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Search for 2b decay of cadmium and tungsten isotopes: Final results of the Solotvina experimen
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Final results of the doubleb decay experiment, performed with the help of low background116CdWO4

crystal scintillators in the Solotvina Underground Laboratory, are presented. In particular, the revised half-life
value of the two-neutrino 2b decay of 116Cd has been measured asT1/2

2n 52.920.3
10.431019 yr, and the new

half-life limit on the neutrinoless 2b decay of 116Cd has been established asT1/2
0n >1.7(2.6)31023 yr at 90%

~68%! C.L. The latter corresponds to a restriction on the neutrino mass:mn<1.7(1.4) eV at 90%~68%! C.L.
Besides, newT1/2 bounds~at the level of 1017–1021 yr) were set for various 2b processes in106Cd, 108Cd,
114Cd, 180W, and 186W nuclei.
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I. INTRODUCTION

Recent observations of neutrino oscillations@1–4# pro-
vide important motivation for double beta (2b) decay ex-
periments@5–7#. Indeed, the neutrinoless (0n) mode of 2b
decay, which violates lepton number~L! conservation and
requires the neutrino to be a massive Majorana particle
forbidden in the framework of the standard model~SM! of
electroweak theory. However, many extensions of the
incorporateL violating interactions and, thus, could lead
this process, which, when observed, would prove the Ma
rana nature of the neutrino. Hence, the discovery of
0n2b decay would be a clear evidence for a new phys
beyond the SM@5–7#. Moreover, while oscillation experi
ments are sensitive to the neutrino mass difference, the m
sured 0n2b decay rate can give the absolute scale of
effective Majorana neutrino mass and test different neutr
mixing models.

Despite numerous experimental efforts this process
remains unobserved, and only half-life limits for 0n mode
have been obtained in direct experiments up to now~see
reviews in Refs.@5–8#!. The highest bounds have been e
tablished for several nuclides:T1/2

0n >1021 yr for 48Ca @9#,
150Nd @10#, 160Gd @11#, 186W @12#; T1/2

0n >1022 yr for 82Se
@13#, 100Mo @14#; T1/2

0n >1023 yr for 116Cd @15#, 128Te, 130Te
@16# , 136Xe @17#; andT1/2

0n >1025 yr for 76Ge @18,19#.
In the present paper we describe the final results of

116Cd 2b decay studies, which have been performed by
ing cadmium tungstate crystal scintillators~with natural iso-
topic composition crystals and ones enriched in116Cd to
83%! in the Solotvina Underground Laboratory@20# since
1988 @21#. The results obtained on the different phases
these researches have been published earlier@21–
28,15,29,12#. The Solotvina experiment has been stopped
July 2002.

*Corresponding author. Email address: zdesenko@kinr.kiev.u
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II. EXPERIMENT AND DATA ANALYSIS

A. The low background setup

Description of the last modification of the setup with ca
mium tungstate (CdWO4) crystal scintillators and its perfor
mance have been already published@15#, thus only the main
features of this apparatus are summarized here. The ex
ment was carried out in the Solotvina Underground Labo
tory at a depth of 1000 m of water equivalent@20#. The
116CdWO4 crystal scintillators, enriched in116Cd to 83%,
have been grown for the search@21#. Their light output is
'30–35% as compared with that of NaI~Tl!. The fluores-
cence peak emission is at 480 nm with principal decay ti
of '13 ms. Four 116CdWO4 crystals with a total mass o
330 g were used in the setup. These are viewed by a
background 59 EMI D724KFL photomultiplier ~PMT!
through one light guide 10 cm in diameter and 55 cm lon
The light guide consists of two parts: high purity quartz~25
cm! and plastic scintillator~30 cm!. The 116CdWO4 crystals
are surrounded by an active shield made of 15 CdWO4 crys-
tals of large volume with a total mass of 20.6 kg@30,31#.
These are viewed by a low background PMT through
active plastic light guide 17 cm in diameter and 49 cm lon
The whole CdWO4 array is situated within an additional ac
tive shield made of plastic scintillator 40340395 cm, thus,
together with both active light guides, a complete 4p active
shield of the main (116CdWO4) detector is provided. The
outer passive shield consists of high purity copp
(3 –6 cm), lead (22.5–30 cm), and polyethylene~16 cm!.
Two plastic scintillators (120313033 cm) installed above
the passive shield serve as cosmic muon veto.

The event-by-event data acquisition is based on two p
sonal computers~PC! and a CAMAC crate with electronic
units. For each event within the116 CdWO4 detector array,
the following information is stored on the hard disk of th
first PC: the amplitude of a signal~in the energy range o
0.12–5.4 MeV!, its arrival time, and additional tags@the co-
incidence between the main and shielding detectors; trigg
for a light emitting diode~LED! and for the transient digi-
©2003 The American Physical Society01-1
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tizer#. The second PC records the pulse shape~2048 chan-
nels, each of 50 ns width! of the 116CdWO4 signals in the
energy range 0.3–5.4 MeV~in special runs, the threshol
was set at 80 keV! by using the transient digitizer~based on
a 12-bit analog-to-digital converter Analog Devic
AD9022! connected to the PC by a parallel digital boa
@32#.

The energy scale and resolution of the116CdWO4 spec-
trometer were determined with variousg sources (22Na,
40K, 60Co, 137Cs, 207Bi, 226Ra, 232Th, and 241Am). The
energy dependence of the resolution in the energy inte
60–2615 keV is expressed as follows: FWHMg5244
1A2800123.4Eg, where energyEg and FWHMg are in
keV. For instance, energy resolutions of 33.7%, 13.5
11.5%, and 8.0% were measured forg lines with energies of
60, 662, 1064, and 2615 keV, respectively. Routine calib
tions were carried out with207Bi and 232Th g sources. The
stability of the spectrometer is demonstrated by the fact
resolution of the137Cs peak in the background spectra~col-
lected over 13 316 hours! is FWHM '14%, which is prac-
tically the same as measured in the calibration runs.
dead time of the detector and data acquisition was per
nently controlled with the help of a light emitting diode o
tically connected to the main PMT~typical value was abou
4%!.

Besides, the relative light yield fora particles as com-
pared with that forb particles (g rays! with the same ener
gies~so-calleda/b ratio, which can be defined as the ratio
the energy ofa particles measured in theg scale of the
detector,Ea

g , to their actual energy,Ea) was determined in
the energy range of 2.1–8.8 MeV. First, a collimated beam
a particles from 241Am source penetrated through the th
absorbers with known thicknesses was used. The energ
the a particles after the absorber was accurately calcula
and was also measured by a surface-barrier detector~we re-
fer for details to work@33#!. Second, thea peaks from the
intrinsic trace contamination of the116CdWO4 crystals by
nuclides of the Th chain~selected by the time-amplitude an
the pulse-shape analysis as described below! were also uti-
lized for thea/b ratio determination. In addition, we foun
the dependence of thea/b ratio ~and pulse shape as well! on
the direction ofa particles beam relative to the main cryst
axes @33#. Finally, it yields a/b50.083(9)11.68(13)
31025Ea , and FWHMa

g(keV)53310.247Ea
g , where Ea

andEa
g are in keV.

Due to the active and passive shields, and as a resu
the time-amplitude and the pulse-shape analysis of the
~see below!, the background rate of the116CdWO4 detector
in the energy region 2.5–3.2 MeV (0n2b decay energy of
116Cd is 2.8 MeV! is reduced to 0.04 counts/~yr kg keV!. It is
the lowest background rate which has ever been reached
crystal scintillators.

B. Pulse-shape discrimination technique

According to the measureda/b ratio, a particles from
uranium and thorium trace contamination of the crystals
produce a background in the 0.4–1.3 MeV energy regi
while overlapping of theb anda signals from two fast se
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quential decays, e.g.,212Bi (Qb52.25 MeV) →212Po (Qa
58.95 MeV,T1/250.3 ms) →208Pb, would result in a single
event with the total energy up to 4.5 MeV. To suppress s
a background, a method of pulse-shape analysis~PSA! of
CdWO4 scintillation signals, based on the optimal digital fi
ter @34#, was developed@32# and a clear discrimination be
tween g rays ~electrons! and a particles was achieved
@32,15,33#.

The pulse shape of cadmium tungstate scintillation sig
can be described as:f (t)5(Ai /(t i2t0)(e2t/t i2e2t/t0),
whereAi are amplitudes andt i are decay constants for dif
ferent light emission components, andt0 is the integration
constant of electronics ('0.18ms). To provide an analytic
description of thea or g signals, the pulse shape resultin
from the average of a large number of individual events
been fitted with the sum of three~for a particles! or two ~for
g-s! exponential functions, providing the reference pu
shapesf̄ a(t) and f̄ g(t). Comparing two independent calibra
tion measurements with the enriched116CdWO4 crystals
~used in the experiment! the following values for the param
eters of g and a pulse shape were obtained:A1

a

580.9(1.9)%,t1
a512.7(0.6)ms, andA2

a513.4(1.3)%,t2
a

53.3(1.1)ms, A3
a55.7(1.0)%, t3

a50.96(0.08)ms for
'5-MeV a particles, and A1

g594.3(0.3)%, t1
g

513.6(0.2)ms and A2
g55.7(0.2)%, t2

g52.1(0.1)ms for
'1-MeVg quanta.

In data processing the digital filter was applied to ea
experimental signalf (t) with the aim to obtain the numerica
characteristic of its shape~shape indicator, SI! defined as SI
5( f (tk)P(tk)/( f (tk), where the sum is over time channe
k, starting from the onset of signal and up to 75ms, f (tk) is
the digitized amplitude~at the timetk) of a given signal. The
weight function P(t) is defined as P(t)5$ f̄ a(t)
2 f̄ g(t)%/$ f̄ a(t)1 f̄ g(t)%.

The SI distributions measured with differenta and g
sources~some examples are shown in Fig. 1! are well de-
scribed by Gaussian functions, whose standard deviat
s(SIa) ands(SIg) depend on energy@32,33#. As it is seen
from Fig. 1, electrons (g rays! and a particles are clearly
distinguished for the energies above 0.8 MeV (Ea
'3.8 MeV). Although the pulse-shape discrimination abil
worsens at lower energies, even 2-MeVa particles (Ea

g

'0.3 MeV) can be separated fromg background with rea-
sonable accuracy@33#. An illustration of the PSA of the
background events~for energy above 350 keV! is presented
in Fig. 2 as three-dimensional distribution of the backgrou
events versus the energy and shape indicator. In this plot,
can see two clearly separated populations: thea events,
which belong to U/Th families, andg(b) events.

In conclusion, the PSA allows us to rejecta decays and
other background events such as double pulses, the pl
light guide signal overlapping, noise, etc. For example, tha
peak of 212Po ~the daughter of the212Bi) was reconstructed
with the help of the front edge analysis of the scintillatio
signals. The energy and time distributions of the sequenc
b decay of 212Bi and a decay of 212Po, selected from the
background, are presented in Figs. 3~a–c!, while a typical
example of such an event is shown in Fig. 3~d!. Similarly, the
1-2
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events from the214Bi→214Po→210Pb chain were recognized
too. As a result, the events caused by two fast decays in
chains (212Bi→212Po→208Pb and 214Bi→214Po→210Pb),
which can result in background events with energies up
4.5 MeV, were discarded from the data.
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FIG. 1. Examples of the shape indicator distributions for thea
particles andg rays measured by the enriched116CdWO4 crystal
scintillator (32319 mm): ~a! Eg50.8–1.0 MeV,Ea53.88 MeV;
~b! Eg51.2–1.4 MeV,Ea55.25 MeV. The crystal was irradiate
by a particles in a direction perpendicular to the~010! crystal plane
@33#.

FIG. 2. Three-dimensional distribution of the background eve
~2975 h of exposition with the116CdWO4 crystals! versus energy
and shape indicator. The population ofa events belonging to the
U/Th families is clearly separated from the population ofg(b)
events.
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C. Time-amplitude analysis of the data

The energy and the arrival time of each event were u
for analysis and selection of some decay chains in232Th,
235U, and 238U families. For instance, the following se
quence ofa decays from the232Th family was searched fo
and observed: 224Ra (Qa55.79 MeV)→220Rn (Qa
56.40 MeV, T1/2555.6 s)→216Po (Qa56.91 MeV, T1/2
50.145 s)→212Pb. Because the energy ofa particles from
220Rn decay corresponds to.1.2 MeV in theg scale of the
116CdWO4 detector, the events in the energy region 0.6–
MeV were used as triggers. Then, all events~within 0.6–2.0
MeV! following the triggers in the time interval 10–1000 m
~containing 95% of216Po decays! were selected. Then in th
next step of the analysis, the fast couples found (220Rn and
216Po) were used as triggers to search for precedinga de-
cays of 224Ra. The time window was set as 1–111 s~it con-
tains 74% of 220Rn decays!. The obtaineda peaks~the a
nature of events was confirmed by the pulse-shape ana
described above!, as well as the distributions of the tim
intervals between events are in a good agreement with th
expected fora particles of224Ra, 220Rn, and216Po ~see Fig.
4!. On this basis the activity of228Th in the 116CdWO4 crys-
tals was determined as 39(2)mBq/kg. By analyzing the be-
havior of the228Th activity within the time interval 5–13 yr
after the growth of crystals we have estimated the232Th
activity in the 116CdWO4 scintillators as 53(9)mBq/kg, and
a limit for the 228Ra activity<4 mBq/kg.

The same technique was applied to the sequence oa
decays from the 235U family: 223Ra (Qa55.98 MeV)
→219Rn (Qa56.95 MeV, T1/253.96 s)→215Po (Qa
57.53 MeV, T1/251.78 ms)→211Pb. For the first couple

s

 

FIG. 3. ~Color online! The energy~a,b! and time~c! distribu-
tions for the fast sequence ofb (212Bi, Qb52254 keV) anda
@ 212Po, Ea58785 keV, T1/250.299(2)ms] decays selected from
the background data by the pulse-shape analysis.~d! Example of
such an event in the116CdWO4 scintillator.
1-3
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(219Rn→215Po) all events within 0.6–2.2 MeV were used
triggers, while a time interval 1–10 ms~66% of 215Po de-
cays! and an energy window 0.6–2.2 MeV were set for t
second events. The obtaineda peaks correspond to an activ
ity of 1.4(9) mBq/kg for the 227Ac impurity in the crystals.

As regards the226Ra chain (238U family!, the following
sequence ofb and a decays was analyzed:214Bi (Qb
53.27 MeV)→214Po (Qa57.83 MeV, T1/25164.3ms)
→210Pb. The obtained results give for the activity of226Ra
in the 116CdWO4 crystals a limit<4 mBq/kg.

Finally, all correlated events found for232Th, 235U, and
238U families were eliminated from the measured data, wh
information about measured intrinsic activities of the cryst
was used for the background reconstruction in the proced
of data analysis.

III. MEASUREMENTS AND RESULTS

A. Background interpretation

The energy spectrum of theg(b) events measured durin
13 316 h of the live time in the low background setup w
the 116CdWO4 crystal scintillators~and selected by the PSA!
is shown in Fig. 5. In the low energy region the backgrou
is caused mainly by the fourth-forbiddenb decay of 113Cd
(T1/257.731015 yr @35#, Qb 5 316 keV@36#! andb decay
of 113mCd (T1/2514.1 yr,Qb5580 keV@36#!.1 The distribu-
tion above'0.5 MeV is described by the 2n2b decay spec-

1The abundance of113Cd in the enriched crystals was measur
with the help of mass spectrometer asd52.15(20)% @25#. The
possible presence of113mCd in the CdWO4 scintillators was con-
firmed by the low background measurements with two cryst

FIG. 4. Thea peaks of224Ra, 220Rn, and216Po selected by the
time-amplitude analysis from the data accumulated during 14 74
with the 116CdWO4 detector. In the insets the time distribution
between the first and second~and between second and third! events
together with exponential fits are presented. Obtained half-live
220 Rn and 216Po @6128

110 s and 0.144~8! s, respectively# are in a
good agreement with the table values: 55.6~1! s and 0.145~2! s @36#.
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trum of 116Cd with T1/2
2n 52.931019 yr ~see below!, trace

contamination of the enriched and shield crystals by137Cs
and 40K, and externalg rays. The energy distributions for th
above mentioned background components were simul
with the help of the codeGEANT3.21 @37# and the event gen
eratorDECAY4 @38#.2 The least squares fit (x2/ndf5119/108
51.1! of the experimental spectrum in the 0.342
22.7 MeV energy interval by the sum of the componen
listed above~to describe externalg-s an exponential function
was used in addition to the40K, 232Th, and 238U contami-
nation of the PMTs, whose activities were previously me
sured @27#! gives the following intrinsic activities of the
116CdWO4 crystals~in mBq/kg!: 1.1~1! for 113mCd, 0.43~6!
for 137Cs, and 0.3~1! for 40K. The 40K contamination of the
shielding CdWO4 crystals was calculated to be 1.5~3! mBq/
kg. The fitting curve and main components of the bac
ground are presented in Fig. 5.

In addition, the fit was repeated with the described mod
into which other impurities were included:210Pb, 234mPa
(238U family!, 228Ac (232Th), and 90Sr ~in equilibrium with

,

where theb spectrum of113mCd was observed@30#.
2The accuracy of the Monte Carlo simulation was checked in

series of the dedicated measurements with the calibration radi
tive sources (g –22Na, 54Mn, 60Co, 137Cs, 207Bi, 232Th; b –90Sr,
210Bi), and with several cadmium tungstate crystals of differe
sizes. The various detector assemblies were used, beginning fr
simplest ‘‘detector plus source’’ design, and ending with the act
low background setup, which includes the anticoincidence scint
tors. The measured spectra were simulated with the help
GEANT3.21andDECAY4 codes as described above. A good agreem
between the simulated and experimental results was obtained
each detector configuration, which allows us to use the Monte C
simulation for the background reconstruction, and to build up m
els of the different 2b processes searched for@39#.
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90Y). However, only limits on their activities in the
116CdWO4 scintillators were obtained, as follows~mBq/kg!:
210Pb<0.4, 234mPa<0.2, 228Ac (228Ra) <0.1, and 90Sr
<0.2.

The lowest energy part of the experimental spectrum
dominated by theb spectrum of113Cd ~see Fig. 6!. To de-
termine its activity, the background of the116CdWO4 detec-
tors was measured during 692 h with the energy threshol
80 keV, which allows us to extend the PSA technique to t
energy region. Fitting the data by a sum of the simulatedb
spectrum of113Cd and an exponential function~to describe
residual background! we estimate the activity of113Cd in the
enriched crystals as 91~5! mBq/kg. It corresponds to an
abundance of this isotope in the116CdWO4 crystals d
51.9(2)%, which is in agreement with the result of mas
spectrometric measurementd52.15(20)%@25#.

All data on radioactive contamination of the116CdWO4
crystal scintillators are summarized in Table I.

B. Two-neutrino double b decay of 116Cd

The level scheme of the116Cd-116In-116Sn triplet @36# is
depicted in Fig. 7~a!, while the response functions of th
116CdWO4 detector for the different channels of the 2n2b
and 0n2b decay of 116Cd ~simulated with the help of
GEANT3.21 and DECAY4 codes! are shown in Figs. 7~b! (g.s.
→g.s. transitions, where g.s. corresponds to ground st!
and 8~transitions to excited levels of116Sn).

Earlier, after 4629 h of data accumulation in our expe
ment, the preliminary half-life value of two-neutrino 2b de-
cay of 116Cd was reported asT1/2

2n 52.660.1(stat)20.4
10.7(syst)

31019 yr @15#. In the present work, with the aim to derive
refinedT1/2

2n value, we are using the advantage of higher s
tistics ~12 649 h! collected after the last upgrade of the set
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FIG. 6. ~Color online! Low energy part of the spectrum mea
sured during 692 h by the116CdWO4 detectors with an energy
threshold of 80 keV@the g(b) events were selected by the PS
with efficiency of 98%#. The fitting curve is drawn by the solid line
Shadowed distribution is 2n2b decay spectrum of186W with T1/2

2n

53.731018 yr excluded at 90% C.L. Inset: The part of the spe
trum together with the 2n2K peak of 180W with T1/2

2n2K50.7
31 017 yr ~dotted line! and 0n2« peak of 180W with T1/2

0n2«50.9
31017 yr ~shadowed!, both excluded at 90% C.L.
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in 1999 when spectrometric parameters of the detector~in
particular, the energy resolution and pulse shape discrim
tion ability! were improved. The116CdWO4 crystals contain
4.5431023 nuclei of 116Cd, therefore the exposure of th
experiment is 6.5631023 nuclei3yr. The total efficiency for
detecting the 2n2b decay of 116Cd by the 116CdWO4 crys-

-

TABLE I. Activities of different nuclides present in the
116CdWO4 crystal scintillators.

Chain Nuclide Activity~mBq/kg!

232Th 232Th 0.053~9!
228Ra <0.004
228Th 0.039~2!

238U 238U1234U <0.6
234mPa <0.2
230Th <0.5
226Ra <0.004
210Pb <0.4

235U 227Ac 0.0014~9!
40K 0.3~1!
90Sr <0.2

113Cd 91~5!
113mCd 1.1~1!
137Cs 0.43~6!
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FIG. 7. ~a! ~Color online! The level scheme of the
116Cd-116-In-116Sn triplet. TheQbb energy is taken from@40#. ~b!
Simulated response functions of the116CdWO4 crystal scintillators
for the 2n and 0n modes of the 2b decay of 116Cd to the ground
level of 116Sn.
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TABLE II. Different origins of the systematical uncertainties and their contributions to the half-life v
of 116Cd two-neutrino 2b decay.

Origin of the systematic error Range Contribution to
T1/2

2n value,1019yr

Live measuring time (9662)% 60.06
Efficiency of the PS analysis 9723

11 % 10.03,20.09
Detection efficiency of the 2n2b decay (9663)% 60.09
~GEANT model uncertainty!
Fit in different energy regions 10.2,20.3
90Sr–90Y and 234mPa impurity in 116CdWO4 <0.3 mBq/kg 10.35
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tals is calculated as 0.93~Monte Carlo simulation gives the
registration efficiency of the 2n2b decay events ashmc

50.96, while the efficiency of the PSA selection ofg(b)
events ishpsa50.97).

The part of the experimental spectrum used for the d
analysis is depicted in Fig. 9. The data in the energy inte
800–2800 keV were simulated with the help of t
GEANT3.21package and the event generatorDECAY4. In addi-
tion to the 116Cd two-neutrino 2b decay distribution, only
three background components were considered. These
40K contamination of the enriched and nonenriched CdW4
scintillators, and externalg background caused by40K,
232Th, and238U contamination of the PMTs. The radioactiv
impurities of each PMT were previously measured as~2–4!
Bq/PMT for 40K, and ~0.4–2.2! and ~0.1–0.2! Bq/PMT for
226Ra and228Th activity, respectively@27#.

The fit of experimental data in the energy interval 86
2700 keV (x2/ndf564/8650.7) gives the following results
the activities of 40K inside the enriched and nonenriche
CdWO4 crystals are equal to 0.4~2! and 1.6~4! mBq/kg, re-
spectively; the half-life value of the 2n2b decay of116Cd is
2.9360.06(stat)31019 yr ~the corresponding activity in the
enriched crystals is about 1 mBq/kg!.3

The quality of our results can be judged on the basis
the deduced 2n2b Kurie plot: K(«)5@S(«)/$(«4110«3

140«2160«130)«%#1/5 , whereS is the number of events
with energy« ~in units of electron mass! in the experimental
spectrum after background subtraction. For the true 2n2b
decay distribution, such a Kurie plot should be a straight l
K(«);(Q2b2«). The obtained experimental Kurie plot
depicted in the inset of Fig. 9, from which one can see tha
the energy region 0.9–2.5 MeV it is indeed well fitted by t
straight line with Q2b52808(43) keV „the table value is

3The fitting interval has been chosen as a compromise betw
several contradicting demands:~i! the high statistics accumulated
~ii ! the large ratio of the effect to background;~iii ! the maximal
energy range of the 2n2b decay spectrum;~iv! the goodness of the
fit; ~v! the reasonably small uncertainties of fitting parameters,
It is remarkable to note that the results of the fit were rather sta
for the different energy intervals in the range~800–2800! keV; so,
the corresponding values of half-life varied in the range
(2.6–3.1)31019 yr. Actually, such changes of the half-life valu
result mainly from the background model uncertainties.
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Q2b52805(4) keV@40#….4

It should be stressed that statistics collected in our exp
ment ~9846 events of 2n2b decay of 116Cd within the en-
ergy interval 800–2800 keV! and a signal to backgroun
ratio ~3:1 for the energy interval 1.2–2.8 MeV and 8:1 f
the energy range 1.9–2.2 MeV! are among the highest one
reached up to date in 2b decay experiments@6–8#.

Different origins of systematical uncertainties of the me
sured half-life were taken into account~see Table II!. The
main ones are the above mentioned half-life changes for
fitting in different energy regions, and possible traces of
b active nuclides234mPa and90Y ~daughter of90Sr) in the
116CdWO4 crystals. In fact, both these causes are related
background model description which is a typical problem
data interpretation in low background experiments. From
upper limit on 226Ra contamination, derived with the help o
the time-amplitude analysis of the data, it is obtained t
activity of 238U ~and therefore of234mPa) in the enriched
crystals is less than 0.7 mBq/kg.5 To estimate a systemati
uncertainty, bothb nuclides (234mPa and90Sr–90Y) were in-
cluded in the fitting procedure, which leads to the stron
bound on their total activity<0.3 mBq/kg.

The final half-life value is equal to

T1/2
2n 52.960.06~stat!20.3

10.4~syst!31019 yr.

This value is in agreement with our preliminary resu
T1/2

2n 52.620.4
10.731019 yr @15#, and with those measured earlie

in other experiments:T1/2
2n 52.620.5

10.931019 yr @41#, T1/2
2n

52.720.4
10.5(stat)20.6

10.9(syst)31019 yr @24#, and T1/2
2n 53.75

60.35(stat)60.21(syst)31019 yr @42#.

en

c.
le

f

4To take into account the energy resolution of the detector,
fitting procedure was repeated by using the convolution of the
oretical 2n2b distribution r(«)5A«(«4110«3140«2160«130)
(Q2b2«)5 with the detector resolution function (A, which is in-
verse proportional toT1/2

2n , andQ2b were taken as free parameters!.
The fit in the energy region 1.2–2.8 MeV yields similarQ2b and
half-life values:Q2b52748(42) keV;T1/252.9(1)31019 yr.

5This estimation was derived from the limit on the226Ra activity
(<4 mBq/kg), conservatively supposing that all226Ra nuclei were
produced from238U contamination in the crystals during'13 yr
after their growth. An analysis ofa spectra@33# gives estimation of
<0.6 mBq/kg for the total activity of238U and 234U.
1-6
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Besides, we have also searched for the possible 2n2b
decay of116Cd to excited levels of116Sn @see Fig. 8~a!#: 21

with Elev51294 keV, 01
1 with Elev51757 keV, and 02

1

with Elev52027 keV. However, the probabilities of such 2b
transitions should be strongly suppressed due to reduced
ergy releases~for example, the theoretical predictions fo
their half-lives are in the range of 1022–1024 yr @8#!. Because
of the absence in the experimental data of any indications
these processes, we only set the bounds on their half-l
with the help of the formula: limT1/25 ln2Nth/lim S, where
N is the number of116Cd nuclei,t the measuring time,h the
total detection efficiency, and limS the number of events o
the effect searched for, which can be excluded with a gi
confidence level. The value of the detection efficiency w
calculated by using theGEANT3.21 and DECAY4 codes as
hmc(2

1)50.18, hmc(01
1)50.09, andhmc(02

1)50.06. Tak-
ing into account the efficiency of the pulse-shape analy
hpsa50.97, this gives the total efficienciesh(21)50.18,
h(01

1)50.09, andh(02
1)50.06. To estimate the value o

limS, the fit described above was repeated in the ene
interval 1.7–2.7 MeV by adding the simulated respon
functions for the effect searched for. It yieldsS5233
6108 counts (21), S5253659 counts (01

1), andS523
647 counts (02

1), which corresponds, in accordance wi
the Feldman-Cousins procedure@43# recommended by the
Particle Data Group@44#, to the restrictions on the half-live
of 2n2b decay of116Cd to excited levels of 2n2b decay of
116Cd to excited levels of116Sn at 90%~68%! C.L.:

T1/2
2n ~g.s.→21!>0.6~1.1!31021 yr,

0
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FIG. 8. ~Color online! Simulated response functions of th
116CdWO4 crystal scintillators for the 2n2b ~a! and 0n2b ~b! de-
cay of 116Cd to excited levels of116Sn.
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T1/2
2n ~g.s.→01

1!>0.8~2.2!31021 yr,

T1/2
2n ~g.s.→02

1!>0.4~0.6!31021 yr.

C. Neutrinoless doubleb decay of 116Cd

The part of the spectrum of the116CdWO4 crystals mea-
sured during 14 183 h in anticoincidence with the shield
detectors and after the time-amplitude and pulse-shape s
tion is shown in Fig. 10. The exposure corresponds to 7
31023 ~nuclei of 116Cd)3yr. This spectrum includes als
data obtained in the first part of the experiment@15#. The
energy resolution and the efficiency of the pulse-shape
crimination were calculated for the full exposition, takin
into account results of the calibration measurements. For
stance, for the total spectrum the energy resolution at
MeV was 8.9%.

The background rate in the energy interval 2.5–3.2 M
is 0.037~10! counts/~yr kg keV!. The peak of 0n2b decay is
absent, thus we obtain a lower limit on the half-life. Th
efficiency to detect this peak in crystals was calculated by
Monte Carlo method~with the help ofGEANT3.21andDECAY4

codes! ashmc50.83. Again by taking into account the effi
ciency of the pulse-shape analysishpsa 5 0.96, it yields a
total efficiencyh 5 0.80. To estimate limS, the part of the
spectrum in the 2.0–3.6 MeV energy interval was fitted
the sum of the simulated 0n2b peak and three backgroun
functions: 2n2b decay ~contribution to the experimenta
spectrum is' 83%!, g rays from PMTs ('14%), and back-
ground from the intrinsic chain228Th ('3%). For the fit
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FIG. 9. ~Color online! The part ofg(b) spectrum measured
with 116CdWO4 detectors during 12 649 h, which was used for t
determination of the half-life of 2n2b decay of116Cd. Also shown
are the most important model components:~a! the 2n2b spectrum
of 116Cd; ~b! externalg background caused by40K, 232Th, and
238U contamination of the PMTs;40K contamination of the nonen
riched ~c! and enriched~d! CdWO4 scintillators. Solid line repre-
sents the fit of the data in the 860–2700 keV energy interval. In
The 2n2b decay Kurie plot and its fit by a straight line in th
900–2500-keV-energy region.
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these background activities were taken as free parame
and varied within their errors. This maximum likelihood
(x2/ndf537/3351.1) gives the area of the 0n2b peak as
S50.361.3 counts, which corresponds to limS52.4 ~1.6!
counts with 90%~68%! C.L.,6 and to a half-life limit for the
0n2b decay of 116Cd:

T1/2
0n >1.7~2.6!31023 yr at 90%~68%!C.L.

Excited levels of116Sn withElev<Q2b can be also popu
lated in the 0n2b decay of 116Cd @the corresponding re
sponse functions are shown in Fig. 8~b!#. The full absorption
of all emitted particles should result in a peak withE
5Q2b . The full peak efficiencies calculated with the help
the GEANT3.21 andDECAY4 codes for the 0n2b decay to the
first, second, and third excited levels of116Sn arehmc(2

1)
50.14, hmc(01

1)50.07, andhmc(02
1)50.03. These num-

bers result in the following restrictions on half-life of116Cd
0n2b decay to excited levels of116Sn at 90%~68%! C.L.:

6As it was noted earlier~see Sec. II A!, the energy resolution o
the spectrometer was carefully tested during the experiment. N
ertheless, to check the possible influence of energy resolution o
limS estimation, the fit has been repeated for the different FWH
values~8%, 9%, 10%, and 11% at 2.8 MeV!, which were taken into
account in all the background models. As it was found, the varia
of the limS does not exceed615%. In addition, the fit has bee
also performed for the different energy intervals in the energy
gion 1900–3800 keV, and resulting changes of the limS were within
6 25% of the central value.
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FIG. 10. ~Color online! The high energy part of the experimen
tal spectrum of the116CdWO4 detectors measured during 14 183
~histogram! together with the fit from 2n2b contribution (T1/2

2n

52.931019 yr). The smooth curves 0nM1, 0nM2, and 0nbM
are excluded with 90% C.L. distributions of 0n2b decay of116Cd
with emission of one, two, and bulk Majorons, respective
T1/2

0nM158.031021 yr, T1/2
0nM258.031020 yr, and T1/2

0nbM51.7
31021 yr. In the inset the expected peak from 0n2b decay with
T1/2

0n 5231022 yr is shown.
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T1/2
0n ~g.s.→21!>2.9~4.3!31022 yr,

T1/2
0n ~g.s.→01

1!>1.4~2.2!31022 yr,

T1/2
0n ~g.s.→02

1!>0.6~0.9!31022 yr.

To obtain the half-life limits for the 0n2b decay with
emission of one, two, and bulk@45# Majoron~s!, the mea-
sured spectrum was fitted in the energy region 1.6–2.8 M
by using the same model of background as for the 0n2b
decay fitting procedure. As a result, the number of eve
under a theoretical 0nM1 curve was determined as237
656, giving no statistical evidence for the effect. Agai
following the Particle Data Group~PDG! recommendation, it
leads to an upper limit of 59~25! events at 90%~68%! C.L.,
which together with an efficiency valuehmc50.905 corre-
sponds to a half-life limit

T1/2
0nM1>0.8~1.8!31022 yr at 90%~68%!C.L.

A similar procedure for the 0n2b decay with two and
bulk Majorons emission gives the following results at 90
~68%! C.L.:

T1/2
0nM2>0.8~1.4!31021 yr,

T1/2
0nbM>1.7~2.3!31021 yr.

Excluded with 90% C.L. distributions of 0nM1,0nM2,
and 0n decay with bulk Majoron emission are shown in Fi
10.

D. Limits on 2b decay processes in106Cd, 108Cd, 114Cd,
180W, and 186W

The 116CdWO4 crystals contain not only116Cd nuclei but
several other potentially 2b decaying isotopes:106Cd with
abundanced50.16% @25# andQbb52771 keV@40#, 108Cd
(d50.11% @25#, Qbb5269 keV), 114Cd (d56.5% @25#,
Qbb5537 keV), 180W (d50.12% @46#, Qbb5146 keV),
and 186W (d528.4% @46#, Qbb5488 keV). It allows us to
establish bounds on 2b decay processes in these nuclides

The spectrum of Fig. 5 was used to search for the 0n2b
decay of 114Cd ~g.s.-g.s. transition! and for the 0n2b decay
of 186W to the ground and to the first excited (21) levels of
186Os. In the energy range of interest~440–600 keV!, where
the background rate is equal to 0.295~3! counts/~day keV kg!,
there is no indication for the positive 0n2b decay peak of
186W searched for. Hence, we can only set a limit on
probability. Taking into account the registration efficiency
the 116CdWO4 scintillators for this process (hmc50.99), and
the efficiency of the PSA (hpsa50.95), the total detection
efficiency ish50.94.

The value of limS was determined by using the standa
x2 procedure, where the experimental spectrum in the~380–
1200!-keV-energy interval was fitted by the sum of the 0n2b
decay peak being sought and the background compon
determined above (113mCd, 137Cs, exponential function rep
resenting externalg rays, and 2n2b decay of116Cd). The fit
(x2/ndf538/3651.1) yields the peak area (221695)
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counts, i.e., no evidence for the effect. Using the PDG r
ommendation, one can get limS5136 ~75! counts at 90%
~68%! C.L. Taking into account these values, the efficien
h 5 0.94, and the number of186W nuclei (1.5631023), we
derive the following half-life limit on the 0n2b decay of
186W to the ground level of186Os:

T1/2
0n >1.1~2.1!31021 yr at 90%~68%!C.L.

In the case of186W neutrinoless 2b decay to the first
excited (21) level of 186Os, g quanta with an energy of 13
keV ~deexcitation of the 21 level of 186Os) will be emitted.
Due to practically full absorption of theseg quanta in the
116CdWO4 crystals, the expected response function does
differ from that for transition to ground state. The total ef
ciency is equal toh50.92, and leads to the half-life limit

T1/2
0n ~g.s.→21!>1.1~2.0!31021 yr at 90%~68%!C.L.

For the 0n2b decay of 186W with an emission of Ma-
joron, the fit of the spectrum gives

T1/2
0nM1>1.2~1.4!31020 yr at 90%~68%!C.L.

To estimate the lower limit for the 2n2b decay of186W,
we have considered the background spectrum accumu
during 692 h with the low energy threshold~Fig. 6!. Because
practically 100% of theb particles from the expected 2n2b
decay are absorbed in the crystals, the total efficiency is
termined by the PSA (h5hpsa50.98). A simple model
~which includes the 2n2b spectrum of186W, theb spectrum
of 113Cd, and an exponential function! was used to describ
the experimental data in the energy interval 130–450 k
The fit (x2/ndf542/2951.5) gives 48961119 events for the
effect searched for. It yields 2324~1608! counts excluded a
90% ~68%! C.L., and the half-life limit for the 2n2b decay
of 186W:

T1/2
2n >3.7~5.3!31018 yr at 90%~68%!C.L.

The 2n2b decay distribution of186W excluded at 90%
C.L. is depicted in Fig. 6.

The same method gives the bound for 2n2b transition to
the first (21) excited level of186Os:

T1/2
2n ~g.s.→21!>1.0~1.3!31019 yr at 90%~68%!C.L.

Similar procedures were used to search for 2b decay pro-
cesses in114Cd and the obtained bounds are presented
Table III.

In accordance with the level scheme of t
180W–180Ta–180Hf triplet @36#, the double electron captur
(2«) of 180W (Q2«5146 keV) is allowed. In the case of 2n
double electron capture from theK shell (2n2K), the total
energy released in a detector is equal to 2EK ~where EK
565.4 keV is the binding energy of electrons on theK shell
of hafnium atom!, while the rest of the energy (Q2«22EK
'15 keV) is carried away by neutrinos. For the neutrinole
double electron capture (0n2«), all available energy~trans-
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ferred to X rays, Auger electrons,g quanta, or conversion
electrons! will result in a peak atQ2«5146 keV value.

To set the limits on the 0n2« process in180W, the back-
ground spectrum measured with the116CdWO4 detector dur-
ing 692 h~Fig. 6! was fitted in the 90–240-keV energy in
terval, which gives 916177 counts for the peak searched f
(x2/ndf518/1451.3). These numbers lead to an upper lim
of 381 ~268! counts at 90%~68%! C.L. Taking into account
the total efficiencyh5hpsa50.98 and the number of180W
nuclei (6.5731020), one can calculate the half-life limit

T1/2
0n2« > 0.9 ~1.3!31017 yr at 90%~68%!C.L.

The same method gives restriction for the 2n2K process
in 180W:

T1/2
2n2K > 0.7~0.8!31017 yr at 90%~68%!C.L.

The peaks of the 0n2« and 2n2K captures in180W ex-
cluded at 90% C.L. are shown in the inset of Fig. 6.

Similarly, by using the described procedures, the bou
on neutrinoless double electron capture in108Cd were ex-
tracted from our experimental data. Because of absenc
the peak at the transition energy (Qbb5269 keV), the fit of
the spectrum of Fig. 6 yields the half-life limit for the 0n2«
capture in 108Cd: T1/2

0n2«>1.5(2.5)31017 yr at 90% ~68%!
C.L.

To search for the 2n2K capture in106Cd and 108Cd with
an energy release 2EK'49 keV ~whereEK524.4 keV is the
binding energy of electrons on theK shell of palladium
atom!, a detector with a low energy threshold is needed. W
this aim the results of dedicated measurements~433 h! with
the nonenriched CdWO4 crystal~454 g! were used@35#. The
energy resolution of this detector at 60 keV (g rays of
241Am) was FWHM 5 25 keV, while the energy threshol
was '40 keV. This crystal contains 9.531021 and 6.8
31021 nuclei of 106Cd and 108Cd, respectively. The mea
sured spectrum@35# was fitted by the sum of the expecte
peak at the energy of 49 keV and a background modelb
spectrum of113Cd). It gives the following half-life limits on
2n2« capture:T1/2

2n2K>5.8 (9.5)31017 yr at 90%~68%! C.L.
for 106Cd, andT1/2

2n2K > 4.1 (6.7)31017 yr at 90% ~68%!
C.L. for 108Cd.

As it is visible from the level scheme of th
106Cd-106Ag-106Pd triplet @Fig. 11~a!#, besides the double
electron capture (2«) also the double positron deca
(b1b1), and the electron capture and positron decay («b1)
are allowed for106Cd ~both to the ground state and to excite
levels of 106Pd). The Monte Carlo simulated response fun
tions of the 116CdWO4 detector to the 0n modes of these
processes are presented in Fig. 11~b!. One can see from this
figure that each of the mentioned processes will result in
full absorption peak at the energy 2771 keV with the wid
FWHM 5 216 keV. The values of the efficiency to dete
such a peak were calculated as follows:hmc (0n2«, g.s.
→g.s.) 5 0.015; hmc ~0n«b1, g.s.→g.s.) 5 0.128; hmc
(0n«b1, g.s.→21, 512 keV!50.059;hmc (0nb1b1, g.s.
→g.s.)50.027; hmc (0nb1b1, g.s.→21, 512 keV!
1-9
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TABLE III. Total list of the results obtained on the 2b decay processes in Cd and W nuclides.

Nuclide Decay mode, Transition~level energy! T1/2 limit or value ~yr!
90% ~68!% C.L.

106Cd 2« 0n g.s.-g.s. >0.8(1.7)31019

«b1 0n g.s.-g.s. >0.7(1.6)31020

0n g.s.-21
1 ~511.9 keV! >3.1(7.2)31019

0n g.s.-22
1 ~1128.0 keV! >1.4(3.3)31019

0n g.s.-01
1 ~1133.8 keV! >1.4(3.2)31019

2b1 0n g.s.-g.s. >1.4(3.3)31019

0n g.s.-21
1 ~511.9 keV! >0.6(1.5)31019

2K 2n g.s.-g.s. >5.8(9.5)31017

«b1 2n g.s.-g.s. >1.2(2.0)31018

2b1 2n g.s.-g.s. >5.0(8.2)31018

108Cd 2« 0n g.s.-g.s. >1.5(2.5)31017

2K 2n g.s.-g.s. >4.1(6.7)31017

114Cd 2b2 0n g.s.-g.s. >2.5(4.1)31020

2b2 2n g.s.-g.s. >6.0(9.3)31017

116Cd 2b2 0n g.s.-g.s. >1.7(2.6)31023

0n g.s.-21 ~1293.5 keV! >2.9(4.3)31022

0n g.s.-01
1 ~1756.8 keV! >1.4(2.2)31022

0n g.s.-02
1 ~2027.3 keV! >0.6(0.9)31022

0nM1 g.s.-g.s. >0.8(1.8)31022

0nM2 g.s.-g.s. >0.8(1.4)31021

0nbM g.s.-g.s. >1.7(2.3)31021

2b2 2n g.s.-g.s. 52.920.3
10.431019

2n g.s.-21 ~1293.5 keV! >0.6(1.1)31021

2n g.s.-01
1 ~1756.8 keV! >0.8(2.2)31021

2n g.s.-02
1 ~2027.3 keV! >0.4(0.6)31021

180W 2« 0n g.s.-g.s. >0.9(1.3)31017

2K 2n g.s.-g.s. >0.7(0.8)31017

186W 2b2 0n g.s.-g.s. >1.1(2.1)31021

0n g.s.-21 ~137.2 keV! >1.1(2.0)31021

0nM1 g.s.-g.s. >1.2 (1.4)31020

2b2 2n g.s.-g.s. >3.7(5.3)31018

2n g.s.-21 ~137.2 keV! >1.0(1.3)31019
h
a
r

II.

he
n
It

s
e

on

he

far

im-

h-

ent
5 0.012; etc. The fit of the energy spectrum of Fig. 10 in t
energy interval 2.2–3.4 MeV gives the area of the pe
searched for asS521.061.6 counts. The latter leads, fo
example, to the half-life limit on the 0n2« capture in106Cd:
T1/2

0n2«(g.s.→g.s.)>0.8(1.7)31019 yr at 90% ~68%! C.L. In
the same way, restrictions on the other 0n and 2n doubleb
decays in106Cd were derived and they are listed in Table I

IV. DISCUSSION AND CONCLUSIONS

All half-life limits on 2b decay processes obtained in t
present experiment with the help of the low backgrou
116CdWO4 scintillators are summarized in Table III.
should be stressed that most of the bounds for106Cd, 108Cd,
114Cd, 116Cd, 180W, and 186W are higher than the previou
results or have been established for the first time. For
ample, the limitT1/2

0n >1021 yr on the 0n2b decay of186W is
nearly one order of magnitude higher than the previous
@25#, while the bounds for the 0n decay with Majoron emis-
03550
e
k

d

x-

e

sion and for the 2n decay to the first (21) excited level of
186Os were set for the first time. Note that up to now t
level of sensitivityT1/2

0n > 1021 yr was reached only for ten
nuclides@8#. Nevertheless, the obtained results are still
from the theoretical predictions, which, e.g., for the 0n2b
decay of 186W are in the range of 631024 yr @47#–5
31025 yr @48# ~for mn51 eV), thus further efforts in this
direction would be needed.

Besides, in the course of the present experiment two
portant by-products were obtained:~i! the half-life (T1/2

57.720.3
10.331015 yr) and the spectrum shape of the fourt

forbiddenb decay of113Cd were measured@35#; ~ii ! indica-
tion for the a decay of 180W with a half-life T1/2

a 51.120.5
10.9

31018 yr has been observed for the first time, and newT1/2
bounds were set fora decay of 182W, 183W, 184W, and
186W at the level of 1020 yr @33#.

As regarding the main results of the present experim
on the 2b decay of 116Cd, note that the refined half-life
value of the two-neutrino 2b decay of116Cd is measured as
1-10
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T1/2
2n 52.920.3

10.431019 yr. The experimental 2n2b Kurie plot is
well described by a straight line, and the derivedQbb value
(2808643 keV) is in accordance with the table valu
2805~4! keV.

It should be noted that all half-life limits obtained here f
116Cd are the most stringent for that nucleus, as for exam
the bound on half-life of the 0n2b decay of 116Cd (g.s.
→g.s.):

T1/2
0n >1.7~2.6!31023 yr at 90%~68%!C.L.

0

0.5

1

0 1000 2000 3000

0ν modes
εβ+, g.s.→g.s.

εβ+, g.s.→2+ (512 keV)

β+β+, g.s.→g.s.

2ε, g.s.→g.s.

Energy (keV)

A
rb

. s
ca

le b

106Pd46

0+ 0

0+
1 1134

2+
2 1128

2+
1 512

1+ 0
106Ag47 106Cd48

0+ 0

Q      = 2771(8) keV
2β

a

FIG. 11. ~a! ~Color online! The level scheme of the
106Cd-106Ag-106Pd triplet. ~b! Simulated response functions of th
116CdWO4 detector to different 0n modes of the 2b decay pro-
cesses in106Cd.
03550
e,

Using this bound and calculations@47#, one can derive re-
strictions on the Majorana neutrino mass and right-han
admixtures in the weak interaction:mn<1.9 eV, h<2.5
31028, l<2.231026 at 90% C.L. Neglecting right-hande
contribution we getmn<1.7 ~1.4! eV at 90%~68%! C.L.,
and on the basis of@42# the limit is mn<1.5 ~1.2! eV. These
results together with the bestT1/2

0n limits obtained in the most
sensitive direct experiments~and the corresponding restric
tions on the Majorana neutrino mass! are given in Table IV.
Themn constraints are determined on the basis of the ca
lations of Ref.@47#, which were chosen because of the e
tensive list of 2b candidate nuclei calculated in this work
which allows one to compare the sensitivity of different e
periments to themn bound within the same scale.

It is obvious from Table IV that our experimental resu
on 116Cd is one of the best after those based on76Ge studies
and offers the restriction on the neutrino mass at the leve
'1.5 eV similar to those of experiments with130Te and
136Xe. In accordance with Ref.@50# the value of the R-parity
violating parameter of minimal SUSY standard model is
stricted by ourT1/2

0n limit to «<7.0(6.3)31024 at 90%~68%!
C.L. „calculations@51# give more stringent restrictions:«
<2.7(2.4)31024

…. Moreover, using our bound on the 0n2b
decay with one Majoron emission:T1/2

0n >0.8(1.8)31022 yr at
90%~68%! C.L. and calculations@52# the effective Majoron-
neutrino coupling constant can be restricted togM
<8.1(5.4)31025, and on the basis of calculation@42# to
gM<4.6(3.1)31025, which are among the strongest co
straints obtained up to date in the direct 2b decay experi-
ments with 76Ge, 82Se, 100Mo, 130Te, and136Xe @8#.

We consider the Solotvina experiment on the 2b decay of
116Cd as a pilot study for the future large scale proje
CAMEO @53#, which intends to operate'100 kg of enriched
116CdWO4 crystals allocated in the liquid scintillator of th
BOREXINO Counting Test Facility. Results of our measur
ments with 116Cd and Monte Carlo simulations evident
show that sensitivity~in terms of the half-life limit for the
0n2b decay! of the CAMEO experiment with 100 kg o
enriched116CdWO4 crystals is of the order of 1026 yr @53#.
The last value corresponds to a limit on the neutrino m
mn<0.06 eV, which would be of great interest for the mo
ern physics.
TABLE IV. The best reportedT1/2
0n andmn limits from direct 2b decay experiments.

Nuclide Experimental limitT1/2
0n ~yr! Reference Limit onmn ~eV!

on the basis of Ref.@47#

68% C.L. 90% C.L. 68% C.L. 90% C.L.

76Ge 3.131025 1.931025 @18# 0.27 0.35
1.631025 @19# 0.38

4.231025 a 2.531025 a @49# 0.24 0.31
116Cd 2.631023 1.731023 Present work 1.4 1.7
130Te 2.131023 @16# 1.5
136Xe 4.431023 @17# 2.2

aResults were established@49# by analyzing the cumulative datasets of the Heidelberg-Moscow@18# and
IGEX @19# experiments.
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