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Abstract A first search for rare decays of gadolinium iso-
topes was performed with an ultra-low background high-
purity germanium detector at Gran Sasso Underground Lab-
oratory (Italy). A 198 g Gd> O3 powder sample was measured
for 63.8 d with a total Gd exposure of 12.6 kg x d. 3>Gd
is the most promising isotope for resonant enhanced neu-
trinoless double electron capture which could significantly
increase the decay rate over other neutrinoless double beta
decay processes. The half-life for this decay was constrained
to > 4.2 x 10'? year (90% credibility). This limit is still
orders of magnitude away from theoretical predictions but
it is the first established limit on the transition paving the
way for future experiments. In addition, other rare alpha and
double beta decay modes were investigated in 1>>Gd, 13*Gd,
and '%9Gd with half-life limits in the range of 10'7~2 year.

1 Introduction

Neutrinoless double beta (OvgBB) decay is a process that
violates lepton number and is one of the most promising
searches for physics beyond the Standard Model. Its obser-
vation would imply the Majorana nature of neutrinos and
could lead to an explanation for the matter—antimatter asym-
metry in the Universe (see e.g. Refs. [1,2]).

This second-order weak nuclear process is intensively
investigated for S~ 8~ decays on the neutron-rich side of
the nuclide chart:

OB : (Z,A) — (Z+2,A)+2e" (1)
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The signature is a mono-energetic peak of the two elec-
trons at the Q-value of the decay. See Ref. [3] for a review.
The process can also occur on the proton-rich side of the
nuclide chart through double electron capture (¢), 8 decay,
or combinations of these:

Ovee: 2¢" 4+ (Z,A) — (Z =2, A) 2)
OveBT: e +(Z,A) — (Z—-2,A) +e" 3)
OWBTAT: (Z,A) — (Z—2,A) +2¢ . (4)

For decay modes containing positrons in the final state the
kinematic phase space is reduced by two times 511 keV for
each e™, making these decays less likely. On the other hand,
the annihilation of positrons can create an enhanced experi-
mental signature. In either way, the lepton number violating
process would share the variety of decay modes and has lower
expected rates. This makes proton-rich double beta decay
isotopes in general less attractive for searches compared to
B~ B~ decay isotopes with a more unique signature.

An interesting exception are Ovee modes which formally
only have low energy particles from the atomic shell restruc-
turing of the two electron captures in the final state, i.e. X-rays
or Auger electrons. The remaining energy can be released
by a Bremsstrahlung photon [4]. Other processes are two
Bremsstrahlung photons or an e~ -e* pair in case sufficient
decay energy is available. However, those processes have a
more complex experimental signature and are additionally
suppressed by additional vertices in the interaction.

The lack of final state particles opens the possibility of
a direct transition between initial and final state nuclei with
resonance enhancement if the system is degenerate in energy
with the ground state or an excited state in the daughter. The
closer the initial and final state energies are, the stronger is
the resonance enhancement. Out of 34 double beta decay
candidate isotopes on the proton-rich side, only a handful
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have a suitable nuclear system with degeneration on the keV
scale. Exact Q-values and atomic masses for these candidates
were recently re-measured using state-of-the-art Penning trap
setups. Eliseev et al. [5] found that 152Gd 18, in fact, the best
isotope with a Q-value of Q.. = 55.70(18) keV and a mass
difference A = Q. — E = 0.91(18) keV. They predict a
possible resonance enhancement factor of 6 x 10° compared
to the reference of 3*Fe which is not resonant enhanced. The
predicted theoretical half-lives ranges between 6.8 x 10%7-
3.8 x 10% year (assuming mgg = 100 meV) and is taken
from four independent calculations summarized in [6]. The
only experimental information comes from the isotopic abun-
dance of the daughter nuclide in the earth’s crust and is rather
weak with > 6.0 x 108 year [7]. The study of '32Gd reso-
nance enhanced neutrinoless double electron capture is the
main focus of this work and is the first direct detection exper-
iment so far.

In addition, also other rare nuclear decays are possible in
natural Gd isotopes. We pursued a generic approach, inves-
tigating the most likely rare alpha and Ov/2vB8 decays in
gadolinium isotopes similar to the study in [8]. Those stud-
ies provide experimental information that deepens the under-
standing of nuclear structure for modeling nuclear matrix
elements and are recommended by the APPEC committee
[9]. Additionally, they have applications in other fields such
as nuclear chronometry and can be relevant for long-lived
background sources in other rare event searches.

Two-neutrino double beta (2v88) decay modes have been
experimentally observed in 11 isotopes with half-lives in
the range of 108721 year using the “source = detector”
approach. Decays into excited states of the daughter isotope
have been observed in 1Y°Nd and '°°Mo. The initial discov-
eries were done using the “source # detector” approach and
HPGe detectors. See e.g. reviews in [ 10-12]. Here we investi-
gate %°Gd which can double beta decay into various excited
states.

The theoretical half-life for the ground state transition (not
investigated in this work) is 2.95 x 102! year [13] with the
experimental limit at > 1.9 x 10'? year (90% CL) [14].
Reference [14] also contains the only experimental con-
straints on the '09Gd ZT excited state transition with 7,2 >
1.3 x 10! year for the Ov8S mode and Tip>2.1x 10'? year
for the 2v88 mode (90% CL).

Gadolinium contains four isotopes, 152Gq, 153G4q, 194Gd,
and 'Gd, which can undergo rare a-decay into excited
states of daughter nuclei. ’3Gd has a short half-life of
T, = 241.6 d (EC) and is not naturally occurring in the
sample. '3Gd has a low Q-value of 81.5 + 0.7 keV and an
expected half-life > 103% year. Hence, we limit our search
to 12Gd and '3*Gd. The expected a-decay half-lives into
excited states were calculated according to [15] taking into
account the non-zero momentum transfer for the ngs_ - 27
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transitions as described in [16]. T12 = 2 x 10% year and
5 x 1080 year are expected for °2Gd and '>*Gd, respectively.
To our knowledge no experimental constraints are available.
We use an ultra-low-background HPGe detector setup
in the “source # detector” approach and all decay modes
require a y-ray or X-ray emissions as an experimental sig-
nature. All investigated Gd isotopes along with their decay
modes are listed in Table 1. Their isotopic abundances, the
decay daughters, and investigated excited level as well as the
Q-values are listed. Decay schemes are shown in Fig. 1.

2 Experimental signature of 1>2Gd decay

The lack of final state particles in the Ovee ground state tran-
sition, leaves the atomic shell restructuring as the only exper-
imental signature. For HPGe y-ray spectrometry, as used in
this work, we consider only x-ray emissions. Since the detec-
tion efficiency is steeply decreasing with lower energy, we
focus on the x-rays with the highest energies.

The two captures occur from electron shells with binding
energies E.; and E.». Typically, K and L shell captures are
the most likely. In 07 — 07 transitions two K-shell captures
are spin-suppressed making K+L captures the most likely
case [4]. Here we focus specifically on the K+L| capture
case since this transition is expected to have the highest reso-
nance enhancement for 1>2Gd [5]. Captures from less bound
electron shells (e.g. L+L) are also possible but neglected in
this search. Less bound shells (i.e. M, N, O, P) have less
overlap with the nucleus, have reduced capture probability,
and would be less resonance enhanced in 3Gd.

In the daughter element samarium, K- and L-shell binding
energies are 46.849(13) keV and 7.74793(72) keV, respec-
tively [17]. Filling the hole in the K-shell yields the highest
energetic x-rays of 39-47 keV. Filling the hole in the L -shell
results in x-rays between 5 and 8 keV, which is not detectable
with the setup used in this study. The possible transitions
and x-ray energies in samarium are shown in Table 2. Only
a subset of theoretical x-ray transitions (second column) has
been experimentally observed (third column). To obtain the
emission probabilities for a given x-ray energy per double
electron capture of 132Gd to 152Sm decay, we use a proxy
decay: "Eu to 9Sm with a 100% decay branch of single
electron capture and the same atomic shell configuration of
the daughter. The measured x-ray emissions and their prob-
abilities are shown in the forth and fifth column of Table 2.

Hence, we approximate the signature of the x-ray emis-
sion of the K+L| double electron capture as two independent
electron captures from these shells. An obvious difference
between single-electron capture and double-electron capture
is that an additional hole is present in the atomic shell. Explic-
itly, this makes the transition from L to K less likely, since
only one electron remains in the L1 -state. However, the x-ray
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Table 1 Isotopes and decay modes investigated in this work. Shown
is the Gd isotope, the natural isotopic abundance, the daughter isotope,
the decay mode, the level state and energy, the Q-value, the theoretical

half-life as discussed in the text, and previous experimental constraints.
Nuclear data taken from [23]

Isotope  Abundance [%]  Daughter = Q-value [keV]  Mode Level J7 [keV] T‘]h/2 [year] TT’;‘; previous [year]
12Gd  0.20 148Sm 2204.9 o 2f 5503 2x 105 (1) -
1528m 55.70(18) Ovee 270 6.8 x 107-3.8 x 10 [6] > 6.0 x 108 (*)[7]
14Gd 218 1508m 919.2 o 21 3340 5x 1080 (1) -
160Gq 21.86 160Dy 1731.0 OvBp 2 86.8 - > 1.3 x 102! [14]
2088 27 86.8 - > 2.1 x 10" [14]
Ov/2vBB 25 966.2 - .
Ov/2vBp  0F 1279.9 - -
0v/2vBp  0F 1456.8 - -
(1) calculated as described in the text
(%) limit derived from the isotopic abundance of daughter nuclide in earth’s crust
Ovee - decay ?GOTb_de
g omsrmey e P
152Sm h l l 152Gd | 154Gd | 160Gd
K (46.8 keV) I I aq.qe@
L (7.7 keV) I a - decay I a - decay s 1456.8 keV
Q = 2204.9 keV Q=919.2keV 2
| | ® 1279.9 keV
| 2(0)ufp - decay . - 20
! Q= 173/% keV Y w, R : 866:2keV
2 ¥ A 2 j o
420 s 86.8 keV
Y (650.3 keV) Y (334.0 keV) )
oy 0 160Dy o
1485m 150Sm

Fig. 1 Decay schemes of Gd isotopes with double beta decay and alpha
decay modes as investigated in this work. '>2Gd can decay via double
electron capture and alpha decay with the X-ray and y-ray as experi-

from this specific transition is not observed in literature for
the proxy decay of '3°Eu to °Sm. Hence, the difference
between single and double EC is neglected here. In addi-
tion, we assume that the molecular form of Gd,; O3 does not
affect the double electron capture probabilities nor the x-ray
emission energies and probabilities’.

The experimental signature of '3>Gd Ovee in search is
shown in the top panel of Fig. 2. It contains five x-rays
between 39 and 47 keV which sum up to a total emission
probability of 78.1% per decay. In the remaining 21.9% of
cases, the shell-restructuring proceeds in ways not detectable
by the experimental setup. Also shown in Fig. 2 (bottom
panel) are the x-ray peaks taking into account the detection
efficiency. The steep decrease of detection efficiency between

1" Gadolinium has fully filled K, L, and M shells in the atom and partially
filled N, O, and P shells. Only the partially filled shells play a role in
the formation of chemical bounds and could slightly change the atomic
relaxation after electron capture. The KN; transitions only contribute
2.6% to the experimental signature in this search and any small changes
due to chemical bindings are negligible for the results.

mental signatures, respectively. 1*Gd can decay via alpha decay. '°Gd
can decay via multiple double beta decay modes with the de-excitation
y-rays as the experimental signature. Data were taken from [23]

35 and 50 keV shifts the most prominent signal region to
about 46 keV.

To our knowledge, this is the first time the atomic shell sig-
nature from double electron capture is explicitly decomposed
for y-ray spectrometry in a “source # detector” experimen-
tal approach. Previous 2vee observations in >*Xe within the
XENON dark matter experiment are based on calorimetric
“source = detector” measurements which are sensitive to the
total binding energy. The measured half-life of 1.8 x 10?2 year
[18] is the first compelling evidence of 2vee and the slowest
nuclear decay ever observed.

3 Experimental setup and sample

The experimental setup used in this work is located in the
underground screening laboratory STELLA (SubTerranean
Low Level Assay) in the Gran Sasso National Laboratories
of the .LN.E.N. (Italy) [19] providing an average overburden
of 3600 m w.e. against cosmic muons. The detector consists
of a 2.3 kg p-type Ge crystal and has 99% relative efficiency

@ Springer
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Table 2 Approximation of x-ray signature from known information
in samarium. The first column shows the electron shell transitions. The
second and third columns show theoretical and experimental x-ray ener-
gies according to [17]. The fourth and fifth columns show the measured
x-ray energies and emission probabilities for the electron capture of
150Ey to 199Sm, used as a proxy for 2Gd to 1>2Sm. The combined
x-ray emissions in the last two columns are used to construct the exper-
imental signature occurring in 78.1% of all decays. Transitions to the
L-shell occur in 14% of all cases. Other transitions such as internal
conversion make up 7.9% of the signature

Trans. Ew [keV] Eexp [keV] Esig [keV] Psig
KL, 39 101.2(16) -

KL, 39524.3(12) 39 523.39(10) 39.5 22.7%
KL3 40 119.4(11) 40 118.481(60) 40.1 40.8%
KM; 45 110.3(17) -

KM, 45 293.9(20) 45 288.6(49) 45.3 4.1%
KM3 45 418.1(19) 45 413.0(49) 45.4 7.9%
KMy 45 728.1(18) 45 731.4(75)

KMs 45 756.9(16) 45 731.4(75)

KN; 46 488.6(44) -

KN, 46 530(16) 46 575(26) 46.6 2.6%
KN3 46 588.2(15) 46 575(26)

KNy 46 709.1(38) -

KNj5 46 706.4(11) -

L, X, 5.0-7.7 5.0-7.7 14.0%
Other 7.9%

compared to a 3 x 3”7 Nal(Tl) crystal. Its ULB cryostat is
constructed of high radiopurity electrolytic copper [20,21].
The energy resolution of the spectrometer is 2.0 keV at the
1332 keV y-line of ®°Co. The energy-dependent resolution
is calibrated using peaks from the internal background. The
detector is housed in a sample chamber of 5cm thick elec-
trolytic copper (25 x 25 x 35 cm), suitable for accommodating
large volume samples. In addition, 20 cm of low radioactiv-
ity lead (28 Bg/kg) shields the detector against environmental
radiation. To remove radon, the setup is continuously flushed
by highly pure nitrogen (stored deep underground for a long
time). The entire setup is enclosed in a 1 mm thick steel hous-
ing with an interlock for sample insertion and Rn daughter
suppression as well as 0.8 mm thick butyl rubber gloves for
sample handling.

The Gd»O3 powder sample used in this study was
recovered from a Gdz(NO3)3 water solution by the liquid-
liquid extraction method adopted from [22], in which the
gadolinium-containing compound is pulled from “solvent 1”
to “solvent 2”. The two solvents are immiscible, one is based
on water and the other is organic. In the first stage, the water
solution of 800 mL Gd;(NOs3)3 (initial Gd compound) was
decomposed to Gd, O3 by preliminary water evaporation fol-
lowed by its annealing at 900 °C for 24 h. Then, the obtained
Gd; O3 powder was rinsed with ultra-pure water. At the next
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Fig. 2 Experimental signature of Ovee in 32Gd for HPGe y-ray spec-
trometry. The blue curves show the individual x-ray lines folded with
the detector resolution. The red curves shows the sum of the signatures.
Top: emission probability of each x-ray line. Bottom: the product of
emission probability and detection efficiency of each x-ray line. The
strong energy dependence of the detection efficiency is significantly
changing the signature in this energy region. The bottom p.d.f. is used
in the analysis. Note that each x-ray line has an individual probability
uncertainty and is allow to vary within its prior constraints

stage, Gdy O3 was dissolved in ultra-pure HCl acid following
the reaction

Gd,03 + 6HCI — 2GdCl; + 3H,0

where reagents were added such that a 20% acidic solu-
tion of gadolinium chloride was achieved. This is solvent
1. As solvent 2, trioctylphosphine oxide (TOPO) was used
with 0.1 mol/L concentration that purifies the Gd-compound
according to the following reaction:

GdCl3(Th, U)(ag) + nTOPO(org)
— GdCls(aq) + [(Th, UynTOPO](CI)(org).

Further purification can occur during the stage of the gadolin-
ium hydroxide formation and precipitation:

GdCl3 4 3NH3 4 3H,0 — Gd(OH)3 | + 3NH4CL.

At the final stage, the obtained amorphous Gd-containing
precipitate was rinsed several times with ultra-pure water,
dried, and annealed in two stages (380 °C and 600 °C) for
12 h. The white powder of the final Gd;O3 compound with a
mass of 198 g was used for the measurements.

ICP-MS measurements were performed to determine
impurities concentrations and to assess the isotopic abun-
dance of Gd. A list of analyzed impurities is reported in
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Table 3 Chemical impurities of the Gd,O3 powder sample measured
by ICP-MS. Uncertainties are about 30%. The upper limits are given at
68% C.L. Possible x-ray lines are quoted for impurities that could inter-
fere with the analysis. Selected are those in the energy range between
35 and 50 keV for impurity concentrations larger than 50 ppb. They
are ordered by K-L3, K-L2, K-M3, K-N2N3, and K-M2 transitions and
contain the emission probabilities in parentheses

Element ICP-MS [ppb] Possible x-rays [keV] (prob.)

Th < 0.1

U < 0.2

K <2

La 2

Ce 15

Pr 2

Nd 25

Sm < 200 40.12(47.5%) 39.52(26.4%)
45.41(9.15%) 46.58(3.02%)
45.29(4.73%)

Eu <50 41.54(47.6%) 40.90(26.6%)
47.04(9.21%) 48.25(3.05%)
46.91(4.76%)

Tb < 1000 44.48(47.5%) 43.74(26.7%)
50.38(9.44%) 51.70(3.15%)
50.23(4.88%)

Dy 50 46.00(47.5%) 45.21(26.8%)
52.11(9.58%) 53.48(3.20%)
51.95(4.95%)

Ho 2

Er 100 49.13(47.5%) 48.22(27.0%)
55.67(9.77%) 57.14(3.28%)
55.48(5.06%)

Tm < 200 50.74(47.4%) 49.77(27.2%)
57.51(9.86%) 59.03(3.32%)
57.30(5.11%)

Lu < 30000(*) 54.07(47.3%) 52.97(27.3%)

61.29(10.1%) 62.93(3.42%)
61.05(5.21%)

(*) inference with 77Gd!80

Table 3. The measured concentrations of La, Ce, Pr, Nd, Dy,
Ho, and Er are below 100 ppb. For other tested elements
only limits could be set. The limit for Lu could only be set at
< 30 ppm due to inference with 17Gd'80. The last column in
Table 3 also shows possible x-ray emissions from the impuri-
ties listed which could interfere with the search. However, in
the low-background environment of this measurement we do
not expect any significant impurity excitations, and the listed
x-ray lines are only shown for completeness and not used in
the analysis. Isotopic abundances of Gd from the ICP-MS
measurement are reported in Table 4 and are consistent with
literature values from [23].

Table 4 Isotopic abundances of gadolinium in literature [23] and mea-
sured by ICP-MS in the investigated Gd, O3 powder sample

Isotope Literature [%] ICP-MS [%]
132G4 0.20 +0.01 0.194 £ 0.005
154Gd 2.1840.03 2.134+0.03
155Gd 14.80 +£0.12 14.7+0.1
156Gd 20.47 +0.09 20.340.2
157Gd 15.65 £ 0.02 15.7+0.1
158Gd 24.84 +0.07 25.040.2
160Gd 21.86 +0.19 22.0+0.2

For the measurement on the ultra-low background HPGe
detector, the GdpO3 powder was sealed in a plastic container
and placed onto the endcap. Data was taken for 63.8 days.
Figure 3 shows the full spectrum on the left and zooms into
the low energy region on the right. Significant peaks and
the regions of interest are labeled. The dataset was used to
determine y-ray emitting radionuclides which are shown in
Table 5.

4 Analysis

The analysis is based on peak searches for the de-excitation
y-rays and x-rays of each independent decay mode using
the Bayesian framework BAT (Bayesian Analysis Toolkit)
[24]. The likelihood is defined as the product of the Poisson
probabilities over each bin. The expectation in each bin i is
the sum of the signal S; and background B; expectation.

S; is the integral of the Gaussian peak shape in the bin
given the total signal peak counts s

S; —/ Y B S (5)
o AE; V2moE P 20‘% 7

where A E; is the bin width, o the energy resolution and Ej
the y-line energy as the mean of the Gaussian.
B;, the background expectation

B,’:/ b+ c(E — Ep)
AE;

by (E — E))?
. —_ dE, 6
R G | LT

which is implemented as a linear function (parameters b
and c¢) and / Gaussian background peaks in the fit window,
depending on the decay mode.

The signal counts are connected with the half-life 77 5 of
the decay mode as

1 1
s=In2-—.€-Ng-T-m- f-—, @)
T2 M

@ Springer
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Fig. 3 Energy spectrum of the 198 g Gd, O3 powder sample measured for 63.8 d with HPGe y -ray spectrometry. Left: coarsely binned full spectrum
normalized to counts per day. Right: low energy region in DAQ channels. Highlighted are the regions of interest and prominent background peaks

Table S Radiopurity of the Gd,O3 powder sample used for this work.
The upper limits are given at 90% C.L., and the uncertainties of the
measured activities at 68% C.L

Chain Nuclide Specific activity [mBq/kg]
2T 228Ra 1.0+0.5
228 20+04
B8y 226Ra 32405
234Th <110
234mPa <41
235U 235U <20
40K 33405
137¢g 42406
152gy <15
154gy <16

where € is the full energy peak detection efficiency per decay,
Ny is the Avogadro constant, T is the live-time (63.8 d), m
is the mass of Gd in the sample (171.8 g), f is the isotopic
fraction of the respective Gd isotope, and M its the molar
mass of natural Gd (157.25).

Each free parameter is assigned a prior probability. The
inverse half-life (7} /2)_l and linear background parameters
have flat prior distributions. The priors for energy resolu-
tion, peak position, and detection efficiencies are Gaussian
distributions centered around the respective mean values of
these parameters, with the width determined by the parameter
uncertainty. This approach naturally accounts for systematic
uncertainties in the fitting results.

The energy scale and resolution are obtained from stan-
dard calibration spectra. The peak position uncertainty is con-
sidered as 0.1 keV and the resolution uncertainty is taken
as 5% of the energy dependent resolution. The detection
efficiencies per emitted photon are determined using MaGe
Monte—Carlo simulations [25] and reported with associated
uncertainties in Table 6. Systematic uncertainties regarding
the measured sample mass and the isotopic fraction in the
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sample (as shown in Table 4) are relatively small in compar-
ison to the detection efficiency uncertainty and therefore are
not considered in the analysis.

Background y-lines above 1% emission probability from
the 233U and 232Th decay chains are included in all fit win-
dows. For the 35-56 keV fit window of the 132Gd Ovee search
this includes 39.9keV (1.1%, >12Bi), 46.5 keV (4.3%, >'°Pb),
and 53.2 keV (1.1%, *'*Pb). The emission probabilities and
isotopes are in parentheses. The likelihoods and prior proba-
bilities are used by BAT to obtain the full posterior probabil-
ity distribution using Markov Chain Monte Carlo. The multi-
dimensional posterior is then marginalized to (7] /2)_1 as the
parameter of interest. The results are shown in Fig.4 using
the 132Gd Ovee as an example. The left plot shows the spec-
trum and model function. The blue curve denotes the best fit
and the red curve shows the excluded peak strength at 90%
credibility. At the bottom, all x-ray lines are shown individu-
ally. The right plot shows the marginalized inverse half-life.
The best fit for this transition is at zero. The 90% quantile is
used to set the 90% credibility limit at 4.2 x 10! year.

The best-fit values for all other decay modes are also
consistent with zero signal counts. The spectral fits and the
marginalized posteriors are presented in the appendix. The
90% credibility half-life limits are shown for all investi-
gated decay modes in Table 7. They range between 10'7
and 10?0 year. Also shown are the y-line energies, the full
energy peak detection efficiency, and the resolution for the y -
lines used in the analyses. For the '°Gd 0v/2v88 2; decay
mode, two y-lines are used, each having its own fit window,
likelihood, and free parameters but sharing the same half-life
parameter in Eq. 7.

5 Discussion and conclusions

The main result of this search is the first direct detection
limit of the resonant enhanced neutrinoless double electron
capture of 32Gd. Existing constraints from geological mea-



Eur. Phys. J. C (2023) 83:1114

Page 7of 11 1114

Table 6 Emission probability,

detection efficiency per emitted y-line [keV] Emission prob. Detection eff. per emission Detection eff. per decay
photon, and detection efficiency 39 5 0227 08402 x 108 18402 x 1072
per decay for the experimental
signature of x-rays from 40.1 0.408 1.54£0.2 x 1078 6.2:£0.8 x 1077
reslosgant enhanced Ovee decay 453 0.041 1.0+£0.1 x 107 41404 x 1078
of =°Gd 454 0.079 1.040.1 x 1076 7.940.8 x 108
46.5 0.026 23402 x10° 6.04+0.6 x 108
> = _ 0.035=
3 14 3 2 2
o 12 © 003
q - 3 0.025 E
2 Y x :
» 8 o 0.02
t E g Z
3 6 = 0015
o = c E
©  4F D 001
E [ E
2F- = o 0.005E
0 E L - 0 = " x1072
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E [keV] T2 Iyr']

Fig. 4 Fit result of >2Gd Ovee transition. Left: the blue curve is the
best fit for the data shown in the histogram. The red curve is the 90%
CI determined from the fit shown as the combined p.d.f. as well as indi-

Table 7 Lower half-life limits on different decay modes that can occur
in gadolinium isotopes. Columns 3-5 show the y-lines used in the fit
together with their detection efficiency per decay, and energy resolu-

vidual peak components at the bottom. Right: marginalized posterior
of the inverse half-life. The 90% quantile is shaded and used for limit
setting

tion. In the case of multiple y-lines a combined fit is used for setting a
half-life limit

Nuclide (decay) Daughter (level) (J™ keV) y-lines [keV] Det. eff. per decay [%] Ores [keV] T1/2 (90% C.1.) [year]
132Gd (Ovee) 28m (04 ) 39.5-46.5 1077-107 0.60 > 4.2 x 10'2
160Gd (Ov/2v8B8) 10Dy (2/786.8) 86.8 0.088 0.66 >1.8x 108
160Gd (0v/2v88) 160Dy (24966.2) 879.4 1.8 1.02 Combined fit
966.2 1.4 1.04 >9.7 x 10!
160Gd (0v/2v88) 10Dy (0;71279.9) 1193.2 2.8 1.09 > 8.2 x 10"
160Gd (0v/2v8B8) 160Dy (051456.8) 1369.9 2.6 1.12 > 5.0 x 101
132Gd () 148Sm (21550.3) 550.3 4.0 0.92 > 3.4 x 10"
154Gd () 150Sm (217333.9) 333.9 4.7 0.83 >9.6x 108

surements of daughter isotope abundances are improved by
about 4 orders of magnitude. In addition, Ov/2vB8 decay
constraints on the first three excited state transitions of '0Gd
are obtained. Those are the first experimental results for the
2; and OT transitions. Furthermore, rare alpha decays into
the first excited states were tested in 1>>Gd and '>*Gd. None
of the investigated decay modes yield a significant signal and
90% credibility limits are set with a Bayesian analysis taking
into account the dominant systematic uncertainties.

The resonant enhanced Ovee of 92Gd could be excluded
to be slower than 4.2 x 10'? year (90% CI) using a multi-
peak search of the dominant low-energy x-rays atomic shell
relaxations. This is still many orders of magnitude away from
theoretical predictions of 6.8 x 1027—3.8 x 103 year for
mpg = 100 meV.

Current large-scale Ovg~ 8~ decay experiments exclude
mgg on the order of 100 meV with experimentally achieved
half-life limits of 100 year. In general, it appears that the
resonant enhanced neutrinoless double electron capture in
152Gd is about 2 orders of magnitude less sensitive to lep-
ton number violation than e.g. "°Ge. However, the compar-
ison between OvB~ B~ and resonant enhanced Ovee decay
as well as between different isotopes is only valid assuming
light Majorana neutrino exchange. In addition, small changes
in the energy split between '3>Gd and its daughter '32Sm
(current best value at A = 0.91(18) keV), can enhance the
decay rate significantly, i.e. if more resonance is realized in
nature. Hence it is worthwhile pursuing future experiments
with 132Gd.

@ Springer
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Experimental improvements of Ovee searches in 13>Gd are
difficult in the “source # detector” experimental approach.
This is due to the low-energy nature of the signal and the mul-
titude of possible x-ray emissions. An immediate improve-
ment is the use of a low-background low-energy detector sys-
tem e.g. an n-type HPGe detector without a dead layer. This is
likely to improve the sensitivity from this search by multiple
orders of magnitude by increasing the detection efficiency
of 1077-1073 to the percent level. This could be enhanced
by placing a thin sample around the HPGe crystal inside the
cryostat as e.g. done in [26] or in the TGV experiment [27].
However, this approach is ultimately limited by the finite
sample mass and geometry from which low-energy x-rays
can escape.

Apart from specialized thin-sample large-area detectors,
the “source =detector” experimental approach, where the
isotopes of interest are embedded into the detector mate-
rial, would allow larger scalability. This could be reaslized,
for instance, through Gd-containing crystals acting as scin-
tillators (like it was done with Gd;SiOs5:Ce in [14,28])
or as scintillating bolometers (see details on LigGd(BO3)3
[29,30] and Lic(Eu,Gd)(BO3)3 [31] crystal growth and bolo-
metric performance of LigEu(BOs3)3 of the same crystal-
family in [32,33], as well as the first low-temperature test
of Gd;SiOs:Ce in [34]). The advantages are a significant
enhancement of the detection efficiency, especially for x-ray
and low-energy y-rays, it would allow a much larger sam-
ple mass to be probed, and opens the opportunity of particle
identification. An effective particle identification based on
pulse-shape discrimination or on differences in scintillation
light emission would also allow the detection of alpha decay
to ground states, along with an enhanced experimental sen-
sitivity to decay modes to excited states of daughter nuclei
[35].

The higher energy signature of the Ov/2vAg in '0Gd
(Q-value 1731.0 keV), together with a high natural abun-
dance (21.86%), makes '9°Gd an interesting and practical
isotope. Many low-background experiments employ gadolin-
ium for neutron detection which can result in significant dou-
ble beta decay constraints for '9°Gd from peripheral analy-
ses in these experiments. The Super-Kamiokande experiment

@ Springer

was recently loaded with 13 tons of Gd>(SO4)3 - 8H> O, mak-
ing this the largest deployment of a double beta decay isotope
in a low-background environment. Unfortunately, the decay
energy shared between the two electrons will likely not be
high enough to be reasonably used in a water-Cherenkov
detector. Hence, gadolinium-loaded scintillators are the most
promising approach. Some large-scale dark matter experi-
ments, such as LZ, utilize gadolinium-loaded scintillators as
neutron vetoes. In the near future, the best constraints on
0v/2vpp in 190Gd will likely come from peripheral analyses
in those experiments.
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Appendix

The following plots show the results for all other investi-
gated decay modes with the spectral fits on the left and the
marginalized posteriors on the right. The blue curves are the
best fit for the data shown in the histogram. The red curves
are the 90% credibility intervals of the signal determined
from the fit. On the right, the shaded regions show the 90%
quantiles used for limit setting (Figs. 5, 6,7, 8, 9, 10).
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