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In order to shed light on the important question whether neutrinos are Dirac or Majorana
particles, the double 3 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" —2* 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 SO(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 Majorana neutrinos. This seems to be the only
experiment presently available for this purpose. There are two decay modes,
i.e., the two-neutrino mode (538)z.,

NalA, Z)> Np(A, Z+2)+e +e +Det Ue, (1-1)
and the neutrinoless mode (58)o.,

NuiA, Z)» Ns(A, Z+2)+e +e . (1-2)

The (/58)o» mode is interesting because this takes place only when neutrinos are
Majorana particles, while the (35).. mode occurs both for Dirac and Majorana
neutrinos.
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We analyze the 0"— J* nuclear transitions for these two modes in two
mechanisms: One is the two-nucleon (2#)-mechanism where the successive
transitions of two neutrons (#: and #:) trigger the double £ decay as shown in
Fig. 1. The other is the N *.mechanism” where the double £ decay occurs
through the transitions™ of the nuclei involving 4(1232) 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%[jZﬂ(x)]Z”‘(x)—%/ijk,u(x) A% (x)]+hc, (1-3)

where Ji%(x) is the left (right)-handed hadronic current and the leptonic currents
jiu(x) and jra(x) are expressed as follows:

]L—p(x):éyﬂ(l*ys)yeL, ]E#(x):éYﬂ(1+75)VéR (1'4)
The current neutrinos ve: and ver are assumed to be the superposition of the mass
eigenstate neutrino N;'s with the corresponding mass mi’s,?
2n , 2n
Ver— 21 Ue;NjL, Ver :JZI VeilNjr | (1-5)
= <

where # is the number of generations and Ue;( Ve;)is the left (right)-mixing
matrix.*”

, e” e” y e/ - _‘_)e
n, /:/( / p, 1 Pl P, Fig. 1. The schematic diagrams for the (83)o.
R W 5, n i / p mode (a) and for the (48)., mode (b) in the
2 - :/ ¢ e /;'/ 2 Zn-mechanism. The Na, Np and N, are the
Ny N, Ng A /:,n Ng parent, the daughter and the intermediate
(a) (b) nucleus, respectively.
e e o € e-

n
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(a) (b}
o | 1—6); e =
; %‘ o, %A//% Fig. 2. The diagrams for the (85).. mode ((a)
n VSR p N ! T p and (b)) and for the (48).. mode (¢) and (d))
3 | i P in the N*-mechanism. The Ni and Ny
R /2 /: : Re Ry /{ LAY IR denote the intermediate nuclear states in-
Na  Npg N, Ng Na N, N+ Ng cluding 4~ and 4**, respectively.
(¢) (d)

*) Throughout this paper, we do not consider the radial and orbital excitations of 4(1232).

**) If neutrinos are Dirac, Ue; and Ve; vanish for ;> n.
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In the 27n-mechanism, the hadronic currents may be written as

T (x)=gnet y (gv —gars)dn , T (x)=¢ne " (gv t g vs)dy . (1+6)
where ¢»" =(p, n) and ™ is the isospin raising matrix. Here gy =cos ¢ and g+’
=cos ', where 6(6") is the left (right)-mixing angle between % and d quarks.
We expect 8= 4. where 0. is the Cabbibo angle. Also,

galgyv=gi Jgv =1.24 (1-7)

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 ¢»" with ¢¢" =(u, d) and taking
ga/gv=ga'/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 8 decay."®® However, the
structure of Hw used here is somewhat different from the ones previously used.
Qur results will be compared with those obtained by others only in some special
limits like zero neutrino mass {(m.=0) or A=0. 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 (88)o» mode is investigated for the 0" — J* transitions both in the
2#- and N*-mechanism. The (38)2, mode is analyzed in § 3. The concluding
remarks are given in § 4.

§2. The (88)o. mode

In the 2n-mechanism, the double £ decay occurs through the transition of two
neutrons in N, to two protons in Nz 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 which includes 4°. Subsequently Ns- makes
the weak decay as shown in Fig. 2(a). (ii) The parent nucleus N. makes the weak
decay to the nuclear state N,.- which is converted into the daughter nucleus Ns
as shown in Fig. 2(b). Since the strong interaction operates as internal force,
Na(Ngs-) has the same J* as Na(Ns) 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 2z- and N*-mechanism.

Let us consider the second order weak interaction parts in Figs. 1(a), 2(a) and
(b) which are collectively expressed by the Ne— Np+2¢” transition. The weak
interaction patterns of our Hamiltonian are given in Fig. 3. If two lepton
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€ e e e

LR L{R) L(R) R(L) Fig. 3. The diagrams for the (48)o. mode cor-

Wy m; Wye, Wocar aq Weds responding to the second order weak interac-

4 R 77777 577 tions. The wavy line represents the weak

N, Nn Na N, N, Nﬁ intermediate boson which controls the left-
() (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 m; 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 ¢ and the relative
strength A. This situation can be easily seen from the neutrino propagators
given in Appendix B. Thus, the (48)o» mode takes place only if neutrinos are
Majorana and at least one of two parameters, m; and A, does not vanish.”

From the above consideration, we can write the R-matrix element for N.
= Ngte (p)+te (p2),

RW:/? (35) [27) % (p:°p:°) "F(Z+2, ;Y F(Z+2, p°)|'"?

X 23U ms| U thow KIY + A2 Vs i KEE) + AUes Vs Ltthivo LE¥ + 1k L]},

(2-1)
where, by using «°= C«” with the charge conjugation matrix C,
Haf = a(p1) 7a(1 T 76) 72 (), (2-2)
uuwz u(p1)7y(1+75)7p7uu (ﬁz) (2-3)
v —i{(prx+p:y) dq iq(x—)
,ﬁ‘b-/dl‘dye 2(27[)3(]0@
S NN INTT D) | JEH Y Nad<NalJa* (2 )
X<Nﬂ|;{ O+E Ea+p2 * qo‘}‘En*Ea‘FDIO J’lNa> ’
(2-4)
vo _ —i{prx+pey) dq
Lgbp_fdrdye 2(27[)3 Oq
itz Ja ()| Na X< Nal 5 ()
X<Nﬂ|§{eq G+ En—Eo+po°
*zq(r -y ]b+y(y)an><Nﬂ|]g#(-r)} .
O+ En —Eat pi? [Na> . (2-5)

*} In the m,=0 limit, Rw is proportional to A X Ue; Ves. If we take the gauge theories seriously,
we should take Uei= Vers1=1 and zero for others. Thus, the (48). mode does not take place.
However we keep the possibility V., %0 on the phenomenological basis in order to compare our results

with the previous works.
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Here the first 1/v/2 in Eq. (2-1) is the statistical factor for the emitted two
electrons, a(b) takes L and R, and N» is the intermediate nuclear state with the
energy E». The Fermi factor for the emitted electrons is approximated by

F(Z, p°)=(p°/Ip)27aZ[1—exp(—2rmaZ)] " . (2+6)

It should be noted that in the 2z-mechanism the R-matrix is obtained by
taking Ne.— N. and Nz= N; in the Rw-matrix. In the N*-mechanism, the Rw-
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 E» is replaced by the average value <{E.>. (ii) The non-relativis-

tic impulse approximation is used for the hadronic currents J/*“(x) and Ji*(x).

(iii) The first two terms of the multipole expansion for the lepton wave function
are kept; exp[— i(prx+ p:3)]>~1— i(prx + 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:

Ji(x) =2 1" (gvg"1n +gag™on’ )S(ax —1n), (2-7)

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

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 K& and L4%° terms, while the dipole term to L%

Wlthm these approximations, the g-integrations in K4%¥ and L& can be
formally performed and the results are

a4 [<H1(r mi )< Ho( 7, mi )]
><<N3|E Tt Tm (gvg"°+ gaon’ g ) gvg*® + gaon” g**)IN> | (2-8)
L’iz”eof [A CHA( v, my)>— A XLHe( v, mj)>]
><<N,e!Z‘,rn Tn' (gvg"*+ 9404’ 9" N gv' g*° — g4 om*g"*)| Na> (2-9)
Lff;“e“:87[< yHY (v, ms)>+<rH (v, ms)>]
XANAE 10" T 5 (01— p)* Phimt (91 2)' ] P
X(gvg"®+ ga0x"g"*)(gv"g*° — ga'om® g**) | N>

—8—2[<H1/<7 s )>+<H () ms)d]

><<N,e|7§,nrn*rm+(gvg“"Dn”+gAg"°Cn)(g» 9D’ — gi’ g*° Cm)| Na> (2+10a)
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We note that only the first term of the multipole expansion is taken into account
for K#¥ and L%, and the dipole term is used to obtain the first term of L{%*. In
order to maintain the consistency of the approximation, the relativistic correction
of the hadronic current should be included. The second term of L#%* (2-10a) is
due to this correction. Here C, and D» are defined by

Cn:Gn'(Qn‘ZPn)/ZM, (2’10b)
Dn=[(gn—2Px)+ (6 X an)]/2M , (2+10c¢)

where P and ¢ are the momentum and the momentum transfer of the nucleon,
respectively.'” In Eqs. (2:8)~(2-10), H:(», m;) is the potential-like term due to
the exchange of neutrino and is defined as

z (rn—7Tm)

H(|rn rm, m;) f27[' (] q +A ) (2'11)

where ¢°=v|g*+m;* and A; =<En>— M.+ p:°. Also, Hi' = dH:/d¥, Tam=Tn—Tm,
Fam=Tnm/|Tnnl, and Zinm=(rn+rmn)/|ranl. The terms like <H,> and <{rH.>
represent the average values of “potentials” with the weight of nuclear tensor
operators.” Note that the potential H:(», m;) behaves like 1/» for m; < O(MeV)
and e ™" /r for m; = O(GeV). The replacement E. by {E,> (the approximation
(1)) is not crucial because the main contribution to the potentials comes from |g|
>20 MeV which is much larger than A: (~a few MeV). The other terms, K,
L%%° and L%%*, are obtained by taking the interchanges(gv<gv')and (ga— — g4 )in
the expressions of Kf¥, Li%" and Lf%*, respectively.

The product of the leptonic and hadronic parts can be easily calculated and
the results are as follows:

{fi“ KL#LV}:8;17_['[<H1>+<H2>]12(p1)(1+7’5)7/56(1)2){ ,Z}K%)zﬂh‘ﬁ/’”} (2-12)

thy KE¥ ga
Whno LI+ oo LE =5 [ ArCHY> — AeCH))
X a(p1) 7" u(p2) 9aga’[(gv/ga)* Mr— Mer], (2-13)
Uk n LY+ ul L% = 7[1[<rH1'>+<er'>]
X gaga u(p)[7*(pr—02) P+ ys 7" (pr+ p2)' Q lu“(p2)

+ﬁ[<H{>+<Hz’>]gAgA’z7(p1)75 v u( p2) R* (2-14)

*) The average is defined as <f> =< Na|Zn.mfOnm|Ni>/<Np|Z . Onn| Na>, where Onm is the nuclear
tensor operator.
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where

MF:<Nﬂlnz;nz'n+Z‘m+‘Na> , (2‘15)

MG7‘:<N/?|’§”Tn+Tm+O-n'dmlNa> s (2‘16)

l:<Nﬁ|z;nTn+Tm+ ?inm[Z( i]]: >( ;nm‘dn)_ Z'?nm‘(o-n X Gm)]INa> ,

(2-17)
Plk :<Nﬂ|nz7:nfn+z_m+ ;;7117”{ 775m[(gv/gA)2+ dn'dm]

+2i(gv/g,q)( 7nm>< On )k*ZO‘mk( ?nm'dn)}|Na> , (2'183)

2
R*= (N2 r,ﬁrm*{z'( FrmX Om)*Cn+ i(%) ( FrmX Dn)*
n,m A

+<ﬂ>[?rl;m(Cﬂ *Gn'Dm)+0‘nk( ;anm)+( ;nm'dn)Dmk}lNﬂ’> .
ga
(2-18h)

It is clear from the nuclear matrix elements given above that the 07— J* (/=3)
transitions are forbidden within our approximations.

In the following, a further simplification is made by replacing A: in the
potentials with their average value, i.e.,

NOZ(A1+A2)/ZMe:[<En>_(MA+MB)/2]/me. (2-19)

Table I. Allowed transitions and relative order of magnitudes. Each parenthesis under the interac-
tion indicates the possible transition, and m. and A represent the typical neutrino mass and the
relative strength of the right-handed interaction, respectively.

(BB Jor mode

interaction 2#n-mechanism N*-mechanism Feynman
patterns mv< Olev) my 2 O(GeV) my< O(eV) my2 O(GeV) diagrams
u[('“y T mur . )
(:)?i . (l)i) my <*17> m,,< e . Af> no contribution
S Fig. 3(a)
A2 KLY —mur . ]
(Oi}i Of[; /12%4<*1;> 42mu<ﬁ ; > no contribution
/xkllgyo e"’ mu¥ ] .
(0*%2}*) A(ﬁ1°*ﬂ20)<%> A(/hofpg")< - > no contribution
—— Fig. 3(b)

nul

ALEE" 1 e M N | e
(0" =0 1", 2°) Alplipz[<7> /uplipzl<— Mlhipz|<;>A A!pxiszf',; >,,

7

~.
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As a consequence, we can write f.’s in the single form,
Hilr, ms)=H(r, mi)=H(r, my, 10). (2-20)

(2-a) The 2n-mechanism

The R-matrix is obtained from Rw in Eq. (2-1) by replacing N« and N; with
Na and N, respectively. It should be noted that the Mr and Mq+ terms are of
rank 0 with respect to the angular momentum, and the @‘term of rank 1. On the
other hand, the P*® term consists of irreducible tensor operators of ranks 0, 1 and
2. Consequently, the terms ti K/, tm Kb¥ and wboo L%+ ubo L% contribute
only to the 0"~ 0" transition. While, upeL?%*+ ufxL%7* 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 M», Mcr and P*/3 contribute to this transition.

We obtain
dI'; (07> 0")=(aou/me") ga*
XA p°p2"— prep2) | Xa + Xal +| X2+ XafF]
+ é;i?(plofpzo)z(ploﬁzoprl *Pa— }%ez)|X3* X4I2
'*ZMEZ Re(XHr X4)(X2+X4)*
*(AD10“1)20)2 RB(X1+X2+2X4)(X3*X4)*}
Xplopzoa(plo"“sz%_MB*MA)d COoS 9dp10dp20 , (221)

where @ is the angle between two emitted electrons,
AGI-‘Zmeg { 2”&(2+2) }2 (2.22)

@v=202x)° \1—exp[—27a(Z+2)]

Xlzg(mj/me)Ué—<H>[(gv/gA)2MFchr], (2-23)
X =A* 20my/me) VesCHO (g [gv)*[(gvlga)” My — Mex ], (2-24)
Xo=A 3 Ues VesCH (g0 g ) [(avlg)* Me = M ], (2-25)

X.=A 2 Uej Ves< 7H,>(QV//39V)[(QL’/QA)ZMF+%M(;T/2M7}.
(2-26)
Here M, and M¢r are defined in Eqgs. (2-15) and (2-16), and

MT:<NB|§”Tn+Tm+[( fnmdn)( ?nm‘dm)**§*dn'6m}|NA> . (2'27)
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The decay rate for the 0*— 0" transition in the 2»-mechanism is
ozu"(0+—’0+):(d0u/7ﬂez)g/14{Gm( T)[|X1+X4|2+[X2+X4IZ]
+ Goz( T)|X3—X4|2‘ Goa( T)RE(X1+X4)(X2+X4)*

— Goa( T)Re( X1+ X2+ 2X4)( X5 — X4)*}, (2-28)
where
GOI<T):T15T< T4+ 10 T+ 40 T2+ 60 T+30), (2-29)
Go T)= 41 T T*+ 14 T*+T7T+70), (2-30)
Gonl T) =2 T(T*+6 T +6), (2-31)
Go T)= = T T*+10T+10). (2-32)

Here T is the maximum kinetic energy release,
T:(MA*MB_ZME)/WM. (2'33)

Let us compare our results with those obtained previously. In the limit of
A=0 and Ue.; =351, we found that the overall normalization by Greuling and
Whitten® is twice as large as ours.” In the other limit of m;=0, our results can
be compared with those by Primakoff and Rosen” who used the quite general
form for Hw.*” They assumed Mr=0 and their result is twice as large as ours.”
(ii) The 07— 2" transition

Only the rank 2 part of the P** term contributes to this transition. The final
result is

dIEH (0= 27 )=(aov/me® ) ga® g2/ 30)|A ; Ues Ves<vH >P(NF?, Nf?)
XA{3(p1+p2)?— p1-p[10(p1° p2° + me®) + | pr [+ 2]
+5(p1°p2"+ me ) (|pl* +1p2*) — | p1 P2}
X pi°p2°S (P + p2° + My — Ma)d cos8dp.° dp-" , (2-34)

where ao. is defined in Eq. (2:22), (N7, Nf*)=33,,33.4-1 Nf** N#? with

*) 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).
**) The correspondence between our notation and theirs in Ref. 4) is as follows: Ca=Da= Gl ga
+1ga")/2, Caba=Dabe=— Gi{ga—Aga')/2, for a=V and A, and I'v=yu, [ = 7475, Uei= Ves =81 It
is also reminded that the result by Molina and Pascual® is four times as large as ours.
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]Vz‘mq:<]\/v8(2+)"2271’12‘71+Z'7rzJr ?5”[{ ?Zm[(gv/gA)2+dn°6m]

+2l(gv/gA)( ;nden)q*ZUmq( 77nm'dn)}'NA(0+)> . (2'35)
The decay rate is
Fozu”(0+’*2+):(dOu/WZez)(gAgA/)zM ; Uej Vei< 7H,>|2 (szq, zpq) Gm( T),

(2-36)
where

3
G T):%TZ(/; T°+56 74343 7°+1050 T4 1540 T+ 840).

(2-37)
(iii) The 0*—17 transition

The terms Q°, €:.;P* and R’ contribute to this transition. After small
calculations, the decay formula is

dIs (0" =19 = (aou/me*)(94* g5 /6)|A 2 Uses Vesl’
X [{(pr+p2)?(p1° 2"+ pr- P2+ me®) (N7, Ni?)
+2[(pr = p2)2(p:°p2° + me® )+ (P12 — |pr)(Pr-p2— |l ]( N2, Na9)
+4(p1 X p2)? Im( N, No®) K rH
—=8{2[(:"+ p2")p1* p2— (:°| P2l + p2°| D1 [ )Re( N:7, R7)
—[(5:°+ 02°)pr P2+ (02| P2+ 02| ) Im( N, RT)IKH Y<rH >
+16{3(p:°p2" — me®) —p1- P2} (R, R?)<H )]

><p10p208(p1°+pz°+M3~MA)dcos l9d1)10dp20 s (2-38)

where (N, N/ =3,, %N ¢ N;¢ with

]\71(1:(]\/73(lJr)'rgnfnjLz'm+ [2(91//9/1)( Yrm® dn)* i?nm‘(dn X Gm)] ;znmlNA(0+)> s
(2-39)
qu:<NB(1+)|’§z-n+z-m+
X{i(gv/ga) [ Zrnm X (Fam X 0n) " = Frm* On ) Frm X Om)?HNa(07)> .
(2-40)
The terms N:? and N2? come from Q7 and 4. P*‘*, respectively.
The decay rate is
ozyn(0+" 1+):(ﬂ0y/mez)(gAgA,)zl/1 ; Uej Vejlz
XU Gu( TN, N\9)+4(N2 N27)+4 Im( N9, N27)]
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+ G12( T)[(qu, N]q)+2(N2q, qu)]}<7’Hl>2
+ G THRY, ROXH > Ime*
+ Gus( TH[2Re(N2?, R*) +Im(N:?, RY)KvH ><H'> me],

(2-41)
where
3
G T) =<2 TX3T*+42T°+ 210 T+ 420 T+ 280), (2-42)
3
G T)=2 TMUT +56 T+ 343 T+ 1050 T°+ 1540 T+ 840),  (2+43a)
6
Gis( T)= 27 T(T°+10 7%+ 35T +30), (2-43b)
5 .
Gl T)= 52 | TH(T*+12T°+55 T*+100 T +60). (2-43¢)

(2-b) The N*-mechanism

The R-matrix for the N*-mechanism is obtained by substituting the Rw-
matrices corresponding to the Ns-— Ns+2¢™ and Na— Na--+2e” transitions into
Eq. (A-3) in Appendix A.

The nuclear matrix elements in the Rw-matrix are given by Egs. (2-15)
~(2-18). Since there is no standard method to treat the relativistic correction in
the quark model, this correction (the second term in L{%*) is discarded. It should
be noted that the operators®™ zi(m, Giam, 7nm and 7inm act on quarks and change
the intrinsic part of the hadron. The nucleon N( *) and 4(+ *) are assigned in
the SU(6) quark model to the states /=0, i.e., the zero orbital angular momentum
states around the center of hadron. From these considerations, we conclude that
Mr, Mcr and @° defined in Eqgs. (2-15)~(2-17) turn out to be zero, and only the
term P‘*in Eq. (2-18) contributes. (See Appendix A for the detailed discussion.)
Consequently, the term whve L1+ ufive L%7* contributes to the (38)o» mode in the
N*mechanism, while ti K7, t& K and wio L1%°+ ufve L%7° vanish.

In summarizing the above discussion, the (483)o. mode in the N*-mechanism
takes place only when A0, whether neutrinos are massive or massless. These
results are listed in Table I. Halprin et al.” have derived the bounds of the
neutrino mass both in the 2#- and N*-mechanism. However, the bounds they
obtained in the N*mechanism seem to be meaningless, because there is no
contribution from the m.-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.

*) Fnmand 7in.m are defined in terms of the posi‘;ion operators of quarks measured from the center
of the hadron.

Zz0z 1snbny |z uo ysenb Aq €808 1/6€21/G/99/101He/d)d/wod dno dlwspese//:sdiy woly papeojumoq



1750 M. Doi, T. Kotani, H. Nishiura, K. Okuda and E. Takasugi

The non-vanishing product of the leptonic and hadronic parts for the N4-— N5
+2¢” transition is

Weon LI+ 2B LS :éﬁ YH'> 4 gaga’)

X (pr—p2) a( p)7* u(p2)i€res(gv/ga) M7+ M**], (2-44)

where
Mj:<NBJnZ’:”Tn+Tm+dnj,NA'> , (2'45)
Mjh:<NB|n2an+Tm+O-njO-mk|NA*> . (2'46)

The nuclear tensor operators in Egs. (2-45) and (2-46) only change the spin and
isospin of 4~ and leave the remainder unchanged. Therefore, M’ and M’*
represent essentially the matrix elements between 4~ and p. Also, the expecta-
tion value of the “potential” (#H’> should be taken between 4~ and p. Note that
ga=gv and g4 = gv’ should be taken in the N*-mechanism as explained in § 1.

Now we use the “factorization hypothesis”?® (see Eq. (A-10)) and evaluate
the decay formula,”

dr'Y =(aou/me)(2°/3°)(gvgv')?
XM 2 Ues Ves< VH/>A'2P(A)I< @fl@,->|2

X{2(p1‘pz)z_pl'pz[(l)1o+1)20)2+4(010[)20+ mez)]
+3(p:°p2°+ mez)(|p1|2+|pz|2)}
X 1)1°pz°5(p1°+1)2°+ Mys— Ma)d cos 6dp10dﬂ20 . (2-47)
Here P(4) is the probability of producing 4 per nuclecn inside the nucleus, and
{@s|®;> represents the overlap between the initial and final nuclei. The Nx
— Ny--+2¢ transition is also included in the above formula. We refer to Ap-

pendix A for the detailed discussion.
The decay rate is

' =(aou/me*)gvgy')*

X|A D) Ues Ves K rH > s P(A)K @ | P GV (T), (2-48)

*) Here we have used the following results: 25 M7 M =(16/3)8; 3 M7 M* =0, 3 5% pptm
=16(8,:0am+ SymOrs— gaﬂz&lm), where M’ and M’* are defined from M’ and M’* by replacing Na- and
Ns with 4~ and p, respectively. The same relations hold for the matrix elements between » and 4**.
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where

10
GN'(T) =2 T*[39T°+546 T*+3297 T° 49870 T* + 14140 T +7560).

371
(2-49)

The above decay formula is applicable to all 0* - 0%, 1" and 2" transitions by
the appropriate choice of P(4)K @ ®:>[.

§3. The (88)2, mode

In a similar way to the case of the (88)o, mode, the 07— J* transitions are
investigated. In our Hamiltonian in Eq. (1:3), the (88).. mode takes place
through the process,

Nal(pa)= Ns(ps)+ e (p)+e (p2)+ Ni(k)+ Ni(k2). (3-1)

The contribution from the right-handed interaction is suppressed by A (1<1) so
that this is neglected here.
The Rw-matrix due to the V — A interaction for the No— Ns+2¢~ + N:+ N;
transition is expressed by
€y Gr >2 T
RWIJ—\/?<\/? Ueerj

X [(27) (2 2"l R®) T F(Z 42, pi°YF(Z+2, p2°)]'?

X [Ew] ™ —(prp2)], (3-2)
where

Ew=a(p)7e(1—7s)u (k) @(p2) 7,(1— ys)u (o), (3-3)

];ty:fd‘rdyevi{(}J1+kx).l‘+(pz+k2)y]

YNNI NA S ()
En 7Ea+p10+k10

]IT”(-I')INn><an]L+y(y)

X<Nﬂ|;{ En_Ea+p20+k20 +

}|N,,>.
(3-4)

Here the term €:;/v/2 is the statistical factor for the final two electrons and two
neutrinos, i.e., €5=1/y2 for i=j and =1 for /%;. The full R-matrix for the
(88)z2» mode can be readily obtained in the same manner as for the (55)o, mode.

Now we use the approximations (i), (ii) and (i1i) introduced in § 2. Under
these assumptions, the nuclear part /*” can be simplified. Note that the 0*— J*
(J =3) transitions are forbidden.
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(3-a) The 2n-mechanism

The R-matrix is obtained from the Rw-matrix by the replacements, N,— Na
and Nz~ Ns.

(i) The 0"~ 0" transition

After straightforward calculations, we obtain
A2 (07— 0% ) =( au/meg)%[pl‘) $°C—p1p2D]

X (k10k20)2p10ﬁ205(p10 +p20 + B+ B+ Ms— Ma)

X dcos 0dp,’ dp:° dk,° dk:" | (3-5)
where
a2 = (25 €b| Ues Uu ) Crome st 7} - (3-6)
C=gv*(K*— KL+ L*)| M|
~20v*94* KL Re(MeMér)+5 94 (K" + KL+ L) Mer (3-7)
D=gv*KLIM:'~% ¢/ 9 (K*+ KL+ L")Re( M- Mer)
5 9a 2K+ 5 KL+ 20| Mol (3-8)
Here Mr and Mcr are defined in Eqs. (2:15) and (2-16), and
K=[KE>—Mat p"+ k[ + KEn> -~ Mat p°+ k2T (3-9)
L=[<En>— M+ p:°+ =T+ [KEn> — M+ p:°+ ko]0 . (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 m; in %,°
and £2° should be taken into account in this primed sum. If all neutrinos are
allowed to contribute and the replacement of £:.° by |k:| is permissible, then
(23 €4 Ueil Uesf?)=1. The factor 1/4 in as. is to represent the statistical
factor for the case Uei=3d;1.

To perform the phase space integration, we neglect the masses of neutrinos
and assume the following replacement (within a few 9% errors): p.°+4&;°
<P+ E>=(Ms—Mp)/2. Then K=~L=2(pome) " .

Now the straightforward calculations lead to
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dIZH07 = 07) = (azo/me' ) ga* /60 gv/ga)? Mr— Mer|* 1102

X 0102 (1% — prep2)(Ma— Mp— p1°— p2°)°

X d cos0dp,° dp:° . (3-11)
The decay rate is
2 (07> 0%) = azvga*(gv/ga) Mr = MorF 11® Fo( T), (3-12)
where
F(T)= 1214! T(T*+22T°+220 T2+ 990 T+ 1980). (3-13)

Primakoff and Rosen have derived Eq. (3-5) in the limit of U.;=38;,. 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.®

(ii) The 0" —2" transition

For this transition, we have

A5 (0" = 27) = (azv/me®)(ga*/8)
X(ME", ME)(K = L)(ps%ps 51 p2)
X Rk’ 10 p2°S (p1°+ po° + Fer® + bo® + M — Ma)
X dcos 8dp\° dp=" dk.° dk:° | (3-14)

where (M£?, M) =3, 33 .0- . M5T MF? with
qu:<NB(2+)|7§2'”+Tm+(7np0mq|NA(0+)> . (3'15)
To simplify the term (K — L)?, we use the approximation p.°+ £;°~<{p:°+ £;°>
=(Ms—Mz)/2 only in the denominator of K—L and obtain K—L

=2 p°— p2° ) B:"— B2")(ome)™®. This approximation is valid within several 9
errors for po=4. After the phase space integration, we get

A& (0T - 2%) =( azu/més)(gA4/420)(qu, z”q)ﬂaepl"pz"(plo — p2®)?

X 1)101)204“1 D1oD2 (Ma— Ms— p:°— p2°) d cos 8dp."dp-" .
3
(3-16)

*) See the footnotes on page 1747 and Eq. (60) of Ref. 4). Greuling and Whitten® give results four
times as large as ours.
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The decay rate is given by

TEM0* > 27)= anga* (MET, ME") 1 ® Fo T), (3-17)
where
62
£ T)Z%T“( T4 30 T°+ 420 T2+ 1820 T+ 2730). (3-18)

(iii) The 0"—1" transition
Similarly, we obtain

AT (0% = 1) = (azu/me® ) (ga’ gv? [ 4)
X (M1p, Mlp)(K—L)z(plopzo+%p1 'p2>
X(k10k20)2p10p205(p10+j)zo+k1°+k20+M3*MA)

XdCOS&dplodpzodklodkzo R (3-19)

where (M?, My?)=3,, 3% M ?" Mi* with
Mlp:<NB(1+)lnzmz-n+Tm+GnPINA(O+)> . (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 07—~ 2" transition.

Before closing this subsection, we would like to mention the work by Molina
and Pascual® who estimated the 0"~ J* transitions. We found several errors in
their formulae: (i) They showed that I%'(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 (48)., 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 Ns-— N and
Na— Ng+ transitions shown in Figs; 2(c) and (d). The hadronic part of the
amplitude for Ns-— Ns+2e + N:+ N, is expressed as follows:

v vi YN J 1 j v Vi 7
J" )N~:K{gng(g“°g +9"g" )M’ 594 (9% g +g" ¥ IM k}, (3-21)

where K, M’ and M’* are defined in Egs. (A-9), (2-45) and (2-46). In order to
express the contributions from the M7 and M’* 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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dpé\,’,‘:((lzu/ﬂ’teg)gv422'3P(A)|<®fl@i>'2(K_L)2<pIOpZO+%)‘p1 -pz>
X(k10k20)2p10p208(p10+p20+k10+kzo‘i'MB*MA)
X dCOSde)lOdl)zodklodkzo s (3-22)

where both the Ns-— Ns and Na— Na-+ 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 2#-mechanism aside
from the overall normalization.

The decay rate is

Iy = 20gv* 25 3P(A)KOf| QP 15 Fo( T, (3-23)

where F:(T) is defined in Eq. (3-18) and 2. is in Eq. (3:6).

We would like to note that this formula is completely different from the one
obtained by Picciotto.” 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 M7* term (g.* term) in Eq. (3-22) which turns out to be dominant for
the (883)2v mode.

§4. Concluding remarks

In this paper, we have presented the formulae for parity conserving "~ /7
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
A=0 (no right-handed interaction), the N*-mechanism does not contribute to the
(85)e., mode, whether neutrinos are massive or massless. (ii) If A=0, the 07> 17
and 2* transitions of the (88)o, 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.”

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 (88)2» mode and in § 2 and Appendix C for the (88)o. mode.

*) Picciotto® used the approximation {Em/J*“—(pr—p2)}~Eumgvgslg“®g“*+ 9" g )M*1s'. 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'l)

where Hs represents the effective interaction for the transition N + N—J4+ N by
the exchange of 7, o, -*-.

In the 2xn-mechanism, the double A decay takes place through the 2nd order
perturbation in Hw and the 0th order in Hs as shown in Fig. 1 and the K-matrix
is

RZ":<NB, ZIRWINA>, (AZ)

where [ stands for either 2¢~ or 2¢™ +2 V. depending on the (883 )e. or ( Bf3)z, mode,
respectively. The Rw represents the K-matrix due to the 2nd order weak interac-
tion.

In the N *-mechanism, the double 8 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:

1
= 5 NelHsINo>
1
Ms—Es-

RN’:§:{<N3, lRw|Na>

+ < Ne|Hs| Nas+> {Nas+, llRwlNA>}, (A-3)
where Ms and Mz are the masses of the parent ( N4) and daughter (Nz) nuclei,
respectively, and E, is the energy of the intermediate nucleus which includes
4(1232). Note that the nuclear state Ns(N4++) has the same J© as Na(N;) has.

Let us consider, for definiteness, the Ns-— Ns+2e¢” transition. The nuclear
states N4 and Ng are expressed in the following forms:

|INa->=147>:R|4 >R Rs-> , (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. 2(a). Since this contribution is expected to be small, this is not
considered in this paper.
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INs>=p>sR|p> . Q|RsD | (A-5)

where s and 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, |Rs-> and |Rs> 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 Egs. (2:15)~(2+18) can be written in
this notation as follows:

{N5|OINs->=<{Rs|Q < DR | OlA™ RN A7 >R\ Rs-> , (A-6)

where O represents one of the nuclear tensor operators appearing in Mr, Mcr, Q"
and P**.

Let us discuss what kinds of nuclear tensor operators change quark states
inside the hadron. Obviously, the operators Tim and 0zcm act on quarks. As for
#nm and 7inm, sSome caution is necessary. Consider the following decomposition
of the position operator for the »-th quark; r»=rc+r." where rg is the posmon
operator of 4~ measured from the center of Ns-. The relative coordinate r»’
changes the orbital angular momentum of quarks around the center of the hadron.
Thus we conclude that the relevant operators for quarks in 4~ are zim, Oim,
romand ri.m. With this caution, the nuclear matrix elements are calculated in the
SU(6) quark model where 4(2*) and the nucleon N(+ *) are 3551gned to [=0.
The nuclear tensor operators contributing to the transition 4(5 )~ N(5")
should be of rank 0 with respect to r== and ri».= and of rank 1 or 2 with respect
to the spin part. We conclude from Egs. (2-15) ~(2+18) that Mr and Mcr do not
contribute to this transition. The @° and P'* take the following forms:

Ql :%s<pl,§” Tn+ Z'm.+

X [(O‘nl—O‘ml)_ 1(0n X Gm)L]( Fom® ?;nm)ld_>s'L<pldi>L<RB|RA-> s
(A7)

pPte= *%s<p|nszn+ Tm' [Z'Ezij‘nj + O'nkO'mL]|df>s 'L<p|A_>L<RB|RA*>
(A-8)

In the SU(6) quark model, we get @‘=0 which may be understood from the
following argument. Note that the spin operators in Q" are antisymmetric under
the interchange of quarks so that it is expected that the spin part of
s<D|Z n Tmt [(0nt — 0m')— i(0n X Om)'] is also antisymmetric. Since the spin
wave function of |47>s is symmetric, Q=0 is concluded. Therefore, only P'*
contributes to the (88).. mode. The same argument also holds for the Na
— Ny +2¢” transition.

A similar argument applies to the (53):. mode. Of course, it should be noted
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that K and L in Eq. (3-22) should be modified as follows:
K=[KE»)—Es++p:"+2° '+ [(ED—Es+ p + B°]7, (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:

(Ns, l|Rw|Nas->=s<{b, {|RwId>s 1{p|ld™>{Rs|Ra-> . (A-10)

This is valid under the approximations (i), (ii) and (iii) introduced in § 2 and in
the framework of the SU(6) quark model. The “factorization hypothesis”
means the approximation that the amplitude s<p, I|Rw|d s is modified by the
following replacement,

b, IRwld>s= e[ 2 1s<p, IIRw|As]", (A-11)

where the primed sum means the spin average with respect to 4. Under this
replacement, the R-matrix is rewritten as follows:

RY =3 |s<p, lIRw|d™ [P 12V 2P(4) 3 Of|@:> | (A-12)
where o
JIP(A) Dy O = 1 plA > Rl R > *S V& HINa>
Mi—Es-
 NelHNed o, Ry <" (A-13)
Here we have used the relation
2/ Is<p, ZIRW|A7>3’2: ,2‘, 's<d++, llRwl%>slz . (A’14)

The factors P(4) and < @s|®;> are introduced to give some physical image of
the N*-mechanism. Let us assume the decomposition

(N |Hs\NDO =<K A7 | Hs|n><{Ra-|Rs> . (A-15)
Now the probability admixture P(4) may be defined as

<A™ |Hs|nd>
Es—Ma

2

P(A)=-3

Nn n,4- (A.16)

3

where N» is the number of neutrons which actively participate in the double 3
decay and the sum of # extends over all those neutrons. In other words, P(4)
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is the probability to make 4~ per neutron. Now <®@,|®;> may be written
O\ O:>= 1< P|A > 1{Rs|Rs->(Rs-|Ra>=1{P|A>{Rs|Ra> . (A-17)

Here we have used <Rs-|R:>=08 g, r, . In this way, the <@;|®@.;> 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.'® In this way, we obtain

1

N(I) (271, 3/2

f/_ 2{0(15, H(P, S)e—sz+ a+(p’ S)uc(p, ipx}’
(B-1)

where «¢= Cu”. The creation and annihilation operators «*(p, s) and a(p, s)
satisfy the canonical commutation relation,

[a(p, s), a™(p', )+ =08ss8(P—p). (B-2)
The Majorana propagator can be calculated straightforwardly from Eqs.

(B+1) and (B-2),
O TIN(x)N()0>=iSr(x—v). (B-3)

Note that we also obtain
O|TIN()NT(W)0>=iSe(x —y)CT . (B-4)

This is only possible for the (self-conjugate) Majorana field and makes the (58)o»

mode possible.
As defined in Eq. (1-5), current neutrinos ve. and ver are the superpositions

of massive Majorana neutrinos N;. We obtain from Egs. (1-5) and (B-4),

O T e a0 =i 2 U3(157%)Sea— ner(B5)

] d4q e—iq(z—y) /1_),5>
_ 772, T .
—Z;WZJUQJ‘/-(ZH_)Al L]Z*sz“f‘lé\ 2 C s (B 5)

O Tver( )k =i % Ues Vo 2522 ) Sl - >C<%L>

. ‘ d'q e " /Hy“‘) . .
7Z;U6]V€j’/‘( ) 2+Z.6\ 2 Cc’. (B 6)

27)t q*—mj
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The other propagators are similarly obtained.

Appendix C

—— The Double B Decay in the Weak Interaction
Hawmiltonian Previously Used ——

The weak interaction Hamiltonian used by many others”®”~® ig

Hw:<%>éy“[(1‘75)+’7(1+7’5)]Ve157”(9v—9/17’s)n+h.c.
(C-1)

It should be emphasized that the parameters 7 in Eq. (C-1) and A in Eq. (1:3) have
different physical meanings. The parameter 7 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 (A38):. mode, the decay
formulae are the same as the ones given in § 4 because the contribution due to the
7 term can be neglected. Here we only present the results for the (58 )o. mode.

We obtain the following Rw-matrix corresponding to Egs. (2-1), (2-12)
~(2-18),

i_li GF 2 —6 04 0y—1 0 0y]-1/2
Ry =55 ) 12 (0::®) " F(Z 42, pOF(Z 42, )]
X 2 mul tiw+ "t KEE + nuitd LI, (C-2)

where ubid = upive + ukive and™
(th+ ﬂzt,’fu)KL”f:ﬁ<H>gA2
X a(p)[(1+ys)+7°(1— 75) e (p2)[(gv/ga)? Me— Mer], (C-3)
W LI = CHD g0 = 1)

X ﬁ(pl){7’0[(gv/gA)2MF+MGT]+2(gv/gA)’)’j ERj}uC(Z)z),
(C-4)

u,&mfz":%;< rH'> g2 i p){(p1— p2) [7* P+ 7° P

(o1 pa) Lys7® O A ys7* O Pu(p2). (C+5)
Here Mr and Mcr are defined in Eqgs. (2-15) and (2-16), and

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

appendix.
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gRl:<0nl>, gPLZZ(gV/gA)< ;;Lm( ?nm'dm)>,
EPM:< fnm{ fgm[(gv/g/\)z_(o-n'Gm)]+20‘mk( ?nm'dn)}> s

Ql: i(gv/gA)2< ;Jlrnm ?nm'(dn X Gm)), Qlk: —22(gv/gA)< ?inm( Vnm X dm)k> y
(C-6)

where abbreviation <O>=<{ Na|Xnmtn" tn* O|No> is used.
The m. K/* term contributes only to the 0"—0" transition, while 7L%?°
contributes to 07—~ 0%, 1* and 7L%%* to 0t 0%, 17, 27, cf.,, Table L

(a) The 2n-mechanism

For the 0"~ 0" transition, the decay formula is expressed as follows:
d]ﬂt)zun(o+_’o+):(d'ou/me7)gA4
X{(p:° " = prep2)[| Vi + YVa— Vel +| Yot Vit Ys']

+ 27262 (ploipzo)z(a/—"‘pl'pz)l Ys— Y4|Z
+ 2771132 (p°+ ") (ast+pu - p2)| Ys*

—ZMeZ Re( Yi+ Yi— Ys)( Yo+ Yi+ Ys)*
— (") Re( V1 + Yo +2Ya)(Ya— Yo)*

+(1)10+D20)2 Re(Yi— Y.—2Y5) Ys*}
X p1®pa° 5(1)10+Z)zo+M3*MA)dCOS(9dZ)10dAD20 , (C-7)

where
a:=p:°p2" £ me? (C-8)
and
YVi=(mulme)XH>[(gv/ga)? Mr— Mcr]l, Ye=9*Y1,
YVa=n<{H>[(gv/g4)* Mr+ Mor], (C-9)
Yo=(7/3)<rH">[(gv/g2)* Mr — Mcr/3+2Mr],

YS:(U/B)("ZZQV/QA)<7’H,>< ;;‘Fﬂm.( Vam X dm)> .

Note that if 7 =0, the above formula agrees with Eq. (2-21) with A=0. If 7=,
there arise the following differences: (i) A new nuclear matrix element Y5 appears.
(ii) There are some sign differences in Ys and Yi in comparison with X3 and X..
(ii1) If Vs, M+ and My are discarded, both decay formulae are similar because only
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the difference comes from Y:;>~—Xs; and Y,>~— X, 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 M~
are not included. Also, Greuling and Whitten® did not include Y5 either. Note
that their formulae are two times as large as ours.

For the 0" — 2" transition, the decay formula is

a5 (0"~ 2") =(aou/me®)(ga*/ 30)n<rH >
X[ (#2412 (43, 47%7)]
X pi°p2°8 (p1° + p2°+ Ms— Ma)d cos Odp,° dp-° , (C-10)
where
x:=3(p1*p2)*—pi- p1(10a: +|pi [+ |p2*)
+5a+(|pil* +1p2*) = |p1f’|p2l*
NV = Phn{ #iml(gv/ga)’ —(On On) ]+ 20n"(Frm=On)}>
H5 = —20i(gv/ga) PEnm( Fnm X On)*> . (C-11)

In a similar way to Eq. (2:34), the 0" —2" transition occurs only if 7+0. In the
place of the tensor operator 7im(7nmXOn)?, a new operator 72nm( 7nmX Om)?
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

dFon’(O*%1*)=(aw/me9)(g/14/6)7/2 fg Dab(%ap,/bp)

a 1

X p10p206(p10 +pzo+M3 — Ma4)d cos 0dp1°dpz° R (C-12)

where
A = (gulgaH>or’> , #7 =(gv/gaXrH > Pim( Fam® On)> ,
W7 =GH Y FlamPrm (On X On)> , 4 & ={rH > FPan X On) (Fam-0n)> ,
A5 =(gvlga) < rH [ Finm X Frnm X On) P> . (C-13)
The non-zero coefficients Das = Dsa are as follows:
Du=4(p°— p2°)*Ba—p1*p2), Diz=—4(p:"— p2")(a+ + pr-p2),
Dis=4(p:° — p2°)(@+ —p1-p2), Dzz=4pr—p2)*(a-+pi-p2),
Das= —2D3:=8[|p:[’|p2— (P2 p2)’],

Dss=(p: +p2)*(as+ pr-p2),
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Die=2[(p1 X p2)* +(p1—p2)*(@+ — p1-p2)],
Dss=—2[(p1 X p2)*—(p1+ p2)*(@-—p1*p2)]. (C-14)

In contrast to Eq. (2-38), the above formula is complicated. Instead of two first
terms in Ni7 and N»7 in Egs. (2-39) and (2-40), the new terms #71’, #7% and 475’
now enter into the decay formula. Morina and Pascual® have also evaluated the
0*—-2* and 17 transitions. Their results are four times as large as ours in
addition to some errors.

(b) N™*-mechanism

We have found that both 7L#° and »L%%* terms in Eqs. (C-4) and (C-5)
contribute to the (88)s» mode in contrast to the case in Table I, while the term
my Kt in Eq. (C-3) does not again. That is, whether neutrinos are massive or
massless, the N*-mechanism has no contribution to the (88)o. mode if 7=0.

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

dI'(, = (aou/me® ) (2° 94" |3%)n* P(A)K @r| @5

X[ (p1-p2)’(3ga>—gv*)< rH' > —p1-p251+ ]

X 9105228 (:°+ D2+ Ms — Ma)d cos 0dp.° dps" , (C-15)
where

,31:{QAZ(100/++|D1|2+|P2|2)+9v2[a’—*%(|P1|2+|P2|2)]}<7’H'>A2
+(9gvz/2)(1710*1)20)2<H>A2+3gv2(plohpzo)2< vH > H>4, (C-16)
/32:{9A2[5a/+(|131|2+|P2|2)_'p1]2|P2|2]‘%gvza—(|p1|2+|pzlz)}< yH' >4

+(27gv2/2)a/+(1)10_p20)2<H>42_3gv2d+(l)10_p20)2< yH Y4{H>4 .
(C-17)

Here g.=gv is understood. New terms proportional to <H >, which do not exist
in Eq. (2:47) come from the 7L7?° term. The g4* term in (C-15) gives exactly the
same behavior as the one in (2-47) but the g.°gv? term differs. However, since
the g4* term is expected to contribute dominantly, both decay formulae give
similar results. Primakoff and Rosen" have worked out the decay formula by
taking only the gi’¢gv’ term into account.
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