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NEMO 3: the goals, results and legacy

With its unigue capability to measure all the

relevant observables, the NEMO 3 experiment

has taken big strides in the study of double
-beta decay.

ratory (LSM) at the middle of the Fréjus Rail Tunnel, the NEMO 3
experiment was designed to search for neutrinoless double beta
decay, with the aim of discovering the nature of the neutrino —
whether it is a Majorana or Dirac particle—and measuring its mass.
The experiment ran for seven years before it finally stopped taking
datain January 2010. While the sought-after decay mode remained

elusive, NEMO 3 nevertheless made impressive headway in the
study of double beta decay, providing new limits on a number of

processes beyond the Standard Model.

Standard double beta decay (Bp2v) involves the simultaneous
disintegration of two neutrons in a nucleus into two protons with
the emission of two electrons accompanied by two antineutrinos,
(AZ) = (A Z+2) + 2e” +2¥. It is a second-order Standard Model
process and for it to occur the transition to the intermediate nucleus
accessible by normal beta decay, (A,Z) — (A, Z+1) + e +V, must be
forbidden by conservation of either energy or angular momentum.
In nature, there are 70 isotopes that can decay by pp2v and experi-
ments have observed this process in 10 of these, with half-lives
ranging from 10 to 10*! years. However, PR2v decay is not sensi-
tive to the nature or mass of the neutrino, unlike double beta decay
with no emitted neutrinos (Bp0v). This process, (A,Z) — (A, Z+2)
+2e7, is forbidden by the Standard Model electroweak interaction
because it violates the conservation of lepton number (AL = 2).
Such a decay can occur only if the neutrino is a Majorana particle
(afermion that is its own antiparticle). Non-Standard Model proc-
esses that can lead to fB0v decay include the exchange of a light
neutrino, in which case the inverse of the 0v half-life depends
on the square of the effective neutrino mass. Other possible proc-
esses involve aright-handed neutrino current, a Majoron coupling
or supersymmetric particle exchange.

The experimental signature for double beta-decay processes
appears in the sum of the energy of the two electrons. For B0v
decay, this would have a peak at the Q transition energy (typically
2—-4 MeV), while for Bf32v decay it takes the form of a continuous
spectrum from zero to Q. There are also two other observables:
the angular distribution between the two electrons and the indi-
vidual energy of the electrons. These two variables can distinguish
which process is responsible for B0v decay, if it is observed.

The NEMO collaboration — where NEMO stands for the Neu-
trino Ettore Majorana Observatory — has been working on Bp0v
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Fig. 1. The NEMO 3 detector, installed in the Modane Underground Laboratory. (Image credit: CNRS
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Fig. 2. Top view and side view of a typical 83 event in NEMO 3.
The two electrons are emitted from the source foil (pink line), the
circles correspond to the tracker information, the red curved
lines are the fitied tracks and the red rectangles show the hit
calorimeter cells.

decay since 1989. The design of the NEMO 3 detector, which
evolved from two prototypes, NEMO 1 and NEMO 2, began in
1994 and construction started three years later. The method uses a
number of thin source foils of enriched double beta-decay emitters
surrounded by two tracking volumes and a calorimeter.

The challenge for any search for Bp0v decay is the control of
the backgrounds from cosmic rays, natural radioactivity, neutrons
and radon. The background comes from any particle interactions
or radioactive decays that can produce two electrons in the source
foils. Because the signal level is so low, even third- and fourth-
order processes can be a problem. Cosmic rays are suppressed by
installing the experiment in a deep underground laboratory, as at
the LSM. Natural radioactivity is reduced by material selection
and purification of the source isotopes: the source foils in NEMO 3
had a radioactivity level a million times less than the natural level
of radioactivity (around 100 Bq/kg). Neutrons and high-energy
y-rays are suppressed by specially designed and adapted shielding.

The NEMO 3 detector
The principle of NEMO 3 was to detect the two emitted electrons
and to measure their energy as well as their angular distribution
and their individual energies. The identification of the electrons
reduces drastically the background compared with the calorimet-
ric techniques of other experiments. The price of this advantage is-
arather modest energy resolution, partly as a result of the electron’s
energy loss in the source foils. However, the experimental sensitiv-
ity for Pp0v depends on the product of the energy resolution and
the number of background events. The source foilsin NEMO 3 had
a thickness of around 100 wm, which corresponded to a compro-
mise between the amount of radioactive isotope and the electrons’
energy losses.

Another advantage of this experimental technigque is the possi-
bility of using different isotopes. The double beta-decay source [>
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Fig. 3. Components of external background measured in the
electron-gamma (ey) channel.

inside NEMO 3 had a total mass of 10 kg, which was shared as fol-
lows: 6.914 kg of Mo, 0.932 kg of #2Se, 0.405 kg of ''°Cd, 0.454 kg
of *"Te, 37.0 gof **Nd, 9.4 g of **Zr and 7.0 g of #*Ca. These isotopes
were enrichedin Russia. In addition, two ultrapure sources of copper
(0.621 kg) and natural tellurium (0.491 kg) were used to measure the
external background. It is the first time that a detector has measured
seven different double beta-decay emitters at the same time.

The NEMO 3 detector was made of 20 identical sectors. The
tracking volume consisted of §000 drift chambers working in Gei-
ger mode. The volume was filled with a mixture of helium, 4%
alcohol, 1% argon and a few parts per million of water to ensure the
stable behaviour of the chamber. Electrons could be tracked with
energy down to 100 keV with an efficiency of greater than 99%.
The calorimeter was made of 2000 plastic scintillators coupled to
low-radioactivity Hamamatsu phototubes. The choice of plastic
scintillator was driven by the low Z to reduce back scattering, the
low radioactivity and the cost. The calorimeter allowed measure-
ments of both the energy (0=3.6% at 3 MeV) and the time of flight
(0=300ps at 1 MeV).

A coil created amagnetic field of 0.003 T to enable the identifica-
tion of the sign of the electrons. The shielding was made of 20cm
of iron to reduce y-ray background and 30 cm of water to reduce
the neutron background. A tent flushed with air containing just
15mBg/m? of radon surrounded the whole detector.

The unique feature of the NEMO 3 experiment was its ability to
identify electrons, positrons, y-rays and delayed a-particles. Fig-
ure 2 {p29) shows a typical double beta-decay event in NEMO 3
with two electrons emitted from a source foil, with the track cur-
vature in the magnetic field identifying the charge and the struck
scintillator blocks measuring the energy and the time of flight. The
timing is important to distinguish a background electron crossing
the detector (At=4 ns) from two electrons coming from a source
foil (At=0 ns).

The experiment has measured the background through various
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Fig. 4. Sum of the electron energy for 7 kg of '’ Mo after 4.5 years
of data-taking, zoomed to the region where the B0v decay is
expected.

analysis channels: single e, e™+y, e+0t, e +a+y, e +y+y, e~+e" and
so on. This allows measurements to be made of the actual back-
grounds from residual contamination of the source foils as well as
from the surrounding materials. Figure 3 demonstrates the ability
of the experiment to identify the many sources of external back-
ground in the ey channel (as an example) for the *°Mo source foil.

NEMO 3 has produced an impressive list of results. The main
result is, of course, related to the search for B0V decay. Fig-
ure 4 shows the sum of the electron energy for 7kg of Mo after
4.5 years of data-taking, zoomed into the region where the signal
for BP0V decay is expected. The measurement of all of the kin-
ematic parameters and the identification of all of the sources of
background allows a 3D likelihood analysis to be performed. The
resultis alimit on the half-life of T, , > 1x10% years, corresponding
to aneutrino mass limit <m, > <0.3-0.9eV. The range corresponds
to the spread associated with the different nuclear matrix-element
calculations that must be used to extract the effective neutrino
mass. This limit obtained with 7 kg of '°*Mo is one of the best lim-
its, together with the result of <m,><0.3 — 0.7 eV from the Cuori-
cino experiment (12 kg of '**Te) and of <m > < 0.3-1.0&V from the
Heidelberg-Moscow experiment (11 kg of Ge).

One possible scenario for POV involves the emission of the
Majoron, the hypothetical massless boson associated with the
spontaneous breaking of baryon-number minus lepton-number
(B-L) symmetry. NEMO 3 has obtained the best limit so far for the
Majoron-neutrino coupling, with g,, < (0.4-1.8) x 10-*. The experi-
ment has also set a limit on the A parameter in models where a
right-handed current exists for neutrinos, with A < 1.4 x 10-%, These
limits were obtained by analysing the angular distributions of the
decay electrons and they are therefore unique to NEMO 3.

In addition, NEMO 3 has measured the half-lives for seven pp2v
decays, providing a high-precision test of the Standard Model and
nuclear data that can be used in theoretical calculations. In seven
years, more than 700000 events were recorded for pp2v emission
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Fig. 5. Left to right: The energy spectrum, angular distribution
and single energies measured for the two-neutrino double beta
decay of “’Mo.

from “Mo. Figure 5 shows the energy spectrum, angular distribu-
tion and single energies measured for **“Mo. The first direct detec-
tion of BP2v decay to the 0* excited state has also been measured
for this nucleus and the first limit on the bosonic component of the
neutrino has been obtained.

The NEMO 3 detector has demonstrated a powerful method
for searching for neutrinoless double beta decay, with the unique
capability of measuring all kinematic parameters of the decay. The
next step for the NEMO collaboration is to build the SuperNEMO
detector, which will accommodate 100 kg of source foil (**Se, ""Nd
or *8Ca) to reach a sensitivity of 50 meV on the effective mass of the
neutrino. A demonstrator module is under construction in several
laboratories around the world and will start operation in 2013 in
the LSM, with 7kg of ¥Se. The main improvement in this larger
detector over NEMO 3 will be the energy resolution (o=1.7% at
3 MeV) and the reduction of the background by a factor of 10. This
demonstrator will improve the current limit on the effective neu-
trino mass and is expected to reach the goal of a zero-background

experiment for 7kg of source and two years of data-taking, which |

has never been done before, With this demenstration, the collabo-
ration will be ready to build more Super NEMO modules up to the
maximum source mass possible.

@ The NEMO and SuperNEMO collaboration is formed by labo-
ratories from France, the UK, Russia, the US, T a'pan, the Czech
Republic, Slovakia, Ukraine, Chile and Korea. The LSM is oper-
ated by the CNRS and the CEA.

Résumé
NEMQ 3 : ses buts, ses résultats, ses apports

Avec sa capacité exceptionnelle de mesurer toutes les observables
pertinenies, Uexpérience NEMO 3 aréalisé de grandes avancées
dans l'étude de la désintégration double béta. Située dans le
Laboratoire souterrain de Modane, Uexpérience a été congue pour
larecherche de la désintégration double béta sans émission de
neutrinos, avec le but de découvrir la nature du neutrino — particule
de Majorana ou de Dirac ? — et de mesurer samasse. L'expérience
a fonctionné pendant 7 ans, avant la fin de la prise de données en
Jjanvier 2010. Méme si le mode de désintégration recherché n'a

pas été trouvé, NEMO 3 a apporté néanmoins de nouvelles limites
concernant plusieurs processus au-dela du Modéle standard.

Fabrice Piquemal, Centre d’Etudes Nucléaires de Bordeaux Gradignan, and
Jenny Thomas, University College London.
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Cremat’s charge sensitive preamplifiers (CSPs) can be used to
read out pulse signals from radiation detectors as diverse as
semiconductor detectors (e.g. Si, CdTe, CZT), scintillator-
photodiode detectors, avalanche photodiodes, gas-based detectors
such as ionization chambers and proportional counters,
microchannel plate detectors, and photomultiplier tubes (PMTs).

Our CSPs and shaping amplifiers are
epoxy sealed plug-in modules less than 1 in 72
in area. Evaluation boards are available on € F € m at
which you can test these modules for use in 45 Union St

your instrumentation. Watc:'zt:;vznhngi
Assembled instrumentation is also +1(617)527-6590
gvallab le. info@cremat.com

Read the research from this year's conference,
including the first results from the LHC.

iopscience.org/jphysg/quarkmatter2011
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