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has been used to measure the half-life of the two-neutrino (v electron energy sum, single electron energy spectra and
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double beta decay of ""Mo to the ground state of "“Ru, gistribution of the angle between the electrons are presented
with an unprecedented statistics of 5 x 107 events and a

Abstract The full data set of the NEMO-3 experiment T n = [6.81 +0.01 (stat)™0-38 (syst)] x 10'3 year. The
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signal-to-background ratio of ~ 80. Clear evidence for the
Single State Dominance model is found for this nuclear tran-
sition. Limits on Majoron emitting neutrinoless double beta
decay modes with spectral indices of n = 2,3, 7, as well
as constraints on Lorentz invariance violation and on the
bosonic neutrino contribution to the two-neutrino double beta
decay mode are obtained.

1 Introduction

Spontaneous nuclear double beta decay is a second order
weak interaction process that was theoretically considered
for the first time by Goeppert-Mayer [1]. It can occur in
some even-even nuclei when two bound neutrons simultane-
ously undergo beta decay and are transformed into two bound
protons emitting two electrons and two (anti)neutrinos. Two-
neutrino double beta decay, 2v88, is one of the rarest directly
observed radioactive processes with half-lives ranging from
7 x 1018 to 2 x 10?! years [2,3].
The decay rate of 2v88 decay can be expressed as

T = g5 G™ M™%, M

where g 4 is the axial-vector coupling constant, G*" is a phase
space factor, and M2 is a nuclear matrix element (NME).
Measurement of the 2v38 half-life gives direct access to the
value of the NME for this process and therefore provides
experimental input into nuclear models that are used to eval-
uate NMEs. Moreover, 2v88 may provide answers to the
question of g4 quenching in nuclear matter that is currently
being actively discussed [4-8]. Detailed studies of 2v88 may
therefore be useful to improve NME calculations for the neu-
trinoless mode of double beta decay, Ovpp, the process which
violates total lepton number and is one of the most sensi-
tive probes of physics beyond the Standard Model. A recent
review of the OvBB NME calculation methods, challenges
and prospects can be found in [9].

Previous measurements have shown that the 1Mo 2v8
half-life is shorter compared to other 88 isotopes [10-17],
and it is therefore a promising nucleus for precise studies
of the process. Here we present the most accurate to date
study of '%Mo 2v88 decay including single electron energy
and angular distributions of the electrons emitted in the decay
with an unprecedented statistics of 5 x 10° events. The impact
of the single electron energy spectra on nuclear models that
are used to calculate the NME is also presented.

Searches for most commonly discussed Ov88 mechanisms
(exchange of a light Majorana neutrino, right-handed cur-
rents, super-symmetry) with NEMO-3 have been reported
earlierin [18,19]. In this paper we present results obtained for
100Mo 0vBB decay accompanied by the emission of Majoron
bosons with spectral indices n > 2, as well as constraints
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on contributions from bosonic neutrinos and from Lorentz
invariance violation to 2vA8 spectra of '°°Mo.

2 The NEMO-3 detector

The NEMO-3 detector, its calibration and performance are
described in detail in [20] and more recently in [19]. A com-
bination of tracking and calorimetric approaches allows for
a full reconstruction of S8 event topology. A tracking cham-
ber is used to reconstruct electron tracks, their origin and end
points. The electron energies and arrival times are measured
with a plastic scintillator calorimeter. The cylindrical detec-
tor measuring 3 m in height and 5 m in diameter is made
up of 20 wedge-shaped sectors of identical size. Each sector
hosts 7 thin foil strips containing a B8 isotope. The source
foils are positioned in the middle of the tracking detector at
aradius of 1 m and have a height of 2.48 m.

The tracking detector is based on a wire chamber made of
6180 open drift cells operating in Geiger mode with helium
as the main working gas with the addition of ethanol (4%),
argon (1%) and water vapour (0.15%). The wire cells are
strung vertically parallel to the source foils and have average
transverse and longitudinal resolutions of 0.5 mm and 0.8
cm (o) respectively. The tracking volume is surrounded by
a segmented calorimeter composed of 1940 optical modules
made of 10 cm thick polystyrene scintillator blocks coupled
to low radioactivity photomultiplier tubes (PMT). The energy
resolution of optical modules for 1 MeV electrons ranges
from 5.8 to 7.2% and the time resolution is 250 ps (o). The
detector was calibrated by deploying 2’Bi, *°Sr and 232U
sources during the course of data collection. The stability of
the PMT gains was monitored by a dedicated light injection
system that was run every 12 hours.

The NEMO-3 detector is supplied with a solenoid which
generates a 25 G magnetic field parallel to the tracking detec-
tor wires and provides charge identification by track curva-
ture. The detector is surrounded by passive shielding con-
sisting of a 19cm thick iron plates to suppress the external
gamma ray flux, and of borated water, paraffin and wood to
moderate and absorb environmental neutrons.

One of the unique advantages of the NEMO-3 technology
is the ability to unambiguously identify electrons, positrons,
gamma- and delayed alpha-particles. This approach leads to
a strong suppression of backgrounds by eliminating events
that do not exhibit a 88 topology. In addition, it allows for an
efficient background evaluation by selecting event topologies
corresponding to specific background channels. An electron
isidentified by a reconstructed prompt track in the drift cham-
ber matching to a calorimeter deposit. Extrapolating the track
to the foil plane defines the event vertex in the source. The
track extrapolation to the calorimeter identifies the impact
point of the electron track with the corresponding optical
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module and is used to correct the reconstructed energy of
the electron deposited in the scintillator. The track curvature
in the magnetic field is used to distinguish electrons from
positrons. A y-ray is identified as an energy deposit in the
calorimeter without an associated track in the drift chamber.
An «a-particle is identified by a short straight track delayed
with respect to the prompt electron in order to tag 2'4Bi —
214pg delayed coincidences.

The NEMO-3 detector took data at the Modane Under-
ground Laboratory (LSM) in the Frejus tunnel at a depth of
4800 m w.e. enabling the cosmic muon flux suppression by a
factor of > 10°. The detector hosted source foils of 7 differ-
ent BB isotopes. The two isotopes with the largest mass were
100Mo (6.914 kg) [19] and 2Se (0.932 kg) [21] with smaller
amounts of *8Ca, 907r, 116Cd, 139Te and !9°Nd [22-26].

Two types of purified molybdenum foils were installed
in NEMO-3, metallic and composite. Both foil types were
enriched in '%°Mo with the isotopic enrichment factor rang-
ing from 95.14 £0.05 t0 98.95£0.05%. The average enrich-
ment factor was 97.7% for metallic foils and 96.5% for com-
posite foils. The metallic foils contained 247945 g of '°Mo.
The mean metallic foil density is 58 mg/cm? with a total
foil surface of 43,924 ¢cm?. The composite foils contained
4435+ 13 g of 'Mo. They were produced by mixing a fine
molybdenum powder with polyvinyl alcohol (PVA) glue and
deposited between Mylar foils of 19 pm thickness. The aver-
age surface density of the composite foils is 66 mg/cm? and
the total foil surface area is 84,410 cm?.

Monte Carlo (MC) simulations are performed with a
GEANT-3 based [27] program using the DECAYO [28] event
generator. The time-dependent status and performance of the
detector are taken into account in modelling the detector
response.

The data presented here were collected between February
2003 and October 2010 with a live time of 4.96 years and
a total exposure of 34.3 kg year of '%°Mo. This is the same
exposure as that used for OvB results published earlier [19].

3 Background model

Trace quantities of naturally-occurring radioactive isotopes
can occasionally produce two-electron events and thus can
mimic BB-decay events. The largest contributions come from
isotopes that are progenies of 233U (2#"Pa, 214pb, 214Bi,
2108 and of 32Th (228 Ac, 212Bi, 208T1), as well as “OK.

The background is categorised as internal if it origi-
nates from radioactive decays inside the S8 source foils, see
Fig. 1a. Two electrons can be produced via 8-decay followed
by a Mgller scattering, S-decay to an excited state with the
subsequent internal conversion or due to Compton scattering
of the de-excitation photon.
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Fig. 1 Mechanisms of internal (a) and external (b) background pro-
duction in the source foil

Decays inside the tracking detector volume form a sep-
arate background category. The main source of this back-
ground is radon, 2?2Rn. The decay of radon progenies near
the source foil can produce signal-like events in an analogous
manner to internal background decays.

The last background category is due to the external y-ray
flux produced by decay of radioactive isotopes in detector
components, the surrounding area and due to neutron inter-
actions in the shield and material of the detector. The PMT
glass is the main source of these y-rays. They can produce
two-electron events due to eTe™ pair creation in the source
foil and subsequent charge misidentification, double Comp-
ton scattering or Compton scattering followed by Mgller scat-
tering, see Fig. 1b.

A detailed discussion of the NEMO-3 background model
is presented in [29] and results of screening measurements
can be found in [19,20,29]. Here we follow the same back-
ground model as that presented for the '°°Mo 0v8p analysis
[19]. However, radioactive isotopes contributing to the low
energy region of the %Mo 2v88 spectrum were not relevant
for the OvBB analysis in [19] and are therefore discussed
in more detail below. The background in question comes
from traces of B-decaying isotopes 2!Bi, °K and 2*"Pa
in %Mo foils. In addition, '’Mo 2vBB decay to the 0]
excited state of '%Ru is also taken into account as a source

@ Springer
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Fig. 2 Single electron events energy spectra for metallic and composite molybdenum. The error bars correspond to statistical uncertainty only

Table 1 %Mo source foil contamination activities measured with the
NEMO-3 detector. Activities of 21#Bi and 208T1 are from [19]

Source 100Mo metallic 100Mo composite
214Bi internal, mBg/kg 0.060 £ 0.019 0.305 £ 0.038
214Bi mylar, mBg/kg - 1.05 4+ 0.06
20871, mBg/kg 0.087 =+ 0.004 0.128 +0.003
234mpa mBg/kg 11.40 & 0.06 2.10 4+ 0.03
40K, mBg/kg 8.67 +0.05 13.57 £0.04
210Bj, mBg/m? 5.5140.03 19.42 £ 0.03

of internal background. The experimental half-life value of
Ty = 6.71“8:2 x 1020 years [3] is used to evaluate this con-
tribution.

The activities of S-emitters in '°°Mo foils are determined
from the fit to the electron energy distribution for a single
electron event sample, which is shown in Fig. 2 separately
for metallic and composite foils. To disentangle the >'Bi
contribution from the source foils and the surface of the
tracker wires the activity measured in [29] is used for the
latter. Figure 2 shows the sum of both contributions. Secular
equilibrium is assumed between 2'*Pb and 2!*Bi. The same
is done between 228 Ac, 212Bj and 298 T1, where the branching
ratio of 35.94% is taken into account. There is sufficiently
good agreement between data and MC for the single electron
energy spectrum. The observed deviations of MC from data
are within 6% and are not significant when the systematic
uncertainty on the external background is taken into account.

The results of the internal '°°Mo foil contamination mea-
surements carried out with the NEMO-3 detector are shown
in Table 1.

@ Springer

4 Two-neutrino double beta decay of 1Mo

Candidate BB events are selected by requiring two recon-
structed electron tracks, each associated with an energy
deposited in an individual optical module. The energy
deposited by the electron in a single optical module should
be greater than 300 keV. Each PMT must be flagged as stable
according to the light injection survey [19]. The tracks must
both originate from the '°°Mo source foil, and their points of
intersection with the plane of the source foil must be within
4 cm transverse to and 8 cm along the direction of the tracker
wires, in order to ensure that the two tracks are associated to
a common event vertex. The track curvatures must be con-
sistent with electrons moving outwards from the source foil.
The timing and the path length of the electrons must be con-
sistent with the hypothesis of simultaneous emission of two
electrons from a common vertex in the '°°Mo source foil
[19]. There should be no y-ray hits and «-particle tracks in
the event.

After the above event selection there are 501,534 199Mo
two-electron candidate events, with 193,699 coming from
the metallic foils and 307,835 from the composite foils.
Table 2 shows the number of expected background and can-
didate signal events in '%’Mo foils. The number of 2vA8
events is obtained from a binned log-likelihood fit to the
two-electron energy sum distribution under the single state
dominance (SSD) nuclear model, as detailed below. The
average signal-to-background ratio is S/B = 79, with
S/B = 63 for the metallic foils and S/B = 94 for the
composite foils. The detector acceptance and selection effi-
ciency for 2v88 %Mo events calculated using MC simu-
lations is € = (2.356 £ 0.002)%, with €,,,; = (2.472 £
0.003)% and €.o,m = (2.292 £ 0.002)% for the metal-
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Table 2 Expected number of background events in the two-electron
channel and the number of 1Mo 2v88 candidate events in molybde-
num foils

Source Metallic Composite Total 1Mo
228A¢,212Bi, 281 49.5+0.5 1423+£13 191.8+1.4
214py 214B; 142 +0.1 177.240.7 191.340.7
40K 101.4+£2.5 296.0+7.3 397.5+7.7
234m py 1783.8 £11.8 656.7 £4.3 24405 £12.5
210B; 256+ 1.4 90.34+2.8 1159 £3.1
Radon 4343 +6.2 590.3 +5.2 1024.6 + 8.1
Ext Bkg 562.7+9.7 1238.6 £ 14.7 1801.3 4+ 17.6
BB of 48.6 £0.8 71.1£1.0 119.7+1.3
Tot bkg 3020 £ 17 3263 £ 18 6283 £ 25

BB gs. 190,683 & 117 304,571 & 144 495,254 + 186
Data 193,699 307,835 501,534

lic and composite molybdenum foils respectively. Using
the above values gives the '“°Mo 2vpB-decay half-life of
Ti2 = (6.65+0.02) x 10'8 year for the metallic foils and
Ty = (691 £0.01) x 10'8 year for the composite foils.
The difference between the two sample measurements may
be explained by inaccuracy of the thin foil modelling and is
taken into account in estimation of the systematic uncertainty
in Sect. 4.2. We consider the mean value over the two data
samples as the more reliable half-life estimation

Tij2 = (6.81 £0.01) x 10" year. )

The two-electron energy sum spectra and the distributions
of cosine of the angle between two electrons emitted from
10Mo foil are shown in Fig. 3, separately for the metallic
and composite foils as well as for the total '°°Mo sample.

The electron energy measured in the calorimeter is smaller
than the energy at the point of origin due to energy losses in
the foil and in the drift chamber. For instance in the case of
100Mo 2088 decay the mean electron track length from the
source foil to the calorimeter is 75 cm and the mean energy
loss of electrons in the drift chamber is 43 keV. The single and
summed electron energy distributions are presented for the
measured values of the electron kinetic energy E, and sum of
the measured electron kinetic energies Esy s, respectively,
i.e., without correction for the energy loss.

The angular distribution is corrected with the well-
measured distribution of the opening angle between two elec-
trons emitted in 2°/Bi decay. The MC distribution of the
cosine of the angle between two electron tracks has been
reweighted based on data collected in the regular energy cal-
ibration runs performed with 2°7Bi sources. The correction
is biggest for small opening angles, and is at the level of 4%
on average.

4.1 Role of intermediate nuclear states in °°Mo 2v88
transition

The nuclear BB decay (A,Z) — (A,Z+2) is realized via
two subsequent virtual § transitions through the complete
set of states of intermediate nucleus (A,Z+1). In the case
of %Mo 2vBp transition between the ground states of the
parent ('%Mo) and daughter ('°Ru) nuclei with spin-parity
0™ the process is governed by two Gamow-Teller transitions
through 17 states of '%°Tc. Nuclear theory does not predict
a priori whether there is a dominance of transition through
the 11 ground state (SSD hypothesis [30-32]) or through
higher lying excited states, namely from the region of the
Gamow-Teller resonance (HSD hypothesis). The SSD ver-
sus HSD analysis is feasible as the ground state of '°0Tc has
spin-parity J© = 17 and is lying close to the ground state
of 1%Mo.

The evidence in favour of SSD in '%°Mo 2188 decay was
already observed at the beginning of NEMO-3 data anal-
ysis [33]. Further hints for the SSD model in the '%Mo
2vBp decay were obtained in charge-exchange experiments
by observing a strong Gamow-Teller transition to the 17
ground state of 1007¢ in the 1°Mo(*He,t) %0 Tc reaction [34].
It was estimated that this transition could contribute as much
as 80% to the total value of the '°°Mo 2v88 matrix element.

It was shown in [31,32] that SSD and HSD models can be
directly distinguished by making high precision kinematics
measurements of 2v88 decay products. The distribution of
the individual electron energies was shown to have the most
discriminating power, especially in the low energy part of
the spectrum. Figure 4 shows the individual electron energy
spectra for three nuclear models, with SSD-3 being a mod-
ification of the SSD model where a finer structure of inter-
mediate states is accounted for [35,36].

Figure 5 shows the energy sum and angular distribu-
tion of the final state electrons where the data are fitted
with the HSD model. The tension between the data and
the model is evident already from these distributions with
x%/ndf = 4.57 (p value = 5.3 x 1071?) and x?/ndf = 1.98
(p value = 0.007) for the energy sum and angular distribu-
tions respectively. However, the strongest evidence comes
from the single electron energy distributions shown in Fig. 6
for the three models, HSD, SSD and SSD-3, fitted to the data.
It is clear from the distributions and x?2 values that the HSD
model can be ruled out with high confidence while SSD and
SSD-3 provide a fairly good description of the data.

The difference between SSD and SSD-3 in describing the
data is maximised with a cut on the electron energy sum of
Esym > 1.4 MeV as shown in Fig. 7, which also increases
the signal-to-background ratio. There is a slight preference
of the SSD-3 model over SSD in this case, contrary to the
results obtained without this cut demonstrated at Fig. 6. Due
to systematic effects connected to the energy reconstruction
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Fig. 3 Distributions of two-electron summed kinetic energy and the
opening angle between two electron tracks in '°°Mo foils after an expo-
sure of 34.3 kg year. Data are compared to the MC prediction of the
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SSD model (see text), where the resulting event numbers are taken from
a binned log-likelihood fit
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Fig. 4 Theoretical distributions of the individual electron kinetic
energy for three models of %Mo 2v88 decay: HSD, SSD and SSD-3

and electron energy loss simulations discussed below these
two models cannot be discriminated against each other. The
SSD is chosen as the baseline model and is used to estimate
the 19°Mo 2vBp half-life (see Sect. 4 and Fig. 3). We note
that differences in the low energy part of the single elec-
tron spectra (Fig. 4) affect the selection efficiency of %Mo
2vBB events. Consequently, the measured half-life for the
SSD model is 14% shorter than the analogous result for the
HSD model. The SSD-3 model would give a 1.8% shorter
half-life than that of the SSD model.

4.2 Systematic uncertainties on '°“Mo 2v88 half-life

Apart from the statistical uncertainties on the fitted number
of signal events, the measurement of the 2v38 decay half-life
is subject to a number of systematic uncertainties.

The uncertainty on the reconstruction and selection effi-
ciency including the detector acceptance effects is evaluated
by carrying out dedicated calibrations with 2°/Bi sources
whose activities were known with a 5% uncertainty. Conse-
quently, the systematic error on the signal efficiency is taken
to be 5%.

Limited precision of MC simulation program in modelling
of multiple scattering processes and electron energy losses
in molybdenum Bg source foils also contribute to the total
systematic error. Corresponding uncertainty is evaluated as
the difference between the mean half-life value and the val-
ues obtained with metallic (—2.3%) and composite (+1.5%)
foils.

The 1.8% half-life value difference between the SSD and
SSD-3 nuclear models is taken as a systematic error due to
the %Mo 2088 decay model.

The uncertainty on the energy scale translates into an error
on the half-life measurement of 0.6%.

The Mo mass uncertainty gives directly the correspond-
ing uncertainty of the half-life value and is estimated to be
0.2%.

The error on the activities of external backgrounds, radon
and the foil contamination with 2!*Bi and 2Tl is 10% as
shown in [19]. The uncertainty on the backgrounds from 4°K
in the source foils as well as from 2!9Bi is estimated to be
4%. The observed discrepancy in the 23%"Pa decay scheme
reported in [37] and [38] lead to a 30% normalisation uncer-
tainty on the activity from this isotope. The 7.5% error on
the rate of the '"°Mo 2188 decay to the excited states [3]
is also taken into account. Overall, due to a high signal-to-
background ratio the uncertainty on all background contri-
butions produces only a 0.2% systematic uncertainty on the
100\ 2088 half-life determination.

The systematic uncertainties on the measured 2v88 '°°Mo
half-life are summarised in Table 3. The individual sources
of the systematic error are assumed to be uncorrelated and
the total uncertainty is obtained to be [+5.6, —5.8]%.

The final value of the half-life for the 2v88 decay of '""Mo
under the SSD model is:

Tij2 = [6.81 £ 0.01 (stan )3 Gyso | x 10 year.  (3)

This value is in good agreement with the world average
value of (7.1 + 0.4) x 10'® year [3] and with a recent
result obtained using low-temperature scintillating bolome-
ters (Li}"°Mo04), [6.90+0.15(stat) £0.37(syst) | x 10'® year
[17].

5 Search for new physics with continuous 1’°Mo 88
energy spectra

Deviations in the shape of the 2v88 energy spectra can pro-
vide hints of new physics. Below we report on results of
searches for physics beyond the Standard Model that can
modify the two-electron energy sum distribution of the '%°Mo
2vBB decay due to emission of Majoron bosons, the existence
of a bosonic component in the neutrino states and possible
Lorentz invariance violation.

The shape of the two-electron energy sum distribution
in various types of decays is characterized by the spectral
index n [39], being determined by the phase space G ~
(Qpp — T)", where Qpgg is the full energy released in the
decay minus two electron masses and T is the sum of kinetic
energies of two emitted electrons. The ordinary 2v88 decay
has a spectral index of n = 5. Any modification from this
functional form can be an indication of new physics.

A number of grand unification theories predict the exis-
tence of a massless or light boson which couples to the
neutrino. Neutrinoless 8 decay can proceed with the emis-
sion of one or two Majoron bosons resulting in a continuous
energy sum spectrum with spectral index n # 5. The decay
accompanied by a single Majoron emission has n = 1,2
and 3, while models with two Majoron emissions predict

@ Springer
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NEMO-3 '®Mo, Esum > 1.4 MeV

2 35000F _+ Data | Gas000r

= 30000 %ﬁkg"“ = 30000

S 25000 F HSD S 25000 F

54 £ 54 £

7 20000 JIndf= 55.86 20000

£ 15000 £ 15000

S 10000 F € 10000

Z 5000f Z 5000

= 0 = .0

§ -10 |‘-LLH’||J-' L 1 1 § 25 L
2 0 05 1 15 2 25 3 =2 0 05 1
e E, (MeV) o

¢+ Data 3 35000 F ¢+ Data
2vpp "Mo| = 30000F 2vpp Mo
Tot bkg 4 25000 Tot bkg
SSD S 20000k SSD-3
yiIndf= 1.45 @ y¥Indf= 1.13
= 15000 F

g 0
= 0
1 1 1 _g : 1 1 1 1
15 2 25 3 3 0 05 1 15 2 25 3
E,(MeV) @ E, (MeV)
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@ Springer

nuclear models. The HSD hypothesis is excluded (x 2 /ndf = 1508/27)
while the data are consistent with the SSD and SSD-3 models (x 2 /ndf =
39/27 and x?/ndf = 30.6/27 respectively)
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Table 3 Summary of systematic uncertainties on the measured 2vSp
100Mo half-life

Source of uncertainty Effect on T12/U2 (%)

Absolute normalization of €5, +5

Thin source foil modelling [+1.5,—2.3]

100Mo decay model +1.8

Energy calibration +0.6

100Mo mass +0.2

Background uncertainty +0.2

Total [+5.6,—5.8]

3 1F = 2
S C — owm2
£ 0F T
Z 0sf o,

v-‘ . L L L |I Sel s oy NP
0 0.5 1 15 2 25 3 3.5
T (MeV)

Fig. 8 Spectrum of the of kinetic energy sum of two electrons for
the standard '"°Mo 2v88 decay (spectral index n = 5) compared to
the spectra for neutrinoless B8 decay with the emission of one or two
Majorons OvMn (n = 2, 3, 7); shape of the perturbation to the standard
2vpBp decay due to Lorentz invariance violation 2v-LIV (n = 4) and
spectrum for 2vB8 decay with bosonic neutrino 2v-Boson (n = 6)

n = 3 and 7 (see [40] and references therein). The results
for the neutrinoless 8 decay with the emission of a Majoron
corresponding to the spectral index n = 1 have already been
publishedin [18,19]. The Majoron-accompanied Ov3f decay
modes with spectral indices n = 2, 3 and 7 are considered
here.

It was noted in [41] that violation of the Pauli exclusion
principle resulting in a bosonic component in the neutrino
states can be tested by looking at the shape of the energy and
angular distributions of the electrons emitted in 88 decay. For
the two-electron energy sum distribution the corresponding
index would be n = 6.

Lorentz invariance is a fundamental symmetry. However,
new physics at very high energies close to the Planck scale
can manifest itself in small effects at low energies, includ-
ing Lorentz invariance violation. Consequently, searches for
non-Lorentz invariant effects have attracted active theoreti-
cal and experimental effort [42—45]. The possibility to test
Lorentz invariance with 88 decay was discussed in [46,47].
In case of 2vBB decay the Lorentz invariance violation
may be manifested as a modification of the conventional
electron sum spectrum due to an additional contribution of
the Lorentz-violating perturbation with a spectral shape of
n=4.

Table 4 Lower bounds on half-lives (x 10?! year) at 90% C.L. from
OvBB searches with Majoron emission (spectral indices n = 2, 3,7),
and searches for the bosonic neutrino admixture. The ranges in the
expected half-life limits are from the =10 range of the systematic uncer-
tainties on the background model, signal efficiency and distortions in
the shape of the energy spectrum

Decay mode Expected Observed
—lo Median +1lo

Majoronn = 2 13 9.2 6.2 9.9

Majoronn = 3 6.1 4.3 2.9 4.4

Majoronn =7 1.8 1.3 0.88 1.2

2vBB Bosonic v 1.7 1.2 0.83 1.2

The theoretical distributions of the two-electron energy
sum for different modes of '"°Mo B decay discussed above
are shown in Fig. 8. The difference in the shape of the dis-
tributions due to different spectral indices » is used to evalu-
ate possible contributions from physics beyond the Standard
Model. No significant deviations from the expected '°°Mo
2vBp spectral shape (n = 5) have been observed and there-
fore limits on new physics parameters have been set using
the full energy sum spectrum of the full '°°Mo data set. The
contributions of the S8 decay modes with spectral indices
n = 2,3,6,7 are constrained with a modified frequentist
C L method [48,49] using a profile likelihood fitting tech-
nique (COLLIE software package [50]). A profile likelihood
scan is used for the distribution with the spectral index n = 4
in order to explore possibility of negative as well as positive
Lorentz-violating perturbation.

The systematic uncertainties on background contributions
discussed in Sect. 4.2, the 5% uncertainty on the detector
acceptance and selection efficiency for signal, a possible dis-
tortion in the shape of the two-electron energy sum spectrum
due to the energy calibration accuracy, as well as a 5% error
on the modelling of the energy loss of electrons are taken into
account in limit setting without imposing a constraint on the
normalization of standard 2vB8 contribution.

The limits on the half-lives for different Ov38 modes with
Majoron(s) emission, and for the bosonic neutrino admixture
obtained with the C Ly method are given in Table 4.

The half-life limits on the Majoron Qv modes are trans-
lated into the upper limits on the lepton number violat-
ing parameter (g..), which is proportional to the coupling
between the neutrino and the Majoron boson, using the rela-
tion,

1/Ti2 = l{gee)"GIM|?, )

where G is the phase space (which includes the axial-vector
coupling constant g4), M is the nuclear matrix element, and
m = 2(4) is the mode with the emission of one (two) Majoron
particle(s). The M and G values are taken from [S1]. For the

@ Springer



440 Page 10of 11

Eur. Phys. J. C (2019) 79:440

Table 5 Upper limits on the Majoron-neutrino coupling constant (g, )
from NEMO-3 (1Mo, this work) and EXO-200 (}3¢Xe) [53] and
GERDA ("°Ge) [54] experiments. All limits are at 90% C.L. The ranges
are due to uncertainties in NME calculations

n Mode 10010 136X [53] 76Ge [54]
n=3 x° 0.013-0.035 0.06 0.047
n=3 x9x° 0.59-5.9 0.6-5.5 0.7-6.6
n=7 %x9x° 0.48-4.8 0.4-4.7 0.8-7.1

single Majoron emission and n = 3, M and G are taken
from [52]. There are no NME and phase space calculations
available for n = 2.

The upper limits on the Majoron-neutrino coupling con-
stant (g..) are shown in Table 5. One can see that the NEMO-
3 results presented here are the current best limits for n = 3
and the single Majoron emission mode and are comparable
with the world’s best results from the EXO-200 [53] and
GERDA [54] experiments for the other two modes.

The contribution of bosonic neutrinos to the 2vBB-decay
rate can be parametrised as [41]:

Wior = cos” xWye+ sin* X Whp, 5)

where Wy and W, are the weights in the neutrino wave-
function expression corresponding to the two fermionic and
two bosonic antineutrino emission respectively. The purely
fermionic, Tl'l;z, and purely bosonic, le/z’ half-lives are cal-
culated under the SSD model to be [41] :

T1J;2(0+g.s.) = 6.8 x 10'8 year,
TII’/2(0+g.s.) = 8.9 x 10" year. (6)

Using the NEMO-3 half-life limit of T1b/2(0+ g.s.) > 12 x

102! year (Table 4) an upper limit on the bosonic neutrino
contribution to the '%°Mo 2v88 decay to the ground state can
be evaluated as:

sin® x < 0.27 (90% C.L.). (7

Although this limit is stronger than the bound obtained earlier
in [41], the 2vBp transition of '°Mo to the ground state is
not very sensitive to bosonic neutrino searches due to a small
value of the expected bosonic-to-fermionic decay branching
ratio ro(0 g.s.) = 0.076. The '“°Mo 2188 decay to the first
excited 2fr state has a branching ratio of r0(2fr) =17.11[41]
and is therefore potentially more promising despite a lower
overall decay rate. The current best experimental limit for
this process is T1/2(2T) > 2.5 x 102! year [55]. This bound
is still an order of magnitude lower than the theoretically
expected half-life value of le/2 (ZT) = 2.4 x 10?2 year for
purely bosonic neutrino, and two orders of magnitude lower
than the corresponding expected value for purely fermionic
neutrino, T1];2(21+) =1.7x 108 year [41].
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Fig. 9 Profile likelihood scan over observed two-electron LIV counts
in 1Mo 2vBB energy sum spectrum. The 90% CL exclusion limit is
shown with the dashed line

The Standard Model Extension (SME) provides a general
framework for Lorentz invariance violation (LIV) [42]. In
this model, the size of the Lorentz symmetry breakdown is
controlled by SME coefficients that describe the coupling
between standard model particles and background fields.
Experimental limits have been set on hundreds of these SME
coefficients from constraints in the matter, photon, neutrino
and gravity sectors [42]. The first search for LIV in 2v8p
decay was carried out in [56]. The two-electron energy sum
spectrum of 13Xe was used to set a limit on the parameter
&S‘-) , which is related to a time-like component of this LIV
operator. The value of this parameter was constrained to be
—2.65 x 107° GeV < af}) < 7.6 x 107° GeV by looking
at deviations from the predicted energy spectrum of 36Xe
2vBB decay [56].

In this work we adopt the same method, using the phase
space calculations from [57], and perform a profile likeli-
hood scan over positive and negative contributions of LIV to
two-electron events by altering the 1Mo 2vA8 energy sum
spectrum with positive and negative values of é’z((;). The result
of this scan is shown in Fig. 9.

The minimum of the profile log-likelihood function cor-
responds to —135 counts and is not statistically significant
even at 1o level. The 90% CL exclusion limit is shown in
Fig. 9 with the dashed line and gives —1798 and 1527 events
for negative and positive contributions to the deviation from
the '°°Mo 2v88 energy sum spectrum respectively. The cor-
responding constraint on &of is calculated using equations
(2)—(6) in [56]. The result for '°°Mo obtained with a full set
of NEMO-3 data is

—42x 1077 GeV < &) <3.5x 1077 GeV (90%C.L.).
®)

A summary of the best available constraints on LIV and CPT
violation parameters can be found in compilation [42].
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6 Summary

The results of the 2v88 decay of '°°Mo with the full data set
of the NEMO-3 experiment corresponding to a 34.3 kg x year
exposure are presented. The summed energy of two elec-
trons, the single electron energy and the angular distribu-
tions between the two electrons have been studied with an
unprecedented statistical precision (5 x 107 events). The sin-
gle electron energy distribution has been used to discriminate
between different nuclear models providing direct exper-
imental input into NME calculations. The HSD model is
excluded with high confidence, while the SSD model is con-
sistent with the NEMO-3 data. The corresponding half-life
for the 2vB8 decay of %Mo is found to be

Ty = [6.81 +0.01 (stat)T938 (syst)] x 10'8 year.  (9)
Deviations from the expected shape of the '%Mo 2vp8
energy sum spectrum have been studied to obtain constraints
on parameters for physics beyond the Standard Model. The
most stringent upper limit to date has been obtained for the
Majoron-neutrino coupling parameter (g..) for the decay
mode with a single Majoron particle emission and the spec-
tral index n = 3. For other OvB8 modes with two Majoron
bosons emission a comparable sensitivity with the world’s
best limits has been achieved. The most stringent constraints
on the bosonic neutrino admixture and Lorentz invariance
violation in 2vB38 decay have been set.
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