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By analyzing an electron-positron collision data sample corresponding to an integrated luminosity of
2.93 fb~! taken at the center-of-mass energy of 3.773 GeV with the BESIII detector, we obtain for the first
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time the absolute branching fractions for seven D° and DT hadronic decay modes and search for the
hadronic decay D° — K9K%z° with much improved sensitivity. The results are B(D°— K%°292%)=
(7.64+0.304+0.29) x 1073, B(D°—K~z*2%2%2°)=(9.54+0.304+0.31) x 103, B(D°— K%z 7n=2"2%)=
(12.66+0.454+0.43)x 1073, B(D* - K%z +297°) = (29.04£0.624+0.87) x 1073, B(D" - K%z "t n=2%) =
(15.2840.57+0.60) x 1073, B(D* > K3 7°2°7°)=(5.5440.4440.32)x 1073, B(D* K~z 2%2°)=
(4.95+0.26+0.19)x1073, and B(D° - K%K92°) < 1.45 x 10~* at the 90% confidence level. Here, the
first uncertainties are statistical, and the second ones are systematic. The newly studied decays greatly
enrich the knowledge of the D — Kzzz and D — Kzzzr hadronic decays and open a bridge to access
more two-body hadronic D decays containing scalar, vector, axial, and tensor mesons in the charm sector.

DOI: 10.1103/PhysRevD.106.032002

I. INTRODUCTION

Experimental investigations of hadronic D decays can
greatly aid our understanding of strong and weak interactions
[1-3]. For example, studies of hadronic D decays provide a
way to explore the effects of D° — D mixing and charge-
parity (CP) violation, which are key to understanding the
asymmetry between matter and antimatter in the Universe
[4]. In addition, the improved knowledge of the strong phase
difference in various hadronic decays of neutral D mesons
provides key information needed to extract the Cabibbo-
Kobayashi-Maskawa (CKM) triangle angle of y in B physics,
which is crucial to test CKM matrix unitarity. In addition,
amplitude analyses of multibody hadronic D decays help to
access quasi-two-body hadronic D decays and to extract chiral
structures of weak interaction in analogy to the multibody
decay processes explored in Refs. [5,6]. Moreover, combining
amplitude analysis results with the precisely measured branch-
ing fractions of these same hadronic D decays yields the
branching fractions of two-body hadronic D decays, which are
important to explore the phenomenon of quark SU(3)-flavor
symmetry breaking [7-11].

Since the discovery of D mesons in the 1970s, hadronic
D decays have been investigated extensively and
precisely [12]. However, some multibody Cabibbo-favored
decays, e.g., D° — Kgﬂ'oﬂ'oﬂ'o, K 7t 7%7°7°, ngﬁﬂ_ﬂoﬂo,
Dt - Kg;ﬁﬂoﬂo, Kgﬂ'Jrﬂ'Oﬂ'OﬂO, K ztnt7z°2°, and
K9z n* 22 remain unmeasured. Experimental studies
of these decays are challenging mainly due to high back-
ground, low efficiency, and poor resolution. In this paper,
we report on the measurements of the absolute branching
fractions for these multibody decays by analyzing the e*e™
collision data sample corresponding to an integrated
luminosity of 2.93 fb=! [13,14] collected at the center-
of-mass energy of /s =3.773 GeV with the BESIII
detector. Throughout this paper, charge conjugate proc-
esses are always implied.

II. BESIITI DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector is a magnetic spectrometer [15]
located at the Beijing Electron Positron Collider (BEPCII)

[16]. 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 (T1) (TI
doped Csl crystal) 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-identifier modules interleaved with
steel. The acceptance of charged particles and photons is
93% over a 4z solid angle. The charged-particle momen-
tum resolution at 1 GeV/c is 0.5%, and the resolution of
the specific ionization energy loss (dE/dx) is 6% for the
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
of the TOF barrel part is 68 ps, while that of the end cap part
is 110 ps.

Simulated samples, produced with the GEANT4-based
[17] Monte Carlo (MC) package including the geometric
description of the BESIII detector and the detector
response, are used to determine the detection efficiency
and to estimate the backgrounds. The simulation includes
the beam-energy spread and initial-state radiation in the
e"e” annihilations modeled with the generator Kkmc [18].
The inclusive MC samples consist of the production of DD
pairs, the non-DD decays of the y(3770), the initial-state
radiation production of the J/y and y(3686) states, and the
continuum processes. The known decay modes are mod-
eled with EVTGEN [19] using the branching fractions taken
from the Particle Data Group (PDG) [12], and the remain-
ing unknown decays from the charmonium states are
modeled with LUNDCHARM [20,21]. The final-state radia-
tion from charged final-state particles is incorporated with
the PHOTOS package [22].

III. MEASUREMENT METHOD

The D°D® or D*D~ pairs are produced without any
additional hadron in e"e™ annihilations at /s =3.773GeV.
This process offers a clean environment to measure the
branching fractions of hadronic D decays with the double-
tag method [23]. The single-tag candidate events are
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selected by reconstructing a D° or D~ in the following
hadronic final states: D° — K*z~, Ktz~2°, K*n~n~x*,
and D = KTz 7n, ngr_, Ktn 9, K(S)ﬂ_ﬂo,
K3nta~n~, KYK~ 7. The event in which a signal candi-
date is selected in the presence of a single-tag (ST) D
meson is called a double-tag (DT) event. The branching
fraction for the signal decay is determined by

Bsig = N%e”lt“/(NtSO’{‘ : €sig>7 (1)

where N9k = >~ Ni; and N5k are the total single-tag yield
and signal yield in data, respectively, in which Ni; is the
single-tag yield for the tag mode i. For the signal decays
involving K meson(s) in the final states, Nt is the net
signal yield after removing the peaking background, which
is dominated by the corresponding non—Kg decays. The
yield of the peaking background is also obtained from the
fit with the double-tag method. For the other signal decays,
the variable only corresponds to the fitted double-tag
yields. Further details are described in Sec. VI. Here,
€sg 18 the efficiency of detecting the signal D decay,
averaged over all tag modes i, which is given by

Csig = Z(NéT - €pr/€5t)/ NSt (2)

1

where €& and el are the efficiencies of detecting single-tag
and double-tag candidates in the tag mode i, respectively.

The measurements of the branching fractions of neutral,
self-conjugate D decays have to be corrected for the effects
of quantum correlation (QC) existing in the data but not
being implemented in the MC simulation. For each neutral
D decay, the CP-even component is estimated by the CP-
even tag D° - K"K~ and the CP-odd tag D° — K%x°.
Using the same method as described in Ref. [24] and the
parameters quoted from Refs. [25-27], we find the cor-
rection factors (fc) that account for the QC effect on
the measured branching fractions to be 1.081 %= 0.007
and 0.956 +0.006,, for D°— K%7°2°2° and D° —
KO tn~n%x°, respectively. Here, foc multiplies the
naively extracted branching fractions.

IV. EVENT SELECTION

The selection criteria of K*, 7%, K9, and z° are the same
as those used in the analyses presented in Refs. [28-30]. All
charged tracks, except those originating from K9 decays,
are required to have a polar angle 6 with respect to the beam
direction within the MDC acceptance |cos 6] < 0.93 and a
distance of closest approach to the interaction point within
10 cm along the beam direction and within 1 cm in the
plane perpendicular to the beam direction. Particle
identification (PID) for charged pions and kaons is per-
formed by exploiting TOF information and the dE/dx
measured by the MDC. The confidence levels for pion and

kaon hypotheses (CL, and CLy) are calculated. Kaon and
pion candidates are required to satisfy CLg > CL, and
CL, > CLg, respectively.

The K candidates are reconstructed from two oppositely
charged tracks which are assigned as pions with no PID
criteria applied. These charged tracks must satisfy |cos6| <
0.93. In addition, due to the long lifetime of the Kg meson,
there is a less stringent criterion on the distance of closest
approach to the interaction point in the beam direction of
less than 20 cm and no requirement on the distance of
closest approach in the plane transverse to the beam
direction. Furthermore, the z"z~ pairs are constrained to
originate from a common vertex, and their invariant mass is
required to be within (0.486,0.510) GeV/c?, which cor-
responds to about three times the fitted resolution around
the K nominal mass. The decay length of the K§ candidate
is required to be greater than two standard deviations of the
vertex resolution away from the interaction point.

The #° candidate is reconstructed via its yy decay. The
photon candidates are selected using the information from
the EMC showers. It is required that each EMC shower
starts within 700 ns of the event start time and its energy is
greater than 25 (50) MeV in the barrel (end cap) region of
the EMC [15]. The energy deposited in the neighboring
TOF counters is included to improve the reconstruction
efficiency and energy resolution as the correctness of the
shower energy. The opening angle between the candidate
shower and the nearest charged track must be greater than
10°. The yy pair is taken as a z° candidate if its invariant
mass is within (0.115,0.150) GeV/c?. To improve the
resolution, a kinematic fit constraining the yy invariant
mass to the 7° nominal mass [12] is imposed on the selected
photon pair.

V. YIELDS OF SINGLE-TAG D MESONS

To select D* — K* 7~ candidates, the backgrounds from
cosmic rays and Bhabha events are rejected by using the
same requirements described in Ref. [31]. In the selection
of D° - K" 7=z~ n" candidates, the D° — K}K*z7T decays
are suppressed by requiring the mass of all z+z~ pairs to be
outside (0.483,0.513) GeV/c.

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

AEtag = Etag - Eb’ (3)

and the beam-constrained mass

M;;(gi = \/ Eg - |ﬁtag|2' (4)

Here, E,, is the beam energy, and ﬁmg and E,, are the
momentum and energy of the D candidate in the rest frame
of eTe™ system, respectively. For each tag mode, if there
are multiple candidates (about 10% of the selected events)
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FIG. 1. Fits to the My distributions of the single-tag D° (left
column) and D~ (middle and right columns) candidates, where the
points with error bars are data and the blue solid and red dashed
curves are the fit results and the fitted backgrounds, respectively.

in an event, only the one with the least |AE,| is kept. The
tagged D candidates are required to satisfy AE,, €
(=55,40) MeV for the tag modes containing z° in the
final states and AE,, € (—25,25) MeV for the other tag
modes, due to differing resolutions.

To extract the yields of single-tag D mesons for
individual tag modes, binned maximum-likelihood fits
are performed on the ME% distributions of the single-tag
candidates, following Refs. [28-30]. In the fits, the D
signal is modeled by an MC-simulated shape convolved
with a double-Gaussian function describing the resolution
difference between data and MC simulation. The combi-
natorial background shape is described by an ARGUS
function [32] defined as ¢y (M85 Eeng, Eppee) =

tag 2 tag2

M M
AM‘§§ MBS 1 — B exp [fM‘gé(l — )],

T3 T where
Eend/c Eend/C

E..q 1s an end point fixed at 1.8865 GeV (corresponding
to the beam energy), A Mo is a normalization factor, and

§M;-§ is a free parameter. The resulting fits to the Mpc

distributions for various tag modes are shown in Fig. 1. The
total yields of the single-tag D° and D~ mesons in data are
(232.8 +0.2) x 10* and (155.8 & 0.2) x 10%, respectively,
where the uncertainties are statistical only.

VI. YIELDS OF DOUBLE-TAG EVENTS

The signal D decays are selected by using the remaining
tracks and showers that have not been used to reconstruct
the single-tag D candidates. Charged D signal candidates
must have charge opposite to the tag; for neutral D, signal
candidates must have oppositely charged kaons in the cases
where both kaons are charged. For D — K972~ 22 and
Dt — K%zt ntz~ 2 to suppress backgrounds from DY —
KOKY(— zta)n’2° and D' — KYKY(— zta)nt2”
decays, the z7z~ invariant masses are required to be
outside (0.468,0.528) GeV/c?. The signal decays that
have two or more z°s can have background contamination
from a corresponding decay where the 7°2° pair originates
from a K9 meson. The rate of these backgrounds is
typically small and is estimated with the known branching
fractions taken from the PDG [12] except for the back-
ground of D° - KYKY(— 7°2°)z° for D° — K92°2°2°.
The upper limit on the branching fraction of D° — K%K%7°
is reestimated via K$(— 777 )K}(—x"z7)2". The data
obtained at BESIII allow for a more accurate estimate than
the current PDG limit [12]. Since these peaking back-
grounds are small, a veto is not applied on M 00 due to a
significant reduction of the signal efficiency. The expected
yields of these peaking backgrounds are fixed in our fit to
MRS versus M.

The signal D mesons are identified using the energy
difference AEg, and the beam-constrained mass M;%,
which are calculated with the “sig” analogs of the “tag”
equations (3) and (4). For each signal mode, if there are
multiple candidates in an event, only the one with the

TABLE L. Requirements of AEg,, the fitted and net yields of double-tag candidates (NI and N%), background yield in the K§
sideband (N K(;’Sid), signal efficiencies (eg), and the obtained branching fractions (Bg;,) for various signal decays. The first and second

uncertainties for B, are statistical and systematic, respectively, while the uncertainties for NN KO sid> NY5t, and e, are statistical only.

For D° — K$K97°, the N%! and B
sideband 1 and sideband 2 regions.

sig

are set at 90% confidence level. The N K9.sia denotes the net K9 background yield combined

Signal mode AEg, (MeV) NI Ngo ga Nt €sig (%) By, (107%)

DY - Kgﬂ'oﬂ'oﬂ'o (=73,34) 913 + 33 86+ 11 870 + 36 4.90 + 0.04 7.64 +0.30 = 0.29

DY - K~ 7t 7072070 (—64,33) 1560 + 48 e 1560 + 48 7.04 + 0.06 9.54 +0.30 - 0.31

DY > Kgﬂ+ﬂ_7[0ﬂ0 (=50, 30) 1253 £40 134 + 14 1186 + 40 4.04 +£0.04 12.66 +£0.45 +0.43
Dt — K2”+”0ﬂ.0 (—63,34) 3513 £ 66 226 £ 19 3400 + 66 7.51 £0.07 29.04 + 0.62 +0.87
Dt — Kg]t+7t+ﬂ'_]7,'o (—45,30) 1097 £+ 37 107 + 14 1043 £+ 38 438 +0.04 15.28 £0.57 £ 0.60
Dt — Kg]t+ﬂoﬂ07[0 (—43,25) 294 + 22 19+7 285 +23 3.30 £ 0.03 5.54 +0.44 +0.32

Dt = K-ntntn%z2° (—54,31) 756 £ 39 e 756 + 39 9.80 + 0.07 4.95+0.26 +0.19

DY - KgKgﬂ'O (—45,28) 65+ 10 118 £ 13 6+ 13(<24.6) 7.06 +0.11 <0.145
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FIG. 2. Distribution of MyE versus Mys of the accepted
candidates for D* — K977 7%2° versus all D~ tag modes in
data. Here, ISR denotes the signal spreading along the diagonal

sig tag
direction. The Drlght and Drlghl

around M3E = Mp and MYE = M.

denotes the signal spreading

smallest |AE;,| is kept. The signal decays are required to
satisfy the mode-dependent AE, requirements, as shown
in the second column of Table I.

Figure 2 shows the My versus My¢ distribution of the
accepted double-tag candldates in data. The signal events
concentrate around Ma% = M = M, where M, is the
D nominal mass [12]. The events with correctly recon-
structed D (D) and incorrectly reconstructed D (D), defined
as BKGI, are spread along the lines around MBC = Mp or

M}% = Mp. The events smeared along the diagonal,
defined as BKGII, are mainly from the ete™ — ¢g
processes and incorrectly reconstructed DD. The events
with uncorrelated and incorrectly reconstructed D and D,
defined as BKGIII, disperse in the whole allowed kinematic
region.

For each signal D decay mode, the yield of double-tag
events (Nfl ) is obtained from a two-dimensional (2D)
binned maximum-likelihood fit [33] on the My versus

S’g distribution of the accepted candidates. In the fit, the
probab1hty density functions (PDFs) of signal, BKGI,
BKGII, and BKGIII are constructed as:

(i) signal: a(x,y),

(ii) BKGI: b(x) - ¢, (y; Ep. &) + b(y) -

(iii)y BKGII: c,(z;v2E,, &) - g(k), and

(iv) BKGIL ¢, (x; Ep, &) - ¢y (v; Ep. &),
respectively. Here, x = M}S, y = M2, z = (x + y)/V?2,
and k = (x —y)/+/2. The PDFs of signals a(x,y), b(x),
and b(y) are described by the corresponding MC-simulated

Cx(x; Ebv gx)’

o
(=]
M.
I
B
©

1 |
| 'y

0.46 048 0.5 0.52 0.54 0. 46 0. 48 0 5 0. 52 0. 54
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FIG. 3. (a) 'z~ invariant-mass distributions of the D° —
K"fron 7° candidate events of data (points with error bars) and
1nclu51ve MC sample (histogram). Pairs of the red solid (blue
dashed) arrows denote the K(S’ signal (sideband) regions. (b) Dis-
tribution of M« ,-(;) versus M,y for the D° — K9Kz"
candidate events in data. The red solid box denotes the 2D
signal region. Blue dashed (pink dot-dashed) boxes indicate the
2D sideband 1 (2) regions.

shapes, and c/(f; Eena. &) is an ARGUS function [32]
defined above, where f denotes x, y, or z; E} is fixed at
1.8865 GeV. The signal shape a(x,y) is also convolved
with a 2D Gaussian function. The PDF g(k) is a Gaussian
function with mean of zero and standard deviation para-
metrized by 6, = o - (V2E,/c* — k)P, where o, and p are
fit parameters.

The signal decays with one K(—z"z~) have background
contamination from corresponding decays which have com-

binatorial 77z~ pairs that satisfy the KO selection criteria.
They form peaking backgrounds around Mp, in the M3E.
distributions. This kind of peaking background is estlmated
by selecting events in the one-dimensional (1D) K sideband
region of (0.454,0.478) U (0.518,0.542) GeV/c>.

Since there are two K9 mesons in D° — K3K97°, 2D
signal and sideband regions are used. The 2D K9 signal
region is defined as the square region with both 7z~
combinations lying in the K9 signal regions. The 2D K9
sideband 1 regions are defined as the square regions with
one z*z~ combination located in the 1D K9 sideband
regions and the other in the 1D Kg signal region. The
sideband 2 regions are defined as the square regions with
both z*z~ combinations located in the 1D K9 sideband
regions. Figure 3 shows 1D and 2D ztz~ invariant-mass
distributions as well as the Kg signal and sideband regions.

For the signal decays involving K% meson(s) in the final
states, the net yields of DT events are calculated by sub-
tracting the sideband contribution from the DT fitted yield by

= N + Z (-3)v]  ©

where Nt and N are the fitted D yields in the 1D or 2D
signal region and sideband i region, respectively, where i
runs from 1. This relation has been verified by a large MC
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FIG. 4. Scatter plots (left) and projections of Mye and My
(right) for the 2D fits on the candidate events for DO - K%K 97",
In the projections, the dots with error bars are data, and the blue
solid curves are the total fit results. The black dotted curves are
the fitted signal, the blue dot-dashed curves are the BKGI, the red
dot-long-dashed curves are the BKGII, and the pink long-dashed
curves are the BKGIIL

sample. Here, N = 1 for the decays with one Kg meson,
while N =2 for the decays with two Kg mesons. The
combinatorial 7z~ backgrounds are assumed to be uni-
formly distributed, and double-counting is avoided by
subtracting sideband 2 yields from sideband 1 yields
appropriately. For the other signal decays, the net yields
of double-tag events are N“‘

To obtain a more rehable peaking background yield
from DY—KY(—-zt77)KY(—7"2%)7" in the study of
D® — K9792%2°, we have reestimated the branching

BF (x 10
C 0 1 2 3
1 - Initial
0.8 — Smeared
o 0.6F
- T
04
02F l
0 C 1 L
-40 -20 0 20 40 60
sig
FIG. 5. Distribution of likelihood versus the assumed signal

yield or branching fraction for D° — K%K97° Here, L
denotes the maximum likelihood obtained from the fit. The
results obtained with and without incorporating the systematic
uncertainties are shown as the red solid and black dashed curves,
respectively. The black arrow shows the result corresponding to
the 90% confidence level.

fraction of D°— K9K%7° via KY(—n*7")KY(—n"n~)x°.
Simultaneous two-dimensional maximum-likelihood fits
are performed on the candidates for D° — K% (—n"77)x
KY(—ntz7)a% in the 2D K9 signal, sideband 1, and
sideband 2 regions, as shown in Fig. 4.

In the fits, the background yields in the 2D K% sideband
1 and sideband 2 regions have been subtracted using
Eq. (5). No significant signal of D° — K$K%z° is found.
The resulting upper limit on the branchlng fraction for
D° - K$K%7° is 1.57 x 107* at a 90% confidence level,
using the Bayesian approach [34] after incorporating the
systematic uncertainty discussed in Sec. VII. The distri-
bution of likelihood versus branching fraction is shown
in Fig. 5.

Figure 6 shows the M and MBC projections of the 2D
fits to data. For the candidate events in the 2D K9 sideband
region, the 2D fits are performed similarly. From these fits,
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FIG. 6. Projections of Myt and Mp¢. distributions for the 2D
fits to the double-tag candidate events with all D° or D~ tags.
Data are shown as points with error bars. Blue solid, black dotted,
blue dot-dashed, red dot-long-dashed, pink long-dashed, and
green dashed curves denote the overall fit results, signal, BKGI,
BKGII, BKGIII, and peaking background components (see the
text), respectively.
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FIG. 7. Comparisons of some typical distributions for the

D* - K3z 7%2° candidate events between data (dots with error
bars) and the signal MC events (blue dotted/red dashed histo-
grams) plus the MC-simulated backgrounds from the inclusive
MC sample (yellow histograms).

we obtain the DT yields for the individual signal decays as
shown in Table I.

The double-tag efficiencies are determined from an
MC simulation. To account for the effect of intermediate
resonance structure on the efficiency, each of these
decays is modeled by the corresponding mixed-signal
MC samples, in which the dominant decay modes con-
taining resonances of 7, @, K*(892), p(770), f¢(980),
K(1270), and K;(1400) are mixed with the phase-space
(PHSP) signal MC samples. The mixing ratios are deter-
mined by examining the corresponding invariant mass and
momentum spectra. The momentum and the polar angle
distributions of the daughter particles and the invariant
masses of each two-, three-, and four-body particle combi-
nations of the data agree with those of the MC simulations.
As an example, Fig. 7 shows the momentum and the polar
angle distributions of the daughter particles, the invariant
mass distributions of two- or three-body particle combi-
nations of the candidates for D" — K%z z%2° between
data and MC simulations.

The measured values of NJf, Esigs and the obtained
branching fractions are summarized in Table 1. The signal
efficiencies have been corrected by the data-MC differences
in the selection efficiencies of K* and z™ tracking and PID

procedures and z° reconstruction. These efficiencies also
include the branching fractions of the Kg and 7° decays.

VII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are estimated relative to the
measured branching fractions and are discussed below. In
the determination of the branching fractions using Eq. (1),
all uncertainties associated with the selection of tagged D
are canceled. The systematic uncertainties in the total yields
of single-tag D mesons, which are mainly due to the fits to
the My distributions of the single-tag D candidates, were
previously estimated to be 0.5% for both neutral and
charged D [28-30].

The tracking and PID efficiencies for K* or z*,

Zﬁ]:ng(mm [data], and ezicr]:ng(mm [MC] are investigated

using double-tag DD hadronic events. The averaged
tracking(PID)

ratios between data and MC efficiencies (f

Korz
wacking(PID) [ Jata] /e *"ePP) M) of tracking (PID) for

K* or n* are weighted by the corresponding momentum
spectra of signal MC events, giving 1" ranging from

1.019-1.032 and %" ¢lose to unity for all seven signal
tracking

modes. After correcting the MC efficiencies by f -, the
statistical uncertainties of fi<~"¢ are assigned as the sys-

tematic uncertainties of tracking efficiencies, which are 0.2%
per K= and (0.2-0.3)% per z*. f8P and fE'P are all close to
unity and theirindividual uncertainties, (0.2—0.3)%, are taken
as the associated systematic uncertainties per K* or 7.

The systematic error related to the uncertainty in the Kg
reconstruction efficiency is estimated from measurements
of J/w — K*(892)FTK* and J/y — ¢pK}K*zT control
samples [35] and found to be 1.6% per K. The systematic
uncertainty of z° reconstruction efficiency is assigned as
(0.7-0.8)% per z° from a study of double-tag DD hadronic
decays of D’ > KTz=z° and D° — K3x° decays tagged
by either D - K=z or D° — K-ztztz™ [28,29]. The
systematic uncertainty in the 2D fit to the M5 versus Mps.
distribution is examined via the repeated measurements in
which the signal shape (+1l¢ in mean and width of
smearing Gaussian) and the end point of the ARGUS
function (£0.2 MeV/c?) are varied. Quadratically sum-
ming the changes of the branching fractions for these two
sources yields the corresponding systematic uncertainties
of (0.8-4.9)%.

The systematic uncertainty due to the AE;, requirement
is assigned to be (0.3-0.8)% for various signal decays,
which corresponds to the largest efficiency difference with
and without smearing the data-MC Gaussian resolution of
AEg, for signal MC events. Here, the smeared Gaussian
parameters are obtained by using the samples of double-tag
events DY » K7, D° — K=" 2% D° - K=n"2%2°, and
Dt — K~ntntx° versus the same D tags in our nominal
analysis. The systematic uncertainties due to Kg sideband
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TABLE II.  Relative systematic uncertainties (%) in the branching fraction measurements of the signal decays (1) D° — K9x°7%2°,

(2) D° > K " 2°2°2% (3) D° - KOnta 220,

@ D' - Kdxt %2 (5) DY - Kdxtatam 2% (6) DT — Kinta%2%x°,

(7) D™ —» K~z 2%2% and (8) D° - K%K92°. Uncertainties which are not applicable are denoted by “-".

Source 1 2 3 4 5 6 7 8
Ntsof 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
(K/m)* tracking - 0.4 0.4 0.2 0.6 0.2 0.6 -
(K/z)* PID - 0.4 0.4 0.2 0.6 0.2 0.6 -
K9 reconstruction 1.6 1.6 - 1.6 1.6 1.6 - 3.2
7° reconstruction 2.1 2.1 1.4 1.4 0.7 2.1 1.4 0.7
2D fit 1.8 2.0 1.9 0.8 1.6 49 3.5 3.9
AE, requirement 0.3 0.6 0.5 0.7 0.4 0.8 0.6 0.6
Quoted B 0.12 0.10 0.10 0.10 0.08 0.12 0.07 0.14
MC modeling 1.8 0.6 1.2 1.6 2.9 0.8 0.3 -
MC statistics 0.7 0.8 0.9 0.6 0.8 0.9 0.6 0.5
QC effect 0.7 0.6 0.6 - - - - 0.7
Total 3.8 3.3 3.4 3.0 4.0 5.8 4.0 5.2

choice and K rejection mass window are cross-checked by
examining the changes of the branching fractions via varying
nominal K sideband and corresponding rejection window
by +5 MeV/c?. The shifts in the fitted results are negligible
in the cross-check, and hence no further systematic uncer-
tainty is considered. For the decays whose efficiencies are
estimated with mixed signal MC events, the imperfect
simulations of the momentum and cos @ distributions of
charged particles are considered as a source of systematic
uncertainty listed as the MC modeling. To estimate this
systematic uncertainty, we examine the change of the signal
efficiency after removing the most significant mixed com-
ponent except for the processes containing 7 and . In
addition, for the decays involving D — Kznand D — Krw,
we vary the known branching fractions of D — Kzn and
D — Krw by +16. For each signal decay, the quadratic sum
of the efficiency changes is assigned as the corresponding
systematic uncertainty. The change of the reweighted to
nominal efficiencies, (0.3-2.9)% for various signal decays, is
assigned as the corresponding systematic uncertainty.

For D° — K97°2%2° and D° — K%z~ 2°2°, after cor-
recting the measured branching fractions by the QC factors,

individual systematic uncertainties. The QC effect on D? —
K=nt7°7°2° appearing through mixing and doubly-
Cabibbo-suppressed decays is estimated by the method
of Ref. [33], which is controlled by the ratio of Cabibbo-
suppressed and Cabibbo-favored rates combined with the
strong phase difference between two amplitudes. The
uncertainty is assigned to be 0.6%.

The uncertainties due to the limited MC statistics for
various signal decays, (0.6-0.9)%, are taken into account as
a systematic uncertainty. The uncertainties of the quoted
branching fractions of the K% — 7z~ and z° — yy decays
are 0.07% and 0.03%, respectively [12].

Table II summarizes the systematic uncertainties in the
branching fraction measurements. For each signal channel,
the total systematic uncertainty is obtained by adding the
above sources quadratically. The obtained total systematic
uncertainties are in the range of (3.0-5.8)% for various
signal modes.

VIII. SUMMARY

In summary, we present the first measurements of the
branching fractions of the hadronic decays of D° —

the residual uncertainties, 0.7% and 0.6%, are assigned as Kgﬂoﬂoﬂo, D - K 7t7%2%2%, DO - K(S)n—+ﬂ—;;0;-[0,
1 prd prd _ prd prd . . .
TABLE II.  Obtained BFs (Bgg, B, o B - 2z 9 Buonnw = Bsig = B Ran B, I.m]) for various signal decays (in
units of 1073).
Bprd ) Bprd
Decay mode B DO SRy DO S R Bron-no

D° - K$7°7°7° 7.64 £ 0.30 £0.29 1.66 £+ 0.04 5.98 £0.30 £ 0.29
D’ —» K=" 7%2%2° 9.54 +£0.30£0.31 6.06 = 0.13 e 3.48 £0.30 £0.34
D° » Konta= 2020 12.66 +0.45 £0.43 2.31+£0.11 7.14 £0.47 321 £0.45+0.65
D' - K%t 2%7° 29.04 +0.62 £0.87 e e 29.04 +£0.62 £ 0.87
DY - Kdntntaa® 15.28 £0.57 £ 0.60 3.00£0.11 6.29 = 0.44 599 +£0.57+£0.75
D" - K" n%2°2° 5.54+0.44+£0.32 4.28 £0.16 e 1.26 £ 0.44 £ 0.36

Dt — K~ ntnt a0 4.95+0.26 £0.19 495+0.26 +0.19
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DY - Kt 7%2% DT - Knt72%2%2°, DY — K=" 2t 2%2°,
and D* — K%ztzta~ 2% After subtracting the known

prd
and B, .~ for D —

Kznand D — Knw from these decays, the residual branch-
ing fractions are summarized in the last columns of Table I11.

prd prd o
Here, Bl E X Byosm B grw=

Bpot) - g pw X B3z and K denotes K9 when a K meson
is involved in the decay. Except for the decay
Dt — K%n"7°2%2°, significant non-(7, @) contributions
have been found. In the near future, further amplitude
analyses of these decays with larger data samples at
BESIII [1] and Belle II [2] will provide rich information
about the multibody hadronic D decays to scalar, vector,
axial, and tensor mesons, which will benefit further under-
standing of quark SU(3)-flavor symmetry.

. . prd
branching fractions BV, Koy

=B D) = Ky

ACKNOWLEDGMENTS

The BESIII Collaboration thanks the staff of BEPCII
and the IHEP computing center for their strong support. This
work is supported in part by National Key R&D Program of

China under Grants No. 2020YFA0406400 and
No. 2020YFA0406300; National Natural Science
Foundation of China (NSFC) under Grants
No. 11875170, No. 12035009, No. 11625523,
No. 11635010, No. 11735014, No. 11822506,
No. 11835012, No. 11935015, No. 11935016,

No. 11935018, No. 11961141012, No. 12022510,
No. 12025502, No. 12035013, No. 12061131003,
No. 12192260, No. 12192261, No. 12192262,

No. 12192263, No. 12192264, and No. 12192265; the
Chinese Academy of Sciences (CAS) Large-Scale
Scientific Facility Program; Joint Large-Scale Scientific
Facility Funds of the NSFC and CAS under Grants
No. U1832207 and No. U1732263; CAS Key Research
Program of Frontier Sciences under Grant No. QYZDJ-
SSW-SLHO040; 100 Talents Program of CAS; The Institute
of Nuclear and Particle Physics (INPAC) and Shanghai Key
Laboratory for Particle Physics and Cosmology; ERC
under Grant No. 758462; European Union’s Horizon
2020 research and innovation programme under Marie
Sklodowska-Curie  grant agreement under Grant
No. 894790; German Research Foundation DFG under
Grant No. 443159800, Collaborative Research Center
CRC 1044, FOR 2359, FOR 2359, and GRK 2149;
Istituto Nazionale di Fisica Nucleare, Italy; Ministry of
Development of Turkey under Grant No. DPT2006K-
120470; National Science and Technology fund; Olle
Engkvist Foundation under Grant No. 200-0605; STFC
(United Kingdom); The Knut and Alice Wallenberg
Foundation (Sweden) under Grant No. 2016.0157; The
Royal Society, UK under Grants No. DH140054 and No.
DH160214; The Swedish Research Council; and U.S.
Department of Energy under Grants No. DE-FGO2-
05ER41374 and No. DE-SC-0012069.

[1] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 44,
040001 (2020).
[2] E. Kou et al. (Belle II Collaboration), Prog. Theor. Exp.
Phys. 2019, 123C01 (2019).
[3] R. Aaij et al. (LHCb Collaboration), arXiv:1808.08865.
[4] F.C. Adamsand G. Laughlin, Rev. Mod. Phys. 69,337 (1997).
[5] W. Altmannshofer, P. Ball, A. Bharucha, A.-]J. Buras,
D.M. Straub, and M. Wick, J. High Energy Phys. 01
(2009) 019.
[6] M. Beneke, D. Boito, and Y. M. Wang, J. High Energy Phys.
11 (2014) 028.
[7]1 H. Y. Cheng and C. W. Chiang, Phys. Rev. D 81, 074021
(2010).
[8] Q. Qin, H.N. Li, C.D. Lii, and F. S. Yu, Phys. Rev. D 89,
054006 (2014).
[9]1 H.N. Li, C.D. Lii, and F. S. Yu, Phys. Rev. D 86, 036012
(2012).
[10] H.Y. Cheng, Phys. Rev. D 67, 094007 (2003); 68, 014015
(2003); 67, 034024 (2003).
[11] P.F.Guo,D.Wang, and E. S. Yu, Nucl. Phys. Rev. 36, 125 (2019).
[12] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[13] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 37,
123001 (2013).

[14] M. Ablikim et al. (BESIII Collaboration), Phys. Lett. B 753,
629 (2016).

[15] M. Ablikim et al. (BESIII Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 614, 345 (2010).

[16] C. Yu et al., in proceedings of the Proceedings of the 7th
International Particle Accelerator Conference (JACoW,
Geneva, Switzerland, 2016), p. TUYAO1, 10.18429/JA-
CoW-IPAC2016-TUYAOL.

[17] S. Agostinelli et al. (GEANT4 Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 506, 250 (2003).

[18] S. Jadach, B.F.L. Ward, and Z. Was, Comput. Phys.
Commun. 130, 260 (2000); Phys. Rev. D 63, 113009
(2001).

[19] D.J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001); R.G. Ping, Chin. Phys. C 32, 599
(2008).

[20] J. C. Chen, G.S. Huang, X.R. Qi, D. H. Zhang, and Y. S.
Zhu, Phys. Rev. D 62, 034003 (2000).

[21] R. L. Yang, R. G. Ping, and H. Chen, Chin. Phys. Lett. 31,
061301 (2014).

032002-11


https://doi.org/10.1088/1674-1137/44/4/040001
https://doi.org/10.1088/1674-1137/44/4/040001
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1093/ptep/ptz106
https://arXiv.org/abs/1808.08865
https://doi.org/10.1103/RevModPhys.69.337
https://doi.org/10.1088/1126-6708/2009/01/019
https://doi.org/10.1088/1126-6708/2009/01/019
https://doi.org/10.1007/JHEP11(2014)028
https://doi.org/10.1007/JHEP11(2014)028
https://doi.org/10.1103/PhysRevD.81.074021
https://doi.org/10.1103/PhysRevD.81.074021
https://doi.org/10.1103/PhysRevD.89.054006
https://doi.org/10.1103/PhysRevD.89.054006
https://doi.org/10.1103/PhysRevD.86.036012
https://doi.org/10.1103/PhysRevD.86.036012
https://doi.org/10.1103/PhysRevD.67.094007
https://doi.org/10.1103/PhysRevD.68.014015
https://doi.org/10.1103/PhysRevD.68.014015
https://doi.org/10.1103/PhysRevD.67.034024
https://doi.org/10.11804/NuclPhysRev.36.02.125
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1088/1674-1137/37/12/123001
https://doi.org/10.1088/1674-1137/37/12/123001
https://doi.org/10.1016/j.physletb.2015.11.043
https://doi.org/10.1016/j.physletb.2015.11.043
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.18429/JACoW-IPAC2016-TUYA01
https://doi.org/10.18429/JACoW-IPAC2016-TUYA01
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1103/PhysRevD.63.113009
https://doi.org/10.1103/PhysRevD.63.113009
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1088/1674-1137/32/8/001
https://doi.org/10.1088/1674-1137/32/8/001
https://doi.org/10.1103/PhysRevD.62.034003
https://doi.org/10.1088/0256-307X/31/6/061301
https://doi.org/10.1088/0256-307X/31/6/061301

M. ABLIKIM et al.

PHYS. REV. D 106, 032002 (2022)

[22] E. Richter-Was, Phys. Lett. B 303, 163 (1993).

[23] R. M. Baltrusaitis et al. (MARK-III Collaboration), Phys.
Rev. Lett. 56, 2140 (1986).

[24] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 100,
072006 (2019).

[25] T.Gershon, J. Libby, and G. Wilkinson, Phys. Lett. B 750,
338 (2015).

[26] M. Ablikim et al. (BESIII Collaboration), J. High Energy
Phys. 05 (2021) 165.

[27] Heavy Flavor Averaging Group (HFLAV), http://www.slac
.stanford.edu/xorg/hflav/charm/.

[28] M. Ablikim et al. (BESIII Collaboration), Eur. Phys. J. C 76,
369 (2016).

[29] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 40,
113001 (2016).

[30] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
121, 171803 (2018).

[31] M. Ablikim et al. (BESIII Collaboration), Phys. Lett. B 734,
227 (2014).

[32] H. Albrecht et al. (ARGUS Collaboration), Phys. Lett. B
241, 278 (1990).

[33] S. Dobbs et al. (CLEO Collaboration), Phys. Rev. D 76,
112001 (2007).

[34] K. Stenson, arXiv:physics/0605236.

[35] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 92,
112008 (2015).

032002-12


https://doi.org/10.1016/0370-2693(93)90062-M
https://doi.org/10.1103/PhysRevLett.56.2140
https://doi.org/10.1103/PhysRevLett.56.2140
https://doi.org/10.1103/PhysRevD.100.072006
https://doi.org/10.1103/PhysRevD.100.072006
https://doi.org/10.1016/j.physletb.2015.08.063
https://doi.org/10.1016/j.physletb.2015.08.063
https://doi.org/10.1007/JHEP05(2021)164
https://doi.org/10.1007/JHEP05(2021)164
http://www.slac.stanford.edu/xorg/hflav/charm/
http://www.slac.stanford.edu/xorg/hflav/charm/
http://www.slac.stanford.edu/xorg/hflav/charm/
http://www.slac.stanford.edu/xorg/hflav/charm/
https://doi.org/10.1140/epjc/s10052-016-4198-2
https://doi.org/10.1140/epjc/s10052-016-4198-2
https://doi.org/10.1088/1674-1137/40/11/113001
https://doi.org/10.1088/1674-1137/40/11/113001
https://doi.org/10.1103/PhysRevLett.121.171803
https://doi.org/10.1103/PhysRevLett.121.171803
https://doi.org/10.1016/j.physletb.2014.05.071
https://doi.org/10.1016/j.physletb.2014.05.071
https://doi.org/10.1016/0370-2693(90)91293-K
https://doi.org/10.1016/0370-2693(90)91293-K
https://doi.org/10.1103/PhysRevD.76.112001
https://doi.org/10.1103/PhysRevD.76.112001
https://arXiv.org/abs/physics/0605236
https://doi.org/10.1103/PhysRevD.92.112008
https://doi.org/10.1103/PhysRevD.92.112008

