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Introduction: what are C,P, & T classically?

★ The meaning of discrete symmetries in classical mechanics

• Parity [P] transformation:         ⃗r → − ⃗r

• Time-reversal [T] transformation:  t → − t

Refection through a mirror, followed by a rotation 
of  around an axis defined by the mirror plane.π
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Flips the arrow of time

• Charge-conjugation [C] transformation Changes particles into antiparticles (*)
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Introduction: what are C,P, & T classically?

★ The meaning of discrete symmetries in classical mechanics

Parity [P] transformation:                      || Time-reversal [T] transformation:~r ! �~r
<latexit sha1_base64="RfvoPAVmVbAw8Y4TRmu/GQNu/dY=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4sSRWfOyKblxWsA9oQplMJ+3QyYOZSSGU+ituXCji1g9x5984SYOo9cDAmXPu5d57vJgzqSzr01haXlldWy9tlDe3tnd2zb39towSQWiLRDwSXQ9LyllIW4opTruxoDjwOO1445vM70yokCwK71UaUzfAw5D5jGClpb5ZcSaUIIEcFaETNP/0zapVs3KgRWIXpAoFmn3zwxlEJAloqAjHUvZsK1buFAvFCKezspNIGmMyxkPa0zTEAZXuNF9+ho60MkB+JPQLFcrVnx1THEiZBp6uDLAayb9eJv7n9RLlX7pTFsaJoiGZD/ITjvSlWRJowAQliqeaYCKY3hWRERaYKJ1XOQ/hKsP598mLpH1as+u1+t1ZtXFdxFGCAziEY7DhAhpwC01oAYEUHuEZXowH48l4Nd7mpUtG0VOBXzDevwDiXJPE</latexit>

~v =
d~r

dt
<latexit sha1_base64="j9R4PRZ3T3SjlbnzgzZ0/YzgHE4=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuCqpFS8LoejGZQV7gSaUyWTSDp1MwsykUEJWbnwVNy4UceszuPNtnKRB1PrDwMd/zuHM+d2IUaks69MoLSwuLa+UVytr6xubW+b2TkeGscCkjUMWip6LJGGUk7aiipFeJAgKXEa67vg6q3cnREga8js1jYgToCGnPsVIaWtg7tsTguEEXkLbFwgnHswNkWpS6cCsWjUrF5yHegFVUKg1MD9sL8RxQLjCDEnZr1uRchIkFMWMpBU7liRCeIyGpK+Ro4BIJ8nPSOGhdjzoh0I/rmDu/pxIUCDlNHB1Z4DUSP6tZeZ/tX6s/HMnoTyKFeF4tsiPGVQhzDKBHhUEKzbVgLCg+q8Qj5COQ+nkKnkIF5lOv0+eh85xrd6oNW5Pqs2rIo4y2AMH4AjUwRloghvQAm2AwT14BM/gxXgwnoxX423WWjKKmV3wS8b7F94RmEE=</latexit>

odd under P

~p = m~v
<latexit sha1_base64="CSc1eG6VlOuyzUjIdYCc+aY5e40=">AAAB+nicbZDLSgMxFIYz9VbrbapLN8EiuCozVrwshKIblxXsBdqhZNJMG5pkhiRTKWMfxY0LRdz6JO58GzPTQdT6Q+DjP+dwTn4/YlRpx/m0CkvLK6trxfXSxubW9o5d3m2pMJaYNHHIQtnxkSKMCtLUVDPSiSRB3Gek7Y+v03p7QqSiobjT04h4HA0FDShG2lh9u9ybEAwjeAk5zHDStytO1ckEF8HNoQJyNfr2R28Q4pgToTFDSnVdJ9JegqSmmJFZqRcrEiE8RkPSNSgQJ8pLstNn8NA4AxiE0jyhYeb+nEgQV2rKfdPJkR6pv7XU/K/WjXVw7iVURLEmAs8XBTGDOoRpDnBAJcGaTQ0gLKm5FeIRkghrk1YpC+Ei1en3lxehdVx1a9Xa7UmlfpXHUQT74AAcARecgTq4AQ3QBBjcg0fwDF6sB+vJerXe5q0FK5/ZA79kvX8BZ9mS8A==</latexit>

~F =
d~p

dt
<latexit sha1_base64="R7i5ISLgEja6GHQTjCss94JVFCY=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KokVHwuhKIjLCvYBTSiTyaQdOpmEmUmhhGzc+CtuXCji1n9w5984SYuo9cCFwzn3cu89XsyoVJb1aczNLywuLZdWyqtr6xub5tZ2S0aJwKSJIxaJjockYZSTpqKKkU4sCAo9Rtre8Cr32yMiJI34nRrHxA1Rn9OAYqS01DP3nBHB8BpeQCcQCKc+LIQ4S32V9cyKVbUKwFliT0kFTNHomR+OH+EkJFxhhqTs2las3BQJRTEjWdlJJIkRHqI+6WrKUUikmxZfZPBAKz4MIqGLK1ioPydSFEo5Dj3dGSI1kH+9XPzP6yYqOHNTyuNEEY4ni4KEQRXBPBLoU0GwYmNNEBZU3wrxAOk0lA6uXIRwnuPk++VZ0jqq2rVq7fa4Ur+cxlECu2AfHAIbnII6uAEN0AQY3INH8AxejAfjyXg13iatc8Z0Zgf8gvH+BS76l+U=</latexit>

t ! �t
<latexit sha1_base64="Nt/k9sqQHhXIVi4LTZJyKxsfays=">AAAB8HicbVDLSgMxFM34rPVVdekmWAQ3lqkVH7uiG5cV7EPaoWTSTBuaZIbkjlCGfoUbF4q49XPc+TdmpoOo9UDgcM695J7jR4IbcN1PZ2FxaXlltbBWXN/Y3Nou7ey2TBhrypo0FKHu+MQwwRVrAgfBOpFmRPqCtf3xdeq3H5g2PFR3MImYJ8lQ8YBTAla6B9yDEB9j6JfKbsXNgOdJNSdllKPRL330BiGNJVNABTGmW3Uj8BKigVPBpsVebFhE6JgMWddSRSQzXpIdPMWHVhngINT2KcCZ+nMjIdKYifTtpCQwMn+9VPzP68YQXHgJV1EMTNHZR0EssA2ZpscDrhkFMbGEUM3trZiOiCYUbEfFrITLFGffkedJ66RSrVVqt6fl+lVeRwHtowN0hKroHNXRDWqgJqJIokf0jF4c7Tw5r87bbHTByXf20C8471+VFo+/</latexit>

odd under P

odd under P

odd under T

 and  are odd under P: 
 and 

⃗F ⃗v
⃗E → − ⃗E ⃗B → ⃗B

odd under T

even under T

~FLorentz = q
⇣
~E + ~v ⇥ ~B

⌘

<latexit sha1_base64="quQk8EajulwC78Ae6VTuuizGfYQ="></latexit>

• Lorentz force allows us to see how electric and magnetic fields react upon 
application of P and T

 is even and and  is odd under T: 
 and 

⃗F ⃗v
⃗E → ⃗E ⃗B → − ⃗B

~L = ~r ⇥ ~p
<latexit sha1_base64="wgDKaY19RTS3d0ByTcn7XWky6DY=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclcSKj4VQdOPCRQX7gCaUyfSmHTp5MDMplNKVG3/FjQtF3PoN7vwbJ2kQtR4YOPece7lzjxdzJpVlfRpz8wuLS8uFleLq2vrGprm13ZBRIijUacQj0fKIBM5CqCumOLRiASTwODS9wVXqN4cgJIvCOzWKwQ1IL2Q+o0RpqWPuOUOg+AZf4IwI7CgWgJxWcccsWWUrA54ldk5KKEetY3443YgmAYSKciJl27Zi5Y6JUIxymBSdREJM6ID0oK1pSPQud5ydMcEHWuliPxL6hQpn6s+JMQmkHAWe7gyI6su/Xir+57UT5Z+5YxbGiYKQThf5CccqwmkmuMsEUMVHmhAqmP4rpn0iCFU6uWIWwnmKk++TZ0njqGxXypXb41L1Mo+jgHbRPjpENjpFVXSNaqiOKLpHj+gZvRgPxpPxarxNW+eMfGYH/YLx/gXaq5eb</latexit>

even under P odd under T (so is spin)

Q: how is this supposed to work for quantum mechanics with  ?[ri, pk] = iδik
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Introduction: what are C,P, & T classically?

Discrete symmetries are conserved in classical E&M. Need quantum mechanics?

★ The meaning of discrete symmetries in classical electrodynamics

Under P:     
                  
                  
                 

⃗E ( ⃗r, t) → − ⃗E (− ⃗r, t)
⃗B ( ⃗r, t) → ⃗B (− ⃗r, t)

∇ → − ∇
⃗j( ⃗r, t) → − ⃗j(− ⃗r, t)

• We can now see how equations of motion change under P and T

Under T:     
                  
                  
                 

⃗E ( ⃗r, t) → ⃗E ( ⃗r, − t)
⃗B ( ⃗r, t) → − ⃗B ( ⃗r, − t)

∂/∂t → − ∂/∂t
⃗j( ⃗r, t) → − ⃗j( ⃗r, − t)

• Technically, there is no C-parity in classical physics (no antiparticles)…

Under C:   ,         
                ,    

ρ( ⃗r, t) → − ρ( ⃗r, t) ⃗j( ⃗r, t) → − ⃗j( ⃗r, t)
⃗E ( ⃗r, t) → − ⃗E ( ⃗r, t) ⃗B ( ⃗r, t) → − ⃗B ( ⃗r, t)

(fields changed signs since  
their sources changed signs)

Q: What about ? ⃗E ⋅ ⃗B
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C,P, &T in Quantum Field Theory

★ The meaning of discrete symmetries in Quantum Field Theory

• C and P are unitary operators:  and  	
- … and if they are good symmetries, they commute with the Hamiltonian,

C† = C−1 P† = P−1

• … but T is anti-unitary: 

- note, however that weak interactions break both, so  ,[C, ℋW] ≠ 0 [P, ℋW] ≠ 0

[C,H] = 0
<latexit sha1_base64="ACpr2myh2XWAOP7ZKKxA5HQLA+Q=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISKz4WQrGbLivYByShTKaTdujkwcyNUEJx46+4caGIW7/CnX9jkhZR64ELh3Pu5d573EhwBYbxqRUWFpeWV4qrpbX1jc0tfXunrcJYUtaioQhl1yWKCR6wFnAQrBtJRnxXsI47qmd+545JxcPgFsYRc3wyCLjHKYFU6ul7tmAeWPXjxKZE4MbElnwwBOfK6Ollo2LkwPPEnJEymqHZ0z/sfkhjnwVABVHKMo0InIRI4FSwScmOFYsIHZEBs1IaEJ8pJ8lfmODDVOljL5RpBYBz9edEQnylxr6bdvoEhuqvl4n/eVYM3oWT8CCKgQV0usiLBYYQZ3ngPpeMghinhFDJ01sxHRJJKKSplfIQLjOcfb88T9onFbNaqd6clmvXsziKaB8doCNkonNUQw3URC1E0T16RM/oRXvQnrRX7W3aWtBmM7voF7T3L05zlt0=</latexit>

[P,H] = 0
<latexit sha1_base64="eZBJBaWnJiCGVprd5IZRAWEQC34=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgQkpixcdCKLrpsoJ9QBLKZDpph04ezNwIJRQ3/oobF4q49Svc+TcmaRC1HrhwOOde7r3HjQRXYBif2tz8wuLScmmlvLq2vrGpb223VRhLylo0FKHsukQxwQPWAg6CdSPJiO8K1nFH15nfuWNS8TC4hXHEHJ8MAu5xSiCVevquLZgHVvMosSkRuDGxJR8Mwbk0enrFqBo58CwxC1JBBZo9/cPuhzT2WQBUEKUs04jASYgETgWblO1YsYjQERkwK6UB8ZlykvyFCT5IlT72QplWADhXf04kxFdq7Ltpp09gqP56mfifZ8XgnTsJD6IYWECni7xYYAhxlgfuc8koiHFKCJU8vRXTIZGEQppaOQ/hIsPp98uzpH1cNWvV2s1JpX5VxFFCe2gfHSITnaE6aqAmaiGK7tEjekYv2oP2pL1qb9PWOa2Y2UG/oL1/AWMRluo=</latexit>

- for the scattering matrix ,S = 1 + iT

CSC† = S
<latexit sha1_base64="Ytp8pGj+RFeyErX5Ji/QKSkTZwk=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0VwVRIrPhZCsRuXldoHtGmZTCbp0MkkzEyUEvofblwo4tZ/ceffOEmDqPXAhcM593LvPU7EqFSm+WkUlpZXVteK66WNza3tnfLuXkeGscCkjUMWip6DJGGUk7aiipFeJAgKHEa6zqSR+t17IiQN+Z2aRsQOkM+pRzFSWho2Wo3hwEW+TwS8ao3KFbNqZoCLxMpJBeRojsofAzfEcUC4wgxJ2bfMSNkJEopiRmalQSxJhPAE+aSvKUcBkXaSXT2DR1pxoRcKXVzBTP05kaBAymng6M4AqbH866Xif14/Vt6FnVAexYpwPF/kxQyqEKYRQJcKghWbaoKwoPpWiMdIIKx0UKUshMsUZ98vL5LOSdWqVWu3p5X6dR5HERyAQ3AMLHAO6uAGNEEbYCDAI3gGL8aD8WS8Gm/z1oKRz+yDXzDevwBeu5Hq</latexit>

PSP † = S
<latexit sha1_base64="0ldpMgSiLSi+emsrt7zjm7EwA38=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0VwVRIVHwuh6MZlpPYBbVomk0k6dDIJMxOlhP6HGxeKuPVf3Pk3TtIgaj1w4XDOvdx7jxszKpVpfhqlhcWl5ZXyamVtfWNzq7q905ZRIjBp4YhFousiSRjlpKWoYqQbC4JCl5GOO77O/M49EZJG/E5NYuKEKODUpxgpLQ3spj3oeygIiICXzWG1ZtbNHHCeWAWpgQL2sPrR9yKchIQrzJCUPcuMlZMioShmZFrpJ5LECI9RQHqachQS6aT51VN4oBUP+pHQxRXM1Z8TKQqlnISu7gyRGsm/Xib+5/US5Z87KeVxogjHs0V+wqCKYBYB9KggWLGJJggLqm+FeIQEwkoHVclDuMhw+v3yPGkf1a3j+vHtSa1xVcRRBntgHxwCC5yBBrgBNmgBDAR4BM/gxXgwnoxX423WWjKKmV3wC8b7F4dbkgQ=</latexit>

and

and

i
@ 

@t
= �

~r2

2m
 

<latexit sha1_base64="M2kMtgikL0f1ngbR+f/TtjdJH8M="></latexit>

T-odd T-even

only possible if T also switched 
       , and !i → − i ψ → ψ*

- recall that an anti-unitary operator A=UK, where  
and 

U† = U−1

K[α |ψ1⟩ + β |ψ2⟩] = α* |ψ†
1 ⟩ + β* |ψ†

2 ⟩

- it interchanges in- and out- states in the S-matrix:  TST−1 = S†
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C,P, &T in Quantum Field Theory
★ The meaning of discrete symmetries in Quantum Field Theory
• Quantum fields in QFT are Hermitian operators	

- written as linear combinations of creation/annihilation operators

Branco, Lavoura, Silva

• We can summarize actions of discrete symmetries on fermonic currents: 

[CP ]�(~r, t)[CP ]† = exp(i↵)�†(�~r, t)
<latexit sha1_base64="HD9+hYHTt/9DLytTxjuKw3KfKK8="></latexit>

[CP ] (~r, t)[CP ]† = exp(i�)�0CAT †T (�~r, t)
<latexit sha1_base64="2cvJsN4g5Ivwxafr0sOtydWBicE="></latexit>

[CP ] (~r, t)[CP ]† = �exp(�i�) T (�~r, t)C�1�0
<latexit sha1_base64="7rBp44Dfle1uyCalJ0cpzHSajaI="></latexit>

A�µ = �†
µA

<latexit sha1_base64="RGgPPL8jyYBMRQoAYUr6x+G8uTI=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQqPhZCqxuXFewDmhpuJtN06EwSZiZCKd278VfcuFDErT/gzr8xbYOveuDCmXPuZe49XsyZ0pb1YeTm5hcWl/LLhZXVtfUNc3OroaJEElonEY9kywNFOQtpXTPNaSuWFITHadPrX4z95i2VikXhtR7EtCMgCFmXEdCp5JrFqhOAEOA6IsFn+Ptx4/gQBFTiqmuWrLI1AZ4ldkZKKEPNNd8dPyKJoKEmHJRq21asO0OQmhFORwUnUTQG0oeAtlMagqCqM5zcMsK7qeLjbiTTCjWeqD8nhiCUGggv7RSge+qvNxb/89qJ7p50hiyME01DMv2om3CsIzwOBvtMUqL5ICVAJEt3xaQHEohO4ytMQjgd4+jr5FnS2C/bB+WDq8NS5TyLI492UBHtIRsdowq6RDVURwTdoQf0hJ6Ne+PReDFep605I5vZRr9gvH0C3buacQ==</latexit>

�µC = �C�T
µ

<latexit sha1_base64="RNxDEpJ8AObC3RkO40/xDnw1+IA=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBjWVqxcdCKHbjskJf0Kklk6ZtaJIZkoxQhi7d+CtuXCji1k9w59+YmQ6+6oF7OZxzL8k9XsCo0o7zYWXm5hcWl7LLuZXVtfUNe3OrofxQYlLHPvNly0OKMCpIXVPNSCuQBHGPkaY3qsR+85ZIRX1R0+OAdDgaCNqnGGkjde1dd4A4R12Xh7ACL+Ch6d/STa1r552CkwDOkmJK8iBFtWu/uz0fh5wIjRlSql10At2JkNQUMzLJuaEiAcIjNCBtQwXiRHWi5JAJ3DdKD/Z9aUpomKg/NyLElRpzz0xypIfqrxeL/3ntUPfPOhEVQaiJwNOH+iGD2odxKrBHJcGajQ1BWFLzV4iHSCKsTXa5JITzGCdfJ8+SxlGhWCqUro/z5cs0jizYAXvgABTBKSiDK1AFdYDBHXgAT+DZurcerRfrdTqasdKdbfAL1tsnMjmYUg==</latexit>
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Example of CP-violating operators

★ In any quantum field theory CP-symmetry can be broken

• recall terms like  for E&M; can write a similar one for QCD!⃗E ⋅ ⃗B

L = LQCD +
✓g2

32⇡2
Gµ⌫

a
eGaµ⌫

<latexit sha1_base64="45XvAVE5LTeXkEEwG39OXJANeDI="></latexit>

• … but this is a problem, as a combination

✓̄ = ✓ +Arg [detM ]
<latexit sha1_base64="Qo8YbtCvujiCVWv9Ibs5W28jVO8=">AAACFXicbZDJSgNBEIZ7XGPcoh69NAZBUMLEiMtBiHrxIkQwC2SG0NOpmWnSs9BdI4SQl/Diq3jxoIhXwZtv42RR1PhDw8dfVVTX78RSaDTND2NqemZ2bj6zkF1cWl5Zza2t13SUKA5VHslINRymQYoQqihQQiNWwAJHQt3pXAzq9VtQWkThDXZjsAPmhcIVnGFqtXJ7lsMUtdAHZPT0C3bpmfIsCS4224D0ylLC89Fu5fJmwRyKTkJxDHkyVqWVe7faEU8CCJFLpnWzaMZo95hCwSX0s1aiIWa8wzxophiyALTdG17Vp9up06ZupNIXIh26Pyd6LNC6GzhpZ8DQ139rA/O/WjNB99juiTBOEEI+WuQmkmJEBxHRtlDAUXZTYFyJ9K+U+0wxjmmQ2WEIJwMdfp88CbX9QrFUKF0f5Mvn4zgyZJNskR1SJEekTC5JhVQJJ3fkgTyRZ+PeeDRejNdR65Qxntkgv2S8fQK5P54U</latexit>

with �LM = qRiMikqLk + h.c.
<latexit sha1_base64="3HeRY/FLFUmRDxluisH770fI/MU="></latexit>

• …is observable as an electric dipole moment of a neutron:

dn ' emq ✓̄/M
2
n ⇡ 10�16✓̄ ecm

<latexit sha1_base64="/QJmDAbHN5HKsCCEPJvff9oBt/4="></latexit>

★ A variety of proposed solutions exist (axions, anthropic, etc) 

 How can CP-violation probed with flavor physics?
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B physics
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1. Introduction

• How can CP-violation be observed with b-quarks?	
– can be observed by comparing CP-conjugated decay rates in 

various ways, both with and w/out time dependence	

– can manifest itself in charm ∆B=1 transitions (direct CP-violation)	

– or in ∆B=2 transitions (indirect CP-violation): mixing	

– or in the interference b/w decays (∆B=1) and mixing (∆B=2)

R2
m = |q/p|2 =

����
2M�

12 � i��
12

⇥m� (i/2)⇥�

����
2

= 1 + Am ⇥= 1

CPVint

dCPV

CPVmix

aCP (f) =
�(B ! f)� �(B ! f)

�(B ! f) + �(B ! f)
<latexit sha1_base64="0FHPhzcQPsln0HW7qnBrI5ES5gI="></latexit>

�(B ! f) 6= �(CP [B] ! CP [f ])
<latexit sha1_base64="V9jREDA4oCxMKq2AMVamGPIrNpI=">AAACE3icbVDLSgMxFM34rPU16tJNsAitizK14mNX2oUuK9gHdIaSSTNtaJIZk4xQSv/Bjb/ixoUibt2482/MtIOo9UDgcM693JzjR4wq7Tif1sLi0vLKamYtu76xubVt7+w2VRhLTBo4ZKFs+0gRRgVpaKoZaUeSIO4z0vKHtcRv3RGpaChu9CgiHkd9QQOKkTZS1z5yLxHnKF91dQiDAnQFuYWpVqt3ql6iGxJ4ha6dc4rOFHCelFKSAynqXfvD7YU45kRozJBSnZITaW+MpKaYkUnWjRWJEB6iPukYKhAnyhtPM03goVF6MAileULDqfpzY4y4UiPum0mO9ED99RLxP68T6+DcG1MRxZoIPDsUxAyanElBsEclwZqNDEFYUvNXiAdIIqxNjdlpCRcJTr8jz5PmcbFULpavT3KValpHBuyDA5AHJXAGKuAK1EEDYHAPHsEzeLEerCfr1XqbjS5Y6c4e+AXr/Qt8j5wq</latexit>

|B1,2i = p|B0i± q|B0i
<latexit sha1_base64="GgAA5h2TfGE8zhnHgLvLMe0XQl0="></latexit>



Alexey A Petrov (USC) FNAL HCP Summer School 202439

Recall from this morning: CP-violation in the SM
★ CP-violation in the SM is related to a single phase of the CKM matrix

• there are MULTIPLE ways to parameterize CKM matrix  	
- Wolfenstein parameterization (parameters: λ ~ 0.22, A ~ 0.83, ρ ~ 0.15, η ~ 0.35) 

V =

2

4
1� �2

2 � A�3(⇢̄� i⌘̄)

�� 1� �2

2 A�2

A�3(1� ⇢̄� i⌘̄) �A�2 1

3

5

<latexit sha1_base64="tKOAmEPbrnONRUDfXeeyBdFZtUU="></latexit>

- Buras-Wolfenstein parameterization (with  and )ρ̄ = ρ(1 − λ2 /2) η̄ = η(1 − λ2 /2)

(note )ρ̄ + i η̄ = −
VudV*ub

VcdV*cb

• off-diagonal terms in relations VV+=1 look like triangles in a complex plane 

★ CP-violation in flavor transitions can be learned by studying the CKM matrix
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Recall: CP-violation in the SM

★ There is a single phase of the CKM matrix for 3-generation SM
• off-diagonal terms in unitarity relations VV+=1 look like triangles in a 

complex plane (𝝆,𝜼), e.g. VudV*ub + VcdV*cb + VtdV*tb = 0 Each term is 𝒪(λ3)

�1(�) = arg [�VcdV
⇤
cb/VtdV

⇤
tb]

�2(↵) = arg [�VtdV
⇤
tb/VudV

⇤
ub]

�3(�) = arg [�VudV
⇤
ub/VcdV

⇤
cb]

<latexit sha1_base64="1XSrarufYvVz0ryD6ALZpBgSOjE="></latexit>

• angles are

phase of  in Wolfenstein paramVtd

phase of  in Wolfenstein paramVub
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2. Time-independent (direct) CP-violation
★ Direct CP-violating asymmetries probe CP-violation in ∆B=1 amplitudes

• CP-asymmetries compare partial rates of CP-conjugated decays

aCP (f) =
�(B ! f)� �(B ! f)

�(B ! f) + �(B ! f)
<latexit sha1_base64="0FHPhzcQPsln0HW7qnBrI5ES5gI="></latexit>

• a non-vanishing decay asymmetry requires that a decay amplitude 	
- contain several components each of which has its own strong and weak phases	
- strong phases: do not change under CP transformation of the decay amplitude	
- weak phases: flip sign under CP transformation of the decay amplitude

(both charged and neutral B’s)

A(B ! f) ⌘ Af = |Af1|ei�1ei✓1 + |Af2|ei�2ei✓2
<latexit sha1_base64="BdfYolK2Lgg/9uqfuNS9MX/WAwE="></latexit>

• Now we can form the CP-asymmetry

aCP (f) = 2rf sin(✓1 � ✓2) sin(�1 � �2)
<latexit sha1_base64="wMzSAXkb4YwXfY05k0XeptJtQlc="></latexit>

with rf =

����
Af2

Af1

����
<latexit sha1_base64="tap1bs410JYeJmZc32hYIYHB6mI=">AAACEXicbVC7SgNBFJ31GeMramkzGIRUYTcRH4UQtbGMYB6QDcvsZDYZMvtg5q4QNvsLNv6KjYUitnZ2/o2TTRA1Hrjcwzn3MnOPGwmuwDQ/jYXFpeWV1dxafn1jc2u7sLPbVGEsKWvQUISy7RLFBA9YAzgI1o4kI74rWMsdXk381h2TiofBLYwi1vVJP+AepwS05BRK0vHwObYF82Bse5LQ5MJJvEqaZt1KU1vy/gDGTqFols0MeJ5YM1JEM9SdwofdC2nsswCoIEp1LDOCbkIkcCpYmrdjxSJCh6TPOpoGxGeqm2QXpfhQKz3shVJXADhTf24kxFdq5Lt60icwUH+9ifif14nBO+0mPIhiYAGdPuTFAkOIJ/HgHpeMghhpQqjk+q+YDoiOBXSI+SyEswmOv0+eJ81K2aqWqzdHxdrlLI4c2kcHqIQsdIJq6BrVUQNRdI8e0TN6MR6MJ+PVeJuOLhiznT30C8b7F/YQneY=</latexit>

weak strong
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Direct CP-violation

• How can one compute the amplitudes (especially the strong phase difference) 	
- QCD factorization (with Bander-Silverman-Soni mechanism)	

- experimental fits to flavor flow/flavor SU(3) amplitude basis
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Loopless studies of CP-violation: CKM angle  ϕ3

★ There are ways to study CP-violation without penguin loops

•   cleanest signals involve interference of  and  b → cūs b → uc̄s

( )0 0, , CPB D D D D f K± ±⎡ ⎤→ →
⎣ ⎦

( )multibodyB D D K± ±→ →

( )*B D D KK K± ±→ →

( )0 0,B D D D K Kπ± ±⎡ ⎤→ →
⎣ ⎦

	  
➢	 via	 	 	 	 	 GWS (Gronau, Wyler, London) 

➢	 via	 	 	 	 	 ADS( Atwood, Dunietz, Soni) 

➢	 via	 	 	 	 	 GLS (Grossman, Ligeti, Soffer) 

➢	 via	    	 	 	 	 (Giri, Grossman, Soffer, Zupan, 
	 	 	 	 	 	               Atwood, Soni)
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CKM angle : final state trianglesϕ3

M. Bona
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CKM angle : final state trianglesϕ3

• Let us define the following observables

Note: |DCP±⟩ = ( |D0⟩ ± |D0⟩)/ 2

• The state  is defined by the final state:  ,  (CP=+), 
 (CP=-) (assuming CP-conservation in D-decay)

|DCP⟩ π+π− K+K−

K+
s π0
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CKM angle : final state trianglesϕ3

M. Bona
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CKM angle : initial state trianglesϕ3
★ One can also use a fact that initial state at Belle II is quantum coherent

• which means that initial state can be CP-tagged

• can be done for both  (at ) or  (at ). For Bd Υ(4S) Bs Υ(5S) Bs

• measuring all amplitudes,

• analysis is similar for  is similar, but coefficients are e time-
dependent

Bd → Dπ

Falk, AAP
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3. Time-dependent CP-asymmetries

★ Time-dependent CP-asymmetries probe CP-violation in ∆B=2 amplitudes

• it most conveniently can be probed in transitions that involve mixing  	
- use time-dependent CP asymmetries due to the interference between B-mixing 
and B decay amplitudes	
-  interference between the two neutral B meson evolution eigenstates generates 
the time-dependent CP asymmetry

• SM: CP-violation in ∆B=2 and ∆B=1 transitions have the same origin, this fact 
does not have to be true in general NP model 

aCP (f, t) =
�(B(t) ! f)� �(B(t) ! f)

�(B(t) ! f) + �(B(t) ! f)
<latexit sha1_base64="DiNkZ5TeEe5aTeWmaGhALGLsHng="></latexit>

• Need to develop a formalism for time-dependent decays
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Time dependent decay amplitudes

★ In the SM, neutral B-mesons can mix via weak interaction diagrams

• only at one loop in the Standard Model, so can 
be sensitive to possible quantum effects due 
to new physics particles

•  interactions couple dynamics of  and ΔB = 2 B0 B̄0

• This is very similar to the case of coupled 
pendula in classical mechanics

|B(t)i =


a(t)
b(t)

�
= a(t)|B0i+ b(t)|B0

(t)i
<latexit sha1_base64="ufJZAAgbfrwNJo0/oS/D9mbf53E="></latexit>

• We need to study simultaneous time evolution,
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Time dependent decay amplitudes
• Time dependence: coupled Schrodinger equations  	

- note that CPT-invariance requires that  and  M11 = M22 Γ11 = Γ22

Q: this Hamiltonian is clearly non-hermitian! What is goin on?

• Non-diagonal Hamiltonian: need to diagonalize the mass matrix 

i
d

dt
|B(t)i =


M � i

�

2

�
|B(t)i ⌘


A p2

q2 A

�
|B(t)i

<latexit sha1_base64="g1kUrVC5TVL6FXsoJHAZudEap8o="></latexit>

|BLi = p|B0i+ q|B0i

|BHi = p|B0i � q|B0i
<latexit sha1_base64="BWB6VkpSoxW2g6XMvW96qGlDtCg="></latexit>

(“switch from flavor to mass eigenstates”)

• In the mass basis the mass matrix is diagonal, i.e.

Q�1


M � i

�

2

�
Q =

✓
ML � i�L/2 0

0 MH � i�H/2

◆

<latexit sha1_base64="iwxuqqE8I10dc05WOeen9XQX5pw="></latexit>

• … with mass and lifetime differences: & 

Note that & 
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Time dependent decay amplitudes
• The transformation matrices that diagonalize the Hamiltonian are

and 

• To find the time development of the flavor eigenstates one needs to 
transform the evolution equation back to the flavor basis 

 |B0(t)i
|B0

(t)i

�
= Q

✓
e�iML��L/2 0

0 e�iMH��H/2

◆
Q�1

 |B0i
|B0i

�

<latexit sha1_base64="dYSl+hi4uJuhKa0IjsTUxP9aLdo="></latexit>

• … which gives for the time evolution matrix in the flavor basis

with 

Nierste
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Time dependent decay amplitudes
• This procedure provides a picture of how B-states evolve due to flavor 

oscillations, |B0(t)i = g+(t)|B0i+ q

p
g�(t)|B

0i

|B0
(t)i = p

q
g�(t)|B0i+ g+(t)|B

0i
<latexit sha1_base64="3lbhutTV3tIHEzNFBKm3gGfgGmI="></latexit>

with 

• The only thing left is to relate q/p,  and  to original parameters of HΔM ΔΓ

secular equation: 

• Finally, the ratio

Re Im 
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Phases and amplitudes
• The B-meson states can have an arbitrary phase, so only relative phase is 

physical, which implies that there are three quantities that define B-mixing 

• … which gives for the mixing parameters

and 

• … and, up to a good approximation, to the phase of the box diagram,

q

p
= �M⇤

12

M12
=

V ⇤
tbVtq

VtbV ⇤
tq

<latexit sha1_base64="zNt1a7YGCsKE2rGyk7W5vJT4ABo="></latexit>

We can calculate B-mixing parameters in the SM: any sign of New Physics?

and 
����
q

p

����
2

= 1� a = 1� Im
�12

M12
<latexit sha1_base64="m++nmBOPUjk9wmUX0nDVDMg3FPA="></latexit>
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FCNC in the SM: GIM-mechanism

 Let’s calculate them! For each internal quark type we get

 There are no ΔQ=2 interactions in the Standard Model… 
        … but we can make them via a “two-step process” (loop diagram):

(k2)

Divergent: not good...
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GIM-mechanism

 Thus, in the limit where k >> mi, mj, MW:

 However, CKM matrix is unitary: 
             contribution of different internal flavors comes with different signs!

top:

top-charm:

top:

top-charm:

… and similarly for other quarks

A �
�

i

m2
i (VisV

�
ib)

2gk(m2
i ) Glashow-Iliopulous-Maiani

(k2)

(k2)
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Introduction: energy scales

mc

mb

mt

mW

★ It is important to understand relevant energy scales for the problem at hand

★ Modern approach to flavor physics calculations: effective field theories

physics of beauty physics of charm

dominant dominant smallsmall

b,s,d

c,u t

tc,u

s,d

s,d

b

b
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Theoretical expectations

 Assume quark-hadron duality: relate width to forward matrix element

I. Bigi, M. Shifman, A. Vainshtein, M. Voloshin, 
N. Uraltsev, A. Falk, A. Manohar, M. Wise, M. 
Neubert, C. Sachrajda, P. Colangelo, F. de Fazio, 
…

What are the results?

 This correlator can be expanded using OPE



Alexey A Petrov (USC) FNAL HCP Summer School 202420

Standard Model contributions

�21(Bs) =
�

k

Ck(µ)
mk

b

⇥Bs|O�B=2
k (µ)|Bs⇤.

M12(Bs) =
G2

F MBs

12⇥2
M2

W (VtbV
�
ts)

2 �̂BS0(xt)f2
Bs

B

Both ΔMBs and ΔΓBs can be computed in the limit mb→∞:

∆MBs:

∆ΓBs:

A.Buras, M.Jamin, P.Weisz

+

A. Lenz, U. Nierste
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Not so easy: SM contributions to ΔΓBs 

�21(Bs) = � G2
F m2

b

12⇥(2MBs)
(V �

cbVcs)2 [[F (z) + P (z)] ⇥Q⇤

+ [FS(z) + PS(z)] ⇥QS⇤ + �1/m + �1/m2
�

Q = (b̄isi)V�A(b̄jsj)V�A, QS = (b̄isi)S�P (b̄jsj)S�P

Q̃ = (b̄isj)V�A(b̄jsi)V�A, Q̃S = (b̄isj)S�P (b̄jsi)S�P

⇥�Bs =
�
0.0005B + 0.1732Bs + 0.0024B1 � 0.0237B2 � 0.0024B3 � 0.0436B4

+ 2⇥ 10�5�1 + 4⇥ 10�5�2 + 4⇥ 10�5�3 + 0.0009�4 � 0.0007�5

+ 0.0002⇥1 � 0.0002⇥2 + 6⇥ 10�5⇥3 � 6⇥ 10�5⇥4 � 1⇥ 10�5⇥5

� 1⇥ 10�5⇥6 + 1⇥ 10�5⇥7 + 1⇥ 10�5⇥8

⇥
(ps�1).

�Q⇥ = 2
1 + Nc

Nc
f2

Bs
M2

Bs
B

⇥QS⇤ =
1 � 2Nc

Nc

M4
Bs

(mb + ms)2
f2

Bs
BS

ΔΓBs: a calculation yields:

★ ... with operators

★ ... so the result (up to 1/mb2) is:

A.Badin, F. Gabbiani,  A.A.P. 
Phys. Lett. B653, 230 (2007)

WC (incl. pQCD corr): Beneke et al, Ciuchini et al 

}
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Time-dependent CP-asymmetries

★ Time-dependent CP-asymmetries probe CP-violation in ∆B=2 amplitudes
• Now we know how to deal with time-dependent rates

• … which can be calculated using the developed formalism, �f =
q

p

Af

Af
<latexit sha1_base64="q6FYadTYOxA8ahWMKv1q1cazDKE=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VwVRIrPhZC1Y3LCvYBTQiTyaQdOnk4MxFKyHe48VfcuFDEnbjxb5ykQdR6YIbDuffcmXvcmFEhDeNTq8zNLywuVZdrK6tr6xv65lZXRAnHpIMjFvG+iwRhNCQdSSUj/ZgTFLiM9NzxZV7v3REuaBTeyElM7AANQ+pTjKSSHN20mGr2kOPDM2j5HOH0NkvjrORWpMz5bHju+FmaX45eNxpGAThLzJLUQYm2o79bXoSTgIQSMyTEwDRiaaeIS4oZyWpWIkiM8BgNyUDREAVE2GmxWgb3lOJBP+LqhBIW6k9HigIhJoGrOgMkR+JvLRf/qw0S6Z/YKQ3jRJIQTx/yEwZlBPOcoEc5wZJNFEGYU/VXiEdIZSJVmrUihNMcR98rz5LuQcNsNprXh/XWRRlHFeyAXbAPTHAMWuAKtEEHYHAPHsEzeNEetCftVXubtla00rMNfkH7+ALaGaGI</latexit>
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Time-dependent CP-asymmetries

• The flavor-specific CP-asymmetry (aka semileptonic CP asymmetry)

★ Various time-dependent CP-asymmetries can now be formed

• CP-asymmetry for decays to CP-eigenstates (such as , etc.)fCP = J/ψKS

and where 
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Ex.: Belle II studies for time-dependent CPV
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Things to take home

 We discuss how CP-violation can be studied with B-mesons  
– would D-mixing be different? 
– would CP-violation studies in charm be different?
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Charm physics

14
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1. Introduction

• How can CP-violation be observed in charm system?	
– can be observed by comparing CP-conjugated decay rates in 

various ways, both with and w/out time dependence	

– can manifest itself in charm ∆C=1 transitions (direct CP-violation)	

– or in ∆C=2 transitions (indirect CP-violation): mixing	

– or in the interference b/w decays (∆C=1) and mixing (∆C=2)

�(D ! f) 6= �(CP [D]! CP [f ])

R2
m = |q/p|2 =

����
2M�

12 � i��
12

⇥m� (i/2)⇥�

����
2

= 1 + Am ⇥= 1

CPVint

dCPV

CPVmix

13
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Introduction: charm-specific lingo

12

u

q̄

s
d̄

s̄

d̄, s̄
d, s

d

VcsV
⇤
ud

Vcs(d)V
⇤
us(d)

VcdV
⇤
us

★ Cabibbo-favored (CF: 𝝀0) decay 	
- originates from c → s ud  
- examples: D0 →K-π+

★ Singly Cabibbo-suppressed (SCS: 𝝀1) decay	
- originates from c → q uq  
- examples: D0 →ππ and D0 → KK

★ Doubly Cabibbo-suppressed (DCS: 𝝀2) decay	
- originates from c → d us  
- examples: D0 →K+π-

u

u

q̄

q̄

★ Can be classified by SM CKM suppression of tree amplitude (Vus ~ 𝛌)

★ We shall concentrate on SCS decays. Why is that?
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Generic expectations for sizes of CPV effects

With b-quark contribution neglected: 
only 2 generations contribute        
             real 2x2 Cabibbo matrix

Any CP-violating signal in the SM will be small, at most O(VubVcb
*/VusVcs

*) ~ 10-3 

Thus, O(1%) CP-violating signal can provide a “smoking gun” signature of New Physics

★ Generic expectation is that CP-violating observables in the SM are small
Δc = 1 amplitudes allow to reach third -generation quarks!                                  

★ The Unitarity Triangle relation for charm:

“Penguin” amplitude/contraction

d̄, s̄
d, s

u

q̄

“Tree” amplitude

😢
11
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2. Time-independent (direct) CP-violation

10

★ Direct CP-violating asymmetries probe CP-violation in ∆C=1 amplitudes

• CP-asymmetries compare partial rates of CP-conjugated decays

• a non-vanishing decay asymmetry requires that a decay amplitude 	
- contain several components each of which has its own strong and weak phases	
- strong phases: do not change under CP transformation of the decay amplitude	
- weak phases: flip sign under CP transformation of the decay amplitude

(both charged and neutral D’s)

• Now we can form the CP-asymmetry

aCP (f) = 2rf sin(✓1 � ✓2) sin(�1 � �2)
<latexit sha1_base64="wMzSAXkb4YwXfY05k0XeptJtQlc="></latexit>

with rf =

����
Af2

Af1

����
<latexit sha1_base64="tap1bs410JYeJmZc32hYIYHB6mI=">AAACEXicbVC7SgNBFJ31GeMramkzGIRUYTcRH4UQtbGMYB6QDcvsZDYZMvtg5q4QNvsLNv6KjYUitnZ2/o2TTRA1Hrjcwzn3MnOPGwmuwDQ/jYXFpeWV1dxafn1jc2u7sLPbVGEsKWvQUISy7RLFBA9YAzgI1o4kI74rWMsdXk381h2TiofBLYwi1vVJP+AepwS05BRK0vHwObYF82Bse5LQ5MJJvEqaZt1KU1vy/gDGTqFols0MeJ5YM1JEM9SdwofdC2nsswCoIEp1LDOCbkIkcCpYmrdjxSJCh6TPOpoGxGeqm2QXpfhQKz3shVJXADhTf24kxFdq5Lt60icwUH+9ifif14nBO+0mPIhiYAGdPuTFAkOIJ/HgHpeMghhpQqjk+q+YDoiOBXSI+SyEswmOv0+eJ81K2aqWqzdHxdrlLI4c2kcHqIQsdIJq6BrVUQNRdI8e0TN6MR6MJ+PVeJuOLhiznT30C8b7F/YQneY=</latexit>

weak strong

A(D ! f) ⌘ Af = |Af1|ei�1ei✓1 + |Af2|ei�2ei✓2
<latexit sha1_base64="PTHxlya0s0nRDFsA5vzHWMaIqCU="></latexit>

aCP (f) =
�(D ! f)� �(D ! f)

�(D ! f) + �(D ! f)
<latexit sha1_base64="jsAoTlTrUm9MCBWNAcaMVVVzdu4="></latexit>
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Direct CP-violation in charm: realities of life

AKK =
GFp

2
�

⇥
(T + E + Psd) + a�4e�i�Pbd

⇤

A⇡⇡ =
GFp

2
�

⇥
(�(T + E) + Psd) + a�4e�i�Pbd

⇤

�aCP = ad
KK � ad

⇡⇡ ⇡ 2ad
KK

SU(3) is badly broken in D-decays

★ IDEA: consider the DIFFERENCE of decay rate asymmetries: D →ππ vs D → KK!     
    For each final state the asymmetry

★ A reason:  amKK=amππ and aiKK=aiππ (for CP-eigenstate final states), so, ideally, 
mixing asymmetries cancel (rf=Pf/Af)!

direct     mixing    interference

★ ... and the resulting DCPV asymmetry is                                                  (double!)

★ ... so it is doubled in the limit of SU(3)F symmetry 

D0: no neutrals in 
the final state!

9
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Experimental analysis from LHCb

araw
f = aCP

f + adetect, D
f + adetect, ⇡s

D + aprod
D⇤

D⇤+ ! D0⇡+
s

★ The difference ∆aCP is also preferable experimentally, as

“D*-trick” -- tag the charge of the slow pion 
(or muon for D’s produced in B-decays)

★ D* production asymmetry and soft pion asymmetries are the same for 
KK and ππ final states-- they cancel in ∆aCP!

physics detection 
asymmetry 
of D0

detection 
asymmetry of 
soft pion

production 
asymmetry 
of D*+

★ Since we are comparing rates for D0 and anti-D0: need to tag the flavor at 
production

aCP, f =
Z 1

0
aCP (f ; t)D(t)dt = ad

f +
hti
⌧

aind
f

★ Integrate over time,

distribution of proper decay time
★ Viola! Report observation!

8
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Afrtermath

• Experimental results	
– note that while the new result does constitute an observation of 

CP-violation in the difference…	

– … it is not yet so for the individual decay asymmetries

LHCb 2017

• Need confirmation from other experiments (Belle II)

�adirCP = aCP (K
�K+)� aCP (⇡

�⇡+) = (�0.156± 0.029)%
<latexit sha1_base64="1h0o4y66gw0CITK0CzNHCWeyLfY="></latexit>

LHCb 2019

• What does this result mean? New Physics? Standard Model?

7
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Theoretical troubles

6
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Theoretical troubles
★ These asymmetries are notoriously difficult to compute

★ In the Standard Model 
- need to estimate size of penguin/penguin contractions vs. tree 

- unknown penguin contributions 
- SU(3) analysis: some ME are enhanced? 

-  could expect large 1/mc corrections (E/PE/PA/…) 

- flavor-flow diagrams  

Golden & Grinstein PLB 222 (1989) 501; Pirtshalava & Uttayarat 1112.5451

Isidori et al PLB 711 (2012) 46; Brod et al 1111.5000

Broad et al 1203.6659; Bhattacharya et al PRD 85 (2012) 054014; 
Cheng & Chiang 1205.0580; 1909.03063; Gronau, Rosner

★ Need direct calculations of amplitudes/CPV-asymmetries
Khodjamirian, AAP; 
Lenz, Piscopo, Rush- QCD sum rule calculations of �aCP

- SU(3) breaking analyses of D → PV, VV

- constant (but slow) lattice QCD progress in D → 𝜋𝜋, 𝜋𝜋𝜋 Hansen, Sharpe

★ General comments on SU(3)/flavor flow — type analyses 
- fit both SM and (possible) NP parts of the amplitudes: can one claim SM-only?  
- many parameters: can one claim O(10-4) precision if rates are known to O(10-2)?

5
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Calculating CP-asymmetries in QCD

• Effective Hamiltonian for singly Cabibbo-suppressed (SCS) decays	
– drop all “penguin” operators (Qi for i ≥ 3) as Ci are small,	

– recall that                                                   and 

4

without QCD with QCD



Alexey A Petrov (USC) FNAL HCP Summer School 2024

dCPV predictions

• As a result…

• Thus,

3

r⇡⇡(KK) Ps(d)
⇡⇡(KK)• Phases of                  are given by the phases of                   ?

• Again, experiment: �adirCP = (�0.156± 0.029)%
<latexit sha1_base64="ixEIIHv/gAQWaE0qP1+LI7iQlvU=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyFiliSel8IxbpwWcFeoIlhMp20QycXZiZCCXkIN76KGxeKuHXhzrdx2mahrT8MfPznHM6c340YFdIwvrW5+YXFpeXcSn51bX1jU9/aboow5pg0cMhC3naRIIwGpCGpZKQdcYJ8l5GWO6iN6q0HwgUNgzs5jIjto15APYqRVJajH1jXhEkEkZPU6ul90qU8hZewdGiUzZNTaEU+NMpG5WLfKkJHLygeC86CmUEBZKo7+pfVDXHsk0BihoTomEYk7QRxSTEjad6KBYkQHqAe6SgMkE+EnYyPSmFROV3ohVy9QMKx+3siQb4QQ99VnT6SfTFdG5n/1Tqx9M7thAZRLEmAJ4u8mEEZwlFCUEVAsGRDBQhzqv4KcR9xhKXKMa9CMKdPnoVmpWwelSu3x4XqVRZHDuyCPVACJjgDVXAD6qABMHgEz+AVvGlP2ov2rn1MWue0bGYH/JH2+QONLZqr</latexit>

�adirCP = �2rb sin �(rK sin �K + r⇡ sin �⇡)and with

No: Yes:

Khodjamirian, AAP; 
Lenz, Piscopo, Rush
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 Other observables can be constructed for baryons, e.g.

4. CP-violation in charmed baryons

2

Af =
��c + ��c

��c � ��c

FOCUS[2006]: AΛπ=-0.07±0.19±0.24

These amplitudes can be related to “asymmetry parameter”

If CP is conserved                    , thus CP-violating observable is 

Same is true for Λc-decay

… which can be extracted from
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Things to take home: charm

 Computation of charm amplitudes is a difficult task 
– no dominant heavy dof, as in beauty decays 
– light dofs give no contribution in the flavor SU(3) limit 
– D-mixing is a second order effect in SU(3) breaking (x,y ~ 1% in the SM) 

 For indirect CP-violation studies 
– constraints on Wilson coefficients of generic operators are possible, point to the 

scales much higher than those directly probed by LHC 
– consider new parameterizations that go beyond the “superweak” limit 

 For direct CP-violation studies 
- unfortunately, large DCPV signal is no more; need more results in individual 

channels, especially including baryons 

- hit the “brown muck”: future observation of DCPV does not give easy 
interpretation in terms of fundamental parameters  

- need better calculations: lattice? 

 Lattice calculations can, in the future, provide a result for aCP!   
 Need to give more thought on how large SM CPV can be…

1
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How to observe CP-violation: easy

D0D0 � (F1)(F2)
�(3770)� D0D0 � (CP±)(CP±)

CP [F1] = CP [F2]

�F1F2 =
�F1�F2

R2
m

⇤�
2 + x2 + y2

⇥
|�F1 � �F2 |2 +

�
x2 + y2

⇥
|1� �F1�F2 |2

⌅

★   Recall that CP of the states in                              are anti-correlated at ψ(3770): 
★ a simple signal of CP violation:  

★    CP-violation in the rate   →   of the second order in 	
CP-violating parameters. 
★     Cleanest measurement of CP-violation!

CP eigenstate F1

CP eigenstate F2

τ-charm factory

I. Bigi, A. Sanda; H. Yamamoto; 
Z.Z. Xing; D. Atwood, AAP

AAP,  Nucl. Phys. PS 142 (2005) 333 
           hep-ph/0409130


