
PHYSICAL REVIEW 0 VOLUME 25, NUMBER 11

Neutrinoless double-P decay in SU(2) XU(1) theories
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It is shown that gauge theories give contributions to neutrinoless double-P decay

[(PP)0„]which are not covered by the standard parametrizations. While probably small,
their existence raises the question of whether the observation of (pp)0„ implies the ex-

istence of a Majorana mass term for the neutrino. For a "natural" gauge theory we ar-

gue that this is indeed the case.

The associated questions of neutrinoless double-P
decay [denoted (pp)0, ] and neutrino mass have

again become of general interest. A comprehensive
recent discussion is given by Doi et al. ' and a
concise summary by Rosen. 2

The classical analysis of the (pp)o„process,
which of course predated gauge theories by many
years, assumed that it arose as a result of neutrino
exchange between two effective four-fermion ver-
tices. This is shown in modern language in Fig.
1(a), which illustrates the process at the quark lev-

el. Thus, the parametrization of the (pp)o„process
was considered to be given fundamentally by the

parametrization of 'the four-fermion single-P-decay
interaction.

We point out here that the situation is more
complicated if the weak interactions are described
by a gauge theory. For definiteness we consider
(pp)0„ in the framework of the standard
SU(2) XU(1) gauge theory. Larger gauge groups
usually contain SU(2) XU(1) as a subgroup and
composite models are usually contrived to also
display this symmetry. Thus there is not much
loss of generality in doing so.

A rather minimal way to naturally include
lepton-number violation in the theory is to add to

1

the complex F=1,I=—, Higgs doublet a complex
K=2, I =1 isotriplet H:

I

yw

e„

I
e~

Aw-
I

44

1

to ~o
f

I

pw
I
1

y+
y0 h+

The theory need not contain any more than one
two-component Weyl neutrino field for each gen-
eration. In a natural theory (no special adjust-
ment of parameters) both P and h will develop
nonzero vacuum expectation values giving the rela-
tions

($0) =A, , (h') —=y,
2

m ( W) = (A, +2y )
4 (2)

(c) (d)
FIG. l. Diagrams for neutrinoless double-P decay in

an SU(2) XU(1) gauge theory. The standard diagram is

Fig. 1(a). It is the only one which contains a virtual
neutrino (of four-momentum p). d and u are the down

and up quarks.
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m'(Z)= gz (A,'+4y ),
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in standard notation. The vacuum value y is ex-
pected to be small compared to A, , but the experi-
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mental constraints are not very tight. For our
purposes it is important to note that the singly
charged field X which is not absorbed by the

gauge field is the linear combination

X h +cop, co = —~2 (3)

cist(HHt H—tH)/+cd Tr(HH) Tr(HtH )

+(dP"HP, +H.c.), (8)

where

yo

where we have assumed co to be small. Notice also
that the "Yukawa" interaction of H allows a virtu-
al h to annihilate into two left-handed electron
fields (eL ) with strength m„/y (m„ is a charac-
teristic neutrino mass). Then there are a variety of
diagrams for (PP)o„which involve no virtual neu-

trino line and hence cannot be parametrized by the
standard P-decay interaction vertex. These dia-

grams will require a six-fermion amplitude for
their description: The effective Lagrangian will be
characterized by a parameter of dimension
(mass)

A basic new diagram is shown in Fig. 1(b). The
trilinear 8' 8' h++ vertex is due to a term in
the fundamental Lagrangian:

g(h ) W—„W„h+++H.c.

derived from the kinetic term
——, Tr[(D&H)"D&H J. The strength of the ampli-

tude for (PP)0„ from Fig. 1(b) is the product of the
four trilinear coupling constants and the three pro-

pagators:
4

g Pl~

m (h )m (JY)

4
g ~v

m'( W) (p')
Here (p ) represents a suitable average of the

squared four-momentum carried by the virtual
neutrino, say about (10 MeV) . Of course the am-

plitude for the underlying quark process must be
suitably' folded into the description of the real
nucleus. The ratio

(6)

Note that the triplet vacuum value has canceled
out of Eq. (5). For comparison the "standard" dia-

gram given in Fig. 1(a) is characterized by a
strength

Taking into account the mixing between the
charged components of the Higgs doublet and the
triplet, given by Eq. (3), results in the trilinear ver-
tex

7?lq mvg

yam (h )m (X )
(10)

(m~ = 10 MeV is a light-quark mass). Equation
(10) involves unknown parameters characterizing
the effective Higgs sector of the theory. Let us
first estimate the contribution to Eq. (10) coming
from the ci and c2 terms. These are dimensionless
parameters and can be reasonably expected to be of
order unity, at most. Further estimating m (h )

=m (X ) =A, the ratio of this amplitude to the
standard one in Eq. (6) is roughly

X4

which is quite negligible. The contribution to Eq.
(10) from the d term (d has dimensions of mass) is

potentially more interesting. If one imposes
lepton-number conservation on the theory d will be
zero and there will be no contribution. Then lep-
ton number breaks spontaneously and one has a
massless "Majoron. " In such a case co will also be
very small. However, since d does carry a dimen-
sion one might regard it as an indicator of a new
mass scale and let it remain. Then the ratio of
the d contribution to Eq. (10) to the standard am-
plitude Eq. (6) is roughly

g3X 7 h+++H. c. ,

g3 =~2coc i (p ) +2c3 (h ) —co d

The strength parameter associated with Fig. 1(c) is
then

amp for 1(b) (p )
amp for 1(a) m2(h )

co3m~'(p') d—= io-"~'—.
g4

(12)

is thus expected to be of order of 10 . Thus the
contribution of Fig. 1(b) seems negligible.

Additional new diagrams involve a trilinear
Higgs interaction [see Fig. 1(c)]. The relevant
terms in the Higgs Lagrangian are

This indicates that (even neglecting the suppression
due to the co factor) d would have to be of the or-
der of the grand unification mass scale for the dia-
gram of Fig. 1(c) to play an important role.

The presence of the Higgs field X in the theory
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also results in new diagrams of the standard form
1(a) in which one or both of the W's is replaced by
a X . These diagrams, which also modify the
V —A structure of the single-P-decay interaction,
are quite small.

Thus we reach the conclusion that for the
SU(2) X U(1) theory defined by the Higgs content
(1), the effect of the new diagrams is quite small if
one considers only mass scales lower than that of
grand unification.

One type of neutrinoless diagram which may
conceivably be relatively strong without superheavy
masses is shown in Fig. 1(d). Here a new I'= —4
isosinglet Higgs field P is introduced in addi-
tion to the doublet and the triplet. The virtual

decays into two ez 's rather than two ei 's as
in the previous cases. In this case the g++ez ez
Yukawa interaction is not proportional to the neu-
trino mass (as was required previously since the
h++el eL Yukawa term is related by an isospin
transformation to the h vv term which generates
neutrino mass) and thus may be of order unity. '

The term in the Higgs Lagrangian which generates
the trilinear X X g++ coupling in Fig. 1(d) is
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FIG. 2. Diagram showing how any neutrinoless
double-P decay process induces a v, -to-v, transition,
that is, an effective Majorana mass term.

P Htg, g+++H. c. (13)

The amplitude for Fig. 1(d) would then roughly be
of order co ms y/A, . The ratio of this to the usual
amplitude, which is suppressed by a factor of m„,
is about

co'ym, '(p')
m„A,4

(14)

This could be comparable to one if m„ is excep-
tionally small.

Other models with extra Higgs fields can also
boost the new contribution. For example, suppose
that we add to (1) another complex doublet P', as
one might have in an axion scheme. Then there
will be two physical singly charged fields and there
is in general no need to have a suppression' of
their Yukawa couplings to the quarks for small y.
The ratio of the d contribution to the standard one
[see Eq. (12)] is now roughly

10
13(p')'" d 10-6d

where we have taken y =1 eV. Thus an intermedi-
ate scale d =10 GeV could make the new dia-
grams important.

To sum up we can say that while neutrinoless
diagrams might not be dominant, a careful analysis
of (PP}c„decays should really take into account

their possible existence. This is because the general
structure (as opposed to detailed predictions) of
gauge theories seems to be the safest guide to the
parametrization of weak-interaction amplitudes. It
would be desirable to develop criteria" based on
angular distributions of the decay products for dis-
tinguishing these diagrams from the usual ones.

We will conclude this paper with a brief discus-
sion of the relation between the (PP}c„process and
nonzero neutrino mass. After noticing the ex-
istence of neutrinoless diagrams one might be
tempted to try to construct models without mas-
sive neutrinos and which would still give (PP)c„.
However, such a search would be in vain. For the
model based on the Higgs content (1) this result is
obvious since Eqs. (5) and (10) are proportional to
m„. It is also true for the model with g: Al-
though this model gives an amplitude with no m„
factor there is an overall factor of y = (hc). Now
in a natural theory H will couple to the basic lep-
ton doublet so that a nonzero value of y will gen-
erate a neutrino mass.

Still one might think that a yet more clever
choice of the Higgs-representation content could
do the job. Rather than attempt an enumeration
of all possible Higgs structures we will give a gen-
eral and yet very simple proof that the existence of
(PP)c„ implies that the electron neutrino has
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nonzero mass. Essentially all one needs is to as-
sume that the weak interactions are described by a
local gauge theory. In this framework crossing
symmetry will hold so the existence of (PP)o„ im-

plies a nonzero amplitude for the virtual process
0—+uudde e. This is shown in Fig. 2, where the
"black box" may contain any mechanism whatso-
ever for generating (PP)o„. Now any realistic

gauge theory will include the ordinary 8'-gauge-
field interaction with the left-handed electron and

neutrino and with the u and d quarks. Using four
of these vertices and connecting the lines together
as in Fig. 2 shows that we develop an amplitude
which gives a nonzero Majorana mass for the elec-

tron neutrino.
One might object that some other diagram might

precisely cancel' Fig. 2, but this would clearly in-

volve fine tuning of parameters and would be un-

natural.
The converse question is whether a nonzero neu-

trino mass implies the existence of (N))o„. If the
massive neutrino is of Majorana type, Fig. 1(a)
shows that (PP)o„will occur. If the neutrino is of
Dirac type the (PP)o„will not occur. ' One may,
however, exclude the possibility of neutrinos being
of Dirac type if one postulates a "strong naturali-
ty" in which no global conservation laws are as-
sumed a priori. In such a case massive neutrinos
will be' of Majorana type.
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