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The form-factors for the transition N�ð1535Þ → N induced by isovector and isoscalar axial currents
within the framework of light cone QCD sum rules by using the most general form of the interpolating
current are calculated. In numerical calculations, we use two sets of values of input parameters. It
is observed that the Q2 dependence of the form-factor GA can be described by the dipole form. Moreover,

the form-factors GðSÞ
P are found to be highly sensitive to the variations in the auxiliary parameter β. The

numerical calculations show that the form factor GðSÞ
T at all values ofQ2 and β for both sets of values of the

parameters are smaller than that one for GðSÞ
A and GðSÞ

S .
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I. INTRODUCTION

Nucleon form-factors are fundamental quantities for
understanding the inner structure of hadrons at low energies.
The electromagnetic form-factors of nucleons are studied in
a wide range of momentum transfer squares (see [1]). The
electromagnetic form-factors within the light cone sum rules
(LCSR) were comprehensively studied in many works (see,
e.g., [2–6]). Unlike the electromagnetic form-factors, those
induced by isovector and isoscalar axial currents are not
measured. Only the nucleon axial charge is experimentally
well determined from the neutron β decay, and the latest
value is gA ¼ 1.2724 [7]. The determination of the axial
form-factors can give very useful information on the flavor
structure and spin content of nucleon resonances. Therefore,
the study of these form-factors receives special attention for
understanding the structure of nucleon resonances.
The LCSR results for the nucleon axial form-factors and

for tensor factors are studied in [8,9] and [10,11], respec-
tively. The axial form-factors of the nucleon within the
holography approach are investigated in [12]. In the lattice
QCD, themomentum-transfer dependence of the axial form-
factor is studied in [13–17]. The study of the momentum
transfer dependence of the axial form-factor is possible only
in pion electroproduction and neutrino-induced charged-
current reactions.

The experiments planned at Jefferson Laboratory
(JLab), MAMI, are aimed to study the properties of baryon
resonances in photo- and electroproduction reactions [18].
Motivated by the prospective experiments at JLab,

MAMI, we aim to study the form-factors for the transition
N�ð1535Þ → N induced by isovector and isoscalar axial
currents in the framework of the LCSR. Note that the
electromagnetic form-factors for the transitionN�ð1535Þ →
N within the LCSR are calculated in [19].
This paper is structured as follows. In Sec. II, we

introduce the relevant correlation function and derive the
LCSR for the form-factors induced by an axial quark
current. Our numerical analysis for axial form-factors for
the transition N�ð1535Þ → N is presented in Sec. III. This
section also contains our discussion and conclusion.

II. SUM RULES FOR THE TRANSITION
N�ð1535Þ → N FORM-FACTORS INDUCED

BY AXIAL CURRENT

In this section, we derive the LSCR for the form-factors
for the transition N�ð1535Þ → N induced by isovector and
isoscalar axial currents. To this end, we introduce the
following vacuum to N�ð1535Þ correlation function:

Πμðp; qÞ ¼ i
Z

d4x eiq·xh0jTfηð0ÞAðSÞ
μ ðxÞgjN�ðpÞi: ð1Þ

In Eq. (1), η is the interpolating current for the nucleon and

AðSÞ
μ is the isovector (isoscalar) axial vector current,

AðSÞ
μ ¼ ūγμγ5u ∓ d̄γμγ5d: ð2Þ

The nucleon interpolating current, in general, can be
written as
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η ¼ 2εabc
X2
l¼1

ðuaTCAl
1d

bÞAl
2u

c; ð3Þ

where a, b, and c are color indices, C is the charge-
conjugation operator, A1

1 ¼ I, A1
2 ¼ γ5, A2

1 ¼ γ5, and
A2
2 ¼ βI. The case β ¼ −1 corresponds to the Ioffe current.
The LCSR for the relevant quantities is obtained by

calculating the correlation function from the hadronic and
QCD sides and then matching the result of the two
representations. From the hadronic side, the result can
be obtained by inserting the total set of the nucleon states
between the nucleon interpolating current and the axial

current AðSÞ
μ , and separating the contribution of the ground-

state nucleon.
The standard procedure for obtaining QCD sum rules is

the calculation of the correlation function from hadronic
and QCD sides. We begin with the calculation of the
hadronic side of the correlation function (1).
Now we will give a few details of this procedure. We

explicitly keep the contribution of the state Nð940Þ in the
hadronic dispersion relation and, according to the quark-
hadron duality ansätz, represent higher states by a
dispersion integral, starting from some threshold, s0.
After separating the contribution from the ground-state

N in the hadronic part, we get

Πμ ¼
h0jηjNihNjAðSÞ

μ jN�i
m2 − p02 þ � � � ; ð4Þ

where � � � denotes the contributions from higher states and
the continuum. The coupling of N to the interpolating
current η, that is, the decay constant or the residue, is
defined as

h0jηjNðpÞi ¼ λNuNðpÞ: ð5Þ
The matrix element of the axial current between N and N�
in terms of three form-factors is given by

hNðp0ÞjAμjN�ðpÞi

¼ ūNðp0Þ
�
γμγ5GAðq2Þ þ

qμ
mN þmN�

γ5GPðq2Þ

þ iσμν
qν

mN þmN�
γ5GTðq2Þ

�
γ5uN� ðpÞ; ð6Þ

where GA, GP, and GT are the axial, induced pseudoscalar,
and induced tensor form-factors, respectively. The matrix
element of the isoscalar axial-vector current between N and
N� is obtained from (6) by replacing Aμ → AS

μ, GA → GS
A,

GP → GS
P, and GT → GS

T . At this point, we would like to
make the following remark. If initial and final state baryons

are the same, the tensor form factors GðSÞ
T vanish as a

consequence of the isospin symmetry and the G-parity
invariance. In our problem, the initial and final states are
different; hence, we need to calculate all the form factors.
Taking into account this fact and putting Eqs. (6) and (5)

into (4) for the hadronic contributions to the correlation
function, we obtain

Πμ ¼
λN

m2
N −p02 ð=p−=qþmNÞ

�
γμðGA −GTÞ

þ qμ
mN þmN�

ðGP −GTÞþ
2pμ

mN þmN�
GT

�
uN� ðpÞþ � � �

ð7Þ

Using the equation of motion, namely =puN� ðpÞ ¼
mN�uN� ðpÞ, in the correlation function from hadronic part,
we get

Πμ ¼
λN

m2
N − p02 fðGA − GTÞððmN −mN� Þγμ þ 2pμ − =qγμÞ

þ ðGP − GTÞqμ
mN� þmN

ðmN� þmN − =qÞ

þ 2GTpμ

mN� þmN
ðmN� þmN − =qÞg þ � � � ð8Þ

where p0 ¼ p − q. From this expression, we see that the
correlator function can be decomposed into the following
Lorentz structures:

Πμðp;qÞ¼Π1pμþΠ2γμþΠ3=qγμþΠ4qμþΠ5qμ=qþΠ6pμ=q:

ð9Þ

Now, let us turn our attention to the calculation of the
correlation function from the QCD side. Forp02; q2 ≪ 0, the
product of the two currents inEq. (1) can be expanded around
the light cone, x2 ∼ 0. The result of the operator-product
expansion (OPE) is obtained by a sum over the distribution
amplitudes (DA’s) ofN�, with an increasing twist multiplied
by their corresponding coefficient functions.
At this point, we would like to present some details of the

calculations. Using the forms of the interpolating current
and axial current given above, we get

ðΠμÞρ ¼
1

2

Z
d4xeiq·x

X2
l¼1

fðCAl
1Þαγ½Al

2Suð−xÞγμγ5�ρβ

þ ðAl
2Þρα½ðCAl

1ÞTSuð−xÞγμγ5�γβ
∓ ðAl

2Þρβ½CAl
1Suð−xÞγμγ5�αγg4εabc

× h0juaαð0ÞubβðxÞdcγð0ÞjN�ðpÞi: ð10Þ

In Eq. (10), the upper (lower) sign in the last line
corresponds to the isovector (isoscalar) axial current, and
SqðxÞ is the light-quark propagator. In calculation, we used
the free quark propagator; i.e.,

SqðxÞ ¼
i=x

2π2x4
: ð11Þ
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The matrix element of the three quarks between the
vacuum and the states N�, defined in terms of the DA’s of
N� with increasing twist, is given in [19]. For the sake of
completeness, we present these DA’s in the Appendix.

Using the explicit expressions of the DA’s of N�,
performing the integration over x, and selecting the
coefficients of the structures =qγμ, =qqμ, and pμ=q in both
representations, we get

−
λN

m2
N − p02 G

ðSÞ
A ¼ ΠðSÞ

3 þmN þmN�

2
ΠðSÞ

6 ;−
λN

m2
N − p02

GðSÞ
P

mN� þmN
¼ ΠðSÞ

5 þ 1

2
ΠðSÞ

6 ;−
λN

m2
N − p02

GðSÞ
T

mN� þmN
¼ 1

2
ΠðSÞ

6 :

ð12Þ

In Eq. (12), ΠðSÞ
5 , ΠðSÞ

3 , and ΠðSÞ
6 are given by

ΠðSÞ
5 ¼ m2

N�

Z
1

0

dx2

�ð1 − βÞN1ðx2Þ þ ð1þ βÞN2ðx2Þ
Δ2ðx2Þ

þ ð1þ βÞN3ðx2Þ
Δ3ðx2Þ

�

∓ m2
N�

Z
1

0

dx3

�ð1 − βÞN4ðx3Þ þ ð1þ βÞN5ðx3Þ
Δ2ðx3Þ

þ ð1þ βÞN6ðx3Þ
Δ3ðx3Þ

�
; ð13Þ

ΠðSÞ
3 ¼ mN�

Z
1

0

dx2

�ð1 − βÞN7ðx2Þ þ ð1þ βÞN8ðx2Þ
Δðx2Þ

þ ð1 − βÞN9ðx2Þ þ ð1þ βÞN10ðx2Þ
Δ2ðx2Þ

�

∓ mN�

Z
1

0

dx3

�ð1 − βÞN11ðx3Þ þ ð1þ βÞN12ðx3Þ
Δðx3Þ

þ ð1 − βÞN13ðx3Þ þ ð1þ βÞN14ðx3Þ
Δ2ðx3Þ

�
; ð14Þ

and

ΠðSÞ
6 ¼

Z
1

0

dx2

�ð1 − βÞN15ðx2Þ
Δðx2Þ

þm2
N�

ð1 − βÞN16ðx2Þ þ ð1þ βÞN17ðx2Þ
Δ2ðx2Þ

þm2
N�

ð1þ βÞN18ðx2Þ
Δ3ðx2Þ

�

∓
Z

1

0

dx3

�ð1 − βÞN19ðx3Þ
Δðx3Þ

þm2
N�

ð1 − βÞN20ðx3Þ þ ð1þ βÞN21ðx3Þ
Δ2ðx3Þ

þm2
N�

ð1þ βÞN22ðx3Þ
Δ3ðx3Þ

�
; ð15Þ

where

N1ðxÞ¼−Ã123ðxÞþ Ã1345ðxÞ−2Ã34ðxÞ− Ṽ123ðxÞþ Ṽ34ðxÞ;
N2ðxÞ¼−P̃12ðxÞþ S̃12ðxÞ−2T̃123ðxÞ−3T̃127ðxÞ

−5T̃158ðxÞ−10T̃78ðxÞþ
2

x
˜̃T234578ðxÞ;

N3ðxÞ¼
2

x
ðQ2þm2

N�x2Þ ˜̃T234578ðxÞ;
N4ðxÞ¼ Ã123ðxÞþ Ã34ðxÞþ Ṽ123ðxÞ− Ṽ34ðxÞ;
N5ðxÞ¼−P̃12ðxÞþ S̃12ðxÞ− T̃127ðxÞ− T̃158ðxÞ

−2T̃78ðxÞþ
2

x
˜̃T234578ðxÞ;

N6ðxÞ¼
2

x
ðQ2þm2

N�x2Þ ˜̃T234578ðxÞ;

N7ðxÞ¼−A3ðxÞþV1ðxÞ−V3ðxÞ−
1

2x
½Ã123ðxÞþ Ṽ123ðxÞ�;

ð16Þ

N8ðxÞ ¼ P1ðxÞ þ S1ðxÞ þ 2T1ðxÞ − 4T7ðxÞ

−
1

2x
½T̃123ðxÞ þ 3T̃127ðxÞ�;

N9ðxÞ ¼ −
1

2x
ðQ2 þm2

N�x2Þ½Ã123ðxÞ þ Ṽ123ðxÞ�

−m2
N� ½ ˜̃A123456ðxÞ − ˜̃V123456ðxÞ�;

N10ðxÞ ¼ −
1

2x
ðQ2 þm2

N�x2Þ½T̃123ðxÞ þ 3T̃127ðxÞ�

þm2
N�

˜̃T234578ðxÞ;

N11ðxÞ ¼
1

2
½A1ðxÞ − V1ðxÞ�;

N12ðxÞ ¼
1

2
½P1ðxÞ þ S1ðxÞ − T1ðxÞ þ 2T7ðxÞ�

þ 1

4x
½T̃123ðxÞ þ T̃127ðxÞ�;

N13ðxÞ ¼ −m2
N� ½ ˜̃A123456ðxÞ þ ˜̃V123456ðxÞ�;
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N14ðxÞ¼
1

4x
ðQ2þm2

N�x2Þ½T̃123ðxÞþT̃127ðxÞ�

þm2
N�

4
˜̃T234578ðxÞ;

N15ðxÞ¼−A1ðxÞ−V1ðxÞ;
N16ðxÞ¼x½Ã123ðxÞ−Ã1345ðxÞþ2Ã34ðxÞþṼ123ðxÞ−Ṽ34ðxÞ�;
N17ðxÞ¼x½P̃12ðxÞ−S̃12ðxÞþ2T̃123ðxÞþ3T̃127ðxÞ

þ5T̃158ðxÞþ10T̃78ðxÞ�−2 ˜̃T234578ðxÞ;
N18ðxÞ¼−2ðQ2þm2

N�x2Þ ˜̃T234578ðxÞ;
N19ðxÞ¼−A1ðxÞþV1ðxÞ;
N20ðxÞ¼x½−Ã123ðxÞ−Ã34ðxÞ−Ṽ123ðxÞþṼ34ðxÞ�;
N21ðxÞ¼x½P̃12ðxÞ−S̃12ðxÞþT̃127ðxÞþT̃158ðxÞ

þ2T̃78ðxÞ�þ2 ˜̃T234578ðxÞ;
N22ðxÞ¼−2ðQ2þm2

N�x2Þ ˜̃T234578ðxÞ; ð17Þ

and

S̃12¼ S̃1− S̃2; P̃12¼ P̃2− P̃1; Ṽ123¼ Ṽ1− Ṽ2− Ṽ3;

Ṽ1345¼−2Ṽ1þ Ṽ3þ Ṽ4þ2Ṽ5; Ṽ34¼ Ṽ4− Ṽ3;

˜̃V123456¼− ˜̃V1þ ˜̃V2þ ˜̃V3þ ˜̃V4þ ˜̃V5− ˜̃V6;

Ã123¼−Ã1þ Ã2− Ã3; Ã1345¼−2Ã1− Ã3− Ã4þ2Ã5;

Ã34¼ Ã3− Ã4;
˜̃A123456¼ ˜̃A1− ˜̃A2þ ˜̃A3þ ˜̃A4− ˜̃A5þ ˜̃A6;

T̃123¼ T̃1þ T̃2−2T̃3; T̃127¼ T̃1− T̃2−2T̃7;

T̃158¼−T̃1þ T̃5þ2T̃8;

˜̃T234578¼2 ˜̃T2−2 ˜̃T3−2 ˜̃T4þ2 ˜̃T5þ2 ˜̃T7þ2 ˜̃T8;

T̃78¼ T̃7− T̃8;

˜̃T125678¼− ˜̃T1þ ˜̃T2þ ˜̃T5− ˜̃T6þ2 ˜̃T7þ2 ˜̃T8: ð18Þ

The generic expressions for the DA’s with and without
tildes are given as

FIG. 1. The dependence of the form-factor GAðQ2Þ on Q2 for
various values of β with the data set LCSR-1.

FIG. 2. The same as Fig. 1, but with the LCSR-2.

T. M. ALIEV, T. BARAKAT, and K. ŞIMŞEK PHYS. REV. D 100, 054030 (2019)

054030-4



Fðx2Þ ¼
Z

1−x2

0

dx1Fðx1; x2;1− x1 − x2Þ;

F̃ðx2Þ ¼
Z

x2

1

dx02

Z
1−x0

2

0

dx1Fðx1; x02;1− x1 − x02Þ;

˜̃Fðx2Þ ¼
Z

x2

1

dx02

Z
x0
2

1

dx002

Z
1−x00

2

0

dx1Fðx1; x002;1− x1 − x002Þ:

ð19Þ

A similar set of expressions holds true when the argument
is x3.
Finally, for the derivation of the sum rules for the

relevant form-factors, we perform a Borel transformation
in the variable −ðq − pÞ2 in order to suppress the con-
tributions from higher states and the continuum and to
enhance the contribution of the ground state. This can be
achieved with the help of the following subtraction rules:

Z
dx

ρðxÞ
ΔðxÞ → −

Z
1

x0

dx
x
ρðxÞe−sðxÞ=M2

;

Z
dx

ρðxÞ
Δ2ðxÞ →

1

M2

Z
1

x0

dx
x2

ρðxÞe−sðxÞ=M2 þ ρðx0Þe−s0=M2

x20m
2
N� þQ2

;

Z
dx

ρðxÞ
Δ3ðxÞ → −

1

2M4

Z
1

x0

dx
x3

ρðxÞe−sðxÞ=M2

−
1

2x0

ρðx0Þe−s0=M2

ðQ2 þ x20mN� ÞM2

þ 1

2

x20e
−s0=M2

Q2 þ x20m
2
N�

d
dx0

�
1

x0

ρðx0Þ
Q2 þ x20m

2
N�

�
:

ð20Þ

In Eq. (20), the denominator on the left-hand side is
defined as

FIG. 3. The same as Fig. 1, but for GS
AðQ2Þ. FIG. 4. The same as Fig. 3, but with LCSR-2.
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ΔðxÞ ≔ ðxp − qÞ2 ¼ xðp − qÞ2 − x̄Q2 − xx̄m2
N� ;

where x̄ ¼ 1 − x. x0 is the solution of sðxÞ ¼ s0, where

sðxÞ ¼ x̄Q2 þ xx̄m2
N�

x
:

III. NUMERICAL ANALYSIS

Having the explicit expressions of the form-factors GðSÞ
A ,

GðSÞ
P , and GðSÞ

T , now we perform the numerical analysis of
the sum rules for them.
The main nonperturbative input ingredients of the LCSR

for the form-factors GðSÞ
A ,GðSÞ

P , andGðSÞ
T are the DA’s of N�.

They are presented in [19]. The values of the parameters
appearing in the DA’s are also given [19]. In numerical
calculations, we use two set of values of parameters, i.e.,
LCSR-1 and LCSR-2.

The sum rules for the form-factors GðSÞ
A , GðSÞ

P , and GðSÞ
T

contain three auxiliary parameters, i.e., the Borel mass
squared, M2, the continuum threshold, s0, and the param-
eter β. The form-factors should be independent of these
parameters. Therefore, the primary aim of any sum rules
analysis is to find the appropriate domains of these
auxiliary parameters for which the form-factors exhibit
good stability to their variations.
The working regions of M2 and s0 are determined from

the standard criterion that the contributions from higher
states and the continuum as well as higher-twist terms
should be suppressed. Our analysis shows that the working
regions of M2 and s0, which satisfy the aforementioned
criterion are 1 GeV2 ≤ M2 ≤ 3 GeV2 and s0 ¼ ð2.25�
0.25Þ GeV2. In [20], the mass and residues of octet baryons
are analyzed, and in the present work, we use the result for
the residue of the nucleon given in the same reference. The
uncertainties of the input parameters and intrinsic uncer-
tainties carried by the LCSR method (namely the factori-
zation scale,M2, higher-twist corrections) can introduce an

FIG. 5. The same as Fig. 1, but for GPðQ2Þ.
FIG. 6. The same as Fig. 5, but with LCSR-2.
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uncertainty about ð15� 5Þ%. Therefore, we expect that the
sum rules for the form-factors work effectively in the
domain,

2 GeV2 ≤ Q2 ≤ 6 GeV2: ð21Þ

Note that the LCSR approach is not dependable for Q2 ≤
1 GeV2. It is because the mass corrections are proportional
to m2

N=Q
2, which becomes very large for Q2 < 1 GeV2,

and hence, the LCSR becomes unreliable.

IV. RESULTS AND DISCUSSION

In Figs. 1–12, we depict the dependence of the form-

factors GðSÞ
A , GðSÞ

P , and GðSÞ
T on Q2 for various values of β in

its working region and at the fixed values ofM2 ¼ 2 GeV2

and s0 ¼ 2.25 GeV2 for two sets of values of input
parameters entering the DA’s.

From the figures, we make the following observations:
(i) The values of GðSÞ

A and GS
T are positive (negative) for

negative (positive) values of β, whereas GP and GS
P

have the same sign as β for both sets of parameters,
LCSR-1 and LCSR-2.

(ii) The moduli of the form-factors GA, GS
A, GP, and GS

P
for the second set of values are larger than those for
the first set of parameters, andGT andGS

T have close
values for both set of parameters.

(iii) The form-factors GP and GS
P are sensitive to the

variations in β when β > 0 for both sets of input
parameters. For example, the values of the form-
factors GP and GS

P at β ¼ 1 are nearly twice as large
as the corresponding values of these form-factors for
other values of β > 0.

(iv) All the form-factors considered display a similar
dependence on Q2 for both sets (LCSR-1 and
LCSR-2) and for all values of β.

FIG. 7. The same as Fig. 1, but for GS
PðQ2Þ. FIG. 8. The same as Fig. 7, but with LCSR-2.
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(v) The moduli of the form factor GP at β > 0 are
approximately twice larger for the β < 0 case for
both set of parameters.

(vi) The values of GT and GS
T for both set of parameters

and any values of β are smaller than the values of the

form-factors GðSÞ
A and GðSÞ

P .
From our results, it follows that the form-factorGAðQ2Þ can
be parametrized by the dipole form,

GAðQ2Þ ¼ gA
ð1þQ2=m2

AÞ2
; ð22Þ

where we tabulated the average of the values of gA and mA
for both parameter sets and for all the values of β that we
considered in Table I. From Table I, it follows that the
values of gA and mA for the LCSR-2 case are slightly larger
than the ones for the LCSR-1 one for β < 0. The magnitude
of gA for the case β > 0 is larger than that for β < 0. Note
that for β ¼ −1 (the case of the Ioffe current), for the values
of gA and mA, we find

gA ¼ 1.20 and mA ¼ 1.61 GeV ð23Þ

for both LCSR-1 and LCSR-2. We observe that the value of
m is practically insensitive to the variations of both positive
and negative values of β.
When the experimental results will be obtained, there

may appear the possibility to compare our predictions with
experimental data.
Finally, we would like to note that our results can be

improved by taking into account radiative corrections and

FIG. 9. The same as Fig. 1, but for GTðQ2Þ. FIG. 10. The same as Fig. 9, but with LCSR-2.

TABLE I. The average values of gA and mA in Eq. (22).

gA mA (GeV)

LCSR-1 LCSR-2 LCSR-1 LCSR-2

β < 0 1.76� 0.40 1.76� 0.40 1.52� 0.06 1.52� 0.06
β > 0 −3.07� 0.27 −3.07� 0.27 1.41� 0.03 1.41� 0.03
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the contributions of four and five particles as well as more
precise determination of the input parameters.

V. CONCLUSION

In the present work, we calculated the N�ð1535Þ → N
transition form-factors induced by isovector and isoscalar
axial currents within the light cone QCD sum rules using
the general form of the interpolating current. In performing
numerical analysis, we used two sets of values of input
parameters. We observed that the form-factor GAðQ2Þ
exhibits the dipole form dependence on Q2, and we find
the values of relevant parameters, namely gA andmA. It was

also observed that GðSÞ
P shows a strong dependence on the

variations of the auxiliary parameter β. The form factorGðSÞ
T

at all values of Q2 and β are smaller than the form factors

GðSÞ
A and GðSÞ

P .
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APPENDIX: N� DISTRIBUTION AMPLITUDES

In this Appendix, we present the N� DA’s, which are
necessary to calculate the Λ → N� transition form-factors.
The DA’s of the N� baryon are defined from the matrix
element h0jϵabcuaαða1xÞdbβða2xÞdcγða3xÞjN�ðpÞi. The gen-
eral decomposition of the nucleon DA’s involve 24 invari-
ant functions that were firstly derived in [21]. Using this
result, the N� DA’s were obtained in [19], and their
expressions are given below,

FIG. 11. The same as Fig. 1, but for GS
TðQ2Þ. FIG. 12. The same as Fig. 11, but with LCSR-2.
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4h0jϵabcuaαða1xÞdbβða2xÞdcγða3xÞjN�ðpÞi
¼ S1mN�CαβN�

γ − S2m2
N�Cαβð=xN�Þγ þ P1mN�ðγ5CÞαβðγ5N�Þγ þ P2m2

N�ðγ5CÞαβðγ5=xN�Þγ
−
�
V1 þ

x2m2
N�

4
VM
1

�
ð=pCÞαβN�

γ þ V2mN� ð=pCÞαβð=xN�Þγ þ V3mN� ðγμCÞαβðγμN�Þγ − V4m2
N� ð=xCÞαβN�

γ

− V5m2
N� ðγμCÞαβðiσμνxνN�Þγ þ V6m3

N�ð=xCÞαβð=xN�Þγ −
�
A1 þ

x2m2
N�

4
AM

1

�
ð=pγ5CÞαβðγN�Þγ

þA2mN� ð=pγ5CÞαβð=xγ5N�Þγ þA3mN� ðγμγ5CÞαβðγμγ5N�Þγ −A4m2
N� ð=xγ5CÞαβðγ5N�Þγ

−A5m2
N� ðγμγ5CÞαβðiσμνxνγ5N�Þγ þA6m3

N� ð=xγ5CÞαβð=xγ5N�Þγ −
�
T 1 þ

x2m2
N�

4
T M

1

�
ðiσμνpνCÞαβðγμN�Þγ

þ T 2mN�ðiσμνxμpνCÞαβN�
γ þ T 3mN�ðσμνCÞαβðσμνN�Þγ þ T 4mN�ðσμνpνCÞαβðσμρxρN�Þγ

− T 5m2
N� ðiσμνxνCÞαβðγμN�Þγ − T 6m2

N� ðiσμνxμpνCÞαβð=xN�Þγ − T 7m2
N� ðσμνCÞαβðσμν=xN�Þγ

þ T 8m3
N�ðσμνxνCÞαβðσμρxρN�Þγ:

The functions labeled with calligraphic letters in the above expression do not possess definite twists, but they can be written
in terms of the N� distribution amplitudes (DA’s) with definite and increasing twists via the scalar product p · x and the
parameters ai, i ¼ 1, 2, 3. The relations between the two sets of DA’s for the N�, and for the scalar, pseudo scalar, vector,
axial-vector, and tensor DA’s for nucleons are

S1 ¼ S1 2ðp · xÞS2 ¼ S1 − S2 P1 ¼ P1 2ðp · xÞP2 ¼ P2 − P1 V1 ¼ V1

2ðp · xÞV2 ¼ V1 − V2 − V3 2V3 ¼ V3 4ðp · xÞV4 ¼ −2V1 þ V3 þ V4 þ 2V5 4ðp · xÞV5 ¼ V4 − V3

4ðp · xÞ2V6 ¼ −V1 þ V2 þ V3 þ V4 þ V5 − V6 A1 ¼ A1 2ðp · xÞA2 ¼ −A1 þ A2 − A3 2A3 ¼ A3

4ðp · xÞA4 ¼ −2A1 − A3 − A4 þ 2A54ðp · xÞA5 ¼ A3 − A4 4ðp · xÞ2A6 ¼ A1 − A2 þ A3 þ A4 − A5 þ A6

T 1 ¼ T1 2ðp · xÞT 2 ¼ T1 þ T2 − 2T3 2T 3 ¼ T7 2ðp · xÞT 4 ¼ T1 − T2 − 2T7

2ðp · xÞT 5 ¼ −T1 þ T5 þ 2T8 4ðp · xÞ2T 6 ¼ 2T2 − 2T3 − 2T4 þ 2T5 þ 2T7 þ 2T8 4ðp · xÞT 7 ¼ T7 − T8

4ðp · xÞ2T 8 ¼ −T1 þ T2 þ T5 − T6 þ 2T7 þ 2T8;

where the terms in x2, VM
1 , A

M
1 , and T M

1 are left aside.
The distribution amplitudes F½aiðp · xÞ� ¼ Si, Pi, Vi, Ai, Ti can be represented as

F½aiðp · xÞ� ¼
Z

dx1dx2dx3δðx1 þ x2 þ x3 − 1Þeip·xΣixiaiFðxiÞ;

where, xi with i ¼ 1, 2, and 3 are longitudinal momentum fractions carried by the participating quarks.
The explicit expressions for the Λ DA’s up to twist 6 are given as Twist–3 DA’s,

V1ðxi; μÞ ¼ 120x1x2x3½ϕ0
3ðμÞ þ ϕþ

3 ðμÞð1 − 3x3Þ�;
A1ðxi; μÞ ¼ 120x1x2x3ðx2 − x1Þϕ−

3 ðμÞ;

T1ðxi; μÞ ¼ 120x1x2x3

�
ϕ0
3ðμÞ −

1

2
ðϕþ

3 − ϕ−
3 ÞðμÞð1 − 3x3Þ

�
:

Twist–4 DA’s,
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V2ðxi; μÞ ¼ 24x1x2½ϕ0
4ðμÞ þ ϕþ

4 ðμÞð1 − 5x3Þ�;
A2ðxi; μÞ ¼ 24x1x2ðx2 − x1Þϕ−

4 ðμÞ;
T2ðxi; μÞ ¼ 24x1x2½ξ04ðμÞ þ ξþ4 ðμÞð1 − 5x3Þ�;
V3ðxi; μÞ ¼ 12x3½ψ0

4ðμÞð1 − x3Þ þ ψþ
4 ðμÞð1 − x3 − 10x1x2Þ þ ψ−

4 ðμÞðx21 þ x22 − x3ð1 − x3ÞÞ�;
A3ðxi; μÞ ¼ 12x3ðx2 − x1Þ½ðψ0

4 þ ψþ
4 ÞðμÞ þ ψ−

4 ðμÞð1 − 2x3Þ�;
T3ðxi; μÞ ¼ 6x3½ðϕ0

4 þ ψ0
4 þ ξ04ÞðμÞð1 − x3Þ þ ðϕþ

4 þ ψþ
4 þ ξþ4 ÞðμÞð1 − x3 − 10x1x2Þ

þ ðϕ−
4 − ψ−

4 þ ξ−4 ÞðμÞðx21 þ x22 − x3ð1 − x3ÞÞ�;
T7ðxi; μÞ ¼ 6x3½ðϕ0

4 þ ψ0
4 − ξ04ÞðμÞð1 − x3Þ þ ðϕþ

4 þ ψþ
4 − ξþ4 ÞðμÞð1 − x3 − 10x1x2Þ

þ ðϕ−
4 − ψ−

4 − ξ−4 ÞðμÞðx21 þ x22 − x3ð1 − x3ÞÞ�;
S1ðxi; μÞ ¼ 6x3ðx2 − x1Þ½ðϕ0

4 þ ψ0
4 þ ξ04 þ ϕþ

4 þ ψþ
4 þ ξþ4 ÞðμÞ þ ðϕ−

4 − ψ−
4 þ ξ−4 ÞðμÞð1 − 2x3Þ�;

P1ðxi; μÞ ¼ 6x3ðx1 − x2Þ½ðϕ0
4 þ ψ0

4 − ξ04 þ ϕþ
4 þ ψþ

4 − ξþ4 ÞðμÞ þ ðϕ−
4 − ψ−

4 − ξ−4 ÞðμÞð1 − 2x3Þ�:

Twist–5 DA’s,

V4ðxi; μÞ ¼ 3½ψ0
5ðμÞð1 − x3Þ þ ψþ

5 ðμÞð1 − x3 − 2ðx21 þ x22ÞÞ þ ψ−
5 ðμÞð2x1x2 − x3ð1 − x3ÞÞ�;

A4ðxi; μÞ ¼ 3ðx2 − x1Þ½−ψ0
5ðμÞ þ ψþ

5 ðμÞð1 − 2x3Þ þ ψ−
5 ðμÞx3�;

T4ðxi; μÞ ¼
3

2
½ðϕ0

5 þ ψ0
5 þ ξ05ÞðμÞð1 − x3Þ þ ðϕþ

5 þ ψþ
5 þ ξþ5 ÞðμÞð1 − x3 − 2ðx21 þ x22ÞÞ

þ ðϕ−
5 − ψ−

5 þ ξ−5 ÞðμÞð2x1x2 − x3ð1 − x3ÞÞ�;

T8ðxi; μÞ ¼
3

2
½ðϕ0

5 þ ψ0
5 − ξ05ÞðμÞð1 − x3Þ þ ðϕþ

5 þ ψþ
5 − ξþ5 ÞðμÞð1 − x3 − 2ðx21 þ x22ÞÞ

þ ðϕ−
5 − ψ−

5 − ξ−5 ÞðμÞð2x1x2 − x3ð1 − x3ÞÞ�;
V5ðxi; μÞ ¼ 6x3½ϕ0

5ðμÞ þ ϕþ
5 ðμÞð1 − 2x3Þ�;

A5ðxi; μÞ ¼ 6x3ðx2 − x1Þϕ−
5 ðμÞ;

T5ðxi; μÞ ¼ 6x3½ξ05ðμÞ þ ξþ5 ðμÞð1 − 2x3Þ�;

S2ðxi; μÞ ¼
3

2
ðx2 − x1Þ½−ðϕ0

5 þ ψ0
5 þ ξ05ÞðμÞ þ ðϕþ

5 þ ψþ
5 þ ξþ5 ÞðμÞð1 − 2x3Þ þ ðϕ−

5 − ψ−
5 þ ξ−5 ÞðμÞx3�;

P2ðxi; μÞ ¼
3

2
ðx2 − x1Þ½−ð−ϕ0

5 − ψ0
5 þ ξ05ÞðμÞ þ ð−ϕþ

5 − ψþ
5 þ ξþ5 ÞðμÞð1 − 2x3Þ þ ð−ϕ−

5 þ ψ−
5 þ ξ−5 ÞðμÞx3�:

Twist-6,

V6ðxi; μÞ ¼ 2½ϕ0
6ðμÞ þ ϕþ

6 ðμÞð1 − 3x3Þ�;
A6ðxi; μÞ ¼ 2ðx2 − x1Þϕ−

6 ;

T6ðxi; μÞ ¼ 2

�
ϕ0
6ðμÞ −

1

2
ðϕþ

6 − ϕ−
6 Þð1 − 3x3Þ

�
:

Finally, the x2 corrections to the corresponding expressions VM
1 , A

M
1 , T

M
1 for the leading twist DA’s V1, A1, and T1 in the

momentum fraction space are given as

VM
1 ðx2Þ ¼

Z1−x2
0

dx1VM
1 ðx1; x2; 1 − x1 − x2Þ ¼

x22
24

½fN�Cu
fðx2Þ þ λN

�
1 Cu

λðx2Þ�;

where
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Cu
fðx2Þ ¼ ð1 − x2Þ3½113þ 495x2 − 552x22 − 10Au

1ð1 − 3x2Þ þ 2Vd
1ð113 − 951x2 þ 828x22Þ�;

Cu
λðx2Þ ¼ −ð1 − x2Þ3½13 − 20fd1 þ 3x2 þ 10fu1ð1 − 3x2Þ�:

The expression for the axial–vector function AMðuÞ
1 ðx2Þ is given as

AMðuÞ
1 ðx2Þ ¼

Z
1−x2

0

dx1AM
1 ðx1; x2; 1 − x1 − x2Þ;

¼ x22
24

ð1 − x2Þ3½fN�Du
fðx2Þ þ λN

�
1 Du

λðx2Þ�;

with

Du
fðx2Þ ¼ 11þ 45x2 − 2Au

1ð113 − 951x2 þ 828x22Þ þ 10Vd
1ð1 − 30x2Þ;

Du
λðx2Þ ¼ 29 − 45x2 − 10fu1ð7 − 9x2Þ − 20fd1ð5 − 6x2Þ:

Similarly, we get for the function T MðuÞ
1 ðx2Þ,

T MðuÞ
1 ðx2Þ ¼

Z
1−x2

0

dx1TM
1 ðx1; x2; 1 − x1 − x2Þ; ¼ x2

48
½fN�Eu

fðx2Þ þ λN
�

1 Eu
λðx2Þ�;

where

Eu
fðx2Þ ¼ −fð1 − x2Þ½3ð439þ 71x2 − 621x22 þ 587x32 − 184x42Þ þ 4Au

1ð1 − x2Þ2ð59 − 483x2 þ 414x22Þ
− 4Vd

1ð1301 − 619x2 − 769x22 þ 1161x32 − 414x42Þ�g − 12ð73 − 220Vd
1Þ ln½x2�;

Eu
λðx2Þ ¼ −fð1 − x2Þ½5 − 211x2 þ 281x22 − 111x32 þ 10ð1þ 61x2 − 83x22 þ 33x32Þfd1

− 40ð1 − x2Þ2ð2 − 3x2Þfu1�g − 12ð3 − 10fd1Þ ln½x2�:

The following functions are encountered to the above amplitudes, and they can be defined in terms of the eight
independent parameters, namely fN�, λ1, λ2, and fu1 , f

d
1 , f

d
2 , A

u
1 , V

d
1:

ϕ0
3 ¼ ϕ0

6 ¼ fN� ϕ0
4 ¼ ϕ0

5 ¼
1

2
ðfN� þ λN

�
1 Þ ξ04 ¼ ξ05 ¼

1

6
λN

�
2 ψ0

4 ¼ ψ0
5 ¼

1

2
ðfN� − λN

�
1 Þ;

ϕ−
3 ¼ 21

2
fN�Au

1; ϕþ
3 ¼ 7

2
fN� ð1 − Vd

1Þ; ϕþ
4 ¼ 1

4
½fN�ð3 − 10Vd

1Þ þ λN
�

1 ð3 − 10fd1Þ�;

ϕ−
4 ¼ −

5

4
½fN�ð1 − 2Au

1Þ − λN
�

1 ð1 − 2fd1 − 4fu1Þ�; ψþ
4 ¼ −

1

4
½fN� ð2þ 5Au

1 − 5Vd
1Þ − λN

�
1 ð2 − 5fd1 − 5fu1Þ�;

ψ−
4 ¼ 5

4
½fN�ð2 − Au

1 − 3Vd
1Þ − λN

�
1 ð2 − 7fd1 þ fu1Þ�; ξþ4 ¼ 1

16
λN

�
2 ð4 − 15fd2Þ; ξ−4 ¼ 5

16
λN

�
2 ð4 − 15fd2Þ;

ϕþ
5 ¼ −

5

6
½fN�ð3þ 4Vd

1Þ − λN
�

1 ð1 − 4fd1Þ�; ϕ−
5 ¼ −

5

3
½fN� ð1 − 2Au

1Þ − λN
�

1 ðfd1 − fu1Þ�;

ψþ
5 ¼ −

5

6
½fN�ð5þ 2Au

1 − 2Vd
1Þ − λN

�
1 ð1 − 2fd1 − 2fu1Þ�; ψ−

5 ¼ 5

3
½fN� ð2 − Au

1 − 3Vd
1Þ þ λN

�
1 ðfd1 − fu1Þ�;

ξþ5 ¼ 5

36
λN

�
2 ð2 − 9fd2Þ; ξ−5 ¼ −

5

4
λN

�
2 fd2; ϕþ

6 ¼ 1

2
½fN� ð1 − 4Vd

1Þ − λN
�

1 ð1 − 2fd1Þ�;

ϕ−
6 ¼ 1

2
½fN�ð1þ 4Ad

1Þ þ λN
�

1 ð1 − 4fd1 − 2fu1Þ�;

where the parameters Au
1 , V

d
1 , f

d
1 , f

u
1 , and fd2 are defined as [19]
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Au
1 ¼ φ10 þ φ11; Vd

1 ¼
1

3
− φ10 þ

1

3
φ11; fu1 ¼

1

10
−
1

6

fN�

λN
�

1

−
3

5
η10 −

1

3
η11;

fd1 ¼
3

10
−
1

6

fN�

λN
�

1

þ 1

5
η10 −

1

3
η11; fd2 ¼

4

15
þ 2

5
ξ10:

The numerical values of the parameters φ10, φ11, φ20, φ21, φ22, η10, η11, and fN�=λN
�

1 , and λN
�

1 =λN1 are presented in Table II
(this Table is taken from [19]; see also [22]).
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