
Direct CP violation in 𝐾→𝜋𝜋 decay at 
the physical point with periodic BC

Masaaki Tomii (UConn)


LATTICE 2022

August 8–13, 2022





/ 17LATTICE22     Masaaki Tomii (UConn)

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 performed
4

• Eππ = 2mπ ≈ 280 MeV state in Euclidean correlators forbidden

• Useful to extract Eππ = mK state as the ground ππ state

• PRD 102,054509 (2020) 
• C. Kelly just talked about 

continuation



/ 17LATTICE22     Masaaki Tomii (UConn)

G-parity BC calculation performed
4

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

RBC/UKQCD 2015
RBC/UKQCD 2020

Experiment

• Eππ = 2mπ ≈ 280 MeV state in Euclidean correlators forbidden

• Useful to extract Eππ = mK state as the ground ππ state

Re(ε’/ε) (x104)

• PRD 102,054509 (2020) 
• C. Kelly just talked about 

continuation



/ 17LATTICE22     Masaaki Tomii (UConn)

G-parity BC calculation performed
4

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

RBC/UKQCD 2015
RBC/UKQCD 2020

Experiment

3+ times more confs

# of ππ operators


1 → 3

excited states well 
managed


Step scaling in NPR


• Eππ = 2mπ ≈ 280 MeV state in Euclidean correlators forbidden

• Useful to extract Eππ = mK state as the ground ππ state

Re(ε’/ε) (x104)

• PRD 102,054509 (2020) 
• C. Kelly just talked about 

continuation



/ 17LATTICE22     Masaaki Tomii (UConn)

G-parity BC calculation performed
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Independent calculations desired b/c of

Phenomenological importance of ε’

Complexity of calculation


Systematic errors

Isospin breaking effects

Finite lattice spacing

Wilson coefficients

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

• a-1 = 1 GeV, 243 x 64  & a-1 = 1.4 GeV, 323x64  & …

• Continuum limit easier


• Hope to introduce QED/IB effects near future 

• Complicated with G-parity BC

• Maybe possible with periodic BC 


• Presence of Eππ = 2mπ state challenging

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

• interesting to see if it’s possible to extract signal of excited states
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What to calculate
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ππ phase shifts

Lellouch-Lüscher finite volume correction

Wilson coefs. 
pQCD LQCDLQCD 

(+pQCD)

Renormalization matrix

(! = ReA2/ReA0)

<latexit sha1_base64="wAGR1dCAhyv7JY74Nwd7U7tggIM="></latexit>

• δI, F being determined via π-π scattering & Lüscher formalism 

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

• I = 0 challenging — disconnected diagrams, power divergences 

<latexit sha1_base64="yYxUuDrmv3fp4GXGHM3iwCzBWzE="></latexit>
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Exploring excited-state signals
• ππ energies in PBC

• ≈ 2mπ for ground st.

• Need excited-state signals to extract                                                     

on-shell kinematics of K !  ππ


• Variational method useful

• Solving GEVP (Generalized Eigenvalue Problem)


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


•  
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C(t)vn(t, t0) = ! n(t, t0)C(t0)vn(t, t0)

p
ground st. (0,0,0) 2mπ

1st excited st. 2π/L x (1,0,0)
could be ≈ mK

2nd excited st. 2π/L x (1,1,0)
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E = 2
!

|!p|2 + m2
!

Picture in non-interacting 2-pion system with CoM frame

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

Cab(t) = !Oa(t)Ob(0)  " =
!

n An,aA!
n,be" Ent

: N x N correlator matrix
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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 ! t 0)
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Matrix elements
• For extraction of ground-state ME


• Excited ππ state needed for on-shell kinematics with PBC

8

<latexit sha1_base64="mhLrvD+unyQ0I8BAxT5yT5XtjEU="></latexit>

Me! (t2, t1) = C(3) (t2, t1)

!
eE!! t 2eEK t1

C!! (t2)CK(t1)

"
<latexit sha1_base64="KNvqPuXin2uGWZEjj4DWbKTHGpg=">AAACFHicbZDLSgMxFIYzXut4G3XpJlgUQSgzpajLohs3QgV7gaaUTJppQzMXkjNqGfoQbnwVNy4UcevCnW9jello6w+Bj/+cw8n5/UQKDa77bS0sLi2vrObW7PWNza1tZ2e3puNUMV5lsYxVw6eaSxHxKgiQvJEoTkNf8rrfvxzV63dcaRFHtzBIeCuk3UgEglEwVts5ITqwyYMS3R5QpeL7jGBJVZcTDG2PYHI0giLBQ/u67eTdgjsWngdvCnk0VaXtfJFOzNKQR8Ak1brpuQm0MqpAMMmHNkk1Tyjr0y5vGoxoyHUrGx81xIfG6eAgVuZFgMfu74mMhloPQt90hhR6erY2Mv+rNVMIzluZiJIUeMQmi4JUYojxKCHcEYozkAMDlClh/opZjyrKwORomxC82ZPnoVYseKeF0k0pX76YxpFD++gAHSMPnaEyukIVVEUMPaJn9IrerCfrxXq3PiatC9Z0Zg/9kfX5A0+snQ8=</latexit>

large t1 & t2!!!!!!!!!!" M

<latexit sha1_base64="gAqENYGu8J8VGcXQP7dbDJUKn44="></latexit>

Me!
n (t2, t1) = C(3)

n (t2, t1)

!
eE!!

n t2eEK t1

C!!
n (t2)CK(t1)

"
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large t1 & t2!!!!!!!!!!" Mn

<latexit sha1_base64="Iz6KYDaJUVPYbJtrBLLWgmzfzWA=">AAAB+nicbVDLSsNAFL2prxpfqS7dBIvgqiQiKq6K3bisYB/QxDCZTtqhk0mYmSgl9lPcuFDErV/izr9x2mahrYd74XDOvcydE6aMSuU430ZpZXVtfaO8aW5t7+zuWZX9tkwygUkLJywR3RBJwignLUUVI91UEBSHjHTCUWPqdx6IkDThd2qcEj9GA04jipHSUmBVPBmZjYDf515KdU2uAqvq1JwZ7GXiFqQKBZqB9eX1E5zFhCvMkJQ910mVnyOhKGZkYnqZJCnCIzQgPU05ion089npE/tYK307SoRuruyZ+nsjR7GU4zjUkzFSQ7noTcX/vF6moks/pzzNFOF4/lCUMVsl9jQHu08FwYqNNUFYUH2rjYdIIKx0WqYOwV388jJpn9bc89rZ7Vm1fl3EUYZDOIITcOEC6nADTWgBhkd4hld4M56MF+Pd+JiPloxi5wD+wPj8AbJAk6c=</latexit>

C!!
n : 2-pt function of ππ operators diagonalized by GEVP

<latexit sha1_base64="n/uLoXjT29RDa1VeK8sOBPQSj5M=">AAAB9XicbVBNS8NAEJ34WeNX1aOXxSLUS0m0qHgq9uKxgv2ANi2b7aZdutmE3Y1SQv+HFw+KePW/ePPfuG1z0NYHA4/3ZpiZ58ecKe0439bK6tr6xmZuy97e2d3bzx8cNlSUSELrJOKRbPlYUc4ErWumOW3FkuLQ57Tpj6pTv/lIpWKReNDjmHohHggWMIK1kbodFdjVnuimxYuzyU0vX3BKzgxombgZKUCGWi//1elHJAmp0IRjpdquE2svxVIzwunE7iSKxpiM8IC2DRU4pMpLZ1dP0KlR+iiIpCmh0Uz9PZHiUKlx6JvOEOuhWvSm4n9eO9HBtZcyESeaCjJfFCQc6QhNI0B9JinRfGwIJpKZWxEZYomJNkHZJgR38eVl0jgvuZel8n25ULnN4sjBMZxAEVy4ggrcQQ3qQEDCM7zCm/VkvVjv1se8dcXKZo7gD6zPH9fJkXI=</latexit>

C(3)
n : K !  ππ 3-pt function with ππ operator used in 

<latexit sha1_base64="u9S5EZr5WMQuB70ixTHYDMSsApI=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GWxG5cV7AOaGCbTSTt0Mgkzk0IJ/RM3LhRx65+482+ctllo6+FeOJxzL3PnhClnSjvOt1Xa2Nza3invVvb2Dw6P7OOTjkoySWibJDyRvRArypmgbc00p71UUhyHnHbDcXPudydUKpaIRz1NqR/joWARI1gbKbBtT0WVZiCeci9lpmaBXXVqzgJonbgFqUKBVmB/eYOEZDEVmnCsVN91Uu3nWGpGOJ1VvEzRFJMxHtK+oQLHVPn54vIZujDKAEWJNC00Wqi/N3IcKzWNQzMZYz1Sq95c/M/rZzq69XMm0kxTQZYPRRlHOkHzGNCASUo0nxqCiWTmVkRGWGKiTVgVE4K7+uV10rmqude1+kO92rgr4ijDGZzDJbhwAw24hxa0gcAEnuEV3qzcerHerY/laMkqdk7hD6zPHy8ok2M=</latexit>

C!!
n

1/2

1/2
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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, 258 confs                                                       

• 323 x 64, a-1 = 1.4 GeV, 107 confs                                                           


• Chiral symmetry of DWF !  strong constraints on operator mixings

• with lower-dimensional operators

• among different representations WRT chiral symmetry (8,1), (8,8) & (27,1)

9
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• 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

10

Measurement strategy
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ππ states
• Effective ππ energies from 2pt functions

• Used GEVP with some improvements
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ππ states
• Effective ππ energies from 2pt functions
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ππ states
• Effective ππ energies from 2pt functions

• Used GEVP with some improvements
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Diagrams for K → ππ 3pt functions
12
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Diagrams for K → ππ 3pt functions
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Effective matrix elements (ΔI = 1/2)
13
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• Plateau appears

•        : An example of correlated fit result with 

       top–tK ≥ 3 && tππ–top ≥ 3 (colored filled data points)



/ 17LATTICE22     Masaaki Tomii (UConn)

Fit results (ΔI = 1/2)
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Fit range-dependence 

• No significant dependence on fit range for min(top–tK), min(tππ–top) ≥ 3
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Effective matrix elements (ΔI = 3/2)
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• Statistically higher precision !  excited-state contamination more visible for Q8


•        : An example of correlated fit result with 

       top–tK ≥ 4 && tππ–top ≥ 4 (colored filled data points)
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Precision performance
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323 G-parity BC 
(previous work) 243 Periodic BC 323 Periodic BC


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

ΔI = 1/2 ME via Q2lat 10% 14% 14%

ΔI = 1/2 ME via Q6lat 6.5% 8.9% 11%

Re A0 11% 13% 14%

Error %

• Good precision performance of PBC (ME with excited-state ππ) 
compared to G-parity BC calculation (ME with ground-state ππ)

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

• Good precision seen


• First results being finalized

• 243 paper expected to be released in a few month
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