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Analyzing (448.1 +2.9) x 10° y(3686) events collected with the BESIII detector at the BEPCII
collider, the (3686) — wK3K?% decay is observed for the first time. The branching fraction for this decay
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is determined to be By, 3636) - KOK) = (7.04 £ 0.39 & 0.36) x 1073, where the first uncertainty is statistical

and the second is systematic.

DOI: 10.1103/PhysRevD.104.092003

I. INTRODUCTION

Experimental studies of charmonium decays are an
important tool to study QCD [1]. In perturbative-QCD
(pQCD), both J/y and w(3686) decays to light hadrons
mainly proceed through annihilation of the cc¢ pair into
three gluons, with the decay width proportional to the
square of the charmonium wave function at the origin [2].
One obtains the pQCD 12% rule for the ratio of branching
fractions of y(3686) and J/y decays to light hadrons:

By, 686)-n By (3686)—ete-

Q= =

BJ/y/—»h

=12.7%.
B]/w—»e*e’

A violation of this rule was first observed by Mark-II in the
J/w — pn decay [3] and subsequently found in other decay
channels. The inconsistency between pQCD predictions
and experimental results is known as the pz puzzle. Various
mechanisms have been proposed to explain the observed
discrepancies. However, no single model provides an
explanation of all available experimental results (for a
review, see Ref. [4]).

Additional measurements of individual branching frac-
tions of J/y and y(3686) decays provide complementary
information to understand the pz puzzle and further
investigate charmonium decay mechanisms [1]. In recent
years, a lot of progress has been made in experimental
studies of multibody J/w and y(3686) decays. For
example, the J/y — wKK decays have been studied in
Refs. [5,6], and the y(3686) —» wK ™K~ decay has been
investigated in Refs. [7-10]. In Ref. [10], Q x+x- for the
w — oK K~ decays is determined to be (18.4 +3.7)%,
indicating no significant violation of the 12% rule. To date,
however, no study of y(3686) > wK%KY has been
reported. A first measurement of the branching fraction
of w(3686) — wK$KY allows us to test whether the 12%
rule holds for y — wK$K? decays.

The branching fraction of y — ¢(w)K°K" is expected to
be equal to that of y — ¢(w)K"K~ based on isospin
symmetry (neglecting possible effects related to continuum
production). Earlier measurements summarized in Ref. [11]
roughly support this relation. Comparing the obtained
branching fraction for w(3686) - wK%K{ to that for
w(3686) —» wK 'K~ offers an opportunity to search for
isospin symmetry violation in y(3686) decays.

In this paper, we present the first observation and
branching fraction measurement of y(3686) — wK%KY.
This analysis is carried out using (448.1 £2.9) x
10 y(3686) events collected at the center-of-mass energy

of 3.686 GeV with the BESIII detector in 2009 and 2012
[12]. An inclusive y(3686) Monte Carlo sample, consisting
of 506 x 10 events, is used to estimate potential back-
grounds from y(3686) decays. The detection efficiency is
determined using 5 x 10° y(3686) —» wK%KY decays
modeled to reproduce the kinematic distributions found
in the data. The @ decays are described with a Dalitz decay
model [13]. A data sample collected at the center-of-mass
energy of 3.65 GeV with an integrated luminosity of
43.88 pb~! is used to estimate the contamination from
continuum processes.

I1. BESIIT DETECTOR AND MONTE CARLO
SIMULATION

The BESI detector [14] records symmetric e'e”
collisions provided by the BEPCII storage ring [15], which
operates with a peak luminosity of 1 x 10** cm™2s~! in the
center-of-mass energy range from 2.0 to 4.95 GeV. BESIII
has collected large data samples in this energy region [1].
The cylindrical core of the BESIII detector 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(Tl) electromagnetic
calorimeter (EMC), which are all enclosed in a super-
conducting solenoidal magnet providing a 1.0 T magnetic
field. The solenoid is supported by an octagonal flux-
return yoke with resistive plate counter muon identifica-
tion modules 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 measures photon energies with a resolution of 2.5%
(5%) at 1 GeV in the barrel (end cap) region. The time
resolution in the TOF barrel region is 68 ps, while that in
the end cap region is 110 ps.

Simulated samples produced with the GEANT4-based [16]
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 in the
et e™ annihilations modeled with the generator KkMc [17].
The inclusive MC sample consists of the production of the
charmonium resonances and the continuum processes
incorporated in KKMC [17]. The known decay modes are
modeled with EvtGen [18] using branching fractions taken
from the Particle Data Group (PDG) [11], and the remain-
ing unknown decays from the charmonium states are
modeled with LundCharm [19]. Final state radiation from
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charged final-state particles is incorporated with the
PHOTOS package [20].

III. EVENT SELECTION AND DATA ANALYSIS

The two charged pion candidates from the ® — 7772~ 7°

decay are required to have a polar angle € with respect to
the symmetry axis of the detector of |cos6| < 0.93.
Furthermore, they are required to originate from the
interaction point (IP). The distance of closest approach
to the IP must be less than 10 cm along the z axis and
less than 1 cm in the transverse plane. Particle identifi-
cation (PID) for charged pion and kaon candidates is
performed using the dE/dx and TOF information. The
confidence levels for pion and kaon hypotheses (CL, and
CLy) are calculated. Pion candidates are required to
satisfty CL, > CLk.

The K candidates are reconstructed from two oppositely
charged tracks, which are assumed to be pions without
imposing PID criteria. The two charged tracks from the
K — 7tz decay must satisfy |cos 6| < 0.93. Their dis-
tance of closest approach to the IP along the MDC axis
direction is required to be less than 20 cm. A secondary
vertex fit is performed for both K% candidates. The chosen
#tr~ pairs are constrained to originate from a common
secondary vertex. Their invariant mass is required to be in
the range (0.486,0.510) GeV/c?, which corresponds to an
interval of about three times the fitted resolution around the
K9 nominal mass. The decay length of the K% candidate is
required to be at least two standard deviations of the vertex
resolution away from the IP.

The 7° candidates are reconstructed from photon pairs
reconstructed from EMC showers. Each EMC shower must
start within 700 ns of the event start time. Its energy is
required to be greater than 25 MeV in the barrel region
(Jcos@] <0.8) and 50 MeV in the end cap region
(0.86 < |cos@| < 0.92). The opening angle between the
photon candidate and the extrapolated impact point of the
nearest charged track in the EMC must be greater than 10°.
Each photon pair with an invariant mass within the range
(0.115,0.150) GeV/c? is used as a z° candidate.

A five-constraint kinematic fit for the ete™ —
atnata xta 2 hypothesis is performed including
energy-momentum conservation (4C) and with the invari-
ant mass of the two photons constrained to the mass of the
7Y (1C). The helix parameters of charged tracks of the MC
events are corrected to improve consistency between data
and MC simulation (see Ref. [21] for details). Events
satisfying y2 < 80 are kept for further analysis. If there are
multiple candidates in an event, the one with the smallest
value of y2. + )ﬁ(g L+ )ﬁ(g , is retained, where X%(g , and ;(2%2
represent the fit-quality of the secondary vertex fits for the
two K9 candidates.

Studies of the inclusive y(3686) MC sample using a
generic event type analysis tool, TopoAna [22], show that
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FIG. 1. (a) The M ,+,- distribution of the Kg candidates in data
and the scaled signal and background contributions from the
inclusive MC sample, where the pairs of red and pink arrows
show the 1D K9 signal and sideband regions, respectively.
(b) The M 11y VS M+, (5) distribution of the K candidates
in data, where the red solid, pink dashed, and green long-dashed
rectangles denote the 2D signal region, sideband 1 region, and
sideband 2 region, respectively. Besides all requirements men-
tioned in the text, the events displayed here have been required to
be within the region (0.777,0.807) GeV/c? in the invariant mass
of the zt7~ 2% system.

those background events surviving all selection criteria
contain contributions including an @ — 777277 decay.
These events, however, do not contain a K9K$ pair and
can thus be described by K9K$ sideband events.

The one-dimensional K9 signal and sideband
regions are defined as (0.486, 0.510) and (0.454, 0.478) or
(0.518,0.542) GeV/c?, respectively. The two-dimensional
(2D) K(S’Kg signal region (called 2D signal region) is
defined as the rectangle with both ztz~ combinations
lying in the K9 signal regions. The 2D sideband regions
(sideband 1 and sideband 2) are defined based on the one-
dimensional sideband as shown in Fig. 1(b).

Figure 2 shows the M. -0 distributions of the candi-
date events for ete™ — 772 2°K%KY for the signal and
sideband regions. In these figures, a clear w signal is
observed. Unbinned maximum likelihood fits are per-
formed to these events. In the fits, the w signal shape is
described by a Breit-Wigner function convolved with a
Gaussian function, and the background shape is described
by a first order Chebychev polynomial. The width of the
Breit-Wigner function is fixed to the world average
value of the w meson [11]. The mass of the @ meson
as well as the mean and width of the Gaussian are free
parameters. In the fits to the events in the 2D sideband 1
and sideband 2 regions, the parameters of the Gaussian
function are fixed to the values obtained from the fit to the
2D signal region. The results of the best fits to the data are
shown in Fig. 2.

From these fits, we obtain the numbers of ete™ —
wK$KY in the 2D K9 signal, sideband 1, and sideband 2
region, denoted as Ny, Ngger, and Ngeo, respectively,
where N4, represents the yield of background events with
two misformed Kgs, Ngge1 indicates that with one or two

092003-5



M. ABLIKIM et al.

PHYS. REV. D 104, 092003 (2021)

105 —@— Data 40 [ L
T F @ it | TOF ®  rwn Tef © rm
3 1 03 (1 Simulated background 3 = Fitted background ; | = Fitted background
> v 2 |
= = = 6k
) ) o T
© 10 Q NOR §
3 3 3 f
= = =} [
: <4 M 11K, .4
10.3 f L L [ L L
0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9
M,. . (GeV/c?) M,. . (GeV/c?) M,.. . (GeV/c?)

FIG. 2. Fits to the M

-0 distributions of the accepted candidates in the 2D (a) signal, (b) sideband 1, and (c) sideband 2 regions for

the y(3686) data. The black points with uncertainties are data. The blue solid curves are the fit results. The red dashed curves are the
background components of the fit. The yellow hatched histogram is the simulated background excluding those components estimated by

the 2D sidebands.

TABLEIL.  The numbers of Ns, Ngiger» Nside2, and Ny Obtained
from y(3686) data and continuum data, which were taken at
/s = 3.686 and 3.65 GeV, respectively. The uncertainties are
statistical only.

Eem (GeV) NG, Niiser Niaer Nt
3.686 1811446 168+15 25+6 1733 +47
3.650 179+44 10+12 00  174+44

misformed Kgs, and N, is the number of events with two
successfully formed K%s. Assuming that the combinatorial
backgrounds distribute evenly in the 2D spectrum and in
the projected distribution within K9 signal region, the total
number of e"e” — wKIKY candidate events in the

w(3686) data is calculated by

The obtained values of N, Nggel> Ngiger» and Ny, in data
are summarized in the first row of Table L.

A similar analysis and fit are performed for the con-
tinuum data at /s = 3.65 GeV. The parameters of the
Gaussian function are fixed to the values obtained from the
fit to the y(3686) data. The results of the best fit to the data
are shown in Fig. 3. The obtained values of Ny, Nggei,
Ngger, and N in the continuum data are summarized in
the second row of Table I.

Figure 4 shows the distributions of cos 8, where @ is the
polar angle in the laboratory frame, and the momenta of
final state particles as well as the invariant mass spectra of
all two-particle combinations for those candidates surviv-
ing all selection criteria in data and MC simulation.
Figure 5 shows the Dalitz plots of the accepted candidates
in data and BODY3 signal MC events. The K;(1270)

1 1 resonance is observed in the @K% mass spectrum in the
Ny = Nsig _7(Nsidel _NsideZ) — — Ngide2 : <
2 4 data. To determine the efficiency (6.,/(3686)—>ng K‘;) for the
N 1y +1N- (1) signal process, the y(3686) — wK%KY decays are simu-
sig 7o sidel T g side2 lated with the modified data-driven generator BODY3
P : ( ) =@— Data —_ : (b) =@— Data P : ( )
Y | a =—— Total fit Y | =—— Total fit L | C
~ | = Fitted background ~ | = Fitted background ~ |
> of Z Ll % ol
= | = “f = I
v} n | v |
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FIG. 3. Fits to the M+ - .0 distributions of the accepted candidates in the 2D (a) signal, (b) sideband 1, and (c) sideband 2 regions for

the data at /s = 3.65 GeV. The black points with uncertainties are data. The blue solid curves are the fit results. The red dashed curves

are the background components of the fit.
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FIG. 4. Distributions of cos 8, the momenta of daughter particles, and the invariant masses of all two-particle combinations of the
w(3686) — wK$KY candidates. The points with uncertainties are data. The blue solid curves and red dashed curves are BODY3 and
PHSP signal MC events, respectively. The yellow hatched histogram is the simulated background. The signal and background yields
have been normalized to data. Besides all requirements mentioned in the text, the events shown here have been required to be within

(0.777,0.807) GeV/c? in the zt 7z~ #° invariant mass.

[18], which was developed to simulate different inter-
mediate states in data for a given three-body final state.
The Dalitz plot of M ko) V8 Myugo2) found in data,
including a binwise correction for backgrounds and
efficiencies, is taken as an input to the BODY3 generator.
The consistency between data and BODY3 signal MC
events is much better than that between data and phase

S2

M2, (GeVZ/cd

Mk (GeVZ/ch)

space (PHSP) signal MC events. The BODY3 signal MC
events are used to determine the signal selection efficiency
in further analysis. With the same analysis procedure as
data analysis, the detection efficiency for w(3686) —
wK$KY is determined to be (11.23 & 0.05)%, where the
branching fractions of @ — z7z"2° and K% — 7"z~ are
not included. The reliability of the detection efficiency is

S2

M2 (GeVZ/c4)

2 4 6 8 10
Mk (GeVZ/ct)

FIG. 5. Dalitz plots of MZ)KSI Vs M?DKSZ of the accepted candidates in (a) data and (b) BODY3 signal MC events.
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validated due to good consistency between data and MC
simulation, as shown in Fig. 4.

Under the assumption that there is no interference
between the y(3686) decay and the continuum production
e"e” — wKYKY, the branching fraction of w(3686) —
wK3KY is determined by

Bl//(3686)—>ngKg

tot
N w(3686)>wKIK

= . (2)

Nl//(3686) Ba}—»ﬂ*n’no BK(S)_WJr,f Bnoﬁyyew(3686)—>ngK(S)

3.686 3.65 :
(3686)~0KUKO = = Ny®® — Nig® x f. is the total

number of y(3686) — wK$KY. It is determined to be

1495 £ 81. f, = '%3»6:: X 33 668562" X 5;:% is a factor to take into

account different luminosities [12] energies, and detection
efficiencies for the continuum production of ete™ —

wK$KY at /s =3.686 and 3.65 GeV. Here, n is a

factor to consider % dependence of the cross section.

We take n =1 and obtain f. = 13.7 £0.03. Ny (3656 is
the total number of y(3686) events. B -0, Bpo

w-ntn 7’ Prl-yys

and Bgo_, .+, are the world average values of the branching
N

0

where N'©

fractions for o — n*7=2°% 7° > yy, and K —» #*z~ from
the PDG [11]. €4/(3686)—wK K" is the detection efficiency

for w(3686) - wKK?Y.
(7.04 = 0.39) x 107,

We obtain B, 3686)~wk0k) =

IV. SYSTEMATIC UNCERTAINTY

In this section, the systematic uncertainties of the
measurement of the y(3686) — wK%KY branching fraction
are discussed.

The total number of y(3686) events and its relative
uncertainty are taken from Ref. [12]. Its uncertainty of
0.65% is considered as a systematic uncertainty. The
statistical uncertainty is negligible.

The z* tracking efficiency was studied using a control
sample of y(3686) — 7"z~ J/y with J/y — ¢*¢~. The
difference in the tracking efficiencies between data and
MC simulation is 1% per z*. The z* PID efficiency was
investigated with a control sample of J/yw — px [23]. The
difference in the PID efficiencies between data and MC
simulation is 1% per z+.

The systematic uncertainty related to the photon
selection efficiency is 1.0% per photon, which is deter—
mined using a control sample of J/y — p°z° with p® —
xta [23].

The systematic uncertainty originating from the z° mass
window is examined by comparing the branching fractions
measured with and without this requirement. The change
of the obtained branching fraction, 0.7%, is taken as an
uncertainty.

The Kg reconstruction efficiency, including the efficien-
cies of tracking for z* z~, the M+ .- mass requirement, and
the decay length requirement was studied using control
samples of J/y — K*(892)* K*, K*(892)* — Kz*, and
J/y — ¢KYKFa* [24]. The difference in the K%
reconstruction efficiencies between data and MC simula-
tion is 1.6% per K. To estimate the systematic uncertainty
related to the K9 sideband, we examine the branching
fraction using a Kg sideband region shifted by
+4 MeV/c?. The maximum change of the branching
fraction of 0.3% is taken as the systematic uncertainty.

For the fit to the M+ -, spectrum, three potential
sources of systematic uncertainties are considered. First,
the uncertainty from the background shape is estimated
using an alternative background shape determined from the
inclusive MC sample. The change of the fitted signal yield,
0.1%, is assigned as an uncertainty. Second, the uncertainty
from the signal shape is estimated by varying the fixed
width of the @ meson by £ 10, where o is the uncertainty of
the world average value. The change of the fitted signal
yield is negligible. Third, the uncertainty due to the
fit range is estimated using fit ranges of (0.55,0.95),
(0.60, 1.00), (0.65,0.95), and (0.65, 0.90) GeV/c? instead.
The maximum change of the fitted signal yield, 0.8%, is
taken as an uncertainty. Adding these three uncertainties in
quadrature leads to the systematic uncertainty due to the fit
to the M+ ,- 0 spectrum of 0.8%.

The systematic uncertainty of the signal modeling with
the BODY3 generator is estimated by varying the bin size
of the input Dalitz plot by £20%. The maximum change of
the signal efficiency, 0.8%, is taken as the corresponding
uncertainty.

The systematic uncertainty due to the 5C kinematic fit is
evaluated by varying the helix parameters by 41 standard

TABLE II. Systematic uncertainties of the branching fraction
measurement.

Source Uncertainty (%)

Nl//(3686) 0.65

x* tracking 2.0

7zt PID 2.0

7° reconstruction 2.0

7° mass window 0.7

K reconstruction 32

K sideband 0.3

M -0 fit 0.8

BODY3 generator 0.8

5C kinematic fit 0.9

f. factor 0.6

) — 0.8

KOt 0.2
MC statistics 0.4
Total 5.2

092003-8



MEASUREMENT OF THE BRANCHING FRACTION FOR ...

PHYS. REV. D 104, 092003 (2021)

deviations. The change of signal efficiency, 0.9%, is taken
as the relevant systematic uncertainty. The systematic
uncertainty related to the scale factor f,. for the continuum
production of e*e™ — wKYKY is estimated by comparing
the difference between 1/s and 1/s dependencies of the
cross section of the process ete™ — wK%KY. The effect on
the branching fraction, 0.6%, is taken as the corresponding
systematic uncertainty.

The uncertainties of the quoted branching fractions for
o — nt7~ 7% and K — 77~ are 0.8% and 0.1%, respec-
tively. The uncertainty due to the limited MC statistics is
considered as a source of systematic uncertainty.

Assuming that all sources are independent, the total
systematic uncertainty is determined to be 5.2%. The
systematic uncertainties are summarized in Table II.

V. CONCLUSION

Using (448.1 £2.9) x 10° y(3686) events accumulated
with the BESIII detector, we measure the branching
fraction of w(3686) — wK 3K for the first time. We find

B, 3686)-wkok? = (7.04 £0.39 £0.37) x 107,

where the first uncertainties are statistical and the second
are systematic. This branching fraction is determined under
the assumption that interference between w(3686) —
wK$KY and the continuum process e*e” — wK$KY is
negligible. Combining with the world average value of
By /y—wkk = (1.90 £0.40) x 1073 [11] and taking isospin
symmetry into account, we obtain the ratio

Bl/ — . UKO
Q koo = —m IO _ (148 +3.2)%.

B, Jw—wKSKS

This value is consistent with the 12% rule within the
uncertainty. Combining with the branching ratio
BV,(3686)_,Q,K+K7:(15.610.4il.l)x10‘5 from Ref. [10],

we determine

B —wKTK~
w(3686)>wK* K =1.11 4+ 0.07 £ 0.07,

2 By/(3686)—>a)K(S)Kg

which indicates that a possible violation of isospin
symmetry in this decay is too small to be observed at
present. Amplitude analyses of y(3686) - wK"K~ and
w(3686) — wKYKY with larger data samples in the near
future will help to explore the intermediate states in these
decays and thereby reveal if there is possible isospin
symmetry violation in specific local kinematic regions.
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