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1)	
  Direct	
  vs	
  Indirect	
  CP	
  viola4on	
  

	
  =	
   theory	
  

experiment	
  

NP?

2)	
  The	
  ΔI	
  =	
  ½	
  “rule”	
  (by	
  now	
  60	
  years	
  old)	
  

[	
  Gell-­‐Mann,	
  Pais,	
  PR	
  97	
  (1955)	
  ]	
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[	
  Endress,	
  Pena	
  2014	
  ]	
  [	
  Gius4,	
  Hernández,	
  Laine,	
  Pena,	
  Wennekers,	
  WiJg	
  2007	
  ]	
  

However:	
  

•  Quenched	
  

•  Far	
  from	
  physical	
  	
  

	
  charm	
  mass	
  

No	
  apparent	
  charm	
  

decoupling	
  enhancement	
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  enhancement	
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  consequence	
  of	
  the	
  the	
  charm	
  decoupling?	
  

•  other	
  effects….	
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On	
  the	
  other	
  hand:	
  RBC/UKQCD	
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CLAIM:	
  	
  



Emerging	
  “conspiracy”	
  picture	
  

•  The	
  ΔI	
  =	
  ½	
  “rule”	
  	
  is	
  the	
  combina4on	
  of	
  
several	
  effects,	
  all	
  of	
  them	
  enhancing	
  ΔI	
  =1/2	
  
with	
  respect	
  to	
  ΔI	
  =	
  3/2	
  kaon	
  decays	
  

– PT	
  enhancement	
  of	
  Wilson	
  coefficients	
  (k-­‐1	
  >	
  k
+
1)	
  

– Charm	
  decoupling	
  (maybe	
  larger	
  near	
  mc)	
  

– Final	
  state	
  interac4ons?	
  s4ll	
  to	
  study…	
  	
  

– Bulk	
  long-­‐distance	
  QCD	
  effect	
  (connected	
  diagram	
  

is	
  larger	
  than	
  expected	
  at	
  Nc	
  =	
  3):	
  let’s	
  

study	
  the	
  Nc	
  dependence	
  of	
  physical	
  amplitudes	
  A±	
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Simula4on	
  strategy	
  for	
  Nc	
  dependence	
  

•  	
   work	
  in	
  the	
  SU(4)	
  limit:	
  mc	
  =	
  mu	
  =	
  md	
  =	
  ms	
  

–  	
  a	
  simpler	
  effec4ve	
  hamiltonian:	
  	
  

	
  	
  

•  	
   use	
  twisted	
  mass	
  QCD:	
  
–  affordable	
  computa4onal	
  4me,	
  mul4plica4ve	
  
renormaliza4on,	
  O(a2)	
  correc4ons	
  

•  	
   quenched	
  

•  	
   correlators	
  and	
  confs	
  computed	
  using	
  code	
  from	
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[	
  Del	
  Debbio,	
  Patella	
  and	
  Pica	
  2010	
  ]	
  

[Pica	
  private	
  communica4ons]	
  



RGI	
  amplitudes	
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To	
  work	
  with	
  scale-­‐independent	
  quan44es:	
  

The	
  physical	
  observable	
  (two-­‐loop	
  PT	
  running	
  in	
  RI):	
  

from	
  the	
  Callan-­‐Symanzik	
  equa4on	
  

Good	
  Nc	
  scaling	
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We	
  compute	
  ra4os	
  of	
  (renormalized)	
  three-­‐	
  to	
  two-­‐point	
  func4ons	
  

Renormaliza4on	
  constants	
  (RI	
  scheme)	
  at	
  ~	
  2	
  GeV	
  in	
  one-­‐loop	
  PT	
  from	
  

	
  Constan4nou	
  et	
  al.,	
  2011;	
  Alexandrou	
  et	
  al,	
  2012	
  

A	
  by-­‐product	
  in	
  the	
  SU(3)	
  limit:	
  	
  

163	
  laJces	
  	
  

large	
  Nc	
  



Simula4on	
  parameters	
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work	
  at	
  fixed	
  quark	
  mass	
  at	
  maximal	
  twist	
  with	
  twisted	
  bare	
  mass	
  aμ=	
  0.02	
  

β	
  and	
  kc	
  from	
  detailed	
  studies	
  of	
  large	
  Nc	
  spectrum	
  	
  	
  

roughly	
  constant	
  pseudoscalar	
  mass	
  mPS	
  ~mK	
  

fixed	
  
[	
  Bali	
  et	
  al,	
  2013	
  ]	
  



Observables	
  autocorrela4ons	
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We	
  checked	
  that	
  ALL	
  measurements	
  are	
  

	
  (UWerr-­‐)decorrelated	
  



Chiral	
  correc4ons	
  

<π|Qi|K>	
  matrix	
  elements	
  can	
  be	
  related	
  to	
  <ππ|Qi|K>	
  	
  in	
  ChiPT	
  

	
  

	
  

the	
  rela4on	
  between	
  BK	
  and	
  A
+	
  holds	
  beyond	
  the	
  chiral	
  limit	
  	
  

as	
  long	
  as	
  mu	
  =	
  md	
  =	
  ms	
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Chiral	
  correc4ons:	
  caveats	
  

•  out	
  of	
  SU(3)	
  limit,	
  chiral	
  logs	
  are	
  much	
  larger	
  for	
  

kaon	
  mixing	
  than	
  for	
  kaon	
  decay.	
  BK	
  is	
  no	
  longer	
  

	
  	
  	
  	
  directly	
  related	
  to	
  A+	
  	
  

•  higher-­‐order	
  ChiPT	
  correc4ons	
  argued	
  to	
  be	
  large	
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Very	
  large	
  correc4ons	
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  Nc	
  limit	
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“Physical”	
  disconnected	
  diagram	
  	
  

scales	
  to	
  ~1	
  quadra4cally	
  in	
  1/Nc	
  

“Physical”	
  connected	
  diagram	
  

scales	
  to	
  0	
  linearly	
  in	
  1/Nc	
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Conclusions	
  and	
  Outlook	
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  PT	
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  far	
  from	
  physical	
  masses….	
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Is	
  there	
  an	
  
underlying	
  
reason	
  for	
  
which	
  ALL	
  
effects	
  go	
  in	
  
the	
  same	
  
direc4on?	
  

	
  



K	
  →ππ	
  diagramma4cs	
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Integra4ng	
  out	
  W,	
  t	
  and	
  c	
  

we	
  get	
  an	
  effec4ve	
  lagrangian	
  

with	
  10	
  four-­‐fermion	
  

operators	
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