1% £

Jyvaskylan yliopiston julkaisuarkisto I
Jywiskyld University Digital Archive UNIVERSITY OF JYVASKYLA

This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Author(s): Suhonen, Jouni

Title: Analysis of double-beta transitions in 78 Kr
Year: 2013
Version:

Please cite the original version:

Suhonen, J. (2013). Analysis of double-beta transitions in 78"Kr. Physical Review C,
87, Article 34318. https://doi.org/10.1103/PhysRevC.87.034318

All material supplied via JYX is protected by copyright and other intellectual property rights, and
duplication or sale of all or part of any of the repository collections is not permitted, except that
material may be duplicated by you for your research use or educational purposes in electronic or
print form. You must obtain permission for any other use. Electronic or print copies may not be
offered, whether for sale or otherwise to anyone who is not an authorised user.



PHYSICAL REVIEW C 87, 034318 (2013)

Analysis of double-f transitions in "*Kr
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Department of Physics, P. O. Box 35 (YFL), FI-40014 University of Jyvdskyld, Finland
(Received 24 January 2013; published 20 March 2013)

In this paper a comprehensive theoretical analysis of the two-neutrino (2v2) and neutrinoless (0v28) double-
beta decays of ®Kr is performed by evaluating the corresponding nuclear matrix elements by combining the
quasiparticle random-phase approximation with the multiple-commutator model. Transitions to the ground state
0; and 0F and 27" excited states in 7®Se are investigated by using G-matrix-based nuclear forces. The channels
BB+, BTEC, and ECEC are discussed for the 2v28 decays and the channels 8t 8% and BTEC for the 0v28
decays. The associated half-lives are computed to see if the detection of some of these transitions is experimentally

feasible.

DOI: 10.1103/PhysRevC.87.034318

I. INTRODUCTION

At present we do not know whether the neutrino is a
Majorana or Dirac particle or what is its absolute mass
scale. On the other hand, neutrino-oscillation experiments have
enabled precision measurements of the neutrino-oscillation
parameters, including information on neutrino mixing and
relative masses. It is well known that atomic nuclei can
be of service in clarifying the fundamental nature of the
neutrino by engaging the Majorana-neutrino-triggered neutri-
noless double-beta (Ov28) decays. Here, the involved nuclear
matrix elements (NMEs) constitute a long-debated issue [1-3]
and their accurate evaluation is one of the most important
challenges in present-day neutrino physics. It has become cus-
tomary to harness the standard-model counterpart of the Ov28
decay; namely, the two-neutrino double-beta (2v28) decay, to
serve as a testing ground for the various nuclear models used
in the NME calculations. This is feasible since 2v28-decay
half-lives have been measured for several nuclei [4].

The positron-emitting modes of double-beta decays, 818",
BTEC [5,6] and ECEC [7-11] are much less studied than the
double-B~ decays [2,3,12] owing to their less favorable decay
Q values. Such decay modes could, however, be potentially
interesting, as shown by several older studies [13—17] and
some more recent ones [18-21]. In the present article the two-
neutrino B+ B*, BTEC, and ECEC transitions and neutrinoless
BT BT and BTEC transitions in "®Kr are discussed. Considered
are the transitions to the ground state Ogs and to the first-
and second-excited 27 states 2;“ and 2;“ , as well as to the
first-excited 0" state 0) in the daughter nucleus "Se.

In this work the involved wave functions of the nuclear
states are calculated by using the quasiparticle random-phase
approximation (QRPA) in a realistically large single-particle
model space (see Refs. [22-24] for a discussion of the
model-space effects). In particular, the ZT state in "8Se is
assumed to be a one-phonon state of the charge-conserving
QRPA (ccQRPA) [25], whereas the Ofr and 22+ states are
assumed to consist of two 2] ccQRPA phonons as discussed in
Refs. [23,24]. The J7 states of the intermediate nucleus "®Br
are treated by the proton-neutron QRPA (pnQRPA) [2,25].
The one- and two-phonon states in 78Se are then connected to
the J™ states of "®Br by transition amplitudes obtained from
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a higher-QRPA framework called the multiple-commutator
model (MCM), first introduced in Ref. [26] and further
extended in Ref. [27]. For all the Ov2p8 transitions the NMEs
are computed by the use of both the Jastrow short-range
correlations [28] and the UCOM correlations [29,30]. Both
short-range correlators have been recently used in many QRPA
calculations [31-35] as also in shell-model calculations [36]
and in some other calculations [37,38]. In addition, the contri-
butions arising from the induced currents and the finite nucleon
size [39] have been taken into account. The calculations of
the present paper constitute an exhaustive treatment of the
double-beta-decay properties of K.

II. SHORT OUTLINE OF THEORETICAL FRAMEWORK

In this section only a short outline of the basic theoretical
ingredients of the calculations is given. A more detailed
presentation is given in a recent article [21].

In the presently discussed case of the "®Kr two-neutrino
double-beta decay 2v2p, there are three different decay
channels; namely, B+ 8%, BTEC, and ECEC. The associated
half-lives can be expressed as [1,5]

o« -1 (Gga)'m] [ (@) n
EETIChe) I 3277 In2 dEZ M1,
a = p*B", BTEC, ECEC, (1)

where I =0, 2 is the final-state angular momentum, G is
the weak-interaction constant, g, is the axial-vector coupling
constant, m. is the electron rest mass, and f dE@ denotes
integration over the lepton phase space. This integration is
different for the different decay channels and leads to the
following expressions for the half-lives [21]:
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where the expressions for the lepton phase-space integrals
G%,(I"), a = BTBT, BTEC, ECEC are given in Ref. [5] and
the NMEs M3, (1) include the various energy denominators
and a summation over all the 11 states of the intermediate
nucleus ®Br [21]. Above, the symbols EC(K) and EC(L)
denote electron capture from the atomic K and L; shells,
respectively.

For the Ov28 decays (via the exchange of a massive
Majorana neutrino) the inverse half-lives for the 878 and
BTEC channels can be expressed in the form

[7e.09] " = G&ONHIMO P (1(m,)|[eV])?
o = ﬂ+/3+7 ,3+EC, (5)

where (m,) is the effective neutrino mass [2] that should be
given in Eq. (5) in units of eV. The phase-space integrals
GEP (%) and G FC(0") are defined in Ref. [6]. The 0v2b
NMEs are defined [22—-24] in terms of the Gamow-Teller (GT),
Fermi (F), and tensor (T) matrix elements

2 2
ovy _ [ 8A vy 8V (Ov) (Ov)
e = (i) [ - (5) w0 @

where ga = 1.25 corresponds to the bare-nucleon value of
the axial-vector coupling constant and gy = 1.00 is the vector
coupling constant. The tensor matrix element is neglected in
the present calculations since its contribution is very small
[31,36]. The Gamow-Teller and Fermi NMEs appearing in
the half-life expressions are given in Ref. [21]. There also the
involved one-body transition densities are written explicitly.

III. DETAILS OF MODEL CALCULATIONS

The single-particle space of the present nuclear-structure
calculations contains the single-particle orbitals belonging
to the 1p-0f-2s-1d-0g-0hy1/, shells for both protons and
neutrons. The single-particle energies were first generated by
the use of a global spherical Coulomb-corrected Woods-Saxon
(WS) potential, defined in Ref. [40]. The BCS approximation
was used to define the quasiparticles needed for the quasi-
particle random-phase approximation (QRPA) calculations of
the necessary wave functions in the intermediate nucleus *Br
(proton-neutron form of the QRPA, pnQRPA [25]) and the final
nucleus "3Se (the like-particle form of the QRPA, denoted here
as ccQRPA [21,25]). It turned out that the resulting energies
of the one-quasiparticle states do not reproduce satisfactorily
the low-energy spectra of the neighboring odd-A nuclei. This
leads to manual adjustments of the WS energies for some
key orbitals close to the proton and neutron Fermi surfaces.
Adjustments of this spirit have been used on several occasions
in past calculations (see, e.g., Refs. [22,24,35,41]). In the
present case these adjustments also improved considerably
the quality of the calculated beta-decay rates which served as
a good check of the computed wave functions of the excited
states in "3Se. These decays will be discussed in detail in
Sec. IV A.

The Bonn-A G-matrix has been used as the two-body
interaction and it has been renormalized in the standard
way [26,42]: the pairing matrix elements are scaled by a
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common factor, separately for protons and neutrons, and in
practice these factors are fit such that the lowest quasiparticle
energies obtained from the BCS match the experimental
pairing gaps for protons and neutrons, respectively. The
particle-hole and particle-particle parts of the proton-neutron
two-body interaction are scaled by the particle-hole parameter
gph and particle-particle parameter gpp, respectively. The value
of the particle-hole parameter, gon = 1.20, was fixed by the
available systematics [25] on the location of the Gamow-Teller
giant resonance (GTGR) state.

The value of the g,, parameter regulates the B~ -decay
amplitude of the first 17 state in the intermediate nucleus [43]
and hence also the decay rates of the Bf decays. This
value can be fixed either by the data on B~ decays [43]
or by the data on 2vB8~ f~-decay rates within the interval
ga = 1.00-1.25 of the axial-vector coupling constant as done,
e.g., in Refs. [30-32,34]. In the present case there are no data
for the 2vB~ B~ -decay rates and also no suitable data for the
B~ decays. This poses a problem in an unambiguous selection
of the physical values of g,,. The only reasonable way to cope
with the situation [35] is to choose a wide range of g, values
in such a way that the largest adopted value does not bring the
NME close to the collapse point of the pnQRPA. The lowest
value of gy, is chosen such that all the physically meaningful
values of the 2v28 and Ov28 NMEs are safely covered.
These procedures confine the values of the particle-particle
parameter to the interval gp, = 0.80-1.05 in the present case.

For the ccQRPA the gy, and gp, parameters were fixed to
the values gpn = 0.582 and gy, = 1.00 for the 2* channel. For
the given value of g, the experimental location of the 2] state
in 78Se is reproduced by the ccQRPA calculations.

IV. RESULTS

In this section the main results of the present calculations
are summarized. First the computed reduced half-lives, i.e.,
the log ft values, of several beta-decay transitions relevant
for probing the wave functions in ’8Se are compared with
the available log fr data. Second, various 2v28 and 0v28
observables are calculated for comparison with the possible
future double-beta-decay experiments.

A. Single-g decays

The available data on B~ -decay and B+/EC-decay rates
allow for studies of the lateral beta-decay feedings of the 0"
ground state and low-lying excited 0", 2%, and 47 states in the
daughter nucleus "8Se of the double-beta decay of "®Kr. These
states are shown in Fig. 1. From this figure one sees that the
second 2% state 27, the first-excited 0" state 0], and the first
47 state 47 are all found at an energy roughly twice the energy
of the first 2 state 2;. This points to the vibrational nature
of 78Se and the possibility to treat the 27, 0f, and 4] states
as a two-phonon triplet based on the 2;“ state (see for further
details in Ref. [24]).

In Fig. 1 is shown also the feeding of the indicated states by
allowed Gamow-Teller 87/EC transitions from "®Br and first-
forbidden B~ transitions from 78 As. In the figure the numbers
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FIG. 1. (Color online) Level scheme of ®Se and the feeding of
the levels by allowed Gamow-Teller 8+/EC transitions from *Br and
first-forbidden B~ transitions from ®As. Given are the log ft values
of the transitions with the computed ones (in parentheses) compared
with the experimental ones.

are log ft values with the computed ones given as ranges
in parentheses and the experimental ones as single numbers
without parentheses. The computed numbers correspond to the
range ga = 1.00-1.25 for the axial-vector coupling constant
translating to the interval gp, = 0.80-1.05 for the particle-
particle interaction strength parameter.

For the allowed B87/EC decays of this work the log fr value
is defined as [25]

6147
}, (7

log ft = log(fot12) = log [
Bgr

where the reduced Gamow-Teller transition probability is
defined as

2
Bor = S2(Jf ot |17)? ®)

for the initial 17 state in "*Br and the final J; states in "*Se.
Here ¢ is the isospin raising operator and the vector ¢ contains
the Pauli spin matrices. For the first-forbidden unique (FFU)
B~ transitions 2~ — 0" and 2~ — 47 we can define [25]

6147
log ft = log(fiut1/2) = log |: T :| ;

172 Plu
u = 2J—+1 Tu )
where
2
MmeC A
My = ﬁu}rll[dr]zt 127) (10)

is for the initial 2~ and final JJT = 07, 41 states. For the first-
forbidden nonunique transitions J;” — J;', [Ji = Jrl < 1, we
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can define [25]
6147
log ft = log( fot1/2) = log |:foFi| , (11)
1

where the shape function S f) can be inferred from Ref. [26].
From Fig. 1 one can see that the computed ranges of
log ft values for the allowed Gamow-Teller 8/EC transitions
are generally somewhat low compared to the experimental
values. This means by (7) that the computed decay rates
are somewhat too fast. In the case of the first-forbidden S~
transitions the correspondence between the experimental and
computed log £t values is satisfactory. It should be noted at this
point that the computed figures of Fig. 1 refer to the adjusted
single-particle basis discussed in Sec. III. The corresponding
beta-decay results for the Woods-Saxon basis are much worse
and thus give support to the single-particle-energy adjustments
based on the analysis of the single-quasiparticle energies.

B. Two-neutrino double-8 decays

Figure 2 summarizes the computed results for the 2v2p
half-lives for different modes of decay, as deduced from
Egs. (2)—(4). From the figure one perceives that the decay
mode Bt BT has a positive Q value (and thus can occur) only
for the lowest-two final states. Instead, the ECEC and 8TEC
modes are possible for all the final states of interest in this
work. The ranges of decay half-lives are computed for the
range ga = 1.00-1.25 of the axial-vector coupling constant
and correspond to the interval g,, = 0.80-1.05 for the gpp
parameter. The absolute values of the involved NMEs are
summarized in the last three columns of Table I where the
first column gives the final state and the second column its
interpretation either as the QRPA ground state (gs) or as a
one-phonon state (1-ph) or a two-phonon state (2-ph). In the
table the NMEs M35 are those involved in Eqgs. (2)—(4). The

L
5By
+
(0 -
36K14

of _1498.60 keV ECEC: (3.63 — 8.37) x 10%, BTEC: (3.47 — 8.19) x 10%
1 . . \ g
o 1308.64 keV ECEC: (6.74 — 167) x 1031, B*EC: (1.55 — 32.9) x 103!
2

o 61373 keV ECEC: (1.01 — 8.15) x 10%, BTEC: (9.25 — 71.6) x 10%
! BTAT: (249 — 20.7) x 1040
o+ ECEC: (8.60 — 27.5) x 102!, BTEC: (1.34 — 4.41) x 10?2
s

S0, BrpT: (4.94 —15.8) x 10%

FIG. 2. (Color online) Computed partial decay half-lives of the
ECEC, BTEC, and 87 B* decay transitions from the ground state of
8Kr to the ground and excited states in ’8Se. The half-lives are given
in units of years.
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TABLE 1. Absolute values of the NMEs for the various 2v28 processes in "8Kr. The first column gives the final
state and the second column its interpretation either as the QRPA ground state (gs) or as a one-phonon state (1-ph) or
a two-phonon state (2-ph). The last three columns give the absolute values of the NMEs M5 involved in Egs. (2)—(4).

Final state Structure M5, |
ECEC BTEC BTBT
0% gs 0.512 +0.223 0.532 £0.232 0.256 £0.111
27 1-ph 0.0017 £ 0.0012 0.0020 £ 0.0014 0.0014 £0.0010
2F 2-ph 0.00065 £ 0.00058 0.00080 £ 0.00070 0.00043 £ 0.00040
of 2-ph 0.054 +0.021 0.056 £ 0.022 0.027 +£0.010

values of the K and L; NME:s in Eqgs. (3) and (4) are the same
to the accuracy given in Table I so that only one value of the
NME is given for the B*/EC and ECEC modes. In Table I
the mean values and standard deviations of the NMEs were
computed from the set of four NMEs; namely, the normal
and hybrid NME:s (see the explanation below) for the extreme
values go = 1.00 and go = 1.25 of the axial-vector coupling
constant.

In computing the NMEs of Table I and the corresponding
half-lives of Fig. 2 the adjusted single-particle basis was
used with the ranges ga = 1.00-1.25 and gy, = 0.80-1.05.
In addition to using the standard expression for the 2v2f
NME [see Eq. (10) of [21] ] also a “hybrid” expression for
the NME was used. In the hybrid NME the computed value
of the transition amplitude corresponding to the lowest second
leg "*Br(15) — 7*Se(J/) of the 2v2f transition amplitude
was replaced by the corresponding experimental value for
each of the final states J | = Ogs, 2?', 2;’, Of'. The experimental
amplitudes were extracted from the experimental log ft values
of the corresponding Gamow-Teller transitions in Fig. 1, as
is done in the single-state-dominance approximation (see,
e.g., Refs. [44,45]). Unfortunately, for the extraction of
the amplitude of the lowest first-leg transition "*Kr(0f;) —
78Br(1;;) there is no experimental data on the corresponding
B~ transition 78Br(lgs) — 78Kr(O;rS). Hence, the amplitude had
to be extracted from the corresponding log ¢ value in a similar
system of initial and final nuclei. As this “sister” transition the
adjacent B~ transition 8‘)Br(lé"s) — 8OKr(Og's) could be used,
with the log ft value log ft = 5.5.

It is interesting to note from Table I that for the 0" final
states the ECEC and BTEC NMEs are approximately a factor
of 2 larger than the 87 81 NMEs. In fact, the ECEC NMEs are
exactly two times the 87 8+ NMEs. This is easy to understand
when looking at the construction of the NMEs in Eq. (9) of
Ref. [21]. The energy denominators of the 881t NMEs and
ECEC NMEs are given in Egs. (13) and (17) of Ref. [21],
respectively. When the approximation &p; ~ 1 is used in
Eq. (20) of Ref. [21], then the energy denominator of the
ECEC NMEs in Eq. (17) of Ref. [21] is exactly half the energy
denominator of the B+ 8T NMEs in Eq. (13) of Ref. [21]. For
the BTEC NMEs the approximation &,; ~ 1 does not lead to
such an exact relation as in the previous case but to something
that is close.

The value of the axial-vector coupling constant ga strongly
affects the magnitudes of the phase-space factors G5,(I") in
Egs. (2)—(4) since it appears there in the fourth power. In

the present calculations this dependence of the phase-space
factors does not overwhelm the dependence of the NME on
&pp> however. This means that the lower (upper) limits of the
half-lives in Fig. 2 correspond to g = 1.00 (go = 1.25). The
situation in the corresponding decays of °Ru in Ref. [21] was
the opposite and the main uncertainty there stemmed from the
uncertainty in the energy of the first excited 17 state in the
intermediate nucleus *°Tc.

It is well visible in Fig. 2 that the half-lives corresponding
to the 2 final states are much longer than those corresponding
to the 07 final states; the reason for this being that the related
NMEs are much smaller for the 27 final states, as witnessed
in Table 1. This feature was already noticed in the early
work of Ref. [15]. Concerning the detection possibilities of
the 2v2p processes in 78Kr, the best chances of detection
in the near future offer the ECEC and BTEC decays to the
ground state with the computed half-lives in the range of
(9-44) x 10?! years. The best experimental limit thus far for
the ground-state-to-ground-state double K-capture mode has
been set to TZEVC(K)EC(K)(O;S) > 2.3 x 10% yr in Ref. [46] and

for the A*EC(K) mode to T3, "“®(0%) > 1.1 x 10% yr in
Ref. [47]. These half-life limits are still almost two orders of
magnitude below the presently computed ones but maybe not
so far for the experiments exploiting modern technologies like
the ultralow-background HPGe y spectrometry [48]. Based
on the computed results it is clear that the detection of the
decays to the 2% final states is hopeless in the foreseeable
future.

C. Neutrinoless modes of double-8 decays

Let us next discuss the observables related to Ov2S decays.
As discussed in Sec. III the adopted range of values for the
particle-particle parameter is gp, = 0.80-1.05. The calculated
Jastrow- and UCOM-correlated NMEs for the Ov28 decays of
interest are shown in Table II. In Table II the first column lists
the NMEs for the two different final states in "®Se; namely, the
ground state and the first excited 07 state 0] at 1498.60keV
of excitation, presumed to be a two-phonon state. The values
of the Gamow-Teller, Fermi, and total NMEs have been given
for both Jastrow and UCOM short-range correlations and the
two extreme values of the axial-vector coupling constant.

From Table II one observes that the UCOM-correlated
NMEs are larger than the Jastrow-correlated ones for the
ground-state transition, but not too much difference is seen for
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TABLE II. Computed Jastrow and UCOM correlated NMEs for
the ground-state and excited-state decays of *Kr. The 07 state is
described as a coupling of two 2] ccQRPA phonons.

NME UuCcoM

ga =100 gr=125

Jastrow

ga =100 gy=125

M (0%) 5.750 3.271 7.091 4.438
MP(OF)  —2368  —0331 —-279%  —0.716
M®'0F) 5196 3.482 6.328 4.896
MEP©07) 0.052 0.039 0.037 0.054
MO 0F)  —0.120  —0.008 —0.120  —0.009
MO0} 0.110 0.044 0.100 0.059

the O state, interpreted as a two-phonon state. Similar patterns
were observed for the corresponding transitions in the case of
the ®°Ru decay in Ref. [21]. The key to the different behaviors
of the two transitions are the different decompositions of the
NME:s in terms of the total angular momentum of the decaying
protons: for the ground-state transition this decomposition
is dominated by the monopole J' = 0 pairs while for the
two-phonon transition there is no dominating component in
the J’ decomposition as seen in Fig. 4 of Ref. [21]. There is
also alarge difference between the NMEs computed for the two
extreme values of ga. This is based on the two extreme values
of gpp = 0.80 and g,p, = 1.05 used in the two calculations. In
these calculations the correspondence between gy, and ga has
been taken such that increasing ga corresponds to increasing
gpp- This is in line with the characteristics of the two-neutrino
B~ B~ decay to the ground state for which the same correlation
between g4 and gy, prevails due to the decrease of the pnQRPA
computed NME with increasing gy, and the similar decrease of
the experimental NME with increasing ga . If the experimental
and computed NMEs were to correspond to each other, then
increasing ga would automatically lead to an increasing value
of gpp- Also for the positron-decaying nuclei, like 7*Kr, a
similar correspondence between ga and gp, realizes for the
two-neutrino modes.

The NMEs of Table II can be combined with the appropriate
phase-space factors to produce predicted half-lives for a given
value of the effective neutrino mass (m,). The half-lives of the
discussed Ov28 modes can be cast in the form

g+ g+
l," =107 ((m,)[eVD 2, (12)

T,s+EC _ T0ﬁ+EC

12 ({m)[eVD) 2, (13)

TABLE III. Auxiliary factors of Eqs. (12) and (13) for the decays
of 8Kr.

State S.I.C. Ty
BB*
(9.42 — 15.7) x 10?®

BTEC

05, UCOM (3.90 — 6.51) x 10

Jastrow  (1.40 —3.11) x 10  (5.78 — 12.9) x 10?®
02+—ph UCOM (1.66 —4.79) x 103!
Jastrow (1.39 — 8.66) x 10°!
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FIG. 3. (Color online) Computed partial decay half-lives of B+EC
and B*B* decay transitions from the ground state of "®Kr to the
ground state and first-excited 0" state in "®Se. The UCOM short-range
correlations are used and the half-lives are given in units of years for
the effective neutrino mass (m,) = 0.3 eV.

where the effective neutrino mass should be inserted in units of
eV. In Table III the auxiliary factors of the above equations are
given for both the Jastrow and UCOM short-range correlations.
The UCOM correlated NMEs are used in Fig. 3 to display the
decay half-lives (12) and (13) for the effective neutrino mass
(m,) =0.3eV.

From Table III and Fig. 3 one observes that for the decays
to the ground state the half-lives are in the range of 10>’-10?
years. For the decay to the O state the half-lives are in the
range of 10°? years and thus most likely undetectable.

V. SUMMARY AND CONCLUSIONS

The possible modes of the two-neutrino and neutrinoless
double-beta decays of 7Kr have been studied and the as-
sociated nuclear matrix elements and decay half-lives have
been computed. A QRPA-based theory framework with G-
matrix-based two-body interactions and realistically large
single-particle bases have been used in the calculations. The
computed values of the nuclear matrix elements and the
corresponding half-lives have been tabulated for two different
short-range correlations. Complementary information about
the half-lives has been displayed in figures.

The two-neutrino ECEC and BTEC double-beta decays
to the ground state have computed half-lives in the range
of 10%? years and thus are potentially detectable in (near)
future experiments. The range of half-lives for the neutrinoless
double-beta decays starts from about 10?® years for effective
neutrino masses of few tenths of eV.
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