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Matter antimatter asymmetry

PDG 2021

PLANCK
Fields, Olive, Yeh, Young: 2020
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Concordance range

⌦bh
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relic photons
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Gavela, Hernandez, Orloff, Pene: 1994
Huet, Sather: 1995

New source of CP violation

Rules out any mechanism of electroweak baryogenesis 

that does not make use of a new source of CP violation.
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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

Snowmass Summer Study Report
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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

H = �µ B · S

|S| � d E · S

|S|

Superstars of 2010 – 2030
(Flavour Physics)
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CP-violating sources
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Weinberg: 1989

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

Quark EDM

Quark-chromo EDM

3-gluon CP-odd

Topological charge density 
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O
f
q (x) =  f (x)�5�µ⌫ f (x)Fµ⌫
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The role of lattice QCD

M✓
N
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Hadronic matrix element topological charge

Hadronic matrix element CP odd operators 
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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

5
de Vries et al.: 2021 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>

theta

qEDM qCEDM

4-fermion

Weinberg 

?
Dragos, Luu, A.S., 


de Vries, Yousif: 2019



How to calculate nEDM

⌦
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N(p1)|Jem

µ |N(p2)
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/CP
<latexit sha1_base64="GvjBF6kvnolgriHZ7OLA9V3VRBU="></latexit>

|dN | = F3(0)/2MN q = p1 � p2
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Renormalization of      and continuum limit a -> 0


Excited states contaminations


Signal-to-noise ratio

O /CP
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Challenges on the lattice
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Gradient flow Lüscher 2010Narayanan, 
Neuberger:2006 Lüscher, Weisz 2011
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Renormalizable smoothing for local fields


Smoothing at short distance 


Gaussian damping at large momenta 


Flowed gauge fields are finite 


Renormalization of fermion operator 
multiplicative and “universal”

Lüscher: 2010 
Lüscher, Weisz: 2011 

p
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xµ = (x, x4) t ! flow-time [t] = �2
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 (x) ! �(t, x)
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Lüscher: 2013

Makino, Suzuki: 2014�̊(t, x) / �(t, x)q
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⌦
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↵
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What is OpenLat
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OpenLat provides open access to cutting-edge 
(2+1)-flavor QCD gauge field ensembles, 
enabling the study of strong interaction 
phenomena with state-of-the-art simulations.


The initiative bridges the gap for researchers 
without access to large-scale collaborations, 
fostering innovation and inclusivity in lattice 
QCD.


Strategic choice of stabilized Wilson fermion 
framework for precision and stability in QCD 
simulations.

https://openlat1.gitlab.io

http://openlat1.gitlab.io


OpenLat: Current Status & Key Research Projects
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OpenLat has made significant progress in producing and sharing high-quality lattice QCD ensembles. 
Our two main research projects focus on precision studies of the thetaEDM parameter and advancements in lattice PDF calculations.

Project Main Goal Progress
EDM Improve constraints on CP-violating effects in strong 

interactions (SM & BSM) New lattice ensembles generated; analysis ongoing.

PDF Develop new lattice techniques for parton distribution function 
(PDF) determination

Implementation of flowmom method; preliminary results 
obtained

Multi-hadron interactions
Flavor physics
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Gradient flow and topological charge

Pederiva, Vege: 2018 

LatViz

Lüscher: 2010

11

q(x, t) =
1

32⇡2
✏µ⌫⇢�Tr {Gµ⌫(x, t)G⇢�(x, t)}

<latexit sha1_base64="2Ge/Fu93yyIseRbPmbe0OWZWSu8="></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>

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

h· · · [Q(t)]R · · · i = h· · ·Q(t) · · · i
<latexit sha1_base64="2ADrZ2IOHKLqyQOBLhSPExcDRhI="></latexit>

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

�Bµ(x, t) = @tBµ�t
<latexit sha1_base64="liWCDwXp6HLE3wYVcpmL+vLaNyg="></latexit>

Bianchi identities

+

@tq(x, t) = @µKµ(x, t)
<latexit sha1_base64="e8FdxUShULwAkdiW6nsUd9wgIT0="></latexit>

Kµ(x, t) =
1

8⇡2
✏µ⌫⇢�Tr [G⌫⇢(x, t)D↵G↵�(x, t)]

<latexit sha1_base64="2etO8KE1QQY4aj4jiW47EUl71mU=">AAACiXicdVFda9RAFJ3Er7r1Y63giw8OLkIFWZJtpWlBKFZQ8KVCty3sxDCZvdkMnUnCzI10CfkD/Yf9Bz76E5xkt6BFLwwczjl3LvfctFLSYhBce/6du/fuP9h4ONh89PjJ0+GzrVNb1kbAVJSqNOcpt6BkAVOUqOC8MsB1quAsvTjq9LMfYKwsixNcVhBrvihkJgVHRyXDK6Y55oKr5mubMF1vX77Dt/TDgGWGiyZsm4iySn 6ftJRBZaVyPY2zsaJmJi+ZlQvNW4ZwiUY3J6ZlCjKcfXamlaPtP/yUMK6qnNNO6NG6s1eZkYsc42Q4Csb7UTjZjegKhDdg5z0Nx0FfI7Ku42T4k81LUWsoUChu7SwMKowbblAKBe2A1RYqLi74AmYOFlyDjZs+s5a+ccycZqVxr0Das392NFxbu9Spc3YJ2dtaR/5Ts+iAAXVrPmZR3MiiqhEKsRqf1YpiSbuz0Lk0IFAtHeDCSLcBFTl3N0B3vIGL5mZ/+n9wOhmHO+PJt93R4cd1SBvkJXlNtklI9sgh+UKOyZQI8st74b3yqL/ph37kH6ysvrfueU7+Kv/oN6YpyB0=</latexit>

Lüscher, Weisz: 2021



Systematics

12

dn(tsep) = dn +A · e��tsep
<latexit sha1_base64="tHOCTQqkZcyLq3tDg4wJgglOfq0="></latexit>

ESC under control for             for 


Compare with χPT predictions 

tsep & 1.1 fm
<latexit sha1_base64="a4JtLN5tagamOzA/1PWbhVG6WP8=">AAACInicdVDLSsNAFJ34tr6qLt0MVsFVSOqjuhPduFSwKrSlTKY37eBMEmZuxBLiB/gdfoBb/QR34kpw7284fQg+LwwczjmXM/cEiRQGPe/VGRkdG5+YnJouzMzOzS8UF5fOTJxqDlUey1hfBMyAFBFUUaCEi0QDU4GE8+DysKefX4E2Io5OsZtAQ7F2JELBGVqqWVzDZlZHuMbMQJLntN5Ga1bUd/2bAR+qvFksee7e7nZ5p0J/A9/1+lMiwzluFt/rrZinCiLkkhlT870EGxnTKLiEvFBPbRrjl6wNNQsjpsA0sv41OV23TIuGsbYvQtpnv25kTBnTVYF1KoYd81PrkX9ptRTD3UYmoiRFiPggKEwlxZj2qqEtoYGj7FrAuBb2r5R3mGYcbYHfUow9qgOtvGCb+Tyf/g/Oyq6/6ZZPtkr7B8OOpsgKWSUbxCcVsk+OyDGpEk5uyT15II/OnfPkPDsvA+uIM9xZJt/GefsAHw+ltw==</latexit>

m⇡ ' 410 MeV
<latexit sha1_base64="Ow9viOeZ4E7fXzKO537R/6M1uRs=">AAACGnicdVDLSgMxFM34tr6qLnURLIKrMlMfrTvRjRtBwdZCp5RMetsGk5kxuSOWoS78Dj/ArX6CO3Hrxi/wN0xrBZ8HAodz7uXmnCCWwqDrvjojo2PjE5NT05mZ2bn5heziUsVEieZQ5pGMdDVgBqQIoYwCJVRjDUwFEs6C84O+f3YJ2ogoPMVuDHXF2qFoCc7QSo3sqmr4saC+EQou6JbnXvsIV5geQaVHG9mcm98tbRd2ivQ38fLuADkyxHEj++Y3I54oCJFLZkzNc2Osp0yj4BJ6GT8xEDN+ztpQszRkCkw9HaTo0XWrNGkr0vaFSAfq142UKWO6KrCTimHH/PT64l9eLcFWqZ6KME4QQv5xqJVIihHtV0KbQgNH2bWEcS3sXynvMM042uK+XTE2VAeavYxt5jM+/Z9UCnlvM1842crt7Q87miIrZI1sEI8UyR45JMekTDi5IXfknjw4t86j8+Q8f4yOOMOdZfINzss7ph6hHw==</latexit>

Topological charge computed  


Results consistent with expected O(a) improvement


Zeuthen flow Sint, Ramos: 2015

p
8t ' 0.56 fm

<latexit sha1_base64="BEF/60FLE31MVNOtjyiBW731mU8=">AAACCHicdVDLSgNBEJz1bXxFPXpwMAielk3M+riJXjwqGBWyIcxOenVwZncz0yuGJd68+CtePCji1U/w5t84eQgqWtBQVHXT3RWmUhj0vA9nZHRsfGJyarowMzs3v1BcXDo1SaY51HgiE30eMgNSxFBDgRLOUw1MhRLOwquDnn92DdqIJD7BTgoNxS5iEQnO0ErN4mpg2hrzHezSwAgFbeq5/tZtgHCDeaS6zWLJc3f9qu9v0wGp7A5J1adl1+ujRIY4ahbfg1bCMwUxcsmMqZe9FBs50yi4hG4hyAykjF+xC6hbGjMFppH3H+nSdau0aJRoWzHSvvp9ImfKmI4KbadieGl+ez3xL6+eYbTTyEWcZggxHyyKMkkxob1UaEto4Cg7ljCuhb2V8kumGUebXcGG8PUp/Z+cVtzypls5rpb29odxTJEVskY2SJlskz1ySI5IjXByRx7IE3l27p1H58V5HbSOOMOZZfIDztsnBr+aAg==</latexit>



Neutron EDM from theta term

13

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✓̄
<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>

Ottnad et al.: 2010

Mereghetti et al.: 2011

dn(m⇡ = 412 MeV) = �0.00095(50) ✓̄ e fm
<latexit sha1_base64="neNuDPff4AWPSAhd59WXfbcKu9k="></latexit>

Kim, A.S. (OpenLat): 2025



Quark-Chromo EDM 
&  

3-gluon CP-odd



Challenges with BSM operators
Operators mix with lower dimensional operators 


Power divergences need to be subtracted non-pertubatively


Additional complicated mixing pattern 

qCEDM with 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>

Maiani, Martinelli, Sachrajda: 1992

[OCE]R = ZCE


OCE � C

a2
P

�
+ · · ·

<latexit sha1_base64="BbW0Z6Om2ZnkkJIgAsG8Vsq8aek="></latexit>

O3g(x) =
1

6
if

abc
G

a
µ⇢(x)G

b
⌫⇢(x)G

c
��(x)✏µ⌫��

<latexit sha1_base64="TbxGlFO92YyjW/saTlbsXnF5uwY="></latexit>

O
f
CE(x) =  f (x)�5�µ⌫G

a
µ⌫T

a
 f (x)

<latexit sha1_base64="yUviAH9HhDB8lCHDtOEzWSbu5oE="></latexit>

P f (x) =  f (x)�5 f (x)
<latexit sha1_base64="fre8cZJrN9vZ4Dg7eJ3yHMDKrrI="></latexit>

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>

[O3g]R = Z3g


O3g �

C
0

a2
q

�
+ · · ·

<latexit sha1_base64="wclGd1HeqoHUUIxJQGr0mYXytj0="></latexit>

15

Bhattacharya, Cirigliano, 

Gupta, Mereghetti, Yoon: 2015

Cirigliano, Mereghetti, Stoffer: 2020



Strategy - Short flow-time expansion

16

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

Lüscher: 2013

O̊i(t) =
X

j

⇣ij(t, µ) [Oj(t = 0, µ)]R +O(t)
<latexit sha1_base64="EcZ/P9kvCFDZaRdYZxu2AuQi2cA="></latexit>



Calculation of matrix elements with flowed fields 

Multiplicative renormalization (no power divergences and no mixing) 

Strategy - Short flow-time expansion

16

LQCD

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

Lüscher: 2013

O̊i(t) =
X

j

⇣ij(t, µ) [Oj(t = 0, µ)]R +O(t)
<latexit sha1_base64="EcZ/P9kvCFDZaRdYZxu2AuQi2cA="></latexit>



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

Strategy - Short flow-time expansion

16

LQCD PT - LQCD

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

Lüscher: 2013

⇣ij(t, µ) = �ij +
↵s(µ)

4⇡
⇣
(1)
ij (t, µ) +O(↵2

s)
<latexit sha1_base64="r9bXzujFji3UQq4wz5sI4m2+nQM="></latexit>
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<latexit sha1_base64="EcZ/P9kvCFDZaRdYZxu2AuQi2cA="></latexit>



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)

Strategy - Short flow-time expansion
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Stoffer: 2021

Crosas, Monahan, Rizik, A.S., 

Stoffer: 2023

Lüscher: 2013

⇣ij(t, µ) = �ij +
↵s(µ)

4⇡
⇣
(1)
ij (t, µ) +O(↵2

s)
<latexit sha1_base64="r9bXzujFji3UQq4wz5sI4m2+nQM="></latexit>

O̊i(t) =
X

j

⇣ij(t, µ) [Oj(t = 0, µ)]R +O(t)
<latexit sha1_base64="EcZ/P9kvCFDZaRdYZxu2AuQi2cA="></latexit>



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
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Mereghetti, Monahan, Rizik, A.S., 

Stoffer: 2021

Crosas, Monahan, Rizik, A.S., 

Stoffer: 2023

Lüscher: 2013

⇣ij(t, µ) = �ij +
↵s(µ)

4⇡
⇣
(1)
ij (t, µ) +O(↵2

s)
<latexit sha1_base64="r9bXzujFji3UQq4wz5sI4m2+nQM="></latexit>

O̊i(t) =
X

j

⇣ij(t, µ) [Oj(t = 0, µ)]R +O(t)
<latexit sha1_base64="EcZ/P9kvCFDZaRdYZxu2AuQi2cA="></latexit>



qCEDM
3g-CP

PT

Lattice

Dragos, Luu, A.S., 

de Vries: 2018-2019

Rizik, Monahan, 

A.S.: 2018-2020

Mereghetti, Monahan, 

Rizik, A.S., Stoffer: 2021

Kim, Luu, Rizik, A.S.: 2021

Crosas, Monahan, Rizik, 

A.S., Stoffer: 2023

Borgulat, Harlander, 

Rizik, A.S.: 2022

Dragos, Kim, Luu, A.S., 

de Vries: 2018

Matching

Matrix element

NLO

NNLO

Result

Kim, A.S.: 2025

BSM contributions



Flowed moments - success 
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PDFs describe quark and gluon structure of 
hadrons — essential for LHC predictions


Large Bjorken-x remains poorly constrained 
due to limited experimental input


New method to compute arbitrary PDF 
moments using gradient flow


Enables reconstruction of PDFs from first 
principles with controlled uncertainties


First lattice result for the pion valence PDF 
competitive with global fits.

Karur, Kim, Pefkou, 

A.S., Walker-Loud (OpenLat): 2025

A.S.: 2023



Rizik, Monahan, A.S.: 2020

Mereghetti, Monahan, Rizik, A.S., 

Stoffer : 2021
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

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

PRELIMINARY

Borgulat, Harlander, Rizik, A.S.: in progress
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Quark-Chromo EDM: power divergences

Kim, A.S. (OpenLat): 2025
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A.S.: 2018-2020



3-gluon CP-odd Crosas, Monahan, Rizik, 

A.S., Stoffer : 2023
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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 —> Preliminary lattice QCD 
calculation on power divergence, 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



Summary

23

Towards a new determination of nEDM from theta-term

 Moving towards the physical point challenging (interpolation with χPT)


Non-perturbative renormalization qCEDM matrix elements 

 Use of gradient flow is critical —> power divergences 


Perturbative matching of 3g-CP odd at NLO

Non-perturbative power divergence determination is in progress


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


Results for parton distribution functions are very encouraging  



Thank you!
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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.)
<latexit sha1_base64="OByVBwAy6hePLRkkoceQmIPXt2k="></latexit>

Griffith et al.: 2009

Graner et al.: 2017

|d225Ra| < 1.4⇥ 10�23 e cm (95% C.L.)
<latexit sha1_base64="tQg9KN2JtCWZEW9RKFEsPde6b2M="></latexit> Bishof et al: 2016
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Chupp, Fierlinger, 

Ramsey-Musolf, Singh: 2019 
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ANL

Bonn

5 (10) yrs
PSI, LANL,…
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|dn| . 3⇥ 10�27 e cm
<latexit sha1_base64="zXvm8FltT9kqh8vSaws9ogeWU0E="></latexit>

Chupp, Fierlinger, 

Ramsey-Musolf, Singh: 2019 



New physics scale
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Alarcon et al.: 2022

Snowmass Summer Study Report

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. 
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CP-violating effective operators
Cirigliano, Ramsey-

Musolf: 2013


Engel, Ramsey-Musolf, 
Van Kolck: 2013
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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

Seng: 2015
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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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Shabalin: 1978-1980 Khriplovich, Zhitnitsky: 1982

Gavela et al. : 1982

Seng: 2015
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Neutron EDM

|dn| < 1.8⇥ 10�26 e cm (90% C.L.)
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Abel et al.: 2020 (PSI) Alarcon et al.: 2022

Snowmass Summer Study Report
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Quark-Chromo EDM: power divergences
Kim, Luu, Rizik, A.S.:2020
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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


Scalar condensate

Strong correlation between quark disconnected 
diagrams at different flow times


Use of translation invariance beneficial


Decision Tree algorithms reproduces correct 
distribution


Results are compatible well below the statistical  
fluctuations of the lattice QCD direct calculation


No need to large ensemble for training making 
use of time translation invariance

Kim, Pederiva, A.S.: 2024



tr [P+GNN ] = 2|ZN |2e�MNx0 + · · · tr
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Theta-term dependence 



Scale dependence matching coefficients

µ̄0 = 3 GeV ! µ0 = 1.13 GeV
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1

8⇡µ2
0
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10%-20% uncertainties from PT at 1-loopt 2 [t0/4, 4t0]
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CP-odd form factor

F
P/N
3 (Q2)

2MN
= dP/N + SP/NQ

2 +HP/N (Q2)

dP
dN

< 0
SP

SN
< 0 Mereghetti et al.: 2011

Dragos, Luu, A.S., 

de Vries, Yousif: 

2019



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

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

Q = n+ � n�
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Atiyah, Singer: 1971

P. Hasenfratz: 1998

P. Hasenfratz, Laliena, Niedermeyer: 1998

@µAµ = 2mP + extra terms
<latexit sha1_base64="zZFp7s1HZ80Fa1mVr98mx6kFCNc="></latexit>



Signal-to-noise improvement

Dragos, Luu, A.S., 

de Vries, Yousif: 2019

N

N

 = q(t)

Jµ
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