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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?
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K → ππ Amplitude and ε’
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ππ phase shifts at mK

Lellouch-Lüscher finite volume correction

Wilson coefs. 
pQCD LQCDLQCD 

(+pQCD)

Renormalization matrix

(! = ReA2/ReA0)
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• Matrix elements < (ππ)I | Qi   | K > from 3pt correlation functions

• I = 2 amplitude has been determined very precisely [PRD91,074502 (2015)]


• I = 0 challenging — disconnected diagrams, power divergences – main focus
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Calculation w G-parity BC
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Experiment

Independent calculations desired b/c of 
Phenomenological importance of ε’ 
Relatively large uncertainty compared to exp 
Complexity of calculation

3+ times more confs 
Better control of 
excited-state 
contaminations 
Step scaling in NPR

Re(ε’/ε) (x104)
• PRD 102,054509 (2020)
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🤝

Re(✏0/✏)exp = 16.6(2.3)⇥ 10�4
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Systematic errors in 2020
Systematic errors on Im A0
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Finite lattice spacing 12%

Wilson coefficients 12%

Lelloch-Lüscher FV correction 1.5%

Residual FV correction 7%

Parametric error 6%

Off-shellness 5%

Renormalization 4%

Missing G1 operator 3%

TOTAL 21%
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Systematic errors in 2020
Systematic errors on Im A0

6

Finite lattice spacing 12%

Wilson coefficients 12%

Lelloch-Lüscher FV correction 1.5%

Residual FV correction 7%

Parametric error 6%

Off-shellness 5%

Renormalization 4%

Missing G1 operator 3%

TOTAL 21%

Additional systematic error on ε’

‣ ε’ could be significantly affected by EM/IB effects (ΔI = 1/2 rule → ~20%)

Improvement desired (PBC advantageous)

Improvement desired

Hope to compute near future (PBC appear necessary)
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Finite lattice spacing error
Can be fixed by taking continuum limit 
‣ Results with different lattice spacings needed


G-parity BC

‣ 323 x 64 published [RBC/UKQCD, 2020]

‣ Need ensemble generation

‣ X-conjugate algorithm (~4x speed up for 403 x 64) 


Ensembles already generated for periodic BC

7

5

10

15

20

25

30

35

0.0 0.1 0.2 0.3 0.4 0.5
a2 [GeV-2]

Re
(ε

’/ε
) x

 1
04

C. Kelly’s talk on Monday

Volume a-1 Achievement On-going analyses On-going measurements
243 x 64 1.0 GeV arXiv:2306.06781 / 258 confs 440 confs
323 x 64 1.4 GeV 236 confs → ~470 confs
483 x 96 1.7 GeV

Future work
… …
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EM/IB effects
Usually O(1%) effects


However ε’ ∝ Re A2 / Re A0 ≈ 1/22.45 (ΔI = 1/2 rule): small

‣ Relative of EM+IB on A2 & hence ε’ could be O(20%)


Example estimation with NLO ChPT + large Nc expansion → 23%


Developing approaches to introduce EM/IB effects on the lattice

‣ Coulomb correction to π+π+ scattering [Christ et al, PRD106 (2022), 1, 014508]

‣ Computation of transverse radiation contribution still challenging

★ Periodic BC appear necessary to introduce these effects
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[Ciligliano et al JHEP 02, 032 (2020)]



Lattice 2023         Masaaki Tomii (UConn) 9

12% error on A0 from wi   (μ) 

wi  (μ): precise at HEs4fμmc

<f|HW|i> = Σi wi  (μ) <f|Oi (μ)|i>3f 3f

LQCDpQCD

3f

wi

perturbative 
matching done below 
charm threshold 

(NLO known) 

Significant uncertainty remains even at HEs

Wilson coefs

Possible approaches

‣ NNLO perturbative matching [Cerda-Sevilla et al. Acta Phys.Polon.B 4 (2018) 1087-1096]

‣ Matching nonperturbatively [MT, LATTICE2019] 
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Lattice setup

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

‣ 243 x 64, a-1 = 1.0 GeV (on arXiv)

‣ 323 x 64, a-1 = 1.4 GeV (not public yet)


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 => 4x3x64 = 768 inversions


AMA in use (fewer configurations for exact)

10
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Matrix elements
For extraction of ME
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CK :

n n n
n

n

momentum         
(non-interacting ππ’s case) Energy

n = 0 (0,0,0) 2mπ (+ interaction)

n = 1 2π/L x (1,0,0) could be ≈ mKn = 2 2π/L x (1,1,0)

Energy-conserving process found for excited ππ state – confronting PBC approach
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C(3) : with n-th ππ operator used in 

that couples well with only n-th state n

n
<latexit sha1_base64="Xm3SX5XS+rrwI66zzof5Xk3FvUo=">AAAB+XicdVDLSgMxFM3UVx1foy7dBIvgasi0dqy7YjcuK9gHdMaSSTNtaOZBkimUoX/ixoUibv0Td/6N6UNQ0ZNcOJxzL7k5QcqZVAh9GIW19Y3NreK2ubO7t39gHR61ZZIJQlsk4YnoBlhSzmLaUkxx2k0FxVHAaScYN+Z+Z0KFZEl8p6Yp9SM8jFnICFZa6luWJ0OzcZ97KdN31tdSCdlXNdd1XIhsp6JPVRNUKSNUg46NFiiBFZp9690bJCSLaKwIx1L2HJQqP8dCMcLpzPQySVNMxnhIe5rGOKLSzxebz+CZVgYwTISuWMGF+n0ix5GU0yjQnRFWI/nbm4t/eb1MhTU/Z3GaKRqT5UNhxqFK4DwGOGCCEsWnmmAimN4VkhEWmCgdlqlD+Pop/J+0y7bj2tXbi1L9ehVHEZyAU3AOHHAJ6uAGNEELEDABD+AJPBu58Wi8GK/L1oKxmjkGP2C8fQKLvZOj</latexit>

C⇡⇡
n

Energy of 2 pions in rest frame with PBC

(= < ππ(270 MeV) | HW | K >)
En
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Variational method [Lüscher, 1990]
Solving GEVP (Generalized Eigenvalue Problem)


‣                             only couples with n-th, N+1-th & higher states


‣  


ππ operators used in this work:

‣ 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 ~ 

‣ KK ~                       : new entry

12

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

Cab(t) = hOa(t)Ob(0)†i =
P

n An,aA
⇤
n,be

�Ent: N x N correlator matrix
<latexit sha1_base64="kH1ukIiOJKt4haWGZ2i2sLS/m6c=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDiJexKUI/BXDxGMA9IljA7mU2GzM6uM71CCPkJLx4U8ervePNvnCR70MSChqKqm+6uIJHCoOt+O2vrG5tb27md/O7e/sFh4ei4aeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY1WZ+64lrI2L1gOOE+xEdKBEKRtFK7a4JSa2EF71C0S27c5BV4mWkCBnqvcJXtx+zNOIKmaTGdDw3QX9CNQom+TTfTQ1PKBvRAe9YqmjEjT+Z3zsl51bpkzDWthSSufp7YkIjY8ZRYDsjikOz7M3E/7xOiuGNPxEqSZErtlgUppJgTGbPk77QnKEcW0KZFvZWwoZUU4Y2orwNwVt+eZU0L8veVblyXylWb7M4cnAKZ1ACD66hCndQhwYwkPAMr/DmPDovzrvzsWhdc7KZE/gD5/MH1B6PMA==</latexit>

C(t)

<latexit sha1_base64="cnBYeTmORPYRQJke5z4YXqAcaro=">AAACD3icbVDLSsNAFJ34tr6iLt0MFqWCLYmIuhGKIrisYB/Q1DCZTurgZBJmboQS+gdu/BU3LhRx69adf+OkZuHrwMDhnHu4c0+QCK7BcT6sicmp6ZnZufnSwuLS8oq9utbScaooa9JYxKoTEM0El6wJHATrJIqRKBCsHdyc5n77linNY3kJw4T1IjKQPOSUgJF8e9vTIfaECfSJLyuwC76zg48xu8qqZ7lQzYWRb5edmjMG/kvcgpRRgYZvv3v9mKYRk0AF0brrOgn0MqKAU8FGJS/VLCH0hgxY11BJIqZ72fieEd4ySh+HsTJPAh6r3xMZibQeRoGZjAhc699eLv7ndVMIj3oZl0kKTNKvRWEqMMQ4Lwf3uWIUxNAQQhU3f8X0mihCwVRYMiW4v0/+S1p7Nfegtn+xX66fFHXMoQ20iSrIRYeojs5RAzURRXfoAT2hZ+veerRerNev0QmryKyjH7DePgGD2Zpv</latexit>

�n(t, t0) = e�En(t�t0)

<latexit sha1_base64="fFcNTLK0R9QzZlxJo36UMl9coAI=">AAAB/nicbZDLSsNAFIYn9VbjLSqu3AwWQRBKIt6WRTcuK9gLNKFMJpN26GQS5iKUUPBV3LhQxK3P4c63cZpmoa0/DHz85xzOmT/MGJXKdb+tytLyyupadd3e2Nza3nF299oy1QKTFk5ZKrohkoRRTlqKKka6mSAoCRnphKPbab3zSISkKX9Q44wECRpwGlOMlLH6zoEvY9sPkYBaw1NYUBT1nZpbdwvBRfBKqIFSzb7z5Ucp1gnhCjMkZc9zMxXkSCiKGZnYvpYkQ3iEBqRnkKOEyCAvzp/AY+NEME6FeVzBwv09kaNEynESms4EqaGcr03N/2o9reLrIKc804pwPFsUawZVCqdZwIgKghUbG0BYUHMrxEMkEFYmMduE4M1/eRHaZ3Xvsn5xf15r3JRxVMEhOAInwANXoAHuQBO0AAY5eAav4M16sl6sd+tj1lqxypl98EfW5w8MRJRF</latexit>

ūu+ d̄d
<latexit sha1_base64="QySqogG3QH7EDOYcmSU2AJ55Soc=">AAACAnicbVDNS8MwHE39nPWr6km8BIcgDEcrfh2HXoReJrgPWLuRZukWljYlSYUxhhf/FS8eFPHqX+HN/8Z060E3HwQe771fkt8LEkalsu1vY2FxaXlltbBmrm9sbm1bO7t1yVOBSQ1zxkUzQJIwGpOaooqRZiIIigJGGsHgJvMbD0RIyuN7NUyIH6FeTEOKkdJSx9r3ZGh6XEeyG6DrwhJ02yW3fdKxinbZngDOEycnRZCj2rG+vC7HaURihRmSsuXYifJHSCiKGRmbXipJgvAA9UhL0xhFRPqjyQpjeKSVLgy50CdWcKL+nhihSMphFOhkhFRfznqZ+J/XSlV45Y9onKSKxHj6UJgyqDjM+oBdKghWbKgJwoLqv0LcRwJhpVszdQnO7MrzpH5adi7K53dnxcp1XkcBHIBDcAwccAkq4BZUQQ1g8AiewSt4M56MF+Pd+JhGF4x8Zg/8gfH5A1njlXk=</latexit>

KK+ K+K�

I = 2
I = 0
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Preliminary

Preliminary

Preliminary

Preliminary

13

aEππ from ππ 2pt func & GEVP
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All preliminary with new data set
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Preliminary

Preliminary

Preliminary

Preliminary

13

aEππ from ππ 2pt func & GEVP
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t1/a

(x10-1)

t2/a
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ΔI = 1/2, a3Meff
1,6

Effective matrix elements (ΔI = 1/2)
14

Q2 Q6

243 x 64


Plateau appears

       : Correlated fit result with 


                          t1 = top–tK ≥ 4 && t2 = tππ–top ≥ 4 (colored filled data points)
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Renormalization (RI/SMOM scheme)


Interpolation

Translating to more physical ME
15

ZRI/SMOM

ij
(µ0)

<latexit sha1_base64="KanwFR3tzGvQpWLWPzjyRh/l714=">AAACA3icbVDLSsNAFJ34rPEVdaebYBHrpiZSUHdFN7oo1kcf2MQwmU7asZMHMxOhhIAbf8WNC0Xc+hPu/BunbRbaeuDC4Zx7ufceN6KEC8P4VqamZ2bn5nML6uLS8sqqtrZe52HMEK6hkIas6UKOKQlwTRBBcTNiGPouxQ23dzrwGw+YcRIGN6IfYduHnYB4BEEhJUfbtLin3joJuU/vkqvz/evKRSUtWH68u+doeaNoDKFPEjMjeZCh6mhfVjtEsY8DgSjkvGUakbATyARBFKeqFXMcQdSDHdySNIA+5nYy/CHVd6TS1r2QyQqEPlR/TyTQ57zvu7LTh6LLx72B+J/XioV3ZCckiGKBAzRa5MVUF6E+CERvE4aRoH1JIGJE3qqjLmQQCRmbKkMwx1+eJPWDolkqHl+W8uWTLI4c2ALboABMcAjK4AxUQQ0g8AiewSt4U56UF+Vd+Ri1TinZzAb4A+XzByGRlpA=</latexit>

µ02 = p21 = p22 = (p1 � p2)
2

<latexit sha1_base64="aY/0wZbW1oWeA8nGdgZfwLJHfs4=">AAACE3icbVDLSgMxFM3UVx1foy7dBItYBcvMUFAXQtGNywr2AZ1pyaSZNjTzIMkIZeg/uPFX3LhQxK0bd/6N6XQW2nog3JNz7iW5x4sZFdI0v7XC0vLK6lpxXd/Y3NreMXb3miJKOCYNHLGItz0kCKMhaUgqGWnHnKDAY6TljW6mfuuBcEGj8F6OY+IGaBBSn2IkldQzTh3h66kTJMeTrg2vYNyz8mpntayEM3U56do9o2RWzAxwkVg5KYEc9Z7x5fQjnAQklJghITqWGUs3RVxSzMhEdxJBYoRHaEA6ioYoIMJNs50m8EgpfehHXJ1Qwkz9PZGiQIhx4KnOAMmhmPem4n9eJ5H+hZvSME4kCfHsIT9hUEZwGhDsU06wZGNFEOZU/RXiIeIISxWjrkKw5ldeJE27YlUrl3fVUu06j6MIDsAhKAMLnIMauAV10AAYPIJn8AretCftRXvXPmatBS2f2Qd/oH3+AIzOmi4=</latexit>

Qj

<latexit sha1_base64="w5QVQNJ93qNSicsUYZSBSeasbos=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx5bsB/QhrLZbtq1m03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389hPXRsTqAScJ9yM6VCIUjKKV2j0Tlhr9x3654lbdOcgq8XJSgRz1fvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzc6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJlWwI3vLLq6R1UfUuqzeNy0rtNo+jCCdwCufgwRXU4B7q0AQGY3iGV3hzEufFeXc+Fq0FJ585hj9wPn8Ap+2PJQ==</latexit>

p1

<latexit sha1_base64="bGdnzAHiWgzet6b3pLwhLxXT37M=">AAAB7nicbVBNSwMxEJ3Ur7p+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2WxIskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8SAlurO9/o9La+sbmVnnb29nd2z+oHB61TJppypo0FanuRMQwwSVrWm4F6yjNSBIJ1o7GdzO//cS04al8tBPFwoQMJY85JdZJ7Z6JPdUP+pWqX/PnwKskKEgVCjT6la/eIKVZwqSlghjTDXxlw5xoy6lgU6+XGaYIHZMh6zoqScJMmM/PneIzpwxwnGpX0uK5+nsiJ4kxkyRynQmxI7PszcT/vG5m4+sw51Jllkm6WBRnAtsUz37HA64ZtWLiCKGau1sxHRFNqHUJeS6EYPnlVdK6qAWXtZuHy2r9toijDCdwCucQwBXU4R4a0AQKY3iGV3hDCr2gd/SxaC2hYuYY/gB9/gCAw48L</latexit>

p2

<latexit sha1_base64="pRNcfLdTsVGY3kP7fcZfGEhI3oA=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LBbBU0lKQb0VvXisYD+gDWWz3bRLN5tldyOU0B/hxYMiXv093vw3btMctPXBwOO9GWbmhZIzbTzv2yltbG5t75R33b39g8OjyvFJRyepIrRNEp6oXog15UzQtmGG055UFMchp91werfwu09UaZaIRzOTNIjxWLCIEWys1B3oyJXD+rBS9WpeDrRO/IJUoUBrWPkajBKSxlQYwrHWfd+TJsiwMoxwOncHqaYSkyke076lAsdUB1l+7hxdWGWEokTZEgbl6u+JDMdaz+LQdsbYTPSqtxD/8/qpia6DjAmZGirIclGUcmQStPgdjZiixPCZJZgoZm9FZIIVJsYm5NoQ/NWX10mnXvMbtZuHRrV5W8RRhjM4h0vw4QqacA8taAOBKTzDK7w50nlx3p2PZWvJKWZO4Q+czx+CR48M</latexit>

p2

<latexit sha1_base64="pRNcfLdTsVGY3kP7fcZfGEhI3oA=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LBbBU0lKQb0VvXisYD+gDWWz3bRLN5tldyOU0B/hxYMiXv093vw3btMctPXBwOO9GWbmhZIzbTzv2yltbG5t75R33b39g8OjyvFJRyepIrRNEp6oXog15UzQtmGG055UFMchp91werfwu09UaZaIRzOTNIjxWLCIEWys1B3oyJXD+rBS9WpeDrRO/IJUoUBrWPkajBKSxlQYwrHWfd+TJsiwMoxwOncHqaYSkyke076lAsdUB1l+7hxdWGWEokTZEgbl6u+JDMdaz+LQdsbYTPSqtxD/8/qpia6DjAmZGirIclGUcmQStPgdjZiixPCZJZgoZm9FZIIVJsYm5NoQ/NWX10mnXvMbtZuHRrV5W8RRhjM4h0vw4QqacA8taAOBKTzDK7w50nlx3p2PZWvJKWZO4Q+czx+CR48M</latexit>

p1

<latexit sha1_base64="bGdnzAHiWgzet6b3pLwhLxXT37M=">AAAB7nicbVBNSwMxEJ3Ur7p+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2WxIskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8SAlurO9/o9La+sbmVnnb29nd2z+oHB61TJppypo0FanuRMQwwSVrWm4F6yjNSBIJ1o7GdzO//cS04al8tBPFwoQMJY85JdZJ7Z6JPdUP+pWqX/PnwKskKEgVCjT6la/eIKVZwqSlghjTDXxlw5xoy6lgU6+XGaYIHZMh6zoqScJMmM/PneIzpwxwnGpX0uK5+nsiJ4kxkyRynQmxI7PszcT/vG5m4+sw51Jllkm6WBRnAtsUz37HA64ZtWLiCKGau1sxHRFNqHUJeS6EYPnlVdK6qAWXtZuHy2r9toijDCdwCucQwBXU4R4a0AQKY3iGV3hDCr2gd/SxaC2hYuYY/gB9/gCAw48L</latexit>

p1

<latexit sha1_base64="bGdnzAHiWgzet6b3pLwhLxXT37M=">AAAB7nicbVBNSwMxEJ3Ur7p+VT16CRbBU9kVQb0VvXisYD+gXUo2zbah2WxIskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8SAlurO9/o9La+sbmVnnb29nd2z+oHB61TJppypo0FanuRMQwwSVrWm4F6yjNSBIJ1o7GdzO//cS04al8tBPFwoQMJY85JdZJ7Z6JPdUP+pWqX/PnwKskKEgVCjT6la/eIKVZwqSlghjTDXxlw5xoy6lgU6+XGaYIHZMh6zoqScJMmM/PneIzpwxwnGpX0uK5+nsiJ4kxkyRynQmxI7PszcT/vG5m4+sw51Jllkm6WBRnAtsUz37HA64ZtWLiCKGau1sxHRFNqHUJeS6EYPnlVdK6qAWXtZuHy2r9toijDCdwCucQwBXU4R4a0AQKY3iGV3hDCr2gd/SxaC2hYuYY/gB9/gCAw48L</latexit>

p2

<latexit sha1_base64="pRNcfLdTsVGY3kP7fcZfGEhI3oA=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LBbBU0lKQb0VvXisYD+gDWWz3bRLN5tldyOU0B/hxYMiXv093vw3btMctPXBwOO9GWbmhZIzbTzv2yltbG5t75R33b39g8OjyvFJRyepIrRNEp6oXog15UzQtmGG055UFMchp91werfwu09UaZaIRzOTNIjxWLCIEWys1B3oyJXD+rBS9WpeDrRO/IJUoUBrWPkajBKSxlQYwrHWfd+TJsiwMoxwOncHqaYSkyke076lAsdUB1l+7hxdWGWEokTZEgbl6u+JDMdaz+LQdsbYTPSqtxD/8/qpia6DjAmZGirIclGUcmQStPgdjZiixPCZJZgoZm9FZIIVJsYm5NoQ/NWX10mnXvMbtZuHRrV5W8RRhjM4h0vw4QqacA8taAOBKTzDK7w50nlx3p2PZWvJKWZO4Q+czx+CR48M</latexit>

p2
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NP free

Amputated vertex functions
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Examples of interpolation of 
renormalized ME

‣ Linear & quadratic in Eππ/mK


‣ Systematic error estimated as lin vs 
quad is small as 1st excited st. 
close to on-shell
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Results for A0 & ε’
A0


Re(ε’/ε)

‣ This work: 0.00294(52)(111)(50)

‣ 2020 (GPBC): 0.00217(26)(62)(50)

‣ Experiment: 0.00166(23) 
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Re(ε'/ε) [x 10-4]

RBC/UKQCD
ExperimentGPBC 2015

GPBC 2020

This work 2023

PDG 2012-22

-10 -5 0 5 10 15 20 25 30 35 40 45

Re(ε’/ε) [x10-4]

2020 (GPBC)

a-1 ≈ 1.4 GeV

This work

a-1 ≈ 1.0 GeV

Re(A0) [x10-7 GeV] 2.99(32)stat(59)sys 2.84(57)stat(87)sys

Im(A0) [x10-11 GeV] -6.98(62)stat(1.44)sys -8.7(1.2)stat(2.6)sys

Systematic errors on Im(A0)
finite lat spacing 12% 22%

Wilson coefs. 12% 12%
Others 12% 16%

NPR error became significant 
on the coarse lattice

stat sys EM/IB
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Summary & Outlook
Main sources of systematic errors at the moment

‣ Finite lattice spacing


‣ Wilson coefficients


‣ EM/IB effects


We are successful in

‣ Extracting excited-state signals


‣ Determining K → ππ amplitudes & ε’ with a certain precision (243 x 64, 258 confs)


We are now pushing harder to increase statistics & go to finer lattices

‣ 440 confs (243 x 64, a-1 = 1.0 GeV) & 470 confs (323 x 64, 1.4 GeV) coming soon


‣ Not far from getting closer to experimental precision!
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- Easier to take continuum limit with PBC as we already have lattice ensembles 

- NP matching study underway, planned to be incorporated in the next paper 

- Theoretical approach being developed [Christ et al, PRD106, 014508 (2021)] 
with PBC 


