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Abstract. We calculate the axial and the induced pseudoscalar form-factors GA(t=−Q
2) andGP (t=−Q

2)
of the nucleons in the framework of the light-cone QCD sum-rules approach up to twist-6 three valence quark

light-cone distribution amplitudes, and observe that the form-factors GA(t = −Q
2) and GP (t =−Q

2) at
intermediate and large momentum transfers with Q2 > 2 GeV2 have significant contributions from the end-
point (soft) terms. The numerical values for the axial form-factor GA(t = −Q

2) are compatible with the
experimental data and theoretical calculations; for example, the chiral quark models and lattice QCD. The
numerical values for the induced pseudoscalar form-factor GP (t=−Q

2) are compatible with the calculation
from the Bethe–Salpeter equation.

PACS. 12.38.Aw; 12.38.-t; 14.20.Dh

1 Introduction

The axial and induced pseudoscalar form-factors of the nu-
cleons are of fundamental importance in studying the weak
interactions and pion–nucleon scattering. They provide an
important test for theories which attempt to describe the
substructures of the nucleons and the underlying dynam-
ics [1, 2]. Using Lorentz covariance and chiral symmetry,
the matrix element of the axial-vector current between the
initial and final nucleon states excluding the second class
current [3] can be parameterized as follows:

〈N(P ′)|Aaµ(0)|N(P )〉=

N(P ′)

{
γµGA(t)+

(P ′−P )µ
2M

GP (t)

}
γ5τ

aN(P ) ; (1)

here the τa are the Pauli matrices,M is the average mass
for the proton and neutron, t = (P ′−P )2, the GA(t) and
GP (t) are the axial and induced pseudoscalar form-factors,
respectively. The Goldberger–Treiman relation [4] relates
the form-factorsGA(t) andGP (t), and the pion decay con-
stant fπ,

gπNN =
gAM

fπ
, gπNN =GP (t=m

2
π), gA =GA(t= 0) .

(2)

In this article, we calculate the axial form-factor GA(t)
and the induced pseudoscalar form-factor GP (t) of the nu-
cleons in the framework of the light-cone sum-rules (LCSR)
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approach [5, 6] which combine the standard techniques of
the QCD sum rules with the conventional parton distribu-
tion amplitudes describing the hard exclusive processes [7].
In the LCSR approach, the short-distance operator prod-
uct expansion with the vacuum condensates of increasing
dimensions is replaced by the light-cone expansion with
the distribution amplitudes (which corresponds to the sum
of an infinite series of operators with the same twist) of
increasing twists to parameterize the non-perturbative
QCD vacuum, while the contributions from the hard re-
scattering can be correctly incorporated as the O(αs) cor-
rections [8]. In recent years, there have been a lot of ap-
plications of the LCSR to the mesons, for example, the
form-factors, strong coupling constants and hadronic ma-
trix elements [6]; the applications to the baryons are cum-
bersome and only the electromagnetic form-factors [9], the
scalar form-factor [10] and the weak decay Λb→ p�ν� [11]
are studied, the higher twists distribution amplitudes of the
baryons not having been available until recently [13].
The article is arranged as follows: we derive the light-

cone sum rules for the axial and induced pseudoscalar
form-factors GA(t) and GP (t) of the nucleons in Sect. 2;
in Sect. 3, are numerical results and a discussion; Sect. 4 is
reserved for our conclusions.

2 Light-cone sum rules for the form-factors
GA(t) and GP (t)

In the following, we write down the two-point correlation
functionΠµ(P, q) in the framework of the LCSR approach,
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Πµ(P, q) = i

∫
d4x eiq·x〈0|T {η(0)Jµ(x)} |P 〉 , (3)

with the axial-vector current

Jµ(x) = d̄(x)γµγ5u(x) , (4)

and the neutron current [12]

η(0) = εijk
[
di(0)C �zdj(0)

]
γ5 �zu

k(0) ,

〈0|η(0)|P 〉= fN (P · z) �zN(P ) ; (5)

here the z is a light-cone vector, z2 = 0, and the fN is the
coupling constant of the leading twist light-cone distribu-
tion amplitude [14]. At large Euclidean momenta P ′

2
=

(P − q)2 and q2 =−Q2, the correlation function Πµ(P, q)
can be calculated in perturbation theory. In the calcu-
lation, we need the following light-cone expanded quark
propagator [15]:

S(x) =
iΓ (d/2) �x

2π2(−x2)d/2
+

iΓ (d/2−1)

16π2(−x2)d/2−1

×

1∫
0

dv
{
(1− v) �xσµνG

µν(vx)+ vσµνG
µν(vx) �x

}

+ . . . , (6)

where Gµν = gsG
a
µν(λ

a/2) is the gluon field strength ten-
sor and d is the space-time dimension. The contributions
proportional to the Gµν can give rise to four-particle (and
five-particle) nucleon distribution amplitudes with a gluon
(or quark–antiquark pair) in addition to the three valence
quarks, but their corrections are usually not expected to
play any significant roles [16] and are neglected here [9, 11].
In the parton model, at large momentum transfers, the
electromagnetic and weak currents interact with the al-
most free partons in the nucleons. Employing the “free”
light-cone quark propagator in the correlation function
Πµ(P, q), we obtain

zµΠµ(P, q) =−2

∫
d4x
z ·xeiq·x

π2x4
(γ5 �z)

λα(C �zγ5)
βγεijk

×
〈
0|T
{
uiα(0)u

j
β(x)d

k
γ(0)
}
|P
〉
. (7)

In the light-cone limit x2→ 0, the remaining three-quark
operator sandwiched between the proton state and the vac-
uum can be written in terms of the nucleon distribution
amplitudes [12–14]. The three valence quark components
of the nucleon distribution amplitudes are defined by the
matrix element

4
〈
0|εijkuiα(a1x)u

j
β(a2x)u

k
γ(a3x)|P

〉
= S1MCαβ(γ5N)γ+S2M

2Cαβ(/xγ5N)γ

+P1M(γ5C)αβNγ+P2M
2(γ5C)αβ(/xN)γ

+

(
V1+

x2M2

4
VM1

)
(/PC)αβ(γ5N)γ

+V2M(/PC)αβ(/xγ5N)γ+V3M(γµC)αβ (γ
µγ5N)γ

+V4M
2(/xC)αβ(γ5N)γ

+V5M
2 (γµC)αβ (iσ

µνxνγ5N)γ

+V6M
3(/xC)αβ(/xγ5N)γ

+

(
A1+

x2M2

4
AM1

)
(/Pγ5C)αβNγ

+A2M(/Pγ5C)αβ(/xN)γ +A3M(γµγ5C)αβ(γ
µN)γ

+A4M
2(/xγ5C)αβNγ+A5M

2(γµγ5C)αβ (iσ
µνxνN)γ

+A6M
3(/xγ5C)αβ(/xN)γ

+

(
T1+

x2M2

4
T M1

)
(P ν iσµνC)αβ (γ

µγ5N)γ

+T2M (x
µP ν iσµνC)αβ (γ5N)γ

+T3M(σµνC)αβ (σ
µνγ5N)γ

+T4M (P
νσµνC)αβ

(
σµ rhoxργ5N

)
γ

+T5M
2 (xν iσµνC)αβ (γ

µγ5N)γ

+T6M
2 (xµP ν iσµνC)αβ (/xγ5N)γ

+T7M
2(σµνC)αβ (σ

µν/xγ5N)γ

+T8M
3 (xνσµνC)αβ (σ

µρxργ5N)γ . (8)

The calligraphic distribution amplitudes do not have a def-
inite twist and can be related to the ones with definite twist
by

S1 = S1, 2PxS2 = S1−S2,

P1 = P1, 2PxP2 = P1−P2

for the scalar and pseudoscalar distribution amplitudes,

V1 = V1 , 2PxV2 = V1−V2−V3,

2V3 = V3 , 4PxV4 =−2V1+V3+V4+2V5 ,

4PxV5 = V4−V3 ,

(2Px)2V6 =−V1+V2+V3+V4+V5−V6

for the vector distribution amplitudes,

A1 =A1 , 2PxA2 =−A1+A2−A3 ,

2A3 =A3 , 4PxA4 =−2A1−A3−A4+2A5 ,

4PxA5 =A3−A4

(2Px)2A6 =A1−A2+A3+A4−A5+A6

for the axial-vector distribution amplitudes, and

T1 = T1 , 2PxT2 = T1+T2−2T3 ,

2T3 = T7 , 2PxT4 = T1−T2−2T7 ,

2PxT5 =−T1+T5+2T8 ,

(2Px)2T6 = 2T2−2T3−2T4+2T5+2T7+2T8 ,

4PxT7 = T7−T8 ,

(2Px)2T8 =−T1+T2+T5−T6+2T7+2T8

for the tensor distribution amplitudes. The light-cone dis-
tribution amplitudes F = Vi, Ai, Ti, Si, Pi can be repre-
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sented as

F (aipx) =

∫
Dxe−ipxΣixiaiF (xi) , (9)

with

Dx= dx1dx2dx3δ(x1+x2+x3−1) .

The distribution amplitudes are scale dependent and can
be expanded with the operators of increasing conformal
spin; we write down the explicit expressions for the Vi, Ai,
Ti, Si and Pi up to the next-to-leading conformal spin ac-
curacy in the appendix [11, 13]; in the following, we will
denote “the light-cone distribution amplitudes including
the next-to-leading conformal spin” as “the P -wave ap-
proximation”. The V1, A1 and T1 are the leading twist-3
distribution amplitudes; the S1, P1, V2, V3, A2, A3, T2,
T3 and T7 are the twist-4 distribution amplitudes; the S2,
P2, V4, V5, A4, A5, T4, T5 and T8 are the twist-5 distribu-
tion amplitudes; while the twist-6 distribution amplitudes
are the V6, A6 and T6. The parameters φ

0
3, φ

0
6, φ

0
4, φ

0
5, ξ

0
4 ,

ξ05 , ψ
0
4, ψ

0
5, φ

−
3 , φ

+
3 , φ

−
4 , φ

+
4 , ψ

−
4 , ψ

+
4 , ξ

−
4 , ξ

+
4 , φ

−
5 , φ

+
5 , ψ

−
5 ,

ψ+5 , ξ
−
5 , ξ

+
5 , φ

−
6 , φ

+
6 in the light-cone distribution ampli-

tudes Vi, Ai, Ti, Si, Pi can be expressed in terms of eight
independent matrix elements of the local operators with

the parameters fN , λ1, λ2, V
d
1 , A

u
1 , f

d
1 , f

d
2 and f

u
1 ; the

three parameters fN , λ1 and λ2 are related to the leading
order (or S-wave) contributions of the conformal spin ex-
pansion, and the remaining five parameters V d1 , A

u
1 , f

d
1 , f

d
2

and fu1 are related to the next-to-leading order (or P -wave)
contributions of the conformal spin expansion; the explicit
expressions are given in the appendix. For details, one may
consult [13].
Taking into account the three valence quark light-cone

distribution amplitudes up to twist-6 and performing the
integration over the x in the coordinate space, finally we
obtain the following results:

zµΠµ(P, q)

=�zγ5(Pz)
2N(P )

{
2

∫ 1
0

dt2t2

∫ 1−t2
0

dt1

×

[
V1−A1+2T1
(q− t2P )2

+M2
V u1 −A

u
1 +2T

u
1

(q− t2P )4

]

+ 2M2
∫ 1
0

dλλ2
∫ λ
1

dt2

∫ 1−t2
0

dt1
1

(q−λP )4

× [−V1+V4+V5+A1+A4−A5
−2T1+2T2−2T3+2T5+2T7+4T8]

− 4M2
∫ 1
0

dττ

∫ τ
1

dλ

∫ λ
1

dt2

∫ 1−t2
0

dt1

×
T1−T3−T4+T5+T7+T8

(q− τP )4

+ 8M2
∫ 1
0

dττ

∫ τ
1

dλ

∫ λ
1

dt2

∫ 1−t2
0

dt1

×
q2− τ2M2

(q− τP )4
[T1−T3−T4+T5+T7+T8]

}

+ �z �qγ5(Pzqz)N(P )

×

{
2M

∫ 1
0

dλ

∫ λ
1

dt2

∫ 1−t2
0

dt1
1

(q−λP )4

× {V1−V2−V3−A1+A2−A3+2T1−2T3−2T7}

+ 8M3
∫ 1
0

dττ

∫ τ
1

dλ

∫ λ
1

dt2

∫ 1−t2
0

dt1
1

(q− τP )6

× [−V1+V2+V3+V4+V5
−V6+A1−A2+A3+A4−A5+A6

−2T1+2T3+2T4−2T6+2T7+2T8]

}
+ . . . ; (10)

here the Vi = Vi(t1, t2, 1− t1− t2), Ai = Ai(t1, t2, 1− t1−
t2) and Ti = Ti(t1, t2, 1− t1− t2).
According to the basic assumption of current–hadron

duality in the QCD sum-rules approach [7], we insert
a complete series of intermediate states satisfying the uni-
tarity principle with the same quantum numbers as the
current operator η(0) into the correlation function in (3) to
obtain the hadronic representation. After isolating the pole
term of the lowest neutron state, we obtain the following
result:

zµΠµ(P, q) =
�zP ′zfNN(P ′)〈N(P ′)

∣∣d̄(0) �zγ5u(0)∣∣N(P )〉
M2− (q−P )2

+ . . .

=
PzfN

{
2PzGA(t) �z+

qz
2MGP (t) �z �q

}
γ5N(P )

M2− (q−P )2

+ . . . (11)

We choose the tensor structure �zγ5(Pz)2 and �z �qγ5(Pzqz)
to analyze the axial form-factorGA(t=−Q2) and induced
pseudoscalar form-factorGP (t=−Q2) respectively.
The Borel transformation and the continuum states

subtraction can be performed by using the following sub-
stitution rules:

∫
dx

ρ(x)

(q−xP )2
=−

∫ 1
0

dx

x

ρ(x)

s−P ′2

⇒−

∫ 1
x0

dx

x
ρ(x)e

− s

M2
B ,

∫
dx

ρ(x)

(q−xP )4
=

∫ 1
0

dx

x2
ρ(x)

(s−P ′2)2

⇒
1

M2B

∫ 1
x0

dx

x2
ρ(x)e

− s

M2
B +
ρ(x0)e

−
s0
M2
B

Q2+x20M
2
,

∫
dx

ρ(x)

(q−xP )6
=−

∫ 1
0

dx

x3
ρ(x)

(s−P ′2)3

⇒−
1

2M4B

∫ 1
x0

dx

x3
ρ(x)e

− s

M2
B

−
ρ(x0)e

−
s0
M2
B

2x0(Q2+x20M
2)
+

x20
2(Q2+x20M

2)

×

[
d

dx0

ρ(x0)

x0(Q2+x20M
2)

]
e
−
s0
M2
B ,



378 Z.-G. Wang et al.: Axial form-factor and induced pseudoscalar form-factor of the nucleons

s= (1−x)M2+
(1−x)

x
Q2 ,

x0 =

∣∣∣∣
√
(Q2+ s0−M2)2+4M2Q2

−(Q2+ s0−M2)

∣∣∣∣
2M2

. (12)

Finally we obtain the sum rule for the axial form-factor
GA(t = −Q2) and the induced pseudoscalar form-factor
GP (t=−Q2),

GA(t)fNe
−M

2

M2
B

=−

∫ 1
x0

dt2

∫ 1−t2
0

dt1 exp

{
−
t2(1− t2)M2+(1− t2)Q2

t2M
2
B

}

× [V1−A1+2T2]

+
M2

M2B

∫ 1
x0

dt2
t2

∫ 1−t2
0

dt1

× exp

{
−
t2(1− t2)M2+(1− t2)Q2

t2M
2
B

}[
V u1 −A

u
1 +2T

u
2

]

+
x0M

2

Q2+x20M
2

∫ 1−x0
0

dt1 exp

{
−
s0

M2B

}[
V u1 −A

u
1 +2T

u
2

]

+
M2

M2B

∫ 1
x0

dλ

∫ λ
1

dt2

∫ 1−t2
0

dt1

× exp

{
−
λ(1−λ)M2+(1−λ)Q2

λM2B

}

× [−V1+V4+V5+A1+A4−A5
−2T1+2T2−2T3+2T5+2T7+4T8]

+
x20M

2

Q2+x20M
2

∫ x0
1

dt2

∫ 1−t2
0

dt1 exp

{
−
s0

M2B

}

× [−V1+V4+V5+A1+A4−A5
−2T1+2T2−2T3+2T5+2T7+4T8]

−
2M2

M2B

∫ 1
x0

τ

τ

∫ τ
1

dλ

∫ λ
1

dt2

∫ 1−t2
0

dt1

× exp

{
−
τ(1− τ)M2+(1− τ)Q2

τM2B

}

× [T1−T3−T4+T5+T7+T8]

−
2x0M

2

Q2+x20M
2

∫ x0
1

dλ

∫ λ
1

dt2

∫ 1−t2
0

dt1 exp

{
−
s0

M2B

}

× [T1−T3−T4+T5+T7+T8]

+
2M2

M4B

∫ 1
x0

τ

τ2

∫ τ
1

dλ

∫ λ
1

dt2

∫ 1−t2
0

dt1

× exp

{
−
τ(1− τ)M2+(1− τ)Q2

τM2B

}

×
[
Q2+ τ2M2

]
[T1−T3−T4+T5+T7+T8]

+
2M2

M2B

∫ x0
1

dλ

∫ λ
1

dt2

∫ 1−t2
0

dt1 exp

{
−
s0

M2B

}

× [T1−T3−T4+T5+T7+T8]

−
2x20M

2

Q2+x20M
2

∫ x0
1

dt2

∫ 1−t2
0

dt1 exp

{
−
s0

M2B

}

× [T1−T3−T4+T5+T7+T8] ; (13)

GP (t)fNe
−M

2

M2
B

=
4M2

M2B

∫ 1
x0

dλ

λ2

∫ λ
1

dt2

∫ 1−t2
0

dt1

× exp

{
−
λ(1−λ)M2+(1−λ)Q2

λM2B

}

× [V1−V2−V3−A1+A2−A3+2T1−2T3−2T7]

+
4M2

Q2+x20M
2

∫ x0
1

dt2

∫ 1−t2
0

dt1 exp

{
−
s0

M2B

}

× [V1−V2−V3−A1+A2−A3+2T1−2T3−2T7]

−
8M4

M4B

∫ 1
x0

τ

τ2

∫ τ
1

dλ

∫ λ
1

dt2

∫ 1−t2
0

dt1

× exp

{
−
τ(1− τ)M2+(1− τ)Q2

τM2B

}

× [−V1+V2+V3+V4+V5−V6
+A1−A2+A3+A4−A5+A6
−2T1+2T3+2T4−2T6+2T7+2T8]

−
8M4

(Q2+x20M
2)M2B

∫ x0
1

dλ

∫ λ
1

dt2

∫ 1−t2
0

dt1

× exp

{
−
s0

M2B

}
[−V1+V2+V3+V4+V5

−V6+A1−A2+A3+A4−A5+A6
−2T1+2T3+2T4−2T6+2T7+2T8]

−
8x20M

4

Q2+x20M
2

[
d

dx0

1

Q2+x20

∫ x0
1

dλ

∫ λ
1

dt2

∫ 1−t2
0

dt1

]

× exp

{
−
s0

M2B

}
[−V1+V2+V3

+V4+V5−V6+A1−A2+A3+A4−A5+A6
−2T1+2T3+2T4−2T6+2T7+2T8] .

(14)

3 Numerical results and discussion

The input parameters have to be specified before the nu-
merical analysis. We choose a range for the Borel parame-
ter that is suitable:MB, 1.5 GeV

2 <M2B < 2.5 GeV
2. In this

range, the Borel parameterMB is small enough to warrant
the higher mass resonances, and continuum states are sup-
pressed sufficiently; on the other hand, it is large enough to
warrant the convergence of the light-cone expansion with
increasing twists in the perturbative QCD calculation [17,
18]. The numerical results indicate that in this range the
form-factors GA(t = −Q2) and GP (t = −Q2) are almost
independent on the Borel parameter MB, which we can
see from Figs. 1 and 2 respectively for the central values
of the eight input parameters fN , λ1, λ2, V

d
1 , A

u
1 , f

1
d , f

2
d

and f1u.
For simplicity, we choose the standard values for the

threshold parameter s0, s0 = 2.25GeV
2, to subtract the

contributions from the higher resonances and continuum
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states i.e. we restrict the range of the integral to the energy
region below the Roper resonance (N(1440)); furthermore,
it is large enough to take into account all contributions
from the neutron. For Q2 = (2–9 GeV2, x≥ x0 = 0.5–0.8,
the average value 〈x〉 = 0.75–0.90, with the intermediate
and large space-like momentum Q2, the end-point (soft)
contributions (or the Feynman mechanism) are domin-
ant; it is consistent with the growing consensus that the
onset of the perturbative QCD region in exclusive pro-
cesses is postponed to very large energy scales. The pa-
rameters in the light-cone distribution amplitudes φ03, φ

0
6,

φ04, φ
0
5, ξ

0
4 , ξ

0
5 , ψ

0
4 , ψ

0
5, φ

−
3 , φ

+
3 , φ

−
4 , φ

+
4 , ψ

−
4 , ψ

+
4 , ξ

−
4 ,

Fig. 1. The axial form-factor GA(t) with the parameter MB
for s0 = 2.25 GeV

2

Fig. 2. The induced pseudoscalar form-factor GP (t) with the
parameterMB for s0 = 2.25 GeV

2

ξ+4 , φ
−
5 , φ

+
5 , ψ

−
5 , ψ

+
5 , ξ

−
5 ,ξ

+
5 , φ

−
6 , φ

+
6 are scale depen-

dent and can be calculated with the corresponding QCD
sum rules. They are functions of the eight independent
parameters fN , λ1, λ2, V

d
1 , A

u
1 , f

d
1 , f

d
2 and f

u
1 , and the

three parameters fN , λ1 and λ2 are related to the lead-
ing order (or S-wave) contributions in the conformal spin
expansion, the remaining five parameters V d1 , A

u
1 , f

d
1 , f

d
2

and fu1 are related to the next-to-leading order (or P -
wave) contributions in the conformal spin expansion; the
explicit expressions are presented in the appendix, for de-
tailed and systematic studies about this subject, one can
consult [13].
Here we take the values at the energy scale µ = 1GeV

and neglect the evolution with the energy scale µ for sim-
plicity; the values for the eight independent parameters
are taken as fN = (5.3± 0.5×10−3GeV2, λ1 = −(2.7±
0.9×10−2GeV2, λ2 = (5.1±1.9×10−2GeV2, V d1 = 0.23±
0.03,Au1 = 0.38±0.15, f

d
1 = 0.6±0.2, f

d
2 = 0.15±0.06 and

fu1 = 0.22±0.15. In estimating those coefficients with the
QCD sum rules, only the first few moments are taken into
account; the values are not very accurate. In the limit
Q2→∞, the five parameters related to the light-cone dis-
tribution amplitudes with the P -wave conformal spin take
the asymptotic values fd1 =

3
10 , f

d
2 =

4
15 , f

u
1 =

1
10 , A

u
1 = 0

and V d1 =
1
3 .

We perform the operator product expansion in the
light-cone with large Q2 and P ′2, and the form-factors
GA(t=−Q2) andGP (t=−Q2) make sense at the regions,
for example, Q2 > 2 GeV2, but with low momentum trans-
fers, the operator product expansion is questionable. In
numerical analysis we observe that the axial form-factor
GA(t = −Q2) is sensitive to the two parameters λ1 and
fd1 , and small variations of the two parameters can lead to
relatively large changes for the values. The induced pseu-
doscalar form-factor GP (t =−Q2) is sensitive to the four
parameters fN , λ1, f

d
1 and f

u
1 ; small variations of those pa-

rameters, especially λ1 and f
d
1 , can lead to large changes

for the values, which are shown in Figs. 3–8, respectively.
The large uncertainties can impair the the predictive abil-

ity of the sum rules. The parameters λ1, f
d
1 , fN and f

u
1

should be refined to make robust predictions, and in [10],
we observe that the scalar form-factor of the nucleon is
sensitive to the four parameters λ1, f

d
1 , f

d
2 and f

u
1 , so

refining the three parameters λ1, f
d
1 and f

u
1 is of great

importance. The final numerical values for the axial form-
factor GA(t = −Q2) and the induced pseudoscalar form-
factor GP (t =−Q2) at the intermediate and large space-
like momentum regions, 2 GeV2 <Q2 < 9 GeV2, are plot-
ted in Figs. 9 and 10 respectively.
From those figures, we can see that the central values of

the axial form-factor GA(t=−Q2) lie above the results of
the double-pole fitted formulation from the neutrino scat-
tering experiments [2],

GA(t) =
gA

(1− t/M2A)
2
, (15)

where we take the values gA = 1.2673, MA = 1.026, and
neglect the uncertainties for simplicity; at the region
Q2 > 4.0 GeV2, the values of the double-pole fitted formu-
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Fig. 3. The axial form-factorGA(t) with the parametersM
2
B =

2.0 GeV2 and λ1

Fig. 4. The axial form-factorGA(t) with the parametersM
2
B =

2.0 GeV2 and fd1

lation lie between the up and down limits, and our results
can make both qualitative and quantitative predictions.
Furthermore, our results are compatible with the calcu-
lations of lattice QCD [19] and chiral quark models [20].
For the induced pseudoscalar form-factor GP (t = −Q2),
the uncertainties are very large and the values make
sense only qualitatively, not quantitatively; our results are
compatible with the calculation from the Bethe–Salpeter
equation [21].
In the limit Q2→∞, we present the numerical values

for the axial form-factor GA(t = −Q2) and the induced
pseudoscalar form-factor GP (t = −Q2) with the asymp-
totic light-cone distribution amplitudes in Figs. 11 and 12,

Fig. 5. The induced pseudoscalar form-factor GP (t) with the
parametersM2B = 2.0 GeV

2 and fN

Fig. 6. The induced pseudoscalar form-factor GP (t) with the
parametersM2B = 2.0 GeV

2 and λ1

respectively. From Fig. 11, we can see that for the axial
form-factor GA(t =−Q2) the values with the asymptotic
light-cone distribution amplitudes lie above the corres-
ponding ones with the light-cone distribution amplitudes
in the P -wave approximation, and at Q2 > 10GeV2 the
two curves approach the values of the double-pole fit-

ted formulation GA(t = −Q2) ∼
1
Q4
, which is expected

from the naive power counting rules. From Fig. 12, we can
see that for the induced pseudoscalar form-factor GP (t =
−Q2), the values with the asymptotic light-cone distri-
bution amplitudes have a negative sign compared to the
corresponding ones with the light-cone distribution ampli-
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Fig. 7. The induced pseudoscalar form-factor GP (t) with the
parametersM2B = 2.0 GeV

2 and fd1

Fig. 8. The induced pseudoscalar form-factor GP (t) with the
parametersM2B = 2.0 GeV

2 and fu1

tudes in the P -wave approximation, and at Q2 > 10 GeV2

the two curves approach the same values. The large dif-
ference between the values from the asymptotic light-cone
distribution amplitudes and the P -wave approximated
light-cone distribution amplitudes again indicate the im-
portance of the contributions from the P -wave conformal
spin at the intermediate and large momentum transfers
2 GeV2 < Q2 < 10 GeV2; to make robust predictions, we
have to refine the five parameters.
The consistent and complete LCSR analysis should

take into account the contributions from the perturbative
αs corrections, the distribution amplitudes with additional
valence gluons and quark–antiquarkpairs, and improve the
parameters which enter in the LCSRs.

Fig. 9. The axial form-factor GA(t) with the parameterM
2
B =

2.0 GeV2

Fig. 10. The induced pseudoscalar form-factor GP (t) with the
parameterM2B = 2.0 GeV

2

4 Conclusion

In this work, we calculate the axial and induced pseu-
doscalar form-factors GA(t = −Q2) and GP (t = −Q2) of
the nucleons in the framework of the LCSR approach up
to twist-6 three valence quark light-cone distribution am-
plitudes. The form-factorsGA(t=−Q2) andGP (t=−Q2)
at intermediate and large momentum transfers with Q2 >
2 GeV2 have significant contributions from the end-point
(soft) terms. The axial form-factor GA(t = −Q2) is sen-
sitive to the two parameters λ1 and f

d
1 , and small vari-

ations of the two parameters can lead to relatively large
changes for the values; the induced pseudoscalar form-
factorGP (t=−Q2) is sensitive to the four parameters fN ,
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Fig. 11. The axial form-factor GA(t) with the parame-
ters fN = 5.3×10

−3 GeV2, λ1 = −2.7×10
−2 GeV2, λ2 = 5.1

×10−2 GeV2 andM2B = 2.0 GeV
2

Fig. 12. The GP (t) with the parameters fN = 5.3×10
−3

GeV2, λ1 = −2.7×10
−2 GeV2, λ2 = 5.1×10

−2 GeV2 and
M2B = 2.0 GeV

2

λ1, f
d
1 and f

u
1 , and small variations of those parameters, es-

pecially λ1 and f
d
1 , can lead to large changes for the values.

The large uncertainties can impair the predictive ability of
the sum rules; the parameters λ1, f

d
1 , fN and f

u
1 should be

refined to make robust predictions. The numerical values
for theGA(t=−Q2) are compatible with the experimental
data and theoretical calculations, for example, the chiral
quark model and lattice QCD. In the limit Q2→∞, the
values for the axial form-factor GA(t = −Q2) with both
the asymptotic light-cone distribution amplitudes and the
light-cone distribution amplitudes in the P -wave approxi-
mation approach the results of the double-pole fitted for-

mulationGA(t=−Q2)∼
1
Q4
. The numerical results for the

induced pseudoscalar form-factor GP (t = −Q2) are com-
patible with the calculation from the Bethe–Salpeter equa-
tion; in the limit Q2→∞, the values of the GA(t =−Q2)
with both the asymptotic light-cone distribution ampli-
tudes and the light-cone distribution amplitudes in the
P -wave approximation approach the same values. The con-
sistent and complete LCSR analysis should take into ac-
count the contributions from the perturbative αs correc-
tions, the distribution amplitudes with additional valence
gluons and quark–antiquark pairs, and improve the param-
eters which enter in the LCSRs.

Acknowledgements. This work is supported by National Natu-
ral Science Foundation, Grant Number 10405009, and Key Pro-

gram Foundation of NCEPU. The authors are indebted to Dr.
J. He (IHEP), Dr. X.B. Huang (PKU) and Dr. L. Li (GSCAS)
for much help; without them, the work would not have been
finished.

Appendix

We have

V1 (xi, µ) = 120x1x2x3
[
φ03 (µ)+φ

+
3 (µ) (1−3x3)

]
,

V2 (xi, µ) = 24x1x2
[
φ04 (µ)+φ

+
3 (µ) (1−5x3)

]
,

V3 (xi, µ) = 12x3

{
ψ04 (µ) (1−x3)+ψ

−
4 (µ)

×
[
x21+x

2
2−x3 (1−x3)

]
+ψ+4 (µ) (1−x3−10x1x2)

}
,

V4 (xi, µ) = 3

{
ψ05 (µ) (1−x3)

+ψ−5 (µ) [2x1x2−x3 (1−x3)]

+ψ+5 (µ)
[
1−x3−2

(
x21+x

2
2

)]}
,

V5 (xi, µ) = 6x3
[
φ05 (µ)+φ

+
5 (µ) (1−2x3)

]
,

V6 (xi, µ) = 2
[
φ06 (µ)+φ

+
6 (µ) (1−3x3)

]
;

A1 (xi, µ) = 120x1x2x3φ
−
3 (µ) (x2−x1) ,

A2 (xi, µ) = 24x1x2φ
−
4 (µ) (x2−x1) ,

A3 (xi, µ) = 12x3 (x2−x1)

{(
ψ04 (µ)+ψ

+
4 (µ)

)

+ψ−4 (µ) (1−2x3)

}
,

A4 (xi, µ) = 3 (x2−x1)

×

{
−ψ05 (µ)+ψ

−
5 (µ)x3+ψ

+
5 (µ) (1−2x3)

}
,

A5 (xi, µ) = 6x3 (x2−x1)φ
−
5 (µ) ,

A6 (xi, µ) = 2 (x2−x1)φ
−
6 (µ) ;
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T1 (xi, µ) = 120x1x2x3

[
φ03 (µ)+

1

2

(
φ−3 −φ

+
3

)

× (µ) (1−3x3)

]
,

T2 (xi, µ) = 24x1x2
[
ξ04 (µ)+ ξ

+
4 (µ) (1−5x3)

]
,

T3 (xi, µ) = 6x3

{(
ξ04 +φ

0
4+ψ

0
4

)
(µ) (1−x3)

+
(
ξ−4 +φ

−
4 −ψ

−
4

)
(µ)
[
x21+x

2
2−x3 (1−x3)

]
+
(
ξ+4 +φ

+
4 +ψ

+
4

)
(µ) (1−x3−10x1x2)

}
,

T4 (xi, µ) =
3

2

{(
ξ05+φ

0
5+ψ

0
5

)
(µ) (1−x3)

+
(
ξ−5 +φ

−
5 −ψ

−
5

)
(µ) [2x1x2−x3 (1−x3)]

+
(
ξ+5 +φ

+
5 +ψ

+
5

)
(µ)
(
1−x3−2

(
x21+x

2
2

))}
,

T5 (xi, µ) = 6x3
[
ξ05 (µ)+ ξ

+
5 (µ) (1−2x3)

]
,

T6 (xi, µ) = 2

[
φ06 (µ)+

1

2

(
φ−6 −φ

+
6

)
(µ) (1−3x3)

]
,

T7 (xi, µ) = 6x3

{(
−ξ04 +φ

0
4+ψ

0
4

)
(µ) (1−x3)

+
(
−ξ−4 +φ

−
4 −ψ

−
4

)
(µ)
[
x21+x

2
2−x3 (1−x3)

]
+
(
−ξ+4 +φ

+
4 +ψ

+
4

)
(µ) (1−x3−10x1x2)

}
,

T8 (xi, µ) =
3

2

{(
−ξ05+φ

0
5+ψ

0
5

)
(µ) (1−x3)

+
(
−ξ−5 +φ

−
5 −ψ

−
5

)
(µ) [2x1x2−x3 (1−x3)]

+
(
−ξ+5 +φ

+
5 +ψ

+
5

)
(µ)

×
(
1−x3−2

(
x21+x

2
2

))}
;

S1 (xi, µ) = 6x3 (x2−x1)

×
[(
ξ04 +φ

0
4+ψ

0
4+ ξ

+
4 +φ

+
4 +ψ

+
4

)
(µ)

+
(
ξ−4 +φ

−
4 −ψ

−
4

)
(µ) (1−2x3)

]
,

S2 (xi, µ) =
3

2
(x2−x1)

[
−
(
ψ05+φ

0
5+ ξ

0
5

)
(µ)

+
(
ξ−5 +φ

−
5 −ψ

0
5

)
(µ)x3

+
(
ξ+5 +φ

+
5 +ψ

0
5

)
(µ) (1−2x3)

]
,

P1 (xi, µ) = 6x3 (x2−x1)
[(
ξ04 −φ

0
4−ψ

0
4+ ξ

+
4 −φ

+
4 −ψ

+
4

)
× (µ)+

(
ξ−4 −φ

−
4 +ψ

−
4

)
(µ) (1−2x3)

]
,

P2 (xi, µ) =
3

2
(x2−x1)

[(
ψ05+ψ

0
5− ξ

0
5

)
(µ)

+
(
ξ−5 −φ

−
5 +ψ

0
5

)
(µ)x3

+
(
ξ+5 −φ

+
5 −ψ

0
5

)
(µ) (1−2x3)

]
;

Vd1 (x3) =
x23
24

(
λ1C

d
λ+fNC

d
f

)
,

Vu1 (x2) =
x22
24

(
λ1C

u
λ +fNC

u
f

)
,

Cdλ =− (1−x3)
[
11+131 x3−169x

2
3+63x

3
3

−30 fd1
(
3+11x3−17x

2
3+7x

3
3

)]
−12

(
3−10 fd1

)
lnx3 ,

Cdf =− (1−x3)
[
1441+505x3−3371x

2
3+3405x

3
3

−1104x43
−24V d1

(
207−3x3−368x

2
3+412x

3
3−138x

4
3

) ]
−12

(
73−220V d1

)
lnx3 ,

Cuλ =− (1−x2)
3 [
13−20fd1 +3x2+10f

u
1 (1−3x2)

]
,

Cuf = (1−x2)
3

[
113+495x2−552x

2
2

+10Au1 (−1+3x2)+2V
d
1

(
113−951x2+828x

2
2

) ]
;

Ad1 (x3) = 0 ,

Au1 (x2) =
x22
24
(1−x2)

3 (
λ1D

u
λ+fND

u
f

)
,

Duλ = 29−45x2−10f
u
1 (7−9x2)−20f

d
1 (5−6x2) ,

Duf = 11+45x2+10V
d
1 (1−30x2)

−2Au1
(
113−951x2+828x

2
2

)
;

φ03 = φ
0
6 = fN , φ04 = φ

0
5 =
1

2
(λ1+fN) ,

ξ04 = ξ
0
5 =
1

6
λ2 , ψ04 = ψ

0
5 =
1

2
(fN −λ1) ;

φ̃−3 =
21

2
Au1 ,

φ̃+3 =
7

2

(
1−3V d1

)
,

φ−4 =
5

4

(
λ1
(
1−2fd1 −4f

u
1

)
+fN (2A

u
1 −1)

)
,

φ+4 =
1

4

(
λ1
(
3−10fd1

)
−fN

(
10V d1 −3

))
,

ψ−4 =−
5

4

(
λ1
(
2−7fd1 +f

u
1

)
+fN

(
Au1 +3V

d
1 −2

))
,

ψ+4 =−
1

4

(
λ1
(
−2+5fd1 +5f

u
1

)
+fN

(
2+5Au1 −5V

d
1

))
,

ξ−4 =
5

16
λ2
(
4−15fd2

)
,

ξ+4 =
1

16
λ2
(
4−15fd2

)
;

φ−5 =
5

3

(
λ1
(
fd1 −f

u
1

)
+fN (2A

u
1 −1)

)
,

φ+5 =−
5

6

(
λ1
(
4fd1 −1

)
+fN

(
3+4V d1

))
,

ψ−5 =
5

3

(
λ1
(
fd1 −f

u
1

)
+fN

(
2−Au1 −3V

d
1

))
,

ψ+5 =−
5

6

(
λ1
(
−1+2fd1 +2f

u
1

)
+fN

(
5+2Au1 −2V

d
1

))
,

ξ−5 =−
5

4
λ2f

d
2 ,

ξ+5 =
5

36
λ2
(
2−9fd2

)
,
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φ−6 =
1

2

(
λ1
(
1−4fd1 −2f

u
1

)
+fN (1+4A

u
1)
)
,

φ+6 =−
1

2

(
λ1
(
1−2fd1

)
+fN

(
4V d1 −1

))
.

References

1. S.L. Adler, R.F. Dashen, Current Algebra and Application
to Particle Physics (Benjamin, New York, 1968)

2. V. Bernard, L. Elouadrhiri, U.G. Meissner, J. Phys. G 28,
R1 (2002)

3. S. Weinberg, Phys. Rev. 112, 1375 (1958)
4. M.L. Goldberger, S.B. Treiman, Phys. Rev. 110, 1178
(1958); M.L. Goldberger, S.B. Treiman, Phys. Rev. 111,
354 (1958)

5. I.I. Balitsky, V.M. Braun, A.V. Kolesnichenko, Nucl. Phys.
B 312, 509 (1989); V.L. Chernyak, I.R. Zhitnitsky, Nucl.
Phys. B 345, 137 (1990); V.L. Chernyak, A.R. Zhitnitsky,
Phys. Rept. 112, 173 (1984)

6. V.M. Braun, hep-ph/9801222; P. Colangelo, A. Khodja-
mirian, hep-ph/0010175

7. M.A. Shifman, A.I. Vainshtein, V.I. Zakharov, Nucl. Phys.
B 147, 385,448 (1979)

8. V. Braun, I. Halperin, Phys. Lett. B 328, 457 (1994);
V.M. Braun, A. Khodjamirian, M. Maul, Phys. Rev. D 61,
073004 (2000)

9. V.M. Braun, A. Lenz, N. Mahnke, Phys. Rev. D 65,
074011 (2002); A. Lenz, M. Wittmann, E. Stein, Phys.

Lett. B 581, 199 (2004); V.M. Braun, A. Lenz, G. Peters,
A.V. Radyushkin, hep-ph/0510237

10. Z.G. Wang, S.L. Wan, W.M. Yang, hep-ph/0601025
11. M.Q. Huang, D.W.Wang, Phys. Rev. D 69, 094003 (2004)
12. V.L. Chernyak, I.R. Zhitnitsky, Nucl. Phys. B 246, 52
(1984); I.D. King, C.T. Sachrajda, Nucl. Phys. B 279, 785
(1987); V.L. Chernyak, A.A. Ogloblin, I.R. Zhitnitsky, Sov.
J. Nucl. Phys. 48, 536 (1988); Z. Phys. C 42, 583 (1989)

13. V. Braun, R.J. Fries, N. Mahnke, E. Stein, Nucl. Phys. B
589, 381 (2000); Erratum-ibid. B 607, 433 (2001)

14. G.P. Lepage, S.J. Brodsky, Phys. Rev. Lett. 43, 545,
1625(E) (1979); V.A. Avdeenko, V.L. Chernyak, S.A. Ko-
renblit, Yad. Fiz. 33, 481 (1981); S.J. Brodsky, G.P. Lep-
age, A.A. Zaidi, Phys. Rev. D 23, 1152 (1981); S.J. Brod-
sky, G.P. Lepage, A.I. Milshtein, V.S. Fadin, Yad. Fiz. 35,
1603 (1982)

15. I.I. Balitsky, V.M. Braun, Nucl. Phys. B 311, 541 (1989)
16. M. Diehl, T. Feldmann, R. Jakob, P. Kroll, Eur. Phys. J. C
8, 409 (1999)

17. B.L. Ioffe, A.V. Smilga, Nucl. Phys. B 232, 109 (1984);
I.I. Balitsky, A.V. Yung, Phys. Lett. B 129, 328 (1983)

18. B.L. Ioffe, Nucl. Phys. B 188, 317 (1981); Erratum-ibid. B
191, 591 (1981)

19. S.J. Dong, J.F. Lagae, K.F. Liu, Phys. Rev. D 54, 5496
(1996)

20. A. Silva, H.C. Kim, D. Urbano, K. Goeke, Phys. Rev. D
72, 094011 (2005); K. Khosonthongkee, V.E. Lyubovit-
skij, T. Gutsche, A. Faessler, K. Pumsa-ard, S. Cheedket,
Y. Yan, J. Phys. G 30, 793 (2004)

21. G. Hellstern, R. Alkofer, M. Oettel, H. Reinhardt, Nucl.
Phys. A 627, 679 (1997)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


