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Neutrinoless double beta decay within the quasiparticle random-phase approximation
with proton-neutron pairing
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We have investigated the role of proton-neutron pairing in the context of the quasiparticle random phase
approximation formalism. This way the neutrinoless double beta decay matrix elements of the experimentally
interestingA = 48, 76, 82, 96, 100, 116, 128, 130, and 136 systems have been calculated. We have found that
the inclusion of proton-neutron pairing influences the neutrinoless double beta decay rates significantly, in all
cases allowing for larger values of the expectation value of light neutrino masses. Using the best presently
available experimental limits on the half lifetime of neutrinoless double beta decay we have extracted the limits
on lepton number violating parameters.

PACS numbsgs): 23.40.Hc, 21.60.Jz, 27.56e, 27.60+]

I. INTRODUCTION (HDM) component required for the understanding of the
large scale structure of the universe as indicated by the
Among the exotic processes the neutrinoless doyble KOBE data[16,17].
decay (33 decay, The analysis of the HB88 decay data, if and when they
become available, is unfortunately not going to be simple.
Depending upon the extension of the standard model as-
sumed there are many mechanisms which can lead to process
(1) which can interfere with one anothésee[18—-279 for
has been sought experimentally for about half a century buteviews. In those mechanisms in which the exchanged par-
it has not yet been observdd]. Its observation will un- ticle is light(e.g., light Majorana neutrindhe effective tran-
doubtedly be a signal of interesting physics beyond the starsition operator is of long rang@ssentially Coulombjcwith
dard model of electroweak interactions. First of all it will or without spin dependence. If on the other hand the ex-
demonstrate the breakdown of lepton number conservatiochanged particle is heavie.g., heavy Majorana neutrino,
which, being associated with a global, not gauge, symmetrgxotic Higgs scalars, ejcthe effective operator is of short
is expected to be broken at some level. It will also give usrange and in the presence of short range correlations, one
useful information about the neutrino mass if it is in the must be careful not to ignorgl8] the finite size of the
region=<1 eV. Finally, and most importantly, it is the best nucleon (0.8 fm). In this case the size of the operator is set
process, if not the only one, to settle the issue of whether thby the size of the nucleon. It is obvious that the two cases
neutrino mass eigenstates are of the Majorana type, i.einvolve different nuclear physics and as we shall see later
whether the particle coincides with its own antiparticlethey lead to the extraction of different parameters of the
(79), or of the Dirac type K°). gauge theory.
It is, therefore, not surprising that the experimental It is clear from the above discussion that all nuclear ma-
searcheg2-15 for the above process have persisted withtrix elements must be computed reliably. This is easier said
great devotion up to the present day and have lead to thénan done, however, since the nuclear systems which can

(A, Z2)—(A,Zx2)+e*+e", (1)

unbelievably long lifetime limif 2] undergo double3 decay, with the possible exception of the
A =48 system, are far away from closed shells and as a result
v have complicated structufd8—21l. In the shell model ap-
056 107 . p ia8-21 p

proach it is clearly impossible to construct all the needed
intermediate states of the nucleus which is one unit of charge
From this limit, in conjunction with calculations of the away. Since, however, the energy denominators are domi-
nuclear matrix elements involved, the linitm,)|<0.8 eV  nated by the virtual neutrino momentum, rather than the
has been extracted for the average light neutrino mass. It isuclear excitation energy, the construction of all these states
interesting to remark that neutrino masses in this neighborean be avoided using a version of the closure approximation
hood can constitute candidates for the hot dark mattef18—21]. But even then it is quite hard to construct the wave
functions of the initial and final nuclei employing a full shell
model basis. Thus a weak coupling scheme has been em-
"Electronic address: gpantis@cc.uoi.gr ployed, starting from products of neutron and proton wave
TOn leave from Bogoliubov Theoretical Laboratory, Joint Institute functions and employing truncations according to the ener-
for Nuclear Research, 141980 Dubna, Moscow Region, Russia angiies of the unperturbed proton and neutron states. In any case
Department of Nuclear Physics, Comenius University, Mlynga it is quite clear that it is very hard to substantially improve
lina F1, Bratislava, Slovakia. these old calculationg23—25.
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It is thus not surprising that other approximation schemes AD (2o it
have been employed. The most prominent among them has (my=2 [Ugj”[“m;e' i, 6)
been the quasiparticle random-phase approximat@iRPA) )

[26—3{!]. In this scheme the construction of the intermediateequaj) is theC P eigenvalue of the neutrino mass eigenstate
states is unavoidable, but not extremely hard. In the first step,,j>_ For light neutrinos the contribution of the right-handed

one constructs the intermediate statesJM) as proton- ¢ rrents is negligible. For heavy neutrinos the amplitude be-
particle neutron-hole excitations built on the ground state ofgmes proportional to

initial nucleus. In the second step one views the intermediate

states|mJM) as neutron-particle proton-hole, built on the 1 az2 1 i

ground state of the final nucleus. These intermediate states <M_> =2 U VI (6)

are expressed as two quasiparticle states and one makes Nie !

proper adjustments for the fact that the two sets of states 1 1

mJ,,) and|mJ,,) are not orthogonal. <_> => Uit 7
In the QRPA approximation there is no need to invoke the Mn/r T FM;

closure approximatioi26—28. In fact it was possible to use

QRPA to explicitly check how well the closure approxima- for left- and right-handed currents, respectively. é¥g(and
tion works. It was rewarding to find that it works quite well M; are theCP eigenvalue and the mass of the heavy neu-
except in those situations when the matrix elements are uritino mass eigenstatgN;). The submatrices)*, U2,

usually suppressed. U@D, U@ are the parts of the unitary matrix which connect
As we have previously mentioned a number of QRPAthe weak eigenstatewx,vf’f),a=e,,u,r, with the mass
calculations[24 -39 for almost all nuclei of practical inter- eigenstatesi;,N;), i = 1, 2, 3(see, e.g.[18]). The upper

est in OvBB decay have been performed. In all such calcu-index “1” stands for the light and “2” for the heavy neutri-
lations the two quasiparticle states were of the protonnos of left-right symmetric models. For each case one en-
neutron variety. Proton-neutrorp{n) pairing correlations counters a spin independent operator (veectactor or
[39—-43 had been neglected. Such correlations were recentliferm) and one which is a spin dependent scalar
found, however, to be importapt4—4§ in the evaluation of  (axialx axial or Gamow-Telley yielding the matrix ele-

the nuclear matrix elements entering28 decay: mentsMg andM gy, respectively.
o (i) Leptonic currents of opposite chirality. Then the rel-
(A Z)—=(AZ+2)+e  +e + v+ e, (2)  evant part of the intermediate neutrino propagator is
(A,Z)—(A,Z—2)+e"+e"+ vt v, (3) ax 8
2 ®
j

which proceeds only via the*lintermediate nuclear states.

It is the purpose of this paper to investigate what effect, ifSince the right-handed currents are expected to be sup-
any, thep-n pairing has on the 038 decay matrix elements. pressed, this contribution is expected to be significant for
To this end we will repeat and extend our previous calculalight neutrinos. Thus the amplitude does not explicitly de-
tions[26—2§ to cover most of the nuclear targets of experi- pend on the neutrino mass. One can now extract from the
mental interest ¥Ca, "°Ge, %%Se, %zr, Mo, %6Cd, data two dimensionless parametgts]
128T¢, 130Tg, 136Ke).

N=KNRL, C)
Il. LEPTON VIOLATING PARAMETERS AND N=E€NRL (10)
ASSOCIATED NUCLEAR MATRIX ELEMENTS '
As we have mentioned in the Introduction there existWhere
many mechanisms which can lead to &3 decay some of k=(M_/Mg)? (11)
which are exotic (exotic Higgs scalars, supersymmetric '
R-parity violating interactions, etc[18]). The most popular e=tg¢ (mixing). (12)

scenario is one which involves intermediate massive Majo-

rana neutrinos. We will concentrate on the last mechanism v and My are, respectively, the masses of the vector
this work even though some of the nuclear matrix element$osondV, andWg associated with the left- and right-handed
computed may be used for the more exotic mechanisms afteractions/ is theW, —Wg mixing angle.ng, is given by

well. [18]
We will distinguish the following two cases.

(i) Both leptonic currents are of the same chirality, i.e., (A1) 1(2D) i
both left handed or both right handed. Then out of the neu- URL:; Ugj Ugj €. (13
trino propagator one picks the part

The \ term arises when the chiralities of the hadronic cur-
m; rents match those of the leptonic currents, i.e., they are of the
(4 - S .
J.—Jgr combination. Then term arises when the two had-
ronic currents are of the same chirality, i.e., of the-J,
which for light neutrinos yields an amplitude proportional to type (this is possible due to th#/-boson mixing. For the
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extraction ofA one should know five matrix elements, i.e., wr(1,2=1-Mg. (21)
(Mg, ,M¢t,,) Which arise from the time component of the _ _ .
propagator of Eq(8) and [M{,M4,M4 (tensoj] arising The matrix elementd ey, Mgy associated with heavy
from the space component of that propagator. Due to th@eutrino are related to the operatess, and wgry Where
different energy dependendég,, Mg, .M, andM g are 2
different from the two matrix elementd - andM gy encoun- wen(1,2)= ——Mey, (22)
tered in the light neutrino mass mechanism. We will see, MMy
however, that to a good approximation )
m; . .
, 1,2)=——0- Mgy - 2
Me=M/.=Mg,, (14) weTH(1,2) mempffl o2 Mgy (23
Mgr=M&r=Mgr, - (15) Notice that for heavy neutrino
2

The situation is a bit more complicated in the case of he m, 1 ~ 1 (24)
term since one encounters two additional matrix elements memy An(Qq)  mMem,

M{ andMg. The first arises from an operator which is an- .
tisymmetric both in the spin and angular momentum indicedindependent of momentunto be compared with
[18—21]. The second matrix element arises from the momen- 1 1
tum dependent terms of the hadronic currgé®b] (weak —~—
magnetism, et¢. The contribution of the momentum depen- An(@) 4
dent term is normally a small correction. This is not true in
this case, however, since due to the structure of the propaggs
tor of Eq. (8), the standard leading nonvanishing term is
proportional to the average lepton momefita

One must note, furthermore, that the kinematics are di

(for light neutring. (25)

For processes which do not explicitly depend on the neu-
no mass [, —jg interferencg¢ we encounter the operators
wg,, and wgt,, Which differ from oy and wgy by the inclu-
f_sion of the extra kinematical factd,(q;+2) with

ferent, reflecting the difference betweg@h and(8). Thus the \/qumz
coefficients entering the various combinations of nuclear ma- Sn(Q)= ————. (26)
trix elements in the decay rate are energy dependent. As a emt VG2 +m?

result the relative importance of the various nuclear matrix . ,
elements may vary from nucleus to nucledepending on One also encounters the matrix elemeits andM g asso-

the available energy ciated with the operators
In the case of heavy neutrino intermediate states one en- .
counters two matrix elementd ;= and Mgt which differ wi(1,2=—-20q;- V1M, (27)
from the above matrix elemenkd; andM gy due to the fact o
that the radial part of the relevant operator is short ranged. ws(1,2=—-201-0,0;- Vi Mgr, (28

The nuclear matrix elements mentioned above are associ- _ / _ _
ated with a set of transition operators which in momentumand the matrix elemeri¥l; associated with
space can be cast in the general fofsee[26-28,39 for 1
detail R~ T

9 ‘1’4'(1:2):§“1'“2Q1'V1_01'Q102'V1

A=3 ()7 ()l.)gn(@.6). (16 G Vi Gy MY 29

As it has been mentioned above in the casg,ofjg but

with J.—J. combination we encounter two additional matrix el-
47R, 1 8(qi+q) ements namel;, andMg. M} is associated with the op-
i) = S (17 eratorwp(1,2):
gm(ql qj (277_)3 2\/§Am(q|\/§) P
1. > 2 ’
Ro=roAY(ro=1.1 fm) (nuclear radius (18 “’P(l'z):5(‘71_‘72)(/1_/2)‘_’MP’ (30
An() = o2+ mi[ €m+ o2+ mf], (199  while My is associated with the operator:
wherem,, is the mass of the virtual neutrino arg, a suit- D 9v 2p sz_wR oM (31)
able energy denominatgsee Eq(46) below]. R gamemya?{3™s =T R

The most important matrix elemem ;1 is associated

with &, 5, i.e., with u=wp—uny1=4.7 (a is the oscillator lengthand

> > R = > . > 2,2
wet(1,2 =0, 0p—Mgr. (20) ws(1,2)=(0;-07)q7a%, (32

Similarly 0(1,2= (01 0105 81— 01 02)q7a%. (33
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In the expression for the €33 decay lifetime various
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two-particle wave function of the interacting nucleons

combinations of the above nuclear matrix elements appeafn<2N) regardless of the number of single-particle configu-

These will be given in units oM st and be denotefll9] by
x. First those associated with the mass mechanism

xL=<m”><xF—1>+<ﬁ> Xt (34
me Mn/ |
m
xR=<K2+62><—"> XH (35
M/ o
with
2
Ov|“ Mg
— —, 36
XF <9A Mgr (36
av|?
XH= (a) Mgy — Mgy /MGT- (37

rations employed39]. In the systems we studigu< 10.

lll. THE QRPA FORMALISM
WITH PROTON-NEUTRON PAIRING

The QRPA formalism employed in th@3 decay, a modi-
fication of the usual RPA formalism that involves a change of
charge by two units, is fairly well knowh26—-37. So we
will briefly mention its main features herg3B decay is
viewed as a two-step process. In the first step a proton par-
ticle neutron hole is created on the initial sta@") and
associated with the intermediate statgs]M) of the (A,Z
+1) nuclear system. In the second step, rather than consid-
ering an additional proton particle-neutron hole acting on the
excited intermediate states, we consider a neutron particle-
proton hole on the final stat®; ) leading also to states of
the (A,Z+1) nucleus labeledmJM). The state§mJIM)

Second those not connected with the mass mechanisrand|mJM) are obtained by solving the well-known QRPA

XFwr XGTw+ XR» X1%1 X2= XF+ XGT» XT» Xp Where

gV)ZMFw
= , 38
XF (gA Mgt 39
MGTw
=T 39
XGT Mor (39
Mg
XR= o (40
and
X1t =*3xf+ Xt~ 6XT, (41
1
Xzi:iXFw"‘XGTw_gXli (42)

in an obvious notation)r=Mg/Mgt, etc). In the limit in

which the energy denominatey, can be neglected we obtain

XF:XI,::XFw! (43

X6T=X6T=XoTo= 1. (44)

As we have already mentioned the closure approximation
was not employed in our approximation. In writing, however,
the expression foe,, we made the standard approximation

equations. Unfortunately they are not orthogonal to each
other. The nuclear physics dependencggfdecay is essen-
tially contained in the matrix element

(07 3(apcana) [mIy(mI[mI(mIu(aans) [0]),
(45)

whereui(a*a) are the usual tensors of rakk(k=J here

built of protons and neutrons as indicated.
U¥(ata)=(—1)x"*uX,(a"a) is the time reversed operator

of u'{(a*a). a,b,c,d designate all the single-particle quan-
tum numbers except for the angular momentum projection
m,, i.e.,a=(n, 4j.), etc. The overlap is necessary since,
as we have mentioned above, these intermediate states are
not orthogonal to each other. Hence the energy denominator
€y, encountered in the previous section is given by the pre-
scription

1
€m=— Em_<Ee>_Ef:Em_ E(Ei+Ef)
1 1
S EntEn) -~ 5 (EE

- Q0. (46)

of replacing the electron energy by an average value. Futieré, m and Qn, are the QRPA energies of the excited
thermore the lepton wave functions were taken out of thetatessmJIM) and [mIM) calculated from the ground state
nuclear integral incorporating their effect via a distortion fac-€N€rgy of the initial and final nucleus, respectively.

tor (see[18,19).
In avoiding the closure approximatiof26—28,39 the

The next step consists in expressing the tensor operators
u¥(a*a) in terms of quasiparticleg26], i.e.,

momentum space representation was found extremely useful.

As it was shown i 39] by exploiting the properties of the ( a;ama up(a) —vp(a)) ( bfama)
harmonic oscillator wave functions it was possible to express = ) (47)
the energy dependent radial integrals of each type of operator Apain, vp(d)  Up(a) blaﬁ“a

in addition to the energy in terms of only two parameters

and /. The parameter” takes values(=0,1,2 for scalar, a:{ama) ( uy(a) —vn(a)) ( b;ama>

vector, and tensor rank, respectively also takes few values = , (48)
limited by the numbeN of oscillator quanta involved in the Anain, vn(a@)  Un(a) bzaﬁﬂa
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whereb™ andb are the construction and destruction opera-
tors for quasiparticles. The tilde indicates the time reversed
statesa,y, = (—)'2 ™ a,_n,, etc. Clearly since protons
and neutrons do not mix the indices 1 and 2 can be identified
with protons and neutrons, respectively. The paramaiers
and v are the occupation probabilities obtained by solving
the standard BCS equations for the initial state. A similar set
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of equations for the final state#&\(Z+ 2) yields the occupa-
tion probabilitiesu andv entering the matrix element on the
left of Eq. (45).

The QRPA statemJM) are of the form[29-31]

|mJM>=QS“M*Ior>RpAEaEb[xa”z(a,b,nBIz(a,b,J,M)

—Y™(a,b,d)B1,(a,b,J,M)]|0F), (49)
where
B;y(a,b,J,M):n(Ma,vb)mZmbCf:fnajbmb pam,
Xb o (14,7=1,2), (50)
B,.(a,b,JM)=(-1)""MB,, (a,b,J,—M), (51
and
1+(-1)’8,,6
n(pa,vh)= (1) 0ur2a (52)

(1+ 5/.LV53b)3 2

The forward- and backward-going amplitud&§, and Y7,
and the energies of the excited stafeg are obtained by

699
Ban\ (@) Up(@) —vip@) —up(@)
Aam, | | Uin(@) Ux(@) —win(@) —va(a)
Bpar, vip(@) vpp(a)  up(a)  uzp(a)
Bnain, vin(@) vzp(@)  up(a)  Uzn(@)
biam,
x Ozar, (56)
B1adm,
D2ain,

independently of the angular momentum projection quantum
numberm,, .

The columns of the above matrix are the eigenvectors of
the generalized Hartree-Fock-Bogoliub&FB) equations
(see[44—44 for detail9. As such are, of course, determined
only up to an overall phasgor each ong

If the p-n pairing interaction is switched on, the angular
momentum coupled phonon operator takes the figtin-464

M= ab {XTy(a,b,J)Bi,(a,b,J,M)
+Y7y(a,b,d)B1,(a,b,3,M)}

+ Eb {X7.(a,b,9)B; (a,b,J,M)
u=12

+Y,,m(a,b,3)B,,.(a,b,3,M), (57)

The amplitudesX™, Y™ are obtained by solving the QRPA
eigenproblem

solving the QRPA equation for the initial nucleus,g) [27-
31]. By performing the QRPA diagonalization for the final

. . A B\(X 1 0)\/X
nucleus A,Z+2) we obtain the amplitudeX?,, Y7, and ( )( m) :Qm( )( ) (58)
eigenenergie$) ;; of the QRPA statémJM). B A/\Yn 0 —-1/1Y
One can show that )
with
(mJ|uX(@patany]0i+= 8323+ 1[up(a) vp(b) XTh(a,b,J) ALLLIL  Al122  Al1112
+vp(2)Un(b)YTy(a,b,J)], (53) A= | A2211 p2222 p22.12 (59)
A12'11 A12,22 A12,12
(07 [u4(@pcang) [MI) = 83v23 + 1 vp(c)un(d) XTy(c,d,J)
_ _ B Bll,ll Bll,22 Bll,12
+UD(C)Un(d)YT2(C7er)]- (54) B—| B2211 p2222 p22.12 (60)
. BlZ,ll 812,22 812,12
The overlap integral takes the form
~ and
(mJlmJ>=;’ [XTy(a,b,d)XTy(a,b,J) - i
' 11 11
—YTy(a,b,3)Yy(a,b,J)]. (55) XM= X35 | ,Y"=| Y3 (61)
m m
12 12

Once proton-neutron correlations are introduced the quasi-

particle labels can no longer be identified with protons andThe QRPA equation in E458) represents a general equation
neutrons, but they become mere labels. The transformatioior all excited states of a given even-even nucleus. The ex-

matrix [40—4§ is generalized to the 44 matrix

plicit form of the A andB submatrices has been reviewed in
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TABLE |. The single-particle orbitals used in the present calculations.

Nuclear 48Ca %Ge 825¢ %67 10910 116cq 12810 1301e 136y e

orbitals

1 0Osy/ 1syp 1sy 0f 7, 0f 7, 0fsp, 1psp 1psp 1psp
2 Op32 0f 7, 0f 72 Ofs, Ofsp, 1psp 1pyy 1pyy 1pap
3 Opy1s2 Ofs, Ofsp, 1psp 1psp 1pyp 0972 0972 097
4 0ds/, 1psp 1psp 1pyp 1pyp 09or2 0972 0972 097
5 0d3, 1pys 1pyp 09gr2 09gr2 0972 1ds, 1dsp, 1dsp,
6 1sy2 09gr2 09gr2 097 097 1dsp, 1dap 1dsp 1dap
7 Of 712 09712 09712 1ds; 1dsy, 1d3; 2syp 2syp; 2syp;
8 Of 52 1ds; 1ds, 1dg;, 1ds;, 283y Ohyy/ Ohyy Ohyy
9 1pg,  1dgp  ldgp 2syp 281 Ohyap Ohgy Ohgp Ohgpz
10 1pas 2sy5 28y Ohyy Ohy1/ Ohgy, 1f7p 1f7p 1fzp
1 Ohgy, Ohgy, 1f7

12 1f g

our previous publicationf44—44. We note that if proton- Note that in the limit in which there is no proton-neutron
neutron pairing interaction is neglected, the QRPA submatripairing, i.e.,Us,= vpp=U1n=v1,=0, Egs.(62), and(63) re-
cesAl21l AL1Z A12.22 p\2212 gnqgBl21l glli2 B1222 duce to Egs.(53), and (54), respectively, by setting
B2212 are equal to zero and the QRPA equation possesses,=Up,vip="vp,Uzn=U,, and vy,=v,. Clearly, in the
two types of eigenstates: The eigenstates of the first hpe case without proton-neutron pairing the eigenstates of type |
with wave functions X™=(X]},X5,,0), Y™=(Y]},Y55,0)  do not contribute to the beta decay transition matrix elements
having the origin in proton-proton and neutron-neutron quain Egs.(62) and(63).

siparticle excitations. The eigenstate of the second tiipe The overlap integral becomes

with the wave functionX™=(0,0,X7}), Y™=(0,0,Y7}) gen-

erated by the phonon operator in E49).

Equations(53) and (54) are generalized as follows:
a J (MImy= 3 [X],(a.bIX, @b

Kk _
(mJJuM(ayan)l|0]) = Sipv23+1 2 ,M(pa,vb) YT (85,9 (8,5.0)]. 67

X[U,p(a)v,n(0)X™ (a,b,J
[Up(@)vin(D)Xu( ) By settingX™,=Y™, =XT, =Y =0 the above overlap is

+v,p(@)u,(b)Y] (a,b,3)], reduced to that of Eq(55).

To complete the discussion we mention that the single-

(62 particle wave functions and energies were obtained by using
a Coulomb corrected Woods-Saxon potential. The interaction
<0f+||ﬁk(apcand ||mJ) SN23+1 E m(,ua vb) employed was the Brueckn& matrix which is a solution of
mv=1 the Bethe-Goldstone equation employed using the Bonn one-
— — boson exchange potentidDBEP [47]. Proton and neutron
m
X [vp(C)Uin(d)X,,,(C.d,J) number conservation in the initial and final state was re-
(c)v (d)Yr‘n (c,d,J)] spected on the average with
vn )
(63)

with an—<an>)/ans10‘4. (68)
m(ua,vb)=[1+(~1)?5,,0)/(1+8,,0.5) "% (64  The BCSpp andnn parametersl,, andd,, were obtained

_ by fits to the experimental proton and neutron gaps as in
We note that the’,(a,b,J) andY}/,(a,b,J) amplitudes are  [44_4g. Thenp strength parametet, , is fixed by a renor-
calculated by the QRPA equation in EG8) only for the  malization of theT=1 J=0 pairing force as ifid4—46. In
configurationsua<wvb (i.e., u=» and the orbitals are or- the QRPA calculations it is necessary to introduce renormal-
dereda<b andu =1, »=2 and the orbitals are not ordejed jzation parameters,, and g, for the particle-particle and
For different configurationX(,(a,b,J) andY}/,(a,b,J) in  particle-hole interactions, which in principle should be close

Egs.(62), and(63) are given as follows: to unity. Our adopted values wegg,,=1.0 andg,,=0.8.
m [t e dam For higher value 0§, the particle-hole interaction for some
X(@,0,J)=—(=1la"e™X7 (b,a,J), (65  multipolarities is too strong. The lowest eigenvalue becomes

o imaginary and leads to a collapse of the correlated ground
Y;Tv(a!b!‘]): —(—1)Ja+1b_JYTM(b'a’J)_ (66) State.
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TABLE IIl. The matrix elements of 983 decay for ®Ca, "%Ge, %2Se, %zr, %Mo, %6Cd, ?®Te,
13%Te, and®*®Xe calculated in the framework of QRPA with and withqui pairing.

Nucleus “8Ca %Ge 825e 9%7r Mo 6cd 1281¢ 130re  136xg

QRPA withoutp-n pairing

M2 -0.785 2929 2212 2097 0615 0449 2437  2.327 1598
Xe 0468 -0.038 -0.008 -0.149 -0.766 -1.103 -0.0179 -0.004 0.028
IM%(1-yg)| 1452 3.040 2230 2409 1.086 0944 2480 2335 1.553
X -134.9 -68.37 -4427 -47.24 -1248 -47.06 -4154 -39.82 -21.92
Xe 0504 -0.035 -0.004 -0.168 -0.817 -1.173 -0.022 -0.007 0.022
Yot 0975 1.077 1.050 1.143 1174 1.074 1.097 1.097 1123
¥r 0212 0244 0.079 0.121 -0477 -0.812 0307 0.282  0.349
Xro -0.437 -0038 -0.013 -0.130 -0.709 -1.032 -0.012 0.001  0.036
XGTe 1.057 0916 0960 0845 0683 0.859 0.894 0.895 0.875
e 0.168 -1.147 -0.049 -0.836 -3.843 -3.891 -1.400 -1.451 -1.627
Xr 1721 1930 1242 1138 1051 -151.5 1571  149.0 124.8

QRPA with p-n pairing

M%”T -0.405 1.846 -1.153 0.280 -0.584 0.119 1.270 1.833 1.346
XE 0.158 0.274 -0.416 2.282 0.939 -6.784 0.308 0.184 0.066
IM2(1— xe)| 0.341 1.340 1.633 0.358 0.036 0.926 0.879 1.495 1.257
XH 6.075 -32.75 -57.20 -41.64 -14.22 -453.8 -34.02 -55.72 -35.37
Xe 0.184 0.322 -0.467 2.601 1.067  -7.400 0.370 0.218 0.082
XoT 1.226 1.124 1.082 1.587 0.934 0.927 1.159 1.115 1.167
Xt 0.130 0.214 0.179 0.209 0.853  -3.991 0.343 0.411 0.332
XFo 0.131 0.235 -0.379 2.069 0.812 -6.170 0.260 0.159 0.052
XGTo 0.775 0.876 0.927 0.335 1.142 0.938 0.831 0.879 0.832
Xp -0.009 -0479 -1.621 -4802 2519 -7592 -2907 -0.993 -2441
XR 57.32 129.3 1311 157.3 162.2 -333.6 158.6 192.6 138.4

By the method outlined above we obtained the matrixessary to calculate the integrated kinematical fact®gg
elementsM2s, Xk, Xu» XEr X6T» XTr XFo» XGTw» Xp,»  [19,20. They are listed in Table Ill. A small difference with
and yr for the nuclei “8Ca, °Ge, %Se, %zr, %Mo, the values of19] has origin in a different adopted value of
116cq, 1281, 1307e  and 138Xe for the orbitals shown in huclear radiuR}, [see Eq(18)]. The problem of the extrac-
Table I. These matrix elements are given in Table II. Fortion of the lepton number nonconserving parameters we shalll
comparison we also present in the same Table Il the value¥udy in Sec. IV.
obtained withoutp-n pairing. These last results differ N the nuclear system&=96, 100, and 116 we have no-
slightly from those of our earlier calculatiof@6—2§ due to  ticéd a sensitivity of this matrix element with respect to the
the different model space employed. number of orbitals employed. Since including in our present

By glancing at the Table Il we see that the effect of thecalculatlon withp-n pairing all the 15 orbitals employed in

inclusion of thep-n pairing is significant. Perhaps the most the earlier calculations was prohibitive in term of computer

: o el 20y hich time, we decided to employ 12 orbitals. This is admissible
important matrix element i$Mg(1— x¢)|, which connect e we are interested in comparing the results with and

us directly with the effective neutrino maksn,)|. We see  \ithout p-n pairing in the same model space. Furthermore
that the inclusion of th@-n pairing reduces the value of this our present results withowt-n pairing for 1°Mo agree with
matrix element. The largest reductions|M7(1—xe)| by  those off2] which used the same model space. The results so
factors 30.2, 6.7, 3.4, 2.8, and 2.3 are associated witlbbtained for this nucleus are comparable with those of the
A=100, 96, 48, 128, and 76 systems. By these factors alsother nuclei, which makes our choice reasonable. The other
the lower limits on|{m,)| are enhanced in respect to the matrix elements depend a bit more strongly on phe pair-
calculations withoutp-n pairing. To study the influence of ing correlations. The effect is even stronger for some indi-
p-n pairing on the evaluation of the limits on lepton numbervidual multipoles, especially if the corresponding matrix el-
nonconserving parameters of right-handed currents it is ne@ment is suppressed.
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TABLE llI. The integrated kinematical factoiG, for 0¥ —07 transition of (38),, decay. The defini-
tion of Gy is given in[19] in Egs.(3.5.19—(3.5.2).

(BB)o, decay: 0 —0" transition
“%Ca "®Ge %se  %zr WO &cqg 12814 1307, 136y

(Ei—Ej) (MeV) 5294 3.067 4.027 4.372 4.055 3.830 1.891 3.555 3.503

Goy [107 1 y 1] 8.031 0.7928 3524 7.362 5.731 6.233 2200 ! 5543 5.914
Gop [10718 y71] 5235 0.1296 1.221 3.173 2.056 1957 6.80® ° 1.441 1.483
Gos[10714 y71] 6.037 0.4376 2.413 5380 4.036 4.305 6XA0 2 3.669 3.890
Gos[10714 y71] 1.705 0.1538 0.724 1.530 1.178 1.269 33@® 2 1.113 1.183
Gos[10712 y71] 1.265 0.253 0.931 2009 1718 2118 1.39® ' 2.083 2.298
Gos[1071 y71] 1.398 0.196 0.665 1.226 1.009 1.103 6.86® 2 1.011 1.077
Gor[10710 y71] 11.46 1.248 5523 12.07 9.563 10.69 4.3 ! 9544 10.25
Gog[1071% y71] 5247 0.793 3.852 9.886 8.109 10.20 4220 ! 9.749 10.84
Goo[107° y 1] 6.262 0.491 1980 3.686 2.819 2.800 1.x2M ! 2335 2424

Goi,o [107% y™1] 2425 0.0763 0.6202 1.5315 1.0230 0.9879 5206 ° 0.7487 0.7734

IV. DECAY RATES Co=—2[X2-X2+Go2— 5(X1+ X2+ + X2-X1-)Go3

The OvBB decay can be expressed in terms of the lepton 41 & 1 (70)
violating paramete{m,)/m,, etc., defined in Sec. Il as fol- 9X1+X1-2204]-
lows [27], namely Here C]=10(e2+6ey+6)/(€l+ 103+ 1062+ 60y + 30),
€o is the available energy in electron mass un@$.is less
[T5] 1= G31IM 22X |2+ Xp|?— C1X Xr than 10% and it can be safely neglected.

The quantitiesG,; are defined as follows:
+C2|)\|XL009//1+C3|77|XL003,02+C4|)\|2 a o

+Cs| 5|2+ CE|\|| 7] cog 4, — 1)
+Re CoA X+ CanXp)}, (69) Gos5=2G0s/Go,

Goi=Goi/Go1 (i=2,3,4,

~ 1
where X, and Xy are defined in Eq¥34) and (35). ¢, and Gos= ZmeROGOGIGm,
iy, are the relative phases betwek¥p and A and X, and
7, respectively. The ellipse$- - -} indicate contributions

arising from other particles, e.g., intermediate SUSY par- Gor=2(3MeRo)Gor/Gon,
ticles[48] or unusual particles which are predicted by super- ~
string modelg49] or exotic Higgs scalargs0], etc. Gog=4Gog/Go1,
The quantitiesGS{ are calculated using the prescription of -
[4]. The coefficientsC;,C;, i=2—6 are combinations of Gos=(7MeR0)*Gog/ Gos. (72)
kinematical functions and the nuclear matrix elements dis-
cussed in the previous section. They are defined as follows! he values of the paramete@s)l , 1=2,...,6 aregoresented

in Table IV. The coefficientE; , i=2, .. .,6with and with-
. - S- out p-n pairing are shown in Table V.
2=~ (1=xr)(x,_Gos~ X,  Goa). The most stringent experimental limits are

. - ~ , = ~ A=48: T7/,>9.5x10"' y (76% CL) [5
C3=—(1-Xr)(X2+ G, X1-Gosa— XpGost XrGos). vz y s

A=76: TY,=56x10%*y (90% CL [2],

- ~ 1 ~ 2 .
C4=xX3-Goztg xi+Goa~ gx1+X2-GCoa. A=82: TI=27x102y (68% CL) [3],
. , A=96: T?,=3.9x10° y (geochem. [11],
C5:X§+GOZ+ §Xi—GO4_ §X1—X2+G03+(X{3)2G08 A=100: (1)7224_4><1022 y (68% CL [4],

—XiXeGort XEG, g A=116: T%,=2.9x10? y (90% CL) [6],
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TABLE IV. The kinematical functionfBOi , 1=2—9. They are given in the notation of Panékal. [27].

Nuclear éoz C~503 C~504 CN;os éOG C~;07 CN;os C~509
transition
48Ca—28Ti 6.518 0.752 0.212 31.50 0.450 73.87 2613. 0.522
%Ge—53e 1.635 0.552 0.194 63.93 0.745 95.01 4001. 0.563
8250, 8%Kr 3.465 0.685 0.205 52.9 0.584 96.99 4372. 0.538
967y 9%Mo 4.310 0.731 0.208 54.58 0.543 107.0 5371. 0.5324
100\10— 100RYy 3.588 0.704 0.206 59.97 0.582 110.3 5660. 0.5375
116cd— 11650 3.140 0.691 0.204 67.94 0.614 119.1 6547. 0.5419
12810, 128x@ 0.286 0.280 0.153 126.0 1.133 141.9 7662. 0.6565
1307e, 130 e 2.599 0.662 0.201 75.15 0.658 124.2 7035. 0.5483
136y e, 13533 2.507 0.658 0.200 77.72 0.667 127.0 7331. 0.5497
A=128: T =77x10?*y (geochem. [7], A=82: {...}=<7.9x10°10
=96: - 1<4.4x10°°
A=130: T9/,=2.3x10°y (68% CL) [8], A=96: {--}=4.4x107
A=100: {---}=<1.2x10°°,
A=136: T3,>3.4x10% y (68% CL) [9].
vz y (68% CL 9] A=116: {---}<3.9x10°8,
Using Eq.(69), the functionsGg, of Table IV and the A=128: {...}=<3.8x10 %!
. Ov . .. ’
matrix elementsv o7 of Table Il with p-n pairing we get the
constrains: A=130: {.--}=2.3x10 %
_ . —11
A=48: {‘~'}$8.0X10_9, A—l36 { }$14><10 .
Here{- - -} indicates the quantity which is enclosed in the
A=76: {...}<6.6x10 12 curly bracket of Eq(69). Clearly the nucleus with the small-

TABLE V. The coefficientsf:i ,1=1,2,3,4,5,6 which are combinations of nuclear matrix elements and
phase space factofsee Eq(55) of the texi needed for the extraction &fm,)|, A, 7, etc., from the data.

Nuclear C, C, C, Cy Cs Ce
transition

QRPA withoutp-n pairing

4BCa—28Ti 2.154 -0.96 —1.05x 107 7.43 1.34 10° -6.92
%Ge—%Se 1.078 -0.66 —2.26xX 107 1.65 47%10 -3.10
8250, 8%Kr 1.015 -0.51 —7.61x10 2.78 8.9 10° -5.42
967r— %Mo 1.321 -0.75 -1.23x10° 3.29 2.08& 10 -5.32
100\10— 100RYy 3.118 -0.26 —5.12x 107 1.51 1.3410° 1.13
116cd— 1165 4.421 -0.18 —3.55x 107 2.03 41310 2.35
128Te, 128x e 1.036 -0.40 —3.61X10° 0.33 6.24< 10 -0.65
1301, 130x @ 1.007 -0.76 —2.08x 107 2.48 5.3% 10" -4.98
136xe— 13883 0.944 -0.78 —2.04x 107 2.43 5.3% 10 -5.16
QRPA with p-n pairing
48Ca—29Ti 0.708 -0.24 —2.25x10 2.72 1.7 10° -6.67
Ge—75se 0.526 -0.19 —9.27x10 0.90 1.6x10 -2.53
8250, 8%Kr 2.005 -1.52 —2.30x 107 4.86 41310 -5.41
967r— %Mo 1.643 -3.01 4.4810° 6.24 2.1&10° 17.6
100\j0— 109Ry 0.0037 -0.062 3.27 4.95 4.990° -19.0
16cg— 11850 60.59 -5.86 —2.35x10° 10.4 1.36<10° 70.8
1281, 128x @ 0.479 -0.13 —3.78x 107 0.17 14K 10° -0.56
130T, 130x e 0.665 -0.62 —1.65x 107 2.41 5.1 10* -5.91
136xe_, 13683 0.872 -0.66 —2.64x10° 2.11 9.7x 10 -4.53
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TABLE VI. The limits on lepton number nonconserving parametgs,)|, [(1/M ) |t and
[(1M)rl " deduced from the experimental limits o8B decay lifetimes for the nuclei studied in this
work. For the extraction of the paramet{éi/M)g|~* the value ofe?+ x*=10"2 was assumed. Only one

term was assumed dominafity, * ©V is the calculated B3B3 half lifetimes assuming(m,)| =1 eV.
Nucleus (m,)| < 1 > 1 < 1 > T Tg),
(eV) (GeV) (GeV) (years (years Ref.

QRPA withoutp-n pairing

“8Ca <16 =1.9x10° =1.9x10 2.5x 1074 =9.5x 107 [5]
®Ge <0.8 =3.8x 10 =3.8X10° 3.6x10% =5.6x 107 [2]
825e <7.4 =2.8x10° =2.8x10 1.5x 10% =2.7x 10 [3]
%671 <125 =1.4x10° =1.4x10° 6.1x 107 =3.9x 10" [11]
100v0 <94 =2.0x10° =2.0x10* 3.9x10% =4.4x< 107 [4]
L&cq <13 =4.0<10° =4.0x 10° 4.7x10% =2.9x10%[6]
1281¢ <1.6 =1.2x 10 =1.2<10° 1.9x 10%° =7.3x10%[7]
130Te <6.1 =3.1x10° =3.1x 10 8.6X 1073 =2.3x 1072 [10]
136xe <17 =6.6x 10° =6.6x 10 1.8x10%* =6.4x 102 [9]

QRPA with p-n pairing

“8Ca <54 =7.6x10 =7.6X10 2.8x10% =9.5x 1071 [5]
%Ge <18 =1.6x 10 =1.6X10° 1.8x10% =5.6x 107 [2]
825e <10 =1.3x10° =1.3x 10 2.8x 1074 =2.7x10%[3]
%671 <841 =1.4x10* =1.4x 107 2.7X 1075 =3.9x 10" [11]
1090 <285 =6.4x 10° =6.4x 10 3.6X 1077 =4.4x 107 [4]
16cq <13 =2.8x10° =2.8x10° 4.9x10% =2.9x10%[6]
1281 <4.6 =7.4x10° =7.4x10 1.5x 10%° =7.3x10%[7]
1301 <9.6 =4.2x10° =4.2x10" 2.1x 10 =2.3x 107 [10]
136xe <21 =9.3x10° =9.3x10* 2.8x 10% =6.4x 1072 [9]

est value of - - - } is going to provide the most stringent limit sible exception of théd=100 andA=128,130 system, the
on the lepton violating parameters. The lifetime itself is not arecoil contribution is dominant. In the Te isotopg and
clear indicator since the functio@, varies from nucleus to  yr compete with each other.
nucleus. LargeGy,, i.e., large phase space, leads to short Another lepton violating process is the:88 decay with
lifetimes for a given lepton violation parameter. Thus theMajoron emission. The corresponding expression is
most stringent limits are expected from the=76 system.

To impose limits onX, ,Xg,\,7» one must make four-
dimensional plots making some assumptions abputiy,
and the relative signs of and » with yg. Then for a given
value of X, one can extract limits on{(m,) +  where
Me(My /M) xn/(xe—1). To extract limits on{m,) and
(1/My) one must make further plot&nowing x, xr from G =G
the calculations This is really a complicated procedure to be Ov.x
worth doing only if and when 888 decay is definitely seen.
At present we will constrain the above parameters by assum- ~ 1 291(60)
ing that one mechanism at a time dominates. The limits thus Gopo= (2m)2%g,(e0)
obtained appear in Table VI. We must mention that in the
case of heavy neutrino only the parameters
[(IM\)r(€2+ kA ] 1=(1M\) ! can be extracted this
way. The parametef1/My)g* shown in Table VI was ob-
tained by taking(18] €2+ x°=10"2. In line with what we 91(€0) = €5+ 14e5+84eg+ 210, +210,
mentioned above the extraction of the parametetepends
on CS alone. In all case$35 is dominated byyp and /or 1

- So in Table VIl we present two values af, one with 7 OZZ U(lil)ufeljl)_eimi*aj)g”_ (73)
nuclear recoil included and one without recoil. With the pos- X \/5

(TH)-1=17,0G,, IMZ(1-xI% (72

OXOG (0K E]

Jo( €)= €3+ 10e3+ 40e3+ 60ey + 30,
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TABLE VII. The limits on lepton number nonconserving parametérs| and|( )| deduced from the
experimental limits of @88 decay lifetimes for the nuclei studied in this work. Kay) our results with and
without inclusion of the recoil nuclear matrix elements are presented. Only one term was assumed dominant.

Nucleus [(N)] (7| T%VZ P01

Without With (years Ref.
recoil recoil

QRPA withoutp-n pairing

%8Ca <1.7x10°° <5.3x10°° <4.0x10°7 =9.5x 107 [5]
*Ge <1.3x10°© <2.2x10°8 <7.4x10°° =5.6X10%[2]
825e <8.8x107° <4.1x10°° <15%x10°7 =2.7x 107 [3]
%67r <1.6x10* <4.6x10°° <1.9x10°° =3.9x10% [11]
10910 <2.6x10°° <1.1x1077 <8.8x10°8 =4.4x 107 [4]
116cq <3.7x10°° <1.7x10°7 <2.6x10°7 =2.9x 107 [6]
1281¢ <5.6x10°° <2.6x10°8 <1.3x10°8 =7.3x 107 [7]
1301e <7.6x10°° <9.9x10°8 <5.2x10°8 =2.3x10%2[10]
136xe <2.1x10°® <2.3x10°8 <1.4x10°8 =6.4x 107 [9]

QRPA with p-n pairing

48Ca <5.4x10°° <4.3x10°° <2.1x10°° =9.5x 107 [5]
®Ge <2.7x107® <8.5%x1078 <2.0x10°8 =5.6Xx10%[2]
825e <1.3x10°° <2.6x10°7 <1.4x10°7 =2.7x 1072 [3]
%67r <8.4x10°* <6.0x10°° <4.5x10°° =3.9x10% [11]
10010 <1.5x10°° <1.8x10°7 <4.8x10°7 =4.4x107 [4]
116cd <6.1x107° <3.2x1077 <5.4x10°7 =2.9x 1072 [6]
1281¢ <1.5x10°° <2.4x10°8 <1.6x10°8 =7.3x 107 [7]
130Te <9.8x10°© <1.8x1077 <6.8x10°8 =2.3x10%2[10]
136xe <2.6x10°° <1.8x10°8 <1.2x10°8 =6.4x 107%[9]

€o is the available energy in units of the electron magsis ~ From the above exp%rimental limits and the values of
the coupling of the Majoron to the neutrino mass eigenstates3o; ,0 (Table IV) and|Mg1(1— x¢)| (Table 1)) we obtain the
i.e., limits of | 7,0| listed below:

A=48: |7 o|<7.0x 104,

= &ELVJ-RX% H.c. (74
V2 A=T6: |7 o|<1.4x10°%
It can also be written as A=82: |7 o/<1.9X 1074,
g .9
Teze =n. = —E Ve vSpx0+ H.C. (75) A=96: |7 o|<3.6x10°%,
—100- -3
The corresponding experimental limits are A=100: |77X°|<9'9X 107
A=48: Ty500x°>7.2x107° (90% CL) [14], A=116: |77X0|<2.6>< 103,

— . 0v,x° 2
A=76: T >3.9x10% (90% CL) [2], A=128: |7 J<57x10°%

A=82: T(l),”z"(0>1.6><1021 (68% CL [13],

A=130: |7 o|<1.5x10°%,
A=96: T >3.9x10" (geochem. [11], X

A=136: <1.3x10°%.
A=100: To%*’>7.9x10%° (68% CL) [15], 7,

A=116: Tg;/er°> 1.8x10° (99% CL) [6], V. SUMMARY AND CONCLUSIONS

A=128: TT}|2> 7.7<10% (geochem. [7], In the present work we have evaluated the nuclear matrix
) elements entering the double beta decay of the experimen-

A=130: T3,>2.7x10?* (geochem. [7], tally most interesting nuclear systems. We have employed

o 40 N the quasiparticle random-phase approximation which seems
A=136: Ti¥'>4.9x10% (90% CU [9]. to be the most practical method for nuclear structure calcu-
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lation of nuclear systems which are far away from closedand not much affected by such correlations. Finally we do

shells. In these calculations we have included the protonnot understand why the effect pfn correlations is so dif-

neutron pairing correlations which have been neglected ilerent on the two tellurium isotopes. From E9) it is clear

the previous calculations. We have found that such correlathat theA=76 system provides the most stringent limits on

tions have important effects on all the needed matrix elethe lepton violating parameters. This is partly due to the large

ments and should not be neglected. The magnitude of thmatrix elements obtained for this system but mainly due to

effect depends, of course, on the type of operator employedhe fact that the experimental life-time limit is the best. Un-

i.e., on the mechanism for theo@g decay. We will concen- fortunately, the introduction ofp-n pairing correlations

trate our discussion on those matrix elements which were nahakes the extracted limits of the lepton violating parameters

unusually suppressed. We will give their value both withoutless stringent. In fact we find

p-n pairing correlations and after such correlations are

turned on. Since we have assumed that one mechanism at a (m >|<{

time is important we can summarize our results as follows. v

(i) Light neutrino mass mechanism. The relevant nuclear

matrix element isMZ5(1— xg)|?. The five largest matrix ‘< 1 >

L

0.8 eV,
1.8 eV,

elements are 9.2, 6.2, 5.8, 5.6, and 4.9 associated with
A=76, 128, 96, 130, and 82, respectively. Onea pair-
ing correlations are turned on they become 1.8, 0.77, 0.13, |<

1 (3.8x10° GeV,
>
1.6x10" GeV,

2.2, and 2.7, respectively, i.e., we have a reduction factor

ranging between 2 and 8. In the most interesting case of the

A=76 system we have a reduction of about 5. The effect on

the extraction on the neutrino mass is less pronoundétk

square root of the above factor. |<)\>|<[2 7% 106
(i) Heavy intermediate neutrino mass mechanism. The '

-1 (3.8X10° GeV,
>
1.6x1C° GeV,

relevant nuclear matrix eIement|i,$HM?3VT|2. The five larg- 7.4<107°,
est matrix elements are 40, 1.1x10% 1.0x10% |<7l>|<|2 0x10-8
0.98<10%, and 0.96¢ 10" for A=76, 48, 128, 96, and 82, ' ’
respectively. Withp-n pairing correlations they become 8.4X 1075
0.37x10% 6.0, 0.1 10, 1.4x 10, and 0.4% 10*. Notice |7 0|<{ L,
the almost complete suppression @48 and 96 and the X 1.9x10°.
large reduction factor foA=76 (about 10. In the above expressions the upfiewer) values correspond

(i) The mass independent mechanism. The relevant g the case withoutwith) p-n pairing correlations.
matrix element isC,|/M25|%. The largest matrix elements |t is interesting to note that thé= 128 system, in spite of
145, 14.1, 13.6, 13.4, and 6.2 are associated W06,  the fact that its @38 decay width is kinematically sup-
76, 82, 130, and 136, respectively. They become 0.49pressed, provides quite stringent limits on the lepton violat-
3.07, 6.5, 8.1, and 3.8, respectively. Notice that quite unexing parameters with the possible exceptionofThis is quite
pectedly the matrix element of the=128 system is much surprising since the nuclear matrix elements involved are not
smaller than that for thé& =130 system. In the case of the favored compared to th&=76 system and in any case they
A=76 we have a reduction factor of about 5. should not be very different from those of tihe=130 sys-

(iv) The neutrino mass independentmechanism. The tem. Furthermore the extracted limits on the lepton violating
relevant matrix element i€5|M24|2. The largest values are parameters will become even more stringent if the life-
4.1x10°, 3.7x10°, 2.9 10°, 1.4x 10°, and 9.1 10* asso-  time is used sinc&,=T2),. We are, therefore, inclined to
ciated withA=76, 128, 130, 136, and 96. They are reducedsuspect that the lifetime 6F}, =5.6x 10?* y is quite a bit
to 5.5x10%, 2.4x10°, 1.7x10°, 1.8x10°, and 1.% 10%. In  exaggerated. We will not, however, elaborate further on this
the case of théd=76 system the reduction factor is about controversial point concerning the lifetime of this long lived
7. isotope.

We do not fully understand why the effect of then Finally we should mention that the above extracted limits
pairing correlations should be so large. In the case ostill suffer from uncertainties of nuclear origin. We should
A=100 this effect is much more dramatic. On the contrarynot forget that the effect of the interference between the vari-
for the A=136 system the matrix elements are fairly largeous mechanisms has not been taken into account.
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