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NEUTRINO-LESS DOUBLE BETA DECAY �Experimentum CruisOF NEUTRINO PHYSICS�Z. SujkowskiThe Andrzej Soªtan Institute for Nulear Studies05-400 Otwok-�wierk, Poland(Reeived January 7, 2003)The presently most wanted information on neutrino properties onernstheir mass values and their transformation properties under harge onjuga-tion. The reent osillation experiments prove that at least one of the threeneutrino speies has a non-vanishing rest mass and that the lepton �avouris not onserved. These �ndings have to be supplemented by data fromphenomena of di�erent kind in order to dedue the information needed.The most promising method proposed thus far to determine Majorana neu-trino mass and thus to answer the two leading questions is to observe theneutrino-less double beta deay and to measure its rate. The physis of thisproess is disussed and the on-going and planned experimental searh is re-viewed. This searh onentrates on the 0+ �! 0+ ground-to-ground statedeay of ���� emitters using alorimetri or �� � �� oinidene trak-ing tehniques. The �+�+ or �+EC deays are usually onsidered as lessfavourable beause of longer half-lives, even though they o�er some advan-tages in ombating the bakground. The reent proposition of measuringthe monoenergeti photon spetra aompanying the radiative neutrino-lessdouble eletron apture deay is disussed. The experimental advantagesof this tehnique may o�-set the generally longer life-times expeted.PACS numbers: 23.40.�s, 23.40.Bw, 14.60.Pq1. IntrodutionThe reent neutrino osillation experiments [1�3℄ imply that the lepton�avour is not onserved and that at least one of the neutrino speies hasa �nite rest mass.� Presented at the XXXVII Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 3�10, 2002.(2207)



2208 Z. SujkowskiOne neessary ondition for the osillations to take plae is the �nitemass di�erene between neutrinos of di�erent �avour, m�i�m�j 6= 0. Whilean improved set of osillation data might su�e to determine the mass hi-erarhy, the phenomenon is insensitive to the absolute values of the massesinvolved. A piee of data from phenomena of di�erent kind is needed toomplete the piture. There are two kinds of experiments being pursued atpresent to ahieve this goal: the diret measurement of the eletron antineu-trino mass from the end point of tritium �� spetrum [5℄ and the indiretdetermination from the rate of the neutrino-less double beta deay, 0�����(see e.g. [4℄ and [8℄ for reent reviews and [6℄ for the desription of a reentexperiment). Constraints on the neutrino mass value an also be obtainedfrom osmologial onsiderations. The present estimate [7℄, assuming equalpopulation of the three neutrino speies, is m�e +m�� +m�� � 8eV. Thepresent limit [5℄ from the tritium spetrum is m�e < 2:2 eV; the results ofthe double beta quest will be desribed below.Our appreiation of the role the neutrino plays in the mehanisms govern-ing the Universe has been quikly mounting reently. The neutrino emissionis onsidered nowadays as the main way to ool the newly born stars, theneutrino may take a signi�ant share of the missing dark mass, we alulatethe neutrino emission rate from the Sun to be �2�1038 neutrinos per seond(� 4 � 1010�=sm2 oming to the Earth), we expet that throughout theSpae there are about 300 very low energy neutrinos/m3 (E � 0:0004 eV)remembering the Big Bang et. Yet the basi properties of this partile arestill to be learnt.Observing the double beta deay with no aompanying neutrino emis-sion would be a major step in this diretion, muh larger in fat than merelyobtaining a measure of the neutrino mass, however important that is. Suhan observation would also prove that not only the lepton �avour but alsothe lepton number is not onserved and, moreover, that neutrino is a Majo-rana (two spinor) and not a Dira (four spinor) partile and thus that it isidential to its harge onjugate, i.e. that � � ��. Both fats would have farreahing onsequenes for our understanding of weak interations.The double beta deay is a very slow proess, unobservable pratially inthe presene of the single � deay to the adjaent isobar. It may be observed,however, whenever the single beta deay of an even nuleus is energetiallyimpossible while there is a positive mass di�erene for isobars with neutronor proton numbers di�ering by two units. Thus we may have proesses(Z;N)! (Z + 2; N � 2) + e�1 + e�2 + ��e + ��e ; (1)or (Z;N)! (Z � 2; N + 2) + e+1 + e+2 + �e + �e + 2e�atomi ; (2)



Neutrino-Less Double Beta Deay � Experimentum Cruis of . . . 2209with the double eletron apture alternative(Z;N)! (Z � 2; N + 2) + �e + �e : (3)This is illustrated in Fig. 1 showing the mass parabola for A = 76, 92,100, 144 and 180. There are two andidates shown for the ���� deay,namely 76Ge and 100Mo, and three for the �+�+ or double eletron apture
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Fig. 1. Mass parabola for seleted isobar hains.



2210 Z. Sujkowskitransitions: 92Mo, 144Sm, and 180W. The �rst two are subjets of the mostambitions projets being pursued at present (see Setion 4). The remainingthree are andidates for studies with the reently proposed novel tehniqueof looking for the photon radiation aompanying the neutrino-less doubleeletron apture (see Setion 5).The possibility of a detetable double � deay has been reognised asearly as in 1935 by Goepert-Mayer [9℄. She gave the life-time estimate�(2�����) � 1020y : (4)Soon after, in 1937, Majorana [10℄ has proposed his famous � � �� andthe same year Raah [11℄ suggested the possibility of neutrino-less dou-ble � transitions. With parity assumed to be onserved, the rate for this0����� deay was expeted to largely exeed that for 2��� proesses [12℄.Unfortunately, the reverse is true. The heliity arguments slow down theneutrino-less deay rate very onsiderably, in proportion to m�2. This onthe one hand provides a tool to determine m� , but on the other it makesthis determination extremely hard to arry out.2. Dira and Majorana fermionsAording to the Majorana's suggestion a massive fermion having noadditive quantum numbers and being idential to its harge onjugate anbe desribed as a two omponent objet with either left-handed or right-handed hirality eigenstates. A detailed disussion of the distintion betweenthe Dira and Majorana neutrinos an be found in e.g. [8℄. For the purposeof the present artile we shall reapitulate only the rudimentary heliity(handedness) and hirality arguments, as these are ruial for prediting thesalient features of the neutrino-less double beta deay phenomenon.The di�erene between neutral partiles and antipartiles is not obvious.We may notie that these objets are idential in the ase of the neutralpion, �0 � ��0, but not in the ase of the neutral kaon, K0 6= �K0. Thisneed not be regarded as astonishing sine the pions as well as the kaons anbe onsidered as omposite partiles, not truly elementary: they are bosonsomposed of harged fermions, the quarks and antiquarks. The essentialin this respet is that strongly and/or eletromagnetially interating par-tiles have di�erent transformation properties under harge onjugation, C,for Dira and Majorana objets. This is not the ase for neutrinos, whih,aording to our present knowledge, interat only weakly (though a Diraneutrino, in ontrast to the Majorana one, may have a magneti moment).Weak interations are not invariant under harge onjugation, they mix theeigenstates of C. Thus, rather than de�ning a Majorana partile by its trans-formation properties under the harge onjugation, we should generalise this



Neutrino-Less Double Beta Deay � Experimentum Cruis of . . . 2211de�nition to transformation properties with respet to other disrete sym-metries or ombinations thereof, suh as CP or CPT. The hiral propertiesof the neutrino states should be expliitly taken into aount in the trans-formation.Fig. 2 illustrates the di�erent behaviour of a massive left-handed Diraand Majorana neutrino, �LD and �LM, under Lorentz transformation. As theveloity of a massive neutrino is lower than , the Lorentz transformationturns �L into a right handed �R. The orresponding two CPT images are��R and ��L. As a result we have four states of equal mass, representing theDira neutrino, �D. The Majorana suggestion states that the right handedpartile obtained by the Lorentz transformation of �L to a faster movingreferene frame is idential to the CPT image of �L. There are thus onlytwo states with the same mass. These represent the Majorana neutrino, �M.

Fig. 2. Di�erent behaviour of massive left handed Dira and Majorana neutrinounder Lorentz transformation.3. Neutrino-less double beta deayFig. 3 shows the Feynman diagrams for normal beta transformations ofa neutron into a proton and of a proton bound in the nuleus (N;Z) intoa neutron in the nuleus (N + 1; Z � 1). The orresponding diagram for0����� Majorana deay is depited in Fig. 4(a). The left-handed neutrinoemitted by one neutron is absorbed by another with an amplitude propor-tional to the proper heliity admixture and thus to the neutrino mass. Onlytwo eletrons appear in the ontinuum in the �nal state. In the ase of



2212 Z. Sujkowski

Fig. 3. Feynman diagram for beta deay of a free neutron (a) and for eletronapture to a proton bound in 67Ga nuleus (b).the Dira neutrinos there would be two �L in the ontinuum in the �nalstate, in addition to the two eletrons. Fig. 4(b), showing the diagram forneutrino-less double eletron apture transitions, 0�e�e�, will be disussedin Setion 5.There is a unique experimental signature of the neutrino-less double ��deay, 0�����: the sum of the energies of the two orrelated �� eletronsis onstant and equal to the total deay energy. This gives a hane todistinguish the e�et from that of the dominating 2����� proess, in whihthe energy is statistially shared among the four partiles emitted. Typially,the 2����� proess is 103 � 104 times faster than the 0����� one.As mentioned above, the rate of the double beta deay o�ers a sensitivemeasure of the neutrino mass. This is so under the assumption that theneutrino mass diagram of Fig. 4 dominates the 0��� deay. There exist,however, many additional, non-neutrino diagrams (Higgs, supersymmetry,right handed neutrinos et.) whih also an generate the 0��� deay. Inthe following we assume that the ontributions of these proesses, if any,are negligible. What is worth stressing at this point is that while the exatvalue of the neutrino mass dedued from a suessful 0�2� experiment an
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Majorana neutrino:

LL
νν ≡

RR
νν ≡

Fig. 4. Feynman diagram for neutrino-less double �� deay (top) and for radiativeneutrino-less double eletron apture (bottom).be subjet to various orretions, the mere observation of the e�et provesunambiguously the existene of a non-vanishing Majorana neutrino massas well as the nononservation of the lepton number. This remains trueregardless of the mehanism ausing the deay [13℄.



2214 Z. SujkowskiCrudely, the rate for the 0��� proesses an be fatorised into the phasespae fator, G0�(E;Z), and the nulear matrix element, M0� (f. e.g. [14℄):� (0���) = G0�(E;Z)jM0�(A;Z ! A;Z � 2)j2�2 : (5)The G0� fator ontains the leptoni ontributions inluding the �nalstate eletron wave funtions. The ruial � fator is the e�etive neutrinomass � = hm�e�i =Xi jUeij2m�i eÆei ; (6)where Æei are the Majorana phases, Uei are the mixing amplitudes and themasses are in units of the eletron mass, me.The nulear matrix element is a ombination of the Gamov�Teller andFermi terms: M0� =M0�GT � gVgAM0�F : (7)From the osillation experiments we an dedue the mixing angles and themass square di�erenes. The maximal and minimal values of m� arehm�imax =Xi jUeij2mi ; (8)hm�imin = max [(2jUeij2mi � hm�imax; 0℄ : (9)The hm�i value, to be eventually dedued from the double � deay, will�x the range of the neutrino masses!The values of M0� for a large number of ����, �+�+ and �+EC pro-esses are alulated and/or reviewed in [15,16℄ and more reently in [4℄. Thestraggling of these state-of-the-art values results oasionally in an order ofmagnitude di�erenes in the life time expeted. This re�ets the unertain-ties in the alulations. Extensive programmes of improving this situationare in progress [18℄. The two basi approahes are the quasipartile randomphase approximation, QRPA, and the shell model, SM.4. The experimental questThe experiments searhing for the 0����� deay an be divided intotwo ategories: the alorimetri experiments, in whih the material of thesoure is usually idential with that of the detetor, and the traking ex-periments, in whih the soure and the detetor are separate. The formerautomatially sums up the energies of the harged partiles emitted. Largequantities of the material an be used. The main di�ulty rests in suppress-ing the bakground. The only available means to do so are the shielding



Neutrino-Less Double Beta Deay � Experimentum Cruis of . . . 2215and the extreme purity of all the material of the detetor housing and of thesurrounding. The traking detetors, ounting the two eletrons in oini-dene, are somewhat less sensitive to the bakground. On the other hand,there are pratial di�ulties in using large amount of material, of the or-der of tons, in the form of thin sheets sandwihed between the detetors.The detetors in both kinds of experiment must ful�l the high resolutionrequirement. Otherwise the 0����� peak in the sum spetrum will not bedisernible from the dominating ontinuous physial bakground due to the2����� deay. TABLE IOn-going and planned experiments for 0��� deay.PRESENT FUTUREIsotope T 0�1=2 (y) Ref. Experiment Ref. Sensitivity Detetor Desriptionto T 0�1=2 (y)48Ca > 9:5� 1021 [25℄ CANDLES [26℄ 1� 1026 several tons of CaF2in liq. sint.76 Ge > 1:9� 1025 [6℄ GEM [35℄ 7� 1027 1t enrGe diodes in liq. N> 1:6� 1025 [27℄ GENIUS [44℄ 1� 1028 1t 86% enrGe diodesin liq. NMajorana [45℄ 3� 1027 0.5t 86% segmentedenrGe diodes82Se > 2:7� 1022 [28℄ � � � �100Mo > 5:5� 1022 [29℄ NEMO3 [46℄ 4� 1024 10kg of ��(0�) isotopes(7kg Mo with traking)MOON [36℄ 1� 1027 34t natMo sheetsbetween plasti sint.116Cd > 7� 1022 [30℄ CAMEO [37℄ > 1026 1t CdWO4 rystalsin liq. sint.128Te > 7:7� 1024 [31℄ � � � �130Te > 1:4� 1023 [32℄ COBRA [38℄ 1� 1024 10kg CdTe semiondutorsCUORE [47℄ 2� 1026 750kg TeO2 bolometers136Xe > 4:4� 1023 [33℄ EXO [30℄ 8� 1026 1t enrXe TPC(gas or liquid)Xe [39℄ 5� 1026 1.56t of enrXe in liq. sint.XMAS [40℄ 3� 1026 10t of liq. Xe150Nd > 1:2� 1021 [34℄ DCBA [41℄ 2� 1025 20kg enrNd layerstraking hambers160Gd GSO [42℄ 2� 1026 2t Gd2SiO5:Ce[43℄ rystal sint. in liq. sint.



2216 Z. SujkowskiA oinidene trigger suppressing the bakground an be provided by the511 keV annihilation quanta in the ase of 0��+�+ or 0��+EC deays. Like-wise, deays to exited nulear states an be observed in oinidene withthe subsequent gamma rays. The pratial limitation of these tehniquesrests in the very fast energy dependene of the phase spae fator (roughly� Q5, where Q is the available deay energy). This results in prohibitiveenlargements of the lifetimes of the double �+ deay progenitors.Table I gives a list of the on-going and planned experiments searhingfor the 0��� deay. Also given are the present and the eventually attainablelife time limits.The most aurate present limiting value has been obtained from thealorimetri measurement with 11 kg of 76Ge material [6℄. The superiorstability and the high energy resolution of germanium detetors made ofenrihed 76Ge permitted the authors to press the limiting life time value of76Ge down to 1:9�1025y (90% CL) after a 53.9 kgy experiment. A partiularstatistial treatment of the same data has yielded the atual life time valueof T1=2 = 1:5 � 1025y rather than a limit [19℄. This treatment has beenseriously ritiised. The most reent analysis [20℄ goes beyond the ritiismand ombines the data of [6℄ and those of [21℄ to propose as the limitingvalue T1=2(76Ge) � 2:5(4:2) � 1025y at 90 %(68%) CL. This orrespondsto the limit for neutrino mass m� � 0:40 eV assuming the nulear matrixelements aording to the alulation of [22℄.5. Neutrino-less double eletron apture �an overlooked possibilityThe neutrino-less double eletron apture deay without additional ra-diation violates the energy onservation. There has to be a medium toarry away the exess energy. This an be a single photon, two photons,an eletron or some more exoti partile like a majoron. Suh higher orderproesses are usually strongly retarded. They have, therefore, been dis-arded as a pratial way to searh for the neutrino-less transitions [48,49℄.It has reently been pointed out [50℄, however, that there may exist situ-ations in whih this retardation is ompensated by favourable phase spaerelationships. In addition, the spetrometry with monoenergeti photonso�ers important experimental advantages.The Feynman diagram for the proess with emission of a single monoen-ergeti photon is shown in Fig. 4(b). The radiation is attributed to one ofthe aptured eletrons. In the spirit of Eq. (5) the rate for this proess anbe expressed as� (0�ee) = G0� jM0�(A;Z ! A;Z � 2) j2 �m�me�2 jM j2 : (10)



Neutrino-Less Double Beta Deay � Experimentum Cruis of . . . 2217The photon emission probability estimated semi-lassially isjM j2= � e22qme� f ; (11)where e is the eletron harge, q is the photon momentum (it is equal tothe mass di�erene less the binding energies of the two eletrons) and f isa fator whih desribes the propagation of the radiating eletron. Assumingthe nulear matrix elements for double eletron apture and double �� tran-sitions as being equal, one an roughly ompare the rates for the 0�����and 0�ee proesses. The retardation fator R() an be de�ned as theratio of these rates:R() = � (0�ee)� (0�����) ' � meQ���5 480�q�7Z6f : (12)This strongly favours high Z nulei with low deay energy as andidatesfor the neutrino-less double eletron apture searh. The struture of thef fator is omplex. It favours low q values, partiularly for eletri dipoletransitions. These orrespond to ases where the eletrons are aptured re-spetively from the 1S and 2P states. Crudely, f(el:dip:) � 1=q4. Notethat the radiative apture of two 1S eletrons is not allowed for nuleartransitions of the 0+ ! 0+ type sine the photon has to arry out at leastone unit of angular momentum. Table II presents estimates given in [50℄of the (0�ee) proess for a few seleted nulei. Very rude numbers takenfor the nulear matrix elements and the semi-lassial, non-relativisti for-mulae used for the f fator result in one or even two orders of magnitudeunertainties. The life times given are those for m� = 1 eV. They sale with(m�)2. The more aurate alulation [51℄ of f tends to yield larger lifetimevalues, orresponding to the upper limits of Table II. Even so, the estimatesare highly enouraging, suggesting feasible experiments. TABLE IIThe relative enhanement fators and expeted lifetimes.Atom abundane % Q(EC;EC) keV T1=2(y); m� = 1 eV9242Mo 15.84 1648.6 1031�110848Cd 0.875 262 1028�118074W 0.12 145 2:5� 1025�219680Hg 0.146 820 2� 1028�1



2218 Z. SujkowskiFrom the experimental point of view there are several advantages of theradiative eletron apture proess as ompared to the double ��emission:� the monoenergeti photon esapes easily from fairly thik layers of thesoure material without energy degradation;� the soure an be separate from the detetor;� the physial bakground due to the ompeting 2�ee proess is low;� the photon emission is followed by that of the K X-ray.The energy of these X-rays in heavy atoms suh as W or Hg is of the orderof 60�70 keV. This provides a preious oinidene trigger to ombat therandom bakground.It is the last mentioned advantage whih presumably is of the ultimateimportane. To quote Ref. [4℄ �the history of double � experiments is the his-tory of �ghting the bakground�. The alorimetri experiments for the ����emitters have no trigger to selet the wanted events from the overwhelm-ing bakground radiation. Extreme purity of all the material is required.At this point it is worth stressing that in ontrast to the ���� deay thephase spae requirements for the 0�ee experiments favouring low q deaysspeak strongly for onsidering transitions leading to exited states in the�nal nuleus. These are followed by the disrete -ray emission providingyet another oinidene signature.The experimental feasibility arguments have to inlude the deay rateand the ost estimates. Leaving the ost arguments aside and assuming 1 tonof the soure material and the orrespondingly larger amount of the highresolution detetor (be it high purity Ge or a large bolometer) it seems tobe feasible to design experiments for the 0� double eletron apture proessin 180W with the ount rates of the order of 100 � 10�2 ounts per year.The ounting e�ieny of about 10% has been assumed with the �K X-rayoinidene requirement to redue the random bakground to a tolerablelevel. Prior to proper alulations of the nulear matrix elements and theredution of the present unertainty fator, this estimate an be onsideredas enouraging. 6. Summary and outlookThere is a major hallenge for the partile and nulear physis ommu-nity: to study the lepton setor, to determine the basi properties of oneof the most important and ertainly the least known unbound elementarypartile: the neutrino, to make the next step beyond the Standard Modelfollowing the neutrino osillation disovery. It is argued in this paper thatthe best hanes to make suh a major step are o�ered by studying theneutrino-less double beta deay. A suessful result of suh an endeavourwould not only supply an aurate value of the e�etive eletron neutrinomass and permit to �x the range of the neutrino masses. This e�etive



Neutrino-Less Double Beta Deay � Experimentum Cruis of . . . 2219neutrino mass would be the Majorana mass, proving unambiguously theMajorana nature of neutrino and the lepton number non-onservation atthe same time.There are several small and medium sale projets going and/or planned.The most ambitious proposals onern two double beta emitters: 76Ge and100Mo. The reent suggestion of looking for the radiative double eletronapture deay is at the early stage of assessment. More aurate rate andost estimates and a realisti experimental design have to be made beforeembarking on the experiment. Still, the preliminary estimates are enour-aging.The signi�ane of a suessful double � deay searh for our understand-ing of the lepton setor is di�ult to overestimate. Yet, as mentioned aboveall the present projets an be lassi�ed as small or medium sale. Thereis a very suggestive plot of the �Moore's law od 0��� deay� presented inRef. [4℄. This shows the exponential derease with time of the limiting valuefor the e�etive neutrino mass measured in various experiments. The extrap-olated line through the data reahes the minimum mass value dedued fromthe atmospheri neutrino osillations around the year 2015. This is a ratherpessimisti predition onsidering how impatient our ommunity has beomereently, after the osillation disovery. The wish to speed up this searh,however, alls for a serious e�ort, �nanial and otherwise, at least on thesale of an average large aelerator experiment in partile physis.REFERENCES[1℄ Y. Fukuda et al., SuperKamiokande Collaboration, Phys. Rev. Lett. 82, 2430(1999).[2℄ Q.R. Ahmad et al., SNO Collaboration, Phys. Rev. Lett. 89, 011302 (2002).[3℄ A. Aguilar et al., LSND Collaboration, Phys. Rev. D64, 112007 (2001).[4℄ S. Elliott, P. Vogel, Annu. Rev. Nul. Part. Si. 52, 115 (2002).[5℄ V. Lobashev et al., Nul. Phys. (Pro. Suppl.) 91, 280 (2001); C. Weinheimeret al., International Conferene on Neutrino Physis and Astrophysis�Neutrino '02�, May 2002, Munih.[6℄ H.V. Klapdor-Kleingrothaus et al., Eur. Phys. J. A12, 147 (2001).[7℄ P. Fisher, B. Kayser, K.S. MFarland, Ann. Rev. Nul. Part. Si. 49, 481(1999).[8℄ F. Boehm, P. Vogel, �Physis of Massive Neutrinos�, Cambridge Univ. Press,1987.[9℄ M. Goepert-Mayer, Phys. Rev. 56, 512 (1935).[10℄ E. Majorana, Nuovo Cim. 14, 17 (1937).[11℄ G. Raah, Nuovo Cim. 14, 322 (1937).
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