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In order to shed light on the important question whether neutrinos are Dirac or Majorana 

particles, the double fJ decay is investigated within a general form of weak interaction Hamil· 

tonian. . The systematic study is made on the 0+ ~ J+ nuclear transitions for the two-neutrino 

and neutrinoless modes both in the two-nucleon- and N*-mechanism. It is shown that for the 

neutrinoless mode, only the 0+ - 0+ transition in the two-nucleon mechanism is allowed if there 

is no right-handed interaction. When the right-handed interaction gives a sizable contribution, 

the role of the 0+ ~ z+ transition becomes as important as the 0+ ~ 0+ transition. The com

parison of our results with the previous ones is also presented. 

§ 1. Introduction 

The question whether neutrinos are massive or massless has become one of 

the recent important topics. This is motivated by the recent theoretical develop

ment of the grand unified theories where neutrinos are likely to be massive 

because leptons and quarks are treated on the equal basis. If neutrinos are 

massive, there arises an important question whether neutrinos are Dirac or 

Majorana particles. In models like 50(10), neutrinos are assigned to Majorana 

particles to explain the small masses of the observed neutrinos. 

In this paper, we investigate the double /3 decay which reveals directly the 

difference between Dirac and Maiorana neutrinos. This seems to be the only 

experiment presently available for this purpose. There are two decay modes, 

i.e., the two-neutrino mode (/3/3)zv, 

NA(A, Z)->Nu(A, Z+2)+e-+e-+ ve + Ve, 

and the neutrinoless mode (/3/3)ov, 

NA(A, Z)-> Nu(A, Z + 2)+ e- + e- . 

(101) 

(102) 

The (/3/3)ov mode is interesting because this takes place only when neutrinos are 

Majorana particles, while the (/3/3)21' mode occurs both for Dirac and Majorana 

neutrinos. 
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1740 M. Doi, T Kotani, H. Nishiura, K. Okuda and E. Takasugi 

We analyze the 0+ -->]+ nuclear transitions for these two modes in two 

mechanisms: One is the two-nucleon (2n)-mechanism where the successive 

transitions of two neutrons (nl and n2) trigger the double (3 decay as shown in 

Fig. 1. The other is the N*-mechanisml) where the double (3 decay occurs 

through the transitions*) of the nuclei involving L1(232) as shown in Fig. 2. The 

detailed discussion for these mechanisms is given in Appendix A. 

In the following, we use the weak interaction Hamiltonian, 

Hw(x) = ?z' [jL,,(X )]t"(x) + tijR" (x )]t"(x)] + h.c., 0·3) 

where ];j~)(x) is the left (right)-handed hadronic current and the leptonic currents 

jL"(X) and jR,,(X) are expressed as follows: 

0·4) 

The current neutrinos VeL and V;R are assumed to be the superposition of the mass 

eigenstate neutrino N/s with the corresponding mass m/s,2) 

2n 

VeL = ~ UejNjL , 
j=l 

2n 

V;R = ~ VejNjR , 
j=l 

0·5) 

where n is the number of generations and Uej ( V ej ) is the left (right)-mixing 

matrix.**) 

RA 

n 

R 

REJ R", 

NA NLJ- Nn NI3 NA Nn NLJ·· 

(a) (b) 

p n 

N", N,,- Nn NB N", 

(c) (d) 

RB 

NEJ 

p 

R8 

N8 

Fig. 1. The schematic diagrams for the (/3/3)ov 

mode (a) and for the (/3/3)2v mode (b) in the 

2n-mechanism. The NA, NB and N n are the 

parent, the daughter and the intermediate 

nucleus, respectively. 

Fig. 2. The diagrams for the (/3/3)ov mode «a) 

and (b» and for the (/3/3b mode «c) and (d» 

in the N* ·mechanism. The N.- and N ... 

denote the intermediate nuclear states in-

cluding LJ- and LJ++, respectively. 

*) Throughout this paper, we do not consider the radial and orbital excitations of LJ(1232). 

**) If neutrinos are Dirac, Vel and Vel vanish for j> n. 
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Neutrino Mass, the Right-Handed Interaction and the Double Beta Decay. I 1741 

In the 2n-mechanism, the hadronic currents may be written as 

0-6) 

where </JN
T = (p, n) and r+ is the isospin raising matrix. Here gv = cos 8 and g/ 

=cos 8', where 8(8') is the left (right)-mixing angle between u and d quarks. 

We expect 8::=: 8c where 8c is the Cabbibo angle. Also, 

0-7) 

is expected. This deviation from unity is due to the strong interaction renormali

zation. 

In the N*-mechanism, the hadronic currents are considered to act on quarks 

in a hadron and may be obtained by replacing cjlN
T with </JqT = (u, d) and taking 

gA/gV =g/ /gv'= 1. The effect from the strong interaction will be taken into account 

by evaluating the matrix elements in the SU(6) quark model. 

Many works have been made on the double (3 decay. I),3)~9) However, the 

structure of H w used here is somewhat different from the ones previously used. 

Our results will be compared with those obtained by others only in some special 

limits like zero neutrino mass (mv = 0) or ;1 = O. Since there are some disagree

ments between our results and the previous theoretical estimates, we shall show 

the derivations in some detail. Also, in Appendix C, the decay formulae are 

presented for the conventionally used Hamiltonian to show how different they are 

in two Hw's. 

In § 2, the «(3(3)ov mode is investigated for the 0+ -> J+ transitions both in the 

2n- and N*-mechanism. The «(3(3)zv mode is analyzed in § 3. The concluding 

remarks are given in § 4. 

§ 2_ The (PP)OlJ mode 

In the 2n-mechanism, the double (3 decay occurs through the transition of two 

neutrons in NA to two protons in NB as shown in Fig. 1(a). On the other hand, 

there are two possible processes in the N*-mechanism: (i) The strong interaction 

first creates the nuclear state N,1- which includes ,d-. Subsequently N,1- makes 

the weak decay as shown in Fig. 2(a). (ii) The parent nucleus NA makes the weak 

decay to the nuclear state N,1++ which is converted into the daughter nucleus NH 

as shown in Fig. 2(b). Since the strong interaction operates as internal force, 

N,1-(N,1++) has the same JP as NA(NB) has. Therefore, we are able to single out 

the second order weak interaction part from Figs. 2( a) and (b), and make a 

unified treatment both for the 2n- and N*-mechanism. 

Let us consider the second order weak interaction parts in Figs. Ha), 2(a) and 

(b) which are collectively expressed by the N a -> N p +2e- transition. The weak 

interaction patterns of our Hamiltonian are given in Fig. 3. If two lepton 
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1742 M. Doi, T. Kotani, H. Nishiura, K. Okuda and E. Takasugi 

-e e e e 

L(R) R(O Fig. 3. The diagrams for the (/3/3)ov mode cor-

WLCRl WURl WL1Rl WR1Ll 
responding to the second order weak interac-

tions. The wavy line represents the weak 

No. Nn Nf3 No. Nn Nf3 intermediate boson which controls the left-

(a) (b) or right-handed weak interaction. 

vertices are either combination of (L, L) or (R, R) as shown in Fig. 3(a), the 

contribution from this diagram is proportional to the mass mj of the intermediate 

Majorana neutrino. When two vertices are (L, R) or (R, L) as in Fig. 3(b), the 

contribution is proportional to the neutrino four momentum q and the relative 

strength A. This situation can be easily seen from the neutrino propagators 

given in Appendix B. Thus, the (/3/3)01.' mode takes place only if neutrinos are 

Majorana and at least one of two parameters, mj and A, does not vanish.*) 

From the above consideration, we can write the R-matrix element for Na 

--> N p + c-(pd+ C-(p2), 

Rw= A-( ~ r [(2J[)-6( PI OpzOt IF(Z+2, pnF(Z+2, pzO)r /Z 

x 2~{ mJ [UiJ t~vK!'t + AZ 
ViJ t:vK!!%] + A UeJ VeJ [u~vpLrjf + u~vpL~~P]}, 

J 

where, by using UC = CiiT with the charge conjugation matrix C, 

tk/= ii(pi ))'p(l =+= )'s))'vUC(pz), 

u~'(/p = ii(PI ))'p(l =+=)'s) )'p)'vUC(pz), 

x <Npl~{ l;P(:; )INn><NnI1b+~(Y) + 1b+V(f )INn><NnI1;Po(x)) INa> , 
n q + En - Ea + pz q + En - Ea + PI f 

(2'1) 

(2'2) 

(2'3) 

(2'4) 

(2'5) 

*l In the m, = 0 limit, Rw is proportional to ;l ~ Uej Ve,. If we take the gauge theories seriously, 

we should take Uel = Ve."" 1 = 1 and zero for others. Thus, the «(3(3)ov mode does not take place. 

However we keep the possibility Vel c\= 0 on the phenomenological basis in order to compare our results 

with the previous works. 
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Neutrino Mass, the Right-Handed Interaction and the Double Beta Decay. I 1743 

Here the first 1/12 in Eq. (2·1) is the statistical factor for the emitted two 

electrons, a( b) takes Land R, and N n is the intermediate nuclear state with the 

energy En. The Fermi factor for the emitted electrons is approximated by 

(2·6) 

It should be noted that in the 2n-mechanism the R-matrix is obtained by 

taking Na=NA and Np=NB in the Rw-matrix. In the N*-mechanism, the R w-

matrix which corresponds to the 2nd order perturbation of Hw is a part of the R

matrix, as given in Eq. (A· 3) of Appendix A. 

Now we adopt the following approximations: (i) The energy of the inter

mediate nucleus En is replaced by the average value <En>. (ii) The non-relativis

tic impulse approximation is used for the hadronic currents Jtl'(x) and Jt"(x). 

(iii) The first two terms of the multipole expansion for the lepton wave function 

are kept; exp[ - i(Plx + P2Y )]~ 1- i(Plx + P2Y). 

Under the approximation (i), the intermediate nuclear states can be summed 

by closure. By the approximation (ii), the hadronic currents may be expressed 

as follows: 

Jr(x)=~ rn+(gvgl'°ln+gAgl'j(fnj)O(x-rn), (2·7) 
n 

where the subscript n implies that the operators act on the n-th nucleon in the 2n-

mechanism or the n-th quark in the N*-mechanism. Note that for the parity 

conserving 0+ --> J+ transitions, the first term in the multipole expansion contrib

utes to KI:!: and L~tO terms, while the dipole term to L~tk. 

Within these approximations, the q-integrations in KI:!: and L~tP can be 

formally performed and the results are 

Ktf= 8~ [<HI( r,mj»+<H2( r, mj»] 

<N I" + +( 1'0+ j I'i)( LlO+ k Llk)IN> x p L...J rn rm gvg gA(fn g gvg gA(fm g a, (2·8) 
n,m 

1 
Lf~o=8J[[AI<HI(r, mj»-A2<H2(r, mj»] 

X <Npl ~ rn + rm + (gvgl'O + gA(f/ gl'i )(g/ gLlO - gA' (fm k gLlk)INa> , (2.9) 
n,m 

Lr~k = ;; [< rH/( r, mj» + < rH2'( r, mi»] 

X <Npl~ rn + rm +-t[(PI - P2)l r~m + (pI + P2)l rinm] r~m 

X (gvgl'O + gA(fnP gI'P)( gv' gLlO - gA' (fm q gLlq )INa> 
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1744 M. Doi, T. Kotani, H. Nishiura, K. Okuda and E. Takasugi 

We note that only the first term of the multipole expansion is taken into account 

for KIt and Lf~o, and the dipole term is used to obtain the first term of Lf~k. In 

order to maintain the consistency of the approximation, the relativistic correction 

of the hadronic current should be included. The second term of Lf~k (2-10a) is 

due to this correction. Here Cn and Dn are defined by 

Cn=6n-(qn-2Pn)/2M, 

Dn=[(qn-2Pn)+i(6n X qn)]/2M, 

(2-10b) 

(2-10c) 

where P and q are the momentum and the momentum transfer of the nucleon, 

respectively. I I) In Eqs. (2-S)~(2-10), Hi( r, mj) is the potential-like term due to 

the exchange of neutrino and is defined as 

f 
d eiq'(rn-rm) 

Hi(lrn-rml, mj)= 2;2 qO(qo+Ai) , (2-11) 

where qO=jlqI2+ m/ and Ai=<En)-Ma+P;o. Also, H/=dHddr, rnm=rn-rm, 

rnm=rnm/lrnml, and r+nm=(rn+rm)/Irnml. The terms like <Hi) and <rH/) 

represent the average values of "potentials" with the weight of nuclear tensor 

operators.*) Note that the potential Hi( r, mj) behaves like l/rfor %"S O(MeV) 

and e-mjT/r for mj< O(GeV). The replacement En by <En) (the approximation 

(i» is not crucial because the main contribution to the potentials comes from Iql 
:::0.20 MeV which is much larger than Ai (~a few MeV). The other terms, KGJ/, 

L~J2 and L~~k, are obtained by taking the interchanges( gv<--; gv') and (gA<---> - gA' )in 

the expressions of KIt, LfXo and LfXk, respectively. 

The product of the leptonic and hadronic parts can be easily calculated and 

the results are as follows: 

(2-13) 

L LPVk+ R L PVk - -1 [< H ')+< H ')J Upvk LR Upvk R L - SJ[ r I r 2 

(2-14) 

*) The average is defined as <I> = <NBI2..;n.mIOnmINA> I<NIII2..;n.m OnmINA>, where Onm is the nuclear 

tensor operator. 
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Neutrino Mass, the Right-Handed Interaction and the Double Beta Decay_ I 1745 

where 

(2°15) 

MGT = <Npl ~ rn + rm + 6 n ° 6mlNa> , (2°16) 
n,m 

(2°17) 

+2i(gv/gA)( rnmx 6n)k~2(jmk( r nm 06n)}INa> , (2 0 18a) 

Rk= <Npl ~ rn + rm +{i( rnm x 6 m)kCn + i(~)\ rnm x Dn)k 
n,m gA 

+( ~: )[r~m(Cn~6noDm)+(jnk( rnmoDm)+( i nm0 6n)Dm
k
}INa>. 

(2 0 18b) 

It is clear from the nuclear matrix elements given above that the 0+ ---> J+ (J ~ 3) 

transitions are forbidden within our approximations. 

In the following, a further simplification is made by replacing Ai in the 

potentials with their average value, i.e., 

(2 0 19) 

Table 1. Allowed transitions and relative order of magnitudes. Each parenthesis under the interac

tion indicates the possible transition, and mv and A represent the typical neutrino mass and the 

relative strength of the right-handed interaction, respectively. 

(/3/3)ov mode 

interaction 2n-mechanism N* -mechanism Feynman 

patterns mv:'S O(ev) mv;C O(GeV) mv:'S O(eV) mv;C O(GeV) diagrams 

mvJ(tt 
mv(~) 

e-ml.l r 

(O+~O+) mV<-r~> no contribution 

Fig.3(a) 

.-1
2

mvK//J/ 
A2mv( -~) 

e- mLJr 

(O+~O+) A2mv<- y-) no contribution 

AL~Ko 
A(P,O-P20)( ~) 

emil" 

(O~~O+) 
A(P,O-P20)( -~) no contribution 

Fig.3(b) 

AL~tk 
Alp,±p21 (~) 

C' mvr 

Alp, ±p21(~) J 

C mllr 

(O~ ~ 0+, 1 + , 2+) Alp, ±P2i(- -y-) Alp,±p21(-~:)J 
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1746 M. Doi. T. Kotani. H. Nishiura. K. Okuda and E. Takasugi 

As a consequence. we can write Hz's in the single form, 

HI(r, mj)=H2(r, mj)==H(r, mj,/Lo). 

(2-a) The 2n-mechanism 

(2'20) 

The R-matrix is obtained from Rw in Eq. (2' 1) by replacing Na and N p with 

NA and Nu, respectively. It should be noted that the Me and MGT terms are of 

rank 0 with respect to the angular momentum, and the Ql term of rank 1. On the 

other hand, the plk term consists of irreducible tensor operators of ranks 0, 1 and 

2. Consequently, the terms t~uKtr, t/iuKJ:J/ and u~uoLj~O + u~uoL~tO contribute 

only to the 0+ -; 0+ transition. While, u~ukLj~k + u~ukL~~>k contributes to the 

0+ -; 0+, 1+, and 2+ transitions. These features and the relative order of magni

tudes are listed in Table I for various types of terms. 

(i) The 0+-;0+ transition 

The nuclear matrix elements Mr, MeT and pi'/3 contribute to this transition> 

We obtain 

dro2;-( 0+ -; 0+) = (aou/m/) gA· 

X {(pI
O 

P2
0 

- PI' P2)[IXI + X.12 + IXz + X.12] 

+ -2~( PI O 
- P20)2(PI ° pz

o + PI' P2 - me 2 )IX3 - X412 
rne 

where e is the angle between two emitted electrons, 

Gr2
me

9
{ 2.7[(y(Z+2) }2 

aou= 2(2J[)5 1-exp[ - 2Jra( Z + 2)] , 

XI = ~(m)me) U;j<H> [(gV/gA)2 Mr- Mer]' 
j 

X 2 =,12 ~(m)me) Ve~<H>(gv' /gv n(gV/gA)2 Mr- MGT], 
j 

X3=A ~ Uej Vej<H>(gv' /gv )[(gV/gA)2 MF- MGT], 
j 

Here MF and MGT are defined in Eqs. (2·15) and (2'16), and 

Mr = <Nul ~ Tn + Tm +[( rnm' 6n)( rnm' 6m) --~-6n' 6mJINA> . 
n,m d 

(2' 21) 

(2'22) 

(2'23) 

(2'24) 

(2'25) 

(2'26) 

(2·27) 
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Neutrino Mass, the Right-Handed Interaction and the Double Beta Decay. I 1747 

The decay rate for the 0+ --+ 0+ transition in the 2 n-mechanism is 

ro2:' (0+ --+ 0+) = (aOV/m/)gA4{ COl ( T)[lxI + x412 + IX2 + X4n 

where 

+ C02( T)IX3- x412- C03( T)Re(XI + X4)(X2+ X4)* 

- C04( T)Re(XI + X2+2X4)(X3- X4)*}, 

COI( T)= 115 T( T'+10r+40r+60T+30), 

C02( T)= 2io T4( r+ 14 r+77 T+70), 

C03( T)= ~ T( r+6T+6), 

C04( T)= 115 r( r+10T+1O). 

Here T is the maximum kinetic energy release, 

(2'28) 

(2·29) 

(2'30) 

(2' 31) 

(2'32) 

(2'33) 

Let us compare our results with those obtained previously. In the limit of 

;1 = 0 and Uej = Ojl, we found that the overall normalization by Greuling and 

Whitten 5
) is twice as large as ours. *) In the other limit of mj = 0, our results can 

be compared with those by Primakoff and Rosen 4
) who used the quite general 

form for Hw.**) They assumed MT=O and their result is twice as large as ours.*) 

(ii) The 0+ --> 2+ transition 

Only the rank 2 part of the plk term contributes to this transition. The final 

result is 

dro2vn (0+ --> z+) = (aov/me 9)( gA2 gi / 30 )1;1 ~ Uej Vej< rH'>12( Nr, Nr) 
j 

X {3(PI' pd - Pl' P2[10( PI O P2
0 + me2) + IPl12 + IPzl2] 

+ 5(PI 0 P20 + me2)( IPl12 + IP212) -IPI12Ip212} 

(2'34) 

*) It seems that they did not take account of the statistical factor. See, e.g., Eq. (20) of Ref. 5) and 

Eq. (33) of Ref. 4). 

H) The correspondence between our notation and theirs in Ref. 4) is as follows: Ca=Da cc (;/.(ga 

+liga')/2. Caoa=Daoa=-G,(ga--lig;)/2. for a= V and il. and rl=lfi' r'=lfiI5. Uej= Ve,=cJjl. It 

is also reminded that the result by Molina and Pascual" is four times as large as ours. 
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1748 M. Doi, T. Ko tan i, H. Nishiura, K. Okuda and E. Takasugi 

+2i(gv/gA)( Ynm X 6 n)q-2(]m
q
( Ynm·6n)}INA(0+». (2·35) 

The decay rate is 

roZun( 0+ -> 2+) = (aou/me Z)( gAgA' )ZI;1 ~ Uej Vej < rH'>lz (Nr, Nr) Gz, ( T), 
j 

(2·36) 

where 

Gz,( T) = i~ r(4 r+56 T
4
+343 r+ 1050 r+ 1540 T+840). 

(2· 37) 

(iii) The 0+ -> 1 + transition 

The terms Ql, Clkjpki and Rl contribute to this transition. After small 

calculations, the decay formula is 

droZun(o+-> 1+) = (aou/me 9 )(gAZgi/6)1;1 ~ UejVejlZ 
j 

X [{(PI + pz)Z(p,OjY2o + p,. P2 + me Z)( N, q, N, q) 

+2[(p, - pz)Z(p,O Pzo+ meZ) + (p,. Pz -Ip,n(p,· Pz -Ipzn]( Nz
q
, Nz

q
) 

+4(p, Xpz)Z Im(N,q, Nzq)}<rH'>z 

- 8{2[(P,O + PZO)p,. Pz - (p, °IPzlz + Pzolp,nRe( Nz
q
, R q

) 

- [(Pia + PZO)p,. pz + (p,Olpzlz + pzolp,lz)Im( N, q, R
q

) }<H'>< rH'> 

+ 16{3(p,O pzo - meZ) - p,. pd(R
q
, Rq)<H'>Z] 

(2·38) 

where (N/, N/)=~Jz~~~,Nf N/ with 

N,q=<NB(1+)I~ rn +rm+ [2(gV/gA)( Ynm· 6 n)- iYnm·(6n X 6m)] Y+nmINA(O+» , 
n,m 

(2·39) 

Nz
q 

= <NBD +)1 ~ rn + rm + 
n,m 

X{i(gv/gA)[Ynm X ( Ynm X 6 n)P-( Ynm·6n)( Ynm X 6 m )q}INA(0+». 

(2·40) 

The terms N,q and Nz
q 

come from Qq and cqlkplk, respectively. 

The decay rate is 

roZun( 0+ -> 1 +) = (aou/me Z)( gAgA' )ZI;1 ~ Uej Vejl2 
J 
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where 

+ G12( T)[(Nl
q

, Nl
q

)+2(N2
q

, N2
Q

)]}<rH'>2 

+ G13( T)(R
Q
, R

Q
)<H'>2/m/ 

+ G14( T)[2 Re(N2
Q
, R

Q
)+ Im(NI

Q
, RQ)]<rH'><H'>/me]' 

Gll( T)= 3~;! T3(3 r+42 r+210 r+420 T+2S0), 

Gd T)= i~ r(4 r+S6T
4
+343 r+ 10S0r+ IS40 T+S40), 

G13( T)= ;~ T2( r+l0r+3ST+30), 

G14( T)= /;! T2( T4+ 12 r+ss r+ 100 T+60). 

(2-b) The N* -mechanism 

(2·41) 

(2·42) 

(2·43a) 

(2·43b) 

(2·43c) 

The R-matrix for the N*-mechanism is obtained by substituting the Rw

matrices corresponding to the N J --> N s +2e- and N A -> N J +++2e- transitions into 

Eq. (A·3) in Appendix A. 

The nuclear matrix elements in the Rw-matrix are given by Eqs. (2 ·IS) 

~ (2 ·IS). Since there is no standard method to treat the relativistic correction in 

the quark model, this correction (the second term in Lf~k) is discarded. It should 

be noted that the operators*) r;i(m), (j~(m), r~m and r~nm act on quarks and change 

the intrinsic part of the hadron. The nucleon N ( + +) and LI ( t +) are assigned in 

the 5U(6) quark model to the states 1=0, i.e., the zero orbital angular momentum 

states around the center of hadron. From these considerations, we conclude that 

MF, MeT and Ql defined in Eqs. (2·1S)~(2·17) turn out to be zero, and only the 

term plk in Eq. (2·1S) contributes. (See Appendix A for the detailed discussion.) 

Consequently, the term u~vkLf~k+ u~vkL~~k contributes to the (/3/3)ov mode in the 

N*-mechanism, while tj;vKLI, tffvK%% and u~voLno+ u~voL~~o vanish. 

In summarizing the above discussion, the (/3/3)ov mode in the N*-mechanism 

takes place only when A =t 0, whether neutrinos are massive or massless. These 

results are listed in Table I. Halprin et al.7) have derived the bounds of the 

neutrino mass both in the 2n- and N*-mechanism. However, the bounds they 

obtained in the N* -mechanism seem to be meaningless, because there is no 

contribution from the mv-term within the N*-mechanism adopted in the present 

paper. We would like to emphasize here that the above discussions are in

dependent of the "factorization hypothesis" which will be used later. 

*) r~m and r~nm are defined in terms of the position operators of quarks measured from the center 

of the hadron. 
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The non-vanishing product of the leptonic and hadronic parts for the N,j- --> N B 

+2e- transition is 

L LPVk+ R LPVk- 1 ( H'> ( ') Upvk LR Upvk RL -6J[ r ,1 gAgA 

(2·44) 

where 

(2'45) 

M jk-(N I'" + + j kiN> - B .::.... rn rm 15n 15m ,1-. (2'46) 
n,m 

The nuclear tensor operators in Eqs. (2'45) and (2'46) only change the spin and 

isospin of Ll- and leave the remainder unchanged. Therefore, M
j 

and M
jk 

represent essentially the matrix elements between Ll- and p. Also, the expecta

tion value of the "potential" (rH'> should be taken between Ll- and p. Note that 

gA = gv and gA' = g/ should be taken in the N*-mechanism as explained in § 1. 

Now we use the "factorization hypothesis"zl (see Eq. (A '10» and evaluate 

the decay formula, *1 

dr~' = (aov/me 9)(26 /33)(gvgv')Z 

Xl;! L: Uej Vej(rH'>,jIZP(Ll)I(<l>fl<l>i>IZ 
j 

X {2(PI' pd-PI' PZ[(PIO + pzO)Z +4(PIO Pzo + meZ)] 

+ 3(PIOpzo+ m/)(lpIIZ+ Ipzn} 

X PIOPZOO(PIO+ Pzo+ Ms- MA)d cos 8dplo dp20 . (2·47) 

Here P(Ll) is the probability of producing Ll per nucleon inside the nucleus, and 

(<l>fl<l>i> represents the overlap between the initial and final nuclei. The NA 

--> N,j+++2e- transition is also included in the above formula. We refer to Ap

pendix A for the detailed discussion. 

The decay rate is 

r~' = (aov/m/)(gvg/)Z 

xl;! L: Uej Vej(rH'>,jIZP(Ll)I(<l>fl<l>i>1 2 C N
'( T), (2·48) 

j 

*1 Here we have used the following results: ~ jJj" jJk=(l6/3)ojk, ~ jJj" jJk'=O, ~ jJik"jJ'm 

=16(Oj,Okm+OjmOk'- tOjkO,m), where jJj and jJlk are defined from M
j 

and Mik by replacing N.- and 

NB with .1- and p, respectively_ The same relations hold for the matrix elements between nand .1++_ 
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where 

210 

GN'( T)= 33 -7! r[39r+546T
4
+3297T

3
+9870r+14140T+7560]. 

(2-49) 

The above decay formula is applicable to all 0+ --> 0+, 1+ and 2+ transitions by 

the appropriate choice of P(L1)I<<1Jf l<1J;>12. 

§ 3_ The (PPh].) mode 

In a similar way to the case of the (/3/3)0],) mode, the 0+ --> J+ transitions are 

investigated. In our Hamiltonian in Eq. 0- 3), the (/3/3)2].) mode takes place 

through the process, 

(3-1) 

The contribution from the right-handed interaction is suppressed by ;\ (;\ ~ 1) so 

that this is neglected here. 

The Rw-matrix due to the V-A interaction for the N a -->Np +2e-+N;+Nj 

transition is expressed by 

(3-2) 

where 

(3-3) 

x <Npl~{ H~(x )INn><N;IJro(Y) + Jr(y )INn><N~IJro(x) }INa> . 
n En - Ea + P2 + k2 En - Ea + PI + kl 

(3-4) 

Here the term E ul /2 is the statistical factor for the final two electrons and two 

neutrinos, i.e., Eij = 11/2 for i = j and = 1 for i * j. The full R-matrix for the 

(/3/3h].) mode can be readily obtained in the same manner as for the (/3/3)0].) mode. 

Now we use the approximations (i), (ii) and (iii) introduced in § 2. Under 

these assumptions, the nuclear part JI']') can be simplified. Note that the 0+ --> J+ 

(j ~ 3) transitions are forbidden. 
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1752 M. Doi, T Kotani, H. Nishiura, K. Okuda and E. Takasugi 

(3-a) The 2n-mechanism 

The R-matrix is obtained from the Rw-matrix by the replacements, N a --> NA 

and N p --> NB_ 

(i) The 0+ --> 0+ transition 

After straightforward calculations, we obtain 

x dcosBdPlOdP20dklOdho, 

where 

Here MF and MeT are defined in Eqs_ (2'15) and (2'16), and 

K= [<En>- MA + PIO+ klor1 + [<En>- MA + P20+ k20]-1 , 

L= [<En>- MA+ P20+ klO]-l + [<En>- MA + PIO+ k20]-1 _ 

(3'5) 

(3'6) 

(3.7) 

(3'8) 

(3'9) 

(3'10) 

The primed sum in Eq. (3·6) should extend over all energetically allowed 

neutrinos in the final state. Rigorously speaking, the neutrino masses mj in kl ° 
and k20 should be taken into account in this primed sum_ If all neutrinos are 

allowed to contribute and the replacement of kiD by Ikil is permissible, then 

(2~;5jc7jl ue;J21 Uejn = L The factor 1/4 in a2v is to represent the statistical 

factor for the case Uej = Ojl. 

To perform the phase space integration, we neglect the masses of neutrinos 

and assume the following replacement (within a few % errors): Pia + k/ 

--> <PiO+ k/> = (MA - MB )/2_ Then K ~ L ~ 2(f-Lome )-1. 

N ow the straightforward calculations lead to 
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The decay rate is 

X PIOp20(PIOp20- PI' P2)(MA- Ms- PIO- P20)5 

X dcos8dPlodP2° . 

rlvn( 0+ --.0+) = a2vgA 41(gvlgA)2 MF - MCTI2 .uo2 Fo( T), 

where 

(3·11) 

(3'12) 

(3'13) 

Primakoff and Rosen have derived Eq. (3'5) in the limit of Uej=Ojl_ Note 

that their result has a few misprints and also is four times as large as ours. *) 

Concerning this overall normalization, our result in Eq. (3'11) agrees in this limit 

with that by Konopinski. 6
) 

(ii) The 0+--.2+ transition 

For this transition, we have 

dr22
V
n( 0+ --. 2+) = (a2vlme 9 )(gA 4 IS) 

x (Mr, Mr)(K - LY(PIOP20+ ~ PI'P2) 

x dcos 8dplo dp20 dklo dk2° , (3'14) 

h (M pq Mpq)-" ,,3 MPq'MPq -th were 2, 2 = L...JfzL...JP,q=1 2 2 WI 

Mr=<Ns(2+)I~ rn +rm+6nP6m
q
INA(0+». (3'15) 

n,m 

To simplify the term (K - L)2, we use the approximation p/+ k/C'-' <PiO+ k/> 

=(MA-Ms)/2 only in the denominator of K-L and obtain K-L 

=2(PIO-P20)(kIO-k20)(.uOme)-3. This approximation is valid within several % 

errors for .uo;:o. 4. After the phase space integration, we get 

drl:( 0+ --.2+) = (a2vlmn(gA 4 1420)(Mr, Mr ).uo 6 
PI ° P20(PI ° - P20)2 

X (PIop20 + ~ PI' P2 )(MA - Ms- PIO - P20r d cos 8dPIO dP20 . 

(3'16) 

*) See the footnotes on page 1747 and Eq. (60) of Ref. 4). Greuling and WhittenS
) give results four 

times as large as ours. 
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The decay rate is given by 

rlv
n(0+--->2+)=a2vgA 4 (Mr, Mr)f-/o6F2( T), 

where 

(iii) The 0+ ---> 1 + transition 

Similarly, we obtain 

drl:(o+ ---> 1 +) = (a2V/me 9 )(gi gv2 / 4) 

x(M/, M/)(K-L)2( P1 0P20+ ~Pl.p2) 

xdcos8dPlOdP20dklOdk20 , 

where (M/, M/)=~fz~~~lMt M/ with 

M/=<NB(l+)I~ rn +rm+onPINA(O+». 
n,m 

(3·17) 

(3·18) 

(3·19) 

(3·20) 

Note that the transition formula given above is exactly the same as the one 

for the 0+ ---> 2+ transition given in Eq. (3 ·14), aside from the overall normalization. 

Therefore, the decay rate can be read off from the one for the 0+ ---> 2+ transition. 

Before closing this subsection, we would like to mention the work by Molina 

and Pascual9
) who estimated the 0+---> J+ transitions. We found several errors in 

their formulae: (i) They showed that rl: (0+ ---> 1 +) = 0, while we get the non

vanishing rate as given in Eq. (3·19). (ii) Their decay rates of the 0+--->0+, 2+ 

transitions for the (/3/3)2V mode are twice as large as ours. 

(3-b) The N*-mechanism 

The R-matrix element for the N*-mechanism is obtained from Eq. (A· 3) in 

Appendix A by substituting the Rw-matrices corresponding to the Nd----> NB and 

NA---> Nd++ transitions shown in Figs. 2(c) and (d). The hadronic part of the 

amplitude for Nd----> NB+2e-+ Ni+ N j is expressed as follows: 

UPV) N' = K {gvgAgPO gVj + gpj gVO )Mj + ~ gA 2(gPj gVk + gPkgVj )Mjk }, (3.21) 

where K, M
j 

and M
jk 

are defined in Eqs. (A·9), (2·45) and (2·46). In order to 

express the contributions from the M
j 

and M
jk 

terms clearly, we retain gv and gA 

explicitly although gA = gv should be taken in the N* -mechanism. 

By using the factorization hypothesis, the decay formula is obtained in the 

following form: 
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drf/v' =(a2l1/me
9
)gv

4 22·3P(Ll)I<<1>fl<1>,.>12(K - L)2(PI OP2
0 + ~ PI'P2) 

X (kiO kz°)2PIOp200(PIO+ P20+ klo+ k2°+ MB - MA) 

(3'22) 

where both the N~--> NB and NA-> N~++ transitions are included according to the 

argument given in Appendix A. It is amusing to observe that the above formula 

is exactly the same as the one for the 0+ -> 2+ transition in the 2n-mechanism aside 

from the overall normalization. 

The decay rate is 

rf/v' = a2l1gv 425
• 3P(Ll )1< <1>f 1 <1>; >12 fl0 6 F2( T), (3' 23) 

where F2( T) is defined in Eq. (3'18) and a2l1 is in Eq. (3'6). 

We would like to note that this formula is completely different from the one 

Qbtained by Picciotto.8
) This is due to the fact that he used a crucial approxima

tion*) for the R-matrix, instead of taking the spin sum explicitly. However, his 

approximation cannot be regarded as reasonable. Note also that he has neg

lected the M jk term (gA
4 term) in Eq. (3'22) which turns out to be dominant for 

the (!3!3hll mode. 

§ 4. Concluding remarks 

In this paper, we have presented the formulae for parity conserving 0+ -> J+ 
transitions within the weak interaction Hamiltonian in Eq. (1· 3) which is 

motivated by the grand unified theories. The emphasis has been made on the 

transitions to the excited states which become important in analyzing the data on 

the half-life, especially the data obtained by the geological method. 

We have found several interesting "selection rules" as given in Table I: (i) If 

,.1=0 (no right-handed interaction), the N*-mechanism does not contribute to the 

(!3!3)Oll mode, whether neutrinos are massive or massless. (ii) If ,.1=0, the 0+ -> 1 + 

and 2+ transitions of the (!3f1)Oll mode are forbidden and the 0+ -> 0+ transition is 

only allowed. We emphasize that these selection rules for the N*-mechanism do 

not depend on the factorization hypothesis. The selection rule (i) seems to 

nullify the neutrino mass bounds derived by Halprin et al. in the N*-mecha

nism. 7
) 

It may be worth while to mention that some care is necessary to use the 

previous theoretical estimates numerically, because there are various errors as 

discussed in § 3 for the (!3!3hll mode and in § 2 and Appendix C for the (!3!3)Oll mode. 

*) Picciotto8
) used the approximation {EpvJPV-(P'~P2)}~EpvgvgA(gPOgVk+gPkgVO)Mkf1o'. We 

have evaluated the spin sum exactly. 
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Appendix A 

-- Brief Description of the 2n· and N* -Mechanisms -

(a) The general description 

In order to deal with the N*-mechanism, the following effective Hamiltonian 

is considered, 

Hint = Hw+ Hs, (A-I) 

where Hs represents the effective interaction for the transition N + N ...... .1 + N by 

the exchange of 1(, p, .... 

In the 2n-mechanism, the double (3 decay takes place through the 2nd order 

perturbation in Hw and the Oth order in Hs as shown in Fig. 1 and the R-matrix 

IS 

(A-2) 

where l stands for either 2e- or 2e- + 2 Ve depending on the «(3(3)ov or «(3(3)~v mode, 

respectively. The Rw represents the R-matrix due to the 2nd order weak interac

tion. 

In the N*-mechanism, the double (3 decay occurs through the 2nd order in Hw 

and the 1st order in Hs as shown in Fig. 2.*) Then the R-matrix element for the 

N*-mechanism may be expressed in the following forms: 

(A·3) 

where MA and MB are the masses of the parent (NA) and daughter (NB) nuclei, 

respectively, and E,J is the energy of the intermediate nucleus which includes 

.1(1232). Note that the nuclear state N,J-(N,J++) has the same JP as NA(NB) has. 

Let us consider, for definiteness, the N,J---> N B+2e- transition. The nuclear 

states N,J- and NB are expressed in the following forms: 

(A·4) 

*) There may be the third possible combination of Hw and Hs such as the sequence Hw·Hs·Hw in 

contrast to the Hw·Hw·Hs in Fig. Z(a). Since this contribution is expected to be small, this is not 

considered in this paper. 
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(A -5) 

where sand L in the hadronic states stand for the intrinsic (spin and isospin) part 

and the orbital angular momentum part with respect to the center of the nucleus. 

Here, IR,,-> and IRs> represent the remainders of the nuclear states. It should be 

understood that there is some appropriate sum with respect to the angular 

momenta. The nuclear matrix elements in Eqs. (2-15)~(2-1S) can be written in 

this notation as follows: 

(A-6) 

where 0 represents one of the nuclear tensor operators appearing in MF, MeT, Ql 

and plk. 

Let us discuss what kinds of nuclear tensor operators change quark states 

inside the hadron. Obviously, the operators T;i(m) and (J~(m) act on quarks. As for 

rnm and r +nm, some caution is necessary. Consider the following decomposition 

of the position operator for the n-th quark; rn = re+ rn' where re is the position 

operator of Ll- measured from the center of N,,-. The relative coordinate rn' 

changes the orbital angular momentum of quarks around the center of the hadron. 

Thus we conclude that the relevant operators for quarks in Ll- are T;i(m), (J~(m), 

r~m and r~nm. With this caution, the nuclear matrix elements are calculated in the 

5U(6) quark model where Ll( t+) and the nucleon N( t+) are assigned to l=O. 

The nuclear tensor operators contributing to the transition Ll ( t +) ..... N ( t +) 

should be of rank 0 with respect to r~m and r~nm and of rank lor 2 with respect 

to the spin part. We conclude from Eqs. (2-15)~(2-1S) that MF and MeT do not 

contribute to this transition. The Ql and plk take the following forms: 

x [( (Jn l - 15m l) - i( (In X (Jm)l]( r~m - r~nm)ILl-> s - L <pILl-> L <RsIR,,-> , 

(A-7) 

plk = - 3
2 

s<pl ~ Tn + Tm + [iElkj(Jn
j + (In k(Jml]ILl->s -L <pILl-> L <RsIR,,-> . 

n,m 
(A-S) 

In the 5U(6) quark model, we get Ql =0 which may be understood from the 

following argument. Note that the spin operators in Ql are antisymmetric under 

the interchange of quarks so that it is expected that the spin part of 

s<pl~ Tn+Tm+[((Jnl-(Jml)-i((JnX(Jm)l] is also antisymmetric. Since the spin 

wav~mfunction of ILl->s is symmetric, Ql = 0 is concluded. Therefore, only plk 

contributes to the (!3fJ)ov mode. The same argument also holds for the NA 

..... NJ+++2e- transition. 

A similar argument applies to the (!3!3b mode. Of course, it should be noted 
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that K and Lin Eq. (3·22) should be modified as follows: 

K= [<En>- E ,1-+ Plo + kl0]-1 + [<En> - E,1-+ P2o+ k20]-1 , (A '9) 

and similarly for L. 

(b) The factorization hypothesis 

As we have seen in the previous subsection (a), the Rw-matrix may be written 

in the following form: 

(A'10) 

This is valid under the approximations 0), (ii) and (iii) introduced in § 2 and in 

the framework of the 5U(6) quark model. The "factorization hypothesis" 

means the approximation that the amplitude s<P, IIRwl,1->s is modified by the 

following replacement, 

where the primed sum means the spin average with respect to ,1. Under this 

replacement, the R-matrix is rewritten as follows: 

where 

/2P(,1 )1/2< (/)fl (/)i> = L<pl,1->L<RBIR,1-> e
i'P <~~I!!i~A> 

+ <NBIHsIN,1++> i'P' <R IR > <,1++1 > 
MB - E4++ e ,1++ A L n L. (A'13) 

Here we have used the relation 

(A'14) 

The factors P(,1) and < (/)fl (/)i> are introduced to give some physical image of 

the N*-mechanism. Let us assume the decomposition 

Now the probability admixture P(,1) may be defined as 

p(,1)=_I_~ I <,1-IHsln> \2, 
N n n.4- £4- - MA 

(A'15) 

(A'16) 

where Nn is the number of neutrons which actively participate in the double fJ 
decay and the sum of n extends over all those neutrons. In other words, P(,1) 
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is the probability to make ,d- per neutron. Now < (])fl (]);) may be written 

(A'I7) 

Here we have used <R.1-IRA)""oR4RA. In this way, the <(])fl(]);) may be inter

preted as the overlap between the initial and final nuclear wave functions. 

Appendix B 

-- Majorana Neutrino Propagators--

The quantization of the Majorana field is rather complicated. It can be done 

straightforwardly by decomposing Majorana field into two-component field. 

The quantized form of the Majorana field is derived by substituting the quantized 

two-component field into it. 10
) In this way, we obtain 

N(x)= (2;)3/2fjfa ~{a(p, s)u(p, s)e-;Px+a+(p, s)UC(p, s)e;Px}, 

(B'1) 

where UC = CUT. The creation and annihilation operators a+(p, s) and a(p, s) 

satisfy the canonical commutation relation, 

(B'2) 

The Majorana propagator can be calculated straightforwardly from Eqs. 

(B'1) and (B. 2), 

<01 T[N(x )N(y )]10) = iSF(x - y). (B·3) 

Note that we also obtain 

(B'4) 

This is only possible for the (self-conjugate) Majorana field and makes the (/3/3)01> 

mode possible. 

As defined in Eq. (1. 5), current neutrinos Ve L and V~R are the superpositions 

of massive Majorana neutrinos N j • We obtain from Eqs. (1'5) and (B'4), 

_ . 2 f d 4 q e-;q(X-y) (1- '(5) T 

-1 ~ mjUej (27r)4 q2-m/+iE -2- C , (B'5) 

<01 T[VeL(X )V~k(Y )]10) = i ~ Uej Vej(I --; '/5 )SF(X - y) CT(I + t T

) 

_ . f d 4 q __ fie-;q(X-y) (1 + '(5) T 

- 1 ~ Uej Vej (27r)4 q2_ m/+ iE 2 C. (B'6) 
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The other propagators are similarly obtained. 

Appendix C 

~- The Double /3 Decay in the Weak Interaction 

Hamiltonian Previously Used~-

The weak interaction Hamiltonian used by many others l
),S),7)-9) is 

(C'l) 

It should be emphasized that the parameters T) in Eq. (C, 1) and A in Eq. (1. 3) have 

different physical meanings. The parameter T) represents the admixture of V + A 

interaction in the leptonic current, while A is the relative strength of the right· 

handed to the left-handed weak interactions. For the (/3/3 b., mode, the decay 

formulae are the same as the ones given in § 4 because the contribution due to the 

T) term can be neglected. Here we only present the results for the (/3/3)ov mode. 

We obtain the following Rw-matrix corresponding to Eqs. (2'1), (2'12) 

~(2'18), 

Rw= Jz( ~r[(2Jr)-6(PIOP20)-IF(Z+2, pIO)F(Z+2, P20)]-1/2 

(C·2) 

where u~t/ == u~vp + u~vp and *) 

(C'3) 

L+RLI'VO- 1 <H> 2(p ° pO) UI'VO LL -4J[ gA I - 2 

(C'4) 

+ (PI + pd [ys yO Q I + /5 yk Q lk]}U C (P2). (C'5) 

Here MF and MGT are defined in Eqs. (2'15) and (2'16), and 

*) The relativistic correction terms (vic) in the hadron current are not taken into account in this 

appendix. 
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!R_I=<Onl>, fP l =2(gv/gA)< r~m( rnm·(Jm» , 

fPlk=< r~m{ r~m[(gV/gA)2-«(Jn·(Jm)]+20mk( rnm·(Jn)}> , 

Q I = i( gV/gAY< r'tnm rnm' ((In X (Jm», Q lk = - 2 i( gV/gA)< r'tnm( rnm X (Jm)k> , 

(C'6) 

where abbreviation < 0> == <Ni1I~n.m rn + rm + OINa> is used. 

The mvKtt: term contributes only to the 0+ -> 0+ transition, while 'lLHo 

contributes to 0+->0+, 1+ and 'lLf~k to 0+->0+, 1+, 2+, d., Table 1. 

(a) The 2n-mechanism 

For the 0+ -> 0+ transition, the decay formula is expressed as follows: 

where 

and 

dro2vn( 0+ -> 0+) = ( aov/me 7) gA 4 

X {(PIOp20- Pl' P2)[1 YI + Y4 - Y51 2+ I Y2+ Y4+ Y5n 

+~21 2(PIO-P20)2(a-+PI'P2)IY3- Y41 2 
me 

-2me2 Re( Y I + Y4 - Y5)( Y2 + Y4 + Y5)* 

-(PIO- P20)2 Re( YI + Y2+2 Y4)( Y3- Y4)* 

+(PIO + P20)2 Re( YI - Y2 - 2 Y5) Y5 *} 

a±=PIOp20±me2 

YI = (mv/me )<H>[(gV/gAY MF - Mer], Y2 = 'l2 YI , 

(C'7) 

(C·S) 

Y3=7]<H>[(gV/gA)ZMF+Mer], (C·g) 

Y4= (7]/3)< rH'> [(gV/gA)2 MF - Mer!3+ 2Mr], 

Y5=(7]/3)( -2igv/gA)<rH'>< r+nm'( rnmX (Jm». 

Note that if 7]=0, the above formula agrees with Eq. (2'21) with A=O. If 7]~0, 

there arise the following differences: (i) A new nuclear matrix element Ys appears. 

(ii) There are some sign differences in Y3 and Y4 in comparison with X3 and X4. 

(iii) If Y5, MF and Mr are discarded, both decay formulae are similar because only 
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the difference comes from Y3 ~ - X3 and Y4 ~ - X4 whose contributions are 

minor. Thus, it is rather difficult to distinguish these two Hw's. 

In the formula derived by Primakoff and Rosen,!) the terms Ys as well as MT 

are not included. Also, Greuling and WhittenS
) did not include Ys either. Note 

that their formulae are two times as large as ours. 

For the 0+ --> 2+ transition, the decay formula is 

where 

dro2vn( 0+ --> 2+) = (aov/me 9)( gA 4/ 30)llJ < rH'>12 

x [x+C4'1'q,f'{'q) + x-Cf1'q,n
q

)] 

x± = 3(PI 0 P2)2- PI 0 PI(10a±+ IPI12 + Ip2j2) 

+5a±(lpI12+lp2n-lpd2Ip212 , 

f'{'q=< r~m{ r%m[(gv/gA)2_(O"n°O"m)]+20m
q
( rnm°O"n)}> , 

n
q = -2i(gv/gA)< r!nm( rnm x O"m)q> . 

(ColO) 

(CoIl) 

In a similar way to Eq. (2 0 34), the 0+ --> 2+ transition occurs only if lJ -::j:::. O. In the 

place of the tensor operator r~m( rnm x O"m)q, a new operator r!nm( rnm x O"m)q 

enters here. It is interesting to note that if me = 0, both decay formulae agree 

with each other except for the overall normalization. 

For the 0+ --> 1 + transition, we obtain 

(C 0 12) 

where 

Y/=(gv/gA)<H><Onj> , y/=(gv/gA)<rH'><r~m( rnm°O"m» , 

Y/ = < rH'>< r~nm rnm 0 (O"n x O"m» , Y/ = < rH'>« rnm x O"m)j( rnm 0 O"n» , 

The non-zero coefficients Dab = Dba are as follows: 

Dll = 4(pl 0 - P2or(3a+ - PI 0 P2), DI2 = - 4(pl 0 - P20 )2( a+ + PI 0 P2), 

DIs = 4( PI O - P20r( a+ - PI 0 P2), D22 = 4(PI - P2rc a- + PI 0 P2), 

D2S = -2D34 =8[lp1121p212 - (PI 0 pdl 

D33 = (PI + P2)2( a+ + PI 0 P2), 

(C 0 13) 
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Neutrino Mass, the Right-Handed Interaction and the Double Beta Decay. I 1763 

D44 =2[(PI XP2)2+(PI - p2)2(a+ - PI· P2)], 

D55 = -2[(PI X P2)2 -(PI + pd(a- - PI· PZ)]' (C·14) 

In contrast to Eq. (2·38), the above formula is complicated. Instead of two first 

terms in NI q and N2 q in Eqs. (2·39) and (2·40), the new terms f/, f4
j 

and f/ 

now enter into the decay formula. Morina and Pascual9l have also evaluated the 

0+ -> 2+ and 1+ transitions. Their results are four times as large as ours in 

addition to some errors. 

(b) N* -mechanism 

We have found that both llLHo and llLfr k terms in Eqs. (C·4) and (C·5) 

contribute to the (/3/3)011 mode in contrast to the case in Table I, while the term 

mllKtf in Eq. (C·3) does not again. That is, whether neutrinos are massive or 

massless, the N*-mechanism has no contribution to the (/3/3)011 mode if II = O. 

By using the factorization hypothesis explained in Appendix A, we obtain 

(C ·15) 

where 

(C·16) 

+ (27 gv2 /2)a+(PI ° - P2o)z<H> ,/- 3gv
2
a+( PI ° - P20)2< rH'> ,J<H>,J . 

(C·1?) 

Here gA=gV is understood. New terms proportional to <H>,J which do not exist 

in Eq. (2·47) come from the llLfro term. The gA 
4 term in (C ·15) gives exactly the 

same behavior as the one in (2·47) but the gA
2 
gv

Z 
term differs. However, since 

the gA 4 term is expected to contribute dominantly, both decay formulae give 

similar results. Primakoff and Rosenl) have worked out the decay formula by 

taking only the gA
2 
gv

2 term into account. 
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