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Accepted 21 March 2020
Available online 25 March 2020
Editor: L. Rolandi

The mass and width of the D1(2420)* are measured to be (2427.2 £ 1.0, +£1.2yst.) MeV/c? and (23.2+
2.3stat. = 2.35yst.) MeV, respectively. In addition, the Born cross sections of the ete™ — D1(2420)*D~ +
c.c.— DD wtw~ and ete™ — (3770)r 7w~ — DTD~ w7~ processes are measured as a function
of the center-of-mass energy.
© 2020 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Corresponding authors.
E-mail addresses: xiaorui@ucas.ac.cn (X.R. Lyu), zheng_yi@pku.edu.cn (Y. Zheng).
Also at Bogazici University, 34342 Istanbul, Turkey.
Also at the Moscow Institute of Physics and Technology, Moscow 141700, Russia.
Also at the Functional Electronics Laboratory, Tomsk State University, Tomsk, 634050, Russia.
Also at the Novosibirsk State University, Novosibirsk, 630090, Russia.
Also at the NRC “Kurchatov Institute”, PNPI, 188300, Gatchina, Russia.
Also at Istanbul Arel University, 34295 Istanbul, Turkey.
Also at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany.
Also at Key Laboratory for Particle Physics, Astrophysics and Cosmology, Ministry of Education; Shanghai Key Laboratory for Particle Physics and Cosmology; Institute of
Nuclear and Particle Physics, Shanghai 200240, People’s Republic of China.
9 Also at Government College Women University, Sialkot - 51310. Punjab, Pakistan.

© N e U A W N =


http://creativecommons.org/licenses/by/4.0/
mailto:xiaorui@ucas.ac.cn
mailto:zheng_yi@pku.edu.cn

Table 1
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The numbers relevant to the Born cross section measurements, where the first uncertainties are statistical, the second are
independent systematic uncertainties, and the third are common systematics. The index of 1 represents the process e*e™ —
D1(2420)* D~ +c.c. — DT D~w+ 7~ while the index of 2 represents the process ete™ — ¥ (3770)x 7~ — D¥D~ 77~
The upper limits correspond to the 90% confidence level. The symbol S refers to the statistical significance.

sig

Eem (MeV) £ (b7 m e1 () 1+8% g o1 (pb) Si
43583 5439 810+ 109 2390  0.795 1.051 39.84+53+£6.2+3.5 790
43874 55.6 125 +28 2320  0.822 1.051 59.84+13.3+£3.945.3 490
4415.6 1090.7 2454 + 111 2256 0.820 1.053 61.6+2.8+3.9+55 2490
44671 1111 100 + 28 2092 0904 1.055 24.14+6.6+56+2.1 390
45271 1121 122+24 1927 0935 1.055 30.54+59+3.0+2.7 580
45745 489 24+15(<43) 1822 1029 1.055 13.2+83422+12(<237) 170
45995 586.9 572 +56 1792 1075 1.055 256+£25+1.2+23 1170
Ecm (MeV) £ (pb™")  n3® e ® 1+ Ko o (ob) S
43583 5439 3234101 2351  0.780 1,051 16.4+£51+57+15 3.80
43874 55.6 66 + 24(< 97) 2343 0.789 1.051 32.64+12.0+£3.142.9(<47.8) 290
4415.6 1090.7 900 £ 97 2251 0826 1053 225424451420 1030
44671 1111 50 +27(< 88) 19.78  0.960 1055  12.0+6.4+37+1.1(<21.1) 190
45271 1121 072%(< 30) 17.21 1151 1.055 075°(<6.8) -
45745 489 23 + 14(< 44) 1539 1236 1055  125+7.8+07+1.1(<23.9) 170
45995 586.9 152 +58(<227) 1493 1319 1055  6.642.5+1.940.6(<9.9) 270

1. Introduction

Recent discoveries of charmonium-like states that do not fit
naturally with the predicted charmonium states in the quark
model have stirred up great experimental and theoretical inter-
ests [1-5]. Among these so-called XYZ states, the observations
of the Y(4260) [6] and Z.(4430) [7] states have drawn special
attention, and stimulated extensive discussions on their struc-
tures. Some calculations indicate that the Y(4260) is possibly
a D1(2420)D molecular state, while the Z.(4430) is possibly a
D1(2420)D* molecular state [8-11]. Hence, more studies on the
properties of the involved D{(2420), such as mass and width, are
helpful to better understand the nature of these exotic candidate
states.

The lightest charmonium state above the DD threshold is
the (3770) resonance, which is considered to have the quan-
tum numbers of 13Dy [12,13]. Its spin-triplet partner 13D can-
didate, X(3823), has been observed in the process ete™ —
X(3823)r+tm~ at BESII [14]. Analogously, it is interesting to
study the production of the v (3770) in the process ete™ —
¥ (3770) T~ [15], which is observed at /s =4415.6 MeV at BE-
SIII [16]. More precise measurements at different energy points are
desired, as it provides an important way to investigate the intrin-
sic nature of the Y(4360) and v (4415) by studying the transi-
tions between these charmonium(-like) states, such as Y (4360) —
Y (3770)7 T~ and v (4415) — (3770)w T .

In this analysis, we study the process ete™ — D*D wtm—
at the center-of-mass (c.m.) energies, E.pn., from 43583 to
4599.5 MeV, as listed in Table 1. Compared to the process eTe™ —
DODO7* 7, this final state has the advantage of being free from
D* intermediate states, which greatly simplifies the analysis. We
reconstruct the DT via its high branching fraction decay K=tz +
and adopt a recoil-mass technique to identify the D~ and related
resonant states. Unless explicitly mentioned otherwise, inclusion
of charge conjugate mode is implied throughout the context. Clear
signals of the D1(2420)" and y(3770) are extracted in this data

10 Also at Key Laboratory of Nuclear Physics and lon-beam Application (MOE) and
Institute of Modern Physics, Fudan University, Shanghai 200443, People’s Republic
of China.

11 Currently at Alibaba Cainiao Network, Hangzhou 310000, People’s Republic of
China.

12 Also at Harvard University, Department of Physics, Cambridge, MA, 02138, USA.

set via their decays to DTz~ and D*D~, respectively. The
resonance parameters of the D1(2420)" are measured. Addition-
ally, the Born cross sections of ete™ — D1(2420)™D~ + c.c. —
DD mw*tn~ and ete” — w(3770)xtn~ — DTD mwtmw~ are
measured at each Ec .

2. The experiment and data sets

The BESIII detector is a magnetic spectrometer [17] located at
the Beijing Electron Positron Collider (BEPCII) [18]. The cylindrical
core of the BESIII detector consists of a helium-based multilayer
drift chamber (MDC), a plastic scintillator time-of-flight system
(TOF), and a CsI(Tl) electromagnetic calorimeter (EMC), which are
all enclosed in a superconducting solenoidal magnet providing a
1.0T magnetic field. The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon identifier mod-
ules interleaved with steel. The acceptance of charged particles and
photons is 93% over 47 solid angle. The charged-particle momen-
tum resolution at 1GeV/c is 0.5%, and the dE/dx resolution is 6%
for the electrons from Bhabha scattering. The EMC measures pho-
ton energies with a resolution of 2.5% (5%) at 1GeV in the barrel
(end cap) region. The time resolution of the TOF barrel part is
68 ps, while that of the end cap part is 110 ps.

The E.n. of the seven data sets are measured using di-muon
events [19], and the corresponding luminosities are measured with
large-angle Bhabha scattering events [21]. To optimize selection
criteria, estimate the detection efficiency, and understand back-
ground contributions, we simulate the eTe~ annihilation processes
with the kkmc [22] generator, which takes into account continuum
processes, initial state radiation (ISR), and inclusive Dg)) produc-
tion. The known decay rates are taken from the Particle Data Group
(PDG) [13], and the decays are modeled with EVTGEN [23]. The re-
maining decays are simulated with the LUNDCHARM package [24].
The four-body process ete~™ — D¥D~w+7~ is generated consid-
ering the intermediate resonances ete™ — D1(2420)" D~ assum-
ing the relative orbital angular momentum of D{(2420)*-D~ in s-
wave, and ete™ — ¥ (3770)7r T~ assuming ¥ (3770)7 T~ uni-
formly distributed in momentum phase space, along with the sub-
sequent decays D{(2420)* — D*x+*7~ and v (3770) - D*D—,
respectively. We simulate one million events for each process at
different Ec .. All simulated Monte Carlo (MC) events are pro-
cessed in a GEANT4-based [25] software package, taking into ac-
count detector geometry and response.
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Fig. 1. Plots (a), (b) and (c) are the recoil masses of DYw 7~ at Ecn = 4358.3, 4415.6 and 4599.5MeV, respectively. The points correspond to data and the histograms
correspond to the signal MC simulations (with arbitrary normalizations). The (blue) arrows denote the sideband regions.
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Fig. 2. (a), (b) and (c) correspond to the simultaneous fits to the RM(D™) distributions at E.n, = 4358.3, 4415.6 and 4599.5MeV, respectively. The points with error bars
are data, the (gray) shaded histograms are backgrounds, the (red) dash-dotted lines are D1(2420)* D~ +c.c. - DTD~m+7~ signal process and the (blue) dotted lines are

¥(3770)r 7~ — DY D~ w7 ~. The (black) solid lines are the result of fit.

3. Event selection and data analysis
3.1. Event selections

To reconstruct the D™ meson, charged track candidates for one
K~ and two 7T in the MDC are selected. For each track, the po-
lar angle @ defined with respect to the et beam is required to
satisfy |cosf| < 0.93. The closest approach to the ete™ interaction
point is required to be within +10 cm along the beam direction
and within +1 c¢m in the plane perpendicular to the beam direc-
tion. A track is identified as a 7w (K) when the PID probabilities
satisfy P(mr) > P(K) (P(K) > P(m)), according to the information
of dE/dx and TOF. We reconstruct D' candidates by considering
all possible combinations of the charged tracks which are required
to originate from a common vertex. The quality of the vertex fit is
required to satisfy xZ < 100. We constrain the reconstructed D*
mass with a kinematic fit to the nominal D* mass [13], and re-
quire the fit quality XI%F < 20. We then require the presence of one
additional 77 *7r ~ pair, with neither track used in the reconstructed
D™. The identification of the signal process ete~ — DD~ wtm~
is based on the recoil mass spectra of D77 =, RM(D w7 ™),
which are shown in Fig. 1. The rate of multiple candidates per
event is about 10%, and is corrected for via the MC efficiency.

The peaks observed at 1.87 GeV/c? correspond to the D~ me-
son signals. They are consistent with the MC simulations of the
DTD m T~ final state. The background contributions are due
to random combinations of charged tracks. We further restrict
the candidate events to the region 1.855 < RM(DTwntm~) <
1.882GeV/c?, and plot the recoiling mass of the D*, RM(DY),
as shown in Fig. 2. Enhancements around the D(2420)" nominal
mass are clearly visible. We take the events with RM(DTrw 7 ™)
in the sideband regions of (1.786,1.840)GeV/c®> and (1.897,
1.951) GeV/c? which are illustrated in Fig. 1, as samples repre-
senting the combinatorial background contributions in the distri-
butions of RM(D™T). This approach has been verified using the
corresponding distributions of the background contributions from
the inclusive MC samples. It is found that the sideband sam-
ples correctly reproduce the background in the signal region of

RM(D*m T ~). Besides the contributions from D1(2420)*D—,
there is a clear excess of the data over background contributions
from the sideband at high RM(D") mass. It is consistent with be-
ing from the process ete™ — ¢ (3770)ntn~ — DD w T,

3.2. Signal extraction

The 2-dimensional distributions of M(DTwtm~) versus
RM(D™) for the D1(2420)* D~ are shown in Fig. 3. The vertical
band corresponds to the D{(2420)~ signal and the horizontal band
corresponds to the D{(2420)%. The projection to the RM(D¥)
axis (Fig. 2) consists of a prominent D1(2420)~ peak and a cor-
responding broad bump. The contributions of D1(2420)™D~ and
¥ (3770)7 7~ in the selected data are determined using fits to
the RM(DT) one-dimensional distribution. The shape of this dis-
tribution is described using templates obtained from the signal MC
simulation. In order to perform a likelihood scan of the resonance
parameters, we generate a series of D1(2420)* signal MC with dif-
ferent values of mass and width, and smear these template shapes
with a Gaussian function to take into account the resolution differ-
ence between data and MC simulations. The width of the Gaussian
function is fixed to the difference of resolution in RM(D*) for the
control sample of ete~™ — DTD~. The signal shape for the mode
Y (3770)t T 7r ~ is obtained from the MC simulation, where the res-
onance parameters of the i (3770) are taken from the PDG [13].
The relativistic Breit-Wigner function [13] is used to model the
resonance lineshape of the 1(3770) and D(2420)".

A simultaneous unbinned maximum likelihood fit to the data
samples is performed at three high luminosity energy points of
Ecm. = 4358.3,4415.6 and 4599.5MeV, with the resonance pa-
rameters of the D1(2420)T in common for all fits. The shapes
and magnitudes of the combinatorial backgrounds are fixed ac-
cording to the sample of the sideband events in RM(D*rw+m ™),
while the magnitudes of the D1(2420)™D~ and ¢ (3770)nwt 7~
are the free parameters of the fit. The sum of the fitting com-
ponents is shown in Fig. 2. We obtain the mass and width of
the D1(2420)7 to be (2427.2 +1.0)MeV/c? and (23.2 £ 2.3) MeV,
respectively. The signal yields are also measured, as listed in Ta-
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Fig. 3. Plots (a) and (b) correspond to the scatter plot of M(D*7+m~) versus RM(D*) in data and DTD’ + c.c. signal MC samples at E. . = 4415.6 MeV, respectively.
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Fig. 4. The measured Born cross sections of the signal processes (a) ete~ — D1(2420)"D~ 4+ c.c. - D™D w7t~ and (b) ete™ — v (3770)r 7w~ — D*D-mw+7~. The
(black) solid lines are the sum of statistical uncertainties and independent systematic uncertainties in quadrature, the (red) dot lines are total uncertainties.

ble 1. Here, the contribution of the non-resonant four-body process
ete™ — DTD~wta~ is neglected in the fit, as an alternative fit
including this process gives its size consistent with zero.

In addition, we analyze the data samples at E. = 4487.4,
4467.1,4527.1 and 4574.5MeV with relatively low luminosities.
We apply the same strategy to extract the signal yields of the
D1(2420)* D~ and v (3770)7 T ~, except that we fix the reso-
nance parameters for the Dq(2420)" according to the aforemen-
tioned fit results.

3.3. Cross section measurement

The Born cross section is calculated with
i (1)
0i = rad 1 ’
2LBei(1+6;%) e

where index i denotes the respective signal process, n;® is the
observed signal yield, £ is the integrated luminosity, B is the
branching fraction B(D™ — K~wTn+) = (9.38 £ 0.16)% [13], &
is the detection efficiency, (1 + 8{“) is the radiative correction
factor which is obtained from a QED calculation using the line
shape of the data cross section of signal process as input in an
iterative procedure, and \1711'1I2 is the vacuum polarization fac-

tor [26]. The trigger efficiencies for the two processes are 100%,
as there are at least 5 charged tracks detected [27]. The pro-
cesses ete™ — D1(2420)™D~ +c.c. > DtD wtm~ and ete” —
Y(3770)7rTw~ — DTD~wtm~ are denoted with index i =1 and
i = 2, respectively. The calculated Born cross sections are given
in Table 1 and plotted in Fig. 4. We evaluate the statistical sig-
nificance by the ratio of the maximum likelihood value and the
likelihood value for a fit with a null-signal hypothesis. For the en-
ergy points with low statistical significances, we determine the
upper limits for the cross sections which are calculated by using
the signal yield upper limits nY" in Eq. (1). The upper limit n'L at

90% confidence level is obtained with a Bayesian approach scan-
ning the expected signal yield. The probability is calculated from
the Gaussian-smeared likelihood to take into account the system-
atic uncertainty.

4. Systematic uncertainties

The systematic uncertainties of the measurement of the
D1(2420)" resonance parameters and the Born cross sections
listed in Tables 2 and 3 include correlated (common) contributions,
from tracking, PID, luminosity measurements, vacuum polariza-
tion factors, interference effect and the input branching fraction,
as well as uncorrelated (independent) contributions from back-
ground shapes, mass scaling, detector resolution, signal shape due
to the angular distributions, and radiative corrections.

e Uncertainties of tracking and PID are each 1% per track [28].

e The systematic uncertainties due to background contributions
are estimated by leaving their magnitudes free in the fit and
changing the ranges of the sideband regions. The statistical
errors of the sideband samples are also included in the back-
ground uncertainty.

e The mass scale uncertainty for D1(2420)* mass is estimated
from the mass shift of RM(DT) in the control sample of
ete™ — DTD~. To be conservative, the largest mass shifts
among the three high luminosity energy points, 0.8 MeV/c?, is
assigned as the systematic uncertainty due to the mass scale.

e The uncertainties due to the detector resolution are accounted
for by changing the Gaussian widths for smearing the signal
shape in the fit to the RM(D™") distribution. These widths,
representing the resolution difference between data and MC,
are varied within the uncertainty obtained from the control
sample of ete™ — D™D~ events. The resultant maximum
changes on the numerical results are considered as the sys-
tematic uncertainties due to the detector resolution.
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Table 2
Summary of systematic uncertainties on the D;(2420)* resonance parameters and the Born cross sections for the high luminosity energy points.
Source m (MeV/c?) I (MeV) o1 (%) 02 (%)
4358.3 MeV 4415.6 MeV 4599.5 MeV 4358.3 MeV 4415.6 MeV 4599.5 MeV
Common Tracking 5.0 5.0 5.0 5.0 5.0 5.0
Particle ID 5.0 5.0 5.0 5.0 5.0 5.0
Luminosity 1.0 1.0 1.0 1.0 1.0 1.0
Vacuum polarization 0.1 0.1 0.1 0.1 0.1 0.1
Interference 5.0 5.0 5.0 5.0 5.0 5.0
Input B 1.7 17 17 1.7 17 17
Sum 8.9 8.9 8.9 8.9 8.9 8.9
Independent Background 0.1 0.6 3.8 23 2.6 21 33 141
Mass scale 0.8
Detector resolution 0.1 15 15 0.7 0.8 2.8 1.6 0.3
Angular distribution 0.9 1.6 15.0 49 3.1 341 222 251
Radiative correction 24 31 2.1 25 2.5 18
Sum 1.2 2.3 15.7 6.3 4.6 346 226 28.8
Total 1.2 2.3 181 10.9 10.0 35.7 243 30.2
Table 3

Summary of systematic uncertainties on the Born cross sections for the low luminosity energy points. The total systematic uncertainty is taken as the quadratic sum of the

individual uncertainties.

Source o1 (%) oy (%)
4387.4 MeV 4467.1 MeV 45271 MeV 4574.5MeV 4387.4MeV 4467.1 MeV 45271 MeV 4574.5MeV
Common 8.9 8.9 8.9 8.9 8.9 8.9 8.9 8.9
Independent Backgrounds 53 6.9 81 6.0 42 13.1 33 52
Detector resolution 0.7 0.7 0.6 0.6 1.6 1.6 0.3 0.3
Angular distribution 2.7 221 52 15.8 7.6 28.0 0.9 0.9
Radiative correction 25 24 24 21 3.2 2.8 3.9 19
Sum 6.5 23.3 9.9 17.0 9.4 311 52 5.6
Total 11.0 249 133 19.2 12.9 323 103 10.5

e The uncertainty of modeling the angular distributions of
the signal processes are studied by repeating the analysis
procedure on the basis of new signal model. For ete™ —
D1(2420)*D~, we considered two extreme cases of 1 +
cos?0p, and 1 — cos?@p,, where fp, is the helicity angle of
the D1(2420)" in the rest frame of the initial eTe™ system.
For ete™ — ¥ (3770)7r 7, a model, named as JPIPI [23] in
EVTGEN, is considered. The maximum changes on the results
are taken as systematic uncertainties.

o Interference effects among the processes ete™ —
D1(2420)*D~, D1(2420)~ D™, and ¥ (3770)7 7~ are tested
by varying input parameters of the matrix elements. In
the test, D1(2420)" — D{(2300)7* is assumed, as favored
in Ref. [20], while T~ S-wave is assumed in ete™ —
¥(3770)w T —. The average relative sizes of the interference
effects are taken into account as systematic uncertainties.

e The uncertainty of luminosity measurement is 1%, as given in
Ref. [21].

e The uncertainty of radiative correction is calculated by using
the generator kkMmc. Initially, the observed signal events are
assumed to originate from the Y(4260) resonance to obtain
the efficiency and ISR correction factor. Then, the measured
line shape is used as input to calculate the efficiency and ISR
correction factor again. This procedure is repeated until the
difference between the subsequent iterations is comparable
with the statistical uncertainty. We take the difference of the
radiative correction factors between the last two iterations as
the systematic uncertainty.

e We take 0.1% as the uncertainty of the vacuum polarization
factor, which is calculated in Ref. [26].

e The input branching fraction of D¥ — K~ "7 " in PDG has
the relative uncertainty of 1.7%, which is taken into account.

The systematic uncertainties are summarized in Tables 2 and 3;
the sum of different uncertainties are obtained by adding up all
the relevant contributions in quadrature.

5. Discussion and summary

In summary, based on ete~ annihilation data at E ,, = 4358.3,
4387.4, 4415.6, 4467.1, 4527.1, 4574.5, and 4599.5 MeV, we stud-
ied the D{(2420)" in the mass spectrum of DT 7~ system in
the final state of ete™ — D™D~z 7 ~. The mass and width of
the D1(2420)" are measured to be (2427.2 + 1.0 + 1.2) MeV/c?
and (23.2+2.3+2.3) MeV, respectively, which are consistent with
the corresponding world-average values of (2423.2 + 2.4) MeV/c?
and (25+6)MeV in PDG [13] and have better precisions. More ac-
curate resonance parameters of the D1(2420)" will better control
the uncertainties of theoretical calculations for the D{(2420)D and
D1(2420)D* molecular explanations for the Y (4260) and Z.(4430)
states, respectively.

The Born cross sections of ete™ — D{(2420)*D~ + c.c. —
D™D~wtm~ and ete” — ¥ (3770)ntn~ — DYD mwtw~ are
measured as functions of the center-of-mass energy. The cross sec-
tion line shape is consistent with previous BESIII measurement
based on full reconstruction method [16]. There are some indica-
tions of enhanced cross sections for both processes between 4.36
and 4.42 GeV, where the reported states Y(4360) and 1 (4415) lo-
cate. Hence, the measured cross sections can be useful inputs to
the properties of these states.

Declaration of competing interest
The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to
influence the work reported in this paper.



8 BESIII Collaboration / Physics Letters B 804 (2020) 135395

Acknowledgements

The BESIII collaboration thanks the staff of BEPCII and the
IHEP computing center for their strong support. This work is sup-
ported in part by National Key Basic Research Program of China
under Contract No. 2015CB856700; National Natural Science Foun-
dation of China (NSFC) under Contracts Nos. 11625523, 11635010,
11735014, 11805064, 11822506; National Natural Science Founda-
tion of China (NSFC) under Contract No. 11835012; the Chinese
Academy of Sciences (CAS) Large-Scale Scientific Facility Program;
Joint Large-Scale Scientific Facility Funds of the NSFC and CAS un-
der Contracts Nos. U1532257, U1532258, U1732263, U1832207;
CAS Key Research Program of Frontier Sciences under Contracts
Nos. QYZDJ-SSW-SLH003, QYZDJ-SSW-SLH040; 100 Talents Pro-
gram of CAS; INPAC and Shanghai Key Laboratory for Particle
Physics and Cosmology; German Research Foundation DFG under
Contract Nos. Collaborative Research Center CRC 1044, FOR 2359;
Istituto Nazionale di Fisica Nucleare, Italy; Koninklijke Nederlandse
Akademie van Wetenschappen (KNAW) under Contract No. 530-
4CDP03; Ministry of Development of Turkey under Contract No.
DPT2006K-120470; National Science and Technology fund; The
Swedish Research Council; U.S. Department of Energy under Con-
tracts Nos. DE-FG02-05ER41374, DE-SC-0010118, DE-SC-0012069;
University of Groningen (RuG) and the Helmholtzzentrum fuer
Schwerionenforschung GmbH (GSI), Darmstadt.

References

[1] S.L. Olsen, T. Skwarnicki, D. Zieminska, Rev. Mod. Phys. 90 (2018) 015003.
[2] EK. Guo, C. Hanhart, U.G. MeiRner, Q. Wang, Q. Zhao, B.S. Zou, Rev. Mod. Phys.
90 (1) (2018) 015004.

[3] M. Karliner, J.L. Rosner, T. Skwarnicki, Annu. Rev. Nucl. Part. Sci. 68 (2018) 17.
[4] Y.R. Liu, HX. Chen, W. Chen, X. Liu, S.L. Zhu, Prog. Part. Nucl. Phys. 107 (2019)
237.
[5] N. Brambilla, S. Eidelman, C. Hanhart, A. Nefediev, C.P. Shen, C.E. Thomas, A.
Vairo, C.Z. Yuan, arXiv:1907.07583 [hep-ex].
[6] B. Aubert, et al., Belle Collaboration, Phys. Rev. Lett. 95 (2005) 142001.
[7] S.K. Choi, et al., Belle Collaboration, Phys. Rev. Lett. 100 (2008) 142001.
[8] Q. Wang, C. Hanhart, Q. Zhao, Phys. Rev. Lett. 111 (2013) 132003.
[9] C. Meng, Kuang-Ta Chao, arXiv:0708.4222.
[10] L. Ma, X.H. Liu, X. Liu, S.L. Zhu, Phys. Rev. D 90 (2014) 037502.
[11] H.X. Chen, W. Chen, X. Liu, S.L. Zhu, Phys. Rep. 639 (2016) 1.
[12] E. Eichten, K. Gottfried, K.D. Lane, T.M. Yan, Phys. Rev. D 17 (1978) 3090, Phys.
Rev. D 21 (1980) 203.
[13] M. Tanabashi, et al., Particle Data Group, Phys. Rev. D 98 (2018) 030001 and
2019 update.
[14] M. Ablikim, et al., BESIII Collaboration, Phys. Rev. Lett. 115 (2015) 011803.
[15] M.B. Voloshin, Phys. Rev. D 91 (2015) 114029.
[16] M. Ablikim, et al., BESIII Collaboration, Phys. Rev. D 100 (2019) 032005.
[17] M. Ablikim, et al., BESIII Collaboration, Nucl. Instrum. Methods A 614 (2010)
345.
[18] C.H. Yu, et al.,, in: Proceedings of IPAC2016, Busan, Korea, 2016.
[19] M. Ablikim, et al., BESIII Collaboration, Chin. Phys. C 40 (2016) 063001.
[20] K. Abe, et al., Belle Collaboration, Phys. Rev. Lett. 94 (2005) 221805.
[21] M. Ablikim, et al., BESIII Collaboration, Chin. Phys. C 39 (2015) 093001.
[22] S. Jadach, B.FL. Ward, Z. Was, Phys. Rev. D 63 (2001) 113009.
[23] D.J. Lange, Nucl. Instrum. Methods A 462 (2001) 152;
R.G. Ping, Chin. Phys. C 32 (2008) 599.
[24] ]J.C. Chen, G.S. Huang, X.R. Qi, D.H. Zhang, Y.S. Zhu, Phys. Rev. D 62 (2000)
034003.
[25] S. Agostinelliet, et al., GEANT4 Collaboration, Nucl. Instrum. Methods A 506
(2003) 250.
[26] S. Actis, et al., Eur. Phys. J. C 66 (2010) 585.
[27] N. Berger, et al., Chin. Phys. C 34 (2010) 12.
[28] M. Ablikim, et al., BESIII Collaboration, Phys. Rev. D 83 (2011) 112005.


http://refhub.elsevier.com/S0370-2693(20)30199-4/bibB28DC2ACD0D30B9F4366204C5B8E3A68s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib40D4BF8EA1AC131F741885B405E4EBE2s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib40D4BF8EA1AC131F741885B405E4EBE2s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib1E55FE999DFE6189ED195C2484746352s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib9FA73E3FFAEA3486F4FAC25552FD2E42s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib9FA73E3FFAEA3486F4FAC25552FD2E42s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibD3A92FC2D170561E98408FBADC47B9E8s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibD3A92FC2D170561E98408FBADC47B9E8s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibEBEA912381DCA437574D57BA0ADB0F31s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibAC8012DE3C3B43E40E002D8809288AEAs1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibBC65B34177E61E0C448BACFB9B863141s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibB6156A2D23AEF0F07EF8E2337558F372s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib9B636A27E953C11DF1B5525A67EEAB2Fs1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib441797E9C6B1A5D791AF8A9A62F0C82Es1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibC8C5F6B9EC5D335BA3CAAD3F6FCB52BCs1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibC8C5F6B9EC5D335BA3CAAD3F6FCB52BCs1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib953E61F9A0115582EA5539CA5ED4C641s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib953E61F9A0115582EA5539CA5ED4C641s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib0535E783BD1DE9C8ED30584C5155EE53s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibD27CBFE116BB6648048052AE11379CFAs1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib06A15E7931A402F93B080D404347AE38s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibEF98DF01F13EF6CA7B8C2856791886F7s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibEF98DF01F13EF6CA7B8C2856791886F7s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibFF085E59E66E2F55D5F178E0B556E1B7s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib54128DA0A721297DE192642CF6173431s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibA19896E849B5955414E965685F4B6FD1s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibCA69F533A30ACD36E9AF1F0B354DBD77s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib08F14D5A6CB18847E23D7EAEC3B19739s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib34769E4BBFAC4C84BA0CDF5FEFECF217s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib34769E4BBFAC4C84BA0CDF5FEFECF217s2
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib7FED7B17998730B4569CA9F2F312B8AEs1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib7FED7B17998730B4569CA9F2F312B8AEs1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib57F22E2383EB9D4ED624ECD6768D753As1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib57F22E2383EB9D4ED624ECD6768D753As1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bibA9A1D5317A33AE8CEF33961C34144F84s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib7A37B4575C1B6D98B9E3E79F5D20E285s1
http://refhub.elsevier.com/S0370-2693(20)30199-4/bib0AB676BEB67C11EC3D3DDE82CD3E4BC5s1

	Study of e+e−→D+D−π+π− at center-of-mass energies from 4.36 to 4.60GeV
	1 Introduction
	2 The experiment and data sets
	3 Event selection and data analysis
	3.1 Event selections
	3.2 Signal extraction
	3.3 Cross section measurement

	4 Systematic uncertainties
	5 Discussion and summary
	Acknowledgements
	References


