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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 10evel.
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[. INTRODUCTION Limits on this quantity obtained from laboratory experi-
ments searching for Majoron-emitting pion or kaon decays
The confirmation of the zenith-angle-dependent atmo-are rather weak, with the exception of double beta decay
spheric neutrino deficit by the SuperKamiokande experimenitll]. On the other hand, Majoron-emitting neutrino decays
generally has been understood as the first significant hint foaffect the expected neutrino luminosity and spectra, which
neutrino masses and thus particle physics beyond the staare constrained by the observed signal from SN 1987A, pro-
dard model[1]. The other long-standing puzzle of particle viding stringent restriction§12]. While the limits of labora-
physics is the deficit of solar neutrin]. Altogether they tory experiments on rare decays are given in the weak basis,
constitute the most important milestone in the search for phebounds from processes in supernovae occur in a dense me-
nomena beyond the standard mod€&M), indicating the dium and are expressed in the medium eigenstaes be-
need for oscillations involving all three active neutrino spe-low). In the present work we discuss the correlations of the
cies [3]. The mounting experimental activity in this field different limits and their translation into the mass basis, ex-
promises a bright future for neutrino physics, which maytending the earlier papdd2]. In Sec. Il we derive the ex-
prove to be a most valuable source of information on thepressions for medium and weak eigenstates, following Refs.
structure of a more complete theory underlying the standarfil2,13. In Sec. Ill we review the bounds obtained from the
model of particle physics. supernova SN 1987A using various considerations. In con-
An elegant way to introduce neutrino masses is via thdrast to Ref.[12], here we include the study of the effects
spontaneous breaking of an ungauged lepton number symassociated to the Majoran@P-violating phases present in
metry through a nonzer8U(2)®U (1) singlet vacuum ex- theories of massive neutring$4,15. Moreover, we investi-
pectation valugVEV) of a scalar field. This may be imple- gate(Sec. IV) the recent bounds from neutrinoless double
mented in conventional4,5] as well as supersymmetric beta decay as well as those that could be attained in future
models[6]. The couplings of the corresponding Goldstoneexperiments such as GENIU36]. The resulting exclusion
boson, generically called the Majoron and denotedlogre  plots are discussed in Sec. V in the mass basis.
rather model dependefif]. Here we consider the simplest
class of Majoron models, where the Majoron-neutrino
coupling matrixgi'\j"ocmij is proportional to the neutrino mass
matrix [8], so that in the mass eigenstate basis For neutrinos propagating through a medium, one has to
diag(m;,m,,m3) the Majoron neutrino couplingg; are di-  deal with three kinds of eigenstates: flavor eigenstates

II. NEUTRINO MIXING IN THREE BASES

agonal, to lowest order approximation mass eigenstateg ™ with massesn;, and, depending on
the environment, medium eigenstaTé@). The flavor eigen-
9l =50 (1)  states are defined as
This covers a variety of possibilities including both Vazz u,, Vi(hi) )
1

seesaw-typ¢4] as well as radiative mode[$].

] and the medium eigenstates are
*Present address: Department of Physics and Astronomy, Vander-

bilt University, Nashville, TN 37235.
This proportionality may be avoided in more complex models, 7/§hi):2 Di' y) 3)
such as those in Reff9,10]. : ] P

0556-2821/2001/69)/095005%7)/$20.00 64 095005-1 ©2001 The American Physical Society



R. TOMAS, H. PAS, AND J. W. F. VALLE PHYSICAL REVIEW D64 095005

Here the superscripth{)=*+1 refers to the helicity of the TABLE I. Medium eigenstate®;” , equivalent weak eigenstates
state. In the general case, it is impossible to diagonalize sin the limit|V,,|>m?/(2p) and their potential energy. The rotation
multaneously the mass and potential terms. Thus one has t the v,—v, subspace is parametrized loy;=cos6,; and s;3
solve the field equations in detail. In a two-component field= Sinf»3, where the arbitrary argument has been chosen to coincide
formalism, where a left-handed four-component fieléx- ~ With the mixing anglef,; in vacuo(from Ref.[12]).

pressed in the chiral representation of thenatrices[14] is
related to the corresponding two-component figldy v[
=(¢",0) [13],% the Lagrangian can be written in the mass

basis as PH Ve —(Vct W)

Medium Weak state Potential
state

~(+) - - = —
— ) vy V/J_/ = C23VH 3231/,,. VN
Liot= Lo+ Liedt Lint 7/%“ 77’:5237;["02377 —Vy
(=) = _
- m; v Yy =CogV )y, = Sos¥s Vi
_ t,. . | T: t. 1 1 1
—Ei d’i('ao_laxv)d’i_?(d’i|0'2¢i_¢i|0'2¢*) 75 V1= Sy, Coal, Vy
75 Ve Vet Vi
T M/ T T
+iEi ¢iVij¢j_JiEj Gij (¢i 020+ Pl oa]),  (4)
' : h | h
i =(HI+ U, VU v 7

where o, and ¢ denote Pauli matrices. Here the free Lan-

grangians, and L ,.qdescribe the propagation vacuoand ol ) _ ) )
the effects of matter described by the potential mattix, ~ HereHi~[p+mi/(2p)]4;; andV, is the potential matrix
respectively, whereas,, takes into account the presence of in the weak basis,

neutrino-Majoron interactions, which may lead to decays.

One now has to consider the decaygi(pi)—ﬁ/?i(pj) Ve+tVy 0 0
+J(q), whereT/ih‘(pi) and“f/?i(pj) are energy-eigenstate Ma- V= 0 Vy O ]. (8)
jorana neutrinos that propagate in matter with four-momenta 0 0 Vy

pi=(E",5)) and p;=(E]',;), and helicityh; andhy, re-
spectively. In order to obtain these energy eigenstates, onehe potentials induced by the charged and neutral currents
has to takely+ Leq @and calculate the resulting field equa- gre Ve=v2hGeng(Ye+Y,) and Vy=v2hGeng(—3Yy
. . €’
tions: +YVe)' whereY;=(n;—n,)/ng andng is the baryon density.
N Diagonalizing H™®'+ UVUT yields the medium eigenstates
(001X V) i) +mii oo = 2, Vijj(0=0. (8)  FM=TP»(M,
= In the three-flavor neutrino case the mixing matdxcan

One solves these field equations by expanding the field2e Earametrized aE;l=U23U13U.12UO_, wh(.e.re the matrices
#(X) as superpositions of plane-wave spinors with definiteii = Yij(¢ij) perform the rotation in thej plane by the

helicity [13,17, angle 6;; and Ug inpludes pc_)ssibIeCP violation effects
[14,15. In the following, we will assume,;=0, motivated
dp o both by detailed fits of the present solar and atmospheric
&i(X) = f eP*X[P (B,t)+ N (p,t)] () neutrino anomalieg3] as well as by the reactor results of the
V(2m)? CHOOZ experimenf18]. This simplifies the mixing matrix

to v,=U,vi=U,UsUgy; [19] and allows us to seb;,
= 0o and 0,3= 04, Now for light neutrinos near the neu-

- - L ; . trinospheres in supernovae, the conditidf,,|>m?/(2p)
wherea(p) andB(k) are helicity eigenstates aritl andN' holds and, since in the weak basis the potential is diagonal,

denote positive and negative frequency components of thﬂ‘we medium states can be identified with the weak ones up to
field under consideration. One should now substitute this ex:

S . o . ~__"an arbitrary rotation in the, — v, subspace. In order to sim-
pression in Eqs(_5), whose diagonalization would give rise lify the expressions, we exploit this freedom by choosing
to th.e.d(_aswed eigenstates. It can be shown, though, that f is arbitrary rotation angle to coincide with 6,3, see Table
relativistic neutrinos, thg positive-frequency components del—_ This allows us to identify the coupling matrix in the me-
cpuple from the_ nega_ltlve-frequency ones and the ENeT9%ium basis with the one in the weak basis up to the rotation
eigenstates obtained in this way result to be the same as
those obtained from the diagonalization of the usual - W T _
Mikheyev-Smirnov-Wolfenstein (MSW) equation [13], 9 =U(—0299,5U (020 =0arpr - ©)
which can be stated as

+[P(P,t) + N5, 18(P)}, (6)

Taking now into account thag™=UTg"U and substituting
the explicit expressions for the ,; matrices relating mass
2The notation here coincides to the one of R§®&14 up to a and weak eigenstates, one gets the following expression,
factor ofi. Gij=U1 U5 al'UlUT,, or explicitly
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Jee  Jeu  Jer 91008 0o +0,SiM 0oe™?°  §(—g;+g.e 29)sin260, O
G=| ue Gup Guo|=| 1(—g,+g.e 29sin20, QS +9g,co8 e 2% 0 |. (10)
gr’e gT,M, (o P 0 0 s

This choice of the rotation in the, — v, subspace leads to a whereN e, Stands for the survival probability ofig emit-
relation between medium and mass eigenstates characterizel from its energy sphere and can be computed as
only by the solar anglé, and by the Majoran&P-violating

. .. 2 2 o o0 . o
phaéseﬁ [124,15]. Using t.he deﬂmUonsAmlz—_Amo and Ngecaf ;") = €X _f drz T (3 =77 +J)
Am3s=Amg,, together with the assumptions in Sec. | one Ress
can easily translate the bounds obtained in the weak or me- (13

dium basis into the mass basis and, in addition, express them

in terms of only two independent parameters, for instancdVithin our relativistic approximation, the helicity-flipping
neutrino decays rate are given by

(my,9;) via
2 2 2 ~+ ~F |~§1ii|2
AMZ AmZ +AmZ,, (B =% +3)= o (V;— V). (14)
9=\ 1+~ G=0\ 1+t ——— 16m
1 1

(11) Coming to the oscillation term, the corresponding neutrino
survival probabilityN ., will depend on the neutrino mixing
angle and squared mass difference. We will analyze sepa-
rately the different solutions of the solar neutrino problem,

There are a variety of different arguments based on supepamely, small mixing anglgSMA) MSW, large mixing
nova physics, which lead to restrictions on neutrino properangle (LMA) MSW, low mass, low probability(LOW)

ties. Processes involving Majoron-neutrino couplings mayMSW, and the just-so case. Details about the present status

prevent a successful explosion as well as substantially affe@nd required parameters of the various solutions can be

the observed neutrino spectra. A crucial feature to notice i§ound in the global analysis of neutrino data presented in
that the effective mass induced by the interactions of neutriRef. [3]. Such a study favors a rather small value for the
nos with background matter breaks the proportionality beangle 6,3, mainly because of data from react¢is$]. In the
tween the neutrino mass matrix and the neutrino-Majororfirst three cases neutrinos will propagate through the super-
coupling matrixgj{' . This follows from the fact that the ther- nova environment adiabatically. Therefore, they will emerge
mal background in the supernova environment consists onl§S energy eigenstates, which in vacuum coincide with the
of particles of the first generation, thus distinguishing themass eigenstates, without any oscillation occurring on the
electron flavor from the others. We now describe three difway from the SN to Earth. If one takes into account that

ferent arguments used?2] in order to restrict the relevant Nneutrinos have to traverse a distantef matter in the Earth
parameters. to reach the detectors, KamioKande, and Irvine-Michigan-

Brookhaven(IMB), one gets the following expression for
their survival probability[20,21]:

IIl. SUPERNOVA BOUNDS

A. Constraints from neutrino spectra

The idea behind this bound is that Majoron-induced tran- RS e . _ : Tr_d
sitions between the neutrino flavors could change the energyNOSC_ ! {sz 0o = Sin 26m Sin(26 20m)sm2( I ) }
spectra of the single flavors. At the typical temperatures of (15

the SN corep,, , only interact with the medium via neutral herel 46 denote th ilation lenath and the mixi
currents giving rise to a smaller cross section than that cor/Nerelm and oy, denote the osciliation length and the mixing

responds to the electrgantineutrinos, which feel both neu- angle m_matter, res_pectlvely. As has been pre_V|oust noted
tral and charged currents. Since the opacity of the heaviefrﬁr the simplest choic#,;;=0, one has t_hat, besides the fact
v, . flavors is smaller than for thev., their energy- that v, r_;md Ve behave_ the same way m_the_ supernova, the
exchanging reactions freeze out in the denser region of thEONVErsionve—=w,: will be th_e only oscillation involving
protoneutron star, leading to lower spectral temperatures df €Ctron (@ntineutrinos, allowing us to set the angle that
ve compared tov, .. This expected spectrum can be dis- characterizes their mixing 6o .

torted due to the decayig —>7/jI +J. Besides the effects of 'allln ;heﬂ\;aglruér_n jr?ltcglt(()en cars]_edt]hterz];neL(J)trl:r?ltl);teergrﬂ%ee_ress:n-
such decays one has to keep in mind the possible oscillatio y as flavor eigenstates, whi scl Irway

that neutrinos could undergo along their journey to the Eartht.0 Earth. Therefore one has

In order to consider both aspects, we have defined the effec- Nos=1—2%sirf 26, . (16)

tive survival probability as ) ) ) )
In order to get information on the coupling constants, we will

N = NgecayX Nosc: (120  conservatively require that at least half of the initial electron
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antineutrinos emerging from the SN 1987A survivd, s T T NHRE
>0.5, accounting for the rough agreement between the ex- =1'F E 3
pected and the detected SN 1987A signals. In order to ana- af 7]
lyze the implications of this restriction, one must generalize 10 ¢ 6=0 E
the simplest argument used in REX0] since neutrinos may 2f ]
loose energy as a result of majoron decays. 10 3 E
This allows us to get some limits on the coupling param- 10°L
eter of the order ofy;(g,)<fewx 10" 4 from the first three g E
solutions to the solar neutrino problem. For the case of 10°L _;
vacuum oscillations, though, the solution is already disfa- _5§
vored by the SN 1987A data even in the absence of neutrino 10 \\\ E
decayd 20]. Though they may narrow it down considerably, sf \\ ST
the above arguments do not totally close the allowed window 10 e e e,
of neutrino-Majoron couplings, neither for the SMA, LMA, 10 10 10 10 10 10 10 10
nor LOW solutions, even for a supernova in our milky way. 9

FIG. 1. Excluded regions from the Majoron luminosity require-
B. Constraints from Majoron luminosity ment 3x 107 '<|ged <2X10°°, for two extremeCP cases,5=0

. . . . (solid lineg and 5= 7/2 (dotted line$, in them;—g; plane. LMA
This bound is based on the observation that neutrino de;_ . sHi26)=0.6 andAm? = 1x 105 eV2 are assumed.

cays into Majorons could suppress the energy release COIEI)
tained in the neutrino signal. Under the assumption of small  \ow turn to the implications of the luminosity bound to

Ve~ vx Mixing, the neutrino signal observed in SN 1987A iS 1o gther components of the Majoron-neutrino coupling ma-
in good agreement with numerical computations of the totat, ejements. Once we have obtained those intersecting re-
binding energy released in a supernova explosion. An analy;

. ) _ . ions for eaclg;; we simply take the union of them, giving
SIS qf decaY and scattering processes involved yields the e>g’se to a final highly nontrivial exclusion region, as can be
clusion region12]

seen in Fig. 2.
3% 1077<|~g”|<2>< 1075, (1 Itis important to notice that the shape of such regions is
characterized by the values of the square rooAn% and

- - ) . Amﬁtm. Let us first consideg;; with i,j # 3. In this case only
For [§;;| values smaller than'810"/, the Majoron neutrino Am2

A . mZ appears in Eq(11), so that form;>Am2, one has
coupling becomes too small to induce any effect. On the, © bp q(1l) ! ©

~ _ . . ~(g1, giving rise to a vertical line with no dependence on
other hand, fofg;;|>2x10"°, Majorons get trapped in the 92701, gVIng , P 2
] . m, as noted in the figures. In contrast, fof<<Amg, one
core and do not contribute to the energy release.

Another point to observe is th&P-violating phases af- 1592~ 91(vAmg/m,) with an explicit dependence an,,
fect these limits. This follows from the appearance of thehich strengthens the bound for lowem, values. Let us

phasesin the explicit form of the Majoron neutrino coupling NOW consider the limit coming frong,. In this case the
constants given in Eq(10). In order to eliminate such an Characteristic mass scale is always givenoy,, Eq.(11),

explict CP phase dependence when translating the limit orifrespective of the particular solutions to the solar neutrino
|§ij| into the mass basis, we have analyzed for each term of

Eq. (10) the excluded region for different values 6f and > L A B
subsequently considered the intersection of the resulting ex- =1E E
cluded regions. This conservative procedure allows us to rule A
out part of the parameter space irrespective of the value of 10 ¢ E
the CP phase. 10 2 ,'gw,;
As an example, we illustrate in Figs. 1 and 2 the regions
excluded for the LMA MSW solution to the solar neutrino 1030 ]
problem. The luminosity bound can be described in two _4§ 1
steps. In the first one we take ogg from Eq. (10), and by 10 £ ) =
means of Eq(11) we write it in terms ofg;—m;. In this 5f ]
way, we obtain an expression for the energy loss that de- 10 = =
pends explicitly upon th€P phases. Now, by varying that o0 AN A A

CP phase, the bound given in EqL7) is translated into
different ruled out regions. We show in Fig. 1 the resulting
bound on|g.d assuming two extreme cased=0 (solid
lines) and 6=/2 (dotted lines. Notice that for the latter FIG. 2. Excluded regions independent @ phase from the
case the bound disappears because of a cancellation betwag@gjoron luminosity requirement dig. (solid line), |ge,| (dashed
the two terms in|g.d. In order to remove the phase we line), |g,,| (dotted line$, and|g, .| (dash-dotted ling in the
therefore consider the intersection as the most conservativ@, —g, plane. LMA parameters si26)=0.6 and Am3=1
choice. X 1075 eV? are assumed.

10 "0 ™10°%10%10710%10% 10"

94
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problem that one may wish to consider. As a result, for the
LOW and (quasjvacuum cases, the difference between
AmZ,, and the solar mass scalem? is so large that two -1
branches appear. This explains the two branches observed in 1o
Figs. 5 and 6 corresponding to the LOW afmglasjvacuum 102
solutions, respectivelySec. V).
Concerning the SMA solution in Fig. 4, the main changes 10
arise from the bounds dw.d and|ge,|. In the expression
of gee in EQ. (10) the contributions ofj; andg, may cancel 10
for a phaseS=7/2, see Fig. 1, as long as these contributions -5
are of comparable magnitude. To fulfill this requirement, a 10
smaller admixture ofy, in gee, as happens for the SMA 10-6
solution, hqs to be compensated by a larger ratig.0Q 4, 10 "0 %0 %0 40 10 %0 %0 40 %0 2
corresponding to smaller mass®sg. This produces a small 9,
hollow in the bound am;~5x 10" .
The bound OdgeM is responsible for the sharp peak at  FIG. 3. Bounds on Majoron models in tigg—m; plane for the
the right edge of the excluded region, as can be seen in Figase of the LMA solutiofAm? =10"° eV? and siff 26,=0.6).
2, where all Majoron luminosity bounds are shown explicitly.
Here the conservative upper bound fm, | is obtained, —are given by two types of experiments. In geochemical ex-
when §=0, corresponding to cancellation of tige and g, periments the half-life limit is derived from relative abun-
contributions in the largen? asymptotics, see E¢10). Cor-  dances of nuclear isotopes found in the E4RA]:
respondingly the right border of the excluded region is ob- e
tained for §= /2, where|ge,,| becomes constant for large |ged <3x107>. (20)
m, . The intersection gives rise to the peak. For smaller val-
ues of the mixing’ as obtained for the SMA So|uti0n, theHOWeVer, half-llfe determinations Val’y by more than afaCtOI’
expression fofge,/| in Eq. (10) is satisfied for correspond- of 3. _ o )
ing larger values ofy;. This shifts the exclusion region to ~ The best direct laboratory limitiess stringent but more
the right, making it more visible in Fig. 4. reliable from the Heidelberg-Moscow experimef23] is
Before concluding this section, we mention the con-based on a likelihood fit to the continuous electron spectrum:
straints on Majoron-neutrino coupling parameters that arise
from the collapsing phase. The idea behind this bound is that |ged <8%107°. (21
a change in the trapped electron fraction could prevent a
successful explosion process. At the end of their life massiv&uture projects such as GENIU$6] and EXO[24] aim at
stars become unstable and, when the iron core reaches tR@nsiderable improvements in the sensitivity. A very rough
Chandrasekar limit, they implode. Once the nuclear densitgstimation of the sensitivity of GENIUS it is based on the
is reached, a shock wave forms at the core and propagat®gckground simulation in Ref16], where a background im-
outwards, turning the implosion into an explosion. TheProvement in the interesting energy range of a factd000
strength and propagation of this shock is sensitive to théas been obtained. Since in the Heidelberg-Moscow experi-
trapped electron fractio]ﬂl_e: Ye+ er, which can be erased ment the Majoron'neutnno COUp|Ing bounds are dominated

- — - by the systematical error of the background simulation, a
by neutrino decaysv.—v.+J. Requiring Y (tpounce : .
=0.375 leads to a limit of Ref12] considerable reduction of the background by a factoBof

will reduce the limit on the Majoron-emitting double beta
decay half-life by~ B and the coupling constant limit ac-
cordingly by ~4/B. This implies a reach of sensitivity down
to |ged ~107°, which could bridge most of the gap existing
However, to the extent that current supernova models do ndietween the more reliable limits derived from supernovae.
fully account for the explosion mechanism, this limit should

be taken only as indicative for the moment. V. DISCUSSION AND CONCLUSIONS

m, (eV)

LILRLLLL B AL N AL 1

T T T T

£
el A il il Db

|ged <2%107°. (18)

In Figs. 3—6 we present the limits on Majoron-neutrino
IV. NEUTRINOLESS DOUBLE BETA DECAY couplings in terms ofn, —g, corresponding to the various

The only laboratory experiment, which is competitive solutions of the solar neutrino problem. In Fig. 7, we display

with the supernova bounds, is neutrinoless double beta ddl€ results for the LMA solution also in terms of the equiva-

cay. This decay corresponds to two single beta decays occdfNt M2~ J2 variables. This representation has been selected
fing in one nucleus and converts a nuclei@sA) into a for convenience and generality. By further specifying the un-

nucleus Z+2A). Limits on the Majoron-emitting mode derlying model for_ lepton number violation one can reex-
press our results in terms of the lepton number breaking

A A B VEV, which will also provide useful information for model
2X—=7. X128 +¢ (19 puilders.
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FIG. 4. Bounds on Majoron models in tigg—m, plane for the FIG. 6. Bounds on Majoron models in tlgg—m, plane for the
case of the SMA solution(Am3=10°eV? and sif26,=7  vacuum solution of the solar neutrino problgim? =10 "eV?
x10°3). and sif 26,=0.9). The bounds from neutrino spectra do not apply,

since already pure neutrino oscillations implied by the vacuum so-

Regions that are excluded by supernova arguments a,létion parameters lead to a contradiction with the observed neutrino
denoted by the rhombical pattefobtained from Majoron SPectrum of SN 1987A.

luminosity) and by the vertical linegobtained from the neu- .
trino spectra Also shown are the regions excluded from where the smallness of neutrino masses follow from a see-

neutrinoless double beta decéyorizontal lines. The ex- Saw scheme, as well as those where it arises from the radia-
cluded region from Majoron luminosity is a superposition of Ve corrections.

the bounds o1y, G1z, Uop, andTas, Where always the Both neutrinoless double beta decay as well as supernova
most conservative limits for variouSP Majorana phases PhYySiCS arguments provide stringent limits on Majoron-
have been used. Because of the expressions for the helicit eutrino interactions. In the present work we have discussed
flipping neutrino decays, the bound obtained from the neythese limits and their translation into the mass basis. Gener-
trino spectra turns out to be independent of € phase. @lizing previous papersl.2] we have now taken into account
For neutrinoless double beta decay one can have a cancell&€ ffect ofCP-violating phases, which play a crucial role in
tion of the coupling constantg; andg,. The expected sen- the neutrinoless double beta decay limits. Depending on the
sitivity of the GENIUS experiment is shown as a dashed line Solution of the solar neutrino problem and the absolute mass
It is easy to see that GENIUS could be able to bridge almosscale in the neutrino sector the constraint from the supernova
the whole gap between the different supernova constraint§nergy release(Majoron luminosity argument excludes

Also an upper boundh,<2.3eV from tritium beta decay is Majoron-neutrino couplings in the wide range of 10
displayed. —10>. Upper bounds have been obtained from neutrinoless

The limits obtained in this paper apply to the simplestdoqble beta decay and the SN 1987A neutrino spectra. An
class of models where neutrino masses arise from the spofistimate of the potential of the future double beta projects
taneous violation of lepton number. Such Majoron modelsSUch as GENIUS suggests the possibility to bridge almost the

cover a wide and attractive class, including both models
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FIG. 7. Bounds on Majoron models expressed in terms of the

FIG. 5. Bounds on Majoron models in tlgg—m, plane for the  g,—m, for the case for the LMA solution of the solar neutrino
case of the LOW solutioftAm2 =107 eV? and taR 6,=0.67). problem.
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whole gap separating the excluded areas, and either to estauble beta decay, it is rather unlikely that they can play any
lish Majorons with couplings around a few 1®or to restrict ~ role whatsoever in the solar neutrino problg25).
neutrino-Majoron couplings down to 10.
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