
PARTICLE PHYSICS
COLUMBIA SCIENCE HONORSPROGRAM

WEEK 9

NEUTRINOS

PART II



COURSE POLICIES

ÅAttendance

ÅUp to four excused absences

ÅTwo with notes from parent/guardian

Åshpattendance@columbia.edu

ÅValid excuses:

ÅIllness, family emergency, tests or athletic/academic competitions, 

mass transit breakdowns

ÅInvalid excuses:

ÅSleeping in, missing the trainé

ÅI will take attendance during class

ÅNo cell phones

ÅAsk questions!
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LECTURE MATERIALS

Åhttps://twiki.nevis.columbia.edu/twiki/bin/view/Main/ScienceHonorsProgram

ÅQuestions: cristovao.vilela@stonybrook.edu
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https://twiki.nevis.columbia.edu/twiki/bin/view/Main/ScienceHonorsProgram


SCHEDULE

1. Introduction

2. History of Particle Physics

3. Special Relativity

4. Quantum Mechanics

5. Experimental Methods

6. The Standard Model - Overview

7. The Standard Model - Limitations

8. Neutrinos I

9. Neutrinos II

10. LHC and Experiments

11. The Higgs Boson and Beyond

12. Particle Cosmology
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NEUTRINO MIXING



THE WORLD, ACCORDING TO A PARTICLE PHYSICIST
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leptons

quarks

NEUTRINO INTERACTIONS
HOW WE DETECT NEUTRINOS

ÅNeutrinos interact with matter in two ways:
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or

leptons

quarks

or

ÅExtremely rare processes!

ÅProbability of 1 MeV neutrino interacting with electron while 

traversing the whole earth is 10-11!

Charged current Neutral current
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or

leptons

quarks
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ÅExtremely rare processes!

ÅProbability of 1 MeV neutrino interacting with electron while 

traversing the whole earth is 10-11!

Charged current Neutral current

Actuallyé

ÅNeutrino interactions with nucleons inside nucleus much more 

probable: at 1 GeV neutrino energy, about 3000 times more likely.

ÅAlso way more complicated!



NEUTRINO MIXING
ÅNeutrinos interactaccording to their weak states.

ÅDefined by what charged lepton (e, ˃, ̱ ) is produced in the interaction.

Åé but they propagateaccording to their massstates.

ÅThese two baseswith which to describe neutrinos are not òalignedó.

ÅThis leads to superpositionsof òmixedó states andé wait for ité

ÅQuantum interference!
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Weak / Flavor

states
Mass states



NEUTRINO MIXING FORMALISM

ÅWrite the most general matrix that conserves number of particles.

ÅLike rotations in three dimensions, but with complex numbersé

ÅWe wouldnõt be in this mess if neutrinos were massless!!

ÅSo how do we know theyõre not?
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Weak / Flavor

states

Mass states

òAtmosphericó 

parameters

òReactoró 

parameters

òSolaró 

parameters

CP violating 

phase

ÅThe Pontecorvo-Maki-Nakagawa-Sakata 

(PMNS) matrix.
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Weak / Flavor

states

Mass states

òAtmosphericó 

parameters

òReactoró 

parameters

òSolaró 

parameters

òReactoró 

parameters

ÅThe Pontecorvo-Maki-Nakagawa-Sakata 

(PMNS) matrix.

By the wayé

ÅQuarks also mix! But a lot less.

ÅA whole different story, for another occasioné



NEUTRINO OSCILLATIONS

ÅAssume, for simplicity only two neutrinos.

ÅTwo weak states that mix with two mass states.

ÅWave functions òevolveó with time by rotating in the complex 
plane:

ÅWith a few lines of trigonometry:
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NEUTRINO OSCILLATIONS

ÅTime evolution determined by energy of the state. If we assume* 

the two superimposed mass states are produced with the same 

energy, we get:

ÅSubstituting in oscillation probability expression gives:
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* Assumption not necessary if more detailed wavepacketformulation is used.

Oscillation amplitude Oscillation frequency
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* Assumption not necessary if more detailed wavepacketformulation is used.

Oscillation amplitude Oscillation frequency

Quantum interference on a (very) macroscopic scale!!!
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* Assumption not necessary if more detailed wavepacketformulation is used.

Oscillation amplitude Oscillation frequency

Quantum interference on a (very) macroscopic scale!!!



SOLAR NEUTRINOS

E: ~1 MEV

L: ~ 1.5 X 108KM BUT MORE COMPLICATED THAN THATé

MINIMUM ɲM2: 10-11 EV2



THE STANDARD SOLAR MODEL
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ÅNuclear fission and decay processes power the Sun: neutrinos everywhere!

CNO cycle

pp chain


