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In the very early days of neutrino physics, 

there was a question. . . 

Are neutrinos and anti-neutrinos the 

same thing?
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• Ray deployed large tanks containing carbon 

tetrachloride near reactors.

• If n = n you would expect to see 37Ar 

produced by this reaction.  

• By 1957 enough sensitivity had been reached 

to show that the rate was too small, from 

which it was concluded that n ≠ n .

• This is wrong, because P is violated in weak 

interactions!

_

_
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Where it all began – the Davis Experiment
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A long-running experiment. . . 

•
SSM

Prediction!
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Translation –

“Do not fill above this line”

Kamiokande
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Translation –

“Do not fill above this line”

nx+ e nx+ e
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Translation –

“Do not fill above this line”

nx+ e nx+ e
nx

nx

e
Ĉ
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53 Years of Neutrino Mixing…

From Nakaya-san’s talk at Nu2012

MNSP Matrix was 
the origin 

of the CKM Matrix…

1967 – Bruno Pontecorvo then considered the effects of 

all different types of oscillations in light of what was 

then known, and pointed out before any results from the 

Davis experiment were known that the rate in that 

experiment could be expected to be reduced by a factor 

of two!
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Three neutrino mixing.

If only two neutrinos contribute:

Originally not thought a very promising

explanation of the Solar Neutrino Problem. . .

…but then along comes the MSW effect!
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After the results of the gallium experiments were known 

it was widely assumed that the solar neutrino problem 

was solved by neutrino oscillations (see Bahcall and 

Bethe, PRL 65, p 2233, 1990), 

but there was no proof.
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Build it bigger – Super 

Kamiokande

Also looking for Proton Decay. . .
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m

e
nm CC produces a m,

which produces a 

sharp ring

ne CC produces

an electron, 

which produces 

a “fuzzy” ring
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SK atmospheric n data as a function of zenith angle

Proves by itself that neutrinos have mass, but 

a number of other models will explain this 

data without invoking neutrino oscillations. . .
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1000 tonnes D2O

Acrylic Vessel

Phototube Support

Structure (PSUP)

104 8” PMTs

6500 tonnes H2O

Surface: 2 km
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Proof of flavour change - SNO

NC
xx

nn +++ npd

ES ++ e−ne−n x 

CC e−ppd +++n
e

x

- Q = 1.445 MeV

- good measurement of ne energy spectrum

- some directional info  (1 – 1/3 cosq)

- ne only

- Q = 2.22 MeV 

- measures total 8B n flux from the Sun

- equal cross section for all n types

- low statistics 

- mainly sensitive to ne, some nm and n
- strong directional sensitivity
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Global Solar Analysis with SNO 391-day salt data

• Solar suppression factor > 2 for L >> Lv  MSW effect

• Possible to observe on Earth?

Best fit implies Lv ~ 100km

SNO finds:



Prague n Colloquium

Oxford U./RAL

Dave Wark 

Solar oscillations on Earth - KamLAND

Sum over all Japanese power reactors...
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Solar oscillations on Earth - KamLAND

Proved (with other results) that neutrinos oscillate…

…or at least do a damned fine impression.
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How will we win the next Nobel prize?

• Not just greedy for attention, I mean what 

measurements in n physics are so important 

that everyone will care? 
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Three neutrino mixing.

If only two neutrinos contribute:
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#

11

February,  2004
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What is q23?

What is

d?

What is the

heirarchy?
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Three neutrino mixing.

If only two neutrinos contribute:

Complicated equation means

covariances and degeneracies!

Need Matter effects to 

get the signs of Dm2
ij

CP sensitivity mainly because 

this term flips sign for n and 

anti-n
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dCP Sensitivity MH Sensitivity

T2K + NOvA + 

Reactor Constraints.

Gonna need a bigger experiment. . .

Can do better by

extending the

T2K running
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Initially 10 kT fiducial mass, then scaled up to 

40kT within a decade.

DUNE

DUNE
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How will we win the next Nobel prize?

• Not just greedy for attention, I mean what 

measurements in n physics are so important 

that everyone will care? 

• Completely determining neutrino properties 

opens up four more (in my opinion) 

possible Nobels:

– Is there CP violation?

– Are there steriles? (Nobel only if there are!)

– What are the absolute masses?

– And one more . . .
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In the very early days of neutrino physics, 

there was a question. . . 

Are neutrinos and anti-neutrinos the 

same thing?

Definitive answer would be given by 

observing neutrino-less double-beta decay!



Prague n Colloquium

Oxford U./RAL

Dave Wark 

Questions for the Community!

• Absolute mass and 0nbb decay are absolutely 

important, but I don’t think they raise great 

strategic questions right now.

• We are currently planning 2 next-generation long 

baseline experiments – should Europe be heavily 

involved in both?

• CERN has invested many CHF in the Neutrino 

Platform – how do we get more European 

physicists to participate?

• Must we all organize to push CERN to build 

nStorm?  
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Herb Chen

John Bahcall

Yoji Totsuka


