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V14b: CP Violation



Summary V16: Meson-Anitmeson Mixing

 In the Standard Model, mixing is caused by box diagrams

 Precise determination of meson-anti-meson mixing in
    - (asymmetric) electron-positron colliders operating at the Υ(4s) resonance
    - bb production in hadron colliders
   requires precise measurement of decay length differences (→ vertex 
    detecctors) and flavor tagging (→ particle idetification)

 Mixing depends on CKM matrix elements and helps to overconstrain them

 “new” or unknown physics contributes to box loops 
    - led to the prediction of new particles (charm quark) 
    - allows tests of the validity of the Standard Model



 

1.  History
2.  Basics principles 
3.  Detectors and Accelerators
4.  Theoretical Foundations
      1. Relativistic Quantum Mechanics
      2. Quantum Field Theory and symmetries
      3. Elctroweak Symmetry and Higgs Mechanism
5.  QCD and Jets
6.  Analysis Chain

7.  Flavour Physics
      1. Quark mixing and CKM Matrix
      2. Meson-Antimeson Mixing
      3. CP Violation

8.  Tests of Electroweak Theory
     1. Discoveries
     2. Precicion Physics with Z bosons
     3. W Boson and electroweak fit

 

    



Reminder: The CP Symmetry

CP Symmetry: 

CP symmetry is conserved in the electromagnetic and strong interaction

as mentioned earlier, EW CP violation possible with three flavour generations



Electroweak CP Violation
  charged-current interaction:

 1. Process with particles: 

CP-transformed
            process: 

2. Process with antiparticles: 

For real-valued Vca, Vbd, the last two relations are identical, 
                                        but not if Vca, Vbd are complex → CP Violation

1. ab → cd 2. ab → cd



Electroweak CP Violation

CKM matrix for ≥ quark families generally complex: 

Known mechanisms for electroweak CP violation: 



Formalism of CP Violation

Reminder: time evolution of strong eigenstates

CP violation is measurable in interference experiments capable of
  detecting relative phases (analogous to double-slit experiment)



CP Violation in Kaon System

K-mesons produced in stron-interaction reactions have a definite quark content:

  →  initial       or       state

These are, however, not the mass eigenstates, 
  which result from mixing through weak interaction:

  

     ? Do the observed mass eigenstates, KS and KL, 
        correspond to the CP eigenstates, K1 and K2   ?
 Experimental Answer: no, observation of decay of KL to 2 pions
                                          → CP Violation 



Discovery of CP Violation

Discovery experiment: 

Recipe: how to make a kaon beam



Discovery of CP Violation: Cronin-Fitch Experiment

CP via mixing



CP Violation in Neutral Kaon System

Results of Cronin-Fitch experiment

→ K1 and K1  have a small admixture of “wrong” CP state, 



Discovery of Direct CP violation in K system

Direct CP violation in neutral Kaon  system described by
    an additional parameter ε‘

Measurement idea of 2nd generation experiments: 
     to control systematics, study 
       - KS and KL beams and 
       - neutral and charged final states    in the same experiment



First evidence for direct CP Violation – NA31 (1988)

 KL and KS measured in momentum bins at the same location 
    with mobile KS target reproducing the decay region of KL

 simulaneous measurement of neutral and charged decays 
   –  π± detection in wire chambers
    –  detection of photons from π0 decays in liquid-argon calorimeter and veto-counters
 veto on e±  and µ± (from semileptonic decays) in calirometers and myon veto

first evidence at 3σ level for direct CP violation Phys.Lett. B206 (1988) 169-176



CP violation in B decays

CP in decay
interference of two decay amplitudes in B → Kπ  
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CP violation in B decays (2)

CP in decay
B0 → Kπ has small branching fraction: 

CP asymmetry Result of Belle Experiment: 
   CP asymmetry in K±π∓  
   no signal in K±π0   

 Phys. Rev. D87 (2013) 031103
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B+ B-



CP Violation in B system: sin 2β
CP mixing & decay

CP violation through mixing – decay interference CP violation through mixing – decay interference 

Golden channel:  



CP Violation in B system: sin 2β  (2)

     
 

 



CP Violation in B system: sin 2β  (3)

Measurement of time-dependent CP asymmetry

Experiments 
  BaBar (SLAC) and
  Belle (KEKb)



CP Violation in B system: sin 2β  (4)

 Measurement (Belle 2012):
     sin 2β = 0.667(26) 

sin 2β measurement significantly helps to   
constrain the CKM unitarity triangle



Result:

largest contribution:

 

Latest news: CP violation in D system

Discovery channels: 
 D0 , D0  → K+K-

 D0 , D0  → π+π-

                     Observable:

 
Assuming universality between K and π decay modes,

  → differenced between  K+K-  and π+π- :

Δadir :  direct CP asymmetry
Δ<t>:  difference between mean
           decay times  K+K- and  π+π-

   AΓ: asymmetry between 
          decay widths 
  

 Phys. Rev. Lett. 122 (2019) 211803

First observation of CP violation in charm system, 
 consistent with  expectations from the Standard Model 

Mixing in D-System is very small 
     (cu state, GIM and CKM suppressed)



CP Violation: History
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Appetizer: Anomalies in B system

Results of measurements by B-factories 
and at LHCb show some “tension” wrt. SM:

Source: Talk by Pablo Goldenzweig at
Planck 2019 conference in Grenada/Spain 

The Belle II experiment at the 
 SuperKEKb accelerator
 in Tsukuba / Japan started
 data taking last year 

strong contributions from KA  !



Summary V14b: CP violation

CP symmetry is conserved in electroweak and strong interactions

CP is violated in the weak interaction
- indirect: in particle-antiparticle mixing
- direct: different decay amplitudes for particles and antiparticles
- through interference of mixing and decay to the same CP eigenstate

Status 2019:  CP violation observed 
  -  in neutral kaon system 
  -  in neutral B mesons
  -  direct in charged B-mesons
  -  difficult to observe in charm sector due to small mixing and long-range QCD effects, 
     discovered by LHCb in 2019 in difference between  D0,D0 → K+K-  , π+π-

CP violation in quark sector not strong enough to explain matter dominance
  in erarly universe; need additional sources of CP violation (QCD ? neutrinos ?)     



Appendix: Operators

 OperatorParity:

Charge Conjugation Operator:

→ 
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