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The Hadron-Parton Bridge
From the QCD Vacuum to Partons

Edward Shuryak and Ismail Zahed
Center for Nuckar Theory, Department of Physics and Ast ronomy,
Stony Brook University, Stony Brook NY 117943500, USA

Abstract

Quant um Chramodynanics (QUCD) exhibits complment ar v descript ions of hadrons: a rest frame picture
bassexd em comfinersent |, chiral symunetry breaking and interquark forces, and a high-energy light - fromt picture
expresied through partan distributions (PDFs TMDs GPDs ) and form factors. This review develops a unifiel
framewark that connects these two damaimns . It is based mostly on mmltipk studies by the authaors in the
past few yvears. Using the Instanton Ligqukd Madel (ILM) capture essential nonpert urbat ive feat ures of the
QOCD vacuum, we derive effective mteract ons for L , and wul k states, construct thar
wave functions m hypersphercal coondmates, and boost them to the light front. The resulting light -fromt
Hamihonians, incorparating bot h per tur bative and ms tant on-mduced dynamcs in the Wikanian spirit, pro-
vide realist i nonpert urbative inputs for computing PDFs, DAs, GP Dy, quasi-distributions, and gravitat onal
form factors at a welldefined lw scale. The connection to perturbative QCD & then established by matche
ing gradient-fowrenonmalzed operators and LF wave functions to the standard 83 scheme. Pertur bat ive
DGLAP and ERBL evolution then comnects these predictions to experimantally accomible reginses . This
approach i applied to quarkenia, ghicball, light mesons, baryons, tetraquarks, pentaquarks, and higher
wult uark hadrons, viekling consistent descriptions of both their spoectra and partonic structwe. Spocial
ecmphas s is placed an the encrg v mamentum tensor and the mechankcal properties of hadrons, which emerge
naturally from the same dynamxcal ingredients. Overall, the famewark denmsmstrates a clar contmuit y
between hadronik spectroscopy and partonic obscrvables, offering a coherent multiscale picture of hadron
structure rooted in the underlyving dynamxs of QCD
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Topological vacuum: Rest
Emergent mass and spin
Topological vacuum: LF
LFWFs: Das, PDFs, ...






Topologically active vacuum QCD Topological landscape
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Banks-Casher: ZMZ in ILM
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Emergent mass: ZM

Delocalization: gZM
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2D-3D Strings-Monopoles Zero Modes in dual description

Instantons and anti-instantons and P-vortices
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Central Potential Rest Frame

Arvis 83’
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FIG. 13. Spin-spin potential for & system multiplied by
distance squared r*Vss (GeV ™) versus r (GeV)™The
solid line is the exponential fit (42) to lattice mea-
surements [54]. The dash-dotted line shows the reg-
ulated laplacian of the Coulomb potential (48) with
8 =0.6GeV"". The blue dashed line show the instan-
ton contribution. Note that the area under the last two
curves is roughly equal to that under solid one, the lat-
tice fit.







Mass Ward identity

vacuum compressibility

Nucleon mass sum rule

Pion mass sum rule
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Ji mass decomposition
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Ji spin decomposition Ji Spin budget

ILM (gluodynamics)
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Euclidean->Minkowski
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LF Hamiltonian heavy meson
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FIG. 3. The upper plot shows the dependence of
the three lowest eigenvalues M2 on the parame-
ter a, in the region around their mimima. The
lower plot shows M;‘:_“ versus n + 1 = 1..7. The
results obtained from the Hamiltonian diagonaliza-
tion with fixed a = 2.36, are shown by red trian-
gles. The blue disks are the semiclassical results
discussed previously, the line is a simple linear ex-
pression M2 = n/a’, both shown for comparison.
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ZMin CM
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Emergent ZM interactions in CM
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Emergent LF Hamiltonian: ZMs
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Twist-2 Pion DA in ILM
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FIG. 14: The evolved pion DA using the NLO ERBL equation to = 2 GeV (solid-green), compared with
the lattice calculation (RQCD) (shaded-blue) (6] , Dyson-Schwinger result [66] (solid-purple) and the
asymptotic QCD result (dashed-black). The experimental data points (red squared points) are extracted
from 7~ into di-jets via diffractive dissociation with invariant dijet mass 6 GeV [67] and normalized in [68]
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Twist-2,3 pion DA in ILM
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DA V-longitudinal in ILM

o1 ] 1 Pt
Ui 0L W)= fméP) /0 gl

djp(x) -

| i / fh sk, o +£+ MEM[P-H]

figtog) (i

2 M2

L= -, P

b fagmay 0L

ZF’ 1
fﬂzm I )'mﬁ( ())

DA Rho-LT in ILM
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FIG. 16: Evolved longitudinal p DA to u = 2 GeV in solid-green, compared with the lattice in
RBC/UKQCD collaboration [69) in filled-red and the lattice [70] in filled-blue. The QCD asymptotic result
of 622 is in dashed-black and the QCD sum result [71] is in filled-purple.
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FIG. 18: Evolved transverse DA for the rho meson at = 2 GeV in solid-green, and compared with the

lattice result at 4 =2 GeV [70] in filled-blue and the QCD sum rule result also at p =2 GeV [74] in
filled-purple.
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Light mesons in ILM

PDFs in ILM
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FIG. 7: a: Pion parton momentum distribution function for zero instanton size (solid-blue) and finite
instanton size of p = 0.317 fm (solid-orange), both of which are evolved to i = 4 GeV with a pion mass
m, = 135 MeV. The results are compared to the those extracted from the ILM using the LaMET
(solid-green) |53, 54], also evolved to p = 4 GeV. The E615 data from 1989 (red) are from [64),
corresponding to a fixed invariant muon pair mass m . .. > 405 GeV. The improved E615 data from 2020
(dashed-purple) are from [65], using the original E615 experimental data from [64].

b: The same pion parton distribution functions as in a, but now evolved to g = 2 GeV, for comparison with
the lattice data using cross sections (LCS) (red) from [66].
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