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Goals of these lectures:
• Survey the important discoveries about neutrinos.
• Discuss the key experimental techniques.
• Discuss the important theoretical concepts.

We will avoid theoretical details. I assume some background and
general familiarity with the relevant framework:  relativistic
kinematics, quantum mechanics and relativistic quantum
mechanics, basic ideas of quantum field theory… Boris Kayser
will lecture on current and future theoretical directions.

We will survey experiments assuming a basic understanding of
common experimental techniques:  energy loss of charged
particles, basic spectrometry and other common experimental
techniques…

We will take a historical approach when it provides useful insights
or interesting stories.



10. Most theorist now believe that neutrinos are massive.9. Most theorist once believed that neutrinos were massless.6. Neutrino mass would account for the missing mass of the
universe.



4. Finite neutrino mass is “natural” in Grand Unified Theories.3. There is no known symmetry principle to preserve zero mass.1. Experiments have now shown conclusively that neutrinos
have mass!
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• Created in equal
abundance to other
particles in the Big Bang.

• About 300/cm3 left over
from the Big Bang.

• T ~ 1.9K° primordial
background radiation .

• Light relativistic
particles were critical in
determining the cooling
rate of the universe.

Neutrinos
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Neutrino mass

Primordial microwave background

Large scale structure

Cosmological connection to neutrinos



The sun is a prolific source of neutrinos
(radiograph of the sun as observed in an

underground neutrinos detector)



Neutrinos are produce in Supernova Explosions
(In fact most of the energy is in neutrinos)

SN1987A



Neutrino Energies
Big-Bang neutrinos ~ 0.0004 eV 

Neutrinos from the Sun < 20 MeV

Neutrinos from accelerators  up to GeV (109 eV)

Antineutrinos from nuclear
reactors      < 10.0 MeV

Atmospheric neutrinos ~ GeV



Neutrinos are very weakly interacting

Four light-years of lead would not appreciably shield us
from the neutrinos from the closest star!

4 light-years of Lead

Our Sun
Alpha
Centauri



MiniBooNE refutes LSND

2007

KamLAND provides direct
evidence for oscillations

Minos detects oscillations
KamLAND detects geoneutrinos

2002



Becquerel ChadwickRutherford Meitner

Continuous Spectrum?
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Complications from
internal conversion



The existence of the neutrino

Bohr: At the present stage of atomic theory, however, we may
say that we have no argument, either empirical or theoretical,
for upholding the energy principle in the case of β-ray
disintegrations.



Wolfgang Pauli

First “letter” on “neutrinos”
(Never published, often cited)

6Li



6He ⇒ 6Li + e- + ν 



Enrico Fermi

Fermi’s Theory of the Weak Interaction



Fermi’s
“Golden Rule #2”

Fermi’s notes on QM
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Fermi’s Theory suggests “detectable” neutrinos



First proposal for direct detection of the neutrino



Hanford Pile



ν

First Direct Detection of the Neutrino

Reines and Cowan 1956

µ
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The second version of Reines’ experiment that worked





The discovery of the second “flavor” of the neutrino
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Neutral Currents
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Determining the number of (“active” “light”)
neutrinos by measuring the width of the Zo
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First Zo event at LEP

Measured Cross Section vs Ecm



The τ neutrino



The τ is identified by its
relatively long lifetime



The Standard Model of Quarks and Leptons
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Mixing angles are small!

CKM mixing matrix





Elements of the Goldhaber-Grodzin-Sunyar experiment

Homework assignment
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l (e, µ, or τ)

Detector

Leptonic Mixing and Leptonic Flavor

A neutrino that can only create a e is called a νe.

A neutrino that can only create a µ is called a νµ.

A neutrino that can only create a τ is called a ντ.

νe, νµ, and ντ are the “neutrinos” with different “flavors”

Any mass eigenstate νi is a sum of νe, νµ, and ντ.

νe, νµ, and ντ are each the sum of ν1, ν2 and ν3.

νl (νe,νµ, or ντ)νi (ν1,ν2, or ν3)
Ui l

(Kayser)



The (new) Standard Model of Quarks and Leptons
(with massive neutrinos)

L M H
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Neutrino mixing matrix
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Essentials of Neutrino Oscillations

! 

|"
e

>=|#"
e

(0) >= cos$ |"1 > + sin$ |" 2 >

  

! 

|"#
e

(t) >= cos$e
%
im1c

2
t

h |#1 > + sin$e
%
im2c

2
t

h |# 2 >

  

! 

P
ee
(t) = <"#

e

(0) |"#
e

(t) >
2

= cos
2$e

%
im1c

2
t

h + sin
2$e

%
im2c

2
t

h

2

  

! 

P
ee
(t) =1" sin

2
2# sin2(

(m2"m1 )c
2

2h
t)

! 

t =
t
lab

"
#
L

"c

! 

" =
E

mc
2

! 

m =
m
1

+ m
2

2

  

! 

P
ee
(L) =1" sin

2
2# sin2(

(m2
2
"m1

2
)c
4

4hc

L

E
)

! 

P
ee
(L) =1" sin

2
2# sin2(1.27$m2 L

E
)

m2C2

m1C2





Slide B. Kayser
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Leptons

Q = 2/3

~0.004 GeV
~1.4 GeV

~175 GeV
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Quarks

Neutrinos
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τ

~0.0005 GeV

~0.105 GeV

~1.780 GeV

Q = -1 Q = 0Normal Inverted
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What are these objects and what do they have to do with ν?




