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Quark-gluon dynamics (QCD) in non-perturbative regime

What to do to understand it ?



Quark-gluon dynamics (QCD) in non-perturbative regime

is, e.g., encoded in nucleon structure



Nucleon structure can show up as :

∗ spectrum

∗ decay pattern

of excited states (nucleon resonances)



Nucleon structure can show up as :

∗ spectrum

∗ decay pattern

of excited states (nucleon resonances)

=⇒ Analysis of meson production reaction data

Partial wave amplitude analysis (PWA)



PWA and resonance

Pole of amplitude on complex energy plane is identified with a resonance

Pole position : MR =⇒
Mass : Re[MR]

Width : Im[MR]× (−2)

Residue of pole =⇒ Coupling strength to decay channel



PWA and resonance

Pole of amplitude on complex energy plane is identified with a resonance

Pole position : MR =⇒
Mass : Re[MR]

Width : Im[MR]× (−2)

Residue of pole =⇒ Coupling strength to decay channel

⇐MR is eigenvalue of Hamiltonian for outgoing wave boundary condition

⇐ Pole is generated by unstable state that is formed and decays during collision



PWA and resonance

Pole of amplitude on complex energy plane is identified with a resonance

Pole position : MR =⇒
Mass : Re[MR]

Width : Im[MR]× (−2)

Residue of pole =⇒ Coupling strength to decay channel

cf. Breit-Wigner mass and width



When pole exists at E = MR :

T (E → MR) ∼ 1

E −MR
=

1

E − Re[MR]− i Im[MR]
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If MR is close to real (physical energy) axis W , and no branch cut is around



When pole exists at E = MR :

T (E → MR) ∼ 1

E −MR
=

1

E − Re[MR]− i Im[MR]

If MR is close to real (physical energy) axis W , and no branch cut is around

Resonance shows up as a sharp peak in spectrum



But in general, resonances do NOT necessarily show up as a sharp peak in spectrum

∗ Overlapping resonances can destructively interfere

∗ Branch cut prevents a resonance from clearly showing up in spectrum

PWA needs to be done to pin down the existence of resonances







Nucleon resonance (N∗) Spectrum in PDG



Theoretically sound analytic function T (E) ?

Guiding principle : unitarity

Tab − T ∗
ab ∝

∑
c

Tac T ∗
bc

a, b, c = γN , πN , ηN , ππN ...

Unitarity requires coupled-channels



Meson photo-productions

Coupled-channels : γN , πN , ηN , ππN , KΛ , KΣ , ωN



Theoretically sound analytic function T (E) ?

∗ Parametrization with K-matrix (GWU/VPI , Bonn-Gachina ...)

K = (polynomial) + (Breit−Wigner)

T (E) =
K

1− iρK
+ (tree− diagrams)

+ constraint from dispersion relation

∗ Dynamical coupled-channels model (Our group , Jülich , Dubna-Mainz-Taipei ...)

Start with meson-baryon Lagrangian

Solve Schrödinger equation with meson-exchange potential



Dynamical coupled-channels model of collaboration@EBAC

∗ Well-established meson-exchange mechanisms for meson-baryon interactions

∗ Description of nucleon resonance (N∗) as

meson-baryon molecule quark core + meson cloud

⇒ Interpretation of N∗ (dynamical origin, content)



DCC (Dynamical Coupled-Channel) model
Matsuyama et al., Phys. Rep. 439, 193 (2007)

Coupled-channel Lippmann-Schwinger equation

Tab = Vab +
∑
c

Vac Gc Tcb

{a, b, c} = γN, πN, ηN, ππN (π∆, σN, ρN), KΛ, KΣ

Tab ⇒ Observables of meson-baryon reactions



DCC (Dynamical Coupled-Channel) model
Matsuyama et al., Phys. Rep. 439, 193 (2007)

Coupled-channel Lippmann-Schwinger equation

Tab = Vab +
∑
c

Vac Gc Tcb

s u

t c

= +
bare N*

V ab + Z



DCC (Dynamical Coupled-Channel) model
Matsuyama et al., Phys. Rep. 439, 193 (2007)

Coupled-channel Lippmann-Schwinger equation

Tab = Vab +
∑
c

Vac Gc Tcb

quark-gluon core



DCC (Dynamical Coupled-Channel) model
Matsuyama et al., Phys. Rep. 439, 193 (2007)

Coupled-channel Lippmann-Schwinger equation

Tab = Vab +
∑
c

Vac Gc Tcb

= +
bare N*

V ab + Z

∆

π

π

∆

∆

π

π

ρ,σ

essential for three-body unitarity



DCC (Dynamical Coupled-Channel) model
Matsuyama et al., Phys. Rep. 439, 193 (2007)

Coupled-channel Lippmann-Schwinger equation

Tab = Vab +
∑
c

Vac Gc Tcb

G c   = for stable channels

for unstable channels



8ch-DCC Analysis 2010-2012

Kamano, Nakamura, Lee, Sato



DCC Analyses of collaboration@EBAC

6ch 8ch

2006 – 2009 2010 – 2012 (Kamano, Nakamura, Lee, Sato)

coupled-channels (γN, πN, ηN, π∆, σN, ρN ) (γN, πN, ηN, π∆, σN, ρN,KΛ,KΣ)

∗ πN → πN < 2 GeV < 2 GeV

∗ γN → πN < 1.6 GeV < 2 GeV

∗ πN → ηN < 2 GeV < 2 GeV

∗ γN → ηN – < 2 GeV

∗ πN → KΛ,KΣ – < 2.1 GeV

∗ γN → KΛ,KΣ – < 2.1 GeV

⇓

Fully-combined analysis of πN, γN → πN, ηN,KΛ,KΣ !



Analysis Database ∼ 28,000 data points



Parameters

∗ Bare mass (M0
N∗ )

∗ Bare vertex for N∗ → MB (CN∗,MB ,ΛN∗,MB )

(# of parameters) = npw × nN∗ × (1 + 2× nch)

= 14 × nN∗ × (1 + 2× 8)

∼ 200

χ2-fit to ∼ 28,000 data points





πN → πN

Angular distribution Target polarization

π+p → π+p π−p → π−p π−p → π0n π+p → π+p π−p → π−p π−p → π0n

Kamano, Nakamura, Lee, Sato, 2012



γp → π0p

Kamano, Nakamura, Lee, Sato, 2012



dσ/dΩ γp → π0p

Kamano, Nakamura, Lee, Sato, 2012



Σ γp → π0p

Kamano, Nakamura, Lee, Sato, 2012



η productions

Data are selected following Durand et al. PRC78 025204



dσ/dΩ γ p → η p

Kamano, Nakamura, Lee, Sato, 2012



Σ γ p → η p

Kamano, Nakamura, Lee, Sato, 2012



πN → KY

Kamano, Nakamura, Lee, Sato, 2012



dσ/dΩ γ p → K+ Λ

Kamano, Nakamura, Lee, Sato, 2012



P γ p → K+ Λ

Kamano, Nakamura, Lee, Sato, 2012



Extraction of N ∗ information

Scattering amplitude near a pole (E ∼ MR)

T (E) ∼ Γ̄ (MR) Γ̄ (MR)

E −MR
+ (regular terms)

Parameters characterizing Resonance

∗ Pole position of amplitude : MR

∗ N∗ → MB decay vertex : Γ̄ (MR)



Suzuki, Sato, Lee, PRC 79, 025205 (2009)

PRC 82, 045206 (2010)

Tab(p
′, p;E) = vab(p

′, p) +
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c
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Dynamical coupled-channel effect on N ∗ pole

P11 resonance pole positions and its origin Suzuki et al., PRL 104, 042302 (2010)



SUMMARY 6ch 8ch

2006 – 2009 2010 – 2012 (Kamano, Nakamura, Lee, Sato)

coupled-channels (γN, πN, ηN, π∆, σN, ρN ) (γN, πN, ηN, π∆, σN, ρN,KΛ,KΣ)

∗ πN → πN < 2 GeV < 2 GeV

∗ γN → πN < 1.6 GeV < 2 GeV

∗ πN → ηN < 2 GeV < 2 GeV

∗ γN → ηN – < 2 GeV

∗ πN → KΛ,KΣ – < 2.1 GeV

∗ γN → KΛ,KΣ – < 2.1 GeV

⇓

Fully-combined analysis of πN, γN → πN, ηN,KΛ,KΣ !

N∗ spectra in W ≤ 2 GeV extracted



Plan

8ch model analysis

∗ N(e, e′π) data analysis

⇒ γN → N∗ form factor in W ≤ 2 GeV

∗ 2 π production data

⇒ N∗ → π∆, ρN, σN

∗ γp → KΛ data from complete experiment

⇒ New N∗ ?
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Dynamical coupled-channel effect on N ∗ form factor

Nucleon-N(1520)D13 e.m. transition form factor

Suzuki, Sato, Lee, PRC 82, 045206 (2010)

Complex ⇐ Meson cloud effect on the N∗ structure

Analytic continuation



πN → ππN (parameters had been fitted to πN → πN )
Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC79 025206 (2009)



γN → ππN (parameters had been fitted to πN, γN → πN )
Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC80 065203 (2009)

γp → π+π−p γp → π0π0p γp → π+π0n

∗ Good description near threshold

∗ Good shape of invariant mass

distribution

∗ Total cross sections overestimate

data for W ≥ 1.5 GeV



Single π electro-production
Julia-Diaz, Kamano, Lee, Matsuyama, Sato, Suzuki, PRC80 025207 (2009)

p(e, e′π0)p

p(e, e′π+)n


