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Andrea Shindler

DB: 000.bov
Time:0

Contour
Var: field

0.001000
0007778 _
.“--v,«"ﬁ‘,"ﬁ;-_‘,j' Q o
080 o

o

Topological Charge

MICHIGAN STATE
UNIVERSITY

CIPANP 2022 08.31.2022



Matter antimatter asymmetry
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@ Interactions out of thermal equilibrium

N ~ 1072°

i New source of CP violation |
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ORNL experiment |
I Ultracold neutrons take over field
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Alarcon et al.: 2022
Snowmass Summer Study Report

d,| < 1.8 x107%° e cm (90% C.L.)

Neutron EDM

Experiment _|Location

PSI Spallation, SDs Ramsey method, double cell, "9Hg
PanEDM Reactor, LHe Ramsey method, double cell, "9Hg
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LANL nEDM |[LANL Spallation, SD» Ramsey method, double cell,

TRIUMF |Spallation, LHe Ramsey method, double cell,

nEDM@SNS |[ORNL |In-situ production|Cryogenic, double cell, “He comagne-
in LHe tometer, 3He as the spin analyzer
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Khriplovich, Zhitnitsky: 1982
Gavela et al. : 1982
Seng: 2015




EDM experiments in the world

Neutrons: (~ 200 ppl.)  Storage rings: (~ 400 ppl.)
- Beam EDM @ Bern - CPEDM/JEDI
- LANL nEDM @ LANL - muEDM @ PSI
o QEBR/I/I % Eﬁls *g-2 @ FNAL
* PanEDM @ ILL 9-2 @ JPARC
 PNPI/FTI/ILL @ ILL
* TUCAN @ TRIUMF

Atoms: (~60ppl.) . =s3 7 < .- Molecules: (~ 55 ppl.)
. ke . T2 T BaF (EDM Toronto .
CS@@ RPIekgpl State s ’S'f PR Ee o1 BaF g NLEEBN% @ Groningen/Nikhef @8 £ 1e- electron
g @ Bonn L AN Sp HfF+ @ JILA neutron
@ Seattle Rt ey @A ThO (ACME) @ Yale ” proton
@ Argonne I o YBF @ Imperial : muon
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1980 2000
Year of publication

d,| < 1.8 x107%° e cm (90% C.L.) Abel et al.: 2020 [df =T 3010 it e cui (2 < 1070 °° e cm) SNS
PSI 5 (10) yrs

‘d199Hg‘ <R 10_30 € CIn (95% CL) Griffith et al.: 2009 |
Graner et al.: 2017 |

|d199Hg‘ SJ DX 10_31 € CIn (5 X 10_32 ( Cm) Bonn

‘d225Ra‘ < 14 x 10% kol (95% CL) Rishotiot ‘al Bole ‘d225Ra‘ g 3x 10727 e cm ANL



CP-violating sources

Buchmuller, Wyler: 1986

@ Full list of dimension 5 and 6 operators is known  de Rujula ef al: 1991
Grzadkowski et al: 2010

1- abce ya C
OgE(x) s ng t G,up(x)Ggp(I)G)\a(aj)eﬂVAU

Weinberg: 1989

1 ¢ e
LocD1o = ZGZVGZV - Z Ve(x) {7 |0p +9AST?| + my | p(x) —i0g(2)
oy d s,
1
0(2) = 2o Epupott (G () Cpo (@)

4-fermion operators



The role of lattice QCD

= M35+ (3) S MPE  (NIJuOpeIN) S d E- S

Weinberg

Hadronic matrix element topological charge

Hadronic matrix element CP odd operators

/,.
The role of LQCD is to provide qEDM
the renormalized matrix elements

Shintani et al.: 2005
: : ST : Berruto, Blum, Orginos, Soni 2006
Only in this way it is possible fo A.S., Luu, de Vries: 2014-2015
interpret experimental results and Guo, Meifner, et al. : 2010-

: : : Liang, Draper, Liu, Yang
u
dlsen’rangle all CP violating sources 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



The role of lattice QCD

5 2 0 L v 2o
dy = M20 (E) S M4 d, = — (155 £0.7): 1070l
N/ gt (0.2 4+0.01)d,, + (0.78 = 0.03)dyg + (0.0027 = 0.016)d,

—  (0.55 £+ 0.28)ed,, — (1.1 + 0.55)edq + (50 £ 40)MeVed,

Alarcon et al.: 2022
Snowmass Summer Study Report

@ 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)
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@ To avoid cancellation at hadronic scales (dilution) 0% e e 4o 110 o cay
n “Yecm n [107%° e cm

need precision on matrix elements of 10-25 %

Chien ef alagdols de Vries et al.: 2021
Alarcon et al.: 2022
Snowmass Summer Study Report



Challenges

@ Continuum limit a — 0. Renormalization. Power

: 1
divergences. Cost ~ —

a©

@ Gradient Flow ==> more applications
@ Signal-to-noise

@ Gradient Flow + noise reduction

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



SM%@I Status

Collaborators:

| J. DeVries
® Theta-term nucleon EDM —> first results 1409.2735 J. Kim
1507.02343 T. Luu
® Renormalization, S/N 1809.03487 E. Mereghetti
1902.03254 C. Monahan
P e G. Pederi
® Quark-chromo EDM — renormalization N'\DeRiez';LVG
, P.Stoffer
& Power d|Vergences —> PT 1810.05637 2005.04199 2111.1149 J. Dragos
Non-perturbative 1810.10301 H. M. Vege

2106.07633
@ Logs/mixing —> 2111.1149

@ 3 gluon operator — PT power divergences 2005.04199 s : s :
sty : . Kim : S . Luu
Preliminary studies for 1711.04730 R M RZK T
ey ; ray (MSU) (MSU)
renormalization (power divergences) 1810.05637
—> Logs/mixing

d E. Mereghetti C- Monahan
J. De Vries (LANL) (W&M - JLAB)  P. Stoffer

9 (NIKHEF) (U. Zurich - PSI)




Lattice QCD Status

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

Gupta et al.: 2018

; D) , Luu, A.S.,
@ Theta-term nucleon EDM —> few calculations: 2 O effect . vouer 2010

Alexandrou et al. Yoon, Bhattacharya, Cirigliano,

(ETMC): 2021 Gupta, Mereghetti: 2021

@ Quark-chromo EDM —> No Lattice QCD calculation, but now new promising

approach — first results on renormalization Rizik, Mona:?, /;(-)52-6 2018-2020

Kim, Luu, Rizik, A.S.: 2020
Mereghetti, Monahan, Rizik, A.S., Stoffer: 2021

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

approac h Rizik, Monahan, A.S.: 2018-2020
A.S.: 2020
Mereghetti, Monahan, Rizik, A.S., Stoffer
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EDM from O-term

2
FB(Q )O',uu75qI/ Abramczyk et al. : 2019
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Berrufjllailn:r?:icf:g?r:;s,zggii: 2005 <0>§ o <O>0 5 10 <O Q>9 S O 92 Q@ = /d437 C]

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

Dragos, Luu, A.S., 0 00s Neutron, d,,(a, m,) Fit
de Vries, Yousif: | P : |
0.002 : 3 9
2019 T 7 (é) L3 m2 Ottnad et al.: 2010
At e0al . Cmtimum C B 87r2 F, M2  Mereghetti et al.: 2011
0002 BN
o -0004 I TS ) n/p_ 2 ms L
~5 -0.006 ; dn/p(a7m77) 7o Cl Mo i 02 o In MQ | 03 a
~0.008
~0.010
~0.0125 55560 360 400 500" 600" 700 proton —6.8(6.6) x 10~ —9.9(9.6) x 1077
m [Mew neutron | 3. 1(3 2) x 107% | 8. 8(4 4) x 1074 ~12.8(6.4) x 1073
T
e 2) —10
dghys — —0.00152(71) 9 e fm 0] < 1.98 x 10~ "7 (90%CL)

go = —1.28(64) 2100 “0 g5 = —1.47(23)- 10720

Crewther et al.: 1980

Sl B _0 . |
Ab-initio determination of gy . e ¥ries elily g0l



Future with Open Science

@ OpenlLat: open science initiative. Gauges with SWF

whole community

m,L=3

a=0.12fm -
0.094fm =
0.077fm .
0.064fm .
0.054fm ™
tuning EEEEEE

https://openlatl.qitlab.io
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Antonio
Rago

PRACE

-

Anthony
Francis

Andrea
Shindler

Neutron EDM with Stabilized
Wilson Fermions:
the theta term

78.5 M core-h CPU (Irene
Joliot Curie)
134 M core-h GPU (Piz Daint)

Patrick Giovanni
Fritzsch Pederiva

Savvas
Walker-Loud Zafeiropoulos


http://openlat1.gitlab.io

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

Neutron EDM & Schiff moment

-0.00140(61), x?/dof=0.24 : -0.0001(11), x*/dof=0.08

My = 400 MeV
t/to = 1.9
a = 0.065-0.12 fm
cv still missing { - :

PRELIMINARY

Sjs%ema&&s

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
a%[fm?]

® Excited state contamination

@ Finite volume effects Sy
@ Pion mass dependence i
@ Different definition of charge RN

Sn| = 1.7(8FK10 "0t

Meréahetti ef ol oS PRELIMINARY PRELIMINARY

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
a2[fm?]
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Neutron EDM

241005
241010
241020

0.00159(29) @ Overlap fermions
@ a = 0.114 fm
® Charge defined with zero modes

@ Partially quenched points
@ Unitary points: my = 340, 430, 570 MeV

Liang, Draper, Liu, Yang: in progress

Svs&maﬁﬁs
gi‘igzg @ Excited state contamination
0.00159(19) @ t/a=6,7 8

@ Sampling topological sectors
@ Finite volume and cutoff effects

PRELIMINARY d,, = 0.00159(19)0 e fm

16



Neutron EDM

]Vfé ~ 1.(}8‘J’%-]V[n
0.6 1

=08 &= 1=10 o= 1=12 2~ 1=14 2= 4 =08 &~ .
05| T G I 05 1254 % 8 e g a2t 44
| A 4“-.“ ..“ -‘“ X D

0

0.06
Clover &=~

0.04

&
D

Z.
>
(@\|
=)

0) / 2M\® (fm)

0.02
0.4 05

= 03 1 NN o F T S
0.2 I e S 15
0.1 2

25
0 3
0.1 35

0.00

-0.02

2

-0.04

2
F3’n(q
F3’n(q
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-0.06
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a [fm] PRELIMINARY My [GeV']

6 -4
a09m130, Q°=0.049 GeV? a09m130, Q%=0.049 GeV?

Bhattacharya et al. : 2021, and in progress

@ First results with a new discretization
@ Long autocorrelation time

@ Emphasis in excited states contamination e e e o
@ Disentangling contributions from excited states

® Jarge ESC at physical pion mass

factor of ~ 1.4 for lattice used in arXiv:2101.07230

® still important at m, ~ 220 MeV

® FV correction between 5% and 10%

Mereghetti

17



CP-violation strong interactions

Ai, Cruz, Garbrecht, Tamarit: 2021

Loon = ~ f2TyD, UDMUT + (af3TrMU + [ble~ fAdetU + h.c.) §=-2_ Alternative option CP conservation

dp o< (4 ) ;) =0

(/

4
d,| o< (& + a + ag + as)

: . Only real computation that we know of is 't Hooft’s, using dilute instanton

-2 )
L 4.0 1  Yane—n vr S A e GiPrbi)an ) VT — oo betfore ZAn ZAn before VI — oo
d*z (PiPpayi) = lim lim =A== 8 VL~ 2 8 = om, Oy s B(mymy), - - . o

L— L—(x)le* Y(x) L— L+ Y(x)le ™7 ¢Y(x)

ﬁ N—oo VT — o0 N
Z ZAm

Am=—N

Alignment with ¥m exp(ioy®)v Misaligned with m exp(iay®)1

Topological classification only enforced in infinite volume, which fixes ordering

No C P-violating observables C'P-violating observables

» In order to resolve the ambiguity, we must match effective detl/ term in the chiral
Lagrangian with results for correlators in QCD, paying special attention to Needs 'l'O be reSOlved o
complex phases
More precise LQCD calculations
» Next we proceed to calculate the phase of QCD correlators starting from the path " "
integral and using clustering and the index theorem. Reanaly5|5 11 XPT
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Quark-Chromwo EDM




Q U G r k et C h rO m O ED M Bhattacharya, Cirigliano,

Gupta, Meregheftti, Yoon: 2015

@, o P o VGayTa _ _
o () f:%jsmwmm Gl T () Ocliy = | O ~ P -
Pl — Z wf )¢ (2)

f=usa. 5%

RI-MOM Off-shell

d=4 — 2 operators + 3 O(m)

loga  d=5 —> 3 operators + (7 + 5) O(m,m2) + 4 “nuisance”

Power divergences need to be subtracted non-perturbatively

Maiani, Martinelli, Sachrajda: 1992
20



Gradient flow

L, — e B t = flow — time t] = =2

A= Dyt Dyt

21

by au + iy,

Luscher: 2013



Gradient flow

x(z,t)f = /d4y K(z —y,t)¥(y)

@ Smoothing over a range /8¢ @

@ Gaussian damping at large momenta

47Tt

xr(@,t) = ZY7(@,t)  O(z,t) = X(@, )0 (@, )x(x,t) O =Z,0

>y <Y($,t)X(QZ,t)> EtaR o ZXEt

No additive divergences
All fermion operators renormalize multiplicatively with same factor

22



Strategy - Short flow-time expansion

A.S., Luu, de Vries: 2014-2015
Dragos, Luu, A.S. de Vries: 2018-2019
0;(Dlg =) . ¢ (&, plOs(li= 0, @)l 3+ OF Rizik, Monahan, A.S.: 2018-2020
A.S.: 2020
Kim, Luu, Rizik, A.S.: 2020
Mereghetti, Monahan, Rizik, A.S.,
| Ol (Iu) (1) Stoffer: 2021

LQ‘:‘D T --» LQC'ﬁ cij(t, ) = 045 - PEEE (t, 1) + O(a?)

@ Calculation of matrix elements with flowed fields
@ Easy renormalization (no power divergences)

@ Calculation of Wilson coefficients
@ Insert OPE in off-shell amputated 1PI Greens functions

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

23



Quark—ChromO EDM Rizik, Monahan, A.S.: 2020

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

O:i(D)]g = 2 cij(t, 1) [Oi(t = 0, p)]g + O(F)

@.M

. r 1
Ocrel(zd) = xlz:818,,6C i iz T R — 5 €vapsOap G = P Ts

Op(z) = Y(x)y59(x)

OB () = cp(E YO 1) -+ coma (8, 1)OVS (2 10) + Rl DI OMS o ) ol 7 ) = () ys¥ ()

~

+ cop(t, )OS g (x; 1) + cmp2 (t, W)Omsp(T; 1) + - - Omo(2) = mtr|G G|

Og (ZL‘) H ¢($)5WFW (IW(SE)

amp

b0t (Z%S)_l ()" (@Z)n@; (Au)"" Ok)

24



Quark-Chromo EDM

CCE (ta :u) Cp (ta :u) CmQP(ta :u)

@ Expand integrands of loop integrals in all scales excluding t

@ Analytic structure altered — distortion of IR structure

D
D
D
D

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
25



Scale dependence matching coefficients

Uy = 3 GeV — Ho = 1.13 GeV

|

£ F
" - Sl

Red - Blue = Aja?(ug)log”(87tug) + Aza2(ug) log(8mtugd) + O(a?l)

0.5

t € |to/4, 4t 10%-20% uncertainties from PT at 1-loop

26



Quark-Chromo EDM: non-perturbative renormalization
(power divergences) Pt el

® Non-perturbative determination of power divergences

@ Continuum limit impossible with other methods. Uncontrolled systematics

FCP($4, o a3 Z <OCE L4, X, t)P]Z(()? 07 O)>
Fop(asit) = a3 (P9 s, 1)PH(0,0)

;3 FPortra b,
[RP<x45 t)}R i L op(Tat)s

Coefficient linear divergence at 1-loop

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

27



Non-perturbative renormalization (power divergences)

A(gZ) = A(1)§2 + A(2)§4 + A(3)§6 + A(4)§8 L A(gZ) = %52 + A(2)§4 + A(3)§6 + A(4)§8 L A(§2) = %52 + A(2)§4 + A(3)§6 + A(4)§8 + A(5)§10

—— perturbation

—— perturbation

28



Lattice QCD results

Bhattacharya et al. : in progress

P [ atzmsto e a0omat0 - Exrap % @ Bare form factor — power divergence subtracted

0.2 | a12m220L —<—~ a06m310 -

0. ® qCEDM defined in standard manner

0.0 ‘, @ Results have better signal
-0.1

02 than thefta-term at my; = 300 MeV

~ -0.3 5
x“/dof = 0.44
-0.4

0 003 006 009 012 0.5
PRELIMINARY  a[fm]

Fy %(q”=0) / 2Myg (fm)

%gng%g; 3§§m§é§§ 06135 = @ Bare form factor —> no renormalization
alzm =7 alum . .
@ 3g operator defined with gradient flow
@ Mixing calculable non-pert (1/t) and pert (log(t))

>
v
2
| 2
Z
>
S
)

O
o

Dragos, Luu, A.S. de Vries: 2018
Rizik, Monahan, A.S.: 2020

-100 Mereghetti, Monahan, Rizik, A.S.,
0.03 0.06 0.09

PRELIMINARY 2 [GeV3] | Stoffer : 2021
VAS,

W, 2
F3 ,n(q




Work in progress

@ Improve determination of nEDM from theta-term F5 0 i s oo

A.S., Zafeiropoulos

@ Matching coefficients of the CP-violating Mt ketti. Fonatian, Rz
3-gluon (d=6 op.) and 4-fermion operators at 1-loop A.S., Stoffer

@ Matching coefficients of QqCEDM at 2-loops  sorqulat, Harlander, Rizik, A.s.

Kim, Luu, Pederiva,

@ Non-perturbative determination of power divergences with SWF Bl A

@ Calculation of the qCEDM in a nucleon

Hasenfratz A., Monahan, Rizik,

@ Non-perturbative renormalization scheme with GF A.S., Witzel

@ OpenlLat: open science initiative. Gauges with SWF open to the whole

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



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.
0O(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 tfowards a determination of nucleon EDM
Stay tuned

31



Neutron EDM Workshop

NEUTRON ELECTRIC DIPOLE
MOMENT: FROM THEORY TO
EXPERIMENT

OT August 2022 — 05 August 2022

ECT* - Villa Tambosi

Strada delle Tabarelle, 286
Trento - Italy

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

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

theory-to-experiment/

32

list of speakers

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

@ Ulf Meifiner, Michael Ramsey-Musolf,
Emanuele Mereghetti, Laura Covi,...

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


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/
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4+1 Local field theory

5 = 5a + 5a,a + SF,qcp + OF A

SFﬂ—/ dt /d4 _ Oy — A) x(t,x) + Xx(t, )((‘h—Z))\(t,x)}
@ Wick contractions
® Renormalization. All order proof for gauge sector Lilscher, Weisz: 2011
. A TS Luscher: 2013
@ Chiral symmetry and Ward identities 2050,

& Wilson twisted mass o e

35



Nakamura, Schierholz 2106.11369

Players in the arena

B(t) = S Tr[Cul@, )0 (@, 0] 6&r(t) = ——£ ()

32" = o =160 = V8t < 160 = — < 32 |

L
164:>§:8a:>\/§<8a:>—<8
36



Nakamura, Schierholz 2106.11369

510
ber = G (1) =g =2 - 2anr
Ologt

<1 GeV

\/§ = 16a
1 GeV

100 MeV
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Nakamura, Schierholz 2106.11369

For arbitrary values of u the RG equation has the implicit solution

1 _J%da L1 +bl}
8nbyasr  Jo Bor(a)  8mbya®  2b%a )

which leads to ®

agr(p) =

pu«1GeV p? -

A S 1 A?Z
sl 5 exXp {—/ do —} = QGF = ;QF Incorrect ?
1

14 Bla)
06! 2 2 :
= —2a = aopy = ap” = constant  Is it the same A parameter ?
0 log 1

From now on only the vector scheme. Why?

38



Nakamura, Schierholz 2106.11369

) €Y
g &
= = 12
e &5
g g

Figure 5: The ratio ay(Q, u)/ay(u) as a function of ¢/a* on the 16* (left), 24* (center) and 32*
(right) lattice for charges ranging from Q = 0 (bottom) to |Q| = 6, 16 and 22 (top), respectively.
On the 24* and 32* lattices no errorbars are shown for marginal values of Q because of limited
statistics. On the 16* lattice finite volume effects become noticeable for t/ a* > 50.

N=5000 configurations K

hence the apparently large fluctuations. Already at relatively small flow times a,(Q, u) fans out
according to Q. Interestingly, a,(Q, 1) vanishes in the infrared for Q = 0, while the ensemble

average ay(u), shown by the solid line, is represented by |Q| ~ +/2{Q?)/n. The transformation
of @, (Q, 1) to the 6 vacuum is achieved by the Fourier transform
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Va*=100
Va’= 80
— Va*= 60
Va’= 40
— Va®=20

- va*=10

Figure 6: The running coupling (6, 1) as a function of @ on the 16* (left), the 24* (center) and
the 324 (right) lattice for flow times from #/a* = 10, 20 and 40 (bottom) to 100 (top), respectively.
Note that ay, ~ 2.56 a;5.

ay (6, 1) = ﬁ%}ewl’(@ ay(Q.p), Z(0) = ZQZG’”’QP(Q), (17)

where P(Q) is the probability distribution of the topological charge Q with »_, P(Q) = 1. To
even out the fluctuations of P(Q) and «a(Q, 1) at marginal values of Q, we fit the tail of the
distributions to an appropriate function. The result is presented in Fig. 6/ for our three volumes.
It clearly shows that the color charge is totally screened for |#| = O in the infrared, that is at long
distances, while a,, (6, u) becomes gradually independent of 6 as we approach the perturbative,
short-distance regime. With increasing flow time (6, i) becomes an increasingly narrow func-
tion of 6. Assuming a Gaussian distribution for P(Q) and using V{E(Q, t))/8n* ~ |Q| we derive
ay (0, 1) /ay (1) ~ 1 —0.13 (t/a*) 8% on the 32* lattice for large flow times and small values of 6,
which roughly describes the effect.

With our current statistics we are not able to compute ay (6, 1) with confidence for t/a* < 20

40



Nakamura, Schierholz 2106.11369

The gradient flow proved a powerful tool for tracing the evolution of the gauge field over suc-
cessive length scales for any initial coupling. It passed several tests and showed its potential for
extracting low-energy quantities of the theory. The novel result is that color charges are screened

for |6| > O by nonperturbative effects, limiting the vacuum angle to 6 = 0 at macroscopic dis-
tances, which rules out any strong CP violation at the hadronic level.

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

Q © 0 © @ O Q

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

|

q(x) = 2972 €uvpo it { G (Z)Gpo ()

Continuity in space is lost
On the lattice it has no fopological significance

Discretize

Geometrical definition: Liischer: 1982

extend the lattice gauge field fo a continuous one Phillips, Stones: 1986
Field between lattice points -> judicious interpolation
Smooth gauge fields (bound on field tensor)

Fermionic definition: e O
Anomalous Ward Identity
diA, — 2l extra ternis
€)1 oem Z Tr (v595) Atiyah, Singer: 1971

0, A, =2mP -+ N
TEzT: fqL P. Hasenfratz: 1998

el S
Q RE P. Hasenfratz, Laliena, Niedermeyer: 1998
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ChPT-inspired fit e

d, C parameters d, C parameters

dnsp(ma) = C7/Pm2 + C3Pmiin == d,,.(m,) = CMPm2 + C}/Pm

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

43



Topological charge

Q(ty) = /d4$ q(x,t5)

1
4(,t7) = 555 €uvpotT 16T tr)Gpo (T, 21)

Qe ) = o Q(Ef) -+ ) Flow time fixed in physical units
1
Dipq(,ty) = Ouwy(@,ty)  wul:ty) = 5 €upott [Gup(@, 1) Dalty)Gao (2, 1)
0,Qt) =0 Q= [d'z gty Polykov: 136
Luscher: 2010

Giusti: 2015
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Topological charge

Yo/t = 191(7) MeV

1
q(a:', tf) . 3972 € po UL {G/W (557 tf)G,OU (l‘, tf)}

Integrated Autocorrelation Time

| |

‘ i
s
J{ e
B e N o "
= iii

T015 peip bR b




ice QCD results
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CP-odd form factor ...

Zafeiropoulos

c=-0.00195(41), x%/dof=0.47

m; = 400 MeV
t/to = 1.9 l l

PRELIMINARY

FP/N QQ
il =dp/N — SP/NQ2 T HP/N(QQ)
2M N
d_P < (0 S—P < 0 Mereghetti et al.: 2011

d N SN
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Narayanan, ¢ ﬂ Liischer 2010-2013
Neuberger:2006 Grdd ' enll- OW

Luscher, Weisz 2011

L - - .- - - _ - 5 = .- - - L - -
o v3 % % S N WO P~ o7 %7 7% % - ST e e O o g PP O 2P~ Y oA & oo o T ® o R e & Lo e LT O R —

9,B,,(x,t) = Dy (t)Gyu(w, t)

|
‘)

Y
O

14

B,
“ ; B

cEEEE—
\ N
G gL RSB PP BN I B ke GO > S LN S D T e A g S Lo poAha g —oa e gD el o B L P BRIt W X T VI DU VIR T T B U B O R v . L posha ST § T P BTl L (R TR SEX
— e, ~, o » - - _ - - - ~ ‘_\' o L. _ -, gy - <‘ b _ -, - < _ =~ '

Scale setting

D,/ (t) e 8y S [B,/ (IE, t), ] Luscher: 2010

BMW:2012

Monahan, Orginos: 2015-2017

GMV (.CC, t> g aﬂBV (:E? t) T a’/BM (QE, t) + [Bl“ B’/] Casgsoﬂl-?c\l/sven?cg?z E.,Smil,
Rebbi, Witzel: 2018 -

Continuous form of stout-smearing Energy-momentum tensor
Morningstar, Peardon: 2004 De zit;i'koi' szf.',l?' 2%61‘2012013
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Topological charge

Dr‘agos Luu AS | | IR BERVE T 0.60 fm ‘ L8t N 0.70 fm
; ; , £ | b \/3t; = 0.65 fm

DB: 000.bov

Topological Charge

dp Sp
&= =0 )
d N SN

Mereghetti et al.: 2011

Pederiva, Vege: 2018
LatViz

A.S., Luu, de Vries: 2014-2015
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QUdrk—ChrOmO EDM Rizik, Monahan, A.S.: 2020

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

o amp

Zi ™2 ()" ()" ()t O = it (Z3F°) (@) (A,) 4O

amp

o
cij(t, ) = ;5 455) Crgjl')(tv w) + O(es)

<>2<(x; t)?i’c(% t)> (Qi:})i\;];

Makino, Suzuki: 2014

xr(z; 1) = (8m8)*/2C 2% (23 ¢)
Rz t) = (8 E A ;
Xr(z;t) = (87t)(/*x(z;) 2-Loops

Harlander, Kluth, Lange :2018
asCF

(3log (8mp’t) — log(432)) + O(a2)
4 Artz, Harlander, Lange,

Neumann, Prausa: 2019

szl_

0]



Summary Lattice QCD 6-term EDM

Abramczyk et al. : 2017

SymLat: 2019 d2g = 0.94(1)(dp, + dp) + [0.18(2) g1 | e fm
SymLat: interpolation %
i ouo e dsyg = —0.03(1)d,, +0.92(1)d, — [0.11(1)go — 0.14(2)71] e fm

LANL:2021

DWF+Iwasaki+Cooling dape = 0.90{1)d,, — 0080 L1d, + |0.11{ g o 0.14(2)g1] efm

Guo et al. de Vries et al.: 2011

Clover+Iwasaki+Imaginary theta + d2a(0) = 0.2(1.2) x 107> f e fm Bsaisou et al. :2015
Anomalous rotation dsi(0) = 3.2(1.0) x 103G e fm
Alexandrou et al. )) = — 0
- : uIl et al. d3pe(0) 250081 10 370 e fm Brhoos, Luu, AS.
Vel =T T f 100 200 300 400 de Vries, Yousif: 2019
Cooling/Spectra f My [MeV] ‘

Bhattacharya et al.

tree(TI)-Clover/HISQ + Dragos, Luu, A.S., de Vries, Yousif
Gradient Flow Clover+Wilson+Gradient flow: 2019

51



Quark-Chromo EDM

Z_n/2 < (w(o)) i (?7;(0)) nlz (GLO)) i Of [X(O) : _(O) E B(O)] >amp bz N\ereghe’r’ri?il\z/::;cﬁ\:\\(;:flgil;ké.:..:s.,zosz’rgffer : 2021

amp

= () (Z%S)_l <(¢(O))nw (@E(O))n‘” (GELO))nG Ol(cO) [w(O),@E(O),G(O)D

ciglt, 1) = 655 + 22 Dt ) 1+ O(a2)

S 2NN
<>€(az;t) D x(x,t)> g 47r)2t]; Makino, Suzuki: 2014
o S
X(ZU; t) = (871'75)8/2@1(/2)((33; t) Gos b a47TF (3log (8mp’t) — log(432)) + O(a3) Harlander, Kluth, Lange :2018
7 /2 1/2 .2 Artz, Harlander, Lange,
X(w; t) — (87Tt) <X X(w; t) Neumann, Prausa: 2019
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Perturbation theory with flowed fields

Luscher, Weisz:2010,2011
Luscher: 2013

t
d, N7 I S

/ 4% {A,“, —y)Ay) + /0 dsByuw (@ = y3t = )Ry .s)], Rizik, Monhahan, A.S.:

t 2018, 2020

/dd |:](J — 1y t)Y(y) + / ds J(x — y:t — s)A'x(y: s)] ,

Jo

,ldt

L
d%y [9(/ (. —y:t) + / ds X(y; ) A" T (2 — y;t — S)] -
J 0

= [ ds 0t 9A0I- )T ),
= '/Ox ds 0(t — .S')F(s)jt_,,.(p)A(t) :
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Sample calculation: quark propagator

Luscher: 2013

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

" )—"}E—}-ll z;b+4[—+log '/

€

= Yo (477)2

2 Co(F) [1 N .
— ng [; + log (87r/.1.25) + 1] + Ofe, s),

2 Co(F) |1 ;
2 Co(F) [_ + log (87”‘%) + 1J + O(e, t),
€

2 Co(F) |1 . 1
= —QQSﬁ [; + log (87r/1.2t) + 5] + Ofe, t),

s
p

- _2.(]() (47_‘_)2

2 Co(F) [% + log (87?/,1.25) -+ %] + O(e, s),
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Dragos, Luu, A.S.,

Numerical details i o 200

NP improved Wilson +
Iwasaki gauge

a=0.1-0.068 fm
mpi=400-700 MeV 1.83 0.1371 | 16 15220

L.90 20
05 01351 | 28 | 56
O(L/2a) Stochastic

source locations PACS-CS: 2009

DB: 060.bov Topological Charge

3 Gaussian smearings




Signal-to-noise improvement

Is there a space-time region dominated by noise that can be neglected
in the 4-d integration?

A
2
[
R
g &i‘/ £
AR -
y \‘
A a
\}

K
b3
R L - >
PG, Dl e o
S %%.—;s

,é )

Dragos, Luu, A.S.,
de Vries, Yousif: 2019
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Signhal-fo-noise improvement

1 ¢ RS (t,=054fm) | R
¢ RW@Q

' 1.0 0.2 0.4 0.6 082 - 1.0 1.2

[ £
o j

Dragos, Luu, A.S.,
de Vries, Yousif: 2019
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CP-odd form factor

¢ Standard | | ¥ /8t = 0.60 fm /8ty = 0.70 fm
t+ R Improved f f | ¥ /8ty =065 fm

P/N ; ~9
F32M(NQ 2 dp/n — Sp/NQ° + Hp/n(Q7)
dp Sp
= = 0@ = &
dn SN

Mereghetti et al.: 2011
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Chiral interpolation

Neutron, d,,(a, m,) Fit

Neutron
d,= —1.52(71) x 1072 O e fm

Continuum

100 200 300 400 500 600 700 | 0.003 0.006 0.009 0.012

m|MeV]
lp o nip. 2 m72r G ARLD D pl - enign  me
AriplO, My )= Oy my + Oo i s e 8 dn®) = = g o 35
N
Dragos, Luu, A.S., Ottnad et al.: 2010

de Vries, Yousif: 2019 Mereghetti et al.: 2011
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QUGrk—ChrOmO EDM Mereghetti, Monahan, Rizik, A.S.,

Stoffer : 2021

Obe(z;t) = ¥da; )0t X4 1GE (1)

O&p(z;t) = cp(t, WOY¥S (x5 1) + cmo(t, WONS (5 1) + cr(t, B)OF> (; 1)
+ conlt, )OYS(: 1) + eopa (b, ) OMS () + O(1)

as | | :
CCE(t, ,u) = C;l | T Q(CF - CA) 10g(87r,u2t) — 5 ((4 = 55H\/)CA - (3 = 45HV)CF)
- Z‘W (5CE — 2C.4) log(87p%t)
i _
- 5 ((4 A, i 45HV)CF) _ 1og(432)Cp
sC 1
cpilt i = &ZiF 6; eplt i) = alls (41og(8mp’t) 4+ 3 + 26mv) Cm2p(t, 1) = &47TF (121()%(877# t) + 5(33 = 165HV)>
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