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Nuclear double beta decay is a subject of the current intensive activity, both ex
perimentally and theoretically. The nuulrinolosH mode of this process (2/30*/ - decay) 
i« related to physic» beyond the standard model and requires the existence of the 
leptou number violating massive Majorana iteutrinoB [1, 2]. Up to now, experimen
tally only lower half life limits for 2/?0// - decay have been reported in the literature. 
Growing interest is also paid to the two-neutrino mode (2J/2/3 - decay ). It is the 
rarest process observed so far in nature. This mode being independent of the neu
trino properties olfers a sensitive tost of nuclear structure calculations, The usual 
strategy has been first to try to reproduce the observed 2/32// - decay half times 
in order to gain confidence in the calculated 2/?0f - decay nuclear matrix elements 
[3, 4, 5. 6].. 

In the present calculation of 2f52v - decay we consider only the Gamow Teller 
nuclear matrix element 

v<o^|i+><i+[^|ot> ... 
Mor = 2- Ж^ЖТК ' (1) 

where \0f > , | 0 | > and |1+ > are respectively the wave functions of the initial, 
final and intermediate nuclei with corresponding energies E{, Ej and En. A denotes 
the average energy Д = |(Z2, —' Ej), Ak is the Gamow-Teller transition operator 
/U = 1 > < + ( й ) * Д = 1,2,3. 

The quasiparticle random phase approximation (QRPA) is the nuclear structure 
method most widely used to calculate Мат- However, the results are extremely sen
sitive to the details of the nuclear hamiltonian, in particular, to factor gpp introduced 
to renormalize the particle-particle interaction strength [7, 8, 9, 10]. The magnitude 
gpp consistent with the calculation of /?+ decay is not broad, nevertheless the value 
of Мат calculated with gpp within this interval crosses zero. The extreme sensitivity 
of QRPA to gpp is the difficulty of making definite rate predictions. Several modifi
cation of QRPA have been proposed that might change that behavior as e.g. higher 
order RPA corrections [11], nuclear deformation [12] and particle number projection 
[13, 14]. However, none of these amendments inhibits the matrix element MGT to 
pass through zero near the natural value of gpp = 1. 

The goal of the present paper is to analyse the 2/32i/ - decay amplitude in field 
theory approach and to show that the calculation of the many body Green function 
MGT ' n e4-0) corresponds to the calculation of the contributions from a class of 
meson exchange current diagrams. 

In the two nucleon mechanism of the 2i/2/3 - decay process the beta decay hamil-
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tonian acquires the form: 

HP(x) = ^2{eh(x)lavelj(x))jc>(x) + h.c., (2) 

where ei{x) and vei(x) are operators of the left components of fields of the electron 
and neutrino, respectively. The strangeness conserving free charged liadron current, 
takes the form: 

ja{x) = p(x)ya(gv + длъ)п(х), (<i) 

where p(x) and n(x) are operators of the field of the proton and neutron, respectively, 
and gv = 1.0 and дд = 1.25. 

Clearly 2i»2jS - decay occurs in the second order perturbation theory of the weak 
interaction. For the matrix element of 2v2(i - decay process we have 

< !\S(2)\i > = ^ ( ^ ) NplN„NktNh x (-1) 

xti(pi)7/i(l +7b)u(-fci)u(p2)7/4l + TsM- 'M.W/ ' i .Pz .k i , Ы -
- ( P i <"> P2) - (&x <-• k2) + (pi <-> рг)(^1 <-> fcj), 

where • 

J^{PuP2,h,k7) = /Vi(j»+M*>e-i(w+*3)*2 * (5) 

x0Ui <P/i^(^(^i)^(a;2))|p,- >,„ ЛМх2-

Here, /Vp = (1/(2тг)3/2)(1/(2р0)1/2), Р\ and p2 (&i and k2) are four-momenta of 
electrons (antineutrinos), pi and p/ are four-momenta of the initial and final nucleus, 
and the nuclear matrix element is 

out <Р,\П^ЫМ*2Ш > .п=<Р/ |7 , 0;(х 1 ) ; 1 / (х 2 )е- 'Л« ' , ^)+^-(х ' ) )^ ) | р . > f ( 6 ) 

where Jn(x) is the weak charged nuclear hadron current in the Heisenberg representa
tion [15, 16]. Hk(x) and Hhn(x) are respectively the strong interaction hamiltonian 
and the interaction hamiltonian of the electromagnetic and hadron fields. In this 
way, in eq. (5) the strong and electromagnetic interaction of the'nucleons is taken 
into account exactly. 

The matrix element in eq.(4) contains also the matrix element for two subsequent 
nuclear beta decay processes. In order to separate both processes we write T as a 
product of two hadron currents as follows [17]: 

Г ^ Д х О Л Ы ) = J^xl)Jt/(x2) + Q{x2o-xlo)[Jl,{x.2),Jfl{x))}. (7) 
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Then we have (henceforth the indices "in" and "out" will be omitted) 

J,v(puP2,kuk2)SnJe-i^+s^'te'l^+h^x- (8) 

x {lf£(pw,1>m, ko, ki0,xu&i) + Jl$I>'(pio,P2o,kiofk2G)Xl,X2))dxidx2, 

with 

I?/J(p\o,P2o,kw,k2a,xuXi) = ]P27r<S(£/ - E„ + ph + kiQ) < p , ЦДО,xt)\pn > x 

x2n8{En -E,+ P2o +k3o)< P/\J„(0,x,)\pn >, (9) 

and 

C?2"(PIO,P20, *«o,k20,x,,St) = 2x6(E} - Et'+ /Jlo + klo + p2o + k2o) * 0°) 

x J е»(».+*».)«в(0 < Р/Ш*,*а)»Ш*011л > -Л--
Here |pn > is an eigenvector of the intermediate nucleus with energy En and we used 
[16], 

<Р/Мм(а?1)ЛЫ1р<>=' ' (И). 
J ] < /viJ,(0, xx)\pn X p„| Л(0,5а)|р,- > e ^ / ^ l ^ ' o e ' ^ - E i ) ^ . 

n 

The symbol £}n means summation over the discrete states and integration over the 

continuum states of the intermediate nucleus. It includes the complete set of these 

states. 

^From the two delta functions in eq. (9), which have the meaning of energy law 

conservation, we see that the first term in the r.h.s. of eq. (8) corresponds to the 

two subsequent nuclear beta decay processes. This process is drawn in Fig.la. For 

most of the nuclei in which the double beta decay is experimentally studied such 

transitions are energetically forbidden. For En > E{ the argument of the second 

delta function in the r.h.s. of eq. (9) is always positive and this term is equal to 

zero. 

The second term in the r.h.s. of eq. (8) corresponds to 2v2f$ - decay process. We 

see that the 2t/2/3 - decay amplitude contains the nuclear matrix element of the non-

equal-time commutator of the two hadron currents. We note that the commutator 

is non zero because the currents are in the Heisenberg representation. In the case of 

free hadron currents with the use of the anticommutation relations of the operators 

p[x) and n(x) (see eq.(3)) we have 

17,(*),Ш1=0- О2) 
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The presence of the commutator of two currents in the 2i/2/3 - decay amplitude.-; 
is telling us that the two single beta decays in the nucleus have to be correlated, 
The only possible correlations are of the type of meson and 7 - exchanges which 
have their origin in the strong interaction hainiltonian Hh(x) and in the interaction 
hamiltonian of the electromagnetic and hadron fields Hh,y(x) (see eq. ((>)). If we 
consider the Heisenbcrg current operator J,,('-c) '" a n approximative way in which 
Ti'^x) is replaced by the pscudoscalar coupling pion-nncleon interaction hamiltonian 
[18], we just obtain the one piou exchange diagram of Fig.lb. /.From the above 
discussion it follows that it is possible to start with an appropriate S-matrix and 
deduce the most important meson and 7 - exchange contributions to 2/7uV - decay 
amplitude. We maintain that the S- matrix approach is an alternative way for the 
calculation of the 2f2/3 - decay amplitude, which does not need the construction 
of the intermediate nuclear states. It is only necessary to know the nuclear wave 
functions of the initial and final nucleus and to derive two body operators from the 
corresponding exchange diagrams. We shall discuss possible exchange mechanisms 
later. First, we shall show in a different way that nuclear exchange currents dominate* 
the 2/32i/ - amplitude in eq.(4) 

To calculate the commutator in eq. (10) one can use first the well-known formula 
(e.g. [19]). The result is, 

A: time» 

Mt,y) = еш'мо,8)с-и» = E 4 i \"\»A»M^y))-\l № 
k=0 

where H is the nuclear hamiltonian. This formula has been first used in the Operator 
Expansion Method (OEM) in [20, 21, 22]. The summation on the right hand side of 
eq.(13) was evaluated by neglecting the kinetic energy part of nuclear hamiltonian 
and by considering only the central part of the effective nucleon-nucleon interaction. 
We note that OEM has been derived also in a different way by expanding the de
nominator of the many body Green function in eq.(l) into a Taylor series and by 
using the same approximations [23, 24, 25]. However, some questions arise about 
the convergence of such a power series expansion. By working in the time integral 
representation there are no such pioblems. Nevertheless the OEM is still a matter of 
contradicting discussions as there are more open questions. Starting with the form 
of the Green function in eq.(l) the assumption that the kinetic energy operator T 
can be ignored has been criticized recently [26]. In another paper by using the sec
ond quantization language it was argued that the single particle term of the unclear 
hamiltonian plays an important role [27]. We shall prove the opposite. We shall 
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show explicit that if we approximate the nuclear hamiltonian И by a single particle 
hamiltoniau ll*'v' the 4\i1v - amplitude is equal to zero. 

In the second quantization formalism we haw 

Л(0».'7)= X ! </""яМЛО,/7)|шн„ >c+m;)c„„,„, (14) 
t>iH),nm„ 

//^'• = 2 r,,r+m))c,,m(, + ^ f n e+ m m r u m ? 1 . (15) 

Here, c+„r/ and с+ГНн (cr,„;, and c,mi|r) are creation (annihilation) operators of proton 
and neutron, respectively and c.p and etl are single particle energies of proton and 
neutron stales. Using eq.(l2) we obtain 

,"" '" .Л,(0,т7)с- '"" ' = Y, < V,»h>\Jt>(0,V)\n,mn > r'(c"-f")'c+mpcn (16) 

and 
[е ' ' ' ' ' ' \ /Л0, г7)е-^' ' '1 . / / 1(0,х)] = 0. (17) 

We have used only the anticommutation relations of the creation and annihilation 
operators of proton and neutron. We note that 2u'2/i - decay is always equal to zero, 
if we approximate the nuclear current ,/„(/.,.r) by a one body operator. In general 
J„(t,x) is a sum of one- two- and more-body operators. Therefore, the commutator 
of two nuclear currents [Jt,{i-,'y),Jn(to,x)] shoiild be understood as a meson exchange 
current operator, the exchanges being induced by the. residual two body interaction 
part of the nuclear hamiltonian. It proves that the single particle part of the nuclear 
hamillonian plays a less important role. 

We integrate over the time variable in eq. (10) using the standard procedure of 
the adiabatic switch-off of the interaction as /. —• oo, i.e.. 

/ exp-'"' dt. =*> lim / exp-,'("-,'')irf/ = l im *—. 
Л l~°Jo —о я - i r 

(18) 

We assume, that the nuclear states and their corresponding energies can be considered 
as the. eigenstates and eigenvalues of the nuclear hamiltonian H, 

H\Vi > = Ei\pi > , ll\pj > = Et\Pt >, H\Pn > = En\pn > . (19) 

Then with the help of (11) we get 

^(ГЧРш.Рго^ш,*™,^i,^) =2тгб(/2у - # „ + Pi0 + fc]0+?>2o +fc j 0 )»^ (2°) 

f <Pf\Jv(Q,xi}\pn><vn\J»(0>s\)\Pi> < ;> /1 -UMI) IP» >< Vn\M°^2)\pi >\ 
\ En - Ei -f pJo + kto E„ - Е{ + p3o + k3o ) ' 
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Wc.father assume the non-relativistic impulse approximation for the hadronic cur
rent </„(0,j7).and neglect the contribution from the vector currents to 'lu'lfi - decay 
amplitude. We also restrict our consideration to «j/2-wave states of the emitted 
leptons and consider only the energetically most favoured 0fnilia( —» 0|IM(l/ niiclcni* 
transition. Wc suppose рю + кю — po + A20 — (& ~ £/)/2> Then we have, 

Jnu[p\ 1 №,А-'i,k-x) = 2TT8{EJ - E{ + pXo + klo + /;2o + к%)гМат1>цкКк, k=\,2,3,(21) 

where Мат is defined in eq.f 1). /.From the above derivation it follows that in calcu
lations using the form Мат °f etl<U) the meson exchanges are taken into account, by 
the summation over the intermediate nuclear states | + , which are constructed, e.g. 
by an RPA diagonalization. 

We show that these calculations arc sensitive to the truncation of the nuclear 
hamiltonian violating the condition of eq.(I9). Following ref. [27] we express Mar 
in the integral representation: 

MGT=* < 0 ; Й е - / / М е " г | 0 / - > е - л М г . (22) 
Jo 

If we rewrite the denominator of eq.(l) as En — Ej — A we have 

Mar = Г < OJ\c"TAe-'lTA\0t > c*Tdr. (23)' 
Jo 

The equivalence of both forms of Мат •» eq.(22) and in eq.(23) is evident ami it can 
be proved with help of е- / / т |0+ > = e-^T\0f > and e ' ' T | 0 | > = e E ' r | ° / >. Within 
the approximation H ~ H,.p. we obtain from eq.(22) 

MGPT= E £ < Р>пР\Лк\птп >< АчШАпн > < °№^»»Л^™Ж > 

(24) 
However using eq.(23) the result is (-A/££). The relation Мат = -М^г requires 
MGT = 0, which cannot be fullfiled numericaly. The two different results come as 
a consequence of the violation of the assumption of eq.(19). This example shows 
how erroneous can become the use of the Green function in eq.(l) in respect to the 
approximation of the nuclear hamiltonian. 

The quasiparticle nuclear hamiltonian used in QRPA calculations neither repro
duces well the absolute values of the ground state energy of initial and final nucleus 
nor their relative values. In addition, it is the problem of the two vacu. and two 
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independent normalizations, which have to be performed using two different repre
sentations of the nuclear hamiltonian. This can be hardly considered as a consistent 
development of meson exchange current matrix elements. To do that, one should 
start with the appropriate S-matrix and deduce the most important MEC contribu
tions. Such an analysis however is rather involved. 

Nevertheless, we shall advance some speculative arguments. We note that the 
energy release for these processes is very small, and this allows us to study meson 
exchange diagrams in the static limit. We can suppose that the dominant contri
butions to the 21/2,3 - decay amplitude come from the pion exchange diagrams as 
7/j'̂  << iv'p (mr is the mass of the pion, mp the mass of the rho-meson), In the 
case ot pion exchanges we have smaller denominators in the amplitude. However, 
the pion exchange mechanisms in Fig.lb are expected to be strongly suppressed in 
comparison with another exchange mechanisms suggested by Ericson and Vergados 
[28] (see e.g. Fig.lc) because of the big masses of the virtual off-shell nuclcons. The 
nuclcon propagator can be approximated by \jmv{mn) (mp and m„ is the mass of 
proton and neutron, respectively). Ericson and Vcrgados constructed the effective 
two body operators from their exchange diagrams by using PCAC and soft pion 
theorems. If we suppose that their exchange diagrams give the main contribution 
to 2//2/3 - decay amplitude, we can deduce, from ref. [28], for the 2i/2/? - decay half 
life of 48Ca the value 1.5 x 1025 years. The size of this value is independent of the 
nuclear structure of a given nucleus and a similar strong suppression of the value of 
2*/2/3 - decay half time is also expected for other nuclei, with values about Ю24-25 

years, However, such results are in strong contradiction with the existing experi
mental data. We can hardly suppose that the difference of four - five orders from the 
experimental half lives have origin in the inaccuracy of the method. The S-matrix 
approach has been applied successful to study meson and gamma exchange effects 
in different nuclear processes, e.g. electron scattering [29] and compton scattering 
[30]. We note that values of the half lifes about 1024 — 1025 years do not contradict 
the QRPA calculations which give only lower limits on the value of the 2i/2/? - decay 
half life [8, 9, 10]. It could mean that the mechanism considered at present is not 
dominant for the 2i/2/3 - decay process. 

It is this motivation that stimulated us to study the electron-gamma exchange 
mechanism for 2/30i/ - decay drawn in Fig.ld [31]. We note that in the two nucleon 
2/30»/ - decay mechanism studied at present only the electromagnetic interaction 
between electron and nucleon and between two nucleons has been included. The 
first interaction leads to a distortion of the electron wave function, which is taken 
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Figure 1: The Feynmann diagrams for the two subsequent nuclear beta de
cay processes and for the two neutrino nuclear double beta decay process, 
(a) The Feynmann diagram for two subsequent nuclear beta decays within 
the impulse approximation, (b) The Feynmann diagrams of the two neu
trino double beta decay process of the two nucleoli mechanism considered at 
present, (c) The pion exchange mechanism of the two neutrino double beta 
decay process of Ericson and Vergados. (d) The electron-gamma exchange 
mechanism of the two neutrino double beta decay process. 
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into account through the Coulomb distortion factor F{Z,E) of the я,у2 electron 
wave functions, If we include in the interaction haniiltonian of this process also the 
interaction hamiltoniaii of the electron e(.r) and tlie electromagnetic Aa{x) fields 

П^{.г) = кЦ^„с,{х)Ла{х\ (25): 

Ave obtain the mechanism of Fig.Id. We see that wo have two additional electromag
netic vertices, which can account for tin* suppression of the 2/ЭД// - decay amplitude 
by the factor r2 = 4тго ~ 0.1. On the other hand there are some arguments which 
favoured this mechanism. First, the imHenr currents can be approximated by one 
body operators ( the first trein on ther.h.s, of eq.(7) do contribute to 2/JO// - decay 
amplitude), Second, the exchange potential for this mechanism is favoured by the 
small denominator of the order E„ in comparison with the denominator of the pion 
exchange potential containing the mass of the pion m , {{Eu/mr)2 ~ \0* — 103). 
Third, the corresponding Green function for this mechanism shall contain all possi
ble intermediate states \J" > (not only | 1 , | > states) in the same way as in the case 
of the nentrinoless double beta decay. The calculations concerning this mechanism 
are in progress. 

In summmary, we have shown that the two nucleoli mechanism considered at 
present can be described with a class of meson exchange current diagrams. It allows 
us to study this process in the S-inatrix approach. It is only necessary to know 
the nuclear wave functions of the initial and final nucleus and to derive two body 
operators from the corresponding 'Iv'lfi • decay exchange diagrams. Л simple analysis 
of the pion exchange diagrams indicates that this mechanism is not the dominant one 
for two neutrino double beta decay process. Therefore, an alternative electro-weak 
exchange mechanism is introduced. 

The author is grateful to S.M.Bilenky, A.Faessler, S.B.Gerasimov, I M.Gmitrol and G-Pantis 
for valuable discussions. 
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ШимкооицФ. Е4-95-224 
Мсзонныс обменные токи и двухнейтринный двойной /i-распад 

В теории поля выполнен детальный анализ амплитуды двухнейтринно-
го двойного /3-распада. Показано, что суммирование по промежуточным 
состояниям ядра, принятое в современной теории дпухнейтринного двой
ного /3-распада, соответствует суммированию по классу мезонных обмен
ных диаграмм. Предложены некоторые аргументы, показывающие, что 
принятый в настоящее время двухнуклонный механизм не объясняет глав
ный вклад в амплитуду дпухнейтринного двойного /?-распада. Для этого 
процесса предложен новый механизм е — -/обмена. 

Работа выполнена в Лаборатории теоретической физики им. Н.Н.Бого
любова ОИЯИ. 

Препринт Объединенного института ядерных исследоианий. Дубна, 1995 

SimkovicF. Е4-9 5-224 
Meson Exchange Currents and Two Neutrino Double Beta Decay 

By using a field theory approach a detailed analysis of the two neutrino 
double beta decay amplitude has been performed. We have shown that the 
summation over the intermediate nuclear states in the present two neutrino 
double beta decay studies corresponds to a summation over a class of meson 
exchange diagrams. We offer some arguments showing that the two nucleon 
mechanism considered at present does not provide the main contribution to the 
two neutrino double beta decay amplitude. A new electron-gamma exchange 
mechanism for this process is suggested. 

The investigation has been performed at the Bogoliubov Laboratory of 
Theoretical Physics, JINR, 

Preprint of the Joint Institute for Nuclear Research. Dubna, 1995 
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