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The full setup of the Heidelberg-Moscow doulielecay experiment is presented. This experiment gives at
present the most stringent upper bound, improving the neutrino mass limit into the sub-eV range. Out of 19.2
kg of 86% enriched®Ge five crystals were grown with a total mass of 11.51 kg. Since February 1995 all five
detectors, corresponding to 10.96 kg active mass, are in regular operation in the Gran Sasso underground
laboratory, four of them in a common shield. No signal is observed for the neutrinoless gaildxtay(0vBR).

The measured data from the first three enriched detectors with a statistical significance of 13.60 kg yr result in
a new half-life limit of T;,,(0"—07)>7.4x10** yr (90% C.L). With this limit a Majorana mass of the
neutrinos larger than 0.6 ed®0% C.L) is excluded. From the data taken in the previously operated setup with
three enriched detectors in a common shielding and a statistical significance of 10.58 kg yr new results are
extracted for the two neutrino doubj@ decay(2v8B) of "5Ge. The procedure of a quantitative and model-
independent description of the background via a Monte Carlo simulation is outlined in some detail. The
combined result isr2%,=[1.77"3%stay *31Xsys]x10?* yr. Further on the results concerning new Majoron
models and the impact on SUSY parameters are briefly reviewed. Future improvements on the background
with the application of digital pulse shape analysis are discussed and an outlook on the fy@grees€arch

is given.[S0556-282(96)01523-9

PACS numbe(s): 23.40.Bw, 12.60.Jv, 14.60.St

I. INTRODUCTION (C) OwxBB f\XHf\+2X+2€_+X,

The interest in neutrino physics is constantly increasing z Z+2 _
because of the fact that physics beyond the standard modg?) Ov2xBB  WX—i X+2e +2x.
of particle physics can be probed. Several indications such as
the solar’Be-neutrino problem, the atmosphetig deficit, Decay modéA) can be understood as a process of second
and mixed dark matter models give hints of nonvanishing order Fermi theory,_ while the observation of the processes
masses as predicted in grand unification theofi@eTg.  (B)—(D) would require physics beyond the standard model.
These indications could be explained in GUT scenarios witd" Fig. 1 the experimental signatures of the different decay
degenerate neutrino masses of 0.1-2[&V3].

The mass region assumed in these models can be tested irg .
second-generation3B experiments like the Heidelberg- %O'Olf’ E 2vpB OvpB
Moscow experiment using large amounts of enrictggt 50.014 - n=7
emitter material and thus bringg decay into some key po- & 0012 5
sition in modern neutrino physics. These experiments & F - -3 n=1
investigate the nature of the neutriiMajorana or Dirac 001 =
particle and give at present the most stringent limits on a gz L
nonzero Majorana neutrino mass and right-handed weak cur- c
rents (RHCS. In B8 decay usually four decay modes are %00 [
discussed4,5]: 0.004
_ 0.002 F
(A) 2vBB FX—R"°X+2e +2v,, o Lt i e YL
250 500 750 1000 1250 1500 1750 2000
(B) O0vBB ZX—-Z'2X+2e", enerey fkeVl

FIG. 1. Spectral shapes of the different investigated dogble-
decay modes; the continuous spectra are classified by their spectral
*Spokesmen. index n. The spectral index for 288 decay isn=5.
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TABLE I. Technical parameters of the five enriched detectors.  In the construction of the cryostat, mainly made of elec-
trolytical Cu, only selected and cleaned low-level materials
were used. Underground storage of these materials was ap-

Total Active Enrichment FWHM?2

Detector mass ~ mass in "%Ge at1332 keV njied to minimize the activation due to cosmic rays. The final

number kgl kgl [%] [keV] assembly of the detectors is done in a clean-room environ-
enr No. 1 0.980 0.920 85+91.3 2.22:0.02 ment to avoid any surface contaminations. During the instal-
enr No. 2 2.906 2.758 862.5 2.43+0.03 lation of the detectors in the Gran Sasso laboratory, great
enr No. 3 2.446 2.324 881.6 2.710.03 care is taken to work close to clean-room conditions.

enr No. 4 2.400 2.205 86:31.3 2.14+0.04 All detectors except detector enr No. 4 are operated in a
enr No. 5 2.781 2.666 85-61.3 2. 55-0.05 common Pb shielding of 30 cm, which consists of an inner

shielding of 10 cm radiopure LC2-grade Pb followed by 20
cm of Boliden Pb. The whole setup is placed in an air-tight
steel box to build up pressure inside with radiopure nitrogen
modes are shown for the isotopéGe. In the case of the in order to suppress tH&°Rn contamination of the air. The
neutrinoless doublg decay (B) only two electrons are steel box is centered inside a 10-cm boron-loaded polyethyl-
present in the final state of the decay, resulting in a peak ane shielding to decrease the neutron flux from outside. De-
the Q value as the expected signal for detection. Since in altector enr No. 4 is installed in a separate setup, which has an
other decay modes additional particles are emitted, continunner shielding of 27.5 cm electrolytical Cu, 20 cm lead, and
ous spectral shapes are expected for these decay modes. Béron-loaded polyethylene shielding below the steel box. To
classify the different spectral shapes, the spectral indéx  check the stability of the experiment, a calibration with a
used, which corresponds to the power in which the energy i8%°Th and a®®Co source is done weakly.
included in the phase space integral. The spectral index of |n Table Il the background numbers are compared for the
the 2v33 decay isn=5. different data acquisition periods. The improvement from
The observation of the neutrinoless doupl@v33 decay  setup to setup is obvious by the decreasing background num-
(B) would require massive Majorana neutrinos or a contribubers. The installation of the boron-polyethylene shielding in
tion of RHC's to the @38 amplitude. Up to now this decay the setup with three enriched detectors resulted in a decrease
mode has not been observed. Therefore an upper limit for thef the overall counting rate b§7.5+0.5% and in the evalu-
effective Majorana neutrino mass can be deduced from ation interval of the 083 decay by(22+13)%. The perfor-
measured half-life limit and calculated matrix elemefis  mance of the chosen setup in the experiment is shown in Fig.
This article will focus on the first results of the final setup of 2 for the case of the newly installed detector enr No. 4. The
the Heidelberg-Moscow experiment with five enriched Geeffect of going deep underground and building up a suitable
detectors and the evaluation of decay mo@esand(B). A shielding results in a background reduction factor of four
first short announcement on these decay modes has beerders of magnitude in comparison to the low-level labora-
given in [10,11. Furthermore, the new Majoron- tory in Heidelberg with 15 mwe. Another factor of 10 is
accompanied neutrinoless doulgiedecays(C) and (D) pro-  gained with the installation of the Mlushing system.

8Full width at half maximum.

posed in[7] will be discussed brieflyfor details sed8]). Figure 3 shows the combined sum spectrum of the five
enriched detectors in the Heidelberg-Moscow experiment
Il EXPERIMENTAL SETUP AND MEASURED DATA with a statistical significance of 17.70 kg yr. All given sta-

tistical significances refer to the active mass of the experi-

The three main advantages of the experiment are the exnent. Because of the large peak-to-Compton ratio of the
cellent energy resolution of germanium detectors, which falarge detectors, externa} activities are easily identified,
vors the search for the expecteddB peak at 2038.560.32  shifting their background from the Compton continuum into
keV [12], the large size of the detectors, concentrating thehe peaks. The background identified immediately by the
background in the peaks, and the fact that the source is equaleasuredy lines in the background spectrum consist4Df
to the detector, allowing large source strengths. primordial activities of the natural decay chains fréffU,

Overall there is 19.2 kg of enriched Ge in the Heidelberg-2®2Th, and*K, (2) anthropogenic radio nuclides, liK&'Cs,
Moscow experimen{4,10,13—16 available with an’Ge  and(3) cosmogenic isotopes, produced by activation due to
isotopic abundance of 86% compared to 7.8% in natural Gecosmic rays. The activity of these sources in the setup is
Out of the raw material fivgp-type high-purity Ge semicon- measured directly and can be located due to the measured
ductor detectors have been built with a total mass of 11.5hnd simulated relative peak intensities of these nuclei. Hid-
kg. The enrichment we measured for each crystal separatetien in the continuous background are the contributior(g)of
by accelerator mass spectroscopy using residues from thihe bremsstrahlungs spectrum 9fBi (daughter of?1%by,
crystal fabrication. All five detectors are now in regular op- (5) elastic and inelastic neutron scattering, a6 direct
eration in the Gran Sasso underground laboratory, whiclmuon induced events.
provides a shielding of 3500 meter of water equivalent The impact of(4) on the background spectrum is deter-
(mwe). The sensitivity of this setup corresponds to an experiimined indirectly with a separate activity measurement, while
ment with natural Ge of more than 1.Z'he active mass of for (5) the comparison in the measurement in the setup with
10.96 kg is equivalent to a source strength of 125.5%®e  three enriched detectors in a common shielding with and
nuclei, which is at present the largest source strength of allvithout neutron shielding was used. Out of the measured
double8 experiments. The main detector parameters areoincidence spectra of all detectors, the influence of muons
listed in Table I. can be estimated. Externaland 8 activities are shielded by
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TABLE Il. Development of the background numbers in the different data acquisition periods for the
enriched detectors.

Background
Detector  Measuring time Date Shielding [counts/keV yr kg
boron
number [dayg startend Cu Pb -polyethylene 100-2800 keV 2000-2100 keV
first low-level setups
enr No. 1 387.6 8/90-8/91 X 9.74 0.56
1/92-8/92
enr No. 2 2254 9/91-8/92 X 6.09 0.29
common shielding for three detectors
enr No. 1 382.8 X 7.81 0.22
enr No. 2 383.8 9/92-1/94 X 4.86 0.22
enr No. 3 382.8 X 6.67 0.21
enr No. 1 263.0 X X 6.96 0.20
enr No. 2 257.2 2/94-11/94 X X 4.48 0.14
enr No. 3 263.0 X X 6.06 0.18
Full setup
four detectors in common shielding, one detector separate
(since 2/95 enr No. 5 with digital pulse shape analysis
enr No. 1 203.6 12/94—-8/95 X X 7.06 0.14
enr No. 2 203.6 12/94-8/95 X X 4.20 0.17
enr No. 3 188.9 12/94-8/95 X X 5.50 0.20
enr No. 5 48.0 12/94-1/95 X X 7.55 0.23
enr No. 4 147.6 1/95-8/95 X 6.62 0.43
the 0.7-mm inactive zone of the-type Ge detectors on the
outer layer of the crystal. The enormous radiopurity of HP-
germanium is proven by the fact that the detectors enr No. 1, 5025 -
enr No. 2, and enr No. 3 show no indication of amypeaks = . &
in the measured data. Therefore no significant contribution of £ 02 |-, BN N 0 e o .
. .. = 20 e 3¢ #° #O prpY SVeC &C
the natural decay chains can be located inside the crystals. & S S
Nevertheless, it has to be mentioned that detectors enr No. 4 8 0.5 J( F

and enr No. 5 seem to be slightly contaminated b on

the level of a fewuBg/kg either inside the crystal or on the 0.1
bottom surface. This contamination was identified by a mea-
sureda peak in the background spectrum at 5.305 MeV of 0.05
the daughtef'%o and the constant time development of the WMW&.JL
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FIG. 2. The measured background of detector enr No. 4: un-
shielded in the low-level laboratory in Heidelberg, inside the shield- FIG. 3. Combined integral spectrum of the enricié@e detec-

ing at Gran Sasso without and with, Rlushing.

tors with a statistical significance of 17.70 kg yr.
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TABLE Ill. Full data of the experiment and used data after o | | I S 15 | | :
decay of initial activities for the evaluation of the/83 decay. Lo0s - 17.70kg yr | < 125 L 4.10kgyr
- e
[ o0
Statistical Statistical significance Background = 06 = !
significance without first 200 days 2000—2080 keV E 04 §07 1 T
Detector  [kg yr] [kg yr] [counts/keV yr kg © o2 © 05
: 0.25
enr No. 1 3.15 2.18 0.180.03 0 , | 0
enr No. 2 7.87 7.02 0.260.02 2000 2020 2040 2060 2080 2000 2020 2040 2060 2080
enr No. 3 5.40 4.40 0.240.02 energy [keV] energy [keV]
enrNo.4  0.93 3 T l l l I l I
-
enr No. 5 0.35 5 08 expected OvBP (0*—0") line 13.60 kg yr
3 17.70 13.60 0.2030.014 oy
E 06 - l .
3
peak counting rate. There is no contribution to the back-
ground in the interesting evaluation areas of the experiment 4
due to this activity.
All measured background numbers will improve further
on by the decay of short-lived—typical half-lives arel 02
yr—cosmogenic background activities inside the Ge crystal
and the cryostat system. This background was produced dur-

ing the exposure and transportation of the detectors at sea 02000 2010 2020 2030 2040 2050 2060 2070 2080
level by the activation through high energy cosmic radiation. energy [keV]
The amount of activation was calculated well with the exact
history of exposure and agrees within the uncertainties with FIG. 4. Region of interest in the combined spectrum for a hy-
the measured cosmogenic activities. With this result the inpothetical @38 peak; the inserted curve corresponds to the ex-
fluence of not directly identified isotopes can be estimatedluded signal withT9/,>3.4x10* yr (90% C.L) for all 17.70 kg yr
and accounts dominantly for the declining background. ~ data taken and §/,>7.4x10°* yr (90% C.L) for 13.60 kg yr, re-
Since the 238 spectrum is superimposed on all the back-spectively. The difference spectrum with 4.10 kg yr consists of the
ground components mentioned above, it is very important tdrst 200 days of measurement of each detector.
understand the exact composition of the measured back-
ground in detail. Further on, the signal-to-background raticsignificances of the full data and the data for the evaluation
must be of the order of 1:1 for a clear and reliable signalare listed. For the evaluation the symmetric energy interval
detection. Fulfilling these requirements, the background ca2000—2080 keV around the expecteg3® signal is chosen.
be unfolded from the measured spectrum and the result wilThe effect of the first 200 days of data taking is clearly
not be effected by large uncertainties of unknown and unsurehown in Fig. 4. The first data of the detectors enr No. 4 and
background components as in previous experimglitslg.  enr No. 5 will be included soon in the final evaluation, when
For the detection of theBg signal, only the achieved inte- the detectors are taking data beyond the first 200 days in the
gral background in the expected peak area is important, bésran Sasso laboratory.
cause the clear signal of a line cannot be smeared out by the The extrapolated resolution at the energy of the hypotheti-
existing background. Here is the stability of the experimentcal Oy33 peak is 3.45:0.29 keV in the sum spectrum of the
fundamental in order to maintain the advantage of an excekhree first detectors in the final evaluation with 13.60 kg yr.
lent resolution of our detectors at tlig value of the @38  The 3r peak interval centered at 2038.56 keV contains 23
decay in the summed spectrum of all data taken. Extrapolaevents. With the evaluated background left and right of this
tion from the ten strongest lines in the background spec- interval in a 30-keV range, we expect in the peak region
trum in Fig. 3 yields an energy resolution at the ground state3.86+1.61 events. The achieved background between 2000
transition of the @83 decay at 2038.56 keV of 3.39.26 and 2080 keV (see Fig. 2 is 0.203£0.014 [counts/
keV in the sum data of all five enriched detectors. ThiskeV yr kg]. Additionally the same region of the spectrum is
shows the good stability of the experimental parameters durshown for all data taken with 17.70 kg yr and the difference
ing the years of data acquisition when compared to thdetween these data with 4.10 kg yr.
achieved detector resolutions with calibrated sources in The effect of the higher initial background activities re-
Table I. sults in a slightly higher background index and a clear struc-
ture at the decay energy. This structure is dominating in the
spectrum with 4.10 kg yr, where only the first 200 days of
Il RESULTS FOR THE 0 »3 DECAY each detector were summed up; note the different scale of the
The combined spectrum for the evaluation of the8@  background index. This shows that the former indication of a
decay with 13.60 kg yr contains all data taken, except thé®v3p peak in this experiment on asdevel could be identi-
first 200 days of measurement with each detector. These infied as short-lived background activitigs.g., °°Co), since
tial data of each detector were removed similaf1@], to  the real signal must be constant in time. At present we find
avoid the implications of any short-lived radioactive impuri- no positive evidence for a signal of thev@3 decay
ties. No further cuts were applied. In Table Il the statistical (0" —0"-transition at 2038.56 keV.
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P r TABLE IV. Neutrino mass limits from neutrinoless doulge-
g 25 | ¢é decay of’®Ge for different matrix elements.
(] (-
20 f_ . ? Ref. M%-MY (m) Comment
- o <]L> + [6, 20| 4.186 0.56 eV QRPA with Paris potential
15 = ¢ o0 '{’ [21] 4.33 0.54 eV QRPA with Bonn potential
a . o ¢ 0 ¢ [22] 7.58 0.31 eV VAMIR code
10 - f 0 [23] 5.02 0.47 eV shell model in weak-coupling limit
- . ) o dcount [24] 3.04 0.78 eV QRPA, n@n pairing
S e o @ o ;‘,‘ff;‘e‘z ;(;‘;‘i: [24] 1.34 1.76 eV QRPApN pairing
r g P [25] 1.71 1.38 eV QRPA schematic force
0 Coow e by by v by v by by by I a,=—390 MeV, gA=125
0 2 4 6 8 10 12 14
time [kg yr]

the only one, which doesiot use a realistic nucleon-nucleon
force, but a schematic force. The calculation of Paetial.
[24] includesp-n pairing, but seems to contain still some
serious inconsistencies.

By the continuous improvement of the background in the

In Fig. 5 the measured and expected number of events g_purse of the experiment, the evaluated limits of the half-life
the QvBB region are shown, the latter being the measured®’ the O3B decay up to now show a linear dependence of

background in the energy interval from 2000 to 2080 keV time instead of the expected square root behavior. With some

excluding the & peak region of the hypotheticabg line, years of data in the full setup, the expected square root will
extrapolated into the @ peak region. take over. Figure 6 shows the time development up to now of
Since there is no signal present, we extract a half-life limit€ _half-life limit %nd of the resulting Majorana neutrino
for the BB decay using the method recommended by thd"aSS "”I"t with 90% .CI'L' it . h
Particle Data Groujp19]. With the measured resolution and _ Double8 decay yields beyond information on the neu-

the measured background we can exclude 8829 events Lnno rgass |r(;1p(()jrtant dreistrrl]cthns onh_fL:]rther parameters of
with 90% (68%) C.L., resulting in a half-life limit of eyond standard model physics, which are competitive or
even more sensitive than limits from high-energy accelera-

TO >7.412.7 <107 yr with 90% (68%) C.L. (1) tors. These include SUSY models, compositeness, lepto-
quarks, right-handedV bosons, and others. For details we
To investigate the dependence of the obtained limit on théefer t0[5,26,9,27,28
position in the spectrum, thes3peak interval was moved
around the measure@ value at 2038.56 keV12] between
2030 and 2048 keV. The evaluation yielded a variation of the
half-life limit between 5.8 and 10:810** yr with 90% C.L. While for the evaluation of theiB3 signal no manipula-
and thus demonstrates a rather smooth background level fion of the background has been done, for the evaluation of
this energy range. The lower half-life limit of E¢p) is con-  the 288 decay and various Majoron-emitting decay modes
verted with the matrix elemen{$] into an upper limit for  a detailed knowledge of the composition of the experimental
the Majorana mass of the neutrinos, neglecting RHC’s:  background is required. All measured continuous back-
) ground sources have to be taken into account in the back-
(m,)<0.6(0.5 eV with 90% (68%) C.L. (2)  ground model, which leaves, after subtraction from the origi-
nally measured spectra, the residual spectra with the spectral
shapes searched for. The measured data of the setup with
three enriched detectors in a common Pb shielding between

FIG. 5. Number of expected background coufdpen circles
with error bar$ and measured total number of coufgslid circles
in the 3r energy range of agBB (0" —0") transition of °Ge as a
function of measuring time.

IV. MONTE CARLO SIMULATION

If RHC's are included in the evaluation, we determine the
following upper limits with 90% C.L.:

(m,)<0.7(0.6) eV with 90% (68%) C.L., (3)

= - 2
EP > E
(7)<6.44.9x10°° with 90% (68%) C.L, (4) CAR R
= F .e gls —
g0 ST L .
(\)<1.10.8x10°® with 90% (68%) C.L. (5) g . b . é 1 E %,
S r . 8 F oo
For comparison we give in Table IV a complete listofthe & , £ ,«° Kos [ S
neutrino masses obtained when using the matrix elements}  [«°* | | £ | 1
(given in the convention df6,20]) of the various theoretical 05 p 10 o 0, s 0 5
groups. (a time [kgyr] (D) time kg yr]

We see that the results essentially vary within a factor of
2 (see the discussion ir6]), with the exception of the last FIG. 6. Half-life limit (left) and resulting Majorana neutrino
two cases, which, however, are “special” in the following mass limit(right) with 90% C.L. for the 638 (0" —0") transition
sense. The calculation of Engel, Vogel, and Zirnbd@sétis  of "%Ge as a function of measuring time.
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| —-1 I FIG. 8. Comparison of measured and simulated calibration of
detector enr No. 2 within the Gran Sasso setup from 28-mar-1992.

for enr No. 1, of 5.1% for enr No. 2, and of 7.1% for enr No.
3.

FIG. 7. Implemented geometry of a scanning measurement with  To test the full energy range of natural radioactivity be-
a collimated™®*Ba source in axial direction at 9 cm below end cap tween 100 and 2700 keV, various other sources were simu-
of detector enr No. 2the source is symbolized inside the collimator |gted. As an examp|e’ an 0rigina| calibration measurement in
with a black do}. the Gran Sasso setup witffTh is compared with the simu-

lation in Fig. 8. The agreement is quite good, although it has

9/1992 and 11/1994 has been used to determine the bacte be noticed that in the low-energy region the simulation
ground in detail and to achieve a more sophisticated undegives some more events than really measured. This is ex-
standing of the various background sources. The overall stalained with the uncertaintgwithin 2 mm) of the position of
tistical significance of the detectors enr No. 1, enr No. 2, andhe source in the setup. In this particular case the source is
enr No. 3 in this data acquisition period is 10.576 kg yr. Topartly covered by the Pb shielding; therefore, low energies
unfold the background a Monte Carlo background modekre more likely to be absorbed. Above 500 keV the deviation
based on the CERN cod&EANT3 was developed. All radio- petween measurement and simulation is for the peak count-
active sources used are available with the complete impleing rates and the integral energy evaluation less than 10%.
mented decay scheme taken fr¢29] for the simulation. In Within the energy range for evaluation in this experiment,
the case of3 activities the correct energy distribution of the Monte Carlo simulations can be used to understand the

particles is included separately, especially for the decay ofresent background in a very efficient way, which is shown
219j. The background model consists only of measured angyith the simulated calibration measurements.

clearly identified background activities.

B. Background model

A. Calibration The measured activities in the setup are based on 47 iden-

The implemented geometry of the setups and detectortified vy lines in the spectra of the three enriched detectors
was tested by comparing the results with measured spectra ahd two separate activity measurement$%f and 21%b in
calibrated sources in defined locations. The deviation bethe LC2-Pb. A uniform distribution of the activities inside a
tween simulation and measurement represents the error oertain volume and material is assumed in the Monte Carlo
the simulated detector response, caused by the code itselimulation. In principle, the setup provides five major pos-
and small deviations in the implemented geometry in comsible locations: LC2-Pb shielding, detector chamber, cop-
parison to the real setup. per parts of the cryostats, plastic parts of the cryostats, and

Each detector was scanned with a collimat&Ba source the Ge crystals themselves. Other materials or locations in
in axial (z) and radial §) directions. The programmed ge- the detectors, e.g., low-level tested steel screws or wires, are
ometry of such a measurement is shown in Fig. 7. The sourceegligible, because of their small mass or volume and mea-
13383 with low-energyy's was chosen, because thdbeam  sured contamination levels.
can be collimated, the measured peak intensities are very The interaction and influence between each of the detec-
sensitive to absorbing materials.g., crystalholder or inac- tors activities with the neighboring detectors is fully included
tive zone of the crystalsand the energy is mainly deposited in the background model. The simulated coincidence spectra
via the photoeffect inside the crystal, giving a good spatialof the final background model are in good agreement with
resolution. All measurements for the detectors enr N@L5L  the measured coincidence spectra. This proves the validity of
y and 23z measurementsenr No. 2(14y, 19 z), and enr  this approach to build up a uniform background model for
No. 3 (30y, 42 z) were simulated. For the evaluation we three detectors simultaneously.
used the four strongestlines, which resulted in a combined  The simulated background spectra were not just normal-
systematical error of the simulated detector response of 7.193ed to the measured peak counting rate, because of the in-
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TABLE V. Measured activities of all background components included in the uniform background model
for three enriched detectors in a common shielding between 9/1992 and 1189%er detector located
the errors include the normalization and systematical misplacement errors.

Background activity

Background 1Bo/kg]

component Localization enr No. 1 enr No. 2 enr No. 3
2198j bremsstrahlung LC2-Pb 3600830000

238 decay chain detector chamber 12ZBomBgm®

232Th decay chain copper p.d. 108:22.5 16.3:9.6 105.3:35.7
>Mn copper p.d. 22.65.8 16.5-2.5 22.5-3.3
Sco copper p.d. 2058.3 30.3:5.0 42.1+6.6
58Co copper p.d. 56410.8
80co copper p.d. 92512.2 72.3:5.2 56.0-5.2
54Mn Ge crystal 4517 3.10.9 2.5¢0.7
5Co Ge crystal 2.50.8 1.4:0.4 3.7:0.6
%8Co Ge crystal 6.12.2
85zn Ge crystal 6.72.5 25.0-3.6
4 LC2-Pb 271.332.3

4 copper enr No. 3 696:448.1
87cs copper p.d. 220224.7 65.2:19.0 176.4:21.3
207B; copper p.d. 20.811.3 4.0:2.2 10.2:5.5
125gp copper p.d. 50:518.0 20.4:7.3 79.1-28.2
Bics copper p.d. 9¥%14.6 4.4:6.0 11.9517.9

teraction in between the detectors. To be consistent with thef each detector. The error of a possible misplacement is
approach of a uniform background model, a system of lineaincluded in the systematical error of the background model.
equations for the simulated and measured peak counting placement in the Ge crystal could be ruled out by the
rates was used to determine the correct normalization for thabsence of anw lines in the high-energy spectra.
simulation. During the minimized exposure to the cosmic radiation
The dominant background activity at energies below 500vhen the materials were above ground, the copper of the
keV is caused b¥'%Pb contained in the inner LC2-Pb shield- cryostat and the Ge crystals were activated. In the measuring
ing, which contributes through the bremsstrahlung of itsperiod the cosmogenic activities 8#Mn, >’Co, %8Co, ®°Co,
daughter’!%Bi (Q value=1.16 MeV). In this region almost and®Zn are identified through their characteristiclines.
half of the measured events are due to this contaminatiorSince most of the isotopes decay totally or partly by electron
The absolute activity of 0.360.03 Bg/kg was determined capture(EC), it is possible to distinguish between inner ac-
separately by low-levelr spectroscopy of the decay of the tivities in the Ge crystaldue to the shiftedy lines with the
2198j daughter’'%o. This intrinsic activity is by far the larg- added energy of the deexcitation x yaynd outer activities in
est contamination present in the setup. Because of this fathe coppefunshiftedy lines). The measured peak intensities
and the location in the large volume of the LC2-Pb shieldingwere used to normalize the simulated contributions to the
this is the only component which has to be normalized to thdackground model.
measurement with a factor greater than 1, namely, 2.03. The primordial*®K content in the LC2-Pb was determined
Since the resulting bremsstrahlung spectrum is continuouBy neutron activation and is in good agreement with the mea-
and a greater binwidth of the spectra for the evaluation isured data of enr No. 1 and enr No. 2. A secdfd con-
selected, the impact of the latter on deduced results is ndamination is present in the copper of enr No. 3.
affected by this. All other identified background activites, The anthropogenic activities df'Cs, 2°/Bi, 12°Sb, and
whose fraction in the evaluation interval is larger, are nor--*4Cs are surface contamination of the copper parts of the
malized with factors at least less than 0.04 to the measureiddividual detectors. Because of their spectral shape, the de-
spectra. Therefore the statistical errors of the simulation argiation of a closer or more distant placement affects the
negligible in comparison to the measurement. simulated detector response not severely. To cover this un-
To include the natural decay chains TfU (14 y lines) certainty the error of a possible misplacement is again in-
and 2*2Th (9 y lines) in the background model, the peak cluded in the systematical error.
intensities of the measured lines are used. Under the as-  All measured activities of the background model, given as
sumption of radioactive equilibrium and a uniform distribu- initial activities at the beginning of the measuring period,
tion of contamination, the location was determined by com-and the localization of these contaminations are listed in
paring the simulated and measured relative peak intensitie3able V. To include all background components in a conser-
In the case of thé*®U decay chain, the detector chamber vative and careful way, the individual detector contamina-
showed the best agreement, while for 8i&h decay chain tions are placed per detector systépmd.=per detector lo-
it is more realistic to locate the activity in the copper cryostatcated. Their spectral influence on the measured spectrum is
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To account for the residual background due to neutrons,
muons, and not directly identified background activities, a
IIUUL“ phenomenological straight line is introduced. In Fig. 11 the
summed data of all three detectors are shown together with
1000 w0 1000 2000 the result after subtracting all previously discussed back-
enerey ke enersy (ke ground components. In the residual spectrum the shape of
FIG. 9. The simulated background componefsisaded areas j[he 2B decay with a maximum at 700 keV .is already vis-
as parts of the original measured spectrum of detector enr No. le. At energies above 2 MeV _there are still some events
(solid histogram left, WhICh are due to the additional background sources
mentioned above. The expected shape of all these further
shown in the case of enr No. 3 in Fig. 9. The main contribu-contributions shows in a first order approximation an in-
tion at energies below 500 keV with about 1/3 of all mea-crease towards low energies. To model the impact of these
sured events is due t8%b. Other significant parts of the sources, a straight line, where the slope and intercept are
background are caused by the natural decay chains, as weletermined between 2.1 and 2.8 MeV for each detector sepa-
as by*°% and ®°Co in the copper. rately, is used and extended to lower energies. Overall, the
To avoid statistical fluctuations in the low-energy part, thecontribution of this background line is 2.8% of the measured
evaluation interval for the 238 decay was chosen to be events and is consistent with the expected spectral shape of
500-2040 keV, covering 73.9% of the signal. In this way thethese possible background sources.
subtraction of the background model from the original spec- The excess of 511-keV events is treated separately. In the
trum with larger errors at energies below 500 keV does notnodel only(31-50% of the annihilation line are reproduced
affect the results on thevBB decay, whose fraction on the depending on the detector. This gives a strong hint of the
measured events is rather small in this region. The contribuinfluence of muons in the measuremémbt explicitly simu-
tion due to the located activities, e.g., in detector enr No. 3 tdated and goes along with the fact that in the simulated
the spectra of enr No. 1 and enr No. 2, is shown in Fig. 10coincidence spectra, integrally, there are slightly less events
The uniform background model includes all the influences incontained than there are in the measured data. Measured
between the detectors. high-energy coincidences due to muons are not present at all
in the simulated data and confirm this assumption. Out of
influence on enr No. 1 influence on enr No, 2 this information the muon flux can be estimated to be of the
order of the muon flux measured by the MACRO Collabo-
ration with 2.3<10°* m 2s7! [30]. In the near future an
active shielding will be placed on top of the setup to measure
the effect of the muons directly in coincidence with the de-
tectors inside.
The excess of 511-keV events can be used to derive the
possible influence 0fGe in the measurement, td¥Ge can

| e b s g

[counts/20keV]

o eﬁg?gy [keV] o eﬁ‘e’?goy [keV] be produced by cosmic activation inside the crystals via spal-

lation in the reaction’%Ge(n,3n)%Ge. This is already

FIG. 10. Influence of activities located in detector enr No. 3Strongly suppressed by the enrichment of our material in
(shaded areaon the spectra of the neighboring detect¢sslid 8Ge, corresponding to a deenrichmentiGe. The still pos-
histogram). sible intrinsic contamination d¥Ge could in principle con-
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TABLE VI. Fraction of the background components in the evaluation interval 500—2040 keV obgige 2
decay and the entire spectrum together with the total measured counts in these regiefig5nd, the
signal-to-backgroundS; B) ratio; the simulated model counts, the normalizatianorm), and systematical
misplacement errofAsys).

Fraction
Background 500-2040 keV[%] 100-2800 ke\[%]
component enr No. 1 enr No. 2 enr No. 3 enr No. 1 enr No. 2 enr No. 3
21%j bremsstrahlung 5.8 6.1 5.2 35.9 35.9 31.3
233 decay chain 9.5 9.1 7.9 8.7 8.1 7.1
232Th decay chain 8.9 2.1 9.6 9.2 2.2 9.8
>“Mn copper 0.7 0.8 0.7 0.4 0.5 0.5
57Co copper 0.2 0.4 0.4
58Co copper 0.6 0.5
50Co copper 10.7 12.7 6.8 5.3 6.8 3.6
5Mn Ge crystal 0.4 0.5 0.3 0.2 0.2 0.1
5Co Ge crystal 0.2 0.1 0.3
8Co Ge crystal 0.2 0.1
557n Ge crystal 0.5 1.3 0.2 0.6
49K LC2-Pb 7.0 7.6 6.4 3.7 4.3 3.5
4% copper enr No. 3 5.8 35
1¥7cs 6.7 35 6.4 6.6 3.2 6.0
207g; 1.7 0.6 1.0 1.3 0.4 0.7
1255h 0.5 0.4 1.0 1.4 0.9 2.4
134cs 0.7 0.5 1.0 0.5 0.4 0.7
511-keV line 0.4 0.6 0.9 0.1 0.2 0.3
straight line 5.3 5.7 5.5 25 3.0 2.8
influence on enr No. 1 2.7 1.5 2.7 1.4
influence on enr No. 2 2.0 1.8 1.7 1.5
influence on enr No. 3 2.2 4.2 2.2 3.9
overall counts 9924 22268 25096 32803 65699 74480
S:B 1:1.66 1:1.37 1:1.78 1:4.0 1.2.8 1:.3.4
model counts 6195 12854 16071 26272 48262 57356
Anorm 345 521 704
Asyst 132 525 456

tribute to the measurement via the decay of its daugi@a  (S:B): 1:1.7 for enr No. 1, 1:1.4 for enr No. 2, and 1:1.8 for
with a Q value of 2.921 MeV. The only evident signature of enr No. 3. TheS:B ratio is evaluated under the assumption
this background source is the characteristic x ray with 10.4hat all events not explained by the background model are
keV. The present settings of the thresholds of the detectordue to 2,33 decay. These ratios are slightly lower than in
do not allow one to measure this line. Assuming that all[10], because the peaks, with a rather significant fraction of
excess events are due ?EG% meaning the8" decay of  counts, are included in this evaluation, whereas before the
Ga, the resulting contribution is shown in Fig. 11. This s:B ratio was only determined for the continuous parts of the
estimate is obviously in contradiction with the measuredspectrum. Finally, the normalization error and systematical
data. Therefore we conclude ghat no significant Cont_r'bUt'O”?nisplacement uncertainty are given for the model per detec-
to the /38 background fronf°Ge are present and give the 15 "o very sensitive test for the model was performed with

following upper bounds, determined for each detector sepgpe comparison of the simulated and measured coincidence

rately: 6 uBg/kg, for enr No. 1, 0.1uBg/kg for enr No. 2, s . :
. pectra. All lines and the spectral shapésspite the effect
and 54uBg/kg for enr No. 3. It has to be mentioned that Party e to muongsare reproduced within the errors and confirm

?Jeg]e excess of t.he 511—k9V Iln.e might be exp[amed with Gthe validity of the uniform background model. The overall
u contaminatioriespecially vgﬁtge 5;1-ke‘oyl|ne_from model consists of 19 different background components,
;hSeG %?Cr%k?rzgth[(heeds:Je%/ri](t)irslguthaing) dV\I/iIrt'rTitg Qc?r:fs-lelfr(\a/a?[ifve which are located in 46 distinct locations and produce in
The fraction in percent of 19 different background com-total 132 simulated detector-specific spectra.
ponents on the total measured spectrum in the evaluation
interval and the entire spectrum is given in Table VI. The C. Results for the v decay
total number of events measured in 645 d serving as 100% is The bin width of the spectra was chosen to be 20 keV per
also listed together with the signal-to-background ratiochannel to avoid statistical fluctuations when subtracting
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likelihood fit for the evaluation of the 88 decay in the residual

spectra after subtraction of the background of the three enriched FIG. 13. Result for the evaluation of the/28 decay of °Ge in

detectorgthe dotted line corresponds to the 68% exror detector enr No. 2: original spectrufdotted histogram residual

spectrum after subtraction of background mogellid histogramy,

simulatedy lines from the measured spectra. It is assumednd fitted 2,88 spectrumshaded argafor comparison, two former

for this evaluation that the resulting difference of the mea-2v88 results are show10,17.

sured and simulated background spectra contains only the

2vpB signal. , . _ nificantly from the result presented here, because the back-
The _result of a maximum-likelihood fit of the da_lta and theground assumptions made in this experiment were only

theoretically expectediB8 spectrum then results in the fol- qualitative and incomplete.

lowing half-lives for the three detectors with 68% C.L.: The presence of isotopes inside crystals fik@e and®sr

H : 234m :
T2%No. 1)=[1.62" 0% stap*+018 with Q=2.284 MeV of its daughtef®y and #*"Pa with
vl )=[ 0o stah “91s Q=2.29 MeV, which might in principle influence or even
><(norm)fg;gg(sysl)igjﬁ(sim)]><1021 yr, simulate a 288 signal [10], is excluded by the spectral

shape and end point of their continuous simulated spectra
) oo o1 (6) [31]. These sources do not have significantines from
Ti/(No. 2)=[1.91" 30 stad *§:15 which they could be identified. In the case’dGe and®°Co
101 1012 - in the crystal and other cosmogenics, the spectral shape does
X (norm) "o sysh " gagsim) ] 16% yr, not fit at all and the calculations of the production via cosmic
(7)  rays show in no case significant contributions, while all mea-

Ti/VZ(NO_ 3) =[1.69f8'8g(stai)f8'ﬂ sured cosmogenic activitie_s are reprodu_ced with?n the errors.
’ ’ The expected constant integral counting rate in the evalu-
X (norm) * 309 sysh * 31 sim) 1< 107 yr. ation interval for the resulting spectra after background sub-

8 traction was tested and confirmed for 20 points of time dur-
(8) ing the measuring period. Based on the uniform background

The statistical error originates from the parabolic behaviofndel and the determined activities in Table V for each
of the logarithmic likelihood ratio, which corresponds tg%  POint of time, the background model was calculated back-
function[32], which is shown in Fig. 12 for the three detec- wards, cqresp_ondmg to the meas_ured spectra at this time. In
tors. With the normalization error due to the errors of theC'der to investigate the:Bg counting rate in between two
measured area of thglines, the systematical misplacement time points, the previously measured spectra and background
error of background activities, and the error of the simulatednde! are subtracted from the resuit of the given time point.
detector response, all possible implications to the result arén€ difference between measured data and background
included. The result for the detector enr No. 2 is shown inM0del then gives the specifio/33 counting rate in between

Fig. 13. two time points. The result is shown in Fig. 14 for each
The combined result for the three detectors with the unidetector separately and summarized for all three enriched
form background model with 68% C.L. is detectors together. o _
Inspite of the statistical fluctuations in the time develop-
Ti/vzz[1-77f818]1(5tal)f82ﬁ(3y51)]>< 107t yr. (9) ment of the 288 counting rates in the data of each detector,

the expected constant stability for the investigated signal can

For comparison two former results for the@3 decay are  be seen. Combining the detectors, thus reducing the statisti-
shown in Fig. 13, too. The obtained result is slightly highercal errors, the effect of the installation of the neutron shield-
than in[10] with (1.42°313x10? yr, because the interaction ing after 383 d in this measuring period is obvious, toom-
of the detectors between each other was not taken into agare Table I). Overall, we have 5.560.24 2v83 events per
count in this earlier result of the Heidelberg-Moscow experi-[d] and[kg] active Ge crystal, corresponding to a half-life of
ment. The curve with0.92°3:59x 10?* yr from [17], which ~ T,,=1.74x10?* yr. Taking only the first 14 time points up
is corrected t0(1.2°3%)x10?! yr in [33], still deviates sig- to the installation of the neutron shielding with 5:88.30
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TABLE VII. Different majoron modes, their leptonic charge,

s
(=]

%“ s L \ enr No.1 0.920 kg spectral indexn, and the new bounds on the half-life and coupling
5 . ;H ]{ + + + + * + + + + * + constants derived in this worlirom [8]).
T4 + + Modus GB L n Ty>(90% C.L) g<(90% C.L)
oo v v v v v v by v v by e by by
>0 100 200 300 400 500 600 700 BB no 1 7.9 1021 23x10°%
1 time (d) BB yes 1 7.9%K10% 2.3x10°4
£, E enr No.2 2.758 kg BBd no -2 1  7.91x10* 2.3x107*
5 o E Loy BB yes -2 3 5.85¢< 10! 0.18
I ARK AR R S AL R . BB gauge boson—2 3 585107 0.18
E L ! L 11 | I | | I | ] | | U T | ‘ 11 1 1 ﬂﬂ¢¢ yes and no 3 5.%1021 4.1
2 0 100 200 300 400 500 600 700 BBdd no -1 3 5.85¢ 107 4.1
time (d] BBbP yes -1 7 664107 3.3
=10
%" ¢ E + enr No.3 2.324kg
& E
z 6 ;_+ H byt 1 t i | } Vot ; The Heidelberg-Moscow experiment reached with 21 115
4 E i 2vBp events in the evaluation interval of 500—2040 keV the
o B b b b b b L highest statistics of all alBg experiments for the direct de-
0 100 200 300 400 500 600 700 taction of the 288 decay mode. With a detailed understand-
10 ¢ time [d] ing of all major background components, the evaluation is
< e b total 6.002 kg not dependent on any cuts applied to the measured data,
& ¢ E iy unlike the case of other experiments. Actually, the raw data
g7k LA N A are used for a full background consideration.
4 =
o B b b b b b b
0 100 200 300 400 500 600 700 D. Results for the Majoron decay
time [d]

In the ordinary Majoron model34], the Majoron is a
FIG. 14. Time development of thevB3 counting rate in the massless scalar Goldstone boson, which is associated with
evaluation interval 500—2040 keV after subtraction of the back-the spontaneous breaking BfL symmetry and the exist-

ground model for 20 time intervals for each detector separately, an8Nce of Majorana masses of the neutrinos. In this framework
summarized. only the singlet Majoron is still possible, since doublet and
] triplet Majorons are ruled out by the CERN electrehe™
2vBp  events counts/d [(cpd/kg]l, a half-life of  cqjider LEP [35] by the measured width of th&° reso-
T1,=1.65¢<10! yr is deduced, while the last 260 d on its nance. Nevertheless, “fine-tuning” is required for the singlet

own gives 4.93-0.20 /8B eventdcpd/kd and a half-life of  \1ai5r0n to be consistent with the existing bounds on neu-

T.1/2:1'97?<1021 yr. The latter 'resul-t is certainly not correct, ino masses and to still preserve an observable rate for
since the influence of the straight line was calculated I'neamf\/lajoron-emitting doubles decays

back in time, although it is expected that the slope of this . .
straight line has decreased in the measuring phase with neu- Therefore new Majoron models have been invented

tron shielding. Therefore the half-life is overestimated. av0|d|ng.the unnatural fme-tgmng [7]. In these models

In order to avoid this complication, the whole evaluationt.he terminus Majoron stands'ln a more 'general sense for a
of the 2v88 decay was performed again only for the time thellght or massless b_oson coupling to neutrinos. The new prop-
neutron shielding was installed. The background activitie€ies of these Majorons are that they can carry units of lep-
were calculated back to this time point and normalized to thdonic charge, that there can be Majorons which are not Gold-
spectra. A new phenomenological straight line was adapte§tone bosons and that decays with the emission of two
to this part of data, which showed, as expected, a smalld¥lajorons can occur. The last case can be fermion mediated
slope as evaluated in the full set of data. The result of thé@r scalar mediated, although only for fermion-mediated de-
maximum-likelihood fit yields the following half-lives for cays is a contribution to doublgé-decay expectefl7,8].
the 288 decay with 68% C.L.. for enr No. 1 In Table VII all considered models are listed with their
[1.63f§;§ sta +g;iésysf)]xloﬂ yr, for enr No. 2 leptonic charge and spectral shape indeof the sum energy
[1.9 f8;8 stabfgj% syst]x107* yr, and for enr No. 3 of the emitted electronésee Fig. 1n=1 corresponds to the
[1.78" g o4stah 5-51(sysh|x 107 yr. All these deduced half- singlet Majoron. The spectral index is defined from the
lives are slightly larger than the ones evaluated in the totabhase space of the emitted particl€s; (Qzz—T)", where
measuring time. Especially in the case for enr No. 3, theQ,;is theQ value of the decay andl the sum energy of the
half-life is longer, because this detector was installed new inwo electrons.
this measuring period, but the initial cosmogenic activities For the evaluation of the half-life limits, the data of the
have decayed by the time the neutron shielding was installedletector enr No. 2 was used with the corresponding back-
Within the errors these results approve the results deducegtound model previously discussed. This detector was cho-
before, even giving hints of a slightly longer half-life. Since sen, because of its size and the best background of all detec-
the results here are still dependent on the overall uniforntors. In order to cover all Majoron modes sufficiently and to
background model, the previous obtained half-lives are deciminimize the systematic errors of the background model an
sive. evaluation interval of 300—2040 keV was selected. With a
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FIG. 16. Comparison of a background spectrum from the detec-

FIG. 15. “Ordinary Majoron” (n=1) in the area of fit: 300~  tor enr No. 5 measured without any shielding between 2090 and
2040 keV, yielding a half-life bound of ;;,>7.91x10* yr with 2650 keV and the derived SSE spectrum. The SSE spectrum con-
(90% C.L). tains integral a factor of 4 less counts than the original spectrum.

_ . o _ The 2614-keV peak of®TI has a peak maximum of 290 counts in
simultaneous maximum-likelihood fit of thesB8 decay and  the original spectrunttaken from[31]).

one Majoron-emitting decay, the half-life limits given in

Table VII were determined. . . .
The result of the data fit for the ordinary Majoron with Scattered escape event and the interaction ¢f particle

n=1 is, for example, shown in Fig. 15. The experimentalbecause of the_small range of electrons in the _crystal.
spectrum is shown as a histogram, while the light-grey- [N the experiment the signal of av0f event is a SSE,
shaded area is the best fit for theaB decay. The dark- While the background is characterized by MSE's due to mul-
shaded area corresponds to the Majoron. tiple Compton scattering in this energy region. The devel-
It has to be mentioned that the deviation from zero of theoped DPSA36] was tested with regular Ge detectors before
Majoron-emitting modes is, far=1, 0.2%, for n=3, 0.90r, it was finally installed and checked with the new detectors
and forn=7, 0.35, while the result for the 238 decay is enr No. 5. In Fig. 16 a background spectrum of enr No. 5,
consistent within the errors with the evaluation mentioned inmeasured in Heidelberg without any further shielding, and
the previous section. ThevBg half-life extracted in all two-  the resulting SSE energy spectrum after the application of
parameter fits varies in thexIrange of the result obtained in DPSA are depicted. The integral number of counts in the
an exclusive 288 decay evaluation. Compton region between 2260 and 2360 keV in the original
With the matrix elements and phase spaces giveli8in  spectrum is 1462 counts and 315 counts in the remaining
the evaluated half-life limits can be converted into upperSSE spectrum. This is an improvement of about a factor of 5.
limits for the various effective Majoron neutrino coupling The peak at 2614 keV is not removed completely due to the
constants(see Table VII. Note that the surprisingly weak effect that 10% of the MSE’s appear like SSE’s and the
limits obtained for all of the new Majoron models are causeddeviation of DPSA from maximum reachable discrimination
by the small values of the corresponding nuclear matrix eleefficiency. The discrimination efficiency has been deter-
ments and phase spaces and are independent of the isotapied to be 80%37]. It is difficult to derive a general quan-
under consideratioi8]. The limits for the new Majoron tity which characterizes the improvement obtainable with

modes were deduced for the first time. DPSA, since it is dependent on the composition of the back-
ground.
V. OUTLOOK The measurement with DPSA applied to enr No. 5 in the

Gran Sasso underground laboratory started in February 1995
in the setup with four enriched detectors. The first data show
For the first time a new method of digital pulse shapea discrimination factor for the background similar to that in
analysis(DPSA) with the new enriched detector enr No. 5 Heidelberg. From the in total 15 measured counts in the en-
has been applied36]. This reduces the background de- ergy range of 2000—2080 keV within 155.9 kg d with detec-
scribed above further by a considerable factor. tor enr No. 5, only two counts remain after switching on the
The idea of this electronic approach is to decrease th®PSA, one at precisely the energy (#038.8:3.6) keV
number of background counts based on the search for chal36]. Further measurements will show whether this event is a
acteristic variations, due to different interaction mechanismseal Ov38 candidate.
of the incident radiation, in the course of the preamplifier In general, we can expect that an improvement of the half
output pulse. The DPSA in Ge detectors is capable of distinlife limit for 0 »BB decay by at least a factor of 2 can be
guishing between single-site eve(&SB, which deposit en- obtained with the application of DPSA. This would allow,
ergy locally at one site in the crystal, and multiple site eventgrovided in all detectors DPSA would be installed, with the
(MSE'’s), which are spread out over the entire volume of thepresent setup to reach in 1 year a half-life limit fordB
detector. Examples of the first class are a single Comptordecay of about 10?° yr.

A. Digital pulse shape analysis
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B. Future and conclusion Limits for l/mv
The Heidelberg-Moscow experiment is the now tirdy > 6
BB experiment exploring the sub-eV range for the mass ofS Heidelberg-Moscow liquid **Xe
the neutrinos. With five enriched detectors with a total massg HD-Kiev scintillator
of 11.51 kg operated in the Gran Sasso underground labora® / 200 kg enr.
tory, the experiment has reached its final setup. The experi- * : 2tonmat.
ment will probe within about 5 years the neutrino mass down NEMO 3
to ~0.2 eV. 193{g val
The best presently existing limits besides the Heidelberg- N ' . TeC
Moscow experiment, obtained with the isotogé€a [38], 2 Caltech- | | 6ke
8256[39], 19Mo [40], 126Cd [41], 13°Te [42], 136Ke [43], and IGEX - Neuchatel-
150Nd [44], with half-life limits above 18" yr, are shown in ELEGANT |  UCI Osturn | Milano TPC
; Beijin; | TPC sburn TeO, : : :
Fig. 17. o © | s (68%) Kiev g é N
Other doubleg decay setups presently under construction o . i R
(a) ASCa 48Ca 76Ge SZSC IOOMO 116Cd 130Te 136Xe 136Xe 136Xe ISONd

or partly in operation such as NEM@45], the Gotthard
136xe TPC experimeni46], the 1*°Te cryogenic experiment
[42], a new ELEGANT*(Ca experiment using 64 g éfCa
[47], a hypothetical experiment with an improved UCI TPC &
[44] assumed to use 1.6 kg 6i%e, etc., will not reach or &
exceed thé®Ge limits. As pointed out recently by Raghavan
[48], even the use of an amount of about 200 kg of enriched
138xe or 2 tons of natural Xe added to the scintillator of the
Kamiokande detector or similar amounts added to BOR-
EXINO (both primarily devoted to solar neutrino investiga-
tion) would hardly lead to a sensitivity larger than the
present ’°Ge experiment. An interesting future candidate
might be a®Nd bolometer exploiting the relatively large
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phase space of this nucle(see[44]). The way outlined by
[49] proposing a TPC filled with 1 ton liquid-enrichédfxe
and identification of the daughter by laser fluorescence may
not be feasible in a straightforward way. ®)
It is obvious that the Heidelberg-Moscow experiment will o )
give the sharpest limit for the electron neutrino mass for the FIG. 17. Present situation, 1995, and expectation for the near
next decade. For further improvements beyond the region dfture until the year 2000 and beyond, of the most promigiy
<0.1 eV, one has to think ofery large experiments with experiments concerning accessible half-lif&¢ and neutrino mass
much largersource strength. limits (b). The solid bars correspond to the present status, open bars
Concluding second-generatigig experiments have, after gorrespond to “safe” expectations for the year ZQOO, and (_:lashed
the introduction of new interpretations of the problems OfIlnes correspond to long-term planned or hypothetical experiments.
solar and atmospheric neutrinos and of dark matter, involv-
ing degenerate neutrino mass scenarios, reached a key posi-
tion in modern neutrino physics. They will be able to checkthe Istituto Nazionale di Fisica Nucleare of the lItalian Re-
these new interpretations in the not too far future. Thepublic. The generous support of Professor E. Belotti, Profes-
Heidelberg-Moscow experiment has reached a leading pos$or N. Cabibbo, Professor L. Maiani, and Professor P. Mo-
tion among these neves expenments and as the first of nacelli is gratefully acknowledged The authors want to
them now y|e|ds resu'ts in the sub eV range thank Dr. T. Raudorf Of EG&G Ortec fOl’ gOOd C00peratI0n
and Professor V. Prusakov and his co-workers for perform-
ing the isotope separation. M.H. was supported by the Deut-
sche Forschungsgemeinschdférant No. 446 JAP-113/
This work was supported by the Bundesministerium fu 101/0 and Kl 253/8-1 B.M. was supported by the Human
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