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Motivation %

® Qur understanding of forces in QCD 1980s e
hasn't changed much since the static Josh Crawford
quark potential. . Introduction

® High energy scattering off Background
transversely polarised targets yields , Methods
interesting asymmetries. 2020s Results

» - (this project) .
. Conclusions

* We present distributions of a
“colour-Lorentz” force which are
consistent with the observed
asymmetries.

References

® This formalism offers a new
perspective on forces and
confinement in QCD.
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Transversely Polarised Deep Inelastic Scattering

4
e

Colour-
Lorentz Forces

® Scatter longitudinally polarised electrons off e Josh Crawford
transversely polarised proton targets. [
® Hadronic tensor is parameterised in terms of Background
structure functions: e Methods
Results

® Unpolarised: Fy(z, Q%), Fa(z, Q?).
® Polarised: g1(z, Q?), g2(z, Q).
® g5 receives contributions from twist-2 and N
twist-3 operators.

Conclusions

References

X
® Transversely polarised DIS allows for the

extraction of the higher twist
contributions to g».

Figure: Feynman diagram for inelastic
electron-proton scattering.

Josh Crawford — Colour-Lorentz Forces «O> «EF>» «E»>» «E)»



spram isach

. . . SUBATE)MIC
Asymmetries in SIDIS Experiments %
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Josh Crawford

® Semi-inclusive: measure one final
hadronic state X.

® There is an asymmetric distribution s
. . Back d
of this final state X! < [
Y 3 Methods
® Sivers asymmetry? experimentally 2 2 z
. . . o
verified for many different final AT_ \/\/\ S Conclusions
states (7F, 70,...) Y Higher N <cioences
. . preference -
* No consistent understanding of for detected
the relationship between final states!
higher-twist eff n . _
gher-t _St effects and Figure: Cartoon setup of asymmetries in SIDIS.
asymmetries.

Sivers, D. Phys. Rev. D. 1991.
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Heuristic Approach to the Asymmetries %
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Struck Up Josh Crawford
. . . Virtual Photon Quark
* Final state interactions (FSls) cause Introduction
a transverse momentum asymmetry Background
opposite to transverse position Strong FSls S
Results

asymmetry.

Conclusions

® Net attractive force "“pulls” the
struck quark in the direction
opposite its position asymmetry.

References

Final Jet Direction

Semi-Classical

“Orbit”
Figure: Semi-classical cartoon of our force
picture, with polarisation axis pointing out of the

page.

® Can we image these FSIs? What
do they look like? How strong
are they?
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Transverse Forces from DIS
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® Transversely polarised DIS allows us to explore higher-twist contributions to e
ObserVa bles. Josh Crawford
® The twist-3 part of the nucleon structure function gs(z, Q?) does not have a NN
single particle interpretation. Background
e Alternative interpretation: twist-3 matrix elements represent transverse Methods
forces!. sl
1 Conclusions
1 — .
3 dx x2~ T) = d - P S O + G+y 0 O P S . References
| 02 ia) = = o (PLSIHON T 9GO0 P. )

e Untangling the gluon field strength tensor component, we find:
1
V2

'Burkardt, M. Phys. Rev. D. 2013. arXiv: hep-ph/1510.03112.

1 - - 7Y 1
+y - = (@0 2y — _ 7 S
G \/§(G + G )— [Ec—l—vac] = \/§F!
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Developing Position-Space Densities %

® Decompose our matrix element into momentum-dependent form factors, o
olour-

®;(—A?), much like electromagnetic form factors. Lerries Fosess

* Taking the 2D Fourier Transform in the Infinite Momentum Frame yields Sl

a position-space density?. Introduction
Background
momentum frame of Methods
roton at rest a fast moving proton
P Results

e p.—»® ’l| P, Conclusions
o \', P ' References
- |

x e e 3
y «— 1o spatial extent

Figure: Infinite Momentum Frame kinematics.

2Burkardt, M. Phys. Rev. D. 2000. arXiv: hep-ph/0005108.
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Recipe for a Density Distribution
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Form factor decomposition of our matrix element is3 Lo
Josh Crawford
(p, [y TigGTp|p, sy =u(p, ) | PTAyT®1(t) + MPTioct'®,(t) Introduction
1 Background
+ _P—&—AiiO_—I—Aq)g(t) u(p, 8), (1) Methods
M Results

Conclusions

where P* = (p' 4+ p)*/2, A* = (p' — p)*, t = —A? and o"> = o*A,,. e
® Compute off-forward matrix elements on the lattice.
® Compute form factors for a range of momentum transfers.

©® Take 2D Fourier transform to visualise forces in transverse impact
parameter space.
3Aslan, F., Burkardt, M, and Schlegel, M. Phys. Rev. D. 2019. arXiv: hep-ph/1904.03494.
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Full Lattice Details %

STRYS

® Use gauge ensembles generated by CSSM/QCDSF/UKQCD collaborations*. Lo
® Fermions described by stout-smeared non-perturbatively O(a) improved Josh Crawford
Wilson (SLIiNC) action®. e
® Use tree-level Symanzik improved gluon action. Background
¢ All ensembles at SU(3) symmetric point. Methods
Results
Nf B LPxT a My, MK tsep/a Nmeas Conclusions
(fm) (MeV) References

2+1 550 32°x64 0.074 465 11, 13,15 3528

24+1 565 483 x96 0.068 412 11, 14, 17 1074
24+1 595 48 x96 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-1lat/0901.3302.
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Computing Matrix Elements

® Want to compute matrix elements of the twist-3 operator

O{i]fs) = __w ( oY + Gau’m> 1) — traces

where {...} ([...]) denotes (anti-)symmetrisation of indices.

e Compute ratios of three- and two-point functions:

R =

1
Cap(p', 9, 7;0) [CZpt( P, 1) Copt (P, T)C2pt(Pat—T)]2
C2pt(p/7 t) Cth( )C2pt(p7 )C2pt(pla t— T)

>0 ,
< (7,

R 5’|(’)‘p, 5>

o OBl mixes with lower dimensional operators — need to compute those matrix
elements as well.

;
su\l“‘
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Introduction
Background
Methods
Results
Conclusions
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Two State Ratio Fits
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—0.0004 —0.0035 J Josh Crawford
Introduction
—0.0006 | Y | |
—0.0040 ] B bund
% =0.0008 R -l Methods
S S
T T — Results
& —-0.0010 & ~0.0045 -
\ Conclusions
—0.0012 —— Ground State Contribution —0.0050 —VGround State Contribution References
{ ? tsep =14 : $ tsep =14
-0.0014 ? tep=18 b tep=18
Coote T teep=22 —00055) T tep=22
e -8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
T — tsepl2 T — tsepl2
Figure: Ratio fit proportional to the forward Figure: Ratio fit proportional to the
matrix element ds. corresponding mixing operator.
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Preliminary dy Extrapolation %

e PRELIMINARY Pody ® Use our three lattice spacings to | Solour
0.05 boa extrapolate to the continuum. Joeh Cranford
0.04 * No quark mass effects included. e
® Sensitive to renormalisation Background
s00 procedure and mixing coefficient Methods
0.02 calculation. Results

Conclusions

® Renormalise in the RI'-MOM scheme
following RQCD procedure?.

0.01

References

0.00

® Running additional lattice spacings

0.00 0.02 0.04 0.06 } ) )
a(fm) to refine this extrapolation.
Figure: Continuum extrapolation of dép) and *Biirger, S. et al. Phys. Rev. D. 2022. arXiv:
s . S. . : . D. . :
dy". hep-lat/2111.08306.
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Computing Form Factors
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® Form factor decomposition of our matrix element is® Lorenes Forces
Josh Crawford
(0, '[9y igGTP|p, s) = u(p', ¢ ) | PTAY @1 (t) + MPTio ™ ®y(t) HSSIEeE
Background
1 . ethods
b P AT ups, @) B
M Results
Conclusions
where P* = (p' + p)*/2, A* = (p — p)*, t = —A% and o"> = gH A, References

2

® Model t dependence with an a*-corrected dipole function:

®;(0) + bsa?

_ ) 2
(1 1 (F + cia2)>

®Aslan, F., Burkardt, M, and Schlegel, M. Phys. Rev. D. 2019. arXiv: hep-ph/1904.03494.
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0.4 u d Josh Crawford
; B =5.50 ) g
\1 E % Introduction
0.3 i s
B >und
Methods
o 0.2
= = Results
S S
_ Conclusions
0.4 0.1 .
u d References
~05 B =5.50 ] ¢
B=565 & ¢ 0.0 ——% %%&hﬁg §%§9§A S
B =595 I : § %ﬁ% i
-0.6
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?)
Figure: Results for the ®; form factor. Figure: Results for the @3 Form Factor.
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Impact Parameter Space Distributions %
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® Take 2D Fourier transform to visualise in transverse impact parameter space.

o~ \/éejksk d . d2 ~ Results
2mpe?SIPy(b?) — ~—— = (269 —Pg(b% ) + 4b"H ——— D3(b>
VB0 ) 20 (20 67+ 41 s ()

Josh Crawford

 Overlay resulting vector field on quark density distributions’,

j i g . 2 .
p(bJ_):--l-b]E 5 _d Fy(b? )} F(b%) = / AL e PLALR(Y)

My db® (2m)2
"Diehl, M. and Hagler, Ph. Eur. Phys. J. C. 2005. arXiv: hep-ph/0504175.
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Visualising Quark Densities

Force Density (GeV/fm?3)
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Figure: Force density in an unpolarised proton.
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Impact Parameter Space Distributions
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Colour-

® Take 2D Fourier transform to visualise in transverse impact parameter space. Lorentz Forces
Josh Crawford
7 \/_ -+ 7.7 d ¥ 2
S's(bJ-) - —2 2P b W@l(bl)
1

Results

* Overlay resulting vector field on quark density distributions?,

~ 2 o
, F(b?) = / TOL s p

p(bJ_) = (271,)2

8Diehl, M. and Hagler, Ph. Eur. Phys. J. C. 2005. arXiv: hep-ph/0504175.
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Visualising Quark Densities and Force Densities %

Colour-
E 3 . O —_~ Lorentz l;mces
[q\]
i) E Josh Crawford
= 2.5 &
% : Introduction
9 2.0 ; Background
> = Methods
n
E 1 . 5 [ Results
% 8 Conclusions
Q 1 .O 'M References
8 <
< 0.5 3
© o
.

Figure: Force density in a proton polarised in the Z direction.
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Summary and Conclusions

® Transverse force tomography is a novel perspective on forces in QCD.

® We have produced novel images of the distribution of “colour-Lorentz” forces
that act in polarised DIS.

¢ Force distributions indicate large local forces, on the order of ~ 3 GeV/fm - 3x
the QCD string tension.

® Expand momentum range to better assess model dependence of forces.

® These images are simple, intuitive representations of how asymmetries
can be generated in semi-inclusive DIS.
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Operator Mixing and Renormalisation

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

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

0 () = 75 (an) (0%) ; %%om)

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

* Multiplicative renormalisation constant ZI/(asu) 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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-0.02 ® We compute the amputated 3-pt Josh Crawford
Greens function on the lattice and " troduetion
-0.03 . .
match it to the continuum tree-level [N
_ result: Methods
v —0.04
% [5] 1 Results
. _
—-0.05 " Tr FR (p) tree(p) j|p2:lL2 - O Conclusions
. References
-0.06 ® We fit the data using the form:
00T 6 : § 10 ﬁ =——+B+ C(ap)2+D(ap)4
(@py? ZBl (ap)?
Figure: Non-perturbative calculation of the ° .
mixing coefficient 27 /715 Extract the constant piece B.
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RIMOM Procedure!® Y

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

Colour-
1 5 5 -1 Lorentz Forces
E r]:\r [FE%] (p)FLT]ee(p) p2:“2 = 1 Josh Crawford
® Choose a reference scale o = 2 GeV and compute the ratio ZP (1) /2P (1) '[t&“i

on all lattices.

Mett

© Extrapolate this ratio to the continuum and define it as R(u, o). R,:S“HS'

© ZPl(i/) for each lattice, at some intermediate scale 4/, is then calculated as Conclusions

7PN (') = R(', 10) 2P (o).

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

25 () = (%) - ZP('), B= m (3NC - é (NC B Ni))

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

References

Josh Crawford — Colour-Lorentz Forces «O>«Fr» «Er» «E)»


hep-lat/2111.08306

s suncn

. SUBATEMIC
a® Extrapolation for dj

4
e

Colour-
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N PRELIMINARY 3 dm Josh Crawford
0.030 N 2
: Introduction
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0.020 Methods
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Conclusions
0.010
References
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Figure: Linear extrapolation for dy in a®.
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0.25 A L) (e —_ Josh Crawford
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Figure: Force distribution due to @ in a Z-polarised

Figure: Results for the &2 Form Factor. proton.
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Model Dependence and Force Magnitude Estimates
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L — . . Lorencf):zo Fl:srces
® Operator is 1yt gGt"), but the force comes from G1 — need to remove Joeh Cranford
quark density dependence.
Introduction
® Assume the weighted force factorises: ke
i i Methods
‘Fs’s(bJ-) = pS,S(bJ—)Fs/S(bJ—) Results
Conclusions
® Assess model dependence of force magnitudes using n-order pole fits Referonces
®,(0
oty = 2O o5

n:»
(1+A—2)

For scale, continuum QCD string tension ~ 1 GeV/fm
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3.0 a0l —— Tripole/Dipole Josh Crawford
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1.0 & References
'—— Dipole/Dipole
0.5 7 Tripole/Dipole
' —— Quadrupole/Dipole
0.0
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]
Figure: Model-dependent estimates for force Figure: Model-dependent estimates for force
magnitude due to ®; form factor. magnitude due to ®3 form factor.
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