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By analyzing eþe− collision data corresponding to an integrated luminosity of 7.33 fb−1 collected with
the BESIII detector at center-of-mass energies ranging from 4.128 to 4.226 GeV, we report the observations
of the hadronic decays Dþ

s → K0
SK

0
Sπ

þπ0 and Dþ
s → K0

SK
þπ0π0. Their decay branching fractions are

determined to be BðDþ
s → K0

SK
0
Sπ

þπ0Þ ¼ ð4.08� 0.46stat � 0.45systÞ × 10−3 and BðDþ
s → K0

SK
þπ0π0Þ ¼

ð3.32� 0.64stat � 0.31systÞ × 10−3, where the first uncertainties are statistical and the second are
systematic.
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I. INTRODUCTION

Experimental studies of hadronic Dþ
s decays offer

important information to improve the understanding of
CP violation and quark SU(3) symmetry breaking effects
in the charm sector [1,2]. Four-body heavy hadron weak
decays provide a rich phenomenology for improving our
understanding of QCD in hadronization, including differ-
ential distributions [3] and triple-product correlations [4],
and to test, e.g., the factorization approach [5]. Intensive
studies of four-body Dþ

s decays benefit the understanding
the Dþ

s decay mechanisms. To date, the hadronic decays
Dþ

s → KþK−πþπ0 [6], Dþ
s → K0

SK
−πþπþ [7], and Dþ

s →
K0

SK
þπþπ− have been well investigated in experiments,

but no information about Dþ
s → K0

SK
0
Sπ

þπ0 and Dþ
s →

K0
SK

þπ0π0 has been reported [8].
In this article, we report the observation of the decays

Dþ
s → K0

SK
0
Sπ

þπ0 and Dþ
s → K0

SK
þπ0π0, and determine

their decay branching fractions, by analyzing eþe− collision
data corresponding to an integrated luminosity of 7.33 fb−1

collected with the BESIII detector at center-of-mass ener-
gies (Ecm) between 4.128 and 4.226 GeV. Charge con-
jugated decays, D−

s → K0
SK

0
Sπ

−π0 and D−
s → K0

SK
−π0π0,

are always included throughout this paper.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [9] records symmetric eþe− colli-
sions provided by the BEPCII storage ring [10] in the
center-of-mass energy range from 1.84 to 4.95 GeV, with a
peak luminosity of 1.1 × 1033 cm−2s−1 achieved at

ffiffiffi
s

p ¼
3.773 GeV. 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 time-of-flight
system (TOF), and a CsI(Tl) electromagnetic calorimeter
(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 inter-
leaved with steel. The charged-particle momentum reso-
lution at 1 GeV=c is 0.5%, and the specific ionization
energy loss, dE=dx, resolution is 6% for electrons from
Bhabha scattering. The EMC measures photon energies
with a resolution of 2.5% (5%) at 1 GeV in the barrel
(end cap) region. The time resolution in the plastic
scintillator TOF barrel region is 68 ps, while that in the
end cap region was 110 ps. The end cap TOF system was
upgraded in 2015 using multigap resistive plate chamber
technology, providing a time resolution of 60 ps, which
benefits 63% of the data used in this analysis [11].
Luminosities [12] at each energy are given in Table I.
Monte Carlo (MC) simulated data samples produced

with a Geant4-based [13] software package, which includes
the geometric description of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate backgrounds. The simulation models
the beam energy spread and initial state radiation (ISR) in
the eþe− annihilations with the generator KKMC [14].
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The inclusive MC sample includes the production of
DD̄ pairs (including quantum coherence for the neutral
D channels), the non-DD̄ decays of the ψð3770Þ, the ISR
production of the J=ψ and ψð3686Þ states, and the
continuum processes incorporated in KKMC [14]. All
particle decays are modeled with EvtGen [15] using branch-
ing fractions either taken from the Particle Data Group
(PDG) [8], when available, or otherwise estimated with
LUNDCHARM [16]. Final state radiation from charged final
state particles is incorporated using the PHOTOS pack-
age [17]. The signal MC samples of Dþ

s → K0
SK

0
Sπ

þπ0

andDþ
s → K0

SK
þπ0π0 are generated with mixed subdecays

with branching fractions quoted from the PDG [8].

III. MEASUREMENT METHOD

In eþe− collisions taken at Ecm between 4.128 and
4.226 GeV, the D�

s mesons are produced mainly via the
process eþe− → D��

s D∓
s → γðπ0ÞDþ

s D−
s . We perform this

analysis by using the double-tag (DT) method [18,19],
which was originally developed by the MARKIII
Collaboration and has been widely applied in previous
BESIII measurements of Dþ

s hadronic decays [6,7,20]. The
D−

s meson, which is fully reconstructed via one of 16
hadronic decay modes, is referred to as a single-tag (ST)
D−

s meson. The event, in which the transition γðπ0Þ from
D�þ

s and the signal decay can be successfully selected in the
presence of a ST D−

s meson, is called a DT event. For a
specific ST mode i, the ST and DT yields observed in data
are given by

Ni
ST ¼ 2NDþ

s D�−
s
Bi
STϵ

i
ST; ð1Þ

and

Ni
DT ¼ 2NDþ

s D�−
s
Bi
STBsigϵ

i
ST;Dþ

s →sig; ð2Þ

where NDþ
s D�−

s
is the number of Dþ

s D�−
s pairs produced in

data, Bi
ST is the branching fraction for the ST mode i, Bsig is

the branching fraction for Dþ
s → K0

SK
0
Sπ

þπ0 or Dþ
s →

K0
SK

þπ0π0, ϵiST is the efficiency of reconstructing the

ST mode i (called the ST efficiency), and ϵiST;Dþ
s →sig is

the efficiency of simultaneously finding the ST mode i
and the Dþ

s → sig decay (called the DT efficiency). The
branching fractions of D�−

s → γðπ0ÞD−
s are included in the

DT efficiency. Based on these two equations, the branching
fraction of the signal decay is determined as

Bsig ¼
NDT

Ntot
ST · ϵγðπ0Þsig · ðBK0

S
ÞkðBπ0Þj

; ð3Þ

where NDT and Ntot
ST are the numbers of the DT events and

the ST D−
s mesons in data summing over tag modes,

respectively; ϵγðπ0Þsig ¼ Σi

Ni
ST·ϵ

i
γðπ0Þsig

Ntot
ST

is the efficiency of

detecting the signal decay in the presence of the ST D−
s

mesons, which is averaged by the ST D−
s yields Ni

ST for
different tag modes; BK0

S
(Bπ0) is the branching fraction of

K0
S → πþπ− (π0 → γγ) from PDG [8]; k (j) is the number

of K0
S (π0) mesons in the final state of DT side.

IV. SINGLE-TAG CANDIDATES

The ST D−
s candidates are reconstructed from 16

hadronic decay modes of KþK−π−, KþK−π−π0,
π−πþπ−, K0

SK
−, K0

SK
−π0, K−πþπ−, K0

SK
0
Sπ

−,
K0

SK
þπ−π−, K0

SK
−πþπ−, ηγγπ

−, ηπþπ−π0π
−, η0

γρ0
π−,

η0ηπþπ−π
−, ηγγρ−, ηπþπ−π0ρ

−, and ηγγπ
þπ−π−. Throughout

this paper, ρ denotes ρð770Þ and the subscripts of ηð0Þ
denote individual decay modes that are used to reconstruct
the ηð0Þ candidates.
All charged tracks, except for those from K0

S, must be
from a region near the interaction point defined as
jVxyj < 1 cm, jVzj < 10 cm, and jcos θj < 0.93, where
jVxyj and jVzj are distances of the closest approach in
the transverse plane and along the MDC axis, respectively,
and θ is the polar angle with respect to the MDC axis. We
identify charged particles by using the combined dE=dx
and TOF information, based on which the confidence levels
for pion and kaon hypotheses are calculated. The charged
tracks with confidence level for the pion (kaon) hypothesis
greater than that for the kaon (pion) hypothesis are
identified as pion (kaon) candidates.
The K0

S candidates are formed with the decays
K0

S → πþπ−. The two charged pions must satisfy the
requirements jVzj < 20 cm and j cos θj < 0.93. The tracks
are assumed to be πþπ− without any particle identification
(PID) requirement, and the invariant mass of the πþπ−

combination has to be within (0.486, 0.510) MeV=c2. The
two charged tracks are constrained to originate from a
common vertex, which is required to be away from the
interaction point by a flight distance of at least twice the
vertex resolution.

TABLE I. The integrated luminosity and MBC requirement for
each energy (Ecm) point.

Ecm (GeV) Luminosity (pb−1) MBC (GeV=c2)

4.128 401.5 [2.010, 2.061]
4.157 408.7 [2.010, 2.070]
4.178 3189.0 [2.010, 2.073]
4.189 569.8 [2.010, 2.076]
4.199 526.0 [2.010, 2.079]
4.209 571.7 [2.010, 2.082]
4.219 568.7 [2.010, 2.085]
4.226 1091.7 [2.010, 2.088]
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Photon candidates are selected by using the isolated
showers measured in the EMC. To suppress backgrounds
from electronic noise or bremsstrahlung, any candidate
shower is required to start within [0, 700] ns from the event
start time. The energy of each shower in the barrel EMC
region [9] is required to be greater than 25 MeV, while that
in the end cap EMC region must be larger than 50 MeV. To
reject the backgrounds associated with charged tracks, the
opening angle between the shower and the extrapolated
direction on the EMC of the nearest charged track is
required to be larger than 10°.
Candidates for π0 and ηγγ are formed from the γγ pairs

with invariant masses in the ranges of (0.115, 0.150) and
ð0.500; 0.570Þ GeV=c2, respectively. To improve momen-
tum resolution, a one-constraint (1C) kinematic fit on the
selected γγ pair constrains their invariant mass to the known
π0 or η mass [8]. Candidates for ρþð0Þ, ηπ0πþπ− , η0ηπþπ− , and
η0
γρ0

are formed from the πþπ0ð−Þ, π0πþπ−, ηπþπ−, and
γρ0 combinations with invariant masses in the ranges
of (0.570, 0.970), (0.530, 0.570), (0.946, 0.970), and
ð0.940; 0.976Þ GeV=c2, respectively. In addition, the min-
imum energy of the γ candidate decaying from η0

γρ0
must be

larger than 0.1 GeV.
To veto the soft pions from D�þ decays, the momentum

of any pion which is not from K0
S, η, or η

0 is required to be
greater than 0.1 GeV=c. To reject the peaking background
from D−

s → K0
Sπ

− in the selection of the tag mode
D−

s → π−πþπ−, the invariant mass of any πþπ− combina-
tion must be outside the range of ð0.468; 0.528Þ GeV=c2.
To suppress the backgrounds from the non-D�

s D
�∓
s

processes, we define a kinematic variable, beam-con-
strained mass of the ST D−

s candidate,

MBC ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=4c

4 − jp⃗tagj2=c2
q

ð4Þ

whereEbeam is the beam energy and p⃗tag is the momentum of
the ST D−

s candidate in the rest frame of the eþe− system.
For each candidate, the MBC must satisfy the selection
criteria listed in Table I. Figure 1 shows theMBC distribution
of the ST candidates at 4.178 GeV. These requirements
retain most D−

s and Dþ
s mesons from eþe− → D�∓

s D�
s .

If there are multiple candidates present per tag mode per
charge, only the one with the D−

s recoil mass

Mrec ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEcm −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jp⃗tagj2 þm2

Ds

q
Þ2=c4 − jp⃗tagj2=c2

r
ð5Þ

closest to the known D�−
s mass [8] is retained. Here, mDs

is
the nominal D�

s mass [8]. The distributions of the invariant
masses (Mtag) of the accepted candidates for different tag
modes are shown in Fig. 2. For each tag mode, the yield of
ST D−

s mesons is obtained from a fit to the individual Mtag

distribution. In the fit, the signal is modeled by the

simulated shape convolved with a Gaussian function to
take into account the resolution difference between data
and simulation. For the tag mode D−

s → K0
SK

−, the shape
of the D−

s → K0
Sπ

− peaking background is described by its
simulated shape convolved with the same Gaussian reso-
lution function that is smeared for the signal shape, while
the size of this background is a free parameter in the fit. The
combinatorial background is described by a first to third
order Chebyshev function, which has been validated with
the inclusive MC sample. Figure 2 shows the results of the
fits to the accepted ST D−

s candidates from data combined
from all energy points. In each plot, the pair of blue arrows
indicates the chosen Mtag signal regions. Candidates in the
Mtag signal regions are kept for further analysis. By
studying the inclusive MC sample, we find that the process
eþe− → ðγISRÞDþ

s D−
s contributes about (0.7–1.1)% for the

fitted yields of ST D−
s mesons for different tag modes. For

the fitted yields of the ST D−
s mesons in data and the ST

efficiencies, these backgrounds have been subtracted away
based on inclusive MC simulation. The Mtag requirements,
the yields of ST D−

s mesons (Ntag) for different tag modes
and the ST efficiencies (ϵtag) are summarized in the second
and third columns of Table II, respectively. In this table, the
shown yields of ST D−

s mesons have been summed over all
energy points, and the shown efficiencies of detecting ST
D−

s mesons are determined by averaging those by the
corresponding yields of ST D−

s mesons in data at different
energy points.

FIG. 1. Distributions of MBC of the ST D−
s candidates in data

and inclusive MC samples at 4.178 GeV. The candidates between
the two black arrows are retained for further analysis. The colored
histograms represent various eþe− annihilation processes. These
histograms are estimated with inclusive MC samples mentioned
in Sec. II. The white (direct) histogram corresponds to events
where the ST D−

s candidate is produced directly from the eþe−
annihilation, while the blue (indirect) histogram represents events
where the ST D−

s candidate originates from the D�
s decays. The

green (open charm) and red (qqbar) histograms are the back-
grounds caused by eþe− → Dð�ÞD̄ð�Þ (D ¼ Dþ; D0; Dþ

s ) and
eþe− → qq̄ processes, respectively. The other (cyan) histogram
includes all other miscellaneous, such as the ISR production of
J=ψ and ψð3686Þ, etc.
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FIG. 2. Fits to theMtag distributions of the accepted STD−
s candidates for different tag modes. The points with error bars are data summed

over all energy points, the blue solid curves are the best fit results, and the red dashed curves are the fitted background shapes. For the
D−

s → K0
SK

− tagmode, thegreen curve is theD− → K0
Sπ

− peaking background. The pair of light blue arrows denotes theMtag signal regions.

TABLE II. Requirements ofMtag, the fitted yields of ST D−
s mesons from data (NST), the efficiencies of detecting ST D−

s mesons and
DTevents (ϵST, ϵDT and ϵsig ≡ ϵDT=ϵST) for various tag modes, where the uncertainties are statistical only, and all efficiencies are in units
of percent and do not include the branching fractions of the decays of each daughter particle.

Tag mode Mtag (GeV=c2) NST (×103) ϵST ϵDT;K0
SK

0
Sπ

þπ0 ϵsig;K0
SK

0
Sπ

þπ0 ϵDT;K0
SK

þπ0π0 ϵsig;K0
SK

þπ0π0

KþK−π− (1.950, 1.986) 280.5� 0.9 40.87� 0.04 3.20� 0.08 7.84� 0.17 3.10� 0.08 7.59� 0.15
KþK−π−π0 (1.947, 1.982) 87.5� 0.9 11.83� 0.02 0.90� 0.04 7.60� 0.34 0.71� 0.04 6.01� 0.25
π−πþπ− (1.952, 1.984) 72.7� 1.3 51.86� 0.09 3.85� 0.09 7.42� 0.15 3.70� 0.09 7.13� 0.14
K0

SK
− (1.948, 1.991) 63.6� 0.5 47.37� 0.09 3.49� 0.08 7.36� 0.17 3.30� 0.08 6.97� 0.15

K0
SK

−π0 (1.946, 1.987) 22.2� 0.6 17.00� 0.07 1.13� 0.05 6.67� 0.24 1.09� 0.05 6.40� 0.24
K−πþπ− (1.953, 1.983) 34.1� 0.8 45.41� 0.12 3.32� 0.08 7.31� 0.15 3.38� 0.08 7.44� 0.15
K0

SK
0
Sπ

− (1.951, 1.986) 10.9� 0.2 22.51� 0.12 1.21� 0.05 5.37� 0.18 1.26� 0.05 5.60� 0.18
K0

SK
þπ−π− (1.953, 1.983) 29.6� 0.4 20.98� 0.07 1.13� 0.05 5.38� 0.19 1.16� 0.05 5.55� 0.19

K0
SK

−πþπ− (1.958, 1.980) 15.3� 0.4 18.23� 0.09 0.83� 0.04 4.54� 0.22 1.09� 0.05 6.00� 0.22
ηγγπ

− (1.930, 2.000) 39.2� 1.3 48.31� 0.11 3.42� 0.08 7.09� 0.17 3.07� 0.08 6.36� 0.15
ηπþπ−π0π

− (1.941, 1.990) 11.7� 0.3 23.31� 0.12 1.61� 0.06 6.92� 0.22 1.48� 0.05 6.36� 0.22
η0ηπþπ−π

− (1.940, 1.996) 20.0� 0.2 25.17� 0.09 1.63� 0.06 6.48� 0.20 1.50� 0.05 5.96� 0.20
η0γρπ− (1.938, 1.992) 49.9� 1.0 32.45� 0.08 2.41� 0.07 7.43� 0.19 2.15� 0.07 6.61� 0.15
ηγγρ

− (1.920, 2.006) 77.4� 1.5 19.92� 0.04 1.42� 0.05 7.12� 0.25 1.19� 0.05 5.97� 0.20
ηπþπ−π0ρ

− (1.927, 1.997) 23.4� 0.5 9.15� 0.04 0.58� 0.03 6.35� 0.33 0.55� 0.03 6.03� 0.33
ηγγπ

þπ−π− (1.946, 1.990) 42.7� 0.3 25.00� 0.07 1.46� 0.05 5.84� 0.20 1.59� 0.06 6.38� 0.20
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V. DOUBLE-TAG CANDIDATES

In the side recoiling against the tagged D−
s candidate,

the transition photon or π0 and the signal Dþ
s decay

candidates are selected. We define the energy difference
ΔE≡ Ecm − Etag − Erec

γðπ0ÞD−
s
− Eγðπ0Þ, where Erec

γðπ0ÞD−
s
≡ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

j − p⃗γðπ0Þ − p⃗tagj2 þm2
Ds

q
, Ei and p⃗i [i ¼ γðπ0Þ or tag]

are the energy and momentum of γðπ0Þ or the tagged D−
s ,

respectively. In this procedure, we loop over all unused γ
or π0 candidates and retain the one with the minimum jΔEj
for further analysis.

In the selection of the signal candidates, the selection
criteria of γ, π0, πþ, Kþ, and K0

S are the same as those for
tag side. For the Dþ

s → K0
SK

0
Sπ

þπ0 (Dþ
s → K0

SK
þπ0π0)

signal mode, if there are more than two (one) K0
S candi-

dates, those with the longest two (one) decay lengths are
retained; if there are more than one (two) π0 candidate,
those with one (two) minimum χ21C of the 1C kinematic fit
for π0 → γγ are kept.
Figure 3 shows the Msig distributions of the accepted

candidate events. Unbinned maximum likelihood fits are
performed on these distributions. There is a peaking

FIG. 3. Fits to theMsig distributions of the accepted DT candidates. The points with error bars are data. The blue solid curves are the fit
results. The yellow and red dashed curves are the fitted signals and combinatorial background, respectively. The green dashed curve
represents the background bump caused by Dþ

s → ρþϕ.

FIG. 4. Comparisons of MKK , MKπ , and Mππ for Dþ
s → K0

SK
0
Sπ

þπ0. The points with error bars are data, the yellow filled histograms
are signal, the green histogram represents the peaking background from Dþ

s → ρþϕ, and the red filled histograms are simulated
backgrounds from the inclusive MC sample. Events have been further required to satisfy 1.943 < Msig < 1.983 GeV=c2.
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background caused by Dþ
s → ρþϕ for the signal decay

Dþ
s → K0

SK
0
Sπ

þπ0. In the fits, the signal, the peaking
background, and other background shapes are modeled by
the simulated shapes obtained from the signal MC events
and the inclusive MC sample, respectively. The peaking
background yield is fixed according to MC simulation,
while the signal and other background yields are set as
free parameters. The significance of Dþ

s → K0
SK

0
Sπ

þπ0

(Dþ
s → K0

SK
þπ0π0) is estimated to be 8.3σ (5.1σ), by

comparing the difference in the likelihoods with and
without involving the signal component in the fits, after
taking into account the change of the number of degrees of
freedom and the systematic uncertainties. In addition, we
have also examined the Msig distribution of events in the
K0

S sideband (0.02 < jMπþπ− −MK0
S
j < 0.044 GeV=c2) of

data and find that they are negligible for both two decays.
The detection efficiencies are estimated to be ð5.94�

0.01Þ% and ð4.49� 0.01Þ% for Dþ
s → K0

SK
0
Sπ

þπ0 and
Dþ

s → K0
SK

þπ0π0, respectively. Figures 4 and 5 show the

comparisons of the invariant masses of two-body daughter
particles of the accepted candidates for Dþ

s → K0
SK

0
Sπ

þπ0

and Dþ
s → K0

SK
þπ0π0, respectively. Good consistency

between data and MC simulation ensures the reliability
of the detection efficiencies.
With the known ST yield, the obtained signal yields and

the corresponding signal efficiencies, we obtain the branch-
ing fractions of these decays, as listed in Table III.

VI. SYSTEMATIC UNCERTAINTY

The systematic uncertainties in the branching fraction
measurements are discussed below. The uncertainty of the
total ST yield, Ntot

ST, has been assigned as 0.5% according
to Ref. [21]. The uncertainties from tracking and PID of
πþ or Kþ and π0 reconstruction are estimated by using
the control samples of eþe− → KþK−πþπ−ðπ0Þ and
eþe− → 2ðπþπ−Þðπ0Þ. The systematic uncertainties of
tracking (PID) efficiencies are assigned as 1.0% (1.0%)
per πþ or Kþ. The photon selection efficiency was
previously studied with the J=ψ → πþπ−π0 decays. The
systematic uncertainty in the transition γðπ0Þ reconstruction
is assigned as 1.0% [22]. The π0 reconstruction efficiencies
include photon selection, π0 mass window, and 1C kin-
ematic fit. The difference in efficiencies between data and
MC simulation, 2.0% per π0, is assigned as the systematic
uncertainty [23].
The systematic uncertainty due to the selection of the

best transition γ=π0 with the least jΔEj has also been
studied in Ref. [24]. The systematic uncertainty from the

FIG. 5. Comparisons of MKK , MKπ , and Mππ for Dþ
s → K0

SK
þπ0π0. The points with error bars are data, the yellow filled histograms

are signal, and the red filled histograms are simulated backgrounds from the inclusive MC sample. Events have been further required to
satisfy 1.943 < Msig < 1.983 GeV=c2.

TABLE III. The DTyields in data (NDT), the signal efficiencies
(ϵγðπ0Þsig), and the obtained branching fractions (Bsig), where the
uncertainties are statistical only.

Signal decay Dþ
s → K0

SK
0
Sπ

þπ0 Dþ
s → K0

SK
þπ0π0

NDT 123.7� 14.1 135.2� 26.2
ϵγðπ0Þsigð%Þ 7.22� 0.01 6.79� 0.01
Bsigð×10−3Þ 4.08� 0.46 3.32� 0.64
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selection of the transition γðπ0Þ from D�þ
s with the least

jΔEj method is estimated by using the control samples of
Dþ

s → KþK−πþ and Dþ
s → ηπ0πþ. The difference of the

efficiencies of selecting the transition γðπ0Þ candidates
between data and MC simulation is taken as the corre-
sponding systematic uncertainty, which is 0.4%.
The efficiencies of K0

S reconstruction, including the
tracking efficiencies of the πþπ− pair, decay length require-
ment, mass window requirement, vertex fit, and second
vertex fit, are studied using the control samples of J=ψ →
K0

SK
∓π� and J=ψ → ϕK0

SK
∓π�. The systematic uncer-

tainty is assigned as the difference of efficiencies between
data and MC simulation, which is 1.5% per K0

S [25].
The uncertainties in Msig fit are estimated by comparing

the nominal signal yields with the ones measured by
changing the alternative signal and background shapes.
The alternative signal shapes are obtained from the inclu-
sive MC sample. The alternative background shapes are
obtained by varying the relative fraction of qq̄ background
component in the nominal background shape derived from
the inclusive MC sample by�30% [26,27]. The changes of
the fitted signal yields are assigned as the systematic
uncertainties.
The systematic uncertainty of the MC generator is

estimated by using alternative signal MC samples. For
Dþ

s → K0
SK

0
Sπ

þπ0, the known branching fractions of differ-
ent subresonant decays are varied by �1σ. For Dþ

s →
K0

SK
þπ0π0, the average signal efficiency for different

subresonant decays is examined. The maximum changes
of the signal efficiencies, 4.9% and 4.9%, are assigned as
the systematic uncertainties for Dþ

s → K0
SK

0
Sπ

þπ0 and
Dþ

s → K0
SK

þπ0π0, respectively.
The uncertainties in the quoted branching fractions of

π0 → γγ and K0
S → πþπ− are 0.03% and 0.07%. Varying

the quoted branching fractions of D�−
s → γðπ0ÞDþ

s by �1σ

affects the DT efficiencies by 0.2%, which is assigned as a
systematic uncertainty.
The uncertainties due to limited MC statistics are 0.7%

and 0.9% for Dþ
s → K0

SK
0
Sπ

þπ0 and Dþ
s → K0

SK
þπ0π0,

respectively. Due to different reconstruction environments
in the inclusive and signal MC samples, the ST efficiencies
determined by the inclusive MC sample may be different
from those by the signal MC sample. This may lead to
incomplete cancellation of the systematic uncertainties
associated with the ST selection, referred to as “tag bias.”
Inclusive and signal MC efficiencies are compared and the
tracking and PID efficiencies for kaons and pions are
studied for different track multiplicities. The resulting
ST-average offsets are assigned as the systematic uncer-
tainties from tag bias and listed in Table IV.
For each signal decay, the total systematic uncertainty is

obtained by adding these uncertainties in quadrature. They
are assigned to be 11.1% and 9.2% for Dþ

s → K0
SK

0
Sπ

þπ0

and Dþ
s → K0

SK
þπ0π0, respectively.

VII. SUMMARY

By analyzing eþe− collision data corresponding to an
integrated luminosity of 7.33 fb−1, collected at Ecm ranging
from 4.128 to 4.226 GeV with the BESIII detector, the
hadronic decays Dþ

s → K0
SK

0
Sπ

þπ0 and Dþ
s → K0

SK
þπ0π0

are observed for the first time. The branching fractions of
these two decays are determined asBðDþ

s → K0
SK

0
Sπ

þπ0Þ ¼
ð4.08� 0.46� 0.45Þ × 10−3 and BðDþ

s → K0
SK

þπ0π0Þ ¼
ð3.32� 0.64� 0.31Þ × 10−3, where the first uncertainties
are statistical and the second are systematic. The measured
branching fraction of Dþ

s → K0
SK

0
Sπ

þπ0 is consistent with
that of Dþ

s → K0
SK

þπ0π0 within uncertainties. We notice
that the Dþ

s → K̄�0K�þ decay can proceed to decay into
the final states of bothK0

SK
0
Sπ

þπ0 andK0
SK

þπ0π0. However,

TABLE IV. Systematic uncertainties (%) in the branching fraction measurements.

Source Dþ
s → K0

SK
0
Sπ

þπ0 Dþ
s → K0

SK
þπ0π0

Ntot
ST 0.5 0.5

πþ tracking 1.0 � � �
πþ PID 1.0 � � �
Kþ tracking � � � 1.0
Kþ PID � � � 1.0
γ and π0 reconstruction 3.0 5.0
Best transition γ=π0 selection 0.4 0.4
K0

S reconstruction 3.0 1.5
Signal shape 0.4 5.4
Background shape 8.8 1.3
MC generator 4.9 4.9
Quoted branching fractions 0.2 0.2
MC statistics 0.7 0.9
Tag bias 0.3 0.2

Total 11.1 9.2
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theDþ
s → f0ð980Þð→ K0

SK
0
SÞρþð→ πþπ0Þ only decays into

K0
SK

0
Sπ

þπ0, but not K0
SK

þπ0π0. The difference of the two
branching fractions may therefore be caused by the con-
tribution from the Dþ

s → f0ð980Þρþ decay.
Future amplitude analyses of these decays will provide

valuable insights into two-body decaymodes involving scalar,
vector, axial-vector, and tensor mesons, thereby improving
our understanding of quark-level SU(3)-flavor symmetry.
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