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Abstract

The NEMO-2 tracking detector located in the Fréjus Underground Laboratory was designed
as a prototype for the NEMO-3 detector and to study different modes of double beta decay.
Measurements witht99Mo, 116Cd, 82Se and96zr were carried out. Presented here are the
experimental half-life limits on double beta decays for new Majoron emission modes and limits
on effective neutrino—Majoron coupling constamts2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Spontaneous violation of global (B—L) symmetry in gauge theories leads to the existence
of a massless Goldstone boson, the Majoron. At the beginning of the 1980’s there were
considered to be singlet [1], doublet [2] and triplet [3] Majoron models. All these models
resulted in the neutrinoless double betg)8ecay with the emission of a Majorog{):

(A, Z) > (A, Z+2)+2¢ + x°. (1)

However, the interaction of the triplet (or doublet) Majorons with #feboson would
give a contribution to the width of th&® decay, which corresponds to two (of2)
additional massless neutrino types (see, for example [4—6]). LEP data gd@2kt20.012
neutrino types [7], thus triplet and some doublet Majorons are excluded. Nevertheless,
in Ref. [8] it is proposed, that a small gauge coupling constant does not eliminate the
possibility of a large Yukawa coupling with neutrinos. Thus, the singlet and doublet
Majorons can still contribute to neutrinolesg-2lecay [8,9].

Another possibility for neutrinolessg2decay with Majoron emission arises in super-
symmetry models with R-parity violation [9,10]. It was first stated in [10] that there is the
possibility of a 28 x9x °-decay with the emission of two Majorons:

(A, Z)— (A, Z+2)+2¢ +2x°. 2)

In the 1990’s several new “Majoron” models were suggested. The term “Majoron” here
denotes massless or light bosons with a coupling to neutrinos. In these models “Majoron”
can carry a lepton charge, but cannot be a Goldstone boson [11]. Additionally there can be
decays with the emission of two “Majorons” [12]. In the models with a vector “Majoron”
it is a longitudinal component of the massive gauge boson emitte@-ide2ay [13]. All
these new objects are called Majorons for simplicity.

In Table 1 there are nine Majoron models presented (following [12—-14]), which are
considered in this work. It is divided into two sections, one for lepton number violation and
one for lepton number conserving models. The table also shows whether the corresponding

Table 1
Different Majoron models according to [12,14]. The mode IIF corresponds to the model of
Carone [13]

Case Decay mode Goldstone boson L n Matrix element
B 28x0° no 0 1 Mp — Mgt
IC Zﬁxo yes 0 1 MF_MGT
ID 28x0x0 no 0 3 Mp,2— Mgr,2
IE 28x%x° yes 0 3 Mpy2 — MGro,2
1B 28x0° no -2 1 Mp — Mgt
e 28x0° yes -2 3 Mcr
11D 2Bx%%° no ~1 3 Mp,2 = Mgr,2
IE 28x9%0 yes -1 7 Mp,2 — Mgr,2
IF 28x° gauge boson -2 3 Mcr
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Fig. 1. Energy spectra of different modes @2 (n =5), 28x° (n =1 and 3 and 8x°x%n =3
and 7 decays of-%%o.

2B-decay is accompanied by the emission of one or two Majorons. The next three entries
list the main features of the models: the third column lists whether the Majoron is a
Goldstone boson or not (or a gauge boson in the case of vector Majorons, type IIF). In
column four the leptonic charge is given. Column five gives the “spectral index”of

the summed energy of the emitted electrons, which is defined by the phase space of the
emitted particlesG ~ (Qgg — T)". Here Qg is the energy released in the decay dhd

the energy of the two electrons. Energy spectra of different modegaf & = 5), 28 x°
(n=1and 3 and 8x°%° (n = 3 and J decays are presented in Fig. 1. The different
shapes can be used to distinguish the different Majoron decay modes from each other and
2B-decay with the emission of two neutrinos. In the last column of Table 1 the nuclear
matrix elements (NME) are listed.

Attempts to observe #-decay with Majoron emission have been undertaken for the
last 20 years. Consequently there now exist strong limits on the “standard” Majoron with
the “standard” electron energy spectrum shape- 1), see Table 2. The best limits on
the Majoron coupling constarg..)) were obtained in experiments witf8Te [15],
116cqd [16], %Mo [17] and 136Xe [27] yielding a limit on (g..) on the level~ 104
Sulfficiently less information exists for “nonstandard” Majoron models. The most carefully
studied “nonstandard” models are being investigated ¥fi@e [18]. There are also limits
on decays with the emission of two Majorons'f®Mo [19] and116Cd [20].

In this work a systematic search fo 2lecays with different Majoron types was carried
out for 19Mo, 116Cd, 82Se and®Zr, using the experimental data obtained with the
NEMO-2 detector [21]. Limits on the standard Majoron= 1) were published earlier
[16,22-24].
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Table 2

Summary of the best results on the;P-decay withn = 1. All limits are presented at the 90% CL.
The dispersion ofg..) values is due to uncertainties in the NME calculation. The NME from the
following works were used*8Ca [29-31],1°9Nd [32—-35], and others [16,24,31,33-37]

Nucleus T12,y (gee)
48Ca > 7.2 x 1020[25] <(5.3-8.8) x 1074
76Ge > 7.9 x 10?21 [26] <(26-7.5) x 1074
825¢ > 2.4 x 1071 [23] <(23-43)x 1074
967y > 3.9 x 1020[24] <(2.6-4.9) x 1074
100Mmo >3.1x 1071 [17] <(1-43)x 1074
116cq > 1.2 x 1071 [16] <(12-4.4) x 1074
1281¢ > 2 x 10?4 (geochemical) [15] <(0.7-1.4) x 1074
1301e > 0.8 x 10?1 (geochemical) [15] <(2.8-6.8) x 1074
136xe > 7.2 x 1021 [27] <(1.3-38) x 1074
150Ne > 2.8 x 1020[28] <(1-5.4) x 1074

2. NEMO-2 detector

The NEMO-2 detector (Fig. 2) consists of a dmacking volume filled with helium
gas and 4% ethyl alcohol. Vertically bisecting the detector is the plane of the source foil
(2 mx 1 m). Tracking is accomplished with long open Geiger cells with an octagonal cross
section defined by 100m nickel wires. On each side of the source foil there are 10 planes
of 32 cells which alternate between vertical and horizontal orientations. Collectively the
cells provide three-dimensional tracking of charged particles.

A calorimeter made of scintillators covers two vertical opposing sides of the tracking
volume. It consisted of two planes of 64 scintillators for ti8Mo measurements and 25
scintillators for the!16Cd, 82Se and®®Zr measurements (12 cm 12 cmx 2.25 cm and
19 cmx 19 cmx 10 cm, respectively). In the last case low radioactivity photomultipliers
tubes (PMT) were used. Finally, the tracking volume and scintillators were surrounded by
alead (5 cm) and iron (20 cm) shield.

2.1. Performance

Details of the performances and parameters of NEMO-2 are described elsewhere [16,
21-24]while the most salient characteristics are briefly outlined here. As mentioned above,
the three-dimensional measurements of charged particle tracks are provided by the array of
Geiger cells. The transverse position is given by the drift time and the longitudinal position
by the plasma propagation times. The transverse resolution igfdhd the longitudinal
resolution is 4.7 mm. Track reconstruction is accomplished with the tracking method based
on the Kalman filter [38]. The calorimeter energy resolution (FWHM) is 18% at 1 MeV
with a time resolution of 275 ps (550 ps at 0.2 MeV). A laser and fiber optics device is
used to check the stability of the scintillation detectors.
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Fig. 2. The NEMO-2 detector without shielding: (1) central frame with the source plane capable of
supporting plural source foils, (2) ten frames of 32 Geiger cells for tracking, (3) scintillator array.

2.2. Event definition

An electron is defined by a track linking the source foil and one scintillator. The
maximum scattering angle along the track has to be less tifato28ject hard scattering
situations. A photon is recognized as one or two adjacent fired scintillators without an
associated particle track. For photons and electrons an energy deposited greater than
200 keV is required in order to obtain sufficiently good time resolution. The two-electron
events are defined by two tracks which have a common vertex and are associated with two
fired scintillators with a deposited energy of at least 200 keV in each one. In the analysis
a two-electron event is identified &2¢), electron-photon event asy). A more detailed
description of the analysis procedure can be found in Refs. [16,22-24].

2.3. Source-foils parameters

Natural (163 g) and®Mo enriched (172 g) molybdenum metallic foils were manufac-
tured using a standard rolling technology. They were studied in the first experiment. The
enriched and natural foils each defined half of the central plane. The second experiment
used natural (143 g) antiCd enriched (152 g) cadmium metallic foils. The third ex-
periment involved selenium and zirconium sources, which were composed of strips that
were produced using a special technique to deposit the material with a binder on Mylar
films. Masses of enriched materials were. = 157 g andnz, = 20.5 g and natural were
mse= 134 g andnz, = 183 g. The Se was placed in the outer region of the central plane
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and Zr foils in the inner portion of the central plane. The thicknesses of the foils were
approximately 40-50 mygm? for all foils.

Values of the different contaminations in the foils were obtained with the NEMO-2
detector by analysing electron—gamma and single-electron events, as explained in the
sections devoted to backgrounds. These results were compared with HPGe detector
measurements.

3. Backgrounds

Backgrounds for the NEMO-2 detector had “internal” and “external” origins. Events
connected with natural samples were used to estimate the external background in the
enriched samples.

The “external” background is due to photons coming from outside of the tracking
detector and interacting with the source foils or with the scintillators. Compton electrons
produced in the scintillators and crossing the tracking device were rejected by time-of-
flight analysis. Compton electrons produced in the source foils can generate a secondary
electron by Modller scattering. A double Compton effect or pair production is also seen
as a 2 event (NEMO-2 could not distinguish betweeh ande™). These 2 background
events cannot be rejected by time-of-flight cuts. The dominant contribution to the external
background comes from the flux of photons emitted by radon located between the tracking
detector and the shielding. Another source of background is due to the flux of photons
emitted by the PMTs.

Radioactive pollution in the source foils produces a background identified as “internal”.
An electron which gives rise to the Moller effect, or is associated with an internal
conversion electron, or a Compton electron can produeetsamekground event.

The main part of the & background events are due to Méller scattering which
leads mainly to small angles between the two electrons. This is not the casgZor 2
decay, where the angles are wide. To improve the signal-to-background ratio the cut
cog012) < 0.6 on the angle between two electrong;»), was applied in the & event
selection for the measurements wittfCd, 82Se and®zr. Unfortunately the raw data
of 199Mo experiment was not saved, and the data were analyzed without this cut.

Since the enriched samples ¥Mo, 116Cd and®Se were rather pure the major part
of the background in that experiments is of “external” origin. This is not the case with the
96zr where the background is most of “internal” origin. More thoroughly the problem of
the backgrounds is considered in previous works [16,22—24].

4. Experimental results

4.1. Analysis methods of experimental data

The experimental data from enriched samples are shown in Fig. 3 as solid line
histograms. The sums of external and internal backgrounds for the different experiments
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Fig. 3. The 2e events (solid line) and estimated backgrounds (dashed line) ¥8P\m), (b) 116Cd,
(c) 82Se and (df6zr.

are presented as dashed line histograms. The detection efficiencies for the decays depend
on the energy of the electrons and were calculated for all four nuclei, for all the Majoron
modes (spectral indices= 1, 3 and 7) and for the double beta-degay= 5) by a Monte

Carlo simulations with the GEANT 3.21 code.

Obtaining limits on the different modes was performed by two methods. In the first
one we estlmatem”zﬂzv from our measurements. Then one can get limits on the Majoron
mode if the B2v and background are known and used as expected averages in the Helene
formula [39,40] for Poisson processes:

CL(N) = 1 — g (o+N) Z (b : N)" oo Z Mb “
n=0

whereuy, is the expected average number of events in an interval and is defined by the sum
of 282v and background eventsy is the number of observed events in the same interval,
and N is the limit on the mean number of events from a signal. The dependent variable in
this equation is the parameter N while the @l is fixed at 90%.

If one considers the existence of botB2Z» and Majoron decay modes, then 22”
estimation should not depend on the existence or absence of decays with the emission
of 0. This is applicable for 8 with spectral index = 1, where the 82v and Majoron
spectra profiles peak in different energy regions (Fig. 1). This was done in previous works
[16,22—-24]. Results for all nuclei are given in Table 3. Also shown, for comparison only,
are the calculations by the Helene formula method for modes with other spectral indices.
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Table 3
Limits on 71/2(y) at 90% CL for decays with Majoron emission, estimated via the Helene formula
Nucleus 100mo 116cq 825e %7y
n=1 >50x1020[22] >12x10?1[16] >24x10°1[23] >3.5x1079[24]
n=3 >9.9x 1019 > 4.6 x 1020 >11x 1021 >6.3x 1019
n=7 > 1.7 x 1020 >2.0x 1020 > 3.7 x 1020 >5.1x 1019

In the case when shapes of the spectra are similar one cannot use the Helene formula,
and should follow another method. If one considers the Majoron modes as existing decay
channels similar to 22v, then the experiment is the sum of two processg@y2Xlecay
and decay withy © emission. Thus, one cannot know the expected numbes®f Becays
and should set a limit on the decays with Majoron emission by analysing the deviation in
the shape of the experimental data calculated fv2decay. This can be done with the
likelihood function.

Here the experimental spectrum was again treated as a histogram. One then needs to take
into account that the distribution of the events in each bin is a Poisson one and independent
of the others. Thus, one constructs the likelihood function as:

n2
LNg. N =[]
i=ny
where n and rp are the bin numbers of the energy intervakyN is the number of
experimental events in the i-th binp}y; is the expected number of background events, and
ngi andn, i are the Monte Carlo simulated efficiencies g2 and Majoron decays in the
i-th bin. Finally, Ns and N o are the average numbers of decays and they are considered
as free parameters.

To find the confidence level for the upper limit on the mean number of decays with
Majoron emission (Myp) this function (4) has to be normalized and then integrated over
all possible values of Nand N, from 0 to Ny yp:

@ (Npngi+Nynyi+Nbgri)

Noxo (Ngngi +Nynyi + Nogr) o, 4
expi-

Nyup 00

CL(Nyup) = / dNX/dNﬁ L(Nﬁ,NX)//dNX/dNﬁ L(Ng.N,). (5)
0 0 0

0

Again, this is an equation for the free parametgn,) where CI(N,p) is fixed. To
simplify the calculation in the case 6#Mo, for bins with a large number of the events

(> 14 events) the Poisson distribution was replaced by a Gaussian distribution. The results
are presented in Table 4.

4.2. Results and discussion

The half-life limits for different isotopes and decay modes are presented in Tables 3
and 4. Using the half-lives one can get limits on the coupling constants for different
Majoron models via the relations (6) and (7).
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Table 4
Limits on 71,2 at 90% CL for decays with Majoron emission, estimated with help of likelihood
function
Nucleus 100\ 116¢cq 82g5e 967y
n=1 > 6.0 x 1020 >9.2x10%0 >23x 1071 >3.1x 1020
n=3 > 1.6 x 1020 >35x 1020 > 6.3 x 1020 > 6.3 x 1019
n=71 > 4.1 x 1019 > 4.1 x 1019 >1.1x 102 >2.4x 1019
_ 2
T]_/% = |<gee>| |M|ZG for 2:3X0a (6)
- 4
Ty 3= (@) 'IMIPG  for 28x%%°. (7

The relevant matrix elements M and values of phase spaces G are presented in Tables 5
and 6. Using the data from Table 4 the limits on the coupling constants are calculated and
presented in Table 7. In addition, the limits on Majoron-neutrino coupling constants ob-
tained in the’5Ge experiment [18] are presented. Note thatf8Mo and'16Cd there were
also limits obtained on decays with two Majoron emissier= 3) for which the limits are
> 5.3 x 10 years (68% CL) [19] and- 2.6 x 1070 years (90% CL) [20], respectively.

To summarize the results reported here more thoroughly one can note the following. For
100Mo the limit on decays with = 3 obtained here is three times higher than that in [19],

Table 5

The pn-QRPA nuclear matrix elements for different nuclei. #se,19%Mo and116Cd NME are
taken from [18]. FoP®Zr the My — M7 is presented in [24], thaf -z value is the lowest among
the other nuclei which is taken as a conservative estimation, and faf fhe — M1 ,2 used the
same estimate as for the other nuclei in [18]

Nucleus Mp —Mgr Mcr M2 = Mgre?
82g5¢ 4.03 0.14 10°
100\ 4.86 0.16 103
116cq 3.29 0.10 103
967y 5.58 0.10 103
Table 6

Phase-space integrale (y —1]) for different nuclei and models of decay [18]. Zr phase space for
n =1 is taken from [41], and fot = 3 and 7 it is calculated following the formulas of [14]

Nucleus $X0,n=1 2,8)(0,11:3 2,8)(0)(0,11=3 Zﬂxoxo,n=7
82g5¢ 103 x 10715 3.49x 10718 1.01x 10717 7.73x 10717
100v10 1.80x 10715 7.28x 10718 1.85x 10~17 154 x 10-16
116cq 175x 10715 6.95x 1018 1.60 x 10~17 1.03x 10-16
967y 1.24x 10715 1.07 x 10717 2.81x 10717 3.26x 10716
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Table 7
Limits on the Majoron coupling constarg..) at the 90% CL for82Se, 967y, 100Mo and 116cd.
76Ge results are presented for comparison

Model Mode n 82g5e 9%6zy 100mo 116¢cq 76Ge [18]

B 28x0 1 <16x10% <26x10% <20x10% <21x10% <23x10°%
IC  28x0 1 <16x10% <26x10% <20x10% <21x10% <23x10°%
B 28x9% 1 <16x10% <26x10% <20x10% <21x10% <23x10°4

ID 28x%% 3 <35 <47 <43 <36 <41
IE  28x9%° 3 <35 <47 <43 <36 <41
Ic 28x°0 3 <0.15 <0.36 <0.19 <0.20 <0.18
D 28x9%° 3 <35 <47 <43 <36 <41
NF 28x° 3 <015 <0.36 <0.19 <0.20 <0.18
HE 28x%°% 7 <33 <32 <36 <39 <33

while the limit on decays witlk = 7 is given for the first time. The result far=1 [22] is
several times lower than in [17].

The limit on116Cd decays with: = 3 is two times higher than that in [20]. The limit
on decays withh = 7 is presented for the first time. The limit on decays with Majoron
emission fom = 1, obtained in [20], coincides with the results of our earlier work [16].

Next, for %6Zr all the limits are presented for the first time in a direct counting
experiment. They can be compared with the geochemical experiments, which give a half-
life, T12 = (3.9+£0.9) x 10'° years. This result is treated as a half-life fgg22, while
T1/2 > 3 x 1019y should be treated as a limit on all possible transititfzr — Mo,
such as those involving Majoron emission processes. The NEMO-2 limits exceed those
obtained from geochemical experiments for all types of decays with Majoron emission
(n=1,3and 7.

Finally, the®2Se results for = 3 and 7 are presented here for the first time. Note that
the result for the transition with = 1 [23] is also the most stringent f§fSe. Analysis
of the results documented above shows that the best limits on the coupling constant for
all “nonstandard” decays with Majoron emission= 3 and j were obtained with the
NEMO-2 experiment wit#2Se.

5. Conclusion

Though NEMO-2 was developed as a prototype for NEMO-3 [42], the limits obtained
on 28-decay processes with Majoron emission are good enough. In particular limits on
“nonstandard” Majoron wittk = 3 and 7 are more stringent than the limits coming from
other experiments. The current plan is to start measurements with the NEMO-3 detector at
the end of the year 2000. The total mass of tgesdurces will be increased to 10-15 kg,
and different isotopest{®Mo, 82Se,116Cd, 13%Te, 159Nd and®6Zr) will be investigated.

The sensitivity to half-life measurements for processes with Majoron emigsienl, 3
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and 7 will be improved by 10 to 100 times, while the limits on the coupling constant will
be improved by 3 to 10 times, depending on the type of decay.
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