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Motivation
• In spite of several attempts by many 

groups 0"##-decay has not yet been 
observed

• This observation is crucial for 
understanding lepton number 
violation

• After the discovery of neutrino 
oscillations, attention has been 
mostly focused on the mass 
mechanism of 0"##-decay, wherein 
the three species of neutrinos have 
masses mi and couplings to the 
electron neutrino Uei. In this case, 
the inverse decay rate is given by
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Experimental limits for !1/2
Current lower half-life limits coming from different experiments:
_____________________________________________________
Experiment nucleus τ1/2 m"
--------------------------------------------------------------------------------
Majorana 76Ge > 1.9 x 1025yr < 0.27eV
GERDA 76Ge > 8 x 1025yr < 0.13eV
NEMO-3 100Mo > 1.1 x 1024yr < 0.44eV
CUORE 130Te > 1.5 x 1025yr < 0.19eV
EXO-200 136Xe > 1.8 x 1025yr < 0.21eV
Kamland-Zen 136Xe > 1.07 x 1026yr < 0.09eV

Majorana: C. E. Aalseth et al., PRL 120, 132502 (2018),  GERDA: M. Agostini et al. PRL 120 132503 (2018),
NEMO-3: R. Arnold, et al., PRD 92, 072011 (2015), 
CUORE: C. Alduino et al., PRL 120, 132501 (2018), 
EXO: J.B. Albert et al., PRL 120 072701 (2018) , KamLAND-Zen: A. Gando etal., PRL. 117, 082503 (2016)
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Calculation of PSF: Mass mechanism

• Two phase space factors to be calculated: G(0) and G(1)

• Obtained using Dirac electron wave functions with electron screening 
• From these one obtains half-life:

• Single electron spectrum:

• Angular correlation:

• Our results [PRC 85 (2012) 034316] have been confirmed by independent 
calculations of Stoica et al. [PRC 88 (2013) 037303]
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Calculation of  NME: Mass mechanism
• Challenging calculation: The fact that 0!ββ-decay is a unique process 

makes the prediction challenging for theoretical models.
• Still large differences between the different models but some of them 

can be explained by model dependent quenching of gA

• When combined with PSFs can be directly compared with experimental 
half-life limits
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Cause of worry: Quenching of gA

• It is well known from single beta decay and electron capture that 
gA is renormalized in models of nuclei. Two reasons for this are:

The limited model space in which the calculations done, qNex

The omission of non-nucleonic degrees of freedom, q∆
• 2"ββ may be used to get and idea of the quenching. But effective 

value of gA is a work in progress:
Is the renormalization of gA the same in 2"ββ as in 0"ββ?

In 2"ββ only the 1+ (GT) multipole contributes. In 0νββ all 
multipoles 1+ , 2− ,...; 0+ , 1− ,... contribute. Some of which could be 
even unquenched.
The two processes differ by the momentum transferred to leptons. In 
2"ββ this is of the order of few MeV, while in 0"ββ it is of the order 
of 100 MeV.

• This is a critical issue, since half-life predictions with maximally 
quenched gA are up to 6 times longer due to the fact that 
gA enters the equations to the power of 4!
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Quenching of gA
• Three suggested scenarios are:

• Free value: 1.269

• Quark value: 1

• Even stronger quenching:
gA,eff < 1

• Various studies are addressing this issue:
Theoretical studies using effective field theory (EFT) to estimate the effect
of non-nucleonic degrees of freedom (two-body currents)
Experimental and theoretical studies of single beta decay and single 
charge exchange reactions involving the intermediate odd-odd nuclei
Experimental program (NUMEN) to measure both single and double 
charge exchange reaction intensities with heavy ions. Useful information 
on the Fermi and Gamow-Teller matrix elements of interest in 0!ββ and 
2!ββ decay will also be provided.
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• On the other hand the underlying interaction does not have to 
be as simple as the standard neutrino mass mechanism

• The general Lagrangian of 0νββ-decay consists of long-
range and short-range parts, corresponding to pointlike
vertices at the Fermi scale ≈100 MeV

ℒ0#$$ = ℒLR+ ℒSR
• The aim current work is: 

To provide explicit formulas for the nuclear matrix 
elements (NMEs) and phase space factors (PSFs) from 
which the decay rate for one or combination of 
mechanisms can be calculated
To provide numerical values of the NMEs and PSFs 
obtained by making use of the interacting boson model for 
the NMEs and of exact Dirac wave functions for the PSFs

Non-standard 0#ββ-decay mechanisms
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Short range mechanisms
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• General effective Lagrangian for short range contributions can 
be schematically written as [Päs et al. PLB 498 (2001) 35]

MEDEX’19

The sum and the place holders ∘ indicate that the 
currents involved can have different chiralities and there 
is a separate effective coupling ϵ"• for each such 
combination
The hadronic and leptonic currents read 



Short range mechanisms
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• Explicit expressions for NME corresponding to products of nucleon 
currents are (with gS=1, gPS=349, gP=233, gW=3.70):

• For the first three operators three sign possibilities  correspond to 
combinations of chiralities : RR, LL and 1/2(RL + LR).

• For the fourth and fifth operator a row of four signs is shown, as in those 
cases the two hadronic currents have different Lorentz structures and all 
four possible combinations of chiralities have to be considered: RR, LL, 
RL and LR.
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• Fermi, Gamow-Teller and tensor NMEs are calculated with 6 
different form factors (mV=0.84GeV, mA=1.09GeV, m!=0.138GeV)

Form factors

• The needed two-body transition operator is then constructed in 
momentum space as the product of the so-called neutrino potential 
times the form factors:
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F, GT, and tensor NMEs
• The NMEs of interest are (ordered as qk):

• k=0

• k=2, suppressed by a factor of O(0.01), enhanced by gPS=349, gP=233

MEDEX’19
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F, GT, and tensor NMEs

• k=4, suppressed suppressed by a factor of O(10-4), enhanced by !"#=2332

• So called recoil terms, k=2 (approximation Q≅q)

• k=3 (approximation q0 /mp ≅0.01)

MEDEX’19

• k=2, with                   



JYU. Since 1863.

Nuclear model: IBM-2

• In IBM-2 the very large shell model space 
is truncated to states built from pairs of 
nucleons with J = 0 and 2

• These pairs are then assumed to be 
collective and are taken as bosons

• The Hamiltonian is constructed 
phenomenologically and two- and four 
valence-nucleon states are generated by 
a schematic interaction

• The fermion operators are mapped onto a 
boson space and the matrix elements of 
the mapped operators are then evaluated 
with realistic wave functions
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Nuclear model: IBM-2
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Nuclear model: IBM-2
• The single-particle and -hole energies and strengths of 

interaction were evaluated and discussed in detail in [PRC 94 (2016) 
034320] where the occupancies of the single particle levels were 
calculated in order to satisfy a twofold goal: 

asses the goodness of the single particle energies
check the reliability of the used wave functions.

Comparison of 
standard light NMEs
with 2015 and updated
SPEs:

MEDEX’19



Short-range mechanisms

• For short-range mechanisms neutrino potential is defined as

• Short-range transitions with no mediating particle lighter than 
≈100 MeV.

• In this case 0!ββ-decay probes lepton number violating 
physics around the TeV scale

• The most prominent scenario where this kind of operator is 
generated is through the inclusion of heavy sterile neutrinos 
[Simkovic et al. PRC60 (1999) 055502]

• The cases where additional light states are either mediating 
the decay or are emitted in it (e.g., Majorons) are studied 
separately [e.g. PRC 91 (2015) 064310].

JYU. Since 1863.MEDEX’19
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Short-range: NME numerics
• We have performed IBM-2 calculation for the needed 16 

NMEs for 18 nuclei of interest
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Short-range: NME numerics
• We have performed IBM-2 calculation for the needed 16 

NMEs for 18 nuclei of interest

MEDEX’19



JYU. Since 1863.

• The key ingredient for the evaluation of phase space factors 
are the electron wave functions

• To simulate realistic situation, we take radial functions that 
satisfy Dirac equation and potential that takes into account the 
finite nuclear size and the electron screening

• We adopt the approximation of evaluating the electron 
wavefunction at the nuclear radius 

Short-range: PSF

• This choice reflects the fact that nucleons largely decay at the 
surface of the nucleus due to Pauli-blocking of inner states.
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Short-range: PSF numerics
• Integrated PSFs are

MEDEX’19

• Our results agree with those of Päs et 
al. [PLB498 (2001) 35] and Tomoda [RPP 54 (1991) 

53], except for the extra interference 
term between the left- and right handed 
scalar electron current

• With 6 independent fij≠ 0:
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• Combining the PSFs and NMEs, the inverse 0νββ-decay half-life 
is then given by

• And for single mechanisms at a time

• We can also calculate the integrated angular correlation 
factors in the three different cases jk=11,66, and 16:

• And energy-dependent angular correlation, as well as the 
single electron energy distribution

28.5.2019

Short-range: Half-life
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Short-range: Ses & Angular correlation

• Example of normalized single electron spectra and angular correlation

• The two electrons preferably share the available kinetic energy equally.
• Only a small difference between the f11 and f66 case, with the latter having 

a slightly flatter profile, that is unlikely to be distinguishable experimentally
• The term f16, corresponding to an interference between i=1, 2, 3 and i=4, 5 

mechanisms, has a more significantly flatter profile
• In view of the opposite sign for 11 and 66 measurements of the angular 

correlation would allow a discrimination of the two types of mechanisms
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Long-range mechanisms
• Long-range transitions proceeding through the exchange of a 

light neutrino
This includes the standard neutrino mass mechanism via 
Majorana neutrinos

• Alternatively, in models with exotic interactions incorporating 
right-chiral neutrinos, no mass insertion is required

In the SM with only left-handed neutrinos, these operators 
violate ΔL=2, and they incorporate a helicity flip through the 
inclusion of a Higgs field. 

• The calculation of NMEs and PSFs for long-range 
mechanisms makes use of the NMEs and PSFs derived 
for short-range mechanisms

• BUT this calculation is more complicated since while for short-
range only one hadronic and one leptonic matrix element 
need to be calculated, now there are three hadronic and three 
leptonic matrix elements that need to be calculated.
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Long-range mechanisms
• The three terms that need to be calculated are identified by 

neutrino potential, v(q)
mi terms

! terms

k-terms
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Long-range mechanisms

MEDEX’19

• Altogether there are 48 NMEs to be calculated for each 
double beta decay candidate nucleus

Done for 76Ge, 82Se, 100Mo, 130Te and 136Xe
• Currents 1,2,3: 

11 PSFs
Our results correspond to the ones by Tomoda when 
approximate wavefunctions for electrons are used

• Currents 4,5: 
11 new PSFs

• Interference between i=1,2,3  and i=4,5
12 new PSF
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Long-range 0!ββ-decay mechanisms

MEDEX’19

• The derived formulas and the numerical calculations allow to 
study any non-standard long-range mechanism

• The form of the general problem in which all possible ε
coefficients are present is very complicated and thus we have 
explicitly studied two classes of models:

LR models
The differential rate for these models is obtained by 
combining  matrix elements ℳ3 with appropriate phase 
space factors
The half-life depends on three parameters: #$

#%
, ' , (

SUSY models
The differential rate for these models is obtained by 
combining the matrix elements ℳ4 and ℳ5 with 
appropriate phase space factors
The half-life depends on four parameters: #$

#%
, ) , * , 

+
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Summary

MEDEX’19

• We have developed a general formalism for non-standard 
mechanisms contributing to neutrinoless double beta decay in an 
effective operator approach. 

• We calculate all terms of the order of q2/!"# in the non-relativistic 
expansion of the combined nucleon currents

• Some of these terms play an important role, as, e.g., the 
pseudoscalar terms which are enhanced by a large value of gPS or 
gP

• Furthermore, we evaluate new phase space factors originating 
from the electron currents, including interference effects of different 
contributions. 

• Using experimental bounds on half-lives we have calculated 
numerical limits on the effective new physics parameters ε

See Lukas’ talk on Thursday!
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Thank you!

MEDEX’19

NORMAL

INVERTED

CUORE

Majorana

NEMO!3

KamLAND!Zen

GERDA
EXO

10!4 0.001 0.01 0.1 1
10!4

0.001

0.01

0.1

1

lightest neutrino mass in eV

!"m Ν#
!ine

V


