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1. Introduction

The exclusive pair production of heavy mesons has been known tdiddglygredicted within
the framework of perturbative quantum chromodynamics (PQCD), siecedkie function is well
constrained by the nonrelativistic consideratifin [1]. The nonrelativisBO@NRQCD) [2] fac-
torization approach[]3] for charmonium production assumes that theitwmmts are sufficiently
nonrelativistic so that the relative motion of valence quarks can be negieside the meson. This
leads to the sharply peaked quark distribution amplitude (DA) with the shafieed function
(the so-called peaking approximation). One of the most puzzling problenesaivyrguarkonium
physics is the large discrepancy between the NRQCD prediction and teeregptal data of the
double charm production ie"e~ annihilation aB-factories. For instance, the exclusive production
cross sections of double charmoniuneire™ — J/( +nc at\/s= 10.6 GeV measured by Bellf|[4]
and BABAR [§] were larger by an order of magnitude than the theoretrealigtions [B] based on
the NRQCD factorization at leading order in the QCD coupling consta@ind the heavy-quark
(or antiquark) velocity in the quarkonium rest frame. This large discrepancy between the theore
ical predictions based on the NRQCD factorization approach and theimgueal results for the
exclusivel/ + nc production ine" e~ annihilation has triggered the need of better understanding
both in the available calculational tools and the appreciable relativistic effects

In order to reduce the discrepancy between theory and experiment, tireometical efforts
have been made. In particular, the authordJin [6] considered a rathed uark DA instead of
d-shaped quark DA. However, as we pointed out[in[[7, 8], if the qua#ki®not an exactd
function, i.e.k | in the soft bound state light-front (LF) wave function can play a significale,
the factorization theorem is no longer applicable. To go beyond the peakpmgximation, the
invariant amplitude should be expressed in terms of the LF wave funétignk ;) rather than
the quark DA. In going beyond the peaking approximation, we stre$$d| i consistency of
the formulation by keeping the transverse momenkunboth in the wave function part and the
hard scattering part together before doing any integration in the amplitudsh r®n-factorized
analysis should be distinguished from the factorized analjkis [6] wher&@hsverse momenta
are separately integrated out in the wave function part and in the hatérsga part. In this
paper, we extend our previous work$ [7] of pseudoscalar mesorppaiuction to the case of
e"e” — J/Y+ nc process at leading order of; including effectively all orders of higher twist
terms. More details about our nonfactorized LF PQCD approach fenardaum production can
be found in our journal publicatiof][9].

The paper is organized as follows. In Sec. 2, we describe the formulattionr light-front
quark model (LFQM), which has been quite successful in describingtétie and non-static prop-
erties of the pseudoscalar and vector mesprjq[10, 11]. Some spatimefeof our nonfactorized
analysis fore"e~ — J/( + n. transition are also given in the leading orderagf In Sec.3, we
present the numerical results for teee™ — J/{ + nc cross section. Summary and conclusions
follow in Sec. 4.

2. Model Description

In our LFQM [I0, [11], the momentum space light-front wave function of gheund state
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pseudoscalar and vector mesons is given by
Wieo(Xi ki, A) = s (%, ki L) @R, KiL), (2.1)

wheregr(X,Ki.) and%jfj\z are the radial- and the spin-orbit wave functions, respectively. For the
radial wave functiorgr, we use the same Gaussian wave function for both pseudoscalar amd vec
mesonsk (X, ki, ) = (41%/4/B%/2) /dk,/dxexp(—k?/232), wheref is the variational parameter.
Since the longitudinal componekt is given byk, = (x—1/2)My, the Jacobian of the variable
transformation{x,k | } — k= (k_,k;) is obtained agk,/dx = Mo/ (4x1X2).

The quark distribution amplitude (DA) of a hadron can be found from thdrdrac wave
function by integrating out the transverse momenta of the quarks in therhathie quark DAs for
ne andJ/y mesons are constrained by

1 f
dx = nc(J/¥) 22
/0 Preta/w) (% )X = = 52 (2.2)
wheref, ;/y) is the decay constant fo:(J/ ). The explicit forms of the decay constants can be
found in [9].

For the exclusive processe™ — y*(q) — J/W(R/) + ne(Pp), the form factor is defined as

(J/ (R, h)nc(Pe) |3/ 0) = e*"PO )R pPro 7 (0F), (2.3)

wheree (R, h) is the polarization vector of the vector meson with four momeniyrand helicity
h. The cross section can be calculated as

2

olete — 3/ung) = ”g|£?<q2>|2(1

am2\ 32
—h> , (2.4)

S

where we neglect the small mass difference betwi@nandn, i.e. My ~ My = Mp,.

To obtain the timelike form facto# (g?) for the process™e™ — y* — J/yn. at leading order
of as, we first calculate the radiative decay procgsd) + y*(q) — J/@(P’) using the Drell-Yan-
West g = q° + ¢ = 0) frame, where the four momentum transfer is spaceﬁ%e:é Q? < 0). We
then analytically continue the spacelike form fact®(Q?) to the timelike region by changing?
to —g? in the form factor.

In the calculations of the form facto# (g?), we use the ‘+-component of the current and
the transverseh(= +1) polarization forJ/{. In the energy region where PQCD is applicable,
the hadronic matrix elemerl/ |37, /nc) can be calculated within the leading order PQCD by
means of a homogeneous Bethe-Salpeter (BS) equation for the mesofuwetien. Taking the
perturbative kernel of the BS equation as a part of hard scattering adglity one thus obtains

<J/wu§mmc> = Z /[dgk”dgl]wi(]jg(yvIJ_aA)TH <X7kJ_;y7IJ_;qJ_;A7A/)w880(x7kL7A/)7 (25)
AN

where[d3k] = dxd?k /16m and Ty contains all two-particle irreducible amplitudes for+qq —
gq from the iteration of the LFQM wave function with the BS kernel. On the othadhthe right-
hand-side of Eq[(2.3) for the matrix elementldfis obtained as? (q?) = v2(J/Y|IdmiNc) /a*-
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Figure 1. Leading order (inas) light-front time-ordered diagrams of the hard scatteramgplitude for
ne(P) — y*(q) +J/y(P') process.

The leading order light-front time-ordered diagrams for the meson foctorfare shown in
Fig. 1, where the explicit forms of the energy denominaf®i$ = 1,---,12) are given in Ref.[[9].
Using the light-front gauge - A = A™ = 0, we obtain the hard scattering amplitudes for the di-
agramsA; andB;(i = 1,2,3) in Fig. 1. Since the gluon propagators fisrandB;(i = 1,2) have
instantaneous parta(’n"/(kg)2 in the light-front gauge), we absorb these instantaneous contribu-
tions into the regular propagators (s¢é [9] for more details). If one iesltite higher twist effects
such as intrinsic transverse momenta and the quark masses, the LF gdygepiational to Jlkg,r
leads to a singularity although the Feynman gaugegartives the regular amplitude. This is due
to the gauge-invariant structure of the amplitudes. The covariant teeN®, = J,, +igA, makes
both the intrinsic transverse momerka,andl | , and the transverse gauge degree of freegdm
be of the same order, indicating the need of the higher Fock state contribtdgiensure the gauge
invariance [IR]. However, we can show that the sum of six diagramthéoLF gauge part (kg
terms) vanishes in the limit that the LF energy differenigandAy go to zero, wherd, andAy
are given by

2 2
M:MZ—ng, Ay:MZ—'lJFmZZMZ—ng. (2.6)
X1X2 y1y2
Details of the proof can be found in our previous wojk [7]. Following thene procedure pre-
sented in Ref.[]7], we calculate the higher twist effects in the limi\pf= Ay = 0 to avoid the

involvement of the higher Fock state contributions. Our litgit= Ay = 0 (but 4/ <ki> =B #0)
may be considered as a zeroth order approximation in the expansion afterisg amplitude.
That is, the scattering amplitudg; may be expanded in terms of LF energy differedcas
Th = [TH]©@ + A[TH]® + A2[T4]@ + ..., where[T4]©@ corresponds to the amplitude in the ze-
roth order ofA. This approximation should be distinguished from the zero-binding (ckipgh
approximation that correspondstb= m; + mp andk ;| = 3 = 0. The point of this distinction is
to note thatTy](© includes the binding energy effect (i.&..,|, # 0) that was neglected in the
peaking approximation. We should also note that all higher ordee$ a2, 12 /g2 andk , -1, /g2
are included ir{TH}(O). This corresponds to keep effectively all higher orders of the relajivark
velocity beyond the second ord@r).

A= M?—
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Figure 2: The distribution amplitude@(x) for ¢n(X) ~ @ /y(X).

Using this approximation, we obtain the following non-factorized form of thenffactor
F(e) = [ a0 ko) T] O gryl) @.7)

where the explicit form of T4](© can be found in[[9]. We note that the leading twist (LT)(i.e.
neglecting transverse momerkka andl,) contributions come from two leading helicifH =
|A3/¢ — An.| = 1 components, i.e]|—17 and |[T—11 as in the nonrelativistic spin case. In the
LT limit, the form factor factorizes into the convolution of the nonperturbaiaence quark DAs
with the perturbative hard scattering amplitude. Furthermore, in the NRQCD lguivaent to
the peaking approximation, the quark DAs for bgthandJ/ (@ mesons becomé-type functions.

3. Numerical Results

In our numerical calculations, we use our LFQM]|[[0], 11] parameitegsf) obtained from
the meson spectroscopy with the variational principle for the QCD motivafedtiee Hamilto-
nian. In our LFQM, we have used the two interaction potentigls for n. andJ/{ mesons: (1)
Coulomb plus harmonic oscillator (HO) potential, and (2) Coulomb plus linearrdogfpotential.

In addition, the hyperfine interaction essential to the distinction betdgg¢randn. mesons is in-
cluded for both cases (1) and (2), Videg = a-+Veont—40s/3r -+ (32mas/9ME) Sg - S58°(T), where
Veont = br? for the HO potential andr for the linear confining potential, respectively. For the linear
confining potential, we use the well-known string tendioa 0.18 Ge\?. The model parameters
obtained from our variational principle anef = 1.8 GeV, 3 =0.6509 GeV) for the linear poten-
tial and . = 1.8 GeV, B =0.6998 GeV) for the HO potential, respectively. From the linear[HO]
potential parameters, we obtain the decay constiapts 326354 MeV andf;,, = 36({395 MeV,
which are quite comparable with the current experimental daja (13)exp = 335£75 MeV and
(f3/y)exp=416+6 MeV.
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Figure 3: The form factors®.% (s) for e" e~ — J/Y + ne.

In Fig. 2, we show the normalized quark DA f@g&(X) = ¢, (X) = @/ (X) obtained from linear
(dotted line) and HO (solid line) potentials. As a sensitivity check of our tiarial parameters,
we also include another Gaussian parametegs< 1.8 GeV, B =0.7278 GeV) denoted as HO
(dashed line) to fit the central value of the experimeidtal decay constant. Our results are
compared with the ones obtained from Bondar and Chernyak (BC) §8]dashed line) and from
QCD sum rules[[1l4] (doubledot-dashed line). Our results of the quAr&r® wider than the delta
function-type (i.e. the limiB,. — 0) of the NRQCD resultd]3] which do not take into account the
relative motion of valence quark-antiquark pair. Within our model calculatioa relative quark
velocity square is obtained &%)z = O.30f8;8£21, where the central, upper, and lower values are
from the HO, HQO, and linear potential parameters, respectively.

In Fig. 3, we shows®.7 (s) for e"e~ — J/y+ ¢ process obtained from the central value (HO
model) of our model parameters displaying both leading and subleading helizityibutions.
The dotted and short-dashed lines represent the results obtained &orarthrelativistic peaking
approximation#%(s) and the LT factorized form factof" (s) taking into account the relative
motion of valence quarks, respectively. The long-dashed line repieetige higher twist (HT)
nonfactorized form factor#"7(s) obtained by including the transverse mometa, |, ) both in
the wave function and the hard scattering part. Note.#hés) (dotted line),#" (s) (short-dashed
line), and#H7(s) (long-dashed line) are obtained from the leading helicity contributions sl
line represents our full solutioﬁ(FA'TH:OMH:l)(s) including all (leading plus subleading) helicity
contributions.

Our predictions for the cross section\@ = 10.6 GeV obtained from peaking approximation
(05), leading twist 6i1) and higher twist ¢i7) are given by 2452J[fb], 105773 53[fb], and
8.76" %jg}l[fb], respectively. Here, the central, upper and lower values of eadicfios are obtained
from HO, HO and linear potential parameters, respectively. On the other hand, tharegptal
results fora(J/ g + ne) x B™[> 2] are(25.6+ 2.8+ 3.4)[fb] by Belle [4] and(17.6+2.8"33)]fb]
by BABAR [f], whereB"[> 2] is the branching fraction fon. decay into at least two charged
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particles.

4. Summary and Conclusion

We investigated the transverse momentum effect on the exclusive charmaniju+ n pair
production ine"e~ annihilation using the nonfactorized PQCD and LFQM that goes beyond the
peaking approximation. In going beyond the peaking approximation, wesstilea consistency of
the calculation by keeping the transverse momerkurboth in the wave function part and the hard
scattering part simultaneously before doing any integration in the amplitudd. riéun-factorized
analysis should be distinguished from the factorized analysis where tigvérae momenta are
separately integrated out in the wave function part and in the hard scgtgenh We found that
the higher twist contributions including all helicity contributions enhanced RR®WND result by a
factor of 3~ 4 at\/s= 10.6 GeV while it reduced that of the leading twist result by 20%.

Considering an enhancement by the factor.8fftom the corrections of next-to-leading order
(NLO) of ag[fLg] in the NRQCD approach, it might be conceivable to raise our leadingrder
resultoyr = 8.76"354(fb] by this factor and get a value close to the experimental data. However,
it would be necessary to make detailed NLO investigation within the LF PQCD frarkebefore
we can make any firm conclusion.

References

[1] S.J. Brodsky and C.-R. Jphys. Rev. Lett. 55 (1985) 2257 .

[2] G.T. Bodwin, E. Braaten, and G.P. Lepa@bys. Rev. D 51 (1995) 1125 [Erratum-ibid. B5 (1997)
5853] hep- ph/ 9407339].

[3] E. Braaten and J. Le®hys. Rev. D 67 (2003) 054007 [Erratum-ibid. 2 (2005) 099901]
[hep- ph/ 0211085]; K.-Y. Liu, Z.-G. He, and K.-T. ChaoPhys. Lett. B 557 (2003) 45
[hep- ph/ 0211181].

[4] K. Abe et al.(Belle Collaboration)Phys. Rev. Lett. 89 (2002) 142001 liep- ex/ 0205104]; Phys.
Rev. D 70 (2004) 071102 lep- ex/ 0407009].

[5] B. Aubertet al.(Babar CollaborationPhys. Rev. D 72 (2005) 031101 liep- ex/ 0506062].

[6] A.E. Bondar and V.L. Chernyalehys. Lett. B 612 (2005) 215 hep- ph/ 0412335]; J.P. Ma and
Z.G. Si,Phys. Rev. D 70 (2004) 074007 tiep- ph/ 0405111].

[7] H.-M. Choi and C.-R. JiPhys. Rev. D 73 (2006) 114020 liep- ph/ 0604139].
[8] C.-R.Jiand A. Pang?hys. Rev. D 55 (1997) 1253 .
[9] H.-M. Choi and C.-R. JiPhys. Rev. D 76 (2007) 094010 4r Xi v: 0707. 1173 [ hep- ph]].
[10] H.-M. Choi and C.-R. JiPhys. Rev. D 59 (1999) 074015 tiep- ph/ 9711450].
[11] H.-M. Choi and C.-R. JiPhys. Lett. B 460 (1999) 461 hep- ph/ 9903496].
[12] C.-R. Ji, A. Pang, and A. Szczepani#kys. Rev. D 52 (1995) 4038 .
[13] W.-M. Yaoet al.(Particle Data Group)]. Phys. G 33 (2006) 1.

[14] V.V. Braguta, A.K. Likhoded, and A.V. Luchinskhys. Lett. B 646 (2007) 80
[hep- ph/ 0611021].

[15] Y.-J. Zhang, Y.-J. Gao, and K.T. ChaRhys. Rev. Lett. 96 (2006) 092001 tep- ph/ 0506076].



