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Neutron EDM

|dn| < 1.8⇥ 10�26 e cm (90% C.L.)
<latexit sha1_base64="QB9CR0sms193W6U5Mv2ZB1AM82Q="></latexit>

Abel et al.: 2020 (PSI)

Alarcon et al.: 2022
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(dn)SM=(1�6)⇥10�32e cm
<latexit sha1_base64="+DPwZqbKRELVHx+Ipfgc0RDMmfc="></latexit>

Shabalin: 1978-1980 Khriplovich, Zhitnitsky: 1982

Gavela et al. : 1982 Seng: 2015



CP-violating sources
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<latexit sha1_base64="xYjktQyTyeUqh0jP1O1E+/3CMDU="></latexit><latexit sha1_base64="xYjktQyTyeUqh0jP1O1E+/3CMDU="></latexit><latexit sha1_base64="xYjktQyTyeUqh0jP1O1E+/3CMDU="></latexit><latexit sha1_base64="xYjktQyTyeUqh0jP1O1E+/3CMDU="></latexit>

Weinberg: 1989

q(x) =
1
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<latexit sha1_base64="Qv0gEhWQzreetZBTBwoTLtdjm90="></latexit><latexit sha1_base64="Qv0gEhWQzreetZBTBwoTLtdjm90="></latexit><latexit sha1_base64="Qv0gEhWQzreetZBTBwoTLtdjm90="></latexit><latexit sha1_base64="Qv0gEhWQzreetZBTBwoTLtdjm90="></latexit>

Full list of dimension 5 and 6 operators is known
Buchmuller, Wyler: 1986

de Rujula et al.: 1991


Grzadkowski et al: 2010

Oq =
X

f=u,d,s,...

 f (x)�5�µ⌫ f (x)Fµ⌫

<latexit sha1_base64="eopno/qHNFz6DrnUDPQ+aKvRccI="></latexit>
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<latexit sha1_base64="XYELXaqQH4g18a68accbsnHP69M="></latexit>

OCE =
X

f=u,d,s,...

 f (x)�5�µ⌫Gµ⌫ f (x)

<latexit sha1_base64="EM62a4vX/Ld1wHIbXxs6KFYVN3U="></latexit>



The role of lattice QCD

M✓
N

<latexit sha1_base64="mhh90/nSs6KNw8pErgLmIOo35YY=">AAACA3icdVDLSgNBEJz1GeMr6k0vg0HwFHaTiPEW9OJFiWBiIIlhdtJJhsw+mOkVw7LgxV/x4kERr/6EN//GyUNQ0YKGmqpuprvcUAqNtv1hzczOzS8sppbSyyura+uZjc2aDiLFocoDGai6yzRI4UMVBUqohwqY50q4cgcnI//qBpQWgX+JwxBaHuv5ois4QyO1M9tn7biJcIvKi8+T5No8+oAsoTTdzmTt3FHJyRdLdEKcL1I4oE7OHiNLpqi0M+/NTsAjD3zkkmndcOwQWzFTKLiEJN2MNISMD1gPGob6zAPdisc3JHTPKB3aDZQpH+lY/T4RM0/roeeaTo9hX//2RuJfXiPCbqkVCz+MEHw++agbSYoBHQVCO0IBRzk0hHElzK6U95liHE1soxC+LqX/k1o+5xRy+Ytitnw8jSNFdsgu2ScOOSRlckoqpEo4uSMP5Ik8W/fWo/VivU5aZ6zpzBb5AevtE3H0mAg=</latexit>

M (i)
N

<latexit sha1_base64="Xj54PZRf6LqOv4cALn6eAgCGY4E=">AAAB/nicdVDLSsNAFJ3UV62vqrhyM1iEuglJW7Huim7cKBXsA9oaJtNJO3TyYOZGLCHgr7hxoYhbv8Odf2PSB6jogQuHc+7l3nvsQHAFhvGpZRYWl5ZXsqu5tfWNza389k5T+aGkrEF94cu2TRQT3GMN4CBYO5CMuLZgLXt0nvqtOyYV970bGAes55KBxx1OCSSSld+7tKIusHuQbnQVx7dRkR/FOStfMPTTqlmqVPGUmHNSPsambkxQQDPUrfxHt+/T0GUeUEGU6phGAL2ISOBUsDjXDRULCB2RAesk1CMuU71ocn6MDxOljx1fJuUBnqjfJyLiKjV27aTTJTBUv71U/MvrhOBUexH3ghCYR6eLnFBg8HGaBe5zySiIcUIIlTy5FdMhkYRCklgawvxT/D9plnSzrJeuK4Xa2SyOLNpHB6iITHSCaugC1VEDURShR/SMXrQH7Ul71d6mrRltNrOLfkB7/wKLF5Xe</latexit>

Hadronic matrix element topological charge

Hadronic matrix element CP odd operators 
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edi
<latexit sha1_base64="2aUJVqnMhZGtb9+FBydnGbUwK0k="></latexit>

hN |JµO��CP |Ni ! d E · S
<latexit sha1_base64="G8+Jfw/D2MqgjFYQJg+C4oAdT+k="></latexit><latexit sha1_base64="G8+Jfw/D2MqgjFYQJg+C4oAdT+k="></latexit><latexit sha1_base64="G8+Jfw/D2MqgjFYQJg+C4oAdT+k="></latexit><latexit sha1_base64="G8+Jfw/D2MqgjFYQJg+C4oAdT+k="></latexit>

Shintani et al.: 2005

Berruto, Blum, Orginos, Soni 2006


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

Guo, Meißner, et al. : 2010-


Liang, Draper, Liu, Yang

Alexandrou et al. (ETMC): 2015-2020


Abramczyk et al. : 2017-

Dragos, Kim, Luu, Monahan, Rizik, 

A.S., de Vries, Yousif: 2015-2021

Yoon, Bhattacharya, Cirigliano, 

Gupta, Mereghetti: 2015-2021
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theta

qEDM

qCEDM

Weinberg

?

de Vries et al.: 2021

Alarcon et al.: 2022 
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dn = � (1.5± 0.7) · 10�3✓e fm

� (0.2± 0.01)du + (0.78± 0.03)dd + (0.0027± 0.016)ds

� (0.55± 0.28)ed̃u � (1.1± 0.55)ed̃d + (50± 40)MeVed̃G
<latexit sha1_base64="QmkXE66NdwKM3yunElCLqnec3Os="></latexit>

dn dp ḡ1
<latexit sha1_base64="kIj71r2+QVZaB8os2y9sVu8f1Mw=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARXEhJqth2V3TjsoJ9QBPCZDJph04mYWYilFA3/oobF4q49S/c+TdO2go+D1zu4Zx7mbnHTxiVyrLejcLC4tLySnG1tLa+sbllbu90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPLnK/e0OEpDG/VuOEuBEacBpSjJSWPHMv8Dh0jmHgJXlzfCSywcSzoWeWrUqjdlatN+BvYlesKcpgjpZnvjlBjNOIcIUZkrJvW4lyMyQUxYxMSk4qSYLwCA1IX1OOIiLdbHrBBB5qJYBhLHRxBafq140MRVKOI19PRkgN5U8vF//y+qkK625GeZIqwvHsoTBlUMUwjwMGVBCs2FgThAXVf4V4iATCSodW0iF8Xgr/J51qxT6pVK9Oy83zeRxFsA8OwBGwQQ00wSVogTbA4Bbcg0fwZNwZD8az8TIbLRjznV3wDcbrB4Hzla4=</latexit>

dn ḡ0 ḡ1
<latexit sha1_base64="5p6l7ItwqtM+IHhpMNNFmf76y5A=">AAACB3icdVDLSsNAFJ34rPUVdSnIYBFcSEiq2HZXdOOygn1AE8JkMmmHTiZhZiKU0J0bf8WNC0Xc+gvu/BunD6G+Dlw4c869zL0nSBmVyrY/jIXFpeWV1cJacX1jc2vb3NltySQTmDRxwhLRCZAkjHLSVFQx0kkFQXHASDsYXI799i0Rkib8Rg1T4sWox2lEMVJa8s2D0OfQPYFugETeG/n2/MOBvlmyrVrlvFytwd/EsewJSmCGhm++u2GCs5hwhRmSsuvYqfJyJBTFjIyKbiZJivAA9UhXU45iIr18cscIHmklhFEidHEFJ+r8RI5iKYdxoDtjpPrypzcW//K6mYqqXk55minC8fSjKGNQJXAcCgypIFixoSYIC6p3hbiPBMJKR1fUIXxdCv8nrbLlnFrl67NS/WIWRwHsg0NwDBxQAXVwBRqgCTC4Aw/gCTwb98aj8WK8TlsXjNnMHvgG4+0TFhGYNg==</latexit>

qCEDM



Theta-term



Gradient flow Lüscher 2010Narayanan, 
Neuberger:2006 Lüscher, Weisz 2011
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@tBµ(x, t) = D⌫G⌫µ(x, t)
<latexit sha1_base64="PiaoN2rLrJoMEARyvYMI0eTR+gU="></latexit>

Bµ(x, t)|t=0 = Aµ(x)
<latexit sha1_base64="kBo8/5MwmSM9vcIV28H/8t73Jqc="></latexit>

Gµ⌫(x, t) = @µB⌫(x, t)� @⌫Bµ(x, t) + [Bµ, B⌫ ]
<latexit sha1_base64="GhG/EYilQ2dwXCD4YlNOleyGv2k="></latexit>

D⌫ = @⌫ + [B⌫(x, t), ·]
<latexit sha1_base64="PxdIUL1cMQqnoqooXQeck7iWNKE="></latexit>

Aµ(x) = Aa
µ(x)T

a ! gluon fields
<latexit sha1_base64="XxndaCTFoNGzNINqq1IajVppJvI="></latexit>

xµ t = flow-time [t] = �2
<latexit sha1_base64="V2s2lKzLmrrQU0r01HkdPaP5aTA="></latexit>

Polyakov: 1987, Lüscher: 2010

Q =

Z
d4x q(x, t)

<latexit sha1_base64="Fe3daFnbOttEcYMxzDfJFtnyIe4=">AAACFHicdVDJSgNBEO1xjXEbFU9eGoMQQcJMEjEehKAXjwmYBZIYejqdpEnPYneNJAzxM7x71V/wJl69+wd+hp0NNOiDgsd7VVTVcwLBFVjWp7GwuLS8shpbi69vbG5tmzu7ZeWHkrIS9YUvqw5RTHCPlYCDYNVAMuI6glWc3tXIr9wzqbjv3cAgYA2XdDze5pSAlprmfhFf4Dr3ALdus/0HfJfsn8Bx00xYqfOcnc7m8ITYM5I5xXbKGiOBpig0za96y6ehyzyggihVs60AGhGRwKlgw3g9VCwgtEc6rKapR1ymGtH4/CE+0koLt32pSx8yVn9ORMRVauA6utMl0FXz3kj801OgiWRibj+0c42Ie0EIzKOT9e1QYPDxKCHc4pJREANNCJVcf4Bpl0hCQecY19HM/sf/k3I6ZWdS6WI2kb+chhRDB+gQJZGNzlAeXaMCKiGKIvSEntGL8Wi8Gm/G+6R1wZjO7KFfMD6+AWAvnak=</latexit>

@tQ(t) = 0
<latexit sha1_base64="3Gr/gbXIP9qd0tAURXOC58ZZSv0=">AAACFHicdVDLSgMxFM34rPU1Kq7cBItQN2WmrVgXQtGNyxbsA9qhZNJMG5p5kNwRytDfcO9Wf8GduHXvH/gZZvoALXogcDjnPnKPGwmuwLI+jZXVtfWNzcxWdntnd2/fPDhsqjCWlDVoKELZdoliggesARwEa0eSEd8VrOWOblO/9cCk4mFwD+OIOT4ZBNzjlICWeuZxNyISOBG9BCa4nodzfI2tnpmzClcVu1iu4BmxF6R0ge2CNUUOzVHrmV/dfkhjnwVABVGqY1sROEk6mgo2yXZjxSJCR2TAOpoGxGfKSabfn+AzrfSxF0r9AsBT9WdHQnylxr6rK30CQ7XspeKfngJNJBNL+8GrOAkPohhYQGfrvVhgCHGaEO5zySiIsSaESq4vwHRIJKGgc8zqaBb34/9Js1iwS4VivZyr3sxDyqATdIryyEaXqIruUA01EEUJekLP6MV4NF6NN+N9VrpizHuO0C8YH984ap4l</latexit>

Equivalent to fermionic 
definition

Lüscher: 2021Ce’, Consonni, Engel, Giusti: 2015 Lüscher, Weisz: 2021

f
<latexit sha1_base64="UsTQNl5C+OUoHHeRCwv5n8rF3uA=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZDZmeXmVkhLPEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfbKWxsbm3vFHdLe/sHh0fl45OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsb3M7/9hErzWD6aSYJ+RIeSh5xRY6VG2C9X3Ko7B1knXk4qkKPeL//0BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5sfOiUXVhmQMFa2pCFz9e9ERiOtJ1FgOyNqRnrVm4n/ed3UhLd+xmWSGpRssShMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZLG1hVDIU05INxluNYZ20rqqeW/Ua15XaXR5REc7gHC7BgxuowQPUoQkMEF7gFd6cZ+fd+XA+F60FJ585hSU4X7/Wm5U/</latexit><latexit sha1_base64="UsTQNl5C+OUoHHeRCwv5n8rF3uA=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZDZmeXmVkhLPEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfbKWxsbm3vFHdLe/sHh0fl45OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsb3M7/9hErzWD6aSYJ+RIeSh5xRY6VG2C9X3Ko7B1knXk4qkKPeL//0BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5sfOiUXVhmQMFa2pCFz9e9ERiOtJ1FgOyNqRnrVm4n/ed3UhLd+xmWSGpRssShMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZLG1hVDIU05INxluNYZ20rqqeW/Ua15XaXR5REc7gHC7BgxuowQPUoQkMEF7gFd6cZ+fd+XA+F60FJ585hSU4X7/Wm5U/</latexit><latexit sha1_base64="UsTQNl5C+OUoHHeRCwv5n8rF3uA=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZDZmeXmVkhLPEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfbKWxsbm3vFHdLe/sHh0fl45OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsb3M7/9hErzWD6aSYJ+RIeSh5xRY6VG2C9X3Ko7B1knXk4qkKPeL//0BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5sfOiUXVhmQMFa2pCFz9e9ERiOtJ1FgOyNqRnrVm4n/ed3UhLd+xmWSGpRssShMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZLG1hVDIU05INxluNYZ20rqqeW/Ua15XaXR5REc7gHC7BgxuowQPUoQkMEF7gFd6cZ+fd+XA+F60FJ585hSU4X7/Wm5U/</latexit><latexit sha1_base64="UsTQNl5C+OUoHHeRCwv5n8rF3uA=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZDZmeXmVkhLPEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfbKWxsbm3vFHdLe/sHh0fl45OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsb3M7/9hErzWD6aSYJ+RIeSh5xRY6VG2C9X3Ko7B1knXk4qkKPeL//0BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5sfOiUXVhmQMFa2pCFz9e9ERiOtJ1FgOyNqRnrVm4n/ed3UhLd+xmWSGpRssShMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZLG1hVDIU05INxluNYZ20rqqeW/Ua15XaXR5REc7gHC7BgxuowQPUoQkMEF7gFd6cZ+fd+XA+F60FJ585hSU4X7/Wm5U/</latexit>

f
<latexit sha1_base64="UsTQNl5C+OUoHHeRCwv5n8rF3uA=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZDZmeXmVkhLPEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfbKWxsbm3vFHdLe/sHh0fl45OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsb3M7/9hErzWD6aSYJ+RIeSh5xRY6VG2C9X3Ko7B1knXk4qkKPeL//0BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5sfOiUXVhmQMFa2pCFz9e9ERiOtJ1FgOyNqRnrVm4n/ed3UhLd+xmWSGpRssShMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZLG1hVDIU05INxluNYZ20rqqeW/Ua15XaXR5REc7gHC7BgxuowQPUoQkMEF7gFd6cZ+fd+XA+F60FJ585hSU4X7/Wm5U/</latexit><latexit sha1_base64="UsTQNl5C+OUoHHeRCwv5n8rF3uA=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZDZmeXmVkhLPEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfbKWxsbm3vFHdLe/sHh0fl45OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsb3M7/9hErzWD6aSYJ+RIeSh5xRY6VG2C9X3Ko7B1knXk4qkKPeL//0BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5sfOiUXVhmQMFa2pCFz9e9ERiOtJ1FgOyNqRnrVm4n/ed3UhLd+xmWSGpRssShMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZLG1hVDIU05INxluNYZ20rqqeW/Ua15XaXR5REc7gHC7BgxuowQPUoQkMEF7gFd6cZ+fd+XA+F60FJ585hSU4X7/Wm5U/</latexit><latexit sha1_base64="UsTQNl5C+OUoHHeRCwv5n8rF3uA=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZDZmeXmVkhLPEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfbKWxsbm3vFHdLe/sHh0fl45OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsb3M7/9hErzWD6aSYJ+RIeSh5xRY6VG2C9X3Ko7B1knXk4qkKPeL//0BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5sfOiUXVhmQMFa2pCFz9e9ERiOtJ1FgOyNqRnrVm4n/ed3UhLd+xmWSGpRssShMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZLG1hVDIU05INxluNYZ20rqqeW/Ua15XaXR5REc7gHC7BgxuowQPUoQkMEF7gFd6cZ+fd+XA+F60FJ585hSU4X7/Wm5U/</latexit><latexit sha1_base64="UsTQNl5C+OUoHHeRCwv5n8rF3uA=">AAAB/HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZDZmeXmVkhLPEHvOofeBOv/os/4Hc4SfZgEgsaiqpuuruCRHBtXPfbKWxsbm3vFHdLe/sHh0fl45OWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsb3M7/9hErzWD6aSYJ+RIeSh5xRY6VG2C9X3Ko7B1knXk4qkKPeL//0BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5sfOiUXVhmQMFa2pCFz9e9ERiOtJ1FgOyNqRnrVm4n/ed3UhLd+xmWSGpRssShMBTExmX1NBlwhM2JiCWWK21sJG1FFmbHZLG1hVDIU05INxluNYZ20rqqeW/Ua15XaXR5REc7gHC7BgxuowQPUoQkMEF7gFd6cZ+fd+XA+F60FJ585hSU4X7/Wm5U/</latexit>



Ab-initio determination of ḡ✓0

Dragos, Luu, 
A.S., 


de Vries, Yousif: 
2019

dn(✓̄) = d̄n � egAḡ✓̄0
8⇡2F⇡

ln
m2

⇡

M2
N

<latexit sha1_base64="/kK8M7OL9luY/zngGHx/SALbi8o="></latexit><latexit sha1_base64="/kK8M7OL9luY/zngGHx/SALbi8o="></latexit><latexit sha1_base64="/kK8M7OL9luY/zngGHx/SALbi8o="></latexit><latexit sha1_base64="/kK8M7OL9luY/zngGHx/SALbi8o="></latexit>

ḡ✓̄0 = �1.47(23) · 10�2✓̄
<latexit sha1_base64="ofcPaNJKBS+uZ4qA1uWA/IhUqP8="></latexit><latexit sha1_base64="ofcPaNJKBS+uZ4qA1uWA/IhUqP8="></latexit><latexit sha1_base64="ofcPaNJKBS+uZ4qA1uWA/IhUqP8="></latexit><latexit sha1_base64="ofcPaNJKBS+uZ4qA1uWA/IhUqP8="></latexit>

de Vries et al.: 2015

dphysn = �0.00152(71) ✓̄ e fm
<latexit sha1_base64="4E7EcjBdUGFTvMTP/sMd2vha5hk="></latexit><latexit sha1_base64="4E7EcjBdUGFTvMTP/sMd2vha5hk="></latexit><latexit sha1_base64="4E7EcjBdUGFTvMTP/sMd2vha5hk="></latexit><latexit sha1_base64="4E7EcjBdUGFTvMTP/sMd2vha5hk="></latexit>

|✓̄| < 1.98⇥ 10�10(90%CL)
<latexit sha1_base64="9avBUxjAZRh0I9vV/w7IVB1Wh8c="></latexit><latexit sha1_base64="9avBUxjAZRh0I9vV/w7IVB1Wh8c="></latexit><latexit sha1_base64="9avBUxjAZRh0I9vV/w7IVB1Wh8c="></latexit><latexit sha1_base64="9avBUxjAZRh0I9vV/w7IVB1Wh8c="></latexit>

ḡ✓̄0 = �1.28(64) · 10�2✓̄
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Crewther et al.: 1980

dn/p(a,m⇡) = Cn/p
1 m2

⇡ + Cn/p
2 m2

⇡ ln
m2

⇡

M2
N

+ Cn/p
3 a2
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Low-energy Constant

Ottnad et al.: 2010

Mereghetti et al.: 2011



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

https://openlat1.gitlab.io
8

http://openlat1.gitlab.io


Neutron EDM & Schiff moment

PRELIMINARY

mπ = 400 MeV

t/t0 = 1.9


a = 0.065-0.12 fm

cV still missing

PRELIMINARY

PRELIMINARY
PRELIMINARY|SN | = 1.7(3)⇥ 10�4✓̄ e fm3

<latexit sha1_base64="jqK1vG9eAbPECVLVmp3do85mRjI="></latexit>

Mereghetti et al.: 2011

Excited state contamination

Finite volume effects

Pion mass dependence

Different definition of charge

Systematics

9

OpenLat



Theta-term Neutron EDM - status

10

χPT

Crewther, Di Vecchia, 

Veneziano, Witten: 1980

Acharya et al.: 2023 

(White Paper for 2023 NSAC LRP)

SymLat

Dragos, Luu, A.S., 


de Vries, Yousif: 2019

ETMC

Alexandrou, Athenodorou, 

Hadjiyiannakou, Todaro: 2021

LANL

Bhattacharya, Cirigliano, 
Gupta, Mereghetti: 2021

χQCD

Liang, Alexandru, Draper, Liu, 
B. G. Wang, Wang, Yang: 2023

1980 2019 2021 2021 2023



Quark-Chromo EDM



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>

P (x) =  (x)�5t
a (x)

<latexit sha1_base64="PeSDhsryOlyA1/BxVr8ZII+00S8="></latexit>

Power divergences need to be subtracted non-perturbatively
Maiani, Martinelli, Sachrajda: 1992

OCE(x) =  (x)�5�µ⌫Gµ⌫t
a (x)

<latexit sha1_base64="ov3jL81Xr7a8K/lwcc330NdSKqM="></latexit>

[OCE]R = ZqcEDM


OCE �

C

a2
P

�
+ · · ·

<latexit sha1_base64="RelQ527sZnvGFnJXz2hyVMNVjiI="></latexit>



� = Dµ,tDµ,t Dµ,t = �µ +Bt,µ

Gradient flow 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>

�t = h�(x, t)�(x, t)i �t,R = Z��t

No additive divergences

All fermion operators renormalize multiplicatively with same factor

�R(x, t) = Z1/2
� �(x, t)
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O(x, t) = �(x, t)�(x, t)�(x, t)
<latexit sha1_base64="78TlL4NY4SsUlcAXS4rARznfldo="></latexit>

OR = Z�O
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Lüscher: 2010, 2013 
Lüscher, Weisz: 2011 



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>
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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

Crosas, Monahan, Rizik, 


A.S., Stoffer: 2023



Quark-Chromo EDM

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

OCE(x, t) = �̄(x, t)�̃µ⌫Gµ⌫(x, t)�(x, t)
<latexit sha1_base64="EZVNph7Vucs/kdtLmLQCUuC6yVU="></latexit>

�̃HV

µ⌫ = �1

2
✏µ⌫↵��↵� �̃NDR

µ⌫ = �µ⌫�5
<latexit sha1_base64="jIRSYF7oTpn/fjtnFrXDR/vYoq4="></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

m2P (x;µ) + · · ·
<latexit sha1_base64="zk2gATrfLzClJdSRM4GkiCyWL+4="></latexit>
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[Oi(t)]R =
X

i

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

Z�n/2
�

⌦
( )n 

�
 ̄
�n ̄ (Aµ)

nA
Oi(t)

↵amp
=

<latexit sha1_base64="IGwxCjqLHuziEK53ZXIyag/jOsQ="></latexit>

cij(t)
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ZMS
jk

��1 ⌦
( )n 
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�n ̄ (Aµ)

nA
Ok

↵amp

<latexit sha1_base64="0dhdSrg4BegM/GQ8Lcr71qRS5wA="></latexit>

cij(t, µ) = �ij +
↵s(µ)

4⇡
c
(1)
ij (t, µ) +O(↵2

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



Rizik, Monahan, A.S.: 2020

Mereghetti, Monahan, Rizik, A.S., 

Stoffer : 2021cCE(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

Expand integrands of loop integrals in all scales excluding t

Analytic structure altered —> distortion of IR structure

in matching equation the IR modification drops out in the difference

Expanding loop integrals in the RHS vanish in DR —> UV and IR are identical

The LHS is UV-finite, beside the renormalization of the bare parameters and 

flowed fermion fields

The IR singularities on the LHS exactly match the UV MS counterterms
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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

�
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3-gluon CP-odd operator



3 gluon CP-odd Rizik, Monahan, A.S.: 2020

Crosas, Monahan, Rizik,

 A.S., Stoffer : 2023
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[Oi(t)]R =
X

i

cij(t, µ) [Oi(t = 0, µ)]R +O(t)
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cij(t, µ) = �ij +
↵s(µ)

4⇡
c
(1)
ij (t, µ) +O(↵2

s)
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O eG(x, t) =
1

g2
Tr[Gµ⌫G⌫�

eG�µ]
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O eG(x, t) =
X

i

Ci(t, µ)O
MS
i (x, µ) + . . .
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g20
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O eG =
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g20
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OCE = ��µ⌫Gµ⌫M�

O@G =
1

g20
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g20
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3 gluon CP-odd Rizik, Monahan, A.S.: 2020

Crosas, Monahan, Rizik,

 A.S., Stoffer : 2023

C eG = 1 +
↵sCA
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+

3↵sCA log(8⇡µ2t)
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CCE =
31i↵sCA
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C⇤✓ = 0

<latexit sha1_base64="pN1GdLO9DkzaJbr953Q0SM6dMWg="></latexit>
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Status

Theta-term nucleon EDM —> first results 


Renormalization, S/N 


Quark-chromo EDM —> renormalization


Power divergences —> PT  
                           Non-perturbative 


Logs/mixing —> 


3 gluon operator —> PT power divergences  
                           Preliminary studies for renormalization (power divergences) 
                       —> Logs/mixing  

1409.2735

1507.02343

1809.03487

1902.03254

1711.04730

1810.05637

1810.05637

1810.10301

2005.04199

2005.04199
2106.07633

2111.1149

2111.1149

2212.09824

2308.16221

https://arxiv.org/abs/2308.16221


Quark EDM —>  
simplest calculation with Lattice QCD. Precision 
3%-5%. No Disc.


Theta-term nucleon EDM —> few calculations: 2 σ 
effect


—> new result have stronger signal


3 gluon operator —> No Lattice QCD calculation, 
1-loop matching


4-fermion operators —> No Lattice QCD 
calculation, 1-loop matching

Neutron EDM from Lattice QCD
Quark-chromo EDM —>  
First result with LO renormalization 
New promising approach based on gradient flow —>  
1-loop matching, NP power divergence,  
2-loop in progress

Renormalizati
on

Continuum 
limit

Chiral 
extrapolation Finite Volume Excited 

States

θ - term

quark 
EDM

quark-
chromo

3-gluon

4-
fermion



Work in progress

Improve determination of nEDM from theta-term 


Matching coefficients of qCEDM at 2-loops


Non-perturbative determination of power divergences with SWF 


Calculation of the qCEDM in a nucleon 


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

Kim, Luu, Pederiva, 

Rizik, A.S.

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

OpenLat

Borgulat, Harlander, Rizik, A.S.
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Near term goals

Several calculations of the theta EDM. ChiPT is consistent with our results 


Calculate theta-term contribution to the nucleon EDM with GF and improved S-to-N ratios. 
O(20%) for theta-term in the next 2-3 years 


Extension to 2-loops the calculation of the matching factors


Non-perturbative renormalization and first calculations of qCEDM  and 3 gluon operator 
matrix elements. Use of the gradient flow is critical.

Lattice QCD is moving towards a determination of nucleon EDM

Stay tuned
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Quark-Chromo EDM: power divergences
Kim, Luu, Rizik, A.S.:2020

26

RP(x4; t) = t
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The role of lattice QCD
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Hadronic matrix element topological charge

Hadronic matrix element CP odd operators 
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Shintani et al.: 2005

Berruto, Blum, Orginos, Soni 2006


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

Guo, Meißner, et al. : 2010-


Liang, Draper, Liu, Yang

Alexandrou et al. (ETMC): 2015-2020


Abramczyk et al. : 2017-

Dragos, Kim, Luu, Monahan, Rizik, 

A.S., de Vries, Yousif: 2015-2021

Yoon, Bhattacharya, Cirigliano, 

Gupta, Mereghetti: 2015-2021
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theta

qEDM

qCEDM

Weinberg

?

de Vries et al.: 2021

Alarcon et al.: 2022 
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dn = � (1.5± 0.7) · 10�3✓e fm

� (0.2± 0.01)du + (0.78± 0.03)dd + (0.0027± 0.016)ds

� (0.55± 0.28)ed̃u � (1.1± 0.55)ed̃d + (50± 40)MeVed̃G
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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)
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Lüscher: 2010, 2013 
Lüscher, Weisz: 2011 
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New physics scale
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The discovery potential in EDM searches can be 
roughly quantified by the reach in mass scale, 
assuming maximal CP violation. 


In all cases we see that the mass reach is very 
high – EDMs are exploring uncharted territory. 


if we insist that the scale of new physics is close to 
the electroweak scale, EDMs probe very small CP-
violating couplings, still providing invaluable 
information for model building and understanding 
the nature of CP symmetry and its breaking. 

Alarcon et al.: 2022

Snowmass Summer Study Report



ChPT-inspired fit
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Data naturally favor the ChiPT-inspired pion mass dependence ==> log dominance

Dragos, Luu, A.S., 

de Vries, Yousif: 

2019



CP-odd form factor
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Matter antimatter asymmetry

PDG 2021

PLANCK
Fields, Olive, Yeh, Young: 2020
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EDM from θ-term
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Shintani et al.: 2005

Berruto, Blum, Orginos, Soni: 2005
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Problem: definition of Q on the lattice



Topological charge on the lattice

q(x) =
1

32⇡2
✏µ⌫⇢�tr {Gµ⌫(x)G⇢�(x)}
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Discretize

Continuity in space is lost

On the lattice it has no topological significance

Lüscher: 1982

Phillips, Stones: 1986

Geometrical definition: 

extend the lattice gauge field to a continuous one


Field between lattice points -> judicious interpolation

Smooth gauge fields (bound on field tensor) 

Fermionic definition:

Anomalous Ward Identity

Smit: 1980

@µAµ = 2mP + 2iNfqL
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Atiyah, Singer: 1971

P. Hasenfratz: 1998

P. Hasenfratz, Laliena, Niedermeyer: 1998

@µAµ = 2mP + extra terms
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q(x, tf ) =
1

32⇡2
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A.S., de Vries, Luu: 2014, 2015
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Topological charge
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<latexit sha1_base64="79Ama8ncqTVZjcFQ5yzbwt+7Rh8="></latexit>



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)



Sample calculation: quark propagator
Lüscher: 2013

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



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
q(x)

Dragos, Luu, A.S., 

de Vries, Yousif: 2019

PACS-CS: 2009



Signal-to-noise improvement
Is there a space-time region dominated by noise that can be neglected 

in the 4-d integration?

 = q(t)

N

N

Dragos, Luu, A.S., 

de Vries, Yousif: 2019

Jµ
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4+1 Local field theory
S = SG + SG,fl + SF,QCD + SF,fl

SF,fl =
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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 



Rizik, Monahan, A.S.: 2020
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EDM from the Standard Model

No EDMs at 1-loop


At 2-loops individual diagrams are non-zero, but the sum vanishes 


Quark EDM are induced at 3-loops


Electron EDM are induced at 4-loops

Electron EDM can be larger due to hadronic loops

EDM of not elementary particles can be larger

(dn)SM=(1�6)⇥10�32e cm
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