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double beta decay 
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Ca48
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32 Zr96
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TABLE 1 Summary of experimentally measured ββ(2ν) half-lives and

matrix elementsa

Isotope T2ν1/2 (y) References M2ν
GT (MeV

−1)

48Ca (4.2± 1.2)× 1019 (55, 56) 0.05

76Ge (1.3± 0.1)× 1021 (57–59) 0.15

82Se (9.2± 1.0)× 1019 (60, 61) 0.10

96Zr† (1.4+3.5
−0.5)× 1019 (62–64) 0.12

100Mo (8.0± 0.6)× 1018 (65–70), (71)† 0.22

116Cd (3.2± 0.3)× 1019 (72–74) 0.12

128Teb (7.2± 0.3)× 1024 (75, 76) 0.025

130Tec (2.7± 0.1)× 1021 (75) 0.017

136Xe >8.1× 1020 (90% CL) (77) <0.03

150Nd† 7.0+11.8
−0.3 × 1018 (68, 78) 0.07

238Ud (2.0± 0.6)× 1021 (79) 0.05

aSee Section 4.3 for a discussion of the averaging procedure. In the “isotope” column, the

symbol † indicates inconsistent results, in which case the uncertainty reflects the spread in the

measured values. In the “references” column, the † indicates the outliers that were not used in

the averaging. The nuclear matrix elements were deduced by using the phase-space factors of

Reference (22) with the mean T2ν1/2.

bDeduced from the geochemically determined half-life ratio 128Te/130Te.

cGeochemical result includes all decay modes; other geochemical determinations only

marginally agree.

dRadiochemical result, again for all decay modes.

rule (54). Description of the ββ(2ν) thus represents a severe test of the nuclear

models used in the evaluation of M2ν
GT. Table 1 lists the experimentally determined

matrix elements for the ββ(2ν) decay. Note that the nuclear structure effects cause

variations by a factor of ∼10 in the matrix elements, i.e., by a factor of∼100 in
the half-lives.

The nuclear matrix elements defined in Equation 15 govern both ββ(0ν) and

ββ(0ν, χ ) decay modes. However, the half-life of the ββ(0ν, χ ) mode depends

on the effective majoron-neutrino coupling constant 〈gνχ 〉, instead of 〈mν〉

[
T
0ν,χ
1/2 (0

+ → 0+)
]−1 = G0ν,χ (E0, Z )

∣∣∣∣∣M
0ν
GT − g2V

g2A
M0ν
F

∣∣∣∣∣

2

〈gνχ 〉2, 31.

where again G0ν,χ (E0, Z ) is the phase-space integral, tabulated, e.g., in Reference

(21).

Throughout, we discuss only the ββ(0ν) decay mediated by the exchange of

a light massive Majorana neutrino and governed by the nuclear matrix elements

(Equation 15). The rate of ββ(0ν) mediated by other mechanisms, e.g., those that

involve the right-handed current weak interactions, or the exchange of only heavy
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TABLE 2 ββ(0ν) half-lives in units of 1026 y corresponding

to 〈mν〉 = 50 meV for nuclear matrix elements evaluated in the

references indicated

References

Nucleus (20) (80) (81) (82) (24, 83) (84)

48Ca 12.7 35.3 — — — 10.0

76Ge 6.8 70.8 56.0 9.3 12.8 14.4

82Se 2.3 9.6 22.4 2.4 3.2 6.0

100Mo — — 4.0 5.1 1.2 15.6

116Cd — — — 1.9 3.1 18.8

130Te 0.6 23.2 2.8 2.0 3.6 3.4

136Xe — 48.4 13.2 8.8 21.2 7.2

150Nda — — — 0.1 0.2 —

160Gda — — — 3.4 — —

adeformed nucleus; deformation not taken into account.

the dominant contribution of the J = 0+ pairs is to a large extent cancelled by the
contribution of all other, J #= 0+, pairs, which have an opposite sign. Thus, also in
the ββ(0ν) case the nuclear matrix elements depend on the small, and presumably

poorly determined, pieces of the nuclear wave function.

Despite our reservations, in Table 2 we compare the ββ(0ν) half-lives evaluated

for 〈mν〉 = 50meVwith nuclear matrix elements evaluated in the cited references,

chosen to represent the vast literature on the subject. The spread of the calculated

values for the given parent nucleus gives some indication of the role played by

the nuclear matrix elements. On the other hand, the spread of half-lives along the

columns in Table 2 reflects the effects of both the phase space and the nuclear

matrix elements. The methods used to evaluate them are the truncated shell model

(20), NSM (80), QRPAwith the schematic δ force interaction (α′
1 = 390MeV fm3,

recalculated for gA = 1.25) (81), QRPA with G-matrix based interaction (82),

renormalized QRPA (24, 83), and QRPA without the p-n pairing (84). The cal-

culated half-life uncertainty of about an order of magnitude, corresponding to a

factor of ∼3 in 〈mν〉, is apparent.

4. ββ(0ν) EXPERIMENTAL OVERVIEW
AND PAST ββ(0ν) EXPERIMENTS

The various detection schemes for double beta decay are outlined elsewhere (1),

so we merely mention the salient points here. Over the past 15 years, background

reduction has allowed a large number of ββ(2ν) half-life measurements. With this

success behind us, the community is currently focusing on the more exciting goal

ofββ(0ν). The variousmodes of double beta decay are separated by the differences
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Figure 1 Illustration of the spectra of the sumof the electron kinetic energies Ke (Q is

the endpoint) for the ββ(2ν) normalized to 1 (dotted curve) and ββ(0ν) decays (solid

curve). The ββ(0ν) spectrum is normalized to 10−2 (10−6 in the inset). All spectra

are convolved with an energy resolution of 5%, representative of several experiments.

However, some experiments, notably Ge, have a much better energy resolution.

in Figure 2, which shows an essentially exponential improvement, by more than a

factor of four per decade, of the corresponding limits. If this trend continues, we

expect to reach the neutrino mass scale suggested by the oscillation experiments in

10–20 years. Given the typical lead time of the large particle physics experiments,

the relevant double beta decay experiments should begin the “incubation” process

now.

2. NEUTRINO MASS: THEORETICAL ASPECTS

2.1. Majorana and Dirac Neutrinos

Empirically, neutrino masses are much smaller than the masses of the charged

leptons with which they form weak isodoublets. Even the mass of the lightest

charged lepton, the electron, is at least 105 times larger than the neutrino mass

constrained by the tritium beta decay experiments. The existence of such large

factors is difficult to explain unless one invokes some symmetry principle. The

assumption that neutrinos are Majorana particles is often used in this context.

Moreover, many theoretical constructs invoked to explain neutrino masses lead to

the conclusion that neutrinos are massive Majorana fermions.
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experimental uncertainty

〈mν〉 = (2.67× 10−8eV)
[

W

fxεG0ν |M0ν |2
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no background, usual √n counting statistics

Upper limit on neutrino mass
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lowering the limit

• Good shielding

• Purified materials

• Underground lab to avoid cosmogenics

• Minimize excess material

• High energy resolution

• Particle tracking

• End product tagging

〈mν〉 = (2.50 × 10−8eV)
[

W

fxεG0ν |M0ν |2

]1/2

×
[
b∆E

MT

]1/4
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Figure 2 “Moore’s law” of ββ(0ν) decay: the limit of the effective neutrino mass

versus time. The corresponding experiments are denoted by the symbol for the ini-

tial nucleus. The uncertainty in the nuclear matrix elements is not included in this

illustration. The gray band near the bottom indicates the neutrino mass scale
√

#m2atm.

Majorana particles are identical with their own antiparticles whereas Dirac

particles can be distinguished from their antiparticles. This implies that Majorana

fermions are two-component objects whereas Dirac fermions are four-component.

In order to avoid confusion and to derive the formula for the ββ(0ν) rate mediated

by the exchange of massive Majorana neutrinos, we briefly discuss the formalism

needed to describe them (for more details see, e.g., References 21, 31–33).

Massive fermions are usually described by the Dirac equation, in which the

chirality eigenstates ψR and ψL are coupled and form a four-component object of
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Figure 2 “Moore’s law” of ββ(0ν) decay: the limit of the effective neutrino mass

versus time. The corresponding experiments are denoted by the symbol for the ini-

tial nucleus. The uncertainty in the nuclear matrix elements is not included in this

illustration. The gray band near the bottom indicates the neutrino mass scale
√

#m2atm.

Majorana particles are identical with their own antiparticles whereas Dirac

particles can be distinguished from their antiparticles. This implies that Majorana

fermions are two-component objects whereas Dirac fermions are four-component.

In order to avoid confusion and to derive the formula for the ββ(0ν) rate mediated

by the exchange of massive Majorana neutrinos, we briefly discuss the formalism

needed to describe them (for more details see, e.g., References 21, 31–33).

Massive fermions are usually described by the Dirac equation, in which the

chirality eigenstates ψR and ψL are coupled and form a four-component object of
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GENIUS

GErmanium NItrogen Underground Setup

Fig. 1. View of GENIUS-TF in the Gran Sasso Underground Laboratory in Italy.

Fig. 2. The contacted four naked detectors in the low-level holder in which they are
put into the shielded liquid nitrogen container of GENIUS-TF.

3

Fig. 1. View of GENIUS-TF in the Gran Sasso Underground Laboratory in Italy.

Fig. 2. The contacted four naked detectors in the low-level holder in which they are
put into the shielded liquid nitrogen container of GENIUS-TF.

3



      COBRA
Cadmium-telluride 0-neutrino double-Beta 
Research ApparatusCd116

48

Te128
52

Te130
52

Cd106
48 Cd108

48

Zn64
30

Cd114
48

Te120
52

Zn70
30

• Cd-Zn-Te detectors

• 400 kg as 40x40x40 1cm3 crystals

• Sensitivity up to 1026 yr half life



       NEMO
Neutrino Ettore Majorana Observatory

Mo100
42 Se82

34

• 7 kg Mo, 1kg Se in 
thin foils 
(40-60mg/cm2)

• 6180 gas tracking 
drift cells

• 1940 cell plastic 
scintillator 
calorimeter

in the materials from which the detector is made
and backgrounds induced by the radioactivity
from the walls and atmosphere in the underground
laboratory. Two prototypes, NEMO 1 [3] and
NEMO 2 [4], were constructed and run to
demonstrate the feasibility of the experimental
technique. The development of NEMO 3 was
begun more than 10 years ago [5]. It reflects a more
than 10-fold enhancement on the NEMO 2
sensitivity in order to measure the double beta
decay half-life limits of 1025 years for the bb0n
process, 1023 years for the bbM0 process, and 1022

years for the bb2n process.

1.2. General description of the NEMO 3 detector

The philosophy behind NEMO 3 is the direct
detection of the two electrons from bb decay by a
tracking device and a calorimeter. The NEMO 3
detector, for which the general layout is shown in
Fig. 1, is similar in function to the earlier
prototype detector, NEMO 2, but has lower

radioactivity and is able to accommodate up to
10 kg of double beta decay isotopes.
The NEMO 3 detector is now installed in the

Fréjus Underground Laboratory (LSM)1 in
France. It is cylindrical in design and divided into
20 equal sectors, as shown in Figs. 2 and 3. The
segmentation permits easy access to a patchwork
of source foils of the different isotopes. This
patchwork is also cylindrical in form. It is 3.1m in
diameter, 2.5m in height and 30–60mg=cm2 thick.
The source foils are fixed vertically between two

concentric cylindrical tracking volumes composed
of 6180 open octagonal drift cells. The drift cells
are 270 cm long, operating in Geiger mode at
7mbar above atmospheric pressure, with a partial
pressure of 40mbar of ethyl alcohol in a mixture
with helium gas. The cells run vertically and three-
dimensional tracking is accomplished with the
arrival time of the signals on the anode wires and

ARTICLE IN PRESS

Fig. 1. An exploded view of the NEMO 3 detector. Note the
coil, iron g-ray shield, and the two different types of neutron
shields, composed of water tanks and wood. The paraffin shield
under the central tower is not shown on the picture.

Fig. 2. View of the NEMO 3 detector in the LSM before the
installation of the last sector.

1Laboratoire Souterrain de Modane.

R. Arnold et al. / Nuclear Instruments and Methods in Physics Research A 536 (2005) 79–122 81
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in view of the fact that the detector can house
several different sources.

There have been improvements in the isotopic
enrichment processing in Russia, where all the
double beta decay sources were produced. Thus
the 48Ca isotope has been added to the list of
interesting sources. Note that 48Ca fails to meet
the abundance selection criterion but has an
impressive Qbb value (Qbb ¼ 4272:0 keV and iso-
tope abundance of 0.187% [6]). Finally, 130Te
(with Qbb value of 2528.9 keV and isotope
abundance of 33.8% [6]) has been added for
bb2n studies. Historically, 130Te has had two
different geochemical half-life measurements
[10,11], which are inconsistent with each other
and a reliable one is sought here.

A description of the current population of the 20
sectors of NEMO 3 follows. To study the bb0n
processes 6914 g of 100Mo and 932 g of 82Se are
housed in twelve and two sectors, respectively. The
objective here is to reach a sensitivity for the
effective neutrino mass on the order of 0.1 eV.
Several other bb decay isotopes in smaller
quantities have been introduced to study the
bb2n processes which will complement the very

detailed studies provided by the 100Mo and 82Se on
angular distributions and single electron energy
spectra. This second tier of isotope samples
consists of 454 g of 130Te (2 sectors), 405 g of
116Cd (1 sector), 37 g of 150Nd, 9 g of 96Zr and 7 g
of 48Ca. Finally, source foils with high levels of
radiopurity, which are effectively void of internal
backgrounds, will measure the external back-
ground in the experiment. This not only accounts
for the presence of 621 g of copper but also a very
pure oxide of natural tellurium, which permits one
to study the background near 3MeV. This natural
tellurium also provides an investigation of the
bb2n because the natural abundance of isotope 130
for tellurium is 33.8%, which gives 166 g of 130Te.
For each sector, a source frame was constructed

on which were placed seven strips. The mean
length of the strips is 2480mm with a width of
63mm if they are on the edges of the frame or
65mm for the five strips in the middle of the frame.
All the strips are attached to the frames in a clean
room at the LSM where they are then introduced
into the sectors. The so-called ‘‘NEMO 3 camem-
bert’’ depicts the distribution of the sources in the
20 sectors, Fig. 5.

ARTICLE IN PRESS

Fig. 5. The source distribution in the 20 sectors of NEMO 3.

R. Arnold et al. / Nuclear Instruments and Methods in Physics Research A 536 (2005) 79–122 85

foil compositions

NEMO 3 detector



2.3. The tracking detector

The tracking volume of the NEMO 3 detector is
made of layers of vertical drift cells working in
Geiger mode. After a long period of research and
development at LAL, which had the responsibility
for the tracking portion of the detector, the
optimal parameters were identified for the best
resolution and efficiency while minimizing multiple
scattering effects. This optimization involved a
balance between two parameters which contribute
to aging effects of the wires. The first is the
diameter of the cell’s wires which needs to be as
low as possible for better transparency in the
tracking device. The second is the proportion of
helium and alcohol in the gas mixture.

2.3.1. Elementary Geiger cell
The cross-section of each cell is ‘‘octagonal’’ in

design with a diameter of 3 cm that is outlined by 8
wires, as shown in Fig. 7. The basic cell consists of
a central anode wire surrounded by the 8 ground
wires, which belong to four adjacent cells to
minimize the number of wires. However, between
layers an extra ground wire was added to each cell
to avoid electrostatic cross talk. All the wires are
stainless steel, 50mm in diameter and 2.7m long.
The wires are strung between the two iron petals of
each sector which form the top and bottom of the
detector (see Fig. 3). On each end of the cell, there
is a cylindrical cathode probe, which will be
referred to as the cathode ring and can be seen
in Figs. 4 and 7. The cathode ring is 3 cm in length
and 2.3 cm in diameter. The anode wire runs
through the center of this ring while the ground
wires are supported just outside the ring. If one
compares NEMO 3 to the previous prototypes
NEMO 1 and NEMO 2, there is a new mechanism
for securing the wires in the petals. The advantages
of this new mechanism are that it allows easy wire
installation, avoids the radioactivity of solder, and
provides simple serviceability if replacement is
necessary.

The cells work in the Geiger mode with initially
a mixture of helium gas with ethyl alcohol. The
characteristic operating voltage for the anode
wires is 1800V. When a charged particle crosses
a cell the ionized gas yields around six electrons

per centimeter. These electrons drift towards the
anode wire at a speed of about 2:3 cm=ms when the
electrons are close to the anode. When they are far
away from the anode wire the mean drift velocity
is around 1 cm=ms; because the layout of the wires
(field and ground) establishes a varying electric
field within each cell.
Measurements of these drift times are used to

reconstruct the transverse position of the particle

ARTICLE IN PRESS

Fig. 7. Top view of one petal of the NEMO 3 sectors with a
detail of four Geiger cells and view of an elementary Geiger cell.
The basic cell consists of a central anode wire surrounded by
eight ground wires, which belong to four adjacent cells, with an
extra ground wire between layers as detailed in the right top of
the figure. All the wires are 50mm in diameter and 2.7m long.
On each end of the cell is the cathode ring, 3 cm in length and
2.3 cm in diameter. The anode wire runs through the center of
this ring while the ground wires are supported just outside the
ring. One can see the ‘‘4-2-3’’ configuration, with nine layers on
each side of the source foil numbered 00–08 and 10–18,
respectively, for the internal and external parts starting from the
source foil (in brackets are the number of cells in each layer).
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the gain stability of each PMT. A solenoid surrounding the
detector produces a 25 gauss magnetic field in order to
distinguish electrons from positrons. An external shield of
18 cm of low radioactivity iron, a water shield, and a wood
shield cover the detector to reduce external ! and neutrons.

A two-electron (2e!) event (see Fig. 1) candidate for a
"" decay is defined as follows: two tracks come from the
same vertex on the source foil, each track must be asso-
ciated with a fired scintillator, its curvature must corre-
spond to a negative charge, and the time of flight must
correspond to the two electrons being emitted from the
same source position. For each electron an energy thresh-
old of 200 keV for 100Mo and 300 keV for 82Se is applied.
Figures 2(a) and 3 show the two-electron energy sum
spectra after background subtraction obtained after 389
effective days of data collection with 100Mo and 82Se,
respectively. The angular distribution of the two electrons
and the single energy spectrum are also presented in the
case of 100Mo in Figs. 2(b) and 2(c). All these spectra are
in good agreement with the ""2# simulations. The values
of the measured half-lives are T1=2"""2## $ %7:11&
0:02"stat# & 0:54"syst#' ( 1018 yr for 100Mo (with a
single state dominance decay) and %9:6& 0:3"stat# &
1:0"syst#' ( 1019 yr for 82Se. These values are in agree-

ment with (but have a higher precision than) the previous
measurements [10].

A complete study of the background in the ""0# energy
window has been performed. The level of each background
component has been directly measured using different
analysis channels in the data.

External backgrounds due to 214Bi and 208Tl contami-
nants outside the source foils (mostly in the PMTs) have
been measured by searching for Compton electrons emit-
ted from the source foils by external !. For 208Tl, a total
activity of )40 Bq has been measured and is in agreement
with the previous high purity germanium (HPGe) measure-
ments of samples of the PMT glass. For 214Bi, an activity of
)300 Bq has been found, again in agreement with the
HPGe measurements of PMTs and also the level of radon
surrounding the detector inside the shield. The expected
number of ""0#-like events due to this background is neg-
ligible, & 10!3 counts * kg!1 * yr!1 in the %2:8–3:2' MeV
energy window where the ""0# signal is expected.

External neutrons and high energy ! backgrounds have
been measured by searching for crossing electron events
above 4 MeV. This corresponds to a negligible expected
level of background of )3( 10!3 counts * kg!1 * yr!1 in
the ""0# energy window.

The level of 208Tl impurities inside the sources has been
measured by searching for internal (e!!!) and (e!!!!)
events. The measured activity is 80& 20 $Bq=kg in mo-
lybdenum and 300& 50 $Bq=kg in selenium. It is in
agreement with the previous HPGe measurements which
gave an upper limit of 100 $Bq=kg for molybdenum and a
positive measurement of 400& 100 $Bq=kg for selenium.
This corresponds to an expected level of background in the
""0# energy window of )0:1 counts * kg!1 * yr!1 for
molybdenum and )0:3 counts * kg!1 * yr!1 for selenium.
The measurement of 214Bi impurities inside the sources
could not be achieved in this first period of data due to
radon contamination (see later). However, the previous
HPGe detectors gave an upper limit of 350 $Bq=kg
for molybdenum and a positive measurement of

FIG. 1 (color online). Transverse (left) and longitudinal (right)
view of a reconstructed "" event selected from the data with a
two-electron energy sum of 2812 keV.
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FIG. 2. (a) Energy sum spectrum of the two electrons, (b) angular distribution of the two electrons, and (c) single energy spectrum of
the electrons, after background subtraction from 100Mo with 7:369 kg * yr exposure. The solid line corresponds to the expected
spectrum from ""2# simulations and the shaded histogram is the subtracted background computed by Monte Carlo simulations. The
signal contains 219 000 "" events and the signal-to-background ratio is 40.
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     CUORE
Cryogenic Underground  
Observatory for Rare Events

Te130
52

• 988 (5cm)3 750g TeO2 bolometer cubes

• 7-10mK operating temperature by dilution 
refrigeration 

cv ∝ T 3



“All right,
but apart from the sanitation,
the medicine, education, wine,
public order, irrigation, roads,
a fresh water system, and public health,
what have the Romans ever done for us?”

-Monty Python, Life of Brian



“All right,
but apart from the sanitation,
the medicine, education, wine,
public order, irrigation, roads,
a fresh water system, and public health,
what have the Romans ever done for us?”

-Monty Python, Life of Brian

answer: low radiation lead



EXO
Enriched Xenon Observatory

Xe136
54

prototype: 200kg Xe, to be installed at WIPP

full: 10 Tons (!) enriched liquid Xe



• Easy to enrich and purify

• Acts as a scintillator

• “Time Projection Chamber” (TPC) 
configuration gives full electron 
tracking

• No long-lived activation isotopes

• Possible to identify resulting 136Ba

Xe136
54

“ion grabber”



questions?


