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® Gluon GPDs from theory or experiment almost unknown (no LQCD calculation yet)

Distribution of gluons
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EIC white paper (projection)

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

® In experimental processes, gluon GPDs enter indirectly, only through higher-order effects

® Number of independent observables in experiments is typically insufficient to fully isolate and

constrain all 8 gluon GPDs
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® Given experience from gluon helicity PDF, is it possible to isolate all 8 gluon GPDs in LQCD

caloulations? ' Schoenleber, RSS, lzubuchi, Yang [PRD 2025]

» Lorentz-covariant parameterization of the matrix elements in terms of a linearly
iIndependent basis of tensor structures

» Projection of LQCD matrix elements onto light cone distributions

@® Are projections of LQCD gluonic matrix elements onto light cone distributions unique?

® [s LQCD matrix element with one set of operator better than the other?

mLQCD calculation in progress Jakob Schoenleber** Michael Engelhardt Taku Izubuchl Tanjlb
Khan Huey-Wen Lin, Sergey Syritsyn and students/postdocs to signup for ’




® For unpolarized gluon PDF:

M, a:28(2,0) = (p| Gua(z) Wz,0] GAg(0) |p) X. Ji [PRL 2013]

® A combination of matrix elements on the lattice:

2
Moizio = (p| Goi(2) |2, 0] Gio(0) |p) = 2 pgMpp + 2M g
Mjizij = —2Mgg 1, — @, Y
Moi.io + Mi.i; = 2p5 M, Balitsky, Morris, Radvushkin, et al [PLB 2020]
1 [ .
M, (w, 2% = 0) = 5/ dx e " xg(x)
—1
® Other choices of multiplicatively renormalizable operators Zhang, etal [PRL 2019]
Li, Ma, Qiu p[PRL 2019]
0W(z) = F W (=, 00Fi(0) , o . oo T OO
0P (2) = FHEW(0F50) ¢ - S PR R
e
-2 |2 b T SRR

Good, Hasan, Lin [J. Phys. G [2025] 4




® A new calculation with LaMET matching Good, Yao, Lin [arXiv: 2505.13321]

® Operator choice as In |Balitsky. et al [PLB 2020]

Zmax ~ 1.1 fm, p, ~ 2.15 GeV

® Large power corrections (for fixed momentum, starts to deviate after zmax ~ 0.5 fm)?

® Does not show O has small O(z?) corrections



® For polarized gluon PDF: AM,0.5(2,p,5) = (p, 8| Gua(z) Wz,0]Grs(0) |p, s) [x Ji[PRL 2013]

® “Contamination term” present in LQCD matrix element

Balitsky, Morris, Radyushkin [JHEP 2022]
2

® Renormalized matrix element: A9 (w, 2%) = [AM D (w, 2%) — (1 | mp>WAMpp(wv %))
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® Two different p. = T data sets are related by
2
r2AM(w)|  — AM(w)|
— + p po =k
AM, (w) = AME (W) — wAM,,p (W) = . z /1

» Main regqulator for the ML algorithms
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® LQCD + ML tends to rule out negative gluon helicity PDF in the mid-to-moderately large &' region
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JAM Collaboration global fit (PRD 2022) CD + Neural Network
positive and negative solutions

® Negative A g leads to negative cross-sections for Higgs boson production (de Florian, Forte, Vogelsang [PRD 2024])

» JAMre-analysis 4 LQCD (+ ML)
(PRL 2024) A R predictions hold
028 Clqop = |
—— 4+ high-z DIS =
001 01 03 05 0
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® General matrix element: M"“/“"(2) = (p', | G* (=2 /2)W (=2 /2, 2/2)G®(2/2) |p, s)

» For spatial vector 2, M"*P(w, n,t,2%) = Z./\/lg(w, n,t, 22T (w,n, t, 2°)
/

1 1

UV divergences must Possible tensor
be renormalized structures

» \Write down possible tensor structures,

Tog = 9 g7 = g*1g"",
Tpp = Papugﬁv _ pﬁpugow _ papvgﬁu + PBPVgaM,
TPA _ PaA,ugﬁy L PﬁAugaV . PozAugBu 4+ PBAVga’u,

Tapzz = —PYAY2P 21 4 PEAYP 2V 4 PYAP 22 — PEAP 22,
TAAzz = AQAMZBZV — ABAMZQZV — AaAysz“ + ABAyzaz/‘.

» Ensure remaining tensors form a linearly independent set

F=D Ml —— Hp@&t)= [ decgw.co
14

— OO



® The projection problem: (P, M) = P,,,.qgM"*F = Z JeM,
’

® For the pion (e.g. two possibilities):

2 2 A2 (& —
3 (PS5, M) = Z;ﬁ (Moi-0i + Mij.i5) - we 77(2§A177)23 (Mo2:12 + Mi2.02)
/ 2 ¢2 2116002 —n) 4 22(4£2P2 — ¢ Aof2(€ —
> (PIS], M) = Zfé Moi;0i ¢ 116w7EE ;QQA;S( S )]Mij;ij | wé 77(§A177)Z3 (Moz;12 + Mi2;02)
® Difference between these projections:
2 2
(PIZ] — P[], M) = anQ [16w2§2(5 — 1) — 22 (tn + AP2£2(3n — 4€)) | Mg A=) C;—QMgg
1 0

corrections. Nevertheless, it is useful to identify, given a choice of basis, Iin2ear combinations W
of invariant amplitudes that gives the light cone distribution, so that their 2”-dependence W
may be studied explicitly on the lattice.

\
»
i

The projection problem does not p_rovide a justificatioﬁ that certain is “reduce” f J

— = e — — —— _——— e —— e E—— - — — — I
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® A lot more complicated case, many tensor structures

» Basis of 72 linearly independent tensors

P Projection onto €, ’:

8771522 [ — 4m2 4m35Z
(P[(SEQT]’ ) 3A32§72ta) ) tl‘[MOl;Ol — M02;02 + M12;12] | Aznta)3 [17/5M01 02 T l}/5M02 01]
4m§z 2t —5m?) . | |
32(2}72@ )t rlio30Mor;01 — i1630Moz,02 + i030M2;10].

® Perturbative matching in progress with Jakob Schoenleber (LaMET and SDF)

® LQCD calculation in progress [with Engelhardt, Izubuchi, Lin, Schoenleber, Syritsyn]

ONLY LQCD data will tell which operators have small powercorrectlons ,
»or better than other choices
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® QCD allows photon to exhibit a hadronic structure due to quantum fluctuations!

® Test of QCD factorization “breaking” (or lack of understanding of resolved photon structure)
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® Critically important for EIC and constraining gluon PDF [Chu, Aschenauer, Lee 2017]

® LQCD calculation of moment and formalism for calculating 4-pt functions
X. Ji, C. Jung [PRL 2001, PRD 2001]

® First LOQCD calculation of quasi-PDF_ in collaboration with Atlantis es(), MsaioiB
Taku Izubuchi, Luchang Jin

—

p Evaluate electromagnetic part of the Green’s function in the lowest-order perturbation theory and write
the matrix element

(v(P)| Oy(z,0) exp|—ieqy [y Au(t)dty] [v(D))

l

L 1 Te—yt)—ip- (B—7
hj(e.) = —5¢* [ dto [[aty 3 0 BED G, ()0, 0)))
A=1,2

Of(2,0) = qr(2)714U(2,0)q;(0)
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® Preliminary matrix elements:
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® RBC/UKQCD domain wall fermion
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® Renormalization
Or(z)r = Z;5'e°™*Or(2)
» Ratio-renormalization [Radyushkin 2017] might not be suitable

® Possible choices of renormalization

p Self renormalization [Ji, et. al. NPB 2021}

> Other |deas direct resolved
point-like hadron-like
® LQCD calculation of the Hadronic tensor [K.F. Liu, PRL 94] I
(a) v (b) v —ff (¢) vy = V(7" =1"7)

» Positive scaling violation of F; atlarge r [Christian Zimmermann]

Thank youl! y
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® LQCD can provide strong constraint on the gluon helicity PDF

Random forest
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® Physics informed machine learning + phenomenological constraint

After perturbative matching

0.05 A —— XGB
&= GBT
0.04 1 ——RF
— &= NNPDF
3
3“ 0.03 -
s
2 0.02 A
0.01 -
0.0 - - . . . . .
0) 2 4 §) 8 10 12 14
W
Fourier transform using
Neural Network
RF
02 ] CUAg(LU) (wmax == ]-O)
2AY(2) (Wax = 12)
— rAg(z) (Wmax = 14)
= zAg(z) (NNPDF)
>
=
<
X

15



® Caution: Physical pion mass, continuum and infinite volume limits to be considered in future

calculations
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® Insight into unpolarized gluon PDF in the mid-to-moderately large X region
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® Only LQCD (with application of machine learning) calculation
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® |Negative gluon polarization is disfavored at the level of matrix elements
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