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Greetings

Lecture theatre B, 3rd Floor, James Clerk Maxwell Building

Gradient flow in perturbation theory

Lecture theatre B, 3rd Floor, James Clerk Maxwell Building

Gradient-flowed operator product expansion of the Adler function without IR renormalons

Lecture theatre B, 3rd Floor, James Clerk Maxwell Building

Coffee Break

Lecture theatre B, 3rd Floor, James Clerk Maxwell Building

Quark mass effects in flowed action density

Lecture theatre B, 3rd Floor, James Clerk Maxwell Building

The SFTX of LEFT

Lecture theatre B, 3rd Floor, James Clerk Maxwell Building

The perturbative matching of four-quark operators between gradient flow and MSbar

Lecture theatre B, 3rd Floor, James Clerk Maxwell Building

Lattice determination of bag parameters using gradient flow

Lecture theatre B, 3rd Floor, James Clerk Maxwell Building

Lunch

Matthew Black et al.

08:45 - 09:00

Robert Harlander

09:00 - 10:00

Martin Beneke

10:00 - 10:30

10:30 - 11:00

Robert Mason

11:00 - 11:30

Oscar Lara Crosas

11:30 - 12:00

Jonas Kohnen

12:00 - 12:30

Antonio Rago

12:30 - 13:00
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Moments of parton densities
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Moments of parton densities

<h(p) ‘ @{/’t1”°/’tn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>
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Moments of parton densities

<h(p) ‘ @{/’t1"°/’tn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>

<>

0 d*x (x)y, D, D
prepy, ~ |G XD 1y, Dy Dy pi(x)

D,=0,+igA,
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Moments of parton densities

<h(p) ‘ @{//tl”'ﬂn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>

<>

% dx () y. D, D
Hiby XYyx)y, DD, wx)

D,=0,+igA,

oroblem: Lattice breaks Lorentz symmetry
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Moments of parton densities

<h(p) ‘ @{//tl”'ﬂn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>

Y d*xj(x)y, D, D
ey, ~ | @XW Y, Dy Dy wix)
D,=0,+igA,

oroblem: Lattice breaks Lorentz symmetry
— mixing with lower-dimensional operators
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Moments of parton densities
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Y d*xj(x)y, D, D
ey, ~ | @XW Y, Dy Dy wix)
D,=0,+igA,

oroblem: Lattice breaks Lorentz symmetry
— mixing with lower-dimensional operators

- a — 0 limit challenging
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Moments of parton densities

<h(p) ‘ @{//tl"'ﬂn} ‘ h(p)> ~ pﬂl... pﬂn <Xn_1>
4. — = pg
@ﬂl"'ﬂn ~ | d xy(x) ymDm“‘Dﬂn w(x)

D,=0,+igA,

oroblem: Lattice breaks Lorentz symmetry
— mixing with lower-dimensional operators

- a — 0 limit challenging

Martinelli, Sachrajda '87, ‘88
Alexandrou et al. '20, ‘21

— only results up to (x3) avallable
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Gradient flow as cutoff

<h(p) ‘ @{/’t1”°/’tn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>
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Gradient flow as cutoff

<h(p) ‘ @{//tl”'ﬂn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>

<>

0 d*x (x)y, D, D
prepy, ~ |G XD 1y, Dy Dy pi(x)

D,=0,+igA,

In O remove high-momentum modes p? > 1/t
p(x) = y(x,1)
A(x) = B, (x,1)

IN a gauge and Lorentz invariant way

My Uy’
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Gradient flow as cutoff

<h(p) ‘ @{//tl"'ﬂn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>

<>

0 d*x (x)y, D, D
prepy, ~ |G XD 1y, Dy Dy pi(x)
D,=0,+igA,

IN @ﬂl,,,ﬂn, remove high-momentum modes p2 > 1/t
w(x) — y(x,1)
Aﬂ(x) —> Bﬂ(x, f)

IN a gauge and Lorentz invariant way

— continuum limit can be taken, result depends on UV cutoft 1
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Gradient flow as cutoff
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Gradient flow as cutoff

H

Wi
B,(x,1) = { d*ke™ A, (k)
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Gradient flow as cutoff

11/t
B, (x,1) = { d*k e Aﬂ(k) — not Lorentz invariant!
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Gradient flow as cutoff

11/t
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Gradient flow as cutoff

11/t
B, (x,1) = J d*k e Aﬂ(k) — not Lorentz invariant!

Bﬂ(x, 1) = Jd4k eikxe_tkzﬁﬂ(k) — not gauge invariant!
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Gradient flow as cutoff

11/t
B, (x,1) = J d*k e Aﬂ(k) — not Lorentz invariant!

Bﬂ(x, 1) = Jd4k eikxe_tkzﬁﬂ(k) — not gauge invariant!

)

8tBﬂ(x, ) = |:|Bﬂ(x, f)
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Gradient flow as cutoff

11/t
B, (x,1) = J d*k e Aﬂ(k) — not Lorentz invariant!

Bﬂ(x, 1) = Jd4k eikxe_tkzﬁﬂ(k) — not gauge invariant!

(;
8tBﬂ(x, ) = |:|Bﬂ(x, N o (')tBM(x, 1) =D, (1) Gw(x, f)

R. Harlander, Perturbative Gradient Flow, Gradient Flow Workshop 2026, Edinburgh e scs

oooooooooooo



Gradient flow as cutoff

11/t
B, (x,1) = J d*k e Aﬂ(k) — not Lorentz invariant!

Bﬂ(x, 1) = Jd4k eikxe_tkzﬁﬂ(k) — not gauge invariant!

)

0B,(x.)=[1B,(x.) —  9B)=D NG, 7 o%TEELL

G,,,(x, 1) ~ [D, (1), D,(1)]
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Gradient flow as cutoff

11/t
B, (x,1) = J d*k e Aﬂ(k) — not Lorentz invariant!

B,(x,1) = Jd4k eikxe_tkzﬁﬂ(k) — not gauge invariant!
)
JB,(x,1)=[]B,x 1) — 0,B,(x,1) =D/ G, (x,1)
B,(x,0) = A,(x) G, (x,1) ~ D7), D,(1)]

D,()=o9,+1ig|B,(x,1), ]
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Gradient flow as cutoff

11/t
B, (x,1) = J d*k e Aﬂ(k) — not Lorentz invariant!

B,(x,1) = Jd4k eikxe_tkzﬁﬂ(k) — not gauge invariant!

)

JB,(x,1)=[]B,x 1) — 0,B,(x,1) =D/ G, (x,1)
B,(x,0) = A, (x)
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Gradient flow as cutoff

11/t
B, (x,1) = { d*k e Aﬂ(k) — not Lorentz invariant!

B,(x,1) = Jd4k eikxe_tkzﬁﬂ(k) — not gauge invariant!
)
JB,(x,1)=[]B,x 1) — 0,B,(x,1) =D/ G, (x,1)
B,(x,0) = A,(x) G, (x,1) ~ D7), D,(1)]

D,()=o9,+1ig|B,(x,1), ]

analogously:
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Moments of parton densities
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Moments of parton densities

<h(p) ‘ @{/’t1”°/’tn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>

) Shindler ‘24

(WP O, ... ,(D] h(p))
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Moments of parton densities

<h(p) ‘ @{/’t1"°/’tn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>

) Shindler ‘24

(WP O, ... ,(D] h(p))

O e ﬂn(t) ~ [d4x w(x,1) ;/MD ﬂz(t)--- (5 ﬂn(t) wi(x,1)
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Moments of parton densities

<h(p) ‘ @{//tl”'ﬂn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>

) Shindler ‘24
Andrea Shindler (Fri 09:30)

(WP O, ... ,(D] h(p))

O e ﬂn(t) ~ [d4x w(x, 1) ;/MD ﬂz(t)--- S ﬂn(t) w(x, 1)
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Moments of parton densities

<h(p) ‘ @{//tl”'ﬂn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>

) Shindler ‘24
Andrea Shindler (Fri 09:30)

(WP O, ... ,(D] h(p))

O e ﬂn(t) ~ [d4x w(x, 1) ;/MD ﬂz(t)--- S ﬂn(t) w(x, 1)

Continuum limit exists.
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Moments of parton densities

<h(p) ‘ @{//tl"'ﬂn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>

) Shindler ‘24
Andrea Shindler (Fri 09:30)

(WP O, ... ,(D] h(p))

O e ﬂn(t) ~ [d4x w(x, 1) ;/MD ﬂz(t) ‘e S ﬂn(t) w(x, 1)

Continuum limit exists.
Lorentz and gauge invariance preserved.

R. Harlander, Perturbative Gradient Flow, Gradient Flow Workshop 2026, Edinburgh e scs

oooooooooooo



Moments of parton densities

<h(p) ‘ @{/’t1"°ﬂn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>

) Shindler ‘24
Andrea Shindler (Fri 09:30)

(WP O, ... ,(D] h(p))

O e ﬂn(t) ~ [d4x w(x, 1) ;/MD ﬂz(t) ‘e S ﬂn(t) w(x, 1)

Continuum limit exists.
Lorentz and gauge invariance preserved.
No mixing with other operators.
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Moments of parton densities

<h(p) ‘ @{/’t1"°ﬂn} ‘h(p)> ~ pﬂl... pﬂn <Xn_1>

) Shindler ‘24
Andrea Shindler (Fri 09:30)

(WP O, ... ,(D] h(p))

O e ﬂn(t) ~ [d4x w(x, 1) ;/MD ﬂz(t) ‘e S ﬂn(t) w(x, 1)

Continuum limit exists.
Lorentz and gauge invariance preserved.
No mixing with other operators.
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Short flow time expansion
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Short flow time expansion

Luscher ‘14

@n(t) = Z Cnm(t) @m T t( ) Suzuki ‘15
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Short flow time expansion

Luscher ‘14

@n(t) = Z gnm(t) @m T t( ) Suzuki ‘15

higher-dimensional operators — neglect
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Short flow time expansion

Luscher ‘14

@n(t) = Z gnm(t) @m T t( ) Suzuki ‘15

higher-dimensional operators — neglect

(P Oy |HD)) = ) Gud @) CR(P)| O,y (D | A(P))
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Short flow time expansion

Luscher ‘14

@n(t) = Z gnm(t) @m T t( ) Suzuki ‘15

higher-dimensional operators — neglect

(P Oy |HD)) = ) Gud @) CR(P)| O,y (D | A(P))

/\ lattice
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Short flow time expansion

Luscher ‘14

@n(t) = Z gnm(t) @m T t( ) Suzuki ‘15

higher-dimensional operators — neglect

(P Oy |HD)) = ) Gud @) CR(P)| O,y (D | A(P))

/\ /\ lattice

perturbation theory
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Short flow time expansion

Luscher ‘14

@n(t) = Z gnm(t) @m T t( ) Suzuki ‘15

higher-dimensional operators — neglect

(P Oy |HD)) = ) Gud @) CR(P)| O,y (D | A(P))

/\ | /\ lattice
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Short flow time expansion

Luscher ‘14

@n(t) = Z gnm(t) @m T t( ) Suzuki ‘15

higher-dimensional operators — neglect

(P Oy |HD)) = ) Gud @) CR(P)| O,y (D | A(P))
" /\ /\ lattice

actually: p@gﬁtheory
A(‘_CN:D“
I}l{m(t’ /’t) — Z an(t)Zk_nf}
k
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Meson mixing
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Meson mixing

i AT

O, = (by,q)(by,;q)

B
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Meson mixing

O, = (by,q)(by,;q)

— B, ~(B|0,|B)

bag parameter

R. Harlander, Perturbative Gradient Flow, Gradient Flow Workshop 2026, Edinburgh

tttttttttttt
Theoretical
Particle Physics
oooooooooooo



Meson mixing

O, = (by,q)(by, 9)
— B, ~(B|0O,|B) bag parameter

= {~(H){(B| O,(?) | B)
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Meson mixing

O, = (by,q)(by, 9)
— B, ~(B|0O,|B) bag parameter

= {~(H){(B| O,(?) | B)
/

poerturbative
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Meson mixing

O, = (by,q)(by, 9)
— B, ~(B|0O,|B) bag parameter

= {~(H){(B| O,(?) | B)
/ N

poerturbative lattice
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Meson mixing
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Meson mixing

O, = (by,q)(by, 9)
— B, ~(B|0O,|B) bag parameter

= {~(H){(B| O,(?) | B)
/ N

poerturbative lattice
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Meson mixing
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D meson lifetime bag parameters PCH

CRC TRR 257

0.10- gradient flow | ' piack | ang, Lenz, Wathrich ‘25

0.05- rosumles G/ g
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The perturbative toolbox

[For details, see: Artz, RH, Lange, Neumann, Prausa 2019]

diagram generation: gsraf  Nogueira 1993

diagram analyzation: ge/exp RH, Seidensticker, Steinhauser 1997
— tapir/exp Gerlach, Herren, Lang 2022

algebraic manipulations: FORM Vermaseren 2000, ...

reduction to masters: Kira, ® FireFly Usovitsch, Uwer, Maierhtfer 2017

Chetyrkin, Tkachov 1981
Laporta 2000

@ Klappert, Klein, Lange 2019
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Beneke, Takaura ‘25

[(g?) ~ [d“x ¢i9(0 | Tj(j(0) | 0)

Adler function: D(Q?) = — 07 d [1(Q?%) = C,(Q*) A

1
CRHQ*)(F, F*) + -

dQ> 04 |
Baikov, Chetyrkin, Kihn '08 RH 98
oerturbative
RH, Neumnann ‘16\( )’ RH, Lange, Neumann 20

(G (NG*™(1))y = 172C (1) + CHO(F, F*™) + -

C(0?) - 1 Cx(Q?)
P~ °C f
120% Cr(r) 1+ 0% Ci1)

D(Q*) = C\(Q°) -

(G, (G (1) + -+
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Renormalon subtraction

Beneke, Takaura ‘25

[(g?) ~ [d“x ¢i9(0 | Tj(j(0) | 0)

Adler function:  D(Q% = - Q° d [1(Q%) = C,(0?) A : CHQ(F, ") + -

dQ> 04 |
Baikov, Chetyrkin, Kihn '08 RH 98
oerturbative
RH, Neumnann ‘16\( )’ RH, Lange, Neumann 20

(G (NG*™(1))y = 172C (1) + CHO(F, F*™) + -

CHQ?) - 1 CHO?)
— C —
0% Ci(t) 1+ 0% Cp(1)

renormalon cancels

D(Q%) = C(Q%) - (G (VG (D)) + -+
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Three thoughts on the GF scheme
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Three thoughts on the GF scheme

2 Problems with MS: mass independent
decoupling must be implemented “by hand”

. 3 2
€.0.. (nf )(/4) ok for U 5 mc ﬁMS(a) _ _% (11 _Enf)

for u > m,,, switch to a'?(u)
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Three thoughts on the GF scheme

2 Problems with MS: mass independent
decoupling must be implemented “by hand”

e.g.: (nf 3)(/4) Ok ]cor //t 5 mc ﬁMS(a) — i (11 _ 2”;‘")
dr 3

for u > m,., switch to a'¥(u)

decoupling relation: aPu) = aP W1 + c;(mg, w) aP(u) + -]
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Three thoughts on the GF scheme

2 Problems with MS: mass independent
decoupling must be implemented “by hand”

e.g.: (nf 3)(/4) ok ]cor //t 5 mc ﬁMS(a) — i (11 _ 2”;‘")
dr 3

for u > m,., switch to a'¥(u)

decoupling relation: aPu) = aP(w)[1 + c(mg, ) aP(p) + -]

a(u) has a kink/step at some “decoupling scale” p,.
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Three thoughts on the GF scheme

3 3
) PE(f) = Oifj(rﬂ) 1+ ki (2, ) ay(u) + ky(t, ) af ()| = —ag" (1)

A
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Three thoughts on the GF scheme

3a,(p) 3
) 2E(f) = [1+ ky (1, ) a(p) + ko2, ) @2(w)| = —aSF(1)
4r 4r
k. =k _ ZL(1 + Q (m t)) L tischer 2010
: 1 n=0 671 AN RH, Neumann 2016
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3a,(p) 3
) 2E(f) = [1+ ky (1, ) a(p) + ko2, ) @2(w)| = —aSF(1)
4r 4r
k. =k _ ZL(1 + Q (m t)) L tischer 2010
: 1 n=0 671 AN RH, Neumann 2016

q

s a, 2
Pay) = -~ 11—52 1 + 10, ) Q + -
q

q

t~1/u?
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Three thoughts on the GF scheme

3ay(p) 3
9 PE(N) = 1+ ky (1, p) o () + (2, ) @2()]| = ——aSF (1)
4r 4r
ki =k — ZL (1 + Q, (m t)) Luscher 2010
! : n=0 ; 6 ANk RH, Neumann 2016
a, 2
M) = - 11——2 1 + 19, ZQ + o

A

AN
—1form — 00 Oform — 0

R. Harlander, Perturbative Gradient Flow, Gradient Flow Workshop 2026, Edinburgh e scs

oooooooooooo



GF vs MS

102

n ks mMm -
[T hy 9
Y Y Y
S < OQV S
. ° (@)
| %/ =
. . ©
[ // %
Q
5 ,
AN \
\
\
\
\
\
||||||||||||||||||||||||||||||||||||||| k ././luuuu---uuul-|||||||||||.|D||
.- /
. \ m
N I
//
/l
~
~
~
~
~
|||||||||||||||||||||||||||||||||||||||| .3 ||||||||||||||||||||||||I||l||l
* )
&
1 1 1 1
< gV o 00 O
S S S S S
— — — o o
S S
(M) ,50/ (M) gy o

101

10°

u/GeVv

u/GeV

Institute for
Theoretical
Particle Physics
and Cosmology

m

e
20
S

0

=

=

LL

N}

~

o

~
o
(@)

c
)

R
N

2

O

TH
)
c

9

=
o
N

@)
=

O

™
d
-

QL

©
O

©)

2
d
S

Rl
S
S
d
S
3)

a.
%
)

2
c

)
L
<

1

la'd



Three thoughts on the GF scheme

3ay(p) 3
9 PE(N) = 1+ ky (1, p) o () + (2, ) @2()]| = ——aSF (1)
4r 4r
ki =k — ZL (1 + Q, (m t)) Luscher 2010
! : n=0 ; 6 ANk RH, Neumann 2016
a, 2
M) = - 11——2 1 + 19, ZQ + o

A
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Three thoughts on the GF scheme

3ay(p) 3
9 PE(N) = 1+ ky (1, p) o () + (2, ) @2()]| = ——aSF (1)
4r 4r
ki =k — ZL (1 + Q, (m t)) Luscher 2010
! : n=0 ; 6 ANk RH, Neumann 2016
a, 2
M) = - 11——2 1 + 19, ZQ + o

A

AN
—1form — 00 Oform — 0

NNLO: RH, Mason 2025
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Three thoughts on the GF scheme

3ay(u) 3
9 PE(r) = —— [1 + k(1. p) () + ky(t, p) ()] = —aSF(1)
4r 4r
1
_ N (1 0O , ) L tischer 2010
=k n=0 ; 6 ( i lq(mq 2 RLIJ—IS,CNSLerann 2016
ﬁMS(a)——& 11—32 1 + 10, ZQ + -
4
AN
—1form — 0 0 for m, — 0
NINLQO: RH, Mason 2025 Robert Mason (Wed 11:00)
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Three thoughts on the GF scheme

Kluth 24, 26
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Three thoughts on the GF scheme

Kluth 24, 26

3 Problems with MS: insensitive to power divergences

Example:
=mP2T(1 = D/2)

J'de 1
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Kluth 24, 26

3 Problems with MS: insensitive to power divergences

Example:
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3 Problems with MS: insensitive to power divergences

Example:
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Three thoughts on the GF scheme

Kluth 24, 26

3 Problems with MS: insensitive to power divergences

Example:
=mP?T( - D/2)

d"p 1
D2 p2 4 m2
2—2¢ m2

D=4-2¢ = m2 2 (—1 4+ €) = —T(e) = —
€—1 €

dPp 1 B d’p | 1 m?
Ct. | 7o p2+m? ) abR | p2 pr T

.e., only logarithmic divergence contributes!

— Fixed point in gravity is hidden in MS!
Need mass dependent renormalization scheme

R. Harlander, Perturbative Gradient Flow, Gradient Flow Workshop 2026, Edinburgh e scs
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Application to gravity

RH, Kluth, Kohnen, Werthenbach ‘26

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

Bﬂ(t =0,x) = Aﬂ(x)

lllllllllll
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RH, Kluth, Kohnen, Werthenbach ‘26

gravity

0
flowed gauge field: EB”(L x)=92,G,,(tx) E— al‘gﬂv(t) — = 2R,w(t)

B,(t=0,x)=A,(x) Riccl flow

flowed metric requires field renormalization (analogous to Z)( in QCD)

define “fixed-volume scheme”: 3G
(Ve) =-—
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Application to gravity

RH, Kluth, Kohnen, Werthenbach ‘26

P gravity
flowed gauge field: EB”(L x)=92,G,,(tx) E— al‘gﬂv(t) — = 2R,w(t)

B,(t=0,x)=A,(x) Riccl flow

flowed metric requires field renormalization (analogous to Z)( in QCD)

define “fixed-volume scheme”’: 3G
(Ve®) = -~ =
Tl

cf.. (y(ODy(t)) = il

o MR =T
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Application to gravity

RH, Kluth, Kohnen, Werthenbach ‘26

define Newton coupling in Ricci flow scheme:

4 2
gre(H) = — —<\/ g(1) R(1)) of. a7 (u) = Zt (G, (HG"(1))

tttttttttttt
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Application to gravity

RH, Kluth, Kohnen, Werthenbach ‘26

define Newton coupling in Ricci flow scheme:

4 2
gre(M) = — —<\/ g(1) R(1)) of.  at(p) = “ (G, (DG (1))
t=C///12 3 t=clu?
G S5G
p— N [1 — N _|_ oo
Aty A7t

tttttttttttt
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Application to gravity

RH, Kluth, Kohnen, Werthenbach ‘26

define Newton coupling in Ricci flow scheme:

[
gre(M) = — 3_1/<\/ g(1) R(1))

t=clu?

R. Harlander, Perturbative Gradient Flow, Gradient Flow Workshop 2026, Edinburgh
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Application to gravity

RH, Kluth, Kohnen, Werthenbach ‘26

define Newton coupling in Ricci flow scheme:

t Axt*
reli) = = 37V RO) . a%f(u) = — (G, (HG* (D)
Sy t=clu? 3 el
_ Gn [1 B SGy . ]
drty 47t 0.10 |

VORp 005}

0.00 |

Henry Werthenbach (Tue 16:00)

—0.05 }
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Application to QEDs

E(t) = = (F,(DF,(0))
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Application to QED3

in D dimensions:
Georg, RH, Mason ‘26

. _ L 5 W T
E(t) = Fu(OF, (1) = §(D = 1)/ (2m)P 1+ Ik (p)

tttttttttttt
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Application to QED3

in D dimensions:

Georg, RH, Mason ‘26
2 , M,
2 de 6—2tp

B() = = (Fu0F0) =501 [
p Z 3 e

regular photon
polarization function

tttttttttttt
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Application to QED3

in D dimensions:

E(t) (F, (OF, (1)) 62( ) / dPp e 22

D=3: 4 mass dimension = 1 a~ alp

Appelquist, Pisarski ‘81
Pisarski ‘84

Georg, RH, Mason ‘26

regular photon
polarization function
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Application to QED3

in D dimensions:

E(1) FuOF ) =S -1) [ SF c
i R (27r>D1

Georg, RH, Mason ‘26

regular photon
polarization function

D=3: ¢ mass dimension = 1 a~ alp
super-renormalizable Appelquist, Pisarski ‘81
Pisarski ‘84
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in D dimensions:
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e’ dPp e~ 2tp°
E(t) = = (F OF (1)) = —(D —1
(1 (Fu0F, @) = )/(%)D1
regular photon
polarization function
D=3: ¢ mass dimension = 1 a~ alp
super-renormalizable Appelquist, Pisarski ‘81
Pisarski ‘84

strongly interacting in IR
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in D dimensions:
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e’ dPp e~ 2tp°
E(t) = = (F OF (1)) = —(D —1
(1 (Fu0F, @) = )/(%)D1
regular photon
polarization function
D=3: ¢ mass dimension = 1 a~ alp
super-renormalizable Appelquist, Pisarski ‘81
Pisarski ‘84

strongly interacting in IR

IR fixed point at large Ny
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Application to QED3

in D dimensions:

. _ . 62 de 6—215}92

D=3: ¢ mass dimension = 1 a~ alp

super-renormalizable Appelquist, Pisarski ‘81
Pisarski ‘84

Georg, RH, Mason ‘26

regular photon
polarization function

strongly interacting in IR
IR fixed point at large Ny
dynamical fermion mass generation
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Application to QED3
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Application to QED3

Lars Georg (Thu 16:30)
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Quark masses

JOx() = — ; m(u) + higher orders
St

Artz, RH, Lange, Neumann, Prausa 19
Georg, RH, Mason ‘26
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Quark masses

J(y(t) = — ] m(u) + higher orders
St

Artz, RH, Lange, Neumann, Prausa 19
Georg, RH, Mason ‘26
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The gradient flow scheme
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The gradient flow scheme
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The gradient flow scheme
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The gradient flow scheme
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The gradient flow scheme
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[...] Hence, no conversion to the MS
scheme is needed any more, the
advantage being that the renormalization
scheme employed is well-defined beyond
perturbation theory.
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The GF scheme

geff = Z Cn<@n> GF

MS
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The GF scheme

Zer= ), ClO) GF MS
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The GF scheme

geff — Z Cn<@n> GF MS
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The GF scheme
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The GF scheme

L= ), Ci(0,) GF MS
= D (CT D, (0 0), | =Y (CZH,(Z0),
= Y C,0) (B,0)) = ), CR(w) (OR)(w)
Lew = w7 R = CR(u)
1—C() = C)7 W~ ¥ w7
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The GF scheme

L= D, C{0,) GF MS

= ) (CT'0), (0 06), | =) (€CZHIZ0),

=Y C(0(6,0) = ) CR(w (BN (w)

tié(t) = C(t)7 ﬂiCR(ﬂ) = C*(w)y

dt du
y d 1 = — ian
y = — tE Ilé/(l‘) Vnm //td//t
RH, Lange, Neumann ‘20
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Left out

SFTX applied to
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Conclusions

Gradient flow: rich field theoretical concept

Established tool in lattice calculations
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Conclusions

Gradient flow: rich field theoretical concept

—stablished tool In lattice calculations

Lattice/PT interplay picks up momentum:

first lattice PDF moments beyond <X3>
first meson lifetime bag parameters with full error budget

renormalon-free OPES
guark masses, strong coupling, ...

Full potential not yet fully explored (I think...)

Many things not even discussed:
Static QCD potential, EDMs, ...
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