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From PDFs to TMDs

Collinear PDF (TMDPOF |

A2k F.T.
00 = [ Gy (. k1) FE(x k1) 5 B (x,r1)
® Probability density for gluon carrying ® Retains k; dependence
longitudinal fraction x of P* = 3D nucleon tomography
® k| integrated out ® Encodes spin—orbit correlations:
= 1D nucleon picture S| x ki
® Probed in inclusive DIS 7 ® Probed in SIDIS, Drell-Yan

Gluon TMD Correlator (unsubtracted)

70 ko) = e [ 2580 &P emikuva(pn| Fet Wi e wl ey

® W: staple-shaped Wilson line encodes process dependence (SIDIS # DY), T-odd
TMDs (Sivers), and f-type/d-type
® Tensor decomposition of 7} = all leading-twist gluon TMDs " e




TMD Landscape at Leading Twist

Leading Gluon TMDPDFs () tuseonspin (fe1) Sl Operate
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The Sivers Function

Physical Interpretation
dnN §J_ X EJ_
d2k,| M. fIJ:F(Xa ki)
P

o fi(x, k1) +

e Azimuthal modulation sin(¢x — ¢s) in the transverse plane.
(E.g. in Single Spin Asymmetries (SSAs): Ay = % )
1 —2L
® T-odd: changes sign under naive time reversal

¢ Non-zero only due to gauge links (Wilson lines)

Key Properties
® Sign change (quark and f-type GSF): SIDIS < Drell-Yan (universality test)
e Connects to orbital angular momentum (OAM) of partons

® Requires non-zero k; : genuinely 3D observable " °



Experimental Landscape: Status

Existing Data

e HERMES, COMPASS: quark Sivers Theoretical Uncertainty

e PHENIX, BRAHMS, STAR: Ay in pp ® Gaussian ansatz in k|

® Gluon Sivers: ® No/loose connection to
no clean extraction yet Odderon/small-x physics

® Model estimates: [Zhou, 2014, ® Not driven by QCD

D'Alesio et al., 2015, Yao et al., 2019] )

Need for Theory Input

A theoretically motivated model valid at small x, rooted in QCD color charge
correlators, is required as starting point for evolution and phenomenology.
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The Dipole S-matrix
[Mueller, 1994, lancu and Venugopalan, 2003, Kovchegov and Levin, 2013]

Dipole Scattering and Charge Conjugation

1

W<P//\'| tr V(x1)VI(yL1)|PA) =1 — Pra(ri, bi) — iOna(re, by)
C

Sna(ri, b)) =

o V(x1)="Pexp[—ig [dx™ AT (x7,x1)t°], rL = x1 —y1, by =%
® Ppp ... Pomeron (C-even) On - - . Odderon (C-Odd)

Spin Structure of the Odderon

[Boussarie et al., 2020]: _ '
OnA(ri, A1) = dan i cos(dra) O+ 6p—n iNe™r Os + 0p _p iNe™2 cos(¢,n) OF

. - o
spin-indep. Sivers! helicity-flip

® Os(ri,A)): spin-dependent Odderon = Sivers function in forward limit o




The Spin-Dependent Odderon and the GSF

Key Relation

Nelk (M, .
XEEF (x, ki) = 2\7r+g\2p e " Oy (ki)
® The gluon Sivers function is the Fourier transform of the forward, helicity-flip
Odderon amplitude: O_y (k) = [d?by Os(ry,by)
[Boer et al., 2016, Zhou, 2014, Yao et al., 2019]

3-Gluon Exchange Amplitude

g6(N§ — 4)(N§ . 1) (277')2/ G/%//\(kJ_a ql, _kJ_ - qJ_)
Ton2 K (it oy

Onn(kl) = —

where G3,, is the C-odd cubic color charge correlator:

d?<(P'N|p(q1)pP(q2)p°(q3)|PA) = NeC3r Gaia(qu, 92, G3)

N —
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Light-Front Fock Space Expansion

Proton State at Moderate x ~ 0.1

VI :
PN = [l (6] 3 s Wae ks M) 0P i i)

{iAi} <

with product wave function Wa(x;, ki1, A\;) = ¥(x;, ki) X Pa(kiL, Ai), i=1,2,3

Wave Function
® Gaussian Yexp < eM*/26% or power-law Ypwr o (1 + M2/p2)=P
o M? =30 (k + m?)/x;
® Parameters: m, 3 fitted to EM form factors
x ~ 0.1, ki <1 GeV, flavor blindness, no sea quarks, no gluons in Fock space

| ‘\

Additional spin structure from Melosh rotation (Rest frame = LF spinors)




Computing G>_ in the LC Model

G = E / [\IJ}‘\, + (3 gluon attachments) - \If/\]
N U XikiL
PN PA PN PN
= = >
q3 [} q2 q3 Q@1 G2 G
1-body 2-body 3-body

® WF overlap involves both S-wave®P-wave and P-wave®D-wave interferences

° Gi+ is odd under simultaneous sign flip of all g;; (as required by C-parity)
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The Gluon Sivers Function xf&"(x, k)
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Novel Features

e Log divergence at low k; : xf& ~ log(k. /Qp); origin: G2, (ky,q,—q) ~ ki ¢°
* Peak at k; ~ 0.5 GeV: magnitude (4-5) x 1073 GeV~2 (a5 = 0.25)
® Perturbative tail: ~ 1/k% (three-gluon exchange)




Xc1 Photoproduction: Odderon vs. Primakoff

[Benic et al., 2025]

472 o2 M? 2 7(a) = Xa1(d)
2 s P |, rgl(1) 2
r(x, u) = — —= | xf, (x, 1)
q2N2z a2 M2 sl
~107%at x~0.1
p(P) 3 B0 —2— p(P)

® r: ratio of Odderon to Primakoff
X-section

® \.1: axial-vector meson; Landau-Yang

theorem suppresses Coulomb g
singularity

—_—— B <
—3= zfif e, ky) =
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® Parametrized three-quark LC wave function of the proton (Brodsky & Schlumpf
model + Melosh rotation) using up-to-date EM FF fit.

® Explicit computation of GL_:
only 3-different-quark topology contributes at A; =0

* Novel: logarithmic divergence of xf£ .,- at low k.

24M k 2 2
ki xf&-(x, k) = P o2 KL\ o—ki/4@Q2
L o b T NQ Qb °

N =0.036 GeV~2, Q, = 0.331 GeV, Q. = 0.220 GeV.
® Sum rule [ dky ki xi"lgTL = 0 = strong cancellations in all k; -moments

® Tri-gluon PDF suppressed: r ~ 107 in y.1 photoproduction (Primakoff
dominated)

® BFKL evolution: anomalous dimension 7(Y) ~ 0.8 at Y =1/as = xflg#‘ ~ kI3'3
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Code and Data

Numerical code and results publicly available:
Zenodo: 10.5281/zenodo.18703045 GitHub: HechenMountain/nucleon-lccqm
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Electromagnetic Form Factors

Computed from wave function overlaps: Fap o< Y; [[dxi][dki] Wi, Wa

AOY) =Fia(B),  RAY) = Fual)

1004

10724

== exp. pow. —— 1707.09063

107 T T
107! 10" 107 10!

A? [GeV]? A? [GeV]?

Fit to parametrization of world data [Ye et al., 2018] e



Comparison to Existing Models

e [D'Alesio et al., 2015]: Gaussian ansatz,
peaks at k| =0

® [Yao et al., 2019]: Saturation (ext. MV)

lJmB*"'-‘_‘ —— This work ni ~

i, model, peak at finite k| ~ Qs
el 1506.03078 (x10~") ® This work: LC quark model, peak at
0.005 4 kL >~ 05 GeV

Key Differences
® |og divergence at small k; (unique to this
work)

1"} = o . ® Sources in fundamental rep. of color and
1 [GeV]

x fif (z, k1) [GeV]~2

—0.010 4

—0.015 4

spin
e Suitable as initial condition for BFKL
evolution
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