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Using an eþe− sample of 20.3 fb−1 collected at a center-of-mass energy
ffiffiffi
s

p ¼ 3.773 GeVwith the BESIII
detector, we report measurements of several four-body hadronic decays ofDmesons. All studied decaymodes
are dominated by Cabibbo-favored amplitudes. The absolute branching fractions are determined
to be BðD0 → K0

SK
0
SK

0
Sπ

0Þ ¼ ð7.8þ2.3
−2.0 � 1.5Þ × 10−5, BðD0 → K0

SK
þK−π0Þ ¼ ð18.4þ2.6

−2.5 � 2.4Þ × 10−5,

BðD0 → K0
SK

0
SK

−πþÞ ¼ ð12.9þ1.7
−1.6 � 1.3Þ × 10−5, BðD0 → K0

SK
0
SK

þπ−Þ ¼ ð5.7þ1.2
−1.1 � 1.0Þ × 10−5,

BðD0→KþK−K−πþÞ¼ð17.4þ1.8
−1.7�2.2Þ×10−5, BðDþ → K0

SK
0
SK

0
Sπ

þÞ ¼ ð6.0þ2.1
−1.7 � 1.6Þ × 10−5, and

BðDþ → K0
SK

þK−πþÞ ¼ ð13.8þ2.4
−2.2 � 2.5Þ × 10−5. Furthermore, significant ϕ signals are found in the

decay channels involving a KþK− pair, and their fractions are determined as BðD0 → ϕK0
Sπ

0Þ=
BðD0 → K0

SK
þK−π0Þ ¼ ð61þ15

−14 � 10Þ%, BðD0 → ϕK−πþÞ=BðD0 → KþK−K−πþÞ ¼ ð71þ10
−10 � 13Þ%,

and BðDþ → ϕK0
Sπ

þÞ=BðDþ → K0
SK

þK−πþÞ ¼ ð59þ22
−19 � 9Þ%. The branching fractions of D0 →

K0
SK

0
SK

0
Sπ

0, D0 → K0
SK

þK−π0, and Dþ → K0
SK

0
SK

0
Sπ

þ are measured for the first time, and those of
D0 → K0

SK
0
SK

−πþ, D0 → K0
SK

0
SK

þπ−, D0 → KþK−K−πþ, D0 → ϕK−πþ, and Dþ → K0
SK

þK−πþ are
measured with improved precision. The first uncertainties are statistical and the second are systematic.
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I. INTRODUCTION

Hadronic decays of charmed mesons provide a unique
laboratory for studying the interplay between weak inter-
actions and nonperturbative strong dynamics in the charm-
quark sector [1,2]. Multibody decays, with their rich phase
space, are sensitive to final-state interactions, which can
significantly influence decay rates [3].
Since the discovery of D mesons in the 1970s, branch-

ing fractions of D decays have been investigated exten-
sively and precisely [4]. However, the D0ðþÞ → KKKπ
decays remain poorly explored. To date, the most precise
measurements of these decays come from the FOCUS
experiment, which measured the branching fractions of
D0 → KþK−K−πþ [5] and Dþ → K0

SK
þK−πþ [6] as well

as the combined branching fraction of D0 → K0
SK

0
SK

−πþ

and D0 → K0
SK

0
SK

þπ− [7] relative to D0 → K0
Sπ

þπ−

with large uncertainty. Other multibody decays, such
as D0 → K0

SK
þK−π0, have not been measured.

Experimentally, previous studies of these decays have
been challenging due to the low reconstruction efficien-
cies, high background and limited data samples, since the

branching fractions are suppressed by the small available
phase space.
In this paper, we report the new measurements of

the absolute branching fractions of D0 → K0
SK

0
SK

0
Sπ

0,
D0→K0

SK
þK−π0, D0 → K0

SK
0
SK

−πþ, D0 → K0
SK

0
SK

þπ−,
D0 → KþK−K−πþ, Dþ → K0

SK
0
SK

0
Sπ

þ, and Dþ →
K0

SK
þK−πþ by analyzing eþe− collision data correspond-

ing to an integrated luminosity of 20.3 fb−1 [8], collected at
a center-of-mass energy of

ffiffiffi
s

p ¼ 3.773 GeV with the
BESIII detector. In addition, we also measure the branching
fractions of the ϕ-dominated modes D0 → ϕK0

Sπ
0,

D0 → ϕK−πþ, and Dþ → ϕK0
Sπ

þ. Throughout this paper,
charge conjugate processes are always implied.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector is a magnetic spectrometer [9]
located at the Beijing Electron Positron Collider
(BEPCII) [10]. 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 1.0 T magnetic field.
The solenoid is supported by an octagonal flux-return

yoke with resistive plate counter muon identification
modules interleaved with steel. The charged-particle
momentum resolution at 1 GeV=c is 0.5%, and the specific
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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 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 86% of the data used
in this analysis [11–13].
Monte Carlo (MC) simulated data samples, produced with

a Geant4-based [14] software package including the geometric
description of the BESIII detector and the detector response,
are used to determine the detection efficiency and estimate
the backgrounds. The simulation includes the beam-energy
spread and initial-state radiation in the eþe− annihilations
modeled with the generator KKMC [15].
An inclusive MC sample consists of the production of

DD̄ pairs, the non-DD̄ decays of the ψð3770Þ, the initial-
state radiation production of the J=ψ and ψð3686Þ states,
and the continuum processes, and is used for background
study. The known decay modes including tag modes
D → Kπ, D → Kππ, and D → Kπππ are modeled with
EvtGen [16,17] using the branching fractions taken from the
Particle Data Group (PDG) [4,18–20], and the remaining
unknown decays are estimated with LUNDCHARM [21,22].
The signal MC samples for all decays are generated with

possible intermediate resonant contributions. The models
of tag decays are the same as those implemented in the
inclusive MC sample of ψð3770Þ. For the signal side, each
D0 → K0

SK
0
SKπ decay mode is generated with a phase-

space (PHSP) model. For D → KþK−Kπ, the signal MC
samples are generated as mixtures of D → ϕKπ,
D → ϕK�ð892Þ, D → KþK−K�ð892Þ, and nonresonant
D → KþK−Kπ. For D → ϕKπ, the MC samples are
generated as mixtures of D → ϕKπ and D → ϕK�ð892Þ.
The mixing ratios for the signal decays D0 → KþK−K−πþ

and D0 → ϕK−πþ are taken from the PDG [4], while those
for other decays are determined by studying the invariant
mass distributions of the KþK−, K−πþ, K�π0, and K0

Sπ
�

in data.
In all simulated samples, final-state radiation from

charged particles is modeled using PHOTOS package [23].

III. MEASUREMENT METHOD

The D0D̄0 or DþD− pairs are produced without
any additional hadron in eþe− annihilations atffiffiffi
s

p ¼ 3.773 GeV. This process provides a clean environ-
ment to measure the branching fractions of hadronic D
decays using the double-tag (DT) method [24]. First,
single-tag (ST) candidates are selected by reconstructing
a D̄0 or D− in the following hadronic final states:
D̄0 → Kþπ−, Kþπ−π0, Kþπþπ−π−, and D− → Kþπ−π−,
K0

Sπ
−, Kþπ−π−π0, K0

Sπ
−π0, K0

Sπ
þπ−π−, KþK−π−. Events

in which a signal candidate is selected in the presence

of an ST D̄ meson are called DT events. The branching
fractions of the D0 → K0

SK
0
SK

0
Sπ

0, D0→K0
SK

þK−π0,
D0 → K0

SK
0
SK

−πþ, D0→K0
SK

0
SK

þπ−, D0→KþK−K−πþ,
Dþ → K0

SK
0
SK

0
Sπ

þ, and Dþ → K0
SK

þK−πþ are deter-
mined by

Bsig ¼ NDT=ðNtot
ST · ϵsigÞ; ð1Þ

where Ntot
ST ¼ P

i N
i
ST and NDT are the total ST yield and

the signal yield in the data, respectively, and Ni
ST is the ST

yield of the tag mode i. The efficiency ϵsig of detecting the
signal D decay, averaged over all tag modes i, is given by

ϵsig ¼
X
i

ðNi
ST · ϵ

i
DT=ϵ

i
STÞ=Ntot

ST; ð2Þ

where ϵiST and ϵiDT are the efficiencies of detecting ST and
DT candidates in the tag mode i, respectively. To cancel
potential correlated systematic uncertainties, the branching
fractions of D0 → ϕK0

Sπ
0, D0 → ϕK−πþ, and Dþ →

ϕK0
Sπ

þ are measured relative to D0 → K0
SK

þK−π0,
D0 → KþK−K−πþ, and Dþ → K0

SK
þK−πþ, respectively,

given by

Brelative ¼
BD→ϕKπ
sig

BD→KKKπ
sig

¼ ND→ϕKπ
DT · ϵD→KKKπ

sig

ND→KKKπ
DT · ϵD→ϕKπ

sig

: ð3Þ

Here, ND→ϕKπ
DT and ND→KKKπ

DT denote the signal yields of
D → ϕKπ and D → KKKπ, respectively, while ϵD→ϕKπsig
and ϵD→KKKπsig represent their corresponding detection
efficiencies.
The measured branching fractions of neutral D decays

need to be corrected for quantum correlation (QC) effects
which are present in the data but are not implemented in the
MC simulation. This correction is necessary because the
D0D̄0 pairs are produced in a coherent quantum state, and
the tagged final state Kþπ− can originate from either a
Cabibbo-favored D̄0 → Kþπ− decay or a doubly Cabibbo-
suppressed D0 → Kþπ− decay. The interference between
these amplitudes, combined with the quantum correlation,
alters the observed decay rates [25]. Analogous effects
apply to allD0 tag modes employed in this analysis. Due to
limited signal yields in this analysis, the QC effect for D0

decays is considered as a source of systematic uncertainty.

IV. EVENT SELECTION

The selection criteria for K�, π�, K0
S, and π

0 are adopted
from Ref. [26]. All charged tracks, except those originating
from K0

S decays, are required to have a polar angle θ with
respect to the symmetry axis of the MDC within the MDC
acceptance, jcos θj < 0.93, and a distance of closest
approach to the interaction point (IP) within 10 cm along
the beam direction and within 1 cm in the plane
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perpendicular to the beam direction. Particle identification
(PID) for charged pions and kaons is performed by using
TOF information and the dE=dx measured by the MDC to
calculate confidence levels for the pion and kaon hypoth-
eses (CLπ and CLK). Kaon and pion candidates are
identified via CLK > CLπ and CLπ > CLK , respectively.
The K0

S candidates are formed with two oppositely
charged tracks, which are assigned the pion hypothesis
without applying PID criteria. Due to the long lifetime of
the K0

S meson, the distance of closest approach to the IP in
the beam direction must be less than 20 cm, and there is no
requirement for the distance of closest approach in the
plane transverse to the beam direction. The two charged
tracks are constrained to originate from a common vertex
with a flight distance from the IP at least twice the vertex
resolution. To improve the mass resolution, the K0

S decay-
vertex fit and the secondary vertex fit with respect to the IP
must satisfy χ2 < 100, with the number of degrees of
freedom (n.d.f.) equal to 1 for the K0

S vertex fit and 2
for the secondary vertex fit. The invariant mass of
πþπ− is required to be within ð0.487; 0.511Þ GeV=c2
(Mnominal

K0
S

� 3σresolution).

The π0 candidates are formed with photon pairs. The
photon candidates are identified using isolated showers in
the EMC. The deposited energy of each shower must be
more than 25 MeV in the barrel region (jcos θj < 0.80)
and more than 50 MeV in the end cap region
(0.86 < jcos θj < 0.92). To exclude showers that originate
from charged tracks, the angle subtended by the EMC
shower and the position of the closest charged track at the
EMCmust be greater than 10 degrees as measured from the
IP. To suppress electronic noise and showers unrelated to
the event, the difference between the EMC time and the
event start time is required to be within [0, 700] ns.
Photon pairs with an invariant mass in the range of
ð0.115; 0.150Þ GeV=c2 (Mnominal

π0
� 3σresolution), are taken

as π0 candidates. To improve the mass resolution, a
kinematic fit constraining the invariant mass of γγ to the
nominal π0 mass [4] is applied, and the resulting χ2 of the
fit is required to be less than 50 with n:d:f: ¼ 1.
In the selection of D̄0 → Kþπ− tag candidates, back-

grounds from cosmic rays and Bhabha events are rejected
with the same requirements as in Ref. [27]. The TOF time

difference between the two charged tracks is required to be
less than 5 ns. The track pair must not be consistent with
being a muon or electron-positron pair. Additionally, there
must be at least one EMC shower with a deposited energy
of more than 50 MeV, or at least one additional charged
track detected in the MDC.

V. YIELDS OF ST D̄ MESONS

The tagged D̄ mesons are identified using two variables,
namely the energy difference

ΔEtag ≡ Etag − Ebeam; ð4Þ

and the beam-constrained mass

Mtag
BC ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=c

4 − jp⃗tagj2=c2
q

: ð5Þ

Here, Ebeam is the beam energy, and p⃗tag and Etag are the
momentum and the energy of the D̄ candidate in the rest
frame of the eþe− system, respectively. For each tag mode,
if there are multiple candidates in an event, only the one
with the minimum jΔEtagj is kept. The measurements are
performed in events containing at least one ST D̄ candidate.
Although the ST and DT selections both start with an ST
candidate and use the same tag-side multiple-candidate
selection, the tag-side environment, e.g., the track multi-
plicity, may differ between ST and DT events. This tag
bias therefore does not fully cancel in the ST and DT
selection, and is considered as a source of systematic
uncertainty.
The tagged D̄ candidates must fulfill mode-dependent

ΔEtag requirements due to different resolutions, as listed in
the second columns of Tables I and II.
To determine the ST yields of D̄ mesons for individual

tag modes, unbinned maximum-likelihood fits are per-
formed to the Mtag

BC distributions of the ST candidates,
following the procedure described in Ref. [26]. In the fits,
the D̄ signal is modeled by an MC-simulated shape
convolved with a Gaussian function with free parameters
accounting for the resolution difference between data and
MC simulation. The resulting fits on the Mtag

BC distributions
for different tag modes are shown in Fig. 1. The extracted

TABLE I. The ΔEtag requirements, ST yields (NST), ST efficiencies (ϵST) and DT efficiencies (ϵDT) for D0 decays. The superscripts
1–7 identify the signal decays: 1D0 → K0

SK
0
SK

0
Sπ

0, 2D0 → K0
SK

þK−π0, 3D0 → ϕK0
Sπ

0, 4D0 → K0
SK

0
SK

−πþ, 5D0 → K0
SK

0
SK

þπ−, 6D0 →
KþK−K−πþ and 7D0 → ϕK−πþ. The uncertainties are statistical only.

Tag mode ΔEtag (MeV) NST (×104) ϵST (%) ϵ1DT (%) ϵ2DT (%) ϵ3DT (%) ϵ4DT (%) ϵ5DT (%) ϵ6DT (%) ϵ7DT (%)

D̄0 → Kþπ− ð−27; 27Þ 382.1� 0.2 66.67� 0.01 2.77� 0.04 2.84� 0.02 2.11� 0.02 4.56� 0.05 4.74� 0.05 3.29� 0.02 3.16� 0.03

D̄0 → Kþπ−π0 ð−62; 49Þ 792.6� 0.3 37.92� 0.01 1.20� 0.03 1.42� 0.02 1.06� 0.02 2.46� 0.03 2.34� 0.03 1.97� 0.02 1.90� 0.02

D̄0 → Kþπþπ−π− ð−26; 24Þ 514.0� 0.2 42.20� 0.01 1.25� 0.03 1.50� 0.02 1.15� 0.02 2.43� 0.03 2.33� 0.03 1.88� 0.02 1.81� 0.02
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ST D̄0 and D− yields in data and the corresponding ST
efficiencies are summarized in the third and fourth
columns of Tables I and II. The total yields of the ST
D̄0 and D− mesons in data are ð1688.7� 0.5Þ × 104 and
ð1096.0� 0.4Þ × 104, respectively, where the uncertainties
are statistical only.

VI. YIELDS OF DT EVENTS

Candidates for the signal decays D0 → K0
SK

0
SK

0
Sπ

0,
D0→K0

SK
þK−π0, D0 → K0

SK
0
SK

−πþ, D0 → K0
SK

0
SK

þπ−,
D0 → KþK−K−πþ, Dþ → K0

SK
0
SK

0
Sπ

þ, and Dþ →
K0

SK
þK−πþ are reconstructed from the remaining charged

tracks and neutral showers that are not used in the

TABLE II. The ΔEtag requirements, ST yields (NST), ST efficiencies (ϵST) and DT efficiencies (ϵDT) for Dþ decays. The superscripts
8-10 identify the signal decays: 8Dþ → K0

SK
0
SK

0
Sπ

þ, 9Dþ → K0
SK

þK−πþ and 10Dþ → ϕK0
Sπ

þ. The uncertainties are statistical only.

Tag mode ΔEtag (MeV) NST (×104) ϵST (%) ϵ8DT (%) ϵ9DT (%) ϵ10DT (%)

D− → Kþπ−π− ð−25; 24Þ 567.4� 0.2 52.40� 0.01 2.84� 0.04 2.78� 0.02 1.86� 0.02
D− → K0

Sπ
− ð−25; 26Þ 66.7� 0.1 52.60� 0.01 2.88� 0.04 2.75� 0.02 1.81� 0.02

D− → Kþπ−π−π0 ð−57; 46Þ 181.0� 0.2 25.62� 0.01 1.12� 0.03 1.17� 0.01 0.75� 0.01
D− → K0

Sπ
−π0 ð−62; 49Þ 150.7� 0.1 27.74� 0.01 1.16� 0.03 1.39� 0.02 0.95� 0.02

D− → K0
Sπ

þπ−π− ð−28; 27Þ 81.0� 0.1 30.25� 0.01 1.02� 0.03 1.30� 0.01 0.86� 0.01
D− → KþK−π− ð−24; 23Þ 49.2� 0.1 41.94� 0.01 2.25� 0.04 2.17� 0.02 1.42� 0.02

FIG. 1. Fits to theMtag
BC distributions of the ST D̄0 and D− candidates. The dots with error bars show the data, the blue solid curves are

the fit results and the red dotted lines are the fitted background shapes.
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reconstruction of the ST D̄ candidates. Due to good
agreement between data and MC simulation, the uncer-
tainty due to multiple candidates is negligible.
The signal D mesons are identified using the energy

difference ΔEsig and the beam-constrained mass Msig
BC,

which are calculated with the “sig” analogs of the “tag”
in Eqs. (4) and (5), respectively. For each signal mode, if
there are multiple candidates in an event, only the one with
the minimum jΔEsigj is kept. The rates of multiple
combinations for signal decays reconstructed exclusively
with charged final-state particles are ranging between (2.2–
10.2)%, and (28.9–52.5)% for decay modes containing π0.
Due to good agreement between data and MC simulation,
the uncertainty due to multiple candidates is negligible. The
signal decays are required to satisfy the mode-dependent
ΔEsig requirements, as shown in the second column of
Table III.
The yield of each signal decay (Nfit

DT) is obtained from an
unbinned maximum-likelihood fit to the Msig

BC distribution
of the selected DT candidates. In the fit, the signal shape is
modeled by an MC-simulated shape convolved with a
Gaussian function, while the combinatorial background is
described by an ARGUS function [28],

ARGUSðm;m0; c; pÞ ¼ N ·m ·
�
1 −

�
m
m0

�
2
�
p

· exp

�
c ·

�
1 −

�
m
m0

�
2
��

: ð6Þ

Here, the parameters of the convolved Gaussian resolution
function and the ARGUS function are free, except for the
m0, which is set to be Ebeam=2 ¼ 1.8865 GeV=c2. The
signal decays involving a K0

S in the final state suffer from
nonresonant πþπ− background surviving the K0

S selection
criteria. Such background events may form peaking back-
grounds around the nominal D0 or Dþ mass in the Msig

BC
distributions. This background contribution is estimated
with events in the K0

S sideband region of 0.020 GeV=c2 <
jMπþπ− − 0.498 GeV=c2j < 0.044 GeV=c2. No significant
peaking background is observed in any signal decay,
thus this background is neglected in the baseline mea-
surements, but treated as a source of systematic uncer-
tainty. The resulting fits for the seven inclusive decays are
shown in Fig. 2. For each signal decay, the statistical
significance is greater than 5σ, which is calculated asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2×ðlnLsig− lnL0Þ

p
, where lnLsig and lnL0 are the natural

logarithm of likelihoods with and without the signal com-
ponent in the fit [29]. The obtained fitted signal yields of
D → KKKπ decays and their statistical significance are
listed in the third and fourth columns of Table III.
We note that only peaking contributions could bias the

double-tag signal yield; smooth combinatorial backgrounds
are absorbed by the fit. These contributions include both
peaking backgrounds on the signal side and events where a
true signal decay on one side is accompanied by a
combinatorial candidate on the other side that satisfies
the single-tag requirements. Such contributions are strongly
suppressed by the double-tag selection. Using an inclusive

TABLE III. Requirements on ΔEsig, fitted signal yields in data (NDT), signal efficiencies which include the branching fractions of the
subdecays K0

S → πþπ−, π0 → γγ (ϵsig), statistical significance (S), the obtained branching fractions Bsig (×10−5) and relative branching
fractions of D → ϕKπ to D → KKKπ Brelative (%) for the different signal decays. The first and second uncertainties for Bsig are
statistical and systematic, respectively, while the uncertainties for NDT and ϵsig are statistical only. For comparison, the relevant PDG
branching fractions BPDG (×10−5) and relative branching fractions BPDG

relative (%) are listed in the last column.

Signal mode ΔEsig (MeV) NDT SðσÞ ϵsig (%) Bsig Brelative BPDG [4] BPDG
relative [4]

D0 → K0
SK

0
SK

0
Sπ

0 ð−26; 22Þ 14.5þ4.2
−3.6 6.9 1.10� 0.02 7.8þ2.3

−2.0 � 1.5 � � � � � � � � �

D0 → K0
SK

þK−π0 ð−27; 23Þ 81.0þ11.3
−10.7 > 10 2.60� 0.02 18.4þ2.6

−2.5 � 2.4 � � � � � � � � �
D0 → ϕK0

Sπ
0 ð−27; 23Þ 36.8þ8.7

−8.1 6.4 1.96� 0.03 � � � 61þ15
−14 � 10 � � � � � �

D0 → K0
SK

0
SK

−πþ ð−20; 19Þ 66.2þ8.6
−7.9 > 10 3.04� 0.04 12.9þ1.7

−1.6 � 1.3 � � � 59.0� 13.0 � � �

D0 → K0
SK

0
SK

þπ− ð−20; 19Þ 28.7þ5.9
−5.3 8.7 2.96� 0.04 5.7þ1.2

−1.1 � 1.0 � � �

D0 → KþK−K−πþ ð−21; 19Þ 144.3þ14.2
−13.5 > 10 4.91� 0.04 17.4þ1.8

−1.7 � 2.2 � � � 22.5� 3.2 � � �
D0 → ϕK−πþ ð−21; 19Þ 98.8þ13.5

−12.7 > 10 4.73� 0.02 � � � 71þ10
−10 � 13 � � � 65.8� 11.7

Dþ → K0
SK

0
SK

0
Sπ

þ ð−21; 20Þ 10.8þ3.7
−3.0 6.4 1.63� 0.02 6.0þ2.1

−1.7 � 1.6 � � � � � � � � �

Dþ → K0
SK

þK−πþ ð−21; 20Þ 52.9þ9.0
−8.2 9.9 3.50� 0.02 13.8þ2.4

−2.2 � 2.5 � � � 24.0� 5.0 � � �
Dþ → ϕK0

Sπ
þ ð−21; 20Þ 20.6þ7.5

−6.6 5.0 2.33� 0.02 � � � 59þ22
−19 � 9 � � � � � �

MEASUREMENTS OF ABSOLUTE BRANCHING FRACTIONS OF … PHYS. REV. D 114, 092002 (2026)

092002-5



MC sample of ψð3770Þ with 40 times the data luminosity,
and applying truth matching to both the D and D̄
candidates, the residual peaking contribution, after scaling
to our measured branching fractions, is below 2% and thus
negligible.
We further examine the MKþK− distributions of the

accepted DT candidates for D0 → K0
SK

þK−π0, D0 →
KþK−K−πþ, and Dþ → K0

SK
þK−πþ, and significant ϕ

signals are found. To determine the signal yield of each
D → ϕKπ decay, we perform a two-dimensional unbinned
maximum-likelihood fit to the MKþK− versus Msig

BC
distribution. In the fit, the ϕ signal is described by a
Breit-Wigner (BW) function convolved with a Gaussian
function, while the combinatorial KþK− background is
described by a reversed ARGUS function, i.e., an ARGUS
function where the independent variable m is replaced

FIG. 3. Fits to the Msig
BC versus Msig

KþK− distributions of DT events for D0 → ϕK0
Sπ

0, D0 → ϕK−πþ, and Dþ → ϕK0
Sπ

þ. The dots with
error bars are data, cyan dashed curves are fit signal, red dashed curves are fit BKGI, green dashed curves are fit BKGII and the orange
dashed curves are fit BKGIII.

FIG. 2. Fits to the Msig
BC distributions of the DT candidates for D0 → K0

SK
0
SK

0
Sπ

0, D0 → K0
SK

þK−π0, D0 → K0
SK

0
SK

−πþ,
D0 → K0

SK
0
SK

þπ−, D0 → KþK−K−πþ, Dþ → K0
SK

0
SK

0
Sπ

þ, and Dþ → K0
SK

þK−πþ. The dots with error bars are data, the blue solid
curves are the total fit shapes, the cyan dashed curves show fits to the signal shapes and the red dashed curves fits to the background shapes.
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by 2m0 −m, and m0 in the MKþK− fit is set to be
0.987 GeV=c2, which is the KþK− mass production
threshold [4]. The mass and width of ϕ are fixed to their
PDG values and the other parameters are allowed to float.
There are four components in the two-dimensional fit. The
first is the signal part (SMsig

BC
· SMKþK−

), the second is BKGI

(SMsig
BC
· BMKþK−

), the third is BKGII (BMsig
BC
· SMKþK−

), the

last is BKGIII (BMsig
BC
· BMKþK−

), where SMsig
BC

is the MC

shape ðMsig
BCÞ ⊗ Gaussian (⊗ represents convolution),

SMKþK− is BW ⊗ Gaussian, BMsig
BC

is an ARGUS function

and BMKþK−
is a reversed ARGUS function. The fit results

for these three decays are shown in Fig. 3. The same
method as above is also used to evaluate the statistical
significance of each D → ϕKπ decay. The fitted signal
yields ofD → ϕKπ decays and their statistical significance
are also listed in the third and fourth columns of Table III.
The DTefficiencies are determined fromMC simulation,

and are summarized in Tables I and II, respectively, and the
resulting signal efficiencies averaged over tag modes are
summarized in the fifth column of Table III. As an example,
Fig. 4 shows the distributions of the momenta and cosines
of the polar angles of the daughter particles as well as the
invariant masses of two-body or three-body particle com-
binations of the candidates for D0 → KþK−K−πþ between
data and MC simulation. The comparisons for other D →
KKKπ decays can be found in the Appendix.

The obtained branching fractions and relative branching
fractions of each signal decay are summarized in the sixth
and the seventh column of Table III.

VII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are estimated relative to the
measured branching fractions and discussed below.
Benefiting from the DT method, the systematic uncertain-
ties related to the tag selection cancel.
The systematic uncertainties in the total yields of ST D̄

mesons, which are mainly due to the fits to the MBC

distributions of the ST D̄ candidates, were previously
estimated to be 0.3% for ST D̄0 and D− [26].
The tracking and PID efficiencies of charged particles

are studied with control samples from the DT candidates of
D0 → K−πþ, K−πþπ0, K−π−πþπþ versus D̄0 → Kþπ−,
Kþπ−π0, Kþπþπ−π−, as well as Dþ → K−πþπþ versus
D− → Kþπ−π−, which will miss a π� or K�. The system-
atic uncertainties of tracking and PID are assigned as 0.5%
per K� or π�.
The systematic uncertainty in K0

S reconstruction is
estimated using control samples of J=ψ → K�ð892Þ∓K�

and J=ψ → ϕK0
SK

�π∓ [30] and found to be 1.5% per K0
S.

The systematic uncertainty of π0 reconstruction is assigned
as 3.0% per π0 with the control sample of D0 → K−πþπ0

versus D̄0 → Kþπ− and D̄0 → Kþπþπ−π− [26].

FIG. 4. Distributions of the momenta and cosines of polar angles of the daughter particles as well as the invariant masses of two-body
and three-body combinations of the D0 → KþK−K−πþ candidates, comparing data (dots with error bars) and the signal MC samples
(red and blue histograms). The red histogram shows the mixed signal MC sample and the blue one the PHSP MC. The yellow filled
histograms represent the MC-simulated backgrounds (BKG) from the inclusive MC sample.
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The uncertainties of the quoted branching fractions of
π0 → γγ, K0

S → πþπ−, and ϕ → KþK− are 0.03%, 0.07%,
and 1.0%, respectively [4].
The systematic uncertainties due to difference between

data and MC in the ΔEsig requirements are studied using
the DT events D0 → K0

SK
0
Sπ

0π0, D0 → K0
SK

−πþπ0,
D0 → K0

SK
0
Sπ

þπ−, D0→KþK−πþπ−, Dþ → K0
SK

þπþπ−,
and Dþ → K0

SK
0
Sπ

þπ0 versus the same D̄ tags as in the
baseline analysis. The efficiency differences between data
and MC simulation, (0.6–5.9)%, are assigned as the
systematic uncertainties for various signal decays.
The systematic uncertainty in the fit to the Msig

BC
distribution is evaluated by changing the signal and back-
ground parametrizations. Specifically, the signal shape is
replaced with a version that excludes Gaussian smearing
and the endpoint of the ARGUS function is varied by
�0.2 MeV=c2 [31]. To estimate the uncertainty due to the
MKþK− fit, the alternative signal shape is obtained
by replacing the original shape with the MC shape and
the uncertainty of the background shape is obtained by
varying the endpoint of the inverse-ARGUS function
(�0.2 MeV=c2). The relative changes of the signal shape
and background shape are assigned as individual system-
atic uncertainties. Adding these two effects in quadrature
results in systematic uncertainties of (1.4–10.0)%.
The systematic uncertainty associated with nonresonant

πþπ− pairs misidentified as K0
S mesons is evaluated by

comparing the fitted signal yields with and without includ-
ing this background component.
The uncertainties due to limited size of the MC sample

are assigned by 1ffiffiffi
N

p
ffiffiffiffiffiffi
1−ε
ε

q
, where ϵ is the detection efficiency

and N is the total number of produced signal MC events.
The systematic uncertainties are (1.0–1.8)%, depending on
the signal decay.
The imperfect simulations of the momentum and cos θ

distributions of charged particles in signal decays are
considered as a source of systematic uncertainty named
MC generator. For decays with ϕ components, the sys-
tematic uncertainty is evaluated by varying the input
branching fractions of the known ϕ decays within �1σ
of their fitted ratios. For decays without a clear intermediate
resonance, the systematic uncertainty is taken as the
maximum difference between the nominal signal MC
sample and the alternative signal MC sample reweighted
to the data distribution. The relative resulting changes in
signal efficiencies, (4.6–23.8)%, are taken as the systematic
uncertainties.
The QC effect should be corrected by a factor fQC ¼

1
1−Cfð2fCPþ−1Þ as described in Ref. [25]. Due to the low signal

yields, we do not apply QC correction in this analysis, but
consider it as one of the sources of systematic uncertainty.
For all D0 signal decays, a conservative uncertainty, 7.0%,
due to QC effects is assigned as the systematic uncer-
tainty [32,33].
The systematic uncertainty due to the tag bias, arising

from differences in the single-tagD0 andDþ reconstruction
environment between generic and signal events, is evalu-
ated following the method of Ref. [34]. Potential simulation
imperfections in tracking, particle identification, π0, andK0

S
reconstruction are studied, and their effect on the tag
efficiency ratio is taken as the corresponding uncertainty.
The resulting systematic uncertainties are (0.2–0.5)%
depending on the signal decay.

TABLE IV. Relative systematic uncertainties (%) in the measurements of the branching fractions of 1D0 → K0
SK

0
SK

0
Sπ

0,
2D0 → K0

SK
þK−π0, 3D0 → ϕK0

Sπ
0, 4D0 → K0

SK
0
SK

−πþ, 5D0 → K0
SK

0
SK

þπ−, 6D0 → KþK−K−πþ, 7D0 → ϕK−πþ,
8Dþ → K0

SK
0
SK

0
Sπ

þ, 9Dþ → K0
SK

þK−πþ, and 10Dþ → ϕK0
Sπ

þ.

D0 Dþ

Source 1 2 3 4 5 6 7 8 9 10

Ntot
ST 0.3 0.3 � � � 0.3 0.3 0.3 � � � 0.3 0.3 � � �

π�=K� tracking 3.0 2.0 � � � 3.0 3.0 2.0 � � � 3.5 2.5 � � �
π�=K� PID � � � 1.0 � � � 1.0 1.0 2.0 � � � 0.5 1.5 � � �
K0

S reconstruction 4.5 1.5 � � � 3.0 3.0 � � � � � � 4.5 1.5 � � �
π0 reconstruction 3.0 3.0 � � � � � � � � � � � � � � � � � � � � � � � �
K0

S=π
0 B 0.3 0.1 1.0 0.2 0.2 � � � 1.0 0.3 0.1 1.0

ΔEsig cut 5.9 0.8 � � � 0.6 0.6 3.5 � � � 0.6 3.1 � � �
DT fit background 4.3 1.5 3.4 1.9 1.4 4.7 8.4 6.6 8.9 10.0
K0

S nonresonant background 2.4 2.1 2.1 1.5 0.0 � � � � � � 5.2 1.5 1.5
Limited MC samples 1.8 1.1 1.1 1.0 1.0 1.0 1.0 1.2 1.1 1.1
MC generator 14.9 9.5 13.0 4.6 14.5 8.1 13.6 23.8 14.3 10.9
QC effect 7.0 7.0 7.0 7.0 7.0 7.0 7.0 � � � � � � � � �
Tag bias 0.4 0.2 0.2 0.4 0.2 0.2 0.2 0.5 0.3 0.3

Total 19.3 12.9 15.4 9.9 16.8 12.6 17.6 25.9 17.6 15.0
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Table IV summarizes the systematic uncertainties in the
branching fraction measurements. For the decays contain-
ing ϕ, relative branching fractions are reported, such that
the uncertainties due to Ntot

ST, π
�=K� tracking and PID, K0

S
and π0 reconstruction, and ΔEsig of relative branching
fractions of D → ϕKπ cancel out in the ratio. For each
signal decay, the total systematic uncertainty is obtained by
adding all individual contributions in quadrature. The
obtained total systematic uncertainties range between
(9.9–25.9)% for different signal decays.

VIII. SUMMARY

By analyzing 20.3 fb−1 of eþe− collision data taken atffiffiffi
s

p ¼ 3.773 GeV with the BESIII detector, we determine
the branching fractions of the hadronic decays
D0 → K0

SK
0
SK

0
Sπ

0, D0 → K0
SK

þK−π0, D0 → K0
SK

0
SK

−πþ,
D0 → K0

SK
0
SK

þπ−,D0→KþK−K−πþ,Dþ → K0
SK

0
SK

0
Sπ

þ,
and Dþ → K0

SK
þK−πþ. The decays D0 → ϕK0

Sπ
0,

D0 → ϕK−πþ, and Dþ → ϕK0
Sπ

þ are found to be
the main subprocesses in D0 → K0

SK
þK−π0, D0 →

KþK−K−πþ, and Dþ → K0
SK

þK−πþ, respectively; and
their relative branching fractions to BðD → KKKπÞ are
determined. The systematic uncertainties associated with
K�=π� tracking and PID as well as K0

S and π0

reconstruction are partially correlated with those in pre-
vious BESIII measurements [35]. All the obtained results
are shown in Table III.
The branching fractions of D0 → K0

SK
0
SK

0
Sπ

0,
D0 → K0

SK
þK−π0, D0 → ϕK0

Sπ
0, Dþ→K0

SK
0
SK

0
Sπ

þ, and
Dþ → ϕK0

Sπ
þ are measured for the first time; and those of

D0 → K0
SK

0
SK

−πþ, D0→K0
SK

0
SK

þπ−, D0 → KþK−K−πþ,
D0 → ϕK−πþ, and Dþ → K0

SK
þK−πþ are measured with

improved precision. Our branching fractions of D0 →
KþK−K−πþ and Dþ → K0

SK
þK−πþ are consistent with

the respective PDG values [4] within 1.2σ and 1.7σ,
respectively. The summed branching fraction of D0 →
K0

SK
0
SK

−πþ and D0 → K0
SK

0
SK

þπ− presented in this work
deviates from the combined branching fraction of D0 →
K0

SK
0
SK

�π∓ based on the FOCUS measurement [7]
by 3.0σ.
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APPENDIX

Figures 5–10 show the comparisons of the distributions
of the momenta and cosines of the polar angles of the
daughter particles, as well as the invariant masses of
two-body or three-body particle combinations of the
candidates for D0 → K0

SK
0
SK

0
Sπ

0, D0 → K0
SK

þK−π0,
D0 → K0

SK
0
SK

−πþ, D0→K0
SK

0
SK

þπ−, Dþ→K0
SK

0
SK

0
Sπ

þ,
and Dþ → K0

SK
þK−πþ between data and MC simulation,

respectively.
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FIG. 6. Comparisons of some typical distributions for the D0 → K0
SK

þK−π0 candidate events between data (dots with error bars) and the signal MC
sample (red and blue histograms), where the red one shows the mixed signal MC sample and the blue one the PHSP MC. The yellow filled histograms
represent the MC-simulated BKG from the inclusive MC sample.

FIG. 5. Comparisons of some typical distributions for the D0 → K0
SK

0
SK

0
Sπ

0 candidate events between data (dots with error bars) and the PHSP signal
MC sample (red histograms). The yellow filled histograms represent the MC-simulated BKG from the inclusive MC sample. The final state contains
three identical particles K0

S. The distributions include the invariant-mass combinations of the K0
Sπ

0, K0
SK

0
S and K0

SK
0
Sπ

0 systems, each scaled by 1=3 to
keep the total number of entries in each distribution identical to the number of candidate events.
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FIG. 8. Comparisons of some typical distributions for the D0 → K0
SK

0
SK

þπ− candidate events between data (dots with error bars) and
the PHSP signal MC sample (red histograms). The yellow filled histograms represent the MC-simulated BKG from the inclusive MC
sample. The final state contains two identical particles K0

S. The distributions of invariant-mass combinations of the K0
Sπ

− is scaled by
1=2 to keep the total number of entries in each distribution identical to the number of candidate events.

FIG. 7. Comparisons of some typical distributions for the D0 → K0
SK

0
SK

−πþ candidate events between data (dots with error bars) and
the PHSP signal MC sample (red histograms). The yellow filled histograms represent the MC-simulated BKG from the inclusive MC
sample. The distributions of invariant-mass combinations of the K0

Sπ
þ is scaled by 1=2 to keep the total number of entries in each

distribution identical to the number of candidate events.
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FIG. 9. Comparisons of some typical distributions for theDþ → K0
SK

0
SK

0
Sπ

þ candidate events between data (dots with error bars) and
the PHSP signal MC sample (red histograms). The yellow filled histograms represent the MC-simulated BKG from the inclusive MC
sample. The final state contains three identical particles K0

S. The distributions include the invariant-mass combinations of the K0
SK

0
S,

K0
Sπ

þ, and K0
SK

0
Sπ

þ systems, each scaled by 1=3 to keep the total number of entries in each distribution identical to the number of
candidate events.
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