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We have examined the importance of momentum-dependent-induced nucleon currents such as weak-
magnetism and pseudoscalar couplings to the amplitude of neutrinoless double beta aggay¢day in the
mechanisms of light and heavy Majorana neutrino, as well as in that of Majoron emission. Such effects are
expected to occur in all nuclear models in the direction of reducing the light neutrino matrix elements by about
30%. To test this we have performed a calculation of the nuclear matrix elements of the experimentally
interesting nucleA=76, 82, 96, 100, 116, 128, 130, 136, and 150 within the proton-neutron renormalized
quasiparticle random-phase approximation. We have found that indeed such corrections vary somewhat from
nucleus to nucleus, but in all cases they are greater than 25%. In the case of a heavy neutrino the effect is much
larger(up to a factor of 6 Combining our results with the best presently available experimental limits on the
half-life of the Ov BB decay, we have extracted new limits on the effective neutrino fiiges and heavyand
the effective Majoron coupling constaf0556-28189)05610-1

PACS numbse(s): 23.40.Hc, 21.60.Jz, 27.56e, 27.60+]

[. INTRODUCTION ters the neutrino mass as well as the Majoron emission
mechanisms. So far only the axial-vector and the vector parts
The neutrinoless double beta decaw @B decay is ex- have been considered systematically and in great detail
pected to occur if lepton number conservation is not an exadtl—4,6,13,14
symmetry of nature. It is thus forbidden in the standard The weak-magnetism and nucleon recoil terms have been
model (SM) of electroweak interaction. The recent Kamio- considered in the extraction of the neutrino-mass-
kande results have given evidence that the neutrinos are masdependent parameters associated with right-handed current
sive particles and one has to go beyond the SM. To furthemechanisms of 888 decay and were found to be very im-
understand neutrinos, we must know whether they are Diraportant in the case of the parametef6,15]. This is under-
or Majorana particles, an issue which only doujglelecay stood since the leading contribution in this mechanism is
can decide. The ©B8 decay can be detectable only if the proportional to the lepton momenta. In the two-neutrino
ordinary 8 decay is forbidden or suppressed and the neutrinalouble beta decay (Z88 decay the weak-magnetism term
is a Majorana particléi.e., identical to its own antiparticle [16] resulted in a renormalization of the Gamow-Teller ma-
with nonzero mas§l—4]. The study of the 933 decay is trix element independent of the nuclear model and lead to a
stimulated by the development of grand unified theoriegeduction of only 10% to the half-life of medium heavy nu-
(GUT’s) and supersymmetric mode(SUSY) representing clei. In the case of the light neutrino mass mechanism of
extensions of the SU(2® U(1) SM. The GUT’s and SUSY 0vBB decay there has been one attempt to include such ef-
offer a variety of mechanisms which allow thee88 decay fects resulting17] from the recoil term and their contribu-
to occur[5]. The best known possibility is via the exchangetion has been found very small. The weak-magnetism and
of a Majorana neutrino between the two decaying neutronghduced pseudoscalar terms have been considered in connec-
[1-4,6], but increased attention is being paid to more exotidion with the heavy neutrino mass exchange mechanism in
processes, like the supersymmetiparity violating mecha- Ref. [18] and their importance has been manifested for
nisms of BB decay[7—12). Recent review articlell3,14  0v3B decay of*®Ca.
give a detailed account of the latest developments in this To our knowledge the induced pseudoscalar term, which
field. is equivalent to a modification of the axial current due to
In this contribution we shall discuss the role of inducedpartially conserved axial vector curre(PCAC), has been
currents such as weak-magnetism and pseudoscalar couplilgnored in all calculations studying the light Majorana neu-
in the calculation of the §BB-decay amplitude, which en- trino mass mechanism even though it provides a contribu-
tion, which is in fact greater than tHecluded in all calcu-
lationg vector contribution. This has perhaps happened
*Permanent address: Department of Nuclear Physics, Comenildecause in the charged-current weak processes the current-
University, Mlynskadolina F1, SK-842 15 Bratislava, Slovakia. current interaction, under the assumption of zero neutrino
Electronic address: simkovic@fmph.uniba.sk mass, leads to terms which, except the vector and axial-
Electronic address: gpantis@cc.uoi.gr vector part§19], are proportional to the lepton mass squared
*Permanent address: Theoretical Physics Section, University dience, i.e., they are small.
loannina, GR-45110 loannina, Greece. Electronic address: The induced pseudoscalar term, however, is a real func-
vergados@cc.uoi.gr tion of the Lorenz scalag?, therefore, there is reason to
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tions are of orderd)?/[ (q)%+m?], i.e., they are important if Wherex, (Ny) are fields of light(heavy Majorana neutri-
the average momentuxy) of the exchanged neutrino can- Nos with  massesm, (m, <1 MeV) and My (M
not be neglected in front of the pion mass. In the case of &1 GeV), respectively, andg, is a unitary mixing matrix.
light intermediate neutrino the mean nucleon-nucleon sepdh the first and second terms on the right-hand side of(Eq.
ration is about 2 fm which implies that the average momenthe summation is only over light and heavy neutrinos, re-
tum(q) is about 100 MeV. This leads to corrections of aboutspectively. The fields, andN, satisfy the Majorana condi-
30%. In the case of a heavy neutrino exchange the meation: y,&=Cxy, Ni&=CN{, whereC denotes the charge
internucleon distance is considerably smaller and the averag@njugation andt, & are phase factors.

momentum(q) is supposed to be considerably larger. We assume both outgoing electrons to be inghgstate
We should mention that in thB-parity violating SUSY 5.4 consider only 0—0; transitions are allowed. For the
mechanism of @88 decay[11] one has scalar, pseudo- g.,nd state transition restricting ourselves to the mass

scalar, and tensor couplings at the quark level, which, of,echanism one obtains for the/88-decay inverse half-life
course, induce analogous couplings at the nucleon level. [1-4,6,13,13

The correct nucleon current is important in any calcula-

tion of the nuclear matrix elements, which must be computed (m)y 2

precisely in order to obtain quantitative answers for the lep- [T =Gy, TM?%T>+ nNML‘]Za" . (3

ton number violating parameters from the results of €

OvfBj3-decay experiments. The lepton-number nonconserving parameters, i.e., the effec-

The goal of the pr_esent_paper is to obtain_ reliable ngclea{ive neutrino masém,) and 7 in Eq. (3) are given as fol-
matrix elements by including the above refinements in thgy,, -

nucleon current in conjunction with the recent improvements

of quasiparticle random-phase approximatiqi@RPA) light heavy m
(renormalization effects due to Pauli principle corrections (my>=2 (U5)2&my, w= > (ugk)%k—p,
[20,21). In particular, we investigate what effects, if any, the K k M
weak-magnetism and pseudoscalar coupling terms will have (4)

on the neutrino mass mechanism as well as on the Majoron

_ : . with m, (m,) being the protor(electron mass.Gy;, is the
p e
emission mechan|§m Of'm.'g decay. To this end we have integrated kinematical factof2,6]. The derivation of the
performed calculations, which cover most of the nuclear tar

gets of experimental interest®Ge, 2Se %7r, 190, 116Cd, Ir_luclear ”Qgtatnx elements haeisoclat_ed with the_ exc_hange of

1287 130T 136x g 150N(g). !ght (.M<mv>) and heav.y W ™ YY) Majorana neutr.mos is out-
The paper is organized as follows. In Sec. II, the basidined in the next section. However, E(B) applies to any

elements of the theory of theuBA3 decay relevant to this intermediate particle.

work are presented. In Sec. Il the contributions coming from

these induced currents to the 838-decay amplitude are ana- B. Majoron mechanism

lyzed. Section IV summarizes the basic ingredients of the |t ye global symmetry associated with lepton number
proton-neutron RQRPAPn-RQRPA method, which will be  conservation is broken spontaneously, the models imply the

used for nuclear structure studies of thedp-decay transi- gxistence of a physical Nambu-Goldstone boson, called a
tions. In Sec. V we discuss the calculation of nuclear matrix\jajoron [22], which couples to neutrinos:

elements and deduce limits on lepton-number violating pa-
rameters. Finally, in Sec. VI, we summarize the results and

draw some conclusions. Lgvy= 2 viysvi(i Im ¢)Pyj,
Il. THEORY
Pi= 2 URUT0.. 5)
A. Majorana neutrino mass mechanism xp=epT
We sh:_:tll consider thenQ_BB—c_iecay process assuming that Here, »; denotes both lighk; and heavyN; Majorana neu-
the effective decay Hamiltonian acquires the form trinos. We remind the reader that in analogy with E&).

there is a unitary transformation for the right-handed electron

Gg — neutrino to the mass eigenstaigsand N, :
M= er, (1= vs) ve I+ Hec, ) genstagpeancii

2

wheree and v, are field operators representing electron and

left-handed electron neutrino, respectively. We suppose that _ _ _
neutrino mixing does take place according to wherexkr=Prxi andNig=PrNy [Pro=1/2(1* ¥5)].

Equation(5) leads to Majoron production in thei{BS
decay (BB¢ decay [2,3,13,23. We are interested in the

Vo= UL i + D UL Ny | ) light neutrino coupling and notice that the coup_llngjsk are
k=Tight k= heavy small in GUT models where the singlet neutrino is super-

VeR= 2 USxkrt > USNr, (6)
k=light k=heavy
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heavy. We restrict our consideration of the®B¢ decay
only to light neutrinod m; j<q~pg~0O(100 MeV)]. Then
the inverse half-life of the 83B¢ decay can be written:

[T92'T =Ko lPIM{ |G (7)

Here(g) is the effective Majoron coupling constant

light
<9>:i2j UIéiUIéjPij- (8)

The explicit form of the kinematical fact@sg can be found
in Ref.[2].
Ill. EFFECTIVE TRANSITION OPERATOR

Within the impulse approximation the nuclear curréfit
in Eq. (1) expressed with nucleon fieldk takes the form

ynz

. o
ov(9%) ¥ ~igm(0%) 50, = 9a(a*) 75
p

JICT:‘I_’T+

+0p(a%)q“ys |V, 9)
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pseudoscalar coupling is given by the partially conserved
axial-vector current hypothesi®CAC) [25]

e L m?
gp(q2)=2mpgA(q2)/(q2+mi)(1—P, (12
A

where gy=1, ga=1.254, (u,—u,)=3.70, AG=0.71

(GeV)? [29] and A,=1.09 GeV[25]. In previous calcula-
tions only one general cutoffy,=A ,~0.85 GeV was used.
In this work we take the empirical value &f, deduced from

the antineutrino quasielastic reactienp—x"n. A larger
value of the cutoffA 5 is expected to increase slightly the
values of the corresponding nuclear matrix elements. It is
worth noting that with these modifications of the nuclear
current one gets a new contribution in the neutrino mass
mechanism, namely the tensor contribution.

As we have already mentioned in the Introduction,
momentum-dependent terms, in particular the weak-
magnetism term, have been considered previously irBihe
decay by Tomodat al. [15] and Pantis et al. [6], but in
connection with they term. This term is proportional to the
mixing between the vector bosons hd Wk, which medi-
ate the left- and right-handed weak interaction, respectively.
They are dominant since, due to their momentum structure,

whereg”=(p—p’), is the momentum transferred from had- they can proceed via the-gave electron wave function,
rons to leptongp andp” are four momenta of neutron and yijle the standard terms in this case requireave electron
proton, respectively and o*”=(i/2)[v*,7"]. 9v(d°),  wave functions. The pseudoscalar term is not accompanied
gum(d%), 9ga(d%), andge(q?) are real functions of a Lorenz py parity change and thus it is not important in the extraction
scalarg®. The values of these form factors in the zero-of 5. To our knowledge this term has not been considered in
momentum transfer limit are known as the vector, weakconnection with the usual light Majorana neutrino mass term
magnetism, axial-vector, and induced pseudoscalar couplingf the OvBp3 decay.
constants, respectively. Under the PCAC hypothes|see Eq(12)] the two-body
effective transition operator takes in momentum space the

A. Effective transition operator in momentum space form

For nuclear structure calculations it is necessary to reduce
the nucleon current to the nonrelativistic form. We shall ne-
glect small energy transfers between nucleons in the nonrel- ,
ativistic expansion. Then the form of the nucleon currentWhere the three terms correspond to Fexifj, Gamow-

coincides with those in the Breit frame and we arrivézat, ' €ler (GT), and Tenso(T). One finds that

Q=717 (—hgthgro,—h:Sp), (13

A

) ) R Lo S1,=3(01-Q02 Q) — 01, T1=01-0o. (14
IX)= 3, 1a[9#03%(d?) + g IK(GD)] (X —T ), e T T
n=1 .
he=g%(a?)
k=1,2,3, (10)
_ R R 2 2 1 92 2
with 2y—a2(g2)| 1-Z -
(g% =gv(d?), -
2 gi(q’)a?
T 62 = g (q2y T 22 a2 3904 3 amp
Jn(@9)=0gm(a9)i 2m, +9a(9%)o—9gp(q°) om, -
(11 S hG 1 q 2
. _ ht(@9)=0a(09)| 3 > 3| 5
r, is the coordinate of thath nucleon. g +mz g +m;
For the form factors we shall use the following pa- 1 (PP
rametrization: gy(G%)=gy/(1+G%A%)%  gu(dD)= (1, IS R 15

- X - g 2
— n)9v(a?), 9a(d®)=ga/(1+9%A3)? and the induced 3 amg
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The exact results will depend on the details of the nuclear
model, since the new operators have different momentum
(radia) dependence than the traditional ones and the tensor
component is entirely new. We can get a crude idea of what
is happening by taking the above average momenfgim
=100 MeV. Then we find that the GT matrix element is
reduced by 22%. Then assuming tiaimatrix element is
about half the GT one, we find that the total reduction is
28%. This will be compared below with the results of our

PHYSICAL REVIEW &0 055502

hyw( dz) == 9\2/(&2),

2 g2(8?2)q2
Num-cT qz):§—gM‘(1q 2)q
My

-, _1gu(a)e
hMM—T(qZ):§ =

2
4mp

detailed calculations. 2y 2. %9
haa—ct(09)=0a(09),

B. Effective transition operator in coordinate space 2, 22\ =4
1 9p(99)q

The nuclear matrix elements entering the half-life formula hep_gr(@d) == ————,

of OvBB-decay process now take the form 3 4m§
Ml(my),nN:M{/V+M:\AM+ML\A+ML\P+M:’P (16) ’ 1 g2(g%)q*
hep-1(0%)=—3 Tam?
with | =light, heavy. The partial nuclear matrix elements P

MUy, My, Mha, Mbp, and Myp have their origin
from the vector, the weak-magnetism, the axial, the pseudo-
scalar coupling and the interference of the axial-vector and
pseudoscalar coupling, respectively. They can be expressed
in relative coordinates by using second quantization. We end
up with formula

. 2 9a(0®)9p(91)q?
hAP—GT(qz): -3 R L ELE 2mP ,
p

., 29a0%9p(9%)0?
hap-7(0%) =53~ (21)
p

M{ype:<H{ype—F(r12)+H{ype—GT(r12)0-12+ H:ype—T(r12)812> The tensor form fac_tor includes a sign change going from
momentum to coordinate space.

(17) The full matrix element is of the form:
. _ light _ _
with type=VV,MM,AAPP,AP, and M I<|gmrlt>: _ Lz M |(|3ngJr M|+gm_ 22)
A
~ T2
ro=ri—ra, rpp=ry, r12=r—l, We see that the Fermi component is unchanged, the Gamow-
12

Teller is modified and the tensor component appeared due to
o L the new terms.
S15=3(01:119)(02T1) =012, 01p=01-05. (18
IV. NUCLEAR STRUCTURE INGREDIENTS
r, andr, are coordinates of th@ decaying nucleons. The

form of the matrix elementO(1,2)) within the pn-RQRPA As we have mentioned above, we would like to evaluate
will be presented in the next séction. the changes in the33-decay nuclear matrix elements due

The light and heavy neutrino-exchange potentialsto the modifications qf the nuclear current intr_oduced above,

H Itgg];é,_flleaV)(rlz) (K=F, GT, T) have the following forms: Belevant for th_e neutrino mass mechanlsr_n. It is clear Fhat the
vBB decay is a second-order process in the weak interac-

tion and, thus, the corresponding nuclear matrix elements
require the summation over a complete set of intermediate
nuclear states. Even though the construction of these states is
not needed, a closure approximation with a reasonable aver-

X hype-k(9°)da, (19 age energy denominator is very accurig@é—28, the initial

and final states of the nuclear systems, which can undergo

doubleB decay, are not easy to construct, since these nuclei

2 R (= sin(grip)
wga N12Jo g+ ET_(Eig_s.+ Eé.s)/z

light _
H ypex(r12) =

1 2 R (=
H R/%%\{)é(rlz): 5 Sin(dr 1) Nypex(a%)qda. are far removed from closed shells. Thus the introduction of
pille mgp ' 1270 additional approximations is necessary.
(20 Thus at this point we will reduce the computational diffi-

_ culty in evaluating the effects of the above-mentioned modi-
Here,Eg3, Eg_s_, andE]' are, respectively, the energies of fications, by using the proton-neutron quasiparticle random
the initial, final, and intermediate nuclear stat®s:r,AY3is  phase approximatiofpn-QRPA [30—33, which is an ap-
the mean nuclear radius, witi=1.1 fm. The relevant cou- proximation to solve the nuclear many-body problem. Ad-

plings are mittedly the intermediate states must be explicitly con-
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structed in this case, but in this scheme it is a simple matter The pn-RQRPA excited statds,JM) are of the form
to include even a large number of such states, if necessary20,21]

The crucial simplifying point of the QRPA is the quasi-
boson approximatiofQBA) assuming nuclear excitations to

be harmonic. It leads to a violation of the Pauli exclusion [37Mm) = QT+ 0%p)
principle. The drawback of this approximation is that with
increasing strength of the nucleon-nucleon force in the => [XET:nJ”)AT(p”*‘]M)

particle-particle channel the QRPA overestimates the

ground-state correlations and the QRPA solution collapses +

[20,21,34,3% +anJ”) (pn,IM)][0gpp), (23
The renormalized QRPARQRPA [20,21] overcomes

this difficulty by taking into account the Pauli exclusion prin- where Xt - and Y . are free variational amplitudes,

ciple in a more proper way by using the renormalized QBA.respectively, and

In this paper we calculate the nuclear matrix elements of the

OvBB decay within the proton-neutron RQRPApn-

RQRPA) [20,21], which is an extension of the pn-QRPA by A'(pn,IM)= 2 ch JMoj o agm a*mn,

incorporating the Pauli exclusion principle for fermion pairs.

For studying the relative importance of the new induced

terms, which is the main thrust of our paper, the inclusion of A(pn,IM)=(—=1)""MA(pn,J—M). (24)
other refinements like p-n pairing, which is computationally
very involved, is not essential. Here,a/, (am . 7=p,n) is the quasiparticle creatiofan-

Furthermore p-n pairing is rigorously incorporated in the . . _.. . i .
BCS ansatz only for th&= 1 states, while'=0 p-n pairing nihilation) operator for spherical shell-model states, which is

. B . . . +
effects are implicitly taken into account. This procedurereu’ﬂed to the particle creation and ann|h|lat|ornm( and
seems to avoid the collapse of the QRPA within the physicaf-m_ 7=P.n) operators by the Bogoliubov-Valatin transfor-

region of the Hamiltonian but we are not sure whether inmation:
some cases it does not produce more ground state correla-

tions which can lead to strong cancellations in the matrix ct at

element. This might have been the case'®Mo in our M| _ (U TV [ T (25)
earlier work[6] in which one should have expected a minor Com V. Uy f\a, |’

influence of p-n pairing. In fact if the collapse of the QRPA T .

reflects a nearby phase transitif86], i.e., a change of the . . . ~
ground state from being dominated By 1 pair correlations where the ftilde ~ indicates time reversal [aTmT

to being dominated byf=0 pair correlations, further work =(—1)'7"™a,_n ]. The labelr designates quantum num-
needs to been done to be sure about the p-n pairing. On theersn_,1.,j .. The occupation amplitudes andv and the
other hand the renormalized solution does not lead to a cokingle quasiparticle energi€s. are obtained by solving the
lapse of the QRPA for physical values of the proton-neutrorBCS equation.

interaction strength and is tractable from the computational In the pn-RQRPA the commutator of two-bifermion op-
point of view. erators fulfill the following relatior(renormalized QBA

<0+PAHA(pn JM), A+(P ‘]M)”ORPA) = OppOnn

{ < 0%ps Ila aP]OOIORPA> < 0%pa e @n]ool0 RpA> } (26)

Dpn, Jr

ith 1.=/2i LA i fvall 12 m ym 12 \ym
with j,=y2j,+ 1. If we replacgOgp,) in Eq.. (26) with thg x(pnm D o 37X (pnam » Y(anﬂ) D o s=Y (oo
uncorrelated BCS ground state, we obtain the quasiboson o (27
approximation(i.e., Dy, == 1), which assumes that pairs of Which are orthonormalized in the usual way:
guasiparticles obey the commutation relations of bosons. We - X" Xn o _ym v (28
note that it is convenient to introduce amplitudes v = 20 (Xon 92X onm = Yonam Y pnomy)- - (28
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One can show that

<‘]7mi”[C;En]JHOi )

Ly ™
J23+1 UV X nam
O OY™ . /pO
+Vvp'ug Y(p'nm) Dy gm
(29
(0f ||[C Cnlall3™my) = (VDO
J23+1 P (pn3%
(g O™y DO
FUR VY (o gm) VD g g
(30

[
Mtype_ 2,
pnp'n
JITmm¢ T

(—)intIe (274 1) jj"
n!

X(0f ||[C

PHYSICAL REVIEW &0 055502

The indexi (f) indicates that the quasiparticles and the ex-
cited states of the nucleus are defined with respect to the
initial (final) nuclear ground statk()f}(|0f+)). The forward

and backward amphtud andY ! and the ener-
( n J’T) (pn,d™)

gies of the excited state@w I E'. ~are obtained by
solving the nonlinear set of RQRPA equations for the initial
nucleus @, Z) [20,21]. By performing the RQRPA diagonal-
ization for the final nucleusA,Z=2) we obtain the ampli-

EValli v : M =M
tudest (pn.J) andY (.7 and the eigenenergid3,;=E -
—Eys of the RQRPA stat¢J™my).

Within the pn-RQRPA the BBB-decay matrix elements

given in Egs.(17) take the following form:

jn 3
j j]<p(1>,p'(zmlf(rlz)rf72*0{ype<12>f<r12)|n(1>,n’(2>;J>
p!

a1l 37 M) (37mg 3Ty (37my [ e l5077). (31)

Here,O{ype(12) represents the coordinate and spin-dependerior protons and neutrons have been as follows:For A

part of the two-body transition operators of the®3-decay

nuclear matrix elements in E¢31)

O{ype( 12) H typeF r 12) +H {ype—GT( r 12) 0'12"_ H {ype-‘r( r 12) 8(12 )
32

=76,82 the model space consists of the fult 2% » major
oscillator shells(ii) For A=96,100,116 we added to the pre-
vious model space ft;,, 1f;5, Ohgp, and Chyq, levels.
(iii) For A=128,130,136 the model space comprises the full
2—5h® major shells(iv) For A=150 the model space ex-

The short-range correlations between the two interacting pra€nds over the full 257w shells plus the 01, and 043,

tons[p(1l) andp’(2)] and neutrongn(1l) andn’(2)] are
taken into account by the correlation functid(r,,) in the
nonantisymmetrized two-body matrix element in Egl).
f(rqp) is given as follows:

f(rp)=1—e *i1-br2) with

a=1.1 f¥ and b=0.68 fnt. (33

For the overlap matrix of intermediate nuclear states gen

erated from the initial and final ground states we wf2§&]

i

(I™Mm¢[I"™M m;) ~ E (an’T) (pn,J7)

VARV Oy 4+ y Oy ()
=Y pnam Y pnam) (Up Up +Vp'Vp?)
X (UOUD £y O D). 34

V. CALCULATION, DISCUSSION, AND OUTLOOK

levels.

The single-particle energies were obtained by using a
Coulomb-corrected Woods-Saxon potential. The interaction
employed was the Brueckn& matrix which is a solution of
the Bethe-Goldstone equation with the Bonn one-boson ex-
change potential. Since the model space considered is finite,
the pairing interactions have been adjusted to fit the empiri-
cal pairing gaps according {87]. In addition, we renormal-
ize the particle-particle and particle-hole channels of @&e
matrix interaction of the nuclear Hamiltonidhby introduc-
ing the parameterg,, and g, respectively. The nuclear
matrix elements listed in Tables | and Il have been obtained
for gp,n="0.8 andg,,=1.0. With respect to thg,, we wish
to make the following statement: Our numerical results do
not show significant variation&@o not exceed 20%) in the
physical region 0Q,,(0.8<g,,<1.2).

A detailed study of Fermi, Gamow-Teller, and Tensor
contributions to the full nuclear matrix elemev 'ght in EQ.

(22) for the two representative 1BS3-decay nucle|76Ge
and *°Te is presented in Table I. One notices significant

In order to test the importance of the new momentum-additional contributions to GTAA and PP) and tensorAA
dependent terms in the nucleon current, we applied the prand PP) nuclear matrix elements coming from the induced

RQRPA to calculate the @3B decay of the A

current terms. By glancing at the Table | we also see that

=76, 82, 96, 100, 116, 128, 130, 136, and 150 systemd-ermi and GT matrix elements are strongly suppressed due
To this end the considered single-particle model spaces botio the nucleon short-range correlations.
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TABLE I. The Fermi, Gamow-Teller, and Tensor nuclear matrix elements for the light Majorana neutrino
exchange of the B3B8 decay of "®Ge and'*°Te with and without consideration of short-range correlations
(s.r.c).

Transition s.r.c. Gamow-Teller Tensor Mgt pplght ot
AA AP PP AP PP

%Ge— 75Se Without 5.132 -1.392 0.302 -0.243 0.054 -2.059 4.042 -0.188
With 2.797 -0.790 0.176 -0.246 0.055 -1.261 2.183 -0.190
130Te, 130e Without 4.158 -1.173 0.258 -0.329 0.074 -1.837 3.243 -0.255
With 1.841 -0578 0.134 -0.333 0.075 -1.033 1.397 -0.258

The relative importance of the different contributions to new terms in the hadronic current, and in particular the in-
the nuclear matrix eIemenM'J%ht) andM*;i‘a"y[see Eq(16)]  duced pseudoscalar term, tend to increase the average neu-
is displayed in Fig. 1 for thé=76 and 130 nuclear systems. N0 mass_|<my>t| bandb thfs?)\é/ere#ghe Majoron ‘;IOUP"W@

As expected from our discussion in Sec. Ill we see that fOIIrom.experlmen y abou 0. TNE€y areé much more impor-
light neutrinos the pseudoscalar term, in particular AR tant in the exchange of heavy neutrinos leading the suppres-

Lo S g . i heavy -
contribution, is important. It is in fact as important as theSion of M3 ™ by about factor of 3-@see Table |i. The
usual vector contribution but in the opposite directisee  contributions from previously neglectddfa"” andM h%%to

Table Il). Our calculations verify our above estimate, i.e., theM *,‘yila"yare much more important as that fravi{S2". A large

TABLE II. Nuclear matrix elements for the light and heavy Majorana neutrino exchange modes of the
OvBpB decay for the nuclei studied in this work calculated within the renormalized pn-QRpANdAGg are
the integrated kinematical factors for thé 8:0* transition[(mV)(Y), g,]N(Y), and{((Y) denote, accord-
ing to Eq.(34), the sensitivity of a given nucleu$ to the light neutrino mass, heavy neutrino mass, and
Majoron signals, respectively.

(BB)o,—decay0*—0" transition

M. E. “Ge  85e @ %zr 00  cd 1281 B0Te  186e  150Ng
Light Majorana neutrino I(=light)

MLy 0.80 0.74 0.45 0.82 0.50 0.75 0.66 0.32 1.14

Mha 2.80 2.66 1.54 3.30 2.08 221 1.84 0.70 3.37

Mbp 0.23 0.22 0.15 0.26 0.15 0.24 0.21 0.11 0.35

Mhp -1.04 -0.98 -0.65 -1.17 -0.69 -1.04 -0.91 -0.48 -1.53

M+ Mha 3.60 3.40 1.99 4.12 2.58 2.96 2.50 1.02 451
Mim 280 264 149 3.21 2.05 217 1.80 0.66 3.33

Heavy Majorana neutrinol & heavy

MLy 239 220 161 283 172 258 234 139 394
M 554 516 -381 -67.3  -39.8 -60.4 -545 -31.3  -92.0
Mha 106. 983 684 123 740  111.  100. 583 167.
Mbp 13.0 120 93 16.1 9.1 149 136 7.9 23.0
Mhp 551 -50.7 -411  -70.1 -390 -649 -594  -348  -101.
MLy+Mha 130.  120. 845 151 911  137. 123, 723  206.
M 326 300 147 297 215 266 231 141 356

Sensitivity to neutrino mass signal

Gy X 10%%y 7.93 35.2 73.6 57.3 62.3 2.21 55.4 59.1 269.

Lmp(Y) 2.49 4.95 4.04 7.69 5.11 1.02 4.24 1.60 17.3

L () 2.90 5.64 3.98 7.10 5.36 1.25 5.45 3.43 18.5
Sensitivity to Majoron signal

GgXx 10'y 7.40 62.3 159. 106. 104. 0.59 79.6 82.8 640.

Ligy(Y) 2.41 6.59 5.93 10.5 6.60 0.53 5.08 1.90 26.7
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Ge — "Se + 2e-

light Majorana neutrino exchange heavy Majorana neutrino exchange
3 120
i M,,+M,,=3.60 | | i M, +M,,=130 | ]
r M_, =2.80 i M, =33 i
2 [ = . 80 [ - .
1r- 40 ]
[ F M 1
C L e
0 - 0
Al —40 .
2L -80 |

128Te —y 128X e 4 2e~

light Majorana neutrino exchange heavy Majorana neutrino exchange
3r 1 120
L M, +M, =296 i |
C M, ,=2.17 I ]
2 - 80 - .
1F a0 [ -
[ - M .
L r AP T
0 - 0
-1 - -40 .
2L ] 80 | |

FIG. 1. Calculated light and heavy neutrino exchang@gB-decay nuclear matrix elements for the=76 and 128 systems. The partial
matrix elementdMy, Maa, Mum, Mpp, andM ,p originate from vector, axial-vector, weak magnetism, pseudoscalar coupling, and the
interference of the axial-vector and induced pseudoscalar coupling, respedﬂ\(ﬁlyandM o are OvBB-decay matrix elements associated
with the (m,) and »y parameters, respectively.

value of M{¥a% which has its origin in weak magnetism, ForA=150, 76, and 82 the largest valuesl\mtia"yare 35.6,
indicates that the average neutrino momentum is large, i.e32 6, and 30.0, respectively. We notice that e 136 sys-
about the order of magnitude of the nucleon mass. tem has the smallest nuclear matrix elemeMsg",=0.66
We present in Fig. 2 the nuclear matrix elemekt&" L v
d'\jhfaviselt II I(? ) ; € u; e;PA‘T X :Ae ?Zt(%g andM'*®%=14.1. We suppose that it is connected with the
andMy, ™ caleulated within pn-RQ Orth& = 76,82, act that 1¥6Xe is a closed-shell nucleus for neutror (
96, 100, 116, 128, 130, 136, and 150 nuclear systems. W§82)_ The sharp Fermi level for neutrons yield smaller
see that the inclusion of the induced pseudoscalar mteractlo(glvﬂﬁ_decay matrix elements. We note that in calculating

and of weak magnetism in the calculation results in considthe matrix elements involving the exchange of heavy neutri-

erably smaller nuclear matrix el$rrh11ents for r?” nuclear sysyog. the treatment of the short-range repulsion and nucleon
: ig eavy . o . . .
tems. The numerical values &fl 5y and M " can be finjte size is crucial. We have found that the consideration of

found in Table Il. The largest matrix elements %" for  short-range correlation effects reduces the values! g
A=150, 100, and 76, are 3.33, 3.21, and 2.80, respectivelyhy about factor of 20—30. As we mentioned already the
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Nuclear matrix elements Nuclear matrix elements
5 240

4 L N L ]
i 1 180 - -
3 y i ] ]
A [ 7 - -
g | ] Eg— 120 - .
= 2f . [ 1
L ] 60 L ]
1 7] L ]
ok ] L ]

“Ge *Se *Zr Mo "‘Cd ®Te "Te “*Xe "Nd Ge *Se *Zr ™Mo "Cd Te “'Te “*Xe "'Nd

Sensitivity to the light neutrino mass signal Sensitivity to the heavy neutrino mass signal

25 120

2 [ 4 i 1
i ] 90 -
15 [ . [ ]
A 3 1 z L ]
3{ L ] s or 1
10 s C ]
i ] 30 [ .
5 7] L ]

“Ge Se “Zr Mo "°Cd *Te Te *Xe Nd "Ge "Se "Zr Mo "‘Cd Te ™Te *Xe *'Nd

Sensitivity to the Majoron signal

C<g>
8

10

“Ge “Se *Zr “""Mo "Cd Te ""Te “*Xe “'Nd

FIG. 2. Calculated nuclear matrix elemem§mv>, Mo [see Egs(3) and(13)—(18)], sensitivitiestV), Low and{(g for the experi-
mentally interestingA=76, 82, 96, 100, 116, 128, 130, 136, and 150 nuclear system§., g,]N, and {(g) are sensitivities to light

neutrino mass, heavy neutrino mass and Majoron siges Eq(34)], respectively. The open and black bars correspond to results obtained
without and with the inclusion of the pseudoscalar interaction and of weak magnetism.

nucleon finite size has been taken into account through theesults significantly as it was manifested in REE8] per-
phenomenological form factors and the PCAC hypothesistorming the calculations with both phenomenological and
However, the choice of the form factor can influence thequark confinement model form factors.
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The limits deduced for lepton-number violating param-in our calculations leads to a significant reduction of the
eters depend on the values of nuclear matrix element, of thparameters of(m ) (Y), £ (Y), and gy (Y).
kinematical faCtOI’, and of the current eXpeI’imental limit for a The present experimenta| situation in terms of the acces-
given isotope[see Eqs(3) and (7)]. It is expected that the sjple half-life and the corresponding upper limit on

experimental constraints on the half-life of the®3 decay m,), 7n. and(g) is given in Table lll. Thus, the most
are expected to be more stringent in future. Thus it is usefulestrictive limits are as follows:

to introduce sensitivity parameters for a given isotope to the
effective light and heavy Majorana neutrino mass and Ma- (m,)Pes0.62 eV, [%Ge, Ref. [38]],
joron signals, which depend only on the characteristics of a
given nuclear system. They are as follows:

L(m))(Y)=10M{T |Gy, vear,

77’tglest< 1.0X 10—7' [ 76Ge, Ref. [38]],

<g>best< 6.9X 10—5' [ 128Te, Ref. [43]]. (36)

{m,) < 10° » /1024 years The sensitivity of different experiments {on,), (7y), and
Mg {(m) To e (g) is drawn in Fig. 3. Currently, the Heidelberg-Moscow
experiment 38] offers the most stringent limit for effective
g,,N(Y)=106|M?,$]a‘>’ VG, year, light and heavy Majorana neutrino mass and & e ex-
g periment[43] for the effective Majoron coupling constant.
10—6 1024 years By aSSUminqmv>:<mV>beSt, INT nlt\)fSt’ and<g>:<g>beStin
NS — , Eqs.(03) and(7) we cal(():ulatted half-lifes of (Ehe 138 decay
Ey N Tip O TEE 2 Um,)), TE (), and TEE *(g)™) for
nuclear systems of interest using specific mechanisms with
g<g>(Y)=108||v|'<‘gqht>|,/GB year, the “best” parameters. These corresponding numerical val-
! ues are listed in Table Il and shown by open bars in Fig. 3.
10 [107% years Since the quantitie$mv>,nN,<g>_ 'depend only on particle
(g)= / : (35) theory parameters f[hesg quant|t|es.|nd|cate the experlme_ntal
L(g) T(l),”{ex" half-life limit for a given isotope, which the relevant experi-

ments should reach in order to extract the best present bound

The normalization of 1% years was chosen so that this ~ on the corresponding lepton number violating parameter
are of order unity. The numerical values of these parametei@om their data. Some of them have a long way to go to reach
for the nuclear systems considered in this work are listed ithe “°Ge target limit.
Table Il and can be used in predicting the desired limits on At present most attention is paid to the light Majorana
lepton number violation with changing experimental dataneutrino mass because of the experimental indications for
(see the above expressionIhese characteristics estimate oscillations of solar(Homestake[49], Kamiokande[50],
also the prospects for searches of light and heavy Majoran@allex [51], and SAGE[52]), atmospheric(Kamiokande
neutrinos and of the Majoron. The larger values of thesé53], IMB [54] and Souda55], Super-Kamiokande experi-
parameters determine those@3-decay isotopes, which are ments [56]), and terrestrial neutrinogLSND experiment
the most promising candidates for searching for the corref57]). One can use the constraints imposed by the results of
sponding lepton number violating signal. They give informa-neutrino oscillation experiments ofm,). The predictions
tion on the requirements of aBB detector. differ from each other due to the different input and structure

Figure 2 shows that the most sensitive isotope to all thre@f the neutrino mixing matrix and in particular the assumed
studied lepton number violating parameters'®Nd. It is ~ Majorana condition phases. Bilenlgt al. [58] have shown
mostly due to the large phase-space integral and to sonibatin a general scheme with three light Majorana neutrinos
extent also to the larger nuclear matrix elements. We cautioBnd mass hierarchi{m, )| is smaller thanl0™? eV. In an-
the reader here that our matrix elements are not model ind@ther study outlined in Ref. [59] the authors end up with
pendent in the sense that all the nuclei considered in thigm,)|~0.14 eV. Bednyakov, Faessler, and Kovalenko con-
work are treated as spherical. The nucldd®Nd, is de- sidered neutrino oscillations within the minimal supersym-
formed and our results may not be the same quantitativelynetric standard model with-Rarity breaking. They showed
were we to perform calculations taking into account effectghat Super-Kamiokande atmospheric data are compatible
of nuclear deformation. with [{m,)|<0.8x10 2 eV [60]. One sees that, the current

The purpose of this work, however, is to study the effectdimit on (m,) in Eq. (36) is quite a bit higher than the neu-
of the induced currents. It is thus reasonable to do this byrino oscillation data.
comparing calculations within the same model. This means There is a new experimental proposal for measurement of
that the model itself will play a minor role, if any, in the the Ov33 decay of "%Ge, which intends to use 1 tdin an
investigation of such effects. We are thus satisfied that foextended version 10 tonsf enriched’®Ge and to reach the
light neutrinos the effect is almost the same throughout théalf-life limit TS}, ®P=5.8x 10?” and T}, ®P=6.4x 10?® af-
periodic table. In addition, as we see from Fig. 2, the inclu-ter one(and 10 yeansof measurements, respectively. From
sion of weak magnetism and induced pseudoscalar couplindyese half-life values one can dedysee Eq(35) and Table
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TABLE lll. The present state of the Majorana neutrino mass and Majoron searclpgsdecay experi-
ments.TSF % (present and TS¥ %% (present are the best presently available lower limit on the half-life of
the OvBB decay and @3B¢ decay for a given isotope, respectively. The corresponding upper limits on

lepton number nonconserving parametgrs), (g), andny are presented$F %/ ((m,)*es), TP O(755)

and TSP 9((g)*®s) are calculated half-lifes of 33 decay, assumingm,)=(m,)**s! 7, =75 and
(9)=(g)"*! respectively. Here{m,)P*5=0.62 eV, 7re°=1.0x10 7, and(g)***=6.9x 10"° are the best

limits deduced from th€®Ge[38] and '?®Te [43] experiments.

Nucleus ®Ge 825e 96zr 100910 &cd
TSP %(present (y) 1.1x10% 2.7x 107 3.9x10% 5.2x 107 2.9x 1072
Ref. [38] [39] [40] [41] [42]
(m,) (eV) 0.62 6.3 203. 2.9 5.9
TSP 0 ((m, )Py (y) 1.1xX10%° 2.8x10%* 4.2} 107 1.2x 107 2.6x10%
7N 1.0x10°7 1.1x10°8 4.0x10°° 6.2x10° 7 1.1x10°®
TS () () 1.1 1075 2.9x 1024 5.8x 1074 1.8x 1074 3.2¢ 107
TSP % (present (y) 7.9x 107 1.6x 107 3.9x 10 5.4 107 1.2x 102
Ref. [47] [48] [40] [41] [42]
(9) 4.7x10°4 3.8x10°4 2.7x10°3 1.3x10* 4.4x10 4
TS 0R (y) 3.7x 108 4.9 1072 6.0x 1072 1.9X 1072 4.9x 1072
Nucleus 128Te 1301e 136xe 150Nd

TS %(present (y) 7.7x 107 8.2x 107 4.2x 107 1.2x 104

Ref. [43] [44] [45] [46]

(m,) (eV) 1.8 13. 4.9 8.5

TSP O(myPeS) (y) 6.6x 107° 3.8x 10 2.7X 10 2.3x 107

7N 2.9x1077 2.0x10°© 4.5x1077 1.6x10°6

T (™) () 5.9 1075 3.1x 107 7.9x 102 2.7x 108

TSP O(present (y) 7.7x 107 2.7x 104 1.4x 107 2.8x10%°

Ref. [43] [43] [45] [46]

(9) 6.9x10°° 3.8x10°4 4.5x1074 2.2x10°4

TOP (e (y) 7.7 102 8.2x 1022 5.9x 107 3.0< 107

II] the possible future limits on the effective light neutrino Majorana neutrinos as well as the Majoron emission mecha-
mass 2.K10 2 eV and 8. 10 3 eV, respectively. nisms, have been obtained in the context of pn-RQRPA,
By comparing the above limits with those advocated bywhich is known to produce results more reliable than the
the neutrino oscillation phenomenology we conclude that thgtandard QRPA. Our results are shown in Figs. 1-3 and
GENIUS[61] experiment will be able to reach similar limits, Jisted in Tables I-Ill. One can see that the modification of
provided, of course, that the neutrinos are Majorana parthe nuclear current due to the weak-magnetism and induced
ticles. We remind the reader that there is also a plethora giseydoscalar coupling is important and results in consider-
other OvgpB-decay mechanisms predicted by GUT's andgple reductions of the B83-decay matrix elements. For the
SUSY. One can show, however, that their presence impli€fgn: neutrino exchange this reduction amounts to about
that the neutrinos are massive Majorana particles even if th§0_30% for all nuclei considered. The reductions for the

mass mteclhaantlsn:' IS n?tt:omlneigtz,Gﬂ. Certainly, thl?j EX' heavy neutrino exchange are even more significant with fac-
perimental detection of theiuB3-decay process would be a tors ranging from 4 to 6.

major achievement with important implications on the field The derived upper limits ofm.), 7y, and(g) from the

of particle and nuclear physics as well as on cosmology. current experimental limits of thei(BB-decay lifetime for
A=76, 82, 96, 100, 116, 128, 130, 136, and 150 are
VI. CONCLUSIONS listed in Table Ill. This makes the extracted limits of the
The contributions coming from the induced currents at thdepton number violating parameters less stringent yielding
nucleon level, such as the weak-magnetism and inducedn,)’®*<0.62 eV, 78<1.0x10 7, (g)**6.9x10 °
pseudoscalar coupling on the mass mechanism for théeduced from the’®Ge[38] and 1%®Te [43] data. Further, we
OvpBpB-decay transitions has been studied. The needethtroduced and evaluated useful sensitivity parameters for
nuclear matrix elements, associated with the light and heavyarious lepton number violating signals for some nuclei of
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Limits for 1/<m > Experimental limits on the 0vp3-decay
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FIG. 3. The sensitivity of different experiments to the lepton-number violating parametefs 7y, and(g) are illustrated by histo-
grams on the left side. The best presently available lower limits on ihggedecay half-life TS % and OvBB¢p-decay TS ° are
displayed by black bars in histograms on the right side. The open bars in these histograms indicate the half-Iif&firflitgm,) ),

TP O Res) and TSP 9¢((g)**%) to be reached by a given experiment to reach the presently best lifindn 7y, and(g), respectively.
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interest, which might be helpful in planning future of proton-neutron pairing within the renormalized QRPA
OvBB-decay experiments. have been discussed for some nuclei of interest in R&43.

The value ofzny extracted is, of course, associated with  Be that as it may, we find that in the case of the light
heavy Majorana neutrino. It can, however, be applicable imeutrino the momentum-dependent terms in the nucleon cur-
other processes involving the exchange of heavy particlesent cause a more or less uniform reduction of the nuclear
provided that the momentum structure of the relevant operamatrix elements by approximately 30% throughout the peri-
tors is not very different from that in Eq&19)—(21). odic table. We expect a similar reduction in almost any

Admittedly there is a rather large spread between the calhyclear model. This will cause a corresponding increase of
culated values of nuclear matrix elements within differentthe extracted values for the neutrino mass.
nuclear theoriedsee, e.g., recent review articlg3,14), We thus conclude that, with the best nuclear physics in-
which could be considered as a measure of the theoreticyut, the extracted average neutrino mass is low, but quite a
uncertainty. Between some of them there is no objective wawit higher than that deduced from the present neutrino oscil-
to judge which calculation is correct. However, one can ar{ation experiments. It will reach, however, similar levels, if
gue that the RQRPA method offers more reliable results thaghe planned experiments reach the sensitivity aimed at by the
the QRPA primarily because of the collapse of the QRPAGENIUS experimenf61]. In any case the neutrino oscilla-
solution and the strong sensitivity of the QRPA results to th&jon data can neither set the absolute scale of the mass nor
strength of particle-particle force. The only advantage of thejecide whether the neutrino is a Majorana particle. The latter

QRPA over RQRPA is that it fulfills the Ikeda sum rule. issue can be decided 0n|y by th@,@ﬁ decay_
However, the meaning of this fact is questionable because it

is so close to the collapse of the QRPA, where the obtained
solution is far from realistic. In the present calculations we
are using the pn-RQRPA and we take into account also ad-
ditional nucleon currents effects. Thus we consider the re- J.D.V. would like to express his appreciation to the Hum-
sults of this paper more reliable in respect to the pn-QRPAoldt Foundation for financial support. J.D.V. and Rl&nk
results of our and other groups. In this work we did not dealkhe Institute of Theoretical Physics at the University obTu
with the problem of the proton-neutron pairing. The effectsingen for its hospitality.
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