
“Young scientists should know with what difficulty 

new knowledge was born.”

Misha Danilov



CPV discovery

Christenson, Cronin, Fitch and Turlay observed 45 events of the K0
L→+–

decay  (2±0.4)10-3

PRL 13, 138

1964

This result was reported by Fitch at ICHEP1964 (Dubna) in August. At the 

same conference Okonov presented upper limit on the K0
L→ +– decay  

<2.5 10-3  from Dubna experiment.



Why it’s so important

Sakharov realized that CP violation is one of the necessary conditions of the 

excess of matter over antimatter in the Universe 

JETP Lett. 6, 21 1967

The baryon asymmetry of the Universe is the measurement of
𝑛𝐵 − 𝑛 ത𝐵

𝑛𝛾
~10−10

This means that 10−6 seconds after the Big Bang, when the temperature was T > 1 GeV, and quarks and 
antiquarks were in thermal equilibrium, there was a corresponding asymmetry between quarks and 
antiquarks.
Sakharov pointed out that for a theory to generate such an asymmetry in the course of its evolution from a 
hot  Big Bang (assuming inflation washed out any possible prior asymmetry), it must contain:
(1) baryon number violating interactions;
(2) C and CP violation;
(3) deviation from thermal equilibrium.

Interestingly, the SM contains all three conditions, but CP violation is too small, and the deviation from 
thermal equilibrium is too small at the electroweak phase transition.



GIM mechanism

Glashou, Iliopoulos, Maiani Weak Interactions with Lepton-Hadron 
Symmetry

PRD v2, n7 1285

1970

Flavor change neutral current suppression due to unitarity in scheme with 
four quarks 



Kiyoshi Niu event 

In 1970, a small team of experimenters  in Japan led by Kiyoshi Niu, exposed a stack of 
photographic emulsions to cosmic rays in a high altitude commercial cargo airliner. They 
found a remarkable event, in which an ultra-high energy cosmic rays particle produced  
long lived particles with large masses. 

Prog.Theor.Phys.

46, 1644,   1971



Kobayashi Maskawa quark mixing 

Kobayashi, Maskawa CP-Violation in the Renormalizable Theory of Weak 
Interaction

Prog.Theor.Phys.

49, 652,   1973

Eureka! With six-quarks there is room for a CP-violating phase!

1        0       0
0        1       0
0        0       0

𝜃1, 𝜃2, 𝜃3, 𝛿 ⟶ 0



November 1974 Revolution 

Aubert, … Ting, et al Experimental Observation of a Heavy Particle J PRL 33, 1404

1974

Augustin, … Richter, et al Discovery of a Narrow Resonance in e+e-

Annihilation

PRL 33, 1406

1974



Discovery of the third generation 

Perl, et al Evidence for Anomalous Lepton Production in e+e- Annihilation PRL 35, 1489

1975

Herb,…Lederman et al Observation of a Dimuon 
Resonance at 9.5 GeV in 400-GeV Proton-Nucleus 
Collisions

PRL 39, 252

1977

Discovery of the 
Υ(9.46) → 𝜇+𝜇−

interpreted as 3S1 bത𝑏

Discovery of the 𝑒+𝑒− → 𝜏+𝜏− → 𝜇+𝜈𝜇 ҧ𝜈𝜏𝑒
− ҧ𝜈𝑒𝜈𝜏



B mesons production at e+e- colliders 

CLEO Collaboration Observation of Exclusive Decay Modes of b-Flavored Mesons PRL 50, 881

1983



b lifetime

MAC Collaboration 

MARK II Collaboration 

PRL 51, 1022

1983

PRL 51, 1316

1983



CKM matrix Wolfenstein parameterization



Unitarity Triangle





B Mesons Mixing 



Mixing 



q, p, 𝜟m and 𝜟𝜞 for Bd and Bs

Now all three up quarks should be taken into account
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Three remaining diagram contributions in 𝑀12:
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q, p, 𝜟m and 𝜟𝜞 for Bd and Bs
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Where 𝜂𝐵with the account of NLO corrections ( 𝜂𝐵
𝑁𝐿𝑂 = 0.55 ± 0.01 ) and 𝑓𝐵𝑑 𝐵𝐵𝑑 = 216 ± 15MeV
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2
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0.5, 𝑚𝑡= 175𝐺𝑒𝑉
0.25, 𝑚𝑡 = ∞



Time evolution of neutral B mesons  

Assuming CPT conservation



Time evolution of neutral B mesons  



Discovery 𝑩ഥ𝑩 oscillations 

ARGUS Collaboration          Observation of B – anti-B0 Mixing PL B 192, 245

1987



Mixing parameters 

Δ𝑚𝐷 = 0.01𝑝𝑠−1

1/Γ𝐷=0.415 𝑝𝑠
ΤΔΓ𝐷 2Γ𝐷 = 0.007
ΤΔ𝑚𝐷 Γ𝐷 = 0.004

Δ𝑚𝐾 = 5.3𝑛𝑠−1

ΤΔΓ𝐾 2Γ𝐾 ≈ −1
ΤΔ𝑚𝐾 Γ𝐾 = 0.945

Δ𝑚𝑑 ≈ 0.5𝑝𝑠−1

1/Γ𝑑=1.56 𝑝𝑠
ΤΔΓ𝑑 2Γ𝑑 ≪ 0.01
ΤΔ𝑚𝑑 Γ𝑑 = 0.77

Δ𝑚𝑠 = 17.8𝑝𝑠−1

1/Γ𝑠=1.47 𝑝𝑠
ΤΔΓ𝑠 2Γ𝑠 ≈ 0.13
ΤΔ𝑚𝑠 Γ𝑠 = 27



𝑩𝒔
ഥ𝑩𝒔Mixing 





CP Violation in B Decays



Historical Remarks 

Carter, Sanda            CP Nonconservation in Cascade Decays of B Mesons PRL 45, 952

1980

Bigi, Sanda            Notes on the Observability of CP Violations in B Decays

Nucl. Phys. B193, 85 

1981

Great idea!    But is it practical? 

How large fraction of 𝐵0 oscillate  into a ത𝐵0before they decay? 

How measure Δ𝑡 at Υ(4𝑆)? 

Odonne Concept of Asymmetric e+e- B Factory
Proceedings, Conference on Linear 

Collider, Los Angeles, 26-30 Jan.

1987



Classification of CP-violating effects 



Observables: “direct” CP-violation 



Observables: “direct” CP-violation 



CP-violation in the Time Evolution of B0 mesons



CP-violation in the Time Evolution of B0 mesons





𝐼𝑛𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡 𝐵𝐽0
+ → 𝐵0𝜋+ 𝐶𝑜ℎ𝑒𝑟𝑒𝑛𝑡 𝑒+𝑒− → 𝐵0 ത𝐵0∗ → 𝐵0 ത𝐵0𝛾 𝐶𝑜ℎ𝑒𝑟𝑒𝑛𝑡 𝑒+𝑒− → 𝐵0 ത𝐵0

For antisymmetric source of 𝑩𝟎ഥ𝑩𝟎, integrated CP asymmetry is zero:     
must do a time-dependent measurements 

Time Evolution of the Tagged 𝑩𝟎(ഥ𝑩𝟎) → 𝑩𝑪𝑷



Golden Channel



KEKB asymmetric e+e- collider



Time-Dependent CP Asymmetry Measurement



Silicon Vertex Detector at Belle



Detector   Belle



Particle Identification System at Belle



Aerogel Cherenkov Counters 



Electromagnetic Calorimeter



CsI(Tl) Crystals



Detector   Babar



Silicon Vertex Tracker



Silicon Vertex Tracker (Babar vs Belle)



DIRC



Identification Performance



CPV Analysis: Time Distribution

𝒇𝑪𝑷± 𝜟𝒕 =
𝜞

𝟒
𝒆−𝜞|𝜟𝒕|(𝟏 ∓ 𝜼𝒇 𝟏 − 𝟐𝝎 𝒔𝒊𝒏(𝟐𝜷)𝒔𝒊𝒏(𝜟𝒎𝒅𝜟𝒕) ⊗ 𝑹(𝜟𝒕)

𝝎 – mistag probability
𝑹(𝜟𝒕)- time-resolution function



Flavour tagging – dilution factor



“Golden Mode” Event 



Reconstruction of B mesons



Luminosity 



CP asymmetry



SIN(2𝜷)
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