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Table 1.1. Current measured values on the half-life for 2ε2ω→ decay isotopes. The
transitions to the ground state of the final nucleus are reported.

Transition T1/2 (90% C.L.) (yr) Ref.
48Ca → 48Ti [6.4+0.7

→0.6(stat)+1.2
→0.9(syst)] ↑ 1019 [10]

76Ge → 76Se [2.022 ± 0.018(stat) ± 0.038(syst)] ↑ 1021 [11]
82Se → 82Kr [8.69 ± 0.05(stat)+0.09

→0.06(syst)] ↑ 1019 [12]
96Zr → 96Mo [2.35 ± 0.14(stat) ± 0.16(syst)] ↑ 1019 [13]

100Mo → 100Ru [7.07 ± 0.02(stat) ± 0.11(syst)] ↑ 1018 [14]
116Cd → 116Sn [2.63+0.11(stat)→0.23(syst)] ↑ 1019 [15]
128Te → 128Xe (2.19 ± 0.07) ↑ 1024 [16]
130Te → 130Xe [8.76+0.09

→0.07(stat)+0.14
→0.17(syst)] ↑ 1020 [17]

136Xe → 136Ba [2.16+0.62
→0.40(stat)+0.40

0.29 (syst)] ↑ 1021 [18]
150Nd → 150Sm [9.34 ± 0.22(stat)+0.62

→0.60(syst)] ↑ 1018 [19]

The strong motivation to detect these phenomena is due mainly to the possibility of
detecting the existence of 2ω decays without the presence of neutrinos in the final
state, which are expressed by the following nuclear reactions:

0ε2ω→ : A

ZX → A

Z+2Y + 2e→ (1.8)
0ε2ω+ : A

ZX →A

Z→2 Y + 2e+ (1.9)
0εϑω+ : e→ + A

ZX → A

Z→2Y + e+ (1.10)
0ε2ϑ : 2e→ + A

ZX → A

Z→2Y + ϖ (1.11)

These processes violate the lepton number L by two units (!L = 2), on the other
hand the processes of Eq. 1.4 – 1.7 conserve L and thus are predicted by the SM
and by the current description of the weak interaction. The daughter nucleus in
the Eq. 1.4 – 1.11 can also be in an excited level. In such a case characteristic
de-excitation ϖ’s are also expected. The 0ε2ω→ decay was first proposed by Wendell
H. Furry [20](1939) after the Majorana theory of the neutrino [21] which states that
the neutrino coincides with its own antiparticle, known as a Majorana particle. Thus
if neutrinos are Majorana particles, then 2ω decay can proceed without the emission
of any neutrinos, via the processes of Eq. 1.8 – 1.11. Moreover, observations on
neutrino oscillation suggested the neutrinos have a small mass, which cannot be
explained by the standard Higgs mechanism of mass generation. However, by the
investigation of neutrino oscillations, it is impossible to decide on the nature of
neutrinos (Dirac or Majorana particles) and to determine the neutrino mass and
the neutrino mass hierarchy. Currently, the study of the 0ε2ω decay represents the
most sensitive method to solve such fundamental problems of neutrino physics.
Regarding the “double beta plus” processes, 0ε2ω+, 0εϑω+ and 0ε2ϑ, they can give
in principle the same information as for the decays with electrons emission, even if
their decay rate is typically more suppressed than the one of 2ω→ processes. At the
same time, there is a motivation to search for the 0εϑω+ and 0ε2ω+ decays owing
to the potential to clarify the possible contribution of the right-handed currents
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such an electron gives rise to a ‘hole’ and causes electrons from higher levels to cascade
downwards and in so doing emit characteristic X-rays. Electron capture is energetically
allowed if

† 

M(Z, A) > M( Z -1,A) + e

where 

† 

e  is the excitation energy of the atomic shell of the daughter nucleus. The process
competes with positron emission.

(b) Even-mass nuclei
Consider as an example the case of 

† 

A = 106  shown in Fig.2.9. The lowest isobar on the
lowest curve is 

† 

46
106Pd  and is 

† 

b -stable. The isobar 

† 

48
106Cd , also on the lower curve, is also

stable since its two odd-odd neighbours both lie above it. In principle, it could decay via
double 

† 

b -decay:

† 

48
106CdÆ 46

106Pd + 2e+ + 2ne

but this is heavily suppressed to the extent that it is unobservable. Thus, there are two 

† 

b -
stable isobars and this a common situation for A-even, although no two neighbouring isobars
are known to be stable. Odd-odd nuclei always have at least one more strongly bound, even-
even neighbour nucleus in the isobaric spectrum. They are therefore unstable. The only
exceptions to this rule are a few very light nuclei

The lifetime of a free nucleon is about 887 s. The free proton is stable and can only ‘decay’
within a nucleus by utilising the binding energy. Lifetimes of 

† 

b  emitters vary enormously
from milliseconds to 

† 

1016 yrs. They depend very sensitively on the energy E released (the
lifetime 

† 

t ~ 1 E 5 ) and on the properties of the nuclei involved, e.g. their spins.

Fig.2.9  Mass parabolas of the 

† 

A = 106  isobars. Possible 

† 

b -decays are indicated by arrows.
The abcissa is the charge number 

† 

Z  and the zero point of the mass scale is arbitrary.
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101
46Pd → 101

45Rh + e+ + νe , and
101
45Rh → 101

44Ru + e+ + νe .

Such decays are called β+-decays. Since the mass of a free neutron is larger
than the proton mass, the process (3.9) is only possible inside a nucleus.
By contrast, neutrons outside nuclei can and do decay (3.7). Energetically,
β+-decay is possible whenever the following relationship between the masses
M(A, Z) and M(A, Z − 1) (of the parent and daughter atoms respectively)
is satisfied:

M(A, Z) > M(A, Z − 1) + 2me . (3.10)

This relationship takes into account the creation of a positron and the exis-
tence of an excess electron in the parent atom.

β-decay in even nuclei. Even mass number isobars form, as we described
above, two separate (one for even-even and one for odd-odd nuclei) parabolas
which are split by an amount equal to twice the pairing energy.

Often there is more than one β-stable isobar, especially in the range A >
70. Let us consider the example of the nuclides with A = 106 (Fig. 3.3). The
even-even 106

46Pd and 106
48Cd isobars are on the lower parabola, and 106

46Pd is the
stablest. 106

48Cd is β-stable, since its two odd-odd neighbours both lie above
it. The conversion of 106

48Cd is thus only possible through a double β-decay
into 106

46Pd:
106
48Cd → 106

46Pd + 2e+ + 2νe .

The probability for such a process is so small that 106
48Cd may be considered

to be a stable nuclide.
Odd-odd nuclei always have at least one more strongly bound, even-even

neighbour nucleus in the isobaric spectrum. They are therefore unstable. The

MeV/c2

MeV/c2

Figure 1.1. Examples of mass parabolas for A = 101 (Left) and A = 106 (Right). The
x-axis represents the atomic number, while the y-axis is the relative mass of the isobars,
expressed in energy units (MeV/c2). The zero point on the mass scale is arbitrary. In
the case of odd A only one parabola is obtained, while for even A two parabolas are
present, one for the even Z-even N case and the other for the case with odd Z and odd
N. See text for more details. Figure taken from Ref. [6].

interpreted as two sequential ω-decays with a virtual intermediate state.
In the framework of the SM, the 2ω decay is allowed with the emission of two
neutrinos on the final state, by means of the following processes1:

2ε2ω→ : A

ZX → A

Z+2Y + 2e→ + 2ε̄e (1.4)
2ε2ω+ : A

ZX → A

Z→2Y + 2e+ + 2εe (1.5)
2εϑω+ : e→ + A

ZX → A

Z→2Y + e+ + 2εe (1.6)
2ε2ϑ : 2e→ + A

ZX → A

Z→2Y + 2εe (1.7)

The idea of 2ω decay was originally proposed by Goeppert-Mayer [7] in 1935 but
the first direct laboratory detection was only achieved as recently as 1987 [8]. Since
then, the 2ε2ω→ has been measured for a dozen of nuclei [9], with lifetimes in the
range 1018 ↑ 1022 yr (see Table 1.1). The 2ω+ processes have a significantly lower
probability than 2ω→ decay modes but they are interesting to be studied because
they are simpler to identify: the positrons produced in the decay furnish four ϖ rays
after their annihilation. The coincident detection of two positrons and four ϖ rays
would be used as highly reliable condition for selecting such events.

1In the case of single or double electron capture, emission of X-rays and/or Auger electrons is
also expected (see text).
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The 2𝛽 decay 
• 𝟐𝛎𝟐𝛃 decay is a rare process allowed in the SM→ lepton number 𝐿 conserved
• 0𝛎𝟐𝛃, if observed, could open a new window beyond the SM→𝐿 violated (∆𝐿 = 2) →massive Majorana neutrino

2

Current sensitivity for 2ν2β! decay: T1/2 ~ 
1018-1024 yr; for 0ν2β! : T1/2 > 1024 - 1026 yr

(Neutrino 
oscillations)
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〈 f |S2|i〉 = 4
(−i)2

2 !

(
G F√

2

)2
Np1 Np2

∫ ∑

i

ūL (p1)eip1x1γα Uei 〈0|T (νi L (x1) νT
i L (x2)|0〉

×γ T
β Uei ūT

L (p2)eip2x2 〈N f |T (Jα(x1)Jβ (x2))|Ni 〉 d4x1d4x2−(p1 ! p2). (8.27)

Here p1 and p2 are electron momenta, Jα(x) is the weak charged current in the
Heisenberg representation,1 |Ni 〉 and |N f 〉 are the states of the initial and the
final nuclei with 4-momenta Pi = (Ei , pi) and Pf = (E f , pf), respectively, and
Np = 1

(2π)3/2
√

2p0
is the standard normalization factor. The diagram of 0νββ-decay

is presented in Fig. 8.1.
Let us consider the neutrino propagator. From the Majorana condition (8.26) we

find

〈0|T (νiL(x1)ν
T
iL(x2)|0〉 = −1 − γ5

2
〈0|T (νi (x1)ν̄i (x2))|0〉 1 − γ5

2
C. (8.28)

Further, we have

〈0|T (νi (x1)ν̄i (x2))|0〉 = i
(2π)4

∫
e−iq (x1−x2)

γ · q + mi

q2 − m2
i

d4q (8.29)

Thus, for the neutrino propagator we find the following expression2

〈0|T (νiL(x1)ν̄iL(x2))|0〉 = − i
(2π)4

∫
e−iq (x1−x2)

mi

q2 − m2
i

d4q
1 − γ5

2
C.

(8.30)
The neutrino propagator is proportional to mi . It is obvious from (8.29) that this is
connected with the fact that only left-handed neutrino fields enter into the Hamilto-

Fig. 8.1 Feynman diagram of
the neutrinoless double
β-decay

n

n

p

p

ν i

e−

e−

1 Thus, in (8.27) the strong interaction are taking into account.
2 Notice that in the case of the Dirac neutrinos 〈0|νiL (x1)ν

T
iL (x2)|0〉 = 1−γ5

2 〈0|νi (x1)

νT
i (x2)|0〉 1−γ T

5
2 = 0. The neutrinoless double β-decay is obviously forbidden in the Dirac case.

Decay, Level of 106Pd ω limit T1/2 [yr] at 90% C.L.
0ε2ϑ 2+512 0.003 → 3.6↑ 1020

2εϑϖ+ g.s. 0.016 → 2.1↑ 1021

2εϑϖ+ 2+512 0.037 → 4.7↑ 1021

2εϑϖ+ 2+1128 0.023 → 2.8↑ 1021

2εϑϖ+ 0+1134 0.027 → 3.5↑ 1021

0εϑϖ+ g.s. 0.035 → 4.5↑ 1021

0εϑϖ+ 2+512 0.043 → 5.5↑ 1021

0εϑϖ+ 2+1128 0.028 → 3.6↑ 1021

0εϑϖ+ 0+1134 0.030 → 3.8↑ 1021

2ε2ϖ+ g.s. 0.050 → 6.2↑ 1021

2ε2ϖ+ 2+512 0.046 → 5.8↑ 1021

0ε2ϖ+ g.s. 0.051 → 6.5↑ 1021

0ε2ϖ+ 2+512 0.046 → 5.8↑ 1021

Table 1: OLD

ϖ→ : A
ZX ↓ A

Z+1Y + e→ + ε̄e (1)

(T 0ω
1/2)

→1 = g4AG
0ω(Q,Z)

∣∣∣M0ω
GT ↔ g2V

g2A
M0ω

F

∣∣∣
2
|mεε |2 (2)

2ε2ϑ : 2e→ + A
ZX ↓ A

Z→2X
↑ ↓ A

Z→2X + 2εe + ϱ +X-rays (3)

2ε2ϖ→ : A
ZX ↓ A

Z+2Y + 2e→ + 2ε̄e (4)

2ε2ϖ+ : A
ZX ↓A

Z→2 Y + 2e+ + 2εe (5)

2εϑϖ+ : e→ + A
ZX ↓ A

Z→2Y + e+ + 2εe +X-rays (6)

2ε2ϑ : 2e→ + A
ZX ↓ A

Z→2Y + 2εe +X-rays (7)

0ε2ϖ→ : A
ZX ↓ A

Z+2Y + 2e→ (8)

0ε2ϖ+ : A
ZX ↓A

Z→2 Y + 2e+ (9)

0εϑϖ+ : e→ + A
ZX ↓ A

Z→2Y + e+ +X-rays (10)

0ε2ϑ : 2e→ + A
ZX ↓ A

Z→2Y + ϱ +X-rays (11)

1
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3. Closure approximation.

4. The nonrelativistic impulse approximation for the hadronic charged current
Jµ+

L
:

Jµ+
L

= p̄[gV (q2)εµ + igM (q2) ϑµω

2mN

qω → gA(q2)εµε5 → gP (q2)qµε5]n (1.22)

where qµ is the momentum transfer and q2 is its magnitude, mN is the nucleon
mass (roughly 1 GeV), gV (q2), gA(q2), gM (q2) and gP (q2) are respectively the
vector, axial (see more details in Section 1.2.4), magnetic, pseudoscalar form
factors of the nucleon, while ϑµω are the Pauli matrices.

Due to the high momentum of the virtual neutrino in the nucleus (q ↑ 100 MeV),
one can replace the intermediate state energy by an average value and then use the
closure relation to sum over all the intermediate states. With these considerations,
the expression for the half-life of the 0ϖ2ω decay (both for the cases with electrons
and positrons emission) can be written as:

(T 0ω

1/2)→1 = |mεε |2|M0ω |2G0ω(Q, Z), (1.23)

where (for simplicity, only the case of 2ω→ is considered):

Q = Q2ε→ = M(A, Z) → M(A, Z + 2), (1.24)

is the Q-value of the process, which is equal to the atomic mass di!erence between
M(A, Z) and M(A, Z + 2), which are in fact the masses of the parent and daughter
atoms2. So the total rate of 0ϖ2ω± is the product of three factors:

1. The squared modulus of the e!ective Majorana neutrino mass mεε which is
given by:

mεε =
∑

i

U2
eimi, (1.25)

where mi are the small masses of the Majorana neutrinos ϖi and Uei are
the elements of the neutrino mixing matrix. The purpose of 0ϖ2ω-decay
experiments is, if the process is observed, to extract the value of |mεε | from
measurements of T 0ω

1/2, assuming that the other two factors are known.

2. The squared modulus of the nuclear matrix element (NME) M0ω . Since the
momentum transfer involved in the decay is low, one can perform the expansion
of the weak current in the impulse approximation (see Eq. 1.22) and get the
dominant terms for the vector and axial-vector multipole moments: they
describe, at lowest order, Fermi and Gamow-Teller transitions, respectively.
Thus the NME assumes the form [30]:

M0ω = g2
A

(

M0ω

GT → g2
V

g2
A

M0ω

F

)

(1.26)

2In the positive channels, also the masses of the electrons and the binding energy of the electrons
must be taken into account in the calculation of the Q-value (see Eq. 1.16 -1.18).

where:
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2𝛽 decay of 150Nd 

𝛿= 5.638 % 

Experiments to search for 𝟐𝝂𝟐𝜷 → 𝟎𝟏" 𝑻𝟏/𝟐,×
𝟏𝟎𝟐𝟎	yr

Year [Ref.]

Modane underground laboratory (4800 m w.e.), 
HPGe 400 cm3, 3046 g of Nd2O3 (δ = 5.638%), 
1.29 y, 1-d spectrum

1.4%&.("&.) 2004 [1]

Re-estimation of the measurement in [1] 1.33%&.*+"&.() 2009 [2]

Kimballton Underground Research Facility, USA 
(1450 m w.e.), 2 HPGe (~304 cm3 each one), 50 g 
150Nd2O3 (𝛿 = 93.6%), 1.76 yr, coincidence 
spectrum

1.07%&.*+"&.(+ 2014 [3]

Modane underground laboratory (4800 m w.e.), 
NEMO-3 detector, 47 g foil of 150Nd2O3 (𝛿 = 91.0 
%), 5.25 yr, tracking-calorimetry

1.11%&.*,"&.*+ 2023 [4]

LNGS, 2.38 kg of Nd2O3, 4 HPGe
(≈225 cm3 each), 5.85 yr

𝟏. 𝟎𝟑%𝟎.𝟐𝟗"𝟎.𝟑𝟖 2025 [5][1] A.S. Barabash et al., Phys. Atom. Nucl. 67 (2004) 1216.
[2] A.S. Barabash et al., Phys. Rev. C 79 (2009) 045501.
[3] M.F. Kidd et al., Phys. Rev. C 90 (2014) 055501.
[4] X. Aguerre et al., Eur. Phys. J. C 83 (2023) 1117.
[5] A.S. Barabash et al., Eur. Phys. J. C 85 (2025) 174.
[6] A. Barabash, Universe 6 (2020) 159.
[7] B. Pritychenko, V.I. Tretyak, At. Data Nucl. Data Tables. 161 (2025) 
101694.

𝟐𝝂𝟐𝜷 → 𝒈. 𝒔. :  𝑇!/# = 0.93 7 ×10!$	yr	 [6]
             𝑇!/# = 1.16 37 ×10!$	yr	 [7]

3 experiments



Experimental Setup

Schematic view of the set-up with Nd-containing source
samples (1) installed in the HPGe detector system: (2)
coaxial HPGe detectors, (3) aluminium cup of the detector
system endcap, (4) copper part of the endcap, (5) position
of radioactive γ sources during the calibration campaign.

56(1)mm

16(1)mm

§ 2.381 kg Nd2O3 sample (average 
density ~2.84 g/cm3), used in previous 
experiment [1], additionally purified [2].

§ 4 HPGe detectors (≃225 cm3 each) in a 
cryostat with cylindrical well in the 
center. In STELLA laboratory of Gran 
Sasso National Laboratory (LNGS), 
Italy.

§ Shield: high-purity copper (10 cm), lead 
(20 cm).

§ Plexiglas container flushed with high-
purity nitrogen gas to remove radon.

[1] A.S. Barabash et al., Phys. Atom. Nucl. 67 (2004) 1216. 
[2] R.S. Boiko, Int. J. Mod. Phys. A 32 (2017) 1743005. 4

Eur. Phys. J. C 85 (2025) 174
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The data with the Nd-containing sample were gathered
starting from December 4th, 2015 till June 22nd, 2022, the
total live-time of the experiment is 5.845 year. Single count
rates of each channel and the total count rates of all four chan-
nels together were read by the DAQ software. Single chan-
nels had total count rates of about 0.008 cps, while the overall
count rate of all four channels together was consistently 0.014
cps. Data were recorded in weekly runs, and the stability
of the count rates was controlled with the same periodicity.
The energy calibration of the spectrometer was performed
using 22Na, 60Co, 133Ba, 137Cs and 228Th γ -ray point-like
sources in the beginning of the experiment, in October 30th–
November 11th, 2019, and after the low-background mea-
surements were stopped.

During the whole run time a slight deterioration of two
channels (detectors 3 and 4) was noticed due to an increase
of the count rates in the noise region (energies below 20
keV) and made consequently necessary an adjustment in
these channels of the low energy threshold, which had to be
increased. The deterioration was due to a loss of vacuum of
cryostat, which affected these channels more than the others,
which might be due to some condensation effects on the sur-
face of these detectors during the measurement. The vacuum
loss was very slow and did not affect the overall performance
of the detectors, i.e. resolution and energy scale of the spec-
tra were not affected significantly. A visible worsening of
the energy resolution was noticed for only the one channel
(detector 1) at the end of the experiment (see Sect. 2.2.2) and
was taken into account in the data analysis (Sect. 3.1.2). The
energy thresholds of the detectors in the final energy spectra
were in the range of 200–240 keV for detectors 1, 3 and 4,
while for the detector 2 it was lower, about 120–130 keV. It
should be stressed that the comparatively high energy thresh-
olds and their changes during the measurements did not affect
any results presented in this work.

The background of the detector system was measured
without sample for 0.8969 year in 2012. The sum energy
spectra measured by the four HPGe detectors with the Nd-
containing sample and without sample (background) are pre-
sented in Fig. 4.

2.2.2 Spectrometric characteristics of the detector system

The γ -ray peaks present in the energy spectra were analyzed
to determine a possible instability of the energy scale of the
detector system and the relative correction. As a first step,
the data were grouped using the most intense γ peak of 40K
with energy 1460.820 keV, combining runs having a small
enough energy-scale change (the deviation of the energy
scale does not exceed 0.3–0.4 keV). Then the energy scale
of the groups of runs was refined by using the peaks of 214Pb
(351.932 keV), 214Bi (609.321 keV) and 40K. The data of
the four detectors were calibrated individually, transformed
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Fig. 4 Energy spectra in the energy intervals (250–850) keV (a) and
(850–2700) keV (b) measured with the Nd-containing sample over
5.845 year (solid histogram) and without sample for 0.8969 year (nor-
malized to 5.845 year, dots) by the low-background HPGe-detector
system. The energy of the γ peaks is in keV

to the same energy scale (using the algorithm [66] suppos-
ing uniform distribution of the events inside the bin) and
added. The accuracy of the energy scale in the final spectrum
in the region of interest was checked with several intense
γ -ray peaks analyzing the ratio Eexp/ETab, where Eexp is
the energy of a peak determined by a fit of the energy spec-
trum, while ETab is the table value of the γ -ray transition
energy [50]. The result of the analysis is presented in Fig. 5.
A fit of the data by a linear function returns a dependence
Eexp/ETab = 0.99898(3)+ 0.257(5) × 10−5Eγ , where Eγ

is the energy of the γ transition in keV. The estimated devi-
ation of the γ -peak position with energy 333.961(11) keV is
≈ −0.016%, while for the 406.508(22) keV peak it is smaller
than the table uncertainty of the γ -transition energy.

The energy dependence of the energy resolution was deter-
mined for each detector by analyzing the most intense single
or well resolved peaks present in the data (in total 29 peaks
were involved in the analysis in the energy interval 0.24–1.8
MeV). It was found that the γ -ray peaks are better described
with an asymmetric function f (E) (modified Gaussian dis-
tribution proposed in [67,68]):

f (E) = A exp
(
T (2E − 2Eγ + T )

2σ 2

)
for E ≤ Eγ − T,

f (E) = A exp

(

− (E − Eγ )
2

2σ 2

)

for E > Eγ − T,
(6)

123

5

Energy spectra measured with
the Nd2O3 sample over 5.845 yr
(blue) and without sample for
0.8969 yr (normalized to 5.845
yr, red) by the low-background
HPGe-detector system. The
energy of the 𝛾 peaks is in keV.



Radioactive contamination of the Nd2O3 sample
v The peaks in the spectra can be assigned to

𝛾 quanta of 40K and nuclides of the 232Th and
238U chains. In addition, 26Al, 60Co, 108mAg,
137Cs, 207Bi 𝛾 peaks are observed both in the 
data with and without sample.

v Also, 𝛾 peaks of lanthanides 176Lu (306.8 keV)
and 138La (1435.8 keV) were observed in the
spectrum with the Nd2O3 sample.

The radioactive contamination of the sample by 
the lanthanides have been estimated as:

138La: 0.095(7) mBq/kg
176Lu: 0.30(2) mBq/kg

Other estimated contaminants: 228Ra, 228Th, 235U, 
227Ac, 40K.

K and Lu were reduced by a factor 5, Ra by 80 
times. 6

Chain Nuclide Activity (mBq/kg)

Before 
purification

After purification

40K 16 ± 8 3.4 ± 0.7
138La 0.095 ± 0.007
150Eu ≤ 0.037
176Lu 1.1 ± 0.4 0.30 ± 0.02

232Th 228Ra ≤ 2.1 0.13 ± 0.08
228Th ≤ 1.3 0.37 ± 0.06

235U 235U ≤ 1.7 0.8 ± 0.2
231Pa ≤ 0.29
227Ac 0.46 ± 0.08

238U 238U ≤ 28 ≤ 3.8
226Ra 15 ± 0.8 ≤ 0.18
210Pb ≤ 178
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Fig. 10 Time dependence of the HPGe detector system counting rate in
the energy intervals (0.24–0.6) MeV (a) and (1.1–2.7) MeV (b). While
the counting rate in the energy interval (1.1–2.7) MeV remains stable,
the counting rate at low energies decreases with a half-life of 23.1(9)
year, which can be explained by decaying 210Pb in the lead shield of
the set-up (the half-life of 210Pb is 22.20(22) year [72]). Energy spectra
measured with the Nd-containing sample in the first half of the measure-
ments over 25,614 h (1) and in the second half of the experiment over
25,623 h (2) (c). The spectra 1 and 2 were corrected taking into account
the interruptions in the data taking (see text). d The difference between
spectra 1 and 2 (circles with statistical uncertainty bars) and the result
obtained by fitting the simulated distribution of 210Bi bremsstrahlung
γ -rays from the lead shield of the set-up (solid red line). The excluded
distribution of bremsstrahlung γ -ray from 210Pb in the Nd-containing
sample, multiplied by a factor 10 for better visibility, is shown by green
dashed line

for spectra 1 and 2, respectively). One can assume that the
difference is caused by bremsstrahlung radiation from 210Bi.

The responses of the HPGe detectors to the β decays of
210Bi in the Nd-containing sample and in the lead shield
of the set-up were simulated by Geant4 [73] (for lead) and
EGSnrc (for the Nd-containing sample) packages. The sim-
ulated distributions were used to fit the difference as shown
in Fig. 10d.

Activity of 210Pb in the lead shield at the very start of the
measurement can be estimated using the following formula:

A(210Pb) = N12 λ

(1 − 2e−λt1 + e−λt2) ε m
, (12)

where N12 is the number of events in the distribution of
210Bi bremsstrahlung γ -ray [6.35(10) × 105, solid red line
in Fig. 10d], λ is the decay constant of 210Pb, t1 = 29226 h
and t2 = 57399 h are the times at the end of the spectra 1 and
2 of the two data taking periods (Fig. 10c), ε is the detection
efficiency of the detector system to the 210Bi bremsstrahlung

simulated by the Monte Carlo method (ε = 4.5×10−6),m is
the mass of the internal layer of the lead shield considered in
the simulations (thickness of the layer is 10 mm,m = 82.756
kg). The fit allowed estimating the 210Pb activity in the lead
in the beginning of the experiment at December 4th, 2015 as
132(2) Bq/kg (statistical uncertainty only).

The presence of 210Pb in the lead shield is confirmed by
the observation of the γ peak with energy 803 keV and
area Sγ = (1534 ± 63) counts in the data taken with the
Nd-containing sample (see Fig. 4). A peak with an area
Sγ = (119±43) counts is also present in the spectrum mea-
sured without sample. These peaks can be assigned to the α

decays of 210Po, daughter of 210Bi, to the first excited level
of 206Pb with energy 803.054(25) keV. γ quanta with energy
803.06(3) keV are emitted in de-excitation of the level with
the absolute intensity 0.00103(6)%. The 210Po is expected
to be in equilibrium with 210Pb due to the short half-lives of
210Bi (T1/2 = 5.012(5) d) and 210Po (T1/2 = 138.376(2) d)
in comparison to the time elapsed after the lead production
(the detector was installed at the Gran Sasso laboratory in
2000). The full-absorption-peak detection efficiency of the
detector system to 803-keV γ quanta from the first 5 cm of
lead surrounding the inner copper of the GeMulti set-up was
simulated by the Geant4 package as ε = 9.89 × 10−5, the
total mass of the 5-cm-thick lead is 516.56 kg. Considering
the time schedule of the measurements, the activity of 210Pb
in the lead at December 4th, 2015 is estimated as 20(1) Bq/kg.

The substantial difference in the values of 210Pb activity
obtained by the two approaches can be explained by system-
atic effects. In particular, variation of the fit interval lower
edge within 220–400 keV (see Fig. 10d) leads to an uncer-
tainty ±26 Bq/kg. However, the main problem is the absence
of information about the actual 210Pb activity in the lead
shield of the GeMulti set-up, whether it is uniformly dis-
tributed, or is a graded lead shield. Moreover, some details
of the lead shield were replaced before the current experi-
ment, for the purposes of the experiment [74] (in particu-
lar, this can explain a slightly smaller 803-keV peak area in
the background data taken before the experiment [74]). As
another source of uncertainty we mention that the thickness
of the copper part of the shield drastically affects the detection
efficiency; at present it is difficult to precisely redetermine it.
Besides, the presence of small gaps between the copper and
lead blocks, when there is a small angle between them, can
significantly change the detection efficiency for γ quanta,
especially in the case of a very low efficiency (i.e., just the
case of the lead shield in the set-up). To conclude, we decide
to give a wide interval of the 210Pb activity in the lead, 20–132
Bq/kg, taking into account the estimations obtained in both
analyses. Finally, we would like to stress that the observed
presence of 210Pb in the lead shield of the experimental set-
up does not affect the results of the present study of the 2β

decay processes in 148Nd and 150Nd.
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Detector is sensitive to 210Pb in the lead shield
(despite the low-active lead, and 10-cm layer of copper)

7 /16

g peak at 803 keV from α decays of 210Po to the first 
excited level of 206Pb with the absolute intensity 
0.00103(6)% was detected too.

Bremsstrahlung from 210Bi explains the background rate decrease 
below ∼ 1 MeV. Activity of 210Pb in the near layer of the lead shield 
is 132(2) Bq/kg.

T1/2(210Pb) = 22.20(22) yr

(0.24–0.6) MeV (1.1–2.7) MeV

1: 0 - 2.92 yr
2: 2.92 - 5.85 yr

Difference 
1 - 2

210Pb in  
lead shield

210Pb in 
Nd2O3
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tion in the live time due to the selection with M = 1 was
estimated to be negligible: it is less than 1 s over all the
data taking (5.845 year). Applying Eq. (13) one obtains:
T 334

1/2 (
150Nd → 150Sm(0+1 )) = [0.57+0.17

−0.11(stat)] × 1020

year.
To estimate the area of the γ -ray peak with energy 406.5

keV, emitted after de-excitation of the excited 740.5-keV 0+1
level of 150Sm, the spectrum was fitted in the energy intervals
from (356–365) keV to (463–472) keV in 1-keV-steps (in
total 100 fits). The model of background was built in a similar
way as for the 334.0-keV peak: an exponential function for
the background continuum, a peak of interest at 406.5 keV,
γ -ray peaks of 176Lu, 228Ac, 212Pb, 223Ra, 219Rn, 211Pb,
214Bi and the double-escape peak with energy 438.8 keV
from 40K (16 background peaks in total). The activities of
176Lu and of the 227Ac daughters were bounded within one
standard deviation taking into account that the 406.5-keV
peak area anti-correlates with the peaks of 176Lu (400.99
keV), 219Rn (401.81 keV) and 211Pb (404.853 keV). The
best fit was achieved in the energy interval (358–467) keV
with χ2/n.d.f. = 221/205 = 1.08. The fit returns a 406.5-
keV peak area of S406.5 = 341(111) counts. The energy
spectrum in the vicinity of the 406.5-keV peak and its fit by
the background model is shown in Fig. 12a, the difference
between the experimental data and the background model is
presented in Fig. 12b. Taking into account the FEP detection
efficiency, ε406.5 = 0.0217, it leads to a 2ν2β half-life of
150Nd for the transition to the first 0+1 excited level of 150Sm:
T 406

1/2 (
150Nd → 150Sm(0+1 )) = [1.06+0.51

−0.26(stat)]×1020 year.

3.1.2 Coincidences between HPGe detectors

Two γ quanta, 334.0 keV and 406.5 keV, emitted in de-
excitation of the 740.5-keV 0+1 level of 150Sm, can be
detected in coincidence by the HPGe counters by using the
information on the time of events recorded by the DAQ of
the GeMulti detector system. The two-dimensional energy
spectrum of the events with multiplicity 2 registered in coin-
cidence mode over 5.845 year of data taking with the Nd-
containing sample is presented in Fig. 13.

There are several peculiarities in the diagram. Clusters
of events in the form of vertical and horizontal lines corre-
spond to the detection of two γ quanta emitted in cascade
after decays of 214Bi and 208Tl, when one γ quantum is fully
absorbed in one detector while another Compton-scattered γ

quantum deposits part of its energy in another detector. The
diagonal clusters are due to intense single γ quanta when
a part of their energy is absorbed in one detector with the
rest of the energy detected by another one. Clearly visible
are diagonal distributions of intense γ quanta of 40K, 208Tl,
214Pb and 214Bi. One can also see point-like structures in the
low energy part of the distribution due to γ quanta of 176Lu
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Fig. 12 aPart of the energy spectrum measured with the Nd-containing
sample over 5.845 year by the ULB HPGe-detector system in the vicin-
ity of the peak 406.5 keV. The spectrum contains only the events with
multiplicity M = 1, without coinciding events. The fit of the data in
the energy interval (358–467) keV by the background model (see text)
and a γ -ray peak with energy 406.5 keV is shown by the blue solid
line. The 406.5-keV peak with area S406.5 = 341 counts on the expo-
nential background is shown by the red solid line. b The difference
between the experimental energy spectrum and the background model.
The 406.5-keV peak with area 341 counts is shown by red solid line

Fig. 13 The two-dimensional energy spectrum of events with multi-
plicity 2 registered in coincidence mode by the ULB HPGe detector
system of the Nd-containing sample over 5.845 year. The low energy
region of the two-dimensional energy spectrum is shown in the Inset
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To evaluate the activity of 210Pb in the Nd-containing sam-
ple the difference shown in Fig. 10d was fitted by a sum of
the simulated distributions of 210Bi in the lead shield and
in the Nd-containing sample. The fit returned an activity of
210Pb in the Nd-containing material compatible with zero
(N12 = −7800 ± 6120 events, lim S = 4007 events). The
excluded distribution of bremsstrahlung γ -ray from 210Pb
in the Nd-containing sample, multiplied by a factor 10 for
better visibility, is shown in Fig. 10d by green dashed line.
Taking into account the detection efficiency to 210Bi in the
Nd-containing sample (ε = 7.3 × 10−4) a limit ≤ 0.178
Bq/kg was set for the activity of 210Pb in the Nd-containing
material at the beginning of the experiment.

3 Data analysis, results and discussion

3.1 2ν2β decay of 150Nd to the 0+1 excited level of 150Sm

3.1.1 Analysis of 1-dimensional spectrum

The 1-dimensional energy spectrum measured with the Nd-
containing sample, after selection of the events with multi-
plicity M = 1 (i.e., without coinciding events), in the energy
interval (275–383) keV is shown in Fig. 11a. A peak with
energy 334.0 keV, related to the 2ν2β transition of 150Nd to
the 740.5 keV 0+1 excited level of 150Sm, is observed in the
data. To estimate the peak area, 121 fits were made by vary-
ing the starting (end) points in the range from 279 to 289 keV
(from 365 keV to 375 keV) in steps of 1 keV. The background
model included an exponential function to describe the con-
tinuous distribution, a peak with energy 334.0 keV and all
significant background γ peaks of the radionuclides recog-
nized in the data: 176Lu, 228Ac, daughters of 228Th (212Pb
and 212Bi), 231Pa, daughters of 227Ac (227Th and 223Ra),
daughters of 226Ra (214Pb and 214Bi). In total 31 background
peaks were included in the model. Each peak was constructed
from four asymmetric Gaussian functions with the energy-
dependent individual characteristics for the four detectors
(see Sect. 2.2.2). The relative peaks areas for each radionu-
clide were fixed taking into account the γ -transitions inten-
sities, while the activities of the radionuclides (and of their
progeny in equilibrium) were free parameters of the fit. The
energy dependence of the full absorption peak detection effi-
ciency, calculated using the EGSnrc simulation package and
adjusted using the calibration data (see Sect. 2.2.3), was taken
into account. Possible shifts of the energy scale and energy
resolution (the standard deviation σ and the tailing parameter
T ) were described by 3 common parameters for all the peaks.
There were in total twelve free parameters in the fit. The best
fit, achieved in the energy interval 282–375 keV using the
PAW/MINUIT software package [75,76], provided a 334.0-
keV peak area S334.0 = 616(141) counts with a reasonable
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Fig. 11 a Energy spectrum measured with the Nd-containing sample
for 5.845 year in the region of interest of the 334.0-keV peak expected
in the 2ν2β decay of 150Nd to the 0+1 (2+1 ) excited level of 150Sm. The
spectrum contains only the events with multiplicity M = 1, without
coincidence events. The fit of the data in the energy interval (282–375)
keV by the background model and a γ -ray peak with energy 334.0 keV
(see text) is shown by the blue solid line. The 334.0-keV peak with area
S334.0 = 616 counts on the exponential background is shown by the
red solid line. The energy of the γ -ray peaks is in keV. b The difference
between the experimental energy spectrum and the background model.
The red solid line presents the 334.0-keV peak with area 616 counts

fit quality χ2/n.d.f. = 227/175 = 1.29. The result of the fit
is presented in Fig. 11a, the difference between the experi-
mental data and the background model is shown in Fig. 11b.

The 2ν2β half-life of 150Nd for the transition to the 0+1
excited level of 150Sm can be calculated with the following
formula:

T1/2 = N ln 2 ε t
S

, (13)

where N is the number of 150Nd nuclei in the sample, ε is
the full energy peak detection efficiency for γ quanta with
energy 334.0 keV in the de-excitation of the 740.5-keV level
of 150Sm, t is the time of measurement, S is the number of
events in the peak. The FEP detection efficiency for 334.0-
keV γ quanta is ε334.0 = 0.0212 (the coefficient of con-
version of γ quanta to electrons is included). It should be
noted that the Monte Carlo simulations take into account
the geometry of the four HPGe detectors of the GeMulti
set-up. Thus, the Monte Carlo simulated FEP detection effi-
ciency already includes the effect of events loss due to the
selection cut M = 1 (the effect is rather small: ≈ 6%).
Another possible effect of the selection with multiplicity
M = 1 is increase of the dead time. However, the reduc-
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Energy spectrum in the ROI - 1D spectra
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0+                740.5 keV

150Nd

150Sm

334.0-keV peak area = 616(141) counts
χ2/n.d.f. = 227/175 = 1.29

406.5-keV peak area = 341(111) counts
χ2/n.d.f. = 221/205 = 1.08
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Coincidence spectrum in 2 HPGe Detectors

Two 𝛾 quanta, 334.0 keV and 406.5 keV, emitted in de-
excitation of the 740.5-keV 0+

1 level of 150Sm, can be
detected in coincidence by the HPGe counters of the
detector system.
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tion in the live time due to the selection with M = 1 was
estimated to be negligible: it is less than 1 s over all the
data taking (5.845 year). Applying Eq. (13) one obtains:
T 334

1/2 (
150Nd → 150Sm(0+1 )) = [0.57+0.17

−0.11(stat)] × 1020

year.
To estimate the area of the γ -ray peak with energy 406.5

keV, emitted after de-excitation of the excited 740.5-keV 0+1
level of 150Sm, the spectrum was fitted in the energy intervals
from (356–365) keV to (463–472) keV in 1-keV-steps (in
total 100 fits). The model of background was built in a similar
way as for the 334.0-keV peak: an exponential function for
the background continuum, a peak of interest at 406.5 keV,
γ -ray peaks of 176Lu, 228Ac, 212Pb, 223Ra, 219Rn, 211Pb,
214Bi and the double-escape peak with energy 438.8 keV
from 40K (16 background peaks in total). The activities of
176Lu and of the 227Ac daughters were bounded within one
standard deviation taking into account that the 406.5-keV
peak area anti-correlates with the peaks of 176Lu (400.99
keV), 219Rn (401.81 keV) and 211Pb (404.853 keV). The
best fit was achieved in the energy interval (358–467) keV
with χ2/n.d.f. = 221/205 = 1.08. The fit returns a 406.5-
keV peak area of S406.5 = 341(111) counts. The energy
spectrum in the vicinity of the 406.5-keV peak and its fit by
the background model is shown in Fig. 12a, the difference
between the experimental data and the background model is
presented in Fig. 12b. Taking into account the FEP detection
efficiency, ε406.5 = 0.0217, it leads to a 2ν2β half-life of
150Nd for the transition to the first 0+1 excited level of 150Sm:
T 406

1/2 (
150Nd → 150Sm(0+1 )) = [1.06+0.51

−0.26(stat)]×1020 year.

3.1.2 Coincidences between HPGe detectors

Two γ quanta, 334.0 keV and 406.5 keV, emitted in de-
excitation of the 740.5-keV 0+1 level of 150Sm, can be
detected in coincidence by the HPGe counters by using the
information on the time of events recorded by the DAQ of
the GeMulti detector system. The two-dimensional energy
spectrum of the events with multiplicity 2 registered in coin-
cidence mode over 5.845 year of data taking with the Nd-
containing sample is presented in Fig. 13.

There are several peculiarities in the diagram. Clusters
of events in the form of vertical and horizontal lines corre-
spond to the detection of two γ quanta emitted in cascade
after decays of 214Bi and 208Tl, when one γ quantum is fully
absorbed in one detector while another Compton-scattered γ

quantum deposits part of its energy in another detector. The
diagonal clusters are due to intense single γ quanta when
a part of their energy is absorbed in one detector with the
rest of the energy detected by another one. Clearly visible
are diagonal distributions of intense γ quanta of 40K, 208Tl,
214Pb and 214Bi. One can also see point-like structures in the
low energy part of the distribution due to γ quanta of 176Lu
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Fig. 12 aPart of the energy spectrum measured with the Nd-containing
sample over 5.845 year by the ULB HPGe-detector system in the vicin-
ity of the peak 406.5 keV. The spectrum contains only the events with
multiplicity M = 1, without coinciding events. The fit of the data in
the energy interval (358–467) keV by the background model (see text)
and a γ -ray peak with energy 406.5 keV is shown by the blue solid
line. The 406.5-keV peak with area S406.5 = 341 counts on the expo-
nential background is shown by the red solid line. b The difference
between the experimental energy spectrum and the background model.
The 406.5-keV peak with area 341 counts is shown by red solid line

Fig. 13 The two-dimensional energy spectrum of events with multi-
plicity 2 registered in coincidence mode by the ULB HPGe detector
system of the Nd-containing sample over 5.845 year. The low energy
region of the two-dimensional energy spectrum is shown in the Inset
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Table 6 The values of the
parameters σL and σR for γ -ray
peaks with energies 334.0 keV
and 406.5 keV which were used
to build the coincidence spectra.
Data for the intense single peak
609.3 keV of 214Bi, determined
by analysis of the sum spectrum
taken over the whole
experiment, are given too

Energy (keV) Parameter Values σL and σR for the detectors 1–4 (keV)

1 2 3 4

334.0 σL 0.77 0.76 1.96 2.01

σR 0.69 0.58 0.80 1.06

406.5 σL 0.81 0.80 1.36 1.65

σR 0.67 0.53 0.49 0.79

609.3 σL 1.02 0.86 1.02 1.18

σR 0.96 0.78 0.64 1.00
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Fig. 15 The coincidence energy spectra, measured over 5.845 year
with the ULB HPGe-detector system of the Nd-containing sample, when
the energy of one detector is in the energy interval 406.5 keV +2σR

−2σL
(a)

and 334.0 keV +2σR
−2σL

(b) (see text for explanation of the parameters σL
and σR). The background coincidence spectrum when energy of events
in one of the detectors was in the energy interval 370 keV +2σR

−2σL
(c).

The bins filled by cyan colour were selected when the energy in one
detector is in the energy interval 334.0 keV +2σR

−2σL
and in one of other

three detectors is in the energy interval 406.5 keV +2σR
−2σL

(a), and vice-
versa (b). The number of events observed is n0 = 9 counts. Energy
intervals for background estimations (see text) are shown by vertical
lines with horizontal arrows. Fits of the data in the vicinity of peaks at
334.0 keV (a) and at 406.5 keV (b) are shown by red solid lines (see
text for the fits details). The area of the 334.0-keV peak returned by the
fit is 4.2±2.5 counts, while the area of the 406.5-keV peak is 6.8±2.9
counts

smallest ratio “sum of the upper and lower uncertainties to
the half-life value” was achieved by selection of coincidences
in the energy intervals +2σR

−2σL
.

A similar result was obtained by fitting the γ -ray peaks
with the log-likelihood method in the coincidence spectra.
The fits to the data by a linear function (to describe the con-
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Fig. 16 The 2ν2β half-life of 150Nd for the transition to the 740.5 keV
0+1 excited level of 150Sm obtained by analysis of the coincidence data
depending on the width of the selection energy interval. The numbers
of events observed (n0) are given. The accepted half-life obtained by
selection of the CC data in the energy intervals +2σR

−2σL
is shown by dashed

line

tinuous background) and by a sum of asymmetric peaks of
the four detectors (the effect under study) returned the 334.0-
keV peak area 4.2 ± 2.5 counts and of the 406.5-keV peak
area 6.8 ± 2.9 counts with a weighted mean 5.27 ± 1.88
counts. The results of the fits are shown in Fig. 15a and b. It
should be noted that the shapes of the peaks are the same as in
the fits presented in Figs. 11 and 12. The half-life from the fit
is T 334&406

1/2 (150Nd → 150Sm(0+1 )) = [1.20+0.67
−0.32(stat)] ×

1020 year. However, due to a rather low statistics of the coinci-
dence spectra that provides certain difficulties to fit the data,
we consider the first approach (comparison of the number
of selected events to the estimated background) as the more
reliable one for the half-life estimations.

3.1.3 2ν2β half-life of 150Nd for the transition to the 0+1
level of 150Sm

Possible systematic uncertainties of the 2ν2β half-life of
150Nd for the transition to the 740.5 keV 0+1 excited level

123

Background: 
b = 2.53 ± 0.21 counts
Total events observed: 
n0 = 9 counts
Signal central value:
n0 − b = 6.47 counts 

𝑇!/#(()&)+, 150Nd → 150Sm 0!- = [0.98.+.(,-+.,$ stat .+.!#-+.!( syst ]
× 10#+ yr

Combination of 1-D (334 keV, 406 keV) and CC: 
𝑻𝟏/𝟐𝟑𝟑𝟒&𝟒𝟎𝟔 = [𝟎. 𝟖𝟑.𝟎.𝟏𝟑-𝟎.𝟏𝟖 𝐬𝐭𝐚𝐭 .𝟎.𝟏𝟗

-𝟎.𝟏𝟔 𝐬𝐲𝐬𝐭 ]× 𝟏𝟎𝟐𝟎 yr
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Fig. 17 1-σ contour and best fit value in the plane with coordinates
equal to the inverses of the half-lives of the two processes: 2ν2β decay
of 150Nd to the 0+1 and to the 2+1 excited levels of 150Sm. The 1-σ
bands that are achievable when considering only either the 1, or 2, or
CC method of analysis are reported

three analysis procedures – 1, 2, and CC – are considered
all together, one can obtain the 1-σ contour and the best fit
value, as shown in Fig. 17. In particular, the 2ν2β half-life
of 150Nd for the transition to the 0+1 excited level of 150Sm
is (see also Table 8):

T 2ν2β
1/2 (150Nd → 150Sm(0+1 )) =[1.03+0.35

−0.22(stat)+0.16
−0.19(syst)]

×1020 year. (15)

This obtained value of half-life is in agreement with the
results of the previous experiments (see Fig. 18 and Table 1
where a historical perspective of the half-life measurements
is presented).

The 2ν2β half-life of 150Nd for the transition to the 334.0
keV 2+1 excited level of 150Sm was estimated as derived by
using the maximum likelihood procedure as:

T 2ν2β
1/2 (150Nd → 150Sm(2+1 )) = [1.5+2.3

−0.6(stat)± 0.4(syst)]
×1020 year. (16)

The half-life value does not contradict the limit T1/2 ≥
2.42 × 1020 year obtained in the NEMO-3 experiment [28]
(see Table 9 where the results of the present work are given
together with the most sensitive results of other studies). Tak-
ing into account that the half-life value Eq. 16 is not statis-
tically reliable, we set also a limit on the decay applying the
Feldman-Cousins procedure [77] to the result of the maxi-
mum likelihood analysis as T 2ν2β

1/2 (150Nd →150 Sm(2+1 )) ≥
7.3 × 1019 year. The limit is lower than the NEMO-3 one
due to the excess of the 334.0-keV peak area in the present
study.

It should be noted that the 334.0-keV 2+1 excited state
of 150Sm can be populated also through the 2ν2β decay to
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Fig. 18 A historical perspective of the 2ν2β half-life of 150Nd mea-
surements for the transition to the 740.5 keV 0+1 excited level of 150Sm
(blue circles) (references to the publications are as follows: Barabash
[51], Barabash [52], Kidd [53], NEMO-3 [28]). The red triangle shows
the half-life obtained in the present study by combination of the half-life
values derived from analysis of the 334.0-keV and 406-keV peaks in the
1-dimensional spectrum and of the CC data. The red square represents
the result obtained in the present study by the maximum likelihood pro-
cedure of the two peaks in the 1-dimensional spectrum – including the
possible contribution of the decay to the 2+1 level – and the one derived
from the CC analysis

the second 2+2 (1046.1 keV), third 2+3 (1193.8 keV), and
the second 0+2 states (1255.5 keV). As a result, such decays
could add events to the 334.0-keV peak and reduce the half-
life value for the 2ν2β decay to the 2+1 level. However, as it
will be shown in the Sect. 4.2, the contribution is rather small
and can be neglected.

The probability of the 0ν2β decay is expected to be several
orders of magnitudes smaller than the probability of the two
neutrino mode (moreover, the 0ν2β decay might be even
vanishingly rare). Nevertheless, the limit obtained for the 2ν

mode of the transition to the 2+1 level is valid also for the 0ν

mode of the decay and can be considered as a methodological
result. Similarly a limit on the 0ν2β transition to the 0+1
level was set as T 0ν2β

1/2 (150Nd → 150Sm(0+1 )) ≥ 7.1 × 1019

year. Both limits are weaker than the restrictions reported by
NEMO-3 [28]: T 0ν2β

1/2 (150Nd → 150Sm(2+1 )) ≥ 1.26×1023

year and T 0ν2β
1/2 (150Nd → 150Sm(0+1 )) ≥ 1.36 × 1022 year,

respectively, due to impossibility to distinguish the 2ν and
0ν decay modes in the present work.

3.2 Limits on 2β decays of 150Nd to the higher excited
levels of 150Sm

No peculiarities were observed either in the 1-dimensional
spectrum or in the coincidence data, that could be ascribed to
2β decays of 150Nd to higher excited levels of 150Sm. Thus,
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Maximum likelihood procedure for 1-D and CC, including
the possible contribution of the decay to the 𝟐𝟏" level

10 /16

Assuming the difference S334 - S406 = 275 ± 179 counts is 
due to transition to the 2+ level, we obtain:

𝑻𝟏/𝟐
𝟐𝝂𝟐𝜷→𝟐𝟏

$
= [𝟏. 𝟓𝟑.𝟎.𝟔-𝟐.𝟑 𝐬𝐭𝐚𝐭 ± 𝟎. 𝟒 𝐬𝐲𝐬𝐭 ]× 𝟏𝟎𝟐𝟎 yr, 

𝑻𝟏/𝟐
𝟐𝝂𝟐𝜷→𝟎𝟏

$
= [𝟏. 𝟎𝟑.𝟎.𝟐𝟐-𝟎.𝟑𝟓 𝐬𝐭𝐚𝐭 .𝟎.𝟏𝟗

-𝟎.𝟏𝟔 𝐬𝐲𝐬𝐭 ]× 𝟏𝟎𝟐𝟎 yr

The best limit: T1/2 > 2.42 x 1020 yr [X. Aguerre et al., Eur. 
Phys. J. C 83 (2023) 1117].

1-D 334 

1-D 406 
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three analysis procedures – 1, 2, and CC – are considered
all together, one can obtain the 1-σ contour and the best fit
value, as shown in Fig. 17. In particular, the 2ν2β half-life
of 150Nd for the transition to the 0+1 excited level of 150Sm
is (see also Table 8):

T 2ν2β
1/2 (150Nd → 150Sm(0+1 )) =[1.03+0.35

−0.22(stat)+0.16
−0.19(syst)]

×1020 year. (15)

This obtained value of half-life is in agreement with the
results of the previous experiments (see Fig. 18 and Table 1
where a historical perspective of the half-life measurements
is presented).

The 2ν2β half-life of 150Nd for the transition to the 334.0
keV 2+1 excited level of 150Sm was estimated as derived by
using the maximum likelihood procedure as:

T 2ν2β
1/2 (150Nd → 150Sm(2+1 )) = [1.5+2.3

−0.6(stat)± 0.4(syst)]
×1020 year. (16)

The half-life value does not contradict the limit T1/2 ≥
2.42 × 1020 year obtained in the NEMO-3 experiment [28]
(see Table 9 where the results of the present work are given
together with the most sensitive results of other studies). Tak-
ing into account that the half-life value Eq. 16 is not statis-
tically reliable, we set also a limit on the decay applying the
Feldman-Cousins procedure [77] to the result of the maxi-
mum likelihood analysis as T 2ν2β

1/2 (150Nd →150 Sm(2+1 )) ≥
7.3 × 1019 year. The limit is lower than the NEMO-3 one
due to the excess of the 334.0-keV peak area in the present
study.

It should be noted that the 334.0-keV 2+1 excited state
of 150Sm can be populated also through the 2ν2β decay to

0.5

1

1.5

2

2005 2010 2015 2020 2025

Barabash 2004
Barabash 2009

Kidd 2014

NEMO-3 2023

Present study

×1020

Publication date

H
al

f-l
ife

 (y
r)

Fig. 18 A historical perspective of the 2ν2β half-life of 150Nd mea-
surements for the transition to the 740.5 keV 0+1 excited level of 150Sm
(blue circles) (references to the publications are as follows: Barabash
[51], Barabash [52], Kidd [53], NEMO-3 [28]). The red triangle shows
the half-life obtained in the present study by combination of the half-life
values derived from analysis of the 334.0-keV and 406-keV peaks in the
1-dimensional spectrum and of the CC data. The red square represents
the result obtained in the present study by the maximum likelihood pro-
cedure of the two peaks in the 1-dimensional spectrum – including the
possible contribution of the decay to the 2+1 level – and the one derived
from the CC analysis

the second 2+2 (1046.1 keV), third 2+3 (1193.8 keV), and
the second 0+2 states (1255.5 keV). As a result, such decays
could add events to the 334.0-keV peak and reduce the half-
life value for the 2ν2β decay to the 2+1 level. However, as it
will be shown in the Sect. 4.2, the contribution is rather small
and can be neglected.

The probability of the 0ν2β decay is expected to be several
orders of magnitudes smaller than the probability of the two
neutrino mode (moreover, the 0ν2β decay might be even
vanishingly rare). Nevertheless, the limit obtained for the 2ν

mode of the transition to the 2+1 level is valid also for the 0ν

mode of the decay and can be considered as a methodological
result. Similarly a limit on the 0ν2β transition to the 0+1
level was set as T 0ν2β

1/2 (150Nd → 150Sm(0+1 )) ≥ 7.1 × 1019

year. Both limits are weaker than the restrictions reported by
NEMO-3 [28]: T 0ν2β

1/2 (150Nd → 150Sm(2+1 )) ≥ 1.26×1023

year and T 0ν2β
1/2 (150Nd → 150Sm(0+1 )) ≥ 1.36 × 1022 year,

respectively, due to impossibility to distinguish the 2ν and
0ν decay modes in the present work.

3.2 Limits on 2β decays of 150Nd to the higher excited
levels of 150Sm

No peculiarities were observed either in the 1-dimensional
spectrum or in the coincidence data, that could be ascribed to
2β decays of 150Nd to higher excited levels of 150Sm. Thus,
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Theoretical calculations of 150Nd 2b-decay 
probability
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Probabilities of 150Nd 2n2b-transitions
to the 0!- and 2!- excited levels were
calculated in the framework of proton-
neutron QRPA with isospin restoration
combined with like-nucleon QRPA for a
description of excited states in the final
nuclei.

Transition 
150Nd ®
150Sm

𝒈𝑨
𝒆𝒇𝒇 Theoretical T1/2

(yr)
Experimental T1/2
(yr)

0- → 0- 1.276 9.34 × 1018 9.3(7)×10!? [1]

0.957 9.31 × 1018

0- → 0!- 1.276 0.43´1020 1.03.+.#$-+.(?×10#+

0.957 1.19´1020

0- → 2!- 1.276 1.32´1020 *) 1.5.+.@-#.(×10#+

0.957 4.18´1020

!""
#!

*) This is an interesting case when theorists calculated 
their value without knowing the experimental data. 
January 26, 2023 4:18 PM Dong-Liang Fang wrote to 
Fedor Simkovic: “I now finished the calculation for the 
decay 2+ for Nd with spherical QRPA multiplied by 
deformed overlap factors. The results are not so good, 
they are generally too large.”

[1] X. Aguerre et al., Eur. Phys. J. C 83 (2023) 1117.
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Improvement of the experimental sensitivity
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• Detection efficiency to 334 keV and 406 keV g-ray quanta in the 
decay to the 740.5 keV 0," level:                                      

9.9% and 9.7% *)

• Detection efficiency to 334 keV and 406 keV g-ray quanta in the 
decay to the 740.5 keV 0," level in coincidence: 

1.5% **)

• Detection efficiency to 334 keV g-ray quanta in the decay to the 
334.0 keV 2," level

19% **)

*) 2.12% and 2.17% in the present work
**) 0.0426%
***) 2.41%

Assuming a background similar to the GeMulti detector system, the T1/2( ® 0,") = 1´1020 yr can be measured over 3 year with ~20% 
precision both in 1-D and CC modes. The decay to the 2," 334 keV level with T1/2 = 4´1020 yr could be observed with 3s precision. A 
similar approach was used previously for 100Mo [1,2], 150Nd [3] (however, 1-D spectra were not analyzed), and 96Zr [4].

HPGe 2 kg, 
Æ8´8 cm

150Nd2O3, 
92%, 40 g
Æ6´0.5 cm

HPGe 2 kg, 
Æ8´8 cm

0.
5

cm

Æ2.6´5 cm
Al 0.2 cm

0.05 cm 
dead layer

0.05 cm 
dead layer
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v The 2n2b decay of 150Nd to the first 740.5 keV 0+ level of 150Sm was detected in both one-dimensional and 
coincidence spectra:

𝑻𝟏/𝟐
𝟐𝝂𝟐𝜷→𝟎𝟏

$
= [𝟎. 𝟖𝟑.𝟎.𝟏𝟑-𝟎.𝟏𝟖 𝐬𝐭𝐚𝐭 .𝟎.𝟏𝟗

-𝟎.𝟏𝟔 𝐬𝐲𝐬𝐭 ]× 𝟏𝟎𝟐𝟎 yr

v Interpreting some excess of the 334.0-keV peak as an indication of the 2n2b transition to the 334.0 keV 
2+ level with the half-life: 

𝑻𝟏/𝟐
𝟐𝝂𝟐𝜷→𝟐𝟏

$
= [𝟏. 𝟓𝟑.𝟎.𝟔-𝟐.𝟑 𝐬𝐭𝐚𝐭 ± 𝟎. 𝟒 𝐬𝐲𝐬𝐭 ]× 𝟏𝟎𝟐𝟎 yr,

𝑻𝟏/𝟐
𝟐𝝂𝟐𝜷→𝟎𝟏

$
= [𝟏. 𝟎𝟑.𝟎.𝟐𝟐-𝟎.𝟑𝟓 𝐬𝐭𝐚𝐭 .𝟎.𝟏𝟗

-𝟎.𝟏𝟔 𝐬𝐲𝐬𝐭 ]× 𝟏𝟎𝟐𝟎 yr,

v The half-lives for the decays to the 0!- and 2!- levels agree with the existing experimental values and 
limits, and with the half-life range calculated in the framework of proton-neutron QRPA with isospin 
restoration combined with like-nucleon QRPA for a description of excited states in the final nuclei. 

v The experimental sensitivity can be improved with ~40 g of enriched 150Nd sample between two large 
volume ultra-low background HPGe detectors.

Conclusions


