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By analyzing a data sample of 2.93 b~ collected at /s = 3.773 GeV with the BESIII detector operated
at the BEPCII storage rings, we measure the branching fractions B(D° — wn) = (2.15 £ 0.174 %
0.154) x 1073, B(D® — 5z°) = (0.58 £ 0.054, £ 0.054,) x 1072, B(D° — 5/'z%) = (0.93 £ 0.1, +
0.09y5) X 1072, B(D° — ) = (2.20 £ 0.07 £ 0.06,) x 107 and B(D® — 5'n) = (0.94 £ 0.25,+

0.11
with much improved precision.

DOI: 10.1103/PhysRevD.97.052005

I. INTRODUCTION

Hadronic decays of charmed mesons open a window to
explore the interplay between weak and strong interactions.
Based on flavor SU(3) symmetry, different topological
amplitudes for two-body hadronic decays of D mesons can
be extracted by diagrammatic approach [1-3] or factori-
zation-assisted  topological-amplitude  approach  [4].
Consequently, comprehensive measurements of their
branching fractions (BFs) can not only test the theoretical
calculations, but also shed light on the understanding of
SU(3)-flavor symmetry-breaking effects in D decays [5].
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ays) X 1073, We note that B(D° — w#) is measured for the first time and that B(D° — #y) is measured

Two-body D hadronic decays have been extensively
investigated in previous experiments [6]. However, exper-
imental knowledge of some singly Cabibbo-suppressed

(SCS) decays involving four photons, e.g., D° — wz®, oy,

7297°, ya°, ' 2°, yy and n'n, is still poor due to low statistics
and high backgrounds. The decay D° — w is particularly
interesting, since it only occurs via W-internal emission and
W-exchange, as shown in Fig. 1, and its decay BF is
expected to be at the 1073 level [2]. However, it has not yet
been measured in any experiment.

Previously, the CLEO Collaboration reported the mea-
surements of the BFs of D° — 34z, nn, #'2° n'n [7.8].
During 2010 and 2011, a data sample with an integrated
luminosity of 2.93 fb~! [9] was collected with the BESIII
detector at a center-of-mass energy /s = 3.773 GeV. In
e'e™ annihilations at this energy, D mesons are produced
in pairs with no additional particles and can serve as an
ideal test-bed to systematically study D decays. With this
data sample, the BFs of the two-body hadronic decays
D’ — 7°2° [10] and D° — wz°, nz° [11] have been pre-
viously measured using single-tagged and double-tagged
events, respectively, in which one and two D mesons are
reconstructed in each event. In this paper, we report the
measurements of the BFs for D° — wn, nz°, #/'7°, ny and
n'n, by analyzing single-tag events using this data sample.
Throughout this paper, the inclusion of charge-conjugate
final states is implied.

II. BESIIT DETECTOR AND MONTE
CARLO SIMULATION

The BESIII detector in Beijing, China, is a cylindrical
detector with a solid-angle coverage of 93% of 4z that
operates at the BEPCII collider consisting of the following
five main components. A 43-layer main drift chamber

052005-3
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FIG. 1.

(MDC) surrounding the beam pipe provides precise deter-
minations of charged particle trajectories and ionization
energy losses (dE/dx) for charged particle identification
(PID). An array of time-of-flight counters (TOF) is located
outside the MDC and provides additional information for
PID. A GCsI(TD) electromagnetic calorimeter (EMC) sur-
rounds the TOF and is used to measure energies of
electromagnetic showers. A solenoidal superconducting
magnet outside the EMC provides a 1 T magnetic field
in the central tracking region of the detector. The iron flux
return yoke of the magnet is instrumented with 1272 m? of
resistive plate muon counters arranged in nine layers in the
barrel and eight layers in the end-caps. More details of the
BESIII detector are described in Ref. [12].

A GEANT4-based [13] Monte Carlo (MC) simulation
software package, which includes the geometrical descrip-
tion of the detector and its response, is used to determine
the detection efficiency and to estimate the potential
backgrounds. An inclusive MC sample produced at /s =
3.773 GeV consists of D°D°, D*D~ and non-DD decays
of w(3770), initial-state radiation (ISR) production of
w(3686) and J/y, the qg (¢ = u, d, s) continuum process,
and Bhabha scattering, di-muon and di-tau events. The
w(3770) is generated by the MC generator KKMC [14],
in which ISR effects [15] and final state radiation
(FSR) effects [16] are considered. The known decay
modes of J/w, y(3686) and w(3770) are generated by
using BESEVTGEN [17] with BFs quoted from the PDG
[18], and the remaining events are generated with
LUNDCHARM [19]. The inclusive MC sample corresponds
to about 10 times the equivalent luminosity of data. To
determine reconstruction efficiencies, large exclusive MC
samples (‘signal MC”) of 200 000 events per decay mode
are used.

III. DATA ANALYSIS

The two-body D hadronic decays of interest are selected
from combinations of z°, 7, w and 1’ mesons reconstructed
using 7° = yy, n=>yy, o> a2 2’ and ¥ - 2ty
decays, respectively. The D° — i decay is also recon-
structed using one # undergoing a yy decay and the other
decaying to the 7 7~ 2" final state. In the following, we use
1, and 7, in the decay D° — y to denote the decay modes

n — yy and n — 777~ 7°, respectively, but simply use # for

The Feynman diagrams for the SCS decay D° — wn.

the other D° decays with a final-state 5 to represent the
decay n — yy.

The minimum distance of a charged track to the
interaction point (IP) is required to be within 10 cm along
the beam direction and within 1 cm in the perpendicular
plane. The polar angle € of a charged track with respect to
the positron beam direction is required satisfy
|cosf| < 0.93. PID is performed by using the dE/dx
and TOF measurements to calculate confidence levels
for pion and kaon hypotheses, CL, and CLg. Charged
pions are required to satisfy CL, > CLk.

Photon candidates are chosen from isolated EMC clusters
with energy larger than 25 (50) MeV if the crystal with the
maximum deposited energy in that cluster is in the barrel
(end-cap) region [12]. Clusters due to electronic noise or
beam backgrounds are suppressed by requiring clusters to
occur no later than 700 ns from the event start time. To reject
photons from bremsstrahlung or from secondary interactions,
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FIG. 2. Distributions of the invariant masses for (a, b) the yy
combinations from the D° — yz° candidate events, (c, d) the
77~ 7° combinations from the D° — wn and D° — 171, can-
didate events, (e) the 7z~ combinations from the D° — #/z°
candidate events. The ranges between the red solid (blue dashed)
arrows denote the corresponding signal (sideband) regions.
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TABLE L

Signal and sideband regions for 7,, @ and 5’ mass spectra.

N (GeV/c?)

w (GeV/c?) 7 (GeV/c?)

Signal region
Sideband region

(0.525, 0.560)
(0.497, 0.515) or (0.570, 0.587)

(0.722, 0.747) or (0.817, 0.842)

(0.757, 0.807) (0.943, 0.973)

(0.918, 0.933) or (0.983,0.998)

showers within an angle of 10° of the location of charged
particles at the EMC are rejected. For z° and 1y
reconstruction, the yy invariant mass is required to be within
(0.115, 0.150) and (0.515,0.575) GeV/c?, respectively. To
improve 79 and 17, momentum resolution, a kinematic fit is
performed to constrain the yy invariant mass to the appro-
priate world average mass [6]. The four-momenta of the yy
combinations from the kinematic fit are used in further
analysis. Since there are two 1 mesons in the final state of
the D — 5y decay, the 7+ 7~5 combination with invariant
mass closer to the world average 7' mass [6] is regarded as the
' candidate. Figure 2 illustrates the distributions of the yy,
n "~ x° and 7 7~y invariant masses for 7° and n,, w and .,
and ' candidates from data, after above requirements. In all
cases, our nominal AE requirements are applied, and My is
required to be in the interval (1.860, 1.870) GeV/c>. See the
next paragraph for details about the definitions of AE and
Mge. For 5,  and #' signals, the 772~ 2° and 7777
invariant masses are required to be within signal regions as
shown in Table 1.

For each selected D° candidate, two variables, the energy
difference AE = Epo — Epean and the beam energy con-

strained mass Mpc = \/Epeyn/ ¢ = |[Ppol?/c? are calcu-
lated, where E,, is the beam energy, Epo and po are the
energy and momentum of the D° candidate in the e*e~
center-of-mass system. In the case of a correct D° candi-
date, AE and My will peak around zero and the nominal
D mass [6], respectively. If multiple candidates are found
only the combination with the smallest |AE]| is kept in each
single-tag mode. To suppress combinatorial background,
mode-dependent AE requirements are imposed on the
candidates. These correspond approximately to 3oag
around the fitted AE peak, where o, is the fitted resolution
of the AE distribution. To obtain single-tag D° yields, we
fit the My distributions for each mode, as shown in Fig. 3.
In these fits, the D° signal is modeled by the MC-simulated
shape convolved with a Gaussian function representing the
mass resolution difference between data and the MC
simulation, and the combinatorial background is described
by an ARGUS function [20] with endpoint fixed to
1.8865 GeV/c?>. The parameters of the Gaussian and
ARGUS functions are determined in the fit. The resulting
single-tag D yields, Ny, are summarized in Table II.
For the decays containing an 7,, @ or 7/ meson in the
final state, the non-7,, w or i’ contribution in the 7, @ or 1/
signal region is estimated by using the candidate events
within the invariant mass sidebands listed in Table 1. To

obtain the single-tag D° yields in the sideband regions, N4
(see Table II), the corresponding My distributions are
fitted using a method similar to that described above.
However, due to the low statistics and high backgrounds,
only the parameters of the ARGUS function are left free,
while the parameters of the smearing Gaussian function are
fixed to the values extracted from the Mp( fit in the signal
region. The non-z° and non-n, contributions in the yy
invariant mass spectra are ignored since decays of the form
D° — yyX are highly suppressed, and therefore any com-
binatoric background under the z° or 1, signals will not
peak in Mpc.

IV. RESULTS FOR BRANCHING FRACTIONS

Detailed MC studies show that, except for the nonreso-
nant 77,, @ and 5 background components, which are
estimated from sideband regions, no other background
processes peak in the Mpc distribution. We may thus
determine the BF for the hadronic decay D° — f via

Nnet

tot :
n'NDoDo - € Biy

B(D® ~ f) =

(1)

Here, N, is the net signal yield, which is N, — Ngiq (N;e)
when a sideband subtraction is (is not) applied to the
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FIG. 3. Fits to the Mg distributions of the (a) D° — awn,

(b) D° = n7°, (¢) D° — y'z°, (d) D° = n,n,, () D° — n,n, and
(f) D° = #/n candidate events in data. The points with error bars
are data. The blue curves are the total fit results; the red dashed
curves are the background components.

052005-5



M. ABLIKIM et al.

PHYS. REV. D 97, 052005 (2018)

TABLE II.  Summary of the singly tagged D° yields (N sig) In the signal (sideband) region in data, the detection efficiencies (¢), the
decay BFs of the intermediate particles 7°, N (x)> @ and 1 (B;,) [6], which are not included in the detection efficiencies and the

measured BFs (B). The uncertainties are statistical only. The symbol “~” denotes that the item is not relevant.

Decay mode Ngo N € (%) Bin (%) B (x107%)
D% = wn 2961 + 146 784 £ 97 13.77 £0.19 34.65 2.15+0.17
DO — pa° 1695 + 144 e 3527 £0.30 38.85 0.58 £0.05
D° = y/'n° 530 £48 61 +28 14.21 +0.12 8.83 093 +£0.11
D° - n,n, 2123 £ 87 e 29.74 £0.16 15.45 2.18 +0.09
D = 1,1, 1315 £ 54 61 £29 15.10+£0.12 17.67 222 40.11
DY = 'y 170 4+ 33 12 £25 12.01 £0.10 6.63 0.94 +0.25

intermediate mass spectra. The factor 7 is four for the D° —
1:1, decay and two for other decays. The common factor of
two accounts for charge conjugation, while the additional

factor of two in the D° — 1,1, decay accounts for the two
tot

DODO
the total number of D°D? pairs in data, which is determined
to be (10597 +28 +89) x 10° [21], € is the detection
efficiency, and B;,; denotes the decay BFs of the inter-
mediate particles 7°, Ny(x)» @ and 7' [6], which are not
included in the detection efficiencies. The numbers of
peaking background events in the Mpc distributions are
assumed to be equal between signal and sideband regions.

The detection efficiencies are estimated by analyzing
signal MC events with the same procedure as data analysis,
and are listed in Table II. Detailed studies show that the MC
simulated events model data well.

Inserting the numbers of Ny, n, Niizo [21], € and By,
[6] into Eq. (1), we obtain the resultant BFs shown in
Table II, where the uncertainties are statistical only.

possible 7,17, combinations per D° meson decay. N is

V. SYSTEMATIC UNCERTAINTY

Sources of systematic uncertainty in the BF measure-

ments are summarized in Table III and discussed below.

(i) NS0 The uncertainty of the total number of D°D°
pairs, 0.9% [21], is considered as a systematic
uncertainty for each decay.

(i) #* tracking and PID: The z* tracking and PID
efficiencies are studied by analyzing double-tagged
hadronic DD events. The systematic uncertainty for
the 7% tracking and PID efficiencies each are
assigned to be 1.0% per track. Tracking and PID
systematics are each treated as fully correlated
among themselves, but uncorrelated with each other.

(iii) 7 and n(, reconstruction: The z° reconstruction
efficiency is studied by analyzing double-tagged
hadronic decays D° — K-zt and K- ztatz™
versus D — KTz~ 7° and K$z°. The systematic
uncertainties of both the z° reconstruction efficiency
and the 7, reconstruction efficiency are found to
be 2.0%.

(iv) w, n, ory' signal window: The signal mass windows
are widened by 2 MeV/¢? for the w, 17, or 1/ used in
D° = wn, n.n,. n'a° or n'n decays. We then re-
determine the BFs, and the resulting differences,
ranging from 0.5% to 3.3%, are taken as systematic
uncertainties.

(v) AE requirement: Our AE requirements are widened
from 3 to 3.5 times the fitted width, and we
recalculate the BFs. The resulting differences, rang-
ing from 3.0% to 8.7%, are taken as systematic
uncertainties.

(vi) Myc fit: The uncertainties associated with the My
fits are estimated by comparing the nominal BFs to
the measured values with alternative signal yield fits.
Variations include alternative total fit ranges of
(1.8335,1.8865) or (1.8395, 1.8865) GeV/c?, alter-
native endpoints of 1.8863 or 1.8867 GeV/c? for
the ARGUS background function, and changes in
the detailed method used to extract the MC signal
shape. The quadratic sum of changes in the BFs,
ranging from 1.5% to 5.3%, are taken as the
systematic uncertainties.

(vil) Normalization of the backgrounds in signal/side-
band regions (BKG normalization): Our nominal
sideband subtraction for peaking backgrounds from
nonresonant combinatorics in the w, 7, and #
spectra assumes that the equal area of the sideband
and signal regions gives a correct normalization.
This is investigated by using instead a scale factor
obtained from fitting the corresponding z*z~z° or
n* 7% invariant mass spectra in data and integrating
the background shape. The relative changes of the
BFs, ranging from 0.4% to 1.1% are used as
systematic uncertainties.

(viii) Intermediate BFs: The uncertainties on the quoted
BFs for 2% =yy, n—=yy, w—ataa’ n-—
ata 2 and ' — ztan of 0.03%, 0.5%, 0.8%,
1.2% and 1.6% [6], respectively, are propagated as
systematic uncertainties.

(ix) MC statistics: The uncertainties due to limited MC
statistics used in determining efficiencies, varying
from 0.5% to 1.3%, are included.
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TABLE III. Systematic uncertainties (%) of the measured BFs, where com and ind denote the common and independent systematic
uncertainties in the measured BFs for D? — 1,1, and D — 1.1, the symbol “~” denotes that the uncertainty is not relevant.
Source D’ = wn D° — ya° DY — y'z¥ D’ — n,1, D’ — NNy D = i’y
com ind com ind

N6 50 0.9 0.9 0.9 0.9 0.9 e 0.9
a* tracking 2.0 2.0 2.0 2.0
7t PID 2.0 e 2.0 e e 2.0 2.0

7° and 1(y) TEconstruction 4.0 4.0 4.0 4.0 4.0 4.0
o, 1, or i’ signal window 0.5 e 33 e e e 0.9 1.1
AE requirement 39 4.8 7.5 3.1 3.0 8.7
My fit 2.3 53 2.5 1.5 ‘e 1.7 4.5
BKG normalization 0.5 e 1.1 e e e 0.4 0.9
Quoted BF 0.9 0.5 1.7 0.5 0.5 0.5 1.2 1.7
MC statistics 1.3 0.8 0.9 e 0.5 e 0.8 0.8
Total 6.9 8.3 9.6 54 6.3 11.2

All the individual systematic uncertainties are summa-
rized in Table III. For the measurements of D° — 11, and
D’ - 1,1y, the systematic uncertainties are classified into
common and independent parts, necessary for the proper
combination of these two measurements later. For each
decay, the total systematic uncertainty is the quadratic sum
of the individual ones.

VI. SUMMARY

Based on an analysis of the singly tagged events using
the data sample of 2.93 fb~! taken at /s = 3.773 GeV
with the BESIII detector, the BFs of the SCS decays DO —
an, na°, n'7°, yy and 1’y are measured, and are summarized
in Table IV. Here, the first and second uncertainties are
statistical and systematic, respectively. The presented
B(D® — nn) is the combination of two individual mea-
surements, B(D° - n,n,) = (2.18 £0.09 +0.12) x 1073
and B(D° - n,n,) = (2.22+£0.11+0.14) x 107, by
using the least squares method [22] and incorporating
the common and independent uncertainties between the
two modes as shown in Table III.

We compare the measured BFs and the world-average
values, as shown in Table IV. The B(D° — wn) is
measured for the first time and its magnitude is consistent
with the theoretical prediction [2—4], while the other four
BFs are consistent with the world averaged values within
uncertainties, and are of comparable or significantly

TABLE IV. Comparisons of the BFs (x1073) measured in this
work and the world averaged values.

Decay mode This work PDG [6]
D% = wn 2.154+0.17 £0.15

DO — pa° 0.58 +£0.05 +=0.05 0.68 +0.07
D% = y'n® 0.93 £0.11 £0.09 0.90 +£0.14
D% =y 2.20 +0.07 +0.06 1.67 +£0.20
D = 'y 0.94 +0.25+0.11 1.05 £0.26

improved (D° — ) precision. These measurements pro-
vide helpful experimental data to improve our under-
standing of SU(3)-flavor symmetry breaking effects in D
decays [5].
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