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[From the web]

Neutrino-less double beta decay in a nutshell
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• Process forbidden in the SM 

• Test Dirac/Majorana nature of neutrinos 

• Half-life strongly suppressed

(T 0⌫
1/2)

�1 = G0⌫(Q�� , Z)|M0⌫ |2⌘2

Few different mechanisms may induce 0νββ 

• Light Majorana neutrino exchange 

• Right-handed current (V+A), SUSY, Majoron(s), etc. 

Different topology in the final state
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Once upon a time: NEMO-3
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• ββ decay experiment combining tracker and 
calorimetric measurement 

• Allows reconstruction of the final state topology 
and particle identification 

• Located in the Modane underground laboratory 
(LSM) in the Frejus tunnel at ~4800 m.w.e. 

• Measured 10 kg of different ββ isotopes 

• Taking data from February 2003 to January 2011
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The detector
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• Central ββ source plane made of 7 different 
isotopes: mainly 100Mo (7 kg) and 82Se (1 kg) 

• Cu & NatTe blank foils: Cross-check 
background measurements 

• Wire drift chamber made of 6180 Geiger cells: 
σVertex ~ 3 mm (xy) , 10 mm (z) 

• 1940 polystyrene scintillators coupled with low 
radioactivity PMTs: FWHM ~15 % @ 1 MeV 

• 25 Gauss magnetic field: charge identification 

• Gamma & Neutron shield, anti-Radon tent
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Unique features
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Full reconstruction of 2e- kinematics: unique! 

Potential discrimination of mechanism behind 0νββ 
decay: angular distribution, single electron spectra 

Reconstruction of different final state topologies: 
excellent background rejection 

High S/B is achieved: ~70 for 100Mo 2νββ

NEMO-3 2⌫2� of 100Mo Measurement
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I 6.9 kg of 100Mo
I ⇠700 000 2⌫2� events collected
I E�ciency E2⌫ = 4.3 %
I Signal to background ratio S/B = 76
I Preliminary half-life:

T 2⌫
1/2 = 7.16± 0.01 (stat)± 0.54 (syst) 1018 y

compatible with previously published [Phys. Rev. Lett. 95, 182302 (2005)]

E1 + E2 [MeV] Emin [MeV] cos ✓

I 0.7 % systematical uncertainty on the 2⌫2� e�ciency above 2 MeV

Mathieu BONGRAND - LAL - NEUTRINO 2014 13 / 28
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The backgrounds
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NEMO-3 experiment

NEMO/SuperNEMO. ICHEP 2014. Valencia (Spain) 2/14

NEMO-3 capability to register simultaneously energy and tracks of the particles of an event, gave him unique advantages inside 
the ββ experiments:

Full reconstruction of the 2 electrons present in a ββ decay event:

          Electrons energies (E1, E2)

            Electrons arrival time (t1, t2)

            Emission vertex and angle (cos θ)

            Particle curvature inside the magnetic field → particle charge ±

External Backgrounds:

           Natural radioactivity from detector components (PMTs mainly)

           

NEMO-3 ββ event

Radio-impurities in material, γ from (n,γ) 
and μ bremsstrahlung 

• γ from 208Tl at 2.6 MeV 

• (n,γ) up to 10 MeV

NEMO-3 experiment

NEMO/SuperNEMO. ICHEP 2014. Valencia (Spain) 2/14

NEMO-3 capability to register simultaneously energy and tracks of the particles of an event, gave him unique advantages inside 
the ββ experiments:

Full reconstruction of the 2 electrons present in a ββ decay event:

          Electrons energies (E1, E2)

            Electrons arrival time (t1, t2)

            Emission vertex and angle (cos θ)

            Particle curvature inside the magnetic field → particle charge ±

External Backgrounds:

           Natural radioactivity from detector components (PMTs mainly)

Internal Backgrounds:

           Radioactive contamination of the source foils (208Tl, 214Bi, 40K)

           Rn daughter deposition (source foils or tracker wires)

NEMO-3 ββ event

208Tl (from 232Th) and 214Bi (from 238U) 
contamination in foil source and 214Bi from 
Rn decay in tracker volume 

• 208Tl Qβ at 5 MeV 

• 214Bi Qβ at 3.27 MeV 

Take advantage of PID capabilities of NEMO-3: e-, e+, γ, α and TOF measurement 
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Hot spots identification 

• Source foil production might introduce 
spot-like contamination of various isotope 

• Reconstruct activity map of the foil 
surface in different channel 

• Reduce backgrounds removing hot spots 
from the foils surface
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External backgrounds

• Modelled as combination of various 
isotopes from different part of the detector 

• Measured in 2 main channels
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FIG. 2. The total energy distributions for the (a) SCE and
(b) 1e1�-Ext background channels. The data (black points)
are compared to simulation (colored histograms).

contributing to the external background model.466

The total energy distributions from both the SCE and467

1e1�-Ext channels are divided into Phase 1 and 2 and fit468

simultaneously to provide initial estimates of all exter-469

nal background activities. The division into the separate470

phases allows for a di↵erent normalization of 220Rn and471

222Rn progeny before and after the installation of the472

anti-radon facility. Strong anti-correlations are observed473

between the activities of external backgrounds from the474

same isotope in di↵erent locations, as their energy spec-475

tra are nearly degenerate. The results from this fit, which476

describe the external background rates near the 150Nd477

foil, are compared to the results from [13], which cor-478

respond to the average activities measured across the479

entire detector using a slightly di↵erent e↵ective model.480

The largest deviations between this model and those from481

Ref. [13] are [+31, -23]%, which is taken as the system-482

atic uncertainty on the external background normaliza-483

tion. This uncertainty has a [+1.2,-0.8]% e↵ect on the484

2⌫�� decay half-life, which is small compared to the other485

systematic uncertainties considered. The neutron flux486

produces a small number of events observed in the SCE487

channel between 3-8MeV. Neutrons do not contribute488

significantly to any other decay channel. This demon-489

strates the e↵ectiveness of the passive shielding described490

in Sec. II, as well as the excellent background rejection491

made possible by the timing resolution of the calorimeter.492

B. Radon493

Radon (222Rn) and thoron (220Rn) are highly di↵u-494

sive gases that emanate from rocks in the surrounding495

environment and may enter the NEMO-3 detector. Both496

radon and thoron are ↵-decay isotopes, and therefore497

events from these background decays will not trigger the498

NEMO-3 detector as an electron is needed (see Sec. III).499

However, the 214Bi and 208Tl progeny in the radon and500

thoron decay chains can produce decays that mimic the501

�� signal. The short half-life of thoron, T1/2 = 55.6 s,502

results in lower levels of this isotope and its daughters in503

the NEMO-3 tracker [13]. The contributions from 208Tl504

on the surfaces of tracker wires and the source foil are505

found to be negligible in all background channels in this506

analysis.507

Conversely, the half-life of 222Rn, T1/2 = 3.824 days,508

allows this gas to di↵use into the active detector volume.509

The decay products of 222Rn are mostly positive ions,510

which deposit themselves on the surfaces of the tracker511

cathode wires and the surfaces of the source foils. The512

contamination of 222Rn in these various locations is mea-513

sured by selecting a 1e1↵ decay topology.514

Events in the 1e1↵ channel are required to have a sin-515

gle electron and at least one delayed ↵ candidate (see516

Sec. III). An ↵ candidate is composed of between 2 and517

13 delayed Geiger hits fired at least 4µs after the prompt518

electron hits to prevent misidentification of Geiger cell519

re-firings as ↵ candidates.520

The ↵ track, which is reconstructed by a straight line521

fit to the delayed hits, must intersect the foil with a sep-522

aration of < 5 cm in the xy and z coordinates from the523

electron vertex if it contains only two delayed hits, and524

< 10 cm if it contains more than two delayed hits. The ↵525

track must also have a hit in one of the first two Geiger526

cell layers, and have a total length  40 cm.527

These selection criteria provide a pure sample of 214Bi528

events. This is confirmed by the average delay time of se-529

lected ↵ candidates, which is shown in Fig. 3(a) for Phase530

1 (high radon period). Fitting the data in Fig. 3(a) with531

an exponential function results in a decay constant con-532

sistent with the known 214Po half-life. In addition there533

is good agreement between data and simulated decays534

for small ↵ time delays, indicating that the event selec-535

tion properly suppresses correlated Geiger cell noise. The536

di↵erent MC samples in Fig. 3 correspond to 214Bi de-537

cays simulated in several di↵erent locations. The ↵ range538

provides the best separation between these various 214Bi539

External Crossing e-

External γ → e-

PRELIMINARY

PRELIMINARY
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Bi-214 through delayed Bi-Po coincidence

• Background-free measurement 

• alpha track length sensitive to 
different contamination origin
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Tl-208 through 1eNγ channel

• Clean measurement requiring 1e- 
in coincidence with 1 or more γ
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Single beta emitter on the foil
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PRELIMINARY• Single electron originating from the 
source foils surface 

• Different  ββ sources have different 
contamination 

• Develop dedicated background 
model for each ββ source
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FIG. 20: Distribution of E
tot

for two-electron events with E
tot

> 2 MeV for the copper, 130Te, and natural tellurium foils
(a,c,e), and for 100Mo foils (b,d,f), for Phase I (a,b) and Phase II (c,d), and combined (e,f). The combined data correspond
to an exposure of 13.5 kg·yr for the copper, 130Te, and natural tellurium foils, and 34.3 kg·yr for the 100Mo foils. The data
are compared to the sum of the expected background from radon, external backgrounds, and from internal 214Bi and 208Tl
contaminations inside the foils. The background components are not fitted but set to the values measured in Section V.

on the type of foil. No background events are observed in
the region of E

tot

= [3.2� 10] MeV for NEMO-3 sources
containing isotopes with Q�� < 3.2 MeV (100Mo, 82Se,
130Te, 116Cd), or in the copper foil, which is not a double
� emitter, during the entire running period correspond-

ing to an exposure of 47 kg·yr.
This low level of background demonstrates that an ex-

tremely low level of non double � background can be
achieved by the future SuperNEMO experiment, which
will employ the NEMO-3 technique. The SuperNEMO

Background validation

• Model validated in the 2e 
channel  

• Cu & NatTe sectors 

• No events for E > 3.1 MeV 
after 13.5 kg×y

12

Promising background free technique for high Qββ isotopes 
 48Ca (4.272 MeV), 150Nd (3.368 MeV) or 96Zr (3.350 MeV)
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Half-Life hm⌫i hm⌫irec h�i h⌘i �
0
111

/f hgeei
(1025 yr) (eV) (eV) (10�6) (10�8) (10�2) (10�5)

100Mo [This Work] 0.11 0.33–0.62 0.33–0.62 0.9–1.3a 0.5–0.8a 4.4–6.0 1.6–3.0a
130Te [33, 34] 0.28 0.3–0.71 0.31–0.75 1.6–2.4b 0.9–5.3b 17–33c
136Xe [35, 36] 1.9 0.14–0.34 0.14–0.34 0.8-1.6

76Ge [37] 2.1 0.2–0.4 0.26–0.62
76Ge [38, 39] 1.9 0.35 0.27–0.65 1.1 0.64 8.1

TABLE X: Limits at the 90% C.L. on half-lives and lepton number violating parameters. Published experimental constraints
on hm⌫i and recalculated values with NMEs from Refs. [17, 19–22, 40] are also given.

a obtained with half-lives in Table IX, b using the half-life limit of 2.1⇥ 1023 yr, c using the half-life limit of 2.2⇥ 1021 yr.

FIG. 21: The 90% C.L. lower limits on T
1/2(0⌫��) for the

light Majorana neutrino mass mechanism and upper limits
on the e↵ective Majorana neutrino mass hm⌫i using the same
NME calculations [17, 19–22] and recent phase space calcula-
tions [23, 24]. The shaded regions correspond to the ranges
from using di↵erent NME calculations. The hatched area
corresponds to the expected range for hm⌫i, calculated from
the neutrino oscillation parameters and assuming the inverted
neutrino mass hierarchy.

Collaboration proposes to search for 0⌫�� decays using
100 kg of double � isotopes [25]. The 2⌫�� background
will be further reduced by improving the energy reso-
lution and by measuring an isotope with a long 2⌫��
half-life, currently assumed to be 82Se. Other favorable
isotopes, such as 150Nd and 48Ca, are also studied. A
first SuperNEMO demonstrator module, currently under
construction, will contain 7 kg of 82Se. The objective
is to demonstrate that the background can be reduced
by 1–2 orders of magnitude compared to the NEMO-3
detector.
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Isotope
Mass Exposure T1/2 (2ν) T1/2 (0ν) ⟨mν⟩

Reference
[g] [days] [x 1019 y] [y] @ 90% C.L.  [eV] @ 90% C.L.

82Se 932 389 9.6 ± 1.0 > 1.0 x 1023  < 1.7 - 4.9 Phys.Rev.Lett. 95 (2005) 182302

96Zr 9.4 1221 2.35 ± 0.21 Nucl.Phys.A 847(2010) 168

130Te 454 1275 70 ± 14 Phys. Rev. Lett. 107, 062504 (2011)

Other results

14

100Mo 0νββ decay to the 100Ru excited states [Nuclear Physics A781 (2007) 209-226]

Only partial exposure published

http://dx.doi.org/10.1103/PhysRevLett.95.182302
http://dx.doi.org/10.1016/j.nuclphysa.2010.07.009
http://dx.doi.org/10.1103/PhysRevLett.107.062504
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Recent results

Finalising analyses with full detector exposure: 

• 2νββ measurements and 0νββ searches 

• Study of the ββ to the excited states 

• Other “exotic” studies

15
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Ca-48 results in a nutshell

• 7g of 48Ca 

• No events observed for E > 3.4 MeV, 
0.1 bkg. expected 

• Potential background free for x10 
exposure 

• 2νββ measurement  

• S/B = 3.7 

• Best half-life measurement to date 

• 0νββ searches  

• Limits set for different mechanism 

• Accepted in Phys Rev D

16
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FIG. 5. The distribution of the summed electron energy
in two-electron events. At low energies 90Sr/90Y background
events dominate, while other internal, external, radon and
non-48Ca backgrounds are relatively small. The 2⌫��-signal
is clearly visible at higher energies. Four open histograms
represent limits on non-standard model double-� decay pro-
cesses, with 90% confidence level upper limits on the corre-
sponding event yieldsNobs also given. The ratio of data events
to the total Monte Carlo prediction is shown in the bottom
panel.

reconstruction algorithms for tracks with varying spatial
separations. Separating two-electron events into exclu-
sive samples comprising events with both electrons on
the same side (SS) or opposite side (OS) of the source
foil gives rise to fitted activities that are di↵erent from
the combined sample by �14% (SS) and +11% (OS) re-
spectively. Although this discrepancy has a statistical
significance of only 1.2�, it is included here as an asym-
metric systematic uncertainty on the half-life obtained
from the inclusive 2e sample.

For the source mass and exposure stated in Section II,
the resulting half-life for the 2⌫�� decay of 48Ca is:

T 2⌫
1/2 = [6.4+0.7

�0.6(stat.)
+1.2
�0.9(syst.)]⇥ 1019 yr ,

where the systematic uncertainty is the sum in quadra-
ture separately for upward and downward changes in the
half-life of all the systematics described above and sum-
marised in Table II.

VI. NEUTRINOLESS DOUBLE-BETA DECAY

A search for neutrinoless modes of double-� decay is
performed on events selected with the criteria outlined in
Section III, using the measurements of backgrounds and

the 2⌫�� signal strength given in Sections IV and V,
respectively. The main background for 0⌫�� searches
is the 2⌫�� signal, which overlaps with the 0⌫�� peak
given the finite resolution of the calorimeter.

Four 0⌫�� mechanisms are investigated in this work,
where the decay proceeds via the exchange of light neu-
trinos, which largely shares its kinematics with R-parity
violating (/Rp) supersymmetric processes [37], through
right-handed currents coupling right-handed quarks to
right-handed leptons (�) and left-handed quarks to right-
handed leptons (⌘) [38], and with the emission of a single
Majoron with spectral index n = 1 [39].

Limits on the 0⌫�� processes are obtained using a
modified frequentist method based on a binned log-
likelihood ratio test statistic (CLs) [40]. The statistic
is calculated over the entire energy range above 0.8MeV,
with the background-only hypothesis providing a good
fit to the data with an observed p-value (1-CLb) of 0.83.

The region above 3.4MeV has the highest sensitivity to
the 0⌫�� peak. No events are observed in this window,
illustrating the benefit of the high Q��-value of 48Ca,
and a simple counting experiment limit obtained in this
window is comparable to that obtained using the CLs

method over the larger energy range. Requiring a mini-
mum energy of 3.6MeV reduces the signal e�ciency by
a modest 15% while reducing the background expecta-
tion, dominated by 2⌫�� events, to ⇡ 0.1 events. This
suggests the feasibility of background-free measurements
with at least one order of magnitude longer exposures
using the NEMO-3 technique.

When calculating the test statistic, the background
and signal distributions are scaled by random factors
drawn from Gaussian distributions with widths reflect-
ing the uncertainties on the background normalisation
and signal e�ciency. An estimate of the e↵ect of sys-
tematic uncertainties on the limit is thus included in the
resulting distributions of the test statistic from which the
confidence intervals are extracted. The estimate of the
systematic uncertainty on the background model given in
Section V is used, and the statistical uncertainty on the
magnitude of the 2⌫�� signal given in the same section

Origin Uncertainty on T 2⌫
1/2

90Sr/90Y background [+2.0,�2.4]%

Other backgrounds ±0.3%
48Ca enrichment fraction ±2.1%
48Ca source construction [+3.7,�5.5]%

Electron reconstruction e�ciency [+7.5,�6.5]%

Calorimeter energy scale [+4.4,�4.0]%

Two-electron angular distribution [+16,�10]%

Total [+19,�14]%

TABLE II. Systematic uncertainties on the measured half-life
for the 2⌫�� decay of 48Ca.



Alberto Remoto

Nd-150 results in a nutshell

• 2νββ measurement  

• S/B = 3.9 

• Best half-life measurement to date 

• 0νββ searches  

• First use of BDT to enhance 
background separation 

• Increase sensitivity by 10% 

• Limits set for different mechanism 

• Paper under internal review
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VII. SEARCH FOR THE 0⌫�� DECAY OF 150ND961

A search is performed for three types of decay modes.962

The first involves the exchange of a light Majorana neu-963

trino and is referred to as the mass mechanism. The rate964

(see Eq. 1) of this decay is related to e↵ective Majorana965

neutrino mass, hm⌫i, as described in Sec. I. The second966

category involves decays mediated by right-handed cur-967

rents (RHCs). Two distinct RHC mechanisms are inves-968

tigated. The first RHC decay mode involves decays with969

a pure WR exchange at one vertex, and therefore the rate970

depends on the coupling, h�i, between right-handed (RH)971

quarks and RH leptons (⇠ = h�i in Eq. 1). The other972

RHC mechanism involves the exchange of a W that is a973

mixture of WR and WL, and thus the rate is driven by974

the coupling, h⌘i, between left-handed (LH) quarks and975

RH leptons (⇠ = h⌘i in Eq. 1). A 0⌫�� decay may also976

proceed via the emission of majoron(s) (�0). Majorons977

are weakly interacting, light or massless bosons present978

in many GUT theories, which can couple weakly to the979

neutrino and participate in 0⌫�� decay [4–6]. They are980

weakly interacting particles and are not detected with981

the NEMO-3 detector. Therefore, the total electron en-982

ergy in 0⌫�� decays involving the emission of majoron983

will form a continuous spectrum, similar to that of 2⌫��984

decay. The exact shape of the total energy spectrum985

depends on the available phase space through the rela-986

tion G

0⌫�0
n / (Q�� � ETOT)n, where n is the spectral987

index. A search for 0⌫�� decays involving majoron(s)988

with spectral index n = 1 is performed.989

For all of these 0⌫�� decay modes, the particle content990

of the observed final state is the same as in 2⌫�� decay.991

Therefore, the two-electron channel is also used to search992

for the 0⌫�� decay of 150Nd to the ground state of 150Sm.993

A slightly looser event selection, allowing both positively994

and negatively charged tracks, is adopted to improve the995

expected 0⌫�� decay sensitivity. This is motivated by the996

understanding that tracks associated with high energy997

electrons have a larger radius of curvature and are there-998

fore more susceptible to charge mis-identification. The999

global S+B likelihood fit is re-evaluated allowing both1000

positive and negative tracks in the 2e channel. The re-1001

sulting background activities do not deviate significantly1002

from the values listed in Table II. This new selection cri-1003

terion increases the signal e�ciencies by a greater amount1004

than the expected background contributions in the re-1005

gions of interest, thereby improving the overall sensitivity1006

to 0⌫�� decay.1007

The kinematics of each of the two electrons produced1008

in 0⌫�� decay di↵er among the mechanisms investigated1009

herein. In the case of the mass mechanism, hm⌫i, and1010

decays involving RHCs, h�i and h⌘i, the total released1011

energy of the two electrons is equal to the Q�� value of1012

150Nd, as there are no other particles involved in the1013

decay. This can be seen in Fig. 8, which shows the1014

high energy tail of the total energy distribution in the1015

two-electron channel. The signals for the 0⌫�� decay1016

mechanisms investigated herein are shown with arbitrary1017
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FIG. 8. The high energy tail of the two-electron channel total
electron energy spectrum. The signal shapes for the various
0⌫�� decay mechanisms investigated are shown with arbi-
trary normalizations to highlight the region of interest near
the Q�� value for most mechanisms.The main backgrounds
at the endpoint of the �� spectrum come from the decay of
208Tl and 2⌫�� decays from 150Nd.

normalization compared to the expected backgrounds.1018

There are 11 expected background events above 2.8MeV.1019

Approximately 54% are from 2⌫�� decay of 150Nd, 40%1020

from internal 208Tl decays, and 4% from internal 214Bi1021

decays. Internal background decays and radon decay1022

progeny in the tracker make up the remaining 2% of ex-1023

pected events.1024

From the total energy distribution of a single isotope1025

alone it is not possible to distinguish between decays me-1026

diated by the mass mechanism and RHCs. However, the1027

presence of a RHC in the electroweak Lagrangian results1028

in a di↵erent angular distribution between the decay elec-1029

trons when compared to the mass mechanism, which sub-1030

sequently modifies their individual energies as well [3]. A1031

unique feature of the NEMO-3 detector among the cur-1032

rent generation of ��-decay experiments is the ability to1033

reconstruct the full topology of final state particles in1034

each event, which provides an opportunity to determine1035

the underlying decay mechanism, should 0⌫�� decay be1036

observed [19]. This is demonstrated in Figs. 9 and 10,1037

where the di↵erences between several underlying 0⌫��1038

decay mechanisms are observed for many kinematic ob-1039

servables in the two-electron channel.1040

The correlations between the various observables can1041

also be used to enhance the separation between the 0⌫��1042

decay signals and background, and thereby improve the1043

sensitivity to 0⌫�� decays. This is demonstrated by em-1044

ploying a multivariate analysis in the two-electron chan-1045

nel in the search for 0⌫�� decay modes of 150Nd. A1046

boosted decision tree (BDT) analysis is performed us-1047

ing the TMVA package [20] in ROOT [21]. The BDT1048

is trained on ten observables: the total electron energy1049

PRELIMINARY
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Cd-116 results in a nutshell
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PRELIMINARY

• 2νββ measurement  

• S/B = 12.7 

• High precision half-life measurement 

• Some sensitivity to discriminate Single 
State vs Higher State dominance 

• 0νββ searches  

• Use BDT increase sensitivity by ~10% 

• Limits set for different mechanism 

• Paper under internal review
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• Require 2e in coincidence with γ of defined 
energy 

• Multivariate selection optimisation 

• Provide additional handle for NME calculation 

• Nd-150 (S. Blondel Ph.D. thesis 2013) 

• Zr-96 (G. Eurin Ph.D. thesis 2015) 

• Se-82 (B. Soulé Ph.D. thesis 2015) 

• Cd-116 (T. Le Noblet Ph.D. thesis ongoing)

Study of the ββ decay to the excited states

19

2⌫2� decay of 96Zr to excited states

I Rarer than decay to ground state (phase space) and lower
detection e�ciency

I Two �-particles in cascade accompanying the two electrons :

I Strong kinematic signature
only accessible with NEMO
detection technique

Guillaume EURIN LAL, UCL YSF Moriond EW - 96Mo in NEMO-3 2015/03/ 7 / 11

3

 116Sn excited states
● 116Sn has 3 main excited states.
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Other analysis
Neutrino-less quadruple beta decay: 

• Proposed by J. Heeck and W. Rodejohann, Europhys. 
Lett. 103, 32001 (2013) 

• Introduce new scalar fields coupling to RH neutrinos 

• Neutrinos are Dirac particle and 0νββ is forbidden 

• Only 3 candidates, 2 in NEMO-3 — Analysis ongoing
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Figure 3: Three beta-stable even–even nuclei on their mass
parabola (black). The heaviest isobar (A,Z − 2) can decay
either via double beta decay into the lowest state (A,Z), or
via 0ν4β into the medium state (A,Z + 2). Also shown are
the “forbidden” odd–odd states in between (red).

Q0ν4β Other decays NA

96
40Zr → 96

44Ru 0.629 τ2ν2β1/2 ≃ 2× 1019 2.8

136
54 Xe → 136

58 Ce 0.044 τ2ν2β1/2 ≃ 2× 1021 8.9
150
60 Nd → 150

64 Gd 2.079 τ2ν2β1/2 ≃ 7× 1018 5.6

Q0ν4EC

124
54 Xe → 124

50 Sn 0.577 — 0.095
130
56 Ba → 130

52 Te 0.090 τ2ν2EC
1/2 ∼ 1021 0.106

148
64 Gd → 148

60 Nd 1.138 τα1/2 ≃ 75 —
154
66 Dy → 154

62 Sm 2.063 τα1/2 ≃ 3× 106 —

Q0ν3ECβ+

148
64 Gd → 148

60 Nd 0.116 τα1/2 ≃ 75 —
154
66 Dy → 154

62 Sm 1.041 τα1/2 ≃ 3× 106 —

Q0ν2EC2β+

154
66 Dy → 154

62 Sm 0.019 τα1/2 ≃ 3× 106 —

Table I: Candidates for nuclear ∆L = 4 processes neutrinoless
quadruple beta decay and electron capture, the corresponding
Q-values in MeV, competing (observed) decay channels with
half-life τ j

1/2 in years, and natural abundance (NA) in percent.

that

M [A(Z − 2)]−M [A(Z + 2)]

M [A(Z − 1)]−M [A(Z + 1)]
= 2 , (7)

where M [AZ] denotes the mass of the neutral atom AZ
in its ground state. Applied to our problem, this means
that the mass splitting of the odd–odd states in Fig. 3
(shown in red) is expected to be smaller than the mass
splitting of the two ∆Z = 4 nuclei (which is just the
Q-value, see below), which implies that beta-stable 0ν4β
candidates will decay into beta-stable nuclei (this simple
argument is confirmed with data charts [7]).
The Q-values in Tab. I can be readily calculated in

analogy to 0ν2β. In general, the total kinetic energy of

the emitted electrons/positrons in a 0νnβ∓ decay,

AZ → A(Z ± n) + n e∓ , (8)

is given by the Q-value, and can be calculated via

Q0νnβ− = M [AZ]−M [A(Z + n)] , (9)

Q0νnβ+ = M [AZ]−M [A(Z − n)]− 2nme . (10)

The term −2nme in Q0νnβ+ already makes 0ν2β+ very
rare, but neutrinoless quadruple positron decay 0ν4β+

impossible. Electron capture with the emission of up to
two positrons is however permitted, as the Q-value for
the EC-process

AZ + k e− → A(Z − n) + (n− k) e+ (11)

is given by Q0νkEC(n−k)β+ = Q0νnβ+ + 2kme, allow-
ing above all for neutrinoless quadruple electron capture
0ν4EC in four isotopes (Tab. I).
Having identified all ∆L = 4 candidates, we discuss

their experimental prospects and challenges in more de-
tail: Let us first take a look at the most promising ele-
ment for 0ν4β: 150Nd. The following decay channels are
possible (see also Fig. 3):

• 150
60 Nd → 150

62 Sm via 2ν2β, i.e. via the forbidden in-
termediate odd–odd state 150

61 Pm. Two neutrinos
and two electrons are emitted; the electrons hence
have a continuous energy spectrum and total en-
ergy Ee,1+Ee,2 < 3.371MeV. This decay has been
observed with a half-life of 7× 1018 yrs.

• 150
60 Nd → 150

64 Gd via 0ν4β. Four electrons with
continuous energy spectrum and summed energy
Q0ν4β = 2.079MeV are emitted. In this special
case, the daughter nucleus is α-unstable with half-
life τα1/2(

150
64 Gd → 146

62 Sm) ≃ 2× 106 yrs.

A sketch of the summed electron energy spectrum is
shown in Fig. 4. Q0ν4β will always sit somewhere in
the middle of the continuous spectrum,2 so one would
have to identify the four electrons in order to remove the
2ν2β background. This still leaves other backgrounds
to be considered, e.g. the scattering of the two 2ν2β
electrons off of atomic electrons, which can effectively
lead to four emitted electrons (and two neutrinos). Since
Q0ν4β < Q2ν2β, the sum of the electron energies will
be continuously distributed and can overlap the discrete
Q0ν4β peak. A dedicated discussion of this and other
possible backgrounds goes far beyond the scope of this
letter.
As an alternative to direct searches, one could even

omit an energy measurement and just look at the trans-
mutation 150Nd → 150Gd using, e.g., chemical meth-
ods; as the background for 150Nd → 150Gd is basically

2 We note that if neutrinos are Majorana particles the decay
150
60

Nd →
150
62

Sm via 0ν2β is possible. Two mono-energetic elec-
trons would be emitted with total energy Q0ν2β = 3.371MeV.
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either via double beta decay into the lowest state (A,Z), or
via 0ν4β into the medium state (A,Z + 2). Also shown are
the “forbidden” odd–odd states in between (red).
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96
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44Ru 0.629 τ2ν2β1/2 ≃ 2× 1019 2.8

136
54 Xe → 136

58 Ce 0.044 τ2ν2β1/2 ≃ 2× 1021 8.9
150
60 Nd → 150

64 Gd 2.079 τ2ν2β1/2 ≃ 7× 1018 5.6

Q0ν4EC

124
54 Xe → 124

50 Sn 0.577 — 0.095
130
56 Ba → 130

52 Te 0.090 τ2ν2EC
1/2 ∼ 1021 0.106

148
64 Gd → 148

60 Nd 1.138 τα1/2 ≃ 75 —
154
66 Dy → 154

62 Sm 2.063 τα1/2 ≃ 3× 106 —

Q0ν3ECβ+

148
64 Gd → 148

60 Nd 0.116 τα1/2 ≃ 75 —
154
66 Dy → 154

62 Sm 1.041 τα1/2 ≃ 3× 106 —

Q0ν2EC2β+

154
66 Dy → 154

62 Sm 0.019 τα1/2 ≃ 3× 106 —

Table I: Candidates for nuclear ∆L = 4 processes neutrinoless
quadruple beta decay and electron capture, the corresponding
Q-values in MeV, competing (observed) decay channels with
half-life τ j

1/2 in years, and natural abundance (NA) in percent.

that

M [A(Z − 2)]−M [A(Z + 2)]

M [A(Z − 1)]−M [A(Z + 1)]
= 2 , (7)

where M [AZ] denotes the mass of the neutral atom AZ
in its ground state. Applied to our problem, this means
that the mass splitting of the odd–odd states in Fig. 3
(shown in red) is expected to be smaller than the mass
splitting of the two ∆Z = 4 nuclei (which is just the
Q-value, see below), which implies that beta-stable 0ν4β
candidates will decay into beta-stable nuclei (this simple
argument is confirmed with data charts [7]).
The Q-values in Tab. I can be readily calculated in

analogy to 0ν2β. In general, the total kinetic energy of

the emitted electrons/positrons in a 0νnβ∓ decay,

AZ → A(Z ± n) + n e∓ , (8)

is given by the Q-value, and can be calculated via

Q0νnβ− = M [AZ]−M [A(Z + n)] , (9)

Q0νnβ+ = M [AZ]−M [A(Z − n)]− 2nme . (10)

The term −2nme in Q0νnβ+ already makes 0ν2β+ very
rare, but neutrinoless quadruple positron decay 0ν4β+

impossible. Electron capture with the emission of up to
two positrons is however permitted, as the Q-value for
the EC-process

AZ + k e− → A(Z − n) + (n− k) e+ (11)

is given by Q0νkEC(n−k)β+ = Q0νnβ+ + 2kme, allow-
ing above all for neutrinoless quadruple electron capture
0ν4EC in four isotopes (Tab. I).
Having identified all ∆L = 4 candidates, we discuss

their experimental prospects and challenges in more de-
tail: Let us first take a look at the most promising ele-
ment for 0ν4β: 150Nd. The following decay channels are
possible (see also Fig. 3):

• 150
60 Nd → 150

62 Sm via 2ν2β, i.e. via the forbidden in-
termediate odd–odd state 150

61 Pm. Two neutrinos
and two electrons are emitted; the electrons hence
have a continuous energy spectrum and total en-
ergy Ee,1+Ee,2 < 3.371MeV. This decay has been
observed with a half-life of 7× 1018 yrs.

• 150
60 Nd → 150

64 Gd via 0ν4β. Four electrons with
continuous energy spectrum and summed energy
Q0ν4β = 2.079MeV are emitted. In this special
case, the daughter nucleus is α-unstable with half-
life τα1/2(

150
64 Gd → 146

62 Sm) ≃ 2× 106 yrs.

A sketch of the summed electron energy spectrum is
shown in Fig. 4. Q0ν4β will always sit somewhere in
the middle of the continuous spectrum,2 so one would
have to identify the four electrons in order to remove the
2ν2β background. This still leaves other backgrounds
to be considered, e.g. the scattering of the two 2ν2β
electrons off of atomic electrons, which can effectively
lead to four emitted electrons (and two neutrinos). Since
Q0ν4β < Q2ν2β, the sum of the electron energies will
be continuously distributed and can overlap the discrete
Q0ν4β peak. A dedicated discussion of this and other
possible backgrounds goes far beyond the scope of this
letter.
As an alternative to direct searches, one could even

omit an energy measurement and just look at the trans-
mutation 150Nd → 150Gd using, e.g., chemical meth-
ods; as the background for 150Nd → 150Gd is basically

2 We note that if neutrinos are Majorana particles the decay
150
60

Nd →
150
62

Sm via 0ν2β is possible. Two mono-energetic elec-
trons would be emitted with total energy Q0ν2β = 3.371MeV.

Lorenz violation: 

• First search for periodic modulation of 2νββ decay rate 

• NEMO-3 data span over ~5 year exposure 

• Use Mo-100 sample which provide largest and 
cleanest ββ sample in NEMO-3 

• Analysis ongoing
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Conclusions

• After 5 years from detector dismantling, NEMO-3 analysis is still very active! 

• Final search for 0νββ in the pipeline (Ca-48, Nd-150 and Cd-116) 

• First (and unique!) use of multivariate techniques ~10% sensitivity enhancement 

• Not competitive with most recent result but proof of concept for the future 
experiment: SuperNEMO 

• Most precise 2νββ half-life for almost all the isotopes (Mo-100, Ca-48, Nd-150) 

• Unique handle to SSD/HSD and ββ decay toward the excited state 

• Important to improve the understanding of ββ decay at nuclear physics level 

• Few unique and interesting analysis ongoing:  

• Searches for neutrino-less quadruple beta decay and Lorentz violation
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