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106 Chapter 8. Non-oscillation experiments
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), m⌫e ⌘ (m · m†)1/2ee probed by �-decay
(fig. 8.5b), |mee| probed by 0⌫2� (fig. 8.5c). �m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and �m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0⌫2� events the energy is deposited by two electrons in a single point. Background
from � radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0⌫2� line. However, � tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that � get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a di↵erent time structure from single-site events: the HM collaboration [17] tried to
exploit this di↵erence to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0⌫2� is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.

Claimed observation with Germanium 

Parameter space
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The Future 

Isotope Mass (ton) 

Background  
Level  

(cts/keV/kg/yr) 

Degenerate Masses : 
mν > 50 meV 

Inverted Hierarchy :  
10 < mν < 50 meV 

Normal Hierarchy :  
1 < mν < 5 meV 

Experiments currently 
running or under 
construction 

Reasonable scaling of 
current techniques 
requiring progress in 
backgrounds, resolutions 
& isotope masses. 

Requires experimental 
breakthroughs. Isotope 
choice currently limited 
(probably 100Mo, 136Xe) 
unless enrichment 
breakthroughs (48Ca, 150Nd)  
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Enriched Xenon Observatory 

T1/2
2νββ = 2.11± 0.04(stat.)± 0.21(syst.)×1021  yr

136Xe 2νββ measurement : 

Ackerman et al. (2011) 

1 event observed in 1σ RoI around Qββ 
vs. 4.1 background events expected. 

Auger et al. (2012) 

33 kg.yr    
  T1/2

0νββ >1.6 ×1025  yr  @ 90% C.L. 
         mν <140 − 380 meV

208Tl 

Single-Site events 
(i.e. electron like) 

ΔE/E~2% @ Qββ=2.46 MeV 

TPC 
46 cm 

cryostat 

!  Liquid-xenon TPC with ionisation & scintillation readout 
!  Fiducial mass of 79.4 kg of 136Xe for the 0νββ search. 

B~0.0015 cts/keV/kg/yr 

Enriched Xenon Observatory

5 

5th October 2012 Detectors for Neutrinoless Double-Beta Decay 15 

Enriched Xenon Observatory 

T1/2
2νββ = 2.11± 0.04(stat.)± 0.21(syst.)×1021  yr

136Xe 2νββ measurement : 

Ackerman et al. (2011) 

1 event observed in 1σ RoI around Qββ 
vs. 4.1 background events expected. 

Auger et al. (2012) 

33 kg.yr    
  T1/2

0νββ >1.6 ×1025  yr  @ 90% C.L. 
         mν <140 − 380 meV

208Tl 

Single-Site events 
(i.e. electron like) 

ΔE/E~2% @ Qββ=2.46 MeV 

TPC 
46 cm 

cryostat 

!  Liquid-xenon TPC with ionisation & scintillation readout 
!  Fiducial mass of 79.4 kg of 136Xe for the 0νββ search. 

B~0.0015 cts/keV/kg/yr 
5th October 2012 Detectors for Neutrinoless Double-Beta Decay 15 

Enriched Xenon Observatory 
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136Xe 2νββ measurement : 
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33 kg.yr    
  T1/2
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         mν <140 − 380 meV

208Tl 

Single-Site events 
(i.e. electron like) 

ΔE/E~2% @ Qββ=2.46 MeV 
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46 cm 

cryostat 

!  Liquid-xenon TPC with ionisation & scintillation readout 
!  Fiducial mass of 79.4 kg of 136Xe for the 0νββ search. 

B~0.0015 cts/keV/kg/yr 

Liquid xenon TPC with ionisation & scintillation readout 
Fiducial mass of 79.4 kg of 136Xe 

T 2⌫
1/2 = 2.11± 0.04(stat.)± 0.21(syst.)⇥ 1021 yr

T 0⌫
1/2 > 1.6⇥ 1025 yr @ 90% C.L.

hm��i < (140–380)meV

1 event observed in 1σ RoI 
4.1 events expected 

ΔΕ/E ~ 4% FWHM 
@ Qββ = 2.5 MeV 
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KamLAND-Zen 

300 kg 136Xe (129 kg after 
fiducialisation) loaded LS 

mini-balloon, R=1.7m 
Density well matched to outer LS 

25µm Nylon 

σ E = 6.6% E MeV( )

!  Several 0νββ isotopes compatible with LS. 
!  Large masses can be loaded. 
!  Reasonable energy resolution : 
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Gando et al. (2012) 

Fall-out: 110m Ag, 208 Bi (?)
produces E ~ 2.6 MeV

!  Currently background limited (Fukushima). 
!  Reduce backgrounds by factor 100, increase 136Xe mass 

and use brighter scintillator. 
" target of <mν> ~ 20-40 meV  

T1/2
2ν = 2.38± 0.14 ×1021  yr

T1/2
0ν > 5.7×1024  yr @ 90% C.L.

mββ < 0.3− 0.6( )  eV

T2ν1/2=2.30±0.02(stat)±0.12(syst) ×1021 years
PRC 86, 021601(R) (2012)   
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Fallout: 110mAg, 208Bi ? 

Currently background limited (Fukushima) 
Reduce backgrounds by factor 100, 
increase 136Xe mass: 
Target: <mν> < 20—40 meV 

Q(ββ) = 2.5 MeV 

T 2⌫
1/2 = 2.30± 0.02(stat.)± 0.12(syst.)⇥ 1021 yr

T 0⌫
1/2 > 1.9⇥ 1025 yr @ 90% C.L.

KamLAND-Zen and EXO combined:

hm��i < (120–250)meV



SNO+

780 tonnes of liquid scintillator
9500 PMTs
Load with natural tellurium

Ø  34.1% abundance of 130Te

Phase 1: 0.3% loading
Ø  800 kg 130Te

Phase 2: 3% loading
Ø  8 tons of 130Te

7 UK Groups: Oxford, Sussex, QMUL, Liverpool, Sheffield 



SNO+
130Te advantages over 150Nd

High natural abundance (34.1%)

Ø  No need to enrich


Scintillator can be loaded to % levels or 
more

Ø  No UV absorption lines
Ø  Affordable


Relative 2νββ background 100 times 
smaller
Less inherent radioactive contamination

Ø  Primary internal background (214Bi) 
removed by Bi-Po α tag

Ø  Removal of U, Th and cosmogenics 
demonstrated


8 UK Groups: Oxford, Sussex, QMUL, Liverpool, Sheffield 



SuperNEMO
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Central source foil
Sandwiched between a gaseous 
tracker
Surrounded by a plastic scintillator 
calorimeter
Energy resolution: <4% at 3 MeV

Phase 1: 
Ø  Demonstrator module
Ø  7 kg of 82Se

Phase 2:
Ø  Build up to 20 modules
Ø  Total of 100 kg of source

Only experiment to reconstruct the 
full event topology

UK Groups: Imperial, Manchester, UCL, Warwick 

Source 

Tracker 

Calorimeter 
Calorimeter 

5th October 2012 Detectors for Neutrinoless Double-Beta Decay 19 

NEMO-3 
Isotope mass, g Qββ (keV) T1/2(2ν) (1019 yrs) Comments 

100Mo 6914 3035 0.71 ± 0.05 World�s Best ! 

82Se 932 2996 9.6 ± 1.0 World�s Best ! 

96Zr 9.4 3348 2.35 ± 0.21 World�s First & Best ! 

48Ca 7 4274 4.4 ± 0.6 World�s Best ! 

116Cd 405 2809 2.8 ± 0.3 World�s Best ! 

130Te 454 2530 70 ± 14 World�s Best & First (Direct) ! 

150Nd 37 3367 0.90 ± 0.07 World�s Best ! 

+ competitive 0νββ searches & many other results 
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SuperNEMO
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Measures the full topology of the 
event

Ø  Excellent background rejection
Ø  Search for new physics behind 

the 0νββ process


Can run with multiple isotopes

Demonstrator module will be the 
world’s first zero-background 
0νββ detector



NEMO-3
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Karol)Lang)(University)of)Texas)at)AusJn))))))))Results)from)NEMO:3)and)status)of)SuperNEMO,)ICHEP)2012,)Melbourne,)July)5,)2012) 6)

NEMO-3 data taking: 2003 - 2010 

NEMO-3 flagship measurements:  100Mo and 82Se  
0νββ  results (not final) 

Karol)Lang)(University)of)Texas)at)AusJn))))))))Results)from)NEMO:3)and)status)of)SuperNEMO,)ICHEP)2012,)Melbourne,)July)5,)2012) 12)

[2.8 – 3.2] MeV  18 observed events,  16.4 ± 1.3 expected [2.6 – 3.2] MeV  14 observed events, 11.3 ± 1.3 expected 

100Mo  (for exposure of 31.2 kg * y ) 
 

 T1/2  (0νββ) > 1.0 x 1024 y (90% C.L.) 
 

          mββ  < 0.31 – 0.96 eV      

82Se (for exposure of 4.2 kg * y ) 
 

 T1/2 (0νββ) > 3.2 x 1023 y (90% C.L.) 
 

          mββ  < 0.94 – 2.6 eV 

P.K. Rath et al., Phys. Rev. C 82 (2010) 064310 

NEMO-3 flagship measurements:  100Mo and 82Se  
0νββ  results (not final) 
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130Te 

))))E1)+)E2)(MeV))

133)events)
S/B)6.76)

948)days)
7g)

932"g,"
3.49"y"

"13,719"events"
S/B"="4"

["2.88"±"0.04(stat)"±"0.16(syst)"]"x"1019"y" ["7.0±"0.9(stat)"±"1.1(syst)"]"x"1020"y"

["2.35"±"0.14(stat)"±"0.16(syst)"]"x"1019"y"["9.11"+0.25O0.22""(stat)""±"0.63(syst)"]"x"1018"y" ["4.4"+0.5O0.4"(stat)±"0.4"(syst)""]"x"1019"y"

["9.6"±"0.1"(stat)"±"1.0"(syst)"]"x"1019"y"

NEMO-3 2νββ results (not final) 

Karol)Lang)(University)of)Texas)at)AusJn))))))))Results)from)NEMO:3)and)status)of)SuperNEMO,)ICHEP)2012,)Melbourne,)July)5,)2012) 13)

82Se 

150Nd 

96Zr 
1221 days  

S/B 0.98 
9.41g 

48Ca 

116Cd 

))))E1 + E2 (MeV) 

First direct 
observation of 
130Te 2βνν 

7 different ββ isotopes 
 
UK groups very active 
in data analysis 

NEMO73'2νββ'Results'(2)'

Rencontres'du'Vietnam,'2012' A.'Basharina7Freshville'(U'of'Manchester)' 12'

82Se' 116Cd' 130Te'

150Nd' 96Zr' 48Ca'

9.6#±#0.1#(stat)#±#1.0#(sys)#x#1019#yr#
[preliminary]'

2.88#±#0.04#(stat)#±#0.16#(sys)#x#1019#yr#
[preliminary]'

7.0#±#0.9#(stat)#±#1.1#(sys)#x#1020#yr#
[Phys.'Rev.'Le[.'107,'062504'(2011)]'

9.11#±#0.25#(stat)#±#0.63#(sys)#x#1018#yr#
[Phys.'Rev.'C80,'032501'(2009)]'

2.35#±#0.14#(stat)#±#0.16#(sys)#x#1019#yr#
[Nucl.'Phys.'A'847'(2010)]'

4.4#±#0.5#(stat)#±#0.4#(sys)#x#1019#yr#
[preliminary]'

S/B'='4' S/B'='10' S/B'='0.5'

S/B'='2.7' S/B'='1' S/B'='6.8'

World’s'best' World’s'best'

World’s'best' World’s'best'
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SuperNEMO tracker 
construction

Ø  The gaseous tracker is a UK responsibility
Ø  Construction has begun at MSSL
Ø  Talk by Cristovao Vilela: Development of the tracking detector for SuperNEMO 

and analysis of double beta decay in 48Ca using NEMO-3 data 12 

Optical modules 
surrounding the gas 
volume 



SuperNEMO tracker

Geiger cells under production at Manchester
Automated wiring robot

Ø  260,000 wires to string, crimp and terminate for full SuperNEMO
Ø  Ultra-low background conditions

13 



Radon concentration line

Ø  SuperNEMO aims for < 150 μBq/m3 of radon in 
the tracker gas

Ø  To measure this, a highly sensitive radon detector 
has been developed

Ø  Sensitive to 3 μBq/m3 radon levels
14 

19th December 2011 Justin Evans

Radon concentration line

 Background rate: 10 counts per day, efficiency 30%
 Sensitive to 50 μBq/m3 for commissioning of tracker sectors
 SuperNEMO target is 150 μBq/m3

14

Gas in from
tracker

Charcoal trap
to trap radon

Electrostatic detector
to detect alpha particles
from radon daughters

James Mott
Derek Attree

Cathode 1 Cathode 2 

Anode 

Tracker Frame 

Source Frame 
RTV Gasket 

SBR 
Bracket 

The Wiring Robot Radon Diffusion & Gas Seals 

Calorimeter Walls 
 

Source Frame 

Tracker Submodules 

The SuperNEMO tracker will be placed either side of the source foils.  It will consist of ~2000 
octagonal drift cells, each of which is 3 m long and 44 mm wide.  

A large-scale low-background gas tracker for the 
SuperNEMO experiment 

James Mott 
On behalf of the NEMO collaboration 

SuperNEMO consists of 20 identical modules, each containing: 

• Source Foils: ~ 5 kg of 82Se  - High Qββ, Long T1/2(2v), 
proven enrichment technology.  150Nd & 48Ca also being 
considered.  

• Gas Tracker: Drift chamber with ~ 2000 cells in Geiger mode 

• Calorimeter: 550 PMTs & scintillator blocks 

• Shielding: Module surrounded by water, iron and plastic 
acting as passive shielding 

As with all low-background experiments, intrinsic radioactive contamination of detector materials 
can be a significant source of background for SuperNEMO. 

The SuperNEMO Detector 
SuperNEMO is a next-generation neutrinoless double-beta decay (0νββ) experiment that aims to 
search for 0νββ  with a half-life sensitivity of 1026 years, corresponding to mββ = 50 – 100 meV.   

Its design is based on the tracking and calorimetry techniques used by its predecessor NEMO-3.  
This enables accurate reconstruction of individual event topologies and, if 0νββ is observed, will 
provide important insights into the mechanism via which it may be mediated. 

Construction of a demonstrator module has begun and will be completed in 2013.  It will contain 
7kg of 82Se and by 2016 it will be sensitive to T1/2 ~ 6.5 x 1024 y, meaning it could potentially 
confirm or refute the Klapdor claim to have observed 0νββ. 

It will be followed by 19 similar modules, which will be built from 2015 and achieve full sensitivity 
by 2019.  

The Radon Concentration Line 

A 90-cell prototype has been constructed to act as a test-
bench for tracker development. 

It has been used to demonstrate: 

• 98% detection efficiency is achievable 

• Positional resolution for each cell is 0.7 mm in the radial 
direction and 1.0 cm in the longitudinal direction. 

The SuperNEMO Tracker 

Strict limits have therefore been imposed on the level 
of contamination of materials used in the tracker and 
every component has been measured prior to being 
accepted. 

Despite this, surface contamination can still prove a 
real danger.  Therefore all tracker components go 
through a rigorous cleaning process prior to use and 
will be assembled in clean room conditions. 

The detector is particularly sensitive to contamination 
of the tracker cells, as they are near the source foils. 

Radon can be a problematic background for the tracker and is known to be able to diffuse 
through solids.  This means it may be able to diffuse through gas seals and into the detector. 

As a result, a programme of measuring the radon diffusion coefficient in many different materials 
has been undertaken.  The apparatus and results for some adhesives are shown below. 

High Rn Conc. 

Thin foil of material 

Measurement 
chamber 

Adhesive 
Diffusion 

Coefficient  
 (10-12 m2s-1) 

Diffusion 
Length 

(μm) 

Silicone (RTV 615) 1080 22800 

Stycast 1264 <0.43 <455 

SBR (Synthomer 47B40) 0.35 400 

PVA (Emultex 518) <0.00038 <13 

The best radon detectors are typically sensitive 
to ~1 mBq/m3, so we have built a ‘radon 
concentration line’ to perform the measurement. 

Gas from the tracker is pumped through a cold 
ultra-pure activated-carbon trap and the radon in 
the gas is adsorbed. 

The trap is then heated and this concentrated radon is 
pushed into a detector via helium purge.  

We use an electrostatic detector to measure radon.  It collects 
radon progenies on a PIN diode using an electric field. 

These are then identified by the energy they deposit. 

Isotopes of 218Po and 214Po can clearly be 
seen in an energy spectrum from the 
detector (at 6.1 MeV and 7.8 MeV 
respectively). 

We have measured the detector as having 
an efficiency of 30% and a background of 10 
counts per day. 

Energy spectrum from a radon source 

The Radon Concentration Line 

To minimise this risk and to aid in mass production of the 
cells, the process has been automated and a wiring 
robot has been designed and constructed. 

This robot manufactures the cells in cartridges of 18 for 
ease of handling and installation. 

These cartridges are immediately transferred to a testing 
tank and if they pass will be transported to be installed in 
the detector. 

Wire spools and wire-feeding mechanism 
SBR (Styrene Butadiene Rubber) is a flexible clear adhesive. It is favoured over PVA due to its 
mechanical properties and as it does not readily absorb atmospheric moisture. It will be 
incorporated in the gas seals as shown here. 

The radon-trapping efficiency and the radiopurity 
of different traps are being measured by our 
collaborators at CPPM and CENBG respectively. 

Under reasonable assumptions of trapping 
efficiency and radiopurity of components,  a 
sensitivity of ~0.05 mBq/m3 for a 3.8m3 sub-
module of the tracker  is achievable. 

Signal from a particle passing a cell 

The 90-Cell Prototype 

Wire robot, cartridge holder and test tank 

To achieve our target sensitivity, the radon concentration in the tracker must be < 0.15 mBq/m3.  
We want to be able to measure this concentration during the construction of the tracker. 

Schematic of an electrostatic detector Preliminary sensitivity estimates of the tracker measurement 

Individual cells will be made of stainless-steel wires, with a 
40 μm diameter anode wire surrounded by twelve 50 μm 
diameter cathode wires. 

The surrounding gas will be composed of 95% helium, 4% 
alcohol and 1% argon. 

When an ionising particle passes a cell, a signal is seen in 
the anode and then a short time later in the cathodes rings. 

The timing information allows both longitudinal and radial 
positioning of the track. 
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SNO+ preparation for fill

15 

New rope net to hold 
down the detector 

Cleaning the 
inside of the 
acrylic vessel 

Scintillator purification 
system 



UK/Lisbon Calibration System 
(“ELLIE”)

Light injection via 
LEDs and laser drivers 
on deck

Optical fibre netword 
on PMT support 
structure

Underground: all 
bundles installed, 1/3 
of the fibres in 
position

16 



17 Shadow of Cleaning Ladder Illuminated by ELLIE System 



Begin Water Fill :                                April, 2013 (Now!) 
Complete Fill,  Start Data Taking :  July, 2013 
Scintillator Plant Commissioning :  October, 2013 
Begin Scintillator Fill :                        January, 2014 
Scintillator Fill Complete :                 May/June 2014 
Isotope Deployment :                        Summer/Fall 2014  

Current Schedule 



SuperNEMO schedule

19 

2013 2014 2015 2016 2017 2018 2019 2020 2021

Demonstrator module 
construction and 
commissioning 

Demonstrator module running 
•  Prove B ~ 10-4 cts/keV/kg/yr: 

amongst best of any experiment 
•  Limit on T1/2 ~ 6.5x1024 yr 

Construction and deployment of successive 
SuperNEMO modules 
Sensitivity with 100 kg: 

T1/2(0νββ) ~ 1026 yr → <mν> ~ 40—110 meV 

LSM extension has 
been funded 

Experiment Background Rate
(counts/keV/kg/yr)

GERDA 0.02

CUORE 0.01

EXO 0.0015

SuperNEMO 0.0001
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), m⌫e ⌘ (m · m†)1/2ee probed by �-decay
(fig. 8.5b), |mee| probed by 0⌫2� (fig. 8.5c). �m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and �m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0⌫2� events the energy is deposited by two electrons in a single point. Background
from � radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0⌫2� line. However, � tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that � get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a di↵erent time structure from single-site events: the HM collaboration [17] tried to
exploit this di↵erence to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0⌫2� is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), m⌫e ⌘ (m · m†)1/2ee probed by �-decay
(fig. 8.5b), |mee| probed by 0⌫2� (fig. 8.5c). �m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and �m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0⌫2� events the energy is deposited by two electrons in a single point. Background
from � radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0⌫2� line. However, � tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that � get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a di↵erent time structure from single-site events: the HM collaboration [17] tried to
exploit this di↵erence to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0⌫2� is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.

Claimed observation with Germanium 

Summary

21 

Ruled out by 
EXO and 
KamLAND-Zen 



106 Chapter 8. Non-oscillation experiments

99% CL H1 dofL

disfavoured by cosmology

Dm23
2  < 0

Dm23
2  > 0

10-3 0.01 0.1 1

0.1

1

0.03

0.3

lightest neutrino mass in eV

m
co
sm
o
in
eV

99% CL H1 dofL

Bound from MAINZ and TROITSK

Sensitivity of KATRIN

di
sf
av
ou
re
d
by
co
sm
ol
og
y

Dm23
2  < 0

Dm23
2  > 0

10-3 0.01 0.1 1

0.01

0.1

1

0.003

0.03

0.3

3

lightest neutrino mass in eV

m
n e

 in
eV

99% CL H1 dofL

Dm23
2  > 0

disfavoured by 0n2b

di
sf
av
ou
re
d
by
co
sm
ol
og
y

Dm23
2  < 0

10-4 10-3 10-2 10-1 1
10-4

10-3

10-2

10-1

1

lightest neutrino mass in eV

»m ee
» in

eV

Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), m⌫e ⌘ (m · m†)1/2ee probed by �-decay
(fig. 8.5b), |mee| probed by 0⌫2� (fig. 8.5c). �m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and �m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0⌫2� events the energy is deposited by two electrons in a single point. Background
from � radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0⌫2� line. However, � tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that � get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a di↵erent time structure from single-site events: the HM collaboration [17] tried to
exploit this di↵erence to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0⌫2� is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), m⌫e ⌘ (m · m†)1/2ee probed by �-decay
(fig. 8.5b), |mee| probed by 0⌫2� (fig. 8.5c). �m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and �m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0⌫2� events the energy is deposited by two electrons in a single point. Background
from � radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0⌫2� line. However, � tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that � get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a di↵erent time structure from single-site events: the HM collaboration [17] tried to
exploit this di↵erence to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0⌫2� is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), m⌫e ⌘ (m · m†)1/2ee probed by �-decay
(fig. 8.5b), |mee| probed by 0⌫2� (fig. 8.5c). �m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and �m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0⌫2� events the energy is deposited by two electrons in a single point. Background
from � radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0⌫2� line. However, � tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that � get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a di↵erent time structure from single-site events: the HM collaboration [17] tried to
exploit this di↵erence to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0⌫2� is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), m⌫e ⌘ (m · m†)1/2ee probed by �-decay
(fig. 8.5b), |mee| probed by 0⌫2� (fig. 8.5c). �m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and �m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0⌫2� events the energy is deposited by two electrons in a single point. Background
from � radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0⌫2� line. However, � tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that � get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a di↵erent time structure from single-site events: the HM collaboration [17] tried to
exploit this di↵erence to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0⌫2� is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), m⌫e ⌘ (m · m†)1/2ee probed by �-decay
(fig. 8.5b), |mee| probed by 0⌫2� (fig. 8.5c). �m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and �m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0⌫2� events the energy is deposited by two electrons in a single point. Background
from � radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0⌫2� line. However, � tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that � get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a di↵erent time structure from single-site events: the HM collaboration [17] tried to
exploit this di↵erence to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0⌫2� is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), m⌫e ⌘ (m · m†)1/2ee probed by �-decay
(fig. 8.5b), |mee| probed by 0⌫2� (fig. 8.5c). �m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and �m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0⌫2� events the energy is deposited by two electrons in a single point. Background
from � radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0⌫2� line. However, � tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that � get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a di↵erent time structure from single-site events: the HM collaboration [17] tried to
exploit this di↵erence to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0⌫2� is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.
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