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Part A

Origin of “flavor”
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The term Flavor was coined by Harald Fritzsch and Murray Gell-Mann
at a Baskin-Robbins ice-cream store in Pasadena in 1971.

One of the most puzzling things in
particle physics is flavor mixing !
But this is normal for ice creams!

Lepton flavors: a partial list
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1897: Discovery of electron (J.J. Thomson)
1928: Prediction of positron (P.A.M. Dirac)
1930: Postulation of neutrino (W. Pauli)
1932: Discovery of positron (C.D. Anderson)

1933: Effective theory of beta decay (E. Fermi)
1936: Discovery of muon (J.C. Street et al; C.D. Anderson et al)
1956: Discovery of electron antineutrino (C.L. Cowan et al)
1956: Postulation of parity violation (T.D. Lee, C.N. Yang)
1957: Discovery of parity violation (C.S. Wu et al)
1962: Discovery of muon neutrino (G. Danby et al)
1962: Postulation of neutrino flavor conversion (Z. Maki et al)
1967: Standard model of leptons (S. Weinberg)
1975: Discovery of tau (A. Zichichi’s idea/method, M. Perl et al)
2000: Discovery of tau neutrino (K. Kodama et al)

1967-1970

Neutrino oscillations
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Massless neutrinos: a natural
assumption when the SM was
formulated in 1967, while the
solar  anomaly was observed
in 1968, just one year later!
S. Weinberg

neutrino oscillation  masses

R. Davis

2015: Nobel Prize
2016: Breakthrough Prize
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Bettini’s lecture

2015

Flavor puzzles (1)
Sterile Land

H. Murayama:
neutrinos may
be our mother

Really nothing in?
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Fertile Soil

FLAVOR
DESERT
keV neutrino

?

our matter world

Gauge Hierarchy & Desert Puzzles / Flavor Hierarchy & Desert Puzzles
Implications of electron mass < u quark mass < d quark mass on …….

Flavor puzzles (2)

Wilkinson’s lecture

CKM

Quark mixing: hierarchy!
CKM

4 parameters
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PMNS
~ 0.8

~0.15
4/6 parameters

PMNS

Lepton mixing: anarchy?

What is behind?

7

What distinguishes different families of fermions?
----- they have the same gauge quantum numbers,
yet they are quite different from one another,
in their masses, flavor mixing strengths, .…...

We are blind today: no convincing predictive flavor theory
The structure of flavors should determine their properties

Bottom-Up Way

We will see: the minimal symmetry behind: - symmetry!

Lessons learnt before
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Symmetries: crucial for understanding the laws of Nature.
Examples: they help simplify problems, classify complicated systems,
fix conservation laws and even determine dynamics of interactions.
● Continuous space-time (translational/rotational) symmetries
 energy-momentum conservation laws

● Gauge symmetries  electroweak and strong interactions
● SU(3) quark flavor symmetry  the quark model



Symmetries may keep exact or be broken: both important!
● Continuous space-time symmetries: exact
● U(1) electromagnetic gauge symmetry: exact (massless photon)
● SU(2) weak gauge symmetry: broken (massive W , Z , etc)
● SU(3) color gauge symmetry: exact (massless gluons)

● SU(3) quark flavor symmetry: broken



Part B

Where or why
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In the standard model, plus 3 right-handed ’s, where/why can flavor
mixing and CP violation arise?

The strategy of diagnosis:
 Flavor mixing: transform the flavor eigenstates of fermions to their
mass eigenstates, to see whether a kind of “mismatch” can occur.
 CP violation: given proper CP transformations of gauge, Higgs and
fermion fields, one may prove that 1st, 2nd and 3rd terms are formally
invariant, and the 4th term can be invariant only if the corresponding
Yukawa coupling matrices are real. Otherwise, CP violation occurs.

The source
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The Yukawa interactions of fermions are
formally invariant under CP if and only if
If the effective Majorana mass term is added
into the SM, then the Yukawa interactions of
leptons can be formally invariant under CP if

If the flavor eigenstates are transformed into the mass eigenstates,
flavor mixing and CP violation will show up in the CC interactions:
quarks

leptons

Comment A: flavor mixing and CP violation take place since fermions
interact with both the gauge bosons and the Higgs boson.
Comment B: both the CC and Yukawa interactions have been verified.
Comment C: the CKM matrix V is unitary, the PMNS matrix U is too?

Physical phases
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If massive neutrinos are the Dirac particles, then the 33
lepton flavor mixing matrix can be parametrized as:
Dirac neutrinos: 3 angles + 1 phase

If neutrinos are the Majorana particles, their left- & righthanded fields should be correlated. In this case the lepton
flavor mixing matrix contains 3 nontrivial phases:
Majorana neutrinos: 3 angles + 3 phases

Global fit of current data
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F. Capozzi et al (2014) —— the standard parametrization:

The neutrino mass ordering unknown: normal or inverted?

Hint for the CP phase
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The T2K observation of a relatively strong
appearance plays
a crucial role in the global fit to make  13 consistent with the Daya Bay
result and drive a slight but intriguing preference for  ~  / 2 .

★

DYB

★

DYB

DYB’s good news:  13 unsuppressed precision measurements
T2K’s good news:  unsuppressed
Life is easier for probing CP violation,  mass hierarchy ….

What the data tell?
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Given the global-fit results at the 3 level, the elements of
the PMNS matrix are:
The normal ordering:

The inverted ordering:

PMNS

Behind the PMNS matrix
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Behind the observed pattern of lepton flavor mixing is an
approximate (or a partial) - flavor symmetry!

It is very likely that the PMNS matrix possesses an exact
- symmetry at a given energy scale, and this symmetry
must be softly broken —— shed light on flavor structures

Conditions for the exact - symmetry in the PMNS matrix:

Current data:

ruled out

not sure

favored

Neutrino mass matrix
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- flavor symmetry
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In the flavor basis, the Majorana  mass matrix can be reconstructed:

- symmetry
- permutation symmetry

- reflection symmetry

Current data
T. Fukuyama, H. Nishiura
hep-ph/9702253

K. Babu, E. Ma, J. Valle
hep-ph/0206292

Bimaximal, Tribimaximal …

TM1, Tetramaximal …

Larger

- symmetry breaking

Softer

A proof: permutation

18

A generic (symmetric) Majorana neutrino mass term reads as follows:

Under - permutation, the above term changes to

Invariance of this transformation requires:

reflection
A generic Majorana
neutrino mass term
reads as follows:
Under - reflection,
the mass term is

Invariance of this
transformation:
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Model building strategies
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The flavor symmetry is a powerful guiding principle of model building.
The flavor symmetry could be
 Abelian or non-Abelian
 Continuous or discrete

S3 , S4 , A4 , Z2 ,
U(1)F , SU(2)F , …

 Local or global
 Spontaneously or explicitly broken
Advantages of choosing a global + discrete flavor symmetry group GF .
 No Goldstone bosons
 No additional gauge bosons mediating harmful FCNC processes
 No family-dependent D-terms contributing to sfermion masses
 Discrete GF could come from some string compactifications

 Discrete GF could be embedded in a continuous symmetry group

Flavor symmetry groups
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Some small discrete groups for model building (Altarelli, Feruglio 2010).
Too many possibilities, but
the - symmetry inclusive

MASS
+
PMNS

Generalized CP combined with flavor symmetry to predict the phase .

Part C

Symmetry breaking (1)

The - flavor symmetry
must be slightly broken:
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(0): symmetry limit
(1): perturbation

The - permutation symmetry breaking
Perturbation:

- symmetric

- asymmetric

Mass matrix:

Parameters:

Symmetry breaking (2)
The - flavor symmetry
must be slightly broken:
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(0): symmetry limit
(1): perturbation

The - reflection symmetry breaking
Perturbation:

- symmetric

- asymmetric

Mass matrix:

Parameters:

The Friedberg-Lee ansatz (1)
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A simple example is the Friedberg-Lee ansatz. In the
Majorana case the neutrino mass term (2006):
Invariant
under

Symmetry breaking
The corresponding neutrino mass matrix reads

- reflection
Its structure will be further constrained by the
- permutation or reflection symmetry.

- permutation

The Friedberg-Lee ansatz (2)
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Consequently, the neutrino mixing matrix takes the following form:

Case A: all the parameters are real:

If b = c, one recovers the - permutation symmetry limit:
Case B: b = c* (complex), and the other parameters are real:

In this case we’ll reach the - reflection symmetry limit:

Vacuum
The scale of flavor symmetry?
Planck scale

 ~ 1019 GeV

GUT scale?

 ~ 1016 GeV
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Seesaw scale?  ~ 1012 GeV

TeV / SUSY?

 ~ 103 GeV

Fermi scale

 ~ 102 GeV If the - flavor symmetry is realized at

QCD scale

Origin of neutrino masses:

a superhigh energy scale, it may simply
be broken at the electroweak scale due
to renormalization-group running effect
2
 ~ 10 MeV on the neutrino masses & flavor mixing
parameters.

Numerical illustration (1)
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Majorana neutrinos: in the case of - reflection symmetry

IH

NH

favored

defining 3 - asymmetries

Numerical illustration (2)
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defining 3 -
asymmetries:

Inverted
hierarchy
 23  45

Preliminary observations: Soft -
reflection symmetry breaking can
link the octant of  23 to the  mass
hierarchy (S. Luo, Z.Z.X. 2014).

Normal
hierarchy
 23  45

Phenomenology (1)
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Matter effects: the behavior of neutrino oscillations is modified due to
the coherent forward scattering induced by the weak charged-current
interactions. The effective Hamiltonian for neutrino propagation:

in matter

in vacuum

correction

Sum rules between matter and vacuum:
disappear
when , 
= , 

A proper phase convention leads us to

.

Namely, matter effects (a constant profile) respect the - symmetry.

Phenomenology (2)
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Ultrahigh-energy cosmic neutrinos from distant astrophysical sources
CMB

Light absorbed
Neutrino (1e: 2: 0)

source

Proton scattered
by magnetic field

(1e:1:1)

telescope

A conventional UHE cosmic neutrino source (p + p or p +  collisions)
Halzen’s lecture

Summary
Z.Z.X., Z.H. Zhao (1512.04207)

—— A review of mu-tau flavor
symmetry in neutrino physics
Report on Progress in Physics
in printing, with ~ 350 references.

C.S. Wu: It is easy to do the right
thing once you have the right ideas.
I.I. Rabi: Physics needs new ideas.
But to have a new idea is a very
difficult task…. (Berezhiani’s talk)
L.C. Pauling: The best way to have
a good idea is to have a lot of ideas.
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Standard Flavors + Massive Neutrinos in a Pizza
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