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Neutrino Oscillations 
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Neutrinos have Mass
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2016 Breakthrough Prize in Fundamental Physics

… recognizes major insights into the deepest 
questions of the Universe: 


“for the fundamental discovery and exploration 
of neutrino oscillations, revealing a new frontier 
beyond, and possibly far beyond, the standard 

model of particle physics.”

Daya Bay
KamLand
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K2K+T2K
SNO



Neutrino: Solution to the “Energy Crisis”!

Dec. 1930: invented by Pauli to explain missing 
energy spectrum in beta decay
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6/9/12 1:52 PMWolfgang Pauli - Wikipedia, the free encyclopedia

Page 2 of 7http://en.wikipedia.org/wiki/Wolfgang_Pauli

Known for Pauli exclusion principle
Pauli–Villars regularization
Pauli matrices
Pauli effect
Pauli equation
Pauli group
Coining 'not even wrong'

Influences Ernst Mach
Carl Jung

Influenced Ralph Kronig

Notable awards Lorentz Medal (1931)
Nobel Prize in Physics (1945)
Matteucci Medal (1956)
Max Planck Medal (1958)

Notes
His godfather was Ernst Mach. He is not to be
confused with Wolfgang Paul, whom Pauli called
his 'real part.'

University in Munich, working under Arnold Sommerfeld, where he
received his PhD in July 1921 for his thesis on the quantum theory
of ionized molecular hydrogen.

Sommerfeld asked Pauli to review the theory of relativity for the
Encyklopädie der mathematischen Wissenschaften (Encyclopedia of
Mathematical Sciences). Two months after receiving his doctorate,
Pauli completed the article, which came to 237 pages. It was praised
by Einstein; published as a monograph, it remains a standard
reference on the subject to this day.

Pauli spent a year at the
University of Göttingen as
the assistant to Max Born,
and the following year at the
Institute for Theoretical
Physics in Copenhagen,
which later became the Niels
Bohr Institute in 1965. From
1923 to 1928, he was a
lecturer at the University of
Hamburg. During this period, Pauli was instrumental in the development of the
modern theory of quantum mechanics. In particular, he formulated the
exclusion principle and the theory of nonrelativistic spin.

In 1928, he was appointed Professor of Theoretical Physics at ETH Zurich in
Switzerland where he made significant scientific progress. He held visiting

professorships at the University of Michigan in 1931, and the Institute for Advanced Study in Princeton in 1935. He
was awarded the Lorentz Medal in 1931.

At the end of 1930, shortly after his postulation of the neutrino and immediately following his divorce in November,
Pauli had a severe breakdown. He consulted psychiatrist and psychotherapist Carl Jung who, like Pauli, lived near
Zurich. Jung immediately began interpreting Pauli's deeply archetypal dreams,[3] and Pauli became one of the depth
psychologist’s best students. Soon, he began to criticize the epistemology of Jung’s theory scientifically, and this
contributed to a certain clarification of the latter’s thoughts, especially about the concept of synchronicity. A great
many of these discussions are documented in the Pauli/Jung letters, today published as Atom and Archetype. Jung's
elaborate analysis of more than 400 of Pauli's dreams is documented in Psychology and Alchemy.

The German annexation of Austria in 1938 made him a German national, which became a difficulty with the outbreak
of World War II in 1939. In 1940 he tried, in vain, to obtain Swiss citizenship, which would have allowed him to
remain at the ETH.[4] Pauli moved to the United States in 1940, where he was Professor of Theoretical Physics at IAS.
After the war, in 1946, he became a naturalized citizen of the United States, before returning to Zurich, where he
mostly remained for the rest of his life. In 1949 he finally gained Swiss citizenship as well.

In 1958, Pauli was awarded the Max Planck medal. In that same year, he fell ill with pancreatic cancer. When his last
assistant, Charles Enz, visited him at the Rotkreuz hospital in Zurich, Pauli asked him: “Did you see the room
number?” It was number 137. Throughout his life, Pauli had been preoccupied with the question of why the fine
structure constant, a dimensionless fundamental constant, has a value nearly equal to 1/137. Pauli died in that room on

Brief History

Wolfgan Pauli,1930 Proposed a “desperate” remedy to save the 
law of energy conservation in nuclear beta decay by 
introducing a new neutral particle with spin-1/2 dubbed 
“neutrons”
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Energy conservation in question

1930: Pauli ≈ massless, neutral, penetrating particle
nuclear spin & statistics

|→ neutrino ν

β decay first hint for flavor W
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charged-current, flavor-changing interactions

1932: Chadwick neutron

|→ isospin symmetry

1956: Cowan, Reines, . . . neutrino observation

Science 124, 103 (1956)

Chris Quigg Electroweak Theory · Fermilab Academic Lectures 2005 33bis

(N,Z)⇥ (N � 1, Z + 1) + e� + �

Recall Lectures by 
Boris Kayser & 
Stephen Parke



Three Neutrino Flavors
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[Picture credit: Symmetry Magazine ]
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Macroscopic Quantum Mechanics at Work
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Normal Modes of Coupled Pendulums
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Macroscopic Quantum Mechanics at Work
12/3/2016 neut1.png (686×255)
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Neutrino Oscillation: Macroscopic Quantum Mechanics

• production: neutrinos of a definite flavor produced by weak interaction


• propagation: neutrinos evolve according to their masses


• detection: neutrinos of a different flavor composition detected

neutrino 
source detector

10



Oscillation Mechanism

9

Oscillation mechanism

• Simplified two-flavor analysis:

• In vacuum:            evolves in time
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Applying quantum mechanics, we find that, 
neglecting the mass splitting between n2 and n1, 

the probability                       for                is given byP νµ →νe
"# $% νµ →νe

θ =Mixing angle c = Speed of light

Note that neutrino flavor change oscillates, 
and requires neutrino mass and leptonic mixing. 

L = Travel distance E = Energy

Recall Lecture by Boris Kayser
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Neutrino Oscillation ⇒ 
Neutrinos must have 

masses12/3/2016 NOvA-press-release-image-1.jpg (1983×2082)

http://news.fnal.gov/wp-content/uploads/2016/08/NOvA-press-release-image-1.jpg 1/1
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[Picture credit: Symmetry Magazine ]



Standard Model of Particle Physics

• Gauge Theory based on the group 
SU(3)c x SU(2)L x U(1)Y


• Matter Content: 

‣ 3 generations of quarks and 

leptons

‣ Force carriers:
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SU(3)c: strong force 

→ gluons

SU(2)LxU(1)Y ⇒ 

EM & weak interactions 

→ W,  Z, photon

4

The Standard Model

• The gauge group is

       SU(3)C ! SU(2)L ! U(1)Y

• The “VEV” of the Higgs boson
breaks the electroweak symmetry
and generate masses for charged
fermions  (Higgs BEC)

             SU(2)L ! U(1)Y " U(1)EM

• There are three generations of
fermions
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6/10/12 12:46 PMThe Particle Zoo: Subatomic Particle plushies

Page 1 of 2http://www.particlezoo.net/individual_pages/shop_poster.html

Can't decide? Order a Particle Pack!

 

The Particle Zoo mini poster: 
Poster is 11.5" x 17" (29 x 43 cm) on lightweight, semi-glossy paper. Features the standard model particles and
theoreticals/hypotheticals.
$6.49 + $7.25 shipping

 

 

BACK TO
SHOP ALL

PARTICLES

[Picture credit: http://particlezoo.net]

6/18/12 11:48 AMThe geometry of quarks | The Imagineer's Chronicles
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1

The quark structure of the proton. There are
two up quark in it and one down quark. The
strong force is mediated by gluons (wavey).
The strong force has three types of charges,
the so called red, green and the blue. Note

that the choice of green for the down quark is
arbitrary; the "color charge" is thought of a

circulating between the three quarks.

Credit: 
Creative Commons Attribution ShareAlike
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Email this

The Imagineer's Chronicles
The universe's most powerful enabling tool is not knowledge or understanding but imagination because it extends the

reality of one's environment.
Email this

We have shown throughout "The Imagineer’s Chronicles" and
its companion book "The Reality of the Fourth *Spatial*
Dimension" that it is more consistent with observations to define
the universe in terms of four *spatial* dimensions instead of

four-dimensional space-time.

The electrical properties of quarks
are one of those observations.

In the article "Why is energy/mass
quantized?"  Oct. 4, 2007  it was
shown the properties of a particle
could be derived in terms of a
resonant system formed on
"surface" a three-dimensional
space manifold with respect to a
fourth *spatial* dimension.

However, observations of
particles indicate they are made
up of distinct components called
quarks of which there are six
types, the UP/Down,
Charm/Strange and Top/Bottom. 
The Up, Charm and Top have a
fractional charge of 2/3.  The
Down, Strange and Bottom have
a fractional charge of -1/3. 
Scientists have also determined
that quarks can take on one of three different configurations they have
designated by the colors red, blue, and green.

But if space was made up of four *spatial* dimensions one should be
able to explain why quarks have a fractional charge and how they interact
to form particles in terms of the geometry four *spatial* dimension.

The article Defining energy Nov. 26, 2007 showed it is possible to define
all forms of energy including electrical in terms of a displacement in a
"surface" of a three-dimensional space manifold with respect to a fourth
*spatial* dimension.

However, we as three-dimensional beings can only observe three of the
four spatial dimensions.  Therefore, the energy associated with a
displacement in its "surface" with respect to a fourth *spatial* dimension
will be observed by us as being directed along that "surface".  However,
because two of the three-dimensions we can observe are parallel to that

The geometry of quarks Mar

1515 March 2009, theimagi @ 6:27 am

6/18/12 11:53 AMBBC News | More details

Page 1 of 1http://news.bbc.co.uk/2/shared/spl/hi/pop_ups/05/sci_nat_iter___the_next_generation_fusion_reactor/html/2.stm

 More details: Iter - The next generation fusion reactor

How the Sun shines

Nuclear fusion is the energy
source of stars – just like
our own Sun.

It has a nuclear fusion
reactor at its core.

The immense pressure and
a temperature of 16 million
degrees C force atomic
nuclei to fuse and liberate
energy.

About four million tonnes of
matter is converted into
sunlight every second.

Click below for more images

BACK 1 2 3 4 5 6 7 8 NEXT



11/30/2016 bigbang_timeline.jpg (765×600)

http://www.physicsoftheuniverse.com/images/bigbang_timeline.jpg 1/1

quarks, electrons, 
neutrinos 

protons and neutrons

first nuclei form

first atoms form

first stars and galaxies 
form



Standard Model of Particle Physics
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12/2/2016 Quantum Diaries

http://www.quantumdiaries.org/2011/06/19/helicity-chirality-mass-and-the-higgs/ 2/25

This is our spinning particle. The red arrow indicates the direction of the particle’s spin. The gray arrow indicates
the direction that the particle is moving. I’ve drawn a face on the particle just to show it spinning.

The red arrow (indicating spin) and the gray arrow (indicating direction of motion) defines an orientation, or a
handedness. The particular particle above is “right-handed” because it’s the same orientation as your right hand:
if your thumb points in the direction of the gray arrow, then your fingers wrap in the direction of the red arrow.
Physicists call this “handedness” the helicity of a particle.

To be clear, we can also draw the right-handed particle moving in the opposite direction (to the left):

Note that the direction of the spin (the red arrow) also had to change. You can confirm that if you point your
thumb in the opposite direction, your fingers will also wrap in the opposite direction.

Sounds good? Okay, now we can also imagine a particle that is left-handed (or “left helicity”). For reference
here’s a depiction of a left-handed particle moving in each direction; to help distinguish between left- and right-
handed spins, I’ve given left-handed particles a blue arrow:

[Confirm that these two particles are different from the red-arrowed particles!]

An observation: note that if you only flip the direction of the gray arrow, you end up with a
particle with the opposite handedness. This is precisely the reason why the person staring back
at you in the mirror is left-handed (if you are right-handed)!

Thus far we’re restricting ourselves to matter particles (fermions). There’s a similar story for force particles
(gauge bosons), but there’s an additional twist that will deserve special attention. The Higgs boson is another
special case since it doesn’t have spin, but this actually ties into the gauge boson story.

Once we specify that we have a particular type of fermion, say an electron, we automatically have a left-helicity
and a right-helicity version.

Helicity, Relativity, and Mass

Now let’s start to think about the meaning of mass. There are a lot of ways to think about mass. For example, it
is perhaps most intuitive to associate mass with how ‘heavy’ a particle is. We’ll take a different point of view
that is inspired by special relativity.

12/2/2016 Quantum Diaries

http://www.quantumdiaries.org/2011/06/19/helicity-chirality-mass-and-the-higgs/ 1/25

Quantum Diaries
Thoughts on work and life from particle physicists from around the world.

Home

About Quantum Diaries

Latest Posts

All Blogs

«

Heuer, Canadian Physics, a Pisspot, and …

Fermilab budget woes continue »

Flip Tanedo | USLHC | USA

View Blog | Read Bio

Helicity, Chirality, Mass, and the Higgs

We’ve been discussing the Higgs (its interactions, its role in particle mass, and its vacuum expectation value) as

part of our ongoing series on understanding the Standard Model with Feynman diagrams. Now I’d like to take a

post to discuss a very subtle feature of the Standard Model: its chiral structure and the meaning of “mass.” This

post is a little bit different in character from the others, but it goes over some very subtle features of particle

physics and I would really like to explain them carefully because they’re important for understanding the entire

scaffolding of the Standard Model.

My goal is to explain the sense in which the Standard Model is “chiral” and what that means. In order to do this,

we’ll first learn about a related idea, helicity, which is related to a particle’s spin. We’ll then use this as an

intuitive step to understanding the more abstract notion of chirality, and then see how masses affect chiral

theories and what this all has to do with the Higgs.

Helicity

Fact: every matter particle (electrons, quarks, etc.) is spinning, i.e. each matter particle carries some intrinsic

angular momentum.

Let me make the caveat that this spin is an inherently quantum mechanical property of fundamental particles!

There’s really no classical sense in which there’s a little sphere spinning like a top. Nevertheless, this turns out to

be a useful cartoon picture of what’s going on:

all particles have 
both left-handed 
and right-handed 

partners

6/10/12 12:46 PMThe Particle Zoo: Subatomic Particle plushies

Page 1 of 2http://www.particlezoo.net/individual_pages/shop_poster.html

Can't decide? Order a Particle Pack!

 

The Particle Zoo mini poster: 
Poster is 11.5" x 17" (29 x 43 cm) on lightweight, semi-glossy paper. Features the standard model particles and
theoreticals/hypotheticals.
$6.49 + $7.25 shipping

 

 

BACK TO
SHOP ALL

PARTICLES



Standard Model of Particle Physics
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only LH neutrinos have been observed

12/2/2016 Quantum Diaries

http://www.quantumdiaries.org/2011/06/19/helicity-chirality-mass-and-the-higgs/ 2/25

This is our spinning particle. The red arrow indicates the direction of the particle’s spin. The gray arrow indicates
the direction that the particle is moving. I’ve drawn a face on the particle just to show it spinning.

The red arrow (indicating spin) and the gray arrow (indicating direction of motion) defines an orientation, or a
handedness. The particular particle above is “right-handed” because it’s the same orientation as your right hand:
if your thumb points in the direction of the gray arrow, then your fingers wrap in the direction of the red arrow.
Physicists call this “handedness” the helicity of a particle.

To be clear, we can also draw the right-handed particle moving in the opposite direction (to the left):

Note that the direction of the spin (the red arrow) also had to change. You can confirm that if you point your
thumb in the opposite direction, your fingers will also wrap in the opposite direction.

Sounds good? Okay, now we can also imagine a particle that is left-handed (or “left helicity”). For reference
here’s a depiction of a left-handed particle moving in each direction; to help distinguish between left- and right-
handed spins, I’ve given left-handed particles a blue arrow:

[Confirm that these two particles are different from the red-arrowed particles!]

An observation: note that if you only flip the direction of the gray arrow, you end up with a
particle with the opposite handedness. This is precisely the reason why the person staring back
at you in the mirror is left-handed (if you are right-handed)!

Thus far we’re restricting ourselves to matter particles (fermions). There’s a similar story for force particles
(gauge bosons), but there’s an additional twist that will deserve special attention. The Higgs boson is another
special case since it doesn’t have spin, but this actually ties into the gauge boson story.

Once we specify that we have a particular type of fermion, say an electron, we automatically have a left-helicity
and a right-helicity version.

Helicity, Relativity, and Mass

Now let’s start to think about the meaning of mass. There are a lot of ways to think about mass. For example, it
is perhaps most intuitive to associate mass with how ‘heavy’ a particle is. We’ll take a different point of view
that is inspired by special relativity.

12/2/2016 Quantum Diaries

http://www.quantumdiaries.org/2011/06/19/helicity-chirality-mass-and-the-higgs/ 1/25

Quantum Diaries
Thoughts on work and life from particle physicists from around the world.

Home

About Quantum Diaries

Latest Posts

All Blogs

«

Heuer, Canadian Physics, a Pisspot, and …

Fermilab budget woes continue »

Flip Tanedo | USLHC | USA

View Blog | Read Bio

Helicity, Chirality, Mass, and the Higgs

We’ve been discussing the Higgs (its interactions, its role in particle mass, and its vacuum expectation value) as

part of our ongoing series on understanding the Standard Model with Feynman diagrams. Now I’d like to take a

post to discuss a very subtle feature of the Standard Model: its chiral structure and the meaning of “mass.” This

post is a little bit different in character from the others, but it goes over some very subtle features of particle

physics and I would really like to explain them carefully because they’re important for understanding the entire

scaffolding of the Standard Model.

My goal is to explain the sense in which the Standard Model is “chiral” and what that means. In order to do this,

we’ll first learn about a related idea, helicity, which is related to a particle’s spin. We’ll then use this as an

intuitive step to understanding the more abstract notion of chirality, and then see how masses affect chiral

theories and what this all has to do with the Higgs.

Helicity

Fact: every matter particle (electrons, quarks, etc.) is spinning, i.e. each matter particle carries some intrinsic

angular momentum.

Let me make the caveat that this spin is an inherently quantum mechanical property of fundamental particles!

There’s really no classical sense in which there’s a little sphere spinning like a top. Nevertheless, this turns out to

be a useful cartoon picture of what’s going on:

all particles have 
both left-handed 
and right-handed 
partners, except 

for neutrinos

12/2/2016 Quantum Diaries

http://www.quantumdiaries.org/2011/06/19/helicity-chirality-mass-and-the-higgs/ 2/25

This is our spinning particle. The red arrow indicates the direction of the particle’s spin. The gray arrow indicates
the direction that the particle is moving. I’ve drawn a face on the particle just to show it spinning.

The red arrow (indicating spin) and the gray arrow (indicating direction of motion) defines an orientation, or a
handedness. The particular particle above is “right-handed” because it’s the same orientation as your right hand:
if your thumb points in the direction of the gray arrow, then your fingers wrap in the direction of the red arrow.
Physicists call this “handedness” the helicity of a particle.

To be clear, we can also draw the right-handed particle moving in the opposite direction (to the left):

Note that the direction of the spin (the red arrow) also had to change. You can confirm that if you point your
thumb in the opposite direction, your fingers will also wrap in the opposite direction.

Sounds good? Okay, now we can also imagine a particle that is left-handed (or “left helicity”). For reference
here’s a depiction of a left-handed particle moving in each direction; to help distinguish between left- and right-
handed spins, I’ve given left-handed particles a blue arrow:

[Confirm that these two particles are different from the red-arrowed particles!]

An observation: note that if you only flip the direction of the gray arrow, you end up with a
particle with the opposite handedness. This is precisely the reason why the person staring back
at you in the mirror is left-handed (if you are right-handed)!

Thus far we’re restricting ourselves to matter particles (fermions). There’s a similar story for force particles
(gauge bosons), but there’s an additional twist that will deserve special attention. The Higgs boson is another
special case since it doesn’t have spin, but this actually ties into the gauge boson story.

Once we specify that we have a particular type of fermion, say an electron, we automatically have a left-helicity
and a right-helicity version.

Helicity, Relativity, and Mass

Now let’s start to think about the meaning of mass. There are a lot of ways to think about mass. For example, it
is perhaps most intuitive to associate mass with how ‘heavy’ a particle is. We’ll take a different point of view
that is inspired by special relativity.



Fermion Mass Generation

•Yukawa Interactions

• LH and RH particles 

mix and interact 
with Higgs VEV to 
acquire a mass
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Fermion mass generation

• Universe is filled with

Higgs BEC

• Left-handed and

    right-handed

    particles mix and bump

into Higgs BEC to

acquire a mass

• But neutrinos can’t

bump because there’s no

right-handed one !

massless

e
R

e
L

<h>
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Y:  Yukawa coupling constant
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Fermion mass generation

• Universe is filled with

Higgs BEC

• Left-handed and
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    particles mix and bump

into Higgs BEC to

acquire a mass

• But neutrinos can’t

bump because there’s no

right-handed one !

massless
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178,000 MeV/c2
Picture credit: 
H. Murayama
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This is our spinning particle. The red arrow indicates the direction of the particle’s spin. The gray arrow indicates
the direction that the particle is moving. I’ve drawn a face on the particle just to show it spinning.

The red arrow (indicating spin) and the gray arrow (indicating direction of motion) defines an orientation, or a
handedness. The particular particle above is “right-handed” because it’s the same orientation as your right hand:
if your thumb points in the direction of the gray arrow, then your fingers wrap in the direction of the red arrow.
Physicists call this “handedness” the helicity of a particle.

To be clear, we can also draw the right-handed particle moving in the opposite direction (to the left):

Note that the direction of the spin (the red arrow) also had to change. You can confirm that if you point your
thumb in the opposite direction, your fingers will also wrap in the opposite direction.

Sounds good? Okay, now we can also imagine a particle that is left-handed (or “left helicity”). For reference
here’s a depiction of a left-handed particle moving in each direction; to help distinguish between left- and right-
handed spins, I’ve given left-handed particles a blue arrow:

[Confirm that these two particles are different from the red-arrowed particles!]

An observation: note that if you only flip the direction of the gray arrow, you end up with a
particle with the opposite handedness. This is precisely the reason why the person staring back
at you in the mirror is left-handed (if you are right-handed)!

Thus far we’re restricting ourselves to matter particles (fermions). There’s a similar story for force particles
(gauge bosons), but there’s an additional twist that will deserve special attention. The Higgs boson is another
special case since it doesn’t have spin, but this actually ties into the gauge boson story.

Once we specify that we have a particular type of fermion, say an electron, we automatically have a left-helicity
and a right-helicity version.

Helicity, Relativity, and Mass

Now let’s start to think about the meaning of mass. There are a lot of ways to think about mass. For example, it
is perhaps most intuitive to associate mass with how ‘heavy’ a particle is. We’ll take a different point of view
that is inspired by special relativity.
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Helicity, Chirality, Mass, and the Higgs

We’ve been discussing the Higgs (its interactions, its role in particle mass, and its vacuum expectation value) as

part of our ongoing series on understanding the Standard Model with Feynman diagrams. Now I’d like to take a

post to discuss a very subtle feature of the Standard Model: its chiral structure and the meaning of “mass.” This

post is a little bit different in character from the others, but it goes over some very subtle features of particle

physics and I would really like to explain them carefully because they’re important for understanding the entire

scaffolding of the Standard Model.

My goal is to explain the sense in which the Standard Model is “chiral” and what that means. In order to do this,

we’ll first learn about a related idea, helicity, which is related to a particle’s spin. We’ll then use this as an

intuitive step to understanding the more abstract notion of chirality, and then see how masses affect chiral

theories and what this all has to do with the Higgs.

Helicity

Fact: every matter particle (electrons, quarks, etc.) is spinning, i.e. each matter particle carries some intrinsic

angular momentum.

Let me make the caveat that this spin is an inherently quantum mechanical property of fundamental particles!

There’s really no classical sense in which there’s a little sphere spinning like a top. Nevertheless, this turns out to

be a useful cartoon picture of what’s going on:
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July 4, 2012: Higgs Boson was discovered, at last!
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‣3 generations of 
quarks and leptons

‣LH & RH partners for 

all particles except 
for neutrinos
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New “Periodic Table” of Particle Physics

more massive



Mass Spectrum of Elementary Particles in SM
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The Higgs mechanism 
generates fermion masses, 
but does not explain the 
observed mass spectrum.

Mysteries of Masses in SM

neutron
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The Higgs mechanism 
generates fermion masses, 
but does not explain the 
observed mass spectrum.

In Standard Model:
masses given by 

undetermined Yukawa 
coupling constants

SM predicts massless Neutrinos

Mysteries of Masses in SM

neutron



Mysteries of Masses and Flavor Mixing in SM

•Charged current weak interaction mediated by W± gauge 
boson:
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Nobel prize to 
KM in 2008

Mysteries of Masses and Mixing in SM

• charged current weak interaction mediated by W± gauge boson:

7

weak eigenstates 
≠ 

mass eigenstates

Mu-Chun Chen, UC Irvine                                       Münchner Physik Kolloquium - TUM                                                               06/18/2012

3 mixing angle
1 phase

Nobel prize to KM

3 mixing angles + 1 phase

weak 
eigenstates = 


mixture of 
mass 

eigenstates

Cabibbo, 1963;
 Kobayashi, Maskawa, 1973 

s b t



Mysteries of Masses and Flavor Mixing in SM

• Neutrino Masses are degenerate (all zero)

• mass eigenstates = weak eigenstates


• Accidental symmetries in SM

• lepton flavor numbers: Le, Lμ, Lτ


• no processes cross family lines in lepton sector

• As a result


• no neutrino oscillation

• lepton flavor violation decays forbidden


• total lepton number conserved:  L = Le + Lμ + Lτ


28

μ e



Neutrino Oscillation  ⇒ Massive Neutrinos

• Neutrino Masses are non-degenerate (at least two are non-zero)

• mass eigenstates ≠ weak eigenstates


• Accidental symmetries in SM

• Broken lepton flavor numbers: Le, Lμ, Lτ


• Processes cross family lines in lepton sector now possible

• As a result


• neutrino oscillation

• lepton flavor violation decays?


• total lepton number?  L = Le + Lμ + Lτ
29

μ e?

7/5/2018 Fermi National Accelerator Laboratory - Home

https://www.facebook.com/Fermilab/photos/pcb.10156642551968969/10156642549958969/?type=3&theater 1/1
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What if Neutrinos Have Mass?

• Similar to the quark sector, there can be a mismatch between mass eigenstates 
and weak eigenstates


• weak interactions eigenstates: νe, νμ, ντ


• mass eigenstates: ν1, ν2, ν3

• Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix

30

Maki, Nakagawa, Sakata,  1962 ;  
Pontecorvo, 1967

3 mixing angles 

+ 1 (3) phase(s) for 

Dirac (Majorana) 
neutrinos



• The known knowns:
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Where Do We Stand?

~2 x 10-3 eV2

~2 x 10-3 eV2

~7 x 10-5 
eV2

~7 x 10-5 eV2



The Known Knowns
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☞ Majorana vs Dirac? 


☞ CP violation in lepton sector? 


☞ Absolute mass scale of neutrinos?


☞ Mass ordering: sign of (Δm132)?


☞ Sterile neutrino(s)?


☞ Precision: θ23 > π/4, θ23 < π/4, θ23 = π/4 ? 

Open Questions - Neutrino Properties

a suite of current and upcoming 
experiments to address these puzzles
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☞ CP violation in lepton sector? 


☞ Absolute mass scale of neutrinos?


☞ Mass ordering: sign of (Δm132)?


☞ Sterile neutrino(s)?


☞ Precision: θ23 > π/4, θ23 < π/4, θ23 = π/4 ? 

Open Questions - Neutrino Properties

a suite of current and upcoming 
experiments to address these puzzles

To understand these properties 
⇒ BSM Physics
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  ☞ Smallness of neutrino mass:

Open Questions - Theoretical

mν ≪ me, u, d

neutron
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Fermion mass and hierarchy 
problem ➟ Many (22) free 
parameters in the Yukawa 

sector of SM
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Where do fermion mass hierarchy, 
flavor mixing, and CP violation come 

from?
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Where do fermion mass hierarchy, 
flavor mixing, and CP violation come 

from?
Is there a simpler organization principle?
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flavor mixing, and CP violation come 

from?
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Where do fermion mass hierarchy, 
flavor mixing, and CP violation come 

from?

Where do neutrinos get their masses?

Is there a simpler organization principle?

Is it the Higgs or something else that 
gives neutrino masses?



Matter-Antimatter Asymmetry
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Scientists have discovered that neutrinos have
tiny masses, in contradiction to the theoretical
model that describes neutrino interactions.
Credit: symmetry magazine

The Big Bang produced large amounts of matter
and antimatter (top). When matter and
antimatter annihilated, some tiny asymmetry in
the early universe produced our universe, made
entirely of matter (bottom). Did neutrinos cause
the asymmetry? 
Credit: Hitoshi Murayama
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Why neutrinos?
Particle physics has been very successful in creating the Standard Model, a
theoretical framework that describes many particle physics phenomena. However,
major discoveries such as the evidence for dark matter and the observation of
neutrino mass have shown that the Standard Model is incomplete. These findings
strongly suggest that new physics discoveries beyond the Standard Model await us.

Neutrinos could provide the path to unveiling these hidden physics phenomena. In
particular, physicists hope that neutrinos will shed light on these questions:

Why is the universe as we know it made of matter, with no antimatter present?
What is the origin of this matter-antimatter asymmetry, also known as CP
violation?
Are neutrinos connected to the matter-antimatter asymmetry, and if so, how?
If neutrinos exhibit CP violation, is it related to the CP violation observed in
quark interactions?
Are neutrinos their own antiparticles?
What role did neutrinos play in the evolution of the universe?

Physicists have discovered three types of neutrinos so far: electron neutrinos, muon
neutrinos and tau neutrinos. Although neutrinos are among the most abundant
particles in the universe, they rarely interact with other matter. Hence, they are often
referred to as ghost particles.

"For every electron, for every proton, for every neutron, there are about a billion neutrinos... every second there are 100 trillion neutrinos
from the sun passing through each person," says Fermilab theorist Boris Kayser. "It's the neutrinos and photons, particles that make up light
beams, that are by far the most abundant particles in the universe."

Kayser further explains that a recent theory has developed, which is that the neutrinos may have something very important to do with how
the universe came to be dominated by matter and have no antimatter. "Life is possible only because there is no antimatter around. When
matter and antimatter meet, they annihilate each other."

By generating huge numbers of neutrinos using high-intensity accelerators and by building large detectors that increase the chance of
neutrino observation, physicists can study these mysterious particles and learn more about their role in the universe. The proposed Long-
Baseline Neutrino Experiment will give physicists the chance to push the door wide open to search for physics beyond the Standard Model
and allow them to make exciting discoveries at the Intensity Frontier.

Further reading:
For an excellent introduction to the neutrino physics opportunities presented by the
proposed Deep Underground Science and Engineering Laboratory (DUSEL, no
longer a funded entity), read this chapter in the report Deep Science, published by
the National Science Foundation.

Details on the scientific questions surrounding neutrinos and their properties and
interactions are given in this summary by Boris Kayser and Stephen Parke, members
of the Fermilab theory group.
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Further reading:
For an excellent introduction to the neutrino physics opportunities presented by the
proposed Deep Underground Science and Engineering Laboratory (DUSEL, no
longer a funded entity), read this chapter in the report Deep Science, published by
the National Science Foundation.

Details on the scientific questions surrounding neutrinos and their properties and
interactions are given in this summary by Boris Kayser and Stephen Parke, members
of the Fermilab theory group.

Last modified: 05/14/2012 | email Fermilab

Related Links
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[Picture credit: H. Murayama]
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What is the origin of matter antimatter 
asymmetry? Why do we exist?



Sakharov Conditions for Baryogenesis 
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Bayon Number Violation

CP (Charge-Parity) Violation

Out-of-equilibrium Processes



CP Violation
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If we take a particle with positive charge, C reverses the charge, meaning the particle will now have negative
charge, and vice versa.

Note that if we start with a neutral particle, C will have no effect, since it has no charge.

  

P is a little harder to explain, though more intuitive, as we encounter a symmetry of spatial coordinates every
time we look into a mirror. I am right-handed, but when I look into a mirror, my reflection is left-handed. This
almost a perfect analogy to the P symmetry in particle physics, which transforms left-handed particles to right-
handed ones.

 
  

So the combination of CP on a left-handed, negatively-charged particle would transform it into a right-handed,
positively-charged particle.

 
  

You may be a little confused as to why I’m describing particles as having a handedness, they obviously don’t
have hands or a preference for one over another! It has to do with the fact that all particles have a property called
spin, which for simplicity, we can visualise as rotation around an axis. The direction that the particle spins with
respect to its direction of motion determines whether it is left-handed or right-handed.

So there you have it. What C, and P and CP are and why we are interested in CP violation. Tune in to my next
post on one of the ways we can measure it… And maybe the next next post on another way… And maybe the
next next next post on yet another way… Yes, we particle physicists are that interested in CP violation!
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What is the origin of matter antimatter 
asymmetry? Why do we exist?

SM: CP violation in quark too small 
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What is the origin of matter antimatter 
asymmetry? Why do we exist?

Neutrinos may play an important role in generating the 
matter-antimatter asymmetry 

⇒ Leptonic CP violation  
(Time Reversal Symmetry Breaking)  



Why are neutrinos light? Seesaw Mechanism

• Adding the right-handed neutrinos:
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If

Minkowski, 1977;  Yanagida, 1979;  Gell-Mann, 
Ramond, Slansky, 1979; Mohapatra, Senjanovic, 

1981



Ultimate Goal of Grand Unification

• Maxwell: electric and magnetic forces are different aspects of electromagnetism


• Einstein: early attempt to unify electric force and gravity

50



Coupling Constants Run!
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24

Running of

★ specifies the strength of the interaction
between an electron and photon.

★ BUT isn’t a constant

Consider a free electron: Quantum fluctuations lead to a
‘cloud’ of virtual electron/positron pairs
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this is just one of
many (an infinite set)
such diagrams.

★ The vacuum acts like a dielectric medium
★ The virtual pairs are polarized
★ At large distances the bare electron charge is screened.
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Dr M.A. Thomson Lent 2004

[Slide credit: Mark Thomson]
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25

Running of

Measure from etc.
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12 6 Results and determination of the strong coupling constant

Table 5: Determinations of aS(MZ) with different PDF sets using all 3-jet mass points with
m3 > 664 GeV. Uncertainties are quoted separately for experimental sources, the PDFs, the NP
corrections, and the scale uncertainty.

PDF set c2/ndof aS(MZ) ±(exp) ±(PDF) ±(NP) ± (scale)

CT10-NLO 47.2/45 0.1171 ±0.0013 ±0.0024 ±0.0008 +0.0069
�0.0040

CT10-NNLO 48.5/45 0.1165 +0.0011
�0.0010

+0.0022
�0.0023

+0.0006
�0.0008

+0.0066
�0.0034

MSTW2008-NLO 52.8/45 0.1155 +0.0014
�0.0013

+0.0014
�0.0015

+0.0008
�0.0009

+0.0105
�0.0029

MSTW2008-NNLO 53.9/45 0.1183 +0.0011
�0.0016

+0.0012
�0.0023

+0.0011
�0.0019

+0.0052
�0.0050

HERAPDF1.5-NNLO 49.9/45 0.1143 ±0.0007 +0.0020
�0.0035

+0.0003
�0.0008

+0.0035
�0.0027

NNPDF2.1-NNLO 51.1/45 0.1164 ±0.0010 +0.0020
�0.0019

+0.0010
�0.0009

+0.0058
�0.0025

10 100 1000
Q [GeV]

0.05

0.10

0.15

0.20

0.25

�
s(

Q
)

�s(MZ ) = 0.1171±0.0075
0.0050 (3-jet mass)

�s(MZ ) = 0.1185 ± 0.0006 (World average)

CMS R32 ratio

CMS tt prod.
CMS incl. jet
CMS 3-jet mass

HERA
LEP
PETRA
SPS
Tevatron

Figure 7: Comparison of the aS(Q) evolution as determined in this analysis from all mea-
surement bins with m3 > 664 GeV (solid curve with light grey uncertainty band; colour ver-
sion: red curve with yellow uncertainty band) to the world average (dashed curve with dark
grey uncertainty band) [60]. The error bars on the data points correspond to the total uncer-
tainty. In addition, an overview of measurements of the running of the strong coupling aS(Q)
from electron-positron [65–67], electron-proton [69–72], and proton–(anti)proton collider ex-
periments [11, 61, 62, 68] is presented. The results of this analysis extend the covered range in
values of the scale Q up to ⇡1.4 TeV.

certainty estimations. In all other cases the fit results for aS(MZ) are in agreement between the
investigated PDF sets and PDF evolution orders within uncertainties.

Figure 7 shows the aS(Q) evolution determined in this analysis with CT10-NLO in comparison
to the world average of aS(MZ) = 0.1185 ± 0.0006 [60]. The figure also shows an overview of
the measurements of the running of the strong coupling from various other experiments [61–
67] together with recent determinations by CMS [11, 12, 68] and from this analysis. Within
uncertainties, the new results presented here are in agreement with previous determinations
and extend the covered range in scale Q up to a value of 1.4 TeV.

7/5/2018 Fermi National Accelerator Laboratory - Home
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strong  
coupling



Electroweak Unification
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10-17m:  weak force ~ 10-4 EM force

10-18m:  weak force ~ EM force

??? Glashow, Salam, 
Weinberg



11/24/2016 ein.gif (162×200)

http://particleadventure.org/images/page-elements/ein.gif 1/1

12/1/2016 Salam-Weinberg.jpg (640×470)

http://eacpe.org/content/uploads/2015/11/Salam-Weinberg.jpg 1/1

Glashow, Salam, Weinberg 
Nobel Prize in Physics 1979 
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Grand Unification

• Motivations:


• Electromagnetic, weak, and strong 
forces have very different 
strengths


• But their strengths become the 
same at 1016 GeV if there is 
supersymmetry


         1016 GeV ~ 10-30 meters 

• To obtain


• Neutrino oscillations probe 
physics at unification scale! 

57

EM *

weak

strong

mν ~ (Δm2atm)1/2, 

mD ~ mtop,  MR ~ 1015 GeV

MGUT

Dimopoulos, Raby, Wilczek, 1981

LHC

coupling strengths run!

neutrino mass 
from seesaw 

MGUT

~1016 GeV
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ANNALS OF PHYSICS 93, 193-266 (1975) 

Unified Interactions of Leptons and Hadrons* 

HARALD FRITZSCH AND PETER MINKOWSKI 

California Institute of Technology, Pasadena, California 91125 

Received March 19, 1975 

It is suggested that a unifying description of leptons and hadrons can be obtained 
within a nonabelian gauge theory where the gauge group is a symmetry group of a set 
of massless elementary fermions (leptons, quarks). We investigate the consequences of 
such an approach for the strong, electromagnetic, and weak interactions. We study both 
gauge theories with and without fermion number conservation, e.g., theories based on 
the groups SU,, x SC/, (n = 8. 12, 16) and SO,& (n = IO, 14). 

1. INTRODUCTION 

In this paper, we show how several hypotheses proposed during the last few 
years about nonabelian gauge theories for the weak and electromagnetic inter- 
actions [l], permanently confined colored quarks [2, 31 and color octet vector 
gluons [4, 51 can be combined to give a unified picture of the strong, electro- 
magnetic, weak, and other ineractions. Among the ideas used to construct inter- 
acting field theories the nonabe1ia.n (Yang-Mills [6]) gauge principle seems to be 
singled out by nature. The reason for this preference is not yet well understood, 
but it is presumably related to the fact that the minimal coupling required by 
gauge invariance is the only way to formulate renormalizable vector and axial 
vector interactions. 

There are significant indications that the electromagnetic and weak interactions 
can be described within a theory containing nonabelian gauge fields. Furthermore, 
there is reason to believe that the strong interactions are caused by nonabelian 
vector fields (gluons) coupled to the color degree-of-freedom of the quarks [S, 7, 81. 

At present, it seems convincing to suppose that the conventional weak and 
electromagnetic interactions on the one hand and the strong interactions on the 
other hand are due to the existence of two commuting gauge groups, e.g., SU, x 0; 
for the weak and electromagnetic interactions and SU, (color) for the strong 
interactions, with the weak and electromagnetic currents as color singlets. Only 

* Work supported in part by the U.S. Atomic Energy Commission. Prepared under Contract 
AT(ll-l&68 for the San Francisco Operations Office, U.S. Atomic Energy Commission. 

193 
Copyright 0 1975 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 
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Georgi, Glashow, 1974

Fritzsch, Minkowski, 1975SO(10):

quarks and leptons  
are close relatives

matter fields come  
in 3 copies

charge quantization 
can be understood

16 = 10 + 5* + 1



Grand Unification
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Georgi, Glashow, 1974

Fritzsch, Minkowski, 1975SO(10):

quarks and leptons  
are close relatives

matter fields come  
in 3 copies

charge quantization 
can be understood

16 = 10 + 5* + 1 RH neutrino 
predicted



Seesaw Mechanism Natural in GUTs

• Adding the right-handed neutrinos:


61

If

Minkowski, 1977;  Yanagida, 1979;  Gell-Mann, 
Ramond, Slansky, 1979; Mohapatra, Senjanovic, 

1981



Neutrino 
Oscillation: 

Probing Universe 
at the first 10-36 

sec

LHC: Probing 
Universe at 

the first 10-12 
sec
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Helicity, Chirality, Mass, and the Higgs

We’ve been discussing the Higgs (its interactions, its role in particle mass, and its vacuum expectation value) as

part of our ongoing series on understanding the Standard Model with Feynman diagrams. Now I’d like to take a

post to discuss a very subtle feature of the Standard Model: its chiral structure and the meaning of “mass.” This

post is a little bit different in character from the others, but it goes over some very subtle features of particle

physics and I would really like to explain them carefully because they’re important for understanding the entire

scaffolding of the Standard Model.

My goal is to explain the sense in which the Standard Model is “chiral” and what that means. In order to do this,

we’ll first learn about a related idea, helicity, which is related to a particle’s spin. We’ll then use this as an

intuitive step to understanding the more abstract notion of chirality, and then see how masses affect chiral

theories and what this all has to do with the Higgs.

Helicity

Fact: every matter particle (electrons, quarks, etc.) is spinning, i.e. each matter particle carries some intrinsic

angular momentum.

Let me make the caveat that this spin is an inherently quantum mechanical property of fundamental particles!

There’s really no classical sense in which there’s a little sphere spinning like a top. Nevertheless, this turns out to

be a useful cartoon picture of what’s going on:



Grand Unification: Proton Decay

• GUT predicts proton decay
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X: exotic heavy force carriers : color-triplet Higgsinos
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We detect these charged particles through their emission of "Cherenkov Light". By utilizing this phenomenon and also the
technology of photomultiplier tubes to detect the light emitted from this radiation, a number of detectors have been built with the
goal of detecting and learning more about these ghostly neutrinos.

 

Cherenkov Light 
Cherenkov light is produced when a charged particle moves faster
than the speed of light in that medium (although of course slower than
the speed of light in vacuum). This creates shock waves of light that
emanate out in a cone shape, similar to how an object traveling faster
than the speed of sound can produce a sonic boom.

Photomultiplier Tubes 
PHOTOMULTIPLIER TUBES (PMTs) turn
single photons into measurable electrical
signals. The voltage of the electric pulse
depends on the number of photons detected,
which depends on the energy of the particle.

Super-Kamiokande

One of these detectors is Super-Kamiokande (or Super-K for short). Super-K is is a
huge cylindrical water Cherenkov neutrino detector (it uses water as the medium in
which to detect neutrinos) located in Mozumi, Japan. It was designed to search for the
theoretical proton decay and also study solar, atmospheric, and supernova neutrinos.

Here are some stats:

- 1 kilometer underground in the Mozumi Mine mine (shielding from cosmic rays)
- 50,000 tons (!!) of very pure water (for comparison, the average swimming pool

holds about 80 tons)
- 42 meters high and 40 m in diameter
- Contains about 13,000 PMTs (11,000 looking inward, 2000 looking outward)
- Despite the enormous size of the detector and trillions and trillions of neutrinos passing through, only about 8

atmospheric neutrino interactions occur per day
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Neutrino oscillation

Nucleon instability,  
Neutron-antineutron oscillation

Worldwide experimental 
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Further Unification ⇒ Sterile Neutrinos
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E6 ⊃ SO(10) ⊃ SU(5) ⊃ GSM = SU(3) x SU(2) x U(1) 

E6:  27 = (16 + 10 + 1) of SO(10)

SO(10):  16  =  (5 + 10 + 1)   of SU(5)

SU(5):  5 + 10 = all SM quarks and leptons in a 
generation (no RH neutrinos)

RH neutrino

can be eV or keV 
sterile neutrino
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Symmetry Relations
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Grand Unified Theories: GUT symmetry

Family Symmetry:

Quarks ⬌ Leptons

e-family ⬌ muon-family ⬌ tau-family
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Symmetry ⇒ relations among parameters 
⇒ reduction in number of fundamental 

parameters
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Symmetry ⇒ relations among parameters 
⇒ reduction in number of fundamental 
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Symmetry ⇒ experimentally testable 
correlations among physical observables



Origin of Flavor Mixing and Mass Hierarchy
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The Horizontal Symmetry

• Three families are the

same under vertical

symmetry; yet

different under

horizontal symmetry

• Zeros in the mass
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Tri-bimaximal Neutrino Mixing

• Global Fit (3σ)


• Tri-bimaximal Mixing Pattern 
 Harrison, Perkins, Scott (1999)

I. INTRODUCTION

The measurements of neutrino oscillation parameters have entered a precision era. The global

fit to current data from neutrino oscillation experiments give the following best fit values and 2⇧

limits for the mixing parameters [1],

sin
2 ⇤12 = 0.30 (0.25� 0.34), sin

2 ⇤23 = 0.5 (0.38� 0.64), sin
2 ⇤13 = 0 (< 0.028) . (1)

These values for the mixing parameters are very close to the values arising from the so-called

“tri-bimaximal” mixing (TBM) matrix [2],
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, (2)

which predicts sin
2 ⇤atm, TBM = 1/2 and sin ⇤13,TBM = 0. In addition, it predicts sin

2 ⇤⇥,TBM = 1/3

for the solar mixing angle. Even though the predicted ⇤⇥,TBM is currently still allowed by the

experimental data at 2⇧, as it is very close to the upper bound at the 2⇧ limit, it may be ruled out

once more precise measurements are made in the upcoming experiments.

It has been pointed out that the tri-bimaximal mixing matrix can arise from a family symmetry

in the lepton sector based on A4 [3] , which is a group that describes the even permutations of

four objects and it has four in-equivalent representations, 1, 1
⇤
, 1

⇤⇤
and 3. However, due to its lack

of doublet representations, CKM matrix is an identity in most A4 models. In addition, to explain

the mass hierarchy among the charged fermions, one needs to resort to additional symmetry. It is

hence not easy to implement A4 as a family symmetry for both quarks and leptons [4].

In this letter, we consider a di⇥erent finite group, the double tetrahedral group,
(d)T , which is a

double covering of A4. (For a classification of all finite groups up to order 32 that can potentially

be a family symmetry, see [5]). Because it has the same four in-equivalent representations as in

A4, the tri-bimaximal mixing pattern can be reproduced. In addition,
(d)T has three in-equivalent

doublets, 2, 2
⇤
, and 2

⇤⇤
, which can be utilized to give the 2 + 1 representation assignments for the

quarks [6]. In the context of SU(2) flavor group, this assignment has been known to give realistic

quark mixing matrix and mass hierarchy [7]. Utilizing
(d)T as a family symmetry for both quarks

and leptons has been considered before in non-unified models [8, 9]. In Ref. [8], both quarks

and leptons (including the neutrinos) have 2 ⇤ 1 representation assignments under
(d)T , and the

prediction for the solar mixing angle is ⌅ 10
�3

, which is in the region of small mixing angle solution

that has been ruled out by SNO and KamLAND. A recent attempt in [9] generalizes the
(d)T to

2

I. INTRODUCTION

The measurements of neutrino oscillation parameters have entered a precision era. The global

fit to current data from neutrino oscillation experiments give the following best fit values and 2⇧

limits for the mixing parameters [1],

sin
2 ⇤12 = 0.30 (0.25� 0.34), sin

2 ⇤23 = 0.5 (0.38� 0.64), sin
2 ⇤13 = 0 (< 0.028) . (1)

These values for the mixing parameters are very close to the values arising from the so-called

“tri-bimaximal” mixing (TBM) matrix [2],

UTBM =

�

⇧⇧⇧⇤

⌥
2/3 1/

⇧
3 0

�
⌥

1/6 1/
⇧

3 �1/
⇧

2

�
⌥

1/6 1/
⇧

3 1/
⇧

2

⇥

⌃⌃⌃⌅
, (2)

which predicts sin
2 ⇤atm, TBM = 1/2 and sin ⇤13,TBM = 0. In addition, it predicts sin

2 ⇤⇥,TBM = 1/3

for the solar mixing angle. Even though the predicted ⇤⇥,TBM is currently still allowed by the

experimental data at 2⇧, as it is very close to the upper bound at the 2⇧ limit, it may be ruled out

once more precise measurements are made in the upcoming experiments.

It has been pointed out that the tri-bimaximal mixing matrix can arise from a family symmetry

in the lepton sector based on A4 [3] , which is a group that describes the even permutations of

four objects and it has four in-equivalent representations, 1, 1
⇤
, 1

⇤⇤
and 3. However, due to its lack

of doublet representations, CKM matrix is an identity in most A4 models. In addition, to explain

the mass hierarchy among the charged fermions, one needs to resort to additional symmetry. It is

hence not easy to implement A4 as a family symmetry for both quarks and leptons [4].

In this letter, we consider a di⇥erent finite group, the double tetrahedral group,
(d)T , which is a

double covering of A4. (For a classification of all finite groups up to order 32 that can potentially

be a family symmetry, see [5]). Because it has the same four in-equivalent representations as in

A4, the tri-bimaximal mixing pattern can be reproduced. In addition,
(d)T has three in-equivalent

doublets, 2, 2
⇤
, and 2

⇤⇤
, which can be utilized to give the 2 + 1 representation assignments for the

quarks [6]. In the context of SU(2) flavor group, this assignment has been known to give realistic

quark mixing matrix and mass hierarchy [7]. Utilizing
(d)T as a family symmetry for both quarks

and leptons has been considered before in non-unified models [8, 9]. In Ref. [8], both quarks

and leptons (including the neutrinos) have 2 ⇤ 1 representation assignments under
(d)T , and the

prediction for the solar mixing angle is ⌅ 10
�3

, which is in the region of small mixing angle solution

that has been ruled out by SNO and KamLAND. A recent attempt in [9] generalizes the
(d)T to

2

I. INTRODUCTION

The measurements of neutrino oscillation parameters have entered a precision era. The global

fit to current data from neutrino oscillation experiments give the following best fit values and 2⇧

limits for the mixing parameters [1],

sin
2 ⇤12 = 0.30 (0.25� 0.34), sin

2 ⇤23 = 0.5 (0.38� 0.64), sin
2 ⇤13 = 0 (< 0.028) . (1)

These values for the mixing parameters are very close to the values arising from the so-called

“tri-bimaximal” mixing (TBM) matrix [2],

UTBM =

�

⇧⇧⇧⇤

⌥
2/3 1/

⇧
3 0

�
⌥

1/6 1/
⇧

3 �1/
⇧

2

�
⌥

1/6 1/
⇧

3 1/
⇧

2

⇥

⌃⌃⌃⌅
, (2)

which predicts sin
2 ⇤atm, TBM = 1/2 and sin ⇤13,TBM = 0. In addition, it predicts sin

2 ⇤⇥,TBM = 1/3

for the solar mixing angle. Even though the predicted ⇤⇥,TBM is currently still allowed by the

experimental data at 2⇧, as it is very close to the upper bound at the 2⇧ limit, it may be ruled out

once more precise measurements are made in the upcoming experiments.

It has been pointed out that the tri-bimaximal mixing matrix can arise from a family symmetry

in the lepton sector based on A4 [3] , which is a group that describes the even permutations of

four objects and it has four in-equivalent representations, 1, 1
⇤
, 1

⇤⇤
and 3. However, due to its lack

of doublet representations, CKM matrix is an identity in most A4 models. In addition, to explain

the mass hierarchy among the charged fermions, one needs to resort to additional symmetry. It is

hence not easy to implement A4 as a family symmetry for both quarks and leptons [4].

In this letter, we consider a di⇥erent finite group, the double tetrahedral group,
(d)T , which is a

double covering of A4. (For a classification of all finite groups up to order 32 that can potentially

be a family symmetry, see [5]). Because it has the same four in-equivalent representations as in

A4, the tri-bimaximal mixing pattern can be reproduced. In addition,
(d)T has three in-equivalent

doublets, 2, 2
⇤
, and 2

⇤⇤
, which can be utilized to give the 2 + 1 representation assignments for the

quarks [6]. In the context of SU(2) flavor group, this assignment has been known to give realistic

quark mixing matrix and mass hierarchy [7]. Utilizing
(d)T as a family symmetry for both quarks

and leptons has been considered before in non-unified models [8, 9]. In Ref. [8], both quarks

and leptons (including the neutrinos) have 2 ⇤ 1 representation assignments under
(d)T , and the

prediction for the solar mixing angle is ⌅ 10
�3

, which is in the region of small mixing angle solution

that has been ruled out by SNO and KamLAND. A recent attempt in [9] generalizes the
(d)T to

2

78

sin2 ✓23 = 0.437 (0.374� 0.626)

sin2 ✓12 = 0.308 (0.259� 0.359)

sin2 ✓13 = 0.0234 (0.0176� 0.0295)

1

[θlep23 ~ 41.2°]

[θlep12 ~ 33.7°]

[θlep13 ~ 8.80°]



TBM from A4 Group

T: (1234) → (2314) S: (1234) →(4321)
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Symmetry ⇒ experimentally testable 
correlations among physical observables

mixing angles

mass 
hierarchyCP phase

cLFV
0𝜈𝛽𝛽
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Testing correlations ⇒ Precision
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CP Violation in Neutrino Oscillation

• With leptonic Dirac CP phase δ ≠ 0  ➜  leptonic CP violation

• Predict different transition probabilities for neutrinos and antineutrinos


• One of the major scientific goals at current and planned neutrino experiments 
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Matter-Antimatter Asymmetry
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Scientists have discovered that neutrinos have
tiny masses, in contradiction to the theoretical
model that describes neutrino interactions.
Credit: symmetry magazine

The Big Bang produced large amounts of matter
and antimatter (top). When matter and
antimatter annihilated, some tiny asymmetry in
the early universe produced our universe, made
entirely of matter (bottom). Did neutrinos cause
the asymmetry? 
Credit: Hitoshi Murayama
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Why neutrinos?
Particle physics has been very successful in creating the Standard Model, a
theoretical framework that describes many particle physics phenomena. However,
major discoveries such as the evidence for dark matter and the observation of
neutrino mass have shown that the Standard Model is incomplete. These findings
strongly suggest that new physics discoveries beyond the Standard Model await us.

Neutrinos could provide the path to unveiling these hidden physics phenomena. In
particular, physicists hope that neutrinos will shed light on these questions:

Why is the universe as we know it made of matter, with no antimatter present?
What is the origin of this matter-antimatter asymmetry, also known as CP
violation?
Are neutrinos connected to the matter-antimatter asymmetry, and if so, how?
If neutrinos exhibit CP violation, is it related to the CP violation observed in
quark interactions?
Are neutrinos their own antiparticles?
What role did neutrinos play in the evolution of the universe?

Physicists have discovered three types of neutrinos so far: electron neutrinos, muon
neutrinos and tau neutrinos. Although neutrinos are among the most abundant
particles in the universe, they rarely interact with other matter. Hence, they are often
referred to as ghost particles.

"For every electron, for every proton, for every neutron, there are about a billion neutrinos... every second there are 100 trillion neutrinos
from the sun passing through each person," says Fermilab theorist Boris Kayser. "It's the neutrinos and photons, particles that make up light
beams, that are by far the most abundant particles in the universe."

Kayser further explains that a recent theory has developed, which is that the neutrinos may have something very important to do with how
the universe came to be dominated by matter and have no antimatter. "Life is possible only because there is no antimatter around. When
matter and antimatter meet, they annihilate each other."

By generating huge numbers of neutrinos using high-intensity accelerators and by building large detectors that increase the chance of
neutrino observation, physicists can study these mysterious particles and learn more about their role in the universe. The proposed Long-
Baseline Neutrino Experiment will give physicists the chance to push the door wide open to search for physics beyond the Standard Model
and allow them to make exciting discoveries at the Intensity Frontier.

Further reading:
For an excellent introduction to the neutrino physics opportunities presented by the
proposed Deep Underground Science and Engineering Laboratory (DUSEL, no
longer a funded entity), read this chapter in the report Deep Science, published by
the National Science Foundation.

Details on the scientific questions surrounding neutrinos and their properties and
interactions are given in this summary by Boris Kayser and Stephen Parke, members
of the Fermilab theory group.
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major discoveries such as the evidence for dark matter and the observation of
neutrino mass have shown that the Standard Model is incomplete. These findings
strongly suggest that new physics discoveries beyond the Standard Model await us.

Neutrinos could provide the path to unveiling these hidden physics phenomena. In
particular, physicists hope that neutrinos will shed light on these questions:

Why is the universe as we know it made of matter, with no antimatter present?
What is the origin of this matter-antimatter asymmetry, also known as CP
violation?
Are neutrinos connected to the matter-antimatter asymmetry, and if so, how?
If neutrinos exhibit CP violation, is it related to the CP violation observed in
quark interactions?
Are neutrinos their own antiparticles?
What role did neutrinos play in the evolution of the universe?

Physicists have discovered three types of neutrinos so far: electron neutrinos, muon
neutrinos and tau neutrinos. Although neutrinos are among the most abundant
particles in the universe, they rarely interact with other matter. Hence, they are often
referred to as ghost particles.

"For every electron, for every proton, for every neutron, there are about a billion neutrinos... every second there are 100 trillion neutrinos
from the sun passing through each person," says Fermilab theorist Boris Kayser. "It's the neutrinos and photons, particles that make up light
beams, that are by far the most abundant particles in the universe."

Kayser further explains that a recent theory has developed, which is that the neutrinos may have something very important to do with how
the universe came to be dominated by matter and have no antimatter. "Life is possible only because there is no antimatter around. When
matter and antimatter meet, they annihilate each other."

By generating huge numbers of neutrinos using high-intensity accelerators and by building large detectors that increase the chance of
neutrino observation, physicists can study these mysterious particles and learn more about their role in the universe. The proposed Long-
Baseline Neutrino Experiment will give physicists the chance to push the door wide open to search for physics beyond the Standard Model
and allow them to make exciting discoveries at the Intensity Frontier.

Further reading:
For an excellent introduction to the neutrino physics opportunities presented by the
proposed Deep Underground Science and Engineering Laboratory (DUSEL, no
longer a funded entity), read this chapter in the report Deep Science, published by
the National Science Foundation.

Details on the scientific questions surrounding neutrinos and their properties and
interactions are given in this summary by Boris Kayser and Stephen Parke, members
of the Fermilab theory group.

Last modified: 05/14/2012 | email Fermilab
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Neutrinos may play an important role in generating the matter-
antimatter asymmetry ⇒ Leptonic CP violation 



Leptogenesis

• RH neutrino decays → primordial asymmetry ∆L
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Leptogenesis

• Sphaleron processes convert ∆L → ∆B:
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Leptogenesis

• RH heavy neutrino decay:


• quantum interference of tree-level & one-loop diagrams ⇒ primordial lepton number 
asymmetry  
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Fig. 1.7. Diagrams in SM model with RH neutrinos that contribute to the lepton num-
ber asymmetry through the decay of the RH neutrinos. The asymmetry is generated
due to the interference of the tree-level diagram (a) and the one-loop vertex correction
(b) and self-energy (c) diagrams.

That is, the heavy neutrinos are not able to follow the rapid change of the
equilibrium particle distribution, once the temperature dropped below the
mass M1. Eventually, heavy neutrinos will decay, and a lepton asymmetry
is generated due to the CP asymmetry that arises through the interference
of the tree level and one-loop diagrams, as shown in Fig. 1.7,

�1 =
 

�

�
�(N1 ⌅ ⇤�H)� �(N1 ⌅ ⇤� H)

⇥
 

�

�
�(N1 ⌅ ⇤�H) + �(N1 ⌅ ⇤� H)

⇥ (1.84)

⇧ 1
8⇥

1
(h⇥h⇥)11

⌦

i=2,3

Im
⌥

(h⇥h†
⇥)21i

�
·
⇧
f

⇤
M2

i

M2
1

⌅
+ g

⇤
M2

i

M2
1

⌅⌃
.

In Fig. 1.7, the diagram (b) is the one-lop vertex correction, which gives
the term, f(x), after carrying out the loop integration,
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Diagram (c) is the one-loop self-energy. For |Mi �M1| ⇤ |�i � �1|, the
self-energy diagram gives the term
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in Eq. 1.84. For hierarchical RH neutrino masses, M1 ⇥ M2, M3, the
asymmetry is then given by,
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Fig. 1.7. Diagrams in SM model with RH neutrinos that contribute to the lepton num-
ber asymmetry through the decay of the RH neutrinos. The asymmetry is generated
due to the interference of the tree-level diagram (a) and the one-loop vertex correction
(b) and self-energy (c) diagrams.

That is, the heavy neutrinos are not able to follow the rapid change of the
equilibrium particle distribution, once the temperature dropped below the
mass M1. Eventually, heavy neutrinos will decay, and a lepton asymmetry
is generated due to the CP asymmetry that arises through the interference
of the tree level and one-loop diagrams, as shown in Fig. 1.7,
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Diagram (c) is the one-loop self-energy. For |Mi �M1| ⇤ |�i � �1|, the
self-energy diagram gives the term
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Fig. 1.7. Diagrams in SM with RH neutrinos that contribute to the lepton number
asymmetry through the decays of the RH neutrinos. The asymmetry is generated due
to the interference of the tree-level diagram (a) and the one-loop vertex correction (b)
and self-energy (c) diagrams.

is generated due to the CP asymmetry that arises through the interference
of the tree level and one-loop diagrams, as shown in Fig. 1.7,
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In Fig. 1.7, the diagram (b) is the one-lop vertex correction, which gives
the term, f(x), in Eq. 1.89 after carrying out the loop integration,
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Diagram (c) is the one-loop self-energy. For |Mi − M1| ≫ |Γi − Γ1|, the
self-energy diagram gives the term

g(x) =
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1 − x
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in Eq. 1.89. For hierarchical RH neutrino masses, M1 ≪ M2, M3, the
asymmetry is then given by,
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Note that when Nk and Nj in the self-energy diagram (c) have near degen-
erate masses, there can be resonant enhancement in the contributions from
the self-energy diagram to the asymmetry. Such resonant effect can allow

Leptonic CP violation ⇒ ∆L#∝#

Leptogenesis

• RH heavy neutrino decay:
• quantum interference of tree-level & one-loop diagrams ⇒ primordial lepton number 

asymmetry  

48

February 23, 2007 14:9 World Scientific Review Volume - 9in x 6in tasi06proc

TASI 2006 Lectures on Leptogenesis 23

Nk

li

H
!

Nk

ll

H

Nj

H
!

li

Nk

ll

H

Nj

H
!

li

(a) (b) (c)

Fig. 1.7. Diagrams in SM model with RH neutrinos that contribute to the lepton num-
ber asymmetry through the decay of the RH neutrinos. The asymmetry is generated
due to the interference of the tree-level diagram (a) and the one-loop vertex correction
(b) and self-energy (c) diagrams.

That is, the heavy neutrinos are not able to follow the rapid change of the
equilibrium particle distribution, once the temperature dropped below the
mass M1. Eventually, heavy neutrinos will decay, and a lepton asymmetry
is generated due to the CP asymmetry that arises through the interference
of the tree level and one-loop diagrams, as shown in Fig. 1.7,

�1 =
 

�

�
�(N1 ⌅ ⇤�H)� �(N1 ⌅ ⇤� H)

⇥
 

�

�
�(N1 ⌅ ⇤�H) + �(N1 ⌅ ⇤� H)

⇥ (1.84)

⇧ 1
8⇥

1
(h⇥h⇥)11

⌦

i=2,3

Im
⌥

(h⇥h†
⇥)21i

�
·
⇧
f

⇤
M2

i

M2
1

⌅
+ g

⇤
M2

i

M2
1

⌅⌃
.

In Fig. 1.7, the diagram (b) is the one-lop vertex correction, which gives
the term, f(x), after carrying out the loop integration,
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Fig. 1.7. Diagrams in SM with RH neutrinos that contribute to the lepton number
asymmetry through the decays of the RH neutrinos. The asymmetry is generated due
to the interference of the tree-level diagram (a) and the one-loop vertex correction (b)
and self-energy (c) diagrams.

is generated due to the CP asymmetry that arises through the interference
of the tree level and one-loop diagrams, as shown in Fig. 1.7,
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In Fig. 1.7, the diagram (b) is the one-lop vertex correction, which gives
the term, f(x), in Eq. 1.89 after carrying out the loop integration,
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Diagram (c) is the one-loop self-energy. For |Mi − M1| ≫ |Γi − Γ1|, the
self-energy diagram gives the term
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in Eq. 1.89. For hierarchical RH neutrino masses, M1 ≪ M2, M3, the
asymmetry is then given by,
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Note that when Nk and Nj in the self-energy diagram (c) have near degen-
erate masses, there can be resonant enhancement in the contributions from
the self-energy diagram to the asymmetry. Such resonant effect can allow
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Exciting Time 
Ahead!



90

7/5/2018 Facebook

https://www.facebook.com/ 8/20

New Puzzle!

[Picture credit: Symmetry Magazine ]

Happy LGBT STEM Day!


