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Double'beta'decay'physics'
Discovery*of**neutrinoless*double*beta*decay*(0νββ)*will*

answer:*
!  If*neutrinos*are*Majorana'or'Dirac*
!  What*the*scale'of'the'neutrino'mass'is*
!  If*neutrino*masses*follow*inverted'or'normal'hierarchy*
*

This*process*violates*lepton*number**

conserva@on*and*the*rate*is*given*by:**

*
*
*

Where*T1/2%is*the*halfBlife,*G*is*the*phase*space*factor,*gA*is*the*AxialBVector*
coupling*constant*of*the*weak*interac@on,*<m>*is*the*effec@ve*neutrino*mass.*

Expected Average Spectra of Contributing 
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Figure 4: The sensitivity of SNO+ as a function of live time.
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Figure 5: The expected SNO+ energy spectrum near the 0⌫�� endpoint for five live-years of data taking.
An example signal at the 90% confidence level is shown.
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Solar Neutrino Prospects with the SNO+ Experiment
Erin O’Sullivan, on behalf  of  the SNO+ Collaboration

SNO+: A Multipurpose 
Neutrino Detector

CNO Neutrinos: A Measurement 
of  Solar Metallicity 

A 3+1 Light Sterile Neutrino Model

pep Neutrinos: A Precision 
Measurement of  the 

Transition Region Situated 6800 feet underground in the SNOLAB facility 
in Sudbury, Ontario, the SNO+ experiment is the next 
generation of  the SNO project.  Still under construction, 
SNO+ plans to begin taking data in 2014. 
 

The main purpose of  the SNO+ experiment will 
be the search for neutrinoless double beta 
decay with tellurium-130. 

Other SNO+ physics goals include:
-low energy solar neutrinos, specifically the CNO and 
pep neutrinos (discussed in this poster)
-reactor neutrinos: a measurement of  neutrino mixing 
parameters
-geoneutrinos: How much of  the Earth’s heating is due 
to radioactivity? How much comes from the core and 
how much from the mantle?
-supernova neutrinos: gives information on neutrino-
matter interactions as well as the core-collapse 
supernova mechanism

The SNO+ liquid scintillator cocktail will consist of: 
Linear Alkylbenzene (a liquid scintillator) + PPO (a 
wavelength shifting fluor) + 130Te (in the neutrinoless 
double beta decay phase only)

Electon recoil energy spectrum of  expected signal and backgrounds in the 
neutrinoless double beta decay phase

Electron recoil energy spectrum of  expected signal and relevant 
backgrounds  in the solar neutrino phase

pep neutrinos are interesting because:
-the uncertainty is low (1.2%) from the models 
compared with other solar neutrinos. Any 
deviation from this expectation could point to 
new physics.
-they are monoenergetic at 1.44 MeV, which is 
in an energy region between vacuum dominated 
and matter dominated oscillation behaviour. If  
there are any (nonstandard) higher order terms 
in the Hamiltonian, they could have an effect on 
the oscillation behaviour in this transition 
region. 

SNO+ Solar Neutrino Sensitivity

(stat)! 1 year! 2 years!
pep! 9.1%! 6.5%!
8B! 7.5%! 5.4%!
7Be! 4%! 2.8%!
pp! A few %?!

CNO! ~ 15%?!
Assuming Borexino-level backgrounds are reached!

Statistical errors (signal with backgrounds) of  SNO+ 
solar neutrino flux measurements after one and two 
years of  running:

The 3+1 sterile neutrino model 
described here is for a very light 
sterile neutrino that would affect the 
oscillation behaviour in the solar 
neutrino energy range. It is based on 
the 2+1 sterile neutrino model first 
proposed in de Holanda and 
Smirnov 2002, and more recently 
explored in de Holanda and 
Smirnov 2010. This 3+1 sterile 
neutrino model accounts for the 
three active neutrinos and proposes 
one sterile neutrino species (ν0) 
which can mix with one of  the active 
neutrino mass eigenstates (ν1). The 
3+1 model takes the form of  the 
2+1 model, but properly accounts 
for θ13. 

A glossary of  sterile neutrino 
model terms:
ν0: the mass eigenstate of  the 
sterile neutrino
α: the active-sterile mixing angle 
(analogous to θ01)
R: the ratio of  sterile-active over 
the active-active mass eigenstate 
differences (R=Δm2

01/Δm2
12)

How does a pep neutrino measurement 
affect a 3+1 sterile neutrino parameter 
space?

How does sterile-active neutrino mixing affect the oscillation 
behaviour of  the active neutrino?

SNO, 2011

GS (High Z)
AGS (Low Z)

(Pena-Garay and Serenelli 2008)

Predicted fluxes of  8B and 13N neutrinos. The SNO measurement of  the 8B flux (solid black line, 
one standard deviation in dashed lines) alone does little to differentiate between the high 
metallicity and low metallicity solar models, but a CNO measurement could favour one model 
over the other.     

Increasing alpha

Increasing R


Behaviour of  the model:
-Increasing the active-sterile 
mixing angle (α) increases the 
depth of  the dip
-Increasing the active-sterile 
mass eigenstate difference 
(~R) increases the energy at 
which the dip will occur 
-Due to the energy of  the 
pep neutrino it is mainly 
sensitive to low R values in 
the sterile neutrino model.

A measurement electron neutrino survival probability of  
the pep neutrino that is consistent with the LMA result 
would rule out much of  the low-R parameter space for this 
3+1 model. 

Allowed

Disfavoured

Depicted in these figures are the electron neutrino 
survival probability (solid blue), the electron-sterile 
neutrino survival probability (dashed red) and the 
electron survival probability predicted from the 
LMA model with no sterile neutrinos (thin black). 
The pep neutrino energy is shown for reference 
(solid green). 

CNO neutrinos 
(highlighted in 
red) have the 
largest difference 
in predicted flux 
b e t w e e n t h e 
high and low 
metallicity solar 
models. 

The predicted fluxes of  all 
solar neutrinos are shown 
above. The pep neutrinos 
have only a 1.2% uncertainty 
from the solar model. The 
electron neutrino survival 
probability (Pee) curve is 
overlaid. The pep neutrinos 
have an energy in the 
transition region between the 
low energy vacuum 
oscillation dominated region, 
and the higher energy 
matter-dominated oscillation 
region. 

A description of  the 3+1 light 
sterile neutrino model

sin2(2α)

R"

SNO+"pep"measurement"of"Pee=0.51±10%"

Acrylic Vessel
 - 12 m diameter

Phototube sphere
 - ~ 9500 20 cm 
Hamamatsu PMTs

Water shielding
 - 1700 t inner
 - 5300 t outer

Urylon liner
 - radon seal

(Liquid scintillator
- 780 t LAB)
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******Neutrinoless*double*beta*decay*with*SNO+*
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Internal'radioac9vity'and*cosmogenics:'reduced*by**
!  Purifica@on:*mul9<stage'dis9lla9on'of*the*liquid'scin9llator,'re<crystalliza9on'of*the*telluric'acid'using'nitric'acid'

and*removing*surface*impuri@es*with*ethanol,*QuadraSil'scavengers'to*purify*the*surfactant**
!  InBsitu**analysis:*All*214BiB214Po*(238U)*and*212BiB212Po*(232Th)'events*that*are*in*two*separate*trigger*windows*can*

be*tagged*and*removed.*The*rest*of*the*events*(pile<up)'are*removed*via*likelihood'ra9o'and*PMT'9me'residuals*
*

'
'

*

External'γs*and*radon:''''
!  Removing*background*events*by*fiducializa9on'
!  PMT'9me'residuals'can*be*used*to*reduce''AV'208Tl'
!  Reducing*radon*ingress*with*a*new*sealed*cover'gas'system'
'
α<n:'*Neutrons*produced*by*210Po*and*214Po/212Po*α*interac@on*
with*13C*can*interact*with*protons*and*give*2.2*MeV*γs.***

*

Other*physics*goals:*

!  Low*energy*solar*neutrinos**
!  Reactor/geo*an@Bneutrinos**
!  Supernova*neutrinos*

Advantages%of%130Te%

•  34%&natural&abundance&&
– Can&load&high&amount&of&natural&isotope&
– Rela6vely&inexpensive&compared&to&an&enriched&
isotope&

9&

LAB+PPO+Surfactant+H2O+Te

scaled PMT
response

PeryleneMSB

Studies suggest average light levels of ~200-300 hits/MeV*

* Based on multi-component scintillator model extrapolating laboratory 
measurements of absorption, emission and intrinsic light yield of both the full TeLS 
mixture and individual constituents.  Validity of the model was verified by scaling 
performance estimates to known scintillator experiments and from an analysis of 
light production from one liter of scintillator contained in an acrylic container 
deployed in the SNO detector during 2008.

Nd

•  2νββ&rate&is&low&(~&100&6mes&
smaller&than&150Nd)&

•  No&inherent&op6cal&
absorp6on&lines&
– No&a&priori&limit&on&loading&
concentra6on&

2013D09D19& Nasim&Fatemighomi,&Queen’s&University&

SNO+'Te<loaded'liquid'scin9llator'
Liquid*scin@llator*approach:**
!  Economical*way*to*build*a*detector*with*a*large**amount*of*0νββ*isotope'
!  Low'background'environment'can*be*achieved*(purifica@on,**

selfBshielding*and*βBα*rejec@on*techniques)*

At*its*ini@al*phase,*SNO+*plans*to*run*with*0.3%*natural*Te**

(~*790'kg*of*130Te).**
The*advantage*of*130Te*is:**
!  High'natural'abundance'(34%)*
!  Low'two'neutrino'double'beta'decay'half<life''
'''''(factor*of*100*lower*than150Nd,*the*previous*isotope*of*choice)*
!  *No'natural'absorp9on'peaks'

The*Te<loaded'cocktail:*
!  LAB*+*wavelength*shiiers**
!  H2O**
!  A*surfactant*
!  Natural*Te***

Backgrounds'
8B'solar'neutrino'and'2νββ*
*

60Co*was*removed*by*factor*of*

>104*aier*two*passes****

Op@mized*region*of*interest*

**22.2*expected*background*

events/year*

Sensi9vity'with'0.3%'Te'loading'
'

Expected*energy*spectrum*
!  200*hits/MeV*light*yield*

!  Factor*of*50*reduc@on*of*BiPo*pileBup*
events*

!  <mν>=200*meV[1][2]*

!  3.5*m*fiducial*volume*cut*

HalfBlife*sensi@vity*@90%CL*

SNO+'future'

[1]*J.*Barea*et*al.*Phys.*Rev.*C*87,*014315*(2013)**

[2]*J.*Ko@la,*F.*Iachello.**Phys.*Rev.C*85,*034316*(2012)*

*

*

**

UK)CoOleading)Development)Group)

Jeff)Hartnell,)IoP/RHUL,)Apr.)'14) 31)

  0.3%            0.5%     1%      3%     5% 

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

1st phase 
(now!) Future 

phase 

Increasing*sensi@vity*by*
!  Higher*loading*
!  Increasing*light*yield:*improving'loading'

techniques*and*using*higher'QE'PMTs'
!  Using*a*low'background'bag'to*reduce*

external*background**

The'SNO+'detector'
SNO+*is*situated*at*6800'feet'underground*at*SNOLAB,*
Sudbury,*Ontario.**The*primary'goal'of*the*experiment*is*to*

search'for'0νββ'with*TeBloaded*liquid*scin@llator.**

Neutrinoless	  double	  beta	  decay	  
	  
Low	  energy	  solar	  neutrinos	  
	  
Reactor/geo	  anK-‐neutrinos	  
	  
Supernova	  neutrinos	  
	  
	  
	  



Backgrounds	  from	  222Rn	  
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SNO+: Solar neutinos

pep solar neutrino component is favorable due to:
- single energy (1.442 MeV)
- very well predicted flux (1.1 % uncertainty)

Probe the vacuum-matter transition region

Can be measured during pure liquid scintillator phase

Valentina Lozza, TUD

Vacuum dominated Matter dominated

Kiev, 17-20 September 2013 - RPSCINT

Borexino target levels

210Bi	  

	  solar	  phase	  

Expected Average Spectra of Contributing 
Backgrounds for Two Live Years of Data

	  
	  214Bi+214Po	  	  
>	  99.99%	  
tagging	  
assump7on	  

Double	  beta	  decay	  phase	  
Liquid	  scinKllator	  target	  level	  
(Borexino):	  238U	  ~10-‐17	  g/g,	  	  

New	  radon-‐sealed	  glove-‐box	  
and	  cover	  gas	  system	  for	  
222Rn	  reducKon	  

238U

!

4.47 × 109y
α 4.27

234Th
"

"
"#

24.10d
β− 0.26 γ63, 92

m234Pa
"

"
"#

1.18m
β− 2.21

234U

!

2.45 × 105y
α 4.86

230Th

!

8.0 × 104y
α 4.77

226Ra

!

1599y
α 4.87

222Rn

!
3.82d
α 5.59

218Po

!
3.05m
α 6.11

214Pb
"

"
"#

26.8m
β− 1.02 γ352

214Bi

!

19.7m
0.021% α 5.62

"
"
"#

> 99% β− 3.27
γ609,∼ 1% BR to γ > 2200

210Tl
"

"
"#

1.30m β− 5.49
γ800,∼ 1% BR to γ > 2200

214Po

!
164µs
α 7.83

210Pb
"

""#
22.26y

β− 0.06
210Bi

"
""#

5.01d
β− 1.16

210Po

!
138d

α 5.30
206Pb

Figure 1: The decay chain of 238U. All half-lives are shown, with the Q-values of beta and
alpha decays in MeV, and gamma rays in keV [9].
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222Rn	  control	  
•  SNOLAB	  radon	  level	  is	  ~	  6	  x107atoms/m3	  
•  Acrylic	  vessel	  (AV)	  neck	  provides	  between	  
factor	  of	  50	  to	  100	  radon	  reducKon	  	  

•  Target	  radon	  ingress	  inside	  the	  detector	  <	  5000	  
atoms/year	  (	  5.5	  atoms/m3)	  

•  Top	  of	  the	  AV	  needs	  to	  be	  filled	  with	  Nitrogen	  
(cover	  gas)	  to	  provide	  factor	  of	  ~	  105	  reducKon	  
factor	  

•  Target	  radon	  level	  inside	  of	  the	  cover	  gas	  is	  650	  
atoms/day	  (	  270	  atoms/m3)	  
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Design	  approaches	  

•  Sealed	  system	  
Ø Radon	  ingress	  from	  the	  
mine	  can	  be	  zero	  

Ø The	  system	  is	  subject	  to	  
pressure	  swings	  

Ø All	  the	  components	  have	  
to	  have	  low	  radon	  
emanaKon/permeaKon	  
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•  Flow	  through	  system:	  Most	  experiments	  (including	  
SNO)	  flow	  the	  cover	  gas	  over	  the	  volume	  
Ø Pressure	  fluctuaKon	  in	  the	  mine	  (6%)	  can	  change	  the	  
radon	  level	  in	  the	  cover	  gas	  

Ø Does	  not	  make	  the	  SNO+	  radon	  requirement	  



•  Designed	  and	  built	  by	  Queen’s	  
and	  is	  the	  first	  such	  system	  	  

•  Adapt	  to	  ambient	  pressure	  
swings	  

•  Minimize	  radon	  ingress	  
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•  Main	  components	  
Ø Flexing	  bags	  (	  3	  x	  240	  L)	  
Ø Failsafe	  (pressure	  relief)	  system	  
Ø Electro	  polished	  stainless	  steel	  	  
tubing	  (5	  cm	  diameter)	  

3	  x	  240	  L	  bags	  

U-‐tube	  
	  system	  

Glove	  box	  

SNO+	  

LAB	  

SNO+	  sealed	  system	  



Bags	  radon	  emanaKon,	  flexing	  and	  
over	  pressure	  tests	  

•  Material	  from	  DuPont	  (inside	  to	  outside:	  nylon,	  aluminum,	  
thin	  layer	  of	  low	  density	  polyethylene)	  
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Bags	  radon	  emanaKon,	  flexing	  and	  
over	  pressure	  tests	  

•  Material	  from	  DuPont	  (inside	  to	  outside:	  nylon,	  aluminum,	  
thin	  layer	  of	  low	  density	  polyethylene)	  
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•  A	  bag	  was	  filled	  with	  helium	  and	  leg	  for	  3	  half-‐lives	  of	  radon	  	  
•  The	  emanated	  radon	  atoms	  were	  trapped	  	  by	  liquid	  nitrogen	  

and	  	  extracted	  to	  a	  Lucas	  cell	  (ZnS	  scinKllator)	  
•  Radon	  decays	  observed	  with	  a	  PMT.	  



Bags	  radon	  emanaKon,	  flexing	  and	  
over	  pressure	  tests	  

•  Material	  from	  DuPont	  (inside	  to	  outside:	  nylon,	  aluminum,	  
thin	  layer	  of	  low	  density	  polyethylene)	  
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Radon	  emanaKon	  from	  3	  bags:	  
	  230±	  83	  atoms/day	  	  	  	  



3.3 Bag Flexing

The bag flexing apparatus involved the automated inflation and deflation of the test bags in
order to test how the materials behave and endure after many cycles. The main components
are the bag, connected via the steel fitting, a compressed air bottle, and a pump. Also
included are two electronically controlled valves and a flow meter to measure the amount
of air flow through the line. Quarter inch copper piping was used to connect all these
components. The exact apparatus is shown in Figure 5.

Compressed 
air tank

Valve Power
Supply/Control

To computer control

Open 
to lab

Bag with Steel 
Fitting

Power Connections

1/4” Copper Pipe

Flange

Computer Controlled
Ball Valve

Ball Valve

T joint

Back Pressure Regulator
with Gauge

Tank Regulator

To Pres.
Transducer

Flow Meter

To Pump

Tuesday, 28 August, 12

Figure 5: Bag Flexing Apparatus Schematic

The valve control and power supply is connected to the computer via the printer port. The
two valves are controlled by the computer and allow the bags to be deflated or inflated,
depending on the state that the valves are in. There are 2 LEDs arranged vertically on
the power supply box that indicate the valve state that the line is in. The valve states are
indicated in Table 1. Note that this is the case for the particular the arrangement of valves
for my apparatus. If the 2 computer controlled valves are swapped, then the LED indicator

11

•  A	  smaller	  size	  bag	  was	  
inflated/deflated	  for	  total	  of	  
1500	  Kmes	  and	  leak	  
checked	  for	  pin	  holes	  
Ø Leak	  <	  1	  x	  10-‐7mbarL/s	  

•  A	  full	  bag	  was	  over	  
pressurized	  up	  to	  0.4	  psi	  
(failsafe	  system	  gets	  
acKvated	  at	  0.26	  psi)	  
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Bags	  fabricaKon	  

•  Bags	  were	  made	  using	  a	  
heat	  sealer	  

•  They	  were	  sprayed	  with	  
rubberized	  material	  for	  
protecKon	  against	  pin	  holes	  

•  Bags	  were	  leak	  checked	  
once	  at	  Queen’s	  and	  once	  
at	  SNOLAB	  
Ø Leak	  rate:	  <	  1	  x	  10-‐7mbarL/s	  
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Heat-sealing: 

An effective way to create a gas-tight seal, as is required for the two problems, is by heat-
sealing. We have in our possession a rotary, hand-held heat-sealer ordered from McMaster-
Carr. To create a good seal, the sealer must be moved at a slow rate (about as slow as can be 
done by hand without stopping), and the sealer must be placed with equal pressure on the 
wheel (no tilting). While it is possible to create such seals by hand, one must go over every 
seam more than once to ensure a good seal. To solve this, the sealer has been attached to a 

lubricated track such that pushing a metal plate to 
which the sealer has been attached will create a 
smooth even seal almost every time. Due to the track 

length, a seal of greater than 1.5 metres would need to be done in separate motions. 

Two screws have been attached to the plate such that they press down upon the sealer. The 
purpose of these screws is to ensure that the sealer is resting as evenly as possible on the 
material so that the entire surface of the wheel seals rather than just an edge. 

The heat sealer needs to be placed above a thermally insulating material with a melting 
temperature above the sealing temperature. This is important to ensure that the table upon 
which the sealing takes place does not remove too much heat from the sealer. 

To test the quality of a seal, the test materials were filled with air and placed underwater to 
check for bubbles. While this may not work for small, pinhole, effusive leaks; it does work well 
for observing larger breaches. At a later date, some bags were filled with helium and checked 
for leaks. This will be discussed later. 

 

Figure 9: Track designed for heat-sealer in Queen's clean room 

Figure 7: 200 L Tropack bag at rest volume, i.e. hanging

Figure 8: 200 L Tropack bag inflated to approximately 140 L

16



System	  installaKon	  
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Cover	  gas	  system	  installaKon	  



System	  installaKon	  
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Bags	  



System	  installaKon	  
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Bags	  



System	  installaKon	  
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Failsafe	  
system	  



•  Pressure	  release	  device	  
•  Filled	  with	  LAB	  which	  bubbles	  
when	  the	  dP	  between	  AV	  
cover	  gas	  and	  H2O	  cover	  gas	  
>	  0.26	  psi	  (AV	  design	  
specificaKon)	  

To	  AV	  cover	  gas	   To	  H2O	  cover	  gas	  
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Test	  buffer	  
volume	  



Commissioning	  tests	  

•  The	  system	  was	  filled	  with	  N2	  
and	  radon	  level	  and	  pressure	  
change	  response	  was	  tested	  
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3	  x	  240	  L	  bags	  

U-‐tube	  
	  system	  

1	  m3	  tank	  



•  Rn	  level	  was	  measured	  by	  RAD7	  unit	  (sensiKvity:	  
factor	  of	  100	  lower	  than	  mine	  air)	  
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3	  Bags	  only	   Whole	  system	  

Day	  1	  

Radon	  measurement	  



•  PosiKon	  sensors	  are	  installed	  to	  monitor	  bags	  belly	  
movements	  
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PosiKon	  sensors	  and	  Pressure	  



•  PosiKon	  sensors	  are	  installed	  to	  monitor	  bags	  belly	  
movements	  

•  Bag	  inflaKon	  measured	  by	  belly	  posiKon	  tracks	  the	  
pressure	  fluctuaKon	  in	  the	  mine	  
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•  PosiKon	  sensors	  are	  installed	  to	  monitor	  bags	  belly	  
movements	  

•  Bag	  inflaKon	  measured	  by	  belly	  posiKon	  tracks	  the	  
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The	  system	  works!	  

PosiKon	  sensors	  and	  Pressure	  



Summary	  and	  current	  status	  
•  SNO+	  novel	  cover	  gas	  system	  is	  designed	  and	  
installed	  to	  prevent	  radon	  ingress	  in	  the	  
detector	  

•  The	  cover	  gas	  bags	  were	  radon	  emanated	  
before	  installaKon	  and	  	  make	  the	  low	  radon	  
requirement	  (<650	  atoms/day)	  

•  The	  commissioning	  with	  the	  buffer	  tank	  
system	  has	  been	  successful	  

•  The	  system	  is	  going	  to	  be	  apached	  to	  AV	  for	  
further	  tests	  during	  the	  H2O	  phase	  
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