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INTRODUCTION
The six years which have passed since the publication
of Ref. [1] have brought many new and exciting results in
the field of neutrino physics and, in particular, in the field of
double beta (2β) decay research. In fact, neutrino physics has
recently undergone a revolution which makes it extremely in-
teresting to search for neutrinoless (0ν) 2β decay. Indeed, the
solar neutrino data [2] (including the latest results from the
Sudbury Neutrino Observatory which provide evidence on
a non-electron-flavor active neutrino component in the so-
lar flux [3]), the measured deficit in the flux of atmospheric
muon neutrinos [4], and the results of the LSND accelera-
tor experiment [5] can all be explained by means of neutrino
oscillations requiring, in turn, nonzero neutrino masses.1 Ac-
cording to many scenarios offered by theoretical models for
the neutrino mass (mν) spectrum (see Ref. [8] and references
therein) the current data on oscillation allows the range 0.01 ≤
f nonzero neutrino mass was obtained in
ideration of the long-range forces induced
ge between nucleons in some massive ob-
Contribution from multibody neutrino ex-
the self-energy of a neutron star, and, to

ibution, a nonzero neutrino mass is needed.
r limit on neutrino mass mν > 0.4 eV was
ned results, however, have been criticized
eferences therein).
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mν ≤ 1 eV [9]. However, oscillation experiments are sensi-
tive to neutrino mass differences, while only the measured
0ν2β decay rate can give the absolute scale of the effective
Majorana neutrino mass2 and, hence, provide a crucial test
of mν models [8, 9].

The 0ν2β decay is forbidden in the Standard Model
(SM) because it violates lepton number (L) conserva-
tion. However, many extensions of the SM—in particu-
lar, grand unified theories (GUTs) incorporating L-violating
interactions—permit 0ν2β decay. Double β decay assumes
great conceptual importance as a result of the strong statement
obtained in the gauge theory of weak interaction that a non-
vanishing 0ν2β decay rate, independent of the mechanism
that induces it, requires neutrinos to be massive Majorana
particles [10]. Currently, besides a conventional left-handed
neutrino exchange mechanism, modern gauge theories of-
fer many other possibilities to trigger the 0ν2β process
[11–13]. For instance, in left–right symmetric GUT mod-
els, this process can be mediated by heavy right-handed
neutrinos [14–16]. Consequently, 2β experiments are sen-
sitive to right-handed WR boson masses. Another type of
gauge bosons predicted by some GUTs is leptoquarks, which
can transform quarks to leptons and induce 0ν2β decay via
2 Obviously, its accuracy depends on the uncertainties of
the nuclear matrix elements calculation.
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leptoquark–Higgs couplings. Thus, restrictions on leptoquark
masses and coupling constants can be derived [17]. Hypo-
thetical substructure of quarks and leptons (compositeness)
can also give rise to a new 0ν2β decay mechanism by ex-
change of composite heavy Majorana neutrinos [18, 19] and,
for this reason, compositeness can be checked at low energy.
Moreover, there are also possible 0ν2β decay mechanisms
based on the supersymmetric (SUSY) interactions: exchange
of squarks, etc., within R-parity3 violating SUSY models
[20–25] and exchange of sneutrinos, etc., in R-parity con-
serving SUSY models [26–27]. Consequently, the competi-
tive restrictions on the sneutrino masses, R-parity violating
couplings, etc., can be obtained from 2β decay studies.

Therefore, at present, the neutrinoless 2β decay is con-
sidered as a powerful test of the new physical effects beyond
the SM. The absence of this process yields strong constraints
on mν , lepton violation constants, and other parameters of the
manifold SM extensions. These constraints make it possible
to narrow the wide choice of theoretical models and to touch
the multi-TeV energy range competitive in some cases to the
accelerator experiments [11–13, 28].

Despite numerous efforts since 1948 to detect 0ν2β

decay [29], this process still remains unobserved.4 Never-
theless, outstanding experimental results have been obtained
during the last decade. First of all, from the total number of
35 potential 0ν2β− decay candidates, 28 have been studied
in direct experiments, and the highest half-life limits have
been set for several of them: T 0ν

1/2 ≥ 1022 yr for 82Se [47] and
100Mo [48]; T 0ν

1/2 ≥ 1023 yr for 116Cd [49], 128Te [50], 130Te
[50], and 136Xe [51]; and T 0ν

1/2 ≥ 1025 yr for 76Ge [52, 53].
In contrast with a neutrinoless process, the allowed 2ν2β

decay has been observed in direct experiments with seven
nuclides: 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, and 150Nd.5

The measured half-lives are presented in Table A, where the
ranges of theoretical T 2ν

1/2 values determined for each nuclide
3 R-parity is defined as Rp = (−1)3B+L+2S , where B, L ,
and S are the baryon and lepton numbers and the spin,
respectively.

4 There are several early reviews [30–45], as well as more
recent ones [1, 11–13, 28, 46].

5 Besides, 2β decay branching ratio of 238U was de-
termined by using a radiochemical technique as T 2β

1/2 =
(2.0 ± 0.6) × 1021 yr [54], while half-lives of 82Se (≈1020 yr),
96Zr (≈4×1019 yr), 128Te (≈1024 yr), and 130Te (≈1021 yr)
were measured by geochemical experiments (see Table I).
However, these methods cannot distinguish between 0ν and
2ν modes, thus only total 2β decay rates were measured.
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on the basis of available nuclear matrix elements (NME) cal-
culations are shown for comparison.

Most Sensitive 0ν2β Decay Experiments
100Mo

This nuclide has been investigated by several groups
(see Refs. [1, 46]). The most stringent half-life limit
was reached by means of the spectrometer ELEGANT V
(Osaka University), which consists of three drift chambers for
measuring two β trajectories, plastic scintillators to measure
β-ray energies and arrival times, and a NaI(Tl) crystal scintil-
lator array as γ -ray detectors [48]. Two passive, 20 mg/cm2

thick, 100Mo sources (enrichment ≈95%) with a total mass of
171 g were set in the central drift chamber. From the 7582-h
data collected at Oto Cosmo Observatory (Japan), combined
with the previous results (7333-h run at the Kamioka Under-
ground Laboratory), the limit T 0ν

1/2 ≥ 5.5(10.3) × 1022 yr has
been obtained at 90% (68%) CL [48].

116Cd

The experiment with 116Cd has been performed by
the INR (Kiev)6 at the Solotvina Underground Laboratory
(Ukraine) with 116CdWO4 crystal scintillators enriched to
83% in 116Cd. In the latest run, four crystals (total mass 339 g)
with energy resolutions (FWHM) of 11.5% at 1064 keV and
8.0% at 2615 keV were used [49]. Passive and active shield-
ings together with the time-amplitude and pulse-shape ana-
lysis of the data lowered the background rate in the energy
region 2.5–3.2 MeV to 0.03 counts/yr · kg · keV. On the basis
of runs lasting 4629 h, the limits for the 0ν2β decay mode
were set as T 0ν

1/2 ≥ 0.7(2.5) × 1023 yr at 90% (68%) CL [49].

130Te (128Te)

The Milano group (Milan University and INFN) has
used low-temperature detectors (crystal TeO2 bolometers) to
study the 2β decay of 130Te [50]. The detector consists of an
array (total mass of 6.8 kg) of 20 TeO2 crystals (3×3×6 cm3

each) which is cooled down to a temperature of ≈10 mK
by the dilution refrigerator installed in the Gran Sasso Un-
derground Laboratory (Italy). High-purity (HP) electrolytic
copper (2.2 cm thick) and low-radioactivity Roman lead
(10 cm thick) were utilized as inner shields of the crystals,
6 From 1998 onwards, this experiment has been carried
out by the Kiev–Firenze collaboration.
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TABLE A
The 2ν2β Decay Half-Lives Measured in Direct Experiments

Experimental Signal to Range of calculated
Nuclide T 2ν

1/2 (yr) background ratioa Reference T 2ν
1/2 values (yr)b

48Ca 4.3+2.8
−1.8×1019 0.2–2.0 [55] 6×1018−5×1020

4.2+3.3
−1.3×1019 — [56]

76Ge (9.0 ± 1.0)×1020 0.1 [57] 7×1019−6×1022

1.1+0.6
−0.3×1021 0.1 [58]

8.4+1.0
−0.8×1020 — [59]

(1.1 ± 0.2)×1021 — [60]
(1.8 ± 0.1)×1021 1.4–4.0 [61]

82Se 1.1+0.3
−0.1×1020 7.9 [47] 3×1018−6×1021

(8.3 ± 1.2)×1019 1.8 [62]
96Zr 2.1+0.8

−0.4×1019 1.9 [63] 3×1017−6×1020

100Mo 3.3+2.0
−1.0×1018 5.6 [64] 1×1017−2×1022

1.2+0.5
−0.3×1019 �0.2 [65]

(9.5 ± 1.0)×1018 2.8 [66]
7.6+2.2

−1.4×1018 0.6 [67]
6.8+0.8

−0.9×1018 10.9 [68]
116Cd 2.6+0.9

−0.5×1019 0.3 [69] 3×1018−2×1021

2.7+1.0
−0.7 × 1019 1.0 [70]

(3.8 ± 0.4) × 1019 3.9 [71]
2.6+0.7

−0.4 × 1019 4–15 [49]
150Nd 1.9+0.7

−0.4 × 1019 4.0 [72] 6×1016−4×1020

(6.8 ± 0.8) × 1018 6.3 [68]

a The values of the signal-to-background ratio (or their ranges corresponding to different energy intervals) are
given as estimated by the authors of the original works.

b See Table I and Ref. [1] for references to calculated results.
while the refrigerator itself was surrounded by a 10-cm layer
of common lead. The energy resolution of the array was
around 9 keV at 2615 keV, and the background rate in the
region of 0ν2β decay of 130Te (Qββ = 2529 keV) was about
0.5 counts/yr · kg · keV. The data were accumulated for
62,995 h × crystals, resulting in 0.66 kg × yr statistics for
130Te. The lower limit T 0ν

1/2 ≥ 1.44 × 1023 yr at 90% CL
was established for 0ν2β decay of 130Te, while T 0ν

1/2 ≥ 8.6 ×
1022 yr at 90% CL was set for 128Te [50].

136Xe

The Caltech–Neuchatel–PSI collaboration has built a
time projection chamber (TPC) with an active volume of
180 liters containing 24.2 moles (3.3 kg) of Xe gas (enriched
to 62.5% in 136Xe) at a pressure of 5 atm [51]. The FWHM
energy resolution of the detector was 6.6% at the transition en-
ergy (Qββ = 2468 keV). The track reconstruction capability
of the TPC provided an efficient rejection of the background,
which was reduced to ≈0.02 counts/yr · kg · keV around
2.48 MeV (within a FWHM energy interval). From 6830 +
6013 h (or 4.9 kg × yr) of data taking in the Gotthard Un-
derground Laboratory (Switzerland) a limit of T 0ν

1/2 ≥ 4.4 ×
1023 yr at 90% CL has been set [51].
86
76Ge

Currently there are two large 76Ge experiments being
performed by the IGEX [73] and by the Heidelberg–Moscow
[52] collaborations. (i) The IGEX is operating three 2-kg HP
Ge detectors (enriched to ≈88% in 76Ge) in the Canfranc Un-
derground Laboratory (Spain). The shield consists of 2.5 tons
of archaeological lead and 10 tons of 70-yr-old low-activity
lead, with a plastic scintillator as a cosmic muon veto. The
pulse-shape discrimination technique is applied to the data.
The background rate is ≈0.06 counts/yr · kg · keV (within the
energy interval 2.0–2.5 MeV). The combined energy resolu-
tion for the 0ν2β peak (Qββ = 2039 keV) is 4 keV. Analysis
of 116.75 mol × yr (or 8.87 kg × yr in 76Ge) of data yielded
a lower bound T 0ν

1/2 ≥ 1.57 × 1025 yr at 90% CL [53]. (ii)
The Heidelberg–Moscow experiment in the Gran Sasso Un-
derground Laboratory uses five HP Ge detectors (enriched to
86% in 76Ge) with a total active mass of 10.96 kg (125.5 moles
of 76Ge). Passive and active shieldings, as well as pulse-shape
analysis (PSA), allow the reduction of background rate in the
energy region of interest to ≈0.06 counts/yr · kg · keV. The
energy resolution at 2039 keV is 4 keV. From the analysis of
24 kg×yr of data, a limit of T 0ν

1/2 ≥ 1.6 × 1025 yr with 90%
CL has been set for 76Ge [52].
Atomic Data and Nuclear Data Tables, Vol. 80, No. 1, January 2002
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TABLE B
Best Reported T 0ν

1/2 and mν Limits from Direct 2β Decay Experiments

Experimental limit Limit on mν (eV)
T 0ν

1/2 (yr) after Ref. [74] Range of mν

limit (eV)
Nuclide 68% CL 90% CL Reference 68% CL 90% CL 90% CL

76Ge 2.8 × 1025 1.6 × 1025 [52] 0.29 0.38 0.33−2.5
— 1.6 × 1025 [53] — 0.38 0.33−2.5

100Mo 1.0 × 1023 5.5 × 1022 [48] 3.6 4.9 1.4−256
116Cd 2.5 × 1023 7.0 × 1022 [49] 1.4 2.6 2.4−8.4
130Te — 1.4 × 1023 [50] — 1.9 1.1−6.4
136Xe — 4.4 × 1023 [51] — 2.2 0.8−5.2
Discussion

The half-life limits on 0ν2β decay obtained in the most
sensitive direct experiments and the corresponding restric-
tions on the Majorana neutrino mass are given in Table B. The
mν constraints are presented in two ways: (i) in Column 4,
the mν limits are determined on the basis of NME calculation
of Staudt et al.7 [74]; and (ii) in Column 5, the ranges of mν

limits are estimated by using all available NME calculations8

(see Table I and Ref. [1] for detailed references).
It is obvious from Table B that 76Ge studies, in which

limits of T 0ν
1/2 ≥ 1025 yr have been reached, have placed the

most stringent restrictions on the neutrino mass at the level
of ∼0.5 eV. Even though the T 0ν

1/2 limits with 116Cd, 130Te,
and 136Xe are much lower at around 1023 yr, the mν bounds
are in the range of 2–3 eV [74], which are not so drastically
different from the limit in the case of 76Ge. (Because the Qββ

value of 76Ge (2039 keV) is low, its 2β phase space integral
(and consequently 0ν2β decay probability) is about seven
times smaller than those of 116Cd and 130Te [13].)

These 0ν2β results have already brought the most strin-
gent restrictions on the right-handed admixtures in the weak
interaction η � 10−7, λ � 10−5, and on the neutrino–Majoron
coupling constant gM � 10−4. However, on the basis of the
current status of astroparticle physics (and neutrino physics,
in particular) it is very desirable to improve the present level of
sensitivity further by 1–2 orders of magnitude [8, 12, 28, 75].
7 The NMEs of Ref. [74] were chosen because of the most
extensive list of 2β candidate nuclei calculated in this work
on the basis of the QRPA formalism, which allows to compare
the sensitivity of different experiments to the mν within the
same scale.

8 We are using the second presentation following Ref. [28]:
“Since there is no objective way to judge which calculation
is correct, one often uses the spread between the calculated
values as a measure of the theoretical uncertainty.”

87
Future Projects

There are several reasons why improvements in sensi-
tivity should be attempted for several nuclei: (i) The 0ν2β

decay is still an elusive phenomenon. Despite the progress
in theoretical treatment, there are large discrepancies (up to
three orders of magnitude) between calculated and already
measured half-lives of 2ν2β decay of 48Ca, 76Ge, 82Se, 96Zr,
100Mo, 116Cd, and 150Nd (see Table A). It is unlikely that the
predictive ability of the theory for an unobserved 0ν2β decay
can be much better than that for the 2ν2β decay; therefore,
several candidate nuclides should be studied. (ii) Research
on 2β decay is at the frontier of modern technology. No one
can a priori predict where the highest sensitivity would be
reached. New advanced experimental techniques could bring
an advantage to a particular 2β decay candidate. (iii) Study-
ing a wide set of nuclei becomes even more important if 0ν2β

decay is observed in one experiment. Such a discovery has
to be confirmed with other nuclides and by using another ex-
perimental technique, which should be properly developed
by then. However, because of the extremely low background
nature of the 2β decay experiments, such a development is a
multistage and rather long process. For instance, the first valu-
able result with 76Ge was obtained in 1970 as T 0ν

1/2 ≥ 1021 yr
[76]. As a result of intensive R&D performed by several
groups, this limit was advanced to T 0ν

1/2 ≥ 1025 yr in 2000
[52, 53]. Thus the improvement in sensitivity by four orders
of magnitude was reached after 30 years of strong efforts.

Many projects have been proposed during the past few
years with regard to these goals. An interesting approach to
study 2β decay of 136Xe was suggested [77, 78] in 1991,
which makes use of the coincident detection of 136Ba2+ ions
(the final state of 136Xe decay on the atomic level)9 and the
9 The idea of detecting 136Ba2+ ions with the aim to deter-
mine the 2β decay rate of 136Xe was presented for the first
time in Ref. [79].
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10 To our knowledge, the 2ν2β decay induced by solar neu-
trinos and by antineutrinos from the decay of 40K, 232Th,
238U, etc., in the earth’s core was discussed for the first time
in connection with the background in geochemical 2β decay
experiments [89]. Capture rates of solar ν’s (earth’s ν̄’s) esti-
mated for the set of 2β− (2β+) nuclides yielded induced T1/2

values in the range of 1027−29 yr (1028−30 yr) [89].
11 The use of a reactor (accelerator) neutrino beam or an

artificial radioactive νe source (similar to 51Cr) to induce such
a reaction has been proposed recently [90, 91].

12 Double β decay is always allowed if the reaction energy,
Qββ , is positive. In the case of an α unstable or β unstable
parent nucleus, the 2β process will be only one of a few
branches of the decay.
0ν2β signal with the energy of 2.5 MeV in a TPC filled with
liquid or gaseous Xe. Resonance Ionization Spectroscopy
(RIS) was proposed for the identification of 136Ba2+ ions in
the liquid Xe drift ionization chamber [80]. Recently, the
EXO project has been considered [81], in which the coinci-
dent detection method would be applied in a large (40 m3)
TPC operated at 5–10 atm pressure of enriched xenon (about
1–2 tons of 136Xe). Estimated sensitivity of such an apparatus
to neutrino mass is ≈0.01 eV [81]. Another proposal (orig-
inating from Raghavan’s idea [82]) is to dissolve ≈80 kg
(≈1.5 tons) of enriched (natural) Xe in the liquid scin-
tillator of the BOREXINO Counting Test Facility (CTF),
where a T 0ν

1/2 limit in the range of 1024–1025 yr could be
reached [83].

The project MOON aims to make both the study of 0ν2β

decay of 100Mo and the real time studies of low-energy so-
lar ν by inverse β decay [84]. The detector module will be
composed of ≈60,000 plastic scintillators (6 m × 0.2 m ×
0.25 cm), the light outputs from which are collected by
866,000 wavelength shifter fibers (1.2 mm diameter × 6 m
long), viewed through clear fibers by 6800 16-anode photo-
multiplier tubes. The proposal calls for the use of 34 tons of
natural Mo (i.e., 3.3 tons of 100Mo) per module in the form
of a foil with a thickness ≈50 mg/cm2 and purified to the
level of 1 µBq/kg for 232Th and 238U. The sensitivity of such
a module to the neutrino mass could be of the order of mν ≈
0.05 eV [84].

The nucleus 160Gd (Qββ = 1730 keV) is an attrac-
tive candidate because of its favorable theoretical value of
T 0ν

1/2 · 〈mν〉2 = 8.6 × 1023 yr · eV2 [74] and rather large natu-
ral abundance (21.9%), allowing the construction of a sensi-
tive apparatus with natural Gd2SiO5 : Ce crystal scintillators
(GSO). An experiment using the GSO multicrystal array with
a total mass of 1–2 tons (≈200–400 kg of 160Gd) has been
suggested with the projected sensitivity of T 0ν

1/2 ≈ 5 × 1026 yr
(mν ≤ 0.07 eV) [85]. Such an experimental technique could
also be of great interest for solar neutrino spectroscopy with
160Gd [86]. Hence, even a larger setup with ≈30 t of the GSO
crystals (needed for the solar neutrino detection) could be-
come available, enhancing the sensitivity of the by-product
0ν2β decay study of 160Gd to the level of mν ≤ 0.02 eV [85]
at the same time.

The DCBA project is under development in KEK
(Japan) [87]. The drift chamber placed in the uniform mag-
netic field (0.6 kG) can measure the momentum of each β

particle emitted in 2β decay and the position of the decay ver-
tex with three-dimensional reconstruction of tracks. With a
passive source (50 mg/cm2) of 18-kg-enriched 150Nd (Qββ =
3367 keV), the projected sensitivity to the Majorana neutrino
mass is ≈0.05 eV [87].
8

Using future large-scale Yb-loaded liquid scintillation
detectors for solar neutrino spectroscopy (LENS [86]), it
is proposed to search for 2β− decay of 176Yb (Qββ =
1087 keV) and εβ+ decay of 168Yb (Qββ = 1422 keV). With
about 20 tons of natural Yb (≈2.5 tons of 176Yb) the limit
T 0ν

1/2 ≥ 1026 yr could be set on 0ν2β decay of 176Yb (mν ≤
0.1 eV) [88].

There are two new approaches: induced 2β decay10

and 2β decay of α and β unstable nuclei. In the first pro-
cess, the 2ν mode is induced by neutrinos (antineutrinos)
and positrons (electrons) for 2β− (2β+) decay,11 while the
0ν mode is induced by positrons and electrons. Prelimi-
nary calculations indicate that for the particular transition
e− + 124

54 Xe → 124
52 Te + e+ + 2νe, the capture rate is enhanced

rapidly with the incident electron energy [92]. The second
approach is the search for 2β decay of α or β unstable nu-
clei whose Qββ values are much higher than those for α or β

stable 2β candidates.12 The probability of 0ν2β decay is pro-
portional to the fifth power of Qββ . Therefore, taking the cases
of 19B and 22C (Qββ � 43 MeV [93]) as examples, their 0ν2β

decay rates would be 4 × 106 times faster than that for 76Ge
with Qββ � 2 MeV (for equal NMEs). However, because of
the enormous difficulty of accumulating large amounts of
fast-decaying parent nuclide and difficulties in detecting 2β

decay in the presence of intensive β background, no reli-
able schemes of such experiments have been proposed till
now. Not only the latest two proposals but also all projects
mentioned above require a significant amount of R&D to
demonstrate their feasibility.

There are two projects, NEMO-3 [94] and CUORICINO
[95], under construction now. The NEMO-3 apparatus will
allow direct detection of two electrons by a tracking device
(6180 drift cells) and measurement of their energies by 1940
large blocks of plastic scintillators. Up to 10 kg of 100Mo
8 Atomic Data and Nuclear Data Tables, Vol. 80, No. 1, January 2002
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(passive source with the equivalent thickness of ≈60 mg/cm2)
will be placed between two concentric cylindrical tracking
volumes. The energy resolution of the calorimeter at 3 MeV
is 8.8%. For 5 yr measuring time and with 7 kg of 100Mo
source, the sensitivity of the NEMO-3 detector would be on
the level of T 0ν

1/2 ≥ 4 × 1024 yr (mν ≤ 0.3–0.7 eV) [96].
The CUORICINO setup will contain 56 low-tempe-

rature bolometers made of TeO2 crystals (750 g each) with a
total mass of 42 kg cooled down to a temperature of ≈10 mK
by the dilution refrigerator. The projected CUORICINO sen-
sitivity is T 0ν

1/2 ≥ 1024–1025 yr or mν ≤ 0.1–0.5 eV [95, 97].
The main goal of the CUORICINO setup is to be a pi-
lot step for a future CUORE project, which would contain
one thousand TeO2 bolometers with total mass 750 kg. The
excellent energy resolution of TeO2 bolometers (5–10 keV
at 2.5 MeV) is a powerful tool for discriminating the 0ν sig-
nal from the background. However, because of the complex-
ity of cryogenic technique (which requires the use of many
different construction materials) the CUORE sensitivity is
quoted by authors for different background rates (0.5–0.05
counts/yr · kg · keV at 2.5 MeV) and would be as high as
T 0ν

1/2 ≥ (1−5) × 1025 yr or mν ≤ 0.05–0.2 eV [95, 97].
Recently a realistic project CAMEO has been suggested

[98], where the unique features (super-low background and
large sensitive volume) of the CTF (already existing device)
and the BOREXINO setup (under construction) could be
used to study 116Cd. It is supposed that ≈100 kg of en-
riched 116CdWO4 crystal scintillators would be placed in
the liquid scintillator of the CTF. The calculated sensitiv-
ity of the CAMEO experiment (in terms of the T 0ν

1/2 limit)
is ≈1026 yr, which translates into mν ≤ 0.06 eV. Similarly,
the constraint on the neutrino mass could be pushed down
to mν ≤ 0.02 eV [98] with one ton of 116CdWO4 crystals
located in the BOREXINO apparatus.

In addition, three large-scale projects involving 76Ge are
under discussion. The MAJORANA proposal [99] will use
around 500 kg of HP Ge semiconductor detectors (enriched
in 76Ge) in a more or less standard setup, where all known
methods of background reduction would be applied.

The GENIUS project [100] intends to operate 1000 kg
of high-purity Ge (enriched in 76Ge) detectors placed in a
tank (12 m diameter × 12 m high) with about 1000 t of ex-
tremely high-purity liquid nitrogen (required demands on its
radioactive contamination are ≈10−15 g/g for 40K, 238U, and
232Th and 0.05 mBq/m3 for 222Rn) serving simultaneously
as a cooling medium and shielding for the detectors. With
≈7 × 1027 nuclei of 76Ge, a sensitivity of T 0ν

1/2 ≥ ≈1028 yr
(mν ≤ 0.015–0.05 eV) could be reached [100].

To simplify the 76Ge experiment, the GEM project has
been proposed [101], in which 1000 kg of “naked” HP Ge
89
detectors (enriched in 76Ge) would be operating in the ultra-
high-purity liquid nitrogen (40 t) contained in the copper
vacuum cryostat. The latter is shielded by high-purity water
to suppress external background. The projected sensitivity
is T 0ν

1/2 ≥ 1028 yr, which corresponds to the neutrino mass
constraints mν ≤ 0.015–0.05 eV [101].
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POLICIES

Literature Coverage

All available experimental papers, including refereed
journal articles (which were strongly preferred), conference
proceedings, preprints, and theses, were covered up to April,
92
2001. If the same data have been described in several papers,
we give only the most extensive and recent reference. We
present in the table all known positive results on 2β searches,
whereas, in the case of limits on T1/2, we give only the most
stringent current experimental bounds. We quote theoretical
half-lives for the most popular neutrino mass mechanism only
and for a few theoretical models, giving a sense of the theoret-
ical uncertainties. The sources with the most extensive lists
of calculated nuclei were used, enabling a comparison with
theoretical values for different 2β isotopes obtained by the
same approach. Additional theoretical calculations are ref-
erenced in the Introduction; among them, recent theoretical
reviews [11, 13] represent intensive sources of T1/2 calcula-
tions for 2β decay resulting from other mechanisms such as
right-handed currents, etc. Theoretical results published be-
fore 1995, which were included in the previous issue of these
tables [1], were removed from the present issue. However,
we have added several relevant theoretical calculations from
before 1995 which were missed in our previous publication.

Data Presentation

All values of half-lives in the Table are rounded to the
second decimal place. We regard this as the accuracy achiev-
able with current experimental techniques.

Uncertainties

The full uncertainty is calculated as the square root of
the sum of squares of systematic and statistical uncertainties
(if both were presented in the original paper).

Confidence Levels

Confidence level (CL) is given only if it was quoted
in the original paper. If several limits on the half-life were
calculated for different CL in the article, only the limit with
the higher CL is chosen for presentation in Table I. No efforts
have been made to recalculate all data for the same confidence
level.

In the current updated version of the 2β tables, we do
not repeat formulas for energy and angular distributions of
electrons in various modes of 2β decay, nor show the set of
graphs representing various 2β decay data; they as well as
older experimental and theoretical results can be found in the
previous issue of the tables [1].
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EXPLANATION OF TABLES

TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives for Various 2β Processes
(2β−; 2β+; εβ+; 2ε)

In Table I, the most stringent known experimental limits or positive results for 2β decay half-lives are
given for transitions from parent ground states to daughter ground and excited states. Listed are 69 double
β unstable nuclides present in natural isotopic composition of elements; these include 7 for which neither
experimental nor theoretical results have yet been reported. The cutoff date for this compilation is April, 2001.

Theoretical estimates of half-lives are presented for comparison. For 0ν decay, the theoretical half-lives
are given for the (light) neutrino mass mechanism with mν = 1 eV. For 0ν decay with Majoron emission, the
neutrino–Majoron coupling constant is set to gM = 1 × 10−5.

A Mass number
Z Atomic number
X, Y Element symbols

MA in keV Mass difference between parent and daughter atoms (with uncertainty in parentheses) taken

from [Aud95]; if recent experimental measurements of 
MA are known, the results are
given in addition together with the reference source

δ in % Abundance of parent nuclide (with uncertainty in parentheses) taken from [Ros98]
Type of result

Exp. Experimental values
Th. Theoretical estimates

Decay channel
2β− Double electron decay
2β+ Double positron decay
εβ+ Electron capture and β+ decay
Kβ+ Electron capture from K shell and β+ decay
2ε Double electron capture
2K Double electron capture from K shell
2L Double electron capture from L shell
K L Double electron capture in which one electron is captured from the K shell and another from

the L shell
Jπ

n (E (level)) Level of daughter nucleus with spin J , parity π , and ordinal number n; the level energy in
keV is given in parentheses [ToI78, ToI96]

g.s. Ground state
2+

1 , 0+
1 , . . . Excited levels of daughter nucleus

Decay mode
2ν Two-neutrino mode of process
0ν Neutrinoless mode of process
0ν(mν) Neutrinoless decay due to nonzero neutrino mass
0ν(λ), 0ν(η) Neutrinoless decay due to right-handed currents
0νM1 Neutrinoless mode with emission of Majoron; the distribution of the sum of electron initial

energies is given by the formula F(T ) = (T 4 + 10T 3 + 40T 2 + 60T + 30)T (T0 − T )SI

with spectral index SI = 1
0νM3 Neutrinoless mode with double Majoron emission (or emission of vector or charged Majorons,

etc.); SI = 3 in the formula for F(T )
0νM7 Neutrinoless mode with Majoron(s) emission with spectral index SI = 7 in the formula for

F(T )
T1/2 (yr) The 2β decay half-life in years
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EXPLANATION OF TABLES continued

CL or Theor. For experimental results, confidence level (CL) is given; for theoretical values, the approach
model in which the result was obtained, is quoted:

GSM Generalized Seniority Model
HFB Hartree–Fock–Bogoliubov model
IBM Interacting Boson Model
IQM Independent Quasiparticle Model
MCM Multiple Commutator Model
OEM Operator Expansion Method
PSE Phase Space Estimate (with Nuclear Matrix Element = 1)
pSU(3) Pseudo SU(3) model for deformed nuclei
QCM Quark Confinement Model
QRPA (One of the modification of the) Quasiparticle Random Phase Approximation
RPA Random Phase Approximation
SM Shell Model
SSDH Single State Dominance Hypothesis
SU(4) SU(4) approach

Reference The data source keyed to the list of References for Tables
Note Additional information is given as a footnote corresponding to the given letter

TABLE II. List of Known 2β Unstable Nuclides Absent in Natural Isotopic Composition of Elements

Table II contains the list of 19 other known 2β unstable nuclides [ToI96] which are absent in natural
isotopic composition of elements because of short half-life decays through other channels. Only “conventional”
2β decaying candidate nuclides are listed: for these, the intermediate nucleus (A, Z ± 1) has larger mass than
initial (A, Z ) and final (A, Z ± 2) nuclei.

Parent nuclide A, Z , and element symbol of 2β unstable nuclide
Main channel of Principal decay channel and observed half-life of the parent nuclide, from [ToI96]
decay and T1/2

α Alpha decay
14
6 C Decay with emission of 14

6 C cluster
sf Spontaneous fission
yr, d, . . . Half-life given in years, days, . . .

Potential 2β Possible 2β decay channels, and A, Z and element symbol of daughter nuclide
transition and
daughter nuclide

MA Mass difference between parent and daughter atoms in keV (with uncertainty in paren-

theses) taken from [Aud95].
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TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

36
18Ar−36

16S Exp. 2ε –

433.5(0.4) Th. 2ε g.s. 2ν = 1.7 × 1029 SM Nak96

0.3365(0.0030)

40
20Ca−40

18Ar Exp. 2ε g.s. 0ν > 3.0 × 1021 90 Bel99a

193.78(0.29) 2ν > 5.9 × 1021 90 Bel99a

96.941(0.156) Th. 2ε g.s. = 1.2 × 1033 SM Chi84

46
20Ca−46

22Ti Exp. 2β− g.s. 0ν > 1.0 × 1017 90 Bel99a

990.4(2.4) Th. 2β− – A

0.004(0.003)

48
20Ca−48

22Ti Exp. 2β− g.s. 0ν > 2.0 × 1021 80 Bar70 B

4272(4) > 9.5 × 1021 76 You91 C

0.187(0.021) > 1.5 × 1021 90 Bru00

2ν > 3.6 × 1019 Bar70

= 4.3+2.8
−1.8 × 1019 Bal96

= 4.2+3.3
−1.3 × 1019 Bru00

0νM1 > 7.2 × 1020 90 Bar70 D

2+
1 (984) 0ν > 1.0 × 1021 90 Bar70 D

0+
1 (2997) 0ν > 8.0 × 1018 95 Alb86

Th. 2β− g.s. 0ν = 3.2 × 1024 SM Hax84 A

= 2.8 × 1025 QRPA Pan96

= 2.3 × 1024 QRPA Bar99a

= 8.8 × 1024 SM Cau99

2ν = 6.1 × 1018 SM Tsu84

= 5.0 × 1020 SU(4) Rum95

≤ 1.0 × 1020 SM Pov95

= 3.9 × 1019 SM Cau99

50
24Cr−50

22Ti Exp. εβ+ g.s. 0ν + 2ν > 1.8 × 1017 68 Nor85

1171.4(1.2) Th. εβ+, 2ε –

4.345(0.013)

54
26Fe−54

24Cr Exp. 2K g.s. 0ν > 4.4 × 1020 68 Bik98

679.9(0.5) K L g.s. 0ν > 4.1 × 1020 68 Bik98

5.845(0.035) 2L g.s. 0ν > 5.0 × 1020 68 Bik98

Th. 2ε g.s. 2ν = 1.5 × 1027 SM Nak96

58
28Ni−58

26Fe Exp. εβ+ g.s. 0ν + 2ν > 7.0 × 1020 68 Vas93

1925.8(0.7) 2+
1 (811) 0ν + 2ν > 4.0 × 1020 68 Vas93

68.0769(0.0089) εβ+, 2ε 2+
1 (811) 0ν + 2ν > 4.0 × 1019 90 Bel82

2+
2 (1675) 0ν + 2ν > 4.0 × 1019 90 Bel82

2ε g.s. + 2+
1 (811) 0ν > 2.1 × 1019 68 Nor84

Th. εβ+ g.s. 2ν = 8.6 × 1025 SM Nak96 A

2ε 2ν = 6.1 × 1024 SM Nak96

64
30Zn−64

28Ni Exp. εβ+ g.s. 0ν + 2ν > 2.3 × 1018 68 Nor85

1096.4(0.9) = (1.1 ± 0.9) × 1019 Bik95 E

48.63(0.60) 2ε 0ν + 2ν > 8.0 × 1015 Ber53

Th. εβ+, 2ε –
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TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

70
30Zn−70

32Ge Exp. 2β− g.s. 0ν > 4.8 × 1014 Fre52 F

1000.9(3.4) Th. 2β− g.s. 2ν = 2.5 × 1021 − 6.4 × 1023 QRPA Bob00 A

0.62(0.03)

76
32Ge−76

34Se Exp. 2β− g.s. 0ν > 1.6 × 1025 90 Bau99 G

2038.7(0.5) > 1.6 × 1025 90 Gon00

2038.58(0.31) [Hyk93] 2ν = (9.0 ± 1.0) × 1020 68 Vas90a

2039.006(0.050) [Dou01] = 1.1+0.6
−0.3 × 1021 95 Mil90

7.61(0.38) = 8.4+1.0
−0.8 × 1020 95 Bro93 H

= (1.1 ± 0.2) × 1021 Aal96

= (1.8 ± 0.1) × 1021 Gun97

0νM1 > 7.9 × 1021 90 Gun97

0νM3 > 5.9 × 1021 90 Gun97

0νM7 > 6.6 × 1021 90 Gun97

2+
1 (559) 0ν > 8.2 × 1023 90 Mai94

0ν + 2ν > 1.1 × 1021 90 Bar95a

0+
1 (1122) 0ν > 2.0 × 1022 68 Bus90

0ν + 2ν > 6.2 × 1021 90 Vas00

2+
2 (1216) 0ν + 2ν > 1.4 × 1021 90 Bar95a

Th. 2β− g.s. 0ν = 1.7 × 1024 SM Hax84 A

= 6.2 × 1024 QCM Suh91

= 1.9 × 1025 SM Cau96

= 1.8 × 1025 QRPA Pan96

= 9.5 × 1024 QRPA Sim97

= (2.0 − 2.9) × 1024 QRPA Aun98

= 3.2 × 1024 QRPA Bar99a

= 1.8 × 1025 SM Cau99

= 4.2 × 1024 QRPA Sim99

= (3.2 − 7.4) × 1024 QRPA Sto00

= 5.0 × 1024 QRPA Suh00a

= (6.9 − 9.6) × 1025 QRPA Bob01

= (2.9 − 4.0) × 1024 QRPA Sto01

2ν = 4.2 × 1020 SM Hax84

= 3.0 × 1021 SU(4) Rum95

= 2.2 × 1021 SM Cau96

= 7.7 × 1020 MCM Aun96

= 5.0 × 1021 SU(4) Rum98

= 2.6 × 1021 SM Cau99

= 6.7 × 1020 − 5.9 × 1022 QRPA Bob00

= 1.3 × 1021 QRPA Kan01

0νM1 = 4.3 × 1024 QRPA Hir96

= 1.7 × 1025 QRPA Sim99

2+
1 (559) 2ν = 2.4 × 1024 QRPA Sto94

= 7.8 × 1025 MCM Aun96

= 1.0 × 1026 MCM Toi97

= (2.4 − 4.3) × 1026 QRPA Sch98

0+
1 (1122) 0ν = 5.6 × 1026 QRPA Suh00a

2ν = 7.5 × 1021 MCM Aun96

= (1.0 − 3.1) × 1023 MCM Toi97

2+
2 (1216) 2ν = 1.3 × 1029 MCM Aun96

= 7.2 × 1027 − 2.2 × 1028 MCM Toi97
96 Atomic Data and Nuclear Data Tables, Vol. 80, No. 1, January 2002



V. I. TRETYAK and Y. G. ZDESENKO Double Beta Decay
TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

74
34Se−74

32Ge Exp. εβ+, 2ε –

1209.4(0.6) Th. εβ+, 2ε –

1209.53(0.48) [Hyk93]
0.89(0.04)

80
34Se−80

36Kr Exp. 2β− –

133.9(3.7) Th. 2β− g.s. 2ν = 6.3 × 1029 − 6.0 × 1032 QRPA Bob00 A

49.61(0.41)

82
34Se−82

36Kr Exp. 2β− all modes = (1.4 ± 0.3) × 1020 Kir69 I
2995.1(2.0) = (2.8 ± 0.9) × 1020 Sri73 I

2995.8(1.5) [Nxu93] = (1.5 ± 0.2) × 1020 Kir83b J
8.73(0.22) = 9.7+3.6

−4.5 × 1019 Mar85 I

= (1.0 ± 0.4) × 1020 Man86 J

= (1.3 ± 0.1) × 1020 Kir86 J

< (1.7 ± 0.2) × 1020 Lin86 I

= 1.0+0.3
−0.4 × 1020 Mur87 I

= (1.2 ± 0.1) × 1020 Lin88a I

= 1.0 × 1020 Man91 J

g.s. 0ν > 2.7 × 1022 68 Ell92

2ν = 1.1+0.3
−0.1 × 1020 68 Ell92

= (8.3 ± 1.2) × 1019 Arn98

0νM1 > 2.4 × 1021 90 Arn98

0νM3 > 6.3 × 1020 90 Arn00

0νM7 > 1.1 × 1020 90 Arn00

2+
1 (777) 0ν > 2.8 × 1021 90 Arn98

0ν + 2ν > 1.4 × 1021 90 Suh97a

2+
2 (1475) 0ν + 2ν > 1.6 × 1021 90 Suh97a

0+
1 (2172) 0ν + 2ν > 3.0 × 1021 90 Suh97a

Th. 2β− g.s. 0ν = 5.8 × 1023 SM Hax84 A

= 2.4 × 1024 SM Cau96

= 2.8 × 1024 QRPA Pan96

= (7.7 − 8.1) × 1023 QRPA Aun98

= 7.5 × 1023 QRPA Bar99a

= 1.1 × 1024 QRPA Sim99

= 2.4 × 1024 SM Cau99

= 1.8 × 1024 QRPA Suh00a

= (5.6 − 7.6) × 1023 QRPA Sto01

2ν = 2.6 × 1019 SM Hax84

= 3.0 × 1020 SU(4) Rum95

= 5.0 × 1019 SM Cau96

= 4.5 × 1019 MCM Aun96

= 3.9 × 1018 − 9.8 × 1019 QRPA Suh97a

= 2.6 × 1020 SU(4) Rum98

= 3.7 × 1019 SM Cau99

= 2.0 × 1019 − 1.2 × 1021 QRPA Bob00

= 1.0 × 1020 QRPA Kan01

0νM1 = 6.0 × 1023 QRPA Hir96

= 2.3 × 1024 QRPA Sim99

2+
1 (777) 2ν = 2.0 × 1023 QRPA Sto94

= 3.3 × 1026 MCM Aun96

> 5.3 × 1024 QRPA Suh97a

= (1.0 − 2.4) × 1024 QRPA Sch98
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V. I. TRETYAK and Y. G. ZDESENKO Double Beta Decay
TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

2+
2 (1475) 2ν = 6.3 × 1024 MCM Aun96

= (2.8 ± 0.4) × 1024 QRPA Suh97a

0+
1 (2172) 0ν = 1.1 × 1027 QRPA Suh00a

2ν = 1.5 × 1021 MCM Aun96

= (1.9 ± 0.2) × 1021 QRPA Suh97a

78
36Kr−78

34Se Exp. 2β+ g.s. 0ν + 2ν > 2.0 × 1021 68 Sae94

2866(7) Kβ+ g.s. 0ν > 5.1 × 1021 68 Sae94

0.35(0.01) 2ν > 1.1 × 1020 68 Sae94

2K g.s. 2ν > 2.3 × 1020 90 Gav00a

Th. εβ+ g.s. 2ν = 6.2 × 1021 MCM Aun96 A

= 1.0 × 1024 SU(4) Rum98

0+
1 (1499) 2ν = 3.8 × 1028 MCM Aun96

2ε g.s. 2ν = 3.7 × 1021 MCM Aun96

= 8.2 × 1021 − 6.8 × 1022 MCM Toi97

= 6.2 × 1023 SU(4) Rum98

0+
1 (1499) 2ν = 3.7 × 1024 MCM Aun96

= 4.7 × 1024 − 2.1 × 1027 MCM Toi97

86
36Kr−86

38Sr Exp. 2β− –

1255.6(2.4) Th. 2β− g.s. 2ν = 2.2 × 1023 − 9.9 × 1024 QRPA Bob00 A

17.30(0.22)

84
38Sr−84

36Kr Exp. εβ+ g.s. 0ν > 7.3 × 1013 Fre52 F

1786.8(3.6) Th. εβ+, 2ε – A

0.56(0.01)

94
40Zr−94

42Mo Exp. 2β− g.s. 0ν > 1.9 × 1019 90 Arn99

1144.1(2.0) 2ν > 1.1 × 1017 90 Arn99

17.38(0.28) 0νM1 > 2.3 × 1018 90 Arn99

2+
1 (871) 0ν + 2ν > 1.3 × 1019 68 Nor87

Th. 2β− g.s. 2ν = 3.1 × 1022 − 6.6 × 1024 QRPA Bob00 A

96
40Zr−96

42Mo Exp. 2β− all modes = (3.9 ± 0.9) × 1019 68 Kaw93 I,K

3350.4(2.9) g.s. 0ν > 1.0 × 1021 90 Arn99

2.80(0.09) 2ν = 2.1+0.8
−0.4 × 1019 Arn99

0νM1 > 3.5 × 1020 90 Arn99

0νM3 > 6.3 × 1019 90 Arn00

0νM7 > 2.4 × 1019 90 Arn00

2+
1 (778) 0ν > 3.9 × 1020 90 Arn99

0ν + 2ν > 7.9 × 1019 90 Bar96b

0+
1 (1148) 0ν + 2ν > 6.8 × 1019 90 Bar96b

2+
2 (1498) 0ν + 2ν > 6.1 × 1019 90 Bar96b

2+
3 (1626) 0ν + 2ν > 5.4 × 1019 90 Bar96b

4+
1 (1628) 0ν + 2ν > 1.8 × 1018 68 Nor87

Th. 2β− g.s. 0ν = 2.7 × 1025 QRPA Pan96 A

= (3.6 − 6.0) × 1023 QRPA Aun98

= 1.6 × 1024 QRPA Sim99

= 7.6 × 1023 QRPA Suh00b

= 6.3 × 1023 − 1.0 × 1024 QRPA Sto01

2ν = 1.0 × 1019 SU(4) Rum95
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V. I. TRETYAK and Y. G. ZDESENKO Double Beta Decay
TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

= 3.9 × 1019 QRPA Sto95

= 5.8 × 1017 − 3.9 × 1018 MCM Bar96b

= (4.2 − 4.4) × 1019 MCM Toi97

= 1.1 × 1019 SU(4) Rum98

= 4.5 × 1018 − 6.1 × 1020 QRPA Bob00

0νM1 = 2.8 × 1024 QRPA Sim99

2+
1 (778) 2ν = 6.4 × 1022 QRPA Sto95

= 3.3 × 1019 − 2.2 × 1022 MCM Bar96b

= (3.8 − 4.8) × 1021 MCM Toi97

= (1.1 − 1.4) × 1021 QRPA Sch98

0+
1 (1148) 0ν = 5.6 × 1024 QRPA Suh00b

2ν = 3.8 × 1021 QRPA Sto95

= 2.1 × 1020 − 1.3 × 1021 MCM Bar96b

= (2.4 − 2.7) × 1021 MCM Toi97

0+
2 (1330) 0ν = 9.3 × 1026 QRPA Suh00b

2+
2 (1498) 2ν = 5.1 × 1023 − 1.0 × 1026 MCM Bar96b

= (6.0 − 6.3) × 1024 MCM Toi97

92
42Mo−92

40Zr Exp. εβ+ g.s. 0ν + 2ν > 1.9 × 1020 90 Bar97

1649.1(3.7) εβ+, 2ε 2+
1 (934) 0ν + 2ν > 3.0 × 1018 90 Bel82

14.84(0.35) 0+
1 (1383) 0ν + 2ν > 4.0 × 1018 90 Bel82

4+
1 (1495) 0ν + 2ν > 6.0 × 1018 90 Bel82

2ε 2+
1 (934) 0ν + 2ν > 8.9 × 1020 90 Bar97

0+
1 (1383) 0ν + 2ν > 8.1 × 1020 90 Bar97

Th. εβ+ g.s. 2ν = 2.4 × 1025 MCM Aun95 A

2ε g.s. 2ν = 3.0 × 1022 MCM Aun95

= 4.6 × 1022 − 3.3 × 1024 SM Suh97b

0+
1 (1383) 2ν = 2.4 × 1029 MCM Aun95

= 1.5 × 1028 − 3.1 × 1030 SM Suh97b

98
42Mo−98

44Ru Exp. 2β− g.s. 0ν > 1.0 × 1014 Fre52 F

112(6) Th. 2β− g.s. 2ν = 4.1 × 1030 − 1.5 × 1031 QRPA Bob00 A

24.13(0.31)

100
42Mo−100

44Ru Exp. 2β− g.s. 0ν(mν ) > 5.5 × 1022 90 Eji01

3034(6) 0ν(λ) > 4.2 × 1022 90 Eji01

9.63(0.23) 0ν(η) > 4.9 × 1022 90 Eji01

2ν = 3.3+2.0
−1.0 × 1018 90 Vas90b

= 1.2+0.5
−0.3 × 1019 90 Eji91

= (9.5 ± 1.0) × 1018 Das95

= 7.6+2.2
−1.4 × 1018 Als97

= 6.8+0.8
−0.9 × 1018 Sil97

= 8.5 × 1018 Ash99 L

0νM1 > 5.4 × 1021 68 Eji96

0νM3 > 1.6 × 1020 90 Arn00

0νM7 > 4.1 × 1019 90 Arn00

2+
1 (540) 0ν > 1.4 × 1022 68 Eji96

0ν + 2ν > 1.6 × 1021 90 Bar95b

0+
1 (1130) 0ν + 2ν > 1.2 × 1021 90 Blu92

= 6.1+1.8
−1.1 × 1020 68 Bar95b
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V. I. TRETYAK and Y. G. ZDESENKO Double Beta Decay
TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

= 9.3+2.8
−1.7 × 1020 Bar99b

= 5.9+1.8
−1.3 × 1020 Bra01

4+
1 (1227) 0ν > 6.3 × 1020 Kud92

2ν > 5.1 × 1019 Kud92

2+
2 (1362) 0ν + 2ν > 1.3 × 1021 90 Bar95b

0+
2 (1741) 0ν + 2ν > 1.3 × 1021 90 Bar95b

Th. 2β− g.s. 0ν = 3.6 × 1027 QRPA Pan96 A

= 2.6 × 1023 QRPA Sim97

= 5.8 × 1023 QRPA Bar99a

= 4.4 × 1023 QRPA Sim99

= (1.1 − 1.3) × 1023 QRPA Sto01

2ν = (1.1 − 2.2) × 1019 pSU(3) Hir95a

= 2.0 × 1019 SU(4) Rum95

= 1.2 × 1019 QRPA Sto95

= (4.4 − 8.6) × 1018 SSDH Civ98

= 4.1 × 1018 SU(4) Rum98
= (2.9 − 7.2) × 1018 MCM Suh98

= 5.0 × 1018 − 1.7 × 1022 QRPA Bob00

= 7.6 × 1018 SSDH Sem00

0νM1 = 2.4 × 1023 QRPA Hir96

= 9.1 × 1023 QRPA Sim99

2+
1 (540) 2ν = 5.5 × 1025 − 2.4 × 1026 pSU(3) Hir95a

= 3.4 × 1022 QRPA Sto95

= (1.0 − 1.1) × 1022 QRPA Sch98

= 5.3 × 1020 − 1.3 × 1021 MCM Suh98

0+
1 (1130) 2ν = 1.6 × 1021 pSU(3) Hir95a

= 2.1 × 1021 QRPA Sto95

= 5.4 × 1019 − 1.3 × 1020 MCM Suh98

2+
2 (1362) 2ν = (1.2 − 3.0) × 1024 MCM Suh98

96
44Ru−96

42Mo Exp. 2β+ g.s. 0ν + 2ν > 3.1 × 1016 68 Nor85

2719(8) εβ+ g.s. 0ν + 2ν > 6.7 × 1016 68 Nor85

5.54(0.14) 2+
1 (778) 0ν + 2ν > 6.0 × 1016 68 Nor85

0+
1 (1148) 0ν + 2ν > 4.5 × 1016 68 Nor85

2+
2 (1498) 0ν + 2ν > 5.5 × 1016 68 Nor85

2+
3 (1626) 0ν + 2ν > 5.3 × 1016 68 Nor85

4+
1 (1628) 0ν + 2ν > 5.3 × 1016 68 Nor85

Th. εβ+ g.s. 2ν = 8.6 × 1022 SU(4) Rum98 A

2ε g.s. 2ν = 1.4 × 1022 SU(4) Rum98

104
44Ru−104

46Pd Exp. 2β− –

1300(4) Th. 2β− – A

18.62(0.27)

102
46Pd−102

44Ru Exp. εβ+, 2ε –

1172.0(2.6) Th. εβ+, 2ε –

1.02(0.01)

110
46Pd−110

48Cd Exp. 2β− all modes > 6.0 × 1017 Win52

2000(11) g.s. 2ν > 6.0 × 1016 Win52 M

11.72(0.09) 0νM1 > 6.0 × 1016 Win52 M

Th. 2β− g.s. 2ν = 1.6 × 1020 QRPA Sto94 A
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TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

= (1.2 − 1.8) × 1020 SSDH Civ98

= 1.6 × 1020 SSDH Sem00

2+
1 (658) 2ν = 8.4 × 1025 QRPA Sto94

106
48Cd−106

46Pd Exp. 2β+ g.s. 0ν + 2ν > 2.4 × 1020 90 Bel99b

2771(8) 2+
1 (512) 0ν + 2ν > 1.6 × 1020 90 Bel99b

1.25(0.06) εβ+ g.s. 0ν > 3.7 × 1020 90 Bel99b

2ν > 4.1 × 1020 90 Bel99b

2+
1 (512) 0ν + 2ν > 2.6 × 1020 90 Bel99b

2+
2 (1128) 0ν + 2ν > 1.4 × 1020 90 Bel99b

0+
1 (1134) 0ν + 2ν > 1.1 × 1020 90 Bel99b

2ε g.s. + 2+
1 (512) 0ν > 1.5 × 1017 68 Nor84

2+
1 (512) 0ν + 2ν > 3.5 × 1018 90 Bar96c

2+
2 (1128) 0ν + 2ν > 5.1 × 1018 90 Bar96c

2ν > 4.9 × 1019 90 Bel99b

0+
1 (1134) 0ν + 2ν > 6.2 × 1018 90 Bar96c

2ν > 7.3 × 1019 90 Bel99b

1, 2+(2741) 2ν > 3.0 × 1019 90 Bel99b

2K g.s. 2ν > 5.8 × 1017 90 Geo95a

Th. 2β+ g.s. 2ν = 3.3 × 1025 QRPA Bar96c A

= 9.5 × 1025 − 1.8 × 1027 QRPA Suh01

εβ+ g.s. 2ν = 8.3 × 1020 QRPA Bar96c

= 1.3 × 1022 SU(4) Rum98

= 2.4 × 1021 − 4.4 × 1022 QRPA Suh01

0+
1 (1134) 2ν = 1.7 × 1026 QRPA Bar96c

= (5.1 − 5.8) × 1026 QRPA Suh01

2ε g.s. 2ν = 1.0 × 1020 QRPA Bar96c

= (2.0 − 2.1) × 1020 MCM Toi97

= (2.0 − 5.3) × 1021 SSDH Civ98

= 1.7 × 1021 SU(4) Rum98

= 3.0 × 1020 − 5.5 × 1021 QRPA Suh01

0+
1 (1134) 2ν = 1.0 × 1023 QRPA Bar96c

= 1.0 × 1023 MCM Aun96

= 1.0 × 1022 − 1.4 × 1023 MCM Toi97

= (3.0 − 3.4) × 1023 QRPA Suh01

108
48Cd−108

46Pd Exp. 2ε g.s. 0ν > 3.3 × 1016 90 Geo95a

269(6) 2K g.s. 2ν > 4.1 × 1017 90 Geo95a

0.89(0.03) Th. 2ε –

114
48Cd−114

50Sn Exp. 2β− g.s. 0ν > 2.0 × 1020 90 Geo95a

536.8(3.3) 2ν > 9.2 × 1016 99 Geo95a

28.73(0.42) Th. 2β− g.s. 2ν = 2.8 × 1024 − 1.2 × 1025 SSDH Civ98 A

= 1.3 × 1025 SSDH Sem00

116
48Cd−116

50Sn Exp. 2β− g.s. 0ν > 7.0 × 1022 90 Dan00

2805.0(3.8) 2ν > 1.8 × 1019 99 Dan95

7.49(0.18) = 2.6+0.9
−0.5 × 1019 68 Eji95

= 2.7+1.0
−0.7 × 1019 68 Dan95

= (3.8 ± 0.4) × 1019 Arn96

= 2.6+0.7
−0.4 × 1019 Dan00

0νM1 > 3.7 × 1021 90 Dan00
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TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

0νM3 > 5.9 × 1020 90 Dan00

0νM7 > 4.1 × 1019 90 Arn00

2+
1 (1294) 0ν > 1.3 × 1022 90 Dan00

0ν + 2ν > 2.4 × 1021 90 Pie94

0+
1 (1757) 0ν > 7.0 × 1021 90 Dan00

0ν + 2ν > 2.1 × 1021 90 Pie94

0+
2 (2027) 0ν + 2ν > 2.1 × 1021 90 Pie94

2+
2 (2112) 0ν + 2ν > 1.7 × 1020 68 Bar90

2+
3 (2225) 0ν + 2ν > 1.0 × 1020 68 Bar90

Th. 2β− g.s. 0ν = 4.9 × 1024 QRPA Pan96 A

= 6.9 × 1023 QRPA Sim97

= 4.0 × 1023 − 1.3 × 1024 QRPA Aun98

= 1.0 × 1024 QRPA Sim99

= 1.5 × 1024 QRPA Suh00b

= 7.8 × 1023 − 1.1 × 1024 QRPA Sto01

2ν = 1.0 × 1019 SU(4) Rum95

= 5.1 × 1019 MCM Aun96

= (1.5 ± 0.4) × 1019 SSDH Bha98

= (1.3 − 2.3) × 1019 SSDH Civ98

= 1.2 × 1019 SU(4) Rum98

= 1.2 × 1019 SSDH Sem00

0νM1 = 5.3 × 1023 QRPA Hir96

= 2.3 × 1024 QRPA Sim99

2+
1 (1294) 2ν = 3.4 × 1023 QRPA Sto94

= 1.1 × 1024 MCM Aun96

= (1.0 − 1.7) × 1024 QRPA Bha98

= (1.1 − 1.3) × 1023 QRPA Sch98

0+
1 (1757) 0ν = 2.0 × 1027 QRPA Suh00b

2ν = 1.1 × 1022 MCM Aun96

= (2.3 ± 0.6) × 1023 SSDH Bha98

0+
2 (2027) 0ν = 5.4 × 1028 QRPA Suh00b

2+
2 (2112) 2ν = 4.6 × 1027 MCM Aun96

= 6.6 × 1023 − 1.0 × 1024 QRPA Bha98

112
50Sn−112

48Cd Exp. εβ+ g.s. 0ν > 6.1 × 1013 Fre52 F

1922(4) Th. εβ+, 2ε – A

0.97(0.01)

122
50Sn−122

52Te Exp. 2β− g.s. 0ν > 5.8 × 1013 Fre52 F

366.2(2.8) Th. 2β− – A

4.63(0.03)

124
50Sn−124

52Te Exp. 2β− g.s. 0ν > 2.4 × 1017 95 Kal52

2287.0(1.5) 2ν > 1.0 × 1017 Kal52 N

5.79(0.05) 0νM1 > 1.0 × 1017 Kal52 N

2+
1 (603) 0ν + 2ν > 4.1 × 1019 95 Smo85

2+
2 (1326) 0ν + 2ν > 2.0 × 1018 68 Nor87

0+
2 (1657) 0ν + 2ν > 2.2 × 1018 68 Nor87

Th. 2β− g.s. 0ν = 4.6 × 1023 − 1.1 × 1024 QRPA Aun98 A

= 3.4 × 1024 SM Cau99

2ν = 7.8 × 1019 MCM Aun96

= 2.9 × 1020 SM Cau99
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TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

2+
1 (603) 2ν = 6.5 × 1026 MCM Aun96

0+
1 (1156) 2ν = 2.7 × 1021 MCM Aun96

2+
2 (1326) 2ν = 1.7 × 1027 MCM Aun96

120
52Te−120

50Sn Exp. εβ+ g.s. 0ν > 4.2 × 1012 Fre52 F

1698(10) Th. εβ+, 2ε –

0.09(0.01)

128
52Te−128

54Xe Exp. 2β− all modes = (1.5 ± 0.2) × 1024 Hen75 I

867.2(1.5) > 8.0 × 1024 95 Kir83a I

867.2(1.0) [Dyc90] = (1.4 ± 0.4) × 1024 Man86 J

31.74(0.08) > 5.0 × 1024 Kir86 J

= (1.8 ± 0.7) × 1024 Lin88b I

= 2.0 × 1024 Man91 J

= (7.7 ± 0.4) × 1024 68 Ber92 I

= (7.2 ± 0.3) × 1024 Cru93 I,O

= (2.2 ± 0.3) × 1024 Tak96 I

g.s. 0ν > 8.6 × 1022 90 Ale00

2+
1 (443) 0ν + 2ν > 4.7 × 1021 68 Bel87

Th. 2β− g.s. 0ν = 4.0 × 1024 SM Hax84 A

= 1.5 × 1026 QRPA Pan96

= 1.1 × 1025 QRPA Sim97

= 7.3 × 1024 QRPA Bar99a

= 4.9 × 1025 SM Cau99

= 2.5 × 1025 QRPA Sim99

= (1.4 − 1.9) × 1025 QRPA Sto01

2ν = 8.8 × 1022 SM Hax84

= 9.2 × 1022 IBM Sch85
= 4.0 × 1024 SU(4) Rum95
= 5.6 × 1023 MCM Aun96
= (1.7 − 2.9) × 1025 SSDH Civ98
= 4.1 × 1023 SU(4) Rum98

= 5.0 × 1023 SM Cau99
= 1.3 × 1025 SSDH Sem00

0νM1 = 4.9 × 1025 QRPA Hir96
= 3.6 × 1026 QRPA Sim99

2+
1 (443) 2ν = 5.9 × 1030 QRPA Sto94

= 1.6 × 1030 MCM Aun96

130
52Te−130

54Xe Exp. 2β− all modes = 1.4 × 1021 Ing50 I

2528.9(2.1) = (8.2 ± 0.6) × 1020 Tak66 I

2528.8(1.3) [Dyc90] = 6.2 × 1020 Kir67 I

34.08(0.62) = (3.0 ± 0.4) × 1020 Ger68 I

= (2.2 ± 0.7) × 1021 Kir68 I

= (2.0 ± 0.3) × 1021 Ale69 I

= (2.8 ± 0.3) × 1021 Sri72a I

= 2.5 × 1021 Sri72b I

= (1.0 ± 0.1) × 1021 Hen75 I

= (2.6 ± 0.3) × 1021 Kir83a I

= (2.6 ± 0.2) × 1021 Kir83b J

= (7.0 ± 2.0) × 1020 Man86 J

= (1.5 − 2.8) × 1021 Kir86 J
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TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

= (1.0 ± 0.3) × 1021 Ric86 I

< (1.3 ± 0.1) × 1021 Lin86 I

= (7.5 ± 0.3) × 1020 Lin88a I

= 8.0 × 1020 Man91 J

= (2.7 ± 0.1) × 1021 68 Ber92 I
= (7.9 ± 1.0) × 1020 Tak96 I

g.s. 0ν > 1.4 × 1023 90 Ale00

2ν > 3.0 × 1020 90 Ale00

0νM1 > 1.4 × 1021 90 Ale00

0νM3 > 7.0 × 1020 90 Ale00

2+
1 (536) 0ν > 9.7 × 1022 90 Ale00

0ν + 2ν > 4.5 × 1021 68 Bel87

> 1.6 × 1021 90 Bar01

2+
2 (1122) 0ν + 2ν > 2.7 × 1021 90 Bar01

0+
1 (1794) 0ν + 2ν > 2.3 × 1021 90 Bar01

Th. 2β− g.s. 0ν = 1.6 × 1023 SM Hax84 A

= 2.1 × 1024 QRPA Pan96

= (4.6 − 5.2) × 1023 QRPA Aun98

= 3.3 × 1023 QRPA Bar99a

= 5.8 × 1024 SM Cau99

= 1.5 × 1024 QRPA Sim99

= 9.8 × 1023 − 1.1 × 1024 QRPA Sto01

2ν = 1.7 × 1019 SM Hax84

= 1.7 × 1019 IBM Sch85

= 7.0 × 1020 SU(4) Rum95

= 2.6 × 1020 MCM Aun96

= 9.4 × 1019 SU(4) Rum98

= 2.3 × 1020 SM Cau99

0νM1 = 4.9 × 1023 QRPA Hir96

= 3.9 × 1024 QRPA Sim99

2+
1 (536) 2ν = 2.6 × 1024 QRPA Sto94

= 2.7 × 1023 MCM Aun96

= 3.0 × 1022 − 1.4 × 1023 MCM Toi97

2+
2 (1122) 2ν = 1.0 × 1028 MCM Aun96

= 2.0 × 1025 − 3.2 × 1026 MCM Toi97

0+
1 (1794) 2ν = 3.3 × 1020 MCM Aun96

= (2.6 − 7.1) × 1020 MCM Toi97

124
54Xe−124

52Te Exp. 2β+ g.s. 0ν > 4.2 × 1017 68 Bar89b

2865.6(2.2) 2ν > 2.0 × 1014 Bar89b

0.09(0.01) Kβ+ g.s. 0ν > 1.2 × 1018 68 Bar89b

2ν > 4.8 × 1016 68 Bar89b

Kβ+ 2+
1 (603) 0ν > 4.2 × 1017 68 Bar89b

2K g.s. 2ν > 1.1 × 1017 90 Gav98

Th. 2β+ g.s. 0ν = (3.4 − 4.3) × 1027 QRPA Aun98 A

εβ+ g.s. 2ν = 2.3 × 1024 MCM Aun96

= 8.2 × 1022 SU(4) Rum98

0+
1 (1156) 2ν = 1.0 × 1028 MCM Aun96

2ε g.s. 2ν = 3.9 × 1023 MCM Aun96

= 7.0 × 1021 SU(4) Rum98

0+
1 (1156) 2ν = 5.3 × 1024 MCM Aun96
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TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

126
54Xe−126

52Te Exp. 2ε –

897(6) Th. 2ε –

0.09(0.01)

134
54Xe−134

56Ba Exp. 2β− g.s. 0ν > 8.2 × 1019 68 Bar89b

830.1(3.0) 2ν > 1.1 × 1016 Bar89b

10.44(0.10) Th. 2β− – A

136
54Xe−136

56Ba Exp. 2β− g.s. 0ν(mν ) > 4.4 × 1023 90 Lue98

2468(7) 0ν(λ) > 2.6 × 1023 90 Vui93

8.87(0.16) 2ν > 8.1 × 1020 90 Gav00b

0νM1 > 7.2 × 1021 90 Lue98

2+
1 (819) 0ν > 6.5 × 1021 90 Bel91

Th. 2β− g.s. 0ν = 1.2 × 1025 SM Cau96 A

= 2.8 × 1024 QRPA Pan96

= 3.4 × 1023 QRPA Sim97

= (2.8 − 9.3) × 1023 QRPA Aun98

= 1.2 × 1025 SM Cau99

= 1.0 × 1025 QRPA Sim99

= (5.6 − 6.2) × 1024 QRPA Sto01

2ν = 1.0 × 1021 SU(4) Rum95

= 2.0 × 1021 SM Cau96

= 1.3 × 1020 MCM Aun96

= 1.1 × 1020 SU(4) Rum98

= 2.1 × 1021 SM Cau99

0νM1 = 2.2 × 1024 QRPA Hir96

= 2.8 × 1025 QRPA Sim99

2+
1 (819) 2ν = 4.7 × 1023 QRPA Sto94

= 2.4 × 1024 MCM Aun96

2+
2 (1551) 2ν = 5.1 × 1026 MCM Aun96

0+
1 (1579) 2ν = 2.5 × 1021 MCM Aun96

130
56Ba−130

54Xe Exp. 2β+, εβ+, 2ε all modes > 4.0 × 1021 Bar96a I,P

2611(7) Th. εβ+ g.s. 2ν = 3.1 × 1024 MCM Aun96 A

0.106(0.001) = 2.2 × 1023 SU(4) Rum98

0+
1 (1794) 2ν = 1.2 × 1028 MCM Aun96

2ε g.s. 2ν = 4.7 × 1023 MCM Aun96

= 7.5 × 1021 SU(4) Rum98

0+
1 (1794) 2ν = 5.4 × 1023 MCM Aun96

132
56Ba−132

54Xe Exp. 2ε all modes > 3.0 × 1020 Bar96a I,P

839.9(3.2) Th. 2ε –

0.101(0.001)

136
58Ce−136

56Ba Exp. 2β+ g.s. 0ν > 6.9 × 1017 68 Ber97

2400(50) 2ν > 1.8 × 1016 90 Dan01

0.185(0.002) Kβ+ g.s. 0ν > 3.8 × 1016 90 Dan01

2ν > 1.8 × 1015 90 Dan01

2K g.s. 0ν > 6.0 × 1015 90 Dan01

2ν > 7.0 × 1013 90 Dan01
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TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

Th. 2β+ g.s. 0ν = (2.6 − 2.7) × 1029 QRPA Aun98 A

εβ+ g.s. 2ν = 6.0 × 1023 SU(4) Rum98

2ε g.s. 2ν = (3.2 − 5.1) × 1021 SSDH Civ98

= 9.6 × 1021 SU(4) Rum98

138
58Ce−138

56Ba Exp. 2K g.s. 0ν > 1.8 × 1015 90 Dan01

693(10) 2ν > 9.0 × 1013 90 Dan01

0.251(0.002) Th. 2ε –

142
58Ce−142

60Nd Exp. 2β− g.s. 0ν > 1.5 × 1019 68 Ber97 Q

1416.9(2.1) 2ν > 1.6 × 1017 90 Dan01

11.114(0.051) Th. 2β− – A

146
60Nd−146

62Sm Exp. 2β− – Q

70.2(2.9) Th. 2β− – A

17.2(0.3)

148
60Nd−148

62Sm Exp. 2β− 2+
1 (550) 0ν + 2ν > 3.0 × 1018 90 Bel82 Q

1928.8(1.9) 2+
2 (1454) 0ν + 2ν > 2.7 × 1018 90 Bel82

5.7(0.1) Th. 2β− – A

150
60Nd−150

62Sm Exp. 2β− g.s. 0ν(mν ) > 1.7 × 1021 95 Kli86

3367.5(2.2) 0ν(λ) > 1.1 × 1021 95 Kli86

5.6(0.2) 0ν > 1.2 × 1021 90 Sil97

2ν > 1.8 × 1019 95 Kli86

= 1.9+0.7
−0.4 × 1019 Art95

= (6.8 ± 0.8) × 1018 Sil97

0νM1 > 2.8 × 1020 90 Sil97

2+
1 (334) 0ν + 2ν > 9.1 × 1019 90 Arp99

0+
1 (741) 0ν + 2ν > 1.0 × 1020 90 Arp99

4+
1 (773) 0ν + 2ν > 2.0 × 1019 90 Arp94

2+
2 (1046) 0ν + 2ν > 1.4 × 1020 90 Arp96

2+
3 (1194) 0ν + 2ν > 2.7 × 1018 90 Bel82

0+
2 (1256) 0ν + 2ν > 2.0 × 1020 90 Arp99

Th. 2β− g.s. 0ν = 8.7 × 1022 QRPA Sim99 A

2ν = 6.7 × 1018 pSU(3) Hir95b

= 1.0 × 1019 SU(4) Rum95

= 2.0 × 1018 SU(4) Rum98
0νM1 = 3.3 × 1022 QRPA Hir96

= 1.4 × 1023 QRPA Sim99

2+
1 (334) 2ν = 7.2 × 1024 pSU(3) Hir95b

0+
1 (741) 2ν = ∞ pSU(3) Hir95b

0+
2 (1256) 2ν = 4.3 × 1022 pSU(3) Hir95b

144
62Sm−144

60Nd Exp. εβ+, 2ε – Q

1781.1(1.8) Th. εβ+, 2ε –

3.07(0.07)

154
62Sm−154

64Gd Exp. 2β− 2+
1 (123) 0ν + 2ν > 2.3 × 1018 68 Der96

1251.0(1.3) Th. 2β− g.s. 0ν = 7.8 × 1025 IQM Kar85 A

22.75(0.29) 2ν = 1.6 × 1020 IQM Kar85
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TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

152
64Gd−152

62Sm Exp. 2ε – Q

55.6(1.2) Th. 2ε –

0.20(0.01)

160
64Gd−160

66Dy Exp. 2β− g.s. 0ν > 1.3 × 1021 90 Dan01

1729.7(1.3) 2ν > 1.9 × 1019 90 Dan01

21.86(0.19) 0νM1 > 3.5 × 1018 90 Dan01

0νM3 > 1.3 × 1019 90 Dan01

2+
1 (87) 0ν > 1.3 × 1021 90 Dan01

2ν > 2.1 × 1019 90 Dan01

Th. 2β− – A

156
66Dy−156

64Gd Exp. εβ+, 2ε – Q

2011(6) Th. 2ε g.s. 2ν = 2.7 × 1022 pSU(3) Cer99

0.06(0.01) 0+
1 (1050) 2ν = 8.3 × 1024 pSU(3) Cer99

0+
2 (1168) 2ν = 1.1 × 1025 pSU(3) Cer99

158
66Dy−158

64Gd Exp. 2ε – Q

283.3(2.4) Th. 2ε –

0.10(0.01)

162
68Er−162

66Dy Exp. εβ+, 2ε – Q

1844.5(2.8) Th. 2ε g.s. 2ν = 2.9 × 1022 pSU(3) Cer99

0.14(0.01) 0+
1 (1400) 2ν = 3.7 × 1027 pSU(3) Cer99

164
68Er−164

66Dy Exp. 2ε – Q

24.1(2.5) Th. 2ε –

1.61(0.03)

170
68Er−170

70Yb Exp. 2β− 2+
1 (84) 0ν + 2ν > 3.2 × 1017 68 Der96 Q

653.6(1.7) Th. 2β− – A

14.93(0.27)

168
70Yb−168

68Er Exp. εβ+, 2ε – Q

1422.1(3.7) Th. 2ε g.s. 2ν = 2.0 × 1023 pSU(3) Cer99

0.13(0.01) 0+
1 (1217) 2ν = 5.4 × 1033 pSU(3) Cer99

176
70Yb−176

72Hf Exp. 2β− 2+
1 (88) 0ν + 2ν > 1.6 × 1017 68 Der96 Q

1086.7(1.9) Th. 2β− – A

12.76(0.41)

174
72Hf−174

70Yb Exp. εβ+, 2ε – Q

1101.1(2.3) Th. εβ+, 2ε –

0.16(0.01)

180
74W−180

72Hf Exp. 2ε g.s. 0ν > 5.0 × 1016 90 Geo95a Q

146(5) Th. 2ε –

0.12(0.01)

186
74W−186

76Os Exp. 2β− g.s. 0ν > 2.7 × 1020 90 Geo95a Q

488.0(1.7) 2ν > 5.9 × 1017 90 Geo95a

28.43(0.19) 2+
1 (137) 0ν > 2.4 × 1020 90 Geo95a
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TABLE I. Experimental Values (or Limits) and Theoretical Estimates of Half-Lives
for Various 2β Processes (2β−; 2β+; εβ+; 2ε)

See page 93 for Explanation of Tables

A
Z X− A

Z±2Y Type Decay Level of Decay T1/2 CL in % Refer- Note


MA in keV of channel daughter mode (yr) or Theor. ence

δ in % result nucleus Model

Th. 2β− – A

184
76Os−184

74W Exp. εβ+ g.s. 0ν > 9.9 × 109 Fre52 F,Q

1451.5(1.4) Th. εβ+, 2ε –

0.02(0.01)

192
76Os−192

78Pt Exp. 2β− g.s. 0ν > 9.8 × 1012 Fre52 F,Q

413.5(3.0) Th. 2β− – A

40.78(0.19)

190
78Pt−190

76Os Exp. εβ+ g.s. 0ν > 3.1 × 1011 Fre52 F,Q

1383(6) Th. εβ+, 2ε –

0.014(0.001)

198
78Pt−198

80Hg Exp. 2β− g.s. 0ν > 3.2 × 1014 Fre52 F,Q

1047(3) Th. 2β− – A

7.163(0.055)

196
80Hg−196

78Pt Exp. 2ε g.s. 0ν > 2.5 × 1018 68 Buk90 Q

819.7(3.0) 2+
1 (356) 0ν + 2ν > 2.5 × 1018 68 Buk90

0.15(0.01) Th. 2ε –

204
80Hg−204

82Pb Exp. 2β− –

416.3(1.5) Th. 2β− – A

6.87(0.15)

232
90Th−232

92U Exp. 2β− – Q

842.2(2.5) Th. 2β− – A

100

238
92U−238

94Pu Exp. 2β− all modes = (2.0 ± 0.6) × 1021 68 Tur91 R,Q

1145.0(1.3) Th. 2β− g.s. 0ν = 5.7 × 1024 IQM Kar85 A

99.2745(0.0106) 2ν = 1.2 × 1019 IQM Kar85

A Additional theoretical results—published before 1995—can be found in [Tre95].
B An ordinary β− decay 48Ca(0+) →48Sc(6+, 5+, 4+) is also possible (Qβ = 278(5) keV [Aud95]). The half-life of the most probable transition

(0+ → 5+) was calculated as 7.6 × 1020 yr [War85] and as 1.1+0.8
−0.6 × 1021 yr [Aun99]. The experimental limit is T1/2(48Ca, β−) > 6.0 × 1018 yr

with 95% CL [Alb85].
C The results of this experiment were criticized in [Dan94] because of possibly improper background reduction which was, most probably, caused by

the incorrect operation of the active shield. The reestimated T 0ν
1/2 value is �4 × 1020 yr [Dan94].

D This result was obtained in [Bar89a] using the experimental data of [Bar70].
E The indication of a positive effect with T1/2(64Zn, εβ+ 0ν + 2ν g.s. – g.s.) = (1.1 ± 0.9) × 1019 yr was claimed in Ref. [Bik95] on the basis

of observed 511 keV peak. However, no attempts were made to estimate systematic effects which could cause this peak (for example, radioactive
impurities of the sample used).

F Calculated in [Tre95] on the basis of the results of [Fre52] with corrections on the decay energy and the natural abundance of the isotope.
G By using another statistical approach, the value T 0ν

1/2 > 5.7 × 1025 yr with 90% CL was obtained, which, however, was criticized in [Avi00].

H This is the final result of the experiment. The previous value T 2ν
1/2 = 9.2+0.7

−0.4 × 1020 yr [Avi91] often cited in literature was based on near half of the
total statistics [Bro93].

I The result of a geochemical experiment.
J Recommended value based on latest geochemical experiments.
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K An ordinary β− decay 96Zr(0+) → 96Nb(6+) is also possible (Qβ = 164(4) keV [Aud95]). In geochemical experiments, only an excess amount of
daughter isotope is measured but not the way of its production. Thus the observed [Kaw93] excess of 96Mo can be caused not only by 2β decay
96Zr → 96Mo but also by the chain of single β decays 96Zr → 96Nb → 96Mo. Experimental limit for β− decay of 96Zr is T1/2(96Zr, β−) > 3.8 × 1019

yr with 90% CL [Arp94].
L Preliminary result.
M This result was obtained in [Bar87] using the experimental data of [Win52].
N This result was obtained in [Bar87] using the experimental data of [Kal52].
O The experimental data of [Ber92] were reestimated in [Cru93] using the experimental measurements of thick-target yields of I isotope from proton

interactions in Te.
P Using the experimental data of [Sri76].
Q The parent 2β isotope is (potentially)α radioactive. The corresponding Qα values and half-lives are given below. Theoretical T1/2 values are taken from

Refs. [Poe86] (evaluation with semiempirical formula), [Alb88] (microscopical approach), and calculated here on the base of the cluster model of
Ref. [Buc91].

Qα , keV T
α, exp

1/2 , yr T α, calc
1/2 , yr

[Aud95] [Poe86] [Alb88] [Buc91]
142
58 Ce 1299.6(3.5) > 5 × 1016 [Mac61] − 3.8 × 1027 4.6 × 1027

146
60 Nd 1182.2(2.2) − − − − 2.0 × 1034

148
60 Nd 598.6(3.1) − − − − 6.8 × 1070

144
62 Sm 76(19) − − − − 7.4 × 10311

152
64 Gd 2204.6(1.4) = 1.08 × 1014 [ToI96] 1.0 × 1014 − 9.0 × 1013

156
66 Dy 1758(6) > 1 × 1018 [Rie58] 5.0 × 1024 4.3 × 1024 2.6 × 1024

158
66 Dy 874.8(2.4) − − − − 2.6 × 1058

162
68 Er 1646.0(3.5) > 1.4 × 1014 [Por56] 4.0 × 1029 2.2 × 1029 2.1 × 1029

164
68 Er 1304.1(2.5) − − − 9.2 × 1039 1.1 × 1040

170
68 Er 50.2(2.4) − − − − 1.0 × 10442

168
70 Yb 1951(4) > 1.3 × 1014 [Por56] 5.0 × 1024 1.9 × 1024 1.8 × 1024

176
70 Yb 571(4) − − 2.5 × 1096 − 1.4 × 1094

174
72 Hf 2494.8(2.5) = 2.0 × 1015 [ToI96] 6.3 × 1016 − 3.4 × 1016

180
74 W 2516(5) > 7.4 × 1016 90% CL [Geo95b] 2.5 × 1018 7.5 × 1017 8.3 × 1017

186
74 W 1123(7) > 6.5 × 1018 90% CL [Geo95b] 2.5 × 1057 − 8.7 × 1055

184
76 Os 2964(4) > 5.6 × 1013 95% CL [Spe76] 5.0 × 1013 2.1 × 1013 3.0 × 1013

192
76 Os 362.2(3.8) − − 1.3 × 10154 − 8.1 × 10148

190
78 Pt 3249(6) = 6.5 × 1011 [ToI96] 6.3 × 1011 − 5.2 × 1011

198
78 Pt 87.0(3.9) − − 6.3 × 10391 − 4.9 × 10377

196
80 Hg 2027.3(3.8) > 1 × 1014 [Mac61] 1.3 × 1033 1.0 × 1032 2.8 × 1032

232
90 Th 4082.8(1.4) = 1.405 × 1010 [ToI96] 2.0 × 1010 − 3.6 × 1010

238
92 U 4269.8(2.9) = 4.468 × 109 [ToI96] 6.3 × 109 − 1.5 × 1010

For six daughter isotopes, α radioactivity has been observed experimentally:

Qα , keV T
α, exp

1/2 , yr

[Aud95] [ToI96]
144
60 Nd 1905.2(1.8) 2.29 × 1015

146
62 Sm 2528.9(2.9) 1.03 × 108

148
62 Sm 1986.0(1.2) 7 × 1015

186
76 Os 2822.0(1.7) 2.0 × 1015

232
92 U 5413.55(0.14) 68.9

238
94 Pu 5593.20(0.19) 87.7

R The result of a radiochemical experiment.
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TABLE II. List of Known 2β Unstable Nuclides Absent in Natural Isotopic Composition of Elementsa

See page 94 for Explanation of Tables

Parent Main channel of Potential 2β transition 
MA , keV

nuclide decay and T1/2 and daughter nuclide
148
64Gdb α 74.6 yr 2β+ + εβ+ + 2ε 148

62Sm 3066.3(2.0)
150
64Gd α 1.79 × 106 yr εβ+ + 2ε 150

62Sm 1289(6)
154
66Dy α 3.0 × 106 yr 2β+ + εβ+ + 2ε 154

64Gd 3316(8)
216
84Po α 0.145 s 2β− 216

86Rn 1534(8)
212
86Rn α 23.9 m εβ+ + 2ε 212

84Po 1711.3(3.0)
214
86Rn α 0.27 µs 2ε 214

84Po 149(9)
220
86Rn α 55.6 s 2β− 220

88Ra 344(10)
218
88Ra α 25.6 µs εβ+ + 2ε 218

86Rn 1432(11)
226
88Ra α+14

6C 1600 yr 2β− 226
90Th 477(5)

224
90Th α 1.05 s εβ+ + 2ε 224

88Ra 1171(12)
230
92U α 20.8 d 2ε 230

90Th 746(5)
236
94Pu α + sf 2.858 yr 2ε 236

92U 452.9(2.0)
244
94Puc α + sf 8.08 × 107 yr 2β− 244

96Cm 1352(5)
242
96Cm α + sf 162.8 d 2ε 242

94Pu 86.1(0.9)
248
96Cm α + sf 3.40 × 105 yr 2β− 248

98Cf 153(7)
254
98Cf sf + α 60.5 d 2β− 254

100Fm 436(12)
252
100Fm α + sf 25.39 h 2ε 252

98Cf 783(7)
260
100Fm sf ∼4 ms 2β− 260

102No ∼0.7 MeVd

258
102No sf + α ∼1.2 ms εβ+ + 2ε 258

100Fm 1050(280)

a Only “conventional” 2β decaying candidate nuclides are listed: for these, the mass of an intermediate nucleus (A, Z ± 1) is larger than that of initial
(A, Z ) and final (A, Z ± 2) nuclei.

b Theoretical calculations [Sta91]: T 0ν
1/2 · 〈mν〉2 = 1.6 × 1028 yr · eV2, T 2ν

1/2 ≥ 2.2 × 1026 yr.
c Result of radiochemical experiments [Moo92]: T1/2(244

94 Pu, all 2β− modes) > 1.1 × 1018 yr with 95% CL. Theoretical calculations [Sta90]:
T 0ν

1/2 · 〈mν〉2 = 5.7 × 1023 yr · eV2, T 2ν
1/2 = 9.3 × 1021 − 6.9 × 1022 yr. Calculations [Cas94] predict that 2ν2β decay of 244

94 Pu is forbidden.
d Estimated from the data of Ref. [ToI96].
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