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| Confinement: |
static colour charges |

| Forces in the nucleon |

Mapping the force  §
distributions In lattice §

Confinement:
| Dynamics of light
- quarks in a nucleon |
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] Short range Coulomb ]

e = ———

| Chartlng the energy oIepenoIenoe between sta’uo quark anthuark pair
r (in pure Yang I\/I|IIs)
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~ Modern language to describe the

(, (longitudinal) momentum and
| (transverse) position of quarks:
Generalised parton distributions




Modern language to describe the
(longitudinal) momentum and
(transverse) position of quarks:




Scaling functions

": g-: No simple partonic interpretation!
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Inelastic scattering

In the deep melastlc region, Iarge

t these functions map onto the parton |
| dlstrlbutlons




Colour-Lorentz force Surkerdt, PRD(2013

_———— L e e e

While no simple parton interpretation, moment of the g, structure function
can be expressed in terms of a local matrix element

d 1
[dx x2g,(x) = ?2 = < Z egdzq
q

dl = : (P, S|, (0)y"gG™(0)y, (0)|P,S)
2 T opmprpise s T8 Vo D)1

" Quark current i; :

coupled to colour- |

Lorentz force |




Transverse densrtres

Electromagnetic current

(p', ' |y dlp, s) =u(p', s) ['Y'UFl(t) +

Dirac

| 2D Fourier §
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Twrst 8 off forward matrrx elements

Aslan, Burkardt & Schlegel, PRD(2019)
(P, 8|y TigG Ty |p, s) =u(p', s ) | PTAT®1(t) + MP io ' ®y(t)

1 :
+ MP+AZ’50'+A(I)3(t) u(p, s),

where PH = (p' + p)*/2, A* = (p' — p)*, t = —A? and o"> = " A,,.
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Resolving forces

from lattice QCD
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Lattice QCD

- Discretise QCD onto 4D space-

time

- Approximate path integral by

Monte-Carlo methods

- Computationally intensive,
large-scale supercomputing

-+ Controlled systematics
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- Lattice spacing, lattice
volume, quark masses

Numerical first-principles
approach to non-
perturbative QCD
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*
gluon quark

Results shown today:
m_ ~ 420 MeV
L~24-34fm

a~ 0.052-0.074fm



Compute 3-point correlators on the lattice

Crawford, RDY et al. arxiv:2408.0362

151, Sink 51 _ 8_(nx ~
O N i} @{i{]j]4} = — gl// (Gl-j}/4 + G,-4yj> W — traces
AN CLE PRy
N (Ca(t))(Ca(t'))
N
N
Source \ / \\ |
| N N | ]
< — & 7 1

Large Euclidean time for ground-state dominance

St

| ground-state dominance

| —— e . SRS—— —0.0014;

— Ground State Contribution |
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d, form factor

- = TEEEET T o e s o

~0.25[ |

®,: isotropic force distribution

Dipole fits to lattice results

D, (1)

—2.00} |

Crawford, RDY et al. arxiv:2408.0362
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—stimating discretisation
artefacts

- Extract form factors at 3 lattice
spacings,
a~ 0.74,0.68,0.52 fm

- Model a dependence in
magnitude and slope

(I)z(ty Cl) — (1_}_15(%3 N Cia/))ij— ) ) |
B =5.50 ¢ )
| B =5.65 ' 3
——— ——— I B =5.95 8 '
 Some tension between | 2L
| | W 1 : . . . . . .
| 0.00 0.25 050 0.75 1.00 1.25 1.50
—t (GeV?)

| different lattices; mostly in |
overall normalisation ‘
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Global anaIyS|s Comblmng dlfferent a
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2D Fourier transform to impact parameter space

. d . .
Fi (b) = — 2\/§P+ﬁd>1(b2) +1/2myeliSid,(b?) —

| Isotropic |

N

/2eksk |
m

Compare force density with quark (charge) density:

(b)_l
7=

F(b?) +

ble'S' d

F,(b?
my db? 25%)

D, (h?)
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Crawford, RDY et al. arxiv:2408.0362
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Force densities



Transverse force densrtree (polarrsed)

—_— T R Crawford, RDY et al. arxiv:2408.0362
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Local forces: aividing out the quark densities

— L e e e e

Very tempting to describe local forces:

Force densities = “quark density” x “tforce”
F ~ (pF)

Suggest modelling the local forces as

(PF) :

F ~

(P)

Force Density (GeV/fm?3)
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Strong forces at intermediate A
distances
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... for the future
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GPDs a very powerful language for describing the

structure of hadrons
\

Twist-3 matrix elements offer new
opportunities to probe interaction dynamics

of partons
Transverse force -~ T : ~
densities: S g
A new paradigm for 52 23
describing the g 5
confinement dynamics of 310" 5
light quarks in hadrons H? Rl

First force distributions from lattice QCD!

/

Future: lighter quark masses; control discretisation;
Improved renormalisation...

22
Crawford, RDY et al. arxiv:2408.0362 /



Full Lattice Details

* Use gauge ensembles generated by CSSM/QCDSF/UKQCD collaborations®.

® Fermions described by stout-smeared non-perturbatively O(a) improved
Wilson (SLiNC) action®.

® Use tree-level Symanzik improved gluon action.

* All ensembles at SU(3) symmetric point.

Ny 5] I3x T a My, MK tsep/ G Nieas
(fm)  (MeV)
2+1 550 323x64 0.074 465 11, 13, 15 3528

24+1 565 483 x96 0.068 412 11, 14, 17 1074
24+1 505 483 x 96 0.052 418 14, 18, 22 1014

*Haar, T. R., Nakamura, Y., and Stiiben, H. EPJ Web Conf. 2018. arXiv:

hep-lat/1711.03836.
>Cundy, N. et al. Phys. Rev. D. 2009. arXiv: hep-lat/0901.3302.




Operator Mixing and Renormalisation

® Qur operator mixes with lower dimensional operators, contaminating the
signal.

® We incorporate this mixing when renormalising in the RI'-MOM scheme:

08 () = 2 an) (0% + 1 2 0o

® Mixing coefficient determined both through LPT and non-perturbatively.

 Multiplicative renormalisation constant Z®/(ax) computed using the
procedure outlined by RQCD®.

e Cannot match to MS at this time as perturbative calculations not available.

Biirger, S. et al. Phys. Rev. D. 2022. arXiv: hep-lat/2111.08306.
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Mixing Coefficient Calculation
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Figure: Non-perturbative calculation of the
mixing coefficient Z% / Z!%),

® We compute the amputated 3-pt
Greens function on the lattice and
match it to the continuum tree-level
result:

T (TR0 en) ], =0

® We fit the data using the form:

A
— B 24 D(ap)*
7 (ap)2+ + C(ap)”+ D(ap)

® Extract the constant piece B.
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RI'-MOM Procedurel?

® Compute Z) on each lattice by matching to tree-level results,

1 51, \plB] (=1 _
1_2 Ir FR (p)rtree(p) ]pzz,uQ = L.

® Choose a reference scale iy = 2 GeV and compute the ratio Z (1) /Z%) ()
on all lattices.

® Extrapolate this ratio to the continuum and define it as R(u, 1o).
© ZVBN(i') for each lattice, at some intermediate scale ;/, is then calculated as

2P (i) = R(', 110) 2P (o).

® Evolve to some common scale i through the one-loop formula,

o= (348 s w3

9Biirger, S. et al. Phys. Rev. D. 2022. arXiv: hep-lat/2111.08306.

26



