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Abstract

In the calculations of the nuclear matrix element of Majorana neutrino mass mech-
anism of neutrinoless double beta decay so far only contributions from vector/axial-
vector part and weak magnetism of the nuclear current have been included, while
other contributions have been neglected. In the present work we are examining the
effect of weak magnetism and induced pseudoscalar coupling. We have performed
calculations within the proton-neutron renormalized quasiparticle random phase
approximation and we have found that these additional contributions of the nu-
cleon current, result in a considerable reduction of the nuclear matrix elements of
all nuclei which we have considered. This reduction of the nuclear matrix element
makes the extracted limits of the lepton number violating parameters ( < m, >,
< g > and < 7, >) less stringent yielding the best value for < m, > less than 0.62
eV for Ge.

1 Introduction

Most calculations of double beta decay so far have not included higher order terms
in the nucleon current, see e.g., Refs. [1-5]. Only the axial and the vector parts have
been considered in great detail while an attempt has been made Ref. [6] to estimate
weak magnetism. Pseudoscalar coupling and interference between pseudoscalar and
axial parts for example have never been considered. While weak magnetism has been
shown to be small, other higher order terms are expected to play a more important
role. In the case of 2v3(3-decay the momentum transfer in the weak nucleon vertex
is restricted by the @Q-value for a given process, which is about few MeV. It allows
us to neglect safely terms proportional to |g|/m, and |g|/m, (m,- mass of pion,
m,- mass of proton and ¢ = |g]). These terms have also been ignored in the Majo-
rana neutrino mass mechanism of Ov33-decay. However, there are reasons to believe
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that we should take them into account . In the case of Ovf33-decay, the neutrino is
emitted by one nucleon and absorbed by another. The average momentum < g >
of the exchange neutrino is expected to be 100 MeV for a mean nucleon-nucleon
separation of 2 fm. The situation is even more clear in the case of heavy neutrino
exchange. There the mean internucleon distance is considerably smaller and the
average momentum < ¢ > is supposed to be considerably larger. Thus such large
values of average momentum render it necessary to go beyond the usual approxima-
tion of the nucleon current at least for the Ov38-decay matrix element for which in
general so far only terms of axial and vector contributions have been considered. It
is the motivation of this work to include higher order terms of the nuclear current
in our calculations. In addition we shall use the renormalised quasiparticle random
phase approximation (RQRPA) which incorporates renormalisation effects due to
Pauli principle corrections.

2 Theory and calculations

The relevant formalism for neutrinoless double beta decay have been discussed in
many papers,see for example the recent review article [7] and references cited there.
Here we shall only give the necessary formalae pertaining to this work. In the 0v3s-

decay process one assumes a Hamiltonian of the form,

G
25l = T; (EYu(1 = v5)ver] JET + hec., (1)

where e and v.r are field operators representing the electron and the left handed
electron neutrino, respectively.

Within the impulse approximation the nuclear current J} in Eq. (1) expressed with
nucleon fields ¥ takes the form

leiad

oA e AP 2\ 4
5ar 94(a* )75 + gp(q°)q" 5| ¥, (2)

T =T \gv(d)r* — igm(d®)
where M is the nucleon mass, ¢* = (p — p'), is the momentum transferred from
hadrons to leptons (p and p’ are four momenta of neutron and proton, respectively)
and o = (i/2)[v* v"). 9v (%), grm(d?), ga(g?) and gp(q?) are real functions of a
Lorenz scalar ¢*. These form factors in the zero-momentum transfer limit are known
as the vector, weak-magnetism, axial vector and induced pseudoscalar coupling
constants, respectively. The induced pseudoscalar coupling constant is given by the
Goldberger-Treinman relation

gp(0) _ 2M
94(0)  mi’ 3)




In the previous studies of the neutrino mass mechanism of OvgG-decay [1-5] the
terms proportional to gas(¢?) and gp(g®) of the nucleon current in Eq. (1) have
been neglected and the ¢? dependence of gy (g?) and ga(g¢?) was taken to be of
dipole shape 1/(1 — ¢?/A?%)? with A = 0.85GeV. In this work we shall use the
following parametrization of the form factors:

gv(g®) = ——5—, AL =0.71(GeV)?,

gag®) = -l—g"‘—, Aa = 1.086GeV, @
with

gv(0) = gv = 1.0, 9m(0) = gp = pp — Hn,94(0) = g4 = 1.254, (5)

where u, and u, are the magnetic moments of proton and neutron, respectively
and Ay has been determined by Dumbrajs et al. [8] and is the best fit of the
axial form factor for the neutrino reaction v,p — ptn by Amaldi et al. [9). The
pseudoscalar form factor is determined by the pion pole and its form within the
partially conserved axial-vector current hypothesis (PCAC) is given as follows [10]:

2Mga(q?) m2
25 ga\q _

We shall assume a similar relation for high ¢ as well.

For nuclear structure calculations it is necessary to reduce the nucleon current to
non-relativistic form. If we neglect small energy transfer between nucleons in the
non-relativistic expansion, then the form of the nucleon current coincides with that
in Breit frame [11] and we get for the nuclear current,

A
JHE) = 3 rHghU0(¢)) + g IR ((E - 7)), k=1,2,3, (7)
n=1
"with
J°(q*) = gv(d?) (8)
7 a2) — 2,90 X 2\ _ NN
Jn(g*) = gm(g*)i i +94(9°)7 — gp(q”) ol

7; is a coordinate of the ith nucleon.
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As we had mentioned in the previous section, in the case of 2v33-decay the momen-
tum transfer in the weak nucleon vertex is restricted by the @-value of the process,
which is about a few MeV. It allows us to neglect safely terms proportional to ¢ in
Eq. (7). These terms have been ignored also in the Majorana neutrino mass mech-
anism of Ovj33-decay. We shall show in this work that one should take such terms
into account. If we assume both outgoing electrons being in the s, ,-wave state and
consider only the energetically most favored 0} — 0}L transition we obtain for the
Ov3p8-decay half-life,

<my, > 1 eav .
[ToR)™" = Gorl =——==M%s + ny Myee . (9)

Here < m, > and 75, are the neutrino mass lepton-number non-conserving param-
eters, m, is the mass of electron and Go; is the integrated kinematical factor. Its
numerical values can be found e.g. in Refs. [2,12]. A small difference of G, in the
above works arise from the slightly different values of the nuclear radius.

The nuclear matrix elements entering the half-life formula of Ov33-decay process in
Eq. (9) take the form:

My, = Myy + Mipyg + My + Mip + Mfp, withl = light, heavy.(10)

The partial nuclear matrix elements M“EV, MA{,IM, MAA’ M};P and Mﬁp in Eq. (10)
originate from the vector, weak magnetism, axial, pseudoscalar coupling and the
interference of the axial and pseudoscalar coupling interaction, respectively. They
can be expressed in relative coordinates by using the second quatization formalism.
We end up at the formula

Myype = <Ht1ype—-F(r12)1 + Hippe_cr(riz)onz + HtIype—T(T"lz)Sn> (11)

with type = VV, MM, AA, PP, AP.

The light neutrino-exchange potential th . K(Tlg) and heavy neutrino-exchange
potential H " (r ;) (K = F,GT, T) are of the following form

type— K
Hl‘lght (T' ) 2 R 7 Sln(qug) h ,—( 2) dq (12)
type— K \"12 ‘ﬂ'gA ria J g+ Em(J) (E1+ Ef)/Z type—K ’
Hheow oL 2 R Oosin( rra)higpeic (6] ¢ (13)
type—K My, 7931 2 / qri2)liype—-K\9") q GQq
with
hvv-r(¢®) = —g¥ (g%, hvv-cr(e®) =0, hvv-1(¢*) =0,
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293 ()¢ 193, (¢%)d*
2 _ 2y _ 29m 2 _ 1om
h‘M]W—F(q )"'07 hMM—GT(‘I ) - 3 4m12) ) hM‘VI—T(q ) 3 4772,2) )
haa-r(g®)=0, has—cr(d®) = d4i(d?), hasa-1(9*) =0,

2 o _ 1gb(dD)¢ 2 2
hpp-r(q°)=0, hpp-cr(¢°) = 3 amz hpp-1(¢°) = —hpp-cr(4°),
mp

) 2 2 2\ 42
hap-r(¢®) =0,hap_cT(d*) = _5&@;_!7171;(9_)_‘1_,“})4((12) = —hap—cr(g*)14)
P

Here, E*, Ef and E™(J) are respectively the energies of the initial, final and inter-
mediate nuclear state with angular momentum J. R = roA!/3 is the mean nuclear
radius, with ro = 1.1 fm.

The short-range correlation function

fry=1-€e"(1-br?) (a=11fm? and b=068fm?),  (15)

takes into account the short range repulsion of the nucleons. The exact form of the
one-body transition densities to excited states |[J™m; > and |J™my > generated
respectively from the intial (A,Z) and the final (A,Z+2) QRPA ground states [0} >
and 0}' > within the pn-RQRPA can be found together with other details of the
nuclear structure model in Refs. [5,12-14]. As it is expected if the additional current
contributions are left out then we get the known formulae,

Mfpnysq, = My + Mj, I =light, heavy, (16)
where M/, = —Z—?MBJ"I and M4, = MY L.
A

3 Discussion and conclusions

Our numerical values of the contributions of each term to the nuclear matrix ele-
ments for the light and heavy Majorana neutrino exchange modes are listed in Table
1 for all mass numbers A=76 up to A=150 which udergo double beta decay. For the
A=76 and 128 systems they are also shown in a histogramm in Fig. 1. For the light
neutrino exchange the weak magnetism is very small.The other contributions are
significant. In fact the vector and the pseudoscalar parts together are almost equal
to the interference term which however has oposite sign. As it is more clearly shown
in the histogramm of Fig. 2 this brings a reduction to the nuclear matrix element
of about 25 in all nuclear systems. The situation is even more pronounced in the
heavy neutrino exchange. Here the weak magnetism contribution is much stronger
and of oposite sign and this brings down the matrix element by factors 2 to 4.

In order to study the sensitivity of each nucleus to the light and heavy neutrino
mass we have introduced sensitivity parameters for a given isotope which depend
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Table 1

Nuclear matrix elements for the light and heavy Majorana neutrino exchange modes
of Ov33-decay for the nuclei studied in this work. Gg; is the integrated kinematical
factor for 0% — 0% transition. {<m,> and Cn,, denote respectively the sensitivity of
a given nucleus to the light and heavy neutrino mass.

(8B)o, — decay : 07 — 0T transition

M. E. TSGe 8256 QSZT' IOOMO IIGCd 128Te 130Te 136.’(6 150Nd
‘ light Majorana neutrino (I=light)

My 080 0.74 045 082 0.50 0.75 0.66 032 1.14
ML, 280 266 1.54 330 2.08 221 184 0.70 3.37
ML, 023 0.22 015 026 015 024 021 011 0.35
Mip -1.04 -0.98 -0.65 -1.17 -0.69 -1.04 -0.91 -0.48 -1.53
ML, +ML, 360 340 199 412 258 296 250 1.02 451
ML 2.80 2.64 149 321 205 217 1.80 0.66 3.33

heavy Majorana neutrino (I= heavy)

MLy, 239 220 161 283 17.2 258 234 139 394
M0 -55.4 -51.6 -38.1 -67.3 -39.8 -60.4 -54.5 -31.3 -92.0
M, 106. 98.3 684  123. 740 111. 100. 58.3  167.
MLy 13.0 120 93 161 91 149 136 79  23.0
M -55.1 -50.7 -41.1 -70.1 -39.0 -64.9 -59.4 -34.8 -101.
MLy, +ML, 130, 120. 845  151. 911 137. 123. 723  206.
ML, 326 300 147 297 21.5 266 231 141 356

sensitivity to neutrino mass signal

Go1 X 10%y 793 352 73.6 573 623 221 554  59.1  269.
o (¥) 249 495 4.04 769 511 1.02 424 160 17.3
Cny (Y) 2.90 564 3.98 7.0 536 1.25 545 3.43 185

only on the corresponding nuclear matrix element and the kinematical phase-space
factor. There are as follows:

Cemu>(Y) =107 [MESY, | V/Go (17)
Goy (V) =10° |ME2Y | Gy (18)

The numerical values of {¢m,>(Y) and ¢y (Y) for the nuclear systems considered
in this work are also listed in Table 1 and shown in Fig 2. Large numerical values
of these parameters charachterise those Qv33-decay isotopes, which are the most
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Fig. 1. Calculated light and heavy neutrino exchange Ovf33-decay nuclear matrix
elements for A=76 and 128 systems. The partial matrix elements Mvyv, Maa, Mpram,
Mpp and M 4p originate from vector, axial, weak magnetism, pseudoscalar coupling
and the interference of the axial and pseudoscalar coupling interaction, respectively.
Mcpm,> and M, are Ovf3B3-decay matrix elements associated with < m, > and 7,
lepton number violating parameters, respectively.

promising candidates for searching the lepton number violating signal. These sen-
sitivity parameters can be used as a guide by the experimentalists in planning the
Ovf33-decay experiments. Qur results show that the A=150 system is the most sen-
sitive for both the light and the heavy neutrino exchange. This should be taken
into account together with other microscopic and macroscopic factors for building
a Ov@p-detectors. In Table 2 we list the upper limits of the lepton number non
conserving parameters corresponding to the best presently availlable experimental
values of the lower half-life limits for a given isotope. To see more clearly the in-
fluence of the additional terms we show a comparisson in a histogramm in Fig. 3.
The best values are those of the A=76 isotope. With these best values we have
derived the best lower half-life limits of the other isotopes listed in Table 2 and
shown by open bars in Fig.3. By glancing at the histogramm it is obvious that most
experiments have a long way to go to reach the A=76 target limit.
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Fig. 2. Calculated nuclear matrix elements M«m, > and M, . and sensitivities (<m, >
and Gy for the experimentally interesting A=76, 82, 96, 100, 116, 128, 130, 136
and 150 nuclear systems. The black bars show the results for the total interaction
the open bars the results without the pseudoscalar and weak-magnetism terms.



Table 2

The present state of the Majorana neutrino mass in [(3-decay experiments.
Tffz” =% (present) is the best presently available lower limit on the half-life of the
Ov(3p3-decay for a given isotope and < m, > and 7y are the corresponding up-

per limits on the lepton number non-conserving parameters.

exp—Ov
Tl/2

(< m, >best)7

T“p'o"(nf’:") are calculated half-lifes of 0v33-decay assuming < m, >=< m,, >best

1/2

and 7, = n°. Here < m, Sbest— (.62¢eV, 7%t = 1.0 x 1077 are the best limits

deduced from the ®Ge experiments.

Nucleus "6Ge 82Ge % Zr 10070 \6cd
T575~" (present) [y] 1.1x10% 27x10%2 3.9x10° 52x10%2 2.9 x 102
Ref. [15] [16] [17] [18] [19]

<m, > [eV] 0.62 6.3 203. 2.9 5.9
Tf7;“°”(< m, >%) [y] 1.1x10%® 28x10*% 42x10* 12x102* 2.6x10%
N 1.0x 1077 1.1x107% 4.0x107® 6.2x 1077 1.1x10°®
T ™ (nte™) [y] 1.1x10% 29x10% 58x10% 1.8x10% 3.2x10%
Nucleus 1287 1307 136 ¢ 1504

Ty75~" (present) [y] 77x10% 82x10% 42x 102 1.2x 102

Ref. [20] [21] [22] (23]

<m, > [eV] 1.8 13. 4.9 8.5

Ty (< m, >Pt) [y] 6.6 x 10%  3.8x 107 2.7x10% 2.3x10%

N 29x 1077 2.0x107® 4.5x10"7 1.6x 1076
Te ™™ (nke) Iy 59x10%  3.1x10* 7.9x 102 2.7x 102
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Fig. 3. The sensitivity of different experiments to the lepton-number violating pa-
rameters < m, > and 7, are illustrated by histograms on the left side. The best
presently available lower limits on the Qv33-decay half-life Tff; =% are displayed by
black bars on the histograms on the right side. The open bars in these histograms
indicate the half-life limits Tf/x,f—o"(< m, >best), Tf“/v;’—o"(n’;:”) required by a given
experiment to reach the presently best limit of < m, > and n,.
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