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Blind Analysis
• Basic principle: it’s OK to be stupid.

It’s not OK to be biased!

• Translation: if an analysis isn’t perfectly 
optimized, it’s OK. But it’s not OK to perform
an analysis that will give a non-reproducible
result when more data are obtained. 

• All studies are performed in such a way as 
to hide information on the value of the 
final answer.

• Avoids any subconscious experimenter bias 
e.g. agreement with the Standard Model!

• Not needed for certain kinds of “easy” analyses.



An unblinding party in BaBar



You should worry if you hear these 
““My answer agrees with the previous result, so it must be right.My answer agrees with the previous result, so it must be right.””

““Something must be wrong with the data...the answer isnSomething must be wrong with the data...the answer isn’’t coming out t coming out 
right.right.””

““We donWe don’’t need to perform a blind analysis, because we already know the t need to perform a blind analysis, because we already know the 
answer.answer.””

““If this is right, we could win the...If this is right, we could win the...””

““Correlations?Correlations?””

““He needs to graduate now.He needs to graduate now.””

““The conference is in two weeks. This will have to be good enoughThe conference is in two weeks. This will have to be good enough..””

““LetLet’’s see if we can enhance the significance of our signal by changis see if we can enhance the significance of our signal by changing the ng the 
selection requirements.selection requirements.””

““If it turns out to be true, we can say  we saw it first.If it turns out to be true, we can say  we saw it first.””



Good practices in data analysis
Verify data quality using processes separate from those that areVerify data quality using processes separate from those that are critical for critical for 
discoveries.discoveries.

Very bad practice: reject data samples as bad because they don’t 
confirm hypothesis

DonDon’’t tune analysis cuts on the data. This can result in sensitivityt tune analysis cuts on the data. This can result in sensitivity to to 
statistical fluctuations that will not be reproducible with futustatistical fluctuations that will not be reproducible with future data re data 
samples.samples.



The CKM matrix and its mysterious pattern
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• The SM offers no explanation for this numerical pattern.
• But SM framework is highly predictive: 

Unitarity triangle: (Col 1)(Col 3)* =0 etc.
Only 4 independent parameters: A, λ, ρ, η
One independent CP-violating phase parameter

(Wolfenstein parametrization)

origin in SM:
Higgs sector



A simplified picture of the CKM matrix
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CP asymmetries in the B decays can be large

[Column i][Column j]*=0

Overall orientation of the 
triangle has no physical 
significance.

Fat unitarity triangle 
large angles
large CP asymmetry

But only certain decays 
have interfering amps!
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*
ud ubV V *

td tbV V
α

βγ

SM prediction: ALL measurements of W-mediated quark 
processes must be consistent with the CKM framework. 

• Angles of triangle: measure from CP asymmetries in B decay
• Sides of triangle: measure rates for b ulν, B0B0 mixing
• Other constraints in ρ,η plane from CP violation in K decay

0 0,   oscillation ratess sB B B BuB X ν→ A

cB X ν→ A

0 0 0( ) / SB B J Kψ→

B DK± ±→

0 0 + -( ) ,  ,   B B ρ ρ ρπ π π+ −→
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Form of the CKM Constraints in the ρ, η plane
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Angles of the unitarity triangle
Consider two complex numbers z1 and z2.
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Form of the CKM Constraints in the ρ, η plane

CKMfitter group: J. Charles et al., Eur. Phys. J. C 41, 1 2005)

ρ

η



Weak transitions underlying B0 B0 oscillations
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b d
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B0 and B0 spontaneously evolve into each other. More precisely, a 
particle that is initially a B0 evolves into a superposition of B0 and B0 .
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Common formalism for P0P0 oscillations

0 wH H H= +
Strong and EM interactions (create bound states)

Weak interactions 
(perturbation) induce

0 0P P↔
0P f→
0P f→
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11 12

21 22

( ) ( ) ( )
( ) ( ) ( )

H Ha t a t a t
i

H Hb t b t b tt
⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞∂

= =⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟∂⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠
H

We can recast the formalism in terms of a 2-dimensional
vector space in which we only include PP00 and and PP00..
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important!

† ≠H H

see my Les Houches
lectures



The two classes of transitions in mixing
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Get specific form of H in terms of matrix elements of Hw. 

mass matrix decay matrixcrucial 
factor!
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Implications of a small Implications of a small ΓΓ12 12 in in BB00BB00 oscillations oscillations 
1/2
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No CP violation in mixing since don’t have second amplitude
with non-zero CP-conserving  relative phase.

( ) [ ]

( ) [ ]

( ) [ ]

( ) [ ]

0 0

0 0

0 0

0 0

1Prob  at |  at 0 1 cos( )
2
1Prob  at |  at 0 1 cos( )
2
1Prob  at |  at 0 1 cos( )
2
1Prob  at |  at 0 1 cos( )
2

t

t

t

t

P t P t e Mt

P t P t e Mt

P t P t e Mt

P t P t e Mt

−Γ

−Γ

−Γ

−Γ

= = + Δ

= = − Δ

= = − Δ

= = + Δ

1 2Γ = Γ = Γ

used to have
|α|2, 1/|α|2



( )

( )

/ 2 / 2

/ 2 / 2

1( )
2
1( )
2

iM t t iM t t

iM t t iM t t

f t e e e e

f t e e e e

+ + − −

+ + − −

− −Γ − −Γ
+

− −Γ − −Γ
−

= +

= −

Time evolution of states that are initially  Time evolution of states that are initially  
flavor flavor eigenstateseigenstates (general case)(general case)

0 0 0

0 0 0

( ) ( ) ( )

1( ) ( ) ( )

P t f t P f t P

P t f t P f t P

α

α

+ −

+ −

= +

= +

0P

2 01
2 1 Pα ++

2 01
2 1 Pα −+

0( )P t

2
ii M t

e
+ +

⎛ ⎞− − Γ⎜ ⎟
⎝ ⎠

2
ii M t

e
− −

⎛ ⎞− − Γ⎜ ⎟
⎝ ⎠

0 0 0( ) ( ) ( )P t f t P f t Pα+ −= +

flavor 
eigenstate

mass eigenstate

mass eigenstate

+ +

no longer a
flavor eigenstate



Probabilities vs. time: master equationsProbabilities vs. time: master equations
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Phenomenology of           Oscillations0 0B B
Oscillations in the BB and KK systems have very different 
parameters! This is due to different CKM factors and 
different intermediate states in the mixing diagrams. 

0 0 0 0Amp( )                        Amp( )       B B B B→ →

0B12M

122
i− Γ

*
12M
*
122

i− Γ

0B 0B 0B

M12:  Dominated by tt intermediate states; can be calculated
reasonably well using input from lattice QCD

Γ12:   Small! Few on-shell intermediate states that both B and B
can reach. (These are the states both can actually decay into.)

(suppressed)



Measuring the B0B0 oscillation frequency
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How do you actually do this measurement? Basic question: did
the B oscillate or not? Need to know this as a function of time!

1. When it was produced, was the meson a B0 or B0 ?
2. When it decayed, was the meson a B0 or a B0 ?
3. What is the time difference between production and decay?

very simple!

amplitude=1



Mixing asymmetry vs. Δt

T=2π/Δm

τΒ=1.6 ps

D<1 due to mistags

0 0 0 0 0 0

mix 0 0 0 0 0 0

( ) ( , )NoMix( ) Mix( )( )
NoMix( ) Mix( ) ( ) ( , )

N B B t N B B B B tt tA t
t t N B B t N B B B B t

−−
= =

+ +

-10.502 ps     (fixed  to PDG'04)mΔ =

run out of events
at long lifetimes



Does a mass really have units of s-1 ?

mixA cos( )m t= Δ ⋅

2( )m c t ETΔ ⋅ ∼
1. Put in c2

2. Divide by                since phase must be dimensionless
2( ) dimensionless!m c tΔ ⋅ ∼

=
2

-1

2 12 -1 6 -23 -4 

( ) 0.5 ps

( ) (0.5 10  s ) (66 10  eV 10  s) 3 10 eV

m c

m c

Δ
=

Δ = ⋅ ⋅ ⋅ ⋅ ≈ ⋅
=

ET= ∼

Explains why we don’t worry about BH and BL in most analyses!

0 0B B



Ingredients of the CP Asymmetry MeasurementIngredients of the CP Asymmetry Measurement

1. Determine initial state: 
“tag” using other B

3. Measure Δt dependence
2. Reconstruct the final 

state system.

( ) ( )
( ) ( )

0 0

0 0

( ) ( )
( )

( ) ( )
CP CP

CP
CP CP

B t f B t f
A t

B t f B t f
Γ Δ → − Γ Δ →

Δ ≡
Γ Δ → + Γ Δ →

Different final states fCP provide access to different CKM elements
and hence different CP-violating phases.
Reason for time dependence: one of the amplitudes is due to mixing.



Examples of decays to CP eigenstates
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TimeTime--dependent CP asymmetry measurementdependent CP asymmetry measurement

( )4S bbϒ =

e− e+

0B bd=
0B bd=

0B

0B

0  decay (tag)B

0( 0)B tΔ =

Correlated oscillations (EPR)

0 0 0( ) ( ) SB B cc K→ Δt > 0Δt < 0

evolution now uncorr.!

0 0 0( ) ( ) SB B cc K→



MES (GeV/c2)

signal region

4370 events,  purity=92%

Y
ie

ld
 (e

ve
nt

s)

0 0 0
CP( ) ( )      ( 1)SB B cc K η→ = −

Data: tagged signal events for B J/ψ Ks and other 
ηCP= -1  sin2β modes



6465 10  BB×

1CP = − 1CP = +

1 (mix)CP = ±
Control sample
for measuring
experimental
effects 
(mistag, 
resolution).
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Computing the CP asymmetry for final statesComputing the CP asymmetry for final states
common to common to BB00 and  and  BB00

We have used ΔΓ/Γ<<1 and set 1 2
1    ( )
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M M M+ −Γ ≅ Γ ≅ Γ = +

Goal: calculate
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Time evolution of tagged states

=CPf CP eigenstate

Simply project above eq’ns onto this!
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Decay amplitudes for Decay amplitudes for BB00((tt)) ffCPCP vs. vs. BB00((tt)) ffCPCP

blue: mixing green: decay

The key quantity in these CP asymmetries is:



Calculating Calculating λλ
0* *
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Factor from decay
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assuming 1 decay amplitude:

(the unphysical phase, the strong phase, and |a| ALL cancel)



Calculating Calculating λ λ for specific final statesfor specific final states
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(assuming only tree diagram for illustration)



Calculation of the timeCalculation of the time--dependent CP asymmetrydependent CP asymmetry
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1 decay amplitude:



Comparison of decay rates for B0(t) and B0(t)
0 0/ SB J Kψ→

Asymmetry: hadronic physics divides out!

( ) sin( ) - cos( )
CPfA t S m t C m t= ⋅ Δ ⋅ ⋅ Δ ⋅

6465 10  BB×



Results on sin2β from charmonium modes

( ) 1f CPη = −

( ) 1f CPη = +

0.026 0.020 0.016fC = ± ±

0.691 0.029 0.014fS = ± ±
stat sys







Are the CKM measurements consistent?



0
sB Kφ→

0
sB Kη′→

0 0 0
s s sB K K K→

March of the Penguins

0B K K K+ −→

0 0B f K→



sin2β from tree
diagrams



Conclusions (I)
CP violation arises from interfering amplitudes that have both 
a CP-violating and a CP-conserving relative phase.

only certain decay modes are useful; most of them have 
small branching fractions; need lots of data.
B factories deliver O(109) B mesons

The CKM framework, together with measurements of non-CP 
violating observables, predicted large CP violation in B 
decays.

O(0.1-1) CP violation in B decays vs. O(10-3) in K decays 
are all part of the same picture!
Predictions confirmed!

CKM matrix requires that CP violating and non-CP violating 
observations be described by 4 independent parameters. So 
far, confirmed by measurement.



Conclusions (II)
Observed time dependence of CP violating asymmetries in B 
decays

confirms prediction of interference between mixing and 
decay
different from predominant CP violation in K decays 
(mixing: interference between on-shell and off-shell amps).

Many B decay modes with quantum loops (penguins). Because 
these modes are suppressed in the SM, and new particles can 
appear in the intermediate state, they are a good place to 
search for new physics.
Measurements of sin2β in penguin modes are (so far) 
consistent with measurements based on tree diagrams. 
LHCb and possibly Super-B factories will  extend these 
investigations!



CP Violation in OscillationsCP Violation in Oscillations

0 0 0 0Amp( )                        Amp( )       P P P P→ →

0P12M

122
i− Γ

0P*
12M

*
122

i− Γ

0P0P

M12 = transition amplitude via intermediate states that are
virtual (off-shell)

Γ12 = transition amplitude via intermediate states are are
real (on-shell: both P0 and P0 can decay into these!)

• The “-i” is a CP conserving phase factor. It doesn’t change sign!
• M12 and Γ12 behave like CP-violating phase factors, as long as 
they are not relatively real.



Solving the eigenvector problem in time-
dependent perturbation theory

Eigenvectors of unperturbed Hamiltonian; notation

0 0
0 0

0 0
0 0

0 f

H P m P

H P m P

H f E f

=

=

=

0 0

0 0

2 0 0( )

CP

CP

i

i

CP P e P

CP P e P

CP P P

θ

θ−

=

=

=

0 0
12H P H P=

0 0
21H P H P=

0 0
11H P H P=

0 0
11H P H P=Work in arbitrary

phase convention;
keep unphysical 
phases explicit. 
physical results 
must not depend 
on them!

Unperturbed 
energies of these 
states depend on 
quark masses, strong 
interations, and EM 
interactions that 
bind quarks into 
mesons. 

0 wH H H= +



The two classes of transitions in mixing

11 12 12 12
* *

21 22 12 122
H H M M iH
H H M M

Γ Γ⎛ ⎞ ⎛ ⎞ ⎛ ⎞
= = −⎜ ⎟ ⎜ ⎟ ⎜ ⎟Γ Γ⎝ ⎠ ⎝ ⎠ ⎝ ⎠

Get specific form of H in terms of matrix elements of Hw. 

mass matrix decay matrixcrucial 
factor!

0P
Off-shell (virtual) 
intermediate states

On-shell (real) 
intermediate states

12M

122
i− Γ

0P 0P
Off-shell (virtual) 
intermediate states

On-shell (real) 
intermediate states

*
21 12M M=

*
21 122 2

i i− Γ = − Γ

0P

*
21 12H H≠



1/ 2 1/ 2* *
221 12 12

212 12 12

  
i

i

q H M
p H M

α
⎛ ⎞ ⎛ ⎞− Γ

⇒ ≡ = =⎜ ⎟ ⎜ ⎟− Γ⎝ ⎠ ⎝ ⎠

12 2
12 21

21

0
   

0
H p p

H H
H q q

μ μ
⎛ ⎞⎛ ⎞ ⎛ ⎞

= ⇒ =⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

Solution to the eigenvalue problem
12

11 11
21

01 0
00 1

H
H H

H
⎛ ⎞⎛ ⎞

= + = +⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

H I K

To get eigenvalues of H, just add H11 to μ
1/ 2

11 12 21

2

( )
    i

H H H
M

μ±

± ±

= ±

= − Γ

1/ 2
12 21Re( )M M H H± = ±

1/ 2
12 21Im( )H H±Γ = Γ ∓

1/ 2 1/ 2
12 21 12 212 Re( )       4 Im( )M H H H HΔ = − ΔΓ =

H, K have same
eigenvectors.

easy!



ΜΜijij, , ΓΓijij, and the story of the factor  , and the story of the factor  ––ii

0
0

w w
ij ij w

f f

i H f f H j
M m i H j P

m E
δ= + +

−∑

02  ( )ij w w f
f

i H f f H j m Eπ δΓ = −∑

Results from time-dependent perturbation theory

Real/virtual separation comes from iε
0

2 2 2 20 0
0 0 0

0
0

1lim lim
( ) ( ) ( )

1                             ( )

f

f f f

f
f

m E
i

m E i m E m E

P i m E
m E

ε ε

ε
ε ε ε

πδ

+ +→ →

⎡ ⎤−
= −⎢ ⎥− + − + − +⎢ ⎥⎣ ⎦

⎛ ⎞
= − −⎜ ⎟⎜ ⎟−⎝ ⎠

0 in SM

odd func of m0-Ef

even func



Matrix form of the CP operator for 2Matrix form of the CP operator for 2--state systemstate system

0 0

0 0

CP

CP

i

i

CP P e P

CP P e P

θ

θ−

=

=

0
    

0

CP

CP

i

i

e
CP

e

θ

θ

−⎛ ⎞
→ ⎜ ⎟

⎝ ⎠

[ , ] 0        (   is conserved)CP H CP=
What does this statement imply for CP violation in oscillations?

CP conservation is equivalent to 
2

12 21
2

21 12

0 00 0
0 00 0

CPCP CP

CPCP CP

ii i

ii i

H e He e
H e He e

θθ θ

θθ θ

−− − ⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠ ⎝ ⎠ ⎝ ⎠

1( ) ( )CP H CP H− =

12

21

0
   =

0
H

H
⎛ ⎞
⎜ ⎟
⎝ ⎠

(Only need to look at off-diag
components of H.)



Condition for CP Violation in OscillationsCondition for CP Violation in Oscillations

2 221
12 21

12

        CP CPi iHe H H e
H

θ θ= ⇒ =

* * 20 0 12 12 221
0 0

12
12 12

Amp( ) 2= = 1    
Amp( ) 

2

iMP P H q
iP P H pM

α
− Γ→

= = ≠
→ − Γ

CP conservation ([H,CP]=0) therefore implies

Conversely, there will be observable CP violation in the oscillations if

Key point: for CP violation to occur in mixing, both M12 and Γ12
must be non-zero. CP violation in mixing will not occur due to 
interference of the amplitudes within M12 (or Γ12). This is why the 
formalism is so simple!



Equivalent statement of condition for CP violation in mixing: 
M12 and Γ12 must not be collinear and both must be nonzero.

CP Violation in Oscillations: VisualizationCP Violation in Oscillations: Visualization

no CP violation in mixing CP violation in mixing

12 12

*
12 12 12 12Im( ) sin( ) 0 MM M θ θΓΓ = Γ − ≠

Overall rotation is merely a non-physical phase convention.



Γ12 is small in B0B0 oscillations
In the neutral In the neutral BB--meson system, the common modes that meson system, the common modes that bothboth BB00

and and BB00 can decay into have small branching fractions, since can decay into have small branching fractions, since 

These decays usually lead to different final states. There are sThese decays usually lead to different final states. There are some ome 
exceptions, but the branching fractions are small. Examples:exceptions, but the branching fractions are small. Examples:

CabibboCabibbo suppressed            suppressed            

bb uu is CKM suppressed is CKM suppressed 

SM predictsSM predicts

      and      b c b c→ →

0 0( , )B B ccdd→
0 0( , )B B uudd→

2 212

12

0 0 3

( / ) 1

Expect CP violation in  mixing to be (10 ).

b tO m m
M

B B O −

Γ
= �

not yet observed



Time evolution of the mass Time evolution of the mass eigenstateseigenstates
The ratio α=q/p determines the eigenstates of H in terms of 
superpositions of the original flavor-eigenstates:

( )

( )

0 0 0

2

0 0 0

2

1

1

1

1

P P P

P P P

α
α

α
α

+

−

= +
+

= −
+

1/ 2* *
212 12

212 12

 
i

i

q M
p M

α
⎛ ⎞− Γ

≡ = ⎜ ⎟− Γ⎝ ⎠

Since these are the eigenstates of H, their time dependence is simple!

( )

( )

( )0 0 02
2

( )0 0 02
2

1( )
1

1( )
1

ii M t

ii M t

P t e P P

P t e P P

α
α

α
α

+ +

− −

− − Γ

+

− − Γ

−

= +
+

= −
+ exponential time dependence



CPCP violation and the violation and the KKSSKKLL lifetime splittinglifetime splitting

CP violation is a small effect in K0K0 oscillations.

0
LK

0
SK Mostly CP=+1 can decay to π+π−, π0π0

faster decay rate

Mostly CP=-1 decays to π0π0π0, π+π−π0, πeν, πμν
3 body decays: slower decay rate

0 0 0

2

1 (1 ) (1 )
2(1 )

SK K Kε ε
ε

⎡ ⎤= + + −⎣ ⎦
+

0 0 0

2

1 (1 ) (1 )
2(1 )

LK K Kε ε
ε

⎡ ⎤= + − −⎣ ⎦
+ 1

1
αε
α

−
=

+
( ) 32.284 0.014 10ε −= ± ×



Apply the condition for CP violation in mixingApply the condition for CP violation in mixing

2 2 2
0 0

2 2 2

1
0

1
p q

P P
p q

α
α− +

− −
= = ≠

+ +

What are the implications of CP violation for the state vectors?

Mass eigenstates
not orthogonal!
(H not hermitian).

Since                        , expect that mass eigenstates are not
simultaneously CP eigenstates.

[ , ] 0H CP ≠

( )0 0 01
1 2

CPi
CPP P e Pθ

=+ = +

( )0 0 01
1 2

CPi
CPP P e Pθ

=− = −

You can verify that these are 
1. CP eigenstates
2. If CP is violated, they are 

not mass eigenstates.  



CP violation in CP violation in KK00KK00 oscillations: oscillations: semileptonicsemileptonic decaysdecays

( ) ( )
( ) ( )

2 20 0 0 00 0

2 20 0 0 0 0 0

2
0 0 3

2

 =

1
   (3.27 0.12) 10

1

L LL L

L L L L

L S

K K K KK K
K K K K K K

K K

π ν π ν
δ

π ν π ν

α
α

− + + −

− + + −

−

−Γ → − Γ →
≡

Γ → + Γ → +

−
= = = ± ×

+

A A
A A

1 0.9967α δ−� �

The K0 has a slightly higher probability of decaying as a KL than 
as a KS.

sd sd

δ gives direct measure of non-orthogonality of mass eigenstates.



0 0( )K K

1 0.9967α δ−� �

Time evolution of particles Time evolution of particles initially taggedinitially tagged asas

In fig., increase δ by 10X
|α|=0.967

2

2

1 2 cos( )
4
1 2 cos( )
4
1 1 2 cos( )
4

t t t

t t t

t t t

e e e Mt

e e e Mt

e e e Mt

α

α

+ −

+ −

+ −

−Γ −Γ −Γ

−Γ −Γ −Γ

−Γ −Γ −Γ

⎡ ⎤+ + Δ⎣ ⎦

⎡ ⎤+ − Δ⎣ ⎦

⎡ ⎤+ − Δ⎣ ⎦ asymmetry



Measurement of the charge asymmetryMeasurement of the charge asymmetry
in in KK00 semileptonicsemileptonic decaysdecays

N NA
N N

+ −

+ −

−
=

+

after long time: pure KL
0

decay time

CP violation is a small effect in K0K0 oscillations, but it is possible
to observe it!



Direct CP violation in Direct CP violation in KK decaysdecays
In the neutral K decays, does CP violation occur only between 
mixing amplitudes, or does it also occur between decay amplitudes?

Compare two CP violating amplitudes

( )
( )

( )
( )

0 0 0 0

000 0 0 0         L L

S S

A K A K
A K A K

π π π π
η η

π π π π

+ −

+− + −

→ →
≡ ≡

→ →

00 2
η ε ε
η ε ε

+− ′+
′−

�
� 1

003 ( )ε η η+−′ −�
CP violation from 
mixing only

CP violation from 
interference between 
direct decay amps

2 1
003 3ε η η+− +�

3Re (1.67 0.26) 10ε
ε

−′⎛ ⎞ = ± ×⎜ ⎟
⎝ ⎠

(Direct CP violation due to tree-penguin interference.)



BB00BB00 oscillation frequency in the SMoscillation frequency in the SM
2 22 2 *
2 ( )

6 d d

F
d B B B d W t td tb

Gm m f B m S x V Vη
π

Δ =

2 22 2 2 *
2 ( )        

6
s

s d

d

B sF
s B B B d W t ts tb

B d

f BGm m f B m S x V V
f B

η ξ ξ
π

Δ = ≡

pert. QCD 
correction

0.551 0.007Bη = ±

B meson decay 
constant

“Bag” constant

2 2( / )t t Wx m m=

Inami-Lim function

2
2 1s

d

Bs ts

d B td

mm V
m m V

ξΔ
=

Δ
�

1.16 0.05ξ = ±

Bs oscillations are very fast.
Current limit: Δms>14.4 ps-1.





First Observation of T-violation (CP LEAR)



0( )B bd

0B

CPf
no net oscillation

net oscillation 0B

0( )B bd CPf
no net oscillation

By modifying the mixing measurement, we can observe whole new 
class of CP-violating phenomena: pick final states that both B0 and 
B0 can decay into. (Often a CP eigenstate, but doesn’t have to be.)

0B0B
net  oscillation

0( ( ) )phys CPB t fΓ → 0( ( ) )phys CPB t fΓ →

Time-dependent CP asymmetries from the 
interference between mixing and decay amplitudes



Oscillations in the Oscillations in the K0K0 System System 
Most striking feature of K0K0 system:  huge lifetime splitting 
between mass eigenstates. (This is quite different from the
B0B0 system, where the mass splitting is very small!)

( )
( )

0

0

52 ns 15.5 m
0.09 ns 2.7 cm

          580

S

L

K
K

τ

τ
� �

�

( ) ( ) ( )0 0 0 10 -110  sL S SK K K −ΔΓ = Γ − Γ −Γ −� �

( ) ( )0 0 10 -1

6

(0.5304 0.0014) 10  s

      3.5 10  eV
L SM M K M K

−

Δ = − = ± ×

×�

2 MΔΓ ≈ − Δ

Major experimental implication: 
a neutral K beam evolves over 
distance into a nearly pure KL0

beam.

The mass and lifetime splittings are comparable!



CP Violation in mixing: observation of CP Violation in mixing: observation of KL π+π -

Exploit the large lifetime difference between the two neutral K
mass eigenstates.

π +

π −KS component
decays away

KL decay region

K0

Demonstrates that KL
0 decays into both CP=-1 (usually) and

CP=+1 final states KL
0 is not a CP eigenstate.

Key point: KL beam is “self-tagging.” (Tagging = method in 
which we identify a particle P1 by studying a particle P2 that is 
produced in association with particle P1.)   

( )
( )

( )
( )

0 0 0 0

000 0 0 0         L L

S S

A K A K
A K A K

π π π π
η η

π π π π

+ −

+− + −

→ →
≡ ≡

→ →

both are
2x10-3



Experimental setup used for discovery of Experimental setup used for discovery of KKLL ππ++ππ--

J.H. Christenson, J.W. Cronin, V.L. Fitch, and R.Turlay, Phys. Rev. Lett. 13, 138 (1964). 



A. Sakharov (1967): How to generate an asymmetry 
between N(baryons) and N(anti-baryons) in the universe 
(assuming equal numbers initially)?
1. Baryon-number-violating process
2. Both C and CP violation (particle helicities

not relevant to particle populations)
3. Departure from thermal equilibrium

We appear to owe our existence to some form of CP We appear to owe our existence to some form of CP 
violation at work in the early universe.violation at work in the early universe.

( )bar anti-bar ( ) ( )i i i
i

N N X Y X Y B− ∝ Γ → − Γ → ⋅ Δ⎡ ⎤⎣ ⎦∑

Cosmology: Sakharov’s three conditions 

hypothetical heavy particle



BaBarBaBar Event DisplayEvent Display
(view normal to beams)(view normal to beams)

Rdrift chamber=80.9 cm
(40 measurement points, each with 
100-200 μm res. on charged tracks)

EM Calorimeter: 
6580 CsI(Tl) 
crystals  (5% γ
energy res.)

Silicon Vertex Tracker
5 layers: 15-30 μm res. 

Cerenkov ring imaging 
detectors: 144 quartz 
bars (measure velocity)

Tracking volume: 
B=1.5 T



Systematic Uncertainties: small!Systematic Uncertainties: small!



Results on sin2Results on sin2β β from from charmoniumcharmonium modesmodes

sin2β = 0.722 ± 0.040 (stat) ± 0.023 (sys)

J/ψ KL (CP even) mode(cc) KS (CP odd) modes

(raw asymmetry shown above must be corrected for the dilution)
227 M BB events

asymmetry is opposite!

|λ| = 0.950 +/- 0.031 (stat) +/- 0.013 (sys)



BB00BB00 coherent wave function at the Y(4S)coherent wave function at the Y(4S)
The B0 and B0 mesons are produced in a coherent quantum state. 

0 0(4 )S B Bϒ →

( ) ( ) ( ) ( )( )0 0 0 0
1 2 1 2 1 21

1( , ) ; ; ; ;
2C

t t B t p B t p B t p B t p
=±

Ψ = − ± −
G G G G

must be in a C= -1 state, since the Y(4S) decay is
a strong interaction process and conserves C. 

Major implications
1. The asymmetry between the time-integrated decay rates is 

zero! At the Y(4S), you must measure Δt to perform a useful 
CP asymmetry measurement.

2. The two neutral B mesons oscillate coherently until one of 
them decays. (example of Einstein-Podolsky-Rosen paradox)


