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Abstract

We report on the final results of a series of experiments on double beta deﬁ%&' efcarried out with an array of twenty
cryogenic detectors. The set-up is made with crystals of,Tefh a total mass of 6.8 kg, the largest operating one for a
cryogenic experiment. Four crystals are made with isotopically enriched materials: ¥#&Tmand two others iA3%Te. The
remaining ones are made with natural tellurium, which contains 31.7% and 33%wand!3Te, respectively. The array was
run under a heavy shield in the Gran Sasso Underground Laboratory at a depth of about 3500 m.w.e. By recording the pulses
of each detector in anticoincidence with the others a lower limit 521023 years has been obtained at the 90% C.L. on the
lifetime for neutrinoless double beta decay'8fTe.

In terms of effective neutrino mass this leads to the most restrictive limit in direct experiments, after those obtained with Ge
diodes. Limits on other lepton violating decays'éfTe and on the neutrinoless double beta decayf8fe to the ground state
of 128%e are also reported and discussed. An indication is presented for the two neutrino double beta éié%&y. &ome
consequences of the present results in the interpretation of geochemical experiments are discussed.
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1. Introduction

Double beta decay (DBD), in its two negatron
- channel, consists in a rare transition from the nucleus
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channels:

(A, Z)— (A, Z+2)+2e +27,, (1)
(A, Z) > (A, Z+2)+2¢ +(N)x

(N=1,2,..), (2
(A,Z)—> (A, Z+2)+2e, (3)

where x is a massless Goldstone boson named Ma-
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fore discriminate between lepton conserving and non-
conserving processes or between decays to the ground
or excited states of the daughter nucleus. Some in-
dication for DBD [27] of%Zr and definite evidence

for DBD of 82Se,128Te, and'3%Te have been reported
[1-5,23-26].

Direct experiments are based on two different
methods. In the sourcg detector approach a dou-
ble beta active material is inserted, normally in form
of thin sheets, in a suitable detector. In the soutce
detector or “calorimetric” experiments [28] the detec-

joron. All three double beta processes can also occur tor itself is made by a material containing the double
to excited states of the daughter nucleus with a con- beta active nucleus. The use of cryogenic detectors
sequent lower “effective” transition energy. The lep- to search for DBD has been suggested in 1984 [29].
ton conserving process of two neutrino DBD, which These detectors [30,31] are based on the peculiar
is allowed by the Standard Model, has been revealed property of the heat capacity of diamagnetic and di-
in 10 nuclei for the transition to the ground state and electric crystals which, at low temperature, is pro-
in one case also for the transition to an excited level portional to the cube of the ratio between the op-
of the daughter nucleus [1-5]. Both processes (2) and erating and Debye temperatures. As a consequence

(3) violate the lepton number conservation and are for-
bidden by the Standard Model. The third, normally
called “neutrinoless DBD” is experimentally very ap-
pealing, since it could be revealed by a peak corre-
sponding to the total transition energy, since the nu-
clear recoiling energy is negligible. No evidence has
been claimed so far for the leptonic violating chan-
nels (2) and (3), with the exception of an alleged
evidence for neutrinoless DBD reported by Klapdor-
Kleingrothaus et al. [6,7] but confuted by other authors
[8,9].

Experiments for neutrinoless DBD represent a
powerful tool to search for a finite “effective” neutrino

in a cryogenic set-up this capacity can become so
small that even the tiny energy released by a parti-
cle in form of heat can be revealed by the temper-
ature increase of the absorber by means of a suit-
able thermal sensor. Unlike conventional detectors,
the cryogenic ones offer a wide choice of DBD can-
didates, the only requirement being that the candi-
date nucleus be part of a compound which can be
grown in the form of a crystal with reasonable ther-
mal and mechanical properti¢s®Te looks an excel-
lent candidate to search for DBD due to its high tran-
sition energy (2528 + 1.3 keV) [32], and large iso-
topic abundance (33.8%) [33] which allows to per-

mass and/or for the presence of right-handed currentsform a sensitive experiment with natural tellurium.

in the weak interaction amplitude. A non-zefm, )

In addition, the expected signal at 2528.8 keV is in

has been suggested [5,10-17] by the recent evidencean energy region between the peak and the Compton

of neutrino oscillations [18-21].

An indirect approach to search for DBD consists
in radiochemical experiments [22] where the mate-
rial containing the parent nucleus is stored under-

edge of the?8T| y-rays at 2615 keV, which gener-
ally dominates the background in this high energy re-
gion.

Results on neutrinoless double beta deca}?bfe

ground for a long period and later searched for the have been already obtained with one [34], four [35]
decay of the radioactive daughter nucleus. Geochem-and eight [36] detectors made by 340 g crystals of
ical experiments [23-27] consist in the search for an TeO,. The first operation and the preliminary results of
abnormal abundance of thel (Z + 2) isotope ex- an array of 20 crystals of natural Te®©f 340 g each,
tracted from a geological old rock containing a sub- operated in coincidence and anticoincidence, has been
stantial amount of the nucleusi(Z). These exper-  presented previously [37]. We report here new results
iments are very sensitive, due to the long “exposure on two neutrino and neutrinoless DBD, based on sub-
time”, but, like the radiochemical ones, indicate only stantial improvements of the detector and larger statis-
the presence of the daughter nucleus and cannot theretics.
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Fig. 1. Scheme of the array of twenty detectors.

2. Experimental details ing chamber of a dilution refrigerator specially con-
structed with previously tested low radioactivity mate-
The array consists in a tower with five planes of Tals. The entire set-up is shielded with two layers of
4 detectors each, operating in a dilution refrigerator €ad of 10 cm minimum thickness each. The outer one
in the Gran Sasso Underground Laboratory [38]. The IS made of common low radioactivity lead, the inner of
twenty absorbers are crystals of Te@ 3x 3x 6 cm?  SPecial lead with a contamination of 64 Ba/kg in
volume with a total active mass of about 6.8 kg, the ~ 0. The electrolytic copper of the refrigerator ther-
largest in any cryogenic experiment. Sixteen of these Mal shields provides an additional shield of 2 cm min-
crystals are made of natural telluride. Two contain tel- Imum thickness.
lurium isotopically enriched at 82.3% it?®Te and The new results reported here refer to runs carried
two other at 75.0% i3°Te. By mass spectrometer OUt with two different configurations (Fig. 1). In the
measurements we found that these enrichments areformer one the intrinsic radioactive contamination of
lower than the original ones (94.7% and 92.8%, re- the dilution unit materials (e.g., from silver and stain-
spectively). This is due to the process of crystalliza- €SS steel) is shielded by a layer of 10 cm Roman lead
tion which is more complex when isotopically en- (*'°Pb activity < 4 mBg/kg [40]), framed inside the
riched powder is used, and requires seeds of naturalCryostatimmediately above the tower of the array. The
telluride. The temperature sensors are neutron trans-réfrigerator is surrounded by a Plexiglas anti-radon
mutation doped (NTD) Ge thermistors thermally cou- POx fluxed with clean i from a liquid nitrogen evap-
pled to each crystal. They were specifically preparedin Orator, and by a Faraday cage to eliminate electromag-
order to present similar thermal performance. A resis- Netic m_terference. In the latter cpnfiguration the fol-
tor of 100-200 K2, realized with a heavily doped me-  lowing improvements have been implemented:
ander implanted on a 1 misilicon chip, was attached
to each absorber and acted as a heater to calibrate anda) all crystals have been thoroughly lapped with
stabilize the gain of the bolometer [39]. The tower is previously tested low radioactivity powder to
connected via an OFHC copper cold finger to the mix- reduce the surface contamination introduced by
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the original production process in China. All these anticoincidence cut and by operating each detector
operations and the final mounting of the tower in anticoincidence with all the others. In all these
were carried out in a clean box; spectra the main lines due to the natural activity of
(b) a more compact assembling of the crystals has the 232Th and238U chains, of*°K and the lines at
been adopted. This has allowed us to add an 1173 and at 1332 keV due to cosmogeffi€o are
internal lateral shield of Roman lead of 2 cm present.
minimum thickness and to increase by 5 cm the No peak appears in the region of neutrinoless DBD
thickness of the lead shield between the mixing of 13CTe, where the rates are, respectively, G+

chamber and the detector; 0.06 and 033+ 0.11 countskeV'kg~tyear? for
(c) a spring to which the tower is hanged has been the former and latter run, when operated in anticoin-
added to reduce vibrations. cidence. No peak also appears at the energies corre-

sponding to neutrinoless DBD &°Te to excited lev-

The front—end electronics of each detector is located els of'3%Xe, and at the energy of 867 keV correspond-
at room temperature. It consists of a differential volt- ing to neutrinoless DBD of%®Te.
age sensitive preamplifier followed by a second stage  The sum of the spectra obtained in anticoincidence
and an antialiasing filter [41—-43]. The differential con- in the two runs in the region above 2000 keV is
figuration has been adopted in order to minimize sig- shown in Fig. 2. It corresponds t93.56 kgyear of
nal cross talk and microphonic noise coming from the TeQ;, and to~0.98 kg year oft3°Te. The clear peaks
connecting wires. Precautions have been taken to sup-corresponding to the lines at 2104 keV (single escape
press any possible effect coming from any room tem- of the 2615 ke\2%8T] line), at 2204 keV £14Bi) and
perature drift [41] and main supply instability [44]. at 2615 keV £°8Tl), confirm the reproducibility of the
A pair of load resistors serves to bias each bolome- array during both runs.
ter in a symmetric way. They are located at room We would like to note that in the spectrum of the
temperature, close to the preamplifier, and consist of second run both the peaks and the continuum were de-
metal films (micro-ohm) with a value of 30&Geach. creased by a factor of about two with respect to the first
Their manufacturing process and large value have run. However, according to the results obtained from
been chosen in order to maintain as low as possi- the background analysis and supported by the Monte
ble their thermal and low frequency noise contribution Carlo simulation of the detector, these similar reduc-
[45]. All the necessary settings for the front—end and tion factors are due to two different effects. While the
the biasing system are programmed remotely via com- peaks were due to sources outside the detector and
puter, in order to allow the optimization of the over- were consequentely reduced by the increased shield
all dynamic performance separately for each detector of lead, the continuum was mainly reduced by the lap-
[42]. ping and cleaning of the crystals and copper frame.

All other details, which are common to both set- This confirms that the origin of the background at the
ups have been reported previously [37]. In both cases energy corresponding to neutrinoless DBD is mainly
the array was cooled down to temperatures around due to surface contamination.

8 mK with a temperature spread-ofL mK among the Fit parameters and 90% C.L. limits for the various
different detectors. The detectors were calibrated by a decay processes were evaluated with a maximum
combined radioactive source U and?32Th. Their likelihood procedure. Assuming a Poisson statistics
FWHM energy resolutions at the 2615 k&%Tl line for the binned data the fit procedure was formulated
range from 5 to 15 keV. in terms of the likelihood chisquarqi) [46]:
XE=ZZ(yi —ni +n; In(n; /7)), 4)
1

3. Experimental results

The two set-ups have been operated for effective wheren; is the number of events in théh spectrum
running times of~31508 and~5690 hkg, respec- bin andy; the number of events predicted by the fit
tively. Sum spectra have been obtained both with no model. Fit parameters were estimated by minimizing
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Table 1
Half lifetime limits (90% C.L.) on lepton violating and conserving channélg.is the energy at whicff1,, was obtained while a.c. means
anticoincidence between different detectors

Isotope Transition Used spectra Cuts Eg Efficiency T1/2
/
(keV) (%) (years)
1307e o: 0t — ot All spectra a.c. 2528 845 >21x 1023
1301e o: 0t* — ot All spectra none 1998 7.9 >3.1x 10?2
1301e o: ot* - 2t All spectra none 1998 375 > 1.4 x 1023
1307e 2: 0t - ot 1307e crystals a.c. >3.8x 1020
1301e 1: 0t — ot 13071¢ crystals a.c. >22x 1021
1307e 2x: 0t - ot 1307e crystals a.c. >09x 1021
1281¢ o: 0t — ot All spectra a.c. 862 97.9 >11x 1023
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Fig. 2. Total spectrum (in anticoincidence) in the region of neutrinoless DBD obtained with the twenty crystal array. The solid curves represent
the best fit (lowest curve) and the 68% and 90% C.L. excluded signals.

Xf, while limits were obtained, after proper renor- only events which are, as expected, contained in
malization, just considering th)@g distribution in the a single detector. By rejecting all multiple events
physical region [47]. A global fit procedure based we have achieved a reduction of the background
on the minimization ofy2 = 3", x? was adopted to in the neutrinoless DBD region 0f25%.
combine different measurements. Similar results were (b) A neutrinoless DBD to a 0" intermediate state
obtained following the approach proposed by Feld- at 1072 keV has been suggested in Ref. [50]. It
man and Cousins [48], suggested by the Particle Data ~ would be followed by the decay of this state to
Group [49]. the 536 keV 2 level, followed by the emission
Efficiencies and limits for the various decay chan- of a second/-ray. The limit for this process can
nels were estimated as follows: be evaluated in various ways. We found that the

more restrictive limit could be obtained from the
(a) The spectra used to evaluate neutrinoless DBD spectrum without anticoincidence, assuming that
to the ground level were obtained by considering the same crystal absorbs the two electrons and
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Table 2
Limits on the lepton non-conserving parameters from this experiment. For each parameter, limits are abtained assuming vanishing the others
Ref. (my) (A) x 1076 (n) x 1078 (gxv) x 1075
Engel et al. (1988) [53] 8 28
Engel et al. (1989) [54] 1 17
Muto et al. (1989) [55] 5 2.1 14 24
Suhonen et al. (1991) [56] @ 2.1 5.3 31
Tomoda et al. (1991) [57] [} 2.4 1.6 25
Faessler et al. (1998) [51] i 33
Barbero et al. (1999) [52] 3 1.6 0.9
Klapdor-Kleingrothaus and .2-23
Stoica (2001) [58]
Faessler and Simkovic (2001) [59] &2 2.4 1.8
0.015 H
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Fig. 3. Total difference spectrum betwekifTe and!28Te detectors (no background subtraction). The solid curves represent the best it (lowest
curve) and the 90% C.L. excluded signal (Table 1).

the first y-ray, while the 536 keV one escapes ergy. The detection efficiency for these processes
from it. Efficiency and limit have been evaluated is near to one.
accordingly.

(c) Efficiency and rate for the neutrinoless 0> 2+
DBD to the 536 keV state have been also eval- 4. Lepton non-conserving double beta decay
uated from the spectrum without anticoincidence
and assuming the escape of the 536 kexay. The constraints on the effective neutrino mass
(d) The constraints for two neutrino and majoron de- (m, ), on the right-handed current parametgrsand
cays have been estimated from the spectrum ob- () and on the coupling majoron parametgr,,)
tained with eacht3°TeQ, crystal in anticoinci-  suffer from uncertainties in the calculation of the
dence with the other crystals of the array. The nuclear matrix elements [51-59]. The limits on the
corresponding limits have been conservatively ob- various channels of neutrinoless DBD b1°Te are
tained by evaluating the maximum areas for which reported in Table 2 on the basis of various QRPA
the expected spectra do not exceed the back- calculations, since the shell model does not seem
ground spectra and their fluctuations at any en- appropriate for heavy nuclei [51]. Taking into account
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theoretical uncertainties we obtain from our data negative and corresponds to 380 conts, which should
constraints in the ranges (1.1-2.6) e\,6-24) x therefore be added to the actually found signal. On the
10-% and(0.9-53) x 108 for the values of effective  contrary the corresponding maximum expected differ-
neutrino mass, and the two right-handed parameters ence due to background froffiK (86 counts) is pos-
andn respectively. Our limit orm,,) appears to be the itive and should therefore be subtracted. Slightly dif-
most restrictive one among those obtained with direct ferent values are obtained by varying the contamina-
methods after those difGe (0.35-1.4 eV). tions location. In all the cases however negative val-
Our exclusive limit on the half lifetime for neutri-  ues are obtained for th&8U and232Th contribution
noless DBD of'28Te is the best in direct experiments, (responsible of the differences in the alpha counting
but less constraining than those extracted (for the samerates) and positive for the correspondiffiK ones.
nucleus) from the inclusive limits of geochemical ex- We conclude that the difference in the crystal back-
periments [23—26]. ground rates cannot account for the two neutrino DBD
effect, but introduce a large systematics in the half
life time evaluation. By assuming the above quoted
5. Lepton conserving double beta decay background rates as the maximum possible contribu-
tion to our systematic error, our final result®g,, =
The 90% C.L. limit for two neutrino DBD o¥3°Te (6.1 + 1.4 stat™32 sys) x 10%° years. This value,
reported in Table 1 already excludes a relevant loss while in agreement with most geochemically obtained
of the daughter isotope in geochemical experiments, results, looks somewhat higher than most of those pre-
which has been considered by Manuel [23]. We have dicted theoretically [3]. The already running NEMO 3
also attempted to obtain an evaluation of the rate for experiment [60], as well as the improved search to be
this lepton conserving process by analyzing the dif- carried out with the larger CUORICINO array [61] be-
ference between the sum of the two spectra of the ing mounted in the Gran Sasso laboratory, will allow
crystals isotopically enriched i*°Te and the sum of o reduce soon the present uncertainty.
those of the crystals enriched }48Te (Fig. 3). These
differences are positive in the region of two neutrino
DBD with an excess of 26& 60 counts correspond- 6. Comparison with geochemical experiments
ing to 71/ = (6.1 4 1.4 stat) x 10°° years. However
a precise evaluation of the half life is not straightfor- Geochemical experiments simply indicate the pres-
ward because the background differs among the four ence of the 4, Z + 2) nucleus in the sample contain-
enriched crystals. In particular, different rates are ob- ing (A, Z). The quoted rates fdr°Te refer therefore
served for the 1460 keV gamma line $K and for to the sum of all possible transitions to the ground or
the alpha lines in the 4-6 MeV energy region. With excited levels, with or without the emission of neutri-
the aid of a Monte Carlo simulation of the possi- nos or majorons. Our indication for two neutrino DBD
ble background contributions we were able to restrict of 13°Te is in qualitative agreement with the inclusive
the possible sources responsible of these lines. Therates indicated in most geochemical experiments.
1460 keV gamma peak appears to be due to an ac- On the other side our exclusive limits on individual
cidental“%K contamination localized on the bottom neutrinoless DBD processes allow to constrain their
surface of the detector copper holder, while the alpha contribution to the inclusive values found geochemi-
lines are clearly due t©°8U and?32Th surface contam-  cally. In particular, our limit on neutrinoless DBD of
inations of the crystals. A similar—although lower— 13%Te excludes contributions of 0.3% to 1.3% to the
surface contamination is observed also for all the nat- overall rate in the two extreme results of Manuel et
ural crystals. Taking into account the different rates al. [23] and Bernatowicz et al. [25], respectively. Our
observed in the lines of our isotopically enriched de- limit on neutrinoless DBD to a hypotheticat @xcited
tectors we extrapolated the contribution to #i€Te— state at 1072 keV [50] indicates that this process can-
128Te spectra produced by such contaminations in the not be responsible for more than 2% and 9% of the
two neutrino DBD region. The maximum expected geochemically obtained rates in the two extreme re-
difference due t?38U and 232Th contaminations is  sults reported above. The corresponding maximal con-
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