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Neutrino mixing

• three Flavour Eigenstates

• three Mass Eigenstates

|να >=
∑3

i=0 Uα,i |νi >

• 9 parameters:

- 3 mixing angles: θ12, θ13, θ23

- 3 mass eigenstates: m1, m2, m3

- 1 CP violating phase δ

- 2 Majorana phases: α1, α2

U =

1 0 0
0 c23 s23

0 −s23 c23

 c13 0 s13 e−iδ

0 1 0
−s13 e−iδ 0 c13

 c12 s12 0
−s12 c11 0

0 0 1

e jα1/2 0 0

0 e jα2/2 0
0 0 1


cjk ≡ cos θjk sjk ≡ sin θjk
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Open questions in neutrino physics

2 What is the correct mass hierarchy :

3 Normal Hierarchy versus Inverted Hierarchy

2 What is the neutrino nature: Dirac or Majorana ?

2 Is there a CP violation in the neutrino sector ? (e−iδ)

2 Is there new physics beyond the three neutrino model ?

|Ue1|2 + |Ue2|2 + |Ue3|2 = 1 (PMNS Unitarity) ?

∆m2
13 + ∆m2

21 + ∆m2
32 = 0 ?

2 Can we use neutrinos as messengers to understand our Universe ?

3 look inside the core of a collapsing Supernova

3 look at the earth’s composition (Mantle & Core)

M. Grassi Ferrara, Feb 2015
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Double beta decays

• it’s a second order nuclear transition with two neutrons decaying into two
protons:

(A,Z )→ (A,Z + 2) + 2e− + . . .

2-neutrinos double-β decay (2νββ)

• it’s a second order process, allowed in the
Standard Model of Particle Physics

• first suggested by Goeppert-Mayer in 1935
[M. Goeppert-Mayer, Phys. Rev., 48 (1935) 512]

• (A,Z)→ (A,Z + 2) + 2e− + 2ν̄e

• it has been measured in several isotopes

• T 2ν
1/2

in the range 1019 − 1024 yr

Double-� decays

Second order nuclear transitions ! decay of two neutrons into two protons:

(A, Z) ! (A, Z +2)+2e�+ . . .

2-neutrino double-� decay (2⌫��):

• (A, Z) ! (A, Z + 2) + 2e� + 2⌫̄e

• allowed in the Standard Model

• measured in several isotopes (48Ca, 76Ge, 82Se. . . )

• T 2⌫
1/2 in the range 1019 � 1024 yr

< 50% chance for an atom to decay

in a hundred trillion times the age of the universe

Matteo Agostini (TU Munich) 1
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Double beta decays

• it’s a second order nuclear transition with two neutrons decaying into two
protons:

(A,Z )→ (A,Z + 2) + 2e− + . . .

Neutrinoless double-β decay (0νββ)

• foreseen by many extensions of the
Standard Model of particle physics Particle Physics

• (A,Z)→ (A,Z + 2) + 2e−

• never observed so far, but allowed in several isotopes

• T 0ν
1/2

> 1021 − 1026 yr

Double-� decays

Second order nuclear transitions ! decay of two neutrons into two protons:

(A, Z) ! (A, Z +2)+2e�+ . . .

Neutrinoless double-� decay (0⌫��):

• (A, Z) ! (A, Z + 2) + 2e�

• foreseen by many extensions of the Standard Model

• possible for several isotopes (48Ca, 76Ge, 82Se. . . )

• T 0⌫
1/2 limits in the range 1021 � 1026 yr

< 50% chance for an atom to decay

in a hundred trillion times the age of the universe

Matteo Agostini (TU Munich) 1
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2-neutrinos double-β decay

t1/2 (1021 yr) Isotope Experiment DOI

> 0.87 134Xe EXO-200 10.1103/PhysRevD.96.092001

0.82± 0.02± 0.06 130Te CUORE-0 10.1140/epjc/s10052-016-4498-6

0.00690± 0.00015± 0.00037 100Mo CUPID 10.1140/epjc/s10052-017-5343-2

0.0274± 0.0004± 0.0018 116Cd NEMO-3 10.1103/PhysRevD.95.012007

0.064+.007
−.006

+.012
−.009

48Ca NEMO-3 10.1103/PhysRevD.93.112008

0.00934± 0.00022+.00062
−.00060

150Nd NEMO-3 10.1103/PhysRevD.94.072003

1.926± 0.094 76Ge GERDA 10.1140/epjc/s10052-015-3627-y

0.00693± 0.00004 100Mo NEMO-3 10.1103/PhysRevD.92.072011

2.165± 0.016± 0.059 136Xe EXO-200 10.1103/PhysRevC.89.015502

9.2+5.5
−2.6 ± 1.3 78Kr BAKSAN 10.1103/PhysRevC.87.035501

2.38± 0.02± 0.14 136Xe KamLAND-Zen 10.1103/PhysRevC.85.045504

0.7± 0.09± 0.11 130Te NEMO-3 10.1103/PhysRevLett.107.062504

0.0235± 0.0014± 0.0016 96Zr NEMO-3 10.1016/j.nuclphysa.2010.07.009

0.69+0.10
−0.08 ± 0.07 100Mo Ge coinc. 10.1016/j.nuclphysa.2010.06.010

0.57+0.13
−0.09 ± 0.08 100Mo NEMO-3 10.1016/j.nuclphysa.2006.09.021

0.096± 0.003± 0.010 82Se NEMO-3 10.1103/PhysRevLett.95.182302

[C. Patrignani et al. (Particle Data Group), Chin. Phys. C40, 100001 (2016)]
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Why search for neutrinoless double-β decay ?

• if observed, would show a violation of the lepton
number (∆L = 2)

• it’s the only known way to probe the Majorana
neutrino nature

• Black Box theorem ([Schechter and
Valle Phys.Rev.D25 (1982) 774]):

• non-null Majorana mass component

• bulk of neutrino mass not given by
black-box operator ([Duerr et al.,
JHEP 1106 (2011) 091])

Double-� decays

Second order nuclear transitions ! decay of two neutrons into two protons:

(A, Z) ! (A, Z +2)+2e�+ . . .

Neutrinoless double-� decay (0⌫��):

• (A, Z) ! (A, Z + 2) + 2e�

• foreseen by many extensions of the Standard Model

• possible for several isotopes (48Ca, 76Ge, 82Se. . . )

• T 0⌫
1/2 limits in the range 1021 � 1026 yr

< 50% chance for an atom to decay

in a hundred trillion times the age of the universe

Matteo Agostini (TU Munich) 1
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Figure 1: Contribution of the Black Box operator to the Majorana neutrino mass [9].

Then, it is possible to draw the diagram in Fig. 1, so that neutrinoless double beta decay
induces a non-zero effective Majorana mass for the electron neutrino, no matter which is the
underlying mechanism of the decay. The Black Box is nothing but an effective operator for
neutrinoless double beta decay which arises from some underlying New Physics. The first
assumption is necessary to ensure that two identical neutrinos are created. This can be seen
in the following way [10]: We do not know anything about the chirality of the electrons and
quarks produced by neutrinoless double beta decay. However, this assumption guarantees
that we can make the particles running in the loops in Fig. 1 left-handed, by mass insertion
if necessary. Thus the standard left-handed interaction from the second assumption produces
the same type of neutrino at both vertices. Otherwise it would be possible that a neutrino
and an antineutrino are created, which would give a Dirac mass term.

Note, however, that the diagram in Fig. 1 is certainly not the only one that generates a
non-zero effective Majorana mass for the electron neutrino. Other tree and loop diagrams
exist and in addition the physical neutrino masses depend also on Dirac mass terms. Further-
more, there may even be cancellations between different Majorana contributions which are
induced by the Black Box diagram(s). This may appear as a fine-tuning, but the observed
fermion mass patterns suggest that symmetries which explain these patterns may exist, and
such symmetries could also lead to non-trivial cancellations. Taking into account this possi-
bility of cancellations, Takasugi [10] and Nieves [11] improved the argument of Schechter and
Valle [9], and showed that there cannot be a continuous or discrete symmetry protecting a
vanishing Majorana mass to all orders in perturbation theory. We will follow the arguments
of Takasugi [10] here. He assumed an unbroken discrete symmetry protecting the Majorana
neutrino mass (the η’s are global phase factors):

νeL → ηννeL, eL → ηeeL, qL → ηqqL (q = u, d), W+µ
L → ηW W+µ

L . (1)

To forbid the Majorana mass term, we need to have

η2
ν ̸= 1 , (2)

and the invariance of the left-handed interaction requires

η∗
νηeηW = η∗

uηdηW = 1 . (3)

However, the existence of 0νββ (that is, the process dL + dL → uL + uL + eL + eL) implies

η2
uη

∗2
d η

2
e = 1 . (4)

It is easy to see that Eqs. (2), (3), and (4) cannot be solved simultaneously. Thus, if
the Majorana mass term is forbidden by an unbroken discrete symmetry, there will be no

2
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Double-β decay experimental signatures

2νββ decay

• energy continuum
from 0 to Qββ

• 2 electrons from
vertex, 2 νs
undetected

• foreseen in the SM

0νββ decay

• peak at Qββ

• 2 electrons from
vertex

• lepton number
violation ∆L = 2
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Why to look for neutrinoless double-� decay?

Exchange of light-Majorana ⌫

• possible in a minimal extension of the SM
(massive + majorana ⌫)

• dominant channel for most of the models

Assuming the exchange of light ⌫:

(T 0⌫
1/2)

�1 = G0⌫ · |M0⌫(A, Z)|2 · |m�� |2

• G0⌫ phase space factor

• M0⌫ nuclear matrix element

• |m�� | e↵ective Majorana mass

• additional uncertainty from quenching
of axial vector coupling (ga)
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Double-� decays

Second order nuclear transitions ! decay of two neutrons into two protons:

(A, Z) ! (A, Z +2)+2e�+ . . .

2-neutrino double-� decay (2⌫��):

• (A, Z) ! (A, Z + 2) + 2e� + 2⌫̄e

• allowed in the Standard Model

• measured in several isotopes (48Ca, 76Ge, 82Se. . . )

• T 2⌫
1/2 in the range 1019 � 1024 yr

< 50% chance for an atom to decay

in a hundred trillion times the age of the universe
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Double-β active isotopes

• ∼ 35 isotopes available, 9 can be used for 0νββ
searches

• to observe double β-decay, single β-decay must be
forbidden due to energy conservation constraints

Isotope Natural Qββ
Abundance [%] [keV]

48Ca 0.19 4262.96(84)
76Ge 7.6 2039.04(16)
82Se 8.7 2997.9(3)
96Zr 2.8 3356.097(86)
100Mo 9.6 3034.40(17)
116Cd 7.5 2813.50(13)
130Te 34.5 2526.97(23)
136Xe 8.9 2457.83(37)
150Nd 5.6 3371.38(20)

Double-� decaying isotopes

Single �-decay must be energetically
forbidden:

[From G Benato]

• (T 0⌫
1/2)

�1 / G0⌫(Q�� , Z) / (Q��)5

• isotopic enrichment

• di↵erent detection techniques for
di↵erent isotopes

Matteo Agostini (TU Munich) 11

The shape of the two-electron sum-energy spectrum enables to 
distinguish between the 0n (new physics) and the 2n decay modes 

Q a 2-3 MeV for the most 
promising candidates 

sum electron energy / Q 

2n DBD: (A,Z)o(A,Z+2)+2e+2n 
continuum with maximum at a1/3 Q 

0n DBD: (A,Z)o(A,Z+2)+2e 
peak enlarged only by  

the detector energy resolution 

What we are looking for 

The signal is a peak (at the Q-value) 
over an almost flat background 

Double-� decaying isotopes

35 isotopes available, ⇠ 9 used for 0⌫�� searches:

[from K. Schä↵ner]

Matteo Agostini (TU Munich) 10
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How is 0νββ related to the neutrino mass

The simplest theory approach

• assume exchange of a light-Majorana ν

• possible in minimal extensions of the
Standard Model (massive + Majorana ν)

• it is the dominant channel in most models

What we measure(
T 0ν

1/2

)−1
= G0ν · |M0ν(A,Z)|2 · |mee |2

- G0ν : phase space factor (calculable)

- mee =
∣∣∑

i U
2
eimi

∣∣
- Uei : PNMS mixing matrix (complex) elements

- M0ν : nuclear matrix element

- |mee | : effective Majorana mass

additional uncertainty from quenching
of axial vector coupling (gA)
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O0νββ

O0νββ

Figure 1: The “ladybird” diagram (a) for the 0νββ decays induced by an effective operator O0νββ , and

the “butterfly” diagram (b) for the corresponding Majorana neutrino mass term δmee
ν νeLνc

eL generated at

the four-loop level [12].

2 Majorana Masses from 0νββ Decays

In this section, we present a brief review on the calculation of Majorana neutrino masses radiatively

generated from the operator that leads to the 0νββ decays, following Ref. [13] closely. Such a calculation

can be readily generalized to the case of Majorana neutrino masses induced by the LNV meson decays, as

shown in the next section.

At the elementary-particle level, the 0νββ decays can be expressed as d + d → u + u + e− + e−, where

the up quark u, the down quark d and the electron e− are all massive fermions. If the 0νββ decays take

place, they can be effectively described by the LNV operator O0νββ = d̄d̄uuee, in which the chiralities of

charged fermions have been omitted and will be specified later. As already pointed out by Schechter and

Valle [12], this operator will unambiguously result in a Majorana neutrino mass term δmee
ν νeLνc

eL. The

relevant Feynman diagrams are given in Fig. 1. It is worthwhile to notice that quark and charged-lepton

masses are indispensable for the Schechter-Valle theorem to be valid, as emphasized in Ref. [13]. In the

Standard Model (SM), only left-handed neutrino fields participate in the weak interactions, so the electron

masses can be implemented to convert the right-handed electron fields into the left-handed ones, which are

then coupled to left-handed neutrino fields via the charged weak gauge boson W+. This does make sense,

since the chirality of electrons in the operator O0νββ can in general be either left-handed or right-handed.

For the same reason, quark masses are also required to realize the hadronic charged-current interactions in

the SM. In this case, the operator O0νββ in Fig. 1(a) can be attached to the left-handed neutrinos through

two propagators of W+, leading to the neutrino self-energy diagram in Fig. 1(b).

Assuming that 0νββ decays are mediated by short-range interactions, one can write down the most

general Lorentz-invariant Lagrangian that contains various point-like operators as follows [14]

L0νββ =
G2

F

2mp

(
ϵ1JJj + ϵ2J

µνJµνj + ϵ3J
µJµj + ϵ4J

µJµνjν + ϵ5J
µJjµ

)
, (1)

where GF = 1.166 × 10−5 GeV−2 and mp = 938.27 MeV denote respectively the Fermi constant and the

proton mass, and ϵi (for i = 1, 2, · · · , 5) are effective coupling constants. In Eq. (1), the hadronic currents

are defined as [14]

J ≡ ū(1 ± γ5)d , Jµ ≡ ūγµ(1 ± γ5)d , Jµν ≡ ū
i

2
[γµ, γν ](1 ± γ5)d , (2)

while the leptonic currents are given by

j = ē(1 ± γ5)e
c , jµ = ēγµ(1 ± γ5)e

c , jµν = ē
i

2
[γµ, γν ](1 ± γ5)e

c , (3)

3

[J. Liu et al., Phys. Lett. B 760 (2016) 571,

arXiv 1606.0488]
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Neutrino oscillations and double-β decay

Effective Majorana mass:

|mee | =
∣∣∣cos2 θ12 cos2 θ13m1 + sin2 θ12 cos2 θ13m2e

j2α1 + sin2 θ13m3e
j2α2

∣∣∣
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Figure 3: The main properties of the effective mass as function of the smallest neutrino
mass. We indicated the relevant formulae and the three important regimes: hierarchical,
cancellation (only possible for normal mass ordering) and quasi-degeneracy. The value of
sin2 2θ13 = 0.02 has been chosen, we defined t212 = tan2 θ12 and m0 is the common mass
scale (measurable in KATRIN or by cosmology via Σ/3) for quasi-degenerate neutrino
masses m1 ≃ m2 ≃ m3 ≡ m0.

in the oscillation parameters or m1 can change the relative ordering of the |m(i)
ee |. Some

examples for the ranges of the |m(i)
ee | are given in Table 2 and 3, inserting the 1 and 3σ

oscillation parameters. If one of the three |m(i)
ee | dominates, we indicated this by writing

its value in bold face. With the 1σ values used in Table 2, it turns out that for very
small values of m1

<∼ 0.001 eV and sin2 2θ13
<∼ 0.1 the term |m(2)

ee | always dominates3. For

larger values of m1
>∼ 0.01 eV, the term |m(1)

ee | dominates, irrespective of sin2 2θ13. These
conclusions are rather unaffected by the use of 1 or 3σ ranges, as can be seen by comparing
Tables 2 and 3.

3If one considers the extreme case in which ∆m2
⊙ and θ12 have their 1(3)σ minimum and ∆m2

A its

1(3)σ maximum value, then this is not true for sin2 2θ13 > 0.175 (0.13) (to be compared with the upper
3σ-bound of 0.18).
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mββ current limits

Most stringent limits

GERDA

T 0ν
1/2

(76Ge) > 0.9 · 1026 yr

⇒
∣∣mββ∣∣ < (147− 279) meV

KamLAND-Zen

T 0ν
1/2

(136Xe) > 1.1 · 1026 yr

→
∣∣mββ∣∣ < (77− 183) meV

CUORE

T 0ν
1/2

(130Te) > 0.2 · 1026 yr

→
∣∣mββ∣∣ < (110− 520) meV

Current constrains

136Xe (KamLAND-Zen I & II)

IH

NH

76Ge (GERDA-Phase I and II)

10- 4 0.001 0.01 0.1 1
10- 4

0.001

0.01

0.1

1

mlightest [eV]

m
ββ
[e

V
]

Most stringent limits
(SM-EDF):

T 0⌫
1/2(

76Ge) > 8.0 · 1025 yr

) |m�� | < (147 � 279) meV

T 0⌫
1/2(

136Xe) > 10.7 · 1025 yr

) |m�� | < (77 � 183) meV

) |mlight| < (180 � 480) meV

Next generation experiments:

|m�� | down to O(10) meV

[Adapted from Dell’Oro et al, Adv.High Energy Phys. 2016 (2016)]
Matteo Agostini (TU Munich) 6
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What are the difficulties ?How difficult is it? 

1/t = G(Q,Z) gA
4 |Mnucl|2 mbb 

2 

Phys. Rev. C 85, 034316 (2012) 

Rep. Progr.  Phys. 80, 046301 (2017) 

gA| 1.27 (no quenching) 

76Ge 

100Mo 

82Se 

130Te 136Xe 

76Ge 

82Se 
100Mo 

130Te 

136Xe 

Phase space: exactly calculable Nuclear matrix elements: several models 
See next talk by Jouni Suhonen 

[A. Giuliani, talk at Neutrino 2018]
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Two experimental approaches

Source = Detector

• the source sample is active and acts
simultaneously as detector of the ββ
decay

• Pros :

high detection efficiency

provides the highest tested masses
and best sensitivity, sofar

• Cons :

serious limitations in the choice of the
0νββ isotope

only few materials can satisfy the
request to be at the same time the
active material of a detector

• emblematic exceptions: 76Ge
(germanium dioded), 136Xe (gas and
liquid chambers) and 130Te
(bolometers)

Source 6= Detector

• use an external-source (or
inhomogeneous, or passive source) :

the electrons emitted by a very thin
source sample (∼ 60 mg/cm2 in
NEMO3) are observed by means of
external detectors (tracker,
calorimeter)

• Pros :

- allow a full topological reconstruction
of a 0νββ event

- much easier access to other physics
channels (i.e. Majoron)

- in principle can deploy any 0νββ
active isotope in the same detector

• Cons :

- much lower masses available

- very low detection efficiency

A. Garfagnini (UniPD/INFN-PD) 13



Experimental sensitivities

ROI background free

T 0ν
1/2 > ln 2 · ε · (mass · time)

ROI background limited

T 0ν
1/2 > ln 2 · ε ·

√
mass·time

∆E ·BI

mass · time = exposure

∆E : energy resolution

BI : background level at Qββ

Mass, ∆E and BI at Qββ are crucial parameters for designing a 0νββ experiment
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FIG. 7. 76Ge T1/2 discovery sensitivity as a function of sensi-
tive exposure for a selection of sensitive background levels.

Using equations (B1) and (B2), the T1/2 sensitivity for
76Ge as a function of E and B is shown in FIG. 7. Val-
ues for other isotopes can be obtained by dividing by the
ratio of their molar mass to that of 76Ge. Discovery sen-
sitivity increases linearly with exposure until the exper-
iment exceeds the background-free threshold of 0.0027
counts. For a given exposure, the sensitivity degrades
rapidly with background level.

In a similar manner, the discovery probability is de-
fined to be the probability that an experiment will
measure a 3� positive fluctuation above B, given
the probability distribution function dP/dm�� for m��

(i.e. FIG. 2). Explicitly, the discovery probability (DP)
is computed as

DP =

Z 1

0

dP

dm��
CDFPoisson(C3�|S(m��) + B) dm�� ,

(B3)
where S(m��) is the expected signal counts in the exper-
iment for a given value of m�� .

For high resolution experiments with flat background
spectra in the vicinity of the Q value, we performed an
optimization of the ROI width by maximizing the figure-
of-merit

F.O.M. =
erf

�
n/

p
2
�

S3�(bn)
(B4)

where n is the ROI half-width in units of the energy res-
olution (�), and b is the background counts per unit �

at 5 years of live time. Since S3�(bn) /
p

bn for large
values of b, in this regime the F.O.M. is maximal for
the value of n that solves the transcendental equation

ne�n2/2 = erf
�
n/

p
2
�p

⇡/4. This gives an optimal ROI
width of 2.8� for background-dominated experiments,
with a corresponding signal e�ciency of 84%. At lower
background the sensitivity improves with a wider ROI.
In the background-free regime, the F.O.M. is optimized
when the ROI width is expanded until the region contains
0.0027 count. Above this region, the F.O.M. was max-
imized numerically, making use of equation (B2). The
deviations from the asymptotic value of 2.8 were plotted
on a log-log scale and were found to be well-approximated
by a 2nd-order polynomial. This gives the following ex-
pression for the optimum ROI accurate to <1%:

ROIopt = 2.8 + 10a0+a1 log10 b+a2 log10 2b (B5)

where the parameter values are a0 = �0.40, a1 = �0.29,
and a2 = �0.039.

Our treatment ignores uncertainty in the background
rate as well as systematic uncertainties. Backgrounds
are typically well-constrained in 0⌫�� experiments using
sidebands in energy and, for some detectors, position.
Similarly, systematic uncertainties are typically well be-
low 10%. This makes these sources of uncertainty sub-
dominant to the large fluctuations that drive low-count-
rate Poisson statistics.

Appendix C: Experimental parameters

This appendix discusses the experiments and parame-
ters listed in TABLE I. The parameter values are taken
from o�cial publications and presentations of each col-
laboration. If not available, the values are assumed to
be the same of predecessor or similar experiments (e.g.
the instrumental e�ciency is usually not given prior to
the construction and operation of an experiment). Our
heuristic counting analysis is used to derive the sensitiv-
ity of each experiment for both a limit setting and a sig-
nal discovery analysis [35]. The collaborations typically
quote only the former, but this is enough to cross-check
– and possibly tune – the sensitive background and ex-
posure used for this work. Given the values in TABLE I,
our calculation reproduces the o�cial sensitivities quoted
by each experiment with 10-20% accuracy.

LEGEND [62, 63] is the successor of GERDA and
Majorana [51, 52]. The project consists of two
stages: LEGEND 200 and LEGEND 1k. In the first
phase, 200 kg of germanium detectors enriched at 87%
in 76Ge will be operated in the existing GERDA infras-
tructure. The background level measured in GERDA
Phase II is B=1.2·10�2 cts/(kgiso ROI yr) in average and
5.1·10�3 cts/(kgiso ROI yr) when only the new generation
BEGe-type detectors are considered [63]. Compared to
the results obtained with BEGe detectors, a further re-
duction of a factor ⇠3 is expected in LEGEND 200. For
LEGEND 1k, a new infrastructure able to host 1 ton of
target mass and a further 6-fold background reduction
are conceived. We assume the same resolution achieved
by the running experiments (⇠3 keV full width at half
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Energy resolution

• maybe the most relevant feature to identify the sharp 0νββ
peak over an almost flat background

• very useful also to keep under control the background
induced by the unavoidable tail of the 2νββ spectrum

• it represents a limiting factor in low resolving detectors

10 Oct 2002 10:51 AR AR172-NS52-04.tex AR172-NS52-04.SGM LaTeX2e(2002/01/18) P1: IBC

DOUBLE BETA DECAY 119

Figure 1 Illustration of the spectra of the sumof the electron kinetic energies Ke (Q is
the endpoint) for the ��(2⌫) normalized to 1 (dotted curve) and ��(0⌫) decays (solid
curve). The ��(0⌫) spectrum is normalized to 10�2 (10�6 in the inset). All spectra
are convolved with an energy resolution of 5%, representative of several experiments.
However, some experiments, notably Ge, have a much better energy resolution.

in Figure 2, which shows an essentially exponential improvement, by more than a
factor of four per decade, of the corresponding limits. If this trend continues, we
expect to reach the neutrino mass scale suggested by the oscillation experiments in
10–20 years. Given the typical lead time of the large particle physics experiments,
the relevant double beta decay experiments should begin the “incubation” process
now.

2. NEUTRINO MASS: THEORETICAL ASPECTS

2.1. Majorana and Dirac Neutrinos

Empirically, neutrino masses are much smaller than the masses of the charged
leptons with which they form weak isodoublets. Even the mass of the lightest
charged lepton, the electron, is at least 105 times larger than the neutrino mass
constrained by the tritium beta decay experiments. The existence of such large
factors is difficult to explain unless one invokes some symmetry principle. The
assumption that neutrinos are Majorana particles is often used in this context.
Moreover, many theoretical constructs invoked to explain neutrino masses lead to
the conclusion that neutrinos are massive Majorana fermions.
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Energy resolution and background
Good energy resolution needed

! mitigation of 2⌫�� and other backgrounds

2.0

1.5

1.0

0.5

0.0

1.00.80.60.40.2

E/Qββ

30

20

10

0

x
1
0
-
6
 

1.101.000.90

E/Q
ββ

[Ann.Rev.Nucl.Part.Sci. 52 (2002)]

[J. J. Gòmez-Cadenas et al., PoS (GSSI2014), 004 (2015)]
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Isotopic Abundance

• another key ingredient in the
choice of the 0νββ isotope

• in most of the cases, the values
are in the few % range

• two significant extreme
exceptions: 130Te and 48Ca

- 130Te is the only case in which a
high sensitivity is possible even
with natural samples

- 48Ca natural abundance is well
below 1% Ü isotopic enrichment
is indispensable

• to limit the detector size and
since the background level scales
roughly with the total mass of the
detector, isotopic enrichment is a
necessity for almost all next
generation experiments

Table 3: Phase-space factors G0⌫ in units of 10�15 yr�1 [35] and specific phase space
H0⌫ [62] in units of tonne�1 y�1 eV�2 for ��(0⌫) candidate isotopes. Q-values and natural
isotopic abundances are reported in the second and third columns.

Isotope Q�� (keV) I.A.(%) G0⌫ H0⌫

48Ca 4272 0.187 24.81 826.2
76Ge 2039 7.8 2.36 49.6
82Se 2995 8.73 10.16 198.1
96Zr 3350 2.8 20.58 342.7
100Mo 3034 9.63 15.92 254.5
110Pd 2018 11.72 4.82 70.0
116Cd 2814 7.49 16.70 230.1
124Sn 2287 5.79 9.04 116.5
128Te 866 31.69 0.59 7.4
130Te 2527 33.8 14.22 174.8
136Xe 2458 8.9 14.58 171.4
148Nd 1929 5.76 10.10 109.1
150Nd 3371 5.64 63.03 671.7
154Sm 1215 22.7 3.02 31.3
160Gd 1730 21.86 9.56 95.5
198Pt 1047 7.2 7.56 61.0

challenging experimental physicists since about fifty years, justifying the enormous e↵orts
in searching for such an evanescent decay. The most suitable and best performing exper-
imental techniques have been designed to build massive detectors operating in the most
extreme conditions of low radioactivity. However, the discovery of neutrino oscillations
and the measurement of the oscillation parameters has dramatically changed the experi-
mental situation, fixing a clear target for next generation experiments whose primary goal
is to reach the needed sensitivity to study the inverted hierarchy of neutrino masses. The
intriguing claim of ��(0⌫) observation in 76Ge has further rocked the boat with a new
unexpected milestone.

The size of the challenge is essentially the rarity of the decay which asks for increas-
ingly larger masses while maintaining an excellent performance and ultra-low background
environments. According to Fig. 3 a sensitivity to ��(0⌫) half-lifetimes in the range of
1026�27 yr is required to enter the inverted hierarchy region, |hm⌫i| ⇠ 50 meV. This is
equivalent to about a count per year in 104 moles of isotope, or in one tonne of iso-
topically enriched material on the average. Consequently, to record a sizable number of
��(0⌫) events over its operation time, an experiment needs to have a M�� of at least 100
kg if |hm⌫i| ⇠ 50 meV and few tonnes if |hm⌫i| is as low as the lower bound of the inverted
hierarchy (i.e. 10 meV).

On the other hand, the decay signature exploited by most experiment is simply based
on the monochromatic energy of the two emitted electrons (the sum kinetic energy of the
electrons is equal to the transition energy since nuclear recoil is negligible). Unfortunately,
as discussed later, there are several sources that can produce background counts in this
same energy region. Their fluctuations can easily hide very faint peaks like the ��(0⌫) one,

15

[O. Cremonesi and M. Pavan,
Adv.High Energy Phys. 2014 (2014) 951432,

arXiv: 1310.4692]
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The Background Index (BI)

• another fundamental ingredient

• the possibility to reach the
zero-background region, i.e. linear

dependence on mββ and T 0νββ
1/2

is

particularly appealing

• natural radioactivity of detector
components (bulk or surface) is
often the main background source

• external backgrounds originated
outside the detector have also to be
taken into account

• underground location is the usual
and fundamental recipe to get rid of
cosmic rays induced background
(i.e. cosmogenic activations,
neutrons, . . .)

• a well designed effective shields may
compensate the benefits of a very
deep laboratory

!"#$%&'()*+),*-'

•  !"#$%.'/000'12'(3'456*+7+(456'
89*:5';<:8*'

•  &%%'.'=>00'?'@2A1B'C*9(-'
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Double Beta Decay Experiments around the World

JinPing

Panda XFrejus

Super-Nemo D

LNGS

GERDA

CUORE

CUPID-0

Canfranc

Next-100SURF

Majorana D

WIPP

EXO-200

Kamioka

KAMLand-Zen
Sudbury

SNO+
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The Experiments: time schedule

Xe-based
 TPC

Germanium
diodes

Bolometers

Running Mid-Term Long-Term

EXO-200 nEXO
NEXT-10 NEXT-100 NEXT-2.0

PandaX-III 200 PandaX-III 1000

KamLAND-Zen 800 KamLAND2-Zen

SNO+ phase I SNO+ phase II

Source
embedded in

Liquid Scintillator

GERDA-II

MJD
LEGEND-200 LEGEND-1000

AMoRE pilot, I AMoRE, II

CUORE

CUPID-0 CUPID-Mo CUPID
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The Experiments: the details

Experiment Isotope Technique Isotope Status
Mass [kg]

GERDA, phase I 76Ge enrGe diodes in LAr 18 completed
GERDA, phase II 76Ge enrGe diodes in LAr 31 running
MJD 76Ge point contact enrGe diodes in vacuum 26 running
SuperNemo 82Se foils with tracking 7 under constr.
CUPID-0 82Se ZnenrSe scintillating bolometers 5.2 running
CUPID-Mo 82Se Lienr2 MoO4 scintillating bolometers 5 start: 2018
CUORE 130Te natTeO2 bolometer 210 running
SNO+, phase I 130Te 0.5% natTeBD in liquid scintillator 1357 start: 2019
EXO-200 136Xe liquid enrXe in TPC 160 running
KamLAND-Zen 400 136Xe 2.7% enrXe in liquid scintillator 380 completed
KamLAND-Zen 800 136Xe enrXe in liquid scintillator 750 start: 2018
NEXT-100 136Xe high pressure enrXe TPC 91 start: 2019
Legend-200 76Ge enrGe diodes in LAr, active LAr veto 175
Legend-1000 76Ge enrGe diodes in LAr, active LAr veto 873
CUPID Se/Mo/Te enriched scintillating bolometers 300-500
SNO+, phase II 130Te 3% natTe in liquid scintillator 7960
nEXO 136Xe liquid enrXe in TPC 4500
KamLAND2-Zen 136Xe enrXe in liquid scintillator 1000
NEXT-2.0 136Xe high pressure enrXe TPC 91 N

ex
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LNGS

Depth: 3600 m.w.e

Three large experimental halls
Environmental rates:

muons: 2.58 × 10−8/(cm2 s)

gammas: 0.73/(cm2 s)

neutrons: 4 × 10−6/(cm2 s)

Double Beta Decay Experiments:
- GERDA,
- CUORE,

- CUPID-0

A. Garfagnini (UniPD/INFN-PD) 21



Why we have to go underground
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The GERDA CollaborationGERDA collaboration
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GERDA history and Sensitivity

GERDA Phase I (Nov 2011 - May 2013)

• BI ∼ 10−2cts/(keV · kg · yr)

• exposure: 21.6 kg yr

• limit: T 0ν
1/2

> 2.1 · 1025 yr (90% CL)

[PRL 111 (2013) 122503]

GERDA Upgrade (2013-2015)

• doubled target mass

• improved detector to reduce background

GERDA Phase II - from Dec 2015

• BI ∼ 10−3cts/(keV · kg · yr)

• exposure: > 100 kg yr

• current limit: T 0ν
1/2

> 9.0 · 1025 yr (90% CL)

[PRL 120 (2018) 132503]

Sensitivity and prospects

Phase I:

• background ⇠ 10�2 cts/(keV· kg· yr)
• exposure 21.6 kg·yr
• result T 0⌫

1/2
> 2.1 · 1025 yr (90% CL)

[PRL 111, 122503 (2013)]

Upgrade & commissioning (2013 ->2015):

• doubled target mass

• reduced background by factor ⇠10

Phase II:

• background . 10�3 cts/(keV· kg· yr)
• exposure & 100 kg·yr
• first result T 0⌫

1/2
> 5.3 · 1025 yr (90% CL)

[Nature 544 (2017) 47]
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The GERDA Detector

• onion-like shielding against environmental background

• Careful selection (screening) of employed materials

Clean Room

BEGe
detector

string, fase I

Stainless steel Cryostat

with Cu shield

high purity LAr (64 m3): shielding and cryogenic coolant

(+ active veto from Phase II)

Ultra pure water (580 m3) :

n moderator, Cherenkov µ veto

A. Garfagnini (UniPD/INFN-PD) 25



GERDA Phase-II Setup

EPJC 78 (2018) 388 

GERDA                                                                                             Phase II setup (since Dec 2015)                                                                                                                                      

7 strings with 40 Ge detectors 

7 enriched semi-coaxials - 15.8 kg 

30 enriched BEGe                20 kg 

3 natural  semi-coaxials  

LNGS   3600 m w.e.   Phase I from Nov 2011 to May 2013 
21 kg yr 

A. Garfagnini (UniPD/INFN-PD) 26



GERDA germanium detectors

• the use of Germanium detector to search for 0νββ goes
back to 1967

• allow a calorimetric approach, being the best detector
for gamma spectroscopy in the MeV range

• search for neutrinoless double beta decay of 76Ge
76Ge→ 76Se + 2e−

• 76Ge Q-value: Qββ = 2039 keV

• need isotopic enrichment (dioded enriched to 86% in
76Ge)

• three type of detectors used:

- Broad Energy Germanium detectors (BEGe)

- Coaxial detectors (Coax)

- Inverted Coax Point Contact germanium detectors
(ICPC) (since May 2018)

COAX

The detectors of GERDA

• Search for neutrinoless double beta
decay of 76Ge:

76Ge �! 76Se + 2e�

• Q-value of 76Ge: Q��=2039 keV

• High purity Ge detectors (87% 76Ge):

� source=detector) high detection e�ciency

� ultra radio-pure ) no intrinsic background

� high density ) 0⌫�� point like events

� semiconductor ) �E ⇡ 0.2% at Q��

� pulse shape ) signal/bkg discrimination

Matteo Agostini (TU Munich) 23
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BEGE
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GERDA germanium detectors strings

LAr veto bottom view with pilot
string in open lock

Detector array assembly: 40 detectors
in 7 strings

A. Garfagnini (UniPD/INFN-PD) 28



GERDA electronics

• a charge sensitive amplifier very close
to the detectors output

• radioactive contamination of
electronics is a very important aspect

• Phase I Ü CC2 (Commercial C-Mos 2)

- 3 channel CSA, 1 JFET & 1 CMOS
OpAmp (limited dynamics)

• Phase II Ü CC3 ”v1”

- VFE (JFET: SF291, Cf and Rf)
separated from the main CSA

- 4 channel CSA, 1 JFET & 1 CMOS &
1 SiGe OpAmp (12 V)

• Phase II Ü CC3 ”v2” (current version)

- VFE (JFET: BF862, Cf and Rf) close
but separated from main CSA

- 4 channel CSA, 1 JFET & 2 OpAmps

738 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 57, NO. 2, APRIL 2010

Fig. 1. Detector cryogenic set-up. (a) Vacuum chamber containing the encapsulated HPGe crystal. A plate for the mounting of the front-end electronics is placed
below the chamber. (b) Steel frame supporting the vacuum chamber and the charge preamplifiers. (c) Liquid nitrogen dewar where the vacuum chamber and the
charge preamplifiers are immersed and operated at 77 K.

Fig. 2. Charge sensitive preamplifier structure, consisting of an external JFET,
an external feedback network, and an ASIC used as low-noise operational am-
plifier along the negative-feedback loop.

Fig. 3. Picture of the realized JFET-CMOS preamplifier as mounted on a PCB
of 0.8 mm teflon laminate. The ASIC is realized in a 5 V 0.8 silicon CMOS
technology.

solution, optimized for negative signals (holes) has been re-
alized, consisting of a self-adjusting constant current NMOS

Fig. 4. Characteristic curves of the input Si-JFET BF862 as measured at room
temperature.

source-follower. The current load is provided by a NMOS tran-
sistor acting as a driver. The detailed structure of the CMOS
amplifier is described in [6], [7].

III. TEST-BENCH CHARACTERIZATION OF THE PREAMPLIFIER

AT AND

The preamplifier has been test-bench characterized, by sim-
ulating the detector with a capacitance and by injecting fast
test pulses at the input node through a 1 pF test capacitance.
The characteristic curves of the input BF862 Si-JFET have
been measured both at room temperature (300 K) and in liquid
nitrogen (77 K). The results are shown in Figs. 4 and 5. The
characteristic curves of the input JFET substantially change
when the temperature is decreased from 300 K to 77 K, as the
freeze-out phenomena show up [8]. For given values of the
gate-to-source and gate-to-drain voltages, the drain current de-
creases by a factor of . The changed bias point at cryogenic
temperature yields a remarkable loss of device performance, but

 

radioactive background index while, in the opposite case, the 
general readout scheme of Fig. 5 must instead be used. 

While implementing the configuration in Fig. 4 is mainly a 
matter of solving technological issues (e.g. the search or 
development of materials and electrical devices with 
extremely low background index contribution, suitable for 
cryogenic operation, cleaning procedures in ultra-sound bath, 
etc.), a fundamental major drawback is always associated with 
the readout scheme of Fig. 5, namely that the feedback loop of 
the CSA must include the 12 m long, moving cables, with 
potential associated instabilities in CSA gain and linearity. 

 

 
Fig. 4: Schematic view of detector readout in GERDA by means of a 
CSA suitable for both cryogenic operation and radioactivity budget 
contribution. 

 

 
Fig. 5: Schematic view of detector readout in GERDA by means of a 
CSA operating at room temperature, enough far away from the 
detectors to be a neglibible radioactivity budget issue. 

III.   READOUT ELECTRONICS FOR GERDA PHASE I 
Several groups of people contributed to the research and 

development of the front-end electronics for the GERDA 
Phase I Ge detector readout, following different approaches 
and implementing various conceptual solutions. 

As the first step, some already available electronics were 
tested, with a few minor modifications to better cope with the 
requirements of the GERDA set-up. 

Fig. 6 shows the 3 channel hybrid AGATA germanium 
detector array CSA (with external BF862 JFETs, not visible in 
the picture), previously developed by Pullia et al. [4] and 
tested (Milano, 2005) as a possible GERDA Phase I Ge 
readout electronics candidate. The only readout scheme 
implementable in GERDA with this CSA is the one of Fig. 5, 

as its cryogenic operation is not possible. Thus, in spite of the 
intrinsic large bandwidth of the original AGATA CSA 
configuration (about 10 ns rise time), only modified versions 
of the circuit with reduced bandwidth were actually tested in 
Milano, to find the best compromise between bandwidth and 
amplitude of the dumped oscillation of the output signal, as a 
function of the feedback path length. As a complementary 
approach, also digital processing techniques were applied to 
the AGATA CSA output signals, digitized by FADC, in order 
to optimize signal leading edge shape [5]. Although apparently 
suitable for reasonable operation with up to 6 m long 
interconnections between the front-end JFET and the main 
CSA electronics, this solution was abandoned as soon as the 
interconnections length foreseen during the design phase of 
GERDA increased by a factor of two. 

 
Fig. 6: The 3 channel AGATA CSA, tested as a possible GERDA 
Phase I Ge readout electronics candidate. 

 
Fig. 7 shows the the IPA4, a single channel fully-integrated 

CSA, developed for LAr, Kr calorimetry by Manfredi et al. [6] 
and commercialized by InterFET, that was also tested as a 
possible GERDA Phase I Ge readout candidate. Although 
suitable for cryogenic operation, the IPA4 was not originally 
designed for Ge detector readout and, because its ENC was 
not enough satisfactory, an external BF862 JFET was added as 
the front-end readout device. Nonetheless, also additional 
issues with the driving capability of the output stage in case of 
long, low impedance terminated cables eventually showed up 
and the solution was abandoned. 

 

 
 

Fig.7: The IPA4 single channel fully-integrated IPA4 CSA within a 
prototype printed circuit board. 

 
Among the commercially available solutions that were also 

tested there is the Amptek 250 CSA connected to the SK152 
JFET. Although not guaranteed by the manufacturer, 
cryogenic operation of the device was still possible, with only 
moderate degradation of the performance; however, in order to 

 

end readout electronics (typical noise of about 1 keV FWHM 
with Ge coaxial detectors, 50 ns signal rise-time, 50 
mW/channel power consumption, adequate linearity and 
stability, driving capability of low impedance cables, etc.), 
other key factors in favor of its choice were also mechanical 
reliability, easiness of handling and manufacturing. Moreover, 
thanks to specific care in the design of the CC2 CSA, its 
PSRR, a very critical parameter for any electronics working in 
the GERDA experimental set-up, was also optimized. 
 

        
Fig. 12: The 3 channel CC2 integrated CSA (with external BF862 
JFET), used as the Ge front-end readout electronics for GERDA 
Phase I. 

IV.   READOUT ELECTRONICS FOR GERDA PHASE II 
Among the technical achievements foreseen in the Phase II 

of the GERDA experiment in order to achieve higher 
sensitivity, the reduction of the radioactive background index 
by an order of magnitude plays a fundamental role, but also 
new BEGe detectors will be added, arranged in strings of 8, 
(see Fig. 13), with better energy resolution (0.1% FWHM at 
2.6 MeV) with respect to Ge semi-coaxial detectors and more 
effective pulse shape discrimination to separate single site 
versus multi-site events. 

As a consequence, the Ge readout electronics for GERDA 
Phase II should not only better preserve the intrinsic energy 
resolution of detectors with respect to Phase I, but also provide 
higher bandwidth for effective PSA-based discrimination of 
detector interaction, with less contribution to the overall 
radioactive background index. 

General consensus was that the Ge readout electronics 
should be split into a very-front-end (VFE) section, in close 
proximity to the detectors, with a minimum amount of 
components (front-end JFET and feedback elements) made of 
extremely radio-pure materials (see Fig. 14) and a main CSA 
section, separated enough from the detectors and the 
corresponding VFE section not to spoil the radioactivity 
background index. 

The front-end device for Ge readout selected for the Phase 
II of GERDA is the SF291 JFET (by Semefab). Feedback and 
test capacitors are made of copper traces, while specific R&D 
is still ongoing to select appropriate radio-pure feedback 
resistors in the GΩ range (very small size commercial devices 
will be used in the meantime). 

Figure 15 shows a schematic view of a BEGe detector 
within its mechanical holder, made of extremely radio-pure 
materials (copper, silicon and teflon). Two thin and flexible 
printed circuit board are fixed on top of the silicon plate by 
bronze springs, with aluminum bonding wires contacting the 
detector. 

 Two different CSA readout electronics were designed, 
developed and tested in Milano.  

GeFRO is a room-temperature electronics that connects to 
the cryogenic VFE section of in Fig. 14 through the 12 m long 
coaxial cables of GERDA. A few versions of GeFRO were 
tested, either in Milano or in the GERDA underground 
Germanium Detector Laboratory (GDL) at LNGS. Two output 
signals, one for energy estimation and one for PSA 
discrimination of detector interactions are available in the final 
version of GeFRO (2014) [10]. 

 

 
Fig. 13: One of the GERDA Phase II detector strings, composed of 8 
naked BEGe detectors, to be operated immerged in LAr. 

The second CSA developed in Milano in 2012-2014 is the 
CC3 (shown in Fig. 16) [2], a 4 channel, cryogenic Ge front-
end electronics derived from the CC2 CSA previously used for 
GERDA Phase I. While maintaining the same conceptual 
scheme of CC2, this preamplifier was specifically designed to 
account for the negative effects introduced by the VFE flex-
cables (up to 1 m long) on the CSA feedback loop. Thanks to 
the new SF291 JFET (better matched to BEGe detectors) and 
the addition of a new commercially available operational 
amplifier in SiGe technology, not available when CC2 was 
designed, both noise (0.6 keV FWHM @ 15 MeV dynamic 
range) and bandwidth (< 30 ns intrinsic signal rise-time) 
improved with respect to the CC2 CSA. 

After comparative tests performed with BEGe detectors in 
GDL, the CC3 CSA was selected as the Ge front-end readout 
electronics for GERDA Phase II. 

Fig. 14: The radio-pure VFE readout circuit of the Ge detectors, 
made of flexible CUFLON substrate, JFET silicon die, capacitors 
designed with copper traces and feedback resistor. 

[S. Riboldi et al, IEEE Trans. Nucl. Sci. 75 (2010) 737]
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GERDA Calibration and Energy Resolution

• weekly calibration runs with 228Th

• pulser used to monitor energy scale

• small changes between energy calibrations
(< 1 keV) allowed

• ∆E(Qββ): 3.6(1) keV (COAX), 3.0(1) keV (BEGe)
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GERDA Full Spectrum

• Phase II data taking going on since Dec 2015

• blind window: ±25 keV around Qββ

• After muon veto and detector anti-coincidence cuts

• Main Bbckgrounds: 40K, 42K and αs from 210Po at high energies
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GERDA Background Model

• Features of the spectrum (from left to right):

- 39Ar (E < 500 keV)

- 2νββ continuum

- 40K and 42K γ lines,

- α particles
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GERDA Background Model

• Features of the spectrum (from left to right):

- 39Ar (E < 500 keV)

- 2νββ continuum

- 40K and 42K γ lines,

- α particles
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GERDA background reduction techniques

Background

1 Muon Veto: Cherenkov photons in the
water tank

2 Reject background via anti-coincidence of
multiple detectors

3 Pulse Shape Discrimination (PSD):
identify multiple interactions (Multiple
Site Events) and surface events

4 LAr Veto: detect scintillation light from γ
and β in Liquid Argon

Signal

0 single energy deposition within a small
detector volume (Single Site Events)

Background reduction techniques
Water tank

Liquid Ar

Ge
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ββ
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γ
• Signal! Single-site event
• Cherenkov water veto for

muons
• LAr scintillation veto for

“, —

• Detector
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• Pulse shape
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multi-site and surface –
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Pulse Shape Discrimination in GERDA

• Phase I: p-type semi-coaxial

• Phase II: p-type, Broad Energy Germanium
(BEGe)

• Signal structure allows to discriminate between
Single-Site-Events (SSE) and
Multiple-Site-Events (MSE)
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GERDA Full Spectrum: after PSD
C

ou
nt

s 
/ 1

5 
ke

V
 

1

10

210

310

410 yr⋅enriched coaxial - 23.1 kg prior active background rejection

after PSD

50 keV blinding

Energy (keV) 
1000 1500 2000 2500 3000 3500 4000 4500 5000

C
ou

nt
s 

/ 1
5 

ke
V

 

1

10

210

310

410 yr⋅enriched BEGe - 30.8 kg

G
E

R
D

A
 1

8-
06

ββQ

Po210

Ar39

K42
K40

Tl208
Bi214

Bi214

A. Garfagnini (UniPD/INFN-PD) 35



GERDA Full Spectrum: after PSD + LAr Veto

• High efficient LAr and PSD cuts

• blind window: ±25 keV around Qββ

• BI at Qββ = 0.6+0.4
−0.3 · 10−3 cts/keV kg yr
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GERDA Final Spectrum

• High efficient LAr and PSD cuts

• blind window: ±25 keV around Qββ

• BI at Qββ = 0.6+0.4
−0.3 · 10−3 cts/keV kg yr
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The GERDA LAr active veto
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GERDA-II Data Taking
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Background-free search for neutrinoless 
double-β decay of 76Ge with GERDA

One of the most puzzling aspects of cosmology is the unknown reason 
for the dominance of matter over antimatter in our Universe. Within 
the Standard Model of particle physics there is no explanation for 
this observation and hence a new mechanism has to be responsible. 
A favoured model called leptogenesis1 links matter dominance to the 
nature of neutrinos and to the violation of lepton number—that is, 
the total number of electrons, muons, taus and neutrinos minus the 
number of their antiparticles.

In most extensions of the Standard Model2–4, neutrinos are assumed 
to be their own antiparticles (that is, they are Majorana particles). This 
might lead to lepton-number-violating processes at the TeV energy 
scale observable at the LHC (Large Hadron Collider)4 and would result 
in neutrinoless double-β (0νββ) decay where a nucleus of mass number 
A and charge Z decays as (A, Z) →  (A, Z +  2) +  2e−. Lepton number 
violation has not been unambiguously observed so far; indeed, its 
observation would motivate fundamental modifications of the Standard 
Model. There are several current experimental 0νββ decay programmes 
using, for example, 76Ge (refs 5, 6), 130Te (refs 7, 8) or 136Xe  
(refs 9–11). They all measure the sum of the electron energies released 
in the decay, which corresponds to the mass difference Qββ of the two 
nuclei. The 0νββ decay half-life ν

/T( )1 2
0  is at least 15 orders of magnitude 

longer than the age of the Universe. Its observation therefore requires 
the best suppression of backgrounds.

In the GERmanium Detector Array (GERDA) experiment, bare 
 germanium detectors are operated in liquid argon (LAr). The  detectors 
are made from germanium with the fraction of the 76Ge isotope 
enriched from 7.8% to about 87%. Since the source and the detector of 
0νββ decay are identical in this calorimetric approach, the detection 
efficiency is high.

This Article presents the first results from GERDA Phase II. In the 
first phase of data taking (Phase I), a limit of > . ×ν

/T 2 1 10 yr1 2
0 25  (90% 

confidence level, CL) was found5 for an exposure of 21.6 kg yr  
and a background rate of 0.01 counts keV−1 kg−1 yr−1 at Qββ =   
2,039.061 ±  0.007 keV, called background index (BI) (ref. 12). At that 

time, the result was based on data from 10 detectors (17.6 kg total 
mass). In December 2015, Phase II started with 37 detectors (35.6 kg) 
from enriched material. The mass is hence doubled relative to Phase I. 
The goal is an improvement of the half-life sensitivity to > 1026 yr for 
about 100 kg yr exposure by reducing the background index by an order 
of magnitude. The latter is achieved by vetoing background events 
through the detection of their energy deposition in the LAr and the 
characteristic time profile of their current signals in the germanium 
detectors. Up to the design exposure, the average expected background 
contribution is less than 1.0 in the energy region of interest (Qββ ±  0.5 
full-width at half-maximum, FWHM), defined according to the 
FWHM energy resolution. This implies that GERDA is the first 
 ‘background-free’ experiment in the field.

We will demonstrate here that GERDA has reached this target back-
ground level, which—if weighted by our superior energy resolution—is 
the best available at present. GERDA is therefore best suited to not only 
quote limits for a 0νββ decay but to identify such a signal with high 
confidence.

The experiment
The GERDA experiment13 is located at the underground Laboratori 
Nazionali del Gran Sasso (LNGS) of INFN, Italy. A rock overburden 
of about 3,500 m water equivalent removes the hadronic components 
of cosmic ray showers and reduces the muon flux at the experiment by 
six orders of magnitude, to 1.2 muons m−2 h−1.

The pioneering feature of GERDA is the operation of bare germanium  
detectors in a radiopure cryogenic liquid (LAr), which both cools the 
detectors to their operating temperature of about 90 K and shields them 
from external radiation originating from the walls (see Extended Data 
Fig. 1 for a sketch of the set-up)14. The 64 m3 LAr cryostat is inside a 
590 m3 water tank, and the clean water completes the passive shield. 
Above the water tank is a clean room with a glove box and lock, used for 
the assembly of germanium detectors into strings and the integration 
of the LAr veto system (see below).

Many extensions of the Standard Model of particle physics explain the dominance of matter over antimatter in our 
Universe by neutrinos being their own antiparticles. This would imply the existence of neutrinoless double-β decay, 
which is an extremely rare lepton-number-violating radioactive decay process whose detection requires the utmost 
background suppression. Among the programmes that aim to detect this decay, the GERDA Collaboration is searching 
for neutrinoless double-β decay of 76Ge by operating bare detectors, made of germanium with an enriched 76Ge fraction, 
in liquid argon. After having completed Phase I of data taking, we have recently launched Phase II. Here we report that 
in GERDA Phase II we have achieved a background level of approximately 10−3 counts keV−1 kg−1 yr−1. This implies that 
the experiment is background-free, even when increasing the exposure up to design level. This is achieved by use of an 
active veto system, superior germanium detector energy resolution and improved background recognition of our new 
detectors. No signal of neutrinoless double-β decay was found when Phase I and Phase II data were combined, and we 
deduce a lower-limit half-life of 5.3 × 1025 years at the 90 per cent confidence level. Our half-life sensitivity of 4.0 × 1025 
years is competitive with the best experiments that use a substantially larger isotope mass. The potential of an essentially 
background-free search for neutrinoless double-β decay will facilitate a larger germanium experiment with sensitivity 
levels that will bring us closer to clarifying whether neutrinos are their own antiparticles. 

The GERDA Collaboration*  

*Lists of participants and their affiliations appear at the end of the paper.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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GERDA-II Data Taking
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2016/01 2016/04 2016/07 2016/10 2016/12 2017/04 2017/07 2017/10 2017/12 2018/04

Li
ve

 ti
m

e 
fr

ac
tio

n

0.2

0.4

0.6

0.8

1.0

yr
)

⋅
E

xp
os

ur
e 

(k
g

10

20

30

40

50

60

70

[Nature 544 (2017) 47]

[PRL 120 (2018) 13]

GERDA 18-06

 

Improved Limit on Neutrinoless Double-β Decay of 76Ge from GERDA Phase II
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The GERDA experiment searches for the lepton-number-violating neutrinoless double-β decay of
76Ge (76Ge → 76Seþ 2e−) operating bare Ge diodes with an enriched 76Ge fraction in liquid argon. The
exposure for broad-energy germanium type (BEGe) detectors is increased threefold with respect to our
previous data release. The BEGe detectors feature an excellent background suppression from the
analysis of the time profile of the detector signals. In the analysis window a background level of
1.0þ0.6

−0.4 × 10−3 counts=ðkeV kg yrÞ has been achieved; if normalized to the energy resolution this is the
lowest ever achieved in any 0νββ experiment. No signal is observed and a new 90% C.L. lower limit for the
half-life of 8.0 × 1025 yr is placed when combining with our previous data. The expected median
sensitivity assuming no signal is 5.8 × 1025 yr.
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GERDA-II Data Taking
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[PRL 120 (2018) 13]

GERDA 18-06

June 2018 : +35.7 kg yr

paper in preparation, to be submitted soon
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GERDA 0νββ analysis

• result in region of interest (ROI) before unblinding
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GERDA 0νββ analysis

• Combined unbinned maximum likelihood fit of Phase I and Phase II data sets in
(1930-2190) keV energy interval

Frequentist analysis

• best fit N0ν = 0

- T 0ν
1/2

> 9.1 · 1025 yr

at (90% CL)

• median sensitivity (no signal):

- T 0ν
1/2

> 11.0 · 1025 yr

at (90% CL)

Bayesian analysis

• best fit N0ν = 0

- T 0ν
1/2

> 7.6 · 1025 yr

at (90% CL)

• median sensitivity (no signal):
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The Experiments: time schedule

Xe-based
 TPC

Germanium
diodes

Bolometers

Running Mid-Term Long-Term

EXO-200 nEXO
NEXT-10 NEXT-100 NEXT-2.0

PandaX-III 200 PandaX-III 1000

KamLAND-Zen 800 KamLAND2-Zen

SNO+ phase I SNO+ phase II

Source
embedded in

Liquid Scintillator

GERDA-II

MJD
LEGEND-200 LEGEND-1000

AMoRE pilot, I AMoRE, II

CUORE
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EXO-200   /   136Xe                                                                                                                 principle 

WIPP, Carlsbad, NM 1624 m.w.e.   

Phase I  2011 exposure 10 kg∙yr;  
break in 2014-2015  due to fire 
and radiation problems in WIPP; 
upgrade, restart 2016   

• cylindrical single phase TPC filled with ≈200 kg   
   of liquid Xe enriched to  80.6% in 136Xe  
• fiducial volume 76.5 kg  
• discrimination between single-site (signal-like) 
    and multi-site (background)  events 
•  1st  working hundred-kilogram-scale detector 

anti-correlation between charge and 
scintillation response exploited for  
improved energy resolution 

20 cm 20 cm 

Ø 36 cm 

T1/2 sensitivity  :     1.9 ∙ 1025 yr 
T1/2 limit*         :  > 1.1 ∙ 1025 yr 0ν 

0ν 

* profile likelihood (90% CL) 

Ionization  
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PRL 120, 072701 (2018) 

Upgrade for Phase II    
Cathode voltage -8kV → -12kV 
Radon suppression by factor of 10    
Noise reduction, improved resolution 
 
Will run up to  5 ∙ 1025 yr sensitivity  

EXO-200   /   136Xe                                                                                                                     results 

T1/2 sensitivity  :     3.7 ∙ 1025 yr 
T1/2 limit*         :  > 1.8 ∙ 1025 yr 0ν 

0ν 

* profile likelihood (90% CL) 

Phase I and II: 
exposure           = 177.6 kg∙yr 
FWHM@Qββ     = 71 keV (2.9%) 
BI = (1.6 ± 0.2)∙ 10-3 cnts/(keV ∙kg ∙yr) 

Qββ 
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KamLAND-Zen 400   /   136Xe                                                                                                   setup 

136Xe (≈ 3% ) loaded liquid scintillator  
(90% enrichment) 

Kamioka 2700 m.w.e. 

KamLAND-Zen 400 

13 ton   
320 / 383 kg  Xe  

Phase I (2011-2012)    89.5 kg∙yr 
 
 
 
 
 
unexpected contamination  in ROI 
identified as 110mAg  
from Fukushima accident  or spallation 
 
purification reduces 110mAg by factor of 10  
 
Phase II (2013-2015)  504 kg∙yr  
 

T1/2 sensitivity  :     1.0 ∙ 1025 yr 
T1/2 limit*         :   > 1.9 ∙ 1025 yr 0ν 

0ν 

PRL , 062502 (2013)  
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Phase II 

PRL , 082503 (2016)  

T1/2 sensitivity  :     5.6 ∙ 1025 yr 
T1/2 limit*         :   > 9.2 ∙ 1025 yr 
T1/2 limit**       :  > 10.7∙ 1025 yr 

0ν 

0ν 

0ν 

 *   profile likelihood (90% CL) 
 ** Phase I + II combined 

Background dominated by 214Bi decays at MIB 
Qββ 

exposure           = 593.5 kg∙yr 
FWHM@Qββ     ≈ 270 keV (11%) 
BI ≈ 0.4 ∙ 10-3 cnts/(keV ∙kg ∙yr) 

2νββ 

271 days 

264 days 

KamLAND-Zen 400   /   136Xe                                                                                                   results 
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KamLAND-Zen 800  &  SNO+                                                           expected to start in 2018/19 

5.3 kton water shield 

acrylic vessel 

Plan for Phase I: 0.5% natTe, i.e. 1.3  tons  
of  130Te, in 780 tons of  LS,  - all contained  
                  in  the Ø12m acrylic vessel 

≈750kg of 136Xe in liquid scintillator (LS) 
(90% enrichment), new Inner Balloon 

SNOLAB   6000 m.w.e. 

larger, cleaner 

KamLAND-Zen 800 

Kamioka   2700 m.w.e. 

SNO+ 
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S. Schönert | TUM !
Double Beta Decay!
TAUP2017!

Xenon Experiments:    !

NEXT-NEW (5 kg) 2015-2018 !

Underground & radio-pure 
operations, background, 2νββ!

NEXT-100 (100 kg) 2018-2020’s!

0νββ search!

NEXT-ton !

136Xe high-pressure (10-15 bar) TPC !

41.5 keV


1/√E� 0.7% 
FWHM @ Qββ !

83Kr!

e1!

e2!

Z!(mm)!

Y!
(m

m
)!

Courtesy JJ Gomez Cadenas!
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S. Schönert | TUM !
Double Beta Decay!
TAUP2017!

Xenon Experiments: PandaX-III!

•  First 200-kg module:!
–  Microbulk Micromegas for charge readout !
–  3% FWHM, 1 x 10-4 c/keV/kg/y in the ROI!

•  Ton-scale:!
–  Four more modules with upgraded charge 

readout and better low-background material 
screening. !

–  1% FWHM, 1 x 10-5 c/keV/kg/y in the ROI!

Courtesy Ke Han!
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SuperNEMO 

Investigation of the mechanism o 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 z source 
      The isotope is embedded in thin foils (difficult scaling – low efficiency a30%)  
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 a100 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 z detector 

LSM – France  

82Se 
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~10 mK 

m ≈ 750 g 
C ≈ 2 nJ / K 
ΔT / ΔE ≈ 0.1 mK /MeV 
ΔV / ΔE ≈ 0.3 mV /MeV 
G ≈ 2nW / K 
τ ≈ C / G ≈ 1s 

CUORE /   130Te                                                                                              cryogenic  bolometer  

1st  ton-scale cryogenic bolometer 

◄ 

G  
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988 natTeO2 bolometers  984 working 

active mass: 742 kg 

isotope mass: 206 kg 130Te 

CUORE /   130Te                                                                                   cryostat and bolometer array 

copper frame – heat sink 

PTFE supports – thermal impedance 

LNGS   3600 m.w.e.   
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CUORE /   130Te                                                                                                                      results   

PRL 120, 132501 (2018)  

* profile likelihood (90% CL) 

TeO2 exposure = 86.3 kg∙yr 
FWHM@Qββ     = 7.7 ± 0.5 keV (0.3%) 
BI = (14 ± 2)∙ 10-3 cnts/(keV ∙kg ∙yr) 
 
Background in ROI mostly α particles! 

T1/2 sensitivity  :     0.7∙ 1025 yr 
T1/2 limit*         :   >1.5 ∙ 1025 yr 0ν 

0ν 

2615 keV γ line 

physics data ROI 

complex line shape  

Qββ 
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CUORE with Particle ID = CUPID 

 or Cherenkov light in TeO2 

scintillating crystal 

CUORE   dominant BGND: surface α particles CUPID  rejection  of α particles by detecting 

                                              both heat and light 

Zn82Se …………………… CUPID-0 

Zn100MoO4................ LUCIFER, LUMINEU 

Li2
100MoO4…………..….dto 

40Ca100MoO4………..….AMoRE 

116Cd100MoO4…..……. KINR-ITEP-DAMA 

R&D for highly radiopure scintillating crystals 

Poda, Giuliani, arXiv:1711.01075 

α  

events 
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MAJORANA D & GERDA   /   76Ge                                     searching for the optimum shielding  

Ge diodes in vacuo,  
electro-formed copper & lead shield 

Ge diodes in active LAr shield, 
low-mass holders,  water shield 

SURF 4300 m.w.e. LNGS   3600 m.w.e.   

≈ 44 kg Ge, 29.7 kg thereof enriched,  
p-type point contact HPGe detectors 
 

≈ 43 kg Ge, 35.8 kg thereof enriched, 
semicoaxial and BEGe HPGe detectors 
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T1/2 sensitivity  :     2.1∙ 1025 yr 
T1/2 limit*         :   >1.9 ∙ 1025 yr 

• Best resolution of any ββ experiment 
      to date: 2.52 keV at Qββ  
• Projected background rate 4 c/(FWHM∙t∙yr) 
• Analysis of ≈ 26 kg∙yr data in progress, 
      expected sensitivity 5∙1025 yr 

MAJORANA DEMONSTRATOR                                                                                                 results 

PRL 120, 132502 (2018)  

76Ge exposure = 9.95 kg∙yr 
FWHM@Qßß    = 2.52 ± 0.08 keV (0.12%) 
BI = (6.7 ± 1.4)∙ 10-3 cnts/(keV∙kg∙yr) (total) 
    = (1.6 ± 1.1)∙ 10-3 cnts/(keV∙kg∙yr)  (best) 

0ν 

0ν 

* profile likelihood (90% CL) 

1st data release 

Qββ 

‘
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Comparison of Experiments

S. Schönert | TUM!
Double Beta Decay!
TAUP2017!

Comparison of Experiments!

Adopted from Agostini, Benato, Detwiler arXiv:1705.02996 !
adopted from [Agostini, Benato, Detwiler, arXiv: 1705.02996]
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Comparison of Experiments

S. Schönert | TUM!
Double Beta Decay!
TAUP2017!
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Comparison of Experiments

S. Schönert | TUM!
Double Beta Decay!
TAUP2017!

Comparison of Experiments!

Adopted from Agostini, Benato, Detwiler arXiv:1705.02996 !

M!t!�tot  
 nbgd(ROI) 
M!t!�tot  

adopted from [Agostini, Benato, Detwiler, arXiv: 1705.02996]
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Comparison of Experiments

S. Schönert | TUM!
Double Beta Decay!
TAUP2017!

Comparison of Experiments!

Adopted from Agostini, Benato, Detwiler arXiv:1705.02996 !

M!t!�tot  
 nbgd(ROI) 
M!t!�tot  

“background free” 

adopted from [Agostini, Benato, Detwiler, arXiv: 1705.02996]
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