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1. Introduction
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Introduction Problem of QCD

Quantum ChromoDynamics (QCD)

QCD is a fundamental theory of the strong interaction.

Particle Data Group: 2012

At high energy
QCD is perturbative ⇒ asymptotic freedom.

At low energy
QCD is non-perturbative ⇒ αs is large.

Approaches

Lattice QCD

Quark Models

Chiral Perturbation Theory

· · ·
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Introduction Quark Model

Quark Model
Baryons are considered as colorless

bound states of three constituent

quarks.

The constituent quarks are

confined and interacted by

effective interactions.

Historically
MIT Bag Model (PRD9 3471(1980); PRD10 2599(1980).)

Chiral Quark Model (PRD22 2838(1980); PRD24 216(1981))

. . .
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Introduction Perturbative Chiral Quark Model

Perturbative chiral quark model
PRD22 2838(1980); NPA426 456(1984); PLB229 333(1989);PRC64 065203(2001); PRD63 054026(2001);
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Introduction PCQM

Perturbative Chiral Quark Model (PCQM)

Three-quark core: quarks as relativistic fermions

Chiral symmetry: pseudoscalar meson cloud (π,K, η)

A static quark potential

Previous work in the PCQM
PRC64 065203(2001); PRD63 054026(2001); PLB520 204(2001); PRC65 025202(2002); PRC66 055204(2002);
PRC68 015205(2003); EPJA20 317(2004); JPG30 793(2004); JPG35 025005(2008).

electromagnetic properties of baryons

low-energy meson-baryon scattering

strange nucleon form factors

electromagnetic excitation of nucleon resonances

axial form factor of the nucleon

· · · · · ·
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Introduction Previous works

Axial and EM FFs in the PCQM
J. Phys. G: Nucl. Part. Phys. 30 793 (2004). Eur. Phys. J. A 20, 317 (2004).

u(~x) =

(
g(r)

i~σ · x̂f(r)

)
χsχfχc.

g(r) = exp
(
− ~x2

2R2

)
, f(r) = ρr

R
exp

(
− ~x2

2R2

)
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Introduction Thesis motivation

In our opinion
Due to Gaussian-type quark wavefunction, the theoretical predictions for the
baryon form factors are consistent well with experimental data only at very low
momentum transfer.

In our work

The radial parts g(r) and f(r) are expanded in Sturmian basis

g(r) = exp
(
− ~x2

2R2

)
→ g(r) =

∑
n

An
Sn0(r)

r
,

f(r) =
ρr

R
exp

(
− ~x2

2R2

)
→ f(r) = r

∑
n

Bn
Sn0(r)

r
,

where Sturmian functions

Snl =

[
n!

(n+ 2l + 1)!

]1/2

(2br)l+1e−brL2l+1
n (2br),

An, Bn, and b are free expansion parameters.
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2. Electromagnetic form factor in the
Perturbative Chiral Quark Model

(PCQM)
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Perturbative chiral quark model Lagrangian

Effective Lagrangian of the PCQM

Leff(x) = Linv(x) + LXSB(x)

Chiral invariant Lagrangian

Linv(x) = ψ̄(x)

{
i∂/− γ0V (r)− S(r)

[
U + U†

2
+ γ5

U − U†

2

]}
ψ(x) +

F 2

4
Tr
[
∂µU∂

µU†
]

Chiral symmetry breaking Lagrangian

LXSB(x) = −ψ̄(x)Mψ(x)− B

2
Tr
[
Φ̂2(x)M

]
Model parameters

F = 88 MeV, B = 1.4 GeV,

M = diag{mu,md,ms}→mu = md = ms/25 = m̂ = 7 MeV.
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Perturbative chiral quark model Invariant Lagrangian

Chiral invariant Lagrangian

Linv(x) = ψ̄(x)[i∂/− γ0V (r)]ψ(x)︸ ︷︷ ︸
Lq

+
F 2

4
Tr
[
∂µU∂

µU†
]

︸ ︷︷ ︸
LΦ

−ψ̄(x)S(r)

[
U + U†

2
+ γ5U − U†

2

]
ψ(x)︸ ︷︷ ︸

Lint

where S(r): scalar potential, V (r): vector potential

In SU(3) flavor symmetry

q−field : ψ(x) =

 u(x)
d(x)
s(x)

 , χ−field : U = exp

[
i
Φ̂

F

]
' 1+ i

Φ̂

F
+o

(
Φ̂

F

)
,

meson field : Φ̂ =

8∑
i=1

Φiλi =

 π0 + 1√
3
η

√
2π+

√
2K+

√
2π− −π0 + 1√

3
η
√

2K0

√
2K−

√
2K̄0 − 2√

3
η

 .
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Perturbative chiral quark model Interaction Lagrangian

Interaction Lagrangian

Lint(x) = −ψ̄(x)S(r)

[
U + U†

2
+ γ5U − U†

2

]
ψ(x)

= −ψ̄(x)S(r) exp

[
iγ5 Φ̂

F

]
ψ(x)

↓ ψ → exp

[
− iγ5 Φ̂

2F

]
ψ

= −ψ̄(x)S(r)ψ(x)

+
1

2F
∂µΦi(x)ψ̄(x)γµγ5λiψ(x) +

fijk
4F 2

Φi(x)∂µΦj(x)ψ̄(x)γµλkψ(x)︸ ︷︷ ︸
LI(x)

,
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Formulism EM FF

Formulism

Gell-Mann and Low theorem

〈Ô〉 = B〈φ0|
∞∑
n=0

in

n!

ˆ
d4x1 · · · d4xnT [LI(x1) · · · LI(xn)Ô]|φ0〉Bc ,

. Interaction Lagrangian LI(x)

LI(x) =
1

2F
∂µΦi(x)ψ̄(x)γµγ5λiψ(x) +

fijk
4F 2

Φi(x)∂µΦj(x)ψ̄(x)γµλkψ(x).

EM current operator

jµ = ψ̄γµQψ+

[
f3ij+

f8ij√
3

]
Φi∂

µΦj+

[
f3ij+

f8ij√
3

]
Φj
2F

ψ̄γµγ5λiψ+ψ̄
(
Z−1

)
γµQψ
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Formulism Feynman Diagrams

Feymann Diagrams

Diagrams contributing to EM form factor
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Formulism One loop

One loop diagram

Quark propagator

iGψ(x, y) = 〈φ0|Tψ(x)ψ̄(y)|φ0〉

=
∑
α

uα(~x)uα(~y) exp[−iEα(x0 − y0)]θ(x0 − y0)

in our calculation = u0(~x)u0(~y) exp[−iE(x0 − y0)]θ(x0 − y0).

Meson propagator

i∆ij(x− y) = 〈0|TΦi(x)Φj(y)|0〉

= δij

ˆ
d4k

(2π)4i

exp[−ik(x− y)]

M2
Φ − k2 − iε

.
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Formulism EM FFs

Theoretical results of charge FFs

GBE(Q2)
∣∣
LO

= aB1 G
p
E(Q2)

∣∣
LO

,

GBE(Q2)
∣∣
CT

=
[
aB2 (Ẑ − 1) + aB3 (Ẑs − 1)

]
GpE(Q2)

∣∣
LO

,

GBE(Q2)
∣∣
MC

=
1

2(2πF )2

ˆ ∞
0

dk

ˆ 1

−1
dxk2(k2 + kQx)FII(k)FII(k+)tBE(k2, Q2, x)

∣∣
MC

,

GBE(Q2)
∣∣
V C

=
1

4(2πF )2

ˆ ∞
0

dkk4F 2
II(k)GpE(Q2)

∣∣
LO

[
aB6

ω3
π(k2)

+
aB7

ω3
K(k2)

+
aB8

ω3
η(k2)

]
,

GBE(Q2)
∣∣
MF

≡ 0,

Theoretical results of magnetic FFs

GBM (Q2)
∣∣
LO

= bB1
mB

mN
GpM (Q2)

∣∣
LO

,

GBM (Q2)
∣∣
CT

=
[
bB2 (Ẑ − 1) + bB3 (Ẑs − 1)

]mB
mN

GpM (Q2)
∣∣
LO

,

GBM (Q2)
∣∣
MC

=
5mB

6(2πF )2

ˆ ∞
0

dkk4
ˆ 1

−1
dx(1− x2)FII(k)FII(k+)tBM (k2, Q2, x)

∣∣
MC

,

GBM (Q2)
∣∣
V C

=
1

2(2πF )2

ˆ ∞
0

dkk4F 2
II(k)GpM (Q2)

∣∣
LO

[
bB6

ω3
π(k2)

+
bB7

ω3
K(k2)

+
bB8

ω3
η(k2)

]
,

GBM (Q2)
∣∣
MF

=
mB

(2πF )2

ˆ ∞
0

dk

ˆ 1

−1
dxk4(1− x2)FII(k)FII(k+)tBM (k2, Q2, x)

∣∣
MF

.
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Formulism EM Feynman Diagrams

Diagrams contributing to EM form factor

(a) (b) (c) (d) (e)

F (a)-(d) contributing to charge FFs

F (a)-(e) contributing to magnetic FFs

Considering

the recent measurements of Gp
E(Q

2) are in high precision

only four diagrams contribute to Gp
E(Q

2)

We adjust our theoretical result of Gp
E(Q

2) to experimental data.
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3. Model quark wave function
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Thesis motivation

In our work

The radial parts g(r) and f(r) are expanded in Sturmian basis

g(r) = exp
(
− ~x2

2R2

)
→ g(r) =

∑
n

An
Sn0(r)

r
,

f(r) =
ρr

R
exp

(
− ~x2

2R2

)
→ f(r) = r

∑
n

Bn
Sn0(r)

r
,

where Sturmian functions

Snl =

[
n!

(n+ 2l + 1)!

]1/2

(2br)l+1e−brL2l+1
n (2br),

Considering

the recent measurements of Gp
E(Q

2) are in high precision

only four diagrams contribute to Gp
E(Q

2)

We adjust our theoretical result of Gp
E(Q

2) to experimental data.
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4. Results & Discussion
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Results & Discussion Model parameters

Quark wavefunction

The expasion coefficients, An and Bn, are determined by
adjusting the theoretical results of Gp

E(Q
2) to the

experimental data, in which the errors of the experimental
data are considered.
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2
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The Sturmian function
length parameter is
fixed to be
b = 0.5GeV
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Results & Discussion Normalized radial wave functions

Normalized radial wave functions

Normalized radial wave functions of the valence quarks for the
upper component g(r) and the lower component f(r).
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Results & Discussion E form factors

Charge form factors
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Results & Discussion Gn
E(Q2)

Neutral baryon charge form factors

ææ
àà

ì

ìòò

ôôçç

áá

í

í í

ó

ó

ó

ó

õõ

æ

æ

àà

ìì

òò

ôô

n

X
0

0.0 0.2 0.4 0.6 0.8 1.0
-0.05

0.00

0.05

0.10

0.15

Q2HGeV2L

G
EB

HQ
2

L

Gn,Ξ0

E (Q2)
∣∣
LO

= 0

Meson cloud contributes

Improvement

- excited quark propagator
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Results & Discussion 〈r2E〉
B

Octet baryon mean-square charge radii

〈r2
E〉B

±
= − 6

GB±
E (0)

d
dQ2G

B±

E (Q2)
∣∣∣
Q2=0

, 〈r2
E〉B

0

= −6 d
dQ2G

B0

E (Q2)
∣∣∣
Q2=0

§ J. Beringer et al. (Particle Data Group) Phys. Rev. D86, 010001 (2012).
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Results & Discussion M form factors

Magnetic form factors
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Results & Discussion µB

Octet baryon magnetic moments
µB = GBM (0)

§ J. Beringer et al. (Particle Data Group) Phys. Rev. D86, 010001 (2012).
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Results & Discussion 〈r2M 〉
B

Octet baryon mean-square magnetic radii

〈r2
M 〉B = − 6

GB
M (0)

d
dQ2G

B
M (Q2)

∣∣∣
Q2=0

§ J. Beringer et al. (Particle Data Group) Phys. Rev. D86, 010001 (2012).
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Summary

Summary

Quark WF has been determined by fitting theoretical results of
proton charge form factor numerically to experimental data.

EM form factors of octet baryons have been studied in the
PCQM with the predetermined quark WF.

Results are in good agreement with experimental data, except
Gn
E(Q

2).

Therefore, the predetermined quark WF reflects physics
suitable and reasonable for the PCQM.
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Outlook

Axial form factor of baryons in the PCQM with the
predetermined quark WF

The properties of decuplet baryons in the PCQM with the
predetermined quark WF

The neutral baryon charge form factors with excited-state
quarks

♠ We expect that results are also in good agreement with
experimental data.
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Thank you !!!
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