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Japan Atomic Energy Agency (JAEA) /162

Japan Proton Accelerator Research Complex

Hadron experimental hall: to understand the structure of hadron.



Structure of Hadrons /163

Hadrons: bound states of quarks and 
gluons held by strong force (QCD).

Our knowledge is rapidly evolving 

and many puzzles remain to be solved.

We want to know

- Mass spectroscopy 

- Transitions, quantum number, … 

- Internal structure: compact, molecules, … 

- Interaction between them  

- Origin of its mass and spin 

- Quark and gluon structure 

- …

Experimental facilites

J-PARC, KEK, CERN, FAIR, BES, J-lab and future EIC



Some hadron studies (a schematic) /164
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3D structure (Tomography) /165

Hadron tomography: map the 

distribution of quark and gluon 

inside hadrons. This can be studied theoretically in the light-front approach.

Wigner Distribution:  

The mother distribution
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Chalis, Parada: Theory  
Zulkaida: Experiment



Light-front approach

Light-font dynamics 

Light-front wave functions 

Applications 

• Form factor  

• Partonic structure 

• Nuclear medium effect

/166

Light-front: a quantization surface 
tangential to the light cone.



Light-front dynamics /167

Dispersion relation

(1) no square root,   

(2)  like in NR, and  

(3) no vacum fluctuation.
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Characteristic:

Instant form Front form

Paul Dirac. 
Rev. Mod. Phys 21, 392 (1949)

x+ = t + z



Light-front wave function (LFWF) /168

Key features: 

• Boost-invariant, (kinematical boost along z axis), 

• Independence of the observer’s frame, 

• Light-front trivial vacuum, no pair creation, 

• LFWF is measured at fixed LF time, 

• Current matrix element = LFWF overlap.

Ψ(x, k⊥, λ)

τ = t + z/c

xiP+, xiP⊥ + k⊥i

P+, P⊥

Evolve in LF time Lorentz-invariant internal variables:

x =
k+

P+
, k⊥, λ ∑

i

xi = 1 ∑
i

k⊥i = 0

Ψ(x, k⊥) = Φ(x, k⊥)ℛ(x, k⊥)

LF-spinor: Melosh built. 

Interaction independent.



Form factor and parton distribution /169

In instant form: 

• Need to boost proton wavefunction 

from p to p + q:  

• Need to couple to all currents 

arising from vacuum. Etc

PDF is  a square of LFWFs

f(x) = ∫ d2k⊥ |Ψ(x, k⊥) |2

Form factor is an overlap of LFWFs

Drell-Yan-West frame (q+ = 0)

F(Q2) = ∫ dx d2k⊥Ψ′￼(x, k′￼⊥)𝒪(x, k⊥)Ψ(x, k⊥)

Ψ(x, k⊥)

γ*

x, k⊥

P P + q
Ψ′￼(x, k′￼⊥)

x, k⊥ + q⊥

q⊥



LFWF Phenomenology /1610

Obtaining LFWFs 

Hamiltonian approach 

Light-front hamiltonian (BLFQ)  

Relativized Hamiltonian 

Phenomenological Ansatz 

Gaussian/ Power-law shape 

BHL shape 

Bethe-Salpheter amplitude, etc

kz = 0

kz = 0

LFWFUsual WF

Obtaining LFWFs from 
Gaussian expansion method.

AJA, Lucas, Ohno, Oka.
PRD110, 014020 (2024)



antique.jl package (for Julia enthusiast)

For a benchmark of numerical method of solving Schrödinger equation 

For a basis function of trial wave functions.

Analytical Solutions of Quantum Mechanical Equations 

Give us a star on Github! https://github.com/ohno/Antique.jl Ohno, AJA, Lucas.

/1611



Studies of various form factors /1612

Transition form factors 

• EM transition form factors 

• Weak transition form factors 

• …

Different polarization studies.

 transitionV → Pγ

Ridwan, AJA, Mart.
PRD111, 016011 (2025)

Elastic form factors 

• EM form factors 

• Gravitational form factors 

• …

EM form factor and comparison 
with lattice QCD data.

AJA, Choi, Ji, Oh.

PRD106, 014009 (2022)



Higher twist vector meson DAs  

• Feature: LFQM can obtain decay constant consistently 

• Different prediction from the LFQM and QCD sum rule 

• They agree in the chiral limit.

AJA, Choi, Ji. 2506.02844 (PRD in press)

Studies of various distribution amplitudes /1613

Distribution amplitude (DA):  

• Describes quark momentum fraction in a hadron at fixed 

light-front time. 

• Key ingredient in exclusive processes at high momentum 

transfer.



Modifications in nuclear matter /1614

p
H

e+

e−

In nuclear matter

Using the mean-field approach considering 

hadron structure (Quark-meson coupling).  

In-medium hadron properties can be studied 

and tested in experiments.

funded by RCNP corenet (Brazil-Japan)

Modification of 
form factor & 
radius

Mass shift of  mesonsϕ

J-PARC experiment

Gubler

AJA, Parada, Tsushima

PRD111, 074004 (2025)



Summary /1615

LFWFs: Relativistic, boost invariant, frame-independent, clean 

vacuum. 

Hadron observables from LFWFs: Mass, FF, PDF and 3D structure. 

Form factors are overlaps of LFWFs and PDFs are squares of LFWFs. 

LFWF phenomenology is useful for interpreting data.

https://ajarifi.github.io
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