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บทคัดยอ
ในโครงการวิจัยนี้ ฟอรมแฟกเตอรเชิงแกนและประจุเชิงแกนของบาริออนชุดแปดได

ถูกศึกษาโดยใชแบบจำลองควารกเชิงไคแรลเพอรเทอรเบชันดวยฟงกชันคลื่นของควารกที่ถูก
กำหนดไวลวงหนา โดยที่ฟงกชันคลื่นของควารกเชิงสัมพัทธภาพสามารถคำนวณไดจากการเทียบ
ผลที่ไดเชิงทฤษฎีของฟอรมแฟกเตอรเชิงประจุของโปรตอนเทียบกับผลการทดลอง จากการ
ศึกษาวิจัยครั้งนี้ พบวาผลการคำนวณเชิงทฤษฎีของฟอรมแฟกเตอรและประจุเชิงแกนสอดคลอง
เปนอยางดีกับขอมูลที่ไดจากการทดลองและผลการคำนวณของแลตทิซคิวซีดี นอกจากนี้ยังพบ
วากลุมหมอกของมีซอนมีบทบาทสำคัญตอประจุเชิงแกนของบาริออนชุดแปดโดยมีผลกระทบ 30
– 40 % ของคาที่ไดทั้งหมด และทะเลของควารกชนิดเอสยังมีความสำคัญตอประจุเชิงแกนของ
บาริออนประเภท Σ และ Ξ

II



ABSTRACT IN ENGLISH

The axial form factor as well as the axial charge of octet baryons are studied in

the perturbative chiral quark model (PCQM) with the predetermined quark wave

functions, in which the relativistic quark wave functions are extracted by fitting the

theoretical results of the proton charge form factor to the experimental data. It is

found that the theoretical results of the axial form factors and axial charges agree

well with experimental data and lattice-QCD values. The meson cloud plays an

important role in the axial charge of octet baryons, contributing 30%-40% to the

total values, and strange sea quarks have a considerable contribution to the axial

charge of the Σ and Ξ.
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Chapter 1

Introduction

The nucleon axial form factor is of fundamental significance to weak interaction

properties and to the pion-nucleon interaction. Hence it provides one important

test for theories that attempt to describe the structure of the nucleon. In recent

year, theQ2-dependence of the nucleon axial form factor has been studied in Lattice-

QCD [1, 2] and chiral perturbation theory [3] and other approaches [4, 5], in which

the theoretical results are in good agreement with experimental data. The theoret-

ical and experimental understanding of the axial structure of nucleon at low energy

have been reviewed in Ref. [6]. The axial charges of hyperons, which are the axial

form factors in zero-recoil, have been predicted in chiral perturbation theory [7, 8],

relativistic constituent quark model (RCQM) [9] and Lattice-QCD [10, 11]. How-

ever, there is few theoretical works on the Q2-dependence of the axial form factor of

hyperons, especially in the chiral quark model. This inspires us to study the axial

form factors of octet baryons in the perturbative chiral quark model (PCQM). In

this work, we attempt to study the axial form factors of octet baryons in the PCQM

with the determined wave functions [12] and seriously analysize the strangeness con-

tributions to the axial form factors.
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Chapter 2

Perturbative chiral quark

model (PCQM)

The PCQM [12–22] is based on an effective chiral Lagrangian describing baryons

by a core of the three valence quarks, moving in a central Dirac field with Veff(r) =

S(r)+ γ0V (r), where r = |x⃗|. In order to respect chiral symmetry, a cloud of Gold-

stone bosons (π, K and η) is included as small fluctuations around the three-quark

core in SU(3) extension. With an unitary chiral rotation, as shown in Refs. [15, 19],

the Weinberg-type Lagrangian of the PCQM is derived,

LW (x) = L0(x) + LW
I (x) + o(π⃗), (2.1)

L0(x) = ψ̄(x)
[
i∂/− γ0V (r)− S(r)

]
ψ(x)− 1

2
Φi(x)

(
2+M2

Φ

)
Φi(x), (2.2)

LW
I (x) =

1

2F
∂µΦi(x)ψ̄(x)γ

µγ5λiψ(x) +
fijk
4F 2

Φi(x)∂µΦj(x)ψ̄(x)γ
µλkψ(x),(2.3)

where fijk are the totally antisymmetric structure constant of SU(3), the pion decay

constant F = 88 MeV in the chiral limit, Φi are the octet meson fields, and ψ(x) is

the triplet of the u, d, and s quark fields taking the form

ψ(x) =


u(x)

d(x)

s(x)

 . (2.4)

2



CHAPTER 2. PERTURBATIVE CHIRAL QUARK MODEL (PCQM) 3

The quark field ψ(x) could be expanded in

ψ(x) =
∑
α

(
bαuα(x⃗) e

−iEαt + d†αυα(x⃗)e
iEαt

)
, (2.5)

where bα and d†α are the single quark annihilation and antiquark creation operators.

The ground state quark wave function u0(x⃗) may, in general, be expressed as

u0(x⃗) =

 g(r)

iσ⃗ · x̂f(r)

χsχfχc, (2.6)

where χs, χf and χc are the spin, flavor and color quark wave functions, respectively.

The previous work [19] on axial form factor of nucleon has been studied in the

PCQM employed Gaussian-type wave functions. As we argue in Ref. [12], the

Gaussian-type quark wave functions of baryons lead to the theoretical predictions

for the form factors of baryons consistent with experimental data only at very low

momentum transfer Q2. In the numerical analysis, instead, we employ the radial

quark wave functions g(r) and f(r) as shown in Fig. 2.1 which have been extracted

in Ref. [12] by fitting the theoretical results of the proton charge form factor to

the experimental data. More information on quark wave functions can be found in

Ref. [12].

The calculation technique in the PCQM is based on the Gell-Mann and Low

theorem [23], in which the expectation value of an operator Ô can be calculated

from

⟨Ô⟩ = B⟨ϕ0|
∞∑

n=0

in

n!

∫
d4x1 · · ·

∫
d4xnT [LW

I (x1) · · · LW
I (xn)Ô]|ϕ0⟩Bc , (2.7)

where the state vector |ϕ0⟩B corresponds to the unperturbed three-quark states

projected onto the respective baryon states, which are constructed in the framework

of the SU(6) spin-flavor and SU(3) color symmetry. The subscript c in Eq. (2.7)

refers to contributions from connected graphs only. LW
I (x) is the quark-meson

interaction Lagrangian as given in Eq. (2.3).
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Figure 2.1: Normalized radial wave functions of the valence quarks for the upper
component g(r) and the lower component f(r) with the central values of the expan-
sion coefficients, which are determined by fitting the theoretical results of proton
charge form factor to the experimental data [12].



Chapter 3

Axial form factors in the

PCQM

In the framework of the PCQM, the axial form factors GB
A(Q

2) of octet baryons in

the Breit frame are defined by

χ†
Bs′

σ⃗B
2
χBsG

B
A(Q

2) = B⟨ϕ0|
2∑

n=0

in

n!

∫
δ(t)d4xd4x1 · · · d4xne−iq·x

×T [LW
I (x1) · · · LW

I (xn)A⃗3(x)]|ϕ0⟩Bc , (3.1)

χBs and χ†
Bs′

are the baryon spin wave functions in the initial and final states, σ⃗B

is the baryon spin matrix. GB
A(Q

2) are the axial form factors of octet baryons with

the squared momentum transfer Q2.

The axial-vector current Aµ
i in Eq. (3.1) is given by

Aµ
i = F∂µΦi + ψ̄γµγ5

λi
2
ψ − fijk

2F
ψ̄γµλjψΦk + ψ̄(Ẑ − 1)γµγ5

λi
2
ψ + o(Φ2

i ),(3.2)

where the renormalization constants Ẑ is determined by the nucleon charge conser-

vation condition as

Ẑ = 1− 3

4(2πF )2

∫ ∞

0

dkk4F 2
I (k

2)

[
1

ω3
π(k

2)
+

2

3ω3
K(k2)

+
1

9ω3
η(k

2)

]
, (3.3)

with ωΦ(k
2) =

√
M2

Φ + k2 and the vertex function FI(k) for the qqΦ system taking

5



CHAPTER 3. AXIAL FORM FACTORS IN THE PCQM 6

Figure 3.1: Diagrams contributing to the axial form factor of octet baryons : 3q-
core leading order (a), 3q-core counterterm (b), self-energy I (c) self-energy II (d),
meson exchange (e), and vertex correction (f).

the form

FI(k) = 2π

∫ ∞

0

drr2
∫ π

0

dθsinθeikrcosθ[g(r)2 + f(r)2cos2θ]. (3.4)

In accordance with the interaction Lagrangian LW
I (x) in Eq. (2.3) and the axial

current Aµ in Eq. (3.2), there are six Feynman diagrams, as shown in Figure 3.1,

contributing to the axial form factors to the one-loop order. The contributions of

these diagrams are derived as follows:

(a) Three-quark core leading-order (LO) diagram

GB
A(Q

2)
∣∣
LO

= cB1 2π

∫ ∞

0

drr2
∫ π

0

dθsinθeiQrcosθ[g(r)2 + f(r)2cos(2θ)]. (3.5)

(b) Three-quark core counterterm (CT) diagram

GB
A(Q

2)
∣∣
CT

= (Ẑ − 1)GB
A(Q

2)
∣∣
LO
. (3.6)
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Table 3.1: The constants cBi for the octet baryons axial form factors GB
A(Q

2).

c1 c2 c3 c4 c5

N 5/3 5/6 8 0 −5/9

Σ 4/3 2/3 0 4 −4/9

Ξ −1/3 −1/6 0 −4 1/9

(c) Self-energy I (SE:I) diagram

GB
A(Q

2)
∣∣
SE:I

=
1

2(2πF )2

∫ ∞

0

dkk4
∫ 1

−1

dx(1− x2)

×FI(k)FII(k−)√
k2−

[
cB1

ω2
π(k

2)
+

cB2
ω2
K(k2)

]
. (3.7)

where k− =
√
k2 +Q2 − 2k

√
Q2x, and the vertex function for the quark-pion-axial

vector current FII(k) is given by

FII(k) = −2iπ

∫ ∞

0

drr2
∫ π

0

dθg(r)f(r)sin2θeikrcosθ. (3.8)

(d) Self-energy II (SE:II) diagram

GB
A(Q

2)
∣∣
SE:II

=
1

2(2πF )2

∫ ∞

0

dkk4
∫ 1

−1

dx(1− x2)

×FI(k)FII(k−)√
k2−

[
cB1

ω2
π(k

2)
+

cB2
ω2
K(k2)

]
. (3.9)

(e) Exchange (EX) diagram

GB
A(Q

2)
∣∣
EX

=
1

4(2πF )2

∫ ∞

0

dkk4
∫ 1

−1

dx(1− x2)

×FI(k)FII(k−)√
k2−

[
cB3

ω2
π(k

2)
+

cB4
ω2
K(k2)

]
. (3.10)

(f) Vertex-correction (VC) diagram

GB
A(Q

2)
∣∣
V C

=
1

20(2πF )2

∫ ∞

0

dkk4F 2
I (k)

[
cB1

ω3
π(k

2)
+

cB5
ω3
η(k

2)

]
·GN

A (Q2)
∣∣
LO
.(3.11)

The constants cBi are given in Table 3.1.



Chapter 4

Strangeness contribution to

axial form factors

The numerical results listed in Table 4.1 are the axial charges, namely the axial

form factors in zero-recoil. The uncertainties in the total values of the axial charges

caused by the fitting errors of the quark wave functions [12] are estimated about

15%. As shown in Table 4.1, the theoretical results reveal that the meson cloud

plays an important role in the axial charge of octet baryons, contributing 30%-

40% to the total values. Except for the N , there is no direct experimental data

for the axial charge of the Σ and Ξ, thus we also compile the chiral extrapolation

estimations of Lattice-QCD results at the physical mπ point [10] in the last second

column of table for comparison. It is found that the theoretical N axial charge is

in good agreement with the experimental value [24], and the work predictions on Σ

and Ξ axial charges are consistent with the Lattice-QCD values [10].

Table 4.1: Numerical results for the octet baryon axial charges gBA , where the uncer-
tainties are from the errors of the quark wave functions. The experimental data are
taken from [24], while the chiral extrapolation estimations of Lattice-QCD results
at the physical mπ point are taken from [10].

3q Meson loops
Total Lattice [10] Exp. [24]

LO CT+SE+EX+VC

gNA 0.883 0.418 1.301± 0.230 1.180± 0.100 1.272± 0.002

gΣA 0.707 0.220 0.927± 0.132 0.900± 0.096 —

gΞA −0.177 −0.106 −0.283± 0.033 −0.277± 0.034 —

8
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Figure 4.1: Normalized axial form factors GB
A(Q

2)/gBA of octet baryons. The exper-
imental data on nucleon axial form factor are taken from [25–32].

Table 4.2: Contribution of π, K and η mesons to the axial charges gBA .

Meson loops
π K η

gNA 0.375 0.045 −0.002

gΣA 0.118 0.104 −0.002

gΞA −0.030 −0.077 −0.001

We show the Q2-dependence of the axial form factors of octet baryons in Fig. 4.1,

which are normalized to one at zero-recoil, with the experimental data on the nu-

cleon axial form factor [25–32] plotted as well. As expected, the theoretical axial

form factors fall off smoothly as the momentum transfer Q2 increases. It is also

found that the theoretical result for the N axial form factor is in good agreement

with the experimental data [25–32], and the axial form factors for Σ and Ξ show a

similar Q2-dependence based on the SU(3) symmetry.

We also present in Fig. 4.2 the individual contributions of various processes

shown in Fig. 3.1 to the axial form factors of octet baryons. As shown in Fig. 4.2,

the 3q-core leading order (LO) diagram dominates the axial form factors of octet

baryons while the self-energy (SE) and exchange (EX) diagrams contribute consid-

erably.

To investigate the strangeness effects, we separately list the π, K and η mesons
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contributions to the axial charges in Table 4.2. It is found that the π meson contri-

bution to the N axial charge dominates over the ones from the K and η mesons, but

the K meson contributions to the Σ and Ξ axial charges are in the same order as the

π ones. The contribution from the η meson is negligible due to the weak coupling

between the s current quark and η meson. We also present in Table 4.3 the strange

sea quark contributions (K and η meson clouds) of the individual loop diagrams as

shown in Fig. 3.1 to the axial charges gBA . Based on Eqs. (3.5)-(3.11), we may point

out the fact that the K meson contributes to the SE and EX diagrams while the

η meson participates in the VC process only. The results listed in Table 4.3 reveal

that the strange sea quark contribution to the N axial charge is caused mainly by

the SE diagram, but to the Σ and Ξ axial charges both the SE and EX diagrams

LO

CT
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VC
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Figure 4.2: The individual contributions of the different diagrams of Fig. 3.1 to the
axial form factors of octet baryons (left panel for N , middle panel for Σ and right
panel for Ξ).

Table 4.3: Strange sea quark contributions of the individual loop diagrams of Fig. 3.1
to the axial charges gBA .

CT SE EX VC

gNA −0.0136 0.0567 0 −0.0006

gΣA −0.0109 0.0453 0.0680 −0.0004

gΞA 0.0027 −0.0113 −0.0680 0.0001
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Table 4.4: Numerical results for the octet baryon axial radii
⟨
r2A

⟩1/2
B

(in units of
fm), where the uncertainties are from the errors of the quark wave functions. The
experimental data are taken from Ref.[6].

PCQM Data[6]⟨
r2A

⟩1/2
N

0.808± 0.088 0.639± 0.010⟨
r2A

⟩1/2
Σ

0.832± 0.089 ...⟨
r2A

⟩1/2
Ξ

0.780± 0.087 ...

are important. As shown in the last column of Table 4.3, the η meson contribution

is suppressed owing to the weak coupling between the s current quark and η meson.

Listed in Table 4.4 are the axial radii of octet baryons, which are derived by

⟨
r2A

⟩
B
= −6

1

gBA

dGB
A(Q

2)

dQ2

∣∣∣
Q2=0

(4.1)

The nucleon axial radius
⟨
r2A

⟩1/2
N

in the Table 4.4 is a little bit larger than the

experimental value, and the predicted results for the
⟨
r2A

⟩1/2
Σ

and
⟨
r2A

⟩1/2
Ξ

are in

the same order as
⟨
r2A

⟩1/2
N

since our calculations are restricted to the SU(3) chiral

symmetry.

In summary, one may conclude that the theoretical results of the axial form fac-

tors and axial charges agree well with experimental data and lattice-QCD values.

The meson cloud plays an important role in the axial charge of octet baryons, con-

tributing 30%-40% to the total values, and strange sea quarks have a considerable

contribution to the axial charge of the Σ and Ξ.
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Appendix A

Gell-Mann and Low theorem

The Gell-Mann and Low theorem was proved by Murray Gell-Mann and Francis

E. Low in 1951. It is a theorem in quantum field theory that allows one to re-

late the ground (or vacuum) state of an interacting system to the ground state of

the corresponding non-interacting theory. We consider a system described by the

Hamiltonian H which might be written as

H = H0 +HI (A.1)

where H0 and HI are respectively the free and interaction parts of the Hamiltonian.

Let |ψ0⟩ and |n⟩ be the eigenstates of the free and full Hamiltonian, respectively.

One has

H|n⟩ = E(n)|n⟩,

H0|ψ0⟩ = E0|ψ0⟩, (A.2)

hence

e−iHt|ψ0⟩ =
∑
n

e−iE(n)t|n⟩⟨n|ψ0⟩

= e−iEt|ψ⟩⟨ψ|ψ0⟩+
∑
n̸=0

e−iE(n)t|n⟩⟨n|ψ0⟩, (A.3)

16
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here we have rewritten ground eigenstate |0⟩ and ground eigenvalue E(0) in the

above equation respectively as |ψ⟩ and E, that is

H|ψ⟩ = E|ψ⟩. (A.4)

Multiplying the above equation by eiE0t, one derives

eiE0teiHt|ψ0⟩ = ei(E−E0)t|ψ⟩⟨ψ|ψ0⟩+
∑
n̸=0

e−i(E(n)−E0)t|n⟩⟨n|ψ0⟩. (A.5)

Since E(n) > E for all n ̸= 0, we can get rid of all the n ̸= 0 terms in the series by

sending t to∞ in a slightly imaginary direction t→ ∞(1−iε). Then the exponential

factor e−i(E−E0)t dies slowest and we have

|ψ⟩ = lim
t→∞(1−iε)

eiH(−t)e−iH0(−t)|ψ0⟩
e−i(E−E0)t⟨ψ|ψ0⟩

= lim
t→∞(1−iε)

U(0,−t)|ψ0⟩
e−i(E−E0)t⟨ψ|ψ0⟩

. (A.6)

here we have used

U(t0, t) = eiH(t−t0)e−iH0(t−t0). (A.7)

In the same way, we can derive

⟨ψ| = lim
t→∞(1−iε)

⟨ψ0|U(t, 0)

e−i(E−E0)t⟨ψ0|ψ⟩
. (A.8)

Now we evaluate the expectation value of the operator O(x) ≡ O(x0, x⃗) in the state

|ψ⟩

⟨ψ|O(x0, x⃗)|ψ⟩ = lim
t→∞(1−iε)

⟨ψ0|U(t, 0)U†(x0, 0)OI(x)U(x0, 0)U(0,−t)|ψ0⟩
e−i(E−E0)t⟨ψ0|ψ⟩e−i(E−E0)t⟨ψ|ψ0⟩

= lim
t→∞(1−iε)

⟨ψ0|U(t, x0)OI(x)U(x0,−t)|ψ0⟩
e−2i(E−E0)t|⟨ψ0|ψ⟩|2

. (A.9)

To get rid of the denominator in the equation, one may divide it by 1 in the form

1 = ⟨ψ|ψ⟩ = lim
t→∞(1−iε)

⟨ψ0|U(t, 0)U(0,−t)|ψ0⟩
e−2i(E−E0)t|⟨ψ0|ψ⟩|2

. (A.10)
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Then finally we derive

⟨ψ|O(x0, x⃗)|ψ⟩ = lim
t→∞(1−iε)

⟨ψ0|U(t, x0)OI(x)U(x0,−t)|ψ0⟩
⟨ψ0|U(t,−t)|ψ0⟩

. (A.11)

The above equation holds for a product of arbitrarily many operators, for example,

for two operators

⟨ψ|T [O(x)P (x)]|ψ⟩ = lim
t→∞(1−iε)

⟨ψ0|T{OI(x)PI(x) exp[−i
∫ t

−t
dzHI(z)]}|ψ0⟩

⟨ψ0|T{exp[−i
∫ t

−t
dzHI(z)]}|ψ0⟩

.

(A.12)



Appendix B

Calculation of the diagrams

for the axial form factor

In the PCQM, the axial form factor of the baryon octet is given by

χ†
Bs′

σ⃗B
τ3B
2
χBsG

B
A(Q

2) = B⟨ϕ0|
2∑

n=0

in

n!

∫
δ(t)d4xd4x1 · · · d4xne−iqx

×T [LW
I (x1) · · · LW

I (xn)A⃗3(x)]|ϕ0⟩Bc , (B.1)

where χBs
and χ†

Bs′
are the baryon spin wavefunctions in the initial and final states,

σ⃗ is the spin matrix and τ3 is the third component of the SU(2) isospin matrix. On

the baryon level

χ†
Bs′

σ⃗B
τ3B
2
χBs =

1

2
. (B.2)

B.1 Leading Order Diagram (LO)

Figure B.1: Leading order diagram
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GB
A(Q

2)
∣∣
LO

= 2B⟨ϕ0|
∫
δ(x)d4xeiqxψ̄(x)γ3γ5

λ3
2
ψ(x)|ϕ0⟩B

= B⟨ϕ0|b†0
∫
d3xeiq⃗·x⃗u†0(x)γ

0γ3γ5λ3u0(x)b0|ϕ0⟩B

= 2π

∫ ∞

0

dr

∫ π

0

dθr2sinθ[g(r)2 + f(r)2cos(2θ)]eiQrcosθ

×B⟨ϕ0|b†0χ
†
c′χ

†
f ′χ

†
s′(σ3λ3)χsχfχcb0|ϕ0⟩B

= cB1 2π

∫ ∞

0

dr

∫ π

0

dθr2sinθ[g(r)2 + f(r)2cos(2θ)]eiQrcosθ (B.3)

where

cB1 = ⟨ϕ0|b†0χ
†
c′χ

†
f ′χ

†
s′(σ3λ3)χsχfχcb0|ϕ0⟩B

= B⟨B ↑ |
3∑

k=1

[σ3λ3]
(k)|B ↑⟩. (B.4)

B.2 Counterterm Diagram (CT)

Figure B.2: Counterterm diagram

GB
A(Q

2)
∣∣
CT

= 2B⟨ϕ0|
∫
δ(x)d4xeiqxψ̄(x)(Ẑ − 1)γ3γ5

λ3
2
ψ(x)|ϕ0⟩B

= (Ẑ − 1)GB
A(Q

2)
∣∣
LO
. (B.5)
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B.3 Self-Energy Diagram I (SE;I)

Figure B.3: Self-energy diagram I

GB
A(Q

2)
∣∣α
SE;I

= 2B⟨ϕ0|i
∫
δ(t)d4xd4x1e

−iqx

×N
{[ 1

2F
∂µΦmψ̄γ

µγ5λmψ
]
x1

[
− f3ij

2F
ψ̄γ3λiψΦj

]
x

}
|ϕ0⟩B

=
2if3ij

4F 2(2π)4
B⟨ϕ0|b†0

∫
d3xd3x1d

4keiq⃗·x⃗
eik⃗·(x⃗1−x⃗)

M2
Φ − k2 − iϵ

×ū0(x1)γµkµγ5λjuα(x1)ūα(x)γ3λiu0(x)

×
∫
dtdt1δtΘ(t1 − t)e−iq0te−iε0(t−t1)e−iεα(t1−t)e−ik0(t1−t)b0|ϕ0⟩B

=
f3ij

2F 2(2π)4
B⟨ϕ0|b†0

∫
d3xd3x1d

3keiq⃗·x⃗eik⃗·(x⃗1−x⃗)

×
∫
dk0

1

[ωΦ(k2)− k20 + iϵ][∆εα + k0 − iη]

×ū0(x1)(γ0k0 − γ⃗ · k⃗)γ5λjuα(x1)ūα(x)γ3λiu0(x)b0|ϕ0⟩B

=
i

4F 2(2π)3
B⟨ϕ0|b†0χ†

cχ
†
fχ

†
s

∫
d3k

f3ij
ωΦ(k2)[ωΦ(k2) + ∆εα]

×
[
ωΦ(k

2)FIα(k)− FIIα(k)
]
[(σ⃗ · k⃗)λj ]0,α

{FIIIα(|q⃗ − k⃗|)
|q⃗ − k⃗|

[ϵ3mnkmσnλi]α,0

+
FIV α(|q⃗ − k⃗|)

|q⃗ − k⃗|
[
√
Q2 − k3 + iϵ3mnσmknλi]α,0

}
χsχfχcb0|ϕ0⟩B, (B.6)

where

∫
d3xūα(x)γ

3λiu0(x)e
i(q⃗−k⃗)·x⃗ =

FIIIα(|q⃗ − k⃗|)
|q⃗ − k⃗|

[ϵ3mnkmσnλi]α,0

+
FIV α(|q⃗ − k⃗|)

|q⃗ − k⃗|
[
√
Q2 − k3 + iϵ3mnσmknλi]α,0,

(B.7)
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with

FIIIα(k) = −2i
∂

∂k

∫ ∞

0

drrg0(r)fα(r)

∫
Ω

dΩCαYlα0(θ, ϕ)e
ikxcosθ, (B.8)

FIV α(k) =
∂

∂k

∫ ∞

0

drr[gα(r)f0(r)− g0(r)fα(r)]

∫
Ω

dΩCαYlα0(θ, ϕ)e
ikxcosθ.

(B.9)

Finally, we get

GB
A(Q

2)
∣∣α
SE;I

=
1

2(2πF )2

∫ ∞

0

dkk3
ωΦ(k

2)FIα(k)− FIIα(k)

ωΦ(k2)[ωΦ(k2) + ∆εα]

×
∫ 1

−1

dx
{ ik(1− x2)FIIIα(k−)√

k2−

+
FIV α(k−)√

k2−

[
√
Q2x+ k(1− 2x2)]

}
×B⟨ϕ0|b†0χ†

cχ
†
fχ

†
s

i

2
f3ijλjλiσ3χsχfχcb0|ϕ0⟩B (B.10)

For α = 0

FIII(k) = −2iπ

∫ ∞

0

dr

∫ π

0

dθr2g(r)f(r)sin2θeikrcosθ, (B.11)

FIV (k) = 0. (B.12)

Hence

GB
A(Q

2)|SE;I =
1

(2πF )2

∫ ∞

0

dk

∫ 1

−1

dxk4(1− x2)FII(k
2)FIII(k

2
−)

× 1√
k2−

[
cB1

ω2
π(k

2)
+

cB2
ω2
K(k2)

]
, (B.13)

where

cB1 =
3∑

i,j=1

B⟨ϕ0|b†0χ†
cχ

†
fχ

†
s

i

2
f3ijλjλiσ3χsχfχcb0|ϕ0⟩B

= ⟨B ↑ |
3∑

k=1

[σ3λ3]
(k)|B ↑⟩, (B.14)

cB2 =
7∑

i,j=4

⟨B ↑ |
3∑

k=1

[
i

2
f3ijλjλiσ3]

(k)|B ↑⟩. (B.15)
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B.4 Self-Energy Diagram II (SE;II)

Figure B.4: Self-energy diagram II

GB
A(Q

2)
∣∣α
SE;II

= 2B⟨ϕ0|i
∫
δ(t)d4xd4x1e

−iqx

×N
{[

− f3ij
2F

ψ̄γ3λiψΦj

]
x

[ 1

2F
∂µΦmψ̄γ

µγ5λmψ
]
x1

}
|ϕ0⟩B

=
2if3ij

4F 2(2π)4
B⟨ϕ0|b†0

∫
d3xd3x1d

4keiq⃗·x⃗
eik⃗·(x⃗1−x⃗)

M2
Φ − k2 − iϵ

×ū0(x)γµkµγ5λjuα(x)ūα(x1)γ3λiu0(x1)

×
∫
dtdt1δtΘ(t− t1)e

−iq0te−iε0(t1−t)e−iεα(t−t1)e−ik0(t−t1)b0|ϕ0⟩B

=
f3ij

2F 2(2π)4
B⟨ϕ0|b†0

∫
d3xd3x1d

3keiq⃗·x⃗eik⃗·(x⃗−x⃗1)

×
∫
dk0

1

[ωΦ(k2)− k20 − iϵ][∆εα + k0 − iη]

×ū0(x)(γ0k0 − γ⃗ · k⃗)γ5λjuα(x)ūα(x1)γ3λiu0(x1)b0|ϕ0⟩B

=
i

4F 2(2π)3
B⟨ϕ0|b†0χ†

cχ
†
fχ

†
s

∫
d3k

f3ij
ωΦ(k2)[ωΦ(k2) + ∆εα]

×
{FIIIα(|q⃗ + k⃗|)

|q⃗ + k⃗|
[ϵ3mnkmσnλi]0,α

−FIV α(|q⃗ + k⃗|)
|q⃗ + k⃗|

[
√
Q2 + k3 + iϵ3mnσmknλi]0,α

}
×
[
ωΦ(k

2)F †
Iα(k)− F †

IIα(k)
]
[(σ⃗ · k⃗)λj ]α,0χsχfχcb0|ϕ0⟩B , (B.16)

It is similar to GB
A(Q

2)
∣∣α
SE;I

, we can obtain
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GB
A(Q

2)
∣∣α
SE;II

=
1

2(2πF )2

∫ ∞

0

dkk3
ωΦ(k

2)F †
Iα(k)− F †

IIα(k)

ωΦ(k2)[ωΦ(k2) + ∆εα]

×
∫ 1

−1

dx
{ ik(1− x2)FV α(k+)√

k2+

+
FIV α(k+)√

k2+

[
√
Q2x+ k)]

}
×B⟨ϕ0|b†0χ†

cχ
†
fχ

†
s

i

2
f3ijλjλiσ3χsχfχcb0|ϕ0⟩B, (B.17)

where

FV α(k) = −2i
∂

∂k

∫ ∞

0

drrgα(r)f0(r)

∫
Ω

dΩCαYlα0(θ, ϕ)e
ikxcosθ. (B.18)

When we restrict the quark propagator to the ground state,

GB
A(Q

2)
∣∣
SE;I

= GB
A(Q

2)
∣∣
SE;II

. (B.19)
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B.5 Exchange Diagram (EX)

Figure B.5: Exchange diagram

GB
A(Q

2)
∣∣
EX

= 2B⟨ϕ0|i
∫
δ(t)d4xd4x1e

−iqx

×N
{[ 1

2F
∂µΦmψ̄γ

µγ5λmψ
]
x1

[
− f3ij

2F
ψ̄γ3λiψΦj

]
x

}
|ϕ0⟩B

=
if3ij

2F 2(2π)4
B⟨ϕ0|b†0(x1)b

†
0(x)

∫
d3xd3x1d

4keiq⃗·x⃗
eik⃗·(x⃗1−x⃗)

M2
Φ − k2 − iϵ

×ū0(x1)γµkµγ5λju0(x1)ū0(x)γ3λiu0(x)

×
∫
dtdt1δte

−iq0te−ik0(t1−t)b0(x)b0(x1)|ϕ0⟩B (B.20)

Here, there is no quark propagator contribution to GB
A(Q

2)
∣∣
EX

, i.e., the ground

state gives contribution only. Eq. (B.20) is similar to Eq. (B.6) when α = 0.

GB
A(Q

2)
∣∣
EX

=
1

4(2πF )2

∫ ∞

0

dk

∫ 1

−1

dxk4(1− x2)FII(k
2))FIII(k

2
−)

× 1√
k2−

[
cB3

ω2
π(k

2)
+

cB4
ω2
K(k2)

]
. (B.21)

where

cB3 =

3∑
i,j,m,n=1
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3∑
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B.6 Vertex Correction Diagram (VC)

Figure B.6: Vertex correction diagram
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Finally, we have
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For the ground state α = 0, we obtain
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where
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The axial form factor as well as the axial charges and radii of octet N, Σ, and Ξ baryons are studied in the
perturbative chiral quark model with the quark wave functions predetermined by fitting the theoretical
results of the proton charge form factor to experimental data. The theoretical results are found, based on
the predetermined quark wave functions, in good agreement with experimental data and lattice values. This
may indicate that the electric charge and axial charge distributions of the constituent quarks are the same.
The study reveals that the meson cloud plays an important role in the axial charge of octet baryons,
contributing 30%–40% to the total values, and strange sea quarks have a considerable contribution to the
axial charges of the Σ and Ξ.

DOI: 10.1103/PhysRevD.91.034022 PACS numbers: 12.39.Ki, 14.20.-c, 14.40.-n

I. INTRODUCTION

The form factors play an extremely important role in
hadron physics since they supply necessary information on
the internal structure and electroweak interaction proper-
ties. The Q2 dependence of the electromagnetic and axial
form factors of the nucleon have been studied in a cloudy
bag model [1,2], lattice QCD [3–8], and other approaches
[9–16], in which the theoretical results are comparable with
experimental data. The experimental and theoretical under-
standing of the electromagnetic and axial nucleon structure
at low energy have been reviewed in Refs. [17,18]. In
recent years, the hyperon axial charges, which are the axial
form factors in zero recoil, have been predicted in lattice
QCD [19,20], the chiral perturbation theory [21], and the
relativistic constituent quark model (RCQM) [22]. However,
there are few theoretical works on the Q2 dependence of the
axial form factor of hyperons, especially in the chiral quark
model. This inspires us to study the axial form factors
of octet baryons in the perturbative chiral quark model
(PCQM).
The PCQM [23–33] is a powerful tool to study the

baryon structure and properties in the low-energy particle
physics. However, the previous work on the axial form
factor of the nucleon [30] shows that the PCQM theoretical
result of the nucleon axial form factor is in good agreement
with the experimental data only at very low momentum
transfer Q2, descending quickly with the momentum trans-
fer Q2 increasing. It is noted that a variational Gaussian
ansatz has been employed for the quark wave functions
[30]. As we argue in Ref. [23], the Gaussian-type quark
wave functions of baryons lead to the theoretical

predictions for the form factors of baryons consistent with
experimental data only at very low momentum transfer Q2.
Furthermore, the more reasonable quark wave functions
have been determined in Ref. [23] by fitting the PCQM
theoretical result of the proton charge form factor to the
experimental data, as shown in Fig. 1. In addition, the Q2

dependence of the theoretical electromagnetic form factors
with the determined wave functions in the region Q2 ≤
1 GeV2 is consistent with experimental data. More details
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FIG. 1 (color online). Normalized radial wave functions of the
valence quarks for the upper component gðrÞ and the lower
component fðrÞ with the central values of the expansion coef-
ficients, which are determined by fitting the theoretical results of
the proton charge form factor to the experimental data [23].
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could be found in Ref. [23]. In this work, we attempt to
study the axial form factors of octet baryons in the PCQM
with the determined wave functions in SU(3) and analyze
the strangeness contributions to the axial form factors. We
also predict the axial charges of light hyperons (Σ and Ξ).
There are no further parameters to be adjusted in the
present work.
The paper is organized as follows. In Sec. II, we present

the theoretical expressions of octet baryon axial form
factors in the PCQM. The numerical results based on
the predetermined quark wave functions and discussion are
given in Sec. III.

II. AXIAL FORM FACTORS IN THE PCQM

In the framework of the PCQM, the axial form factors
GB

AðQ2Þ of octet baryons in the Breit frame are defined by

χ †
Bs0

~σB
2
χBs

GB
AðQ2Þ

¼ Bhϕ0j
X2

n¼0

in

n!

Z
δðtÞd4xd4x1 � � � d4xne−iq·x

× T½LW
I ðx1Þ � � �LW

I ðxnÞ~A3ðxÞ�jϕ0iBc ; ð1Þ

where the state vector jϕ0iB corresponds to the unperturbed
three-quark states projected onto the respective baryon
states, which are constructed in the framework of the SUð6Þ
spin-flavor and SUð3Þ color symmetry. The subscript c in
Eq. (1) refers to contributions from connected graphs only.
χBs

and χ†Bs0
are the baryon spin wave functions in the initial

and final states, and ~σB is the baryon spin matrix. GB
AðQ2Þ

are the axial form factors of octet baryons with the squared
momentum transfer Q2.
The quark-meson interaction Lagrangian LW

I ðxÞ in
Eq. (1) takes the form

LW
I ðxÞ ¼

1

2F
∂μΦiðxÞψ̄ðxÞγμγ5λiψðxÞ

þ fijk
4F2

ΦiðxÞ∂μΦjðxÞψ̄ðxÞγμλkψðxÞ; ð2Þ

where F ¼ 88 MeV; ψ is the triplet of u, d, and s quark
fields; and Φi are the octet meson fields. The axial-vector
current Aμ

i in Eq. (1) is given by

Aμ
i ¼ F∂μΦi þ ψ̄γμγ5

λi
2
ψ −

fijk
2F

ψ̄γμλjψΦk

þ ψ̄ðẐ − 1Þγμγ5 λi
2
ψ þ oðΦ2

i Þ; ð3Þ

where the renormalization constant Ẑ is determined by the
nucleon charge conservation condition as

Ẑ ¼ 1 −
3

4ð2πFÞ2
Z

∞

0

dkk4F2
I ðk2Þ

×

�
1

ω3
πðk2Þ

þ 2

3ω3
Kðk2Þ

þ 1

9ω3
ηðk2Þ

�
; ð4Þ

with ωΦðk2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Φ þ k2
p

and the vertex function FIðkÞ
for the qqΦ system taking the form

FIðkÞ ¼ 2π

Z
∞

0

drr2
Z

π

0

dθ sin θeikr cos θ

× ½gðrÞ2 þ fðrÞ2 cos 2θ�: ð5Þ

The ground-state quark wave function u0ð~xÞ may, in
general, be expressed as

u0ð~xÞ ¼
�

gðrÞ
i~σ · x̂fðrÞ

�
χsχfχc; ð6Þ

where χs, χf, and χc are the spin, flavor, and color quark
wave functions, respectively. In the numerical analysis, we
employ the radial quark wave functions gðrÞ and fðrÞ that
have been extracted in Ref. [23] by fitting the theoretical
results of the proton charge form factor to the experimental
data. More information on the PCQM and quark wave
functions can be found in Ref. [23].
The Feynman diagrams contributing to the axial form

factor of octet baryons in accordance with the LW
I ðxÞ in

Eq. (2) and the Aμ
i in Eq. (3) are shown in Fig. 2. The

corresponding analytical expressions for the relevant dia-
grams are derived as follows:
(a) Three-quark core leading-order (LO) diagram:

GB
AðQ2ÞjLO ¼ cB1 2π

Z
∞

0

drr2
Z

π

0

dθ sin θeiQr cos θ

× ½gðrÞ2 þ fðrÞ2 cosð2θÞ�: ð7Þ

(b) Three-quark core counterterm (CT) diagram:

GB
AðQ2ÞjCT ¼ ðẐ − 1ÞGB

AðQ2ÞjLO: ð8Þ

(c) Self-energy I (SE I) diagram:

GB
AðQ2ÞjSE∶I ¼

1

2ð2πFÞ2
Z

∞

0

dkk4
Z

1

−1
dxð1 − x2Þ

×
FIðkÞFIIðk−Þffiffiffiffiffi

k2−
p

�
cB1

ω2
πðk2Þ

þ cB2
ω2
Kðk2Þ

�
;

ð9Þ

where k− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þQ2 − 2k

ffiffiffiffiffiffi
Q2

p
x

q
, and the vertex

function for the quark-pion-axial vector current
FIIðkÞ is given by
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FIIðkÞ ¼ −2iπ
Z

∞

0

drr2

×
Z

π

0

dθgðrÞfðrÞ sin 2θeikr cos θ: ð10Þ

(d) Self-energy II (SE II) diagram:

GB
AðQ2ÞjSE∶II ¼

1

2ð2πFÞ2
Z

∞

0

dkk4
Z

1

−1
dxð1 − x2Þ

×
FIðkÞFIIðk−Þffiffiffiffiffi

k2−
p

�
cB1

ω2
πðk2Þ

þ cB2
ω2
Kðk2Þ

�
:

ð11Þ

(e) Exchange (EX) diagram:

GB
AðQ2ÞjEX ¼ 1

4ð2πFÞ2
Z

∞

0

dkk4
Z

1

−1
dxð1 − x2Þ

×
FIðkÞFIIðk−Þffiffiffiffiffi

k2−
p

�
cB3

ω2
πðk2Þ

þ cB4
ω2
Kðk2Þ

�
:

ð12Þ

(f) Vertex-correction (VC) diagram:

GB
AðQ2ÞjVC ¼ 1

20ð2πFÞ2
Z

∞

0

dkk4F2
I ðkÞ

×

�
cB1

ω3
πðk2Þ

þ cB5
ω3
ηðk2Þ

�
·GN

A ðQ2ÞjLO:

ð13Þ

The constants cBi are given in Table I. It is noted that the
constant cN1 ¼ 5=3 in Eq. (7) is determined by the spin and
flavor of the three-quark core of the nucleon, namely, the
naive SU(3) quark model. In addition, Eqs. (9) and (11)
present the same results for the diagrams (c) and (d) of
Fig. 2 based on the T symmetry.

III. NUMERICAL RESULTS AND DISCUSSION

In this section, we present the axial charges and form
factors of octet baryons with the determined quark wave
functions [23]. The calculations are extended to the SU(3)
flavor symmetry, including π, kaon, and η-meson cloud
contributions. Note that there are no further parameters in
the following numerical calculations on the axial form
factors of octet baryons.
The numerical results for the axial charges, which are the

diagonal axial charges shown in Eq. (1) with ~A3, are listed
in Table II. The uncertainties in the total values of the axial
charges caused by the fitting errors of the quark wave
functions [23] (the same hereinafter in Table III) are
estimated around 15%. As shown in Table II, the theoretical
results reveal that the meson cloud plays an important role
in the axial charge of octet baryons, contributing 30%–40%
to the total values. Except for the N, there are no direct
experimental data for the axial charge of the Σ and Ξ, and
thus we have the chiral extrapolation estimations of lattice
QCD results at the physical mπ point [19] compiled in the
table for comparison. It is found that the theoretical N axial
charge is in good agreement with the experimental value
[34], and the work predictions on Σ and Ξ axial charges are
consistent with the lattice QCD values [19]. In Ref. [22],
the axial charges of hyperons are evaluated in the RCQM
without considering the chiral symmetry. Our tree-level
(LO) results of the Σ and Ξ axial charges are comparable
with the RCQM values while the meson loop diagrams
contribute some correction to our tree-level results of gBA.

FIG. 2. Diagrams contributing to the axial form factor of octet
baryons: 3q-core leading order (a), 3q-core counterterm (b), self-
energy I (c), self-energy II (d), meson exchange (e), and vertex
correction (f).

TABLE I. The constants cBi for the octet baryons axial form
factors GB

AðQ2Þ.
c1 c2 c3 c4 c5

N 5=3 5=6 8 0 −5=9
Σ 4=3 2=3 0 4 −4=9
Ξ −1=3 −1=6 0 −4 1=9
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Listed in Table III are the axial radii of octet baryons,
which are derived by

hr2AiB ¼ −6
1

gBA

dGB
AðQ2Þ
dQ2

����
Q2¼0

: ð14Þ

The nucleon axial radius hr2Ai1=2N in Table III is a little bit
larger than the experimental value, and the predicted results
for the hr2Ai1=2Σ and hr2Ai1=2Ξ are in the same order as hr2Ai1=2N
since our calculations are restricted to the SU(3) chiral
symmetry. As discussed in Ref. [30], the contributions of

excited-state quarks in loop diagrams generate some
corrections to the N axial form factor. The inclusion of
the excited-state quarks in loop diagrams may be addressed
in a future work.
Furthermore, we have studied the separate contribution

of π, K, and η mesons to the axial charges. As shown in
Table IV, the π meson contribution to the N axial charge
dominates over the ones from the K and η mesons, but the
K meson contributions to the Σ and Ξ axial charges are in
the same order as the π ones. It is noticed that the
contribution from the η meson is negligible. We also list
in Table V the strange sea quark contributions (K and η
meson clouds) of the individual loop diagrams as shown in
Fig. 2 to the axial charges gBA. Based on Eqs. (7)–(13), we
may point out the fact that the K meson contributes to the
SE and EX diagrams, while the η meson participates in the
VC process only. The results listed in Table V reveal that
the strange sea quark contribution to the N axial charge is
caused mainly by the SE diagram, but to the Σ and Ξ axial

TABLE II. Numerical results for the octet baryon axial charges gBA, where the uncertainties are from the errors of
the quark wave functions. The experimental data are taken from Ref. [34], while the chiral extrapolation estimations
of lattice QCD results at the physical mπ point are taken from Ref. [19].

3q Meson loops
LO CTþ SEþ EXþ VC Total Lattice [19] Data [34]

gNA 0.883 0.418 1.301� 0.230 1.180� 0.100 1.272� 0.002

gΣA 0.707 0.220 0.927� 0.132 0.900� 0.096 � � �
gΞA −0.177 −0.106 −0.283� 0.033 −0.277� 0.034 � � �

TABLE III. Numerical results for the octet baryon axial radii
hr2Ai1=2B (in units of fm), where the uncertainties are from the
errors of the quark wave functions. The experimental data are
taken from Ref. [17].

PCQM Data [17]

hr2Ai1=2N
0.808� 0.088 0.639� 0.010

hr2Ai1=2Σ
0.832� 0.089 � � �

hr2Ai1=2Ξ
0.780� 0.087 � � �

TABLE IV. Contribution of π, K, and η mesons to the axial
charges gBA.

Meson loops
π K η

gNA 0.375 0.045 −0.002

gΣA 0.118 0.104 −0.002

gΞA −0.030 −0.077 −0.001

TABLE V. Strange sea quark contributions of the individual
loop diagrams of Fig. 2 to the axial charges gBA.

CT SE EX VC

gNA −0.0136 0.0567 0 −0.0006

gΣA −0.0109 0.0453 0.0680 −0.0004

gΞA 0.0027 −0.0113 −0.0680 0.0001

N
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FIG. 3 (color online). Normalized axial form factors
GB

AðQ2Þ=gBA of octet baryons. The experimental data on nucleon
axial form factor are taken from Refs. [35–42].
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charges, both the SE and EX diagrams are important. As
shown in the last column of Table V, the η meson
contribution is suppressed due to the weak coupling
between the s current quark and η meson.
We show the Q2 dependence of the axial form factors of

octet baryons in Fig. 3, which are normalized to 1 at zero
recoil, with the experimental data on the nucleon axial form
factor [35–42] plotted as well. As shown in Fig. 3, the result
for GN

A ðQ2Þ is close to the experimental data [35–42], and
the predicted results onGΣ

AðQ2Þ andGΞ
AðQ2Þ show a similar

Q2 dependence based on the SU(3) symmetry. Considering
the PQCM result of gNA is 2.5% larger than the experimental
value, the non-normalized result for GN

A ðQ2Þ could be in
better agreement with the experimental data. As expected,
the theoretical axial form factors fall off smoothly when the
momentum transferQ2 increases. The predetermined quark
wave functions employed in the work take a form similar to
Coulomb wave functions and have large values at small r
region as shown in Fig. 1, compared to the Gaussian-type
wave functions employed in the previous work [30]. This
may be the main reason why the theoretical axial form factor
evaluated with the predetermined wave functions is con-
sistent with the experimental data especially at larger Q2.
We present in Fig. 4 the contribution of various processes

as shown in Fig. 2 to the axial form factors of octet baryons.
It is found that the sea quark or meson cloud contributes to
axial form factors mainly through the SE and EX diagrams.
The LO diagram results in a dipolelike axial form factor,

while the meson cloud leads to a flat contribution to the
axial form factor. The flat contribution indicates that the sea
quarks distribute mainly in a very small region, which is
rather surprising and needs to be further studied.
In summary, one may conclude that the fact that the

theoretical results of the axial form factors and axial
charges agree well with experimental data and lattice
QCD values, with the predetermined quark core wave
functions in the electromagnetic sector, may indicate that
the electric charge and axial charge distributions of the
constituent quarks are the same. The study reveals that the
meson cloud plays an important role in the axial charge of
octet baryons, contributing 30%–40% to the total values,
and strange sea quarks have a considerable contribution to
the axial charge of the Σ and Ξ.
The center-of-mass correction has been considered in

relativistic quark models in Refs. [43–45]. The nucleon
mass is very sensitive to the center-of-mass effect, decreas-
ing some 40% [45], while the theoretical results in Ref. [43]
reveal that the center-of-mass correction reduces the
magnetic moments of the nucleon by about 10%.
Therefore, it is necessary to investigate the center-of-mass
correction in the PCQM in our future work.
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