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Revised August 2017 by P. Vogel (Caltech) and A. Piepke (University
of Alabama).
Observation of neutrinoless double-beta (0νββ) decay would signal violation of total
lepton number conservation. The process can be mediated by an exchange of a light
Majorana neutrino, or by an exchange of other particles. However, the existence of 0νββdecay requires Majorana neutrino mass, no matter what the actual mechanism is. As
long as only a limit on the lifetime is available, limits on the effective Majorana neutrino
mass, on the lepton-number violating right-handed current or other possible mechanisms
mediating 0νββ-decay can be obtained, independently of the actual mechanism by
assuming that one of these “new physics” possibilities dominates. These limits are listed
in the next three tables.
In the following we assume that the exchange of light Majorana neutrinos
(mνi ≤ 10 MeV) contributes dominantly to the decay rate. Besides a dependence
on the phase space (G0ν ) and the nuclear matrix element (M 0ν ), the observable
0νββ-decay rate is proportional to the square of the effective Majorana mass hmββ i,
0ν )−1 = G0ν · |M 0ν |2 · hm i2 , with hm i2 = | P U 2 m |2 . The sum contains, in
(T1/2
ββ
ββ
i ei νi
2 , i.e., cancellations may occur. For three neutrino
general, complex CP-phases in Uei
flavors, there are three physical phases for Majorana neutrinos. There is only one phase if
neutrinos are Dirac particles. The two additional Majorana phase differences affect only
processes to which lepton-number-changing amplitudes contribute. Given the general
3 × 3 mixing matrix for Majorana neutrinos,
one can construct other analogous lepton
P
number violating quantities, hmℓℓ′ i = i Uℓi Uℓ′ i mνi (l or l′ 6= e). However, these are
currently much less constrained than hmββ i.
Nuclear structure calculations are needed to deduce hmββ i from the decay rate. While
0ν
G can be calculated, the computation of M 0ν is subject to uncertainty. Comparing
different nuclear model evaluations indicates a factor ∼2 to 3 spread in the calculated
nuclear matrix elements. In addition, if the effective value of the axial current coupling
constant gA in nuclei is substantially smaller in absolute value than its single nucleon
value gA = −1.2723 ± 0.0023, the decay rate might be further reduced. The particle
physics quantities to be determined are thus nuclear model-dependent, so the half-life
measurements are listed first. Where possible, we reference the nuclear matrix elements
used in the subsequent analysis. Since rates for the conventional 2νββ decay serve to
constrain the nuclear theory models, results for this process are also given.
Oscillation experiments utilizing atmospheric-, accelerator-, solar-, and reactorproduced neutrinos and anti-neutrinos yield strong evidence that at least some neutrinos
are massive. However, these findings shed no light on the mass hierarchy (i.e., on the
sign of ∆m231 ), the absolute neutrino mass values or the properties of neutrinos under
CPT-conjugation (Dirac or Majorana).
All confirmed oscillation experiments can be consistently described using three
interacting neutrino species with two mass splittings and three mixing angles. Full three
+0.04
−3 eV2
flavor analyses such as e.g. Ref. 1 yield: |∆m231 | = 2.55+0.04
−0.07 (2.49−0.06 ) × 10
+0.017
and sin2 θ23 = 0.430+0.020
−0.018 (0.596−0.018 ) for the parameters observed in atmospheric and
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accelerator experiments, where the values correspond to the normal (inverted) hierarchies.
Oscillations of solar νe and reactor ν̄e lead to ∆m221 = 7.56 ± 0.19 × 10−5 eV2 and
sin2 θ12 = 0.321+0.018
−0.016 . The electron type neutrinos couple only weakly to the third mass
+0.082
−2
eigenstate with sin2 θ13 = 2.155+0.090
−0.075 (2.140−0.085 ) × 10 . (All errors correspond to 1σ.)
Based
on
the
3-neutrino
analysis: hmββ i2 = | cos2 θ13
cos2 θ12 m1 + ei∆α21 cos2 θ13 sin2 θ12 m2 + ei∆α31 sin2 θ13 m3 |2 , with ∆α21 , ∆α31 denoting the physically relevant Majorana CP-phase differences (possible Dirac phase
δ is absorbed in these ∆α). Given the present knowledge of the neutrino oscillation
parameters one can derive the relation between the effective Majorana mass and the
mass of the lightest neutrino, as illustrated in the left panel of Fig. 69.1. The three
mass hierarchies allowed by the oscillation data: normal (m1 < m2 < m3 ), inverted
(m3 < m1 < m2 ), and degenerate (m1 ≈ m2 ≈ m3 ), result in different projections. The
width of the innermost hatched bands reflects the uncertainty introduced by the unknown
Majorana and Dirac phases. If the experimental errors of the oscillation parameters are
taken into account, then the allowed areas are widened as shown by the outer bands of
Fig. 69.1. Because of the overlap of the different mass scenarios a measurement of hmββ i
in the degenerate or inversely hierarchical ranges would not determine the hierarchy. The
middle panel of Fig. 69.1 depicts the relation of hmββ i with the summed neutrino mass
mtot = m1 + m2 + m3 , constrained by observational cosmology. The oscillation data thus
allow to test whether observed values of hmββ i and mtot are consistent within the 3
neutrino framework. The right hand panel of Fig. 69.1, finally, shows hmββ i as a function
of the average mass hmβ i = [Σ|Uei |2 m2νi ]1/2 determined through the analysis of the
electron energy distribution in low energy beta decays. The rather large intrinsic width
of the ββ-decay constraint essentially does not allow to positively identify the inverted
hierarchy, and thus the sign of ∆m231 , even in combination with these other observables.
Naturally, if the value of hmββ i ≤ 0.01 eV, but non-zero is ever established then normal
hierarchy becomes the only possible scenario.
It should be noted that systematic uncertainties of the nuclear matrix elements are not
folded into the mass projections shown in Fig. 69.1. Taking this additional uncertainty
into account would further widen the allowed areas. The uncertainties in oscillation
parameters affect the width of the allowed bands in an asymmetric manner, as shown
in Fig. 69.1. For example, for the degenerate mass pattern (hmββ i ≥ 0.1 eV) the upper
edge is simply hmββ i ∼ m, where m is the common mass of the degenerate multiplet,
independent of the oscillation parameters, while the lower edge is m cos(2θ12 ). Similar
arguments explain the other features of Fig. 69.1. The plots in Fig. 69.1 are based on a
3-neutrino analysis. If it turns out that additional, i.e. sterile light neutrinos exist, the
allowed regions would be modified substantially.
If the neutrinoless double-beta decay is observed, it will be possible to fix a range
of absolute values of the masses mνi . Unlike the direct neutrino mass measurements,
however, a limit on hmββ i does not allow one to constrain the individual mass values mνi
even when the mass differences ∆m2 are known.
Neutrino oscillation data imply, for the first time, the existence of a lower limit ∼
0.014 eV for the Majorana neutrino mass for the inverted hierarchy mass pattern while
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Figure 69.1: The left panel shows the dependence of hmββ i on the absolute mass
of the lightest neutrino mmin . The middle panel shows hmββ i as a function of the
summed neutrino mass mtot , while the right panel depicts hmββ i as a function of
the mass hmβ i. In all panels the width of the hatched areas is due to the unknown
Majorana phases and thus irreducible. The allowed areas given by the solid lines
are obtained by taking into account the errors of the oscillation parameters (at 90%
confidence level [1]) . The two sets of solid lines correspond to the normal (blue)
and inverted(red) hierarchies. These sets merge into each other for hmββ i ≥ 0.1 eV,
which corresponds to the degenerate mass pattern.
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hmββ i could, by fine tuning, vanish in the case of the normal mass hierarchy. Several new
double beta searches have been proposed to probe the interesting hmββ i mass range, with
the prospect of full coverage of the inverted mass hierarchy region within the next decade.
The 0νββ decay mechanism discussed so far is not the only way in which the decay
can occur. Numerous other possible scenarios have been proposed, however, all of them
requiring new physics. It will be a challenging task to decide which mechanism was
responsible once 0νββ decay is observed. LHC experiments may reveal corresponding
signatures for new physics of lepton number violation. If lepton-number-violating
right-handed current weak interactions exist, their strength can be characterized by
the phenomenological coupling constants η and λ (η describes the coupling between
the right-handed lepton current and left-handed quark current while λ describes the
couplingPwhen both currents are
P right-handed). The 0νββ decay rate then depends on
hηi = η i Uei Vei and hλi = λ i Uei Vei that vanish for massless or unmixed neutrinos
(Vℓj is a matrix analogous to Uℓj but describing the mixing with the hypothetical
right-handed neutrinos). The observation of the single electron spectra could, in principle,
allow to distinguish this mechanism of 0νββ from the light Majorana neutrino exchange
driven mode. The limits on hηi and hλi are listed in a separate table. The reader
is cautioned that a number of earlier experiments did not distinguish between η and
λ. In addition, see the section on Majoron searches for additional limits set by these
experiments.
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