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Line SymmetryLine Symmetryy yy y
 Shape has line symmetry when one half

f it i  th  i  i  f th  th  h lfof it is the mirror image of the other half.

 Symmetry exists all around us and many 
people see it as being a thing of beauty
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people see it as being a thing of beauty.



Is a butterfly symmetrical?Is a butterfly symmetrical?
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Line Symmetry exists in nature Line Symmetry exists in nature 
but you may not have noticedbut you may not have noticedbut you may not have noticed.but you may not have noticed.
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At theAt the beach there are a beach there are a 
variety of shells with line variety of shells with line 

symmetry  symmetry  symmetry. symmetry. 
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Under the sea there are also Under the sea there are also Under the sea there are also Under the sea there are also 
many symmetrical objects such many symmetrical objects such 

 th  b   th  b  as these crabs as these crabs 

and this starfish. and this starfish. 
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Animals that have Line Animals that have Line 
SymmetrySymmetry

Here are a few more great examples of mirror 
i  i  th  i l ki d

11

image in the animal kingdom.



THESE MASKS HAVE THESE MASKS HAVE 
SYMMETRYSYMMETRY

These masks have a line of 
t f th f h d t thsymmetry from the forehead to the 

chin.
The human face also has a line of 

symmetry in the same place.
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H S tH S tHuman SymmetryHuman Symmetry

The 'Proportions of Man' 
is a famous work of art byis a famous work of art by 

Leonardo da Vinci that 
shows the symmetry ofshows the symmetry of 

the human form.
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REFLECTION IN WATERREFLECTION IN WATER

If  bj t i  fl t d i  If an object is reflected in 
water it is considered to 

have line symmetry along have line symmetry along 
the waterline.
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The Taj MahalThe Taj Mahal

Symmetry exists in architecture all around the 
world The best known example of this is the Taj 
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world. The best known example of this is the Taj 
Mahal.



This photograph shows 2 lines of symmetry. One 
vertical, the other along the waterline.g

(N ti  h  th   t  ll d i t   fl t d i  th  t  d (Notice how the prayer towers, called minarets, are reflected in the water and 
side to side).
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22D Shapes and SymmetryD Shapes and Symmetry

After investigating the following g g g
shapes by cutting and folding, we 

found: 
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 il t l t i l  h  3 i t l l  an equilateral triangle has 3 internal angles 
and 3 lines of symmetry.
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a square has 4 internal angles and 4 lines of 
tsymmetry.
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a regular pentagon has 5 internal angles 
and 5 lines of symmetry.and 5 lines of symmetry.
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a regular hexagon has 6 internal angles and 6 g g g
lines of symmetry . 
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a regular octagon has 8 internal angles and 
8 lines of symmetry8 lines of symmetry.
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Symmetries and Conservation Law

Symmetry Conservation

Translation in time Energy

Translation in space Momentum

Rotation Angular momentum

Gauge transformation ChargeGauge transformation Charge

Noether’s Theorem:Noether s Theorem:
Symmetries  <-> Conservation
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Symmetry in PhysicsSymmetry in Physics
 Symmetry is the most crucial Examples of SymmetryExamples of Symmetry Symmetry is the most crucial 

concepts in Physics.
 Symmetry principles dictate the 

basic laws of Physics, and define the 

Examples of Symmetry Examples of Symmetry 
OperationsOperations

Translation in Spacey ,
fundamental forces of Nature.

 Symmetries are closely linked to the 
i l d i f h

Translation in Time
Rotation in Space
Lorentz Transformation

particular dynamics of the system:
 E.g., strong and EM interactions 

conserve C, P, and T. But, weak 
interactions violate all of them.

Lorentz Transformation
Reflection of Space (P)
Charge Conjugation (C)
Reversal of Time (T)interactions violate all of them.

 Different kinds of symmetries:
 Continuous or Discrete

Reversal of Time (T)
Interchange of Identical
Particles

 Continuous or Discrete
 Global or Local
 Dynamical
 Internal

Change of Q.M. Phase 
Gauge TransformationsWe focus on this

24
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Conserved Quantities and SymmetriesConserved Quantities and Symmetries
Every conservation law corresponds to an invariance of theEvery conservation law corresponds to an invariance of the 
Hamiltonian (or Lagrangian) of the system under some transformation.
We call these invariances symmetries.We call these invariances symmetries.

There are 2 types of transformations: continuous and discontinuous
Continuous give additive conservation laws

+d  +d x  x+dx  or  +d 
examples of conserved quantities: 

electric charge
momentum
baryon # 

Discontinuous  give multiplicative conservation lawsg p
parity transformation: x, y, z  (-x), (-y), (-z)
charge conjugation (particleantiparticle): e-  e+

examples of conserved quantities:examples of conserved quantities: 
parity (in strong and EM)
charge conjugation (in strong and EM)
parity and charge conjugation (strong EM almost always in weak)
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parity and charge conjugation (strong, EM, almost always in weak)



카이럴카이럴 대칭성대칭성카이럴카이럴 대칭성대칭성
카이럴 대칭성 => 입자의 진행 방향에 대하여 스핀이 오른쪽 회전 (+1)

스핀이 왼쪽 회전 (-1)스핀이 왼쪽 회전 ( 1)

질량이 없는 광자만 카이럴 대칭성을 가진다.
=> “카이럴 대칭성” 파괴는 질량을 가진다
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=> 카이럴 대칭성  파괴는 질량을 가진다.

Nanbu 노벨상2008



We are all the children of Broken symmetry

Just tiny deviation from perfect symmetry seems to have 
been enough

quark  anti quark  quark  anti quarkquark  anti quark  quark  anti quark
……  decay

Time
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Group <= The set of all symmetry operations

• A group is a set of elements plus a composition rule (a, b, 
c, I ,..  G) such that 
1 C bi i t l t d th l ( ) i th f th1. Combining two elements under the rule() gives another of the 

elements 
a, b  G, => a b  G

2. There is an identify element I so that for arbitrary a in the group 
elements 

a  I = I  a = a
3. For arbitrary a, there exists unique inverse a-1  with 

a  a-1 = a-1  a = I
4 Th iti l i i ti4. The composition rule is associative

a  (b  c) = (a  b)  c 
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Lorentz Transformation
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Unitary Group U(1)
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SU(n) group

• Special det|U| =1

• Unitary U+ U=1

The # of independent elements• The # of independent elements

complex Unitarity Upper/lower

=2n2-1 –n – 2*(n2-n)/2

diagonal
Off-

diagonal

= n2-1= n 1  
ex) SU(2) => 22-1=3  
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Cabibbo Angle

sincos'  dd 
 

cossin
sincos

' 



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
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


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








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


s
d

s
d cc




cossin  ss cc 
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V b

• CKM Matrix

Vub
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The CKM MatrixThe CKM Matrix

V V V ud us ubV V V 
 

cd cs cC bKM= V V VV  
 
 

td ts tbV V V
 
 
 

Unitary with 9*2 numbers  4 independent parametersU y p p

Many ways to write down matrix in terms of these  parameters
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Heavy Flavor PhysicsHeavy Flavor Physics

Foundation New Physics

• 정밀측정으로 표준모형의 검증 => 새로운 물리 현상

y
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 2.3 Lorentz transformation, symmetry?

- Introduce a new variable called rapidity      , and 
represent the boosting velocity as follows :


v crepresent the boosting velocity            as follows :

t a n hv
c

  

v c

2 2

1 1 c o s h
1 s e c

c

h
 

 
  



- cosh 0 0 sinh  
 0 1 0 0

( )
0 0 1 0

u
v 

 
    
 0 0 1 0
sinh 0 0 cosh 
 
 
 
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 Reference
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 Lorentz transformation, symmetry?

- is Lie group( )

1. Closure : two succesive Lorentz transformations 
result in a new Lorentz transformationresult in a new Lorentz transformation

2 1 1 2 2 2
T T Tg g g       

2. Associativity : clearly
(composition law of matrix multiplication)

1 2 3 1 2 3( ) ( )      
(composition law of matrix multiplication) 

3 Identity : (0) I 3. Identity :  (0) I 
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 Lorentz transformation, symmetry?

4. Inverse : 1( ) ( )    

5. Continuous : Has continuous group elements    
represented by a continuous variable represented by a continuous variable

- General form of transformation of space and time



- General form of transformation of space and time

'u u v u
vx x a  

Lorentz transformation                                         space and time translation
+ rotation 

v

=> => PoincarePoincare group, Igroup, ISLSL(2,C(2,C))
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 Operation involved in the Poincare group

- 10 operations of transformation, 

3 boosts            3 boost momenta, 
3 rotations            3 angular momenta, 

K


J


g
3 space translations            3 linear momenta,  
1 time translation           1 energy,  E

P


gy

- Conjugate to the transformation parameter, 

,ConjugateK v

J






  

 
J

P x




 
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 Poincare group

- represent the space and time by 2X2 matrix  X
0 3 1 2x x x ix 
1 2 0 3

u
u

x x x ix
X x

x ix x x


  
     

where 
1 0 0 1 0 1 0i       

0 1 0 0

1 0 0 1 0 1 0
, , ,

0 1 1 0 0 0 1
i

i
   

       
                 2 3

-
1 ( )u T X( )
2

u
ux Tr X
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 Poincare group (cont’d)

- 2X2 matrix representation of the Lorentz transformation
and the rotation given by  g y

( , ) exp( ( ) )
2
i i          

    

- Then the elements of the poincare group are ordered

2

p g p
pair of 2X2 matrices given by             and
where,                       

( , )a ( , )a
det 1 ,

† 0
0

det 1
1 ( ) 1Tr



   0

†

( )
2
a a
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 Poincare group (cont’d)

- Also, the second rank tensor of the Lorentz transformation
and the rotaion is given by 1g y

†1 ( )
2

u
v u uTr     

- four-vector       is given by               ua 1 ( )
2

u
ua Tr a

- Then, the ISL(2,C) transformation of the space-time
space is given by

2

†p g y †'X X a   

, there are 10 parameters of the transformation given
by   , , ua 

 
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 Poincare group (cont’d)

- Homogeneous part of poincare group is called the
‘proper orthochronous Lorentz group’proper orthochronous Lorentz group

- Other possible conditions of such asOther possible conditions of      such as 
0
0det 1, 1     Parity (P)
0
0
0

det 1, 1     Time reversal (T)
0
0det 1, 1     Charge  conjugation (C)
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 Infinitesimal generators of the Poincare group

- Unitary representation of ISL(2,C) given by

( )( ( , ), )
u

ui J K P aU a e          
   

- Then, the infinitesimal generators are given by
j 

0
( , ) u

j
j a

j

K i U a
    


 




 

0
( , ) u

j
j a

J i U a
    


 




 

0
( , ) u

u uv
v a

P ig U a
a    


 


 

A 10 t th 45 t ti l tiA 10 t th 45 t ti l ti
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 Infinitesimal generators of the Poincare group, cont’d

- 45 commutation among 10 generators
[ ]i k jkl lJ J i J[ , ]
[ , ]

j

i k jkl l

J J i J
K K i J





 

 

[ , ]
[ , ] 0

j k jkl l

u v

J K i K
P P




jkl

0

0

[ , ]
[ , ]
[ ] 0

j j

j

K P iP
J P

 


Levi Civita
Symbol


0

0

[ , ] 0
[ , ]

j

k j
jk

J P
K P i P



 

Symbol

[ , ]j k jkl lJ P i P
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Thank you.
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