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Abstract. We study a new mode of the neutrinoless and two-neutrino double-
beta decays in which a single electron is emitted from the atom. The other elec-
tron is directly produced in one of the empty s; /2 or py /7 orbitals of the daughter
ion. The neutrinoless electron-production mode OvEP 3™, which would mani-
fest through a monoenergetic peak at the endpoint of the single-electron energy
spectrum, is shown to be out of reach of the currently planned experiments.
Conversely, its two-neutrino counterpart 2vEP /™ might have already influ-
enced the single-electron spectra measured, e.g., for the isotope °°Mo in the
experiment NEMO-3. We discuss the prospects for detecting these new modes
also for 8%Se in its forthcoming successor SuperNEMO.

1 Introduction

The discovery of neutrino oscillations marked the beginning of a new era in
neutrino physics, main feature of which is the question of the origin and abso-
lute scale of neutrino masses. Observation of the neutrinoless double-beta decay
would imply a Majorana nature of massive neutrinos v; (¢ = 1, 2, 3), a conse-
quence of which would be the identity of the flavor neutrinos v,, (o = e, p, 7)
and their respective antineutrinos 7, [1]. Moreover, it would bring us com-
pelling evidence that the total lepton number L is not strictly conserved in the
nature. The search for this elusive process provides us with means to set upper
limits on the absolute scale of neutrino masses, as well as with a unique access
to the mechanism of CP violation in the lepton sector which is necessary in order
to explain the observed baryon asymmetry of the Universe [2].

The observed form of the double-beta decay 2v3~ 3~ involves a transmu-
tation of an even-even parent nucleus ‘%X into an even-even daughter nucleus
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7 +‘2Y, accompanied by an emission of two electrons e~ and a pair of electron
antineutrinos 7, from the atom, while in its hypothetical neutrinoless version
OvB~ B~ the antineutrinos are missing:

%X—> Z_;,_éY"'e_ +e +(ve +Pe)- (1)

The neutrinoless mode Ov 3~ 3~ increases L by 2 units and could be discov-
ered in calorimetric measurements of the sum of electron energies by revealing
a monoenergetic peak at the two-electron spectrum endpoint corresponding to
the total released kinetic energy . The two-neutrino mode 23~ 3~ has so far
been observed for 11 out of 35 even-even isotopes for which the ordinary 5~
decay into the odd-odd intermediate nucleus is either energetically forbidden or
substantially suppressed by spin selection rules [3]. In this work, we focus on
the 0T — 0% ground-state transition of the isotope '°’Mo which was exten-
sively studied throughout the operation of the tracking-and-calorimetry double-
beta-decay experiment NEMO-3 located at the Modane Underground Labora-
tory (LSM), France [4].

In 1992, Jung et al.observed for a first time the bound-state 5~ decay in
which the electron is directly produced in atomic K or L shell and the monochro-
matic electron antineutrino carries away almost the entire energy of the de-
cay [5]. The group has studied bare 122Dy66+ ions collected in a heavy-ion
storage ring at GSI, Darmstadt, and deduced a half-life of 47 d for the otherwise
stable isotope. It was pointed out that such rare form of the 5~ decay might
play a crucial role in stellar plasma where highly-ionized atoms participate in
the nucleosynthesis.

In this work, we propose to study the bound-state double-beta decay OvEP S~
(vEPS™):

X — A +ey +e + (T +Te), ©)

where a single free electron e~ is emitted from the nucleus, while the electron
production (EP) of a bound electron ¢, is assumed to fill one of the empty s; /2
or py /o orbitals above the valence shell of the daughter ion , +‘3Y2+. Inclusion
of the bound states with higher angular momenta is not necessary since their
wave functions experience only a negligible overlap with the nucleus. These
new single-electron modes exhibit a distinctive kinematics and could in princi-
ple be recognized by their characteristic signal induced in the double-beta-decay
detectors. For instance, 0vEP 3~ (being effectively a two-body decay) should
be searched for in the form of a monoenergetic peak at the endpoint of the energy
distribution of individual electrons. The single-electron spectra have been mea-
sured in the NEMO-3 experiment and will be studied with enhanced accuracy in
its forthcoming successor SuperNEMO [6].
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2 Calculation of Phase-Space Factors

The double-beta decay can occur in the 2™ order of the effective 3-decay Hamil-
tonian [7]:

Hp(z) = f:/ge(a:) ~AH (1 — 75) ve(z) j,(z) + Hec., 3)

where G = G cosfc contains the Fermi constant Gy and Cabibbo angle
Oc = 13° [8], e(x) and v.(x) denote the electron and electron-antineutrino
fields, respectively, and j,(z) = B(z)v, (9v — ga~*) n(z) is the hadronic
charged current involving the proton p(x) and neutron n(z) fields with the vector
gv = 1 and (unquenched) axial-vector g4 = 1.269 weak coupling constants.
Due to neutrino mixing, the left-handed components of the flavor-neutrino fields
Vo () are in fact linear combinations of the underlying massive-neutrino fields
v;(x) given by the unitary PMNS matrix: vor () = >, Us; vir(2).

Assuming the Majorana nature of massive neutrinos and employing the stan-
dard approximations, the formula for the inverse Ov3~ 8~ half-life can be brought
into the following form [1]:

—1
(1) = a6z, @ o

2
— ‘ . 4
Me

Here, the phase-space factor G°“##(Z, Q) depends solely on the kinematics
of the involved particles, the nuclear matrix element A/°#8 can be in prin-
ciple determined from the theory of nuclear structure, and the effective Ma-
jorana neutrino mass mgg = »_, U2 m; is a function of (yet unknown) pa-
rameters of the neutrino physics: the Majorana phases 1 2 embedded in the
PMNS matrix elements U,; and the neutrino masses m;. To this day, the most
stringent limits have been obtained in the '**Xe double-beta-decay experiments
KamLAND-Zen and EXO-200, with the former providing a constraint as low
as [9]: |mgp| < 61-165meV. On the other hand, the formula for the inverse
2v[3~ 8~ half-life can be derived within the Standard Model [10]:

1
(Tf/l'fﬁ) _ gi GQV'B*B(Z, Q) |me MQVﬂ5’2. )

For the single-electron modes OvEPS™ and 2vEPS™, their respective in-

-1 -1
verse half-lives (Tlo/l’QE B ) and <T1272E P8 ) exhibit a structure fully anal-

ogous to the aforementioned, the only distinction being in the corresponding
phase-space factors GO"PP(Z, Q) and G**FP8(Z, Q). Since these quantities
depend crucially on the atomic structure, we employed a fully relativistic de-
scription of the final-state electrons in terms of the solutions to the Dirac equa-
tion with centrally-symmetric potential [11]:

s = (i) ©

77



A. Babi¢&, D. Stefanik, M.1. Krivoruchenko, F. Simkovic

where the radial wave functions f,(r) and g, (r) depend on the energy of the
electron, while the angular functions €., (), also known as the spinor spherical
harmonics, are common for both the discrete and continuous spectrum. The
quantum number k = (I — j)(2j + 1) = £1, £2, ... collectively labels all
possible couplings of the orbital [ = 0, 1, ... and spin s = +1/2 angular
momenta, while p = —j, ..., 4+j denotes the projection of the total angular
momentum j = |l + s| onto the z-axis.

For the OvEP™ and 2vEP 3~ phase-space factors we have derived the fol-
lowing formulae:

GEm? >0
GOVEPS — mfw > B.(Z, A)F(Z+2,E)Ep, (]
4 o0
GQVEP,B _ GIB

- 8m6m21In2 Z Bn(Z, 4)

L =Nmin

metQ Me+Q—E
X /dEF(Z+2,E)Ep / dw; w? wi. ®)

Me 0

In the first equation, the nuclear radius R is by convention included explicitly in
order to make the nuclear matrix element /%% dimensionless. The factor of
In 2 comes from the relation between the decay rate and half-life: I’ = In 2/} /2-

The quantity B, (Z, A) is a bound-state analogue of the Fermi function fa-
miliar from the theory of beta decay:

Bn(Z, A) = fi _1(R)+ g5 11 (R), )

where the two terms originate from the inclusion of s; /> and p;/, bound states,
respectively. In order to properly account for the relativistic many-electron
structure and the shielding effect of nuclear charge, the radial wave functions
frn,—1(R) and gn +1(R) of the bound electron e at the nuclear radius R =
1.2 fm A'/3 were evaluated by means of the multiconfiguration Dirac—Hartree—
Fock package GRASP2K [12,13]. The computation was performed assuming the
electron configuration of the parent atom %X, with the daughter isotope _SY
being the source of nuclear Coulomb attraction, for all available electron shells
above the valence shell (ny,;j, = 5 for 1281\/[0) up to n = 9. Since in the ab-
sence of atomic shielding the squared electron wave functions near the origin
decrease as n > [14], the rest of electron shells were to a good accuracy (~ 5%)
approximated by a fit of the calculated values using the power function cn ™" and
summed analytically via the Riemann zeta function {(p). Since the convergence
could not be achieved in case of the 6s; /5 orbital, the value of f62771 (R) has been
replaced by the one predicted by the fit.

The Fermi function F(Z, E), which involves the continuous-spectrum ra-
dial wave functions f_1(F, R)and g.1(E, R) evaluated on the nuclear surface,
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can be approximated by the expression for the relativistic s; /o wave [15]:

|F(7+ZV)‘ ? 2v—=2 7mv
T(2y+1) ] (@pRy7m e
(10)

where v = /1 — (aZ)?, v = aZFE/p, and p = |p] is the momentum mag-
nitude of the free electron e~ with energy F = /p? + m2. In the results, the
Fermi function F(Z + 2, E) assumes the full charge of the daughter nucleus
7 +‘§Y, since in the continuum the shielding effect has been shown to be rather
insignificant [16].

In GO“FPP | the free-electron energy is fixed by the energy conservation: F =
m. + @, where we have neglected the nuclear recoil as well as the binding
energy of the bound electron ¢, . In G?YEPB similar approximations erase the
dependence on n from the integral boundaries and, in turn, an infinite sum of
integrals simplifies into a product of 3> B, (Z, A) and just one double
integral; in the integral over the first-neutrino energy w;, the second-neutrino
energy is once again constrained by the energy conservation: we = m, + Q —
E— wi.

F(Z, E) = f,(E. R) + ¢, (E. R) ~ 4 [

3 Half-Lives and Single-Electron Spectra

In Table 1, we present the values of the Ov5~ 3~ and OvEP/S~ phase-space
factors G?V5P and G°VFPP obtained for the 0F — 0T ground-state transi-
tion of the isotope °°Mo with total released kinetic energy Q = 3.034 MeV
[17], assuming the unquenched value of the axial-vector weak coupling constant
ga = 1.269. We also evaluate the ratio between the corresponding decay rates:
[OVEPS TOvBS — GOVEPS /GOVEB which is independent of the nuclear matrix
element M %A% and the effective Majorana neutrino mass mgg, and hence free
of the peculiarities of the nuclear and neutrino physics. Finally, we estimate the

OvB~ B~ and OvEP B~ half-lives Tlo/”f A and Tlo/l;EP’B based on the value of the

nuclear matrix element |M ovBB | = 5.850 calculated in [18] via the spherical pn-
QRPA approach including the realistic CD-Bonn nucleon-nucleon potential with
short-range correlations and partial isospin-symmetry restoration, and assuming
the value of the effective Majorana neutrino mass |mgg| = 50 meV which is
compatible with the inverted hierarchy of neutrino masses. The value obtained

Table 1. The Ov3~ 8~ and OvEPS™ phase-space factors G°*#5 and G®EF# | decay-

rate ratio ['0VEF8 /T0v88 — GOVEPS /GOVBE and half-lives Tf}’fﬁ and TIO/VQEPB for the

isotope 1°°Mo, assuming the nuclear matrix element ’ MOvBB ’ = 5.850 [18] and the
effective Majorana neutrino mass |mgg| = 50 meV.

GOuﬁﬁ [y—l] GOI/EPﬁ [y—l] FOI/EPﬁ/FOVﬁﬁ Tl(JVQﬁﬁ [y] TIOI/2EP[3 [y}
1.887 x 107 7.400 x 10~2° 3.92 x 107 6.24 x 10*®  1.59 x 103!
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for the decay-rate ratio T9VFFP# /T0¥A8 gugeests a suppression of the single-
electron mode OvEPS~ by 6 orders of magnitude, which is mainly attributed
to the presence of other electrons in the inner atomic shells: the lowest-lying
orbitals (which would otherwise provide the largest contributions to the decay
rate TOVFPP) are already occupied, while the shielding effect of nuclear charge
substantially reduces the bound-state wave functions on the surface of the nu-
cleus. The estimated half-life Tf "2EPB further confirms that the mode OvEP3~
can hardly be observed in the current and near-future experiments.

In Table 2, we show analogous results for the 2v5~ 5~ and 2vEP ™ phase-
space factors G?#8 and G?VFP8 as well as the decay-rate ratio [2VFP# /[2v88 —

G?VEPB |G2vBB The 2v4~ 4~ half-life Tf/"fﬁ for the 0© — 07 ground-

state transition of °’Mo has been measured experimentally [3], from which the
value of g% |M 2vpp | can be deduced regardless of the details of the nuclear-

structure theory, and used to predict the 20vEPS™ half-life Tf/l'QEPﬁ without
any further assumptions; for the unquenched value g4 = 1.269 it follows:
me M?PB| = 0.1194. We observe that the decay-rate ratio ['2/#P5 /1255
indicates a relative suppression of the mode 2vEP S~ to be one order of magni-
tude lower as compared to the neutrinoless case. Moreover, the absolute half-life
T12/V2E P4 even turns out to fall within the sensitivity of some of the running ex-

periments, which points to somewhat more optimistic prospects for finding the

signatures of such rare decay in the available double-beta-decay detectors.

In Figure 1, we compare the calculated Ov3~ 3~ and OvEP 3~ single-electron
spectra. These are represented by differential decay rates 1/I'°#% dI"/d E (with
the former normalized to unity) as functions of the electron kinetic energy £ —
me. In particular, we consider the 0t — 0T ground-state transition of the
isotope °°Mo with Q = 3.034 MeV [17], which had been extensively used in
the NEMO-3 experiment [4]. From the obtained phase-space factor GOFF7 it
follows that the single-electron mode OvEPS™ constitutes a sharp peak at the
endpoint of the Ov3~ 3~ single-electron spectrum, i.e., the free electron effec-
tively carries away the entire released kinetic energy (). For illustration pur-
poses, we present the OvEP S~ peak as a Gaussian with 0 = 50keV (which
coincides with the desired energy resolution of SuperNEMO calorimeters [6])
and scale its height by a factor of 10%. From such disproportion it is clear that
the OvEP /3~ peak will hardly be observed in the forthcoming measurements.

Table 2. The 2v3~ 3~ and 2vEPS~ phase-space factors G2*#8 and G*'®F7 | decay-

rate ratio I2VFFPP /T2vB8 — G2VEPB /G2vBB and half-lives Tf/”fﬁ [3] (which implies

the nuclear matrix element: |me M?BB | = 0.1194) and Tf/"QEPB for the isotope °°Mo.

GQVﬁﬁ [y—l] GZI/EPﬁ [y—l] FZJ/EPﬁ/FZVﬁﬁ T12112[3[3 [y] T12u2EP[3 [y}

3.809 x 1071®  1.367 x 10722 3.59 x 107° 7.10 x 10**  1.98 x 10%
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Figure 1. Single-electron Ov3~ 3~ and OvEPS~ spectra 1/I"°*%8 dI"/dE (the former
normalized to unity) as functions of electron kinetic energy & — m. for the isotope
100Mo (Q = 3.034 MeV [17]). The OvEPS~ peak is represented by a Gaussian with
o = 50keV and scaled by a factor of 10%.

Nevertheless, the future double-beta-decay experiments with tracking capability
should be able to set limits on the single-electron mode OvEP 3~ also for other
isotopes, most notably SuperNEMO using 5%Se as its primary isotope.

In Figure 2, we show the computed single-electron spectra for the 2v3~ 5~
and 2vEPS~ modes, defined as the differential decay rates 1/T"dI'/dE nor-
malized to unity, for the 07 — 01 ground-state transition of °°Mo with
@ = 3.034 MeV [17]. We immediately observe that the single-electron mode
2vEPS~ exhibits a different shape of the spectrum, which should in turn mani-

: BB

" - 2ERs
B

= ]
©
=

— i

0_0’”H\HH\HH\HH‘_‘ I B

0.0 0.5 10 15 20 25 30 35

E - me [MeV]

Figure 2. Single-electron 203~ 3~ and 2vEPS™ spectra 1/T'dI'/dE (normalized to
unity) as functions of electron kinetic energy E — m. for the isotope 1Mo (Q =
3.034 MeV [17)).
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fest through a slight deformation of the measured 2v3~ 5~ single-electron spec-
tra. With more than 700, 000 positive events coming from approximately 7kg
of enriched Mo during 3.49y of exposure (the low-radon phase) and very
high signal-to-background ratio [19], we suggest that a thorough reassessment
of the NEMO-3 data could provide us with valuable insight into the connection
between the atomic physics and mechanisms of the double-beta decay.

4 Conclusion

We have examined new modes of Ov3~ 3~ and 2v3~ 3~ in which only one
electron is emitted from the atom, the second one being directly produced in the
atomic shell of the daughter ion. Such processes would constitute the double-
beta-decay counterparts of the bound-state beta decay observed some 25 years
ago. We have calculated the phase-space factors, estimated the half-lives and de-
rived the single-electron spectra for the 0% — 0T ground-state transition of the
isotope 1Mo, which was the primary source used in the NEMO-3 experiment.
We conclude that while the 0vEP 3~ mode is strongly suppressed, the 2vEP 5~
mode could readily contribute to a slight deformation of the measured NEMO-3
data. The forthcoming experiment SuperNEMO will possess all means to set
more stringent limits on both single-electron modes OvEP S~ and 2vEPS3~ for
other isotopes.
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