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Dear Radioactive Ladies and Gentlemen, 

As the bearer of these lines, to whom I graciously ask you to listen, will explain to you in more 

detail, how because of the "wrong" statistics of the N and Li6 nuclei and the continuous beta 

spectrum, I have hit upon a desperate remedy to save the "exchange theorem" of statistics and 

the law of conservation of energy. Namely, the possibility that there could exist in the nuclei 

electrically neutral particles, that I wish to call neutrons, which have spin 1/2 and obey the 

exclusion principle and which further differ from light quanta in that they do not travel with the 

velocity of light. The mass of the neutrons should be of the same order of magnitude as the 

electron mass and in any event not larger than 0.01 proton masses. The continuous beta 

spectrum would then become understandable by the assumption that in beta decay a neutron is 

Pauli’s Solution…
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spectrum would then become understandable by the assumption that in beta decay a neutron is 

emitted in addition to the electron such that the sum of the energies of the neutron and the 

electron is constant... 

I agree that my remedy could seem incredible because one should have seen those neutrons 

very earlier if they really exist. But only the one who dare can win and the difficult situation, 

due to the continuous structure of the beta spectrum, is lighted by a remark of my honoured 

predecessor, Mr Debye, who told me recently in Bruxelles: "Oh, It's well better not to think to 

this at all, like the new taxes". From now on, every solution to the issue must be discussed. 

Thus, dear radioactive people, look and judge. Unfortunately, I cannot appear in Tubingen 

personally since I am indispensable here in Zurich because of a ball on the night of 6/7 

December. With my best regards to you, and also to Mr Back.

Your humble servant

. W. Pauli 
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• Neutrinos in the 1981 

Standard: 

– Three neutrinos with a 

conserved lepton 

flavour number.

The Standard Model (~1981)

?

?
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flavour number.

– Massless.

– Strictly Left-handed.
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Higgs

?
??

??

???



Corfu 13

• Neutrinos in the 1981 

Standard: 

– Three neutrinos with a 

conserved lepton 

flavour number.

The Standard Model (~now)

?

?

??

Oxford U./RAL
Dave Wark 

flavour number.

– Massless.

– Strictly Left-handed.

HHHH
Higgs

?
??

??

???



Corfu 13

• Neutrinos in the 1981 

Standard: 

– Three neutrinos with a 

conserved lepton 

flavour number.

The Standard Model (~now)
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flavour number.

– Massless.

– Strictly Left-handed.

HHHH
Higgs

� During my career, all the really new discoveries 

have been in neutrino physics and cosmology!

� We cannot understand particle physics without 

understanding neutrinos.

� We will not get this information from any other 

source, we must build more neutrino experiments.
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A Historic Anniversary…

51
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From Nakaya-san’s talk at Nu2012
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Corfu 13 Three neutrino mixing.

If only two neutrinos contribute:

Complicated equation means

covariances and degeneracies!
CP sensitivity mainly because 

this term flips sign for ν and 
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)
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If only two neutrinos contribute:

Need Matter effects to 

get the signs of ∆m2
ij

this term flips sign for ν and 

anti-ν
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#Just the most recent realization of the

experiment of Steinberger, Schwartz, Lederman et al.
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February, 2004February, 2004February, 2004February, 2004
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νµ disappearance

What are we trying to measure?

No oscillation
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Precision measurements

∆∆∆∆m23
2

sin22θθθθ23232323 ∆∆∆∆m2= 2.0 x10-3 eV2∆∆∆∆m2= 2.5 x10-3 eV2
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What are we trying to measure?
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0.1-10 GeV

Oxford U./RAL
Dave Wark 

D
at

a 
co

m
p

il
ed

 b
y
 G

.Z
el

le
r,

 h
ep



Corfu 13

D
at

a 
co

m
p

il
ed

 b
y
 G

.Z
el

le
r,

 h
ep

-e
x

/0
3

1
2
0

6
1

Cross sections are poorly known in range 

0.1-10 GeV

Oxford U./RAL
Dave Wark 

D
at

a 
co

m
p

il
ed

 b
y
 G

.Z
el

le
r,

 h
ep



Corfu 13

D
at

a 
co

m
p

il
ed

 b
y
 G

.Z
el

le
r,

 h
ep

-e
x

/0
3

1
2
0

6
1

Some are worse than others"

Oxford U./RAL
Dave Wark 

D
at

a 
co

m
p

il
ed

 b
y
 G

.Z
el

le
r,

 h
ep



Corfu 13

Oxford U./RAL
Dave Wark 



Corfu 13

Oxford U./RAL
Dave Wark 



Corfu 13

Optimal Far Detector –

Super Kamiokande
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e

ππππ0

νµ
disappearance 

signal
νe

Background 

from NC

interactions
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µµµµ

ππππsignal
νe

appearance 

signal

In this energy range, Super 

Kamiokande well understood,

Excellent for separating 

electrons, µ, π0
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From Mike Wilking’s EPS talk



Corfu 13

Oxford U./RAL
Dave Wark 

From Mike Wilking’s EPS talk
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Not in fit NB: 8.8% uncertainty…
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From Mike Wilking’s EPS talk
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Not in fit yet!
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Not in fit yet…

7.5σσσσ

Daya Bay rate plus shape –

New at Nufact13, not in fit yet…
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Clearly seen with reactor ν!
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Clearly seen with accelerator ν!
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How well do we know θ13?
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7.5σσσσ !
Clearly seen with accelerator ν!
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where:
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Lesson: What experiment is best

depends on what world we 

Live in…
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Lots more of these… Than these…
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Note that everything is moving to higher energy…
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Additional Information from Continuing Long 

Baseline Experiments - T2K, NOνA (+ reactors)
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We will probably do a bit better than this; but indications, hints, 

guidance – Yes!   5σ, sadly, no….
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Note size of CP effect in second maximum…
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2nd maximum…

Pity there are so few events there…

Oxford U./RAL
Dave Wark Statistics an issue for all experiments…..

Pity there are so few events there…
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Hyper Kamiokande L=295km OA=2.5deg
J-PARC MR

����~1.0MW
Water Cerenkov selected as the current option.

The Next Step in Japan
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����~1.0MW

T2K 280m near detectors, will be re-used,

but upgraded (?) and maybe enhanced

with new near detector(s) at 2km.

Interference with ILC in Japan?



Corfu 13 T2HK Appearance Spectra

NB:  Normal Hierarchy Assumed!
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Difference from

δ = 0.

Only 5 yrs running (1.5 ν, 3.5 anti-ν) assumed…
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This 2-phase technology amplifies the

signals, so compensates for loss on

drift, which is intended to allow for

economical scale-up of the detector. 
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For cost reasons, the project has

been phased to a 10 kT detector

on the surface and no ND.
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on the surface and no ND.
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From Pilar Hernandez’s talk in Kracow…

>5σ in

2 yrs. vs. 10
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Near

Detectors?
Be very careful about claimed

systematics…
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Can Europe supply some of the 

critical missing elements to restore

LBNE to an experiment we would

all want to do?
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From Pilar Hernandez’s talk in Kracow…
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FT of data –

Does not create 

information!
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Assumes 3% energy resolution in a 

20 kT organic scintillator!

My view- measurement of 

θ12 alone justifies the project.
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P2O

PINGU
Many proposals.  PINGU looks promising, but in all cases it is  

hard to get convincing evidence at 5σ.  Μore work is needed.  

And do we really need 5σ?

Oxford U./RAL
Dave Wark What about steriles?..  

And do we really need 5σ?

HyperK Atm.



Corfu 13

LSND Starts it all...
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LSND Starts it all...
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Excess of electron anti-neutrinos in a “beam” 

from stopped pion decay (not seen by 

KARMEN experiment with similar sensitivity)..
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Sterile Indications…

MiniBooNE says.... 

Short baselines

(L/E ~ 1)

and Sterile ν.
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No! 

Yes? 

Latest… 
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Cosmological indications?

Oxford U./RAL
Dave Wark Dozens of proposed experiments to test...  
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Does this contribute to 

or compete with a 

CERN contribution to 

long baseline physics?
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Could measure νe cross-sections, 

critical (?) for <5% systematics?
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Essential step towards ultimate 

MNSP sensitivity?nSTORM/LBNE?



Corfu 13

Neutrino Factory

β Beam
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• EURONu favours Neutrino Factory.

• Costs will be high – R&D needed to reduce.

• Much work will be needed to produce this 

ultimate facility, but I believe we will need it.
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Another ( bigger?) question 

– what are the masses, and 

are neutrinos their own anti-

particles?
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Log 
m2

m3

What is the pattern of neutrino masses?

∆m2 ~ 2.5 x 10-3 eV2

It “probably” looks 

something like this
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ννννe ννννµµµµ ννννττττ

m1

m2

∆m2
23 ~ 2.5 x 10

-3 eV2

∆m2
12  ~  7.5 x 10

-5 eV2
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Log 
m2

m3

But it could look like this

m2
m1

What is the pattern of neutrino masses?

Some argue that this is 

Oxford U./RAL
Dave Wark 

ννννe ννννµµµµ ννννττττ

m1

m2

m3

m1

Normal Heirarchy Inverted Heirarchy

Some argue that this is 

“unnatural”
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Does this look natural?

Oxford U./RAL
Dave Wark 



Corfu 13

Log 
m2

m3

This makes a factor of two difference in the 

cosmological contribution, but a factor of two

on what?

m2
m1
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ννννe ννννµµµµ ννννττττ

m1

m2

m3

m1
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Log m

Even more significant is the absolute scale.

10-1 eV

1 eV
This? m1

m3m2

Or this?
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ννννe ννννµµµµ ννννττττ

10-2 eV

10-1 eV

m1

m3

m2

Or this?

Neutrino oscillations won’t help

you here, need absolute mass 

measurements …
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Measuring absolute mν
• Supernovae – Prodigious producers of neutrinos, 

and measuring time shifts can in principle measure 
neutrino masses, mν < ~30 eV.

• Kinematic limits: If you believe the oscillation 
results, all ∆m2≪1 eV, therefore only νe

measurements have useful sensitivity → current 
best is Tritium Beta Decay, mν < 2.2 eV.

Oxford U./RAL
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≪

ν

• If neutrinos have Majorana masses, then zero-
neutrino double-beta decay is allowed →
observation of 0νββ decay would be direct 
evidence for neutrino mass, <mν> < ~0.4 eV.

• Neutrinos are the second most numerous particle 
in the Universe → even a tiny neutrino mass could 
have astrophysical implications, Σmν < 0.25 eV(?)



Corfu 13 Conclusions
• Neutrino oscillations are still the only confirmed BSM particle 

physics.

• We still have a lot of work to do to completely characterize the 
MNSP matrix.

• The measurement of “large” θ13 has opened up a whole range of 
new experiments on a realizable scale.

• There is no other way to do this physics than build major projects 
to measure a few numbers – but we need those numbers.

• A strong case exists for at least two complementary long-baseline 
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• A strong case exists for at least two complementary long-baseline 
projects in the near to mid-term – neutrino physicists should not 
be shy!  If you want this to happen, make your voice heard!  

• There is and will (or at least should) be a continuing programme 
to develop towards a Neutrino Factory.

• The sterile neutrino question also needs an answer.  Sigh.  

• We will also need more hadron production measurements ala
NA61/SHINE, and more neutrino cross section measurements ala
MINERvA (nSTORM?) – these will provide good opportunities 
for the young.  Think hard and propose something.

• We have decades of work ahead of us – JOIN US!
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A word of caution about Global Fits…

• Why do we need definitive experiments?

• Can’t we do global fits of marginal experiments?

• If you need a global fit to “discover” something, 

then you are combining the edges of allowed 

ranges.
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ranges.

• If we are successful, our experiments will be 

limited by systematics.

• Basic problem – systematics don’t have 

distributions, they have values, you just don’t 

know what they are – statistical tests fail.  
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A word of caution about Global Fits…

• The discoveries shown on the previous slides are 

true if any of the experiments that found them are 

right.  

• A “discovery” from a global fit is true only if 

ALL the experiments that go into it get their 

Oxford U./RAL
Dave Wark 

ALL the experiments that go into it get their 

systematics right, which has not always been true 

in the history of neutrino physics.

• We cannot escape the need to build definitive 

experiments, and more than one.  Sorry ‘bout that.
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Global Solar ν fit 

A word of caution about Global Fits…

Oxford U./RAL
Dave Wark 

Global Solar ν fit 

prior 

to SNO/KamLAND
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These are 99% c.l. contours!
Using all data as of 

Neutrinos ‘98.

Oxford U./RAL
Dave Wark 

Global Fits do not replace compelling 

experiments, particularly in ν physics!
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How many are there?
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If you are measuring a mass, you must 

QUANTIFY the systematics!

Oxford U./RAL
Dave Wark 



Neutrino Physics

SNO Systematic Flux Uncertainties

Error SourceError SourceError SourceError Source

Energy scaleEnergy scaleEnergy scaleEnergy scale
Energy resolutionEnergy resolutionEnergy resolutionEnergy resolution
NonNonNonNon----linearitylinearitylinearitylinearity
Vertex shiftVertex shiftVertex shiftVertex shift
Vertex resolutionVertex resolutionVertex resolutionVertex resolution
Angular resolutionAngular resolutionAngular resolutionAngular resolution
High Energy High Energy High Energy High Energy γγγγ’s’s’s’s
Low energy backgroundLow energy backgroundLow energy backgroundLow energy background

ES error (%)ES error (%)ES error (%)ES error (%)

----3.5, +5.43.5, +5.43.5, +5.43.5, +5.4
±±±±0.30.30.30.3
±±±±0.40.40.40.4
±±±±3.33.33.33.3
±±±±0.40.40.40.4
±±±±2.22.22.22.2

----1.9, +0.01.9, +0.01.9, +0.01.9, +0.0
----0.2, +0.00.2, +0.00.2, +0.00.2, +0.0

CC error (%)CC error (%)CC error (%)CC error (%)

----5.2, +6.15.2, +6.15.2, +6.15.2, +6.1
±±±±0.50.50.50.5
±±±±0.50.50.50.5
±±±±3.13.13.13.1
±±±±0.70.70.70.7
±±±±0.50.50.50.5

----0.8, +0.00.8, +0.00.8, +0.00.8, +0.0
----0.2, +0.00.2, +0.00.2, +0.00.2, +0.0

Unless a real error analysis is done 

for astrophysical mass “limits” they 

cannot really be considered 

equivalent to laboratory limits, even if

they reach “sensitivity” to MH.

Oxford U./RAL
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Low energy backgroundLow energy backgroundLow energy backgroundLow energy background
Instrumental backgroundInstrumental backgroundInstrumental backgroundInstrumental background
Trigger efficiencyTrigger efficiencyTrigger efficiencyTrigger efficiency
Live timeLive timeLive timeLive time
Cut acceptanceCut acceptanceCut acceptanceCut acceptance
Earth orbit eccentricityEarth orbit eccentricityEarth orbit eccentricityEarth orbit eccentricity
17171717O, O, O, O, 18181818OOOO

Experimental uncertaintyExperimental uncertaintyExperimental uncertaintyExperimental uncertainty

CrossCrossCrossCross----sectionsectionsectionsection

Solar ModelSolar ModelSolar ModelSolar Model

----0.2, +0.00.2, +0.00.2, +0.00.2, +0.0
----0.6, +0.00.6, +0.00.6, +0.00.6, +0.0

0.00.00.00.0
±±±±0.10.10.10.1

----0.6, +0.70.6, +0.70.6, +0.70.6, +0.7
±±±±0.20.20.20.2
0.00.00.00.0

----5.7, +6.85.7, +6.85.7, +6.85.7, +6.8

0.50.50.50.5

----16, +2016, +2016, +2016, +20

----0.2, +0.00.2, +0.00.2, +0.00.2, +0.0
----0.2, +0.00.2, +0.00.2, +0.00.2, +0.0

0.00.00.00.0
±±±±0.10.10.10.1

----0.6, +0.70.6, +0.70.6, +0.70.6, +0.7
±±±±0.20.20.20.2
0.00.00.00.0

----6.2, +7.06.2, +7.06.2, +7.06.2, +7.0

3.03.03.03.0

----16, +2016, +2016, +2016, +20

they reach “sensitivity” to MH.

In any case, using precious

cosmological data to

constrain mν would be like

using LEP as a tide gauge.

Return ↑



Neutrino Physics

Oxford U./RAL
Dave Wark 



February 1984 March 8,1987February 1984 March 8,1987

A supernova 

converts

~ 1 M⊙ to ν



2

2

2

1

2

2

2

12

2

1

EE

EE
Lmt

−
=∆ ν

Limit from SN1987a is mνe
> 23 eV (PDG) 

Best you can do is ~5-10 eV, which isn’t good enough

Light and neutrinos got here on the same day after travelling 

for ~160k yrs, so |vν-c|/c < 2×10-9 at Eν ~ 10 MeV
Return ↑
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Tritium ββββ-decay

observable:

Fermi theory of β-decay:

KIT   - The cooperation of Forschungszentrum

Karlsruhe GmbH and Universität Karlsruhe (TH)

Florian Fränkle

EPS HEP 2009

Krakow
88

tritium as β emitter:

• high specific activity

(half-life: 12.3 years)

• low endpoint energy E0

(18.57 keV)

• super-allowed



KATRIN experiment

70 m

tritium decay
electron transport

energy analysis
tritium retention

(KArlsruhe TRItium Neutrino experiment, location: Forschungszentrum Karlsruhe)

CMS at same scale

KIT   - The cooperation of Forschungszentrum

Karlsruhe GmbH and Universität Karlsruhe (TH)

Florian Fränkle

EPS HEP 2009

Krakow
89

β-decay rate: 1011 Hz

T2 pressure: 10-6 mbar 

background rate: 10-2 Hz

T2 pressure: 10-20 mbar 

adiabatic guiding of electrons on meV level

about 14 orders of magnitude



Nufact 2011
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ββ decay and neutrino mass
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35 isotopes in nature
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0νββ: Peak at Q-value of nuclear transition
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Sum energy spectrum of both electrons
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Each is ±1 if CP conserved, but there 

can still be cancellations
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If oscillations 

prove IH

Oxford U./RAL
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If 0νββ decay

sets a limit here

Then neutrinos are Dirac... Return ↑


