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We observe the process ϒð2SÞ → Dð�Þþ
s D−

sJ and continuum production eþe− → Dð�Þþ
s D−

sJ at
ffiffiffi
s

p ¼
10.52 GeV (and their charge conjugates) using the data samples collected by the Belle detector at KEKB,
where D−

sJ is Ds1ð2536Þ− or D�
s2ð2573Þ−. Both D−

sJ states are identified through their decay into K̄D̄ð�Þ.

We measure the products of branching fractions Bðϒð2SÞ → Dð�Þþ
s D−

sJÞBðD−
sJ → K̄D̄ð�ÞÞ and the Born

cross sections σBornðeþe− → Dð�Þþ
s D−

sJÞBðD−
sJ → K̄D̄ð�ÞÞ, and then compare the ratios R1 ≡ Bðϒð2SÞ →

Dð�Þþ
s D−

sJÞ=Bðϒð2SÞ → μþμ−Þ for ϒð2SÞ decays and R2 ≡ σBornðeþe− → Dð�Þþ
s D−

sJÞ=σBornðeþe− →
μþμ−Þ for continuum production. We obtain R1=R2 ¼ 9.7� 2.3� 1.1, 6.8� 2.1� 0.8,
10.2� 3.3� 2.5, and 3.4� 2.1� 0.8 for the Dþ

s Ds1ð2536Þ−, D�þ
s Ds1ð2536Þ−, Dþ

s D�
s2ð2573Þ−, and

D�þ
s D�

s2ð2573Þ− final states in the D−
sJ → K−D̄ð�Þ0 modes, respectively. The measured R1=R2 values

indicate that the strong decay dominates in ϒð2SÞ → Dð�Þþ
s D−

sJ processes. We also measure the ratios of
branching fractions BðDs1ð2536Þ− → K0

SD
�ð2010Þ−Þ=BðDs1ð2536Þ− → K−D�ð2007Þ0Þ ¼ 0.48� 0.07�

0.02 and BðD�
s2ð2573Þ− → K0

SD
−Þ=BðD�

s2ð2573Þ− → K−D0Þ ¼ 0.49� 0.10� 0.02, which are consistent
with isospin symmetry. The second ratio is the first measurement of this quantity. Here, the first
uncertainties are statistical and the second are systematic.

DOI: 10.1103/PhysRevD.108.112015

I. INTRODUCTION

Much of the plethora of new quarkonium states observed
in the last decades has been studied at electron-positron
colliders [1]. Experiments at these colliders have collected
large data samples at c.m. energies (

ffiffiffi
s

p
) corresponding to

both the vector charmonium and the vector bottomonium
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states, which are produced copiously due to resonance
enhancements in the cross sections. A vector quarkonium
state decays electromagnetically through the annihilation
process into a virtual photon or into three gluons mediated
by the strong interaction. We can study the dynamics of
electromagnetic charmed meson production through com-
plementary measurements at energies above or below the
quarkonium state, which are called “off resonance.” Here,
only quantum electrodynamics (QED) processes contribute
and thus allow measurements free from hadronic structure
effects and quantum chromodynamics (QCD) related proc-
esses present for heavy quarkonia.
At

ffiffiffi
s

p
significantly above the production threshold and

far from quarkonium resonances, the production rates of
eþe− → qq̄ are approximately proportional to the quark
charge squared, so that eþe− → cc̄ is about 40% of the total
hadronic production at

ffiffiffi
s

p ¼ 10.52 GeV [60 MeV below
the ϒð4SÞ]. This provides an opportunity to study the
charmed hadrons, including charmed mesons, charmed
strange mesons, and charmed baryons. However, this kind
of study has not been previously carried out. This is also the
case for the Okubo-Zweig-Iizuka suppressed hadronic
decays of the narrow ϒðnSÞ states; hundreds of millions
of ϒðnSÞ events have been accumulated at Belle and
BABAR, but such studies are limited. The open charm
content of bottomonium hadronic decays can be used as a
tool to probe the post-bb̄-annihilation fragmentation proc-
esses [2]. Within a QCD approach, the charm quarks are
expected to be produced in ϒðnSÞ decay only by a process
in which a virtual timelike gluon of large invariant mass is
produced in the initial decay process and subsequently
decays into a pair of charmed hadrons [3]. Using a data
sample of ð98.6� 0.9Þ × 106 ϒð2SÞ events, BABAR mea-
sures B½ϒð1SÞ → D�þX� ¼ ð2.52� 0.13� 0.15Þ% [4],
which is considerably larger than what is expected from
bb̄ annihilation into a single photon. This excess is in
agreement with a prediction based on splitting a virtual
photon [5], but appears too small to accommodate an octet-
state contribution [6]. Here and hereinafter, the first
uncertainty quoted is statistical, while the second corre-
sponds to the total systematic uncertainty. However, there
are no other measurements of charm hadrons in ϒðnSÞ
decays [7]. It is argued that the suppression of charm
production on the ϒðnSÞ resonance is at least consistent
with the analogous case of strangeness production on ψ
and ψð2SÞ, and it would be quite instructive to study
the topology of events in which charm is produced [8].
Here, we present searches for Dð�Þþ

s D−
sJ with the sub-

sequent decay D−
sJ → K̄ þ D̄ð�Þ in ϒð2SÞ decays and con-

tinuum eþe− annihilation, using data recordedwith the Belle
detector operated at the KEKB asymmetric-energy eþe−
collider [9]. Charge-conjugated modes are implicitly
included throughout the paper. For the ϒð2SÞ data sample,
we have collected data corresponding to an integrated

luminosity of 24.7 fb−1 at a c.m. energy corresponding
to the ϒð2SÞ resonance. We determine the number of
produced ϒð2SÞ events to be ð158� 4Þ × 106 using inclu-
sive hadronic decays. The continuum production of the final
states is determined using an off-resonance data sample
collected using an integrated luminosity of 89.5 fb−1 atffiffiffi
s

p ¼ 10.52 GeV.Weuse these two data samples to separate
the dynamics of electromagnetic and strong charmed
hadron production at the off-resonance energy and the
ϒð2SÞ peak.
We only include the following D−

sJ states, which are both
established and emit a kaon in their decay: Ds1ð2536Þ− and
D�

s2ð2573Þ−; the kaon can be charged or neutral (K0
S).We use

the technique of partial reconstruction for theD−
sJ final state:

the final state is tagged through the full reconstruction of the

Dð�Þþ
s , and the recoilingD−

sJ is tagged by a kaon produced in
the decay D−

sJ → K̄ þ D̄ð�Þ. The remaining D̄ð�Þ is observed
indirectly through its recoil against the Dð�Þþ

s − K̄ system
using the known kinematics of the initial state. This circum-
vents the problem of low efficiencies for reconstructing D
mesons associated with the large variety of possible decay
processes.

II. THE BELLE DETECTOR AND MONTE CARLO
SIMULATION

The Belle detector is a large-solid-angle magnetic spec-
trometer [10] using a silicon vertex detector, a 50-layer
central drift chamber, an array of aerogel threshold
Cherenkov counters, a barrel-like arrangement of time-
of-flight scintillation counters, and an electromagnetic
calorimeter (ECL) composed of CsI(Tl) crystals located
inside a superconducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux return outside the coil is
instrumented to detect K0

L mesons and identify muons. The
origin of the coordinate system is defined as the position of
the nominal interaction point. In the cylindrical coordi-
nates, the z axis is aligned with the direction opposite the
eþ beam and points along the magnetic field within the
solenoid, and r is the radial distance.
We simulate the full chain ϒð2SÞ=eþe− → Dð�Þþ

s D−
sJ, in

whichD−
sJ isDs1ð2536Þ− orD�

s2ð2573Þ−, using the EvtGen
generator [11]. We simulate the angular distributions of

Dð�Þþ
s D−

sJ according to the JP quantum numbers of Dð�Þþ
s

and D−
sJ. Here, we take JP ¼ 1− for D�þ

s according to the
recent BESIII measurement [12]. Four decay modes of D−

sJ
are simulated: K− þ D̄0, K0

S þD−, K− þ D̄�ð2007Þ0,
and K0

S þD�ð2010Þ−. Again, the D mesons [D̄0, D−,
D̄�ð2007Þ0, and D�ð2010Þ−] are not reconstructed but

determined in the recoil of the Dð�Þþ
s and the kaon from

theD−
sJ decay, so that the decays ofDmesons are inclusive.

We simulate the response of the Belle detector using a
GEANT3-based Monte Carlo (MC) technique [13].
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III. EVENT SELECTION CRITERIA
AND RECONSTRUCTION

We search for the taggingDþ
s using six final states: ϕπþ,

K0
SK

þ, K̄�ð892Þ0Kþ, ρþϕ, ηπþ, and η0πþ. The decay of
D�þ

s only proceeds through D�þ
s → Dþ

s γ.
We reconstruct Dð�Þþ

s D−
sJ final states after initially

selecting well-measured charged tracks and photon candi-
dates. A well-measured charged track has an impact
parameter dr < 1.5 cm in the r − ϕ plane with respect
to the interaction point and a displacement jdzj < 5 cm in
the r-z plane. We require a transverse momentum larger
than 0.1 GeV=c. We identify each charged track by
combining the information from different detector subsys-
tems and form the likelihood Li [14] for each particle
species i, denoting π or K. Tracks with RK ¼ LK

LKþLπ
> 0.6

are treated as kaons, while those with RK < 0.4 are
assumed to be pions. The identification efficiency is about
95% for both K and π, with a 5% misidentification
probability. Photons are identified as ECL clusters that
do not align with any charged track.
We reconstruct the K0

S, ϕ, K̄
�ð892Þ0, and ρþ candidates

in their respective decay channels into πþπ−, KþK−,
K−πþ, and πþπ0. For candidate K0

S mesons, we use
pairs of oppositely charged particles originating from a
common vertex and assign the pion-mass hypothesis.
We use a multivariate technique to improve the purity of
the K0

S candidate sample by rejecting combinatorial back-
ground [15], which we identify with neural network-
based algorithms [16]. For the invariant mass (Mπþπ−) of
πþπ− pairs we obtain a resolution of σ ≈ 5 MeV=c2, and
we define the signal region for K0

S by jMπþπ− −mK0
S
j < 3σ.

Here, mK0
S
is the nominal mass of the K0

S [7]. Corres-
pondingly, we choose the range of all signal mass windows
to have Δm ¼ �3σ around their respective nominal
masses [7], unless stated otherwise. The corresponding
resolution for the invariant mass of KþK− pairs, MKþK− , is
σ ≈ 3.3 MeV=c2. The K̄�ð892Þ0 meson has a natural width
of 47.3 MeV, which is much larger than the experimental
resolution for K−πþ pairs. We define the K̄�ð892Þ0 signal
region to be jMK−πþ −mK̄�ð892Þ0 j < 105 MeV=c2, where
MK−πþ is the invariant mass of K−πþ and mK̄�ð892Þ0 is the
nominal mass of K̄�ð892Þ0 [7]. Since the width of the ρþ of
about 150 MeV is dominated by the natural width, the
signal region is selected by jMπþπ0 −mρþj < 200 MeV=c2,
in whichMπþπ0 is the invariant mass of πþπ0 andmρþ is the
nominal mass of ρþ [7].
We combine pairs of photons to form π0 candidates. For

this, we require the energies of photons (Eγ) from π0 decays
to exceed Eγ > 25 MeV in the barrel (32.2° < θ < 128.7°)
and Eγ > 50 MeV in the end caps (12.0° < θ < 31.4° or
131.5° < θ < 157.1°) of the ECL, with the polar angles
specified in the laboratory frame. The two-photon mass

resolution for Mγγ is σ ≈ 5 MeV=c2. We reconstruct η
mesons from their decays into πþπ−π0 and γγ. In the γγ
mode, we require Eγ > 150 MeV. The corresponding
mass resolution for Mπþπ−π0 is σ ≈ 4 MeV=c2 and for
Mγγ the resolution is σ ≈ 13.5 MeV=c2. For the
selection of η0 candidates, we use a combination of η
and πþπ− pairs. The invariant mass resolution for ηπþπ−

is σηπþπ− ≈ 5 MeV=c2.
In Figs. 1(a) and 1(c), we show the combined distribution

Mh1h2 ofMϕπþ ,MK0
SK

þ ,MK̄�ð892Þ0Kþ ,Mρþϕ,Mηπþ , andMη0πþ

from the ϒð2SÞ data sample (upper row) and the continuum
data sample (lower row). We do not apply a mass constraint
for π0, η, or η0. Instead, we take the advantage of the mass
difference. Taking the Dþ

s → ηπþ with η → γγ as an exam-
ple, we useMηπþ ¼ Mγγπþ −Mγγ þmη, where the invariant
mass Mγγπþ (Mγγ) is calculated from the sum of the 4-
momenta of γγπþ (γγ). In this way, themass resolution of the
Dþ

s signal in Mηπþ is improved from 19.7 to 13.0 MeV=c2

according to signal MC simulation. We fit the Dþ
s signal in

Mh1h2 with a Gaussian function and describe the background
through a second-order polynomial function. We obtain a
mass resolution of σDþ

s
¼ 6.7� 0.1 MeV=c2 in data, which

is used to define the signal region for Dþ
s , while the

corresponding resolution is 6.5 MeV=c2 in signal MC
simulations. Besides theDþ

s signal, we also define sideband
regions through jMh1h2 −mDþ

s
� 9σDþ

s
j < 3σDþ

s
. Since the

fraction of multicombination in Dþ
s reconstruction is

only about 3%, we allow multiple candidates of Dþ
s in

one event.
We reconstruct D�þ

s candidates from the above Dþ
s

sample using the γDþ
s final state. For this, we require the

photon energy to exceed Eγ > 50 MeV in the barrel and
Eγ > 100 MeV in the end caps of the ECL. The corre-
sponding invariant mass distributionsMγDþ

s
for γDþ

s from
the ϒð2SÞ and continuum data samples are shown in
Figs. 1(b) and 1(d). Here, we use MγDþ

s
¼ Mγh1h2 −

Mh1h2 þmDþ
s
, where the invariant mass Mγh1h2 is calcu-

lated from the sum of the 4-momenta of γh1h2. We fit to
the MγDþ

s
distribution between 2.07 and 2.15 GeV=c2

using two Gaussian functions for the D�þ
s signal and a

second-order polynomial function for the background.
We use σ ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f1 × ðσ21 þm2
1Þ þ f2 × ðσ22 þm2

2Þ −m2
p

with m ¼ f1 ×m1 þ f2 ×m2 to define the mass resolu-
tion of the D�þ

s signals, where m1 (m2), σ1 (σ2), and f1
(f2) are the mean, the standard deviation, and the fraction
of the first (second) Gaussian function. We obtain the
mass resolution of σD�þ

s
¼ 6.7� 0.4 MeV=c2 in data and

7.0 MeV=c2 in signal MC simulations, which agree
well with each other. Again, in addition to the signal
region for D�þ

s , we define sideband regions through
jMγDþ

s
−mD�þ

s
� 9σD�þ

s
j < 3σD�þ

s
. As we aim to study

the D�þ
s K̄ recoil spectrum, we apply mass-constrained
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fits to the D�þ
s candidates in the signal region to improve

their momentum resolution. We find that 10% of the
events have multiple D�þ

s candidates. In these cases, we
select the candidate with the minimum χ2 from the mass-
constraint fit. For the candidates in each D�þ

s mass
sideband, we apply the mass constraint to the center
of the sideband and select the combination with mini-
mum χ2 as well. To estimate the size of the peaking
component in the selected D�þ

s sample due to the
minimum χ2 requirement, we apply the same mass
constraints to events in the Dþ

s sidebands. As shown
in Figs. 1(b) and 1(d), the Dþ

s mass sideband events can
describe the peaks in the D�þ

s mass sidebands and
therefore can be used to estimate reliably the peaking
component in the D�þ

s mass signal region. Events with
jMγDþ

s
−mD�þ

s
j < 50 MeV=c2 are removed for the Dþ

s D−
sJ

search.
The search for D̄ð�Þ requires a K̄ meson reconstructed in

addition toDð�Þþ
s . We determine the D̄ð�Þ signal through the

recoil of Dð�Þþ
s K̄ using the calculated mass,

MD̄ð�Þ ¼Mrecoil
Dð�Þþ

s K̄

≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEc:m: −E

Dð�Þþ
s

−EK̄Þ2 − ðp⃗c:m: − p⃗
Dð�Þþ

s
− p⃗K̄Þ2

q
;

ð1Þ

and isolate the possible production of D−
sJ states in the

K̄D̄ð�Þ final states through their recoil using the following
equation:

MK̄D̄ð�Þ ¼ Mrecoil
Dð�Þþ

s

≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEc:m: − E

Dð�Þþ
s

Þ2 − ðp⃗c:m: − p⃗
Dð�Þþ

s
Þ2

q
: ð2Þ

Here, Ec:m: and p⃗c:m: are the energy and 3-momentum of
eþe− in the collision system, E

Dð�Þþ
s

(EK̄) and p⃗
Dð�Þþ

s
(p⃗K̄)

are those of Dð�Þþ
s (K̄), respectively. We show the Mrecoil

Dð�Þþ
s K̄

distributions versus Mrecoil
Dð�Þþ

s
from the two data samples in

Figs. 2(a) and 2(b), and the signal MC simulations ofϒð2SÞ
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FIG. 1. Invariant mass distributions of (a),(c) the combinations of ϕπþ, K0
SK

þ, K̄�ð892Þ0Kþ, ρþϕ, ηπþ, and η0πþ for Dþ
s candidates

and (b),(d) the combinations of γDþ
s for Dð�Þþ

s candidates in ϒð2SÞ data sample (upper row) and continuum data sample (lower row).

The red arrows show the signal region of Dþ
s or Dð�Þþ

s , and the blue arrows show the sideband regions. The shaded histogram in (b) and
(d) shows backgrounds estimated fromDþ

s mass sidebands. The curves show the best fit results using Gaussian functions for theDþ
s and

Dð�Þþ
s signals, respectively.
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decays and continuum production in Figs. 2(c) and 2(d).
There are clear bands in the distributions of data corre-
sponding to the production of the Ds1ð2536Þ− signal in the
D̄�K̄ [D̄�ð2007Þ0K− or D�ð2010Þ−K0

S] final state and
D�

s2ð2573Þ− signal in the D̄ K̄ (D̄0K− or D−K0
S) final state,

and they agree well with the signal MC simulations. The
mass resolutions of Mrecoil

Dð�Þþ
s K̄

and Mrecoil
Dð�Þþ

s
are large due to

the common variables E
Dð�Þþ

s
and p⃗

Dð�Þþ
s

in Eqs. (1) and (2).

The mass resolution of D̄ from the decay of D−
sJ in Mrecoil

Dð�Þþ
s K̄

is about 50 MeV=c2, and the signal region is defined to be
jMrecoil

Dð�Þþ
s K̄

−mD̄j < 150 MeV=c2. We fit the D̄� mass dis-

tribution with two Gaussian functions and obtain the
narrower one with a mass resolution of 31.8�
0.3 MeV=c2 and a signal fraction of about 34% and the
wider one with a mass resolution of 74.2� 1.0 MeV=c2

and a signal fraction of about 66%. We define the signal
region to be jMrecoil

Dð�Þþ
s K̄

−mD̄� j < 200 MeV=c2, which has a

selection efficiency of about 95%. Here, mD̄ is the nominal
mass of D̄0 or D−, and mD̄� is the nominal mass of the
D̄�ð2007Þ0 or D�ð2010Þ− [7]. With the events in the Dþ

s or

D�þ
s mass sidebands, no peaking background is found for

the D̄ð�Þ signal in the Mrecoil
Dð�Þþ

s K̄
distributions.

To improve the mass resolution of MK̄D̄ð�Þ , we use the
following formula to replace Eq. (2):

MK̄D̄ð�Þ ¼ Mrecoil
Dð�Þþ

s
−Mrecoil

Dð�Þþ
s K̄

þmD̄ð�Þ : ð3Þ

In this way, the uncertainties due to the 4-momentum of

final states from Dð�Þþ
s decays are significantly reduced.

From simulation, we obtain the resolutions for ΔMrecoil ≡
Mrecoil

Dð�Þþ
s

−Mrecoil
Dð�Þþ

s K̄
of σΔMrecoil < 5 MeV=c2 for all Dð�Þþ

s D−
sJ

final states. In Figs. 3 and 4 we show the distributions for
ΔMrecoil þmD̄� for MK̄D̄� and ΔMrecoil þmD̄ for MK̄ D̄ for
the two data samples. We observe clear signals for both
Ds1ð2536Þ− and D�

s2ð2573Þ−.
We determine the D−

sJ signal yields, Nsig
ϒð2SÞ of the

ϒð2SÞ decays and Nsig
cont of the continuum production atffiffiffi

s
p ¼ 10.52 GeV, by simultaneously fitting the MK̄D̄ð�Þ

distributions for the ϒð2SÞ data sample and the con-
tinuum data sample and with common isospin ratios
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FIG. 2. The distributions of the recoil mass against Dð�Þþ
s K̄ versus the recoil mass against Dð�Þþ

s in (a) the ϒð2SÞ data sample, (b) the
continuum data sample at

ffiffiffi
s

p ¼ 10.52 GeV, (c) the signal MC simulation of ϒð2SÞ decays, and (d) the signal MC simulation of
continuum production at

ffiffiffi
s

p ¼ 10.52 GeV.
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Riso;J ≡ BðD−
sJ → K0

SD
ð�Þ−Þ=BðD−

sJ → K−D̄ð�Þ0Þ between
the K0

SD
ð�Þ− and K−D̄ð�Þ0 final states. In the fits, we use

Nsig
ϒð2SÞ and Nsig

cont for the K−D̄ð�Þ0 modes, and those of the

K0
SD

ð�Þ− modes are calculated via the isospin ratios Riso;J

and the ratios of efficiencies and branching fractions
between the K0

SD
ð�Þ− modes and the K−D̄ð�Þ0 modes.

The fit function is the sum of a Breit-Wigner function
(BW) convolved with a Gaussian function with a width
corresponding to the mass resolution and a linear function
to describe the backgrounds. The mass and width of the
BW functions are fixed to the world average values for
Ds1ð2536Þ− and D�

s2ð2573Þ− [7]. The mass resolutions
used in the Gaussian are obtained fromMC simulations and
are about 2.4 MeV=c2 (6.5 MeV=c2) for Ds1ð2536Þ−
[D�

s2ð2573Þ−]. We include the branching fractions and

reconstruction efficiencies corresponding to the Dð�Þþ
s D−

sJ
final states in the fits. The results are listed in Table I for
each channel and each dataset.
We estimate the contribution of continuum production

to the Dð�Þþ
s D−

sJ signal in the ϒð2SÞ data sample. For this,

we scale the luminosities and correct for the c.m.
energy dependence of the QED cross section σeþe− ∝ 1=s,
resulting in a scale factor fscale ¼ ðLϒð2SÞ × scontÞ=
ðLcont × sϒð2SÞÞ ¼ 0.304. Here, Lϒð2SÞ and Lcont are the
integrated luminosities of the ϒð2SÞ data sample atffiffiffiffiffiffiffiffiffiffiffisϒð2SÞ
p ¼ 10.02 GeV and the continuum data sample atffiffiffiffiffiffiffiffiffi
scont

p ¼ 10.52 GeV. Therefore, the yield of signal events
produced via continuum eþe− annihilation in the ϒð2SÞ
data sample is fscale × Nsig

cont.
In principle, there is interference between the resonance

and continuum amplitudes in the ϒð2SÞ data sample [17].
We do not consider this effect in the simultaneous fit but
consider it in the systematic uncertainty in Sec. IV.
We determine the statistical significance of D−

sJ by
comparing the value of Δð−2 lnLÞ ¼ −2 lnðLmax=L0Þ
and the change in the number of free parameters in the
fits, where Lmax is the likelihood with D−

sJ and L0 without
D−

sJ. The statistical significance in the ϒð2SÞ data sample
for Ds1ð2536Þ− and D�

s2ð2573Þ− is 6.8σ and 4.0σ, respec-
tively, and 18.3σ and 10.1σ in the continuum data
sample. From these yields, we calculate the branching
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FIG. 4. The invariant mass distributions of K̄ D̄ calculated

in recoil mass for Dð�Þþ
s in the (a) Dþ

s K−D̄0, (b) Dþ
s K0

SD
−,

(c)D�þ
s K−D̄0, and (d)D�þ

s K0
SD

− final states from the ϒð2SÞ data
sample (a)–(d) and the continuum data sample at 10.52 GeV
(a0)–(d0). The shaded histograms show the backgrounds estimated

from the normalized Dð�Þþ
s mass sidebands. The solid curves

show the best fit result; the dashed green ones are D�
s2ð2573Þ−

signals in ϒð2SÞ decays, and the dashed red curves are the
D�

s2ð2573Þ− signals in continuum production at 10.02 GeV
(a)–(d) and 10.52 GeV (a0)–(d0).
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(b) Dþ
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�ð2010Þ−, (c) D�þ
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s K0

SD
�ð2010Þ− final states from the ϒð2SÞ data sample

(a)–(d) and the continuum data sample at 10.52 GeV (a0)–(d0).
The shaded histograms show the backgrounds estimated from the

normalizedDð�Þþ
s mass sidebands. The solid curves show the best

fit result; the dashed green ones are Ds1ð2536Þ− signals in ϒð2SÞ
decays, and the dashed red curves are the Ds1ð2536Þ− signals in
continuum production at 10.02 GeV (a)–(d) and 10.52 GeV
(a0)–(d0).
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fraction of ϒð2SÞ → Dð�Þþ
s D−

sJ and the Born cross section

for eþe− → Dð�Þþ
s Dþ

sJ by

Bðϒð2SÞ → Dð�Þþ
s D−

sJÞBðD−
sJ → K̄D̄ð�ÞÞ

¼
Nsig

ϒð2SÞ
Nϒð2SÞ ×

P
εiBi

; ð4Þ

and

σBðeþe− → Dð�Þþ
s D−

sJÞBðD−
sJ → K̄D̄ð�ÞÞ

¼ Nsig
cont × j1 − Πj2

Lcont ×
P

εiBi × ð1þ δISRÞ
: ð5Þ

Here, i identifies the mode of Dþ
s → h1h2 decay, while εi

and Bi are their reconstruction efficiencies and branching
fractions. We calculate

P
εiBi according to signal MC

simulations for εi and the world average values of Bi [7]

and list the values in Table I. Their errors are mainly due to
the uncertainties of Bi from world averages [7], since all of
the relative statistical uncertainties due to the statistics of
MC simulations are less than 0.5%. Here, we take into
account the branching fraction of K0

S → πþπ− decay [7].
From the Born cross sections we can calculate the full
“dressed” cross section through σdressed ¼ σBorn=j1 − Πj2.
The factor j1 − Πj2 ¼ 0.931 is the vacuum polarization
factor [18,19]. In addition, we have to correct for radiative
effects. The radiative correction factor 1þ δISR is deter-
mined by

R
σdressedðsð1 − xÞÞFðx; sÞdx=σdressedðsÞ and has

the value 0.82, where Fðx; sÞ is the radiative function
obtained from a QED calculation with an accuracy of
0.2% [20–22].
We summarize the branching fractions of ϒð2SÞ decays

and the Born cross sections of continuum production in
Table I. The number of corrected signal events in theϒð2SÞ
data sample is 20� 12� 2 for the D�þ

s D�
s2ð2573Þ− decay,

from which we derive a statistical significance of only 1.6σ.

TABLE I. The branching fractions ofϒð2SÞ → Dð�Þþ
s D−

sJ decays, the Born cross sections of continuum production eþe− → Dð�Þþ
s D−

sJ,
and the isospin ratio BðD−

sJ → K0
SD

ð�Þ−Þ=BðD−
sJ → K−D̄ð�Þ0Þ based on the results from the simultaneous fits. Here, Nsig

ϒð2SÞ, N
sig
cont,

Bðϒð2SÞ → Dð�Þþ
s D−

sJÞBðD−
sJ → K̄D̄ð�ÞÞ, and σBðeþe− → Dð�Þþ

s D−
sJÞBðD−

sJ → K̄D̄ð�ÞÞ are described in Eqs. (4) and (5).
P

εiBi is the
sum of the products of the reconstruction efficiencies and branching fractions in Dþ

s ’s six decay channels. The significance is

the statistical significance of the Dð�Þþ
s D−

sJ signals with D
−
sJ → K−Dð�Þ0 and K0

SD
ð�Þ− in ϒð2SÞ decays and continuum productions. The

K−Dð�Þ0 and K0
SD

ð�Þ− modes of the D−
sJ decays are connected by the isospin ratio BðD−

sJ → K0
SD

ð�Þ−Þ=BðD−
sJ → K−D̄ð�Þ0Þ in the

simultaneous fits. The systematic uncertainties of Nsig are of the simultaneous fits only.

Nsig
ϒð2SÞ Significance

Bðϒð2SÞ → Dð�Þþ
s D−

sJÞBðD−
sJ → K̄D̄ð�ÞÞð×10−5Þ

Final state (f) K− mode K0
S mode (σ) K− mode K0

S mode

Dþ
s Ds1ð2536Þ− 43� 9� 2 14� 3� 2 5.3 1.6� 0.3� 0.2 0.84� 0.18� 0.15

D�þ
s Ds1ð2536Þ− 31� 8� 2 10� 3� 2 4.3 1.4� 0.4� 0.2 0.82� 0.25� 0.19

Dþ
s D�

s2ð2573Þ− 51� 15� 5 17� 5� 5 3.8 1.4� 0.4� 0.2 0.69� 0.20� 0.22
D�þ

s D�
s2ð2573Þ− 20� 12� 2 7� 4� 4 1.6 0.9� 0.5� 0.2 0.54� 0.31� 0.47

Nsig
cont σBðeþe− → Dð�Þþ

s D−
sJÞBðD−

sJ → K̄D̄ð�ÞÞðfbÞ
� � � K− mode K0

S mode � � � K− mode K0
S mode

Dþ
s Ds1ð2536Þ− 86� 10� 2 28� 4� 2 13.9 67� 8� 6 34� 5� 4

D�þ
s Ds1ð2536Þ− 79� 10� 2 25� 4� 2 11.8 84� 11� 11 41� 6� 6

Dþ
s D�

s2ð2573Þ− 102� 17� 21 33� 8� 5 7.1 56� 9� 13 27� 6� 5

D�þ
s D�

s2ð2573Þ− 102� 16� 6 33� 7� 4 7.6 106� 17� 12 51� 11� 9

P
εiBi (%)

Final state (f) Dþ
s Ds1ð2536Þ− D�þ

s Ds1ð2536Þ− � � � Dþ
s D�

s2ð2573Þ− D�þ
s D�

s2ð2573Þ−
K− mode 1.63� 0.07 1.06� 0.05 � � � 1.19� 0.05 0.77� 0.03
K0

S mode 2.32� 0.10 1.56� 0.07 � � � 1.22� 0.05 0.82� 0.03

Isospin ratio BðD−
sJ → K0

SD
ð�Þ−Þ=BðD−

sJ → K−D̄ð�Þ0Þ
Ds1ð2536Þ− decays 0.48� 0.07� 0.02
D�

s2ð2573Þ− decays 0.49� 0.10� 0.02
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We integrate the likelihood versus the number of
D�þ

s D�
s2ð2573Þ− signal events and determine its upper limit

at 90% confidence level (C.L.) to be NULðϒð2SÞ →
D�þ

s D�
s2ð2573Þ−Þ < 44 in the D�

s2ð2573Þ− → K−D̄0 mode,
which has been degraded by a factor of 1=ð1 − δsysÞ to
account for the systematic uncertainties detailed below. We
obtain an upper limit for the production in ϒð2SÞ decay of
BULðϒð2SÞ→D�þ

s D�
s2ð2573Þ−ÞBðD�

s2ð2573Þ−→K−D̄0Þ<
2.9×10−5.
In addition, we determine the isospin ratios Riso;J from

the simultaneous fits to be Riso;1 ¼ 0.48� 0.07� 0.02
and Riso;2 ¼ 0.49� 0.10� 0.02 for the Ds1ð2536Þ− and
D�

s2ð2573Þ−, respectively. These ratios are in good agree-
ment with the expectation from isospin symmetry, which
are 0.498 and 0.497 from a calculation taking into account
the phase space. Replacing the Nsig

ϒð2SÞ and N
sig
cont of K

−D̄ð�Þ0

modes with those of the K0
SD

ð�Þ− modes in the simulta-
neous fits, and calculating those of the K−D̄ð�Þ0 modes
with Riso;J and the ratios of efficiencies and branching
fractions between the K−D̄ð�Þ0 modes and the K0

SD
ð�Þ−

modes, we obtain the new fit results and calculate the

Bðϒð2SÞ → Dð�Þþ
s D−

sJÞBðD−
sJ → K̄D̄ð�ÞÞ and σBðeþe− →

Dð�Þþ
s D−

sJÞBðD−
sJ → K̄D̄ð�ÞÞ of the D−

sJ → K0
SD

ð�Þ− decay
modes, as listed in Table I. We get the same fit results
of the isospin ratios Riso;J of the Ds1ð2536Þ− and

D�
s2ð2573Þ− decays. We also determine the NULðϒð2SÞ→

D�þ
s D�

s2ð2573Þ−Þ<15 in theK0
SD

−mode andBULðϒð2SÞ→
D�þ

s D�
s2ð2573Þ−ÞBðD�

s2ð2573Þ−→K0
SD

−Þ<3.0×10−5 at
90% C.L.

IV. SYSTEMATIC UNCERTAINTIES

The determination of the branching fractions in ϒð2SÞ
decays and the Born cross sections of continuum produc-
tions have various systematic uncertainties, which are listed
in Table II. The particle identification uncertainty for K� is
1.1% and 0.9% per π� [14]; the uncertainty of the tracking
efficiency per track is 0.35% and is added linearly; the
photon reconstruction uncertainty is 2% for each photon.
The uncertainties of the efficiency of mass window require-
ments due to data and MC differences in mass resolutions
for π0, K0

S, K̄
�ð892Þ0, ρþ, ϕ, η, and η0 are measured to be

0.2%, 0.2%, 1.0%, 1.4%, 0.1%, 1.7%, and 0.3%, respec-
tively. We take the decay branching fractions and their
uncertainties of the intermediate states K̄�ð892Þ0, η, ρþ, η0,
and Dð�Þþ

s from Ref. [7]. We determine the efficiency of
the Dþ

s (D�þ
s ) mass window to be ð99.9� 0.1Þ%

[ð99.8� 0.1Þ%] in data and 97.4% (99.5%) in the simu-
lation, and we attribute a systematic uncertainty of 2.5%
(0.3%); the differences in these numbers for data and
simulation reflect the different mass resolutions obtained

TABLE II. The summary of systematic uncertainties (%) of Dð�Þþ
s K reconstruction. Additional uncertainties due to the angular

distributions are 6.9%, 8.5%, 8.5%, and 9.2% for the Dþ
s Ds1ð2536Þ−, Dþ

s D�
s2ð2573Þ−, D�þ

s Ds1ð2536Þ−, and D�þ
s D�

s2ð2573Þ−,
respectively.

Dþ
s reconstruction K− K0

S

Dþ
s decay mode

Source ϕπþ K0
SK

þ K̄�ð892Þ0Kþ ρþϕ ηπþðγγ=πþπ−π0Þ η0πþðγγ=πþπ−π0Þ K− K0
S

K ID 2.20 1.10 2.20 2.20 � � � � � � 1.10 � � �
π ID 0.90 � � � 0.90 0.90 0.90=2.70 2.70=4.50 � � � � � �
Tracking 1.05 1.05 1.05 1.05 0.35=1.05 1.05=1.75 0.35 � � �
K0

S reconstruction � � � 2.23 � � � � � � � � � � � � � � � 2.23
π0 reconstruction � � � � � � � � � 2.25 2.25/� � � 2.25/� � � � � � � � �
Photon reconstruction � � � � � � � � � � � � 4.0/� � � 4.0/� � � � � � � � �
Mass windows of intermediate states 0.07 0.20 0.97 1.44 0.23=1.68 0.26=1.69 � � � 0.20
Bs of intermediate-state decays 0.08 0.08 0.08 1.12 0.04=0.03 0.04=0.03 � � � � � �
Dþ

s mass window 0.43 0.67 0.19 0.79 1.07 1.20 � � � � � �
D�þ

s mass window 0.38 1.01 0.10 0.34 0.94 0.61 � � � � � �

Reconstruction mode

Source Dþ
s K− Dþ

s K0
S D�þ

s K− D�þ
s K0

S

Dð�Þþ
s K reconstruction 3.2 3.2 3.3 3.4

BðD�þ
s → γDþ

s Þ � � � � � � 0.7 0.7
Trigger 1.0 1.0 1.0 1.0
MC statistics 0.2 0.2 0.2 0.2
Nϒð2SÞ (luminosity) 2.2(1.4) 2.2(1.4) 2.2(1.4) 2.2(1.4)
Sum in quadrature 4.0(3.6) 4.0(3.6) 4.2(3.8) 4.2(3.9)
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for both. We determine these total uncertainties of
P

εi ×
Bi to be 3.2%, 3.2%, 3.3%, and 3.4% in the final states of
Dþ

s K−D̄ð�Þ0, Dþ
s K0

SD
ð�Þ−, D�þ

s K−D̄ð�Þ0, and D�þ
s K0

SD
ð�Þ−,

respectively. To estimate the systematic uncertainty in the

angular distribution of Dð�Þþ
s D−

sJ, we generate new MC
samples uniformly in phase space, and half of the efficiency
differences are taken to be the systematic uncertainties. We
obtain the systematic uncertainties of 6.9%, 8.5%, 8.5%,
and 9.2% for the Dþ

s Ds1ð2536Þ−, Dþ
s D�

s2ð2573Þ−,
D�þ

s Ds1ð2536Þ−, and D�þ
s D�

s2ð2573Þ−, respectively. The
uncertainty of the total number of ϒð2SÞ events is 2.2%.
The uncertainties in the integrated luminosities for
the two data samples are 1.4% and highly correlated,
but they cancel in the scale factor. We estimate the
systematic uncertainty in determining the BULðϒð2SÞ →
D�þ

s D�
s2ð2573Þ−ÞBðD�

s2ð2573Þ− → K−D̄0Þ to be δsys ¼
10.1%. Besides those listed in Table II, there are additional
systematic uncertainties of the scale factor fscale and the
radiative correction factor 1þ δISR, where ISR is the initial
state radiation. By changing scont=sϒð2SÞ to ½scont=sϒð2SÞ�1.5,
the value of fscale changes from 0.304 to 0.319, and we take
4.9% to be its systematic uncertainty. By varying the
photon energy cutoff 50 MeV in the simulation of ISR,
we determine the change of 1þ δISR to be 0.01 and take
1.0% to be the conservative systematic uncertainty.
Various systematic uncertainties are considered in the

simultaneous fit. We change the fit range from [2.51, 2.57]
to ½2.51; 2.62� GeV=c2 for the Ds1ð2536Þ− signals, and
from [2.50, 2.74] to ½2.50; 2.79� GeV=c2 for the

D�
s2ð2573Þ− signals. We vary the mass and width of

Ds1ð2536Þ− or D�
s2ð2573Þ− by 1σ according to the world

average values [7]. We also change the mass resolutions
from the signal MC simulations by 1σ, and the systematic
uncertainties are found to be negligible.
We neglect the interference between the resonance

and continuum amplitudes in ϒð2SÞ decays in the simulta-
neous fit since it cannot be determined from the available
data samples with an unknown relative phase between
the two amplitudes. Instead, we estimate the maximum
effect Fmax

int ≡ σint=ðσint þ σϒð2SÞÞ according to the factor

A¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σBðeþe−→Dð�Þþ

s D−
sJÞ=Bðϒð2SÞ→Dð�Þþ

s D−
sJÞ

q
[17],

and take it as the systematic uncertainty. Here σϒð2SÞ and
σint are the cross sections of the resonance process and
the interference term in the ϒð2SÞ decays, respectively.
We obtain the values A� ΔA from the fit results for

σBðeþe− → Dð�Þþ
s D−

sJÞ and Bðϒð2SÞ → Dð�Þþ
s D−

sJÞ, which
are listed in Table I, and then obtain Fmax

int with the input of
Aþ ΔA, as shown in Table III.

V. SUMMARY

In summary, we observe the charmed strange meson pair

Dð�Þþ
s D−

sJ production in ϒð2SÞ decays and in eþe− anni-
hilation at

ffiffiffi
s

p ¼ 10.52 GeV for the first time, where D−
sJ is

Ds1ð2536Þ− or D�
s2ð2573Þ−. We determine the products of

branching fractions for theD−
sJ production in ϒð2SÞ decays

to be

Bðϒð2SÞ → Dþ
s Ds1ð2536Þ−ÞBðDs1ð2536Þ− → K−D�ð2007Þ0Þ ¼ ð1.6� 0.3� 0.2Þ × 10−5;

Bðϒð2SÞ → D�þ
s Ds1ð2536Þ−ÞBðDs1ð2536Þ− → K−D�ð2007Þ0Þ ¼ ð1.4� 0.4� 0.2Þ × 10−5;

Bðϒð2SÞ → Dþ
s D�

s2ð2573Þ−ÞBðD�
s2ð2573Þ− → K−D0Þ ¼ ð1.4� 0.4� 0.2Þ × 10−5;

Bðϒð2SÞ → D�þ
s D�

s2ð2573Þ−ÞBðD�
s2ð2573Þ− → K−D0Þ ¼ ð0.9� 0.5� 0.2Þ × 10−5;

and

Bðϒð2SÞ → Dþ
s Ds1ð2536Þ−ÞBðDs1ð2536Þ− → K0

SD
�ð2010Þ−Þ ¼ ð0.84� 0.18� 0.15Þ × 10−5;

Bðϒð2SÞ → D�þ
s Ds1ð2536Þ−ÞBðDs1ð2536Þ− → K0

SD
�ð2010Þ−Þ ¼ ð0.82� 0.25� 0.19Þ × 10−5;

Bðϒð2SÞ → Dþ
s D�

s2ð2573Þ−ÞBðD�
s2ð2573Þ− → K0

SD
−Þ ¼ ð0.69� 0.20� 0.22Þ × 10−5;

Bðϒð2SÞ → D�þ
s D�

s2ð2573Þ−ÞBðD�
s2ð2573Þ− → K0

SD
−Þ ¼ ð0.54� 0.31� 0.47Þ × 10−5:

TABLE III. The parameters A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σBðeþe− → Dð�Þþ

s D−
sJÞ=Bðϒð2SÞ → Dð�Þþ

s D−
sJÞ

q
from the results of the

simultaneous fits and the maximum effect of interference term Fmax
int in the ϒð2SÞ decays. The values of

AðK−Þ and Fmax
int ðK−Þ are for the K− mode, and the values of AðK0

SÞ and Fmax
int ðK0

SÞ are for the K0
S mode.

Dþ
s Ds1ð2536Þ− D�þ

s Ds1ð2536Þ− Dþ
s D�

s2ð2573Þ− D�þ
s D�

s2ð2573Þ−

AðK−Þðnb1=2Þ 2.05� 0.23 2.45� 0.38 2.00� 0.32 3.43� 0.99
AðK0

SÞðnb1=2Þ 2.00� 0.25 2.23� 0.38 1.98� 0.36 3.07� 0.94
Fmax
int ðK−Þð%Þ 8.0 9.7 8.0 14.4

Fmax
int ðK0

SÞð%Þ 7.9 9.0 8.2 13.2
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We also determine the upper limit BULðϒð2SÞ → D�þ
s D�

s2ð2573Þ−ÞBðD�
s2ð2573Þ− → K−D̄0Þ < 2.9 × 10−5 and

BULðϒð2SÞ → D�þ
s D�

s2ð2573Þ−ÞBðD�
s2ð2573Þ− → K0

SD
−Þ < 3.0 × 10−5 at 90% C.L. We determine Born cross sections

for continuum productions of the D−
sJ at

ffiffiffi
s

p ¼ 10.52 GeV to be

σBornðeþe− → Dþ
s Ds1ð2536Þ−ÞBðDs1ð2536Þ− → K−D�ð2007Þ0Þ ¼ ð67� 8� 6Þ fb;

σBornðeþe− → D�þ
s Ds1ð2536Þ−ÞBðDs1ð2536Þ− → K−D�ð2007Þ0Þ ¼ ð84� 11� 11Þ fb;

σBornðeþe− → Dþ
s D�

s2ð2573Þ−ÞBðD�
s2ð2573Þ− → K−D0Þ ¼ ð56� 9� 13Þ fb;

σBornðeþe− → D�þ
s D�

s2ð2573Þ−ÞBðD�
s2ð2573Þ− → K−D0Þ ¼ ð106� 17� 12Þ fb;

and

σBornðeþe− → Dþ
s Ds1ð2536Þ−ÞBðDs1ð2536Þ− → K0

SD
�ð2010Þ−Þ ¼ ð34� 5� 4Þ fb;

σBornðeþe− → D�þ
s Ds1ð2536Þ−ÞBðDs1ð2536Þ− → K0

SD
�ð2010Þ−Þ ¼ ð41� 6� 6Þ fb;

σBornðeþe− → Dþ
s D�

s2ð2573Þ−ÞBðD�
s2ð2573Þ− → K0

SD
−Þ ¼ ð27� 6� 5Þ fb;

σBornðeþe− → D�þ
s D�

s2ð2573Þ−ÞBðD�
s2ð2573Þ− → K0

SD
−Þ ¼ ð51� 11� 9Þ fb:

For comparison, σBornðeþe− → μþμ−Þ ¼ 0.784 nb atffiffiffi
s

p ¼ 10.52 GeV and Bðϒð2SÞ→μþμ−Þ¼ð1.93�0.17Þ%
[7]. We define the ratios R1 ≡ Bðϒð2SÞ → Dð�Þþ

s D−
sJÞ=

Bðϒð2SÞ → μþμ−Þ for the ϒð2SÞ decays and R2≡
σBornðeþe−→Dð�Þþ

s D−
sJÞ=σBornðeþe−→μþμ−Þ for the con-

tinuum productions. We obtain R1=R2 ¼ 9.7� 2.3� 1.1,
6.8� 2.1� 0.8, 10.2� 3.3� 2.5, and 3.4� 2.1� 0.8 for

the Dþ
s Ds1ð2536Þ−, D�þ

s Ds1ð2536Þ−, Dþ
s D�

s2ð2573Þ−, and
D�þ

s D�
s2ð2573Þ− final states in the D−

sJ → K−D̄ð�Þ0 modes,
respectively, where the uncertainty of Bðϒð2SÞ → μþμ−Þ is
taken into account of the systematic uncertainties. The
measured R1=R2 values indicate that the strong decay

dominates in ϒð2SÞ → Dð�Þþ
s D−

sJ processes.
Here, we also determine the ratios of branching fractions

to be

BðDs1ð2536Þ− → K0
SD

�ð2010Þ−Þ=BðDs1ð2536Þ− → K−D�ð2007Þ0Þ ¼ 0.48� 0.07� 0.02;

BðD�
s2ð2573Þ− → K0

SD
−Þ=BðD�

s2ð2573Þ− → K−D0Þ ¼ 0.49� 0.10� 0.02;

which are in good agreement with the expected values of
0.498 and 0.497 from isospin symmetry, considering the
phase space, since with K0

S only half of the neutral kaons
can be reconstructed. The first ratio has the same precision
as the world average value [7], while the second ratio is the
first measurement of this quantity.
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