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Plan of the talk

Gradient flow may play a crucial role to increase the predictivity of some of the contemporary Effective Field

Theories (EFTs)

Multiscale systems represent an opportunity for strong interactions but a challenge for a Quantum Field Theory
description: the EFT description has several advantages

Focusing on system made by two heavy quarks: their physics reach and the need for Nonrelativistic EFTs (NREFTSs)

NREFTs have (or are) revolutionised(ing) our understanding of a number of problems at the frontier of particle
and nuclear physics from the Exotics X Y Z states to the QCD phase diagram

Further progress depends however on our ability to calculate low energy purely glue dependent correlators nonlocal
In time or in time and in space

Gradient flow may be a best tool for these calculations

General features of this gradient flow application to NREFTs and opportunities and problems considering some
concrete cases

Outlook
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This talk is based on a bulk of works in NREFTs: some references are given in these slides after the outlook

For more details on specific work on the gradient flow in NREFTs see at this meeting:

Talk of V. Leino on gradient flow calculation of the heavy quark momentum diffusion coefficient

Talk of J. Mayer-Steudte on gradient flow calculation of the QCD force

Talk of M. Eichberg on gradient flow calculation of the QCD potentials (with relativistic corrections)

Talk of X.P. Wang on gradient flow calculation of the QCD force in perturbation theory



To address the research frontier of strong interactions several EFTs have been

constructed: they address multiscale systems
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NR bound states formed by heavy quarks offer a privileged access to strong

oy, rinteractions
JAp :

;0% Cross section
10°
10 |-

/ \ imc ~1.5GeV
| < | mb ~5GeV
10 K ‘”’?I; ] E[G@ Mt ~17OGeV|




NR bound states formed by heavy quarks offer a privileged access to strong

| Cross section

JAP

E

[GeV]

Interactions

Mc ~1.5GeV
mb ~5GeV
: mt~17OGeVI

10

10°
A large scale

mgo > AQCD

o p (mQ) < 1



NR bound states formed by heavy quarks offer a privileged access to strong

10

10

10

10

a8 1Interactions
= Cross section ]
3 ¢
? +,".’ p J'\; E mb ~5Gev
IE E [GeV) ___1mi-170GeV.
2

A large scale mgo > AqQcp

Heavy quarkonium is very different from heavy-light hadrons

different physics from the

heavy light meson where only
two scales exist  ‘F)) and AQCD

{D, B MESONS

P (mQ) < 1




NR bound states formed by heavy quarks offer a privileged access to strong

T ] \ LN \ \ T 1] :ﬂ 5 InteraCtlonS
;03| Cross section W1 yes) . , ?
1072 [
10
: 1mec ~1.5GeV
o 1 mb~5GeV
oL | mt~170GeV.

A large scale mgo > Aqcp as(mg) < 1

4 )
Heavy quarkonia are nonrelativistic bound systems:

multiscale systems

-

000 45010 CO00 CEO0 =00 S0

ELECTROMAGNETIC BOUND STATES: ATOMS, MOLECULES,



NR bound states formed by heavy quarks offer a privileged access to strong

T — interactions

103l Cross section W] wes) T Z i

- i
10° A
0| “me ~1.5GeV
o mb ~5GeV
s | mt~170GeV_

1 10 10°
Alarge scale mgo > Aqcp as(mg) < 1
4 )

Heavy quarkonia are nonrelativistic bound systems:
multiscale systems

;__/

many scales: a challenge and an opportunity

000 45010 CO00 CEO0 =00 S0 FO010

ELECTROMAGNETIC BOUND STATES: ATOMS, MOLECULES,



MeV

500

-500

Quarkonium.scales

Y (45) BB threshold
P(3S)
Y(3S)
X,(2P)
Y(3770) _DD thresholc
2S
Y(25) P (25)
n.(29S) X (1P) X (1P) b (1P)
J
Y(1S) ki
n. (1S)
S states P states $5 4 AL -

Normalized with respect to x,(1F) and y.(1F)

S, S,
QS_HLJ“ ’!‘ M (Y (15)) = 9460 GeV
L M(J/

THE MASS SCALE IS PERTURBATIVE

mQ > AQCD
mp >~ 5GeV;m, ~ 1.5 GeV

U) = 3097 GeV




i Quarkonium.scales

Y (4S) BB threshold
P(3S)
S — Y(3S)
if X,(2P)
=3 Y3770 DD thresholc
3 Y(2S) o (22)
-3 n.(29S) X (1P) X (1P) b (1P)
Vg THE SYSTEM IS NONRELATIVISTIC(NR)
FE D 4
i AE ~mv®, A B ~ mu
- 2 2
Y, Y,
-500 M. (1S)
THE MASS SCALE IS PERTURBATIVE
S states P states £39 192t
Normalized with respect to x;,(1P) and xf( mQ B AQCD

mp >~ 5GeV;m, ~ 1.5 GeV

QS_HLJ“ ’!‘ M (Y (1S)) = 9460 GeV
J/

U) = 3097 GeV




MeV

500

-500

Quarkonium.scales

Y (4S) BB threshold

P (3S)
Y(3S)

X, (2P)

Y(3770) I_)D thresholc
Y (2S) . C)

n.(29S) X (1P) X (1P) b (1P)
Y(1S) i

n.{s)

S states P states 5.5 SB7 S
Normalized with respect to y(1F) and xf(

QSHLJ\‘ * MY
J/

NR BOUND STATES HAVE AT LEAST

3 SCALES

2

m > mv > mu v <L 1

THE SYSTEM IS NONRELATIVISTIC(NR)

AFE ~ mu?, Asg D ~ mu*
vi ~0.1,v7 ~ 0.3

THE MASS SCALE IS PERTURBATIVE

mQ > AQCD
my ~ 5GeV;m, ~ 1.5 GeV
1.5)) = 9460 GeV
U) = 3097 GeV




MeV

500

-500

Quarkonium.scales

Y (4S) BB threshold

P (3S)
Y(3S)

X, (2P)

Y(3770) I_)D thresholc
Y25) P (25)

n.(29S) X (1P) X (1P) b (1P)
Y(1S) i

n.{s)

S states P states 5.5 SB7 S
Normalized with respect to y(1F) and xf(

QSHLJ\‘ * MY
J/

NR BOUND STATES HAVE AT LEAST

3 SCALES

m > muv > mu?
2]

e e

(RR<<iysi

THE SYSTEM IS NONRELATIVISTIC(NR)

AFE ~ mu?, Asg D ~ mu*
vi ~0.1,v7 ~ 0.3

THE MASS SCALE IS PERTURBATIVE

mQ > AQCD
my ~ 5GeV;m, ~ 1.5 GeV
1.5)) = 9460 GeV
U) = 3097 GeV




VeV QuarkOnium Scales NR BOUND STATES HAVE AT LEAST
e

Y(4S) BB threshold 3 SCALES
B | 2
35 m > mu > muS
A= Y(3S) :
—1
it X (2P) v ~ T
=3 Y3770) DD thresholc and A Q CD
E: P (25)
Y(2S)
-3 n.(29S) X (1P) X (1P) b (1P)
Vg THE SYSTEM IS NONRELATIVISTIC(NR)
Fy 2 4
i AE ~mv®, A B ~ mu
- 2 2
Y, Y,
500 n. (1S)
THE MASS SCALE IS PERTURBATIVE
S states P states 5.5 SB7 S
Normalized with respect to x;,(1P) and xf( mQ B AQCD

mp >~ 5GeV;m, ~ 1.5 GeV

QS_HLJ“ ’!‘ M(Y(1S)) = 9460 GeV
J/

U) = 3097 GeV




Quarkonium as a confinement probe

El'he rich structure of separated energy scales makes QQbar an ideal probe ]

At zero temperature

o The different quarkonium radii provide different measures of the transition from a
Coulombic to a confined bound state.
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quarkonia probe the perturbative (high energy) and non
perturbative region (low energy) as well as the transition
region in dependence of their radius r



Quarkonium as a confinement probe

The rich structure of separated energy scales makes QQbar an ideal probe

At zero temperature

The different quarkonium radii provide different measures of the transition from a
Coulombic to a confined bound state.

vie b
(GeV)

AqQcp

Low lying QQ ~ High lying QQ

e
NARN

NSSSSSRT;ANNSRRANY
e
- \\

I L

LU RS R

o0 Godfrey Isgur PRD 32(85)189

quarkonia probe the perturbative (high energy) and non
perturbative region (low energy) as well as the transition
region in dependence of their radius r



Quarkonium as a confinement and deconfinement probe
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CLAIM:
Nonrelativistic multiscale systems are great probes of strong interactions
and could impact on our understanding of several open problems

PROBLEM:;
How to calculate properties of these states in QF T



QCD theory of Quarkonium: a very hard problem even at T=0
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QCD theory of Quarkonium: a very hard problem even at T=0
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QCD theory of Quarkonium: a very hard problem even at T=0
Close to the bound state ¢y, ~ U
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QCD theory of Quarkonium: a very hard problem even at T=0
Close to the bound state Qg ~ U
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CLAIM: NREFTS are a good tool to address this physics
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Quarkonium with NR EFT: Non Relativistic QCD (NRQCD)
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Quarkonium with NR EFT: Non Relativistic QCD (NRQCD)
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Quarkonium with NR EFT: potential NonRelativistic QCD
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Quarkonium with NREFT: pNRQCD
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Quarkonium with NREFT
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pNRQCD2 addresses the bound state dynamics
ﬁpNREFT == /d37”‘¢]L (Z@Q fn V)¢ + AL
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It is obtained by with p or E scaling like m, muv.

The d.o.f. are QQ pairs (sometimes cast in color singlet .S and color octet O)
and ultrasoft modes (e.g. light quarks, low-energy gluons):

The Lagrangian is organized as an expansion in and

The form of and of the ultrasoft modes depends on the low energy dynamics.
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[prREFT == /d37“¢]L (7,80 . V)¢ + AL

m
It is obtained by with p or E scaling like m, muv.

The d.o.f. are QQ pairs (sometimes cast in color singlet .S and color octet O)
and ultrasoft modes (e.g. light quarks, low-energy gluons):

The Lagrangian is organized as an expansion in and .

The form of and of the ultrasoft modes depends on the low energy dynamics.

* The leading picture is Schoedinger eq.,the
potentials appear once all scales above the energy have been
been integrated out

* non potential effects appear
as correction to the leading picture and are nonperturbative

* Any prediction of pPNRQCD is a prediction of
QCD at the given order of expansion

 Effects at the nonperturbative scale are carried
by gauge Invariant purely glue dependent
correlators to be calculated on
the lattice or in QCD vacuum models
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m T
V
+Va(STr - gEO + O'r - gES) A QB(OH- - gEO+O0'0Or - gE)} + ... NLO inr

',bf'
1 _ .
— 3 FT > i ilDg
i—1




Weakly C()upled pNRQCD o Pineda Soto NP PS 64 (1998) 428

. : : Brambilla Pineda Soto Vairo NPB 5o6o (2000) 275
o If mv > Agcp, the matching is perturbative

Non-analytic behaviour in » — matching coefficients V/ I:Z;ga‘i?e_ﬁj(zz a;)ejrnurfilfé)iz(zpta)mjed: ]3:: z (ngl'i;falfﬁgf
p- p-
LPNRQED /d% Tr {ST(i0, Vg +---)S +O'(iDyg Vo+---)O+ LO inr
m m
T T | VB T T
1 ’Ibf‘ |
_ZFSVFWG ;@: 11Dq; .
(s Vo(r): > ...
The matching coefficients are the Coulomb potential VS(T) = —CF L 2N 7
1 Va=14+02), Ve =1+ O(a?
Feynman rules A =1+0(a3), Vg =1+ 0O(a)
— 9(t) e~ it(P"/m+V) — 0(t) o —it(P?/m+Vo) (6—7;f dt Aadi)
E — Ofr. gES E = O'{r - ¢gE, O}
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Strongly coupled pNRQCD  Mtingthescale Aqep r~Agep

S
{ = 3
The degrees of freedoms now are (QQ), e %%mm ég\Q)SGHybrids
a ~4
—>nonperturbative problem, use lattice wusogioosor (QQ)1 + Glueball S P
(OO>9 atEr ' ' [3=2I.5 ' S A Irreducible representations of Dy,
E,n . ay~0.21m @ K: angular momentum of light d.o.f.
0.8 + Gluon eXC|tat|on§ = (P A=7r-K=0,+1,+2, +£3,...
: N=D | A=|A=0,1,2,3,... (3,1, A, &, ...)
= Y @ Eigenvalue of CP: n=+1(g), —1 (u)
0.7 | @ o: eigenvalue of relfection about a plane containing # (only for 3
N=0
0.6 Ay
;7
e Eg — aj/a, =z*5 | ‘ (0 | | 'O)
9 =oeell  H|n;xq,%9) Y = B (x1,%9)[n; %1, %2) Ay — >n
S - \(0) _ i ,, . \ (0)
TP n;X1,Xo) ) = Y'(Xx1)x(X2)|n; X1, X2) NRQCD states
short distance
degeneracies
R/ag
03 bl e = . .
P e i SRR 0;x1X2)— > (QC))1) — Quarkonium Singlet HNRQCD states

n > 0;x1X2)— > |(QQ)¢"™) — Higher Gluonic Excitations



Strongly coupled pNRQCD 7 ~~ Aé};g

. . . 2
Bali et al. 98 . the potentials come from integrating out all scales up to 71U
3 | . L |+ gluonic excitations develop a gap AQCD and are integrated out
5 | s @@?@@@E @ J}ij_ Brambilla Pineda Soto Vairo 00

quenched —=—
K =0.1575 —e—

0.5 1 1.5 2 2.5 3
rlrg

e |t can be applied spectra, decays and production



Strongly coupled pNRQCD 7 ~~ Aé};g

. . . 2
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— The singlet quarkonium field S of energy mu?
Is the only the degree of freedom of pNRQCD

0t (up to ultrasoft light quarks, e.g. pions).
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Strongly Coupled PNRQCD T ~~ AQCD

2
Bali et al. 98 the potentials come from integrating out all scales up to 71U

3 | . L |+ gluonic excitations develop a gap AQCD and are integrated out
L s 509 a® | J}Ejy Brambilla Pineda Soto Vairo 00
| TP B g E I |

— The singlet quarkonium field S of energy mu?
Is the only the degree of freedom of pNRQCD
(up to ultrasoft light quarks, e.g. pions).

(i

oL quenched —=— _ | p2
C=0dem e L =Tr {ST (3'80 = V;) S} +AL(US light quarks)
Oi5 1l 1i5 é 2i5 ;3
rlrg

e A pure potential description emerges from the EFT however this is not the constituent
quark model, alphas and masses are the QCD fundamental parameters

e The potentials V = ReV + ImV from QCD in the matching: get spectra and decays

e \We obtain the form of the nonperturbative potentials V in terms of generalized Wilson loops (stat
that are low energy pure gluonic correlators: all the flavour dependence is pulled out

e |t can be applied spectra, decays and production



Born-Oppenheimer EF T (BOEFT): EFT for nonrelativistic pairs and light degrees of freedom
For Exotic X Y Z states at the or above strong decay threshold

Consider bound states of two nonrelativistic particles and some light d.o.f., e.g.,

Hierarchy of scales molecules/quarkonium hybrids (QQg states)or tetraquarks (QQqq states): anaIOQOUS to
AQCD > meQ o electron/gluon fields change adiabatically in the presence of heavy quarks/nuclei. Felectrons > Enuclei
The heavy quarks/nuclel interaction may be described at leading order in the
non-relativistic expansion by an effective potential V; between static sources, N QED

where « labels different excitations of the light d.o.f.

o a plethora of states can be built on each of the potentials V,;, by solving the
corresponding Schrédinger equation.

This picture goes also under the name of Born-Oppenheimer approximation. Starting
from pNRQED/pNRQCD the Born-Oppenheimer approximation can be made rigorous
and cast into a suitable nonrelativistic EFT called Born—Oppenheimer EFT (BOEFT).

Lattice evaluation of the QCD static energies:
Michael et al. 1983,
Juge, Kuti, Mornigstar 1997, 1998,
Bali Pineda 2004, Capitani, Philipsen, Reisinger,
Riehl, Wagner 2018

BOEFT N. B:, A. Vairo, J. Tarrus,
M. . Berwein, WK. Lai, A. Mohapatra2015—




S

BOEFT : hybrid

IT

In the short-range hybrids become gluelumps, i.e., quark-antiquark octets, O%, in
the presence of a gluonic field, H*: H(R,r,t) = H*(R,t)O%(R, r,t).

1 octet potential ) static energy can be written as a (multipole) expansion in r:

Qs non perturbative coefficients

'67“

- Ay + ag7“2 4 ...

Ag = lim — In(H(T/2)¢*3(T/2,—-T/2)H*(—~T/2))
T—oo [ @
Foster Michael PRD 59 (1999) 094509
Bali Pineda PRD 69 (2004) 094001

Lewis Marsh PRD 89 (2014) 014502

A4 Is the gluelump mass:
calculated on the lattice



In the short-range hybrids become gluelumps, i.e., quark-antiquark octets, O¢, in
the presence of a gluonic field, H*: H(R,r,t) = H*(R,t)O% (R, r,1).

BOEFT : hybrids

6 Hg -
1 octet potential ) static energy can be written as a (multipole) expansion in r:
sl
S s non perturbativ fficient
¥ E, = 'gr A, +agr?4 .. nonpe urbative coetfticients
Sl | : Ag is the gluelump mass: ~ Ag = lim_ % In(H*(T/2)¢2(T/2,-T/2)H*(—~T/2))
1 B i, ' calculated on the lattice Foster Michael PRD 59 (1999) 094509
! ' ' ' | . Bali Pineda PRD 69 (2004) 094001
0 0.5 1 1.5 2 25 |
r/rg Lewls Marsh PRD 89 (2014) 014502
BOEFT ftor £y, and E+.- hybrids
1, 1 (1(1+1)+2 2/1(1+1) EY 0 () )
; 0770, 2 (0) v | T
_ mr mre A\ 23/1(L+1) 11+ 1) 0  Ep ) (A Y n
1 [(I+ 1) '
2 | C m0) | (V) (V)
_ 2 Or 77 0y A mr2 Loy _ ¢+H = &N ¢+H

@ /(I +1) is the eigenvalue of angular momentum L° = (LQQ + Lg)é

@ the two solutions correspond to opposite parity states: (—1)! and (—1)'*!
@ corresponding eigenvalues under charge conjugation: (—1)'"* and (—1)*5+1



PNRQCD at finite T. another scale to integrate out (using Hard Thermal Loops HTL)

quarkonium hot medium For decades it was not clear what is the QQbar potential
scales scales at finite T. free energies or internal energies from the lattice
therrggglyégamical have been Used
Finite T 1 N
TN, —
1
mu ~ — —— !

T

E ~ mv




PNRQCD at finite T. another scale to integrate out (using Hard Thermal Loops HTL)

quarkonium hot medium For decades it was not clear what is the QQbar potential
scales scales at finite T. free energies or internal energies from the lattice
therrggglyégamical have been Used
Finite T 1 N
TN, —

In pPNRQCD to define the potential we have to integrate out all
the scales bigger than E including T and m_d

1 ) Notice:
e The potential V(r,T) dictates through the
if T is of order E or less will Schroedinger equation the real time
e give contribution to the energy and evolution of the QQbar in the medium

not to the potential

E ~ mv



PNRQCD at finite T. another scale to integrate out (using Hard Thermal Loops HTL)

quarkonium hot medium For decades it was not clear what is the QQbar potential
scales scales at finite T. free energies or internal energies from the lattice
therrggglyégamical have been Used
Finite T 1 N
TN, —

In pPNRQCD to define the potential we have to integrate out all
the scales bigger than E including T and m_d

1 Notice:

The potential V(r,T) dictates through the
if Tis of order E or less will Schroedinger equation the real time

e give contribution to the energy and evolution of the QQbar in the medium
not to the potential

E ~ mv

ReVs (r, T)

Result: the static potential has a real and an / .
Imaginary part: dissociation happens m f\g%&
ue to the imaginary part not due to screening

Singlet-to-octet lLandau damping



PNRQCD at finite T and open quantum systems: nonequilibrium propagation
of bottomonium in QGP

Hierarchy of scales: strongly coupled QGP Coulombic bound state: :
. . . . 4 o
uark-antiquark color singlet Hamiltonian p, = 2= — 2%
m>1/r~mas >T ~gl > F \ X ’ m 37
quark-antiquark color octet Hamiltonian p° 1la,




PNRQCD at finite T and open quantum systems: nonequilibrium propagation
of bottomonium in QGP

Hierarchy of scales: strongly coupled QGP Coulombic bound state: :
. . e 1«
uark-antiquark color singlet Hamiltonian p, = 2= — 2%
m>1/r~mas >T ~gl > F X X ’ m 37
quark-antiquark color octet Hamiltonian ,_ p®  1a,
" m 67

Linblad equation

dp " 1 ; C i CoI![apse orjumtp b= ps 0

T — . . operators: connec —

dt Z[H’ p] T Z(Czpci ) {C’L Ci, p}) diffgrent internal states 0 po
)

he 0 2 1 0 | 0 1 | 0 0O
H = 4+ — fy(t) i , C? _ lﬁl(t) ") | Czl _ \/5%3(75) "
0  ho 2 0 5 8 V8 0 16 0 1

the QGP is characterised by two nonperturbative parameters (transport coefficients) kappa and
gamma that must be calculated on the lattice

~ 1S the heavy-quark momentum diffusion coefficient: 2 + 00 | |
T Re/ ds (T E%(s,0) ¢?(s,0) E>(0,0))
92 + o0 13 — OO

v="12Im [ ds(TE(5,0)6%(s,0) E"(0,0))



CLAIM 2: Factoring scales pays off!
We integrate out scales in perturbation theory and we are left with low energy
(nonperturbative) correlators only depending on the glue (flavor independent)



CLAIM 2: Factoring scales pays off!
We integrate out scales in perturbation theory and we are left with low energy
(nonperturbative) correlators only depending on the glue (flavor independent)

PNRQCD at zero and finite T has brought huge, model independent progress on a
number of problems of contemporary interest
We have already seen how the EFT changed old paradigms
Now we see example of predictions on observables



PRECISION PHYSICS (system with small radius): precise extraction of alphas and
mbmtmc

NNNLL Peset Pineda et al 2018,2019, Kiyo Sumino 2014, Beneke, Kiyo Schuler

Energies at order m alpha”5 (NNNLO) Aaant 5 o | | |
~/ 6 mag Inas Brambilla Pineda Soto Vairo 99, Kniehl Penin 99

ma? Kniehl Penin Smirnov Steinhauser 02 NNLL Pineda 02
E, —2m+<n| - Vin) + (n

2 o ) (0 |
En = (n|Hs(p)|n) — i= f dt (n[re'™ "~ Holpn) (E(t) E(0)) (1)

INeS g
EY) — H, > Aocp = (E()E(0)) (1) — (E4(0)) EY) — H, ~ Aqcp = no expansion possible, non-local
local condensates as predicted in a condensates, analogous to the Lamb shift in QED
paper by Misha Voloshin in 1979 6@6@@\@\0\0\
(

—>used to extract precise
(NNNLO)

~ o In o, (Lamb-shift)

oS

>

Applicationg of weakly coupled pNRQCD include:
ttbar production, quarkonia gpectra, decayg, El and M! trangitions, QQq and QQQ energies,



Confinement physics (system with large radius): spectra and transitions

2
z::Tr{S‘i” (z'ao—p——

2)s)

m

+AL(US light quarks)
k

VS<IQ)) — T—CFE
Tk
E(t) >
ot
2 Jo

—c%fisz

054007
(2001)

» P1neda Vairo PRD 63 (2001)

» Brambilla Pineda Soto Vairo PRD 63 014023

2
4‘(:E;C%pi

static

1

iy —

/Ooodt< :

SCEREDES

3

™m

Vi

spin dependent
. | g _

velocity dependent

£

3 (Vsp + Vvp)

> L4 -Sz—l—(l(—)Q) ‘VI(J?S*)

[ 2cp — 1
__<CF€kZJi/ dtt ([1 5] CFQ VkV(O>>L1-Sl+(1<—>2) vy
0]

‘/Ooodt(< i:

>> (51 .S — 3(S1 - )(S2 -f)) Vi

cr =14+ as/m(13/6 +3/2lnm/u) + ...), dsv.vo = O(a2) from NRQCD.



Confinement physics (system with large radius): spectra and transitions

static spin dependent velocity dependent
2 S n / | /
o P N\ 1 1
E:Tr{b' (z@o———h S V=VW+—Vi+-—(Vsp+Vvp)
m ™ ™m
+AL(US light quarks) coe)
k o0
VaE) = - Ser ekiji/ dtt{[305]> L1-Sa+ (14 2) [V
T 0 L]
B
rk kij - > —i 2cp — 1 4 (0) (1)
E(t) —— | cp € 1 ; dtt< i g > V™V L1-Sl+(1<—>2) ‘VLS

T2
ot o 2D
2 Jo

—c%fﬁﬂ/jilt(( 1 3 > — %ij . >> <S1 - S2 — 3(S1-1)(S2 - f‘)) V1

] 3 ]

2 o0 0 4
(EORCeaSICRBEDE
3 0 0 3

cr =14+ as/m(13/6 +3/2lnm/u) + ...), dsv.vo = O(a2) from NRQCD.
» the potentials contain the contribution of the scale m inherited from NRQCD matching coefficients—> they
cancel any QM divergences, good UV behaviour

e the nonperturbative part is factorized and depends only on the glue —> only one lattice calculation to get the
dynamics and the observables instead of an ab initio calculation of multiple Green functions

» Pineda Vairo PRD 63 (2001) 054007
» Brambilla Pineda Soto Vairo PRD 63 (2001) 014023




Quarkonium production at colliders is studied with NRQCD

Bodwin Braaten Lepage 1995, proved at NNLO JW Qiu, Sterman et al
NRQCD factorization formula for qguarkonium production

valid for large p_T
The LDMEs depend on the scale mv, mv*2 and lambda_ QCD
Z F, (0|02 10).
Cross section long distance matrix elements
(LDME)
give the probability of a gglar

pair with certain guantum

short distance coefficients numper fo evolve info a final
quarkonium H

partonic hard scattering cross section they are vacuum expectation

convoluted with parton distribution values of four fermion operators and

contain color singlet and color
octet contribution




Quarkonium production at colliders is studied with NRQCD

Bodwin Braaten Lepage 1995, proved at NNLO JW Qiu, Sterman et al
NRQCD factorization formula for qguarkonium production

valid for large p_T
The LDMEs depend on the scale mv, mv*2 and lambda QCD
Z F, (0|02 10).
Cross section long distance matrix elements
(LDME)
give the probabllity of a ggbar

pair with certain guantum

short distance coefficients numper fo evolve info a final
quarkonium H

partonic hard scattering cross section they are vacuum expectation

convoluted with parton distribution values of four fermion operators and

contain color singlet and color
octet contribution

One problem is the proliferation of LDMEs: nonperturbative objects that cannot evaluated
on the lattice and should be extracted from the data, they depend on the considered
quarkonium: different groups extract different LDMEs values



Quarkonium production at colliders with pPNRQCD factorisation at lower energy

The LDMEs can be factorized in terms of wave functions and universal nonperturbative gauge invariant correlators

This reduces by half the number of nonperturbative unknowns that can be extracted from the data unambiguously

The nonperturbative unknowns are low energy correlators that can be calculated on the lattice

N. B. H.S. Chung, A. Vairo, J.P. Wang 2203,0778, 2007.07613, 2106.09417
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The LDMEs can be factorized in terms of wave functions and universal nonperturbative gauge invariant correlators

This reduces by half the number of nonperturbative unknowns that can be extracted from the data unambiguously

The nonperturbative unknowns are low energy correlators that can be calculated on the lattice

op — J/U+ X, pp— P(28)+ X and op — Y(nS)+ X

NRQCD

51 (0V (351

~ 1 ~
OV4+X = 0'3351] <OV(3S£ ])> -+ 0'331

6, g {0V (MSg)) + 84 51w (OV CRG))

T
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Quarkonium production at colliders with pNRQCD factorisation at lower energy

The LDMEs can be factorized in terms of wave functions and universal nonperturbative gauge invariant correlators

This reduces by half the number of nonperturbative unknowns that can be extracted from the data unambiguously

The nonperturbative unknowns are low energy correlators that can be calculated on the lattice

op — J/U+ X, pp— P(28)+ X and op — Y(nS)+ X

PNRQCD

<OV(3S[8])> = 4 £10:10( 1)
. V 3 all] X V /3 o8] ! 2N .m? 4 !
TVX = 05 {07 (F517)) + 8545 {O7 (7517)) ‘ o
S 1 3[Ry (0)]°
oy gl <OV(1S([)8])>+&3P[78] OV 3pE) OV (1857 = N (1) Boo(w)
(0) 2
1 3R 0
v EpEy = L O

Ei0n0 = dob gy / dty t / dto (BT (0)DG “T(0; 1) gEL (£1)BE T(£1; t2)gES (t2) 18N, A
0 t1

<ty [t gB )00 (st)gB" ()85 (0:8) B 0)9)
0 t
Eoo = / di / dt' (QI®1°(0)B*(0; 1) g BV (1) g B (') DEE(0; ') 54 (0) Q)
0 0

B()():[ dt[ dt' (Q®1*°(0)D*(0; 1) g BYE (t) g B (1) DEE(0; )DL (0)|€2)

N. B. H.S. Chung, A. Vairo, J.P. Wang 2203,0778, 2007.07613, 2106.09417



Quarkonium production at colliders with pNRQCD: predictions

e Universality of the gluonic correlators leads to the prediction for
cross section ratios, independently of the correlators

e Compared to experiment, including feeddown effects:
A/B = (BrA—>u+u_ O-A)/(BI.B—ML"‘,UJ_ O-B)
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Quarkonium inclusive decays

Brambilla et al. 01, 02, 03



Quarkonium inclusive decays [(H — LH) = —2Im (H| H|H)

2Im £
— HlwbT K™y K)o | |
NRQCD at order mv*5 — mdn—t e YIH)
R(0) ’ . * Octet and singlet contribute to the same order.
I'(x;y —LH) = 9Im [, p— | TI;fS (x|Os("So)|x) = The IR divergences of Im [, are absorbed into the

non-perturbative operator {x|Og(*So)|x).
* Bottomonium and charmonium (below threshold) P-wave decays de-

pend on 6 non-perturbative parameters [3 w.f. + 3 octet |].

Brambilla et al. 01, 02, 03
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2Im £
— HlwbT K™y K)o | |
NRQCD at order mv”?5 — mdn—t e YIH)
R(0) ’ . * Octet and singlet contribute to the same order.
I'(x;y —LH) = 9Im [, p— | TI;fS (x|Os("So)|x) = The IR divergences of Im [, are absorbed into the

non-perturbative operator {x|Og(*So)|x).
* Bottomonium and charmonium (below threshold) P-wave decays de-

pend on 6 non-perturbative parameters [3 w.f. + 3 octet |].

2

R'(0
PNRQCD T1(x,—LH)= ‘ o

g+ el &= [ dtt (1B gB(0)

mm

The quarkonium state dependence factorizes. Bottomonium and charmonium (below threshold) P-wave decays

depend on 4 non-perturbative parameters [3 w.f. + 1 corr. |.

Brambilla et al. 01, 02, 03
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non-perturbative operator {x|Og(*So)|x).
* Bottomonium and charmonium (below threshold) P-wave decays de-

pend on 6 non-perturbative parameters [3 w.f. + 3 octet |].

2

R'(0)

PNRQCD 1I(x,—LH)=

g+ el &= [ dtt (1B gB(0)

mm

The quarkonium state dependence factorizes. Bottomonium and charmonium (below threshold) P-wave decays

depend on 4 non-perturbative parameters [3 w.f. + 1 corr. |.

From the charmonium decay-width
E(1GeV) = 5.3753  [exp]

(1) = Em) + By 2slm)
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2Im £
— HlwbT K™y K)o | |
NRQCD at order mv#5 — mdn—t (Hly X VIH)
R(0) ’ . * Octet and singlet contribute to the same order.
I'(x;y —LH) = 9Im [, p— | ;;fS (x|Os("So)|x) = The IR divergences of Im [, are absorbed into the

non-perturbative operator {x|Og(*So)|x).
* Bottomonium and charmonium (below threshold) P-wave decays de-

pend on 6 non-perturbative parameters [3 w.f. + 3 octet |].

2

R'(0
PNRQCD T1(x,—LH)= ‘ o

g+ el &= [ dtt (1B gB(0)

mm

The quarkonium state dependence factorizes. Bottomonium and charmonium (below threshold) P-wave decays

depend on 4 non-perturbative parameters [3 w.f. + 1 corr. |.

From the charmonium decay-width

E(1GeV) =5.3"2 [ex Similar nonperturbative only glue dependent objects
( ) 23 | p] appear for all inclusive decays : they could be calculated on the lattice

(1) = Em) + By 2slm)
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Bottomonium Nuclear Modification factor
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Low energy (honperturbative) factorized
effects depend on the size of the physical system

The EFT factorizes the low energy nonperturbative part.
Depending on the physical system:

local condensates
(F2{0)) T(15), ...
non local condensates

a (F(t)F(0)) annihilations, short range cz, bb, gluelumps, ...

Agop ~

(e'9 $ d=A(z)\ |ong range ce, bb, hybrids, glueballs, ...
Wilson loops

The more extended the physical object, the more we probe

Agop ~ loop

the non-perturbative vacuum.



Low energy (nonperturbative) tactorized
effects depend on the size of the physical system

The EFT factorizes the low energy nonperturbative part.
Depending on the physical system:

(F2(0)) r(18), ...

Agep ~ t (F(t)F(0)y annihilations, short range cc, bb, gluelumps, ...

Agcp ~ loop (eta $ dzA(z)y  |ong range ec, bb, hybrids, glueballs, ...

The more extended the physical object, the more we probe
the non-perturbative vacuum.

GAIN: Inside the EFT:Model independent predictions,
power counting

Lattice Calculation of only few nonperturbative objects,
universal and depending only on the glue—>

at variance with the state dependent calculation of
each single observable with the full dynamics!

Inside the EFT: flexible phenomenological applications,
understanding of the underlying degrees of freedom
and dynamics




GAIN: Inside the EFT:Model independent predictions,
power counting

The EFT factorizes the low energy nonperturbative part.

Depending on the physical system: Lattice Calculation of only few nonperturbative objects,
universal and depending only on the glue—>

at variance with the state dependent calculation of
F2(0))  T(1S), .. each single observable with the full dynamics!

Agep ~ t 'F(t)F(0)) annihilations, short range cc, bb, gluelumps, ...

Inside the EFT: flexible phenomenological applications,
| (ei99d=A02))  long range cz, bb, hybrids, glueballs, ... understanding of the underlying degrees of freedom
and dynamics

-"'L.;'_g.;:- [ ™ ."ur.llu

The more extended the physical object, the more we probe
the non-perturbative vacuum.

CHALLENGE:

Need technigues to reduce noise and improve convergence to continuum for
calculation of chromelectric and chomomagnetic fields—> Gradient flow

Avoid change of scheme between continuum and lattice (cutoff) regularization>
Gradient flow (composite operators renormalisation in cutoff scheme is painful)



CLAIM 3: The Bottleneck on the NREFTs predictivity
IS now set by the low energy nonperturbative correlators
that have to be calculated on the lattice

Let us see a list of them



Correlators needed from the latticefor the NREFTs at zero and finite T

We need to calculate several gauge invariant correlators with chromoelectric and chromomagnetic fields:

e spectra (large states) : generalized (i.e. with E and B insertions) static Wilson loops
 for decays, spectra (small states): correlators of E and B fields non local in time

° for XY Z states: static energies for hybrids and tetraquarks, i.e. generalized Wilson loops, time nonlocal
correlators of several E and B field (for the spin stricture), three point functions of a magnetic field between singlet
and hybrid (mixing between quarkonium and hybrids), gluelump masses

e for quarkonium in medium : transport coefficients, the heavy quark momentum diffusion coefficient
and its dispersive counterpart, kappa and gamma <EE> and <BB> correlators at finite T

for production: time correlators of electric and magnetic fields with a more complex structure of wilson lines going to infinity
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Correlators needed from the latticefor the NREFTs at zero and finite T

We need to calculate several gauge invariant correlators with chromoelectric and chromomagnetic fields:

e spectra (large states) : generalized (i.e. with E and B insertions) static Wilson loops
 for decays, spectra (small states): correlators of E and B fields non local in time

. for XY Z states: static energies for hybrids and tetraquarks, i.e. generalized Wilson loops, time nonlocal
correlators of several E and B field (for the spin stricture), three point functions of a magnetic field between singlet
and hybrid (mixing between quarkonium and hybrids), gluelump masses

e for quarkonium in medium : transport coefficients, the heavy quark momentum diffusion coefficient
and its dispersive counterpart, kappa and gamma <EE> and <BB> correlators at finite T

for production: time correlators of electric and magnetic fields with a more complex structure of wilson lines going to infinity

NOTICE that all these objects are not depending on flavour, they are low energy objects, we need even
the quenched determinations—> so they are simple

BUT.....
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calculated in gradient flow
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CLAIM 4: These object are better
calculated in gradient flow

Why?

Let us start from the simplest object: the force, a physical object



Example of the QCD force

The force as a Wilson loop with a chromoelectric field

A direct computation of the force that avoids interpolating the static energy and taking
numerically the derivative is possible from the expression of a rectangular Wilson loop,
W7, with a chromoelectric field insertion on a quark line:

B d T _<TI‘{P Wrfo"gE(rat*)}>
F(r) = %EO(T) N Th—>moo ’ (Tr{P W, x1})

An equivalent expression can be written using a Polyakov loop instead of a Wilson loop.

At fixed t* for T' — oo, the rhs is independent of ¢*.
The force is mass renormalon free and finite after charge renormalization.

O Brambilla Pineda Soto Vairo PRD 63 (2001) 014023
Valiro MPLA 31 (201e6) 34, 1630039

insertion of a single E
iInto a static Wilson loop

physical object



Renormalization constant £
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The convergence of the direct force towards the continuum, i.e. the derivative of the static
potential, is slow. The ratio of the two determinations is an r independent constant Z
that may be computed once forever at some fixed (arbitrary) distance r* (rg = 0.5 fm).

ensemble ainfm Zg from Wilson loops Zg from Polyakov loops
A 0.060 1.4068(63) 1.4001(20)
B 0.048 1.3853(30) 1.3776(10)
C 0.040 1.348(11) 1.3628(13)




Direct force vs lattice data

6 [ | | | |
ensemble A —— ——
5 ensemble B WL —=—PL —— -
ensemble C
w4 OrVoornel(7)/0r Voornen (r*) —— 7

1 /10
~ o Remove Zg by dividing with measurement at r* = 0.48n

e Proof of concept:

e Both derivative of potential and direct force agree

w e Both Wilson loop and Polyakov loops agree

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r/To

Once normalized by Z g the direct force agrees well with the Cornell parameterization
based on quenched lattice data of the QCD static energy.
We have chosen r* = 0.48 rg =~ 0.24 fm.

o TUMQOCD coll. 2111.0791¢6



CLAIMS : perform calculation in gradient flow

Features and strategy of calculation in gradient flow



Low energy correlators in gradient flow Physical quantities

The strategy is to calculate them in MSbar in gradient flow in continuum
to guide the continuum limit of the lattice gradient flow calculation of the correlator

» We calculated the Free energy (one Q) 2+1 from Polyakov loop with GF in 1804.10600
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Low energy correlators in gradient flow Physical quantities

The strategy is to calculate them in MSbar in gradient flow in continuum
to guide the continuum limit of the lattice gradient flow calculation of the correlator

» We calculated the Free energy (one Q) 2+1 from Polyakov loop with GF in 1804.10600

» Static energies

EYO(r) = lim ilog(Xn, T/2|X,, —T/2) X)) = x(x2)¢(x2, R)YT*H*(R)(R, x1)1T (x71)|vac)

T'— 00

* We extensively calculated the QQbar static energy not in GF (only smearing)

It serves to us to extract alphas —> it is needed at very short QQbar distance Could GF reach short distances?
then we would need a 3 loop GF continuum calculation

In 2+1+1 It serves to us to quantify charm mass effects



Low energy correlators in gradient flow Physical quantities

» Static energies

* Hybrids static energies are calculated but not yet in GF

 Tetraquark static energies are calculated only in some cases not yet in GF



Low energy correlators in gradient flow Physical quantities

» Static energies

* Hybrids static energies are calculated but not yet in GF

 Tetraquark static energies are calculated only in some cases not yet in GF

* Physical quantities like the force and the heavy quark momentum diffusion coefficient needs
calculations at short distance in gradient flow to guide the continuum limit extrapolation ->

* Force (lattice Mayer Steudte, continuum GF perturbative talk Wang) and the heavy quark momentum
diffusion coefficient (lattice talk Leino, one loop GF calculation (partial) Eller, Moore)



Low energy correlators in gradient flow

Correlators appearing as part of physical quantities
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Low energy correlators in gradient flow

Correlators appearing as part of physical quantities

Examples are: * Relativistic corrections entering the potential
Decays amplitudes

e Quarkonium production cross sections

In this case NRQCD matching coefficients enter the physical quantities and typically have
IR logs that are supposed to cancel with the UV logs of the correlators

The strategy is to calculate the matching coefficients in MSbar in gradient flow in continuum
to realise the appropriate cancellation with the correlators and allow the continuum limit

GF will simplify the problem enhancing the signal and allowing to avoid a change of scheme



OUTLOOK

* There is a large number of interesting physical problems that can be better attacked with NREFTs and need
gradient flow calculation of low energy correlators

* In most cases even a quenched calculation would be interesting and has never been done

» General strategies to optimise the perturbative/nonperturbative interface should still be developed

» Studies of confinement physics may be done

* |s there any better use of ML 4Lattice in case of correlators with only one scale?

* What | discussed here is relevant for hadron structure studies, i.e. the physics of EIC (Electron lon Collider)
as similar low energy correlators mostly depending of gluon fields appear in PDF, TMDs

* Could one directly define the NREFT in the gradient flow?

» Systematic applications of gradient flow to calculate low energy correlators in NREFTs may bring a lot
of progress Iin some of the most interesting contemporary problems in particle/nuclear
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e Definitions of gluonic correlators:

Erong = d¥OaCY / dtq t4 / dto QD1 (0)DE “T(0; 1) gEY  (£1) D5 T (t1;t2)gE (t2)
0

t1
></o dt; t’l/ dth gV (th)®YY (115 th) g E™I (1) @5 ©(0; ) € (0)|2)

t

Eop = / dt / dt' Q@1 (0) D1 (0; ) g BV (1) g ES (1) DE(0; 1) D8 (0)|Q)
0 0

Boo = / dt / dt' (@1 (0) D1 (0; ) g B () g B (') DEC(0; ) Dbe(0) )
0 0

e Configurations of Wilson lines and field strength insertions:
ta . t,

Brambilla, HSC,
Vairo, Wang,
PRD105, L111503
(2022)
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Decay 1n the Singlet Model
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Barbieri et al. 76, 79, 80, 81
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Figure 1. Results for the static energy in physical units from the calculations described in this paper. The data are from twelve
ensembles of varying lattice spacing (keyed by ) and three choices of light quark mass (denoted “M i”, “M ii”, “M iii”). Lattice
units are eliminated via r¢/a, and the unphysical constant is eliminated by setting Fo(ro) = 0. See Sec. IV C for details.



