
WHAT WE ARE DEALING WITH

• Example decay scheme: 150Nd
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• Reaction Q-value from experiments

• Wavefunctions for initial, intermediate and final

states from theory

• Closure: 〈EN〉 is the average excitation energy

of the intermediate nucleus

• Decays possible to ground state and excited

states



WHAT WE ARE DEALING WITH

• Experiments measure half-life, so from theory we need G,

effective gA and M:

◮ 2νββ:
[

τ 0ν
1/2

]−1
= G2νg4

A
|M(2ν)|2

◮ 0νββ:
[

τ 0ν
1/2

]−1
= G0νg4

A
|M(0ν)|2|f (mi , Uei )|2

◮ 0νECEC:
[

τ 0ν
1/2

]−1
= G0νg4

A

∣

∣M0ν
∣

∣

2
|f (mi , Uei )|2 (me c2)Γ

∆2+Γ2/4

• G: Phase space factor varies depending on the decaying

nucleus, Q-value of the decay, and the scenario and

mechanism of the decay

• M: Nuclear matrix element calculated using a chosen

theoretical model. The model gives the wave functions of

the initial and final states, and they are connected by

proper transition operator, that varies depending on the

scenario and mechanism of the decay

• gA: Axial vector coupling constant, which effective value

essentially model dependent

• f (mi , Uei ) contains the physics beyond standard model and is

different for different scenarios and mechanisms: exchange

of light or heavy neutrino, emission of Majoron, exchange of

sterile neutrino(s)...



NUCLEAR MODELS

NMEs are calculated in nuclear models, such as:

• The nuclear shell model (SM) is a well-established many-body method,

used to describe the properties of medium mass and heavy nuclei.

◮ Idea: nucleons near the Fermi level are the most important for

low-energy nuclear properties, and all the correlations between

these nucleons are relevant
◮ uses a limited set of single-particle states, typically one

harmonic-oscillator major shell or one nuclear major shell
◮ in SM all possible many-nucleon configurations in a given

single-particle space are formed, each configuration described

by one Slater determinant, and the nuclear (residual)

Hamiltonian is then diagonalized in the basis formed by these

Slater determinants
◮ many-body features are taken into account exactly but only in a

restricted set of single-particle states, typically leaving out

one or two spin-orbit-partner orbitals from the model space
◮ A particular problem with the SM is to find a suitable

(renormalized) nucleon-nucleon interaction to match the limited

single-particle space

◮ Since this space is small, the renormalization effects of the

two-body interaction become substantial



NUCLEAR MODELS

NMEs are calculated in nuclear models, such as:

• The proton-neutron version of the QRPA (pnQRPA) uses

two-quasiparticle excitations that are built from a proton and a

neutron quasiparticle

◮ constructs ground state correlations by iterating

two-quasiparticle excitations on top of a BCS or HFB vacuum and

quasiboson approximation is then imposed on the excitations
◮ large valence space including several major shells => no

problems associated with spin-orbit partner orbitals since they

can easily be accommodated in the model space
◮ restricted set of correlations
◮ Hamiltonian is typically based on a realistic G matrix, but

modified in the like-particle pairing and particle-hole

channels to reproduce experimental pairing gaps and

Gamow-Teller resonance energies

◮ Results depend on fine-tuning of the interaction, especially

near the spherical-deformed transition



NUCLEAR MODELS

NMEs are calculated in nuclear models, such as:

• The idea that inspires the microscopic interacting boson model, IBM-2,

is a truncation of the very large shell model space 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
◮ IBM-2 has clear connections to both the shell model and the

collective model of Bohr and Mottelson: On the one hand, the

bosons represent nucleon pairs and on the other quadrupole

phonons
◮ The first correspondence is hard to make precise, Hamiltonians

and effective operators are usually determined by fits to data
◮ For 0νββ calculations it is necessary to relate the bosons to

the underlying fermion model space through a mapping procedure
◮ mapping is approximate: it involves only two- and four

valence-nucleon states and schematic interaction

◮ IBM-2 is known to be very successful in reproducing trends for

spectra and E2 transitions involving collective states across

isotopic and isotonic chains



NUCLEAR MODELS

NMEs are calculated in nuclear models, such as:

• Energy-density functional (EDF) theory refers to the process of

minimizing an energy functional ǫ. Once the functional is obtained,

minimizing it with respect to its arguments provides the exact ground

state energy and densities

◮ minimization can be formulated so that it looks like mean-field

theory with one-body potentials and orbitals
◮ The energy functional ǫ usually derived from the Hartree-Fock or

HFB energy associated with Skyrme, Gogny or relativistic Walecka

type, sometimes with additional modifications
◮ parameters of the interaction or functional are then fit to

ground state properties (masses, radii, etc) in a variety of

nuclei and used without alteration all over the nuclear chart

◮ method can be extended to EDF-based RPA or QRPA



TRANSITION OPERATOR (CLOSURE)

• Transition operator for ββ-decay can be written in momentum
space, including higher order corrections as

T(p) = H(p)f (mi , Uei ),

◮ (two-body) operator H(p) can be written as

H(p) =
∑

n,n′

τ †
n

τ †
n′

[

−hF (p) + hGT (p)~σn · ~σn′ + hT (p)S
p

nn′

]

◮ tensor operator is defined as

S
p

nn′ = 3 [(~σn · p̂) (~σn′ · p̂)] − ~σn · ~σn′

◮ Fermi (F), Gamow-Teller (GT) and tensor (T)

contributions are given by

hF (p) = hF
VV

(p)
hGT (p) = hGT

AA
(p) + hGT

AP
(p) + hGT

PP
(p) + hGT

MM
(p)

hT (p) = hT
AP

(p) + hT
PP

(p) + hT
MM

(p)
◮ The terms AP-PP-MM are higher order corrections (HOC)

arising from weak magnetism (M) and induced

pseudoscalar terms (P) in the weak nucleon current



TRANSITION OPERATOR (CLOSURE)

• terms hF ,GT ,T (p) can be further factorized as

hF ,GT ,T (p) = v(p)h̃F ,GT ,T (p)

where v(p) is called the neutrino "potential" (mν :
v(p) = 2

π
1

p(p+Ã)
) and h̃F ,GT ,T (p) the "form factors"
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NUCLEAR MATRIX ELEMENTS

M(0ν) = M
(0ν)
GT

−
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)2

M
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IBM-2: PRC91, 034304 (2015); QRPA-Tu: PRC87, 045501 (2013), PRC92,

044301 (2015); QRPA-Jy: PRC91, 024613 (2015); QRPA - Ch: PRC87, 064302

(2013);SM - StM: NPA 818 139 (2009), SM - Tk PRL116, 112502 (2016); SM -

Mi RD93, 113014 (2016); SM-R: PRC 101, 044315 (2020); R - EDF: PRC91,

024316 (2015); NR - EDF: PRL111, 142501 (2013); PHFB: Front.Phys.7:64.

(2019)

• Shell effects:

The matrix

elements are

smaller at the

closed shells

than in the

middle of the

shell

• Deformation

effects always

decrease the

matrix elements

• Isospin

restoration

reduces matrix

elements



COMPARISONS AND TESTS

• The fact that 0νββ-decay is a unique process, and there is no

direct probe which connects the initial and final states other

than the process itself makes the prediction challenging for

theoretical models.

• The reliability of the used wave functions, and eventually

M(0ν), has to be then tested using other available relevant

data.



COMPARISONS AND TESTS

Example of tests of wave functions:

Occupation probabilities: A=76 system, neutrons

PRC 94, 034320 (2016)

• IBM-2: 2p, 1f5/2 overfilled for both 76Ge and 76Se

• In IBM-2 change appears to be dominated by the 1g9/2,

experimentally 1g9/2 and 1f5/2

• ISM gives best correspondence



COMPARISONS and TESTS

Some examples of tests of wave functions

Occupation probabilities: A=76 system, protons

PRC 94, 034320 (2016)

• IBM-2: 1f5/2 depletion of protons for both 76Ge and 76Se

• IBM gives slightly better correspondence than ISM



COMPARISONS and TESTS

Closure approximation:

R. A. Sen’kov et al. PRC89, 054304 (2014)

• CA avoids the explicit

calculation of excited

states of the intermediate

odd-odd nucleus up to high

energies

• Approaches that do allow

non-closure calculation

suggest that a sensible

choice of 〈E〉 lead the

closure approximation to

reproduce the

unapproximated 0νββ NME

within 10%



COMPARISONS and TESTS

Short range correlations

M.

Kortelainen et al. PLB 647 (2007) 128

• Short-range correlations

that are omitted by

Hilbert-space truncation in

most many-body calculations

are usually taken into

account by multiplying the

operators inside the matrix

elements a radial function

f (rab)

• Several parameterizations

of f have been proposed

• Even though the

prescriptions differ from

one another they seem have

small effects on matrix

elements



COMPARISONS and TESTS

ISOSPIN RESTORATION reduces matrix elements

χF = (gV /gA)2M
(0ν)
F

/M
(0ν)
GT

Decay IBM-2 QRPA ISM

48Ca -0.10(-0.39) -0.32(-0.93)
76Ge -0.09(-0.37) -0.21(-0.34) -0.12
82Se -0.10(-0.40) -0.23(-0.35) -0.11
96Zr -0.08(-0.08) -0.23(-0.38)

100Mo -0.08(-0.08) -0.30(-0.30)
110Pd -0.07(-0.07) -0.27(-0.33)
116Cd -0.07(-0.07) -0.30(-0.30)
124Sn -0.12(-0.34) -0.27(-0.40)
128Te -0.12(-0.33) -0.27(-0.38) -0.15
130Te -0.12(-0.33) -0.27(-0.39) -0.15
136Xe -0.11(-0.32) -0.25(-0.38) -0.15
148Nd -0.12(-0.12)
150Nd -0.10(-0.10)
154Sm -0.09(-0.09)
160Gd -0.07(-0.07)
198Pt -0.10(-0.10)
232Th -0.08(-0.08)
238U -0.08(-0.08)

χF (before restoration

values in parentheses):

• Considerable reduction

obtained!

• Isospin restored χF

values very close to

the ones obtained from

ISM, where isospin is

a good quantum number

by construction

• Similar prescription

has been used for QRPA

(Simkovic et al., PRC 87

045501 (2013) and Suhonen

et al., PRC 91 024613 (2015))



QUENCHING OF gA

• The problematic question of effective value of gA

is still open. Three suggested scenarios are:

◮ Free value: 1.269

◮ Quark value: 1

◮ Even stronger

quenching:

gA,eff < 1 NORMAL

INVERTED

gA=1.269

gA=1

gA=0.5

10-4 0.001 0.01 0.1 1
10-4
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m
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in
eV



QUENCHING OF gA

• It is well-known from single β decay/EC∗ and
2νββ that gA is renormalized in nuclei.
Reasons:

◮ Limited model space
◮ Omission of non-nucleonic degrees of

freedom(∆, N∗,...)

• The effective value of gA in β decay/EC and
2νββ can be

◮ defined as

M
eff
2ν =

(

gA,eff

gA

)2

M2ν

M
eff
β/EC =

(

gA,eff

gA

)

Mβ/EC

◮ obtained by comparing the calculated and measured

half-lives for β/EC and/or for 2νββ
∗ J. Fujita and K. Ikeda, Nucl. Phys. 67, 145 (1965), D.H. Wilkinson. Nucl. Phys. A225, 365

(1974)



QUENCHING OF gA

Maximally quenched value from 2νβ−β− experiments:

Nucleus τ 2ν
1/2(1018 yr) exp&

48Ca 44+6
−5

76Ge 1650+140
−120

82Se 92 ± 7
96Zr 23 ± 2
100Mo 7.1 ± 0.4
100Mo∗ 670+50

−40
116Cd 28.7 ± 1.3
128Te 2000000 ± 300000
130Te 690 ± 130
136Xe 2110 ± 250
150Nd 8.2 ± 0.9
150Nd∗ 120+30

−20
238U 2000 ± 600

∗ transition to 0+
2

|Meff
2ν |2 =

[

τ 2ν
1/2 × G2ν

]−1
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newest one measured!

& A.S. Barabash, Nucl. Phys. A 935, 52 (2015).



QUENCHING OF gA

Quenched value from 2νββ improved formalism (PRC 97 (2018)

034315):

• M2ν
GT

is sensitive to

contributions from

high-lying states in the

intermediate odd-odd

nucleus

• for M2ν
GT−3 only the

lowest-energy states are

relevant due to rapid

suppression in the energy

denominator

• Thus ξ2ν
31 probes additional,

complementary physics to

the 2νββ half-life

PRL122,192501 (2019)



QUENCHING OF gA

Effective value of gA is a work in progress, since:

• Is the renormalization of gA the same in 2νββ as in 0νββ?

◮ In 2νββ only the 1+ (GT) multipole contributes. In

0νββ all multipoles 1+, 2−,...; 0+, 1−,...

contribute. Some of which could be even unquenched.
◮ This is a critical issue, since half-life predictions

with maximally quenched gA are > 6 times longer due to

the fact that gA enters the equations to the power of

4!

• Additional ways to study quenching of gA:

◮ Theoretical studies by 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
◮ Double charge exchange reactions



HEAVY NEUTRINO EXCHANGE 0νhββ

• Besides light neutrinos, mν < 1eV there is the possibility of

heavy neutrino double beta decay with mνh
≫ 1GeV

• In heavy neutrino exchange scenario the transition operator has
same form as for light neutrinos, but with

f ∝ mp

〈

m−1
νh

〉

〈m−1
νh

〉 =
∑

k=heavy

(

Uekh

)2 1

mkh

• Also the neutrino “potential” is different:

v(p) =
2

π

1

mpme

• NMEs: Factor of ∼2 difference between IBM-2/ISM and QRPA-Jy

• The average inverse heavy neutrino mass is not constrained by

experiments, and only model dependent limits can be set



MAJORON EMITTING 0νββ

• Requires the emission of one or two additional bosons,

Majorons, so it has similarities with 2νββ

• There are many different models, where m, the number of

emitted Majorons and n, the spectral index of the decay take

different values:
[

τ 0ν
1/2

]−1
= g4

A
G(0)

mχ0n

∣

∣

〈

gχM
ee

〉
∣

∣

2m
∣

∣

∣
M

(m,n)
0νM

∣

∣

∣

2

• Experimental limits on τ 0νM
1/2,exp give information about

〈

gM
ee

〉

,

the majoron-neutrino coupling constant

• Ordinary Majoron decay m = 1, n = 1: If the Majoron couples

only to light neutrino, the NME needed to calculate the

half-life are the same as for light neutrino exchange

• There are cosmologic constraints on
〈

gM
ee

〉

, such as values

3 × 10−7 . gM
ee . 2 × 10−5 or gM

ee & 3 × 10−4 are excluded by

the observation of SN 1987A

◮ The most stringent of the current limits are at these

regions



STERILE NEUTRINOS

• Scenario, currently being extensively discussed, is the

mixing of additional "sterile” neutrinos

• The NME for sterile neutrinos of arbitrary mass can be
calculated using a transition operator as in νlight and νheavy

exchange but with

f =
mN

me

, v(p) =
2

π

1
√

p2 + m2
N

(

√

p2 + m2
N + Ã

) ,

where mN is the mass of the sterile neutrino

• The product

fv(p) = mN

me

2
π

1
√

p2+m2
N

(

√

p2+m2
N

+Ã

)

has the limits: mN → 0 fv(p) = mN

me

2
π

1

p(p+Ã)
mN → ∞ fv(p) = mN

me

2
π

1

m2
N

= 2
π

1
me mN



STERILE NEUTRINOS

• Several types of sterile neutrinos have been suggested both

light and heavy.

• When the mass mN is intermediate the factorization is not

possible, and physics beyond the standard model is entangled

with nuclear physics

[τ 0ν
1/2]−1 = G0ν

∣

∣

∣

∣

∣

∑

N

(UeN)2M0ν(mN)
mN

me

∣

∣

∣

∣

∣

2

• Approximated simple formula

[τ 0ν
1/2]−1 = G0νg4

A

∣

∣M(0νh )
∣

∣

2

∣

∣

∣

∣

∣

mp

∑

N

(UeN)2
mN

〈p2〉 + m2
N

∣

∣

∣

∣

∣

2

,

with 〈p2〉 = M(0νh)

M(0ν) mpme, and M(0ν) and M(0νh ) are calculated

in the limits mN → 0 and mN → ∞



Conclusions

• We need matrix elements to obtain information

about the absolute neutrino masses once a 0νββ
decay lifetime is known.

• The reliability of nuclear matrix elements, as

well as the quenching of gA are becoming more and

more important

• The uncertainty affects also the choice of

material to be used in 0νββ decay searches, a

choice that is a compromise between experimental

advantages and the matrix element value

• We do not know what is the mechanisms of 0νββ
-decay and several mechanisms may contribute with

different relative phases



THANK YOU!

Image: The Royal Swedish Academy of Sciences


