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We present a new measurement of the eþe� ! J=c c �c cross section where the c �c pair can fragment

either into charmed hadrons or a charmonium state. In the former case the J=c and a charmed hadron are

reconstructed, while the latter process is measured using the recoil mass technique, which allows the

identification of two-body final states without reconstruction of one of the charmonia. The measured

eþe� ! J=c c �c cross section is ð0:74� 0:08þ0:09
�0:08Þ pb, and the eþe� ! J=cXnon-c �c cross section is

ð0:43� 0:09� 0:09Þ pb. We note that the measured cross sections are obtained from a data sample with

the multiplicity of charged tracks in the event larger than 4; corrections for the effect of this requirement

are not performed as this cannot be done in a model-independent way. The analysis is based on a data

sample with an integrated luminosity of 673 fb�1 recorded near the �ð4SÞ resonance with the Belle

detector at the KEKB eþe� asymmetric-energy collider.

DOI: 10.1103/PhysRevD.79.071101 PACS numbers: 13.66.Bc, 12.38.Bx, 14.40.Gx

Prompt charmonium production in eþe� annihilation is
important for studying the interplay between perturbative
QCD and nonperturbative effects. The J=c production rate
and kinematic characteristics are poorly described by the-
ory, and even the production mechanisms are not under-
stood. An effective field theory, nonrelativistic QCD
(NRQCD), predicts that prompt J=c production at

ffiffiffi

s
p �

10:6 GeV is dominated by eþe� ! J=c gg with a 1 pb
cross section [1]; the eþe� ! J=c g contribution, which
may be of the same order, is uncertain due to poorly con-
strained color-octet matrix elements [2]. The eþe� !
J=c c �c cross section is predicted to be �0:1 pb [3], only
�10% of that for J=c gg [4]. By contrast, Belle observed
the ratio of the J=c c �c and inclusive J=c production cross
sections to be 0:59þ0:15

�0:13 � 0:12 [5], and thus found

�ðeþe� ! J=c c �cÞ=�ðeþe� ! J=c ggÞ * 1. Some au-
thors have been able to reproduce this result using next-
to-leading (NLO) corrections [6], or within the Regge
trajectory approach [7].

In this report we present a new measurement of the
eþe� ! J=c c �c cross section. This process can be experi-
mentally tagged by the presence of another charmed par-
ticle (either charmonium or charmed hadrons) in the event
in addition to the reconstructed J=c . The technique used in
this analysis allows the model dependence of the result to
be removed, reducing the systematic uncertainties.

Production of the J=c via mechanisms other than eþe� !
J=c c �c is also studied. The analysis is performed using
data recorded at the �ð4SÞ and in the continuum 60 MeV
below the resonance, corresponding to integrated luminos-
ities of 605 fb�1 and 68 fb�1, respectively. The data are
collected with the Belle detector [8] at the KEKB
asymmetric-energy eþe� collider [9].
We use a selection procedure similar to that described in

Ref. [5]. All charged tracks are required to be consistent
with originating from the interaction point (IP). Charged
kaon and proton candidates are required to be positively
identified. No identification requirements are applied for
pion candidates. K0

Sð�0Þ candidates are reconstructed by

combining �þ�� (p��) pairs with an invariant mass
within 10 MeV=c2 of the nominal K0

Sð�0Þ mass. We re-

quire the distance between the tracks at the K0
Sð�0Þ vertex

to be less than 1 cm, the transverse flight distance from the
IP to be greater than 1 mm, and the angle between the
K0

Sð�0Þ momentum direction and its decay path to be

smaller than 0.1 rad. Photons are reconstructed in the
electromagnetic calorimeter as showers with energies
more than 50 MeV that are not associated with charged
tracks.
J=c candidates are reconstructed via the J=c ! ‘þ‘�

(‘ ¼ e, �) decay channel. Two positively identified lepton
candidates are required to form a common vertex that is
less than 1 mm from the IP in the plane perpendicular to the
beam axis ( � 98% efficiency). A partial correction for
final state radiation and bremsstrahlung energy loss is*Now at Okayama University, Okayama, Japan.
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performed by including the four-momentum of every pho-
ton detected within a 50 mrad cone around the e� direction
in the eþe� invariant mass calculation. The J=c signal
region is defined by jM‘þ‘� �mJ=c j< 30 MeV=c2 ( �
2:5�). A mass-constrained fit is then performed for the
signal window candidates, to improve the center-of-mass
(CM) momentum p�

J=c resolution. QED processes are sup-

pressed by requiring the total charged multiplicity (Nch) in
the event to be greater than 4. In the �ð4SÞ data J=c
mesons from B �B events are removed by requiring p�

J=c >

2:0 GeV=c; no requirement on p�
J=c is applied in the

continuum data sample. We also reconstruct charmonia
decaying to J=c . c 0 candidates are reconstructed via the
decay to J=c�þ��, with the c 0 signal window defined by
jMJ=c�þ�� �mc 0 j< 10 MeV=c2 ( � 3�). �c1 and �c2

candidates are reconstructed using the J=c� mode; signal
windows of �20 MeV=c2 are chosen around the corre-
sponding nominal masses ( � 2:5�). In addition we re-
quire cos�� < 0, where �� is defined as the angle between

the photon momentum and the CM system, seen from the
�c1ð2Þ rest frame. This requirement suppresses the large

combinatorial background due to low energy photons by
more than an order of magnitude, while retaining 50% of
the signal, independent of the �c1ð2Þ polarization.

Candidate D0 mesons are reconstructed in the K��þ,
KþK�, K0

S�
þ��, and K����þ�þ decay modes [10].

We reconstruct Dþ mesons using K��þ�þ, K�Kþ�þ,
K0

S�
þ, and K0

S�
þ�þ�� decays; for Dþ

s meson recon-

struction we use the K�Kþ�þ and K0
S�

þ; and, finally,
�þ

c baryons are reconstructed via pK��þ, pK0
S, and

�0�þ. A �15 MeV=c2 mass window ( � 2:5�) is used
throughout, except for the D ! K3�� modes where the
resolution is better, and the combinatorial background
higher: in these cases, a �10 MeV=c2 window is chosen
( � 2:3�). To study the contribution of combinatorial
background under the various charmed hadron peaks, we
use sidebands selected from a mass window 4 times as
large.

We generate large Monte Carlo (MC) samples of double
charmonium production, of the process eþe� ! J=c c �c
with fragmentation to open charm and of eþe� ! J=c q �q
events. In the MC samples, the J=c kinematical character-
istics (momentum spectrum and angular distributions) are
tuned to those measured in the data. As the measured
distributions are extracted from the data using the MC
simulation, the tuning procedure is repeated until the dif-
ference between successive iterations becomes negligibly
small.

To measure the contribution of c �c resonances to the
eþe� ! J=c c �c cross section, we reconstruct all double
charmonium final states that can result in the presence of a
J=c in the event: J=c ðc �cÞres, c 0ðc �cÞres, and �c1ð2Þðc �cÞres,
where ðc �cÞres is one of the charmonium states below open-
charm threshold. If a charmonium state lies above the

open-charm threshold [11], we assume it will decay pre-
dominantly to charmed hadrons; production of a J=c
together with charmed hadrons is treated separately below.
The process eþe� ! Yðc �cÞres, where Y is one of the 1��
states, recently observed in initial state radiation (ISR)
studies [12], can produce J=c from Y decays. However,
we are unable to measure this contribution because of the
large Y intrinsic width, and ignore it. Following the method
described in [5,13], we first reconstruct a ðc �cÞtag ¼ J=c ,

c 0, or �c1ð2Þ meson to tag the process, and then form the

recoil mass Mrecððc �cÞtagÞ ¼ ððECM � E�
tagÞ2 � p�2

tagÞ1=2,
where E�

tag and p�
tag are the CM energy and momentum

of the ðc �cÞtag, and ECM is the CM energy. TheMrecððc �cÞtagÞ
spectra for the data are presented in Fig. 1. We assume that
only charmonium states with a charge conjugation eigen-
value opposite to that of ðc �cÞtag can appear; two virtual

photon annihilation, which can produce a pair of charmo-
nium states with the same eigenvalue, was not observed in
Ref. [13], and is expected to be small.
We fit the fourMrecððc �cÞtagÞ spectra simultaneously to fix

the c ð0Þ�c1ð2Þ contributions, which are poorly resolved in

the Mrecðc ð0ÞÞ spectra. The ratios of the c ð0Þ�c1ð2Þ signal
contributions to the Mrecðc ð0ÞÞ and Mrecð�c1ð2ÞÞ spectra are
fixed according to the MC study. The signal line shapes for
all the double charmonium final states are obtained from
MC simulation, with ISR included, and the background is
parameterized by a linear function [a second order poly-
nomial function in the MrecðJ=c Þ case]. Only the region
below the open-charm threshold (Mrec < 3:7 GeV=c2) is
included in the fit. The fitting function for the MrecðJ=c Þ
spectrum also includes the expected contribution from the
ISR process eþe� ! c 0�; its shape and normalization are
fixed from the MC simulation. The fit results are shown in
Fig. 1 by solid curves; the background function and the
eþe� ! c 0� reflection are shown with dashed and dotted
curves, respectively. The signal yields and significances for
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(c) �c1, and (d) �c2. The curves are described in the text.

MEASUREMENT OF THE . . . PHYSICAL REVIEW D 79, 071101(R) (2009)

RAPID COMMUNICATIONS

071101-3



all the studied double charmonium processes are listed in
Table I. The statistical significance of each process is
determined from �2 lnðL0=LmaxÞ, where Lmax is the
maximum likelihood returned by the fit, and L0 is the
likelihood with the corresponding contribution set to zero.

Next, we study associated production of a J=c with
charmed hadrons. In the previous paper [5], we determined
the J=c c �c cross section from measurements of the pro-
duction rate of a J=c with associated D0 and D�þ mesons
using model predictions for probabilities of fragmentation
c �c ! D0ðD�þÞ. Moreover, to suppress combinatorial
background from B �B events, we applied additional kine-
matical criteria; the efficiency of these criteria also con-
tributed to the model dependence of the result. To
eliminate the model dependence in this analysis we use
all the ground state charmed hadrons: Hc ¼ D0, Dþ, Dþ

s ,

and�þ
c , except for�

0ð�Þ
c and�0

c whose production rates in
c �c fragmentation are expected to be smaller than 1%
according to the Lund model. As two charmed hadrons
are produced in c �c fragmentation, the J=c c �c cross section
is given by half the sum of the J=cHcX cross sections. We
extract J=c yields in both Hc signal and sideband win-
dows, using fits to M‘þ‘� distributions with signal and
second order polynomial background functions. The J=c
signal shape is obtained from MC simulation, with the
small difference in the J=c resolution between the MC
and data corrected. The M‘þ‘� spectra are shown for D0,
Dþ, Dþ

s , and �þ
c signal windows in Figs. 2(a)–2(d), re-

spectively; scaled sideband distributions are superimposed.
The J=cHc yields are calculated as the difference between
the J=c yields in the signal window and the (scaled)
sidebands. We observe a significant excess J=c signal in
the D0 and Dþ signal windows with respect to the corre-
sponding sidebands, demonstrating large eþe� !
J=cD0ðDþÞX cross sections. The J=cD0 and J=cDþ
yields are 1072� 108 and 715� 93 events with signifi-
cances of 10:1� and 7:8�, respectively. An excess, with
low significance, is also seen in eþe� ! J=cDþ

s ð�þ
c ÞX:

NJ=cDþ
s
¼ 129� 42 (3:2�) and NJ=c�þ

c
¼ 43� 20

(2:2�).

Next, we measure the J=c momentum spectrum in
inclusive production and from the process eþe� !
J=c c �c. The inclusive J=c momentum spectrum is ob-
tained by fitting ‘þ‘� mass distributions in bins of p�

J=c

with signal and second order polynomial background func-
tions. In the region p�

J=c < 2:0 GeV=c only the continuum

data is used; the J=c yields are then scaled according to
the ratio of luminosities. The small contribution from the

ISR processes eþe� ! c ð0Þ� (� 2% of the total J=c rate)
is subtracted using a MC simulation. The final yield in each
momentum bin, after subtraction of QED background, is
then corrected for the J=c reconstruction efficiency and
divided by the total luminosity. The resulting differential
cross section is shown in Fig. 3(a) with open circles.
We calculate the momentum spectrum of J=c mesons

from all double charmonium processes, including J=c
from cascade decays. We use a MC simulation with the
contributions of double charmonium processes fixed to the
results of the fit to data (Table I) to obtain this spectrum,
shown in Fig. 3(a) with filled circles. The momentum
spectrum is peaked near the kinematical limit as expected
for two-body processes; ISR results in a lower momentum
tail, and there is an additional contribution at p�

J=c �
3 GeV=c due to J=c ’s from cascade decays.
To obtain the J=c momentum spectrum from the pro-

cess eþe� ! J=cHcX, we measure J=cHc yields in bins
of p�

J=c . The fits to M‘þ‘� spectra (Fig. 2) are repeated in

the Hc signal and sideband windows for each bin, with the
J=cHc yield defined as the fitted J=c yield in theHc mass
window after subtraction of the scaled yield in the Hc

sidebands. Using the continuum data it is possible to
perform such fits below 2 GeV=c, though with much larger
statistical errors. The yield in each bin is then corrected for
the J=c and Hc reconstruction efficiencies, using a MC

TABLE I. eþe� ! ðc �cÞtagðc �cÞres signal yields (significances)
from a simultaneous fit to Mrecððc �cÞtagÞ spectra.
ðc �cÞres ðc �cÞtag:

J=c c 0 �c1 �c2

�c 1032� 62ð19Þ 161� 22ð8:2Þ � � � � � �
J=c � � � � � � 16� 5ð3:2Þ 9� 4ð2:1Þ
�c0 525� 54ð9:6Þ 75� 19ð4:3Þ � � � � � �
�c1 119� 39ð3:2Þ 12� 12 � � � � � �
hc � � � � � � 4� 6 1� 5
�c2 99� 43ð2:1Þ 7� 16 � � � � � �
�0
c 679� 63ð10Þ 81� 19ð4:5Þ � � � � � �

c 0 � � � � � � 6� 6 2� 5
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c . The curves represent the result of

the fit; solid curves correspond to the Hc signal windows, and
dashed curves to the Hc sidebands.
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simulation. The sum over allHc weighted by a factor of 0.5
is plotted in Fig. 3(a) with filled squares and represents the
J=c momentum spectrum from the process eþe� !
J=c c �c, where the c �c pair fragments into charmed hadrons.
The sum of this distribution and that from double charmo-
nium production represents the J=c momentum spectrum
from the process eþe� ! J=c c �c; it is shown in Fig. 3(b)
by the open squares. The difference between this and the
inclusive J=c spectrum is thus the spectrum from eþe� !
J=cXnon-c �c events, where the system recoiling against the
J=c is not produced via a c �c pair (shown by the filled
triangles in Fig. 3(b), to which the color-singlet eþe� !
J=c gg and color-octet eþe� ! J=c g processes
contribute.

The J=c momentum spectra, shown in Fig. 3 for the
processes eþe� ! J=cX, J=c c �c, and J=cXnon-c �c, are
then used to calculate the respective cross sections, after
summing over all momentum bins. The results are pre-
sented in Table II. The statistical errors are dominated by
the momentum interval p�

J=c < 2:0 GeV=c, where only the

small continuum data sample is used. The contribution to
the J=c c �c cross section from all double charmonium final
states is ð0:12� 0:02Þ pb. The calculated cross sections for
individual J=cHcX are ð0:63� 0:11Þ pb (Hc ¼ D0),
ð0:45� 0:09Þ pb (Hc ¼ Dþ), ð0:10� 0:07Þ pb (Hc ¼
Dþ

s ), and ð0:06� 0:05Þ pb (Hc ¼ �þ
c ). To characterize

the hardness of the momentum spectrum, we perform fits
using the Peterson function [14]; the parameters �Pet for the
eþe� ! J=c c �c and J=cXnon-c �c processes are listed in
Table II. For completeness, the resulting cross sections
�Pet are also shown: they are consistent with the directly
calculated values, with statistical errors reduced. Such
results are model dependent, and we rely instead on the
directly calculated values � for the cross section.
We note that unlike our first paper [15] no correction for

the Nch requirement is applied for any of the process
studied. For eþe� ! J=cXnon-c �c such corrections are
only possible by relying on a model. However, for the
process eþe� ! J=c c �c, the efficiency of the Nch > 4
requirement is more than 99% if the c �c pair fragments
into charmed hadrons. For double charmonium production
the efficiency is 70% according to the model used in the
MC generator, and varies by �20% with different char-
monium decay models. As double charmonium represents
only �10% of the total eþe� ! J=c c �c cross section, the
resulting correction is small, and included in the systematic
error.
We also perform an angular analysis for the eþe� !

J=c c �c and eþe� ! J=cXnon-c �c processes. This provides
important information on the production mechanisms, and
allows the efficiency calculation to be improved: the J=c
reconstruction efficiency depends on both the production
angle (�prod, the angle between the J=c momentum and

the beam axis in the CM frame) and the helicity angle (�hel,
the angle between the ‘þ from J=c decay and the CM,
seen from the J=c rest frame). The MC simulation is
adjusted to match the measured distributions. Angular
distributions are obtained from fitted yields in bins of
j cos�prodj and j cos�helj, with an appropriate efficiency

correction performed bin-by-bin, for inclusive J=c , J=c
from double charmonium production, and J=c from
eþe� ! J=cHcX. The results are shown in Fig. 4. The
inclusive J=c distributions (open circles) are obtained
from J=c yields. Those for double charmonium produc-
tion are obtained from fits to the four Mrecððc �cÞtagÞ distri-
butions, as for Fig. 1 above. Distributions for
eþe� ! J=cHcX are obtained from fitted J=c yields in
appropriateHc mass windows, after subtraction of yields in
the Hc sidebands. The distributions for eþe� ! J=c c �c
(open squares) are calculated as the sum of the correspond-
ing distribution for double charmonium production (with
weight 1.0) and eþe� ! J=cHcX (with weight 0.5).
Distributions for the eþe� ! J=cXnon-c �c process (filled
triangles) are determined from the difference between
eþe� ! J=cX inclusive and J=c c �c distributions in
each bin.

TABLE II. Cross sections for the processes eþe� ! J=cX,
J=c c �c, and J=cXnon-c �c ([pb]), and characteristics of the J=c
spectra (�Pet, 	hel, and 	prod); �

2=ndof values for the correspond-

ing fits are listed in parentheses.

J=cX J=c c �c J=cXnon-c �c

� 1:17� 0:02 0:74� 0:08 0:43� 0:09
�Pet 1:19� 0:01 0:73� 0:05 0:48� 0:07
�Pet 0:16� 0:01ð8:9Þ 0:10� 0:02ð0:6Þ 0:32þ0:16

�0:12ð1:6Þ
	hel 0:03� 0:03ð0:6Þ �0:19þ0:25

�0:22ð1:0Þ 0:41þ0:60
�0:45ð1:2Þ

	prod 0:69� 0:05ð3:3Þ �0:26þ0:24
�0:22ð0:5Þ 5:2þ6:1

�2:4ð0:3Þ
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FIG. 3. p�
J=c spectra: (a) inclusive (open circles), from

eþe� ! J=cHcX (filled squares) and from double charmonium
production (filled circles); (b) the sum of all eþe� ! J=c c �c
processes (open squares), from the eþe� ! J=cXnon-c �c pro-
cesses (filled triangles). The fit results are shown in (a) for the
inclusive spectrum, and in (b) for the processes eþe� ! J=c c �c
(solid curve) and eþe� ! J=cXnon-c �c (dashed curve).
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We fit the helicity angle distribution with a function
�ð1þ 	helcos

2ð�helÞÞ. While the production angle distri-
butions are also fitted with a function �ð1þ
	prodcos

2ð�prodÞÞ, we note that these distributions can differ
from 1þ 	cos2� due to ISR or the contribution of the
eþe� ! ���� ! J=cX process to the J=cXnon-c �c final
state. The fits yield the parameters 	hel and 	prod listed in

Table II; the fit results are shown in Fig. 4.
The systematic errors on the production cross sections

for both eþe� ! J=c c �c and J=cXnon-c �c processes are
summarized in Table III. In the double charmonium pro-
duction study, systematic errors due to J=c yield fitting are
determined as in our previous papers [5,13]; we also per-
form variant fits including final states with two charmonia
with the same charge conjugation eigenvalue. In the study
of associated production, we consider changes in J=cHc

yields under variation of the fitting procedure [a two-
dimensional fit to (MðJ=c Þ, MðHcÞ), a fit to the MðJ=c Þ
distribution in bins of MðHcÞ, and to the MðHcÞ in bins of
MðJ=c Þ], as well as variation of the signal and background

parameterizations, the fit ranges, and the binning. The
uncertainty in Hc reconstruction efficiencies due to the
unknown kinematics of c �c fragmentation into charmed
hadrons is small, due to the weak dependence of recon-
struction efficiency on Hc momentum, and is included in
the total systematic error.
When the integral J=c production and helicity angle

distributions in the MC simulation are tuned to those in the
data, their correlations are not taken into account. We
assume the most conservative correlations, resulting in
the largest deviation of the J=c reconstruction efficiencies
that reproduce the integral distributions. The resulting
difference in efficiency is the largest contribution to the
systematic error. Other contributions come from the uncer-
tainty in the track and K0

Sð�0Þ reconstruction efficiencies;

from lepton, kaon and proton identification; and from
uncertainties in absolute Hc branching fractions.
In summary, we have measured the cross sections for the

processes eþe� ! J=cX, J=c c �c, and J=cXnon-c �c to be
ð1:17� 0:02� 0:07Þ pb, ð0:74� 0:08þ0:09

�0:08Þ pb, and

ð0:43� 0:09� 0:09Þ pb, respectively. We therefore con-
clude that eþe� ! J=c c �c is the dominant mechanism for
J=c production in eþe� annihilation, contrary to earlier
NRQCD predictions. Moreover, this cross section exceeds
the perturbative QCD prediction �ðeþe� ! c �cc �cÞ �
0:3 pb [16], which includes the case of fragmentation
into four charmed hadrons, rather than J=c c �c. The
eþe� ! J=c c �c process is dominated by c �c fragmentation
to open charm, with only a ð16� 3Þ% contribution from
double charmonium production. The cross section for
J=cXnon-c �c, which can proceed via eþe� ! J=c gðgÞ or
eþe� ! J=c�� diagrams, is of the same order as that for
J=c c �c. Recently, �ðeþe� ! J=c ggÞ has been recalcu-
lated including NLO corrections to be� 0:5 pb, consistent
with our measurement [17].
We have measured the J=c momentum spectrum and

the production and helicity angle distributions from all
three processes. For the eþe� ! J=cXnon-c �c process, the
J=c momentum spectrum is significantly softer than that
for eþe� ! J=c c �c, and the production angle distribution
peaks along the beam axis. We note that all the measured
cross sections are full (rather than Born) cross sections and
include contributions from cascade J=c , and that model-
dependent corrections for the charged track multiplicity
requirement have not been performed.
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TABLE III. Summary of the systematic errors on the cross
sections shown, in percent.

Source J=cX J=c c �c J=cXnon-c �c

Fitting procedure �3 �5 �9
Angular distributions �4 �6 �10
Nch requirement � � � þ5

�0 � � �
ISR � � � þ4

�2
þ4
�7

Track reconstruction �2 �5 �8
Identification �2 �4 �7
BðJ=c Þ, BðHcÞ �1 �3 �3

Total �6 þ12
�11 �20
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FIG. 4. Angular distributions [j cos�helj in (a), j cos�prodj in
(b)] for inclusive eþe� ! J=cX (open circles), eþe� !
J=c c �c (open squares), and eþe� ! J=cXnon-c �c processes
(filled triangles). The results of the fits described in the text
are shown with the dash-dotted, solid, and dashed curves,
respectively.
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