
格子QCDとCP非保存の物理

素粒子物理学の進展 2026

2026年8月24–28日


富井　正明 (理研 R-CCS)



PPP2026   富井　正明 (理研 R-CCS)

自己紹介
名大（修士, 2013）


総研大（博士, 2016）


米国 (RBC/UKQCD)

‣ Columbia

‣ Connecticut

‣ BNL


理研 R-CCS

2

The RBC & UKQCD collaborations
BNL & RBRC
Peter Boyle
Taku Izubuchi
Chulwoo Jung
Christopher Kelly
Patrick Oare
Amarjit Soni (emeritus)
Xin-Yu Tuo
Tianle Wang
Shuhei Yamamoto

CERN
Matteo Di Carlo
Felix Erben
Andreas Jüttner (Southampton)

Columbia University
Ryan Abbott
Norman Christ
Jonah Eick
Rajiv Eranki
Sarah Fields
Ceran Hu
Yikai Huo
Erik Lundstrum
Robert Mawhinney

University of Connecticut
Thomas Blum
Jonas Hildebrand
Luchang Jin
Vaishakhi Moningi
Anton Shcherbakov

 

Douglas Stewart
Joshua Swain

DESY Zeuthen
Raoul Hodgson

University of Edinburgh
Matthew Black  
Luigi Del Debbio  
Vera Gülpers  
Maxwell T. Hansen  
Nils Hermansson Truedsson  
Ryan Hill  
Rajnandini Mukherjee  
Antonin Portelli  
Teseo San Jose

Johannes Gutenberg University of Mainz
Alessandro Barone

KEK
Shigemi Ohta (emeritus)

Liverpool Hope
Nicolas Garron (Liverpool)

University of Liverpool
Tobias Tsang
Aurelia Zuchanke

Massachusetts Institute of 
Technology
En-Hung Chao

University of Milano Bicocca
Francesca A. Bresciani
Mattia Bruno
Gabriele Morandi 

Peking University
Xu Feng

University of Regensburg
Daniel Knüttel
Christoph Lehner
Julian Parrino
Andreas Völklein
Haoyu Wang

RIKEN R-CCS
Masaaki Tomii

University of Siegen
Oliver Witzel

University of Southampton
Bipasha Chakraborty
Ahmed Elgaziari 
Jonathan Flynn
Ollie Heald
Joe McKeon 
Chris Sachrajda

Stony Brook University
Sergey Syritsyn (RBRC)



PPP2026   富井　正明 (理研 R-CCS)

発表内容
格子QCDのイントロ


K → ππ 崩壊のイントロ


計算のハイライト


実験精度に追いつくために


まとめ
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格子QCDのイントロ
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時空の離散化

- 格子間隔 a


体積


有限自由度

5

格子QCD

…… …

…

…

L

T

quark field

gauge link 
(gluon field)

<latexit sha1_base64="z1mgvWXvlNcw1wQSnlRUtCZkixo="></latexit>

L3 ⇥ T

a
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格子QCDの予言能力

インプット

‣ 実験値 3, 4 個

‣ e.g. mπ, mK, mΩ


‣ クォーク質量と格子間隔


アウトプット

‣ QCD に関連する多種多様な量

例：ハドロン質量

A. Kronfeld: Ann.Rev.Nucl.Part.Sci. 62 (2012) 265

格子QCDでできること：標準模型のテスト、QCDなどの非摂動現象の理解
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体積 vs 格子間隔
7

π

c

狭い…

スカスカな格子…

 条件: 
<latexit sha1_base64="CwPpdqYUJBsY3+jJD91QhJZI1pE=">AAACG3icbVC9TsMwGHT4LeUvgJhYLCokppKgqjBWsDAwFIn+SE0UOa6TWrWdyHaQqqiPwsAKj8GGWBl4Cl4Bt81AW06ydLq7z/58Ycqo0o7zba2srq1vbJa2yts7u3v79sFhWyWZxKSFE5bIbogUYVSQlqaakW4qCeIhI51weDvxO09EKpqIRz1Kic9RLGhEMdJGCuxjT0Xle+jF2mQ4rF3wwEtpYFecqjMFXCZuQSqgQDOwf7x+gjNOhMYMKdVznVT7OZKaYkbGZS9TJEV4iGLSM1QgTpSfT9cfwzOj9GGUSHOEhlP170SOuFIjHpokR3qgFr2J+J/Xy3R07edUpJkmAs8eijIGdQInXcA+lQRrNjIEYUnNrhAPkERYm8bmb0oljQfmR5EpnhI5Ng25i30sk/Zl1a1X6w+1SuOm6KoETsApOAcuuAINcAeaoAUwyMELeAVv1rP1bn1Yn7PoilXMHIE5WF+/X++hew==</latexit>

L& 4/mπ

条件:  
L

a
bクォークまで含めるには

<latexit sha1_base64="Js407mwX/1mtfMyDGU4Qb5r88jU=">AAACHHicbZDLSgMxFIYz9VbrbVRw4yZYBFd1RqW6LLpxWcFeoDOUTHqmDU1mxiQjlNpXceFWH8OduBV8Cl/BtJ2FbT0Q+Pn/c5KTL0g4U9pxvq3c0vLK6lp+vbCxubW9Y+/u1VWcSgo1GvNYNgOigLMIapppDs1EAhEBh0bQvxnnjUeQisXRvR4k4AvSjVjIKNHGatsHngoLBHsclFJMYKd0firaD2276JScSeFF4WaiiLKqtu0frxPTVECkKSdKtVwn0f6QSM0oh1HBSxUkhPZJF1pGRkSA8oeT/Uf42DgdHMbSnEjjift3YkiEUgMRmE5BdE/NZ2Pzv6yV6vDKH7IoSTVEdPpQmHKsYzyGgTtMAtV8YAShkpldMe0RSag2yGZvSiTr9syPQkOegRwZQu48j0VRPyu55VL57qJYuc5Y5dEhOkInyEWXqIJuURXVEEVP6AW9ojfr2Xq3PqzPaWvOymb20UxZX7+0BKGd</latexit>

a. 0.3/mq

実際のアプローチ

重いクォークなしで計算

‣ 2+1+1-flavor

‣ 2+1-flavor

‣ 軽いクォークの物理にはOK


bクォークの作用を工夫

‣ RHQ

‣ HQET

mπ を大きくして計算し、 χPT 
による補正（若干古い）

<latexit sha1_base64="V4qC0rW+SQr9p/XoZUzzpcdXxd0=">AAACHnicbVDLSgMxFM34rPU16kZwEyyCq5LRUrssunFZwT6gM5ZMmmlDk8yQZIQy1G9x4VY/w5241a/wF0wfC9t6IHA45z5yT5hwpg1C387K6tr6xmZuK7+9s7u37x4cNnScKkLrJOaxaoVYU84krRtmOG0limIRctoMBzdjv/lIlWaxvDfDhAYC9ySLGMHGSh332NdR3tdMwBJCD5e+YYJqWEGo4xZQEU0Al4k3IwUwQ63j/vjdmKSCSkM41rrtocQEGVaGEU5HeT/VNMFkgHu0banEdlGQTS4YwTOrdGEUK/ukgRP1b0eGhdZDEdpKgU1fL3pj8T+vnZqoEmRMJqmhkkwXRSmHJobjOGCXKUoMH1qCiWL2r5D0scLE2NDmJyWK9fr2oshmz6ga2YS8xTyWSeOi6JWL5btSoXo9yyoHTsApOAceuAJVcAtqoA4IeAIv4BW8Oc/Ou/PhfE5LV5xZzxGYg/P1C0f8odc=</latexit>

∼ 4003×800の格子が必要
→ まだ無理

}

典型的には a-1 は 2-5 GeV
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格子QCD計算の流れ
ユークリッド時空で経路積分 → モンテカルロ法


計算の流れ

‣ Boltzmann weight に従ってゲージ配位 U1, U2, …, UN を生成

‣ 各配位 Ui での測定量　　　を計算

‣ 統計解析

8

<latexit sha1_base64="dyfyKSpgerHiy88SXlib/xF8Yn4="></latexit>

hOi =
1

Z

Z
D D DU O( , ,U)e�S( , ,U)

フェルミオン場を積分
Boltzmann weight

<latexit sha1_base64="CeUlzADPJPR7iq6mtDEGZvyEats="></latexit>

=
1

Z

Z
DU bO(U) detD(U)e�SG(U)

<latexit sha1_base64="9imNaTkBZA2dub6Zf4Dk2Eycavo="></latexit>

1

N

NX

i=1

bO(Ui)
importance sampling

<latexit sha1_base64="9imNaTkBZA2dub6Zf4Dk2Eycavo="></latexit>

1

N

NX

i=1

bO(Ui)

相関関数など
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モンテカルロ法で可能な計算量

n点グリーン関数

9
<latexit sha1_base64="urHEAbGE0M8UQgQwmeTI/udbWMw=">AAACGXicbVC9TsMwGHT4LeUvlJHFoq3EVCUdCmMFCxtFoj9SE1WO47RWHTuyHUQV9UmQWOE12BArE2/BI+C0HWjLSZZOd99nny9IGFXacb6tjc2t7Z3dwl5x/+Dw6Ng+KXWUSCUmbSyYkL0AKcIoJ21NNSO9RBIUB4x0g/FN7ncfiVRU8Ac9SYgfoyGnEcVIG2lgl7xAsDBGegQrHkYM3lUGdtmpOTPAdeIuSBks0BrYP14ocBoTrjFDSvVdJ9F+hqSmmJFp0UsVSRAeoyHpG8pRTJSfzbJPYdUoIYyENIdrOFP/bmQoVmoSB2YyT6lWvVz8z+unOrryM8qTVBOO5w9FKYNawLwIGFJJsGYTQxCW1GSFeIQkwtrUVawuXZVIOhyZL0Wmdkrk1FTkrhayTjr1mtuoNe7r5eb1oqwCOAPn4AK44BI0wS1ogTbA4Am8gFfwZj1b79aH9Tkf3bAWO6dgCdbXL7ahoG8=</latexit>

O

<latexit sha1_base64="yL+Spo0k+kHfo9gYvPm2qiFc5Ic="></latexit>

O(ψ,ψ, U) → bO(D(U)−1, U)
<latexit sha1_base64="yL+Spo0k+kHfo9gYvPm2qiFc5Ic="></latexit>

O(ψ,ψ, U) → bO(D(U)−1, U)

場の汎関数 ゲージ場の汎関数

フェルミオン場の積分
ディラック演算子の逆

<latexit sha1_base64="1ghStRScuXscJgG+32jptGLBAvo="></latexit>

G1,2,...,n(x1,x2, . . . ,xn) =
D
O1(x1)O2(x2) . . .On(xn)

E
<latexit sha1_base64="yL+Spo0k+kHfo9gYvPm2qiFc5Ic="></latexit>

O(ψ,ψ, U) → bO(D(U)−1, U)=

Oi: クォーク・グルーオン場でできた複合演算子


‣ 例1: 軸性カレント


‣ 例2: 4クォーク演算子 


‣ 実践的にめちゃ多種多様ーこのバリエーションで色々な物理を見る

‣ 多くの場合ゲージ不変

<latexit sha1_base64="1ESe+Ujz6Q95Z7jAGRf1qqlM1DY=">AAACKXicbVHLTgIxFO3gC/GFunTTSExwQ2aMokuiG5eYyCNhJuRO6UBDOzNpO0Yy4QP8Fhdu9TPcqVs/wF+wwCwEvEmTk3POve099WPOlLbtTyu3srq2vpHfLGxt7+zuFfcPmipKJKENEvFItn1QlLOQNjTTnLZjSUH4nLb84c1Ebz1QqVgU3utRTD0B/ZAFjIA2VLdYclVQcH2QOCk/nrp9EAK6rkgydNEzrHHZFXtaeBk4GSihrOrd4o/bi0giaKgJB6U6jh1rLwWpGeF0XHATRWMgQ+jTjoEhCKq8dLrMGJ8YpoeDSJoTajxl/3akIJQaCd84BeiBWtQm5H9aJ9HBlZeyME40DcnsoiDhWEd4kgzuMUmJ5iMDgEhm3orJACQQbfKbnxRL1h+YjQLzDYzKsUnIWcxjGTTPKk61Ur07L9Wus6zy6AgdozJy0CWqoVtURw1E0BN6Qa/ozXq23q0P62tmzVlZzyGaK+v7F133pzA=</latexit>

ū(x)∞µ∞5d(x)
<latexit sha1_base64="fFdqMdyKBmWZfGbUWuJts7vcGAQ="></latexit>

s̄(x)(1−γ5)γµu(x) · ū(x)(1−γ5)γµd(x)
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ミューオン異常磁気能率

Classically
µ µ

γ

<latexit sha1_base64="e/QfExAWc5xzyPThkldfnP2b02M=">AAACEXicbZDLTgIxFIbPeEW8oS7dNAKJKzLDAt2YEN24xEQuBiakUzpDQ9uZtB0TQngKtvog7oxbn8Dn8AUsMAsFT9Lkz/+f055+QcKZNq775Wxsbm3v7Ob28vsHh0fHhZPTlo5TRWiTxDxWnQBrypmkTcMMp51EUSwCTtvB6G6et5+p0iyWj2acUF/gSLKQEWys9VSK+j2R3lRL/ULRrbiLQuvCy0QRsmr0C9+9QUxSQaUhHGvd9dzE+BOsDCOcTvO9VNMEkxGOaNdKiQXV/mSx8BSVrTNAYazskQYt3Hz518gEC63HIrCtApuhXgvn7r9hNzXhtT9hMkkNlWT5VphyZGI0B4AGTFFi+NgKTBSz6yIyxAoTYzGtXJUoFg3tr0KLm1E1tZS8VSbrolWteLVK7aFarN9mvHJwDhdwCR5cQR3uoQFNICBgBi/w6sycN+fd+Vi2bjjZzBn8KefzB9VTnRY=</latexit>

gµ = 2

Actually

Electromagnetic (5 loops)
<latexit sha1_base64="1uGM/CVNxz5dWjXfEa+i5cTOD8k="></latexit>

116584718.8(2)⇥ 10�11

Weak (2 loops)
<latexit sha1_base64="rauxji9LnS6WVOuvPkmcYQ+JbFA=">AAACInicbVDLTgIxFO3gC/E16sbETSOQ4EIyJYguiW5cYiKPBEbSKR1o6DzSdkzIZPwatvoh7owrE//CH7DALBQ8SZOTc+6j9zghZ1JZ1qeRWVvf2NzKbud2dvf2D8zDo5YMIkFokwQ8EB0HS8qZT5uKKU47oaDYczhtO+Pbmd9+okKywH9Qk5DaHh76zGUEKy31zZMCuqyWq6XqeU8xj0pkPcYXCCWFvpm3ytYccJWglORBikbf/O4NAhJ51FeEYym7yAqVHWOhGOE0yfUiSUNMxnhIu5r6WG+z4/kFCSxqZQDdQOjnKzhXc8VfLTH2pJx4ji71sBrJFXOm/mt2I+Ve2zHzw0hRnyx2uRGHKoCzROCACUoUn2iCiWD6u5CMsMBE6dyWRoWCDUf6Klfnz6hIdEpoOZNV0qqUUa1cu6/k6zdpXllwCs5ACSBwBergDjRAExDwDKbgBbwaU+PNeDc+FqUZI+05Bn9gfP0AAb6hrw==</latexit>

154.4(4)⇥ 10�11

Hadronic vacuum polarization

<latexit sha1_base64="JSuqJ4kaykESJbeQqhUFTuX/EBM=">AAACInicbVDLTgIxFO3gC/E16sbEzUQgwYVkShRcEt24xEQeCYykUzrQ0OlM2o4JmYxfw1Y/xJ1xZeJf+AMWmIWCJ2lycs599B43ZFQq2/40MmvrG5tb2e3czu7e/oF5eNSSQSQwaeKABaLjIkkY5aSpqGKkEwqCfJeRtju+nfntJyIkDfiDmoTE8dGQU49ipLTUN08KNfvyqlSF5z1FfSKh/RhfQJgU+mbeLttzWKsEpiQPUjT65ndvEODIJ1xhhqTsQjtUToyEopiRJNeLJAkRHqMh6WrKkd7mxPMLEquolYHlBUI/rqy5miv+aomRL+XEd3Wpj9RIrpgz9V+zGynv2okpDyNFOF7s8iJmqcCaJWINqCBYsYkmCAuqv2vhERIIK53b0qhQ0OFIX+Xp/CkRiU4JLmeySlqVMqyWq/eVfP0mzSsLTsEZKAEIaqAO7kADNAEGz2AKXsCrMTXejHfjY1GaMdKeY/AHxtcPDcehtg==</latexit>

7045(61)⇥ 10�11

Hadronic light by light
<latexit sha1_base64="/dul3zMp3xe1nzEancOry7t99Q8=">AAACJHicbVHLSgMxFM34rPU16k43g22hLhwmhVa7K7pxWcE+oB1LJs20oZnMkGSEMgz4Nd3qh7gTF278CX/A9LHQ1gOBwzn35uaeeBGjUjnOp7G2vrG5tZ3Zye7u7R8cmkfHTRnGApMGDlko2h6ShFFOGooqRtqRICjwGGl5o9up33oiQtKQP6hxRNwADTj1KUZKSz3zNA9h2S4Xq3b1oqtoQCR0HpNLCNN8z8w5tjODtUrgguTAAvWe+d3thzgOCFeYISk70ImUmyChKGYkzXZjSSKER2hAOppypKe5yWyH1CpopW/5odCHK2umZgu/WhIUSDkOPF0aIDWUK+ZU/dfsxMq/dhPKo1gRjuez/JhZKrSmmVh9KghWbKwJwoLq51p4iATCSie3dFUk6GCot/L1D1AiUp0SXM5klTRLNqzYlftSrnazyCsDzsA5KAIIrkAN3IE6aAAMnsEEvIBXY2K8Ge/Gx7x0zVj0nIA/ML5+AASDoi0=</latexit>

115.5(9.9)⇥ 10�11

QCD

QCD

Theory white paper 2025

arXiv:2505.21476

used for theory 
prediction in 2020 
→4σ discrepancy 

from experiment theory prediction with a data-driven 
approach to HVP

LQCD calculation of HVP outstandingly 
improved and purely used for 2025 
theory prediction 
→SM now consistent with experiment

(HVP)
(HLbL)

<latexit sha1_base64="4IbtCw8uwwtsQthsyp7RKoDJn/s="></latexit>

aµ =
gµ � 2

2
= 0.00116 . . .
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今後意義のある計算– CP 関連
11

Strong CP

• θ項への制限

Blum et al, 2608.2258

• BSM 相互作用への制限

qEDM, cEDM など

フレーバー物理

from PDG

UT fit

Cabibbo anomaly

2604.04715

|Vcb| puzzle



K → ππ 崩壊のイントロ
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CP violation & K → ππ

|KL> = |K2> + ε|K1>
CP odd CP even

|ππ>
CP even

ε’ ε
direct 
CPV

indirect 
CPV

K

π

π

|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?
(KTeV & NA48)

Discovered in 1964

Discovered in 1999
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CERN

Kaon physics map
14

<latexit sha1_base64="Upe0KxNmqtYwFscB4ReXh82IYS0=">AAACJnicbVHLSgMxFM34rPVVdekmWMQKUmZEqkvRjeCmgtVCZyiZ9E4bzCQhyQhl6NZvceFWP8OdiDv/wF8wrV1o6yGBwzn3JrknseLMWN//8GZm5+YXFgtLxeWV1bX10sbmjZGZptCgkkvdjIkBzgQ0LLMcmkoDSWMOt/Hd+dC/vQdtmBTXtq8gSklXsIRRYp3ULuHQJMXL0MpQseE6CA8q4T3RoAzjUuztt0tlv+qPgKdJMCZlNEa9XfoKO5JmKQhLOTGmFfjKRjnRllEOg2KYGVCE3pEutBwVJAUT5aNJBnjXKR2cSO22sHik/u7ISWpMP41dZUpsz0x6Q/E/r5XZ5CTKmVCZBUF/Lkoyjq3Ew1hwh2mglvcdIVQz91ZMe0QTal14f09SmnV7bqLE/QEDPXAJBZN5TJObw2pQq9aujsqnZ+OsCmgb7aAKCtAxOkUXqI4aiKIH9ISe0Yv36L16b977T+mMN+7ZQn/gfX4DRvOmIg==</latexit>

K→ππ (ε′)

理
論
予
言
の
チ
ャ
レ
ン
ジ

実験のチャレンジ

<latexit sha1_base64="Um5QUraqVhNvLu603rL/D8zoeSM=">AAACH3icbVDLSgMxFM3UV62vUVfiJlgEV2VGpLosuhF0UcE+oDMOmTTThmYyIckIZSh+iwu3+hnuxG2/wl8wbWdhWw+EHM659yb3hIJRpR1nbBVWVtfWN4qbpa3tnd09e/+gqZJUYtLACUtkO0SKMMpJQ1PNSFtIguKQkVY4uJn4rWciFU34ox4K4seox2lEMdJGCuwjT0Wlu+De04kn6JPj8dQLkTRXYJedijMFXCZuTsogRz2wf7xugtOYcI0ZUqrjOkL7GZKaYkZGJS9VRCA8QD3SMZSjmCg/m64wgqdG6cIokeZwDafq344MxUoN49BUxkj31aI3Ef/zOqmOrvyMcpFqwvHsoShlUCdwkgfsUkmwZkNDEJbU/BXiPpIIa5Pa/CQhaa9vNopM+JTIkUnIXcxjmTTPK261Un24KNeu86yK4BicgDPggktQA7egDhoAgxfwBt7Bh/VqfVpf1vestGDlPYdgDtb4F5hpo8g=</latexit>

KL →π0νν̄

<latexit sha1_base64="ut5SlsekAJWPQwElQ1vWHYSsfVc=">AAACH3icbVDLSgMxFM3UV62vUVfiJlgEQSgzItVl0Y3gpoJ9QGcsmTTThmaSkGSEMhS/xYVb/Qx34rZf4S+YPha29UC4h3PuTXJPJBnVxvNGTm5ldW19I79Z2Nre2d1z9w/qWqQKkxoWTKhmhDRhlJOaoYaRplQEJREjjah/O/Ybz0RpKvijGUgSJqjLaUwxMlZqu0eBjgv3T+eBEYGktvI0iJCype0WvZI3AVwm/owUwQzVtvsTdAROE8INZkjrlu9JE2ZIGYoZGRaCVBOJcB91SctSjhKiw2yywhCeWqUDY6Hs4QZO1L8TGUq0HiSR7UyQ6elFbyz+57VSE1+HGeUyNYTj6UNxyqARcJwH7FBFsGEDSxBW1P4V4h5SCBub2vxNUtFuz24U2/ApUUObkL+YxzKpX5T8cqn8cFms3MyyyoNjcALOgA+uQAXcgSqoAQxewBt4Bx/Oq/PpfDnf09acM5s5BHNwRr9WS6Oh</latexit>

K+ →π+νν̄

<latexit sha1_base64="ddUUP8WZl1liMveMe9Gfb/coEz4=">AAACGnicbVDLSgMxFM3UV62v8bFzM1gEQSwzItVl0Y2giwr2AZ1xyKSZNjSTDElGqEP/xIVb/Qx34taNX+EvmGlnYVsPJBzOuffm5gQxJVLZ9rdRWFhcWl4prpbW1jc2t8ztnabkiUC4gTjloh1AiSlhuKGIorgdCwyjgOJWMLjK/NYjFpJwdq+GMfYi2GMkJAgqLfnmnivD0o1/6yruRsnDcXad+GbZrthjWPPEyUkZ5Kj75o/b5SiJMFOIQik7jh0rL4VCEUTxqOQmEscQDWAPdzRlMMLSS8fbj6xDrXStkAt9mLLG6t+OFEZSDqNAV0ZQ9eWsl4n/eZ1EhRdeSlicKMzQ5KEwoZbiVhaF1SUCI0WHmkAkiN7VQn0oIFI6sOlJsSC9vv5RqHMnWIx0Qs5sHvOkeVpxqpXq3Vm5dplnVQT74AAcAQecgxq4BnXQAAg8gRfwCt6MZ+Pd+DA+J6UFI+/ZBVMwvn4BCFehVA==</latexit>

KL →µ+µ−

<latexit sha1_base64="QS9yqFU8fFlW40F1URnW8yfGvhQ=">AAACF3icbZDLSgMxFIYzXmu9TXXpZrAIrsqMSHVZdCO4qWAv0BlKJj3ThmYyIclUytAHceFWH8OduHXpU/gKpu0sbOuBwM//n5OcfKFgVGnX/bbW1jc2t7YLO8Xdvf2DQ7t01FRJKgk0SMIS2Q6xAkY5NDTVDNpCAo5DBq1weDvNWyOQiib8UY8FBDHucxpRgrWxunbJV1HRH2EJQlFmnPuuXXYr7qycVeHloozyqnftH7+XkDQGrgnDSnU8V+ggw1JTwmBS9FMFApMh7kPHSI5jUEE2W33inBmn50SJNIdrZ+b+nchwrNQ4Dk1njPVALWdT87+sk+roOsgoF6kGTuYPRSlzdOJMOTg9KoFoNjYCE0nNrg4ZYImJNrQWbxKS9gfmR5GBTkFODCFvmceqaF5UvGql+nBZrt3krAroBJ2ic+ShK1RDd6iOGoigJ/SCXtGb9Wy9Wx/W57x1zcpnjtFCWV+/vyGgug==</latexit>εK
(error on |Vcb|)

<latexit sha1_base64="kK3Dywzjo7HY0tT1rZbAZwDxnu4=">AAACHnicbZDLSgMxFIYzXmu9Vd0IboJFcCFlpkp1WXQjuKlgL9AZhkx6pg3NXEgyQhnGZ3HhVh/DnbjVp/AVTNtZ2NYfAh//OSfJ+b2YM6lM89tYWl5ZXVsvbBQ3t7Z3dkt7+y0ZJYJCk0Y8Eh2PSOAshKZiikMnFkACj0PbG96M6+1HEJJF4YMaxeAEpB8yn1GitOWWDm3pF+/c1AbOq9kZzvE8c0tls2JOhBfByqGMcjXc0o/di2gSQKgoJ1J2LTNWTkqEYpRDVrQTCTGhQ9KHrsaQBCCddLJBhk+008N+JPQJFZ64fydSEkg5CjzdGRA1kPO1sflfrZso/8pJWRgnCkI6fchPOFYRHseBe0wAVXykgVDB9F8xHRBBqNKhzd4UC9Yf6I18nT0DMU7Ims9jEVrVilWr1O4vyvXrPKsCOkLH6BRZ6BLV0S1qoCai6Am9oFf0Zjwb78aH8TltXTLymQM0I+PrF/rLot4=</latexit>

K!2,K!3

※ 図は個人の見解による大雑把なイメージで、
コミュニティ共通の認識ではありません

<latexit sha1_base64="PwpPye3MOvNqTYxq6aT6+BAFsik=">AAACGnicbVC7TsMwFHXKq5RXeGwsERUSEqJKECqMFSxILEXQh9SEyHGd1qrtRLaDVKL+CQMrfAYbYmXhK/gFnDYDbTmSraNz7r2+PkFMiVS2/W0UFhaXlleKq6W19Y3NLXN7pymjRCDcQBGNRDuAElPCcUMRRXE7FhiygOJWMLjK/NYjFpJE/F4NY+wx2OMkJAgqLfnmnivD0o1/56rIZcnDcXad+GbZrthjWPPEyUkZ5Kj75o/bjVDCMFeIQik7jh0rL4VCEUTxqOQmEscQDWAPdzTlkGHppePtR9ahVrpWGAl9uLLG6t+OFDIphyzQlQyqvpz1MvE/r5Oo8MJLCY8ThTmaPBQm1FKRlUVhdYnASNGhJhAJone1UB8KiJQObHpSLEivr38U6twJFiOdkDObxzxpnlacaqV6e1auXeZZFcE+OABHwAHnoAauQR00AAJP4AW8gjfj2Xg3PozPSWnByHt2wRSMr18UGaFb</latexit>

KS →µ+µ−

<latexit sha1_base64="6zQemUqpao9UV+E34oabdkgurWk=">AAACEnicbZDLSgMxFIYz9VbrrerSTbAIrsqMSHVZ1IUgQgV7gc5YMumZNjRzITkjlNK3cOFWH8OduPUFfApfwbSdha0eCPz8/znJyecnUmi07S8rt7S8srqWXy9sbG5t7xR39xo6ThWHOo9lrFo+0yBFBHUUKKGVKGChL6HpDy4nefMRlBZxdI/DBLyQ9SIRCM7QWA+uDgruFUhk9LZz0ymW7LI9LfpXOJkokaxqneK32415GkKEXDKt246doDdiCgWXMC64qYaE8QHrQdvIiIWgvdF06zE9Mk6XBrEyJ0I6dX9PjFio9TD0TWfIsK8Xs4n5X9ZOMTj3RiJKUoSIzx4KUkkxphMEtCsUcJRDIxhXwuxKeZ8pxtGAmr8pUaLXNz8KDG8BamwIOYs8/orGSdmplCt3p6XqRcYqTw7IITkmDjkjVXJNaqROOFHkmbyQV+vJerPerY9Za87KZvbJXFmfP55ann8=</latexit>

∆MK

<latexit sha1_base64="TUkEHtYwAdFiTDAVpmXJ4+Jsxko=">AAACC3icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHEi+AlgnlAEsLspDcZMju7zMwKYcknePCqn+FNvPoRfoW/4CTZg0ksGCiqunu6y48F18Z1v5219Y3Nre3cTn53b//gsHB03NBRohjWWSQi1fKpRsEl1g03AluxQhr6Apv+6HbqN59QaR7JRzOOsRvSgeQBZ9RYqdnRQb7au+8Vim7JnYGsEi8jRchQ6xV+Ov2IJSFKwwTVuu25semmVBnOBE7ynURjTNmIDrBtqaQh6m46W3dCzq3SJ0Gk7JOGzNS/HSkNtR6Hvq0MqRnqZW8q/ue1ExPcdFMu48SgZPOPgkQQE5Hp7aTPFTIjxpZQprjdlbAhVZQZm9DipFjxwdBeFNigOaqJTchbzmOVNC5LXrlUfrgqVqpZVjk4hTO4AA+uoQJ3UIM6MBjBC7zCm/PsvDsfzue8dM3Jek5gAc7XL4jbm8g=</latexit>

BK

JPARC

pics from slides 
at KAON 2025

<latexit sha1_base64="9IpFkyOpDTpSs9gCs6xTaA17TGM=">AAACIXicbVDLSsNAFJ34rPUVddlNsAiCWBKR6rLoRtBFBfuAJg2T6U07dPJgZiKU0IXf4sKtfoY7cSd+hL/gNM3Cth6Y4XDOvXfmHi9mVEjT/NKWlldW19YLG8XNre2dXX1vvymihBNokIhFvO1hAYyG0JBUMmjHHHDgMWh5w+uJ33oELmgUPshRDE6A+yH1KcFSSa5esoVfvHXvbBnZMe2aNjDWPcnuU1cvmxUzg7FIrJyUUY66q//YvYgkAYSSMCxExzJj6aSYS0oYjIt2IiDGZIj70FE0xAEIJ82WGBtHSukZfsTVCaWRqX87UhwIMQo8VRlgORDz3kT8z+sk0r90UhrGiYSQTB/yE2bIyJgkYvQoByLZSBFMOFV/NcgAc0ykym12Usxpf6A28lX8FPhYJWTN57FImmcVq1qp3p+Xa1d5VgVUQofoGFnoAtXQDaqjBiLoCb2gV/SmPWvv2of2OS1d0vKeAzQD7fsXTa6kEw==</latexit>

KL →π0"+"−

Cabibbo anomalyHigh-precision computing

image from jlab.org
2604.04715 from PDG

UT fit

<latexit sha1_base64="0yh9GaGmIVs/T1lDPfnasagPV3g=">AAACIXicbVC7TsMwFHV4lvIKMHaxqJDKUiUIFcYKFsYi0YfURpXjOK1Vx4lsB6lKU4lvYWCFz2BDbIiP4Bdw0wy05UiWjs+599r3uBGjUlnWl7G2vrG5tV3YKe7u7R8cmkfHLRnGApMmDlkoOi6ShFFOmooqRjqRIChwGWm7o9uZ334kQtKQP6hxRJwADTj1KUZKS32z1JN+sTJp9ZPYSydTxL1pdpHp5Lxvlq2qlQGuEjsnZZCj0Td/el6I44BwhRmSsmtbkXISJBTFjKTFXixJhPAIDUhXU44CIp0kWyKFZ1rxoB8KfbiCmfq3I0GBlOPA1ZUBUkO57M3E/7xurPxrJ6E8ihXheP6QHzOoQjhLBHpUEKzYWBOEBdV/hXiIBMJK57Y4KRJ0MNQb+Tp+SkSqE7KX81glrYuqXavW7i/L9Zs8qwIogVNQATa4AnVwBxqgCTB4Ai/gFbwZz8a78WF8zkvXjLznBCzA+P4Fd8SlYA==</latexit>

(|Vud| and |Vus|)
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アイソスピン振幅


ΔI = 1/2 則（実験事実）


‣ 議論は CPV 発見以前から

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>

: ΔI = 3/2 (A2) のモードがほとんどない

‣ 摂動的にはせいぜい2–5くらいのファクターしか出ない [Gaillard & Lee, PRL 33,108 (1974)]


‣ 残りは QCD か BSM?

アイソスピンモードと ΔI = 1/2 則

[Gell-Mann & Pais (1955), Gell-Mann & Rosenfeld (1957)]
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格子QCDによる ΔI = 1/2 則の検証
ΔI=3/2 のサプレッション (2012/2015)

‣ ReA2 に最も効く寄与 C1, C2 の比較


‣ 単純なカラーカウンティングでは C1 = -3C2


‣ 物理的 mπ に近づくにつれて大きな相殺

   （χPT の LO 　　　　　　とはっきり矛盾）

RBC/UKQCD, 
PRD91,074502 (2015)

2つの主要な寄与が
大きく相殺

ΔI = 1/2 の結果も含めた数値的検証 (2020)
<latexit sha1_base64="xJSujwSdS25k6zX7f8XbH8uBQeU="></latexit>

ReA0

ReA2
= 19.9(2.3)stat(4.4)sys

<latexit sha1_base64="wSIDuO93Ec/WKmtTOFkoOSc8GhU=">AAACIXicbVDLSgMxFM3UV62vUZfdBIvgxjJTpLosuhHcVLAP6ExLJs20oZlJSDJCGbrwW1y41c9wJ+7Ej/AXTNtZ2NYLIYdz7r3JOYFgVGnH+bJya+sbm1v57cLO7t7+gX141FQ8kZg0MGdctgOkCKMxaWiqGWkLSVAUMNIKRjdTvfVIpKI8ftBjQfwIDWIaUoy0oXp20VNhwROSC81h1LvrVuC5uT1Bu5WeXXLKzqzgKnAzUAJZ1Xv2j9fnOIlIrDFDSnVcR2g/RVJTzMik4CWKCIRHaEA6BsYoIspPZyYm8NQwfRhyaU6s4Yz9O5GiSKlxFJjOCOmhWtam5H9aJ9HhlZ/SWCSaxHj+UJgwaAxPE4F9KgnWbGwAwpKav0I8RBJhbXJb3CQkHQyNo9DET4mcmITc5TxWQbNSdqvl6v1FqXadZZUHRXACzoALLkEN3II6aAAMnsALeAVv1rP1bn1Yn/PWnJXNHIOFsr5/AYcXo5o=</latexit>

∝m2
K−m2

π

RBC/UKQCD, PRD102,054509 (2020) 🤝 実験値 22.45(6)
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ε’/ε の格子計算状況

PRD 102,054509

PRD 102,094517

PRL 115,212001

複数格子間隔 
論文作成中

G-parity 境界条件

周期的境界条件 
• コスト小 
• 技術的にやや困難

• a-1 ≈ 1.38 GeV: 2つの境界条件で整合

• 最初の連続極限

相関関数の種類を増や
してより正確な計算

-

a-1 = 1.02 GeV
a-1 = 1.38 GeV

a → 0

2015

2020

2023

2012–

a-1 = 1.02 GeV

a-1 = 1.38 GeV

Published
Preliminary
Experiment

GPBC 15, 1.4 GeV

GPBC 20, 1.4 GeV

PBC 23, 1.0 GeV

PBC 25, 1.0 GeV
PBC 25, 1.4 GeV

PBCxGPBC 25, a→0

PDG 2012-25

-10 0 10 20 30 40 50
Re(ε'/ε) [x 10-4]

RBC/UKQCD vs Experiment

GPBC & PBC 
combined

Experiment vs RBC/UKQCD at physical mπ
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もっと昔は？
18

physical mass and kinematics
Preliminary (a→0)

K→0, K→π + ChPT
Energy conserving K→ππ unphysical mass

Experiment

Pekurovsky-Klip 98
CP-PACS 01
Blum et al 01

RBC/UKQCD 11
Ishizuka et al 18

RBC/UKQCD 15
RBC/UKQCD 20
RBC/UKQCD 23
RBC/UKQCD 26

PDG 2012-

-100 -50 0 50 100
Re(ε'/ε) [x 10-4]

物理的質量でエネルギー保存の ΔI=1/2 行列要素を計算したのは 2015 年が最初

K→0, K→π + ChPT
Energy conserving K→ππ unphysical mass

physical mass and kinematics
Preliminary (a→0)

Experiment

Pekurovsky-Klip 98
CP-PACS 01
Blum et al 01

RBC/UKQCD 11
Ishizuka et al 18

RBC/UKQCD 15
RBC/UKQCD 20
RBC/UKQCD 23
RBC/UKQCD 26

PDG 2012-

-100 -50 0 50 100
Re(ε'/ε) [x 10-4]
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格子QCDによる K → ππ 計算の意義
CP を破る崩壊計算

‣ SM の検証・　 への制限


複数ハドロンへの非レプトン崩壊


格子QCDの励起状態を終状態とする行列要素


ΔI = 1/2 の相関関数には真空量子数の寄与

‣ 非連結ダイアグラムと統計誤差の問題

‣ f0(500) 共鳴のコントロール


ΔI = 1/2 則をはらむ

‣ 電磁補正・アイソスピン破れの補正も大（今後の課題）


最初に格子計算が提案されてから40年以上

19

<latexit sha1_base64="bMgjcpPt3otALF4sMjkLihKq250="></latexit>

η̄
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複数ハドロンへの非レプトン崩壊


格子QCDの励起状態を終状態とする行列要素


ΔI = 1/2 の相関関数には真空量子数の寄与

‣ 非連結ダイアグラムと統計誤差の問題

‣ f0(500) 共鳴のコントロール


ΔI = 1/2 則をはらむ

‣ 電磁補正・アイソスピン破れの補正も大（今後の課題）


最初に格子計算が提案されてから40年以上

19

どれをとっても他の過去・現行の
計算には全くないか滅多にない 
• ここで開発された計算技術・
理解されたQCDの非摂動的性
質は後の計算にも活かせる

<latexit sha1_base64="bMgjcpPt3otALF4sMjkLihKq250="></latexit>

η̄



計算のハイライト
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格子QCDによる弱崩壊の考え方
2つの典型的スケール

‣ 電弱スケール: mW = 80 GeV, mZ = 91 GeV

‣ QCD スケール: ΛQCD ~ 300 MeV 


有効相互作用 @ QCD スケール


‣ 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 演算子（標準模型）

  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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K → ππ Amplitude and ε’
23

Re

✓
✏0

✏

◆
= Re

⇢
i!ei(�2��0)

p
2✏


ImA2

ReA2
� ImA0

ReA0

��
= 1.38(5.15)(4.59)⇥ 10�4

<latexit sha1_base64="0bJ65iLinylyryvCwIfccxsV3hs="></latexit>

強い ππ 位相差

ウィルソン係数 
pQCD LQCDLQCD 

(+pQCD)

繰り込み行列

(! = ReA2/ReA0)

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

<latexit sha1_base64="e19bFI63lh+u8KKXyPdEKrd6A8Y="></latexit>

AI =
Gp
2
V⇤
usVud

X

i,j

[zi(µ) + ⌧yi(µ)]Zij(µ)h(⇡⇡)I|Qlat
j |Ki

A2 はすでに高精度 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 は今でも難題
cf: (Re A2)exp = 1.479(4) x 10-8 GeV
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ππ “基底状態”
24

2点関数 （ユークリッド時空・静止系）


サチったことの判定材料：有効エネルギー

Ee↵
⇡⇡(t) = ln

G⇡⇡(t)

G⇡⇡(t+ 1)

<latexit sha1_base64="K1gwt8qWtvynClFVx2kaUCM3X5Q=">AAACLHicbVDLSgMxFM34rPVVdekmWIQWpcxIQV0IxSK6rGAf0BlLJs20oZnMkGSEMswHufFXBHFhEbd+h2k7iz48JHByzr3c3OOGjEplmiNjZXVtfWMzs5Xd3tnd288dHDZkEAlM6jhggWi5SBJGOakrqhhphYIg32Wk6Q6qY7/5QoSkAX9Sw5A4Pupx6lGMlJY6uaotPXj3HBPPSzqxHVJ9koIqwpss4/a57QmE4/tZJ5l7nlnFpJPLmyVzArhMrJTkQYpaJ/dhdwMc+YQrzJCUbcsMlRMjoShmJMnakSQhwgPUI21NOfKJdOLJsgk81UoXeoHQlys4UWc7YuRLOfRdXekj1ZeL3lj8z2tHyrtyYsrDSBGOp4O8iEEVwHFysEsFwYoNNUFYUP1XiPtI56N0vlkdgrW48jJpXJSscun6sZyv3KZxZMAxOAEFYIFLUAEPoAbqAINX8A6+wMh4Mz6Nb+NnWrpipD1HYA7G7x9FMqej</latexit>

large t����! E⇡⇡,0

<latexit sha1_base64="UpsH6lr4NmljlOOexSFgsIgeJjk=">AAACEHicbVDLSsNAFJ3UV42vqEs3g0V0ISWRgroriuCygn1AE8pkOmmHTh7M3Kgl5BPc+CtuXCji1qU7/8bpY6Gth3vhcM69zNzjJ4IrsO1vo7CwuLS8Ulw119Y3Nres7Z2GilNJWZ3GIpYtnygmeMTqwEGwViIZCX3Bmv7gcuQ375hUPI5uYZgwLyS9iAecEtBSxzp0VYDdB8l7fSBSxveZILLHXAy5edXJ3ITrOrbzjlWyy/YYeJ44U1JCU9Q61pfbjWkasgioIEq1HTsBLyMSOBUsN91UsYTQAemxtqYRCZnysvFBOT7QShcHsdQdAR6rvzcyEio1DH09GRLoq1lvJP7ntVMIzryMR0kKLKKTh4JUYIjxKB3c5ZJREENNCJVc/xXTPpGEgs7Q1CE4syfPk8ZJ2amUz28qperFNI4i2kP76Ag56BRV0TWqoTqi6BE9o1f0ZjwZL8a78TEZLRjTnV30B8bnD8XGnQ4=</latexit>

Z
d
3
xhO⇡⇡(t,~x)O⇡⇡(0,~y)

†i

<latexit sha1_base64="2MxVmGl5e883KtBQO7epkMYAmhs="></latexit>

=
X

n

h0|O⇡⇡|⇡⇡, ni
1

2E⇡⇡,n
h⇡⇡, n|O†

⇡⇡|0ie�E⇡⇡,nt

<latexit sha1_base64="2NlxW6PcyXwUMSN+ez4wlWsZpzc="></latexit>

G⇡⇡(t) =

<latexit sha1_base64="Rt8zSxFYYWzPJffffeTIuKe7i+A=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiRSUBdC0YUuK9gHNCFMppN26OTBzI0QQv0VNy4UceuHuPNvnLZZaOvhXjiccy9z5/iJ4Aos69tYWV1b39gsbZW3d3b39s2Dw46KU0lZm8Yilj2fKCZ4xNrAQbBeIhkJfcG6/vhm6ncfmVQ8jh4gS5gbkmHEA04JaMkzK44K8K2XOwnXNanBKb7yzKpVt2bAy8QuSBUVaHnmlzOIaRqyCKggSvVtKwE3JxI4FWxSdlLFEkLHZMj6mkYkZMrNZ8dP8IlWBjiIpe4I8Ez9vZGTUKks9PVkSGCkFr2p+J/XTyG4cHMeJSmwiM4fClKBIcbTJPCAS0ZBZJoQKrm+FdMRkYSCzqusQ7AXv7xMOmd1u1G/vG9Um9dFHCV0hI5RDdnoHDXRHWqhNqIoQ8/oFb0ZT8aL8W58zEdXjGKngv7A+PwBXQGT9A==</latexit>

=
X

n

h0|O⇡⇡|⇡⇡, ni
1

2E⇡⇡,n
h⇡⇡, n|O†

⇡⇡|0ie�E⇡⇡,nt

<latexit sha1_base64="2NlxW6PcyXwUMSN+ez4wlWsZpzc="></latexit>

静止系  (                )ei~p·~x= 1

<latexit sha1_base64="6QioY0PoUC/mvU0hv1VRExJNChk="></latexit>

0.20

0.21

0.22

0.23

0.24

0.25

0.26

2 4 6 8 10 12 14
t / a

Oππ と同じ量子数の全エネルギー状態からの寄与

0.209

0.210

0.211

0.212

0.213

4 6 8 10 12 14
<latexit sha1_base64="QjFaqmBXPikO+OUPH8AV58t1tes=">AAAB/nicbVDLSsNAFJ34rPEVFVdugkVwVRLxtSyK4LKCfUATw2R60w6dTMLMRCgh4K+4caGIW7/DnX/jtM1CWw/3wuGce5k7J0wZlcpxvo2FxaXlldXKmrm+sbm1be3stmSSCQJNkrBEdEIsgVEOTUUVg04qAMchg3Y4vB777UcQkib8Xo1S8GPc5zSiBCstBda+JyMT3wS5l1JdxUMOUVQEVtWpORPY88QtSRWVaATWl9dLSBYDV4RhKbuukyo/x0JRwqAwvUxCiskQ96GrKccxSD+fnF/YR1rp2VEidHNlT9TfGzmOpRzFoZ6MsRrIWW8s/ud1MxVd+jnlaaaAk+lDUcZsldjjLOweFUAUG2mCiaD6VpsMsMBE6cRMHYI7++V50jqpuee1s7vTav2qjKOCDtAhOkYuukB1dIsaqIkIytEzekVvxpPxYrwbH9PRBaPc2UN/YHz+AEF5lbQ=</latexit>

aEe↵
⇡⇡

→ 大きな t で基底状態の寄与でサチる

　 ππ なら約 270 MeV

t によらない
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3点関数から行列要素
25

3点関数

静止系 (                )ei~p·~x= 1

<latexit sha1_base64="6QioY0PoUC/mvU0hv1VRExJNChk="></latexit>

Oππ/OK と同一量子数の全状態からの寄与

‣ 最低エネルギー状態の行列要素に興味があるなら大きな tππ - t & t - tK を見る:

<latexit sha1_base64="ezZ8/x22WMxem0eoa69SFBudCQU="></latexit>Z
d
3
x⇡⇡d

3
xKhO⇡⇡(t⇡⇡,~x⇡⇡)Qi(t,~0)OK(tK,~xK)

†i

<latexit sha1_base64="ngDa5oLfex8vfZUdRsys4xfRVBk="></latexit>

=
X

m,n

h0|O⇡⇡|⇡⇡,mih⇡⇡,m|Qi|K, nihK, n|O†
K|0ie

�E⇡⇡,m(t⇡⇡�t)
e
�mK,n(t�tK)

<latexit sha1_base64="IFaKYlQIRZKyeuifbVfp+8RpEoY="></latexit>

! h0|O⇡⇡|⇡⇡, 0ih⇡⇡, 0|Qi|K, 0ihK, 0|O†
K|0ie

�E⇡⇡,0(t⇡⇡�t)
e
�mK,0(t�tK)
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3点関数から行列要素
25

3点関数

静止系 (                )ei~p·~x= 1

<latexit sha1_base64="6QioY0PoUC/mvU0hv1VRExJNChk="></latexit>

Oππ/OK と同一量子数の全状態からの寄与

‣ 最低エネルギー状態の行列要素に興味があるなら大きな tππ - t & t - tK を見る:

エネルギー非保存

<latexit sha1_base64="ezZ8/x22WMxem0eoa69SFBudCQU="></latexit>Z
d
3
x⇡⇡d

3
xKhO⇡⇡(t⇡⇡,~x⇡⇡)Qi(t,~0)OK(tK,~xK)

†i

<latexit sha1_base64="ngDa5oLfex8vfZUdRsys4xfRVBk="></latexit>

=
X

m,n

h0|O⇡⇡|⇡⇡,mih⇡⇡,m|Qi|K, nihK, n|O†
K|0ie

�E⇡⇡,m(t⇡⇡�t)
e
�mK,n(t�tK)

<latexit sha1_base64="IFaKYlQIRZKyeuifbVfp+8RpEoY="></latexit>

! h0|O⇡⇡|⇡⇡, 0ih⇡⇡, 0|Qi|K, 0ihK, 0|O†
K|0ie

�E⇡⇡,0(t⇡⇡�t)
e
�mK,0(t�tK)
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エネルギー保存過程はどうやって？
26

Maiani-Testa no-go theorem (1990) PLB245,585

‣ ユークリッド時空では無理（でもそれは無限体積での話 by Lüscher）


有限体積で可能なアプローチ

‣ 非静止系（石塚さん）


        e.g.


‣ 境界条件をいじる

π: anti-periodic → must move pi = (2n+1)π/L

→ Eππ ≈ 500 MeV の最低エネルギー状態も実現可能

(G-parity 境界条件 by RBC/UKQCD 2015, 2020) 


‣ 相関関数のバリエーションを増やして励起状態も取り出し可能にする（最近の話）

<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

Lüscher, CMP104,177 (1986)

Lüscher, NPB354,531 (1991)

Lellouch & Lüscher, CMP219,31 (2001): 1 → 2 振幅の有限体積補正 

有限体積で散乱振幅・位相差の計算方法
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周期的境界条件

すでに物理的 mπ でのアンサンブル多数

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

‣ 連続極限が見通せる 


将来的に EM/IB 補正

‣ G-parity 境界は電荷保存を破るので難しい

‣ 周期的境界条件が必要 


静止系なら Eππ = 2mπ の状態がある

‣ GEVP (variational method) で対処可能

27

利点

チャレンジ
0

1

2

3

4

5

6

7

8

0 0.01 0.02 0.03 0.04

Iwasaki+DSDR
Iwasaki

2+1 MDWF ensembles with physical mπ

L 
[fm

]

a2 [fm2]
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Variational method [Lüscher-Wolff, 1990]
GEVP (Generalized Eigenvalue Problem)


‣                             only couples with n-th state (& N+1-th & higher states)


‣  


今回使っている ππ 演算子:

‣ 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

<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

相関関数の種類を増やして最低　
エネルギー状態以外の情報も抽出
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Variational method の結果
29
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aEnI=0,eff
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σ 演算子の役割
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FIG. 5: The tmin dependence of fitted ground state energy for the stationary ⇡⇡I=2 channel

(left) with tmax = 25 and the stationary ⇡⇡I=0 channel (right) with tmax = 15. Left: The

circles represent the two-operator, two-state fit and downward pointing triangles the

one-operator, one-state fit. Right: The pentagons represent the one-operator, one-state fit.

The stars and downward pointing triangles show the results from the two two-operator,

two-state fits. Finally the circles show the three-operator, three-state fit for tmin = 3 and 4

while the diamonds show the three-operator, two-state fit for tmin = 5� 8. For the I = 0

channel, including additional operators (especially the �) substantially improves the

determination of the ground state energy.

a total of 9 real fit parameters. Note that, as the lower triangular component of the matrix

is related to the upper triangular component by the time-translational symmetry, we did

not measure these terms in order to reduce the computational cost.

For each case, we perform correlated fits with various choices for tmin and set tmax = 25.

We plot the resulting ground state energy as a function of tmin in the left panel of Figure 5.

As we can see from the plot, the introduction of the second operator does not noticeably

improve the fit result, as the ground state energies given by both fitting strategies are

statistically consistent for all tmin and the statistical errors are also consistent. As we increase

tmin, the ground state energy first decreases, which suggests a non-negligible excited state

contamination for small tmin and then reaches a plateau for tmin ⇡ 10. We adopt the 2-

operator, 2-state fit with the fitting range of 10� 25 for our final result. In Table V we list

the p-values and the final parameters obtained from that approach. We observe an excellent

p-value indicating a strong consistency between the data and our model.

The fact that Baa is 60� resolved from zero suggests the importance of including these

RBC/UKQCD PRD 104,114506 (2021)
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Statistical Improvement

 

(From dispersion theory + expt. data)

1438 cfgs
(PRELIMINARY)

216 Configs

Increasing the statistics from 216 to 1438 configurations, the ⇡⇡ correlation
function is still well described by a single ⇡⇡ state.

It does not solve the �0 puzzle however:

�0 = (23.8 ± 4.9 ± 2.2)� ! �0 = (19.1 ± 2.5 ± 1.2)� (�2/dof = 1.6)

Chris Sachrajda FPCP2020, June 9th 2020 16
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繰り込みと連続極限
正則化

発散量

有限 + 正則化パラメタ

繰り込み

繰り込まれた量 + 正則化パラメタ

正則化パラメタの除去

繰り込まれた量 w/o 正則化パラメタ

スキーム・スケールのみに依存

格子作用を決めて行列要素を計算 
‣ 主な正則化パラメタ：格子間隔 a

O → Osubt = O – a-2Olow (べき発散の除去) &  
O’ → OR = Z O’ (乗法的繰り込み・log 発散の除去) 
‣ スキーム・スケールで繰り込み条件確定

‣ 格子間隔依存 → 離散化誤差 O(a2), O(a4), … 発散はない

連続極限: a → 0 
‣ 以上のステップを複数格子間隔で行い a → 0 の値を決める 

‣ e.g. OR(a) = OR(0) + c2 a2 + c4 a4 
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RI/SMOM schemes

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

<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>

Qi

<latexit sha1_base64="KYny2ecrTP2mEEU4fXQKc4oOpbU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YD+gDWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akm93O/84RK81g+mmmCfkRHkoecUWOlTl+HpeaAD8oVt+ouQNaJl5MK5GgMyl/9YczSCKVhgmrd89zE+BlVhjOBs1I/1ZhQNqEj7FkqaYTazxbnzsiFVYYkjJUtachC/T2R0UjraRTYzoiasV715uJ/Xi814Y2fcZmkBiVbLgpTQUxM5r+TIVfIjJhaQpni9lbCxlRRZmxCJRuCt/ryOmlfVb1a9bZZq9Tv8jiKcAbncAkeXEMdHqABLWAwgWd4hTcncV6cd+dj2Vpw8plT+APn8wemaY8k</latexit>

NP free

Amputated vertex functions

<latexit sha1_base64="Xl+V49bsa+jqSCdoWdAfxGuMIhM=">AAACH3icbZC7TsMwFIYdrqXcAkyIJaJCKktJECqMFSwwVJRLL6IJleM6ranjRLaDVEURz8LACo/Bhlj7FLwCbpuBtvySpV//Ocf2+dyQEiFNc6DNzS8sLi1nVrKra+sbm/rWdk0EEUe4igIa8IYLBaaE4aokkuJGyDH0XYrrbu9iWK8/Yy5IwO5lP8SODzuMeARBqaKWvmsLL/vQislT8hjfXh3dla/LSd72o8OWnjML5kjGrLFSkwOpKi39x24HKPIxk4hCIZqWGUonhlwSRHGStSOBQ4h6sIObyjLoY+HEoxUS40AlbcMLuDpMGqP070QMfSH6vqs6fSi7Yro2DP+rNSPpnTkxYWEkMUPjh7yIGjIwhjyMNuEYSdpXBiJO1F8N1IUcIqmoTd4UctLpqo08BZ9gnihC1jSPWVM7LljFQvHmJFc6T1llwB7YB3lggVNQApegAqoAgRfwBt7Bh/aqfWpf2ve4dU5LZ3bAhLTBL6G+ozA=</latexit>

ZRI/SMOM

ij
(µ) <latexit sha1_base64="oacIwa3/SuiHVigM/nDqRiOhpBk="></latexit>

µ2 = p21 = p22 = (p1°p2)2
<latexit sha1_base64="ZPte9ZF08PYpFesj58yaP9oZ994=">AAACEnicbZDLTgIxFIbP4A3xhrp000hMcENmiEGXRDcuMZFLZIB0Sgca2pmx7ZiQCW/hwq0+hjvj1hfwKXwFC8xCwJM0+fP/57SnnxdxprRtf1uZtfWNza3sdm5nd2//IH941FBhLAmtk5CHsuVhRTkLaF0zzWkrkhQLj9OmN7qZ5s0nKhULg3s9jmhH4EHAfEawNlbXVX7uofdYdEV83i338gW7ZM8KrQonFQVIq9bL/7j9kMSCBppwrFTbsSPdSbDUjHA6ybmxohEmIzygbSMDLKjqJLOtJ+jMOH3kh9KcQKOZ+3ciwUKpsfBMp8B6qJazqflf1o61f9VJWBDFmgZk/pAfc6RDNEWA+kxSovnYCEwkM7siMsQSE21ALd4USTYYmh/5hjejcmIIOcs8VkWjXHIqpcrdRaF6nbLKwgmcQhEcuIQq3EIN6kBAwgu8wpv1bL1bH9bnvDVjpTPHsFDW1y99tp5r</latexit>

Zq(µ)2

Aoki et al, PRD78,054510 (2007)

operator carries momentum 
with “symmetric” magnitude

freeNP
<latexit sha1_base64="ZPte9ZF08PYpFesj58yaP9oZ994=">AAACEnicbZDLTgIxFIbP4A3xhrp000hMcENmiEGXRDcuMZFLZIB0Sgca2pmx7ZiQCW/hwq0+hjvj1hfwKXwFC8xCwJM0+fP/57SnnxdxprRtf1uZtfWNza3sdm5nd2//IH941FBhLAmtk5CHsuVhRTkLaF0zzWkrkhQLj9OmN7qZ5s0nKhULg3s9jmhH4EHAfEawNlbXVX7uofdYdEV83i338gW7ZM8KrQonFQVIq9bL/7j9kMSCBppwrFTbsSPdSbDUjHA6ybmxohEmIzygbSMDLKjqJLOtJ+jMOH3kh9KcQKOZ+3ciwUKpsfBMp8B6qJazqflf1o61f9VJWBDFmgZk/pAfc6RDNEWA+kxSovnYCEwkM7siMsQSE21ALd4USTYYmh/5hjejcmIIOcs8VkWjXHIqpcrdRaF6nbLKwgmcQhEcuIQq3EIN6kBAwgu8wpv1bL1bH9bnvDVjpTPHsFDW1y99tp5r</latexit>

Zq(µ)2

<latexit sha1_base64="RTroNyzKt5v5Ged0gstMWrS1XYs=">AAACC3icbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4xkUcEQmaHXpgwO7uZmTUhGz7Bg1f9DG/Gqx/hV/gLDrAHASuZpFLV3dNdfiy4Nq777eTW1jc2t/LbhZ3dvf2D4uFRQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqj26nffEKleSQfzDjGbkgHkgecUWOlZkcH5LHX6BVLbtmdgawSLyMlyFDrFX86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjpbd0LOrNInQaTsk4bM1L8dKQ21Hoe+rQypGeplbyr+57UTE1x3Uy7jxKBk84+CRBATkentpM8VMiPGllCmuN2VsCFVlBmb0OKkWPHB0F4U2KA5qolNyFvOY5U0LspepVy5vyxVb7Ks8nACp3AOHlxBFe6gBnVgMIIXeIU359l5dz6cz3lpzsl6jmEBztcv5iacAQ==</latexit>

ZV
<latexit sha1_base64="AiiidISeBuTIblynJ6C0Rxtuyqw=">AAACDXicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsK9iGdoWTSO21okhmSjFCGfoMLt/oZ7sSt3+BX+Aum7Sxs64HA4Zx7b+49YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epotCkMY9VJyQaOJPQNMxw6CQKiAg5tMPR7dRvP4HSLJYPZpxAIMhAsohRYqz06OsIt3q+SHvlilt1Z8CrxMtJBeVo9Mo/fj+mqQBpKCdadz03MUFGlGGUw6TkpxoSQkdkAF1LJRGgg2y28ASfWaWPo1jZJw2eqX87MiK0HovQVgpihnrZm4r/ed3URNdBxmSSGpB0/lGUcmxiPL0e95kCavjYEkIVs7tiOiSKUGMzWpyUKDYY2osiGzUDNbEJect5rJLWRdWrVWv3l5X6TZ5VEZ2gU3SOPHSF6ugONVATUSTQC3pFb86z8+58OJ/z0oKT9xyjBThfv6j1nPk=</latexit>

Vµ

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>

<latexit sha1_base64="ZPte9ZF08PYpFesj58yaP9oZ994=">AAACEnicbZDLTgIxFIbP4A3xhrp000hMcENmiEGXRDcuMZFLZIB0Sgca2pmx7ZiQCW/hwq0+hjvj1hfwKXwFC8xCwJM0+fP/57SnnxdxprRtf1uZtfWNza3sdm5nd2//IH941FBhLAmtk5CHsuVhRTkLaF0zzWkrkhQLj9OmN7qZ5s0nKhULg3s9jmhH4EHAfEawNlbXVX7uofdYdEV83i338gW7ZM8KrQonFQVIq9bL/7j9kMSCBppwrFTbsSPdSbDUjHA6ybmxohEmIzygbSMDLKjqJLOtJ+jMOH3kh9KcQKOZ+3ciwUKpsfBMp8B6qJazqflf1o61f9VJWBDFmgZk/pAfc6RDNEWA+kxSovnYCEwkM7siMsQSE21ALd4USTYYmh/5hjejcmIIOcs8VkWjXHIqpcrdRaF6nbLKwgmcQhEcuIQq3EIN6kBAwgu8wpv1bL1bH9bnvDVjpTPHsFDW1y99tp5r</latexit>

Zq(µ)2
<latexit sha1_base64="VHprhLBsesMQVhWLrojsGFudF0A="></latexit>

ZV =
〈π|Vconserved

i |π〉
〈π|Vi|π〉

<latexit sha1_base64="+so9VDzThKZzu6/UKi9FKC6+kmU="></latexit>

Z∗
V =

〈Vconvserved
i (1.0 fm)Vi(0)†〉
〈Vi(1.0 fm)Vi(0)†〉

Matrix elements renormalized by ZV and ZV* should have the same a → 0 limit
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行列要素の連続極限

RI/SMOM(γµ,γµ) スキーム、2種類の ZV


GPBC 2020 の結果と一緒に連続極限


非常に粗い格子なので 20% 程度の系統誤差

a2 [fm2] a2 [fm2]

I = 0, Q6I = 0, Q’3
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0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
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(γμ,γμ)(1.3 GeV), Z*V at 1.0 fm



実験精度に追いつくために
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現状の主な誤差

統計誤差（ReA0, ImA0 に12–15%）


連続極限（ReA0, ImA0 に 20%程度）


ステップスケーリング/SMOM→MS マッチング
（ReA0 に14%）


チャームの寄与（ReA0, ImA0 に 12%）


EM/IB 補正（ε’ に最大25%）
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** パーセンテージは暫定値

excited states

better controlled

-

a-1 = 1.02 GeV
a-1 = 1.38 GeV

a → 0

2015

2020

2023

2012–

a-1 = 1.02 GeV

a-1 = 1.38 GeV

Published
Preliminary
Experiment

GPBC 15, 1.4 GeV

GPBC 20, 1.4 GeV

PBC 23, 1.0 GeV

PBC 25, 1.0 GeV
PBC 25, 1.4 GeV

PBCxGPBC 25, a→0

PDG 2012-25

-10 0 10 20 30 40 50
Re(ε'/ε) [x 10-4]

RBC/UKQCD vs Experiment

GPBC & PBC 
combined

Experiment vs RBC/UKQCD at physical mπ
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全点間伝播関数法


‣ 伝播関数：ディラック行列の逆 
　　　　: ~109 x 109 行列（> EB） 
→ 大き過ぎ 
　 でも長距離で重要なのは一部だけ


‣ ~103 x 109 程度に圧縮（O(10) TB）

<latexit sha1_base64="AL4oHMc9H0W6BdVwkuUUxXi/GgE="></latexit>

≈
N!X

i=1
vi(x)vi(y)†γ5

<latexit sha1_base64="rU1731PS/IH+6ZLNloSHOhETEtQ="></latexit>

+ 1

Nhit

NdilNhitX

i=1
(D−1

h ηi)(x)ηi(y)†

統計誤差に関して最近の発見
36

<latexit sha1_base64="9GnpQX+bFbkvCLc2EzVBOx/S37Y="></latexit>

〈Oσ(22)Qsubt
6 (16)OK(0)†〉disconn.

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

1 hit 2 hits 4 hits

5 configs
161 configs

<Oσ(22)Q6subt(16)OK(0)†>|type4
: ImA0 への主な誤差源

Nhit 大

σK Qi = 6<latexit sha1_base64="ffQQ8ajvoj2POEVCWcb3gT2HNjs=">AAACFXicbZDLSsNAFIZP6q3WS6Mu3QSLUEFLIlJdFnXhsoK9QBvLZDpph04mYWYihpDncOFWH8OduHXtU/gKTi8LWz0w8PP/58yc+byIUals+8vILS2vrK7l1wsbm1vbRXNntynDWGDSwCELRdtDkjDKSUNRxUg7EgQFHiMtb3Q1zlsPREga8juVRMQN0IBTn2KktNUzi13pF67v0xMnKz8eJ0c9s2RX7ElZf4UzEyWYVb1nfnf7IY4DwhVmSMqOY0fKTZFQFDOSFbqxJBHCIzQgHS05Coh008nimXWonb7lh0IfrqyJ+3siRYGUSeDpzgCpoVzMxuZ/WSdW/oWbUh7FinA8fciPmaVCa0zB6lNBsGKJFggLqne18BAJhJVmNX9TJOhgqH/ka+SUiEwTchZ5/BXN04pTrVRvz0q1yxmrPOzDAZTBgXOowQ3UoQEYYniGF3g1now34934mLbmjNnMHsyV8fkDUFWeww==</latexit>

D−1(x,y)

<latexit sha1_base64="ffQQ8ajvoj2POEVCWcb3gT2HNjs=">AAACFXicbZDLSsNAFIZP6q3WS6Mu3QSLUEFLIlJdFnXhsoK9QBvLZDpph04mYWYihpDncOFWH8OduHXtU/gKTi8LWz0w8PP/58yc+byIUals+8vILS2vrK7l1wsbm1vbRXNntynDWGDSwCELRdtDkjDKSUNRxUg7EgQFHiMtb3Q1zlsPREga8juVRMQN0IBTn2KktNUzi13pF67v0xMnKz8eJ0c9s2RX7ElZf4UzEyWYVb1nfnf7IY4DwhVmSMqOY0fKTZFQFDOSFbqxJBHCIzQgHS05Coh008nimXWonb7lh0IfrqyJ+3siRYGUSeDpzgCpoVzMxuZ/WSdW/oWbUh7FinA8fciPmaVCa0zB6lNBsGKJFggLqne18BAJhJVmNX9TJOhgqH/ka+SUiEwTchZ5/BXN04pTrVRvz0q1yxmrPOzDAZTBgXOowQ3UoQEYYniGF3g1now34934mLbmjNnMHsyV8fkDUFWeww==</latexit>

D−1(x,y)

低モード近似

高モードはノイズ法 → 無限 Nhit で厳密。有限 Nhit のバイアスは統計誤差に還元 ** Ndil = Nc x Ns x NT = 1,152* Nℓ = 2,000
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より正確な連続極限へ

0

1

2

3

4

5

6

7

8

0 0.01 0.02 0.03 0.04

Iwasaki+DSDR
Iwasaki

L 
[fm

]

a2 [fm2]

論文作成中

RBC/UKQCD 物理的 mπ での 2+1 MDWF アンサンブル

データ生成中

GPU で開始
連続極限による現状の系統誤差： 
ReA0, ImA0 に 20%程度


→次の 2 アンサンブルで 7% 程度を期待
（目標 2 年程度）


→将来的にはさらに細かい格子を含めて
問題にならない水準まで押し下げる
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中間スキーム依存性

原因は NLO マッチングか繰り込み過程（ステップスケーリング）の離散化誤差

‣ ステップスケーリングを 8 GeV 程度まで引き上げて連続極限  
→ 差の要因が 8 GeV での NLO マッチングだけになる


‣ NNLO マッチングも “ほぼ” できているらしいが…

38

<latexit sha1_base64="woiXNKshkj2orIq62SHyHqO8XC8=">AAACEnicbZDLSgMxFIbP1Futt6pLN8EiuCozItVl0Y0boYK9QDstmfRMG5q5kGSEMvQtXLjVx3Anbn0Bn8JXMG1nYVsPBH7+/5zk5PNiwZW27W8rt7a+sbmV3y7s7O7tHxQPjxoqSiTDOotEJFseVSh4iHXNtcBWLJEGnsCmN7qd5s0nlIpH4aMex+gGdBBynzOqjdXtKL9w3+PdVFA9Ib1iyS7bsyKrwslECbKq9Yo/nX7EkgBDzQRVqu3YsXZTKjVnAieFTqIwpmxEB9g2MqQBKjedbT0hZ8bpEz+S5oSazNy/EykNlBoHnukMqB6q5Wxq/pe1E+1fuykP40RjyOYP+YkgOiJTBKTPJTItxkZQJrnZlbAhlZRpA2rxpljywdD8yDe8OcqJIeQs81gVjYuyUylXHi5L1ZuMVR5O4BTOwYErqMId1KAODCS8wCu8Wc/Wu/Vhfc5bc1Y2cwwLZX39AlTPnu4=</latexit>

Mlat
i

<latexit sha1_base64="We3vZZcwIStcAct2bpyYzZXEDIY="></latexit>

M
SMOM(γµ,γµ)
i

(µ)

<latexit sha1_base64="untoWBEPRN5qWWuD2aP29yxavoA="></latexit>

MSMOM( /q, /q)
i

(µ)

<latexit sha1_base64="U/RdcRoX4Zy0ts9rZwhhMPPmhH0="></latexit>

MMS
i (µ)

<latexit sha1_base64="U/RdcRoX4Zy0ts9rZwhhMPPmhH0="></latexit>

MMS
i (µ)

繰り込み

NLO マッチング

Lehner and Sturm,

PRD84,014001, 2011

ReA0 に最も効く行列要素に
µ = 4 GeV で 14% 程の差

非摂動的に繰り込みスケールを持ち上げる技術

行列要素
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チャームの寄与

wi   (μ): 誤差大 
ReA0, ImA0 に 12%

wi  (μ) は µ 大でOK4fμmc

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

LQCDpQCD

3f

wi

mc での　　　　　
NLOマッチング 

ΔI = 1/2

解決法

‣ NNLO, 非摂動マッチング

‣ 今の本命：a-1 ≈ 2.35 の計算からチャームを含んだ演算子で直接計算

c c
g

W

q q

s d
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普通は O(1%) だが…


何を計算すれば良いか特定済み

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

‣ Transverse radiation contribution to ε’ [Christ-Lundstrum, 2606.26336]

‣ 次のステップはテスト計算

EM/IB 補正
40

<latexit sha1_base64="IFJNATKkmcDYhSiSW99au4CgM+o="></latexit>

✏0

✏
=

i!ei(�2��0)

p
2✏


ImA2

ReA2
� ImA0

ReA0

� <latexit sha1_base64="NwSaAZpNijqnX/CRBz2hKeCiFk4="></latexit>

= � i!ei(�2��0)

p
2✏

ImA0

ReA0


1� 1

!

ImA2

ImA0

�

Ciligriano et al, JHEP 02, 032 (2020)

NLO ChPT + large Nc


(example estimation)
<latexit sha1_base64="qsOFEn5HLV8kV6xUYBwW+XvbZu0="></latexit>

✏0

✏
=

i!+ei(�2��0)

p
2✏

"
ImAemp

2

ReA(0)
2

� ImA(0)
0

ReA(0)
0

(1� ⌦̂e↵)

#
<latexit sha1_base64="TyfoosJRN3vXCypGFdvue2sz7+U="></latexit>

⌦̂e↵ = 0.170
�
+91
�90

�

1/ω = ReA0/ReA2 ≈ 22.5 (ΔI = 1/2 則)
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まとめ
解決したこと


‣ 物理的質量でエネルギー保存振幅
の第一原理計算


‣ σ 共鳴の制御・ππ 励起状態の抽出


‣ 実験と整合性の確認ができる程度
の精度

41

これから解決すること


‣ 統計精度


‣ 連続極限の精度


‣ 中間スキーム依存性


‣ チャームの寄与


‣ EM/IB 補正

ロックオン

ロックオン

期待

期待

テスト計算へ ー 最後の関門？

計算リソース
リソース名 コンピュータ, プロセッサー これまで これから
USQCD 🇺🇸 BNL/JLab, CPU (AMD, Intel)
INCITE 🇺🇸 Frontier/Aurora, GPU (AMD/Nvidia)

理研 R-CCS 🇯🇵 富岳, CPU (富士通)

○ ○
○
○

←2.4 GeV の格子をあと2年で
←1.7 GeV の格子

←1.7 GeV の格子


