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Abstract. The NEMO-2 tracking detector located in the important component of non-baryonic dark matter in the
Fréjus Underground Laboratory was designed as a protouniverse. In addition, the success of models of the solar-
type of the detector NEMO-3 to study(and 2> double-  neutrino and atmospheric-neutrino deficit strongly depends
beta decay(3) physics. After ten months of nearly contin- on assumptions concerning the neutrino masses.
uous running with an enriched cadmium source (0.92-ynol Besides neutrino mass, there are other observables stud-
of 116Cd) a 832v half-life of T1/, = (3.75+ 0.35(stat) = ied in the 330r experiments which are important for the
0.21(syst)) - 10'° y was measured. Limits with 90% CL on basic structure of the GUT and SUSY theories. These ob-
the 116Cd half-lives of 50 - 107* y for 330r decay and of servables yield information on the mass range of heavy right-
1.2-10* y for 830vx° decay with a Majoron ¥°) were  handed neutrinos and Mbosons [3], and thus relate to the
obtained. Theoretical predictions forGnd 2/ decays of  group structure of the GUTs. At the same time one can study
116Cd are also presented. the feasibility of the exchange of supersymmetric particles
in 30v decays which are allowed by R-parity violating
SUSY models [1, 4] and even relate th80v experiments
to studies of the compositeness of quarks and leptons [5].
One particularly interesting subject gf30v studies is
the Majoron, a light or massless boson which can couple to
Majorana neutrinos [6, 7]. The study of the Majoron is useful

Se\(eral important issues of particle physics, concerninqn pinning down the allowed structures of the GUTs and in
regimes beyond the standard model (SM), can currently bEéolving the solar-neutrino problem. Furthermore, 81#0v

(3|>;prloer)((a;mm?esst i??::)ésbg r':}%g:ﬁfﬁf;?;zggggweer)](tsérliorﬁg:f' easurements can be connected to the possible existence of
P P gptoquarks and heavy sterile neutrinos [8].

are the on-going underground experiments concentrating on ; . .
measurements of the nuclear double beta decay. Measure- All the above mentioned fundamental partlcle-_physws
ments of the neutrinoless mode of this decag0v, can be aspects connect t650v decay through the evaluation of

used to rule out theoretical models beyond the SM and t he associated nuclear matrix elements [9, 10]. The relia-

limit the possible parameter space of the remaining ones. llity of these malrix elements can be tested in connection

The most important observables in t80v experiments ‘1’_\’;[2 meeats\ﬁ?érgggmﬁa?ﬁsgg %) t(?]fed;)iumbliae—begzsclegagé e
are the fundamental nature (Dirac or Majorana) and the posétructure of theﬁﬁyz decav allow a strai pht f%rward %x-
sible mass of the electron neutrino. These are the key P&raction of the ex el;imentgl value of the gssociated double
rameters in the structure of modern particle-physics theorieSGamow—TeIIer (D%T) matrix element. This extracted value
such as GUTs, SUSYs and SUGRAs [1], and are also inter- ; . o ;
esting for their possible role in the matter-antimatter asym—Can be compared with theoretical predictions, obtained for

metry of the early universe [2] and in forming the most medium-heavy and heavy nuclei by several theory groups
using the proton-neutron quasiparticle random-phase approx-

* (e-mail: laplanche@Ialcls.in2p3.fr, Fax: (33) 1 69 07 94 04) imation pnQRPA) and its various extensions [11]-[17]. Per-

1 Introduction
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forming such studies helps in reducing the uncertainties in-
volved in the nuclear-structure part of the variodgOv
processes. The theoretical results of the present article are
obtained by using thenQRPA [18] in the framework of
reference [10].

To date, only lower limits on half-lives of different nu-
clei for 530v decay have been obtained experimentally. The
most stringent limit was obtained fétGe, 77/, > 5.1-10°

y [19], corresponding to the limitn, < (0.7 — 1.7) eV on
the Majorana-neutrino mass. Up to the present, g@v
decay process has been detected for eight nuclei (see review
[20]). Also the 332 decay of'°Mo to the first 0 excited

state in'®Ru has been measured [21]. At present, g#y
experiments are achieving a new qualitative level, where it
is not enough just to detect the process, but it is necessary to
measure all parameters (angular correlation, single electron
spectra, ...) of the process with good accuracy.

The NEMO Collaboration has started to build the track-
ing detector NEMO-3 [22] for33 decay experiments which
will be capable of studying}30r decays of:®®Mo and oth-
ers nuclei up to half-lives- 1025 y, which corresponds to Fig. 1. The NEMO-2 detector without shielding. (1) Central frame with the
a Majorana neutrino mass 0.1 to 0.3 eV. Sensitivity to  source plane capable of §upporting plural source foils. (2) Tracking de\_/ice
99000 and 5720 decays wil be-- 10° y and -~ 10 oL 10 e e s o o pepenaculr e o 2 G
y, respectively. Two prototype detectors, NEMO-1 [23] and arlier experiment with molygdenum sources t%e scint)illlator arrays were 8
NEMO-2 [24] have been constructed as research and devegy g counters as depicted here
opment tools to establish reliable techniques. The NEMO-2
detector, designed fofs and background studies, is cur-
rently operating in the Bjus Underground Laboratory (4800 2.1 Cadmium sources
m w.e.). During a period from 1992 into 1998°Mo was S _ o
investigated by this detectos32v decay of'®Mo was de-  The source plane is Q|V|ded into two hglves, the. first is a
tected by measuring the summed energy spectra, anguld®2 g isotopically enriched cadmium foil (93.2%'%Cd)
distribution and single electron spectra [25]. Presented her#ith a thickness of 40m. The second half is a 143 g foil
of the most favourable nuclide€)gs = 2802 keV) in the impurities in both foils were measured with HPGe detectors
search for33 processes. in the FEjus Underground Laboratory before installation in

the NEMO-2 detector. The upper limits (90% C.L.) on the
measured contaminations obtained in the enriched cadmium
foil for the three most disturbing isotop&%'Bi, 2°8TI and
2 NEMO-2 detector 234mpg are 2, 2, and 66 mBg/kg respectively. In the natural
cadmium these limits are 1.7, 2.5 and 33 mBqg/kg. More ac-
curate levels have been obtained with the NEMO-2 detector
NEMO-2 consists of a 1ftracking volume filled with he- by analyzing electron events involvingrays, as explained
lium gas and 4% ethyl alcohol. in the sections devoted to backgrounds. The above contam-

Vertically bisecting the detector is the plane of the sourcemat'on limits, if taken as levels, will only produce a very

foil (Im x 1m). Tracking is accomplished with long open few “two-electron” events in each foil.
Geiger cells with an octagonal cross section defined by

100 um nickel wires. These cells are identical to those of5 5 parformances

NEMO-1. On each side of the source foil there are 10 planes

of 32 cells which alternate between vertical and hOfiZOﬂtalThe achieved performances and Operating parameters are as
orientations. The cells prOVide three-dimensional traCking 0ff0||ows_ Three-dimensional measurements of Charged par-
charged particles. ticle tracks are provided by the array of Geiger cells. The

A calorimeter made of scintillators covers two vertical transverse position is given by the drift time and the longi-
opposing sides of the tracking volume. There have been twaudinal position by the plasma propagation times. The trans-
configurations of the calorimeter, the first consisted of twoverse resolution is 50@m and the longitudinal resolution
planes of 64 scintillators (12 cril2 cmx2.25 cm) asso- is 4.7 mm. Track reconstruction is accomplished with a pat-
ciated with “standard” photomultiplier tubes (PMTs). The tern recognition program based on the Kalman filter [26].
present configuration is two planes of 25 scintillators (19A new tracking method based on an elastic neural network
cmx19 cmx10 cm) with PMTs made of low radioactivity [27] was used to test the tracking efficiency. Given the cuts
glass. The tracking volume and scintillators are surroundeaf the 332v analysis, both methods gave the same half-life
with a lead (5 cm) and iron (20 cm) shield. calculations.
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The threshold for the scintillators is set at 50 keV with ey events
an energy resolution (FWHM) of 18% at 1 MeV and a time > [ Entries 1210
resolution of 275 ps (550 ps at 0.2 MeV). A laser and fiber = 120 -2
optics device is used to check the stability of the scintillation 2 Natural Cd
detectors, this device also provides the time versus charge.\g

dependence of the detectors. The relative timing offsets for &

each channel were determined witf°€o source placed in ™ &0
the center of the detector.

A trigger requiring two scintillation counters and four
Geiger frames normally runs at a rate of 0.01-0.04 Hz de-
pending on the radon levels in the laboratory. This trigger 0
rate is too low for an efficient survey of the experiment,
so a second trigger requiring only one counter with an en- €y energy sum
ergy greater than 1.3 MeV was introduced to yield a rate of b) [ Entries 1047
0.4-0.8 Hz. This trigger conveniently records single electron
events.

Finally, the NEMO-2 detector is able to measure the
internal radioactive contamination of the foils by using the
electron gamma (@ and (ey«) channels where a delayed 60
detection is a signature é#*Bi decaying into?'*Po with a 40
half-life of 164 us.
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. . N . Fig. 2. In natural cadmiunga) the greater number of events with respect to
An electron is defined by a track |Ink|ng the source foil and enriched cadmium is explained by the internal background and by neutron

one scintillator. The maximum scattering angle along thecapure inl13cd. The simulated energy spectrum (dotted line) which only
track has to be less than 2@ reject hard scattering situa- takes into account the two major sources of external background i.e., radon
tions. A photon is recognized as one or two adjacent firedand PMT's radioactivity, reproduces quite well the shape of the experimen-
scintillators without an associated particle track. For photonga!l spectrum in enriched cadmiuth)
and electrons an energy deposited greater than 200 keV is
required in order to obtain sufficiently good time resolution.
In the analysis of two-electron events a cut on the angle beelectron or is associated with a Compton electron can pro-
tween the two electron tracks will be applied (eos< 0.6)  duce 2e background events. Another source of background
as explained in the section devoted to the results. In the anabriginates from neutron capture in natural cadmium which
ysis a two-electron event is identified as (2e) and electronproduces photon emissions. All these backgrounds are stud-
photon event as (9. ied below and their contributions to tle and 2e channels

In the coordinate system of the detector (Fig. 5) the ori-are identified.
gin of the axes is at the center of the source plane with the
x axis being horizontal and thg axis vertical. The posi-
tioning of the enriched cadmium foil is such that it has an
event vertex: coordinate in the range 1.0 to 47.5 cm. Both
foils are symmetrical with respect to theaxis. The event
y vertex has to be within the limit4¢47.5 cm.

3.1 External background

The most important contribution to the external background
comes from the flux of photons emitted by radon located
between the tracking detector and the shielding. The mean
3 Backgrounds value of the measured radon rate in the laboratory was
27410 Bg/n? during data collection, with large fluctuations

The most important “external” background is due to photonsdepending on the ventilation. A simulation of the photons
originating from outside of the tracking detector and inter- coming from?#“Bi decay (produced in the cascade) yields
acting with the source foils or with the scintillators. Compton somewhat more than one half of the detecteceeents.
electrons produced in the scintillators and crossing the track-  Another source of background is due to the flux of pho-
ing device are rejected by time-of-flight analysis. Comptontons emitted by the PMT'’s glass, this effect is much weaker
electrons produced in the source foils can generate a se¢han in the previous experiment [25] because of the low ac-
ondary electron by the Mler effect. A double Compton ef- tivity of the current PMTs. The measured activity of samples
fect or pair production can also occur. These 2e backgroundf these tubes has given the following results: 0.23 Bg/kg of
events cannot be rejected by time-of-flight cuts. 214Bj, 1.5 Bg/kg of*°%K and 0.043Bg/kg of%8TI. A simula-

Radioactive pollution of the source foils is a backgroundtion, using these values, shows that theewents attributed
identified as “internal”. A beta electron which gives rise to to the PMT'’s glass represent about one quarter of the total
the Moller effect or is associated with an internal conversioney events.
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A run time equivalent simulated spectrum, using only Neutron run (2e events)
these two sources of background, i.e., radon and the PMT'S% 6
components, is compared to the experimental data in Fig. 2.5

a)

5 Natural Cd
The energy sum spectrum foty @vents shows that the e ]
simulation reproduces rather well the experimental data in 4 ==
the enriched cadmium foil. The excess of events in natural s o

cadmium, compared to enriched cadmium, is attributed to in-
ternal pollution and to thermal neutron capture as explained 2
in the following sections.

The 2e events obtained in the simulations have too poor
statistics to be used as a good estimate of the 2e background. o
This is because the number of simulated events was re-
duced to a reasonable computing time, and thesgectrum Energy versus cog
was renormalized. A precise estimate of this background b)
is achieved using the 2e experimental events in the natural= 4
cadmium foil.

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
cosa

B O

116Cd

3.2 Thermal neutron capture ~ Eee e |

The thermal neutron capture cross-sectioh'icd (12.22%
of natural cadmium) is huge (20000 barn). A capture is

b e

followed by the emission of photons coming from the de- 0 08 06 04 02 0 oz o4 o5 o
excitation of1*Cd. The neutron flux in the laboratory or cosal
inside the detector is not well known, so a simulation would Energy versus cos

not give a reliable estimate of its effect. A short run (6.2 h) Fig. 3. These scatter plots extracted from the neutron run of 6.2 h (Am-Li

with an Am-Li neutron source p|aced inside a moderator onsource in a moderator) clearly show an excess of 2e events in the natural

the top of the shielding has giveny and 2e events maimy f:a?gium(a) \_Nith respect to enricheq cadmiyth), due to neutron (?aptu_re

due to thermal neutrons. in *+°Cd. Inside the rectangular region outlined by the dashed lines is the
In Fig. 3 the 2e events recorded during the neutron rurf arameter space of selected 2e events

are presented and the 2e energy sum is plotted versus.cos

A clear excess of events in the natural cadmium is the sig-

nature of thermal neutron capturesfiCd. Four of the 2e

events remain after the cuts of thg2v analysis (Fig. 3-a). In order to measure th&®T| contamination, the high

As neutron capture in materials surrounding the track-energy tail (2.0 to 2.5 MeV) of the photon spectrum of e
ing detector induces a photon flux, a normalization can besvents was used. In the enriched cadmium foil which is not
done using Compton electrons produced in the scintillatoraffected by neutron capture, a limit of 0.5 mBg/kg is com-
which cross the detector and lose their energy in anotheputed which corresponds to less than 1.5 2e events. In the
scintillator. Only events with an energy deposited greatematural cadmium foil, the photon spectrum in the 2.5 MeV
than 4 MeV were used in this normalization. The neutronregion is expected to be populated by some events induced
run is found to be equivalent in total exposure to twice theby neutron capture. By using the normalized neutron run

6588 h run. Thus an excess of 3§ events and two 2e to estimate this background, an upper limit of 1 mBg/kg is
events in natural cadmium is deduced, which is attributed tqalculated for the®T| contamination.

the thermal neutron flux inside the detector.
Another source of background in the 2e channel comes

from 2347Pa and/oP°Sr which are single beta emitters. Us-
3.3 Internal background ing the single electron energy spectra in the rande <

E. < 2.0 MeV, limits on the contamination can be calcu-
The above measurements of the cadmium source foils withated in both foils. The same counting rates were found in
germanium detectors gave upper limits on ##Bi, 2°TI  the natural and in the enriched foils. The radon contribution
and 2¥"Pa contaminations. The NEMO-2 detector itself was eliminated by analyzing data with different radon rates
provides limits and/or measurements of foil activities by in the laboratory, and a limit of 28 mBq/kg is deduced in
analysing &, eya and single electron events. In the nat- each foil. The limit on the difference of contamination in
ural and in the enriched cadmium foif$*Bi activities of  both foils of 6 mBqg/kg is obtained which corresponds to
254 0.5 mBg/kg and 15 £+ 0.5 mBg/kg have been found less than 4.5 2e events.
(the dominant systematic error is due to radon which enters
the detector and is deposited on both foils). An excess of In Fig. 4 the single electron energy spectra of natural and
1+ 0.5 mBqg/kg is measured in the natural cadmium which enriched cadmium are shown for 10% of the complete data
induces 50 & events and 2.2 2e events. These event rateset. The simulated spectrum corresponding to 28 mBqg/kg
were obtained by simulations which take into account accuof 24¥"Pa is also included in the figure for comparison of
rate representations of nuclear decay schemes. spectra profiles.
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Fig. 6. The angular distribution in the natural cadmium f@), where« is

the angle between the two electron tracks, is peaked in the forward direction
as expected from the external photon flux. A scaled estimate of e
decay contribution, in accordance with tH€Cd abundance in natural Cd
has been subtracted. The angular distribution in enriched cadbiuaiter
background subtraction is in good agreement with the simulation

external f.,;) source event are computed. By applying the
cuts P,y > 1072 and P.,; < 107° very few background
events are expected in each foil. The complete cadmium data
set (6588 h of running time) is presented here.

The vertex distribution (Fig. 5) in the source plane shows
a clear excess of 2e events in the enriched cadmium (positive
X-positions).

The distributions of the angle between the two emitted
electrons in enriched cadmium with backgrounds subtracted
(Fig. 6-a) and in natural cadmium (Fig. 6-b) are rather dif-
ferent.

In the natural cadmium, the angular distribution is peaked

shown in this scatter plot. In each source the non-uniformity of the vertexin the forward direction, as expected from the external back-

distribution is due to the geometric acceptance of the detector

4 Results

An earlier result, drawn from 40% of the current data set,
has already been published [28].

4.1 532v signal

ground. After background subtraction the eoslistribution

in enriched cadmium is in agreement with the simulation of
a puregs2v decay spectrum. (Fig. 6-b). The 2e background
in the enriched cadmium foil is evaluated by using 2e events
in the natural cadmium foil.

In order to improve the signal to background ratio the
cut cosa < 0.6 is applied in the selection of 2e events. The
raw data energy spectra in enriched cadmium (220 events)
and in natural cadmium (61 events) are shown in Fig. 7.

The useful energy range f@i32v decay in this experi-
ment is limited to 2.5 MeV, then the number of events used

The 2e events are defined by two tracks with a commorfor a half-life calculation is 219 in enriched cadmium and 58
vertex associated with two fired scintillators and a depositedn natural cadmium with @32y contribution of 13.6 events
energy of at least 200 keV in each one. In the first step thdassumingly, = 3.75- 10° y).

2e events are selected by time-of-flight analysis. For each Estimates of 2e events induced by internal background

event the probability of it being an internaPy,;) or an

were made in the previous section, leading to an excess of
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Fig. 7. The raw data energy spectra before background subtraction in enFig. 9. The one-electron energy distribution ¥Cd is reproduced by the
riched cadmium (solid line) and in natural cadmium (dotted line) are shownsimulation using the measured half-life a73-10' y . In natural cadmium
here. The corresponding32v spectrum contribution in natural cadmium the 532y contribution has been subtracted. (In both spectra there are two
is also represented (dashed-dotted line). Only one event in enriched cadkntries per event)
mium is found in the 2 - 3 MeV energy range. (The end point energy
Qpp = 2.802 MeV)
the 1Mo analysis. In the new simulation (GEANT 3.21)
BR2v signal the step size, which is the most important parameter, was
optimized by a large increase in computational power.

for 21%Bi. If the limits obtained for?%TI and 2**"Pa are
taken as measurements, a systematic error in the internal

15

E s 3 Next the absolute error in the energy calibration for
9 ., 7 T,,=3.75+0.35(stat)+0.21(syst) 10" y 200 keV electrons is 10 keV. Thus, using the one_-electron
o F energy spectrum (Fig. 9), one deduces a systematic error of
2 s F 18Cd (174.6 evts) 3% induced by this calibration.

E 20 f (background subtracted) The only measurement of internal background was made

4+7

10 + background subtraction of 3% is calculated. This error is
5 improved by a factor of 2 with respect to the previous ex-
0 L t e pe e e oo e periment\_/vith molybdenu_m.Asestimated above,thethermal
0 05 1 15 2 25 3 35 4 neutrons in the detector induce two 2e events which have a
MeV 1% effect on the signal.
Energy sum

Finally using the difference in the numbers of events

Fig. 8. Summed electron energy spectrum@$2v events in''°Cd. The jn both foils (after the internal background and the neutron
solid line represents the simulated spectrum for a half-life.86310'° y effect are subtracted) and the calculated 2e external back-
ground in natural cadmium (44.4 events), a systematic error

4.2 events in natural cadmium. Another cause for the smal-n the external background subtraction of 2% is obtained.
e S o . “'This error when compared to the molybdenum experiment
variation between the two foils is due to their difference in .

thickness which gives an excess oft5l 2e events in the is again reduced by a factor of two. Finally a total systematic

enriched foil induced by the external photon flux. This last &O" of 5.5% is affixed to the half-life.

effect compensates for the excess mentioned above. Finally

the 2e background measured in natural cadmium (experiz 5 | imits onOr modes

mental 2e events minus the computg@r contribution) is

used to subtract the 2e background in enriched cadmium. Monte Carlo simulations of the summed electron energy
The 33 energy spectrum in enriched cadmium (174.6 spectrum are shown in Fig. 10 f630v decays to the ground

events) is obtained after background subtraction (44.4 eventsiate, with and without Majoron emission, and for decays to

and compared to the simulation in Fig. 8. the excited 2 state (1293.5 keV).
Using the Monte Carlo calculated detection efficiency  Half-life limits extracted from the data are given in Ta-
for the 332v decay of''°Cd (¢ = 1.73%) one gets, ble 1.
oy 9 The energy windows, number of events, backgrounds,
Ti}, = [3.75+ 0.35(stat) + 0.21(syst)] - 10% and efficiencies are also given. Limits are computed with

. I _ the formula for Poisson processes with background [29].
The main contributions to the systematic error are due to the

Monte-Carlo calculations, energy calibration, thermal neu-
tron flux, internal and external background subtractions. 5 Theoretical predictions
The error in the efficiency calculations which is due to
the uncertainty in the simulated electron scattering angle ham this work the32rv and 530v decays are analyzed by the
been estimated to be 3%, a factor of two better than inpnQRPA [18] and the350v framework of [10]. The calcu-
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Table 2. The values of the half-life coefficients of Eq. (1) for th¥Cd

Simulations decay
>
g2 T,,(0v modes)=2. 10*% N 0 o o
— 175 Coefficient CS,L),,,L C’(A ; Cﬁ,),
S Value [y1] 6.61-10718 155.10%2  228.10°8
g "® Lo Coefficient C’(O)A 07(2),, O(AO)
[4) [ m U
o 2e 107 Value [y1] —4.05-10713 105.-1010 _935.10°13

py—1 _ <mV> 2 0
A SRR T I S I, (Tf/z) - Cfg)m( Me > +CE\))‘<)\>2+C’(7(’)7)<77>2

0.5 1 15 2 25 3 35 4

MeV +Cf2)/\(<m”>)<)\> +00 ((Zv>><n> +C§\073</\><77> . @

Me mn

o

S AR R R AR R AR AR R RN RRARRRRRRR AR

2e energy sum
Fig. 10. 30 decay spectra used in computing the corresponding limits. Here o o )
the O/ modes are plotted for half-lives of 210! y. The curves for the ~ Where theC'© coefficients of (1) contain information about
different modes explain the energy windows used in Table 1 the phase space and nuclear matrix elements. The present
values of theC® coefficients are listed in Table 2

Table 1. Half-life limits (90% C.L.). For each decay channel an energy ; ; ifa 1i %
window is defined, the corresponding number of experimental events, the By using (1) and the experlmental half-life Ilmjrl/2 =

number of calculate@32v events, the efficiency, and the half-life limit 5.0 - 10Py, the following upper limits for the effective neu-
are given trino mass and right-handed coupling strengtfis:, )| <
9.8 eV, |(n)| < 10.3-1078, [(\)| < 1.13- 10~° were de-

Channel 8s.  Majoron z rived. At the same time, the s-wave matrix elemeif®
Window (MeV) [2.4,3.00 [1.8,2.55] [1.2,1.5] [10] was used to deduce an upper limit for the effective
Number of events 1 11 52 Majoron-Majorana neutrino coupling strengtlgm ), by us-
Background £52v 3.2 12.2 54 ing the following half-life formula [9, 37] for Majoron emis-
Efficiency (%) 3.7 1.8 1.8 sion
Ty/2(1071 y) >5.0 >1.2 >0.6 . )

(752") " = Hom) P (M) Ge (2)

lations have been performed using 16 single-particle orbitalgvhereGs = 2.23- 10-**fm?y~* is the phase-space integral
for both protons and neutrons. Realistic two-body interactionf_Or I\_/Iaj_oron emission. Finally, using the experimental half-
matrix elements [18] were used in the calculations. ife limit, 773" > 1.2- 10*'y, the calculated value af/{;)

A transformation from particles to quasiparticles was (389 in m.c? unit) and the above half-life equation, one
made by the use of the BCS theory [18]. A comparisondeduces the upper limjtgy)| < 1.2-10~* for the Majoron-
between the BCS quasiparticle energies and the low-energWajorana coupling.
spectra of the relevant odd-proton and odd-neutron nuclei
was made. A slight adjustment of the proton and neutron
single-particle energies near the Fermi surface was carried Discussion
out to improve the correspondence between the experimental
and theoretical one-quasiparticle spectra. The scaling of thgome recent results are recalled here for comparison. Using
strength of the pairing channel and the proton—neutron 1 an enriched crystal scintillator [30] a half-life
channel was done according to [18] by comlpl%ring the Preqy , = [2.7°%5, (stat) % %(syst)] - 10° y was published with
dicted lateral beta-decay feeding 8fCd and*'%Sn, both e restriction thatosr impurities imitating the effect cannot

by 5; ancﬂ}ﬁ*lEC trandsitions,hwi;[jh agi’:\il?)ble data._ | be excluded. Another result from the ELEGANT V detector
After these procedures the double beta matrix element 1] gives the half-lifeT;, = [2.6100?5 .10 y which is

are predicted and the DGT matrix element can be comparelay close to the previous one. But in this experiment one
with the present new experimental data @6i2v decay of 555 cannot exclude the effect #Sr. The corresponding

116, i 2 — 9
Cd. The calculate@352v half-life, T, = 5.15- 10%% B/0v decay mode to the ground state gives the following

is rather close to the extracted experimental vaﬂ“@g = experimental |imits,:Tf/"2 > 29102y (90% CL)* [30]
3.75-10%y and thus would indicate that the two-body matrix and Iy, > 2.9- 10y (90% CL) [31]. The decay into the
elements are properly scaled. 1293.5 keV excited state {Rhas been investigated by an-

_ The next theoretical step was to construct the wave funcother experiment using an external source with a Ge detector
tions of the other intermediaté™ states and to evaluate the [32] leading to7?;2" > 2.37- 10%' y (90% CL)

various330v matrix elements according to [10]. In the for- 1/2 . .
malism of [10] thes30v half-life can be written in the form The present theoretical estimates for B2 and/350v
matrix elements are based on fixing the magnitudes of the

two-body interaction matrix elements with various data, not

1 Following the technique recommended by Particle Data Group [29] the
limit is 6 - 10°* at 90% CL
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directly connected t@ 3 decay. This data includes the quasi- 7 Conclusion

particle spectra of the relevant odd-proton and odd-neutron

nuclei, proton and neutron separation energies, GamowAfter the first experiment with enriched molybdenum which
Teller giant resonance #%n and, finally, the data on lateral showed the capabilities of the NEMO-2 detector, a second
beta-decay feeding df'%Cd and'®Sn. This leaves th@3  experiment with an improved calorimeter (low background
observables as pure predictions, subject to critical compariPMTs and thicker scintillators) has generated double-beta
son with the presenis2v data. It is found that the theoreti- decay measurement of an enriched cadmium source. The
cal 352v half-life compares quite well with the experimental systematic error on thg32v half-life was of 9.5% in the
one. At present, th630v matrix elements cannot be directly first experiment and was lowered to 5.5% in the present one.
compared with data, so that comparison with other calculain both experiments a very low background is measured in
tions remains the only method of controlling their values. the expected330v decay energy region. New sources of

enriched selenium and zirconium were installed in NEMO-2

The magnitude of the presefit2v DGT matrix element
is twice the one reported in reference [32]. This is due to
two reasons. The first is that in the present calculation th
above-mentioned philosophy of using the single beta decay
data in pinning down the magnitude of the proton-neutron

(autumn 1995) and data collection has started. The NEMO-3
detector is currently under construction and will be installed
&n the Fijus Underground Laboratory in 1998.

two—body matrix elements is adopted. In [32] the bare G-AcknowledgementsThe authors would like to thank the &us Under-

matrix was used in the calculations. Secondly in the prese

nground Laboratory staff for their technical assistance in running the exper-

calculation the single-particle energies have been adjuste'ﬂ]em'

in the vicinity of the proton and neutron Fermi surfaces. In
[32] this procedure was not used.

The predicted>© coefficients can be compared with the
ones of [14]. All the coefficients have practically the same 1:
value in these two calculations, excepf), andC%) which
are factors of 1.5 and 1.9 bigger, respectively, in the present;’
calculation. The agreement between these two calculations,
is surprisingly good considering that in [14] the two criteria,
mentioned in the previous paragraph, were not used. This5.
indicates that the values of th@30v matrix elements are
less dependent on the single-particle basis and fine details
of the two-body interaction than th@32v matrix elements.
This is a convenient feature since it reduces theoretical un-
certainties and, in the present case, seems to lead to rather.
small systematic errors in the predicted upper limits for the
neutrino mass and right-handed coupling parameters. Ones-
further observation, concerning t (,’7) coefficient, is that
the so-calledb-wave effect [9], mediated by th&/p matrix
element [10], is in this case very small, of the order of 1 per o
cent.

One can compare the present upper limits of the effec-
tive electron neutrino mass and the right-handed coupling.i.
strengths with the corresponding values coming from theo-2.
retical estimates for othet30r decaying nuclei. The present 13-
upper limits for(m,), |(\)| and|(n)| cannot compete with
the ones extracted from tHé8Te [33], 75Ge [19] and*3®Xe
[34] experiments. The present upper limit for the Majoron- 15
Majorana neutrino coupling constartgy)| < 1.2- 104,
is of good quality when compared to results coming from 16.
other counter experiments [20, 34, 35, 36, 37]. One ofl7
the best limits can be extracted from tH8Nd experiment
(T2 > 53- 107y, [35]). Using the nuclear matrix ele- .
ment from [14] the limit|(gu)| < 0.7 - 10* can be ob- 21
tained, but using the latest nuclear matrix element calculaz2.
tions for 1°Nd [38] the limit is 38 - 10~*. Only the geo- 23
chemical data ort?®Te decay yields a more constraining
limit, |(gm)| < (3 — 7.8) - 107> [33, 37] if one uses the
experimental result [33]. Alternatively if one uses the re- ,;
sults of two other experiments [39, 40] the limit will be
l(gm)| < (0.6 — 1.5)- 1074,

14.

19.

28.
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