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Abstract. We calculate the axial and the induced pseudoscalar form-factors G 4 (t = —QQ) and Gp(t= —QQ)
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 G4(t = —QQ) and Gp(t= —QQ) at
intermediate and large momentum transfers with Q2 > 2 GeV? have significant contributions from the end-
point (soft) terms. The numerical values for the axial form-factor G 4(t = —Q?) 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 = —QQ) 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)]AL(0)IN(P)) =

/ (P'=P), a

) fueat+ G0N )
here the 7% are the Pauli matrices, M is the average mass
for the proton and neutron, t = (P’ — P)?, the G4(t) and
Gp(t) are the axial and induced pseudoscalar form-factors,
respectively. The Goldberger—Treiman relation [4] relates
the form-factors G 4 (t) and Gp(t), and the pion decay con-
stant fr,

gaM

7 , gﬂNNZGP(thgr), gA:GA(tZO).

(2)

In this article, we calculate the axial form-factor G 4(¢)
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(as) 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 A, — plyy [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 G4(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
function I, (P, g) in the framework of the LCSR approach,
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T,(P.g) =i [ dlae™ QT (10T, @)} P), (3
with the axial-vector current

Ju(x) = d(z)yu5u(z), (4)

and the neutron current [12]

n(0) = €% [d'(0)C #d(0)] 5 #u*(0),
(0|n(0)|P) = f (P-2) ZN(P); (5)

here the z is a light-cone vector, 22 = 0, and the fy is the
coupling constant of the leadmg twist hght -cone dlstrlbu—
tion amplitude [14]. At large Euclidean momenta P’> =
(P —q)?* and ¢*> = —Q?, the correlation function II,,(P, q)
can be calculated in perturbation theory. In the calcu-
lation, we need the following light-cone expanded quark
propagator [15]:

I'(d/2) #
EE

rd/2-1)
1672 (—a2)d/2-1

S(z) = 272 (—a?

1
X /dv{(l —0) #0,,G" (vz) + v, G' (vr) ft}
0

+., (6)

where G, = gsG7,, (A\?/2) is the gluon field strength ten-
sor and d is the space-time dimension. The contributions
proportional to the G, 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
I1,,(P, q), we obtain

2#I1,(P,q) = —2/(;143; i(% D) (C s )P
x (0T {ug(O)ug(x)dg(O)} P). (7)

In the light-cone limit z? — 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|eijkug(a1x)ué(a2x)u,’§ (aga?)|P>
=81 MCap(¥5N)y +S2M?Cap(#y5N)
+P1M(15C)apNy + P2 M?(15C)as ()

+( W) (POa(rs),
+VaM(PC)ap(#v5N)y +VsM (7,C)ap (V75 NV),,
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The calligraphic distribution amplitudes do not have a def-
inite twist and can be related to the ones with definite twist
by

81:»91,
P1:P17

QPISQ = Sl - SQ,
2P£L"P2 Pg

for the scalar and pseudoscalar distribution amplitudes,

V1:V1, 2P£L'V2=V1—V2—V3,
2V = Vs, APzVy=—2Vi+ Vs +Vi+2Vs,
4P.’L’V5=V4—V3,
(2Pz)*Vs = —Vi+Va+ Vo +Va+ Vs — Vs

for the vector distribution amplitudes,

A=A, 2Pr Ay = —A1+ Ay — Az,
2A3 = Az, 4Px Ay = —2A1 — A3 — Ay +2A5,
4P1’A5 =A3—A4
(2P.’L’)2.A6 = — Ao+ A3+ Ay — As + Ag

for the axial-vector distribution amplitudes, and

T =11, 2PxTy =T + 12— 2T3,
27§:T7, 2PZE7Z:T1—T2—2T7,
2PxTs =—-T1+T5+ 2Ty,

(2Px)*Tg = 215 — 2T — 2T + 2T + 2T + 2T%,
4P1§7T7 = T7 — Tg s
(2P2)*Ts = —T1 + To + Ts — T + 2T + 2T

for the tensor distribution amplitudes. The light-cone dis-
tribution amplitudes F' =V;, A;, T;, S;, P; can be repre-
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sented as
F(a;px) = /Dxe_imzixiaiF(xi) ) 9)
with
Dz =dxidaodasd(zs + 2+ 235 —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 V;, A;,
T;, S; and P; 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 V;, A; and T3 are the leading twist-3
distribution amplitudes; the Sy, Py, Vo, V3, As, Az, T5,
T5 and T7 are the twist-4 distribution amplitudes; the S5,
Py, Vy, Vs, Ay, As, Ty, Ts and Ty are the twist-5 distribu-
tion amplitudes; while the twist-6 distribution amplitudes
are the Vg, Ag and Tg. The parameters ¢, ¢9, ¢9, ¢2, €9,

55,¢4,¢57¢37¢3,¢4,¢47¢471/14754,54,¢57¢5,1/15,
v, €5, &8, by, ¢¢ in the light-cone distribution ampli-
tudes V;, A;, T;, S;, P; can be expressed in terms of eight
independent matrix elements of the local operators with
the parameters fn, A1, A2, V4, AY, f& fd and f¥; the
three parameters fyn, A1 and )y are related to the leading
order (or S-wave) contributions of the conformal spin ex-
pansion, and the remaining five parameters V;?, A}, f{, f4
and f{* arerelated 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 z in the coordinate space, finally we
obtain the following results:

ZMI1,(P,q)
1— t2
=#v5(Pz)°N { /dtztz/
y Vl Ay +2T 2V1 — AU 2Ty
(q—t2P)? (q—taP)%

1—to
oM? [ dAx? | dt dt
e [fane [Ca [

X[-Vi4+Vi+Vs+ A1 +As— As
9T, 4+ 2T — 2T + 2T + 2T + ATy

1— t2
—4M2/ dw/ dA/ dtg/
T3—T4+T5+T7+Ts
q TP

1— t2
—|—8M2/ dTT/ d)\/ dtg/

_7_2M2
X q(q_w [Tl—T3—T4+T5+T7+T8]}

+7Z¢vs(Pzqz)N(P)
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1 A 1—to 1
><2M/d)\/dt/ dt; ———

0 1 ’ 0 1(‘1—)\P)4
X {Vi =Vo—=V3— A1 + Ay — A3 42T — 2T3 - 2T%}

3 1 T A 1—to 1

+8M/d7'7'/d)\/dt/ dt) ———

0 1 1 ’ 0 1(‘1—TP)6
X [-Vi+Vo+V3+Vi+ V5
~Vo+A1—Ax+ A3+ Ay — As+ As
—2T1+2T3—|—2T4—2T6+2T7+2T8]} +...; (10)

here the V; = ‘/i(tl,t2, 1 —tl —tg), 14z = Ai(tl,tg, 1 —tl —
tg) and Ti = Ti(tl, tQ, 1-— tl — tg).

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 7(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:

P'zfNN(P){N(P")|d(0 N(P
i1 (g — PP NN PV P 0) #50(0)| ¥
MZ— (g~ P)?
+...
_ Pzfy {ZPZGA( )2+ 557 Zg{} Y5 N (P
- VG
T (11)
We choose the tensor structure 7vs5(Pz)? and 7 ¢vs(Pzqz)
to analyze the axial form-factor G 4 (t = —Q?) and induced
pseudoscalar form-factor G p(t = —Q?) respectively.

The Borel transformation and the continuum states
subtraction can be performed by using the following sub-

stitution rules:
- /1m:p@>
B 0o T s— _P/2

=
:—l??mm*@,

/dx p(z) :/1d_w p(@)
G—aPV  Jo 22 (s PP
_ S0
1 [ldz —2z . plxo)e M
imﬁﬁme“@mW’

Yz p(a)
3 S_P/Z)B

1 b dz —uz
= ——F — B
BHVE. /mo —splae

S0

pzo)e M8 o}
2950(Q2 +x§M2) 2(Q? +x(2)M2)

[:L plao)
dx() ) (Q2 + -’L'(2)M2)

S0
T M2
]e MB’
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)M2 ( )Q2
V(@ + 50— M2) +4M2Q?
—(Q*+s0—M?)
2M?2 -

s=(1-

o —

Finally we obtain the sum rule for the axial form-factor
Ga(t=—Q?) and the induced pseudoscalar form-factor
GP (t = _Qz),

M2
(t)fve B

1—to o 2 o 2
/dt2/ dtlexp{ 0 tz)z\tiMz( t2)Q}
B
A1+2T2

/ dtz /1 to

—ta) M2 + (1 —15)Q?
Xexp{ ( 2) t2]\/:|[—2( 2)Q } [Vlu—Alf—i—QTQU}
B
I()MQ 1=zo S0
s dt —— ¢ |V — AT + 2T
+Q2+x%M2/ 1€Xp M2 1 1 +243

ltg
W/M/%/

2
xexp{ )\Mé )Q }

X[-Vi+Vi+Vs+ A1+ As— A5
—2T1 +2T2—2T3+2T5+2T7+4T8]
2 2 1—to
xgM
Q2+ 2M2/ dtg/ dtlexp{ M2}
X[-Vi+Va+Vs+ A1+ As—As
—2T + 2T — 215+ 2T5 + 2T + 4T5]

B[ o]

o {_TA=TME 4 (1-1)Q?
X
eXp TM2

x [Th —

T3 —Ty+T5+ T7+ 15

21’0M2 1—ta
QQ—i—I(Q)MQ/ d)\/ dtg/ dtl exp

[ T3—T4+T5+T7+Tg

Ll

» —7) M2
xp TM%

x [Q*+ 72 M?] [Ty — T3 — Ty + Ts + T7 + Ty

2M2 0 A 1—to s
+W/ dA/ dtQ/ dtleXp{—M—OQ}

X [Th—T5—Ty+T5+ T7+ 15
2xj

1—to
Q2—|—x(2)M2/ dtg/ dtlexp{—ﬁé}

XTI —T5—Ty+T5+T7+ T3] ;

(13)
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M2
2

Gp(t)fye MB
4M2 1 dA A 1—to
-5 /72/1 dt2/0 dt,

A1 = NM2+(1-1)Q?
X exp {— N2

X[V =Vo—=V3— A1+ Ay — A3+ 2Ty — 215 — 277

4AM? /””0 1=tz S0
+ = dtz/ dtlexp{——}
Q2+ x3M? ME

X [Vi— Vo — Vi — Ay + Ay — Az + 2T — 2T — 2T

L o] w]

1-7)M?+(1—-7)Q?
X exp Y
B

X[-Vi+Vot+Va+Vi+ V-V
4+A; —As+ A3+ Ay — A5+ Ag
—2Ty +2T5+ 2T, — 2T+ 2T7+2T8

8M* T
- T M2/ d)\/ dtg/
xexp{——}[—V1+‘/§+‘/E>,+V4+‘/5
—Vo+ A1 —As+As+ Ay — A5 + A
2T +2T5+ 2T, — 2T+ 217 + 2Tg

274 1— t2
Szg M / d)\/ dtg/
Q?+ziM? dxo Q2+$0
50
XeXp{—M—é}[—Vl-i-VQ-FVs
+Vi+Vs—Ve+ A1 — Ao+ A3+ Ay — As+ Ag
9T\ 4 2Ty + 2Ty — 2T + 2Ty + 2T4] .

(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: Mg, 1.5 GeV? < M]_%, < 2.5 GeV2. In this
range, the Borel parameter Mp 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 G4(t = —Q?) and Gp(t = —Q?) are almost
independent on the Borel parameter My, which we can
see from Figs. 1 and 2 respectively for the central values
of the eight input parameters fy, A1, A2, V¢, A%, f;, fg
and fl.

For simplicity, we choose the standard values for the
threshold parameter sg, so = 2.25 GeV?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 Q? = (2-9 GeV?, z > zo = 0.5-0.8,
the average value (z) = 0.75-0.90, with the intermediate
and large space-like momentum @2, 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 ¢9, ¢2,

¢l 08, €8, €, Y8, Y8, 65, b3, di. B4, Vi, UL &

T T I ; :
04| |
2 2
—n—Q"=3GeV";
03 |- 2_ 2 i
o Q"=4GeV
—_ 9 )
= s Q=5GeV
9 0.2 I— . . - - n n u u —1
0.1 oo O A o 0------ O-mmne- 0=+ TR T j
L A A A YN NN YNERN A
0.0 1 L | L 1 s 1 N 1
1.6 1.8 20 29 24

Fig. 1. The axial form-factor G 4(t) with the parameter Mp
for sp = 2.25 GeV?

1.0 , : : ' . ' . ' |

09 |- 5 ) ]

: —=— Q°=3GeV%
08 2 2 i
S0 Q’=4GeV;
07 2 2 i
a- Q=5GeV".

0.6 |- ]
€ n ™~ n [ ] u u u L L
SRty _

04 |- ]

S— SO O--mmOm O R O---m--- Q---nnne

03 )

02 Ml B B B B B A ,A,,,_Z

0.1 - 1 L 1 \ | | ) .

1.6 1.8 2.2 24

2.0
2 2
M, %(GeV?)
Fig. 2. The induced pseudoscalar form-factor G p(t) with the
parameter My for sg = 2.25 Gev?
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&5, b5, 0, U5, Ui, & &, d, éf are scale depen-
dent and can be calculated with the corresponding QCD
sum rules. They are functions of the eight independent
parameters fy, A1, Ao, Vi&, AY, fi, f¢ and f, and the
three parameters fy, A1 and Ay are related to the lead-
ing order (or S-wave) contributions in the conformal spin
expansion, the remaining five parameters V¢, AY, f&, fd
and fi* 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 y =1 GeV
and neglect the evolution with the energy scale p for sim-
plicity; the values for the eight independent parameters
are taken as fy = (5.3+0.5x1073GeV2, A\ = —(2.7+
0.9x1072GeV2, Ay = (5.1£1.9x 1072 GeV2, V¢ =0.23+
0.03, AY =0.38+0.15, f =0.64+0.2, f§ = 0.1540.06 and
fir=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
Q? — 00, the five parameters related to the light-cone dis-
tribution amplitudes with the P-wave conformal spin take
the asymptotic values f{ = 13—0, fé= %, fi= %, =0
and Vi* = 1.

We perform the operator product expansion in the
light-cone with large Q2 and P’?, and the form-factors
Ga(t=—Q?) and Gp(t = —Q?) make sense at the regions,
for example, Q2 > 2 GeV?, but with low momentum trans-
fers, the operator product expansion is questionable. In
numerical analysis we observe that the axial form-factor
Ga(t = —Q?) is sensitive to the two parameters A\; and
f{, and small variations of the two parameters can lead to
relatively large changes for the values. The induced pseu-
doscalar form-factor Gp(t = —Q?) is sensitive to the four
parameters fx, A1, fil and fi*; small variations of those pa-
rameters, especially \; and f{, 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 A, f{, fx and f}
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 \;, f{, f¢ and f¥, so
refining the three parameters \;, ff and fI is of great
importance. The final numerical values for the axial form-
factor G4(t = —Q?) and the induced pseudoscalar form-
factor Gp(t = —Q?) at the intermediate and large space-
like momentum regions, 2 GeV? < Q2% < 9 GeV?2, are plot-
ted in Figs. 9 and 10 respectively.

From those figures, we can see that the central values of
the axial form-factor G 4(t = —Q?) lie above the results of
the double-pole fitted formulation from the neutrino scat-
tering experiments [2],

ga
R T

(15)
where we take the values g4 = 1.2673, M4 = 1.026, and
neglect the uncertainties for simplicity; at the region
Q? > 4.0 GeV?, the values of the double-pole fitted formu-
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Fig. 3. The axial form-factor G 4 (t) with the parameters M]% =
2.0 GeV? and A1
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Fig. 4. The axial form-factor G 4 (t) with the parameters M3 =
2.0 GeV? and fld

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 = —Q?),
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 Q% — 0o, we present the numerical values
for the axial form-factor G(t = —Q?) and the induced
pseudoscalar form-factor Gp(t = —Q?) with the asymp-
totic light-cone distribution amplitudes in Figs. 11 and 12,

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

—=—f=5.310"GeV"; | |
1.0 X_ O fN=5'8*1 0-3G6V2; —-

= B -3 2 '
oo e | e f=4.8"10°GeV |
| .| g
06 |- O\A ; .
ToNa.
04 | oA -
L 5\@ 4
0.2 |- O \6 N u
| \6\6\6\6\G—gh
0.0 L 1 L 1 L 1 L 1 "
2 3 4 6 7 8 9
2

Fig. 5. The induced pseudoscalar form-factor G p(t) with the
parameters Mf), =2.0GeV? and In

1.8 T T T T T T
1.6 — 4
My 2 2 ]
—n—1,=-2.7"10"GeV
:: L |0 A=361107GeV | |
3&08-_\ e A=1.8107GeV |
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2 3 4 25 2 7 8 9
Q" (GeV’)
Fig. 6. The induced pseudoscalar form-factor Gp(t) with the
parameters Mf), =2.0GeV? and Al

respectively. From Fig. 11, we can see that for the axial
form-factor G 4(t = —Q?) 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 > 10 GeV? the
two curves approach the values of the double-pole fit-

ted formulation Ga(t = —Q?) ~ which is expected

Q4 ’
from the naive power counting rules. From Fig. 12, we can
see that for the induced pseudoscalar form-factor Gp(t =
—Q?), 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
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Fig. 8. The induced pseudoscalar form-factor G p(t) with the
parameters M3 = 2.0 GeVZ and f*

tudes in the P-wave approximation, and at Q2 > 10 GeV?
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
2GeV2 < Q? < 10 GeV?; 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
ag corrections, the distribution amplitudes with additional
valence gluons and quark—antiquark pairs, and improve the
parameters which enter in the LCSRs.
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4 Conclusion

In this work, we calculate the axial and induced pseu-
doscalar form-factors Ga(t = —Q?) and Gp(t = —Q?) of
the nucleons in the framework of the LCSR approach up
to twist-6 three valence quark light-cone distribution am-
plitudes. The form-factors G4 (t = —Q?) and Gp(t = —Q?)
at intermediate and large momentum transfers with Q2 >
2 GeV? have significant contributions from the end-point
(soft) terms. The axial form-factor G4(t = —Q?) is sen-
sitive to the two parameters \; and f{i, and small vari-
ations of the two parameters can lead to relatively large
changes for the values; the induced pseudoscalar form-
factor Gp(t = —Q?) is sensitive to the four parameters fu,
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A1, fiand f#, and small variations of those parameters, es-
pecially A\; and f{, can lead to large changes for the values.
The large uncertainties can impair the predictive ability of
the sum rules; the parameters A, f{, fx and f}* should be
refined to make robust predictions. The numerical values
for the G 4 (t = —Q?) are compatible with the experimental
data and theoretical calculations, for example, the chiral
quark model and lattice QCD. In the limit Q% — oo, the
values for the axial form-factor G4(t = —Q?) 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-
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mulation G4 (t = —Q?) ~ é. The numerical results for the

induced pseudoscalar form-factor Gp(t = —Q?) are com-
patible with the calculation from the Bethe—Salpeter equa-
tion; in the limit Q% — oo, the values of the G4(t = —Q?)
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 oy correc-
tions, the distribution amplitudes with additional valence
gluons and quark—antiquark pairs, and improve the param-
eters which enter in the LCSRs.
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Appendix

We have
Vi (@i, p) = 12012023 [65 (1) + 03 (1) (1 - 3a3)]
Vo (i, ) = 2415 [@9 (1) + 63 (1) (1—5xs)]
Va o) = 1220 {08 () (L -a0) 45 ()
X [m% + a2 —x3(1— 3)]

it (1) (1 — 2 — 1021) } ,
Va (2 1) =3{w§ () (1~ 3)

+v5 (1) 22172 — 23 (1 — 23)]
+bf (0) [1—23—2 (2] +23)] },
( )
)

(
69 (1) + ¢ () (1—23)] ,
(1) +od (1) (1—3ax3)] ;

Vs (2, ) = 63 |
VG (.’L’i, /1‘) [¢g

Aq (zi, 1) = 12021202305 (1) (X2 —21)
As (@i, 1) = 24m12204 (1) (T2 —21)
A

3 (24, n) = 1223 (x2 — 1) { (¢2 (1) + 5 (1)
() (1-2) ),

Ay (i, ) = 3 (22 — 1)

x{—w§<u>+w; (1) s+ (1) <1—2x3>},
As (zi, p) = 623 (12 — 1) D5 (1) ,
Ap (w5, 1) =2 (22— 21) 96 (K) 5
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Ty (zi, p) = 120212273 [¢g (1) +% (65 — ¢§)
< () (1 —3x3>} ,

Ty (2, ) = 24wy 20 [€] (1) + & (1) (1—5a3)]
T (a3, = 62 (& + 08+ 98) () (1)
+ (&g + o —vr) () [27 + 23— 25 (1—a3)]
+ o5 +v1) (1 (1—x3—10x1x2)},

LE“,LL

+ (&

{(@+ragrv9) -
( - (1) 22122 — 23 (1 — z3)]
(&

+ o5 —v5)
+ o8 +97)
Ts (i, p) = 623 [€5 (1) + & (1) (1 —223)] ,

T () =2 |63 ) + 5 (65 —67) () (1=323)|

_3
2
_|_
+

Ty (i, 1) = 6x3{ (&0 + 09 +49) (n) (1 —=3)
&+ o5 —v1) (w
&5+ o5 +97) (u )(1—553—10901%2)}

[xl—l—x2 x3 (1— xg)]

+

Ty (xi, p) = ;{( §5+¢5+¢5)(N) —x3)
_|_
+

+ (-

(-

(=& + 05 —v5) (1) 22122 — 23 (1 — 23)]
(=& +oi +ud) ()

( )

x (1—23—2 (2} +23) }

S1 (i, p) = 6x3 (T2 — 1)

x [(&+ o5+ v)+&f +of +vf) ()
+ (& + 61—y ) (w) (1—2x3)] ,

o (wi,0) = o (e~ 1) [~ (U3 + 63+ €9) (1)

+ (& + 5 —¥9) (1) s

+ (& +oF +40) (1) (1—233)] ,

63 (x2 — 1) [(69 — 03 — ¥ + & — of — o))
x () + (& — 1 +v1) (B) (1—223)] ,

Py (1, ) = 5 (w2 = 21) [(u8 + 48— €) (W)

+ (& — b5 +49) (1) s

+ (&5 —oF —v?) (1) (1 —2w3)] ;

Py (1’1',#) =

2
X
Vi (3) = ﬁ (MCE+ fNCY)
2
X
Vi (z2) = ﬁ (MCY+ fNCY)

C{=—(1—x3) [11+ 13125 — 16923+ 63z

(w) (1 xg—z(xlw))},

—30 f{ (3+ 1123 — 1723+ 723)]
—12 (3—10 f{) Inzs,
Cff = — (1—x3) [1441+ 50525 — 337123 + 340575
— 11043
— 24V} (207 — 3z3 — 36823 + 41223 — 13873) |
—12(73-220 V) Inxs,
Oy = — (1—2)° [13—20f{ + 32>+ 101" (1—322)] ,

Cp = (1—2)" 113 + 49525 — 5522

+10AY (=14 3z2) + 2V (113 — 95125 + 82823) | ;

Af (z3) =0,

2
X
.qu_t (132) = ﬁ (1 —132)3 (AlD&L—FfND}L) y
DY =29 — 4525 — 10f1 (7 — 9z5) — 201 (5 — 625)
D =11+ 45z, + 10V} (1 — 30x5)

—2AY (113 — 951z + 82873) ;

H=0=fn. A= =5+ f)
Q== W=ul=3(r-M)
Iy =AY,
i =1 (-3,
61 =2 (W (1 - 27 —4f}) + fr (247 - 1))
1= On (3-105) — fx (107 -3)) |
Ur =2 (@ TH ) + i (AT H3V-2)
= i(xl(—2+5ff+5ff)+fN(2+5Ag—5vf»,
€ = (4-155) |
j:%)\g(4—15f§);

¢5 =5 (M (ff = f) + v (241 - 1)),

Fe (1) () |

V5 = 3 (n (= 11) + v (2— AT —317D) |

g = g(h( L+2ff+2f1) + fn (54247 —2V)))

_ 5
§5 = _Z)‘Qfga

5
& = %& (2918,
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(A (14 =2/1) + [y (1+44))

(M (L=2ff) + v (4V' = 1)) -

N =N =
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