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Majorana neutrinos
Is the total lepton number a conserved quantity?  

 If so, we could have that neutrinos are equal to anti-neutrinos:            . 
 

!
!
!
!

It is still not clear today whether neutrinos are  
Dirac or Majorana particles!

The only way we know to answer this question is to observe a rare nuclear 
process, the neutrinoless double beta decay (0νββ)
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Nuclear process: (A,Z) → (A,Z+2) + 2 e-!

• It happens only if             and in few natural isotopes:            : 
130Te, 76Ge, 136Xe,100Mo,82Se (and not many others).!

• We measure the decay half-life: 
Current limits are of the order of 1024 - 1025 years.!

• Signature: peak at the sum-energy (Q) of the two electrons (2-3 MeV). 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Neutrinoless double beta decay
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Isotope Mass > 100 kg

Background close to  
zero counts/year

ΔE O(keV)

Ideal features of an experimentCalculated energy spectrum



• Particle energy converted to temperature variation.!

‣ Cryogenic temperatures (< 20 mK).
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Bolometers

4

Heat  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(0.5-1 kg)!
E      ΔT 

Particle  
absorber 

                3 seconds 

E = 2.5 MeV!
ΔE = 5 keV 

Δ
T=

10
0μ

K

• TeO2 , ZnSe, ZnMoO4 and other crystals: small 
heat capacitance.!

• Source embedded in the detector, 
0νββ emitters: 130Te, 82Se, 100Mo, respectively.!

• Sensitive thermometers, NTD thermistors: 
  5 

cm
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CUORE at Gran Sasso lab
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CUORE  
988 natTeO2 bolometers!

206 kg 130Te  
(34% abundance in Te)!

Start data taking  
at the end of 2015
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Sensitivity to neutrino mass
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Figure 4. m
��

in case of NH as a function of the lightest neutrino mass both in logarithmic
and in linear scales. The blue lines have both first and second contributions positive,
referring to Eq. 1 the purple lines have positive and negative respectively, while the
orange lines negative and positive. The continuous/dashed lines have the third
contribution positive/negative. Note that, if U

e3

were zero, the continuous and
dashed lines of each color coincided.

3.2. Majorana e↵ective mass and cosmological mass. The need to relate the parameter
m

��

with a physical observable suggests to express the Majorana e↵ective mass as a function of
the cosmological mass ⌃ [51]. In fact, as discussed above, its measurements reached important
sensitivities. Recalling the definition of Eq. 1, one can see that m

��

is a function of the mass of
one of the neutrinos and since ⌃ is the sum of the three active neutrino masses, we can write:
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where m

l

is the mass of the lightest neutrino and a and b are di↵erent constants depending on
the considered hierarchy. Through Eq. 9 one can establish a direct relation between ⌃ and m

l

and thus it is straightforward to plot m
��

as a function of ⌃ as we did in the previous section
with respect to the lightest neutrino mass.

The advantage of this representation is given by the possibility to measure directly ⌃ or to
put bounds on it. As regards the uncertainties treatment, we used again the assumption of
Gaussian fluctuations and the prescription reported in App. B for the error propagation. The
result is shown in Fig. 5. As previously stated, there is no physical reason to show the plot
with logarithmic axes, though this is a customary choice and it can be useful for visualisation.
The most evident feature is the presence of a minimum allowed value of ⌃. This comes directly
from the definition of ⌃ and from the experimental values for the mass splittings. This plot also

Figure 5. m
��

as a function of the cosmological mass ⌃ = m
1

+m
2

+m
3

, both in logaritmic
and in linear scales. The shaded regions correspond to the 3� regions due to error
propagation.
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Current bound!
(76Ge+136Xe)
2015-2020:!

CUORE(130Te)



CUORE-0, the test of a single CUORE tower,  
showed that most of the background in CUORE will be dominated by  

degraded α particles from natural radioactivity. 
 
 
 
. 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Main challenge: α background
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Figure 2: Energy spectrum acquired by the TeO2 crystal. All the
labeled peaks are �s, except for the single and double escape peaks
of the 2615 keV � from 208Tl, which are � + �+ + � and � + �+

events, respectively, and for the events around 5.4 MeV, which are
generated by the ↵-decay of 210Po in the crystal.

3. Results

The energy spectrum acquired from the TeO2 bolome-
ter in 6.86 days of data taking is shown in Fig. 2. The
peak around 5400 keV is due to the ↵-decay of 210Po, a
natural contamination of the TeO2 crystal observed also
in the 117 g detector and in CUORE-0. The remaining
peaks are �s from the 232Th source, except for the peak
at 1461 keV, which is a � from 40K contamination of the
cryostat. Both the single (SE) and double escape (DE)
peaks of the 2615 keV � from 208Tl are visible. The pres-
ence of the DE peak is of particular interest because it is a
single site production of a � and of a �+, a process similar
to the 0⌫��.

The light detected versus calibrated heat in the TeO2

crystal is shown in Fig. 3. The distribution of the light cor-
responding to each peak in Fig. 2 (blue dots in the figure) is
fitted with a Gaussian, the mean of which is overlaid onto
the figure. The mean light from the ↵-decay of 210Po is
found to be < L↵ >= �3.9±14.5 eV, i.e. compatible with
zero. The mean light from the � peaks is fitted with a line
< L�/� >= LY · (Energy � Eth), with Eth = 280± 60 keV
and LY = 45±2 eV/MeV. The standard deviations of the
light distributions are found compatible with the baseline
noise of the LD, which therefore appears as the dominant
source of fluctuation, hiding any possible dependence on
the position of the interaction in the TeO2 crystal or sta-
tistical fluctuations of the number of photons. As in our
previous work, the light from the DE peak is compatible
with the light from �s, indicating that the fitted line can be
used to predict the amount of light detectable from 0⌫��
events. We compute 101.4±3.4 eV of light for a �/� event
with 0⌫�� energy, 72 eV less than the light detected at the
same energy in the 117 g detector.

The detected light at the 0⌫�� is few, at the same level
of the LD noise, and does not allow one to perform an event
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Figure 3: (Color online) Detected light versus calibrated heat in the
TeO2 bolometer for all the acquired events (gray) and for the events
belonging to the peaks labeled in Fig 2 (blue). The mean light is
clearly energy dependent for the � peaks (red circles below 3 MeV)
and compatible with zero for the ↵-decay of the 210Po (pink circle
at 5.4 MeV).

by event rejection of the ↵ background. As indicated in
Ref. [8], the emitted Cherenkov light amounts to several
hundreds of eV, a much higher value than what we detect.

To increase the light collection e�ciency, we applied
di↵erent modifications to the setup: 1) we changed the
VM 2002 light reflector to aluminum foils. Aluminum is
expected to have higher reflectivity in the UV band, the
region where the Cherenkov emission is more intense. Nev-
ertheless, the amount of light detected is 25% less than in
the case of VM 2002; 2) we removed the VM 2002, which
is a specular light reflector, and wrapped the crystal with
teflon tape, which is a light di↵usor. The amount of light
detected is compatible with the VM 2002 measurement; 3)
we changed the LD to an identical one, but we coated the
side faced to the TeO2 with 60 nm of SiO2. It has been
demonstrated, in fact, that in the red/infrared band this
layer enhances the light absorption by up to 20% [20, 21].
In our application, however, the amount of light detected
does not change significantly; 4) we added a second LD,
monitoring opposite faces with two di↵erent light detec-
tors. The amount of light detected from each LD is found
to be the 50% of the amount detected with a single LD.
This causes an overall decrease of the signal to noise ra-
tio, because each LD adds its own noise; 5) we replaced
the crystal with a cylindrical one, 4 cm in diameter and
in height. Again the amount of light detected does not
change.

Summarizing, none of the above trials succeeded in
providing a significant increase of the light collection ef-
ficiency, indicating that most of the light is absorbed by
the TeO2 crystal. The setup providing the highest light
signal, around 100 eV at the 0⌫��, consists in a single LD
with the crystal surrounded by the VM 2002 reflector or
wrapped with teflon tape.
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β/γ source

α contaminations

Heat in TeO2 [keV] 

Rejection technique: detect the Čerenkov light emitted by βs (signal) 
and not by αs [T. Tabarelli de Fatis, EPJ C65 (2010) 359].

Germanium 
bolometric light 

detector

TeO2 wrapped 
with Teflon
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 α removal in TeO2: Cherenkov
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Light@0νββ: 100 eV

Noise of present light detectors is too high (70-100 eV RMS) compared 
to the signal (100 eV)               need new light detectors.     

C
asali et al., arXiv:1403.5528
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Sensitivity of the light detector

With a 100 eV signal, to obtain S/N > 5 we need a noise < 20 eV RMS.
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Identification of  nuclear recoils in ZnSe scintillating bolometers:  
nuclear recoils (signal) do not emit light , β/γs  (background) emit a few light. 
The discrimination is in principle possible at 10 keV (the DM search region). 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Dark Matter with ZnSe
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By using light detectors with noise below 20 eV RMS, LUCIFER, a 0νββ 
experiment, could be extended to search also for Dark Matter.

J. W. Beeman et al., JINST 8 (2013) P05021 
5cm

ZnSe  
bolometer from 
the LUCIFER 
experiment!

Germanium 
bolometric!

light detector
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Neutron Transmutation Doped (NTD) thermistors, currently used in 
LUCIFER:!

‣ Average ΔE ~ 100 eV, too large. Not reproducible.  !

‣ Could be improved using the Neganov-Luke effect.!

Transition Edge Sensors (TES), à la CRESST Dark Matter experiment:!

‣ ΔE < 20-30 eV, good!!
R&D needed in view of the scale up to 1000 detectors:  !

‣ Complicated readout: SQUID amplifiers, small multiplexing. 

Kinetic Inductance Detectors (KID): new technology invented at Caltech 
and JPL, first paper: P. Day et al., Nature, 425 (2003) 817:!

‣ Excellent reliability.!

‣ Easy readout: FPGAs and 1 cold amplifier, high multiplexing. !

‣ But, need to develop a large area light detector to monitor bolometers.!

?

Which light detector technology?

?

?
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 D
ay et al., N

ature 425 (2003) 817
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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

KID: Working principle
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Multiplexed readout of a KID array
O. Bourrion et al, JINST 6 (2011) P06012.
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Figure 2. Overview of the setup required to monitor a MKID array featuring the electronics generating the
two frequency combs (each tone phase shifted by 90� between I and Q), the IQ up-mixer, the programmable
attenuator for power adjustment, the cryostat, the low noise boost amplifier, the down mixer and the warm
amplifier.

frequency comb must be generated at baseband and up-mixed to the frequency band of interest by
hybrid mixers. The signal is then passed through the array at appropriate power level and finally
amplified and down-mixed back to baseband in order to be processed by the electronics.

The MKID array, operated at 70 mK, is followed by a low noise cold amplifier (LNA) operated
at 4 K and a warm amplifier. Typically, a combined total gain of 60 to 65 dB is used to boost the
output signal and to adapt it to the ADC input dynamic range of 1 Vpp. Considering a white noise,
the cold amplifier noise temperature of 5 K reported to the ADC input is equivalent to 1.3 mV for
the considered bandwidth. This yields a best achievable SNR of 57 dB which is much lower than the
69 dB SNR of the chosen ADC. Measured performances and noise shape are detailed in section 7.2.

The programmable attenuator located before the transmission line coupled with the MKIDs
adjusts the mean power per tone to an experimentally determined optimum of ⇠10 pW. Note that
this value is adapted for typical ground based observations and that space based MKIDs would
exhibit much lower saturation powers. Practical experience shows that driving the resonator with
lower power degrades the SNR and using higher power makes the resonator unstable. This noise
which is not related to the “two-level system noise” described in [16] is probably caused by insta-
bilities in the thin superconducting film, and is associated to a strong deformation of the resonance
characteristic in the complex plane.

It is important to note that the use of an IQ mixer is mandatory, because it presents the benefit
to strongly attenuate the lower sideband and the carrier from the output up-mixed spectrum. Typical
rejection of -30 dB of the lower sideband can be obtained. As depicted on figure 3, the spectrum
resulting from the down-mixing stage still contains residuals of the lower sideband due to the up-
mixing. This part of the spectrum, unaffected by the MKID array, is folded on the tones of interest
and reduces their available dynamic range, therefore degrading the SNR.

Another mixer side effect to consider, is their non linearity which creates inevitable intermod-
ulation products. In the up-mixing part, those are not degrading the system performance, since they
are either off-resonance or in the worst case tuned to another MKID. In that case, the considered
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Figure 3. Illustration of the up and down-mixing of two tones f1 and f2 by a carrier flo with ideal mixers
(no harmonics generated). Part (c) depicts the spectrum affected by the MKID array, only the green part
is attenuated by a maximum of 2 to 10 dB (practical rejection values), i.e it still contains amplitudes 20 to
28 dB larger than the residuals in red. As shown on (d), the tones affected by the MKID array and the image
frequencies, i.e. the residuals (red), are summed because of the back folding due to the down-mixing.

intermodulation product is only adding a slight extra excitation and therefore is not adding any
noise nor crosstalk. In the down-mixing part however, an harmonic of a given MKID resonator
frequency mixed to an harmonic of the local oscillator could fall on an other MKID resonance and
thus create crosstalk. The probability of such an event is the ratio between the resonance width
and their mean separation, i.e. 50 kHz/2 MHz=2.5 %. Even in that case, this effect is not an issue,
since the worst spurious suppression of the Intermediate Frequency harmonics (occurs when M=N
in M⇥ fRF±N⇥ fLO) was measured and is better than 45 dBc at the operated power.

4 Hardware development

The complexity of the design is directly driven by the targeted analog bandwidth and the number of
tones to manage. The analog bandwidth puts hard constraints on the ADC and on the FPGA. On the
FPGA side, unless each tone processing is parallelized, the limitation comes from the maximum
running frequency of the multipliers used to perform the DDC. The FPGA size directly scales with
the number of tones to generate and process.

The hardware platform is FPGA centered and features a dual DAC for the frequency comb
generation, an ADC and a USB2 micro-controller for DAQ and slow control interfacing. A picture
of the board can be seen in figure 4. In order to demonstrate the concept feasibility and to keep the
design simple, it was chosen to limit the sampling and processing frequency to 250 MHz (analog

– 5 –
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A successful implementation  
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ARCONS:	
  A	
  2024	
  Pixel	
  Op2cal	
  through	
  Near-­‐IR	
  Cryogenic	
  Imaging	
  Spectrophotometer	
  
Mazin,	
  B.A.	
  et	
  al,	
  PASP,	
  123,	
  933,	
  2013.

http://www.jstor.org/stable/10.1086/674013
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CALDER’s implementation
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The maximum sensible area is fixed to few mm2 (wavelength limited). 
Proposed solution: indirect detection mediated by phonons 

State of the art Goal
 Area Area [eV 

RMS] Area#
few mm 5x5 cm difficult

 ΔE [eV RMS] < 1 < 20 achievable
 T 80 10 pro

Substrate of silicon 
 (5x5cm2 x100-300µm)

1-10 KIDs of Al, TiN... (~2mm2 x 40-nm)

Incident photons convert into athermal phonons

Diffused phonons  
can be absorbed  

by the KIDs

supports  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Scientific challenge: sensitivity

Problem: loss of phonon collection efficiency (ε)  
through the supports and via thermalization.
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KID R&D: ε loss compensated by KID sensitivity: 

1) Maximize film quality factor: Q > 105.!
2) High inductivity (L) and low Tc superconductors

Asupp

t su
b

AK

Al TiN (non stoich.) Ti+TiN (stoich.) Hf
T 1.2 0.9 >0.4 0.12

L [pH/square] 0.05 3 30 3
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The CALDER research team
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Sapienza University of Rome: !
E. Battistelli, F. Bellini, L. Cardani, C. Cosmelli, A. Cruciani, 
P. de Bernardis, S. Masi.

Istituto Nazionale di Fisica Nucleare: !
C. Bucci, C. Tomei and M. Vignati.

Consiglio Nazionale delle Ricerche:  
Detector fabrication.!
I. Colantoni and M.G. Castellano.

Università degli studi di Genova:  
Electronics and DAQ.!
S. Di Domizio. 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Rome Lab
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Digital readout electronics: hardware

Digital readout electronics

● 16-bit dual DAC
● 14-bit ADC
● FPGA
● Mini-computer

DAC: AD9125
● 16 bit
● 250 Msps

ADC: TI ADS41B49
● 14 bit
● 250Msps

FPGA: Virtex 6 XC6VLX75T

MiniPC: intel D2550MUD2

Nixa: developed at LPSC Bandwidth: ~100 MHzCost: 10 kEuro

O. Bourrion et al., JINST 8 C12006 (2013)

Nixa: electronics board developed at LPSC (Grenoble)

10 mK  
dilution 

refrigerator 

underground 
 lab (-3m) 

single  
cryogenic  
amplifier



M. Vignati 

2nd Prototype
• Single pixel area: 2.4 mm2.!
• 4 pixels coupled to the same 

feed line.!
• Frequency: 2.6 GHz  

(spacing 15 MHz).!
• 40 nm Aluminum lithography 

on Silicon substrate
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Data
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Optical fiber pulsed 
with LED

55Fe source!
(6 keV X-rays)
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Status and program
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2013-2014 Cryostat setup (reached 10-15 mK), readout (12 pixels 
in parallel up to now), data analysis, and first prototypes 
(9 and 4 pixels) with low Q.!

2014-2015 Finalize production and test of Aluminum sensors at 
high Q, reach 50-100 eV baseline noise.!

2015-2016 Develop and test TiN - Ti/TiN sensors reach the goal of 
20 eV RMS resolution. !

2016-2017 Integration with the CUORE/LUCIFER setup at LNGS. 
Build a demonstrator with an array of TeO
bolometers monitored by the new light detectors.
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Figure 4. m
��

in case of NH as a function of the lightest neutrino mass both in logarithmic
and in linear scales. The blue lines have both first and second contributions positive,
referring to Eq. 1 the purple lines have positive and negative respectively, while the
orange lines negative and positive. The continuous/dashed lines have the third
contribution positive/negative. Note that, if U

e3

were zero, the continuous and
dashed lines of each color coincided.

3.2. Majorana e↵ective mass and cosmological mass. The need to relate the parameter
m

��

with a physical observable suggests to express the Majorana e↵ective mass as a function of
the cosmological mass ⌃ [51]. In fact, as discussed above, its measurements reached important
sensitivities. Recalling the definition of Eq. 1, one can see that m

��

is a function of the mass of
one of the neutrinos and since ⌃ is the sum of the three active neutrino masses, we can write:

(9) ⌃ = m

l

+
q

m

2

l

+ a

2 +
q

m

2

l

+ b

2

where m

l

is the mass of the lightest neutrino and a and b are di↵erent constants depending on
the considered hierarchy. Through Eq. 9 one can establish a direct relation between ⌃ and m

l

and thus it is straightforward to plot m
��

as a function of ⌃ as we did in the previous section
with respect to the lightest neutrino mass.

The advantage of this representation is given by the possibility to measure directly ⌃ or to
put bounds on it. As regards the uncertainties treatment, we used again the assumption of
Gaussian fluctuations and the prescription reported in App. B for the error propagation. The
result is shown in Fig. 5. As previously stated, there is no physical reason to show the plot
with logarithmic axes, though this is a customary choice and it can be useful for visualisation.
The most evident feature is the presence of a minimum allowed value of ⌃. This comes directly
from the definition of ⌃ and from the experimental values for the mass splittings. This plot also

Figure 5. m
��

as a function of the cosmological mass ⌃ = m
1

+m
2

+m
3

, both in logaritmic
and in linear scales. The shaded regions correspond to the 3� regions due to error
propagation.
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Current bound!
(76Ge+136Xe)
2015-2020:!

CUORE(130Te)

2020-:  
CUORE enriched  

in 130Te + CALDER?
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EPIC-MAPS

Operate Kinetic Inductance Detectors as quasi-equilibrium thermal sensors
➔ Sensitivity limited by thermodynamic fluctuations
➔ Combine high efficiency, high resolution and high count rates

➔ Exploit recent developments in superconducting materials with low, tunable T
c

➔ Simple readout thanks to the intrinsic frequency multiplexing of KIDs

Realize a ready-to-use 1K-pixel X-ray detector to be deployed at a synchrotron facility

Short pulse X-ray sources, nuclear safeguard, astrophysics, neutrino physics, etc

Build an scientific community of interdisciplinary nature and establish Europe as a leader in 
this field

LONG TERM VISION

APPLICATIONS

DEMONSTRATOR

IMPLEMENTATION

DETECTOR CONCEPT

Low temperature detector technology for broad 
band high energy resolution spectroscopy

A new proposed project
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EPIC-MAPS
Project submitted for a H2020-FETOPEN-2014-2015-RIA grant

● Università di Milano-Bicocca

● Istituto Nazionale di Fisica Nucleare

● CNRS / Institut Néel and LPSC

● CEA/INAC/SBT

● Lund University

● Fondazione Bruno Kessler

● Consiglio Nazionale delle Ricerche

● Ruprecht-Karls-Universität Heidelberg

● Johann Wolfgang Goethe Universität

● MITO Technology

PI: A. Nucciotti (UniMiB) People: S. Di Domizio (GE, INFN PI), 

V. Bocci and M. Vignati (ROMA1)

Tasks: electronics, signal processing,  

detector design and commissioning

INFN

10 Institutions involved

Project duration: 4 years

A new proposed project


