
Dr. Jeanne Wilson at SNOLAB  

The Nobel prize for physics this year was 
awarded to Takaaki Kajita and Art 
McDonald for the discovery of neutrino 
oscillations. In this talk I will present the 
Super-Kamiokande and SNO experiments, 
including photos and anecdotes from QMUL 
staff. I will explain the prize winning 
results and their impact and how they have 
paved the way for the measurements 
QMUL physicists are involved with today at 
T2K and SNO+. 

Dr. Jeanne Wilson is a senior lecturer at the school of physics 
and astronomy, QMUL. Dr. Wilson obtained the PhD from the 
solar neutrino measurement at the SNO experiment. 1	  



Why	  are	  Neutrinos	  So	  Awesome?	  

J.	  R.	  Wilson,	  QMUL	  
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The	  Standard	  Model	  
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Introducing	  the	  Neutrino	  
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The	  Beta	  Decay	  Puzzle	  	  

Breaks	  energy	  and	  momentum	  
conservaIon	  
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Wolfgang Pauli, 1930 
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DetecIng	  the	  Neutrino	  
•  Very	  light,	  possibly	  massless	  
•  No	  charge	  
•  Produced	  alongside	  leptons	  
•  Very	  weakly	  interacIng	  

	  
	  
How	  do	  you	  spot	  an	  invisible	  man	  in	  a	  crowd?	  
How	  do	  you	  increase	  your	  chances	  of	  observing	  an	  
incredibly	  rare	  event?	  
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Neutrino-‐Electron	  Sca]ering	  (ES)	  



Cerenkov	  Light	  
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Cerenkov	  Light	  
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PMTs	  
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PMTs	  
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SuperKamiokande	  
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•  ConstrucIon	  began	  1991,	  1st	  
ObservaIons	  1996	  

•  39.3m	  diameter	  and	  41.4m	  tall	  
Stainless	  steel	  tank	  

•  50,000	  tonnes	  of	  Pure	  H2O	  
•  ~13,000	  photo-‐mulIpliers	  	  
•  ~1km	  underground	  in	  the	  
Kamioka-‐mine,	  Japan	  

Takaaki	  Kajita	  
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Atmospheric	  Neutrinos	  
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16	  Real	  Ime	  event	  display	  



SuperK	  Atmospheric	  Results	  
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Neutrino	  OscillaIons	  

18	  h]p://www.hyper-‐k.org/en/img/waves.jpg	  
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Solar	  Neutrinos	  



Solar	  Neutrinos	  

Gallium	  

Chlorine	  

Water	  
Cherenkov	  
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Experiment	  

Theory	  

Solar	  Neutrino	  Problem	  
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The	  Answer:	  Heavy	  Water	  
Neutrino-‐Electron	  Sca]ering	  (ES)	   1.  ElasIc	  Sca]ering	  

Primarily	  sensiIve	  to	  νe	  
Measures	  ν	  direcIon	  

2.	  	  Charged	  Current	  
SensiIve	  only	  to	  νe	  
Measures	  ν	  energy	  

3.	  	  Neutral	  Current	  
SensiIve	  to	  all	  flavours	  
Measures	  total	  8B	  ν	  flux	  

Charged	  Current	  (CC)	  
	  
	  
	  
	  
	  
	  
	  

Neutral	  Current	  (NC)	  
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Herb	  Chen	  1984	  	  
Phys.	  Rev.	  Le+.	  55	  14	  



3	  phases:	  
1.	  Pure	  D2O	  
2.	  D2O	  +	  NaCl	  
3.	  D2O	  +	  3He	  proportional	  
counters	  

Sudbury	  Neutrino	  Observatory	  

1000	  tonnes	  D2O	  

Support	  structure	  for	  9500	  PMTS	  
54%	  coverage	  

12	  m	  diameter	  acrylic	  vessel	  

7000	  tonnes	  	  H2O	  shielding	  
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$$$330Million!	  
loaned	  by	  AECL	  

2km	  	  underground	  

Cavern	  height	  of	  10	  storey	  building	  
3	  years	  to	  excavate	  



Working	  in	  a	  Mine	  



Going	  Underground	  



ConstrucIon	  



Going	  Underground	  



Water	  Purity	  



Class	  2000	  Clean	  Room	  



Detector	  OperaIon	  
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What	  SNO	  Measured	  

PMT	  Measurements	  

-‐ posiIon	  
-‐ charge	  
-‐ Ime	  

Reconstructed	  Event	  
-‐event	  vertex	  
-‐event	  direcIon	  
-‐energy	  
-‐isotropy	  



Phase	  1:	  D2O	  

CC	  
	  
	  
	  
ES	  
	  
	  
	  
NC	  

Energy	  	  	  	  	  	  	  	  	  	  	  Isotropy	  	  	  	  	  	  	  PosiJon	  	  	  	  	  	  	  	  DirecJon	  
	  	  	  	  Teff	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  β14	  	  	  	  	  	  	  	  R3	  =	  Rfit3/RAV3	  	  	  	  	  cos(θΘ)	   33	  



SNO	  Results	  
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Solar	  Flux	  results	  
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Neutrinos	  Do	  Oscillate	  

36	  h]p://www.hyper-‐k.org/en/img/waves.jpg	  

Mass	  differences:	  Δm12,	  Δm23	  
Govern	  at	  what	  distance/
energy	  you	  see	  the	  maximum	  
effect.	  
	  
Mixing	  angles:	  	  θ12,	  θ23,	  θ13	  
The	  relaIve	  contribuIons	  of	  
mass	  states	  to	  flavour	  states.	  
Govern	  the	  amplitude	  of	  the	  
effect	  	  
	  
Atmospheric	  Neutrinos:	  
Δm23,	  θ23	  
	  
Solar	  Neutrinos:	  
Δm12,	  θ12	  
	  
	  



3	  Flavour	  OscillaIons	  
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Atmospheric	  

Solar	  



What	  about	  θ13?	  	  
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atmospheric	   solar	  

CP	  violaIon?	  
	  



3	  Flavour	  OscillaIons	  
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Atmospheric	  

Solar	  



T2K	  Neutrino	  OscillaIons	  

40	  
Start	  with	  Muon	  	  
neutrino	  beam	  	  

Do	  electron	  
neutrinos	  
appear?	  



T2K	  results	  

T2K	  saw	  28	  electron-‐like	  events	  in	  SK,	  	  
	  expected	  ~5	  background	  events	  

First	  ever	  explicit	  observaJon	  of	  νe	  appearance	  	  41	  

Phys.	  Rev.	  LeV.	  112,	  061802	  



3	  Flavour	  OscillaIons	  
•  Θ13	  is	  Not	  zero!	  leptonic	  CP	  violaIon	  is	  possible	  
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Atmospheric	  

Solar	  



MaVer	  

AnIma]er	  

γ	
 γ	
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MaVer	  

AnIma]er	  

γ	
 γ	


Ma]er	  
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Lets	  look	  for	  CP	  ViolaIon!	  

45	  

•  Powerful	  muon	  neutrino	  and	  anIneutrino	  beams	  
•  Very	  large	  far	  detectors	  	  
•  Precision	  measurements	  of	  oscillaIon	  parameters	  
•  Look	  for	  differences	  between	  neutrinos	  and	  
anIneutrinos	  

•  Timeframe	  2020-‐>	  
DUNE	  



HyperKamiokande	  
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Know	  mass	  differences…	  

•  Don’t	  know	  
absolute	  masses	  

•  OscillaIons	  only	  
measure	  mass	  
difference	  
(squared)	  
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Know	  mass	  differences…	  

•  Don’t	  know	  
absolute	  masses	  

•  OscillaIons	  only	  
measure	  mass	  
difference	  
(squared)	  
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Know	  mass	  differences…	  

•  Don’t	  know	  
absolute	  masses	  

•  Or	  their	  ordering	  

•  Need	  to	  know	  this	  
before	  CP	  
measurements	  
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Double	  Beta	  Decay	  (2νββ)	  

n p 

e- 

νe 

n p 

e- 

νe 

0+	  
1+	  

0+	  (A,Z)	  
(A,Z+1)	  

(A,Z+2)	  

Only 35 isotopes 
known in nature 

  (A,Z) → (A,Z+2) + 2 e- + 2νe 



Neutrinoless	  mode	  (0νββ)	  

n p 

e- 

n p 

e- 

νe	  

νe	  
X

ΔL	  =	  2  
  

(A,Z) → (A,Z+2) + 2 e-              

•  Tests	  Neutrino	  fundamental	  nature	  
•  Proceeds	  with	  rate	  proporIonal	  to	  

absolute	  neutrino	  mass.	  



2.01.51.00.50.0
Sum Energy for the Two Electrons (MeV)

 Two Neutrino Spectrum
 Zero Neutrino Spectrum

1% resolution
Γ(2 ν) = 100 * Γ(0 ν)

Endpoint 
Energy 

ββ	  Decay	  
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•  12m	  diameter	  Acrylic	  Vessel	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Hold	  down	  rope	  net	  

	  
•  780	  tonnes	  scinIllator	  
•  Load	  with	  130Te	  

•  7ktonnes	  water	  shielding	  
•  ~9500	  8inch	  PMT	  array	  
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Radiopurity	  of	  	  
detector	  components	  
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•  Many	  step	  
purificaIon	  of	  the	  
scinIllator	  



Lots	  of	  light,	  lots	  of	  Isotope	  
•  0.3%,	  0.5%,	  1%,	  3%,	  5%	  (from	  lev	  to	  right)	  

•  3%	  Te	  in	  SNO+	  Phase	  II	  DBD	  corresponds	  to	  8	  
tonnes	  of	  130Te	  isotope	  	  

•  Cost	  for	  this	  much	  tellurium	  is	  only	  ~$15M	  
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Summary	  
•  Super-‐Kamiokande	  measured	  atmospheric	  neutrino	  oscillaIons	  

-‐>	  Nobel	  prize	  for	  Takaaki	  Kajita	  
•  SNO	  Proved	  solar	  neutrinos	  oscillate	  -‐>	  Nobel	  prize	  for	  Art	  

McDonald	  
•  We	  now	  have	  measurements	  of	  all	  neutrino	  oscillaIon	  

parameters.	  Current	  experiments	  improving	  precision	  
–  But	  we	  don’t	  know	  the	  mass	  hierarchy	  	  
–  Or	  the	  absolute	  mass	  scale	  

•  Future	  experiments	  will	  search	  for	  differences	  between	  
neutrino	  and	  anIneutrino	  oscillaIons	  
–  CP	  violaIon	  could	  explain	  why	  the	  Universe	  is	  even	  here	  
–  QMUL	  important	  part	  in	  HyperKamiokande	  

•  Neutrinoless	  double	  beta	  decay	  can	  test	  absolute	  neutrino	  mass	  
scale	  	  
–  QMUL	  important	  part	  in	  SNO+	  

Neutrinos	  are	  awesome…	  but	  we	  don’t	  completely	  understand	  
them	  yet!	  
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58	  +	  others	  that	  didn’t	  have	  logos…	  

This	  talk	  was	  just	  the	  
Ip	  of	  the	  iceberg	  



	  
	  
	  
	  

Thank	  you	  for	  listening	  
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