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Abstract 

The status and recent results of second generation ~~-experiments using iso
topically enriched source materials are described. These experiments are at pre
sent the most sensitive tools to distinguish Dirac from Majorana neutrinos. The 

at present most advanced experimental techniques, namely the use of high-reso
lution calorimetric detectors and of time projection chambers are compared. New 
limits on the Majorana neutrino mass as well as for the Majoron-neutrino 
coupling are presented. 

INTRODUCTION 

Double beta (~~) decay is the rarest known 
decay mode in nature. The interest in the 
investigation of this process is motivated by 
its unique sensitivity to the existence of a 
non-zero Majorana- mass of the neutrinos 
and right-handed weak currents (RHC). 
Non-zero Majorana-masses of the neutrinos 
are generated in non-standard models (SM) 

by a breaking of the B-L (Baryon- minus 
Lepton - number symmetry), giving rise to 
neutrinoless ~~-decay. On the other hand 
the predictive power of these theories is 
very limited, resulting in a giant mass range 
for the Majorana neutrino mass from few eV 
to 10-11 eV (see e.g. 0 ). 

Candidates for the observation of ~~-decay 
are those even-even nuclides where single 
beta decay is energetically forbidden but a 
decay to the next nearest isobar is allowed. 
Three possible decay modes are discussed: 

Second generation ~~-experiments, either 
planned or already in operation, using isoto
pically enriched source materials, are able 
to test the very upper range of the above 
mass scale. 

*> Presented by: A. Piepke 
1> Speakers of the collaboration 

(~~2v) A(Z,N) ➔ A(Z+2,N-2) +2e-+ 2\ie 
(~~0v) A(Z,N) ➔ A(Z+2,N-2) + 2e
(~~0vx) A(Z,N) ➔ A(Z+2,N-2) + 2e-+ X 

The ~~2v-decay is allowed in the SM and 
can be calculated in second order Fermi 
theory. Its decay rate is given by: 

( 1 ) 

F2"= leptonic phase space, M2" = nuclear ma
trix-element. The decay rate does not de
pend on any unknown particle physics para
meter. 

In the case of the non-SM ~~0v-decay, the 
decay rate is, when neglecting contributions 
from RHC, proportional to the neutrino 
mass squared: 

© 1993 American Institute of Physics 1141 
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p<>v = leptonic phase space, Mov = nuclear 

matrix-element, me= electron mass and 
<mv> = effective Majorana mass of the neu
trinos. The effective mass is defined as: 

(3) 

w1 = CP eigenvalue ± 1, Uet = element of the 
unitary matrix describing the mixing of the 
mass and flavour eigenstates, mi= mass of 
the mass eigenstate i. 

In order to extract information on <mv> 
from a measured decay rate or from a limit 
of the rate, according to (2) it is necessary 
to use theoretically calculated nuclear ma
trix-elements (see ref. 2>). The reliability 
of such calculations has been verified and 
discussed recently 3>. Note that pOv; p2v,,,, 

5·106 for 76Ge. 
If the neutrinoless ~~-decay is the mani
festation of the spontaneous breaking of a 
global B- L symmetry than a massless Gold
stone boson the so-called Majoron should 
exist. The ~~-decay rate would then be pro
portional to the effective neutrino- Majoron 
coupling <gvx> squared: 

The existence of singlet Majorons is not in 
conflict with the measured z0 -width 4> and 
would have consequences in astrophysics, 
cosmology as well as for possible decay 
channels of the 17 keV neutrinos. 
The different decay modes can be identified 
through the different sum-energy spectra 
of the emitted electrons. The ~~2v- and 
~~0vx-decay are leading to continuous spec
tra (with different maxima) while the ~~0v
decay results in a peak at the decay energy. 
Limits on the neutrino mass obtained from 
~~0v-experiments are complementary to 
those obtained from the investigation of the 
shape of the ~-spectrum -measuring the 
masses and admixtures directly- and neutrino 

oscillation experiments -testing the mass 
differences squared versus the admixture. 
Both other methods are not able to distin
guish Dirac from Majorana neutrinos if a 
possible anticorrelation of the solar-neutri
no flux to the sunspot number and hence 
magnetic moments of the neutrinos are neg
lected. 
Neutrinoless ~~-decay is also sensitive to 
the existence of 17 ke V ( Majorana) neutri
nos (see eq. 3). The fact, that no corre
sponding ~~0v-amplitude is observed re
quires at least a very rigid pattern of neutri
no masses and mixtures 5>. 

EXPERIMENTAL PROCEDURE 

The common problem of all ~~-experiments 
are the extremely large half lives of 1020 y 
or even longer and hence the small counting 
rates to be identified. Among the direct 
experiments, detecting the emitted electrons 
and not the decay products, as geochemical 
experiments, those using the radioactive ~~
source simultaneously as detector have at 
present the highest sensitivity. In this way 

selfabsorption losses in the source can be 
avoided, but on the other hand the choice 
of the isotope to be investigated is limited. 
There are at present more than 30 ~~-exper
iments underway. 
The following discussion will be limited to 
those two experiments giving the most strin
gent results, as far as the non-SM decay 
modes are concerned. 
The Heidelberg-Moscow (HD-MO) collabo
ration uses Ge semiconductor detectors made 
from isotopically enriched Ge. The 76 Ge 
abundance is 86 % compared to 7 .8 % in nat
ural Ge. These detectors are high-resolution 
(8E/E

0
"-' 2·10-3 ) calorimeters. 

Since the Q-value of the 76Ge ~~-decay at 
E0 =2038.56 ± 0.32 kev 6> is within the energy 
range of the natural radioactivity the back
ground reduction is a difficult problem. 
The detectors are made from carefully se
lected low- activity materials. To shield 



them from external activities the detectors 
are operated in a common lead shield of 
30 cm thickness. The inner 10 cm are made 
from very clean so-called LC2 grade Pb. All 
near- detector construction materials have 
specific activities below 10 µBq/kg ! 

The experiment is performed in the Gran 
Sasso underground laboratory of the INFN 
in Italy in a depth of 3500 m w.e. (water 
equivalent). 
The Caltech-PSI-Neuchatel (CPN) experiment 
which studies the decay of 136Xe uses a 
TPC filled with a Xe+ CH4-counting gas. 
The 136Xe abundance is 62.5 % compared to 
8.9 % in natural Xe. The resolution at the 
endpoint energy of 2.48 MeV is 6.6 %. The 
detection efficiency for the electrons is 

"'25 %. 
Since two-electron events can be discrimi
nated from the one-electron background 
lower radiopurities of the used materials 
can be compensated by the tracking capabil
ities. The TPC is made from selected mate
rials and shielded by 5 cm Cu and 20-30 cm 
Pb. The purity of the counting gas can be 
maintained on the 0.1 ppm level. The experi
ment is being performed at the Gotthard 
underground lab in Switzerland with "'3000 
m w.e. shielding thickness (see ref. 7>). 

RESULTS 

Heidel berg-Moscow 

The integral counting rates of the used Ge 
detectors as well as the backgrounds around 
2.04 MeV where the hypothetical ~~0\J-peak 
would be expected are summarized in table 
1 for each detector. 

Table 1. Measuring times and backgrounds 
of the different enriched detectors. A fourth 
enriched detector with a mass of 2. 9 kg 
( "'33 mo! of 76Ge) is currently under con
struction and already working in a test cryo
stat. It will be installed in the Gran Sasso 

lab in 1993. 
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Det. ma t Background 
(kg) (d) (c/keV·y·kg) 

B1 B2 

0.92 +04.3 9.8 0.56 
2 2.76 238.7 6.1 0.29 
3 2.32 15.7 7.4 0.20 

1+2+3 6.00 7.4 0.38 

ma= active mass, t = measuring time, 
100-2800 keV, B2 = 2000-2100 keV 

B = 1 

{3{32v-decay 

1.2 

0.8 

0.4 

500 tooo 1500 

Energy [ ke V J 

2000 

Fig. 1 Kurie plot of the ~~2\J-spectrum. 
y=(n(E)/E·[ E4+10· E3+40· E2+60·E+30l) vs was 

taken as ordinate, where E=energy in units 
of the electron mass and n(E)=number of 
counts. The binwidth is 10 keV/channel. 

For the analysis of the ~~2\J-decay, data 
taken during 223 days with det.u2, before 
the installation of det.u3 have been used. 
The exposure is 19.3 mol·y. 
Since the continuous ~~2\J-spectrum is super
imposed to the Compton-continua of the 
different- background peaks and to continu
ous background components their contribu
tions have to be unfolded from the data. 
For this purpose a Monte Carlo background 
model based on the CERN code GEANT 3 
has been developed. The details of this mod-
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el will be discussed elsewhere Bl. 

On the basis of this background model the 
signal- to-background ratio can be esti
mated to be 1.20 for the energy interval 

from 500 to 1500 keV, containing 73 % of 
the (3(32v-intensity. 
A maximum likelihood fit of the background 
model added to calculated (3(32v-spectra 
yields a best fit of Tu2 = (1.50 ± 0.04stat) · 

1021 y. The statistical error has been calcu
lated from the logarithmic likelihood ratio. 
Since the systematic error has not been esti
mated yet, the result is still preliminary. 

Fig. 1 shows the residual spectrum after 
subtraction of the background model. The 
spectrum has been linearized like in a Kurie 
plot, but the theoretical shape of the (3(32v
decay from 9> has been used. Linear regres
sion yields for the energy interval 500-1500 
keV an endpoint of E

0 
= (2013 ± 31) keV, show

ing that the continuum present in the data 
has indeed the shape and endpoint expected 
for the (3(32v-decay. 
If this is interpreted as evidence for the 
(3(32v-decay, the experimental matrix-ele
ment shows remarkable agreement to the 

theoretical of ref. 2> ! M~~P Ii M!';',eo ! = 1.41. 

{3{30v-decay 

Fig. 2 shows the measured spectrum around 
2.04 MeV. The measuring time is 33.S mol·y 
or 2.92 kg·y. No peak at the correct energy 
can be identified. Assuming that the (3(30v
decay is a Poisson-process superimposed to 
background 7.8 (4.7) 1313-events are excluded 
with 90(68) % c.l. using the method recom
mended by the PDG. The corresponding half 
life limits are: 

11/2 > 1.8(3.0)·1024 y with 90(68) % c.l.. 
If the Poisson-distribution is approximated 
by the Gau8-distribution, a squareroot esti
mate yields T?Y2 >2.8·10 24 y with 90 % c.l.. 
The obtained half life limit results in new 
upper limits for <mv>, <)...> and <l1> ( effec
tive right-right- and left-right-handed ad
mixtures to the weak interaction, respec-

tively). <mv><t.33 eV, (l'])<1.29·10-8 and 

<)... > < 2.06· 10-6• If RHC are neglected we 
find: <mv> < 1.14 eV. 
All limits with 90 % c.l. are derived from 

the Poisson estimate using the matrix-ele
ments of 2>. 

4 
76Ge 

> 
Q) 

3 .:.: 
....... 
r.ll ..... 
C 2 
::I 
0 u 

2050 2100 
Energy [ ke VJ 

Fig. 2 Measured spectrum around the hypoth
etical (3(30v-peak. The dotted curve repre
sents the signal excluded with 90 % c.l .. 

{3{30vx-decay 

For the analysis of the ~~0vx_-decay the 
same piece of data as for the {3{32v-spec
trum has been used. If the (3(32v-decay as 
well as the discussed background model is 
subtracted from the data, the (3(30vx-spec
trum should remain. 
In the energy interval from 1.1 MeV to 2.05 
MeV, corresponding to 71.S % of the (3(30vx
intensity, 156 events are contained. This num
ber is on the 1.38 · Cl level greater than zero. 
However the analysis of the spectral shape 
shows, that these extra events can hardly 
be interpreted as evidence for (3(30vx-decay. 
The extra events are also visible in fig. 1 as 
a deviation of the points above 1.5 MeV 
from the linear behaviour. From the data 
a lower limit for the half life of T?Y/ > 
3.89 ( 4. 08) • 1022 y with 90 ( 68) % c. l. is esti
mated. 
Using the matrix-element of ref. 2> and the 
phase space integral of 10> this Tu2-value 
yields a new upper limit for the neutrino-



Majoron coupling of <gvx><t.1·10- 4 (90 % 
c.l.). 

Caltech-PSI-Neuchatel 

{3{30v-decay 

20 

15 .. 
§ 
0 

"IO 

5 

Fig. 3 Spectrum of the two-electron events 
around the pp0v-energy together with the 

excluded signal with 90 % c.l .. The binwidth 
is SO keV/channel. 

Fig. 3 depicts the energy spectrum of the 
two-electron candidates around the pp-de
cay energy, measured during 20.7 mol·y. The 
solid curve, representing the 90 % limit, has 
been calculated assuming Poisson statistics. 
Since no peak is present 5.21 (2.76) pp-events 
are excluded with 90 (68) % c.l.. A non-zero 
neutrino mass and RHC are corresponding 
to different efficiencies resulting in two 
different half lives beeing derived: 

mv: Tf)'2 >4.2(7.8)·1023 y with 90(68)% c.l. 

RHC: Tf)'2 > 2.8(5.0)· 10 23y with 90(68)% c.l. 

Using once more the matrix-elemets of 
ref. 2> the following limits ( 90 % c.l. ) can 

be deduced: <mv> <2.30 eV with <71>=<A>=0 
and <71><2.29·10-8 , < A.)<4.21·10- 6 for RHC 
Due to the steep rise of the background be
low 2.2 MeV no results for the p[32v-mode 
are reported 7> 

A. Piepke 1145 

{3{30vx-decay 

Also this experiment at present does not 
show evidence for a pp0vx-decay of 130Xe. 
The 77 events contained in the energy inter
val from 2000 to 2550 keV, corresponding 
to 27 % of the pp0vx-intensity, are convert
ed to a half life limit of 7.2· 1021 y with 
90 % c.l.. Using the same matrix-element 
and phase space as before a Majoron-neutri
no coupling larger than 1.8·10-4 can be ex
cluded. 

DISCUSSION 

How do the discussed technical parameters 
and results compare to the other large scale 
experiments using enriched isotopes ? 

Table 2. Technical parameters of large scale 
pp-experiments using enriched isotopes. 

Exp. N ~E B s 
(mol) (keV) ( counts ) 

keV·y·mol 

CPN 7> 13oxe 26.6 164. 0.003 1.9 
Milanoll) 130Xe 20.7 124. 2.2 0.1 
ITEP-Y12> 76Ge 13.3 3.7 0.19 4.4 
HD-MO 76Ge 68.7 3.5 0.033 23.0 

N=amount of decaying isotope, ~E=energy 
resolution at the decay energy, B=back
ground at the decay energy per mol of 

dec~y~ng isot_ope, S=~ensitivity ~~fined as 
S= VL:i.E·B·E with E being the eff1c1ency for 
the detection of electrons. 

It should be mentioned, that the !TEP-Yere
van group was the first one to use a large 
quantity of an enriched isotope in a pp-exper
iment. They also gave the first evidence for 
the pp2v-decay of 76Ge (T1

2J2=9•to20 y) 13>. 
The sensitivity of the experiments towards 
a non-zero Majorana neutrino mass can, in 
the case of a background limited null exper
iment, be measured through the achievable 
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T~J2 - limit. It is, independent from the iso
tope, determined by: 

t= measuring time (y), f=factor depending 
on the c.l. of the limit. 
From table 2 it is clear, that the lower back
ground of the TPC is compensated by the 
much higher efficiency and better energy res

olution of the Ge detectors. 

Due to the -It-dependence it is impossible 
to balance the lower sensitivity by a longer 

measuring time. In case of zero background 
the limit will be linear in time and source 
strength but it seems to be very difficult 
to expect zero background during many 
years of experiment. 

Table 3. Exposures and limits for non-SM 

parameters obtained by the discussed ~~

decay experiments. 

Exp. N·t TOv 
1/2 <mv> TOvx 

1/2 <gvx> 

(mol·y) (1024y) (eV) (1022y) (10-4) 

CPN 20.7 0.42 2.3 0.72 1.8 

Milano 14.6 0.02 10.S 

ITEP-Y 14.S 1.0 1.5 1.0 2.2 

HD-MO 33.S 1.8 1.2 3.9 1.1 

None of these large source strength experi
ments shows at present evidence for phys
ics beyond the standard model. 
When comparing the limits summarized in 
table 3 to results obtained with other iso
topes, one should bear in mind, that the 
neutrino mass as well as the neutrino

Majoron coupling are entering quadratically 
into the decay rate. This is especially impor
tant for the interpretation of indications for 

the existence of the ~~0vx-decay, being dis

cussed during the conference. 

Using the measured experimental parameters 

the potential within S years of experiment 

can be estimated to be <mv> < 0.8 eV for 
the CPN experiment and <mv> < 0.2 eV for 
the HD- MO experiment in its full scale. 
The Ge experiments are still hard to beat, 
at least in their domain -the ~~0v-decay. 
Nevertheless there are several very promising 

new experiments for other ~~-emitters in 
preparation: 
The NEMO-collaboration is planning to use 

10 kg of Mo enriched to 99 % in 100Mo in 

multiwire drift tubes operated in the Geiger 
mode 14>. They hope to achieve a sensitivity 
of "-'0.2 eV. 

The other challenge of the semiconductor 
detectors are the cryogenic detectors of 
the Milano group (see this volume) which 
have now reached considerable size and ener
gy resolution, approaching those of the Ge 
experiments. 

The investigation of different isotopes is of 

big importance in order to avoid systematic 
errors due to our limited knowledge about 
the precision of the theoretically calculated 
nuclear matrix-elements, even if these exper
iments are not reaching ultimate sensiti

vities. 
Several other interesting applications of the 
low-background detectors available in ~~
experiments as: limits on heavy neutrinos 
with masses "'104 GeV, stability of the elec
tron, dark matter searches, limits for the 
exchange of super-symmetric particles could 
not be discussed in this article. 
~~-decay research is a living field of phys

ics which allows us to look behind the SM 
without using large accelerators. 
The use of isotopically enriched source ma
terials has opened a new order of magni
tude for this type of observational physics. 
The two at present most sophisticated, 
working experiments can probe for the first 
time the sub-eV range of the Majorana 
mass of the neutrinos. 
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