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Baryon net asymmetry ==>

Baryon number violation


C and CP violation


Interactions out of thermal equilibrium

Matter antimatter asymmetry

X �! Y +B

�(X �! Y +B) = �(X �! Y +B)

�(X �! qLqL) + �(X �! qRqR) = �(X �! qRqR) + �(X �! qLqL)

⌘SM ⇠ 10�26
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Gavela, Hernandez, Orloff, Pene: 1994
Huet, Sather: 1995

New source of CP violation

Sakharov: 1967
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nB = nb � nb
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Concordance range

(matter) - (antimatter)

relic photons
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⌦bh
2 = 0.02230± 0.00021 ) ⌘ = (6.104± 0.058)⇥ 10�10
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PLANCK
Fields, Olive, Yeh, Young: 2020



Neutron EDM

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

Abel et al.: 2020

PSI

Control over systematics (factor 5)

B non-uniformity

Alarcon et al.: 2022

Snowmass Summer Study Report

⌫ = �2(µ ·B + d · E)/h
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�dn ⇠ ~
2↵ETfp

p
N
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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



EDM experiments in the world

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

Abel et al.: 2020

PSI

|d199Hg| < 7.4⇥ 10�30 e cm (95% C.L.)
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Griffith et al.: 2009

Graner et al.: 2017

|d225Ra| < 1.4⇥ 10�23 e cm (95% C.L.)
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|d199Hg| . 5⇥ 10�31 e cm (5⇥ 10�32 e cm)
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ANL

Bonn

|dn| . 1� 3⇥ 10�27 e cm (2⇥ 10�28 e cm)
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CP-violating sources

LQCD+✓ =
1

4
Ga

µ⌫G
a
µ⌫ +

X

f=u,d,s,...

 f (x)
�
�µ

⇥
@µ + gAa

µT
a
⇤
+mf

 
 f (x)� i✓̄q(x)
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Weinberg: 1989
OqEDM =

X

f=u,d,s,...

 f (x)�5�µ⌫ f (x)Fµ⌫
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q(x) =
1

32⇡2
✏µ⌫⇢�tr {Gµ⌫(x)G⇢�(x)}
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Full list of dimension 5 and 6 operators is known
Buchmuller, Wyler: 1986

de Rujula et al.: 1991


Grzadkowski et al: 2010
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OCE =
X

f=u,d,s,...

 f (x)�5�µ⌫G
a
µ⌫T

a f (x)
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OgE(x) =
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b
⌫⇢(x)G

c
��(x)✏µ⌫��
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4-fermion operators



The role of lattice QCD

M✓
N
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M (i)
N
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Hadronic matrix element topological charge

Hadronic matrix element CP odd operators 

The role of LQCD is to provide 

the renormalized matrix elements

Only in this way it is possible to 
interpret experimental results and 
disentangle all CP violating sources

dN = M✓
N✓̄ +

⇣ v

⇤

⌘2 X

i

M (i)
N

edi
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hN |JµO��CP |Ni ! d E · S
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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

theta

qEDM

qCEDM

Weinberg

?
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The role of lattice QCD

dN = M✓
N✓̄ +

⇣ v

⇤

⌘2 X

i

M (i)
N

edi
<latexit sha1_base64="2aUJVqnMhZGtb9+FBydnGbUwK0k="></latexit>

Alarcon et al.: 2022

Snowmass Summer Study Report

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>

Need a portfolio of EDM experiments. Single 
EDM experiment not sufficient even if the LEC 
are correlated in a given model


Even if only 1 CPV source is active at hadronic 
scales the large uncertainties dilute the nominal 
constraining and diagnosing power of EDM 
searches (excluding the quark EDM) 


To avoid cancellation at hadronic scales (dilution) 
need precision on matrix elements of 10-25 %

Chien et al.: 2015

7

de Vries et al.: 2021

Alarcon et al.: 2022


Snowmass Summer Study Report



Challenges
Continuum limit a —> 0. Renormalization. Power 
divergences. Cost 


Gradient Flow ==> more applications


Signal-to-noise 


Gradient Flow + noise reduction


Computationally challenging ==> Noise 
increases exponentially, and in some cases 
signal vanishes in the chiral limit

Gluontime

⇠ 1

a6
<latexit sha1_base64="PTrRZrtUwjVhOZza1Tb265gNhLs=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgqiS1sXZXdOOygn1AE8tkOmmHziRhZiKWkF9x40IRt/6IO//GaRtBRQ9cOJxzL/fe48eMSmVZH0ZhZXVtfaO4Wdra3tndM/fLXRklApMOjlgk+j6ShNGQdBRVjPRjQRD3Gen508u537sjQtIovFGzmHgcjUMaUIyUloZm2ZWUQzcQCKd2lqLbs2xoVqxq06k7TgMuSa2Zk7oD7aq1QAXkaA/Nd3cU4YSTUGGGpBzYVqy8FAlFMSNZyU0kiRGeojEZaBoiTqSXLm7P4LFWRjCIhK5QwYX6fSJFXMoZ93UnR2oif3tz8S9vkKjg3EtpGCeKhHi5KEgYVBGcBwFHVBCs2EwThAXVt0I8QToHpeMq6RC+PoX/k26tap9Wa9f1Susij6MIDsEROAE2aIAWuAJt0AEY3IMH8ASejcx4NF6M12VrwchnDsAPGG+fQouUmw==</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
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Collaborators: 

J. DeVries


J. Kim

T. Luu


E. Mereghetti

C. Monahan

G. Pederiva

M. Rizik

P.Stoffer

J. Dragos

H. M. Vege

T. Luu
(FZJ)(FZJ)

J. Kim

J. De Vries
E. Mereghetti

(NIKHEF)
(LANL)

(W&M - JLAB)
(U. Zurich - PSI)

C. Monahan
P. Stoffer

G. Pederiva M. Rizik
(MSU) (MSU)



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


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


Quark-chromo EDM —> No Lattice QCD calculation, but now new promising 
approach —> first results on renormalization


3 gluon operator —> No Lattice QCD calculation, but now new promising 
approach

Lattice QCD Status
Gupta et al.: 2018

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

A.S.: 2020


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

Mereghetti, Monahan, Rizik, A.S., Stoffer: 2021

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

A.S.: 2020


Mereghetti, Monahan, Rizik, A.S., Stoffer
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Dragos, Luu, A.S., 

de Vries, Yousif: 2019

Yoon, Bhattacharya, Cirigliano, 

Gupta, Mereghetti: 2021

Alexandrou et al. 

(ETMC): 2021

A.S: 2021



Theta-term



EDM from θ-term

|dN | = F3(0)/2MN

⌦
N✓(p0, s0)|Jem

µ |N✓(p, s)
↵
= uN (p0, s0)�✓̄

µ(q
2)uN (p, s)
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�✓̄
µ(q

2) = h(✓̄2)


F1(q

2)�µ +
i

2MN
F2(q

2)�µ⌫q⌫

�

+ i✓̄g(✓̄2)
1

2MN
F3(q

2)�µ⌫�5q⌫
<latexit sha1_base64="bJT5x/suVMTibEgkxz5ohmc/njA="></latexit><latexit sha1_base64="bJT5x/suVMTibEgkxz5ohmc/njA="></latexit><latexit sha1_base64="bJT5x/suVMTibEgkxz5ohmc/njA="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="GYv13E48YWNnsmSMzoup4vNUq6M="></latexit><latexit sha1_base64="MIE2OZux9gjNab0wjEWE6ouWUiQ="></latexit><latexit sha1_base64="9b0rlTFt/m1rvQ0CI3g5WSH6BZg="></latexit><latexit sha1_base64="bJT5x/suVMTibEgkxz5ohmc/njA="></latexit><latexit sha1_base64="bJT5x/suVMTibEgkxz5ohmc/njA="></latexit><latexit sha1_base64="bJT5x/suVMTibEgkxz5ohmc/njA="></latexit><latexit sha1_base64="bJT5x/suVMTibEgkxz5ohmc/njA="></latexit><latexit sha1_base64="bJT5x/suVMTibEgkxz5ohmc/njA="></latexit><latexit sha1_base64="bJT5x/suVMTibEgkxz5ohmc/njA="></latexit>

Abramczyk et al. : 2019
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G✓
NJµN = hN(y0, p2)J

µ
em(x0, q)N

†(0, p
1
)i✓

Q =

Z
d4x q(x)

e�S ' e�SQCD [1 + i✓Q]

Shintani et al.: 2005

Berruto, Blum, Orginos, Soni: 2005 hOi✓̄ ' hOi✓̄=0 + i✓̄ hO Qi✓̄=0 +O(✓̄2)

<latexit sha1_base64="jGqEkn50Ab9TDl9I8HWbnRi4SgM="></latexit><latexit sha1_base64="jGqEkn50Ab9TDl9I8HWbnRi4SgM="></latexit><latexit sha1_base64="jGqEkn50Ab9TDl9I8HWbnRi4SgM="></latexit><latexit sha1_base64="jGqEkn50Ab9TDl9I8HWbnRi4SgM="></latexit>

Problem: definition of Q on the lattice —> gradient flow or count zero modes (chiral symmetry)



Ab-initio determination of ḡ✓0

Dragos, Luu, A.S., 

de Vries, Yousif: 

2019

A.S: 2021 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✓̄
<latexit sha1_base64="FiPdp8XKErgcrSpteXr/xRvUkZo="></latexit><latexit sha1_base64="FiPdp8XKErgcrSpteXr/xRvUkZo="></latexit><latexit sha1_base64="FiPdp8XKErgcrSpteXr/xRvUkZo="></latexit><latexit sha1_base64="FiPdp8XKErgcrSpteXr/xRvUkZo="></latexit>

Crewther et al.: 1980

dn/p(a,m⇡) = Cn/p
1 m2

⇡ + Cn/p
2 m2

⇡ ln
m2

⇡

M2
N

+ Cn/p
3 a2

<latexit sha1_base64="0TT36Dwp76DwyK2d3b281m6+og0="></latexit><latexit sha1_base64="0TT36Dwp76DwyK2d3b281m6+og0="></latexit><latexit sha1_base64="0TT36Dwp76DwyK2d3b281m6+og0="></latexit><latexit sha1_base64="0TT36Dwp76DwyK2d3b281m6+og0="></latexit>

Neutron EDM

Ottnad et al.: 2010

Mereghetti et al.: 2011
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Future with Open Science
OpenLat: open science initiative. Gauges with SWF open to the 
whole community 

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

Zafeiropoulos 

PRACE

Neutron EDM with Stabilized 
Wilson Fermions: 

the theta term


78.5 M core-h CPU (Irène 
Joliot Curie)


134 M core-h GPU (Piz Daint)

https://openlat1.gitlab.io
14

http://openlat1.gitlab.io


Neutron EDM & Schiff momentFrancis, Kim, Luu, 
Pederiva, A.S., 
Zafeiropoulos

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
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Excited state contamination

Finite volume effects

Pion mass dependence

Different definition of charge

Systematics



Neutron EDM

16

PRELIMINARY dn = 0.00159(19)✓̄ e fm
<latexit sha1_base64="h3lJykmO01l7lVtoU8+JWAWIKAI="></latexit>

Excited state contamination

t/a = 6, 7, 8


Sampling topological sectors

Finite volume and cutoff effects

Systematics

16

Overlap fermions

a = 0.114 fm

Charge defined with zero modes

Partially quenched points


Unitary points: mπ = 340, 430, 570 MeV

Liang, Draper, Liu, Yang: in progress



Neutron EDM 

Bhattacharya et al. : 2021, and in progress

PRELIMINARY

First results with a new discretization

Long autocorrelation time

Emphasis in excited states contamination


Disentangling contributions from excited states

17
Mereghetti



CP-violation strong interactions
Ai, Cruz, Garbrecht, Tamarit: 2021

18

Needs to be resolved —>

More precise LQCD calculations

Reanalysis in χPT



Quark-Chromo EDM



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>

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

OCE(x) =
X

f=u,d,s,...

 f (x)�5�µ⌫G
a
µ⌫T

a f (x)

<latexit sha1_base64="vIBsZ6UxzJ1ryQCoy/dQSQl9aSI="></latexit>

P (x) =
X

f=u,d,s,...

 f (x)�5 f (x)

<latexit sha1_base64="ilFFMLhBbp1Difn3PbkkIsf3U9E="></latexit>

[OCE]R = ZCE


OCE �

C

a2
P

�
+ · · ·

<latexit sha1_base64="vRVpkelBCcjhpLCUdsEerdRKoR4="></latexit>
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Quark-Chromo EDM



� = 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>
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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>
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K(x, t) =
e�

x2

4t

(4⇡t)2
<latexit sha1_base64="a2k+QJu2n6vnZLsZkPrL/4wGuB4="></latexit>



Calculation of matrix elements with flowed fields 

Easy renormalization (no power divergences) 


Calculation of Wilson coefficients

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


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



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)
�
ZMS
jk

��1 ⌦
( )n 

�
 ̄
�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 : 2021
cP (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>

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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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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�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 at 1-loop

27

Method is general and can be used for other matrix elements: CP-odd kaon 
decays, higher moments of PDFs, B-mesons decay rates,…



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

Coefficient linear divergence

⇥
RP (x4; t)

⇤
R

t
<latexit sha1_base64="hHkUijJV0jI13hhsL5f7bQsUB6I="></latexit>

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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Lattice QCD results
Bhattacharya et al. : in progress

PRELIMINARY

PRELIMINARY
29

Bare form factor —> no renormalization 

3g operator defined with gradient flow

Mixing calculable non-pert (1/t) and pert (log(t))

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

Rizik, Monahan, A.S.: 2020


Mereghetti, Monahan, Rizik, A.S., 
Stoffer : 2021

Bare form factor —> power divergence subtracted

qCEDM defined in standard manner

Results have better signal  
than theta-term at mπ = 300 MeV



Work in progress
Improve determination of nEDM from theta-term 


Matching coefficients of the CP-violating  
3-gluon (d=6 op.) and 4-fermion operators at 1-loop 


Matching coefficients of qCEDM at 2-loops


Non-perturbative determination of power divergences with SWF 


Calculation of the qCEDM in a nucleon 


Non-perturbative renormalization scheme with GF


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

Mereghetti, Monahan, Rizik, 

A.S., Stoffer

Kim, Luu, Pederiva, 

Rizik, A.S.

Hasenfratz A., Monahan, Rizik, 

A.S., Witzel

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

Francis, Kim, Luu, Pederiva, 

A.S., Zafeiropoulos

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(10-20%) for theta-term in the next 2-3 years ==>  
next level of computer time proposals


Non-perturbative renormalization and exploratory calculations of qCEDM matrix elements. 
Use of the gradient flow is critical.


PT for the 3-gluon operator and explore matrix elements


Determine in PT the flow-time dependence of other higher dimensional operators 

Lattice QCD is moving towards a determination of nucleon EDM

Stay tuned
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Neutron EDM Workshop

Philipp Schmidt-Wellenburg, Peter 
Fierlinger, Takeyasu Ito, Florian Piegsa, 
Kent Leung,…


Ulf Meißner, Michael Ramsey-Musolf, 
Emanuele Mereghetti, Laura Covi,…


Costantia Alexandrou, Andre Walker-
Loud, Keh-Fei Liu, Boram Yoon,…

list of speakers

Organizers: A. Athenodorou, A.S., M.P. Lombardo

https://www.ectstar.eu/workshops/
neutron-electric-dipole-moment-from-

theory-to-experiment/
32

https://www.ectstar.eu/workshops/neutron-electric-dipole-moment-from-theory-to-experiment/
https://www.ectstar.eu/workshops/neutron-electric-dipole-moment-from-theory-to-experiment/
https://www.ectstar.eu/workshops/neutron-electric-dipole-moment-from-theory-to-experiment/


Thank you!
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Backup Slides
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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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Nakamura, Schierholz 2106.11369

Players in the arena

E(t) =
1

2
Tr [Gµ⌫(x, t)Gµ⌫(x, t)]

<latexit sha1_base64="e8QDMIOgvknz5eR0/CDUA5jtnug="></latexit>

g2GF (t) =
16⇡2

3
t2 hE(t)i

<latexit sha1_base64="GsGKRYyQgLdj2bH1hwF4evT9ncs="></latexit>

Lüscher:2010

p
8t

<latexit sha1_base64="7OZVQnuFxaztl2a92/wsIfQ9XZc=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgadnNw2xuQS8eIxgTSZYwO5lNhsw+nOkVwpKv8OJBEa9+jjf/xtkkgooWNBRV3XR3ebHgCizrw8itrK6tb+Q3C1vbO7t7xf2DGxUlkrI2jUQkux5RTPCQtYGDYN1YMhJ4gnW8yUXmd+6ZVDwKr2EaMzcgo5D7nBLQ0m1f3UlIHZgNiiXLbDTs2lkZa+JUatVqRhr1mmNj27TmKKElWoPie38Y0SRgIVBBlOrZVgxuSiRwKtis0E8UiwmdkBHraRqSgCk3nR88wydaGWI/krpCwHP1+0RKAqWmgac7AwJj9dvLxL+8XgK+46Y8jBNgIV0s8hOBIcLZ93jIJaMgppoQKrm+FdMxkYSCzqigQ/j6FP9PbsqmXTHLV9VS83wZRx4doWN0imxUR010iVqojSgK0AN6Qs+GNB6NF+N10ZozljOH6AeMt0+9G5EK</latexit>

L324 ) L

2
= 16a )

p
8t < 16a ) t

a2
< 32

<latexit sha1_base64="ma0G1JaVofdGdalkJppGyQEYck4="></latexit>

164 ) L

2
= 8a )

p
8t < 8a ) t

a2
< 8

<latexit sha1_base64="FTtohTahV8SQ5N9VqdCI3zB4esk="></latexit> 36
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↵GF (t) / t
<latexit sha1_base64="UUQFPjidUJkM0orRMA8pZgEj2xc=">AAACAXicdVDLSgMxFM3UV62vqhvBTbAIdVNm+rDtriioywr2AW0pmTRtQzMzIbkjlKFu/BU3LhRx61+4829MH4KKHggczrmXm3NcKbgG2/6wYkvLK6tr8fXExubW9k5yd6+ug1BRVqOBCFTTJZoJ7rMacBCsKRUjnitYwx2dT/3GLVOaB/4NjCXreGTg8z6nBIzUTR60iZBD0o0uLyZpOMFtqQIJAYZuMmVnymWncJrFhpRyhXx+SsrFQsnBTsaeIYUWqHaT7+1eQEOP+UAF0brl2BI6EVHAqWCTRDvUTBI6IgPWMtQnHtOdaJZggo+N0sP9QJnnA56p3zci4mk99lwz6REY6t/eVPzLa4XQL3Ui7ssQmE/nh/qhwNOIpg7c44pREGNDCFXc/BXTIVGEgiktYUr4Sor/J/Vsxsllstf5VOVsUUccHaIjlEYOKqIKukJVVEMU3aEH9ISerXvr0XqxXuejMWuxs49+wHr7BDuAlsY=</latexit> ? µ2 =

1

8t
<latexit sha1_base64="DtWQvwEmBZqhtMnmejeCHC4yqrE=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiR92HYhFN24rGBboYllMp20Q2eSMDMRQqi/4saFIm79EHf+jdOHoKIHLhzOuZd77/FjRqWy7Q8jt7K6tr6R3yxsbe/s7pn7B10ZJQKTDo5YJG58JAmjIekoqhi5iQVB3Gek508uZn7vjghJo/BapTHxOBqFNKAYKS0NzKLLk9vyGXQDgXDmTLOGmg7Mkm01m07ttAw1aVRq1eqMNOu1hgMdy56jBJZoD8x3dxjhhJNQYYak7Dt2rLwMCUUxI9OCm0gSIzxBI9LXNEScSC+bHz+Fx1oZwiASukIF5+r3iQxxKVPu606O1Fj+9mbiX14/UUHDy2gYJ4qEeLEoSBhUEZwlAYdUEKxYqgnCgupbIR4jHYPSeRV0CF+fwv9Jt2w5Fat8VS21zpdx5MEhOAInwAF10AKXoA06AIMUPIAn8GzcG4/Gi/G6aM0Zy5ki+AHj7ROZ0JTF</latexit>

↵GF (µ) /
1

µ2
<latexit sha1_base64="G+aZCU3/wSJCLxsZgxgmS2TnKhg="></latexit>

�GF =
@↵GF (µ)

@logµ
) �GF = �2↵GF

<latexit sha1_base64="OL/r2n2OSElCenMh7pBaj83ZnYo="></latexit>

µ ⌧ 1 GeV
<latexit sha1_base64="EzuCan9i4w8JktHDEhNG9Xoxt48=">AAAB/3icdVDLSgNBEJz1bXxFBS9eBoPgKezGRJOb6EGPEUwUsiHMTjo6ZGZ3mekVwxrBX/HiQRGv/oY3/8bJQ1DRgoaiqpvuriCWwqDrfjgTk1PTM7Nz85mFxaXllezqWt1EieZQ45GM9EXADEgRQg0FSriINTAVSDgPukcD//watBFReIa9GJqKXYaiIzhDK7WyG75KqC8l9e58hBvUKj2Ger+Vzbn5SsUr7RWoJeXdUrE4IJX9UtmjXt4dIkfGqLay73474omCELlkxjQ8N8ZmyjQKLqGf8RMDMeNddgkNS0OmwDTT4f19um2VNu1E2laIdKh+n0iZMqanAtupGF6Z395A/MtrJNgpN1MRxglCyEeLOomkGNFBGLQtNHCUPUsY18LeSvkV04yjjSxjQ/j6lP5P6oW8t5svnBZzB4fjOObIJtkiO8Qj++SAnJAqqRFObskDeSLPzr3z6Lw4r6PWCWc8s05+wHn7BEfwlk4=</latexit>

1 GeV
100 MeV

p
8t = 16a

<latexit sha1_base64="39NrbpYEQlNBiDv9B9E9Rw+vZDY=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgaZjJnoMQ9OIxglkgGUJPp5M06VnsrhHDkF/x4kERr/6IN//GziKo6IOCx3tVVNXzIsEV2PaHkVpb39jcSm9ndnb39g/Mw2xLhbGkrElDEcqORxQTPGBN4CBYJ5KM+J5gbW9yOffbd0wqHgY3MI2Y65NRwIecEtBS38zinrqVkFRhhs+xU8YE982cbdVqTqmcx5pUC6VicU5qlVLVwY5lL5BDKzT65ntvENLYZwFQQZTqOnYEbkIkcCrYLNOLFYsInZAR62oaEJ8pN1ncPsOnWhngYSh1BYAX6veJhPhKTX1Pd/oExuq3Nxf/8roxDKtuwoMoBhbQ5aJhLDCEeB4EHnDJKIipJoRKrm/FdEwkoaDjyugQvj7F/5NW3nIKVv66mKtfrOJIo2N0gs6Qgyqojq5QAzURRffoAT2hZ2NmPBovxuuyNWWsZo7QDxhvnyXNkzo=</latexit>
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?

⇤GF

µ
= exp

⇢
�
Z ↵GF

1
d↵

1

�(↵)

�
) ↵GF =

⇤2
GF

µ2
<latexit sha1_base64="GQWVwTxOidM/po0+pkVrpuvwFGI="></latexit>

Incorrect ?

@↵

@ logµ
= �2↵ ) ↵0µ

2
0 = ↵µ2 = constant

<latexit sha1_base64="HtMoGf9JUhKZdTQZOAgPCCgS3sQ="></latexit>

Is it the same Λ parameter ?

From now on only the vector scheme. Why?
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Nakamura, Schierholz 2106.11369

N=5000 configurations K /
⌦
Q4

↵
c

hQ2ic
< 0

<latexit sha1_base64="RiPNYunyabK6ko63R9flw7FemJc="></latexit>
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Nakamura, Schierholz 2106.11369
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Nakamura, Schierholz 2106.11369

Smoothing kills confinement properties

Analysis at large t —> FVE


Medium-Large Q small statistics

Mixing NP with Perturbative regime

Why the need to change scheme


Negative Kurtosis, but Gaussian P(Q)

Only 1 coarse lattice spacing quenched

==> strong conclusion needs to be supported by a more robust calculations 
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Topological charge on the lattice

q(x) =
1

32⇡2
✏µ⌫⇢�tr {Gµ⌫(x)G⇢�(x)}

<latexit sha1_base64="Qv0gEhWQzreetZBTBwoTLtdjm90="></latexit><latexit sha1_base64="Qv0gEhWQzreetZBTBwoTLtdjm90="></latexit><latexit sha1_base64="Qv0gEhWQzreetZBTBwoTLtdjm90="></latexit><latexit sha1_base64="Qv0gEhWQzreetZBTBwoTLtdjm90="></latexit>

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
<latexit sha1_base64="nripVbZ/SAXgmUJeIxu5beT2w/I="></latexit>

QL / m
X

x

Tr (�5S)
<latexit sha1_base64="kyLpmwRyzVlA/fzUR1pPW0j2ydQ="></latexit>

Q = n+ � n�
<latexit sha1_base64="EZVoFhUviHa8yRoSpfUWH9hOUBs=">AAAB9HicdVDLSgMxFM3UV62vqks3wSII0mGmD9suhKIbly3YB7RDyaSZNjSTGZNMoQz9DjcuFHHrx7jzb8y0FVT0wL0czrmX3Bw3ZFQqy/owUmvrG5tb6e3Mzu7e/kH28Kgtg0hg0sIBC0TXRZIwyklLUcVINxQE+S4jHXdyk/idKRGSBvxOzULi+GjEqUcxUlpymvAK8sEFzOueH2Rzllmr2eXLAtSkWiyXSgmpVcpVG9qmtUAOrNAYZN/7wwBHPuEKMyRlz7ZC5cRIKIoZmWf6kSQhwhM0Ij1NOfKJdOLF0XN4ppUh9AKhiyu4UL9vxMiXcua7etJHaix/e4n4l9eLlFd1YsrDSBGOlw95EYMqgEkCcEgFwYrNNEFYUH0rxGMkEFY6p4wO4eun8H/SLph20Sw0S7n69SqONDgBp+Ac2KAC6uAWNEALYHAPHsATeDamxqPxYrwuR1PGaucY/IDx9glmoZCV</latexit>

Atiyah, Singer: 1971

P. Hasenfratz: 1998

P. Hasenfratz, Laliena, Niedermeyer: 1998

@µAµ = 2mP + extra terms
<latexit sha1_base64="zZFp7s1HZ80Fa1mVr98mx6kFCNc="></latexit>
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ChPT-inspired fit

dn/p(m⇡) = Cn/p
1 m2

⇡ + Cn/p
2 m2

⇡ ln
m2

⇡

M2
N

<latexit sha1_base64="0vsKPZXBuGZqud2dp12P2cAiZ/o="></latexit><latexit sha1_base64="0vsKPZXBuGZqud2dp12P2cAiZ/o="></latexit><latexit sha1_base64="0vsKPZXBuGZqud2dp12P2cAiZ/o="></latexit><latexit sha1_base64="0vsKPZXBuGZqud2dp12P2cAiZ/o="></latexit>

dn/p(m⇡) = Cn/p
1 m2

⇡ + Cn/p
2 m4

⇡
<latexit sha1_base64="7v2PnzcTY/Jp0BQLkdL6eqqe6rY="></latexit><latexit sha1_base64="7v2PnzcTY/Jp0BQLkdL6eqqe6rY="></latexit><latexit sha1_base64="7v2PnzcTY/Jp0BQLkdL6eqqe6rY="></latexit><latexit sha1_base64="7v2PnzcTY/Jp0BQLkdL6eqqe6rY="></latexit>

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

Dragos, Luu, A.S., 

de Vries, Yousif: 

2019
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Topological charge

Polyakov: 1987 

 Lüscher: 2010

Giusti: 2015

q(x, tf ) =
1

32⇡2
✏µ⌫⇢�tr {Gµ⌫(x, tf )G⇢�(x, tf )}

<latexit sha1_base64="9ka3t0HqZEUpJvaVVhuM48XfiRA="></latexit><latexit sha1_base64="9ka3t0HqZEUpJvaVVhuM48XfiRA="></latexit><latexit sha1_base64="9ka3t0HqZEUpJvaVVhuM48XfiRA="></latexit><latexit sha1_base64="9ka3t0HqZEUpJvaVVhuM48XfiRA="></latexit>

Q(tf ) =

Z
d4x q(x, tf )

<latexit sha1_base64="Efpt7sQzGcGx+hrHybxeOeobM+E="></latexit><latexit sha1_base64="Efpt7sQzGcGx+hrHybxeOeobM+E="></latexit><latexit sha1_base64="Efpt7sQzGcGx+hrHybxeOeobM+E="></latexit><latexit sha1_base64="Efpt7sQzGcGx+hrHybxeOeobM+E="></latexit>

@tf q(x, tf ) = @µwµ(x, tf ) wµ(x, tf ) =
1

8⇡2
✏µ⌫⇢�tr [G⌫⇢(x, tf )D↵(tf )G↵�(x, tf )]

<latexit sha1_base64="AMaApl/Ak9QdgweBmeS0nnT0iig="></latexit><latexit sha1_base64="AMaApl/Ak9QdgweBmeS0nnT0iig="></latexit><latexit sha1_base64="AMaApl/Ak9QdgweBmeS0nnT0iig="></latexit><latexit sha1_base64="AMaApl/Ak9QdgweBmeS0nnT0iig="></latexit>

@tfQ(tf ) = 0
<latexit sha1_base64="hcBKtMg8yp5P2dSDIN3285hZBDo=">AAACGHicdVDLSgMxFM34rPVVdSVugkWom2GmVqwLoejGZQv2AW0ZMmmmDc08SO4IZSj+h3u3+gvuxK07/8DPMNMHaNEDIYdz7oN73EhwBZb1aSwtr6yurWc2sptb2zu7ub39hgpjSVmdhiKULZcoJnjA6sBBsFYkGfFdwZru8Cb1m/dMKh4GdzCKWNcn/YB7nBLQkpM77EREAifCScDxxrhW0N8pvsKWk8tb5mXZLpbKeErsOTk7x7ZpTZBHM1Sd3FenF9LYZwFQQZRq21YE3SQdTwUbZzuxYhGhQ9JnbU0D4jPVTSYnjPGJVnrYC6V+AeCJ+rMjIb5SI9/VlT6BgVr0UvFPT4EmkomF/eCVuwkPohhYQKfrvVhgCHGaEu5xySiIkSaESq4vwHRAJKGgs8zqaOb34/9Jo2jalmnXSvnK9SykDDpCx6iAbHSBKugWVVEdUfSAntAzejEejVfjzXifli4Zs54D9AvGxzdmoJ/T</latexit><latexit sha1_base64="hcBKtMg8yp5P2dSDIN3285hZBDo=">AAACGHicdVDLSgMxFM34rPVVdSVugkWom2GmVqwLoejGZQv2AW0ZMmmmDc08SO4IZSj+h3u3+gvuxK07/8DPMNMHaNEDIYdz7oN73EhwBZb1aSwtr6yurWc2sptb2zu7ub39hgpjSVmdhiKULZcoJnjA6sBBsFYkGfFdwZru8Cb1m/dMKh4GdzCKWNcn/YB7nBLQkpM77EREAifCScDxxrhW0N8pvsKWk8tb5mXZLpbKeErsOTk7x7ZpTZBHM1Sd3FenF9LYZwFQQZRq21YE3SQdTwUbZzuxYhGhQ9JnbU0D4jPVTSYnjPGJVnrYC6V+AeCJ+rMjIb5SI9/VlT6BgVr0UvFPT4EmkomF/eCVuwkPohhYQKfrvVhgCHGaEu5xySiIkSaESq4vwHRAJKGgs8zqaOb34/9Jo2jalmnXSvnK9SykDDpCx6iAbHSBKugWVVEdUfSAntAzejEejVfjzXifli4Zs54D9AvGxzdmoJ/T</latexit><latexit sha1_base64="hcBKtMg8yp5P2dSDIN3285hZBDo=">AAACGHicdVDLSgMxFM34rPVVdSVugkWom2GmVqwLoejGZQv2AW0ZMmmmDc08SO4IZSj+h3u3+gvuxK07/8DPMNMHaNEDIYdz7oN73EhwBZb1aSwtr6yurWc2sptb2zu7ub39hgpjSVmdhiKULZcoJnjA6sBBsFYkGfFdwZru8Cb1m/dMKh4GdzCKWNcn/YB7nBLQkpM77EREAifCScDxxrhW0N8pvsKWk8tb5mXZLpbKeErsOTk7x7ZpTZBHM1Sd3FenF9LYZwFQQZRq21YE3SQdTwUbZzuxYhGhQ9JnbU0D4jPVTSYnjPGJVnrYC6V+AeCJ+rMjIb5SI9/VlT6BgVr0UvFPT4EmkomF/eCVuwkPohhYQKfrvVhgCHGaEu5xySiIkSaESq4vwHRAJKGgs8zqaOb34/9Jo2jalmnXSvnK9SykDDpCx6iAbHSBKugWVVEdUfSAntAzejEejVfjzXifli4Zs54D9AvGxzdmoJ/T</latexit><latexit sha1_base64="hcBKtMg8yp5P2dSDIN3285hZBDo=">AAACGHicdVDLSgMxFM34rPVVdSVugkWom2GmVqwLoejGZQv2AW0ZMmmmDc08SO4IZSj+h3u3+gvuxK07/8DPMNMHaNEDIYdz7oN73EhwBZb1aSwtr6yurWc2sptb2zu7ub39hgpjSVmdhiKULZcoJnjA6sBBsFYkGfFdwZru8Cb1m/dMKh4GdzCKWNcn/YB7nBLQkpM77EREAifCScDxxrhW0N8pvsKWk8tb5mXZLpbKeErsOTk7x7ZpTZBHM1Sd3FenF9LYZwFQQZRq21YE3SQdTwUbZzuxYhGhQ9JnbU0D4jPVTSYnjPGJVnrYC6V+AeCJ+rMjIb5SI9/VlT6BgVr0UvFPT4EmkomF/eCVuwkPohhYQKfrvVhgCHGaEu5xySiIkSaESq4vwHRAJKGgs8zqaOb34/9Jo2jalmnXSvnK9SykDDpCx6iAbHSBKugWVVEdUfSAntAzejEejVfjzXifli4Zs54D9AvGxzdmoJ/T</latexit>

Q =

Z
d4x q(x, tf )

<latexit sha1_base64="akTppowpvZsallpOR6HgadC55QA=">AAACF3icdVDLSgMxFM34rPU16kZwEyxCBSkztWJdCEU3LluwD2hryaSZNjTzMLkjLaX9D/du9RfciVuX/oGfYfoCLXogcDjnXm7OcULBFVjWp7GwuLS8shpbi69vbG5tmzu7JRVEkrIiDUQgKw5RTHCfFYGDYJVQMuI5gpWdzvXILz8wqXjg30IvZHWPtHzuckpASw1zv4AvcY37gJt3me7wPtk9gYZ7jHHDTFipi6ydzmTxhNgzcnqG7ZQ1RgJNkW+YX7VmQCOP+UAFUapqWyHU+0QCp4IN4rVIsZDQDmmxqqY+8Ziq98cJBvhIK03sBlI//Zex+nOjTzylep6jJz0CbTXvjcQ/PQWaSCbm7oObrfe5H0bAfDo570YCQ4BHJeEml4yC6GlCqOQ6AaZtIgkFXWVcVzPLj/8npXTKtlJ2IZPIXU1LiqEDdIiSyEbnKIduUB4VEUVD9ISe0YvxaLwab8b7ZHTBmO7soV8wPr4BVDGeqA==</latexit><latexit sha1_base64="akTppowpvZsallpOR6HgadC55QA=">AAACF3icdVDLSgMxFM34rPU16kZwEyxCBSkztWJdCEU3LluwD2hryaSZNjTzMLkjLaX9D/du9RfciVuX/oGfYfoCLXogcDjnXm7OcULBFVjWp7GwuLS8shpbi69vbG5tmzu7JRVEkrIiDUQgKw5RTHCfFYGDYJVQMuI5gpWdzvXILz8wqXjg30IvZHWPtHzuckpASw1zv4AvcY37gJt3me7wPtk9gYZ7jHHDTFipi6ydzmTxhNgzcnqG7ZQ1RgJNkW+YX7VmQCOP+UAFUapqWyHU+0QCp4IN4rVIsZDQDmmxqqY+8Ziq98cJBvhIK03sBlI//Zex+nOjTzylep6jJz0CbTXvjcQ/PQWaSCbm7oObrfe5H0bAfDo570YCQ4BHJeEml4yC6GlCqOQ6AaZtIgkFXWVcVzPLj/8npXTKtlJ2IZPIXU1LiqEDdIiSyEbnKIduUB4VEUVD9ISe0YvxaLwab8b7ZHTBmO7soV8wPr4BVDGeqA==</latexit><latexit sha1_base64="akTppowpvZsallpOR6HgadC55QA=">AAACF3icdVDLSgMxFM34rPU16kZwEyxCBSkztWJdCEU3LluwD2hryaSZNjTzMLkjLaX9D/du9RfciVuX/oGfYfoCLXogcDjnXm7OcULBFVjWp7GwuLS8shpbi69vbG5tmzu7JRVEkrIiDUQgKw5RTHCfFYGDYJVQMuI5gpWdzvXILz8wqXjg30IvZHWPtHzuckpASw1zv4AvcY37gJt3me7wPtk9gYZ7jHHDTFipi6ydzmTxhNgzcnqG7ZQ1RgJNkW+YX7VmQCOP+UAFUapqWyHU+0QCp4IN4rVIsZDQDmmxqqY+8Ziq98cJBvhIK03sBlI//Zex+nOjTzylep6jJz0CbTXvjcQ/PQWaSCbm7oObrfe5H0bAfDo570YCQ4BHJeEml4yC6GlCqOQ6AaZtIgkFXWVcVzPLj/8npXTKtlJ2IZPIXU1LiqEDdIiSyEbnKIduUB4VEUVD9ISe0YvxaLwab8b7ZHTBmO7soV8wPr4BVDGeqA==</latexit><latexit sha1_base64="akTppowpvZsallpOR6HgadC55QA=">AAACF3icdVDLSgMxFM34rPU16kZwEyxCBSkztWJdCEU3LluwD2hryaSZNjTzMLkjLaX9D/du9RfciVuX/oGfYfoCLXogcDjnXm7OcULBFVjWp7GwuLS8shpbi69vbG5tmzu7JRVEkrIiDUQgKw5RTHCfFYGDYJVQMuI5gpWdzvXILz8wqXjg30IvZHWPtHzuckpASw1zv4AvcY37gJt3me7wPtk9gYZ7jHHDTFipi6ydzmTxhNgzcnqG7ZQ1RgJNkW+YX7VmQCOP+UAFUapqWyHU+0QCp4IN4rVIsZDQDmmxqqY+8Ziq98cJBvhIK03sBlI//Zex+nOjTzylep6jJz0CbTXvjcQ/PQWaSCbm7oObrfe5H0bAfDo570YCQ4BHJeEml4yC6GlCqOQ6AaZtIgkFXWVcVzPLj/8npXTKtlJ2IZPIXU1LiqEDdIiSyEbnKIduUB4VEUVD9ISe0YvxaLwab8b7ZHTBmO7soV8wPr4BVDGeqA==</latexit>

⌦
· · · [Q(tf )]R · · ·

↵
= h· · ·Q(tf ) · · · i

<latexit sha1_base64="NQ7eOJYFo88YqTR+qXlzpCkcCOs="></latexit>

Flow time fixed in physical units
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q(x, tf ) =
1

32⇡2
✏µ⌫⇢�tr {Gµ⌫(x, tf )G⇢�(x, tf )}

<latexit sha1_base64="9ka3t0HqZEUpJvaVVhuM48XfiRA="></latexit><latexit sha1_base64="9ka3t0HqZEUpJvaVVhuM48XfiRA="></latexit><latexit sha1_base64="9ka3t0HqZEUpJvaVVhuM48XfiRA="></latexit><latexit sha1_base64="9ka3t0HqZEUpJvaVVhuM48XfiRA="></latexit>

Q(tf ) =

Z
d4x q(x, tf )

<latexit sha1_base64="Efpt7sQzGcGx+hrHybxeOeobM+E="></latexit><latexit sha1_base64="Efpt7sQzGcGx+hrHybxeOeobM+E="></latexit><latexit sha1_base64="Efpt7sQzGcGx+hrHybxeOeobM+E="></latexit><latexit sha1_base64="Efpt7sQzGcGx+hrHybxeOeobM+E="></latexit>

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

�1/4
t = 191(7) MeV

Topological charge

�t =
1

V

Z
d4x d4y hq(x, tf )q(y, tf )i

<latexit sha1_base64="79Ama8ncqTVZjcFQ5yzbwt+7Rh8="></latexit>
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Lattice QCD results



CP-odd form factor

dP
dN

< 0
SP

SN
< 0 Mereghetti et al.: 2011

Francis, Kim, Luu, 
Pederiva, A.S., 
Zafeiropoulos

PRELIMINARY

mπ = 400 MeV

t/t0 = 1.9

F
P/N
3 (Q2)

2MN
= dP/N � SP/NQ

2 +HP/N (Q2)
<latexit sha1_base64="ujubUJXS6nwJe/T2GW7yVPR0Ls0="></latexit>
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Gradient flow Lüscher 2010-2013

Scale setting
Lüscher: 2010


BMW:2012

Energy-momentum tensor
Del Debbio, Patella, Rago:2013


Suzuki et al. : 2013 - 

Monahan, Orginos: 2015-2017
Quasi-PDF

Narayanan, 
Neuberger:2006 Lüscher, Weisz 2011

RG flow and BSM
Carosso, Hasenfratz A., Neil, 

Rebbi, Witzel: 2018 - 

Continuous form of stout-smearing
Morningstar, Peardon: 2004
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@tBµ(x, t) = D⌫(t)G⌫µ(x, t)
<latexit sha1_base64="WtV/6ipYgOO9L0AREb8dzir2Udg="></latexit>

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

D⌫(t) = @⌫ + [B⌫(x, t), ·]
<latexit sha1_base64="z56tzoTeXUhLqBX+4Dd3SZGNNvI="></latexit>

xµ = (x, x4) t = flow-time [t] = �2
<latexit sha1_base64="wY6T9+a42L149zq2hq2iNs17LK8="></latexit>

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



Pederiva, Vege: 2018 

LatViz

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

Topological charge
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q(x, t) =
1

32⇡2
✏µ⌫⇢�tr {Gµ⌫(x, t)G⇢�(x, t)}

<latexit sha1_base64="2AM/86+HG1CUiWa2WM8NSnFtfSU="></latexit>

Q(t) =

Z
d4x q(x, t)

<latexit sha1_base64="9etskDVBSe4fKHrBx4Us4e3HcCM=">AAACF3icdVBLS0JBGJ3b0+x1q03QZkgChZB71cgWgdSmpUI+QE3mjqMOzn00891QRP9H+7b1F9pF25b9g35G4wtK6sDA4Zzv45tznEBwBZb1aSwtr6yurUc2optb2zu75t5+SfmhpKxIfeHLikMUE9xjReAgWCWQjLiOYGWnez32yw9MKu57t9APWN0lbY+3OCWgpYZ5WIhDAl/iGvcAN+8yvRG+j/dOIdEwY1byImunMlk8JfacpM+wnbQmiKEZ8g3zq9b0aegyD6ggSlVtK4D6gEjgVLBhtBYqFhDaJW1W1dQjLlP1wSTBEJ9opYlbvtRPf2Si/twYEFepvuvoSZdARy16Y/FPT4EmkomF+9DK1gfcC0JgHp2eb4UCg4/HJeEml4yC6GtCqOQ6AaYdIgkFXWVUVzPPj/8npVTSTidThUwsdzUrKYKO0DGKIxudoxy6QXlURBSN0BN6Ri/Go/FqvBnv09ElY7ZzgH7B+PgGHLOejA==</latexit>

F
P/N
3 (Q2)

2MN
= dP/N � SP/NQ

2 +HP/N (Q2)
<latexit sha1_base64="ujubUJXS6nwJe/T2GW7yVPR0Ls0="></latexit>

dP
dN

< 0
SP

SN
< 0

Mereghetti et al.: 2011

Dragos, Luu, A.S., 

de Vries, Yousif: 2019

S[A] � 8⇡2

g20
|Q[A]|



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

⇣� = 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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�R(x; t) = (8⇡t)"/2⇣1/2� �̊(x; t)
<latexit sha1_base64="6HdXWdMGIxRizERUNfyjMV57+lg="></latexit>

�̄R(x; t) = (8⇡t)"/2⇣1/2�
˚̄�(x; t)

<latexit sha1_base64="meuB3SrkAKiSmZPKXUh0o2U+puI="></latexit> 2-loops

Z�n/2
�

⌦
( )n 

�
 ̄
�n ̄ (Aµ)

nA
Oi(t)

↵amp
=

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

cij(t)
�
ZMS
jk

��1 ⌦
( )n 

�
 ̄
�n ̄ (Aµ)

nA
Ok

↵amp

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



Shintani et al.

DWF+Iwasaki+Cooling

Alexandrou et al.

Clover-tm + Iwasaki +


Cooling/Spectral

Guo et al.

Clover+Iwasaki+Imaginary theta + 

Anomalous rotation

Dragos, Luu, A.S., de Vries, Yousif

Clover+Wilson+Gradient flow: 2019

Summary Lattice QCD θ-term EDM

Abramczyk et al. : 2017

de Vries et al.: 2011

Bsaisou et al. :2015

d2H = 0.94(1)(dn + dp) +
⇥
0.18(2) ḡ1

⇤
e fm
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d3H = �0.03(1)dn + 0.92(1)dp � [0.11(1)ḡ0 � 0.14(2)ḡ1] e fm
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d3He = 0.90(1)dn � 0.03(1)dp + [0.11(1)ḡ0 + 0.14(2)ḡ1] e fm
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d2H(✓̄) = 0.2(1.2)⇥ 10�3 ✓̄ e fm
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d3He(✓̄) = �2.5(0.8)⇥ 10�3 ✓̄ e fm
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de Vries, Yousif: 2019

Bhattacharya et al. 
tree(TI)-Clover/HISQ + 


Gradient Flow
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Makino, Suzuki: 2014

�(x; t) = (8⇡t)"/2⇣1/2� �̊(x; t)
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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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LatViz

Pederiva, Vege: 2018 
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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
q(x)

Dragos, Luu, A.S., 

de Vries, Yousif: 2019

PACS-CS: 2009
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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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hN |JµO��CP |Ni ! d E · S
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Signal-to-noise improvement

Dragos, Luu, A.S., 

de Vries, Yousif: 2019

N

N

 = q(t)

Jµ
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CP-odd form factor

59
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Mereghetti et al.: 2011
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Dragos, Luu, A.S., 

de Vries, Yousif: 2019

Chiral interpolation

Ottnad et al.: 2010

Mereghetti et al.: 201160



Quark-Chromo EDM
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