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Nonrelativistic quark model

O Quark model is one of the succesful models in describing spectrum of hadrons.
O You need to solve the Schrodinger equation:

O Gaussian expansion method (GEM), etc
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Nonrelativistic quark model

O Quark model is one of the succesful models in describing spectrum of hadrons.

O You need to solve the Schrodinger equation:

O Gaussian expansion method (GEM), etc Exotic configuration
Meson  Baryon Multiquark N-quark
Interaction is less known
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e Coupled channel effect?
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Quark and gluon distribution

© Momentum distribution of quark & gluon
O Parton distribution function (PDF)

O Hadron depends on the scale

© Inlow energy — the valence quarks are dominant

© In high energy — gluon starts to dominate 0 T S s By - % 2 v

O QCD evolution (DGLAB)

O Scale evolution of parton distribution function




Quark and gluon distribution

© Momentum distribution of quark & gluon
O Parton distribution function (PDF)

O Hadron depends on the scale

© Inlow energy — the valence quarks are dominant

© In high energy — gluon starts to dominate 0 T S s By - % 2 v

© QCD evolution (DGLAB) How to connect mass spectra &
O Scale evolution of parton distribution function partonic obserables?




Light-front dynamics

Formalism Why LFD?

o Proposed by Dirac (1949)
O Equivalent to Infinite
momentum frame (IMF)

O Handle relativistic effect properly
O Relevant for high-energy process
O Vacuum becomes simpler, and so on




Light-front dynamics

Formalism Why LFD?

o Proposed by Dirac (1949)
O Equivalent to Infinite
momentum frame (IMF)

O Handle relativistic effect properly
O Relevant for high-energy process
O Vacuum becomes simpler, and so on

Product X p = x"pY =@p +xpNHI2—-x,-p,

can only contain
Vacuum very complex
zero-mode excitations




Light-front wave function approach

Goal: compute hadron structure and properties from LFWFs.
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LFWFs

O Frame independent & Boost invariant

O Current matrix element — LFWF overlaps

U(x,k1) =Pz, k1 )R(z, k1)

Radial part Spin-orbit part




Light-front wave function approach

Goal: compute hadron structure and properties from LFWFs.

! Structure & partonic observables |

& |

LFWFs

O Frame independent & Boost invariant

O Current matrix element — LFWF overlaps

U(x,k1) =Pz, k1 )R(z, k1)

o Large Momentum EFT (LAMET) — Lattice QCD Radial part Spinrbit oart




Spin-orbit wave function (Meson)
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Spin-orbit wave function (Meson)
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Gaussian expansion method

A numerical method to solve Schrodinger equation. PPNP5I, 223 (2003)
O Solving Schrodinger equation O Generalized Eigenvalue equation
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Simple variational analysis

A simple approach O More accurate method:
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Simple variational analysis

A simple approach O More accurate method:
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Distribution amplitude: GEM vs SGA
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Distribution amplitude: GEM vs SGA

(0(g(2)7 59(—2)[P(P)) = ifpP* / do P2y o (),

d(x) = 2%(1 - x)”
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y=2.13(0.99-Xx) o GEM
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Consistent with the perturbative QCD.
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Decay constants

O Let us consider pseudoscalar and vector meson decay constants
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Decay constants

O Let us consider pseudoscalar and vector meson decay constants

(01g(0)v*v5q(0)|P(P)) = ifpP* Lhs: I = (0]|g(0)'q(0)| M)
(013(0)7#q(0)[V (P, h)) = fyMe#  ths: Gh=iP* Gl =Me

vH, YHYs

O Decay constant calculation Foo = J“‘ p==x,1
P(V

In the nonrelativistic limit ~ |y (r = 0)] P(V) h=0,+1
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Noninteracting quark basis

(01g(0)v"q(0)[V (P, h)) = fv Me”
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Noninteracting quark basis

O To obtain the self-consistency

<0‘§( Physiccﬂ Mass Invariant mass
pzo Mitkl  ma k]
External 0 T l—x




Noninteracting quark basis

O To obtain the self-consistency

Physical mass Invariant mass
2 2 2 2
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variable

O In Light-front Bethe-Salpheter approach
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Noninteracting quark basis

O To obtain the self-consistency

(Ol Physical mass Invariant mass
2 2 2 2
M2 — mi +k] | my+ k]
o |
External . 0 - 11—z
variable

O In Light-front Bethe-Salpheter approach

S = Son + Sinst T Szm

O Physical mass should be replaced by the invariant mass

o o 2(2m)% Mo(z, k1)




Operators

The explicit expression is given by

dxd?k
feovy) = \/_/ =
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Operators

The explicit expression is given by

ded®k, O(z,k1) .,
fpv) = \/_/ 2(27)3 VA2 + K2 OP(V)(h)




M1 Radiative decays

O Let us consider V — Py decay:

1%
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Lhs:  T* = (P(P)|Jem(0)|V (P, h))
EM vector current Lorentz structure Form factor
rhs: G = iee"P€,q, Py

Ridwan, Arifi, Mart. Arxiv:2409.13172




M1 Radiative decays

O Let us consider V — Py decay:

(P(P")Jem(0)|V (P, h)) = iee"* €,q, Py Fy P4 (Q) Fyvpy(Q%) = s

S gr

Lhs:  T* = (P(P)|Jem(0)|V (P, h))
EM vector current Lorentz structure Form factor
rhs: G = iee"P€,q, Py

O Feynman Diagrams

q
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q

Ridwan, Arifi, Mart. Arxiv:2409.13172




Operators 16
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Operators 16
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Heavy quarkonia & 5. mesons

Mdass spectra Decay constants
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Self-consistency (different polarizations)

Decay constant
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Self-consistency (different polarizations)

Decay constant

AO; = Oy (£1) — 0F;(0)
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M1 radiative decay
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Self-consistency (different polarizations)
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Integrands

Allowed case (n' = n)
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Transition form factor
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Transition form factor
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Summary

© Hadron spectra & structure

O Quark model & light-front dynamics

O Discussions

O Realistic LFWF with GEM: consistent with perturbative QCD
O Self-consistency with different polarizations

O Prediction has reasonable agreement with the data

O Qutlook

O Further works on the obervables and self-consistency

O Extension to baryon and beyond
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