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Double beta decay isotopes!

even-­‐even	
  	
  odd-­‐odd	
  	
  

Isotope Nat ab. Qββ
48Ca! 0.19 %! 4262.96(84) keV!
76Ge 7.6%! 2039.04(16) keV!
82Se! 8.7%! 2997.9(3) keV!
96Zr! 2.8%! 3356.097(86) keV!
100Mo! 9.6%! 3034.40(17) keV !
116Cd! 7.5%! 2813.50(13) keV!
130Te! 34.5%! 2526.97(23) keV!
136Xe! 8.9%! 2457.83(37)  keV!
150Nd! 5.6%! 3371.38(20) keV!
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2νββ and 0νββ decay !
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0νββ decay and neutrino mass!

Phase space integral! Nuclear matrix element!
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Expected decay rate:   !

Effective neutrino mass!∑=
i

ieiee mUm 2

eiU Elements of (complex) PMNS mixing matrix!
!

Energy (keV)!
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2νββ!

0νββ!

Experimental signatures: !
•  peak at Qββ !
•  two electrons from vertex!
Discovery would imply:!
•  lepton number violation ΔL = 2!
•  ν’s have Majorana character !
•  mass scale!
•  physics beyond the standard 
model!

Ge-76: !
Qββ=2039 keV !
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0νββ: Range of mee from oscillation experiments!

Goal	
  of	
  next	
  	
  
genera<on	
  	
  
experiments:	
  

mee	
  =	
  	
  f(m1,	
  Δm²sol,	
  Δm²atm,	
  θ12	
  ,	
  θ13,	
  α-­‐β)	
  
from	
  oscilla<on	
  experiments	
  

Lower	
  bounds!	
  

Dell’Oro,	
  Marcocci,	
  Vissani,	
  PRD	
  90.033005	
  	
  

3σ	
  CL	
  

Negligible	
  	
  
errors	
  from	
  	
  
oscilla<ons;	
  
width	
  due	
  to	
  
CP	
  phases	
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Discovery probabilities!
•  Global Bayesian analysis including ν-oscillation, mβ mββ, Σ!
•  Priors: !

•  Majorana phases (flat)!
•  m1 (scale invariant)!

Agostini, Benato, Detwiler arXiv:1705.02996 !
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Discovery sensitivity vs. background!

Discovery	
  (50%	
  chance	
  for	
  a	
  3σ	
  signal)	
  

Courtesy J. Detwiler!
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Nuclear matrix elements!

Engel & Menédez!

Spread about x2!

No isotope significantly 
preferred when comparing 
decay rate per mass!
!
Choice mainly driven by 
experimental considerations!

1.1*	
  
3.5	
  

2.0	
  

*number	
  =	
  signal	
  rate	
  per	
  1000	
  kg	
  yr	
  exposure	
  &	
  
for	
  middle	
  of	
  NME	
  values	
  for	
  For	
  <mee>	
  =	
  17.5	
  
meV	
  (‘bo_om	
  of	
  IH’	
  for	
  gA=1.25,	
  sin2θ12	
  =	
  0.318)	
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Experiments!

LXe TPC: EXO-200 / nEXO !
gas-Xe TPC: NEXT, PandaX-III!
Xe-loaded LS: KamLAND-Zen!

Te-loaded LS: SNO+!
Te-bolometers: CUORE / CUPID-Te!

Mo-bolometers: CUPID-Mo (ex Lumineu) 
AMoRE  !

Se-bolometers: CUPID-0 (ex Lucifer)!
Se-calo-tracko: SuperNEMO!

Ge-semiconductor: GERDA, MJD, LEGEND !

& other interesting, but less advanced R&D;!
 48Ca, 150Nd not available in large quantities !
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Xenon Experiments: EXO-200!

•  136Xe: Qββ = 2458 keV!
•  Liquid Xe TPC (80.6% 136Xe)!
•  75 kg 136Xe in FV!
•  Phase I completed: 122 kg yr!
•  T1/2

0νββ>1.1×1025 yr  !
•  Sensitivity: 1.9×1025 yr  !

Nature 510 (2014)!

•  Phase II: Jan 2016 with improved 
detector performance:       
e.g. σ/E: 1.6% (Phase I) => 1.3% 
(Phase II); Rn reduction!

•  New results by Caio Licciardo on 
Friday!

Limit!

Courtesy G. Gratta!

Existing data + !
new analysis!
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1.3 m 
electron 

drift!

diameter (1.3 m)!

charge strip-
pad tiles 
(anode)!

4 m2 SiPM 
coating the 

barrel!
cathode!

46 cm!

EXO-200 !

Xenon Experiments: nEXO!

5t enrXe	
  	
  

Discovery sensitivity (3σ, 50%) after 10 yr!
T1/2

0νββ = 5.5x1027 yr!
!
If 136Ba-tagging can be implemented: !
T1/2

0νββ = 1.6x1028 yr!

Courtesy G. Gratta!
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9m

6.5m
1.5m

380 kg enrXe loaded 
LS in mini-balloon!

Phase-2!

Xenon Exp’s: KamLAND-Zen!

13	
  

2013/12/11	
  -­‐	
  2015/10/27	
  
534.5	
  days	
  (504	
  kg-­‐yr)	
  

(cf.	
  T1/2(110mAg)=250	
  days)	
  

in-­‐situ	
  purifica<on	
  succeeded!!	
  

R	
  <	
  1m	
  

•  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.)!
•  2017: data taking with 750 kg enrXe (new balloon)!
•  KamLAND2-Zen with 1000kg+ proposed !

Phase-2: 2013/12/11 - 2015/10/27!
534.5 days (504 kg-yr)!

Courtesy K. Inoue!
PRL117, 082503 (2016)!
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Xenon Experiments:    !

NEXT-NEW (5 kg) 2015-2018!

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

NEXT-100 (100 kg) 2018-2020’s!

0νββ search!

NEXT-ton !

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

41.5 keV


1/√E→ 0.7% 
FWHM @ Qββ !

83Kr!

e1	
  

e2	
  

Z	
  (mm)	
  

Y	
  
(m

m
)	
  

Courtesy JJ Gomez Cadenas!
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Ba tagging for NEXT!

Courtesy Michel Sorel!
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Xenon Experiments: PandaX-III!

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

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

readout and better low-background material 
screening. !

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

Courtesy Ke Han!
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Experiments!

LXe TPC: EXO-200 / nEXO !
gas-Xe TPC: NEXT, PandaX-III!
Xe-loaded LS: KamLAND-Zen!

Te-loaded LS: SNO+!
Te-bolometers: CUORE / CUPID-Te!

Mo-bolometers: CUPID-Mo (ex Lumineu) 
AMoRE  !

Se-bolometers: CUPID-0 (ex Lucifer)!
Se-calo-tracko: SuperNEMO!

Ge-semiconductor: GERDA, MJD, LEGEND !

& other interesting, but less advanced R&D;!
 48Ca, 150Nd not available in large quantities !
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SNO+!

Sensitivity:!
 5 yr T 1/2 > 2×1026 yr (90% CL)!

•  3.9 t Te!
•  780 t LAB(+PPO+Te-ButaneDiol)!
•  0.5% loading → 1300 kg 130Te!

Filling with unloaded liquid 
scintillator later this year!
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Cryogenic Detectors: CUORE!

Crystal	
  made	
  	
  
from	
  

ββ-­‐isotopes	
  

Thermometer	
  

H
e
a
t
	
  
s
i
n
k

Cuore-­‐0	
  
2012	
  

CUORE	
  
2016	
  

39	
  kg	
  
(11	
  kg	
  130Te)	
  

741	
  kg	
  
(206	
  kg	
  130Te)	
  

Cuoricino	
  
2003	
  

C∝T 3

ΔT ∝ΔE /C
TeO2:
ΔE ≅ 5keV (FWHM )
atQββ= 2527keV
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Cryogenic Detectors: CUORE!

CUORE-0: 0.06 cts/(keV kg yr) => Cuore expectation ≈0.01 cts/(keV kg y)!
keV!

Qββ = 2528 keV!

Courtesy O. Cremonesi!

First CUORE results on Friday by O. Cremonesi !
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Cryogenic Detectors: CUPID!

Crystal made !
from!

ββ-isotopes!

Thermometer!

Light detector!

H
e
a
t 
s
i
n
k

CUPID-0: ZnSe  !
(ex Lucifer)!
Demonstrator @ LNGS!
5.2 kg 82Se, 2017!

CUPID-Te:TeO2 !
(with Cherenkov)!
Demonstrator @ LNGS!

CUPID-Mo: Li2MoO4!
(ex Lumineu)!
Demonstrator @ LSM!
2.34 kg 100Mo, 2018!

arXiv:1407.6516!

e/γ	
  

α	
  

0.89 kg yr ZnSe!
!
Taup2017!

0.11 kg yr Li2MoO4!

Courtesy 
A. Giuliani!

Courtesy 
S. Pirro!
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Cryogenic Detectors: AMoRE!

!
AMoRE @ Handeok ARF!

AMoRE-II!
200 kg!
2020!

AMoRE-1!
5 kg!
2018!

β/γ	
  

α	
  

AMoRe-pilot 
project @ 
YangYang !
6 crystals !
(1.8 kg)  
40Ca100MoO4!

100Mo procurement 
ongoing (100 kg) !
!

Courtesy Moo-Hyun Lee !
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Experiments!
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NEMO-3!

2

(0⌫��) would prove that neutrinos are Majorana parti-
cles [3] and that lepton number is not conserved. The
isotopes for which a single-� is energetically forbidden
or strongly suppressed are most suitable for the search of
this rare radioactive process. The experimental signature
of 0⌫�� decays is the emission of two electrons with total
energy (ETOT) equal to the Q-value of the decay (Q��).

The NEMO-3 experiment searches for the double-� de-
cay of seven isotopes by reconstructing the full topol-
ogy of the final state events. The NEMO-3 detec-
tor [4], installed in the Modane underground labora-
tory (LSM, France) under a rock overburden of 4800
m.w.e., ran between February 2003 and January 2011.
Here we report on the results obtained with 100Mo, the
largest sample in NEMO-3, with a mass of 6914 g and
Q�� = 3034.40± 0.17 keV [5]. The most stringent previ-
ously published bound on the half-life of the 0⌫�� de-
cay of 100Mo was obtained by NEMO-3 using a sub-
set of the data sample analysed here, placing a limit
T > 4.6⇥ 1023 y at 90% C.L.[6].

The distinctive feature of the NEMO-3 detection
method is the full reconstruction with 3D-tracking and
calorimetric information of the topology of the final state,
comprising two electrons simultaneously emitted from a
common vertex in a �� source. The NEMO-3 detector
consists of 20 sectors arranged in a cylindrical geometry
containing thin (40-60 mg/cm2) source foils of �� emit-
ters. The 100Mo source foils were constructed from either
a metallic foil or powder bound by an organic glue to my-
lar strips (composite foils). 100Mo was purified through
physical and chemical processes [4]. The foils are sus-
pended between two concentric cylindrical tracking vol-
umes consisting of 6180 drift cells operating in Geiger
mode [4]. To minimize multiple scattering, the gaseous
tracking detector is filled mainly with helium (95%) with
admixtures of ethyl alcohol (4%), argon (1%) and wa-
ter vapour (0.1%). The tracking detector is surrounded
by a calorimeter made of large blocks of plastic scintil-
lator (1940 blocks in total) coupled to low radioactivity
3” and 5” diameter photomultiplier tubes (PMTs). The
tracking detector, immersed in a magnetic field, is used
to identify electron tracks and can measure the delay
time of any tracks up to 700 µs after the initial event.
This is used to tag electron-alpha (e�↵) events from the
214Bi -214Po cascade. The calorimeter measures the en-
ergy and the arrival time of the particles. For 1 MeV
electrons the timing resolution is � = 250 ps while the en-
ergy resolution is FWHM = [14� 17]%/

p
E(MeV). The

detector response to the summed energy of the two elec-
trons from the 0⌫�� signal is a peak broadened by the
energy resolution of the calorimeter and fluctuations in
electron energy losses in the source foils, which gives a
non-Gaussian tail extending to low energies. The FWHM
of the expected 0⌫�� two-electron energy spectrum for
100Mo is 350 keV. Electrons and photons can be identified
through tracking and calorimetry. A solenoid surround-
ing the detector produces a 25 G magnetic field to reject
pair production and external electron events. The de-

tector is shielded from external gamma rays by 19 cm
of low activity iron and 30 cm of water with boric acid
to suppress the neutron flux. A radon trapping facility
was installed at the LSM in autumn 2004, reducing the
radon activity of the air surrounding the detector. As a
consequence, the radon inside the tracking chamber is re-
duced by a factor of about 6. The data taken by NEMO-3
are subdivided into two data sets hereafter referred to as
Phase 1 (February 2003 � November 2004) and Phase 2
(December 2004 � December 2010), respectively. Results
obtained with both data sets are presented here.
Twenty calibration tubes located in each sector near

the source foils are used to introduce up to 60 radioac-
tive sources (207Bi, 232U). The calorimeter absolute en-
ergy scale is calibrated every 3 weeks with 207Bi sources
which provide internal conversion electrons of 482 and
976 keV. The linearity of the PMTs was verified in a ded-
icated light injection test during the construction phase
and deviation was found to be less than 1% in the energy
range [0-4] MeV. The 1682 keV internal conversion elec-
tron peak of 207Bi is used to determine the systematic
uncertainty on the energy scale: the data-Monte Carlo
disagreement in reconstructing the peak position is less
than 0.2%. For 99% of the PMTs the energy scale is
known with an accuracy better than 2%. Only these
PMTs are used in the data analysis presented here. The
relative gain and time variation of individual PMTs is
surveyed twice a day by a light injection system; PMTs
that show a gain variation of more than 5% compared
to a linear interpolation between two successive absolute
calibrations with 207Bi are rejected from the analysis.

inner calorimeter

outer calorimeter

source foil

50 cm

5
0

 c
m

X

Y

832 keV

1256 keV

FIG. 1: Transverse view of a reconstructed �� dattracks are
reconstructed from a single vertex in the source foil, with an
electron-like curvature in the magnetic field, and arassociated
to an energy deposit in a calorimeter block.

Two-electron (2e�) events are selected with the fol-
lowing requirements. Two tracks with a length greater
than 50 cm and an electron-like curvature must be re-
constructed. The geometrical e�ciency is 28.3 %. Both
tracks are required to originate from a common recon-

Candidate 100Mo 
DBD in NEMO-3!

⊙	
  B	
  =	
  25	
  G	
  	
  	
  

NEMO-3: 2003 – 2011 @ LSM!
100Mo (7kg) ; 82Se (1kg)!
150Nd, 96Zr, , 130Te!
48Ca: PRD 93, 112008 (2016)!
116Cd: PRD 95, 012007 (2017)!

BDT score
-0.4 -0.2 0 0.2 0.4 0.6

E
ve

n
ts

-110

1

10

210

Data (3095)

ββνNd 2150

Tl internal208

Other backgrounds

〉 
ν

 m〈 ββν0

 < 3.29obsN

 = 0.71b1 - CL 

Nd - 36.6 g, 5.25 y150NEMO-3 - 

T 0⌫��
1/2 > 2.0⇥ 1022 yr (90%C.L.)

arXiv:1705.08847, PRL 119, 041801 (2017) Editor’s suggestion  !

Recent results from 150Nd!

PRD 94, 072003 (2016)!

T 0⌫4�
1/2 > (1.1� 3.2)⇥ 10

21
yr (90%C.L.) [(1.3� 3.7)⇥ 10

21
yr expected]

Search for 0νββββ (Quadruple beta decay)!
   !150Nd

2.079 MeV�������!150Gd + 4e�

Courtesy D. Waters!
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SuperNemo Demonstrator !

NEMO-­‐3	
  &	
  SuperNEMO	
  

2034 tracker cells!

712 calorimeter channels!

7 kg ββ source!

Demonstrator Module 

Status:!
All detector parts underground at LSM!
Half-detector fully assembled and 
undergoing testing/commissioning !
Source foil fabrication (7kg of 82Se) 
complete within next few months!
SuperNEMO Demonstrator Module fully 
assembled by end-2017!
Physics data-taking starts in 2018!
!
Expected sensitivity:!
17.5 kg×yr initial exposure (2.5 yr):!
!
!

hm⌫i < 0.20� 0.40 eVT 0⌫
1/2 > 6.5⇥ 1024 yr

SuperNEMO   (100 kg 82Se, 20 mod., 500 kgxyr)!

500 kg×yr :!

hm⌫i < 50� 100 meVT 0⌫
1/2 > 1026 yr

Courtesy D. Waters!
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Experiments!

LXe TPC: EXO-200 / nEXO !
gas-Xe TPC: NEXT, PandaX-III!
Xe-loaded LS: KamLAND-Zen!

Te-loaded LS: SNO+!
Te-bolometers: CUORE / CUPID-Te!

Mo-bolometers: CUPID-Mo (ex Lumineu) 
AMoRE  !

Se-bolometers: CUPID-0 (ex Lucifer)!
Se-calo-tracko: SuperNEMO!

Ge-semiconductor: GERDA, MJD, LEGEND !

& other interesting, but less advanced R&D;!
 48Ca, 150Nd not available in large quantities !
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Ge-Experiments: MJD & GERDA!
Majorana 
Demonstrator!

GERDA!

“Background free search for neutrinoless double-β decay with GERDA”!

30 kg enriched 
HPGe!
high-purity 
graded shield!

35 kg bare 
enriched HPGe 
in active LAr!

Nature 554 (2017) 
47-52!
BI: 0.7+1.1

- 0.5 ×10-3 
cts /(keV kg yr) for 
enr BEGe’s!
!
T1/2 

0ν >5.3×1025 yr 
(90% C.L.)!
Sensitivity:!
T1/2 

0ν >4.0×1025 yr!

TAUP 2017!
BI: 1.8+3.2

-1.1 ×10-3 
cts /(keV kg yr) !
ROI: 2.8 keV!

(GERDA)!

(GERDA)!

(GERDA)!
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Ge-Experiments: MJD & GERDA!
Majorana 
Demonstrator!

GERDA!

“Background free search for neutrinoless double-β decay with GERDA”!

30 kg enriched 
HPGe!
high-purity 
graded shield!

35 kg bare 
enriched HPGe 
in active LAr!

Nature 554 (2017) 
47-52!
BI: 0.7+1.1

- 0.5 ×10-3 
cts /(keV kg yr) for 
enr BEGe’s!
!
T1/2 

0ν >5.3×1025 yr 
(90% C.L.)!
Sensitivity:!
T1/2 

0ν >4.0×1025 yr!

TAUP 2017!
BI: 1.8+3.2

-1.1 ×10-3 
cts /(keV kg yr) !
ROI: 2.8 keV!

(GERDA)!

(GERDA)!

(GERDA)!

More details & new results after this talk by Luciano Pandola!
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Ge-Experiments: LEGEND!

First phase: !
•  (up to) 200 kg !
• modification of existing 

GERDA infrastructure 
at LNGS !
• BG goal (x5 lower)!

0.6 c /(FWMH t y)!
• start by 2021!

Subsequent stages:!
• 1000 kg (staged) !
•  timeline connected to 

U.S. DOE down select 
process!
• BG: goal (x30 lower)!

0.1 c /(FWHM t y)!
• Location: TBD!
• Required depth (Ge-77m) 

under investigation!

Large Enriched Germanium Experiment for Neutrinoless ββ Decay!
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Comparison of Experiments!

Adopted from Agostini, Benato, Detwiler arXiv:1705.02996 !
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M�t�εtot  
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Comparison of Experiments!

Adopted from Agostini, Benato, Detwiler arXiv:1705.02996 !

M�t�εtot  
 nbgd(ROI) 

M�t�εtot  



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

Comparison of Experiments!

Adopted from Agostini, Benato, Detwiler arXiv:1705.02996 !

M�t�εtot  
 nbgd(ROI) 

M�t�εtot  

“background free” 
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Comparison of Experiments!

Adopted from Agostini, Benato, Detwiler arXiv:1705.02996 !
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E

Adopted from Agostini, Benato, Detwiler arXiv:1705.02996 !

Comparison of Experiments!

Discovery Sensitivities!
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Discovery sensitivities!

76Ge! 130Te! 136Xe!

Agostini, Benato, Detwiler arXiv:1705.02996 !

(5 yr live time)!
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Summary & Outlook!
•  Strong activities world-wide for preparation of ton-scale experiments!
•  Very high discovery potential for IO!
•  Reasonable high discovery potential also for NO (assuming absence of 

mechanism driving mββ or ml to zero)!
•  Several DBD isotopes and techniques required, given NME uncertainties and 

low signal rates !
•  Formidable experimental challenges to acquire ton yr exposure quasi 

background free!
•  Community now ready to move to ton-scale experiments with mostly reasonable 

extrapolations w.r. to detector performance and background reduction!
•  Staging largely adopted to produce physics results & minimize (project) risks!
•  Experimental design for discovery (not limit setting!)!
!
•  Taup 2017: !

–  New results by GERDA – after this talk by L. Pandola !
–  First results from CUORE – Friday by O. Cremonesi!
–  New Results by EXO – Friday by C. Licciardi!
!
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