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Abstra
tThe angular 
orrelation of the ele
trons emitted in the neutrinoless double beta de
ay (0�2�) ispresented using a general Lorentz invariant e�e
tive Lagrangian for the leptoni
 and hadroni
 
hargedweak 
urrents. We show that the 
oeÆ
ient K in the angular 
orrelation d�=d 
os � / (1 �K 
os �) isessentially independent of the nu
lear matrix element models and present its numeri
al values for the �venu
lei of interest (76Ge, 82Se, 100Mo, 130Te, and 136Xe), assuming that the 0�2�-de
ays in these nu
leiare indu
ed solely by a light Majorana neutrino, �M . This 
oeÆ
ient varies between K = 0:81 (for the76Ge nu
leus) and K = 0:88 (for the 82Se and 100Mo nu
lei), 
al
ulated taking into a

ount the e�e
tsfrom the nu
leon re
oil, the S and P -waves for the outgoing ele
trons and the ele
tron mass. Deviationof K from its values derived here would indi
ate the presen
e of New Physi
s (NP) in addition to a lightMajorana neutrino, and we work out the angular 
oeÆ
ients in several �M +NP s
enarios for the 76Genu
leus. As an illustration of the 
orrelations among the 0�2� observables (half-life T1=2, the 
oeÆ
ientK, and the e�e
tive Majorana neutrino mass jhmij) and the parameters of the underlying NP model, weanalyze the left-right symmetri
 models, taking into a

ount 
urrent phenomenologi
al bounds on theright-handed WR-boson mass and the left-right mixing parameter �.
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1 Introdu
tionIt is now established beyond any doubt that the observed neutrinos have tiny but non-zero masses and theymix with ea
h other, with both of these features following from the observation of the atmospheri
 andsolar neutrino os
illations and from the long baseline neutrino os
illation experiments [1℄. Theoreti
ally, itis largely anti
ipated that the neutrinos are Majorana parti
les. Experimental eviden
e for the neutrinolessdouble beta de
ay (0�2�) would deliver a 
on
lusive 
on�rmation of the Majorana nature of neutrinos,establishing the existen
e of physi
s beyond the standard model. This is the overriding interest in 
arryingout these experiments and in the related phenomenology [2℄.We re
all that 0�2�-de
ays are forbidden in the standard model (SM) by lepton number (LN) 
onser-vation, whi
h is a 
onsequen
e of the renormalizability of the SM. However, being the low energy limit ofa more general theory, an extended version of the SM 
ould 
ontain nonrenormalizable terms (tiny to be
ompatible with experiments), in parti
ular, terms that violate LN and allow the 0�2� de
ay. Probableme
hanisms of LN violation may in
lude ex
hanges by: Majorana neutrinos �M s [3, 4, 5℄ (the preferredme
hanism after the observation of neutrino os
illations [1℄), SUSY parti
les [6, 7, 8, 9, 10, 11℄, s
alar bilin-ears (SBs) [12℄, e.g. doubly 
harged dileptons (the 
omponent ��� of the SU(2)L triplet Higgs s
alar et
.),leptoquarks (LQs) [13℄, right-handed WR bosons [5, 14℄ et
. From these parti
les light �s are mu
h lighterthan the ele
tron and others are mu
h heavier than the proton. Therefore, there are two possible 
lasses ofme
hanisms for the 0�2� de
ay. With the light �s in the intermediate state the me
hanism is 
alled longrange and otherwise it is referred to as the short range me
hanism. For both these 
lasses, the separationof the lepton physi
s from the hadron physi
s takes pla
e [15℄, whi
h simpli�es 
al
ulations. A

ording tothe S
he
hter{Valle theorem [16℄, any me
hanism indu
ing the 0�2� de
ay produ
es an e�e
tive Majoranamass for the neutrino, whi
h must therefore 
ontribute to this de
ay. These various 
ontributions will haveto be disentangled to extra
t information 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. Measurements of the neutrinoless double betade
ay in di�erent nu
lei will help in determining the underlying physi
s me
hanism [17, 18℄.Our aim in this paper is to examine the possibility to dis
riminate among the various possible me
hanisms
ontributing to the 0�2�-de
ays using the information on the angular 
orrelation of the �nal ele
trons inthe pro
ess Ni(A;Z) ! Nf (A;Z + 2) + e� + e�. A preliminary study along these lines was published byus in 2006 [19℄, with admittedly simpli�ed treatment negle
ting the nu
leon re
oil and the P -wave e�e
tsin the outgoing ele
tron wave fun
tion. We re
tify these short
omings and provide in this paper a detaileda

ount of the improved treatment. Restri
ting ourselves to the long-range me
hanism, treating the ele
tronsrelativisti
ally but with non-relativisti
 nu
leons, we derive the angular 
orrelation between the ele
tronsusing the general Lorentz invariant e�e
tive Lagrangian involving the leptoni
 and hadroni
 
harged weak
urrents. Generally, this angular 
orrelation 
an be expressed as d�=d 
os � � 1 �K 
os �, where � is theangle between the ele
tron momenta in the rest frame of the parent nu
leus. Expressing K = B=A, with�1 < K < 1, we derive the analyti
 expressions for A and B for the e�e
tive Lagrangian 
hara
terized bythe 
oeÆ
ients ���i en
oding the standard, (V �A)
 (V �A), and new physi
s 
ontributions (see Eq. (1)).Essential steps of these derivations are presented in se
tion 2. The analyti
 expressions derived here 
on�rmthe earlier detailed derivations by Doi et al. [5℄, and we spe
ify where the treatment presented here trans
endsthe earlier work. Spe
i�
 
ases are relegated to Appendix A (for the de
ays involving s
alar nonstandardterms), Appendix B (for the ve
tor nonstandard terms), and Appendix C (for the tensor nonstandard terms).We hope to return to the dis
ussion of in
luding the short-range me
hanism, negle
ted in this paper, in futurework.Numeri
al analysis of the ele
tron angular 
orrelation is presented in se
tion 3, and the 
oeÆ
ient K forthe various underlying me
hanisms in 0�2�-de
ays are worked out. In parti
ular, numeri
al values of K forthe �ve nu
lei of 
urrent experimental interest: 76Ge, 82Se, 100Mo, 130Te, and 136Xe are presented for thelight Majorana neutrino �M 
ase. Their values range from K = 0:81 (for the 76Ge nu
leus) and K = 0:88(for the 82Se and 100Mo nu
lei). To study the un
ertainty in the nu
lear matrix elements, we have employedthe so-
alled QRPA model with and without the p-n pairing for the 76Ge nu
leus [20℄, and a more modernQRPA model, �xing the parti
le-parti
le pairing strength [21℄. While the un
ertainty due to the nu
learmatrix element model is quite marked for T1=2 in some 
ases, we show that it is rather modest for K, notex
eeding 10% for the models dis
ussed here. For the �M +NP s
enarios, we remark that the nonstandard2




oeÆ
ients �V�AV�A, �TLTR , and �TRTL do not 
hange the value of the angular 
oeÆ
ient K. The 
ontribution of thes
alar nonstandard term from the �S+PS�P 
oeÆ
ients is found to be numeri
ally small. So, what 
on
erns theangular 
orrelation, we have essentially three distin
t s
enarios: (i) Standard (�M ), (ii) R-parity violatingSUSY (�M + �TRTR), and (iii) left-right-symmetri
 models (�M + �V�AV+A). Numeri
al analysis of the 
oeÆ
ientK in the extended �M+NP s
enario is 
arried out for the de
ay of the 76Ge nu
leus using the nu
lear matrixelement model already spe
i�ed.We take a 
loser look at the underlying physi
s behind the 
oeÆ
ients �V�AV�A in se
tion 4. These 
oeÆ
ientsappear in the 
ontext of the left-right symmetri
 models whi
h are theoreti
ally well motivated [22℄. Also,the 
orresponding nu
lear matrix elements are available in the literature. Making use of them, we work outthe 
orrelations among the angular 
oeÆ
ient K, the half-life T1=2 and either the mass of the right-handedWR boson, mWR , or the W boson's mixing angle �, taking into a

ount the 
urrent bounds on the variousparameters. Results are presented in Figs. 1 { 4. The di�erential distribution d�=d 
os � for the 0�2� de
ayof the 76Ge nu
leus is shown in Fig. 5 for some representative values of jhmij for mWR = 1; 1:5 TeV andfor an in�nitely heavy mWR . It is seen that the e�e
t of the right-handed WR-boson is more marked in theangular 
orrelation for smaller values of jhmij.2 Angular 
orrelation for the long range me
hanism of 0�2� de
ay2.1 General e�e
tive LagrangianFor the de
ay mediated by light �M s, the most general e�e
tive Lagrangian is the Lorentz invariant 
ombi-nation of the leptoni
 j� and the hadroni
 J� 
urrents of de�nite tensor stru
ture and 
hirality [23, 24℄L = GFVudp2 [(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 and ji� = �eO��i; the leptoni
 
urrents
ontain neutrino mass eigenstates and the index i runs over the light eigenstates. Here and thereafter, asummation over the repeated indi
es is assumed; �,�=V �A,S�P ,TL;R (OT� = 2���P�, ��� = i2 [
�; 
� ℄,P� = (1�
5)=2 is the proje
tor, � = L; R); the prime indi
ates the summation over all the Lorentz invariant
ontributions, ex
ept for � = � = V � A, Uei is the PMNS mixing matrix [25℄ and Vud is the CKMmatrix element [1℄. Note that in Eq. (1) the 
urrents have been s
aled relative to the strength of the usualV � A intera
tion with GF being 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 thenon-SM neutrinos.In dis
ussing the extension of the SM for the 0�2� de
ay, Ref. [5℄ 
onsidered expli
itly only nonstandardterms 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. [5℄, Eq. (A.2.17)). HereV , U 0 and V 0 are the 3 � 3 blo
ks of mixing matri
es for non-SM neutrinos, e.g., for the usual SU(2)L �SU(2)R � U(1) model V des
ribes the lepton mixing for neutrinos from right-handed lepton doublets; forSU(2)L � SU(2)R � U(1) model with mirror leptons [26℄ U 0 (V 0) des
ribes the lepton mixing for mirrorleft(right)-handed neutrinos [5℄ et
. The form fa
tors gV and g0V are expressed through the mixing anglesfor left- and right-handed quarks. Thus, gV = 
os �C = Vud and g0V = eiÆ 
os �0C , with �C being the Cabibboangle, �0C is its right-handed mixing analogoue, and the CP violating phase Æ arises in these models due toboth the mixing of right-handed quarks and the mixing of left- and right-handed gauge bosons (see Ref. [5℄,Eq. (3.1.11)). The parameters �, �, and � 
hara
terize the strength of nonstandard e�e
ts. Below, we givesome illustrative examples relating the 
oeÆ
ients �V�AV�A;i, �V+AV�A;i and the parti
le masses, 
ouplings and themixing parameters in the underlying theoreti
al models.In the R-parity-violating (RPV) SUSY a

ompanying the neutrino ex
hange me
hanism [6, 7, 8, 9, 10, 11℄,SUSY parti
les (sleptons, squarks) are present in one of the two e�e
tive 4-fermion verti
es. (The other vertex3




ontains the usual WL boson.) 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 Supersymmetri
 Model (MSSM)parameters �s depend on the 
ouplings of the RPV MSSM superpotential, the masses of the squarks andthe sleptons, the mixings among 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 
an express �n1(q)LR and �n1(l)LR asfollows [10℄ �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 mixing angles, respe
tively, m ~f1and m ~f2 are the sfermion mass eigenvalues, and �ijk and �0ijk are the RPV-
ouplings in the superpotential.For the me
hanism with LQs in one of the e�e
tive verti
es [13℄, 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 ), and �(R)S(V ) depend on the 
ouplings of the renormalizable LQ-quark-leptonintera
tions 
onsistent with the SM gauge symmetry, the mixing parameters and the 
ommon mass s
aleMS(V ) of the s
alar (ve
tor) LQs [27℄.The nonzero ��� for the dis
ussed models are 
olle
ted in Table 1.Table 1: Nonzero 
oeÆ
ients ��� for various models.Model Nonzero �swith WRs �V�AV+A, �V+AV�ARPV SUSY �S�PS+P , �V�AV�A, �TRTRwith LQs �S+PS�P , �V+AV�AThe upper bounds on some of the ��� parameters (6) from the Heidelberg{Mos
ow experiment werederived in Ref. [28℄ using the S-wave approximation for the ele
trons, 
onsidering nu
leon re
oil terms andonly one nonzero parameter ���i in the Lagrangian (1) at a time.The 
oeÆ
ients ���i entering the Lagrangian (1) 
an be expressed as���i = �̂��U (�;�)ei ; (7)where U (�;�)ei are mixing parameters for non-SM neutrinos (see, e.g., Eq. (2)). As this Lagrangian des
ribesalso ordinary �-de
ays (without LN violation), the 
oeÆ
ients �̂�� are 
onstrained by the existing data onpre
ision measurements in allowed nu
lear beta de
ays, in
luding neutron de
ay [29℄. For example, fromthese data we obtain the 
onservative bound���̂V+AV+A�� < 7� 10�2: (8)4



From Eqs. (6), (7), (8) and the bound ���V+AV+A�� < 7:9 � 10�7 (see se
tion 3.2) we 
an assume that thenonstandard mixing is small: jUeiVeij . 10�5; Vei = U (V+A;V+A)ei : (9)2.2 Methods and approximationsWe have 
al
ulated the leading order in the Fermi 
onstant taking into a

ount the leading 
ontribution ofthe parameters ��� to the de
ay matrix elements using the approximation of the relativisti
 ele
trons andnon-relativisti
 nu
leons. The wavefun
tion of an ele
tron with the asymptoti
 momentum p and the spinproje
tion s 
an be expanded in terms of spheri
al waves as [5, 30℄eps(r) = eS1=2ps (r) + eP1=2ps (r) + : : : (10)We take into a

ount the S1=2 and the P1=2 waves for the outgoing ele
trons:eS1=2ps (r) = � ~g�1�s~f1� � p̂�s � ; (11)eP1=2ps (r) = i� ~g1� � r̂� � p̂�s� ~f�1� � r̂�s � ; (12)with r̂ = r=r, p̂ = p=p and the two 
omponent spinor �s. We use the approximate radial wave fun
tions [5℄� ~g�1~f1 � = ~A�1 �1� 16(�pr)2� ; (13)(�pr)2 = �32�Z�2 � rR�2 + 3�Z rR"r + (pr)2; (14)� ~g1~f�1 � = � ~A�1��(") rR ; �� = 12�Z + 13("�me)R; (15)in
luding the �nite de Broglie wave length 
orre
tion (FBWC) for the S1=2 wave. Here R is the nu
learradius, " is the ele
tron energy and � is the �ne stru
ture 
onstant. For the normalization 
onstants ~A�1we use the approximate Eq. (45) (see below).The nu
leon matrix elements of the 
olor singlet quark 
urrents are [8, 31, 32, 33℄hP (k0)j�u(1� 
5)djN(k)i = � (k0) hF (3)S (q2)� F (3)P (q2)
5i �+ (k); (16)hP (k0)j�u
�(1� 
5)djN(k)i = � (k0) �gV (q2)
� � gA(q2)
�
5 � igM (q2)���q�2mp � gP (q2)
5q�� �+ (k);(17)hP (k0)j�u���(1� 
5)djN(k)i = � (k0) �J�� � i2�����J��� �+ (k); (18)J�� = T (3)1 (q2)��� + iT (3)2mp (
�q� � 
�q�) + T (3)3m2p (���q�q� � ���q�q�); (19)where  = � PN � (20)is a nu
leon isodoublet.The non-relativisti
 stru
ture of the nu
leon 
urrents in the impulse approximation is derived using Refs[32, 34℄, see Appendi
es A, B, and C. We have 
al
ulated the nu
leon re
oil terms in
luding the re
oil termsdue to the pseudos
alar form fa
tor. 5



Table 2: Expressions for A in Eqs. (21) and (22) for the stated 
hoi
e of ���.� A�V�AV�A A0 + 4C1j�jj�V�AV�Aj
02 + 4C1j�V�AV�Aj2�V�AV+A A0 + 4C0j�jj�V�AV+Aj
01 + 4C1+j�V�AV+Aj2�V+AV�A A0 + C3j�jj�V+AV�Aj
2 + C5j�V+AV�Aj2�V+AV+A A0 + C2j�jj�V+AV+Aj
1 + C4j�V+AV+Aj2�S�PS�P A0 + 4CSP0 j�jj�S�PS�P j
04 + 4CSP1 j�S�PS�P j2�S�PS+P A0 + 4CSP0 j�jj�S�PS+P j
03 + 4CSP1 j�S�PS+P j2�S+PS�P A0 + CSP2 j�jj�S+PS�P j
4 + CSP3 j�S+PS�P j2�S+PS+P A0 + CSP2 j�jj�S+PS+P j
3 + CSP3 j�S+PS+P j2�TLTL A0 + 4CT0 j�jj�TLTL j
06 + 4CT1 j�TLTL j2�TLTR , �TRTL A0�TRTR A0 + CT2 j�jj�TRTR j
5 + CT3 j�TRTR j2Table 3: Expressions for B in Eq. (22) for the stated 
hoi
e of ���.� B�V�AV�A B0 + 4D1j�jj�V�AV�Aj
02 + 4D1j�V�AV�Aj2�V�AV+A B0 + 4D0j�jj�V�AV+Aj
01 + 4D1+j�V�AV+Aj2�V+AV�A B0 + j�jj�V+AV�Aj(D3
2 +D3�s2) +D5j�V+AV�Aj2�V+AV+A B0 + j�jj�V+AV+Aj(D2
1 +D2�s1) +D4j�V+AV+Aj2�S�PS�P B0 + 4DSP0� j�jj�S�PS�P js04 + 4DSP1 j�S�PS�P j2�S�PS+P B0 + 4DSP0� j�jj�S�PS+P js03 + 4DSP1 j�S�PS+P j2�S+PS�P B0 + j�jj�S+PS�P j(DSP2 
4 +DSP2� s4) +DSP3 j�S+PS�P j2�S+PS+P B0 + j�jj�S+PS+P j(DSP2 
3 +DSP2� s3) +DSP3 j�S+PS+P j2�TLTL B0 + 4DT0�j�jj�TLTL js06 + 4DT1 j�TLTL j2�TLTR , �TRTL B0�TRTR B0 +DT2 j�jj�TRTR j
5 +DT3 j�TRTR j22.3 Ele
tron angular 
orrelationTaking into a

ount the dominant terms introdu
ed in the Appendi
es A, B, and C in the 
losure approxi-mation [5℄ we obtain the di�erential width in 
os � for the 0+(A;Z)!0+(A;Z + 2)e�e� transitions:d�d 
os � = ln 22 jMGT j2A(1�K 
os �); (21)where � is the angle between the ele
tron momenta in the rest frame of the parent nu
leus and the angular
orrelation 
oeÆ
ient is K = BA ; �1 < K < 1: (22)The Gamow{Teller nu
lear matrix element MGT is de�ned in Eq. (51) below.The expressions for A and B for di�erent 
hoi
es of ���, with only one 
oeÆ
ient 
onsidered at a time,are shown in Tables 2 and 3.In these tables 
i = 
os i; si = sin i (23)and � = hmi=me; ��� = m��=me; (24)6



with the standard e�e
tive Majorana mass hmi =Pi U2eimi and the nonstandard ones:mS�PS�P =Xi Uei�S�PS�P;imi; mV�AV�A =Xi Uei�V�AV�A;imi; mTLTL;R =Xi Uei�TLTL;R;imi: (25)The quantities A and B for all zero ��� areA0 = C1j�j2; B0 = D1j�j2 (26)and the relative phases are  01 = arg(h�i�V�A�V+A );  02 = arg(h�i�V �A�V �A ); 1 = arg(h�i�V+A�V+A );  2 = arg(h�i�V+A�V�A ); 03 = arg(h�i�S�P�S+P );  04 = arg(h�i�S�P�S�P ); 3 = arg(h�i�S+P�S+P );  4 = arg(h�i�S+P�S�P ); 06 = arg(h�i�TL�TL ); 5 = arg(h�i�TR�TR );  6 = arg(h�i�TR�TL ): (27)The 
oeÆ
ients Ci and C(SP;T )i in Table 2 areC0 = (�2F � 1)A01;C1 = (�F � 1)2A01;C1+ = (�F + 1)2A01;C2 = (�F � 1)(�2�A03 � �1+A04);C3 = �(�F � 1)(�2+A03 � �1�A04 � �0PA05 + �0RA06);C4 = �22�A02 � 29�1+�2�A03 + 19�21+A04;C5 = �22+A02 � 29�1��2+A03 + 19�21�A04 + �02PA08 � �0P�0RA07 + �02RA09; (28)CSP0 = �(�F � 1)�SPF ASP00 ;CSP1 = �SP2F ASP01 ;CSP2 = (�F � 1)(2�SPF0 � �SPP0 )ASP02 ;CSP3 = (2�SPF0 � �SPP0 )2ASP03 ; (29)CT0 = T (3)1gA (�F � 1)AT00;CT1 =  T (3)1gA !2AT01;CT2 = �(�F � 1) �(�T 0RC� + �T 0R + �T 0RT� � �T 0RT )A01 +�13�T 0GT � 2�T 0T �AT02� ;CT3 = (�T 0RC� + �T 0R + �T 0RT� � �T 0RT )2A09 +�13�T 0GT � 2�T 0T �2AT03 : (30)The 
oeÆ
ients Di and D(SP;T )i entering in Table 3 are:D0 = (�2F � 1)B01;D1 = (�F � 1)2B01; D1+ = (�F + 1)2B01;7



D2� = (�F � 1)�2�B03�; D2 = �(�F � 1)�1+B04;D3 = (�F � 1)(�2+B03 � �0PB05);D3� = �(�F � 1)(�1�B04� � �0PB05� + �0RB06�);D4 = ��22�B02 + 19�21+B04;D5 = �22+B02 � 19�21�B04 � �02PB08 + �0P�0RB07 � �02RB09; (31)DSP0� = (�F � 1)�SPF BSP00�;DSP1 = ��SP2F BSP01 ;DSP2 = (�F � 1)(2�SPF0 � �SPP0 )BSP02 ;DSP2� = (�F � 1)(2�SPF0 � �SPP0 )BSP02�;DSP3 = (2�SPF0 � �SPP0 )2BSP03 ; (32)DT0� = �T (3)1gA (�F � 1)BT00�;DT1 = � T (3)1gA !2BT01;DT2 = �(�F � 1) �(�T 0RC� + �T 0R + �T 0RT� � �T 0RT )B01 +�13�T 0GT � 2�T 0T �BT02� ;DT3 = (�T 0RC� + �T 0R + �T 0RT� � �T 0RT )2B09 +�13�T 0GT � 2�T 0T �2BT03; (33)where the integrated phase spa
e fa
tors are A0k; A(SP;T )0kB0k; B(SP;T )0k ! = 1ln 2 a0�(meR)2 Z  a0k; a(SP;T )0kb0k; b(SP;T )0k !d
0� ; (34)with the phase spa
e element d
0� de�ned as follows:d
0� = m�5e jp1jjp2j"1"2Æ("1 + "2 +Ef �Ei)d"1d"2d(p̂1 � p̂2) : (35)The 
onstant a0� and the kinemati
 fa
tors a0k; a(S;P;T )0k ; b0k and b(S;P;T )0k entering above are de�ned as follows:a0� = (GF gA)4jVudj4m9e=(64�5); (36)a01 = �+ + �+; a02 = �"21me�2 �+; a03 = 2"21me ��; a04 = 49�+;a05 = 43 � ���meR � 2�+� ; a06 = 8meR��; a07 = 13 � 4meR�2 (��+ � 2meR��);a08 = � 23meR�2 [�2�+ + 4meR(meR�+ � ���)℄; a09 = � 4meR�2 �+; (37)aSP00 = ��; aSP01 = �+; aSP02 = "21R3me ["21(�+ + �+) + 2me��℄;aSP03 = �"21R6me �2 ["221�+ + ("221 + 4m2e)�+ + 4"21me��℄; (38)8



aT00 = 2��; aT01 = 16�+ = 16aSP01 ; aT02 = 8��+meR ;aT03 = � 8�meR�2 �+; (39)b01 = 
+ + Æ+; b02 = �"21me�2 Æ+;b03 = 2"21me Æ+; b03� = 2"21me Æ�;b04 = 49Æ+; b04� = 49Æ�;b05 = 83
+; b05� = 43 �
�meR;b06� = 8
�meR; b07 = 163 �
+(meR)2 ;b08 = 169 "� �2meR�2 � 1# 
+; b09 = � 4meR�2 
+; (40)bSP00� = 
�; bSP01 = 
+ = 38b05;bSP02 = "221R3me (
+ + Æ+); bSP02� = 23"21RÆ�;bSP03 = �"21R6me �2 �"221(
+ + Æ+)� 4m2eÆ+� ; (41)bT00� = 4
� = 4bSP00�; bT01 = 16
+ = 6b05;bT02 = 8�Æ+meR ; bT03 = � 8�meR�2 Æ+; (42)where "21 = "2 � "1 is the di�eren
e in the ele
tron energy. The 
hara
teristi
 features of the P1=2-wave areexpressed as � = 3�Z + ("1 + "2)R (43)and the Coulomb 
orre
tions appear as the following 
ombinations�� = j��1�1j2 � j�11j2; �� = j�1�1j2 � j��11j2;
+ = 2Re(�11���1�1); 
� = 2Im(�11���1�1);Æ+ = 2Re(��11��1�1); Æ� = 2Im(��11��1�1); (44)with �ij = ~Ai("2) ~Aj("1).For the normalization 
onstants in the approximation in
luding terms up to (�Z)2 [5℄~A�1 =r"�me2" F0(Z; ");F0 = 4�2(2
1 + 1)(2pR)2(
1�1)j�(
1 + iy)j2e�y;
1 =p1� (�Z)2; y = �Z"=p; (45)9



we have � �+�+ � = 12("1"2 �m2e)C00; � ���� � = 12("2 � "1)meC00; (46)
+ = Æ+ = 12 jp1jjp2jC00; 
� = Æ� = 0; (47)where C00 = F0(Z; "2)F0(Z; "1)"2"1 : (48)Note that using Eq. (47) the expressions for B from Table 3 are redu
ed to the form shown in Table 4.Table 4: Expressions for B in Eq. (22) for the stated 
hoi
e of ��� for the ~A�1 from Eq. (45).� B�V�AV�A B0 + 4D1j�jj�V�AV�Aj
02 + 4D1j�V�AV�Aj2�V�AV+A B0 + 4D0j�jj�V�AV+Aj
01 + 4D1+j�V�AV+Aj2�V+AV�A B0 +D3j�jj�V+AV�Aj
2 +D5j�V+AV�Aj2�V+AV+A B0 +D2j�jj�V+AV+Aj
1 +D4j�V+AV+Aj2�S�PS�P B0 + 4DSP1 j�S�PS�P j2�S+PS�P B0 +DSP2 j�jj�S+PS�P j
4 +DSP3 j�S+PS�P j2�S+PS+P B0 +DSP2 j�jj�S+PS+P j
3 +DSP3 j�S+PS+P j2�TLTL B0 + 4DT1 j�TLTL j2�TLTR , �TRTL B0�TRTR B0 +DT2 j�jj�TRTR j
5 +DT3 j�TRTR j2In the de�nitions of Ci and Di we use some 
ombinations of nu
lear parameters similar to the ones inRef. [5℄. Thus, �2� = �GT! � �F! � 19�1�; �1� = (�0GT � 6�0T )� 3�0F ;�F = �gVgA�2 MFMGT ; �k = gVgA MkMGT ; k = P; R; RT ;�k = MkMGT ; k = T; GT; RC� ; RT�;�SPF = F (3)SgV �F ; �SPF0 = F (3)SgV �gVgA�2 MF0MGT ; �SPP0 = F (3)SgA gVgA MP0MGT ;�Tk = T (3)1gA �k; k = R; RT; RC�; RT�; �Tk = T (3)1gA MTkMGT ; k = GT; T; (49)where the index F refers to Fermi, GT to Gamow{Teller, T to tensor, P to the P -wave e�e
t and R tothe re
oil e�e
t. If � has prime or the index ! than the same has the a

ording matrix element in thenumerator. The nu
lear matrix elements de�ned below 
ontain the operator �a+ = (�1 + i�2)a=2 
onvertingthe a-th neutron into the a-th proton, and the initial (�nal) nu
lear state are denoted by j0+i i (h0+f j)MF =XN h0+f jjXa6=b h+(rab; EN )�a+� b+jj0+i i; (50)MGT =XN h0+f jjXa6=b h+(rab; EN )�a � �b�a+� b+jj0+i i; (51)MT =XN h0+f jjXa6=b h+(rab; EN ) �(�a � r̂ab)(�b � r̂ab)� 13�a � �b� �a+� b+jj0+i i; (52)10



M 0GT =XN h0+f jjXa6=b h0+(rab; EN )�a � �b�a+� b+jj0+i i; (53)M 0F =XN h0+f jjXa6=b h0+(rab; EN )�a+� b+jj0+i i; (54)M 0T =XN h0+f jjXa6=b h0+(rab; EN ) �(�a � r̂ab)(�b � r̂ab)� 13�a � �b� �a+� b+jj0+i i; (55)M 0P =XN h0+f jjXa6=b h0+(rab; EN ) ir+ab2rab f(�a � �b) � [r̂ab � r̂+ab℄g �a+� b+jj0+i i; (56)M 0R =XN h0+f jjXa6=b h0+(rab; EN ) R2rab r̂ab � (�a �Db +Da � �b)�a+� b+jj0+i i; (57)MGT! =XN h0+f jjXa6=b h0!(rab; EN )�a � �b�a+� b+jj0+i i; (58)MF! =XN h0+f jjXa6=b h0!(rab; EN )�a+� b+jj0+i i; (59)MF0 =XN h0+f jjXa6=b h00(rab; EN )r̂ � r̂+�a+� b+jj0+i i; (60)MP0 =XN h0+f jjXa6=b iR2r h00(rab; EN )�+ � [̂r� r̂+℄�a+� b+jj0+i i; (61)MT 0GT =XN h0+f jjXa6=b h0+(rab; EN ) iRr �a � �b�a+� b+jj0+i i; (62)MT 0T =XN h0+f jjXa6=b h0+(rab; EN ) iRr �(�a � r̂ab)(�b � r̂ab)� 13�a � �b� �a+� b+jj0+i i; (63)M 0RT =XN h0+f jjXa6=b h0+(rab; EN ) R2r r̂ab � (Ta �Tb)�a+� b+jj0+i i; (64)M 0RC� =XN h0+f jjXa6=b h0+(rab; EN ) iR2r (r̂ab � �aCb � Car̂ab � �b)�a+� b+jj0+i i; (65)M 0RT� =XN h0+f jjXa6=b h0+(rab; EN ) iR2r r̂ab � (�a �Tb +Ta � �b)�a+� b+jj0+i i : (66)In the above expressions, the neutrino potentials hi(rab; hEN i) are de�ned as follows:h+(rab; hEN i) = R4�2 Z dk! � 1! +A1 + 1! +A2� eik�r ' RH(r; �A); (67)h0(rab; hEN i) = 12�2"12 Z dk! � 1! +A1 � 1! +A2� eik�r' 2H(r; �A) + r ��rH(r; �A); (68)h0!(rab; hEN i) = h+ � �ARh0; h0+(rab; hEN i) = h+ + �ARh0; (69)hR(rab; hEN i) = � �Amp " 2� �Rr �2 � �ARh+# ; (70)with H(r; �A) = 12�2 Z dk! eik�r! + �A; (71)Aj = "j + hEN i �Ei; i = 1; 2; �A = hEN i � (Ei +Ef )=2; (72)11



where rab is the distan
e between the nu
leons a and b, and hEN i is the average energy of the intermediatenu
leus N .To derive the expressions for A and B shown in Tables 2 and 3 we have used the formulas:CA1 ��S�PS�P � =MGT mS�PS�Pme F (3)SgV �SPF ;CA2 ��S�PS�P � = 0; CA2 ��S+PS�P � rr+ = 2MGT �S+PS�P�SPF0 ;CA5 ��S�PS�P � = 0; CA5 ��S+PS�P � rr+ =MGT �S+PS�P�SPP0 ; (73)ZX1 ��V�AV�A� =MGT ��+ 2�V�AV�A� (�F � 1);ZX1 ��V�AV+A� =MGT ��(�F � 1) + 2�V�AV+A(�F + 1)� ;ZX3 ��V+AV�A� = �MGT �V+AV�A(�GT! � �F!);ZX4 ��V+AV�A� = �13MGT �V+AV�A�1�;ZY6 ��V+AV�A� rr+ =MGT �V+AV�A�0P ;ZY4R ��V+AV�A� =MGT �V+AV�A�0R; (74)WU1 ��TLTL� = �4MGT�TLTL T (3)1gA ;W V4R ��TRTR� = �2MGT �TRTR T (3)1gA (�0RC� + �0R + �T 0RT� � �T 0RT );WU2 ��TRTR� rr+ = 2iMGT �TRTR T (3)1gA �0GT ;WU7 ��TRTR� rr+ = �4iMGT �TRTR T (3)1gA �13�0GT + 2�0T� : (75)For all other arguments ��� these nu
leon matrix elements have zero values, ex
ept forZX1 ��V�AV�A = 0� =MGT�(�F � 1): (76)We have 
al
ulated the numeri
al values of the integrated kinemati
 fa
tors A0i, A(SP; T )0i , B0i, andB(SP; T )0i for all the �ve nu
lei of 
urrent experimental interest. We shall use them in the results shown belowin Table 6 for the angular 
oeÆ
ient K. However, as we will fo
us in this paper mainly on the 0�2� de
ayof the 76Ge nu
leus, we give the values of these fa
tors for this nu
leus in Table 5, where we have usedQ = Ei �Ef � 2me = 2:039 MeV ; (77)taken from Ref. [35℄, and the s
aling fa
tor for the neutrino potentials isR = r0A1=3; r0 = 1:1 fm: (78)The values of AT00 and B03 are of the order of 10�44 yr�1. Hen
e these values are not given in Table 5 andthe terms with AT00 and B03 
an be safely negle
ted.
12



Table 5: The integrated kinemati
 A- and B-fa
tors [in 10�15yr�1℄ for the 0+ ! 0+ transitionof the 0�2� de
ay of 76Ge.A01 6.69 B01 5.45A02 1.09�10 B02 8.95A03 3.76 B03 |A04 1.30 B04 1.21A05 2.08�102 B05 7.27A06 1.69�103 | |A07 1.05�105 B07 7.72�104A08 6.59�103 B08 4.97�103A09 4.14�105 B09 3.00�105ASP00 2.55 | |ASP01 3.77 BSP01 2.73ASP02 1.18�10�1 BSP02 7.20�10�2ASP03 1.27�10�3 BSP03 3.71�10�4AT01 6.03�10 BT01 4.36�10AT02 1.50�103 BT02 1.40�103AT03 7.67�105 BT03 7.16�105We re
all that the analyti
 expressions asso
iated with the 
oeÆ
ients �V+AV�A given in this se
tion andthe values of A0i from Table 5 
on�rm the results of Ref. [5℄. The analyti
 expressions asso
iated with the
oeÆ
ients �V�AV�A, �S�PS�P , �TL;RTL;R and the values of A(SP;T )0i , B0i, B(SP;T )0i from Table 5 trans
end the earlierwork.3 Analysis of the ele
tron angular 
orrelation3.1 Qualitative analysisIf the e�e
ts of all the intera
tions beyond the SM extended by the �M s, whi
h we 
all the \nonstandard"e�e
ts, are zero (i.e., all ��� = 0), then K = B01=A01. Its values are given in Table 6 for various de
ayingnu
lei. We will 
on
entrate on the 
ase of 76Ge nu
leus in the following. In this 
ase the 
orrelation (21) isproportional to 1 � 0:81 
os �. (Note that in the limit of me=(Ei � Ef ) ! 0 we have �+ + �+ = 
+ + Æ+and K = 1.) Tables 2 and 4 show that the presen
e of the \nonstandard" parameters �V�AV�A, �TLTR or �TRTLdoes not 
hange the value of K and therefore the form of the angular 
orrelation. The presen
e of any otherparameter ��� does 
hange this 
orrelation. From the fa
t that there are no 
ontributions due to P -wave andre
oil e�e
ts to the s
alar nonstandard terms in the 
losure approximation (see Appendix A), it follows thatthe values of ASP02 , ASP03 , BSP02 , and BSP03 are small and there are two additional \nonstandard" parametersthat do not 
hange signi�
antly the form of the angular 
orrelation, namely, �S+PS�P .Table 6: The values of angular 
orrelation 
oeÆ
ient K for various de
aying nu
lei for the SM extended bythe �M s.76Ge 82Se 100Mo 130Te 136XeK 0.81 0.88 0.88 0.85 0.84Using Table 1 and taking into a

ount the fa
t that j���j are suppressed in 
omparison with j���j by thefa
tor mi=me (the 
hiral suppression), we �nd the 
oeÆ
ient K and the set f�g of nonzero ���s that 
hangethe 1 � 0:81 
os� form of the 
orrelation for the SM plus �M s, see Table 7 (the lower two entries). They
orrespond to the following extensions of the SM: �M s plus RPV SUSY [10℄, �M s plus right-handed 
urrents(RC) (
onne
ted with right-handed W bosons [5℄ or LQs [13℄). Hen
e, the angular 
oeÆ
ient K 
an signalthe presen
e of these NP intera
tions. 13



Table 7: The angular 
orrelation 
oeÆ
ient K for various SM extensions for de
ays of 76Ge.SM extension f�g K�M | 0.81�M+RPV SUSY �TRTR �1 < K < 1�M+RC �V+AV�A �1 < K < 1We remark here that in our earlier analysis [19℄ we had negle
ted the P -wave and re
oil e�e
ts, whi
h isnot a good assumption. Our 
urrent study shows that these e�e
ts give signi�
ant 
ontribution to the termswith �V+AV�A and �TRTR . Hen
e, they have to be in
luded in any realisti
 analysis of the data, as and when itbe
omes available. In
luding them, not only the model 
alled �M+ RC but also the model �M+ RPV 
anessentially 
hange the angular 
oeÆ
ient K from being 0.81 in the de
ay of the 76Ge nu
leus. Left-rightsymmetri
 models belong to the 
lass �M+ RC and we have studied these models in detail in se
tion 4, wherethe 
orrelations among the parameters K, T1=2 and either mWR or � are worked out for the 
ase jhmij 6= 0,
os i = 0 
onsidered in se
tion 3.2.Note that the de
ay half-life and angular 
orrelation do not give any bounds on the parameters �TLTR and�TRTL be
ause the a

ording expressions for A and B do not depend on them.3.2 Quantitative analysisLet us now 
onsider some parti
ular 
ases for the parameter spa
e. We will analyze only the terms with�V�AV�A as the 
orresponding nu
lear matrix elements have been workd out in the literature. We use varioustypes of QRPA model for the 76Ge nu
leus [20, 21℄ as a test 
ase.Using the 
ase of jhmij = 0, whi
h gives 
onservative upper bounds on j���j and j���j, the de
ay half-lifeis expressed from Eq. (21) as T1=2 = ln 2=� = �jMGT j2A��1 : (79)From Eq. (79), using Tables 2, 5 and the values of the nu
lear matrix elements reported in Refs. [20, 21℄,we have the following expressions for the half-life [in yr℄ for various 
hoi
es of the parameters j�V�AV�Aj andj�V+AV�Aj, taking only one parameter at a time:T1=2 = 1:1(1:3)� 1012j�V�AV�Aj�2; T1=2 = 3:2(4:0)� 1012j�V�AV+Aj�2; (80)T1=2 = 4:0(21)� 1012j�V�AV�Aj�2; T1=2 = 4:5(6:8)� 1012j�V�AV+Aj�2; (81)T1=2 = 3:7(27)� 108j�V+AV�Aj�2; T1=2 = 1:0(9:7)� 1013j�V+AV+Aj�2: (82)Eq. (80) 
orresponds to using the pnQRPA model with parti
le-parti
le strength parameter gpp=1.02(1.06)[21℄ and Eqs (81){(82) 
orrespond to using the QRPA model without (with) the p-n pairing [20℄ (note thatthe de�nitions of the nu
lear matrix elements �0P and �R in Ref. [20℄ di�er from �0P and �0R in Ref. [5℄ bythe fa
tors 1=2 and 4=(meR), respe
tively). Comparing the numeri
al results in these equations, we notethat the dispersion in the half-lifes is less marked for the 
oeÆ
ient j�V�AV+Aj. However, the half-lifes involvingthe 
oeÆ
ients j�V�AV�Aj and j�V�AV+Aj show a very strong nu
lear matrix element dependen
e. For the QRPAmodel worked out in [20℄, it is not 
lear to us if this is due to a numeri
al artifa
t or the treatment of theisos
alar neutron-proton pairing. An important, and related point, is how to �x 
orre
tly the parti
le-parti
lestrength of the nu
lear Hamiltonian. Fixing the parti
le-parti
le pairing parameter, and varying it as donein [21℄, leads to rather stable values for the half-life of 76Ge nu
leus. Clearly, these issues remain to befurther dis
ussed and 
lari�ed. A detailed dis
ussion of these nu
lear models will take us far a�eld from themain point of our paper. The theoreti
al un
ertainty in the nu
lear matrix elements [2, 36℄ plays an essentialrole in the numeri
al analysis. However, as we show below, the nu
lear-model dependen
e of the angular
oeÆ
ient K is rather modest. 14



The fa
t that the dependen
e of K on the nu
lear matrix elements is mu
h weaker than the un
er-tainty in T1=2 from this sour
e is illustrated in Table 8 for QRPA models [20, 21℄ for the assumed val-ues of the parameters: j�V�AV�Aj = j�V+AV+Aj = 5 � 10�7, j�V+AV�Aj = 5 � 10�9. It is 
lear from Table 8 thatmeasuring K with 10% a

ura
y (or better) produ
es useful experimental data that 
ould be sensitiveto the new physi
s. We note that for the parameters �V�AV�A the angular 
oeÆ
ient does not depend a
-tually on the nu
lear matrix elements as it is seen from Tables 2, 3 (for j�j = 0) and Eqs. (28), (31):K = (�F � 1)2B01= h(�F � 1)2 A01i = B01=A01 ' 0:81.Table 8: T1=2 and K for the �xed values of the parameters j�V�AV�Aj; j�V+AV�Aj for de
ay of 76Ge for the 
ase ofjhmij = 0 in QRPA without (with) p-n pairing [20℄ [pnQRPA with gpp=1.02(1.06) [21℄℄.j�V�AV�Aj = 5� 10�7 j�V�AV+Aj = 5� 10�7 j�V+AV�Aj = 5� 10�9 j�V+AV+Aj = 5� 10�7T1=2=(1025 yr) 1.6(8.4)[0.44(0.52)℄ 1.8(2.7)[1.3(1.6)℄ 1.5(11) 4.0(39)K 0.81(0.81)[0.81(0.81)℄ 0.81(0.81)[0.81(0.81)℄ �0:73(�0:73) �0:79(�0:87)Using the numeri
al results given above, the 
urrent lower bound T1=2 > 1:6 � 1025 yr for the 76Genu
leus [37℄ yields the upper bounds on the parameters j�V�AV�Aj and j�V+AV�Aj shown in Table 9. The bound onj�V+AV�Aj is stronger than the others shown in this table due to the relatively large values of the re
oil and P -wave matrix elements in this 
ase. The bounds on j�V+AV�Aj given in Table 9 are 
omparable with the boundsj�V+AV�Aj < 4� 10�9, j�V+AV+Aj < 6� 10�7 given in Ref. [28℄.Table 9: Upper bounds on j�V�AV�Aj, j�V+AV�Aj for de
ays of 76Ge for the 
ase of jhmij = 0 in QRPA.Nu
lear model j�V�AV�Aj j�V�AV+Aj j�V+AV�Aj j�V+AV+AjpnQRPA with gpp=1.02(1.06) [21℄ 2:6(2:9)� 10�7 4:5(5:0)� 10�7 | |QRPA without (with) p-n pairing [20℄ 5:0(11)� 10�7 5:4(6:5)� 10�7 4:8(13)� 10�9 7:9(25)� 10�7To be de�nite, we use the QRPA model without p-n pairing [20℄ in the following. The bounds given inTable 9 
ould be used for deriving the bounds on the parameters of the parti
ular models (see se
tion 2.1).For example, using Eq. (5) we have the following 
onservative 
onstraints on the 
ouplings of the e�e
tiveLQ-quark-lepton intera
tions:j�(L)I j � 1:1� 10�9� MI100 GeV�2 ; j�(R)I j � 2:6� 10�7� MI100 GeV�2 ; I = S; V: (83)� Consider a more general 
ase of jhmij 6= 0, 
os i = 0, where the index i depends on �, � (as above,we take only one nonzero ��� at a time). Using Tables 2 and 4 we haveA = C1j�j2 + 4Cij���j2;KA = D1j�j2 + 4Dij���j2; (84)and A = C1j�j2 + Cij���j2;KA = D1j�j2 +Dij���j2: (85)Hen
e, using Eq. (79) we obtain j�j2 = (�1 � �2K)=T1=2;j���j2 = (��3 + �4K)=T1=2 = 4j���j2; (86)15



with the 
oeÆ
ients �1 = DijMGT j2�i ; �2 = CijMGT j2�i ;�3 = D1jMGT j2�i ; �4 = C1jMGT j2�i ; (87)where �i = C1Di �D1Ci.Using Eqs (86){(87) we have for �V+AV+A 6= 0j�j2 = (7:9 + 10K)� 1012=T1=2; j�V+AV+Aj2 = (5:1� 6:3K)� 1012=T1=2 (88)and for �V+AV�A 6= 0j�j2 = (7:7 + 10K)� 1012=T1=2; j�V+AV�Aj2 = (1:9� 2:4K)� 108=T1=2; (89)with T1=2 in years. Fig. 1 shows the 
orrelation among jhmij, T1=2, K (left) and the 
orrelation amongj�V+AV+Aj, T1=2, K (right) for the 
hoi
e of a nonzero �V+AV+A. Fig. 2 shows the same for the parameter �V+AV�A. Itis 
lear from Figs 1 and 2 that the 
loser is K to 1 for the �xed value of T1=2, the weaker is bounded jhmijand stronger is bounded j�V+AV�Aj. The 
orrelations among j�V+AV�Aj, T1=2, K will be used in the next se
tion inthe analysis of left-right symmetri
 models.Note that if several ��� are nonzero in the 
onsidered model than the respe
tive interferen
e terms shouldbe taken into a

ount.� To extra
t j�j, j���j, j���j, 
i in the general 
ase of jhmij 6= 0, 
i 6= 0 we need to analyze the data onat least two de
aying nu
lei. This analysis will be presented for the �ve nu
lei already dis
ussed in aforth
oming paper [38℄.4 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, andother parameters spe
i�
 to parti
ular extensions of the SM [5, 4, 8, 10, 12, 13℄. To illustrate the kind of
orrelations that the measurements of T1=2 and the angular 
orrelation 
oeÆ
ient K in the 0�2� de
ay wouldimply, we work out the 
ase of the left-right symmetri
 models [22℄. In the model SU(2)L� SU(2)R �U(1)the parameters � and � (see Eq. (2)) are expressed through the masses mWL and mWR of the left- andright-handed W bosons and their mixing angle � [5℄:� = � tan �; � = (mWL=mWR)2 ; (90)under the 
ondition mWL � mWR : (91)Eqs. (2) and (6) and the relation [5℄ Vei = V 0ei (92)of the SU(2)L � SU(2)R � U(1) model yield�V+AV+A = �g0VgV UeiVei:; �V+AV�A = �UeiVei: (93)To redu
e the number of free parameters, we assume the equality of the form fa
tors of the left- and right-handed hadroni
 
urrents: gV = g0V : (94)The small masses of the observable �s are likely des
ribed by the seesaw formula that in the simplest 
asegives mi � m2D=MR; MR � mD; (95)16



with the Dira
 mass s
ale mD (for the 
harged leptons and the light quarks mD � 1 MeV) and the masss
ale MR of right �M s (in the majority of theories MR > 1 TeV). In the left-right symmetri
 models theses
ales arise usually from the two s
ales of the va
uum expe
tation values of Higgs multiplets [22℄. In theseesaw me
hanism, the values of the mixing parameters Vei (for i numbering light mass states) have thesame order of magnitude as mD=MR. In our dis
ussion we use two rather 
onservative values (
ompare withEq. (9)) � = 10�6; 5� 10�7 (96)for the mixing parameter � = jUeiVeij: (97)We re
all that here the summation index i runs only over the light neutrino mass eigenstates (the summationover the total mass spe
trum in
luding also heavy states gives stri
tly zero due to the orthogonality 
ondition[5℄).From Eqs. (90), (93), (94), and (97) we havemWR = mWL ��= ���V+AV+A���1=2 ; � = � ar
tan ����V+AV�A�� =�� : (98)Using Eq. (91) we note the approximate equality of mWL and the mass of the observed 
harged gauge bosonW1 (mW1=80.4 GeV [1℄).The 
orrelation among mWR (�), K, and T1=2 for the 
ase of jhmij 6= 0, 
os i = 0 (see se
tion 3.2)is shown in Fig. 3 (4) for the two 
hosen values of �. The numeri
al results for these �gures have beenobtained using Eqs. (88) and (89). It is 
lear from Fig. 3 (4) that the 
loser is K to 1 for the �xed valueof T1=2 the stronger is the lower bound on mWR (the upper bound on �). However this bound is weakerthan the one mWR > 715 GeV, obtained from the ele
troweak �ts [1℄. There is still a more stringent boundmWR > 1:2 TeV, obtained in Ref. [39℄ for the 0�2� de
ay mediated by heavy Majorana neutrinos usingarguments based on the va
uum stability [6℄ and additional theory input. We assume mWR � 1 TeV in thenext �gure.While experiments in the 0�2� de
ay would measure the produ
t of the quantities 
alled � and theneutrino mixing matrix elements UeiVei in Eq. (93), 
ollider experiments at the Tevatron and the LHC 
an,in prin
iple, measure � by determining mWR . Assuming these logi
ally independent possibilities, we plotthe di�erential width (21) vs. 
os � in Fig. 5 for a set of values of jhmij and mWR , taking �V+AV+A at a timeand assuming � = 10�6. In this �gure, we 
onsider the values of jhmij, starting from jhmij � 0:03 eV up tojhmij = 5 meV, 
overing two of three s
enarios of neutrino mass hierar
hies and mixing angles: normal andinverted mass hierar
hies (see Ref. [40℄ for a re
ent dis
ussion and update). It is seen that the sensitivity ofthe ele
tron angular 
orrelation to the right-handed W -boson mass mWR in
reases with de
reasing valuesof the e�e
tive Majorana neutrino mass jhmij, as 
an be seen from Fig. 5 (right), where this 
orrelation isshown for jhmij=5 meV, 10 meV.In 
on
lusion, we have presented a detailed study of the ele
tron angular 
orrelation for the long rangeme
hanism of 0�2� de
ays in a general theoreti
al 
ontext. This information, together with the ability ofobserving these de
ays in several nu
lei, would help greatly in identifying the dominant me
hanism underlyingthese de
ays. At present, no experiment is geared to measuring the angular 
orrelation in 0�2� de
ays, asthe main experimental thrust is on establishing a non-zero signal unambiguously in the �rst pla
e. We notethat the running experiment NEMO3 has already measured the ele
tron angular distribution for the twoneutrino double beta de
ay, and is 
apable of measuring this 
orrelation in the future for the 0�2� de
ayas well, assuming that the experimental sensitivity is suÆ
iently good to establish this de
ay [41℄. Theproposed experimental fa
ilities that 
an measure the ele
tron angular 
orrelation in the 0�2� de
ays areSuperNEMO [42℄, MOON [43℄, and EXO [44℄. We have argued in this paper that there is a strong 
ase inbuilding at least one of them.A
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of us (DVZ) would like to thank DESY for the hospitality in Hamburg where a good part of this work wasdone.A 0�2� de
ay rate for s
alar nonstandard termsThe nu
leon 
urrents in the impulse approximation in the nonrelativisti
 form are used in this paper [32, 34℄.Keeping all terms up to order p=mp in the nonrelativisti
 expansion we haveJ+S�P (x) =Xa �a+Æ(x� ra)�F (3)S � F (3)P Ba� ; Ba = �a � q2mp ; (99)J�+V�A(x) =Xa �a+Æ(x � ra) �g�0(gV Ia � gACa) + g�m(gA�am � gVDma � gAPma )� ; (100)Ca = �a �Q2mp � q0�a � qq2 +m2� ; Dma = Qm2mp Ia ��1 + gMgV � i[�a � q℄m2mp ; Pma = qm�a � qq2 +m2� ; (101)where q� = p� � p0� is the 4-momentum transferred from hadrons to leptons, Q� = p� + p0�; p� and p0� arethe initial and �nal 4-momenta of a nu
leon; mp is proton mass and m� is pion mass.We negle
t the dipole dependen
e of the form fa
tors F (3)S , F (3)P , gV , gA, gM on the momentum transferand omit the zero argument of the form fa
tors. Note that gV (0) = 1.Consider the pure SP 
ase assuming hmi = 0. In terms of the 
ombinations of hadroni
 
urrentsJ��L = hF j ~J+� jNihN jĴ�+L jIi; J�L� = hF jĴ�+L jNihN j ~J+� jIi; (102)~J+� = �S�PS�P;iJ+S�P + �S�PS+P;iJ+S+P ; ~J++ = �S+PS+P;iJ+S+P + �S+PS�P;iJ+S�P ; (103)Ĵ�+L = UeiJ�+V�A ; (104)and the 
ombinations `L;R� = sL;R� (2y; 1x)! +A1 � sL;R� (1y; 2x)! +A2 ; (105)`L�� = sL��(2y; 1x)! +A1 � sL��(1y; 2x)! +A2 (106)of ele
tron 
urrentssL;R� (2y; 1x) = �e2(y)
�(1� 
5)e
1(x); sL��(2y; 1x) = �e2(y)
�(1� 
5)
�e
1(x); (107)ei(x) � episi(x), the matrix element is expressed asRSP0� = 1p2! �GF jVudjp2 �2 2Xi Z dxdy dk(2�)3 eik�r2!�XN �mi �J��L`R� � J�L�`L��+ k� �J�+L`L�� � J�L+`L���� ; (108)where r = y � x. By using the identitiessL;R� (1y; 2x) = sR;L� (2x; 1y); sL��(1y; 2x) = �sL��(2x; 1y); (109)the algebrai
 formula 2(am� bn) = (a+ b)(m� n) + (a� b)(m� n); (110)the 
onstant C0� = G2F jVudj28p2� 2meR (111)18



and the neutrino potentials (Hj ; H!j ; H lkj) = 4� Z dk(2�)3 eik�r! (1; !; kl)! +Aj ; (112)the matrix element (108) is expressed asRSP0� = �C0�Xi XN �mimeMmSP +MkSP� : (113)Ea
h part of this matrix element is expressed as a sum of nonvanishing (indexed by n) and vanishing(indexed by 
) terms, in the 
losure approximation:Mm;kSP = fMm;kSP gn + fMm;kSP g
; (114)fMmSP gn = R2 Z dxdyTN (H1 +H2)� h(A1 +A1R)F 05+ + (Ai3 + ~Ai3R)F i5+ +B1RF 0� + (Bi3 + ~Bi3R)F i�i ; (115)fMmSP g
 = R2 Z dxdyTN (H1 �H2)� h(A1 +A1R)F 05� + (Ai3 + ~Ai3R)F i5� +B1RF 0+ + (Bi3 + ~Bi3R)F i+i ; (116)�MkSP	n = R2me Z dxdyTN f (H!1 �H!2) h�(Ai4 + ~Ai4R)Ei+ +B2RE�i+(H lk1 �H lk2) h�(A2 +A2R)El+ + (Alk5 + ~Alk5R)Ek+ + (Bl4 + ~Bl4R)E�i g ; (117)�MkSP	
 = R2me Z dxdyTN f (H!1 +H!2) h�(Ai4 + ~Ai4R)Ei� +B2RE+i+(H lk1 +H lk2) h�(A2 +A2R)El� + (Alk5 + ~Alk5R)Ek� + (Bl4 + ~Bl4R)E+i g ; (118)with TN = g2AhF jXa �a+jNihN jXb � b+jIiÆ(x � ra)Æ(y � rb) : (119)The ele
tron 
urrents are de�ned as:F+ = 12 [u(yx)� u(xy)℄ ; F5� = 12 [u5(yx)� u5(xy)℄ ;F�+ = 12 [u�(yx)� u�(xy)℄ ; F �5� = 12 [u�5 (yx)� u�5 (xy)℄ ;F��+ = 12 [u��(yx)� u��(xy)℄ ; F ��5� = 12 [u��5 (yx)� u��5 (xy)℄ ;E� = F� + F5�; Ei� = F 0i� + F 0i5�; (120)with u(yx) = �e2(y)e
1(x); u5(yx) = �e2(y)
5e
1(x);u�(yx) = �e2(y)
�e
1(x); u�5 (yx) = �e2(y)
5
�e
1(x);u��(yx) = �i�e2(y)���e
1(x); u��5 (yx) = �i�e2(y)
5���e
1(x) : (121)The nu
leon operator matrix elements are de�ned as follows:~A = A+AP ; ~B = B +BP ; (122)19



A1 = 2G0V "S; A1R = �G0A"SC+ �G0V "PB+;A2 = 2G0V "0S; A2R = �G0A"0SC+ +G0V "0PB+;Ai3 = G0A"S�i+; Ai3R = �G0A"PBi�+ �G0V "SDi+; APi3R = �G0A"SP i+;Ai4 = G0A"0S�i+; Ai4R = G0A"0PBi�+ �G0V "0SDi+; APi4R = �G0A"0SP i+;Alk5 = i"ilkAi4; ~Alk5R = i"ilk ~Ai4R; (123)B1R = �G0A"SC� +G0V "PB�;B2R = �G0A"0SC� �G0V "0PB�;Bi3 = G0A"S�i�; Bi3R = �G0A"PBi�� �G0V "SDi�; BPi3R = �G0A"SP i�;Bi4 = G0A"0S�i�; Bi4R = G0A"0PBi�� �G0V "0SDi�; BPi4R = �G0A"0SP i�; (124)with B� = BaIb � IaBb Bi�� = �iaBb �Ba�jb ; P i� = P iaIb � IaP ib : (125)Under the ex
hange of running indi
es a and b (i.e. x $ y), nu
lear operators A, ele
tron 
urrents E+and F+ and neutrino potentials Hi and H!i are even, while B, E�, F�, and Hki are odd.The 
onstants are de�ned as:GV = gVgA h�Uei + �V�AV�A;i�+ �V�AV+A;ii ; GA = �Uei + �V�AV�A;i�� �V�AV+A;i;G0 = G(� = 0); G0V = gVgAUei; G0A = Uei; (126)"S = F (3)SgA ��S�PS�P;i + �S�PS+P;i� ; "P = F (3)PgA ��S�PS�P;i � �S�PS+P;i� ;"0S = F (3)SgA ��S+PS+P;i + �S+PS�P;i� ; "0P = F (3)PgA ��S+PS+P;i � �S+PS�P;i� : (127)Note that in the notations of Ref. [5℄:t = u+ u5; tl = u0l + u0l5 : (128)Sin
e the nu
leon re
oil term Pa behaves as an even parity operator while the neutrino momentum kand the re
oil terms Ba, Ca, Da as odd ones, ea
h of the Aj , k �Aj , Bj , k �Bj has a de�nite parity. Theoperators A1; Ai3; Ai4; APi3R; APi4R; Bi3; BPi3R;r �B4R; rlA2R; rlAlk5R ; (129)have even parity and the operatorsA1R; Ai3R; Ai4R; B1R; B2R; Bi3R;r �B4; r �BP4R; rlA2; rlAlk5 ; rlAPlk5R ; (130)have odd parity. The odd-parity operators do not 
ontribute to the 0+ ! J+ transition in the 
ase whereboth the ele
trons are in the S-wave state (the S � S 
ase) with no de Broglie wave length 
orre
tion (noFBWC).Using the de�nitions of neutrino potentialsh+ = R2 (H1 +H2); h0 = 1"21 (H1 �H2); h0! = R"21 (H!1 �H!2);h0+r̂l = �i rR2 �H lk1 +H lk2� ; h00r̂l = �i r"21 �H lk1 �H lk2� ; (131)20



in the S � S 
ase with no FWBC, Eqs. (115), (117) are redu
ed tofMmSP gn;S�S = Z dxdyTNh+ �A1F 05+ + (Ai3 +APi3R)F i5+� ; (132)fMmSP g
;S�S = "21R2 Z dxdyTNh0(Bi3 +BPi3R)F i+; (133)�MkSP	n;S�S = �12 "21me Z dxdyTNh0!(Ai4 +APi4R)Ei++12 "21me Z dxdyTN iRr h00r̂l ��A2REl+ +Alk5REk+� ; (134)�MkSP	
;S�S = 2meR Z dxdyTN iR2r h0+r̂ �B4RE+; (135)where E, F are taken for x=0, y=0.For the 0+ ! 0+ transition we haveXi mime XN fMmSP gS�S = g2ACA1 F 05+; (136)Xi XN �MkSP	S�S = g2A 2meRfCB4Rg
E+; (137)with CA1 = hmimeh+A1i; fCB4Rg
 = h iR2r h0+r̂ �B4Ri; (138)where r̂ = r=r and hXi =Pi PN h0+f jjX jj0+I i, with h = h(r; EN ).In the S � P1=2 
ase with no FBWC for the 0+ ! 0+ transition we havefMmSPgn;S�P1=2 = Z dxdyTNh+ �Ai3RF i5+ + Bi3RF i�� ; (139)fMmSP g
;S�P1=2 = "21R2 Z dxdyTNh0 �Ai3RF i5� +Bi3RF i+� ; (140)�MkSP	n;S�P1=2 = �12 "21me Z dxdyTNh0!Ai4REi++12 "21me Z dxdyTN iRr h00r̂l ��A2El+ + (Alk5 +APlk5R )Ek+� ; (141)�MkSP	
;S�P1=2 = � 1meR Z dxdyTNh0!Ai4REi�+ 2meR Z dxdyTN iR2r h0+r̂l ��A2El� + (Alk5 +APlk5R )Ek�� : (142)The squared modulus of the matrix element (113), summed over the polarizations sj of the ele
trons andmultiplied by the phase spa
e element (35), yields the di�erential de
ay rate for the 0+ ! 0+ transitiond� = Xs1;s2 jRSP0� j2 m5e4�3 d
0� = a0�(meR)2 �ASP0 � p̂1 � p̂2BSP0 � d
0� ; (143)with a0� being de�ned in Eq. (36). Here the 
oeÆ
ients areASP0 = 4Xi=1 jMij2; (144)BSP0 = Re(M1M�2 +M�1M2 +M3M�4 +M�3M4); (145)21



with M1 = ���1�1���CA1 + 2meRfCB4Rg
�+ ��meR3 � �meR � 2�CA3R + "21R3 fCA3Rg
� r2R+"221R6me �CA2 � CA5 � CA5R � CA4R� r2R + 16 � �meR � 2��fCA2 g
 � fCA5 g
 � fCA5Rg
 � fCA4Rg
��+ � (�Z)22meR �fCA4 g
 + fCA4Rg
 � 3fCB4RF g
��� ; (146)M2 = ��11��CA1 + 2meRfCB4Rg
�+ ��meR3 � �meR + 2�CA3R � "21R3 fCA3Rg
� r2R+"221R6me �CA2 � CA5 � CA5R � CA4R� r2R + 16 � �meR + 2��fCA2 g
 � fCA5 g
 � fCA5Rg
 � fCA4Rg
��+ � (�Z)22meR �fCA4 g
 + fCA4Rg
 � 3fCB4RF g
��� ; (147)M3 = ��1�1�� 2meRfCB4Rg
�+ �"21R6 �"21me + 2��CA2 � CA5 � CA5R � CA4R� r2R+ 16 �meR �fCA2 g
 � fCA5 g
 � fCA5Rg
 � fCA4Rg
��+ � (�Z)22meR �fCA4 g
 + fCA4Rg
 � 3fCB4RF g
��� ; (148)M4 = ���11�� 2meRfCB4Rg
�+ �"21R6 �"21me � 2��CA2 � CA5 � CA5R � CA4R� r2R+ 16 �meR �fCA2 g
 � fCA5 g
 � fCA5Rg
 � fCA4Rg
��+ � (�Z)22meR �fCA4 g
 + fCA4Rg
 � 3fCB4RF g
��� ; (149)where �ij = ~Ai("2) ~Aj("1) and the nu
leon matrix elements areCB3R = hmime ir h+r �B3Ri; fCB3Rg
 = hmime i2Rh0r+ �B3Ri;CA3R = hmime i2Rh+r+ �A3Ri; fCA3Rg
 = hmime ir h0r �A3Ri;CA4R = h i2Rh0!r+ �A4Ri; fCA4Rg
 = h iRh0!r �A4Ri;CA2 = h 12r h00r̂ � r+A2i; fCA2 g
 = hh0+A2i;CA5(R) = h 12Rh00r̂irj+Aij5(R)i; fCA5(R)g
 = h1r h0+r̂irj+Aij5(R))i;fCB4RF g = h iR2r r2a + r2b2R2 h0+r̂ �B4Ri; (150)with r+ = y + x = 2Rr̂+.The terms in the �rst bra
kets in Eqs. (146){(149) 
ome from the S � S 
ase, the terms in the se
ondbra
kets 
ome from the S � P1=2 
ase and in the third bra
kets there are the most important terms due tothe P1=2 � P1=2 
ase and FBWC.Assuming now hmi 6= 0 for the dominant terms we haveM1 = ���1�1��ZX1 � CA1 + 2meRfCB4Rg
�+ �"221R6me �CA2 � CA5 � r2R + 16 � �meR � 2��fCA2 g
 � fCA5 g
��� ; (151)22



M2 = ��11��ZX1 + CA1 + 2meRfCB4Rg
�+ �"221R6me �CA2 � CA5 � r2R + 16 � �meR + 2��fCA2 g
 � fCA5 g
��� ; (152)M3 = ��1�1��ZX1 + 2meRfCB4Rg
�+ �"21R6 �"21me + 2��CA2 � CA5 � r2R + 16 �meR �fCA2 g
 � fCA5 g
��� ; (153)M4 = ���11��ZX1 + 2meRfCB4Rg
�+ �"21R6 �"21me � 2��CA2 � CA5 � r2R + 16 �meR �fCA2 g
 � fCA5 g
��� : (154)In the expressions for M1; :::;M4, the terms with � are due to the in
lusion of the P -wave in the ele
-tron wave fun
tion and those with CB4R are from the in
lusion of the nu
leon re
oil e�e
t. In the 
losureapproximation there are no 
ontributions due to the P -wave and the re
oil e�e
ts. Note that some of thesubdominant terms should be taken into a

ount in 
ase of large 
an
ellation among the dominant terms.B 0�2� de
ay rate for ve
tor nonstandard termsIn this appendix we in general follow the derivation of Ref. [5℄. However in addition to Ref. [5℄ we keep inour 
al
ulations the terms asso
iated with the parameters �V�AV�A and the pseudos
alar form fa
tor.The nu
leon 
urrents in the impulse approximation up to order p=mp in the nonrelativisti
 expansion are[32, 34℄: J�+V�A(x) =Xa �a+Æ(x� ra) �g�0(gV Ia � gACa) + g�m(�gA�am � gVDma � gAPma )� ; (155)with Ca, Dma , Pma given in Eq. (101).In terms of SL�� , V��� , J���� (�; � = L;R) [5℄ the matrix elementRV A0� = C0�Xi XN R2me Z dxdy 4� dk(2�)3 eik�r! (miJ��LLSL�� + J��LRVL�� + J��RLVR��) ; (156)may be expressed asRV A0� = C0�Xi XN �mimeMmVA +MkV A� ;Mm;kV A = fMm;kV A gn + fMm;kVA g
: (157)The analogues of the Eqs. (C.2.11), (C.2.23), and (C.2.24) from Ref. [5℄ are as follows:fMmVAgn � fMm�gn = R2 Z dxdyTN (H1 +H2) h(X1 + ~X1R)E+ + (Y i1 + ~Y i1R)Ei�i ; (158)fMmVAg
 � fMm�g
 = R2 Z dxdyTN (H1 �H2) h(X1 + ~X1R)E� + (Y i1 + ~Y i1R)Ei+i ; (159)fMkV Agn � fMV+A(a)gn = Rme Z dxdyTN f (H!1 �H!2)� h(X3 + ~X5R)F 0+ + Y3RF 05� + (X l5 + ~X l4R)F l+ + (Y l4 + ~Y l6R)F l5�i+ (H lk1 +H lk2)� h(X l5 + ~X l3R)F 0� + (Y l3 + ~Y l5R)F 05+ + (X lk4 + ~X lk6R)F k� + (Y lk6 + ~Y lk4R)F k5+i g ; (160)fMkV Ag
 � fMV+A(a)g
 = Rme Z dxdyTN f (H!1 +H!2)23



� h(X3 + ~X5R)F 0� + Y3RF 05+ + (X l5 + ~X l4R)F l� + (Y l4 + ~Y l6R)F l5+i+ (H lk1 �H lk2)� h(X l5 + ~X l3R)F 0+ + (Y l3 + ~Y l5R)F 05� + (X lk4 + ~X lk6R)F k+ + (Y lk6 + ~Y lk4R)F k5�i g ; (161)with ~X = X + XP , ~Y = Y + Y P . The operators X and Y are de�ned in [5℄, ex
ept for the operatorY l6R = �Y l5R whi
h is de�ned to remove the minus sign from the Eqs. (160) and (161); X1 = X1S , Y1 = Y1S .The additional operators areXP1R = G2AP ii�+; XPl3R = XPl4R = G�P l+; XP5R = GA"AP ii�+;XPlk6R = �GA"A �ÆlkP ii�+ � �P lk�+ + P kl�+��+ iG+"ilkP i+;Y Pi1R = GVGAP i� +G2Ai"ijkP jk�+; Y Plk4R = �iG�"ilkP i�;Y Pl5R = iGA"A"lijP ij�+ �G+P l�; Y Pl6R = �iGA"A"lijP ij�+ �G+P l�; (162)with P ij�+ = �iaP jb + P ia�jb : (163)Under the ex
hange of running indi
es a and b, nu
lear operators X , ele
tron 
urrents E+ and F+ andneutrino potentials Hi and H!i are even, while Y , E�, F�, and Hki are odd.New 
onstants are de�ned as:"V = gVgA ��V+AV+A;i + �V+AV�A;i� ; "A = �V+AV+A;i � �V+AV�A;i: (164)The operators X1; XP1R; Y i1 ; Y Pi1R ;X3; X l5; XP5R; XPl4R; r �X3R; rlX lk6R;Y l4 ; Y Pl6R ; r �Y5R; rlY lk4R ; (165)have even parity and the operatorsX1R; Y i1R;X5R; X l4R; r �X5; r �XP3R; rlX lk4 ; rlXPlk6R ;Y3R; Y l6R; r �Y3; r �YP5R; rlY lk6 ; rlY Plk4R ; (166)have odd parity.Using the de�nitions of the neutrino potentials from Eq. (131) andh! = R22 (H!1 +H!2) (167)in the S � S 
ase with no FBWC we havefMmVAgn;S�S = Z dxdyTNh+(X1 +XP1R)E+; (168)fMmVAg
;S�S = "21R2 Z dxdyTNh0(Y i1 + Y Pi1R )Ei+; (169)fMkV Agn;S�S = "21me Z dxdyTNh0! �(X3 +XP5R)F 0+ + (X l5 +XPl4R)F l+�+ 4meR Z dxdyTN iR2r h0+r̂l �Y l5RF 05+ + Y lk4RF k5+� ; (170)fMkV Ag
;S�S = 2meR Z dxdyTNh!(Y l4 + Y Pl6R )F l5++"21me Z dxdyTN iRr h00r̂l �X l3RF 0+ +X lk6RF k+� ; (171)24



where E and F are taken for x = y=0.For the 0+ ! 0+ transition we haveXi mime XN fMmVAgS�S = g2A(ZX1 + ZXP1R )E+; (172)Xi XN �MkV A	S�S = g2A �"21me (ZX3 + ZXP5R + fZX3Rg
)F 0+ + 4meRZY4RF 05+� ; (173)with ZX1 = hmimeh+X1i; ZXP1R = hmimeh+XP1Ri; ZX3 = hh0!X3i;ZY4R = h iR2r h0+r̂ �Y5Ri; ZXP5R = hh0!XP5Ri; �ZX3R	
 = h iRr h00r̂ �X3Ri: (174)In the S � P1=2 
ase with no FBWC for the 0+ ! 0+ transition we havefMmVAgn;S�P1=2 = Z dxdyTNh+Y i1REi�; (175)fMmVAg
;S�P1=2 = "21R2 Z dxdyTNh0Y i1REi+; (176)fMkV Agn;S�P1=2 = "21me Z dxdyTNh0!(X l4RF l+ + Y l6RF l5�)+ 4meR Z dxdyTN iR2r h0+r̂l �(X lk4 +XPlk6R )F k� + (Y lk6 + Y Plk4R )F k5+� ; (177)fMkV Ag
;S�P1=2 = 2meR Z dxdyTNh!(X l4RF l� + Y l6RF l5+)+"21me Z dxdyTN iRr h00r̂l �(X lk4 +XPlk6R )F k+ + (Y lk6 + Y Plk4R )F k5�� : (178)The de
ay rate for the 0+ ! 0+ transition takes the formd� = Xs1;s2 jR0� j2 m5e4�3 d
0� = a0�(meR)2 �AV A0 � p̂1 � p̂2BV A0 � d
0� ; (179)where the 
oeÆ
ients are AV A0 = 4Xi=1 jNij2; (180)BV A0 = Re(N1N�2 +N�1N2 +N3N�4 +N�3N4); (181)with N1 = ���1�1��ZX1 + ZXP1R � 4meRZY4R� + �mer6 �� �meR � 2�ZY1R + "221R2me fZY1Rg
�+23 � �meR � 2��ZY6 + ZY P4R + fZY6Rg
� r2R + 13 "221Rme �ZY6R � 12(fZY6 g
 + fZY4Rg
)��+ �(�Z)2meR (fZX5 g
 + 3ZY5RF )�� ; (182)N2 = ��11 ��ZX1 + ZXP1R + 4meRZY4R� + �mer6 �� �meR + 2�ZY1R + "221R2me fZY1Rg
�+�23 � �meR + 2��ZY6 + ZY P4R + fZY6Rg
� r2R � 13 "221Rme �ZY6R � 12(fZY6 g
 + fZY4Rg
)��25



+ �� (�Z)2meR (fZX5 g
 + 3ZY5RF )�� ; (183)N3 = ��1�1��ZX1 + ZXP1R � "21me (ZX3 + ZXP5R + fZX3Rg
)� + � r6R ��ZY1R + 12"21("21 + 2me)R2ZY2R�+ 13 "21me � �ZX4R � 12(fZX4 g
 + fZXP6R g
)� r2R � 13 �"21me + 2� (ZX4 + ZXP6R � 2ZX4R)�� ; (184)N4 = ���11��ZX1 + ZXP1R + "21me (ZX3 + ZXP5R + fZX3Rg
)� + � r6R ��ZY1R + 12"21("21 � 2me)R2ZY2R��13 "21me � �ZX4R � 12(fZX4 g
 + fZXP6R g
)� r2R + 13 �"21me � 2� (ZX4 + ZXP6R � 2ZX4R)�� ; (185)where the terms in the �rst bra
kets in Eqs. (182){(185) 
ome from the S � S 
ase and the terms in these
ond ones 
ome from the S � P1=2 
ase. The terms in the third bra
kets in Eqs. (182){(183) are the mostimportant terms of those that 
ome from the P1=2 � P1=2 
ase and from the S � S 
ase due to FBWC. Thenu
lear matrix elements areZY1R = hmime i2Rh+r �Y1Ri; fZY1Rg
 = hmime i2Rh0r+ �Y1Ri;ZY6 = h� 12rh0+r̂irj+Y ij6 i; ZY P4R = h� 12rh0+r̂irj+Y Pij4R i; fZY6Rg
 = h i2Rh!r �Y6Ri;ZY6R = h i2Rh0!r �Y6Ri; fZY6 g
 = h1r h00r̂irjY ij6 i; fZY4Rg
 = h1r h00r̂irjY ij4Ri;ZX4R = h i2Rh0!r+ �X4Ri; fZX4 g
 = h1r h00r̂irj+X ij4 i; fZXP6R g
 = h1r h00r̂irj+XPij6R i;ZX4 = h1r h0+r̂irjX ij4 i; fZX5 g
 = h ir22R2h![r̂a � r̂b℄ �X5i; ZY5RF = h iR2r r2a + r2b2R2 h0+r̂ �Y5Ri: (186)The dominant terms giveN1 = ���1�1��ZX1 � 4meRZY4R�+ �23 � �meR � 2�ZY6 r2R�� ; (187)N2 = ��11��ZX1 + 4meRZY4R�+ ��23 � �meR + 2�ZY6 r2R�� ; (188)N3 = ��1�1��ZX1 � "21meZX3 �+ ��13 �"21me + 2�ZX4 �� ; (189)N4 = ���11��ZX1 + "21meZX3 �+ �13 �"21me � 2�ZX4 �� ; (190)that agrees with the Eq. (C.3.7) of Ref. [5℄ taking into a

ount the 
orresponden
e with their notations:ZX1 = Z1; ZX3 = Z3; ZY6 = Z6;ZY4R = Z4R; ZX4R = Z5R; ZX4 = Z5; (191)and the fa
t that Z2 is absent, as we have 
al
ulated only the leading 
ontribution of the parameters ���.Re
all that in Ref. [5℄ the pseudos
alar form fa
tor is not taken into a

ount. However the terms asso
iatedwith this form fa
tor do not 
ontribute to the dominant terms (187){(190). Note that in the expressions forN1 and N2 given above, the terms with � are due to the in
lusion of the P -wave in the ele
tron wave fun
tionand the ones with ZY4R are due to the nu
leon re
oil e�e
t. We remark that some of the subdominant terms,like those with ZX4R, fZX4 g
, fZY6Rg
, fZX5 g
 and ZY5RF , should be taken into a

ount in the 
ase of large
an
ellation among the dominant terms. The same is valid for the 
ontribution due to the pseudos
alar formfa
tor gAP ia whi
h yields 
orre
tions at about 10 % to the dominant terms.26



C 0�2� de
ay rate for tensor nonstandard termsThe nu
leon 
urrents in the impulse approximation up to order p=mp in the nonrelativisti
 expansion areused [32, 34℄, J�+V�A from Eq. (100) andJ��+TL;R(x) = T (3)1 Xa �a+Æ(x� ra)�(g�kg�0 � g�0g�k)T ka + g�mg�n"kmn�ak� i2"���� [(g�kg�0 � g�0g�k)Tak + g�rg�s"rsk�ak℄� ; (192)T ka = hi�T (3)1 � 2T (3)2 � qkIa + T (3)1 [�a �Q℄ki =(2T (3)1 mp); (193)where, as before, q� = p� � p0� is the 4-momentum transferred from hadrons to leptons, Q� = p� + p0�,p� and p0� are the initial and �nal 4-momenta of a nu
leon. We negle
t the dipole dependen
e of the formfa
tors T (3)1 and T (3)2 on the momentum transfer and omit the zero argument of the form fa
tors.Consider the pure TL;R 
ase assuming hmi = 0. In terms of the hadroni
 
urrentsJ���LTL;R = hF jĴ�+L jNihN j ~J��+TL;R jIi; J���TL;RL = hF j ~J��+TL;R jNihN jĴ�+L jIi; (194)~J��+TL = �TLTL;iJ��+TL + �TLTR;iJ��+TR ; ~J��+TR = �TRTR;iJ��+TR + �TRTL;iJ��+TL ; (195)Ĵ�+L = UeiJ�+V�A ; (196)and the leptoni
 tensors `1��� = t1���(2y; 1x)! +A1 � t1���(1y; 2x)! +A2 ; (197)`1���� = t1����(2y; 1x)! +A1 � t1����(1y; 2x)! +A2 ; (198)`2��� = t2���(2y; 1x)! +A1 � t2���(1y; 2x)! +A2 ; (199)`2���� = t2����(2y; 1x)! +A1 � t2����(1y; 2x)! +A2 ; (200)with the ele
tron 
urrents de�ned ast1���(2y; 1x) = �e2(y)
�(1� 
5)���e
1(x);t1����(2y; 1x) = �e2(y)
�(1� 
5)
����e
1(x);t2���(2y; 1x) = �e2(y)��� (1� 
5)
�e
1(x);t2����(2y; 1x) = �e2(y)���
�(1� 
5)
�e
1(x) ; (201)the matrix element is expressed as RT0� = 1p2! �GF jVudjp2 �2 2Xi Z dxdy dk(2�)3 eik�r2!�XN �mi �J���LTL`1��� + J���TLL`2����+ k� �J���LTR`1���� + J���TRL`2������ : (202)For the ele
tron 
urrents we have the identitiest1���(1y; 2x) = �t2���(2y; 1x);t1���� (1y; 2x) = t2����(2y; 1x): (203)27



Using Eqs (110), (111), and (112), the matrix element (202) is expressed asRT0� = C0�Xi XN �mimeMmT +MkT� ; (204)Mm;kT = fMm;kT gn + fMm;kT g
; (205)with nonvanishing (n) and vanishing (
) in the 
losure approximation parts:fMmT gn = R Z dxdyTN (H1 +H2)� h(U1 + ~U1R)F 05+ + (U i3 + ~U i3R)F i5+ + ~V1RF 0� + (V i3 + ~V i3R)F i�i ; (206)fMmT g
 = R Z dxdyTN (H1 �H2)� h(U1 + ~U1R)F 05� + (U i3 + ~U i3R)F i5� + ~V1RF 0+ + (V i3 + ~V i3R)F i+i ; (207)�MkT	n = Rme Z dxdyTN (H!1 �H!2) h ~V2RE� + (U i4 + ~U i4R)F 0i+ + (U ij6 + ~U ij6R)F ij+ i+(H ik1 +H ik2) h(V i4 + ~V i4R)E+ + (U2 + ~U2R)F 0i� + (U j5 + ~U j5R)F ij� + (U ij7 + ~U ij7R)F 0j�+(U ijk8 + ~U ijk8R )F jk� i ; (208)�MkT	
 = Rme Z dxdyTN (H!1 +H!2) h ~V2RE+ + (U i4 + ~U i4R)F 0i� + (U ij6 + ~U ij6R)F ij� i+(H ik1 �H ik2) h(V i4 + ~V i4R)E� + (U2 + ~U2R)F 0i+ + (U j5 + ~U j5R)F ij+ + (U ij7 + ~U ij7R)F 0j++(U ijk8 + ~U ijk8R )F jk+ i ; (209)where the nu
leon operators are ~U = U + UP ; ~V = V + V P ; (210)U1 = �2G0A("T1 + "T2)�a�b; UP1R = G0A("T1 + "T2)P ii�+;U1R = G0V ("T1 + "T2)Dii�+ � iG0A("T1 + "T2)T ii�+;U2 = 2iG0A("0T1 + "0T2)�a�b; UP2R = �iG0A("0T1 + "0T2)P ii�+;U2R = �iG0V ("0T1 + "0T2)Dii�+ +G0A("0T1 + "0T2)T ii�+;U i3 = �G0V ("T1 + "T2)�i+; UPi3R = �iG0A("T1 + "T2)"ijkP jk��;U i3R = G0A("T1 + "T2)Ci�+ � iG0V ("T1 + "T2)"ijkDjk��� iG0V ("T1 + "T2)T i+ � iG0A("T1 + "T2)"ijkT jk��;U i4 = �iG0V ("0T1 + "0T2)�i+; UPi4R = �G0A("0T1 + "0T2)"ijkP jk��;U i4R = iG0A("0T1 + "0T2)Ci�+ �G0V ("0T1 + "0T2)"ijkDjk��� G0V ("0T1 + "0T2)T i+ + iG0A("0T1 + "0T2)"ijkT jk��;U i5 = �iG0V ("0T1 + "0T2)�i+; UPi5R = G0A"0T1"ijkP jk��;U i5R = �iG0A("0T1 + "0T2)Ci�+ +G0V "0T1"ijkDjk��� G0V ("0T1 + "0T2)T i+ + iG0A"0T2"ijkT jk��;U ij6 = 12G0V ("0T1 + "0T2)"ijk�k+; UPij6R = iG0A("0T1 + "0T2)P ij�+ ;28



U ij6R = �12G0A("0T1 + "0T2)"ijkCk�+ � i2G0V ("0T1 + "0T2)"ijkT k++ iG0V ("0T1 + "0T2)Dij�+ � iG0A("0T1 + "0T2)T ij�+;U ij7 = +G0V ("0T1 + "0T2)"ijk�k+ � 2iG0A("0T1 + "0T2)(�ia�jb + �ja�ib);U ij7R = �G0A("0T1 + "0T2)"ijkCk�+ � iG0V ("0T1 + "0T2)"ijkT k++ iG0V ("0T1 + "0T2)( ~Dij�+ + ~Dji�+)�G0A("0T1 + "0T2)( ~T ij�+ + ~T ji�+);UPij7R = +iG0A("0T1 + "0T2)( ~P ij�+ + ~P ji�+);U ijk8 = +12G0A("0T1 + "0T2)["ljk(�ia�lb + �la�ib) + 2"ilj(�la�kb + �ka�lb)℄;U ijk8R = �12G0V ("0T1 + "0T2)"ljk ~Dli�+ �G0V "ilj("0T1 ~Dlk�+ + "0T2 ~Dkl�+)� i2G0A("0T1 + "0T2)"ljk ~T il�+ � iG0A"ilj("0T1 ~T lk�+ + "0T2 ~T kl�+);UPijk8R = �12G0A("0T1 + "0T2)"ljk ~P li�+ �G0A"ilj("0T1 ~P lk�+ + "0T2 ~P kl�+); (211)V1R = �G0V ("T1 + "T2)Dii�� � iG0A("T1 + "T2)T ii��; V P1R = �G0A("T1 + "T2)P ii��;V2R = �G0V ("0T1 + "0T2)Dii�� + iG0A("0T1 + "0T2)T ii��; V P2R = �G0A("0T1 + "0T2)P ii��;V i3 = G0V ("T1 + "T2)�i� + 2iG0A("T1 + "T2)[�a � �b℄i;V i3R = �G0A("T1 + "T2)Ci�� + iG0V ("T1 + "T2)"ijkDjk�++ iG0V ("T1 + "T2)T i� � iG0A("T1 + "T2)"ijkT jk�+;V Pi3R = iG0A("T1 + "T2)"ijkP jk�+;V i4 = G0V ("0T1 + "0T2)�i� � 2iG0A("0T1 + "0T2)[�a � �b℄i;V i4R = �G0A("0T1 + "0T2)Ci�� + iG0V ("0T1 + "0T2)"ijkDjk�+� iG0V ("0T1 + "0T2)T i� �G0A("0T1 + "0T2)"ijkT jk�+;V Pi4R = iG0A("0T1 + "0T2)"ijkP jk�+; (212)with T i� = T iaIb � IaT ib ; T ij�� = �iaT jb � T ia�jb ; ~X ij�� = �iaXjb �Xja�ib; X = D; T; P: (213)Under the ex
hange of indi
es a and b, nu
lear operators U , ele
tron 
urrents F+ and neutrino potentialsHi and H!i are even, while V , F�, and Hki are odd.The new 
onstants are de�ned as:"T1 = T (3)1gA ��TLTL;i + �TLTR;i� ; "T2 = T (3)1gA ��TLTL;i � �TLTR;i� ;"0T1 = T (3)1gA ��TRTR;i + �TRTL;i� ; "0T2 = T (3)1gA ��TRTR;i � �TRTL;i� : (214)The even parity operators areU1; UP1R; kiU2R; U i3; UPi3R; U i4; UPi4R; kiU j5R; U ij6 ; UPij6R ; kiU ij7R; kiU ijk8R ;V P1R; V P2R; V i3 ; V Pi3R ; k �V4R; (215)and the odd parity operators areU1R; kiU2; kiUP2R; U i3R; U i4R; kiU j5 ; kiUPj5R ; U ij6R; kiU ij7 ; kiUPij7R ;kiU ijk8 ; kiUPijk8R ; V1R; V2R; V i3R; k �V4; k �VP4R: (216)29



Using the de�nitions of the neutrino potentials from Eqs. (131) and (167), in the S � S 
ase with noFBWC we have fMmT gn;S�S = 2 Z dxdyTNh+ �(U1 + UP1R)F 05+ + (U i3 + UPi3R)F i5+� ; (217)fMmT g
;S�S = "21R Z dxdyTNh0 �V P1RF 0+ + (V i3 + V Pi3R )F i+� ; (218)�MkT	n;S�S = "21me Z dxdyTNh0! h(U i4 + UPi4R)F 0i+ + (U ij6 + UPij6R )F ij+ i+ 4meR Z dxdyTN iR2r h0+r̂ �V4RE+; (219)�MkT	
;S�S = 2meR Z dxdyTNh!V P2RE++"21me Z dxdyTN iRr h00r̂i hU2RF 0i+ + U j5RF ij+ + U ij7RF 0j+ + U ijk8R F jk+ i ; (220)where E and F are taken for x = y = 0.For the 0+ ! 0+ transition we haveXi mime XN fMmT gS�S = g2A �2(WU1 +WUP1R )F 05+ + "21RfW V P1R g
F 0+� ; (221)Xi XN �MkT	S�S = 2g2AmeR (2W V4R + fW V P2R g
)E+; (222)with WU1 = hmimeh+U1i; WUP1R = hmime h0UP1Ri; fW V P1R g
 = hmimeh0V P1Ri;W V4R = h iR2r h0+r̂ �V4Ri; �W V P2R 	
 = hh!V P2Ri: (223)In the S � P1=2 
ase with no FBWC for the 0+ ! 0+ transition we havefMmT gn;S�P1=2 = 2 Z dxdyTNh+ �U i3RF i5+ + V i3RF i�� ; (224)fMmT g
;S�P1=2 = "21R Z dxdyTNh0 �U i3RF i5� + V i3RF i+� ; (225)fMkTgn;S�P1=2 = "21me Z dxdyTNh0!U i4RF 0i++ 4meR Z dxdyTN iR2r h0+r̂i h(U2 + UP2R)F 0i� + (U ij7 + UPij7R )F 0j� i ; (226)fMkTg
;S�P1=2 = 2meR Z dxdyTNh!U i4RF 0i�+"21me Z dxdyTN iRr h00r̂i h(U2 + UP2R)F 0i+ + (U ij7 + UPij7R )F 0j+ i : (227)The de
ay rate for the 0+ ! 0+ transition takes the formd� = Xs1;s2 jR0� j2 m5e4�3 d
0� = a0�(meR)2 �AT0 � p̂1 � p̂2BT0 � d
0� ; (228)where the 
oeÆ
ients are AT0 = 4Xi=1 jOij2; (229)BT0 = Re(O1O�2 +O�1O2 +O3O�4 +O�3O4); (230)30



with O1 = ���1�1���2(WU1 +WUP1R ) + 2meR (W V4R + fW V P2R g
)�+ �mer3 � �meR � 2�WU3R + "221rR6 fWU3Rg
�+ ��3(�Z)2meR �W V4RF + 12fW V P2RF g
��� ; (231)O2 = ��11��2(WU1 +WUP1R ) + 2meR (W V4R + fW V P2R g
)�++ ��mer3 � �meR + 2�WU3R + "221rR6 fWU3Rg
�+ ��3(�Z)2meR �W V4RF + 12fW V P2RF g
��� ; (232)O3 = ��1�1���"21RfW V P1R g
 + 2meR (W V4R + fW V P2R g
)�+ �mer3 �"21me + 2�W V3R + � "21r6 fW V3Rg
+"21R3 �"21me + 2� (WU4R � fWU2 g
 � fWU7 g
 � fWUP2R g
 � fWUP7R g
)�43 �meR (WU2 +WU7 +WUP2R +WUP7R � 12fWU4Rg
)�+ ��3(�Z)2meR �W V4RF + 12fW V P2RF g
��� ;(233)O4 = ���11��"21RfW V P1R g
 + 2meR (W V4R + fW V P2R g
)�+ ��mer3 �"21me � 2�W V3R � � "21r6 fW V3Rg
+"21R3 �"21me � 2� (WU4R � fWU2 g
 � fWU7 g
 � fWUP2R g
 � fWUP7R g
)�43 �meR (WU2 +WU7 +WUP2R +WUP7R � 12fWU4Rg
)�+ ��3(�Z)2meR �W V4RF + 12fW V P2RF g
��� ;(234)where the terms in the �rst bra
kets in Eqs. (231){(234) 
ome from the S � S 
ase and the terms in these
ond ones 
ome from the S � P1=2 
ase. The terms in the third bra
kets in Eqs. (231)-(232) are the mostimportant terms of those that 
ome from the S � S 
ase due to FBWC. Note that in the S � S 
ase thereis the 
ontribution to Eqs. (231) and (232) from the (H!1 +H!2) 
ombination in Eq. (209). Therefore the
ontribution from the P1=2 � P1=2 
ase should not be taken into a

ount.The nu
lear matrix elements areWU3R = hmime i2Rh+r+ �U3Ri; fWU3Rg
 = hmime irh0r �U3Ri;W V3R = hmime irh+r �V3Ri; fW V3Rg
 = hmime i2Rh0r+ �V3Ri;WU4R = h i2Rh0!r+ �U4Ri;fWU2 g
 = hRr h00r̂ � r̂+U2i; fWUP2R g
 = hRr h00r̂ � r̂+UP2Ri;fWU7 g
 = hRr h00r̂i r̂j+U ij7 i; fWUP7R g
 = hRr h00r̂ir̂j+UPij7R i: (235)Assuming now hmi 6= 0 for the dominant terms we haveO1 = ���1�1��ZX1 � 2WU1 + 2meR (W V4R + fW V P2R g
)�+� ; (236)O2 = ��11��ZX1 + 2WU1 + 2meR (W V4R + fW V P2R g
)�+� ; (237)31



O3 = ��1�1��ZX1 + 2meR (W V4R + fW V P2R g
)�+ �"21R3 �"21me + 2� (WU4R � fWU2 g
 � fWU7 g
)� 43 �meR (WU2 +WU7 )�+� ; (238)O4 = ���11��ZX1 + 2meR (W V4R + fW V P2R g
)�+ �"21R3 �"21me � 2� (WU4R � fWU2 g
 � fWU7 g
)� 43 �meR (WU2 +WU7 )�+� : (239)Again, in the above expressions, the terms with � are due to the in
lusion of the P -wave in the ele
tronwave fun
tion and the ones with W V P2R and WX4R (X = U; V ) are due to the nu
leon re
oil e�e
t.

32



Referen
es[1℄ Parti
le Data Group: W.-M. Yao et al., J. Phys. G33, 1 (2006).[2℄ S.R. Elliot and P. Vogel, Ann. Rev. Nu
l. Part. S
i. 52, 115 (2002); P. Vogel, arXiv:hep-ph/0611243.[3℄ Ya.B. Zeldovi
h and M.Yu. Khlopov, JETP Lett. 34, 141 (1981); Sov. Phys. Usp. 24, 755 (1981).[4℄ M.G. Sh
hepkin, Sov. Phys. Usp. 27, 555 (1984).[5℄ M. Doi, T. Kotani, and E. Takasugi, Prog. Theor. Phys. Suppl. 83, 1 (1985).[6℄ R.N. Mohapatra, Phys. Rev. D34, 3457 (1986).[7℄ J.D. Vergados, Phys. Lett. B184, 55 (1987).[8℄ M. Hirs
h, H.V. Klapdor-Kleingrothaus, and S.G. Kovalenko, Phys. Rev. Lett. 75, 17 (1995); Phys.Lett. B352, 1 (1995); Phys. Lett. B403, 291 (1997); Nu
l. Phys. Pro
. Suppl. A52, 257 (1997); Phys.Rev. D57, 1947 (1998).[9℄ K.S. Babu and R.N. Mohapatra, Phys. Rev. Lett. 75, 2276 (1995).[10℄ M. Hirs
h, H.V. Klapdor-Kleingrothaus, and S.G. Kovalenko, Phys. Lett. B372, 181 (1996); B381, 488(Erratum) (1996); H. P�as, M. Hirs
h, and H.V. Klapdor-Kleingrothaus, Phys.Lett. B459, 450 (1999).[11℄ A. Faessler, S.G. Kovalenko, F. Simkovi
, and J. S
hwieger, Phys. Rev. Lett. 78, 183 (1997).[12℄ H.V. Klapdor-Kleingrothaus and U. Sarkar, Phys. Lett. B554, 45 (2003).[13℄ M. Hirs
h, H.V. Klapdor-Kleingrothaus, and S.G. Kovalenko, Phys. Rev. D54, 4207 (1996).[14℄ M. Hirs
h, H.V. Klapdor-Kleingrothaus, and O. Panella, Phys. Lett. B374, 7 (1996).[15℄ J.D. Vergados, Nu
l. Phys. B (Pro
. Suppl.) 143, 211 (2005) [arXiv:hep-ph/0409319℄.[16℄ J. S
he
hter and J.W. Valle, Phys. Rev. D25, 2951 (1982); E. Takasugi, Phys. Lett. B149, 372 (1984);J.F. Nieves, Phys. Lett. B147, 375 (1984).[17℄ F. Deppis
h and H. P�as, Phys. Rev. Lett. 98, 232501 (2007) [arXiv:hep-ph/0612165℄.[18℄ V.M. Gehman and S.R. Elliott, J. Phys. G 34, 667 (2007) [arXiv:hep-ph/0701099℄.[19℄ A. Ali, A.V. Borisov, and D.V. Zhuridov, arXiv:hep-ph/0606072.[20℄ G. Pantis, F. �Simkovi
, J.D. Vergados, and A. Faessler, Phys. Rev. C53, 695 (1996).[21℄ M. Kortelainen and J. Suhonen, Phys. Rev. C 75, 051303 (2007) [arXiv:0705.0469 [nu
l-th℄℄.[22℄ J.C. Pati and A. Salam, Phys. Rev. D10, 275 (1974); R.N. Mohapatra and J.C. Pati, Phys. Rev. D11,566, 2558 (1975); G. Senjanovi
 and R.N. Mohapatra, Phys. Rev. D12, 1502 (1975); R.N. Mohapatraand G. Senjanovi
, Phys. Rev. D23, 165 (1981).[23℄ H. P�as, M. Hirs
h, H.V. Klapdor-Kleingrothaus, and S.G. Kovalenko, Phys. Lett. B453, 194 (1999).[24℄ G. Gamov and E. Teller, Phys. Rev. 49, 895 (1936); S.F. Novaes, in \Parti
le and Fields", Pro
. 10thJ.A. Swie
a Summer S
hool, S~ao Paulo, Brazil, 31 Jan { 12 Feb 1999 (World S
ienti�
, Singapore, 2000)[arXiv:hep-ph/0001283℄.[25℄ B. Ponte
orvo, Sov. Phys. JETP 6, 429 (1958); Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor.Phys. 28, 870 (1962).[26℄ J.C. Pati and A. Salam, Phys. Lett. B58, 333 (1975).33

http://arxiv.org/abs/hep-ph/0611243
http://arxiv.org/abs/hep-ph/0409319
http://arxiv.org/abs/hep-ph/0612165
http://arxiv.org/abs/hep-ph/0701099
http://arxiv.org/abs/hep-ph/0606072
http://arxiv.org/abs/0705.0469
http://arxiv.org/abs/hep-ph/0001283


[27℄ W. Bu
hm�uller, R. R�u
kl, and D. Wyler, Phys. Lett. B191, 442 (1987).[28℄ H.V. Klapdor-Kleingrothaus and H. P�as, in COSMO 99: 3rd International Conferen
e on Parti
lePhysi
s and the Early Universe, Trieste, Italy, 27 Sep { 3 O
t 1999; in H.V. Klapdor-Kleingrothaus (Ed.),\Sixty Years of Double Beta De
ay" (World S
ienti�
, Singapore, 2001), p. 755 [arXiv:hep-ph/0002109℄.[29℄ N. Severijns, M. Be
k, and O. Naviliat-Cun
i
, Rev. Mod. Phys. 78, 991 (2006) [arXiv:nu
l-ex/0605029℄.[30℄ M.E. Rose, Relativisti
 Ele
tron Theory (Wiley, New York, 1961).[31℄ S.L. Adler et al., Phys. Rev. D11, 3309 (1975).[32℄ T. Tomoda, Rep. Prog. Phys. 54, 53 (1991).[33℄ J.D. Vergados, Phys. Rep. 361, 1 (2002).[34℄ T. Eri
son and W. Weise, Pions and Nu
lei (Clarendon Press, Oxford, 1988).[35℄ K. Zuber, Preprint IPPP-05-56, DCPT-05-114 ( 2005). Presented at IPPP Workshop on Matrix Ele-ments for Neutrinoless Double Beta De
ay, Durham, England, 23{24 May 2005 [arXiv:nu
l-ex/0511009℄.[36℄ V.A. Rodin, A. Faessler, F. �Simkovi
, and P. Vogel, Cze
h. J. Phys. 56, 495 (2006); arXiv:0706.4304[nu
l-th℄.[37℄ C.E. Aalseth et al., Phys. Rev. D70, 078302 (2004).[38℄ A. Ali, A.V. Borisov, and D.V. Zhuridov (work in progress).[39℄ H.V. Klapdor-Kleingrothaus and U. Sarkar, Pro
. Indian Natn. S
i. A
ad. 70A, 251 (2004).[40℄ S.M. Bilenky, Annales de la Fondation Louis de Broglie 31, no. 2{3, 139 (2006) [arXiv:hep-ph/0605172℄.[41℄ A.S. Barabash and the NEMO Collaboration, Nu
l. Phys. B (Pro
. Suppl.) 138, 207 (2005); R. Arnoldet al., Phys. Rev. Lett. 95, 182302 (2005).[42℄ F. Piquemal, Phys. Atom. Nu
l. 69, 2096 (2006).[43℄ M. Noma
hi et al., Nu
l. Phys. B (Pro
. Suppl.) 138, 221 (2005).[44℄ D. Akimov et al., Nu
l. Phys. B (Pro
. Suppl.) 138, 224 (2005).

34

http://arxiv.org/abs/hep-ph/0002109
http://arxiv.org/abs/nucl-ex/0605029
http://arxiv.org/abs/nucl-ex/0511009
http://arxiv.org/abs/0706.4304
http://arxiv.org/abs/hep-ph/0605172


0.0

0.2

0.4

0.6

50
40

30
20

10

10
-25  *T 1/2

 ,  y
rK

|<m>|, eV

-1

1

0

 1 

2.0

4.0

6.0

50

40
30

20
10

-0.5

10
-25  *T 1/2

 ,  y
r

K
 0

0.5

-1

107*| V+A
V+A|

Figure 1: Correlation between the neutrino e�e
tive mass jhmij (left) [ j�V+AV+Aj (right℄, the angular 
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