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What are the BIG 
Questions?



What is dark matter?

What is the nature of dark energy?

How did the universe begin?

What are the masses of neutrinos and how have they 
shaped our universe?

How do cosmic accelerators work?

Do protons decay?

How do particles acquire their masses?

Are there greater symmetries or extra dimensions in our 
universe?

How are we made of matter, as opposed to anti-matter?

Questions still out there...



Many of these questions are intertwined with our knowledge 
of neutrinos.

Many of these questions are addressable experimentally.

Underground physics plays a key role in addressing these 
questions.

These are questions which are in experimental reach today...

Answers are out there too...



The Lectures...

Day One:  Neutrinos in our World

Day Two:  The Quest for Neutrino Mass (Oscillations)

Day Three: The Quest for Neutrino Mass (Other Methods)

Day Four: Above and below ground...



What these 
lectures cover...

I can’t cover everything...  

this is just Joe’s “blue plate special”. 

I assume some exposure to particle physics and 
quantum mechanics.

An overview of the field from an experimentalist’s 
perspective.



The Lectures...

Day One:  Neutrinos in our World

Day Two:  The Quest for Neutrino Mass (Oscillations)

Day Three: The Quest for Neutrino Mass (Other Methods)

Day Four: Above and below ground...



“I have hit on a desperate remedy...”

Lesson #1:
Neutrinos in our world



A Wild Idea

101 years ago Einstein 
presents his paper on 
special relativity 



A Wild Idea

101 years ago Einstein 
presents his paper on 
special relativity and…

76 years ago, Pauli 
introduces the idea of 
neutrinos to help 
resolve the energy 
conservation crisis.

The concept of the 
neutrino is born.



1934 Enrico Fermi establishes the theory of 
weak decay, providing a framework for neutrinos.

Path to Discovery



Fermi’s “Neutrino”

Fermi formulates the theory of weak decay, describing the decay 
of neutrons inside nucleii (March 25th letter to La Ricerca Scientifica).

Uses 4-point interaction to describe this new force; remarkably 
accurate for modern day understanding of interaction...

Fermi already appreciates the effect of neutrino masses (more on 
that later...)

H = GF (Ψ̄pγµΨn)(Ψ̄eγ
µΨν)...



1935 Hans Bethe calculates the probability
detecting a neutrino experimentally.

1934 Enrico Fermi establishes the theory of 
weak decay, providing a framework for neutrinos.

Path to Discovery



Detecting the 
Impossible...

Bethe & Peirls use decay rates measured from nuclear decay and 
Fermi’s formulation to calculate the inverse process (neutrino 
interacting with matter).

Allows for neutrino detection from inverse beta decay

Alas, the cross-section is a bit small...

Hans Bethe (1906-2005)

ν̄ + p→ n + e+

ν + n→ p + e−

σνp ∼ 10−43 cm2 !



1935 Hans Bethe calculates the probability
detecting a neutrino experimentally.

1956 Reines & Cowan use their Poltgergeist 
experiment to provide first detection of the 
neutrino.

1934 Enrico Fermi establishes the theory of 
weak decay, providing a framework for neutrinos.

Path to Discovery



Detecting the 
Ghost

Reines and Cowen explore Bethe’s 
hypothesis to use inverse beta decay to 
detect neutrinos.

Original idea was to use neutrinos 
produced from a nuclear blast as a 
intense neutrino source.

Moved to detecting neutrino and the 
neutron, allowing for a less-intense 
source to be used...

Began with project Poltergeist...



Searching for 
the Impossible

Neutrino detection must battle the fact that the 
interaction rate is far smaller than with anything else.  

Reines and Cowen decided to use the coincidence of the 
primary anti-neutrino interaction (positron emission) and 
detection of the neutron.

Coincidence signal allows for powerful background 
rejection.

ν̄ + p→ n + e+ signal here

and here!
n + 113Cd → γ′s



Experimental Neutrino Physics Begins...

Neutrinos finally detected (it took 26 years) !

OK, now things get interesting...

-----------------------------
W E S T E R N   U N I O N

-----------------------------

               June 14, 1956

Dear Professor Pauli,

We are happy to inform you
that we have definitely
detected neutrinos. . .

                 Fred Reines
                 Clyde CowanProject Poltergeist



Weird Fact #1:

Neutrinos only as left-handed 
particles...

All other forces studied at the time (electromagnetism and the 
strong force) rigidly obeyed parity conservation. Naturally, so 
should the weak force/neutrinos.

...Nope.  Violates it 100%

C. S. Wu demonstrates 
parity violation in the 
weak force using 60Co 
decay



Weird Fact #1:

Neutrinos only as left-handed 
particles...

Other interactions (e.m., strong) interact with particles (electrons, 
quarks) with both left-handed and right-handed components of spin.

Only neutrinos (and the weak force) interacts as left-handed particles.

There are no right-handed neutrinos! 

(This fact has big consequences and will be explained later on...)



Weird Fact #2
Not 1 but 3... For every charged lepton, there is a 

chargeless neutrino partner.

So, just like we have electrons, 
muons, and taus, we also have...

electron neutrinos

muon neutrinos

tau neutrinos

Lederman Schwartz Steinberger

1962

νe

νµ

ντ



Why Not Four?

Can look at “invisible” decays of Z0 
to determine the total number of 
ordinary, light neutrinos.

Data from LEP experiments 
constrain number of neutrinos to...

N = 2.984 ± 0.008

νe

νµ

ντ



Within the 
Framework

n

νe νµ ντ

Binds nucleii; 
mediated by gluons;
only couples to quarks

Couples to charge;
mediated by photons;
felt by quarks and leptons

Common to all particles;
mediated by the W+/Z0 bosons;
Neutrinos can only interact weakly

Spin 1 

Spin 1/2 



The Weak Force

Fermi got it almost right...

Not a four-point interaction; but 
rather mediated through a heavy 
spin-1 boson (W+,Z0)

Mass of W±: 80.425 GeV/c2 
Mass of Z0: 91.188 GeV/c2

The boson mass is so large that it 
acts like a point-like exchange.

Responsible for most of the 
radioactivity around our world.



They are not very social...

They have no charge…

They do not interact with quarks 
(because they are leptons)…

In fact, they don’t interact with 
much of anything (there are about 
~1 million going through you every 
second, and they just pass by!)

e-

1 mm of 
lead

1 light year of lead!

νe

Note: Picture not to scale!



Two ways to interact...

Charged current interactions allow 
us to tag the associated lepton.

Neutral current interactions only 
leave a neutrino, but also deposit 
energy on their target.

Example of bubble chamber 
picture of neutral current event

Neutral Current
• neutrino in
• neutrino out

νµ
νµ

Z0

Charged Current 
• neutrino in
• charged lepton out

νe  e
             νµ  µ
             ντ  τ

νµ
µ

W+

-



So, what happens when a 
neutrino does interact?

Energy (GeV)

νe + e− → νe + e−

Elastic Scattering

Neutrino cross-section as a 
function of energy.

Experimental tag is single 
energetic electron.

Reaction involves both 
charged current and 
neutral exchanges.

Excellent probe into the 
nature of the weak 
current.



So, what happens when a 
neutrino does interact?

Energy (GeV)

Neutrino cross-section as a 
function of energy.

Experimental tag is lepton 
+ proton or neutron.

Reaction changes protons 
into neutrons (and vice 
versa).

Dominates below 1 GeV

νl + N → l + N ′

Quasi-Elastic Scattering



So, what happens when a 
neutrino does interact?

Energy (GeV)

Neutrino cross-section as a 
function of energy.

Energetic enough to 
produce a delta resonance

Reaction changes protons 
into neutrons (and vice 
versa).

Dominates around 1 GeV; 
often a background for 
experiments

Pion Resonance

νl + N → l + N ′ + π
νl + N → ∆∗ + l→ l + N ′ + π



So, what happens when a 
neutrino does interact?

Energy (GeV)

Neutrino cross-section as a 
function of energy.

After a few GeV, the 
nucleus begins to break 
apart as the neutrino 
strikes it and many, many 
final states are produced.

This is known as deep 
inelastic scattering (DIS).

Probes the interior of the 
nucleus.

Deep Inelastic (DIS)

νl + N → l + X



Neutrinos are Everywhere

νe

Big bang

Accelerators/Beams

Cosmic Rays & Geoneutrinos Reactors

The sun



Neutrinos from 
the Cosmos



Neutrinos from 
the Cosmos

A hand-waving argument...

The rate of expansion is much faster.

 

Neutrinos decouple from matter when 
the universe temperature is about 1 
MeV (or 1010 K)

The universe is 1 second old.

Γint !< σweaknνv >∼< (G2
F T 2)(T 3) >

H(t) ! g
1
2
!

T 2

MPlank

Most abundant particle in the 
universe aside from radiation 
(photons)

Produced from interactions of hot 
dense matter as universe expands 
from Big Bang (and at equilibrium).

Eventually particles decoupling, or 
freeze-out, begins...

Γinteraction < H(t)expansion



Neutrinos from 
the Cosmos

Most abundant particle in 
the universe aside from 
radiation (photons)

One can use the 
abundance of neutrinos in 
the universe to constrain 
the mass of the neutrino.

Ωνh2 =
∑ mν

92.5eV

Gershtein & Zeldovich
JETP Lett. 4 (1966) 120

nν = 115 ν′s cm−3



Neutrinos from the Heavens....

...solar neutrinos



In 1854, von Helmholtz postulates that 
gravitational energy is responsible for 
solar burning.

In 1920, Eddington postulates that 
nuclear processes in the solar core may 
drive solar burning.

“We do not argue with the 
critic who urges that the 
stars are not how enough 

for this process; we tell him 
to go and find a hotter 

place.”

In 1938, Bethe and Critchfield calculate a solution...



In Bethe’s original paper, neutrinos are 
not even in the picture.

(H. A. Bethe, Phys. Rev. 33, 1939)

+ ν′s !



Basic Process:

! !

More detailed...

This is known as the pp fusion chain.
  

Light Element Fusion Reactions
p + p →2H + e+ + νe p + e- + p → 2H + νe

2H + p →3He + γ

3He + 4He →7Be + γ

7Be + e- →7Li + γ +νe

7Li + p → α + α

3He + 3He →4He + 2p

99.75% 0.25%

85% ~15%

0.02%15.07%

~10-5%

7Be + p →8B + γ

8B → 8Be* + e+ + νe

3He + p →4He + e+ +νe

4p + 2e− → He + 2νe + 26.7 MeV



In the sixties, John Bahcall calculates 
the neutrino flux expected to be 
produced from the solar pp cycle.

Basic assumptions of what is known as 
the Standard Solar Model...

(1)!Sun is in hydrostatic equilibrium.

(2)!Main energy transport is by photons.

(3) Primary energy generation is 
nuclear fusion.

(4)!Elemental abundance determined 
solely from fusion reactions.



Neutrinos from the Heavens....

...atmospheric neutrinos



Atmospheric Neutrinos

Neutrinos are also produced 
from cosmic ray interactions 
taking place in the upper 
atmosphere...

Average energy near 1 GeV

Note that there are two 
“muon neutrinos” for every 
“electron” neutrino.

p + 16N→ π±, K±

µ± + ν̄µ

e± + ν̄µ + ν̄e

(   )

(   ) (   )



Atmospheric Neutrinos

Absolute atmospheric neutrino 
flux difficult to predict; 
depends on details of hadron 
shower propagation.

Ratio (R=e/µ), however 
relatively independent of 
absolute flux (some 
atmospheric depth 
dependence remains).

For energies above 10 GeV, 
one can use the following 
approximation for the 
atmospheric neutrino flux.



Neutrinos from 
the Earth... Reactor Neutrinos

Double Double ChoozChooz, France, France

ννee

ννee



Neutrinos from 
Reactors

Reactors allowed us to 
provide the first detection 
of neutrinos in 1956 
(Cowen & Reines).

Today remains an excellent 
source of electron anti-
neutrinos at our disposal.

Source from fission 
products of 238U, 234U, 
239Pu.

Fred Fred ReinesReines
(1918 (1918 –– 1998) 1998)

Nobel prize 1995Nobel prize 1995

Clyde CowanClyde Cowan
(1919 (1919 –– 1974) 1974)

Detector prototypeDetector prototype



Neutrinos from 
Reactors

Energy released through 
multiple fission reactions; 
each of which yields anti-
neutrinos.

An average of 6 neutrinos 
are released over each 
complete fission cascade.

Proximity of source adds 
to accessibility to 
neutrinos to overcome 
cross-section.

Fred Fred ReinesReines
(1918 (1918 –– 1998) 1998)

Nobel prize 1995Nobel prize 1995

Clyde CowanClyde Cowan
(1919 (1919 –– 1974) 1974)

Detector prototypeDetector prototype



...neutrinos from accelerators

Neutrinos from 
Earth



Neutrinos from 
Accelerators

Producing accelerator 
neutrinos...

Use accelerated proton beam to 
produce short-lived mesons 
(pions and kaons)

Focus mesons toward target 
detector.

Add dirt.

Gather neutrinos.



Neutrinos from 
Hell...

...literally!



Geoneutrinos

Radiogenic heat (40-60% of 40 
TW) from U and Th decays in the 
Earth’s crust & mantle.

Yields unique history of Earth’s 
crust/core beyond what 
geological surveys can access.

First observation of geoneutrinos 
from the KamLAND experiment. 



Part I: Summary

In the past 76 years, we have gone from a desperate 
remedy to an essential component of our understanding 
of the Standard Model of particle and nuclear physics.

Though in principle difficult to study, nature gives us 
plenty of sources of neutrinos to detect.



Next Week:

The Quest for Neutrino Mass


