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Which left us where?

But no smoking gun for oscillations….
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The Sudbury Neutrino Observatory

NC
xx

νν ++→+ npd

ES
 +→+ e−νe−ν x 

CC e−ppd ++→+νe

x

-  Q = 1.445 MeV
-  good measurement of νe energy spectrum
-  some directional info ∝ (1 – 1/3 cosθ)
-  νe only

-  Q = 2.22 MeV 
-  measures total 8B ν flux from the Sun
-  equal cross section for all ν types

-  low statistics 
-  mainly sensitive to νe, some νµ  and  ντ
-  strong directional sensitivity
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The enemy…..

βs and γs from decays in these 
chains interfere with our 
signals at low energies

And worse, γs over 2.2 MeV
cause d + γ → n + p

Design called for:
   D2O     < 10-15 gm/gm U/Th
   H2O     < 10-14 gm/gm U/Th
   Acrylic < 10-12 gm/gm U/Th
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Construction



Neutrino Physics

Imperial College/RAL
Dave Wark 



Neutrino Physics

Imperial College/RAL
Dave Wark 

ReconstructionEfficiency

Energy Scale
SNO Calibrations:
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Internal

External

SNO Backgrounds
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Teff

(R/RAV)3

cosθ

Signal PDF’s for pure D2O
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Signal Extraction Results

CC 1959.7  +61.9
 +60.9

 +26.4
 +25.6

ES  271.5

 +49.5
 +48.9

NC  575.6
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SNO Systematic Flux Uncertainties
Error Source
Energy scale

Energy resolution

Nonlinearity

Vertex shift

Vertex resolution

Angular resolution

High Energy γ’s

Low energy background

Instrumental background

Trigger efficiency

Live time

Cut acceptance

Earth orbit eccentricity

17O, 18O

Experimental uncertainty

Crosssection

Solar Model

       ES error (%)
      3.5, +5.4

±0.3
±0.4
±3.3
±0.4
±2.2

1.9, +0.0
0.2, +0.0
0.6, +0.0

0.0
±0.1

0.6, +0.7
±0.2
0.0

5.7, +6.8
0.5

16, +20

CC error (%)
5.2, +6.1

±0.5
±0.5
±3.1
±0.7
±0.5

0.8, +0.0
0.2, +0.0
0.2, +0.0

0.0
±0.1

0.6, +0.7
±0.2
0.0

6.2, +7.0
3.0

16, +20
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NC Signal Measured Three Ways

Blind analysis techniques
used throughout...

2 tons NaCl added
Discrete Neutral Current
Detectors deployed...
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From Art McDonald’s Nu2012 talk... 

Doesn’t prove
mechanism!
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Global Solar Analysis with SNO 391-day salt data

• SNO suppression factor > 2 for L >> Lv ⇒ MSW effect
• Possible to observe on Earth?

Best fit implies Lv ~ 100km

SNO finds:
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 KamLAND

Sum over all Japanese power reactors...
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KamLAND

80% of total contribution comes from 130~220km distance
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KamLAND

Proved (with other results) that neutrinos oscillate…
…or at least do a damned fine impression.
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Borexino
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From Pallavicini’s talk at Nu2012
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7Be neutrinos

 pep neutrinos
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How well do we know θ12? 
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From Art McDonald’s talk at Nu2012
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Plots from Y. Suzuki



Neutrino Physics

Imperial College/RAL
Dave Wark 

Background to Proton Decay Experiments
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Also seen by Kamiokande
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The Super-Kamiokande
Detector
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µ

e
νµ προδυχεσ α µ,
ωηιχη προδυχεσ α 
σηαρπ ρινγ

νε  προδυχεσ
αν ελεχτρον, 
ωηιχη προδυχεσ 
α � φυζζψ�  ρινγ
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SK atmospheric ν data as a function of zenith angle
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Could you do this with a terrestrial experiment?
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µ εϖεντ e event

This year is the
 50th anniversary!
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The Discovery of Neutral Currents

The 1st Neutrino Horn –
Van den Meer, CERN, 1961

The Gargamelle 
CF3Br Bubble Chamber

Simon van der Meer, 1925 - 2011
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Why are we spending time talking about 
ancient experiments?

• It’s fun…
• This is a school...
• I would like you to note as I go through all the 

amazing, expensive, flashy new experiments that 
they are almost all just elaborations of these early 
ideas.

• This is a beautiful demonstration of the most 
important single thing my advisor ever taught me:

“Three months in the laboratory will 
save you three hours in the library”.
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The first long baseline experiment – K2K
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Final K2K Statistics

Plots from Pier Loverre’s talk at TAUP05.

Nskob
s

Nskpr
ed

All 112 155.9

1 ring 67 99.0

      µ-like 58 90.8

     e-like 9 8.2

multi-ring 45 56.8

  Oscillation – disappearance – two flavors analysis

    sin22θ = 1.19 ± 0.23      ∆m2  = (2.55 ± 0.40)x10-3eV2

  1.88×10-3 ≤ ∆m2 ≤ 3.48×10-3 eV2 (90%CL)   for  
sin22θ=1 

  1R-µ  Energy spectrum
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