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Outline
Introduction

‣ Outline of K → ππ decay & direct CP violation

‣ SM prediction desired


Challenges

‣ What confronted lattice QCD for a long time


Recent status


Remaining challenges


Summary & Outlook
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About this talk


This talk mostly focuses on 
lattice calculation of K → ππ 
decay


Also see

Comprehensive review on         
K → ππ: Aebischer et al 
EurPhys.J.C80,705 (2020)

ChPT including EM/IB 
correction to K → ππ: Cirigliano 
et al JHEP,02,032,(2020)



Introduction
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|ε| = 2.228(11) x 10-3 from “odd” mixing b/w K0 & K0


ε’ only found in decays 


‣ Re(ε’/ε)exp = 1.66(23) x 10-3 


‣ Consistent with SM?

4

K → ππ & CP violation
|KL> = |K2> + ε|K1>

CP odd CP even

|ππ>
CP even

ε’ ε
direct 
CPV

indirect 
CPV

Discovered in 1964

(KTeV & NA48)

Discovered in 1999

<latexit sha1_base64="jBNn1mB0kfBeA79DDgu0L3Iq6GQ="></latexit>

°(KL !º0º0)

°(KS !º0º0)

.°(KL !º+º°)
°(KS !º+º°)

<latexit sha1_base64="C32379OG5p1hlO6km5Q4GgH0JpY="></latexit>

= 1°6Re("0/")



CD2024   Masaaki Tomii (UConn/RBRC)

CP violation & its importance
CP violation discovered in 1964 – KL → ππ


Direct CPV discovered in 1999 – also in K → ππ


CPV in SM believed to be insufficient to explain the matter-antimatter 
imbalance in the present universe


Testing SM via CPV physics can provide a good source for searching BSM


Lattice QCD capable of testing hadronic sectors K, D, B, …


Direct CP violation measure ε’/ε in K → ππ highly demanded

5
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Anticipated significance of ε’
s → d: most suppressed within SM


Highly sensitive to BSM


New constraint on CKM unitarity

6
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<latexit sha1_base64="Cc6IbTTmy15QIfupUOqhJEViF0o="></latexit>
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<latexit sha1_base64="hhBI8iu/9+fhyMVT6bw9HZn5tpo=">AAACEnicbVC7TgJBFJ3FF+ILtbSZSEzURLJrEC2JNpaYyCNhgcwOszBh9pGZuyZk2W+w8VdsLDTG1srOv3EWKBQ8yUxOzrk3997jhIIrMM1vI7O0vLK6ll3PbWxube/kd/fqKogkZTUaiEA2HaKY4D6rAQfBmqFkxHMEazjDm9RvPDCpeODfwyhkbY/0fe5ySkBL3fyJrdzcuN6NoZekv0o6p2NsK+7hCxu4x5RlduKzUpLr5gtm0ZwALxJrRgpohmo3/2X3Ahp5zAcqiFItywyhHRMJnAqW5OxIsZDQIemzlqY+0cPa8eSkBB9ppYfdQOrnA56ovzti4ik18hxd6REYqHkvFf/zWhG4V+2Y+2EEzKfTQW4kMAQ4zQf3uGQUxEgTQiXXu2I6IJJQ0CmmIVjzJy+S+nnRKhfLd6VC5XoWRxYdoEN0jCx0iSroFlVRDVH0iJ7RK3oznowX4934mJZmjFnPPvoD4/MHwpWc4g==</latexit>

|VtdV
⇤
ts| ⇠ 5⇥ 10�4

<latexit sha1_base64="HfTNrNZi0fNZHnsFl3NfBMtItPQ="></latexit>

⌧ |VtdV
⇤
tb| ⇠ 1⇥ 10�2, |VtsV

⇤
tb| ⇠ 4⇥ 10�2

s → d b → d b → s

<latexit sha1_base64="2xUNnOJ1q8uDzLODNdI0aTVKf1Q=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCq2GmSnVZdOOygn1AZyiZTKYNzSRDkhHLUDf+ihsXirj1L9z5N6btLLT1QOBwzj3c3BOmjCrtut/W0vLK6tp6aaO8ubW9s2vv7beUyCQmTSyYkJ0QKcIoJ01NNSOdVBKUhIy0w+H1xG/fE6mo4Hd6lJIgQX1OY4qRNlLPPvRVXPaZCUQI+ihNpXiArlM969kV13GngIvEK0gFFGj07C8/EjhLCNeYIaW6npvqIEdSU8zIuOxniqQID1GfdA3lKCEqyKcXjOGJUSIYC2ke13Cq/k7kKFFqlIRmMkF6oOa9ifif1810fBnklKeZJhzPFsUZg1rASR0wopJgzUaGICyp+SvEAyQR1qa0sinBmz95kbSqjldzarfnlfpVUUcJHIFjcAo8cAHq4AY0QBNg8AiewSt4s56sF+vd+piNLllF5gD8gfX5A3DplZs=</latexit>

� ⇡ 0.23

<latexit sha1_base64="TO65TsKdC+0Us+AGLKsOnFT1WCE="></latexit>

Re("0/") / Im
°
VtdV

§
ts

¢

PRD102,054509 (2020)
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Isospin decay modes & ΔI = 1/2 rule

Isospin-definite amplitudes


ΔI = 1/2 rule (experimental fact)


‣ A lot of discussions happening already in 1970s


‣ Firm understanding was not established before lattice calculation of matrix elements

h(⇡⇡)I=0| =
p

1/3h⇡0⇡0|+
p
2/3h⇡+⇡�|

<latexit sha1_base64="8vUhVQMCfyTCqSSqwKHWTgAB2zk="></latexit>

h(⇡⇡)I=2| = �
p

2/3h⇡0⇡0|+
p

1/3h⇡+⇡�|

<latexit sha1_base64="8YHfmAuvd5w+m+cmcYEshxzrxws="></latexit>

,
I3=0

AI = h(⇡⇡)I|HW|Ki

<latexit sha1_base64="YnzHiwrsfc3XzE/GmyCX5f/8q5E="></latexit>

<latexit sha1_base64="hKMS9Vsa2Fe/LL5cmuOywA9zgaU=">AAAB7XicbVDLSsNAFL2prxpfVZduBovgqiTia1lw47KifUATymQ6acdOZsLMRCih/+DGhSJu/R93/o3TNgttPXDhcM693HtPlHKmjed9O6WV1bX1jfKmu7W9s7tX2T9oaZkpQptEcqk6EdaUM0GbhhlOO6miOIk4bUejm6nffqJKMykezDilYYIHgsWMYGOlVqBjN8h7lapX82ZAy8QvSBUKNHqVr6AvSZZQYQjHWnd9LzVhjpVhhNOJG2SappiM8IB2LRU4oTrMZ9dO0IlV+iiWypYwaKb+nshxovU4iWxngs1QL3pT8T+vm5n4OsyZSDNDBZkvijOOjETT11GfKUoMH1uCiWL2VkSGWGFibECuDcFffHmZtM5q/mXt4u68Wr8v4ijDERzDKfhwBXW4hQY0gcAjPMMrvDnSeXHenY95a8kpZg7hD5zPHyAMjuc=</latexit>

{ I = 0 → ΔI = 1/2

I = 2 → ΔI = 3/2

ReA0

ReA2
= 22.45(6)

<latexit sha1_base64="1vRiCpDuNfu1Bs41SgiBQDXyR5g="></latexit>

: large suppression of  ΔI = 3/2 (A2) mode

‣ Factor 2 can be responsible for Wilson coefs from pQCD [Gaillard & Lee, PRL 33,108 (1974)]

‣ Remaining factor 10 comes from QCD or BSM?
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Approach to weak decays
Two typical scales

‣ Electroweak scale: mW = 80 GeV, mZ = 91 GeV

‣ QCD scale: ΛQCD ~ 300 MeV 


Low-energy effective interactions @ QCD scale


‣ HW = Σi ci(μ) Oi(μ)

⇠ GF / g2

m2
W

<latexit sha1_base64="k2Bclr5lkz6NI6p8PkHdKSF4lOc=">AAAAAHicbVDNS8MwHE39nPWr6tFLcCieRjsGehwK6nGC+4C1ljRLt7CkKUkqjLL/wIv/ihcPinj16s3/xmzrQTcfhDze+/1I3otSRpV23W9raXlldW29tGFvbm3v7Dp7+y0lMolJEwsmZCdCijCakKammpFOKgniESPtaHg58dsPRCoqkjs9SknAUT+hMcVIGyl0TnwV276iHF6HV9BPpUi1gH4sEc7799VxzsO2uUKn7FbcKeAi8QpSBgUaofPl9wTOOEk0ZkipruemOsiR1BQzMrb9TJEU4SHqk66hCeJEBfk0zxgeG6UHYyHNSTScqr83csSVGvHITHKkB2rem4j/ed1Mx+dBTpM00yTBs4fijEETeVIO7FFJsGYjQxCW1PwV4gEyXWhToW1K8OYjL5JWteLVKu5trVy/KOoogUNwBE6BB85AHdyABmgCDB7BM3gFb9aT9WK9Wx+z0SWr2DkAf2B9/gDYKJvs</latexit>

s d

q q

Wilson coefficients Effective operators
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ΔS = 1 effective operators

  13 / 37

Operators and Wilson Coe0cients

[Rev.Mod.Phys. 68 (1996) 1125-1144]

    [J.Phys.Conf.Ser. 800 (2017) 1, 012008]

● 10 ΔS=1 Weak effective operators:

– Q
1
-Q

2
   “current-current” operators, dominant 

contributions to real parts of K→ππ amplitudes.

– Q
3
-Q

6
  “QCD penguin” operators, dominant 

contributions to imaginary (CP-violating) parts of 
amplitudes.

– Q
7
-Q

10
 “EM penguin” operators.

● Wilson coefficients z
i
, y

i
 capture high-energy 

behavior.

● Involve running from M
W
 down to charm scale 

O(1.2 GeV) in QCD PT with some E&M effects 
(EM penguins). 

● Determined to NLO in MSbar scheme.

● NNLO expected in near-future

● Use of PT near charm threshold significant sys. err.  
 

1m30

Current-current operators

QCD penguin operators

EW penguin operators

(s̄q)V�A(q̄
0q00)V±A = s̄�µ(1� �5)q

0 · q̄0�µ(1± �5)q
00

<latexit sha1_base64="/UdJtzOrX82MUkc3FFGCKeWYaEo="></latexit>

↵,�: color indices

<latexit sha1_base64="Rxc233Y9e57UDATrq9/XR4pVnxY=">AAACCnicbVC5TsNAFFyHK4TLQEmzkCBRoMiOkDiqCBrKIJFDiqPoefOcrLJeW941UhSlpuFXaChAiJYvoONv2BwFJEw1mnlv5+34seBKO863lVlaXlldy67nNja3tnfs3b2aitKEYZVFIkoaPigUXGJVcy2wEScIoS+w7vdvxn79ARPFI3mvBzG2QuhKHnAG2kht+9BTAS14IOIenHo+aihc0cmzlMsOZ6jadt4pOhPQReLOSJ7MUGnbX14nYmmIUjMBSjVdJ9atISSaM4GjnJcqjIH1oYtNQyWEqFrDSeaIHhulQwMTH0RSTy/5vTGEUKlB6JvJEHRPzXtj8T+vmergojXkMk41SjYNClJBdUTHvdAOT5BpMTAEWMLNrZT1IAGmTXs5U4I7/+VFUisV3bPi5V0pX76e1ZElB+SInBCXnJMyuSUVUiWMPJJn8krerCfrxXq3PqajGWu2s0/+wPr8AZm8mZo=</latexit>

Qc
1 = (s̄↵c�)V�A(c̄�d↵)V�A

<latexit sha1_base64="So221FkP+pOvHmBcGiMJKaH8wjE="></latexit>

Qc
2 = (s̄c)V�A(c̄d)V�A

<latexit sha1_base64="A1Dn3qKVSvK84yxLj1B8SVYdHkA=">AAACGnicbZDLSsNAFIYn9VbjLerSzWAR6sKSlIK6EKpuXLZgL9DEMJlM2qGTCzMToYQ+hxtfxY0LRdyJG9/GaZtFbf1h4Oc753Dm/F7CqJCm+aMVVlbX1jeKm/rW9s7unrF/0BZxyjFp4ZjFvOshQRiNSEtSyUg34QSFHiMdb3g7qXceCRc0ju7lKCFOiPoRDShGUiHXsJpu9QHDK1i2PcShgPjUzWwewvbZ9VifQQz9OegaJbNiTgWXjZWbEsjVcI0v249xGpJIYoaE6FlmIp0McUkxI2PdTgVJEB6iPukpG6GQCCebnjaGJ4r4MIi5epGEUzo/kaFQiFHoqc4QyYFYrE3gf7VeKoMLJ6NRkkoS4dmiIGVQxnCSE/QpJ1iykTIIc6r+CvEAcYSlSlNXIViLJy+bdrVi1SqXzVqpfpPHUQRH4BiUgQXOQR3cgQZoAQyewAt4A+/as/aqfWifs9aCls8cgj/Svn8BsvmdmA==</latexit>

&

enter when nf ≥ 4

sum over q runs for all active quarks
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Lüscher & Lellouch-Lüscher’s formalisms play a key role in finite-
volume calculation

A2 already reached a sufficient precision RBC/UKQCD PRD91 (2015) 074502

‣ Re A2 = 1.50(4)stat(14)sys x 10-8 GeV,  Im A2 = -6.99(20)stat(84)sys x 10-13 GeV


A0 still challenging because of many difficulties

K → ππ Amplitude and ε’
10

ππ phase shifts at mK

Wilson coefs. 
pQCD LQCDLQCD 

(+pQCD)

Renormalization matrix

<latexit sha1_base64="xDSJT1y7OSPDURVFbPAdjLyw+LA="></latexit>

"0 = i!ei(±2°±0)

p
2

∑
ImA2

ReA2
° ImA0

ReA0

∏

cf: (Re A2)exp = 1.479(4) x 10-8 GeV

<latexit sha1_base64="8gt0OK2dWgahkiwrss3hsyUEcEY=">AAACIHicbVDLTgIxFO3gC/E16k43jcQENzhDDLoxQd24RCOPBAjplDtDQ+eRtmNCJiR+iwu3+hnujEv9CX/BDrAQ8CRtTs6597b3OBFnUlnWl5FZWl5ZXcuu5zY2t7Z3zN29ugxjQaFGQx6KpkMkcBZATTHFoRkJIL7DoeEMblK/8QhCsjB4UMMIOj7xAuYySpSWuuZBW7q5Qjv0wSP4Et/DVbd0mt7WSdfMW0VrDLxI7CnJoymqXfOn3Qtp7EOgKCdStmwrUp2ECMUoh1GuHUuICB0QD1qaBsQH2UnGO4zwsVZ62A2FPoHCY/VvR0J8KYe+oyt9ovpy3kvF/7xWrNyLTsKCKFYQ0MlDbsyxCnEaCO4xAVTxoSaECqb/immfCEKVjm12UiSY19cbuTp9BmKkE7Ln81gk9VLRLhfLd2f5yvU0qyw6REeogGx0jiroFlVRDVH0hF7QK3ozno1348P4nJRmjGnPPpqB8f0LJSSiPQ==</latexit>

(!=ReA2/ReA0)

<latexit sha1_base64="6T0ntbWT00D0IEArB6wDVo9u++E="></latexit>

AI =
GFp
2
V§
usVud

X

i,j
[zi(µ)+øyi(µ)]Zij(µ)

D
(ºº)I

ØØØQlat
j

ØØØK
E



Challenges 
what confronted LQCD for a long time
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Challenges confronted for past few decades

Computational cost/Statistics 
disconnected diagrams 
challenge enhanced due to the 
other difficulties

Chiral symmetry 
10 four-quark operators 
strongly desired to prevent mixing 
with other operators 
domain wall fermions preferable 
and used by RBC/UKQCD

Charm-loop effects 
expected significant 
directly on lattice? → amc not small on current lattices 

              window problem 
absorb into WCs? → NLO pQCD at µ = mc not ideal

Two-pion final state on the euclidean lattice 
only E ≈ 2mπ ≈ 280 MeV state extracted in a 
straightforward manner 
(in the rest frame) E = mK ≈ 500 MeV state needed

next

slides
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challenge enhanced due to the 
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Chiral symmetry 
10 four-quark operators 
strongly desired to prevent mixing 
with other operators 
domain wall fermions preferable 
and used by RBC/UKQCD

Charm-loop effects 
expected significant 
directly on lattice? → amc not small on current lattices 

              window problem 
absorb into WCs? → NLO pQCD at µ = mc not ideal

Two-pion final state on the euclidean lattice 
only E ≈ 2mπ ≈ 280 MeV state extracted in a 
straightforward manner 
(in the rest frame) E = mK ≈ 500 MeV state needed

next

slides

These are why very few lattice collaborations have computed ε’ → focusing on the work by RBC/UKQCD
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ππ system in finite volume
Maiani-Testa no-go theorem (1990)


‣ Not possible to extract scattering/decay amplitude above the kinematic 
threshold from Euclidean correlation functions
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ππ system in finite volume
Maiani-Testa no-go theorem (1990)


‣ Not possible to extract scattering/decay amplitude above the kinematic 
threshold from Euclidean correlation functions in infinite volume
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ππ system in finite volume
Maiani-Testa no-go theorem (1990)


‣ Not possible to extract scattering/decay amplitude above the kinematic 
threshold from Euclidean correlation functions

Finite-Volume methods


‣ Lüscher-Wolf: variational method (GEVP) to control excited states (1990)


‣ Lüscher: prescription to determine scattering phase shift (1991)


‣ Lellouch-Lüscher: normalization of two-hadron state in finite volume 
essential for decays (2000)


Theory done a long time ago, now computers and lattice computational 
techniques getting developed to apply to physics!

in infinite volume
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Realizing on-shell kinematics
14

The lightest ππ state with “2 stationary pions” in Euclidean rest frame

‣ Eππ,0 ≈ 280 MeV → off-shell

‣ need | Eππ = mK ≈ 500 MeV 〉state 


Possible approaches

💡 Finite volume → two-pion spectrum not continuous 

‣ Moving frame (Ishizuka et al 2018)


        e.g.


‣ Analyze correlation functions taking multiple states into account (GEVP, led by MT)


‣ Manipulate boundary conditions → pions anti-periodic → must move → 500 MeV 
ground state possible (G-parity BC led by C. Kelly)

✴ For A2 imposing anti-periodic BC on d quark, was enough to make relevant 

pions moving (RBC/UKQCD 2012/2015).

<latexit sha1_base64="DaxEGjuJMcLnnuXcTnw8GXu4F7k=">AAACJnicbVDLSgMxFM3UVx1foy7dBIsgCGWm+NoIRTeCmwr2AZ06ZNKMBpOZMbkjlKFf48ZfceOiIuLOTzF9CFY9EDg551ySe8JUcA2u+2EVZmbn5heKi/bS8srqmrO+0dBJpiir00QkqhUSzQSPWR04CNZKFSMyFKwZ3p0N/eYDU5on8RX0UtaR5CbmEacEjBQ4J76ObF/fK8hlcHFd2UuDHBLoX1f69gmWgZ9yvIe/A+Y2FQmcklt2R8B/iTchJTRBLXAGfjehmWQxUEG0bntuCp2cKOBUsL7tZ5qlhN6RG9Y2NCaS6U4+WrOPd4zSxVGizIkBj9SfEzmRWvdkaJKSwK3+7Q3F/7x2BtFxJ+dxmgGL6fihKBMYEjzsDHe5YhREzxBCFTd/xfSWKELBNGubErzfK/8ljUrZOywfXO6XqqeTOopoC22jXeShI1RF56iG6oiiR/SMBujVerJerDfrfRwtWJOZTTQF6/MLpuSlTw==</latexit>q
m2

K + p2tot = m⇡ +
q

m2
⇡ + p2tot



Recent status
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ππ phase shifts
16

ph
as

e 
sh

ift
 (d

eg
)

Inelastic region

Lüscher’s formalism not strictly valid

RBC/UKQCD GPBC, PRD104,114506 (2021) RBC/UKQCD PBC, PRD108,039902 (2023)

Lattice results consistent with dispersive approach

Colangelo et al, NPB603,125 (2001)
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Current status of ε’/ε

PRD 102,054509

PRD 102,094517

PRL 115,212001

G-parity Boundary Conditions (GPBC) 
a-1 ≈ 1.38 GeV 
efforts started by early 2000s 
continuing calculation on finer 
lattice(s) C. Kelly’s talk at Lattice24

Periodic Boundary Conditions (PBC) 
newer project 
important for introducing EM/IB 
effects 
Led by MT (see talk at Lattice 24)

a-1 ≈ 1.38 GeV almost done, wrapping up 
starting calculation at a-1 ≈ 1.73 GeV

excited states

better controlled

a-1 ≈ 1.38 GeV

Re(ε'/ε) [x 10-4]

Published
Preliminary
Experiment

GPBC 15, 1.4 GeV

GPBC 20, 1.4 GeV

PBC 23, 1.0 GeV

PBC 24, 1.0 GeV
PBC 24, 1.4 GeV

PBC 24, a→0

PDG 2012-23

-10 0 10 20 30 40 50

RBC/UKQCD vs Experiment

-

a-1 ≈ 1.02 GeV
a-1 ≈ 1.38 GeV
a → 0

preliminary results 
with multiple 

lattice spacings

Result from another group, Ishizuka et al 2018: Re(ε’/ε) = (19 ± 57) x 10-4 (calculated at unphysical mπ, mK)

2015

2020

2023

2012–24

a-1 ≈ 1.02 GeV
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The ΔI = 1/2 rule
18

ReA0

ReA2
= 22.45(6)

<latexit sha1_base64="1vRiCpDuNfu1Bs41SgiBQDXyR5g="></latexit>

: large suppression of  ΔI = 3/2 (A2) mode

Experimental fact

Significant suppression of ReA2 (2012/2015)
‣ C1, C2 contributions of different color structure to       

K → ππ correlation function most significant to ReA2


‣ Naïvely C1 = -3C2 based on color counting

‣ Significant cancellation at physical mπ observed

RBC/UKQCD, 
PRD91,074502 (2015)

significant 
cancellation

Lattice confirmation of the ΔI = 1/2 rule with the result for A0 (2020)
<latexit sha1_base64="xJSujwSdS25k6zX7f8XbH8uBQeU="></latexit>

ReA0

ReA2
= 19.9(2.3)stat(4.4)sys



Remaining Challenges
to accomplish the experimental precision
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Systematic errors in 2020
Systematic errors on Im A0

Finite lattice spacing 12%

Wilson coefficients/charm-loop effects 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

Finite lattice spacing 12%

Wilson coefficients/charm-loop effects 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%

In addition

‣ ε’ could be significantly affected by EM/IB effects (ΔI = 1/2 rule → 25%)

Hope to compute near future

Improvement desired

Improvement desired
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Finite lattice spacing error

Can be resolved by taking continuum limit 
‣ Results with different lattice spacings needed


G-parity BC

‣ 323 x 64, a-1 ≈ 1.4 GeV: Done (2020)

‣ Ensemble generation speed-up algorithm         

(Lat23, C. Kelly)

‣ 403 x 64, a-1 ≈ 1.7 GeV: Calculation on-going

‣ 483 x ??, a-1 ≈ 2.1 GeV: in the future as needed


Ensembles already generated for PBC
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(almost) Done

RBC/UKQCD 2+1 MDWF ensembles with physical mπ
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Wilson coefs/charm-loop effects

wi   (μ): large uncertainty 

12% uncertainty on A0

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) • Relevant for                      : ΔI = 1/2

• Does not happen for ΔI = 3/2

<latexit sha1_base64="zyDuI5SdXDyx7dR4esSxNdSwVdw=">AAACB3icbZDLSsNAFIYn9VbjLepSkMEitJuaSFGXRTcuuqhiL9CEMJlO6tDJJMxMhBK6c+OruHGhiFtfwZ1v47TNQlt/GPj4zzmcOX+QMCqVbX8bhaXlldW14rq5sbm1vWPt7rVlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkEwyvJvXOAxGSxvxOjRLiRWjAaUgxUtryrUNXhmbZDZCAsl/xGzPEuOJnjZPbsW+V7Ko9FVwEJ4cSyNX0rS+3H+M0IlxhhqTsOXaivAwJRTEjY9NNJUkQHqIB6WnkKCLSy6Z3jOGxdvowjIV+XMGp+3siQ5GUoyjQnRFS93K+NjH/q/VSFV54GeVJqgjHs0VhyqCK4SQU2KeCYMVGGhAWVP8V4nskEFY6OlOH4MyfvAjt06pzVq3d1Er1yzyOIjgAR6AMHHAO6uAaNEELYPAInsEreDOejBfj3fiYtRaMfGYf/JHx+QMWgJeP</latexit>

(̄sd)L(c̄c)L/R

Possible resolutions

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

‣ Finding another approach potentially incorporated in the next RBC/UKQCD paper

Effects of                     encoded in wi   or Oi
<latexit sha1_base64="zyDuI5SdXDyx7dR4esSxNdSwVdw=">AAACB3icbZDLSsNAFIYn9VbjLepSkMEitJuaSFGXRTcuuqhiL9CEMJlO6tDJJMxMhBK6c+OruHGhiFtfwZ1v47TNQlt/GPj4zzmcOX+QMCqVbX8bhaXlldW14rq5sbm1vWPt7rVlnApMWjhmsegGSBJGOWkpqhjpJoKgKGCkEwyvJvXOAxGSxvxOjRLiRWjAaUgxUtryrUNXhmbZDZCAsl/xGzPEuOJnjZPbsW+V7Ko9FVwEJ4cSyNX0rS+3H+M0IlxhhqTsOXaivAwJRTEjY9NNJUkQHqIB6WnkKCLSy6Z3jOGxdvowjIV+XMGp+3siQ5GUoyjQnRFS93K+NjH/q/VSFV54GeVJqgjHs0VhyqCK4SQU2KeCYMVGGhAWVP8V4nskEFY6OlOH4MyfvAjt06pzVq3d1Er1yzyOIjgAR6AMHHAO6uAaNEELYPAInsEreDOejBfj3fiYtRaMfGYf/JHx+QMWgJeP</latexit>

(̄sd)L(c̄c)L/R
3f 4f
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Usually O(1%) but …


Developing approaches to introduce QED/IB effects on the lattice

‣ Extension of Lüscher’s formalism for treatment of ππ state in a finite box

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

‣ Contribution of transverse radiation contribution getting understood

‣ PBC appear necessary to introduce these effects

EM/IB effects
23

Ciligriano et al, JHEP 02, 032 (2020)

NLO ChPT + large Nc


(example estimation)

Even small correction to this 
can amplify ε’ (1/ω     22.5)<latexit sha1_base64="eiT/Uv9WT9TiIO5GXUnUZa18Shw=">AAAB83icdVDLSgMxFM3UVx1fVZdugkVwNcy0tY9d0Y3LCvYBnaFk0kwbmpmEJCOW0t9w40IRt/6MO//GtB1BRQ9cOJxzL/feEwpGlXbdDyu3tr6xuZXftnd29/YPCodHHcVTiUkbc8ZlL0SKMJqQtqaakZ6QBMUhI91wcrXwu3dEKsqTWz0VJIjRKKERxUgbyfdVBG0fCSH5/aBQdB13Ceg65UrVbdQMqTZKZbcOvcwqggytQeHdH3KcxiTRmCGl+p4rdDBDUlPMyNz2U0UEwhM0In1DExQTFcyWN8/hmVGGMOLSVKLhUv0+MUOxUtM4NJ0x0mP121uIf3n9VEf1YEYTkWqS4NWiKGVQc7gIAA6pJFizqSEIS2puhXiMJMLaxGSbEL4+hf+TTsnxqs7FTaXYvMziyIMTcArOgQdqoAmuQQu0AQYCPIAn8Gyl1qP1Yr2uWnNWNnMMfsB6+wTCWZGK</latexit>⇡
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Summary & Outlook
25

Determination of ε’ & understanding ΔI = 1/2 rule: long-time desire in high 
energy physics to discover new physics beyond the SM


Lattice calculation of ε’ finally became possible 


ΔI = 1/2 rule well reproduced by lattice calculation at physical mπ


Main sources of systematic errors on ε’

‣ Finite lattice spacing


‣ Wilson coefficients


‣ QED/IB effects


Precision can compete with experiment in the near future

‣ Could attract a big attention from lattice, particle phenomenology & experiment!

- Calculations on finer lattices underway, first continuum extrapolation this year 

- New idea being tested and possibly incorporated in the upcoming paper 

- Theoretical approach being developed [Christ et al, PRD106, 014508 (2022)]


