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• Nuclear Process: simultaneous decay of 2 neutrons

• Predicted by Standard Model, observable for 35 
nuclei

• Signature: continuous spectrum up to the Q-value 
[for most of the nuclei 2-3 MeV]

CUORE

2

Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

Double Beta Decay
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• Observed for 11 nuclei

• Half-life: 1018-1024 years

L. Cardani, INFN Roma
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● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

Neutrinoless Double Beta Decay
CUORE

2

Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

Hypothesised (NEVER observed) nuclear transition

What is the importance of this process?

L. Cardani, INFN Roma
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CUORE

2

Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

Hypothesised (NEVER observed) nuclear transition

• (Only process that) can establish Majorana nature of ν

• Violates lepton number conservation (actually also B-L)

• Other sources of CP violation

• Insight in neutrino absolute mass

Neutrinoless Double Beta Decay

L. Cardani, INFN Roma
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What do we measure
The observable of this decay, the half-life, scales as:

Phase 
Space 
Factor

Nuclear 
Matrix 
Element

(T 0⌫
1/2)

�1 = G0⌫(Q,Z)
��M0⌫

��2
✓
hm��i
me

◆2

m�� = |m1c
2
12c

2
13 +m2s

2
12c

2
13e

i↵21 +m3s
2
13e

i(↵31��)|

• m1, m2, m3 particle neutrino mass eigenstates 

• c12, c13… mixing angles parametrising the PMNS matrix (transform mass 
to flavor bases) experiments

• α21, α31: Majorana phases no idea
L. Cardani, INFN Roma
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The observable of this decay, the half-life, scales as:
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• m1, m2, m3 particle neutrino mass eigenstates absolute values not known

• c12, c13… mixing angles parametrising the PMNS matrix (transform mass 
to flavor bases) investigated by oscillations experiments 

• α21, α31: Majorana phases no idea

What do we measure

L. Cardani, INFN Roma



In this field, exclusion plots refers to the variable mββ
11

IH (Δm2<0)

NH (Δm2>0)
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FIG. 6. Updated predictions on m�� from oscillations as a function of the lightest neutrino mass (left) and of the cosmological
mass (right) in the two cases of NH and IH. The shaded areas correspond to the 3� regions due to error propagation of the
uncertainties on the oscillation parameters. Figure from Ref. [93].
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where sij , cij ⌘ sin ✓ij , cos ✓ij . Note the usage of the
same phase convention and parameterization of the quark
(CKM) mixing matrix even if, of course, the values of
the parameters are di↵erent. With this convention, it is
possible to obtain Eq. (29) by defining

U ⌘ U |osc. · diag
⇣
e�i⇠1/2, e�i⇠2/2, ei��i⇠3/2

⌘
. (35)

Table II shows the result of the best fit and of the 1�
range for the di↵erent oscillation parameters. It can be
noted that the values are slightly di↵erent depending on
the mass hierarchy. This comes from the di↵erent analy-
sis procedures used during the evaluation, as explained in
Ref. [94]. Therefore, throughout this work the two neu-
trino mass spectra are treated di↵erently one from the
other, since we used these hierarchy-dependent param-
eters. The uncertainties are not completely symmetric
around the best fit point, but the deviations are quite
small, as claimed by the authors themselves in the refer-
ence. In particular, the plots in the paper show Gaussian
likelihoods for the parameters determining m�� . In or-
der to later propagate the errors, we decided to neglect
the asymmetry, which has no relevant e↵ects on the pre-
sented results. We computed the maximum between the
distances of the best fit values and the borders of the
1� range (fourth column of Tab. II) and we assumed
that the parameters fluctuate according to a Gaussian
distribution around the best fit value, with a standard
deviation given by that maximum.

Thanks to the knowledge of the oscillation parameters,
it is possible to put a first series of constraints on m�� .

However, as already recalled, since the complex phases of
the mixing parameters in Eq. (29) cannot be probed by
oscillations, the allowed region for m�� is obtained let-
ting them vary freely. The expressions for the resulting
extremes (i. e. the m�� maximum and minimum values
due to the phase variation) can be found in App. A. We
adopt the graphical representation of m�� introduced in
Ref. [99] and refined in Refs. [18, 100]. It consists in plot-
ting m�� in bi-logarithmic scale as a function of the mass
of the lightest neutrino, both for the cases of NH and of
IH. The resulting plot is shown in the left panel of Fig. 6.
The uncertainties on the various parameters are propa-
gated using the procedures described in App. B. This
results in a wider allowed region, which corresponds to
the shaded parts in the picture.

1. Mass eigenstates composition

The standard three flavor oscillations involve three
massive states that, consistently with Eq. (28), are given
by 5

|⌫ii =
X

`=e,µ,⌧

U`i |⌫`i . (36)

Thus, it is possible to estimate the probability of finding
the component ⌫` of each mass eigenstate ⌫i. This prob-
ability is just the squared module of the matrix element
U`i, since the matrix is unitary. The result is graphically
shown in Fig. 7. As already mentioned, since hierarchy-
dependent parameters were used, the flavor composition
of the various eigenstates slightly depends on the mass
hierarchy. It is worth noting that the results also depend

5 Note that in this case we are in the ultra-relativistic limit. See
Sec. II C.

Plots from DOI: 10.1155/2016/2162659

Inverted Hierarchy: 15-50 meV

Normal Hierarchy < 5meV

Possible values of mββ
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Phase 
Space 
Factor

Nuclear 
Matrix 
Element

(T 0⌫
1/2)

�1 = G0⌫(Q,Z)
��M0⌫

��2
✓
hm��i
me

◆2

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

TABLE I. Phase-space factors G
(0)
2ν and G

(1)
2ν obtained using screened exact finite-size Coulomb wave functions. The Q values are taken from

experiment when available, or from tables of recommended values. Ã is taken from Ref. [21] or estimated by the systematics, Ã = 1.12A1/2 MeV,
where A without tilde denotes the mass number. Phase-space factors G

(0)
2ν SSD and G

(1)
2ν SSD correspond to values obtained using the SSD model,

in which case the ÃSSD used is listed in the last column.

Nucleus G
(0)
2ν (10−21 yr−1) G

(0)
2ν SSD (10−21 yr−1) G

(1)
2ν (10−21 yr−1) G

(1)
2ν SSD (10−21 yr−1) Qββ (MeV) Ã (MeV) ÃSSD (MeV)

48Ca 15550 −11930 4.27226(404) 7.717h

76Ge 48.17 −26.97 2.039061(7)a 9.411h

82Se 1596 −1075 2.99512(201) 10.08h

96Zr 6816 7825 −4831 −5477 3.35037(289) 10.97 2.203
100Mo 3308 4134 −2263 −2762 3.03440(17)b 11.20 1.685
110Pd 137.7 146.9 −79.56 −84.45 2.01785(64)c 11.75 1.893
116Cd 2764 3176 −1857 −2108 2.81350(13)d 12.06 1.875
124Sn 553.0 −342.7 2.28697(153) 12.47
128Te 0.2688 0.2727 −0.1047 −0.1061 0.86587(131)e 12.53h 1.685
130Te 1529 −993.9 2.52697(23)d 13.27h

136Xe 1433 −927.2 2.45783(37)f 13.06
148Nd 324.8 −195.5 1.92875(192) 13.63
150Nd 36430 −26860 3.37138(20)g 13.72
154Sm 9.591 −4.816 1.21503(125) 13.90
160Gd 193.8 −114.2 1.72969(126) 14.17
198Pt 15.36 −8.499 1.04717(311) 15.76
232Th 11.31 −6.779 0.84215(246) 17.06
238U 14.57 −9.543 1.14498(125) 17.28

aReference [28].
bReference [29].
cReference [30].
dReference [31].
eReference [32].
fReference [33].
gReference [34].
hReference [21].

evaluating

g−1(ϵ) = 3
R3

∫ R

0
g−1(ϵ, r)r2dr,

(II) (29)

f1(ϵ) = 3
R3

∫ R

0
f1(ϵ, r)r2dr.
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this work
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FIG. 5. (Color online) Phase-space factors G
(0)
2ν in units of

10−21 yr−1. The label “approximate” refers to the results obtained
by the use of approximate electron wave functions. The figure is in
semilogarithmic scale.

The third and most accurate approximation (III) is that in
which the weighing function is the square of the wave function,
Rnl(r), of the nucleon undergoing the decay,

g−1(ϵ) =
∫ ∞

0
|Rnl(r)|2g−1(ϵ, r)r2dr,

(III) (30)
f1(ϵ) =

∫ ∞

0
|Rnl(r)|2f1(ϵ, r)r2dr.

By using harmonic oscillator wave functions and assuming
that only one orbital is involved, the integrals in Eq. (30) can
be easily evaluated. Approximation (III) essentially amounts
to an evaluation of g−1(ϵ) and f1(ϵ) at a radius

√
⟨r2⟩nl . For

harmonic oscillator wave functions

Rnl(r) =

√
2n!

b3$(n + l + 3/2)

( r

b

)l

e−r2/2b2
Ll+1/2

n (r2/b2),

(31)

with

b2 = h̄

Mω
≃ 1.0A1/3 fm2, (32)

one has

⟨r2⟩nl = b2(2n + l + 3
2

)
. (33)

034316-5

Computed with high precision

DOI: 10.1103/PhysRevC.85..034316
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

Second, the uncertainty affects the choice of material to be 
used in νββ0  decay searches, a choice that is a compromise 
between experimental advantages and the matrix element 
value. Figure  5 (top) shows nuclear matrix elements calcu-
lated in different approaches, and because of the spread of the 
results (roughly the factor of three above) we can conclude 
only that the matrix element of 48Ca is smaller than those 
of the other νββ0  decay candidates. And the differences in 
the expected rate, a product of the nuclear matrix elements 
and phase-space factors, are even more similar (see figure 5 

bottom, and equation  (9)) [112]. Better calculations would 
make it easier to select an optimal isotope.

Finally, and perhaps most obviously, we need matrix ele-
ments to obtain information about the absolute neutrino 
masses once a νββ0  decay lifetime is known. Reducing the 
uncertainty in the matrix element calculations will be crucial 
if we wish to fully exploit an eventual measurement of the 
decay half-life. Even the interpretation of limits is hindered 
by matrix-element uncertainty. The blue band in  figure  1 
represents the upper limit of <ββm 61–165 meV from the 
KamLAND-Zen experiment [5]. The uncertainty, again a fac-
tor of about three, is due almost entirely to the matrix ele-
ment. And the real theoretical uncertainty, at this point, must 
be taken to be larger; the ‘gA problem’, which we discuss in 
section 4, has been ignored in this analysis. We really need 
better calculations. Fortunately, we are now finally in a posi-
tion to undertake them.

3. Nuclear matrix elements at present

As we have noted, calculated matrix elements at present carry 
large uncertainties. Matrix elements obtained with differ-
ent nuclear-structure approaches differ by factors of two or 
three. Figure  5 compares matrix elements produced by the 
shell model [82, 113, 114], different variants of the quasipar-
ticle random phase approximation (QRPA) [81, 115–117], 
the interacting boson model (IBM) [109], and energy density 
functional (EDF) theory [118–120]. The strengths and weak-
nesses of each calculation are discussed in detail later in this 
section.

Some of these methods can be used to compute single-β 
and νββ2  decay lifetimes. It is disconcerting to find that pre-
dicted lifetimes for these processes are almost always shorter 
than measured lifetimes, i.e. computed single Gamow–Teller 
and νββ2  matrix elements are too large [121–123]. The prob-
lems are usually ‘cured’ by reducing the strength of the spin-
isospin Gamow–Teller operator στ, which is equivalent to 
using an effective value of the axial coupling constant that 
multiplies this operator in place of its ‘bare’ value of !g 1.27A . 
This phenomenological modification is sometimes referred to 
as the ‘quenching’ or ‘renormalization’ of gA. In section 4 we 
review possible sources of the renormalization, none of which 
has yet been shown to fully explain the effect, and their conse-
quences for νββ0  matrix elements.

3.1. Shell model

The nuclear shell model is a well-established many-body 
method, routinely used to describe the properties of medium-
mass and heavy nuclei [121, 124, 125], including candidates 
for ββ-decay experiments. The model, also called the ‘con-
figuration interaction method’ (particularly in quantum chem-
istry [126, 127]), is based on the idea that the nucleons near 
the Fermi level are the most important for low-energy nuclear 
properties, and that all the correlations between these nucleons 
are relevant. Thus, instead of solving the Schrödinger equa-
tion for the full nuclear interaction in the complete many-body 

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .

Rep. Prog. Phys. 80 (2017) 046301

DOI: 10.1088/1361-6633/aa5bc5

Impact on T1/2
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The allowed regions of mββ correspond to very long half-lives —> few signals 11
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FIG. 6. Updated predictions on m�� from oscillations as a function of the lightest neutrino mass (left) and of the cosmological
mass (right) in the two cases of NH and IH. The shaded areas correspond to the 3� regions due to error propagation of the
uncertainties on the oscillation parameters. Figure from Ref. [93].
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where sij , cij ⌘ sin ✓ij , cos ✓ij . Note the usage of the
same phase convention and parameterization of the quark
(CKM) mixing matrix even if, of course, the values of
the parameters are di↵erent. With this convention, it is
possible to obtain Eq. (29) by defining

U ⌘ U |osc. · diag
⇣
e�i⇠1/2, e�i⇠2/2, ei��i⇠3/2

⌘
. (35)

Table II shows the result of the best fit and of the 1�
range for the di↵erent oscillation parameters. It can be
noted that the values are slightly di↵erent depending on
the mass hierarchy. This comes from the di↵erent analy-
sis procedures used during the evaluation, as explained in
Ref. [94]. Therefore, throughout this work the two neu-
trino mass spectra are treated di↵erently one from the
other, since we used these hierarchy-dependent param-
eters. The uncertainties are not completely symmetric
around the best fit point, but the deviations are quite
small, as claimed by the authors themselves in the refer-
ence. In particular, the plots in the paper show Gaussian
likelihoods for the parameters determining m�� . In or-
der to later propagate the errors, we decided to neglect
the asymmetry, which has no relevant e↵ects on the pre-
sented results. We computed the maximum between the
distances of the best fit values and the borders of the
1� range (fourth column of Tab. II) and we assumed
that the parameters fluctuate according to a Gaussian
distribution around the best fit value, with a standard
deviation given by that maximum.

Thanks to the knowledge of the oscillation parameters,
it is possible to put a first series of constraints on m�� .

However, as already recalled, since the complex phases of
the mixing parameters in Eq. (29) cannot be probed by
oscillations, the allowed region for m�� is obtained let-
ting them vary freely. The expressions for the resulting
extremes (i. e. the m�� maximum and minimum values
due to the phase variation) can be found in App. A. We
adopt the graphical representation of m�� introduced in
Ref. [99] and refined in Refs. [18, 100]. It consists in plot-
ting m�� in bi-logarithmic scale as a function of the mass
of the lightest neutrino, both for the cases of NH and of
IH. The resulting plot is shown in the left panel of Fig. 6.
The uncertainties on the various parameters are propa-
gated using the procedures described in App. B. This
results in a wider allowed region, which corresponds to
the shaded parts in the picture.

1. Mass eigenstates composition

The standard three flavor oscillations involve three
massive states that, consistently with Eq. (28), are given
by 5

|⌫ii =
X

`=e,µ,⌧

U`i |⌫`i . (36)

Thus, it is possible to estimate the probability of finding
the component ⌫` of each mass eigenstate ⌫i. This prob-
ability is just the squared module of the matrix element
U`i, since the matrix is unitary. The result is graphically
shown in Fig. 7. As already mentioned, since hierarchy-
dependent parameters were used, the flavor composition
of the various eigenstates slightly depends on the mass
hierarchy. It is worth noting that the results also depend

5 Note that in this case we are in the ultra-relativistic limit. See
Sec. II C.

Plots from DOI: 10.1155/2016/2162659

Experimental Challenge

mββ T1/2 Signal Events

Inverted Hierarchy 15-50 meV 1026 - 1028 yr 0.5 - 40 (ton y)-1

Normal Hierarchy <5 meV >1028 <0.5 (ton y)-1
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Where are we now
11

IH (Δm2<0)

NH (Δm2>0)
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FIG. 6. Updated predictions on m�� from oscillations as a function of the lightest neutrino mass (left) and of the cosmological
mass (right) in the two cases of NH and IH. The shaded areas correspond to the 3� regions due to error propagation of the
uncertainties on the oscillation parameters. Figure from Ref. [93].

phase � according to the (usual) representation

U |osc. = (34)
0

B@
c12c13 s12c13 s13e

�i�

�s12c23 � c12s13s23e
i�

c12c23 � s12s13s23e
i�

c13s23

s12s23 � c12s13c23e
i�

�c12s23 � s12s13c23e
i�

c13c23

1

CA

where sij , cij ⌘ sin ✓ij , cos ✓ij . Note the usage of the
same phase convention and parameterization of the quark
(CKM) mixing matrix even if, of course, the values of
the parameters are di↵erent. With this convention, it is
possible to obtain Eq. (29) by defining

U ⌘ U |osc. · diag
⇣
e�i⇠1/2, e�i⇠2/2, ei��i⇠3/2

⌘
. (35)

Table II shows the result of the best fit and of the 1�
range for the di↵erent oscillation parameters. It can be
noted that the values are slightly di↵erent depending on
the mass hierarchy. This comes from the di↵erent analy-
sis procedures used during the evaluation, as explained in
Ref. [94]. Therefore, throughout this work the two neu-
trino mass spectra are treated di↵erently one from the
other, since we used these hierarchy-dependent param-
eters. The uncertainties are not completely symmetric
around the best fit point, but the deviations are quite
small, as claimed by the authors themselves in the refer-
ence. In particular, the plots in the paper show Gaussian
likelihoods for the parameters determining m�� . In or-
der to later propagate the errors, we decided to neglect
the asymmetry, which has no relevant e↵ects on the pre-
sented results. We computed the maximum between the
distances of the best fit values and the borders of the
1� range (fourth column of Tab. II) and we assumed
that the parameters fluctuate according to a Gaussian
distribution around the best fit value, with a standard
deviation given by that maximum.

Thanks to the knowledge of the oscillation parameters,
it is possible to put a first series of constraints on m�� .

However, as already recalled, since the complex phases of
the mixing parameters in Eq. (29) cannot be probed by
oscillations, the allowed region for m�� is obtained let-
ting them vary freely. The expressions for the resulting
extremes (i. e. the m�� maximum and minimum values
due to the phase variation) can be found in App. A. We
adopt the graphical representation of m�� introduced in
Ref. [99] and refined in Refs. [18, 100]. It consists in plot-
ting m�� in bi-logarithmic scale as a function of the mass
of the lightest neutrino, both for the cases of NH and of
IH. The resulting plot is shown in the left panel of Fig. 6.
The uncertainties on the various parameters are propa-
gated using the procedures described in App. B. This
results in a wider allowed region, which corresponds to
the shaded parts in the picture.

1. Mass eigenstates composition

The standard three flavor oscillations involve three
massive states that, consistently with Eq. (28), are given
by 5

|⌫ii =
X

`=e,µ,⌧

U`i |⌫`i . (36)

Thus, it is possible to estimate the probability of finding
the component ⌫` of each mass eigenstate ⌫i. This prob-
ability is just the squared module of the matrix element
U`i, since the matrix is unitary. The result is graphically
shown in Fig. 7. As already mentioned, since hierarchy-
dependent parameters were used, the flavor composition
of the various eigenstates slightly depends on the mass
hierarchy. It is worth noting that the results also depend

5 Note that in this case we are in the ultra-relativistic limit. See
Sec. II C.

(T 0⌫
1/2)

�1 = G0⌫(Q,Z)
��M0⌫

��2
✓
hm��i
me

◆2

Current experiments are measuring T1/2 > 1025 -1026 yr, or mββ (<61-165 meV)

Technical challenge:

Improving sensitivity on mββ by 10, requires an improvement on T1/2  by 100!

Next goal: 

Complete exploration of IH!
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Signature
For a given isotope, we expect the following spectrum.
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0νββ

CUORE

2

Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

CUORE

2

Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

2νββ

Clear Signature:

Peak at the Q-value of the emitter (2-3 MeV)
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Ideal Requirements
For a given isotope, we expect the following spectrum.
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Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

CUORE

2

Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

2νββ

• Many emitters: T1/2 larger than 1026, means 1027 isotopes (hundreds of kg)

• Zero background 

• Energy resolution (also to suppress unavoidable 2νββ decays)
 12L. Cardani, INFN Roma



Let’s build the detector
Few isotopes for 0νββ: 136Xe, 82Se, 130Te, 100Mo, 76Ge…

 From the theoretical point of view, no strong preference

130Te 76Ge 100Mo 116Cd 

Background � 
ambientale 

82Se 

Isotopic Abundance [atomic %]
0 5 10 15 20 25 30 35

Q
-v

al
ue

 [k
eV

]

1000

1500

2000

2500

3000

3500

4000

4500
Ca48

Ge76

Se82

Zr96

Mo100

Cd116

Sn124

Te128

Te130
Xe136

Nd150

Experimentally, a high Q-value is beneficial for background suppression, but 
comes at the cost of a low isotopic abundance

No ideal answer, many technologies and many interesting R&Ds
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Three Main Families

Fluids Non-homogeneous Solid State

Today, ~all detectors coinciding with source to enhance efficiency
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Three Main Families

Fluids Non-homogeneous Solid State

Today, ~all detectors coinciding with source to enhance efficiency
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KamLAND-Zen
Dissolve hundreds of kg of source in liquid scintillatorKamLAND-Zen

 5

KamLAND 
Zero neutrino double beta  
decay search

KamLAND-Zen 
• 136Xe loaded LS in inner mini-balloon 
• 90.6% enriched 136Xe 
• Q value : 2.458MeV 
• Xenon gas soluble 3.2 wt% in LS,  
• Xenon can be removed from LS by vacuum 
and gas bubbling methods 

• Only detect scintillation light with no particle 
ID methods (between 2 beta and gamma, 
single beta, alpha, proton) 

• Energy resolution : 6.6 ~ 7.3%√E(MeV) (sigma) 
• Low radio-activity environment 
   Ultra-low background LS is shielding for  
   gamma-ray from outside. 
• Scalability in 13m diameter balloon

• Poor resolution 

• No particle ID

• But large mass:

• (320 kg phase-I) + (383 kg phase-II)

• T1/2>1.07x1026 yr, mββ<45-160 meV

• This winter: 750 kg and new balloon, 
aiming at 4.6x1026 yr

• Future: 1-ton, with better ΔE (280 —> 170 
keV) and scintillating crystals

σ = (6.6 − 7.3) % (E[MeV ])
Y. Gando’s talk

NOW 2018

136Xe IH:

1026 - 1028 yr
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EXO-200 and nEXO
Hundreds of kg of source used as liquid TPC

Today: EXO-200

• 136Xe in liquid phase, resolution: 

• ~75 kg Xe in fiducial volume

• T1/2 > 1.8x1025 yr (still ongoing)

σ = 1.23 % E

G. Gratta’s talk, Neutrino 2018

6Neutrino 2018, Jun 2018 EXO-200 and nEXO   - Gratta

The EXO-200 liquid 136Xe Time Projection Chamber

Cathode
-HV

~100kg
Liq-136Xe

Charge 
collection
grids

~40cm

175nm scintillation
light detecting APDs

136Xe

Future: nEXO

• Increase LXe from 150 to 5000 kg 

• Improve energy resolution

• Exceed sensitivity 1027 yr

EXO-200 → nEXO 
EXO-200 will complete data taking in 2018 T1/2 > 1.8×1025 y 

mbb < 150 – 400 meV 

Moving forwards towards nEXO 

nEXO 
 EXO-200 

Current results: 

1.3 m 

mbb < 5 – 20 meV 

Projected sensitivity of nEXO Importance of fiducialization 

136Xe 

R&D on Ba tagging ongoing Poster #33 M 

9.2 x 1027 y 

WIPP - US 

DEFWHM = 60 keV 

IH:

1026 - 1028 yr
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NEXT
High pressure (10-15 bar) TPC based on enriched Xe

Today: 10 kg prototype

• Proved ΔE < 1%

136Xe

NETX-100 in 2019

• Aiming at 9.8x1025 yr

Future

• Ton-scale

• Lower background (SiPM vs PM)

• Ba tagging (?)

• Aiming at 1.5x1027 yr

NEXT 
High pressure (10-15  bar) enriched Xe TPC 
� Primary scintillation (t0→ z coordinate) 
� Electroluminescence for energy resolution 

(PMT plane) and for tracking (SiPMs plane) 

10 kg working prototype with natXe 
� DEFWHM < 1% FWHM in the ROI   (< 25 keV) 
� Very clear topological signature  
� Enriched Xe run will start in 2018 

NEXT 100 
� Many detector elements available  
� Commissioning in 2019 

5 y sensitivity: T1/2 > 9.8×1025 y 
mbb < 46 – 170 meV 

Long term prospects – NEXT 2.0 
� High definition tracks (He-Xe mixture) 
� Ton scale 
� Si-PM instead of PM (better background) 
� 5 y sensitivity: T1/2 > 1.5×1027 y 
� Ba tagging  

Promising detection of 

single Ba++ ions at a surface 
using Single Molecule 

Fluoresence Imaging. To 
demonstrate in Xe gas. 
 

c 

136Xe 

Poster #49 M 

Poster #61 M 

Poster #69 M 

Poster #55 M 

Canfranc – Spain  

JJ Gomez-Cadenas’s talk, Neutel 2017

IH:

1026 - 1028 yr
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SNO+
Fill the acrylic vessel with hundreds of kg of source dissolved in LS

• Multipurpose (nucleon decay, supernovae, 
geo-, solar and reactor ν) 

• Autumn 2019: load LAB scintillator with 0.5% 
natTe aiming at T>1026 yr in 1 yr

• Future:

• Increase Te concentration, LY, transparency 
to surpass 1027 yr

• THEIA project with a 50 kton water-based 
liquid scintillator detector, aiming at 
surpassing 1028 yr without enriching

SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

SNO+ Operations

 8

• SNO+	will	operate	in	3	phases:	

1.Water	filling	complete	(Feb	2017)	

Physics	data	taking	ongoing						
(May	4th	2017)	
Triggering	at	7	PMT	hits	~	1	MeV	(!)	

2.	LS	fill	in	July	2018																								

LAB/PPO	@	2g/L	

3.	Te	loading	in	spring	2019	

0.5%	by	mass

G.D.Orebi Gann’s talk, Neutrino 2018

130Te IH:

1026 - 1028 yr
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Three Main Families

Fluids Non-homogeneous Solid State

Today, ~all detectors coinciding with source to enhance efficiency

• Typical energy resolution worse with respect to solid state detector

• At the moment, and likely in the future, experiments with largest 
source mass  

• Clear path for mid-term and future

PANDA-X-III, AXEL, LiquidO
Not covered in this talk :( 20L. Cardani, INFN Roma



Three Main Families

Fluids Non-homogeneous Solid State

Today, ~all detectors coinciding with source to enhance efficiency
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LEGEND

AJ Zsigmond

7 strings with 40 detectors in total

● 7 enriched semi-coaxial (15.6 kg)

● 30 enriched thick window BEGe (20.0 kg)

● 3 natural semi-coaxial (7.6 kg)

6

Germanium detectors

Eur.Phys.J. C 78 (2018) 388

76Ge embedded in HPGe crystals, to be operated as diodes: 
today detectors scale: tens of kg

• GERDA: excellent resolution (3-4 keV FWHM) and best 
background in this field: T1/2>9x1025 yr

• Majorana even better resolution (2.5 keV FWHM), slightly 
worse background and lower exposure: T1/2>2.7x1025 yr

A.J. Zsigmond and V. Guiseppe’s talks, Neutrino 2018

Neutrino 2018 - Heidelberg - 6 June 2018V. E. Guiseppe

Future Sensitivity: LEGEND

17

Exposure [ton-years]
3−10 2−10 1−10 1 10 210 310

 9
0%

 S
en

sit
ivi

ty
 [y

ea
rs

]
1/

2
T

2410

2510

2610

2710

2810

2910

3010

 rangemin
ββ IO m

Background free
0.1 counts/ROI-t-y
1.0 count/ROI-t-y
10 counts/ROI-t-y

Ge (87% enr.)76

MAJO
RANA DEMONSTRATOR

(2018 Sensiti
vity

)

GERDA

(2018 Sensiti
vity

)

LEGEND-200

(sta
rt ~
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LEGEND-1000

Next Generation 76Ge: LEGEND — Large Enriched Germanium 
Experiment for Neutrinoless ββ Decay (52 Institutions, ~250 Members)

First Stage: 
- (up to) 200 kg 76Ge in upgrade of 

existing infrastructure at LNGS
- BG goal 0.6 cts/(FWHM t yr)
- Data start ~2021
- Will use existing MAJORANA & 

GERDA detectors (65 kg), plus new 
detectors (135 kg)

Subsequent Stages:
- 1000 kg 76Ge (staged) 
- BG goal: 0.1 cts/(FWHM t yr)
- Location: TBD
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Now forming LEGEND collaboration

• First phase (2021) with ~200 kg 76Ge 
(GERDA + Majorana + 135 kg new 
detectors), background x3 lower.

• Long-term plan: 1000 kg to exceed 1028 yr

76Ge IH:

1026 - 1028 yr

 22
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Paolo Gorla - LNGSNOW2018 - 14/09/2018 !11

The CUORE 
Detector

• CUORE: Tonne-scale experiment operating 206 kg of 130Te (988 TeO2 
crystals, 15 tons of Pb, Cu, TeO2 at <4K)

• Excellent resolution 7.4 keV FWHM, now optimising cryostat to reach 5 keV

• Combined with its ancestors, T1/2>1.5x1025 yr, aiming at 1026 yr in 5 yr

CUORE
130Te IH:

1026 - 1028 yr

L. Cardani, INFN Roma
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Paolo Gorla - LNGSNOW2018 - 14/09/2018 !11

The CUORE 
Detector

• CUORE: Tonne-scale experiment operating 206 kg of 130Te (988 TeO2 
crystals, 15 tons of Pb, Cu, TeO2 at <4K)

• Excellent resolution 7.4 keV FWHM, now optimising cryostat to reach 5 keV

• Combined with its ancestors, T1/2>1.5x1025 yr, aiming at 1026 yr in next 5 yr

CUORE —> CUPID

CUPID 

(Cuore Upgrade with Particle IDentification) 

technology for a next-generation project 

Tonne-scale, excellent energy resolution, background free!
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• First medium-scale prototype: CUPID-0 proved rejection of α bkg

• Limit on 82Se half-life > 4x1024 yr with 5.46 kg x y

• Results from CUPID-Mo coming soon
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CUORE —> CUPID
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Three Main Families

Fluids Non-homogeneous Solid State

Today, ~all detectors coinciding with source to enhance efficiency

• Excellent energy resolution (crucial for discovery)

• At the moment, small masses (with the exception of CUORE)

• Clear path for mid-term and future for 76Ge, several mature and 
viable options for the CUORE upgrade

AMoRE, CROSS
Not covered in this talk :( 26L. Cardani, INFN Roma



Three Main Families

Fluids Non-homogeneous Solid State

Today, ~all detectors coinciding with source to enhance efficiency

SuperNEMO: with full topological reconstruction of the 2 emitted electrons, 

7 kg of 82Se aiming at 6x1024 yr, plans with 150Nd 

Cheryl Patrick, UCL SuperNEMO

SuperNEMO in one slide

2

• neutrinoless double-beta 
decay experiment

• unique tracker-calorimeter architecture 
• ultra-low backgrounds

• under construction at LSM, France
Cheryl Patrick, UCL SuperNEMO

Demonstrator sensitivity

18

ββ events are characterised by 

• Two electron-like tracks (negative curvature, 
associated calorimeter) 

C. Patrick’s talk, IOP APP/HEPP Conference 2018

SuperNEMO 

Investigation of the mechanism  crucial task in case of discovery 
Easier access to other physics channels (i.e. Majoron) 

¾ The most important of the few experiments with detector  source 
      The isotope is embedded in thin foils (difficult scaling – low efficiency 30%)  
¾ Built on the succesfull NEMO-3 experiment   
¾ Main advantage: full topological reconstruction of a bb event 

SuperNEMO demonstrator will take data in 2018 – 7 kg of 82Se 
Sensitivity:  6 × 1024 y in 2.5 y  
(assuming that the target radiopurity in 214Bi and 208Tl of the source foils is achieved)   

¾ Sensitivity of the order of 1026 y requires 100 kg of 82Se – 20 modules 
¾ Plans to move to 150Nd  –  enrichment by centrifugation is expensive but now possible 
                    higher phase space by a factor 6 – Rn free background   

Prospects 

Poster #45 M 
Posters #39, 50, 63, 66 M 

source  detector 

LSM – France  

82Se 

IH:

1026 - 1028 yr
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Prospects for the near future
(I stole this slide from A.Giuliani’s talk at Neutrino2018, thanks!)Possible scenario in 2024 

Considering running or well advanced projects (for results, funding and infrastructures) 

INVERTED 
ORDERING 

NORMAL 
ORDERING 

1 10-1 10-2 mbb [eV] 

KamLAND-Zen 800 

SNO+ phase I 

LEGEND 200 

CUORE 

NEXT-100 

Running 

Start 2018 

Start 2019 

Start 2021 

Start 2019 

(Vanishing lowest neutrino mass) 

L. Cardani, INFN Roma



CUORE

2

Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden

 29

Conclusions
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FIG. 6. Updated predictions on m�� from oscillations as a function of the lightest neutrino mass (left) and of the cosmological
mass (right) in the two cases of NH and IH. The shaded areas correspond to the 3� regions due to error propagation of the
uncertainties on the oscillation parameters. Figure from Ref. [93].
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where sij , cij ⌘ sin ✓ij , cos ✓ij . Note the usage of the
same phase convention and parameterization of the quark
(CKM) mixing matrix even if, of course, the values of
the parameters are di↵erent. With this convention, it is
possible to obtain Eq. (29) by defining

U ⌘ U |osc. · diag
⇣
e�i⇠1/2, e�i⇠2/2, ei��i⇠3/2

⌘
. (35)

Table II shows the result of the best fit and of the 1�
range for the di↵erent oscillation parameters. It can be
noted that the values are slightly di↵erent depending on
the mass hierarchy. This comes from the di↵erent analy-
sis procedures used during the evaluation, as explained in
Ref. [94]. Therefore, throughout this work the two neu-
trino mass spectra are treated di↵erently one from the
other, since we used these hierarchy-dependent param-
eters. The uncertainties are not completely symmetric
around the best fit point, but the deviations are quite
small, as claimed by the authors themselves in the refer-
ence. In particular, the plots in the paper show Gaussian
likelihoods for the parameters determining m�� . In or-
der to later propagate the errors, we decided to neglect
the asymmetry, which has no relevant e↵ects on the pre-
sented results. We computed the maximum between the
distances of the best fit values and the borders of the
1� range (fourth column of Tab. II) and we assumed
that the parameters fluctuate according to a Gaussian
distribution around the best fit value, with a standard
deviation given by that maximum.

Thanks to the knowledge of the oscillation parameters,
it is possible to put a first series of constraints on m�� .

However, as already recalled, since the complex phases of
the mixing parameters in Eq. (29) cannot be probed by
oscillations, the allowed region for m�� is obtained let-
ting them vary freely. The expressions for the resulting
extremes (i. e. the m�� maximum and minimum values
due to the phase variation) can be found in App. A. We
adopt the graphical representation of m�� introduced in
Ref. [99] and refined in Refs. [18, 100]. It consists in plot-
ting m�� in bi-logarithmic scale as a function of the mass
of the lightest neutrino, both for the cases of NH and of
IH. The resulting plot is shown in the left panel of Fig. 6.
The uncertainties on the various parameters are propa-
gated using the procedures described in App. B. This
results in a wider allowed region, which corresponds to
the shaded parts in the picture.

1. Mass eigenstates composition

The standard three flavor oscillations involve three
massive states that, consistently with Eq. (28), are given
by 5

|⌫ii =
X

`=e,µ,⌧

U`i |⌫`i . (36)

Thus, it is possible to estimate the probability of finding
the component ⌫` of each mass eigenstate ⌫i. This prob-
ability is just the squared module of the matrix element
U`i, since the matrix is unitary. The result is graphically
shown in Fig. 7. As already mentioned, since hierarchy-
dependent parameters were used, the flavor composition
of the various eigenstates slightly depends on the mass
hierarchy. It is worth noting that the results also depend

5 Note that in this case we are in the ultra-relativistic limit. See
Sec. II C.

• Double Beta Decay is a unique probe for New Physics

• Lepton Number Violation

• Neutrino Nature

• Nuclear Matrix Elements, ga are challenging theorists

• The rarity of this process is a challenge for experimentalists

• Active field, with projects <hundreds M$

• Down-selection of 2-3 technologies for 
the long-term future

L. Cardani, INFN Roma



CUORE

2

Double Beta (ββ) Decay

● Never yet observed

● Implies non-conservation of
lepton number

● Implies neutrinos are Majorana
particles (their own anti-
particles)

● Allowed in SM

● Observed

Candidate isotopes:
Even-even nuclei where single β decay is energetically forbidden
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Conclusions

11
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NH (Δm2>0)

10-4 0.001 0.01 0.1 1
10-4

0.001

0.01

0.1

1

mlightest [eV]

m
ββ

[e
V
]

FIG. 6. Updated predictions on m�� from oscillations as a function of the lightest neutrino mass (left) and of the cosmological
mass (right) in the two cases of NH and IH. The shaded areas correspond to the 3� regions due to error propagation of the
uncertainties on the oscillation parameters. Figure from Ref. [93].

phase � according to the (usual) representation

U |osc. = (34)
0
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CA

where sij , cij ⌘ sin ✓ij , cos ✓ij . Note the usage of the
same phase convention and parameterization of the quark
(CKM) mixing matrix even if, of course, the values of
the parameters are di↵erent. With this convention, it is
possible to obtain Eq. (29) by defining

U ⌘ U |osc. · diag
⇣
e�i⇠1/2, e�i⇠2/2, ei��i⇠3/2

⌘
. (35)

Table II shows the result of the best fit and of the 1�
range for the di↵erent oscillation parameters. It can be
noted that the values are slightly di↵erent depending on
the mass hierarchy. This comes from the di↵erent analy-
sis procedures used during the evaluation, as explained in
Ref. [94]. Therefore, throughout this work the two neu-
trino mass spectra are treated di↵erently one from the
other, since we used these hierarchy-dependent param-
eters. The uncertainties are not completely symmetric
around the best fit point, but the deviations are quite
small, as claimed by the authors themselves in the refer-
ence. In particular, the plots in the paper show Gaussian
likelihoods for the parameters determining m�� . In or-
der to later propagate the errors, we decided to neglect
the asymmetry, which has no relevant e↵ects on the pre-
sented results. We computed the maximum between the
distances of the best fit values and the borders of the
1� range (fourth column of Tab. II) and we assumed
that the parameters fluctuate according to a Gaussian
distribution around the best fit value, with a standard
deviation given by that maximum.

Thanks to the knowledge of the oscillation parameters,
it is possible to put a first series of constraints on m�� .

However, as already recalled, since the complex phases of
the mixing parameters in Eq. (29) cannot be probed by
oscillations, the allowed region for m�� is obtained let-
ting them vary freely. The expressions for the resulting
extremes (i. e. the m�� maximum and minimum values
due to the phase variation) can be found in App. A. We
adopt the graphical representation of m�� introduced in
Ref. [99] and refined in Refs. [18, 100]. It consists in plot-
ting m�� in bi-logarithmic scale as a function of the mass
of the lightest neutrino, both for the cases of NH and of
IH. The resulting plot is shown in the left panel of Fig. 6.
The uncertainties on the various parameters are propa-
gated using the procedures described in App. B. This
results in a wider allowed region, which corresponds to
the shaded parts in the picture.

1. Mass eigenstates composition

The standard three flavor oscillations involve three
massive states that, consistently with Eq. (28), are given
by 5

|⌫ii =
X

`=e,µ,⌧

U`i |⌫`i . (36)

Thus, it is possible to estimate the probability of finding
the component ⌫` of each mass eigenstate ⌫i. This prob-
ability is just the squared module of the matrix element
U`i, since the matrix is unitary. The result is graphically
shown in Fig. 7. As already mentioned, since hierarchy-
dependent parameters were used, the flavor composition
of the various eigenstates slightly depends on the mass
hierarchy. It is worth noting that the results also depend

5 Note that in this case we are in the ultra-relativistic limit. See
Sec. II C.

• Double Beta Decay is a unique probe for New Physics

• Lepton Number Violation

• Neutrino Nature

• Nuclear Matrix Elements, ga are challenging theorists

• The rarity of this process is a challenge for experimentalists

• Active field, with projects <hundreds M$

• Down-selection of 2-3 technologies for 
the long-term future

Thanks for the attention!

L. Cardani, INFN Roma
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the 0νββ emitter: 

i.a. = isotopic abundance

A = mass number 

B = background [counts/keV/kg/y]

the detection technique: 

ε = detector efficiency

M = detector mass [kg]

T = measurement time [y]

ΔE = energy resolution [keV]

B = background [counts/keV/kg/y] 

Sbkg / "
i.a.

A

r
MT

B�E
[y] S0bkg / "

i.a.

A
MT [y]

S increases linearly with MT

Background Suppression
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• Evidences for massive neutrinos: how to incorporate ν mass in SM?

• Being completely neutral, neutrinos could be the only fermion equal to its 
own anti-particle                   

• Implies violation of lepton number 
conservation

• Crucial for theories explaining the 
dominance of matter over antimatter 
in the Universe

Neutrinos could be Majorana particles (as opposed to all the other fermions)

Majorana Theory



Cryogenic Calorimeters

• Grown from 0νββ emitter  ➪ ε > 80%

• Test different 0νββ emitters 

• Excellent resolution (5-20 keV FWHM at 
2615 keV)

• Scalability ➪ large source mass

sensor
(ntd ge thermistor)

absorber

heat sink

conductance

430 g

particle
interaction

Wednesday, September 4, 13

Crystal operated as calorimeter at ~10 mK

Particle interaction ➪ E deposit ➪ T 
increase

Dedicated sensor to convert ΔT in a voltage 
pulse
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Cherenkov light in TeO2 (CUORE) 

CALDER, SINGLE, and others

CUPID
Natural evolution of CUORE, with background suppression via Particle ID 

Rejection of α background proved

Reproducibility and Scalability of light detection under investigation
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Cherenkov light in TeO2 (CUORE) 

CALDER, SINGLE, and others

CUPID
Natural evolution of CUORE, with background suppression via Particle ID 

Scintillation Light in other crystals 
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CUPID
Natural evolution of CUORE, with background suppression via Particle ID 

Scintillation Light in other crystals CUPID-0 

Zn82Se

Lowest bkg, best limit on 82Se: 4.0x1024 yr

Crystals resolutions to be improved

CUPID-Mo 

Li2100MoO4

Excellent energy resolution proved

Medium scale prototype results in the next months
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