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Analysis of the coupling constants g, .0 and g, /0

with light-cone QCD sum rules’
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Abstract In this article, we take the point of view that the light scalar meson ao(980) is a conventional qg

state, and calculate the coupling constants g, 0 and g, /-0 With the light-cone QCD sum rules. The central

value of the coupling constant g, ..o is consistent with that extracted from the radiative decay ¢(1020) —

a0(980)y —nn’y. The central value and lower bound of the decay width I ap—nm0 = 127f§§ MeV are compatible
with the experimental data of the total decay width I, (9s0) = (50 —100) MeV from the Particle Data Group
with a very model dependent estimation (the decay width can be much larger), while the upper bound is too

large. We give a possible explanation for the discrepancy between the theoretical calculation and experimental

data.
Key words ao(980), light-cone QCD sum rules
PACS 12.38.Lg, 13.25.Jx, 14.40.Cs

1 Introduction

Light flavor scalar mesons present a remarkable
exception for constituent quark models; the struc-
tures of these mesons have not been unambiguously
determined yet [1-4]. Experimentally, the strong
overlaps with each other and the broad widths (for
the £,(980), a0(980), f,(1710), the widths are rela-
tively narrow) are responsible for the fact that their
spectra cannot be approximated by the Breit-Wigner
formula.

quantum numbers J7¢ =0+ below 2GeV cannot be

The numerous candidates with the same

accommodated in one qq nonet; some are supposed
to be glueballs, molecules and multiquark states [2—
4]. The more elusive things are the constituent struc-
tures of the mesons f;(980) and ay(980) with almost
degenerate masses.

In the naive quark model, a, = (uit —dd)/+/2 and
fo = s8; while in the framework of the tetraquark
models, the mesons f,(980) and ay(980) could ei-
ther be compact objects (i.e. nucleon-like bound
states of quarks with the symbolic quark structures
fy =ss(u@+dd)/+/2 and ag =s5(u@—dd)/v/2 [5, 6]) or
spatially extended objects (i.e. deuteron-like bound
states of hadrons: KK molecules [7, 8]). The hadronic
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dressing mechanism takes the point of view that the
mesons f,(980) and a¢(980) have small qq cores of
typical q4 meson size, strong couplings to the in-
termediate hadronic states (KK) enrich the pure qq
states with other components and spend part (or
most) of their lifetime as virtual KK states [9-11]. In
the hybrid model, these mesons are tetraquark states
(qq)3(qq)s in the S-wave near the center, with some
constituents qq in the P-wave, but further out they
rearrange into (qq);(qq); states and finally as meson-
meson states [2, 4]. All these interpretations have
both outstanding advantages and obvious shortcom-
ings in one way or other.

We can study scalar mesons through their cou-
plings to two pseudoscalar mesons, two-photon de-
cays and radiative decays. The radiative decays
®(1020) — 7°n%y and $(1020) — N7’y have been
the subject of intense investigation [12-18]. From the
invariant 7t°71° and n7t° mass distributions, we can ob-
tain a lot of information about the nature of f,(980)
and a,(980) respectively.

In this article, we take the scalar mesons aq(980)
and f,(980) as the conventional qq states, and calcu-
late the values of the coupling constants g,,n.o and
Gagn’=0 With the light-cone QCD sum rules. The cou-
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pling constant g, n-o is a basic parameter in study-
ing the radiative decay ¢(1020) — a0(980)y — nm’y.
In previous works, the mesons £,(980), a¢(980), Dy,
D.:, By and By, were taken as the conventional qq, cs
and bs states respectively, and the values of the cou-
pling constants gg kK, JagKK; gD.DK> IDy D K> IB.oBK
and gp_, g~k have been calculated using the light-cone
QCD sum rules [19-24]. The large values of the cou-
pling constants support the hadronic dressing mech-
anism. In Ref. [25], the authors study the coupling
constant g, -0 With the interpolating current

1 - _
JS = 7 [y ysu+ dyysd — 257,75 5]

and a complex subtraction procedure is taken due to
the asymmetric Borel parameters M} # M3. In this
article, we study the coupling constants ¢,,n-0 and
Jagn/no together and a simple subtraction procedure
is taken. The decay f,(980) — 77t cannot occur at
the tree level if the scalar meson f,(980) is a pure s§
state. It should have some nii components and the
coupling constant gr,~. has also been calculated with
the light-cone QCD sum rules [26].

The light-cone QCD sum rule approach carries out
the operator product expansion near the light-cone
2% 2~ 0 instead of the short distance z = 0, while the
nonperturbative matrix elements are parameterized
by the light-cone distribution amplitudes instead of
the vacuum condensates [27-31]. The nonperturba-
tive parameters in the light-cone distribution ampli-
tudes are calculated by the conventional QCD sum
rules and the values are universal [32-34].

The article is arranged as follows: in section 2,
we obtain the coupling constants gaonno and gan/mo
with the light-cone QCD sum rules; in section 3 nu-
merical results are given; section 4 is reserved for the

conclusion.

2 Coupling constants g,g,- and
Gaonno With light-cone QCD sum
rules

In the following, we write down the definitions for
the coupling constants g, n-0 and g =,

. . ]2
() = g =14 20,

, . . 2
(aoln 7TO> = agn/n0 :1%97 (1)

where we have used the phenomenological Lagrangian
L = gTr[SPP], the S and P stand for the light nonet
scalar mesons and pseudoscalar mesons respectively.

We study the coupling constants gagnm0 and g n/o0 by
means of the two-point correlation function II,(p,q),

M@@=+WW“MNL®NMW%»(%

where the currents J,(z) and J(z) interpolate the
pseudoscalar mesons 1, 11" and scalar meson aq(980),
respectively; the external 71° meson has the four mo-
mentum p, with p> =m2. One may think that it is
more convenient to take the octet current J3(x) and
singlet current J9(x)

Tu(x) =

() v, y5u(®) + d(2)7,75d(2) — 25(2) 7,758 (2)
\/6 9

J2(x)=

Hn

u(@)yuysu(e) +d(@)ysd(@) +5(2) 7755 (2) )
V3

to interpolate the pseudoscalar mesons n and 1’ re-
spectively. The ss components of the interpolating
currents have no contributions at the level of the
quark-gluon degrees of freedom and the octet current
J3i(z) and singlet current Jj)(z) lead to the same an-
alytical expressions. J,(z) is a linear combination of
the octet current J3(x) and singlet current J)(z); we
choose it to interpolate the mesons 1 and 1’ together,

Ju(x)= \/gJﬁ(a:)—I—%JS(I). (5)

Irrespective of the chosen interpolating current, the
coupling with a,(980)7° takes place through the ut
and dd components of the pseudoscalar mesons 1 and
1’ (not the s§ component) at the level of the quark-
gluon degrees of freedom. Although the coupling con-
stant g,,n/x0 has no direct phenomenological interest,
we take into account the 1" meson to facilitate sub-
tractions of the continuum states and obtain more
reliable QCD sum rules. We will revisit this subject
at the end of this section.

The correlation function I7,(p,q) can be decom-
posed as

I, (p,q) = iIl(p,q)q.+iIls(p,q)py (6)

due to Lorentz covariance. We choose the tensor
structure ¢, and study II(p,q).

According to the basic assumption of the quark-
hadron duality in the QCD sum rules [32-34], we can

insert a complete sets of intermediate hadronic states
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with the same quantum numbers as the current op-
erators J,(z) and J(z) into the correlation function
I1,(p,q) to obtain the hadronic representation. Af-
ter isolating the ground state contributions from the

(017.(0) [n(g+p))

)" (g+p))

pole terms of the mesons 1, " and a,(980), we get the
following result (we present some technical details in
the appendix),

_ o . (0]J.(0 / o
I = S g py—ie O+ e WOl - =
12f,(g+p)u N
V6 [ M2 —(q+p)? —ie] (nfaor >qz_M§0+i€< o(q)|7(0)[0) +

i2fn/(Q+p)u
V3 (M2 —(q+p)* —ie]

(n’laom’)

129 fr fag Ma,

i
¢*— M2 fie

(a0(q)[J(0)[0) +--- =

149 frr fag Ma,

- —+
3 [Mﬁ —(q+p)? —16] [Mfo —q? —16]

where the following definitions for the weak decay
constants have been used,

01,0 (p) = iifgpu,
OO () = 2 (8)

\/g pu )
(017(0)lao(p)) = faoMa, -
We have taken the ideal mixing limit for n and n’
uti+dd —2s§ , uti+dd +ss
G

(ie. =

3 [Mﬁ, —(q+p)? —ie] [Mfo —q? —ie

} (p+Q)u+"'v (7)

neglected the anomaly contribution.

In the following, we briefly outline the opera-
tor product expansion for the correlation function
I1,(p,q) in perturbative QCD theory. The calcula-
tions are performed in the large space-like momentum
regions (¢+p)? < 0 and ¢? < 0, which correspond to
the small light-cone distance z? ~ 0 required by the
validity of the operator product expansion approach.
We write down the propagator of a massive quark in
the external gluon field in the Fock-Schwinger gauge
[35]7

1
A% . ¥+m .
Sij(xlvx2) = IJ (27.[)46 K2 { k2 —m?2 5ij _Jdvgs Gﬁ ('U-Tl + (1 _U)mz)
0
1 K+m 1
gt ]} ¥
Substituting the u and d quark propagators and the | meson and scalar meson are M,, = 0.958 GeV and
corresponding m-meson light-cone distribution ampli- M,, =0.985 GeV respectively,
tudes into the correlation function I71,(p,q) and com- M2
pleting the integrals over the variables = and k, we m ~0.49. (10)

obtain finally an analytical expression. In the calcula-
tion the two-particle and three-particle 7-meson light-
cone distribution amplitudes have been used [36-39].
The explicit expressions are given in the appendix.
The parameters in the light-cone distribution ampli-
tudes are scale dependent and are estimated with the
QCD sum rules [36-39]. In this article, the energy
scale p is chosen to be =1 GeV.

After straightforward calculations we obtain the
final expression of the double Borel transformed cor-
relation function IT at the level of the quark-gluon
degrees of freedom. The masses of the pseudoscalar

There exists an overlapping working window for the

two Borel parameters M? and MZ. Tt is convenient
2 2 2 M12M22

to take the value M7 = M3, M? = JYEESTEL We

introduce the threshold parameter s, and make the

simple replacement,

2 2
_mituod—ug)my 50

_ m3tug(—ug)m? _
—e M2 —e M2

e M2

to subtract the contributions from the high
nances and continuum states [35]. Finally we obtain
the sum rule for the coupling constant g,

reso-
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M2
) oo (55) oo (53]
g = E 3 exp| —— —exp(— )
2fag My | frexp “ +2flexp| — N
M2 M}
S 0=t oo (53 [t
L n +exp| —— mufems | dtB(t) +
S (o) = = oo e Pl =3 f . (t)
0 1—oy 2 _ _
f3ﬂmiJm dauJ dagpan(l— o — g, g, 01) (Ozu—i-ozga2u0) Sag _
0 ug—any g
2my fram J'1 J
—_—r da, ﬂ da®(1—a—48,8,a)+
M? g
2 - 4 17u0 l—ag u
2oy O J“ dauJ" da—i—J J dauJ" da)
M 0 ug—og ug—aQg 0
D(l—a—a,,a,,q)
@ } } ’ (11)
g
where properly,
0 s 5(s
Bloy) = Ay(as)+ AL ()= Vi(ew) = Vi (ay), 7 — J J pacp (51, 32)2( 2) dordsy oo —
— 2 9 Ay 42[ —(p+ Q)][Sz— 2]
Z = m.+uo(l—ug)m?, :
f o(s
wo = —2__ (12) J, ], e e T T
0 M12+M22’ A JAa, [ (p+Q) ][52 ]

and we have taken the isospin limit m, =mq.

In Ref. [25] (also in Refs. [22, 23, 26]), a complex
subtraction procedure is taken due to the asymmetry
Borel parameters, M? # MZ. In the light-cone QCD
sum rules, we often take the technique developed in
Ref. [35] to obtain the spectral densities at the level
of the quark-gluon degrees of freedom,

Y f(w)
Jo A—(g+up)?

[ oo

H: du:

Pacn(s) _
Ja [s—(p+9)?] [S—qQ]dS_

= pQCD(S1782)6(31 )
J'A2 [51—(p—|—q)2] [Sz—q ]dsldSQ, (13)

JA,

where f(u) are functions of the two- particle light-cone
A- q , A stands for the
s—q?

squared masses of the exchanged quarks, A; and A,
are the corresponding thresholds. It works efficiently
in the case where the threshold parameters s{ and sj
differ from each other slightly. If we take the values
5y = 5p=(0.7-0.8) GeV? (in the case that the octet
current J§(x) is chosen to interpolate the n meson,
see Ref. [25]) and s§ = s > M2 ~1 GeV?, the con-
tributions from a,(980) are not taken into account

distribution amplitudes, u =

In the case of non-equal threshold parameters
s9 # s9, we can take sy = max(s?,s3) with s, small
enough to avoid the contaminations from the high
resonances in either of the two channels, or take
so = min(sy,s)) with s, large enough to take into
account the contributions from the ground states in
either of the two channels. We have two choices in
general, which can result in some uncertainties. In
this article, we choose the current J,(x) to interpo-
late both the n and " mesons to overcome the short-
coming, and take into account the contributions from
the 1" meson at the phenomenological side.

3 Numerical results and discussion

The input parameters of the light-cone distribu-
tion amplitudes are taken as A3 = 0.0, f3, = (0.45+
0.15) x 1072 GeV?, w3 = —1.540.7, w, = 0.2+0.1,
a; =0.0, a; =0.28+0.08, a, =0.0, 1, =10.0£3.0 [36—
39], m, =mqg=m,=(5.6£1.6)MeV, f,=0.130 GeV,
my =0.135 GeV, M,, =0.547 GeV, M,;, =0.958 GeV,
M,, =0.985 GeV, f, =1.3f., fy =1.2f, [40], and
fap =(0.21£0.01) GeV [23].

The axial-vector current J,(x) has also non-
vanishing couplings with both the pseudoscalar
mesons 1(1295), 11(1405), n(1475), etc and the axial-
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vector mesons f;(1285), etc. The scalar current
J(x) also has non-vanishing couplings with the scalar
mesons a,(1450), etc. The masses and widths of those
mesons are M, 205y = (1294 £4) GeV, I}1205) =
(5545) GeV; M, 1a0s) = (1409.842.5) GeV, T}y (1405) =
(51.143.4) GeV; M, 1ars) = (147624) GeV, Ty 1a75) =
(87£9) GeV; My, (1285) = (1281.820.6) GV, I}, (1285) =
(24.24+1.1) GeV; M,y (50 = (1474 % 19) GeV and
Ioyasoy = (265 +£13) GeV from the Particle Data
Group [41].

From the experimental data, we can see that
the ag channel permits a larger threshold parame-
ter than that of the n channel. If we take the value
so = max(s),s2 ) = s2 < 1.7 GeV?, the contamina-
tions from the 1(1295) and f,(1285) are included. We
have to take the other choice, s, = min(s), ) ) = s; <
1.6 GeVZ2. It happens to be the ideal choice and re-
produces the mass of aq(980) with the conventional
two-point QCD sum rules for the Borel parameter
M?=(1.0—1.6) GeV>.

In this article, we take the threshold parame-
ter and Borel parameter as s, = (1.4 — 1.6) GeV”
and M? = (1.0 —1.6) GeV” to avoid contaminations

from the high resonances and continuum states as

exp (—]\84—0) =0.2—0.4. In this region, the value of

2

the coupling constant ¢ is rather stable with respect
to a variation of the Borel parameter, see Figs. 1-2.

10
ol m=5.6 MeV
- = = m~=12MeV
&r m,=4.0 MeV
7 L
. 6 T T e -
QO S
%y
N
2 —
1 —
0 | | | | |
1.0 1.1 1.2 1.3 1.4 1.5 1.6
M?*/GeV?
Fig. 1. The coupling constant g as a function

of M? with my as a parameter.

In this article, we take the values of the coeffi-
cients a; of the twist-2 light-cone distribution am-
plitude ¢(u) from the conventional QCD sum rules
[36, 39]. ¢, (u) has been analyzed with the light-cone
QCD sum rules and (non-local condensates) QCD
sum rules and confronted with the high precision
CLEO data on the yy* — n°® transition form-factor
[42-47]. We also study the coupling constants ¢, n=o
and g, -0 With the values a; =0.29 and a4 = —0.21

at 4 = 1 GeV, which are obtained via a one-loop
renormalization group equation for the central values
as = 0.268 and a, = —0.186 at p? = 1.35 GeV? from
the (non-local condensates) QCD sum rules with the
improved model [47].

10
9 r @ central value
8 — — — upper bound
lower bound
7 —
. 6 T T T T e e __
S sr
%y
3 =
2 =
] -
0 | | |
10
9 + (b
8 —
7 —
z 00
O S === -mmm e ______
* 4
3 =
2 —
1 —
0 | | \ | |
1.0 1.1 1.2 1.3 1.4 1.5 1.6
M?/GeV?
Fig. 2. Variation of the coupling constant g

with M?, (a) for mq = (5.6 +1.6) MeV and
(b) for mq=(5.6+0.6) MeV.

In the limit of a large Borel parameter M?, the
coupling constant g takes up the following behavior,

M? deo, (ug)
My Sﬁp(uo)—m . (15)

It is not unexpected that the contributions from the
two-particle twist-3 light-cone distribution amplitude
p(u) are greatly enhanced by the large Borel pa-
rameter M?; large uncertainties of the relevant pa-

g X

rameters presented in the above equations have sig-
nificant impact on the numerical results. The con-
tribution from the two-particle twist-3 ¢, (ug) is zero
due to its symmetry property. If we take the value
m, = mq = mq = (5.6 £1.6) GeV [39],
certainty coming from m, is very large, about (33—
64)%, and the predictive ability is poor, see Fig. 1.
From the Gell-Mann-Oakes-Renner relation, we can
_famn (0.027 £ 0.003) GeV? [36], i.e.
My +Mg

my = (5.6 £0.6) GeV, which may result in a much
smaller uncertainty.

the un-

obtain
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Taking into account all the uncertainties of the in-
put parameters, finally we obtain the numerical val-
ues of the coupling constants, which are shown in
Fig. 2,

g = 3.873% GeV,
Gagnrno = 3.1720 GeV, (16)
gm0 = 44775 GeV,
for mq=(5.6+1.6) GeV and
g =387 % GeV,
Gagnmo = 3.1759 GeV, (17)
Gaon'no = 447575 GeV,

for m, = (5.6+£0.6) GeV. The parameters of the twist-
2 light-cone distribution amplitude ¢, (u) obtained in
Ref. [47] can change the value of the coupling con-
stant slightly, less than 0.1%.

In Table 1, we list some values (not all) of the cou-
pling constant g, -0 from different quark models and
the experimental data. From the table, we see that
the values of the early estimations with the qq model,
tetraquark model and KK molecule model deviate
greatly from the experimental data [52-54], i.e. we
cannot use them to identify the structures of ay(980)
with confidence. Compared with the values extracted
from the radiative decay ¢(1020) — ao(980)y — nn’y
[50-54], the central value of our numerical result is
reasonable and supports the qq model.

Table 1.
ferent quark models and experimental data.

The coupling constant g, -0 from dif-

quark models and experimental data Fagnnd /GeV
qd model [48] 2.03
tetraquark model [48] 4.57
KK molecule model [8, 49] 1.74
SND Collaboration [50, 51] 3.11
KLOE Collaboration [52, 53] 3.0+0.2
KLOE Collaboration [54] 2.840.1
light-cone sum rules (q@ model) [25] 2.6—3.4
this work (q@ model) 3.1f8:?

From the coupling constant g, n~0, we can obtain
the decay width [, _qr0:

2

Faoﬂnno = % = 127t§§2 GeV for
ag
g = 3830 GeV;=127"i MeV for
g = 38711 Gev, (18)

\/[Mazo - (Mn +mﬂ)2} [Mgo - (Mn _mﬂ)z}
2M, '

ag

p:

Compared with the experimental data I, 9s0) = (50—
100) GeV from the Particle Data Group with the very
model dependent estimation (the decay width can be
much larger) [41], the central value and lower bound
of our numerical result I, .0 = 127%5% GeV are rea-
sonable; however, the upper-bound is too large. We
should reduce the uncertainties of the input parame-
ters fs, and m, (the main uncertainties originate
from them) before drawing a definite conclusion.

In this article we take the point of view that the
a0(980) is a scalar qq state. In Ref. [55] the light nonet
scalar mesons are taken as tetraquark states, and the
coupling constants among the light scalar mesons and
pseudoscalar mesons are calculated with the QCD
sum rules. The numerical results indicate that the
values of the coupling constants for the tetraquark
states are always smaller than the corresponding ones
for the q@ states [22, 23].

The predictions listed in Table 1 are obtained
from the phenomenological (potential) quark mod-
els [8, 48, 49], and the resulting coupling constant
g differs greatly from the corresponding ones from
the QCD sum rules [22, 23, 55]. Furthermore, those
predictions also differ significantly from the ones ex-
tracted from the experimental data [50-54]. In this
article, we prefer the values from the QCD sum rules
for consistency, i.e. if the nonet scalar mesons are
tetraquark states, they have much smaller coupling
constant g [22, 23, 55].

The scalar meson a,(980) may have a small qq
kernel of the typical qq meson size.
pling to the nearby KK threshold may result in some
tetraquark components, i.e.
bound state or a deuteron-like bound state. The

Strong cou-
either a nucleon-like

tetraquark components may lead to a smaller decay
width and smear the discrepancy between the (upper
bound of) theoretical calculation and the experimen-
tal data.

4 Conclusion

In this article, we take the point of view that the
scalar meson a,(980) is a conventional qq state and
calculate the coupling constants gajnm0 and gagn/no
with the light-cone QCD sum rules. Although the
coupling constant ¢,,n/-0 has no direct phenomeno-
logical interest, we take into account the 1’ meson
to facilitate subtraction of the continuum states to
obtain a more reliable sum rule. The central value
of the coupling constant g, ,~o is consistent with the
values extracted from the radiative decay ¢(1020) —
a0(980)y —n7%y. The central value and lower bound
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of the decay width I, ;0 = 127755 GeV are com-
patible with the experimental data of the total decay
width I}, 9s0) = (50 — 100) GeV from the Particle
Data Group with a very model dependent estimation
(the decay width can be much larger), while the up-
per bound is too large. The scalar meson ay(980)
may have a small qq kernel of typical qq meson size.

Appendix A

Strong coupling to the nearby KK threshold may re-
sult in some tetraquark components, which can be
a nucleon-like bound state or a deuteron-like bound
state. The tetraquark components may lead to a
smaller decay width and smear the discrepancy be-
tween the theoretical calculation and the experimen-

tal data.

We present some technical details in obtaining the spectral density at the phenomenological side,

d*q

(l7(0)7") = ()| ZJ* la(a))(a(a)|7 (0)|7° (p)) =

(2m)32F

a

d*q , i
Pl [ P e

S 10 [ o Ol [ £l )

d4q
(2m)*

5 |G 0 et wsnyat i@’ o) 37

a

where we have used the completeness relation,

a3q
za: J (2m)32E

> — M2 +ie

la(q))(a(q)]J (0) |7 (p)) =

L (a(q)lJ(0)]0) =

i —
@ —M2+ie
.faMa

2—q?—ie

a

d’q asaq JaMa 9a oM,

la(q))(a(q)| =1,

which corresponds to the normalization condition (a(q)|a(q’)) = (27)*2E6*(G—¢'). The a’s are the intermediate
hadronic states with the same quantum numbers as the current operator J(0), the g, denote the corresponding
coupling constants among the 1, a and 7n°, and (0|J(0)|a(q)) = faM.. In the light-cone QCD sum rules, we
often use the economical form,

i

(n[J(0)|7%) = Z(n(p’)la(q)ﬂo(p»m

a

(@100 =Y

with a suitable definition (n(p’)|a(q)7®(p)) =1ig..
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The light-cone distribution amplitudes of the 7t meson are defined as,

1

(01(0) 175 (x) e(p)) = ifnpuj

0

OaO)insde)in(p) = T2 [ quere, ),

My +maq Jo
2 1
fﬂmw J —iup-x

<O|ﬂ(0)auu’75d(x)|7t(p)> = i(puwu _pl’xu)G(mu‘Fmd) due (po(u)a

0

(0](0)06p Y595 G (v2)d(2)|7(P)) = far { (PuPaGrp — PvPabip) — (PuPpTue — PvPedina) }

J',DaiSOSTr (ai )efip-z(ad +vag) ,

u o«lp — Lo —ip-z(ag+va
(01(0)¥, V5 9 G ap (V1) d() [7e(p)) = p, LB —PBTe p 2 JDai Ay (ap)e™Peleatoas) |

pex
Jnm (pﬁgocu Pagpu JD@ AL 717"“0‘«\*““@) ,

u 3 p‘xx x‘x 71 (o v
(0[(0) 1,95 Gl (v)d ()| e(p)) = p EE—LEES £y JDa Vi (o)ePe(eatvag) 4

frm2(PpGow — PaFpr) JDaiVL(ai)e’”"”(“d*”“g) ,

-1
where Gop = —€apuvG* and Da; = daydasdasd(l —a; —as —az).

The light-cone distribution amplitudes are parameterized as

On(u) = 6u(l—u) {1—|—a101% (2u—1) +a202% (2u—1) —|—a4C4% (2u— 1)} ,

5 ,\ 27 , 81 s
op(u) = 1+ 3On3—§p CZ(2u—1)+14 —3n3w3 — %p —1—Op az p CZ(2u—1),

1 7 3 3
0o(u) = 6u(l—u) {1—1— [5773 — 5w — 2—0p2 — gang] ng (2u— 1)} :

©3n() = 360auado¢§{1—|—)\3( w— Q) tws— (7ozg—3)}

‘/“ (ai) = 120auado¢g (U00+U10(304g— 1)) s
Aj(aw) = 1200, aq05a10(0a — Q)

3
Vi) = —3()042 {hoo(1 —ag) +hoy [og (1 — g ) — 6ar,aa] + hao [ag(l —a)— B (ai—kai)} } ,

1
Al() = 30a§(au—ad) {hoo+h01ag+§h10(5ag—3)},

16 24 20 1 1 7 10
Au) = 6u(l—u)d — 2 e s
(u) = 6ul—u) { 15 T 352 T 20 g+ [ 5716 27 T oy

11 4 3 18
e ggges] O e (- Font 2t

{2u*(10 — 15u+ 6u?) logu + 2u*(10 — 15u+ 6u°) log @i + uii(2+ 13ui)} ,

(1) = 14+ goC2 (2u—1)+:C7 (2u—1),
B(u) = gﬂ(u) - ‘Pﬂ(u) )

: mia? Ty
—iup-x ud —iup-x
due {cpn(u)—i— 16 Au )} 2p J' due B(u),
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where
hoo = voo = — 3
21 9
= — wy — —
Q10 3 TaWy 20 Qg ,
21
V10 = §774W4,
L 7 3
= —MWws——=a
01 4774 17 50%
h ’ +
= —Mwi+—a
10 2774 1T 50%
18 20
g2 = 14+ —ax+60n;+ —n4,
7 3
g4 = —%az — 6nzws, (A3)
1 1 3 3 . Jar My +mg s (my+ma)?
C2 (&), CZ(£), CZ(&) and CZ (§) are Gegenbauer polynomials, 73 = T and p? = ————"
7 m’)‘[ m’)‘[
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