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Introduction
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Standard Model of elementary particles

e

e+

antiparticles
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At the beginning of the universe, these particles existed in 

abundance
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Matter and anti-matter almost completely annihilated
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Leaving behind a universe dominated by matter
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Standard Model of elementary particles
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Standard Model of elementary particles

The difference between 

the generations is the 

mass. 

ν? 

mass (GeV))
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Standard Model of elementary particles

proton neutron

nucleus

atom
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Standard Model of elementary particles

π+ -> μ+ + νμ   

Inestable particles

Decay lifetime: ~ 26 ns

pion (π+)

Decay almost 100% 

via:
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Still 0 files

Neutrino and weak interactions

3 neutrino types (flavors), no charge, only interact 

by weak force

2 mediators of weak force

charge: 

0

charge: 

+-1
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Neutrino and weak interactions

t t

3 neutrino types (flavors), no charge, only interact 

by weak force

2 mediators of weak force

charge: 

0

charge: 

+-1
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What do we know about neutrinos

Still 0 files

�13

They are abundant: emitted from the sun, other stars, and 
including the Big Bang are traveling through out space

Millions and millions and millions of neutrinos are also passing 

through YOU at this very MOMENT!

65 billion of neutrinos  / cm2 / sec from the Sun.
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What do we know about neutrinos

Still 0 files

�14

They are abundant and are produced in a wide range of energies!
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What do we know about neutrinos

Still 0 files

(neutrinos at Fermilab can travel up to 200 Earths before 

interacting)

The probability of their interactions is very small

Neutrino interactions are extremely rare!
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What do we know about neutrinos

Still 0 files

They have very small masses and they oscillates
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The Discovery of neutrinos

Still 0 files
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Still 0 files

For instance: Carbon Nitrogen Electron

Beta decay problem <= 1930’s
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Still 0 files

For instance: Carbon Nitrogen Electron

13 043.94 MeV/c2 13 043.27 MeV/c2 0.511 MeV/c2

Beta decay problem <= 1930’s

C
14

6
N

14

7 e-
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Still 0 files

electron kinetic energy: 13 043.94– 13 043.27 – 0.511 = 0.159 MeV/c2. 

Beta particle: 0.159 MeV/c2
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Still 0 files
Beta particle: 0.159 MeV/c2Beta particle: 0.159 MeV/c2

Could it be possible? 

Does the Beat Decay Violate the Law of 

Energy Conservation?
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Still 0 files

Beta decay problem > 1930’s
Measured 

spectrum

(1930) Pauli postulated an 

additional particle (neutral and 

very small) in beta decays.

(1933) Fermi formulated the 

theory the weak force to 

explain the process.

(1936) Yukawa proposed W 

boson as a carrier of the 

weak force.

�23

156 KeV

Expected 

spectrum

n -> p + e- + νe 
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Still 0 files

Carbon Nitrogen Electron

C
14

6
N

14

7 e-

ν 

Neutrino

νe-
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Still 0 files

Carbon Nitrogen Electron

C
14

6
N

14

7 e-

Neutrino

νe-

A new particle, the neutrino, 

is proposed

The next step is to detect the 

neutrino
ν 
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Still 0 files

Carbon Nitrogen Electron

C
14

6
N

14

7 e-

ν 

Neutrino

νe-

The next step is to detect the neutrino

A new particle, the neutrino, 

is proposed
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time

Symmetry in interactions



11-04-2018                     Leo Aliaga   |     Saturday Morning Physics     �29

time

e-

e-e-

e-

Symmetry in interactions
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time

e+

e-e+

e-

Symmetry in interactions
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Beta decay

n -> p + e- + νe 

Inverse beta decay

νe + p -> n + e+ 
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Reactor neutrinos

Still 0 files

Nuclear fission creates artificial radioactivity: bombarding 

heavy elements with slow neutrons

Neutrons are unstable:

The electron antineutrino can be detected as:

n -> p + e- + νe 

νe + p -> e+ + n
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Poltergeist project

Reines
Cowan

νe

(1956) A team lead by Clyde Cowan and 

Frederick Reines designed an experiment 

to detect neutrinos from a reactor.

Observed 0.56 counts per hour.
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Homestake experiment

Still 0 files

Ray Davis

(1961) Ray Davis confirmed the detection of solar neutrinos.

Neutrino interactions convert Cl-37 into radioactive Ar-37.

It was expected 1 neutrino per day. However, 

they only saw 1 neutrino every fourth days.
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Homestake experiment
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Ray Davis

(1961) Ray Davis confirmed the detection of solar neutrinos.

Neutrino interactions convert Cl-37 into radioactive Ar-37.

It was expected 1 neutrino per day. However, 

they only saw 1 neutrino every fourth days.
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Homestake experiment

Still 0 files

Ray Davis

(1961) Ray Davis confirmed the detection of solar neutrinos.

Neutrino interactions convert Cl-37 into radioactive Ar-37.

It was expected 1 neutrino per day. However, 

they only saw 1 neutrino every fourth days.

Our understanding of how our 

detector behaves is wrong
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Homestake experiment

Still 0 files

Ray Davis

(1961) Ray Davis confirmed the detection of solar neutrinos.

Neutrino interactions convert Cl-37 into radioactive Ar-37.

It was expected 1 neutrino per day. However, 

they only saw 1 neutrino every fourth days.

Our understanding of how our 

detector behaves is wrong

Is the Solar model wrong?
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Homestake experiment

Still 0 files

Ray Davis

(1961) Ray Davis confirmed the detection of solar neutrinos.

Neutrino interactions convert Cl-37 into radioactive Ar-37.

It was expected 1 neutrino per day. However, 

they only saw 1 neutrino every fourth days.

Our understanding of how our 

detector behaves is wrong

Is the Solar model wrong?

Our understanding on how 

neutrinos behave is wrong?
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Atmospheric neutrinos

Cosmic rays (mostly) interact in the upper atmosphere 

creating a hadronic showers (mostly pions).

νμ

νe

νμ

Roughly 2:1 muon neutrinos to electron neutrinos 

expected:

Events found in Kamiokande (~3kton WC) 1988

π+      μ+ + νμ

e+ + νe + νμ 

e-like μ-like

Phys. Lett. B205 (1988) 416
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Neutrino Oscillations

Still 0 files
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Create in one flavor, but detect in another flavor
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Create in one flavor, but detect in another flavor

Created or detected

νe

νμ 

ντ 

States associated to 

the corresponding 

lepton
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Create in one flavor, but detect in another flavor

Created or detected

νe

νμ 

ντ 

States associated to 

the corresponding 

lepton

Traveling

ν1

ν2 

ν3 

States with well 

determined mass
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Create in one flavor, but detect in another flavor

Created or detected

νe

νμ 

ντ 

States associated to 

the corresponding 

lepton

Traveling

ν1

ν2 

ν3 

States with well 

determined mass

They do not match
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Create in one flavor, but detect in another flavor

νe

νμ 

ντ 

ν1 ν2 ν3 =

=

=

+ +

ν1 ν2 ν3 + +

ν1 ν2 ν3 + +

https://www.youtube.com/watch?v=7fgKBJDMO54

https://www.youtube.com/watch?v=7fgKBJDMO54
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Create in one flavor, but detect in another flavor

νe

νμ 

ν1 ν2 ν3 =

=

+ +

ν1 ν2 ν3 + +
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Create in one flavor, but detect in another flavor

νe

νμ 

ν1 ν2 ν3 

=

=

+ +

ν1 ν2 ν3 + +

ν1 ν2 ν3 + +
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Create in one flavor, but detect in another flavor

νe

νμ 

ν1 ν2 ν3 

=

=

+ +

ν1 ν2 ν3 + +

ν1 ν2 ν3 + +
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Create in one flavor, but detect in another flavor

νe

νμ 

=

= ν1 ν2 ν3 + +

ν1 ν2 ν3 + +
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Create in one flavor, but detect in another flavor

νe

νμ 

ν1 ν2 ν3 

=

=

+ +

ν1 ν2 ν3 + +

ν1 ν2 ν3 + +
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Create in one flavor, but detect in another flavor

νe

νμ 

ν1 ν2 ν3 

=

=

+ +

ν1 ν2 ν3 + +

ν1 ν2 ν3 + +
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Create in one flavor, but detect in another flavor

νe

νμ 

ν1 ν2 ν3 =

=

+ +

ν1 ν2 ν3 + +
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Create in one flavor, but detect in another flavor

φ(p,E,r,t)
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Create in one flavor, but detect in another flavor

φ(p,E,r,t)

α, β:   e, μ, τ 
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If we have only 2 neutrinos…

Each flavor is a superposition of different masses:

α, β:   e, μ, τ 

Δm2 = mi2 - mj2 
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Blue: νμ 

Black: ντ  

Red  : νe

Oscillation probability for an initial νμ 

https://en.wikipedia.org/wiki/Neutrino_oscillation

For NOvA, L = 810 km and E ~ 2GeV, L/E ~ 405 km/GeV  

https://en.wikipedia.org/wiki/Neutrino_oscillation
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Neutrino Puzzle

Still 0 files
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There are 3 mayor symmetries that are expected to 

hold :
TIME

t       -t

PARITY

(x,y,z)    (-x,-y,-z)

CHARGE

q       q
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Wu experiment

Co
60

Co
60

Co
60

Co
60

B

Expected

e- e-

~50% ~50%

(1956) Use Co-60: radioactive, decay under beta 

decay, under nearly absolute zero

Co
60

27
Ni

60

28
+ e- + νe  
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27
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Wu experiment

Co
60

Co
60

Co
60

Co
60

B

(1956) Use Co-60: radioactive, decay under beta 

decay, under nearly absolute zero

Measured

e-

~100%

Co
60

27
Ni

60

28
+ e- + νe  
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Consequence: Parity violation

Co
60

Co
60

Co
60

Co
60

e-

Mirror

Co
60

Co
60

Co
60

Co
60

e-

+Z

+X

+Z

+X

https://www.youtube.com/watch?time_continue=503&v=yArprk0q9eE

Do not read too much in this analogy… we are not 

inverting the X axis)

https://www.youtube.com/watch?time_continue=503&v=yArprk0q9eE
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Consequence: Parity violation

Co
60

Co
60

Co
60

Co
60

e-

Mirror

Co
60

Co
60

Co
60

Co
60

e-

+Z

+X

+Z

+X

Do not read too much in this analogy… we are not 

inverting the X axis)
This does not 

happen!
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Consequence: Parity violation

Co
60

Co
60

Co
60

Co
60

e-

Mirror

Co
60

Co
60

Co
60

Co
60

e-

+Z

+X

+Z

+X

Parity is maximally violated in weak interactions.

Do not read too much in this analogy… we are not 

inverting the X axis)

This happens!
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Soon was determined that neutrinos are left handed

Is charge conserved in 

neutrinos?

q       q

νL         νL

Has never been seen!

νL νR
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Charge - parity symmetry?

Perhaps neither P nor C are fundamental symmetries of the universe 

only part of a larger symmetry: CP
C PνL νR
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Charge - parity symmetry?

Perhaps neither P nor C are fundamental symmetries of the universe 

only part of a larger symmetry: CP
C PνL νR

CP is violated too (there are clearly evidence since 1964: (neutral kaon 

transformation)… 

Nope!! 
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Charge - parity symmetry?

Perhaps neither P nor C are fundamental symmetries of the universe 

only part of a larger symmetry: CP
C PνL νR

Matter and antimatter behaves differently due to the 

weak interaction… could this solved the matter - 

antimatter asymmetry in the universe?

CP is violated too (there are clearly evidence since 1964: (neutral kaon 

transformation)… 
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Charge - parity symmetry?

Perhaps neither P nor C are fundamental symmetries of the universe 

only part of a larger symmetry: CP
C PνL νR

Can neutrinos provide an access to check CP 

violation?

CP is violated too (there are clearly evidence since 1964: (neutral kaon 

transformation)… 
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Current knowledge of the oscillation parameters

Normal hierarchy

~0(10-5eV2)

Measured from Sun, atmosphere, reactor and accelerators”

We know that m2 > m1, see: 
https://en.wikipedia.org/wiki/Mikheyev–Smirnov–Wolfenstein_effect

We do not know if

NH:   m3 > m1, m2 ….

                   or 

IH:    m3 < m1, m2

~0(10-3eV2)
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Current knowledge of the oscillation parameters

Normal hierarchy

~0(10-3eV2)

~0(10-5eV2)

Inverse hierarchy

Measured from Sun, atmosphere, reactor and accelerators

We know that m2 > m1, see: 
https://en.wikipedia.org/wiki/Mikheyev–Smirnov–Wolfenstein_effect
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Neutrinos masses are oddly small

The basic Standard Model predicts that they ought to be massless

But neutrinos have mass… six orders of magnitude smaller than the 

other elementary particles.

Do neutrinos acquire mass in the same way as the other 

particles?
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Solving neutrino mysteries: Neutrinos from 
accelerators

Still 0 files
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Still 0 files
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Still 0 files
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Basic idea: we use the same principle of the atmospheric neutrinos
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By 1960s…. 

- The Standard Model was under construction… many remaining unsolved problems in 

the electroweak sector….

For instance, are ν (emitted in β decays) and ν (emitted in π -> μ) 

identical particles?

Is it possible to use high energy ν’s to study weak interactions?  

- The concept of the neutrino beam from accelerators was proposed independently by 

Pontecorvo and Schwartz to answer the question…  

Yes! we get 1 ν per hour. 

LEDERMAN SCHWARTZ STEINBERGER
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How to make a neutrino beam 
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Fermilab Accelerator Complex

Main Injector

Tevatron
LINAC

Booster

NOvA-MINOS-MINERvA

BooNE

DUNE (proposed)

Current Neutrino Beams:

-  BNB

- NuMI

- Future: LBNE

Fermilab Accelerator Complex
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NuMI (Neutrinos at the Main Injector)

π+ -> μ+ + νμ   

Neutrinos mostly coming 

from:

Flux 1-5 GeV

94% νμ 

5% νμ

 1% νe 
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NuMI (Neutrinos at the Main Injector)

π - -> μ- + νμ   

Antineutrinos mostly 
coming from:

Flux 1-5 GeV

7% νμ 

92% νμ

 1% νe 
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Neutrino Oscillation Strategy

Neutrino 

Production 

Near 

detector

Far 

detector

NND = φND σ εND     

NFD = P φFD σ εFD     

(φ: flux, σ: cross-section and 

ε: acceptance)

P: is the oscillation probability

Compare what we expected without oscillation 
repeat to what we see: the discrepancy comes 
from the neutrino oscillation 
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FD

ND
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Backup

Still 0 files
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The complete view with 3 flavor oscillation
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Still 0 files

Neutrino and weak interactions

t

t
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An upper limit on the sum of the three neutrino 

masses is estimated at < 0.3 eV

Massive Neutrinos Massless Neutrinos 

This was determined by exploring the effect of the neutrino mass on 

the structure formation in the early universe

Density distribution in the Universe 

https://physics.aps.org/articles/v3/57

https://physics.aps.org/articles/v3/57
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Still 0 files

Do we have everything?
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Neutrinos from the Sun

Still 0 files

For instance:
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The complete view with 3 flavor oscillation

PMNS
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The complete view with 3 flavor oscillation
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How to Make a Conventional Neutrino Beam

Neutrino decay:

Main decay to neutrino mode for 

neutrino beam:

From 2 pion body decay:

dP/dΩ  ??
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How to study oscillation
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