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@ Motivation
@ Gradient Flow for gauge fields
@ Applications:
@ topological charge, strong coupling, scale setting
@ Gradient flow for fermions
@ Applications:

@ renormalization local operators, quark-chromo electric dipole moment



Motivation

Gradient flow

@ Reduces short distance fluctuations —> noise reduction

@ Provides regularization independent and free of UV divergences definition of Q
@ Provides an extra dimensional scale in the theory: scale setting

@ Provides a natural definition of the strong coupling

@ Provides a natural way to define renormalized matrix elements with simplified
renormalization —> power divergences, complicated mixing patterns

@ Provides an interesting fool into the study of RG flows and the definition of non-
perturbative renormalization scheme
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Gradient flow and large momenta

a5 2 i€
K 1) — 1px ,—1p
) ,/(27T)4e ’ (47t)?

@ Gaussian damping at large momenta

@ Smoothing at short distance over a range /&t

finite f
| No additional renormalization |

| Ble g s

Luscher, Weisz: 2011
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Gradient flow and topological charge ‘oo 2o

QD) = [ o a@t)  o(@,1) = s s T (G2 0Gpo (2,0} 5141 > = [Ql4)

5B,u (LU, t) o 8tB,u5t
.‘-—

Bianchi identities

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

1
ICIU(CE,YS) — @EHV’OJTI' [Gyp(x,t)DaGag(Q?,t)] yo
<' 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
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EDM from O-term

NN = (N (Yo, p,) I (0, NT(0,p)))e
e™° o~ 720D [1 4 §0Q)]

(D)D) 5 F OISR O B

Problem: definition of Q on the lattice
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Shintani et al.: 2005
Berruto, Blum, Orginos, Soni: 2005



CP-odd form factor Dragos, Luu, A.S.

de Vries, Yousif: 2019

¢ /8ty =060 fm b /8ty = 0.70 fm FP/N(QZ) 2 2
—_— ‘o ¢8—;0:65 o - s IM N i dp /N + 5 P/N Q T HP /N (Q )

dp Sp
— < () — < ()
dn Sn

Ottnad, Kubis, MeifAner, Gut: 2010
Mereghetti, de Vries, Hockings,
Maekawa, van Kolck: 2011

0] < 1.98 x 10~ '°(90%CL)

dPhYs — _0.00152(71) 0 e fm

gg = —1.28(64) - 10~46 gy~ L2023 - 107%9

0 Crewther et al.: 1980
Ab-initio determination of g de Vries et al.: 2015



Sfl"Ong COUP“ng Luscher: 2010

1 a a 1 2 Ng = 1 2 4 —2 . 242
B(t) = 707, ()G () (B) = 59 rppp @~ D L+ a1 + 0(63)]  7°(w) = 486 (B0
1 o P A '
C1 — 167T2(47T)€(8t)€ NC<3 E | 9 SIHS)—NJL‘ <§2—|—§—§1n2>+0(6)
3 . V8t=10.2 fm V8t=10.5 fm
(B) = 7—za(p) [1+ kia(p) + O(a)] Ne =3 l l
Jict 52 2 AS o ]

002 004 006 008 01 012 014 016 018 02
t/r,?

i . ; . Brambilla, Chung, Vairo, Wang: 2021
Similar calculation FOI" Static pofenflal Leino, Brambilla, Mayer-Steudte, Vairo: 2021
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Schréding(e}x;ga?ggzi{gg = _g_éF (L) p— [N_l (C, T/L, CU4/T) . tz <E(t7 $4)>]
-loop - — =
3-loop (MS

‘5‘:%885 MS Fritzsch, Ramos: 2012

i~ /8

FLAG estimate

vacuum polarization
Step scaling

Q-Q potential
Wilson loops

Current two points

PDG 20 nonlattice average

PDG 20 EW precision fits
PDG 20 Hadron colliders
PDG 20 Jets

PDG 20 DIS

PDG 20 Quarkonia-decay
PDG 20 Tau-decay

Schrodinger Functional
Gradient Flow

1-loop

2-loop

3-loop (MS)

4-loop (MS)

0.120

FLAG: 2021

@ With periodic boundary conditions +
Infinite volume limit

Fodor, Holland, Kuti, Nogradi, Wong: 2012

A. Hasenfratz, Witzel: 2019
ALPHA Coll.: 2017
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Fixing the

2 2 i
Lischer: 2010 ¢ <E(t)>’t:to =04
d | 300
BMW Coll: 2012 t° (E(t))] =il 0 m
t=w | 0 0% fm

perturbative s

HPQCD 13A [27] BMW Coll.: 2012
MILC 15 [26]
CalLat 20A [25]
ETM 21 [24]
BMW 12A [23]
RBC/UKQCD 14B [22]

QCDSF/UKQCD 135B [21]
CLS 16 [3]
this analysis (15) |- ——e—— PRELIMINARY

0.140 0.145 0.150

Vito [fm] CLS: 2021
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Gradient flow for fermions

P - y _ e - - L
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Gradien'l' 'FIOW Lischer: 2013

x(@,8) = / d'y K(z -y, ) (y) i

@ Smoothing over a range /8¢ < >

@ Gaussian damping at large momenta

xr(@,t) = Z2(x,t)  O(z,t) =X(@, )0, )x(x,1) ~ O = Z,0

paris <Y(x7 t)X(377 t)> Yit B Ldus Liischer: 2010, 2013

Luscher, Weisz: 2011

No additive divergences
All fermion operators renormalize multiplicatively with same factor
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4+1 Local field theory

S5 =S¢+ Beat+ o9r.0cD B

— s
SFH—/ dt /d4 Oy — A) x(t,x) + Xx(t, )((‘9,5—A))\(t,x)}
@ WicKk contractions Liischer, Weisz: 2011

® Renormalization. All order proof for gauge sector

: ; 8 Luscher: 2013
@ Chiral symmetry and Ward identities A.S.:2013
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Short flow-time expansion

0i(t)]g = Y cig(t, 1) [Os(t = 0, )] + Ot cif(ty ) = 65 + 22 D 1, 1) + ()

@ 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
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Feynman rules Rizik, Monahan, A.S.: 2020

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

s, v, b QQOQQQQ ¢, pu,

Na = Na, Qa 1 : p pl/ — (s 2 p pl/ g 2_
<B,u(p7t)BS(_p7 S)> :Duby(p73+t) 2985 b? (5/“/ ;2 )6 (s+t)p | f ;2 e (s+t)p

p
) s Uy A
p 1 . .
= 80t = )5 [0 = pupJe ™ 4 pup e

0

= /o dt (£ F% (Oppbuo — Suodp) + 122 % (BuBps — Spabup) + F2% F* (5 — Bupds))
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Feynman rules Rizik, Monahan, A.S.: 2020

Mereghetti, Monahan, Rizik, A.S.,
Stoffer : 2021
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Sample calculation Rizik, Monahan, A.S.: 2020

5 2
S(p,t,s) =80 (p.t, )1 (497?)26'}: 5 + log(8mu“t) + log(8mu’s) + log

XR($7 t) e Z)1</2X(x7 t) SR(pvtas) e ZXS(patvs) ZX e (47-‘-)20}7;
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Quark-chromo EDM

Bhattacharya, Cirigliano,

[Oi (t)]R — Z e (t’ ,U) [(’)i (t — (). ,LL)]R S O(t) Gupta, Mereghetti, Yoon: 2015
Ocel@)— Z @f(x)%UWGZVTawf () : ‘o
f=2di . s [OCE]R — ZCE OCE a2P E e
P(z) = Z ¢f )v59 ¢ ()
f=u.,d,s,

RI-MOM Off-shell

d=4 — 2 operators + 3 O(m)

log a d=5 — 3 operators + (7 + 5) O(m,m2) + 4 "nuisance”

Power divergences need to be subtracted non-perturbatively

55 Maiani, Martinelli, Sachrajda: 1992



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

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

= o 1
OCE(:E) t) = X(£E7 t)O-,ul/G,uV(xa t)X(SE’, t) 5-;51;/ = _§€,u1/a50'a5 5'51/DR — s

OB (z:t) = cp(t, u)OMS (z; 1) + cmo(t, L) OMS (2 1) + cp(t, W) OMS (z; p)
- CCE(t, u)(’)g}%(x; ,u) 1 Cc.po (t, ,u)(’)%zsp(x; ,u) e
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QUGrk-ChrOmO EDM Rizik, Monahan, A.S.: 2020

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

=T amp

ZZ72 ()™ ()" P (A Os(8)) = Gl (2007 ()il 14,0 Op)

amp

g
cij(t, 1) = ;5 455) Cfgjl')(ta/ﬁ) + O(e)

<>2<(x; t)?i’c(x; t)> (25:)]2\;];

Makino, Suzuki: 2014

xr(z;t)= Bt} 2/ e )
— i — (87 e/21/22/ ..
Xr(a:t) = (8t)*/CY % ;1) s tbeps

Harlander, Kluth, Lange :2018
asCF

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

Neumann, Prausa: 2019

szl_
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Rizik, Monahan, A.S.: 2020

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

Stoffer : 2021

CCE (ta :u) cp (ta :u) Cm2P(t7 :u)

CE (t7 ,LL)

@ 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

o

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
23



Quark-Chromo EDM

Mereghetti, Monahan, Rizik, A.S.,

O oz t) =(x; )5, Gl (116 1)

Ofg(x;t) = cp(t, p)Op> (z; p)

+ conlt, 1) OMS (@; 1) + Cmp (£, 1) OMS

: i
w3 ((4 + 50nv)Ca + (3 — 45HV)CF) — log(432)CF

o S : 3
x _Q(CF — C)log(8mu~t) —
=1+ =2 |(5CF — 2C4) log(8mpt)
47 |
UED ep(t,n) = 27T (4log(8mu?)

Cmo (t, 1)Omp (23 1)

3 25HV) C’mQP(tv :u)

24

Stoffer : 2021

cu(t, w0 (x; 1)

| 3
5 ((4 = 55H\/)CA - (3 = 45HV)CF)

g CF

(25 1) + O(t)

1
(1210g(87r,u t) + 5(33 = 165HV)>



Scale dependence matching coefficients

o =3 GeV — ug = 1.13 GeV

|

£
e

Red - Blue =

0.9

Ara(pg) log® (8mtug) + Azl (ug) log(87tud) + O(a?)

t € {to/4, 400 10%-20% uncertainties from PT at 1-loop
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Non-perturbative applications

A(gZ) = A(1)§2 + A(2)§4 + A(3)§6 + A(4)§8 , A@z) — %52 + A(2)§4 + A(3)§6 + A(4)§8 . A(gZ) = 2_1252 + A(2)§4 + A(3)§6 + A(4)§8 + A(5)§1°

perturbation

chiral, continuum limit

NOM“PQTEMTb&&EVQ
deberminakion
of power divergences

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

dlog Rp(a, x4,
S YeF = —2t : di )

- B=450

Non-perturbative ' e 3=

| Zzg ZGF RO (CL, L4, t = O)

ré“c}r mal Eﬁd&&& E;OM | _;,»,,f"“":' ﬁizﬁ " (a/, lu) RO (CL, L4, t) t:c/lu2 Ta >>\/t/_c >

+- B=600

t.1.

- B=620

Sthéﬁ hl ‘Q 4= =700
o 4 B=850

Hasenfratz, Monahan, Rizik,
A.S., Witzel: in progress
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Phenomenological applications

@ CP-violating operators —> EDM
@ Electroweak Hamiltonian Harlander and Lange: 2022

® qCEDM + qCMDM —> heavy SM and BSM particles on flavor
observables:

@ CP-conserving long distance contributions to Kaon mixing
@ direct CP-violation on hyperon decays

o Al=l/2and K —> nmm

@ CP-violating part of the K -> 3

@ Neutral B-mesons: masses and decay rates differences

27



Conclusive remarks

® The Gradient Flow is a an important tool for renormalization
@ Several calculations show the potential of the GF
@ Results need to be matched with =0

@ Topological quantities -> t-independent

@ Ward Identities -> chiral condensate

@ Short flow time expansion: strong coupling, strange content,
qCEDM

@ Non-perturbative determination of power divergences
-> ¢'/¢, Effective electro-weak Hamiltonian, higher moments PDF
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Inclusive annihilation P-wave spin-friplet quarkonium

3N, 3L % i 2T '
Cras = Gy IR OP 377 |ShCPA) + SfC5) Grr€s(4)
1
E3 = sz drsxy (0|gEf (24,0)Pa(t, 0)gE7 (0,0)[0) Requires renormalization
oAl 3 ;

T(E(T)E(0))

tf/82 =
X 0.000 X 0.700
¥ 0.300 X 1.600

T{E(T)E(0))

= ﬁw*‘*ﬂ?

Brambilla, Chung, Leino,
Mayer-Steudte, Wang: in progress

1 3 5 7 9 11 13 15 17 19
T/a
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Feynman rules Rizik, Monahan, A.S.: 2020

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

Na g NCL a p pl/ Ll 2 | p py = i o
5,,6\0Q000Q¢, 1, Bu@»t)Bfﬁ(—p,s)}=Dui(p,s+t):gé(5 - de o )e (sHp” 4 ¢ e o(s+)p

p
) ) a <
p
1
sy (Capreag. )l LR

s —ifabC/O dt (5up(p2 = pS)u s 25upp3u % 25MVp2p + (ao o 1)(5“”p3p 4 5”pp2’/)>

= /o dt (£ F% (Oppbuo — Suodp) + 122 % (BuBps — Spabup) + F2% F* (5 — Bupds))
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Feynman rules Rizik, Monahan, A.S.: 2020

Mereghetti, Monahan, Rizik, A.S.,
Stoffer : 2021
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Sample calculation Rizik, Monahan, A.S.: 2020

S § 92 _3 9 47’(’,&2 4
°_Cr | = + log(8mp’t) + log(8mu?s) + log IR e ye +1| » + O(s,t, g5)
€

XR($7 t) e Z)1</2X(x7 t) SR(pvtas) e ZXS(patvs) ZX e (47-‘-)20}7;
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Topological susceptibility

1 o
EILWIOJTI {G'LW(,CE,t)GpJ(QIj,t)} Q(t) = d4£l$‘ Q(Zli‘,t) A.S., de Vries, Luu: 2014,

2 2015
327 Y/t = 191(7) MeV

Q(xvt) o

X %/d‘lw d'y (q(z,ty)q(y,ty))

a=~0.075 fm -
a~0.065 fm &=
a~0.048 fm re-

ChPTLO —

Integrated Autocorrelation Time

4 m,=410 MeV

4+ m, =570 MeV “ ” HHH”W”H I
4 m, =700 MeV, | m HHHH L
l| A

| [ 1
\ ll\ '}I I

i O
!

i
1 I
- AL T

I T |||||||u|||||||||||||unmmmuhﬁmm
= iéi

A U1 O N 00 O

Tint

O = N W

|
©
N

Bruno, Schaefer, Sommer:
2014
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The role of lattice QCD

i3 2 e
ay =M+ (=) SoMPd;  (NIuOpplN) = dE-5

1

Hadronic matfrix element topological charge

Hadronic matrix element CP odd operators

The role of LQCD is to provide the renormalized matrix elements

Only in this way it is S
POy« 1 foighie o
experimental results and A'exan:g:me:zjt e, 20l ooed
disentangle all CP violating VHRETE R R MK 5., de Vrles
sources Yoon, Bhattacharya, Cirigliano, Gupta: 2015-2021
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ChPT-inspired fit

d, C parameters

dnp(ma) = CY/Pm2 + C3Pm2In == d,, . (m,) = C}Pm2 + C}/Pm

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

Neutron, d,(a, m,) Fit

0.004

' —0 2
Neutron s i
0.002 [ dy=—152(71) x 102 G e fm d 9 S d Gy A gO ] iy
; g ; n n ) 11 9,
0.000 é %C'ontinuum 8 7-‘- Fﬂ- MN
E‘—0.00Z | :
= Y —0 2
@ ~0.004 ' - 5 egaqg m
0
@: ~0.006 = dp (9) s dp | ln 18

—0.008

2 2
Shcd, My
~0.010

Ottnad, Kubis, Meifsner, Gut: 2010
—0.0125—100 200 300 400 500 600 700 Mereghetti, de Vries, Hockings,
m,|MeV] Maekawa, van Kolck: 2011

Ay, 1p(Q, Mg = C’Ib/pm?T +C’§’/pm2 In —

Dragos, Luu, A.S.,
de Vries, Yousif: 2019
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EDM from O-term

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

—0.00152(71) 6 e fm

0] < 1.98 x 10~ *°(90%CL)

i —2
: . gy = —1.47(23) - 10 -0
g0 = —1.28(64) - 10720 :
Crewther, di Vecchia,

Veneziano, Witten: 1979

s ; : —0
Ab-'ﬂlf'O de‘l‘ermlna‘l‘lon OF gO 39 de Vries, Mereghetti, Walker-Loud: 2015



4+1 chiral symmetry

e /O ghest / d*e [X(t,2) (0 — A)x(t, ) + X(6,2) (90— B) At, @)

{X(t, Tr) — exp {Z (0/ %a + o %75) } Ytiaw) {)\(t, z) — exp {i (a TTQ - &%;.?’75)} Al )
x(t, z) — x(t, z)exp {4 (—oz%/%a + a% TTQ%)} . At,z) = At z)exp {i (—a%L- — a4 L-75))

Chiral variation before integrating
the Lagrange multipliers

<Ot5s> e <5Ot>

< {@MACZE—LM(%) = QmPa(g;) Ll ﬁ;}é(()’ :E)} OR ({t()}> x)> 4P Liischer: 2013

<[asz5a(s,x) + C%AZ(S,:E)} Ox ({to},a:')> iy 0 e (1]

~ < g i Ji
P%(¢, z).= AlE, w)j%X(@ z) + X(¥, 33)775)\(@ x)
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Ward identities -~

{W = [iag(2) % + iy (2) G5 ()
= ¢(z) |—iay, (z)

Thiee =

i mix(x)%{l%]

[ oG
00 (@)

_5’,“‘/}%,“(37) + (¥ () [TTG,M] w)R @

9,5" (t,2) + 8,V5(t,2)] O({t0}) )

Chiral variation after integrating
the Lagrange multipliers

([0 Atk 202 B (Tt Oy t=D) = 0

41
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Integrated WI

<{a A% (z) — 2mp Pa(x) f’ﬁ((),:v)} P (t,3)> ) e

}r
|

0s P%(s, x) (%AZ(S,:E)} Pf{(t,y)> = — 2 (SR(s,y))d(t—s)d(x—y) s,t>0

B 1
/ d*z (B*(0,2)Py(t.y)) = 5 (S8(t.v))

omr [ d's (PR(0.2)PR(tY) = 5 (S(E)) = Za
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Chiral condensate

Gr' g o 31
/ 5 (P(2) PA(0M) = ——tee—Tatgimias |\

My

~ 2V/8t
4 g

Pr(t) : - 52 e (0)

Euclidean btime

Integrated W.I.

omn [ dle (P40, )P Y) = 5 (S(69) = En

GR 7TG’7T,t Liischer: 2013
ZR t = QmR A.S.:2013
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Chiral condensate

3 =D GR,T('GT(',t
g et AE Gl e T e
mr —0
PCAC
QmRG2
2mMRGR.» = m?er S hn_lm = R,
TR -

Luscher:2013
A.S.: 2013

No power divergences
Regularization independent

A



Strategy

95 (t7 x) =y (tv aj)XS (tv $)

S™E(t,x) = co(t)M™ + 1 ()M Tr [M?] + c2(t) (M?)" + c3(£)S™(0, z) + O(2)

Ptz =gft) P " (0.2 4 OF)

|
@

/dgm <PUd((),:U)Pd“(t,x)> G?\fﬂ’t — Mz
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Strategy

C5(t, z) = (NS ()N — (S75(2)) (MNT)

C¥U2(¢, z) =Cs()C* "B + Oft)

e
Gﬂ',t

Coub (0, ) = (NS (ONTY — (S2(1)) (NNTY] + O(¢)

No renormalization

No power divergent subtraction

46



Strange content of the nucleon

Kim, Luu, Pederiva, Rizik, A.S.:2022

CorniBiaht c(;:jt NS ONTY — (57(6)) (NADY] + O(1)
fr, = —= (N|ss|N)

mn
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Ongoing work

@ Perturbation theory with the Gradient Flow e oo, Rl
A.S., Stofter

® Non-perturbative determination of expansion coefficients
Kim, Luu, Pederiva, Rizik, A.S.

@ Non-perturbative renormalization scheme with GF
Hasenfratz A., Monahan, Rizik, A.S., Witzel
(in progress)

@ OpenLat: open science initiative. Gauges with SWF open fo the

whole community 0.064 fm —¥—
0.094 fm —@—  0.054 fm, obc
0.077 fm +—A—
Cuteri, Francis, Fritzsch, Pederiva, Rago, A.S., S SRRPANE ~ SNy U S B
Mpg

Walker-Loud, Zafeiropoulos

48 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016



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

Kim, Luu, Rizik, A.S.:2020
@ Non-perturbative determination of power divergences

@ Continuum limit impossible with other methods

Ueplritt) = a32< C’E (x4, X T) Pﬂ(() 0O: O)>

FPP(QIS4; :CLSZ PZJ $4,X;t)Pﬁ(0,0)>

il Top(xg;t)
[Rp (x4; t)} = P CP( a2 )'R ——fp Coefficient linear divergence

I'pp(z4;t)| g
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Quark-Chromo EDM: non-perturbative renormalization
power divergences)

A(gZ) — %52 + A(2)§4 + A(3)§6 + A(4)§8

—— perturbation
chiral, continuum limit

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




