Hadronic matrix elements with the
gradient flow

Andrea Shindler

shindler@physik.rwth-aachen.de
shindler@lbl.gov

Deutsche
RWTHAACHEN DFG Forschungsgemeinschaft
UNIVERSITY z

CERN 16.07.2024 Beﬂ@ky i

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA



mailto:shindler@physik.rwth-aachen.de
mailto:shindler@lbl.gov

Narayanan, " Luscher 2010
Neuberger:2006 Grdd|€n1' ﬂOW .

Luscher, Weisz 2011

T, = (X, 34) > Howtime J e

8tB'u — 81/8,/B,u

B,(x,1) = / dy Koo y)dat

Au(x) = A% (2)T* — gluon fields

2
o~ /4t

(47t)?

B, (z,1)

=0

277)

d4p inr  —tp?
= Au(z) K(5’33t):/( gese
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Luscher, Weisz: 2011

; Continuum limit is finite “_
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Luscher: 2013

Gradient flow

T, = (X;21)> t = flow-time Sl

x(z,t) = /d4yK($ —y,H(y) K(z,t) e 1t

@ Smoothing over a range /8t
@ Gaussian damping at large momenta
Yt 1) = Z}(/Qx(a:',t)

Ol t) — x(z, O (z, i Gy, — 7, (O

Zt g <Y($,t)X(ZE,t)> Zt,R T szt

No additive divergences
Continuum limit finite after normalizing fermion fields
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Strategy - Short flow-time expansion

[Oi(t)]R = Z cij(t, ) [Oi(t = 0, p)|g + O(F)

LQC‘D PT .., LQCTD Cij(ty p) = 05 QZETM)C§;)(t»M)+O(a§)

@ 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 Greens functions

@ Power divergences subtracted non-perturbatively (LQCD)

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

Luscher: 2013

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



Moments of parton distribution functions of any order from lattice QCD
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We describe a procedure to determine moments of parton distribution functions of any order in
lattice 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 non-singlet 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.

2311.18704 [hep-lat]
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Motivations

LHC Higgs Cross section Working Group : 2016
@ |-||ggs boson Producﬁon Snowmass 2021 White paper

PDF uncertainty is still one of the largest sources of theoretical
uncertainty affecting the predictions for Higgs boson production

g —————
_ o
PDFs contribute to precise extraction of the SM parameters from the LHC data -> 5(PDF-TH)
@ strong coupling constant
@ W boson mass o -
for which different PDF sets yield results that are significantly different Collider Energy / TeV

as compared to the size of statistical and systematic uncertainties

@ SM parameters

X
o
o
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X
g
—
2
)

O(scale)

@ New physics searches

PDF uncertainties become sizeable at large-x due to the lack of precise experimental constraints in that region
Large uncertainty in the predictions for the high-energy tails of the measured distributions,

where programs of indirect new physics searches focus
Ball, Candido, Forte, Hekhorn, Nocera, Rojo, Schwan: 2022



PDF and Lattice QCD

@ Connection between PDFs and hadronic matrix elements, which are calculable in lattice QCD, is Curci, Furmanski, Petronzio: 1980
established through the moments of the PDFs <xn> Collins, Soper: 1982
@ Lattice QCD calculations of the moments of the PDFs, provide, in principle, a means for the Kronfeld, Photiadis: 1985

Martinelli, Sachrajda: 1987 - 1988

complete reconstruction of the PDFs.

()%, =0.110(7)(12), .024(18)(2),
@ This possibility has remained impractical due to the ()%, = 0.006(2)(2). 033(6)(1)

theoretical and numerical challenges associated ()3, = 0.139(2)(1). 073(5)(2)
with computing high moments
@ Continuum limit too difficult for <x"> for n>3 this work [20] [44] 48] )
0.601(28)(21) - - - F L fonut b i
S . 0.059(13)(-10) - - - = -
@ For n=2,3 the need of non-vanishing external spatial 0.019(05)(10) - - - -
: : : 0.52(11)(t%%) - 0.42(4) 0.25(13) 2
momenta degrades the signal-fo-noise ratio 0.68(05)(_03)  0.220(207) 0.58(9) 0.75(18) M=
0.48(01) 0.344(28) - = .
0.60(03) = - - -

reviews of Refs. [37, 38|). Direct calculations of distribution functions on a Euclidean lattice have not been feasible
due to the time dependence of these quantities. A way around this limitation is the calculation on the lattice of
moments of distribution functions (historically for PDFs and GPDs) and the physical PDF's can, in principle, be
obtained from operator product expansion (OPE). Realistically, only the lowest moments of PDFs and GPDs can

Alexandrou et al. (ETMC): 2021

be computed (see e.g. [39-44]|) due to large gauge noise in high moments, and also unavoidable power-divergent
mixing with lower-dimensional operators. Combination of the two prevents a reliable and accurate calculation of
moments beyond the second or third, and the reconstruction of the PDF's becomes unrealistic.

Cichy, Constantinou: 2019




PDF and Lattice QCD

Approaches have been developed to determine the x-dependence of the PDFs

@ Auxiliary scalar field Aglietti et al.: 1998

* , Py = 0.41GeV
® quasi-PDF (LaMET) Ji: 2013 | P =083Cev (|

P; =1.24GeV
@ pseudo-PDF Radyushkin: 2017
@ Fictitious heavy quark Detmold, Lin: 2005
@ Auxiliary scalar quark Braun, Miller: 2008 o Ly
. 1 NNPDF3.1

@ Compton amplitude + OPE Chambers et al.: 2017
® Good Lattice Cross Sections Ma, Qiu: 2018
@ hadron tensor method Lian et al.: 2019

Alexandrou et al. (ETMC): 2021

Method that addresses both the theoretical and numerical challenges faced in the past,
which hindered the direct calculation of moments of any order from lattice QCD



Moments of the PDF: standard method

< < 4 4
s __ A\TS ¥ S rs __ 7MS Ars
On (ZIZ‘) 2% O,ul---,un (Zl?) i w (w),y{ﬂl DM2 B D,U'n}w (.CE) On (CIZ‘) Y Zn On,B(x)
@ Calculate matrix elements using lattice QCD
@ Rotational group symmetry is broken into the hypercubic group H(4)

@ Irreducible representations of O(4) generally become reducible representations of H(4) inducing unwanted mixings under
renormalization

Beccarini et al.: 1995

@ Irreps of H(4) allow mixing with lower dimensional operators and complicate mixings with operators of the same dimension
Gockeler et al.: 1996

@ Operators with different index combinations belong to different irreps of H(4)

O3 U1 = o = U3 1/a25umj cos(apy, ) Kronfeld, Photiadis: 1985
L1 # o = U3 D411 — Oy33 Martinelli, Sachrajda: 1987
w1 # pa # pa (h()|Onlh(p)) = P -+ Py A1)




Strategy

@ Calculate matrix elements of flowed twist-2 fields -> renormalize multiplicatively
@ Renormalize flowed fermion fields or build appropriate ratios
@ Construct fields based on irreps of O(4). Perform continuum limit

@ Compute matching factors in perturbation theory. Matching is multiplicatively in the continuum

10



Flowed twist-2 operators

<>

-
0, (z,t) = YT($7t)7{u1 i D,un}XS(CEat) 0, () = Zn ;r;fB(t) L =y

5 R ]\fC
<Y7~(33>t)lb)%r($,t)> — (47T)2t2 Makino, Suzuki: 2014

X
Cr (3log(8mpu’t) — log(432)) B!

X" MS (2, 110 (Bre)i ¢ TR (2t

log u? = log i* + vg — log 4
Harlander, Kluth, Lange: 2018

NNLO Artz et al.: 2019
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O(4) irreducible representations

1
GL(4) irrep Legin 0 — Z Tua(l)...%(n)

n!
o€all
permutations

In O(4) an additional operation is allowed that commutes with orthogonal trafo: contraction of 2 indices

(120 8 e
Tul---un g Taaus---un o 5M1M2TM1“'Mn rank n-2 tensor

Subspace of traceless tensors is invariant under O(4), i.e. the traceless rank n tensors are transformed among themselves under O(4)

: e 12 :
Always possible to decompose L o, il Tp(u--)-un + - Invariant under O(4)
n(n-1)/2 terms
~ 1 ~ 1
E'Q' Tul,uz % T,Lbluz 253 ZCSM,uzTOéOé TM1M2M3 5 TMLUQMS = 6 [5M1M2TO¢@M3 a0 5M1M3T04M2Oé 2% 5M2M3TM10404]

Traceless tensors invariant under vector index permutations — starting point to construct all the irreducible representations of O(4) (Young symmetrizers)

Traceless and symmetrized rank-$n$ tensors are an irreducible representation of O(4)

12



Matching coefficients

= <7
® Consider flowed twist-2 operators Ot =x (z t)’y{u1 D gt 1 C2 )

® Renormalize flowed twist-2 operators — renormalization is ALWAYS multiplicative

O;';S(t) = Zn, ng(t) ) Lin = ZX <§T(;U,t)l%>%r(x,t)> & _(47]:;62752

@ Perform a short flow time expansion — consider O(4) irreps —> traceless operators

TS
o

o e > d e :
O, (x,t) =X (2,8)V{u, Dyy - -+ D 1 X (3, 1) — terms with §,,,.  Continuum limit is finite for any n

(D) On®IB®)) =Py Py (271, (B

TS
o

o Matching is multiplicative for traceless operators O, (1) = cnlt, p)O,> (1) + O(F)

@ Calculate matching coefficients in PT

13



Matching coefhicients

~TS8
o e

Matching equations <W0n (t)¢8> = cn(t, 1) <W525’MS(?5 - O,M)@S>

@ Expand integrands of loop integrals in all scales excluding
@ 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

—2
AANESE ‘? 40;3 G )T O cD(t, ) = Cr [ynlog (87p’t) + B
s
N 2 B _ 4 +4n—110g2+ 2—477,2fy i 2 bl 0
n:l 1 1 Snln n n(n % n(n
™ i ;j & T 4( +1) ~n(n+1) (n+1)

Gross, Wilczek: 1974

n =2 Makino, Suzuki: 2014
14
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O(a) improvement

5 > <

OZS(CB) 8 O,Zj,un ($) = (ZL‘)”}/{'M D,u2 i D,un}ws(a;) <h(p)‘6n|h(p)> = Uiyt <xn—1>h

@ Beside the O(a) from the lattice theory twist-2 fields are affected by specific O(a) that depend on n
@ Improvement coefficients are known only for n=2 and only in PT

@ Only GW fermions or Wtm at maximal twist removes these O(a)

N

TS 3 < S

@ (z,0) = Xr(x, ty i DD, v (zd) denms with 6, . <h(p)\0n(t)|h(p)> — <:z;”_1>h ()

@ Hadronic matrix elements of flowed operators beside the O(a) from the lattice theory are only affected by O(am)
@ The O(am) are independent on n (depend only on the fermion content)

@ With ratios discretization effects are O(a2) — clover fermions are back in the game

g AT S

Finite continuum limit and O(a) improved

15



Strategy

N

(hIOn®)h()) =Dy -1, (=71, ) Continuum limit is finite for any n
@) ) =t @), 0+ 0 Matching is multiplicative for any n

~ 3 | Gl :
N=4  Ouus=Ouu— 0ainy + -0assy  Vanishing spatial momenta for any n

p (1

Cn(t, 1) (™), (F)

(a4 ()= (S O
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Future with Open Science

@ OpenlLat: open science Initiative. Gauges with SWF open to the

whole community

m,L=3

a=0.12fm
0.094fm =
0.077fm s
0.064fm .
0.054fm =™

https://openlatl.qitlab.io
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>,
Flowed moments n=3 Bl Y
o Jangho Dimitra
Lattice parameters (OpenLat) Kim (FZJ)  Pefkou (LBL)

a~0.12fm L ~29fm mpg>~410 MeV

Statistics (sources x gauges) . =269 92021 =10 ey
1 x 200 = 200 ~ 4% | o | e oo10.0mals ot 4 Sy5)

$$ 9339293999999

Lattice parameters (ETMC)

a~0093fm L~3fm m,~260MeV

Statistics (SOUI”CQS X gClUQQS) | Preliminary

32 X 122 —3904 ~ 27%




Flowed moments n=4

Lattice parameters (OpenLat) (Z)ore (1)

a~0.12fm L ~29fm mpg>~410 MeV

u=2GeV a=0.12fm mps=410 MeV

X
® ETMC 2104.02247 (Stat.)
® ETMC 2104.02247 (Stat. + Sys.)

Statistics (sources x gauges)
1 x 200 = 200 ~ 5 —T%

R 3 K N R )
geee
[ K]

Lattice parameters (ETMC)

a~0093fm L~3fm m, ~260MeV | Preliminary

Statistics (sources x gauges)

T2 20— el ~ 5%
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Potential systematics

(1M ) = (amaantls oentill S I

M-E N e i

Finife Vo[ume efFeC'l's at finite a the extension of the local operators is (n-1)a n~ 10— 12

Discretization errors V8t > na

NLL , NLL
Cp-1/Cn

0.98

Perturbative matching nw=2GeV =

0.94

0.92

NLL g(q) Yn () : Zz:
Cn (t7 s y(:u)) = Cn(ta q, ?(Q))exp \N&a / dx 3 :
g(u) B(x) ) 0.86




Summary

" New method to calculate moments of any order from lattice QCD

' Method is general and can be used with any lattice action

' We make use of an intermediate requlator (GF) that simplifies the continuum limit
 After recovering O(4) symmetry the matching is done using continuum PT

' Matrix elements can be all calculated with vanishing external momenta

Ratios of matrix elements improve further continuum limit and S/N

21



Heav Yy—quar ¥ Fl«v SLES

Black, Harlander, Lange, Rago, A.S., Witzel:
2310.18059 [hep-lat]
In progress

Matthew Black
(Siegen Uni)


https://arxiv.org/abs/2310.18059

Introduction

® Four-quark AB = O and AB = 2 matrix elements can be determined from lattice QCD simulations

HPQCD: 1907.01025

@ AB = 2 well-studied by several groups -> precision increasing FNAL/MILC: 1602.03560
RBC: 1406.6192
@ preliminary AK = 2 for Kaon mixing study with gradient flow ETM,C:1308.185!

Taniguchi: 2019 Suzuki et al. :2020

® AB = 0 -> exploratory studies from ~20 years ago + new developments for lifetime ratios

. : : : Lin, Detmold, Meinel: 2022
@ contributions from disconnected diagrams

DiPierro, Sachrajda: 9805028
@ mixing with lower dimensional operators DiPierro, Sachrajda, Michael: 9906031

Becirevic; 0110124

1. Establish gradient flow renormalisation procedure with AB = 2 matrix element
2 Pioneer AB = 0 matrix elements calculations
3. Tackle disconnected contributions

23



Lattice details

® Gauge configurations RBC/UKQCD's 2+1 flavour Shamir DWF + Iwasaki gauge action ensembles

Shamir: 1993

@ To remove additional extrapolations in valence sector, we simulate at physical charm and strange

@ "neutral Ds” meson mixing
Ls

16
16

16
16
16

@ Fully relativistic DWF for valence quarks 12

@ Strange tuned to physical value (Shamir DWF)

a"1/GeV

1.785
1.785

2.383
2.383
2.383

2.785

@ Heavy c quarks tuned for physical Ds mass (Mobius DWF)

-> am¢ < 0.7 with stout smearing of gauge fields

@ Z2 wall sources for all quark propagators Boyle et al.

@ Sources for strange propagators are also Gaussian smeared Allfon et al.: 1993

24

2018

sea
am,;

0.005
0.010

0.004
0.006
0.008

amse?
0.040
0.040

0.030
0.030
0.030

val
amy

0.03224
0.03224

0.02477
0.02477
0.02477

0.002144 0.02144 0.02167

Morningstar, Peardon: 2003

Iwasaki, Yoshie: 1984

Iwasaki: 1985

M, /MeV # cfgs # sources

340
433

302
362
411

267

101
101

79
89
68

98

Allton et al.: 2008
Aoki et al.: 2010
Blum et al.: 2014
Bovle et al.: 2017

32
32

32
32
32
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Matrix elements

O1 = (bivu(1 — v5)6:) (b7 (1 — ¥5)g5) (O1(pr)) = gM%q f%q B ()

0|7 |n) (n|TT|0 ) ey
oot (o) = a8 3 (Dot z)TH0,0) O (o) = 3 LA (s o sux-20)

n

C?)Iit(le, Ya,t) = a’ Z <P(Xa $4)01(07t)PT(y7?J4)>

XY




Continuum limit & matching

7 =0.80 GeV 2

7 =0.21 GeV 2

Continuum limit

Cl, a! = 1.7848 GeV
C2, a~! = 1.7848 GeV C2, a~! = 1.7848 GeV
M1, a~! = 2.3833 GeV Ml, a1 = 2.3833 GeV
M2, a~! = 2.3833 GeV M2, a1 = 2.3833 GeV
M3, a~! = 2.3833 GeV M3, a~! = 2.3833 GeV

Cl, a™! = 1.7848 GeV

F1S, a~! = 2.785 GeV F1S, a=! = 2.785 GeV
a=0 preliminary a=0 preliminary
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.000 0.002 0.004 0.006 0.008 0.010 0.012
2 2
a? [fm?] a” [fm’]

L O 11 5 5 0.900 —
— 21 2 o NLO MS B;
cp, (1, ¢) T 0g(2u”t) + k) + O(ay) os51  Preliminary NNLO IS B,

AN
| 0.850

@ 045 logs
s g

+a? logs
+a? logs

AB = O four-quark matrix elements are the final target 0.800

0.775 - m®®

Standard renormalization infroduces mixing with lower

dimensional operators -> Use the gradient flow

Testing method with AC=2




Summary

The gradient flow provides a powerful to resolve complicated renormalization patterns
Application on matrix elements: PDF, EDM, scalar content, bag paramefters,...
Intermediate requlator that allows to recover continuum symmeitries

' Reduce noise, but be careful on the exposed autocorrelation time

Logarithmic matching coefficients are calculable in perturbation theory

Power divergences can be eliminated non-perturbatively (case by case)

Aspects to be understood: limit + -> O - window

27






Neutron EDM

ORNL experiment
Ultracold neutrons take over field

dnl < 18 x 100°% e omi(90% C. 1,

Bragg scattering Abel et al.: 2020 (pSI)

UCN (Sussex-RAL-ILL)
UCN (PNPI)
UCN (PSI)

~ 0 '°

d*? < 1.8-10"%°ecm

PSI 20

, Alarcon et al.: 2022
1960 1970 1980 1990 2000 2010 2020 2030 2040 [ESFFHVEEERCIEIREE N RS

Publication year

Experiment: Neutron Measurement Measurement 90% C.L. (10~%° e-cm) Year 90% C.L.
Facility Source Cell Techniques With 300 Live Days Data Acquired
Crystal: JPARC Cold Neutron Beam Crystal Diffraction (High Internal E)

Beam: ESS Cold Neutron Beam Vacuum Pulsed Beam < 50 ~ 2030
PNPI ILL ILL Turbme (UCN) Vacuum Ramsey Techmque Phase 1 <100 Development
n2EDM: PSI Solid D, (UCN) Vacuum Ramsey Technique, External Cs <15 ~ 2026
PanEDM Superfluid “He (UCN), Vacuum Ramsey Technique, Hg Co- <30 ~ 2026
Solid D, (UCN) External >*He and Cs Magnetometers _-

Standard Model CKM prediction

1970 1990 2010  2020Year

TUCAN: Superfluid "He (UCN) Vacuum Ramsey Technique, Hg Co- <20 ~ 2027

TRIUMF Magnetometer, External

Cs Magnetometers
nEDM Solid D, (UCN) Vacuum Ramsey Technique, Hg Co- <30 ~ 2026
Magnetometer, Hg External
Magnetometer, OPM
nEDM@SN S: Superfluid “He (UCN) Cryogenic High Voltage, "He <20 ~ 2029
Capture for @, 3He Co-Magnetometer <3 ~ 2031
with SQUIDs, Dressed Spins,
Superconducting Magnetic Shield 29




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- abc rya C
OSg(aj) ¢ ng : Gup(aj)Ggp(x) Aa(az)eﬂl/)\a

Weinberg: 1989




The role of lattice QCD

dy = M2G + ( ) ZM% (N|J,OppIN) 5 d E- S

theta _ B

Hadronic matrix element topological charge

Hadronic matrix element CP odd operators

Alarcon et al.: 2022
Snowmass Summer Study Report

d, = — (1.5+0.7)-10"3fe fm GEDM
— (0.2+£0.01)d, + (0.78 £ 0.03)dg + (0.0027 £ 0.016)d S
Shintani et al.: 2005

7 (0.55 0.28)66% e (1.1 ik O.55)6€Zd = (50 g 40)M6VGCZG Berruto, Blum, Orginos, Soni 2006
Leptoquark

MSSM

dneg [10728 ¢ cm]

1074 1073 1072

d, [10726
[ e cm] (UTho [mrad/s]

de Vries et al.: 2021



() ([ )
Renormalization o o

Ocr(z) = Y(2)¥50 Gt Y () Ocklg = ZqcepM |OCE et <

P(z) = ¢(z)y5t"P(2)
RI-MOM Off-shell

" d=4 —> 2 operators + 3 O(m)

a

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

Power divergences need to be subtracted non-perturbatively

Maiani, Martinelli, Sachrajda: 1992



S frafegy Kim, Luy, Rizik, A.S.:2020

cop (T,
Ocen(t) = 21 pe(0,4) + 3 co lt, 1O (0, 1)

t<OCE,R(t)P(O)> t<OCE,R(t)P(O)> (Pr(t)P(0))
(Pr(0, 1) P(0)) (Pr(t)P(0)) (Pr(0,u)P(0))
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S frafegy Kim, Luy, Rizik, A.S.:2020

(Ocer(t)®) = %A@Q)AP(?% ) (Pr(0, u)®) + F [cer,i(t, ), (Pr(0, 1) @) , (Oir(0, 1) ®)] + O(%)
(OceRr(t)®) s 2%;5 LQCD matrix element
oy (ORI FO)) . —
A(g”) =t (Pr () P(0)) LQCD finite v
Apliu) — (1) P0)) Zy W50 Zp. ' LQCD

— ® ®
v q4

Perturbation theory  1l-loop V'  2-loop 7%/

LQCD

output
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Quark-Chromo EDM: power divergences

FCP($4;t) — CL3 Z O?E($4,X;t)Pﬂ(O,O;O)

' ppl(radl =@ Z Pij(maX;t)Pﬂ(OyO)

A(§2) = _12_52 + A(2)§4 + A(3)§6 + A(4)§8 — _12_52 + A(2)§4 + A(3)§6 + A(4)§8 + A(S)alo
: 1.2
—— perturbation
chiral, continuum limit

—— perturbation —— perturbation
chiral, continuum limit chiral, continuum limit
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Quark—ChromO EDM Rizik, Monahan, A.S.: 2020

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

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

@.M

. r 1
Ocrel(zd) = xlz:808,, G e tixiz. T R — 5 €vapOap Grs = PuvTs

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

OB () = op(E YOS 1) -+ Cona (8, )OS (0 10) + bR O s ) ol 7 ) = P Bz} ¥ ()

~

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

Og (.CL‘) 5 ¢($)5WFW (IW(SE)

amp

Z; ()™ ()7 (A)"™ 040)) ™ #8500 (Z30) () ML) O;.)
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Z; M A ()Y

<>_<(:1:‘, t)?x(a:, t)> s (Zi::c)i\;é

xr(x;t) = Brt)* 20 %last)

xr(z;t) = (8mt)*/ 3¢/ 2x(z; t)

Quark-Chromo EDM

TLA O t)>amp o C@J

@ Makino, Suzuki: 2014

Gl e
Cx ;

T

t

(3 log (87T,u2t)
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Rizik, Monahan, A.S.: 2020

Quark-Chromo EDM Mereghetti, Monahan, Rizik, A.S.,

Stoffer : 2021

@ 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

Q@

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

O 1 :
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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

Neutron EDM from Lattice QCD

Quark-chromo EDM —>
First result with LO renormalization

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 — No Lattice QCD calculation,
1-loop matching

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

New promising approach based on gradient flow —

1-loop matching, NP power divergence,
2-loop In progress
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Composite operators
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Strategy
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Kim, Pederiva, A.S.
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Sigma ferms

K] s Vv my [MeV] | my [GeV] | Neons a [fm]
0.13700 | 0.1364 | 32° x 64 699.0(3) 1.585(2) 399 | 0.0907(13)

PACS-CS: 2009

K] Ks Vv mx [MeV] | my|[GeV] | Neons a [fm]

0.13727 | 0.1364 | 32° x 64 | 567.6(3) 1.415(3) 400 | 0.0907(13)
0.13754 | 0.1364 | 32° x 64 | 409.7(7) 1.219(4) 450 | 0.0907(13)

are.
m,t Kim, Pederiva, A.S.

1 WHHH}HM{HHHHMHHHMHM

44



