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The rarest spontaneous nuclear decay measured until now, by which an e-e nucleus transforms
into another e-e nucleus with the same mass but with its nuclear charge changed by two units.

It occurs whatever single 3 decay can not occur due to energetical reasons or it is highly
forbidden by angular momentum selection rules

(a) and (d) are stable against 3 decay, : : o
but unstable against B decay: BB~ for (a) 35 isotopes decaying [3-B" isotopes

and B*B* for (d) S. Stoica, BW2018, Nis, June 10-14, 2018
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- character Dirac or Majorana?
- mass scale (absolute mass)

- mass hierarchy
- how many flavors? Sterile neutrinos?

Lepton number, CP, Lorentz

associated with different mechanisms/scenarios that may contribute to
the neutrinoless DBD occurrence
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2vB*B* OvpB+B+
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: one of the most investigated process of physics: numerous experiments, in different stages:

a) completed (Gotthard TPC, Heidelberg-Moscow, IGEX, NEMO1,2,3)

b) taking data (COBRA, CUORICINIO-CUORE, EXO, DCBA, GERDA, KamLAND-Zen, MAJORANA, XMASS)

c) proposed/future(CANDLES, MOON, AMoRE, LUMINEU, NEXT, SNO+, SuperNEMO, TIN.TIN)

They are running in underground laboratories and involve complex set-ups and large investments.
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[T G2 (B, 2) % g* X [m,c? M2
{ {

[yr1] [yr1] dimensionless

[T =GY(Ey, Z) x gu* x X [[M¥]* x <n>?]

\) J \) \J
[yr1] [yr!] dimensionless dimensionless
GZOV(E,, Z) phase space factors (PSF) 2= IM%|? (<m,>/m, )¢ + [M%|* <my>2 + [M™, |2 <my>2 + MO |# <n >
M(20)V = nuclear matrix elements (NME) 2 V -1
e | T (0F = 0f )]

<1n,> = BSM parameter depending on the scenario by which Ov33 may occur

gA = axial-vector constant
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- accurate calculation of the NME (a long standing problem, not yet
resolved in spite of much progress) and PSF

- extraction of the information regarding the v mass, mass hierarchy, etc.

- models for the Ov3 decay mechanisms, constrain BSM parameters

- accurate measurements of 2v(33 decay, including transitions to
excited states, study of electron spectra, etc.
- search for OvBf decay: improvements of experimental set-ups
and techniques -2 large isotopically enriched sources; the reducing
of background; detectors with high energy resolution, improved
techniques of detection, etc.

- determination of the OvB decay mechanisms
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a) pnQRPA (different versions
)P ( ) * many-body theory (correlations)

b) interacting Shell model (ISM) * single-particle model space
 effective NN interaction
c) IBM-2 * Nuclear (input) parameters

_ , R, <E>, nuclear form factors
d) Generator coordinate method Ba
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96Zr 110Pd  1248n 130Te  14BNd  1545m  198Pt
48Ca 825e 100Me 116Cd  12BTe  136Xe  150Nd  160Gd
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Table 1 . The NMEs obtained with inclusion of different nuclear effects. "b” denotes
the value obtained without any effect included, while “F7, H" *“S” and “total” indices
denote the M™ values obtained when FNS, HOC, SRC and all effects, are, respectively,
included. The set of the three values from the columns with SRC effects included refers
to the particular prescriptions: (a)=Jastrow with MS parameterization, (b)=CCM-
AV18 and (¢)=CCM-CD-Bonn type. The calculations are performed with g,=1.25,
ro = 1.2fm, Ay = 850MeV, A, = 1086 M eV,
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- their overall effect is to decrease the NME values

- SRC inclusion: J-MS prescription decreases significantly the NME value as compared with softer CCM
prescriptions.

- however, NME values calculated with inclusion of only SRC by ]J-MS prescription, are close (within 10%) to
the values calculated with SRC by CCM prescriptions and with the inclusion of other nuclear ingredients
(FNS+HOC)-> a kind a compensation effect

- inclusion of HOC is important = correction up to ~ 20%

- tensor component: contribution of (4-9)% (has to be taken with correct sign)

- dependence of NN interactions: up to 17%

- dependence on input nuclear parameters:
axial vector coupling constant g, quenched/un-quenched - the largest uncertainty
nuclear radius; R = r,Al/3 (r,=1.1fm or 1.2fm) ~ 7%
nuclear form factors (A,, Ay) ~ 8%;

average energy used in closer approx. <E> - negligible
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Table 1: PSF for 5~ 3~ decays to final g.s.
G5, 7 (g.s.) (10721 yr— ) Go, 7 (gos) (10717 317
This work 27] (23, 24] This work [27] [23, 24]
15536 15550 16200 | 16200 24.65 24.81
46.47 48.17 53.8 52.6 2.372 2.363
1573 1596 1830 1740 10.14 10.16
6744 6816 7280 20.48 20.58
3231 3308 3860 3600 15.84 15.92
132.5 137.7 4.915 4.815
2688 2764 2990 16.62 16.70
0.8665 0.2149 0.2688 0.35 0.344 0.5783 0.5878
2.528 1442 1529 1970 1940 14.24 14.22
2.458 1332 1433 2030 1980 14.54 14.58
3.371 35397 36430 | 48700 | 48500 61.94 63.03
1.144 98.51 14.57 32.53 33.61

23] M. Doi, T. Kotani and E. Takasugi, Prog. Theor. Phys. Suppl. 83, 1 (1985).

124] M. Doi and T. Kotani, Prog. Theor. Phys. 87, 1207 (1992); ibidem 89, 139 (1993).
126] J. Suhonen and O. Civitarese, Phys. Rep. 300, 123 (1998).

127] J. Kotila and F. Tachello, Phys. Rev. C 85, 034316 (2012).

- very good agreement with [27] both for G2"and G for the majority of nuclei
exceptions: 128Te(~20%) and 238U (factor of 7)

- in comparison with older calculations there are some notable differences
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Stoica, Neacsu, AHEP 2014

Table 2 Majorana neutrino mass parameters together with the other components of the
Ov 35 decay halftimes: the ()55 values, the experimental hifetimes limits, the phase space
factors and the nuclear matrix elements.

QpsMeV]  TXPP[yr]
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2.527
2.458
3.371

=~ 5.8 102[52]
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- o

48(Cq 6.40 x 10191 123.81x 1021 >2.0x10%2[1] 16.13x10P
gaerr =0.65/0.71th[8]

76(Ge 1.92x10%1[2] 5.16x102%! >5.3x10%5[3] 23.94x107°
gA’eff=O.56/O.60th[7]

82Ge 092x102°[2] 186.62x 102 >3.6x10%3[9] 83.99 x 1015
2, o7 =0.49/0.60th[7]

8.20 x 1020 [4]  25.26 x 102! >4.0%x10%4[5] 64.00 x 10-15
g, o7 =0.47/0.57th[7]

216x10%1[1]  20.30 x 1021 >1.1x10%5[6] 44.11x 1015
gA,eff=O'45/O'39th[7]

1] NEMO3, PRD 93(2016); [2] Patrignani, C. et al. (PDG), China Phys. C 40(2016);

3] GERDA II, Nature, 544(2017); [4] CUORE, EP] C 77(2017) ; [5] CUORE, PRL115 (2015);
6] EXO, Nature. 510, 229 (2014); [7]Caurier, PLB71(2012); [8]Iwata et al, PRL116(2016);
9] V.I. Tretyak, NEMO3, AIP Conf.Proc. 1417,125 (2011).
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- Check of lepton number conservation (LNC): if Ov(3f3 is discovered = AL = 2; still the most sensitive process
- Neutrino properties: Dirac or Majorana; still the most sensitive process

limits for m,,

sterile v, — limits for my

hints for neutrino mass hierarchy

- Other BSM parameters : Majoron existence, SUSY particles, L-R theories, existence of RH currents in the WI

(AZ)> (A Z+2)+2e; AL=2

O = GO(E,, Z) % gyt X ([MO[2<m,>2 + [MO[2 <my>2 + [MO%2 <52 + [MOV[2 <np>2
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Light Majorana neutrino,
only SM LH
weak interactions.
Decay rate ~<mBB>2

Heavy Majorana neutrino
interacting with W.
Model extended to include
right-handed current
interactions.

Light Majorana
neutrinos. Model extended
to include right-handed Wy,

Mixing extended between
the left and right-handed
neutrinos.This is the mode
where the rate ~A? or n?

Supersymmetry
with R-parity
violation. Many
new particles
invoked.
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Table 4 Upper limits for Majorana neutrino mass paramecters together with the other
components of the Ov33 decay halftimes: the experimental lifetimes lower limits, the
phase space factors and the nuclear matrix elements.

I [yr] G [yfr_l] My My MY <ny > <nv> <>

erp

mlk

BCal 5.8 1022[43] 2.46E-14 82.8 641.7 78.6 3.20-1077 4.12-10—8 3.37-107°
CGe 2.1 10%[44] 2.37E-15 199.2 1509.4 296.8 0.22-10~7 0.30-107® 0.15-10~"
®2Se 3.6 10%°[45] 1.01E-14 184.5 1393.5 268.1 0.90-10" 1.19-107® 0.62-10~"

* denotes GXPF1A [40] effective interaction and T KB3G [41] effective interaction.
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LV can also be investigated in 3 and 38 decays

The general framework characterizing LV is the Standard Model Extension (SME)
In minimal SME (operators dimension < 4) there are operators that couples to v, and affect v flavor
oscillations, v velocity or v phase spaces (3, B3 decays)

Until now, the most precise tests for LV involving v, are perform in v oscillation experiments., but now
deviations to Lorentz symmetry can be investigated in DBD experiments like EXO and NEMO3.

There is a g-independent operator (countershaded operator), that doesn’t affect v oscillations, and
hence can not be detected in LBL neutrino experiments, but can affect the electron energy sum
spectrum or the one electron spectra (angular correlation) for experiments with tracking systems
that can reconstruct the direction of the two emitted electrons.
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The coupling of the v to the countershaded operator modifies the neutrino momentum from the standard expression.

This, further, modifies the 2v(p transition amplitude, so the decay rate can be written as a sum of the standard term and a
perturbation due to LV

@) =T, @) + dr@)

o) = Go™(Eg, Z) X ga* x [mc? M2V

dI' @) =dG¥(E,, Z) x g,* x |[mc? M?Y|?

G2 = C [,Q de; F(Z, &) [e4(e1 +2)]2 (g, +1) [o¥*1 de, F(Z, &5) [e,(e, +2)]Y2 (g, +1)(Q- £1- &,)°

dG? = 1040 C [,Q de, F(Z, £;) [g1(g1 +2)1V/2 (g, +1) [(¥e de, F(Z, &,) [g,(e;, +2)11/2 (g, +1)(Q- &5 £5)*
C = (Gg*(cosg)*m, )/240m7 t;,=¢,-1; J.S. Diaz, PRD89(2014),

EXO collab., arXiv:1601.07266v2[nucl-ex]
Go%¥, dG?’ can be calculated in different approximations:

*F(Z,€) = (2my)[1-exp(- 2my)] !,y = +aZe/q, Primakoff&Rosen, RPP22(1959)

* F(Z, €) = 4(2qR)*"D |T(y+iy) |?exp(my) |T(2y+1)]> Suhonen&Civitarese, PR301(1998)

* using exact electron functions obtained by solving Dirac equations Iachello,PRC852012; Stoica, PRC88(2013);
RRP63(2015)
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a) dd —> uu W"W*->uu ee : OVBB
b) I —>3tee ;= —>puw : hyperon decays

=fe > putut AL > 2 ptpt

C)T —>I"M M, v 2y uy

tau decays
d) Mil -> Iil |¢2 |\/|-/+2 : rare meson decays (B, D, K,..)
e)t—>bI* *,WW : top-quark decay
fpp > 1" ", X : same sign dileptonic production
g) H= > 5, X : double-charged Higgs decays
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