the indices 4 and & specify the individual
nucleons of the nucleus. In the integrand we have ignored
the dependence on the energy of the electrons, since the con-
dition |¢, — £,{r<1 holds in all cases of practical interest.
The presence of the exponential function %" means that the
energy region of the virtual neutrino, Q, < 1/, makes the
basic contribution. It is easy to see that nuclear matrix ele-
ment (32) is nonzero only for transitions which do not in-
volve changes in the spin or parity of the nucleus. The
0*—0™" transitions are of practical interest.

The dependence on the 4-momenta and spins of the
electrons is embodied in the lepton brackets,

Ny = [ axdyor 3 4,0y, (33)

az=b

L(Fkyy Jep) = € (ky) (1—15) Ce (ky), (34)
which are antisymmetric with respect to lepton variable:
10y ky) = — 1 (ks ky).

The dependence on the lepton and nuclear variables in
the $ matrix can thus be factorized. The part which depends
on the lepton variables can be calculated exactly in a Lor-
entz-covariant manner. The doubly differential probability
for the 23 (0v) decay is

dw G%me, cos? 9(} 1 3 2
de;dcos® ~  2(2n)° <T,
X e (A—e)?(A—vw,cos ) vw,F, ) F, (v,),

(35)

where A is the mass difference between the initial and final
nuclei, v, and v, are the velocities of the final electrons, the
Fermi factor
" 2naz/v
Fo(v)= 1 —exp (— 2naz/v)

reflects the effect of the nuclear Coulomb field on an individ-
ual electron, £, is the energy of one of the electrons, and ¢ is
the electron divergence angle. We rewrite (35) as

dw N
ug  dcos¥

f{ep Il—afe)eos Bl

Figure 11 shows the functions f{e,) and a(e;). Wesetv,, =1

Feey)
1 |
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FIG. 11.
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in the exponential functions which arise from the Coulomb
corrections; it then becomes a simple matter to calculate the

total probability:
—mar | (f

X [Fe (1)]2 A% (1 — 202% + 30z — 122%),

G{m? cost B¢
T30y

(36)

m
T =—C

A

b) Heavy Majorana neutrino

The calculation of the probability for the 23 (Ov) decay
caused by the exchange of a Majorana neutrino with a mass
M, considerably higher than the characteristic energies of
the process is completely analogous to the preceding calcula-
tion. There is a difference that in the above equations the
effective neutrino propagator was proportional to m, /g%, in
accordance with a Coulomb-like interaction between nu-
cleons, which exchange a light virtual neutrino. In the ex-
change of a heavy Majorana particle the forces acting
between the decaying nucleons are described by the Yukawa
potential e ~ M"/r with a constant which is, as before, pro-
portional to the mass of the corresponding neutrino. Ac-
cordingly, the nuclear matrix element, denoted by (1/r) in
(31), should be replaced in the present case by

-Mr My
<-—£—7—~> = S dx dy &% D) i (1 — gho,0,) Dy.
o (37)

In the exchange of a light neutrino the nuclear matrix
element (1/r) is obviously determined by the nuclear radius.
In this case, in evaluating the nuclear matrix element in (37),
we need to consider short-range nucleon-nucleon correla-
tions. Corresponding calculations were carried out in Ref.
96, where the following expression was derived for the nu-
clear matrix element:

3¢ MVe (1 4 Myre)—e”
M [2RP — 1]

MR 4 amur) S -

az=b

£4040p) ,

where 7, ~0.4-0.5 fm is the core radius, and R is the nuclear
radius. No changes occur in the dependence on the spins and
momenta of the electrons.

Estimates of the contribution of the 4 mechanism
(A ~——pe~e ,n—A *Te"e”) to the probability for the
2(3 (0v) decay initiated by a heavy Majorana neutrino were
also found in Ref. 96. However, these estimates are not perti-
nent, since the operator (1 — g3 o, ,) where @ and b specify
nucleons or quarks, have nonzero matrix elements between
hadron states with identical quantum numbers J .

c) Right-handed currents

A 28 (0v) decay can also occur if there are right-handed
currents, and the neutrino is a Majorana particle. In the
most general case the weak-interaction Lagrangian incor-
porating left- and right-handed charged currents is
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G G |
L= VL JLIY 4 VR‘ JRIR —E(JLJ TR

(38)

The last term in this expression arises if there is a mixing of
left- and right-handed W bosons. From the standpoint of
models with a left-right symmetry, the amplitude for the
28 (0v) decay is dominated by terms proportional to
G, Gy = G%{my, /myg)*. The contribution proportional
to G G r is determined by the angle of the mixing of W
and Wy. The contribution to the S matrix proportional to
Gy G,x contains an additional power of the ratio
(mw, /my, ) in comparison with the preceding contribu-
tion. Furthermore, the contributions of three terms (G, Gg,
G G;r and Gz Gy ) are multiplied by the mixing angle of
the (nominally) left- and right-handed neutrinos, a (Section
2).

The matrix element of the S matrix of second orderin L,
proportional to 7G & = @G, Gy, where 7 = a(my, /my, ),
is

S=—grn—5

X JTh @) s (@) ik @)+ (L «— R} | N), (39)

where J, and j, are respectively the hadron and lepton cur-
rents, and L and R correspond to the Lorentz structure of
the Dirac operators. The transformations of the S matrix are
analogous to those above, but, in contrast with the case of the
203 (Ov) decay with a Majorana mass, we must add a matrix
element for Lorentz-noncovariant structures, and we must
separately consider the spatial and temporal terms. The ba-
sic steps in the transformation of the § matrix are given in
Appendix II. The expression for the matrix element can be
written as the sum of three terms:

S dtz déy (N'ee” | T {J% (2)

GEcos?Bc 918 (e,+e,—A)

S=n 5 Ve Vi LMo+ 1M+ 1M ),
' (40)
where
lo=-¢ (k) v,Ce" (ky),
Lin = (ky—ky); & (k) vaCe ™ (ky), } (41)
L= (k,+ky); e (ky) vorsCe” (ky);

and My, M, , and M, are the nuclear matrix elements
Mo=(N"| 3 H(1—g40,0,) | N),
M= (N E rH'n;{ny (1 4 840,0,)

+ 2ig4 [040]; — 2840, (no,)} | N,
M, =(N'| aéb RH'n,; {28, (no,) —ighn [0,0,]} [ N). J
(42)

The notation is the same as in (32) and (33); n,, H, and H’
have the following meaning;:

R ) el ) L.

ng =~
* R r ’ ar

The term with M|, contributes to the amplitude for a transi-
tion without a change in the spin or parity of the nucleus.
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The contribution M, is nonzero for 0*— 1~ transitions. Fin-
ally, the tensor matrix element M, contributes to the ampli-
tudes of the transitions 0 —0*, 1+, 2+,

1) 0*—0™ transitions
The contribution to the amplitude is determined by the
first two terms in (40):
_ 2mb(e;te,—A)  Gh .
S———'—————]/_ZEI]/2T2 T]WCOS OC

{4 (ky—ky) e (k,) ¥CeT (ky)

~B(g,—eg,) e (k) '\’OCET (k3)}. (43)
where
A= % (N[ D) rH' (14 gho,0,— 2¢% (na,) (noy)] | N).
as=b

B==(N'| 3 H[1— 840,051 | N).
o
The distribution in the energy of a single electron and in
the angle between the electron momenta, 4, is

dw e G4 cost O
de;dcos® L 4 (27)5

¢ () Fo (v vivyeie;

2

X {(e,——sz)z(i+vivzcosﬂ . )

€189
4
X|A—B|2— 4|4 |22t
€18,
+4-"% [Re A% (4—B) (e, —&,)*
182
4| A |%ee, (1 —vp,cos ﬁ)]} , (44)

where g, + £, = A.
We write this distribution as
Tt =/ (&) [ —ae,) cos 9],
Figure 12 shows typical functions f(¢,) and a{e,). These dis-
tributions should be compared with the analogous distribu-
tions for the 28 (0v) decay caused by a Majorana neutrino
mass. We see that a Majorana mass and right-handed cur-
rents lead to completely different angular dependences and
completely different single-electron spectra. If we ignore the
electron mass in comparison with the energy release (the ef-

fey)
! L E,
Me A-mg
a(e,)
e N
A~
Mg 2 s,
_1_

F1G. 12.
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fectis to reduce the accuracy of the predictions of the spectra
near the minimum), we can factorize the dependence of dw/
de,dcos¢ on the lepton and nuclear variables:
dw = G} cost O
de; d cos & n 4 (2m)°
X Fo () vyvy | A—B |2eje; (8, — )2 (1 +-cos D). (45)

Fe(vy)

Consequently, inaccuracies in the estimates of the nu-
clear matrix elements have essentially no effect on the theo-
retical predictions of the angular distribution or the shape of
the spectra of single electrons.

By setting v, ,—1 in the exponential functions in the
Coulomb functions F_ (v, ,), we can easily integrate expres-
sion (45); we find an expression for the probability for the
23 (Ov) decay:

G} cost O,

=P e | A— B AT R (D2, {46)

Some more accurate expressions, incorporating the electron
mass, are given in Refs. 84, 87, and 89, for example.

Comparing this expression with expression (36) for the
probability for the 2/ (Ov) decay initiated by a left-handed
Majorana neutrino mass, we see that in the case of right-
handed currents the probability is more sensitive to the ener-
gy release A. Another difference between the two mecha-
nisms (the Majorana mass and the right-handed currents) is
that in the former case both of the final electrons are {primar-
ily) left-handed, while in the latter case the electrons have
opposite helicities.

2) 0" —17 transitions
The angular distribution and the spectrum of single
electrons are determined by the expression

dw
de; d cos

G} cost O¢ ‘ 2 D AT
=1 W{(km" ko) (e48, + kykp + me) (V3" V")

2 [(ky —kp)® (883 + m2) + (k ko — k) (kiky, — k)] (V7 NV3”)
+4 [kyks]2 Im (NP NP v 0,F o (0) Fo (v)),  (47)

where (LYNE) =2, N¢'NE (@, = 1,2) are products of
the nuclear elements

NP =(N'| ;’ RH'ny, {2g,4 (n6,) — igiin [0,6,]} | N,

NP = (N’ laéb TH' {ig, [n[ne,]}, — g4 (no,) [ne,].} [ N)

summed over the spins of the daughter nucleus. If we ignore
the electron mass in comparison with A, the probability can
be calculated quite easily; it is

G cost O

w0t > 1) =N

2 7 2
ﬁ A [Fc (1)]
XA2 (NP NE) + 5 (NP NP) + 21m (NONEP)). (48)
In this case, in contrast with the 0*—0* transitions, both
the integral probability and the spectral shape of the single

electrons depend on the nuclear matrix elements NV and
N(Z).
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3) 0*—2* transitions
The decay probability is

d G% cost B
de; d I:OS ¥ n? 12. (Zn)sc VUoF e (V) Fe (vy) (N;I’;NiTk) 848y
X {3 (k)2 — (kky) [10 (248, + m8) + ki + k]

+ 5 (ege, +me) (k] +kj) — kik3),

where (N3N )= 2, NN is the square of the nuclear
matrix element

(49)

Ni = (N | Z}, rH'n; {ny, (1 + g40,0y) + 2ig 4 [no,],
a=

— 20y (ng,)} | N

summed over the projections of the spin of the final nucleus.
Integrating over the electron energies and angles, we find

G} cost O

5
A ATF O WA NE). (50)

w0 — 2%)=n?
Some more accurate expressions, which incorporate the
electron mass, can be found in Ref. 84, among other places.

In all cases of practical interest the ground level of the
final nucleus has the quantum numbers J¥=0". Levels
with quantum numbers 1+ and 27 are excited levels of the
daughter nucleus. The lifting of degeneracy is accompanied
by the emission of ¥ rays, which is another characteristic
feature of 0*— 1" and 0" —2™ transitions. The total energy
of the electrons is lower than in the case of the 0*—0™ tran-
sition.

Up to this point we have been talking about the two-
nucleon mechanism for the 23 (0v) decay. We know that nu-
clei contain an admixture of the A isobar at the level of a few
percent. Consequently, there can be an additional mecha-
nism for the 23 (0v) decay of the nucleus: due to the transition
4 p+e +e ornsA Tt 4 e~ e, Since the spin of
the 4 isobar is 3/2, this mechanism could contribute only
when the 272 (Ov) decay results from the admixture of right-
handed currents. The decay matrix element is proportional

t084
(ky — ky)ie (k) vaCe (ky) (Gesny T; 4+ T3) (3, k= 1,2,3),

where
Ty=(n| 2 rH'ooly | A™),
az=b

Tin=(n| X rH 0400, | A*).
a+b

The distributions in the electron energies and angles are
duw . G cost 0.27
deidcosd | -2y

X | Ma |2 Pavv,Fo (v,) Fo (vy) €485 {2 (KKo)?

— (kyk,) [(&y+ 82)2 + 4 (8485 + md)]
+ 3 (848, + mi) (ki + k7)),

My =(rH') (@, | D), (51)

where P, is the probability for the presence of the 4 isobar in
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the nucleus, and the factor (®P,|®,) reflects the overlap of
the wave function of the initial and final nuclei. The decay
probability is

G cost B

s % oagme | Ma [P PalFo (1)12 A7, (52)

It has been shown in several studies'****? that the con-
tribution of the A mechanism to the amplitude of a 28 transi-
tion without a change in the quantum numbers of the nu-
cleus is about an order of magnitude larger than the
contribution of the two-nucleon mechanism. These calcula-
tions, however, ignore the fact that the electrons carry off a
nonzero total angular momentum, so that the contribution
of the 4 mechanism to the amplitude for a 0*—0" transi-
tion may be nonzero only if we take into account the recoil of
thenucleon formed inthedecay A ~—pe~e™. Let us assume
that the 4 isobar is in the S wave with respect to the “frag-
ment” of the nucleus consisting of N1 nucleons. Since the
initial nucleus has the quantum numbers 0%, this fragment
must have the same quantum numbers as the 4. A transition
to the ground level of a daughter nucleus with the quantum
numbers 0 is possible if the proton formed in the decay of
the A isobar is in the D wave with respect to the fragment.
This conclusion means that the contribution of the A mecha-
nism to the amplitude for a 0* -0 transition contains an
additional small factor on the order of (pR )?, where p is the
recoil momentum, and R thenuclear radius. The same factor
arises when we take into account the contribution of the
transition n—A4 * *e~e™ to 28 decay to the ground level of
the daughter nucleus. In all cases of practical interest this
factor is less than 1/100.

Doi et al.%° assert on the basis of an analysis of the nu-
clear matrix elements that the contribution of the 4 mecha-
nism to the amplitude for a 0" —0™ transition is strictly
Zero.

d) Higgs mechanisms for 23(0v) decay

As we mentioned in the Introduction, additional mech-
anisms for 23 (Ov) decay arise in models with doubly charged
Higgs bosons. In the model of Refs. 29 and 30, for example,
there is the doubly charged Higgs boson H™ ~, which is ca-
pable of decaying into e e ~. On the other hand, the interac-
tion potential of Higgs bosons and the kinetic terms in the
Lagrangian (with spontaneous breaking of lepton-number
conservation) generate an interaction of H™ — with, respec-
tively, singly charged Higgs bosons and W bosons, which are
in turn coupled with quarks. As a result, the diagrams for the
28 (0v) decay shown in Fig. 6 arise. The dependence on the
electron momenta and spins of the amplitudes correspond-
ing to these mechanisms is described by

e (ky) (1= 7;) Ce™ (ky) (53)
(the sign of ¥; depends on the particular version of the mod-
el). This is the only Lorentz-invariant scalar which can be
constructed from the wave functions of the final electrons. It
is easy to show that expression {53) is antisymmetric under
an interchange of spins and momenta of the electrons. We
recall that the same functional dependence is found in the
case of a Majorana neutrino mass [see (31) and (34)].
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The contributions of the mechanisms in Fig. 6 were
compared with that of a Majorana mass in Ref. 100. It was
shown that in all the specific models based on the standard
SU(2), X U(1) group the contribution of the Majorana mass
turns out to be dominant.

Analogous mechanisms for 23 (Ov) decay arise in models
with a left-right symmetry.>>=>° In this case, the diagrams
with doubly charged bosons may prove important. Of the
three diagrams here {shown as one diagram in Fig. 6), that
with gauge bosons is dominant (Fig. 13).>? The matrix ele-
ment corresponding to this diagram is

g2uf

M= 192miy ms

— 2 (k) (1 + 7)) Co (k)
R
x [ dxdy (N | 78 (2) TR (4) F () | N),

F(ry=(+3M,r + Myrdye ™4, r=x—y;

{54)

here g is the gauge constant, and f is the constant of the
interaction of the gauge bosons with A ¢ ~. The constant f
can be expressed in terms of the gauge constant (which is
related to Gg) and the masses of the gauge bosons'®':

=1 4 V2Gemg = Ty
= (TR R my

Finally, x is the constant of the transition ofthe 4 ¢ ~ intoa
pair of electrons. We recall that the same constant, x, is a
measure of the Majorana mass of the right-handed neutrino.
At ~my, ~m, — the constant »x must be of the order of

0.1-0.2.

The function F (r} arises because of the incorporation of
the vector form factor, for which the dipole approximation is
used:

F)=(1—m )", My=085GeV.

A
From this point on, the manipulations of the matrix element
are similar to the calculations of the amplitude for 23 (0v)
decay with a heavy Majorana neutrino. Formally, the form
factor plays the same role as that played by the propagator of
the heavy Majorana neutrino.

The probability for the 2/ (Ov) decay is

G? kM
2 @A AR’ mhy,

(F, (12| M 2 <F) 12 45 A

W=

(55)
In deriving this expression we used the approximations

FIG. 13.
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| dxay (N1 IR @) TR ) F ()| Ny & <Py b,
Mx={ dxdy (N [ TR @) TR () | V),
= Feyeeyar,

where P (rjtakes into account nuclear core. The function (F)
is given explicitly in Ref. 32.

Numerical estimates of the decay probability from (55)
will be found in the following sections. We wish to point out,
however, that there is some arbitrariness in these estimates
because of the adjustable parameters of the model.

e) The 25+ (0v) decay and e ~—e* transitions at a nucleus

If a 28 ~(0v) decay does occur, then a 22 *(0v) decay
should also occur.'®? The expression for the probability for
the 23 (Ov) decay differs from (36) by a factor which takes into
account the nuclear Coulomb field, and which is given in this
case by
___omawp

exp (2naz/v) —1

Along with the 23 *(0v) decay there should be a capture
of an orbital electron, accompanied by the emission of ane™.
This process has been examined in detail.'®® If both of these
processes are caused by a Majorana neutrino mass, then the
ratio of their probabilities would be

Fc"‘ (v) =

L85 1y 012 Foy )0

w(e” —»et)
w (e*et)

’%‘ . 2?13 S 6% (A—e1)% vy0pF e, (V1) Foy (v2) dey
Me

(56)
where, as before, 4 is the mass difference between the initial
and final nuclei, v is the positron velocity in the reaction
e~ —e™, v, and v, are the velocities of the positrons in the
2/3 *(0v)decay, and ¢{0) is the wave function of the k electron
at 7 =0, [¢(0)|*=(azm.)*/m. Since the dependence on the
lepton and nuclear variables is factorized, ratio (56) does not
depend on the nuclear matrix elements. Table I lists numeri-
cal values of ratio (56) for all the 2/ *-active nuclei.

In this case, if the 23 (0v) decay results from an admix-
ture of right-handed currents, the ratio (56) cor:tains an addi-
tional factor (€, — £,)*/4 ?in the integrand in the denomina-
tor. This factor increases the ratio w(e "—e™*)/wle*e*) by an
order of magnitude, on the average. In principle, this fact
could help us distinguish between different mechanisms for
fepton-number nonconservation.

Unfortunately, the energies released in all the 28 * de-

TABLE L
Transition { (e~ e*)/w(etet) | A/m,
Kr78 — Se 2.6 3.64
Ru® — Mo 13 3.33
Cd1% — Pd 16 3.44
Xel?t — Te 11 4.00
Bal30 - Xe 115 3.045
Cel36 - Ba 650 2.7
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cays are significantly smaller than those in 28 ~ decays. Fur-
thermore, the Coulomb corrections reduce the rate of the
28 * decay. Consequently, the 28 *(0v) decay is less probable
than the 28 ~(0v) decay. Comparing the 28 *-active and
2f3 ~-active nuclei with the maximum energy release {Ca*®
and Xe'?*), and assuming that their nuclear matrix elements
are comparable in magnitude, we find

w (Xel2d » Te-}o* 4 et) - i
w (Cat® - Ti+e +e7) 400 °

f) Double 3 decay involving a majoron

If a majoron M° capable of undergoing a virtual conver-
sion into a pair of neutrinos exists, then the decay
N—N'e~e~M° should occur. Figure 14 shows a Feynman
diagram which describes this decay. The matrix element of
this decay is calculated by analogy with the matrix element
for the 23 (Ov) decay initiated by a Majorana neutrino mass;
the result is

6% cos? ec FVe -~

M (eme"M0) = e (k,) (1— vs) Ce (ky) (PM0< >

(57)

where @\ is the wave function of the majoron M°, and f /v2
is the constant of the coupling of the majoron with the neu-
trino. The nuclear matrix element, {1/r), is the same as that
in the 23 (Ov) decay with a Majorana neutrino mass [see (32)].
The reason 1s that the Fourier transform of the expression
[a(g — k )~ ! gives us the same result as 1/¢°. The amplitude
for the 23 decay accompanied by the emission of a majoron is
thus nonzero only for transitions without changes in the spin
or parity of the nucleus.

The differential
N—-N'e e M%is

dw 2G%12 cost
deg de, d cos & = (271)7

probability for the

Ol
(A —g,—gy) (1—vw, cos B),
(58)

where £, and ¢, are the electron energies. The spectrum of
single electrons is given by

decay

X VsF ¢ (Uy) Fe (05) E18.

dw Gfﬂf2 cost ¢
e Y TE@n
X[F.(1))12el [(A—e)* —4(A—e))+ 3] me (59)

{4 and £, are expressed in units of the electron mass). In

FIG. 14.
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L 1 l~s
a/3  24/3 A 7

FIG. 15.

integrating (57) we set v, , = 1 in the arguments of the expo-
nential functions in the functions F, (v,) and F,_ (v,). Figure 15
shows a typical spectrum. If we ignore the electron mass in
comparison with the energy release A, we find that the spec-
trum reaches a maximum at e, = 4 /3.

A basic distinguishing feature of the neutrinoless 23 de-
cay N—>N'e~e™ is that the total energy of the electrons is
constant: E=¢€, +£,=4. In the decay N>N'e"e " M°,
part of the energy is carried off by the majoron. The distribu-
tion in the total energy of the electrons is given by

duw G% /2 cosé B¢
qE T T BEnT

X[Fe(1))2mi(A—E) (E>—20E* - 30E—12). (60)
Figure 16 shows a typical distribution in £ = ¢, + &,. At
A>»m, the maximum of the distribution dw/dE lies at

= (5/6)4. Incorporating the electron mass shifts the peaks
in Figs. 15 and 16 in the soft direction. The probability for
the decay N—>N'e"e~M is

G‘i;‘fn coss Bc

w(eeM) & —go A1 P (61)
The ratio of the probability for the decay
N—N'e~e~M° to that for the 28 (0v) decay initiated by a

Majorana neutrino mass does not depend on the nuclear ma-
trix element and has the value

w(eeMY) 2 A \Za (A
w(e~e”) ~  84m? ( 2,,-"15-:3 ) @ (E) ' (62)
In the limit A> m, we have @ (4 /m,) = 1.

In the model of Refs. 29 and 30, the matrix element mL
of the left-handed Majorana mass matrix of the neutrino is
related to the interaction constant fand the vacuum expecta-
tion value of the neutral component of the triplet, (H®), by

mb = g (H%.

V2

1 i
A/T 24’/3 a4
FIG. 16.
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In this model, the ratio (62) does not contain the coupling
constant f'and is given by
w (e~e~M?© 1 A2 0
uE(e‘e") L~ B2 (T) » U= (‘}}5 ' (63)
Some other physical consequences of the existence of a
majoron and limitations on the parameters of the model
were analyzed in Refs. 28-30 and 45-47. An astrophysical
limitation was found on the vacuum expectation value
v=(H%/V2inRef. 30: v < 100 keV. Substituting this value
into (63), we find that for most of the 283-active nuclei the
decay accompanied by the emission of a majoron (if it exists)
is more probable than the 23 (0v) decay initiated by a Major-
ana neutrino mass.

g) Double 3 decay accompanied by the emission of two
neutrinos

The decay N—»N'e e~ ¥¥ is allowed by lepton-number
conservation, and there is no doubt that it occurs. The prob-
ability for the 23 (2v) decay is small because of the small
phase space. In most cases of practical interest, the possible
lepton-number-nonconservation effects would have no sig-
nificant influence on the decay probability and can thus be
ignored. In numerical estimates there are uncertainties
which stem, as before, from the calculations of the nuclear
matrix element. The probability for a transition to the
ground level of the daughter nucleus, integrated over the
neutrino momenta, is®*

dw _ G cost B¢ <N' 1 2
deyde, d cos © 480n7 tho (1
2 a==b
— £}40,0,) N>] X vyeie; (A —e; —e,)% (1

— v, €08 §) F (vy) Fo (v2),

where uo = (E,, ) — (M + M")/2, {E,,) is the expectation
value of the energy of the intermediate nucleus, and M and
M’ are the masses of the initial and final nuclei, respectively.
The spectrum of single electrons is

L0 (= )5 (T — 1)+ 8m, (T —1,) 1283,

by, g=85,,— M,

and is shown in Fig. 17. The probability for the 253 (2v) decay
is
2Gh cost O

w(2h, 2v) = =

SR

X [Fo (1)]3T7 (T4 4+ 22T3m, + 220T2m2 - 9907 m3 + 1980ms),

dw
cn
I L Y
e A 7
FIG. 17.
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where 7= A — 2m_ is the maximum kinetic energy of a sin-
gle electron,

The amplitudes for transitions to excited levels of the
daughter nucleus (0*—1%, 2*) contain powers of the mo-
menta of the final leptons higher than those in the amplitude
forthe0"—0™ transition. These transitions to excited levels
are thus forbidden. The probability for a 2/ (2v) decay ac-
companied by a transition to the 2+ level, integrated over the
neutrino momenta, is

dw G% cos? O,

[ 3 ouon] VY

X Fe (vy) Fo (v,) 000875 (&, —g,)?

de; degd cos©  336a7

X(A —g;—E,)7 (1 +% v, CoS ﬁ) .

The expression in square brackets here is the square of the
nuclear matrix element summed over the projections of the
spin of the final nucleus. The spectrum of single electrons is

Te; ™ ey (T —1)° [(T —t)* — 62 (T —2,)° + 459mt;
A1 (82 — dmety + mA (T —t )2+ 110myt, (¢, —m,) (T —¢))].

The integral probability for the 0*—2* transition is

2332G% cost O
15!n7?

x( S|V 2 ouon|N)[)
J: az=b

X [Fo (]2 T4 (T% 4 30m, T + 420m2T?

w (25, 2\’)0+_,2+ =

4-1820m2T + 2730ms).

The probability for the 0" —17 transition is twice that
for 0*—27* transition. The nuclear matrix element for the
0*—17 transition is

(¥ [% 3 o),
az=b

h) Nuclear Coulomb field

Incorporation of the effect of the Coulomb field on an
individual electron in the expressions for the probabilities
for 28 decay given above reduces to a multiplication of the
probabilities by the Fermi factor

2nazfv

Fo (0)= T—gep (~ gy -

{In evaluating the integral probability, we used the approxi-
mations v, , = 1.} The accuracy is quite good here if the S-
wave part isimportant in the electron wave functions, as it is,
for example, in the 23 (Ov) decay with the Majorana neutrino
mass. We recall that the terms of zeroth order in the electron
momenta in the expansion of the wave functions make the
predominant contribution. A more accurate expression for
F,_(v), which incorporates the finite size of the nucleus, is'*
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T(y+iy) |2 2 (y~1)
Fo(v) :4|_——_I‘(1+2v) ew (2kR)2 (-1,
{64)

oz
y=--

y=V1—(a2)?,

In those cases in which the P wave is significant, we
should use, instead of plane waves, the exact solution for the
electron wave functions in a Coulomb field.%%,'** This com-
ment applies to the 28 (0v) transitions caused by an admix-
ture of a right-handed interaction. The use of the exact Cou-
lomb wave functions complicates all the calculations
considerably and leads to different numerical results for the
decay half-life. On the otherhand, the selection rules, the
spectra, and the angular distributions of the electrons re-
main the same as when the electron wave functions are re-
placed by plane waves.'**

In the numerical estimates below we will use the tabu-
lated values of the functions F_(v) given in Ref. 105.

i) Numerical estimates; limitations on the lepton non-
conservation parameters.

The 28 transitions are classified in Table II. A larger
circle means an allowed transition, a smaller circle a sup-
pressed transition, and a cross a forbidden transition.

To find restrictions on the Majorana neutrino mass and
other parameters characterizing the mechanisms for AL =2
transitions, we need to know the nuclear matrix elements.
The results of calculations of the nuclear matrix elements by
different investigators differ substantially. This is the pri-
mary (but not the only) reason for the discrepancies between
the estimated upper limits on the parameters of processes
with AL = 2. The results obtained by the various investiga-
tors are summarized in Table III. The estimates shown here
were found from expressions for the probability for the two-
nucleon (2n) mechanism for 23 (0v) decay.

From the experimental data on 23 (Ov) decay we can also
find a lower limit on the mass of the heavy Majorana neu-
trino. According to Ref. 96, this restriction is 3 GeV. A simi-
lar restriction was found in Ref. 83 from data on Ca*t. An
increase in the experimental upper limit on the decay half-
life could not substantially change this result, since the ma-
trix element contains an exponential functional dependence
on the mass of the heavy neutrino, M, [see (37)].

In models with an L-R symmetry, diagrams with dou-

bly charged Higgs bosons (Fig. 13) may contribute substan-
tially to the amplitude for 283 (Ov) decay. The parameters of
the model enter the probability as the combination

1k

Wik for

CEETE LA

We set the nuclear matrix element M equal to 1 in (55). We
then find the following limitation from the data of Ref. 107
on Ca*:
Nax?<<6.107°,
With y ~0.1 we find the following restriction on 7g:
miy

L 1
—_—— <.
2 20

mWR

MR =

In the particular version of the model of Ref. 57 which
relates the small value of the neutrino mass to the dominance
of the left-handed interaction we would have

me
My, = const- ey

< ~1¢€V,

R

Approximately the same result was found in Ref. 32. This
limitation on the Majorana mass of the left-handed neutrino
should not be taken too literally, since it involves a special
choice of parameters and the Higgs sector of the model. This
example demonstrates the possible dominance of the Higgs
mechanism in the amplitude for the 28 (Ov) decay

5. WHAT WOULD THE DISCOVERY OF THE 23(0v) DECAY
MEAN?

In order to distinguish experimentally among the var-
ious mechanisms for 23 (Ov) decay it is necessary to measure
the angular or energy distributions of the decay products.
For example, a Majorana neutrino mass and right-handed
currents lead to completely different spectra for single elec-
trons and to completely different distributions in the angle
between the electron momenta. Measurements of the differ-
ential characteristics, however, constitute a more complicat-
ed problem than identifying events with a fixed total energy
of the final electrons. Furthermore, there may be mecha-
nisms which lead to the same differential distributions as
would result from a neutrino mass. Examples are the mecha-
nisms which reduce to the effective AL = 2 Pontecorvo in-

TABLE I1.
Ty.peof?.ﬁ tran- 28, 2v 25 00 —
sition
Majorana Right- - -
nelftrino handed cur- | Tiiggs mech
Mechanism 2n A | _mass rents anism on A
2n l A 2n l A on l N
i Transition :
0+ —0* O « O O o O O
o O 0 Ol O] x
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For the same value of the nuclear matrix element, the same restriction
applies to the parameter 7.
. A restriction on m, was found in Ref. 81 from expressions for the
probability for the 23 (Ov) decay found in Ref. 11. Actually, the expres-
sion for w(283,0v) is only half as large as that given in Ref. 11. The
corresponding restrictions on m,, are larger by a factor of v2.
Exact solutions of the Dirac equation in a Coulomb field were used as
the electron wave functions in Ref. 89. As Doi et al.% assert, this cir-

wh

*
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TABLE II1.
I I 111 v v
28 (2v), T
Transition | Ti/2 YT 1z YT m,, eV n
{theory) {experiment) v
=34 84 =1,5-10"481
T2 (128)/T /4 (130) > (0,892
Te1s0  Xo | Tz (129) =UA0.00400) s |t
Teizs 5 X | T1/2(130) =
=5.1-10%
T1/2 (128)/T 5 (130)
=(0.9+0.95)-1000|  <&T%
o Ty Ty/p==(2.2:0,7) 1021 108 }
Te'® > Xe | _5%3 1021 | T}/a— (2:552:0.20) - 107 (c) <0731
<50 (xV2) o< 624071 8
B -5 89
. T, T/, (OV) > 21021 107 << 700 < 410
Ca%® — Ti 102 12 <45 89 ) <4107+ 98
=3.6.101% | T/, (2v) > 3.6-1010 107 =% 5 | =3 1000
<73 *
5 280 84
T /5 (0V) > 3,1.4021 208 = e
Ses? > Kr | Tuz 7 (14550.15) 4020 ¢) | <12 o) <34-1070
= 1A A0 e V) = (102:0,4)- 1018 10| =33 o
1z e < 89 (*) | <<4.4-10-383
<< 550 84
8% —3 B4
T1/g (0V) = 514021 110 : [ig o << 10 ]
Ge™® . S Ty/2 <146 (*) | <8107 *
e Se | _9l0m
22 1i2
Ty/2 (Ov) > 2.10%2 111 <<8.3 88, 111 | 4,40-5 111
<73 (*) 1 <<1.5-10° 111,88
21 112 5—80 112
Mol — Ru Ty/y (OV) > 2.1.90% 112 =5 P
Notes
1. Column III shows experimental data on 0* —0™ transitions for Ca*?, cumstance is responsible for the difference between the estimates of the
Ge’%, Se*?, and Mo'™. upper limits found there and some earlier results® found by the same
2. The geochemical data®® on the ratio T,,(128)/T,,,(130} contradict investigators, where the Coulomb field was taken into account by sim-
each other. The data of Ref. 8 cannot be explained on the basis that ply multiplying w(23,0v) by the Fermi factor F_(v,)F.(v,). We note,
only the 2/3 (2v) decay occurs. It is thus concluded that the Majorana however, that using different ways to take the Coulomb field of the
neutrino mass is nonzero (IV) or the parameter 7 is nonzero (V). The nuclei into account could not substantially change estimates of the
new data of Ref. 9 are consistent with the nonoccurrence of the 25 (0v) upper limits on the Majorana neutrino mass. The difference between
decay and can be used to determine upper limits on m,, and 7. the results of Refs. 84 and 89 is apparently also due to the calculations
3. Column II gives theoretical predictions of T, ,, for 23 (2v) decay taken of the nuclear matrix elements.
from Ref. 84. There may be some uncertainties because of the estimate 7. The (*) shows results calculated for the upper limits on the neutrino
of the nuclear matrix element. mass from expression (36), in which the nuclear matrix element is taken
4. The geochemical data on the absolute value of T ,,(Te'*®) can be ex- to be 1/R, where R is the nuclear radius. The values given in Ref. 105
plained by the occurrence of 23 (2v) decay, and they can also be used as are used for F_.
a lower limit on 7, for the 2/ (0v) decay. On this basis, a restriction 8. The expression found for the probability w(25,0v) in Ref. 99 is four
was found on the parameter %’ in Ref. 13. In this case (see Ref. 13), this times as large as (45). The corresponding upper limit on % should be
parameter is a measure of the admixture of the right-handed compo- doubled.
nent in the lepton current: 9. Table 1II ignores data on transitions to excited levels, 07 —27:

Ge™ > Se™: Ty = 5-101 10, T, = 0,8.4022 1,
Nd10 - Sm1$0: Ty;, > 1038 s,

The restrictions on 77 which can be extracted from these results are
weaker than the restrictions listed in this table which follow from data
on 0*—07 transitions.

10. The (c) indicates expectation values given in Ref. 89 for the decay half-

lives of Te'* and Se*? (Refs. 9, 106, and 113-117), found by taking an
average over all the geochemical experiments.
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teraction. Experimental measurements of the differential
characteristics of the 28 (0v) decay can thus substantially re-
duce the list of tenable hypotheses, but they cannot unambi-
guously identify the mechanism which generatesthe AL =2
transitions.

However, it can be shown'® on the basis of certain,
shall we say, generally accepted assumptions regarding the
structure of weak interactions that the discovery of a 23 (Ov)
decay would be evidence of a nonzero Majorana neutrino
mass. Among these assumptions are the following.

1. Weak interactions are described by a gauge theory.

2. The gauge fields (W bosons) are coupled with both a

lepton (Iv,) current and a quark current, (id) (Sc), etc.

3. There is a crossing symmetry.

For a proof we consider the reaction e uu—dde™,
whichis a crossing reaction with respect to 2/ (Ov}decay. The
discovery of a 23 (Ov) decay will mean that the six-fermion
diagram in Fig. 18 is nonzero. The hatched block in this
diagram corresponds to some mechanism for 23 (Ov) decay.
We ““close” the quark lines and connect them with the lepton
W bosons. We find the diagram in Fig. 19. This diagram
means that there is a Majorana mass term of the form

mgv;rLC VeLs

We note that this theorem does not prove that a Major-
ana neutrino mass (and it alone) is the reason for the 23 (0v)
decay. Furthermore, the contribution of the Majorana mass
is not necessarily the dominant one.

As for concrete models with a spontaneous violation of
lepton-number conservation, we note that in most of the ex-
amples which we have considered here the contribution of
the Majorana neutrino mass is the basic one. Exceptional
cases may be models with a left-right symmetry, which allow
some latitude in the choice of adjustable parameters.

CONCLUSION

It has been nearly half a century since the appearance of
the first study of double neutrinoless S decay. The purpose of
the search for this phenomenon is clearer today than even
before: 23 (0v) is the only process whose study can allow the
detection and measurement of a Majorana neutrino mass.
There can be no denying that independent measurements of
the parameters of the neutrino mass matrix from the 3 spec-
trum of tritium and from neutrino oscillations are equally
important. In terms of sensitivity these experiments are no
poorer than, and are perhaps more promising than, the pres-
ent capabilities for detecting a neutrino mass in a 253 (0v) de-
cay. However, among these phenomena in which a neutrino
mass might be manifested the 2/ (Ov) decay is the only one
which would tell us about the nature of this mass. In fact, the

FIG. 18.
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qualitative question of the nature of the neutrino mass ma-
trix {Dirac or Majorana) is no less important than the quanti-
tative question. One argument in favor of the Majorana neu-
trino mass is that it is small in comparison with the masses of
charged fermions. This argument is based on the unified
gauge theories in which the particle masses arise as a conse-
quence of spontaneous symmetry breaking. The existence of
a Majorana neutrino mass would mean that in addition to
thestandard SU(2) X U(1)symmetry the L (B-L )symmetry is
also broken. An additional argument that B-L is not a strict-
1y conserved quantity (and that a neutrino acquires a Major-
ana mass) comes from the theories in which this symmetry is
a spontaneously broken gauge symmetry. In the opposite
case we have the problem of the existence of a corresponding
“photon.”

A Majorana neutrino mass is not the only reason for a
23 (Ov) decay, although itis the most likely reason. A detailed
study of the 28 (0v) decay (if it occurs) would make it possible
to shorten considerably the list of tenable hypotheses about
the interaction which breaks lepton number. In this sense a
search for the 2/ (0v) decay can serve as a method for testing
the models of the unified gauge theories. Furthermore, the
discovery of a neutrinoless 23 decay would essentially erase
all doubt that the Majorana neutrino mass is nonzero even if
its contribution to the amplitude for the 283 (Ov) decay is not
the predominant one.

I wish to thank B. A. Dolgoshein, Yu. G. Zdesenko, O.
Ya. Zel’dovich, A. Kalinovskii, I. Yu. Kobzarev, V. A. Lyu-
bimov, B. V. Martem’yanov, L. B. Okun’, A. A. Pomanskii,
A. Smol’nikov, S. Fayans, and V. A. Khodel’ for useful dis-
cussions.

APPENDIX |

We wish to calculate the matrix element for the 25 (0v)
decay initiated by a Majorana neutrino mass m,. The S ma-
trix of second order in the weak interaction is

S= —a S 4z Aty (N'e=o- |TL(2) L (5)| N), (1)

where L is the Lagrangian of the weak interaction. For the
moment we ignore the nuclear Coulomb field, assuming that
the electrons are described by plane waves

1

= eikxg ),

where &=k k, are the 4-momenta of the electrons,
€2 = Koy, are the energies of the electrons, and e(k) is a
four-component spinor. The product of lepton currents in
the T product is

In@ =@ 1 A+ 1) v @6 ™A+ 1) v @)

For the calculations below it is convenient to transpose one
of them, writing it as
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in @) =ve A+ vevr e® ()-

A convolution of the T product of the electron operators
yields

k) Tu A+ ¥IKO 1TY @ VE ()] O (1 +75) vy e (y) e Caxtham)

(1.2)

The vacuum expectation value of the T product of the neu-
trino operator, v{x)v"(y) is nonzero if the electron neutrino is
a Majorana particle (or if it is a superposition of a Majorana
diagonal states v =v, = ZY_, U.,,,. We denote by m,
the Majorana mass of the electron neutrino (we recall that in
the general case m, would be understood as

y 2
Z [ UeA '
A={

— (kg +>kg).

where p, are the masses of the Majorana diagonal neu-
trinos). For a Majorana particle we know that the equality
v" = %C holds, where C = iy, ¥, is the charge conjugation
matrix. The vacuum expectation value (O|Tv(x}v'(y)|0),
which may be called the propagator of the Majorana parti-
cle, can then be expressed in terms of the propagator of an
“ordinary”’ Dirac particle as follows:

Gu= {01 Iv (z) vI(y) | 0) = @pC. (1.3)
We know that
d4 ig (x=¥) a
Gn(r—y)=5 (7,:1)—4 %——T’ 7=4aVa>

We substitute (§ — m,)” " into (I.2) and proceed to a trans-
formation of the product of ¥ matrices (up to the integration
over d*g):

(479 222 ¢ gy g = — 2 g -y €
Yo L) 5/ VA {g*—m3 W o,
At this point we can see the conditions under which the am-
plitude for the 28 (0v) decay will be nonzero if the lepton
current is left-handed:

1) v, is a Majorana particle;

2)m,#0.
Ignoring m? in comparison with g°, we find
d4 iq (x-Y) 1
S —(2—;1)Tf~q—2—= _Eé*' (t2—r?), t=z,—yy TI=X-—y,
(I.4)

The T product of the lepton operators thus becomes
m

—2—;—6+ (t2—r2) [1yy, (K1, ko) exp (ikyx+-ik,y)— (kg == k)], (L.5)

where l;.,u (ki,ky) = E(klh’p?’/t(l — ¥5)Ce" (k).

The convolution of the 7 product of the nucleon opera-
tors can be written as a sum over all possible pairs of neu-
trons of the nucleus:

3 T8 @ IS () exp (AEqzo+ 1AEpY,).
az=b

(1.6)

Here J ¢, (x) should now be understood as the amplitude for
the conversion of neutron a, at the point x, into a proton. In
this expression we have singled out the exponential time de-
pendence of the nuclear wave function, and 4E, is the
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change in the energy of the nucleus as a result of the decay of
neutron ¢. The sum 4E, + 4E, =4 is evidently equal to
the mass difference between the initial and final nuclei, while
the difference 4E,~-4E, = Q, is a measure of the energy of
the virtual neutrino. In the nonrelativistic limit the spin
structure of the matrix elements of the currents J,, is

Jo =1, = gaG, Ega =~ 1,25.

It is now convenient to integrate over the time variables
T? 1{xo +¥o) and T = x,-y,; the S matrix can then be
written as

_ 278 (81-Fea—A) G cos®Oc

S ———————
V2e: Ve, v 2

1 (ky, &y)

1Qr
X f dx dy ©%e D) ¢
- az=b

(1— g4 0,03) Dy. {1.7)
Here & and @ are the wave functions of the initial and
final nuclei. We are ignoring in the integral the exponential
function which contains the electron energies, since the con-
dition |e, — £,|r<1 holds in all cases of practical interest.
The quantity / (k,,k,) is a measure of the dependence on the
electron momenta and spins:

Lky, k) = e (k) (1 — yg) CeT(ky).

APPENDIX il

Let us outline the transformation of the S matrix of the
23 (Ov) decay [see (39)] which results from an admixture of
right-handed currents. A convolution of the neutrino opera-
tors gives us

(N 175 @ T @)1 N [6 (@) uvavs (A7) €T ()] 3
N TR @) TE (0)1 M) [2 (@) vuvars A—7vs) CeT ()] —Zi

As before, we assume that the electrons are described by

plane waves, while the time dependence of the nuclear wave

functions is determined by an exponential function. A con-

volution of the electron and nucleon operators then gives us
2 AT OTR®) [e (k) vuvas0.CeT (k)

a¥b

X exp (ie1zo+ igqy,) eXP (— ikyx—ik,y)

— % (Ep) Yy a0, CeT (hy) exp (ieyzpt-ieyyg)

Xexp (—ik,y— ik,x)] N ) (IL.1)

OIEO, 5, i Pt
6:!: =14 vp.

This expression is antisymmetric under the interchange of
fermion variables. We introduce the notation ¢ = x, — y,,
T=14(x+yh R=1{x4+y), r=x—y, E=¢ 45,
p=k, +k, € =6 — &, k =k, —k,. The S matrix is

dig
@m)

S =nG} cos? O¢ S d4z d4y eETg~iPR %-

(IL2)
. 1
1(AE_—AF,;) —
x 3 {e YT L@ R @)
a==h
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)

t
- et kr i(AE,-AE ) —
——e(kz)TfE;.FT(kl) exp (-—i—2-+i7)]+e b @2

- - et
X [ 2 (k) 74007 () exp (15—

X (IR @FE O (709 = :r(—)]} ,

where T 5, = ¥,7.7:(1 + ¥s) C. The matrix element of the
product of hadron currents, denoted by (J ;¥ J5*') is

T @ITREN = (Bopte+ g 481,09 (Boa1>—g46racp), (IL.3)

where g and b specify the nucleons {or quarks, in which case
we would have g, = 1). The integration over g, reduces to an
integration of the S-functions which arise in the evaluation
of the integral over the variable . We find

4% om
8 =nG}% cos? O¢ | d3zddy T ¢ P

- - ) q —i
X {(Jﬁ' (a)-’{{ (b)) [e (k1) Tlfl;:?\eT (ka) g ikr/2 q—z e lquq‘,:qan

- +) i da
— % (k) Thiare™ (ky) €572 = e ""lqu=q:,2>]

HIB@ gL O 1+ == T(—)]}-zms (e14-e2—A), (IL.4)

where ¢\ are the energies of the virtual neutrino for dia-

grams differing by an interchange of the final electrons; here
g5’ — ¢¥' = £, — ¢,. The integration over q gives us

d3g —iqr 9o 1

@E ¢ T Qe (IL5)
Q=q, Q= (qo+—i)n, n=—. ’

r r

We also use e(k,)T ;e (k,) =elk,) T\, e (k,). We write
the S matrix as
G3 iQor
S=7]—4—:_FTcosa O¢ Z S dx dy er
asb
X [¢ (ky) Tiare™ (ky) e =572 05" —% (ky) TiaueT (ky) %7202

A+ (TR@OTE O (T 2= TN} 208 ey 2, — A). (IL.6)

e~ PR ‘<JII: (a)_]{i (b))

In the exponential function %" we haveset Q' ~ Q¥ = Q,,
since the characteristic energies of the virtual neutrinos aré
of the order of the reciprocal of the distance between the
nucleons, and the difference Q §'-Q &, which is equal to the
difference between electron energies, is considerably smaller
than Q, in all cases of practical interest.

The tensors constructed from the lepton variables can
be broken up into irreducible representations which trans-
form as a scalar, a vector, and a second-rank tensor under
three-dimensional rotations. These tensors are contracted
with the nucleon tensors, which can be broken up into the
same irreducible representations. The scalar, the vector, and
the tensor describe the nuclear transitions 0*—07,
0*—1%*, and 0" —2™, respectively.

For the subsequent transformations of the S matrix it is
convenient to break up the tensors 7"\ %) into parts which are
symmetric and antisymmetric with respect to the indices 1
andA, T\t =S L) + A %], through the use of the equality

Yuw¥aVa = Yu‘sal + Yk‘sau - Ya.GML + ie qaapVsVp-
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We note that 4 Lfl’ is antisymmetric with respect to all three
indices.

The product of hadron currents is also conveniently
broken up into parts which have a definite symmetry under a
simultaneous permutation <A and permutation of the in-
dices specifying the nucleons, a«<b:

<Jllr (a) _]? (b)> . ,
(JR(@ JL (D) }'—‘ [8onBond “ _‘Siu‘shkogohgi]
1 A

+ g4 [Ba8in0fb —8gu8:n0740]. (IL7)

Since the condition R4 €1 holds in all cases of practical in-
terest, as we have already mentioned, we expand the expo-
nential functions containing (k; -+ k,)R and (k, — k,)r and
retain the first nonvanishing terms. We recall that in the
calculation of the probability for 23 (0v) decay with a Major-
ana mass it was the zeroth-order terms in the expansions of
these exponential functions which made the basic contribu-
tion. Here we must deal separately with the contributions of
the spatial and temporal components of the vectors Q'}%.

The term with Q%. It is easy to see that the terms with
S ! make a nonvanishing contribution when the exponen-
tial functions are replaced by unity. This contribution is pro-
portional to

€ (k1) (ShOA+ Sion) eT (ky)- (61— £5)- (I1.8)
The contribution of the antisymmetric part vanishes after a
sum is taken over the nucleons of the nucleus. The contribu-
tion of the other terms of the expansion of exponential func-
tions contains a small factor of the order of (R4 )*.

The term proportional to Q'?. Since the vector Q is
directed along the vector n = r/r, the zeroth-order term of
the expansion of the exponential functions vanishes after an
integration over angles in (48). We consider the first terms in
the expansion of exp(+ /kr/2) and exp (ipR) where
p =k, + k,. In carrying out this expansion we need to use
r=r,—r, and 2R=r, +r,, so that under the inter-
change a<»>b we have r— — r and R—R. We introduce the
notation Q = an/r and a = q,r + i; here |a| ~ 1 and g, = ¢}’
or g

1. exp( 4 ikr/2)}—1 + ikr/2; exp(ipR)—1. The contri-
bution of the symmetric part is proportional to

T ) (SRt S 3T (k) (08 4 0)
2 (IL9)

~ Qie (k1) (SEin+ Sih) €T (ky) i (kr).

This tensor is contracted with the part of tensor (I1.7) which
is symmetric under the interchanges u«»A, a<>b. The corre-
sponding contribution of the antisymmetric part is propor-
tional to

1 (Kr) Qz¢ (ky) (Aih— 4uin) T (k,). (I1.10)
The tensor (I1.10) is contracted with the part of tensor (I1.7)
which is antisymmetric under the simultaneous inter-
changes u«>4 and a<>b.

2. We now consider the expansion exp(ipR)~=1 + ipR,
replacing exp( + /kr/2) by unity. The symmetric part, pro-
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portional to S \X}, gives us

+)

1(PR) € (k) (Sih+ 5130 o7 (ky) Q:- (IL.11)
This tensor is contracted with the part of tensor (I1.7) which
is antisymmetric under the interchanges zz«>A and a<>b.

The contribution of the antisymmetric part can be cal-
culated in an analogous way:

i (PR) € (Jeq) (Ai5h+ 4138 27 (ky) Qs (IL.12)
The tensor (II.12} is contracted with the part of the tensor
{IL.7) which is symmetric under the interchanges u<>A and

a<>b. Summing the contributions of the various terms, we
can write the .S matrix as

2

G 2nd —
Sznﬁcoszecm___

A)
. — oM -1 M;
‘/58—]: 1/262 [loMo+lzk iR ¢ z]
(iv k=1l 21 3);

lo=;(k1) '}’oC;T (k2)y
Lin= (k1 —ko); & (k1) YR CeT (ky),
Li=(k1+ky)i € (k) vovsC e (ks),
My={N| > H{—g40,00) | N>,

a=z=b

Mip="N

~

) TH'ni {ry (1+g%0,08) +2ig 4 [0.n]x
as=b

—'2gf40'ah (nub)}l N> '

Mi={N| zlb RH'n.i {2¢.4 (n05)—ighn [0,00]} N;
e
£iQor oH
r ? = -

H=
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