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Based on 7.33 fb~!

of ete™ collision data collected at center-of-mass energies between 4.128 and

4.226 GeV with the BESIII detector, the experimental studies of the doubly Cabibbo-suppressed decays
D - K*K*7z~ and D} — K*K* 7~ 7" are reported. We determine the absolute branching fraction of

D} — KTK*z~ tobe (1.247)33 (stat) £ 0.06(syst)) x 107*. No significant signal of Dy’

- KtKtn 7%is

observed and the upper limit on its decay branching fraction at 90% confidence level is set to be 1.7 x 1074,

DOI: 10.1103/PhysRevD.109.032011

I. INTRODUCTION

Doubly Cabibbo-suppressed (DCS) decays of charmed
mesons offer a unique platform to understand the dynam-
ics of charmed mesons. It is naively expected that the
ratio of the branching fraction between a given DCS D
decay and its Cabibbo-favored (CF) counterpart is about
(0.5 —2.0) x tan* @, where @ is the Cabibbo mixing
angle [1,2]. In 2020 and 2021, BESIII reported [3.,4] the
observation of the DCS decay D™ — K" z"z~z" (charge
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conjugate decays are always implied throughout this
paper). The average branching fraction of Dt —
K*ntn 7° weighted from the two measurements in
[3,4],1s [1.13 £ 0.08(stat) £ 0.03(syst)] x 1073, This gives
a DCS/CF branching fraction ratio of (6.3 4 0.5) tan* 6.
Further measurements of the DCS decays of charmed
mesons may shed light on the decay dynamics.
Specifically, two-body DCS D decay branching fractions
are important inputs to help understand quark SU(3)-
flavor symmetry and its breaking effects in the charm
sector [5—11].

In the DY sector, only the DCS decay Df — K™ K*z~
was previously reported [12]. Its decay branching fraction
was measured relative to the CF decay of D — K"K~z
by LHCb, BABAR, Belle, and FOCUS [13-16]. In this
article, we present the first measurement of absolute
branching fraction of D} — KTK*z~ and search for
D} — K*K*zz° for the first time. This analysis uses
the e e~ collision data samples collected at center-of-mass
energies (E_ ) between 4.128 and 4.226 GeV with the
BESIII detector, corresponding to an integrated luminosity
of 7.33 fb~! [17].

I1. BESIIT DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [18] is a magnetic spectrometer
located at the Beijing Electron Positron Collider (BEPCII)
[19]. 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(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 identifier
modules interleaved with steel. The acceptance of charged
particles and photons is 93% over 4z solid angle. The
charged particle momentum resolution at 1 GeV/c is 0.5%,
and the specific ionization energy loss dE/dx resolution is
6% for the electrons from Bhabha scattering. The EMC
measures photon energies with a resolution of 2.5% (5%) at
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1 GeV in the barrel (end cap) region. The time resolution of
the TOF barrel section is 68 ps, while that of the end cap
portion is 110 ps. The end cap TOF system was upgraded in
2015 using multigap resistive plate chamber technology,
providing a time resolution of 60 ps [20], which benefits
83% of the data used in this analysis [21,22].

Simulated samples produced with the Geant4-based [23]
Monte Carlo (MC) package which includes 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 (ISR) of
the ete™ annihilations modeled with the generator KKMC
[24]. The inclusive MC samples consist of the production

of DFY*)DE;) pairs (with consideration of quantum coherence
for all D°D° pair decays), the non-DD decays of the
w(3770), the ISR production of the J/w and w(3686)
states, and the continuum processes. The known decay
modes are modeled with EvtGen [25] using the branching
fractions taken from the Particle Data Group (PDG) [12],
and the remaining unknown decays of the charmonium
states with LUNDCHARM [26]. Final state radiation from
charged final state particles is incorporated with the PHOTOS
package [27]. The signal MC sample of D} — KtK* 7z~ is
generated using the known fraction of the intermediate
channel D} — K*K*0 [12], while the unknown subchan-
nels are generated according to the phase space. The signal
MC sample of D — K*K*z~z° is also generated uni-
formly over the phase space.

III. MEASUREMENT METHOD

In the e e~ collision data taken at E,, between 4.128
and 4.226 GeV, the D¥ mesons are produced mainly via
the ete™ — D:*D{ — y(2°)D{ D; process. This analysis
is performed by using the double-tag (DT) method
pioneered by the MARKIII collaboration [28]. A Dy
meson which is fully reconstructed via one of the eleven
hadronic decay modes is referred to as a single-tag (ST)
Dy meson. The event, in which the y(z°) emitted from
D:" and the signal decay can be successfully recon-
structed in the presence of ST D7 meson, is called as a DT
event. The branching fraction of the signal decay is
determined as

NDT
b
NST " €sig

Bsig = (1)

where Npr and Ngt are the yields of the DT events and ST
Dy mesons in data, respectively; e, is the efficiency of
detecting the signal decay in the presence of the ST D7
mesons, averaged over the D¥ — D,y and D! — D"
transitions weighted by their branching fractions.

IV. ST CANDIDATES

To reconstruct ST D; candidates, we use eleven had-
ronic decay modes of Dy - KTK~z~, KKz n°
natnT, KgK_, K2K+7r_7r_, U N ST Y (R
707~ Nyp~, and 1, ,-0p~. Throughout this article, p
denotes p(770) and the subscripts of #) denote individual

decay modes adopted for ") reconstruction.

The K*, 7%, K9, 7, 7°, and  candidates are selected with
the same criteria as in Refs. [29-31]. All charged tracks,
except for those from K9, are required to originate from a
region defined as |V,,| < I and |V_| < 10 cm, where |V _|
and |V,,| are the distances of the closest approach relative
to the interaction point along the MDC axis and in the
transverse plane, respectively. The track polar angle 6 with
respect to the MDC axis must satisfy |cos6| < 0.93.
Charged particles are identified by using the combined
dE/dx and TOF information. A particle is assigned to be a
pion (kaon) candidate if the confidence level for the
corresponding hypothesis is greater than for the kaon
(pion) hypothesis.

Candidates for K9 are selected via the decay
K9 — n"z~. The two charged pions are required to satisfy
|V.| <20 cm and |cos 6] < 0.93. They are assumed to be
ntz~ without particle identification (PID) requirements.
The two pions are required to have a common vertex point
via a secondary vertex fit; the fit > must be less than 200
and their invariant mass is required to be within
(0.487,0.511) GeV/c*. The decay length of any K%
candidate, measured from the interaction point, is required
to be greater than twice the vertex resolution.

Photon candidates are reconstructed by using shower
information measured by the EMC. To suppress back-
grounds from electronic noise or bremsstrahlung, candidate
showers are required to start within [0, 700] ns from the
event start time and the energy of each shower in the barrel
(end cap) region of the EMC [18] is required to be greater
than 25 (50) MeV. To suppress backgrounds associated
with charged tracks, the angle subtended by the EMC
shower and the closest charged track extrapolation to the
EMC must be greater than 10 degrees as measured from the
interaction point.

Candidates for z° and 1,, are formed from yy pairs with
invariant masses in the intervals (0.115, 0.150) and
(0.500,0.570) GeV/c?, respectively. To improve momen-
tum resolution, each yy pair is subject to a one-constraint
(1C) kinematic fit that constrains their invariant mass to the
7" or # nominal mass [12]. To form candidates for p*(),
[/ —— ;7:7 L. and n’y 0 the invariant masses of the
at2%0), 2%ztn~, patz~, and yp° combinations are
required to be within the mass intervals of (0.570,
0.970), (0.530, 0.570), (0.946, 0.970), and (0.940,
0.976) GeV/c?, respectively. In addition, the energy of
the y from an ;1; 0 decay is required to be greater

than 0.1 GeV.
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FIG. 1. The Mpc distributions of the ST candidates in data and
inclusive MC sample at 4.178 GeV. The candidates between the
two red arrows are accepted.

The transition pions from D** decays are suppressed by
requiring the momentum of any pion which is not from a
K9, n, or i’ decay to be greater than 0.1 GeV/c. In order to
reject peaking background from the Dy — K%z~ final state
in the selection of the Dy — n"z~z~ tag mode, the
invariant mass of each z"z~ combination is required to
be outside the mass window of (0.468,0.528) GeV/c?.

The backgrounds from non-D{D;™ processes are sup-
pressed by using the beam-constrained mass of the ST Dy
candidate, defined as

MBC = \/ El%eam - |ﬁtag 2’ (2)

where Eje,y is the beam energy and p,, is the momentum
of the ST Dj candidate in the e e~ rest frame. Figure 1
shows the My distributions of the ST candidates in data
and inclusive MC sample at 4.178 GeV. For the direct Dy
mesons which are produced by the ete™ collision, My
peaks, as shown by the open histogram. For the indirect Dy
mesons which are produced from D~ decays, the Mpc
distribution is broader, as shown by the red histogram. The
My value is required to be within the intervals listed in

TABLE I. Requirements of My for each energy point.
Ecm (GeV) Mpc (GeV/c?)
4.128 [2.010, 2.061]
4.157 [2.010, 2.070]
4.178 [2.010, 2.073]
4.189 [2.010, 2.076]
4.199 [2.010, 2.079]
4.209 [2.010, 2.082]
4219 [2.010, 2.085]
4.226 [2.010, 2.088]

Table 1. This requirement retains about 99% of the Dy and
D/ mesons from e*e™ — DT DE.

If there are multiple candidates present per tag mode per
charge, only the one with the Dy recoil mass

- 2 -
Moo=\ e =I5l 5,0 1l O

closest to the D*" nominal mass [12] is kept for further
analysis. The average correct tag efficiency of the best
candidate selection for individual tag modes is about 94%.
The distributions of the invariant masses (M) of the
accepted ST candidates for various tag modes are shown in
Fig. 2. The yields of ST D; mesons reconstructed in
various tag modes are derived from fits to their individual
M, distributions. In the fits, the signal is described by the
simulated shape convolved with a Gaussian function to take
into account the resolution difference between data and
simulation. In the fit to the Dy — K3K~ tag mode, the
shape of the peaking background of D~ — K(S)ﬂ‘ is
modeled by the simulated shape convolved with the same
Gaussian resolution function as used for the signal. The
combinatorial background is described by first, second or
third-order Chebychev polynomial functions. The order
of the polynomial has been validated by analyzing the
inclusive MC sample. Figure 2 shows the fit results of
different tag modes for the combined data sample from all
energy points. In each subfigure, the black arrows show the
chosen M,, signal regions. The candidates located in these
signal regions are kept for further analysis.

Based on simulation, the e*e™ — (yigr) Dy Dy process
is found to contribute about (0.7-1.1)% in the fitted yields
of ST Dy mesons for various tag modes and has been
subtracted away from the fitted yields in this analysis.
Production of D}*D*~ pairs occurs only at the highest c.m.
energy; candidates are suppressed by the Mpc requirement
and are negligible. The second and third columns of
Table II summarize the yields of ST D; mesons (Ngt)
for various tag modes obtained from the combined data
sample and the corresponding detection efficiencies (eg),
respectively.

V. DT CANDIDATES

The transition photon (or z°) and the signal Dy decay
candidate are reconstructed from the particles recoiling
against the selected D7 tag. We define the energy difference

AE=E,, + E%OHD; + E, () = Ecm., Where E;e(frf’)ﬂ);z

V1= Priat) = Bugl” + M3, E; and B, [i = y(x°) or tag]
are the energy and momentum of y(z°) or Dy tag,
respectively. A loop is performed over all y and z°

candidates which were not used in the ST reconstruction,
under the two assumptions of D} — z°D, and
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FIG. 2. Fits to the M, distributions of the selected ST candidates for various tag modes. The points with error bars are the data
combined from all energy points. The blue solid curves represent the best fit results, and the red dashed curves stand for the fitted
backgrounds. For the tag mode of Dy — KgK ~, the blue dashed curve is the peaking background from D~ — Kgﬂ‘. The pair of arrows

denote the M,,, signal regions.

Dt — yD{. If more than one combination satisfies the
selection criteria, the one with the minimum |AE]| is chosen.

The selection criteria of z~, KT, and z° for D} —
KTK*7z~ and D} — K*K*tz2~7° reconstruction are the
same as those used to choose the ST candidates. We require
that there are exactly three good charged tracks which are
not used to form the ST candidate; one track is identified as
a 7~ and the others are required to be identified as K*s. For
D} — K+*K*+z~ a0, if there are multiple z°s on the signal
side, only the z° with the smallest > of the 1C (mass-
constrained) kinematic fit is selected.

Figure 3 shows the distributions of the invariant masses,
Mg, of the accepted signal candidates. The DT efficiencies
and the signal efficiencies of detecting D} — K™ K"z~ and
D} — K*K*a~x° for different tag modes, weighted over
different energy points, are summarized in Table II. The
average signal efficiencies of D — K"K*Tz~ and
DY — K*K*7n~ 2%, weighted over different tag modes,
are (35.57 £0.18)% and (10.32 £ 0.10)%, respectively,
where the uncertainties are due to the limited MC statistics.

The signal yields are extracted from unbinned maximum
likelihood fits to the M;, spectra in Fig. 3. In the fit, the
signal is modeled by the MC-simulated signal shape

smeared with an additional Gaussian resolution function
(with float parameters for Dy — K"Kz~ and fixed
parameters from a fit to the corresponding CF decays
for DY — K*K*7~2%). The background is described by
the simulated shape from the inclusive MC sample, and the
yields of the signal and background are floating. The
statistical significance of D — KTK*z~ is estimated to
be 6.26, by \/=2In(Ly/ L nax ), Where L., and Ly are the
maximal likelihoods of the fits with and without the signal
contribution, respectively. The signal yield of DJ —
K*K*z~ is obtained to be 33.37/%.

For D} — KTK* 7z~ 7° no significant signal is observed,
and an upper limit on the decay branching fraction is set.

VI. SYSTEMATIC UNCERTAINTIES

Table III summarizes the sources of systematic uncer-
tainty in the branching fraction measurements; details are
given below.

The systematic uncertainties on the fitted yields of the ST
D7 mesons are estimated by using alternative signal and
background shapes. First, alternative signal shapes are
obtained by changing from those derived from the inclusive
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TABLE II.

The fitted yields of ST D mesons from the combined data sample, Ngr (in units of x103), the efficiencies of detecting ST

D7 mesons, DT events, and signal events (esr, €pr, €5is = €pr/€st, all %) for various tag modes. For all numbers, the uncertainties are
statistical only. The listed efficiencies do not include the branching fractions of any daughter particle decays. For each signal channel, the
efficiencies have been weighted over different energy points and different ST decay modes.

Tag mode \Y (Gev/ 02) Ngr €sT EDT K Ktn~ €sig KK+~ E€DT KKtz 20 €sig KK+ 770
KtK ™ (1.950, 1.986) 280.7+0.9 40.87+0.01 13.99+0.06 34.23+0.14 424+0.03 10.38+0.09
K*K~ 7 n° (1.947, 1.982) 86.3+1.3 11.83+0.01 4.53£0.09 3830£0.80 1.08=£0.05 9.16 £0.44
g ata (1.952, 1.984) 727+ 14 51.86+0.03 17.68+£0.06 34.09+0.12 554+0.04 10.69+0.07
K(S)K‘ (1.948, 1.991) 62.24+04 4737+0.03 16.07£0.07 33.93+0.15 5.07£0.04 10.70£0.09
K(S)K+7t‘ﬂ‘ (1.953, 1.983) 29.6 £0.3 20.98 +£0.03 6.99 £0.14 33.31+£0.68 1.85+0.08 8.82 +0.38
Ny~ (1.930, 2.000) 39.6 £0.8 48314+0.04 1679+£0.06 3476+0.12 5.19+0.03 10.74 £0.07
/IR - (1.941, 1.990) 11.7£0.3 2331 +0.05 821 £0.06 35244026 235£0.03 10.07£0.15
U (1.940, 1.996) 197£0.2 25.17 £0.04 832+0.06 33.06+023 2.46+0.03 9.78 £0.13
Nl 0m (1.938, 1.992) 504+£1.0 3246+0.03 11.53+0.06 3551+0.18 342+0.03 10.52+0.11
NyyP~ (1.920, 2.006) 80.1+£23 19.924+0.01 831+0.07 41.724+030 227+0.04 11.40=£0.18
[/ (1.927, 1.997) 222+14 9.15 +0.01 390+£0.07 42.64+£0.65 0.98+0.03 10.734+0.38
Weighted average 35.57£0.18 10.32 £0.10
MC sample to those from the signal MC samples. Second, = TABLE III. Systematic uncertainties on the branching fraction

an alternative background shape is obtained by varying the
order of the nominal Chebychev function by £1. For a
given ST mode, the differences in the ratio of the yields of
ST Dy mesons over the corresponding efficiency for all
variations, and the background fluctuation of the fitted
yield of ST Dy are reweighted by the yields of ST D7
mesons in various data samples and are added in quad-
rature. An additional component to this uncertainty is
statistical in nature, and accounts for the contribution of
background fluctuations to the fitted yields of ST D7
mesons. The total uncertainty associated with the ST yield
N} is estimated to be 0.5%.

measurements. Uncertainties in the square brackets are additive un-
certainties on the number of events; all other uncertainties are in %.

Source KTK*tn~ KKt n°
Ngr 0.5 0.5
Tracking 3.0 3.0
PID 3.0 3.0

7, n¥ reconstruction 1.0 3.0
Mg, fit [0.2]
Quoted branching fractions 0.3 0.3
MC model 0.7 5.3
MC statistics 0.5 1.0
Total 4.5 7.5 [0.2]
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branching fraction of D — KTK*z~z°. The results incorpo-
rating the systematic uncertainties are shown as the blue curve.
The black arrow shows the Ny, result corresponding to 90% con-
fidence level.
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The systematic uncertainties from the tracking and PID of
K* and z* are estimated by using the control sample of
ete” — K*Kntz(x°) [32]. The systematic uncertainties
in the tracking and PID efficiencies are both assigned as 1.0%
per K* or z*. The systematic uncertainties in the photon
selection and the z° reconstruction are studied with the
control sample of J/yw — 272~ 7% [33]. The systematic
uncertainty in the photon selection is assigned as 1.0%
per photon, and the systematic uncertainty in the z° re-
construction, including the photon finding algorithm,
the #° mass window and the 1C kinematic fit, is assigned
as 2.0% per 7°.

The systematic uncertainty related to the My, fit has two
sources. First, an alternative signal shape is obtained by
varying the parameters of the smeared Gaussian function by
+16. Second, an alternative background shape is obtained
by varying the gg component in the inclusive MC sample by
its uncertainty due to the limited MC statistics. For the upper
limit determination of D} — K*K*z~ 2%, the signal and
background shape affect the likelihood function directly.
Changing the signal (background) shape shifts the signal
yield from the fit by 0.1 (0.2), and we take the larger value as
the additive systematic uncertainty.

Varying the D} branching fractions [12] by +1¢ changes
the efficiency by 0.3%; this is taken as the associated
uncertainty.

The systematic uncertainty related to the MC model is
estimated using alternative signal MC samples. For
D - K*K*zn~, the branching fraction of the D} —
K*K*0 subchannel is varied by its uncertainty. For D} —
K*K*n 7", the average signal efficiency of D} —
KKtz K**K*7z~, K*K*p~, and Dy — KT Ktz 7°
(phase space) is used in place of the phase space efficiency.
The maximum changes of the signal efficiencies, 0.7% and
5.3%, are assigned as the systematic uncertainties for D} —
KTK*z~ and D} — K*K*7~ 20, respectively.

VII. RESULTS

Inserting the numbers of Npy, Ngr, and eg, of D —
K*K*™z~ in Eq. (1), we determine its decay branching
fraction to be

Bp: Lk ke = (1.247035(stat) & 0.06(syst)) x 1074,

The upper limit on the branching fraction of D —
KTK*n 7% is set with the Bayesian approach [34],
incorporating the systematic uncertainties. The raw like-
lihood distribution versus the branching fraction is smeared
by a Gaussian function with a mean of zero and a width
equal to the systematic uncertainty. The red solid curve in
Fig. 4 shows the resulting likelihood distribution. The
upper limit on the branching fraction at 90% confidence
level is set as

BD;—»K*KJWF;:O < 1.7 x 1074,

VIII. SUMMARY

Using 7.33 fb~' of e*e™ collision data collected
at E., between 4.128 and 4.226 GeV with the
BESIII detector, we investigate the DCS decays D} —
K*K*z~ and Dy — K*K*zz°. The absolute branching
fraction of DJ - KtK*z~ is determined to be
(1.247938(stat) £ 0.06(syst)) x 107*, which is in good
agreement with the world average value of (1.274 £
0.031) x 10~ [12], based on the relative measurements
from LHCb, BABAR, Belle, and FOCUS [13-16]. No
significant signal of D} — KTK* 7z~ 2% is observed. The
upper limit on the branching fraction of D} — K*K+7z~7°
is 1.7 x 10~* at 90% confidence level. Table IV summarizes

TABLE IV. The branching fraction and upper limit obtained in this work, the world average branching fractions of the corresponding
CF decays, the DCS/CF branching fraction ratios and these ratios in units of tan* @-. The DCS/CF branching fraction ratios are

consistent with the native expectation of (0.5-2.0) x tan*6.

DCS decay Bihiswork (x1074) CF decay BERS (x1072) Bibis work / BPPG (% 1073) x tan* O
Di - KtKtz~ 1.24797% +0.06 D} - K*K~n* 5.37£0.10 2311032 0.80708
Dy - K*K*ta a° < 1.7 D - K*K nta° 5.50 £0.24 < 3.09 < 1.07
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the results obtained in this work and the world average
branching fractions of the corresponding CF decays.
The DCS/CF branching fraction ratios and the corre-
sponding factors relative to tan* . are also listed. No
significant deviation from native expectation of
(0.5 —2.0) x tan* O is found.
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