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In this brief review, a description of the observed evidence for neutrinoless double beta3~5
in the "Ge experiment in Gran Sasso (Heidelberg—Moscow experiment) which has been
operated with 11 kg enriched 76Ge detectors in the period 1990-2003, is provided. Two
different methods of pulse shape analysis have been used to select potential Ov(33 events
from the v background of the measured spectrum — a selection by a neuronal net
approach,®%16 and a selection by a new method comparing measured pulses with a
library of pulse shapes of point-like events calculated from simulation of the electric
field distribution in the detectors (see Refs. 6-8 and 37). The latter method also allows
spatial localization of measured events. Both methods lead to selections of events at
Qpp with almost no y-background. The observed line at Qgg is identified as a Ov303
signal. It has a confidence level of more than 6o.

Keywords: Neutrino mass and mixing; Majorana neutrino; beta-decay; double beta
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1. Introduction

Nuclear double beta decay provides an extraordinarily broad potential to search
for beyond standard model physics.!? Its occurrence has enormous consequences: it
means that total lepton number is not conserved. Second, it proves that the neutrino
is a Majorana particle. Furthermore, it can provide, under some assumptions, an
absolute scale of the neutrino mass, and yields sharp restrictions for SUSY models,
leptoquarks, compositeness, left—right symmetric models, test of special relativity
and equivalence principle in the neutrino sector, and others. '

Among the many existing efforts in search for this process, for 13 years now
the Heidelberg-Moscow experiment!® which operated 11 kg of enriched high-purity
"6Ge detectors (the first ones ever produced) in the period 1990-2003 in the GRAN
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SASSO underground laboratory is by far the most sensitive double beta experiment.
Since 2001, the experiment was operated only by Heidelberg group, which also
performed the analysis of the experiment from its very beginning.

The first and up to now only evidence for Ov33 decay has been reported from
this experiment.? 5912 In the period 1995-2003 which delivered the main set of
data, the time structure of all events have been registered. These pulse shapes
have been used earlier in the search for Ov33 pulses among others by a neuronal
net.3* Since then, an independent new method has been developed (see also Ref. 17)
which is complementary and of similar selectivity as the neuronal net used earlier.
It confirms independently the existence of a signal at Q)gg.*

The new method is based on building pulse shape libraries for search of sharply
localized events in the detector as function of location, for the four main detectors of
the Heidelberg—Moscow experiment. Starting from the Monte Carlo calculated time
history and spatial distribution of Ov (33 events we have for this purpose for the first
time calculated the pulse shapes to be expected microscopically (see also Refs. 6-8
and 17). The library is “calibrated” by v-source measurements with a collimator
which were performed in the period July to September 2004 in the Gran Sasso
underground laboratory and measured shapes of pulses as function of radius and
height of the detectors. It was found that it is possible to select very efficiently small
size (low multiplicity) events, such as Ov3( events, by rejecting the background of
large-size (high multiplicity) gamma events. The method also allows to determine
their localization in the detector.

For a proof of observation of neutrinoless double beta decay, a method is re-
quired, which fulfills the following criteria: (1) select Ov33 events at Qgg, (2) reduce
strongly surrounding v events.

In this review we show that our two methods: neuronal and new method, fulfill
these criteria, and lead to fully consistent results. We present here a final detailed
discussion of the results of the analysis of the Heidelberg—Moscow experiment for
the measuring period 1995-2003. We show that we have now two projections of
events with almost no background, which both prove the existence of a line at Qs
which we identify as OvG3 signal. This signal seen in the pulse shape analyzed
spectra has a confidence level of ~ 60.

2. Structure of Double Beta Events and the Corresponding
Pulse Shapes

2.1. Monte Carlo simulated tracks and the pulse shapes

?

Conm ZE + Coy () + Car(0)? + Conyg (1) 422 + Corr ()22 4 Cop () (N), () =

The half-life for the neutrinoless decay mode is given by30:3! [Tlo/"2 (0F — 0;{)]_1 =

2An independent analysis of the data taken until 2000 has been performed in Ref. 36. Another
analysis of part of the data has been shown to be wrong in Ref. 3, p. 201 and Ref. 4, pp. 382 and
385. Some earlier criticism has already been ruled out in Refs. 9 and 39, i.e. it was already history
before the higher statistics data were presented in Refs. 3 and 4.
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\mg£)| + ei¢2\m$)| + ei¢3|m$)\, where m() = |m£ie)|exp(i¢5i) (1 = 1,2,3) are the
contributions to the effective mass (m) from individual mass eigenstates, with ¢;
denoting relative Majorana phases connected with CP violation, and Cym, Cyy, - - -
denote nuclear matrix elements squared. Ignoring contributions from right-handed
weak currents on the right-hand side of the above equation, only the first term
remains.

The tracks of 0v3 events in a Ge detector (see Fig. 1, and Fig. 6 of Ref. 6) and
their resulting electrical pulses depend in principle on the spectral-angular correla-
tions of the emitted electrons. These correlations have been calculated recently for
the case of ®Ge.58

The sizes of the Monte Carlo simulated events have been calculated and it has
been shown that Ov@0 tracks can be well separated in size from normal ~-lines,
but are similar to double escape (DE) lines such as the 1592 keV DE line of the
2614 keV transition (for details see Refs. 6-8). Also part of the Compton events in
the range around Qgp from the 2614 keV of ??®Th line occurring as background in
the measured spectra (see Refs. 3 and 4) can be separated by size from 53 events.
It is important to note that the spectrum of the Compton events is flat in this
energy range.28 Calculation of the shapes of the electrical pulses in a Ge detector
corresponding to the calculated tracks, i.e. taking the spatial distribution of energy
fully into account shows,'” that the limited position resolution of the detector washes
out the differences still seen in the tracks, to some extent. So neither the differences
in size of individual Ov 3 events nor the differences seen in size still for 53 events
of different mechanisms (mass term or right-handed current parameters A, n), are
seen anymore for the majority of 83 pulses (~ 90%) which have shapes smaller
than 2(0.5) mm (linear and weighted size, respectively).!”

The situation becomes different for the rare but existing large Ov36 pulses
(weighted sizes > 1 mm). Here the “degeneracy” of shape of individual pulses and
partly from different mechanisms is lifted (for details see Ref. 17).

2.2. Zero range library

Since our Monte Carlo calculations (see Refs. 6-8) show, that most 33-events have
a small size, a library of pulses has been built up for pulses, in which all energy
of the event is assumed to be deposited in one point in the detector (zero range
approximation). This is found to be a good approximation for ~ 90% of the 53
events (see Ref. 17). An example is shown in Fig. 1 where a relatively large size
microscopically calculated (see Sec. 2.1) OvB3 event pulse shape (here the final
pulse is a sum of typically a few hundred subpulses), is compared with the result
assuming a point-like event.

This observation has been exploited for the analysis of the double beta ex-
periment using “Ge. A library of zero range pulse shapes has been built up for
the four detectors which measured the pulse shapes of events in the period 1995—
2003, throughout the detector volume. Pulses measured in the Heidelberg—Moscow
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Fig. 1. (a) Comparison of a Monte Carlo simulated 038 pulse (No. 16234) (produced by the
right-handed current term A (see Eq. (1)) (red dotted line) and a calculated zero range single
site event of same energy with a starting point at R = 10,20,30 mm and Z = 5.57 mm (black
line). (b) The calculated track of this event (parameters: weighted size (w) = 0.5 mm, linear
size (I) = 4.65 mm). In the extra window, the detailed structure of the above sub-event is shown.
Red (1) and blue (2) crosses indicate different choices for the localization of the event in R. (1) sets
it equal to the starting point of the 3/ event, (2) sets it equal to the center of gravity (concerning
the energy distribution) of the event.

experiment will later in this paper be compared to pulses of this calculated library.
The method of calculation follows the standard procedure and has been described
in Ref. 17. Such pulse shape calculations are a very complex task and can be done
only by doing various approximations (see, e.g. Refs. 21-27). So until now e.g. no
theoretically-based formula exists which describes the field dependence of the drift
velocity of the charge carriers. Several parameters have been used as fit parameter
in the approach used here. For details see Ref. 17.

2.3. Test of the library by source measurements

Optimization of the library calculated as described in Sec. 2.2 and Ref. 17, was
done iteratively in order to reach simultaneously the best possible localization of
events along the detector volume for a given placement of the collimator, as well
as to reach the best suppression of the 1620 keV line which is mainly consisting of
higher multiplicity (larger size) events similar to the full energy peak at 2614 keV,
with respect to the double escape ~-line of the 2614 keV transition, which is known
(see, e.g. Refs. 6-8 and 20) to consist of very sharply localized events at 1592 keV.
This optimization was done mostly by slightly varying the impurity density (not in
the calculations with the realistic impurity distribution, see below) and the scaling
of the hole mobility (for details we refer to Ref. 17).

Figure 2 shows an example of the result of the analysis of source measurements
for the 238 keV 7-line from ?2¥Th. These low-energy v-events should be very well
localized in the detector (single site events — SSE).
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Fig. 2. Upper part: three-dimensional localization of the 238 keV line from the data of calibration
of detector 5 of the Heidelberg—Moscow (3 experiment for location of the radioactive source at
R =20 mm (a), by the zero range library calculated as described in Sec. 2.2 (x? < 5). (b) Radial
localization, corresponding to (a) of the figure.
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Fig. 3. Result of fitting experimental pulse shapes (black) with the library shapes (red) for events
of the double escape line at 1592 keV of the 2614 keV transition from a 228 Th source. (a) represents
a single site event (SSE), (b) a multiple site event (MSE) event. A more drastic MSE event is
shown in (c).
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Finally we show in Fig. 3, typical fits of measured v-pulses (data from the
calibration measurements for the Heidelberg—Moscow experiment (here of the
1592 keV double escape 7-line of the 2614 keV transition from a 22Th source),
by the zero range library. This line is known to consist dominantly of single site
events (see Refs. 3, 4, 6-8 and 20). Figure 3(a) is classified as a single site event
(SSE), the other two are clearly identified as multiple site events.

3. Application of the Zero Range Pulse Shape Library to
the Double Beta Decay Data of the Heidelberg—Moscow
Experiment and Comparison to the Neuronal Net Results

We apply now the calculated library for the zero-range approximation described
in Secs. 2.2 and 2.3 and Ref. 17 to the events from the spectrum measured with
detectors 2, 3, 4, 5 in the Heidelberg—-Moscow experiment in the period 1995-2003
(see Refs. 3 and 4). For these detectors, which have a total mass of 10 kg, the pulse
shapes had been measured with a 250 MHz flash ADC. We discuss the results in
connection with those obtained®* by pulse shape analysis using a neuronal net.

Accepting only measured pulses which are fitted by a library event with small
2P (x® < 04, 0.4, 0.7, 0.35 for detectors 2, 3, 4, 5, respectively), the result is a
very drastic reduction of any -lines in the measured spectrum (Fig. 4). A similar
reduction we get from the selection with the neuronal net (Fig. 5) when selecting
a subclass (NN) as discussed below.

Note that in particular multiple site events (which are typically dominating
a normal 7-line) are suppressed by 100%. An example is the line at 2505.7 keV,
seen in the full spectrum (see Fig. 16 of Ref. 4 or Fig. 3 (right) of Ref. 3). It
is expected, as sum line of the 1173.2 and 1332.5 keV 9°Co lines, to consist of
practically 100% of MSE. Figure 6 shows that the neuronal net (see Ref. 4) classified
this line to practically fully consisting of multiple site events. The suppression is
(see Fig. 4) 100% for the MSE events. While for the “global” neuronal net cut (more
precisely HNR+NN, see below) the ~-lines around Qg were far from completely
suppressed (see Fig. 31 in Ref. 4), we now obtain an almost complete suppression
when applying the low-x? cut, and also when applying the neuronal subset (NN)
selection. In particular practically no MSE events are observed in these selections
(see also Table 1). This is demonstrated in Fig. 7.

We show in Fig. 7 the spectrum obtained by these low-y? cuts with the zero
range pulse shape method, for the full detector volumes and those obtained when

bWe define chi-squared here as a sum of squared deviations between the time structures of mea-
1051 (idp—ifin)? .

net05— f pwi;b - 103. Here ioxp
malized) experimental and library currents for the (time) channel n (one time step is 4 ns per
channel of the flash-ADC sampling frequency of 250 MHz). w5 is the width at the 5% level of the

amplitude (see Fig. 3). X?ﬂin gives the degree of agreement of a measured pulse with the library

pulse “closest” in shape (time structure) to the measured pulse. For a detailed description see
Ref. 37.

sured pulse and library pulse: x2 = 3 and i}} are the (nor-
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Fig. 4. Lines from the full spectrum measured Nov. 1995-May 2003 (see also Figs. 15 and 16
of Ref. 4, and Fig. 3 of Ref. 3 — note that in the captions of these figures it should read “from
Nov. 1995 to May 2003”) and the pulse shape selected spectrum on the basis of the zero range
library with small x2 cut (see text), for detectors 2, 3, 4, 5 in the energy regions of some strong
background lines. The ~-lines are drastically reduced. Even some fine details of the composition
of y-lines are “seen” by this selection of small site events. E.g. the 2505.7 keV line (see Refs. 3
and 4) originating from summation of the subsequent 1173.2 and 1332.5 keV y-lines from %0Co
naturally expected to be a multiple site event is erased to 100%, as is also the case when applying
the neuronal net (see Fig. 5).
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Fig. 5. Lines from the neuronal net (NN) pulse shape selected spectrum measured 1995-2003
(Fig. 9 and 33 respectively of Refs. 3 and 4) for detectors 2, 3, 4, 5 in the energy regions of
some strong background lines. Even some fine details of the composition of «-lines are “seen” by
this selection of NN type events. E.g. the 2505.7 keV line (see Refs. 3 and 4) originating from
summation of the subsequent 1173.2 and 1332.5 keV 7-lines from 6°Co naturally expected to be
a multiple site event is erased to 100%. The neuronal net also reduced the 2016.7 keV line from
214Bi which is as EO transition also produced by two subsequent transitions (see Refs. 3 and 4),
stronger than normal full energy (FE) ~y-peaks.
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Fig. 6. Line from the full spectrum measured 1995-2003 (see also Figs. 15 and 16 of Ref. 4, and
Fig. 3 of Ref. 3) and the pulse shape selected MSE spectrum on the basis of the neuronal net, (see
Refs. 4, 16 and the text), for detectors 2, 3, 4, 5 in the energy region the 2505.7 keV 4-line.

cutting 1 or 2 mm from the detector borders. This is the typical length which could
be passed by electrons emitted on the surface (e.g. conversion electrons). By such cut
we should lose on the other hand almost no G6-events, since for most OvG3 events
produced in this border zone, not the full energy will be deposited in the detector
and thus they will not show up in the line at Qg (see also Refs. 6 and 7). According
to Monte Carlo calculations about 4% of all Ov33 events produced homogeneously
in the detector, are lost in this way in the border range (see Ref. 7).

The surrounding ~-lines are now practically completely erased, (compare to
Fig. 19 of Ref. 4). This includes the structure at ~ 2030 keV. Only a tiny part is still
seen of the 2053 keV 2!4Bi line. The indication of a structure seen at ~2024 keV
in the full spectrum (Figs. 17 and 18 of Ref. 4) which is still visible in Fig. 7
without border cut, seems to be a surface impurity vanishing with the 2 mm cut
completely. What is remaining from the cut with the pulse library of Sec. 2, is
a signal at 2038.4 + 0.3(stat) &+ 1.2(syst) keV on a 4.0, 5.2, 6.0c level for the 0,
1, 2 mm border cuts. The estimated systematical error comprises ballistic deficit,
energy nonlinearity, etc. The result is not dependent on details of the applied library
— it is obtained for the library in which the impurity distribution in the detectors is
approximated by a constant distribution'” and also when the library is calculated
using the realistic variation of the impurities along the direction of the detector
axis, given by the manufacturers (see Table 2 in Ref. 17). The x? values of the
cuts change slightly, but the selected events remain (essentially) the same. From
the cut with the neuronal net (NN — see below) we obtain (right column of Fig. 7)
a signal at 2036.8 £ 0.2(stat) = 1.2(syst) keV on a 6.62, 7.23, 6.70 level for the
0, 1, 2 mm border cut. The fits in Fig. 7 are made, conservatively assuming only
one line in the energy window 2000-2060 keV, and assuming all other structures as
constant background. If we allow lines at the positions of the known 2'Bi lines, the
confidence levels in Fig. 7 become slightly larger. We would like to stress that we
obtain the same confidence level for the signal when we increase the energy window
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Table 1. All global neuronal net accepted events (plus one MSE event) in the energy region of
2035-2043 keV for detectors 2, 3, 4, 5.34 In the “Index” column: 0 — global neuronal net selection
NN +HNR; 1 — Events selected by subclass of neuronal net method (NN); 2 — selected by low-x?2
(see text) library cuts.

Index

Det. Run Event Type Date Energy X2 R cm 0 1 2
5 3357 2948 HNR 24.09.02 2034.39 0.33 3.45 + +
3 3383 180 HNR 18.10.02 2035.14 0.77 1.84 +
3 1627 172 HNR 15.05.99 2036.0 0.49 2.51 +
3 749 295 NN 08.07.97 2036.04 1.68 2.7 + +
5 1067 421 NN 20.02.98 2036.31 0.98 2.65 + +
4 2613 47 NN 23.07.01 2036.37 1.72 1.99 + +
4 1762 97 HNR 28.08.99 2036.43 3.38 2.75 +
3 3463 27 NN 07.01.03 2036.49 6.84 2.7 + +
5 2390 199 NN 27.01.01 2036.57 0.81 3.82 + +
2 2094 42 NR 20.05.00 2036.91 0.3 1.31 +
3 3385 354 HNR 21.10.02 2037.22 0.8 1.35 +
5 1787 359 HNR 17.09.99 2037.22 0.31 1.91 + +
5 2744 430 NN 21.11.01 2037.35 1.18 3.63 + +
3 108 112 NN 23.03.96 2037.58 0.81 2.45 + +
4 1271 251 HNR 01.08.98 2038.0 1.96 3.52 +
3 2216 526 MSE 10.09.00 2038.3 0.38 1.1 +
4 1465 46 HNR 03.01.99 2038.33 5.9 2.75 +
3 49 226 HNR 28.12.95 2038.53 0.26 2.27 + +
4 1592 144 HNR 18.04.99 2038.57 0.53 1.99 + +
2 735 131 HNR 28.06.97 2038.91 2.31 3 +
4 2133 138 NR 24.06.00 2038.92 0.56 1.64 +
5 670 486 NN 09.05.97 2038.92 0.7 1.17 + +
3 3501 142 HNR 07.02.03 2038.97 0.74 2.7 +
5 1036 73 HNR 26.01.98 2039.92 5.88 0.92 +
3 1513 342 HNR 13.02.99 2039.93 0.55 2.27 +
5 1650 206 HNR 03.06.99 2040.82 0.25 3.69 + +
4 3449 74 HNR 22.12.02 2041.0 0.64 3.69 + +
4 1378 490 HNR 27.10.98 2041.53 0.55 2.05 + +
4 1125 296 HNR 05.04.98 2042.56 0.7 2.23 +
4 3476 259 HNR 18.01.03 2042.75 0.78 1.35 +
4 1833 74 HNR 22.10.99 2042.97 1.76 3.69 +

considered. Figure 8 shows the NN selection for the range 2000-2100 keV. The fit
yields a signal on a 6.40 confidence level.

The events found by the zero range library and by the neuronal net subset (NN)
(see below) are found to be complementary (see Table 1). We come back to this
point below. Let us mention at this point, that the events selected by the neuronal
net shown in Fig. 7 (right) are fitted by the zero range approximation library with
slightly larger x? (see Table 1), which partly may indicate larger sizes (see Refs. 17
and 18), or that the library is less optimized in the outer part of the detector.

The sum of the complementary spectra yields a line at 2037.5 £ 0.5(stat) £
1.2(syst) keV at a 5.2, 6.5, 6.80 level (0, 1, 2 mm border cut), see Fig. 9.
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Fig. 7. Left column: The pulse shape selected spectrum after applying the zero range library
(left column) with “small” cuts (see text) ((a), (c), (e)) measured with detectors 2, 3, 4, 5 from
1995 to 2003 in the energy range of 2000-2060 keV. The events in the full detector (a) and cutting
boundary areas of 1(2) mm, (c) and (e) are shown. Signals are found near Qgg on a 4.0, 5.2 and
6.00 level (a), (c), (e), respectively: 5.03 £1.25, 5.42 £ 1.04 and 5.63 £ 0.94 events. Right column:
The pulse shape selected spectra (subsection NN by neuronal net, see Fig. 33 from Ref. 4 and text
below) measured with detectors 2, 3, 4, 5 from 1995 to 2003 in the energy range of 2000-2060 keV.
The events in the full detector (b) and cutting boundary areas of 1(2) mm, (d) and (f) are shown.
The signals near Qgg are found on a 6.6, 7.2 and 6.7¢ confidence level ((b), (d), (f), respectively):
7.39£1.12, 7.50 = 1.04 and 6.24 £ 0.93 events.
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Fig. 8. The pulse shape selected spectrum (selected by neuronal net-NN) with detectors 2, 3, 4,
5 from 1995 to 2003 in the energy interval 2000-2100 keV (see Refs. 3 and 4). The signal at Qgg
has a confidence level of 6.40 (7.05 £ 1.11 events).

8 T T T T T 8 T T T T T
74 [[CINN+low cut] ] 7] [ E=SINN+iow cut, 1 mm ]
6 ] 6
5 I ] 5 I
% 44 17 ] % 4]
s s
3 39 _ I m 3 39
o o -
2 M . - - 2 . 1
8 I |l f
. | 11001
2000 2010 2020 2030 2040 2050 2060 2000 2010 2020 2030 2040 2050 2060
energy, keV energy, keV
(a) (b)
8 T T T T T
74 1 NN+low cut, 2 mm ]
6 ]
> 54 ]
£ 4 ]
£
3 34 ]
o
24 N - I b
1 M0 R
o1k TR T IL
o T AARAR
2000 2010 2020 2030 2040 2050 2060
energy, keV
(c)

Fig. 9. The sum of the neuronally selected (NN) pulses and of the spectrum selected by the
zero range library, measured with detectors 2, 3, 4, 5 from 1995 to 2003 in the energy range of
(2000—2060) keV. Shown are the events observed in the full detector (a) and cutting the detector
boundaries by 1, 2 mm. Signals near Qg are found on a 5.20 (10.64 4 2.06 events), 6.50 (11.32+
1.75 events) and 6.80 (10.75 + 1.58 events) confidence level (a, b, c, respectively).
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How can we understand these findings? First, we note that practically all the
events selected by the partial cuts, are contained in the global neuronal net selection
given in Fig. 31 of Ref. 4 (see Table 1 and below). So all results given here and
presented earlier®* are fully consistent. As can be seen from that figure, the global
neuronal net based on the fit of events from the DE line (with a relaxed x?), is
obviously not selective enough to reduce the gamma lines in the surroundings of
Qpp strongly enough. There may be several reasns for that. Interestingly, however,
parts of the full line at Qgg in Fig. 19 of Ref. 4 can be projected out of the full
data, practically without background, by the subset, (which we call NN, see below)
of the neuronal net given in Refs. 3 and 4 and also by the low-x? cut of the pulse
shape analysis (PSA) described in this paper. All events projected out by these two
procedures are also selected by the full (“total”, see below) neuronal net of Refs. 3,
4 and 16 (see Table 1). They contain practically no multiple site events.

It may be necessary to go slightly more into detail to explain the notification
used on the previous pages. We have discussed in Ref. 16 a neuronal method, (which
we call N or “total” neuronal net here), calibrated with one line (the 1592 keV
double escape line), and a second one (called R) calibrated with fwo lines (the
1592 keV double-escape line and the 2231.4 keV double escape line of the 3253.4 keV
50Co line). The MSE library in the neuronal net is based on events of the 1621 keV
214Bj total absorption peak. The “total” projection N by the neuronal method can
be subdivided into events seen only by method N (called NN here), events seen by
methods N and R (called NR), seen by methods N, R and the method (called H)
developed in Ref. 14, see also Ref. 15, (called HNR). So the total projection by N
can be written as sum of subprojections N = HNR + NN + R + NR + HN + HR.
In Fig. 31 of Ref. 4 we show the projection obtained by HNR + NN (what we call
the “global” projection) which contains most of the N-events. No events of types
R and HR are seen in the range 2036—2043 keV, and only one event of type HN,
and 3 of type NR are seen.

From Table 1 we see that in addition to HNR events only three events are
observed by the low cut of the PSA method — from which two are of NR type,
i.e. which are also seen by the “total” neuronal net, and one is of MSE type.

The function of the low-cut PSA seems not to accept those HNR events, which
partly form the background of the full line at () gg in Fig. 19 of Ref. 4. Only one event
is accepted by the low cut PSA, which is seen as MSE by the “global” neuronal
net. This is consistent with the estimated efficiency of the neuronal method.6

In total, by the two projections, which show each a line near Q)gg with almost
no background, we find 9 + 8 = 17 events in the energy range 2036-2043 keV
according to Table 1. From these 11 to 12 events occur in the line from the fits
shown in Figs. 7 and 9. This means we can identify the major part of the 19.6 + 5.4
events, determined from the fit of the line in the full spectrum (Fig. 19 of Ref. 4),
as Ov(@( candidate events.

Considering only the NN events from Table 1 and the HNR events found by
the low-cut PSA, these are in total 14 events, consistent with the 12.4 + 3.7 events
obtained by the neuronal net cut HNR + NN in Fig. 31 of Ref. 4.
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In conclusion, by the two projection procedures, the major part of the line near
Qpp in the full spectrum is selected, while at the same time the surrounding v-lines
are drastically reduced. The selected events can be identified individually and are
interpreted as events of Ov33 decay. Figures 10 and 11 show the pulses in the line
at Qgg selected by the neuronal net (NN) and fits by the zero range approximation
of Sec. 2. The radii at which the events are observed in the detector (determined
by the zero range approximation of Sec. 2.3) are given in Table 1. The observed
distribution as function of R is within the low statistics and the uncertainty of
determination of R (see Fig. 2) consistent with that expected for a homogeneous
source distribution.

Summarizing, with the two projections we suppress gamma lines almost com-
pletely and only a line at Qgg stands out. While the global or the total neuronal net
used earlier®# sees all Ov(3f3 events, but is not selective enough, to fully reduce the
surrounding v-lines, sharper cuts (low x? cut introduced in this paper and neuronal
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Fig. 10. Time structure of those events (black) measured in the Heidelberg—-Moscow experiment
in the energy region 2036-2042 keV by the four enriched "6Ge detectors (ANG2, ANG3, ANG4,
ANGS5), during the period 1995-2003 selected by the neuronal net (NN selection, see text) as
single-site events (see Table 1, and Fig. 9 of Ref. 3). The red lines show fits of the events by the
zero range pulse shape approximation library, described here. The result is consistent with the
former neuronal net analysis.
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Fig. 10. (Continued)

subset NN already used in Ref. 3 and 4) erase the y-lines and the Ov30 line stands
out with practically no background.

The energy of the line observed (sum of NN and low-x? cut), with 2037.5 +
0.5(stat) £ 1.2(syst) keV seems to be slightly below the “best” value reported
for3® Qgp of 2039.006 £ 0.050 keV. Other measurements report gg = 2040.71 +
0.52 keV,32 2038.56 + 0.32 keV?? and 2038.668 + 2.142 keV.3*

Part of this difference, and the difference in energy of the NN and low-cut lines
in Fig. 7, seems to be due to the effect of the ballistic deficit (for definition see
Ref. 20). Since in axial Ge detectors different radial location of events corresponds
to large variation in the charge collection times and the latter may come close
to the differentiation time of the electronic circuit, this leads if uncorrected, to
a dependence of the measured energy from the radial location of the individual
event and to a broadening of the observed line. We have investigated this effect
(see Ref. 37). E.g. for detector ANG2 for single site events from the 2614 keV line
from 228Th a shift in the energy positions of around 7 channels (~ 2.4 keV) to
lower energy is visible for the relatively slow pulses that start from the peripheral
parts of the crystal with respect to the fastest pulses with initial radii of around
1.5 cm. For the other detectors this difference amounts to ~ 1-1.6 keV. For energies
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around @)gg, due to the linear dependence of the energy shift on the event energy,
a difference of ~ 1.8 keV is expected for detector ANG2 and of ~ 0.8-1.3 keV for
the others (see Ref. 37).
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Fig. 11. Time structure of those events (black) measured in the Heidelberg-Moscow experiment
in the energy region 2036-2042 keV by the four enriched "6Ge detectors (ANG2, ANG3, ANG4,
ANGS5), which were identified, by the low-cut PSA method (Sec. 2) as single site events (see
Table 1). The red lines show fits of the events by the zero range pulse shape approximation
library, described in this paper and in Ref. 17.
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Fig. 11. (Continued)

4. Conclusion

We gave a description of the present evidence for the observation of Ov33 decay.
Two completely different methods of pulse shape analysis have been used for the
analysis of the data taken in the period 1995-2003. The first one uses a neuronal
net for selection of Ov33 event candidates and has been described and applied
already in Refs. 3, 4 and 16. Some details are given here for the first time. The
second method developed recently uses a pulse shape library of point-like events
calculated from the field distributions in the detectors as function of radius R and
height Z of the detectors. These calculations have been described in Ref. 17, where
it has also been shown microscopically, by Monte Carlo calculations, that the pulse
shapes of such library events provide a good approximation of the pulse shapes of
realistic Ov3[3 events and their spatial energy distribution.

By both methods, part of the line found at (Qgg in the full spectrum is clearly
projected out with almost no background from any surrounding «y rays, on a ~ 60
confidence level. It is found that both sets of events are contained in the selection
of the global neuronal net used in Refs. 3 and 4. We consider this identification of
events at ()gg and practically full suppression of the surrounding y-background as
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decisive proof for the observation of the Ov (30 process. This proves that total lepton
number is violated and, that the neutrino is a Majorana particle.

Starting from an intensity of the line in the pulse shape selected spectrum (sum
of NN and low-cut spectra in Fig. 9) of 11 + 1.8 events (i.e. close to that presented
in Table 7 of Ref. 4 for the SSE events), leads to a half-life for 0v33 decay of
T}, = (2:23%737) x 10%° y. This agrees with the central value of the half-life
determined from the full spectrum®* within a 1.7 error of the latter.

From the half-life one can derive some information on the effective neutrino
mass (m) and the right-handed weak current parameters (n), (A). In general we
cannot determine the individual contributions of (m), (n), (\) from a single 33
experiment, but only upper limits (see Eq. (1)). Under the assumption, that only one
of the terms contributes to the decay process, and ignoring potential other processes
connected with SUSY theories, leptoquarks, compositeness, etc. (see Ref. 1), we
find (m) = (0.327053) eV, or () = (3.057035) x 1079, or (\) = (6.927528) x 1077,
and thus can fix the effective neutrino mass. In that sense it is highly premature
to compare, as often done, such number with numbers deduced from e.g. WMAP
or other cosmological experiments, or to use it as a landmark for future tritium
experiments - other than as an upper limit.

This fact also strongly relativates the popular and beloved efforts to calculate
the nuclear matrix elements entering into Eq. (1). They are not very relevant at the
moment for the extraction of fundamental physics. We use in derivation of the limits
given above the nuclear matrix elements of Refs. 29 and 31. Since the corresponding
matrix element for 2083 decay underestimates this decay by ~ 30% (see Refs. 3
and 4) these calculations may also underestimate the Or(33 matrix element, and
consequently the upper limit for the effective neutrino mass could be lower, down
to ~0.22 eV.

It might be of some interest, to finally consider the potential of present and
presently planned future experiments (1) to confirm the present result (2) to deliver
additional information on the individual contributions of (m), (n), (\), and others,
to the Ov33 amplitude. For such discussion we refer to Refs. 6-8, 37 and 38.
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