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Present knowledge about neutrinos

Measurements of neutrino parameters from: 
• neutrino oscillations 
• single beta decay 
• neutrinoless double beta decay 
• cosmology

Neutrinos are massive fermions 

There are 3 active neutrino flavors (να) 

Neutrino flavor states are mixtures of mass states (νk)

|⌫↵i =
X

k

U↵k|⌫ki
<latexit sha1_base64="WWDqVEIpqFC8OtwmwypYaejD0xg=">AAACIXicdVDLSgMxFM3UV62vqks3wSK4KjOitC6EghuXFewDOmW4k6ZtmExmSDJCGedX3Pgrblwo0p34M6ZPVPRA4HDOudzc48ecKW3bH1ZuZXVtfSO/Wdja3tndK+4fNFWUSEIbJOKRbPugKGeCNjTTnLZjSSH0OW35wfXEb91TqVgk7vQopt0QBoL1GQFtJK9YfXBF4qUu8HgImStBDDi9clUSemmQNRYODrJZMFhkvGLJLl9WKxX7AjtlewpsFIOKvVRKaI66Vxy7vYgkIRWacFCq49ix7qYgNSOcZgU3UTQGEsCAdgwVEFLVTacXZvjEKD3cj6R5QuOp+n0ihVCpUeibZAh6qH57E/Evr5PofrWbMhEnmgoyW9RPONYRntSFe0xSovnIECCSmb9iMgQJRJtSC6aE5e3/k+ZZ2bHLzu15qXY+ryOPjtAxOkUOqqAaukF11EAEPaJn9IrerCfrxXq3xrNozprPHKIfsD6/AD9UpgE=</latexit><latexit sha1_base64="WWDqVEIpqFC8OtwmwypYaejD0xg=">AAACIXicdVDLSgMxFM3UV62vqks3wSK4KjOitC6EghuXFewDOmW4k6ZtmExmSDJCGedX3Pgrblwo0p34M6ZPVPRA4HDOudzc48ecKW3bH1ZuZXVtfSO/Wdja3tndK+4fNFWUSEIbJOKRbPugKGeCNjTTnLZjSSH0OW35wfXEb91TqVgk7vQopt0QBoL1GQFtJK9YfXBF4qUu8HgImStBDDi9clUSemmQNRYODrJZMFhkvGLJLl9WKxX7AjtlewpsFIOKvVRKaI66Vxy7vYgkIRWacFCq49ix7qYgNSOcZgU3UTQGEsCAdgwVEFLVTacXZvjEKD3cj6R5QuOp+n0ihVCpUeibZAh6qH57E/Evr5PofrWbMhEnmgoyW9RPONYRntSFe0xSovnIECCSmb9iMgQJRJtSC6aE5e3/k+ZZ2bHLzu15qXY+ryOPjtAxOkUOqqAaukF11EAEPaJn9IrerCfrxXq3xrNozprPHKIfsD6/AD9UpgE=</latexit><latexit sha1_base64="WWDqVEIpqFC8OtwmwypYaejD0xg=">AAACIXicdVDLSgMxFM3UV62vqks3wSK4KjOitC6EghuXFewDOmW4k6ZtmExmSDJCGedX3Pgrblwo0p34M6ZPVPRA4HDOudzc48ecKW3bH1ZuZXVtfSO/Wdja3tndK+4fNFWUSEIbJOKRbPugKGeCNjTTnLZjSSH0OW35wfXEb91TqVgk7vQopt0QBoL1GQFtJK9YfXBF4qUu8HgImStBDDi9clUSemmQNRYODrJZMFhkvGLJLl9WKxX7AjtlewpsFIOKvVRKaI66Vxy7vYgkIRWacFCq49ix7qYgNSOcZgU3UTQGEsCAdgwVEFLVTacXZvjEKD3cj6R5QuOp+n0ihVCpUeibZAh6qH57E/Evr5PofrWbMhEnmgoyW9RPONYRntSFe0xSovnIECCSmb9iMgQJRJtSC6aE5e3/k+ZZ2bHLzu15qXY+ryOPjtAxOkUOqqAaukF11EAEPaJn9IrerCfrxXq3xrNozprPHKIfsD6/AD9UpgE=</latexit><latexit sha1_base64="WWDqVEIpqFC8OtwmwypYaejD0xg=">AAACIXicdVDLSgMxFM3UV62vqks3wSK4KjOitC6EghuXFewDOmW4k6ZtmExmSDJCGedX3Pgrblwo0p34M6ZPVPRA4HDOudzc48ecKW3bH1ZuZXVtfSO/Wdja3tndK+4fNFWUSEIbJOKRbPugKGeCNjTTnLZjSSH0OW35wfXEb91TqVgk7vQopt0QBoL1GQFtJK9YfXBF4qUu8HgImStBDDi9clUSemmQNRYODrJZMFhkvGLJLl9WKxX7AjtlewpsFIOKvVRKaI66Vxy7vYgkIRWacFCq49ix7qYgNSOcZgU3UTQGEsCAdgwVEFLVTacXZvjEKD3cj6R5QuOp+n0ihVCpUeibZAh6qH57E/Evr5PofrWbMhEnmgoyW9RPONYRntSFe0xSovnIECCSmb9iMgQJRJtSC6aE5e3/k+ZZ2bHLzu15qXY+ryOPjtAxOkUOqqAaukF11EAEPaJn9IrerCfrxXq3xrNozprPHKIfsD6/AD9UpgE=</latexit>

Pontecorvo–Maki–Nakagawa–Sakata matrix
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To the absolute ν mass scale
Cosmology 
• neutrinos influence large scale structures. 
• very sensitive, but model dependent 
•

Direct neutrino mass measurement 
• β-decay: the end-point of the β-spectrum is affected by the ‘’effective electron neutrino mass’’ (no 

further assumptions needed) 
• β-decay searchs for m(νe) : Tritium β-, 187Re β-,163Ho EC 
• Time-of-flight measurements (ν from supernova): SN1987a -> m(νe) < 5.7 eV

Neutrinoless Double Beta Decay 
• 0νββ-decay: the decay rate depends on the 

‘’effective Majorana mass’’ 
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Limits from cosmology

Plank Collaboration: Astronomy and Astrophysics 594 (2016) A13
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All limits are ΛCDM based
N. Palanque-Delabrouille et al.: J. Cosm. Astropart. Phys. 1502, 045 (2015).  
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Single Beta Decay

A kinematic determination of the neutrino mass 

No model dependence on cosmology or nature 
of mass 

Present limits mν < 2 eV (Mainz, Troitsk)
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Single Beta Decay

mν > 2 eV (eV scale, current) 
Neutrinos ruled out as dark matter 

mν > 0.2 eV (degeneracy scale) 
Impact on cosmology and 0νββ reach

Current limits
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Single Beta Decay

mν > 2 eV (eV scale, current) 
Neutrinos ruled out as dark matter 

mν > 0.2 eV (degeneracy scale) 
Impact on cosmology and 0νββ reach

Current limits

KATRIN

Future
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KATRIN

KATRIN sensitivity: 
5 year measurement (60% duty cycle) 
systematic uncertainty σsys,tot ≈ 0.017 eV2 

statystical uncertainty σstat ≈ 0.018 eV2

sensitivity for upper limit: 200 meV/c2 (90% C.L.) 
m(νe) = 0.35 eV observable with 5σ
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KATRIN
Magnetic Adiabatic Collimation with Electrostatic Filter (MAC-E)

• Inhomogeneous magnetic guiding field. 
• Retarding potential acts as high-pass filter 
• High energy resolution (ΔE/E = Bmin/Bmax = 0.93 eV)
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KATRIN

- System is complete (except tritium loops and rear wall and calibration system): 
- 1st light in October 2016, 83mKr calibration measurements in July 2017 very 

successful 
- Tritium data taking: start in 2018 

- KATRIN inauguration ceremony: June 11, 2018 (after Neutrino 2018 at Heidelberg)
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Holmium experiments
163Ho+ e� ! 163Dy⇤ + ⌫e
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Proposed by A. De Rujula and M. Lusignoli, Phys. Lett. B 118 (1982) 429

• calorimetric measurement of the Dy atomic de-excitation (mostly non-radiative) 
• rate at the end point depends on (Q–EM1): the proximity to M1 resonance peak enhances 
the statistics at the end point (i.e. sensitivity on mν) 
• t1/2~4570 years: few nuclei are needed (2x1011 163Ho nuclei = 1 Bq)
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Pile-up
Pile-up is the major difficulty in calorimetric measurements 

AEC :activity/detector 
τR :time resolution (~rise time) 

- fast detectors 
- limited activity/detector 
- large number of detectors 

needed

Npp(E) = fpp ⇥NEC ⌦NEC , with fpp ⇡ AEC ⌧R
<latexit sha1_base64="ssEUoFBBl8MHQZNSz3dge/AckxQ="></latexit><latexit sha1_base64="ssEUoFBBl8MHQZNSz3dge/AckxQ="></latexit><latexit sha1_base64="ssEUoFBBl8MHQZNSz3dge/AckxQ="></latexit><latexit sha1_base64="ssEUoFBBl8MHQZNSz3dge/AckxQ="></latexit>
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Statistical sensitivity
In order to reach Σmν ≤ 0.1 eV 
• Two examples

fpp = 10 -3

fpp = 10 -6

/ 4
p

1/Nev
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M.	Galeazzi	et	al.,	arXiv:1202.4763v2	
A.	Nuccio<,	Eur.	Phys.	J.	C	(2014)	74:3161	

AEC=	1	Bq,	fpp=	10-6	
Ndet	tM≈	2x109	det·	y

AEC=	1000	Bq,	fpp=	10-3	
Ndet	tM≈	108	det·	y

MC	simulaRon	
Q=	2.8	keV	
ΔE	=	1	eV	
τR	≈	1	μs
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HOLMES

B. Alpert et al., Eur. Phys. J. C,  (2015) 75:112

AEC=10 c/s/det          30 c/s/det            100 /s/det          300 c/s/det

MonteCarlo with 1000 detectors x 3 years

GOAL 
Neutrino mass determination with a sensitivity 
as low as ~1 eV 

- proof potential and scalability of the 
approach 

- precise calorimetric determination of Q 
- systematic errors assessment 

Two steps approach: 
• 64 channels mid-term prototype, (tM= 1 
month, mν< 10 eV) 
• full scale: 1000 channels, 3x1013 events 
collected in 3 years 
• 6.5x1016 163Ho nuclei (≈18 mg) 

HOLMES (ERC-Adv. Grant 340321) 
5 years project started on Feb. 1st 2014 

HOLMES	
tR≈10	μs	
tR≈5	μs	
tR≈3	μs	
tR≈1	μs

Detectors: Transition Edge Sensor with 163Ho implanted in Au absorbers 

Activity: 6.5x1013 nuclei per detector → 300 dec/s 
Performances: ΔEFWHM ≈ 1 eV, τR ≈ 1 μs
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ECHo

Prove scalability with medium large experiment ECHo-1k (2015-2018) 
- total activity 1 kBq, high purity 163Ho source (produced at reactor) 
- ΔEFWHM < 5 eV,  τR < 1 μs 
- multiplexed arrays → microwave SQUID multiplexing 
- 1 year measuring time 1010 counts → neutrino mass sensitivity m < 10 eV 
- Data taking will starting early 2018 

Future: ECHo-10M sub-eV sensitivity

Detectors: Au:Er Metallic Magnetic Calorimeter (MMC) with implanted 163Ho 

Activity: 6.5x1013 nuclei per detector → 300 dec/s 

Performances: ΔE ≈ 1 eV, τR≈ 1 μs



 !16

Project-8

!(�) =
!0

�
=

eB

K +me
<latexit sha1_base64="08l41n/tj9hTYP/32HpBuwdWOFs=">AAACJXicbVBNS8NAEN34bf2qevSyWISKUBIp6EFB9CJ4UbAqNCVMtpN26W4SdjdCCfkzXvwrXjwoInjyr7j9QNT6YODx3gwz88JUcG1c98OZmp6ZnZtfWCwtLa+srpXXN250kimGDZaIRN2FoFHwGBuGG4F3qUKQocDbsHc28G/vUWmexNemn2JLQifmEWdgrBSUj/xEYgdo1e+AlLBLj6kfKWD5SA/cIh85xbeDp0V+sScDLIJyxa25Q9BJ4o1JhYxxGZRf/XbCMomxYQK0bnpualo5KMOZwKLkZxpTYD3oYNPSGCTqVj78sqA7VmnTKFG2YkOH6s+JHKTWfRnaTgmmq/96A/E/r5mZ6LCV8zjNDMZstCjKBDUJHURG21whM6JvCTDF7a2UdcFGYWywJRuC9/flSXKzX/PcmndVr5zUx3EskC2yTarEIwfkhJyTS9IgjDyQJ/JCXp1H59l5c95HrVPOeGaT/ILz+QVwpqSV</latexit><latexit sha1_base64="08l41n/tj9hTYP/32HpBuwdWOFs=">AAACJXicbVBNS8NAEN34bf2qevSyWISKUBIp6EFB9CJ4UbAqNCVMtpN26W4SdjdCCfkzXvwrXjwoInjyr7j9QNT6YODx3gwz88JUcG1c98OZmp6ZnZtfWCwtLa+srpXXN250kimGDZaIRN2FoFHwGBuGG4F3qUKQocDbsHc28G/vUWmexNemn2JLQifmEWdgrBSUj/xEYgdo1e+AlLBLj6kfKWD5SA/cIh85xbeDp0V+sScDLIJyxa25Q9BJ4o1JhYxxGZRf/XbCMomxYQK0bnpualo5KMOZwKLkZxpTYD3oYNPSGCTqVj78sqA7VmnTKFG2YkOH6s+JHKTWfRnaTgmmq/96A/E/r5mZ6LCV8zjNDMZstCjKBDUJHURG21whM6JvCTDF7a2UdcFGYWywJRuC9/flSXKzX/PcmndVr5zUx3EskC2yTarEIwfkhJyTS9IgjDyQJ/JCXp1H59l5c95HrVPOeGaT/ILz+QVwpqSV</latexit><latexit sha1_base64="08l41n/tj9hTYP/32HpBuwdWOFs=">AAACJXicbVBNS8NAEN34bf2qevSyWISKUBIp6EFB9CJ4UbAqNCVMtpN26W4SdjdCCfkzXvwrXjwoInjyr7j9QNT6YODx3gwz88JUcG1c98OZmp6ZnZtfWCwtLa+srpXXN250kimGDZaIRN2FoFHwGBuGG4F3qUKQocDbsHc28G/vUWmexNemn2JLQifmEWdgrBSUj/xEYgdo1e+AlLBLj6kfKWD5SA/cIh85xbeDp0V+sScDLIJyxa25Q9BJ4o1JhYxxGZRf/XbCMomxYQK0bnpualo5KMOZwKLkZxpTYD3oYNPSGCTqVj78sqA7VmnTKFG2YkOH6s+JHKTWfRnaTgmmq/96A/E/r5mZ6LCV8zjNDMZstCjKBDUJHURG21whM6JvCTDF7a2UdcFGYWywJRuC9/flSXKzX/PcmndVr5zUx3EskC2yTarEIwfkhJyTS9IgjDyQJ/JCXp1H59l5c95HrVPOeGaT/ILz+QVwpqSV</latexit><latexit sha1_base64="08l41n/tj9hTYP/32HpBuwdWOFs=">AAACJXicbVBNS8NAEN34bf2qevSyWISKUBIp6EFB9CJ4UbAqNCVMtpN26W4SdjdCCfkzXvwrXjwoInjyr7j9QNT6YODx3gwz88JUcG1c98OZmp6ZnZtfWCwtLa+srpXXN250kimGDZaIRN2FoFHwGBuGG4F3qUKQocDbsHc28G/vUWmexNemn2JLQifmEWdgrBSUj/xEYgdo1e+AlLBLj6kfKWD5SA/cIh85xbeDp0V+sScDLIJyxa25Q9BJ4o1JhYxxGZRf/XbCMomxYQK0bnpualo5KMOZwKLkZxpTYD3oYNPSGCTqVj78sqA7VmnTKFG2YkOH6s+JHKTWfRnaTgmmq/96A/E/r5mZ6LCV8zjNDMZstCjKBDUJHURG21whM6JvCTDF7a2UdcFGYWywJRuC9/flSXKzX/PcmndVr5zUx3EskC2yTarEIwfkhJyTS9IgjDyQJ/JCXp1H59l5c95HrVPOeGaT/ILz+QVwpqSV</latexit>

- Use cyclotron frequency to extract 
electron energy 

- Non destructive measurement of electron 
energy 

- Source=Detector (no need extract the 
electrons from the Tritium)

First detection of single-electron cyclotron radiation



 !17

Double Beta Decay
(A,Z) ! (A,Z + 2) + 2e� + 2�

(A,Z) ! (A,Z + 2) + 2e�

- 2nd order process allowed in the SM 
- observed in several nuclei with  τ2ν ~ 1019 - 1021 y

- lepton number violating process 
- τ0ν > 1025 - 1026 y 
- exists if neutrino is a Majorana particle and mν≠0

2νββ 

0νββ 

ββ summed e� energy spectrum 
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 0ν-ββ and Majorana mass

0νββ decay rate
Phase space 
factor

Axial vector 
coupling

Nuclear matrix 
element

Effective 
Majorana mass

IH (Δm2<0)

NH (Δm2>0)
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Sensitivity

finite background: M⋅T⋅B⋅ΔE >1 zero background: M⋅T⋅B⋅ΔE ≲1 

M: active detector mass [kg] 
T: measurement life time [anni] 
B: background in the ROI [counts keV-1 kg-1 y-1] 
W: molecular weight

 NA: Avogadro number 
 η: isotopic abundance 
 ε: detector efficiency 
 ΔE: FWHM energy resolution @ Q-value

S0⌫ = ln(2)NA
⌘ · ✏
W

r
M · T
�E ·B

S0⌫ = ln(2)NA
⌘ · ✏
W

M · T

Half-life corresponding to the minimum detectable number of events over background 
at a given confidence level
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Is there a preferred isotope?

geometric mean of the squared 
matrix element range limits & the 
phase-space factor evaluated at gA=1

• Nuclear matrix elements calculations are rapidly improving and today the differences 
between different methods (IBM, QRPA, ISM) are much smaller than in the past (30% btw 
QRPA and IBM-2) 

• Uncertainty on gA could play a relevant role: factor 2 in gA is a factor 16 in decay rate 
• inverse correlation observed between phase space and square of the nuclear matrix 

element (but still large deviations)
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Axial vector coupling
Even if QRPA/IBM-2 agree within 30%, other methods of calculation (as ISM) suggest caution 

For 2ν2β, IBM-2 (and QRPA) overestimate matrix elements much more than 30% 
• matrix elements are overestimated because gA is quenched? 
• approximate scaling in IBM-2, gA = 1.269 x A-0.18

g
nucleon

g
quark

g
phen.

IH (Δm2<0)

NH (Δm2>0)

10
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10
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m
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[eV]

m
ββ

[e
V
]

- Possible dramatic impact of gA 
quenching on the experiments results 

- The “quenching” of gA is a 
phenomenological observation; however 
it is likely to depend upon the 
momentum of the virtual states 

- In 0ν2β, q2 is much larger than in 2ν2β 
and gA could also be larger
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Isotope choice
In many cases driven by the detector characteristics. 
- 76Ge with Germanium diodes 
- 136Xe with Xenon TPCs 
- bolometers and scintillators have multiple choices

Isotopic abundance as high as possible 
- money issue

Q-value as high as possible 
- phase space 
- background

2ν-DBD half-life as high as possible 
 - energy resolution
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Limits vs Discovery

Zdesenko, Danevich, Tretyak, J. Phys. G 30 (2004) 971

• The irreducible background induced by the 2νββ  could 
be mitigated by the energy resolution 

• The effect can be partially attenuated with an asymmetric 
ROI (but losing efficiency) 

Energy resolution is a key issue: a positive result from 
experiments with a poor energy resolution is anyway weak 
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Discovery probability
Global Bayesian analysis including ν-oscillation, mβ mββ, Σmν 

Priors: 
• flat Majorana phases 
• m1 (scale invariant) 
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Discovery probability



0νββ decay sensitivity
F0ν figure of merit = total decay half life corresponding to the minimum detectable 
signal at a given confidence level.  
Two scenarios: 

• “finite background” FB: the average number of background events in the ROI 
collected during the experiment live time is larger than one; the minimum detectable 
signal at a given C.L. depends on the fluctuation of the number of background 
events 

• “zero background” ZB: the probability of collecting more than one event event in the 
ROI during the live time is negligible; the minimum detectable signal only depends 
on signal fluctuations and is fixed for a given C.L. (nCL = 1.14 for 68% C.L.) 

The sensitivity formula for the two cases becomes:

M·T·B·Δ

ZB

 1

FB

> 1

Golden 
Region

N
bk

g =
 M

T 
BΔ

≤1

>1



Parameters redefinition

ZB

FB

By redefining the experimental parameters the sensitivity formula can be greatly simplified into

P =
B

⇣
�

S = ⇣M T

⇣ =
x⌘✏

A

SCALE: represents the “dimension” of the experiment, both in terms of size 
and live time. It has the same dimensions of an exposure, expressed as 
number of moles of detectable emitting isotope times years of live time. It’s a 
measure of how much signal can be expected in the experiment

DIMENSIONAL FACTOR: moles of “efficient” (=detectable) isotope per unit 
mass. Gathers properties of the experimental technique (stoichiometric factor 
x, isotopic abundance η, signal efficiency ε), usually unchanged from one 
generation to next. Linear effect on sensitivity.

PERFORMANCE: measures how good is the experiment in measuring the 
signal compared to the background level. It’s expressed in background 
counts per mole of detectable emitting isotope per year

M. Biassoni, O. Cremonesi, P. Gorla,  
http://arxiv.org/abs/1310.3870

http://arxiv.org/abs/1310.3870


The (P,S,F0ν) space
Each experiment can be represented in the same (P,S,F0ν) space as a point on the F0ν(P,S) 
surface representing the sensitivity
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The (P,S,F0ν) space
Each experiment can be represented in the same (P,S,F0ν) space as a point on the F0ν(P,S) 
surface representing the sensitivity
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Iso-sensitivity 
curves

Golden region: condition where the 
maximal improvement of sensitivity per unit 
improvement in performance and scale can 

be achieved (more on this later…)

Iso-bkg-counts 
curve



The (P,S,F0ν) space
Each experiment can be represented in the same (P,S,F0ν) space as a point on the F0ν(P,S) 
surface representing the sensitivity
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From few tens to 0 background 
counts (including 2νββ) in the 

ROI per year

10-1000kg of isotope 
(100kg-10ton of active material 
depending on i.a. and fiducial 

volume)



Present experiments (F0ν)
Each experiment can be represented in the (P,S,F0ν) space as a point on the F0ν(P,S) surface 
representing the sensitivity
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Towards next generation
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gA problem
NME (including Fermi, Gamow-Teller and tensor 
terms) can be written as: 

thus factorising out most of the dependence from gA, 
which is known to depend on the reaction 
“environment”:

M0⌫ = g2A

 
M0⌫

GT �
✓
gV
gA

◆2

M0⌫
F +M0⌫

T

!

F 0⌫ / 1

|M0⌫ |2 / 1

g4A
Sensibility strongly depends on 

gA: a factor 2 quenching 
translates into (catastrophic?) 

factor 16 in T1/2 sensitivity

Measuring and understanding gA dependence on 
nuclear effects is mandatory for long term planning of 

neutrino-less double beta decay searches

gquarkA = 1

gnucleonA = 1.27

g2⌫��A = 1.27 ·A�0.18

g0⌫��A = ??

Example: Xe



What can we learn from cosmology
Cosmology is providing more and more stringent limits on 
the sum of neutrino masses, approaching oscillation limit. 
Data probing different scales (CMB, BAOs, Lyman-α, 
lensing…) agree (but all results are model dependent).

Σ<140 meV  
(N. Palanque-Delabrouille et al. J. Cosm. Astropart. Phys. 1502, 45 (2015))

IH slightly 
disfavoured 
(excluded 

@1σ)

S. Dell’Oro., S.Marcocci, M. 
Viel, F. Vissani, J. Cosm. 
Astropart. Phys. 1512, 023 
(2015)



What can we learn from global fits

"In the global analysis, NO appears to be somewhat favored with respect to IO at the level of 1.9–2.1σ, mainly by neutrino 
oscillation data (especially atmospheric), corroborated by cosmological data in some cases. This intriguing indication, although 
not statistically mature yet, deserves to be monitored with future data. "

F. Capozzi et al.,  
arXiv:1703.04471



Towards next generation
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Comparing present and future experiments

from GERDA presentation at LNGS-SC, April '17
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GERDA

HPGe detector array

LAr

Water tank

Cryostat
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GERDA
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Results
Frequentist limit 

• T0ν 1/2 > 8.0×1025 yr @ 90% C.L. 
• mββ< 0.12 – 0.27 eV

Background Index 

• Coax: 2.7+1.0-0.8 ∙10-3 cts/(keV∙ kg ∙ yr) 
• BeGe: 1.0+0.6-0.4 ∙10-3 cts/(keV∙ kg ∙ yr)
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Upgrade of GERDA Phase II
Upgrade of GERDA  Phase II in April 2018 

- cables substitution (radiopurity) 
- FE modification: protection diodes & substitution of 3 JFET 
- new scintillating fibres: larger light yield 
- natGe string substituted with new enriched diodes (inverted-coaxial PPC detectors) 

upgrade duration ~ 3 months 

Main motivation is LEGEND 
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LEGEND-200
Large Enriched Germanium Experiment for Neutrinoless ββ Decay

- Bigger diodes, but same performances of BEGe 
- Internal diameter of the cryostat neck will be enlarged to 

610 mm 
- Better optical purity of LAr (light yield, attenuation lenght) 
- Improved scintillation light readout 
- Better material selection to limit U/Th contaminations next 

to detectors 

- Background reduction goal: 3-5 times better respect to 
GERDA Phase II 

October 2017 LoI, March 2018 Proposal to the LNGS SC 
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LEGEND- 1k
- up to 1000 kg (in steps) 
- timeline connected to DOE  DBD program  
- background reduction: 30 respect to GERDA Phase II 
- Underground lab to be defined (depth influence 77mGe background) 
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CUORE
Cryogenic Underground Observatory for Rare Events

• Closely packed array of 988 TeO2 crystals ( 19 towers of 52 
crystals 5×5×5 cm3, 0.75 kg each ) 

• Mass of TeO2: 742 kg ( ~206 kg of 130Te ) 

• Operating temperature: ~ 10 mK 

• Mass to be cooled down: ~ 15 tonnes ( Pb, Cu and TeO2 ) 

• Background aim: 10-2 c/keV/kg/year 

• Target energy resolution: 5 keV FWHM @ 2615 keV 

• Projected sensitivity in 5 years ( 90% C.L. ): T1/2 > 9 x 1025 yr





TeO2 bolometers
Thermal detectors 
• low heat capacity @ Twork (C~T3) 
• excellent energy resolution (~0.2% FWHM) 
• slowness (suitable for rare event searches)

The absorbed energy is converted 
into a variation of the crystal 
temperature, measured by the 
thermistor

!33
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Results
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CUORE Preliminary
yr⋅Exposure: 86.3 kg

ROI background index:    (1.49–0.17+0.18) × 10-2 c/(keV⋅kg⋅yr)

    (1.35–0.18+0.20) × 10-2 c/(keV⋅kg⋅yr)

Best fit for 60Co mean: (2506.4 ± 1.2) keV
Best fit decay rate: (-1.0 –0.3+0.4 (stat.) ± 0.1 (syst.))×10-25 / yr

• Combining the CUORE result with the 
existing 130Te 

• 19.75 kg·yr of Cuoricino  
• 9.8 kg·yr of CUORE-0 

• The combined 90% C.L. limit is  
T0ν > 1.5 × 1025 yr

mββ <  140–400 meV 
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Resolution improvements
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CUPID

Main motivation is the discrimination of the degraded alpha background that limits CUORE

Cuore Upgrade with Particle Identification

Is necessary to adopt a discrimination  
- alpha/beta or bulk/surface
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CUPID

Scintillating bolometers 
- Scintillating crystals @ low T 
- High light yield 
- Possible PSD 
- Simple requirements for the bolometric 

light detectors

Two main approches for the background discrimination:

Cherenkov bolometers (TeO2) 
- Non scintillating crystals 
- few Cherenkov photons 
- Challenging requirements for the 

bolometric light detectors 
- enrichment not strictly needed 
 
-



Zn82Se : Lucifer (first CUPID demonstrator) 
Low-‐‑background Underground Cryogenics Installation For Elusive Rates 

Goal: to reach a decay of few 1025 y and demonstrator for a background free experiment 

Lucifer will be composed by an array of  32 enriched (95%)  Zn82Se crystals. Total 82Se nuclei will be   |4.3)1025 

The expected background in the ROI (2995 keV) is of the order of 1y2 10-3 c/keV/kg/y  

The energy resolution of the single detector is expected to be  a10÷20  keV FWHM 

JW Beeman et al.,  Advan. in High Energy Phys 2013,  237973 
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ZnSe (Lucifer/CUPID-0)
- 24 Zn82Se bolometers, for a total mass ~ 5.1 kg of 82Se 
- 2 ZnSe bolometers ~400 g each, not enriched in 82Se 
- Qββ(82Se) = 2996 keV 
- Light detectors high purity Ge wafers with antireflecting coating 
- Thermal sensors: Ge-NTD thermistors 
- Detector assembled in 5 towers cooled down in Cuoricino/CUORE-0 cryostat 
- Total active mass of the detector  1̴0.5 kg
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ZnSe (Lucifer/CUPID-0)
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ZnSe (Lucifer/CUPID-0)



Discrimination of alpha particles in TeO2

Cerenkov light measured 
with Si-Luke light detector 
on small (1x1x1 cm3) TeO2
crystal

Cerenkov light measured 
with Ge-Luke light 
detector on CUORE like 
(5x5x5 cm3) TeO2 crystal

Ezio Previtali – 103° Congresso Nazionale SIF – Trento 15-9-17

L. Gironi et al, Phys. Rev. C 94, 
054608 (2016)

D.Artusa et al, Physics
Letters B 767 (2017) 321
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TeO2

Cerenkov light measured 
with Si-Luke light detector 
on small (1x1x1 cm3) TeO2 

crystal

Cerenkov light measured 
with Ge-Luke light 
detector on CUORE size 
(5x5x5 cm3) TeO2 crystal
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Kamland-Zen

20 m

20
 m

2700 mwe 
∅ 40 cm KamLAND-Zen400 

• 136Xe loaded LS in mini-balloon 
• ~3 % of 136Xe in LS by weight 
• 90% enrichment 
• 360 kg of Xe dissolved in ~17 m3 LS 
• σE/E: ~11% @ Q value 
• Position reconstruction for bkg rejection and 

sources identification

Phase I Phase II



!43

Kamland-Zen

KamLAND-Zen400 (completed) 
Phase-2: 2013/12/11 - 2015/10/27: 534.5 days (504 kg-yr) 
Sensitivity: > 5.6 1025 yr (90% C.L.) 
- Unconstraint fit: > 9.2 1025 yr (90% C.L.) 
- Phase I + II: > 1.07 1026 yr (90% C.L.) 
- mββ < (61-165) meV @90 % C.L

• KamLAND-Zen800 (coming soon)  
• The first 800 balloon failed but the 
second one has been constructed with 
a lot of improvements.
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Kamland-Zen

25 μm Nylon6 
transparency 99.4% @400nm 
Xe barrier < 220 g/year

CURRENT STATUS: 
✓ Improved welding technique 
✓ Improved cutting technique to avoid shape distortion 
✓Finish manufacturing and cleaning sub-components 
✓Leak check & repair 
- Folding and packing 
- Delivery to KamLAND site 
- New LS purification (half done) 
- Installing the miniBalloon filled with Xe-less LS 
- Replacing the Xe-less LS with Xe-loaded LS
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Borexino - Xe
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SNO+
25 μm Nylon6 
transparency 99.4% @400nm 
Xe barrier < 220 g/year

780 t Liquid scintillator + 3.9 t Tellurium 
0.5% Te (~1300 kg 130Te)
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nEXO
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NEXT
136Xe high-pressure (10-15 bar) TPC

NEXT-NEW (5 kg) 2015-2018 

NEXT-100 (100 kg) 2018-2020’s

Underground & radio-pure operations, 
background, 2νββ  0νββ search
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PTOLEMY
Project aiming at demonstrating the capability to detect Cosmological Relic Neutrinos

asimmetrie    21  / 11.16  /  next

In tempi anteriori, la materia era in uno 
stato noto come “plasma”, elettroni 
e protoni non erano legati a formare 
atomi neutri e interagivano mutuamente 
emettendo e riassorbendo fotoni. 
In queste condizioni la radiazione 
elettromagnetica, una volta prodotta, 
non era libera di viaggiare indisturbata 
per raggiungere oggi i nostri rivelatori, 
perché era assorbita e riemessa 
incessantemente. 
Vi sono due possibilità per studiare 
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indipendentemente cioè dalla sua 
particolare natura. L’esempio principe 
della seconda possibilità è la materia 
oscura (vd. p. 31, ndr), della cui 
esistenza abbiamo numerose indicazioni 
indirette legate al campo gravitazionale 
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da quello che osserviamo. 
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visionaria di Wolfgang Pauli nel 1930 per 
“salvare” il principio di conservazione 
dell’energia nel decadimento beta dei 
nuclei, non fi niscono mai di sorprendere 
i fi sici per le loro straordinarie proprietà. 
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popolano l’universo sin dalle origini. A 
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questi elementi, tenendo anche conto 

di quanto è stato prodotto in tempi più 
recenti dalle stelle, abbiamo un modo 
per studiare com’era fatto l’universo 
nei primi secondi della sua vita e per 
capire meglio le proprietà dei neutrini, in 
modo complementare agli esperimenti di 
laboratorio: ad esempio, se il numero di 
specie di neutrini corrisponde a quanto 
misurato negli acceleratori (cioè tre) 
o se ve ne siano più di tre. I neutrini, 
inoltre, sono dotati di energia e come tali 
producono un loro campo gravitazionale. 
Questo infl uenza, secondo la teoria 
della relatività generale, la velocità di 
espansione dell’universo, che pertanto 
possiamo verifi care in tempi così remoti!

b.
Tempi di ultimo scattering per le 
onde gravitazionali primordiali (10-36 

secondi), i neutrini cosmologici (1 
secondo) e i fotoni della radiazione 
di fondo (380.000 anni). Come 
si vede, i neutrini del Cosmic 
Neutrino Background (Cnb, vd. p. 
26, ndr) forniscono informazioni 
sullo stato dell’universo nei suoi 
primi secondi di vita.

Looking Back in Time 
A snapshot on early Universe by detec:ng relic neutrinos
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d.
L’idea di base dei “telescopi” a 
trizio è di rivelare indirettamente 
i neutrini del fondo cosmico 
facendoli interagire con nuclei di 
trizio (un isotopo dell’idrogeno). 
Nel processo di cattura di questi 
neutrini (a destra) i nuclei di trizio 
emettono elettroni che hanno 
un picco di energia (in viola nel 
grafico) spostato di 2mˬc2, cioè 
di due volte l’energia di riposo 
dei neutrini, rispetto al valore 
massimo della distribuzione di 
energia (curva blu nel grafico) degli 
elettroni emessi nel decadimento 
beta del trizio (a sinistra). 

Se ciò fosse possibile anche per il caso del Cnb, potremmo 
verificare alcune delle proprietà che, predette teoricamente o 
misurate indirettamente, riteniamo di conoscere: dovremmo, 
per esempio, contare all’incirca 340 neutrini e antineutrini 
del fondo per centimetro cubo (un numero enorme rispetto, 
ad esempio, ai neutrini che provengono dal Sole!), distribuiti 
in maniera “democratica” nelle tre specie note, e di velocità 
molto minore della velocità della luce, per almeno due delle 
tre specie. Il problema di una misura diretta del Cnb sta nel 
fatto che a differenza dei fotoni, che interagiscono con la 
materia (di cui sono fatti gli strumenti di misura) attraverso 
le interazioni elettromagnetiche, i neutrini interagiscono 
esclusivamente attraverso le ben più flebili interazioni deboli, 
il che rende la loro rivelazione estremamente difficile. Da 
decenni, si propongono metodi e si avanzano idee su come 
costruire un telescopio per il Cnb. Quasi tutte, purtroppo, 
sembrano di difficile, se non impossibile, realizzazione 
in un futuro prossimo, con forse un’unica eccezione: un 
telescopio a trizio. Sulla base di una vecchia idea di Steven 
Weinberg, che scrivendo nei primi anni ’60 pensava però 
che l’effetto fosse misurabile per una proprietà dei neutrini 
legata al celeberrimo “principio di esclusione di Pauli” (vd. 
in Asimmetrie n. 14 p. 33, ndr) e non alla loro massa, 
l’esperimento Ptolemy al Plasma Physics Laboratory di 
Princeton si propone di rivelare i neutrini (e gli antineutrini) 
primordiali osservando la traccia che lasciano quando 

interagiscono con nuclei di trizio: catturando un neutrino, 
un nucleo di trizio emette un elettrone di energia cinetica 
superiore a quella massima degli elettroni prodotti nel 
normale decadimento beta del trizio (vd. fig. d). Si stima 
che un bersaglio di 100 grammi di trizio possa produrre 
circa 10 eventi all’anno di cattura di neutrini primordiali. La 
sfida sperimentale è notevole, perché si tratta di costruire 
un rivelatore con una risoluzione in energia inferiore all’eV, 
ma un prototipo in scala è già in funzione e capiremo presto 
se siamo sulla buona strada per osservare i più antichi 
messaggeri dell’universo.

Biografia
Gianpiero Mangano è un ricercatore dell’Infn della sezione di Napoli. 
Si occupa di cosmologia, fisica del neutrino e gravità quantistica. 
È autore di oltre 120 articoli scientifici e di una monografia, “Neutrino 
Cosmology” pubblicata dalla Cambridge University Press.
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Experimental Perspective 
Project aiming at demonstrating the capability to detect Cosmological Relic Neutrinos

Small fraction 
(dynamical selection)

Need very high energy 
resolution (σ ∼ mν)

Too much rate 
(need to filter)

Electron Energy
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PTOLEMY Experimental Concept
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PTOLEMY proof-of-principle at LNGS
The proposed work plan for the activities to be carried out in three to five years in order to 
complete the PTOLEMY phase-I can be summarized as follows 

• Validate graphene as target substrate, measure hydrogen/tritium bond characteristics 
(width of the bound state), measure electron-graphene interaction properties. 

• Achieve an electron energy measurement resolution of 0.05 eV to separate the CNB 
signal from the β-decay spectrum, couple detector with spectrometer magnetic field, 

• Commission the prototype with high stability HV and (single) electron gun 

• Operate the prototype and measure the background rate in the CNB signal region (using 
a pure graphene tritium-free target) 

• further reduce background by implementing high radio-pure graphene -- eventually 
exploiting a concurrent program in MeV dark matter searches 

• Implement RF antenna for triggering on single electrons in coincidence with an energy 
measurement, and 

• Design and simulate a scalable target mass setup with high acceptance kinematic 
filtering.




