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A b s t r a c t 

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 renormaiized quasiparticie random phase 
approximation and we have found that these additional contributions of the nu
cléon 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 ( < mu >, 
< g > and < 77̂  >) less stringent yielding the best value for < mv > less than 0.62 
eV for 76Ge. 

1 Introduction 

Most calculations of double beta decay so far have not included higher order terms 
in the nucléon current, see e.g., Refs. [1-5]. Only the axial and the vector parts have 
been considered in great detail while an at tempt 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 2ußß-aecay the momentum transfer in the weak nucléon 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 \q\/mv and \q\/mp (τη„- mass of pion, 

rap- mass of proton and q = \q]). These terms have also been ignored in the Majo

rana neutrino mass mechanism of Of/3/3-decay. However, there are reasons to believe 
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that we should take them into account . In the case of Oî ö/3-decay, the neutrino is 
emitted by one nucléon and absorbed by another. The average momentum < q > 
of the exchange neutrino is expected to be 100 MeV for a mean nucléon-nucléon 
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 < q > 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 nucléon current at least for the Qvßß-aec&y 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 Ovßß-
decay process one assumes a Hamiltonian of the form, 

%ß = Ti [β_7μ(1 " 7 5 K L ] ^ + k-C" (1) 

where e and uei 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 
nucléon fields Φ takes the form 

J? f - Φ τ + 

gv(q2hß - WM{q2)^qu - 9Α^2)ΊμΊ5 + gp{q2)qß7e Φ, (2) 

where M is the nucléon mass, qß = (ρ — ρ')μ is the momentum transferred from 
hadrons to leptons (p and p' are four momenta of neutron and proton, respectively) 
and σμν = (ΐ/2)[γμ, y"]. gv{q2), gM(q2), gA{q2) and gp{q2) are real functions of a 
Lorenz scalar q2. 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 

9A(0) mV [ ) 
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In the previous studies of the neutrino mass mechanism of O^(30-decay [1-5] the 
terms proportional to (/M(<?2) and gp(q2) of the nucléon current in Eq. (1) have 
been neglected and the q2 dependence of gv(q2) and gA{q2) w a s taken to be of 
dipole shape 1/(1 - q2/A.2)2 with Λ = O.SòGeV. In this work we shall use the 
following parametrization of the form factors: 

9v(q2)=, „, . Al = Q.7l(GeV)2, 

9M{q ) = 
2\ ftp ~ fln 

2 , 2 , 

( i - f r ) 

gA(q2) = JJq2 , AA = l.QSQGeV, (4) 
(1 VF 

with 

gv(0) = fifv = 1 .0 ,5M(0) =gM = μP- μη,9Α{0) = 9A = 1-254, (5) 

where μρ and μη 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 νμρ —> μ+η by Arnaldi 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]: 

2 2MgA{q2) ml 

^^IT?-1 1-^ (6) 

We shall assume a similar relation for high q2 as well. 

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

•1μ(ϊ) = t^T+[g»°J«{q2)+g»kJk

n{q2mx-rn), k = 1,2,3, (7) 

with 

J°(q2)=9v(q2) (8) 

Jn{q2) = 9M{q2Y^ + 9A{q2)o-9P{q2)^^. 

fi is a coordinate of the ith nucléon. 
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As we had mentioned in the previous section, in the case of 2vJ/i-decay the momen
tum transfer in the weak nucléon vertex is restricted by the Ç-value of the process, 
which is about a few MeV. It allows us to neglect safely terms proportional to (fin 
Eq. (7). These terms have been ignored also in the Majorana neutrino mass mech
anism of Qi/ßß-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 ^ - w a v e state and 
consider only the energetically most favored Of —> Of transition we obtain for the 
0^/?/?-decay half-life, 

Pf/J-1 = G O I I ^ - ^ M 5 S > + nNM^y\2. (9) 
77ie " 

Here < τηυ > and ηΝ are the neutrino mass lepton-number non-conserving param

eters, me is the mass of electron and Goi is the integrated kinematical factor. Its 

numerical values can be found e.g. in Refs. [2,12]. A small difference of Goi in the 

above works arise from the slightly different values of the nuclear radius. 

The nuclear matrix elements entering the half-life formula of Of/3/5-decay process in 

Eq. (9) take the form: 

Μίπι„>,ηΝ = Mvv + Ml

MM + Ml

AA + Ml

AP + MpP, wühl = light, heavy.{10) 

The partial nuclear matrix elements Mvv, Μ ^ Μ , MAA, MPP and MAP 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 

MIyPe = (H !ype-F (r 12) I + H!ype_GT{rX2)al2 + Hlype_T{rn)Sn) ( H ) 

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

The light neutrino-exchange potential Hty

9

 K{r\2) and heavy neutrino-exchange 

potential H^HK(r12) (K = F,GT,T) are of the following form 

„light ( χ 2 R f sin(qrl2) 2 , 

ο 
oo 

1 2 R 
type-KÌr) = ΖΓ-ΖΓΖΤΤ— / sin(çr12)/i f î /pe_A '(ç2) q dq (13) 

y r mvme πα Δ Τ\2 J 

with 

hVV-F{q2) = -9vÌQ2), hvv-GT{q2) - 0, hvv-T{q2) = 0, 
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hMM-F{q ) = 0 , hMM~GT{q ) = Ö 4 m 2 — ' hMM-T\q ) = ö 4 m 2 — ' 

/ I A A - F ( 9 2 ) = 0 , / U A - G T ( Ç 2 ) = 5 A ( 9 2 ) > Λ > Μ - Τ ( < 7 2 ) = 0, 

/IFP_F(? 2) = 0, /*PP_OT(<72) = ^ y . ^ P P - T ( 9 2 ) = -/>PP-GT(<?2), 

^ Ρ _ ρ ( 9

2 ) = 0 , ^ Ρ - σ τ ( 9 2 ) - - | ^ ( ^ g F ( g 2 ) g 2 , ^ p - T ( g 2 ) = - / U P - G T (</2$14) 
277^ 

Here, £"', £'•' and Em(J) are respectively the energies of the initial, final and inter

mediate nuclear state with angular momentum J. R = r^A1^ is the mean nuclear 

radius, with rç, = 1.1 fm. 

The short-range correlation function 

/ ( r ) = 1 - e - a r 2 (1 - br2) ( α = 1.1 fm2 and b = 0.68 fm2 ), (15) 

takes into account the short range repulsion of the nucléons. The exact form of the 
one-body transition densities to excited states IJ^m; > and \Jvmj > generated 
respectively from the intial (A,Z) and the final (A,Z+2) QRPA ground states \0f > 
and Ot > 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, 

MÎm.>,nN = Mvv + M\A I = light, heavy, (16) 

where Μ^ν s -%Mf~l- and Ml

AA = M^f1. 
*A 

3 D i s c u s s i o n a n d c o n c l u s i o n s 

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 0 /̂3/?-decay for the nuclei studied in this work. GOi is the integrated kinematical 
factor for 0 + —¥ 0 + transition. ζ<την> and ζη denote respectively the sensitivity of 
a given nucleus to the light and heavy neutrino mass. 

M. E. 

Myy 

ML 

Mpp 

ML 

Myv + ML 

Ml 

• " m a s i 

Myy 

MMM 

ML 

Mpp 

ML 
Myy + ML 

Mi 
mass 

Goi x 101 5y 

Ç<mv>{Y) 

tnJY) 

76Ge 

0.80 

2.80 

0.23 

-1.04 

3.60 

2.80 

23.9 

-55.4 

106. 

13.0 

-55.1 

130. 

32.6 

7.93 

2.49 

2.90 

{ßß)Qv - decay : 0 + -

82Se 

lighl 

0.74 

2.66 

0.22 

-0.98 

3.40 

2.64 

96Zr 

: Majo: 

0.45 

1.54 

0.15 

-0.65 

1.99 

1.49 

100Mo 

-*• 0 + transition 

U6Cd 

rana neutrino (1= 

0.82 

3.30 

0.26 

-1.17 

4.12 

3.21 

0.50 

2.08 

0.15 

-0.69 

2.58 

2.05 

heavy Majorana neutrino (1= 

22.0 

-51.6 

98.3 

12.0 

-50.7 

120. 

30.0 

16.1 

-38.1 

68.4 

9.3 

-41.1 

84.5 

14.7 

sensitivity 

35.2 

4.95 

5.64 

73.6 

4.04 

3.98 

28.3 

-67.3 

123. 

16.1 

-70.1 

151. 

29.7 

17.2 

-39.8 

74.0 

9.1 

-39.0 

91.1 

21.5 

to neutrino mass 

57.3 

7.69 

7.10 

62.3 

5.11 

5.36 

1 2 8 T e 

:light) 

0.75 

2.21 

0.24 

-1.04 

2.96 

2.17 

: heavy) 

25.8 

-60.4 

111. 

14.9 

-64.9 

137. 

26.6 

signal 

2.21 

1.02 

1.25 

130 T g 

0.66 

1.84 

0.21 

-0.91 

2.50 

1.80 

23.4 

-54.5 

100. 

13.6 

-59.4 

123. 

23.1 

55.4 

4.24 

5.45 

136Xe 

0.32 

0.70 

0.11 

-0.48 

1.02 

0.66 

13.9 

-31.3 

58.3 

7.9 

-34.8 

72.3 

14.1 

59.1 

1.60 

3.43 

150 jVd 

1.14 

3.37 

0.35 

-1.53 

4.51 

3.33 

39.4 

-92.0 

167. 

23.0 

-101. 

206. 

35.6 

269. 

17.3 

18.5 

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

cVN(Y) = io6\Mh
<zy> 

>l V^Ol 
6 | ji /{heavy ι fT^, 

• Ό ο ΐ 

(17) 

(18) 

The numerical values of C<m„> (Y) and Crç (Y) f° r the nuclear systems considered 
in this work are also listed in Table 1 and shown in Fig 2. Large numerical values 
of these parameters characterise those 0^/3/?-decay isotopes, which are the most 
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Nuclear matrix elements Nuclear matrix elements 

ι 

: j 
1 

1 H 

:! Π Π π ; 

••••••••• 
*Ge "Se "Zr "*Mo "*Cd '"Te "*Te "*Xe " N d *Ge n S e H Zr "*Mo "'Cd "*Te mTt ,3*Xe "*Nd 

Sensitivity to the light neutrino mass signal 

20 

15 Γ 

. l l l l . l . 
' 'Ge n S e "Zr ""Mo "'Cd m T e "*Te '*Xe ,ä*Nd 

Sensitivity to the heavy neutrino mass signal 

U? 

m .La 
"Ge "Se HZr "*Mo "*Cd '"Te "*Te ,MXe l5*Nd 

Fig. 1. Calculated light and heavy neutrino exchange (V/3/3-decay nuclear matrix 
elements for A=76 and 128 systems. The partial matrix elements Myv, MAA-, MMM, 
Mpp and MAP originate from vector, axial, weak magnetism, pseudoscalar coupling 
and the interference of the axial and pseudoscalar coupling interaction, respectively. 
M<mu> and Μη are O^/5/3-decay matrix elements associated with < mv > and ηΝ 

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 

Of/3/3-decay experiments. Our 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 O^/5/3-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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Limits for l/<m„> Experimental limits on the Ovßß-decay 
<m > = 0.62 eV 

£ g 

: 
Γ • • 

I I 1 I 
•I 

1 I 

• 
1 I 1 

! 
1 

i 

I 
' 

{ 
1 

Π' 
"Gè "Se '"Mo "'Cd iaTe '"Te "*Xe ,s*Nd *G* nSe "*Mo "*Cd '™Te "*Te "*Xe "*Nd 

Limits for 1/ηΝ 

*Ge "Se "*Mo "*Cd m Te l"Te 13*Xe "*Nd 

Experimental limits on the Ovßß-decay 
τ£" = 1.0 10 

s e 
H* 

: j 

Γ M ^ 1 • 1 
j 1 I I 

• 
1 1 

à 

rn 1 
ni : 

1 .1 
-! 

*Ge "S* '"Mo "'Cd '"Te '"Te ""Xe ,5Nd 

Fig. 2. Calculated nuclear matrix elements M<mt/> and Mv and sensitivities C<m„> 
and C v 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. 
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Table 2 
The present state of the Majorana neutrino mass in /3/?-decay experiments. 
T'?2~ "(present) is the best presently available lower limit on the half-life of the 
0z//?/3-decay for a given isotope and < m„ > and τ̂ ν are the corresponding up
per limits on the lepton number non-conserving parameters. T*XI~ "'(< mv > b e s i ) , 
TW~°"(Vx*) a r e calculated half-lifes of 0i//?/3-decay assuming < m„ >=< mv >best 

and ηΝ = ηΒ*3ί. Here < m„ >best= 0.62eV, rfc* = 1.0 χ I O - 7 are the best limits 

deduced from the 76Ge experiments. 

Nucleus 76Ge 82Se 96Zr l00Mo n6Cd 

T^-0u(present) [y] 1.1 χ IO25 2.7 χ IO22 3.9 χ IO19 5.2 χ IO22 2.9 χ IO22 

Ref. [15] [16] [17] [18] [19] 

< mv > [eV] 0.62 6.3 203. 2.9 5.9 

2TJ2

P~°"(< m» >best) [y] LI x IO25 2.8 χ IO24 4.2 χ IO24 1.2 χ IO24 2.6 χ IO24 

ηΝ 1.0 X IO"7 1.1 X I O - 6 4.0 X IO"5 6.2 χ IO - 7 1.1 χ 10_ ί 

TfJF^irft«) [y] 1.1 χ IO25 2.9 χ IO24 5.8 χ IO24 1.8 χ IO24 3.2 χ IO24 

Nucleus 1 2 8 Te 1 3 0 Te l36Xe l50Nd 

T ^ " 0 ^ p r e s e n t ) [y] 7.7 χ IO24 8.2 χ IO21 4.2 χ IO2 3 1.2 χ IO21 

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

< m„ > [eV] 1.8 13. 4.9 8.5 

Τ;%-°"{< mu >
best) [y] 6.6 χ IO25 3.8 χ IO24 2.7 χ IO25 2.3 χ IO23 

ηΝ 2.9 x I O - 7 2.0 χ I O - 6 4.5 χ 10~7 1.6 χ IO"6 

T^~°V{vb"t) M 5.9 χ IO25 3.1 χ IO24 7.9 χ IO24 2.7 χ IO23 
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761 Gè -> 7bSe + 2e-

light Majorana neutrino exchange heavy Majorana neutrino exchange 

Mw+MM»3.60 
Μ . =£80 

Ην ΜΜ Μ ^ Μ„ 

-40 -

-80 

Jl · : Ην 

Ι 
Ι 

HA 

Μ 
MM 

Έ m 

Μ ν ν + Μ Λ Α = 1 3 0 Ι ' 

Μ^-»3 Ι • 

• J L J 
Η, • • 

128 Te -> 1 2 8Xe + 2e 

light Majorana neutrino exchange heavy Majorana neutrino exchange 

J_ 
Hv M U MMM H . 

Μνν+ΜΛ Α=1.96 

M 

"J 

80 -

JL 
Hv 

1 
1 

M A A 

H„ 

1 • 

j M V V +M 1 A =137 

1 M =27 

-

: 

M * J 
H, • 

1; 

Fig. 3. The sensitivity of different experiments to the lepton-number violating pa
rameters < mv > and ηΝ are illustrated by histograms on the left side. The best 
presently available lower limits on the Oi/ßß-decay half-life Τ^ζ~ v are displayed by 
black bars on the histograms on the right side. The open bars in these histograms 
indicate the half-life limits T^~0u{< m„ >best), Tfj*"0"{η%") required by a given 
experiment to reach the presently best limit of < m„ > and ηΝ. 
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