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内容

イントロ

‣ K → ππ における CP の破れと ΔI = 1/2 則


‣ 計算方法の概略


‣ 前回の結果（RBC/UKQCD, 2015）


K → ππ 行列要素

非摂動繰り込みと結果

今後の課題
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K → ππ における CP の破れ

KL → ππ: CP 極限で禁止


ε’ vs ε 

‣ Re (ε’/ε)exp = 16.6(2.3) x 10-4   (2000年頃） 

‣ SM で説明可能か?
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I = 0 & I = 2 崩壊モード

アイソスピン固有状態への振幅


アイソスピン極限で計算する場合に便利


A2 : 高精度に計算可能 (PRL108 (2012) 141601, PRD91 (2015) 074502)

‣ 2つの格子間隔: 2.36 GeV, 1.73 GeV → 連続極限


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


ε’: A0 & A2 の両方必要
5
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cf: (Re A2)exp = 1.479(4) x 10-8 GeV

I3=0
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ΔI = 1/2 則

実験事実


摂動 QCD の LO:   Re A0 = 2 Re A2


10 倍が説明つかない。 QCD or BSM?
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ReA0

ReA2
= 22.45(6)

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

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



素粒子物理学の進展2020    ε’    富井正明

弱崩壊現象へのアプローチ
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

‣ contributions from heavy particles: effective interactions

X4-Fermi interactions
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行列要素の計算方法
有効相互作用


格子 QCD で

‣ フル QCD の効果が計算可能


繰り込み

‣ 　　　　　　　　　　　　　　：非摂動繰り込み


‣ 　　　　　　　　　：摂動マッチング
7
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ΔS = 1 の 4フェルミ演算子
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  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
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&

enter when nf ≥ 4

sum over q runs for all active quarks
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ε’ の計算方法
アイソスピン極限の式
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ππ phase shifts

Lellouch-Lüscher finite volume correction

Wilson coefs. 
pQCD LQCD

AI = F
GF

2
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usVud
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LQCD 
(+pQCD)

Renormalization matrix

F & δI: ππ 散乱から


‣ 2点関数

‣ Lüscher’s の方法 [Commun.Math.Phys. 219 (2001) 31]

(! = ReA2/ReA0)
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(T. Wang, etal RBC/UKQCD in preparation)



素粒子物理学の進展2020    ε’    富井正明

Z. Bai et al, (RBC/UKQCD) PRL115(2015) 21, 212001


シミュレーションパラメータ

‣ 323 x 64 (2+1 メビウスフェルミオン)


‣ およそ物理点直上： mπ = 143.1(2.0) MeV, mK = 490.6(2.2) MeV

‣ カットオフ: 1/a = 1.3784(68) GeV

‣ 統計サンプル：216


Re A0 & Im A0: 大きな統計/系統誤差


ε’

前回（2015年）の結果

10

Re(✏0/✏)exp = 16.6(2.3)⇥ 10�4
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Re(✏0/✏)SM = 1.38(5.15)stat(4.59)sys ⇥ 10�4
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2.2σ

disconnected diagrams 摂動計算など
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今回のアップデート

同じパラメータだけど


‣ 統計サンプル：216 → 741


‣ ππ の演算子を複数用意 → 非物理的状態によるゴミを除去（後で詳説）


‣ 繰り込みスケールを非摂動的に持ち上げ → 摂動計算の部分を改善（後で）


要するに色々精度を高める方法を取り入れた
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内容

イントロ


K → ππ 行列要素

‣ 行列要素の計算方法と on-shell 状態の作り方


‣ ππ 散乱の位相差計算での教訓


‣ K → ππ


非摂動繰り込みと結果

今後の課題
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行列要素の計算方法
ユークリッド空間上の相関関数 (ゼロ空間運動量/重心系の場合)

13
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Oππ/OK と同じ量子数でゼロ運動量状態の足し上げ

もしも一番軽い基底状態に興味があれば… 

tππ - t & t - tK の大きい所を見れば良い:

! h0|O⇡⇡|⇡⇡, 0i
1

2E⇡⇡,0
h⇡⇡, 0|HW|K, 0i 1

2EK,0
hK, 0|O†

K|0ie
�m⇡⇡,0(t⇡⇡�t)e�mK,0(t�tK)

<latexit sha1_base64="xXGaYLy8DlShb729CpMYRC4e0Y0="></latexit>



素粒子物理学の進展2020    ε’    富井正明

行列要素の計算方法
ユークリッド空間上の相関関数 (ゼロ空間運動量/重心系の場合)
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これが欲しかったもの？
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On-shell ππ state は一番軽くない
K中間子の基底状態はフィジカル：EK = mK ≈ 500 MeV


ππ 基底状態は π が 2 つともゼロ運動量： Eππ,0 ≈ 270 MeV


‣ 欲しいのは | Eππ = mK ≈ 500 MeV 〉（π と π の相対運動量が必要）


考えられる作戦

💡 有限体積で計算している → 運動量が離散的（3,4 番目くらいに軽い状態が on-shell ）


‣ 軽い状態全部考慮して相関関数を解析する


‣ 境界条件を変えて不要な内部運動量のモードを禁止する

14

体積を適切に調節することが必要
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I = 2 の場合
ダウンクォークに反周期境界条件


‣  


‣ 荷電パイオンも反周期境界条件を満たす


‣                                                → 一番軽い状態のエネルギー： 


アイソスピン変換 (Wigner-Eckart theorem):


‣ on-shell の π+π+ を取り出して A2 の計算が可能
15
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I=2 |H�I3=1/2

�I=3/2 |K+i = 3

2
h(⇡⇡)I3=2

I=2 |H�I3=3/2
�I=3/2 |K+i

<latexit sha1_base64="0oVBM5RQMhbIcSK0ub3Rj8a8PKI="></latexit>
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I = 0 の場合
アイソスピン不変：中性のパイオンを使うしかない


　　　　　　　　　→ 反周期境界条件では π0 の余計なモードを殺せない


G-parity 境界条件：


‣  


‣ パイオンは全部 G-parity odd になる → 余計なモードを殺せる

16

f(x+ Lêx1,...,xn) = bGf(x) = bCe�i⇡Îy f(x)

<latexit sha1_base64="sMTRNuIJL3UHEUaK0+Z2u5j5QQk="></latexit>

(f: isospin representation)

<latexit sha1_base64="FkRieNJGq/kMPjkN68usA9j5sFE=">AAACDnicbVC7TsMwFHXKq5RXgJHFoq1UliqpkHhMFSyMRaKlUhtVjuu0Vh07sh2kKuoXsPArLAwgxMrMxt/gpBmg5Ui2js6599r3+BGjSjvOt1VYWV1b3yhulra2d3b37P2DjhKxxKSNBROy6yNFGOWkralmpBtJgkKfkXt/cp369w9EKir4nZ5GxAvRiNOAYqSNNLCrfRXAWiW9g8olpEqoiHIoiZmiCNdZ2cnALjt1JwNcJm5OyiBHa2B/9YcCx6GZgBlSquc6kfYSJDXFjMxK/ViRCOEJGpGeoRyFRHlJts4MVo0yhIGQ5nANM/V3R4JCpaahbypDpMdq0UvF/7xerINzL6E8ijXheP5QEDOoBUyzgUMqCdZsagjCkpq/QjxGEmFtEiyZENzFlZdJp1F3T+sXt41y8yqPowiOwDGoARecgSa4AS3QBhg8gmfwCt6sJ+vFerc+5qUFK+85BH9gff4AnX+bQg==</latexit>

Charge conjugation 180° isospin rotation

bG
✓

u
d

◆
=

✓
�Cd̄T

CūT

◆
, bG

✓
d̄
ū

◆
=

✓
�uTC�1

dTC�1

◆

<latexit sha1_base64="TXMciqdRakvmBIgTfAJ/A1VJins="></latexit>
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ππ 位相差 δI の計算
Lüscher formula ー 位相差 δI と有限体積での状態の運動量 k の関係式


‣ 例: 2ボソン系、1+1次元で空間方向に周期的境界条件、時間方向は無限


周期的境界条件:


分散関係式：


δI の計算方法


‣ 2点関数から En（次のスライド）→ 分散関係式から kn


‣ Lüscher formula 3+1次元 G-parity 版から δ(kn)

17

T. Wang, et al (RBC/UKQCD) in preparation

eikL+2i�(k) = 1

<latexit sha1_base64="GT0wOYwmueblJkSEOsCcvxbG+d8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahIpSkFNSFUHTjwkUF+4Amlsn0ph0yeTAzEUroxo2/4saFIm79B3f+jUmbhVYPXDiccy/33uNEnEllGF9aYWFxaXmluFpaW9/Y3NK3d9oyjAWFFg15KLoOkcBZAC3FFIduJID4DoeO411mfucehGRhcKvGEdg+GQbMZZSoVOrr+5Z0MdwlzLs+rjFrAFyRinc0wefYLPX1slE1psB/iZmTMsrR7Ouf1iCksQ+BopxI2TONSNkJEYpRDpOSFUuICPXIEHopDYgP0k6mX0zwYaoMsBuKtAKFp+rPiYT4Uo59J+30iRrJeS8T//N6sXJP7YQFUawgoLNFbsyxCnEWCR4wAVTxcUoIFSy9FdMREYSqNLgsBHP+5b+kXaua9erZTb3cuMjjKKI9dIAqyEQnqIGuUBO1EEUP6Am9oFftUXvW3rT3WWtBy2d20S9oH990d5af</latexit>

! knL+ 2�(kn) = 2n⇡

<latexit sha1_base64="8C5xTOzRUypup8pa9vP3KpHMryc=">AAACCnicbVDNS8MwHE3n15xfVY9eokOYCKMdA/UgDL148DDBfcBaSpqmW1ialiQVRtnZi/+KFw+KePUv8OZ/Y7b1oJsPAi/v/X4k7/kJo1JZ1rdRWFpeWV0rrpc2Nre2d8zdvbaMU4FJC8csFl0fScIoJy1FFSPdRBAU+Yx0/OH1xO88ECFpzO/VKCFuhPqchhQjpSXPPHRkCB0Vw6HHb09rTkCYQhV9OYGXsMadhHpm2apaU8BFYuekDHI0PfPLCWKcRoQrzJCUPdtKlJshoShmZFxyUkkShIeoT3qachQR6WbTKGN4rJUAhrHQhys4VX9vZCiSchT5ejJCaiDnvYn4n9dLVXjuZpQnqSIczx4KUwZ19EkvMKCCYMVGmiAsqP4rxAMkEFa6vZIuwZ6PvEjatapdr17c1cuNq7yOIjgAR6ACbHAGGuAGNEELYPAInsEreDOejBfj3fiYjRaMfGcf/IHx+QNtppjX</latexit>

En = 2
p

m2 + k2n

<latexit sha1_base64="8iT7gIypjhj6yyZTFkRy6ccjklM=">AAACBHicbVDLSsNAFJ34rPUVddnNYBEEoSShoC6EogguK9gHNGmYTCft0MkkzkyEErpw46+4caGIWz/CnX/jtM1CWw9cOJxzL/feEySMSmVZ38bS8srq2npho7i5tb2za+7tN2WcCkwaOGaxaAdIEkY5aSiqGGkngqAoYKQVDK8mfuuBCEljfqdGCfEi1Oc0pBgpLflmyZUhvPY5vICOK++FyqKuczL0edcZ+2bZqlhTwEVi56QMctR988vtxTiNCFeYISk7tpUoL0NCUczIuOimkiQID1GfdDTlKCLSy6ZPjOGRVnowjIUuruBU/T2RoUjKURTozgipgZz3JuJ/XidV4ZmXUZ6kinA8WxSmDKoYThKBPSoIVmykCcKC6lshHiCBsNK5FXUI9vzLi6TpVOxq5fy2Wq5d5nEUQAkcgmNgg1NQAzegDhoAg0fwDF7Bm/FkvBjvxsesdcnIZw7AHxifP71tluk=</latexit>

Lüscher formula for this toy case

n: 離散的運動量のラベル



素粒子物理学の進展2020    ε’    富井正明

ππ 状態のエネルギー
ユークリッド2点相関関数


Effective energy


‣           が t に寄らなくなったら          に行き着いたと考えられる

　　　　　　　　　　　　　　でも、実際の計算では判断が難しい（次のスライド）

18

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>

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>

G-parity 境界条件によりこれが知りたいエネルギー

Ee↵
⇡⇡(t)

<latexit sha1_base64="F2iRwrSgamjfaUNux2l97zDB+sk=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkUlB3RRFcVrAPaGKZTG/aoZMHMxOhhLjxV9y4UMStf+HOv3HaZqGth3vhcM69zNzjxZxJZVnfRmFpeWV1rbhe2tjc2t4xd/daMkoEhSaNeCQ6HpHAWQhNxRSHTiyABB6Htje6mvjtBxCSReGdGsfgBmQQMp9RorTUMw8c6ePrXurETFd2n4LvZxV1gntm2apaU+BFYuekjHI0euaX049oEkCoKCdSdm0rVm5KhGKUQ1ZyEgkxoSMygK6mIQlAuun0ggwfa6WP/UjoDhWeqr83UhJIOQ48PRkQNZTz3kT8z+smyj93UxbGiYKQzh7yE45VhCdx4D4TQBUfa0KoYPqvmA6JIFTp0Eo6BHv+5EXSOq3aterFba1cv8zjKKJDdIQqyEZnqI5uUAM1EUWP6Bm9ojfjyXgx3o2P2WjByHf20R8Ynz+2OZZu</latexit>

E⇡⇡,0

<latexit sha1_base64="NyZtze394V7aldI5gsSh22/qSV4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgQkoiBXVXFMFlBfuAJoTJdNIOnUzCzKRQQv/EjQtF3Pon7vwbp20W2nq4Fw7n3MvcOWHKmdKO822V1tY3NrfK25Wd3b39A/vwqK2STBLaIglPZDfEinImaEszzWk3lRTHIaedcHQ38ztjKhVLxJOepNSP8UCwiBGsjRTYtqcidB/kXspMXTjTwK46NWcOtErcglShQDOwv7x+QrKYCk04VqrnOqn2cyw1I5xOK16maIrJCA9oz1CBY6r8fH75FJ0ZpY+iRJoWGs3V3xs5jpWaxKGZjLEeqmVvJv7n9TIdXfs5E2mmqSCLh6KMI52gWQyozyQlmk8MwUQycysiQywx0SasignBXf7yKmlf1tx67eaxXm3cFnGU4QRO4RxcuIIGPEATWkBgDM/wCm9Wbr1Y79bHYrRkFTvH8AfW5w+rTZMO</latexit>
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The “ππ puzzle”
格子計算と現象論で合わない


‣  


‣  


一応、第一励起状態も考慮して解析している


‣ 2種類のフィットで同じ結果


なぜ合わない?


‣ 結論: 励起状態の取り扱いがアマかった

19

Statistical Improvement

 

Prediction from dispn theory + expt

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

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

2015 paper

�20150 = 23.8(4.9)(2.2)�, �20200 = 19.1(2.5)(1.2)�

<latexit sha1_base64="aZu1U6yZ6aWpYaW408gIDszJT64="></latexit>

�ph+exp
0 = 36�

<latexit sha1_base64="rum+Y97yMSx5PzArUjbk58QPr28=">AAACCXicbVDJSgNBEO2JWxy3UY9eGoMgCGFGg8tBCHrxGMEskJmEnk5N0qRnobtHDEOuXvwVLx4U8eofePNv7CwHTXxQ8Hiviqp6fsKZVLb9beQWFpeWV/Kr5tr6xuaWtb1Tk3EqKFRpzGPR8IkEziKoKqY4NBIBJPQ51P3+9civ34OQLI7u1CABLyTdiAWMEqWltoVdGZhuB7gibbuVJb0jeEiG+BKfnLZcygRtWwW7aI+B54kzJQU0RaVtfbmdmKYhRIpyImXTsRPlZUQoRjkMTTeVkBDaJ11oahqREKSXjT8Z4gOtdHAQC12RwmP190RGQikHoa87Q6J6ctYbif95zVQF517GoiRVENHJoiDlWMV4FAvuMAFU8YEmhAqmb8W0RwShSodn6hCc2ZfnSe246JSKF7elQvlqGkce7aF9dIgcdIbK6AZVUBVR9Iie0St6M56MF+Pd+Ji05ozpzC76A+PzB63umRI=</latexit>

G(t) = z0e
�E0t & G(t) = z0e

�E0t + z1e
�E1t

<latexit sha1_base64="wCatdeffiwyCGypDzzhlwc9oefs=">AAACKnicbVDLSgMxFM3UV62vqks3waJUxDIjBXUhVEV0WcE+oFOHTJppQzMPkjtCHfo9bvwVN10oxa0fYvpYqO2BwLnn3MvNPW4kuALTHBqphcWl5ZX0amZtfWNzK7u9U1VhLCmr0FCEsu4SxQQPWAU4CFaPJCO+K1jN7d6M/Nozk4qHwSP0Itb0STvgHqcEtORkr2zlZe7ycIQv8Ytjsqfk5NYxoW9j+xDbeJ6Fj3VpTUoL+k42ZxbMMfAssaYkh6YoO9mB3Qpp7LMAqCBKNSwzgmZCJHAqWD9jx4pFhHZJmzU0DYjPVDMZn9rHB1ppYS+U+gWAx+rviYT4SvV8V3f6BDrqvzcS53mNGLzzZsKDKAYW0MkiLxYYQjzKDbe4ZBRETxNCJdd/xbRDJKGg083oEKz/J8+S6mnBKhYuHoq50vU0jjTaQ/sojyx0hkroHpVRBVH0it7RB/o03oyBMTS+Jq0pYzqzi/7A+P4BLEyiTg==</latexit>

0

<latexit sha1_base64="7eiRyCb/dgIAVHMNk7xSEePkL7Q=">AAAB8XicbVBNS8NAEJ3Urxq/qh69LBbBU0mkoN6KXjxWsB/YhLLZbtqlu5uwuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbTzv2ymtrW9sbpW33Z3dvf2DyuFRWyeZIrRFEp6oboQ15UzSlmGG026qKBYRp51ofDvzO09UaZbIBzNJaSjwULKYEWys9Bjo2A1SxQTtV6pezZsDrRK/IFUo0OxXvoJBQjJBpSEca93zvdSEOVaGEU6nbpBpmmIyxkPas1RiQXWYzy+eojOrDFCcKFvSoLn6eyLHQuuJiGynwGakl72Z+J/Xy0x8FeZMppmhkiwWxRlHJkGz99GAKUoMn1iCiWL2VkRGWGFibEiuDcFffnmVtC9qfr12fV+vNm6KOMpwAqdwDj5cQgPuoAktICDhGV7hzdHOi/PufCxaS04xcwx/4Hz+ADPJkKI=</latexit>
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解決法
ππ の演算子を複数使う


‣ 2015年


‣ 2020年の追加分


2点関数行列


‣ 複数の状態を考慮したフィットの情報が増えている


‣ あるいは適当に線形結合して励起状態 2つを消せる 20

O⇡⇡ = ⇡⇡(1, 1, 1)

<latexit sha1_base64="ave28NkuPeJo4hiIsOBt8dwkqU4=">AAACB3icbVDLSgMxFL1TX3V8jboUJFiEClJmpKAuhKIbd1awD+gMJZNm2tDMgyQjlKE7N/6KGxeKuPUX3Pk3pu0stHqSC4dz7iW5x084k8q2v4zCwuLS8kpx1Vxb39jcsrZ3mjJOBaENEvNYtH0sKWcRbSimOG0nguLQ57TlD68mfuueCsni6E6NEuqFuB+xgBGstNS19l0ZmDfdzE2YvmN0gWas7Bzrc9S1SnbFngL9JU5OSpCj3rU+3V5M0pBGinAsZcexE+VlWChGOB2bbippgskQ92lH0wiHVHrZdI8xOtRKDwWx0BUpNFV/TmQ4lHIU+rozxGog572J+J/XSVVw5mUsSlJFIzJ7KEg5UjGahIJ6TFCi+EgTTATTf0VkgAUmSkdn6hCc+ZX/kuZJxalWzm+rpdplHkcR9uAAyuDAKdTgGurQAAIP8AQv8Go8Gs/Gm/E+ay0Y+cwu/ILx8Q3HO5dV</latexit>

π
π

p=(1,1,1)

p=(-1,-1,-1)

� =
1p
2
(ūu+ d̄d)

<latexit sha1_base64="SCIRQSo3LbgHQY1guktVlGuG0gE=">AAACGHicbVDLSsNAFJ3UV42vqEs3g0WoCDUpBXUhFN24rGAf0IQymUzaoZOHMxOhhHyGG3/FjQtF3Hbn3zhNs9DWA5d7OOdeZu5xY0aFNM1vrbSyura+Ud7Ut7Z3dveM/YOOiBKOSRtHLOI9FwnCaEjakkpGejEnKHAZ6brj25nffSJc0Ch8kJOYOAEahtSnGEklDYxzW/i6LegwQPAa2j5HOLWy1BaPXMJ6VrVdxGGSnOXd804HRsWsmTngMrEKUgEFWgNjansRTgISSsyQEH3LjKWTIi4pZiTT7USQGOExGpK+oiEKiHDS/LAMnijFg37EVYUS5urvjRQFQkwCV00GSI7EojcT//P6ifQvnZSGcSJJiOcP+QmDMoKzlKBHOcGSTRRBmFP1V4hHSIUjVZa6CsFaPHmZdOo1q1G7um9UmjdFHGVwBI5BFVjgAjTBHWiBNsDgGbyCd/ChvWhv2qf2NR8tacXOIfgDbfoDhlye1w==</latexit>

⇡⇡(3, 1, 1),

<latexit sha1_base64="Ny0SaDZS77+k0EvrrdzKqdYBH50=">AAAB+3icbVDLSsNAFL2prxpfsS7dDBahQimJFtRd0Y3LCvYBTSiT6aQdOnkwMxFL6K+4caGIW3/EnX/jtM1CWw/3wuGce5k7x084k8q2v43C2vrG5lZx29zZ3ds/sA5LbRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxx7czv/NIhWRx9KAmCfVCPIxYwAhWWupbJVcGppswXZWLqlN1zqp9q2zX7DnQKnFyUoYczb715Q5ikoY0UoRjKXuOnSgvw0IxwunUdFNJE0zGeEh7mkY4pNLL5rdP0alWBiiIhe5Iobn6eyPDoZST0NeTIVYjuezNxP+8XqqCKy9jUZIqGpHFQ0HKkYrRLAg0YIISxSeaYCKYvhWRERaYKB2XqUNwlr+8StrnNadeu76vlxs3eRxFOIYTqIADl9CAO2hCCwg8wTO8wpsxNV6Md+NjMVow8p0j+APj8wcD+pJ+</latexit>

Gij(t) = hOi(t)Oj(0)
†i =

X

n

Ai,nA
†
j,ne

�Ent

<latexit sha1_base64="4W+DohUwM0/CriFvfelbhZC6+x0="></latexit>
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励起状態の分離

21

Adding more ⇡⇡ interpolating operators (cont.)

  9 / 26

E"ect of additional operators

[PRELIMINARY]
STAT ERRS ONLY

(From dispersion theory + expt. data)

min

�0 = (32.3 ± 1.0 ± 1.8)� from a fit in the range t = 5 - 15 (statistical error
only).

The fit from dispersion theory at this value of E⇡⇡ and m⇡ is about 35.9�.

The ⇡⇡(3, 1, 1) operator turns out not to be very important.

Chris Sachrajda FPCP2020, June 9th 2020 18

フィット結果

of fit

フィット結果：
741 configs

�(1,1,1)0 = 19.1(2.5)(1.2)�

<latexit sha1_base64="lkhiMIl8IPSYQBRb9lodZeps1Hk=">AAACFnicbVDLSgMxFM3UV62vqks3wSJMQYdJqWgXQtGNywr2AZ1pyaSZNjTzIMkIZehXuPFX3LhQxK24829MHwttPZcLh3PuJbnHizmTyra/jczK6tr6RnYzt7W9s7uX3z9oyCgRhNZJxCPR8rCknIW0rpjitBULigOP06Y3vJn4zQcqJIvCezWKqRvgfsh8RrDSUjd/5kg/5/QoV7hrd1ITneoqjuEVRBULmSXrvGgiq1TsOIQJ0s0XbMueAi4TNCcFMEetm/9yehFJAhoqwrGUbWTHyk2xUIxwOs45iaQxJkPcp21NQxxQ6abTs8bwRCs96EdCd6jgVP29keJAylHg6ckAq4Fc9Cbif147Uf6lm7IwThQNyewhP+FQRXCSEewxQYniI00wEUz/FZIBFpgonWROh4AWT14mjZKFylblrlyoXs/jyIIjcAxMgMAFqIJbUAN1QMAjeAav4M14Ml6Md+NjNpox5juH4A+Mzx+gkpqo</latexit>

�ph+exp
0 (Elat

⇡⇡) = 35.9�

<latexit sha1_base64="jIRDIYEfWrNrM9xKqKziJrVo+h0="></latexit>

�lat0 (Elat
⇡⇡) = 32.3(2.1)�

<latexit sha1_base64="XooriadruuCZcM/ktzLIcfl5S6M=">AAACH3icbVDJSgNBEO2JW4xb1KOXxiAklzCTBJeDEBTBYwSzQCYZejo9SZOehe4aIQz5Ey/+ihcPioi3/I2d5aCJjyp4vFdFdz03ElyBaU6M1Nr6xuZWejuzs7u3f5A9PGqoMJaU1WkoQtlyiWKCB6wOHARrRZIR3xWs6Q5vp37ziUnFw+ARRhHr+KQfcI9TAlpysue28jJ2jwkgjtlNBIFx/s5J7IjrGs+FAr7G5VKxnC8VrULXplxSJ5szi+YMeJVYC5JDC9Sc7LfdC2nsswCoIEq1LTOCTkIkcCrYOGPHikWEDkmftTUNiM9UJ5ndN8ZnWulhL5S6A8Az9fdGQnylRr6rJ30CA7XsTcX/vHYM3mUn4UEUAwvo/CEvFhhCPA0L97hkFMRIE0Il13/FdEAkoaAjzegQrOWTV0lDp1YpXj1UctWbRRxpdIJOUR5Z6AJV0T2qoTqi6Bm9onf0YbwYb8an8TUfTRmLnWP0B8bkB/5DoQw=</latexit>

Elat
⇡⇡ = 479.5(1.4) MeV

<latexit sha1_base64="2Kz1bhCWhKxi1A7a9Ch9U8Z0WzI=">AAACDnicbVDLSgMxFM3UV62vUZdugqVQN8OMVGoXQlEEN0IF+4C2Dpk004ZmMkOSEcow/oAbf8WNC0Xcunbn35g+Ftp6uBcO59xLco8XMSqVbX8bmaXlldW17HpuY3Nre8fc3WvIMBaY1HHIQtHykCSMclJXVDHSigRBgcdI0xtejP3mPRGShvxWjSLSDVCfU59ipLTkmoWO9HOXbtKJqK70LmFIpfAMlsoV66ToWKWjh2vScM28bdkTwEXizEgezFBzza9OL8RxQLjCDEnZduxIdRMkFMWMpLlOLEmE8BD1SVtTjgIiu8nknBQWtNKDfih0cwUn6u+NBAVSjgJPTwZIDeS8Nxb/89qx8k+7CeVRrAjH04f8mEEVwnE2sEcFwYqNNEFYUP1XiAdIIKx0gjkdgjN/8iJpHFtOyarclPLV81kcWXAADkEROKAMquAK1EAdYPAInsEreDOejBfj3fiYjmaM2c4++APj8weo/pnz</latexit>
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I=0<ππ| Qi |K> from 3pt functions
Revisiting 3pt functions


Effective matrix elements

X

=
X

m,n

h0|Osink|⇡⇡,mi 1

2E⇡⇡,m
h⇡⇡,m|HW|K, ni 1

2EK,n
hK, n|O†

K|0ie
�E⇡⇡,m(tsink�t)e�mK,n(t�tK)

<latexit sha1_base64="3iEiGTPHCGyFZNmHOF/9cEiYSHs="></latexit>

Am
sink

<latexit sha1_base64="yLTvof/F9sLwtJflV3Njc+Q7uR0=">AAAB9XicdVDLSgMxFM3UVx1fVZdugkVwNaQP2umu6sZlBfuAdloyaaYNzWSGJKOUof/hxoUibv0Xd/6N6UNQ0QMXDufcy733+DFnSiP0YWXW1jc2t7Lb9s7u3v5B7vCopaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/cjX323dUKhaJWz2NqRfikWABI1gbqd9TgX0xSBUTk1k/HOTyyEGVWtmtQOSUam61NieohCpFFxYctEAerNAY5N57w4gkIRWacKxUt4Bi7aVYakY4ndm9RNEYkwke0a6hAodUeeni6hk8M8oQBpE0JTRcqN8nUhwqNQ190xliPVa/vbn4l9dNdOB6KRNxoqkgy0VBwqGO4DwCOGSSEs2nhmAimbkVkjGWmGgTlG1C+PoU/k9aRadQdmo35Xz9chVHFpyAU3AOCqAK6uAaNEATECDBA3gCz9a99Wi9WK/L1oy1mjkGP2C9fQLVvJLH</latexit>

An
K

<latexit sha1_base64="FrHCjuDfQWGZmk61hmGOI9znCsI=">AAAB8HicdVDLSgMxFM3UVx1fVZdugkVwNaQP2pld1Y3gpoJ9SFtLJs20oZnMkGSEUvoVblwo4tbPceffmGkrqOiBC4dz7uXee/yYM6UR+rAyK6tr6xvZTXtre2d3L7d/0FRRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP75I/dY9lYpF4kZPYtoL8VCwgBGsjXTbVYF91r+6E/1cHjmo4pXdCkROyXOrXkpQCVWKLiw4aI48WKLez713BxFJQio04VipTgHFujfFUjPC6czuJorGmIzxkHYMFTikqjedHzyDJ0YZwCCSpoSGc/X7xBSHSk1C33SGWI/Uby8V//I6iQ7c3pSJONFUkMWiIOFQRzD9Hg6YpETziSGYSGZuhWSEJSbaZGSbEL4+hf+TZtEplB3vupyvnS/jyIIjcAxOQQFUQQ1cgjpoAAJC8ACewLMlrUfrxXpdtGas5cwh+AHr7RNs0JA0</latexit>

Mmn
i

<latexit sha1_base64="3M61+NFBl5mmPN8pOFF48BBYGtQ=">AAAB83icdVDLSgMxFM3UVx1fVZdugkVwNWTaWttd0Y0boYJ9QGcsmTTThmYyQ5IRytDfcONCEbf+jDv/xvQhqOi5XDiccy+5OUHCmdIIfVi5ldW19Y38pr21vbO7V9g/aKs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGF/O/M49lYrF4lZPEupHeChYyAjWRvI8FdrXfXaXRWLaLxSRU69Vq24VIsctmzozBJVLCNWg66A5imCJZr/w7g1ikkZUaMKxUj0XJdrPsNSMcDq1vVTRBJMxHtKeoQJHVPnZ/OYpPDHKAIaxNC00nKvfNzIcKTWJAjMZYT1Sv72Z+JfXS3VY8zMmklRTQRYPhSmHOoazAOCASUo0nxiCiWTmVkhGWGKiTUy2CeHrp/B/0i45bsWp31SKjYtlHHlwBI7BKXDBOWiAK9AELUBAAh7AE3i2UuvRerFeF6M5a7lzCH7AevsEF3GRwg==</latexit>

Z
d
3
xsinkd

3
xKhOsink(tsink,~xsink)Qi(t,~0)OK(tK,~xK)

†i

<latexit sha1_base64="sEF5IbZ9ZyFdiAJz5EQx0nEymjM="></latexit>

Gsink
i (t� tK, tsink � t) =

<latexit sha1_base64="Cm24Kc0O8eoZ7VSChQBWRAwGhT8=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUsGVGCupCKLpQcFPBPqCtQybNtKGZzJDcEcrQD3Djr7hxoYhbP8Cdf2P6WGjrgcDJOeeS3ONFgmuw7W8rtbC4tLySXs2srW9sbmW3d2o6jBVlVRqKUDU8opngklWBg2CNSDESeILVvf7lyK8/MKV5KO9gELF2QLqS+5wSMJKbzbW0n7ly+X2iuewP81AA9+YI3Mm1AIf4HJuUXbTHwPPEmZIcmqLiZr9anZDGAZNABdG66dgRtBOigFPBhplWrFlEaJ90WdNQSQKm28l4mSE+MEoH+6EyRwIeq78nEhJoPQg8kwwI9PSsNxL/85ox+KfthMsoBibp5CE/FhhCPGoGd7hiFMTAEEIVN3/FtEcUoWD6y5gSnNmV50ntuOiUime3pVz5YlpHGu2hfZRHDjpBZXSNKqiKKHpEz+gVvVlP1ov1bn1MoilrOrOL/sD6/AHwNZpI</latexit>

from ππ 2pt functions

Me↵,sink
i (t� tK, tsink � t) = Gsink

i (t� tK, tsink � t)
⇣
A0
sinkA

0 †
K e�E⇡⇡,0(tsink�t)e�mK,0(t�tK)

⌘�1

<latexit sha1_base64="vQRb2IUUcyUXkFzzkU/I9X20Ipg="></latexit>

from kaon 2pt functions

= M00
i +

X

m

Am
sink

A0
sink

Mm0
i e�(E⇡⇡,m�E⇡⇡,0)(tsink�t)

<latexit sha1_base64="pFHpBObK0qo6EjxqNXXuT09xjqM="></latexit>

+ kaon excited-state contributions

→ 0 at large t-tK & tsink -t
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K → ππ 行列要素の計算
3 点関数


‣ 十分に大きな                           で欲しい行列要素からの寄与（基底状態）でサチる


Effective matrix elements


‣ 　　　　　　　　　　　（定義は Slack）


‣ 励起状態による寄与の有無を調べるツール


‣ 基底状態でサチったところでは欲しい行列要素で一定になる

22

G
↵
i (t� tK, t⇡⇡ � t) = hO↵

⇡⇡(t⇡⇡)Qi(t)OK(tK)
†i

<latexit sha1_base64="Ywvh5Mg6gqaSte1/19F6vtFVCCc="></latexit>

t� tK, t⇡⇡ � t

<latexit sha1_base64="27XEJmvD01CMOe3zrDMzOM6eCQQ=">AAACAHicbVDLSgMxFM3UVx1foy5cuAkWwYWWGSmou6IbwU0F+4DOMGTSTBuaeZDcEcowG3/FjQtF3PoZ7vwb08dCWw8JnJxzLzf3BKngCmz72ygtLa+srpXXzY3Nre0da3evpZJMUtakiUhkJyCKCR6zJnAQrJNKRqJAsHYwvBn77UcmFU/iBxilzItIP+YhpwS05FsHrgpNOAP/7hSDn7sp16fQb6tiV+0J8CJxZqSCZmj41pfbS2gWsRioIEp1HTsFLycSOBWsMN1MsZTQIemzrqYxiZjy8skCBT7WSg+HidQ3BjxRf3fkJFJqFAW6MiIwUPPeWPzP62YQXno5j9MMWEyng8JMYEjwOA3c45JRECNNCJVc/xXTAZGEgs7M1CE48ysvktZ51alVr+5rlfr1LI4yOkRH6AQ56ALV0S1qoCaiqEDP6BW9GU/Gi/FufExLS8asZx/9gfH5A4Dulb0=</latexit>

Me↵,↵
i (t� tK, t⇡⇡ � t)

<latexit sha1_base64="WHaFx1DII/qS+8v1lgzrLMzErps=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSJUaEsiBXVXdCOIUME+oIlhMp20QycPZm6EEvILbvwVNy4UcevOnX/j9LHQ1sO9cDjnXmbu8WLOJJjmt5ZbWl5ZXcuvFzY2t7Z39N29lowSQWiTRDwSHQ9LyllIm8CA004sKA48Ttve8HLstx+okCwK72AUUyfA/ZD5jGBQkquXbOkXblx2n1LfL9uYxwOclaAC7nUZ3NSOmaqsAseuXjSr5gTGIrFmpIhmaLj6l92LSBLQEAjHUnYtMwYnxQIY4TQr2ImkMSZD3KddRUMcUOmkk4sy40gpPcOPhOoQjIn6eyPFgZSjwFOTAYaBnPfG4n9eNwH/zElZGCdAQzJ9yE+4AZExjsfoMUEJ8JEimAim/mqQARaYgAqxoEKw5k9eJK2TqlWrnt/WivWLWRx5dIAOUQlZ6BTV0RVqoCYi6BE9o1f0pj1pL9q79jEdzWmznX30B9rnD2B2nMI=</latexit>
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3種類の ππ 演算子


Oopt: ππ(1,1,1) & σ の適当な線形結合


‣ 第一励起状態を殺す組み合わせ

23

Effective MEs

Multiple operators and K ! ⇡⇡ matrix elements

It is convenient to visualise the data by taking “optimal" linear combinations of
operators which best projects into the ground state.

Chris Sachrajda FPCP2020, June 9th 2020 19

Multiple operators and K ! ⇡⇡ matrix elements

It is convenient to visualise the data by taking “optimal" linear combinations of
operators which best projects into the ground state.

Chris Sachrajda FPCP2020, June 9th 2020 19

Me↵,sink
2

<latexit sha1_base64="k6CIh2NF9GI2o2hyci7QFmcHLeg=">AAAB+3icbVBNS8NAEJ34WeNXrEcvwSJ4kJKUgnorevEiVLAf0Maw2W7apZtN2N2IJeSvePGgiFf/iDf/jds2B219MPB4b4aZeUHCqFSO822srK6tb2yWtsztnd29feug3JZxKjBp4ZjFohsgSRjlpKWoYqSbCIKigJFOML6e+p1HIiSN+b2aJMSL0JDTkGKktORb5b4MzVu/9pCRMDyTlI9z36o4VWcGe5m4BalAgaZvffUHMU4jwhVmSMqe6yTKy5BQFDOSm/1UkgThMRqSnqYcRUR62ez23D7RysAOY6GLK3um/p7IUCTlJAp0Z4TUSC56U/E/r5eq8MLLKE9SRTieLwpTZqvYngZhD6ggWLGJJggLqm+18QgJhJWOy9QhuIsvL5N2rerWq5d39UrjqoijBEdwDKfgwjk04Aaa0AIMT/AMr/Bm5MaL8W58zFtXjGLmEP7A+PwBNqqT8A==</latexit>

Me↵,sink
6

<latexit sha1_base64="bdY2DaUpLuXfWiOcjLg/OTus2pk=">AAAB+3icbVDLSsNAFJ34rPEV69JNsAgupCRSfOyKbtwIFewD2hgm05t26GQSZiZiCfkVNy4UceuPuPNvnLZZaOuBC4dz7uXee4KEUakc59tYWl5ZXVsvbZibW9s7u9ZeuSXjVBBokpjFohNgCYxyaCqqGHQSATgKGLSD0fXEbz+CkDTm92qcgBfhAachJVhpybfKPRmat/7ZQwZheCIpH+W+VXGqzhT2InELUkEFGr711evHJI2AK8KwlF3XSZSXYaEoYZCbvVRCgskID6CrKccRSC+b3p7bR1rp22EsdHFlT9XfExmOpBxHge6MsBrKeW8i/ud1UxVeeBnlSaqAk9miMGW2iu1JEHafCiCKjTXBRFB9q02GWGCidFymDsGdf3mRtE6rbq16eVer1K+KOEroAB2iY+Sic1RHN6iBmoigJ/SMXtGbkRsvxrvxMWtdMoqZffQHxucPPOaT9A==</latexit>

Oopt = r1O⇡⇡(1,1,1) + r2O�

<latexit sha1_base64="Ey/avGhQmtt2J4FFSzbCDmU14wQ=">AAACG3icbVBNS8MwGE7n16xfVY9egkOYKKMdA/UgDL14c4L7gLWUNEu3sPSDJBVG6f/w4l/x4kERT4IH/43p1oNuPkngyfO8L8n7eDGjQprmt1ZaWl5ZXSuv6xubW9s7xu5eR0QJx6SNIxbxnocEYTQkbUklI72YExR4jHS98XXudx8IFzQK7+UkJk6AhiH1KUZSSa5Rt4Wv37ppFMsMXkLuWupix1TtqnWq1nEGT5Rcz2VBhwHKXKNi1swp4CKxClIBBVqu8WkPIpwEJJSYISH6lhlLJ0VcUsxIptuJIDHCYzQkfUVDFBDhpNPZMniklAH0I65OKOFU/d2RokCISeCpygDJkZj3cvE/r59I/9xJaRgnkoR49pCfMCgjmAcFB5QTLNlEEYQ5VX+FeIQ4wlLFqasQrPmRF0mnXrMatYu7RqV5VcRRBgfgEFSBBc5AE9yAFmgDDB7BM3gFb9qT9qK9ax+z0pJW9OyDP9C+fgBmf58v</latexit>

O
↵
⇡⇡ = O⇡⇡(1,1,1), O�, Oopt

<latexit sha1_base64="rlbS0idq+X3NQXRCUg1OAakBI9g=">AAACKXicbVDLSgMxFM34rPVVdekmWIQKpcxIQV0IRTfurGAf0KnlTpppQzMzIckIZZjfceOvuFFQ1K0/YvpAtPUkFw7nnktyjyc4U9q2P6yFxaXlldXMWnZ9Y3NrO7ezW1dRLAmtkYhHsumBopyFtKaZ5rQpJIXA47ThDS5H/cY9lYpF4a0eCtoOoBcynxHQRurkKq7ys9edxBXM3PTOBS76gM/xj1ZwiuYcpUUXG6OrWC+ACU8iodNOLm+X7DHwPHGmJI+mqHZyL243InFAQ004KNVybKHbCUjNCKdp1o0VFUAG0KMtQ0MIqGon401TfGiULvYjaSrUeKz+nkggUGoYeMYZgO6r2d5I/K/XirV/2k5YKGJNQzJ5yI851hEexYa7TFKi+dAQIJKZv2LSBwlEm3CzJgRnduV5Uj8uOeXS2U05X7mYxpFB++gAFZCDTlAFXaEqqiGCHtATekVv1qP1bL1bnxPrgjWd2UN/YH19A9QApIc=</latexit>

t0 = t⇡⇡ � t

<latexit sha1_base64="Z+Bn/hMI9E6QbNOYwT8IMnXh0QE=">AAAB/nicbVDLSsNAFJ3UV42vqLhyM1hEN5ZECupCKLpxWcE+oAlhMp20QycPZm6EEgr+ihsXirj1O9z5N07bLLT1cC8czrmXuXOCVHAFtv1tlJaWV1bXyuvmxubW9o61u9dSSSYpa9JEJLITEMUEj1kTOAjWSSUjUSBYOxjeTvz2I5OKJ/EDjFLmRaQf85BTAlryrQNXhSac4GsMfu6mXNf4DHyrYlftKfAicQpSQQUavvXl9hKaRSwGKohSXcdOwcuJBE4FG5tuplhK6JD0WVfTmERMefn0/DE+1koPh4nUHQOeqr83chIpNYoCPRkRGKh5byL+53UzCC+9nMdpBiyms4fCTGBI8CQL3OOSURAjTQiVXN+K6YBIQkEnZuoQnPkvL5LWedWpVa/ua5X6TRFHGR2iI3SKHHSB6ugONVATUZSjZ/SK3own48V4Nz5moyWj2NlHf2B8/gCzxJS2</latexit>



素粒子物理学の進展2020    ε’    富井正明

フィット結果
色々なフィット

‣      : min of (tsink - t)  [3-8]

‣ tmin: min of (t-tK)      [6-8]

‣ (# of operators) x (# of states considered)


ππ(311) の演算子は系統誤差の評価に利用


2015年は励起状態の寄与が　　　　　　　　　　　
過小評価されていた

24

K ! ⇡⇡ Fits Results

Examples of results of fits with different numbers of operators, states,
tmin = (tH � tK)min and t0min = (t⇡⇡ � tH)min.

Adopt uniform fit with t0min = 5 which is stable for all operators.
Evidence that excited state errors significantly underestimated in 2015.

Chris Sachrajda FPCP2020, June 9th 2020 20

K ! ⇡⇡ Fits Results

Examples of results of fits with different numbers of operators, states,
tmin = (tH � tK)min and t0min = (t⇡⇡ � tH)min.

Adopt uniform fit with t0min = 5 which is stable for all operators.
Evidence that excited state errors significantly underestimated in 2015.
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t0min

<latexit sha1_base64="mioWOuEjk7m8691/ifCrlealz/M=">AAAB83icbVBNS8NAEN3Urxq/qh69LBbRU0mkoN6KXjxWsB/QhLLZbtqlu5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzolRwA5737ZTW1jc2t8rb7s7u3v5B5fCobZJMU9aiiUh0NyKGCa5YCzgI1k01IzISrBON72Z+54lpwxP1CJOUhZIMFY85JWClIDCxC+f9XHI17VeqXs2bA68SvyBVVKDZr3wFg4RmkimgghjT870Uwpxo4FSwqRtkhqWEjsmQ9SxVRDIT5vObp/jMKgMcJ9qWAjxXf0/kRBozkZHtlARGZtmbif95vQzi6zDnKs2AKbpYFGcCQ4JnAeAB14yCmFhCqOb2VkxHRBMKNibXhuAvv7xK2pc1v167eahXG7dFHGV0gk7RBfLRFWqge9RELURRip7RK3pzMufFeXc+Fq0lp5g5Rn/gfP4AovuRcw==</latexit>

Q2

<latexit sha1_base64="CvRbHUg+ZPUVxfGl47gK/dBNB3M=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeiF48t2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7AST+7nfeUKleSwfzTRBP6IjyUPOqLFSp6/DYnNQHZTKbsVdgKwTLydlyNEYlL76w5ilEUrDBNW657mJ8TOqDGcCZ8V+qjGhbEJH2LNU0gi1ny3OnZFLqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiEijYEb/XlddKuVrxa5bZZK9fv8jgKcA4XcAUeXEMdHqABLWAwgWd4hTcncV6cd+dj2brh5DNn8AfO5w9TDY7t</latexit>

Q6

<latexit sha1_base64="0mHzrsFelR0vvt77MTHzUaNOxGE=">AAAB7nicbVDLSgNBEOyNr7i+oh69DAbBU9gV8XELevGYgHlAsoTZyWwyZHZ2mekVQshHePGgiFe/x5t/4yTZgyYWNBRV3XR3hakUBj3v2ymsrW9sbhW33Z3dvf2D0uFR0ySZZrzBEpnodkgNl0LxBgqUvJ1qTuNQ8lY4up/5rSeujUjUI45THsR0oEQkGEUrtbomcuu9q16p7FW8Ocgq8XNShhy1Xumr209YFnOFTFJjOr6XYjChGgWTfOp2M8NTykZ0wDuWKhpzE0zm507JmVX6JEq0LYVkrv6emNDYmHEc2s6Y4tAsezPxP6+TYXQTTIRKM+SKLRZFmSSYkNnvpC80ZyjHllCmhb2VsCHVlKFNyLUh+Msvr5LmRcW/rNzWL8vVuzyOIpzAKZyDD9dQhQeoQQMYjOAZXuHNSZ0X5935WLQWnHzmGP7A+fwBWR2O8Q==</latexit>

t0min

<latexit sha1_base64="mioWOuEjk7m8691/ifCrlealz/M=">AAAB83icbVBNS8NAEN3Urxq/qh69LBbRU0mkoN6KXjxWsB/QhLLZbtqlu5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzolRwA5737ZTW1jc2t8rb7s7u3v5B5fCobZJMU9aiiUh0NyKGCa5YCzgI1k01IzISrBON72Z+54lpwxP1CJOUhZIMFY85JWClIDCxC+f9XHI17VeqXs2bA68SvyBVVKDZr3wFg4RmkimgghjT870Uwpxo4FSwqRtkhqWEjsmQ9SxVRDIT5vObp/jMKgMcJ9qWAjxXf0/kRBozkZHtlARGZtmbif95vQzi6zDnKs2AKbpYFGcCQ4JnAeAB14yCmFhCqOb2VkxHRBMKNibXhuAvv7xK2pc1v167eahXG7dFHGV0gk7RBfLRFWqge9RELURRip7RK3pzMufFeXc+Fq0lp5g5Rn/gfP4AovuRcw==</latexit>
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フィット結果
色々なフィット

‣      : min of (tsink - t)  [3-8]

‣ tmin: min of (t-tK)      [6-8]

‣ (# of operators) x (# of states considered)


ππ(311) の演算子は系統誤差の評価に利用


2015年は励起状態の寄与が　　　　　　　　　　　
過小評価されていた
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K ! ⇡⇡ Fits Results

Examples of results of fits with different numbers of operators, states,
tmin = (tH � tK)min and t0min = (t⇡⇡ � tH)min.

Adopt uniform fit with t0min = 5 which is stable for all operators.
Evidence that excited state errors significantly underestimated in 2015.

Chris Sachrajda FPCP2020, June 9th 2020 20

K ! ⇡⇡ Fits Results

Examples of results of fits with different numbers of operators, states,
tmin = (tH � tK)min and t0min = (t⇡⇡ � tH)min.

Adopt uniform fit with t0min = 5 which is stable for all operators.
Evidence that excited state errors significantly underestimated in 2015.

Chris Sachrajda FPCP2020, June 9th 2020 20

t0min

<latexit sha1_base64="mioWOuEjk7m8691/ifCrlealz/M=">AAAB83icbVBNS8NAEN3Urxq/qh69LBbRU0mkoN6KXjxWsB/QhLLZbtqlu5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzolRwA5737ZTW1jc2t8rb7s7u3v5B5fCobZJMU9aiiUh0NyKGCa5YCzgI1k01IzISrBON72Z+54lpwxP1CJOUhZIMFY85JWClIDCxC+f9XHI17VeqXs2bA68SvyBVVKDZr3wFg4RmkimgghjT870Uwpxo4FSwqRtkhqWEjsmQ9SxVRDIT5vObp/jMKgMcJ9qWAjxXf0/kRBozkZHtlARGZtmbif95vQzi6zDnKs2AKbpYFGcCQ4JnAeAB14yCmFhCqOb2VkxHRBMKNibXhuAvv7xK2pc1v167eahXG7dFHGV0gk7RBfLRFWqge9RELURRip7RK3pzMufFeXc+Fq0lp5g5Rn/gfP4AovuRcw==</latexit>

Q2

<latexit sha1_base64="CvRbHUg+ZPUVxfGl47gK/dBNB3M=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeiF48t2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7AST+7nfeUKleSwfzTRBP6IjyUPOqLFSp6/DYnNQHZTKbsVdgKwTLydlyNEYlL76w5ilEUrDBNW657mJ8TOqDGcCZ8V+qjGhbEJH2LNU0gi1ny3OnZFLqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwhs/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiEijYEb/XlddKuVrxa5bZZK9fv8jgKcA4XcAUeXEMdHqABLWAwgWd4hTcncV6cd+dj2brh5DNn8AfO5w9TDY7t</latexit>

Q6

<latexit sha1_base64="0mHzrsFelR0vvt77MTHzUaNOxGE=">AAAB7nicbVDLSgNBEOyNr7i+oh69DAbBU9gV8XELevGYgHlAsoTZyWwyZHZ2mekVQshHePGgiFe/x5t/4yTZgyYWNBRV3XR3hakUBj3v2ymsrW9sbhW33Z3dvf2D0uFR0ySZZrzBEpnodkgNl0LxBgqUvJ1qTuNQ8lY4up/5rSeujUjUI45THsR0oEQkGEUrtbomcuu9q16p7FW8Ocgq8XNShhy1Xumr209YFnOFTFJjOr6XYjChGgWTfOp2M8NTykZ0wDuWKhpzE0zm507JmVX6JEq0LYVkrv6emNDYmHEc2s6Y4tAsezPxP6+TYXQTTIRKM+SKLRZFmSSYkNnvpC80ZyjHllCmhb2VsCHVlKFNyLUh+Msvr5LmRcW/rNzWL8vVuzyOIpzAKZyDD9dQhQeoQQMYjOAZXuHNSZ0X5935WLQWnHzmGP7A+fwBWR2O8Q==</latexit>

t0min

<latexit sha1_base64="mioWOuEjk7m8691/ifCrlealz/M=">AAAB83icbVBNS8NAEN3Urxq/qh69LBbRU0mkoN6KXjxWsB/QhLLZbtqlu5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzolRwA5737ZTW1jc2t8rb7s7u3v5B5fCobZJMU9aiiUh0NyKGCa5YCzgI1k01IzISrBON72Z+54lpwxP1CJOUhZIMFY85JWClIDCxC+f9XHI17VeqXs2bA68SvyBVVKDZr3wFg4RmkimgghjT870Uwpxo4FSwqRtkhqWEjsmQ9SxVRDIT5vObp/jMKgMcJ9qWAjxXf0/kRBozkZHtlARGZtmbif95vQzi6zDnKs2AKbpYFGcCQ4JnAeAB14yCmFhCqOb2VkxHRBMKNibXhuAvv7xK2pc1v167eahXG7dFHGV0gk7RBfLRFWqge9RELURRip7RK3pzMufFeXc+Fq0lp5g5Rn/gfP4AovuRcw==</latexit>

1x1 result used to appear 
to be on plateau in 2015

clarified w/ more 
configurations
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ε’ の計算方法
Isospin-limit formula

25

Re

✓
✏0

✏

◆
= Re

⇢
i!ei(�2��0)

p
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ImA2

ReA2
� ImA0

ReA0

��
= 1.38(5.15)(4.59)⇥ 10�4

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

ππ phase shifts

Lellouch-Lüscher finite volume correction (skipped)

Wilson coefs. 
pQCD LQCD

AI = F
GF

2
V⇤
usVud

X

i,j

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

<latexit sha1_base64="nvz7RhuFdw+NElWqEiDu2/o2ME8="></latexit>

LQCD 
(+pQCD)

Renormalization matrix

残りは繰り込みとウィルソン係数

(! = ReA2/ReA0)

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

✔

✔

G-parity 境界条件で on-shell 状態の扱いを簡単化


ππ の励起状態が前よりうまく除去できた
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内容

イントロ


K → ππ 行列要素


非摂動繰り込みと結果


‣ RI/SMOM スキームと window problem


‣ ステップスケーリング


‣ 最終結果


今後の課題

26
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Power divergence
Quadratic divergence (~ a-2) appears in MEs from


‣ due to mixing 4-quark operators with


‣ Remove by subtraction

X

�

K

�

HW �

K

�

HW

O(m/a2)s̄�5d

<latexit sha1_base64="OyQiblCkwiEB63EzvataQU7/7fM=">AAACBnicbVDLSgNBEJyNr7i+oh5FGAxCvMTdEFFvQS/ejGAekI1L72Q2GTKzu8zMCiHk5MVf8eJBEa9+gzf/xsnjoNGChqKqm+6uIOFMacf5sjILi0vLK9lVe219Y3Mrt71TV3EqCa2RmMeyGYCinEW0ppnmtJlICiLgtBH0L8d+455KxeLoVg8S2hbQjVjICGgj+bl9T4X2dUEcw13pCHsBSKy8LggB/gnu+Lm8U3QmwH+JOyN5NEPVz316nZikgkaacFCq5TqJbg9BakY4HdleqmgCpA9d2jI0AkFVezh5Y4QPjdLBYSxNRRpP1J8TQxBKDURgOgXonpr3xuJ/XivV4Vl7yKIk1TQi00VhyrGO8TgT3GGSEs0HhgCRzNyKSQ8kEG2Ss00I7vzLf0m9VHTLxfObcr5yMYsji/bQASogF52iCrpCVVRDBD2gJ/SCXq1H69l6s96nrRlrNrOLfsH6+AYWIJcA</latexit>

Condition: hQ0
i(t0)K(0)i = 0 at specific t0

<latexit sha1_base64="g86RInwFdv9nbuYRxwW9A3N27CA="></latexit>

K → ππ MEs shown earlier are the results after the subtraction

Qi ! Q0
i = Qi � ↵is̄�5d

<latexit sha1_base64="KXjEQTmvD43Fbe5QHrLtPqOMosQ="></latexit>

(mixing w/ parity-even operator s̄d is invalid)

<latexit sha1_base64="vwvfOxWYl+H7b/9i29/x/Ln3s8o="></latexit>

�

K

�

HW ０
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ベキの発散を除いた後、log の発散 ln a2 を乗法的に除去


To construct appropriate Hamiltonian


RI/SMOM スキーム (よく使われる)

 Renormalization

27

wMS
i (µ)

<latexit sha1_base64="jfDPmZX0C64tvGhzBteB4JAKAo8=">AAACBXicbVA7T8MwGHTKq4RXgBGGiAqpLFWCKgFbBQsLUhH0ITUhclynteo4ke2AqigLC3+FhQGEWPkPbPwbnDYDtJxk6XR3n+3v/JgSIS3rWystLC4tr5RX9bX1jc0tY3unLaKEI9xCEY1414cCU8JwSxJJcTfmGIY+xR1/dJH7nXvMBYnYrRzH2A3hgJGAICiV5Bn7jgj0B4/cpU6kcvk16dVNllWdMDnyjIpVsyYw54ldkAoo0PSML6cfoSTETCIKhejZVizdFHJJEMWZ7iQCxxCN4AD3FGUwxMJNJ1tk5qFS+mYQcXWYNCfq74kUhkKMQ18lQyiHYtbLxf+8XiKDUzclLE4kZmj6UJBQU0ZmXonZJxwjSceKQMSJ+quJhpBDJFVxuirBnl15nrSPa3a9dnZdrzTOizrKYA8cgCqwwQlogEvQBC2AwCN4Bq/gTXvSXrR37WMaLWnFzC74A+3zB2r/mIo=</latexit>

ZR
ij (µ

0)Qlat
j

<latexit sha1_base64="sLaH3UNyDAH8AovIQmxs7f6xXKk=">AAACBHicbVDLTsJAFJ3iC+ur6pJNIzHihrSGRN0R3bgEI49ISzMdpjAw0zYzUxPSsHDjr7hxoTFu/Qh3/o0DdKHgSW5ycs69ufceP6ZESMv61nIrq2vrG/lNfWt7Z3fP2D9oiijhCDdQRCPe9qHAlIS4IYmkuB1zDJlPccsfXU/91gPmgkThnRzH2GWwH5KAICiV5BkFRwT6fffWS8lwUnJYcnJa94bdlEI58YyiVbZmMJeJnZEiyFDzjC+nF6GE4VAiCoXo2FYs3RRySRDFE91JBI4hGsE+7igaQoaFm86emJjHSumZQcRVhdKcqb8nUsiEGDNfdTIoB2LRm4r/eZ1EBhduSsI4kThE80VBQk0ZmdNEzB7hGEk6VgQiTtStJhpADpFUuekqBHvx5WXSPCvblfJlvVKsXmVx5EEBHIESsME5qIIbUAMNgMAjeAav4E170l60d+1j3prTsplD8Afa5w/Z6pef</latexit>

Qlat
i

<latexit sha1_base64="W8eKogfrcNv3ajHlmCqopotDEAc=">AAAB9HicbVDLSgNBEOyNr7i+oh69DAbBU9gVQb0FvXhMwDwgWcPsZDYZMvtwpjcQlnyHFw+KePVjvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnHb3tnd2z8oHR41dZwqxhsslrFq+1RzKSLeQIGStxPFaehL3vJHdzO/NeZKizh6wEnCvZAOIhEIRtFIXlcHdr0nHjNJcdorlZ2KMwdZJW5OypCj1it9dfsxS0MeIZNU647rJOhlVKFgkk/tbqp5QtmIDnjH0IiGXHvZ/OgpOTNKnwSxMhUhmau/JzIaaj0JfdMZUhzqZW8m/ud1UgyuvUxESYo8YotFQSoJxmSWAOkLxRnKiSGUKWFuJWxIFWVocrJNCO7yy6ukeVFxLys39cty9TaPowgncArn4MIVVOEeatAABk/wDK/wZo2tF+vd+li0Fqx85hj+wPr8AYWakfc=</latexit>

Renormalizationperturbative 
matching

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

<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

Wilson coefficients
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ベキの発散を除いた後、log の発散 ln a2 を乗法的に除去


To construct appropriate Hamiltonian


RI/SMOM スキーム (よく使われる)

 Renormalization

27

wMS
i (µ)

<latexit sha1_base64="jfDPmZX0C64tvGhzBteB4JAKAo8=">AAACBXicbVA7T8MwGHTKq4RXgBGGiAqpLFWCKgFbBQsLUhH0ITUhclynteo4ke2AqigLC3+FhQGEWPkPbPwbnDYDtJxk6XR3n+3v/JgSIS3rWystLC4tr5RX9bX1jc0tY3unLaKEI9xCEY1414cCU8JwSxJJcTfmGIY+xR1/dJH7nXvMBYnYrRzH2A3hgJGAICiV5Bn7jgj0B4/cpU6kcvk16dVNllWdMDnyjIpVsyYw54ldkAoo0PSML6cfoSTETCIKhejZVizdFHJJEMWZ7iQCxxCN4AD3FGUwxMJNJ1tk5qFS+mYQcXWYNCfq74kUhkKMQ18lQyiHYtbLxf+8XiKDUzclLE4kZmj6UJBQU0ZmXonZJxwjSceKQMSJ+quJhpBDJFVxuirBnl15nrSPa3a9dnZdrzTOizrKYA8cgCqwwQlogEvQBC2AwCN4Bq/gTXvSXrR37WMaLWnFzC74A+3zB2r/mIo=</latexit>

ZR
ij (µ

0)Qlat
j

<latexit sha1_base64="sLaH3UNyDAH8AovIQmxs7f6xXKk=">AAACBHicbVDLTsJAFJ3iC+ur6pJNIzHihrSGRN0R3bgEI49ISzMdpjAw0zYzUxPSsHDjr7hxoTFu/Qh3/o0DdKHgSW5ycs69ufceP6ZESMv61nIrq2vrG/lNfWt7Z3fP2D9oiijhCDdQRCPe9qHAlIS4IYmkuB1zDJlPccsfXU/91gPmgkThnRzH2GWwH5KAICiV5BkFRwT6fffWS8lwUnJYcnJa94bdlEI58YyiVbZmMJeJnZEiyFDzjC+nF6GE4VAiCoXo2FYs3RRySRDFE91JBI4hGsE+7igaQoaFm86emJjHSumZQcRVhdKcqb8nUsiEGDNfdTIoB2LRm4r/eZ1EBhduSsI4kThE80VBQk0ZmdNEzB7hGEk6VgQiTtStJhpADpFUuekqBHvx5WXSPCvblfJlvVKsXmVx5EEBHIESsME5qIIbUAMNgMAjeAav4E170l60d+1j3prTsplD8Afa5w/Z6pef</latexit>

Qlat
i

<latexit sha1_base64="W8eKogfrcNv3ajHlmCqopotDEAc=">AAAB9HicbVDLSgNBEOyNr7i+oh69DAbBU9gVQb0FvXhMwDwgWcPsZDYZMvtwpjcQlnyHFw+KePVjvPk3TpI9aGJBQ1HVTXeXn0ih0XG+rcLa+sbmVnHb3tnd2z8oHR41dZwqxhsslrFq+1RzKSLeQIGStxPFaehL3vJHdzO/NeZKizh6wEnCvZAOIhEIRtFIXlcHdr0nHjNJcdorlZ2KMwdZJW5OypCj1it9dfsxS0MeIZNU647rJOhlVKFgkk/tbqp5QtmIDnjH0IiGXHvZ/OgpOTNKnwSxMhUhmau/JzIaaj0JfdMZUhzqZW8m/ud1UgyuvUxESYo8YotFQSoJxmSWAOkLxRnKiSGUKWFuJWxIFWVocrJNCO7yy6ukeVFxLys39cty9TaPowgncArn4MIVVOEeatAABk/wDK/wZo2tF+vd+li0Fqx85hj+wPr8AYWakfc=</latexit>

Renormalizationperturbative 
matching

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

<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

µ0 � ⇤QCD required

<latexit sha1_base64="dfIbbZgoXmBjd4G+76ayckYeOLg="></latexit>

→ 2015年の大きな系統誤差µ0 ⌧ ⇡/a required

<latexit sha1_base64="Aw9URyhrx27oTZKHkKuWtQoXNbI="></latexit>

Wilson coefficients
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ステップスケーリング
非摂動的に繰り込みスケールを持ち上げ 

28

Z(µhigh, acoarse) =

✓
Z(µhigh, afine)

Z(µlow, afine)

◆
Z(µlow, acoarse)

<latexit sha1_base64="xA2cdcuK0Nq8XkdSMx7EXQ5Cv9g="></latexit>

fine lattice ensemble created (µhigh ⌧ ⇡/afine)

<latexit sha1_base64="2YlZgG5H6lAe7iZCUMajO0lRmdM=">AAACCnicbVC7TsMwFHXKq4RXgJHFUCGVpSSoErBVsDAWiT6kJooc12ms2klkO0hVlJmFX2FhACFWvoCNv8FtM0DhSFc6Oude+94TpIxKZdtfRmVpeWV1rbpubmxube9Yu3tdmWQCkw5OWCL6AZKE0Zh0FFWM9FNBEA8Y6QXj66nfuydC0iS+U5OUeByNYhpSjJSWfOvQlaFZd3nm5xEdRQV0GYNuSk+Rn4f6zeLEt2p2w54B/iVOSWqgRNu3Pt1hgjNOYoUZknLg2KnyciQUxYwUpptJkiI8RiMy0DRGnEgvn51SwGOtDGGYCF2xgjP150SOuJQTHuhOjlQkF72p+J83yFR44eU0TjNFYjz/KMwYVAmc5gKHVBCs2EQThAXVu0IcIYGw0umZOgRn8eS/pHvWcJqNy9tmrXVVxlEFB+AI1IEDzkEL3IA26AAMHsATeAGvxqPxbLwZ7/PWilHO7INfMD6+AS65mfg=</latexit>

used in 2015

µhigh ' 4.0 GeV

<latexit sha1_base64="u/Shhp58J4FboXh4CrToBnaIpk4=">AAACBnicbVBNS8NAEN34WeNX1KMIi0XwVBIpqLeiBz1WsB/QlLLZTtqlu0nc3Qgl1IsX/4oXD4p49Td489+4bXPQ1gcDj/dmmJkXJJwp7brf1sLi0vLKamHNXt/Y3Np2dnbrKk4lhRqNeSybAVHAWQQ1zTSHZiKBiIBDIxhcjv3GPUjF4uhWDxNoC9KLWMgo0UbqOAe+Cm1fpJ2sz3r9EfYVE3CHyyX34QrqHafoltwJ8DzxclJEOaod58vvxjQVEGnKiVItz010OyNSM8phZPupgoTQAelBy9CICFDtbPLGCB8ZpYvDWJqKNJ6ovycyIpQaisB0CqL7atYbi/95rVSHZ+2MRUmqIaLTRWHKsY7xOBPcZRKo5kNDCJXM3Ippn0hCtUnONiF4sy/Pk/pJySuXzm/KxcpFHkcB7aNDdIw8dIoq6BpVUQ1R9Iie0St6s56sF+vd+pi2Llj5zB76A+vzB9o0mBo=</latexit>

µlow ' 1.5 GeV

<latexit sha1_base64="KxyhCb0u9Wu/w7ssSAs4WEjPQZU=">AAACBXicbVDLSsNAFJ34rPVVdamLwSK4KolU1F3RhS4r2Ac0IUymN+3QmSTOTJQS6sKNv+LGhSJu/Qd3/o3Tx0JbD1w4nHMv994TJJwpbdvf1tz8wuLScm4lv7q2vrFZ2NquqziVFGo05rFsBkQBZxHUNNMcmokEIgIOjaB3MfQbdyAVi6Mb3U/AE6QTsZBRoo3kF/ZcFeZdkfoZj+8H2FVMwC12SscPl1D3C0W7ZI+AZ4kzIUU0QdUvfLntmKYCIk05Uarl2In2MiI1oxwGeTdVkBDaIx1oGRoRAcrLRl8M8IFR2jiMpalI45H6eyIjQqm+CEynILqrpr2h+J/XSnV46mUsSlINER0vClOOdYyHkeA2k0A17xtCqGTmVky7RBKqTXB5E4Iz/fIsqR+VnHLp7LpcrJxP4sihXbSPDpGDTlAFXaEqqiGKHtEzekVv1pP1Yr1bH+PWOWsys4P+wPr8AThsl8Q=</latexit>

a�1
fine = 3.148(17) GeV

<latexit sha1_base64="/6dt6eJZbj52Ag5/cLoT+d81Qco=">AAACCnicbVDLSsNAFJ3UV42vqEs3o0WoC0uihdaFUHShywr2AW0Mk+mkHTp5MDMRSohbN/6KGxeKuPUL3Pk3TtsstPXAwOGce7hzjxsxKqRpfmu5hcWl5ZX8qr62vrG5ZWzvNEUYc0waOGQhb7tIEEYD0pBUMtKOOEG+y0jLHV6O/dY94YKGwa0cRcT2UT+gHsVIKskx9rvC05GTeCqf3iXHVgrP4WnJKleLVuXo4Yo0HaNglswJ4DyxMlIAGeqO8dXthTj2SSAxQ0J0LDOSdoK4pJiRVO/GgkQID1GfdBQNkE+EnUxOSeGhUnrQC7l6gYQT9XciQb4QI99Vkz6SAzHrjcX/vE4svaqd0CCKJQnwdJEXMyhDOO4F9ignWLKRIghzqv4K8QBxhKVqT1clWLMnz5PmiSqudHZTLtQusjryYA8cgCKwQAXUwDWogwbA4BE8g1fwpj1pL9q79jEdzWlZZhf8gfb5AydEmAI=</latexit>

a�1
coarse = 1.378(7) GeV

<latexit sha1_base64="AqiKv0w6s0cG2UOjfilZ03VgWwg=">AAACC3icbVC7SgNBFJ2Nr7i+opY2Q4IQC8OuBhILIWihZQTzgCSG2cndZMjsg5lZISyxtvFXbCwUsfUH7PwbJ8kWmnjgwuGce7n3HifkTCrL+jZSS8srq2vpdXNjc2t7J7O7V5dBJCjUaMAD0XSIBM58qCmmODRDAcRzODSc4eXEb9yDkCzwb9UohI5H+j5zGSVKS91Mti1dk3RjGhAhYXwXH9tjfI7twmmpnC8dPVxBvZvJWQVrCrxI7ITkUIJqN/PV7gU08sBXlBMpW7YVqk5MhGKUw9hsRxJCQoekDy1NfeKB7MTTX8b4UCs97AZCl6/wVP09ERNPypHn6E6PqIGc9ybif14rUm65EzM/jBT4dLbIjThWAZ4Eg3tMAFV8pAmhgulbMR0QQajS8Zk6BHv+5UVSPynYxcLZTTFXuUjiSKMDlEV5ZKMSqqBrVEU1RNEjekav6M14Ml6Md+Nj1poykpl99AfG5w9kZpi5</latexit>
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ε’ 最終結果

29

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>

Re(✏0/✏)exp = 16.6(2.3)⇥ 10�4

<latexit sha1_base64="G4kHT9Ks+Ed5fiAjxhHWCYmIzOg="></latexit>

SM

<latexit sha1_base64="vYjNbhyeG98sRFAVFqdb2CsjNFA=">AAAB7XicbVBNSwMxEJ2tX3X9qnr0EiyCp7IrBfVW9OJFqGg/oF1KNs22sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvDDhTBvP+3YKK6tr6xvFTXdre2d3r7R/0NQyVYQ2iORStUOsKWeCNgwznLYTRXEcctoKR9dTv/VElWZSPJhxQoMYDwSLGMHGSs2ujtz7216p7FW8GdAy8XNShhz1Xumr25ckjakwhGOtO76XmCDDyjDC6cTtppommIzwgHYsFTimOshm107QiVX6KJLKljBopv6eyHCs9TgObWeMzVAvelPxP6+TmugiyJhIUkMFmS+KUo6MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQK4NwV98eZk0zyp+tXJ5Vy3XrvI4inAEx3AKPpxDDW6gDg0g8AjP8ApvjnRenHfnY95acPKZQ/gD5/MHyBuOoQ==</latexit>

Re(✏0/✏)SM,2015 = 1.38(5.15)stat(4.59)sys ⇥ 10�4

<latexit sha1_base64="G9TxhRdsu1937U8r2j1G4FktbVM="></latexit>

ΔI = 1/2 則も再現
(ReA0/ReA2)SM = 19.9(2.3)(4.4)

<latexit sha1_base64="o6aK0hnFqahhxnfhys7C1nsINbI=">AAACFHicbVDLSgMxFM34rPU16tJNsAgtyjhTC9qFUHXjRqiPPqBThkyaaUMzD5KMUIZ+hBt/xY0LRdy6cOffmLaz0NYDl3s4516Se9yIUSFN81ubm19YXFrOrGRX19Y3NvWt7boIY45JDYcs5E0XCcJoQGqSSkaaESfIdxlpuP3Lkd94IFzQMLiXg4i0fdQNqEcxkkpy9ANbeNn8LbEPzx3zaNKLBSe5ux7CM2iVjXK+aBwX8iWjVHD0nGmYY8BZYqUkB1JUHf3L7oQ49kkgMUNCtCwzku0EcUkxI8OsHQsSIdxHXdJSNEA+Ee1kfNQQ7iulA72QqwokHKu/NxLkCzHwXTXpI9kT095I/M9rxdI7bSc0iGJJAjx5yIsZlCEcJQQ7lBMs2UARhDlVf4W4hzjCUuWYVSFY0yfPknrRsEpG+aaUq1ykcWTALtgDeWCBE1ABV6AKagCDR/AMXsGb9qS9aO/ax2R0Tkt3dsAfaJ8/U9GZVA==</latexit>

(ReA0/ReA2)exp = 22.45(6)

<latexit sha1_base64="e7IG1buES9MbqpgJFNNrge/oA4U=">AAACD3icbVDJSgNBEO2JW4xb1KOXxqAkIHEmxO0gRL14jGIWSMLQ06lJmvQsdPeIYcgfePFXvHhQxKtXb/6NneWgiQ+KerxXRXc9J+RMKtP8NhJz8wuLS8nl1Mrq2vpGenOrKoNIUKjQgAei7hAJnPlQUUxxqIcCiOdwqDm9q6FfuwchWeDfqX4ILY90fOYySpSW7PR+U7qp7C00Dy5s83DcCzk7hodwgM9xoZAvHmWPc3Y6Y+bNEfAssSYkgyYo2+mvZjugkQe+opxI2bDMULViIhSjHAapZiQhJLRHOtDQ1CceyFY8umeA97TSxm4gdPkKj9TfGzHxpOx7jp70iOrKaW8o/uc1IuWetmLmh5ECn44fciOOVYCH4eA2E0AV72tCqGD6r5h2iSBU6QhTOgRr+uRZUi3krWL+7KaYKV1O4kiiHbSLsshCJ6iErlEZVRBFj+gZvaI348l4Md6Nj/FowpjsbKM/MD5/AMW/mLU=</latexit>

🤝

🤝

= 21.7(2.6)stat(6.2)sys(5.0)EM/IB ⇥ 10�4

<latexit sha1_base64="0T7kba236q8sz0K/SkmsvN+5cqA="></latexit>



素粒子物理学の進展2020    ε’    富井正明

結果が変わったことについて
2015 年は世界初で、とりあえず結果を出そうってノリだった

‣ ππ 演算子 1 つだけで励起状態の寄与の概算した気になってたのがマズかった


今回は励起状態の寄与を徹底的に調べた
30

Adding more ⇡⇡ interpolating operators (cont.)

  9 / 26

E"ect of additional operators

[PRELIMINARY]
STAT ERRS ONLY

(From dispersion theory + expt. data)

min

�0 = (32.3 ± 1.0 ± 1.8)� from a fit in the range t = 5 - 15 (statistical error
only).

The fit from dispersion theory at this value of E⇡⇡ and m⇡ is about 35.9�.

The ⇡⇡(3, 1, 1) operator turns out not to be very important.

Chris Sachrajda FPCP2020, June 9th 2020 18

K ! ⇡⇡ Fits Results

Examples of results of fits with different numbers of operators, states,
tmin = (tH � tK)min and t0min = (t⇡⇡ � tH)min.

Adopt uniform fit with t0min = 5 which is stable for all operators.
Evidence that excited state errors significantly underestimated in 2015.

Chris Sachrajda FPCP2020, June 9th 2020 20

(ππ)I=0 Energy
当時は t 依存性 
が見えなかった

　　　　  h(⇡⇡)I=0|Q6|Ki

<latexit sha1_base64="XbUM+OXa2GJ4jfdua9FCI5vp67E=">AAACD3icbVDLSsNAFJ34rPEVdekmWJS6KYkUHwuh6EZx04J9QBPCZDpph04mYWYilLR/4MZfceNCEbdu3fk3TtMstPVwLxzOuZeZe/yYEiEt61tbWFxaXlktrOnrG5tb28bOblNECUe4gSIa8bYPBaaE4YYkkuJ2zDEMfYpb/uB64rceMBckYvdyGGM3hD1GAoKgVJJnHDki0B0KWY/ikhMTVcdeentpjUd173R05/DM8oyiVbYymPPEzkkR5Kh5xpfTjVASYiYRhUJ0bCuWbgq5JIjise4kAscQDWAPdxRlMMTCTbN7xuahUrpmEHHVTJqZ+nsjhaEQw9BXkyGUfTHrTcT/vE4ig3M3JSxOJGZo+lCQUFNG5iQcs0s4RpIOFYGIE/VXE/Uhh0iqCHUVgj178jxpnpTtSvmiXilWr/I4CmAfHIASsMEZqIIbUAMNgMAjeAav4E170l60d+1jOrqg5Tt74A+0zx/7KJwH</latexit>
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Breakdown of sys. errors on A0

31

Changes in estimates of systematic errors since 2015 calculation

arXiv:1505.07863

Description 2015 Error 2020 Error

Operator normalisation 15% 5%1

Wilson coefficients 12% unchanged
Finite lattice spacing 12% unchanged

Lellouch - Lüscher factor 11% 1.5%2

Residual FV corrections 7% unchanged
Parametric errors 5% 6%3

Excited state contamination 5% negligible4

Unphysical kinematics 3% 5%
Total 27% 21%

1 As a result of step scaling from µ = 1.53 GeV ! 4.00 GeV.
2 Better control of ⇡⇡ system due to additional operators.
3 Largest uncertainty is due to ⌧ ⇠ 5%.
4 Significantly underestimated in 2015.

Chris Sachrajda FPCP2020, June 9th 2020 21
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Operator normalisation 15% 5%1

Wilson coefficients 12% unchanged
Finite lattice spacing 12% unchanged

Lellouch - Lüscher factor 11% 1.5%2

Residual FV corrections 7% unchanged
Parametric errors 5% 6%3

Excited state contamination 5% negligible4

Unphysical kinematics 3% 5%
Total 27% 21%

1 As a result of step scaling from µ = 1.53 GeV ! 4.00 GeV.
2 Better control of ⇡⇡ system due to additional operators.
3 Largest uncertainty is due to ⌧ ⇠ 5%.
4 Significantly underestimated in 2015.

Chris Sachrajda FPCP2020, June 9th 2020 21

finer lattice & continuum limit 
(not planned)

NP treatment on going 
(next final topic)
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内容

イントロ

K → ππ 行列要素

非摂動繰り込みと結果

今後の課題


‣ ウィルソン係数の非摂動マッチング b/w 3/4フレーバー理論


‣ 周期的境界条件で再チャレンジ


‣ アイソスピンの破れとQED補正

32
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ウィルソン係数のマッチング

33

wi (μ): 不正確 

Re A0, Im A0: 12% の不定性

wi (μ): μが大きければ高精度4f

μmc

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

LQCDpQCD

3f

wi
摂動QCDでの wi (μ) の計算方法

マッチングはここで 

3f

スケールを上げても
誤差は減らない



素粒子物理学の進展2020    ε’    富井正明

ウィルソン係数のマッチング

33

wi (μ): 不正確 

Re A0, Im A0: 12% の不定性

wi (μ): μが大きければ高精度4f

μmc

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

LQCDpQCD

3f

wi
摂動QCDでの wi (μ) の計算方法

マッチングはここで 

3f

スケールを上げても
誤差は減らない

wi (μ) from pQCD 
+ 

NP matching: wi (μ) → wi (μ)

4f

4f 3f



素粒子物理学の進展2020    ε’    富井正明

wi ≠ wi  ?
シーチャーム →            , 今回は無視


今回の Oi  はチャームを含む


‣ Oi   ではチャームがない代わりに　　　　　　　　　　　　　　　　　　　　　　　　　
ウィルソン係数にその寄与が入る


なぜ格子計算では Oi   を使った？


‣ 323 x 64, a-1 ≈ 1.38 GeV


‣ この粗い格子上にはチャームを乗せれない


‣ 物理点のパイオン質量とチャームの同時実現には 803 x 160 くらいの格子が必要　
（もうすぐ） 34

3f 4f

O(↵2
s )

<latexit sha1_base64="2KAtahVkNLmwSxE9vPtXsCCQh6E=">AAAB+nicbVBNS8NAEN34WeNXqkcvwSLUS0lKQb0VvXizgv2AJobJdtMu3WzC7kYptT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMC1NGpXKcb2NldW19Y7OwZW7v7O7tW8WDlkwygUkTJywRnRAkYZSTpqKKkU4qCMQhI+1weDX12w9ESJrwOzVKiR9Dn9OIYlBaCqyiJyPzpuwBSwcQyPvqaWCVnIozg71M3JyUUI5GYH15vQRnMeEKM5Cy6zqp8scgFMWMTEwvkyQFPIQ+6WrKISbSH89On9gnWunZUSJ0cWXP1N8TY4ilHMWh7oxBDeSiNxX/87qZis79MeVppgjH80VRxmyV2NMc7B4VBCs20gSwoPpWGw9AAFY6LVOH4C6+vExa1Ypbq1zc1kr1yzyOAjpCx6iMXHSG6ugaNVATYfSIntErejOejBfj3fiYt64Y+cwh+gPj8we0lZME</latexit>

4f

s

dc

c

W c c
g

W

q q

s d

3f

3f
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方法

35

マッチング条件


‣ マッチング行列：　　　　　　　  ,  i.e.


‣ 有効ハミルトニアン： 


‣ 長距離相関関数にマッチング条件


O
4f
i !

P
j MijO

3f
j

<latexit sha1_base64="icy8VJf+k41yPhyZoB+nHpEEzRo=">AAACGHicbVDLTsJAFJ3iC+sLdelmIpi4whZJ1B3RjRsDJvJIKDTTYQoD00dmphrS9DPc+CtuXGiMW3b+jQN0oeBJbnJyzr259x4nZFRIw/jWMiura+sb2U19a3tndy+3f9AQQcQxqeOABbzlIEEY9UldUslIK+QEeQ4jTWd0M/Wbj4QLGvgPchySjof6PnUpRlJJdu6sYAlXr9q0G5fdBFqc9gcScR48QUtEnj28s2M6TKr2sBufu0nBzuWNojEDXCZmSvIgRc3OTaxegCOP+BIzJETbNELZiRGXFDOS6FYkSIjwCPVJW1EfeUR04tljCTxRSg+6AVflSzhTf0/EyBNi7Dmq00NyIBa9qfif146ke9mJqR9Gkvh4vsiNGJQBnKYEe5QTLNlYEYQ5VbdCPEAcYamy1FUI5uLLy6RRKprl4tV9KV+5TuPIgiNwDE6BCS5ABdyCGqgDDJ7BK3gHH9qL9qZ9al/z1oyWzhyCP9AmP0aan/Y=</latexit>

hf|O4f
i |ii !

P
j Mijhf|O3f

j |ii

<latexit sha1_base64="BfcFLDi9N5fhA2BkmwNYAxOAuBM="></latexit>

hO4f
i (x)O

3f
j (y)

†i =
P

k MikhO3f
k (x)O

3f
j (y)

†i

<latexit sha1_base64="IAy2ce+LTysrJWLEaV0zjdVUbKw="></latexit>

HW =
P

i,j w
4f
i MijO3f

j

<latexit sha1_base64="ox8Dic12K7UqX+vUCElHSRpd67Y="></latexit>

= w3f
i

<latexit sha1_base64="Dwzu53ldS3KTRCBx+8PDWBuzwgM=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjYngaegsJJODEPTiMYJZIBmHnk5P0qRnobsnEob8iRcPinj1T7z5N3YWQUUfFDzeq6KqnhdzJhVCH0ZmbX1jcyu7ndvZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47Tjja/mfmdChWRReKumMXUCPAyZzwhWWnJNs9CXfu4C3rvsLi37s4Jr5pGFqvWKXYXIKtftWn1OUBlVSzYsWmiBPFih6Zrv/UFEkoCGinAsZa+IYuWkWChGOJ3l+omkMSZjPKQ9TUMcUOmki8tn8EwrA+hHQleo4EL9PpHiQMpp4OnOAKuR/O3Nxb+8XqJ820lZGCeKhmS5yE84VBGcxwAHTFCi+FQTTATTt0IywgITpcPK6RC+PoX/k3bJKlas+k0p37hcxZEFJ+AUnIMiqIEGuAZN0AIETMADeALPRmo8Gi/G67I1Y6xmjsEPGG+fMgOSxQ==</latexit>

G4-3
ij (x� y)

<latexit sha1_base64="1R8kSiosF/t8FTejjrQcn6UcDFg="></latexit>

G3-3
ij (x� y)

<latexit sha1_base64="1ktdbGm6XQ0fgX8bZEEAw0n3sPA="></latexit>
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Operator basis for ΔS=1

 


‣                     exists when       are independent


ΔS = 1 operators (nf = 3)


‣ 3 relations among the 10 operators


‣ 7 independent ones

X

6 Treatment of discretization errors 30

6.1 O(a2)-interpolation and average over zero-thickness spheres . . . . . . . . . 30

6.1.1 One dimension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

6.1.2 Bilinear interpolation for two dimension . . . . . . . . . . . . . . . . 31

6.1.3 Four dimension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

6.1.4 Some concerns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

7 Results 37
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1 Definitions and irreducible representations

1.1 Three-flavor theory

Table 1: Standard basis of ∆S = 1 four-quark operators in three-flavor theory.
Type Qi (L,R)-I

current-current Q1 = (sαdα)L(uβuβ)L (8, 1)-1/2 ; (27, 1)-1/2 ; (27, 1)-3/2

Q2 = (sαdβ)L(uβuα)L (8, 1)-1/2 ; (27, 1)-1/2 ; (27, 1)-3/2

QCD penguin Q3 = (sαdα)L
∑3f

q (qβqβ)L (8, 1)-1/2

Q4 = (sαdβ)L
∑3f

q (qβqα)L (8, 1)-1/2

Q5 = (sαdα)L
∑3f

q (qβqβ)R (8, 1)-1/2

Q6 = (sαdβ)L
∑3f

q (qβqα)R (8, 1)-1/2

EW penguin Q7 =
3
2(sαdα)L

∑3f
q eq(qβqβ)R (8, 8)-1/2 ; (8, 8)-3/2

Q8 =
3
2(sαdβ)L

∑3f
q eq(qβqα)R (8, 8)-1/2 ; (8, 8)-3/2

Q9 =
3
2(sαdα)L

∑3f
q eq(qβqβ)L (8, 1)-1/2 ; (27, 1)-1/2 ; (27, 1)-3/2

Q10 =
3
2(sαdβ)L

∑3f
q eq(qβqα)L (8, 1)-1/2 ; (27, 1)-1/2 ; (27, 1)-3/2

The ∆S = 1 four-quark operators in three-flavor theory are summarized in Table 1.

Here, α and β are color indices and the R/L subscripts denote right- and left-handed

currents,

(qq′)R/L = qγµ(1± γ5)q
′. (1)

2

Mij = G4-3
ik (x� y)(G3-3(x� y)�1)kj

<latexit sha1_base64="ngQkb1yPfXd0jwtmZuQk2oGu25w="></latexit>

G3-3(x� y)�1

<latexit sha1_base64="QD536aKzrYpzLay1ePFycv0DpnE=">AAACCHicbVDLSsNAFJ3UV42vqEsXBotQFy2JLai7ogtdVrAPaNI6mU7aoZMHMxMxhCzd+CtuXCji1k9w5984abPQ6oELh3Pu5d57nJASLgzjSyksLC4trxRX1bX1jc0tbXunzYOIIdxCAQ1Y14EcU+LjliCC4m7IMPQcijvO5CLzO3eYcRL4NyIOse3BkU9cgqCQ0kDbt7irXvaTmuVBMUZjyG4rtbR8X4mP+knFTAdayagaU+h/iZmTEsjRHGif1jBAkYd9gSjkvGcaobATyARBFKeqFXEcQjSBI9yT1Ice5nYyfSTVD6Uy1N2AyfKFPlV/TiTQ4zz2HNmZncvnvUz8z+tFwj21E+KHkcA+mi1yI6qLQM9S0YeEYSRoLAlEjMhb9SwLiITMTpUhmPMv/yXt46pZr55d10uN8zyOItgDB6AMTHACGuAKNEELIPAAnsALeFUelWflTXmftRaUfGYX/ILy8Q2x9ZiD</latexit>

Fierz transformation + linear algebra

(if theory is not dimensionally regularized)

O
3f
i

<latexit sha1_base64="NSpBOGYc/N9etGvT6dKFbBlisJI=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0m0oN6KXrxZwX5AE8tmu2mXbjZhdyOUkL/hxYMiXv0z3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaWV1b3yhv2lvbO7t7lf2DtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8c3U7zxRqVgsHvQkoX6Eh4KFjGBtJM9ToX3XZ4/ZeZj3K1Wn5syAlolbkCoUaPYrX94gJmlEhSYcK9VznUT7GZaaEU5z20sVTTAZ4yHtGSpwRJWfzW7O0YlRBiiMpSmh0Uz9PZHhSKlJFJjOCOuRWvSm4n9eL9XhpZ8xkaSaCjJfFKYc6RhNA0ADJinRfGIIJpKZWxEZYYmJNjHZJgR38eVl0j6rufXa1X292rgu4ijDERzDKbhwAQ24hSa0gEACz/AKb1ZqvVjv1se8tWQVM4fwB9bnD1n8kUM=</latexit>
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Operator basis for ΔS=1
(nL, nR): Representation of SU(3)L x SU(3)R


Classification of 7 independent nf = 3 operators


‣ 1 in (27,1);   4 in (8,1);   2 in (8,8)


4 charm operators                               all in (8,1)


Only operators in (8,1) matter


‣  


‣

X

(s̄↵d↵/�)L(c̄�c�/↵)L/R

<latexit sha1_base64="QX1mv0Phs5foGUCsGEkKSjp9H50="></latexit>

O
3f
j = (Q0

1,Q
0
2,Q

0
3,Q

0
4)

<latexit sha1_base64="Zr2XPgeSXSL8vAH2StwDp8EzWgs=">AAACEHicbVDLSgMxFM3UVx1foy7dBIu0gpSZtqAuhKIbd7ZgH9COQybNtLGZB0lGKEM/wY2/4saFIm5duvNvTKddaOuBXA7n3MvNPW7EqJCm+a1llpZXVtey6/rG5tb2jrG71xRhzDFp4JCFvO0iQRgNSENSyUg74gT5LiMtd3g18VsPhAsaBrdyFBHbR/2AehQjqSTHyHeFp98493dJ2RvDC1ioO1b+BNadUlrLaa3kjx0jZxbNFHCRWDOSAzPUHOOr2wtx7JNAYoaE6FhmJO0EcUkxI2O9GwsSITxEfdJRNEA+EXaSHjSGR0rpQS/k6gUSpurviQT5Qox8V3X6SA7EvDcR//M6sfTO7IQGUSxJgKeLvJhBGcJJOrBHOcGSjRRBmFP1V4gHiCMsVYa6CsGaP3mRNEtFq1I8r1dy1ctZHFlwAA5BAVjgFFTBNaiBBsDgETyDV/CmPWkv2rv2MW3NaLOZffAH2ucPWduYWw==</latexit>

O
4f
i = (Q0

1,Q
0
2,Q

0
3,Q

0
4,P1,P2,P3,P4)

<latexit sha1_base64="Dxrbp41X9wZW83YJp46Fomz+bfM="></latexit>

14x4 

 

<latexit sha1_base64="60LZgHpY/upe/nzrjkEj4W//g+A=">AAAB8XicbVBNS8NAEJ3Urxq/qh69LBahp5JIQb2VevFYwX5gE8pmu0mXbjZhdyOU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBSlnSjvOt1Xa2Nza3inv2nv7B4dHleOTrkoySWiHJDyR/QArypmgHc00p/1UUhwHnPaCye3c7z1RqVgiHvQ0pX6MI8FCRrA20qOnQttrsSiqDStVp+4sgNaJW5AqFGgPK1/eKCFZTIUmHCs1cJ1U+zmWmhFOZ7aXKZpiMsERHRgqcEyVny8unqELo4xQmEhTQqOF+nsix7FS0zgwnTHWY7XqzcX/vEGmw2s/ZyLNNBVkuSjMONIJmr+PRkxSovnUEEwkM7ciMsYSE21Csk0I7urL66R7WXcb9Zv7RrXZKuIowxmcQw1cuIIm3EEbOkBAwDO8wpulrBfr3fpYtpasYuYU/sD6/AF27ZAm</latexit>

 

<latexit sha1_base64="60LZgHpY/upe/nzrjkEj4W//g+A=">AAAB8XicbVBNS8NAEJ3Urxq/qh69LBahp5JIQb2VevFYwX5gE8pmu0mXbjZhdyOU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBSlnSjvOt1Xa2Nza3inv2nv7B4dHleOTrkoySWiHJDyR/QArypmgHc00p/1UUhwHnPaCye3c7z1RqVgiHvQ0pX6MI8FCRrA20qOnQttrsSiqDStVp+4sgNaJW5AqFGgPK1/eKCFZTIUmHCs1cJ1U+zmWmhFOZ7aXKZpiMsERHRgqcEyVny8unqELo4xQmEhTQqOF+nsix7FS0zgwnTHWY7XqzcX/vEGmw2s/ZyLNNBVkuSjMONIJmr+PRkxSovnUEEwkM7ciMsYSE21Csk0I7urL66R7WXcb9Zv7RrXZKuIowxmcQw1cuIIm3EEbOkBAwDO8wpulrBfr3fpYtpasYuYU/sD6/AF27ZAm</latexit>

) Mij =

<latexit sha1_base64="V3T557yyOU8lRtU/NKpAYUIwRtY=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJVECupCKLpxI1SxD2hCmUwn7djJTJiZKCXUjb/ixoUibv0Ld/6N0zYLrR64cDjnXu69J0wYVdp1v6zC3PzC4lJx2V5ZXVvfcDa3GkqkEpM6FkzIVogUYZSTuqaakVYiCYpDRprh4HzsN++IVFTwGz1MSBCjHqcRxUgbqePs+Cqy/Wva62skpbiHl52M3o7gaccpuWV3AviXeDkpgRy1jvPpdwVOY8I1ZkiptucmOsiQ1BQzMrL9VJEE4QHqkbahHMVEBdnkgxHcN0oXRkKa4hpO1J8TGYqVGsah6YyR7qtZbyz+57VTHR0HGeVJqgnH00VRyqAWcBwH7FJJsGZDQxCW1NwKcR9JhLUJzTYheLMv/yWNw7JXKZ9cVUrVszyOItgFe+AAeOAIVMEFqIE6wOABPIEX8Go9Ws/Wm/U+bS1Y+cw2+AXr4xucf5Zf</latexit>

16 nontrivial elements
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小さい格子でテスト計算
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plateau seen at long distances

チャームがちゃんと乗る 3.15 GeV の格子で計算中

1.78 GeV の格子での結果

Preliminary Preliminary
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まとめ (ε’)
G-parity 境界条件を用いた計算のアップデート


‣ 統計数：216 confs → 741 confs


‣ ππ の演算子を増やして励起状態の寄与を分離


‣ ステップスケーリング → 摂動計算の不定性を削減


‣ Re(ε’/ε) & ΔI = 1/2 則：実験と合った


On-going works


‣ NP matching of Wilson coefficients b/w 3/4-flavor theories


‣ K → ππ calculation w/ periodic boundary conditions 

37
Strategy for EM correction & isospin breaking effects being considered


