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Significance of Nucleon Structure Studies

V.D.Burkert,Rev.Mod.Phys. 95(2023)4,041002
1. Understanding the Origin of Mass
To answer the ultimate question: "Where does most of our mass come from?”

The answer lies not in the Higgs mechanism, but primarily in the dynamical energy of QCD and the
non-perturbative structure of the nucleon.

2. Understanding the Origin of Spin

Similar to the mass puzzle: How does the proton’s spin of 1/2 emerge from the spins and orbital
angular momenta of its constituent quarks and gluons?
This remains the central question of the "spin crisis” in particle physics.

3. Testing Fundamental Theory (QCD)

The nucleon serves as the most important laboratory for studying strong interactions in the

non-perturbative regime.
It provides a crucial testing ground for validating and developing our understanding of QCD.
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How to "See” the In

Probe Type Process Revealed Physical Information Key Observables
Electroweak DIS Parton momentum distribution Structure Functions —
Probe PDFs

Electroweak Elastic scattering Electromagnetic distribution EM FFs

Probe

Gravitational (Theoretical concept) Mechanical distribution GFFs

Probe

Hadron Spectrum - Global properties: Mass of nu-  Mass spectrum

cleon as QCD bound state

Table: Experimental probes for studying nucleon internal structure

Jiali Deng, Phys.Rev.D 112 (2025) 3, 036011
S. Kumano, Phys.Rev.D 97 (2018) 1, 014020
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How to access its?

Michel Guidal, Rept.Prog.Phys. 76 (2013) 066202
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Deeply Virtual Compton Scattering
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= Holographic VQCD Model
= Mass spectrum for proton
= Structure function of proton
= Electromagnetic form factors

= Gravitational form factors
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Holographic VQCD Model

Mass spectrum for proton

Structure function of proton

Electromagnetic form factors

Gravitational form factors
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Holographi VQCD Model

. . . Matti {arvinen, JHEP 03 (2012) 002
Large-N, Limits Comparison U. G"ursoy, JHEP 02 (2008) 019

@ Standard 't Hooft limit: N. — 0o, A = g%M N. and N¢ finite,

@ Veneziano limit: N. — oo, Nf— oo, %’C‘ = x fixed

@ Preserves important quark effects while maintaining large-N, simplifications
Holographic Construction

@ Gluon sector: 5D Einstein-dilaton gravity

2
5= WnE [ FxvgiR— 505 + v

e Flavor sector: Tachyonic Dirac-Born-Infeld action

Spsr = —M3N? / Px\/gVAN, T)v/— det(gap + £(N\)DaT0pT + W(X) Fap)

@ Metric ansatz:

ds* = A (d2 + 1, dxdx)
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Boundary Condition and Confinement

UV boundary Condition

@ Two-loop QCD S-function:

d\ g 11 g

34 .,  Np 13

2
dA ﬁ(g) (471')2(3 €T3 f) (471')4(3 c Nc(3 c ))+
o Perturbative anomalous dimension: 9 = = —2g2 (4?)2g4 S

Confinement Criterion

@ Wilson loop criterion: Confinement requires area law behavior at large distances

(L) ~ T 0L, A1) = A() + 28 ()

confinement is equivalent to the existence of a minimum of the expression.
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Holographic VQCD Model

Mass spectrum for proton
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Electromagnetic form factors
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Mass Spectrum

By solving the equations of motion, we obtain a Schrédinger-like equation:

—¢Rr(2) + (mieAsl® & m5eA5(Z)A/5(Z))90R/L(Z) = Maor1(2)

proton Mexp/Gev  other/Gev Our/Gev %M
n=1 N(939) 0.938 0.987 0.939 0.107
n=2 N(1440) 1.360to 1.380 1.264 1.333 2.701
n=3 N(1710) 1.680to 1.720 1.531 1.653 2.764
n=4 N(1880) 1.820to 1.900 1.791 1.893 1.774
n=5 N(2100) 2.050to 2.150 2.046 2.097 0.143
n=6 N(2300) 2.300 2.296 2.273 1.174

Figure: Mass spectrum results from numerical solution of the Schrédinger equation

Jiali Deng, Phys.Rev.D 112 (2025) 3, 036011
FolcoCapossoli, Chin.Phys.C 44 (2020) 6, 064104
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Holographic VQCD Model
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Structure Function

The hadronic tensor is defined as:

W — / d*x €9X(P|J(x) J (0)| P)

which can be decomposed into structure functions:

q"q” 2x q" q
W = Fy [ g — — PP+ ) (PP + -
1 <n 7 > + 7 o( P+ 2X)( + 2X)

2 . . . .
where x = 2(,‘),.q is the Bjorken scaling variable.
The interaction term in the holographic description:

P+ .55 (0)|P,S) = Simt = g / dzd'y g ®, T,
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Structure Function
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Jiali Deng, Phys.Rev.D 112 (22025 3, 036011
FolcoCapossoli, Phys.Rev.D 102 (2020) 8, 086004
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Holographic VQCD Model
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Electromagnetic form factors

Hadron matrix element Electric charge:
ge = F1(0) = Ge(0)
(P $10)|p,s) = eu(p', )" (p, P u(p,s) | Magnetic moment:
w=q+ F2(0) = Gm(0)

Vertex function:

m / m 2 it A, 2 / /
(p,p) ="F1(Q7) + F(Q), A=p—pP=(p+p)/2
Dirac 2M Pauli

MPH . jeloBAN P 'y)\*yE’
=~ Ge(Q) + PP Gou(@
P? EElecfric 2P2 MAaﬂg(netic)
Sachs EM FFs
Q2

Ge(@) = F(Q%) — mFQ(QQ), Cu(@) = FI(Q%) + F2 (@)
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Electromagnetic form factors

In the holographic description, spin-conserving matrix elements can be represented as:

/ d' xdzy/=g ¥ (%, 2)en T du(x, 2)Up(x, 2) ~ (27) 6" (P — p — QI (2)8(P )" F1(q*)u(p)

The spin-flip matrix element can be written as:

/ d*xdzy/ =gy (x, 2) e b, TE| Fum(x, DWp(x,2)  ~ (27)'6%(p' = p— a)m(2)a(p)

Raza Sabbir Sufian, Phys.Rev.D 95 (2017) 1, 014011
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Electromagnetic form factors
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Jiali Deng, Phys.Rev.D 112 (2025) 3, 036011
Raza Sabbir Sufian, Phys.Rev.D 95 (2017) 1, 014011
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Holographic VQCD Model
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Gravitational Form Factors

Hadron matrix element ‘

(P, s1T(0)|p,s) = eu(p’, s )T" (p, p')u(p, s) ’

Vertex function:

iPlhg?)og, BV — iV g2
L (p,pl) = 0PI A(Q)+— B+ T D(@), q=p—p.P = (p+p)/2

The interaction term in the holographic description:

/ /By T2 ~ (| T (0)]p, 8)
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Gravitational Form Factors
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Daniel C. Hackett, Phys.Rev.Lett. 132 (2024) 25, 25190
Zainul Abidin, Phys.Rev.D 79 (2009) 115003
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@ We computed the mass spectrum of the proton using the VQCD model and
determined the metric parameters.

@ Through deep inelastic scattering, we calculated the proton’s structure functions.
Smaller x values correspond to higher probabilities of final states being excited states.

© We computed the electromagnetic form factors of the proton.

© We computed the gravitational form factors of the proton.

Thank you!
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