
an upper limit on its production rate (Table I). The limited
statistics preclude a measurement of the intrinsic width of
Xð3823Þ state. From a fit using a Breit-Wigner function
(with a width parameter that is allowed to float) convolved
with Gaussian resolution, we determine Γ½Xð3823Þ$ <
16 MeV at the 90% confidence level (C.L.) (including
systematic errors).
The Xð3823Þ is a candidate for the ψ2 charmonium state

with JPC ¼ 2−− [13]. In the eþe− → πþπ−ψ2 process, the
πþπ− system is very likely to be dominated by an S wave.
Thus, a D wave between the πþπ− system and ψ2 is
expected, with an angular distribution of 1þ cos2 θ for ψ2

in the eþe− c:m: frame. Figure 3(a) shows the angular
distribution (cos θ) of Xð3823Þ signal events selected by
requiring 3.82 < Mrecoilðπþπ−Þ < 3.83 GeV=c2. The
inset shows the corresponding Mðπþπ−Þ invariant mass
distribution per 20 MeV=c2 bin. A Kolmogorov [23]
test to the angular distribution gives the Kolmogorov
statistic DD

14;obs ¼ 0.217 for the D-wave hypothesis and
DS

14;obs ¼ 0.182 for the S-wave hypotheses. Because of
limited statistics, both hypotheses can be accepted
(DD

14;obs; D
S
14;obs < D14;0.1 ¼ 0.314) at the 90% C.L.

The product of the Born-order cross section and the
branching ratio of Xð3823Þ → γχc1;c2 is calculated
using σB½eþe− → πþπ−Xð3823Þ$B½Xð3823Þ → γχc1;c2$ ¼
Nobs

c1;c2=½Lintð1þ δÞð1=j1 − Πj2ÞϵBc1;c2$, where Nobs
c1;c2 is

the number of Xð3823Þ → γχc1;c2 signal events obtained

from a fit to the Mrecoilðπþπ−Þ distribution, Lint is the
integrated luminosity, ϵ is the detection efficiency, Bc1;c2
is the branching fraction of χc1;c2 → γJ=ψ → γlþl−, and
(1þ δ) is the radiative correction factor, which depends on
the line shape of eþe− → πþπ−Xð3823Þ. Since we observe
large cross sections at

ffiffiffi
s

p
¼ 4.360 and 4.420 GeV, we

assume the eþe− → πþπ−Xð3823Þ cross section follows
that of eþe− → πþπ−ψ 0 over the full energy range of interest
and use the eþe− → πþπ−ψ 0 line shape from published
results [19] as input in the calculation of the efficiency
and radiative correction factor. The vacuum polarization
factor ð1=j1 − Πj2Þ is calculated from QED with 0.5%
uncertainty [24]. The results of these measurements
for the data sets with large luminosities at

ffiffiffi
s

p
¼ 4.230,

4.260, 4.360, 4.420, and 4.600 GeV are listed in Table I.
Since at each single energy the Xð3823Þ signal is not very
significant, upper limits for production cross sections
at the 90% C.L. based on the Bayesian method are given
[systematic effects are included by convolving the Xð3823Þ
signal events yield (nyield) dependent likelihood curves
with a Gaussian with mean value zero and standard
deviation nyieldσsys, where σsys is the systematic uncertainty
of the efficiencies]. The corresponding production ratio of
Rψ 0 ¼ fσB½eþe− → πþπ−Xð3823Þ$B½Xð3823Þ → γχc1$g=
fσB½eþe− → πþπ−ψ 0$B½ψ 0 → γχc1$g is also calculated atffiffiffi
s

p
¼ 4.360 and 4.420 GeV.

We fit the energy-dependent cross sections of eþe− →
πþπ−Xð3823Þ with the Yð4360Þ shape or the ψð4415Þ
shape with their resonance parameters fixed to the Particle
Data Group (PDG) values [2]. Figure 3(b) shows the fit
results, which giveDH1

5;obs ¼ 0.151 for the Yð4360Þ hypoth-
esis (H1) and DH2

5;obs ¼ 0.169 for the ψð4415Þ hypothesis
(H2), based on the Kolmogorov test. Thus, we accept
both the Yð4360Þ and the ψð4415Þ hypotheses (DH1

5;obs;
DH2

5;obs < D5;0.1 ¼ 0.509) at the 90% C.L.
The systematic uncertainties in the Xð3823Þ mass

measurement include those from the absolute mass scale,
resolution, the parameterization of the Xð3823Þ signal, and
the background shape. Since we use the ψ 0 signal to
calibrate the fit, we conservatively take the uncertainty
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FIG. 2 (color online). Simultaneous fit to the Mrecoilðπþπ−Þ
distribution of γχc1 events (left) and γχc2 events (right), respec-
tively. Dots with error bars are data, red solid curves are total fit,
dashed blue curves are background, and the green shaded
histograms are J=ψ mass sideband events.

TABLE I. Number of observed events (Nobs), integrated luminosities (L) [15], detection efficiency (ϵ) for the Xð3823Þ → γχc1 mode,
radiative correction factor (1þ δ), vacuum polarization factor (1=j1 − Πj2), measured Born cross section σB½eþe− → πþπ−Xð3823Þ$
times B1½Xð3823Þ → γχc1$ (σBXB1) and B2½Xð3823Þ → γχc2$ (σBXB2), and measured Born cross section σBðeþe− → πþπ−ψ 0Þ (σBψ 0 ) at
different energies. Other data sets with lower luminosity are not listed. The numbers in the brackets correspond to the upper limit
measurements at the 90% C.L. The relative ratio Rψ 0 ¼ fσB½eþe− → πþπ−Xð3823Þ$BðXð3823Þ → γχc1Þg=fσB½eþe− →
πþπ−ψ 0$Bðψ 0 → γχc1Þg is also calculated. The first errors are statistical, and the second systematic.

ffiffiffi
s

p
(GeV) L (pb−1) Nobs ϵ 1þ δ 1=j1 − Πj2 σBX · B1 (pb) σBX · B2 (pb) σBψ 0 (pb) Rψ 0

4.230 1092 0.7þ1.4
−0.7 ð<3.8Þ 0.168 0.755 1.056 0.12þ0.24

−0.12 ' 0.02 ð<0.64Þ ( ( ( 34.1' 8.1' 4.7 ( ( (
4.260 826 1.1þ1.8

−1.2 ð<4.6Þ 0.178 0.751 1.054 0.23þ0.38
−0.24 ' 0.04 ð<0.98Þ ( ( ( 25.9' 8.1' 3.6 ( ( (

4.360 540 3.9þ2.3
−1.7 ð<8.2Þ 0.196 0.795 1.051 1.10þ0.64

−0.47 ' 0.15 ð<2.27Þ ð<1.92Þ 58.6' 14.2' 8.1 0.20þ0.13
−0.10

4.420 1074 7.5þ3.6
−2.8 ð<13.4Þ 0.145 0.967 1.053 1.23þ0.59

−0.46 ' 0.17 ð<2.19Þ ð<0.54Þ 33.4' 7.8' 4.6 0.39þ0.21
−0.17

4.600 567 1.9þ1.8
−1.1 ð<5.4Þ 0.157 1.075 1.055 0.47þ0.44

−0.27 ' 0.07 ð<1.32Þ ( ( ( 10.4þ6.4
−4.7 ' 1.5 ( ( (
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