
Neutrino-less ββ decay

Nuclear physics, �� decay, dark matter detection

Nuclear structure crucial for design
and interpretation of experiments

Neutrinos, dark matter studied in
low-energy experiments using nuclei
Abundant material, long observation time
with very low background sensitive to rarest
decays and tiny cross-sections!
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M0⌫�� : Nuclear matrix element
Fi : Nuclear structure factor
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⦿ β decay most common decay mode for unstable nuclei

⦿ ββ decay occurs when 2β energetically disfavoured

○ 2νββ decay  experimentally established for 14 nuclei

○ 0νββ decay undetected so far
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⦿ If observed, 0νββ would have important consequences

○ It would prove the Majorana nature of neutrinos
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Figure 1: NMEs for the 0νββ decays of 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 124Sn,
130Te, 136Xe and 150Nd, shown according to their mass number A. Results are shown for
the shell model calculations of the Strasbourg-Madrid [7] and Tokyo [8] groups (SM St-
Ma+Tk), and the Michigan group [9] (SM Mi), the interacting boson model [10] (IBM-2),
the quasiparticle random-phase approximation approach of the Jyväskylä [11] (QRPA Jy)
and Tübingen [12] (QRPA Tu) groups, and the non-relativistic [13] and relativistic [14]
energy density functional frameworks (NR-EDF and R-EDF, respectively).

Previous studies used a configuration space comprising the pf -shell, this is, assuming a
40Ca core with eight neutrons in the four pf -shell orbitals [7]. In Ref. [8], the config-
uration space was expanded to include two major harmonic-oscillator shells, adding the
sd-shell to the pf -shell. In this case, a core of 16O was assumed, allowing up to total 2!ω
proton and neutron cross-shell excitations from the sd- into the pf -shell. As a result, the
size of the diagonalization needed to describe the daughter nucleus 48Ti increases from
less than 106 to over 109, at the limit of present capabilities. The effect of the extended
calculation compared the one-major-shell one is illustrated in Fig. 2. The NME increases
by about 30%, with the enhancement produced by additional cross-shell pairing correla-
tions incorporated in the enlarged configuration space [8]. However, the improved NME
is still far from the results of other approaches, suggesting that the size of the shell model
configuration space may not explain the disagreement between NME calculations.

Another important aspect for 0νββ decay NMEs are nuclear structure correlations. Ac-
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1 Neutrinoless double-beta decay
Neutrinoless double-beta (0νββ) decay is a very special process. Most importantly, the
experimental detection of this lepton-number violating decay will proof the Majorana na-
ture of neutrinos, this is, that they are their own antiparticle. In addition, the lifetime of the
0νββ decay is related to the neutrino masses so that its measurement will also probe the
unknown absolute neutrino mass and hierarchy.

However, there is yet another ingredient in the connection between the 0νββ decay
lifetime and the neutrino mass: since it is a nuclear decay, the lifetime naturally depends
on the nuclear matrix element (NME) of the transition. Overall, the 0νββ decay half-life
can be written as [1]

[

T 0νββ
1/2

(

0+i → 0+f
)

]

−1

= G0νββ|M0νββ |2m2
ββ , (1)

withM0νββ the NME,mββ a combination of the absolute neutrino masses and the neutrino
mixing matrix, and G0νββ a well-known phase-space factor [2]. It is apparent, therefore,
that for 0νββ decay experiments [3, 4, 5, 6] to be able to unveil the neutrino masses, the
NMEs of the decay have to be accurately known. Is this presently the case?

To answer this question, let us recall that the NME in the closure approximation is [1]

M0νββ =
〈

0+f
∣

∣ Ô0νββ
∣

∣0+i
〉

. (2)

Therefore, a reliable NME relies on two independent parts: first, the nuclear structure of
the transition initial and final states; second, the evaluation of the decay operator Ô0νββ

between these states. In the following, these two parts are analysed separately.

2 The initial and final nuclei: nuclear structure
First let us focus on the impact of the nuclear structure of the initial and final states in the
0νββ decay NMEs. Very different nuclear structure approaches have been used to study
this process. Figure 1 shows an updated comparison of the main NME calculations obtained
with various nuclear structure frameworks [7, 8, 9, 10, 12, 11, 13, 14]. The differences are
about a factor of two to three, or three to four units.

Among the smallest NMEs are those from shell model calculations. The nuclear shell
model is very successful in describing nuclear masses, low-lying excited states, electromag-
netic transitions and single-β decays over a wide range of nuclei [15]. These calculations
can include very rich nuclear structure correlations. However, they are typically performed
in a rather limited configuration space of one major harmonic-oscillator shell, while the
remaining orbitals are taken into account only perturbatively.

In order to explore the impact of the size of the configuration space in shell model
NMEs [16], a very recent work by the Tokyo group focused on the 0νββ decay of 48Ca [8].
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⦿ Decay half-life depend on nuclear structure

nuclear transition matrix element

○ Reliable structure calculations needed

[Engel & Menéndez, Rep. Prog. Phys. 80 (2017)]

○ It would provide precious information on the neutrino (absolute) mass and mass hierarchy


