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Neutrinoless ββ decay: physics that matters 
(… but doesn’t antimatter) 
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In the beginning was…

matter particles antimatter particles2 No

• How did we get this imbalance?
• Neutrinoless double-beta decay would CREATE matter…
• … tells us about the nature of the neutrino (that isn't there)…
• … and could help us measure its mass ??
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All about mββ featuring: the double-beta decay lobster!
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Scenario 2: Normal hierarchy: m3  >> m2 > m1

mββ ≈ 0.02 m3 ~0
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mββ = 0 is possible for the some masses / phases!
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Degenerate
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Adapted from PRL 117, 082503 (2016) 
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0νββ rate

Nuclear effects
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• Best current limit on the 0νββ rate 

• Corresponds to lowest mββ limit

• Range due to model uncertainty on nuclear effects 

T1/2 > 1.07 x 1026 years

 mββ < 61-165 meV
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Double-beta decay and the nucleus
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Double-beta decay and the nucleus

Coulomb effects of the nucleus on the 
emitted electrons

Phase space factor
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Axial vector coupling constant appears 
quenched in heavy nuclei

Axial coupling constant

gA = 1.27

gA < 1.27

Double-beta decay and the nucleus

Coulomb effects of the nucleus on the 
emitted electrons

Phase space factor
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Nuclear structure effects of the parent, 
daughter, and intermediate nuclei

Nuclear matrix element

IPPP/05/56, DCPT/05/114

Axial vector coupling constant appears 
quenched in heavy nuclei

Axial coupling constant

gA = 1.27

gA < 1.27

Double-beta decay and the nucleus

Coulomb effects of the nucleus on the 
emitted electrons

Phase space factor

0νββ rate
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Phase space factors

DOI: 10.3389/fphy.2019.00012
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Phase space factors

DOI: 10.3389/fphy.2019.00012

• The wave function for a free electron: a plane wave

0νββ rate
1

T 0⌫��
1/2

= G0⌫(Q�� , Z)g4A|M0⌫ |2
hm��i2

m2
e

<latexit sha1_base64="ngfzp8V7rj+1bMhid1id1pxeQyA="></latexit>



Cheryl Patrick, UCL Neutrino mass measurements & double beta decay �8

Phase space factors

DOI: 10.3389/fphy.2019.00012

• The wave function for a free electron: a plane wave
• … is distorted by the Coulomb field of the nucleus
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Phase space factors

DOI: 10.3389/fphy.2019.00012

• The wave function for a free electron: a plane wave
• … is distorted by the Coulomb field of the nucleus
• Nonrelativistic model - multiply electron wave function by a Fermi 

factor 
• Solve Schrödinger equation for a Coulomb potential of point 

charge equal to nuclear charge Z 
• Divide by plane wave solution 
• Evaluate at the origin
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Phase space factors

DOI: 10.3389/fphy.2019.00012

• The wave function for a free electron: a plane wave
• … is distorted by the Coulomb field of the nucleus
• Nonrelativistic model - multiply electron wave function by a Fermi 

factor 
• Solve Schrödinger equation for a Coulomb potential of point 

charge equal to nuclear charge Z 
• Divide by plane wave solution 
• Evaluate at the origin

• Relativistic model: 
• Solve Dirac equation in point charge potential 
• Divide by plane wave at nuclear surface
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Phase space factors

DOI: 10.3389/fphy.2019.00012

• The wave function for a free electron: a plane wave
• … is distorted by the Coulomb field of the nucleus
• Nonrelativistic model - multiply electron wave function by a Fermi 

factor 
• Solve Schrödinger equation for a Coulomb potential of point 

charge equal to nuclear charge Z 
• Divide by plane wave solution 
• Evaluate at the origin

• Relativistic model: 
• Solve Dirac equation in point charge potential 
• Divide by plane wave at nuclear surface

• Recent enhancements include 
• Screening 
• Realistic proton density functions 
• Including transitions to excited nuclear states
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Phase space factor cheat sheet

Nucleus Z Qββ

48Ca 20 4.267 24.65 24.81 26.1 26 24.83 24.55

150Nd 60 3.371 61.94 63.03 85.9 78.4 63.16 66

100Mo 42 3.034 15.84 15.92 18.7 45.6 15.95 15.74

82Se 34 2.996 10.14 10.16 11.4 11.1 10.18 9.96

130Te 52 2.528 14.24 14.22 19.4 16.7 14.25 14.1

136Xe 54 2.458 14.54 14.58 19.4 17.7 14.62 14.49

76Ge 32 2.039 2.372 2.363 2.62 2.55 2.37 2.28

G0ν (10-15 yr-1): various models

Adapted from DOI: 10.3389/fphy.2019.00012 
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G0ν increases strongly with Qββ
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Also depends on Z, nuclear 
radius (~A1/3), charge density
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Also depends on Z, nuclear 
radius (~A1/3), charge density

Relatively little variation between 
models

??
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gA quenching

gA = 1.27 gA < 1.27

Quenching effect of the axial vector coupling for heavy 
nuclei has been observed for 2νββ and β-decay…
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CorrelationContact/pion-in-flight ∆-meson exchange current
...due to multi-nucleon effects like meson-exchange currents

New ab initio calculations can 
model these effects in the 
nuclear matrix element

Nature Physics volume 15,  
pages 428–431 (2019) 
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Nuclear matrix elements in very little detail
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• Describe the nuclear structure effects of the parent, daughter 
and intermediate nuclei 

• Different NMEs correspond to 2νββ (testable) and each 0νββ 
mechanism 

• Some prescriptions include gA dependence in the NME calculation 
• Biggest uncertainty in mββ calculation
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Two approaches: both difficult

Ann.Rev.Nucl.Part.Sci.52:115-151,2002

Attractive particle-
particle interaction

Repulsive particle-hole 
spin-isospin interaction

Most popular method, relying on small deviations from 
ground state, and modeling two main ingredients:

Basic versions don’t 
include multi-particle 
states

Theoretically better method but limited by computing 
power for all but lighter isotopes (up to 48Ca)

• Start from set of all single-particle states 

• Find effective Hamiltonian based on modified 
nucleon-nucleon interaction to describe them 

• Use all configurations, including correlations to 
diagonalize Hamiltonian and extract NME

Not clear what 
effective operators 
will simulate the 
excluded states

Computationally impossible - 
have to use a subset

But requires adjusting strength of particle-particle interaction 
(measurable in 2νββ): realistic values close to collapse of validity
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Interacting boson model

Variation on shell model that aims to 
describe collective excitations up to heavy 

nuclei, modelling low-energy states as 
bosons



Cheryl Patrick, UCL Neutrino mass measurements & double beta decay �13

Different calculations give very different results

Rept.Prog. Phys. 80, 046301 (2017) 

 0

 1

 2

 3

 4

 5

 6

 7

 8

48 76 82 96    100 116 124  130  136 150

M
0ν
ββ

A

SM St-Md+Tk
SM Mi
IBM-2

QRPA CH+Ts
QRPA Tu
QRPA Jy

R-EDF
NR-EDF

QRPA
Shell Model

NME’s calculated by various groups using:

Interacting boson model
Energy density functional theory

Can be used when 
QRPA breaks down



Cheryl Patrick, UCL Neutrino mass measurements & double beta decay �13

Different calculations give very different results

Rept.Prog. Phys. 80, 046301 (2017) 
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Choosing an isotope

JINST 13 (2018) no.03, P03015

=
1

T 0⌫��
1/2

= G0⌫(Q�� , Z)|M0⌫ |2
hm��i2

me
2

<latexit sha1_base64="A0EELnlyUVTKHsuQpEVVRaGRRfg="></latexit><latexit sha1_base64="A0EELnlyUVTKHsuQpEVVRaGRRfg="></latexit><latexit sha1_base64="A0EELnlyUVTKHsuQpEVVRaGRRfg="></latexit><latexit sha1_base64="A0EELnlyUVTKHsuQpEVVRaGRRfg="></latexit>

82Se76Ge

150Nd

48Ca

130Te
128,

136Xe100Mo 124Sn116Cd110Pd96Zr

238U



Cheryl Patrick, UCL Neutrino mass measurements & double beta decay �15

Choosing an isotope

JINST 13 (2018) no.03, P03015
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JINST 13 (2018) no.03, P03015

Better• “Short” half-life

• Lots of isotope
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Choosing an isotope

JINST 13 (2018) no.03, P03015

Better• “Short” half-life

• Lots of isotope

Betterbackground 
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Choosing an isotope

JINST 13 (2018) no.03, P03015

Better• “Short” half-life

• Lots of isotope

Better
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Backgrounds to double-beta experiments
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Backgrounds to double-beta experiments

2νββ 
spectrumAr

bi
ta

ry
 u

ni
ts

∑Eee / Qββ

0νββ 
peak

• Irreducible - all 2νββ isotopes also exhibit 2νββ  
• Exactly the same signature apart from energy difference 
• Excellent energy resolution is the only way to mitigate

2νββ high-energy tail
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Backgrounds to double-beta experiments

2νββ high-energy tail

Cosmic rays

SNO+

SuperNEMO

GERDA

KamLAND-Zen

Sudbury nickel mine (SNO+)

Alps at Modane (SuperNEMO)
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Backgrounds to double-beta experiments

2νββ high-energy tail

Cosmic rays

β-decaying isotopes
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Backgrounds to double-beta experiments

2νββ high-energy tail

Cosmic rays

β-decaying isotopes
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Backgrounds to double-beta experiments

2νββ high-energy tail

Cosmic rays

β-decaying isotopes

5000

1000

500

0

214Bi: 3.27MeV

208Tl: 4.99 MeV

208Tl: 2.6 MeV γ

214Pb: 1.02 MeV
40K: 1.31 MeV

234mPa: 2.27 MeV
212Bi: 2.25 MeV

228Ac: 2.12 MeV

Uranium series
Thorium series
Other
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Backgrounds to double-beta experiments

2νββ high-energy tail

Cosmic rays

External contamination

β-decaying isotopes

Building the GERDA detector array in 
the glovebox © J. Suvorov, GERDA 
collaboration 

Working in the SuperNEMO cleanroom
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Backgrounds to double-beta experiments

2νββ high-energy tail

Cosmic rays

External contamination

Detector components

β-decaying isotopes

Radiopure components 
selected & allowed to emanate 
radon. Activity is measured 
with an electrostatic detector 
(SuperNEMO)

Components machined and 
cleaned in underground 
cleanroom (MAJORANA)
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Backgrounds to double-beta experiments

2νββ high-energy tail

Cosmic rays

External contamination

Detector components

BiPo events

β-decaying isotopes

Tl208
81

3.1

Minutes

Po212
84
3x10-7


Seconds

Bi212
83

61

Minutes Pb208

82
Stable

β-

α β-

α

Thorium series

Bi214
83
19.9 min

Po214
84
164.3 µs

β-
α

Pb210
82
22.2 yrs

Uranium series
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Backgrounds to double-beta experiments

2νββ high-energy tail

Cosmic rays

External contamination

Detector components

BiPo events

β-decaying isotopes

Tl208
81

3.1

Minutes

Po212
84
3x10-7


Seconds

Bi212
83

61

Minutes Pb208

82
Stable

β-

α β-

α

Thorium series

Bi214
83
19.9 min

Po214
84
164.3 µs

β-
α

Pb210
82
22.2 yrs

Uranium series

Q = 5.00 MeV 
2.6 MeV γ
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Backgrounds to double-beta experiments

2νββ high-energy tail

Cosmic rays

External contamination

Detector components

BiPo events

β-decaying isotopes

Tl208
81

3.1

Minutes

Po212
84
3x10-7


Seconds

Bi212
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61

Minutes Pb208

82
Stable

β-

α β-

α

Thorium series

Bi214
83
19.9 min

Po214
84
164.3 µs

β-
α

Pb210
82
22.2 yrs

Uranium series
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Backgrounds to double-beta experiments

2νββ high-energy tail

Cosmic rays

External contamination

Detector components

BiPo events

β-decaying isotopes

Tl208
81

3.1

Minutes

Po212
84
3x10-7


Seconds

Bi212
83

61

Minutes Pb208

82
Stable

β-

α β-

α

Thorium series

Bi214
83
19.9 min

Po214
84
164.3 µs

β-
α

Pb210
82
22.2 yrs

Uranium series Known 
branching 
ratio
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Backgrounds to double-beta experiments

2νββ high-energy tail

Cosmic rays

External contamination

Detector components

BiPo events

β-decaying isotopes

Tl208
81

3.1

Minutes

Po212
84
3x10-7


Seconds

Bi212
83

61

Minutes Pb208

82
Stable

β-

α β-

α

Thorium series

Bi214
83
19.9 min

Po214
84
164.3 µs

β-
α

Pb210
82
22.2 yrs

Uranium series

3 x 10-7 
seconds

164.3 µs
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Backgrounds to double-beta experiments

2νββ high-energy tail

Cosmic rays

External contamination

Detector components

BiPo events

β-decaying isotopes

Tl208
81

3.1

Minutes

Po212
84
3x10-7


Seconds

Bi212
83

61

Minutes Pb208

82
Stable

β-

α β-

α

Thorium series

Bi214
83
19.9 min

Po214
84
164.3 µs

β-
α

Pb210
82
22.2 yrs

Uranium series

3 x 10-7 
seconds

164.3 µs

BiPo-3 detector 
looks for this 
topology

Canfranc 
underground lab was 
formerly Europe's 
biggest train station
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Double-beta decay experiments

JINST 13 (2018) no.03, P03015Better

Better
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Double-beta decay experiments

JINST 13 (2018) no.03, P03015Better

Better

• ββ source = detector (76Ge) 
• Excellent efficiency and resolution 
• Future : LEGEND

GERDA
LNGS, ItalyMAJORANA 

Demonstrator 
Sanford, SD
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Double-beta decay experiments

JINST 13 (2018) no.03, P03015Better

BetterNEXT 
Canfranc, Spain

EXO-200 
WIPP, NM

KamLAND-Zen 
Kamioka, Japan

• Large detectors : hundreds of kg of isotope 
• KamLAND-Zen has current best 0νββ half-life /mββ mass limit ( mββ < 61-165 meV) 
• Future detectors - nEXO, KamLAND2 Zen

PANDA-X III 
Sichuan, China
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Double-beta decay experiments

JINST 13 (2018) no.03, P03015Better

Better

CUORE 
LNGS, Italy

TeO2 bolometers

SNO+ 
130Te

• 130Te has 34% natural abundance
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Double-beta decay experiments

JINST 13 (2018) no.03, P03015Better

Better

CANDLES 
Kamioka, Japan

• High Q-value makes this an attractive isotope 
• Low abundance makes enrichment a challenge
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Double-beta decay experiments

JINST 13 (2018) no.03, P03015Better

Better

SuperNEMO/ 
NEMO-3 
Modane, France

• Source separated from detector - use any solid isotope 
• SuperNEMO - 82Se, NEMO-3 mostly 100Mo 
• High-granularity tracker-calorimeter design gives individual electron energies and trajectories
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76Ge experiments

Better

• ββ source = detector (76Ge) 
• Excellent efficiency and resolution 
• Future : LEGEND

GERDA
LNGS, ItalyMAJORANA 

Demonstrator 
Sanford, SD

JINST 13 (2018) no.03, P03015
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GERDA: HPGe detector at Gran Sasso, Italy

Nature 544 (2017) 47  

M Agostini, Neutrino 2016
A Zsigmond, Neutrino 2018 

• Germanium  detector, enriched to 88% 76Ge (Qββ = 2039 keV) 
• Intrinsically pure material reduces backgrounds 
• Source = detector: high detection efficiency 
• Excellent energy resolution  (σE/E ≈ 0.2%) zero 2νββ background in 

region of interest (3-4 keV) 
• Electron range in Ge~1mm:  ββ events are point-like (vs. multisite 

gamma backgrounds)
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GERDA: HPGe detector at Gran Sasso, Italy

Nature 544 (2017) 47  

M Agostini, Neutrino 2016
A Zsigmond, Neutrino 2018 

7 strings with 40 detectors in total 
(43.2kg) 

• 7 enriched semi-coaxial (15.6 kg)  
• 30 enriched thick window Broad Energy 

germanium detectors (BEGe) (20.0 kg)  
• 3 natural semi-coaxial (7.6 kg)  

 

p+ electrode n+ electrode

BEGe

Co-axial

© B. Schwingenheuer, GERDA collaboration 
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GERDA: HPGe detector at Gran Sasso, Italy

Nature 544 (2017) 47  

M Agostini, Neutrino 2016
A Zsigmond, Neutrino 2018 

LAr electronics

Wavelength-shifting 
fibres deliver LAr 
scintillation light to 
SiPMs for γ and β 
veto

Low-activity PMTs

© V. Wagner, GERDA collaboration

© M. Heisel, GERDA collaboration 
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GERDA: HPGe detector at Gran Sasso, Italy

Nature 544 (2017) 47  

M Agostini, Neutrino 2016
A Zsigmond, Neutrino 2018 

Ultra-pure 
water+PMTs add 
Cherenkov veto

LAr cryostat

Scintillator 
muon veto
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GERDA: HPGe detector at Gran Sasso, Italy

Nature 544 (2017) 47  

M Agostini, Neutrino 2016
A Zsigmond, Neutrino 2018 

Ultra-pure 
water+PMTs add 
Cherenkov veto

LAr cryostat

Scintillator 
muon veto

K. Freund, GERDA collaboration 
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How GERDA got background-free

Pulse shape (energy and amplitude) distinguishes single (ββ) vs multi-site 
(background) events. Plots for BEGe detector.
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How GERDA got background-free

Pulse shape (energy and amplitude) distinguishes single (ββ) vs multi-site 
(background) events. Plots for BEGe detector.
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Muon veto from plastic 
scintillator and Cherenkov 
light in water: > 99% 
rejection efficiency

EPJ C, 2016, Vol 76, Number 5, Page 1
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How GERDA got background-free

Liquid argon veto removes external 
backgrounds to give clean 2νββ 
spectrum (98% efficiency. Plot for 
BEGe detectors.

before veto after veto

2νββ simulation

Nature 544 (2017) 47-52  

Pulse shape (energy and amplitude) distinguishes single (ββ) vs multi-site 
(background) events. Plots for BEGe detector.
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Muon veto from plastic 
scintillator and Cherenkov 
light in water: > 99% 
rejection efficiency

EPJ C, 2016, Vol 76, Number 5, Page 1
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GERDA: Latest results

Phys. Rev. Lett. 120 (2018) 132503

• Limit set at 90% confidence level: 2 events in 34.4 kg·yr, or  
•

for light Majorana neutrino exchange:

• At design exposure of 100 kg.yr, sensitivity > 1026 yr 
GERDA cryostat can hold 

200kg of detectors
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• Phase II background-free in the region of interest

1.0+0.6
�0.4 ⇥ 10�3cts / (keV · kg · yr)
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More 76Ge: MAJORANA Demonstrator at Sanford, SD

Small, dimple-like central contact

Energy

Amplitude

Single-site (ββ) Multi-site 
(background)• Enriched p-type point-contact HPGe detectors have 

• Excellent pulse-shape discrimination 
• Benefits of standard coaxial HPGe detectors 
• Low capacitance (~1pF): excellent low-energy resolution
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More 76Ge: MAJORANA Demonstrator at Sanford, SD

• All components made from highly radiopure materials 
• Underground electroformed copper 
• NXT-85 cleanroom-manufactured Teflon

10x less radioactive than commercial copper
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More 76Ge: MAJORANA Demonstrator at Sanford, SD

• Modular design: 
• 2 independent cryostats with their own vacuum, 

electronics, and cooling  
• Each with 7 strings of 4-5 detectors 

• Total 44.1 kg of germanium detectors 
• Assembled in glove box with purged N2 environment
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More 76Ge: MAJORANA Demonstrator at Sanford, SD

• External gammas blocked by copper and lead shielding 
• Neutron background reduced by borated poly shield 
• Active muon veto panels made of plastic scintillator 
• Ultra-low radon N2 purge gas  
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GERDA + MAJORANA = LEGEND

• Liquid argon veto
• Low-A shield

• Low-noise 
electronics

• Radio-pure parts 
(mounts, cables etc)

Underground argon

New inverted 
coaxial point-
contact HPGe 

detectors

Reduce passive 
materials
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#4

LEGEND   (arXiv:1709.01980)

Signal-Background
separation scheme

Water

LAr

UGLAr

4 m

12 m

6 m

6 m

Clean Room

LEGEND-200 LAr
readout design

LEGEND-200:		
• 200	kg	in	upgrade	of	existing	
infrastructure	at	LNGS		
• Background	goal	0.6	cts/
(FWHM	t	yr)	
• Data	start	~2021	

LEGEND-1000:	
• 1000	kg,	staged	via	individual	payloads	
• Timeline	connected	to	review	process	
• Background	goal	<0.1	cts/(FWHM	t	yr)	
• Location	not	yet	determined	
• Required	depth	(Ge-77m)	under	investigation	

LEGEND-200

• 200 kg upgrade of GERDA at LNGS  
• Background goal 0.6 cts / (FWHM t yr) 
• Data start ~2021 

LEGEND-1000

#4

LEGEND   (arXiv:1709.01980)

Signal-Background
separation scheme

Water

LAr

UGLAr

4 m

12 m

6 m

6 m

Clean Room

LEGEND-200 LAr
readout design

LEGEND-200:		
• 200	kg	in	upgrade	of	existing	
infrastructure	at	LNGS		
• Background	goal	0.6	cts/
(FWHM	t	yr)	
• Data	start	~2021	

LEGEND-1000:	
• 1000	kg,	staged	via	individual	payloads	
• Timeline	connected	to	review	process	
• Background	goal	<0.1	cts/(FWHM	t	yr)	
• Location	not	yet	determined	
• Required	depth	(Ge-77m)	under	investigation	

• 1000 kg 
• Background target 0.1 / 

(FWHM t yr) 
• Location not yet chosen

LEGEND Sensitivity
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LEGEND Sensitivity

#19

LEGEND Timeline 

• Clear opportunities for key UK contributions to reach ambitious 
physics goals  
• Critical for LEGEND-1000 
• Essential for LEGEND-200

#6

LEGEND Sensitivity 

N.B.: BG requirements for discovery more 
stringent than for sensitivity 

mββ = 9 - 17 meV 

Full coverage of 
inverted ordering 

>1028 yr, mββ = 17 meV 
for worst NME  

mββ < 9-17 meV (90% CL)
(full inverted hierarchy)

76Ge (88% enriched)

R Saakyan, UK Double-beta meeting 2019
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136Xe experiments

JINST 13 (2018) no.03, P03015Better

BetterNEXT 
Canfranc, Spain

EXO-200 
WIPP, NM

KamLAND-Zen 
Kamioka, Japan

• Large detectors : hundreds of kg of isotope 
• KamLAND-Zen has current best 0νββ half-life /mββ mass limit ( mββ < 61-165 meV) 
• Future detectors - nEXO, KamLAND2 Zen

PANDA-X III 
Sichuan, China
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EXO-200: Liquid xenon TPC at WIPP, New Mexico

Charge 
collection 
grid 

40cm
Central cathode held at high 
negative voltage (-8 to-12 kV)
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EXO-200: Liquid xenon TPC at WIPP, New Mexico

Charge 
collection 
grid 

Liquid xenon (80.6% 136Xe) has 3 roles
• TPC ionizer
• ββ emitter
• Scintillator

Avalanche 
photodiodes 
collect 175nm 
scintillation 
light40cm
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TPC wire signals give x-y 
position

Time delay between scintillation  
light and wire signals gives 

longitudinal position

�28

EXO-200: Reconstruction

L Yang, Neutrino 2016

�28

3-D reconstruction distinguishes 
between single-site (ββ) and 
multi-site (γ background) 
events

Single-site Multi-site

2νββ

Background Background

2νββ

30 cm

Cathode
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EXO-200: Identifying 0νββ

Single-site cut Energy cut
(σE / E = 1.23%) Boosted decision tree

Phys. Rev. Lett. 120, 072701 (2018)
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EXO-200: Identifying 0νββ

Single-site cut Energy cut
(σE / E = 1.23%) Boosted decision tree

0νββ MC

15% sensitivity improvement

simulation

simulation

background-
subtracted data

data

2νββ

Calibration source 
(226Ra)

Backgrounds tend to fire 
neighbouring channels

Time between 5 and 95% of charge being collected

External backgrounds generate 
clusters near TPC surface

Phys. Rev. Lett. 120, 072701 (2018)
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EXO-200: Latest results

Phys. Rev. Lett. 120, 072701 (2018)

Phase I vs Phase II 
- 2014 accident at 
WIPP; 2 year 
pause and 
upgrades

T1/2 > 1.8 x 1025 years
 (90% C.L)

( mββ < 147 − 398  meV ) 
177.6 kg.years

Single-site Multi-site

BDT discriminator
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The future: nEXO

10�4 10�3 10�2 10�1

mmin [eV]
10�3

10�2

10�1

100

<
m

�
�

>
[e

V]

N.H.

EXO-200
Nature 510, 229 (2014)
EXO-200 Phase-II
PRL 120 072701 (2018)

nEXO 10 Years

10�4 10�3 10�2 10�1 100

mmin [eV]

I.H.

4038 kg of liquid Xe (90% 136Xe)

Phys. Rev. C 97, 065503 (2018)

125 cm

(SiPMS)

10x10 cm2 

Dielectric 

(400V /cm)

4038 kg of 
liquid Xe 
(90% 136Xe)
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NEXT: high-pressure gas xenon TPC at Canfranc, Spain

Separated Optimized FuncTion
SOFT TPC

Charged particle travels through TPC
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NEXT: high-pressure gas xenon TPC at Canfranc, Spain

Separated Optimized FuncTion
SOFT TPC

Primary scintillation light gives event trigger 
time

Charged particle travels through TPC
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NEXT: high-pressure gas xenon TPC at Canfranc, Spain

Separated Optimized FuncTion
SOFT TPC

Primary scintillation light gives event trigger 
time

Ionization electrons drift to anode
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NEXT: high-pressure gas xenon TPC at Canfranc, Spain
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Primary scintillation light gives event trigger 
time

Ionization electrons drift to anode

Electroluminescent light generated at 
anode is recorded in SiPMs and used for 
tracking

Charged particle travels through TPC
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tracking

Electroluminescent light also recorded in 
PMTs and used for energy measurement
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NEXT: high-pressure gas xenon TPC at Canfranc, Spain

Separated Optimized FuncTion
SOFT TPC

Primary scintillation light gives event trigger 
time

Ionization electrons drift to anode

Electroluminescent light generated at 
anode is recorded in SiPMs and used for 
tracking

Electroluminescent light also recorded in 
PMTs and used for energy measurement

Charged particle travels through TPC

Each electron  generates a constant 
deposition, followed by a “blob” of energy 
at the end - count blobs to separate signal 
from backgroundX (mm)
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NEXT-White (NEW) - current 10kg detector

arXiv:1804.02409  

Ran with depleted Xe in 2018 - 
now running with enriched Xe
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NEXT-100 (starts next year)
NEXT-100 (assembly in one year)

February 19, 2019 LIOR ARAZI (BGU): NEXT STATUS 28

Pressure vessel: St-St, 
rated for 15 bar

TPC: 100 kg active region, 
130 cm drift length

Energy plane: 60 
radio-pure PMTs, 
30% coverage Inner shield: 

12 cm Cu

Tracking plane:
3000 SiPMs, 15 mm 
pitch

Outer shield: lead 
castle with Rn-free air

NEXT-100 expected sensitivity

February 19, 2019 LIOR ARAZI (BGU): NEXT STATUS 29

Background: 1 counts/100 kg/yr for 1% 
FWHM

Dashed: largest and smallest estimations 
for the nuclear matrix elements

Similar sensitivity as KamLand-ZEN after 
~4 years

(remember NEXT-100 is a demonstrator 
for a ton-scale detector)

J. Martín-Albo, et al. (NEXT collaboration), JHEP (2016) 2016 159, arXiv:1511.09246

JHEP 2016 159 
L Arazi 

Resolution 1% FWHM
1 background count / 100 kg / year
Demonstrator for ton-scale experiment
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PandaX-III at China Jinping Underground Laboratory

• PandaX-II is a dark matter direct detection experiment 
equipped with a half-ton scale dual-phase TPC 

• PandaX-III will enrich with 200kg- 1 ton of  90% 136Xe

PandaX-II

Microbulk Micromegas 
readout at both ends 
(no PMTs)
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KamLAND-Zen: 136Xe in scintillator in Kamioka, Japan

KamLAND

20 m

1 kTon Liquid scintillator in 
13 m diameter balloon

Non-scintillating oil

Water Cherenkov 
outer detector

1879 PMTs
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KamLAND-Zen: 136Xe in scintillator in Kamioka, Japan

20 inch PMT × 225  
for outer detector

17 inch PMT × 1325 
+ 20 inch PMT × 554

20 m

20
 m

Past

Present

Future

 KamLAND-Zen 800

 KamLAND-Zen 400

 KamLAND2-Zen

320-380 kg of Xenon 
Data taking 2011 ~ 2015 

~750 kg of Xenon 
DAQ to start in this year

~1 ton of 136Xe 
Better energy resolution

 From KamLAND to KamLAND-Zen
136Xe loaded LS → into KamLAND center with inner balloon.

KamLAND LS 
→ active shield 

Can also continue  
anti-neutrino 

measurement
KamLAND

136Xe-loaded liquid 
scintillator in inner balloon

- Zen
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KamLAND-Zen: 136Xe in scintillator in Kamioka, Japan
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110mAg (β emitter) in XeLS from 
Fukushima fallout: scintillator cleaned 

for Phase II 

Visible Energy (MeV)
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 Result of 0νββ decay (2013)

Energy spectrum 
2.2 < E < 3.0 MeV, R < 1.35 m 
(known backgrounds subtracted)

  T1/2 > 1.9×1025 yr (90% C.L.)

Limit of Phase-I

2011 
Sep.

2011 
Oct.

2012 
Feb.

2012 
Mar.

2012 
Jun.

DS-2
Phase-I 

Xenon 320 kg, 90.9% enriched

DS-1
KL-Zen400 

Started Purification

2015 
Oct.

Phase-II 
Xenon 383 kg, 90.8% enriched

Period-1 Period-2

2013 
Dec.

Large 
amount

Small 
amount

Backgrounds in 0νββ region 
& improvements  
(1) 110mAg in Xe-LS 

→ Purification 
(2) 214Bi from inner balloon 

→ Fiducial volume optimization 
(3) Spallation product 10C 

→ triple coincidence 
(4) 136Xe 2νββ decay 

→ (future work)  
      Better energy resolution 

New brighter LS, light collection

PRL 110, 062502 (2013) 

Inner balloon contamination 
from mine air

Large, 
monolithic 
detector lets 
you limit 
fiducial 
volume

Muon-induced spallation product 
10C: triple coincidence muon + 

neutron + 10C β+ decay

Separation 
with 
computer-
vision 
algorithm

KamLAND-Zen: Backgrounds

arXiv:1812.02906 [physics.ins-det]

 Fiducial volume selection for 0νββ analysis

Multi-volume selection for analysis optimization
Target volume for spectral fit : R < 2.0 m 

lower / upper hemisphere

R 20bin (same volume in each radius bin)× Theta 2bin (-1<cosθ<0, 0<cosθ<1)

Distribution of 214Bi background from IB film is asymmetry.  
Larger background at the bottom → Effected to fiducial volume selection. 
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KamLAND-Zen in pictures

Inner balloon being prepared…

… and installed into the detector…

…ready to be filled with scintillator and 136Xe
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KamLAND-Zen: results

Phys Rev Lett 117, 082503 (2016) 

T1/2 > 1.07 x 1026 years 
 ( mββ < 61-165 meV ) 

504 kg.years
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130Te experiments

JINST 13 (2018) no.03, P03015Better

Better

CUORE 
LNGS, Italy

TeO2 bolometers

SNO+ 
130Te

• 130Te has 34% natural abundance
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Thanks to Steve Biller & 
Esther Turner for slide 

content

�41

6m radius acrylic vessel filled with 
natTe-loaded liquid scintillator

Surrounded by ~9300 PMTs in a water-
filled cavity

SNOLAB: 6000m water equivalent

SNO+ - Tellurium in liquid scintillator
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Thanks to Steve Biller & 
Esther Turner for slide 
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• Highly economical 
• 130Te is the most economically scalable isotope (high natural abundance); 
• Liquid scintillator also very economically scalable detector technology!

• Potential for dramatic scale-up

SNO+ - Tellurium in liquid scintillator
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• Highly economical 
• 130Te is the most economically scalable isotope (high natural abundance); 
• Liquid scintillator also very economically scalable detector technology!

• Potential for dramatic scale-up
• Allows sensitivity above current leading measurement:  

• T1/20νββ > 2.1e26 years ( mββ  < 37- 89 meV ) after 5 years of running

Different matrix element 
calculations give different masses 
for the same half-life

SNO+ - Tellurium in liquid scintillator
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Thanks to Steve Biller & 
Esther Turner for slide 
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�41

• Highly economical 
• 130Te is the most economically scalable isotope (high natural abundance); 
• Liquid scintillator also very economically scalable detector technology!

• Potential for dramatic scale-up
• Allows sensitivity above current leading measurement:  

• T1/20νββ > 2.1e26 years ( mββ  < 37- 89 meV ) after 5 years of running
• Phase II could reach 1027 years with the same detector but higher loading 

New chemistry developments 
may make it possible to simply 
increase the loading in the 
current instrument to achieve this

Different matrix element 
calculations give different masses 
for the same half-life

SNO+ - Tellurium in liquid scintillator
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New loading method: 
Te-butanediol complex dissolved in liquid scintillator

�42

SNO+ tellurium loading

• Simple synthesis 
• Single safe, distillable chemical 
• Low radioactivity levels 
• Minimal optical absorption 
• High light levels at 0.5% natTe loading

Natural tellurium is  34% 130Te
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Plus neutron capture, muon-induced 
neutrons (in progress)

�43

Detector progress

• Operating with water from 2017

• Invisible nucleon decay 
• Solar neutrinos 
• Supernova neutrinos

Largest background to 0νββ
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• Operating with water from 2017

• Transition to scintillator 
happening  now

SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

Pure Scintillator Fill

 9

• Scintillator	purification	plant	being	
commissioned	

✓ LAB	successfully	distilled	
underground	

✓ PPO	prep	underway	

✓ N2/steam	stripping	tested	

• Scintillator	fill	starts	mid-July	2018

`

The End

Richard Ford (SNOLAB) CAP Congress, Kingston, 31-May-2017

7Be7Be

• Scintillator purification plant commissioned 
• LAB solvent successfully distilled underground 
• PPO fluor prep underway 
• N2/steam stripping tested

SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

Pure Scintillator Fill
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• Scintillator	purification	plant	being	
commissioned	

✓ LAB	successfully	distilled	
underground	

✓ PPO	prep	underway	

✓ N2/steam	stripping	tested	

• Scintillator	fill	starts	mid-July	2018

`

The End

Richard Ford (SNOLAB) CAP Congress, Kingston, 31-May-2017

7Be7Be

SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

Pure Scintillator Fill

 9

• Scintillator	purification	plant	being	
commissioned	

✓ LAB	successfully	distilled	
underground	

✓ PPO	prep	underway	

✓ N2/steam	stripping	tested	

• Scintillator	fill	starts	mid-July	2018

`

The End

Richard Ford (SNOLAB) CAP Congress, Kingston, 31-May-2017

7Be7Be

• Reactor antineutrinos (Δm212) 
• Geo-neutrinos

• Invisible nucleon decay 
• Solar neutrinos 
• Supernova neutrinos

Detector progress
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SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

Tellurium Status

 10

• Tellurium	will	be	dissolved	in	SNO+	scintillator	
in	the	form	of	a	Te-butanediol	complex	

• Telluric	acid	(TeA)	will	be	purified	underground	

• TeA	stored	underground	(3.8	tonnes	for	2+	yrs;	
cosmogenic	activity	decaying)	

• TeA	purification	plant	constructed;	ready	for	
commissioning	

• Te-butanediol	synthesis	plant	build	underway

7 

Poster	#54		
SNO+	Tellurium	

Loading	for	
Neutrinoless	Double	

Beta	Decay	
S.	Manecki

SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

Tellurium Status

 10

• Tellurium	will	be	dissolved	in	SNO+	scintillator	
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• TeA	stored	underground	(3.8	tonnes	for	2+	yrs;	
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commissioning	
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Poster	#54		
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Loading	for	
Neutrinoless	Double	

Beta	Decay	
S.	Manecki
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• Operating with water from 2017

• Transition to scintillator 
happening now

• Tellurium loading for ββ due in 
2019-20 (1330 kg 130Te)

Te needed for Phase I all underground

Te purification system almost complete

Te-diol synthesis 
plant construction is 
well advanced 
(synthesised from 
telluric acid)

• Reactor neutrinos (Δm212) 
• Geo-neutrinos

• Invisible nucleon decay 
• Solar neutrinos 
• Supernova neutrinos

• Neutrinoless double-beta decay

Detector progress
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SNO+ Sensitivity and backgrounds

0νββ Sensitivity

Reconstructed Energy (MeV)
2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

C
ou

nt
s/

5y
/2

0k
eV

 b
in

0

5

10

15

20

25

30

35

40
 (100 meV)bbn0
bbn2

, n)a(
U chain
Th chain
External

ESnB 8

Cosmogenic

• Counting analysis

• Cocktail:
• LAB+PPO+bisMSB+Te(0.5%)+Diol

+DDA

• Fiducial Volume 3.3 m

• Addition of TeDiol to scintillator
reduces light yield to ~450 
NHits/MeV

Solar ν 
background 
potentially 

reducible with 
prompt 

Cherenkov light

Fiducial volume cut reduces externals

T1/2 > 2.1 x 1026 years
Predicted for 5 years of running

M Stringer, UK double-beta meeting
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Absorber crystal
(TeO2)

�47

CUORE: TeO2 bolometers at LNGS, Italy

750g
weight

988 natural TeO2 crystals (206 kg of 130Te)

• Crystal is source and detector (solid-state bolometer) 
• Future plans to use other isotopes (82Se)
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Absorber crystal
(TeO2)

�47

CUORE: TeO2 bolometers at LNGS, Italy

Weak thermal 
coupling

Heat sink Copper 
holder• Crystals at low temperature: 10 mK
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Absorber crystal
(TeO2)

�47

CUORE: TeO2 bolometers at LNGS, Italy

• Energy deposition (e.g. ββ decay) raises 
temperature by ~ 100 µK / MeV Weak thermal 

coupling

Heat sink Copper 
holder• Crystals at low temperature: 10 mK
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Absorber crystal
(TeO2)

�47

CUORE: TeO2 bolometers at LNGS, Italy

• Energy deposition (e.g. ββ decay) raises 
temperature by ~ 100 µK / MeV

• Read out by a germanium neutron 
transmutation doped thermometer

NTD Ge 
Thermometer

0.2% energy resolution

Weak thermal 
coupling

Heat sink Copper 
holder• Crystals at low temperature: 10 mK
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Absorber crystal
(TeO2)

�47

CUORE: TeO2 bolometers at LNGS, Italy

• Energy deposition (e.g. ββ decay) raises 
temperature by ~ 100 µK / MeV

• Read out by a germanium neutron 
transmutation doped thermometer

NTD Ge 
Thermometer

0.2% energy resolution

Weak thermal 
coupling

Heat sink Copper 
holder• Crystals at low temperature: 10 mK

NTD Absorber

Weak thermal coupling
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ShieldingCooling

�48

CUORE detector

• Detectors cooled to 10 mK 
• Long-term stable base temperature 6.3 

mK

Coldest cubic 
metre in the 
known universe

• Radiopure copper 
• 70 tons of lead including 4 of Roman lead 
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ShieldingCooling

�48

CUORE detector

• Detectors cooled to 10 mK 
• Long-term stable base temperature 6.3 

mK

Coldest cubic 
metre in the 
known universe

• Radiopure copper 
• 70 tons of lead including 4 of Roman lead 

• Found off Sardinia coast in 1988 
• Shipwreck from 80-50 B.C.E 
• 120 lead ingots have lost their natural radioactivity

• Ingots originated in Spain 
• Used for ammunition 
• Inscriptions preserved for archaeology

https://www.nature.com/news/2010/100415/full/news.2010.186.html
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CUORE photo gallery

Assembling in N2 
environment

Installing the detector 
tower

J Ouellet, Neutrino 2018
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CUORE results

T1/2 > 1.5 x 1025 years
 ( mββ < 110-520 meV )

86.3 kg.years
5 years: 9.5x1025 years

Phys. Rev. Lett. 120, 
132501  (2018)

Eur. Phys. J. C 77, 13 (2017)

http://dx.doi.org/10.1140/epjc/s10052-016-4498-6
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CUPID - adding particle ID (at LNGS and LSM)

Light-emitting bolometers allow particle ID



Cheryl Patrick, UCL Neutrino mass measurements & double beta decay �51

CUPID - adding particle ID (at LNGS and LSM)

Light-emitting bolometers allow particle ID

CUPID: CUORE Upgrade with Particle ID

 15

•Dominant background is degraded alphas from 
surface contamination  

Karsten Heeger, Yale University UMass, December 16, 2015 38

• Cherenkov light or scintillation to distinguish α from 
β/γ (130TeO2, Zn82Se, 116CdWO4, and Zn100MoO4)

• More rejection power needed: 99.9% α background 
suppression. Light detector R&D for better 
resolution. 

• Background free search.

116CdWO4

130TeO2

phonon+photon

CUORE Collaboration 
Eur.Phys.J. C74 (2014) 10, 3096 
 

Casali et al
Eur.Phys.J. C75 (2015) 1, 12

Cherenkov signal

scintillation signal

Beyond CUORE: Particle ID with Light Detectors
•Leverage other energy loss mechanisms to tag particle  
type

•Maturing R&D and demonstrator efforts 

Enriched Li100MoO4 scintillating bolometers  

Enriched Zn82Se scintillating bolometers  

Enriched 130TeO2 bolometer with  
Cherenkov readout  
 

Scintillating bolometers

If the absorber is also an efficient scintillator the 
energy is converted into heat + light

Bolometer features: 

 high energy resolution O(1/1000) 

 wide choice of compound 130TeO2, Li2100MoO4, Zn82Se

 high detection efficiency (source = detector) 

 scalable to large masses 

 particle ID
A background-free experiment is possible: 
α-background: identification and rejection 

β/γ-background: ββ isotope with large Q-value

A bolometer is a highly sensitive calorimeter 
operated @ cryogenic temperature (~10 mK). 

Energy deposits are measured as temperature 
variations of the absorber.

 7

Fig. from L. Pattivina

Light shape parameter separates 
α events from β and γ decays

L. Pattivina
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CUPID - adding particle ID (at LNGS and LSM)

Light-emitting bolometers allow particle ID

CUPID: CUORE Upgrade with Particle ID
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•Dominant background is degraded alphas from 
surface contamination  

Karsten Heeger, Yale University UMass, December 16, 2015 38

• Cherenkov light or scintillation to distinguish α from 
β/γ (130TeO2, Zn82Se, 116CdWO4, and Zn100MoO4)

• More rejection power needed: 99.9% α background 
suppression. Light detector R&D for better 
resolution. 

• Background free search.
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•Leverage other energy loss mechanisms to tag particle  
type

•Maturing R&D and demonstrator efforts 

Enriched Li100MoO4 scintillating bolometers  

Enriched Zn82Se scintillating bolometers  

Enriched 130TeO2 bolometer with  
Cherenkov readout  
 

Scintillating bolometers

If the absorber is also an efficient scintillator the 
energy is converted into heat + light

Bolometer features: 

 high energy resolution O(1/1000) 

 wide choice of compound 130TeO2, Li2100MoO4, Zn82Se

 high detection efficiency (source = detector) 

 scalable to large masses 

 particle ID
A background-free experiment is possible: 
α-background: identification and rejection 

β/γ-background: ββ isotope with large Q-value

A bolometer is a highly sensitive calorimeter 
operated @ cryogenic temperature (~10 mK). 

Energy deposits are measured as temperature 
variations of the absorber.
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Light shape parameter separates 
α events from β and γ decays

L. Pattivina

CUPID-0:  
Zn82Se 
bolometers (5.28 
kg 82Se) 

CUPID-Mo uses 
Li2100MoO4 crystals  

TeO2 scintillating bolometers under 
R&D
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CUPID - adding particle ID (at LNGS and LSM)

Light-emitting bolometers allow particle ID

CUPID: CUORE Upgrade with Particle ID

 15

•Dominant background is degraded alphas from 
surface contamination  

Karsten Heeger, Yale University UMass, December 16, 2015 38

• Cherenkov light or scintillation to distinguish α from 
β/γ (130TeO2, Zn82Se, 116CdWO4, and Zn100MoO4)

• More rejection power needed: 99.9% α background 
suppression. Light detector R&D for better 
resolution. 

• Background free search.

116CdWO4

130TeO2

phonon+photon

CUORE Collaboration 
Eur.Phys.J. C74 (2014) 10, 3096 
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L. Pattivina

CUPID-0:  
Zn82Se 
bolometers (5.28 
kg 82Se) 

CUPID-Mo uses 
Li2100MoO4 crystals  

TeO2 scintillating bolometers under 
R&D

Target CUPID sensitivity covers 
whole inverted hierarchy  
(mββ ~ 6 - 20 meV,  
T1/2 ~ 1027 yr)  
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… and the rest

JINST 13 (2018) no.03, P03015Better

Better

SuperNEMO/ 
NEMO-3 
Modane, France

CANDLES 
Kamioka, Japan
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CANDLES: Ca48 at Kamioka

Highest Q-value
• low backgrounds  
• big phase space factor = high rate

lowest abundance (< 0.2%) 
• zero background (i.e. high resolution) vital 
• CANDLES working on enrichment techniques & 

scintillating bolometers

Image: Osaka University
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CANDLES III detector
T Kishimoto, DBD18

CANDLES III(UG)
CaF2 scintillator (CaF2(pure))
305 kg (96 × 3.2kg)
t ~ 1msec
liquid scintillator (LS)
4π active veto
2m3

t ~ a few 10nsec
PMT’s
13inch PMT × 48 
20inch PMT × 14

light pipe
light collection：energy 
resolution

CANDLES at Kamioka underground laboratory
CANDLES III 

3m

4m

CaF2

Liquid scintillator

water

PMTs

light pipe
Veto 

Pulse shape difference
CaF2(pure) : ～1msec
Liquid scintillator   : a few 10 nsecHawaii APS/JPS 

DBD18
4

96 x 3.2 kg of unenriched CaF2  scintillator crystals

3m

4m

LS response time ~ 100x faster than 
CaF2: background rejection

4p active veto by Liquid scintillator (LS)
- Rejection of external g–ray background

• Pulse shape information by 500 MHz Flash ADC.
• Distinguish event type by offline pulse shape analysis 

taking advantage of different decay time.

6

CaF2
(1msec)

Liquid Scintillator
(~10nsec)

CaF2+
Liquid Scintillator

CaF2
Liquid 
ScintillatorCaF2

CaF2

Liquid 
Scintillator

b-ray

g-ray

bb signal !? External g BG External g BG

Hawaii APS/JPS 
DBD18

4p active veto by Liquid scintillator (LS)
- Rejection of external g–ray background

• Pulse shape information by 500 MHz Flash ADC.
• Distinguish event type by offline pulse shape analysis 

taking advantage of different decay time.
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CaF2
(1msec)

Liquid Scintillator
(~10nsec)

CaF2+
Liquid Scintillator

CaF2
Liquid 
ScintillatorCaF2

CaF2

Liquid 
Scintillator

b-ray

g-ray

bb signal !? External g BG External g BG

Hawaii APS/JPS 
DBD18
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CANDLES III detector
T Kishimoto, DBD18

T1/20ν > 6.2 x 1022 years
(world’s best)

But enrichment needed…
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The NEMO principle

B

β−

β− Energy E1

Energy E2

ββ Source
(switchable)

High-granularity
tracker

Segmented 
calorimeter

Weaknesses

Strengths

• Source decoupled from detector - use any solid 
ββ source isotope 

• Track reconstruction gives particle identification 
• Combine with timings to identify topologies for 

ultra-high background rejection 
• Tracking info (angle between tracks) & individual 

energy distributions can distinguish between ββ 
mechanisms

• Energy resolution poorer than for most 
homogenous detectors 

• Doesn’t scale as well as some other designs
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Anode wire
(1800V)

Field-shaping wires

Cathode 
end cap

3 metres4.4 cm

The NEMO tracker
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Anode wire
(1800V)

Field-shaping wires

Cathode 
end cap

• Charged particle passes through the detector

The NEMO tracker
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Anode wire
(1800V)

Field-shaping wires

Cathode 
end cap

• Charged particle passes through the detector

• Electron avalanche drifts to anode (Geiger mode) 
• Drift time gives radius of closest approach r

r
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The NEMO tracker
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Anode wire
(1800V)

Field-shaping wires

Cathode 
end cap

• Charged particle passes through the detector

• Electron avalanche drifts to anode (Geiger mode) 
• Drift time gives radius of closest approach r

• Plasma propagates towards the two cathode end caps 
• Difference in drift times gives distance along wire z

z
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Allows 3-d track reconstruction

The NEMO tracker
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NEMO-3 (2003-11)
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2νββ measurements and 0νββ limit

�59

NEMO-3 results highlights

• 100Mo (Eur. Phys. J. C (2019) 79: 440)

Higher-
state 
dominated

Higher-
state 
dominated

Single-
state 
dominated

Single-state 
dominated 5 x 105 events 

Signal / bkgd  ~ 80

100Mo 100Ru100Tc
1+

Individual electron 
track angles  and 
energies give extra 
information
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2νββ measurements and 0νββ limit

�59

NEMO-3 results highlights

• 100Mo (Eur. Phys. J. C (2019) 79: 440) 
• 82Se (Eur. Phys. J. C (2018) 78: 821) 
• 48Ca (Phys. Rev. D 93, 112008)  
• 150Nd (Phys. Rev. D 94, 072003) 
• 116Cd (Phys. Rev. D 95, 012007) 
• 130Te (Phys. Rev. Lett. 107, 062504) 
• 96Zr (Nucl.Phys.A847:168-179)

• Lorentz Invariance Violation 
and exotic 0νββ mechanisms 
would modify energy spectrum 

• Limit set on contribution from 
Lorentz-Invariance violating eventsLorentz 

Invariance 
Violation

�4.2⇥ 10�7 GeV < å(3)of < 3.5⇥ 10�7 GeV (90%C.L.).
<latexit sha1_base64="yE90sf/rnKwxKFebxjkHVW12m7M="></latexit>

�4.2⇥ 10�7 GeV < å(3)of < 3.5⇥ 10�7 GeV (90%C.L.).
<latexit sha1_base64="yE90sf/rnKwxKFebxjkHVW12m7M="></latexit>

0ν4β decays would violate lepton number, 
but could occur even if neutrinos are Dirac

Allowed for 3 isotopes, including 
150Nd

150Nd foil

Heeck and 
Rodejohann 2013

No events
observed

T1/2 > 2.6 x 1021 yr (90%CL)
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Figure 3: Expanded diagram of the Demonstrator Module showing the a) 
source foil frame, b) the tracker and c) the calorimeter wall

c cb ba
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Now at LSM: SuperNEMO Demonstrator



Cheryl Patrick, UCL Neutrino mass measurements & double beta decay �60

Figure 3: Expanded diagram of the Demonstrator Module showing the a) 
source foil frame, b) the tracker and c) the calorimeter wall

c cb ba

Figure 3: Expanded diagram of the Demonstrator Module showing the a) 
source foil frame, b) the tracker and c) the calorimeter wall

c cb ba

Sensitivity after 5 (2.5) y data taking

Magnetic 
field

6.8 x 1018 9.4 x 1019
6.3

Source frame holding 6.3kg 
of ββ emitter (82Se)

Now at LSM: SuperNEMO Demonstrator
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Figure 3: Expanded diagram of the Demonstrator Module showing the a) 
source foil frame, b) the tracker and c) the calorimeter wall

c cb ba

Sensitivity after 5 (2.5) y data taking

Magnetic 
field

6.8 x 1018 9.4 x 1019
6.3

Source frame holding 6.3kg 
of ββ emitter (82Se)

• 34 foils  
• Enriched Se powder mixed 

with PVA  
• Increased radio purity 

through distillation / 
chromatography / chemical 
precipitation

Now at LSM: SuperNEMO Demonstrator
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Figure 3: Expanded diagram of the Demonstrator Module showing the a) 
source foil frame, b) the tracker and c) the calorimeter wall
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Sensitivity after 5 (2.5) y data taking

Magnetic 
field

6.8 x 1018 9.4 x 1019
6.3

Now at LSM: SuperNEMO Demonstrator

• 2034 drift cells (13,000 wires!) 
• He/Ar/Ethanol gas mixture with 

advanced radon reduction program
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Figure 3: Expanded diagram of the Demonstrator Module showing the a) 
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Figure 3: Expanded diagram of the Demonstrator Module showing the a) 
source foil frame, b) the tracker and c) the calorimeter wall
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Sensitivity after 5 (2.5) y data taking

Magnetic 
field

6.8 x 1018 9.4 x 1019
6.3

Now at LSM: SuperNEMO Demonstrator

• 440 8” radiopure PMTs (plus 5” 
NEMO-3 PMTs) 

• Improved photocathode 
quantum efficiency  

• Directly coupled to polystyrene 
scintillator (no light guide)
(Nucl.Inst.Meth. A 868 98-108)
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Figure 3: Expanded diagram of the Demonstrator Module showing the a) 
source foil frame, b) the tracker and c) the calorimeter wall

c cb ba

Sensitivity after 5 (2.5) y data taking

Magnetic 
field

6.8 x 1018 9.4 x 1019
6.3

Now at LSM: SuperNEMO Demonstrator

• Analysis exploits excellent 
topological reconstruction 
capabilities
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SuperNEMO picture gallery

Source foils through the tracker

Calorimeter through the tracker

Tracker wire pattern
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0νββ:  T1/2 > 6 x 1024 years; mν <  160-400 meV

SuperNEMO physics goals
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0νββ:  T1/2 > 6 x 1024 years; mν <  160-400 meV

Exotic 0νββ mechanisms

Lorentz invariance violation test
Majorons

Bosonic NeutrinosLorentz Invariance

Extend NEMO-3’s measurements

SuperNEMO physics goals
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0νββ:  T1/2 > 6 x 1024 years; mν <  160-400 meV

Exotic 0νββ mechanisms

Lorentz invariance violation test

2νββ: SSD/HSD discrimination at 5σ level HSD SSD

82Se

82Kr

82Br
1+

SuperNEMO physics goals
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0νββ:  T1/2 > 6 x 1024 years; mν <  160-400 meV

Exotic 0νββ mechanisms

Lorentz invariance violation test

2νββ: SSD/HSD discrimination at 5σ level

Probe nuclear physics by investigating gA

• Axial-vector coupling constant gA is 
quenched in heavy nuclei 

nn
gA=1.27 gAeff<1.27

⇣
T 2⌫
1/2

⌘�1
=

�
ge↵A

�4 ��M2⌫
GT

��2 G2⌫

<latexit sha1_base64="4CkVEnhpCj0X7R2+Og5SfvuFAFo="></latexit>

• 2νββ rate proportional to gA4

• New KamLAND-Zen paper investigates 
this quenching https://arxiv.org/pdf/1901.03871.pdf

• NEMO’s topological capabilities mean it 
could do even better!

SuperNEMO physics goals
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0νββ:  T1/2 > 6 x 1024 years; mν <  160-400 meV

Exotic 0νββ mechanisms

Lorentz invariance violation test

2νββ: SSD/HSD discrimination at 5σ level

Probe nuclear physics by investigating gA

Alternative isotopes: 150Nd and 96Zr

96Zr 150Nd

SuperNEMO physics goals
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0νββ:  T1/2 > 6 x 1024 years; mν <  160-400 meV

Exotic 0νββ mechanisms

Lorentz invariance violation test

2νββ: SSD/HSD discrimination at 5σ level

Probe nuclear physics by investigating gA

Alternative isotopes: 150Nd and 96Zr

0ν4β: for 150Nd 

150Nd foil

NEMO-3 placed limit on lepton 
number-violating process, which 
could affect even Dirac neutrinos  
Phys. Rev. Lett. 119, 041801

SuperNEMO physics goals
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0νββ:  T1/2 > 6 x 1024 years; mν <  160-400 meV

Exotic 0νββ mechanisms

Lorentz invariance violation test

2νββ: SSD/HSD discrimination at 5σ level

Probe nuclear physics by investigating gA

Alternative isotopes: 150Nd and 96Zr

0ν4β: for 150Nd 
plus proof of concept for…

Full SuperNEMO

Look to the future…

• Modular design allows easy scaling up 
• 20 modules x 5 years (500 kg year) gives 

sensitivity comparable or better than current 
leading experiments 

• Best technique to understand more about 
0νββ mechanism in the event of discovery

SuperNEMO physics goals
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Next-generation 0νββ searches 

Normal 
hierarchy

Inverted 
hierarchy

Bayesian probability density fit by D’Agostini, Benato & Detwiler: Phys. Rev. D 96, 053001 (2017)

Known parameters:
• Mass splittings Δm212, Δm213 (NO) or Δm213 (IO)
• Mixing angles θ12, θ13

Thrown from a flat prior:
• Majorana phases α1, α2 
• CP violating phase δ

Thrown from a logarithmic prior:
• Sum of neutrino masses ∑ (upper limit 

from cosmology)
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Next-generation 0νββ searches 

• Current experiments probe the degenerate regime 

Normal 
hierarchy

Inverted 
hierarchy

Bayesian probability density fit by D’Agostini, Benato & Detwiler: Phys. Rev. D 96, 053001 (2017)
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Next-generation 0νββ searches 

• Current experiments probe the degenerate regime 
• Next-generation will cover full inverted hierarchy region

Normal 
hierarchy

Inverted 
hierarchy

Bayesian probability density fit by D’Agostini, Benato & Detwiler: Phys. Rev. D 96, 053001 (2017)
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Next-generation 0νββ searches 

• Current experiments probe the degenerate regime 
• Next-generation will cover full inverted hierarchy region
• When likelihood density is considered, this mass range also covers more than 

50% of normal hierarchy probability

Normal 
hierarchy

Inverted 
hierarchy

Bayesian probability density fit by D’Agostini, Benato & Detwiler: Phys. Rev. D 96, 053001 (2017)
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Will the next generation find it?
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Postcards from double-beta land

Modane (SuperNEMO)

Kamioka (KamLAND-Zen, CANDLES)

(SNO+)

Gran Sasso (GERDA, CUORE)

Carlsbad (EXO) Black Hills (MAJORANA)
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Did you spot the pictures?
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Did you spot the pictures?

CUORE
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Did you spot the pictures?

CUORE GERDA
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Did you spot the pictures?

CUORE GERDA SuperNEMO
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Did you spot the pictures?

CUORE GERDA SuperNEMO KamLAND-Zen
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Did you spot the pictures?

CUORE GERDA SuperNEMO KamLAND-Zen SNO+


