arXiv:1206.0565v1 [hep-ph] 4 Jun 2012

Neutrinoless Double Beta Decay and Neutrino Masses^1

Michael Duerr

Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

Abstract. Neutrinoless double beta decay (0νβ β ) is a promising test for lepton number violating physics beyond the standard model (SM) of particle physics. There is a deep connection between this decay and the phenomenon of neutrino masses. In particular, we will discuss the relation between 0νβ β and Majorana neutrino masses provided by the so-called Schechter– Valle theorem in a quantitative way. Furthermore, we will present an experimental cross check to discriminate 0νβ β from unknown nuclear background using only one isotope, i.e., within one experiment.

Keywords: Neutrino mass, neutrinoless double beta decay, beyond standard model PACS: 14.60.Pq, 11.30.Fs, 14.60.St

INTRODUCTION TO NEUTRINOLESS DOUBLE BETA DECAY

In some even-even nuclei single beta decay is energetically forbidden or strongly suppressed. In this case, double beta decay (β β ) is the only allowed transition. It may occur in two modes:

(Z,A) → (Z + 2,A) + 2e^− + 2ν̄_e (2νβ β ) (1) and (Z,A) → (Z + 2,A) + 2e^− (0νβ β ). (2)

2νβ β is allowed in the SM because it conserves lepton number. In contrast, 0νβ β is only possible if lepton number is broken in Nature. Experimentally, the two decays may be distinguished by measuring the sum energy spectrum of the emitted electrons (see right panel of Fig. 1, curves labeled 0νβ β and 2νβ β ). 2νβ β has been detected experimentally with half-lives of the order 10^{20} y, whereas 0νβ β has not been seen experimentally yet; best bounds on the half-life of this decay are of the order 10^{25} y.

The total decay rate Γ^{0ν} of 0νβ β (if mediated by light neutrino exchange, see left panel of Fig. 1) and the corresponding half-life T^{0ν}_{1/2} are given by

Γ^{0ν} /ln2 = (T^{0ν}_{1/2})^{−1} = |m_{ee}|^2 | |M^{0ν} | |^2 G^{0ν} (Q,Z), (3)

where M^{0ν} is the so-called nuclear matrix element encoding the nuclear physics involved and G^{0ν} (Q,Z) is an exactly calculable phase space factor. Given this particular decay mechanism, it is therefore possible to measure the so-called effective Majorana mass of the electron neutrino

|m_{ee}| = | | | |∑_i^{U 2}ei^mi | | | |, (4) where U_{ei} are the elements of the first line of the Pontecorvo–Maki–Nagawa–Sakata mixing matrix, and m_i are the light neutrino mass eigenvalues.

More details of neutrinoless double beta decay may be found in the recent reviews [1–3]. In this contribution, I will shortly review the results from [4, 5], both connected to the topics of neutrinoless double beta decay and neutrino masses.

1 Poster presented at the International Workshop on Grand Unified Theories, Yukawa Institute for Theoretical Physics, Kyoto, Japan, March 2012.

Figure 1. Left panel: 0νβ β mediated by light neutrino exchange, which is considered to be the standard mechanism. Of course, it is definitely not the only possible decay mechanism, as many models for physics beyond the standard model predict lepton number violation and therefore may trigger this decay via a different set of virtual particles. Right panel: Sum energy spectrum of the emitted electrons for the two modes of β β (not to scale). The curves labeled 0νβ β and 2νβ β are for the transition to the ground state of the daughter nucleus. Note that the energy spectrum for the two-neutrino mode is continuous because the emitted neutrinos may take away an arbitrary amount of energy, whereas the spectrum for the zero-neutrino mode is a single peak at the maximum energy Q of the decay. The curves labeled 0νβ β + 2γ and 2νβ β + 2γ are for the decay to the first excited 0^+ state, which will also be discussed here. These lines lie at lower energies because energy is taken away by the emitted photons. Additionally, a lower number of decays to excited states than decays to the ground state occurs.

Figure 2. Majorana neutrino mass term generated by 0νβ β [6].

ON THE QUANTITATIVE IMPACT OF THE SCHECHTER–VALLE THEOREM

The Schechter–Valle theorem (black box theorem) [6] establishes the following relation: If 0νβ β is seen, the neutrino is a Majorana particle (it has a Majorana mass term). The black box (see Fig. 2) may contain any new physics mechanism triggering 0νβ β . We know that neutrino masses are tiny in relation to the charged lepton masses, but the mass is generated at four-loop order. So the question arises how big this mass is. In [5], a quantitative analysis of the mass correction induced by the Schechter–Valle theorem was performed for point-like operators (heavy new physics contributions).

To perform the loop calculations, the most general Lorentz-invariant Lagrangian for 0νβ β (point-like operators) is needed [7] (G_F is the Fermi coupling and m_p is the proton mass): L = G^2_F 2 m^{−1}_p ( ε_1JJ j + ε_2J^{μν} J_{μν} j + ε_3J^μ J_μ j + ε_4J^μ J_{μν} j^ν + ε_5J^μ J j_μ ) , (5)

where the hadronic currents are given by

J = u(1 ± γ_5) d, J^μ = uγ^μ (1 ± γ_5)d, J^{μν} = u i 2 [γ^μ ,γ^ν ](1 ± γ_5)d , (6)

and the leptonic currents are given by

j = e(1 ± γ_5) e^c, j^μ = eγ^μ (1 ± γ_5) e^c . (7)

From the experimental non-observation of neutrinoless double beta decay limits on the coupling constants ε_i can be deduced (on-axis evaluation). See [7] and [5], the latter for results using updated matrix element calculations.

Figure 3. Left panel: Level scheme of^{76}Ge and its daughter nuclei. Standard beta decay is energetically forbidden. Besides the usual decay to the ground state (g.s.), we will discuss the decay to the first excited 0^+ state (labeled 0^+_1 ). Right panel: The effective Majorana neutrino mass |m_{ee}| as a function of the lightest neutrino mass eigenvalue for inverted (upper band) and normal (lower band) hierarchy. Both hierarchies overlap in the quasi degenerate case. Bold colors denote the best fit values range varying the CP phases, light colors give the corresponding 3σ ranges. The best fit value from the Heidelberg–Moscow experiment [8] is marked. A future 1 ton^{76}Ge experiment [9] could probe the inverted hierarchy down to |m_{ee}| = 0.01eV. At the same time, it could be used for the proposed consistency test covering the quasi degenerate region.

Plugging one operator at a time into the black box in Fig. 2 and performing the loop calculations, we can find a mass correction for all the possible operators giving neutrinoless double beta decay from Eq. 5. More details of the calculations can be found in [5]. As an example, here we give the result [5] for the operator J^μ_R J_{μR} j_L [indices R and L refer to a particular chirality of the operators in Eqs. 6 and 7, using the projectors P_L =^1_2 (1 − γ_5) and P_R =^1_2 (1 + γ_5)]:

m_ν = δ m_ν ∼ 9.4 × 10^{−25} eV. (8)

We find that the radiatively generated masses are many orders of magnitude smaller than the observed neutrino masses. Lepton number violating new physics (at tree-level not necessarily related to neutrino masses) may induce black box operators which explain an observed rate of 0νβ β . The smallness of the black box contributions, however, implies that other neutrino mass terms (Dirac/Majorana) must exist. If the ν’s are mainly Majorana particles, the mass mechanism is the dominant part of the black box operator. If the ν’s are mainly Dirac particles, other lepton number violating new physics dominates 0νβ β . Translating an observed rate of 0νβ β into neutrino masses would then be completely misleading.

CONSISTENCY TEST OF 0νβ β WITH ONE ISOTOPE

Usually, only the decay to the ground state of the daughter nucleus is considered in 0νβ β experiments. However, all 0νβ β isotopes have an excited 0^+ state accessible by this decay, see Fig. 3 (left panel) for more details. This state may be used for a consistency test [4] which allows to discriminate unknown nuclear background lines from 0νβ β using only one isotope.

The ratio of decay rates to the two different states of the daughter nucleus is given by

Γ_0+_1 Γ_{g.s.} = (Q − E(0^+_1 ))^n Q^n × ( M^{0+}1 M^{g.s.} )_2

. (9)

Here, n = 5 for 0νβ β and n = 11 for 2νβ β . M^{g.s.} and M^{0+}1 are the matrix elements for the decay to the ground state and the first excited 0^+ state, respectively. Q and E(0^+_1 ) are defined in Fig. 3. Due to the lower energy difference, the rate of decays to excited states is lower than the rate of decays to the ground state. The ratio is given for the two most promising isotopes in Table 1, a full list can be found in [4].

Table 1. The two most promising isotopes for the proposed cross check and the corresponding parameters. Excerpt from [4]. The energy E(0^+_1 ) of the first excited states is taken from [12]. The given nuclear matrix elements are obtained within the IBM-2 model [13, 14].

Decay mode Q [keV] E(0^+_1 ) [keV] M^{g.s.}_{0ν} M^{0+1}_{0ν} Γ_0+_1 /Γ_{g.s.} 76 32Ge→^{76}_{34}Se 2039.04 ± 0.16 [10] 1122 5.465 2.479 3.79 × 10^{−3} 150 60 Nd→^{150}_{62} Sm 3371.38 ± 0.20 [11] 740 2.321 0.395 8.39 × 10^{−3}

The question arises if the excited states can be used as a cross check for 0νβ β , this means to prove this decay within one experiment using only one isotope in two ways. Such a test could be desirable in future large-scale experiments due to the high costs. Further experimental considerations and a discussion of possible backgrounds to be taken into account may be found in [4].

The result is depicted in Fig. 3, right panel. For ton-scale detectors, the method works down to |m_{ee}| = 100meV. A large scale detector could therefore simultaneously provide a consistency test for a certain range of Majorana masses, while it would also be sensitive to lower values of the effective Majorana mass |m_{ee}|.

SUMMARY

We discussed two different topics related to neutrinoless double beta decay and neutrino masses.

In the first part, the relation between the effective operators responsible for neutrinoless double beta decay and neutrino mass operators was discussed. We found that one has to be careful relating a possible observation of neutrinoless double beta decay fully to neutrino masses, while a tiny Majorana contribution via the well-known black box diagram is guaranteed. The possible implications were discussed.

In the second part, we showed that it is possible to check within a single experiment whether a possibly observed signal is indeed 0νβ β or due to some unknown nuclear background. Usually, it is proposed that a second experiment using a different isotope should be used to provide this test. We showed that effort could be combined into on large detector instead of building several ones.

ACKNOWLEDGMENTS

I would like to thank the organizers of the GUT2012 workshop at the Yukawa Institute for Theoretical Physics in Kyoto, Japan, for the nice workshop and the possibility to present my poster. Moreover, I would like to thank my collaborators Manfred Lindner, Alexander Merle, and Kai Zuber, together with whom the work presented here was performed. I am supported by the International Max Planck Research School (IMPRS) “Precision Tests of Fundamental Symmetries” of the Max Planck Society.

REFERENCES

1. S. Bilenky, Phys. Part. Nucl. 41, 690–715 (2010), 1001.1946. 2. W. Rodejohann, Int. J. Mod. Phys. E20, 1833–1930 (2011), 1106.1334. 3. J. Vergados, H. Ejiri, and F. Simkovic (2012), 1205.0649.

4. M. Duerr, M. Lindner, and K. Zuber, Phys. Rev. D84, 093004 (2011), 1103.4735. 5. M. Duerr, M. Lindner, and A. Merle, JHEP 1106, 091 (2011), 1105.0901. 6. J. Schechter, and J. Valle, Phys. Rev. D25, 2951 (1982).

7. H. Päs, M. Hirsch, H. V. Klapdor-Kleingrothaus, and S. G. Kovalenko, Phys. Lett. B498, 35–39 (2001), hep-ph/0008182. 8. H. V. Klapdor-Kleingrothaus, I. V. Krivosheina, A. Dietz, and O. Chkvorets, Phys. Lett. B586, 198–212 (2004),

hep-ph/0404088.

9. S. Schönert, et al., Nucl. Phys. Proc. Suppl. 145, 242–245 (2005). 10. S. Rahaman, et al., Phys. Lett. B662, 111–116 (2008), 0712.3337. 11. V. S. Kolhinen, et al., Phys. Rev. C82, 022501 (2010).

12. R. B. Firestone, and V. S. Shirley, Table of Isotopes, Wiley, New York, 1998. 13. J. Barea, and F. Iachello, Phys. Rev. C79, 044301 (2009). 14. F. Iachello, Talk presented at NOW 2010, to appear in the proceedings, 2010.