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FIG. 4. Development of the acollinearity spectra
with increasing Q~ for muon and neutrino scattering
of an isoscalar target.
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The cosmological constraints on neutrino masses can be altered if lepton number is
broken globally giving rise to a very weakly coupled Goldstone boson —the Majoron. Then
heavy neutrinos can decay sufficiently rapidly by Majoron emission, thereby giving neg-
ligible contributions to the mass density of the universe. Specifically, if M is the mass
scale associated with lepton number breakdown, for M~ 10 GeV there are no constraints
on neutrino masses while for M high enough (M ~ 10~—10'0 GeV) the standard bounds re-
main.

PACS numbers: 14.60.oh, 11.30.Qc, 14.80.Kx, 98.80.Bp

A topic of great current interest is the spec-
trum of neutrino masses and its implication for
the nature of the weak interactions. The most

stringent limits on this spectrum come from cos-
mological and astrophysical arguments. If neu-
trinos were stable, then considerations relating
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to the observed mass density in the present uni-
verse indicate that the sum of neutrino masses
should either be less than" about 50 eV or, al-
ternatively, that these masses should be heavier
than a few gigaelectronvolts. ' This forbidden gap
can in principle be breached by neutrinos which
can decay sufficiently rapidly. Dicus, Kolb, and
Teplitz4 obtained limits on the lifetime of the
process v~ —v~+ y which would allow for heavy-
neutrino masses to be in the forbidden zone. How-
ever, the required lifetimes found in Ref. 4 are,
in general, too short to be obtained in realistic
weak-interaction models. Furthermore, if one
studies the effects which the photons produced in
these decays have on the element abundance of
the present universe, ' one finds that the lifetimes
required for heavy-neutrino decay are even short-
er than those obtained in Ref. 4, being typically
of the order of hours. Hence, if these cosmologi-
cal arguments are correct, neutrinos with con-
ventional weak interactions cannot have masses in
the 50 eV to the gigaelectronvolt range.

In this Letter we would like to discuss how the
above limits can be obviated if lepton number is
a spontaneously broken global symmetry. We in-
dicate here briefly the physics scenario and pro-
ceed, further on, to the details. If lepton number
is indeed spontaneously broken, there is neces-
sarily a zero-mass Goldstone boson in the theory.
It turns out that, in a large class of realistic
models studied by us recently, ' this Goldstone
boson (the Majoron) couples dominantly, but very
weakly, to neutrinos and essentially negligibly to
matter. Hence the Majoron's existence is not
ruled out by experiment. Heavy neutrinos thus
can decay via Majoron emission to light neutri-
nos, with a rate which depends both on the mass
of the neutrinos as well as on the scale which
characterizes the spontaneous breakdown of lep-
ton number. The typical lifetime of neutrinos
with masses in the cosmological forbidden range,
and for values of the lepton-number-nonconserv-

~

ing scale which are sensible, turn out to be short
compared with the lifetime of the universe. The
heavy nuetrinos, because they have mostly de-
cayed, will only make a negligible contribution to
the mass density of the universe. Therefore this
removes the need to restrict their masses. How-

ever, since the lifetime of the heavy neutrinos
scales with M—the lepton-number-nonconserving
scale —eventually for large enough M one has sta-
ble (with respect to the lifetime of the universe)
neutrinos and one recovers the old cosmological
bounds.

We shall assume that the weak interactions of
the neutrinos are governed by the standard SU(2)
@U(l) theory. ' In addition, however, we shall
suppose that SU(2) @U(1)-singlet, right-handed,
neutrino fields exist. Neutrinos of a given gener-
ation can then have both lepton-number-conserv-
ing Dirac masses m, as well as lepton-number-
nonconserving Majorana masses M. We shall.
suppose that only the right-handed neutrinos have
a Majorana mass term. Then if M» m the physi-
cal neutrinos, which are Majorana fields, have
masses M and m„=m(m/M). The observed neu-
trinos are the light neutrinos of mass m„while
the superheavy neutrinos are at scales beyond
the range of present experimentation. If M arises
from the vacuum expectation value of a singlet
Higgs field 4, which carries lepton number, then

(4) w0 implies the spontaneous breakdown of lep-
ton number. Unless lepton number is gauged,
there will appear in general a Goldstone boson
associated with this spontaneous breakdown —the
Majoron.

In a recent note' we discussed the properties of
the Majoron —for a one-generation model —and
we summarize the salient features of that analy-
sis here. Let v be the light neutrino of mass m
and g be the superheavy neutr ino of mass M.
Then the effective coupling of the Majoron field

g to neutrino and matter fields (guarks and lep-
tons) is given by

g=-~& y qy, g- " (qy, v+ vy, g)+ ' vy, v+ — m„m&g~(fy,f)8v'2 m'

Here g~ =+ 1 for f= e or u quarks, or g~ = —1 for
d quarks, and h is a Higgs-fermion coupling con-
stant. As can be seen from (1) the strength of
the coupling of the Majoron to matter is extreme-
ly weak. Its coupling to neutrinos is also small,
being suppressed by the factor m„/M. The Maj-
oron only couples strongly to the superheavy neu-
trinos g. But these particles are unstable, de-

caying very rapidly into the light neutrinos via
Majoron emission (~~ =10 "sec for m„=leV,
h =10 ').

Because the Majoron's coupling to matter is so
weak, terrestrial experiments cannot be used to
rule out its existence. This point is discussed in
some detail in Ref. 6, but it might be useful to
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32~ M '1
T(V~ Vi+ g) =

H H

where sin8 is an intrageneration mixing angle.
The lifetime T can be sufficiently short on a

(2)

summarize here the principal results of that anal-
ysis. The pseudoscalar nature of the coupling of
the Majoron to matter yields a spin-dependent 1/
r' potential between two fermions (quarks or lep-
tons). The strength of this potential is character-
ized by a coupling constant I& =(4w) '(AG~m„/16m')'
which, taking as typical parameters A, =10 ', m„
=1 eV, is of order 10 "cm'. This number is so
small that the Majoron exchange force is only
comparable to gravity at typical nuclear distanc-
es. Hence Eotvos-type experiments' are totally
insensitive to Majorons. The analysis of Fein-
berg and Sucher, ' of possible nonmagnetic spin-
dependent forces, again is of little use for Major-
ons since the bounds found for A& by these authors
are many orders of magnitude larger than 10 "
cm' (typically Xz+10 "cm'). Similarly axion
searches could not have uncovered the Majoron
because its coupling to matter is so weak. "

The analysis of Ref. 6 is easily generalized to
the case of many generations of neutrinos. In
this case again an equation like (1) ensues, but
now, in general, the Majoron has off-diagonal
eouplings with neutrinos of different generations.
Again, the superheavy neutrinos decay rapidly by
Majoron emission. But now it is also possible for
the heavier of the light neutrinos vH to decay to
the lightest state v~ by Majoron emission: vH
—vi+ X. The lifetime for such a process is easi-
ly estimated

cosmological scale to remove effectively the ~H

contribution to the mass density of the universe,
provided that M is not too large. If we take as
typical parameters h. =10 ', sin8= 10, and M
=10' GeV, we find that ~=2&10' yr for ~„H=100
eV. Thus we see that for "sensible" scales Jj/I,

where one might expect new physics to arise,
neutrino decay by Majoron emission can play an
effective role in removing the heavy-neutrino con-
tribution to the mass of the universe. Actually
the above discussion can be sharpened. One can
determine a range of values of )VS for which heavy
neutrinos of mass m,H can exist without violating
any cosmological bounds. We proceed to do this
below.

Our discussion here will be analogous to the
analysis of Dicus, Kolb, and Teplitz. ~ First we
note that the dominant interaction of vH and vi is
through the standard weak-interaction neutral-
current process t H +~H-~1. + t 1.. Thus the calcu-
lation of when the heavy neutrinos decouple re-
mains the same as that of Ref, 4 and we will
adopt their values for the decoupling tempera-
ture &~, decoupling time t&, and the density
n„(&~)at that epoch. One can then calculate the
contribution to the energy density of the Majorons
coming from v„decay. [There is, of course, a
remnant Majoron black-body energy density com-
ing from Majorons which decoupled at tempera-
tures of the order of gM, but this component —like
that of the photons —makes a totally negligible
contribution to the present-day energy density. ]
The energy density of the Majorons which are de-

by-products is given by'

(3)

Here t~ is the universe lifetime and t~ is the de-
coupling time for ~H. The remaining factors in

Eq. (3) are easily understood. The overall factor
of 2 accounts for both heavy neutrino and antineu-
trino decays. The factor (1.9 'K/T~)' takes into
account of the volume expansion from the decoup-
ling of the neutrinos to the present epoch, while
~„(TD)exp[-(t -tD)/~] is the v„density at the mo-
ment of decay. Finally the factor &'m, (t/t~)ii'
accounts for the red shift of the Majoron's ener-
gy from its decay value (&m„„),while T ' in Eq.
(3) is just the probability that v„decay occurred.

Since t„=10 ' sec we have, in general, »)t„.
Furthermore, if ~ «t„we can approximate (3) by

(4)

So as to avoid conflicts with astrophysical bounds
we must require that the energy density of the
Majorons from vH decay be less than the critical
density' p, =5&&10 ' MeV/cm'. This requirement
for stable neutrinos [essentially T =t„in Eq. (4)]
gives the cosmological forbidden zone for neu-
trino masses' '. 50 eV& m, & 2 GeV. In our case,
since we have a free parameter M—the scale of
the lepton-number breakdown —the constraint
p (p, will give for a given &VI allowed values for
nz„. Using again as typical parameters 6=10 '

H
and sin0 =10 ~, one obtains the graph of Fig. 1 for
the allowed zone of neutrino masses. We note the
important result than if kl & 10 GeV there are n o
cosmological constraints on neutrino masses.
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at scales below these have been invoked previous-
ly in the context of left-right-symmetric models"
and in connection with horizontal symmetries.
Thus in this sense the bound on (4) seems an
eminently reasonable one. However, we should
point out that if the lepton-number breakdown oc-
curs at a grand unified scale, one expects (4)
=10"-10"QeV and in that case even if Majorons
exist, no lifting of the cosmological constraints
is possible.
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FIG. 1. The shaded area represents the forbidden
domain of neutrino masses for a given range of the
heavy Majorana lepton mass M.

On the other hand, if M ~ 10'-10"GeV, the for-
bidden zone for neutrino masses essentially re-
mains that of the standard analysis. We re-
mark that the straight-line portion of the boundary
in Fig. 1 for re„~1MeV arises because there
n„(To)and To are fixed i,see Bef. 4: n„(To)= 6
&&10" cm ' and To =3.4&&10 'K]. Then p =(M'/
m „„)~s. Above rn„=1MeV the density factor
n„(To)(1.9 'K/TD)s decreases rapidly and the
bound p ~p, begins to be ineffective.

We have shown that, if lepton number is a spon-
taneously broken global symmetry accompanied
by a very weakly coupled Goldstone boson, it is
possible to avoid cosmological constraints on the
neutrino spectrum provided the scale M & 10'
GeV. One may ask whether this is a reasonable
scale for lepton-number breakdown. In terms of
the vacuum expectation value of the Higgs field
4 which gives rise to the breakdown one has that
(& )=M/h & 10' GeV. Breakdown of lepton number
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