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Structure of the Standard Model

• Gauge group -

• Matter representation

• Spontaneous symmetry breaking -

for SSB a negative dim 2 term is required in the Higgs potentialfor SSB, a negative dim-2 term is required in the Higgs potential. 

The most renormalizable Lagrangian• The most renormalizable Lagrangian

  SM     Hi   Yukawag ggge sau ( , ) ( , ) ( , )a i a iA A     L L L L
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Structure of the Standard Model
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 Natural

 Experimentally tested with high accuracy

 stable with respect to quantum correctionsp q

 Highly symmetric: SU(3)cμSU(2)LμU(1)Y local symmetry
+ global flavour symmetry

 3 identical replica of the basic fermion family ï huge flavour-degeneracy
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Structure of the Standard Model

  SM     Hi   Yukawag ggge sau ( , ) ( , ) ( , )a i a iA A     L L L L

Yukawa ( , ) h.c.e i j d i j u i j
i ij ij ijy L E y Q D y Q U       L Yukawa ( )i ij ij ijy y Q y Q    

 Ad hoc

 necessary to describe data

 origin of the flavour structure of the modelg

 flavour degeneracy is broken
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Parameters in the (B)SM

 3 gauge couplings: , ,F sG 

 2 Higgs parameters: 2 , 

 6 quark masses: , , , , ,d b tm m m m m m

Flavour parameters

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

 3 quark mixing angles + 1 phase: , , ,A  

 3 charged lepton masses: , ,em m m 

 3 neutrino masses 

 3 lepton mixing angles + 1 phase + 2 Majorana phases BSM3 lepton mixing angles + 1 phase + 2 Majorana phases
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+ strong CP



What is Flavour Physics?

 Flavours = Several copies of the same gauge quantum charges

f quarks and leptons come in three flavours in the Standard Model.

 Flavour physics = Interactions that distinguish among flavours

 Flavour parameters = 

 Flavour changing processes: Flavour changing processes:

 Flavour changing neutral current (FCNC):

 Flavour factories: Belle, BaBaR, MEG, LHCb, CDF, D0, …
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Aspects of Flavour Physics

 Families / generations

 3 pairs of quarks       (are we sure?)

 3 pairs of leptons      (are we sure?)3 pairs of leptons      (are we sure?)

 Hierarchies

 Mixing & couplings

 hierarchy in quark mixings
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 what about lepton mixings?



Why is (future) Flavour Physics interesting?

 Source of CP violation (CPV) in the SM: 

 but SM CPV cannot explain the baryon asymmetry of our universe but SM CPV cannot explain the baryon asymmetry of our universe

 Flavour physics is sensitive to new physics at

 FCNC suppressed within the SM by

 Flavour puzzle in the SM

Wh th Fl t ll d hi hi l? Why are the Flavour parameters small and hierarchical?

 Flavour puzzle in New Physics

9
 If there is NP at the TeV scale, why are FCNC so small?



A brief history of Flavour Physics
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A brief history of Flavour Physics
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A brief history of Flavour Physics
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A brief history of Flavour Physics
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A brief history of Flavour Physics

14



Parity Violation

 0 

 spin of Q and t is known to be s=0

 spin parity of p PC 0( ) 0J  P ( ) 0J   

 the orbital angular momentum of pp, 
0 2P( ) ( 1) 1l     

0l 

       : the orbital angular momentum of l 

: the orbital angular momentum of  and ( )L  
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 0,  which means l L   l L J
3P( ) ( 1) 1l L         



Parity Violation

 Lee and Yang investigated past experiments and found that there was 
ample evidence of parity conservation in the strong and 
l i i i b id i h k i ielectromagnetic interactions but no evidence in the weak interaction.

 Wu et al. (1956): direct observation of parity violation
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A brief history of Flavour Physics
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A brief history of Flavour Physics

18



A brief history of Flavour Physics
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A brief history of Flavour Physics
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A brief history of Flavour Physics
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A brief history of Flavour Physics
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A brief history of Flavour Physics
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A brief history of Flavour Physics
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Charm Quark

 November revolution (1974)

 observation of a narrow resonance at a mass of 3.1 GeV

 narrow  width → long lifetime → cannot be an excited state of u,d,s
 a bound state of  cc

(2 ) /S J   
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Bottom Quark

 Lederman et al. (1997): p+Cu→ m+m-+X

 observation of an excess of m+m- pairs at 9.4-10.4 GeV

 resolved into three resonances, interpreted as bound states of bb

cc

 1980: U(4S) discovered in e+e- collisions by CLEO experiment at Cornell

 first observation of B0 and B± mesons by CLEO in 1983
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MixingB B

 Argus experiment at DESY(1987)
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A brief history of Flavour Physics

CP violation in B decays
Nobel prize

Direct CP violation in K decays 
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Cabibbo Angle

 Observed different strength of weak interaction in different processes

 about 4% smaller in neutron decay                 than in 
muon decay 

 a factor of 20 smaller in decays of strange particles

e.g. 

 Cabibbo: weak interaction couples to linear combination (1963)

d’ = weak eigenstate d, s = mass eigenstates

 the suppressions can be understood in today’s language

29 GF: the strength of the universal four-Fermi interactions.



Flavour changing neutral current (FCNC)

 Flavour change neutral currents observed to be strongly suppressed.

 FCNC amplitude should be sizable if weak interaction couples to u and d’.

uu d d 
2 2cos sin

 ( )co s sin
c c

c cd

uu dd

ds

s

s

s 

 



 


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GIM mechanism

 Cancellation of FCNC at the tree level

uu cc d d s s      2 2( )cos ( )sinuu cc dd ss dd ss     uu cc d d s s   ( )cos ( )sin
( )cos sin ( )sin cos

c c

c c c c

uu cc dd ss dd ss
ds ds ds ds

uu cc dd ss

 

   

    

   

  
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uu cc dd ss   



GIM mechanism

 Why does FCNC decay exist?  And why is it much smaller?

 due to the higher order charged current process
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GIM mechanism

 Why does FCNC decay exist?  And why is it much smaller?

 due to the higher order charged current process

opposite signs          exact cancellation if degenerate 
quark masses    
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 mass difference induces ~ 1.5 GeVcm



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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CKM matrix

 Introduction of the third family (before the discovery of charm quark)

weak eigenstates mass eigenstates

 generalization of Cabibbo rotation ~ GIM extended

 VCKM = a 3μ3 unitary matrix
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Origin of the CKM matrix

 SU(2) invariant Yukawa interactions

 Terms with j≠k appear because there is no reason to forbid them.

 After symmetry breaking 0 , 0
2

v  

 Mjk and M’jk are not diagonal in general.

Need to diagonali e them and e press the Lagrangian in terms of Need to diagonalize them and express the Lagrangian in terms of 
the mass eigenstates to describe physical processes.

36



Origin of the CKM matrix

 Any NμN matrix can be diagonalized using two unitary matrices.

 All masses can become real.

 The fermion mass Lagrangian is given by The fermion mass Lagrangian is given by

with the unitary transformation
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 Free Lagrangian and NC Lagrangian do not change under the 
unitary transformation.



Origin of the CKM matrix

 The charged current Lagrangian changes its form

 † ~ the Cabibbo-Kobayashi-Maskawa (CKM) matrixL LV A B L L

 CP invariance requires that the CKM matrix be real.

 Mixing of down-type quarks ~ a (historical) convention
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 Mixing of down-type quarks ~ a (historical) convention.



Why three generations?

 How may generation is required for CP violation? 

 A NμN matrix has 2N2 parametersp

 Unitary condition removes N2 degree of freedoms.

21 0 ( 2 )V V V V N C N    2
21,  0 ( 2 )ij ji ij jk N

j j
V V V V N C N    

 (2N2-N2)=N2 d.o.f. can be divided into

2
( 1) ( 1)angles and  phases

2 2N
N N N NC  



 Each quark field can change their phase.

ji
j j jq q e q 

qR should have an opposite 
phase to qL to make the 

mass term invariant.

but, one of them corresponds to an overall phase. (V does not change)
This remove (2N-1) degree of freedoms.  i

j j jq q e q 
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 N(N-1)/2 angles + (N-1)(N-2)/2 phases

 CP violation requires at least N>3.



Homework

1. Show that there is no CP violation for N=3 if any two of the quarks are 
mass degenerate.

2. Explain why there is no CKM-like matrix in the lepton sector of the SM.
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Parametrization of the CKM matrix

 Original KM matrix

 Standard CKM matrix
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Wolfenstein parametrization

 Also in experiments,

 VCKM in Nature is hierarchical q13áq23áq12á1.

Also in experiments, 

Cabibbo rotation

 definedefine
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Wolfenstein parametrization

 Also in experiments,

 VCKM in Nature is hierarchical q13áq23áq12á1.

Also in experiments, 

Cabibbo rotation

 definedefine

 ub tdV VOnly and 
l
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are complex



Wolfenstein parametrization
 higher orders in l
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Hierarchy in Unitary relations
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Hierarchy in Unitary relations
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Hierarchy in Unitary relations
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The CKM triangle !



Determination of CKM matrix elements
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Determination of CKM matrix elements
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Determination of CKM matrix elements
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The Unitarity Triangle
* * *V V 

*

*arg td tb

ud ub

V V
V V


 

  
 

* *

* *1 0ud ub td tb

cd cb cd cb

V V V V
V V V V

   *arg cd cb

td tb

V V
V V


 

  
 

*

*arg ud ubV V
V V


 

  
 cd cbV V 
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Unitarity Triangle analysis in the SM
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Unitarity Triangle analysis in the SM
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The Unitarity Triangle

i i i li h h k li d hUnitarity implies that the weak couplings and phases 
form a triangle in the complex plane.

Big Questions:Big Questions: 

Are determinations of angles consistent with determi
nations of the sides of the triangle (CP conserving vsnations of the sides of the triangle (CP conserving vs
CP violating) ?

A l d t i ti f l d t dAre angle determinations from loop and tree decays 
consistent ? 
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The Unitarity Triangle : Tree vs Loop
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The Unitarity Triangle : Tree vs Loop
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The Unitarity Triangle : CP vs CP

Unitarity triangle
from

“CP conserving observables”CP conserving observables

Unitarity triangle
from

“CP violating observables”
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Unitarity Triangles
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The Unitarity Triangle: 2001 vs 2014

Summer 2011 Winter 2014

59well with the CKM picture at O(10%) level



Cabibbo-Kobayashi-Maskawa (CKM) 

 The quark sector in the SM is well described by Cabibbo-Kobayashi-
Maskawa (CKM) picture. 

 The CKM description turns to be very successful The CKM description turns to be very successful.
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Cabibbo-Kobayashi-Maskawa (CKM) 

 The quark sector in the SM is well described by Cabibbo-Kobayashi-
Maskawa (CKM) picture. 

 The CKM description turns to be very successful The CKM description turns to be very successful.

 But, it is just a DESCRIPTION.

 There should be something behind.

 Flavour physics beyond the SM….
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