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outline
-  neutrinoless double beta decay
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- 2ν ββ decay: measured lifetimes
- experimental status of 0ν ββ decay
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double beta decay
-  second order weak process
-  predicted in 1935 by Göppert-Meyer 

after Wigner’s suggestion (~1017 years!)
6 Petr Vogel

Fig. 2. – Atomic masses of the isotopes with A = 136. Nuclei
136

Xe,
136

Ba and
136

Ce are stable

against the ordinary β decay; hence they exist in nature. However, energy conservation alone

allows the transition
136

Xe → 136
Ba + 2e− (+ possibly other neutral light particles) and the

analogous decay of
136

Ce with the positron emission.

• The transition involves the 0+ ground state of the initial nucleus and (in almost all

cases) the 0+ ground state of the final nucleus. In few cases the transition to an

excited 0+ or 2+ state in the final nucleus is energetically possible, but suppressed

by the smaller phase space available. (But the 2νββ decay to the excited 0+ state

has been observed in few cases.)

• Both processes are of second order of weak interactions, ∼ G4
F , hence inherently

slow. The phase space consideration alone (for the 2νββ mode ∼ Q11 and for the

0νββ mode ∼ Q5) give preference to the 0νββ which is, however, forbidden by the

lepton number conservation.

The distinct features are:

• In the 2νββ mode the two neutrons undergoing the transition are uncorrelated (but

decay simultaneously) while in the 0νββ the two neutrons are correlated.

• In the 2νββ mode the sum electron kinetic energy T1 + T2 spectrum is continuous

and peaked below Q/2. This is due to the electron masses and the Coulomb

attraction. As T1 + T2 → Q the spectrum approaches zero approximately like

(∆E/Q)6.

• On the other hand in the 0νββ mode the sum of the electron kinetic energies is

fixed, T1 + T2 = Q, smeared only by the detector resolution.

!m!!" # $%
k

mkUek
2 $ . &3'

Here the mk’s are the masses of the three light neutrinos
and U is the matrix that transforms states with well-
defined mass into states with well-defined flavor &e.g.,
electron, mu, tau'. Equation &2' gives the !!&0"' rate if
the exchange of light Majorana neutrinos with left-
handed interactions is responsible. Other mechanisms
are possible &see Secs. III and IV.D', but they require the
existence of new particles and/or interactions in addition

to requiring that neutrinos be Majorana particles. Light-
neutrino exchange is therefore, in some sense, the
“minima” mechanism and the most commonly consid-
ered.

That neutrinos mix and have mass is now accepted
wisdom. Oscillation experiments constrain U fairly
well—Table I summarizes our current knowledge—but
they determine only the differences between the squares
of the masses mk &e.g., m2

2−m1
2' rather than the masses

themselves. It will turn out that !!&0"' is among the best
ways of getting at the masses &along with cosmology and
!-decay measurements', and the only practical way to
establish that neutrinos are Majorana particles.

To extract the effective mass from a measurement, it
is customary to define a nuclear structure factor FN
#G0"&Q!! ,Z'(M0"(2me

2, where me is the electron mass.
&The quantity FN is sometimes written as Cmm.' The ef-
fective mass !m!!" can be written in terms of the calcu-
lated FN and the measured half-life as

!m!!" = me)FNT1/2
0" *−1/2. &4'

The range of mixing matrix values given in Table I, com-
bined with calculated values for FN, allow us to estimate
the half-life a given experiment must be able to measure
in order to be sensitive to a particular value of !m!!".
Published values of FN are typically between 10−13 and
10−14 yr−1. To reach a sensitivity of !m!!"+0.1 eV there-
fore an experiment must be able to observe a half-life of
1026–1027 yr. As we discuss later, at this level of sensitiv-
ity an experiment can draw important conclusions
whether or not the decay is observed.

The most sensitive limits thus far are from the
Heidelberg-Moscow experiment: T1/2

0" &76Ge'#1.9$1025

yr &Baudis et al., 1999', the IGEX experiment:
T1/2

0" &76Ge'#1.6$1025 yr &Aalseth et al., 2002a, 2004',
and the CUORICINO experiment: T1/2

0" &130Te'#3.0
$1024 yr &Arnaboldi et al., 2005, 2007'. These experi-
ments contained 5–10 kg of the parent isotope and ran
for several years. Hence increasing the half-life sensitiv-
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FIG. 2. Feynman diagrams for !!&2"' &top' and !!&0"' &bot-
tom'.

TABLE I. Neutrino mixing parameters as summarized by the Particle Data Book )Yao et al. &2006'*
based on the individual experimental reference reporting. The limit on !m!" and % are based on the
references given. The !m!!" limit comes from the Ge experiments. The parameter values would be
slightly different if determined by a global fit to all oscillation data &Fogli et al., 2006'.

Parameter Value Confidence level Reference

sin2&2&12' 0.86−0.04
+0.03 68% Aharmin et al. &2005'

sin2&2&23' '0.92 90% Ashie et al. &2005'
sin2&2&13' (0.19 90% Apollonio et al. &1999'
)m21

2 8.0−0.3
+0.4$10−5 eV2 68% Aharmin et al. &2005'

()m32
2 ( 2.4−0.5

+0.6$10−3 eV2 90% Ashie et al. &2004'
!m!" (2 eV 95% Lobashev et al. &1999'; Kraus et al. &2005'
!m!!" (0.7 eVa 90% Klapdor-Kleingrothaus et al. &2001a'; Aalseth

et al. &2002a'
% (2 eV 95% Elgaroy and Lahov &2003'

aUsing the matrix element of Rodin et al. &2006'.
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0νββ

2νββ

possibility of non-standard 0νββ process

β decay 
energetically forbidden
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measured quantity:  decay rate

In kinematic searches of neutrino mass in β-decay:

 directly measured quantity

calculable phase space factor

nuclear matrix element
(calculated within particular nuclear models)

Majorana neutrino mass 
(coherent superposition, 
can be zero with unlucky 
cancellations) 

> 0

108 V.A. Rodin et al. / Nuclear Physics A 766 (2006) 107–131

1. Introduction

Inspired by the spectacular discoveries of oscillations of atmospheric [1], solar [2–5], and
reactor neutrinos [6] (for recent reviews see [7–11]) the physics community worldwide is em-
barking on the next challenging problem, finding whether neutrinos are indeedMajorana particles
as many particle physics models suggest. Study of the neutrinoless double beta decay (0νββ) is
the best potential source of information about the Majorana nature of the neutrinos [12–15].
Moreover, the rate of the 0νββ decay, or limits on its value, can be used to constrain the neutrino
mass pattern and the absolute neutrino mass scale, i.e., information not available by the study of
neutrino oscillations. (The goals, and possible future directions of the field are described, e.g., in
the recent study [16]. The issues particularly relevant for the program of 0νββ decay search are
discussed in [17].)
The observation of 0νββ decay would immediately tell us that neutrinos are massive Majo-

rana particles. But without accurate calculations of the nuclear matrix elements it will be difficult
to reach quantitative conclusions about the absolute neutrino masses and mass hierarchies and
confidently plan new experiments. Despite years of effort there is at present a lack of consen-
sus among nuclear theorists how to correctly calculate the nuclear matrix elements, and how
to estimate their uncertainty (see e.g. [15,18]). Since an overwhelming majority of published
calculations is based on the Quasiparticle Random Phase Approximation (QRPA) and its mod-
ifications, it is worthwhile to try to see what causes the sizable spread of the calculated M0ν

values. Does it reflect some fundamental uncertainty, or is it mostly related to different choices
of various adjustable parameters? If the latter is true (and we believe it is) can one find and justify
an optimal choice that largely removes such unphysical dependence?
In the previous paper [19] we have shown that by adjusting the most important parameter,

the strength of the isoscalar particle–particle force so that the known rate of the 2νββ-decay is
correctly reproduced, the dependence of the calculated 0νββ nuclear matrix elements M0ν on
other things that are not a priori fixed, is essentially removed. In particular, we have shown that
this is so as far the number of single particle states included is concerned, and the choice of the
different realistic representations of the nucleon G-matrix. In [19] we applied this procedure to
the 0νββ decay candidate nuclei, 76Ge, 100Mo, 130Te, and 136Xe.
In the present work we wish to expand and better justify the ideas presented in [19]. First,

the method is systematically applied to calculate the nuclear matrix elements M0ν for most of
the nuclei with known experimental 2νββ-decay rates. Second, the sensitivity of the results to
variation of other model parameters is tested. These are the axial vector quenching factor, com-
monly described as a modification of the constant gA, and the parameters that describe the effect
of the short range correlations. Finally, arguments in favor of the chosen calculation method are
presented and discussed.

2. Details of the calculation of 0νββ decay matrix elements

Provided that a virtual light Majorana neutrino with the effective mass 〈mββ〉,

〈mββ〉 =
N∑

i

|Uei |2eiαi mi (all mi ! 0), (1)
2

2

sults in the emission of two electron antineutrinos in
addition to the electrons, and occurs whether or not
neutrinos are their own antiparticles. !!!2"" has in fact
been observed in a number of experiments. With the
exception of one unconfirmed observation, on the other
hand, !!!0"" has never been seen, and searches for it
are ongoing in a number of laboratories around the
world. Other even slower and more exotic processes,
including double-positron decay, double-electron cap-
ture, and neutrinoless decay with the emission of a hy-
pothetical particle called the Majoron #!!!0" ,#"$, have
likewise never been observed.

The development of effective-field theory and grand-
unification schemes in the late 1970s and early 1980s led
to the expectation that neutrinos are identical with their
antiparticles and have nonzero mass, and engendered
renewed interest in !!!0"" experiments. More recently,
neutrino-oscillation experiments have yielded compel-
ling evidence that the three observed flavors of neutri-
nos are not mass eigenstates but rather linear combina-
tions of those eigenstates !at least two of which have
nonzero mass eigenvalues". These experiments also al-
low the electron neutrino to mix significantly with the
heaviest of the mass eigenstates. If it does, the effective
neutrino mass will be large enough that !!!0"" may well
be observed in experiments currently under construction
or development. An observation would establish that
neutrinos are “Majorana” particles !"% "̄, roughly
speaking", and a measurement of the decay rate, when
combined with neutrino-oscillation data, would yield in-
sight into all three neutrino-mass eigenstates. This paper
is motivated by the recent developments in neutrino
physics and by the interest among physicists throughout
the world in a coherent experimental !!!0"" program.

A. The early history

Double beta decay was first considered in a 1935 pa-
per by Maria Goeppert-Mayer !1935". The author, who
acknowledged Eugene Wigner for suggesting the prob-
lem, derived an expression for the decay rate and esti-
mated a half-life of &1017 yr for a decay with the emis-
sion of two electrons and two antineutrinos !"̄", carrying
about 10 MeV of energy. Two years later Ettore Majo-
rana formulated a theory of neutrinos in which there
was no distinction between " and "̄ !Majorana, 1937",
and suggested an experimental test of his hypothesis
with a reaction similar to "̄e+ 37Cl→ 37Ar+e−, which was
later searched for !and not found" by Raymond Davis
!Davis, 1955". It was Giulio Racah, however, who first
suggested testing Majorana’s theory with !!!0"" !Racah,
1937". In 1939 Furry calculated approximate rates for
!!!0"" !Furry, 1939", and in 1952 Primakoff !Primakoff,
1952" calculated the electron-electron angular correla-
tions and electron energy spectra for both !!!2"" and
!!!0"", producing a useful tool for distinguishing be-
tween the two processes. These early contributions set
the stage for many years of experimental and theoretical
activity.

The review by Haxton and Stephenson !1984" con-
tains a chronology of experiments from 1948 through
1983. There were some early claims of observation. Fire-
man !1949" reported observing the !! of 124Sn in a labo-
ratory experiment, but retracted the claim later !Fire-
man, 1952". The first geochemical observation of !!,
with an estimated half-life of T1/2

!!!130Te"=1.4$1021 yr,
was reported in 1950 !Ingram and Reynolds, 1950". The
first actual laboratory observation of !!!2"" was not
made until 1987 !Elliott et al., 1987". Here we concen-
trate on experiments developed since the late 1980s, ref-
erencing earlier work where appropriate. The early de-
velopments have been covered well in other reviews, for
example, Primakoff and Rosen !1981"; Haxton and
Stephenson !1984"; Doi et al. !1985"; Avignone and
Brodzinski !1988"; Tomoda !1991"; Moe and Vogel
!1994"; Faessler and Šimkovic !1998"; Suhonen and Civi-
tarese !1998"; Elliott and Vogel !2002"; Tretyak and Zde-
senko !2002"; Zdesenko !2002"; Elliott and Engel !2004";
Avignone et al. !2005"; Ejiri !2005".

B. Overview of theory and recent experimental developments

A typical !! candidate is an even-even nucleus !Z ,A"
which pairing forces make more bound than its !Z
+1,A" neighbor, but less so than the !Z+2,A" nuclide,
as shown in Fig. 1. In Fig. 2 we depict !!!2"" and
neutrino-exchange-driven !!!0"". The rate of !!!2"",
which has been measured in ten isotopes !see Table II",
can be written as

!T1/2
2" "−1 = G2"!Q!!,Z"'M2"'2, !1"

where G2"!Q!! ,Z" is the four-particle phase-space fac-
tor, and M2" is a nuclear matrix element for this second-
order process. This decay conserves lepton number, does
not discriminate between Majorana and Dirac neutrinos,
and does not depend significantly on the masses of the
neutrinos. The rate of !!!0"", if driven by the exchange
of light Majorana neutrinos, is approximately

!T1/2
0" "−1 = G0"!Q!!,Z"'M0"'2(m!!)2, !2"

where G0"!Q!! ,Z" is the phase-space factor for the
emission of the two electrons, M0" is another nuclear
matrix element, and (m!!) is the effective Majorana
mass of the electron neutrino:

0+

0+

2+

0+
Z

Z+1

Z+2

ββ

FIG. 1. A generic level diagram for !!.
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(a positive definite quantity)

(in case of a light 
neutrino exchange)
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neutrino masses

Nuclear physics aspects of double beta decay 3

Normal hierarchy  or

? = m1
2

!e

!µ

!"

m1
2

m2
2

m3
2

#m2
atm/4

#m2
!

m3
2

Inverted hierarchy
(possible only if m1

2 $ #m2
atm)

?=sin2 %13

? = sin2 %13

#m2
atm/4

m! = 0

#m2
!

Fig. 1. – Schematic illustration of the decomposition of the neutrino mass eigenstates νi in
terms of the flavor eigenstates. The two hierarchies cannot be, at this time, distinguished. The
small admixture of νe into ν3 is an upper limit, and the mass square of the neutrino ν1, the
quantity m2

1, remains unknown.

experiments are being build to further elucidate this discovery, and determine the corre-

sponding parameters even more accurately.

At the same time the ”solar neutrino puzzle”, which has been with us for over thirty

years since the pioneering chlorine experiment of Davis[4], also reached the stage where

the interpretation of the measurements in terms of oscillations between the νe and some

combination of active, i.e., νµ and ντ neutrinos, is inescapable. In particular, the jux-

taposition of the results of the SNO experiment[5] and SuperKamiokande[6], together

with the earlier solar neutrino flux determination in the gallium experiments[7, 8] and,

of course chlorine[4], leads to that conclusion. The value of the corresponding oscillation

parameters, however, remained uncertain, with several ”solutions” possible, although the

so-called Large Mixing Angle (LMA) solution with sin
2
2θsol ∼ 0.8 and ∆m2

sol ∼ 10−4eV
2

-   solar neutrinos 
+ KamLAND 
(LMA-MSW): 

-  atmospheric neutrinos 
+ K2K/MINOS: 

-  Chooz / Palo Verde:   

Δm212 ~ 8×10-5 eV2

tan2θ12 ~ 0.4  

Δm223 ~ 3×10-3 eV2

sin22θ23 > 0.9  

sin22θ13 < 0.2

from oscillation experiments:

- only mass differences are measured

- at least one neutrino has a mass 
of ~50 meV
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0νββ and neutrino masses
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100 Chapter 8. Non-oscillation experiments

nucleus Present bound on |mee|/h in eV
76Ge 0.35 HM
76Ge 0.38 IGEX
130Te 0.42 Cuoricino
100Mo 1.7 NEMO3
136Xe 2.2 DAMA/LXe

Sensitivity to |mee|/h in meV
25 GERDA
25 MAJORANA
33 CUORE
52 EXO
55 SuperNEMO

Table 8.2: Left: present constraints at 90% CL. Right: future sensitivities. The factor h ∼ 1
reminds that 0ν2β elements are uncertain (h = 1 corresponds to the matrix elements of [84]).

10-4 10-3 10-2 10-1 1
lightest neutrino mass in eV

10-4

10-3

10-2

10-1

1

|m
ee
|!i
n
eV

99% CL (1 dof)

"m23
2
! > 0

disfavoured by 0Ν2Β

disfavoured
by
cosm

ology

"m23
2
! < 0

Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), mνe ≡ (m · m†)1/2

ee probed by β-decay
(fig. 8.5b), |mee| probed by 0ν2β (fig. 8.5c). ∆m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and ∆m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

(b) The second concept, proposed in 1967 by Fiorini et al. [18], aims at collecting the ionization
charge produced by the electrons, with MeV-scale energy. Experiments using 76Ge yield
the best existing limit (from HM and IGEX [18]). This technique is seriously considered for
future steps (GERDA, Majorana, GEM proposals).

(c) Fiorini et al. push the bolometer concept with tellurium: its isotope of interest has a large
isotopic fraction in nature. This produced the next better result (from Cuoricino, to be
enlarged to CUORE).

Many other experiments and proposals are based on (various combinations of) these concepts and
other important considerations (background control, isotopic enrichment, double tag, etc.). The
so called “pulse shape discrimination” is a good example of how the background can be reduced
in 76Ge detectors; in the terminology above, it might be classified as a rough “electron tracking”.
E.g. background from γ radiation deposits monochromatic energy in the crystal, producing a line
in the energy spectrum, at energies that can be dangerously close to the 0ν2β line. However, the
energy is deposited in a wider area (since the daughter γ from e+ annihilation is able to spread
the energy around), and the electric pulse from charge collection has on average a different time

from neutrino oscillations:~ 10 kg experiments

Klapdor et al.
~ 100 kg experiments (now!)

~ ton experiments

meff ~ 50 meV:  ~ 1027 years
(1027 nuclei ~ 103 moles ~ 100 kg)
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so, why study 0νββ decay?

its observation is directly associated with the 
discovery of:

-  lepton number violation
-  Majorana particles (neutrinos)

and enables us to:
-  measure the absolute mass scale of neutrinos
-  shed light on the matter/antimatter asymmetry (?) 
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how is 0νββ measured in the laboratory?
-  very rare events:  need to suppress 
non-ββ background with low 
radioactivity detectors (γ’s in particular)

-  large mass: large source, isotope 
enrichment

-  energy resolution: separate 0νββ 
mono-energetic peak in the 2-electron 
energy spectrum and fewer non-ββ 
background events in the peak

 2νββ

 0νββ

2% energy resolution (σ)

×10-2 ×10-6

[P
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el
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3]

-  tracking: identify individual electron tracks to discriminate between single- and 
2-electron events  (discrimination of β and γ background radiation)

-  multi-isotope: measure different isotopes with the same detector to cross-check 
results and reduce systematic and theoretical uncertainties

-  decay product identification: unambiguously from ββ events
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ββ decay candidate isotopes

48Ca→48Ti 4.271 0.19 0.043 > 14 < 7.2-44.7 Ge counting / crystal scintillator
76Ge→76Se 2.039 7.8 1.74 > 19000 ★ < 0.33-1.35 enriched HPGe  (72 kg y)
82Se→82Kr 2.995 9.2 0.96 > 210 < 1.2-3.2 plastic scintillator, foil source (1 kg y)
96Zr→96Mo 3.350 2.8 0.21 > 1.0 plastic scintillator, foil source

100Mo→100Ru 3.034 9.6 0.07 > 580 < 0.6-2.7 plastic scintillator, foil source (7 kg y)
116Cd→116Sn 2.802 7.5 0.29 > 170 < 1.7 crystal scintillator
128Te→128Xe 0.868 31.7 > 7700 < 1.1-1.5 geochemical
130Te→130Xe 2.529 33.8 0.61 > 3000 < 0.41-0.98 bolometers, crystals (11 kg y)
134Xe→134Ba 0.838 10.4 > 58 LXe scintillator (1.1 kg y)
136Xe→136Ba 2.458 8.9 > 10 > 450 < 0.8-5.6 LXe scintillator (4.5 kg y)
150Nd→150Sm 3.367 5.6 0.0097 > 18 < 4.0-6.3 plastic scintillator, foil source
160Gd→160Dy 0.858 21.9 > 1.3 crystal scintillator

Candidate Q 
(MeV)

Isot. ab.
(%)

T1/22ν

(1021 y)

[Avignone, Elliott, Engel, Rev. Mod. Phys. 80 (2008) 481;  arXiv:0810.0248;
PDG 2006,  J. Phys. G, 33 (2006) 1, Table of isotopes, http://ie.lbl.gov]

T1/20ν

(1021 y)
Detection technique 

(active exposure to date)

★ positive claim for 0νββ detection [Phys. Lett. B, 586(2004)198]

〈mν〉 
(eV)

possibility of looking for 
decays to excited states and 

double positron/capture decays

http://ie.lbl.gov/
http://ie.lbl.gov/
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ββ isotope 
shopping

1. isotopic 
abundance

2. magnitude of 
nuclear matrix 
element
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discovery of 0νββ?

controversial issue:               
C.A.Aalseth Mod. Phys. Lett. A17 (2002) 1475 
F.Feruglio et al. Nucl.Phys. B637 (2002) 345
                         Addendum-ibid. B659 (2003) 359
Yu.Zdesenko et al. Phys.Lett. B 546 (2002) 206
H.L.Harney Mod.Phys.Lett. A16 (2001) 2409 
A.M.Bakalyarov et al. hep-ex/0309016
H.V.Klapdor-Kleingrouthaus et al. Phys. Lett. B 586 (2004) 198
H.V.Klapdor-Kleingrouthaus et al. Mod. Phys. Lett. 21 (2006) 1547

204 H.V. Klapdor-Kleingrothaus et al. / Physics Letters B 586 (2004) 198–212

Fig. 4. The total sum spectrum of all five detectors (in total 10.96 kg enriched in 76Ge), in the range 2000–2060 keV and its fit, for the periods:
Top: left—August 1990 to May 2000 (50.57 kg yr); right—August 1990 to May 2003 (71.7 kg yr). Bottom: left—November 1995 to May 2003
(56.66 kg yr); right—scan for lines in the spectrum shown on the left, with the MLM method (see text). The Bi lines at 2010.7, 2016.7, 2021.8
and 2052.9 keV are seen, and in addition a signal at ∼2039 keV.

contradiction to a claim of [13], the signal atQββ (see
Fig. 6 and Table 2). The time distribution of the events
throughout the measuring time and the distribution
among the detectors corresponds to the expectation for
a constant rate, and to the masses of the detectors (see
Fig. 7).
The spectra have been analyzed by different meth-

ods: Least Squares Method, Maximum Likelihood
Method (MLM) and Feldman–Cousins Method. The
analysis is performedwithout subtraction of any back-
ground. We always process background-plus-signal
data since the difference between two Poissonian vari-
ables does not produce a Poissonian distribution [17].
This point is sometimes overlooked. So, e.g., in [18] a
formula is developed making use of such subtraction

and as a consequence the analysis given in [18] pro-
vides overestimated standard errors.
We have performed first a simultaneous fit of

the range 2000–2060 keV of the measured spectra
by the nonlinear least squares method, using the
Levenberg–Marquardt algorithm [19]. It is applicable
in any statistics [20] under the following conditions:
(1) relative errors asymptotic to zero, (2) ratio of signal
to background asymptotic constant. It does not require
exact knowledge of the probability density function of
the data.
We fitted the spectra using n Gaussians (n is

equal to the number of lines, which we want to fit)
G(Ei,Ej ,σj ) and using different background models
B(Ei): simulated background (linear with fixed slope)

[PLB  586(2004)198]

[Mod. Phys. Lett. A27(2001)2409]

T1/2
0νββ = 2.23+0.44

-0.31 1025 years
mν

eff=0.32±0.03 eV

-  enriched (86%) 76Ge crystals
-  excellent energy resolution
-  if limit: T1/2 > 1.9×1025 y
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current/future experiments (personal view)

# Many other ideas for the future are omitted in the interest of time
*  No isotopic enrichment in baseline design
†  Plan to merge efforts for ton-scale experiment       
‡ Non-homogeneous detector

Isotope Experiment Main principle Fid mass Lab

76Ge

Majorana† Eres, 2 site tag
ultra low bg Cu shield 30+30kg Homestake

76Ge Gerda† Eres, 2 site tag
LAr shield/veto 18→40 kg Gran Sasso76Ge

MaGe/GeMa see above ~1ton
Homestake? 
Gran Sasso?

150Nd SNO+ size+shielding 56 kg SNOlab

150Nd or 82Se SuperNEMO‡ Tracking 100-200 kg
Canfranc
Frejus

130Te* CUORE E Res. 204 kg Gran Sasso

136Xe
EXO
NEXT
KamLAND-Zen

tracking / size+shielding 150 kg
WIPP/
Canfranc/
Kamioka136Xe

EXO
NEXT
KamLAND-Zen Ba tag, tracking 1-10ton Homestake/

SnoLab?
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germanium crystals

13

✓ proven technology (currently holds best sensitivity) 
✓ know how to purify (0.1-0.2 counts/kg/y/keV so far)
✓ fantastic energy resolution  (FWHM ~0.1-0.2%)
✓ possibly relatively compact  
✓ source = detector, high detection efficiency
✴ expensive to enrich (but proven)
✴ suffers from cosmogenic activation (timing is critical in 

all stages of crystal production, testing and deployment)
✴ few reliable manufacturers worldwide
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ton-scale germanium experiments

• ‘Bare’	  enrGe	  array	  in	  liquid	  argon	  	  
• Shield:	  high-‐purity	  liquid	  Argon	  /	  H2O
•Phase	  I	  (2011):	  ~18	  kg	  (HdM/IGEX	  diodes)
•Phase	  II	  (2012):	  add	  ~20	  kg	  new	  detectors	  -‐	  Total	  ~40	  
kg

GERDA

Joint	  CooperaSve	  Agreement:
• 	  Open	  exchange	  of	  knowledge	  &	  technologies	  (e.g.	  MaGe,	  R&D)
• 	  IntenSon	  is	  to	  merge	  for	  1	  ton	  exp.	  Select	  best	  techniques	  developed	  and	  tested	  in	  

GERDA	  and	  MAJORANA

•Modules	  of	  enrGe	  housed	  in	  high-‐purity	  
electroformed	  copper	  cryostat	  

• Shield:	  electroformed	  copper	  /	  lead	  
• IniSal	  phase:	  R&D	  demonstrator	  module:	  Total	  
~40	  kg	  (up	  to	  30	  kg	  enr.)

MAJORANA

14courtesy	  of	  Steve	  Ellio1
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GERmanium Detector Array - GERDA

from	  Chris	  O’Shaughnessy	  @	  SLAC	  2011
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GERDA @ Gran Sasso

nat-Ge crystals from Genius test facility
from	  Chris	  O’Shaughnessy	  @	  SLAC	  2011
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GERDA @ Gran Sasso

from	  Chris	  O’Shaughnessy	  @	  SLAC	  2011
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an unexpected 
background: 42Ar

from	  Chris	  O’Shaughnessy	  @	  SLAC	  2011

t1/2 = 33 y
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performance

from	  Chris	  O’Shaughnessy	  @	  SLAC	  2011

Q = 2039 keV

Th-228 calibration
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GERDA sensitivity

from	  Chris	  O’Shaughnessy	  @	  SLAC	  2011

✓ pulse shape analysis for 
background ID
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•	  40-‐kg	  of	  Ge	  detectors
– Up	  to	  30-‐kg	  of	  86%	  enriched	  76Ge	  crystals	  required
	  for	  science	  and	  background	  goals

– Examine	  detector	  technology	  opMons
	  focus	  on	  point-‐contact	  detectors	  for	  DEMONSTRATOR

- Technical goal: Demonstrate background low enough to justify building a tonne 
scale Ge experiment. 

- Science goal: build a prototype module to test the recent claim of an observation 
of 0νββ. This goal is a litmus test of any proposed technology.

•	  Agreement	  to	  locate	  at	  4850’	  level	  at	  Sanford	  Lab
•Background	  Goal	  in	  the	  0νββ peak	  ROI(4	  keV	  at	  2039	  keV)	  
	  ~	  4	  count/ROI/t-‐y	  (aUer	  analysis	  cuts)	  (scales	  to	  1	  count/ROI/t-‐y	  for	  tonne	  expt.)	  

The	  MAJORANA	  DEMONSTRATOR	  Module
76Ge	  offers	  an	  excellent	  combina4on	  of	  capabili4es	  &	  sensi4vi4es.
(Excellent	  energy	  resolu4on,	  intrinsically	  clean	  detectors,	  
commercial	  technologies,	  best	  0νββ	  sensi4vity	  to	  date)

21courtesy	  of	  Steve	  Ellio1
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Hole	  vdriA	  (mm/ns)	  w/	  paths,	  isochrones

~x10

Point	  Contact	  Detectors
Barbeau	  et	  al.,	  JCAP	  09	  (2007)	  009;	  Luke	  et	  al.,	  	  IEEE	  trans.	  Nucl.	  Sci.	  36	  ,	  926(1989).

22courtesy	  of	  Steve	  Ellio1
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• Three	  Phases
–Prototype	  cryostat	  (3	  strings,	  natGe)	  	  (Oct.	  2012)
–Cryostat	  1	  (3	  strings	  enrGe	  &	  4	  strings	  natGe)	  (Mar.	  2013)

–Cryostat	  2	  (up	  to	  7	  strings	  enrGe)	  (Sept.	  2014)

MJD	  ImplementaXon

23courtesy	  of	  Steve	  Ellio1
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Ma-‐Ge:	  the	  tonne-‐scale

24courtesy	  of	  Steve	  Ellio1
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For E = 1 MeV: ΔT = E/C ≅ 0.1 mK
 Signal size: 1 mV

Time constant:  τ = C/G = 0.5 s 
Energy resolution: ~ 5-10 keV at 2.5 MeV

Heat sink: 
Cu structure (8-10 mK)
Thermal coupling: 
Teflon (G = 4 pW/mK)
Thermometer: 
NTD Ge-thermistor 
(dR/dT ≅ 100 kΩ/µK)
Absorber: 
TeO2 crystal 
(C ≅ 2 nJ/K ≅ 1 MeV / 0.1 mK)TeO2 Bolometer: Source = Detector

 TeO2 Bolometers

Single pulse example

Time (ms)

  A
m

pl
itu

de
 (a

.u
.) 

 

        1000               2000              3000              4000

voltage signal ∝ energy deposited

5 cm

790g per crystal deposited energy 

€ 

Cv = 12Π4Nk
5TD

3 T 3

✓ excellent energy resolution
✴ no particle ID

courtesy	  of	  Karsten	  Heeger
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CUORICINO @ LNGS

0ν mode: T1/2(0ν) > 2.8⋅ 1024 yr @ 90% C.L. 

2ν mode: T1/2(2ν) ~= 0.9 ± 0.15 ⋅ 1021 yr 
A. S. Barabash, Czech. J. Phys. 52, 567-573 (2002)

BKG@ROI = 0.169 ± 0.005 cts / (keV kg yr)
19.75 kg (130Te)  yrs of exposure

adapted	  from	  Tom	  Bloxham	  @	  PHENO	  2011

✓ 130Te is >34% abundant

TeO2 bolometers

Q = 2528 keV
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CUORE Double Beta Decay Experiment

80 cm

CUORE: Cryogenic Underground Observatory for 
Rare Events will be a tightly packed array of 988 
bolometers with mass of ~ 200 kg of 130Te

• Operated at Gran Sasso laboratory
• Special cryostat built w/ selected materials
• Cryogen-free dilution refrigerator operated at ~ 10mK
• Shielded by several lead shields

19 Cuoricino-like towers with 13 planes 
of 4 crystals each

courtesy	  of	  Karsten	  Heeger
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CUORE Backgrounds

n expected backgrounds in the ROI of 10-2 ~ 10-3 counts/kg keV
(×20 better thn Cuoricino)

courtesy	  of	  Karsten	  Heeger
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CUORE Sensitivity

2012    start of CUORE-0
<mββ> < 170-350 me (1σ) 

2014    start of CUORE
<mββ> < 47-87 meV (1σ)

CUORE-0 
- is the first tower of CUORE. It will be constructed with 
the tools being build to construct CUORE
- as a stand alone experiment is very competitive with 
the present generation of 0νββ experiments.

courtesy	  of	  Karsten	  Heeger
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other isotopes
Tested bolometrically,
as good as TeO2
CaF2, Ge, PbMoO4, CdWO4

Advanced Bolometers
- active background rejection (surface sensitive detector or scintillating bolometers)
- enriched bolometric detectors
- other isotopes

fast surface events

slow bulk events

pu
ls

e 
am

pl
itu

de
 o

n 
G

e

pulse amplitude on TeO2

isotopic enrichment of 130Te
- up to 3x more sensitive
- no change to CUORE cryostat

Beyond CUORE  - Future Opportunities

surface sensitive 
bolometers

courtesy	  of	  Karsten	  Heeger
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Thanks to the simultaneous detection of Heat signal 
and Light signal α particles can be discriminated 

The light detector is very 
sensitive “dark” bolometer 

ZnMoO4 

ZnMoO4 

L. Gironi et al., 2010 JINST 5 P11007

Particle identification 
WITHOUT 

Light detection

Some scintillating Mo and Se based bolometers permit  α discrimination 
due to different thermal pulse development, without Light detection
C. Arnaboldi et al., Astropart. Phys. 34 (2011) 797 courtesy	  of	  Stefano	  Pirro

CdWO4 crystal

α
β

2615

C. Arnaboldi et al., Astropart. Phys. 34 (2010) 143.

Ba
ck

gr
ou

nd
 fr

ee

scintillating bolometers

✴ α particles produce 
a background 
continuum in ββ 
energy range

✴ no particle ID
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The Lucifer Project is an EU Advanced Grant aiming to the construction of a ββ 
Scintillating bolometer experiment.

- Lucifer  will consist of an array of enriched ZnSe crystals with a total 
82Se mass of ~ 10 kg
- ZnSe is a “puzzling” promising scintillating crystal, being the only 
scintillator with an “inverse” Scintillating QF (≈4)

C. Arnaboldi et al., Astropart. Phys. 34 (2011) 344. 

γ/β α

γ/β
α

γ/β
α

Separation > 15 σShape of the light signal Light Vs Heat

- The enriched 82Se production (Urenco)  is starting and the 
delivery of the 10 kg is foreseen for end 2013

- Lucifer will be hosted in the CUORICINO cryostat (LNGS), 
once the CUORE-0 tower will finish  data taking (2014-2015) 

- The expected background in the ROI (2995 keV) dominated by 
environmental 214Bi is expected to be  ≤ 0.006 c/keV/kg/y

courtesy	  of	  Stefano	  Pirro

the Lucifer project
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tracking:  NEMO3

✓ tracking:  excellent 1 vs 2 electron 
discrimination

✓ multiple isotopes at once (all solid ones, in 
principle) 

✴ relatively poor energy resolution
✴ small amounts of isotope (~kg) , large detector

33

✴ thin ββ foils inside gas tracker + calorimeter
✴ magnetic field 
✴ measured 2νββ lifetimes with excellent S/B 

ratio (Nd-150, Se-82, Te-130, ...)
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From	  NEMO	  3	  to	  SuperNEMO

7	  kg 100	  –	  200	  kg isotope	  mass	  M

8	  % 	  	  ~	  30	  %

isotope	  100Mo 
150Nd	  	  or	  	  82Se  

NEMO	  3 SuperNEMO

   internal	  contaminaMon	  
	  	  208Tl	  and	  214Bi	  in	  the	  ββ	  foil

A(208Tl):	  <	  20	  µBq/kg
A(214Bi):	  <	  300	  µBq/kg

A(208Tl)	  <	  2	  µBq/kg
if 82Se:	  A(214Bi)	  <	  10 µBq/kg

T1/2(0νββ)	  >	  2	  ×	  1024	  y
〈mν〉	  <	  (0.3	  –	  0.6)	  eV

T1/2(0νββ)	  >	  2	  ×	  1026	  y
〈mν〉	  <	  (50	  –	  100)	  meV

 
energy	  resoluMon	  (FWHM)	  8%	  @	  3	  MeV 4%	  @	  3	  MeV

efficiency ε

slides	  from	  Ladislav	  Vála,	  NOW	  2008
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liquid scintillators

• dissolve DBD isotope in a large, unsegmented volume 
(100-1000 tonnes) of liquid scintillator 

• relatively old idea from Raju Raghavan, then CAMEO 
✓ isotope can be dissolved at ~2-3%  (100’s of kg!)
✓ possibility of switching isotope 

(but some isotopes are hard to dissolve)
✓wonderful radiation shielding 
✓ proven purification from radioactivity
✴ relatively poor energy resolution, but high statistics

35
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slides from Mark Chen 

• SNO+ with Nd-loaded liquid scintillator
• 0.1% Nd in 1000 tons of scintillator
– with natural Nd corresponds to 56 kg of 150Nd isotope

• sensitivity below 100 meV with natural Nd
• meters of ultra-low background self-shielding against gammas 

and neutrons
– leads to well-defined background model

• liquid detector allows for additional in-situ purification
• (possibility to enrich Nd)

SNO+ Double Beta Decay

36
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AV Hold 
Down  Ropes

Existing AV 
Support 

AV sanding + cleaning

“extreme

38from	  Biller	  @	  Venice	  Nu	  Telescopes	  2011
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• Electronics refurbishment
• Improved cover-gas system
• New glovebox
• Repair of liner
• Re-sanding of acrylic vessel
• Overhaul of software design 
• New calibration systems
• New purification systems
• Replacement of pipes

39from	  Biller	  @	  Venice	  Nu	  Telescopes	  2011
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from	  Biller	  @	  Venice	  
Nu	  Telescopes	  2011
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400 kg 136Xe loaded

KamLAND-Zen
Zero Neutrino 

double beta decay search

Merit of using Xe
● isotopic enrichment, purification established
● soluble to LS more than 3 wt%, easily extracted
● slow 2ν2β (T1/2>1022 years) requires modest 
energy resolution

● ultra low radioactivity environment based on ultra 
pure LS and 9m radius active shield

● no modification to the detector is necessary
● high sensitivity with low cost (1st phase budget 
secured,  290 kg in hand, 130kg to be delivered in June) 

● reactor and geo- antineutrino observations continue

● high scalability (2nd phase)
     1000 kg 136Xe,  improvement of energy resolution 
     with light concentrators and brighter LS (~30M$)

U: <3.5x10-18 g/g, Th: <5.2x10-17 g/g

Merit of using KamLAND

~60 meV in 2 years

~20 meV in 5 years

Visible Energy[MeV]
0 1 2 3 4 5

Ev
en

ts
/1

0k
eV

/y
ea

r

-410

-210

1

210

410

610

Total
Xe 0136

Xe 2136

Bi214

Bi210

Kr85

K40

Tl208

Po210

Be11

C10

C11

C14

B 8

Be 7

Conditions
- mini balloon : 
  (U, Th, 40K) = (10-12, 10-12, 10-11)[g/g]
- 10C 90% tag
- QRPA  T1/2(2!"") > 1022y,    
               T1/2(0!"") = 5.1#1025y
                        @ <m!> = 150meV

simulation

41courtesy	  of	  K.	  Inoue
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Preparation Status
● Xenon loaded LS with the same density, luminosity, transparency

● 3.16 m !  Mini-balloon (target: thin, 25µm, and low radioactivity, 10-12 g/g U/Th)

done KamLAND LS
　dodecane　　　　80%

　pseudo-cumene  　20%

　PPO　　　　　　1.36 g/liter

Xenon loaded LS
　decane　　　　　82%

　pseudo-cumene 　18%

　PPO　　　　　　2.7 g/liter

　Xenon    　　　　3 wt%

tag

tag tag

make these possible

Mini-balloon fabrication with
25μm Nylon film

Rehearsal of the deployment 
and inflation

Mini-balloon 
suspension 
structure

3.6mW

3.8mH

Class 1 super clean room for the mini-
balloon fabrication to start in May 42

courtesy	  of	  K.	  Inoue
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0 10 20 30 40 50 60 70 80 90 100
310!0

500

1000

1500

2000

2500 Neutron signal 
seen after large 
muon signal

µ

10C

n n
"=27.8 sec

"=207 μsec

1.74~3.65 MeV

R=21.1 /kton-day

(cf. Qββ=2.48 MeV)
12C

factor 20 reduction with neutron tagging

operating

Baseline 
restorer and 
signal splitter

1GHz FADC +
3 range 200 MHz FADC
for each channel

Trigger module

● Xenon handling system (mixing, extraction) etc

● Cosmogenic background rejection with dead-time free electronics

Xe extraction and storage lineXe mixing line

installed, starting up

KamLAND-Zen planned to start in August
43courtesy	  of	  K.	  Inoue
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xenon experiments

45

✓ known purification technology (both pure or in scintillator)
✓ can be re-purified and transferred between detectors
✓ simplest enrichment (proven at the 100’s kg scale)
✓ scalable technology (dark matter experiments help!)  
✓ source = detector, high detection efficiency
✓ allows for particle ID
✓ standard 2νββ mode not observed yet 

(current limit: T0ν1/2 > 1 × 1022 y)

✴ energy resolution:  GXe > LXe > scintillator
[R. Bernabei et al., Phys. Lett. B 546 (2002) 23]
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Ionization alone:
σ(E)/E = 3.8% @ 570 keV

    or 1.8% @ Qββ

Ionization + Scintillation:
σ(E)/E = 3.0% @ 570 keV

    or 1.4% @ Qββ

Anti-correlated ionization and scintillation 
improves the energy resolution in LXe 

this 

Compilation
of Xe resolution 

results

[E. Conti et al., Phys. Rev. B: 68 (2003) 054201]

207Bi source

570 keV

1060 keV



Andrea Pocar  -  TIPP, Chicago  -  13 June 2011 47courtesy	  of	  JJ	  Gomez	  Cadenas



Andrea Pocar  -  TIPP, Chicago  -  13 June 2011 48courtesy	  of	  JJ	  Gomez	  Cadenas

✓ 1 vs 2 electrons!
✓ good energy resolution
✓ 2×107 bg rejection
✓ 2×10-4 cts/keV/y/kg

NEXT-100 @ LSC

TPB-coated SiPMT

electroluminescence

15 bar, 0.5 kV/cm
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“EXO is a program aimed at building a xenon double beta 
decay experiment with a one or more ton 136Xe source, with 
the particular ability to detect the two electrons emitted in the decay in 
coincidence with the positive identification of the 136Ba daughter via 
optical spectroscopy for unprecedentedly low background”

the EXO program

EXO-200
EXO-200 is a large LXe TPC with scintillation 
light readout.  It uses a source of 200 kg of 
enriched xenon (80% 136Xe).

→ EXO-200 has no 136Ba+ identification ←
- look for 0νββ decay of 136Xe with competitive sensitivity (current limit: T0ν1/2 > 1.2 × 1024 y)

- measure the standard 2νββ decay of 136Xe 
- test backgrounds of large LXe detector at ~2000 m.w.e. depth
- test LXe technology and enrichment on a large scale
- test TPC components, light readout (~500 LAAPDs), and radioactivity

of materials, xenon handling and purification, energy resolution

[R. Bernabei et al., Phys. Lett. B 546 (2002) 23]
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EXO-200 @ WIPP
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EXO-200 engineering run (Dec 2010)

C
at

ho
de

One of the two TPC modules

U and V wires

✓ natural xenon
✓ test stability of LXe/GXe systems
✓ measure Xe purity
✓ generally test detector performance
✓ test source calibration system
✓ test Xe emergency recovery 
✴ no front Pb shield
✴ no Rn-suppressed enclosure
✴ no Rn trap in Xe system
✴ no muon veto 

a muon event:
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some known offenders (in natXe)

85Kr

the total Kr concentration in the natXe 
was measured to be, using a special 
technique involving mass-
spectroscopic analysis in the gas 
phase,  

(42.6±5.7)·10-9 g/g
[A. Dobi et al., arXiv:1103.2714v1] 

à consistent with Mass Spec result assuming standard 85Kr/Kr concentration of ~10-11 

222Rn, via 214Bi-Po 
fast coincidences



Andrea Pocar  -  TIPP, Chicago  -  13 June 2011 

Front shield 
& Rn enclosure

Veto counter installed
and commissioned

refer to Russell Neilson’s 
talk for more details

status of 
EXO-200

now running with 
enriched xenon!
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EXO-200 sensitivity

* σ(E)/E = 1.4% obtained in EXO R&D, Conti et al., Phys. Rev. B 68 (2003) 054201
1 Simkovic et al. Phys. Rev. C79, 055501(2009) [use RQRPA and gA= 1.25]
2 Menendez et al., Nucl. Phys. A818, 139(2009), use UCOM results

improves sensitivity for 136Xe 0νββ by one order of magnitude
should detect 2νββ of 136Xe (~50 events/day at current limit)

discovery claim in 76Ge:   T1/2 = 2.23+0.44
-0.31 ×1025y 

(reference: 1025 years lifetime  =>  440 events/year/ton of 136Xe)

Case Mass
(ton)

Eff.
(%)

Run 
Time
(yr)

σE/E @ 
2.5MeV

(%)

Radioactive
Background

(events)

T1/2
0ν

(yr, 90%CL)
Majorana mass

(meV)
QRPA1       NSM2

Majorana mass
(meV)

QRPA1       NSM2

EXO-200 0.2 70 2 1.6* 40 6.4×1025 109  135

46/170 (QRPA/NSM) events above 40 bg: confirm or rule out at 5/11.7 σ
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a ton-scale EXO

[M. Moe,  Phys. Rev. C 44 (1991) R931]

xenon admits a novel coincidence technique:
drastic background reduction by Ba daughter tagging!

 136Xe → 136Ba++  +  2e-  (+ 2νe)

detect the 2 electrons 
(ionization + scintillation in xenon detector)
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a ton-scale EXO

[M. Moe,  Phys. Rev. C 44 (1991) R931]

xenon admits a novel coincidence technique:
drastic background reduction by Ba daughter tagging!

 136Xe → 136Ba++  +  2e-  (+ 2νe)

detect the 2 electrons 
(ionization + scintillation in xenon detector)

positively identify daughter via 
optical spectroscopy of Ba+

CCD observe single ion

ion “tip”

other Ba+ identification strategies are being 
investigated within the EXO collaboration
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‘full’ EXO R&D

(see Karl Twelker’s talk for more details)
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sensitivity of ton-scale EXO with barium tagging
Assumptions: 
1. 80% enrichment in 136
2. Intrinsic low background + Ba tagging eliminate all radioactive background
3. Energy resolution only used to separate the 0ν from 2ν modes: 
4. Select 0ν events in a ±2σ interval centered around the 2.458 MeV endpoint
5. Use for 2νββ T1/2>1·1022yr (Bernabei et al.)

* σ(E)/E = 1.6% obtained in EXO R&D, Conti et al Phys Rev B68 (2003) 054201
† σ(E)/E = 1.0% considered as an aggressive but realistic guess with large light collection area

1 Šimkovic et al., Phys. Rev. C79 055501 (2009) [use RQRPA with gA=1.25]
2 Menendez et al., Nucl. Phys. A818 139 (2009) [use UCOM results]

very 
large

large

Case

5.3

24

4.3

19

Majorana mass

(meV)

QRPA1 NSM2

0.7 (use 1)

0.5 (use 1)

2νββ

Background

(events)

4.1*10281†107010

2*10271.6*5701

T1/2
0ν

(y)

(90% CL)

σE/E @ 

2.5MeV

(%)

Run Time

(y)

Eff.

(%)

Mass

(ton)
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outlook
✓ the quest for for neutrino-less double beta 

decay (0νββ), started half a century ago, 
should reach the inverted neutrino mass 
hierarchy in the next 5-10 years

✓ 0νββ would represent new physics and 
decree neutrinos as Majorana fermions, 
possibly indicating the way towards 
understanding the origin of neutrino mass 
and the matter/antimatter asymmetry

✓ the required rare-event detector technology 
is now entering the phase of 0νββ 
experiments at the 100’s kg scale, sensitive 
to neutrino masses of ~100 meV or less 

10 Oct 2002 10:51 AR AR172-NS52-04.tex AR172-NS52-04.SGM LaTeX2e(2002/01/18) P1: IBC

120 ELLIOTT � VOGEL

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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✓ many competing efforts are under way;  a firm detection of this process 
will require its observation in more than one isotope in order to validate 
the theoretical understanding of the fundamental nuclear process
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choose wisely, and ...
76 Ge
15

0 Nd

13
6 Xe

82 Se13
0 Te

48 Ca

10
0 M

o

11
6 Cd
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... if it’s a 
rose, it 

will 
bloom

60
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thank 
you!

60



CANDLES

 CaF2(Pure)
  200kg, 300kg, 3t,30t(2%)
        48Ca (200g, 300g, 3kg, 300kg)

 Liquid Scintillator
Wave Length Shifter
4 π Active Shield
Passive shield

 Photomultiplier
        energy resolution

CAlcium fluoride for studies of Neutrino and Dark matrters
by Low Energy Spectrometer

from	  T.	  Kishimoto

✓ 48Ca has highest Q = 4.3 MeV
✴ 0.2% isotopic abundance
✴ difficult enrichment



Milestones

• ELEGANT VI 
– running with new BG rejection (2ν)

• CANDLES I, II
• CANDLES III

– 10cm3  cube (100 crystals)  ~0.5 eV
– BG of CaF2 ~30 µBq/kg (<100 µBq/kg )

• CANDLES III(UG) 
• CANDLES IV

– 10cm3 cube (1000 crystals)  3.2t
– BG of CaF2 ~10 µBq/kg for 0.2 eV 

– Kamioka 
–CANDLES V to sense ~10 meV region 
– ~30 ton CaF2 and 2% enrichment

Achieved (Osaka)
Kamioka 

from	  T.	  Kishimoto

ELEGANT IV


