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FPCP07  
U νν ∑=If ne trinos ha e mass:

The Maki-Nakagawa-Sakata-Pontecorvo Matrix

ilil U νν ∑=If neutrinos have mass:
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FPCP07  
U νν ∑=If ne trinos ha e mass:

The MNSP Matrix

ilil U νν ∑=If neutrinos have mass:

F h i
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FPCP07  
U νν ∑=If ne trinos ha e mass:

The MNSP Matrix

ilil U νν ∑=If neutrinos have mass:

F h i
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FPCP07  Measuring θ12, Δm12
2 – Solar 

NeutrinosNeutrinos

70±568±4
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FPCP07  Measuring θ12, Δm12
2 - SNO

CC e−ppd ++→+νe

- Q = 1 445 MeVQ  1.445 MeV
- good measurement of νe energy spectrum
- some directional info ∝ (1 – 1/3 cosθ)
- νe only

NC
xx νν ++→+ npd

νe o y

- Q = 2.22 MeV 
- measures total 8B ν flux from the Sun

l ti f ll ν t

ES +→+ e−νe−ν xx

- equal cross section for all ν types

x x

- low statistics 
- mainly sensitive to νe, some νμ and ντ
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y e, μ τ
- strong directional sensitivity



FPCP07  

Repeated with NaCl to enhance NC signal, blind analysis
All lt d
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→All results agreed.



FPCP07  Measuring θ12, Δm12
2 - KamLAND
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FPCP07  
Measuring θ12, Δm12

2 - KamLANDg 12 12

Proved (with other results) that neutrinos oscillate…
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…or at least do a damned fine impression.



FPCP07  Measuring θ12, Δm12
2

θ12, Δm12
2

Matter-enhanced oscillation
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Dave Wark Solar + KamLAND



FPCP07  1st Smoking Gun – SK Atmospheric
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FPCP07  
SK data as a function of zenith angleg
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FPCP07  1st Smoking Gun – SK Atmospheric
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FPCP07  First Accelerator Confirmation – K2K
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FPCP07  Final K2K Statistics
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Plots from Pier Loverre’s talk.

1.881.88××1010--33 ≤≤ ΔΔmm22 ≤≤ 3.483.48××1010--33 eVeV22 (90%CL)   for  sin(90%CL)   for  sin2222θθ=1=1
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FPCP07  What about θ13?
Excluded byExcluded by

Chooz Reactor
ExperimentExperiment

J.W.F. Valle, hep-ph/0410103

Imperial College/RAL
Dave Wark All we have at present are limits, showing θ13 is small…



FPCP07  What are the experimental targets for new 
accelerator experiments?p

• More accurate determinations of already 
d (b h CKM?)measured parameters (better than CKM?) 

⇒ is θ23 = 45°?
• Other signatures of oscillations – ντ

appearance.pp
• θ13 – look for νμ → νe, 
• The sign of Δm 2 (or Δm 2)• The sign of Δm23

2 (or Δm31
2)

• The CP-violating phase δ 
• First, however, resolve the LSND anomaly.

Has now been done!  See talk by H. Tanaka.  We don’t 
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y
know what happened to LSND, but it doesn’t appear to 

be oscillations…



FPCP07  The near future – CNGS and OPERA

ντ ?Clear signature of
5 yrs nominal running, best-fit SK 
~12 signal events, ~1 background

Clear signature of
τ appearance

Plastic base

τ

1 mm

ν

τ
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Pb

Emulsion layers

Ready for data taking
autumn 2007



FPCP07  
U νν ∑If ne trinos ha e mass:

Three neutrino mixing.
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ELmmm 4/and/ where 313121 Δ=ΔΔΔ=α ~0.03 ∼π/4

And sin22θ13 < ~0.14 



FPCP07  Three neutrino mixing.

• Until limit is improved by a factor of a few the 
first term dominates.first term dominates.

• Optimal situation for CP measurement is when all 
terms are equal or when sin22θ 0 01
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ELmmm 4/and/ where 313121 Δ=ΔΔΔ=α ~0.03 ∼π/4

And sin22θ13 < ~0.14 



FPCP07  Three neutrino mixing.
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FPCP07  Three neutrino mixing.
M t i t k ti ll t f• Most experiments make essentially one measurement of 
P(νμ → νe).

• There are correlations between parameters including ones• There are correlations between parameters, including ones 
that cannot be measured at accelerators.

• There are degenerate solutions from the sign of Δm 2 and• There are degenerate solutions from the sign of Δm31 and 
whether θ23 is greater or smaller than π/4.

Imperial College/RAL
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FPCP07  Long Baseline νμ⇔νe Appearance
M d t i t (f t 2) il bl f MINOS d• Modest improvements (factor~2) available from MINOS and 
OPERA

• Major improvements in sensitivity will require major new 
dedicated experiments.

• Superbeams – ν derived from π decay:
– T2KI, T2KII,
– NOvA, NOvA + Proton Driver
– CERN → Modanne or LNGS or…
– BNL → Homestake or HendersonBNL → Homestake or Henderson
– FNAL → various sites

• β Beams – νe derived from β-decaying nucleus:
CERN– CERN

– FNAL
– EC beams? – produces “monoenergetic” neutrinos

• Neutrino Factories – νe/νμ derived from μ decay:
– CERN
– RAL

Imperial College/RAL
Dave Wark 
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– FNAL
– JPARC



FPCP07  JPARC – SuperK, AKA T2K

• JPARC Accelerator  –
– Phase I, 0.75 MW @ 50 GeV
– Phase II, raise power to 4 MW
– Approved

Under const– Under const.

11
February, 2004

• Far Detector – Super Kamiokande
• Rebuild (completed).

Imperial College/RAL
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FPCP07  Common Features - Off-Axis Beams

Far Detector.
Near Detector

θTargetHorns Decay Pipe

Δm2=3x10-3eV2

L=295km

• Pros –
– Increases flux on osc. max.

R d hi h E t il d th

OA2°

– Reduces high-E tail, and thus 
NC backgrounds

– Reduces νe contamination OA2 e
from K and μ decay

• Cons –

νμ

– Complicates disappearance 
measurement

– Increases near/far differences

Imperial College/RAL
Dave Wark 
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μ Increases near/far differences
– Have to know angle!



FPCP07  T2K 

L/E well-tuned to CCQE,
Critical for untangling e
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Electrons, μ, π



FPCP07  T2K 
N D t t @ 280• Near Detector @ 280m
– Built inside UA1/NOMAD 

magnet for pμ measurementg pμ

– Sandwich calorimeters/trackers 
and TPCs for precision beam 
spectrum and compositionspectrum and composition 
measurement.

– X(ν,n)X’ → X(n,π0)X’?

• Near Detector @ 2km
– Near/far spectral uncertainties 

negligible
– Water Cerenkov MRD and LAr

Imperial College/RAL
Dave Wark 
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Water Cerenkov, MRD, and LAr



FPCP07  
T2K Sensitivity 
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FPCP07  Design sensitivity
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FPCP07  A possible future…

505055

Mezzetto
3030

Mezzetto

2020

Imperial College/RAL
Dave Wark 



FPCP07  

Imperial College/RAL
Dave Wark 



FPCP07  Three Ways Forward?
• Superbeams:• Superbeams:

We know how to build them (except for the targets).
The beams are “cheap” (relative to the others)The beams are cheap  (relative to the others).

× The beams are not pure, and not well focussed.
× The detectors have to be huge× The detectors have to be huge.

• β Beams:
P d fl bProduce pure flavour beams.
Synergies with the nuclear physics programme.

× If low γ need huge detector if high γ expensive× If low γ, need huge detector, if high γ, expensive.

• Neutrino Factory
M iMost intense source.
Gives two beams at the same time.
Synergies with μ collider development
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Synergies with μ-collider development.
× $$$...
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FPCP07  Conclusions
• Neutrino oscillations are an established property of• Neutrino oscillations are an established property of 

nature (and the first confirmed physics beyond the 
Standard Model).Standard Model).

• The parameters of the MNSP and ν mass matrices are 
windows on higher scales, and understanding them iswindows on higher scales, and understanding them is 
an essential element in developing BSM particle 
physics.p y

• The pattern emerging from experiments hints at higher 
symmetry, but needs better measurement!y y

• There is no access to this physics except through 
specialized facilities – the LHC and ILC will not help. 

• This game is just beginning and will provide a rich 
field of particle physics for years to come.

Imperial College/RAL
Dave Wark 

• Join us!  



FPCP07  Editorial Comment
• It is commonly stated that science only 

progresses where there are problemsprogresses where there are problems. 
• Two of the main CP “problems” (the strong and 

the SUSY) arise from the failure to observe the 
electric dipole moment of the neutron.p

• Particle EDMs (or rather the lack of them) 
id f th t t t i tprovide some of the strongest constraints on 

BSM CP violation.
• No mention at this conference…
• Invite someone to Taiwan to give a talk
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• Invite someone to Taiwan to give a talk.


