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K → ππ & Direct CPV

• ε’ vs ε

‣ Re (ε’/ε)exp = 16.6(2.3) x 10-4   (KTeV, NA48） 

‣ Explained by SM? 

• Key to understanding the nature of matter/anti-matter asymmetry 
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G-parity BC calculation done
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• Eππ = 2mπ ≈ 280 MeV state in Euclidean correlators forbidden

• Useful to extract Eππ = mK state at large time separations

Re(ε’/ε) (x104)

 PRD 102,054509
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G-parity BC calculation done
4
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Independent calculations desired 

Systematic errors 
Isospin breaking effects 
Finite lattice cutoff 
Wilson coefficients

= 21.7(2.6)stat(6.2)sys(5.0)EM/IB ⇥ 10�4
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Why periodic BCs?
• Already have lattice ensembles with physical pion mass

• 1.0 GeV, 243 x 64 & 1.4 GeV, 323x64 & …

• Continuum limit possible


• Hope to introduce QED/IB effects near future 

• Difficult with G-parity BCs

• Straightforward with periodic BCs 


• Presence of Eππ = 2mπ state challenging

• S/N ratio of Eππ = mK state should be the same as in G-parity BCs:

• interesting to see if it’s possible to extract signal of excited state
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Lattice setup

• RBC/UKQCD’s 2+1-flavor ensembles with MDWFs at physical pion & 
kaon masses

• 243 x 64, a-1 = 1.0 GeV, ~250 confs                                                       

• 323 x 64, a-1 = 1.4 GeV, ~100 confs                                                           


• Chiral symmetry of DWFs → strong constraints on operator mixings

• with lower-dimensional operators

• among different representations WRT chiral symmetry (8,1), (8,8) & (27,1)
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What to calculate
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• δI, F being determined via π-π scattering work w/ GEVP & Lüscher formalism 

• AI = < (ππ)I | HW | K > from 3pt correlation functions

• I = 0 challenging — disconnected diagrams, power divergences 
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Matrix elements
• For extraction of ground-state ME


• Excited ππ state needed for on-shell kinematics with PBCs
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State decompositions
• 2pt functions of interpolation operators:


• Good combinations of interpolation operators: 


• vn,a well determined by solving GEVP (Generalized Eigenvalue Problem)

9

<latexit sha1_base64="j6wFJcdykP53GLdQjBEevb6f+T0="></latexit>

Cab(t) = hOa(t)Ob(0)†i =
P

n An,aA
⇤
n,be

�Ent

<latexit sha1_base64="1xIv2RxeGm3PAtRXSMJsK+BoWyQ=">AAACGXicbVBNS8NAFNzUrxq/oh69LFZRREoiol6EohdvrWBVaGp42W7apZtN2N0oJfRvePGvePGgiEc9+W/c1h7UOrAwzMzj7Zsw5Uxp1/20ChOTU9MzxVl7bn5hcclZXrlUSSYJrZOEJ/I6BEU5E7Sumeb0OpUU4pDTq7B7OvCvbqlULBEXupfSZgxtwSJGQBspcNwNX0V2NQBfsnZHg5TJHa5uBQIfY19lcQD4NsjFLvRvdkzK3gicklt2h8DjxBuREhqhFjjvfishWUyFJhyUanhuqps5SM0Ip33bzxRNgXShTRuGCoipaubDy/p40ygtHCXSPKHxUP05kUOsVC8OTTIG3VF/vYH4n9fIdHTUzJlIM00F+V4UZRzrBA9qwi0mKdG8ZwgQycxfMemABKJNmbYpwft78ji53Ct7B+X9871S5WRURxGtoXW0jTx0iCroDNVQHRF0jx7RM3qxHqwn69V6+44WrNHMKvoF6+MLYneepw==</latexit>

Oa ! O
0
n =

P
a v

⇤
n,aOa

<latexit sha1_base64="CavWLEmmm6r9JIG1YzVtulPtyAc=">AAACIXicbVDLSgMxFM34rONr1KWbYCu0IGWmiLoRit24VLBa6JQhk2ba0ExmSO4IpfRX3Pgrblwo4k78GdM6iLZeSDicc+5N7glTwTW47oe1sLi0vLJaWLPXNza3tp2d3VudZIqyJk1Eoloh0UxwyZrAQbBWqhiJQ8HuwkFjot/dM6V5Im9gmLJOTHqSR5wSMFTgnJV8HdmNMlTuA1mGIwjcin2OfWFGdMkPZQzm/mUpBU7RrbrTwvPAy0ER5XUVOO9+N6FZzCRQQbRue24KnRFRwKlgY9vPNEsJHZAeaxsoScx0ZzTdcIwPDdPFUaLMkYCn7O+OEYm1HsahccYE+npWm5D/ae0MorPOiMs0Aybp90NRJjAkeBIX7nLFKIihAYQqbv6KaZ8oQsGEapsQvNmV58FtreqdVI+va8X6RR5HAe2jA1RGHjpFdXSJrlATUfSAntALerUerWfrzXr/ti5Yec8e+lPW5xd/Y59l</latexit>

C(t)vn(t, t0) = �n(t, t0)C(t0)vn(t, t0)

<latexit sha1_base64="UOum+ho8Y9jLL2WgAJoLnXoXQtQ="></latexit>

C
0
n(t) =

P
a,b v

⇤
n,aCab(t)vn,b = A

0
nA

0⇤
ne

�Ent + O(e�EN+1t)



/ 18XVth Quark Confinement and the Hadron Spectrum     Masaaki Tomii (UConn)

ππ states
• Effective ππ energies from 2pt functions

• Used GEVP with some improvements
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• 258 configurations (on 243x64), physical pion & kaon masses


• All-to-all quark propagators

• 2,000 low modes for light quarks (no low mode for strange)

• high-mode part: spin, color and time dilutions => 768 inversions


• 28 (5 independent) interpolation ππ operators 

• πp=(0,0,0)πp=(0,0,0), πp=(0,0,1)πp=(0,0,-1), πp=(0,1,1)πp=(0,-1,-1), πp=(1,1,1)πp=(-1,-1,-1) & σ


• to control effects from various states
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K → ππ calculation
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4 types of diagrams
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Subtraction of quadratic divergence
• Loop diagrams (types3,4) have a-2 divergence due to mixing with bilinear 

operators


• Subtraction 

•  

• Condition:


• Additional contractions
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Effective matrix elements (ΔI = 3/2)

• Plateau appears


• Global fit with various tππ–tK, tππ–top 
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Effective matrix elements (ΔI = 1/2)
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• Plateau appears


• Global fit with various tππ–tK, tππ–top 
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Fit results (ΔI = 1/2)
16
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Fit range-dependence 

• No obvious dependence on fit range for min(tππ–tK), min(tππ–top) ≥ 3

Q2 Q6
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Precision performance
17

32^3 G-parity BCs 
(previous work) 24^3 Periodic BCs 32^3 Periodic BCs


(w/o AMA correction)
# configurations 741 258 107

Q2lat 10% 14% 14%

Q6lat 6.5% 8.9% 11%

Re A0 11% 13% 14%

SN ratio

• Fascinating precision performance compared to G-parity calculation

Preliminary
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Summary
• Purpose

• New independent calculation of K → ππ decays

• to get measure of direct CPV

• Periodic-BC study gives prospect of introducing QED/IB effects


• On-shell final state = 1st excited state

• Interesting challenge to extract signal of excited state

• GEVP works

• Perhaps more efficient than previous G-parity calculation


• First results being summarized

18


