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Power divergences

3

Renormalization -> mixing lower dimensional operators

Example: critical mass with Wilson-type fermions 

mcr =
c(g0)

a
<latexit sha1_base64="ESCZxTBfjoPjsSI38WGwN/wFj38="></latexit>

m0  ! Zm(m0 �mcr)  
<latexit sha1_base64="YLod7AQj+o8+9gRR2ajpdO4eDhc="></latexit>

mPCAC / (m0 �mcr)
<latexit sha1_base64="s/+nIWqd0QAn/7/0VA2YJjGpqhY="></latexit>

Example: chiral condensate 
⇥
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<latexit sha1_base64="dpd9kujq6ckvEOIcxu2gippGeN8="></latexit>

Absent for chirally symmetric actions

Power divergences need to 

be subtracted non-perturbatively

Maiani, Martinelli, Sachrajda: 1992



� = Dµ,tDµ,t Dµ,t = �µ +Bt,µ

Gradient flow for fermions Lüscher: 2013

xµ = (x0,x) t = flow � time [t] = �2

@t�(x, t) = ��(x, t) @t�̄(x, t) = �̄(x, t)
 �
�

<latexit sha1_base64="8kWo5EU8F0TgvLf0+tg93eeLloA="></latexit>

�(x, t = 0) =  (x)
<latexit sha1_base64="QleozswIWhjJzxbOere9T2AOfs8=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1iEFiQkjdK6KBTduKxgH9CEMplO2qGTBzMTsYSCv+LGhSJu/Q53/o3TtIKKHrhw5px7mXuPFzMqpGl+aLml5ZXVtfx6YWNza3tH391riyjhmLRwxCLe9ZAgjIakJalkpBtzggKPkY43vpz5nVvCBY3CGzmJiRugYUh9ipFUUl8/cPCIlu5OZN0swzp0YqFe5b5eNI3zmm2d2TAjtl2dE8usQcswMxTBAs2+/u4MIpwEJJSYISF6lhlLN0VcUszItOAkgsQIj9GQ9BQNUUCEm2brT+GxUgbQj7iqUMJM/T6RokCISeCpzgDJkfjtzcS/vF4i/Zqb0jBOJAnx/CM/YVBGcJYFHFBOsGQTRRDmVO0K8QhxhKVKrKBC+LoU/k/aFcOyjcr1abFxsYgjDw7BESgBC1RBA1yBJmgBDFLwAJ7As3avPWov2uu8NactZvbBD2hvn+qUlDA=</latexit>

�̄(x, t = 0) =  ̄(x)
<latexit sha1_base64="bY81uWlDEJwqOewE8JufOeUBwwk=">AAACBnicdZDLSsNAFIYnXmu9RV2KMFiEFiQkjdK6KBTduKxgL9CEMplO2qGTCzMTsYSu3Pgqblwo4tZncOfbOE0rqOgPAz/fOYcz5/diRoU0zQ9tYXFpeWU1t5Zf39jc2tZ3dlsiSjgmTRyxiHc8JAijIWlKKhnpxJygwGOk7Y0upvX2DeGCRuG1HMfEDdAgpD7FSCrU0w8cD3EHD2nx9ljWzBKswYzEQpFSTy+YxlnVtk5tmBnbrsyMZVahZZiZCmCuRk9/d/oRTgISSsyQEF3LjKWbIi4pZmSSdxJBYoRHaEC6yoYoIMJNszMm8EiRPvQjrl4oYUa/T6QoEGIceKozQHIoftem8K9aN5F+1U1pGCeShHi2yE8YlBGcZgL7lBMs2VgZhDlVf4V4iDjCUiWXVyF8XQr/N62yYdlG+eqkUD+fx5ED++AQFIEFKqAOLkEDNAEGd+ABPIFn7V571F6011nrgjaf2QM/pL19Ahozl6I=</latexit>
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Smoothing over a range 


Gaussian damping at large momenta

p
8t

�t = h�(x, t)�(x, t)i �t,R = Z��t

No additive divergences

All fermion operators renormalize multiplicatively with same factor

Gradient flow Lüscher: 2013

�R(x, t) = Z1/2
� �(x, t)

<latexit sha1_base64="7wL1GWjOU7sSXSDsxBHb6jPCvm4=">AAACDnicdZDLSgMxFIYz9VbrrerSTbAUKkidaSvWhVB047KKvWA7Dpk004ZmLiQZsQx9Aje+ihsXirh17c63MdNpQUUPBL78/zkk57cDRoXU9U8tNTe/sLiUXs6srK6tb2Q3t5rCDzkmDewzn7dtJAijHmlIKhlpB5wg12akZQ/PYr91S7igvnclRwExXdT3qEMxkkqysvkuHlDrsnC3L/fgCby24vtNZByUxjDGxLCyOb14XDVKlSpMwJhB+RAaRX1SOTCtupX96PZ8HLrEk5ghITqGHkgzQlxSzMg40w0FCRAeoj7pKPSQS4QZTdYZw7xSetDxuTqehBP1+0SEXCFGrq06XSQH4rcXi395nVA6VTOiXhBK4uHkISdkUPowzgb2KCdYspEChDlVf4V4gDjCUiWYUSHMNoX/Q7NUNMrF0kUlVzudxpEGO2AXFIABjkANnIM6aAAM7sEjeAYv2oP2pL1qb0lrSpvObIMfpb1/AcFxmgs=</latexit>

O(x, t) = �(x, t)�(x, t)�(x, t)
<latexit sha1_base64="78TlL4NY4SsUlcAXS4rARznfldo="></latexit>

OR = Z�O
<latexit sha1_base64="hYw2NjOAMZ5H+xytPHidjrJttuA=">AAACCnicdVDLSsNAFJ3UV62vqEs3o0VwFZK2Yl0IRTfurGIf2IQwmU7aoZMHMxOhhK7d+CtuXCji1i9w59846QOq6IELh3Pu5d57vJhRIU3zS8stLC4tr+RXC2vrG5tb+vZOU0QJx6SBIxbxtocEYTQkDUklI+2YExR4jLS8wUXmt+4JFzQKb+UwJk6AeiH1KUZSSa6+bwdI9jFi6dXIvTmDd66N+xTOq3rRNE6rVqlShRNizUj5GFqGOUYRTFF39U+7G+EkIKHEDAnRscxYOinikmJGRgU7ESRGeIB6pKNoiAIinHT8yggeKqUL/YirCiUcq/MTKQqEGAae6sxOFL+9TPzL6yTSrzopDeNEkhBPFvkJgzKCWS6wSznBkg0VQZhTdSvEfcQRliq9ggph9in8nzRLhlU2SteVYu18Gkce7IEDcAQscAJq4BLUQQNg8ACewAt41R61Z+1Ne5+05rTpzC74Ae3jG2/bmsM=</latexit>

Lüscher: 2010, 2013 
Lüscher, Weisz: 2011 

�(x, t) =

Z
d4y K(x� y, t) (y)

<latexit sha1_base64="NRmmQp/BWtD50PL7Q/xzLDvsRGQ="></latexit>

K(t, x) =
e�

x2

4t

(4⇡t)2
<latexit sha1_base64="avIPKU8zTMV1e28s6su28U0anB8="></latexit>
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Flowed fermions renormalization

6

ZMS
� = 1 + g2

3CF

(4⇡)2
1

✏
<latexit sha1_base64="GHjnlAEq35rQes+TYOWRJS134RY="></latexit>

CF =
N2 � 1

2N
<latexit sha1_base64="RDhy6G5dUdw5hj3iF9e2bhaVeGc=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4MaQxILtQigWxFWpYB/QxjCZTtqhkwczE6GEbPwVNy4UcetnuPNvnD4EnwcuHM65l3vv8WJGhTTNdy23sLi0vJJfLaytb2xu6ds7LRElHJMmjljEOx4ShNGQNCWVjHRiTlDgMdL2RrWJ374lXNAovJbjmDgBGoTUpxhJJbn6Xs29gGew53OE0/qNDY+tLLXrmasXTaNSrphWCf4mlmFOUQRzNFz9rdePcBKQUGKGhOhaZiydFHFJMSNZoZcIEiM8QgPSVTREARFOOn0gg4dK6UM/4qpCCafq14kUBUKMA091BkgOxU9vIv7ldRPpl52UhnEiSYhni/yEQRnBSRqwTznBko0VQZhTdSvEQ6SykCqzggrh81P4P2nZhnVi2FelYvV8Hkce7IMDcAQscAqq4BI0QBNgkIF78AietDvtQXvWXmatOW0+swu+QXv9AIUtlRs=</latexit>

⌧
�̊

$
/D �̊

�
= � 2N

(4⇡)2t2
<latexit sha1_base64="jhsg3FAgdWkWIYoDkG+UiM1h7kY="></latexit>

Regularization independent scheme

�MS
R = (8⇡t)✏⇣1/2� �̊

<latexit sha1_base64="xixHgYbOWfD6hqMtdck5foV7/u4="></latexit>

Finite renormalization
MS ! ringed

<latexit sha1_base64="QZL9Z9WW1KqmRxyCeU0uSh5y53w="></latexit>

�̊(x, t) =

2

664�
2N

(4⇡)2t2
1⌧

�
$
/D �

�

3

775

1/2

�(x, t)

<latexit sha1_base64="9U74rpTiqq8poIwt/9tZ9eyOC5A="></latexit>

Makino, Suzuki: 2014

Lüscher: 2013

Harlander, Kluth, Lange :2018


Artz, Harlander, Lange, 
Neumann, Prausa: 2019




Scalar content

Srs(t) = �r(t)�s(t)
<latexit sha1_base64="NbLBapJN9dnCjWl0fVU7Qo/1rrw="></latexit>

P rs(t) = �r(t)�5�
s(t)

<latexit sha1_base64="5u+fZZdR7xFYdbj1IeHuAO3lOB8="></latexit>

S
rs(t) =

c0(t)

t
M

rs + c1(t)M
rsTr[M2] + c2(t)(M

3)rs + c3(t)S
rs +O(t)

<latexit sha1_base64="irHw99Hdvqi7VEdBEzAVbbySuwI="></latexit>

P
rs(t) = c3(t)P

rs +O(t)
<latexit sha1_base64="pU+Xz3ihAlk94gDhxZnBv1AnIvo="></latexit>

Csub(t) =

⌦
NSrs(t)N

↵
⌦
NN

↵ � hSrs(t)i
<latexit sha1_base64="bcYdWheLRdjHEJ11j9l9bXNmq1I="></latexit>

Csub(t) = c3(t)Csub +O(t)
<latexit sha1_base64="iA2CKR++37o3pA5i+D1EUyaupRc="></latexit>

c3(t) =
G⇡(t)

G⇡
+O(t)

<latexit sha1_base64="ChjKS9nzY0PdYKHJ31nQJ3mom6o="></latexit>

Csub(t) =
G⇡

G⇡(t)

"⌦
NSrs(t)N

↵
⌦
NN

↵ � hSrs(t)i
#

<latexit sha1_base64="2QGcURsHFK11BBBqdpQKkiPHCM0="></latexit>

�q = mqg
q
S

<latexit sha1_base64="XA6JPOZwCho3Hd+7WwLJ6CR0ES0=">AAAB/nicdVDLSgMxFM3UV62vqrhyEyyCq2H6sO0shKIblxXtA9pxyKSZNjSZmSYZoQwFf8WNC0Xc+h3u/BvTh6CiB+7lcM695OZ4EaNSWdaHkVpaXlldS69nNja3tneyu3tNGcYCkwYOWSjaHpKE0YA0FFWMtCNBEPcYaXnDi6nfuiNC0jC4UeOIOBz1A+pTjJSW3OxBV9I+R+4InkGue9+9vh1BN5uzTLtSKhctqIltWWV7Sqp26bQA86Y1Qw4sUHez791eiGNOAoUZkrKTtyLlJEgoihmZZLqxJBHCQ9QnHU0DxIl0ktn5E3islR70Q6ErUHCmft9IEJdyzD09yZEayN/eVPzL68TKrzoJDaJYkQDPH/JjBlUIp1nAHhUEKzbWBGFB9a0QD5BAWOnEMjqEr5/C/0mzYOaLZuGqlKudL+JIg0NwBE5AHlRADVyCOmgADBLwAJ7As3FvPBovxut8NGUsdvbBDxhvnzN/lQM=</latexit>

gqS = ZP
G⇡

G⇡(t)

"⌦
NSqq(t)N

↵
⌦
NN

↵ � hSqq(t)i
#

<latexit sha1_base64="yeOywPnSLp+PTE0aQpo76fqFkhk="></latexit>

A.S., de Vries, Luu: 
2014
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Scalar content
gqS = ZP

G⇡

G⇡(t)

"⌦
NSqq(t)N

↵
⌦
NN

↵ � hSqq(t)i
#

<latexit sha1_base64="yeOywPnSLp+PTE0aQpo76fqFkhk="></latexit>

mπ = 500 MeV

a = 0.093fmImproved using cfl = 0.5734

Lüscher: 2013

Aoki et al. (PACS-CS): 2010ZP
<latexit sha1_base64="bfZv/srTGZ31tB6RNsz1jHayjZU="></latexit>
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Scalar content

FLAG: 2021

G. Pederiva -> Aug. 4 10:20am

Algorithms and Artificial Intelligence

Preliminary

Preliminary
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Renormalization Bhattacharya, Cirigliano, 

Gupta, Mereghetti, Yoon: 2015

RI-MOM Off-shell

1

a
<latexit sha1_base64="xs+2g8pi9aBDuP6i5RzMPI4pILc=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZK2Yt0V3bisYB+QhjKZTtqhk0mYuRFKyGe4caGIW7/GnX/j9AUqeuDC4Zx7ufeeIBFcg+N8WoW19Y3NreJ2aWd3b/+gfHjU0XGqKGvTWMSqFxDNBJesDRwE6yWKkSgQrBtMbmZ+94EpzWN5D9OE+REZSR5ySsBIXj9UhGZunpF8UK449lXDrdYbeEHcFaldYNd25qigJVqD8kd/GNM0YhKoIFp7rpOAnxEFnAqWl/qpZgmhEzJinqGSREz72fzkHJ8ZZYjDWJmSgOfq94mMRFpPo8B0RgTG+rc3E//yvBTChp9xmaTAJF0sClOBIcaz//GQK0ZBTA0hVHFzK6ZjYlIAk1LJhLD6FP9POlXbrdnVu3qleb2Mo4hO0Ck6Ry66RE10i1qojSiK0SN6Ri8WWE/Wq/W2aC1Yy5lj9APW+xcDIJG/</latexit>

d=4 —> 2 operators + 3 O(m)  

d=5 —> 3 operators + (7 + 5) O(m,m2) + 4 “nuisance”  log a
<latexit sha1_base64="lIfn2txKnAfHMT8lyP9H2Kf6QqQ=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadmNEeMt6MVjBPOAZAmzk9lkzOzMMjMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXmHCmjed9OrmV1bX1jfxmYWt7Z3evuH/Q1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2gpH11O/9UCVZlLcmXFCgxgPBIsYwcZKzS6XA4R7xZLnXlb9cqWK5sRfkrNz5LveDCVYoN4rfnT7kqQxFYZwrHXH9xITZFgZRjidFLqppgkmIzygHUsFjqkOstm1E3RilT6KpLIlDJqp3ycyHGs9jkPbGWMz1L+9qfiX10lNVA0yJpLUUEHmi6KUIyPR9HXUZ4oSw8eWYKKYvRWRIVaYGBtQwYaw/BT9T5pl1z9zy7eVUu1qEUcejuAYTsGHC6jBDdShAQTu4RGe4cWRzpPz6rzNW3POYuYQfsB5/wKoNo8y</latexit>

O
rs
CE(x) =  

r
(x)�5�µ⌫Gµ⌫ 

s(x)
<latexit sha1_base64="DkBNvY8yjo4oJ47an8MvGNxNbPE="></latexit>

[Ors
CE ]R = ZCE


O

rs
CE � C

a2
P

rs + d=4,5 operators

�

<latexit sha1_base64="c3ktyzJQLeF57A6yzx7gMj9f7jE="></latexit>

P rs(x) =  
r
(x)�5 

s(x)
<latexit sha1_base64="a8QaABtkQdvlSLFBbgYQbPrd9Xs="></latexit>
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Calculation of matrix elements with flowed fields 

Multiplicative renormalization (no power divergences and no mixing) 


Calculation of Wilson coefficients 

Insert OPE in off-shell amputated 1PI Green’s functions


Power divergences subtracted non-perturbatively (LQCD)

Determination of the physical renormalized matrix 
element at zero flow-time

Strategy - Short flow-time expansion

[Oi(t)]R =
X

i

cij(t, µ) [Oi(t = 0, µ)]R +O(t)
<latexit sha1_base64="GBXS2XWtg3ELBhKmHgk2NuI7FdQ="></latexit>

11

LQCD PT - LQCD cij(t, µ) = �ij +
↵s(µ)

4⇡
c
(1)
ij (t, µ) +O(↵2

s)
<latexit sha1_base64="/5/+VDLsroQmsZ08pIu9DWI5KiA="></latexit>

A.S., Luu, de Vries: 2014-2015

Dragos, Luu, A.S. de Vries: 2018-2019


Rizik, Monahan, A.S.: 2018-2020

A.S.: 2020


Kim, Luu, Rizik, A.S.: 2020

Mereghetti, Monahan, Rizik, A.S., 

Stoffer: 2021

Lüscher: 2013
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Renormalization
[Orr

CE(t)]R = ZCEO
rr
CE(t)

<latexit sha1_base64="uFjzfSySKnJXgC0sUIeYoVRN0MY="></latexit>

ZCE = Z�
<latexit sha1_base64="HVe0zwYAA/nAXk3P+k7gSG1SUzI=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5C0tW0WQrEILivYB21DmEyn7dDJg5mJUEO/xI0LRdz6Ke78GydtBRU9cOFwzr3ce48XMSqkaX5ombX1jc2t7HZuZ3dvP68fHLZFGHNMWjhkIe96SBBGA9KSVDLSjThBvsdIx5s2Ur9zR7igYXArZxFxfDQO6IhiJJXk6vmemzSu5vAC9twBnlBXL5iGXS1XSiZUxDbNip2Sml0+L0LLMBcogBWarv4+GIY49kkgMUNC9C0zkk6CuKSYkXluEAsSITxFY9JXNEA+EU6yOHwOT5UyhKOQqwokXKjfJxLkCzHzPdXpIzkRv71U/Mvrx3JUcxIaRLEkAV4uGsUMyhCmKcAh5QRLNlMEYU7VrRBPEEdYqqxyKoSvT+H/pF00rJJRvCkX6perOLLgGJyAM2CBKqiDa9AELYBBDB7AE3jW7rVH7UV7XbZmtNXMEfgB7e0T8zqSpw==</latexit>

�R(t) = Z1/2
� �(t)

<latexit sha1_base64="VwH/yAc/JOOfxgIyK4WdHJSaV38="></latexit>

O
rr
1 =  

r
�5�µ⌫Gµ⌫ 

r
<latexit sha1_base64="5mr4dzhTXL5+JPFSWZ4ntr1PtUw="></latexit>

O
rr
CE(t) = �

r(t)�5�µ⌫Gµ⌫(t)�
r(t)

<latexit sha1_base64="Gvxmy/KYSTVyG91dMEaXc1N3DBY="></latexit>

O̊
rr
CE(t) = �̊

r
(t)�5�µ⌫Gµ⌫(t)�̊

r(t)
<latexit sha1_base64="RNTOikYDiQvbmU3TsbJmQQFpbr4="></latexit>

cP
<latexit sha1_base64="iFQ4zG49TjZFhpsM3hJiYQwwDxw=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJtbTu7ohuXFe0D2qFk0kwbmskMSUYoQz/BjQtF3PpF7vwbM20FFT0QOJxzLrn3+DFnSiP0YeXW1jc2t/LbhZ3dvf2D4uFRR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+9Crzu/dUKhaJOz2LqRfisWABI1gb6ZYMW8NiCdluvVqrIGiIi1DNzUjDrV6UoWOjBUpgBZN/H4wikoRUaMKxUn0HxdpLsdSMcDovDBJFY0ymeEz7hgocUuWli1Xn8MwoIxhE0jyh4UL9PpHiUKlZ6JtkiPVE/fYy8S+vn+ig4aVMxImmgiw/ChIOdQSzu+GISUo0nxmCiWRmV0gmWGKiTTsFU8LXpfB/0inbTsUu31RLzctVHXlwAk7BOXBAHTTBNWiBNiBgDB7AE3i2uPVovVivy2jOWs0cgx+w3j4BqzSOEQ==</latexit>

depends on the scheme used to renormalize the flowed fields

The dependence on the χ-scheme cancels out if we use the same scheme to calculate ci(t, µ)
<latexit sha1_base64="SeTETAJ58YJMNv3mY4UcpU8H3rA=">AAAB8XicdVDLSgMxFM34rPVVdekmWIQKMmTa2nZ2RTcuK9gHtkPJpJk2NJMZkoxQSv/CjQtF3Po37vwbM20FFT1w4XDOvdx7jx9zpjRCH9bK6tr6xmZmK7u9s7u3nzs4bKkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH1+lfvueSsUicasnMfVCPBQsYARrI92RPivo816YnPVzeWS71XKlhKAhLkIVNyU1t3xRhI6N5siDJRr93HtvEJEkpEITjpXqOijW3hRLzQins2wvUTTGZIyHtGuowCFV3nR+8QyeGmUAg0iaEhrO1e8TUxwqNQl90xliPVK/vVT8y+smOqh5UybiRFNBFouChEMdwfR9OGCSEs0nhmAimbkVkhGWmGgTUtaE8PUp/J+0irZTsos35Xz9chlHBhyDE1AADqiCOrgGDdAEBAjwAJ7As6WsR+vFel20rljLmSPwA9bbJzGVkJ8=</latexit>

O̊
rr
CE(t) =

cP

t
P

rr
R +

X

i

ci(t, µ) [O
rr
i (µ)]R +O(t)

<latexit sha1_base64="M4Fdw4JIcRgzenDVt+4bnJq/Frw="></latexit>

O̊
rr
CE,sub(t) = O̊

rr
CE(t)�

cP

t
P

rr
R =

X

i

ci(t, µ) [O
rr
i (µ)]R +O(t)

<latexit sha1_base64="8d0jv1ASELsS3xVlOE5u2k8WeDE="></latexit>

12



Renormalization
�CP (x4; t) = a3

X

x

hO
rr
CE(x4,x; t)P

rr(0,0; 0)i
<latexit sha1_base64="R8Bf7+x2L4GExS8vJ8WtJHAVep0="></latexit>

�PP (x4) = a3
X

x

hP rr(x4,x)P
rr(0,0)i

<latexit sha1_base64="uPSuSZHmVtGHJ+FUia1Uiv0OCUk="></latexit>

[RP (x4; t)]R = t
[�CP (x4; t)]R
[�PP (x4)]R

<latexit sha1_base64="r7v54GpkdhOT/XL4p5s3jJQDWpU="></latexit>

[�PP (x4)]I =
�
1 + a bPmq,rr + a bPTrM

�
�PP (x4)

<latexit sha1_base64="OFNeb8bu3aPUSgipDaTFI1cB3Ec="></latexit>

[�CP (x4; t)]I =
�
1 + a b�mq,rr + a b�TrM

�
�CP (x4; t) + a c̃P e�CP (x4; t)

<latexit sha1_base64="QMlwwOyMXKkeAFzN06FEZDdTXQY="></latexit>

[RP (x4; t)]R = cP +O(t)
<latexit sha1_base64="IQzSEfTz4sa/RkkFQnppal1uGug="></latexit>

bX = O(g4)
<latexit sha1_base64="doXAOe1XR4pkMySkxaBTQ8gaTuc=">AAACAXicdVDLSgMxFM3UV62vUTeCm2AR6maYaSvWhVB0484K9gHtOGTStA3NZIYkI5ShbvwVNy4UcetfuPNvzPQBKnogcDjnHm7u8SNGpbLtTyOzsLi0vJJdza2tb2xumds7DRnGApM6DlkoWj6ShFFO6ooqRlqRICjwGWn6w4vUb94RIWnIb9QoIm6A+pz2KEZKS5651wm1naYTf+y14Bm8KvRvy0c5z8zb1mnFKZYrcEqcOSkdQ8eyJ8iDGWqe+dHphjgOCFeYISnbjh0pN0FCUczIONeJJYkQHqI+aWvKUUCkm0wuGMNDrXRhLxT6cQUn6vdEggIpR4GvJwOkBvK3l4p/ee1Y9SpuQnkUK8LxdFEvZlCFMK0DdqkgWLGRJggLqv8K8QAJhJUuLS1hfin8nzSKllOyitflfPV8VkcW7IMDUAAOOAFVcAlqoA4wuAeP4Bm8GA/Gk/FqvE1HM8Ysswt+wHj/AvJNlek=</latexit>

b(0)P = b(0)� = 1
<latexit sha1_base64="HooWQUMVF9ZGTIjwrNaUbys2SPI=">AAACBnicdVDLSgMxFM3UV62vUZciBItQN8NMW7EuhKIblxXsA9pxyKRpG5rJDElGKENXbvwVNy4Uces3uPNvzPQhKnrgwsk595J7jx8xKpVtfxiZhcWl5ZXsam5tfWNzy9zeacgwFpjUcchC0fKRJIxyUldUMdKKBEGBz0jTH16kfvOWCElDfq1GEXED1Oe0RzFSWvLMfd+r3SQF+2gMz6DvdfCAfj2dnGfmbeu04hTLFTglzpyUjqFj2RPkwQw1z3zvdEMcB4QrzJCUbceOlJsgoShmZJzrxJJECA9Rn7Q15Sgg0k0mZ4zhoVa6sBcKXVzBifp9IkGBlKPA150BUgP520vFv7x2rHoVN6E8ihXhePpRL2ZQhTDNBHapIFixkSYIC6p3hXiABMJKJ5eGML8U/k8aRcspWcWrcr56PosjC/bAASgAB5yAKrgENVAHGNyBB/AEno1749F4MV6nrRljNrMLfsB4+wQ/o5Zv</latexit>

e�CP (x4; t) = a
3
X

x

D
O

rr
CE(x4,x; t) eP rr(0,0; 0)

E

<latexit sha1_base64="i9LpPymh0nzHz2RFeIaFtLwIEPA="></latexit>

eP rs = �
r
�5 

s +  
r
�5�

s
<latexit sha1_base64="exJvNf0NHjh5/i/dEGUliCP/uZU="></latexit>
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O(a) improvement

[RP (x4; t)]R = t
[�CP (x4; t)]R
[�PP (x4)]R

<latexit sha1_base64="r7v54GpkdhOT/XL4p5s3jJQDWpU="></latexit>

residual O(am↵s)
<latexit sha1_base64="FH2ek2sn/xcPDACrNPhBBC5wE98=">AAAB9XicdVBNS8NAEN3Ur1q/qh69LBahXkLSVqy3ohdvVrCt0MYy2W7apZtN2N0oJfR/ePGgiFf/izf/jdsvUNEHA4/3ZpiZ58ecKe04n1ZmaXlldS27ntvY3Nreye/uNVWUSEIbJOKRvPVBUc4EbWimOb2NJYXQ57TlDy8mfuueSsUicaNHMfVC6AsWMALaSHdXRQhxB3g8gK467uYLjn1WdUuVKp4Rd0HKJ9i1nSkKaI56N//R6UUkCanQhINSbdeJtZeC1IxwOs51EkVjIEPo07ahAkKqvHR69RgfGaWHg0iaEhpP1e8TKYRKjULfdIagB+q3NxH/8tqJDqpeykScaCrIbFGQcKwjPIkA95ikRPORIUAkM7diMgAJRJugciaExaf4f9Is2W7ZLl1XCrXzeRxZdIAOURG56BTV0CWqowYiSKJH9IxerAfryXq13matGWs+s49+wHr/AuchkiU=</latexit>

cutoff effects 
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Non-perturbative renormalization (power divergences)
Kim, Luu, Rizik, A.S.:2020

15

RP (x4; t)

t
<latexit sha1_base64="4STT0YvNDwIgzNQjDkN5WrPaVBg="></latexit>

Rfit(t) = B�1
t0
t
+B0 +B1

t

t0
<latexit sha1_base64="JPNDtTgA0ppDiUJXpZQRXJ/ZUFc="></latexit>

1

Z�
cP = lim

t!0

t

ZP

h0|OCE(t)|PSi
h0|P (0)|PSi

<latexit sha1_base64="SkMv/YyK0mTGdcjOKRo/6OQm5Jc="></latexit>



Non-perturbative renormalization (power divergences)
Kim, Luu, Rizik, A.S.:2020

cP (t) =
ḡ2

2⇡2
+

✓
ḡ2

4⇡2

◆2 ⇥
x0 + x1 logµ

2t
⇤

<latexit sha1_base64="UOq2v9SHWeyKjSH2euZgs4k/vfc="></latexit>

Rizik, Monahan, A.S.: 2020

Warm-up MDM —> 2-loops (226 - 3375 FD)

cP (t) =
ḡ2

2⇡2
<latexit sha1_base64="s5kVBtbnLMXHnTl93kR5ps+6ziA=">AAACDXicdVDLSsNAFJ3UV62vqEs3g1Wom5CkQu1CKLpxWcE+oIlhMp20QycPZiZCCfkBN/6KGxeKuHXvzr9x+hB8HrhwOOde7r3HTxgV0jTftcLC4tLySnG1tLa+sbmlb++0RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfnU/8zg3hgsbRlRwnxA3RIKIBxUgqydMPsNesyCN4CqETcIQzx0c8G+TXdp7Z0EmoItDTy6ZRr9Vtuwp/E8swpyiDOZqe/ub0Y5yGJJKYISF6lplIN0NcUsxIXnJSQRKER2hAeopGKCTCzabf5PBQKX0YxFxVJOFU/TqRoVCIceirzhDJofjpTcS/vF4qgxM3o1GSShLh2aIgZVDGcBIN7FNOsGRjRRDmVN0K8RCpUKQKsKRC+PwU/k/atmFVDfvyuNw4m8dRBHtgH1SABWqgAS5AE7QABrfgHjyCJ+1Oe9CetZdZa0Gbz+yCb9BePwBh9ZqK</latexit>

Rizik, Monahan, A.S.: 2020

Borgulat, Harlander, Rizik, A.S.
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Ongoing work
Non-perturbative determination of Zχ 


Extend the range of flow times —> use of ML algorithms


qCEDM nucleon matrix element 


Extension to the CP-odd 3-gluon operator


Perturbation theory is ongoing


OpenLat: open science initiative. Gauges with SWF open to the 
whole community 

Cuteri, Francis, Fritzsch, Pederiva, Rago, 
A.S., Walker-Loud, Zafeiropoulos 

Thank you!
A. Francis -> Aug. 4 9am


Hadronic and Nuclear Spectrum and Interactions



Backup Slides



Chiral extrapolation
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Quark-Chromo EDM

Mixes under renormalization with lower dimensional operators

Taking into account gauge invariance and chiral symmetry

OE(x) =  ̄(x)�̃µ⌫Fµ⌫(x) (x)
<latexit sha1_base64="9SIhwR9WrEzQn3SBL2C94FN9L80="></latexit>

OCE(x) =  ̄(x)�̃µ⌫t
a (x)Ga

µ⌫(x)
<latexit sha1_base64="ZwghIGxtOERersIcO9QNHpPsjFA="></latexit>

Om✓(x) = mtr[Gµ⌫
eGµ⌫ ]

<latexit sha1_base64="dXlUFFrUHHxgsyuKVL/YtXDPI6I="></latexit>

OP (x) =  ̄(x)�5 (x)
<latexit sha1_base64="OrlBVQflyYKae9X1H+UfN0BBpEM="></latexit>

Om2P (x) = m2 ̄(x)�5 (x)
<latexit sha1_base64="XOx0mXKsbMJkB+7F9jB2niwuuY0="></latexit>

Rizik, Monahan, A.S.: 2020

Mereghetti, Monahan, Rizik, A.S., 

Stoffer : 2021

O
R
CE(x; t) = cP (t, µ)O

MS
P (x;µ) + cm✓(t, µ)O

MS
m✓ (x;µ) + cE(t, µ)O

MS
E (x;µ)

+ cCE(t, µ)O
MS
CE(x;µ) + cmP 2(t, µ)OMS

P (x;µ) +O(t)
<latexit sha1_base64="rtLR2/haP2EsrAgjH9g8f4a7inI="></latexit>
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�CP (x4; t) = a3
X

x

D
O

ij
CE(x4,x; t)P

ji(0,0; 0)
E

<latexit sha1_base64="9M/wnqaXy207A5NyXXvBOGELltw="></latexit>

�PP (x4; t) = a3
X

x

⌦
P ij(x4,x; t)P

ji(0,0)
↵

<latexit sha1_base64="0G9Q+mVFUOb8Z3WSdBG9Ib4LW0A="></latexit>

⇥
RP (x4; t)

⇤
R
= t

[�CP (x4; t)]R
[�PP (x4; t)]R

<latexit sha1_base64="8OEbjjpsDsas+mE98aLmGdcn/X4="></latexit>

Non-perturbative determination of power divergences

Continuum limit impossible with other methods. Uncontrolled systematics

Quark-Chromo EDM: non-perturbative renormalization 
(power divergences) Kim, Luu, Rizik, A.S.:2020

Coefficient linear divergence
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Quark-Chromo EDM: non-perturbative renormalization 
(power divergences) Kim, Luu, Rizik, A.S.:2020

Coefficient linear divergence

⇥
RP (x4; t)

⇤
R

t
<latexit sha1_base64="hHkUijJV0jI13hhsL5f7bQsUB6I="></latexit>
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Rizik, Monahan, A.S.: 2020

Mereghetti, Monahan, Rizik, A.S., 

Stoffer : 2021cP (t, µ)
<latexit sha1_base64="rxo+vNOVHnzeDexElC9TDvOTqwc=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAgVJKQP27orunFZwT4gDWUynbRDJ5MwcyOU0M9w40IRt36NO//GpI2gogcuHM65l3vvcUPBNVjWh7Gyura+sZnbym/v7O7tFw4OuzqIFGUdGohA9V2imeCSdYCDYP1QMeK7gvXc6XXq9+6Z0jyQdzALmeOTseQepwQSyabDdgnOB350lh8WipZ5Wa03mzW8JBf1jDQquGxaCxRRhvaw8D4YBTTymQQqiNZ22QrBiYkCTgWb5weRZiGhUzJmdkIl8Zl24sXJc3yaKCPsBSopCXihfp+Iia/1zHeTTp/ARP/2UvEvz47Aazoxl2EETNLlIi8SGAKc/o9HXDEKYpYQQhVPbsV0QhShkKSUhvD1Kf6fdCtmuWpWbmvF1lUWRw4doxNUQmXUQC10g9qogygK0AN6Qs8GGI/Gi/G6bF0xspkj9APG2ydSiZCl</latexit>

cm2P (t, µ)
<latexit sha1_base64="SKVArRPG86HDUmPLzBwHII0UFGU=">AAAB+nicdVDLSgMxFM34rPU11aWbYBEqSJlOa1t3RTcuK9gHtGPJpGkbmmSGJKOUsZ/ixoUibv0Sd/6NaTuCih64cDjnXu69xw8ZVdpxPqyl5ZXVtfXURnpza3tn187sNVUQSUwaOGCBbPtIEUYFaWiqGWmHkiDuM9Lyxxczv3VLpKKBuNaTkHgcDQUdUIy0kXp2BvdifuPC+jSnT7o8OoY9O+vkz4rlarUEF+S0nJCKCwt5Z44sSFDv2e/dfoAjToTGDCnVKTih9mIkNcWMTNPdSJEQ4TEako6hAnGivHh++hQeGaUPB4E0JTScq98nYsSVmnDfdHKkR+q3NxP/8jqRHlS9mIow0kTgxaJBxKAO4CwH2KeSYM0mhiAsqbkV4hGSCGuTVtqE8PUp/J803XyhmHevStnaeRJHChyAQ5ADBVABNXAJ6qABMLgDD+AJPFv31qP1Yr0uWpesZGYf/ID19gkOtpM9</latexit>

cE(t, µ)
<latexit sha1_base64="EJlAcsP0Hiv5zprfY9pIEzrRne8=">AAAB9HicdVDLSsNAFJ3UV42vqks3g0WoICF92NZdUQSXFewD2lAm00k7dCaJM5NCCf0ONy4UcevHuPNvnLQRVPTAhcM593LvPW7IqFS2/WFkVlbX1jeym+bW9s7uXm7/oC2DSGDSwgELRNdFkjDqk5aiipFuKAjiLiMdd3KV+J0pEZIG/p2ahcThaORTj2KktOTgwXVBnfV5dApNc5DL29ZFuVqvV+CSnFdTUivBomUvkAcpmoPce38Y4IgTX2GGpOwV7VA5MRKKYkbmZj+SJER4gkakp6mPOJFOvDh6Dk+0MoReIHT5Ci7U7xMx4lLOuKs7OVJj+dtLxL+8XqS8uhNTP4wU8fFykRcxqAKYJACHVBCs2EwThAXVt0I8RgJhpXNKQvj6FP5P2iWrWLZKt5V84zKNIwuOwDEogCKogQa4AU3QAhjcgwfwBJ6NqfFovBivy9aMkc4cgh8w3j4B0dWQ2A==</latexit>

cCE(t, µ)
<latexit sha1_base64="CO/HRMvETV5iN5wfTde0eD9+SYs=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0WoICFpa1t3xSK4rGAf0IYwmU7aoZMHMxOhhn6JGxeKuPVT3Pk3TtoIKnrgwuGce7n3HjdiVEjT/NBWVtfWNzZzW/ntnd29gr5/0BVhzDHp4JCFvO8iQRgNSEdSyUg/4gT5LiM9d9pK/d4d4YKGwa2cRcT20TigHsVIKsnRC9hJWlfzkjwb+vEpzDt60TQuKrVGowqX5LyWkXoZWoa5QBFkaDv6+3AU4tgngcQMCTGwzEjaCeKSYkbm+WEsSITwFI3JQNEA+UTYyeLwOTxRygh6IVcVSLhQv08kyBdi5ruq00dyIn57qfiXN4il17ATGkSxJAFeLvJiBmUI0xTgiHKCJZspgjCn6laIJ4gjLFVWaQhfn8L/SbdsWBWjfFMtNi+zOHLgCByDErBAHTTBNWiDDsAgBg/gCTxr99qj9qK9LltXtGzmEPyA9vYJbiqSTg==</latexit>

Quark-Chromo EDM

cm✓(t, µ)
<latexit sha1_base64="+EAe+D2TLtkIj3vWYOy1XCN4CzM=">AAAB/nicdVDLSgNBEJz1GddXVDx5GQxCBAm7ScR4C3rxGME8IFmW2ckkGTKzu8z0CmEJ+CtePCji1e/w5t84eYGKFjQUVd10dwWx4Boc59NaWl5ZXVvPbNibW9s7u9m9/YaOEkVZnUYiUq2AaCZ4yOrAQbBWrBiRgWDNYHg98Zv3TGkehXcwipknST/kPU4JGMnPHlI/lR0YMCDjPJx1ZHJq27afzTmFy4pbLFfwjLgLUjrHbsGZIofmqPnZj043oolkIVBBtG67TgxeShRwKtjY7iSaxYQOSZ+1DQ2JZNpLp+eP8YlRurgXKVMh4Kn6fSIlUuuRDEynJDDQv72J+JfXTqBX8VIexgmwkM4W9RKBIcKTLHCXK0ZBjAwhVHFzK6YDoggFk9gkhMWn+H/SKBbcUqF4W85Vr+ZxZNAROkZ55KILVEU3qIbqiKIUPaJn9GI9WE/Wq/U2a12y5jMH6Aes9y/VXJTA</latexit>
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Quark-Chromo EDM
O

R
CE(x; t) = ˚̄�(x; t)�̃µ⌫t

a�̊(x; t)Ga
µ⌫(x; t)

<latexit sha1_base64="e5yrJJbYzW1Imikf/U9eFo496ls="></latexit>

O
R
CE(x; t) = cP (t, µ)O

MS
P (x;µ) + cm✓(t, µ)O

MS
m✓ (x;µ) + cE(t, µ)O

MS
E (x;µ)

+ cCE(t, µ)O
MS
CE(x;µ) + cmP 2(t, µ)OMS

P (x;µ) +O(t)
<latexit sha1_base64="rtLR2/haP2EsrAgjH9g8f4a7inI="></latexit>

cCE(t, µ) = ⇣�1

� +
↵s

4⇡


2(CF � CA) log(8⇡µ

2t)� 1

2

⇣
(4 + 5�HV)CA + (3� 4�HV)CF

⌘�

= 1 +
↵s

4⇡


(5CF � 2CA) log(8⇡µ

2t)

� 1

2

⇣
(4 + 5�HV)CA + (3� 4�HV)CF

⌘
� log(432)CF

�

<latexit sha1_base64="bs2MKJII/Sziu1Fhq1CrQVHOzvI="></latexit>

cP (t, µ) =
↵sCF

4⇡

6i

t
<latexit sha1_base64="dZgrWfIoNMLJDfi8DimUKD7h4Lw="></latexit>

cm2P (t, µ) =
↵sCF

4⇡
i

✓
12 log(8⇡µ2t) +

1

2
(33� 16�HV)

◆

<latexit sha1_base64="iap8tfbG1UzSHiP2ekUAWmeVeoc="></latexit>

cE(t, µ) =
↵sCF

4⇡

�
4 log(8⇡µ2t) + 3 + 2�HV

�
<latexit sha1_base64="ph+XpR5CaPOx4NMGt6UL9K9Qb7Q="></latexit>

Mereghetti, Monahan, Rizik, A.S., 
Stoffer : 2021
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Scale dependence matching coefficients

µ̄0 = 3 GeV ! µ0 = 1.13 GeV
<latexit sha1_base64="7iPL6xDwxJAF8kI1kPvrubAH+mA="></latexit>

t0 =
1

8⇡µ2
0

<latexit sha1_base64="sluijcBOf44VLRPAxOry5wYl6+g=">AAACBnicdVDLSsNAFJ3UV62vqksRBovgKiS1oe1CKLpxWcE+oKlhMp20Q2eSMDMRSujKjb/ixoUibv0Gd/6N0zaCih64cDjnXu69x48ZlcqyPozc0vLK6lp+vbCxubW9U9zda8soEZi0cMQi0fWRJIyGpKWoYqQbC4K4z0jHH1/M/M4tEZJG4bWaxKTP0TCkAcVIackrHirPgmfQDQTCqT1Na9CNKXR54lk35alXLFlm3ak4ThUuSLmekYoDbdOaowQyNL3iuzuIcMJJqDBDUvZsK1b9FAlFMSPTgptIEiM8RkPS0zREnMh+On9jCo+1MoBBJHSFCs7V7xMp4lJOuK87OVIj+dubiX95vUQFtX5KwzhRJMSLRUHCoIrgLBM4oIJgxSaaICyovhXiEdKJKJ1cQYfw9Sn8n7TLpn1qlq8qpcZ5FkceHIAjcAJsUAUNcAmaoAUwuAMP4Ak8G/fGo/FivC5ac0Y2sw9+wHj7BGkjl9k=</latexit>

Red - Blue = 

A1↵
2
s(µ

2
0) log

2(8⇡tµ2
0) +A2↵

2
s(µ

2
0) log(8⇡tµ

2
0) +O(↵3

s)
<latexit sha1_base64="nj/Rvk3gA/EakwZtBydoN5aWWXg="></latexit>

10%-20% uncertainties from PT at 1-loopt 2 [t0/4, 4t0]
<latexit sha1_base64="zXca4DOrY7sLqRJc4aGU9QRvIUk=">AAAB+3icdVDLSgMxFM3UV62vWpdugkVwIXVaZ6jdFd24rGAfMB2GTJq2oZnMkNwRS+mvuHGhiFt/xJ1/Y/oQVPTA5R7OuZfcnDARXINtf1iZldW19Y3sZm5re2d3L79faOk4VZQ1aSxi1QmJZoJL1gQOgnUSxUgUCtYOR1czv33HlOaxvIVxwvyIDCTvc0rASEG+ALjLJfYgsM+cU8c0P8gX7VLNdVy3ihekUlsSx8Xlkj1HES3RCPLv3V5M04hJoIJo7ZXtBPwJUcCpYNNcN9UsIXREBswzVJKIaX8yv32Kj43Sw/1YmZKA5+r3jQmJtB5HoZmMCAz1b28m/uV5KfQv/AmXSQpM0sVD/VRgiPEsCNzjilEQY0MIVdzciumQKELBxJUzIXz9FP9PWpVS+bxUuXGK9ctlHFl0iI7QCSqjKqqja9RATUTRPXpAT+jZmlqP1ov1uhjNWMudA/QD1tsnEkeTMA==</latexit>
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4+1 Local field theory
S = SG + SG,fl + SF,QCD + SF,fl

SF,fl =

Z 1

0
dt

Z
d4x

h
�(t, x) (⇤t ��)⇥(t, x) + ⇥(t, x)

⇣ �
⇤ t �

 �
�
⌘
�(t, x)

i

Wick contractions


Renormalization. All order proof for gauge sector 


Chiral symmetry and Ward identities


Wilson twisted mass

Lüscher 
2010-2013

Lüscher: 2013 

A.S.:2013

A.S.: 2013

Lüscher, Weisz: 2011 
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SF,fl =

Z 1

0
dt

Z
d4x

h
�(t, x) (⇤t ��)⇥(t, x) + ⇥(t, x)

⇣ �
⇤ t �

 �
�
⌘
�(t, x)

i

8
><

>:

⇤(t, x) ! exp
�
i
�
�a
V

Ta

2 � �a
A

Ta

2 ⇥5
� 

⇤(t, x)

⇤(t, x) ! ⇤(t, x)exp
�
i
�
��a

V
Ta

2 � �a
A

Ta

2 ⇥5
� 

8
><

>:

⇤(t, x) ! exp
�
i
�
�a
V

Ta

2 + �a
A

Ta

2 ⇥5
� 

⇤(t, x)

⇤(t, x) ! ⇤(t, x)exp
�
i
�
��a

V
Ta

2 + �a
A

Ta

2 ⇥5
� 

.

�Ot�S⇥ = ��Ot⇥
Chiral variation before integrating 


the Lagrange multipliers

eP a(t, x) = ⇥(t, x)
T a

2
�5⇤(t, x) + ⇤(t, x)

T a

2
�5⇥(t, x)

4+1 chiral symmetry A.S. 2013

Lüscher: 2013
8
>><

>>:

Dh
�µAa

R,µ(x)� 2mP a(x) + eP a
R(0, x)

i
OR ({t0}, x)

E
= 0 t = 0

Dh
�sP̃ a(s, x) + �µAa

µ(s, x)
i
OR ({t0}, x)

E
= 0 s > 0 , s < {t0}
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Z�n/2
�

D⇣
 (0)

⌘n ⇣
 ̄(0)

⌘n ̄
⇣
G(0)

µ

⌘nG

O
t
i [�

(0), �̄(0), B(0)]
Eamp

=
<latexit sha1_base64="GQceW0q/j0rUWNDUTTZXrpD5is0="></latexit>

= cij(t)
�
ZMS
jk

��1
D⇣
 (0)

⌘n ⇣
 ̄(0)

⌘n ̄
⇣
G(0)

µ

⌘nG

O
(0)
k [ (0),  ̄(0), G(0)]

Eamp

<latexit sha1_base64="VeIHI8NOb08sRTF5vTJ4o9Qw1V4="></latexit>

cij(t, µ) = �ij +
↵s(µ)

4⇡
c
(1)
ij (t, µ) +O(↵2

s)
<latexit sha1_base64="/5/+VDLsroQmsZ08pIu9DWI5KiA="></latexit>

D
˚̄�(x; t)

 !
/D �̊(x; t)

E
= � 2NcNf

(4⇡)2t2
<latexit sha1_base64="I2nsRR/BGMeA/dNM3Zl8IRqrGnE="></latexit>

Makino, Suzuki: 2014

�(x; t) = (8⇡t)"/2⇣1/2� �̊(x; t)
<latexit sha1_base64="36qU8/58LISbPuOYJOpjeKko90M="></latexit>

�̄(x; t) = (8⇡t)"/2⇣1/2�
˚̄�(x; t)

<latexit sha1_base64="1fIpIIifrjF2lWSyQn1LMnCxNxA="></latexit>

⇣� = 1� ↵sCF

4⇡

�
3 log

�
8⇡µ2

t
�
� log(432)

�
+O(↵2

s)
<latexit sha1_base64="N4QOD4EkYVPbCGNlnXP2J+X+1iw="></latexit>

Harlander, Kluth, Lange :2018


Artz, Harlander, Lange, 
Neumann, Prausa: 2019


Quark-Chromo EDM

Rizik, Monahan, A.S.: 2020

Mereghetti, Monahan, Rizik, A.S., Stoffer : 2021
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Perturbation theory with flowed fields
Lüscher, Weisz:2010,2011


Lüscher: 2013

Rizik, Monhahan, A.S.: 
2018, 2020

@t�t = ��t @t�t = �t
 �
�

�t(x)|t=0 = ⇥(x)

�t(x)|t=0 = ⇥(x)
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Sample calculation: quark propagator
Lüscher: 2013

Rizik, Monhahan, A.S.: 
2018, 2020
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Numerical details

NP improved Wilson + 
Iwasaki gauge


a=0.1-0.068 fm  
mpi=400-700 MeV


 

O(L/2a) Stochastic 
source locations


3 Gaussian smearings

PACS-CS: 2009

31


