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Gravitational form factors
Big puzzles of the strong force within hadrons

Origin of confinement

Origin of >99% nucleon mass

Origin of the nucleon spin

......

Hadronic energy-momentum tensor encodes the energy, spin and stress distributions widthin
hadrons [Kobzarev:1962wt, Pagels:1966zza]

⟨𝑝′, 𝑠′|𝑇 𝜇𝜈(0)|𝑝, 𝑠⟩ = 1
𝑀 𝑢𝑠′ (𝑝′)[𝑃 𝜇𝑃 𝜈𝐴(𝑞2) + 1

2 𝑖𝑃 {𝜇𝜎𝜈}𝜌𝑞𝜌𝐽(𝑞2) + 1
4(𝑞𝜇𝑞𝜈 − 𝑔𝜇𝜈𝑞2)𝐷(𝑞2)]𝑢𝑠(𝑝)
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Physical interpretation [Li:2024vgv, cf. Sachs:1962zzc, Miller:2018ybm]

⟨Ψ|𝑇 𝛼𝛽(𝑥)|Ψ⟩ = ⟨ℰ𝒰𝛼𝒰𝛽 − 𝒫Δ𝛼𝛽 + 1
2 𝜕𝜌(𝒰{𝛼𝒮𝛽}𝜌) + Π𝛼𝛽 − 𝑔𝛼𝛽Λ⟩Ψ

where, ⟨𝒪(𝑥)⟩Ψ = ∫ d3𝑧 Ψ(𝑧)𝒪(𝑥 − 𝑧)Ψ(𝑧) is the convolution with the hadronic wavepacket Ψ(𝑥).
Gravitational form factors are F.T. of physical densities

energy density: ℰ(𝑥) = 𝑀 ∫ d3𝑞
(2𝜋)3 𝑒𝑖𝑞⋅𝑥{(1 − 𝑞2

4𝑀2 )𝐴(𝑞2) + 𝑞2

4𝑀2 [2𝐽(𝑞2) − 𝐷(𝑞2)]},

spin density: 𝒮𝛼𝛽(𝑥) = ∫ d3𝑞
(2𝜋)3 𝑒𝑖𝑞⋅𝑥{𝑖𝜎𝛼𝛽√1 − 𝑞2

4𝑀2 − 𝑈 [𝛼𝑞𝛽]

2𝑀 }𝐽(𝑞2),

pressure: 𝒫(𝑥) = 1
6𝑀 ∫ d3𝑞

(2𝜋)3 𝑒𝑖𝑞⋅𝑥𝑞2𝐷(𝑞2),

shear : Π𝛼𝛽(𝑥) = 1
4𝑀 ∫ d3𝑞

(2𝜋)3 𝑒𝑖𝑞⋅𝑥(𝑞𝛼𝑞𝛽 − 𝑞2

3 Δ𝛼𝛽)𝐷(𝑞2) ,

cosmological constant: Λ = − 𝑀2 ∫ d3𝑞
(2𝜋)3 𝑒𝑖𝑞⋅𝑥 ̄𝑐(𝑞2)

Factorization of the dependence on hadron momentum:
⃗𝑃 = 0 - Sachs distribution, 𝑃𝑧 → ∞ - light-front distribution
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Mechanical properties of hadrons
Mechanical equilibrium → mechanical stability [Polyakov:2018zvc]

von Laue condition: ∫ d3𝑟 𝒫(𝑟) = 0, → 𝐷 = ∫ d3𝑟 𝑟2𝒫(𝑟) ???< 0

Trace anomaly: Θ ≡ 𝑇 𝜇
𝜇 = 𝛽(𝑔𝑠)

2𝑔𝑠
𝐺𝜇𝜈𝑎𝐺𝑎

𝜇𝜈 + 𝑂(𝑚𝑞)

⟨𝑝′, 𝑠′|𝑇 𝜇
𝜇|𝑝, 𝑠⟩ = �̄�𝑠′ (𝑝′){𝐴(𝑄2) + 𝑄2

4𝑀2 [𝐴(𝑄2) − 2𝐽(𝑄2) + 3𝐷(𝑄2)]}

Analogy to superconductor, and dark energy [Teryaev:2016edw, Ji:2021mtz, Liu:2023cse]
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The last global unknown [Reviews: Polyakov:2018zvc, Burkert:2023wzr]

Ji's sum rules: one graviton ≈ two photons → generalized parton distributions (GPDs)
[Ji:1996nm, Polyakov:2002yz]∫

1

−1
d𝑥 𝑥𝐻𝑞,𝑔(𝑥, 𝜉, 𝑡) = 𝐴𝑞,𝑔(𝑡) + 𝜉2𝐷𝑞,𝑔(𝑡)

Deeply virtual Compton scattering & deeply vector meson production [Burkert:2018bqq, Burkert:2021ith]
Di-photon pair production [Kumano:2017lhr]

Near threshold vector meson production [Kharzeev:2021qkd, Duran:2022xag]

Large uncertainties from both the theory and experiments → Electron-Ion Colliders
[Lattice '23: Hackett:2023nkr ; DR: Broniowski:2024mpw, Cao:2024zlf, Cao:2025dkv]
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Holographic QCD [Polchinski:2000uf]

AdS/QCD: semiclassical field theory in 5D anti-de Sitter space w./ input from QCD
Introduce a dilaton field Φ(𝑧) to break the conformal symmetry in IR: hard-wall, soft-wall models
Good agreement with QCD within 10%-15% level [Erlich:2005qh, Karch:2006pv]

GFFs in AdS/QCD: graviton-hadron scattering in 5D [Abidin:2008hn, Abidin:2008ku, Abidin:2009hr]

Problem: GFF 𝐷(𝑄2) inaccessible, since graviton only couples to the traceless part of 𝑇 𝜇𝜈

Solutions beyond AdS/QCD: scalar graviton, Sakai-Sugimoto model [Mamo:2019mka, Fujita:2022jus]
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[Maldacena:1997re]



Light front holography [Review: Brodsky:2014yha]

𝐻QCD|𝜓⟩ = 𝑀2|𝜓⟩
semiclassical appr.

⇒ [ − ∇2
𝜁⟂ + 𝑉 eff

𝑞 ̄𝑞 ( ⃗𝜁⟂)]𝜑ℎ( ⃗𝜁⟂) = 𝑀2
ℎ𝜑ℎ( ⃗𝜁⟂)

where ⃗𝜁⟂ = √𝑥(1 − 𝑥) ⃗𝑟⟂

semiclassical LFQCD ↔ semiclassical field theory in AdS5
𝜁⟂ = √𝑥(1 − 𝑥)𝑟⟂ ↔ fifth coordinate 𝑧,

LF amplitude ↔ string amplitude
confining potential 𝑉 eff

𝑞 ̄𝑞 ↔ dilation field Φ
𝐿2 − (𝐽 − 2)2 ↔ (𝜇𝑅)2

form factors ↔ form factors
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ζ⊥

xP+

(1− x)P+

P+

𝑥± = 𝑡 ± 𝑧/𝑐
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Pion charge form factor 𝐹𝜋 in holographic QCD
Drell-Yan-West formula in LFQCD: [Brodsky:2007hb]

𝐹𝜋(𝑄2) = ∫ 𝜁⟂d𝜁⟂∣𝜑𝜋(𝜁⟂)∣2𝜁⟂𝑄𝐾1(𝜁⟂𝑄) + higher Fock sector contributions
Electromagnetic coupling in AdS5 : [Grigoryan:2007wn, Abidin:2009hr]

𝑆int = 𝑒5 ∫ d5𝑥 √𝑔𝑔𝑁𝑀Φ∗(𝑥)𝑖 ⃡⃡⃡ ⃡⃡∇⃡𝑁Φ(𝑥)𝐴𝑀 (𝑥) ⇒ 𝐹𝜋(𝑄2) = ∫ 𝑧d𝑧∣𝜑𝜋(𝑧)∣2𝑉 (𝑄2, 𝑧)

where, 𝑉 (𝑄2, 𝑧) is the bulk-to-boundary propagator of the 5D EM field 𝐴𝑁 (𝑥). In soft-wall model,

𝑉 (𝑄2, 𝑧) = Γ(1 + 𝑄2

4𝜅2 )𝑈( 𝑄2

4𝜅2 , 0; 𝜅2𝑧2) 𝑄2→∞= 𝑧𝑄𝐾1(𝑧𝑄)[1 + 𝑂(𝑄−1)]

bare current
dressed current
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Data: CERN (86),

DESY & JLab 𝐹𝜋

Parameters:
soft-wall: 𝜅 = 1

2 𝑚𝜌 = 0.388 GeV;
hard-wall: ΛQCD = 𝑧−1

𝑚 = 0.322 GeV

Soft-wall: 𝑟𝐶 = 0.62 fm
Hard-wall: 𝑟𝐶 = 0.57 fm
Experiment: 𝑟𝐶 = 0.67 fm



Pion gravitational form factor 𝐴𝜋 in holographic QCD
Brodsky-Hwang-Ma-Schmidt formula in LFQCD: [Brodsky:2008pf]

𝐴𝜋(𝑄2) = ∫ 𝜁⟂d𝜁⟂∣𝜑𝜋(𝜁⟂)∣2 1
2𝜁2

⟂𝑄2𝐾2(𝜁⟂𝑄) + higher Fock sector contributions
Gravitational coupling in AdS5 : 𝑔𝑁𝑀 → 𝑔𝑁𝑀 + 𝛿𝑔𝑁𝑀 [Abidin:2008hn, Katz:2005ir]

𝐴𝜋(𝑄2) = ∫ 𝑧d𝑧∣𝜑𝜋(𝑧)∣2𝐻(𝑄2, 𝑧)
where, 𝐻(𝑄2, 𝑧) is the bulk-to-boundary propagator of the 5D gravitational field. In soft-wall model,

𝐻(𝑄2, 𝑧) = Γ(2 + 𝑄2

8𝜅2 )𝑈( 𝑄2

8𝜅2 , −1; 2𝜅2𝑧2) 𝑄2→∞= 1
2𝑧2𝑄2𝐾2(𝑧𝑄)[1 + 𝑂(𝑄−1)]

bare current
dressed current
Sakai-Sugimoto
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Parameters:
soft-wall: 𝜅 = 1

2 𝑚𝜌 = 0.388 GeV;
hard-wall: ΛQCD = 𝑧−1

𝑚 = 0.322 GeV

Soft-wall: 𝑟𝐴 = 0.39 fm
Hard-wall: 𝑟𝐴 = 0.32 fm

Lattice '23: 𝑟𝐴 = 0.41(1) fm
[Hackett:2023nkr]



GFF 𝐷 in LFQCD

In an explicit model calculation (scalar model in 3+1D), we showed that all non-diagonal
contributions add up to a diagonal contribution [Cao:2023ohj]

How could this miracle happen?
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Light-front wave function representation of 𝐷-term

In light-front dynamics, operators can be exactly localized in the transverse direction and then form
factors are expressed as F.T. of one-body densities,

Localizing the charge: Drell-Yan-West formula [Drell:1969km, West:1970av]

𝑄 = ∫ d3𝑥 𝐽+ → 𝐽+
LF(𝑟⟂) = ∑

𝑖
𝑒𝑖𝛿2(𝑟⟂ − 𝑟𝑖⟂) → ℱ(𝑟⟂) = ⟨ ∑

𝑖
𝑒𝑖𝛿2(𝑟⟂ − 𝑟𝑖⟂)⟩

Localizing the momentum: Brodsky-Hwang-Ma-Schmidt formula [Brodsky:2008pf]

𝑃 +,⟂ = ∫ d3𝑥 𝑇 ++,⟂ → 𝒜(𝑟⟂) = ⟨ ∑
𝑖

𝑥𝑖𝛿2(𝑟⟂ − 𝑟𝑖⟂)⟩

Localizing the light-front Hamiltonian: Cao-Li-Vary formula [Cao:2023ohj, Xu:2024hfx]

𝑃 − = ∫ d3𝑥 𝑇 +− → 𝒯+−(𝑟⟂) = ⟨ ∑
𝑖

{− 1
4 ⃡⃡⃡ ⃡⃡∇⃡2

𝑖⟂ + 𝑚2
𝑖 + 1

4 ∇2
⟂

𝑥𝑖
+ 𝑉𝑖}𝛿2(𝑟⟂ − 𝑟𝑖⟂)⟩

where, 𝑉 = 𝑀2 − ∑𝑖
−∇2

𝑖⟂+𝑚2
𝑖

𝑥𝑖
is the potential energy, ⟨𝑂⟩ ≡ ∑𝑛 ∫ [d𝑥𝑖d2𝑟𝑖⟂]𝑛𝜓∗

𝑛({𝑥𝑖, ⃗𝑟𝑖⟂})𝑂𝑛𝜓𝑛({𝑥𝑖, ⃗𝑟𝑖⟂}).
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Pion gravitational form factor 𝐷𝜋 [Li:2023izn]

𝑇 +−(𝑄2) = (𝑀2𝜋 + 1
4𝑄2)𝐴𝜋(𝑄2) + 1

2𝑄2𝐷𝜋 (𝑄2)

⇒ 𝐷𝜋(𝑄2) = ∫ 𝑧d𝑧∣𝜑𝜋(𝑧)∣2{ − 1
4𝑧2𝑄2𝐾2(𝑧𝑄)− 2𝐾0(𝑧𝑄) − 2𝑈(𝑧)

𝑄2 [𝑧𝑄𝐾1(𝑧𝑄) − 𝑧2𝑄2

2 𝐾2(𝑧𝑄)]}

⇓
𝐷dress𝜋 (𝑄2) = ∫ 𝑧d𝑧∣𝜑𝜋(𝑧)∣2{ − 1

2𝐻(𝑄2, 𝑧)− 1
2𝑆(𝑄2, 𝑧) − 2𝑈(𝑧)

𝑄2 [𝑉 (𝑄2, 𝑧) − 𝐻(𝑄2, 𝑧)]}

Large 𝑄2 scaling consistent with pQCD prediction 𝐷𝜋(𝑄2) ∼ 1/𝑄2 [Tong:2021ctu, Tong:2022zax]

The dressed scalar current 𝑆(𝑄2, 𝑧) = Γ(2 + 𝑄2
4𝜅2 )𝑈( 𝑄2

4𝜅2 , −1, 𝜅2𝑧2) is the bulk-to-boundary
propagator of a scalar field tr𝐺2 (Δ = 4), i.e. scalar glueball [Colangelo:2007pt, Forkel:2007ru, Chen:2015zhh]
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𝐷𝜋(𝑄2) with holographic currents [Li:2023izn]

𝐷𝜋(𝑄2) = ∫ 𝑧d𝑧∣𝜑𝜋(𝑧)∣2{ − 1
2𝐻(𝑄2, 𝑧) − 1

2𝑆(𝑄2, 𝑧) −
((((((((((((2𝑈(𝑧)

𝑄2 [𝑉 (𝑄2, 𝑧) − 𝐻(𝑄2, 𝑧)]}

In hard-wall model, the 𝑈 -term vanishes and 𝐷HW
𝜋 (0) = −1, consistent with 𝜒PT

In soft-wall model, the 𝑈 -term leads to a small deviation from −1: 𝐷SW
𝜋 (0) = −1.17 due to the

imperfect 𝜒SB, and should be neglected
Glueball dominance: scalar glueball 𝐷𝑆

𝜋(0) = −0.5, tensor meson 𝐷𝑇
𝜋 (0) = −0.5

Soft-wall
Soft-wall w. U
Hard-wall
Sakai-Sugimoto
Lattice '23
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Parameters:
soft-wall: 𝜅 = 1

2 𝑚𝜌 = 0.388 GeV;
hard-wall: ΛQCD = 𝑧−1

𝑚 = 0.322 GeV

Soft-wall: 𝑟𝐷 = 0.43 fm
Hard-wall: 𝑟𝐷 = 0.32 fm

Lattice '23: 𝑟𝐷 = 0.61(7) fm
[Hackett:2023nkr, (𝑀𝜋 = 170 MeV)]



Nucleon gravitational form factor 𝐴𝑁
Brodsky-Hwang-Ma-Schmidt formula: [Brodsky:2008pf]

𝐴𝑁 (𝑄2) = ∫ 𝜁⟂d𝜁⟂
1
2{∣𝜑+(𝜁⟂)∣2 + ∣𝜑−(𝜁⟂)∣2}1

2𝜁2
⟂𝑄2𝐾2(𝜁⟂𝑄) + higher Fock sector contributions

Gravitational coupling in AdS5 : 𝑔𝑁𝑀 → 𝑔𝑁𝑀 + 𝛿𝑔𝑁𝑀 [Abidin:2008hn]

𝐴𝑁 (𝑄2) = ∫ 𝑧d𝑧 1
2{∣𝜑+(𝑧)∣2 + ∣𝜑−(𝑧)∣2}𝐻(𝑄2, 𝑧)

here, recall 𝐻(𝑄2, 𝑧) is the bulk-to-boundary propagator of the 5D gravitational field.
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Parameters (simultaneously fixed to the
proton mass 𝑀𝑝 = 0.98 GeV and rho mass

𝑚𝜌 = 0.70 GeV):
soft-wall: 𝜅 = 0.35 GeV;

hard-wall: ΛQCD = 𝑧−1
𝑚 = 0.245 GeV;

soft-wall: 𝑟𝐴 = 0.562 fm; hard-wall: 𝑟𝐴 =
0.562 fm

Lattice: 𝑟𝐴 = 0.51(1) fm
[Broniowski:2025ctl, Cao:2025dkv]



Nucleon gravitational form factor 𝐵𝑁
𝐵(0) = 0 regardless of the choice of 𝜑± , consistent with the Equivalence Principle [Teryaev:1999su]

In AdS5 , 𝐵(𝑄2) = 0 for all 𝑄2 due to the absence of the tensor coupling to a bulk Dirac fermion

In LFQCD, Brodsky-Hwang-Ma-Schmidt formula: [Brodsky:2008pf]

𝑞1 + 𝑖𝑞2

2𝑀𝑁
𝐵(𝑄2) = ∫ d𝑥 ∫ d2𝜁⟂𝜑∗−(𝜁⟂)𝜑+(𝜁⟂){𝑥𝑒−𝑖√ 1−𝑥

𝑥 ⃗𝑞⟂⋅ ⃗𝜁⟂ + (1 − 𝑥)𝑒+𝑖√ 𝑥
1−𝑥 ⃗𝑞⟂⋅ ⃗𝜁⟂ } + ⋯

𝐵(𝑄2) = 0 also for all 𝑄2 ≠ 0 due to a symmetry of 𝜑±(𝜁⟂) under swapping 𝑥 ↔ 1 − 𝑥
⇒ For a general longitudinal profile 𝜓(𝑥, 𝑟⟂) = 𝑋(𝑥)𝜑(𝜁⟂), 𝐵(𝑄2) is non-vanishing, but 𝐵(𝑄2) is
still suppressed for longitudinal S-waves
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[Broniowski:2025ctl]



Nucleon gravitational form factor 𝐷𝑁

𝐷𝑁 (𝑄2) = ∫ 𝑧d𝑧[∣𝜑+(𝑧)∣2 + ∣𝜑−(𝑧)∣2]{ − 1
4𝑆(𝑄2, 𝑧) + 4𝑀2

𝑄2 [𝑉 (𝑄2, 𝑧) − 𝐻(𝑄2, 𝑧)]}

− ∫ d2𝑧[𝑈+(𝑧)∣𝜑+(𝑧)∣2 + 𝑈−(𝑧)∣𝜑−(𝑧)∣2] 2
𝑄2 {𝑉 (𝑄2, 𝑧) − 𝐻(𝑄2, 𝑧)}

Large 𝑄2 scaling 𝐷𝑁(𝑄2) ∼ 1/𝑄4 in contrast to the pQCD prediction
Predictions to the 𝐷-term: 𝐷SW

𝑁 (0) = −5.4, 𝐷HW
𝑁 (0) = −6.7, compared to the MIT Lattice

result 𝐷 = −3.87(97)
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Parameters (simultaneously fixed to the
proton mass 𝑀𝑝 = 0.98 GeV and rho mass

𝑚𝜌 = 0.70 GeV):
soft-wall: 𝜅 = 0.35 GeV;

hard-wall: ΛQCD = 𝑧−1
𝑚 = 0.245 GeV;

soft-wall: 𝑟𝐷 = 0.882 fm; hard-wall: 𝑟𝐷 =
0.953 fm



Physical contributions at low 𝑄2

Vector current, e.g. 𝜌, 𝜔, is attractive and long-ranged
Tensor current, e.g. 𝑓2, is repulsive and short-ranged
Scalar current, e.g. 𝑓0, is in mechanical equilibrium, and mid-ranged
For the pion, both the scalar glueball and tensor glueball are self-balanced
Large-𝑄2 scaling is related to the parton distributions through Brodsky-Farrar parton counting
rule [Liu:2019vsn, deTeramond:2021lxc]
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Summary

The gravitational form factors emerge as a vital observable to unravel the internal structure of
hadrons

Holographic QCD provides a unique non-perturbative access to these observables with
convincing physical pictures

By exploiting the remarkable correspondence between light-front QCD and AdS/QCD, we
computed the GFFs of the pion and the nucleon, and compared the results with recent Lattice
simulations

Thank you!
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GFFs in AdS/QCD in 5D
Access to the tensor GFF 𝐴(𝑄2): graviton-hadron scattering in AdS5 [Abidin:2008hn, Abidin:2008ku, Abidin:2009hr]

NO access to GFF 𝐷(𝑄2), since graviton only couples to the traceless part of 𝑇 𝜇𝜈

Adding the scalar gravitaton allows the access to GFF 𝐷(𝑞2); however, GFF 𝐷(𝑞2) vanishes at large 𝑁𝑐
due to the degeneracy between the scalar and tensor glueballs [Mamo:2019mka, Mamo:2021krl, Mamo:2022eui]

𝐷𝑁 (𝑞2) = 4𝑀2
𝑁

3𝑞2 [𝐴(𝑞2) − Θ(𝑞2)]

Fit scalar and tensor glueballs separately and obtained 𝐴𝑁 (0) = 0.43 and 𝐷𝑁 (0) = −1.275
GFFs interpreted as the gluon contributions, more relevant for the near-threshold VM production
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GFFs in top-down holographic QCD

Sakai-Sugimoto (SS) model in 10D [Fujita:2022jus, Fujii:2024rqd]

Key observation: the 4D part of the traceless 𝑇 𝜇𝜈 becomes traceful

Obtained 𝐷𝜋(0) = −1 consistent with 𝜒EFT
Large 𝑞2 scaling different from pQCD prediction

𝐷𝑁 (0) = −0.140(22) resulting from cancellation between 𝑈(1) and 𝑆𝑈(2) fields

New extraction using non-perturbative soliton solution gives 𝐷𝑁 (0) = −2.05 [Sugimoto:2025btn]
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Holographic light-front QCD
The 𝐷-term involves non-minimal coupling terms in gravitational EFT, [Donoghue:1994dn]

𝑆𝐷 = −𝐷
4 ∫ d𝑑𝑥 √−𝑔𝑅𝜙2

Need constraints from both the QCD side and the gravity side

Light-front holography: correspondence between semi-classical LFQCD and AdS/QCD in 5D
HLFQCD allows us to impose constraints from both the QCD and the gravity sides

Further insights: super-conformal algebra, Veneziano amplitudes, parton counting rules and GPD sum
rules [Review: Brodsky:2014yha]
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