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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.”
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The Plan

• Part I: Neutrinos in the SM; What do We Know from Experiments


• Part II: Neutrinos Mass in BSM 


• Part III: Neutrino Mixing and Leptonic CP Violation


• Part IV: Baryogenesis through Leptogenesis
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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”

 

Tritium (2,1)

He3 (1,2)

e-

electron and anti-neutrino 
share the available energy
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1914: Chadwick β spectrum
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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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n

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
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Three Neutrino Flavors
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Neutrinos Come in at Least Three Flavors

The known neutrino flavors: !e  ,   !µ  ,  !"

Each of these is associated

with the corresponding

charged-lepton flavor: e   ,   µ  ,   "

2

Majorana Neutrinos or Dirac Neutrinos?

The S(tandard) M(odel)

and

couplings conserve the Lepton Number L

defined by—

L(!) = L(l–) = – L(!) = – L (l+) = 1.

So do the Dirac charged-lepton mass terms
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Standard Model of Particle Physics

Gauge Theory based on the group:

SU(3)� SU(2)� U(1)

SU(3)⇥ Quantum Chromodynamics

Strong Force (Quarks and Gluons)

SUL(2)� U(1)⇥ ElectroWeak Interactions broken to UEM(1)

by HIGGS (Tevatron, LHC)
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12/3/2016 neutrino-flavor.jpg (350×200)

http://www.hyper-k.org/en/img/neutrino-flavor.jpg 1/1

12/3/2016 neutrino-mix.jpg (450×250)

http://www.hyper-k.org/en/img/neutrino-mix.jpg 1/1

12/3/2016 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

12/3/2016 rotate.jpg (709×522)

https://glenmartin.files.wordpress.com/2012/08/rotate.jpg 1/1

[Picture credit: Symmetry Magazine ]



Normal Modes of Coupled Pendulums
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12/3/2016 waves.jpg (450×500)

http://www.hyper-k.org/en/img/waves.jpg 1/1

Macroscopic Quantum Mechanics at Work

states 
produced

states 
detected

states 
propagate



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
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Neutrino Flavor Change (Oscillation) 
in Vacuum
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Neutrino Oscillation

• neutrino flavor is identified by charged current 
interactions

Expressed in terms of the mass eigenstates

• A          that was produced at t = 0 evolves in time 
according to

• For relativistic neutrinos (pi = p)
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Neutrino Oscillation

• The probability to observe flavor oscillation α→β 
is

where 

• For two flavors (α≠β)

xij = �m2
ijt

2p

U =
�

cos ⇤ sin ⇤
� sin ⇤ cos ⇤

⇥
⇥ P�⇥ = sin2 2⇤ sin2 x (� ⇤= ⇥)

P�⇥ =
⇧⇧⇤⇥⇥

⇧⇧⇥�

⌅⇧⇧2 = ��⇥ �
⌃

i<j Re
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Neutrino Oscillation

• For relativistic neutrinos:  L = t, E = p and

• It is also convenient to use

• more sophisticated derivations give the same result

P�⇥ = sin2 2⇤ sin2 x (� �= ⇥)

xij = 1.27
⇤

�m2
ij

eV 2

⌅ �
L

km

⇥ �
GeV

E

⇥

Losc = 4�E
�m2x = 2�L

Losc
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P νµ →νe
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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
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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

12/3/2016 waves.jpg (450×500)

http://www.hyper-k.org/en/img/waves.jpg 1/1

[Picture credit: Symmetry Magazine ]



Matter Effects

• Like photons, when neutrinos travel in medium, they 
acquire an effective mass

• The CC interaction for νe gives,  

Ne : electron density  ;  Ye : relativistic electron density
                                              Ye = (Ne)/(Nn+Np)

✤ at the earth core:   Vc ~ 10-13 eV

✤ at the solar core:    Vc ~ 10-12 eV

✤ at a SN core:          Vc ~ 1 eV

VC =
⇥

2GF Ne � 7.6Ye

�
�

1014g/cm3

⇥
eV



Matter Effects

• non-universal matter effects affect the oscillation 

• for one flavor: a vector interaction (Vc, 0,0,0) 

‣ affect dispersion relation

• the effective mass squared is enhanced by A

(E � VC)2 = p2 + m2 ⇤ E ⇥ p + VC + m2

2p

m2
m = m2 + A , A = 2EVC



Matter Effects

For more than one flavor:

✴ only νe has CC interactions

• the mixing matrix is modified by the matter 

• the vacuum result is reproduced for A = 0

• vacuum mixing is needed in order to get mixing in matter

�m2
m =

�
(�m2 cos 2� �A)2 + (�m2 sin 2�)2

tan 2�m =
�m2 sin 2�

�m2 cos 2� �A

by this non-universal matter effect such that the effective squared mass difference and mixing

angle are given by

∆m2
m =

!

(∆m2 cos 2θ − A)2 + (∆m2 sin 2θ)2, (3.16)

tan 2θm =
∆m2 sin 2θ

∆m2 cos 2θ − A
,

where the subindex m stand for matter. The oscillation probability is then obtained from

(3.10) by replacing the vacuum masses and mixing angles by the corresponding parameters

in matter

Pαβ = sin2 2θm sin2 xm , xm =
∆m2

mL

2E
. (3.17)

The following points are worth mentioning regarding eq. (3.16):

• The vacuum result is reproduced for A = 0, as it should.

• Vacuum mixing is needed in order to get mixing in matter.

• To first order in xm the matter effects cancel in the oscillation probability. To see this

note that x sin 2θ = xm sin 2θm + O(x3
m). Therefore, when approximating sin xm ∼ xm

eq. (3.17) reduces to the oscillation probability in vacuum, eq. (3.10).

• For ∆m2 cos 2θ ≫ |A|, the matter effect is a small perturbation to the vacuum result.

• For ∆m2 cos 2θ ≪ |A|, the neutrino mass is a small perturbation to the matter effect.

In that case the oscillations are highly suppressed since the effective mixing angle is

very small.

• For ∆m2 cos 2θ = A, the mixing is maximal, namely it is on resonance.

E. Non-uniform density

When the matter density is not constant there are further modifications to the oscillation

formalism. Density variation results in changing the effective neutrino masses and their

mixing angles. Then, the flavor composition of the neutrinos along their path is a function

of the medium density profile.

At any point r on the neutrino path we define the derivative of the density

A′(r) =
dA(r)

dr
. (3.18)

For constant density, A′ = 0, the flavor conversion probability is controlled by the effective

masses and mixing angles. For varying density, A′ ≠ 0, there are extra parameters that

affect the flavor conversion probability. Most important is the adiabatic parameter

Q(r) =
∆m2 sin2 2θ

E cos 2θ

A(r)

A′(r)
. (3.19)
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Matter Effects

✤ For                     :

‣ the matter effects are small perturbation
✤ For                     :

‣ the mass is a small perturbation

‣ oscillation suppressed
✤ For                     :

‣ mixing is maximal (resonance)

�m2
m =

�
(�m2 cos 2� �A)2 + (�m2 sin 2�)2

tan 2�m =
�m2 sin 2�

�m2 cos 2� �A

�m2 cos 2� �
��A

��

�m2 cos 2� �
��A

��

�m2 cos 2� =
��A

��



Varying Density

• The effective masses and mixing angles vary with 
distance

‣ adiabatic:  Q >> 1

❖ the variation is very slow. no transition 
between effective mass eigenstates

‣ non-adiabatic:  Q << 1

❖ transition between effective mass eigenstates 
possible

Q = 8⇥ tan 2� A
A� , A� = dA

dr



The MSW Effect

• Consider small ϑ and 

‣ initially: 

‣ finally:

• neutrinos pass through resonance

• for adiabatic transition: almost full conversion

�(0) = �e , A(0)� �m2 , A(r)⇥ 0

�m ⇥ ⇤/2 ⇤ ⇥2 � ⇥e

�m ⇥ � ⇤ ⇥2 � ⇥µ

tan 2�m = �m2 sin 2�
�m2 cos 2��A



MSW Effect

FIG. 3. The mixing angle in matter for a system of two massive neutrinos as a function of the

potential A for two different values of the mixing angle in vacuum [see Eq. (61)].

FIG. 4. Isocontours of the survival probablity Pee in the Sun. Also shown is the limit of applica-
bility of the adiabatic approximation Q = 1 (dashed line).

104

resonance point



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:


�28

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

Page 1 of 5http://www.theimagineershome.com/blog/?p=1321

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



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.
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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:

all particles have 
both left-handed 
and right-handed 

partners
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Standard Model of Particle Physics
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only LH neutrinos have been observed
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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:

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

• Two types of mass terms:

• Dirac masses


• couple left and right handed fields


• it always involve two different fields

• the additive quantum numbers of the two 

fields are opposite

• there are four d.o.f. with the same mass


II. NEUTRINO MASSES

A. Fermion masses

In general, there are two possible mass terms for fermions: Dirac and Majorana mass

terms. All fermions can have Dirac mass terms, but only neutral fermions can have Majorana

mass terms. Indeed, all the massive fermions in the SM, the quarks and charged leptons,

have Dirac mass terms. The neutrinos, however, while massless in the SM, can have both

Dirac and Majorana mass terms.

Dirac masses couple left and right handed fields

mDψLψR + h.c., (2.1)

where mD is the Dirac mass and ψL and ψR are left and right handed Weyl spinor fields,

respectively. Note the following points regarding eq. (2.1):

• Consider a theory with one or more exact U(1) symmetries. The charges of ψL and

ψR under these symmetries must be opposite. In particular, the two fields can carry

electric charge as long as Q(ψL) = Q(ψR).

• Since ψL and ψR are different fields, there are four degrees of freedom with the same

mass, mD.

• When there are several fields with the same quantum numbers, we define the Dirac

mass matrix, (mD)ij

(mD)ij(ψL)i(ψR)j + h.c., (2.2)

where i(j) runs from one to the number of left (right) handed fields with the same

quantum numbers. In the SM, the fermion fields are present in three copies, and the

Dirac mass matrices are 3 × 3 matrices. In general, however, mD does not have to be

a square matrix.

A Majorana mass couples a left handed or a right handed field to itself. Consider ψR, a

SM singlet right handed field. Its Majorana mass term is

mMψc
R ψR, ψc = C ψ

T
, (2.3)

where mM is the Majorana mass and C is the charge conjugation matrix [7]. A similar

expression holds for left handed fields. Note the following points regarding eq. (2.3):

• Since only one Weyl fermion field is needed in order to generate a Majorana mass

term, there are only two degrees of freedom that have the same mass, mM .

3



Fermion Mass Generation

• Majorana masses

• couple a left-handed or right-handed field to 
itself

• there can be only two d.o.f. with the same 
mass

• additive quantum numbers of the two fields 
are the same ⇒ break all the U(1) symmetries

• can only be written for neutral fermions

II. NEUTRINO MASSES

A. Fermion masses

In general, there are two possible mass terms for fermions: Dirac and Majorana mass

terms. All fermions can have Dirac mass terms, but only neutral fermions can have Majorana

mass terms. Indeed, all the massive fermions in the SM, the quarks and charged leptons,

have Dirac mass terms. The neutrinos, however, while massless in the SM, can have both

Dirac and Majorana mass terms.

Dirac masses couple left and right handed fields

mDψLψR + h.c., (2.1)

where mD is the Dirac mass and ψL and ψR are left and right handed Weyl spinor fields,

respectively. Note the following points regarding eq. (2.1):

• Consider a theory with one or more exact U(1) symmetries. The charges of ψL and

ψR under these symmetries must be opposite. In particular, the two fields can carry

electric charge as long as Q(ψL) = Q(ψR).

• Since ψL and ψR are different fields, there are four degrees of freedom with the same

mass, mD.

• When there are several fields with the same quantum numbers, we define the Dirac

mass matrix, (mD)ij

(mD)ij(ψL)i(ψR)j + h.c., (2.2)

where i(j) runs from one to the number of left (right) handed fields with the same

quantum numbers. In the SM, the fermion fields are present in three copies, and the

Dirac mass matrices are 3 × 3 matrices. In general, however, mD does not have to be

a square matrix.

A Majorana mass couples a left handed or a right handed field to itself. Consider ψR, a

SM singlet right handed field. Its Majorana mass term is

mMψc
R ψR, ψc = C ψ

T
, (2.3)

where mM is the Majorana mass and C is the charge conjugation matrix [7]. A similar

expression holds for left handed fields. Note the following points regarding eq. (2.3):

• Since only one Weyl fermion field is needed in order to generate a Majorana mass

term, there are only two degrees of freedom that have the same mass, mM .
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Neutrino Mass in the SM

• SM implies exactly massless neutrinos

• no νR ⇒ neutrinos are massless

• no Higgs triplet ⇒ no Majorana mass ∆LL

• SM renormalizable ⇒ no Majorana mass term 
from dim-5 operator HHLL

• U(1)L accidental symmetry of the SM ⇒ no 
radiative generated Majorana mass term HHLL

Unlike mγ = 0 prediction, the mν = 0 prediction is 
somewhat accidental



July 4, 2012: Higgs Boson was discovered, at last!
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latest update in the search for the Higgs boson at the European Organization for Nuclear Research
(CERN) in Meyrin near Geneva, Switzerland. (AP Photo/Denis Balibouse, Pool)
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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
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Mass Spectrum of Elementary Particles in SM
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neutron
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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

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:

�40

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

where mD ≡ Yνv. Using

Tr(mν) = MN , | det(mν)| = m2
D , (2.12)

to first order in v/MN we find

mνR
= MN mνL

=
m2

D

MN
. (2.13)

Comparing this result with eq. (2.9) one identifies the new physics scale M with MN and the

new physics coupling λ with Y 2
ν . We learn that the seesaw mechanism is indeed a realization

of the effective field theory approach for neutrino masses.

D. Neutrino mixing

Massive neutrinos generally mix. The neutrino mass terms break the accidental family

lepton number symmetries. (Total lepton number is also violated if the neutrinos have

Majorana masses.) This phenomenon is very similar to quark mixing in the SM. It is

therefore instructive to describe both lepton and quark mixing in parallel.

For quarks, the Cabibbo-Kobayashi-Maskawa (CKM) matrix, V , corresponds to non-

diagonal charged current interactions between quark mass eigenstates

g√
2
(uL)iVijγ

µ(dL)jW
+
µ , i = u, c, t , j = d, s, b . (2.14)

For leptons, it is common to use two different bases. The flavor basis is defined to be the

one where the charged lepton mass matrix and the W interactions are diagonal. In the

mass basis both the charged lepton and the neutrino mass matrices are diagonal, but the W

interaction is not. In that basis the leptonic mixing matrix U is the analogue of the CKM

matrix.3 Namely, it shows up in the charged current interactions

g√
2
ℓLUℓiγ

µ(νL)iW
−

µ , ℓ = e, µ, τ , i = 1, 2, 3 . (2.15)

When working in the mass basis, the formalism of quark and lepton flavor mixings are

very similar. The difference between these two phenomena arises due to the way neutrino

3 Recently, in many papers the matrix U is called the Maki-Nakagawa-Sakata (MNS) matrix, UMNS, or the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, UPMNS, since these authors were the first to discuss

leptonic flavor mixing. Others call it the CKM or KM analogue for the lepton sector since Kobayashi and

Maskawa were the first to discuss CP violation from such matrices. Here we adopt the notation of [4]

and call U the leptonic mixing matrix. The fact that the CKM matrix is denoted by V helps in avoiding

confusion.
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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
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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
�42
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https://www.facebook.com/Fermilab/photos/pcb.10156642551968969/10156642549958969/?type=3&theater 1/1

? ⬌

✔



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

�43

Maki, Nakagawa, Sakata,  1962 ;  
Pontecorvo, 1967

3 mixing angles 

+ 1 (3) phase(s) for 

Dirac (Majorana) 
neutrinos

where mD ≡ Yνv. Using

Tr(mν) = MN , | det(mν)| = m2
D , (2.12)

to first order in v/MN we find

mνR
= MN mνL

=
m2

D

MN
. (2.13)

Comparing this result with eq. (2.9) one identifies the new physics scale M with MN and the

new physics coupling λ with Y 2
ν . We learn that the seesaw mechanism is indeed a realization

of the effective field theory approach for neutrino masses.

D. Neutrino mixing

Massive neutrinos generally mix. The neutrino mass terms break the accidental family

lepton number symmetries. (Total lepton number is also violated if the neutrinos have

Majorana masses.) This phenomenon is very similar to quark mixing in the SM. It is

therefore instructive to describe both lepton and quark mixing in parallel.

For quarks, the Cabibbo-Kobayashi-Maskawa (CKM) matrix, V , corresponds to non-

diagonal charged current interactions between quark mass eigenstates

g√
2
(uL)iVijγ

µ(dL)jW
+
µ , i = u, c, t , j = d, s, b . (2.14)

For leptons, it is common to use two different bases. The flavor basis is defined to be the

one where the charged lepton mass matrix and the W interactions are diagonal. In the

mass basis both the charged lepton and the neutrino mass matrices are diagonal, but the W

interaction is not. In that basis the leptonic mixing matrix U is the analogue of the CKM

matrix.3 Namely, it shows up in the charged current interactions

g√
2
ℓLUℓiγ

µ(νL)iW
−

µ , ℓ = e, µ, τ , i = 1, 2, 3 . (2.15)

When working in the mass basis, the formalism of quark and lepton flavor mixings are

very similar. The difference between these two phenomena arises due to the way neutrino

3 Recently, in many papers the matrix U is called the Maki-Nakagawa-Sakata (MNS) matrix, UMNS, or the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, UPMNS, since these authors were the first to discuss

leptonic flavor mixing. Others call it the CKM or KM analogue for the lepton sector since Kobayashi and

Maskawa were the first to discuss CP violation from such matrices. Here we adopt the notation of [4]

and call U the leptonic mixing matrix. The fact that the CKM matrix is denoted by V helps in avoiding

confusion.
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Leptonic Mixing Matrix

• three neutrinos case: 

• three mixing angles:

• three complex phases (majorana): 

14
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• The known knowns:

�45

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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Fogli, Lisi, Marrone, Montanino, Palazzo (2014)

[θlep23 ~ 41.2°] [θlep12 ~ 33.7°] [θlep13 ~ 8.80°]
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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?

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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What is the origin of matter antimatter 
asymmetry? Why do we exist?



Where Do We Stand?

• Latest 3 neutrino global analysis (after NOW2016 and ICHEP2016):


•

�59

➡evidence of θ13 ≠ 0 

➡hints of θ23 ≠ π/4 

➡expectation of Dirac CP phase δ 

➡no clear preference for hierarchy
➡Majorana vs Dirac

Esteban, Gonzalez-Garcia, Maltoni, 
Martinez-Soler, Schwetz, 1611.01514

Recent T2K result ➪ δ ≃ - π/2, consistent with global fit best fit value 

Normal Ordering (best fit) Inverted Ordering (��2 = 0.83) Any Ordering

bfp ±1� 3� range bfp ±1� 3� range 3� range

sin2 ✓12 0.306+0.012
�0.012 0.271 ! 0.345 0.306+0.012

�0.012 0.271 ! 0.345 0.271 ! 0.345

✓12/
� 33.56+0.77

�0.75 31.38 ! 35.99 33.56+0.77
�0.75 31.38 ! 35.99 31.38 ! 35.99

sin2 ✓23 0.441+0.027
�0.021 0.385 ! 0.635 0.587+0.020

�0.024 0.393 ! 0.640 0.385 ! 0.638

✓23/
� 41.6+1.5

�1.2 38.4 ! 52.8 50.0+1.1
�1.4 38.8 ! 53.1 38.4 ! 53.0

sin2 ✓13 0.02166+0.00075
�0.00075 0.01934 ! 0.02392 0.02179+0.00076

�0.00076 0.01953 ! 0.02408 0.01934 ! 0.02397

✓13/
� 8.46+0.15

�0.15 7.99 ! 8.90 8.49+0.15
�0.15 8.03 ! 8.93 7.99 ! 8.91

�CP/
� 261+51

�59 0 ! 360 277+40
�46 145 ! 391 0 ! 360

�m2
21

10�5 eV2 7.50+0.19
�0.17 7.03 ! 8.09 7.50+0.19

�0.17 7.03 ! 8.09 7.03 ! 8.09

�m2
3`

10�3 eV2 +2.524+0.039
�0.040 +2.407 ! +2.643 �2.514+0.038

�0.041 �2.635 ! �2.399


+2.407 ! +2.643
�2.629 ! �2.405

�

Table 1. Three-flavor oscillation parameters from our fit to global data after the NOW 2016 and
ICHEP-2016 conference. The numbers in the 1st (2nd) column are obtained assuming NO (IO),
i.e., relative to the respective local minimum, whereas in the 3rd column we minimize also with
respect to the ordering. Note that �m2

3` ⌘ �m2
31 > 0 for NO and �m2

3` ⌘ �m2
32 < 0 for IO.

the statistical distribution of the marginalized ��2 for �CP and ✓23 (and consequently the

corresponding CL intervals) may be modified [54, 55]. In Sec. 4 we will discuss and quantify

these e↵ects.

In Tab. 1 we list the results for three scenarios. In the first and second columns we

assume that the ordering of the neutrino mass states is known a priori to be Normal

or Inverted, respectively, so the ranges of all parameters are defined with respect to the

minimum in the given scenario. In the third column we make no assumptions on the

ordering, so in this case the ranges of the parameters are defined with respect to the global

minimum (which corresponds to Normal Ordering) and are obtained marginalizing also

over the ordering. For this third case we only give the 3� ranges. In this case the range

of �m2
3` is composed of two disconnected intervals, one containing the absolute minimum

(NO) and the other the secondary local minimum (IO).

Defining the 3� relative precision of a parameter by 2(xup � xlow)/(xup + xlow), where

xup (xlow) is the upper (lower) bound on a parameter x at the 3� level, we read 3� relative

precision of 14% (✓12), 32% (✓23), 11% (✓13), 14% (�m2
21) and 9% (|�m2

3`|) for the various
oscillation parameters.

2.3 Results: leptonic mixing matrix and CP violation

From the global �2 analysis described in the previous section and following the procedure

outlined in Ref. [56] one can derive the 3� ranges on the magnitude of the elements of the

– 6 –

➡Sterile Neutrinos?



Kinematic Tests

• Massive neutrinos affect decay spectra

• muon momentum in pion rest frame

• not very sensitive

⇥ � µ�

and neutrinoless double beta decay. Then we develop the formalism of neutrino oscillation,

which is the most promising way to probe the neutrino masses and mixing angles.

A. Kinematic tests

In decays that produce neutrinos the decay spectra are sensitive to neutrino masses. For

example, in π → µν the muon momentum is fixed (up to tiny width effects), and it is

determined only by the masses of the pion, the muon and the neutrino. To first order in

m2
ν/m

2
π, the muon momentum in the pion rest frame is given by

|p⃗ | =
1

2mπ

!

m2
π − m2

µ −
m2

π + m2
µ

m2
π − m2

µ

m2
ν

"

. (3.1)

Since the correction to the massless neutrino limit is proportional to m2
ν , the kinematic tests

are not very sensitive to small neutrino masses. The current best bounds obtained using

kinematic tests are [8]

mν < 18.2 MeV from τ → 5π + ν ,

mν < 190 KeV from π → µν ,

mν < 2.2 eV from 3H →3He + e + ν . (3.2)

The sensitivities of neutrino oscillation experiments are much better than these bounds. Note

that while oscillation experiments are sensitive to the neutrino mass-squared differences (see

below) the kinematic tests are sensitive to the neutrino masses themselves.

B. Neutrinoless double β decay

Neutrino Majorana masses violate lepton number by two units. Therefore, if neutrinos

have Majorana masses we expect there there are also ∆L = 2 processes. The smallness of

the neutrino masses indicates that such processes have very small rates. Therefore, the only

practical way to look for ∆L = 2 processes is in places where the lepton number conserving

ones are forbidden or highly suppressed. Neutrinoless double β decay where the single beta

decay is forbidden is such a process. An example for such processes is

32
76Ge → 34

76 Se + 2e− . (3.3)

The only physical background to neutrinoless double β decay is from double β decay with

two neutrinos.

Note the following points:
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Search for Neutrino Absolute Mass Scale

• direct mass determination (no assumption needed) 

• end point kinematic of tritium decays 

• current limit: 

• new proposal to increase sensitivity to < 0.2 eV 
(KATRIN) 21

Searches for Absolute Neutrino Mass Scale

! Cosmology:

       Very sensitive but model dependent

       WMAP+2dFRGS+Ly!:   "(m!
i

) < (0.7 - 1.2) eV

        degenerate neutrinos # < 0.4 eV

        future improvement: factor of 5-10?

! Neutrinoless double beta decay:

        Very sensitive but neutrinos have to be Majorana

        Reminder: Klepdor’s claim of signal at 0.4 eV

! Direct mass determination (no assumption needed):

      *  End point kinematic of tritium decays

      *  Current limit:

      *  New proposal to increase sensitivity to < 0.25 eV (KATRIN)

  

! 

m"
e

< 2.2  eV  (95% CL)     Mainz

m" µ
<170  keV     

m"#
<15.5  MeV  

! 

Tritium" He
3

+ e
#

+ $ e

  

! 

mee = "miUei
2

 <  (0.2#1.1)  eV  (Cuorcino 2005)

Tritium� He3 + e� + �e



Neutrinoless Double Beta Decay

• ΔL = 2 process

• sensitive to Majorana neutrino masses, but not Dirac 
neutrino masses

• sensitive to other ΔL = 2 operators 

Z
AN � Z+2

A N + 2e� 32
76Ge� 34

76Se + 2e�

Implications of Neutrino Mass
for Astrophysics, Cosmology,

and Particle Physics

If neutrino masses and oscillations

are real, they can have an impact on 

astrophysics and cosmology, and, 

conversely, astrophysics and cosmology

will place constraints on the masses of

neutrinos and on the number or types 

of neutrinos. Neutrinos are very weakly

coupled to matter. At energies of 

1 MeV, a neutrino interacts 1020 times

less often than a photon. To have any

impact at all, they must be present in 

extraordinary numbers. One such

“place” is the universe itself. Neutrinos

left over from the Big Bang fill the uni-

verse and outnumber protons and neu-

trons by a billion to one. On average,

the universe contains about 300 neutri-

nos per cubic centimeter, 100 of each of

the three types. If individual neutrino

masses are on the order of a few elec-

tron volts, their sum would add up to a

significant fraction of the mass of the

universe—not enough mass to close the

universe and have it collapse back on 

itself (that would require the average

mass of the three neutrinos to be 30 eV),

but at smaller values, it could have influ-

enced the expansion of matter after 

the Big Bang and helped produce the 

superlarge-scale filigree pattern of 

galaxies and galactic clusters that 

extends as far as today’s telescopes can

see. (See the article “Dark Matter and

Massive Neutrinos” on page 180. )

Neutrino oscillations, too, may be an

important ingredient in making the uni-

verse as we know it. For example, the

neutrinos we know might oscillate into

sterile neutrinos, those which have no

weak interactions at all. The presence 

of these sterile neutrinos in the cosmic

soup could shift the delicate balance 

of ingredients needed to predict the 

observed primordial abundances of heli-

um and other light elements up through

lithium. As a result, nucleosynthesis cal-

culations place stringent limits on sterile

neutrinos, ruling out significant portions

in the ⌅m2 – sin2� plane for the mixing

between ordinary and sterile neutrinos.

Oscillation could also alter the 

picture of the neutrino as the driver 

of supernova explosions (see the 

article “Neutrinos and Supernovae” on

page 164). Electron neutrinos, the 

primary drivers, might be lost or gained

from the region that powers the 

explosion, depending on the oscillation

length and, again, on whether sterile

neutrinos exist. Neutrino oscillations

and the enhancement of those oscilla-

tions through interactions with matter

The Oscillating Neutrino

Number 25  1997  Los Alamos Science  

Higgs bosons, Murray Gell-Mann,

ierre Ramond, and Richard Slansky 

nvented a model that yields very 

mall neutrino masses. As explained 

n “Neutrino Masses,” the two neutrino

ates ⇤R and ⇤�L that must be added 

o the theory to form the Dirac 

mass term could themselves be coupled

o form a Majorana mass term. 

hat term could also be added to 

he theory without violating any 

ymmetry principle.

Further, it could be assumed that the

oefficient M of the Majorana mass term

 very large. If the theory contains both

 Dirac mass term and this Majorana

mass term, then the four components of

he neutrino would no longer be states 

f definite mass m determined by the 

oefficient of the Dirac mass term. 

nstead, the four components would split

nto two Majorana neutrinos, each made

p of two components. One neutrino

would have a very small mass, equal to

m2/M from the mass term in 

igure 20(b.3); the second neutrino

would have a very large mass, approxi-

mately equal to M. The very light 

Majorana neutrino would mostly be the

eft-handed neutrino that couples to 

he W, and the very heavy neutrino

would mostly be a right-handed neutrino

hat does not couple to the W. Similarly,

he very light antineutrino would be

mostly the original right-handed 

ntineutrino that couples to the W, and

he very heavy antineutrino would be

mostly a left-handed antineutrino that

oes not couple to the W. 

This so-called seesaw mechanism in

which the Dirac mass m is reduced by a

actor of m/M through the introduction

f a large Majorana mass term has 

een used in many extensions to the

tandard Model to explain why 

eutrino masses are small. The large

Majorana mass M is often associated

with some new, weak gauge force that

perates at a very high energy (mass)

cale dictated by the mass of a new,

ery heavy gauge boson. The net result

f this approach is that the neutrino

een at low energies is predicted to be

mostly a Majorana particle!

Figure 20(b.4) shows one last possi-

bility for adding neutrino masses to the

Standard Model. No new neutrino 

components are added to the Standard

Model. Instead, the neutrino is postu-

lated to be a two-component Majorana

particle that acquires mass by coupling

to a new type of Higgs boson, one that

has three charge states and is a triplet in

a weak isospin space. Thus, introducing

a new type of Higgs boson allows 

neutrino masses to be added. This last

possibility has several interesting 

consequences. Total-lepton-number 

conservation is not explicitly violated 

by the addition of a Majorana mass

term. Instead, the new Higgs boson is 

assumed to have a nonzero vacuum

value; the resulting Higgs background

spontaneously breaks lepton-number

conservation and gives a Majorana mass

to the neutrino. A consequence of this

spontaneous (or vacuum) breaking of the

lepton-number symmetry is the existence 

of a massless scalar particle known as a

Nambu-Goldstone boson. This massless

boson could be produced in a new form

of neutrinoless double beta decay. 

Neutrinoless Double Beta Decay. The

one process that should be within the

limits of detectability and would 

exhibit the unmistakable mark of a 

Majorana neutrino is neutrinoless dou-

ble beta decay. In double beta decay,

two neutrons in a nucleus transform

into two protons almost simultaneously

and bring the nucleus to a stable config-

uration with an increase in electric

charge of ⇧2. This process occurs in

“even-even” nuclei, those containing

even numbers of protons and neutrons.

Like single beta decay, double beta

decay occurs through the interaction of

a nucleus with the W. In the “ordinary”

process shown in Figure 21(a), the 

nucleus emits two electrons and two

antineutrinos. Figure 21(b) shows, how-

ever, that if the neutrino is a Majorana

particle, the same process can occur

without the emission of any neutrinos—

hence the name of neutrinoless double

beta decay. The weak force has not

changed its character. Indeed, when 

the first neutron transforms into a proton

and emits a W, that W produces a right-

handed antineutrino and an electron, as

usual. Then that right-handed antineu-

trino switches to a left-handed neutrino

through the interaction that gives the

neutrino its Majorana mass. Finally, this

left-handed neutrino then interacts with

the second W (emitted when the second

neutron transforms into a proton), and

the left-handed electron neutrino is

transformed into a left-handed electron.

The neutrino is never seen; it is a virtual

particle exchanged between the two Ws

that are emitted when the two neutrons

change into two protons simultaneously.

The net result is that two neutrons in a

nucleus turn into two protons and two

electrons are emitted. In this process,

the total charge is conserved, but the

number of leptons has changed from

zero to two. Also, because no neutrinos

are emitted, the two electrons will 

always share all the available energy 

released in the decay, and thus the sum

of their energies has a single value, the

single spike in Figure 21(a), rather than

a spectrum of values as in ordinary 

double beta decay.

The rate of neutrinoless double beta

decay is proportional to an effective

mass that is a complicated sum over the

three neutrino masses. This sum 

involves the intrinsic charge-conjugation

and parity properties of the neutrinos

(CP parities), and the resulting phases

multiplying each mass can lead to can-

cellations such that the effective mass 

is smaller than any of the individual 

masses of the neutrinos. At present, 

the experimental upper limit on the 

effective mass is about 2 eV. 

Finally, if the neutrino acquires mass

through the vacuum value of a Higgs

triplet, as discussed above, a massless

Nambu-Goldstone boson would be

emitted along with the two electrons of

the neutrinoless double beta decay. The

presence of the massless boson would

lead to a definite energy spectrum for

the emitted electrons that would distin-

guish this form of double beta decay

from either ordinary double beta decay

or neutrinoless double beta decay. 
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Figure 21. Neutrinoless Double

Beta Decay

(a) The exchange of a virtual Majorana

neutrino allows double beta decay to

occur without the emission of any neutri-

nos. A right-handed Majorana antineutrino

is emitted (along with an electron) from

the weak vertex at left. Its handedness

flips as it propagates through the interac-

tion with the Higgs background, and the

right-handed antineutrino becomes a left-

handed Majorana neutrino. In its left-

handed form, this particle has the correct

handedness to be absorbed at the weak

vertex at right and then transformed into

an electron. Thus, two electrons are emit-

ted as the nucleus increases its positive

electric charge by two units. (b) The spec-

trum of the total energy carried by two

electrons from neutrinoless double beta

decay is just a single line because the

two electrons always carry off all 

the available energy (a heavy nucleus 

absorbs momentum but, essentially, 

no energy). In contrast, the electrons 

from ordinary double beta decay share

the available energy with the two electron 

antineutrinos emitted in the decay. 

(a)

(b)

Majorana 
mass term
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• neutrinoless double beta decay 

• very sensitive but neutrinos have to be Majorana 
particles 
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Searches for Absolute Neutrino Mass Scale

! Cosmology:

       Very sensitive but model dependent

       WMAP+2dFRGS+Ly!:   "(m!
i

) < (0.7 - 1.2) eV

        degenerate neutrinos # < 0.4 eV

        future improvement: factor of 5-10?

! Neutrinoless double beta decay:

        Very sensitive but neutrinos have to be Majorana

        Reminder: Klepdor’s claim of signal at 0.4 eV

! Direct mass determination (no assumption needed):

      *  End point kinematic of tritium decays

      *  Current limit:

      *  New proposal to increase sensitivity to < 0.25 eV (KATRIN)

  

! 

m"
e

< 2.2  eV  (95% CL)     Mainz

m" µ
<170  keV     

m"#
<15.5  MeV  

! 

Tritium" He
3

+ e
#

+ $ e

  

! 

mee = "miUei
2

 <  (0.2#1.1)  eV  (Cuorcino 2005)

that is responsible for all leptonic CP violation. As the charged lepton mass matrix is diagonal,

the leptonic mixing matrix, the so-called Maki-Nakagawa-Sakata (MNS) matrix, is obtained by

diagonalizing the effective neutrino mass matrix Mdiag
ν = U †

MNSM
ν
effU

∗
MNS = diag (mν1 ,mν2,mν3),

where mν1,2,3 are real and positive, and it can be parameterized as the product of a CKM-like

mixing matrix, which has three mixing angles and one CP violating phase, with a diagonal phase

matrix,

UMNS =

⎛

⎜

⎜

⎜

⎝

c12c13 s12c13 s13

−s12c23 − c12s23s13eiδℓ c12c23 − s12s23s13eiδℓ s23c13eiδℓ

s12s23 − c12c23s13eiδℓ −c12s23 − s12c23s13eiδℓ c23c13eiδℓ

⎞

⎟

⎟

⎟

⎠

×

⎛

⎜

⎜

⎜

⎝

1

ei
α21
2

ei
α31
2

⎞

⎟

⎟

⎟

⎠

.(24)

The Dirac phase, δℓ, as well as the two Majorana phases, α21 and α31, are given in terms a single

phase, αL, in this model. The relations among these three leptonic CP violating phases thus ensue.

The analytic relations between αL and the three leptonic CP phases are very complicated, and are

not explicitly expressed. The effects of these three CP phases appear in the following processes.

A. CP Violation in Neutrino Oscillation

The Dirac CP violating phase, δℓ, affects neutrino oscillation. The transition probability of the

flavor eigenstate να into νβ ( α, β = e, µ, τ) reads,

P (να → νβ) = δαβ − 4
∑

i>j

Re(UαiUβjU
∗
αjU

∗
βi) sin2(∆m2

ij

L

4E
) + 2

∑

i>j

JCP sin2(∆m2
ij

L

4E
) (25)

where the CP violation is governed by the leptonic Jarlskog invariant, JCP, which can be expressed

model-independently in terms of the effective neutrino mass matrices as [14]

JCP = −
Im(H12H23H31)

∆m2
21∆m2

31∆m2
32

, H ≡ M eff
ν M eff†

ν , (26)

where ∆m2
ij ≡ m2

i −m2
j (i, j = 1, 2, 3) with mi being the mass eigenvalues of the effective neutrino

mass matrix, M eff
ν .

B. Neutrinoless Double Beta Decays

Neutrinoless double beta (0νββ) decay is, on the other hand, only sensitive to the two Majorana

phases, α21 and α31. Their dependence in the 0νββ matrix element, ⟨mee⟩, is

|⟨mee⟩|2 = m2
1 |Ue1|4 + m2

2 |Ue2|4 + m2
3 |Ue3|4 + 2m1m2 |Ue1|2 |Ue2|2 cos α21

+2m1m3 |Ue1|2 |Ue3|2 cos α31 + 2m2m3 |Ue2|2 |Ue3|2 cos (α31 − α21) , (27)
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Search for Absolute Neutrino Mass Scale

• Cosmology 

• very sensitive but model dependent 

• WMAP + 2dFRGS + Lyα: ∑(mνi) < (0.7-1.2) eV 

• degenerate neutrino masses ⇒ < 0.4 eV 

• future improvement: factor of 5 - 10? 


