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CP violation in K decay

 Two kinds of neutral K mesons and make isospin doublet with charged K

0 ( 1)K d S 0 ( 1)K d S0 ( 1)K ds S   0 ( 1)K sd S  

K us  K su 

 CP properties of neutral K mesons are CP properties of neutral K mesons are

CP 0 by convention 

CP0 0 0
CPCP iK e K K  

CP0 0 * 0CP iK e K K 

 If CP is conserved in weak interactions, CP is a good quantum number 
and CP eigenstates can be defined by

CP
CPCP K e K K  

g y

 0 0
1 / 2K K K 

 0 0
2 / 2K K K 

1 1CP K K

2 2CP K K 

 They decay to 2p or 3p, whose CP is +1 and -1, respectively.

 2

1 22 , 3K K  
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1 22 ,  3K K  



CP(pp)



P and P(2 ) ( 1) where is the reletive angular momentum of 2l l    

   P ( ) 0J   

P  and P(2 ) ( 1)  where  is the reletive angular momentum of 2l      

C operation exchange   

2 2CP( ) ( 1) 1l     

PC 0( ) 0J  

CP( ) ( 1) 1     

 0 0 
0 0CP  

0Bose statistics forces of 2 to be evenl Bose statistics forces  of 2  to be even.l 

0 0 2CP( ) ( 1) 1l     
~ 497 MeV

140 MeV
Km

m
 1 2decays into ,  but  does not.K K

 The lifetime of K1 is short (or its decay width is large) because 

~ 140 MeVm
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of mass difference between K1 and pp.



CP(ppp)


: the orbital angular momentum of l   0 3 2 2 3CP( ) ( 1) ( 1) ( 1) ( 1)l L l L          

0   

: e o b gu o e u ol  CP( ) ( 1) ( 1) ( 1) ( 1)        
0: the orbital angular momentum of  and ( )L    

because the spin of  is 0.l L K
0 3 3CP( ) ( 1) l     

 0 0 0  

 The dominant component is CP=-1.

( ) ( )

0Bose statistics forces of 2 to be evenl 

0 0 0 3 3CP( ) ( 1) ( 1) ( 1) ( 1)l L l L         

Bose statistics forces  of 2  to be even.l 

0 0 0 3 2CP( ) ( 1) 1l      
~ 497 MeV

140 MeV
Km

m
 2 decays into . K 

 The lifetime of K2 is larger than K1 because of phase space 

~ 140 MeVm
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suppression in ppp decay.



Discovery of CP violation

 Observation of K2→p+p- (Christension,Cronin,Fitch,Turlay,1964)

 produce K0 (mix of K and K ) and let them propagate in vacuum produce K0 (mix of K1 and K2) and let them propagate in vacuum 
tube long enough for K1 component to decay away → pure K2 beam

 search for CP-forbidden decay, K2→p+p-y, 2
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 find excess of 56 events        



Kaon CP-violation observables

 Observed neutral Kaons are not eigenstates of CP.

Discussion. Br(KS→2p)~0.998, but Br(KL→3p)~0.32. In the KL decays, the ( S ) , ( L ) L y ,
semileptonic decay modes are dominant. Why is the branching ratio of 
the semileptonic decay of KS quite small? 
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Kaon CP-violation observables

 1 , ,
2

1 22 0 0 0

           

          2,0 0,0
3 3

 

0 0 2 12,0 0,0
3 3

   
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Kaon CP-violation observables
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Importance of B physics

 Large mass mb

 Variety of final states to decay to Variety of final states to decay to

 determination of several CKM elements

 allows us to use expansion in 1/mb to estimate non-perturbative
effects systematically

 CPV phase in Vub CPV effects

 d f d l i Rare decays of B mesons due to loop suppression

 sensitive to New Physics

 K and D physics have relatively large theoretical uncertainties
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production mechanism
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B meson production at B factories

 We are interested in                         for B physics 

( (4 ) ) ~ 100%B S BB 

13
N.B. (5 )  is possible, but it is not the main target of  factoriess sS B B B 



How to identify B or B

tagged as B or B

identified as B or B

14

Signal side



Tagging B or B

 Charged B mesons can easily be tagged by measuring the charge of 
its decay products.

0

 Neutral B mesons

( )D d  0tagging B

0B db

( )D dc e v

B db

untagged( ) ( )ud du   

0B bd

( ) ( )

( )D cd e v  0tagging B
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Travel distance of B meson 

Th lif ti f B 1210The lifetime of B meson  12~ 10B s

O(100)~ O(100) m
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Why need asymmetric B factories?
 Many observables require measurement of time-dependent asymmetries

 But B mesons are produced almost at rest in the U(4S) rest frameBut, B mesons are produced almost at rest in the U(4S) rest frame

difficult to resolve the vertex of B decays

 U(4S) decays produce      pairs in a coherent quantum stateBB

 Bose-Einstein statistics implies flavour wave-function must be anti-symmetric

 must oscillate in phase until one of them decaysBB

 U(4S) is produced at rest at a symmetric collider( ) p y

back-to-back
cannot construct production vertex
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cannot construct production vertex



Asymmetric B factories

H di i
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Home discussion
This is a counter example of the famous EPR paradox.
Discuss the EPR paradox.



Classification of B decays
Tree decays

 semileptonicsemileptonic

~ 11% per each lepton( , , )Br e  

 color-allowed tree

~ up to a few %Br

 color-suppressed tree
nonleptonic

pp

~ 1/10 of color-allowed treeBr
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Classification of B decays
Tree decays

 Cabibbo-favored (l2)

by orders of l

Cabibbo favored (l )

 Cabibbo-suppressed (l3)pp ( )

 doubly Cabibbo-suppressed (l4)y pp ( )
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Classification of B decays
Penguin decays

 radiative

~FCNC, loop suppressed, 
sensitive to new physics

radiative

 (internal) gluonic penguin  external gluonic penguin( ) g p g g p g

 electroweak penguin  leptonicp g p
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Penguin diagram
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Realistic B decay?
 previous diagrams are not realistic. More realistic ones include 
hadronization and huge number of soft gluons.
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Effective Hamiltonian in one slide

 many scales (mb,mW,LQCD) are involved in B decays

 large logarithms appear in the calculation large logarithms appear in the calculation
22 2

2 2ln , ln ,...W WM M
 

 
 
 

 perturbative calculation might be broken because 
of the large logarithms

go to the M scale here the logarithms disappers go to the MW scale, where the logarithms disappers

 Physical process should be calculated at the mb scale 

th t d t i (OPE) use the operator product expansion (OPE)

 the large logarithms are summed up in Wilson coefficients (RGE required)

 short distance physics and h t l l t th t i l t ?
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 short distance physics and 
long distance physics are well 
seperated

 how to calculate the matrix elements? 
→Naïve Factorization,QCDF,PQCD,SCET,...



Mixing0 0B B
 Neutral meson systems: 0 0 0 0 0 0 0 0, , , s sK K D D B B B B

 flavour mixing through box diagrams → coupled systemflavour mixing through box diagrams → coupled system

 time evolution can be described by a two component Schrödinger time evolution can be described by a two-component Schrödinger 
equation with an effective Hamiltonian H

 mesons can decay → unitarity not conserved → H is not Hermitian

 decompose H into two Hermitian parts

ff di l l t f M d G d ib ti i i
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 off-diagonal elements of M and G describes meson-antimeson mixing



Mixing0 0B B
 M and G are Hermitian →                 and 

 Assume CPT conservation (i.e. meson and its antimeson have the same 
d lif i )mass and lifetime)

 diagonalize H to determine Eigenvalues and Eigenstates

, 11 22
, , 12 212 2

L H
L H L H

H HM i H H
 

   

* *
21 12 121 / 2q H M i  e
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21 12 12

12 12 12

1 / 2
1 / 2

q H M i
p H M i


  

  
e
e



Mixing0 0B B
 BH and BL have well-defined masses and decay widths

Home discussion
1. H is not Hermitian, which means that the probabilities are not 
conserved. In quantum mechanics, everything we measure is real and 
Hermitian matrices have real eigenvalues. Discuss why non Hermitiang y
Hamilatonian is allowed in quantum field theory and why this does not 
conflict with quantum mechanics.
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Mixing0 0B B
 Time evolution of initially pure flavour states

 mesons are not produced in mass eigenstates, but in pure flavour states

 They are decomposed into  a super position of mass eigenstates

or       at t=0

y p p p g

 0
0

1
2t H LB B B

p    0
0

1
2t L HB B B
q  and

 propagate according to the solution of the Schrödinger equation

 / 2 / 20
0

1( ) H H L Lim t t im t t
t H LB t B e e B e e     0( )

2t H Lp

 / 2 / 20
0

1( )
2

L L H Him t t im t t
t L HB t B e e B e e

q
   

  

 time evolution of initially pure flavour states time evolution of initially pure flavour states
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Mixing0 0B B

 mixing probabilities

 Time-dependent asymmetries

29



Mixing0 0B B
* *
12 12

12 12

/ 2
/ 2

q M i
p M i

 


 

 transition amplitude is described by Effective Hamiltonian0 0B B

 neglect CP violation for now (d=0)

ill t b h i ith oscillatory behavior with

frequency x: mass difference between two eigenstates

damping y: lifetime difference between two eigenstates

30

damping y: lifetime difference between two eigenstates



Mixing phenomenology
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Hyperbolic function
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Mixing phenomenology
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mixings sB B

 Bs oscillation is harder to be measured compared to Bd because

 the production rate of Bs is smaller than Bd by1/2~1/3

 the mixing effect is at its maximum

 the oscillation period is ~40 times shorter

 The hadron collider has the advantage

th d ti f B B i b t d the production of BsBs is more boosted

 hence longer decay length which makes observation of the time 
variation easiervariation easier

 first measurement in the Tevatron and later LHC confirmed
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 d sm m and 

project
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Flavour physics beyond the SM

v

Higgs,
Yukawa v
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Flavour physics beyond the SM
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Three types of CP violation
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Direct CP violation
 CP violation in decays if ( ) ( )A B f A B f  

• requires interference of at least two decay amplitudes with different q y p
weak phase and different strong phase, which lead to the same final state

39



Direct CP violation
 CP violation in decays

0 0 and  decay into the same final state ( , ,...)CPD D f KK 
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Direct CP violation

 at least two amplitudes with different weak phase but also strong 
phase are required.p q

0 or 0  no CP violationB   

 three unknowns: , ,B Br  

 Additional information is obtained from the Cabibbo-favored decay: 0D K  y D K 
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Sources of strong phase
 The weak phase is the phase in the Lagrangian, but what is the origin 

of the strong phase?

Bander-Silverman-Soni (BSS) mechanism

Insufficient to explain largeIt gives a small phase.

only account 
f b

Insufficient to explain large 
direct CP asymmetriesOnly source?

Important source?

Vertex correctoins in QCDF for perturbative
strong phase

Annihilation diagram in PQCD
model-dependent

g Q

42

Final state interaction (long-range interaction)



BSS mechanism
Bander-Silverman-Soni (BSS) mechanism

c.f. H→gg decay
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Indirect CP violation
 CP violation induced by mixing

New physics can enter in box 
and may have significant effects

 In experiments, one can define

Does not depend 
on time anymore
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Indirect CP violation
 Possible experiments
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CP violation in interference of mixing and decay
 For decay into a CP eigenstate f that is accessible to both     and 0B0B

0 0 0q0 0 0
0 ( ) ( )t

qB g t B g t B
p   

0 0 0
0 ( ) ( )t

pB g t B g t B
q   

0 N.B. 
/ 2( ) cos( / 2)iMt t

Bg t e e m t 
  

/ 2( ) sin( / 2)iMt t
Bg t e e i m t 

  

 time-dependent decay rate asymmetry

0 0( ( ) ) ( ( ) )B t f B t f    
0 0

( ( ) ) ( ( ) )( )
( ( ) ) ( ( ) )f
B t f B t fa t
B t f B t f

   

    

 decay amplitudes are defined byy p y

0| |fA f H B

0| |A f H B

0| |fA f H B

0| |A f H B
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0| |fA f H B | |fA f H BCP



CP violation in interference of mixing and decay
2

0 0 0

2 *

( ( ) ) ~ ( ) | | ( ) | |qB t f g t f H B g t f H B
p   

  
2

2 22 2 *                      ( ) ( ) 2 Re ( ) ( )f f f f
q qg t A g t A g t g t A A
p p   

  
        

2
0 0 0( ( ) ) ( ) | | ( ) | |pB t f t f H B t f H B 0 0 0

2 *
2 22 2 *

( ( ) ) ~ ( ) | | ( ) | |

                      ( ) ( ) 2Re ( ) ( )f f f f

pB t f g t f H B g t f H B
q

p pg t A g t A g t g t A A
q q

 

   

  

  
        q q   

  2 20( ( ) ) ~ 1 1 sin cosf f B BB t f A S m t C m t        ( ( ) ) f f B Bf

  2 20( ( ) ) ~ 1 1 sin cosf f B B
pB t f A S m t C m t
q

      

2

2

1 f
fC


 2

2 Im f
fS


 f f

f f

AAq q  
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2
1

f

f

C


2
1

f

f
f f

f fp A p A




CP violation in interference of mixing and decay
 In the SM, it is known that

2 3 0 0
12 (10 )

1 I d dO B Bq   
 

for 

 time-dependent decay rate asymmetry

12
4 0 0

12

( )
1 Im ~

(10 )
d d

s s

q
p M O B B

     


for d

0 0

0 0

( ( ) ) ( ( ) )( ) cos( ) sin( )
( ( ) ) ( ( ) )f B B
B t f B t fa t C m t S m t
B t f B t f

   
    
   

 CP is violated if

d/1 Im 0f f    and/or   

 C is called sometimes “direct CP violation”, but in this case no 
nontrivial strong phases are necessary, unlike CP violation in decays.
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Determination of CKM angles
* *

*arg td tb

ud ub

V V
V V


 

  
 

 
*V V  *

*arg cd cb

td tb

V V
V V


 

  
 

*arg ud ub

cd cb

V V
V V


 

  
 
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Useful notation for the CKM matrix

   

complex

*

*arg ud

cd c

ub

b

V
V

V
V


 

  
 

*

*arg cd cb

ttd bV
V V

V


 
  

 

*

*arg t

uu

d tb

d b

V
V
V

V


 
  

 

iV V V  

CKM

i
ud us ub

cd cs cb
i

V V V e
V V V V





 
   
 

*
ud ubV V *

td tbV V

50

i
td ts tbV e V V  

*
cd cbV V



sin 2

*

arg cd cbV V
 
 *arg cd cb

td tbV V
   

 
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0 0sin 2 : / sB J K  Golden decay 
P 0( ) 0J K 

PC ( / ) 1J J   and both     and     can decay to0CP( / ) 1sJ K   0/ sJ K0B0B

( ) 0sJ K

*V V

csV

cbV

*
csV

cbV

 time-dependent decay rate asymmetry

0 0
2

1  2Im0 0

0 0

( ( ) ) ( ( ) )( ) cos( ) sin( )
( ( ) ) ( ( ) )f B B
B t f B t fa t C m t S m t
B t f B t f

   
    
    2

1

1
f

f

f

C








2

2 Im

1
f

f

f

S







A    0

0

0 00

/
/

/

s

s

s

J K
J K

B KJ K

Aq q
p A p







              

d fi define 312

12

 ( ~ 10 )ire r
M

 


* * */ 2q M i V V    (leading order in r and t t

52

0

12 12
*

12 12

/ 2
/ 2

tb td

tb tdB

q M i V V
p M i V V

    
        

 (leading order in r and t-t 
contribution is dominant in M12)



0 0sin 2 : / sB J K  Golden decay 
P 0( ) 0J K 

PC ( / ) 1J J   and both     and     can decay to0CP( / ) 1sJ K   0/ sJ K0B0B

( ) 0sJ K

 0

0

0 00

* * *
/

* * */
/

s

s

s

J K tb td cs cb cd cs
J K

tb td cs cb cd csB KJ K

Aq q V V V V V V
p A p V V V V V V







                           

 In the SM

2 3 0 0
12

4 0 0

(10 )
1 Im ~

(10 )
d dO B Bq

p M O B B





  
     


for 
ford

In the SM,

~ 1q
p12 (10 ) s sp M O B B   for d

 Then we obtain

p

0 0
2 2

/ /s s

i i
J K J K

e e 
 

     

0 0/ /
( ) sin 2 sin

s s
BJ K J K

a t m t
 

   opposite oscillation
for CP even final states
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 this holds if tree amplitude dominates



0 0sin 2 : / sB J K  Golden decay 
 contamination from penguin amplitudes

From unitary condition
* * *

tb ts cb cs ub usV V V V V V  tb ts cb cs ub us

contamination is smaller than 1%

ï Golden decay mode to measure sin2b
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sin 2  from b ccs 

 direct CP asymmetry is consistent with zero as expected
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effsin 2  from b sss 
0 0

sB K

almost same CKM phase as 0 0/B J K almost same CKM phase as 0 0/ sB J K

 decay dominated by penguin amp decay dominated by penguin amp
~ sensitive to possible New Physics

             

b sss



other  modes may have contributions 
  from tree amp or non- resonant decay

 contamination 
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Status of b measurement

New Physics Phases in 
penguin bs decayspenguin bs decays

No evidence for NP at c
urrent level of sensitivity
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sin 2

*

*arg td tb

ud ub

V V
V V


 

  
 
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0sin 2 B    in 

 p+p- is a CP even eigenstate and     and can decay to p+p-0B0B

 If the tree-level amplitudes dominate, easy to measure a

0

* *
2 ( ) 2

* *
i itb td ud ub

tb td ud ubB

q A V V V V e e
p A V V V V

  
 



        
        

      
( ) ~ sin 2 sin Ba t m t   

 but significant penguin contamination with different weak phase exists
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measure effective angle



Isospin analysis
 B → p+p-,p+p0,p0p0 are connected from isospin relations

 pp states can have I=2 or I=0 because of Bose statistics

 isospins of B’s are 1I( )
2

B 

 the tree amplitude is 1Ib uud  
3

and or the tree amplitude is   I
2

b uud  and  or 
2

 the gluonic penguin contributes only to         because isospin is 
conserved in QCD

1I
2

 
conserved in QCD   

I 1 only state

 p+p0 is a pure        state because  I 2 0I ( ) 1z   

only tree diagram (DI=3/2) contributes to 0B   
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Isospin analysis
 isospin decomposition in the p+p- state 

 0 0 01         , ,
2

          2,1

      



 1 , ,
2

1 22 0 0 0

           

          2,0 0,0
3 3

 

0 0 2 12 0 0 0  2,0 0,0
3 3

   
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Isospin analysis
 Hamiltonian for 

 Then, from Clebsh-Gordan coefficients

 the final pp states are

Includes hadronization
and rescattering effects

 define
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Isospin analysis
 two triangles

 B≤→ p≤p0 is a pure tree decay

 define                 where     is the CKM phase of the tree diagram

2  

b d i d i h i h f ld bi i
63

a can be determined with an eight-fold ambiguity 
(4 from orientation ä 2 from the measurement of sin2(a+Da)



Status of a measurement
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and             ruleK  1/ 2I 

 transition → DI=1/2 or DI=3/2s uud

2AA A  00 2A A A 0 32
0 2

A A  00
0 22A A A  0

2
3
2

A A 

 Naïve dimensional analysis tells us that A0 and A2 should be the same 
order of magnitude

 for A2=0,                

 in experiments, 

 from a global fit from a global fit,

 DI=1/2 is more important than DI=3/2. (known as DI=1/2 rule) Why?

 partial answer(?): penguin (contributes only to A0), but not sufficient,
unknown non-perturbative effects?

65
 another example,





*

*arg ud ubV V
V V


 

  
 cd cbV V 
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(*) (*)B D K  measurement in 
 interference of tree diagrams: theoretically clean (no penguin pollution) 

 direct CP violation used ~ no time-dependent CP asymmetry, just rates

 not sensitive to New Physics ~ theoretically clean determination of g

67

y y g

 theory uncertainties from hadronic parameters



(*) (*)B D K   measurement in 

~ 0.1Br

sin sinCP B B BA A r  

 different methods to determine four parameters 
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GLW method:  DB DK f K   

 proposed by Gronau, London, Wyler

 measure decay rates to CP eigenstates and flavour-specific states

  0
s s s(CP even) , , (CP odd) , ,Df K K K K K       

y g p

0 0,D K D K     

 CP eigenstates:
 flavour-specific eigenstates: 

 CP eigenstates → two triangles in the complex plane  0 0 0
CP

1
2

D D D  

b c transition is real one common side in triangles b → c transition is real ï one common side in triangles 

 g is extracted from b → u transition

69
 experimentally challenge due to small rB ~ squashed triangle 



ADS method:  DB DK f K   

 proposed by Atwood, Dunietz, Soni

 interference of amplitudes with similar magnitude → large interference and CP

 
0

0

:
:D

D K
f K

D K





 
 

 

 
 



Cabibbo - favored               
doubly Cabibbo - suppressed

p g g

 g extracted from ratio and asymmetry of decay rates 
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Status of g measurement

17
1972 




[BaBar] 12
1568 




[LHCb]
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7.7
9.070.0 




[combined]13
1573 




[Belle]

4.4
4.667.2 (blue bar) 




[fit]


