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Outline

� Introduction 
� CP violation (CPV) in the Standard Model and the angle β

� Experimental Technique 
� Time-dependent analysis method @ Y(4S)

� Sin(2β) in B → Charmonium Decays
� Ccs

� B0→ J/ψK0 (K0→KS or KL)
� B0→ ψ(2S)KS,     ηcKS,     χc1KS

� B0→ J/ψK*0( K∗0→KSπ0)
� Ccd

� B0→ J/ψπ0

� Conclusion
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CP Violation in the Standard Model

� SM : single complex phase in Cabibbo-Kobayashi-

Maskawa matrix ⇒ CP Violation

Weak interaction 
eigenstates

Mass eigenstates

Unitarity condition on CKM matrix

⇒ UNITARITY TRIANGLE
in the complex plane
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CPV in the B system 
� CPV through interference between mixing and decay 

amplitudes :

� Time-dependent CP observable

� To a good approximation

� Theoretical expectation : sin2β = 0.65 ± 0.12

2

2

1 | |

1 | |fC
λ
λ

−=
+

B0

B0

mixing fCP

A
CP

A
CP

CPV in 
decay

ηf = final state CP value
-1 for J/ψKS
+1 for J/ψKL

0 0

0 0

( ( ) ) ( ( ) )
( ) sin( ) cos( )

( ( ) ) ( ( ) )

CP CP
CP f f

CP CP

B t f B t f
A t S m t C m t

B t f B t f

Γ ∆ → − Γ ∆ →∆ = = ∆ ∆ − ∆ ∆
Γ ∆ → + Γ ∆ →

2

2Im( )

1 | |fS
λ

λ
−=

+ CPV 
in mixing

where

⇒

00( ( ) ) ( ( ) )CP CPB t f B t fΓ ∆ → ≠ Γ ∆ →



09/12/2008 CKM2008 5

Experimental Technique 
CPV studies @ Y(4S): Time-dependent Analysis method

theoretical ∆t 
distribution

e- e+

ϒ(4S)
resonance

Reco side
μμμμ+

μμμμ-

KS

J/ψψψψ

B0βγ = 0.56(BaBar) 
=0.425 (Belle)

1 0 0− − −→ +

0 0(4 )S B Bϒ →

ΔΔΔΔz ~ 260μμμμm (BaBar)
200μμμμm (Belle)

B0

Tag side

B’s are produced in a boosted frame

The proper time difference, ∆t, is measured from the vertex separation, ∆z.
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Integrated Luminosity from B Factories

PEP-II (BaBar)
~531/fb

KEKB (Belle)
~853/fb

TOTAL
> 1380/fb

∼1170/fb at ΥΥΥΥ(4S)

Υ(4S)
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Sin2β in Charmonium:

b→ccs transition: the golden modes
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BaBar Charmonium Sample
� Ntag = Number of events in the signal 

region satisfying tagging  and vertexing
requirements.  P(%) = purity.

admixture of 
ηf=±1 states

CP odd

CP even

“Bflav” = Flavor eigenstate sample used 
to determine tagging and vertexing
performance in CP sample.

D(*)h+ (h+ = π+, ρ+,a1
+).

J/ψK*0(K*0→K+π-).

Bflav

arXiv:0808.1903v1 [hep-ex]
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BaBar Results

CP odd

CP even

signal

background

∆t distributions

Raw 
asymmetries

arXiv:0808.1903v1 [hep-ex]

B0→ J/ψKS
B0→ ψ(2S)KS

B0→ ηcKS
B0→ χc1KS

B0→ J/ψKL
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Final Results : S

� Summary of results 
for S

� Errors are the 
quadratic sums of 
statistical 

and systematical 
errors

S = 0.691 ± 0.029 (stat) ± 0.014 (syst)
� All “golden modes” together configuration:

Combined modes
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Final Results : C

� Summary of results 
for C

� Errors are the 
quadratic sums of 
statistical 

and systematical 
errors

� All “golden modes” together configuration:

C = 0.026 ± 0.020 (stat) ± 0.016 (syst)

Combined modes
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Belle Results 

Background subtracted

ξf ≡ ηf

7484

6512

Signal events:
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Belle Results 

background

PRD 77, 091103 (R) (2008)

1384
Signal events: 
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[SM expectation: C=0, S=sin2β] 

Results Summary : BaBar/Belle

All Modes All Modes
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Sin2β in Charmonium:

b→ccd transition
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BaBar Result

PRL 101, 021801 (2008) 

4σ fr
om S=C=

0

Evide
nce fo

r CPV

ηf = +1

S = - sin2β
C = 0

Expectation in 
absence of penguin 
pollution
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Belle Result

ηf = +1

S = - sin2β
C = 0

Expectation in 
absence of penguin 
pollution
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Results Summary : BaBar/Belle
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Excellent agreement with Standard Model!

Global CKM view
� sin(2β) measurement has a four-fold 

ambiguity in the determination of 
the angle β.

� Reduce this to a two-fold ambiguity 
by measuring the sign of cos(2β):

� cos(2β) also measured in time-
dependent Dalitz plot analyses of 
B0→D*0h0 and B0→D*+D*-K0

S

� See also J. Dalseno’s talk in WGVI 
(B0→K0

S K+K-, B0→K0
S π

+π-)

cos(2β) > 0

cos(2β) > 0

cos(2β) < 0

cos(2β) < 0

Negative solutions of cos(2β) 
excluded at CL > 0.95 
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Conclusion and Outlook
� sin(2β)≡sin(2Φ1) has been 

measured in B → Charmonium
decays with great accuracy.

� Excellent agreement with 
Standard Model.

� Looking forward to high precision 
measurements from at LHCb, 
SuperB and KEKb upgrade! 



09/12/2008 CKM2008 21

Back up
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Theoretical background
� b→ccs transition:

+

colour suppressed tree diagram gluonic penguin (same weak phase wrt
the tree)

� Standard Model predictions: penguin amplitude « tree amplitude

⇒ Sgolden = ηgolden sin2β,      Cgolden = 0 (ηf = CP eigenvalue)

� Theoretical uncertainties:

� model independent data-driven calculation:

assuming SU(3) invariance, use B0→J/ψπ0 data to constrain penguin pollution in 
J/ψK0 ⇒ ∆SJ/ψK0= SJ/ψK0 – sin2β = 0.000 ± 0.012

� theoretical estimates

� ∆SJ/ψK0= SJ/ψK0 – sin2β ∼ O(10-3)

� ∆SJ/ψK0= SJ/ψK0 – sin2β ∼ O(10-4)

BR(B0→(cc)K(*)0) 

∼ O(10-3)÷ O(10-4)

[M. Ciuchini, M. Pierini, 
L. Silvestrini, Phys.Rev.
Lett. 95,221804 (2005)]

[H. Li, S. Mishima hep-ph/0610120 ]
[Boos et al. Phys. Rev. D 70 0360006 (2006)]

Result shown at
CKM06
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Fit configuration
� RooFit-based fitter – almost unchanged since previous analysis
� Fit CP and BFlav sample simultaneously to measure C and S

� previous fit sin2β and  λ
� Signal

� triple gaussian resolution function
� mistag parameters and tag efficiency split by tagging categories
� reconstruction efficiency difference between B0 and B0 fitted

� Background sources
� continuum events : prompt time dependent component
� B+B- and B0B0 : combinatorial bgd with “effective” lifetime B+B- and B0B0 and 

mixing frequency
� bg effective mixing frequency was fixed to ∆md - now a free parameter in the fit
� Vary between 0 and ∆md to evaluate sys error

� peaking background 

� Fit input
� ∆md, tB0, tB+ from PDG 2006
� effective CP eigenvalue for B0→J/ψK*0(Ksπ

0) from Run1-4 Angular analysis
� peaking background fraction computed on inclusive J/ψ and generic MC
� J/ψKL background parameters from J/ψ sidebands and inclusive J/ψMC
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Systematic Errors

� The table shows a 
summary of the 
systematic error for 
the configuration 
where all the modes 
are fitted together. 

� Each systematic error 
is also calculated for 
each fit configuration 
and modes. 
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Systematic Errors by mode (1/2)



09/12/2008 CKM2008 26

Systematic Errors by mode (2/2)


