International Journal of Modern Physics A © World Scientific Publishing Company

NEUTRINOLESS DOUBLE BETA DECAY AND LEPTON FLAVOR VIOLATION

VINCENZO CIRIGLIANO Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125, USA

I argue that muon lepton flavor violating (LFV) processes (such as μ → eγ and μ → e conversion in nuclei) provide a useful diagnostic tool to determine whether or not the effective neutrino mass can be safely extracted from the rate of neutrinoless double beta decay.

In the past few years convincing experimental evidence for neutrino oscillations has been collected^1, implying that neutrinos are massive particles, with masses much smaller than those of other known fermions. Among the most urgent open questions^2 in neutrino physics are the determination of (i) neutrino charge conjugation properties (Dirac or Majorana) and (ii) the absolute mass scale in the spectrum. The study of neutrinoless double beta decay (0νββ) can help addressing these issues. For one, observation of this ΔL = 2 process would establish the existence of total lepton number violation (LNV), thereby implying that neutrinos are massive Majorana particles^3. Ideally, the observation of 0νββ would also help determine the absolute scale of neutrino mass, since the total decay rate (Γ_{0νββ} ) arising from light Majorana neutrinos is proportional to the square of the effective mass, m_{ββ} (defined precisely below).

It has long been recognized, however, that the extraction of m_{ββ} from Γ_{0νββ} is problematic. In general, 0νββ can be generated by (i) light Majorana ν exchange (helicity flip and non-flip) or (ii) heavy particle exchange (see, e.g.,^6), resulting from LNV dynamics at some scale above the electroweak one. The relative size of heavy (A_H ) versus light particle (A_L) exchange contributions to the decay amplitude can be crudely estimated as follows^7:

A_L ∼ G^2_F m_{ββ} k̄2 , A^H ∼ G^{2F}

M^4_W Λ^5 , A_H A_L ∼ M^4_W k̄^2 Λ^5m_{ββ}

, (1)

where m_{ββ} = ∑ i U^2_{ei}m_{νi} is the effective Majorana mass (U_{ℓn} being the light neutrino mixing matrix), k̄^2 ∼ (50 MeV)^2 is the typical light neutrino virtuality, and Λ is the heavy scale relevant to the LNV dynamics. Therefore, A_H /A_L ∼ O(1) for m_{ββ} ∼ 0.1 − 0.5 eV and Λ ∼ 1 TeV, and thus the LNV dynamics at the TeV scale leads to similar 0νββ decay rate as the exchange of light Majorana neutrinos with effective mass m_{ββ} ∼ 0.1 − 0.5 eV. While spin-flip and non-flip exchange can be, in principle, distinguished by the measurement of the single-electron spectra 1

2 Vincenzo Cirigliano

or polarization (see e.g.^8), in most cases the observation of the emitted electrons does not distinguish between light Majorana or heavy particle exchange. Thus, one must look for phenomenological consequences of the different mechanisms other than observables directly associated with 0νββ.

Here we point out a link between 0νββ mechanisms and muon LFV processes^9, with emphasis on the processes μ → eγ and μ → e conversion in nuclei that will be studied with unprecedented sensitivity in the forthcoming MEG^4 and MECO^5 experiments, respectively. The relevant branching ratios are B_{μ→eγ} = Γ(μ → eγ)/Γ^{(0)}_μ and B_{μ→e} = Γ_{conv}/Γ_{capt}, where μ → eγ is normalized to the standard muon decay rate Γ^{(0)}_μ = (G^2_F m^5_μ)/(192π^3), while μ → e conversion is normalized to the capture rate Γ_{capt}. The new experiments will probe B_{μ→eγ} and B_{μ→e} at levels that would be sensitive to the effects of LFV induced by interactions involving TeV scale particles. Since models for the generation of Majorana neutrino masses typically also imply the existence of such interactions, studies of charged lepton LFV can also provide insight into the mechanism of 0νββ. Moreover, one expects different models to predict different ratios of branching fractions, as these depend on the relative size of different form factors. For example, B_{μ→eγ} is determined by a transition magnetic moment form factor. If the same form factor is also the dominant contribution to B_{μ→e}, then the ratio of the two rates is expected to be ∼ α/π. However, B_{μ→e} receives contributions as well from a transition charge radius form factor, Z-penguins, box diagrams, and in some cases by tree level exchange of exotic particles. In light of this, the main discriminating quantity in our analysis is the ratio R = B_{μ→e}/B_{μ→eγ} . We find that:

(1) Observation of both the LFV muon processes μ → e and μ → eγ with relative ratio R ∼ 10^{−2} implies, under generic conditions, that Γ_{0νββ} ∼ m^2_{ββ} .

(2) On the other hand, observation of LFV muon processes with relative ratio R ≫ 10^{−2} opens up many possibilities, inlcuding non-trivial LNV dynamics at the TeV scale (whose effect on 0νββ has to be analyzed on a case by case basis). Therefore, in this scenario no definite conclusion on 0νββ can be drawn based on LFV rates.

(3) Non-observation of LFV in muon processes in forthcoming experiments would imply either that the scale of non-trivial LFV and LNV is above a few TeV, and thus Γ_{0νββ} ∼ m^2_{ββ} , or that any TeV-scale LNV is approximately flavor diagonal.

(If only one process is observed, the deduced constraint on R may still be of use for our analysis.) Below, we explain the basis for the above observations and discuss the requirements on scenarios that might circumvent them.

In order to arrive at the above results, it is useful to formulate the problem in terms of effective field theory. Relevant quantities in this context are the LNV and LFV scales, which in general may be distinct. As long as both scales are well above the weak scale, then Γ_{0νββ} ∼ m^2_{ββ}, and one does not expect to observe LFV signals

Neutrinoless double beta decay and lepton flavor violation 3

in forthcoming experiments. In scenarios with high scale LNV (Γ_{0νββ} ∼ m^2_{ββ} ) but possibly low scale LFV, one can have different LFV signatures: in models such as SUSY-GUT^{10} or SUSY see-saw^{11}, one expects R ∼ 10^{−2}, while in models based on E_6 or showing non-decoupling effects one expects R ≫ 10^{−2 12,13}. Finally, the case where the scales of LNV and LFV are both relatively low ( <∼ TeV) is more subtle, as this scenario might lead to observable LFV and at the same time to ambiguities in interpreting a positive signal in 0νββ. We have shown^9 that in models with TeV scale |ΔL| = 1, 2 interactions the typical LFV signature is R ≫ 10^{−2}. These observartions allow one to establish the criteria enumerated above.

The main claim of Ref.^9 is that in models with TeV scale |ΔL| = 1, 2 interactions and generic flavor content of the couplings one finds that a short-distance contribution to 0νββ is accompanied by R ≫ 10^{−2}. This statement has been illustrated in two explicit cases: the minimal supersymmetric standard model (MSSM) with R-parity violation (RPV-SUSY) and the Left-Right Symmetric Model (LRSM) (for details see Ref.^9). The basic mechanism at work is that TeV scale LNV interactions (ΔL = ±1 and/or ΔL = ±2) generate sizable contributions to the transition charge radius form factor and/or to tree level operators mediating μq → eq, thus enhancing μ → e conversion over μ → eγ^{14,15,16}. These conclusions can be evaded only by fine-tunings in the appropriate Yukawa couplings.

Acknowledgments

I am grateful to A. Kurylov, M. J. Ramsey-Musolf, and P. Vogel for a stimulating collaboration. This work is supported by a Sherman Fairchild Fellowship.

References 1. K. Zuber, plenary talk at this meeting. 2. A. de Gouvea, plenary talk at this meeting. 3. J. Schechter and J. Valle, Phys. Rev. D25, 2951 (1982). 4. G. Signorelli, J. Phys. G 29, 2027 (2003). 5. J. L. Popp, NIM A472, 354 (2000); hep-ex/0101017.

6. G. Prezeau et al., Phys. Rev. D 68, 034016 (2003) [arXiv:hep-ph/0303205], and refs.

therein.

7. R. N. Mohapatra, Nucl. Phys. Proc. Suppl. 77, 376 (1999) [arXiv:hep-ph/9808284]; for a more refined treatment see G. Prezeau, arXiv:hep-ph/0409235.

8. M. Doi, T. Kotani, and E. Takasugi, Prog. Theor. Phys. Suppl. 83, 1(1985). 9. V. Cirigliano et al., arXiv:hep-ph/0406199, to appear in Phys. Rev. Lett. 10. R. Barbieri et al., Nucl. Phys. B 445, 219 (1995) [arXiv:hep-ph/9501334]. 11. F. Borzumati and A. Masiero, Phys. Rev. Lett. 57, 961 (1986). 12. J. Bernabeu et al., Nucl. Phys. B 409, 69 (1993) [arXiv:hep-ph/9306251]. 13. D. Tommasini et al., Nucl. Phys. B 444, 451 (1995) [arXiv:hep-ph/9503228]. 14. M. Raidal and A. Santamaria, Phys. Lett. B 421, 350 (1998). 15. A. de Gouvea et al., Phys. Rev. D 63, 035004 (2001) [arXiv:hep-ph/0008085]. 16. V. Cirigliano et al., Phys. Rev. D 70, 075007 (2004) [arXiv:hep-ph/0404233].