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Power divergences

@ Renormalization -> mixing lower dimensional operators

Example: critical mass with Wilson-type fermions

m()@@b e Zm(mO = mcr)ww —/f ’)3 é: %

mpcac X (mo e mcr)

Example: chiral condensate

m? o Power divergences need to
be subtracted non-perturbatively

v

Maiani, Martinelli, Sachrajda: 1992

Absent for chirally symmetric actions
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Gradient flow for fermions
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| X(z,t = 0) = ¢(z)

_ g2
"~

T = g 1 t = flow — time t] = —2

AR - Du,tDu,t D,u,t iz a,u 22 Btnu

Luscher: 2013



Gradien'l' 'FIOW Lischer: 2013

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

@ Smoothing over a range /8¢ ( )

@ Gaussian damping at large momenta

XR(xv t) i Z>1</2X(£E, t) O(:C‘,t) = Y(xvt)r(xvt)X(xvt) Or = ZXO

p v <Y(gg7 t)X($a t)> Yit B Ly Liischer: 2010, 2013

Luscher, Weisz: 2011

No additive divergences
All fermion operators renormalize multiplicatively with same factor
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Flowed fermions renormalization

Makino, Suzuki: 2014
Harlander, Kluth, Lange :2018

Reqularization Lmdepev\ciem& scheme
| Artz, Harlander, Lange,

Neumann, Prausa: 2019

Fny 2 MS €r1/2.¢
X lp X == (47T)2t2 XR = (87Tt) CX X

1 .
— + log (8mu?t) + 1] + O(e, t),
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Finite renormalizakion
MS — ringed
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Luscher: 2013



Scalar COn'l'en'l' A.S., de Vries, Luu:

2014
S L =a¢ Wi (1) P™(t) = X" (t)vsx°(¢)
S (t) = Coit) M" + ¢ (t)MTSTl“[MQ] = Cz(t) (MB)TS iR 03(15)57“8 - O(t)

PT3(t) = e3(t) P + O(t)

GUNEae <Nf;j%)>jv> (ST CHB (1) = iU " 0% = Gg(t) - O(t)
CP szt) _<Nf;%)>j\[> (S"°(1))
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Scalar content

Mg = 500 MeV
a = 0.093fm

G;(Tt) NN (ST(2) Improved using ca = 0.5734
: : Luscher: 2013

/ p Aok et al (PACS-CS): 2010



Scalar content

Collaboration Ref. os [MeV]

ETM 19 [150] 41.6(3.8) 45.6(6.2)

JLQCD 18
xQCD 15A

60] 26(3)(5)(2) 17(18)(9)
56] 45.9(7.4)(2.8)%  40.2(11.7)(3.5)°

JLQCD 12A  [59) - 0.009(15)(16) xmn '
Engelhardt 12[185] - 0.046(11) xmxy"

[
[
xQCD 13A  [55] = 33.3(6.2)"
[
1

ETM 16A [39] 37.2(2.6)(35)  41.1(8.2)(%8
RQCD 16 [35] 35(6) 35(12)

MILC 12C  [190] _ 0.44(8)(5) xm, 18

MILC 12C  [190] 0.637(55)(74) xm T8
MILC 09D  [191] 59(6)(8)°

FLAG: 2021

G. Pederiva -> Aug. 4 10:20am
Algorithms and Artificial Intelligence




() ([ )
Renormalization o o

BT 4

P™(z) = ¥ (2)ys9°(2)

RI-MOM Off-shell

" d=4 —> 2 operators + 3 O(m)

a

OE’SE(x) = (33)750'/WG,LW¢S(Z) [OESE]R = 4CE OE*SE

C

> P'° + d=4,5 operators

a

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

Luscher: 2013

Al 53 o A.S., Luu, de Vries: 2014-2015
[Oi (t)]R L Z Cig (t’ ’LL) [OZ (t Sl ’u)]R c3 O(t) Dragos, Luu, A.S. de Vries: 2018-2019

Rizik, Monahan, A.S.: 2018-2020

| | A.S.: 2020
() Kim, Luu, Rizik, A.S.: 2020
- ‘ 2 () (1) 2 Mereghetti, Monahan, Rizik, A.S.
~ i3 (E, 1) = By - ) +0 fhe it oBETATY, NIZIK; e o)
LQ;L-? ?T e LQL-'E Cij b 1) { 47 Cig () FFORE Stoffer: 2021

@ 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

11



Renormalization

OFa(t) = X (10w G ONE) (O e FenlE )y Bee— 2, . v xalh =20
Ode(t) =X (0150 G ()X (¢)

T & rr rr —r

Odp(t) = PR + 3 cilt, ) [07 ()] + O) 0T = B 150G t"

7T T & rr rr
O g, (t) = OF(t) — — PR = Y cilt, ) [OF (W] + O(2)

1

CP depends on the scheme used to renormalize the flowed fields

The dependence on the y-scheme cancels out if we use the same scheme to calculate c¢;(%, 1)
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Renormalization

Topltat) —a° Z (Opgl(xe,x;t) P (0,0;0)) Lpp(zs) = a’ Z P ey P (000
Lop(@a;t)] g

Rp 5134;?5 :Cp—|-0 v
ToliE], [Rp(za;t)] g (t)

Rp(ry;t)|p =t

Epp (el — (1 + ool e 0 EpTrM) I'pp(xy)

[FCP(£U4; t)]l = (1 + a bxmq,r,r el BXTI‘M) FCP(.CE4; t) +a 5pfcp(£84; t) bgg) S b;O) =1
bx = O(g")

Tep(math—ty: <OE’TE(3747 x; )P (0, 0; 0)> Pre =X ys9h® + 9 50°

X
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O(a) improvement
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14



Non-perturbative renormalization (power divergences)
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Non-perturbative renormalization (power divergences)

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

g ny gin :
—— perturbation CP(t) 2 27_‘_2 | (4—71_2> [CC() il log,u t}

Rizik, Monahan, A.S.: 2020
Borgulat, Harlander, Rizik, A.S.

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

U =K x 1/(2teYe)1/2

PRELIMINARY
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Ongoing work
@ Non-perturbative determination of Z,
@ Extend the range of flow times — use of ML algorithms
@ qCEDM nucleon matrix element
@ Extension to the CP-odd 3-gluon operator
@ Perturbation theory is ongoing Cuteri, Francis, Fritzsch, Pederiva, Rago,

A.S., Walker-Loud, Zafeiropoulos

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

whole Communi'l'y A. Francis -> Aug. 4 9am
Hadronic and Nuclear Spectrum and Interactions
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Chiral extrapolation

fla, My =p1m2 + pom3 + p3a® + pa, x?/dof=3.34 fla, mp=p1m2 + pom? + p3a?, x*/dof=2.33

Az, a=0.0936
Az, a=0.0684
M, a=0.0907
M,, a=0.0907
M3, a=0.0907

135(89)[MeV] at Physical pion mass, a=0

t

Az, a=0.0936
Asz, a=0.0684
M, a=0.0907
M,, a=0.0907
M3, a=0.0907

32.0(62)[MeV] at mE"Ys, a=0




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

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

Ocu () = §(2)5,ut*(x) G, ()

@ Mixes under renormalization with lower dimensional operators

@ Taking info account gauge invariance and chiral symmetry

O&p(z;t) = cp(t, W) O¥E (5 1) + cmo(t, )ONS (m; 1) + cu(t, w) OB (z; 1)
+ cor(t, W)OgE (5 1) + cmpa (t, p) O (x; 1) + O(t)

Op(z) = ¢(z)v5¢(2) Omzp(r) = m*P()151(v)

e

Omé’ (33> ~ mtr[G,ul/G,uu] OE(:C) = 2Z(m)&,uu};’,uu (Qf)w(x)
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Quark-Chromo EDM: non-perturbative renormalization
(power divergences) i AR 50

® Non-perturbative determination of power divergences

@ Continuum limit impossible with other methods. Uncontrolled systematics

FC’P 513‘4, o a32< C’E $4,X t P]Z(O,O,O)>
[pp(24;t) :CLSZ (P (z4, x; 1 )P40, 0))

. Leplast] s
[RP($45 t)}R 3 Uppls; tils

Coefficient linear divergence
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Quark-Chromo EDM: non-perturbative renormalization
power divergences)

=-13% + A?Pg* + AP)gGb + A#)g8 s =152+ A2g% + APGE 4+ A@IG8 + AO)GLO

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

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

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

cp(t, 1) Cm2 At ) Stoffer : 2021

CCE (ta :u)
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QUGrk—ChrOmO EDM Mereghetti, Monahan, Rizik, A.S.,

Stoffer : 2021

Obelz;t) = ¥da; )0t X 4 1GE (3 1)

O&p(x;t) = cp(t, LOYS (x5 1) + cmo(t, KOS (; 1) + cr(t, B)OF> (; 1)
+ conlt, )OYS(: 1) + eopa (b, ) OMS () + O1)

as | | i
CCE(t, ,u) = C;l | e Q(CF o CA) 10g(87r,u2t) — 5 ((4 = 55H\/)CA - (3 = 45HV)CF)
= Z‘W (5CE — 2C.4) log(87%t)
i _
- 5 ((4 IR, il 45HV)CF) _ 1og(432)Cp
sC 1
cpilt = &ZiF 6; eult i) = Gl 7 (41og(8mp’t) 4+ 3 + 26mv ) Cm2p(t, ) = &47TF (121()%(877# t) + 5(33 = 165HV)>
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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
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4+1 Local field theory

5 = 5g + 5a,a + Sr,qcp + SF A

SFH—/ dt /d4 _ Oy — A) x(t,x) + Xx(t, )((‘9,5—Z))\(t,az)}
@ Wick contractions
® Renormalization. All order proof for gauge sector Liischer, Weisz: 2011
: : g Luscher: 2013
@ Chiral symmetry and Ward identities o

& Wilson twisted mass 4 et
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4+1 chiral symmeftry

bR /O et / d*e [X(t2) (0 — A)x(t,2) + X(t,2) (90— B) At, )

{X(t, Tr) — exp {’L (0/ %a + o %75) } Ytia) {)\(t, z) — exp {i (a TTQ ~ &%;.?’75)} Al )
x(t, z) — x(t, )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> = <5Ot>

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

<[asz5a(s,x) + C%AZ(S,:E)} Ox ({to},a:')> iy 30 e (1]

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

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

amp

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

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

S 2NN
<>2(az;t) D x(x,t)> P 47r)2t]; Makino, Suzuki: 2014
o =
X(ZU; t) = (871'75)8/2@1(/2)((33; t) Gy = e a47TF (3log (8mp’t) — log(432)) + O(az) Harlander, Kluth, Lange :2018
P /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) :

29



Sample calculation: quark propagator

Luscher: 2013

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

A7 112 _ 1
' /2 ) —YE +1] 'l.;b+4 |:-+l()g‘< .'/

P €

= Y0 (471')2

2 Co(F) [1 - .
o qgw [; + log (SW/.LZS) -+ 1] + Ofe, s),

ANy 1] w000
€

LSpis) = o §i % s =0+0(s),
' p P

Oy (F) [1

(2) (. ) — _ o2 - 2,y o 1
Ly a(pit) = S = —QQOW ; + log (8mpt) + 5] + Oe, t),
p

,Co(F) 1
- -2 |

. 1
- + log (87r,u,2.5') + —] + Ofe, s),
€ 2

£10)



Numerical details

NP improved Wilson +
Iwasaki gauge --

0=0.1-0.068 fm L.90 3

34
+ ; 220
mpi=400-700 MeV 190
O(L/2a) Stochastic

source locations PACS-CS: 2009

3 Gaussian smearings
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