
          Univerzita Komenského v Bratislave 
                                            

            Fakulta matematiky, fyziky a informatiky 

 
               
 

 

 

 

 

 

 

 

 

 

 

Dušan Štefánik 
 

 

 

 

Autoreferát dizertačnej práce 
 

 
 

Double-beta decay rates and 

   nuclear matrix elements 

 

 

na získanie akademického titulu philosophiae doctor 
 

 

 

 

 

 

 

 

 

 

 

v odbore doktorandského štúdia: 

4.1.2. Všeobecná fyzika a matematická fyzika 
 
 

 

 

 

 

 

 

 

Bratislava 2015 
 



 

Dizertačná práca bola vypracovaná v dennej forme doktorandského štúdia 

na Katedre jadrovej fyziky a biofyziky, FMFI UK 
 

 

Predkladateľ:             Mgr. Dušan Štefánik 

                                       Katedre jadrovej fyziky a biofyziky 

                                       Fakulta matematiky, fyziky a informatiky 

                                       Univerzita Komenského v Bratislav 
 

Školiteľ:                      prof. RNDr. Fedor Šimkovic, CSc                                        

 

 

 

Oponenti:                       

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Obhajoba dizertačnej práce sa koná ..................... o ............. h 

pred komisiou pre obhajobu dizertačnej práce v odbore doktorandského štúdia 

vymenovanou predsedom odborovej komisie Prof. RNDr. Petrom Prešnajderom, 

DrSc. na Fakulte matematiky, fyziky a informatiky, Mlynská dolina F1, 842 48 

Bratislava 
 

 

 

 

študijný odbor: 4.1.2. Všeobecná fyzika a matematická fyzika 
 

 

 

 

 

 

Predseda odborovej komisie: 

Prof. RNDr. Peter Prešnajder, DrSc. 

Oddelenie teoretickej fyziky 

Katedry teoretickej fyziky a didaktiky fyziky 

Fakulty matematiky fyziky a informatiky UK 

 



Contents

1 Introduction 1

2 Fermi 2νββ-decay matrix element within SO(5) model 2
2.1 Schematic Hamiltonian within the SO(5) model . . . . . . . . . . . . . . . . . 2
2.2 Double Fermi matrix element within perturbation theory . . . . . . . . . . . 3
2.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3 Fermi and Gamow-Teller 2νββ-decay matrix element within SO(8) model 5
3.1 Schematic Hamiltonian expressed with generators of SO(8) group . . . . . . . 5
3.2 The GT matrix element in the case of isospin symmetry . . . . . . . . . . . . 7
3.3 The Fermi and GT matrix elements in the case of broken SU(2) and SU(4)

symmetries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

4 Light Majorana neutrino mass mechanism of the neutrinoless double-beta
decay with emission of s and p electrons 11
4.1 Calculation and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

5 Phase-space factors for the neutrinoless double-beta decay with the right-
handed currents 14
5.1 Decay rate for the neutrinoless double-beta decay with inclusion of right-

handed currents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
5.2 Phase-space factors with improved accuracy . . . . . . . . . . . . . . . . . . . 15
5.3 Constraints on the effective neutrino mass and the coupling strengths of the

right-handed currents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

6 Summary 18

7 List of publications 18

8 Contributions in the conferences, workshops and seminars 19

References 19

1 Introduction

Progress in neutrino physics has been impressive over recent decades, with the discovery of
neutrino oscillations, which proves that neutrinos have mass. The best tool for addressing
the origin of neutrino mass is the 0νββ-decay of medium and heavy nuclei. This process, if
it exists, would prove Majorana nature of neutrinos, and would measure the absolute scale
of the neutrino mass spectrum. In addition, the 0νββ-decay could give us a window on the
non-standard model physics that gives rise to the tiny neutrino masses that we find in nature.
It is worth mentioning that left-right symmetric theories are considered to be very appealing
candidates for physics beyond the SM.

In this thesis the origin of the suppression of the double beta decay nuclear matrix ele-
ments (NMEs) is studied within an exactly solvable models expressed with generators of the
SO(5) and SO(8) group. By using the advantage of the perturbation theory it is found that
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the two-neutrino double beta decay matrix elements do not depend on the mean field part of
Hamiltonian and that they are governed by a weak violation of both SU(2) and SU(4) sym-
metries by the particle-particle interaction of Hamiltonian. The energy-weighted Fermi and
Gamow-Teller sum rules connecting ∆Z = 2 nuclei are proposed. It is suggested that these
sum rules can be used to study the residual interactions of the nuclear Hamiltonian, which are
relevant for charge changing nuclear transitions. Of primary interest is the process mediated
by the exchange of light Majorana neutrinos interacting through the left-handed V-A weak
currents. To our knowledge, for the first time, the corresponding formalism is extended by
considering p1/2-states of emitted electrons and recoil corrections to nucleon currents. The
derived decay rate of the process is a sum of products of kinematical phase space factors and
various nuclear matrix elements. By using exact Dirac wave function with finite nuclear size
and electron screening numerical computation of phase space integrals is performed and the
effect of the p1/2 emission of electrons is evaluated. Next, the formalism of the 0νββ-decay
with the inclusion of the right-handed leptonic and hadronic currents and by assuming small
neutrino masses is revisited by considering exact Dirac wave function of electron and higher
order terms of nucleon current. The improved values of phase space integrals are presented
and differential characteristics corresponding to various combinations of lepton number vi-
olating parameters are studied. Analysis in respect of the effective lepton number violating
parameters due to right-handed currents are updated in light of recent progress achieved by
the GERDA, EXO and KamlandZen experiments and by considering two types of published
NMEs.

The main theoretical results obtained within this PhD thesis are summarized in following
sections.

2 Fermi 2νββ-decay matrix element within SO(5) model

We discuss the suppression mechanism of the double Fermi matrix element close to the point
of restoration of isospin symmetry of the nuclear Hamiltonian in the context of residual
nucleon-nucleon interaction. For the sake of simplicity we consider a schematic Hamiltonian,
describing the gross properties of the β-decay processes in the simplest case of monopole
Fermi transitions within the SO(5) model [1, 2]. In order to find explicit dependence of M2ν

F

on different parts of the nuclear Hamiltonian the perturbation theory is exploited.

2.1 Schematic Hamiltonian within the SO(5) model

In the model, protons and neutrons occupy only a single j shell. The Hamiltonian includes
a single-particle term, proton-proton and neutron-neutron pairing, and a charge-dependent
two-body interaction with both particle-hole and particle-particle channels as follows:

H = epNp + enNn −GpS
†
pSp −GnS

†
nSn + 2χβ−β+ − 2κP−P+, (1)

where

Ni =
∑
m

a†m,ti
am,ti

, β− =
∑
m

a†
m,− 1

2

a
m, 1

2

,

S†
i =

1

2

∑
m

a†m,ti
ã†m,ti

, P− =
∑
m

a†
m,− 1

2

ã†
m, 1

2

, (2)

with i=p, n and tn,p = ±1/2. a†mt (amt) is the creation (annihilation) operator of the single

particle state |jm, t > for protons and neutrons (t = tp, tn) and ã
†
mt = (−1)j−ma†−mt.

As we detailed discussed in thesis, in the Hamiltonian (1) isospin is not conserved in gen-
eral. This is due to differences between proton and neutron pairing strengths and an arbitrary
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Figure 1: Energy of the 0+ states of different isotopes are shown for j = 19/2 (and the set of
parameters (4) with 4κ/G = 1) in MeV vs. Z. States are labeled by (T, Tz).

strength of the proton-neutron isovector pairing component. However, particle number and
isospin projection remain as good quantum numbers. The kth eigenstates of the Hamiltonian
(1) with quantum numbers N and Tz can be expressed in terms of a basis labeled by a chain
of irreducible representations of the SO(5) group, namely,

|k;NTz⟩ =
∑
T

c
(k)
NTTz

|NTTz⟩. (3)

2.2 Double Fermi matrix element within perturbation theory

We shall assume a small violation of the isospin symmetry in particle-particle interaction part
of Hamiltonian (1). For the numerical example we consider a large value of j to simulate the
realistic situation corresponding to medium- and heavy-mass nuclei. The chosen parameters
are given by

Ω = 10, N = 20, 1 ≤ Tz ≤ 5,

ep = 0.3 MeV, en = 0.1 MeV, G = 0.165 MeV,

Gp = Gn = G, χ = 0.044 MeV, 0.7 ≤ 4κ/G ≤ 1.3. (4)

For 4κ/G = 1 isospin symmetry is restored in particle-particle interaction part of Hamil-
tonian. In Fig. 1 we present 0+ states with energy ETTz of different isotopes. This level scheme
illustrates the situation for the 2νββ-decay of 48Ca. The isospin is known to be, to a very
good approximation, a valid quantum number in nuclei. The ground states of 48Ca and 48Ti
can be identified with T = 4 Tz = 4 and T = 2 Tz = 2, respectively; i.e., they are assigned
into different isospin multiplets. As the total isospin projection lowering operator T− is not
changing the isospin the double Fermi matrix element M2ν

F is non-zero only to the extent
that the Coulomb interaction mixes the high-lying T = 4 Tz=2 analog of the 48Ca ground
state into the T = 2 Tz = 2 ground state of 48Ti.

We shall study the double Fermi matrix element using perturbation theory within the
discussed model close to a point of restoration of the isospin symmetry by the particle-particle
interactions (4κ/G = 1). The isoscalar and isotensor terms of the Hamiltonian (1) represent
the unperturbated and perturbated terms, respectively. We denote perturbated states and
their energies with a superscript prime symbol (|T ′Tz⟩, E′

TTz
) unlike the states with a definite
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isospin (|TTz⟩, ETTz). For the transition |4′4 >→ |2′2 > the double Fermi matrix element
can be written as

M2ν
F =

10∑
T=4,6,8,10

⟨2′2|T− |T ′3⟩ ⟨T ′3|T− |4′4⟩
E′

T3 − (E′
44 −E′

22) /2
. (5)

It contains a sum over the states of the intermediate nucleus |T ′3⟩. However, up to second
order of perturbation theory there is only a single contribution through the intermediate state
|4′3⟩. Thus, we have

M2ν
F ≃ ⟨2′2|T− |4′3⟩ ⟨4′3|T− |4′4⟩

E′
33 − (E′

44 − E′
22) /2

. (6)

The involved β-transition amplitudes are given by⟨
4′3
∣∣T− ∣∣4′4⟩ = ⟨43|T− |44⟩ (7)

×

(
1− 1

3

Ω2 (4κ−G)2

(44χ+ 22/3 (G+ 2κ))2

[∣∣∣⟨44| [A†
Ã]20 |64⟩

∣∣∣2 + ∣∣∣⟨43| [A†
Ã]20 |63⟩

∣∣∣2])

+ ⟨63|T− |64⟩ 2
3

Ω2 (4κ−G)2

(44χ+ 22/3 (G+ 2κ))2
⟨64| [A†

Ã]20 |44⟩ ⟨63| [A
†
Ã]20 |43⟩

and⟨
2′2
∣∣T− ∣∣4′3⟩ = ⟨42|T− |43⟩

[√
2

3
Ω (G− 4κ)

⟨42| [A†
Ã]20 |22⟩

(28χ+ 14/3 (G+ 2κ))

+
2

3

Ω2 (G− 4κ)2

(28χ+ 14/3 (G+ 2κ))2
(8)

×
(
⟨42| [A†

Ã]20 |42⟩ ⟨42| [A
†
Ã]20 |22⟩ − ⟨22| [A†

Ã]20 |22⟩ ⟨42| [A
†
Ã]20 |22⟩

)]
.

The explicit values of matrix elements ⟨T ′T ′
z| [A

†
Ã]tm |TTz⟩ are given in thesis.

If isospin symmetry is restored by particle-particle interaction part of Hamiltonian (4κ =
G) we end up with ⟨2′2|T− |4′3⟩ = ⟨22|T− |43⟩ = 0. For the energy denominator in (6) we
get

E′
43 −

(
E′

44 + E′
22

)
/2 = 16χ+

7

3
(G+ 2κ) (9)

+

√
1

6
Ω (4κ−G)

[
2 ⟨43| [A†

Ã]20 |43⟩ − ⟨44| [A†
Ã]20 |44⟩ − ⟨22| [A†

Ã]20 |22⟩
]

+
1

3
Ω2 (4κ−G)2

[
⟨64| [A†

Ã]20 |44⟩
2

44χ+ 22/3 (G+ 2κ)
+

⟨42| [A†
Ã]20 |22⟩

2

28χ+ 14/3 (G+ 2κ)
− 2

⟨63| [A†
Ã]20 |43⟩

2

44χ+ 22/3 (G+ 2κ)

]
.

We note that the energy denominator E′
43−(E′

44 − E′
22) /2 nor the whole double Fermi matrix

element M2ν
F depend explicitly on the mean-field parameters ep and en.

In Fig. (2) M2ν
F is plotted as function of ratio 4κ/G. We see that results obtained with

second- order perturbation theory agree well with exact results within a large range of this
parameter.

2.3 Conclusions

The suppression mechanism of the double Fermi matrix element close to the point of restora-
tion of isospin symmetry of the nuclear Hamiltonian was studied in exactly solvable model
expressed with generators of the SO(5) group in which protons and neutrons occupy only
a single j shell. This model reproduces the main features of the results obtained in realistic
calculations and remains a useful tool for understanding different nuclear physics phenomena.
The main results are follows:
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Figure 2: Matrix element M2ν
F for the double-Fermi two-neutrino double-beta decay mode

as a function of the ratio 4κ/G for a set of parameters (4). Exact results are indicated
with a solid line. The results obtained within the perturbation theory up to the first and
second order in isotensor contribution to Hamiltonian are shown with dash-dotted and dashed
lines, respectively. The restoration of isospin symmetry by particle-particle interaction part
of Hamiltonian is achieved for 4κ/G = 1.

� By using perturbation theory an explicit dependence of the two-neutrino double-beta
decay matrix element on the components of nuclear Hamiltonian was found by assuming
a weak violation of isospin symmetry due to difference between strengths of like nucleon
pairing and proton-neutron isovector pairing.

� It was found that the mean-field part of the Hamiltonian does not enter explicitly to the
double-Fermi matrix element and is related only to the calculation of unperturbated
states of the Hamiltonian.

� There is a dominance of double-Fermi transition through a single state of intermediate
nucleus.

3 Fermi and Gamow-Teller 2νββ-decay matrix element within
SO(8) model

Being encouraged by results obtained for double-Fermi transitions a simultaneous study of
the two-neutrino double-beta Gamow-Teller and Fermi matrix elements is performed within
an exactly solvable model, which allows a violation of both spin-isospin SU(4) and isospin
SU(2) symmetries, and is expressed with generators of the SO(8) group. The motivation is
the fact that the isospin is known to be a good approximation in nuclei unlike the Wigner
spin-isospin SU(4) symmetry, which is strongly broken by the spin-orbit splitting in heavy
nuclei. A subject of interest is also a connection to the realistic calculations performed within
the quasiparticle random phase approximation with a restoration of the isospin symmetry.

3.1 Schematic Hamiltonian expressed with generators of SO(8) group

The Hamiltonian of the model is an extension of the Hamiltonian introduced in [3], and
posses the main qualitative features of a realistic Hamiltonian relevant to double beta decay.
It contains proton and neutron single-particle terms and the two-body residual interaction,
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which components are isovector spin-0, isoscalar spin-1 pairing and the particle-hole force in
the T=1 S=1 channel. We have

H = enNn + epNp + gph
∑
a,b

E†
a,bEa,b (10)

− gpair

 ∑
MT=−1,0,1

A†
0,1(0,MT )A0,1(0,MT ) +

∑
MS=−1,0,1

A†
1,0(MS , 0)A1,0(MS , 0)


+ (gpair − gT=0

pp )
∑

MS=−1,0,1

A†
1,0(MS , 0)A1,0(MS , 0) + (gpair − gT=1

pp )A†
0,1(0, 0)A0,1(0, 0)︸ ︷︷ ︸

HI

.

Here, gpair, g
T=1
pp ,gT=0

pp and gph denote the strengths of the isovector like nucleon spin-
0 pairing (L = 0, S = 0, T = 1,MT ± 1), isovector proton-neutron spin-0 pairing (L =
0, S = 0, T = 1,MT = 0), isoscalar spin-1 pairing (L = 0, S = 1, T = 0) and particle-hole
force (L = 0, S = 1, T = 1), respectively. The proton number operator Np, neutron number

operator Nn, particle-particle operators A†
S,T (MS ,MT ) and particle-hole GT operators Ea,b

are defined as [4]

A†
S,T (MS ,MT ) =

∑
l,m,ms,mt

√
l +

1

2
C00
lmlm′C

TMT
1
2
mt

1
2
m′

t
CSMS

1
2
ms

1
2
m′

s
a†lmmsmt

a†
lm′m′

sm
′
t
, (11)

(S, T ) = (0, 1) or (1, 0),

the particle-hole GT operators take the form

Ea,b =
∑

l,m,ms,mt

⟨(ms + a)(mt + b)|σaτb |msmt⟩ a†lm(ms+a)(mt+b)almmsmt
, (12)

and particle number operators are written as

Ni =
∑

l,m,ms,m,l

a†lmmsmti
almmsmti

, i = p, n, mtn,tp = ±1/2. (13)

Here, we consider a set of single-particle states with the associated creation and annihila-
tion operators, a†lmmsmt

and almmsmt , which are labeled by orbital angular momentum l its
projection on z axis m, and z components of spin (ms = 1/2) and isospin (mt = 1/2). The
one-particle operators σa and τb represent spherical components of the single-particle Pauli
spin and isospin operators with convention used in [4].

The six particle-particle operators A†
S,T (MS ,MT ) and their hermitian conjugates together

with nine particle-hole GT operators Ea,b, total spin S⃗ and isospin T⃗ operators and total
particle number operator (defined for convention as Q0 = Ω − 1

2(Np + Nn)) represent 28
operators which generate the group SO(8) [4]. We note that matrix elements of generators
SO(8) group are known in this basis [4, 5].

The Hamiltonian (10) is decomposed in two parts: H0 (first two lines of (10)), the unper-
turbed Hamiltonian, and HI , the perturbing one. The eigenstates of unpertubated Hamil-
tonian H0 are characterized by the number of nucleon pairs N/2 (only systems with even
number of nucleons are considered), the isospin T , Tz spin S, Sz and a quantum num-
ber n corresponding to the irreducible SU(4) representation [n, n, 0]. The single-particle and
particle-hole interaction components of H0 violate both isospin and spin-isospin symmetries
and as a consequence energies of states with the same quantum numbers T and n are differ-
ent for a given Tz = (Nn − Np)/2 (Tz ≡ MT ). If gpair = gT=0

pp and gpair = gT=1
pp the isospin
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Figure 3: Eigenenergies ESTn of the Hamiltonian (10) for set of parameters (15), Z = 6, 7
and 8 (Z = N/2−MT , MT=4, 3 and 2) and by assuming HI = 0. Energy states are labeled
by spin, isospin and the SU(4) quantum number n: (S,T,n). The levels with different value
of S + T are displayed in different color: S+T= 2 (green), 4 (red), 6 (orange), 8 (black) and
10 (blue).

and spin-isospin symmetries of particle-particle interaction are restored we get H = H0 and
HI = 0. If gpair ̸= gT=0

pp and/or gpair ̸= gT=1
pp , the Hamiltonian (10) is not more diagonal with

respect to quantum numbers T and n. The eigenstate of the Hamiltonian |S,MS , T
′,MT , n

′⟩
can be expressed with eigenstates of unperturbated Hamiltonian H0 as follows:∣∣S,MS , T

′,MT , n
′⟩ =∑

n,T

cT
′n′

S,MS ,T,MT ,n |S,MS , T,MT , n⟩ . (14)

For the numerical application we consider a set of parameters as follows [3]:

ep = 1.2MeV en = 1.1MeV Ω = 12,

N = 20, gpair = 0.5MeV, gph = 1.5 gpair. (15)

In Fig. 3 we present states with energy ESTn of different isotopes. The considered level
scheme illustrates the situation with double GT transition for 48Ca. Within the studied model
in the SU(4) symmetry limit the ground states of 48Ca and 48Ti can be identified with S=0
T=4 Tz=4 n=4 and S=0 T=2 Tz=2 n=2, respectively, and the intermediate states in 48Sc
with S=1 (T=3,5,7, and 9) Tz=3 (n=4, 6, 8 and 10). As the GT operator is not changing
quantum number n the double GT matrix elements connecting initial and final ground states
is nonzero only to the extent the breaking of SU(4) symmetry mixes the high-lying (0,4,4)
analog of the 48Ca ground state into (0,2,2) analog of the 48Ti.

3.2 The GT matrix element in the case of isospin symmetry

We consider a small violation of the SU(4) spin-isospin symmetry in nuclear Hamiltonian
(10) due to gpair ̸= gT=0

pp and that isospin is a good quantum number, i.e, gpair = gT=1
pp , what

implies M2ν
F = 0.
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Figure 4: Matrix element M2ν
GT for the double-GT two-neutrino double-beta decay mode as

function of ratio gT=0
pp /gpair for a set of parameters (4). Exact results are indicated with a

solid line. The results obtained within the perturbation theory up to the first and second
order in HI contribution to Hamiltonian (10) are shown with dashed-dotted and dashed
lines, respectively. The restoration of spin-isospin symmetry of particle-particle interaction is
achieved for gT=0

pp /gpair = 1.

As an example we discuss in details the GT matrix element for 2νββ decay from the state
with S = 0, T =MT = 4 to the state with S = 0, T =MT = 2. The corresponding transition
is ∣∣0, 0, 4, 4, 4′⟩→ ∣∣1,MS , 3, 3, 4

′⟩→ ∣∣0, 0, 2, 2, 2′⟩ . (16)

By keeping in mind a small violation of SU(4) symmetry we denote perturbated states and
their energies with a superscript prime symbol (|S,MS , T,MT , n

′⟩, E′
S,MS ,T,MT ,n) unlike the

states with a definite quantum number n (|S,MS , T,MT , n⟩, ES,MS ,T,MT ,n).
Up to the second order of parameter (gpair − gT=0

pp ) we obtain the double GT matrix
element as

M2ν
GT =

∑
n′

⟨022′| σ⃗τ− |13n′⟩ · ⟨13n′| σ⃗τ− |044′⟩
E′

13n − (E′
044 − E′

022) /2
≃ ⟨022′| σ⃗τ− |134′⟩ · ⟨134′| σ⃗τ− |044′⟩

E′
134 − (E′

044 − E′
022) /2

. (17)

The allowed intermediate states |13n′⟩ are those with S=1, T=3 and n′ = 4, 6, 8 and 10.
We note that up to second order of perturbation theory there is only a single contribution
through the intermediate state |134′⟩ and the product of two corresponding β-amplitudes
(numerator of (17)) takes the form

⟨
022′

∣∣σ⃗τ−∣∣ 134′⟩ · ⟨134′ ∣∣σ⃗τ−∣∣ 044′⟩ = 144

√
231

35

(
(gpair − gT=0

pp )

10gpair + 20gph
−

267(gpair − gT=0
pp )2

35(10gpair + 20gph)2

)
.

and for the energy denominator in (17) we obtain

E′
134 −

E′
022 + E′

044

2
= 5gpair + 9gph + (gpair − gT=0

pp )
39

5
+

(gpair − gT=0
pp )2

gpair + 2gph

(
1249263

171500

)
.
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Figure 5: Matrix element M2ν
GT for the double-GT two-neutrino double-beta decay mode as

function of ratio gT=0
pp /gpair for different initial state with T =MT (MT=2, 4, 6, 8 and 10).

It is worth to notice that neither the numerator nor denominator of M2ν
GT depend explicitly

on the single-particle energies en and ep.
In Fig.4M2ν

GT is plotted as function of ratio gT=0
pp /gpair. We see that results obtained within

the second order perturbation theory agree well with exact results within a large range of
this parameter. For gT=0

pp /gpair = 1 the restoration of the SU(4) symmetry of particle-particle
interaction is achieved, i.e., M2ν

GT is equal to zero.
Usually, ground states of stable even-even nuclei are identified with isospin T = Tz. The

dependence of M2ν
GT on the isospin of the initial nucleus is presented in Fig.5. We see that for

a fixed value of gT=0
pp /gpair (i.e., breaking of the SU(4) symmetry) the absolute value of M2ν

GT

decreases with increasing isospin T . We note that apart from the shell effects of magic nuclei
this tendency is observed also for measured 2νββ-decay matrix elements [6].

3.3 The Fermi and GT matrix elements in the case of broken SU(2) and
SU(4) symmetries

The main task to be addressed in this subsection is what is the dependence of M2ν
F and

M2ν
GT on both quantities gT=1

pp /gpair and g
T=0
pp /gpair. Recall that g

T=1
pp ̸= gpair breaks both the

SU(2) isospin and the SU(4) spin-isospin symmetries of particle-particle interaction unlike
gT=0
pp ̸= gpair, which is associated only with the violation of the SU(4) symmetry.

We shall consider the 2νββ-decay transition from the initial |04′4′⟩ to final |02′2′⟩ ground
state. Up to the first order in the perturbation theory for double Fermi and GT matrix
elements we find

M2ν
F = −

48
√

33
5

(
gpair − gT=1

pp

)
(5gpair + 3gph)(10gpair + 6gph)

, (18)

M2ν
GT =

144
√

33
5

5gpair + 9gph

{
(gpair − gT=0

pp )

(10gpair + 20gph)
+

2gph(gpair − gT=1
pp )

(10gpair + 20gph)(10gpair + 6gph)

}
. (19)

We see that M2ν
F depends only on strength of the isovector interaction gT=1

pp unlike M2ν
GT ,

9



Figure 6: Matrix elements M2ν
F and M2ν

GT as function of of ratios gT=0
pp /gpair and gT=1

pp /gpair
for transition from the initial |04′4′⟩ to final |02′2′⟩ ground state and a set of parameters (4).
The results are obtained within the perturbation theory up to the second order.

which depends also on the strength of the isoscalar interaction gT=0
pp . Due to the violation of

the isospin symmetry the final ground state |02′2′⟩ is mixed with both first |04′4′⟩ and second
|02′4′⟩ excited states (see Fig. 1) resulting in gT=1

pp contribution to M2ν
GT .

In Fig. 6 we present behavior of M2ν
F and M2ν

GT as function of gT=1
pp /gpair (gT=0

pp /gpair) for

a particular values of gT=0
pp /gpair (g

T=1
pp /gpair). Results were obtained within the perturbation

theory up to the second order. We see clearly that for gT=1
pp /gpair = 0 matrix element M2ν

F

does not depend on gT=0
pp and varies strongly with change of gT=1

pp . A different behavior offer

M2ν
GT , which weakly depends on the gT=1

pp and significantly on the gT=0
pp . These conclusions

agree qualitatively well with results obtained for two-neutrino double-beta decay transitions
within the proton-neutron QRPA with restoration of the isospin symmetry [7]. The advantage
of the study within considered schematic model and in perturbation theory is that explicit de-
pendence ofM2ν

F andM2ν
GT on isoscalar and isovector strength of particle-particle interactions

can be determined.

3.4 Conclusions

The anatomy of the two-neutrino double beta decay matrix elements was studied within
a schematic model, which can be solved exactly and yet contains most of the qualitative
features of a more realistic description, and by taking advantage of the perturbation theory.
The main results are follows:

� By using perturbation theory an explicit dependence of the two-neutrino double-beta
decay matrix elements on the like-nucleon pairing, particle-particle T=0 and T=1,
and particle-hole proton-neutron interactions was obtained. It was found that double
beta decay matrix elements do not depend on the mean field part of Hamiltonian and
that they are governed by a weak violation of both SU(2) and SU(4) symmetries by
the particle-particle interaction of Hamiltonian. It is shown that the quantity 2En −

10



Ei −Ef depends only on the particle-particle and particle-hole components of residual
interaction of Hamiltonian addressing the point that two single beta decays in nucleus
must be correlated by means of nucleon-nucleon interaction.

� It was found that the mean-field part of the Hamiltonian does not enter explicitly
in the decomposition of the double Gamow-Teller matrix element and is related only
to the calculation of unperturbated states of the Hamiltonian. This fact might be an
explanation for a smallness of this matrix element being governed by a small violation
of the SU(4) symmetry by the particle-particle interaction of the Hamiltonian, in spite
of the fact that the SU(4) symmetry is strongly broken by the mean field due to the
spin-orbit splitting.

� The obtained results within schematic model justify realistic calculation within the
QRPA with restoration of isospin symmetry, namely that the double Fermi matrix
element depends strongly on the isovector part of the particle-particle neutron-proton
interaction, unlike the double Gamow-Teller matrix element, which depends strongly
on its isoscalar part.

� For fixed value of the residual interaction it was shown that the value of double Gamow-
Teller matrix element decreases by an increase of the isospin of the initial ground
state. This tendency is found also in the case of measured double Gamow-Teller matrix
elements being partially spoiled by different pairing properties of semi-magic and magic
nuclei.

� It was showed that double Gamow-Teller matrix element contains a small component
due to a violation of the isospin symmetry. By keeping in mind that in nuclear physics
the isospin symmetry is conserved to a great extent it is recommended for evaluation of
double-beta decay matrix elements to use many-body approaches with a conservation
or restoration of the isospin symmetry (the QRPA and IBM with restoration of isospin
symmetry).

4 Light Majorana neutrino mass mechanism of the neutrino-
less double-beta decay with emission of s and p electrons

We extend the formalism of the Majorana neutrino mass mechanism of the neutrinoless
double-beta by considering p1/2-states of emitted electrons and recoil corrections to nucleon
currents. In thesis, we derived the improved formula for the half-life of the 0νββ-decay as a
sum of products of kinematical phase space factors and various nuclear matrix elements

[
T 0νββ
1/2

]−1
=

|mββ |2

m2
e

g4A (2Re {MsM
∗
r }Gsr + 2Re

{
MsM

∗
p

}
Gsp + 2Re

{
MrM

∗
p

}
Grp

+ Gss |Ms|2 +Grr |Mr|2 +Gpp |Mp|2
)
, (20)

where Gij (i,j=s,r,p) are phase-space integrals as follows:

Gij =
G4

βm
7
e

32π5R2 ln 2

1

m5
e

∫ Ei−Ef−me

me

gij ε1p1 ε2p2 dε1 (21)
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with ε2 = Ei − Ef − ε1, pi =
√
ε2i −m2

e (i=1,2), and Gβ = GF cos θC , where GF and θC are

Fermi constant and Cabbibo angle, respectively. The factors gij have a form

gss = Css(ε1)Css(ε2), gsp = −Csp(ε1)Csp(ε2),

gpp = Cpp(ε1)Cpp(ε2),

grr = Css(ε1)Cpp(ε2) + Cpp(ε1)Css(ε2)− 2gsp,

gsr = Css(ε1)Csp(ε2) + Csp(ε1)Css(ε2),

grp = −Csp(ε1)Cpp(ε2)− Cpp(ε1)Csp(ε2. (22)

Here, C.. are combinations of radial components of s1/2 and p1/2 wave functions,

Css(ε) = g2−1(ε) + f2+1(ε), Cpp(ε) = g2+1(ε) + f2−1(ε),

Csp(ε) = g−1(ε)f−1(ε)− g+1(ε)f+1(ε). (23)

Ms and Mp are nuclear matrix elements associated with emission of s1/2 and p1/2 electrons,
respectively.Mr is due to nucleon recoil and emission of p1/2 electron. Explicit form of matrix
elements is given in thesis. We note that commonly written standard formula for the half-life
of the 0νββ-decay is equivalent with our derived formula (20), when all terms except that
proportional to the Gss vanish.

Table 1: Phase-space factors Gij [10−18yr−1] (21)-(22) obtained using of exact Dirac wave
functions of electrons with finite nuclear size and electron screening.

Qββ [MeV ] Gss Gsr Grr Gsp Grp Gpp

48Ca 4.27226 24 834. −4 138.3 690.26 −171.01 28.553 1.1824

76Ge 2.03904 2 368.1 −529.26 118.37 −29.513 6.6047 0.36878

82Se 2.99512 10 176. −2 499.4 614.25 −152.98 37.619 2.3055

96Zr 3.35037 20 621. −5 929.3 1 705.7 −424.86 122.29 8.7718

100Mo 3.03440 15 953. −4 738.2 1 407.9 −350.88 104.31 7.7325

110Pd 2.01785 4 828.5 −1 504.8 469.16 −117.07 36.518 2.8437

116Cd 2.8135 16 734. −5 569.5 1 854.5 −462.44 154.05 12.802

124Sn 2.28697 9 063.5 −3 082.8 1 049.0 −261.74 89.101 7.5711

130Te 2.52697 14 255. −5 071.1 1 804.7 −450.22 160.29 14.242

136Xe 2.45783 14 619. −5 385.7 1 984.9 −495.23 182.59 16.803

150Nd 3.37138 63 163. −26 409. 11 045. −2 754.1 1 152.3 120.25

4.1 Calculation and discussion

The phase space factors Gij (ij = ss, pp, rr, sp, sr, rp) (see Eq. (21)) are numerically calcu-
lated for nuclei of experimental interest. The input parameters are Q-value, nuclear radius
and radial electron wave functions at nuclear radius, which are evaluated by means of the
subroutine package RADIAL [8]. It is assumed the homogeneous electric charge distribution
inside a nucleus and the screening of atomic electrons. The calculated phase-space factors
are presented in the Table 1. We see that from the phase space factors, which are due to the
p1/2 wave of electrons, the largest is Gsr. For medium-heavy nuclei its absolute value is only
by about factor 2-3 smaller when compared with the dominant phase-space factor Gss. The
third largest is the phase-space factor Grr, which has also origin in the nucleon recoil. Other
kinematical factors Gsp, Grp and Gpp are significantly suppressed in comparison with Gss, at
least by about factor 80-20.
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Table 2: Qualitative evaluation of ∆ (see Eq. (24)), namely the effect of contributions asso-
ciated with emission of at least one electron in the p1/2 wave state to the decay rate. The
values of matrix elements due to p1/2-wave electrons and nucleon recoil are estimated by a
comparison of involved two-nucleon exchange potentials for r = 1 and 2 fm, i.e., for a relative
distance of decaying neutrons in the nucleus known to give maximal contribution to matrix
elements. The important role in evaluation of the effect plays a suppression of potential asso-
ciated with nucleon recoil hR(r) in respect to the potential hGT (r) entering the largest matrix
element MGT ).

48Ca 76Ge 82Se 96Zr 100Mo 110Pd 116Cd 124Sn 130Te 136Xe 150Nd

r = 1 fm

2 hR(r)
hGT (r) 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.03

∆[%] 0.31 0.55 0.93 1.81 2.03 2.44 4.22 3.24 3.70 4.10 5.74

r = 2 fm

2 hR(r)
hGT (r) 0.71 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.05

∆[%] 1.19 0.46 0.20 0.60 0.82 1.21 3.60 1.95 2.37 2.75 4.27

At present, the matrix elements Ms from reasonable calculations differ from one another
by up to factors of 3 and the desired accuracy is of the order of 20-30 %. The corresponding
uncertainty of the theoretical decay rate apart from the unknown value of mββ is by up to
factor 9 and the desired accuracy is about 40-60 %. By keeping this fact in mind we just esti-
mate the effect of emitted p1/2 electrons on the 0νββ-decay rate. The main difference among
absolute values of different nuclear matrix elements is due to involved two-nucleon exchange
potentials. We estimate the value of matrix elements Mr and Mp relative to Ms by assuming
two approximations: i) We average potentials over all directions of r+ by keeping in mind
translational invariance of any potential. ii) The value of additional nuclear matrix elements
of Fermi, Gamow-Teller and tensor types is determined by a ratio of involved potentials to
those potentials entering the dominant matrix elements MF , MGT and MT for r = 1 and
2 fm, respectively. Recall that the dominant contribution to nuclear matrix elements is for
about this internucleon distances [9]. Above mentioned approximations result in following

relations Mp =Ms and Mr = −2 hR(r)
hGT (r)Ms.

The effect of p1/2 electron contributions to 0νββ-decay rate is determined by the quantity
∆, which is given by

∆ =

∣∣∣∣∣∣∣
[
T 0νββ
1/2

]−1
−
[
T 0νββ
1/2

]−1

ss[
T 0νββ
1/2

]−1

ss

∣∣∣∣∣∣∣× 100%. (24)

Here,
[
T 0νββ
1/2

]−1
and

[
T 0νββ
1/2

]−1

ss
stand for the half-lives given in Eqs. (20) and s-wave contri-

bution only (term proportional to Gss in (20)), respectively. In Table 2 the calculated values
of ∆ for nuclei of experimental interest are presented. We see that the largest effect of emitted
electrons in p1/2-wave states is for nuclei with largest number of protons and its value is below
6 %.

4.2 Conclusion

An improved expression for the 0νββ-decay rate, which accounts for effects of the p1/2-waves
of emitted electrons and of the nucleon recoil, was presented. In the derivation the exact

13



relativistic electron wave functions at nuclear radius were considered, what allowed to express
the 0νββdecay rate as a combination of 6 kinematical phase-space factors (Gss, Gsr, Gsp,
Gpp, Grp, and Grr) and three nuclear matrix elements (Ms, Mp, and Mr). The phase-space
factors were calculated by using numerical solution of Dirac equation for radial electron wave
function with finite nuclear size and electron screening. The absolute value of the phase-space
factor Gsr is found to be suppressed by only factor of 3 in comparison to the dominant phase-
space factor Gss associated with the emission of only electrons in s1/2 state. The values of
unknown nuclear matrix elements were estimated by using a comparison of involved two-
nucleon exchange potentials at internucleon distance of 1 and 2 fm. We conclude that the
effect of emitted p1/2 electrons on the 0νββ-decay rate is below 10 %.

5 Phase-space factors for the neutrinoless double-beta decay
with the right-handed currents

While the light-neutrino mass mechanism of the 0νββ-decay described in section 4 and re-
sulted in half-life (20) is certainly the most prominent realization of this decay, Majorana
neutrino masses are not the only element of beyond Standard Model physics which can in-
duce it. There exist a large range of new physics models that incorporate the lepton number
violation and which lead to the potentially observable 0νββ-decay rates [10]. One of them is
the left-right symmetric model which induces new left-right and right-right current interac-
tions in the standard β-decay Hamiltonian.

The main aim of this chapter is to rederive the half-life for the 0νββ-decay with extension
to the right-handed leptonic and hadronic currents and calculate the involving sphase-space
factors more accurate by using exact Dirac wave functions with finite nuclear size and electron
screening.

5.1 Decay rate for the neutrinoless double-beta decay with inclusion of
right-handed currents

The most general form of the weak β-decay Hamiltonian inducing the 0νββ-decay with
inclusion of right-handed leptonic jR and hadronic currents JR has a form [11]

Hβ =
Gβ√
2

[
j ρ
L J

†
Lρ + χ j ′ρ

L J
†
Rρ + η j ′ρ

R J
†
Lρ + λ j ρ

R J
†
Rρ + h.c.

]
. (25)

The derived half-life for the 0νββ-decay with right hadronic and leptonic currents can be
written as[

T 0νββ
1/2

]−1
= g4A |MGT |2

{
C1

(
|mββ |
me

)2

+ C2
|mββ |
me

⟨λ⟩ cosψ1 + C3
|mββ |
me

⟨η⟩ cosψ2

+ C4 ⟨λ⟩2 + C5 ⟨η⟩2 + C6 ⟨λ⟩ ⟨η⟩ cos (ψ1 − ψ2)

}
. (26)

Here gA = 1.269 is the weak axial coupling constant and the effective coupling constants and
their relative phases are defined as

⟨λ⟩ = λ|
′∑
j

UejVej(g
′
V /gV )|, ⟨η⟩ = η|

′∑
j

UejV
′
ej |,

ψ1 = arg[{
′∑
j

mjU
2
ej}{

′∑
j

UejVej(g
′
V /gV )}],

ψ2 = arg[{
′∑
j

mjU
2
ej}{

′∑
j

UejV
′
ej}∗],
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where the prime symbol over the sum means, that we sum over only lights neutrinos (mj ≤
10MeV).

The combination of nuclear matrix elements and phase-space factors can be read as

C1 = (1− χF + χT )
2G01,

C2 = −(1− χF + χT ) [χ2−G03 − χ1+G04] ,

C3 = (1− χF + χT ) [χ2+G03 − χ1−G04 − χPG05 + χRG06] ,

C4 = χ2
2−G02 +

1

9
χ2
1+G011 −

2

9
χ1+χ2−G010,

C5 = χ2
2+G02 +

1

9
χ2
1−G011 −

2

9
χ1−χ2+G010 + χ2

PG08 − χPχRG07 + χ2
RG09,

C6 = −2[χ2−χ2+G02 −
1

9
(χ1+χ2+ + χ2−χ1−)G010 +

1

9
χ1+χ1−G011]. (27)

The nuclear matrix elementsMGT and χI are defined in thesis. The integrated kinematical
factors are defined as

G0k =
G4

βm
2
e

32π5 ln 2R2

∫
δ(ε1 + ε2 +Mf −Mi)g0k(ε1, ε2, R)p1p2ε1ε2dε1dε2

k = 1, 2, · · · , 11. (28)

Here, p1 and p2 are momenta of electrons. θ is the angle between emitted electrons. The
functions g0k(ε1, ε2, R) in which enter the s1/2 and p1/2 electron wave functions at nuclear
surface associated with emission of both electrons are defined in thesis. These definitions are
free of the weak axial-vector coupling constant gA. The quantities G0k are given in units of
inverse years. We note that if the standard wave functions of electron (w.f. A) are assumed
G010 = G03 and G011 = G04. If in addition contributions from the induced pseudoscalar term
of nucleon current are neglected the decay rate in Eq. (26) reduces to that given in [11].

5.2 Phase-space factors with improved accuracy

A numerical computation of all 11 phase-space factors entering to the 0νββ-decay rate was
performed by using 4 types of wave functions (A, B, C and D) for a sample of 3 isotopes (76Ge,
130Te and 150Nd). Results are presented in Table 3. We see that by using standard treatment
of electron wave functions corresponding to leading finite-size Coulomb (wave functions A) a
significant difference with results other three approaches appear especially for nuclei with large
Z number. Surprisingly, results obtained with wave functions B corresponding to an analytical
solution of Dirac equations for a pointlike nucleus better agree with results corresponding to
wave functions C and D (exact solution of Dirac equations for a uniform charge distribution
in nucleus at r=R) as those obtained by the standard treatment of wave functions (wave
functions A). It indicates that Coulomb corrections play more important role as the position
of decaying nucleon in the nucleus. By glancing the Table 3 we see that effect of the screening
of atomic electrons on the wave functions of emitted electrons does not play an important
role.

5.3 Constraints on the effective neutrino mass and the coupling strengths
of the right-handed currents.

The 0νββ-decay half-life (26) allows to discuss constraints on the effective Majorana neutrino
mass mββ , the effective coupling constants ⟨λ⟩ and ⟨η⟩ of the right-handed leptonic current
with the right- and left-handed hadronic currents from experimental half-life limits, if val-
ues of phase-space factors and nuclear matrix elements are available. We shall exploit the
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Figure 7: The phase factors G0k (k=1, · · · , 11) in units of yr−1 for the 0νββ-decay of 150Nd.
Results are presented for approximate electron wave functions (type A [11]) and exact Dirac
wave functions with finite nuclear size and electron screening (type D [12]).

Table 3: Phase-space factors G0k (k=0, · · · ,11) in units yr−1 for the 0νββ-decay of 76Ge,130Te,
and 150Nd. Calculation was performed by assuming different approximations for the radial
wave functions g±1 and f±1 of an electron: A) The standard approximation of Doi et al [11];
B) An analytical solution of Dirac equations for a pointlike nucleus is assumed; C) An exact
solution of Dirac equations for a uniform charge distribution in nucleus is considered; D) The
same as the previous case but the electron screening is taken into account [12].

76Ge 130Te 150Nd

A B C D A B C D A B C D

G01.1014 0.26 0.24 0.24 0.24 1.81 1.54 1.45 1.43 8.83 6.99 6.43 6.32

G02.1014 0.43 0.40 0.40 0.39 4.68 4.06 3.85 3.76 40.19 32.40 29.87 29.19

G03.1015 1.48 1.34 1.32 1.31 12.24 9.57 9.07 8.97 70.03 49.47 45.59 45.13

G04.1015 0.50 0.49 0.48 0.47 3.63 3.32 3.09 3.02 18.34 16.00 14.35 14.07

G05.1013 0.79 0.73 0.57 0.57 6.39 5.19 3.84 3.79 28.54 21.18 15.06 14.87

G06.1012 0.61 0.55 0.54 0.53 3.09 2.40 2.26 2.23 11.92 8.32 7.59 7.50

G07.1010 0.37 0.35 0.27 0.27 2.71 2.38 1.79 1.76 13.63 11.36 8.23 8.09

G08.1011 0.25 0.24 0.15 0.15 2.88 2.65 1.58 1.55 16.83 15.00 8.56 8.41

G09.1010 1.36 1.26 1.24 1.22 6.40 5.35 5.06 4.97 27.58 21.53 19.80 19.45

G010.1014 0.15 0.15 0.14 0.14 1.22 1.46 1.16 1.14 7.00 10.54 7.23 7.11

G011.1015 0.50 0.50 0.48 0.48 3.63 3.56 3.22 3.15 18.34 18.33 15.38 15.06

quasiparticle random phase approximation (QRPA) [13] and interacting shell-model (ISM)
[14, 15], matrix elements for such an analysis.

The constraints on the effective right-handed current couplings ⟨λ⟩, ⟨η⟩ and the effective
Majorana neutrino mass mββ are listed in Table 4. Fig. 8 shows the allowed regions for mββ

and ⟨λ⟩ (⟨η⟩) for ⟨η⟩ = 0 (⟨λ⟩ = 0). Results are presented for two sets of nuclear matrix
elements (ISM [14, 15] and QRPA [13]) and the standard (w.f. A) and improved (w.f. D)
description of electron wave functions. We notice that limits on mββ are softened a little
when ⟨λ⟩ or ⟨η⟩ have non-vanishing values at the same time in comparison with the case
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Figure 8: Limits on the effective neutrino mass mββ and right handed parameters η (left
panels, ⟨λ⟩ = 0) and λ (right panels, ⟨η⟩ = 0) imposed by the constraints on the 0νββ-decay
of 76Ge (upper panels, T 0ν

1/2 ≥ 3.0×1025 [16]) and 136Xe (lower panels, T 0ν
1/2 ≥ 3.4×1025 [17]).

To derive the bounds, the values of nuclear matrix elements calculated within the ISM [14]
and the QRPA [13] are used. Results are presented for approximate electron wave functions
(type A) and exact Dirac wave functions with finite nuclear size and electron screening (type
D). Ellipsoids show the boundaries of the allowed domains.

Table 4: Upper bounds on the effective neutrino mass mββ and parameters ⟨η⟩ and ⟨λ⟩
associated with right-handed currents mechanisms imposed by the constraints on the 0νββ-
decay of 76Ge (upper panels, T 0ν

1/2 ≥ 3.0×1025 [16]) and 136Xe (T 0ν
1/2 ≥ 3.4×1025 [17]). Nuclear

matrix elements of interactring shell-model (ISM) [14] (MGT is from [15]) and quasiparticle
random phase approximations (QRPA) [13] are used in analysis. CP conservation is assumed
(ψ1 = ψ2 = 0). The standard electron wave functions (w.f. A) [11] and screened exact finite-
size Coulomb wave functions (w.f. D) are considered.

76Ge 136Xe
w.f. A D A D

QRPA
|mββ | [eV] 0.321 0.333 0.285 0.315
|mββ | [eV] (for ⟨η⟩ = ⟨η⟩ = 0) 0.271 0.284 0.251 0.285
⟨η⟩ × 10−9 3.093 3.239 2.077 2.337
⟨λ⟩ × 10−7 4.943 5.163 3.822 4.370

ISM
|mββ | [eV] 0.515 0.535 0.222 0.245
|mββ | [eV] (for ⟨η⟩ = ⟨η⟩ = 0) 0.436 0.458 0.193 0.220
⟨η⟩ × 10−9 6.370 6.760 2.975 3.291
⟨λ⟩ × 10−7 8.462 8.841 3.000 3.378

when both these parameters are equal to zero.
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5.4 Conclusions

We rederived the decay rate for the neutrinoless double-beta decay assuming the Majorana
neutrino mass mechanism with the inclusion of the right-handed leptonic and hadronic cur-
rents. p1/2-states of emitted electrons and recoil corrections to nucleon currents were taken
into account. Within a standard approximation the decay rate was factorized as a sum of
products of kinematical phase-space factors and nuclear matrix elements. Unlike in deriva-
tion of [11] the induced pseudoscalar term of hadron current was considered what results
in additional nuclear matrix elements. The phase-space factors were expressed with Dirac
component of radial wave functions of electron in the s1/2 and p1/2 wave states. An improved
numerical computation of the phase-space factors based on exact Dirac wave functions with
finite nuclear size and electron screening was presented. The dependence of values of phase-
space factors on the different approximation schemes used in evaluation of electron wave
functions was discussed. It was shown that Coulomb corrections play more important role as
finite nuclear size effect. The upper limits for effective neutrino mass and right-handed current
mechanisms were deduced from data on the 0νββ-decay of 76Ge and 136Xe. For that purpose
nuclear matrix elements calculated within the nuclear shell model and quasiparticle random
phase approximation were exploited. The subject of interest was also differential decay rates
for various combinations of the total lepton number violating parameters.

6 Summary

The aims of thesis have been achieved and results presented at conferences and published
in several international journals. The theoretical results obtained within this PhD thesis are
expected to be important for the scientific community working on the double beta decay
theory and experiments, and nuclear structure theory.
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