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IntroducAon	  
•  Why	  study	  neutrinos?	  
•  Where	  do	  we	  stand	  on	  neutrino	  masses?	  
•  Single	  Beta-‐decay	  	  

– Experiments	  
– SensiAviAes	  

•  Neutrinoless	  Double	  Beta	  Decay	  (0νββ)	  
– Current	  results	  
– Experiments	  under	  construcAon	  (UK	  focus)	  
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Why	  study	  neutrinos?	  
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Where	  do	  we	  stand	  on	  neutrino	  masses?	  

Straigh[orward	  but	  detailed	  picture...	  
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–  Upper	  limits	  on:	  
–  νe	  from	  triAum	  beta	  decay	  
–  sum	  from	  cosmology	  
–  νββ	  from	  0νββ	  (if	  Majorana)	  

–  Lower	  limits	  on:	  
–  Heaviest	  two	  neutrinos	  from	  osc.	  expts	  

–  Boaom	  Line:	  
–  Heaviest	  neutrino:	  	  	  0.05	  <	  mν	  <	  2.2	  eV	  	  	  	  (0.2	  eV	  cosmology)	  
–  Lightest	  neutrino	  could	  have	  zero	  mass	  

Where	  do	  we	  stand	  on	  neutrino	  masses?	  
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tritium ß-decay 

ν-oscillations 

dark energy 

dark matter 

baryons 

stars 

Cosmology:  
role of relic-ν´s as hot 
dark matter (Ων) 	


[G.	  Drexlin	  –	  NuPhys2013]	  	  

Neutrinos	  and	  the	  Universe	  



Direct	  Beta-‐decay	  Measurements	  
•  Model	  independent	  measurement	  of	  m(νe)	  	  

–  based	  solely	  on	  kinema.c	  parameters	  &	  energy	  conserva.on	  

•  2	  main	  expt.	  approaches:	  calorimeter	  or	  spectrometer	  
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[G.	  Drexlin	  –	  NuPhys2013]	  	  
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KATRIN (3H) 

Tritium source Electrostatic 
retarding pre-filter Precision 

spectrometer 
Sensitivity: m(νe) = 200 meV (90% CL) / 350 meV (5σ) 
Statistics σstat  = 0.018 eV2 

Systematics σsyst  < 0.017 eV2 

[G.	  Drexlin	  –	  NuPhys2013]	  	  

MARE (Re) 

Tritium data: mid-2016  

Deploy large arrays of cryogenic micro-bolometers 

Advantage: scalable approach. Needs R&D. 

Phase-1: sensitivity m(νe) ~ few eV 

Phase-2: statistical sensitivity m(νe) ~ 0.1-0.2 eV 

ECHO (Ho) 
EC de-excitation spectrum measurement 

Project 8 (3H) 
Coherent cyclotron radiation of single e- 
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0νββ	  
	  

(and	  2νββ)	  	  



Why	  look	  for	  0νββ?	  

•  Is	  lepton	  number	  
violated?	  

•  Are	  neutrinos	  their	  
own	  anAparAcles?	  

•  What’s	  the	  absolute	  
neutrino	  mass	  
scale?	  
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0νββ	  Experimental	  Signature	  
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Where	  do	  we	  stand	  on	  0νββ	  neutrino	  masses?	  

Jeff	  Hartnell,	  IoP/RHUL,	  Apr.	  '14	   14	  [hep-ph/0606054]  
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Synergy	  with	  OscillaAon	  Expts	  

If	  osc.	  expts	  show	  the	  mass	  hierarchy	  is	  inverted	  
AND	  	  

0ν2β	  expts	  don’t	  see	  a	  signal	  for	  mν	  <	  ~15	  meV	  

We	  know	  neutrinos	  are	  Dirac	  not	  Majorana	  
(assuming	  no	  extra	  new	  physics)	  



Double	  Beta	  Decay	  Experiments	  
•  Currently	  running	  experiments	  

– CANDLES	  
– KamLAND-‐Zen	  (upgrades	  underway)	  
– EXO-‐200	  
– GERDA	  

•  Experiments	  under	  construcAon	  
– CUORE	  (currently	  running	  COURE-‐0)	  
– Majorana	  “Demonstrator”	  
– NEXT	  
– SuperNEMO	  (NEMO3	  recently	  ran)	  
– SNO+	  

Jeff	  Hartnell,	  IoP/RHUL,	  Apr.	  '14	   16	  
[Mark Chen, NuPhys2013] 
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Current Results 

2013	   2014	   2015	   2016	   2017	   2018	   2019	   2020	   2021	   2022	   2023	   2024	   2025	   //	   2030	  
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Focus	  Now	  on	  UK	  Efforts	  

Jeff	  Hartnell,	  IoP/RHUL,	  Apr.	  '14	   18	  

For more detail see Parallel session 1E 
Rare/Precision Lepton Physics  

This afternoon at 1pm 
 

NEMO3/SuperNEMO:  
Stefano TORRE, Guillaume EURIN, Pawel GUZOWSKI 

 
SNO+: 

Philip JONES, Ashley BACK 
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UK groups: Imperial, Manchester, UCL, 
UCL-MSSL, Warwick 



Builds	  on	  Successful	  NEMO-‐3	  
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SuperNEMO	  Detector	  
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2000 tracker cells 

~700 calorimeter channels 

6-7 kg source foil 

Demonstrator Module 

Full SuperNEMO 
20 Modules 

[Dave Waters, seminar] 



SuperNEMO	  Concept	  
•  Tracking-‐calorimeter	  	  

•  Trade	  off	  isotope	  mass	  for	  event	  topology	  

•  Why	  take	  this	  approach?	  
– Build	  on	  NEMO-‐3	  success	  
– Topology	  very	  powerful	  

•  IdenAfy	  and	  suppress	  backgrounds	  
•  Zero-‐backgrounds	  for	  demonstrator	  

•  Characterise	  the	  mechanism	  of	  0νββ	  decay	  (on	  discovery)	  

– Flexibility	  in	  isotope	  choice	  

Jeff	  Hartnell,	  IoP/RHUL,	  Apr.	  '14	   22	  

2

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

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

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

p
E(MeV). The

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

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

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

inner calorimeter

outer calorimeter

source foil

50 cm

5
0
 c

m

X

Y

832 keV

1256 keV

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

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



UK	  SuperNEMO	  ContribuAons	  
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Tracker wiring robot (Manchester) 

[Dave Waters, seminar] 

UK building a 2000 channel Geiger-mode 
tracking detector 



Radon	  ConcentraAon	  Line	  
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Vacuum Pump 

Carbon Trap 

Radon Detector 
(Electrostatic & PIN Diode) 

§  UK built most sensitive radon detector: important technology for many expts 
§  Need < 100 Rn-atoms/m3 (!) 
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2012 2013 2014 2015 2016 2017 2018 2019 2020 2020+ 

Demonstrator Module 
construction and 
commissioning 

Construction and deployment of successive 
SuperNEMO modules 

Continuous operation of ≥1 
SuperNEMO module 

Demonstrator Module Running :  
§  Prove that we have the lowest 

background of any experiment. 
§  Competitive limits. 
§  Unique ββ measurements.  

SuperNEMO : Timeline 

[Dave Waters, seminar] 
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UK groups: Oxford, Sussex, Queen Mary,  
Liverpool, Sheffield, Lancaster 
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SNO+	  Detector	  
Acrylic	  vessel	  (AV)	  
12	  m	  diameter	  

780	  tonnes	  of	  LAB	  LS	  

5700	  tonnes	  H20	  
outer	  shielding	  

1700	  tonnes	  H20	  
inner	  shielding	  

~9500	  PMTs	  

O(tonne)	  0νββ	  	  
element/isotope	  

National Geographic 
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SNO+	  Concept	  
•  Load	  liquid	  scinAllator	  with	  0νββ	  isotope	  

– Trade	  off	  energy	  resoluAon	  for	  higher	  staAsAcs	  
and	  lower	  backgrounds	  

•  Why	  take	  this	  approach?	  
–  Cost-‐effecAve:	  detector	  already	  exists	  
–  Various	  isotopes	  can	  be	  used	  
–  Shielding:	  

•  Huge	  external	  shielding	  (7400	  tonnes	  H2O)	  
•  Self-‐shielding	  of	  scinAllator	  

–  PurificaAon	  of	  scinAllator	  by	  disAllaAon	  
–  Fast	  Aming	  to	  reject	  Bi-‐Po	  backgrounds	  
–  Flexibility	  of	  liquids:	  loading-‐level	  &	  purificaAon	  
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UK order for 1 tonne of Te now placed! 



Simulated	  energy	  spectrum	  
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UK	  Co-‐leading	  Development	  Group	  
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  0.3%            0.5%     1%      3%     5% 

Ongoing R&D towards future SNO+ phases... 

1st phase 
(now!) Future 

phase 



UK/EU	  OpAcal	  CalibraAon	  Systems	  
Commissioning	  in	  March/14	  

Jeff	  Hartnell,	  IoP/RHUL,	  Apr.	  '14	   32	  

Narrow laser-based beams to 
study scattering 

Summation of TELLIE events
(SNO+ PMT calibration and DAQ commissioning run Feb 2014)

Summation of TELLIE events
(SNO+ PMT calibration and DAQ commissioning run Feb 2014)

LED-based beams to illuminate 
entire detector (gain, timing calib) 



Lots	  of	  progress	  on-‐site	  
	  

ScinAllator	  processing	  plant	  is	  key	  
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Columns 



SNO+	  Schedule	  
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•  Water	  fill	  has	  begun	  

•  ScinAllator	  process	  system	  	  
compleAon:	  March	  2015	  

•  Detector	  filled	  with	  
scinAllator:	  September	  2015	  

Wetting the PSUP 

!  In December 2013 SNO+ 
Board approved 
bringing the cavity 
water level past the 
PSUP 
!  Water quality review 

provided in DocDB-2229 

!  Raised water level to 
12’ (over the PSUP) 
before Christmas 2013  

7 
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Comparing Sensitivities 
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SNO+ Phase 2  

[Input from D. Waters, S. Biller] 
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KLZ-2 

CUORE 1350 kg.yr 

nEXO?, Super-KLZ? 
SNO+ phase 3? 

Warning: almost all 
experiments are using 
background estimates not 
yet demonstrated. 
Varying levels of risk are 
associated with achieving 
those backgrounds. 



Conclusions	  
•  β-‐decay	  and	  0νββ	  address	  profound	  quesAons	  
about	  the	  universe	  

•  Axer	  a	  decade	  of	  building	  the	  next	  generaAon	  
experiments...	  1st	  wave	  of	  new	  results:	  
–  0νββ:	  EXO-‐200,	  KamLAND-‐Zen,	  Gerda,	  NEMO-‐3	  
– mββ	  <	  150	  -‐	  350	  meV	  (90%	  CL)	  

•  Much	  more	  soon	  to	  come:	  	  
–  β:	  KATRIN,	  MARE...	  ECHO,	  Project	  8	  
–  0νββ:	  SuperNEMO,	  SNO+,	  KZ-‐upgrades,	  CUORE,	  EXO-‐200,	  
Gerda,	  Majorana	  demonstrator,	  NEXT	  	  

•  Huge	  windows	  for	  discovery	  opening	  up	  
•  Stay	  tuned!	  
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Backup	  slides	  
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tritium ß-decay 

ν-oscillations 

dark energy 

dark matter 

baryons 

stars 

mass  
hierarchy: 

√ Δm2  ~ mi 

mass  
degeneracy: 

√ Δm2  << mi 

cosmology: role of relic-ν´s as hot dark matter  (Ων) 	

particle physics: absolute neutrino mass scale (mν) 

[G.	  Drexlin	  –	  NuPhys2013]	  	  

Where	  do	  we	  stand	  on	  neutrino	  masses?	  



HM-‐KK	  Claim	  
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HM	  Claim	  Vs	  EXO-‐200	  &	  KamLAND-‐zen	  
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HM	  Claim	  Vs	  EXO-‐200	  &	  KamLAND-‐zen	  
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HM	  Claim	  Vs	  EXO-‐200	  &	  KamLAND-‐zen	  
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Ø = 12.7 m 

2011: fully commissioned large Helmholtz coil system 

main  
spectrometer 

vessel 

EMCS 
earth field compensation 

LFCS 
low-field fine-tuning  

[G.	  Drexlin	  –	  NuPhys2013]	  	  
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Upper Plant Area 
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Effect of 
shielding 
 
 
PMTs produce 
~1011 2.6 MeV 
gammas/year Expect 0.1  

2.6 MeV 
gammas/year 
to reach 
fiducial volume 
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Tracker Frame 

§  Insertion of Optical 
Modules into tracker 
frame. 

§  Preparation of cell 
support structure. 

[Dave Waters, seminar] 
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Comparison with NEMO-3 
EXO-200 
80 kg 136Xe (fiducial) 
[141 kg total] 

GERDA 
18 kg 76Ge 

NEMO-3 
7 kg 100Mo 

mν     [eV]

INVERTED 
MASS 
HIERARCHY 

Sensitivity vs. Isotope 
Mass (area of rectangle) 

[ KamLAND-Zen ] 
290 kg 136Xe total (off-scale) 
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Experiment/
Isotope 

Isotope mass 
(kg) 

T1/2 sensitivity 
(yr) 

<mv> 
sensitivity 

(meV) 

Expected 
year of target 

sensitivity 
Comments 

EXO-200 136Xe 160 3.3×1025 110-260 2017 

nEXO 136Xe 5000 1.0×1027 20-47 2027 x20 lower bkg 
than in EXO-200 

GERDA 76Ge 40 1.0×1026 120-280 2017 x10 lower bkg 
than GERDA-I 

Ge-1t 76Ge 1000 2.0×1027 27-63 2030+(?) 
Further bkg 

reduction (x3) or 
better PSA 

CUORE 130Te 200 1.0×1026 50-130 2025 
x5-10 lower bkg 
than currently 

achieved 

SNO+ 800 1.0×1026 50-130 2017-20 (?) [No data] 
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Why	  switch	  to	  130Te	  (from	  150Nd)?	  
•  34%	  isotopic	  abundance	  

•  0.3%	  loading	  is	  810.5	  kg	  of	  130Te	  

•  2νββ	  half-‐life	  of	  70x1019	  years	  
•  RelaAve	  0ν/2ν	  rate	  is	  ~50	  Ames	  higher	  

•  Good	  opAcal	  properAes	  
•  Higher	  loading	  

•  214Bi	  tagged	  down	  to	  10-‐4	  level	  	  
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232Th 

238U 



How	  does	  sensiAvity	  scale?	  

•  In	  a	  background	  free	  experiment	  measurement	  of	  
the	  half-‐life	  is	  linear	  with	  exposure	  (mass	  x	  Ame)	  

•  For	  0νββ	  the	  neutrino	  mass	  sensiAvity	  scales	  as	  the	  
sqrt	  of	  the	  half-‐life.	  Harder!	  

•  With	  significant	  backgrounds	  (that	  scale	  with	  
exposure)	  the	  half-‐life	  sensiAvity	  scales	  as	  sqrt	  of	  
exposure,	  and	  neutrino	  mass	  scales	  as	  4th	  root!	  
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