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Problem: Ns do not exist anymore, 
they all decayed away few instants after the Big Bang.

M. Vignati 

Matter and anti-matter
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N ➝ electron + Higgs+

matter 
favored

N ➝ positron + Higgs-

anti-matter  
disfavored

Our theory:
Balance breaking from

heavy Majorana neutrinos

Cosmology and particle physics predict  
an equal balance of matter and anti-matter

but

our Universe is dominated by matter. 



Particle differs from anti-particle
like all other known particles  

Particle equal to anti-particle
Majorana (1937)
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 Are neutrinos (ν) Majorana?
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if we demonstrate that ν are Majorana  

theory says that the heavy Majorana partner N existed  

we have an evidence for N, the matter savior: the anti-matter killer!

?



β-decay 
0νββ-decay 

only if νs are Majorana
ββ-decay

0νββ is possible only in few natural 
isotopes, e.g.: 130Te, 76Ge, 136Xe,100Mo,82Se.

Present half-life limits are:  τ  > 1024-25 years. 
Several nuclei (100 - 1000 kg) are needed. 

Null background is needed to detect the 
electrons. 

M. Vignati 

Detection principle
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ββ 0νββ



Velocità di rotazione in una galassia
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È come se ci fosse della materia in più di cui vediamo gli effetti 
gravitazionali ma che è invisibile.

1 kpc = 200 Milioni AU



Lenti gravitazionali
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Questo  metodo viene utilizzato per tracciare la mappa della materia oscura 
nell’Universo.



La composizione dell’Universo
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Materia oscura

Materia ordinaria

Energia oscura

Cosa è l’energia oscura? Non ne abbiamo idea!  
Per ora ci concentriamo sulla materia oscura.

Satellite Planck  (ESA)



Cosa è la Materia Oscura?
Cosa sappiamo:

‣ Non emette e non assorbe luce.
‣ Siamo sensibili solo agli effetti gravitazionali.
‣ Interagisce molto poco con la materia ordinaria.
‣ Non è la materia ordinaria, l’antimateria o un buco nero.

Cosa potrebbe essere:

‣ Non esiste: le leggi della gravitazione non sono esatte (MoND).
‣ Una nuova particella?
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Una nuova particella?
• Problemi: 

‣ Non sappiamo cosa sia, quindi non sappiamo quale  
è il modo giusto per vederla.

‣ Bassa densità: l’equivalente di 1 protone in 3 cm3.
‣ È in grado di attraversare la terra senza interagire.

• Almeno 2 candidate:

‣ Particella leggera (Assione) che può interagire con i campi magnetici.
‣ Particella pesante (WIMP).
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L’ipotesi WIMP
• Proprietà di una WIMP (Weak Interacting Massive Particle):

‣ È una particella pesante 1 ÷ 1000 protoni equivalenti. 

• Principio di rivelazione: urto elastico con nuclei atomici di materia 
ordinaria.
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 Energia di rinculo  
del nucleo  

(siamo in grado di misurarla)

WIMP Nucleo
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Tecniche di rivelazione
• Sia il doppio decadimento beta sia la materia oscura possono essere 

rivelate con la stessa tecnologia.

‣ Nel caso del doppio decadimento beta vengono rivelati elettroni.
‣ Nel caso della materia oscura vengono rivelati nuclei atomici.

• Oggi parliamo dei bolometri, una delle tecnologie più promettenti.
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• Particle energy converted to temperature variation.

‣ Cryogenic temperatures (< 20 mK).

M. Vignati 

Bolometers
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Heat  
bath  

~ 10 mK  
thermal  
coupling

Te
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crystal  

(0.5-1 kg)
E      ΔT 

Particle  
absorber 

                3 seconds 

E = 2.5 MeV
ΔE = 2 keV
 

Δ
T=

10
0μ

K

• TeO2 crystals: small heat capacitance.

• Sensitive thermometers, NTD-Ge thermistors: 
 
 

• Source embedded in the detector: 
0νββ emitter: 130Te (34% isotopic abundance).

5 
cm
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Gran Sasso lab in Italy
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Mountain acts as cosmic rays 
absorber (1.4 km of rock).

Survival rate:  1 / (m2 hour) 
(~106 reduction).

120 km driving from Rome.
hig

hw
ay

CUORE  
988 TeO2 bolometers

206 kg 130Te

Data taking will start 
next year
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Thermal model of a bolometer
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Thermal model of a bolometer
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shows that the electrothermal feedback can be interpreted as a correction to the
electrons capacitance and conductance:

Ceff ¼ Cel ! 2
gPScpRS

TS
; Keff ¼ Kel þ

gPS

TS
: ð3:32Þ

Now that the electrothermal feedback has been included we can move to the
solution of the system of differential equations. We turn into the Laplace domain
that eases the calculations and has the advantage of including initial conditions
directly into the equations:

sCTDT1 ! E1 þ Kts DT1 ! DT2ð Þ þ Kg DT1 ! DT3ð Þ ¼ 0 ð3:33aÞ

sCsDT2 ! E2 þ KsDT2 þ Kts !DT1 þ DT2ð Þ ¼ 0 ð3:33bÞ

KbDT3 þ Ke DT3 ! DT4ð Þ ¼ 0 ð3:33cÞ

sCeffDT4 ! E4 þ KeffDT4 þ Ke !DT3 þ DT4ð Þ ¼ 0 ð3:33dÞ

where all the DTi’s depend on the Laplace frequency s and E1; E2; E4 are the
energies released in the capacitances at t ¼ 0: In the condition of a particle
releasing its energy E inside the crystal (E1 ¼ E; E2 ¼ 0; E4 ¼ 0) the thermistor
temperature is:

DT4ðsÞ ¼ A0 ðs! z1Þ

ðs! p1Þðs! p2Þðs! prÞ
ð3:34Þ

where A0 ¼ E
KeKg

CTCeff ðKbþKeþKgÞ
; z1 ¼

KsþKts

Cs
and pi’s are the roots of the polynomial:

DðsÞ ¼ d0 þ d1sþ d2s
2 þ s3 ð3:35Þ

where the di parameters are complicated combinations of the circuit elements and
are not reported explicitly. Given the circuit configuration one has that all the pi
poles are real and negative (pi ¼ ! 1

si
). Transforming back in the time domain

(3.34) we obtain:
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It is useful for interpolation purposes to put in evidence independent parameters.
We notice that bþ c ¼ a; so defining a ¼ b=a and A0a ¼ A we finally obtain the
expression of the thermistor temperature variation:

DT4ðtÞ ¼ A !e!
t
sr þ ae

! t
s1 þ ð1! aÞe!

t
s2

! "

ð3:37Þ
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Voltage -> Temperature
Charge -> Heat (Energy)



• The thermistor resistance depends on the temperature: 
 
 
 
using typical parameters (R0 = 1.15 Ω, T0 = 3.35 K and γ = 1/2): 
  

• The signal is detected biasing the resistance and reading the voltage 
V(t) across it: 
 
 
 
 
 

• V(t) is then amplified and filtered with an adaptive 6-pole Bessel filter 
(cutoff 12Hz).

Reading the bolometer signal
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R (10 mK) ~100 MΩ

VB
RL

R(t)cp V(t) signal

Load resistance
 ~ 54 GΩ 

Bias Voltage
 ~ 5 V

Read-out wires 
capacitance
 ~ 300 pF

Thermistor
~ 100 MΩ



• Each element contributes to shape the signal, from the energy 
release in the crystal up to the ADC. 

Signal chain

18

VB
RL

R(t)cp cp
Bessel 
Fillter

ADCR(t)

Biasing CircuitThermal Circuit

Thermistor Gain, Bessel (12Hz) and 
ADC

V(t)
VB

Ampli-
fier
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Elettronica operante a temperature criogeniche 6
Ecco qui un esempio completo di catena di acquisizione di un termistore avente uno stadio 
a buffer differenziale.

RL

ZD PAC PGA
PGF

Q1

TR

OU+

POA

Q2 OU-

TRS

PB+

PB-

AUX

VD

VE

VE
RL

Refrigeratore

TD=10 mK

TD=100 K

PAC= amplificatore;

POA= rete per l’aggiustamento 
dell’Offset;

PGA= stadio di amplificazione 
programmabile;

PGF= filtro antialiasing;

TRS= circuito analogico di trigger;

Pavia, 25-29 Ottobre 2004 79
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6-pole active Bessel filter
• Il segnale e’ concentrato nella regione di bassa frequenza

• Questo filtro serve a rimuovere il noise ad alta frequenza, senza 
compromettere il segnale

20

and using (2.19), we obtain the differential equation relating resistance and voltage
variations:

RL þ RS þ DRðtÞ
RS þ DRðtÞ

! "

VBG
RS

RS þ RL
þ DVðtÞ

! "

! VBGþ RLcp
dDVðtÞ

dt
¼ 0: ð3:14Þ

The polarization circuit equation can be simplified noticing that from (2.24) the
measured RS is proportional to RL:

RS ¼
RL

VB=VRS
! 1

¼ qRL; ð3:15Þ

using also (3.10) we finally obtain:

1=qþ 1þ DhðtÞ

1þ DhðtÞ

! "

1
1=qþ 1

þ
DVðtÞ

VBG

! "

! 1þ
RLcp

VBG

dDVðtÞ

dt
¼ 0: ð3:16Þ

Solving this differential equation we get the voltage variation DVðtÞ corresponding
to the resistance relative variation DhðtÞ:

Noticing that q & 1 and that Dh\1; a good approximation that will be used in
next sections for rough calculations is:

1=qþ 1
1þ DhðtÞ

! "

1
1=qþ 1

þ
DVðtÞ

VBG

! "

! 1þ
RLcp

VBG

dDVðtÞ

dt
¼ 0: ð3:17Þ

3.2.3 Bessel Filter

As mentioned before, the ADC is preceded by an analogical Bessel filter to prevent
aliasing effects on the acquired signal. The ADC sampling frequency (fs) is 125 Hz,
to have enough samples to describe the pulse shape and at the same time not
compromise the signal to noise ratio. The Bessel 3dB cut-off (fb) was set to 12 Hz,
to have enough signal and noise dump at the ADC Nyquist frequency (fs=2),
therefore its value depends strictly on the choice of fs: The filter transfer function is:

BðrÞ ¼
10; 395

r6 þ 21r5 þ 210r4 þ 1; 260r3 þ 4; 725r2 þ 10; 395rþ 10; 395
; ð3:18Þ

where r is the normalized Laplace variable that expressed in terms of the standard
Laplace variable s ¼ jx is:

r ¼ s
2:703395061

fb
: ð3:19Þ

The transfer function and the impulse response of this filter are shown in Fig. 3.8.
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The filtered signal can be obtained multiplying VðsÞ (the signal in the frequency
domain) by the transfer functionBðsÞ and then transforming back to the time domain:

VðtÞ ! L
!1½VðsÞ % BðsÞ&; ð3:20Þ

where VðsÞ ¼ L½VðtÞ& and L;L!1 are the direct and inverse Laplace transforms.
We described and modeled all the steps that go from the thermistor temperature

variation to the signal read by the ADC: the thermistor model is not exact but has a
good accuracy in the region of interest, the biasing circuit and the Bessel filter are
described exactly and, depending on the use, they can be solved with numerical
algorithms. The remaining step, the expression of the thermistor temperature when
energy is released in the crystal, is described in the next section.

3.2.4 Thermal Model

In Fig. 3.9 the thermal circuit representing the system composed by crystal, crystal
supports and thermistor is sketched. The crystal CT is connected with the therm-
istor through the glue spots Kg and with the supports through a Kapitza conduc-
tance Kts: A thermistor can be represented as a two stages system composed by the
lattice and the electron gas, each one with its own capacity and connected between
them by means of a conductance Ke: The lattice capacity is negligible and is not
shown in the figure, so it can be assumed that the lattice directly discharges
through the gold wires connected to the heat sink Kb: The electron gas capacity
Cel; and conductance Kel are in parallel with the power generator P that represents
the electrothermal feedback generated when the thermistor is heated (see Sect. 2.2):
its resistance varies and hence also the power generated through Joule effect
varies, modifying the thermal response. On the left side of the circuit, there are the
crystal supports that can be simply represented by means of their capacity Cs and
their conductance to the main bath Ks:
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Fig. 3.8 Characteristics of the 6-pole Bessel filter with cutoff fb ¼12 Hz (red line). The blue line
corresponds to the Nyquist frequency fs=2: a transfer function; b impulse response
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Risposta alla 
delta

• Serve a rimuovere effetti di aliasing nell’ADC.
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Aliasing
• Frequenze maggiori della meta’ della frequenza di campionamento 

dell’ADC vengono ricostruite a frequenza piu’ bassa.

• Il filtro passa-basso rimuove queste frequenza prima che raggiungano 
l’ADC. L’importante e’ salvare le frequenze del segnale.

21
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Filtri digitali: Filtro ottimo

• Il segnale (s) ha uno spettro di frequenza diverso dal noise (N).

• Lo scopo e’ costruire un filtro software in grado di attenuare le frequenze 
in cui il segnale e’ meno presente.

• Questo filtro e’ chiamato filtro ottimo. Questa e’ la funzione di 
trasferimento:

22
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Figure 1. Response of a CUORICINO bolometer (channel 13) . Left panel: signal generated by a 1461 keV
g particle recorded by the ADC. Right panel: noise power spectrum expressed in mV2/Hz, and energy
spectrum of the signal scaled to fit in the noise range.

2 Experimental setup

CUORICINO and CUORE bolometers are composed of two main parts, a TeO2 crystal and a
neutron transmutation doped Germanium (NTD-Ge) thermistor [6, 7]. The crystal is a cube of
5x5x5 cm3, and held by Teflon supports in copper frames. The frames are connected to the mixing
chamber of a dilution refrigerator, which keeps the system at a temperature of about 10 mK. The
thermistor is glued to the crystal and acts as thermometer. When energy is released in the crystal,
its temperature increases and changes the resistance of the thermistor. To read out the signal, the
thermistor is biased with constant current, which is provided by a voltage generator and a load
resistor in series with the thermistor. The resistance of the thermistor varies in time with the tem-
perature, and the voltage across it is the bolometer signal. The value of the load resistor is chosen
to be much higher than the thermistor, so that the voltage across the thermistor is proportional to
its resistance. The wires that connect the thermistor to the electronics introduce a non-negligible
parasitic capacitance.

The typical response of CUORICINO and CUORE bolometers to particles impinging on the
crystal is of order 100 µV/MeV. The signal frequency bandwidth is 0�10 Hz, while the noise ex-
tends to higher frequencies. The signal is amplified, filtered with a 6-pole active Bessel filter with
a cut-off frequency of 12 Hz and then acquired with an 18-bit ADC with a sampling frequency of
125 Hz. The gain of the amplifiers ranges from 500 to 10000 V/V, and is tuned for each bolometer
to fit the signals in the ADC range, which is ±10.5 V. A typical signal recorded by the ADC,
produced by a 1461 keV g particle fully absorbed in a CUORICINO bolometer, is shown in the left
panel of figure 1.

The 62 bolometers of CUORICINO were arranged in a tower of 13 floors: 11 floors were com-
posed by 4 5x5x5 cm3 bolometers each, 2 floors were composed by 9 small bolometers (3x3x6 cm3)
each. The small bolometers were recycled from previous arrays, and will not be used in CUORE,
which will only use 5x5x5 cm3 crystals arranged in 19 towers of 13 floors each (figure 2). The
front-end electronics, which provide the bias, the load resistor and the amplifier, are placed outside
the cryostat, at room temperature [8]. In CUORICINO 1/3 of the electronics channels used load

– 2 –
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3 Data analysis

As anticipated in the previous section, waveforms acquired by the ADC are processed with the
optimum filter. This filter maximizes the signal to noise ratio and improves the energy resolution
and the energy threshold of this kind of bolometric detectors (see for example refs. [23, 24]). The
transfer function is built using the signal shape s(t) and the noise power spectrum N(w):

H(w) = h
s⇤(w)
N(w)

e� j wtM , (3.1)

where h is a normalization constant, s(w) is the Fourier transform of s(t) and tM is a parameter to
adjust the delay of the filter.

The noise power spectrum is estimated by averaging the power spectra of a large number of
waveforms not containing pulses. The signal shape is estimated by averaging a large number of
triggered pulses. On the ZnMoO4 and TeO2 bolometers the pulses are selected in the high range of
the energy spectrum (Energy & 1 MeV), while on the LDs the pulses are selected from the peaks
of the 55Fe source. Since the signal shape of bolometric detectors depends on the energy [25],
a single average pulse cannot represent in principle signals of different energies. This source of
nonlinearity is however negligible in the energy ranges we are considering, which are about 0–10
keV on the LD and about 0–6 MeV on the HD. The rise time of the pulses on the LDs and the
HDs, in fact, varies by less than 3%/MeV and 1%/MeV, respectively. The decay time varies by
less than 1%/MeV on the HDs and by about 18%/MeV on the LDs.

Once the waveforms are filtered, the amplitude of a signal is estimated as the maximum of the
filtered pulse. As said before, when the trigger fires on a heat bolometer, the waveform from the
corresponding LD is acquired. The amplitude of the light signal is estimated, also in this case, as
the maximum of the filtered waveform. Signal amplitudes are then corrected for temperature and
gain instabilities of the setup [26] and calibrated in energy.

Figure 1 shows two pulses triggered on the ZnMoO4 bolometer and the corresponding wave-
forms acquired from the light detector. The pulse on the left is generated by a 2615 keV g-ray
interaction, which also induces a visible pulse on the light detector. The pulse on the right is gen-
erated by an interaction of a 200 keV particle (g or b ) which, given the low amount of scintillation
light produced at this energy, does not induce a clear pulse on the light detector. While in the first
case the maximum of the filtered waveform is a correct estimator of the signal amplitude, in the
second case the maximum could be a fluctuation of the noise, rather than the amplitude of the sig-
nal. Therefore, when the amount of emitted light is at the level of the noise or below, the estimation
of the signal amplitude with a maximum search algorithm may produce wrong results.

This effect is visible in the distribution of the light detected versus particle energy (figure 2).
At high energies the light emitted from b/g interactions is proportional to the particle energy. At
low energies, below 300 keV, the detected light reaches a constant value at about 250 eV, which
is the noise pedestal. This effect is also visible at higher energies, in the interaction of a particles
which produces less scintillation light than b/g ones. In this case the pedestal is reached when the
particle energy is below 3 MeV. As it will be shown in section 4.2 the TeO2 case is even more
dramatic. The amount of emitted light is so small that the noise pedestal is measured for all particle
energies, irrespective of their b/g or a nature.

– 4 –
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Figure 6. Windows of data samples containing pulses. The raw data (solid black line) have been shifted such
that the first sample has zero ADC counts; the filtered data (dashed red line) are not modified. Red triangles
identify the pulses detected by the trigger algorithm. The filter removes the baseline drifts and suppresses
pulses with different shapes than the expected signal.

computed from the time difference between the middle of the rise and the maximum of the non-
filtered average pulse. This operation is needed since in the data analysis the trigger is required to
lie before the maximum of a signal.

Although the matched filter dramatically simplifies the implementation of trigger algorithms,
there is a drawback. When high-energy pulses are triggered, a set of secondary pulses is seen. This
is due to the fact that the filtered pulse has two symmetric lobes above zero, that would be marked
as signal by the trigger (see figure 7). This problem is solved as follows. The amplitude above zero
of the side lobes is a constant fraction α of the amplitude of the main lobe, and is estimated from
the filtered average pulse. When a signal with amplitude A > θ/α is triggered, the data samples
corresponding to the expected positions of the side lobes are vetoed, and no trigger is allowed
in those regions (see figure 7). This is an important source of inefficiency for the measurements
discussed in this paper, since the 210Po contaminations were high and the amount of dead time was
dominated by the rate of the 5407keV line. When crystals are sufficiently aged (one or two years
since production), the rate is so low that the dead time is negligible.

– 7 –

M. Vignati 

Filtro ottimo al lavoro

23



In the data analysis an energy is associated to each pulse and 
the spectrum is built

Energy spectrum
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• Collected Statistics:                             

• Background level:

• 0νDBD Half-life limit (90% C.L):                               

• Effective neutrino mass limit:

6

2480 2520 2560 2600
Energy [keV]

Co
un

ts

10

14

18

22

26

30

34

25

A Result (CUORICINO experiment)

60Co γ + γ 

0νDBD  Energy
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Cooper pairs (cp) in a superconductor  act as an inductance (L).  
Absorbed photons change cp density and L.  

High quality factor (Q) resonating circuit biased with a microwave (GHz):
signal from amplitude and phase shift. 

L C

Una nuova tecnologia: 
Kinetic Inductance Detectors (KIDs)



• Different resonators can be coupled to the same feedline by making 
them resonate at slightly different frequencies.

• The resonant frequency can be changed by modifying the capacitor (C) 
or the inductor (L) pattern of the circuit.  

• A single cryogenic amplifier can be used to read up to 1000 detectors.
M. Vignati 

Multiplexed readout of a KID array
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4 aluminum pixel detector

28

Frequency [MHz]
2670 2680 2690 2700 2710 2720 2730 2740 2750

S
2
1
 [

d
B

]

-25

-20

-15

-10

-5

0

5

10

KID-1

KID-2

KID-3

KID-4

f0 [GHz] Q [x103]
KID-1 2.675 6
KID-2 2.689 18
KID-3 2.731 8
KID-4 2.746 35

APL 107 (2015) 093508

Frequency [MHz]
2660 2680 2700 2720 2740 2760

S2
1 

[d
B

]

-35

-30

-25

-20

-15

-10

-5

0

KID-1 KID-2 KID-3 KID-4

Frequency [Hz]
2730 2735

610×

0

5

0

5

0

I [ADC]
-10000 -5000 0

Q
 [A

D
C

]

-5000

0

5000

Frequency - 2731330000 [Hz]
-1000 0 1000

310×

C
al

ib
ra

te
d 

Ph
as

e 
[r

ad
]

-3
-2
-1
0
1
2
3  / ndf 2χ  0.491 / 53

p0        0.01298± -0.07397 
p1        1.363e-07± -1.061e-05 

 / ndf 2χ  0.491 / 53
p0        0.01298± -0.07397 
p1        1.363e-07± -1.061e-05 

Frequency - 2731330000 [Hz]
-1000 0 1000

310×C
irc

le
 d

er
iv

at
iv

e 
[A

D
C

/H
z]

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08

KID-3

Amplitude signal
Phase signal  
(3-4x higher)

http://www.apple.com


Time [ms]
0 0.5 1

A
m

p
li

tu
d

e 
[m

ra
d

]

0

10

20

30

40 KID-1

KID-2

KID-3

KID-4

M. Vignati 

Phase signal and noise
• Average phase signals at 14 keV.

• Rise time ~ 20 μs (arrival time of phonons)

• Decay time ~ 230 μs (recombination of 
quasiparticles into cooper pairs). 

• KIDs with higher Q see a higher signal
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• High low frequency 
noise, increases 
with Q.

• Strongly limits the 
sensitivity.

• Noise origin under 
investigation.
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