
Flavor Physics IFlavor Physics I

Chaehyun YuChaehyun Yu 

1
Aug 7 2017, IBS, Korea



O tliOutline

• Flavor Physics and the Standard ModelFlavor Physics  and the Standard Model

- a short history of flavor physics

th St d d M d l

• Discrete Symmetry and CKM matrix

- the Standard Model

y y

• Renormalization and muon g-2

• RG and Effective Field Theory

CP Vi l i d BSM Fl Ph i• CP Violation and BSM Flavor Physics

2



References
• Cheng and Li, Gauge theory of elementary particle physics (1982)

• Ho Kim, Elementary Particles and Their Interactions (2004), y ( )

• Peskin and Schroeder, Introduction to Quantum Field Theory (1995)

• Thomas Mannel, Effective Field Theories in Flavour Physics (2004)

• J Romao Modern Techniques for One Loop Calculations (2006)• J. Romao, Modern Techniques for One-Loop Calculations (2006)

• A. Buras, Weak Hamiltonican, CP Violation and Rare Decays, hep-ph/
98064719806471

• M. Knecht, The anomalous magnetic moment of the muon: a theoret
ical introduction hep ph/0307239ical introduction, hep-ph/0307239

• K.S. Babu, TASI Lectures on Flavor Physics, arXiv:0910.2948

3

• S.J. Lee and H. Serodio, A Short Guide to Flavour Physics and CP Viol
ation, arXiv:1504.07549



1

Flavor originates from Gell-Mann

Murray Gell-Mann
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Why is flavor physics so important?

 Unique source for CP violation in the SM

 Flavor-changing neutral current (FCNC) is forbidden at the tree level 
in the SM (GIM mechanism)

- but, not enough for explaining the baryon asymmetry of the Universe  

 Flavor physics is sensitive to new physics. For example, consider eµ γ→

µ e

W

γ

Lν

The lepton flavor violation generated by massive neutrinos

22
*

2

22
* 543

2
1,2

3 10Br( )
32 3

3                   ~ 10
32

i
ei i

i W

i
ei i

i W

me U U
M

mU U
M

µ

µ

αµ γ
π

α
π

−

=

 
→ ≈ − + 

 

∆
=

∑

∑

=0 by GIM * 0ei i
i

U Uµ =∑



4

Beginning of flavor physics

 The beginning of flavor physics: the discovery of nuclear  decay by 
Becquerel and Rutherford in the late 19th century

 a mystery: the  ray has a continuous energy spectrum (Chadwick,1914)

 the violation of energy conservation? (by Ellis and Wooster in 1927) 


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Pauli’s postulation

 Pauli postulated a particle that escaped observation to save energy 
conservation ~ neutrino, the interaction of which had to be so weak 
that it did not leave any trace in experiments at that time
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Fermi theory

 Pauli postulated a particle that escaped observation to save energy 
conservation ~ neutrino, the interaction of which had to be so weak 
that it did not leave any trace in experiments at that time
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Fermi theory

 Pauli postulated a particle that escaped observation to save energy 
conservation ~ neutrino, the interaction of which had to be so weak 
that it did not leave any trace in experiments at that time

 Fermi theory for the  decay (1933)
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Fermi theory

 Pauli postulated a particle that escaped observation to save energy 
conservation ~ neutrino, the interaction of which had to be so weak 
that it did not leave any trace in experiments at that time

 Fermi theory for the  decay (1933)

 With more precise data Gamov suggested the generalization of Fermi 
theory (1936)

 Parity and Charge conjugation hold separately



 the orbital angular momentum of , 
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 puzzle

  and  decay to final states with different parities, assuming an s-
wave decay, but it turned out that they have the same mass and lifetime 

 spin of  and  is known to be s=0

 spin parity of : PC 0( ) 0J π −+=P ( ) 0J π ± −=

0 2P( ) ( 1) ( 1) 1lπ π+ = − − = +

0l =

τ π π π+ + −→

: the orbital angular momentum of l ππ

: the orbital angular momentum of  and ( )L π ππ

 0,  which means l L+ = = =l L J
3P( ) ( 1) ( 1) 1l Lπ π π+ + − += − − = −

0π π+Θ→
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Parity violation

 C.N. Yang and T.D. Lee (1956) suggested that  and  are identical (K+) 
and weak interactions violate parity

 Soon after the idea, parity violation was experimentally verified by Wu 
et al. (1956) and Garwin et al. (1957)

best fit implies

Neither proton nor neutron 
is an elementary particle
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Parity violation

 C.N. Yang and T.D. Lee (1956) suggested that  and  are identical (K+) 
and weak interactions violate parity

 After implementing parity violation, pion, muon, and neutron decays 
are basically descried by (V-A) current  (V-A) current with the same 
coupling and universality in the weak interactions is recovered

best fit implies

Neither proton nor neutron 
is an elementary particle
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Strangeness

 In the 1950’s, “strangely behaved” particles discovered, starting with 
the kaons and other strange particles

 large production cross sections which is typical for strong interaction

 long lifetimes of order 10-10s which is typical for weak decays 

 always produced in pairs

 Gell-Mann and Nishijima (1954) suggested new quantum number S 
(strangeness), which is conserved in the production (strong interaction) and 
not conserved in the decay (weak interaction)

 Universality of weak interaction implies that all couplings in weak 
interactions must be identical, but 

Strangeness-conserving Strangeness-changing

( )π µνΓ →


contradicts the concept of 
universality of weak interactions

0( )K π π+ +Γ →

0

( ) ~ 20
( )K
π µν

π π+ +

Γ →
Γ →



2 2

0 2

( ) sin cos~ ~ (1)
( ) sin

K O
K e

π νν
π ν

+ +

+ +

Γ → Θ Θ
Γ → Θ
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Cabibbo angle

 Cabibbo(1964): The total hadronic V-A current should have “unit length”

Cabibbo angle
sin0.22strangeness-conserving strangeness-changing

2

2

cos ~ 20
sin

Θ
Θ

 Weak interactions becomes universal again with the rotation

 a neutral current with the Cabibbo angle

 a S=1 case
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GIM mechanism

 In experiments it is found that the interaction in the flavor-changing 
neutral current (FCNC) is strongly suppressed

 this problem was resolved by the GIM (Glashow, Ilipoulos, Maiani, 1970)

 introduce a new quark (charm) which couples to the “orhtogonal” 
combination 

same as the rotation of down-type 
quark by an orthognal matrix

neutral

[ cos sin ] [ cos sin ]
[ cos sin ] [ cos sin ]

H uMu cMc

d s M d s
s d M s

uMu cMc dM d s
d

M s

= +

′+

′ ′= + +

Θ+ Θ Θ+ Θ

+

′+ Θ− Θ Θ− Θ

 The tree-level FCNC is forbidden
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FCNC

 FCNC is non-zero

 Why is FCNC so small?

opposite signs          

exact cancellation for 
degenerate quark masses    

“GIM suppression”
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November revolution

 The mass difference of KL and KS predicts the mass of the charm 
quark (Gaillard and Lee, 1974)

 in November 1974 the discovery of 

(2 ) /S Jψ ψπ π+ −→

/J ψ
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CP violation 

 After the discovery of parity violation, it was believed that CP still 
seems to be a good discrete symmetry of weak interactions, but ...

 Cronin and Fitch discovered CP-violating decays of neutral kaons (1964)

0 0

1 ( ) ~
2 S

K KK CP K+
= = +

0 0

2 ( 1) ~
2 L

K KK CP K−
= = −

0 ( 1)K ds S= = + 0 ( 1)K sd S= = −

CP eigenstates

( )CPππ⇒ = + ( )CPπππ⇒ = −

Fitch(2008)
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After the original CP violation paper

 Wu and Yang: a phenominological analysis on the basis of CP violation 

 Truong: the effect might be completely in the I=3/2 decay amplitude

 Wolfenstein: propose a new S=2 superweak interaction (excluded by 
the discovery of direct CP violation called ’ in 1999)

 Bell, Perring, Bernstein, Cabibbo, Lee: proposed a new particle, a 
hyperphoton

 Sakharov showed that CP violation combined with baryon non-
conservation and nonequilibrium dynamics could account for the matter-
antimatter asymmetry in the Universe

Fitch(2008)
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Kobayashi-Maskawa mechanism

 CP violation can be generated by complex phase in quark-mixing if 
three quark doublets exist (Kobayashi, Maskawa, 1972)
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The discovery of third generation

 The tau lepton was discovered at the SLAC by Perl et al. (1975) 

 The discovery of the b quark at the Fermilab (1977): p+Cu→ +-+X

 The top quark was discovered at the Tevatron (1990’s)

 The tau neutrino discovery at the DONUT in the Fermilab (2000)
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+ Higgs boson, 2012, CERN, Switzerland
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To the Standard Model

 The Standard Model must include

 The QED and QCD preserve the flavor symmetry 

 The flavor symmetry can be broken by weak interactions

 The SM should respect the GIM mechanism

 At least three generations are required for CP violation
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Matter-antimatter asymmetry

 Most of photons in the Universe are 
CMB photons (~98%)

from galaxies active galactic 
nuclii (quasar, etc)

3 3

3unit phase space ~ 
(2 )
d xd p
π



2

Baryogenesis



3

Sakharov conditions
 The three necessary Sakharov 
conditions to explain matter-antimatter 
asymmetry of the universe

 B violation
 C and CP violation
 Out of thermal equilibrium

 The conservation of baryon number should be violated: obvious

 If C or CP conserved, we get

 Under CPT transformation,

In thermal equilibrium
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Sakharov conditions
 The three necessary Sakharov 
conditions to explain matter-antimatter 
asymmetry of the universe

 B violation
 C and CP violation
 Out of thermal equilibrium

 In the early days of big bang cosmology, the baryon asymmetry was 
considered to be an initial condition, but any baryon asymmetry would 
be diluted to a negligible during inflation
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Baryogenesis in the SM
 The SM satisfies all the three conditions

 B: violated by the anomaly  very small, but can be large at 
finite T (sphaleron)
 C: maximally violated, CP: violated by a complex phase in the CKM 
matrix
 Out of thermal equilibrium: electroweak phase transition

 But the CP violation in the SM is too small

 The strong first order phase transition needed to explain the current 
baryon asymmetry required Higgs mass < 40 GeV

 We need new physics for baryogenesis
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Standard Model
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Abelian gauge theory

 Consider the Lagrangian for a free-electron field (x)

Lorentz scalar
The Euler-Lagrange equation yields the Dirac equation

 Cleary it has a global U(1) symmetry (invariant under a phase change)

 turn global symmetry into a local symmetry by replacing  by (x)

The gauge invariance is spoiled
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Abelian gauge theory

 A gauge-covariant derivative D with a gauge field A(x)

e is a free parameter

 A gauge-invariant kinetic term of A(x)

 The gauge-invariant QED Lagrangian

 The photon is massless

 Renormlizability is imposed

The antisymmetric tensor is related 
to the covariant derivative

The electromagnetic 
field tensor

not derivative
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Lagrangian (density)

 Lorentz invariance (special relativity)

SM: SU(3)CSU(2)LU(1)Y

 invariant under local gauge symmetry (remove redundancy)

 renormalizability: restricts Lorentz invariant form up to dimension four

 must be anomaly-free

 Gauge symmetry may be broken spontaneously

 Accidental global symmetry may remain after symmetry breaking
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Non-Abelian gauge theory (SU(2))

 The fermion field is an isospin doublet (simplest case)

The Pauli matrices

The SU(2) transformation parameters

 The free Lagrangian is invariant under the global SU(2) (: space-time indep.)

 Under the local symmetry transformation

The gauge invariance is spoiled
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Non-Abelian gauge theory (SU(2))

 introduce the covariant derivative D with the vector gauge fields A
i(x)

 For an infinitesimal change (x)1,
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Non-Abelian gauge theory (SU(2))

 The antisymmetric second-rank tensor of the gauge fields

 Now we can construct the SU(2) invariant Lagrangian

with infinitesimal transformation forms
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Generalization to higher groups

 G: some simple Lie group with generators satisfying the algebra

 : belong some representation with representation matrices

 The rest is straightforward

 The Lagrangian is invariant under the transformation
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Abelian vs non-Abelian

 non-Abelian contains self interactions

 The self couplings are proved at the LEP II

 In the Abelian case, no restriction in the gauge coupling. I.e. a charge 
e for one particle, while e for another particle

 In the non-Abelian case, an arbitrary coupling or rescaling of coupling 
constant is strictly forbidden. (Why?)
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Spontaneous symmetry breaking

 Local SU(2)LU(1)Y gauge invariance forbids massive gauge bosons

 Local SU(2)LU(1)Y gauge invariance forbids massive fermions

The mass term is not invariant 
under this transformation

 How to solve these problems?

Introduce a new field with a specific potential which 
keeps gauge invariance, but the vacuum is not invariant

Spontaneous breaking of local gauge symmetry

 A new scalar field is a best solution


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A simple example

 For a real scalar field  with a potential which is symmetric under  

 must be positive to have a minimum (bounded from below)





=0 is not a stable minimum

true vacuum
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A simple example

 expand  around v by +v

self interaction
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Abelian case

 Abelian U(1) gauge theory with a complex scalar 

 The Lagrangian is invariant under the local gauge transformation

 The minimum of the potential with 2<0


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Abelian case

 rewrite  in terms of two real fields 1 and 2

 choose the vacuum

 expand around the vacuum

 The covariant derivative term yields

 A acquires a mass

massless Goldstone boson

mixing term
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Higgs mechanism for Abelian case

 parametrize  in polar variables and shift the modulus field

 gauge fixing (unitary gauge)

 The Lagrangian is

For small oscillation, essentially 
same as previous parametrization

d.o.f

before

after

1 2, , ( )Aφ φ ±

, ( ,0)Bη ±

: would-be-Goldstone bosonξ

+
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Non-Abelian case

 straightforward to generalize to an SU(2) gauge theory with complex 
doublet scalar

 The minimum of the potential with 2<0

 choose the vacuum and define a new field

 yields a correct mass term for gauge bosons
( )

( ) ( )
2 2

3

0
0

1 0 0 0
0 0

0 1

i j

ij ijk k

ij ij

v
v

v v i
v v

v iv

τ τ

δ ε τ

δ ε

 
 
 
    

= +    
    

= −
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Higgs mechanism for Non-Abelian case

 parametrize the scalar doublet

 gauge fixing (unitary gauge)

d.o.f

before

after

1 2(2), (2), ( )iAµφ φ ±

, ( ,0)iBµη ±

: would-be-Goldstone bosonξ

 The Lagrangian in the unitary gauge

Mass term


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Unitary gauge

 In the unitary gauge, the Goldstone boson is gauged away and absorbed 
as the longitudinal polarization state of the vector boson

 All fictitious particles are absent

 The vector boson has gained mass and the Goldstone boson has been 
eliminated

 But it is not clear that the resultant Lagrangian is renormalizable

 A massive vector boson field, whose propagator for large momentum 
behaves as        rather than as       (characteristic of massless gauge boson) 
and does not lead to an obviously renormalizable theory        

 The unitarity is obvious, but the renormalizability is not clear

21/ AM 21/ p
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R gauge

 R gauge: not manifestly unitary, but explictly renormalizable

 Add the gauge-fixing term (in the Abelian gauge theory)

 : a positive real constant which defines the gauge

 f is chosen so as to cancel the mixing term of A and 2

(up to the total derivative)
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R gauge

 With the gauge-fixing term the Lagrangian is

 Three fields A, 1, 2 are decoupled from each other up to the mass 
terms

 1 is identified as the Higgs field (H) while 2 is the Goldstone mode

 The propagators of three fields (2,H,A) are

=1: Feynman gauge

=0: Landau gauge

=: unitary gauge

For finite , the propagator of A at 
large momentum  behaves 1/p2 like 
a massless gauge boson: 
renormalizability is manifest



 space-time dimensions
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How to build a Model

 specify gauge symmetry

 determine matter representation

 determine the pattern of SSB

6(1), ( ), ( ), ,U SU N SO N E 

 spin 1/2, 3/2

 fundamental or adjoint representation 

 Minkowski, extra dimensions, super space, …

 Dirac or Majorana

or ,…

The model might be required to 
respect

 anomaly free

 unitarity

 Lorentz symmetry

 renormalizability

 naturalness

 unification

 or a few copies of doublet  and/or singlets

write down all 
possible interactions 
allowed by symmetry



 space-time dimensions
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Standard Model

 specify gauge symmetry

 determine matter representation

 determine the pattern of SSB

(3) (2) (1)  with gauge couplings , ,C L Y sSU SU U g g g′× ×

 Minkowski spacetime with a metric 

+ 2 copies = 3 generation

1
6
2
3

1
3
1
2
1
1
2

Q

u

d

l

e

Y

Y

Y

Y

Y

Yφ

=

=

= −

= −

= −

= +

hypercharges

charges

3Q T Y= +

(1, 1, 1, 1)g µν = − − −
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Standard Model

QED(3) (2) (1)  breaks down to (3) (1)  C L Y CSU SU U SU U× × ×

The constructed model must be consistent with experiments

The Standard Model is a chiral theory
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Standard Model
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Gauge sector in the SM

 The covariant derivative for (3) (2) (1)C L YSU SU U× ×

: (3)  generators, : (2)  generators
2 2

a b
a C b LL SU T SUλ τ
= =

Gell-Mann matrices Pauli matrices

 The covariant derivatives depend on charges of fields

Higgs

left-handed quarks

right-handed 
up-type quarks

right-handed 
down-type quarks

left-handed leptons

right-handed leptons
1,2,3 : the generation indexi =

1

2

3

0 1
1 0

0
0

1 0
0 1

i
i

τ

τ

τ

 
=  
 

− 
=  
 
 

=  − 

1
6
2
3

1
3
1
2
1
1
2

Q

u

d

l

e

Y

Y

Y

Y

Y

Yφ

=

=

= −

= −

= −

= +

hypercharges

1,...,8,   1, 2,3a b= =
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Gauge sector in the SM

 The field strengths for each gauge group

 The Lagrangian for the gauge section is

, : the structure constantsabc abcf ε

  gauge

 3 gauge couplings

 Highly symmetric: SU(3)cSU(2)LU(1)Y local symmetry+global symmetries

 3 identical replica of the basic fermion family  huge flavour-degeneracy
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Gauge sector in the SM

 The field strengths for each gauge group

 The Lagrangian for the gauge section is

, : the structure constantsabc abcf ε

  gauge

 global symmetry global (3) (3) (3) (3) (3)Q U D L EG U U U U U= × × × ×

, ,

,

i ij j i ij j i ij j
L Q L R U R R D R

i ij j i ij j
L L L R E R

Q U Q U U U D U D

L U L E U E

→ → →

→ →

 The global symmetries are broken by Yukawa interactions
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Higgs potential in the SM

 The potential for the scalar doublet 

 Spontaneous symmetry breaking: 2<0 and >0

0

φ
φ

φ

+ 
=  
 

2 parameters

4 possible choices for the vacuum
0 0

r i

r i

i
i

φ φ
φ

φ φ

+ + +
=  

+ 

We choose
01

2 v
φ

 
=  

 

 The VEV breaks the SU(2)U(1) symmetry down to a U(1) subgroup 

 One linear combination T3+Y annihilates the vacuum state

 The unbroken subgroup is identified with U(1)EM and its generator Q is 
identified as

3

1 0
 for 

0 0
T Y φ

 
+ =  

 
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Vector boson mass

 The relavant Lagrangian is 

 The mass term for the vector bosons

 The Weinberg angle               denotes the rotation of (W3,B)  (Z,A)

 Four gauge bosons are defined by

3 massive bosons + 
1 massless boson

aτ
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Questions

 Why doesn’t the photon interact with the Higgs boson?

 Show that the charges of W are determined to be 1?

 What happens if + has a vacuum instead of 0?
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 parameter

 The mass relation

 The  parameter at the tree level

 The global fit in experimental observables

 The  parameter provides a stringent bound on new physics models
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Fermion gauge interactions

 Cosider the Lagrangian for a electron and neutrino

 The kinetic term

,L
L R R

L

e
e
ν

ψ ψ
 

= = 
 

0 1
0 0

0 0
1 0

τ

τ

+

−

 
=  
 
 

=  
 
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Charged and neutral currents

 The charged currents

 The neutral currents in terms of A and Z

,L
L R R

L

e
e
ν

ψ ψ
 

= = 
 

2 1
4 137

~ 0.63
~ 0.34

e

g
g

α
π

= =

′

0 1
0 0

0 0
1 0

τ

τ

+

−

 
=  
 
 

=  
 
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Yukawa sector in the SM

 The gauge invariant Yukawa interactions are given by

  gives the mass term for the down-type quarks and charged leptons

( )
0

2
2

d
d d

L R L L R L R d L R
y vy Q d y u d d d d m d dvφ

 
 = = =  
 

3 1 3(3)CSU
2 2 1(2)LSU

1
6

−
1
2

1
3

−(1)YU 0=

The color index is 
suppressed

 The up-type quarks can get their mass by 
* *0 0

†
2

0
0
i

i i
i

φ φφ τ φ
φ φ− −

   − 
= = =       −    

 ( ) 2
20

u
u u

L R L L R L R u L R

v
y vy Q u y u d u u u m u uφ

 
 = = =  
 

 One may introduce another doublet 2 with a hypercharge -1/2 for the 
mass generation of the up-type quarks (Two Higgs doublet model) 
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Yukawa sector in the SM

 Ad hoc

 necessary to describe data

 origin of the flavor structure of the model

 flavor degeneracy is broken

 The mass matrix is not flavor-diagonal

( ) ( ) ( ),  ,  
2 2 2

d u e
ij ij ij

d u eij ij ij

y v y v y v
m m m= = =

 The mass eigenstates can be obtained by the bi-unitary transformation

 In general Yukawa couplings are complex
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Parameters in the (B)SM

 3 gauge couplings: 

 2 Higgs parameters: 

, ,F sGα α

2 ,µ λ

 6 quark masses: , , , , ,d u s c b tm m m m m m

 3 quark mixing angles + 1 phase: , , ,Aλ ρ η

 3 charged lepton masses: , ,em m mµ τ

 3 neutrino masses 

 3 lepton mixing angles + 1 phase + 2 Majorana phases BSM

Flavour parameters

+ strong CP
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