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Generalized bounds on Majoron-neutrino couplings
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We discuss limits on neutrino-Majoron couplings both from laboratory experiments as well as from astro-
physics. They apply to the simplest class of Majoron models, which covers a variety of possibilities where
neutrinos acquire mass, either via a seesaw-type scheme or via radiative corrections. By adopting a general
framework includingCP phases, we generalize bounds obtained previously. The combination of complemen-
tary bounds enables us to obtain a highly nontrivial exclusion region in the parameter space. We find that the
future double beta project GENIUS, together with constraints based on supernova energy release arguments,
could restrict neutrino-Majoron couplings down to the 1027 level.
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I. INTRODUCTION

The confirmation of the zenith-angle-dependent atm
spheric neutrino deficit by the SuperKamiokande experim
generally has been understood as the first significant hin
neutrino masses and thus particle physics beyond the s
dard model@1#. The other long-standing puzzle of partic
physics is the deficit of solar neutrinos@2#. Altogether they
constitute the most important milestone in the search for p
nomena beyond the standard model~SM!, indicating the
need for oscillations involving all three active neutrino sp
cies @3#. The mounting experimental activity in this fiel
promises a bright future for neutrino physics, which m
prove to be a most valuable source of information on
structure of a more complete theory underlying the stand
model of particle physics.

An elegant way to introduce neutrino masses is via
spontaneous breaking of an ungauged lepton number s
metry through a nonzeroSU(2)^ U(1) singlet vacuum ex-
pectation value~VEV! of a scalar field. This may be imple
mented in conventional@4,5# as well as supersymmetri
models@6#. The couplings of the corresponding Goldsto
boson, generically called the Majoron and denoted byJ, are
rather model dependent@7#. Here we consider the simples
class of Majoron models, where the Majoron-neutri
coupling matrixgi j

M}mi j is proportional to the neutrino mas
matrix @8#, so that in the mass eigenstate ba
diag(m1 ,m2 ,m3) the Majoron neutrino couplingsgi are di-
agonal, to lowest order approximation1

gi j
M.d i j gi . ~1!

This covers a variety of possibilities including bo
seesaw-type@4# as well as radiative models@5#.

*Present address: Department of Physics and Astronomy, Van
bilt University, Nashville, TN 37235.

1This proportionality may be avoided in more complex mode
such as those in Refs.@9,10#.
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Limits on this quantity obtained from laboratory expe
ments searching for Majoron-emitting pion or kaon deca
are rather weak, with the exception of double beta de
@11#. On the other hand, Majoron-emitting neutrino deca
affect the expected neutrino luminosity and spectra, wh
are constrained by the observed signal from SN 1987A, p
viding stringent restrictions@12#. While the limits of labora-
tory experiments on rare decays are given in the weak ba
bounds from processes in supernovae occur in a dense
dium and are expressed in the medium eigenstates~see be-
low!. In the present work we discuss the correlations of
different limits and their translation into the mass basis,
tending the earlier paper@12#. In Sec. II we derive the ex-
pressions for medium and weak eigenstates, following R
@12,13#. In Sec. III we review the bounds obtained from th
supernova SN 1987A using various considerations. In c
trast to Ref.@12#, here we include the study of the effec
associated to the MajoranaCP-violating phases present i
theories of massive neutrinos@14,15#. Moreover, we investi-
gate ~Sec. IV! the recent bounds from neutrinoless doub
beta decay as well as those that could be attained in fu
experiments such as GENIUS@16#. The resulting exclusion
plots are discussed in Sec. V in the mass basis.

II. NEUTRINO MIXING IN THREE BASES

For neutrinos propagating through a medium, one ha
deal with three kinds of eigenstates: flavor eigenstatesna ,
mass eigenstatesn i

(hi ) with massesmi , and, depending on

the environment, medium eigenstatesñ i
(hi ). The flavor eigen-

states are defined as

na5(
i

Ua in i
~hi ! ~2!

and the medium eigenstates are

ñ i
~hi !5(

j
Ũ i j n j

~hj ! . ~3!

er-

,
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Here the superscript (hi)561 refers to the helicity of the
state. In the general case, it is impossible to diagonalize
multaneously the mass and potential terms. Thus one ha
solve the field equations in detail. In a two-component fi
formalism, where a left-handed four-component fieldn ex-
pressed in the chiral representation of theg matrices@14# is
related to the corresponding two-component fieldf by nL

T

5(fT,0) @13#,2 the Lagrangian can be written in the ma
basis as

Ltot5L01Lmed1Lint

5(
i

f i
†~ i ]02 isW 3“

W !f i2
mi

2
~f i

Tis2f i2f i
†is2f* !

1(
i , j

f i
†Vi j f j2J(

i j
gi j

M~f i
Ts2f j1f i

†s2f j* !, ~4!

wheres2 and sW denote Pauli matrices. Here the free La
grangiansL0 andLmeddescribe the propagationin vacuoand
the effects of matter described by the potential matrixVi j ,
respectively, whereasLint takes into account the presence
neutrino-Majoron interactions, which may lead to deca
One now has to consider the decaysñ i

hi(pi)→ ñ j
hj(pj )

1J(q), whereñ i
hi(pi) andñ j

hj(pj ) are energy-eigenstate Ma
jorana neutrinos that propagate in matter with four-mome
pi5(Ei

hi,pW i) and pj5(Ej
hj ,pW j ), and helicityhi and hf , re-

spectively. In order to obtain these energy eigenstates,
has to takeL01Lmed and calculate the resulting field equ
tions:

~ i ]02 isW 3“
W !f i~x!1miis2f i* 2(

j 51

N

Vi j f j~x!50. ~5!

One solves these field equations by expanding the fi
f i(x) as superpositions of plane-wave spinors with defin
helicity @13,17#,

f i~x!5E dpW

A~2p!2
eipW 3xW$@Pa

i ~pW ,t !1Na
i ~pW ,t !#a~pW !

1@Pb
i ~pW ,t !1Nb

i ~pW ,t !#b~pW !%, ~6!

wherea(pW ) andb(kW ) are helicity eigenstates andPi andNi

denote positive and negative frequency components of
field under consideration. One should now substitute this
pression in Eqs.~5!, whose diagonalization would give ris
to the desired eigenstates. It can be shown, though, tha
relativistic neutrinos, the positive-frequency components
couple from the negative-frequency ones and the ene
eigenstates obtained in this way result to be the same
those obtained from the diagonalization of the us
Mikheyev-Smirnov-Wolfenstein ~MSW! equation @13#,
which can be stated as

2The notation here coincides to the one of Refs.@7,14# up to a
factor of i.
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i ] in i
~h!5~Hi j

rel1UiaVabUb j
† !n j

~h! . ~7!

HereHi j
rel'@p1mi

2/(2p)#d i j andVab is the potential matrix
in the weak basis,

Vab5S VC1VN 0 0

0 VN 0

0 0 VN

D . ~8!

The potentials induced by the charged and neutral curr
are VC5&hGFnB(Ye1Yne

) and VN5&hGFnB(2 1
2 YN

1Yne
), whereYi5(ni2nı̄)/nB andnB is the baryon density.

Diagonalizing H rel1UVU† yields the medium eigenstate
ñ i

(h)5Ũ i j
(h)n j

(h) .
In the three-flavor neutrino case the mixing matrixU can

be parametrized asU5U23U13U12U0 , where the matrices
Ui j 5Ui j (u i j ) perform the rotation in theij plane by the
angle u i j and U0 includes possibleCP violation effects
@14,15#. In the following, we will assumeu1350, motivated
both by detailed fits of the present solar and atmosph
neutrino anomalies@3# as well as by the reactor results of th
CHOOZ experiment@18#. This simplifies the mixing matrix
to na5Ua in i5U23U12U0n i @19# and allows us to setu12
5u( and u235uatm. Now for light neutrinos near the neu
trinospheres in supernovae, the conditionuVaau@mi

2/(2p)
holds and, since in the weak basis the potential is diago
the medium states can be identified with the weak ones u
an arbitrary rotation in thenm2nt subspace. In order to sim
plify the expressions, we exploit this freedom by choosi
this arbitrary rotation angle to coincide with2u23, see Table
I. This allows us to identify the coupling matrix in the me
dium basis with the one in the weak basis up to the rotat

g̃i j 5U~2u23!gab
W UT~2u23![ga8b8 . ~9!

Taking now into account thatgM5UTgWU and substituting
the explicit expressions for theUa i matrices relating mass
and weak eigenstates, one gets the following express
g̃i j 5U12U0* gi j

MU0
†U12

T , or explicitly

TABLE I. Medium eigenstatesñ i
6 , equivalent weak eigenstate

in the limit uVaau@mi
2/(2p) and their potential energy. The rotatio

in the nm2nr subspace is parametrized byc235cosu23 and s23

5sinu23, where the arbitrary argument has been chosen to coin
with the mixing angleu23 in vacuo~from Ref. @12#!.

Medium
state

Weak state Potential

ñ1
(1) n̄e 2(VC1VN)

ñ2
(1) n̄m85c23n̄m2s23n̄t 2VN

ñ3
(1) n̄t85s23n̄m1c23n̄t 2VN

ñ1
(2) nm85c23nm2s23nt VN

ñ2
(2) nt85s23nm1c23nt VN

ñ3
(2) ne VC1VN
5-2
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g̃5S gee gem8 get8

gm8e gm8m8 gm8t8

gt8e gt8m8 gt8t8

D 5S g1 cos2 u(1g2 sin2 u(e22id 1
2 ~2g11g2e22id!sin 2u( 0

1
2 ~2g11g2e22id!sin 2u( g1 sin2 u(1g2 cos2 u(e22id 0

0 0 g3

D . ~10!
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This choice of the rotation in thenm2nt subspace leads to
relation between medium and mass eigenstates characte
only by the solar angleu( and by the MajoranaCP-violating
phased @14,15#. Using the definitionsDm12

2 5Dm(
2 and

Dm23
2 5Dmatm

2 together with the assumptions in Sec. I o
can easily translate the bounds obtained in the weak or
dium basis into the mass basis and, in addition, express t
in terms of only two independent parameters, for insta
(m1 ,g1) via

g25g1A11
Dm(

2

m1
2 , g35g1A11

Dm(
2 1Dmatm

2

m1
2 .

~11!

III. SUPERNOVA BOUNDS

There are a variety of different arguments based on su
nova physics, which lead to restrictions on neutrino prop
ties. Processes involving Majoron-neutrino couplings m
prevent a successful explosion as well as substantially a
the observed neutrino spectra. A crucial feature to notic
that the effective mass induced by the interactions of neu
nos with background matter breaks the proportionality
tween the neutrino mass matrix and the neutrino-Majo
coupling matrixgi j

M . This follows from the fact that the ther
mal background in the supernova environment consists o
of particles of the first generation, thus distinguishing t
electron flavor from the others. We now describe three
ferent arguments used@12# in order to restrict the relevan
parameters.

A. Constraints from neutrino spectra

The idea behind this bound is that Majoron-induced tr
sitions between the neutrino flavors could change the en
spectra of the single flavors. At the typical temperatures
the SN core,nm,t only interact with the medium via neutra
currents giving rise to a smaller cross section than that
responds to the electron~anti!neutrinos, which feel both neu
tral and charged currents. Since the opacity of the hea
nm,t flavors is smaller than for thene , their energy-
exchanging reactions freeze out in the denser region of
protoneutron star, leading to lower spectral temperature
ne compared tonm,t . This expected spectrum can be d
torted due to the decaysñ i

6→ ñ j
71J. Besides the effects o

such decays one has to keep in mind the possible oscilla
that neutrinos could undergo along their journey to the Ea
In order to consider both aspects, we have defined the e
tive survival probability as

N5Ndecay3Nosc, ~12!
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whereNdecaystands for the survival probability of añ i
6 emit-

ted from its energy sphere and can be computed as

Ndecay~ ñ i
6!.expH 2E

RE,ñ i
6

`

dr(
j

G~ñ i
6→ ñ j

71J!J .

~13!

Within our relativistic approximation, the helicity-flipping
neutrino decays rate are given by

G~ñ i
6→ ñ j

71J!5
ug̃i j u2

16p
~Vi2Vf !. ~14!

Coming to the oscillation term, the corresponding neutr
survival probabilityNosc, will depend on the neutrino mixing
angle and squared mass difference. We will analyze se
rately the different solutions of the solar neutrino proble
namely, small mixing angle~SMA! MSW, large mixing
angle ~LMA ! MSW, low mass, low probability~LOW!
MSW, and the just-so case. Details about the present st
and required parameters of the various solutions can
found in the global analysis of neutrino data presented
Ref. @3#. Such a study favors a rather small value for t
angleu13, mainly because of data from reactors@18#. In the
first three cases neutrinos will propagate through the su
nova environment adiabatically. Therefore, they will emer
as energy eigenstates, which in vacuum coincide with
mass eigenstates, without any oscillation occurring on
way from the SN to Earth. If one takes into account th
neutrinos have to traverse a distanced of matter in the Earth
to reach the detectors, KamioKande, and Irvine-Michiga
Brookhaven~IMB !, one gets the following expression fo
their survival probability@20,21#:

Nosc512H sin2 u(2sin 2um sin~2u(22um!sin2S pd

l m
D J ,

~15!

wherel m andum denote the oscillation length and the mixin
angle in matter, respectively. As has been previously no
for the simplest choiceu1350, one has that, besides the fa
that nm and nt behave the same way in the supernova,
conversionne→nm8 will be the only oscillation involving
electron ~anti!neutrinos, allowing us to set the angle th
characterizes their mixing tou( .

In the vacuum solution case the neutrinos emerge es
tially as flavor eigenstates, which then oscillate on their w
to Earth. Therefore one has

Nosc512 1
2 sin2 2u( . ~16!

In order to get information on the coupling constants, we w
conservatively require that at least half of the initial electr
5-3
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antineutrinos emerging from the SN 1987A survive,N
.0.5, accounting for the rough agreement between the
pected and the detected SN 1987A signals. In order to a
lyze the implications of this restriction, one must general
the simplest argument used in Ref.@20# since neutrinos may
loose energy as a result of majoron decays.

This allows us to get some limits on the coupling para
eter of the order ofg1(g2)<few31024 from the first three
solutions to the solar neutrino problem. For the case
vacuum oscillations, though, the solution is already dis
vored by the SN 1987A data even in the absence of neut
decays@20#. Though they may narrow it down considerab
the above arguments do not totally close the allowed wind
of neutrino-Majoron couplings, neither for the SMA, LMA
nor LOW solutions, even for a supernova in our milky wa

B. Constraints from Majoron luminosity

This bound is based on the observation that neutrino
cays into Majorons could suppress the energy release
tained in the neutrino signal. Under the assumption of sm
ne2nx mixing, the neutrino signal observed in SN 1987A
in good agreement with numerical computations of the to
binding energy released in a supernova explosion. An an
sis of decay and scattering processes involved yields the
clusion region@12#

331027,ug̃i j u,231025. ~17!

For ug̃i j u values smaller than 331027, the Majoron neutrino
coupling becomes too small to induce any effect. On
other hand, forug̃i j u.231025, Majorons get trapped in the
core and do not contribute to the energy release.

Another point to observe is thatCP-violating phases af-
fect these limits. This follows from the appearance of t
phased in the explicit form of the Majoron neutrino couplin
constants given in Eq.~10!. In order to eliminate such an
explict CP phase dependence when translating the limit
ug̃i j u into the mass basis, we have analyzed for each term
Eq. ~10! the excluded region for different values ofd, and
subsequently considered the intersection of the resulting
cluded regions. This conservative procedure allows us to
out part of the parameter space irrespective of the valu
the CP phase.

As an example, we illustrate in Figs. 1 and 2 the regio
excluded for the LMA MSW solution to the solar neutrin
problem. The luminosity bound can be described in t
steps. In the first one we take oneg̃i j from Eq. ~10!, and by
means of Eq.~11! we write it in terms ofg12m1 . In this
way, we obtain an expression for the energy loss that
pends explicitly upon theCP phased. Now, by varying that
CP phase, the bound given in Eq.~17! is translated into
different ruled out regions. We show in Fig. 1 the resulti
bound on ugeeu assuming two extreme cases,d50 ~solid
lines! and d5p/2 ~dotted lines!. Notice that for the latter
case the bound disappears because of a cancellation bet
the two terms inugeeu. In order to remove the phase w
therefore consider the intersection as the most conserva
choice.
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Now turn to the implications of the luminosity bound t
the other components of the Majoron-neutrino coupling m
trix elements. Once we have obtained those intersecting
gions for eachg̃i j we simply take the union of them, giving
rise to a final highly nontrivial exclusion region, as can
seen in Fig. 2.

It is important to notice that the shape of such regions
characterized by the values of the square root ofDm(

2 and
Dmatm

2 . Let us first considerg̃i j with i , j Þ3. In this case only
Dm(

2 appears in Eq.~11!, so that form1@Dm(
2 , one has

g2;g1 , giving rise to a vertical line with no dependence o
m1 , as noted in the figures. In contrast, form1!Dm(

2 , one
hasg2;g1(ADm(

2 /m1) with an explicit dependence onm1 ,
which strengthens the bound for lowerm1 values. Let us
now consider the limit coming fromg3 . In this case the
characteristic mass scale is always given byDmatm

2 , Eq. ~11!,
irrespective of the particular solutions to the solar neutr

FIG. 1. Excluded regions from the Majoron luminosity requir
ment 331027,ugeeu,231025, for two extremeCP cases,d50
~solid lines! andd5p/2 ~dotted lines!, in the m12g1 plane. LMA
parameters sin2(2u)50.6 andDm(

2 5131025 eV2 are assumed.

FIG. 2. Excluded regions independent ofCP phase from the
Majoron luminosity requirement onugeeu ~solid line!, ugem8u ~dashed
line!, ugm8m8u ~dotted lines!, and ugt8t8u ~dash-dotted line!, in the
m12g1 plane. LMA parameters sin2(2u)50.6 and Dm(

2 51
31025 eV2 are assumed.
5-4



th
en

ed

e

n
, a

l

at
F
ly

b
e
a
he
-
o

n
ris
th
t
iv

s
si
a
he
th

n
ld

e
d
c

ex-
-

tor

m:

gh
he
-

eri-
ted
, a
f
ta
-
n
g
e.

o
s
ay
a-
ted
n-
x-
ing
l
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problem that one may wish to consider. As a result, for
LOW and ~quasi!vacuum cases, the difference betwe
Dmatm

2 and the solar mass scaleDm(
2 is so large that two

branches appear. This explains the two branches observ
Figs. 5 and 6 corresponding to the LOW and~quasi!vacuum
solutions, respectively~Sec. IV!.

Concerning the SMA solution in Fig. 4, the main chang
arise from the bounds onugeeu and ugem8u. In the expression
of gee in Eq. ~10! the contributions ofg1 andg2 may cancel
for a phased.p/2, see Fig. 1, as long as these contributio
are of comparable magnitude. To fulfill this requirement
smaller admixture ofg2 in gee, as happens for the SMA
solution, has to be compensated by a larger ratio ofg2 /g1 ,
corresponding to smaller massesm1 . This produces a smal
hollow in the bound atm1;531026.

The bound onugem8u is responsible for the sharp peak
the right edge of the excluded region, as can be seen in
2, where all Majoron luminosity bounds are shown explicit
Here the conservative upper bound onugem8u is obtained,
when d50, corresponding to cancellation of theg1 and g2

contributions in the largem1
2 asymptotics, see Eq.~10!. Cor-

respondingly the right border of the excluded region is o
tained ford5p/2, whereugem8u becomes constant for larg
m1 . The intersection gives rise to the peak. For smaller v
ues of the mixing, as obtained for the SMA solution, t
expression forugem8u in Eq. ~10! is satisfied for correspond
ing larger values ofg1 . This shifts the exclusion region t
the right, making it more visible in Fig. 4.

Before concluding this section, we mention the co
straints on Majoron-neutrino coupling parameters that a
from the collapsing phase. The idea behind this bound is
a change in the trapped electron fraction could preven
successful explosion process. At the end of their life mass
stars become unstable and, when the iron core reache
Chandrasekar limit, they implode. Once the nuclear den
is reached, a shock wave forms at the core and propag
outwards, turning the implosion into an explosion. T
strength and propagation of this shock is sensitive to
trapped electron fractionYLe

5Ye1Yne
, which can be erased

by neutrino decaysne→ n̄e1J. Requiring YL(tbounce)
.0.375 leads to a limit of Ref.@12#

ugeeu,231026. ~18!

However, to the extent that current supernova models do
fully account for the explosion mechanism, this limit shou
be taken only as indicative for the moment.

IV. NEUTRINOLESS DOUBLE BETA DECAY

The only laboratory experiment, which is competitiv
with the supernova bounds, is neutrinoless double beta
cay. This decay corresponds to two single beta decays oc
ring in one nucleus and converts a nucleus~Z,A! into a
nucleus (Z12,A). Limits on the Majoron-emitting mode

Z
AX→Z12

A X12e21f ~19!
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are given by two types of experiments. In geochemical
periments the half-life limit is derived from relative abun
dances of nuclear isotopes found in the Earth@22#:

ugeeu,331025. ~20!

However, half-life determinations vary by more than a fac
of 3.

The best direct laboratory limit~less stringent but more
reliable! from the Heidelberg-Moscow experiment@23# is
based on a likelihood fit to the continuous electron spectru

ugeeu,831025. ~21!

Future projects such as GENIUS@16# and EXO@24# aim at
considerable improvements in the sensitivity. A very rou
estimation of the sensitivity of GENIUS it is based on t
background simulation in Ref.@16#, where a background im
provement in the interesting energy range of a factor;1000
has been obtained. Since in the Heidelberg-Moscow exp
ment the Majoron-neutrino coupling bounds are domina
by the systematical error of the background simulation
considerable reduction of the background by a factor oB
will reduce the limit on the Majoron-emitting double be
decay half-life by;AB and the coupling constant limit ac
cordingly by;A4 B. This implies a reach of sensitivity dow
to ugeeu;1025, which could bridge most of the gap existin
between the more reliable limits derived from supernova

V. DISCUSSION AND CONCLUSIONS

In Figs. 3–6 we present the limits on Majoron-neutrin
couplings in terms ofm12g1 corresponding to the variou
solutions of the solar neutrino problem. In Fig. 7, we displ
the results for the LMA solution also in terms of the equiv
lent m22g2 variables. This representation has been selec
for convenience and generality. By further specifying the u
derlying model for lepton number violation one can ree
press our results in terms of the lepton number break
VEV, which will also provide useful information for mode
builders.

FIG. 3. Bounds on Majoron models in theg12m1 plane for the
case of the LMA solution~Dm(

2 51025 eV2 and sin2 2u(.0.6!.
5-5
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Regions that are excluded by supernova arguments
denoted by the rhombical pattern~obtained from Majoron
luminosity! and by the vertical lines~obtained from the neu
trino spectra!. Also shown are the regions excluded fro
neutrinoless double beta decay~horizontal lines!. The ex-
cluded region from Majoron luminosity is a superposition
the bounds ong̃11, g̃12, g̃22, and g̃33, where always the
most conservative limits for variousCP Majorana phases
have been used. Because of the expressions for the hel
flipping neutrino decays, the bound obtained from the n
trino spectra turns out to be independent of theCP phase.
For neutrinoless double beta decay one can have a canc
tion of the coupling constantsg1 andg2 . The expected sen
sitivity of the GENIUS experiment is shown as a dashed li
It is easy to see that GENIUS could be able to bridge alm
the whole gap between the different supernova constra
Also an upper boundm1,2.3 eV from tritium beta decay is
displayed.

The limits obtained in this paper apply to the simple
class of models where neutrino masses arise from the s
taneous violation of lepton number. Such Majoron mode
cover a wide and attractive class, including both mod

FIG. 4. Bounds on Majoron models in theg12m1 plane for the
case of the SMA solution~Dm(

2 51025 eV2 and sin2 2u(.7
31023!.

FIG. 5. Bounds on Majoron models in theg12m1 plane for the
case of the LOW solution~Dm(

2 51027 eV2 and tan2 u(.0.67!.
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where the smallness of neutrino masses follow from a s
saw scheme, as well as those where it arises from the ra
tive corrections.

Both neutrinoless double beta decay as well as supern
physics arguments provide stringent limits on Majoro
neutrino interactions. In the present work we have discus
these limits and their translation into the mass basis. Ge
alizing previous papers@12# we have now taken into accoun
the effect ofCP-violating phases, which play a crucial role i
the neutrinoless double beta decay limits. Depending on
solution of the solar neutrino problem and the absolute m
scale in the neutrino sector the constraint from the supern
energy release~Majoron luminosity argument! excludes
Majoron-neutrino couplings in the wide range of 1027

21025. Upper bounds have been obtained from neutrinol
double beta decay and the SN 1987A neutrino spectra.
estimate of the potential of the future double beta proje
such as GENIUS suggests the possibility to bridge almost

FIG. 6. Bounds on Majoron models in theg12m1 plane for the
vacuum solution of the solar neutrino problem~Dm(

2 510210 eV2

and sin2 2u(.0.9!. The bounds from neutrino spectra do not app
since already pure neutrino oscillations implied by the vacuum
lution parameters lead to a contradiction with the observed neut
spectrum of SN 1987A.

FIG. 7. Bounds on Majoron models expressed in terms of
g22m2 for the case for the LMA solution of the solar neutrin
problem.
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whole gap separating the excluded areas, and either to e
lish Majorons with couplings around a few 1025 or to restrict
neutrino-Majoron couplings down to 1027.

Last, but not least, let us mention that the propagation
neutrinos produced in the solar interior follows essentia
the MSW picture, while any possible effect of decays wou
happenin vacuo through a nondiagonal neutrino-Majoro
coupling, which is absent in the simplest models conside
here @4#. Even in more complex models@9,10# where such
nondiagonal neutrino-Majoron couplings existin vacuo, one
can see that for such small values of the neutrino-majo
coupling strengths indicated by supernova and neutrino
p:
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double beta decay, it is rather unlikely that they can play a
role whatsoever in the solar neutrino problem@25#.
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