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Confinement: Static quark potential

« Energy of a static quark-antiquark

R & N long-range linear
palr I pure Yang MIHS 1.0 slope o~ 0.9 GeV/f
* Coulomb atshort range, linear at 05
long range: the language of heavy- g o
quark spectroscopy = -
: : : = 05
* The slope is the string tension:
—-1.01
short-range Coulomb
o~ 0.18 GeV? = 0.9 GeV/fm -151 | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2

r (fm)

Benchmark scale of colour forces; with light quarks the
string breaks




What force acts on a light quarks
in the nucleon at the instant we try
to separate it¢



Colour forces in scattering

- Forces on the lattice - Sum rules and higher twist




Imaging nucleon structure

» Generalised parton distributions:
longitudinal momentum and
transverse position of quarks

e Transverse-momentum distributions:
their transverse motion

Can we go further, and describe the
forces acting on these quarks?
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Sivers (1990); Brodsky, Hwang & Schmidt; Collins (2002)

The Sivers asymmetry

Measured

do o Fypr| 1+ |Sr| A = %9 sin(¢p, — ds) + ... |

u quark d quark
e SIDIS off a transversely polarised target: ky
hadrons emerge preferentially to one side
e Clearly non-zero asymmetry for z* production k
on transverse proton (HERMES, COMPASS) *
e Naively time-reversal odd: zero without an
interaction S

Interpreted, in TMD factorisation

. . . . Sivers function: partonic interpretation, schematic
e A partonic correlation of nucleon spin with . P

quark k, : the Sivers function




Brodsky, Hwang & Schmidt; Collins (2002); Burkardt (2004)

Integrating the final-state interaction

*

struck quark

T

pull of the spectators, summed along the path

nucleon remnant

e The struck quark leaves through the colour field of the spectators
e The asymmetry needs the transverse pull accumulated along its whole path

e Before the collision instead (Drell-Yan), the sign reverses: process dependence

e On the lattice, the path is built into the operator (see Yong Zhao, ~1 hour ago)




Chromodynamic lensing

Transverse spin shifts u and d in
opposite directions (k, > 0, k; < 0)

An attractive final-state force turns

the spatial shift into a momentum
shift

Predicts the signs of the u and d
Sivers functions, consistent with the
't asymmetries

Sivers function =~ spatial distortion x
final-state force

Burkardt, PRD 66 (2002); NPA 735 (2004)

u quark d quark
b.'l b.'l
‘ bJr bI
S
—

attractive final-state interaction




Jaffe, Comments Nucl. Part. Phys. 19 (1990) 239
Jaffe & Ji, PRD 43 (1991) 724

g,: clean access to twist three

ﬂ/;w — Fl( g,ul/ + q:]gl) + pF_.Qq<pu - p'qzq“) (pl/ — p_qqu)

q q

+ ;QI(I E;w)\oq s? + (plq(;)? €uvioqd (P qS —Ss-qp )

e Deepinelastic: Fy, F, and g; map onto parton distributions; g, has no simple partonic
interpretation

® Subtract the Wandzura-Wilczek part: the remainder g, is genuine quark-gluon

correlation

g2=gy" g1] + g
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Burkardt, PRD 88 (2013) 114502

Colour-Lorentz force

The x> moment of g, is a local matrix element

AR,

d} = sypeprgs (P, S| 9y(0) 7+ 9G +¥(0) 94(0) | P, S)

Quark current density coupled to the colour-Lorentz force
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Burkardt, PRD 88 (2013) 114502

d,: the force at the instant of the collision

o0

(k) = L (P, S| §(0)y* /0 dz = gG*V(z =) 9(0) |, S)

e Partonic level: the k,-weighted Sivers
function is the force integrated along the
path

* d,istheintegrand atx™ = 0: the force just
after the photon is absorbed

transverse force FY

<k’*’1>:/0.thy(t), g™ =V2¢t

dy: force at z 0

FY(0) = —M?dy, restframe, S along x 0

z~ =v/2t along the struck quark's path
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Aslan, Burkardt & Schlegel, PRD 100 (2019)

Going off-forward: imaging the force

{p',s' |yt igG Tiplp, s) =u(p’, s") [Pt Alyt &1 (t) + MP " ic T ®,(t)
+ LP T AYic T2 B,(t) | u(p, s)

e Momentum transfer A | is Fourier-conjugate to

impact parameter b

e Partition by A : three form factors, ®,, ®,, ®,

e Forward limit: ®,(0) = d,

e 2D Fourier transform: the force distribution in the
transverse plane

!
1
. 1 \ R
<1 08 06 04 02 0 02 04 06 08 1
b




Resolving forces from lattice QCD

Colour forces in scattering - - Sum rules and higher twist




Crawford, RDY et al., PRL 134 (2025)

®,: isotropic / spin-independent

« Three-point functions, three source-
sink separations

e« m, ~420MeV

« 3 lattice spacings:
{0.052,0.068,0.074} fm

« Dipole fit (finest lattice)

u d |
B =5.50 ) 0
B=565 t ¢
_0.5! B=595 1 &
@, < 0: attractive 0.00 0.25 0.50 0.75 1.00 1.25 1.50
~t (GeV?)
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Crawford, RDY et al., PRL 134 (2025)

Continuum extrapolation

0.4
0.3
s S 02
— ™
= =
0.1
u d '
-0.6 B =5.50 . 3 0.0
B =5.65 ] $
-0.7] B =5.95 . 4
l ] -0.1::
0.00 0.25 0.50 0.75 1.00 1.25 1.50 0.00 0.25 0.50 0.75 1.00 1.25 1.50
~t (GeV?) ~t (GeV?)

Three lattice spacings: Controlling discretisation broadens the bands: the price of a continuum result
16



Crawford, RDY et al., PRL 134 (2025)

Force density: unpolarised

« @, alone: isotropic

 Points to the centre: attractive

& MR W T A
1 0.4 N N N A IR/ v s A i
e Largest where the quarks are ~§10 N 2% 2-5§
S 0.2 ~ ~ 8 -4 B20Z
R ~~ _ 3 ] B’
g & N e 1.5
2] > g
g 0 < [~ z R &
a 10 —0.2F . oy ol
© br X ! .
. - / + 1% d_F 2 O e i . =
P(b)——2 2P7 b W‘Dl(b ) o —0.4p - - 7 TEEEEEEREY < 0.58
- A 7 /S R RN X
~05 0.0 0.5
by (fm)
up quark
17



Local forces

Divide out the quark density: the
force per quark

L $oF) _ (vt ETY)
ey ="

Peak = 3 GeV/fm atb = 0.2 fm

About three times the string tension

3GeV/fm ~ 5 x 10° N: the weight of
about ten elephants

F1(b) [GeV/fm]
&

1.0

Crawford, RDY et al., PRL 134 (2025)

—— Dipole/Dipole
—— Tripole/Dipole
—— Quadrupole/Dipole

0.0 0.1 0.2 0.3 0.4 0.5

b [fm]
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In the press

10 ELEPHANTS

@ ews)  Protons’ Internal Forces Are As Strong As The
Weight Of 5 Schoolbuses
Raws Newis Health, 26 Feb 2025
Protons sit in the n.c ei of all stoms, bu they are not “undarrentzl
particies: They are mace of three quaks.

Force As Strong As 10 Compressed Elephants
ﬁm Rests Inside A Proton, Suggests Study

Wanderful Engineering, 24 Feb 2025

Protons, the bulding blocks of al matter, ho d some <f the

deepest mysteries in modern physics.

COSMOS Mapping the forces inside protons

- COSMOS magazine, 24 Fab 2028

You might be surprised to hear that there's anything ‘inside” a
preten. But scientsts have mapped e forces between the...

®

SPACEOANLY

Protons' Internal Forces Are As Strong As The
Weight Of 5 Schoolbuses

flscience, 26 Feb 2025

Space and Physicsohysics PUBL'SHED31 minutes ago This is wry
you need very powerful oaricle accelerators tc smash them! Dr.

llluminating the Inner Workings of the Proton
Space Daily, 24 Feb 2025

The international co laboration, which ncludes researcrers from
e Uriversity of Adelaide, is focused on uncovering the..

llluminating the Inner Workings of the Proton

Sky Nightly , 24 Feb 2025

lluminating the ‘nner Work ngs of the Proton by Simon Mar sfield
Sydney, Australa (SPX] Feb 21, 2025 A team of scientists has..

3GeV/fm=~5x 10°N - PRL 134 (2025), Editors' Suggestion
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Quark densities in the transverse plane

u quark d quark
—_1|r bled s’ d b2 |
q(b)_Z[F (b )+ my F2( )] 0.5-
£ g
e Unpolarised: the Dirac form factor F, = 0o 2
= ®
e Transverse spin: a shift set by the Pauli ~0.5-
form factor F,
* yup,ddown: the distortion behind R ]
lensin —~ 5
g = ;
=, )= =
< 8
-0.5- | S 2
—05 00 05 -05 00 05
b, (fm) b, (fm)
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Crawford, RDY et al., PRL 134 (2025)

Force density: spin dependent

« Proton polarised along x: the spin-

flip part, from @, and @, g 3%
- 5 10 =
« Forward limit: ®,(0) = d, Q , Z
> =
« Atthe centre the force opposes the ’5 &
. . . g a A
u-quark shift, as in lensing 2 100 - r
§ b »# » X LT E s S S R Y ‘ g
o =044 - 7 7 7 F it AN NN NN e}
. . - PR AT A B R L N U U N
Suggestive of Sivers: off-forward, and -0.5 0.0 0.5
only the x™ = 0 end of the final-state bx (fm)
interaction
up quark
. d . s 2/2eksk | - d oo d2 |
Fi(b)=- 2\/§P+ﬁd>l(b2) +\/2my e Sid,(b?) — o 5Jdb2 +2b'b/ e @,(b?)
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Sum rules and higher twist

Colour forces in scattering - Forces on the lattice -




4-pt function

Compton amplitude b A
on the lattice /;;ﬁg Si::}i

Feynman-Hellmann: energy shift = matrix element

Withh s 4 4 4 4 p I
’<§?:\\i
PR A e Si g
L g
4

23



GLS sum rule

GLS sum rule: lowest moment of
parity-violating structure function
I3

Excellent agreement with pQCD
prediction over wide range of Q2
(at finer lattice spacing)

Important building block toward
electroweak radiative corrections

3.0

IEE5(Q%)

1.5¢

1.0

Can, RDY et al., PRD111 (2025)

---Parton model —pQCD (N®LO) ¥ Exp

2.5¢

3),inel.
Our results Ml(’i’:fdd

f 3 =5.65 (a = 0.068 fm)
1 3 =5.95 (a = 0.052 fm)

4
Q? [GeV?)

5

6 7 8
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Crawford, RDY et al., arXiv:2610.10006

Bjorken sum rule down to the elastic region

0.2
< 0.20 {
Ra !
ES ; ‘
I
=~ 0.15 : N $ $
<
>
% 0.10
> 0.
-9 ¢ Lattice Calculation
- y-a
005 L Parton Model (%
=
:'[,: @ pQCD (N3LO)
0.00 pQCD + Elastic Contribution
0 1 2 3 4 5 6 7 8

Q? [GeV?]

e Full g, moment (p — n) vs N3LO pQCD plus the elastic part, from form factors on the same
ensemble (a ~ 0.068 fm, m, ~ 412 MeV)
e High Q2 the perturbative shape, slightly below
low Q?: a residual deviation shadows the elastic = not much room for higher twist?? 25
==



Prospects: the leading higher twist

@) =% [1- Y 0iai@?) + 4+ -

d= 1l

Apr o< M?*(as +4dy + 4 f>)

Low-Q? deviation hints at higher twist, not yet quantified: needs continuum, quark-mass

and finer Q2 control

a, and d, from three-point functions; the Q% dependence to isolate the twist-4 f,

d, and f, together separate the chromo-electric and chromo-magnetic
forces on the struck quark

26



Summary

« Sivers asymmetries come from final-state colour forces;
d, is that force the instant the quark is struck

« First lattice maps of transverse force densities: local
forces ~ 3 GeV, three times the string tension

« Spin-dependent force densities supports the
chromodynamic lensing perspective on Sivers

* Bjorken sum rule from the lattice down to the elastic

region: a route to the leading higher twist, and to f,

Next: lighter quark masses - control of discretisation - power corrections

27



Backup slides



Lattice QCD

* Numerical first-principles approach —
to non-perturbative QCD . 1 |

« QCD discretised on a 4D space-time |
lattice; path integral by Monte Carlo T k’i

« Controlled systematics: lattice
spacing, volume, quark masses

Here: mn = 420 MeV, L= 2.4-3.4fm, a =
0.052-0.074 fm

I

f
gluon quark

29




Lattice details

Nf B L3xT a (fm) mn, mK (MeV) tsep / a Nmeas
2+1 5.50 323 x 64 0.074 465 11,13, 15 3528
2+1 5.65 483 x 96 0.068 412 11,14,17 1074
2+1 5.95 483 x 96 0.052 418 14,18, 22 1014

e (CSSM/QCDSF/UKQCD ensembles; stout-smeared non-perturbatively O(a)-improved Wilson
fermions (SLINC)

e Tree-level Symanzik gluon action; all ensembles at the SU(3) symmetric point
Haar, Nakamura & Stiben, EPJ Web Conf. (2018); Cundy et al., PRD (2009)
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Crawford, RDY et al., PRL 134 (2025)

Three-point functions

5 - .
OL’]{M} = —3 Q/J(Gijn + Gi4'yj)?/) — traces
~0.0004- bt
GLt) o (N'|O|N) : l . l
(Cy(t)){Cu(t)) ~0.0006" S e — =y
® —0.0008 )
S _0.0010 \
~0.0012" l Ground State Contribution
Three source-sink separations establish s } Potsep=14
. —-0.0014- t tsep=18
ground-state dominance A P ote=22
~0.0016

-8 -6 -4 -2 O 2 4 6 8
T_tseplz
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Discretisation artefacts

e Form factors at three lattice
spacings, a ~ 0.074, 0.068, 0.052 fm

* Model the a dependence in
magnitude and slope

(I),(O) ar b,-a
(1-t(A? + cia))’

(I)z'(ta CL) -

Some tension between lattices, mostly in
overall normalisation

u
¢
B = 5.65 :
-0.5 B =5.95 i
0. b'o‘ 0.25 0.50 0.75 1.00 1.25 1.50
—t (GeV?)




®, is hard

D,(0) = d,

This form factor is small — systematic
uncertainties as big as signal

@, (1)




Crawford, RDY et al., PRL 134 (2025)

Local forces: spin dependent (@)

40 | Tripole/Dipole [GeV/ fm]
f Quadrupole/Dipole
i 6
= Gaussian/Dipole
E |
2 30
8
p 4
S
]
)
<
2
o 2
o 0111 RIS INETETIVE INERATANE IR I
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
b, [fm] by [fm]

Sketch magnitude of force along b, (fixed b), =0)

Spin-dependent forces = 2 GeV/fm at b = 0.3 fm, where the Short distances: model dependent

2 H o
models agree (need larger Q2). Long distances:
need smaller Q2
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Transverse force densities

Quark (charge) density
a(b) =3[ F1(b%) + 5% g Fa(07)]

Force density

b)=—2V2P*b'-Ld, + vV 2mye ISP, — D267 4, 1 2bTbT 5] B

mn

®_:isotropic @, O_: spin dependent

35




Compton amplitude and structure functions

« Optical theorem: structure functions
are the imaginary part of the forward

Inverse Bjorken variable

Compton amplitude e o= 25"

| @

« Dispersion relation: the amplitude at /
|w| < 1is an integral over the o » 1 Rew

inelastic structure function

L
| Discontinuity across cut

« Spin-dependent amplitudes < |1 meanen e
moments of g, and g,, at fixed Q2 I

Compton amplitude in — Integral over inelastic
unphysical region - structure function

36




0’E,
o\’

Couple a weak background current
A\J to the quark fields

The second-order energy shift is the
forward Compton amplitude: no
four-point functions

Euclidean kinematics with || < 1:
intermediate states can't go on shell

o /145 (e#°€ + e =4€)(p| T J(£) J(0) p)

Chambers et al., PRL(2017); Can et al., PRD (2020)

Compton on the lattice: Feynman-Hellmann

4-pt functions

{Cy(t, 7 1)

L o {N'|J(TE)J|IN
oy < [F(7g)J|

/ drg; -y (N|JJ|N}
0

Compton on the Iattice}

Feynman-Hellmann

PV EAREA

Source

Sink
NN ~

S

x {N|JJ|N}
A—=0
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Transverse densities

Electromagnetic current

(o', s'|19v"Ylp, ) = a(p’, s") [Y" Fi(t) + G=LFo(t) | u(p, 5)

2D Fourier transform — quark density in the transverse
plane

q(b) = 1[F1(b?) + L5 Ly (b))

(N [

Proton spin along x: orbital motion shifts the
quark density

38




Operator mixing and renormalisation

* The operator mixes with a lower-dimensional operator; mixing included in RI’-
MOM

Oy (1) = 2% (ap) (O (a) + 17572 0°(a))

e Mixing coefficient determined in lattice perturbation theory and non-perturbatively

e 7%ayp) following RQCD; evolved to MS-bar at y = 2 GeV

Birger et al., PRD (2022)
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—0.02

B=550 B=565 B=5.95
NPRdata & ) ) 130 ¢ B=5.50
1.2 _
° ° o o NPR fit b ¢ B=5.65
-0.03 s i B=5.95
IXing coefticien 21
m < i
avoe I
-0.04 ’,i'/:" ‘:\\. \‘\ :é; 1.18
n -3
: {/ \\ N
Latti /F““N/' o L - '\\. & k-
attice pert ﬂ‘r’ \ s"11.0 Y
Non-pert Renorm e 3
P E 097 %
N e
—-0.06 2%
0.8 Nt e,
00754 6 8§ 10 12 0 25 50 75 100 125
(ap)? p? [GeV?]

*  Amputated 3-pt Green's function matched to the continuum tree-level
result
» Fit, and keep the constant B:

7 2 4
ZZ[s] — (a‘:)z + B+ C(ap) + D(ap) Crawford, RDY et al., PRL 134 (2025)
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