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Perturbative QCD analysis of exclusive J/¢ + 1, production in e* ¢~ annihilation
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We analyze the exclusive charmonium J/¢ + 7. pair production in e*e™ annihilation using the
nonfactorized perturbative QCD and the light-front quark model (LFQM) that goes beyond the peaking
approximation. We effectively include all orders of higher twist terms in the leading order of QCD
coupling constant and compare our nonfactorized analysis with the usual factorized analysis in the
calculation of the cross section. We also calculate the quark distribution amplitudes, the Gegenbauer
moments, and the decay constants for J/i and 7, mesons using our LFQM. Our nonfactorized result
enhances the nonrelativistic QCD result by a factor of 3 ~ 4 at \/s = 10.6 GeV.
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I. INTRODUCTION

It has been known that the exclusive pair production of
heavy meson can be reliably predicted within the frame-
work of perturbative quantum chromodynamics (PQCD),
since the wave function is well constrained by the non-
relativistic consideration [1]. However, the large discrep-
ancy between the theoretical predictions [2—5] based on
the nonrelativistic QCD (NRQCD) [6] factorization ap-
proach and the experimental results [7,8] for the exclusive
J/y + m, production in e*e” annihilation at the energy
/s = 10.6 GeV has triggered the need of better under-
standing both in the available calculational tools and the
appreciable relativistic effects.

A particularly convenient and intuitive framework in
applying PQCD to exclusive processes is based upon the
light-front (LF) Fock-state decomposition of hadronic
state. If the PQCD factorization theorem is applicable,
then the invariant amplitude for exclusive processes fac-
torizes into the convolution of the valence quark distribu-
tion amplitudes (DAs) ¢(x, g>) with the hard scattering
amplitude Ty, which is dominated by one-gluon exchange
diagrams at leading order of QCD coupling constant «;. To
implement the factorization theorem at high momentum
transfer, the hadronic wave function plays an important
role linking between the long distance nonperturbative
QCD and the short distance PQCD. In the LF framework,
the valence quark DA is computed from the valence LF
wave function ¥, (x;, k | ;) of the hadron at equal LF time
7 =t + z/c which is the probability amplitude to find n
constituents (quarks, antiquarks, and gluons) with LF mo-
menta k; = (x;, k| ;) in a hadron. Here, x; and Kk | ; are the
LF longitudinal momentum fraction and the transverse
momenta of the ith constituent in the n-particle Fock-state,
respectively.

The NRQCD factorization approach [2-5] for charmo-
nium production assumes that the constituents are suffi-
ciently nonrelativistic so that the relative motion of valence
quarks can be neglected inside the meson. In this case, the
quark DA becomes the § function, i.e. ¢(x, g%) ~ 8(x —
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1/2) (the so-called peaking approximation). However, the
cross section value [2-5] estimated within the NRQCD
factorization approach in the leading order of a, under-
estimates the experimental data [7,8] by an order of mag-
nitude. In order to reduce the discrepancy between theory
and experiment, the authors in Refs. [9-12] considered a
rather broad quark DA instead of 6-shaped quark DA.
However, as pointed out in Refs. [13,14], if the quark
DA is not an exact 6 function, i.e. K in the soft bound
state LF wave function can play a significant role, the
factorization theorem is no longer applicable. To go be-
yond the peaking approximation, the invariant amplitude
should be expressed in terms of the LF wave function
W(x;, k | ;) rather than the quark DA. In Refs. [13,14], we
discussed the validity issue of peaking approximation for
the heavy pseudoscalar meson pair production processes
such as ete™ — P+ P (P = B, B,, B, D, D,) using the
LF model wave function W(x;k ;) = exp(—M3/B%),
where M, is the invariant mass of the constituent quark
and antiquark defined by M3 = 3";(k% + m?)/x; and B is
the Gaussian parameter. The Gaussian parameter 8 in our
model wave function was found to be related to the trans-

verse momentum via 8 = 1/(ki}. This relation naturally

explains the zero-binding energy limit as the zero trans-
verse momentum, i.e. (M3) = (m; + m,)* and x; = m;/M
for B = 0. We also found that the heavy-quark DA is
sensitive to the value of B and indeed quite different
from the &-type DA according to our light-front quark
model (LFQM) based on the variational principle for the
QCD-motivated Hamiltonian [15,16]. In going beyond the
peaking approximation, we stressed a consistency of the
formulation by keeping the transverse momentum k | both
in the wave function part and the hard scattering part
together before doing any integration in the amplitude.
Similar consideration has also been made in the recent
investigation of the relativistic and bound state effects
[17] not based on the light-front dynamics (LFD) but
including the relativistic effects up to the second order of
the relative quark velocity, i.e. (v?). Such nonfactorized
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analysis should be distinguished from the factorized analy-
sis [9—11] where the transverse momenta are separately
integrated out in the wave function part and in the hard
scattering part. Even if the used LF wave functions lead to
the similar shapes of DAs, it is apparent that the predictions
for the cross sections of heavy meson productions would
be different between the factorized and nonfactorized
analyses.

In this work, we extend our previous works [13,14] of
pseudoscalar meson pair production to the case of pseudo-
scalar and vector meson productions and calculate the
cross section for ete™ — J/i + m, process at leading
order of «; including effectively all orders of higher twist
terms. As noted in [14], our results for the quark DA of J /i
and 7). are quite different from the &-type function. We
find that the nonfactorized form of the form factor enhan-
ces the cross section of NRQCD result by a factor of 3 ~ 4
at /s = 10.6 GeV while it reduces that of the factorized
formulation by 20%. Since the cross section for e"e™ —
J/y + m,. is found to be very sensitive to the behavior of
the end points (x — 0 and 1) in the quark DA, we also
examine the results of the decay constants or equivalently
the Gegenbauer moments of J/¢s and 77, mesons. Since the
perturbative corrections of order « to the production
amplitude has already been obtained [18] increasing the
cross section significantly, it is important to consider the
more accurate assessment of cross section at the leading
order of «aj.

The paper is organized as follows. In Sec. II, we describe
the formulation of our LFQM, which has been quite suc-
cessful in describing the static and nonstatic properties of
the pseudoscalar and vector mesons [15,16]. The formulas
for the quark DA, decay constants, Gegenbauer, and &
(= x; — x,) moments are also given in this section. In
Sec. 111, the transverse momentum dependent hard scatter-
ing amplitude and the form factor for e*e™ — J/¢ + 1,
transition are given in leading order of a. The form factors
both in the factorized and nonfactorized formulations are
explicitly given in this section. We also show in this section
that our peaking approximation (i.e. NRQCD) result co-
incides with the one derived from Ma and Si [10]. In
Sec. IV, we present the numerical results for the decay
constants, quark DAs, Gegenbauer, and ¢ moments for
the J/¢ and 7. mesons and compare them with other
theoretical model predictions in addition to the available
experimental data. The numerical results for the e*e™ —
J/y + m, cross section are obtained and compared with
the data [7,8]. Summary and conclusions follow in Sec. V.
In Appendixes A and B, we summarize our results for the
helicity contributions to the hard scattering amplitudes and
the form factor, respectively.

II. MODEL DESCRIPTION

In our LFQM [15,16], the momentum space light-front
wave function of the ground state pseudoscalar and vector
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mesons is given by
I, JJ,
W0 (i ki1, ) = R)\l}\z(xi’ ki1 )pr(x, ki), (1)

where ¢(x;, k; ) is the radial wave function and Rf\{j\z is
the spin-orbit wave function obtained by the interaction
independent Melosh transformation from the ordinary
equal-time static spin-orbit wave function assigned by
the quantum numbers JP€. The model wave function in
Eq. (1) is represented by the Lorentz-invariant variables,
x; = p/PT,k;L =p;1 — x;P,,and A;, where p!* and A;
are the momenta and the helicities of constituent quarks,
respectively, and P* = (P*,P~,P,) = [P* + P3, (M? +
P3)/P*, P, ]is the momentum of the meson M.

The covariant forms of the spin-orbit wave functions for
pseudoscalar and vector mesons are, respectively, given by

RO — —i(p1, A1) ysv(py, A2)

e V2M, ’ (2)
R — —a(py, MEU,) — E}‘f,poﬂr;’;j)]v(pz, Ay)

MA T ,

V2M,

where €*(J,) is the polarization vectors of the vector
meson, M} = (k3 + m?)/x;x, is the invariant meson
mass square, and Aszf\ﬁ; Rf\ﬁz = 1 for both pseudo-
scalar and vector mesons. Using the four-vectors p;, p,
given in terms of the LF relative momentum variables

(x, k) as

+ _ + + +
Py = x P, P, = %P7,

3)

piL =x P +ky, P21 = P — Kk,

we obtain the explicit forms of spin-orbit wave functions
for pseudoscalar and vector mesons with the longitudinal
[€(0)] and transverse [e(+1)] polarizations as follows:

L/—kE m
00 _—
R, ‘E( - _kR), 4)

L (1-20)M, 2K
R 10 _ 1 [k Morom M T v )
A _GrO=29M, [
My+2m

My+2m

kR xiMy+m
My+2m , (6)

kR
My+2m

k2
1
R 11 :Q m+ s,
Ardy +
C _kazMo m
My+2m

where C = /2x,x,M,. For the radial wave function ¢,
we use the same Gaussian wave function for both pseudo-
scalar and vector mesons

N Soexp(—k/28%), (1)

where S is the variational parameter. When the longitudi-
nal component k. is defined by k., = (x — 1/2)M,, the
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Jacobian of the variable transformation {x, k ,}— k=
(K, k.) is given by dk./dx = M,/(4x,x,). Also, the nor-
malization factor in Eq. (7) is obtained from the total wave
function normalization given by

ko_
f [163

The quark distribution amplitude (DA) of a hadron in our
LFQM can be obtained from the hadronic wave function
by integrating out the transverse momenta of the quarks in
the hadron,

k2 <u? dzkl
d)(x’ ,LL) - [ 16 T 3

10()(x ki, A )\Z)l =1L (8)

1oo(x ki, A M), 9

where w denotes the separation scale between the pertur-
bative and nonperturbative regimes. The dependence on
the scale u is then given by the QCD evolution equation
[19] and can be calculated perturbatively. However, the
distribution amplitudes at a certain low scale can be ob-
tained by the necessary nonperturbative input from LFQM.
The presence of the damping Gaussian factor in our LFQM
allows us to perform the integral up to infinity without loss
of accuracy. The quark DAs for 7, and J/i mesons are
constrained by

! RO
x, u)dx = “He v 10
L .0/ 1) e (10)
where the decay constant is defined as
©Olgy*ysqlne) = if, P*, (1)

for a 1. meson and

©lgy*qlJ/¥(P, h)) = f;/,M;),€"(h),
©lgo* qld/y(P, h)) = if], [e*(h)P, — € (h)P,]

for a J/¢ meson with longitudinal (2 = 0) and transverse
(h = *=1) polarizations, respectively. The constraint of
Eq. (10) must be independent of cutoff w up to corrections
of order A?/u?, where A is some typical hadronic scale
(<1 GeV) [19]. For the nonperturbative valence wave
function given by Eq. (7), we take u ~ m, as an optimal
scale for our LFQM description of J/i and 7,.

The explicit form of the 7. decay constant is given by

[20]
f m A’k
/ f 1673
The decay constants for the longitudinally and transversely
polarized J/¢ meson are given by [20]

f1/¢ [ fdsz drlx, k) _— 2k3
0 1677 2 + k2 M() + 2m ’

(14)

(12)

k2 drlx, k). (13)
m +
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f1/¢ ] fdsz ¢R(X kJ_) |: ki }
167 2 My +2m |
\Jm* + k% 0
15)
respectively. While the constant f;/, is known from the
experiment, the constant fJT/ » 18 not that easily accessible
in experiment but can be estimated theoretically.

We may also redefine the quark DA as @, (;/,)(x) =
(2+6/f (/) ¢ (x) for the normalization given by

1
/;) q)m(J/l/,)(x)dx = 1. (16)

The quark DA ®(x) evolved in the leading order of a;(u)
is usually expanded in Gegenbauer polynomials G/ as

Dx, ) = (I)as(x)[l £ a2 - 1)} (17)

n=1

where ®,,(x) = 6x(1 — x) is the asymptotic DA and the
coefficients a,(u) are Gegenbauer moments [19]. The
Gegenbauer moments with n > 0 describe how much the
DAs deviate from the asymptotic one. In addition to the
Gegenbauer moments, we can also define the expectation
value of the longitudinal momentum, so-called £ moments:

1 N 1
@ = [ deedbie) = [Caxeraw,  as)
where ®(x) = 29 (2x — 1) normalized by (£°) = 1.

The ¢ moments are related to the Gegenbauer moments
as follows (up to n = 6):

1 12 3 8 8
2 :_+ -~ Z A -+
=L g 2,120 64
277 741001 “%2145°

III. HARD CONTRIBUTIONS TO e*e™ — J/¢p + 7,
PROCESS

For the exclusive process
ee” = y'(q) = J/P(Py) + nc(Pp), (20)
the form factor is defined as
(J/y(Py, W)n(Pp)lJEa|O) = €777 €} Py, Pp, F(q?),
21

where €}(Py, h) is the polarization vector of the vector
meson with four momentum Py, and helicity 4. The cross
section can be calculated as

olete” — J/ym, ——IT( >|2( ‘”f>/, (22)

where we neglect the small mass difference between J /s
and ., i.e. My, =~ M;;, =M, .
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J/y

e

FIG. 1. One of the four Feynman diagrams for the amplitude.

At leading order of «, the contribution to the form
factor comes from four Feynman diagrams; one of them
is shown in Fig. 1. To obtain the timelike form factor F(g?)
for the process ete™ — y* — J/¢m., we first calculate
the radiative decay process 1.(P) + y*(g) — J/¢(P') us-
ing the Drell-Yan-West (g™ = ¢° + ¢° = 0) frame

M?%, + q2
J L

2

M
P = <P+’P_j7rf, 0J_>,

qai
g = (035 a1} (23)
where the four momentum transfer is spacelike, i.e. g*> =
q*q~ —q7 = —q7 <0. We then analytically continue
the spacelike form factor F(q?) to the timelike ¢*> >0
region by changing —q? to ¢? in the form factor.

In the calculations of the form factor F(g?), we use the
“+” component of currents and the transverse (h = *1)
polarization for J/¢ given by

1) = 5 (0,24 | 5
€(x1) +\/§<O’ P ,1,—0—1), (24)
where gL = g, — iq,. For the longitudinal (A = 0) polar-
ization, it is hard to extract the form factor since both sides
of Eq. (21) vanish for any ¢? value. In the energy region
where PQCD is applicable, the hadronic matrix element
(J/lJIm,) can be calculated within the leading order
PQCD by means of a homogeneous Bethe-Salpeter (BS)
equation for the meson wave function. Formally, one may
consider a contribution even at lower order without any
gluon exchange as often called Feynman mechanism.
However, we do not need to take this contribution into
account in this work because we are considering the pro-
duction process of heavy mesons that ought to require high
momentum transfer between the primary quark-antiquark
pair production and the secondary quark-antiquark pair
production in order to get the final state heavy mesons.
Since the final bound state wave functions satisfy the BS
type iterative bound state equation, one gluon exchange
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can be generated by iteration from the wave function part
even if the scattering amplitude formally has no gluon
exchange. We thus generate the hard gluon exchange
from the iteration of bound state wave function and con-
sider the leading order PQCD contribution in the frame-
work of LFD. The secondary quark-antiquark pair
production can occur only through the gluon momentum
transfer due to the rational light-front energy-momentum
dispersion relation. The quark-antiquark pair production
from the vacuum is suppressed in the LFD and the absence
of zero-mode contribution can be shown by the direct
power counting method that we presented in our previous
work of weak transition form factors between pseudoscalar
and vector mesons [21]. Taking the perturbative kernel of
the BS equation as a part of hard scattering amplitude T,
one thus obtains

/iInln = 3 [0 DV 1, 0

AA
X Ty Ky q:A A)

where [d*k] = dxd’k | /167 and Ty contains all two-
particle irreducible amplitudes for y* + gg — gg from
the iteration of the LFQM wave function with the BS
kernel. On the other hand, the right-hand-side of Eq. (21)
for the matrix element of J* is obtained as

+

+ _P
J/lIdnIme) ok Fq?). (26)

Here, we set PT = 1 without any loss of generality.
Therefore, we get the form factor as

Fg) = f [P Ndx )T ybrlnky),  @7)

where we combined the spin-orbit wave function into the
original Ty to form a new 7, i.e.

V2
Ty = qTZ'R“Jr/ O 1T K5y 15qu5 4, A7)

A
AN
X RY, (x k). (28)

We should note that the form factor F(g?) has a dimension
[1/GeV] so that the cross section has a dimension of [barn]
where 1 GeV ™2 = 0.39 mb in the natural unit (h = ¢ =
1). Since the measure [d>k] has the dimension of [GeV?]
and our radial wave function ¢ has the dimension of
[1/GeV], the amplitude T, has the dimension of
[1/GeV?3].

The leading order light-front time-ordered diagrams for
the meson form factor are shown in Fig. 2, where the
energy denominators are given by
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FIG. 2. Leading order (in «;) light-front time-ordered diagrams of the hard scattering amplitude for 7n.(P) — y*(q) + J/¢(P')

DR D()
process.
(ky +q ) +m? ki +m
D, =M +q} - — ,
X1 X2
qp +1)>+m?> k% +m?
D2 = M2 + qi - 1 — L
N1 X2
(gLt kg — 1)
Y2 — X2 '
D3 = Dl’
(k; +q ) +m?
D4 = M2 + qi -
X1
gtk — 1) gy — 1)+ m?
X2 = Y2 Y2 ’
Ds = M? — ki +m> (yqu+k; —1;)°
X1 X2 = )2
(gL — 1)+ m?
Y2 '
D6 - D4.
D _Mz_(h —yq ) +m?* ki +m?
. =
Y1 X2
gy tk —1))?
Y2 — X2 '
Dy = M2 — (L — y2q)* +m?
Y1
(= yqy ) +m?
Y2 '
Dg = Ds, D,y = Dy,
Dy = Dy, Dy, = D, (29)

According to the rules of light-front perturbation theory,
the hard scattering amplitude for the diagram A, in Fig. 2 is
given by

o(k;)
= (— oy + +
Ty, ( l)k;DlDzu(kl q)y " u(ky)
X [dmar, Cpi(ly)y*ulky + q)dys) 5(k,)y"v(l,)]
0(kH)
= (=2)(4 i 87
(=2)@dma,Cp) k;DlDzNA" (30)

where Ny = a(l,)y u(k, + q)dus o(ky)y"v(l,) is the
gluon-fermion vertex part with the gauge dependent polar-
ization sum d ,,, for the gluon, C = 4/3 is the color factor,
and the notation u(p) denotes actually u(p)/+/p™ for the
internal fermions in a scattering amplitude. In the Feynman
gauge, the polarization sum d*” equals to g#”. In the light-
front gauge n - A = A" =0,

d =Y

A=12

€, (kg Ne, (kg A)

N kg, + m,(k,),
Kk ’
8

= ~8uv €1V

where k, - € = n - € = 0. Since the gluon propagator has
an instantaneous part [n*n”/(k;)* in the light-front
gauge], we absorb this instantaneous contribution into the
regular propagator by replacing k, by Eg = (y, —
Xy, kg, y2q1 + ki —1;), where k;, =P~ +q —I] —
k5 includes the instantaneous contribution.

Similarly, the hard scattering amplitude for the diagram
A, in Fig. 2 is given by
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o(k;)

T, =(—2)4 Cp)——"—
A, (=2)(@dma; F)k;D3D4

Ny,, (32)
where Ny, has the same form as Ny, but with different
gluon momentum k, = (x; — yp, ko, 1} —y,q; — k).
The diagram A, has also the instantaneous contribution
and absorbs it into k, = P~ + ¢~ —(k; + q)” — [;.

The hard scattering amplitude for the diagram A; in
Fig. 2 is given by

0(k;)

TA3 = (_2)(47Ta\CF) k;D5D6

Ny, (33)

where Ny, has also the same form as N4, or N,. However,
in this case we have just regular gluon propagator with the
four momentum k, = (x, — y5, kg, 1, —y>q; — k) and

ky = k; L/ k; since the diagram does not have the instan-

taneous part.

Likewise, one can obtain the hard scattering amplitudes
corresponding to the diagrams B;.

If one includes the higher twist effects such as intrinsic
transverse momenta and the quark masses, the LF gauge
part proportional to 1/k; leads to a singularity although
the Feynman gauge part g, gives the regular amplitude.
This is due to the gauge-invariant structure of the ampli-
tudes. The covariant derivative D, = d, + igA, makes
both the intrinsic transverse momenta, k | and 1, , and the
transverse gauge degree of freedom gA | be of the same
order, indicating the need of the higher Fock-state contri-
butions to ensure the gauge invariance [22]. However, we
can show that the sum of six diagrams for the LF gauge part
(1 /k; terms) vanishes in the limit that the LF energy
differences A, and A, go to zero, where A, and A, are
given by

2 2
[ VR e Ly VR Y.
. X1Xo O0x
T (34)
A= e e
Y Y1Y2 ?

Details of the proof can be found in our previous work [14].
In this work, we follow the same procedure presented in
Ref. [14] and calculate the higher twist effects in the limit
of A, = A, =0 to avoid the involvement of the higher
Fock-state contributions. Our limit A, = A, =0 (but

(k%)= B # 0) may be considered as a zeroth order
approximation in the expansion of a scattering amplitude.
That is, the scattering amplitude 7T may be expanded in
terms of LF energy difference A as Ty = [Ty4]? +
A[Ty]D + A[T,]? + - -+, where [T5]® corresponds
to the amplitude in the zeroth order of A. This approxima-
tion should be distinguished from the zero-binding (or
peaking) approximation that corresponds to M =

PHYSICAL REVIEW D 76, 094010 (2007)

my + m, and k| = B = 0. The point of this distinction
is to note that [74]® includes the binding energy effect
(i.e. k;, 1} #0) that was neglected in the peaking
approximation.

In zeroth order of A, one can show that the energy
denominators entering in the diagrams A; and B; (i = 1,
2, 3) have the following relations:

D2 + D4 = Dl’ Dz + DS = 0, (35)
D2 + Dg = D7,
where D; = limy 5 —oD; and
D, = —(xq] +2k - qy)/x,
Dy = —(q7 — 211 q1)/y1. (36)

D, = [yl + 531 + 3K}
— 29,00 - qp —yk; cqp +ky 1)
+ (vy = x2)*m?]/ [, (v — x2)]-

As one can see from Egs. (4) and (6), the leading twist
(LT) (i.e. neglecting transverse momenta k | and 1,) he-
licity contributions for n.(P) + y*(g) — J/¢[P', e(+1)]
process come from two leading helicity AH =
[A;/y — Ay | =1 components, i.e. 1|11 and |[|—11 as in
the nonrelativistic spin case, i.e. %(I 1 = 111)) for n,

meson to | {1) for J/¢ meson.

In Table I, we summarize our results for the hard scat-
tering amplitude Ty for these two leading helicity AH = 1
components in zeroth order of binding energy limit. For

instance, S3_, T and $3_, Tg}_'m are obtained as

(11— _ =] 002 — x)
T = —8ma,CpN BERA L
[Z A L—O STETA |:(Y2 - x)D, D,

0(x, — yz)( 1 1 )}
+ +
(Xz - }’2) DD, DsDq

1
_gma.CoNED ’
AT ENA, (2 = x)D D,

(1111 _ (%mﬂh—hm 1
Ty = —87a,CpN
[Z Bi }A—O P, [ (y2 — x2) \D; Dy

1

1 0(xy — y2) }
+ +
D11:D12> (xz - yZ)D9D10

1
_ ) S
SmasCrVi, [()’2 - xz)szs}

(37)

To derive the final results in Eq. (37), we use the following
identities obtained from Egs. (29) and (35):
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TABLE 1.
represents pft) = p +ip .

PHYSICAL REVIEW D 76, 094010 (2007)

Leading helicity contributions to the hard scattering amplitudes, Tgl_'m and T}},T_'m . The momentum variable p&&)

|AH = 1] Ny, = Na, = Ny, LTy (A, =A,=0) Np, = Np, = Np, i T (A, =A,=0)
— 2m(xy =y k=x,y,19)" __ 8ma,Cr (1= 2m(xy =y k=x1y,)" _ _ 8ma,Cp (dl))
” TT fol)’z = (2=x) D1 D, N «’sz}'l.Vz : (y2=x2)D, Dy NBI
2m(xyl—y,k—xpy,q)* 87wa,Cr -1 2m(xy 1=y, k—x,7,9)" _ 8ma,Cr 1—11
”_)TT — 2 xf;])’z = B (0n—0)D, D, "4 — 2 *1Y1)2 2 (v2=x2)D, Dy NBI
1 I 1 D+ Ds quark velocity beyond (v?). We compare our full result
D;D, + DsDs D,D, + DsD, D,D,Ds with the one neglecting the corrections of order @((vi‘}?.
D —D 1 Using Eq. (28), we then obtain the leading helicity
= ! 2 — , (38)  contributions to the hard scattering amplitude combined
DiDu(=Ds) DD, with the spin-orbit wave function in zeroth order of A as
follows
for the diagram A and
[’T ](o) _ QR”T[T(N—*TT)ROO + T(H—»TT)ROO]
1+1_1+1 7 B |
D;Ds DiuDin DDy DD, et B
m .
_ Dot Dy 1 (39) = 2 My, (41)
1 D71D2 Dg lDzDg \/m2 + ki \/l’l’l2 + li

D9@10 a DSDS a DZ@S’

for the diagram B. The above identities lead to 6(y, —
Xz) + G(XZ - yz) = 1lin Eq (37)
By adding all six LF time-ordered diagrams, we obtain

3
(73010 = S0+ 7= @0
=

1

Similarly, one can easily obtain the helicity |T—11 contri-

bution to the hard scattering amplitude, TST_'TT) from
Table 1.

In the numerical calculations for the higher twist con-
tributions, one may keep effectively only the leading order
of higher twist terms such as k3 /q%, I3 /q3, and k -
1, /¢3 due to the fact thatk? < g3 and 1’ < ¢? inlarge
momentum transfer region where PQCD is applicable
[14,23]. As shown in our previous work [14], this can be
done by neglecting the subleading higher twist terms ac-
cordingly both in the energy denominators and the numer-
ators for the hard scattering amplitude 7. This procedure
is very similar to the recent investigation of the relativistic
and bound state effects not based on the LFD but including
the relativistic effects up to the second order of the relative
quark velocity, i.e. (v?) [17]. Indeed, our numerical result
neglecting the higher orders of k% /q7, 13 /q3 and k -
1,/ qi is very close to that presented in Ref. [17] (see
Sec. IV). However, in this work, we include all higher
orders of k% /q7, 13 /4%, and k -1, /q%. This corre-
sponds to keep effectively all higher orders of the relative

where

_ 167ma,Crm
x1X1Y2(y2 — X2)g

1 1
_ + kL R 4+
(Xl)’l szz) q ]<Dl D, szng>
167ra,Crm [xz(xlyl + x2y2)

My s [(xf + x3)iEgR

x1x2)’1)’2(y2 - xz) D, D,
yo(xf + X%)}

7D, D,

(42)

and I"gR =1, - q +ill; X q_|. Accordingly, the lead-
ing helicity contributions to the form factor lead to the
following nonfactorized form

FP = 0. f [Pk b (e, k O[T 510 br(y. 1)
+ Qc(ml A m2)

- 20, j [PH ] —

12
X;[m L

+
[m2 + li M()y + 2m

where Q. = 2/3 is the charge fraction of charm quark in
the unit of e.

In the leading twist (LT) limit neglecting the transverse
momenta, the hard scattering amplitude in Eq. (42) is

(43)
d’R(x, k J.)MH

}bR(y, L),
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reduced to
l167ma,Crm
MG = 275;4[)51(951)’1 + x2y0) + v + x3)1
X1X°Y1Y24
(44)

Then, the form factor in Eq. (43) factorizes into the con-
volution of the nonperturbative valence quark DAs
& y.(1/p)(x, w) with the perturbative hard scattering ampli-
tude MLT:

:]_"LT(qZ) = ZQL '[)1 dx /(;l dyd)'/]l.(x’ /"L)MII:IT(xi’ Vi q2)
X 10 1) s)

where d);/ w(y, ) is the quark DA for the transversely

polarized J/i¢ meson. Furthermore, in nonrelativistic
QCD (NRQCD) limit (i.e. peaking approximation) where
the longitudinal momentum fractions are given by x; =
y; = 1/2 with M,, = 2m,, the quark DAs for both 7, and
J /i mesons become 5-type functions, i.e.

_ Jaww
Doty 1) = %5@ - 1/2), (46)

and the form factor in NRQCD limit is reduced to

fncfl/lﬂ 25677“3(/—")CF
(26)? q'

where the superscript o for the quark DA in Eq. (46) and
the form factor in Eq. (47) represents the NRQCD result.
Our NRQCD result' is exactly the same as that derived
from Ma and Si in Ref. [10] (see Eqgs. (16) and (21) in [10]).

Other subleading helicity contributions to the hard scat-
tering amplitude that show up as next-to-leading order in
transverse momenta are summarized in Tables IV and V of
Appendix A.

Fo(g* =20,

M, 47

IV. NUMERICAL RESULTS

In our numerical calculations, we use our LFQM [15,16]
parameters (m,, B..) obtained from the meson spectros-
copy with the variational principle for the QCD-motivated
effective Hamiltonian. In our LFQM, we have used the
two interaction potentials V5 for 7. and J /i mesons:
(1) Coulomb plus harmonic oscillator (HO) potential, and
(2) Coulomb plus linear confining potential. In addition,
the hyperfine interaction essential for the distinction be-
tween J/i and n,. mesons is included for both cases (1)
and (2), viz.,

1Through the private communication with Jungil Lee and Stan
Brodsky, we have indeed confirmed the agreement between the
NRQCD result and the peaking approximation result of PQCD.

PHYSICAL REVIEW D 76, 094010 (2007)

4o, 327 ay 2 = -
E + 5 WSQ . SQ53(r), (48)

c

VQQ =at Vconf -

where V.. = br? for the HO potential and br for the
linear confining potential, respectively. For the linear con-
fining potential, we use the string tension b = 0.18 GeV?,
which is rather well known from other quark-model analy-
sis commensurate with the Regge phenomenology [24].
The other potential model parameters are then fixed by the
variational principle for the central Hamiltonian with re-
spect to the Gaussian parameter 3. For instance, the model
parameters for the linear confining potential are obtained
as a = —0.724 GeV, m, = 1.8 GeV, and the strong cou-
pling constant a,(u) = 0.313 defined by

127

EERE T ATy O R

a,(u) =

where N = 4 is the number of active flavors (u, d, s, and
c). At scale w =~ m, for charmonium, our value of A =
162 MeV, the scale associated with nonperturbative effects
involving light quarks and gluons, is consistent with the
usual Agep = 200 MeV. Our value of a, = 0.313 is also
quite comparable with other quark-model predictions such
as 0.35, 0.45, 0.30 ~ 0.38, and 0.314 from ISGW2 model
[25], Cornell potential model [26], Bodwin-Kang-Lee
(BKL) model [27] (in next-to-leading order in «,), and
relativistic quark model [17], respectively. Lattice mea-
surements of the heavy-quark potential yield the values
for effective coupling a; of 0.22 in the quenched case and
approximately 0.26 in the unquenched case [28]. The HO
potential model parameters are obtained in a similar way as
in the case of the linear potential. We should note that the
root-mean-square value of the transverse momentum in our

LFQM is equal to the Gaussian S value, i.e. /(K3 ). =
BCC'

In Table II, we summarize our results for decay con-
stants of 1, and J/¢ obtained from our variational pa-
rameters (m, = 1.8 GeV, B, = 0.6509 GeV) for the
linear potential [second column] and (m, = 1.8 GeV,
Bee = 0.6998 GeV) for the HO potential [third column].
Our results for the decay constants f, = 326[354] MeV,
fi1/p = 360[395] MeV, and f;w = 343[375] MeV ob-
tained from the linear [HO] potential parameters are quite

TABLE II. Decay constants [MeV] of n, and J/i obtained
from our variational parameters (m,. = 1.8, 8) [GeV] and com-
pared with the experimental data.

Linear HO HO' Exp.
(B =0.6509) (B = 0.6998) (B = 0.7278)
fa. 326 354 370 335 =75 [29]
Fiw 360 395 416 416 = 6 [30]
f v 343 375 393 ce
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FIG. 3. The leading twist distribution amplitudes ¢(x) for 7.
and J /[, (x) = ¢,/,(x)] obtained from our LFQM compared
with the ones from Bondar-Chernyak model [9] and QCD sum
rules [31].

comparable with the current experimental data, (f7) )exp =
335 =75 MeV [29] and (f;/y)exp = 416 = 6 MeV [30] as
well as other theoretical model calculations such as the
QCD sum rules [31,32] in which the decay constants were
obtained as f, =346 MeV, f,;,, =412 MeV, and
fJT/ o= 409 MeV. As a sensitivity check of our variational

parameters, we include in Table II another Gaussian pa-
rameter (m, = 1.8 GeV, B.. = 0.7278 GeV) to fit the
central value of the experimental J/¢ decay constant.
We denote this as HO' in Table II. In the following nu-
merical calculations, we present all of these three cases
(linear, HO, HO') to show the parameter sensitivity of our
results.

The shape of the quark DA which depends on (m,, B..)
values is important to the calculation of the cross section

PHYSICAL REVIEW D 76, 094010 (2007)

for the heavy meson pair production in e e~ annihilations.
We thus show in Fig. 3 the normalized quark DA for 7, and
J/, b(x) = ¢, (x) = ¢,/,(x) obtained from linear
(dotted line), HO (solid line), and HO’ (dashed line) po-
tentials compared with the ones obtained from Bondar and
Chernyak (BC) [9] (dot-dashed line) and from QCD
sum rules [31] (double-dot—dashed line). As one can see
from Fig. 3, our quark DA ¢ .z(x) obtained at scale u = m,.
practically vanishes in the regions x < 0.1 and x > 0.9
where the motion of c¢ pair is expected to be highly
relativistic. However, our results for quark DA are certainly
wider than the delta function-type (i.e. B.. — 0 limit)
NRQCD results [2—4], which do not take into account
the relative motion of valence quark-antiquark pair. Our
results also show that the shape of quark DA becomes
broader and more enhanced at the end point region (x —
0 or 1) as the Gaussian parameter B (or equivalently
transverse k | size) increases. In comparison with other
theoretical model calculations, we find that our result is
quite consistent with the one obtained from QCD sum rules
[31] at scale w = m, but much narrower than the one
obtained from BC [9]. As will be discussed later, the cross
section for double-charm production is indeed very sensi-
tive to the end point behavior of the quark DA.

In Table III, we list the calculated (£") moments up to
n =6 for the . and J/¢ DAs at scale u =~ m, and
compare with other model estimates. Our central, upper,
and lower values are obtained from HO, HO’, and linear
parameters, respectively. Since the ¢ moments for J/i
meson with the longitudinal polarization are almost the
same as those with the transverse polarization, our results
imply that (£");,, = (&"), = (£")r, which is also con-
firmed by the recent QCD sum rule calculations [31,32].
Furthermore, the ¢ moments between 7, and J/¢ mesons
are not much different from each other as one can see from
Table III. Our results for the ¢ moments are in good
agreement with those obtained from other potential models
[26,33] as well as QCD sum rules [31,32], but disagree
with the predictions obtained from BC [9] and BKL [27]
models. While NRQCD predictions [34] for the second and
fourth moments are in agreement with our model but
disagree for the higher moment (£%). This disagreement
for the moment (£°) may be ascribed to the end point
behavior (i.e. relativistic correction) of quark DA.

TABLE III.  The & moments (¢"),, and (¢");,,, = (¢"), = (£")r for n. and J /4 distribution amplitudes obtained from our LFQM at
the scale w =~ m,. and compared with other model (<§”>n( = (&), /) estimates. Our central, upper, and lower values are obtained from

the HO, HO’, and linear potential parameters, respectively.

Ours Ours Buchmuller Cornell BC BKL NRQCD QCD sum
(&) (&, (EVru Tye model [33] model [26] [9] [27] [34] rules [31,32]
n=2 0.0847304 0.08275:90¢ 0.086 0.084 0.13 0019 0.075 = 0.011 0.070 = 0.007
n=4 0.01773%1 0.016-5:9%2 0.020 0.019 0.040  0.0083  0.010 = 0.003 0.012 = 0.002
n==6 0.00475530%  0.00467590% 0.0066 0.0066 0.018 0.0026 0.0017 = 0.0007  0.0031 = 0.0008
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Within our model calculation, the relative quark velocity

can be obtained from the relation m,v?/2 =~ 24/m?2 + K-
2m, in the center of mass frame, where m, is the reduced
mass. From this relation, we obtain v? =2k} /m2 =
2B%/m?, ie.

(v?)ee = 0.307202 (50)
where the central, upper, and lower values are from the
HO, HO/, and linear potential parameters, respectively.
Using the dimensional regularization at leading order of
a,, the authors in Refs. [31,32] derived the relation be-
tween the relative velocity of quark-antiquark pair inside
the charmonium and the £ moment as (¢"), = (£");/, =
W")/(n+ 1) (n = 2, 4, 6). Applying this formula to our
model calculations, we get the relative v? as (v?); =
0.25%3:9}, where again the central, upper, and lower values
are from the HO, HO/, and linear potential parameters,
respectively. The results obtained from our LFQM and
QCD sum rule methods are not only in an agreement
with each other but also quite consistent with the value
(v?).z = 0.3 used in NRQCD [2,27]. Note that one gets the
quark DA ¢(x) ~ 8(x — 1/2) in the limit v — O while
P (x) ~ Po(x) = 6x(1 — x) as v — 1. As noted in QCD
sum rule calculations [31], the moments (£") are propor-
tional to v" according to the NRQCD wv-scaling rules [6]:
(m.v?)? < (m,v)?> < m2. It is not difficult to see that the
&-moments obtained from our LFQM and QCD sum rules
[31] satisfy these rules. However, as discussed in [31], the
BC moments [9] break the NRQCD wv-scaling rules and the
quark DA obtained from [9] corresponds to the QCD sum
rule result [31] defined at scale p = 10 GeV rather than at
m = m,. In our LFQM calculation, we would overestimate
the experimental values of decay constants for J/i and 7,

25—

PHYSICAL REVIEW D 76, 094010 (2007)

if we were to use the shape of BC distribution to get the
cross section value of double-charm production consistent
with the experimental data. Thus, it seems misleading to
claim that the cross section of et e~ — J/4 + 1.1in [9] led
to a good agreement with the experiment.

The corresponding Gegenbauer moments obtained from
Eq. (19) are given by

anlpe = m) = ~0.339°431
as(pu = m,) = 0.082503, (5D
ag(p = m.) = +0.0027745%,
for 77, meson and
a(p = m,) = —0.34370%,
as(u = m,) = 0.087 5010, (52)

ag(pu =m,) = —0.0015f8;8823,

for J /4 meson, respectively. Since a,, for J/i with longi-
tudinal polarization and a! with transverse polarization are
not much different from each other, we do not distinguish
them in our model calculation.

In Fig. 4, we show s?F(s) for ete™ — J /iy + n, pro-
cess. The left panel of Fig. 4 shows the results obtained
from the central value B = 0.6998 GeV of our model
parameters displaying different (leading and subleading)
helicity contributions. The right panel of Fig. 4 shows the
sensitivity of our model predictions with all helicity con-
tributions when the Gaussian model parameter 8 changes
as shown in Fig. 3. In the left panel, the dotted and short-
dashed lines represent the results obtained from the non-
relativistic peaking approximation F°(s) [Eq. (47)] and
the leading twist (LT) factorized form factor F-T(s)
[Eq. (45)] taking into account the relative motion of va-

[ m=18Gev, B=0.6998GeV

20 -

--== $’F""(s) with leading helicity

-~ 5’F""(s) with leading helicity

SFGs)
S
T

— s’F""(s) with (leading+subleading) helicity

$F(s)

(Leading+Subleading) helicity

s+ =0.6509 GeV. _
— B=0.6998 GeV
—-- B=0.7228 GeV

0 10 20 30 40 50
()" [Gev]

FIG. 4. The form factor s F(s) for e"e™ — J/i + n,. The dotted, short-dashed, long-dashed, and solid line in left panel represent
the peaking, leading twist (LT), higher twist (HT) results with the leading helicity contributions and HT one with all helicity
contributions, respectively. The dot-dashed and double-dot-dashed line represent the dominant subleading contributions. The right
panel represents the HT results including all helicity contributions obtained from linear (dotted line), HO (solid line), and HO’ (dashed

line) model parameters, respectively.
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L L L L L B
[ m=18GeV, P=0.6998 GeV ]

0 S Gy(s) 1

- ,1(5) with leading helicity

w0 = G4y (5) with leading hellicity
, | — Oy with (leading + subleading) helicity

Y | e—e Belle(04)(Lower limit)

| =—= Babar(05)(Lower limit)

o(s)[fb]

40 e e e e e

(Leading+Subleading) helicity

B =0.6509 GeV
— B=0.6998 GeV
-~ B=0.7278 GeV

”
[
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FIG. 5 (color online).

)" 1GeV]

The cross section for et e~ — J/iyn, with leading and subleading helicity contributions using the HO model

parameters (left panel) and with all helicity contributions using the linear, HO, and HO’ model parameters (right panel).

lence quarks, respectively. The long-dashed line represents
the higher twist (HT) nonfactorized form factor JFHT(s)
[Eqg. (43)] obtained by including the transverse momenta
(k 1, 1) both in the wave function and the hard scattering
part. Note that F°(s) (dotted line), F*T(s) (short-dashed
line), and FHT(s) (long-dashed line) are obtained from the
leading helicity contributions. The solid line represents our
full solution [F?ATH:O +an—n(s) including all (leading plus
subleading) helicity contributions summarized in the
Appendix A (Tables IV and V). Among the subleading
helicity contributions, we find that only 17—11 (dot-dashed
line) and (1]—1]) + ({I—!1) (double-dot-dashed line) helic-
ity contributions give a sizeable effects and other sublead-
ing helicity contributions are negligible. As shown in
Fig. 4, we find that while SQT(HATH=0+AH=1)(S) is about 2
times larger than s F°(s) but 10% smaller than s> FT(s)
at /s = 10.6 GeV. It is also interesting to note that our
szf&TH:OMH:l)(s) takes over s2FLT(s) for /s =
13 GeV region, although s> FHT(s) with leading helicity
components approaches to s> F-T(s) as s — 0. As one can
see from Fig. 4, the form factor obtained from our calcu-
lation shows F(s) ~ s~2 as s — oo which is the expected
QCD scaling behavior [10,35-39] for the transition form
factor between pseudoscalar (0~ ) and vector (1~7)
mesons.

In Fig. 5, we show leading order in «; contribution to the
cross section for ete™ — J/i¢ + n,. The left panel of
Fig. 5 shows the results with leading and subleading he-
licity contributions using the HO model parameters. The
right panel of Fig. 5 shows the sensitivity of our model
predictions with all helicity contributions when the
Gaussian model parameter 8 changes as shown in Figs. 3
and 4. The line codes are the same as in Fig. 4. As one can
see from the left panel of Fig. 5, our peaking approxima-
tion result (dotted line) is consistent with the previous
NRQCD estimates in Refs. [2—4], which is an order of
magnitude smaller than the experimental data [7,8]. We

should note from the left panel of Fig. 5 that our higher
twist result (solid line) including all helicity contributions
enhances the peaking approximation result by a factor of
3 ~4at /s = 10.6 GeV while it reduces that of the lead-
ing twist result by 20%. As discussed in Sec. III, our higher
twist results (o) include all orders of k7 /q3, 13 /43,
andk; -1,/ q2l to keep effectively all higher orders of the
relative quark velocity beyond (v?). If we keep only the
leading order of these terms (k% /q7, 13 /4%, and k -
1,/ qi), our results would correspond to include the rela-
tivistic effects up to the order of (v?) [17]. Our predictions
for the cross section at /s = 10.6 GeV obtained from
peaking approximation (o), leading twist (op1), and
higher twist (oyr) are given by

os(J/p + m,) = 234703
our(J/¥ + m.) = 1057535

o \MIZOFAI=N (7 /g 4+ ) = 8767161

[1b],
[fb],
[1b],

(53)

where the central, upper, and lower values are obtained
from HO, HO/, and linear potential parameters, respec-
tively. Our prediction of a'g_IATIL’{:OJrMI:D(J/:,Z/wL n,) Te-
duces by about 10% from the value in Eq. (53) to
7.68112¢ [fb] when we keep only the leading order of
k3/q7. 15 /q7, and k| -1, /g% . It is interesting to note
that our reduced value 7.68*12¢ [fb] is indeed very close to
the result 7.8 [fb] obtained in the recent investigation
including the relativistic effects up to (v?) [17].

As a sensitivity check, we show in Fig. 6 the parameter
(m,., B) dependence of the cross section for ete™ —
J/y + m,. using the nonfactorized higher twist form factor
with all helicity contributions. We also show in Fig. 6 the
decay constants corresponding to the end point mass val-
ues, m, = 1.4 GeV and 1.8 GeV. The cross section in-
creases as B(m,) increases (decreases). As one can also
see from Fig. 6, the cross section is more sensitive to the

094010-11



HO-MEOYNG CHOI AND CHUENG-RYONG JI

16 L ‘ L ‘ L ‘ T T T ‘ T T 1T ‘ L
2
[ s=(10.6 GeV) e B=0.6509 GeV ]
- = (=0.6998 GeV B
4= f,,=409 MeV + B=0.7228 GeV ]
[ | f,=43Mev ERp— 1
3 f =374 MeV =270 ME g
12— e £, =416 MeV | —|
L . v ]
L . f =370MeV | -
L . e 4
*

L . ]
10 — ] —
~— = n -

2 L f =360 MeV " ]

= n, [ ]

Z | fe422MeV = b
T Cola" f =354 MeV | ]
£ 8 |f,,=391MeV e n
g L v £,=395MeV |
=3 v
i r T 4
gb L ° . £, =375Mev | ]

e | f=334Mev ° o o a
L[ Dy =386 MeV [,=326MeV | -
= T c —
L | fay=300MeV f,,=360 MeV | ]

4 — —
L £, =343 MeV | -

Y
2 — —
0 C ) I I | l ) - l ) - l ) - l ) I I | l ) I T | ]
1.3 1.4 1.5 1.6 1.7 1.8

m [GeV]

FIG. 6 (color online). The parameter (m,., 8) dependence of
the cross section for ete™ — J/if + 7.

variation of the Gaussian parameter than to the variation of
the charm quark mass.
The experimental results are

o(J/y + n.) X B[=2] = (25.6 = 2.8 * 3.4) [fb],
(54)
by Belle [7] (filled circle in Fig. 5) and
a(J/ + n.) X BT[=2] = (17.6 = 2.8713) [fb], (55)

by BABAR [8] (filled square in Fig. 5), where B7<[= 2] is
the branching fraction for 7, decay into at least two
charged particles. Considering an enhancement by the
factor of 1.8 from the corrections of next-to-leading
order (NLO) of «; [18], it might be conceivable to raise
our leading « order result a’ﬁfTHZMAH:l)(] /¥ + 7n.) in
Eq. (53) by this factor and get a value close to the above
BABAR data. However, it would be necessary to make
detailed NLO investigation within the LF PQCD frame-
work before we can make any firm conclusion.

V. SUMMARY AND CONCLUSION

We investigated the transverse momentum effect on the
exclusive charmonium J /¢ + 7, pair production in e e~
annihilation using the nonfactorized PQCD and LFQM
that goes beyond the peaking approximation.

Our LFQM calculation based on the variational principle
for the QCD-motivated Hamiltonian [15,16] shows that the

PHYSICAL REVIEW D 76, 094010 (2007)

quark DAs for J/¢ and 7, take substantially broad shape
which is quite different from the §-type DA. If the quark
DA is not an exact & function, i.e. the relative motion of
valence quarks can play a significant role, the factorization
theorem is no longer applicable. In going beyond the
peaking approximation, we stressed a consistency by keep-
ing the transverse momentum k | both in the wave function
part and the hard scattering part simultaneously before
doing any integration in the amplitude. Such nonfactorized
analysis should be distinguished from the factorized analy-
sis where the transverse momenta are separately integrated
out in the wave function part and in the hard scattering part.
Even if the used LF wave functions lead to the similar
shapes of DAs, predictions for the cross sections of double-
charm productions are apparently different between the
factorized and nonfactorized analyses. We found that the
higher twist contributions including all helicity contribu-
tions enhanced NRQCD result by a factor of 3 ~ 4 at \/s =
10.6 GeV while it reduced that of the leading twist result
by 20%. We also found that the cross section for e"e™ —
J/ym,. process at /s = 10.6 GeV is more sensitive to the
variation of the Gaussian parameter than to that of the
charm quark mass. Our results showed that the cross
section increases as B(m,) increases (decreases).

In conclusion, LFQM/PQCD analysis showed that the
relativistic correction (i.e. nondelta function) of the light-
front wave function is very important to understand the
large discrepancy between the NRQCD result and the
experimental data given by Eqs. (54) and (55). While there
have been considerations of broadening the quark DA to
reduce the discrepancy between the theory at the leading
order of a, and the experimental results [9-11], a recent
calculation of corrections of NLO of «; leads to an en-
hancement of the theoretical prediction by the factor about
1.8 [18]. This factor may enhance our result in the leading
order of «a; to fit the current experimental results. However,
more detailed investigation is necessary prior to any firm
conclusion on this issue.
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APPENDIX A: HELICITY CONTRIBUTIONS TO
THE HARD SCATTERING AMPLITUDE

In this appendix, we summarize the helicity contribu-

tions (Ay, A) — (A}, A}) to the hard scattering amplitude

Tgly)\z)_’(/\lp)‘lz) for the 1,.(P) — y*(q) + J/y(P') process.

In Tables IV and V, we summarize our results for the
helicity contributions to the hard scattering amplitudes T4

094010-12
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TABLE IV. Helicity contributions to the hard scattering amplitude 74 in Fig. 2.

|AH| Helicities Ny, Ny, Ny, >iTa (A, =0)
=1l Pay +iQ, Pay + 0, Py + 0, - [%*1;? =
el Pai = iQ4 — 04 —iQ, ~ g B + 5]

0 =11 _ 2m2(y;];3 ?3;2*«\’2) N/&T}l—*lT) Ni‘Tll—dT) _ (yfzz gFDZ N U=
-1l _ 2n12(y;];;3(y§2—x2) N/({l}l—»ll) NSIT_'”) (MSZ?) ZC)F’D7 N( 1—1l)
il Fai + Gy Frp + Gy Fas + Gy ~ kD, * o)
L=l ~iGy ~iGy -G, SEL NG
-1t 2M(xll;;'; l;Xz,v;q)L N/&Tll—»ﬂ) N/(Jll_'m (}287;1) grDz Ngll—'TT)
=1l R N Ny o mace A
=1t _ 2m(xz1;f;1]<;2xzyzq)L N/(%l]ﬁﬂ) Ni,llT_'m (}287;:) g@z Allhn)

1 [/ _ 2m(x,l; i')lyllc;zmlq)“ N/&l}—*ll) NgllT—dl) _ (VZSZ?) ngZ (=1
-1l _ 2m(x11;fjv12c;2xz)’1(l)k N/(J]Pn) Nng—»N) (}287;?) ZC)FZ% Nmau)
=1l _ 2m(le;,:'iI;;xz>'zq)L N/(xllHl) Nﬁll_’”) _ (Mszg gFDZ (u—.u)
M1t R Pl N - e (=
U=l el i nrar N N - bl N(u—»m

2 M=l 0 0 0 0
U=1 0 0 0 0

TABLE V. Helicity contributions to the hard scattering amplitude 7’z in Fig. 2.

|AH| Helicities Ny, Nj, Np, S5, (A, =A, =0)
=1l Py + Qg Py + iQp Py + iQp — s S + ey
it} Pp —iQp Ppy —i0p Pps —i0p z(;vza_xc; [Pfﬂ)% (yz_,%z)ps]

0 =11 _ 2m2(y;;:;?§v;ﬂ(z) Ngf—*ﬂ) Ng]l—*lT) (y281;;1) IC);Dg N(Tl—*lT)
111l _ 2m2(y; 1;3 ?%z—xz) Ngy—'ﬂ) Ng]l—»m (\287;; IC>§D8 N(ll—»Il)
-1 Fg + iGy Fp, + iGy Fps + iGy — TS [ + =)
=l Fg — iGg Fg, — iGg Fp3 — iGy - e P+ o5
-1 2m(x|l;i'}lvll<yfleyzq)L Ngf—*ﬁ) Ng}—ﬂ) @f’lf) IC)ZDS N(Tl—*TT)
=1 2m(le;7v;f;2xzy2q)R Ngf—'ll) N(Tl—’ll) (\287;; IC>§ B g{—dl)
I1—11 _ 2n1(le—XIy;11€y—2J€z)’zq)L N(lT—*TT) Ngl]—ﬂ) -5 8_7;; ngDg N(H—*TT)

1 1=l _ zm(X]l;Z)lfy;Myzq)R N(lT—*ll) Nl(glli—'ll) (MSZ; ICJZDS N(H—'U)
-1l _ 2m(x,l—xg Izcy—le)’zq)R NE;TT—%) N%T]—*Il) -5 iizj) lgng N(ﬁ—*ﬂ)
=1l _ 2M(le;,:§fyflJCzyzq)L N(ll—*Tl) Ng}l—*ﬂ) (yzgz?) ICJZDS N(U—*Tl)
=11 2m(le—)cfviic;x2y2q)k Ng?—’lT) Ng]l_)m (\287;;1) g;Dg N(TI—’lT)
-1t 2m(x|l;f')lclz<yfle.qu)L NE; f—*lT) Ngl]l—dT) (yZSZj) IC)ng N(u—>lT)

2 M=l 0 0 0 0
U-11 0 0 0 0
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and Ty for the diagrams in Fig. 2, where

-2
Py = m[x%yw’z(ﬁ_ + x5 + ki + oy + xy)dL s qr) + 2xy (kg - qy)
2 2
+ (yr + xy)(m? + ky 1)+ ———[D, + Dy] = Py + ————[D, + D],
(x; —y1) (x; = y1)
2 2
Py =Py + ———[Dy + D4} Py3 =Py + ———=I[D; = Dy]
(x; = y1) (1 —y1)
2
Oy = ———— [y =)L X qul = 29320k L X qul + (ys + xy)lky X 1L0]
X1X2¥1Y2
-2 2
Fp=———[ky "1} +x( - q1) + (x;y; + xoy)m*] + ————[D, + Dy] (A1)
X1X2Y1)2 (x; = 1)
2
=Fy+ ———I[D, + Dy},
(x; = y1)
2 2
FA2=FA+(f[D2+D4]r Fp3=Fy+ ———[Dy — D4}
X1 — 1) (xy =)
2
Gy = ———[Rxyyyalky Xqul = xlly Xqp |+ (1= 2x9) [k X1 [],
X1X2Y1)2
for the diagrams A; and
-2
Ppy = ———[xixp3q] + x1005 + yiyakd — yaleyy + o) (kg - qy) — 2xxy,(1 - qy)
X1X2Y1Y2
2
+ (xy1 + xy2)(m? + kg - 1)]+ ———[Dy + D;] = Py + —————[Dy + D7),
(y2 = x2) (2 — x2)
2
P32=PB+( ——[Dy + D7], Pg3 = Pg + ————[Dg — D7},
Xy = ¥2) (2 = x2)
2
Qp =——— @y —x)(1 X ki | = ylqr X ki), (A2)
X1X2Y1Y2
-2
Fpp=———[ky "1} =y (ki - q1) + (xyy; + xoy)m?*] + ———[Dy + D;] = Fg + ————[Dy + D7),
X1X2Y1Y2 (2 — x2) (2 — x2)
2 2
FBZZFB+(f[D9+D7]’ Fg3 = Fg + ———[Dg — D7],
Xy = ¥2) (2 — x2)
2
Gg=———0nlq Xk [ =1 Xk,]|),
X1X2Y1Y2

for the diagrams B;, respectively.

As an illustration, we show how to obtain the hard scattering amplitudes T, = Z?zl Ty, (sixth column in Table IV) and
Tpg =353, Tg, (sixth column in Table V) as well as the total amplitude 7y = T, + T for the ( 1|—1l ) contribution. Using
the identities Egs. (38) and (39) in Sec. III, we obtain

T(uau)} — 8ma,C [9()’2 —x)(Pay +iQy) n 0(xy — y2)(Paz +iQa) n 0(x; — y2)(Pa3 + iQA)}
[Z 4 A=0 mastr (v, = x)D, D, (x2 = 2)D3Dy (x3 = ¥2)D5Dg

- i
14

= —8ma,Cp(P, + iQA)[ 0(y2 — x2) + o(x; — y2)< 1 + 1 )}

(2 = x)D, D, (2 = y2) \D3Dy  Ds5Ds

6ma.C [9()’2 —x3) Dy + Dy n 0(xy — ¥2) <’D2 + D, N D, — fD4>}
T 0? DD, (m-y)?\ DD, DsD;
1 2
= —8ma,Cp(Py + i — | - 87a,Cp| ———————|, A3
matsCrlPy lQA)[()’z —xz)D,@J 7ra F[(Yz _xz)szz} (&3)

and
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0(y, — x,)(Pp3 + iQp)
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(v, — x3)(Pg, + i
ZT}(}T}—»wL:O _ _SW‘YCF[ (2 = x2)(Pp, +iQp)
0(y2 — x,)

0(x; — y2)(Pg, + iQB)j|
(v — Xz)®11®12 (x3 = ¥2)DyDy
0(x; — y2)

1
+

[ 7 (2 — %) D; Dy
_87TC¥SCF(PB + ZQB)|: (y2 — xz) (

0(y, — x,)

D, Dy

)

1
+
DIID12> (xy — y2)D9D10
0(xy — y2) Dy + Dy

- 167TaSCF[ <D9 + D

D, Dy
1

(v, — x2)2
_87T(ISCF(PB + lQB)|:

where the first terms in Eqs. (A3) and (A4) proportional to
1/(y, — x,) and the second terms proportional to 1/(y, —
X,)? are related with the Feynman gauge and the LF gauge
parts, respectively. By adding all six LF time-ordered
diagrams, we obtain

Tgl—'u) — Z[T/E\T,-l_'u) + Tg,l_'m]A=o
_ 8ma,Cp[(Py+iQ) , (Pp+iQp)

- (J’2_x2)|: D, D, DZDS

l
i.e. the singular LF gauge parts cancel each other and only
finite Feynman gauge parts contribute to the amplitude.
Similarly, we obtain other helicity contributions to the hard
scattering amplitude as shown in Tables IV and V.

} (AS)

APPENDIX B: HARD SCATTERING AMPLITUDE
COMBINED WITH RELATIVISTIC SPIN-ORBIT
WAVE FUNCTION

In this appendix, we list the leading and subleading
helicity contributions to the hard scattering amplitude
combined with the relativistic spin-orbit wave function,
where the subleading helicity contributions show up as
next-to-leading order in transverse momenta. That is, the
subleading helicity contributions vanish at leading twist.

We first consider the relativistic spin-orbit wave func-
tions for pseudoscalar and vector (with transverse polar-
ization € = +1) mesons given by Egs. (4) and (6),
respectively. Besides the leading helicity (in transverse
momenta) contributions coming from two AH = 1 contri-
butions (i.e. 1|—11 and |[I—11), the subleading helicity
contributions are as follows.

(1) AH = 0 contributions:

RITRO0 — my2 [yiMg, +m L — _RUTRO
1T CC, | My, + 2m TR
1tp00 m\2 [ y:Mo, + m L _ _mqplitmpoo

Ry 'Ry Cny[ Mo, + 2m ! Ry "Ry

RIITROO - _ \/5 m+ lﬁ- kL (B1)
e C,C, Moy +2m

2 1
RYTRY = 2 KR(IE)2
C.C, | My, + 2m

()’2 - xz)Dz Dy

}

Dy — @7> n
911@12 (xz - )’2)2 :D9Dm
:| - 87TaA-CF|: 2 :|,

— (A4)
(y2 — %2)*Ds
(2) AH = 1 contributions:

11t 00:’”\/z 1 LV2 — _p11tgm00
RRy c.C, [ My, + 2m (7" = —Ry "Ry’
RITRO0 — _ V2 [yiMo, +m LKL

= C.C,| My, +2m '

1t 00 _ _ V2 [yiMoy +m LR
RTI RU - I"k7,

C.Cy| Mo, +2m )

RUTROO V2 [y2Mo, +m LKL

= e eyl My, +2m '
RHTR()(): \/E y2M0y+m lLkR.

= c.c, [ My, +2m

Here, C, = /2x;x,M,, and C, = /2y,y,M,,. Since the
hard scattering amplitudes vanish for AH =2 cases, we
do not consider them here.

Next, we obtain the hard scattering amplitude combined
with the spin-orbit wave function.

(1) AH = 0 contributions:

\/E 111 (11=1) 1 00

?Ru Ty "Ry

_ l6ma,Crm [ylMoy +m

(v2 = x)C,Cyq* | Mg, + 2m

% [PA +iQ, n Pg +iQp
D, D, D, Dy

NG

2 —
Z(”_)u) _ q_L RllTlJrTgT ”)R?TO
_ léma,Crm YoMy, +m

(y2 - XZ)CnyqZ |: MOy +2m

% |:PA —iQy  Pp— l'QB} (B4)

+
D, D, D, Dy

RAl-1) =

}(MR)

} (B3)

}(MR)
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V2 =
THM-M = o RTTI-RY
_ ‘1677%@[ + ‘i}
(y2 - xZ)C)(qu2 M()y +2m
F, +iG, Fp+iG
X kL R A A + B B
) 5 o)
(B5)
V2 .
THU=I) = iR TP RY
o l6ma,Cp [ 1 }
(2 = %)C,Cyq* | M, + 2m
X (leLquR)
X + . (B6
[ DD, ' DDy } (56)
V2 -
THA-I = P WITEr R
_ R27a,Crm’(y, — x;) |:y2M0y + m:|
XIXZYIyZCnyqz MOy + 2m
1 1
X (I*q* +——1 (B7
R o T v S

7

2 .
Tht=1) = 27 Ry T RY

_ Raa,Crm*(y, — x;) [ylMOy + m}

x1%192CCoq? My, +2m
1 1
X (1kgR +——1| (B8
5, mypy ) B

(2) AH = 1 contributions:

V2

(1) = 27 R} T RY

_ —327a,Crm? |: 1 }
x1y12(v2 = %) CCyq* [ Moy + 2m

X (ILgR) 0l = b kR = oy, 1k gR
D, D,
12 _ lLkR _ lL R
Xl yz@ = X207 q } (BY)
P
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V2 -
TEU=l) = pa RllllngT u>,R10TO

. —-3R27a,Crm? [ 1 i|
0¥1Y2(v2 = %2)CiCyq? [ Moy + 2m
X (ILgR) xllﬁ_ — i l" KR = oyt g®

D, D,

Lol = KR~ xpaltef
oo

(B10)

NG

Th=t =77 R TI= R

o 2maa,Crm
xX1x2y2(y2 — xz)Cnyq2

My, + m
=l &8
Oy m

y [xlkLlR — ik} — xykkgR

D, D,
4 xlkLlR - )’1k2L - xlkaLqR
D, Dy '

(B11)

V2

ThU-t =7 R =1 Roo

. 27ma,Crm [ylMoy + m}
x1%0y1 (2 = %) CxCyq? | Moy +2m

X (£ gR) IR =y, k] — x5y,4" kR
K D, D,
+ NI R =y kT — xoy,4" KR
D, Dy '
(B12)
s

2 -
THM—IN = ?R}T”Tgf DR

B 327a,Crm [szoy + m}
x10)1 (V2 = %) CiCyq? | Moy +2m

X (ILqR) Xkt IR = yokE — xpp0k"g"
D, D,
+ xsz I®— yzkﬁ_ - xz)’szC]R
D, Dy '

(B13)
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(1]
(2]
(31

(5]

[20]

Hl=ID = ?

o 327TaSCFm |:y2M0y +m:|
x1%2y2(v2 = %) CCo g | Moy +2m

111 (=11 1 00
Ry'Ty 7Ry

X (1L gR) x MR =y kT — 147 kR
I D, D,
i xy MR — J’1ki — X147 k" ‘
D, Dy

(B14)
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