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Double-β decays 

3

In nature, only a subset of even-even nuclei could decay 
through double-β decay.  

This can happen when the attractive nuclear pairing 
interaction adds binding energy to nuclei with even 
numbers of protons and neutrons.
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Figure 1.5: Nuclear mass as a function of the atomic number Z in the case of an isobar isotopes
with even (left) and odd (right) mass number.

Table 1.6: Isotopic abundance, Q-value (Q��) and 2⌫�� half-life of the most relevant �� emit-
ters [44]. The first uncertainty reported is statistical while the second one systematic.

Isotope i. a. (%) Q�� [MeV] T
2⌫
1/2 [y] Experiment

48Ca 0.187 4.263 (6.4 +0.7
�0.6

+1.2
�0.9) · 1019 NEMO-3 (2016) [45]

76Ge 7.8 2.039 (1.84 +0.09
�0.08

+0.11
�0.06) · 1021 GERDA (2015) [46]

82Se 9.2 2.998 (9.6 ± 0.1 ± 1.0) · 1019 NEMO-3 (2005) [47]
96Zr 2.8 3.348 (2.35 ± 0.14 ± 0.19) · 1019 NEMO-3 (2010) [48]
100Mo 9.6 3.035 (6.90 ± 0.15 ± 0.37) · 1018 CUPID (2017) [49]
116Cd 7.6 2.813 (2.74 ± 0.04 ± 0.18) · 1019 NEMO-3 (2016) [50]
130Te 34.08 2.527 (8.2 ± 0.2 ± 0.6) · 1020 CUORE-0 (2016) [51]
136Xe 8.9 2.459 (2.165 ± 0.016 ± 0.059) · 1021 EXO-200 (2013) [52]
150Nd 5.6 3.371 (9.34 ± 0.22 +0.62

�0.60) · 1018 NEMO-3 (2016) [53]

Isotope Isotopic abundance (%) Enrichment (%)

48Ca 0.187 16
76Ge 7.8 92
82Se 8.7 96
96Zr 2.8 86

100Mo 9.8 99
116Cd 7.5 82
130Te 34.08 92
136Xe 8.9 90
150Nd 5.6 91
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Double-β decays 
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(A, Z) → (A, Z + 2) + 2e− + 2v  ̄ (A, Z) → (A, Z + 2) + 2e−

❖ Lepton number violating 
process not conserving the 
B-L symmetry of the SM 

❖ Only practical way to probe 
that neutrinos are Majorana 
particles, validating the so 
called “see-saw” mechanism
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TABLE 2.1: Q-value (Qbb) and 2nbb half-life of the most relevant bb emitters. The first
uncertainty reported is statistical while the second one is systematic.

Isotope Qbb [MeV] T2n
1/2 [yr] Ref.

48Ca 4.263 6.4+0.7
�0.6 (stat.)+1.2

�0.9 (syst.) ⇥ 1019 [54]
76Ge 2.039 2.022 ± 0.018 (stat.) ± 0.038 (syst.) ⇥ 1021 [55]
82Se 2.998 8.69 ± 0.05 (stat.)+0.09

�0.06 (syst.) ⇥ 1019 this work
96Zr 3.348 2.35 ± 0.14 (stat.) ± 0.16 (syst.) ⇥ 1019 [56]
100Mo 3.035 7.07 ± 0.02 (stat.) ± 0.11 (syst.) ⇥ 1018 [53]
116Cd 2.813 2.63 ± 0.01 (stat.)+0.11

�0.13 (syst.) ⇥ 1019 [57]
130Te 2.527 8.76+0.09

�0.07 (stat.)+0.14
�0.17 (syst.) ⇥ 1020 [58, 59]

136Xe 2.459 2.165 ± 0.016 (stat.) ± 0.059 (syst.) ⇥ 1021 [60]
150Nd 3.371 9.34 ± 0.22 (stat.)+0.62

�0.60 (syst.) ⇥ 1018 [61]

isotope [43, 51]. x values larger than the SSD values would indicate mutual cancellation

between lower and higher-lying states. The improved model provides the possibility

to correctly describe the 2nbb spectral shape without relying on the approximations of

the intermediate nuclear state. Nevertheless, the values of the ratios x31 and x51 have to

be experimentally measured. As described in Ref. [51], a measurement of x31 and the

half-life can be used to extract a value for gA,eff through the Eq.

g4
A,eff =

T�1
1/2 ⇥ x2

3,1

M2
GT�3G

, (2.18)

where G = G0 + x3,1G2 + x2
3,1G22/3 +

⇣
x2

3,1/3 + x5,1

⌘
G4. MGT�3 can be computed re-

liably within the NSM, which describes accurately the low-lying states of nuclei. So

far, the analysis to extract the x factors has been performed by KamLAND-Zen [52]

and CUPID-Mo [53]. In the first case, they established an upper bound on x31 in 136Xe

decays, which is still compatible with both the NSM and quasi-particle random-phase

approximation (QRPA) calculations. A detailed description of the CUPID-Mo analysis

is in Chapt. 8.

2.2 Neutrinoless double-beta decay

The SM has various global symmetries, in particular, the Baryon number (B) and the

Lepton number (L) are denoted as “accidental” because they come from the hypothesis

of renormalizability. Some combinations of these symmetries, for example B – L, are

conserved. The 0nbb is a two-body decay where two neutrons decay emitting two

Qββ = mf − mi

Half-life from 1018 — 1021 yr



0νββ inverse half-life
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[T0ν
1/2]

−1 = G0ν M0ν
2

(
mββ

me )
2

Nuclear Matrix Element 
depends on nuclear models. 
Still a source of uncertainty 

Effective Majorana Mass, 
the parameter of interest 25
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FIG. 8 Nuclear matrix elements M
0⌫ for light-neutrino ex-

change from di↵erent many-body methods. NSM: black
(Menéndez, 2018), grey (Horoi and Neacsu, 2016b), light-
grey (Iwata et al., 2016) bars and grey stars (Coraggio
et al., 2020)); QRPA: deformed in violet bars (Fang et al.,
2018)), and spherical in magenta (Mustonen and Engel, 2013)
and purple (Terasaki, 2015, 2020; Terasaki and Iwata, 2019)
crosses, red circles (Šimkovic et al., 2018b), and orange multi-
plication signs (Hyvarinen and Suhonen, 2015)); IBM: brown
bars (Barea et al., 2015a; Deppisch et al., 2020a)); EDF
theory: nonrelativistic in blue diamonds (Rodriguez and
Martinez-Pinedo, 2010) and blue up-triangles (López Vaquero
et al., 2013)), and relativistic in light-blue down-triangles
(Song et al., 2017)); IMSRG: IM-GCM in the light green 48Ca
bar (Yao et al., 2020)), and valence space in green bars (Belley
et al., 2021); and CC theory: dark green 48Ca bar (Novario
et al., 2021).

tion of the theoretical uncertainties. The error bars in
the ab initio results in Fig. 8 are dominated by the un-
certainty from the nuclear Hamiltonians used, except for
CC theory, where the dominant error stems from the
many-body method, which had to be extended to deal
with 0⌫�� decay, see Sec. IV.C.6. Nonetheless, even the
ab initio NME uncertainties in Fig. 8 are underestimated,
because a relevant ingredient, two-body currents at finite
momentum transfers, is not yet included in the calcula-
tions.

An additional uncertainty not immediately apparent
in Fig. 8 concerns the possible reduction of the NMEs,
usually known as “gA quenching”. This e↵ect was pro-
posed to compensate the finding that calculated GT �
matrix elements tend to overpredict measured values
by a roughly uniform factor. This introduces a poten-
tially large uncertainty, because a typical “gA quench-
ing” ge↵A = 0.7gA would reduce the 0⌫��-decay NMEs by
(0.7)2 ⇠ 1/2, and decay rates by (0.7)4 ⇠ 1/4. The “gA
quenching” evidences deficiencies in the nuclear theory
calculations, but it is not clear how to scale them from �
to 0⌫�� decays. For this reason, Fig. 8 assumes the un-
quenched gA = 1.27. Recent ab initio calculations that
reproduce � decays without any “gA quenching” pave
the way to solve this puzzle (Gysbers et al., 2019). We
address this issue in detail in Sec. IV.D.
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FIG. 9 Short-range light-neutrino exchange nuclear matrix
elements M

0⌫
short without the coupling g

NN

⌫ . Results from the
NSM: black (Menéndez, 2018), grey (Neacsu and Horoi, 2015;
Sen’kov and Horoi, 2016; Sen’kov et al., 2014), and light grey
(Jokiniemi et al., 2021b) bars; the QRPA: deformed in violet
bars (Fang et al., 2018) and spherical in orange mulitplication
signs (Hyvarinen and Suhonen, 2015) and red bars (Jokiniemi
et al., 2021b)); the IBM: brown bars (Barea et al., 2015a;
Deppisch et al., 2020a); and the IM-GCM: light green bars
(Wirth et al., 2021).
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FIG. 10 Nuclear matrix elements M
0⌫
heavy for the heavy-

neutrino exchange 0⌫�� decay. Results from the NSM: black
(Menéndez, 2018) and grey (Horoi and Neacsu, 2016b) bars;
the QRPA: deformed in violet bars (Fang et al., 2018) and
spherical in orange multiplication signs (Hyvarinen and Suho-
nen, 2015); the IBM: brown bars (Barea et al., 2015a; Dep-
pisch et al., 2020a); and relativistic EDF theory: light-blue
down-triangles (Song et al., 2017). Note that M0⌫

heavy includes
an additional factor (mN me)

2
/m

2

⇡ with respect to the stan-
dard definition.

In addition to the nuclear structure of the initial and
final nuclei, the range of the 0⌫��-decay operator is key
to determine the behavior of the NMEs. Figures 9 and
10 compare M0⌫

short/(g
NN
⌫ m2

⇡) and M0⌫
heavy, corresponding

to the short-range light-neutrino exchange term (with-
out coupling) and the exchange of heavy neutrinos, dis-
cussed in Secs. IV.B.2 and IV.B.1, respectively. Except
for the QRPA, short-range and heavy-neutrino NMEs are
close. This suggests that di↵erences in M0⌫

long are due to

mββ =
3

∑
j=1

U2
ejmj = U2

e1m1 + U2
e2e

iβ1m2 + U2
e3e

iβ2m3

PHASE-SPACE FACTORS FOR DOUBLE-β DECAY PHYSICAL REVIEW C 85, 034316 (2012)

FIG. 10. (Color online) Phase-space factors G
(0)
0ν in units of

10−15 yr−1. The label “approximate” refers to the results obtained
by the use of approximate electron wave functions. The figure is in
semilogarithmic scale.

where ϵ1 and ϵ2 are the electron energies, θ12 is the angle
between the two emitted electrons, and

w0ν = g4
A(G cos θC)4

16π5
(mec

2)2(h̄c2)(p1c)(p2c)ϵ1ϵ2. (50)

This decay is forbidden by the standard model and can occur
only if the neutrino has mass and/or there are right-handed
currents. In view of recent experiments on neutrino oscillations
[1–3] it appears that neutrinos have a mass and we therefore
consider the phase-space factors for this case. The quantities
a(0) and a(1) in Eq. (49) can then be written as [13]

a(i) = f
(i)
11

∣∣∣∣
⟨mν⟩
me

∣∣∣∣
2

|M0ν |2 , (51)

i = 0, 1, where M0ν is the nuclear matrix element and f
(0)
11 and

f
(1)
11 are the quantities given in Eq. (25).

All quantities of interest are then given by integration of
Eq. (49). Introducing

F
(i)
0ν = 2

ln 2

∫ Qββ+mec
2

mec2
f

(i)
11 w0νdϵ1, (52)

where ϵ2 is determined as ϵ2 = Qββ + mec
2 − ϵ1, and defining

the quantities

G
(i)
0ν = F

(i)
0ν

g4
A(4R2)

, (53)

where R = r0A
1/3 and r0 = 1.2 fm is the nuclear radius, we

can calculate (i) the half-life

[
τ 0ν

1/2

]−1 = G
(0)
0ν g4

A

∣∣∣∣
⟨mν⟩
me

∣∣∣∣
2

|M0ν |2, (54)

(ii) the single-electron spectrum

dW0ν

dϵ1
= N0ν

dG
(0)
0ν

dϵ1
= N0ν

[
2f

(0)
11 (ϵ1)w0ν(ϵ1)

]
, (55)

where N0ν = g4
A|⟨mν⟩/me|2|M0ν |2, and (iii) the angular cor-

relation between the two electrons,

α(ϵ1) = f
(1)
11 (ϵ1)

f
(0)
11 (ϵ1)

= dG
(1)
0ν /dϵ1

dG
(0)
0ν /dϵ1

. (56)

The factor (4R2) has been introduced in Eq. (53) to conform
with standard notation [22], in which the nuclear matrix
elements M0ν are given in dimensionless units, that is, they
are multiplied by R. The factor of 4, which is missing in
Tomoda’s definition but is necessary to make the calculation
consistent with Boehm and Vogel, has been the cause of
considerable confusion in the literature, as has the value of r0
used in R = r0A

1/3. Some authors use r0 = 1.1 fm instead of
r0 = 1.2 fm.

We have done a calculation of G
(0)
0ν and G

(1)
0ν in the list of

nuclei shown in Table III. The obtained G
(0)
0ν values are also

presented in Fig. 10, where they are compared with previous
calculations [22].

We also have available upon request the single-electron
spectra and angular correlation for all nuclei in Table III. An
example for 76Ge decay is shown in Fig. 11.

2. 0+ → 0+
2 0νββ decay

The decay to 0+
2 can also be calculated as in the previous

Sec. III A2. The results are shown in Table IV.

FIG. 11. Single-electron spectra (left panel) and angular correlations between the two outgoing electrons (right panel) for the 76Ge →76Se
0νββ decay. The scale of the left panel should be multiplied by N0ν for a realistic estimate.

034316-9

Phase Space Factor 
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What about 2νββ? 
Can we use it to search for new physics?
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2νββ spectrum: HSD vs. SSD
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Γ2ν

ln 2
= [T2ν

1/2]
−1 = G2ν |M2ν |2

❖  is the Phase Space Factor (PSF) 

❖  is the Nuclear Matrix Element (NME)  

Assumptions on the energy of the intermediate 
nuclear state: 

❖ Single-state dominance (SSD)➝ 100Mo and 
82Se 

❖ Higher-state dominance (HSD) or Closure 
approximation (CA)
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2νββ improved description
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Instead of approximating SSD or HSD, the 2νββ PSF is written as a sum of components 
representing a Taylor expansion in terms of the lepton energies: 

 

 and  determine the shape of the spectrum 

When  ➝ HSD 

Or  ➝ SSD (the values depend on the nucleus)

Γ2ν = M2ν
1

2 {G2ν
0 + ξ2ν

31G2ν
2 +

1
3 (ξ2ν

31)2 G2ν
22 + [ 1

3 (ξ2ν
31)2 + ξ2ν

51] G2ν
4 }

ξ2ν
31 ξ2ν

51

ξ2ν
31, ξ2ν

51 = 0

ξ2ν
31, ξ2ν

51 ≠ 0

Instead of making assumptions, the values of 
 can be measured ξ2ν

31, ξ2ν
51

Phys.Rev.C 97 (2018) 3, 034315

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.97.034315


Exotic double-β decays
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Majoron emitting modes
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Majorons are massless bosons resulting from 
the spontaneous B−L symmetry breaking in 
the low-energy regime. 

One (ββ𝛘0) or two (ββ𝛘0𝛘0) Majorons can be 
emitted according to the different models 

The parameter of interest is the neutrino-
Majoron coupling: 

[T1/2
0νM]−1 = G0νM ⟨gM

ee⟩
2m

M0νM
2

dΓ
dT

∝ (Qββ − T)
n
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Lorentz violating 2νββ
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The Standard Model Extension predict the 
existence of Lorentz Violating (LV) fields.  

In the neutrino sector it can modify the 
decay rate of 2νββ 

 

 is the countershaded operator and 
determines the strength of the Lorentz 
violating effect. 

Γ = ΓSM + 10 ⋅ ·a(3)
of ⋅ ΓLV

·a(3)
of

Exotic double-beta decays 45
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FIGURE 3.4: Energy spectrum of the SM 2nbb compared with the spectrum summing
the LIV perturbation assuming an arbitrary value of ȧ(3)

o f (both positive and negative).

TABLE 3.3: Actual experimental limits on the countershaded neutrino operator ȧ(3)
o f at

90% CL for different isotopes. The last limit is obtained from the analysis of the tritium
b-decay spectrum.

Isotope Limit on ȧ(3)
o f [GeV] Ref.

76Ge (�2.7 < ȧ(3)
o f < 6.2) · 10�6 [133]

82Se ȧ(3)
o f < 4.1 · 10�6 [156]

136Xe �2.65 · 10�5 < ȧ(3)
o f < 7.6 · 10�6 [157]

116Cd ȧ(3)
o f < 4.0 · 10�6 [57]

100Mo (�4.2 < ȧ(3)
o f < 3.5) · 10�7 [135]

3H |ȧ(3)
o f | < 3.0 · 10�8 [154]

experiments of about 10�8 GeV [153, 154], also listed in Tab. 3.3. In the next years,

the KATRIN experiment aims to reach sensitivities of O(10�9) GeV exploiting the full

experimental exposure [155].

3.4 Violation of the Pauli exclusion principle

The violation of the Pauli exclusion principle has been largely investigated for electrons

and nucleons without observing an effective violation [158, 159]. Since neutrinos present

many peculiarities concerning the other leptons, they are good candidates to hypothesize

they have different properties. In the last years, the possibility of a violation of the Pauli

exclusion principle in the neutrino sector has been taken into consideration to explain

the puzzle of cosmological dark matter [160–163]. This implies that neutrinos have ⇠eV
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Sterile neutrino emission
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If the sterile neutrino  has a mass , 
it can be emitted instead of an antineutrinos in 
the 2νββ (νNββ): 

 

The effect on the total decay rate is: 

 

Where  is called active-sterile mixing 
strength

N mN < Qββ

(A, Z) → (A, Z + 2) + 2e− + ν̄ + N

Γ = cos4 θΓSM + 2 cos2 θ sin2 θΓνN

sin2 θ
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Plenty of experimental techniques
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0νββ

HPGe semiconductor detectors 
76Ge  

[GERDA, Majorana Demonstrator, LEGEND]

Cryogenic calorimeters 
130Te, 100Mo, 82Se 

[CUORE, CUPID, AMoRE]

Xenon time projection chambers 
136Xe  

[EXO-200, nEXO, NEXT]

Large liquide scintillators 
136Xe 

[KamLAND-Zen, SNO+]

Tracking calorimeters 
100Mo, 82Se + others 

[NEMO-3, SuperNEMO]
+ many others



Cryogenic calorimeters for 0νββ searches
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Highly sensitive calorimeters operated at cryogenic 
temperature (~10 mK) 

  where   

From Debye law  

ΔT(t) =
ΔE
C

exp (−
t
τ ) τ =

C
G

C ∝ T3

0 2 4 6 8 10
Time [s]

0
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Vo
lta

ge
[m

V
]

D
T

µ
E d

ep
/C

t = C/G

 

 at 10mK

C = 10−9J/K

ΔT = 0.1
mK
MeV

 = heat capacity 

 = thermal conductance

C

G

Extended Data Fig. 1 | Working principle of the cryogenic calorimeter. Left, 
simplified calorimeter thermal model. The detector is modelled as a single 
object with heat capacity C coupled to the heat bath (with constant 
temperature T0) through the thermal conductance G. The NTD thermistor for 

signal readout is glued to the absorber. Right, example of a CUORE pulse from 
the 2,615-keV calibration line: T0 corresponds to the baseline height, the pulse 
amplitude is proportional to the deposited energy, and the decay time depends 
on the value of C/G.



Performances
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❖ Excellent energy resolution (<1% at 3 MeV) 

❖ High detection efficiency, the emitting isotope 
is embedded in the detector 

❖ Possibility to study different ββ emitters (and 
take those with higher Qββ) 

❖ Radio-pure materials 

❖ Mass scalability 

CUORE 
experiment



Degraded α-particles
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❖ A significant background come from degraded α-particles 
from contamination in passive material 

❖ Needs for a technique able to distinguish α-particles 
from β/γ radiation 

❖ Further background reduction with high Q-value isotopes 

3.4. DETECTOR COMPONENTS 97

inner bulk, caused by the diffusion of contaminations in the material. The radioactive
contaminants of 232Th and 238U are usually present on copper surfaces to a depth of
about 20 µm [186], see Fig. 3.24.
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Figure 3.24: Schematic view of radioactive impurity distribution on copper surface and bulk.

All the copper NOSV components were cleaned within a period of 6 months. The
cleaning protocol consists of 5 general macro steps divided in sub-steps for a total of 61
single processes, the time required for cleaning one set was about 10 days. The total
number of pieces cleaned was 268, divided into 78 columns (with 26 different lengths),
70 frames two large copper plates for the tower installation and several spare parts.

Cleaning process protocol to reduce the radioactive contamination levels in

Cu components

The cleaning procedure, developed at the Legnaro National Laboratories (LNL) of INFN.
consists on a sequence of the successive treatments: Tumbling, Electropolishing, Chemi-
cal etching and Magnetron plasma etching (T+E+C+M). The storage of the copper parts
between cleaning steps were performed in a clean room to avoid possible re-contamination
of the surface.

• Pre-cleaning process: The pre-cleaning is performed for removing any lubricant
residues deposited on the copper surfaces and it directly affect the efficiency of the
electropolishing process. It is performed wiping the copper surface using specific
wipes and a sequence of three different solvents: tetrachlorethylene, to solve organic
materials, acetone to degrease and remove tetrachloroethylene and ethyl alcohol to
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Fig. 14 Posterior distribution of 2νββ activity (blue) and systematic
uncertainty range, represented as a flat distribution (red). The 68% confi-
dence intervals used to quote the statistical and systematic uncertainties
are highlighted by colored areas
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Fig. 15 Sources contributing to background reconstruction. “Shields”
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the 68% Confidence Intervals associated to statistical and
systematic errors.

The half-life value obtained for 2νββ is

T 2ν
1/2 = [8.2 ± 0.2(stat.)± 0.6(syst.)] × 1020 years

10 130Te 0νββ region of interest

The signature of 130Te 0νββ is a Gaussian line centered at
2528 keV, the transition energy of the isotope, inM1. Model-
ing the shape of the background in this region, especially pos-
sible subdominant peaks, and identifying the main sources
of background is relevant not only for CUORE-0, but also
for the future evolution of 0νββ searches with bolometers.

It is useful to group the sources used for the fit into three
major classes: the two elements that will be identical (though
replicated 19 times) in CUORE, Holder and Crystals, and
the element that will change, i.e. the cryogenic and radioac-
tive shield systems (the sum of the CryoInt, CryoExt, IntPb,
and ExtPb). The contribution from these elements to the
0νββ region of interest (2470–2570 keV) inM1 are shown in
Fig. 15 and listed in Table 9. The largest contribution comes

Table 9 Sources contributing to the 0νββ ROI. The flat counting
rate in this region (i.e. excluding the 60Co sum peak) is 0.058 ±
0.006 counts/(keV kg year) [5]. Column (2) reports the contribution of
the different sources. “Shields” here stands for the sum of CryoInt,
CryoExt, IntPb, and ExtPb

Component Fraction [%]

Shields 74.4 ± 1.3

Holder 21.4 ± 0.7

Crystals 2.64 ± 0.14

Muons 1.51 ± 0.06
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Fig. 16 Background reconstruction in the 0νββ ROI. Events due to α
particles (about 24% of the ROI background) are shown in red. All the
other events are shown in blue

from the shields. This is mainly 232Th contamination. The
Holder is the second largest contributor due to degraded αs
from 238U and 232Th deep surface contaminants. Bulk and
shallow-depth contaminants account for less than 0.3% of the
background. A very small fraction of the background comes
from 238U, 232Th, and 210Pb Crystals surface contaminants,
and from muon interactions. The systematic uncertainties are
negligible.

Finally, Fig. 16 shows a wider region centered around the
ROI. This plot is produced by tagging the energy depositions
where at least 90% of the energy was deposited by α particles.
We found ∼24% of the ROI background was produced by α

events. After reducing γ backgrounds from the shields, these
α events are expected to dominate the ROI rate in CUORE.
This motivates the development of α particle discrimination
for future bolometer-based experiments; see [36] and refer-
ences therein.

11 Conclusion

In this paper, we successfully reconstruct the CUORE-0
background using 57 sources modeled using a detailed Monte
Carlo simulation. We find that 10% of the M1 counting rate
in the range [118–2700] keV is unequivocally due to 130Te
2νββ decay. We measure its half-life to be
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❖ Absorber: scintillating crystals at cryogenic temperatures (ZnSe, Li2MoO4, etc…) 

❖ Light Detector: thin Germanium wafer coupled to the absorber working as a cryogenic 
calorimeter 

❖ The particle identification can be done with by detecting the amount of light emitted (Light 
Yield) or the pulse shape of light signals

Heat Sink
(Copper)

Weak Thermal Link
(PTFE)

Absorber 
Scintillating Crystal

(ZnSe)

Absorber Light 
Detector

(Ge)

Thermal Sensors
2.8 x 3 x 1 mm3

(Ge-NTD thermistor)

Thermal Sensors
2.8 x 2 x 0.5 mm3

(Ge-NTD thermistor)

Light Reflector
(Vikuiti 3M®)

36 3. Analisi dati in CUPID-0
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Figura 3.7. Confronto tra lo sviluppo temporale degli impulsi di luce di particelle – e
—/“. La forma dell’impulso a destra del massimo è molto di�erente nei due casi perciò è
ragionevole usare il TVR come parametro discriminante.

65Zn) e sul fondo (le sidebands vicine al picco) viene studiata in funzione del numero
di MAD a cui viene e�ettuato il taglio. Per determinare il taglio ottimale, quello che
massimizza sia l’e�cienza sul segnale che la soppressione degli eventi spuri, si calcola
il rapporto r = ‘S/

Ô
‘BKG e si sceglie il taglio che rende tale rapporto massimo.

La procedura con cui viene calcolata l’e�cienza sul picco dello 65Zn verrà meglio
illustrata nel capitolo successivo, nel paragrafo 4.2.2.

Applicando questi tagli nella regione di interesse (ROI) dello 0‹——, ovvero
l’intervallo di 400 keV centrato al Q-valore del 82Se, e richiedendo che ciascun
impulso sia registrato in un singolo cristallo, si ottiene un indice di fondo pari a
(3.6 ± 0.5) ◊ 10≠2 conteggi/(keV·kg·anni), con un’e�cienza di ‘ = (95 ± 2) %.

3.3.2 Parametri di forma degli impulsi di luce
Dopo la selezione fatta sugli impulsi di calore, si sfrutta l’informazione fornita dai
rivelatori di luce. Si richiede per prima cosa che a ciascun impulso nello ZnSe sia
associato un impulso nel rivelatore di luce la cui ampiezza sia maggiore del livello di
rumore nello stesso rivelatore di luce. Per la discriminazione degli eventi – da quelli
—/“ si usa il parametro TVR degli impulsi di luce. Si potrebbe usare l’ampiezza
dei segnali, che come mostrato in figura 3.3 permette di distinguere i due tipi di
particella, tuttavia si è osservato che lo sviluppo temporale dei segnali, in particolare
il TVR, è molto più sensibile a tale scopo, come si può osservare in figura 3.7.

L’andamento del TVR della luce in funzione dell’energia rilasciata nello ZnSe
è mostrato in figura 3.8: questo mostra che si può chiaramente distinguere la
popolazione di eventi – da quella di eventi —/“.

Per studiare l’e�etto di un taglio su questi parametri si seleziona un campione
puro di eventi —/“: gli eventi corrispondenti a sciami elettromagnetici prodotti
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Fig. 5 Light Yield as a function of the energy deposited in
the LMO crystal. Red: baseline configuration; blue: gravity-
assisted configuration. Green vertical line: Q-value of 100Mo.

In both configurations we can clearly identify the �/�
events, which populate the plot up to the 208Tl line at
2615 keV, and the ↵ events, which present a quenched
light yield and extend up to higher energies. In partic-
ular, we identify a cluster of events due to an internal
crystal contamination in 210Po [47], which produces a
peak with nominal energy ⇠5.4MeV. Since the detec-
tor was energy-calibrated using gamma’s, the ↵ peak
is observed at slightly higher electron-equivalent energy
(+7%, in agreement with previous studies with lithium
molybdate bolometers [42,48,49,56,82]). The ↵ events
at lower energies are produced by a 234U/238U source
covered with a thin Mylar foil to smear the energy of
↵ particles, to study the light collection in the ROI for
the 0⌫�� search. The LY distribution shows a spread
at very low energies due to the superposition of the
noise with the light pulses. For this reason, to avoid the
impact of noise on the LY estimation, we selected scin-
tillation events with energy deposit in the crystal above
1.2MeV.

The average total LY�/� is found to be (0.62 ±
0.04) keV/MeV and (0.70 ± 0.05) keV/MeV in the
“baseline” configuration and in the “gravity-assisted”
configuration, respectively.

In particular, for the “baseline” configuration, the LYs
of a single LD resulted to be on average (0.28 ±
0.02) keV/MeV for the LD spaced 4mm and (0.33
± 0.03) keV/MeV for the LD spaced 0.5mm. In the
“gravity-assisted” configuration we found the LY of a
single LD to be (0.36 ± 0.03) keV/MeV for both the
LDs. More details on the LYs of a single LD are re-
ported in Table 1.

The total LY for ↵ particles resulted to be (0.08 ±
0.03) keV/MeV for the “baseline” configuration and
(0.11 ± 0.03) keV/MeV for the “gravity-assisted” one.

Table 1 Light yield for LD top (t), LD bottom (b) and the
sum of the two light detectors in the case of bare crystals.
LMO-1 to LMO-4 are in the baseline configuration (bottom
LD spaced 0.5mm and top LD spaced 4mm). LMO-5 to
LMO-8 are in the “gravity assisted” configuration (bottom
LD spaced 0.5mm and top LD leaned on crystal). The miss-
ing values correspond to LDs we discarded for the analysis
(LMO-1 top LD corresponds to LMO-5 bottom LD). The as-
sociated uncertainty is about 10% on each value.

LY�/� (t) LY�/� (b) LY�/� (sum)
[keV/MeV] [keV/MeV] [keV/MeV]

LMO-1 - 0.35 -

LMO-2 0.29 0.33 0.62

LMO-3 0.26 - -

LMO-4 0.30 0.32 0.63

LMO-5 0.38 - -

LMO-6 0.35 0.35 0.69

LMO-7 0.34 0.35 0.69

LMO-8 0.36 0.37 0.74

We repeated the same study on the prototype in which
the LMO crystals were surrounded by reflecting foils,
obtaining in both the configurations an increase of the
LY by a factor 2, as already found in Ref. [58].

From these results we conclude that the increased com-
plexity in engineering and mounting the LDs in the
“gravity-assisted” configuration is not motivated by a
substantial gain in the light collection performance. For
this reason, we decided to discard the “gravity-assisted”
configuration in view of CUPID and from now on we
will focus on the “baseline” configuration only.
To quantify the particle identification capabilities of
the baseline configuration, we define the Discrimination
Power (DP) [83] as:

DP ⌘
��LY�/� � LY↵

��
q

�2
�/� + �2

↵

. (1)

We find that the DP for the sum of LDs ranges between
7.3 and 8.2, thus largely exceeding the requirements of
CUPID. Indeed, the minimum DP needed to reject the
99.9 % of ↵ particles is 3.1. In the unlikely event of a loss
of a light detector, the DP would diminish. Assuming
that a single LD is working, we obtain a DP between 3.9
and 6.2, thus closer but still higher than the required
threshold. It is worth noticing, in this context, that in
the assembly of the CUORE detector only 4 out of 988
contacts were lost and that in the CUPID-0 detector
none of the ⇠30 LDs exhibited any malfunction.
Finally, we compared our results with the R&D test
made on disk-shaped LDs and cubic LMO crystals in
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CUPID-Mo

CUPID-0

CUORE
CUPID - next generation

❖ 988 TeO2 crystals 
❖ 206 kg of 130Te 
❖ Largest cryogenic facility 

in the world 
❖ BI ~ 1.5 × 10-2 ckky 
❖ No particle identification

❖ 20 Li2MoO4 crystals 
❖ 20 Ge light detectors 
❖ 2.3 kg of 100Mo 
❖ BI ~ 3.9×10-3 ckky

❖ 26 ZnSe crystals 
❖ 31 Ge light detectors 
❖ 5.2 kg of 82Se 
❖ BI ~ 4.0×10-3 ckky

❖ 1596 Li2MoO4 crystals 
❖ 1710 Ge light detectors 
❖ 240 kg of 100Mo 
❖ Target BI ~ 10-4 ckky 
❖ Re-use of CUORE cryogenic 

facility
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❖ 24 ZnSe crystals enriched at >95% of 82Se 
+ two natural ones + 31 Ge Light detectors 

❖ Located at LNGS 

❖ Qββ(82Se) = ~2998 keV ➝ low background 
region 

❖ NTD-Ge thermistors as temperature sensors 

❖ Total mass: 10.5 kg ZnSe

9.99 kg×y 5.74 kg×y
Phase IIPhase I

In Jan 2019 the CUPID-0 collaboration has 
made an upgrade of the detector, starting 
the so-called “Phase II” of the experiment.
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FIT OF THE SOURCE SPECTRA TO THE 
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❖ Fundamental for the spectral shape reconstruction and identify dominant background sources 

❖ Further precision with the integration of Phase II data
Eur. Phys. J. C (2019) 79 :583 Page 13 of 16 583
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Fig. 9 Background sources contributing to the M1β/γ reconstruction,
grouped by source and component. The shaded area corresponds to the
400 keV energy range from 2.8 to 3.2 MeV (ROIbkg) chosen to analyze
the background in the region of interest around the 82Se 0νββ Q-value.

In this plot, the time veto for the rejection of 208Tl events is not applied,
thus the ROIbkg is dominated by the β/γ -events from 232Th chain con-
taminations located in Crystals

the expected rate in the narrower region where the 0νββ sig-
nature is searched. This is true for all background components
except for the 2νββ one, because its spectrum has the end-
point at the Q-value of 82Se ββ decay. The contribution from
2νββ source reported in Table 5 is produced exclusively by
events with energy < 2950 keV, while the expected counting
rate from 2νββ in a 100 keV range centered at 82Se Q-value
is < 3 × 10−6 counts/(keV kg year).

In order to study the systematic uncertainties of the back-
ground reconstruction in the ROIbkg , we perform some fits in
which the sources are modeled in a different way with respect
to the reference fit. Particularly, we performed the following
tests:

1. a fit with a reduced list of sources in which we exclude the
contaminations evaluated as upper limits in the reference
fit;

2. a fit with Crystals surface contaminations simulated by
setting the depth parameter at 0.1µm instead of 0.01µm;

3. a fit in which the 226Ra–210Pb contamination inReflectors
is removed from the list of sources;

4. a fit in which theReflectors sources simulated with 10µm
depth parameter are replaced by uniformly distributed
contaminations;

5. a fit in which we add 232Th and 238U contaminations on
Holder surfaces (λ = 10µm), constrained by priors from
CUORE-0 background model [10];

6. a fit in which we investigate the effect of 232Th and 238U
surface contaminations on the 50 mK shield surrounding
the CUPID-0 tower;

7. three fits in which the source list does not include 232Th
and 238U contaminations in CryoInt, IntPb, and ExtPb,
respectively;

In all of these tests, we obtain pull distributions compat-
ible with a standard Gaussian. Therefore, we analyze the
differences in the ROIbkg counting rates to get an estimate
of systematic uncertainties, reported in Table 5. We do not
quote a systematic uncertainty for 2νββ contribution to the
ROIbkg , because the results from all tests are within a range
much smaller than the statistical uncertainty. Crystals sur-
face contaminations are constrained by the time analysis of
consecutive α decays. Their counting rate in the ROIbkg has a
maximum variation of ∼ 30% when fitting with the reduced
list (that does not include 10 µm surface contaminations of
Crystals) and when performing the tests number 2 and 3.

The systematic uncertainties affecting the ROIbkg count-
ing rate due to Reflectors and Holder contaminations are
investigated through tests number 3, 4, and 5. The bulk/deep
surface contaminations in Reflectors produce a continuum
of degraded α that allows to obtain a good fit to the M1α

spectrum in the [2–4] MeV range. Since 232Th in Reflectors
is constrained by a prior which makes negligible its contri-
bution, 226Ra–210Pb and 210Pb–206Pb are the only reflector
sources which are left free to fit this continuum. In fit number
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Data selection based on time coincidences and particle 
identification. 
❖ α-contaminations have the same activity in phase-I and phase-II 
❖ Higher alpha continuum from close component contaminations 

(10 mK) 
❖ 2νββ is dominant up to 3 MeV
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❖ A GEANT4 based software taking into 
account the detector geometry generates 
a series on Monte Carlo spectra 

❖ The simulations are processed with a 
custom software to implement 
experimental features on simulated data 
(energy and time resolution, 
coincidences, particle identification…)

583 Page 6 of 16 Eur. Phys. J. C (2019) 79 :583

trary, since the range of α particles is lower than reflecting
foil thickness, the M2 and Σ2 spectra have a small number
of events in the range of α-lines from 4 to 7 MeV.

4 Monte Carlo simulations

The background sources identified through data analysis are
simulated with a Monte Carlo toolkit, called Arby, based on
the Geant4 toolkit [28], version 4.10.02. The radioactive
decays from the various background sources can be gen-
erated in any volume or surface of the CUPID-0 detector,
cryostat and shielding implemented in Arby. The primary
and any secondary particles are then propagated through the
CUPID-0 geometry using the Livermore physics list. The
energy deposited in ZnSe crystals is recorded in the Monte
Carlo output together with the time at which the interaction
occurred. The fraction of energy released by any particle
type is also recorded to allow particle identification. Radioac-
tive decays are implemented using the G4RadioactiveDecay
database. The decay chains of 232Th, 238U, and 235U can be
simulated completely or in part, to reproduce breaks of secu-
lar equilibrium. The 2νββ simulation is generated under the
single-state dominance hypothesis (SSD) in the framework
of the Interacting Boson Model (IBM) [29,30], while the
generation of external muons is described in Ref. [31].

In order to implement the detector response function and
data production features in the Monte Carlo data, we repro-
cess the Arby output with a dedicated code. In particular, to
account for detector time resolution, we sum energy deposi-
tions that occur in the same crystal within a ±5 ms window.
The experimental energy resolution is reproduced by apply-
ing a Gaussian smearing function with linearly variable width
based on measured FWHM of γ and α lines. The energy
threshold of each detector is modeled with an error function
that interpolates the experimental data of trigger efficiency
versus energy. These data are collected in dedicated runs in
which the heater is used to generate pulses with variable
amplitudes (then converted into particle equivalent energies)
and the efficiency is calculated, for each pulse amplitude,
as the ratio between triggered and generated pulses. Exactly
as done in experimental data production, events depositing
energy in different crystals within ± 20 ms window are com-
bined into multiplets and pile-up events (see Sect. 2) in the
same crystal are discarded. Finally, exploiting the informa-
tion about the type of particle depositing energy, we repro-
duce in the Monte Carlo data the same event selection applied
in the experimental data to produce the M1α and M1β/γ

spectra. Particularly, we include in the M1α spectrum (with
efficiency > 99.9% at E > 2 MeV) not only the α events,
but also the heterogeneous β/γ + α events due to Bi–Po
decay sequences, that in the experimental data are tagged as
α events (see Fig. 1).

Fig. 3 Graphic view of the CUPID-0 experimental setup as modeled
in Geant4 with the Arby toolkit. External lead and neutron shield are
included in the MC but not represented here

To model the cryostat and its shielding we take as refer-
ence the scheme developed for the CUORE-0 background
model [10], implementing the geometry changes made in
CUPID-0. Concerning particle generation, we group together
the components that are made of the same material (and thus
share equal contaminant concentration) or that cannot be
disentangled as they produce degenerate spectra, given the
counting statistics of the experimental data. In Fig. 3 we show
the geometry of CUPID-0 cryostat and detector as imple-
mented in Arby. The neutron and modern lead (ExtPb) exter-
nal shields, even if not represented in the figure, are imple-
mented in MC simulations as well (for a detailed scheme
and description of these shields see Ref. [10]). The cryostat
components where the background sources are generated are
the following:

– the Cryostat External Shields (CryoExt) include the Inner
Vacuum Chamber (IVC), the super-insulation layers,
the Outer Vacuum Chamber (OVC), and the main bath,
whose spectra are degenerate;

– the Cryostat Internal Shields (CryoInt) group the 600 mK
and the 50 mK shields, that are made of the same copper;

– the Internal Lead Shield (IntPb) is inserted between the
IVC and the 600 mK shield and is made of low back-
ground ancient Roman lead.

The CUPID-0 detector itself, reconstructed with high
detail in MC simulations, is made of three main components
where the background sources are generated:

– the Holder is the supporting structure for the detectors
and is made of a special copper alloy (NOSV copper
produced by Aurubis company) suitable for cryogenic
use and cleaned according to protocols developed in
CUORE [32];

– theCrystals are ZnSe cylinders with heights and positions
mirroring the real experimental setup;
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The background sources included follows 
the material components and the geometry. 
Degenerate spectra are grouped together 

in a single simulation

+ PbExt

Phase-I ➝ Reflectors + Holders 

Phase-II ➝ Holders + 10mK
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❖ Long-living radioisotope (232Th, 238U, 235U, 40K) with the possible breaks of the chains ➝ 
Crystals, Holders and Cryostat 

❖ Cosmogenic activation products of Copper and ZnSe (65Zn, 60Co, 54Mn) ➝ Crystals and 
Holders 

❖ Muons ➝ Environment 

❖ 2νββ using SSD approximation

Crystal contaminants are modeled 
with different depth profiles  

 λ = depth parameter assumed to 
be 10nm or 10µm
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Binned simultaneous Maximum Likelihood fit using a Bayesian framework with a Markov 
Chain Monte Carlo (MCMC) approach.  

We model the spectra  and energy bin  as   

From the Bayes theorem the joint posterior pdf is 

i b fi (Eb; ⃗N) =
Ns

∑
j=1

Nj ⋅ fj,i (Eb)

Posterior ( ⃗N ∣ data) ∝ ∏
i,b

Pois (ni,b ∣ fi (Eb; ⃗N)) × Prior ( ⃗N)

Activity [ Bq
kg ] =

Nj ⋅ NMC

Mass[kg] × livetime[s]
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Variable binning for low counts regions and peaks 

Constraints on all the long living isotopes to have 
the same activity between phase-I and phase-II 

+ priors based on previous experiments results and 
measured muon flux 

Simultaneous fit on 8 experimental experimental 
spectra using JAGS, 78 simulations, with 17 couples 
of them constrained 

This list of sources and this configuration of the 
parameters define the Reference fit 
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Fit systematics
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❖ Energy calibration: alternative energy scale 
corrected for the 56Co calibration residuals 

❖ 90Sr/90Y 

❖ Source location effects 

❖ Reduced list of sources: remove sources which 
posterior p.d.f. is compatible with 0 

❖ Others…
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trary, since the range of α particles is lower than reflecting
foil thickness, the M2 and Σ2 spectra have a small number
of events in the range of α-lines from 4 to 7 MeV.

4 Monte Carlo simulations

The background sources identified through data analysis are
simulated with a Monte Carlo toolkit, called Arby, based on
the Geant4 toolkit [28], version 4.10.02. The radioactive
decays from the various background sources can be gen-
erated in any volume or surface of the CUPID-0 detector,
cryostat and shielding implemented in Arby. The primary
and any secondary particles are then propagated through the
CUPID-0 geometry using the Livermore physics list. The
energy deposited in ZnSe crystals is recorded in the Monte
Carlo output together with the time at which the interaction
occurred. The fraction of energy released by any particle
type is also recorded to allow particle identification. Radioac-
tive decays are implemented using the G4RadioactiveDecay
database. The decay chains of 232Th, 238U, and 235U can be
simulated completely or in part, to reproduce breaks of secu-
lar equilibrium. The 2νββ simulation is generated under the
single-state dominance hypothesis (SSD) in the framework
of the Interacting Boson Model (IBM) [29,30], while the
generation of external muons is described in Ref. [31].

In order to implement the detector response function and
data production features in the Monte Carlo data, we repro-
cess the Arby output with a dedicated code. In particular, to
account for detector time resolution, we sum energy deposi-
tions that occur in the same crystal within a ±5 ms window.
The experimental energy resolution is reproduced by apply-
ing a Gaussian smearing function with linearly variable width
based on measured FWHM of γ and α lines. The energy
threshold of each detector is modeled with an error function
that interpolates the experimental data of trigger efficiency
versus energy. These data are collected in dedicated runs in
which the heater is used to generate pulses with variable
amplitudes (then converted into particle equivalent energies)
and the efficiency is calculated, for each pulse amplitude,
as the ratio between triggered and generated pulses. Exactly
as done in experimental data production, events depositing
energy in different crystals within ± 20 ms window are com-
bined into multiplets and pile-up events (see Sect. 2) in the
same crystal are discarded. Finally, exploiting the informa-
tion about the type of particle depositing energy, we repro-
duce in the Monte Carlo data the same event selection applied
in the experimental data to produce the M1α and M1β/γ

spectra. Particularly, we include in the M1α spectrum (with
efficiency > 99.9% at E > 2 MeV) not only the α events,
but also the heterogeneous β/γ + α events due to Bi–Po
decay sequences, that in the experimental data are tagged as
α events (see Fig. 1).

Fig. 3 Graphic view of the CUPID-0 experimental setup as modeled
in Geant4 with the Arby toolkit. External lead and neutron shield are
included in the MC but not represented here

To model the cryostat and its shielding we take as refer-
ence the scheme developed for the CUORE-0 background
model [10], implementing the geometry changes made in
CUPID-0. Concerning particle generation, we group together
the components that are made of the same material (and thus
share equal contaminant concentration) or that cannot be
disentangled as they produce degenerate spectra, given the
counting statistics of the experimental data. In Fig. 3 we show
the geometry of CUPID-0 cryostat and detector as imple-
mented in Arby. The neutron and modern lead (ExtPb) exter-
nal shields, even if not represented in the figure, are imple-
mented in MC simulations as well (for a detailed scheme
and description of these shields see Ref. [10]). The cryostat
components where the background sources are generated are
the following:

– the Cryostat External Shields (CryoExt) include the Inner
Vacuum Chamber (IVC), the super-insulation layers,
the Outer Vacuum Chamber (OVC), and the main bath,
whose spectra are degenerate;

– the Cryostat Internal Shields (CryoInt) group the 600 mK
and the 50 mK shields, that are made of the same copper;

– the Internal Lead Shield (IntPb) is inserted between the
IVC and the 600 mK shield and is made of low back-
ground ancient Roman lead.

The CUPID-0 detector itself, reconstructed with high
detail in MC simulations, is made of three main components
where the background sources are generated:

– the Holder is the supporting structure for the detectors
and is made of a special copper alloy (NOSV copper
produced by Aurubis company) suitable for cryogenic
use and cleaned according to protocols developed in
CUORE [32];

– theCrystals are ZnSe cylinders with heights and positions
mirroring the real experimental setup;

123
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contribution



Background in the ROI
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❖ Simulations can reproduce the background in 
the 0νββ ROI applying the same cuts used in 
experimental data 

❖ The higher background in phase II is explained 
as an over-fluctuation

Experimental phase-1

Experimental phase-2

100 101 102

Background index [10°4 counts/(keV £ kg £ year)]

Close components

2∫ØØ

Cryostat and Shields

Crystals

Muons

Total

phase-1

phase-2

Data

Syst.

12

Component ROIbkg rate [10�4
counts/keV/kg/yr]

phase-I (only) phase-I (comb.) phase-II (comb.)

Crystals 11.7± 0.6 +1.6
�0.8 8.9± 0.5 +0.3

�0.4 7.6± 0.4 +4.4
�0.1

Near Components 2.1± 0.3 +2.2
�1.0 3.6± 0.3 +1.1

�1.4 5.4± 0.9 +0.6
�3.0

Cryostat & Shields 5.9± 1.3 +7.2
�2.9 8.0± 1.5 +3.3

�2.5 6.8± 1.0 +3.3
�1.8

Muons 15.3± 1.3± 2.5 15.4± 0.7± 2.5 15.3± 0.7± 2.5

2⌫�� 6.0± 0.02 +0.13
�0.09 5.93± 0.03 +0.04

�0.02 5.31± 0.03 +0.06
�0.04

Total 41± 2 +9
�4 42± 2 +4

�4 40± 2 +4
�2

Experimental 35 +10
�9 35 +10

�9 55 +15
�15

TABLE V. Counting rates reconstructed in the ROIbkg (from 2.8 MeV to 3.2 MeV) for the di↵erent sources, after applying the
time veto for the rejection of 208Tl events. For each value of the counting rate, we quote first the statistical uncertainty and then
the systematic one. The counting rate quoted for Near Components includes the contribution from Holder, Reflectors (only
phase-I) and 10mK (only phase-II). The contribution from 2⌫�� is produced exclusively by events with energy < 2950 keV.



2νββ half-life measurement
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This work

Previous work

8.4 8.5 8.6 8.7 8.8 8.9
2∫ØØ Half Life [£1019 years]

Fixed step binning (-0.06%)

90Sr/90Y(+1.36%)

Threshold (-0.41%)

Source location (-0.70%)

Reduced list (-0.02%)

Æ identification (-0.01%)

Prior distributions (-0.07%)

Calibration (-0.51%)

Fit systematics combined with the 68% difference 
between the Reference  

+Fit systematics (+1.0%)(−0.7%) 
+Stat. uncertainty (±0.6%) (including efficiency and 
enrichment uncertainty) 
+Theoretical uncertainty (±0.3%) (SSD vs. HSD) 
= (+1.2%)(−0.9%) 

Final result: 

 

In terms of NME: 

T2ν
1/2 = [8.69 ± 0.05(stat.)+0.06

−0.09(syst.)] × 1019yr

ℳeff
2ν = 0.0760 + 0.0006

− 0.0007

Published on PRL 
Phys.Rev.Lett. 131 (2023) 22

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.222501


From BM to BSM studies
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The background model serves as a starting point in the search for exotic double-β decays

Phys. Rev. D 107, 032006 (2023) Phys. Rev. D 100, 092002 (2019) 

LV 2νββ in CUPID-0 phase I Majoron emitting modes in CUPID-0 phase I 
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The CUPID-Mo experiment
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❖ 20 Li2MoO4 crystals enriched at >95% of 100Mo+ 20 Ge Light detectors 

❖ Located at MODANE in EDELWEISS cryostat 

❖ Qββ(100Mo) ~ 3034 keV 

❖ NTD-Ge thermistors as temperature sensors 

❖ Total exposure: 2.71 kg × yr



Spectral shape studies - introduction
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Standard Model 2nbb
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bbc0c0 (n = 7)
LV 2nbb

nNbb (mN = 0.5 MeV)
nNbb (mN = 1.5 MeV)

Type I: e.g. Majoron decays, where 
the BSM decay is completely 

unrelated to the SM 2νββ ➝ the 
lower the 2νββ decay rate, the 
higher the sensitivity (136Xe)

Type II: e.g. Lorentz violation and Sterile neutrino emissions, where 
the BSM process is in competition with the SM 2νββ and tends to 
decrease the decay rate ➝ the higher the 2νββ decay rate, the 

higher the sensitivity (100Mo)



Spectral shape studies - analysis
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1. Simulate the BSM spectra with GEANT4 

2. Add the BSM spectrum into the 
background model fit 

3. Extract from the fit the marginalised 
posterior p.d.f. over the parameter of 
interest for each BSM process and 
integrate it to get the limit 

4. Systematics: Binning, source location, 
2νββ bremsstrahlung (±10%), Energy 
scale (±1 keV), Minimal model, 90Sr/90Y

Fixed 2νββ spectral 
shape under the SSD 

assumption

Fluctuating 2νββ 
spectral shape 

according to the 
improved description

The result can be 
compared with the 
other experiments

Systematic effect 
never considered by 

any experiment 
before
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Phys.Rev.Lett. 131 (2023) 16, 162501

100Mo 2νββ half-life 

 7.07 ± 0.02(stat.) ± 0.1(syst.) × 1018

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.162501


0 1 2 3 4
G [£ 10°23 y°1]

SSD

Improved model +35.4%

n = 1

0 10 20
G [£ 10°23 y°1]

+57.7%

n = 2

0 50 100 150
G [£ 10°23 y°1]

SSD

Improved model +80.5%

n = 3

0 100 200 300
G [£ 10°23 y°1]

+7.2%

n = 7

Results: Majoron emitting decays

37

❖ The improved model has a large impact on the final limit 

❖ SSD limits are a factor 2 − 5 less stringent than NEMO-3, despite 
its exposure is 22 times higher than CUPID-Mo
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Results: Lorentz violating 2νββ

38

❖ The countershaded operator can assume 
negative values ➝ negative fluctuations are 
allowed in the fit 

❖ Strong anti correlation between the SM 
and LV components, it get worse with the 
improved model 

❖ Double-sided limit at 90% C.I.

·a(3)
of = 10 ⋅

GSM

δGLV
⋅

Γm
LV

Γm
SM
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CUPID-Mo SSD limit 

 

CUPID-Mo improved model limit 

−4.2 ⋅ 10−7 < ·a(3)
of < 3.5 ⋅ 10−7

−8.1 ⋅ 10−6 < ·a(3)
of < 2.2 ⋅ 10−6

−6.5 ⋅ 10−6 < ·a(3)
of < 2.5 ⋅ 10−5

SSD IM



Results: Sterile neutrino emission
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❖ First limit on sterile neutrino mixing angles 
from a bolometric experiment  

❖ The large  of 100Mo allows to investigate a 
larger range 

❖ The uncertainties on the 2νββ shape affects 
mostly the low values of 

Qββ
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CUPID will be the 
experiment with the largest 
amount of 2νββ events ever 

collected



CUPID sensitivity studies
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Construction of the CUPID 
Background Budget

CUPID-0,CUPID-Mo and 
CUORE background 

model

Knowledge of 
radioactive 

contaminants

Project the CUPID 
background on toy spectra

Sensitivity estimation

Multivariate 
bayesian fit with new 
physics hypotheses



Preliminary background projection
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❖ Cosmogenic activation products in 
holders and crystals 

Reference activities: 

❖ Preliminary CUORE background model 
for cryostat and holders contaminants  

❖ Preliminary CUPID-Mo background 
model for crystal contaminants 

❖ ACTIVIA 0 500 1000 1500 2000 2500 3000
Energy [keV]
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CUPID mock data
100Mo 2nbb

Close components

Cryostat & Shields

Crystals (232Th)

Crystals (238U)
Crystals (others)

Most common radioactive sources:  

❖ Long-living radioactive nuclei: 232Th, 238U and 40K 

❖ Anthropogenic radioactive isotopes such as 87Rb and 90Sr

Preliminary BB

Only the SSD assumption 
for 2νββ was considered



Sensitivity: Majoron decays
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❖ 450 kg·yr of 100Mo exposure  (~2 years 
of CUPID data taking) 

❖ With 450 kg·yr of 100Mo the CUPID 
median exclusion sensitivity on the 
neutrino-Majoron coupling will be 
competitive with the limits set with 
136Xe
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Sensitivity: Lorentz violating 2νββ
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With 450 kg·yr of 100Mo we expect to reach the most stringent limit on the countershaded 
operator among 0νββ experiments

−2.2 ⋅ 10−7 < ·a(3)
of < 7.5 ⋅ 10−8

Exotic double-beta decays 45
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FIGURE 3.4: Energy spectrum of the SM 2nbb compared with the spectrum summing
the LIV perturbation assuming an arbitrary value of ȧ(3)

o f (both positive and negative).

TABLE 3.3: Actual experimental limits on the countershaded neutrino operator ȧ(3)
o f at

90% CL for different isotopes. The last limit is obtained from the analysis of the tritium
b-decay spectrum.

Isotope Limit on ȧ(3)
o f [GeV] Ref.

76Ge (�2.7 < ȧ(3)
o f < 6.2) · 10�6 [133]

82Se ȧ(3)
o f < 4.1 · 10�6 [156]

136Xe �2.65 · 10�5 < ȧ(3)
o f < 7.6 · 10�6 [157]

116Cd ȧ(3)
o f < 4.0 · 10�6 [57]

100Mo (�4.2 < ȧ(3)
o f < 3.5) · 10�7 [135]

3H |ȧ(3)
o f | < 3.0 · 10�8 [154]

experiments of about 10�8 GeV [153, 154], also listed in Tab. 3.3. In the next years,

the KATRIN experiment aims to reach sensitivities of O(10�9) GeV exploiting the full

experimental exposure [155].

3.4 Violation of the Pauli exclusion principle

The violation of the Pauli exclusion principle has been largely investigated for electrons

and nucleons without observing an effective violation [158, 159]. Since neutrinos present

many peculiarities concerning the other leptons, they are good candidates to hypothesize

they have different properties. In the last years, the possibility of a violation of the Pauli

exclusion principle in the neutrino sector has been taken into consideration to explain

the puzzle of cosmological dark matter [160–163]. This implies that neutrinos have ⇠eV
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Sensitivity: Sterile neutrino emission
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Conclusions
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❖ The increasing interest in the search for 0νββ leads experiments to reach higher and higher 
exposures 

❖ The large statistic of 2νββ events collected by these experiments can be used to study the nuclear 
properties of 2νββ and to search for exotic double-β decays 

❖ On this purpose, scintillating cryogenic calorimeters is a promising technology due to its excellent 
resolution, high detection efficiency and particle identification that allow the accurate background 
reconstruction 

❖ In CUPID-0 we measured the unprecedented sensitivity the half-life of 82Se 2νββ thanks to the 
excellent data reconstruction provided by the combined background model 

❖ In CUPID-Mo we demonstrated the potential of Li2MoO4 based detectors in the search for exotic 
double-β decays, considering a systematic effect never considered before and paving the way for 
the future experiments  

❖ The CUPID exclusion sensitivity demonstrates that we expect to set competitive limits on the 
exotic double-β decays parameters 



Thanks for the attention
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Backup slides
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0νββ is a nuclear process implying the 
decay of two neutrons into protons and 
electrons without the emission of 
antineutrinos. 

❖ It would establish a total lepton 
number violation (ΔL = 2) not 
conserving the B-L symmetry of the SM 

❖ Only practical way to probe that 
neutrinos are Majorana particles, 
validating the so called “see-saw” 
mechanism 

❖ Its signature is a sharp peak at the Q-
value of the decay

50

Neutrinoless double-β decay (0νββ)
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Two-neutrinos double-β decay (2νββ)

51

0νββ is a nuclear process implying the decay of 
two neutrons into protons, electrons and 
antineutrinos. 

❖ SM allowed second order weak process 
which half-life spans the range 1018-1021 
years 

❖ It has been observed for several nuclei 

(A, Z) → (A, Z + 2) + 2e− + 2v  ̄

n p

n p

e-

⌫̄e
e-

⌫̄e

W-

W-

Double-beta decays 25

TABLE 2.1: Q-value (Qbb) and 2nbb half-life of the most relevant bb emitters. The first
uncertainty reported is statistical while the second one is systematic.

Isotope Qbb [MeV] T2n
1/2 [yr] Ref.

48Ca 4.263 6.4+0.7
�0.6 (stat.)+1.2

�0.9 (syst.) ⇥ 1019 [54]
76Ge 2.039 2.022 ± 0.018 (stat.) ± 0.038 (syst.) ⇥ 1021 [55]
82Se 2.998 8.69 ± 0.05 (stat.)+0.09

�0.06 (syst.) ⇥ 1019 this work
96Zr 3.348 2.35 ± 0.14 (stat.) ± 0.16 (syst.) ⇥ 1019 [56]
100Mo 3.035 7.07 ± 0.02 (stat.) ± 0.11 (syst.) ⇥ 1018 [53]
116Cd 2.813 2.63 ± 0.01 (stat.)+0.11

�0.13 (syst.) ⇥ 1019 [57]
130Te 2.527 8.76+0.09

�0.07 (stat.)+0.14
�0.17 (syst.) ⇥ 1020 [58, 59]

136Xe 2.459 2.165 ± 0.016 (stat.) ± 0.059 (syst.) ⇥ 1021 [60]
150Nd 3.371 9.34 ± 0.22 (stat.)+0.62

�0.60 (syst.) ⇥ 1018 [61]

isotope [43, 51]. x values larger than the SSD values would indicate mutual cancellation

between lower and higher-lying states. The improved model provides the possibility

to correctly describe the 2nbb spectral shape without relying on the approximations of

the intermediate nuclear state. Nevertheless, the values of the ratios x31 and x51 have to

be experimentally measured. As described in Ref. [51], a measurement of x31 and the

half-life can be used to extract a value for gA,eff through the Eq.

g4
A,eff =

T�1
1/2 ⇥ x2

3,1

M2
GT�3G

, (2.18)

where G = G0 + x3,1G2 + x2
3,1G22/3 +

⇣
x2

3,1/3 + x5,1

⌘
G4. MGT�3 can be computed re-

liably within the NSM, which describes accurately the low-lying states of nuclei. So

far, the analysis to extract the x factors has been performed by KamLAND-Zen [52]

and CUPID-Mo [53]. In the first case, they established an upper bound on x31 in 136Xe

decays, which is still compatible with both the NSM and quasi-particle random-phase

approximation (QRPA) calculations. A detailed description of the CUPID-Mo analysis

is in Chapt. 8.

2.2 Neutrinoless double-beta decay

The SM has various global symmetries, in particular, the Baryon number (B) and the

Lepton number (L) are denoted as “accidental” because they come from the hypothesis

of renormalizability. Some combinations of these symmetries, for example B – L, are

conserved. The 0nbb is a two-body decay where two neutrons decay emitting two



❖ The uncertainties on the nuclear matrix 
elements affects the limits on the 
effective Majorana mass  

❖ The lobster plot shows which regions are 
favoured assuming Inverted Hierarchy 
and Normal Hierarchy 
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0νββ experimental limits
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76Ge: GERDA (2020)
100Mo: CUPID-Mo (2021)
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mββ =
3

∑
j=1

U2
ejmj = U2
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e2e
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We are looking for an extremely rare decay whose signature is a sharp peak, the sensitivity is half-
life corresponding to the maximum signal that can be hidden by a background fluctuation:
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Experimental sensitivity

T0ν
1/2(nσ) =

ln 2
nσ

NAiϵ
A

Mt
(BI)ΔE

Where it assumes Poissonian background fluctuations in the region of interest (ROI). The 
dependence of the square root of the exposure ( ) is the main limiting factor. 

 Nevertheless, if we assume zero-background in the ROI:

Mt

T0ν > ln 2
xηϵNA

A
Mt
nL

Zero background is the key ingredient to 
boost the sensitivity!



❖ Large exposure  necessary to reach high 
sensitivities (enrichment required for most of the 
candidate isotopes) 

❖ High Q-value, for larger PSF and reject most of 
the environmental radioactivity  

❖ High detection efficiency  

❖ High energy resolution 

(Mt)

(ϵ)

(ΔE)
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Experimental sensitivity

T0ν
1/2(nσ) =

ln 2
nσ

NAiϵ
A

Mt
(BI)ΔE

T0ν > ln 2
xηϵNA

A
Mt
nL

Formula with background:

Limit of the γ 
environmental 
radioactivity

Formula without background:

❖  = background index(BI)
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▸ For macro-calorimeters the best temperature sensor is the Neutrons Transmutation Doped Ge 
thermistor, Small Ge crystals with a extremely high and uniform distribution of impurities, 
obtained exposing the the Ge-wafer to a neutron beam

R(T) = R0 exp (T0/T)γ

▸ Each crystal is equipped with one NTD and one heater, used to 
inject artificial pulses to characterize the sensor performances 
and stabilize drifts in temperature 

▸ Thermal and electric contact made with 50 µm gold wires 
thermally coupled to the thermal bath

NTD-Ge thermistors



NTD-Ge thermistors: read-out

56



NEMO-3 experiment

57

❖ Tracking calorimeters  

❖ Detection of both electrons emitted 
separately ➝ possibility to measure the 
angle between the two electrons emitted 

❖ energy resolution of a single calorimeter 
σ ∼100 keV 

❖ Detector acceptance and selection 
efficiency ε = (2.356 ± 0.002)%



One (ββ𝛘0) or two (ββ𝛘0𝛘0) Majorons can be 
emitted according to the different models 

The parameter of interest is the neutrino-
Majoron coupling: 

[T1/2
0νM]−1 = G0νM ⟨gM

ee⟩
2m

M0νM
2
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Majoron emitting modes



Lorentz violating 2νββ
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SM is an effective quantum field theory that includes all possible operators that can be constructed with the 
SM fields and that introduce Lorentz violation but preserve the SM gauge invariance. Experimental searches 
for Lorentz violation are done in different sectors of physics, including matter, photon, neutrino, and 
gravity. Four operators, called countershaded, equally change all neutrino energies and have no impact on 
oscillations, therefore they are labeled as “oscillation free” (of ) and can be studied only through weak decays.

Exotic double-beta decays 45

0.0 0.2 0.4 0.6 0.8 1.0
Energy / Qbb

0

1

2

3

4

dG
/d

E
[y

r�
1 ]

⇥10�19

Standard Model 2nbb

LIV perturbation

FIGURE 3.4: Energy spectrum of the SM 2nbb compared with the spectrum summing
the LIV perturbation assuming an arbitrary value of ȧ(3)

o f (both positive and negative).

TABLE 3.3: Actual experimental limits on the countershaded neutrino operator ȧ(3)
o f at

90% CL for different isotopes. The last limit is obtained from the analysis of the tritium
b-decay spectrum.

Isotope Limit on ȧ(3)
o f [GeV] Ref.

76Ge (�2.7 < ȧ(3)
o f < 6.2) · 10�6 [133]

82Se ȧ(3)
o f < 4.1 · 10�6 [156]

136Xe �2.65 · 10�5 < ȧ(3)
o f < 7.6 · 10�6 [157]

116Cd ȧ(3)
o f < 4.0 · 10�6 [57]

100Mo (�4.2 < ȧ(3)
o f < 3.5) · 10�7 [135]

3H |ȧ(3)
o f | < 3.0 · 10�8 [154]

experiments of about 10�8 GeV [153, 154], also listed in Tab. 3.3. In the next years,

the KATRIN experiment aims to reach sensitivities of O(10�9) GeV exploiting the full

experimental exposure [155].

3.4 Violation of the Pauli exclusion principle

The violation of the Pauli exclusion principle has been largely investigated for electrons

and nucleons without observing an effective violation [158, 159]. Since neutrinos present

many peculiarities concerning the other leptons, they are good candidates to hypothesize

they have different properties. In the last years, the possibility of a violation of the Pauli

exclusion principle in the neutrino sector has been taken into consideration to explain

the puzzle of cosmological dark matter [160–163]. This implies that neutrinos have ⇠eV

Lorentz violation does not affect the NME but 
appears as a kinematic effect modifying the phase 
space factor, thus the summed electron energy 
distribution:



Sterile neutrino emissions 
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If the sterile neutrino  has a mass , 
it can be emitted instead of an antineutrinos in 
the 2νββ (νNββ): 

 

The effect on the total decay rate is: 

 

Where  is called active-sterile mixing 
strength 

We can set limits where the actual boundaries 
are relatively weak

N mN < Qββ

(A, Z) → (A, Z + 2) + 2e− + ν̄ + N

Γ = cos4 θΓSM + 2 cos2 θ sin2 θΓνN

sin2 θ
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Figure 6. Constraints on the mass mN of the sterile neutrino and its squared mixing |VeN |2
with the electron neutrino. The shaded regions are excluded by the searches and observations
indicated and discussed in section 4. The diagonal line labelled ‘Seesaw’ indicates the canonical
seesaw relation |VeN |2 = mν/mN with mν = 0.05 eV.

|VeN |2 < 10−5 by an improved DELPHI analysis. At a future linear electron-electron

collider such as the ILC [66], for a benchmark
√
s = 500GeV and L = 100 fb−1 limits

may be improved to |VeN |2 < 10−4 above the Z mass. At a proposed Compact Linear

Collider (CLIC), for
√
s = 3TeV and L = 1 ab−1 limits are |VeN |2 ! 10−5 − 10−4

for 600 GeV < mN < 2.3 TeV [67, 68]. Furthermore, a future FCC-ee collider,

acting as a powerful e+e− → Z factory and exploiting low backgrounds in displaced

vertex searches, can improve the sensitivity drastically; down to |VeN |2 ! 10−11 for

mN ≈ 50GeV [69]. At the ILC it may also be possible to distinguish LNC and LNV

W± exchange channels between the e+e− pair by measuring the asymmetry of the

outgoing lepton pseudorapidity distribution [50]. Finally, the proposed Large Hadron-

Electron Collider (LHeC) LHC upgrade may also provide competitive constraints

for mN > mZ [68, 70, 71]. An overview of proposed collider sensitivities is given

in ref. [72].

• Proposed detectors placed near existing LHC interaction points have been designed

specifically to search for displaced vertex signatures. These include AL3X [73],

CODEX-b [74], FASER2 [75], MATHUSLA [76] and the MoEDAL experiment’s

MAPP detector [77]. In figure 7, we show the expected sensitivity of AL3X, FASER–

2 [78] and MATHUSLA [79] for illustration. The best projected limits of MATHUSLA

– 20 –



In the hypothesis in which neutrinos 
partly obey to the Bose-Einstein statistic, 
the emission of two identical neutrinos 
in 2νββ offers the opportunity to 
investigate the Pauli's exclusion 
principle. 

 

Where  represents the bosonic 
fraction of the neutrino wave function, 
while  and are the decay rates for 
the pure fermionic and pure bosonic 
neutrinos.

Γ2νββ = cos4 χΓf + sin4 χΓb

sin4 χ

Γf Γb
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Bosonic neutrinos 
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Pure bosonic n

r0 = Γb/Γf

Has to be calculated 
from the theory and it 

depends on the nuclear 
model adopted

r0(100Mo) = 0.076 

r0(76Ge) = 0.0014 



Background in the ROI
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Radioactive chains

63

Th-232

1.41⇥ 1010 y

Ra-228

5.75 y

Ac-228

6.15 h

Th-228

1.912 y

Ra-224

3.632 d

↵ 4.012 – 78.2%
3.947 – 21.7%

� �0.039 – 40%
0.013 – 30%
0.027 – 20%
0.040 – 10%

13.5 – 1.6%

� �1.165 – 29.9%
1.738 – 11.7%
0.603 – 7.6%
2.076 – 7.0%
1.011 – 5.9%
0.981 – 5.8%
0.488 – 4.2%
0.966 – 3.1%
1.111 – 3.1%
0.491 – 3.0%

911.2 – 25.8%
969.0 – 15.8%
338.3 – 11.3%
964.8 – 5.0%
463.0 – 4.4%
794.9 – 4.3%
209.3 – 3.9%
270.2 – 3.5%
1588.2 – 3.2%

↵ �5.423 – 73.4%
5.340 – 26.0%

84.4 – 1.2%

Rn-220

55.6 s

Po-216

145ms

Pb-212

10.64 h

Bi-212

60.55min

Tl-208

3.053min

Po-212

299 ns

Pb-208

a.i. = 52.4%

↵ 6.288 – 99.9%

↵ 6.778 – 100%

� �0.335 – 83.1%
0.590 – 11.9%
0.155 – 5.1%

238.6 – 43.6%
300.1 – 3.3%

↵

�

BR – 35.94%

6.051 – 25.1%
6.090 – 9.8%

39.9 – 1.1%

�

�

BR – 64.06%

2.252 – 55.4%
1.525 – 4.5%
0.631 – 1.9%
0.739 – 1.4%

727.3 – 6.7%
1620.5 – 1.5%
785.4 – 1.1%

�

�

1.801 – 49.1%
1.291 – 24.2%
1.524 – 22.2%
1.038 – 3.2%

2614.5 – 99.8%
583.2 – 85.0%
510.8 – 22.6%
860.6 – 12.5%
277.4 – 6.6%
763.1 – 1.8%

↵ 8.785 – 100%

↵ 5.685 – 94.2%
5.449 – 5.1%

↵-� energy in MeV
� energy in keV

U-238

4.47⇥ 109 y

Th-234

24.10 d

Pa-234m

1.159min

U-234

2.455⇥ 105 y

Th-230

7.54⇥ 104 y

Ra-226

1600 y

Rn-222

3.8235 d

↵ 4.198 – 79.0%
4.151 – 20.9%

� �0.199 – 78%
0.107 – 14%
0.106 – 6.4%
0.086 – 1.5%

63.3 – 3.7%
92.4 – 2.1%
92.8 – 2.1%

� �2.290 – 99.6%
1.224 – 1.0%

1001.0 – 0.84%

↵ 4.775 – 71.4%
4.722 – 28.4%

↵ 4.687 – 76.3%
4.621 – 23.4%

↵ �4.784 – 93.8%
4.601 – 6.2%

186.2 – 3.6%

Po-218

3.098min

Pb-214

27.06min

Bi-214

19.9min

Po-214

164.3µs

Pb-210

22.20 y

Bi-210

5.012 d

Po-210

138.376 d

Pb-206

a.i. = 24.1%

↵ 6.002 – 100%

� �0.670 – 45.9%
0.724 – 40.2%
1.030 – 11.0%
0.180 – 2.8%
0.485 – 1.0%

351.9 – 35.6%
295.2 – 18.4%
242.0 – 7.3%
53.2 – 1.1%
786.0 – 1.1%

� �3.275 – 19.1%
1.540 – 17.6%
1.505 – 17.0%
1.423 – 8.1%
1.892 – 7.4%
1.066 – 5.6%
1.151 – 4.3%
1.727 – 3.1%
0.822 – 2.8%
1.253 – 2.5%

609.3 – 45.5%
1764.5 – 15.3%
1120.3 – 14.9%
1238.1 – 5.8%
2204.1 – 4.9%
768.4 – 4.9%
1377.7 – 4.0%
934.1 – 3.1%
1729.6 – 2.9%
1408.0 – 2.4%

↵ 7.687 – 100%

� �0.017 – 84%
0.064 – 16%

46.5 – 4.3%

� 1.162 – 100%

↵ 5.304 – 100%

↵ 5.489 – 99.9%

↵-� energy in MeV
� energy in keV



CUPID-0 calibration spectrum
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CUPID-0 particle identification
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From phase-I to phase-II - M1
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❖ Almost all the α-peaks have the same 
intensity in phase-I and phase-II 

❖ 65Zn decayed in phase-II, while other 
peaks appeared (from cosmogenic 
activation of copper) 

❖ Higher α continuum from close 
component contaminations (10 mK) 

❖ 2νββ is dominant up to 3 MeV
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From phase-I to phase-II - M2 and M2sum
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Multiplicity = 2 ➝ events hitting two 
crystals simultaneously 

= single energy deposition in both 
the crystals 

= sum of the two energies deposited 
(peak structures)

ℳ2

Σ2
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Binned simultaneous Maximum Likelihood fit using a Bayesian framework with a Markov Chain 
Monte Carlo (MCMC) approach.  

Expectation value of the counts in the i-th bin   

From the Bayes theorem the joint posterior pdf is defined as 

⟨Cexp
i,δ ⟩ =

m

∑
j=1

Nj ⋅ ⟨CMC
ij,δ ⟩

Posterior (Nj, ⟨CMC
ij,δ ⟩ ∣ Cexp

i,δ , CMC
ij,δ ) = ∏

i,δ

Pois (Cexp
i,δ ∣ ⟨Cexp

i,δ ⟩) × ∏
j

Prior (Nj)
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Background model - Fit

× ∏
ij,δ

Pois (CMC
ij,δ |⟨CMC

ij,δ ⟩) × Prior (⟨CMC
ij,δ ⟩)

Activity[
Bq
kg

] =
NFit

j ⋅ NMC

Mass[kg] × livetime[s]
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2νββ half-life measurement

This work

Previous work

8.4 8.5 8.6 8.7 8.8 8.9
2∫ØØ Half Life [£1019 years]

Fixed step binning (-0.06%)

90Sr/90Y(+1.36%)

Threshold (-0.41%)

Source location (-0.70%)

Reduced list (-0.02%)

Æ identification (-0.01%)

Prior distributions (-0.07%)

Calibration (-0.51%)

Final result  

 

Using as Phase Space Factor the value  

 

The final result on the nuclear matrix element is: 

T2ν
1/2 = [8.69 ± 0.05(stat.)+0.06

−0.09(syst.)] × 1019yr

G2ν = (1.996 ± 0.028) × 10−18

ℳeff
2ν = 0.0760 + 0.0006

− 0.0007

Published on PRL 
Phys.Rev.Lett. 131 (2023) 22

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.222501


CUPID-0 Fit reconstruction M1a
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CUPID-0 Fit reconstruction M1b
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CUPID-0 Fit reconstruction M2
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CUPID-0 Fit reconstruction M2sum
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CUPID-0 crystal contaminations
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CUPID-0 close components contaminations
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CUPID-0 cryostat contaminations
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Background model - reconstruction
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CUPID-Mo calibration spectrum

78

500 1000 1500 2000 2500
Energy [keV]

101

102

103

104

105

106

C
ou

nt
s 208Tl

214Bi

214Bi

214Bi

214Bi

214Bi

SE
DE

214Pb

e+e-

228Ac

208Tl



CUPID-Mo particle identification
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CUPID-Mo simulations
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❖ The model of the spectral shape has been 
implemented in the background model fit and the 
value of  is kept as free parameter 

❖ First measurement of the  parameter compatible 
with the SSD prediction:  

ξ2ν
31

ξ2ν
31

ξ2ν
31 = 0.45 ± 0.03(stat.) ± 0.05(syst.)
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Measurement of 100Mo 2νββ spectral shape
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Phys.Rev.Lett. 131 (2023) 16, 162501

100Mo 2νββ half-life 

 7.07 ± 0.02(stat.) ± 0.1(syst.) × 1018

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.162501


Sensitivity: Majoron decays
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❖ Exposure scan corresponding to 1 month, 6 months, 1 year and 2 years of data taking 
(about 19, 112, 225, and 450 kg·yr of 100Mo) 

❖ With 450 kg·yr of 100Mo the CUPID median exclusion sensitivity on the neutrino-Majoron 
coupling will be competitive with the limits obtained with 136Xe
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Sensitivity: Lorentz violation 
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❖ Negative fluctuations produce a bias when the background sources do not have enough 
statistic to be constrained in the fit.  

❖ With 450 kg·yr of 100Mo we expect to reach the most stringent limit on the countershaded 
operator among 0νββ experiments
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FIGURE 3.4: Energy spectrum of the SM 2nbb compared with the spectrum summing
the LIV perturbation assuming an arbitrary value of ȧ(3)

o f (both positive and negative).

TABLE 3.3: Actual experimental limits on the countershaded neutrino operator ȧ(3)
o f at

90% CL for different isotopes. The last limit is obtained from the analysis of the tritium
b-decay spectrum.

Isotope Limit on ȧ(3)
o f [GeV] Ref.

76Ge (�2.7 < ȧ(3)
o f < 6.2) · 10�6 [133]

82Se ȧ(3)
o f < 4.1 · 10�6 [156]

136Xe �2.65 · 10�5 < ȧ(3)
o f < 7.6 · 10�6 [157]

116Cd ȧ(3)
o f < 4.0 · 10�6 [57]

100Mo (�4.2 < ȧ(3)
o f < 3.5) · 10�7 [135]

3H |ȧ(3)
o f | < 3.0 · 10�8 [154]

experiments of about 10�8 GeV [153, 154], also listed in Tab. 3.3. In the next years,

the KATRIN experiment aims to reach sensitivities of O(10�9) GeV exploiting the full

experimental exposure [155].

3.4 Violation of the Pauli exclusion principle

The violation of the Pauli exclusion principle has been largely investigated for electrons

and nucleons without observing an effective violation [158, 159]. Since neutrinos present

many peculiarities concerning the other leptons, they are good candidates to hypothesize

they have different properties. In the last years, the possibility of a violation of the Pauli

exclusion principle in the neutrino sector has been taken into consideration to explain

the puzzle of cosmological dark matter [160–163]. This implies that neutrinos have ⇠eV

CUPID



Sensitivity: Sterile neutrino emission
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Sensitivity: Bosonic neutrinos
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The actual limit from NEMO-3 is  

 

The mean exclusion sensitivity of CUPID with 
450 kg·yr of 100Mo is 

sin2 χ < 0.27

sin2 χ < 0.11
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Sensitivity: Bosonic neutrinos
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The actual limit from NEMO-3 is  

 at 90% CL 

The mean exclusion sensitivity of CUPID with 
450 kg·yr of 100Mo is 

 at 90% CI

sin2 χ < 0.27

sin2 χ < 0.11
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Background in the ROI for CUPID-Mo
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❖ Radio purity of Li2MoO4 crystals sufficient to reach the goals of CUPID 

❖ Higher contribution from cryostat copper components ➝ Cryostat not optimised for 0νββ 
searches

Eur.Phys.J.C 83 (2023) 7, 675

https://link.springer.com/article/10.1140/epjc/s10052-023-11830-2

