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Using the eTe™ collision data collected with the BESIII detector operating at the BEPCII collider, at
center-of-mass energies from the threshold to 4.95 GeV, we present precise measurements of the cross
section for the process e"e™ — D Dy using a single-tag method. The resulting cross section line shape
exhibits several new structures, thereby offering an input for a future coupled-channel analysis and model
tests, which are critical to understand vector charmonium-like states with masses between 4 and 5 GeV.
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Quantum chromodynamics (QCD) predicts the confine-
ment phenomenon in the low-energy region where hadrons
are formed. A detailed study of hadron systems is essential
for a better understanding of the nonperturbative effect of
QCD. An important milestone in hadron physics is the
discovery of the vector charmonium-like states, such as
the y(4230) in the ee™ — ztn~J/w process [1,2], and
the w(4360) and w(4660) in the ete™ — 777w (3686)
process [3.4]. These states exhibit properties that do not
match the expectations for pure cc states. Since the masses
of these states lie above the open-charm threshold, meas-
urement of their couplings to the open-charm channels is
crucial for understanding their nature. However, such
studies are very complicated due to the presence of
coupled-channel effects. Utilizing a coupled-channel
approach for a simultaneous fit of the data allows for
the extraction of parameters of these states, which signifi-
cantly aids in elucidating their nature. The knowledge of
exclusive open-charm cross sections, such as the cross
sections of ete™ — D Dy, serves as valuable information
for a future coupled-channel analysis [5].

Furthermore, new structures have been seen around
E., = 4.7 GeV in eTe” — KTK~J/y with a significance
over 56 [6], and in K$K%J/y with 4.26 [7], while the fit
result for eTe™ — DT D}~ suggests a new structure around
E_ ,—4.79 GeV with a significance of 6¢ [8]. The similarity
in quark composition with final state particles make
ete”™ - D} Dy a promising candidate process for further
investigation of the observed structures.
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Although the Belle and BABAR experiments have
measured the exclusive cross section for ete™ — Df Dy
through initial-state radiation (ISR) processes [9,10], the
precision is not sufficient to pin down the complex
correlations between the w(4230) and nonresonant
ete™ — D} Dy production, which may involve interfer-
ence, coupling effects, and other dynamical or kinematical
factors. The CLEO-c experiment studied the process
ete™ - DDy [11] using energy scan data, with the
maximum center-of-mass energy (E.,,) of only 4.26 GeV.

The BESIII detector [12,13] has collected larger data
samples more densely over a broader energy range com-
pared to CLEO-c, Belle, and BABAR. This allows for
improved accuracy in measurements of the exclusive open-
charm cross sections. One example is the recent publication
of the ete™ — D¥T D}~ cross section, where an unusual
cross section line shape is observed [8]. The cross section
of eTe™ — D¥ D7 is measured in the E,,, range between
3.94 and 4.95 GeV with 138 energy points corresponding
to an integrated luminosity of 22.9 fb~! in total.

To optimize the event selection criteria, determine the
detection efficiency, and estimate the backgrounds, we
produce simulated samples using the GEANT4-based [14]
Monte Carlo (MC) software, which includes the geometric
description of the BESIII detector and its response. The
beam energy spread and ISR are taken into account with the
generator KKMC [15,16]. The signal MC samples of the
ete™ - DDy process are generated for each sample,
where the vector state decays into two scalar particles using
EviGen [17,18], and the DY — K™K~ " decay is generated
with the Dalitz model [19,20]. Final-state radiation from
charged particles is simulated with the PHOTOS package
[21]. To estimate possible background contributions, we
generate inclusive and exclusive MC samples modeled with
EvtGen using branching fractions taken from the particle
data group (PDG) [22] for the known decay modes, and
with LUNDCHARM [23] for the remaining unknown
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The distribution plot of RM (D) versus M(K*K~z~) (left) and the fit to M(K*K~z~) (right) for data at E,, = 4.26 (first

row) and 4.68 (second row) GeV. The signal interval is indicated by the red arrows. The fit to the M (K* K~ ) distribution is shown in the
right panels as a red curve, with the background shape in blue and signal shape in yellow.

charmonium decays. Inclusive MC samples include all the
possible processes in electron positron collisions. The
integrated luminosities of the inclusive samples are com-
parable to those of data. For known processes, we generate
the corresponding samples based on their cross sections. In
the case of unknown processes, we assume they originate
from a JP¢ = 17 state, regardless of whether it corre-
sponds to a charmonium state or is the result of nonresonant
production via a virtual photon. The open-charm processes,
light hadron processes, and quantum electrodynamic proc-
esses are used to check background components, and the
result shows that no peaking background is found after our
selection, except for the eTe™ — DD, process. Exclusive
ete™ — D!D; MC samples, of which the luminosities are
equivalent to ten times the data, are generated using
helicity-amplitude =~ (HELAMP) models at E., >
4.6 GeV. The HELAMP inputs (relative magnitudes of
the helicity amplitudes) are based on the 1 + cos? @ dis-
tribution of helicity angle for both the e*e™ — DiD,
production and D} decays.

Exploiting the low background level and high detection
efficiency at BESIII, we only reconstruct the D7 —
K*tK~n~ decay, while D is tagged by the recoil mass.
The charge-conjugated modes are implied throughout this

Letter, and the tagged D, will always be referred to as Dy .
Selection and identification of charged particles are per-
formed using the same criteria as described in Ref. [24]. An
event is labeled as a single-tag candidate if it contains at
least one K*K~ pair and at least one charged pion. All
single-tag candidates are kept for further analysis. To
improve the signal purity, we select the Dy candidates
with two intermediate decay modes: Dy — ¢z~ with ¢ —
K*K~ or Dy — K*(892)°K~ with K*(892)° —» K*z~.
The Dy — ¢n~ decays are selected requiring the invari-
ant mass of KTK~ to satisfy 1.005 < M(K"K™) <
1.035 GeV/c?. To select the Dy — K*(892)°K~ decays,
we apply the requirements on the Kz~ invariant mass of
0.832 < M(K"n7) <0.928 GeV/c? and on the helicity
angle of |cos@g+ing+~| < 0.52. The helicity angle is
defined as the angle between the K*(892)° and the Dy
in the K*(892)° rest frame.

Figure 1 (left) shows the scatter plot of the invariant mass
of the selected K™K~z combination [M (K"K~ x)] versus
its corrected recoil mass RM for data at E_,, = 4.26 and
4.68 GeV. The RM = Mlgi‘}{ﬂ_ﬂ_ +M(K"K~n~) — m(Dy)
here is defined to improve the resolution of the recoil mass,

recoil —
where MK+K_H_ = |pe+e‘ — Pkt — Pk~ — pn'|’ Petes Pk+s

px-,» and p,- are the four momenta of the initial eTe™
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FIG. 2. The measured Born cross section of e™e™ — D Dy in logarithmic coordinates (a), where the error bars include the statistical
and systematic uncertainties. The comparison between our measurements and those of BABAR, Belle, and CLEO-c (after ISR

correction) (b).

system, the selected K, K~, and zn~, respectively, and
m(Dy) is the nominal mass of Dy [22]. To suppress the
background, the RM is required to be within the expected
signal window, 1.945 < RM < 1.990 GeV/c?, as shown
in Fig. 1 (left). The concentration of events at high RM is
the tail of the D,D} background, which peaks at M(Dy).

In order to obtain the signal yields, we use the signal MC
shape convolved with a Gaussian function as an alternative
signal description to fit the M (K"K~ x) distribution after
applying all the above requirements. The differences
between MC simulation and data are taken into account
with the mass shift Am and the resolution A of the Gaussian
function. Atall energy points, Ao is fixed to the average value
of 2.4 MeV to improve the fit stability for the low-statistics
samples, while Am is a free parameter of the fitateach energy
point. The background is described with a linear function.
The fits to M(K" K x) for data at E,, = 4.26 GeV and
4.68 GeV are shown in Fig. 1 (right) as examples.

Studies of the inclusive MC samples show that the
ete” — D} D}~ process contributes as a source of peaking
background at E,, > 4.6 GeV. The estimated numbers of
the D signal events from e"e™ — DI D}~ (defined as
N p=p=+) are obtained from exclusive MC samples normal-
ized to the corresponding integrated luminosity and cross
section, and are subtracted when calculating the number of
signal events. The process ete™ — Dit D~ fails the recoil
mass requirement, as its RM(Dj) is concentrated above
2.1 GeV, making the signal contamination by this back-
ground negligible.

The Born cross section of ete™ — DDy
with

is determined

N, = Npip=
2B(D= = KT K-7%)e(1 1 9)

OBorn —

s

1
[1-?

where N%tx is obtained from the fit to the M(K" K~ z%)
distribution in data. The factor 1/2 takes into account the

contributions from reconstruction of both Ds+ and Ds—.
The parameter Np:p= is the number of peaking back-
ground from eTe™ — D} D?~, which is only present at
E., > 4.6 GeV. L is the integrated luminosity, (1/]1 —
I1]?) is the vacuum polarization [25] factor, and B(Df —
K*tK~z*) is the branching fraction of DY - K*K~n+,
which is taken from Ref. [22]. (1 4 6) is the ISR correction
factor, and € is the detection efficiency, using the interpo-
lated values.

During the correction iterations, we use an MC-
weighting method for radiative corrections and the effi-
ciencies, in which the correction factors are evaluated
iteratively. Initially, (1 + 6) and e are obtained by using
KKMC simulation with a flat Born cross section line shape
as input. Once the initial values are obtained, a smoothed
line shape of cross section is derived using a variable span
smoother [26,27]. By utilizing the smoothed cross section
line shape, the MC-weighting method [28] is employed to
update the efficiencies, ISR correction factors, and mea-
sured cross section. After five iterations, the Born cross
sections converge to the values shown in Fig. 2, with
detailed numbers provided in Supplemental Material [29].

Several features are observed in Fig. 2(a). First, the cross
section peak above the D Dy threshold appears around
E., = 4.02 GeV, which is close to the mass of the known
w(4040). However, the width of this structure, estimated
with a Breit-Wigner function fit, is about 40 4+ 4 MeV,
narrower than the 80 + 10 MeV width of y(4040) pre-
viously measured [22]. This narrower width implies the
presence of a strong coupled-channel effect as predicted
in Ref. [35].

The cross sections are generally consistent with previous
experimental measurements, including those from Belle,
BABAR, and CLEO-c after ISR correction [36], as shown in
Fig. 2(b). To show more information about our results, the
rough comparison is made without standardizing the ex-
perimental E_, resolutions. Our measurements near
4.02 GeV show a maximum cross section larger than
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FIG. 3. The Born cross section ratios between ete™ — Dy Dy
and e"e” — K9K%J/y (a). The Born cross section ratios
between ete”™ - DDy and eTe” — Di*Di (b). The Born
cross section ratios between ete” — DID; and etem —
K*K~J/w (c). Only statistical uncertainties are included.

500 pb, where not so many energy points are taken by the
CLEO-c, BABAR, or Belle experiments.

The second notable feature is a narrow dip observed
around E_, = 4.23 GeV, which is close to the Dt D}~
threshold (4.224 GeV) and the peak of the y(4230). This
phenomenon may reflect the influence of the open-channel
effect of ee™ — DT D%~ on the cross section line shape of
eTe™ = D} Dy . Itis important to note that the decay width
of y(4230) — f,(980)J/w [37,38] is not negligible, and
the f((980) particle contains a significant s5 component
[39]. Since the s5 quark pair is also present in the ete™ —

TABLE I. Common relative systematic uncertainties in the
measured Born cross section.

Source Osys (%)
Tracking 3
Particle identification 3
B(Df —» K*K=n%) 1.9
Integrated luminosity 1

Fit range 2
Total 53

D7 Dy process, the observation of this dip offers valuable
insights into the aforementioned nature of the y(4230). If
we disregard this dip, another notable observation is a
potential broad structure spanning from E_, =4.1
to 4.4 GeV.

Apart from those two prominent features, our measured
line shape exhibits similarities in trends with the previously
reported ete™ — DT D™ [8], eTe” — KTK™J/y [6,40],
and ete™— KYKJ /y [7] processes above E., =4.4GeV.
The Born cross section ratios [o(etet > D D7) /(ete™—
KYKST/w)], [o(etet = D{D;)/o(ete”— Dt D;7)], and
[c(etet — D{D;y)/o(ete” - KTK~J/w)] are shown
in Fig. 3. Fits to the ratios with constant values give
x*/ndf = 0.34, 0.65, and 0.86, respectively, where ndf is
the number of degrees of freedom.

The systematic uncertainty of the cross section meas-
urement includes two groups of contributions: independent
and common for all energy points.

The common systematic uncertainties include uncertain-
ties related to the integrated luminosity, tracking, particle
identification (PID), fit range, and cross section as shown in
Table 1. The integrated luminosities are measured with
Bhabha and digamma events [4]1] with a systematic
uncertainty of 1%. The PID is performed on two kaons
and one pion, and the corresponding systematic uncertainty
is 1% per track [42]. The uncertainty of tracking efficiency
is estimated to be 1% per track [43]. Therefore, a 3%
systematic uncertainty is assigned for both the tracking
efficiency and PID. The uncertainty due to the fit range is
estimated to be 2% by varying the mass range by 10 MeV.
The systematic uncertainty on the (D{D;T) background
contribution is negligible based on the uncertainties of
cross section from the ongoing BESIII measurement.

We only evaluate energy-dependent systematic uncer-
tainties at 28 high-statistics energy points from the XYZ
samples. The systematic uncertainties for the samples with
low statistics are estimated using the values obtained from
those nearby energy points with high statistics. We consider
four sources of energy-dependent systematic uncertainties,
including two mass windows and the choice of the signal
and background shapes used in the fits. The uncertainties of
the mass windows of ¢ and K*° arise due to the difference

261902-4



PHYSICAL REVIEW LETTERS 133, 261902 (2024)

in mass resolution between data and MC simulation. To
evaluate the effect, the invariant mass distribution in the
MC sample is smeared by a Gaussian distribution to obtain
an agreement in mass resolution with the data. The relative
change of the selection efficiency due to the smearing is
taken as the systematic uncertainty. The uncertainty due to
the signal shape is estimated by comparing fit results when
the A(o) parameter is fixed to 2.4 MeV and when it is used
as a free parameter of the fit. The uncertainty due to the
background shape is estimated by describing the back-
ground with a second-order polynomial instead of a linear
function. The uncertainty due to the vacuum polarization is
negligible [25]. The energy-dependent systematic uncer-
tainties range from 1.1% to 4.2%, dominated by the con-
tribution from the signal shape. Since ISR correction
depends on the dressed cross section line shape, the differ-
ence of smoothed line shapes estimated with and without
statistical uncertainties is considered as its systematic
uncertainty. These are assigned to be 3% in the energy inte-
rval (4.215,4.235) GeV where the line shape changes most
dramatically, 2% in (4.235,4.243) and (4.395,4.42) GeV,
and 1% in all other energy intervals.

The total systematic uncertainties are calculated by
summing all individual items in quadrature, which vary
within (5.6-6.7)%. All the systematic uncertainties, includ-
ing the individual contributions and the total ones, are
presented as a covariance matrix in Supplemental
Material [29].

In summary, we present precise measurements of the
cross section for the process ete™ — DIDy for E.y
ranging from 3.94 to 4.95 GeV. Several notable features
are observed in the cross section line shape. First, a
significantly narrower width of the w(4040) than the
PDG value is observed. Second, a dip around the
Di" D}~ threshold and the peak position of the w(4230)
is observed, suggesting the influence of the open-channel
effect.

Instead of performing a fit to the cross section line shape
using conventional Breit—Wigner functions, we provide the
cross section values, their uncertainties, and a correlation
matrix directly for further investigation. This is motivated
by the challenges in accurately fitting the line shape when
strong coupled-channel effects are present. These measure-
ments open up a new avenue to test models explaining the
nature of the y(4230) and other vector charmonia and
charmonium-like states [44] as well as perform coupled-
channel fits involving multiple channels [45].
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