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Introduction

Studies of exclusive open charm production near thresh-
old in e+e− annihilation provide important information on
the dynamics of charm quarks and on the properties of the
ψ states.

Another motivation for studying exclusive open charm
production is the existence of charmonium-like states with
masses above open-charm threshold and quantum num-
bers JPC = 1−−. Although these have been known
for over four years, the nature of these states, found in
e+e− → π+π−J/ψ(ψ(2S))γISR processes, remains un-
clear. Among them are theY (4260) state observed by
BaBar [1, 2], confirmed by CLEO [3, 4] and Belle [5];
the Y (4350) discovered by BaBar [6] and confirmed by
Belle [7]; two structures, theY (4008) and theY (4660)
seen by Belle [5, 7].

The absence of open charm decay channels forY states,
large partial widths for decay channels to charmonium
plus light hadrons and the lack of availableJPC = 1−−

charmonium levels are inconsistent with the interpretation
of the Y states as conventional charmonia. To explain
the observed peaks, some models assign the33D1(4350),
53S1(4660) with shifted masses [8], other explore coupled-
channel effects and rescattering of charm mesons [9]. More
exotic suggestions include hadro-charmonium [10]; multi-
quark states, such as a[cq][cq] tetraquark [11] andDD1

orD0D∗0 molecules [12]. One of the most popular exotic
options for theY states are the hybrids expected by LQCD
in the mass range from4.2− 5.0 GeV/c2 [13]. In this con-
text, some authors expect the dominant decay channels of
the Y(4260) to beY (4260) → D(∗)D(∗)π.

During the past three years numerous measurements of
exclusivee+e− cross sections for charmed hadron pairs
have been reported. Most of these measurements were
performed atB-factories using initial-state radiation (ISR).
Here we present Belle results on thee+e− cross sections to
theDD, D+D∗− [14], D∗+D∗−, D0D−π+ [15, 16, 17],
Λ+
c Λ−

c [18] andD0D∗−π+ final states [19]. The data sam-
ple corresponds to a large integrated luminosity collected
with the Belle detector [20] at theΥ(4S) resonance and
nearby continuum at the KEKB asymmetric-energye+e−

collider [21].

Measurement of the near-threshold
e+e−

→ D(∗)±D∗∓ cross section

To selecte+e− → D(∗)+D∗−γISR signal events we use
a method that achieves high efficiency by requiring full re-
construction of only one of theD(∗)+ mesons, theγISR,
and the slowπ−

slow from the otherD∗−. In this case the

spectrum of masses recoiling against theD(∗)+γISR sys-
tem:

Mrec(D
(∗)+γISR)=

√

(Ec.m.−ED(∗)+γISR
)2−p2

D(∗)+γISR
(1)

peaks at theD∗− mass. HereED(∗)+γISR
andpD(∗)+γISR

are the c.m. energy and momentum, respectively, of the
D(∗)+γISR combination. This peak is expected to be wide
and asymmetric due to the photon energy resolution and
higher-order corrections to ISR. The resolution of this peak
(estimated to be∼ 300 MeV/c2) is not sufficient to sepa-
rate theDD∗,D∗D∗ orD(∗)D∗π final states. To disentan-
gle the contributions from these final states and to suppress
combinatorial backgrounds, we use the slow pion from the
unreconstructedD∗−. The difference between the mass
recoiling againstD(∗)+γISR andD(∗)+π−

slowγISR (recoil
mass difference):

∆Mrec =Mrec(D
(∗)+γISR)−Mrec(D

(∗)+π−

slowγISR) , (2)

has a narrow distribution (σ ∼ 1.4 MeV/c2) around the
mD∗− − m

D0 , since the uncertainty inγISR momentum
partially cancels out.

For the measurement of the exclusive cross section we
determine theD(∗)+D∗− mass (≡ Mrec(γISR) in the ab-
sence of higher-order QED processes). The photon en-
ergy resolution results in a typicalMrec(γISR) resolution
of ∼ 100 MeV, which is too big for a study of rela-
tively narrowD(∗)+D∗− mass states. We significantly im-
prove theMrec(γISR) resolution by applying a refit that
constrainsMrec(D

(∗)+γISR) to theD∗− mass. As a re-
sult, theMD(∗)+D∗− resolution is improved by a factor
of ∼ 10. The recoil mass difference after the refit pro-
cedure (∆Mfit

rec) has a resolution improved by a factor of
∼ 2. We define the signal region by the requirement that
Mrec(D

∗+γISR) be within±0.2 GeV/c2 of theD∗− mass
and by the tight requirement on∆Mfit

rec within ±2 MeV/c2

of themD∗− −m
D0 .

The e+e− → D(∗)+D∗− cross sections are extracted
from theD(∗)+D∗− mass distributions after background
subtraction by the relation described in [16]. The resulting
exclusivee+e− → D(∗)+D∗− cross sections are shown
in Fig. 1 with statistical uncertainties only. The total sys-
tematic uncertainties are (11)10% and comparable to the
statistical errors in the differential cross section.

The shape of thee+e− → D∗+D∗− cross section is
complicated with several local maxima and minima. Aside
from a prominent excess near threshold, thee+e− →
D+D∗− cross section is relatively featureless. The mea-
sured cross sections are compatible [22] within errors
with the D(∗)D∗ exclusive cross section measured by
BaBar [23] and CLEO-c [24].
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Figure 1: The exclusive cross sections for (a)e+e− →
D∗+D∗− and (b)e+e− → D+D∗−.

Measurement of the near-threshold
e+e−

→ DD cross section

We selecte+e− → DDγISR signal events by recon-
structing both theD andD mesons, whereD = D0 or
D+. In general, theγISR is not required to be detected; its
presence in the event is inferred from a peak at zero in the
spectrum of the recoil mass against theDD system. The
square of the recoil mass is defined as:

M2
rec(DD) = (Ec.m. − E

DD
)2 − p2

DD
, (3)

whereE
DD

and p
DD

are thec.m. energy and momen-
tum of theDD combination, respectively. To suppress
backgrounds we consider two cases: (1) theγISR is out
of detector acceptance in which case the polar angle for
theDD combination in thec.m. frame is required to be
|cos(θ

DD
)| > 0.9; (2) the fastγISR is within the detector

acceptance (|cos(θ
DD

)| < 0.9), in this case theγISR is re-
quired to be detected and the mass of theDDγISR combi-
nation is required to be greater thanEc.m. − 0.58 GeV/c2.
To suppress background frome+e− → DD(n)πγISR pro-
cesses we exclude events that contain additional charged
tracks that are not used in theD or D reconstruction.
To suppress the tail ofe+e− → D(∗)D(∗)(n)π0γISR

events we define a signal region by the requirement:
|M2

rec(DD)| < 0.7(GeV/c2)2.
The resultinge+e− → D0D0, e+e− → D+D− and

e+e− → DD exclusive cross sections, averaged over the
bin width, are shown in Fig. 2 with statistical uncertainties
only. The total systematic uncertainties are 10% and com-
parable to the statistical errors in the differential crosssec-
tion around theψ(3770) peak; for the otherM

DD
ranges

statistical errors dominate. The observede+e− → DD ex-
clusive cross sections are consistent with BaBar measure-

ments [25]. This includes a peak at3.9 GeV/c2 that is seen
both in Belle and BaBar mass spectra.
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Figure 2: The exclusive cross sections for: (a)e+e− →
D0D0; (b)e+e− → D+D−; (c)e+e− → DD. The dotted
lines correspond to theψ(3770), ψ(4040), ψ(4160) and
ψ(4415) masses.

We calculate the cross section ratio
σ(e+e− → D+D−)/σ(e+e− → D0D0) for theM

DD
bin

(3.76−3.78)GeV/c2 corresponding toM
DD

≈Mψ(3770)

to be (0.72 ± 0.16 ± 0.06). This value is in agreement
within errors with CLEO-c [26] and BES [27] measure-
ments. The ratioσ(e+e− → D+D−)/σ(e+e− → D0D0)
integrated over theM

DD
range from 3.8 to 5.0GeV/c2 is

found to be(1.15 ± 0.13 ± 0.10) and is consistent with
unity.

Observation of ψ(4415) → DD∗
2(2460)

decay

We use the similar full reconstruction method described
above to selecte+e− → D0D−π+γISR signal candi-
dates. Thee+e− → D0D−π+ cross section extracted
from the background-subtractedD0D−π+ mass distribu-
tion is shown in Fig. 3.

To study the resonant structure inψ(4415) decays, we
selectD0D−π+ combinations from a±100 MeV/c2 mass
window around theψ(4415) mass [28]. A scatter plot of
M(D−π+) vs. M(D0π+) and its projections onto both
axes evidently demonstrate clear signals for theD∗

2(2460)0

andD∗

2(2460)+ mesons and positive interference between
the neutralD0D∗

2(2460)0 and the chargedD−D∗

2(2460)+

decay amplitudes leading to the sameD0D−π+ final state
for the decay ofC = −1 state. Because of the interfer-
ence we do not studyD0D∗

2(2460)0 andD−D∗

2(2460)+



 M(D0D-π+), GeV/c2

σ(
nb

)

-0.2

0

0.2

0.4

0.6

0.8

4 4.2 4.4 4.6 4.8 5

Figure 3: The exclusive cross section fore+e− →
D0D−π+. The dotted line corresponds to the mass of the
ψ(4415).

final states separately and define the signal interval for the
DD∗

2(2460) combinations as|MD−π+ − m
D∗

2(2460)0 | <
50 MeV/c2 or |MD0π+ −mD∗

2(2460)+ | < 50 MeV/c2.

We perform a separate study ofe+e− → DD∗

2(2460)
ande+e− → D(Dπ)nonD∗

2(2460). TheMD0D−π+ spec-

trum for the DD∗

2(2460) signal interval is shown in
Fig. 4(a). A clear peak corresponding toψ(4415) →
DD∗

2(2460) decay is evident near theDD∗

2(2460) thresh-
old. To compare mass and width of the obtained
ψ(4415) signal with the correspondingψ(4415) reso-
nance parameters measured in theinclusive study, we
perform a likelihood fit toMD0D−π+ distribution with
theDD∗

2(2460) signal parameterized by ans-wave RBW
function. To account for background and a possible non-
resonantD0D−π+ contribution we use a threshold func-
tion

√

M −mD −m
D∗

2(2460) with a floating normaliza-

tion. Finally, the sum of the signal and background func-
tions is multiplied by the mass-dependent linear efficiency
function and differential ISR luminosity. The fit, shown
as a solid curve in Fig. 4(a), yields109 ± 25(stat.) sig-
nal events. The significance for the signal is obtained
to be ∼ 10σ. The obtained peak massmψ(4415) =
(4.411 ± 0.007(stat.))GeV/c2 and total widthΓtot =
(77 ± 20(stat.))MeV/c2 are in good agreement with the
PDG [28] values and the BES results [29]. The peak
cross section fore+e− → ψ(4415) → DD∗

2(2460) pro-
cess atEc.m. = mψ(4415) is calculated from the ampli-
tude of the RBW function in the fit to beσ(e+e− →
ψ(4415))×B(ψ(4415) → DD∗

2(2460))×B(D∗

2(2460) →
Dπ+) = (0.74 ± 0.17 ± 0.08)nb. Usingσ(e+e− →
ψ(4415)) = 12π/m2

ψ(4415) × (Γee/Γtot) we calculate the

B(ψ(4415) → DD∗

2(2460)) × B(D∗

2(2460) → Dπ+) =
(10.5 ± 2.4 ± 3.8)% using theψ(4415) parameters from
the PDG [28] and(19.5 ± 4.5 ± 9.2)% for the ψ(4415)
parameters from Ref. [29].

The shape of theMD0D−π+ spectrum with the
DD∗

2(2460) signal excluded, shown as a solid curve in
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Figure 4: (a) TheMD0D−π+ spectrum for theDD∗

2(2460)
signal region. The threshold function is shown by the
dashed curve. (b) TheMD0D−π+ spectrum outside the
DD∗

2(2460) signal region. The dashed curve shows the
upper limit on theψ(4415) yield at 90% C.L. Histograms
show the normalized contributions fromMD0 andMD−

sidebands.

Fig. 4(b), in theψ(4415) mass window, is consistent with
the combinatorial background. We obtainB(ψ(4415) →
D0D−π+

non−resonant)/B(ψ(4415) → DD∗

2(2460) →
D0D−π+) < 0.22 at 90% C.L.

Measurement of the near-threshold
e+e−

→ Λ+
c
Λ−

c
cross section

The selection ofe+e− → Λ+
c Λ−

c γISR signal events us-
ing full reconstruction of both theΛ+

c andΛ−

c baryons suf-
fers from the lowΛc reconstruction efficiency and small
branching fractions for decays to accessible final states.
Therefore, in order to achieve higher efficiency we require
full reconstruction of only one of theΛc baryons and the
γISR photon. In this case the spectrum of masses recoiling
against theΛ+

c γISR system peaks at theΛ−

c mass.
For the measurement of the exclusive cross section for

e+e− → Λ+
c Λ−

c , we determine the mass recoiling against
theγISR photon (Mrec(γISR)). To improve theMrec(γISR)
resolution (expected to be∼ 100 MeV/c2), we apply a re-
fit that constrainsMrec(Λ

+
c γISR) to the nominalΛ−

c mass.
As a result, theMΛ+

c
Λ−

c

resolution is improved substan-
tially; it varies from∼ 3 MeV/c2 just above threshold to
∼ 8 MeV/c2 atMΛ+

c
Λ−

c

∼ 5.4 GeV/c2.
To suppress combinatorial background, we require the

presence of at least onep in the event from the decay of
the unreconstructedΛ−

c (p tag). As a result, the combina-
torial background is suppressed by a factor of∼ 10 at the
expense of about a40% reduction in signal.

The MΛ+
c

Λ−

c

spectrum for events in the signal region
is shown in Fig. 5 (a). A clear peak is evident near the
Λ+
c Λ−

c threshold. Assuming the observed peak to be a res-
onance, we perform a simultaneous likelihood fit to the
MΛ+

c
Λ−

c

distributions for theΛ+
c signal and sideband re-

gions to fix the combinatorial background shapes. As the
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Figure 5: TheMΛ+
c

Λ−

c

spectrum for the signal region: (a)
with p tag. The solid curve represents the result of the fit
described in the text. The threshold function is shown by
the dashed curve. The combinatorial background param-
eterization is shown by the dashed-dotted curve; (b) with
proton (wrong-sign) tag. Histograms show the normalized
contributions fromΛ+

c sidebands.

signal function we use a sum of a relativistics-wave Breit-
Wigner function and a threshold function with a floating
normalization to take into account a possible non-resonant
contribution. The fit, shown as a solid curve in Fig. 5 (a),
attributes142+32

−28(stat.) events to the RBW signal. The
obtained peak mass isM = (4634+8

−7
+5
−8)MeV/c2 and the

total width isΓtot = (92+40
−24

+10
−21)MeV. The significance

including systematics is8.2σ. We use X(4630) to denote
the observed structure.

As a cross check, we present in Fig. 5 (b) theMΛ+
c

Λ−

c

spectrum for the signal region for wrong-sign tags,i.e. re-
quiring a presence of a proton in the event in addition to
the Λ+

c γISR combination. TheMΛ+
c

Λ−

c

distribution from
the signalΛ+

c window is in good agreement with the nor-
malized contributions from theΛ+

c sidebands.
The e+e− → Λ+

c Λ−

c cross section extracted from
the background-subtractedΛ+

c Λ−

c mass distribution is
shown in Fig. 6 with statistical uncertainties only. The
peak cross section for thee+e− → Λ+

c Λ−

c process at
Ec.m. = mX(4630) is calculated from the amplitude of the
RBW function in the fit to beσ(e+e− → X(4630)) ×
B(X(4630) → Λ+

c Λ−

c ) = (0.47+0.11
−0.10

+0.05
−0.08 ± 0.19) nb.

We calculateΓee/Γtot × B(X(4630) → Λ+
c Λ−

c ) =
(0.68+0.16

−0.15
+0.07
−0.11 ± 0.28) · 10−6.

The nature of significant near-threshold enhancement re-
mains unclear. In many processes including three-body
B meson baryon decays, mass peaks are observed near
threshold [32]. However, the cross section fore+e− → ΛΛ

σ(
nb

)

GeV/c2M(Λ+
c Λ

–
c)

0

0.2

0.4

0.6

4.5 4.6 4.7 4.8 4.9 5 5.1 5.2 5.3 5.4

Figure 6: The cross section for the exclusive process
e+e− → Λ+

c Λ−

c .

measured via ISR by BaBar [30] has a different pattern:
it increases sharply at threshold and then decreases gradu-
ally without any peak-like structure. Although both mass
and width of theX(4630) are consistent within errors with
those of theY (4660), this coincidence does not exclude
other interpretations of theX(4630), for example, as the
conventional charmonium state [31, 8] or as a baryon-
antibaryon threshold effect [32].

Measurement of the near-threshold
e+e−

→ D0D∗−π+ cross section

For measurement of thee+e− → D0D∗−π+ cross sec-
tion we employ the reconstruction method that was used
for e+e− → DD ande+e− → D0D−π+. The resulting
e+e− → D0D∗−π+ exclusive cross section averaged over
the bin width is shown in Fig. 7 with statistical uncertain-
ties only. The total systematic uncertainty is 10%.

To obtain limit one+e− → ψ(4415) → D0D∗−π+

process we perform a likelihood fit to theMD0D∗−π+

distribution where we parameterize a possibleψ(4415)
signal contribution by ans-wave RBW function with a
free normalization. We use PDG values [28] to fix its
mass and total width. To take a non-resonantD0D∗−π+

contribution into account we use a threshold function√
M −mD0 −mD∗− −mπ+ with a free normalization.

Finally, the sum of the signal and non-resonant functions is
multiplied by a mass-dependent second-order polynomial
efficiency function and differential ISR luminosity.

The fit yields 14.4 ± 6.2+1.0
−9.5 signal events for the

ψ(4415) state. The statistical significance for theψ(4415)
signal is determined to be3.1σ. We calculate an up-
per limit on the peak cross section for thee+e− →
ψ(4415) → D0D∗−π+ process atEc.m. = mψ(4415)

from the amplitude of the RBW function in the fit to be
σ(e+e− → ψ(4415)) × B(ψ(4415) → D0D∗−π+) <
0.76 nb at the 90% C.L. Usingσ(e+e− → ψ(4415)) =
12π/m2

ψ(4415) × (Bee) and PDG values of theψ(4415)
mass, full width and electron width [28] we foundBee ×
B(ψ(4415) → D0D∗−π+) < 0.99 × 10−6 at the 90%



C.L andB(ψ(4415) → D0D∗−π+) < 10.6% at the 90%
C.L. All presented upper limit values include systematic
uncertainties. For illustration we include the correspond-
ing fit function on the cross section distribution plot shown
in Fig. 7.
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Figure 7: The exclusive cross section fore+e− →
D0D∗−π+ averaged over the bin width with statistical un-
certainties only. The fit function corresponds to the upper
limit on ψ(4415) taking into account systematic uncertain-
ties. The solid line represents the sum of the signal and
threshold contributions. The threshold function is shown
by the dashed line.

To obtain limits on the decaysX → D0D∗−π+, where
X denotesY (4260), Y (4350), Y (4660) or X(4630)
states, we perform four likelihood fits to theMD0D∗−π+

spectrum each with one of theX states, theψ(4415)
state and a non-resonant contribution. For fit functions
we use the sum of twos-wave relativistic RBW func-
tions with a free normalization and a threshold function√
M −mD0 −mD∗− −mπ+ with a free normalization.

For masses and total widths of theY (4260) andψ(4415)
states we use PDG values [28]. The corresponding parame-
ters of theY (4660), Y (4350) andX(4630) states are fixed
from Ref. [33, 18], respectively.

The significances for theY (4260), Y (4350), Y (4660)
and X(4630) signal are found to be0.9σ, 1.4σ, 0.1σ
and 1.8σ, respectively. The calculated upper lim-
its (at the 90% C.L.) on the peak cross sections for
e+e− → X → D0D∗−π+ processes atEc.m. = mX

are presented in Table 1. Using fixed values ofX
masses and full widths we obtain upper limits on the
Bee × B(X → D0D∗−π+) at the 90% C.L. Finally,
for the Y (4260) state we estimate the upper limit on
B(Y (4260) → D0D∗−π+)/B(Y (4260) → π+π−J/ψ)
at the 90% C.L. usingBee × Γ(π+π−J/ψ) [28]. For
the Y (4350) and Y (4660) states we calculateB(X →
D0D∗−π+)/B(X → π+π−ψ(2S)) at the 90% C.L. tak-
ing into accountBee × Γ(π+π−ψ(2S)) [33]. All upper
limits presented in Table 1 include systematic uncertain-
ties.

To estimate the effects of possible interference between

final states we also performed a fit to theMD0D∗−π+

spectrum that includes complete interference between the
ψ(4415) RBW amplitude and a non-resonantD0D∗−π+

contribution. We found two solutions with similar
goodness-of-fit; the interference is constructive for one so-
lution and destructive for the other. From the fit with
destructive interference we find an upper limit on the
peak cross section fore+e− → ψ(4415) → D0D∗−π+

process to beσ(e+e− → ψ(4415)) × B(ψ(4415) →
D0D∗−π+) < 1.93 nb at the 90% C.L.

In addition we performed four likelihood fits to the
MD0D∗−π+ spectrum with complete interference between
theX andψ(4415) states’ RBW amplitudes and a non-
resonantD0D∗−π+ contribution. We found four solu-
tions for each fit with similar goodness-of-fit and obtained
the upper limits on the peak cross sections fore+e− →
X → D0D∗−π+ process to beσ(e+e− → X) × B(X →
D0D∗−π+) less than 1.44, 1.92, 1.38 and 0.98 nb at the
90% C.L. forY (4260), Y (4350), Y (4660) andX(4630),
respectively.

Conclusion

The measured six open charm final states nearly satu-
rate the total cross section for charm hadron production in
e+e− annihilation in the

√
s region up to∼ 5 GeV. The ex-

clusive cross sections for charm strange meson pairs have
been measured to be an order of magnitude smaller than
charm meson production [24]. Charm baryon-antibaryon
pair production occurs at energies above4.5 GeV.

Belle and BaBar found no evidence for open charm
production with any ofY (4260), Y (4350), Y (4660) and
X(4630) states, in particular forY (4260) → D0D∗−π+

decays as predicted by hybrid models.
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