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Present knowledge in Present knowledge in νν Physics Physics 
• From Oscillation experiments:

– Neutrinos are massive fermions (massless in SM!)
• There are 3 active neutrino flavors νThere are 3 active neutrino flavors να
• Neutrino Flavor states 

– Are *not* mass eigenstates
f– Are mixture of mass eigenstates νk
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Open question in Open question in νν PhysicsPhysics

1. Mass of the lightest νi Absolute mass scale: i.e. 
2. Hierarchy (m1 « m2 < m3 or m3« m1 < m2) or degeneracy (m1 ≈m2 ≈m3)

F h i N i O ill i E i (D B II JUNO R II T2K N LBNO

26/11/2013 3 C.Cattadori - CPAN 2013

Forthcoming Neutrino Oscillation Experiment (Daya Bay II, JUNO,  Reno II, T2K, Nova, LBNO, 
LBNE, Pingu,ORCA), cannot address point 1, but can solve point 2.



DECAY Modes of DECAY Modes of ββββ decaydecay

1. 2νββ; Allowed in SM; Observed 
in 12 Nuclei ;  T1/2 1019 – 1021 y

2. 0νββ;  NOT Allowed in SM; Not observed 
apart 1 discussed claim ; T1/2 >1025 y

3.

apart  1 discussed claim  ;  T1/2 >10 y

ββ w. Majoron Emission;  NOT 
foreseen in SM; NOT 
observed;T1/2>1022 y

 Process 2. and 3. would imply new physics 
beyond SMbeyond  SM
 Very sensitive to new physics as Phase 
Space factor very favorable especially for 2.Space factor very favorable  especially for 2.
 2νββ proposed by Goeppert-Meyer in 
1935
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 0νββ proposed by  Racah in 1937



0νββ : 0νββ : the mass mechanismthe mass mechanism

Proposed by Majorana (and Racah) in 1937:

• A RH anti−ν (L=1) is emitted at one vertex (1st n)

• A LH   ν (L= -1) is absorbed at second vertex (2nd n)( ) ( )

It is a forbidden process in SM and requires

• Lepton number violation by two units 2=ΔLLepton number violation by two units 

• Majorana ν of finite mass

2ΔL

ee νν = 0≠>< νm

IF neutrinos are massive DIRAC particles:
Helicity flip can be accommodated by the finite mass, 
BUT Lepton number is rigorously conserved 

0ν DBD is 
forbidden

 IF neutrinos are massive MAJORANA particles:
Helicity flip can be accommodated by the finite mass, 
AND L t b i t l t

forbidden

0ν DBD is 
allowed
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AND Lepton number is not relevant



22νββνββ

Isotope T2ν
1/2

Experimental Survey of 2νββ half-lives

1/2
(1019 y)

48Ca 4.4 ± 0.5(stat) ± 0.4(syst)
76Ge 178 +7 

-9

76Ge 184 ±9 (stat) ±11(syst)

No Direct Implications for

82Se 9.6±0.1(stat) ±1.0(syst)
96Zr 2.35 ± 0.14 (stat) ± 0.16 (syst)

No Direct Implications for 
neutrino physics, but useful 
for checking the Nuclear 
Matrix Element Calculations

100Mo 0.716 ± 0.001 (stat) ± 0.054 (syst)
116Cd 2.88 ± 0.04  (stat) ± 0.16 (syst)

Matrix Element Calculations 130Te 76 ± 15 ±(stat) 8 (syst)
136Xe 217.2 ± 1.7 (stat) ± 6 (syst)
150 d ( ) ( )
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150Nd 0.92 ± 0.025 (stat) ± 0.063 (syst)



0νββ rate and the effective neutrino mass

DBD can address, although in a Nuclear  Model  Dependent way
1. Absolute mass scale: i.e. mass of the lightest ν
2 Hierarchy (m « m < m or m « m < m ) or degeneracy (m ≈m ≈m

0νββ rate ~ (effective Majorana neutrino mass )2

(T 0ν)−1 F (Q Z) |M |2 < m >2/ m 20νββ

2. Hierarchy (m1 « m2 < m3 or m3« m1 < m2) or degeneracy (m1 ≈m2 ≈m3)

(T1/2
0ν) 1 ~ F0ν (Q,Z) |M0ν|2 < mee>2/ me

2 0νββ 
half-life

Phase space… Nuclear Matrix Elements
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• Plotting mee vs. the lightest neutrino 
eigenstates & constraining by oscillation 
experiments data, one gets 3 allowed bands

normal

26/11/2013
C.M. Cattadori - CPAN 2013

404.2616v1

experiments data, one gets  3 allowed bands



The Nuclear Matrix ElementThe Nuclear Matrix Elementss

IBM: Interacting Boson Model, 
Phys.Rev. Lett. 1055(2010) 252503
QRPA-Tu: Quasiparticle RandomQRPA-Tu: Quasiparticle Random 
Phase Approach
ISM: Shell Model

(T1/2
0ν)−1 ~ F0 (Q,Z) |M0 |2 < m >2/ m 2 

Conclusions:
 NME vary by factor 2 3 for a given nucleus depending on the model

(T1/2 )  F0ν (Q,Z) |M0ν| < mee> / me

 NME vary by factor 2-3 for a given nucleus depending on the model
NME depends on gA quenching value (1.269, 1.0, ….)
 Calculation discrepancies are one of the largest source of

26/11/2013 8 C.Cattadori - CPAN 2013

 Calculation discrepancies are one of the largest source of 
uncertainties in the 0νββ half-life computation
 No super element from NME  



Does it exist a Does it exist a 0νββ 0νββ SuperSuper--Element to investigate?Element to investigate?

• Anticorrelation between Phase Space Factors and NME2 pointed out by 
Robertson Mod.Phys.Lett. A28 (2013) 1350021

• No DBD Super-Element

48Ca 150Nd
130Te100Mo

Phase-space factor evaluated at gA=1
136Xe

76Ge

Phase space factor evaluated at gA 1 
vs Geometric mean of the squared
matrix element range and the. The 
points in order of increasing abscissa

l 48C 150Nd 136X 96Zvalue are: 48Ca, 150Nd, 136Xe, 96Zr, 
116Cd, 124Sn, 130Te, 82Se, 76Ge, 100Mo, 
and 110Pd. 
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ββ: ββ: Experimental SignaturesExperimental Signatures

Electron spectrum• Minimal signature:

2ν 00νν

Minimal signature:
Sum energy spectrum of the 
two e-

– 0νββ exhibits a peak at Qββ
– 2νββ exhibit a continuum ββ

spectrum
• Additional signatures:

NEMO-3– Single electron spectrum
– Angular correlation between the 

t

NEMO-3

two e-

– Identification of Daughter 
nuclear species

Paris 14-18/07/2014 C.M.Cattadori – DBD-Invisible 14 10

nuclear species



Backgrounds to Backgrounds to 0νββ0νββ

 2νββ depending on 2ν decay rate 
and on setup Energy Resolution, 
and event topology discrimination

100M 7 2 E+18100Mo: 7.2 E+18 y
136Xe: 2.2 E+21 y

 Natural radioactivity of source 
itself and construction materials γ, 
β, α, n emitters
 Fallout Radioisotopes 
(137Cs 110Ag)

Rn related  activity lim
(137Cs, 110Ag)
 Long living Cosmogenic isotopes 
(68Ge,60Co)

γ activity limit

( , )
 Spallation n

Paris 14-18/07/2014 C.M.Cattadori – DBD-Invisible 14 11



Experimental sensitivityExperimental sensitivity

ν ε
N

TNT measnuclei2ln0
2/1 =Lifetime corresponding to 

the minimum detectable n ββN

measTMEBIN ⋅⋅Δ⋅≥ββ

the minimum detectable n. 
of events (Nββ) over bkg at 
a given CL

εε= = detection detection efficiencyefficiency
A At i i htA At i i ht

NNbkgbkg>1>1
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M M = mass of detector = mass of detector [kg][kg]
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measTM
A

T 0
2/1 εν ∝ BckBck freefree

12
NNbkgbkg< 1< 1



Choosing the technique: Choosing the technique: 
Better multiple event reconstructionBetter multiple event reconstructionBetter multiple event reconstructionBetter multiple event reconstruction

Light

Liquid Scintillators: 
Kamland-Zen, SNO+
Scintillating Crystals: CandlesLight Scintillating Crystals: Candles
PRO: High Masses possible
CONS: Limited En. Res.  Limited 
Bckgd discriminationS i till ti B l t Bckgd discriminationScintillating Bolometers;

Cerenkov Bolometers
LUCIFER
LUMINEAU

TPC: EXO, NEXT
GERDA II

LUMINEAU

Phonon Ionization

CUORE:
PRO: Good En. Res.  Good Bckgd Semiconductor Calorimeters

GERDA; MAJORANA

Paris 14-18/07/2014 C.M.Cattadori – DBD-Invisible 14 13

discrimination
CONS: Difficult and Costly to scale 
up Masses

GERDA; MAJORANA
Tracking Calorimeters
SuperNEMO; DCBA



GERDA GERDA -- II
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Pictures
from GERDAfrom GERDA

15
15

26/11/2013 C.Cattadori - CPAN 2013



ld ld

GERDA  GERDA  
golden golden

silver Data taking:Data taking:
Nov 2011Nov 2011--Nov 2011Nov 2011
June 2013June 2013

19/07/2013 C.Cattadori - EPS 2013

BEGe
insertion

2νββ T2νββ T1/2
pubblished
(5.01 kg y)

Exposure:Exposure:
21.6 kg y21.6 kg y

Paris 14-18/07/2014 C.M.Cattadori – DBD-Invisible 14 16



GERDA Cuts:GERDA Cuts:

Pulser to check 
stability

Very high 
quality: 
•more than 90%

All
Quality Cuts
QC+ Anticoinc. crystals
QC+AC+Muon Vetostability •more than 90% 

of events 
accepted

QC+AC+Muon Veto

Thanks to 
superior setup
•Ultra- lowUltra low 
background 
•Low Electronic 
noise

26/11/2013 17 C.Cattadori - CPAN 2013



Qββ

Exposure: 56.7 kg

GERDA BI GERDA BI 
HdMHdMvs. vs. HdMHdM

(both no (both no 
PSA)PSA)PSA)PSA)

BI Reduction BI Reduction 
f t 10f t 10factor  ~ 10factor  ~ 10

NuMass - Milan 4-8 Feb 2013 18TAUP 2011- Munich
18



The 0The 0νββνββ observation claim observation claim 

Paris 14-18/07/2014 C.M.Cattadori – DBD-Invisible 14 19



Cuoricino Calibration spectum

GERDA BI GERDA BI 
vsvsvs. vs. 

CuoricinoCuoricino::
BIBIBI BI 

Reduction Reduction 
factor ~factor ~factor  factor  

30 @ 30 @ 
20402040 keVkeV

NuMass - Milan 4-8 Feb 2013 20C. Catatdori

2040 2040 keVkeV

20



GERDA Result on 2νββ

arXiv:1212.4067; 
J. Phys. G: NPP 40 (2013) 035110

• 6 independent models for the 6 
detectors (5 x 6=30  detector 
parameters)p )

• T2ν
1/2 common in 6 detectors

• Background from 3 sources: 
2 40 242K,40K,214Bi (γ-lines used for

normalization)
– 42K: homogeneusly distributed
– 40K & 214Bi: close sourcesK & Bi: close sources

• Detectors active masses and 
enr. factors are nuisance
parameters in the fit.

• T2ν
1/2  pdf is quasi-gaussan

NuMass - Milan 4-8 Feb 2013 21C. Cattadori

ββ spectrum: 8796 events: 
Model of the residual background: 80% 2νββ, 14% 42K, 3.8% 214Bi, 2% 40K,

21



The blinded energy spectra: The blinded energy spectra: 
events falling in events falling in ±±20 20 keVkeV around around QQββββ not reconstructed (not reconstructed (

Bckgd model: Flat bckgd @Bckgd model: Flat bckgd @ 
Qbb

26/11/2013 22 C.Cattadori - CPAN 2013



From From unblindedunblinded counts to Tcounts to T1/21/2
00ν ν 

PRL111(2013)122503

In 230 keV
@Qββ

In  ROI
± 5 keV

Expected 
bckgd only

4 5%Pulse Shape Discrimination

5.1
4.5%Pulse Shape Discrimination

2 5

2.5%
7.1%Pulse Shape Discrimination

2.5

3.3%

BI Rej PSD
Coax ~ 43%

BI Rej PSD
BEGe ~ 87%26/11/2013 23 C.Cattadori - CPAN 2013



TT1/21/2
00ν  ν  from GERDA data setsGERDA data sets

PRL111(2013)122503

Performed Profile Likelihood fit of the 3 data sets
• B+S: described by constant term + Gaus(Qββ,σE)

PRL111(2013)122503

y ( ββ, E)
• 4 free parameters in the fit Bgold, Bsilv,BBEGe,1/ T1/2

0ν

• Systematics folded in Frequentist approachq pp
Best fit: N0ν = 0
N0ν < 3.5 cts @ 90% C.L.

0 25

PSD
NO PSD

T1/2
0ν > 2.1 x 1025 yr @ 90% CL

Bayesian approachBayesian approach
Flat prior for 1 / T1/2

0ν

Best fit: N0ν = 0
T1/2

0ν > 1.9 x 1025 yr @ 90% CI
Median sensitivity:

0ν 2 1 1025T1/2
0ν > 2.1 x 1025 yr

26/11/2013 24 C.Cattadori - CPAN 2013



GERDA (all data sets) GERDA (all data sets) vsvs KK (2004) claimKK (2004) claim
PRL111(2013)122503

For T1/2
0ν = 1.19 x 1025 yr
Expected Signal (after PSD): 5.9  ± 1.4 cts in ±2σ

PRL111(2013)122503

Expected Bckgd (after PSD): 2.0  ± 0.3 cts in ±2σ
Observed:           3.0   (0 in ±1σ)

From profile likelihood 
Assuming H1, 
P (N0ν=0 for H1)=1%

PSD
NO PSD

P (N 0 for H1) 1%

Comparing
H1: Claimed signalH1: Claimed signal
H0: Background only
Bayes factor
P(H1)/P(H0)=0.024
(uncertainties on claim included)

Claim poorly credible
26/11/2013 25 C.Cattadori - CPAN 2013



Combining GERDA, Combining GERDA, HdMHdM, IGEX & , IGEX & XeXe
PRL111(2013)122503

NME from 
P.S. Bhupal DeV et 
al (2103), 
arXiV:1305.0056

Combining GERDA, HdM,IGEX
3 GERDA Data sets, 1 HdM, 1 IGEX
Profile likelihood function w. 5 independent bckgds
T1/2

0ν > 3.0 x 1025 yr @ 90% CL19/07/2013 26 C.Cattadori - EPS 2013
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The EXO Operating principleThe EXO Operating principle

The principle: 
Simultaneous readout of 
charge and scintillation in 
a large and homogeneousa large and homogeneous 
Liquid Xe TPC 

~500 “Bare” LAAPD Detail of field cage

Detail of wire planep

Paris 14-18/07/2014 C.M.Cattadori – DBD-Invisible 14 29
- very clean & light-weight 
QE~1 @175nm 
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Significant IMPROVEMENTS Significant IMPROVEMENTS 
in En Res by APDin En Res by APD DenoisingDenoisingin En. Res. by APD in En. Res. by APD DenoisingDenoising

EXO-200 and nEXO resolution

σ=1.53% @ 2530 keV
±2σ= 155 keV
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EXO Total Spectrum: EXO Total Spectrum: 234|NATURE|Vol510| 12 234|NATURE|Vol510| 12 junejune 20142014

•Energy bins: 14 keV
•Exposure (GOLDEN): 

k

SS: 2nDBD prominent (11:1) 
from bckgrd

100. kgy
39 cts found in ± 2σ ROI 
= 2.5 E-2  cts/kky

Cts

2 ββ 0 017+/2νββ 0.017+/-
0.002

232Th 16
MS

137Xe 7
238U 8.1

otherother

Tot 
expec
ted

31.1 ±
1.8 (stat)
3 3 (syst)

Paris 14-18/07/2014 C.M.Cattadori – DBD-Invisible 14
34(1.7  ± 0.2)
E-3 

ted 3.3 (syst)



EXO results on 0EXO results on 0νββνββ: : 234|NATURE|Vol510| 12 234|NATURE|Vol510| 12 junejune 20142014

•From PL 9 9 cts consistent at 1 2σ•From PL 9.9 cts consistent at 1.2σ
with null Hypothesys (bkgd only)

• T0ν
½ > 1.1 x 1025 y @ 90% C.L.T0ν > 1.1 x 10 y @ 90% C.L.

•Sensitivity: 1.9 x 1025 y

• 190 meV < mee < 450 meV

Paris 14-18/07/2014 C.M.Cattadori – DBD-Invisible 14 35
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27% of 
whole 
balloon Vol

Paris 14-18/07/2014 C.M.Cattadori – DBD-Invisible 14 40

Exposure: 29.6 kgy
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6 cts in ROI
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Conclusion on Conclusion on Ge+XeGe+Xe

• Present Sensitivity
gnucl A-0.18 0.85 ± 0.08 meV

• Present Sensitivity 
on mee according to 
the Ge+Xe
combined limit for gnucl=1.269

gquark=1.0
0.16 ± 0.02 meV
0.25 ± 0.02 meV

– different 
quenching 
scenarios for gA)
NME f QRPA– NME from QRPA. 
No error on 
relative ratio of 
NMEXe/NMEGe

T1/2
Te = 6.8 x 10 27 y to 2.3 x 10 29 y0.07 ± 0.01 meV

T Ge 2 3 10 28 t 5 1 10 29 0 10 ± 0 01 V• Bands from phase 
space & NME  
uncertainties

T1/2
Ge = 2.3 x 10 28 y to 5.1 x 10 29 y0.10 ± 0.01 meV

T1/2
Se = 9.7 x 10 27 y to 3.3 x 10 29 y0.07 ± 0.01 meV

From Dell’Oro, Marcocci,Vissani, hep-ph/1404.2616v1
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Status of experimental searchesStatus of experimental searches

Isotope T2ν
1/2

19
T0ν

1/2
24

<mββ>
(1019 y) (1024 y) (meV)

48Ca 4.4 ± 0.5(stat) ± 0.4(syst) >0.058 3515-14133
76Ge 1.78 +0.07 

-0.09 22.3 +4.4 
-3.1 400

76Ge 184 ±90 (stat) ±11(syst) >21.0 
> 30 GERDA&IGEX&HdM

201-638
 30 GERDA&IGEX&HdM

82Se 9.6±0.1(stat) ±1.0(syst) >0.32 884-2631
96Zr 2.35 ± 0.14 (stat) ± 0.16 (syst) >0.0092 4207-15139
100Mo 0.716 ± 0.001 (stat) ± 0.054 (syst) > 1.0 334-946
116Cd 2.88 ± 0.04  (stat) ± 0.16 (syst) > 0.17 1300-2440
130Te 70 ± 9 ±(stat) 11 (syst) > 2.8 296 – 773
136Xe 217.2 ± 1.7 (stat) ± 6 (syst) >26 140-280
150Nd 0.911 ± 0.025 (stat) ± 0.063 (syst) > 0.018 2622-5678
Paris 14-18/07/2014 C.M.Cattadori – DBD-Invisible 14 46
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Coming soonComing soon

• GERDA II
• Majorana DemonstratorMajorana Demonstrator
• CUORE
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GERDA Phase IIGERDA Phase II
Phase I Phase II

Phase I: 13 kg of enrGe COAX Detectors Phase II: 18 kg of enrGe COAX Detectors
21 kg of enrGe BEGe Detectors

15/07/2014 59GERDA CdS MiB 30/06/2014

3 kg of enrBEGe Detectors
w. enhanced PSD

21 kg of Ge BEGe Detectors
w. enhanced PSD



GERDA Strategy to improve TGERDA Strategy to improve T1/21/2 limitslimits

• Increase enrGe mass (40 kg in 
total) 21 kg in form of Ge-BEGe
type with enhanced PSD to 
pinpoint ββ events (Single Site)pinpoint ββ events (Single Site) 
vs residual γ events (Multi Site) 

• Reduce radioactivity of Ge holders and• Reduce radioactivity of Ge holders and 
mechanical structures

• New Ge readout electronics with closer FENew Ge readout electronics with closer FE 
devices in die for improved FWHM

• Transparent Shroud (instead of Cu opaque p ( p q
MS) surrounding each Ge detector string to 
mitigate 42Ar bkgd.

Paris 14-18/07/2014 C.M.Cattadori – DBD-Invisible 14 60

• ………………………………………….
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GERDA II Expected SensitivityGERDA II Expected Sensitivity
Assumed E resolution: ΔE = 4 keV

KK Claim: 440 meV
GERDA I lower limit range: 200-400 meV
Expected GERDA II lower limit range: 100 meV

phase II

phase I

+20kg enrGe

18kg enrGe

From Dell’Oro, Marcocci,Vissani, hep-ph/1404.2616v1
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nEXOnEXO
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KAMLANDKAMLAND--ZEN: Perspectives of 0ZEN: Perspectives of 0νββνββ SearchesSearches

Paris 14-18/07/2014 C.M.Cattadori – DBD-Invisible 14 64



Projects in R&D StageProjects in R&D Stage

• MAJORANA Demonstrator: 30kg enrGe + 10kg natGe
in form of BEGe detectors. Sanford Udgd. Labg

• NEXT: Advanced; 10 kg of high pressure gas enrXe
TPC prototype almost ready to go at Canfranc UdgdTPC prototype almost ready to go at Canfranc Udgd. 
Lab

• Lucifer/Lumineau (still R&D)
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NEXT: High Pressure NEXT: High Pressure XeXe TPC at TPC at CanfrancCanfranc

Events Topology in NEXT 
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Future PerspectivesFuture Perspectives

E h j t i t I M t O(1 t )• Each project aims to Increase Mass to  O(1 ton)
– nEXO
– Kamland-Zen
– Cuore
– GERDA – Majorana (joint project)

I t t i t h th 0 b k d diti• Improve event tagging to reach the 0-bckgd condition. 
Intense R&D on
– Bolometer  Scintillating/Cerenkov Bolometers (LUCIFER, g (

LUMINEAU, CANDLES)
– Solid State Detectors: PSD

• EVERYBODY: Reduce background aiming to Bckgd free• EVERYBODY: Reduce background, aiming to Bckgd free 
regime.
– Improve setups, de-Rn atmospheres in clean rooms……..
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Expected sensitivities from sensitivities stated by Expected sensitivities from sensitivities stated by 
CollaborationsCollaborationsCollaborationsCollaborations

Expected GERDA II lower limit range: 3 y data taking (2019) 

Expected CUORE lower limit range: 5 y data taking (2021) 
E t d X l li it 4 5 d t t ki (2019)Expected Xe lower limit range: 4-5 y data taking (2019) 

2σ disfavored 
region from 
Cosmology
Planck+BAO+GC
(Neff=3.2 )

From Dell’Oro Marcocci Vissani hep-ph/1404 2616v1
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ConclusionsConclusions

I th t 3 5 i t ill h th• In the next 3-5 years experiments will reach the 
“top” of the IH region (70 meV)

• What if 0νββ is not found?• What if 0νββ is not found?
– Neutrinos are Dirac particles

Neutrinos are Majorana Particles but Majorana– Neutrinos are Majorana Particles but Majorana
Phases Cancellations (or else) make mee very small 
and so 0νββ is very suppressed or absent

– The Majorana mass mechanism is not the leading one. 
Other possible mechanisms are

• Left Right symetric models• Left-Right symetric models
• Heavy Right Handed Neutrinos
• …………………………………………..
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The GERDA CollaborationThe GERDA Collaboration

OutlineOutline



Experiments and techniquesExperiments and techniques
Calorimeters: Solid State, BolometersCalorimeters: Solid State, Bolometers
• Intermediate mass possible (O(50 kg) done), O(100 kg) ready to go, O(1 t) proposed)
• High En. Res (FWHM:0.15% for Ge diodes & Bolometers)
• High Efficiency ( ~ 1)High Efficiency (  1)
• BKG can be reduced (done)
• Limited particle ID
• Non monolithic volumes

Calorimeters: Liquid Scintillators - Gas Detectors
• (Large masses feasible O(100 kg) done),O(1 t) proposed)( g ( g) ), ( ) p p )
• Intermediate En. Res (FWHM: O(3-10%)) bkg from 2ν
• High Efficiency
• Monolithic volumes (self shielding, definition of fiducial volume)( g )

External-source detectors: gas TPC/DC, magnetic field and TOF
• Difficult to scale up masses
• Intermediate efficiency
• Low energy res
• Event topology handle to abate bkgd, but 2νββ

Add diff t i t• Address different isotopes
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LUCIFERLUCIFER
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Synthesis & Crystal growthSynthesis & Crystal growth
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ZnSeZnSe
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