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Lecture 2: NeutrinoLecture 2: Neutrino MixingMixing
JohnJohn BeacomBeacom, The Ohio State University, The Ohio State University
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Elevator PitchElevator Pitch

• Neutrino mixing in vacuum is almost certain

• Neutrino mixing in matter is somewhat certain

• Smoking gun signatures are still needed

• As are precision mixing parameter measurements

• These are keys to understanding neutrino mass
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Neutrino Vacuum MixingNeutrino Vacuum Mixing

(On the blackboard)
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Atmospheric Neutrino ResultsAtmospheric Neutrino Results
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Solar NeutrinosSolar Neutrinos
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Solar Nuclear ReactionsSolar Nuclear Reactions
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Solar Neutrino FluxesSolar Neutrino Fluxes
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The Solar Neutrino ProblemThe Solar Neutrino Problem
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Sudbury Neutrino ObservatorySudbury Neutrino Observatory
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Inside SNOInside SNO
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SNO Detection ReactionsSNO Detection Reactions
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SNO Flux MeasurementsSNO Flux Measurements

e e
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Latest SNO ResultsLatest SNO Results

Aharmim et al, nucl-ex/0502021

Still NO evidence of:

spectral distortion or day-night effect!
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Super-KamiokandeSuper-Kamiokande

e e� �� + � � +
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-

-

measured e spectrum
Ratio

expected e spectrum
=

Super-KamiokandeSuper-Kamiokande ResultsResults

Perfect Agreement!

e e� �� + � � +

(Michael Smy, SK)

1 1
6 6e

0.34 0.66 0.45µ� �� + � = + =
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MS & W PapersMS & W Papers
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MSW EffectMSW Effect

Parke,

PRL 1986:
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NeutrinoNeutrino Matter MixingMatter Mixing

(graphics from Beacom and

Balantekin, hep-th/9709117)
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Solar Neutrinos DonSolar Neutrinos Don’’t Oscillatet Oscillate

E in [0,15 MeV]

2 2
e vacuum2 vacuum

2
2

vacuum2 vacuum

e
sin

cosµµ

�

�

� � � = �

� � � = �

�

�

cos2 �
initial

= �
1
�

e
initial

2

sin2 �
initial

= �
2
�

e
initial

2

e eP( )�� �

1/2

eF
2

G N
Matter effects

m /E

Propagation is adiabatic

�
�

0

0
1

1

(above about 5 MeV)



ICTP Summer School on Particle Physics, Trieste, Italy, June 2005John Beacom, The Ohio State University

Reactor NeutrinosReactor Neutrinos
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KamLANDKamLAND
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Vacuum Oscillation ProbabilityVacuum Oscillation Probability
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Eguchi et al., PRL 90, 021802 (2003)
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+
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KamLANDKamLAND Neutrino DetectionNeutrino Detection

Detection rate

~ 1 event per day!

Eguchi et al., PRL 90, 021802 (2003)
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Inverse Beta Cross SectionInverse Beta Cross Section

Vogel and Beacom, PRD 60, 053003 (1999)
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KamLANDKamLAND Oscillation ResultsOscillation Results

No solar physics

Very different technique

No MSW effects

e e, not� �

No neutrino decay

No magnetic fields

No matter FCNC

Eguchi et al., PRL 90, 021802 (2003)
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Araki et al., PRL 94, 081801 (2005)

NewNew KamLANDKamLAND DataData
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Neutrino MixingNeutrino Mixing

(graphic from Georg Raffelt)
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Normal Hierarchy

Beacom and Bell, PRD 65, 113009 (2002)

Neutrino MassNeutrino Mass SplittingsSplittings
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What About LSND?What About LSND?

e

LSND :

appearance signalµ� � � e

MiniBooNE :

appearance searchµ� � �
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ConclusionsConclusions

• The atmospheric neutrino problem was solved

by neutrino oscillations

• And the solar neutrino problem was solved by

neutrino oscillations

• Ok, well, just almost sure...

• Essential to complete the mixing parameter

measurements and to find the final answers on

the above claims (and LSND)!
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Further ReadingFurther Reading

• See yesterday’s list

• Smirnov, all of his papers
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