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NEMO 3 � A DOUBLE-BETA DECAY EXPERIMENTWITHOUT NEUTRINO EMISSION�Danielle DassieCEN-Bordeaux-Gradignan, Franeand NEMO CollaborationCEN-Bordeaux-Gradignan, FraneCFR-Gif/Yvette, FraneIReS-Strasbourg, FraneDepartment of Physis-Jyvaskyla, FinlandFNSPE-Prague, Czeh RepubliINEEL-Idaho Falls, USAITEP-Mosow, RussiaJINR-Dubna, RussiaLAL-Orsay, FraneMHC-South Hadley, USA(Reeived Deember 1, 1998)The physis goals of double beta deay experiments are reminded. Var-ious experimental aspets of the NEMO experiment are presented and theexpeted performanes of NEMO 3 ompared with previous or forthomingother experiments.PACS numbers: 23.40.�s, 29.40.Gx1. IntrodutionOsillations of atmospheri neutrinos observed in the Superkamiokandeexperiment [1℄ made the problem of neutrino masses and neutrino mixingenter an era of new atuality. An understanding of the physial origin of themasses will however require further experiments. The neutrinoless doublebeta deay proess (��)0� , plays a privileged role in the investigation ofthe nature of the neutrino and its existene would be a probe for physisbeyond the standard model of eletro-weak interations. Neutrinoless double� Presented at the XXXIII Zakopane Shool of Physis, Zakopane, Poland, September1�9, 1998. (419)



420 D. Dassiebeta deay ours only when the neutrino is of Majorana type with a �nitemass. Besides neutrino mass, the potential of double beta deay inludesinvestigation of right-handed W bosons, Majorons, SUSY models . . .The present ontribution will report on neutrino studies by measuringdouble beta deays with the detetor NEMO 3. The NEMO (NeutrinoExperiment with MOlybdenum) experiment will be able to study (��)0�deays of nulei with half-lifes up to 1025 years. Using relevant nulearmatrix elements this orresponds to an e�etive Majorana neutrino massof the order of 0.1-0.3 eV. The detetor is under onstrution and will beompleted by the end of 1999.2. Double beta deayDouble beta deay is a transition between nulei with the same massnumber and di�ering by two units in protons. It is potentially observablewhen single beta deay to the intermediate nuleus is forbidden by energyonservation or large angular momentum di�erenes (Fig 1).
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Fig. 1. Binding energy as a funtion of Z for A=100 isobars.Double beta deay an our in several proesses:AZX �! AZ+2X +2e� + 2�e (1)AZX �! AZ+2X +2e� (2)AZX �! AZ+2X +2e� + � (3)Although rare, deay (1) is allowed as a seond e�et in the standardmodel of the eletro-weak interation. It has indeed been �rmly establishedby experiments. Deay hannels (2) and (3) are more interesting sine leptonnumber onservation is violated and as a onsequene they test physis be-yond the standard model. In the (��)0� deay, the virtual neutrino must beemitted in one vertex and absorbed in the other one. Sine in the standard



NEMO 3 � a Double-Beta Deay Experiment... 421theory the emitted partile is a right-handed antineutrino and the absorbedone a left-handed neutrino, the proess requires that the exhanged neutrinois a Majorana partile � = � and that both neutrinos have a ommon he-liity omponent. The heliity mathing restrition an be satis�ed eitherif the neutrinos have a nonvanishing mass and therefore a �wrong� heliityomponent proportional to m�/E� or if there is a right-handed-urrent weakinteration, but a non vanishing mass is required in any ase [2℄.The e�etive Majorana neutrino mass to whih (��)0� experiments aresensitive is generally written in terms of the eletron neutrino mixing matrixUe;j as: hm�i =Xj �jmjU2e;j ;where mj are the mass eigenstates and �j phase fators.The transition rate for (��)0� events with a Majorana neutrino masshm�i and negleting the right-handed-urrent terms is given as :[T 0�1=2℄�1 = G0� jM0� j2hm�i2 ;where G0� is a alulable phase spae fator, jM0� j is the nulear matrixelement.Important to note that the transition rate strongly depends on the nu-lear matrix element and various models an lead to di�erent values of T 0�1=2.Experimentally the three deay modes (��)2� , (��)0� and (��)0�� arestudied by measuring the sum energy of the two eletrons. Fig. 2 showsshematially the orresponding spetra. In the ase of the neutrinolessmode a sharp disrete line at E=Q�� is expeted. For the two-neutrinomode as well as for the Majoron aompanied mode a ontinuous spetrumwill be observed.
ββ2ν ββ0ν

Qββ

ββ0νχ

Sum energy

E
ve

nt
s

Fig. 2. Possible double beta signals.



422 D. Dassie3. The NEMO experimentThe tiny probability assoiated with a double beta deay event representsa severe experimental hallenge. Indeed, a proess with a half-life of theorder of 1025 years must be deteted in the presene of inevitable traes ofradioisotopes with similar energy release, but having deay rates larger bymore than ten orders of magnitude. These impurities, partiularly thosefrom uranium and thorium deay hains or those from osmi origin are aserious soure of bakground.
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Fig. 3.In 1989 the NEMO ollaboration started an R & D program. Two pro-totype detetors NEMO 1 and NEMO 2 were onstruted using reliableexperimental tehniques whih allowed to fully haraterize the deay andthe bakgrounds. The prototype detetor NEMO 1 [3℄ was onstruted totest the traking of eletrons. NEMO 2 [4℄ was designed to identify andmeasure the di�erent bakgrounds. Unlike most beta deay experimentsthis prototype had the apaity to study �soure� foils of di�erent materials



NEMO 3 � a Double-Beta Deay Experiment... 423and NEMO 2 measured the allowed proess (��)2� of three isotopes 100Mo,116Cd and 82Se (Fig. 3) [5�7℄. These emitters ful�ll two onditions : high iso-topi abundane to make possible large quantities of enrihed materials andhigh Q�� to inrease the phase spae fator and to push the expeted (��)0�signal above the natural radioative bakground. The prototype NEMO 2was operating during 6 years in the Frejus Underground Laboratory wherethe muon rate is dereased by a fator 106.3.1. NEMO 3 designThe detetor is ylindrial and divided into 20 equal setors (Fig. 4). Itonsists of a traking volume �lled with helium gas, a thin (50 �m) sourefoil divides the traking volume into two onentri ylinders. The surfaesof these ylinders are overed by alorimeters onstruted with 1940 largebloks of polystyrene sintillators oupled to low radioativity photomulti-plier tubes. Two types of PMTs are used (3" and 5") depending on the sizeof the bloks. The traking system onsists of 6180 vertial open otogonalGeiger ells.

Fig. 4. (1) � ylindrial soure foil; (2) � sintillator bloks; (3) � photomultipliertubes; (4) � traking volume of drift ells.



424 D. DassieNEMO 3 [8℄ will be able to aomodate up to 10 kg of various doublebeta deay andidates. To date, attention has been foused on 10 kg ofenrihed Molybdenum (97% 100Mo). Also available, is one kilogram of eahisotope 82Se, 116Cd and 130Te. A solenoid produing a �eld up to 50 Gausswill surround the detetor to rejet pair e�et events oming from external ray bakground. Finally, external shielding in the form of 20 m of lowativity iron will redue the  ray �ux and thermal neutrons.3.2. BakgroundOf primary importane to all �� deay experiments is the redution ofradioativity arising from the uranium and thorium deay hains, in partiu-lar the deay of 214Bi and 208Tl whih an generate bakground events whihmimi �� signal. Careful attention is also paid to the ubiquitous potassium.Events looking like double beta events and not rejeted by time of �ightmeasurements an be reated either by gamma rays interating in the foilor by ontamination in the foil. Gamma rays interating in the foil ansimulate a good event by a two step proess ( for example double Comptone�et or Compton+Möller e�et) where two eletrons are emitted and pho-tons esape. Beta emitter ontamination in the foil an also mimi doublebeta events when for example a beta partile is emitted simultaneously withanother eletron (for instane onverted  ray or Möller sattering). All thematerials whih have gone into the onstrution of the detetor have beenexamined with HP Ge detetors at the Fréjus Underground Laboratory orat the C.E.N.B.G. laboratory in Bordeaux. This exhaustive examination ofsamples aused the rejetion of numerous glues, plastis, and metals. Theativity in the mehanial piees whih frame the detetor are required tobe less than 1 Bq/kg. As expeted, the radioative ontamination in theexperiment is dominated by low radioativity glass in the PMTs. The totalativity of all of the 0.6 tons of PMTs is 800 Bq of 40K, 300 Bq of 214Bi and18 Bq of 208Tl. These levels are three orders of magnitude below standardPMT levels. There are two soures of plasti sintillators, both with very lowlevels of radiation. Spei�ally, from Dubna there are 4 tons with less than10 Bq of 40K, approximately 5.2 Bq of 214Bi and less than 2 Bq of 208Tl. Theone ton of Kharkov sintillators has less than 10 Bq of 40K, 0.7 Bq of 214Biand 0.3 Bq of 208Tl. The experimental hall for NEMO 3 is in the Fréjus Un-derground Laboratory at a depth of 4800 meters of water equivalent. Thisredues the osmi ray muon �ux to 4 m�2 per day. Vigorous �ushing ofthe air in the hall redues the radon levels to 10-20 Bq/m3. The preseneof 214Bi deays in the detetor from this level of ontamination is belowthat introdued by the PMTs, thereby reduing onerns about additionalredutions. Photons of natural radioativity (<2.6 MeV) are troublesome



NEMO 3 � a Double-Beta Deay Experiment... 425when interating with the foil for the (��)2� and (��)0�� modes. It is notthe ase for the (��)0� proess and for the hosen �� emitters, where theenergy region of interest Q�� is above the natural radioativity limit. In thisase the main origin of high energy gamma rays (�3 MeV) is therefore dueto neutron apture inside the detetor. Thermal and fast neutrons in thehall are found to be respetively at levels of 1.6�10�6 neutrons/s�m2 and4�10�6 neutrons/s�m2. The e�ets of these neutrons on the earlier exper-iment NEMO 2 were studied with an Am-Be soure and di�erent formatsand levels of shielding. Reent analyses with the software program MICAPis in good agreement with the urrent understanding of neutron induedbakgrounds. In summary thermal neutrons are stopped in the iron shieldwhile fast neutrons go through and are thermalized in the plasti sintilla-tor bloks. The thermalized neutrons are then aptured on the opper wallsthat support the alorimeter produing  rays up to 8 MeV. Simulations alsogenerate a spetral line at 2.2 MeV suggesting that apture in the sintilla-tors is also signi�ant. However the rates of high energy  rays interatingwith the soure foil and produing two eletron events or pair reation areexpeted to be negligible. The magneti �eld will be used to study thepair prodution and on�rm the predition of a negligible ontribution. Ifneessary a para�n shield surrounding the detetor an be added.As previously stated, the seond soure of bakground omes from on-tamination in the foils. In the Q�� energy region, there is ativity from214Bi and 208Tl. Of ourse in the same energy region, the tail of the (��)2�deay distribution will also play a role. The (��)2� deays ultimately de�nethe upper half-lives for whih the (��)0� deays an be studied. To insurethat the (��)2� proess indeed de�nes this limit, maximum levels of 214Biand 208Tl were alulated. These limits are given in Table I. For 100Mo it isbelieved that these limits have been reahed, whereas for 82Se with a longer(��)2� deay half-life, more stringent levels are sought and will require someadditional researh. Note that the energeti deay of 150Nd (Q�� = 3:7MeV)removes onerns of ontamination by 214Bi (Q� = 3:3 MeV), but new teh-niques to enrih Nd will have to be developed for this to be realized.TABLE INEMO 3 bakgrounds and purity riteria in a 400 keV energy window enteredaround Q��. Isotope Events/year�10kg mBq/kg214Bi 208Tl ��2� 214Bi 208Tl100Mo 0.4 0.4 1.1 0.3 0.0282Se 0.1 0.1 0.1 0.07 0.005150Nd none 0.4 1.1 none 0.02



426 D. DassieCurrently the plan is to have the 100Mo soure foils produed by twodi�erent proesses. The �rst is a puri�ation by loal melting of solid Mowith an eletron beam and drawing a monorystal from the liquid portion.The monorystal leaves behind the impurities in the slag of the melt. Therystal is then rolled into a foil for use in the detetor. The seond puri�a-tion method is hemial in nature and leaves the Mo in a powder form thatis then used to produe foils with a binding paste and mylar strips whihhave been ethed with an ion beam.4. Expeted performanes of NEMO 3 and omparison withprevious and forthoming experiments.Currently, the energy resolution for the alorimeter modules assoiedwith the 5" PMTs is 11% at 1 MeV (FWHM), while it is 14.5% for themodules assoied with the 3" PMTs. Taking into aount the measuredenergy resolution, Monte Carlo simulations predit a 14% e�ieny in theenergy window 2.8 to 3.2 MeV (100Mo ase). Assuming 10 kg of 100Moit is expeted 2 bakground events per year in the same energy region. In�gure 5 the expeted performanes of NEMO 3 are reported for 10 kg of threedi�erent isotopes 100Mo, 82Se and 150Nd and for 5 years of data aquisition.
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NEMO 3 � a Double-Beta Deay Experiment... 427The presented e�etive neutrino mass limits are dedued from threedi�erent nulear matrix element alulations: namely QRPA [9�10℄, ShellModel [11℄ and SU(3) [12℄.For omparison, other experiments are also reported in �gure 5. Part Aillustrates the performanes of published or running experiments. The bestlimits today ome from the 76Ge experiments, but the traditional argumentfor high energy resolution is weakened by the larger sensitivity to bakgroundevents given the lower Q�� value (2.04 MeV). As shown in Table II, theHeidelderg�Mosow experiment [13�14℄ reports a signi�ant redution of thebakground when using pulse shape disrimination (PSD). The IGEX [15℄experiment has reported similar results in the same energy window. Alsogiven in this table are results on 136Xe from the Neuhâtel�Mosow�PSIexperiment [16℄ and on 130Te studied by the Milano group [17℄. The lattervalues are �rst results of an ongoing researh and development programme.TABLE IISummary of bakground and energy resolution for various experiments.Experiment Bakground Energy resolutionts/keV�kg�yHeidelberg-Mosowno PSD 0.20 3.6 keV at 2 MeVPSD 0.07 3.6 keV at 2 MeVIGEX 0.10 3.6 keV at 2 MeVNeuhâtel-Calteh-PSI 0.018 105 keV at 2.5 MeVTeO2 Bolometer 0.48 10 keV at 2.6 MeVNEMO 3 0.0005 400 keV at 3 MeVGENIUS (Germanium in Nitrogen Underground Setup) and CUORE(Cryogeni Underground Observatory for Rare Events) proposals are on-eptual designs of next generation experiments.GENIUS's proposed funtionality [18℄ far exeeds that of a double betadeay detetor. This ambitious proposal deals with one to ten tons of nakedenrihed germanium detetors suspended in a liquid nitrogen shield. Thebakground design riteria are 0.04 10�3 ounts/keV.y.kg whih argues animpressive 3.5 orders of magnitude redution in the bakground omparedto urrent 76Ge experiments. To be more realisti, preditions with a fa-tor of 100 or even 1000 improvement in the bakground over the urrentHeidelberg-Mosow experiment are reported in part C of �gure 5 assumingone ton of 76Ge rystals and �ve years of data taking.CUORE is the next generation detetor under investigation by the Mi-lano group using 750 kg of natural TeO2 as a bolometer. An improvementof the bakground by a fator 100 ompared to the present experiment hasbeen assumed.



428 D. DassieCompared to all other experiments, NEMO 3 shows very promising per-formanes and has furthermore the possibility of using seleted �� emitterswith high Q�� value and with favorable nulear matrix elements. It is ex-peted that this experiment will bridge the gap between present and farfuture double beta deay studies using Ge detetors.5. Status of the onstrutionOf the 20 setors required to omplete the traking and alorimeter por-tions of the detetor, 14 will be ompleted by the end of 1998. We planto start the experiment early year 2000, operating with 7 kg of 100Mo and1 kg of 82Se, some setors �lled with foils espeially designed to hek thebakground. REFERENCES[1℄ Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998).[2℄ M. Doi et al., Prog. Theor. Phys. Sup. 83 (1985).[3℄ D. Dassié et al., Nul. Instrum. Meth. A309, 465 (1991).[4℄ R. Arnold et al., Nul Instrum. Meth. A354, 338 (1995).[5℄ D. Dassié et al., Phys. Rev. D51, 289 (1995).[6℄ R. Arnold et al., Z.Phys. C72, 239 (1996).[7℄ R. Arnold et al., Nul. Phys. A636, 209 (1998).[8℄ D. Lalanne and C.S. Sutton, Report LAL-Orsay 98-52.[9℄ A. Staudt et al., Europhys. Lett. 13, 31 (1990).[10℄ T. Tomoda, Rep. Prog. Phys. 54, 53 (1991).[11℄ E. Caurier et al., Phys. Rev. Lett. 77, 1954 (1996).[12℄ M. Hirsh et al., Nul. Phys. A582, 124 (1995).[13℄ M. Günther et al., Phys. Rev. D55, 54 (1997).[14℄ L. Baudis et al., Phys. Lett. B407, 219 (1997).[15℄ C.E. Aalseth et al., Proeedings of Neutrino '96, 1997, p. 361.[16℄ J.C. Vuilleumier et al., Phys. Rev. D48, 1009 (1993).[17℄ A. Alessandrello et al., Phys. Lett. B335, 519 (1994).[18℄ J. Hellmig et al., Z. Phys. A359, 351 (1997).


