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Motivation

Saryon asymmetry of universe = need BSM source for CP violation

Possible hint: electric dipole moment of neutron

BSM implies: dP ~ (107> — 107*®) ecm
SM prediction: dM ~ 10732 ecm
experiment: d¥P < 1.8 x 107 ecm

Experiments coming up: PSI, TRIUMF, Oak Ridge, Grenoble, ...

Effects from BSM physics: use EFTs
One contribution: chromo-electric dipole operator  Ocg = W(X) 6,75 1" w(x) G
Goal: compute its effect on the neutron EDM — requires lattice QCD
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The challenge

Ocg = W(X) 0,75 1" wx)GH mixes with Op = Yy(x) s w(x)

mass dimension 5 mass dimension 3

|
<@IéE> = Z(Ocg) + ¥Z2<@P> + -
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The gradient flow

0
flowed gauge field:; EB”(L x)=92,G,,(tx)

Bﬂ(t =0,x) = Aﬂ(x)

flowed quark field:

Luscher 10, '13
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5-dimensional field theory

LUuscher, Weisz ‘11

e gluon propagator: e cluon flow line:
1 D P 2
ab *  FplPv —(H—S)p i | | 2, P BT § s, V.-
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8, V, 0 888~ L, |, @ = bn s, v, b (9990090000~ t, a0 =
+ & u2 o (L) ) EEERRTS Puby —r(i—s)p®
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e (anti)quark propagator: e quark flow line:
p (—ip +m),
j P = 8 S Tab —(t+s)p? P 5 \ '
5,07 . et 0y p2 + m2 e 5.08.79 > t,a, i = 46Y,30(t — s) e (t—9)p°
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e antiquark flow line:

S, 6 ] < ts «, 7: — (Sijlsa'g 0(1" — S) E’,_(t_s)p2

Artz, RH, Lange, Neumann, Prausa ‘19
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5-dimensional field theory

LUuscher, Weisz ‘11

e gluon propagator:

e (anti)quark propagator:

s, 0,19 >
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e gluon flow line:

N : : 1P —(l—s
D ()“bg(t—s)((fsm/_}ﬁfl)6 (t=s)p”

— > PuPv  —(t—s)p?
5 €

s, v, b (9900890000~ £, t,a = )

e quark flow line:

P

. TR Tl e
s, 0.1 > b, o0 = 070,30(t —38)e
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e antiquark flow line:
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5-dimensional field theory

LUuscher, Weisz ‘11

e two-plus-onc gluon flow vertex:
e quark-one-gluon flow vertex:
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e (
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e three-plus-one gluon flow vertex: e antiquark-one-gluon flow vertex:
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5-dimensional field theory

LUuscher, Weisz ‘11

e two-plus-onc gluon flow vertex:
e quark-one-gluon flow vertex:
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The challenge

Ocg = W(X) 0,75 1" wx)GH mixes with Op = Yy(x) s w(x)

mass dimension 5 mass dimension 3

|
<@IéE> = Z(Ocg) + ;Z2<@P> + -

Alternative approach: gradient flow
= 1
@CE(t) — CCE(t) @CE + 7CP(Z‘) @P + - ()

Requires determination of ccg(?) and cp(?)

How? Compute suitable correlation functions and take 1 — 0
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Lattice results
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Lattice results
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—— perturbation : _
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Next-to-next-to-leading order

cs(?) ~ (0] Ocm(®) | ) Ocu(t)

5 diagrams

tttttttttttt
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Next-to-next-to-leading order

cs(?) ~ (0] Ocm(®) | ) Ocu(t)

5 diagrams 226 diagrams
CCM(Z‘) ~ <O | éCM(t) | l/_/l//g> Ocn(t) Ocni(t) @) Ocn(t) @/
1 diagram 45 diagrams 3375 diagrams

diagrams drawn with FeynGame
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Method of projectors

Cs(t) ™~ <O ‘ GCM(t) | l/_ﬂ//> @cw(t)

cq(?) is independent of momenta and masses = set them = 0.
Gorishnii, Larin, Tkachov ‘83

= all integrals of type

J 51 52 6—51P2—52k2—53(k—19)2
Jde[deJ dsl{ dSzJ ds, or simpler
0

0 0 kapﬁ(k —p)
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The perturbative toolbox

[For details, see: Artz, RH, Lange, Neumann, Prausa]

Diagram generation: gsraf Nogueira
Diagram analyzation: gre/exp RH, Seidensticker, Steinhauser
Algebraic manipulations: FORM Vermaseren
Reduction to masters: Kira @ FireFly
Chetyrkin, Tkachov Usovitsch, Uwer, Maierhdfer @ Klappert, Klein, Lange
Laporta

N ¢ e—tpz—S(k—P)2 A B
Sector Decomposition: JdeIdeJ ds = | FC + ...

o kptk—p?) € €

Binoth, Heinrich
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Examples

E(1) = (G,,(0G,,(0)
RH, Neumann “16
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Examples

E(r) = (G, ()G, () energy-momentum tensor

RH, Neumann ‘16 Suzuki, Makino ’14
RH, Kluth, Lange ‘18

0.40= ~
0.30+ ,,’” TMU Il : { Cn(t) @/,ly(t)
I” n
0.20+
---- Boyd et al. A  FlowQCD 2016
S 6.5 1| — Borsanyi et al. ® NLO (this work)
- ¢  Giusti-Pepe @ N2LO (this work)
R <+ 6.0 Caselle et al. -
F .
—_
0.05 =+ QS 5
+ .
X
5.0 -
0 0.25 0.5 0.75 1 1.25 1.5 / Iritani et al. '19
J8t /Gev? 4.5 - t 9' I } :
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Examples

E(1) = (G,,(0G,,(0) energy-momentum tensor EW Hamiltonian
RH, Neumann ‘16 Suzuki, Makino ’14 Suzuki et al., ‘20
RH, Kluth, Lange “18 RH, Lange, 22
T, =Y cut) 0,
/” n
---- Boyd et al. A  FlowQCD 2016
~ 6.5 1| — Bo:lsanyi etal. & NLO (this work)
Eo'm - ¢  Giusti-Pepe @ N2LO (this work)
L < 6.0 - Caselle et al.
=
0.05=+ Q
4 55
» see also Fabian Lange’'s talk
>0 at this conference
0 0.25 0.5 0.75 1 1.25 1.5 l Iritani et al. 19
{8t /Gev™ 451 Y ! } .
1.0 1.5 2.0 25
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Result (preliminary)

0.9
0.8
0.7 U =KX 1/(2teYE)“2
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Conclusions and Outlook

e NnEDM is a promising probe for new physics

® requires non-perturbative calculation

® gradient flow offers viable approach

® here: perturbative determination of small-flow-time coefficients (CMDM)
e outlook: EDM (y5), quark mass effects, gluon CEDM, ...

® side message: do not re-invent the wheel — perturbative toolbox is very powerful!
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