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Abstract

Using the nonrelativistic QCD (NRQCD) factorization formalism, we calculate the color-singlet cross sections for exclusive
production processes™ + e~ — J/y + e andet +e” — J/¥ + x.; (J =0,1,2) at the center-of-mass energys =
10.6 GeV. The cross sections are estimated to Befty 6.7 fb, 11 fb, and 16 fb for n¢, x.0. xc1, @and x.2, respectively. The
calculated/ /v + n. production rate is smaller than the recent Belle data by about an order of magnitude, which might indicate
the failure of perturbative QCD calculation to explain the double-charmonium production data. The cdﬁ(dﬁi&olor-
singlet cross section fart + e~ — x.0 + cc is calculated. In addition, we also evaluate the ratio of exclusive to inclusive
production cross sections. The ratioffyrn. production toJ /v cc production could be consistent with the experimental data.
0 2003 Published by Elsevier Science B.V. Open access under CC BY license.

PACS 12.40.Nn; 13.85.Ni; 14.40.Gx

Heavy quarkonium production is interesting in understanding both perturbative and nonperturbative quantum
chromodynamics (QCD). In recent years the charmonium production has been studied in various processes, such
as in hadron—hadron collision, electron—proton collision, fixed target experinBnigson decays, as well &8
decays. Among them, the study of charmonium productierf#T annihilation is particularly interesting in testing
the quarkonium production mechanisms, the color-singlet model and the color-octet model in the nonrelativistic
QCD (NRQCD) [1] approach. This is not only because of the simpler parton structure involved in this process,
which may be helpful in reducing the theoretical uncertainty, but also because of the spectacular experimental
prospect opened up by the tw® factories with BaBar and Belle, which will allow a fine data analysis for
charmonium production with more than®@" e~ annihilation events in the continuum g = 10.6 GeV.

Recently the Belle Collaboration has reported the observation of préyhptvia doublecc production from
the ete™ continuum [2]. For these results, not only the large cross sectiof.§ pb) of the inclusive//y
production due to the double is puzzling [3], but also the exclusive production rate/gf/n., o(e™ +e~ —

J/¥ 4 ne(y)) x B(ne —> 4 chargegl= (0.033"3-357 -+ 0.009) pb, may not be consistent with two previous
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e~ (p1) J /) (ps3)
e”(p2) ne(pa) or Xe, (Pa)
+ + 2 permutations
e~ (p1) J /) (ps)
e’ (p2) ne(pa) or Xe, (P4)

Fig. 1. Feynman diagrams fef e~ — J /v + nc(xey)-

calculations [4,5], which gave a cross section of a few phJfagn.. In fact, recent perturbative QCD estimates
of the J/ycc cross section are only aboutlO~ 0.2 pb [6-9]. So the calculations of exclusive cross sections
for eTe~ annihilation intoJ /v 5. and other double-charmonium states such/ag x.; (J =0, 1, 2) will be
useful to clarify the problem. Experimentally, aside frefn+ e~ — J/v¥ + x.o0 [2], Belle [10] has also studied
processegt 4+ e~ — x.1+ X ande™ + e~ — x.2 + X, SO we hope that the double-charmonium production
involving x.; (J =0,1,2) will be detectable in the near future. In the following we will calculate the cross
sectionss (e™ 4+ e~ — J/¥ + 1) ando (e 4+ e~ — J/¥ + xcy) in the leading order perturbative QCD. To this
order ¢~ asz) the color-singlet channel is dominant since all color-octet channels are of high ordewbfch is
the relative velocity of the charm quark and anti-charm quark in the charmonium, and therefore suppressed relative
to the color-singlet channel (the relative suppression is at least of otder the cross sections). Furthermore, in
order to compare exclusive production with inclusive production rates associated withythearmonium states,
we will calculate the cross sectiane™ 4 e~ — x.0 + cc), and hope these ratios will be useful for both inclusive
and exclusive production analyses,a = 106 GeV.

We now write down the scattering amplitude in the nonrelativistic approximation to describe the creation of two
color-singletcc pairs which subsequently hadronize to two charmonium states inf¢te annihilation process in
Fig. 1as[11,12]

Ala+b— Q0(Z+1Ly,)(pa) + 00 (> 1L y) (pa)

=JCLyVCL Y D Y Y YD st s2lSy Sy )Ly Ly z; Sy Syl Jy Jy2)(3j; 3kI1)
Ly;Sy; S152 jk L;S; 5354 il
X (s3; 541SS)(LLy; SS.1J J.)(31; 3i|1)
" {A(a+b—> Q)+ 0k + Qi) + 0i () (L=29).
(LA a+b— Q)+ 0u(B) + Qi) + 0i(B)) (L =P),

where (3j; 3k|1) = 8k/v/Ne, (315 3i|1) = 81i//Ne, (51; 528y Syz), (533 5a1SS2), (LyLyz; SySyzlJyJyz),
and (LL,; SS;|JJ;) are, respectively, the color-SU(3), spin-SU(2), and angular momentum Clebsch—Gordan
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coefficients forQ Q pairs projecting out appropriate bound statdga + b — Qj(”—23) + Qk(§) + Qz(%) +

Q(%)) is the scattering amplitude for doub@Q production andA4® is the derivative of the amplitude with
respect to the relative spacing between the quark and antiquark in the bound state. The coefficientd C,,

can be related to the radial wave function of the bound states or its derivative with respect to the relative momentum
as

1 3 2
Cs=7 C,,:E\R;,(Oﬂ : (2)

We introduce the spin projection operatdts;, (p, ¢) as [11,12]

Pss.(p,q) =) _(s1; 52|SSZ)U<§ —q; S1)ﬁ<g +4; sz). (3)

5152

ExpandingPss, (P, g) in terms of the relative momentugn we get the projection operators and their derivatives,
which will be used in our calculation, as follows

1
P ,0 S, 2m, 4
15.(p. ) = 547 (S:)(p + 2me). @)
1
P 0)=—— 2m.), 5
00(p, 0) zﬁ%(’” ) (5)
1
Pf: = g 2me) — (p — 2me)é(S)y®].
f5.(P.0) =7 fzmc[y ¢ (S (P +2me) — (b — 2m)¢ (S)y° ] (6)

Then one can calculate the cross sections for the on-shell quarks in the factorized form of NRQCD [1]. The
cross section fog™ 4+ e~ — J/y + 1. process in Fig. 1 is given by

2 a?a?|Ry(0)[* /s — 16m2
o(a(py) +b(p2) = J/¥(p3) + nc(pa)) = 81232 / |M|?d cosb, (7
whered is the scattering angle betwegh and 3, |M|? is as follows
16384nf(1? + u? — 32m4)
|M|? = i 5 (8)
The Mandelstam variables are defined as
s = (p1+ p2)°. 9)

S

t=(p3s— p1)?=4m?— 5(1_ V11— 16m2/s cosh), (10)
S

u=(p3— p2)®=4m?— §(1+ J1—16m2/s cosh). (11)

The cross section fart 4+ e~ — J /¥ + x.s process is

2na®a?|R(0)|?|R),(0)|? /s — 16m2

272532

o(a(py) +b(p2) = J/Y(p3) + Xe, (Pa)) = / |Mj|?dcos,  (12)
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where| M| for x.o0, xc1, andx.2 are given by

| Mol = 204890112nf° — 74752nft — 74752nfu + 23360nf1> + 43136nPru + 23360nfu?
— 3152nf'13 — 7600nt%u — 7600ni'1u? — 3152niu® + 162nf1* + 444nfr3u

+ 564nft%u? + d4dnfru® + 162nfu® — t*u — 3r3u? — 3t%u® — tu?) / (3s'm?), (13)
|M1)? = 3276817921 + 2560t + 256mCu — 56m*t> — 64mittu — 56m’u® — 4m?r®
— ZOmgtzu - 20m§tu2 — 4m3u3 + 1%+ 26% + 20%u® + 2tu® + u4)/s7, (14)

| M| = 4096(1454081}° — 1024nfr — 1024nfu — 2368nf1> — 6400nftu — 2368nfu?
+ 16mitr® — 208nitt?u — 208nittu? + 16m*u® + 24m2r* + 72m?13u + 96m?r%u?
+ 72m§tu3 + 24m§u4 —r*u = 3%u% — 3% — tu4)/(3s7m§). (15)

In the numerical calculations, we choog8 = 106 GeV,m. = 1.5 GeV,«, = 0.26, |R,(0)|° = 0.810 Ge\?
and|R), (0)|2 = 0.075 Ge\? [13], and assume that in the nonrelativistic approximatiQpy, = my, =my,, = 2mec.
The numerical result foe™ + e~ — J/y + 5. is

olet+e” — J/Y +n.)=55fh (16)

While the numerical result for the cross sectione®df+ e~ — J /v + 1. is more than a factor of six smaller
than the experimental data [2] (with uncertainties due to the unknown decay branching fractiongliottarged
particles for the;.), the calculated ratio af (eT + e~ — J/¥ + ) /o (et + e~ — J /¥ + ¢¢) ~ 0.037 might be
consistent with the experimental result with the choice 6™ + e~ — J /¥ + c¢¢) = 148 fb obtained by taking
our input parameters.

The cross sections fok/vy ., production at,/s = 10.6 GeV are given as

olet+e™ — J/¥ + xc0) =6.7 fh, (17)
0(e++67+ J/W+Xc1)=1.1fb, (18)
a(e+ +e > J/Y+ Xcz) =1.6fb. (29)

In Fig. 2, we show the cross sections as functions okthe™ center-of-mass energy'’s, and we can see that
the cross sections fert +e~ — J/¥ +ne, et +e” — T/ + xe1 andet + e~ — J /Y + .2 decrease rapidly
as./s increases. But the one with/y + x.2 decreases more slowly than that witfwy + n. andJ /vy + xc1.

At /s =106 GeV if we choose (et 4+ e~ — xc1+cc) =181fband o (é"+e™ — x4 cc) = 8.4 fb which
were obtained in the fragmentation approximation in Ref. [14], then we have the ratios

oet+e” = J/¥+ x1)

=0.061, 20
o(et +e= — xe1+co) (20)
+ -
o(e™+e _)J/w+xf2)=0.19’ 21)
o(et +e~ — xe2+c0)
+ -
olet+e = J/¥ + Xc_l) — 0.007. 22)
olet+e= — J/¥ +c0)
+ -
o’ te > IVt x2 _ oo, 23)

o(et+e= — J/¥ +c0)

As for the x.o inclusive double-charm production the rate was not given in Ref. [14], we caleulatet e~ —
Xc0 + cc) in a complete form to thé)(asz) order in perturbative QCD.
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s[fb]

Fig. 2. Cross sections far(et + e~ — J/¥ + 1) (solid line) ando (e™ 4+ e~ — J/¥ + x.;) (dashed line fov = 1, dotted line forJ = 2)
plotted against the™ ¢~ center-of-mass energy’s with z = /s/sq and,/so =106 GeV.

e (p1) Xco(P)
&(pe)
e*(p2) c(pe)
+ 2 flipped graphs
&(pe)

e (p1)

et (p2) Xeo(p)

Fig. 3. Feynman diagrams fef” + e~ — y.g + cC process.

We give the amplitude of the first diagram in Fig. 3 ot + ¢~ — x.0+ cc as

. 2raa

ieceg?[TT i _ 1_
M=) € (L)1L;18,]J =0,7,=0){/Cy %v(m)y“u(m);uz(m)

L.S.
X [v* Pis.va O, + v* Pis. vaOpvi(pe), (24)
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10°

o[fb]

Fig. 4. Cross sections far (et + e~ — xq0 + cc) (solid line) anda (et + e~ — J/¥ + x.0) (dotted line) plotted against thete™
center-of-mass energy’s with z = /s/sg and/sp = 106 GeV.

wheree. = (2/3)e, T* is the SU(3) color matrix, the matri®,, is relevant to the on shell amplitude a@y, is
its derivative with respect to the relative momentum between the quarks that form the bound state. We can also
express the contributions of other three diagrams in a similar way, and our numerical results are obtained with the
full contributions of these four diagrams. Some useful information of the calculation is given in Appendix A.

We finally get the cross section for this process

0(e+ +e” — xoo+ cE) =49 fh. (25)
Then one has the ratio

+ -
o(e+e _)J/w+X_CO)=O.14, (26)
o(et + e~ — xe0+cc)
0(e++ei_>J/1/f+Xc0)
o(et+e= — J/¥ +c0)

In Fig. 4, we show cross sections fote™ + e~ — x.0+ cc) (solid line) ands (e™ +e~ — J/v¥ + x.0) (dotted
line) plotted against thet e~ center-of-mass energy’s with z = \/s/so and/so = 106 GeV. One can see the
ratio in Eq. (26) decreases drastically as the center-of-mass energy increases. This is consistent with the result in
Fig. 2. We hope the ratios between Egs. (20) and (27) could be tested in the near future.

In summary, despite of many uncertainties due to the relativistic corrections, the QCD radiative corrections, the
possible color-octet channel contributions, and the choice of physical parameters (e.g., the charm quark mass and
the strong coupling constant), both the inclusive and exclusive double charm production cross sections calculated
in perturbative QCD turned out to be seriously underestimated as compared with data. Therefore we intend to
conclude, as in [3], that it seems hard to explain the double charm production data observed by Belle based
on perturbative QCD (including both color-singlet and color-octet channels), and possible nonperturbative QCD
effects should be considered gt = 106 GeV.

—0.045. 27)
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While we were about to submit our result, there appeared one paper which also considered exclusive double-
charmonium production [15]. Those authors took the QED effects into account in addition to the QCD effects that
we considered. We find our result for the exclusive double-charmonium production is consistent with theirs but we
also analyzed some inclusive processes which were not discussed in Ref. [15].
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Appendix A

In this appendix we give the cross section for #éie+ e~ — x.0 + ¢ process shown in Fig. 3.

IM> 4 d*pe d3pz d3p
= b — Pe— Pé — —_—. Al
25 (20)5 (p1+ p2—pc—pe—p) 2E, 2E. 2E (A.1)
It is convenient to rewrite the cross section as
IM> 4 4 d®p. d3p: d°p 4
= 8 —n—p)8*m — —d
252n)5 (p1+ p2—n—p)3*(n — pc — pe) 2E. 2E. 2E
|M|> 4 4 d3pe d®p; d°p d®n |
_ 5 = )84 = pe— pz SEZ Lam?, A.2
25 (20)5 (p1+p2—n—p)8°(n— pc— pe) 2F. 2E. 2 2E, my (A.2)
wherem? = n?.
The integral over the phase—space ©fs evaluated in the corresponding center-of-mass frame
d3p. d®pL. , 1
84 — pl. — ph) = = AY2(m?, dsy, A3
2E, 2E. (' = pe—pe) = 8m2 (. m. m) A3
wherei(a?, b?, ¢?) = a* + b* + ¢* — 2a°h? — 2a°c? — 2b%c2.
The remaining integration are performed in thee~ center-of-mass frame
il 54(171 PP = —2Y2(s,m2, m32)d<, (A.4)
2E 2E 8s P
wherem, = 2m., is the mass of the bound state.
Finally we have
|M|*Cp 1/2 2 172 /
do = mk (mn,m m )A (s m ,m )dQ dQ2dm,,. (A.5)

The limit of m,, is

2me <my < /s —mp. (A.6)
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To accomplish the integration we use the Lorentz transformation between the two framesRsR;, where

14 P2 _1pl
1+ w2 00 iy
0 10 0
R = A.7
1 0 0 1 0 , (A7)
17l p?
-k 0 0 Ji1+ Z—g
1 0 0 0
0 co® O sind
Re=lo 0o 1 o (A-8)
0 —sind 0 co¥
The momenta in thet e~ center-of-mass frame are
Vs Vs
=|-—,00,— |, A.9
n=(% 00 (a9
p2= ﬁvovoa_ﬁ ) (A.lO)
2 2
pe = RoR1p,., (A.11)
pe= R2R1py, (A12)

p=(/P?+m2,|p|sing, 0, |p|cosh), (A.13)

wherep,. and p’ are the momenta efandc in the Q' frame, and they are

p.=(E..|p|sin’ cosd’, | p.'| sind’ cosd’, | p.'| cosy’), (A.14)
pe=(E%L —|p.'|sind’ cosd’, —| p./| sin®’ cost’, —| p.'| cosp’). (A.15)
In Fig. 3 the lower (honfragmentation) diagrams give very small contributions (about 3 percent), so for simplicity

here we only write down the expressions for the contribution of the upper diagrams and give

2(4n)4a2a2

|M|? = S (aa + 2ab + bb). (A.16)
27

We definepp1 = p.p1, pp2 = p.p2, pp3 = P-Pc, PP4 = P-Pé» P13 = P1.Pcs P14 = P1.Dé, P23 = P2.Dcs P24 =
p2.p:. We notifyaa = bb and
aa = [4(800n1cl,0s + 800m§p14pp2 + 800m§p24pp1 + 1440m§pp3s + 160m§p13p24pp3
+ 1602 p1ap23pps + 1440nf prapp2pps + 1440nf paappa pps + 900nE pp3s
+ 184"1?]?13]?241717% + 184"1?]?1417231717% + 85GM?p14pp2pp§ + 856m§p24pp1pp§
+ 216ni pp3s + 56mZ p13p2apps + 56mZ prap23pp3 + 168n prappappy
+ 168nZ p2app1pp3 + 13mZ ppgs + 2p13paapps + 2p1ap23pp3) |
x [3m2s?(64m*? + 192n°pp3 + 2400 pp§ + 160nL pp3 + 60m’ pp + 12m2pp3 + ppd) ],
(A.17)
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ab = [4(400m:%s + 400mE p13pp2 + 400nE prapp2 + 400mE pasppi + 400nt p2appy
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