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We study the two-neutrino double electron capture on 124Xe based on an effective theory (ET) and 
large-scale shell model calculations, two modern nuclear structure approaches that have been tested 
against Gamow-Teller and double-beta decay data. In the ET, the low-energy constants are fit to electron 
capture and β− transitions around xenon. For the nuclear shell model, we use an interaction in a large 
configuration space that reproduces the spectroscopy of nuclei in this mass region. For the dominant 
transition to the 124Te ground state, we find half-lives T 2νECEC

1/2 = (1.3 − 18) × 1022 y for the ET and 
T 2νECEC

1/2 = (0.43 − 2.9) × 1022 y for the shell model. The ET uncertainty leads to a half-life almost entirely 
consistent with present experimental limits and largely within the reach of ongoing experiments. The 
shell model half-life range overlaps with the ET, but extends less beyond current limits. Our findings 
thus suggest that the two-neutrino double electron capture on 124Xe has a good chance to be discovered 
by ongoing or future experiments. In addition, we present results for the two-neutrino double electron 
capture to excited states of 124Te.

© 2019 Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Second-order weak processes give rise to extremely rare decay 
modes of atomic nuclei. They have been observed in about a dozen 
nuclei with the longest half-lives in the nuclear chart of about 
1019 − 1021 years [1]. All these are two-neutrino double beta (ββ) 
decays, where the emission of two electrons is accompanied by 
two antineutrinos. An even rarer decay can occur if no neutrinos 
are emitted, the neutrinoless ββ decay. This process is particularly 
intriguing, because neutrinoless ββ decay is not allowed in the 
Standard Model, does not conserve lepton number, and can only 
happen if neutrinos are their own antiparticles (Majorana parti-
cles) [2,3].

Due to its unique potential for neutrino physics, beyond the 
Standard Model physics, and the understanding of the matter-
antimatter asymmetry of the Universe, neutrinoless ββ decay 
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searches are increasingly active [4–10]. The planning and inter-
pretation of these experiments relies on a good understanding of 
the decay half-life, which depends on a nuclear matrix element. 
However, these are poorly known as neutrinoless ββ decay matrix-
element calculations disagree by at least a factor two [11].

Second-order weak processes with neutrino emission are ideal 
tests of neutrinoless ββ decay matrix-element calculations. The 
initial and final states are common, and the transition operator is 
also very similar, dominated by the physics of spin and isospin. In 
addition to ββ decay, a related mode is the two-neutrino double 
electron capture (2νECEC). Here, two K- or L-shell orbital electrons 
are simultaneously captured, rather than β emitted. This mode is 
kinematically unfavored with respect to ββ decay, and at present 
only a geochemical measurement of 130Ba [12,13], and a possible 
detection in 78Kr [14,15] have been claimed. Moreover, a resonant 
neutrinoless ECEC could be fulfilled in selected nuclei [16–18]. For 
both ECEC modes limits of 1021 − 1022 years have been set in var-
ious isotopes [12,19–24].

124Xe is one of the most promising isotopes to observe 2νECEC 
due to its largest Q -value of 2857 keV [25]. Large-volume liquid-
xenon experiments primarily designed for the direct detection of 
dark matter such as XMASS [26], XENON100 [27], or LUX [28] are 
 BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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sensitive to ECEC and ββ decays in 124Xe, 126Xe and 134Xe [29,
30]. Enriched xenon gas detectors are also very competitive [31,
32]. Recent searches have reached a sensitivity comparable to the 
half-lives expected by most theoretical calculations [33,34], a con-
dition only paralleled in 78Kr [14]. Moreover the latest limits set 
by the XMASS collaboration [35] exclude most theoretical predic-
tions.

Calculations of 2νECEC and two-neutrino ββ decay are chal-
lenging because they involve the quantum many-body prob-
lem of heavy nuclei with even-even and odd-odd numbers of 
neutrons and protons. The methods of choice are the quasi-
particle random-phase approximation (QRPA) [36,37], extensively 
used for 124Xe 2νECEC [38–40], and the large-scale nuclear shell 
model (NSM) [41], which predicted successfully the 48Ca ββ half-
live before its measurement [42,43]. In this mass region, shell 
model studies reproduce well the ββ half-lives of 128,130Te and 
136Xe [44–47] and offer a prediction for 124Sn [48]. However no 
shell-model calculation exists for 124Xe 2νECEC. In addition to 
QRPA, the interacting boson model [49] and other more schematic 
approaches have also been applied to 124Xe [50–53].

Further state-of-the-art 124Xe 2νECEC calculations are thus re-
quired given the tension between theoretical predictions and ex-
perimental limits. In this Letter, we calculate the corresponding 
nuclear matrix elements using an effective theory (ET), introduced 
in Ref. [54], which describes well Gamow-Teller and two-neutrino 
ββ decays of heavy nuclei, including 128,130Te. One of the advan-
tages of the ET is to provide consistent theoretical uncertainties. 
Similar ETs have been used to study electromagnetic transitions 
in spherical [55,56] and deformed [57–63] nuclei. In addition, we 
present the first large-scale nuclear shell model calculation for 
124Xe 2νECEC. We focus on transitions to the 124Te 0+

gs ground 
state, but also consider 2νECEC to the lowest excited 0+

2 and 2+
1

states. The relation between the calculated nuclear matrix element 
M2νECEC and the 2νECEC half-life is given by

(
T 2νECEC

1/2

)−1 = G2νECEC g4
A

∣∣∣M2νECEC
∣∣∣2

, (1)

where G2νECEC is a known phase-space factor [64] and g A = 1.27
the axial-vector coupling constant.

2. Effective theory

We use an ET that describes the initial 124Xe and final 124Te 
nuclei, both with even number of protons and neutrons, as spher-
ical collective cores. The intermediate nucleus, 124I, has odd num-
ber of protons and neutrons. The ET describes its lowest 1+

1 state 
as a double-fermion excitation of a 0+ reference state that rep-
resents the ground state of either 124Xe or 124Te, |1+

1 ; jp; jn〉 =(
n† ⊗ p†

)(1) |0+〉. Depending on the reference state, n† (p†) creates 
a neutron (proton) particle or hole in the single-particle orbital 
jn ( jp). At leading order, higher 1+ states are described as mul-
tiphonon excitations, with energies with respect to the reference 
state E(1+

n+1) = E(1+
1 ) + nω, where ω is the excitation energy and 

n is the number of phonon excitations.
The effective spin-isospin (στ ) Gamow-Teller operator is sys-

tematically constructed as the most general rank-one operator. At 
leading order it takes the form [54]

O GT = Cβ

(
p̃ ⊗ ñ

)(1)

+
∑

Cβ�

[(
d† + d̃

)
⊗ (

p̃ ⊗ ñ
)(�)

](1)
�

+
∑

L�

CβL�

[(
d† ⊗ d† + d̃ ⊗ d̃

)(L) ⊗ (
p̃ ⊗ ñ

)(�)

](1)

+ . . . , (2)

where the tilde denotes well defined annihilation tensor operators, 
and the phonon (d̃, d†) and nucleon operators are tensor coupled. 
The low-energy constants C must be fitted to data, and the ex-
pansion above is truncated after terms involving more than two 
phonon creation or annihilation operators. The first term in Eq. (2)
couples the reference state to the lowest 1+

1 state of the odd-odd 
nucleus, so that Cβ can be extracted from the known log( f t) value 
of the corresponding β decay or EC:

Cβ =
√

κ

g2
A10log( f t)

, (3)

with dimensionless κ = 6147 and t in seconds. The power count-
ing of the ET [54–56] relates the Gamow-Teller matrix elements 
from the lowest and higher 1+ initial states to the common final 
reference state by 〈0+|O GT|1+

n+1〉 ∼ (ω/�)n/2〈0+|O GT|1+
1 〉, where 

� ∼ 3ω is the breakdown scale of the ET. This allows us to esti-
mate the values of Cβ� and CLβ� with consistent theoretical uncer-
tainties.

The 2νECEC matrix element from the ground state of the initial 
nucleus to a 0+ state of the final one is

M2νECEC =
∑

j

〈0+
f |O GT|1+

j 〉〈1+
j |O GT|0+

gs,i〉
D(1+

j )/me
, (4)

where j sums over all 1+
j states of the intermediate nucleus. The 

electron mass me keeps the matrix element dimensionless, and 
the energy denominator is D(1+

j ) = E(1+
j ) − E(0+

gs,i) + [E(0+
f ) −

E(0+
gs,i)]/2, neglecting the difference in electron binding energies. 

The expression for the 2νECEC to a final 2+ state is similar [40], 
but the energy denominator appears to the third power.

Because the ET is designed to reproduce low-energy states, we 
calculate the 2νECEC matrix elements within the single-state dom-
inance (SSD) approximation:

M2νECEC ≈ 〈0+
f |O GT|1+

1 〉〈1+
1 |O +

GT|0+
gs,i〉

D(1+
1 )/me

, (5)

which implies that only the matrix elements involving the lowest 
1+

1 state contribute. The advantage is that the ET can fit these us-
ing Eq. (3). The contribution due to omitted higher intermediate 
1+ states is estimated within the ET and treated as a theoretical 
uncertainty [54]:

�M2νECEC

M2νECEC
= D(1+

1 )

�
	

(
ω

�
,1,

D(1+
1 ) + ω

ω

)
, (6)

where 	(z, s, a) = ∑∞
n=0 zn/(a + n)s is the Lerch transcendent. The 

ET describes very well the experimentally known two-neutrino ββ

decay half-lives once the ET uncertainties, including from Eq. (6), 
are taken into account [54]. This agreement includes 128,130Te 
among other heavy nuclei.

The ET 2νECEC matrix element calculation thus requires the 
known ground-state energies and the lowest 1+

1 excitation energy 
to calculate the energy denominator, as well as the Gamow-Teller 
β-decay and EC matrix elements from the 1+

1 to the initial and 
final states of the 2νECEC to fit the low-energy constants. In addi-
tion, the collective mode ω sets the ET uncertainty. Unfortunately, 
for 124Xe there are no direct measurements for Gamow-Teller β
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decay or EC from the lowest 1+
1 state in 124I (the ground state 

is 2−), or alternatively zero-angle charge-exchange reaction cross 
sections involving the nuclei of interest. The 1+

1 excitation energy 
in 124I is also unknown.

Therefore, we adopt the following strategy. First, we set
log( f t)EC = 5.00(10) for the EC on the lowest 1+

1 state in 124I, 
based on the experimental range of known EC on iodine iso-
topes with nucleon number A = 122 − 128. This quantity varies 
smoothly for nuclei within an isotopic chain. For the β− decay, 
we set log( f t)β

− = 1.06(1) log( f t)EC, based on the systematics of 
odd-odd nuclei in this region of the nuclear chart. Guided by the 
known spin-unassigned excited states of 124I and the systematics 
in neighboring odd-odd nuclei, we set the excitation energy of the 
first 1+

1 state in 124I as 105 − 170 keV. Because this range is much 
smaller than the energy differences in D(1+

1 ), the associated un-
certainty in the matrix elements is only a few percent. From the 
above considerations we obtain a range for the 124Xe 2νECEC ma-
trix element based on our choice of parameters entering the ET. 
Finally, we set the excitation energy to ω = 478.3 keV, the average 
of the excitation energies of the lowest 2+

1 states in the corre-
sponding even-even nuclei [54]. This allows us to estimate the ET 
uncertainty associated to the SSD approximation, Eq. (6).

3. Nuclear shell model

Next we perform large-scale shell model calculations to obtain 
the nuclear matrix element using the full expression Eq. (4). We 
solve the many-body Schrödinger equation H |ψ〉 = E |ψ〉 for 124Xe, 
124Te, 124I, using a shell model Hamiltonian H in the configura-
tion space comprising the 0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2
single-particle orbitals for neutrons and protons. To keep the di-
mensions of the shell model diagonalization tractable, especially 
for the largest calculation 124Xe, we need a truncated configura-
tion space. In a first truncation scheme, similar to the one used in 
Refs. [65,66], we limit to two the number of nucleon excitations 
from the lower energy 0g7/2, 1d5/2 orbitals to the higher lying 
1d3/2, 2s1/2, 0h11/2 orbitals. Second, we adopt a complementary 
truncation scheme that keeps a maximum of two neutron exci-
tations but does not limit the proton excitations from lower to 
higher lying orbitals (a maximum of six nucleon excitations are 
permitted in 124Xe). This keeps the 0g7/2 orbital fully occupied. 
A third scheme with the 1d5/2 orbital fully occupied gives results 
within those of the other two truncations.

We use the shell model interaction GCN5082 [67,68], fitted to 
spectroscopic properties of nuclei in the mass region of 124Xe. The 
shell model interaction has been tested against experimental data 
on Gamow-Teller decays and charge-exchange transitions in this 
region, showing a good description of data with a renormaliza-
tion, or “quenching”, of the στ operator q = 0.57 [44]. For the 
two-neutrino ββ decay of 128Te, 130Te, and 136Xe, however, this in-
teraction fits data best after a larger renormalization q = 0.48 [44]. 
An extreme case is the very small ββ 136Xe matrix element, which 
is only reproduced with q = 0.42 [44]. The renormalization of the 
spin-isospin operator is needed to correct for the approximations 
made in the many-body calculation, such as unaccounted correla-
tions beyond the configuration space or neglected two-body cur-
rents [11,69]. In particular, for xenon, Ref. [45] suggested that a 
smaller “quenching” is needed when the spin-orbit partners (0g9/2
and 0h9/2) of the considered configuration space are included. A 
full understanding of the origin of “quenching” would require an 
ab initio study that is currently possible only for nuclei lighter than 
xenon [70–73]. Here we follow the strategy of previous shell model 
ββ decay predictions [42,43] and include the above “quenching” 
factors phenomenologically to predict the half-life of 124Xe.
Fig. 1. 124Xe and 124Te excitation spectra obtained by the nuclear shell model (NSM) 
compared to experiment [74].

The low-energy excitation spectra of the three isotopes are well 
reproduced. Fig. 1 compares the experimental and calculated spec-
tra for 124Xe and 124Te, obtained with the first truncation scheme 
described above. The spectra corresponding to the second trun-
cation scheme is of similar quality. When additional excitations to 
the higher lying orbitals are permitted, the first excited 0+

2 in 124Te 
is raised to 1.6 MeV, in much better agreement with experiment. 
However, such extended truncation yields too large dimensions for 
124Xe, and cannot be used in our 2νECEC calculations. The spec-
tra of the intermediate 124I is not well known besides the ground 
state and few tentative spin assignments. The GCN5082 interaction 
reproduces correctly the spin and parity of the 2− ground state, 
although with a lowest 1+

1 state at only about 10 keV, below any 
measured level. For the 2νECEC, as in the ET calculation, we con-
sider the lowest 1+

1 state at 105 − 170 keV excitation energy. All 
shell model calculations have been performed with the codes AN-
TOINE and NATHAN [41,75].

4. Results and discussion

The calculated nuclear matrix elements are common for the 
capture of K- or L-shell electrons. However, the presented half-lives 
correspond to the 124Xe 2νECEC of two K-shell electrons, as this is 
the mode explored in recent experiments [31–35].

Table 1 summarizes our main results. The ET predicts a smaller 
central value for the 124Xe 2νECEC matrix element than the NSM, 
even though both results are consistent when taking uncertainties 
into account. The ET uncertainty results from combining the un-
certainty associated with the range of the input parameters used 
for the ET (ETLO in Table 1) and the uncertainty associated with 
the SSD approximation, Eq. (6). Both contributions are of similar 
size. For the NSM, one part of the theoretical uncertainty is given 
by the range of results obtained with different truncation schemes. 
The dominant part, however, is given by the three “quenching” val-
ues considered: the average q = 0.57 and q = 0.48, corresponding 
to the best description of Gamow-Teller transitions and ββ decays, 
respectively, plus the additional conservative q = 0.42 needed in 
the 136Xe ββ decay. The shell model results in Table 1 cover the 
two truncations for each of the three “quenching” values (q1, q2, 
q3). The full NSM result encompasses all these calculations.

Table 1 also shows our predictions for the 2νECEC into ex-
cited states of 124Te. For both final 0+

2 and 2+
1 states, the ET and 

NSM matrix elements are consistent, even though the central val-
ues predicted by the shell model are about one third of the ET 
ones. The suppressed NSM matrix element to the final 0+ state 
2
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Table 1
Nuclear matrix elements (M2νECEC) and half-lives (T 2νECEC

1/2 ) calculated with the ET 
and the nuclear shell model (NSM). The ETLO matrix elements do not take into 
account the uncertainty associated with the SSD approximation, included in the 
full ET results. The NSMq1,q2,q3 matrix elements assume “quenching” values q =
0.57, 0.48, 0.42, respectively, all encompassed in the full NSM range. Results are 
given for the 124Xe 2νECEC of two K-shell electrons into the 124Te ground 0+

gs and 
excited 0+

2 and 2+
1 states. The phase-space factors G2νECEC in y−1 are from Refs. [40,

64].

2νECEC 0+
gs,i → 0+

gs,f 0+
gs,i → 0+

2 0+
gs,i → 2+

1

G2νECEC 1.72 × 10−20 1.67 × 10−22 1.38 × 10−23

M2νECEC

ET 0.011 − 0.041 0.002 − 0.050 (0.8 − 9.0)×10−4

ETLO 0.016 − 0.030 0.015 − 0.029 (2.7 − 5.4)×10−4

NSM 0.028 − 0.072 0.005 − 0.010 (1.1 − 2.3)×10−4

NSMq1 0.051 − 0.072 0.009 − 0.010 (1.9 − 2.3)×10−4

NSMq2 0.036 − 0.051 0.006 − 0.007 (1.4 − 1.6)×10−4

NSMq3 0.028 − 0.039 0.005 − 0.006 (1.1 − 1.2)×10−4

T 2νECEC
1/2

[1022y] [1025y] [1030y]
ET 1.3 − 18 0.092 − 57 0.034 − 4.3
NSM 0.43 − 2.9 2.3 − 9.3 0.57 − 2.5

Fig. 2. 124Xe half-life for the 2νECEC of two K-shell electrons. The black bars 
show the theoretical predictions from the effective theory (ET) and the nuclear 
shell model (NSM), as well as most recent QRPA calculations [39,40], in compari-
son to the horizontal lines that indicate the experimental lower limits set by the 
XENON100 [34] (blue) and XMASS [33,35] (green, red) collaborations as well as 
Gavrilyuk et al. [32] (yellow).

with respect to the transition to the ground state is consistent with 
the results on neutrinoless ββ decay in 128,130Te and 136Xe, using 
the same interaction [67]. While the shell model uncertainties are 
somewhat smaller than in the 2νECEC to the ground state, the ET 
ones are much larger, because of the limitations of the SSD approx-
imation when the energy denominator D(1+

1 ) is small [54]. The ET 
and NSM half-lives are in general shorter than the QRPA ones for 
the 0+

2 2νECEC [39,40], while for the 2+
1 2νECEC the NSM and 

QRPA [40] predictions are very similar. Transitions to excited states 
are extremely suppressed because of the reduced Q -value and cor-
responding phase-space factor. The 2νECEC to the final 2+

1 state, 
which requires the capture of K- and L-shell electrons, is further 
suppressed because of the small nuclear matrix element.

Fig. 2 compares our theoretical predictions for the 2νECEC on 
124Xe to the 124Te ground state with the most advanced QRPA re-
sults from Refs. [39,40] and the most recent experimental 2νECEC 
limits [32–35]. Theoretical half-lives are shown as black bars. The 
predictions from the ET, NSM, and QRPA are consistent. However, 
the ET shows a clear preference for longer half-lives than the NSM. 
On the other hand, the QRPA spans much shorter half-lives than 
those predicted by the ET or NSM. The QRPA half-live of Ref. [39]
results from two different sets of single-particle energies, quench-
ing values ranging from q = 0.98 − 0.78, and energies for the first 
1+ state in 124I between 150 − 1000 keV. The QRPA half-life of 
Ref. [40] of the same group employs q = 0.49, and we only keep 
the K-shell 2νECEC. The combined QRPA range is also shown in 
Fig. 2.

Fig. 2 shows that the theoretical predictions are consistent with 
the lower half-life limits established by the first results of the 
XMASS [33] and XENON100 [34] collaborations and with Ref. [32], 
shown as green, blue and yellow horizontal lines in Fig. 2, respec-
tively. However, the most recent limit established very recently by 
XMASS [35] (red line) excludes most of our NSM results, but a part 
of the predicted range remains permitted. Note that since the shell 
model configuration space had to be truncated, we could not ob-
tain the exact nuclear matrix element without “quenching”. On the 
other hand, the ET half-life is almost fully consistent with the cur-
rent XMASS limit. The ET central half-life is only about five times 
longer, and the range predicted by the ET lies largely within the 
sensitivity of ongoing experiments [34]. The QRPA predictions are 
mostly excluded including error bars, except the very recent re-
sults from Ref. [40], just at the border of the permitted region. 
Note, however, that assuming a larger “quenching” (at a cost of 
deteriorating the agreement with β decay data [40]) would lead 
to a longer QRPA half-life prediction. Most other older theoretical 
calculations are also in tension with the XMASS limit [35]. Over-
all, our results suggest that the 124Xe 2νECEC could very well be 
discovered in ongoing or upcoming experiments in the near future.

5. Summary

We have calculated the nuclear matrix elements for the 2νECEC 
on 124Xe using an ET and the large-scale nuclear shell model, two 
of the nuclear many-body approaches best suited to describe β and 
EC transitions in heavy nuclei. The ET results are based on β decay 
and EC on neighboring nuclei, while the shell model uses an inter-
action that describes well ββ decays of neighboring nuclei. The ET 
provides consistent theoretical uncertainties set by the order of the 
ET calculation, while the shell model uncertainty is dominated by 
the range of “quenching” considered for the 2νECEC operator. The 
ET predicts a half-life consistent and up to several times longer 
than current experimental limits, while the shell model predic-
tion extends less beyond current limits. When all uncertainties are 
taken into account, the ET and NSM results are consistent, as well 
as with the most advanced QRPA results.

Future directions include higher-order calculations in the ET to 
reduce the uncertainties, and improved NSM studies with a bet-
ter understanding of the “quenching” of the operator, and limiting 
truncations in the configuration space. Our findings suggest that 
the 124Xe 2νECEC has a good chance to be discovered by ongoing 
or future experiments, so that these predictions can be tested by 
upcoming analyses of ongoing experiments and can further stimu-
late future searches.

We thank Alex Fieguth and Catharina Brase for useful dis-
cussions. This work was supported in part by the Deutsche 
Forschungsgesellschaft under Grant SFB 1245, the Japanese Society 
for the Promotion of Science through Grant 18K03639, MEXT as 
Priority Issue on Post-K Computer (Elucidation of the Fundamen-
tal Laws and Evolution of the Universe), JICFus and the CNS-RIKEN 
joint project for large-scale nuclear structure calculations.

Note added in proof

After submission of our manuscript, the XENON collaboration 
reported the discovery of the 2νECEC on 124Xe in very good agree-
ment with our ET and NSM predictions [76].
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