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DESY 06-086June 2006NEUTRINOLESS DOUBLE BETA DECAY:ELECTRON ANGULAR CORRELATIONAS A PROBE OF NEW PHYSICSA. Ali aDeuts
hes Ele
tronen-Syn
hrotron, DESY, 22607 Hamburg, GermanyA.V. Borisov b, D.V. Zhuridov 
Fa
ulty of Physi
s, Mos
ow State University, 119992 Mos
ow, RussiaAbstra
t. The angular distribution of the �nal ele
trons in the so-
alled long rangeme
hanism of the neutrinoless double beta de
ay (0�2�) is derived for the gen-eral Lorentz invariant e�e
tive Lagrangian. Possible theories beyond the SM are
lassi�ed from their e�e
ts on the angular distribution, whi
h 
ould be used todis
riminate among various parti
le physi
s models indu
ing 0�2� de
ays. How-ever, additional input on the e�e
tive 
ouplings will be required to single out thelight Majorana-neutrino me
hanism. Alternatively, measurements of the e�e
tiveneutrinomass and angular distributionin 0�2� de
ays 
an be used to test the 
orre-lations among the parameters of the underlying physi
s models. This is illustratedfor the left-right symmetri
 model, taking into a

ount 
urrent phenomenologi
albounds.1 Introdu
tionNeutrinoless double beta de
ay (0�2�) is forbidden in the Standard Model (SM)by lepton number (LN) 
onservation, whi
h is a 
onsequen
e of the renormal-izability of the SM. However, being the low energy limit of a more generaltheory, an extended version of the SM 
ould 
ontain nonrenormalizable terms(tiny to be 
ompatible with experiments), in parti
ular, terms that violate LNand allow the 0�2� de
ay. Probable me
hanisms of LN violation 
an in
ludeex
hange by: Majorana neutrinos �M s [1{3℄ (one of the main 
andidates afterthe observation of neutrino os
illations [4℄), SUSY Majorana parti
les [5{10℄,s
alar bilinears (SBs) [11℄, e.g. doubly 
harged dileptons (the 
omponent ���of the SU (2)L triplet Higgs s
alar et
.), leptoquarks (LQs) [12℄, right-handedWR bosons [3, 13℄ et
. From these parti
les light �s are mu
h lighter than theele
tron and others are mu
h heavier than the proton, giving rise to the twopossible 
lasses of me
hanisms for the 0�2� de
ay 
alled the long range and theshort range me
hanism, respe
tively. For both the 
lasses, the separation of thelepton physi
s from the nu
lear physi
s takes pla
e [14℄ whi
h simpli�es 
al
u-lations. For the �rst 
lass, in 
ontrast to the se
ond 
lass, the pion ex
hangeae-mail: ahmed.ali�desy.debe-mail: borisov�phys.msu.ru
e-mail: jouridov�mail.ru 1



me
hanism is suppressed, and in this 
ase operators (in the e�e
tive �eld the-ory) stemming from the light neutrino ex
hange have pre
isely the same formas the leading order heavy parti
le ex
hange 0�2� de
ay operators, enablinga pre
ise 
omparison among models [15℄. A

ording to the S
he
hter{Valletheorem [16℄ any me
hanism of the 0�2� de
ay produ
es an e�e
tive Majo-rana mass for the neutrino, whi
h must therefore 
ontribute to this de
ay inany 
ase. These various 
ontributions will have to be disentangled to extra
tinformation from the 0�2� de
ay on the 
hara
teristi
s of the sour
es of LNviolation, in parti
ular, on the neutrino masses and mixing.Despite a la
k of 
on�rmation for the 
laimed observation of the 0�2� de-
ay [17℄, the restri
tions on the de
ay half-life [18℄make it possible to get boundson the parameters of the models with LN violation (see [14℄ for a re
ent dis-
ussion). On
e the 0�2� de
ay has been established with good a

ura
y inthe forth
oming experiments, the 
hara
teristi
s of this de
ay (half-life and theangular 
orrelation between the ele
trons) 
ould be 
ombined with all the up-dated information from other experiments on the neutrino mixing and masses(neutrino os
illations, tritium beta de
ay [19℄, 
osmology (WMAP [20℄) et
.)to perform a best �t in the multidimensional spa
e of parameters of a generalunderlying parti
le physi
s model. The �t parameters also in
lude the massesand 
ouplings of the nonstandard parti
les that 
ould be involved in variousLN-violating pro
esses mentioned earlier. This would allow to determine thedominant me
hanism (or a set of 
ompeting ones) of the 0�2� de
ay.Our aim in this paper is to examine the possibility of the determinationof the de
ay me
hanism from the angular 
orrelation of the �nal ele
trons inthis pro
ess. We restri
t ourselves to the long-range me
hanism and derive theangular distribution for the general Lorentz invariant e�e
tive Lagrangian. Theexperimental fa
ilities that 
an measure the ele
tron angular distribution in the0�2� de
ay are NEMO3 [21℄, ELEGANT V and others [22℄. We argue thatthe measurement of the angular 
orrelation 
oeÆ
ient in these experimentswould provide dis
rimination among the various 
ompeting s
enarios of the0�2� de
ay. We illustrate this by parametrizing the angular distribution asd�=d 
os � � 1�K 
os � (K = 1 for the light Majorana mass s
enario). Usingthe example of the left-right symmetri
 model [23℄, we work out the 
orrelationamong the angular 
oeÆ
ientK, the mass of the right-handedWR boson, mWR ,and either the e�e
tive Majorana neutrino mass hmi = Pi U2eimi or the half-life T1=2, taking into a

ount the 
urrent bounds on the various parameters. Itis shown that for values of jhmij below 10 meV, the angular 
orrelation betweenthe ele
trons distinguishes the left-right symmetri
 models from the SM + lightMajorana mass s
enario. 2



2 Angular distribution for the long range me
hanism of 0�2� de
ay2.1 General e�e
tive LagrangianFor the de
ay mediated by light �Ms, the most general e�e
tive Lagrangianis the Lorentz invariant 
ombination of the leptoni
 j� and the hadroni
 J�
urrents of de�nite tensor stru
ture and heli
ity [24℄L = GFp2 [(Uei + �V�AV�A;i)j�iV�AJ+V�A;� +X�;� 0���iji�J+� + h:
:℄ ; (1)where the hadroni
 and leptoni
 
urrents are de�ned as: J+� = �uO�d andji� = �eO��i; the leptoni
 
urrents 
ontain neutrino mass eigenstates and theindex i runs over the light eigenstates. Here and thereafter, a summationover the repeated indi
es is assumed; �,�=V �A,S�P ,TL;R (OT� = 2���P�,��� = i2 [
�; 
� ℄, P� is the proje
tor, � = L; R); the prime indi
ates the sum-mation over all Lorentz invariant 
ontributions, ex
ept for � = � = V �A, andUei is the PMNS mixing matrix [25℄. Note that in Eq. (1) the 
urrents havebeen s
aled relative to the strength of the usual V � A intera
tion with GFbeing the Fermi 
oupling 
onstant. The 
oeÆ
ients ���i en
ode new physi
s,parametrizing deviations of the Lagrangian from the standard V � A 
urrent-
urrent form and mixing of the non-SM neutrinos.In dis
ussing the extension of the SM for the 0�2� de
ay, Ref. [3℄ 
onsideredexpli
itly only nonstandard terms with�V�AV+A;i = �g0VgV U 0ei; �V+AV�A;i = �V 0ei; �V+AV+A;i = �g0VgV Vei : (2)Impli
itly, also the 
ontributions en
oded by the 
oeÆ
ients �V�AV�A;i are dis-
ussed arising from the non-SM 
ontribution to Uei in SU (2)L�SU (2)R�U (1)models with mirror leptons (see Ref. [3℄, Eq. (A.2.17)). Here V , U 0 and V 0 arethe 3 � 3 blo
ks of mixing matri
es for non-SM neutrinos, e.g., for the usualSU (2)L � SU (2)R � U (1) model V des
ribes the lepton mixing for neutrinosfrom right-handed lepton doublets; for SU (2)L � SU (2)R � U (1) model withmirror leptons [26℄ U 0 (V 0) des
ribes the lepton mixing for mirror left(right)-handed neutrinos [3℄ et
. The form fa
tors gV and g0V are expressed throughthe mixing angles for left- and right-handed quarks. Thus, gV = 
os �C andg0V = eiÆ 
os �0C , with �C being the Cabibbo angle, �0C is its right-handed mixinganalogoue, and the CP violating phase Æ arises in these models due to both themixing of right-handed quarks and the mixing of left- and right-handed gaugebosons (see Ref. [3℄, Eq. (3.1.11)). The parameters �, �, and � 
hara
terizethe strength of nonstandard e�e
ts. Below, we give some illustrative examples3



relating the 
ouplings �V�AV�A;i, �V+AV�A;i and the parti
le masses, 
ouplings andthe mixing parameters in the underlying theoreti
al models.In the R-parity-violating (RPV) SUSY a

ompanying the neutrino ex
hangeme
hanism [5{10℄, SUSY parti
les (sleptons, squarks) are present in one ofthe two e�e
tive 4-fermion verti
es. (The other vertex 
ontains the usual WLboson.) The nonzero parameters are�V�AV�A;i = 12�n1(q)RRUni; �S�PS+P;i = 2�n1(l)LLUni;�S+PS+P;i = �14 ��n1(q)LR � 4�n1(l)LR�U�ni; �TRTR;i = 18�n1(q)LRU�ni; (3)where the index n runs over e, �, � (1, 2, 3), and the RPV Minimal Super-symmetri
 Model (MSSM) parameters �s depend on the 
ouplings of the RPVMSSM superpotential, the masses of the squarks and the sleptons, the mixingsamong the squarks and among the sleptons. Con
entrating on the dominant
ontributions �S+PS+P;i and �TRTR;i (as the others are heli
ity-suppressed), one 
anexpress �n1(q)LR and �n1(l)LR as follows [9℄�n1(q)LR =Xk �011k�0nk12p2GF sin 2�d(k) 1m2~d1(k) � 1m2~d2(k)! ;�n1(l)LR =Xk �0k11�n1k2p2GF sin 2�e(k) 1m2~e1(k) � 1m2~e2(k)! ; (4)where k is the generation index, �d(k) and �e(k) are the squark and slepton mixingangles, respe
tively, m ~f1 and m ~f2 are the sfermion mass eigenvalues, and �ijkand �0ijk are the RPV-
ouplings in the superpotential.For the me
hanism with LQs in one of the e�e
tive verti
es [12℄, the nonzero
oeÆ
ients are �S+PS�P = � p24GF �VM2V ; �S+PS+P = � p24GF �SM2S ;�V+AV�A = � 12GF  �(L)SM2S + �(L)VM2V ! ; �V+AV+A = � p24GF  �(R)SM2S + �(R)VM2V ! ; (5)where ��� = Uei���i; (6)the parameters �S(V ), �(L)S(V ), �(R)S(V ) depend on the 
ouplings of the renormaliz-able LQ-quark-lepton intera
tions 
onsistent with the SM gauge symmetry, themixing parameters and the 
ommon mass s
ale MS(V ) of the s
alar (ve
tor)LQs [27℄. 4



The upper bounds on some of the ��� parameters (6) from the Heidelberg{Mos
ow experiment were derived in Ref. [28℄ using the s-wave approximationfor the ele
trons, 
onsidering nu
leon re
oil terms and only one nonzero pa-rameter ���i in the Lagrangian at a time, see Table 1.Table 1: Upper bounds on some of ��� parameters (6) (CL = 90%).�V+AV+A �V+AV�A �S+PS+P �S+PS�P �TRTR �TRTL6� 10�7 4� 10�9 9� 10�9 9� 10�9 1� 10�9 6� 10�10The 
oeÆ
ients ���i entering the Lagrangian (1) 
an be expressed as���i = �̂��Ûei; (7)where Ûei are mixing parameters for non-SM neutrinos (see, e.g., Eq. (2)). Asthis Lagrangian des
ribes also ordinary �-de
ays (without LN violation), the
oeÆ
ients �̂�� are 
onstrained by the existing data on pre
ision measurementsin allowed nu
lear beta de
ays, in
luding neutron de
ay [29℄. For example,from these data we obtain the 
onservative bound���̂V+AV+A�� < 7� 10�2: (8)FromEqs. (6), (7), (8) and Table 1 we 
an assume that the nonstandard mixingis small: ���UeiÛei��� . 10�5: (9)2.2 Approximations and ele
tron angular distributionWe have 
al
ulated only the leading order in the Fermi 
onstant and the leading
ontribution of the parameters ��� to the de
ay width using the approximationof relativisti
 ele
trons and non-relativisti
 nu
leons. Following Ref. [2℄ we de-s
ribe the outgoing ele
trons by plane waves approximately taking into a

ountthe e�e
t of the nu
lear Coulomb �eld by the Fermi fa
tors F ("s) [2,3℄ with thes-th ele
tron energy "s. The non-relativisti
 stru
ture of the nu
leon 
urrentsin the impulse approximation is taken from Ref. [30℄. We negle
t the nu
leonre
oil terms, be
ause the a

urate 
al
ulation of the 
orre
tions should also in-
lude simultaneously a pre
ise 
al
ulation of the e�e
t of the nu
lear Coulomb�eld, requiring the te
hnique of the spheri
al waves for the ele
trons. Note thatin Ref. [30℄ the re
oil terms due to the weak magnetism were 
al
ulated in themodel with only V �A 
urrents (the re
oil terms due to the pseudos
alar formfa
tor were not taken into a

ount) and it was shown that in the intera
tionproportional to �V+AV�A the re
oil e�e
t dominates over other 
ontributions inthe 0+! 0+ transition. However, our numeri
al 
al
ulations 
arried out inse
tion 3 are restri
ted to the 
oeÆ
ients Uei (i.e., the SM + light Majorana�s s
enario) and �V+AV+A;i (light Majorana �s in the left-right symmetri
 models)5



entering the Lagrangian (1), and in both 
ases the nu
leon re
oil e�e
ts are notdominant.We obtain the di�erential width in 
os �, where � is the angle between theele
tron momenta in the rest frame of the parent nu
leus in the 0+(A;Z) !0+(A;Z + 2)e�e� transitions,d�d 
os � = CjMGT j2I[(a + b)(1� k 
os �)℄ ;I[x℄ = R d"1"21"22F ("1)F ("2)x ; (10)where "2 = �� "1 and � is the energy release in the pro
ess. The 
onstantC = G4F g4Am2e64�5R20 (11)
ontains the ele
tron mass me and the nu
lear radius R0, in
luded in the def-inition of C so that the a and b fun
tions and the neutrino potentials aredimensionless. The Gamow{Teller nu
lear matrix element,MGT = h0+f jjXa6=b h(rab; !)�a ��b�a+� b+jj0+i i; (12)
ontains the neutrino potential h(r; !) = R0�0=r with �0 = ei!r , r = rab isthe distan
e between the nu
leons a and b, and ! is the average energy ofthe neutrino. The operator �a+ = (�1 + i�2)a=2 
onverts the a-th neutron intothe a-th proton; j0+i i (h0+f j) is the initial (�nal) nu
lear state. The angular
orrelation 
oeÆ
ient in Eq. (10) isk = a� ba+ b ; �1 < k � 1: (13)The expressions for a and b for di�erent 
hoi
es of ���, 
onsidered only oneat a time, are shown in Table 2. In this table "12 = "1 � "2 and hmi isthe e�e
tive Majorana mass. The form fa
tors gV (q2), gA(q2), F (3)S (q2), andT (3)1 (q2) des
ribe the following nu
leon matrix elements [31℄hP (k0)j�udjN (k)i = F (3)S (q2) � (k0)�+ (k); (14)hP (k0)j�u2
�PL;RdjN (k)i = � (k0)
� �gV (q2) � gA(q2)
5� �+ (k); (15)hP (k0)j�u2���PL;RdjN (k)i = � (k0) �T (3)1 (q2)��� � i2�����T (3)1 (q2)���� �+ (k);(16)where  = � PN � (17)6



is a nu
leon isodoublet. We negle
t the dipole dependen
e of the form fa
torson the momentum transfer q = k0 � k and omit the zero argument of the formfa
tors. Notations similar to the ones in Ref. [3℄ are used in Table 2.Table 2: Expressions for a and b in Eqs. (10) and (13) for the stated 
hoi
e of ���.� a b�V�AV�A j[hmi=me + 2Pi Uei�V�AV�A;i(mi=me)℄(1� �F )j2 0�V�AV+A j(1� �F )hmi=me � 2Pi Uei�V�AV+A;i(mi=me)(1 + �F )j2 0�S+PS�P a0 + 19(�=me)2(F (3)S =gV )2j�S+PS�P�0F j2 0�TRTL a0 + 1681(T (3)1 =gA)2(�=me)2j�TRTL (�0GT + 3�0T )j2 0�TLTL , �TRTR a0 0� b a�V+AV�A 12 j�V+AV�Aj2[("12=me)2j�2+j2 + 49(�=me)2j�0P j2℄ a0�V+AV+A 12("12=me)2j�V+AV+A�2�j2 a0�S�PS�P 2(F (3)S =gV )2jPi Uei�S�PS�P;i(mi=me)�F j2 a0�TLTR 32(T (3)1 =gA)2jPiUei�TLTR;i(mi=me)j2 a0Thus, �2� = �GT! � �F! � 19�1�; �1� = �0GT � 6�0T � 3�0F ; (18)�F = �gVgA�2 MFMGT ; �P = �gVgA� MPMGT ; �X = MXMGT ; X = T; GT;(19)with Fermi MF , pseudos
alar MP , and tensor MT nu
lear matrix elements:MF = h0+f jjXa6=b h(rab; !)�a+� b+jj0+i i; (20)MP = h0+f jjXa6=b h(rab; !) f(�a � �b) � [n� n+℄g �a+� b+jj0+i i; (21)MT = h0+f jjXa6=bh(rab; !) ��a � n�b � n� 13�a � �b� �a+� b+jj0+i i; (22)with r = rn; R = Rn+; (23)where r = rab (R = Rab) is the di�eren
e (half sum) of radius-ve
tors ofthe nu
leons a and b; n and n+ are unit ve
tors. The prime and the index! imply that the matrix element in the numerator instead of h 
ontains theneutrino potential h0 = h + !R0h1 or h! = h � !R0h1, respe
tively, withh1 = �d�0=d(!r). The quantity a for all zero ��� is 
alled a0 in Table 1, and isde�ned as: a0 � j(1� �F )hmi=mej2: (24)7



For the V � A part of the Lagrangian (1), our result agrees with Ref. [3℄ forthe relativisti
 ele
trons (me=� ! 0) that weakly intera
t with the nu
leus(�Z ! 0), if the re
oil and P-wave e�e
ts are not taken into a

ount.If the e�e
ts of all the intera
tions beyond the SM extended by the �Ms,whi
h we 
all the \nonstandard" e�e
ts, are zero (i.e., all ��� = 0), then k = 1and the distribution (10) is proportional to 1 � 
os �. The angular 
oeÆ
ientdeviates from 1 only for the 
ases b 6= 0 irrespe
tive of the value of a. Therefore,the presen
e of the \nonstandard" �rst set of parameters in Table 2, �V�AV�A,�S+PS�P , �TRTL , �TLTL and �TRTR does not 
hange the form of the angular distribution,but the presen
e of the se
ond set (see lower part of Table 2), �V+AV�A, �S�PS�P , �TLTR ,�TLTL and �TRTR does 
hange this distribution. Thus, experimentally establishingk 6= 1 would signal the presen
e of beyond-the-SM 
ontribution in the 0�2�de
ay. The 
onverse is not true; namely establishing k = 1 experimentallywill not single out the SM + �Ms as the only me
hanism of the 0�2� de
ayand one would require additional input/
onstraints on the parameters of theunderlying theory with their 
oeÆ
ients ��� listed in the upper part of Table 2.The 
oeÆ
ient k and the set f�g of nonzero ���s that 
hange the 1� 
os � formof the distribution for the SM plus �Ms are given in Table 3 (the lower twoentries). They 
orrespond to the following extensions of the SM: �Ms plus RPVSUSY [9℄, �Ms plus right-handed 
urrents (RC) (
onne
ted with right-handedW bosons [3℄ or LQs [12℄).Table 3: The angular 
orrelation 
oeÆ
ient k for various SM extensions.SM extension f�g k�M | 1�M+RPV SUSY �S�PS+P 1� k � 1�M+RC �V+AV�A �1 < k � 1Among the models that we have listed in Table 3, the 
oeÆ
ient �S�PS+P forthe �M+ RPV SUSY 
ase is heli
ity suppressed (and �S�PS�P = 0), and hen
ethe angular 
oeÆ
ient k ' 1 for this model. (It is a mathemati
al 
hallenge to
ome up with a model whi
h lifts this 
hiral suppression). Among the realisti
models we have dis
ussed, only the model 
alled �M+ RC 
an essentially 
hangethe angular 
oeÆ
ient k from being 1. Left-right symmetri
 models belong tothis 
lass and we have studied these models in detail in se
tion 3, where the
orrelation among the parameters K (see Eq. (34) below), mWR and jhmij (orT1=2) is worked out.For a quantitative understanding of the in
uen
e of the de
ay me
hanismon the angular distribution, it is ne
essary to take into a

ount the e�e
t ofthe nu
lear Coulomb �eld on the ele
trons in the terms with �S�PS�P and �TL;RTL;Rand the nu
leon re
oil terms. Note that the 
al
ulation of the above-mentioned
orre
tions for the long range me
hanism of the 0�2� de
ay will 
hange inessen-tially the values of a and b for �V�AV�A, �V�AV+A or �V+AV+A, varied one at a time, and8



hen
e the results of the next se
tion.3 Ele
tron angular 
orrelation in left-right symmetri
 modelsThe experimental bounds on the ��� are 
onne
ted with the masses of new parti-
les, their mixing angles, and other parameters spe
i�
 to parti
ular extensionsof the SM [2,3,7,9,11,12℄. To illustrate the kind of 
orrelations that the mea-surements of jhmij and the angular 
orrelation 
oeÆ
ient k in the 0�2� de
aywould imply, we work out the 
ase of the left-right symmetri
 models [23℄. Inthe model SU (2)L�SU (2)R �U (1) the parameter � (see Eq. (2)) is expressedthrough the masses mWL and mWR of the left- and right-handed W bosons [3℄:� = (mWL=mWR )2 ; (25)under the 
ondition mWL � mWR : (26)Eqs. (2) and (6) yield the relation�V+AV+A = �g0VgV UeiVei: (27)To redu
e the number of free parameters, we assume the equality of the formfa
tors of the left- and right-handed hadroni
 
urrents:gV = g0V : (28)The small masses of the observable �s are likely des
ribed by the seesaw formulathat in the simplest 
ase givesmi � m2D=MR; MR � mD; (29)with the Dira
 mass s
ale mD (for the 
harged leptons and the light quarksmD & 1 MeV) and the mass s
ale MR of right �M s (in the majority of theoriesMR & 1 TeV). In the left-right symmetri
 models these s
ales arise usuallyfrom the two s
ales of the va
uum expe
tation values of Higgs multiplets [23℄.In the seesaw me
hanism, the values of the mixing parameters Vei (for i num-bering light mass states) have the same order of magnitude as mD=MR. In ourdis
ussion we use two rather 
onservative values (
ompare with Eq. (9))� = 10�6; 5� 10�7 (30)for the mixing parameter � = jUeiVeij: (31)9



We re
all that here the summation index i runs only over the light neutrinomass eigenstates (the summation over the total mass spe
trum in
luding alsoheavy states gives stri
tly zero due to the orthogonality 
ondition [3℄).From Eqs. (25), (27), (28) and (31) we havemWR = mWL ��= ���V+AV+A���1=2 : (32)Using Eq. (26) we note the approximate equality of mWL and the mass of theobserved 
harged gauge boson W1 (mW1=80.4 GeV [4℄).We now turn to work out the relations among the angular 
orrelation 
oeÆ-
ient k, the right-handed W -boson mass mWR and the neutrino e�e
tive massjhmij. To this end, we note that the di�erential width for the only nonzerononstandard parameter �V+AV+A 
an be obtained by 
omparing Eqs. (10), (13),(24) and the 
orresponding expression for b from Table 2 with the more pre
iseresult of Ref. [3℄, yielding:d�d 
os � (�V+AV+A) = jMGT j2 ln 22 (A+ B)(1 �K 
os �); (33)whi
h is 
orre
t for the spheri
al waves of ele
trons distorted by the Coulomb�eld of the nu
leus in the limit of small me=�. Here,K = A �BA +B ; A = a0G01; B = ���V+AV+A�2���2G02; (34)with the usual phase spa
e fa
tors G0i (i = 1; 2) de�ned in Ref. [3℄. Note thatthe angular 
oeÆ
ient K entering in Eq. (33) di�ers from the 
oeÆ
ient k,entering Eqs. (10) and (13), as k is a fun
tion of the ele
tron energy "1 and Kis obtained by integrating over the energy spe
trum in Eq. (10). The a0 and �2�in Eq. (34) 
ontain instead of �0 the neutrino potential � from Ref. [3℄. In thenumeri
al 
al
ulation we have used �F = 0:274, �2� = 0:551, MGT = 1:846,obtained in a QRPA model with p-n pairing for 76Ge, with G01 = 7:928�10�15and G02 = 12:96� 10�15 (yr�1) [32℄. For a re
ent dis
ussion on un
ertaintiesin 0�2� de
ay nu
lear matrix elements see Ref. [33℄.Using Eqs. (34), (24), and (32), we haveK = y � 1y + 1 ; y = G01G02 �1� �F�2�� jhmijme �2�mWRmWL �4 : (35)The 
orrelation among K, mWR and jhmij is shown in Fig. 1 for � = 10�6and in Fig. 2 for � = 5� 10�7. We 
onsider the values of jhmij, starting fromthe 
urrent upper bound from the Heidelberg{Mos
ow experiment, taken asjhmij � 0:3 eV, up to jhmij = 0:001 eV, 
overing most s
enarios of neutrinomass hierar
hies and mixing angles (see Ref. [34℄ for a re
ent dis
ussion and10



update). Con
erning the existing bounds on mWR , we note that from Eqs. (2),(7) and (28) one obtains �̂V+AV+A = �. With this, Eq. (25) and the 
onstraint(8) derived from [29℄ yield mWR > 300 GeV. This bound is weaker than theone mWR > 715 GeV, obtained from the ele
troweak �ts [4℄. There is stilla more stringent bound mWR > 1:2 TeV, obtained in Ref. [35℄ for the de
aymediated by heavy Majorana neutrinos using arguments based on the va
uumstability [5℄, but it requires additional theory input. We assume mWR � 1 TeVin all our �gures.Using (32), (33), (34) and the relation T1=2 = ln2=� we get the 
orrelationamong mWR and the measurable 0�2� de
ay parameters, namely the half-lifeT1=2 and the angular 
oeÆ
ient K:K = 1� 2G02(jMGT j�2��)2(mWL=mWR )4T1=2: (36)The 
orrelation among K, mWR and T1=2 is shown in Fig. 3 for � = 10�6 andin Fig. 4 for � = 5� 10�7.Figs. 1 { 4 are the prin
ipal numeri
al results of this paper. They showthat depending on the values of jhmij (or T1=2) and mWR , all values of theangular 
oeÆ
ient K are allowed. For example, Fig. 1 shows that it is possibleto des
ribe the angular distribution 
lose to 1 + 
os � (K >� �1) by the (longrange) me
hanism with the right-handed boson WR with the mass about 1 TeVfor jhmij � 1 meV.For illustration, in Fig. 5 we plot the di�erential width (33) vs. 
os � fora set of values of jhmij and mWR , assuming � = 10�6. It is seen that thesensitivity of the ele
tron angular distribution to the right-handed W -bosonmass mWR in
reases with de
reasing values of the e�e
tive Majorana neutrinomass jhmij, as 
an be seen from Fig. 5 (right), where this distribution is shownfor jhmij = 1 meV, 3 meV and 5 meV.A
knowledgmentsWe thank Alexander Barabash and Alexei Smirnov for helpful dis
ussion.
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e of the di�erential width for the 0�2� de
ay of 76Ge on 
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aseof the light Majorana neutrino ex
hange me
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