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M. Luescher, JHEP 08 (2010) 071
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Gradient Flow 22— B30 BEEEIFMENAE, SINGIMIRAEY” (t, mass dimension -2 ) &, 7 0EEREHERME
B, xo(tx) f1 Bi(t,z) A flowed MIBHHIENT, BEUTESHEMLRSME

b b ) b The (D + 1)-dimensional field-strength tensor is defined as
a a a
0,B. = DPGY , + kD0, BY,

Orx = Ax — kOB, T"x
F
8t>2 = )_CA —I— H)Z&MBZTQ,

be pb e
Gh =0.B, —0,B; + "B, B,,
the covariant derivative in the adjoint representation is given by
b b b
Dy =6"0, — fB,,,
and

BZ(t:O,x) :AZ(fﬁ)a Xﬁx(t:()?x) :1%(33) A — DEDF Z:%E%E,

T

. with the covariant derivative in the fundamental representation,

D+14 QCD: i .
— arpa _ arpa

D, =0, + B,T", p=0,—BT".

o0
Lp=—2 / dtTr [LT* (9, BLT" - DIGy, T — kDo, BT ) |

Ly = Z/ dt )‘f (0 — A+ 5 (9uB;) T) X L = Lqocp + Lgauge-fixing + Lehost + LB + Ly

57 (0 = B =k (0,88 T) Ny)
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Flowed propagators:

e gluon flow line:
e gluon propagator:

bl (5 _PuPv) —rsp? 5ab O(t —s)| (6,0 — PuPv | —(t—s)p?
p Y p? Opw P2 € P F p2
5,1, b 090090900900 ~ t, 1, @ = s, v, b -t p,a =
+ b e~<t+s>p2> — 4 Bty e—*’v“—S)PQ)
P p
e (anti)quark propagator: e quark flow line:
p (—lp + Wl)a,@ 2 s 5
y 1 — . —(t+ . . _ —(t—
5,8, —»——1t,a,1 = 52]W6 (t+s)p 5,8, —»——t, a1 = §8a50(t — s)e (t—s)p
Flowed Vertices:
e quark-one-gluon flow vertex: e quark-two-gluons flow vertex:

11, a

_ : a o _ o0
- ig0as(T )l.j/0 ds (2p, + (1= K)qu) _ T {T“,Tb}__/ ds
1] 0

J. Artz et al. JHEP 06 (2019) 121
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BRR- R RETE

PHUTERE, RIS T
RCELSHEXIFRIESEIRIE, R BT SHSIERLRRER,
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B, SHES7TEAELL, Gradient flow 7552 FAILEREEHKERIETLT,

P BE-ETRITE R
Gradient flow T, f&~#EITBERSELHINEICERAILIERRATM
A t FE#ELEER. Gradient flow RIE(EREIMT A, REELIMTA.

BRMAINE

< EHEFRARR
FEYFSBRT, Gradient flow ELARSGEIREIMIAIIRINES , 118
SN EHNEREFALIRITE, MEBHESRREEN.

W BRI ENERCE TR
MEYMRATEt T, 292 Gradient flow SMEIZ S EFSTESRER
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® Tk, Gradient flow FIRIUEEIE ¥ BERITE, HEELH T Gradient flow AERRIEFRRTIIIZ:
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Coupled Field Theories

FOR THEORETICAL STUDIES

FONDAZIONE IN NUCLEAR PHYSICS AND RELATED AREAS

BRUNO KESSLER

The Gradient Flow in QCD and other Strongly Zirich Gradient Flow Workshop 2025

Feb 12-14, 2025
University of Zurich
Europe/Zurich timezone

Mar 2024, 2023
ECT* Q

Europe/Rome timezone

" Overview
ORI Abstract

Timetable Timetable

The gradient flow field transformation is a continuous smoothing transformation that removes
ultraviolet fluctuations. It can serve as a tool to renormalize quantum field theories, allowing numerical
studies of strongly coupled systems. The flow has been used extensively in lattice gauge theory
calculations, both in QCD and in beyond the standard model settings for applications including scale
setting, the determination of the running coupling constant and the corresponding renormalization
group beta function, and the topological structure of the vacuum. Many of the newly emerging
applications of the gradient flow depend on the perturbative connection of the gradient flow and
continuum renormalization schemes, requiring difficult perturbative calculations that match the non-
perturbative lattice methods. This workshop will bring together experts in lattice and perturbative QCD
to discuss recent progress in the application of the gradient flow, develop common ideas, identify needs
and possibilities for the gradient flow and to spark collaborative efforts.

Registration Participant List

Contribution List Registration

Speaker List Call for Abstracts

Participant List Accommodation

Videoconference
Travel and Venue
Privacy Information

Contact | Michela

X staff@ectstar.eu

Financial Support

Code of Conduct

Main Topics
chiste@ectstar.eu Contact
o Perturbative approach
« Non-perturbative renormalization ™ oscar.laracrosas@physi
o Electric dipole moments "
« Flavor physics ™ harrist@phys.ethz.ch
« Conformal systems ™ fabian.lange@physik.uz...
* BSM physics

™ stoffer@physik.uzh.ch

The Ziirich Gradient Flow Workshop 2025 will take place from Feb. 12 - 14, 2025, at the University of
Ziirich, Switzerland, with the goal to bring together scientists working actively on non-perturbative and
perturbative aspects of the gradient flow.

The gradient flow has been instrumental in a large variety of recent developments in non-perturbative
QCD and it plays a crucial role in reaching a better understanding of strong dynamics and to provide
input in precision phenomenology studies, searching for physics beyond the Standard Model.

A workshop with a similar theme was last held at the ECT* Center in Trento, Italy, in March 2023:
https://indico.ectstar.eu/event/164/overview.
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N. Brambilla, H. S,. Chung, A. Vairo and X.-P. Wang, JHEP 01(2022) 184

® The QCD static force can be defined by the spatial derivative of the static potential V(r)

5 1 2 s dwo (Weser® - g B(wo, 1))
F(r)y=—V(r)=—i Th_)m ? W) :
0 r X

Wilson loop:

Wexr = trColorPeXp [ngf dZHAH(Z):| .
C

2

—T/2 0 +T/2

® QCD static force BUBHITET BT HEHIEN o
® f8XY static potential, static force ERITEHRAFEIELLT 1/a B9% AR, (BRE LIRE X Hstatic forcef &=
FHIHEEFEERKNBESEIRE, 1EENRIKGEME, N. Brambilla et al. PRD 105 (2022) 5, 054514

® TIR=ITERFER Gradient flow BiFEERIF BN EX—(a)E,
® Motivation: ¥ QCD static force £ gradient flow FETRIMIMITEREANZGEZE THITTERE—ENSEFHA.
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TXTxEFE
TEATT

Wy — Wy are divergent, W, — Wy are finite.

® Feynman diagrams

QQQQQQQ

o KN RBERSHEMLATIN, HRESPH=Io3IXIMLO, NLOXEIM, NLOBRIIAYSIH

as(p)C Qg Qg asC
F(r;t):M[<1+4—a1> ‘FO(TQt)+4—BO-F1{I/LO(7"§t;M)+ n A
7y

7’2 T

]:NFLO (r;t) |,

o HAKNLOBIRIRADIREZ:, ARE T SHIRDFRIAIN, LIMHEIEKRE.
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KA sector decomposition V%, AR TEHBERXT flow time t BUZMHIKEIK R

a2Cr
47

P2F(rit) ~ r2F(rit = 0) + (—1280 — 6Cacy] TiQ
Hrh ¢, =-22/3, F(r;t = 0) 9 QCD static force BEITHEER
AN ¢,=-22/3, FAIBEI [-12B, — 6Cycp] = 8ny

XEWE, EREBKE, 4 SU3) ABEIL (ny = 0) [BRT, Ll 0.

BRI ELER I gradient flow FRTHEAITE QCD static force JMER ¢ - 0, NTIEISRLZNYELER,
IRt T &E1E5I.

ESZE N. Brambilla et al. PRD 109 (2024) 11, 11 Fp, FRATANERWE AT HBBERITESERBIRIMER] t - 0
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N. Brambilla and X.-P. Wang, JHEP 06 (2024) 210

o 7EXE [1]th P-RESHIERE NRQCD &/ \EAIEMTTIE pNRQCD BREEICER TR E TR

2Tr 3N,

(xau(nP)IOCS ) ar(nP) = gy 5 Bea O E3(h)

where

an 00 . .
E(w) = 5 : dtt3(0|gE' (t,0)W (t,0)gE*(0, 0)|0),

® FITFRELRAEL (0|gEi(t, 0)W (¢, 0)gE(0,0)|0) ATLABEISHEA QCD F5iEitE, XFEEFEAE=ETE NRQCD &)\
BRI T A e,

® EXE [2,3] & S-REE RBRNE/ \ESTE A Tt — SR TN T R R SRS S F KB R AR5,
KK THES-REESBERENIETSE (12 - 3),

o XM, FRARDAITERFXREKRE, BREERILAY, FIIHAEFER gradient flow BB E—IAJRAR.

® Motivation: RFEXERENEE 2 EEV A=K, FA1EEE qgradient flow AE=ETHBSITEZER
WEEE:Eijéing

[1] N. Brambilla, D. Eiras, A. Pineda, J. Soto and A. Vairo, PRL 88 (2002) 012003
[2, 3] N. Brambilla, H. S,. Chung, A. Vairo and X.-P. Wang, PRD 105 (2022) 11, L111503; JHEP 03 (2023) 242
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o (IR, BFEXRIARTFREAREINXEEFTET off-lightcone Wilson-line operators B—#,
EIRNERERT/ \A-FHE TRARIFFT (see H. Dorn, Fortsch. Phys. 34 (1986) 11 for a review),

o ITFRMEBRITHEARIY, XEEFHRARENHEED FHMRE, N5l THRARIKE.

(see X.Ji, Y.-S. Liu, Y. Liu, J.-H. Zhang and Y. Zhao, Rev. Mod. Phys. 93 (2021) 035005 for a review)

o FINXKEMFhHIMERE X QCDEEZESHE (QCD static potential) REAEIHOIBIE, EETERBEE,
BESRERNEERRMEREAENT.
Hep 5EIeERIEXICEIENE S ERRETIN BHIZEFHEN Wilson loop FEFREN,
BRERTTEKERT.
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® FA(1FXFELITHEE off-lightcone Wilson-line operators (v 3 off-lightcone (IE3'¢) Wilson line J51E)
Or(zv) = ¥ (20)TW (2v,0)1(0),

Hig o BTN S Sl FomEEl (space-like Wilson line);

| OB (20) = ¢ F* (20)W (2v,0)F*?(0),

Heg FRHE T BT MR FESD FoEbRE (space-like); HETHIRERN T ENXRFRELERZL,

® HET one-dimensional auxiliary-field formalism (Generalized HQET), LiRE R LAZRREL

/ddrd( = ) (100 () h,0(2)Thy0(0)2p0(0)) 4, » (ho0(2)hy0(0))h, :W(“v—zl())e(%) 5@ (),
O BB () = /dd:lr5< 5— — z) (PFE (2) .0 (2) By 0(0)FSP (0)) 1, |

2

Hepy Wilson line i EEREEFE.
® xXt£, off-lightcone Wilson-line operators a]LARREEARRT = AR E TR
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® I FH DERATRNDE (v2 = 1), HEEMNITLISREIR N2 UIERARNESR:

Y — a v B va v «

gﬂu/ _ U Uy gj/,_y — g _ Uy F|l|ﬂ_ = gfr g, F7, Ofr_L ’B(ZU) = gQFﬁLJ_ (zv)W (2w, O)F”f(O), (F—F)
2: 2 2 v a v « e v «

| U U ‘ F = 4g¢ QLBF s ‘ O B(zv) = gQFi‘L(zv)W (zv, O)FLi(O). (B — B)

Hrp= v = (1,0,0,0) BF (time-like) , LAE F¥ WMo EDBINEER E FI8HI7 B,
o TENXLATEE heavy-light, heavy-gluon RER, HEFMHRE HQET FERKAA]

L@ = Yk, JB(z,A) = Zi,(Au)JI3(z, ),
Jil(x) = gF}|(z)h.(2), B, A) = Zyo(A )R (@, ),
ijlj_(x) = gFJ/fj_(x)h’U(x) JiiB(gj’A) - Z,],J_J_(Avl’L)Jil_jL’R(xhu)?

® iRiE off-lightcone Wilson-line operators LA ERBFAVERIER, HATBLUTXRR (FEHEREET )

OR(zv,A) = Zy(A, p)e®™M?OR (zv, ), Zg(Np) = Z3, (A p),
vaf, B - om(A)z vaB, R
Ofrj_ (ZU, A) - Z||J_(A7 ,u)e (4) Ofrj_ (Z’U, ,[L), ZHJ-(A’ /L) = Z? ||J—(A’ ,u),
Oiyfﬁ’B(ZU, A) = Zii(A, M)eém(A)zoﬂLiaB’R(Z% 1), | Zii(Ap) = Z.%,J_J_(Aa ).

® off-lightcone Wilson-line operators BIEFEWEEH TN RERFAVTRIH, om AZMHEAREY mass correction,
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® 1RIE small flow time expansion CCFMERITEA, FAIEEIMNER t - 0), EAIBUWTILEXRK

OF(zv,t) = Cylt, p)e™*OMS(2v) + O(t), Bl = Gl WG (s )y, (1),

O (z0,t) = CyoL(t,pe 5mz0ﬁ4f(zv)+0(t), oLt ) = Calt, WG (& m) ¢ (¢, p),

Of (zv,t) = CLL(t, )™ ONS (20) + O(2), cri(t,p) = CA(a )G (6 )¢ (¢, ),
- cr(t, i) = Calt, ) (G, (8 1)) *Cr(t, ).

- OR(t) = co(t, )O3 (n) + O(1),

BANERERT o, gF " by, gFH Ry M gh,Ft* h, BRCESEEAGERFAIE )t 0), ¢F (G1) and Ca(t, p) MAR

TRAECES Cyn, (t, 1), Qu(t, p), Coo(t, i) and Cp(t, 1) BISRFR.
MERT ghoF!" h, IR EFEEXNQCDESEIENICIELE, ESRERAYNFEFEN, ENLEREICAHA cr ¢, 1.

o L\ FIUEREL, FIIBUWTXRR, EFKNRABITEREFHCEREAR &M & EEY mass correction ém,
Cy(t,n) = C¢h (t, ),

CiLlt,w) = cfy (t,p),
CJ-J-(taM) — Cil(t7u)'
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£t - 0RRT, FLERRRERHTREITE, TiRERAS ﬁ‘@ﬁ"ﬂl‘lu, RERINERBEEINSIEN O
BREKF, TRRIZIE {yp, BELUTREANESE, HPEINIERN 0 BBR FREF—TE (b)) BIFER:

a4

(b1)

7 AITE gradient flow 1 M FFETWTRRIMEBEBIEIE, FHITXILL (gradient flow REEs UV 178, A8E IR 1779) -

3 gk (vy-v) ¥ i _ d’k (v-v) ¥
M . — A2 260 / e 2tk M(t=0 . 260 /
Pl TEEE ] @) (—k - v —i0) (k2)? (¢=0) PR ] @ (Chv—i0) (12)°
dik 1 2 2~2 / d'k 1

_ 222 —2tk = B o

g i CF/ (27) (k;2)26 g u CUF (27)¢ (k2)2
B asChr 1 2, Ve s asCr lL _ L]
= o [— o~ — log (2,u te ) — 1] . At  |euv  €R

ST, B2 G, =1 “uCr
-

log (24%te7E ) + 1| 4+ O(a?).
o (2e7) +1




® %%

ST, ibﬂJ%EIJ%%?-_’F?FDI@E\E’JIEEE?*&EI’J%IL‘I'#A:% FELSER

HELEITRER

/8% 7 off-lightcone Wilson-line operators FEAB ITACLEER

om
Choy
G
Chy
Ca
Cii

T

F
Cii

V2T
= ——C = 4 0(ad),
\/
= 1-— aZCR log (2u te’®) 4+ O(a?), “hy
1 3 5 oL (t,
= - w0 [log (2u te"®) —log(432)] + O(as),
2 C47r et
- _ G&sUR 21 ,7E
= 1 [log (21°te™) + 1] + O(a2), -
= 1420, —log (2p’te®) + 4 + O(a?),
47 2|
. OéSCA [ 2 . 1 2
= 1+ i log (2u~te™®) 2| + O(as),
1 as
= 1~
5 o Ca + 0O(a2),
= 1+ E 2CF log (Q,thGVE) + %CA + O(a?).

(t, :“J) =

p)=1+ 0( 2;
TR | —{— CA x log <2,u 1‘67’3> + 0(a?),

) =1+ —CA X log <2p2t67’3> +O(a?).
47 )

17/20
BFHNREIESER (WekXx) , R
1— Z—;CF ;log <2u2te“7E) + log(;l32) 1| +O0(a?),

Cy(t,u) = th (t, 1),
C||L(t7 :u) - C||l(t7:u)7
CLL@? N) - CiL(t7 N)

® Hrf (g = Cp BiE Cr = Cu, XN h, DBIET SU(3) ERERTAFIERT.



5Eﬁﬁﬁﬁgﬁiﬂgi‘jtb - Cyh,s CF 18/20

® IZEE C. Monahan, PRD 97 (2018) 054507 fEgradient flow FE NS FESPD FoMEFHTRETE (omtite, g p, = o)
h(z, P?) = (P|{(z0)T W (zv,0)1(0)| P),
EXEFITEEREERN, Tt - 0 RRT, IHBEERMZXIR cjy, , 5z KX, XEFHERTHEX—5M.

® A. M. Eller 2021558 1183ZF0 D. Cruz, A. M. Eller, G. Moore, PRD 110 (2024) 9, 094057 R4y RIS BB -&E, (E-E) fl&H;-&f, (B-B)
KEKERE (BTFEMESTREBRL) 1 gradient flow AETHITTREILECHTE (U AEMZFRD FHY Wilson line)

1(Tr E;(0)U(0,—i7)E, (—it)U(~iT, —iB)) () = LT Eip(0)U(0, i7) B (im)U (i, i)

Hrh Gp(1) FIECREIREAIAY ez (¢, 1), FAEENII N @HIZFRIEAWilson loop.
RIERERT ghoF[The BEUEHIENIROMR, Gp(0) WRRRHEENT, XEEF(IFRSEHTIHEITICHRE.

BR, LRAENSXERETNEMAENTHNRBEZEITE, Bl ¢ - 0 IR THNER, NmE2ItikER, LEitEad
BEToE%, FTIERENITTESEFAER, MEMNAEFE3NEaiitEREMEEEEIEIPER.

o FHitt, HNETEFERUMENICEIERZAKEIT off-lightcone Wilson-line operators BFIILEITE, FEWNE
EEEaEREHIECTTERMATIEE. B, AT ¢, ¢, BIARFREITREERBESHEY.
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o APECITEINA ¢t - 0 IR TFHER, EABRITET, BIIEFEERFATEERIMNER ¢ - 0 IR, (BCPRASALT
Brh, BIZRLELE t - 0 thIRAY, EHHARBIR t BINE+ D BELRE AT,
® I(IXITE gradient flow HETSERD FOMRITERBITRERS ¢ - 0 IR THRBERHITII:

T R S S e i e
imime M=y-v
[ a
T T M=y,
I Reference line
1.0 e AT I N
° A
-2 P Ly
@ L
0.9
I
08y
.....................................
1 2 3 4 5 6 7 8

Figure 7. The ratio of the one-loop correction result with full flow time dependence and the one-loop

. . . o . Cqlt,p,2)—1 o .
correction result in the small flow-time limit: Ratio = 5 qt( ;L(tZL) - The renormalization scale 1 is
q,t— sH)—

chosen so that log (21‘,;126'7"3) =0.

o YN FE, XLUEERFKIA, RE rp = V8t « z B flow B8R 1/rp ImKXTEAMIERER, BIR ¢ AT LR SIEZER.
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® Gradient Flow 2/MXAVARIIE, EERSHINTERRISERNS BXEMNEMW. HI-EREETE, (FAEEES

2.

3.

HRERSHINITEERIHE, £ Gradient Flow SETEEEXRIE], BIFSEENTRRGHEHTTHK.

. BRNFZEEERTE gradient flow FETHETEESSHITEINEIKF, ERITEIEREEESHRENN

B EZE flow BERiE K TES R RERTHIRHESRM FHITH, XEEBISLRAIE R EPEERESEIHE.
FATTLUEE 4SS HQET, NRQCD BRIEICHES nRERN SIEIEBH .,

Off-lightcone Wilson-line operators 2—33BEIEE :ZHAENERF, BRI gradient flow FZETAIILECT
BPRTEREBEKF, ¥LALE Bttt EEENE NI LRIEE, FELbaFERE LR off-lightcone Wilson-line
operators 7£ gradient flow 752 FRIILECEAFIEAZINEIKT, 34 AEIEY mass correction 6m BIXUE
BEZESHMRIIT R AZIRE R RIS A BUEEE F IR BB,

B KRR EIHYFEGradient Flow SZETHERITE, SIS — NRQCD &/\&ESEMTHERITE (H#HTH)



