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- Nuclear double beta decay is a subject of the curtent intensive activity, both ex-
perimentally and-theoretically, The neutrinoless mode of this process (260v - decay)
is related to physics beyond the standard model and requires the existence of the
lepton number violating massive Majorana neutrinos {1, 2]. Up to now, experimen-
tally only lower half life limits for 280w - decay have been reported in the literature,
Growing mterest is also paid to the two-neutrino mode (2028 - decay ). It is the
raresl. process observed so far in nature. This made being independent of the neu-
trino properties offers a sensitive test of nuclear structure calculations, The usnal
strategy has been first to try to reproduce the observed 2821 - decay half times
in order to gain confidence in the calculated 280v - decay nuclear matrix clements
(3, 4, 5. 6]..

In t,hc present calculation of 2421 - decay we consider only the Gamow: Teller
nuclear matrix element

3 < 0F|A1} >< 1FALOF >

Mar E,~Ei+ A ! (1)

n
where 0] >, |0jr > and |1} > are respectively the wave functions of the initial,
final and intermediate nuclei with corresponding cnergies E;, £; and E,. A denotes
the average energy A = Y(E; ~ E;). Ax is the Gamow-Teller transition operator
Ae = o7 (Gi)ry k=1,2,3.

The quasiparticle random phase approximation (QRPA) is the nuclear structure
method most widely used to calculate Mgr. However, the results are extremely sen-
sitive to the details of the nuclear hamiltonian, in particular, to factor g,, introduced
to renormalize the particle-particle interaction strength (7, 8, 9, 10]. The magnitude
gpp consistent with the calculation of A+ decay is not broad, nevertheless the value
of Mgr calculated with g,, within this interval crosses zero. The extreme sensitivity
of QRPA to g,, 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 clement MGT to
pass through zero near the natural value of g,, = 1.

The goal of the present paper is to analyse the 202y - decay amplitude in ﬁeld
theory approach and to show that the calculation of the many body Green function
Mgr in eq.(1) corresponds to the calculation of the contributions from a class of
meson exchange current diagrams.

In the two nucleon mechanism of the 2028 - decay process the beta decay hamil-




tonian acquires the form:
HP(z) = %2 (E(e Vbt fol2) + huci, (2)

where er(z) and v.(z) are operators of the left components of fields of the eleetron
‘and neutrino, respectively. The strangeness conserving free charged hadron current,
takes the form:

Ja(Z) = p(z)valgy + gavs)n(z), (43)
where p(-’v) and n(z) are operators of the ficld of the proton and neutron, rvqpvctrvoly,
and gv = 1.0 and g4 = 1.25.

Clearly 2028 - decay occurs in the second order perturbation theory of the weak
interaction. For the matrix element of 2024 - decay process we have

< 11501 >= 5L (S8 w0, [0

XA(p1)Vu(1 + Y8 )u(—Fk1)a(p2)vu(l + ys)u(~k2) s (p1, p2, Ky s 2) =
—(p1 © p2) = (k1 & k) + (pr & p2)(k1 & k),

where

Tupupa biks) = [ ertorthimgiorhin (5)

X out <P]iT(Ju($!)Ju(1'2))'Pi >in diﬂid-’ff'z-

Here, Np = (1/(27)¥*)(1/(2p0)/?), py and p; (ki and k;) are four-momenta of
_electrons (antineutrinos), p; and p; are four-momenta of the initial and final nucleus,
and the nuclear matrix element is

out < PAIT(Ju(21)0(22))|Pi >in=< ps|T(Gu(@1)io(ze)e™ AP EIHHMEDI 5 5 ()

where Ju(x) is the weak charged nuclear hadron current in the Heisenberg representa-
tion [15, 16]. H*(z) and H*"(z) 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 7" as a ‘
~ product of two hadron currents as follows [17]: : |

TUu()d(e2)) = Juler)d(m) + Oz = mag)lulwa), Julen)) (1)
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Then we have (henceforth the indices "in” and "out” will be omitted)

Juu(p1yp2y by, k) =/c'“’"""‘.‘)'”'c"(ﬂ”"")'ﬂ’ X () |

- x (I8 (110, Paoy kroy kaoy E1y E2) + 110 (pros Paoy Koy Kzo, B, £2)) d d,

- with

190 (o, P20, K10y kgoy B1y E2) = ZZ#&(EJ — By + p1o + k1o) < prld(0, £1)ps > %

n

XZW6(E7| - E‘ + P2, + k?o) < pllJu(01 fﬂ)lpn >, (9)

and

130 (p10y P20, K10y k20, £1, #2) = 276( By — B; + prg + kg + pa, -+ ,‘zo). x ‘(10)

8 /e‘(p,""'ku)‘@(l) < P/l‘[-’u(l,fz)vJ»(O’i"x)“m >.dt.

" Here |p, > is an cigenvector of the intermediate nucleus with energy E, and we used '

[16],

< pyldu(@i) ey >= N €Y
> < psldu0,21)lpn >< palJu(0, Fr)|pi > eHEsEnoto i En=Bidaag,

The symbol ¥, 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 £, > 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 2028 - decay process. We
see that the 2020 - 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
7(z) and n(z) (see eq.(3)) we have | ‘ o
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blehiu@l =0 (12




The presence of the commutator of two currents in the 2028 - decay amplitude.
is telling us that the two single betn decays in the nuclens have to he correlated,
The only possible correlations are of the type of meson and v - exchanges which
have their origin in the strong inleraction hamiltonian HA(z) and in the interaction
hamiltonian of the electromagnetic and hadron ficlds H™ (i) (see eq. (6)). 1F we
consider the Heisenberg current operator J,() in an approximative way in which
H'(z) is replaced by the pseudoscalar coupling pion-nucleon interaction haniltonian
(18], we just obtain the one pion exchange diagram of Fig.lb, ;From the above
discugsion it follows that it is possible to start with an appropriate S-matrix and
deduce the most important meson and « - exchange contributions to 2/0r - decay
amplitude. We maintain that the S- matrix approach is an alternative way for the
calculation of the 2028 - decay amplitude, which does nol 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 mechanisins
later. First, we shall show in a different way that nuclear exchange currents dominate
the 202 - 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,

k times E
L(t,7) = €M 1,0, §)e " = L(”) ([ H, 100,71 (13)

k=0

where H is the nuclear hamiltonian. This formula has been first used in the Opcrator
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 consideriug 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.(1) 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 morc open questions. Starting with the form
of the Green function in eq.(1) the assumption that the kinetic cnergy operator ¥
can be ignored has been criticized recently [26] In another ‘pup(-,‘r by using the sce-
ond quantization language it was argued that the single particle term of the nuelear
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 H by a single particle - . ;-

hamiltonian H*P+ the 232v - amplitude is equal to zero,
In the second quantization formalism we have

J,(0,7) E < pm,,!J (0, )|nmy, > cp,,tpc,,,,,n,_ | (14)
Py,
ja.p. _. ot o+ : By
HYP = E :('F'CPYIlyr(’p"‘P + § : Cnlrpyyy Oy e ‘ (15)
Mgy HMin

Here, ¢, and ¢, (¢pm, and cum,) are creation (annihilation) operators of proton
and neutron, respectively and ¢, and e, are single particle energies of proton and
ucutron states, Using eq.(12) we obtaiu

tH Y j (0,7 "3—”” "= Z <p "l;v|']u(0 ) l” Hiy > "'(t”_r")‘('Pnlpc"'"n (16)
Pans '
and
: [t J, (0, Fe ' J(0,5) =0. (17)

We have used only the anticommutation relations of the creation and annihilation
~operators of proton and neutron. We note that 2024 - decay is always equal to zero,
il we approximate the nuclear current J,(t,7) by a one body operator. In gencral
‘J‘,,(t,.-i’) is a sum of one- two- and more-hody opcrators. 'i‘llt‘l'(efor(s, the commutator
of two nuclear currents {J,(t,7), J,.(0, ¥)] should 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 partic le part of the nuc]ea.r ‘
hamiltonian 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 t — oo, i.e..

o 00 i o
/ exp = dt = lin(;/ exp~ia=itd = lim . (18)
0 =% Jo

«—0q—ic
We assume that the nuclear states and their corresponding energies can be considered

as the eigenstates and eigenvalues of the nuclear hamiltonian H,
Hlpi >= Eilpi >, Hpy >=Eflp; >,  Hlpa >= Eylp, > .(19)‘

T hen with the help of (11) we get

o (lepzu, ko, ka0, @1, ) = 2w8(Ey ~ By 1o + Fio + 1’2a + kg, )i z (20)
{< p,lJ‘,(O,z, |T’u >< l’vllJu(Osxl)l]’i > + < l’jl-l,n(o,ml)lpu >< l’nlJv(ov I‘l)lpi >}
‘ ' VEn ""Ei + Pie + kla C En - El' +P20'+ k?a




© We futher assume the non-relativistic impulse approximation for the hadronic eur- o
rent J,(0,7) and neglect the contribution from the vector currents to 2024 « decay -
amplitude. We also restrict our consideration to s /-wave states of the emitted
» + P .
leptons and consider only the energetically most favoured 0%, , — 0w Puclean
transition. We suppose pjo + k1o = po + ko =~ (Ei — E )/2 'l‘hon we have,

J‘w(pl,])z,k], kq) = 27!'6(E/ - Ei + M, + klo + pyg + A’Q&)iA”(JT‘sgtkb-uka k= |,‘2,3,(2‘)

where Mgy is defined in eq.(1). ;{From the above derivation it follows that in calcu-
lations using the form Mgr of eq.(1) the meson exchanges are taken into acconut by
the summation over the intermediate nuclear states 1F, which are construeted. e.g
by an RPA diagonalization.

We show that these calculations are sensitive to the truncation of the nuclear
hamiltonian violating the condition of eq.(19). Following ref. [27] we cxpress Mar
in the integral representation:

o0 .
Mgr = / < 07I/lc""’/lc"‘”IO,-+ > e”87dr. (22)
0
If we rewrite the denominator of eq.(1) as £, — £y — A we have
w s ~ ‘ ~
Mar =/ < Ofle”’/le"”’AIO,-+ > eBdr. (23)
0
The equivalence of both forms of Mg in eq.(22) and in eq.(23) is evident and it can

be proved with help of e=#7|0} >= ¢~ BT)oF > and chIOT >= B17|0} >, Within
the approximation H ~ H,, we obtain from eq.(22)

< 0%let epnct can. 0T >
MZE = Z Z < pmy|Aglnm, > < gl Agpimg > /l prip nanin Gy a0 .
P 13 Cp —Cx +A
Mpmp Mmgmy : .
(24)
However using eq.(23) the result is (~MZF). The relation MZh = — Mg} requires
MEE = 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.(1) in respect to the
approximation of the nuclear hamiltonian. ‘

- The quasiparticle nuclear hamiltonian used in QRPA calculations nuther repro- S
duccs well the absolute values of the ground state energy of initial and final nucleus :
nor their relative values. In addmon, it is the problem of the two vacui ud twof‘ :




independent normulizations, which have to be performed using two different repre- B
sentations of the ruclear hamiltonian, ‘This can be hardly considered as a consistent
development of raeson 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 diagraims in the static limit. We can suppose that the dominant contri-
butions to the 2029 - decay amplitude come from the pion exchange diagrams as
m? << mj5 (mg is the mass of the pion, m, the mass of the rho-meson). In the
case of pion exchanges we have smaller denominators in the amplitude. However,
the pion exchange mechanisms in Fig.1b are expected to be strongly suppressed in
comparison with another exchange mechanisms suggested by Ericson and Vergados
[28] (sce e.g. Fig.lc) because of the big masses of the virtual off-shell nucleons. The
nucleon propagator can be approximated by 1/my(m,) (m, and m,, is the mass of
proton and neutron, respectively). Ericson and Vergados 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 202f3 - decay amplitude, we can deduce, from ref. {28], for the 2028 - decay half
life of *Ca the value 1.5 x 102% 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
2v2f - decay half time is also expected for other nuclei, with values about 1024-2
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 apyplied 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 10** — 10?° years do not contradict
the QRPA calculations which give only lower limits on the value of the 20283 - decay
half life [8, 9, 10]. It could mean that the mechanism considered at present is not
dominant for the 2020 - decay process.
Itis this motivation that stimulated us to study .the electron-gamma exchange
mechanism for 200v - decay drawn in Fig.1d [31]. We note that in the two nucleon
280y - 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 nucleon mechanism considered at
present. (¢) The pion exchange mechanism of the two neutrino double beta
decay process of Ericson and Vergados. (d) The electron-gamma cxchange’
mechanism of the two neutrino double beta decay pxou'ss




nto acconnt, throngh the Coulomb distartion factor #(Z, E) of the sy, clectron
“wave functions, If we include in the interaction hamiltonian of this process also the
~interaction hamiltonian of the electron e(r) and the electromagnetic A,(x) fields

H () = icé(;{f)‘yne(;(!)ﬂn(-t), | (25j ‘

we obtain the mechanism of Fig.1d, We sec that we have two additional eleciromag-
~netic vertices, which can account for the suppression of the 280r - decay amplitude
hy the factor ¢* = dra ~ 0.1. On theother hand there are some arguments which
favoured this mechanism. First, the mclear currents can be approximated by one
body operators ( the ficst trem on ther.hus, of eq.(7) do contribute to 240r - decay
amplitude). Second, the exchange polential for this mechanisim is favoured by the
small dennominator of the order 15, in cornparison with the denominator of the pion
‘exchange potential containing the mass of the pion e, ((£,/m,)? ~ 102 — 10%).
Third, the corresponding Green function for this mechanism shall contain all possi-'
ble intermediate states [J7 > (not only |1} > states) in the same way as in the case
of the neutrinoless double beta dec ay. The calculations (oncermng this mechanism
are in progress.

In surmmmary, we have shown that the two nucleou 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-matrix approach. 1t is only necessary to know
the nuclear wave functions of the initial and final nucleus and to derive two body
operators from the corresponding 212/ - decay exchange diagrams. A simple analysis
of the pion exchange diagrams indicates thiat this mechanism is not the dominant one:
for two neutrino double beta decay process, Therefore, an alternative clectro-weak
exchange mechanism is introduced.

The author is grateful to S.M.Bilenky, AFaessler, S.B.Gerasimov, and G Pantis
for valuable discussions.
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TIpsnuMacTes NOAHKUCKY 1Y npeupmrm, coo0uelna OGnemssesioro m«crmym

sacpiibiX Heeletopanuit u «Kparkue cooGuuenns OHUSIH»,

Yerationena csieuyioniast CTOMMOCTL NOMKCKH Ha 12 Mecques na umamm
OHUSIY, pkmiouan NepecLiky, NO OTACALIEIM TCMATHUCCKIM KATCIOPHSM;

Hugexe Tematuxa Hena nogricku
1o Troj
1, Dxenepumentansiias (hH3NKa BHICOKUX IHCpIUt 22600 p.
2. Teoperuucckas usuka BLICOKHX dnepril 59200 p,
3. Dkcniepumenransitas HefiTponsas (wanka 7800 p.
4, Teoperuueckan husnka HUIKUX cprish 23400 p.
5. Maremaruka 14800 p.
6. AnepHas crekTpocKonis U PaAHOXHMHSA 12000 p.
7. (DU3HKA TAKC/BIX HOHOBD 2200 p.
8. KpuoreHuka 1400 p.
9, Yckopureny 12200 p.
10. AproMaTH3auUNs 06pabOTKH IKCIECPUMCHTUILHBIX AAHILIK 12200 p.
11, BaiyHcAHTENbHAS MaTCMATHKA M TEXHHKA 14300 p.
12, Xumus 1200 p.
13. Texuuka u3HHCCKOro 2KCNCPHUMEHTA 21300 p.
14. Hccnenopauus Teepisix Ten H KUAKOCTCH AACpHbIMM MCTOXAMH 7200 p.
15, DxkcnepumenTansuas uInKa sgepHLIX peaxuuii
NPy HU3IKUX IHEPrUaxX 2600 p.
16. Ho3sumerpua ¥ hH3HKA 331IUNTH 2200 p.
17. Teopust KOHACHCHPOBAHHOTO COCTOAHHA 12200 p.
18. Hcnonbiopasue pesynsTaTos
B MeTonos hyHIaMeHTANBHLIX (PUIHYUCCKUX MCCACHOBaHHH
B CMCKHbIX 00/acTAX HAyKH M TEXHHKH 1800 p.
19. buousuka 1800 p.
«Kpatkue coobwenns OWSAH» (5—~6 Brinyckos) 15000 p.

[Moanicka Moxer 6uiTh ochopmiieHa ¢ aoGoro Mecaua roja.

OprannzauusM # JIMUAM, 3aHHTEpECOBaHHLHM B Noaydesnd usxanuit OUAH,
creayet nepesectd (MnM OTNPAaBUTL MO NouTte) HeoOxomumyw cymmy Ha pacueTHbifi
cuer 000608905 Hybuenckoro dunvana MMKB, rJly6sa MockoBckoii obnacty,
n/una. 141980 M®O 211844, ykasas: «3a noanucky Ha n3ganna OUSIH».

Bo uibexanue HegopalyMeHuii HcoGXoauMO YBEAOMUTL H3NATEALCKUH OTAEH O
npoy3BeJeHHON orate H BepHyTh «KapTouxy moanucuuxa», OTMETHB B Hell HoMepa
M HalBaHUA TeMaTHYECKHX KaTeropiH, Ha KOTOpbic O(OpMIACTCH MOANUCKA, Mo

agpecy:
141980 r. Nly6na Mocxosckoii 061,
ya.XKonuo Kiopu, 6
OHSIH, u3narensCkuil oTaen



IMumkonny @. ' E4-95-224
M‘CSOHHMC oncHumc TOK# ¥ ABYXHCHATPHI Kb aBoitHolt B-pacnay g

B Tcopuit nosst BLINOAKCH ACTaNbH B AHAJING AMILIATY AL ABY XHCATPHHHO~
ro nsofidoro f-pacnapa, [Tokazano, UTo CyMMHUPOBAHKUE MO MPOMCKYTOUHAIM
COCTOMHHUSIM SIAPA, NIPUHSITOC D COBPCMCHHON TCOPHH ARYXHCHTPHHHONO ABOH-
Horo B-pacfiangd, COOTBCTCTBYCT CYMMHUPOBAHIIO 110 KAACCY MCIOHHBIX 0BMCH-
HHX auarpamu, [IpcanoxeHs HCKOTOPLIC APTyMCHTHI, MOKA3KBAOUIMCE, UTO
MPHHATHH B HACTOMUICE BPCMS ABY XHYK/IOHHAI MCXaHM3M HC 00bICHSCT TaB-
HLlll BKAQA B AMOIMTYAY ABYXUCHTPUHHONO asoiHoro B-pacnaaa., Aas atoro
HPOLCCCH NTPCANOKCH HOBBIN MCXaHN3M ¢ — ¥ obMeHa,

PaGora suinosncHa B JlaGopatopsuu tcoperuucckon cuanky uM, H.H.Boro-
mobosa ONSU,

Hpenpunt OGheMHEHHOO UHCTHTYTA SACPHBIX HCCACROBB NI, NyGua, 1995

Simkovic F. E4-95-224
Meson Exchange Currents and Two Neutrino Doublc Beta Decay

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

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