PHYSICAL REVIEW D 111, 092005 (2025)

Measurement of the branching fractions of D* - K*K zn*n*xn~,
prtnta, KiK*nta~n KXK*1n, and KYK*w decays
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Using 20.3 tb~! of e*e™ collision data collected at a center-of-mass energy of 3.773 GeV with the
BESIII detector operating at the BEPCII collider, the branching fractions of three hadronic charm meson
decays, DT - ¢ntxtn, DT — K2K+7T+ﬂ'_ﬂ'0, and DT — K2K+w, are measured for the first time to be
(0.54 £ 0.19 £ 0.02) x 104, (2.51 £0.34 £0.14) x 10, and (2.02 £ 0.35 £ 0.10) x 10, respec-
tively. Futhermore, the branching fractions of D* - K*K-z"z*z~ and D" — K%K *5 are measured
with improved precision, yielding values of (0.66 & 0.11 £ 0.03) x 10™*and (2.27 £ 0.22 + 0.05) x 1074,

respectively.
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I. INTRODUCTION

Hadronic D decays provide an ideal platform for
exploring strong and weak interactions in decays of
hadrons with charm or bottom quarks [1]. In recent years,
the branching fraction (BF) ratios R/, = Bp_ pe,ip /
Bp_p» o5, (¢ = u, e) measured by different experiments,
have been found to deviate from the standard model (SM)
prediction by ~3.1¢ [2], and the exclusive hadronic D%(+)
decays with three charged pions in the final state are key
potential backgrounds in this measurement [3]. To date, the
BFs of many exclusive hadronic D°*) decays are poorly
studied [4]. Measurements of the BFs of these decays offer
important input for lepton flavor universality tests with
semileptonic B decays, and studies of multibody charm
decays also help model and understand the background
when probing the D) decay with a 7 in the final state.

Although many studies of hadronic D decays have been
performed by different experiments [4], knowledge of the
hadronic decays D™ — K Kzzx remains limited. Previously,
only the BF of the decay D™ - K"K~z n"z~ was mea-
sured by the FOCUS Collaboration, yielding (2.3 £ 1.2) x
10~ [5], and the BF of the decay D" — K%K was
measured by the BESIII Collaboration, yielding (1.8 &
0.5) x 10~* [6]. In this work, the measurements of the
absolute BFs of the decays D' — K"K n'n'zn™,
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Dt - KYK*ztn=2% DT — ¢ntata-, DY - KIK'n,
and Dt - KgKﬂo are performed by analyzing 20.3 fb~!
of e e~ collision data collected at the center-of-mass energy
/s = 3.773 GeV with the BESIII detector [7]. Throughout
this paper, charge conjugation is always implied.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [8] records symmetric ete™ colli-
sions provided by the BEPCII storage ring [9] in the
center-of-mass energy range from 1.84 to 4.95 GeV, with
a peak luminosity of 1.1 x 10°} cm™2s~! achieved at
\/s = 3.773 GeV. BESIII has collected large data samples
in this energy region [10—12]. The cylindrical core of the
BESIII detector [13] covers 93% of the full solid angle and
consists of a helium-based multilayer drift chamber
(MDC), a plastic scintillator time-of-flight system (TOF),
and a CsI(TI) 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 mod-
ules interleaved with steel. The charged-particle momentum
resolution at 1 GeV/c is 0.5%, and the dE/dx resolution is
6% for electrons from Bhabha scattering. The EMC mea-
sures 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 [14].

Simulated Monte Carlo (MC) samples produced with
the Geantd-based [15] MC package which includes the
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TABLE I. Fractions of various resonance states for the decays
DY > K"K ntnta~, D" >K3K* n"n 2", and DT — K}K " w.
Except for those listed below, no other significant resonances are
observed in the data due to limited sample sizes, and the fractions
for the former two signal decays are obtained based on our
measurements later.

Signal decay Resonance source Fraction (%)

DY > K"K n"zatn~ K K ntntn~ 60.0 + 14.0
¢ntrtn 40.0 +£14.0
D" - KKt xt a0 KiK*n 269 +9.2
KiK+a 731492
DT — K2K+w I_((I)K+ 56.2 +2.4 [20]
KTK% 43.8 + 2.4 [20]

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 eTe™ collisions modeled with the KKMC generator
[16]. An inclusive MC sample includes the production of
DD pairs (including quantum coherence for the neutral D
channels), the non-DD decays of the y(3770), the initial-
state radiation production of the J/y and w(3686) states,
and the continuum processes incorporated in KKMC [16].
All particle decays are modelled with EvtGen [17] using the
BFs either taken from the Particle Data Group (PDG) [4],
when available, or otherwise estimated with Lundcharm [18].
Final-state radiation from charged particles is incorporated
with the pHOTOS package [19].

The signal MC samples for the decays Dt —
K*K-ntzta~, DT - KSK*a" 2~ 2° and DT - K{Ktw
are generated with potential resonances, using the fractions
listed in Table I, while the samples for other signal decays
are generated using a uniform phase space.

III. METHOD

The y(3770) resonance, which lies just above the DD
threshold, predominantly decays into D°D® and D*D~
meson pairs. Taking this advantage, the absolute BF of the
D™ decay can be measured using the double-tag (DT)
method, which was first developed by the MARKIII
Collaboration [21,22]. To measure the BF of a given D
decay, single-tag (ST) D~ mesons are selected using the six

hadronic decay modes K*z~z~, Kbn~, K*n z

Kgﬂ_ﬂo, Kg;ﬁn‘zr‘, and K"K~ z~, which have relatively
large BFs and low backgrounds. Events in which a signal
candidate is reconstructed in the presence of an ST D~
meson are referred to as DT events. The BF of the signal

decay can be determined as

__Nor
sig N esig’

B (1)

where N§& = >, Ni; and Npr represent the total yields of
the ST and DT candidates in the data, respectively, and N
is the ST yield for tag mode i. The efficiency for detecting
the signal D" decay, averaged over all tag modes, is
given by

i N
€4 = Z epr Vst (2)

i tot ’
—~ €sr Nt

where €l is the efficiency of reconstructing the ST mode i,
and ehyy is the efficiency of finding both the ST mode i and
the signal decay simultaneously.

IV. SINGLE-TAG SELECTION

For each charged track (except those used for Kg
reconstruction), the polar angle with respect to the MDC
z-axis () satisfies | cos 8| < 0.93, and the point of closest
approach to the interaction point (IP) must be within 1 cm
in the plane perpendicular to the z-axis and within 10 cm
along the z-axis. For particle identification (PID), charged
tracks are identified using the dE/dx and TOF information,
from which the combined confidence levels for the pion
and kaon hypotheses are computed separately. The charged
tracks are then assigned as the particle type with the higher
probability.

The Kg candidates are formed from pairs of oppositely
charged tracks. For these two tracks, the distance of closest
approach to the IP is required to be less than 20 cm along
the z-axis. There are no limitations on the distance of
closest approach in the transverse plane or on the PID
criteria for these tracks. The two charged tracks are con-
strained to originate from a common vertex, which must be
at least twice the vertex resolution away from the IP in
terms of flight distance. The quality of the vertex fits
(primary vertex fit and secondary vertex fit) is ensured by a
requirement on the y? (y*> < 100). The invariant mass of the
a7~ pair is required to be within (0.487,0.511) GeV/c>.

The #° candidates are reconstructed via 7° — yy decays.
Photon candidates are selected from the EMC showers that
are unassociated with any charged track [23], and the EMC
time deviation from the event start time is required to be
within [0, 700] ns. The energy deposited in the EMC is
required to be greater than 25 MeV in the barrel region
(Jcosf] < 0.80) and 50 MeV in the end-cap region
(0.86 < |cos@| < 0.92). The opening angle between the
photon candidate and the nearest charged track in the EMC
is required to be greater than 10°. At least one of the
photons is required to be detected in the barrel EMC, as the
end caps have poorer resolution. For each 7° candidate, the
invariant mass of the photon pair is required to be within
(0.115,0.150) GeV/c?. To improve the momentum reso-
lution, the yy invariant mass is constrained to the nominal
7Y mass [4] using a 1-C kinematic fit, with the y? of the fit
required to be less than 50. The four-momentum of the z°
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TABLE II.

AE requirements, ST yields in data (Ngt), ST efficiencies (egt) and DT efficiencies (epr), where the uncertainties are

statistical only. The superscripts 1, 2, 3, 4, 5 and 6 correspond to the following decays: D™ — KT K~z 2z z~, DT — K‘;K Tt a0,
D" — K{K*n,,, DY - ¢a"ata, DY - KYK -0, and DT — KYK "o, respectively.

Tag mode AE (MeV)  Ngp(10%) est (%) ehr (%) 1 (%) &1 (%) b (%) er (%) €S0 (%)

D~ - Ktz zm~  (=25.24) 57104425 52444001 4724006 2334+005 1652+0.16 639+0.10 6.81+0.11 3.2540.08
D~ - Kz~ (—25.26)  6669+08 51.89+0.02 4.82+0.06 243+005 1675+0.16 638+0.10 6.97+0.11 3.36+0.08
D = Ktn ' (=57.46) 18100419 27.19+001 1994006 082+0.04 13.35+029 557+020 4.80+0.18 2.20+0.13
D~ - K% z° (=62,49) 150724+1.5 27.57+£0.01 2.194+0.06 1.01+0.04 14374028 568+0.19 554+0.18 2.55+0.13
D~ - Ktz (=28,27) 809.7+1.1 29.68+0.01 227+006 1.0640.04 1440+026 552+0.17 515+0.16 2.56+0.12
D~ - K*K-n~  (=24,23) 4919409 4205+002 3754006 1.75+0.04 1634+020 639+0.13 649+0.13 3.24 +0.09

candidate, updated by this fit, is then used for further
analysis.

To distinguish the ST D~ mesons from combi-
natorial backgrounds, we define the energy difference
AE=Ep — Ey,n and the beam-constrained mass
Mge = \/E}t /¢t = |Pp- >/ %, where Epeyy is the beam
energy, and Ep- and pp- represent the total energy and
momentum of the ST D™ meson in the e*e™ center-of-mass
frame. If there is more than one D~ candidate for each ST
mode, the one with the smallest |AE]| is retained for further
analyses. The AE requirements and ST efficiencies are
summarized in Table II.

For each tag mode, the yield of ST D~ mesons is
extracted by fitting the corresponding My distribution.
The signal shape in the fit is modeled by the MC-simulated
signal shape, convolved with a double-Gaussian function.
The background shape is described by an ARGUS function
[24], with the end point fixed at 1.8865 GeV/c?, corre-
sponding to Ey,,. Figure 1 shows the results of the fits to
the My distributions of the accepted ST candidates in the
data for various tag modes.
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FIG. 1. Mpc distributions of the ST D~ candidates, with fit
results overlaid. The points with error bars are data, the blue
curves correspond to the best fit results, and the black solid curve
with red dashes represents the fitted combinatorial background
shapes.
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V. DOUBLE-TAG SELECTION

The D" signal candidates are selected from the tracks
remaining after the D~ candidates have been formed.
Candidates for K*, 7%, K9, and #° are selected using the
same criteria as those used in the tag selection.
Candidates for 5 are selected in the same way as 7°,
except that the invariant mass of the photon pair is
required to be within (0.505,0.575) GeV/c?. For the
decays DT - KK ztz"n~, Dt > K2K+ﬂ+ﬂ'_ﬂ0, and
Dt — KgKﬂyw, we require the signal sides to have five,
five, and three additional charged tracks, respectively.
Additionally, at least two good photons are required for
the latter two decays.

To reject background events from D' — K+ K=Kz "
and D™ — K9K"K97° with K — z*z~ for the invariant
mass of any #7 2~ combination (M ,+ - ) directly originating
from D decays is required to be outside the range
|M ;- —0.498| < 0.020 GeV/c?. This requirement cor-
responds to at least five times its resolution around the Kg
known mass.

For each selected combination, the energy difference
AEg, = Ep+ — Epean and  the beam-constrained mass

M3¢ are calculated, similar to those on the tag side. If
there are multiple combinations, the one giving the smallest
|AEg,| is retained. In the measurements of hadronic D"
decays, no ME% requirement is imposed on the tag side to
avoid peaking backgrounds in the Mp¢ distribution.

The AEg, requirements for different signal decays are
listed in Table III. These requirements correspond to a
region of 3.5¢ around the peak obtained from the fit to the
signal MC simulation.

TABLE IIl. AE, requirements for different signal decays.

ig

Signal decay AEg, (MeV)
D" - KtK zzntn™ (—24,22)
Dt — K2K+7l'+ﬂ'_ﬂ.'0 (-31,26)
D" — K%K*n,, (-23,22)
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FIG. 2. M;ié distributions for the DT candidate events in data, with fit results overlaid. The dots with error bars are data, the blue solid
curves are the fit results, the red solid curves are the fitted signal shapes, and the dashed curves are the fitted background shapes.

To extract the signal yields of the D* — K*K~z"z"z~,  MC-simulated shape convolved with a Gaussian function
D" — KYKtntz~x’, and DT — K¢K'n,, decays, with floating parameters to account for the resolution
unbinned maximum likelihood fits are performed on the  difference between the data and the MC simulation.

E% distributions using individual accepted candidates. =~ The background shapes are modeled by the ARGUS
In the fits, the signal shapes are described by the  function [24].
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FIG. 3. Distributions of M;% K- VETSUS Mg sig ¢ of the DT candidate events in data (left), and the projections of the two-dimensional
fits to (middle) M*2 Lo and (right) My “g .In the middle and right columns, the dots with error bars are data, the blue solid curves are
K"K~ /n*n g g

the fit results, the dashed curves are the ﬁtted background shapes, and the solid curves in other colors are the fitted signal shapes. In the
upper figure, the red solid line represents the ¢ signal; in the lower figure, the red solid line represents the 7 signal and the green solid line
represents the @ signal.
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To extract the signal yields of D" - ¢ztntz~, DT —
KK+ 0 and DT — KK " w, two-dimensional fits are

sig
K*K~)ataa°

for the DT candidate events in data. In the fits, the signal

performed on the distributions of M versus M i;%

and background shapes in the M]s;% distributions are
described as follows: the shapes of the ¢ and 5/ signals
are modeled by the signal MC shape convolved with a
Gaussian function, and the combinatorial backgrounds are
modeled by a reverse-ARGUS function and a second-
order polynomial function in the Mg+g- and M+ -0
distributions, respectively. The results of the fits to
the accepted DT candidate events in data are shown in
Figs. 2 and 3.

For the decays containing a K% in the final state, the
combinatorial z"z~ background in the K(S) signal region is
estimated using events in the K9 sideband region, defined
by 0.020 < | M ,- —0.498] < 0.044 GeV/c>. For signal
channels with sideband events present in the data, both the
yield and the efficiency have been corrected to account for
the influence of the sideband. These corrections are
negligible for all decays.

The statistical significance of the decay D™ — ¢a™ntn~
is 3.10, while the statistical significance of the other signal
decays exceed 5.00. They are estimated by comparing the
likelihoods of fits including and excluding the signal
components, taking into account the change in the number
of degrees of freedom.

The yields of the DT events, the efficiencies of detecting
the signal decays in the presence of the ST D™, and the
resulting BFs are listed in Table IV. The average BF of
Dt — KgK*;f] is obtained by reweighting the BFs of
D" — K%K*n,, and D" — KK, -0, incorporating
the statistical uncertainties and both correlated and uncor-
related systematic uncertainties, as described in Ref. [25].
Here, the uncertainties arising from the ST yield, K*
tracking and PID, Kg reconstruction, and the quoted BF
of K — nz~ are assumed to be correlated, while those
from the other sources are assumed to be uncorrelated.

TABLEIV. Numbers used to calculate the BFs (53
number of DT events; e

sig
sig

Details of the systematic uncertainties in the BF measure-
ments are provided below.

VI. SYSTEMATIC UNCERTAINTIES

With the DT method, the systematic uncertainties
associated with the ST selection cancel and do not affect
the BF measurements. The systematic uncertainties in the
selection of the signal side are discussed below.

The uncertainty related to the total ST yield (N§}) is
assigned as 0.3%, determined by varying the signal and
background shapes, and floating the parameters of a single
Gaussian function in the fit.

The tracking efficiencies of (K/z)*= are studied by
analyzing DT DD events, using a control sample where
a (K/m)* is missing, derived from D°— K-z,
D’ - K~ntntn~, and D* — K~ 7" n" decays. The sys-
tematic uncertainties in the tracking are assigned as 0.5%
per track, which is the difference of tracking efficiencies
between data and MC simulation.

The PID efficiencies of (K/z)* are investigated using
the same control samples as in the tracking study. The
difference of PID efficiencies between data and MC
simulation, 0.5% per track, is taken as the systematic
uncertainty.

The systematic uncertainty in z° reconstruction is
assigned as 2.0% per 7° using control samples of
D > K~ 7zt7% D > Ktz~ and D° - KTz 7 z*t. Due
to the limited size of the 7,, sample, the uncertainty in 7,,
reconstruction is assigned as 2.0% per 7, by referring to
the 7° reconstruction.

The uncertainties of the quoted BFs of 7% — yy,
Kg sata,n-yyr,n—ataa’, and @ - 2t A0

+

0

@ are
0.03%, 0.07%, 0.5%, 1.2%, and 0.8%, respectively.

The uncertainties due to the AFE requirements are
assigned by analyzing the decays D" — K ztz"ntz™,
Dt — K%zt zta=2% and D — K$z*y. The differences
of the acceptance efficiencies between data and MC
simulation are taken as the systematic uncertainties, which
are 0.2%, 1.6%, and 0.1% for D* - KtK-ztzTn,
Dt - KYK*zta= 2% and Dt — KK *n, respectively.

), where the first uncertainties are statistical and the second systematic. Npr is the
is the efficiency of detecting the signal decay in the presence of the ST D~ and does not include the subdecay

BFs; Byeign: is obtained by weighting measurements with different # decays; and Bppg is the previous measurement.

Signal decay Npr €ig (%) Bsig(10_4) Bweight(10_4) Bppg (107*)
D" - K"K ntatn 61.8£10.5 8.53 +0.08 0.66 £0.11 £0.03 23+1.2
DT = ¢ntata 17.8 £6.3 6.09 £ 0.07 0.54 £0.19 £ 0.02 e

Dt — KgK+ﬂ+ﬂ_ﬂO 77.5 £10.5 4.05 £0.06 251 +£0.34+0.14

D+ —>K(§K+71W 101.5+11.2 15.55+0.11 2.17 £0.24 £ 0.08 227 4022 4+ 0.05 18405
Dt = KOK* e 314463 6.17 +0.07 2.90 +0.59 £ 0.15 ' ' ' e
DY - KiK' w 404 £7.0 2.93 4 0.05 2.02 £0.354+0.10
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TABLE V. Relative systematic uncertainties (%) in the BF measurements.

Signal decay KYK ntntn KVK*ntnn® K$K*n, ¢rtata KOK 1 g0 KKt
N 0.3 0.3 0.3 0.3 0.3 0.3
(K/z)* tracking 2.5 2.5 1.5 2.5 2.5 2.5
(K/=)* PID 2.5 1.5 0.5 2.5 1.5 1.5
7° or 1, reconstruction 2.0 2.0 2.0 2.0
Biub—decay S 0.1 0.5 1.0 12 0.8
AEg, cut 0.2 1.6 0.0 0.2 1.6 1.6
Mass fit 0.9 1.2 1.9 2.2 2.4 24
KY reconstruction 2.0 2.0 2.0 2.0
MC sample size 0.8 1.1 0.5 0.9 0.8 1.3
MC model 2.6 32
Total 4.3 5.6 3.8 4.3 5.2 5.2

The systematic uncertainties of the mass fit are examined
by varying signal and background shapes. The alternative
signal shapes are chosen as the MC truth-matched signal
shapes. The alternative background shapes are obtained by
modifying the reverse-ARGUS endpoint by £0.2 MeV/c?
and varying the polynomial function by one order. The
largest changes in the remeasured BFs are assigned as the
systematic uncertainties.

The Kg reconstruction is examined using hadronic DD
events, with D° or Dt decaying into Kz*n~, K§zta=z°
K97°, K9x*, KSnt2°, and K$ztatz~. The difference of
efficiencies between data and MC simulation is taken as the
systematic uncertainty in K% reconstruction, which is 2.0%
per K. The systematic uncertainty of K% — 7z~ rejection
is studied using the control sample of D™ — K$e*v,. The
acceptance efficiencies of data and MC simulation are
consistent with each other, and the relevant systematic
uncertainty is negligible.

The uncertainty due to the MC sample size is assigned as
(0.5-1.3)% for different signal decays. The uncertainties
due to the mixing of signal MC sample are examined by
varying the fractions by 4-16. The changes of the efficien-
cies are assigned as the systematic uncertainties.

The details of the systematic uncertainties in the BF
measurements are listed in Table V.

VII. SUMMARY

In summary, by analyzing 20.3 fb~! of e*e™ collision
data collected with the BESII detector at +/s =
3.773 GeV, the absolute BFs of Dt - KTK=ztzt 7™,
DY - KYK™n, D* > ¢atntn, D" - KWK ntn"n°,
and Dt - KgKer have been measured to be
(0.664+0.114+0.03) x 1074, (2.27 £0.22 £+ 0.05) x 1074,
(0.54 £0.19 £0.02) x 1074, (2.514:0.34+0.14) x 1074,
and (2.02 4 0.3540.10) x 107*, respectively. The BFs
of the latter three decays are measured for the first time,
while those of the former two decays are measured with

improved precision. Our results enrich the knowledge of
the D — KKrnn hadronic decays. Larger data in the future
will be helpful to further study the substructures in these
decays.
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