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Matter antimatter asymmetry
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Rules out any mechanism of electroweak baryogenesis
that does not make use of a new source of CP violation.
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New source of CP violation
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baryon-to-photon ratio n = n;/n.



Neutron EDM

ORNL experiment
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CP-violating sources

Buchmuller, Wyler: 1986

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

Quark EDM
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The role of lattice QCD
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; ; : Weinberg
Mg Hadronic matrix element topological charge
Mlsf) Hadronic matrix element CP odd operators
s Dragos, Luu, A.S.,
d,= — (1.5£0.7)-10"%0e fm  de vries, Yousif: 2019 GEDM qCEDM

— (0.2+0.01)d, + (0.78 £ 0.03)dy + (0.0027 & 0.016)d,
—  (0.55+0.28)ed,, — (1.1 £0.55)edy + (50 & 40)MeVed

Shintani et al.: 2005
Berruto, Blum, Orginos, Soni 2006
A.S., Luu, de Vries: 2014-2015
Guo, Meifdner, 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

MSSM
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Alarcon et al.: 2022

de Vries et al.: 2021
Snowmass Summer Study Report



How to calculate nEDM

dn| = F5(0)/2My g D

Challenges on the lattice

@ Renormalization of Ogp and continuum limit a -> O

@ Excited states contaminations D _aie ™™  Ey<Ey <---

1

@ Signal-to-noise ratio



Narayanan, " Luscher 2010
Neuberger:2006 Grddlen'l' ﬂOW 4 ; .

Luscher, Weisz 2011

T, = (X,3a) t —~ Hovwetime e Azl B g
Y(x) = x(t, z)

@ Renormalizable smoothing for local fields

® Smoothing at short distance V/ 8t

® Gaussian damping at large momenta

; Luscher: 2010
@ Flowed gauge fields are finite i

® Renormalization of fermion operator
multiplicative and “universal”

X(t, )
Makino, Suzuki: 2014
\/t2 (£, 2) Dx, 28

Luscher: 2013




What Is OpenLat

@ OpenLat provides open access to cuffing-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.
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http://openlat1.gitlab.io

OpenLat: Current Status & Key Research Projects

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.
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OpenLat: Current Status & Key Research Projects

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.
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OpenLat: Current Status & Key Research Projects

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.
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Gradient flow and topological charge  ‘tiseer 2o
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Q(t) = /d x q(x,1) q(z,t) = 3972 €pvpo LT {G (2, 1)G oo (2, 1) §
5BM(£E‘, t) — 8tB,u5t
h
Bianchi identities

Oq(z,t) = 0up(z, t)

1
Ku(z,t) = ﬁEMVPGTr Gup(z,t)DaGoo (1)) TR

<' 3o [Q(t)]R ST > — < 5 Q(t) B > Pederiva, Vege: 2018

LatViz

8tQ(t) — ()= /d4a: q(x,t) Equivalent fo fermionic

definition

Polyakov: 1987, Luscher: 2010  Ce’, Consonni, Engel, Giusti: 2015 Luscher: 2021 Luscher, Weisz: 2021
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Systemartics

excited states contamination analysis Continuum limit neutron EDM

Wilson flow
Zeuthen flow

¢ Wilson flow
¢ Zeuthen flow

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

di(tocp ) &80 il e Por & Topological charge computed /8t ~ 0.56 fm

® ESC under control for twp 2 1.1fm for m, ~ 410 MeV
@ Results consistent with expected O(a) improvement

@ Compare with yPT predictions s Zouthen Faly Sivt Ramos: 2015
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Dragos, Luu, A.S.,
de Vries, Yousif: 2019

Neutron EDM from theta term
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d ((9_) = CZ 6gAgg ] My Ottnad et al.: 2010
& Gt 87-‘-2}7‘7T HMJZV Mereghetti et al.: 2011
/ / m: /
i P n/p 92 T n/p 92
Y

dp(my = 412 MeV) = —0.00095(50) 6 e fm

Kim, A.S. (OpenLat): 2025

0] < 1.98 x 10~ '°(90%CL)

g - 147(23) .10 %0
Crewther et al.: 1980
de Vries et al.: 2015



Quark-Chromo EDM
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Challenges with BSM operators

@ Operators mix with lower dimensional operators OéE(f) = ()50 G, T Vs ()

® Power divergences need to be subtracted non-pertubatively O o) 1'f“bCG“ (£GP ()5 (2)
3gll).= 71 up\L) Gy o\ L) G2\ L)€ Ao

Maiani, Martinelli, Sachrajda: 1992 0

@ Additional complicated mixing pattern Bhattacharya, Cirigliano,
Gupta, Mereghetti, Yoon: 2015

Cirigliano, Mereghetti, Stoffer: 2020

: ol -
[OCE]R = Zcg |Ocrk a,2P P‘f(x) & wf(f)%?ﬂf(f)

: St i
[OSg]R = Z3g |Usg =2 e q(x) = 2972 €uvpott {1 Guw ()G po (2) }

qCEDM with RI-MOM Off-shell

> d=4 — 2 operators + 3 O(m)

a

loga  d=5 —> 3 operators + (7 + 5) O(m,m2) + 4 “nuisance”
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Strategy - Short flow-time expansion

Luscher: 2013

Oilbii= Z Ciglt, 1) (O = 0,40 )| ML) T A.S., Luy, 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
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Strategy - Short flow-time expansion

Luscher: 2013

O;(t) = Z Cig (B, 1) 1O = 0, p) | + L) A.S., Luy, de Vries: 2014-2015
: Dragos, Luu, A.S. de Vries: 2018-2019
't Rizik, Monahan, A.S.: 2018-2020

A.S.: 2020
- Kim, Luu, Rizik, A.S.: 2020
LQCTD Mereghetti, Monahan, Rizik, A.S.,

Stoffer: 2021
Crosas, Monahan, Rizik, A.S.,
Stoffer: 2023

@ Calculation of matrix elements with flowed fields
@ Multiplicative renormalization (no power divergences and no mixing)

16



Strategy - Short flow-time expansion

| Luscher: 2013
= Z Cij (£ 11) [Oj (s 0, ,u)]R + O(t) 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

s | o Mereghetti, Monahan, Rizik, A.S.,
LQL"B ?T % LQ;(-‘b Stoffer: 2021
Crosas, Monahan, Rizik, A.S.,
Stoffer: 2023

@ Calculation of matrix elements with flowed fields
@ Multiplicative renormalization (no power divergences and no mixing)

2l) (D, 1) + O(02)

@ Calculation of Wilson coefficients Gij(t; 1) = 0ij
@ Insert OPE in off-shell amputated 1PI Greens functions
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Strategy - Short flow-time expansion

Luscher: 2013

Qi (b= Z Cig (B, 1) 1O = 0, p) | + L) A.S., Luy, 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

s | o Mereghetti, Monahan, Rizik, A.S.,
LQL"D ?T % LQ(JB Stoffer: 2021
Crosas, Monahan, Rizik, A.S.,
Stoffer: 2023

@ Calculation of matrix elements with flowed fields
@ Multiplicative renormalization (no power divergences and no mixing)

® Calculation of Wilson coefficients Gij (s pt) = 045 &ZETM) CS)(W) + O(a5)

@ Insert OPE in off-shell amputated 1PI Greens functions

@ Power divergences subtracted non-perturbatively (LQCD)
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Strategy - Short flow-time expansion

Luscher: 2013

O:(t) = Gt ulOt =0, )] e AS., 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.,
LQL"D ?T % LQ(—‘B Stoffer: 2021
Crosas, Monahan, Rizik, A.S.,
Stoffer: 2023

@ Calculation of matrix elements with flowed fields
@ Multiplicative renormalization (no power divergences and no mixing)

® Calculation of Wilson coefficients Gij (s pt) = 045 &ZETM) Ci(jl)(thu) + O(a5)

@ Insert OPE in off-shell amputated 1PI Greens functions

@ Power divergences subtracted non-perturbatively (LQCD)

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

16



BSM contributions

/7 NLO :
f Rizik, Monahan, ¥
A.S.: 2018-2020
f Mereghetti, Monahan,
§ Rizik, A.S., Stoffer: 2021 }

Crosas, Monahan, Rizik,
A.S., Stoffer: 2023

Y NNLO §
\ Borgulat, Harlander, #
%, Rizik, A.S.: 2022

—~ Result
/ Matching ™\

y Dragos, Luy, A.S.,
| deVries: 2018-2019 }
fim, Luy, Rizik, A.S.: 2021 }
| Kim, A.S.: 2025 |

\Matrix element}
{ Dragos, Kim, Luu, A.S.,
% de Vries: 2018

| Lattice ]



Flowed moments - success

H=2GeV mps=410 MeV

PDFs describe quark and gluon structure of
hadrons — essential for LHC predictions

(x2)/{x)(t/ty) Error Band
_ — A Hto)
o . o ETMC 2010.03495 (Stat.)
Large Bjorken-x remains poorly constrained T
. a=0.064 no matching
a=0.077 fm no matching
a=0.094 fm no matching

due to limited experimental input |

Extrapolated value of (x2)/(x) at t/to =0

New method to compute arbitrary PDF
moments using gradient flow A.s.: 2023

Enables reconstruction of PDFs from first
principles with controlled uncertainties

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

PHYSICAL REVIEW D 110, L051503 (2024)

Moments of parton distribution functions of any order from lattice QCD

Andrea Shindler®”
Institute for Theoretical Particle Physics and Cosmology, TTK, RWTH Aachen University, Aachen, Germany;
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA;
and Department of Physics, University of California, Berkeley, California 94720, USA

® (Received 12 December 2023; revised 21 February 2024; accepted 24 June 2024; published 26 September 2024)

We describe a procedure to determine moments of parton distribution functions of any order in lattice
quantum chromodynamics (QCD). The procedure is based on the gradient flow for fermion and gauge
fields. The flowed matrix elements of twist-2 operators renormalize multiplicatively, and the matching
with the physical matrix elements can be obtained using continuum symmetries and the irreducible
representations of Euclidean 4-dimensional rotations. We calculate the matching coefficients at one-loop in
perturbation theory for moments of any order in the flavor nonsinglet case. We also give specific examples
of operators that could be used in lattice QCD computations. It turns out that it is possible to choose
operators with identical Lorentz indices and still have a multiplicative matching. One can thus use twist-2
operators exclusively with temporal indices, thus substantially improving the signal-to-noise ratio in the
computation of the hadronic matrix elements.

DOI: 10.1103/PhysRevD.110.L051503

Comparison of PDF Moment Ratios

® Our Work

o )AM
A xFitter

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

18



Rizik, Monahan, A.S.: 2020

Quark—ChromO EDM Mereghetti, Monahan, Rizik, A.S.,

Stoffer : 2021

Cce,crl(t, 1)

@ Expand integrands of loop integrals in all scales excluding t

@ Analytic structure altered — distortion of IR structure

Q@

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

Borgulat, Harlander, Rizik, A.S.: in progress

- W =G+ o _2(0 C4)log(8mp°t) : ((4+55 R Lhole ) b =K x 1/(2teVe)1/2
T e Agr e oA T L) =3 v )Ca — 4opv)CF
Lo : : PRELIMINARY
— b Z—; (5CF — QCA) 10g(87'rlu2t)

: j
0 ((4 + 50mv)Ca + (3 — 45HV)CF) — log(432)Cr

2 3 4 5 6 7 8 9 10

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



Quark-Chromo EDM: power divergences

Kim, Luu, Rizik, A.S.:2020
Cop (t, 1)

Ocg(t) = Pg (0, 1 +ZCCEZ (t, 1) Os (0, 1)

l'oplt B0 = a32< (t,x, 24)P?*(0,0 O)>

FPP(QZ‘4) oz CL3 Z <Pij($4, X)Pji(o, O)>

Non-perturbative power divergence

(01Ock(t)|m)

RCP (t, $4) =7
(0| P|m)
- (0[0cx(®)lm )
t =il -
COP( ) Iu) <O‘PR(O, ,u) ‘7_‘_> : : :;if;szztfbr:g\t/i:n theory
— L o Ol ) s | oL
COP(taﬂ)_ﬁg VAR AR A
Rizik, Monahan, Kim, A.S. (OpenLat): 2025

A.S.: 2018-2020
20
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Crosas, Monahan, Rizik,
A.S., Stoffer : 2023




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 Iin progress

Quark EDM —>
simplest calculation with Lattice QCD. Precision

3%-5%. No Disc.

Theta-term nucleon EDM — few calculations: 2 o
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

Renormalizati
on

Continuum
limit

Chiral
extrapolation

Finite Volume

Excited
States

0 - term

quark
EDM

quark-

chromo |

3-gluon

4
fermion




Summary

® Towards a new determination of nEDM from theta-term

@ Moving towards the physical point challenging (interpolation with yPT)

@ Non-perturbative renormalization qCEDM matrix elements

o Use of gradient flow is critical — power divergences

® Perturbative matching of 3g-CP odd at NLO

o Non-perturbative power divergence defermination is in progress
@ OpenlLat: open science initiative. Gauges with SWF open to the whole community

@ Results for parton distribution functions are very encouraging

23
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EDM experiments in the world

Chupp, Fierlinger,
Ramsey-Musolf, Singh: 2019

5% ul |

Paramagnetic systems
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“Hg|da = (2.2+3.1) x 107" 4x107°Y  ecm
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dh=(A£6) x 107 TAx 10" com|

TIF [d = (-17£20)x 100" [65x 10" eom|
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Particle systems

4, =(00L09 x 107 [18x 10" com]

Re(d,) = (115 £ 170) X 1077 (3.9 x 107 eom]

TR Jda— (3074 x 107 [16x 107" com]

Neutrons: (~ 200 ppl.) Storage rings: (~ 400 ppl.)
- Beam EDM @ Bern - CPEDM/JEDI
* LANL nEDM @ LANL - muEDM @ PSI
*nEDM @ PSI - g-2 @ FNAL

- nEDM @ SNS e
- PanEDM @ ILL 9-2 @ JPARC

* PNPI/FTI/ILL @ ILL
« TUCAN @ TRIUMF

Atoms: (~ 60 ppl.) _=w= 77 - = . Molecules: (~55 ppl.)
. = T FY e BaF (EDM Toronto
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*H Bonn D ! . TS (e HfF+ @ JILA
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« Xe @ PTB % A proton
* Xe @

Riken N | sl
mercury

xenon

1980 2000
Year of publication

dn] < 1.8 x107°° e cm (90% C.L.)  Abel et al: 2020
PSI

| disoprg| < 7.4 % 107%° e cm (95% C.L.)  Griffith et al.: 2009
Graner et al.: 2017
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EDM experiments in the world

Chupp, Fierlinger,
Ramsey-Musolf, Singh: 2019
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« Xe @ PTB % A proton
* Xe @

Riken N | sl
mercury

xenon

1980 2000
Year of publication

dn] < 1.8 x107°° e cm (90% C.L.)  Abel et al: 2020
PSI

| disoprg| < 7.4 % 107%° e cm (95% C.L.)  Griffith et al.: 2009
Graner et al.: 2017
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EDM experiments in the world

Chupp, Fierlinger,
Ramsey-Musolf, Singh: 2019
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« Xe @ PTB
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dy,| < 1.8 %1072 e cm (90% C.L.)  Abel et al: 2020 dn| 3 X110 e tm PSI, LANL,..
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disoprg| < 7.4 % 107°° e cm (95% C.L.)  Griffith et al.: 2009 |

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

‘dzz&sRa‘ < 14 x 10 o (95% CL) Rishotiot ‘al Bole ‘d225Ra‘ g 3x 10727 e cm ANL
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New physics scale

2580 1029 50 TeV, ifl=1
i . g mf b dmax A ~ e CI1l J 9
dy ~ eqs sin(dcpv) (16W2> SFV 2 i S| gmax g IEV = af ] -

@ The discovery potential in EDM searches can be
roughly quantified by the reach in mass scale,
Operator Loop order Mass reach

assuming maximal CP violation. Electron EDM 48 TeV /1029 ¢ cm/dimax
2 TeV4/10=29 e cm / dax
130 TeV,/10~2% e cm /diP2x
13 TeV,/10=2 ecm/dpax
210 TeV4/10~29 cm /dmax

Up/down quark EDM

@ In all cases we see that the mass reach is very
high - EDMs are exploring uncharted territory. Up-quark CEDM

20 TeV4/10~29 cm /dmax
290 TeV4/10-29 cm /dax
28 TeV4/10~29 cm/dpa>

the electroweak scale, EDMs probe very small CP- Gluon CEDM | 2 (ccmy) | 22TeV {/10~2 cm /(100 MeV) /dg™

Down-quark CEDM

N = N =N =N

@ if we insist that the scale of new physics is close to

260 TeV41/10~29 cm /(100 MeV') /d%2*

violating couplings, still providing invaluable
information for model building and understanding e e
the nature of CP symmetry and its breaking. Snowmass Summer Study Report
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New physics scale
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g 5 di<d > Myp = X
f ~ eqrsin(dcpv) (16772> S Mﬁrp iy \/ i PNy il — 2

@ The discovery potential in EDM searches can be
roughly quantified by the reach in mass scale,
Operator Loop order Mass reach

assuming maximal CP violation. Electron EDM 48 TeV /1029 ¢ cm/dimax
2 TeV4/10=29 e cm / dax
130 TeV,/10~2% e cm /diP2x
13 TeV,/10=2 ecm/dpax
210 TeV4/10~29 cm /dmax

Up/down quark EDM

@ In all cases we see that the mass reach is very
high - EDMs are exploring uncharted territory. Up-quark CEDM

20 TeV4/10~29 cm /dmax
290 TeV4/10-29 cm /dax
28 TeV4/10~29 cm/dpa>

the electroweak scale, EDMs probe very small CP- Gluon CEDM | 2 (ccmy) | 22TeV {/10~2 cm /(100 MeV) /dg™

Down-quark CEDM

N = N =N =N

@ if we insist that the scale of new physics is close to

260 TeV41/10~29 cm /(100 MeV') /d%2*

violating couplings, still providing invaluable
information for model building and understanding e e
the nature of CP symmetry and its breaking. Snowmass Summer Study Report

27



CP-violating effective operators

Cirigliano, Ramsey-

E Musolf: 2013
New PClI"'|'iC|€S m> A Engel, Ramsey-Musolf,
Van Kolck: 2013
LBSM
A ~ TeV ,'
{ ozg,,d) o
ESM i Z Ad—4 On
d=5
M 7
&
L:Fefrmz i E POZ
()
Ag ~ GeV *#
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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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EDM from the Standard Model

@ No EDMs at 1-loop
@ At 2-loops individual diagrams are non-zero, but the sum vanishes
@ Quark EDM are induced at 3-loops

@ Electron EDM are induced at 4-loops

Electron EDM can be larger due to hadronic loops
EDM of not elementary particles can be larger

(dn)SM=(1—8) %10 P2:  ci




Neutron EDM

d,| < 1.8 x 1072° e'em (90% C )

Abel et al.: 2020 (PSI) Alarcon et al.: 2022

Snowmass Summer Study Report

ORNL expe riment Experiment: Neutron Measurement Measurement 90% C.L. (10%® e-<cm) | Year 90% C.L.
U |tra co | d neutrons ta ke over f i e| d Facility Source Cell Techniques With 300 Live Days Data Acquired
Crystal: JPARC | Cold Neutron Beam Crystal Diffraction (High Internal E)
P | 0‘1 9 Beam: ESS Cold Neutron Beam Pulsed Beam ~ 2030

_ Beam ; PNPI: ILL ILL Turbine (UCN) Vacuum Ramsey Technique, Phase 1 < 100 Development
=] 0_20 Bragg scattering PNPI/LHe (UCN) E = 0 Cell for Magnetometry <10 Development
& UCN (Sussex-RAL-ILL) [ n2EDM: PSI Solid D, (UCN) Vacuum Ramsey Technique, External Cs <15 ~2026
\°1 0_21 UCN (PNPI) Magnetometers, Hg Co-Magnetometer
o UCN (PSI) : PanEDM Superfluid “*He (UCN), Vacuum Ramsey Technique, Hg Co- ~ 2026
ILL/Munich Solid D; (UCN) External >He and Cs Magnetometers

<30
51022
S TUCAN: Superfluid “He (UCN) Vacuum Ramsey Technique, Hg Co- <20 ~ 2027
Magnetometer, External
Cs Magnetometers
30
3

o1 0—24
<102

c

'U.I 0—26

g10”

nEDM: Solid D; (UCN) Vacuum Ramsey Technique, Hg Co- < ~ 2026

LANL Magnetometer, Hg External

Magnetometer, OPM

nEDM@SNS: Superfluid “He (UCN) "He Cryogenic High Voltage, “He <20 ~ 2029
ORNL Capture for @, >He Co-Magnetometer < ~ 2031

with SQUIDs, Dressed Spins,

Superconducting Magnetic Shield

10°%
107

1 0—29

————A——————————

1960 1970 1980 1990 2000 2010 2020 2030 2040
Publication year
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Neutron EDM

d,| < 1.8 x 1072° e'em (90% C )

Abel et al.: 2020 (PSI) Alarcon et al.: 2022

Snowmass Summer Study Report

ORNL expe riment Experiment: Neutron Measurement Measurement 90% C.L. (10*® e-<cm) | Year 90% C.L.
U Itra co | d neutrons ta ke over f i e| d Facility Source Cell Techniques With 300 Live Days Data Acquired
Crystal: JPARC | Cold Neutron Beam Crystal Diffraction (High Internal E) < 100
P | 0—1 9 Beam: ESS Cold Neutron Beam Pulsed Beam <50 ~ 2030

- Beam : PNPI: ILL ILL Turbine (UCN) Vacuum Ramsey Technique, Phase 1 < 100 Development
=] 0_20 Bragg scattering PNPI/LHe (UCN) E = 0 Cell for Magnetometry <10 Development
\°1 0_21 UCN (PNPI) Magnetometers, Hg Co-Magnetometer
m'l 0_ ILL/Munich Solid D; (UCN) External >He and Cs Magnetometers
S TUCAN: Superfluid “He (UCN) Vacuum Ramsey Technique, Hg Co- <20 ~ 2027
""‘l 0_23 TRIUMF - Magnetometer, External -
E Cs Magnetometers
nEDM: Solid D; (UCN) Vacuum Ramsey Technique, Hg Co- <30 ~ 2026
LANL Magnetometer, Hg External
‘ -

O1 0—24
<102

c

'U.I 026
1 0—27
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1 0—29

————A——————————
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Quark-Chromo EDM: power divergences

cop (T,
Ocer(t) = OPi 2 Pr(0, p) + Z ccE,i(t, 1) Oi r (0, 1)
Lop(za;t) = a Z Oic‘zE(M,X; t)Pji(Oa 0;0)

Fpp($4; t) — CLS Z <Pij($4,X; t)Pji(O, O)>

— i tFCP (211
I'pp(xy4,t)

= L g2 + A@G4 + AGIGE + AWGB , =157 + A?g* + APGE + AWGE + AG)G1O

—— perturbation —— perturbation
chiral, continuum limit chiral, continuum limit

—— perturbation
chiral, continuum limit

S




Sl Status

® Theta-term nucleon EDM —> first results 1409.2735
1507.02343

@ Renormalization, S/N 1809.03487
1902.03254

® Quark-chromo EDM —> renormalization

® Power divergences — PT 1810.05637 2005.04199 2111.1149
Non-perturbative 1810.10301 = 2106.07633
@ Logs/mixing —> 2111.1149  2212.09824
@ 3 gluon operator — PT power divergences 2005.04199

Preliminary studies for renormalization (power divergences) 1711.04730 1810.05637
—> Logs/mixing 2308.16221


https://arxiv.org/abs/2308.16221

Scalar condensate

My, ML model prediction

K|m, pederIVCl, A.S.: 2024 M,, Direct calculation

M3, ML model prediction

M3, Direct calculation
M. Luscher, JHEP 04 (2013) 123

@ Strong correlation between quark disconnected - i = 699MeV
diagrams at different flow fimes

mp=409.7MeV mp=203MeV

® 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 franslation invariance

1.0 1.2 1.4 1.6 1.8 2.0
Maximum t/a?




Theta-term dependence

tr [P+GNN] —5 Q‘ZN‘QG—MNZ‘O =

o Ua, amy=0.3837(11), x?/dof=1.27

()
X

tr

meff
meff(0)

P+75G%N

= 2|ZN‘204N6_MN$O e



Scale dependence matching coefficients

o =3 GeV — ug = 1.13 GeV

|

e
e

Red - Blue =

Ara(pg) log® (8mtug) + Aza2(ug) log(87tud) + O(al)

t € |to/4, 400 10%-20% uncertainties from PT at 1-loop



CP-odd form factor  opoiwre

2019

=dp/ny + Sp/NnQ° + Hp/n(Q7)

dp Sp
— <0 — <0 Mereghetti et al.: 2011

dN SN



Topological charge on the lattice

|

q(x) = 2972 €uvpatt {1G ()G po () §

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

Discretize

Geometrical definition: tischer 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
Anomalous Ward Identity
dy A — 2B T exitateriis
QL xm Z Tr (v59) Atiyah, Singer: 1971

0, A, =2mP + 2N
pwlip faL P. Hasenfratz: 1998

=T R
Q Bl P. Hasenfratz, Laliena, Niedermeyer: 1998



Signal-to-noise improvement

Dragos, Luu, A.S.,
de Vries, Yousif: 2019



Signal-to-noise improvement




