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Outline of Today’s Lecture
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Evolution of entangled 2-state quantum system
Example of B0-B0 oscillation

Formalism of time-dependent CP violation

Search for CP Violation in Mixing

Observation of CP Violation in Interference between 
Decay and Mixing



CP Violating Processes
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B0 – B0 Oscillation



B0
d-B0

d Oscillation and CP Violation
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Necessary ingredient for two types of CP Violation

Oscillation is an example of superposition principle
in a two-state quantum system

Oscillation occurs because mass and flavor eigenstates are different



Phenomenology of B0 Time Development
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An initially B0 or B0 system evolves with time as a mixture of flavor 
eigenstates

Evolution regulated by time-dependent Schrödinger equation

M and Γ computed to 2nd order of perturbation theory

Virtual intermediate states contribute to M
Γ receives contributions from physical states to which B0 or B0 can decay

0 0| (t) = a|B b|Bψ 〉 + 〉

Wigner-Weisskopf
Approximation



Mass Eigenstates of Effective Hamiltonian

14 Nov 2006 7

H| |ψ〉 = λ ψ〉

Solving the Schroedinger equation

Two complex eigenvalues

Mass eigenstates 
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Interpretation of Effective Hamiltonian
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The effective Hamiltonian for the two-state system is 
not Hermitian since mesons decay
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Driving B0 ↔ B0 Oscillation
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off-shell off-shell

on-shell on-shell

CP-conserving phase

→ →

0

0 0

In B  meson system, final states that both 
B  and B can decay into have very small rates
Decays like b c cd or b u ud are suppressed
due to associated CKM elements in W decay
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Differences between K and B Mesons
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Formalism for time evolution can be applied to both K and B mesons

B mesons
Very few common states accessible by both B0 and B0

Comparable lifetime and oscillation frequency

Mass eigenstates have very similar lifetimes but different masses

Kaons
Mass eigenstates with similar masses
Very different lifetimes

K K L K L K∆Γ = Γ − Γ ≅ Γ + Γ ≅ Γ



Relation Between Mass and Flavor states
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δ=0
arg(q/p)≠0
CP Violation

δ=0
arg(q/p)=0
No CP Violation

CPV
in
Mixing

δ≠0
regardless arg(q/p)
CP Violation



Time Development of Physical States
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Time evolution  of B0 and B0 mesons
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Quantum Entanglement in ϒ(4S)→B0B0 Decays
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Strong interaction: CP is and flavor beauty number are conserved
Must have one b and one anti-b quarks in final state

Time evolution given by mass eigenstates

Bose-Einstein Statistics requires wave function |Ψ>to be symmetric at all 
times

L=-1 implies asymmetric spatial wave function
We need a=-b which means a B0 and a B0 meson at all times until one of 
them decays!

Example of Einstein-Podolsky-Rosen Paradox

(4S) B0 B0

Spin = 1 0 0

With L = 1 



Quantum Correlation at ϒ(4S)
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(4S)

Decay of first B (B0) at time ttag ensures the other B is B0

End of Quantum entanglement ! Defines a ref. time (clock)

At t > ttag, B0 has some probability to oscillate into B0 before it decays at 
time tflav into a flavor specific state

Two possibilities in the ϒ(4S) event depending on whether the 2nd B 
oscillated or not: 

B0

ttag

B 0

ttag

−l

tflav
∆t

0 0B B�X

Y

 in final state

 in final state

0 0no oscillation/mixing B B  
0 0     oscillation/mixing B B  

⇒

⇒



Time Evolution of ϒ(4S) → B0B0
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Separating B0 and B0 mesons
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Time Dependent B Oscillation (Or Mixing) at ϒ(4S)
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CP Violation in Interference between Mixing and Decay
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Time-Evolution of B Decays to CP Eigenstates
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Probability of |B0>|B0> → |fCP>|ftag> depends on
Difference ∆t between decay time of the two B mesons

Decay amplitudes 

Oscillation parameter

Flavor of tagging neutral B meson: B0 or B0

Convenient parameter to describe time evolution
Takes into account combined effect 
of oscillation and decay
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Time-Dependent Decay Rates to CP Eigenstates
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CP CP

CP

CP CP

f f
f

f f

AAq q=
p A p A

λ = η

Expression and complexity of λ depends on specific final states
Decay amplitudes A and A can be more or less complicated depending on 
number of amplitudes contributing to total amplitude



Time-Dependent CP Asymmetry in Interference
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CP Violation occurs if

But even with |λ|=1 it is sufficient to have Imλ ≠ 0

| | 1q A
p A

λ = ≠

1q
p

= 1A
A

=No CP Violation
in Mixing

No Direct
CP Violation

In Standard Model we expect |λ|≅1 in most of B decays



Simple Case with |λCP|=1
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M βΦ =

Very simple expression for CP violating asymmetry

Amplitude of asymmetry defined by phase difference between mixing 
parameter q/p and ratio of decay amplitudes

Complex phase ΦM depends on specific final state
Can probe different angles of Unitarity triangle through different B decays



Why do We Need Time Dependence?
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At ϒ(4S): integrated asymmetry is zero
must do a time-dependent analysis !

This is impossible to do in a conventional symmetric 
energy collider producing ϒ(4S)→BB !!

+∞

−∞

∆ =∫ CPfa d t 0

( )sin ∆m ∆tB



Measurements of CP Violation
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CP Violation in Decay

CP Violation in Mixing

CP Violation in interference between decay and 
mixing
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CP Violation in Mixing



CPV in B0 Mixing 
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Occurs when Mass eigenstates ≠ CP eigenstates 
(|q/p|≠1 and<BH|BL> ≠0)
The Box diagrams provide the required 2 phases
Strong phases depend on quark masses and 
non-perturbative physics. 
Asymmetries are small and hard to calculate precisely (QCD)
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CPV in B0 Mixing
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Time-dependent CP Asymmetry:
0 0

0 0
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CPV in B0 Mixing
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Time dependent measurement, time measured from ∆Z

BABAR
20.7 fb−1

BBAABBARAR
20.7 fb20.7 fb−−11

Sample backgrounds B(∆t):
4.3% continuum

24% direct+cascade
12% direct+fake

0 0 0 0,  signal ( )B B B B S t∆

Measurement region > 200µm



CPV in B0 Mixing
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BABAR
20.7 fb−1

BBAABBARAR
20.7 fb20.7 fb−−11
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+ =
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So far, no experimental evidence 
of large CP violation in B0 mixing 
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CP Violation in interference
between decay and mixing 



CPV In Interference Between Mixing and Decay
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Golden Decay Mode B0 J/ψK0
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Penguin:: u,c,t loops

* * *
P tb ts cb cs ubt usc u  A =V V  +V V VP V + PP

Tree

*
T cb cs ccsA V V T  =

*
c

*
ub u

b cs

-2

s
*

cb cs

(V V ) 

Aexpect -1 

V V 1Since  
V V 50

 =10  
A

⇒� T is the dominant amplitude

     Hence "Platinum" mode ! 

* * *
tb ts cb cs ub us

T P c
*

cb cs

*
cb

*
ub u

cs

cs c t u ts

*
ub us

V V

Use Unitarity relation V V V V V V  to rearrange terms

A A (T P P ) (P P )

                     = (V V )

V V

 +(V

A

V

+ +

+ = + − + −=

T ) P×



Golden Decay Mode B0 J/ψK0
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CPV In Interference Between Mixing and Decay: B0 J/ψK0
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Time-Dependent CP Asymmetry with a Perfect Detector
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sin2( )  sin(∆m∆β )CPA t t∆ = 

• Perfect measurement of time interval t=∆t
• Perfect tagging of B0 and B0 meson flavors
•For a B decay mode such as B0→ψKs with | λf|=1
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Charmonium+K0 CP Sample for BABAR (’02)
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0 0
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81.3 fb−1

BBAABBARAR
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(after tagging & vertexing)



Calibration with Flavor eigenstates
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sin2β = 0.017 ± 0.022

B0
B0Control Sample with no 

expected CP asymmetry

0
1

( )B D π /ρ /a +∗ − + +→

10 times larger
than signal



Observation of CP Violation (BaBar 2001)
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B0
B0sin2sin2ββ = 0.755 = 0.755 ±± 0.0740.074

B0 J/ψ KS

B0 ψ(2S) KS

B0 χc KS

B0 ηc KS



BABAR Result for sin2β (July 2002)
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sin2β = 0.755 ± 0.074 

ηCP = -1 ηCP = +1

sin2 0 741 0 067 0 033(stat) (syst). . .β = ± ±



Updated (ICHEP04) sin2β results from Charmonium Modes
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Belle Results on sin2β from Charmonium Modes
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B ψKS Sample
386M  pairsBBBelle

2005
BBelleelle
20052005

2

2

sin2 0 652 0.039 0.020
1 | | 0.010 0.026 0.036
1 | |

= ± ±
−

= = − ± ±
+

.

C

β
λ
λ

New Belle value lower than in ’03

but still consistent with BaBar’04
sin 2 0 728 0.056 0.023= + ± ±.β



CP Violation in B Decays Firmly Established
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Lessons From sin2β Measurement With B0→J/ψK0
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In 2001, large CP Violation in B system was observed in this mode by 
BaBar and Belle. 

First instance of CPV outside the Kaon system.  

First instance of a CPV effect which was O(1) in contrast with the Kaon
system

Confirms the 1972 conjecture of Kobayashi & Maskawa. 
Excludes models with approximate CP symmetry (small CPV).

In 2007 sin2β is a precision measurement (5%) and agrees well with 
the constraints in the  ρ-η plane from measurements of the CKM 
magnitudes (will be discussed in tomorrow’s lecture)
Appears unlikely to find another O(1) source of CPV

enterprise now moves towards looking for corrections rather than 
alternatives to SM/CKM picture 

Focus now shifts to measurements of time-dependent asymmetries in 
rare B decays

dominated by Penguin diagrams in the SM and where New Physics could 
contribute to the asymmetries
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Tomorrow’s Lecture

Measurements of α and γ

Constraints on Unitarity Triangle from
measuments of CKM element magnitude and

angles
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