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1 Introduction

The masses and decay patterns of conventional vector (JP C = 1−−) charmonium states
match well the predictions from the quark potential model [1]. They decay dominantly
into open-charm final states when their masses are above the open-charm threshold, such
as ψ(4040) and ψ(4160). However, puzzles come when numerous vector charmonium-like
states not expected in the quark potential model, such as Y (4260) [2–5] and Y (4360) [6–8],
have been observed. Later, more precise data indicates that the line shape of Y (4260) is
asymmetric and its mass is close to 4220MeV/c2 [9–11]. The measured masses of these
charmonium-like states are above the open-charm threshold. In contrast to conventional
states at the same energy region, they mainly decay into hidden-charm final states. How-
ever, the state around 4220MeV/c2 which was observed in open-charm production process
e+e− → Y (4220) → π+D0D̄∗− in the BESIII experiment [12] is consistent with previ-
ous observations of the Y (4220) state [9–11]. A closer examination of these states in
open-charm channels may provide further insights on the nature of these states and of-
fer necessary inputs to different theoretical interpretations including compact tetraquarks,
molecules, hybrids, or hadrocharmonia [13–19].

The previously measured cross sections of e+e− → D∗+D∗− and e+e− → D∗+D−

at energy points from 3.875 to 6GeV [20–23] have been used to understand the vector
charmonium(-like) states. Authors of ref. [24] found that the cross sections of the e+e− →
D∗+D∗− process can be described well by the conventional charmonium states ψ(4040),
ψ(4160), ψ(4415), and a D̄D1(2420) hadronic molecule hypothesis of the Y (4260). Authors
of ref. [25] used a coupled-channel approach to perform a simultaneous fit to the data in the
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open-charm channels including e+e− → D∗+D∗− and e+e− → D∗+D−. The fit provides
a remarkably good overall description of all the line shapes, with five vector charmonium
resonances, ψ(2S), ψ(3770), ψ(4040), ψ(4160), and ψ(4415). Recently, extensive numerical
analyses were performed in ref. [26] by combining all the cross sections of the final states
J/ψπ+π−, hcπ

+π−, D0D∗−π+, ψ(2S)π+π−, ωχc0, and J/ψη measured in the BESIII,
Belle, and BaBar experiments, together with those of the open-charm final states D∗+D∗−

and D∗+D− measured by Belle (with and without D∗+
s D∗−

s channel). It is concluded that
the Y (4260) may be interpreted as a mixture of 43S1 and 33D1(23D1) charmonium states.
However, more precise measurements are necessary to verify these conclusions.

In this article, we present improved measurements of the Born cross sections of the
e+e− → D∗+D∗− and e+e− → D∗+D− processes at 28 center-of-mass (c.m.) energies (

√
s)

from 4.085 to 4.600GeV.

2 BESIII detector and data samples

The data were collected by the BESIII detector [27], and the total integrated luminosity is
15.7 fb−1. The c.m. energies were measured using e+e− → µ+µ− events with an uncertainty
of 0.8MeV [28] and the integrated luminosities were measured using Bhabha scattering
events to an uncertainty of 1.0% [29, 30]. The data samples used in this analysis and the
corresponding integrated luminosities are listed in tables 1 and 2.

The BESIII detector [27] records symmetric e+e− collisions provided by the BEPCII
storage ring [31], which operates with a peak luminosity of 1 × 1033 cm−2s−1 in the c.m.
energy range from 2.0 to 4.95GeV [32]. The cylindrical core of the BESIII detector covers
93% of the full solid angle and consists of a helium-based multilayer drift chamber (MDC),
a plastic scintillator time-of-flight system (TOF), and a CsI(Tl) electromagnetic calorime-
ter (EMC), which are all enclosed in a superconducting solenoidal magnet providing a 1.0 T
magnetic field. The solenoid is supported by an octagonal flux-return yoke with resistive
plate counter muon identification modules interleaved with steel. The charged-particle mo-
mentum resolution at 1 GeV/c is 0.5%, and the dE/dx resolution is 6% for electrons from
Bhabha scattering. The EMC measures photon energies with a resolution of 2.5% (5%)
at 1GeV in the barrel (end cap) region. The time resolution in the TOF barrel region is
68 ps, while that in the end cap region is 110 ps. The end cap TOF system was upgraded
in 2015 using multi-gap resistive plate chamber technology, providing a time resolution of
60 ps [33–35].

Simulated data samples produced with a geant4-based [36] Monte Carlo (MC) pack-
age, which includes the geometric description of the BESIII detector and the detector
response, are used to determine detection efficiencies and to estimate background contri-
butions. The simulation models, including the beam energy spread, initial state radiation
(ISR), and vacuum polarization in the e+e− annihilations are treated with the generator
kkmc [37, 38]. The ISR of the initial particle affects the detection efficiency and line
shape of cross sections, thus, the ISR correction is necessary in the Born cross section
measurements and fulfilled by the kkmc generator.
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Exclusively generated MC samples
e+e− → D∗+D̄0π−, D∗+ → π+D0, D0 → K−π+, D̄0 → anything
e+e− → D∗−D0π+, D0 → K−π+ D∗− → anything
e+e− → D∗+D̄∗0π−, D∗+ → π+D0 D0 → K−π+, D̄∗0 → anything
e+e− → D∗−D∗0π+, D∗0 → π0D0(γD0), D0 → K−π+, D∗− → anything
e+e− → D∗+D−π0, D∗+ → π+D0 D0 → K−π+, D− → anything
e+e− → D−D0π+, D0 → K−π+, D− → anything
e+e− → D∗0D̄∗0, D∗0 → anything, D̄∗0 →anything

Table 3. The decay chains of the exclusively generated MC samples for background studies.

The signal MC samples of the e+e− → D∗+D∗− and e+e− → D∗+D− processes with
100,000 events are generated using phase-space (PHSP) [40, 41] and helicity-amplitude
(HELAMP) [40, 41] models at each c.m. energy, respectively. These signal models describe
data well at each energy point. The D∗+ meson is reconstructed by using the decay chain
D∗+ → π+D0, D0 → K−π+, while the D∗− or D− is not reconstructed exclusively but is
inferred from energy-momentum conservation. Inclusion of charge-conjugated (c.c.) states
is implicit unless otherwise stated.

Generic MC samples spread over the complete energy range are used to analyze the
possible background contributions. The generic MC sample includes the production of
open-charm processes, the ISR production of vector charmonium(-like) states, and the con-
tinuum processes incorporated in kkmc [37, 38]. The known decay modes are modelled with
evtgen [40, 41] using branching fractions taken from the Particle Data Group [42], and the
remaining unknown charmonium decays are modelled with lundcharm [43, 44]. Final-
state radiation (FSR) from charged final-state particles is incorporated using photos [45].

In addition, exclusive MC samples with 100,000 events each for the processes e+e− →
D∗+D̄0π−, D∗−D0π+, D∗+D̄∗0π−, D∗−D∗0π+, D∗+D−π0, D0D−π+, and D∗0D̄∗0 (listed
in table 3) are generated with PHSP model at each c.m. energy to study possible back-
ground contributions. Here e+e− → D∗+D̄0π− and D∗−D0π+, and e+e− → D∗+D̄∗0π−

and D∗0D∗−π+ are two pairs of charge-conjugated modes, which have the same input line
shapes of cross sections. The background contributions at all the energy points are found
to be the same.

3 Event selection and background analysis

Candidate events with at least two pions with positive charge and at least one kaon with
negative charge are selected. The charged tracks are required to be well reconstructed in
the MDC with a polar angle θ satisfying |cos θ| < 0.93, and the distances of the closest
approach to the interaction point in x− y plane and z direction of e+e− c.m. frame have
to be less than 1 cm and 10 cm, respectively. The particle identification (PID) of kaons
and pions is based on the dE/dx and time of flight information. Assumption of a given
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particle identification is based on the larger of the two PID-hypothese probabilities P(h),
h = K,π. Kaon candidates are required to satisfy P(K) > P(π) and P(K) > 0.001 with
momenta larger than 0.3 GeV/c. Pion candidates are required to satisfy P(π) > P(K) and
P(π) > 0.001. The pions with momenta less than 0.3 GeV/c are named as π+

L , whereas
the ones with momenta larger than 0.3 GeV/c are named as π+

H . At least one π+
L and one

π+
H are required in the final states.

We assume each input charged track originated from a common vertex, and a kinematic
fit is performed to the K−π+

H candidates, which constrains the masses of the K−π+
H candi-

dates to the known mass of the D0 meson [42], to improve the track momentum resolution
and to reduce background events. If there are multiple candidates in one event, we choose
the K−π+

Hπ
+
L combination with the smallest vertex and kinematic fit χ2 and require χ2 <

200 for further studies. To identify signal candidates that involve the D0 meson, we select
events with a K−π+

H invariant mass before the kinematic fit within a window of three stan-
dard deviations (±3σ) around the D0 known mass, 1845.4 < M(K−π+

H) < 1885.2MeV/c2,
referred to as the D0 mass window. Here σ is the measured mass resolution of D0 meson.
For the sake of simplicity, we use π+ to replace π+

L in the following text.
After imposing all the requirements mentioned above, we use the two-dimensional (2D)

distributions of the π+D0 invariant mass M(π+D0) and recoil mass RM(π+D0) after the
kinematic fit, to study the signal and background contributions. Figure 1 shows the distri-
butions of RM(π+D0) versus M(π+D0) for data, signal MC samples of e+e− → D∗+D∗−

and D∗+D−, and background MC samples of e+e− → D∗+D̄0π−, D∗−D0π+, D∗+D̄∗0π−,
D∗0D∗−π+, D∗+D−π0, D0D−π+, and e+e− → D∗0D̄∗0 at 4.416GeV, respectively.

The remaining background contributions are shown in figure 2 together with the fit
results where an Argus function [46] and a second-order Chebyshev polynomial are used
to fit the M(π+D0) and RM(π+D0) distributions, respectively.

4 Signal yield determination

Two-dimensional unbinned fits to the recoil mass RM(π+D0) versus the invariant mass
M(π+D0) distributions are performed to determine the signal yields of the e+e− →
D∗+D∗− and D∗+D− processes. A 2D probability density function (PDF) f(M,RM)
is used to describe the data, where

f(M,RM) = N sig1s1(M,RM) +N sig2s2(M,RM)

+Nbkg1
[

R1
1 +R1

b1(M,RM) + 1
1 +R1

b2(M,RM)
]

+Nbkg2
[

R2
1 +R2

b3(M,RM) + 1
1 +R2

b4(M,RM)
]

+Nbkg3b5(M,RM) +Nbkg4b6(M,RM)
+Nbkg5b7(M,RM) +Nbkg6b8(M)b9(RM).

(4.1)

Here, s1(M,RM) and s2(M,RM) are the signal PDFs for the e+e− → D∗+D∗− and
D∗+D− processes, respectively, and are modeled using the signal MC shapes convolved with
corresponding Gaussian functions. The parameters of the Gaussian functions reflect the
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Figure 1. Distributions of the recoil mass RM(π+D0) versus the invariant mass M(π+D0) for
(a) data, and the MC-simulated processes (b) e+e− → D∗+D∗−, (c) D∗+D−, (d) D∗+D̄0π−,
(e) D∗−D0π+, (f) D∗+D̄∗0π−, (g) D∗−D∗0π+, (h) D∗+D−π0, (i) D−D0π+, and (j) D∗0D̄∗0 at
4.416GeV c.m. energy, where plots (b) and (c) are the signal processes, and plots (d-j) are the
background processes in this analysis. Labels of s1, sig1, b1, bkg1 etc. are used in eq. (4.1) and
described in text.

– 7 –



J
H
E
P
0
5
(
2
0
2
2
)
1
5
5

0

0.5

1

1.5

2

2.5

3

3.5

4

)2c) (GeV/0D+
π(M

2 2.005 2.01 2.015 2.02 2.025 2.03

)
2

c
) 

(G
e
V

/
0

D
+

π(
R

M

1.8

1.85

1.9

1.95

2

2.05

2.1

2.15

2.2

bkg6

)2c) (GeV/0D+
π(M

2 2.005 2.01 2.015 2.02 2.025 2.03

)
2

c
E

v
e
n
ts

/0
.3

 (
M

e
V

/

0

5

10

15

20

25

)2c) (GeV/0D+
π(RM

1.8 1.85 1.9 1.95 2 2.05 2.1 2.15 2.2

)
2

c
E

v
e
n
ts

/4
.0

 (
M

e
V

/

0

5

10

15

20

25b8 b9

Figure 2. Distribution of the recoil mass RM(π+D0) versus the invariant mass M(π+D0) and
the 2D fit result for the remaining background contributions of the generic MC samples after
removing signal events and peaking background contributions mentioned in the text at 4.416GeV
c.m. energy. An Argus function and a second-order Chebyshev polynomial (red lines) are used to
fit the M(π+D0) and RM(π+D0) distributions, respectively. Labels of bkg6, b8, and b9 are used
in eq. (4.1) and described in text.

differences in the mass resolution between MC simulation and data, and are obtained from
one-dimensional (1D) fits to theM(π+D0) and RM(π+D0) distributions. The b1(M,RM),
b2(M,RM), b3(M,RM), b4(M,RM), b5(M,RM), b6(M,RM), and b7(M,RM) are the
PDFs of the background processes e+e− → D∗+D̄0π−, D∗−D0π+, D∗+D̄∗0π−, D∗−D∗0π+,
D∗+D−π0, D−D0π+, and D∗0D̄∗0 and are shown in figure 1(d-j). The b8(M) and b9(RM)
are the Argus function and second-order Chebyshev polynomial mentioned before. The
PDFs of signal and background processes in eq. (4.1) which are affected by the ISR effect
are changed with different c.m. energies, especially the signal PDFs of e+e− → D∗+D∗−.
Its radiative tail in the RM(π+D0) distribution is appearing or vanishing with the sharply
changed cross sectional line shape of e+e− → D∗+D∗−. We use these different PDFs to
perform the 2D fit at different energy points.

The numbers of the signal events of e+e− → D∗+D∗− and D∗+D−, the background
events of e+e− → D∗+D−π0, D−D0π+, and D∗0D̄∗0, and the flat background events
are represented by N sig1, N sig2, Nbkg3, Nbkg4, Nbkg5 and Nbkg6, respectively; Nbkg1

is the total number of e+e− → D∗+D̄0π− and D∗−D0π+ events, and Nbkg2 the total
number of e+e− → D∗+D̄∗0π− and D∗−D∗0π+ events. The ratios between the charge-
conjugated modes of e+e− → D∗+D̄0π− and D∗−D0π+, and e+e− → D∗+D̄∗0π− and
D∗0D∗−π+ are denoted by R1 and R2, according to R1 = Bbkg1εbkg1/Bc.c.

bkg1ε
c.c.
bkg1 and

R2 = Bbkg2εbkg2/Bc.c.
bkg2ε

c.c.
bkg2, where Bbkg1, Bc.c.

bkg1, Bbkg2, and Bc.c.
bkg2 are the products of

branching fractions from the intermediate states for the processes e+e− → D∗+D̄0π−,
D∗−D0π+, D∗+D̄∗0π−, and D∗0D∗−π+, respectively. The corresponding reconstruction
efficiencies are εbkg1, εc.c.

bkg1, εbkg2, and εc.c.
bkg2. All the numbers of events in the 2D fit are left

free. The cross feeds from the charge-conjugated modes of signal channels are below 0.02%
and therefore are neglected.

The 1D projections of the fit results to the RM(π+D0) versus M(π+D0) distributions
at 4.416GeV and the corresponding log-scale plots are shown in figure 3. The distributions
at other energy points are fitted using the same method to determine the signal yields,
which are summarized in tables 1 and 2.
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Figure 3. The 1D projections of the 2D fit (top) to the RM(π+D0) versusM(π+D0) distributions
for the reconstructed D∗+ candidates at 4.416GeV and the corresponding log-scale plots (bottom).
Dots with error bars are data. The red solid lines represent the fit result; the red and blue dashed
lines denote the signal processes of e+e− → D∗+D∗− and e+e− → D∗+D−, respectively; the other
dashed lines in different colors represent different background events.

5 Cross section measurements

The Born cross sections of the reaction channels e+e− → D∗+D∗− and e+e− → D∗+D−

are calculated with
σB = N sig

Lint(1 + δ)|1−Π|−2B1B2ε
, (5.1)

where N sig is the signal yield in the 2D fit; Lint is the integrated luminosity; |1−Π|−2 is the
vacuum polarization factor [47]; B1 and B2 are the branching fractions of D∗+ → π+D0 and
D0 → K−π+ [42], respectively; ε = N2Dfit

Ngen is the reconstruction efficiency for the e+e− →
D∗+D∗− or e+e− → D∗+D− mode (N2Dfit and Ngen are the numbers of signal events in the
2D fit region and generated events, respectively). The ISR correction factor (1 + δ) follows

(1 + δ)|1−Π|−2 =
∫
σdressed(s(1− x))F (x, s)ds

σB(s) , (5.2)

where F (x, s) is the radiation function obtained from quantum electrodynamics calcula-
tion [37, 38, 48], the variable x is the fraction of energy carried by the ISR photon, and
σdressed is the cross section without vacuum polarization correction. The cross sectional
line shapes of Belle results [21] are used as a starting point to generate the signal MC
samples of e+e− → D∗+D∗− and D∗+D−, and obtain the initial reconstruction efficien-
cies and ISR correction factors for each c.m. energy. The first measured cross sections of
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Figure 4. (a) The Born cross sections of e+e− → D∗+D∗− as a function of the c.m. energy for the
reconstructed D∗+ (red dots) and D∗− candidates (blue triangles). (b) The comparison of the aver-
age cross sections for e+e− → D∗+D∗− between this work (red dots) and those of the Belle experi-
ment [21] (black circles). Error bars are the quadratic sum of statistical and systematic uncertainties.

e+e− → D∗+D∗− and D∗+D− are obtained by above mentioned procedures. Then the line
shapes of the first measured cross sections are taken as inputs to re-generate the signal
MC samples and re-calculate their efficiencies and ISR correction factors. The 2D fit is
re-performed with the updated PDFs of signals. The cross sections of e+e− → D∗+D∗−

and D∗+D− are updated and taken as inputs again for next round. These procedures are
repeated until the differences of (1 + δ)ε between two adjacent iterations are less than 3%,
then the cross sections are considered to be convergent. The PDFs of MC-simulated signal
shapes, efficiencies, ISR correction factors, and the cross sections of the last round are taken
as the final results and shown in this paper. The differences of (1 + δ)ε between the last
two iterations are taken as the systematic uncertainties of the cross sections convergence.
The Born cross sections of e+e− → D∗+D∗− and e+e− → D∗+D−, and the numbers used
in the calculation are listed in tables 1 and 2.

The cross sections of e+e− → D∗+D∗− for different c.m. energy points are shown in
figure 4(a) for the reconstructed D∗+ and D∗− events, respectively. They are in agreement
with each other within uncertainties. The average cross sections are calculated using the
same method as in ref. [39], where correlations between two measurements are considered.
Figure 4(b) shows the comparison of the average cross sections of e+e− → D∗+D∗− between
this work and those of the Belle [21] experiment. The results are overall compatible.

The cross sections of e+e− → D∗+D− and e+e− → D+D∗− for different c.m. energy
points are shown in figure 5(a). Again, the two results are in good agreement. The cross
sections of e+e− → D∗+D− and e+e− → D+D∗− are averaged using the same method as
described above. The total cross sections of e+e− → D∗+D− + c.c. are twice the average
values. The comparison of the cross section of e+e− → D∗+D− + c.c. between this work
and those of the Belle [21] experiment is shown in figure 5(b). They are overall compatible.
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Figure 5. (a) The Born cross sections of the reaction channel e+e− → D∗+D− for the recon-
structed D∗+ candidates (red dots) and e+e− → D+D∗− for the reconstructed D∗− candidates
(blue triangles) as functions of the c.m. energy. (b) The comparison of the combined cross sections
for e+e− → D∗+D− + c.c. between this work (red dots) and those of the Belle experiment [21]
(black circles). Error bars are the quadratic sum of statistical and systematic uncertainties.

6 Systematic uncertainties

The systematic uncertainties in the cross-section measurements mainly come from lumi-
nosity determination, track reconstruction efficiency, PID efficiency, and the branching
fractions of the charmed meson decays, kinematic fit, ISR correction factor, fit range and
modeling of the signal and background shapes. The uncertainty from the vacuum polariza-
tion is negligible. The uncertainties due to luminosity, track reconstruction efficiency, PID
efficiency, and the branching fractions of charmed meson decays are common while the other
uncertainties are individual and uncommon for reconstructed D∗+ and D∗− candidates.

• Luminosity, track reconstruction efficiency, and PID efficiency. The integrated lu-
minosity is measured using Bhabha scattering events with an uncertainty of 1.0% [29,
30]. The uncertainty of the track reconstruction efficiency is 1.0% per track, taken
from ref. [12]. The uncertainty associated with PID efficiency is taken conservatively
to be 1.0% per track [12].

• Branching fractions. The uncertainties of the branching fractions B(D∗+ → π+D0)
and B(D0 → K−π+) are 0.74% and 0.78% [42], respectively.

Therefore, the common systematic uncertainty is 4.49% in this analysis by summing
the individual ones in quadrature.

• Kinematic fit. The systematic uncertainty from the kinematic fit is estimated by
correcting the helix parameters of charged tracks according to the method described
in ref. [49]. The signal MC sample with the track helix parameter correction applied
is taken as the nominal one. The difference between detection efficiencies obtained
from MC samples with and without correction is taken as the systematic uncertainty.
It is in the range between 0.86% and 2.40% for different energy points.
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• ISR correction factor. The line shape of the cross section affects the ISR correction
factor and the reconstruction efficiency. There are three uncertainties involved in the
ISR correction factor. Firstly, the differences of (1+δ)ε between the last two iterations
are taken as the systematic uncertainties of the cross sections convergence (ISR1) and
are in the range between 0.00% and 2.71%. Secondly, to consider the statistic of the
input lineshape, the input cross section at each energy point is changed randomly by
varying the central value within its statistical uncertainty and the value of (1 + δ)ε
is recalculated. This process is performed for 1000 times, and a Gaussian function is
used to fit the (1 + δ)ε distribution. The width of the Gaussian function represents
the systematic uncertainty of the statistic of input cross sectional line shape and
varies between 0.01% and 0.60% (ISR2). Lastly, an alternative smooth method of
LOWESS [50] is used instead of TSpline3 [51] for the input cross section line shape,
and the differences in (1 + δ)ε values, varying between 0.01% to 3.73% (ISR3), are
taken as the systematic uncertainties.

• Fit range. The systematic uncertainty caused by the choice of the fit range is esti-
mated by varying the upper and lower bounds of the fit range by ± 10MeV/c2. Toy
MC samples are generated using the obtained PDFs and the corresponding 2D fits
are performed in the new fit range. This process has been repeated for 2000 times.
The differences between the input values and the means of the output values are
taken as the systematic uncertainties which vary between 0.05% and 1.61%.

• Background shape. The uncertainty attributed to the background shape is estimated
by changing the background shape in the 2D fit. To reduce influence of statistical fluc-
tuation, we perform the 2D fit to the combined data samples from the reconstructed
D∗+ and D∗− candidates, where the PDFs of signal and dominant background pro-
cesses for the two reconstructed methods are weighted based on the corresponding
values of σB(1 + δ)ε from the reconstructed D∗+ and D∗− candidates. The differ-
ences of signal yields from 2D fits to the combined data samples by changing the
background shape in π+D0 recoil mass spectrum from the second-order Chebyshev
polynomial to a linear function, are taken as the systematic uncertainties of back-
ground shape. The uncertainties due to the Argus function and PDFs of the peaking
background contributions are checked and are found to be negligible. The systematic
uncertainties due to the background shape are less than 1%.

• Signal shape. The parameters of the Gaussian function, i.e., mean and resolution,
describe the differences between data and signal MC simulation. The differences
of signal yields from 2D fits to the combined data samples as mentioned above by
varying the mean and resolution within one standard deviation are assigned as the
systematic uncertainties of mean and resolution. The systematic uncertainties are
less than 1% or a little more.

• Signal models. As we known, the e+e− → D∗+D∗− process should be proceeded
via three independent amplitudes, namely the P-wave with spin S = 0, P-wave with
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S = 2, and F-wave with S = 2. Actually, the angular distributions of D∗+ in the
e+e− c.m. frame and π+ (decayed from D∗+) in D∗+ frame from signal MC samples
of e+e− → D∗+D∗− (D∗+D−) and data samples are checked and found to be consis-
tent at each energy point. The efficiencies of signal MC samples of e+e− → D∗+D∗−

and D∗+D− are reliable. In addition, in the assumption of the relative phase an-
gle between any two amplitudes is zero, we use a HELAMP model which consid-
ers the longitudinally and transversely polarized D∗+ to generate the signal process
e+e− → D∗+D∗−. The parameters of HELAMP model are quoted from ref. [21].
The difference of the efficiencies compared to the nominal ones are less than 1%,
which are within the MC statistics uncertainties. Thus, the systematic uncertainties
of detection efficiencies due to different signal generator models are neglected. The
MC-simulated signal PDFs of e+e− → D∗+D∗− and D∗+D− at different angular
regions of D∗+ in the e+e− c.m. frame are stable and the systematic uncertainties
of the PDFs of signals at different angular regions can be neglected since we already
consider the uncertainties due to the mass resolutions.

All the uncommon systematic uncertainties for the reconstructed D∗+ and D∗− can-
didates are summarized in tables 4 and 5, respectively. The total uncommon systematic
uncertainties at each energy point are the sum of individual ones in quadrature.

7 Summary

A measurement of the cross sections of the e+e− → D∗+D∗− and e+e− → D∗+D− pro-
cesses is presented using 28 data samples corresponding to a total integrated luminosity of
15.7 fb−1 with c.m. energies between 4.085 and 4.600GeV. The cross sections are consistent
with and more precise than those of the Belle, BaBar, and CLEO experiments. The struc-
tures in the cross sections measured by the previous experiments are confirmed. In order
to finally reveal the nature of the vector charmonium(-like) states in this energy region,
measurements on other two-body open-charm modes such as DD̄, D+

s D
−
s , D+

s D
∗−
s + c.c.,

D∗+
s D∗−

s [52] and multi-body modes such as πDD̄, πD∗D̄ + c.c., ππDD̄ are necessary.
More sophisticated models with further studies on coupled-channel effect are also needed.
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