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Final results of the doublg decay experiment, performed with the help of low backgrodtfitdwo,
crystal scintillators in the Solotvina Underground Laboratory, are presented. In particular, the revised half-life
value of the two-neutrino 2 decay of *%Cd has been measured &§,=2.9"04x10'yr, and the new
half-life limit on the neutrinoless 2 decay of1*°Cd has been established &§,>1.7(2.6)x 10? yr at 90%
(68%) C.L. The latter corresponds to a restriction on the neutrino nmass:1.7(1.4) eV at 90%68%) C.L.
Besides, newl;,, bounds(at the level of 1&/—1C?* yr) were set for various 2 processes in%cd, 1%%Cd,
114cd, 189, and 8 nuclei.
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I. INTRODUCTION Il. EXPERIMENT AND DATA ANALYSIS

. . I A. The low background setup
Recent observations of neutrino oscillatiois-4] pro-

vide important motivation for double beta g3 decay ex- Description of the last modification of the setup with cad-
perimentg5—7]. Indeed, the neutrinoless ) mode of 28 mium tungstate (CdWg) crystal scintillators and its perfor-
decay, which violates lepton numbér) conservation and Mance havehpeen already publisti&8], thusdohnly thehmain .
requires the neutrino to be a massive Majorana particle, igrﬁ:tnutr\?vzsfcgrlrsienglir?rgutsh:rgofgtr:/]irr?;rluzr? der (ar;eljlnz Ea%)é)ez—“-
forbidden in the framework of the standard mod8M) of ory at a depth of 1000 m of water equivaglle[mO] The
electroweak theory. However, many extensions of the SM“GCdWO crystal scintillators, enriched irf%Cd to.83%
incorporatel violating interactions and, thus, could lead to have bee4n grown for the sea{rﬁhl] Their light output is’
this process, which, when observed, would prove the Majo—%30_35% as compared with thatlof NEl). The fluores-
rana nature of the neutrino. Hence, the discovery of Fh%ence peak emission is at 480 nm with principal decay time
0v2B decay would be a clear ewdence fo_r a new phyfslcsof ~13 us. Four 1CdWO, crystals with a total mass of
beyond the SM5-7]. Moreover, while oscillation experi- 330 g were used in the setup. These are viewed by a low

ments are sensitive to the neu_trino mass difference, the megéckground E EMI D724KEL photomultiplier (PMT)
sured. 024 decay rate can give the absolu.te scale of t.he[hrough one light guide 10 cm in diameter and 55 cm long.
effective Majorana neutrino mass and test different neutringrp, light guide consists of two parts: high purity quai2s
mixing models. _ _ _cm) and plastic scintillatof30 cm). The ***CdWQ, crystals
Despite numerous experimental efforts this process St"};\re surrounded by an active shield made of 15 CqWi®s-
remains unobserved, and only half-life limits fowGnode ;5 of large volume with a total mass of 20.6 K&p,31.
have been obtained in direct experiments up t0 r8®e  Thage are viewed by a low background PMT through an
reviews in Refs[5-8]). The hlg(k)\:ast bolunds haXf been es-5ctive plastic light guide 17 cm in diameter and 49 cm long.
tablished for several nuclidest;,= 1002 yr for Ca [9],  The whole CAWQ array is situated within an additional ac-
Nd [10], **%Gd [11], **W [12]; T3,=10%yr for ®Se  {jye shield made of plastic scintillator #040x 95 cm, thus,
[13], 1Mo [14]; T3/,=10% yr for 16Cd [15], ?®Te, 3°Te  {ogether with both active light guides, a complete dctive
[16] , e [17]; and T9/,= 107 yr for °Ge[18,19. shield of the main {*CdWQ,) detector is provided. The
In the present paper we describe the final results of theuter passive shield consists of high purity copper
116Cd 28 decay studies, which have been performed by us{3-6 cm), lead (22.5-30 cm), and polyethyle{i® cm.
ing cadmium tungstate crystal scintillatasgith natural iso-  Two plastic scintillators (128 130X 3 ¢m) installed above
topic composition crystals and ones enriched*#iCd to  the passive shield serve as cosmic muon veto.
83%) in the Solotvina Underground Laboratof20] since The event-by-event data acquisition is based on two per-
1988[21]. The results obtained on the different phases ofonal computer$PC) and a CAMAC crate with electronic
these researches have been published ear2t— units. For each event within th&® CdWQ, detector array,
28,15,29,12 The Solotvina experiment has been stopped irthe following information is stored on the hard disk of the
July 2002. first PC: the amplitude of a signain the energy range of
0.12-5.4 MeV, its arrival time, and additional tagthe co-
incidence between the main and shielding detectors; triggers
*Corresponding author. Email address: zdesenko@kinr.kiev.ua for a light emitting diode(LED) and for the transient digi-
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tizer]. The second PC records the pulse shé@48 chan- quential decays, e.g?'Bi (Q;=2.25 MeV) —?'%Po Q.
nels, each of 50 ns widttof the 1*%CdWO, signals in the =8.95 MeV, T,,,=0.3 us) —2%Pb, would result in a single
energy range 0.3—5.4 MeVin special runs, the threshold event with the total energy up to 4.5 MeV. To suppress such
was set at 80 kelby using the transient digitizédbased on a background, a method of pulse-shape analfRBA) of

a 12-bit analog-to-digital converter Analog Devices CAWQ, scintillation signals, based on the optimal digital fil-
AD9022) connected to the PC by a parallel digital boardter [34], was developedi32] and a clear discrimination be-

[32]. tween y rays (electron$ and « particles was achieved
The energy scale and resolution of th&Cdwo, spec- [32,15,33.
trometer were determined with varioug sources {?Na, The pulse shape of cadmium tungstate scintillation signal

40, 80Co, 37Cs, 207Bj, 226Ra, 222Th, and 24Am). The can be described asi(t)=2A;/(r;—7o)(e ' —e "),
energy dependence of the resolution in the energy intervavhereA; are amplitudes and; are decay constants for dif-
60—2615 keV is expressed as follows: FWEHN—44 ferent light emission components, amgl is the integration
+/2800+ 23.4,, where energyE, and FWHM, are in constant of electronics~0.18 us). To provide an analytic
keV. For instance, energy resolutions of 33.7%, 13.5%description of thea or y signals, the pulse shape resulting
11.5%, and 8.0% were measured folines with energies of from the average of a large number of individual events has
60, 662, 1064, and 2615 keV, respectively. Routine calibrabeen fitted with the sum of threéor « particles or two (for
tions were carried out wit?°Bi and 22Th y sources. The ¥-S) exponential functions, providing the reference pulse
stability of the spectrometer is demonstrated by the fact thashaped ,(t) andf (t). Comparing two independent calibra-
resolution of the’®’Cs peak in the background spectcal-  tion measurements with the enrichdd®CdwQ, crystals
lected over 13316 hourss FWHM ~14%, which is prac- (used in the experimenthe following values for the param-
tically the same as measured in the calibration runs. Theters of y and a pulse shape were obtainedA?
dead time of the detector and data acquisition was perma=80.9(1.9)%,7;=12.7(0.6) us, andA5=13.4(1.3)%, 75

nently controlled with the help of a light emitting diode op- =3.3(1.1) us, A$=5.7(1.0)%, 75=0.96(0.08)us for
tically connected to the main PMypical value was about _g5_pMev o particles, and A}=94.3(0.3)%, 7

4%). - 7— 0 Y=

Besides, the relative light yield fox particles as com- ~fl.\%(\)/.§)gusanat12.d A2=5.7(02)%, 72=2.1(0.1)us for
pgred with that for3 Pa”'c"?s b rays W'th the same ener- In data processing the digital filter was applied to each
gies(so-calleda/ 8 rat_lo, which can be _defmed as the ratio of experimental signdi(t) with the aim to obtain the numerical
the energy ofa particles measured in the scale of the  .p505teristic of its shapshape indicator, $idefined as Sl
detector,E}, to their actual energ)E.a) was dgtermmed N —Sf(t)P(t)/2f(t,), where the sum is over time channels
the energy range of 2.1-8.8 MeV. First, a collimated beam of(, starting from the onset of signal and up to ZS, f(t,) is

o particles from?*/Am source penetrated through the thin yhe gigitized amplitudeat the timet,) of a given signal. The
absorbers with known thicknesses was used. The energy of

the « particles after the absorber was accurately calculate eight - function P(t) is defined as P(t)={fa(1)
and was also measured by a surface-barrier detés®re- fy(t)}/{fa(.t)f fy(t)}- ) .
fer for details to work{33]). Second, thex peaks from the The Sl distributions measured with different and y
intrinsic trace contamination of th&®CdWO, crystals by ~ Sources(some examples are shown in Fig. dre well de-
nuclides of the Th chairselected by the time-amplitude and scribed by Gaussian functions, whose standard_ deviations
the pulse-shape analysis as described beloere also uti- ¢(Sl,) ando(Sl,) depend on energ}82,33. As it is seen
lized for thea/ ratio determination. In addition, we found from Fig. 1, electrons § rays and « particles are clearly
the dependence of the/ 3 ratio (and pulse shape as wetdin ~ distinguished for the ~energies above 0.8 MeE,(
the direction of« particles beam relative to the main crystal ~3-8 MeV). Although the pulse-shape discrimination ability
axes [33]. Finally, it yields a/8=0.083(9)+1.68(13) Wworsens at lower energies, even 2-MeV particles €7
X1075E,, and FWHM(keV)=33+0.24?, whereE, ~0.3 MeV) can be separated fromnbackground with rea-
andE? are in keV. sonable accuracy33]. An illustration of the PSA of the
Due to the active and passive shields, and as a result ¢¥ackground eventéfor energy above 350 ke\is presented

the time-amplitude and the pulse-shape analysis of the daf F19- 2 @s three-dimensional distribution of the background
(see below, the background rate of thBCdwQ, detector events versus the energy and shape |nd|qator. In this plot, one
in the energy region 2.5-3.2 MeV (@3 decay energy of can see two clearly sepr_;l_rated populations: éhesvents,
116cd s 2.8 Mef is reduced to 0.04 countgt kg keV). Itis ~ Which belong to U/Th families, ang(5) events.

the lowest background rate which has ever been reached with " conclusion, the PSA allows us to rejegtdecays and
crystal scintillators. other background events such as double pulses, the plastic

light guide signal overlapping, noise, etc. For example dhe
peak of 22Po (the daughter of thé'Bi) was reconstructed
with the help of the front edge analysis of the scintillation
According to the measured/ ratio, « particles from  signals. The energy and time distributions of the sequence of
uranium and thorium trace contamination of the crystals caiB decay of ?*?Bi and « decay of ?*?Po, selected from the
produce a background in the 0.4-1.3 MeV energy regionbackground, are presented in Figga-39, while a typical
while overlapping of the3 and « signals from two fast se- example of such an event is shown in Figd)3 Similarly, the

B. Pulse-shape discrimination technique
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FIG. 1. Examples of the shape indicator distributions for ¢he
particles andy rays measured by the enrichéfCdwQ, crystal
scintillator (32<19 mm): (a) E,=0.8-1.0 MeV,E,=3.88 MeV, ) ) .
(b) E,=1.2-1.4 MeV,E,=5.25 MeV. The crystal was irradiated FIG. 3. (Color online The energy(a,b and time(c) distribu-

~ A A —
by « particles in a direction perpendicular to t@40) crystal plane  9NS for the fast sequence @ (*?Bi, Q;=2254 keV) anda
[33]. [%'%Po, E,=8785 keV, T;,,=0.299(2) us] decays selected from

the background data by the pulse-shape analydjsExample of
such an event in thé'*CdwQ, scintillator.
events from the**Bi—2'4Po—21%Pp chain were recognized,
too. As a result, the events caused by two fast decays in both C. Time-amplitude analysis of the data
chains #'Bi—2'P0-2%Pph and ?Bi—?4Po—21%Pb),
which can result in background events with energies up t?or
4.5 MeV, were discarded from the data.

The energy and the arrival time of each event were used
analysis and selection of some decay chaing¥Th,
2%, and 2% families. For instance, the following se-
quence ofa decays from the?Th family was searched for
and observed: ?Ra  (Q,=5.79 MeV)—?*Rn (Q,
=6.40 MeV, T,,=55.6 s)~?%0 (Q,=6.91 MeV, Ty,
=0.145 s)-2'%Pb. Because the energy af particles from
220Rn decay corresponds te1.2 MeV in they scale of the
11éCcdwO, detector, the events in the energy region 0.6—2.0
MeV were used as triggers. Then, all evefviithin 0.6—2.0
MeV) following the triggers in the time interval 10—1000 ms
(containing 95% of'%o0 decayswere selected. Then in the
next step of the analysis, the fast couples fouffdRn and
21%p0) were used as triggers to search for precedingge-
cays of ?*Ra. The time window was set as 1—11{itxon-
tains 74% of??Rn decays The obtainedr peaks(the a
nature of events was confirmed by the pulse-shape analysis
described abovye as well as the distributions of the time
intervals between events are in a good agreement with those
expected forx particles of??4Ra, 2°Rn, and?'%o (see Fig.
4). On this basis the activity of?®Th in the **%CdWQ, crys-
. 20 tals was determined as 39(2)Bq/kg. By analyzing the be-
% ] 20 30 havior of the??®Th activity within the time interval 5-13 yr
1, 10 ghape indicator after the growth of crystals we have estimated féTh
activity in the 1**CdWOQ, scintillators as 53(9)Bg/kg, and

. . 22 ..
FIG. 2. Three-dimensional distribution of the background events? limit for the **’Ra activity <4 pBa/kg.
(2975 h of exposition with thé*®CdWO, crystal3 versus energy The same technique was applied to the sequence of
indi i i d f the 23U family: 2R =5.98 MeV
and shape indicator. The population @fevents belonging to the decays from the amily: a Q.=5. ev)
U/Th families is clearly separated from the population&fig) —2*Rn (Q,=6.95MeV, T,,=3.96 )P0 @Q,
events. =7.53 MeV, T,,=1.78 ms)}-2*Pb. For the first couple
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FIG. 4. Thea peaks of*Ra, ??Rn, and?'®Po selected by the ground model in the 340-2700-keV-energy interval. Also shown
time-amplitude analysis from the data accumulated during 14 745 lre the most important components of the backgroghspectra of
with the ™%CdWQ, detector. In the insets the time distributions 13Cd and !%3"Cd, 2028 spectrum of %Cd with T2,=2.9
between the first and secof@hd between second and thielvents  x 10'° yr, and model distribution of external-s.
together with exponential fits are presented. Obtained half-lives of
220Rn and 2P0 [6173%s and 0.14@) s, respectivelyare in a  trum of *1%Cd with T2,=2.9x10° yr (see below; trace
good agreement with the table values: $5)& and 0.148) s[36].  contamination of the enriched and shield crystals*B{Cs

L and*%, and externaly rays. The energy distributions for the

(Z_lgR”_)mP,o) all events within 0.6-2.2 MeV were used as ghye mentioned background components were simulated
triggers, while a time interval 1-10 n§6% of Pode-  ith the help of the codeEANT3.21[37] and the event gen-
cays and an energy window 0.6-2.2 MeV were set for theg 101 pecay4 [38].2 The least squares fity@/ndf=119/108
second events. The obtainedpeaks correspond to an activ- =1.1) of the experimental spectrum in the 0:34
ity of 1.4(9) uBarkg for the_227A30 impurity in the crystals.  _5 7 \ev energy interval by the sum of the components

As regards the””"Ra chain {*U family), the lfol[owmg listed above(to describe external-s an exponential function
sequence off Zf‘“d o decays was analyzed®Bi (Qz  \as used in addition to thé%, 2%2Th, and %8 contami-
:3;-1%:) MeV)— 4P,O Qa=7.83 MeV, Typ= 164%1%‘;) nation of the PMTs, whose activities were previously mea-
- Pi The obtained results give for the activity 5tRa e [27]) gives the following intrinsic activities of the
in the 11%CdWQ, crystals a limit<4 uBg/kg. 116cdWO, crystals(in mBg/kg: 1.1(1) for 113Cd, 0.436)

Finally, all correlated events found for°Th, **®U, and {5, 13%cs and 0 8) for “%K. The 4K contamination of the
238 families were eliminated from the measured data, Wh"eshielding, CdWQ crystals was calculated to be (35 mBq/
information about measured intrinsic activities of the crystalskg The fitting curve and main components of the back-
was used for the background reconstruction in the procedur&round are presented in Fig. 5.

of data analysis. In addition, the fit was repeated with the described model,
into which other impurities were included'%Pb, 2**"Pa
. MEASUREMENTS AND RESULTS (238U family), 228Ac (2%2Th), and °°Sr (in equilibrium with

A. Background interpretation

The energy spectrum of thg 8) events measured during

13316 h of the live time in the low background setup with ", . . .

the 16CdWO, crystal scintillatorsand selected by the P$A NS accuracy of the Monte Carlo simulation was checked in the

. Ve, Cy : eries of the dedicated measurements with the calibration radioac-

is shown in Fig. 5. In the low energy region the backgroundzve sources §—2Na, 5Mn, ©Co, 3'Cs, 297Bi, 232Th: B—sy

. . d 11 , , , , , ; ,

is caused ma|r51Iy by the fourth-forbiddes decay of **Cd 2198j), and with several cadmium tungstate crystals of different

(-I—ll/%;j-7>< 10 yr [35], Q4 = 316 keV[36])l andp decay  gjzes. The various detector assemblies were used, beginning from a

of Cd (T1,=14.1 yr,Qp=580 keV[36]).” The distribu-  simplest “detector plus source” design, and ending with the actual

tion above~0.5 MeV is described by thei2 8 decay spec-  |ow background setup, which includes the anticoincidence scintilla-
tors. The measured spectra were simulated with the help of
GEANT3.21andDECAY4 codes as described above. A good agreement

The abundance of*3Cd in the enriched crystals was measured between the simulated and experimental results was obtained for

with the help of mass spectrometer &s-2.15(20)% [25]. The each detector configuration, which allows us to use the Monte Carlo

possible presence df®"Cd in the CdWQ scintillators was con-  simulation for the background reconstruction, and to build up mod-

firmed by the low background measurements with two crystalsels of the different B processes searched {&9].

where theg spectrum of'*¥"Cd was observef30].
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TABLE |. Activities of different nuclides present in the

&
8

>
% 4000 - E} 16Cdwo, crystal scintillators.
2 ’ g w0
€ o Chain Nuclide Activity(mBg/kg)
3 3000 | €
o — i 2327 2321y 0.0539)
O - : 22

I 113 100 150 200 Ra =<0.004

200 - B Cd Energy (keV 228Th 0.0392)

I 38y 239y 4234y <0.6

[ 23411Pa =0.2

1

1000 |- 28w 2307, <05

[ — 18 .
i / Typ =3.7x107yr 220Ra <0.004

o T e L #%pp <04
100 200 300 400 500 By 2Ipc 0.00149)

Energy (keV) 40K 0.3(1)

90gy <0.2

FIG. 6. (Color online Low energy part of the spectrum mea- 113y 91(5)

sured during 692 h by thé'®CdwQ, detectors with an energy 113mcy 1.41)

threshold of 80 ke\fthe y(B) events were selected by the PSA
with efficiency of 989%. The fitting curve is drawn by the solid line.
Shadowed distribution isi28 decay spectrum of®®W with T,
=3.7X10' yr excluded at 90% C.L. Inset: The part of the spec-
trum together with the 22K peak of W with T32€=0.7
X1 0 yr (dotted ling and Ov2s peak of 8W with T5/2°=0.9

X 10 yr (shadowey| both excluded at 90% C.L.

B7cs 0.436)

in 1999 when spectrometric parameters of the dete@itor
particular, the energy resolution and pulse shape discrimina-
tion ability) were improved. Thé'®«CdWQ, crystals contain
4.54x 107 nuclei of 1'6Cd, therefore the exposure of the
experiment is 6.58 10?2 nucleix yr. The total efficiency for

%y). However, only limits on their activities in the detecting the 223 decay of 16Cd by the CAWO, crys-

116cdw0, scintillators were obtained, as followsBag/kg):
2pp<0.4, 2Mpa<0.2, ?*’Ac (?**®Ra) <0.1, and °°sr
=0.2.

The lowest energy part of the experimental spectrum is 0’ 0
dominated by the8 spectrum of'**Cd (see Fig. 6. To de- ey
termine its activity, the background of tHé%CdwQ, detec-
tors was measured during 692 h with the energy threshold of S
80 keV, which allows us to extend the PSA technique to this RN L
energy region. Fitting the data by a sum of the simulaged 2 1204
spectrum of*3Cd and an exponential functigito describe RS
residual backgroundve estimate the activity of*3Cd in the 0 0
enriched crystals as €8 mBag/kg. It corresponds to an Q= 2805(4) ke
abundance of this isotope in thé'®CdwWQ, crystals &
=1.9(2)%, which is in agreement with the result of mass-
spectrometric measuremedfit= 2.15(20) %[ 25].

All data on radioactive contamination of tHéé%Cdwo,
crystal scintillators are summarized in Table I.

228 ovM2 owM™M* ouM1  ov2p b
\ \« i_. } 1)

Arb. scale

B. Two-neutrino double 8 decay of *'%Cd

The level scheme of thé!®Cd-118n-11%sn triplet[36] is
depicted in Fig. 7@, while the response functions of the
118cdwo, detector for the different channels of the:28
and w28 decay of *%Cd (simulated with the help of
GEANT3.21 and DECAY4 code$ are shown in Figs. (b) (g.s.
—(@.S. transitions, where g.s. corresponds to ground )state 0 ‘
and 8(transitions to excited levels of*°sn). 0 1000 2000

Earlier, after 4629 h of data accumulation in our experi-
ment, the preliminary half-life value of two-neutringBde- FIG. 7. (@ (Color onling The level scheme of the

2y 0.7

cay ?g 1%Cd was reported a$3/,= 2.6+ 0-1(St?t)to.4(5y9_’t) 116Cd418.n-116n triplet. TheQ,, energy is taken froni40]. (b)
X107 yr [15]. In the present work, with the aim to derive a simulated response functions of th¥CdWO, crystal scintillators
refined T2/, value, we are using the advantage of higher stafor the 2» and Oy modes of the B decay of*!Cd to the ground

tistics (12 649 h collected after the last upgrade of the setuplevel of 116Sn.

3000
Energy (keV)
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TABLE II. Different origins of the systematical uncertainties and their contributions to the half-life value
of *%Cd two-neutrino B decay.

Origin of the systematic error Range Contribution to
T3, value,18%r

Live measuring time (962)% +0.06
Efficiency of the PS analysis 971 % +0.03-0.09
Detection efficiency of the 223 decay (96:3)% +0.09
(GEANT model uncertainty

Fit in different energy regions +0.2,-0.3
905r_0y and 2%*™Pa impurity in **fCdWO, <0.3 mBg/kg +0.35

tals is calculated as 0.98/onte Carlo simulation gives the Q25=2805(4) keVv[40]).*

registration efficiency of the 28 decay events asy,. It should be stressed that statistics collected in our experi-
=0.96, while the efficiency of the PSA selection €8)  ment (9846 events of 228 decay of *%Cd within the en-
events isn,sa=0.97). ergy interval 800—-2800 keVand a signal to background

The part of the experimental spectrum used for the datsatio (3:1 for the energy interval 1.2—-2.8 MeV and 8:1 for
analysis is depicted in Fig. 9. The data in the energy intervalhe energy range 1.9—2.2 Me¥dre among the highest ones
800-2800 keV were simulated with the help of thereached up to date in@2decay experiment—8].

GEANT3.21 package and the event generabacAy4. In addi- Different origins of Systematical uncertainties of the mea-
tion to the 26Cd two-neutrino B decay distribution, only ~sured half-life were taken into accoufgee Table )l. The
three background components were considered. These dfain ones are the above mentioned half-life changes for the
40K contamination of the enriched and nonenriched CWO fitting in different energy regions, and possible traces of the

-~ 0 B active nuclides®**"Pa and®®Y (daughter of*°Sr) in the
scintillators, and externaly background caused by, i 9
23211 and 238U contamination of the PMTs. The radioactive écdwQy crystals. In fact, both these causes are related to
impurities of each PMT were previously measured 2is4) background mo_deI .descnptlon which is a typ|cal problem of
Bg/PMT for %K, and (0.4—2.2 and (0.1-0.2 Bg/PMT for data interpretation in low background experiments. From the
22034 and228Th activity, respectivelj27]. upper limit on??®Ra contamination, derived with the help of

The fit of experimental data in the energy interval 860—the tjme-a@splitude analysis of the3 4gata, it is obtained that
2700 keV (y2/ndf=64/86=0.7) gives the following results: activity of % (and therefore of® Pa) in the enriched
the activities of “%K inside the enriched and nonenriched Crystals is less than 0.7 mBS%RgTo esgt)lomatge a systematic
CdAWO, crystals are equal to 02) and 1.64) mBq/kg, re-  uncertainty, bothB nuclides g3 pa and®’Sr- %) were in-
spectively: the half-life value of the:28 decay of1%Cd is cluded in the fitting procedure, which leads to the stronger
2.93+0.06(stat)k 101 yr (the corresponding activity in the Pound on their total activity=0.3 mBa/kg.
enriched crystals is about 1 mBgjky The final half-life value is equal to

The quality of our results can be judged on the basis of 2v " +0.4 19

: =2.9+0. X :
the deduced 228 Kurie plot: K(s)=[S(e)/{(s*+ 10¢° T1/z=2.9+0.06(stad g 3(sysh < 107 yr
+40e24 60s +30)e} 15, whereS is the number of events . o _ o
with energye (in units of electron magsn the experimental ZThIS \16(1)“716 is in agreement with our preliminary result
spectrum after background subtraction. For the tru@@2  Ti5=2.6"g4x 10" yr [15], and with those measured earlier
decay distribution, such a Kurie plot should be a straight linen other experiments:T35,=2.6"02x 10" yr [41], T3,
K(e)~(Qzs—¢). The obtained experimental Kurie plot is =2.70(stat) 0 qsyst)x 10°yr [24], and Ti;,=3.75
depicted in the inset of Fig. 9, from which one can see that in+0.35(stat)- 0.21(syst)x 10*° yr [42].
the energy region 0.9-2.5 MeV it is indeed well fitted by the
straight line with Q,;=2808(43) keV (the table value is
“To take into account the energy resolution of the detector, the
fitting procedure was repeated by using the convolution of the the-
3The fitting interval has been chosen as a compromise betweeoretical 2023 distribution p(&) = Ag(e*+ 103+ 40s2+ 60¢ + 30)
several contradicting demands$) the high statistics accumulated; (Qs— &)® with the detector resolution functiomA( which is in-
(ii) the large ratio of the effect to backgroun@j) the maximal  verse proportional td’i,”z, andQ,; were taken as free parameters
energy range of thei28 decay spectruntjv) the goodness of the  The fit in the energy region 1.2—-2.8 MeV yields simi@p, and
fit; (v) the reasonably small uncertainties of fitting parameters, etchalf-life values:Q,;=2748(42) keV;T,,=2.9(1)x 10" yr.
It is remarkable to note that the results of the fit were rather stable >This estimation was derived from the limit on tR&Ra activity
for the different energy intervals in the ran®00—2800 keV; so, (<4 wBq/kg), conservatively supposing that &ffRa nuclei were
the corresponding values of half-life varied in the range ofproduced from?3®U contamination in the crystals during13 yr
(2.6-3.1)x 10 yr. Actually, such changes of the half-life value after their growth. An analysis af spectrg33] gives estimation of
result mainly from the background model uncertainties. <0.6 mBq/kg for the total activity of%®U and 23U.
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| FIG. 9. (Color online The part of y(8) spectrum measured
with 11%CdWQ, detectors during 12 649 h, which was used for the
0 ‘ ‘ \‘ determination of the half-life of 228 decay of*'%Cd. Also shown
0 1000 2000 are the most important model componerigs:the 2028 spectrum

3000
Energy (keV) of 1&Cd; (b) externaly background caused b$’K, Z2Th, and
238 contamination of the PMTs%K contamination of the nonen-
FIG. 8. (Color onling Simulated response functions of the riched(c) and enrichedd) CdWQ, scintillators. Solid line repre-
H18CdWO, crystal scintillators for the 228 (a) and w23 (b) de-  sents the fit of the data in the 860—2700 keV energy interval. Inset:
cay of 1*6Cd to excited levels of!sSn. The 2v23 decay Kurie plot and its fit by a straight line in the
900—-2500-keV-energy region.

Besides, we have also searched for the possibigg2

decay of'8Cd to excited levels of'%Sn[see Fig. 8&)]: 2" Ti49.5—~07)=0.82.2x10% yr,
with Eo,=1294 keV, @ with E;,,=1757 keV, and §
with E,., =2027 keV. However, the probabilities of sucjs 2 T21(g.5—05)=0.40.6)x 10? yr.

transitions should be strongly suppressed due to reduced en-
ergy releasegfor example, the theoretical predictions for
their half-lives are in the range of 4-10°* yr [8]). Because

of the absence in the experimental data of any indications on The part of the spectrum of the*CdWQ, crystals mea-
these processes, we only set the bounds on their half-livesured during 14 183 h in anticoincidence with the shielding
with the help of the formula: lifiy»,=IN2Nt7/lim S, where  detectors and after the time-amplitude and pulse-shape selec-
N is the number oft*®Cd nuclei,t the measuring timey the  tion is shown in Fig. 10. The exposure corresponds to 7.41
total detection efficiency, and lit the number of events of X 10 (nuclei of *Cd)xyr. This spectrum includes also
the effect searched for, which can be excluded with a giverdata obtained in the first part of the experiméb§]. The
confidence level. The value of the detection efficiency wasnergy resolution and the efficiency of the pulse-shape dis-
calculated by using thesEaNT3.21 and DECAY4 codes as crimination were calculated for the full exposition, taking
Pmd(27)=0.18, 7n(07)=0.09, and»n,(0,)=0.06. Tak- into account results of the calibration measurements. For in-
ing into account the efficiency of the pulse-shape analysistance, for the total spectrum the energy resolution at 2.8
7psa=0.97, this gives the total efficiencieg(27)=0.18, MeV was 8.9%.

7(07)=0.09, and»(0,)=0.06. To estimate the value of The background rate in the energy interval 2.5-3.2 MeV
limS, the fit described above was repeated in the energis 0.03710) counts(yrkgkeV). The peak of @2 decay is
interval 1.7-2.7 MeV by adding the simulated responsedbsent, thus we obtain a lower limit on the half-life. The
functions for the effect searched for. It yieldd=—33  efficiency to detect this peak in crystals was calculated by the
+108 counts (2), S=—53+59 counts (§), andS=—-3  Monte Carlo methodwith the help ofGEANT3.21andDECAY4
+47 counts (), which corresponds, in accordance with C0J€$ as 7m:=0.83. Again by taking into account the effi-

the Feldman-Cousins proceduié3] recommended by the Cie€ncy of the pulse-shape analysjgs, = 0.96, it yields a
Particle Data Group44], to the restrictions on the half-lives total efficiency» = 0.80. To estimate lin§, the part of the
of 2123 decay of1%Cd to excited levels of 228 decay of spectrum in the _2.0—3.6 MeV energy interval was fitted by
116cd to excited levels of'%Sn at 90%(68%) C.L.: the sum of the S|mulated112,8_ pegk and three background
functions: 228 decay (contribution to the experimental
- N 1 spectrum is~ 83%), y rays from PMTs &14%), and back-
Ti(g9.5—2%)=0.6(1.1) x 107 yr, ground from the intrinsic chairf?®Th (=3%). For the fit

C. Neutrinoless doubleB decay of 1*éCd

035501-7



F. A. DANEVICH et al. PHYSICAL REVIEW C 68, 035501 (2003

To(g.5—2%)=2.94.3) X107 yr,

=
o
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=
o

T9(9.5—0;)=1.42.2x10% yr,

Counts/20 keV
Counts/80 keV

o N M O ®
T TR

T94(g.5—05)=0.6(0.9 X 1072 yr.

RS AR To obtain the half-life limits for the 828 decay with
2000 2500 E%(g}? emission of one, two, and bullt5] Majoron(s), the mea-
sured spectrum was fitted in the energy region 1.6—-2.8 MeV
] by using the same model of background as for the 8
I o decay fitting procedure. As a result, the number of events
1 il b under a theoretical @M1 curve was determined as 37
+56, giving no statistical evidence for the effect. Again,
: : ARl following the Particle Data Grou@PDG) recommendation, it
1000 1500 2000 2500 3000 3500 4000 leads to an upper limit of 5@5) events at 90%68%) C.L.,
Energy (keV) which together with an efficiency valug,,.=0.905 corre-
sponds to a half-life limit

104 ¢

_17

10

FIG. 10. (Color online The high energy part of the experimen-

tal spectrum of the'CdWO, detectors measured during 14 183 h TOM1=0.81.8)x 107 yr at 90% 68%)C.L.
(histogram together with the fit from 228 contribution (T75
=2.9x10"yr). The smooth curves @M1, OvM2, and G:bM A similar procedure for the €28 decay with two and

are excluded with 90% C.L. distributions o83 decay of**Cd  pylk Majorons emission gives the following results at 90%
with emission of one, two, and bulk Majorons, respectively: (6894 C.L.:

ToOM=8.0x10% yr, TyM?=8.0x10°yr, and TIYM=17
X 1071 yr. In the inset the expected peak fromZB3 decay with T?]’zMZBO_S(lA)x 1071 yr,
TO=2x 1072 yr is shown.

TUOM=1 7(2.3) X 107 yr.
these background activities were taken as free parameters
and varied within their errors. This maximum likelihood fit
(x?/ndf=37/33=1.1) gives the area of theu@B peak as
S=0.3+1.3 counts, which corresponds to 1Br2.4 (1.6)
counts with 90%468%) C.L.° and to a half-life limit for the
0v2p decay of*6Cd:

Excluded with 90% C.L. distributions ofiM1,00vM2,
and Ov decay with bulk Majoron emission are shown in Fig.
10.

D. Limits on 2 8 decay processes in%cd, %cd, *4cd,
184y, and 85w

T =1.72.6)x 102 yr at 90% 68%)C.L. The %CdwO, crystals contain not _onI;}lGCdlc?uclei but
several other potentially 2 decaying isotopesi®®Cd with
abundance’=0.16% [25] and Q5= 2771 keV[40], *%*Cd
(6=0.11% [25], Qgp=269 keV), *Cd (6§=6.5% [25],
Qpp=537 keV), W (5=0.12% [46], Qpp=146 keV),
and '8 (5= 28.4%[46], Q=488 keV). It allows us to
establish bounds on@decay processes in these nuclides.
The spectrum of Fig. 5 was used to search for th@ 8
decay of*4Cd (g.s.-g.s. transitionand for the 023 decay
of 184V to the ground and to the first excited (Rlevels of
1860s. In the energy range of interéd#0—600 keV, where
the background rate is equal to 0.296counts(day keV kg,
there is no indication for the positiver@3 decay peak of
188V searched for. Hence, we can only set a limit on its
probability. Taking into account the registration efficiency of
the 11%CdWOQ, scintillators for this processzf,.=0.99), and

As it was noted earliefsee Sec. Il A, the_ energy resol_utlon of the efficiency of the PSA#,..=0.95), the total detection
the spectrometer was carefully tested during the experiment. Nev-__ . . p
fficiency is»=0.94.

ertheless, to check the possible influence of energy resolution on tHe ) . .
limS estimation, the fit has been repeated for the different FWHM The value of limS was determined by using the standard

values(8%, 9%, 10%, and 11% at 2.8 M@Mvhich were taken into x° procedure, Whe_re the eXpe”_mental spectrum in(889—
account in all the background models. As it was found, the variation:200-keV-energy interval was fitted by the sum of theap

of the limS does not exceed: 15%. In addition, the fit has been decay peak being sought and the background components
also performed for the different energy intervals in the energy redetermined above't*™Cd, **'Cs, exponential function rep-
gion 1900—3800 keV, and resulting changes of théSliwere within ~ resenting externay rays, and 223 decay of'1éCd). The fit

+ 25% of the central value. (x’/ndf=38/36=1.1) yields the peak area—(21+95)

Excited levels of''®Sn with E;, < Q,, can be also popu-
lated in the @28 decay of 'Cd [the corresponding re-
sponse functions are shown in Figbg. The full absorption
of all emitted particles should result in a peak wikh
=Qyz- The full peak efficiencies calculated with the help of
the GEANT3.21 and DECAY4 codes for the @23 decay to the
first, second, and third excited levels 8¥Sn arez,,(2")
=0.14, 7,{07)=0.07, and7,{0,)=0.03. These num-
bers result in the following restrictions on half-life ét¢Cd
0v2p decay to excited levels of'®Sn at 909%4(68%) C.L.:
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counts, i.e., no evidence for the effect. Using the PDG recferred to X rays, Auger electronsy quanta, or conversion
ommendation, one can get 8% 136 (75 counts at 90% electron$ will result in a peak aQ,, =146 keV value.
(68%) C.L. Taking into account these values, the efficiency To set the limits on the 82¢ process in®&W, the back-
n = 0.94, and the number of% nuclei (1.56<10?%, we  ground spectrum measured with tRéCdwQ, detector dur-
derive the following half-life limit on the @28 decay of ing 692 h(Fig. 6) was fitted in the 90—-240-keV energy in-

185V to the ground level of®%0s: terval, which gives 9% 177 counts for the peak searched for
on N (x?/ndf=18/14=1.3). These numbers lead to an upper limit
T1,>1.12.)x 10" yr at 90% 68%)C.L. of 381 (268 counts at 90%68%) C.L. Taking into account

the total efficiencys= 7,s,=0.98 and the number off'W

In the case of'®W neutrinoless B decay to the first pyclei (6.5% 1079, one can calculate the half-life limit
excited (2") level of 1¥%0s, y quanta with an energy of 137

keV (deexcitation of the 2 level of ¥%0s) will be emitted.
Due to practically full absorption of thesg quanta in the
118cdwQ, crystals, the expected response function does not The same method gives restriction for the2X process
differ from that for transition to ground state. The total effi- in 180-
ciency is equal top=0.92, and leads to the half-life limit '

T92¢ = 0.9(1.3) X 101 yr at 909 68%)C.L.

T(g.5—2")=1.1(2.0)x 10%* yr at 90%68%)C.L. Ti%< = 0.7(0.8)x 10" yr at 90%(68%)C.L.
For the 2B decay of *¥& with an emission of Ma- The peaks of the 2e and 2v2K captures in'®*W ex-
joron, the fit of the spectrum gives cluded at 90% C.L. are shown in the inset of Fig. 6.
Similarly, by using the described procedures, the bounds
TIMI=1.201.4x 107° yrat 90% 68%)C.L. on neutrinoless double electron captureffiCd were ex-

tracted from our experimental data. Because of absence of

To estimate the lower limit for the 23 decay of 8%,  the peak at the transition energ@ ;=269 keV), the fit of
we have considered the background spectrum accumulaté@e spectrum of Fig. 6 yields the half-life limit for the-Qe
during 692 h with the low energy threshalig. 6). Because ~capture in%8Cd: T2/7°=1.5(2.5)x< 10" yr at 90% (68%)
practically 100% of thes particles from the expectedv2 8 C.L.
decay are absorbed in the crystals, the total efficiency is de- To search for the 22K capture in'*Cd and*°®Cd with
termined by the PSA #%=7,5,=0.98). A simple model an energy releaseE} ~49 keV (whereEx=24.4 keV is the
(which includes the 228 spectrum of*®&W, the 8 spectrum  binding energy of electrons on thi¢ shell of palladium
of %Cd, and an exponential functipwas used to describe atom, a detector with a low energy threshold is needed. With
the experimental data in the energy interval 130—450 ke\this aim the results of dedicated measureme#83 h with
The fit (x?/ndf=42/29=1.5) gives 489 1119 events for the the nonenriched CdWjxrystal(454 9 were used35]. The
effect searched for. It yields 2324608 counts excluded at €energy resolution of this detector at 60 ke fays of
90% (68%) C.L., and the half-life limit for the 228 decay ~ **’Am) was FWHM = 25 keV, while the energy threshold
of 18w: was ~40 keV. This crystal contains 2&10°* and 6.8

X 107! nuclei of %Cd and %cCd, respectively. The mea-
T21=3.7(5.3) X 10'® yr at 90% 68%)C.L. sured spectruni35] was fitted by the sum of the expected
peak at the energy of 49 keV and a background mogel (

The 2v23 decay distribution of'8W excluded at 90% spectrum of'**Cd). It gives the following half-life limits on

C.L. is depicted in Fig. 6. 2v2¢ captureT2/2X=5.8 (9.5)x 10" yr at 90%(68%) C.L.
The same method gives the bound far2g3 transition to ~ for 1%Cd, andT%/2X = 4.1 (6.7)x 10" yr at 90% (68%)
the first (27) excited level of¥%0s: C.L. for 1%cd.
As it is visible from the level scheme of the
Ta(g.5—2%)=1.0(1.3) X 10*° yr at 90% 68%)C.L. 106Cq-1987g-198pd triplet [Fig. 11(a)], besides the double

electron capture (2 also the double positron decay

Similar procedures were used to search fgrdecay pro- (87 8"), and the electron capture and positron decgg™()
cesses in*'4Cd and the obtained bounds are presented irare allowed for'°Cd (both to the ground state and to excited
Table III. levels of 1%Pd). The Monte Carlo simulated response func-

In accordance with the level scheme of thetions of the 1*%CdWQ, detector to the ® modes of these
180y 18013 1804 triplet [36], the double electron capture processes are presented in Fig(l1One can see from this
(2¢) of 8% (Q,.=146 keV) is allowed. In the case o2 figure that each of the mentioned processes will result in the
double electron capture from thé shell (2v2K), the total  full absorption peak at the energy 2771 keV with the width
energy released in a detector is equal ®©¢2(where Ex FWHM = 216 keV. The values of the efficiency to detect
=65.4 keV is the binding energy of electrons on tshell  such a peak were calculated as followsg,. (Ov2e, g.s.
of hafnium aton, while the rest of the energyQ,, —2Ex —g@.8.) = 0.015; 9,c (OveB™, g.5—0.s.) = 0.128; 7pc
~15 keV) is carried away by neutrinos. For the neutrinoles{0ve 8", g.s—2", 512 keV}=0.059; 7, (0vB* 8", g.s.
double electron capture ¢(Q¢), all available energytrans- —g.s.)=0.027; . (0vB*B*, g.s—2", 512 keV
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TABLE 1. Total list of the results obtained on thegdecay processes in Cd and W nuclides.

Nuclide Decay mode, Transitioflevel energy Ty, limit or value (yr)
90% (68% C.L.
106cqd 2¢ Ov g.s.-g.s. =0.8(1.7)x 10*°
eB* Ov g.s.-g.s. =0.7(1.6)x 107°
Ov g.s.-Z (511.9 keVf =3.1(7.2)x 10*°
Oov g.s.-2 (1128.0 keV =1.4(3.3)x 10*°
Ov g.s.-0f (1133.8 keV =1.4(3.2)x 10*°
28" ov g.5.-g.S. =>1.4(3.3)x 10"
Oov g.s.-Z (511.9 keVj =0.6(1.5)x 10*°
2K 2v g.s.-g.s. =5.8(9.5)x 107
eB" 2v g.s.-g.s. =1.2(2.0)x 108
28" 2v g.5.-0.S. =5.0(8.2)x 108
108cqd 2 Ov g.5.-g.s. =1.5(2.5)x 107
2K 2v g.s.-g.s. =4.1(6.7)x 10*'
H4cd 28~ ov g.5.-g.s. =2.5(4.1)x 10°
28~ 2v g.s.-g.s. =6.0(9.3)x 10
116cd 2B~ Ov g.s.-g.s. =1.7(2.6)x 107
Ov g.s.-2" (1293.5 keV =2.9(4.3)X 107
Ov g.s.-0 (1756.8 ke =1.4(2.2)X 107
Oov g.s.-0 (2027.3 keVy =0.6(0.9)x 107
ovM1 g.s.-g.s. =0.8(1.8)x 107
0vM2 g.s.-g.s. =0.8(1.4)x 107
OvbM g.5.-g.S. =1.7(2.3)x 10?*
2B~ 2v g.5.-g.S. =2.9°33x 10"
2v g.s.-2" (1293.5 keV =0.6(1.1)x 10%
2v g.s.-0 (1756.8 ke =0.8(2.2)x 107
2v g.s.-0 (2027.3 ke =0.4(0.6)x 107
180y 2e Ov g.5.-g.s. =0.9(1.3)x 10"
2K 2v g.s.-g.s. =0.7(0.8)x 10"
186y 28~ Ov g.s.-g.s. =1.1(2.1)x 107
Ov g.s.-2" (137.2 keV =1.1(2.0)x 107
ovM1 g.5.-g.S. =1.2 (1.4)xX 10%°
2B~ 2v g.s.-g.s. =3.7(5.3)x 10®
2v g.s.-2" (137.2 keVy =>1.0(1.3)x 10*°

= 0.012; etc. The fit of the energy spectrum of Fig. 10 in thesion and for the 2 decay to the first (2) excited level of
energy interval 2.2-3.4 MeV gives the area of the peak'®®s were set for the first time. Note that up to now the
searched for a$=—1.0£1.6 counts. The latter leads, for level of sensitivity TS%= 10?* yr was reached only for ten
example, to the half-life limit on the @& capture in’®Cd:  nuclides[8]. Nevertheless, the obtained results are still far
T‘f,”zzs(g.s.—>g.s.)>0.8(1.7)>< 10 yr at 90%(68%) C.L. In  from the theoretical predictions, which, e.g., for the2®
the same way, restrictions on the other&nd 2 double  decay of ¥ are in the range of 810 yr [47]-5
decays in'%Cd were derived and they are listed in Table I1l. X 10°° yr [48] (for m,=1 eV), thus further efforts in this
direction would be needed.

Besides, in the course of the present experiment two im-
portant by-products were obtained) the half-life (T,

All half-life limits on 23 decay processes obtained in the =7.7"3-3x 10" yr) and the spectrum shape of the fourth-
present experiment with the help of the low backgroundforbidden decay of**3Cd were measuref®5]; (i) indica-
1%cdwo, scintillators are summarized in Table IIl. It tion for the a decay of '®W with a half-life T¢,=1.1"9%
should be stressed that most of the bounds'f6€d, %Cd,  x 108 yr has been observed for the first time, and rieyy
H4cd, Mecd, 8w, and 84 are higher than the previous bounds were set forr decay of 83w, 18, 184y and
results or have been established for the first time. For ex!4y at the level of 16° yr [33].
ample, the limitT%},=10?* yr on the 23 decay of **4W is As regarding the main results of the present experiment
nearly one order of magnitude higher than the previous onen the 28 decay of 1'%Cd, note that the refined half-life
[25], while the bounds for the ®decay with Majoron emis- value of the two-neutrino 8 decay of''Cd is measured as

IV. DISCUSSION AND CONCLUSIONS
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Using this bound and calculatiorig7], one can derive re-
strictions on the Majorana neutrino mass and right-handed
admixtures in the weak interactioon,<1.9 eV, <2.5
X108 N=<2.2x10 ° at 90% C.L. Neglecting right-handed
contribution we getm,<1.7 (1.4) eV at 90%(68%) C.L.,

1128 and on the basis d¢#2] the limitism,<1.5(1.2) eV. These

512 7 results together with the be®t}, limits obtained in the most
g sensitive direct experimen{and the corresponding restric-
0. tions on the Majorana neutrino masse given in Table V.

196pg | QE2TI® kev Them, constraints are determined on the basis of the calcu-
lations of Ref.[47], which were chosen because of the ex-

Arb. scale

0.5 1

0Ov modes . b tensive list of 23 candidate nuclei calculated in this work,
ep’,9.5.-0s . e .

AN which allows one to compare the sensitivity of different ex-
periments to then, bound within the same scale.

It is obvious from Table IV that our experimental result
on 18Cd is one of the best after those based’é@e studies
and offers the restriction on the neutrino mass at the level of
~1.5 eV similar to those of experiments with¥°Te and
136xe. In accordance with Ref50] the value of the R-parity
violating parameter of minimal SUSY standard model is re-
stricted by oufT%% limit to £<7.0(6.3)x 10~* at 90%(68%)
C.L. (calculations[51] give more stringent restrictions:

eB’, gs. - 2" (512 keV)

BB’ gs-gs
2¢,0.5.-0.5S.

<2.7(2.4)x 10~ %). Moreover, using our bound on the'RB
Eng(r)gg (kev)  decay with one Majoron emi_ssioﬂiﬁ,”zz 0.8(1.8)x 1022_yr at
90% (68%) C.L. and calculationf52] the effective Majoron-

1000 2000

FIG. 11. (3 (Color onlind The level scheme of the neutrino coupling constant can be restricted ty,
106011087 G106 triplet. (b) Simulated response functions of the <8.1(5.4)x 10 °, and on the basis of calculatidd?2] to
L6CWO, detector to different @ modes of the B decay pro- 9u=<4.6(3.1)x10"°, which are among the strongest con-
cesses in%&cd. straints obtained up to date in the direg 2lecay experi-

ments with "°Ge, 82Se, 1°Mo, *°Te, and'*®Xe [8].
We consider the Solotvina experiment on the @ecay of

2v_ 5 qt04y, 1119 i : :
T1,=2.9703x 10" yr. The experimental 228 Kurie plotis 11604 45 g pilot study for the future large scale project

well described by a straight line, and the deriv@g; value  cAMEO[53], which intends to operate 100 kg of enriched
(280843 keV) is in accordance with the table value 116cqywQ, crystals allocated in the liquid scintillator of the

28054) keV.

BOREXINO Counting Test Facility. Results of our measure-

It should be noted that all half-life limits obtained here for ants with 126Cd and Monte Carlo simulations evidently
11 H

"Cd are the most stringent for that nucleus, as for exampleshow that sensitivity(in terms of the half-life limit for the
the bound on half-life of the 823 decay of *'Cd (g.s. 0v2B decay of the CAMEO experiment with 100 kg of

—Q.S.):

enriched*%CdWQ, crystals is of the order of #0yr [53].
The last value corresponds to a limit on the neutrino mass
m,<0.06 eV, which would be of great interest for the mod-

T2,=1.7(2.6)x 107 yr at 90% 68%)C.L. ern physics.

TABLE IV. The best reported’?,”2 andm, limits from direct 28 decay experiments.

Nuclide Experimental limitT, (yr) Reference Limit orm, (eV)
on the basis of Ref47]

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

%Ge 3.1x 1075 1.9x10%° [18] 0.27 0.35
1.6x107° [19] 0.38

4.2x 10752 2.5x 10752 [49] 0.24 0.31
116cd 2.6x10% 1.7x 107 Present work 1.4 1.7
130Te 2.1x 107 [16] 15
136xe 4.4x107° [17] 2.2

®Results were establishdd9] by analyzing the cumulative datasets of the Heidelberg-Mosd®} and
IGEX [19] experiments.
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