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Tribute to Hai-Yang Cheng: Apetite for tackling 
difficult problems
• Tried to address 
• ΔI=1/2 rule in several papers

• η’ & glueballs

• Final state interactions
• Proton spin puzzle
• And many more
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Outline: K=>ππ, ΔI=1/2 Rule and ε’/ε
• Introduction & Motivation
• Obstacles aglore
• Chiral symmetry: era of DWF simulations 
• Dramatic Failure of Quenched approximation
• Limitations of ChPT
• Direct K=> ππ a la Lellouch Lucher
• Resolution of the ΔI=1/2 Puzzle
• ε’
• BK ;  Kl3; ReA2; ImA2; ε’/ε[EWP]
• Summary & outlook
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What’s the hooplah
• [Ks =>  +  - ]/ [K+ =>  +  0 ] = 670!

• ’ / 
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With C. Bernard
[UCLA]



Direct CP violation in K=>ππ decays
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Critical Role of the B 
factories in the 
verification of the KM 
hypothesis was recognized 
and cited by the Nobel 
Foundation

A single irreducible 
phase in the weak 
interaction matrix 
accounts for most of 
the CPV observed in 
kaons and B’s.

CP violating effects in 
the B sector are O(1) 
rather than O(10-3) as in 
the kaon system.
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Sad story of  ’/

• ~15% measurement obtained with heroic efforts (spanning over 20 
years!)  on both sides of the Atlantic  at a cost very iikely well over 
$200M:

• Its WORTHLESS FOR NOW!    It has 0 impact on theory
• ONLY LATTICE METHODS CAN CHANGE THIS FACT

• My entry into lattice methods ~1982 was motivated by wanting to 
reliably calculate ’
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Theory: Salient features
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Four stages

• ~1982 – 1994 .with Claude Bernard

• ~ 1995-1998 with Tom Blum

• 1998---2008  RBC

• 2008 -> present RBC-UKQCD
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Shamir & Furman,  NPB 439, 
54,1995
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Extremely serious quench patholgy
• Most important for Q6 as it LR=> (S+P)(S-P);  AND it makes the most

important contribution to ε’ 
Source of problem is that H_eff for ΔS=1 has operators such as Q6 with
Quark content  
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N. Christ @LAT08

(Sam)Shu Li, PhD thesis, 
Columbia ‘08



Direct K->  (a la Lellouch-Luscher), using finite 
volume correlation* functions,  [i.e. w/o 

ChPT] RBC initiates around 2006

* Allows to bypass Maini-Testa theorem
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RBC-UKQCD, arXiv:1111.1699,  PRL 2012
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RBC-UKQCD
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From our lattice calculated ImA2 and experimental ReA2  we get:

Next challenge is to compute complex A0  which has also been 
underway for past few years
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Donoghue,,G,H
“Dynamics  of 
The SM”  ‘92



Dissecting 3/2 Amp on the lattice
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Simplest basic step is
Significantly  different

from 
phenomenological

expectations
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Brute force
32X32X32X

64X16

QCDOC  10 Tf
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Mass depends  of ReA2, A0

Due to the cancellation,  3/2 amplitude decreases  
significantly as the

pion mass is lowered  towards its physical value
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TXT cancellation with T
• At physical kinematics we find

T  ~     - 0.7   T X T    in contrast  to  expectation from 
common folklore (large N):    T  ~  T X T/N   ~ 0.3
• i.e. the very 1st step in large N and in vacuum saturation 

(factorization) is not adhered in QCD
• Using in addition (at scale of ~1.7 GeV), z1 = -0.30,  z2= 

1.14 one finds
• Re A0 / Re A2  ~ 10.9 ; thus  a significant fraction  of 

the observed enhancement originates from simple tree 
operators 
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Cheng & Li, Gauge Field Theory

DGH
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Weak Interactions & 
Modern Particle

Theory
Howard Georgi



Progress on complex amplitude A0

• This is much much harder than A2 because of

• Disconnected diagrams

• Mixing with lower dimensional operators

• G-parity boundary conditions
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Status of A0 calculation as of 03/25/15
• ~170 measurements (about 45 more now)
• Statistical errors on Re and ImA0 ~30% ; systematic errors around 

same
• ReA0 in reasonably good agreement with the experimental number
• For calculating ε’/ε plan to use lattice calculated ImA0 and 

experimental value of ReA0
• Because of appreciable cancellation with EWP contribution, 

statistical error on ε’/ε around 40% ; systematic 30%
• 1st publication soon with controllable errors
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2nd useful example A2

• 1st complete calculation with physical kinematics ~2012 with errors 
around 20%:

• PRD2015, Re & Im A2 in continuum limit with ~10% errors completely 
dominated by continuum perturbation theory errors on Wilson 
coefficients to NLO:

•
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Outlook for ε’/ε calculation

• Proposal for four-fold increase in statistics in ~year; bring errors 
down to ~20% statistical; ~15% systematic

• ~ 5 years  total errors should be ~10%
• Improved experimental determination worth considering
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Summary + Outlook
• Significant lattice progress in calculation of K=> π π

• Re and Im A2 finished recently with ~10% total error in each;  
and 15%    on 

• 60 years old puzzle Delta I=1/2 resolved: its mostly a result of an 
unexpected significant cancellation among  N2 and N amplitudes 
contributing to A2

• Re and Im A0 1st computation at physical kinematics with errors 
around 40% stat and 30% systematics will be completed very soon and 
plans underway for improvement to 20% and 15% in ~ yr
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