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We don’t know why

We don’t  
know how

We don’t  
know what

We don’t  
know which



 Why are all ν’s left-handed? 

 What is the mass ordering of ν states? 

 What are the absolute neutrino masses? 

 Why are ν masses so small? 

 How do ν’s get mass in the first place? 

 Is helicity the only difference between ν’s and ν’s? 

 To what extent do ν’s violate symmetries such as CP?



The Paradigm:

Lepton Number

Mixed “Majorana” 
states have coupled 
masses: “See-Saw”
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Exactly calculable, model-independent 
phase space factor accounting for 
different momentum distributions 
corresponding to different isotope 
endpoints and the impact of the 
nuclear charge on the produced 
electrons.

Not so exactly calculable, model-
dependent matrix element for the 
transition. Many different estimations, 
even for the “standard mechanism.” 
Proportional to gA2, which might entail 
an effective “quenching.”

Effective Majorana mass

What is the best way to represent this and to fairly compare  
across different isotopes when presenting experimental results?



(unit-less, model-independent)

Current Leading Bounds





Tracker-Calorimeter Technique

1NEMO-3 & SuperNEMO

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.
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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-
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Candidate 100Mo Double-Beta 
Decay Event in NEMO-3§ Source separated from detector: (almost) any 

solid isotope can be hosted.
§ Generally poorer energy resolution than 

“homogeneous” detectors such as HPGe and 
bolometers.

§ Full topological event reconstruction including 
e�, !-ray and "-particle identification.
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§ Strong background suppression by 
particle identification, event 
characterisation & timing.

§ Ability to disentangle different 
mechanisms for 0νββ, by looking at 
variables other than #E.

⊙B = 25 G  



Recent NEMO-3 Highlight: 82Se

2NEMO-3 & SuperNEMO

HSD : 
!2/ndf=35.32/16

SSD : 
!2/ndf=12.34/16

82Se

82Kr

82Br
1+

HSD : many intermediate excited states contribute SSD : single intermediate 1+ state dominates

EPJ C78, 821 (2018)

§ Final results on 82Se (SuperNEMO isotope):

T 2⌫��
1/2 = 9.39± 0.17(stat.)± 0.58(syst.)⇥ 1019 years

<latexit sha1_base64="b5lyM7S5MyHhjP3EzeKKT2a07Hw="></latexit>

<latexit sha1_base64="ttBbidQfE4IA1IQLkB6a1ZPBBwQ="></latexit>

Assuming SSD. World’ most precise measurement.

§ Discovering the mechanism behind 2νββ :
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SuperNEMO Status

3NEMO-3 & SuperNEMO

§ Source foils & calibration system installed.
§ Detector closed and fully cabled.
§ Calorimeter commissioning is advanced.
§ Full detector turn-on later in 2019.

Prototype Status



SuperNEMO prospects
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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 

Physics in the next 3—4 years

Quenching of axial vector coupling constant gA in heavy nuclei
- Not well understood, and a hot topic in the field
- 2νββ rate has a strong gA dependence

Include second term in 
expression for decay rate

Can study in NEMO-3 100Mo data, 
and in SuperNEMO with 82Se

Contribution from first term

Contribution from 
second term

In case of a discovery of 0νββ at 
<mν> ~ 50 meV, SuperNEMO
technology is
- Essential to determine the 0νββ

mechanisim
- The best way to very the 

observation in multiple isotopes
verify the
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Large Enriched Germanium Experiment for 0!ββ Decay 

13 September 2019 PPAP Meeting : 0vBB 1

  

nylon pipe to guide the sources

ARTICLERESEARCH

Extended Data Figure 3 | Germanium detector array. Photograph of the assembled detector array, with a string of coaxial detectors on the left, and 
strings of BEGe detectors at middle and right. Each string is enclosed by a cylindrical nylon shroud covered with a wavelength shifter.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

• 76Ge experiments have demonstrated world-leading 
sensitivity : GERDA and Majorana Demonstrator (MJD).

• Only GERDA & KamLAND-Zen setting limits near 1026 yrs.
• A clear path to discovery :

§ 1027 yrs : 200 kg; bkg reduction�3.
§ 1028 yrs : 1 tonne; further bkg reduction�6.

• Key performance requirements very plausible :
§ GERDA & MJD reach similar performance already 

with highly complementary shielding, readout etc. 

Current 
GERDA array

LEGEND-200 in GERDA cryostat.
Deployment 2021.

• Collaboration formed in 2016.
• UK invited to join based on :
§ HPGe expertise (in nuclear physics community).
§ Low background screening capability.
§ Detector development and 0!ββ expertise.

arXiv:1709.01980 

Current members: + SoI signatories:
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Sensitivity Goals 

• 1027 yrs: 200kg (requires bkgd reduction 
factor of 3 from GERDA)


• 1028 yrs: 1000kg (requires further bkgd 
reduction factor of 6 from LEGEND 200)



Large Enriched Germanium Experiment for 0!ββ Decay 

13 September 2019 PPAP Meeting : 0vBB 2

• LEGEND will be one of the (few) next-generation 0!ββ  
experiments :

§ Exciting and experimentally plausible discovery 
potential.

§ Strong momentum with LEGEND-200 timetable 
already secure.

• The UK has played an important role already : 
§ Early 76Ge vendor assays.
§ IB Chair.
§ Innovative detector & holder designs.

• Opportunity for interdisciplinary UK team (NP & PP) to 
make a major impact.

HPGe Lab @ Liverpool

HPGe Screening @ Boulby

+ facilities @ UCL

Daniel MuenstermannDaniel Muenstermann

P
E

N
P

E
N

First prototyping
■ Assumption: replace 1.5mm thick silicon

by 1.5mm thick PEN

■ Fabricated 1.5mm thin PEN plates by
injection compression moulding at LKT,
Fakultät Maschinenbau, TU Dortmund

■ Delivered to TUM to be tested in the
kryogenic setup – delay due to bonding
issues, expect results very soon

Self-vetoing support 
structures @ Lancaster

LEGEND-200 Overview

Statement of Interest : UK LEGEND 3

  

nylon pipe to guide the sources

• Re-use GERDA cryostat : optimize geometry within 
the resulting constraints.

• Low-background MJD front-end electronics, further 
from detectors.

• Various refinements to veto system, calibration 
systems, DAQ, etc.

2 4

3 1

• Proposed new detectors for LEGEND :
§ P-type Inverted-Coaxial Point Contact Detectors.
§ Larger mass : approximately 2 kg/detector.

Very Large Mass 
Detector R&D

LEGEND-200



Lancaster
Liverpool
Oxford
KCL
Sussex

• Reactor neutrinos (will resolve             tension)
• Low energy solar neutrinos
• Geo neutrinos
• Supernova neutrinos
• Invisible modes of nucleon decay
•  
•  
•  
 

Δm2
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0νββ



130Te-loaded scintillator
Concept originated in UK (Biller & Chen, 2012)

New loading method also developed in UK: Te-diol complex

Te Loading

• 130Te is the most cost effective isotope: Enriched 136Xe                ~ $20,000 /kg of isotope

Natural Te (34.5% 130Te) ~ $     150 /kg of isotope

• 130Te has good predicted matrix element values (better than 136Xe) and a good 
phase space factor (comparable to 136Xe and ~6 times better than 76Ge)

• Liquid scintillator is the most cost effective and scalable 0νββ detection technology



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
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SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

Tellurium Status
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• 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

All of the Te needed for Phase I is now underground Te purification and loading plants construction 
finished (starting commissioning)

LAB arrival at site Scintillator purification system operational



SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

Solar Neutrino Flux Measurement

 21

Solar	neutrino	PDF	from	MC,	includes	oscillations	

1D	fit,	backgrounds	assumed	flat	in	cos(θsun)	

114.7	days	of	data

SNO	PRL	89,	No.	1,	011301	(2002)	

R	≤	550	cm	
Te	≥	5	MeV
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Recent Water Results

Several other papers in preparation

LAB fill in progress 

Ready for Te loading 
next year



Pulse Height Spectra for 90Sr Source

0.5% Te 
(current)

2% Te 
(modified loading)

Improved Loading Protocol 
to Move Beyond Phase I

Multi-site discrimination in LS detectors

Δ log L

0νββ

Dunger & Biller (arXiv:1904.00440)

Cherenkov separation using slow fluors

(papers in progress)

Other technical advances:

The Future: 
Simply increase loading from 
Phase I without any major 
hardware upgrade to move 
adiabatically to “Phase II”  
(~4 times higher half-life sensitivity to 
cover the majority of the IH region)

cost ~ $15M



Possible Future Beyond SNO+ Phase II:

In discussions with group about possible 
future deployment of Te in JUNO

Potential to have greatest reach of any experiment 
and begin to probe non-degenerate normal hierarchy!

20kT



So How Do The Future Prospects Look?
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