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Using a sample of (2.712 4 0.014)x10° y(3686) events collected with the BESIII detector at the
BEPCII collider in 2009, 2012, and 2021, the decay w(3686) — wnn is observed for the first time. The
branching fraction of the y(3686) — wny decay is measured to be (1.65 & 0.02 £ 0.21)x107>, where
the first uncertainty is statistical and the second systematic.
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I. INTRODUCTION

Charmonium states such as J/w and w(3686) lie
between the perturbative and nonperturbative regimes of
quantum chromodynamics (QCD) [1], which describes
strong interactions between quarks and gluons. Although
QCD has achieved remarkable successes in the perturbative
regime, its behavior in the nonperturbative regime, such as
color confinement and hadronization process, remains one
of the challenges in particle physics. Experimental studies
of charmonium hadronic decays are therefore essential for
testing QCD calculations derived from various phenom-
enological models [2,3]. Moreover, although the current
QCD framework describes almost all observed hadrons,
several predicted states have yet to be discovered.

In recent years, many multibody light hadron decays of
w(3686) have been studied [4]. However, no experimental
study of w(3686) — wnn has been reported. Investigating
w(3686) — wnn also offers an opportunity to search for
excited states in the wy and 7y mass distributions,
e.g., w(1420), h;(1380), and h;(2300) [5], as well as
for other possible excited w and A, states. In this paper, we
present the first measurement of the branching fraction of
w(3686) — wnn based on (2.712 £ 0.014) x 10° w(3686)
events [6] collected with the BESIII detector at the BEPCII
collider in 2009, 2012, and 2021.

II. THE BESIII DETECTOR AND MONTE CARLO
SAMPLES

The BESIII detector [7] records symmetric ete™ colli-
sions provided by the BEPCII storage ring [8] in the
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center-of-mass energy range from 1.84 to 4.95 GeV. The
cylindrical core of the BESIII detector covers 93% of the
full solid angle and consists of a helium-based multilayer
drift chamber (MDC), 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. Modules of the resistive plate muon
counter (MUC) are embedded in an octagonal flux-return
yoke that supports the superconducting solenoid. The
charged-particle momentum resolution at 1 GeV/c is
0.5%, and the specific ionization energy loss dE/dx
resolution is 6% for electrons from Bhabha scattering
at 1 GeV. 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 plastic scintillator 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, provid-
ing a time resolution of 60 ps, which benefits 83% of the
data used in this analysis [9-11].

Monte Carlo (MC) simulated data samples produced with
a GEANT4-based [12] software package, which includes the
geometric description [13] of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate backgrounds. The simulation models
the beam energy spread and initial state radiation (ISR) in the
e"e” annihilations with the generator KKmC [14,15]. The
inclusive MC sample includes the production of the y(3686)
resonance, the ISR production of the J/y and the continuum
processes incorporated in KKMC. Particle decays are gen-
erated by EVTGEN [16,17] for the known decay modes with
branching fractions taken from the Particle Data Group
(PDG) [4] and by LUNACHARM [18,19] for the unknown
ones. Final-state radiation from charged final-state particles
is included using the PHOTOS package [20]. To evaluate
the detection efficiencies and optimize the event selection
criteria, a signal MC sample of y(3686) — wnn, comprising
0.2 million events, is generated with a uniform phase space
(PHSP) distribution.
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III. EVENT SELECTION

The @ and 5 mesons are reconstructed via @ — #tz~7°

and 5 — yy, respectively. Events are required to contain
two oppositely charged tracks and at least six photon
candidates. Charged tracks detected in the MDC are
required to be within a polar angle () range of
|cos@| < 0.93, where 6 is defined with respect to the
detector symmetry axis (z-axis), and their distance of
closest approach to the interaction point must be less than
10 cm along the z-axis and less than 1 cm in the transverse
plane. Particle identification (PID) for charged tracks
combines measurements of dE/dx and the flight time in
the TOF to form likelihoods L, (h = p, K, r) for each
hadron h hypothesis. Tracks are identified as pions
when the pion hypothesis has the greatest likelihood,
ie, L, > Lx and L, > L,. Exactly one 7"z~ pair is
required. Photon candidates are identified using showers in
the EMC. The deposited energy of each shower is more
than 25 MeV in the barrel region (| cos 8| < 0.80) and more
than 50 MeV in the end cap region (0.86 < | cos 8| < 0.92).
To exclude showers induced by charged particles, the angle
between the position of each shower in the EMC and the
closest extrapolated charged track is required to be larger
than 10°. To suppress electronic noise and showers unre-
lated to the event, the difference between the EMC time and
the event start time is required to be within [0,700] ns.

To improve momentum resolution and suppress back-
ground, a four-constraint (4C) kinematic fit imposing
energy-momentum conservation under the w/(3686) —
nt =6y hypothesis is applied. For events with more than
six photon candidates, the combination with the smallest
Xic of the 4C kinematic fit is retained, and y3. < 40 is
required. This requirement is determined by optimizing the
figure-of-merit (FOM), defined as: FOM = S/v/S + B,
where S represents the number of signal events from
the signal MC sample and B represents the number
of background events from the inclusive MC sample.
7’ and n candidates are selected by minimizing
)(eroim _ (1‘4(7122)—"1,,0)2 n (M(rsr:%)—mq)z i (M(YSY:Z)_mrI)Z’
myo and m, are the nominal masses of 7% and 7 [4], 6,0
and o, are their corresponding resolutions estimated by the
signal MC sample, respectively. The z° and 5 candidates
are then required to be within |M(y,yy) —myp| <
20 MeV/c?, |M(y374) —m,| <25 MeV/c? and
|M(ysy6) —m,| <25 MeV/c?. The o signal is derived
from the distribution of the ztz~z"
Mzt 7°).

To suppress the backgrounds with one or two addi-
tional photons, additional 4C kinematic fits under the
hypotheses of (3686) - z"z~7y and w(3686) —
nta~8y are performed. Events with yZ. smaller than
that of the signal hypothesis are discarded. In order to
remove the backgrounds from (3686) — 2~ 7%2%,

where

0 n

invariant mass

w(3686) — ntx~2°72%7°, and w(3686) — z "z Ny, three
y?> functions analogous to )(inﬂ" are defined for the

2%, 2°2°79,

2
X pad

grounds containing two 7

and nuyn. We require )(imo < )(72[0”0”,

2 2 2
< X000, and Ko < X To suppress the back-

0 mesons, the ;(inﬂo is defined to

select one 7° pair, and the requirements of |M(y,y,)—
myp|>0.03GeV/c? and |M(ysy4) — myp| > 0.03 GeV/c?
are applied. Additionally, to suppress the backgrounds
from w(3686) —» n"z~J/w and J/w — wn, a require-
ment  of |M(z" 7)oy — My | > 0.02 GeV/c? s
applied. Furthermore, a requirement on the invariant
mass of wry, |M(wn)—M,;,|>0.03 GeV/c?, is used
to suppress the backgrounds from w(3686) — XJ/y,
J/w — wn (X represents other particles).

Potential backgrounds are studied using the inclusive
MC sample. No significant peaking background is
observed in the M(z*z~z°) distribution. Therefore, the
two-dimensional 7z sideband is used to estimate the yield
of background from data by combining the background
events in the one-dimensional # sideband regions
[0.450,0.500] GeV/c? and [0.594,0.644] GeV/c?, which
are illustrated by the color solid boxes in Fig. 1(a).
The normalization factor for the event yields in the one-
dimensional # sideband region is obtained from the fit to
the distribution of the yy invariant mass M(yy), where the
signal is described by a double-Gaussian function and the
background by a linear function. The fit results are shown
in Figs. 1(b) and 1(c).

To estimate the background contribution from con-
tinuum production, we perform the same analysis on the
data sample taken at /s = 3.773 GeV, corresponding to
an integrated luminosity of 2.93 fb~!. Here, it is assumed
that the continuum production component completely
dominates at this center-of-mass energy. After luminosity
scaling, the number of background events from continuum
production in the y(3686) data is determined.

IV. BRANCHING-FRACTION DETERMINATION

The signal shape is the MC template convolved with
a Gaussian, which the mean and sigma values are
0.3 MeV/c?> and 0.5 MeV/c? respectively, accounting
for resolution differences; the background is described
by a second-order Chebyshev polynomial, while non-z
background is taken from the two-dimensional ny —
sideband. Here, smoothing of the -1 sideband histogram is
performed with the RooHistPdf [21]. Throughout this
paper, the lower scripts H and L denote the 7 candidates
with higher and lower momenta, respectively. Figure 2
shows the fit result. The resulting signal yield of
w(3686) — wnn is determined to be N, = N — Noop =
1251.0 £ 46.5. Here, Ng = 1274.0 £46.0 is the fitted
number of events, and N, =23.0+£7.0 is the
normalized number of background events from continuum
production.
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FIG. 1. (a) The distribution of M(y3y,) versus M(ysye), where the red box indicates events with 77, and #; candidates; the blue boxes

indicate events with non-#; candidates; the pink boxes indicate events with non-#y candidates; and the green box indicates events with
non-77y and non-;; candidates. (b), (c) The distributions of M (y3y4) and M(ysys), where the dots with error bars are the w(3686) data;
the red dashed line represents the signal, the blue dashed line represents the fitted background, the solid blue line represents the total fit;
and the red and black arrows mark the signal and sideband regions, respectively.

The branching fraction of y(3686) — @ is calculated by

Nsi
B(w(3686) — wni) = N, (3656) .g.él B3B3’ )
v ’

where N, 3636) is the total number of y7(3686) events in data;
By, B,, and B; are the branching fractions of @ — 77~ 7°,
n — 77, and 7° — yy quoted from the PDG [4], respectively;
€ = 21% is the detection efficiency, based on the simulation
of PHSP signal MC and weighted with respect to the
distributions of data. Here, the weighting variables are
the four-momenta of @, n and #. Finally, we obtain
B(w(3686) — wnn) = (1.65 4+ 0.02) x 107>, where the
uncertainty is statistical only.

V. STUDY OF INTERMEDIATE STATES

The Dalitz plot of M?(wn; ) versus M?(yyn; ) from the
data sample is presented in Fig. 3. The distributions of

M(wny) and M(nyn;) are examined as shown in Fig. 4.
The photons from 5y are labeled as y3 and y,4, while those
from #; are labeled as y5 and yg.

Clear accumulation of events is observed around
1.4 GeV/c? in the M(wn) mass spectrum and around
1.7 GeV/c? in the M(nn) mass spectrum, suggestive of
the presence of w(1420) and f,(1710). A partial wave
analysis (PWA) was performed to generate signal
Monte Carlo events for efficiency extraction. The ampli-
tudes of the quasitwo-body decays in the sequential decays
are constructed using covariant tensor amplitudes [22].
This analysis included the decay processes w(1420)7,
@(1650)n, h(1380)n, h(1595)n, h;(1960)n, and
of(1710), all of which have statistical significances
exceeding 5o. The intermediate states are parametrized
by a relativistic Breit-Wigner formula, with mass and width
fixed to the values from the PDG [4]. The complex
coupling constants of the amplitudes are determined by
an unbinned maximum likelihood fit.
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FIG.2. The fit to the distribution of M (7" z~z%), where the dots L
with error bars are the w(3686) data, the blue curve is the fit 2 2/ 4
result, the red dotted curve is the  signal, the green dotted curve M ((DT]L) (GeV /c )
is the background described by a 2-order polynomial function,
and the blue dotted curve is the background derived from events FIG. 3. The Dalitz plot of M?(wn, ) versus M>(nyn,) from the

in the two-dimensional sideband regions of 7y — #; in data.

w(3686) data.
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FIG. 4. The distributions of (a) M (wny ), (b) M(wn, ), and (c) M(nyn; ), where the dots with error bars are the y(3686) data, the red
histogram shows the sum of the signal MC sample generated after the simplified partial wave analysis plus the @ sideband events in data,

and the blue histogram shows the @ sideband events in data.

However, the measured significances and branching
fractions for the intermediate states were found to vary
substantially depending on the model components
included. Due to this model dependence and the limited
statistics, the PWA results are not reported. The amplitude
model is used to extract the signal efficiency.

VI. SYSTEMATIC UNCERTAINTY

The sources of systematic uncertainty are the total
w(3686) event count, photon detection, pion tracking
and PID, 4C kinematic fit, # mass window, MC model
and statistics, photon miscombination, quoted branching
fractions, M (n "z~ z°) fit, and interference with continuum
production. They are discussed below.

The uncertainty of the total number of y/(3686) events is
estimated to be 0.5% [23]. The systematic uncertainty due
to photon detection is estimated with the control sample of
J/w — prto be 1.0% for each photon [24]. The systematic
uncertainty associated with the pion tracking is assigned as
1.0% for each = by using the control sample of J/y —
xtn~ pp [24]. The systematic uncertainty due to the pion
PID is assigned to be 1.0% for each pion by using the
control sample of J/y — ztz~x" [25]. The uncertainty
related to the 4C kinematic fit is estimated by correcting the
helix parameters of the simulated charged tracks to match
data [23]. The difference between the signal efficiencies
with and without correction is 0.03%, which is negligible.

The systematic uncertainties due to the difference in the
mass resolutions and central value of mass between data
and MC are estimated by fitting the mass spectrum with the
MC shape convolved with a fixed-parameter Gaussian
function, where the fixed parameters are extracted from
a control sample of y(3686) — wny’. The change of the
signal yield is taken as the systematic uncertainty. The
uncertainties are obtained as 0.1% and 0.2%, respectively.

The uncertainty arising from the MC model is evaluated
using an alternative amplitude model, while the quoted
mass and width are smeared with their associated uncer-
tainties. The relative difference in the detection efficiency,
2.9%, is taken as the uncertainty. The uncertainty due to

limited MC statistics is assigned to be 0.4% by ﬁ’ / 1;5,

where ¢ is detection efficiency and N is total number of
produced signal MC events.

For the uncertainty of photon miscombinations, we
perform angle matching with truth information, considering
a successful match within a range of five degrees. The
calculated miscombination rate, 0.3%, is assigned as the
systematic uncertainty. The systematic uncertainty related
to the quoted branching fractions of w — z* 7~ 7% n — 7y,
and 7° — yy is assigned as 1.3% [4].

The systematic uncertainty introduced by the fit pro-
cedure includes the fit range of , the signal shape of the @
fit, and the background shape of the w fit. To estimate the
systematic uncertainty due to fit range, several alternative
fits in different ranges ([0.64,0.89] GeV/c?, [0.66,
0.91] GeV/c?, [0.64,0.91] GeV/c?, [0.66,0.89] GeV/c?)
are performed. The largest resulting difference in the fit
mass spectrum of @ is assigned as the systematic uncer-
tainty, 2.1%. To estimate the uncertainty due to the signal
shape, we replace the signal shape convolved with a free
Gaussian function to a fixed Gaussian function; the differ-
ence between the fits before and after the change, 0.3%, is
taken as the systematic uncertainty. For the systematic
uncertainty due to the background shape, the difference of
the fitted signal yields with and without the 5y — 7
sideband shape, 4.3%, is taken as the systematic uncer-
tainty. These three uncertainties are added in quadrature to
obtain the systematic uncertainty due to the M (z* 2z~ z°) fit.
The systematic uncertainty of the interference with con-
tinuum production is investigated with the data sample
taken at /s = 3.773 GeV based on the method described
in Ref. [26]. The ratio of the impact from the interference
term with respect to the resonance term is defined as:

rk = 2ABsing, and A = "é(:)

, where #fic is the con-

version constant, o{(s) is the cross section of the
continuum production process, B, is the branching
fraction of y(3686) — wnn obtained in this analysis,
and B is a constant depending on the resonance
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TABLE L. Relative systematic uncertainties in the measurement
of the branching fraction of y(3686) — wn.

Source Uncertainty (%)
N, w(3686) 0.5
Photon detection 6.0
MDC tracking 2.0
PID 2.0
1 mass window 0.2
MC model 29
MC statistics 0.4
Miscombination of photons 0.3
Quoted branching fractions 1.3
M(z*n~2°) fit 4.8
Interference with continuum production 9.2
Total 12.7

parameters quoted from Ref. [26]. o (s) is calculated by
o’c‘(s) = Dem S where N, = 23.0+7.0 repre-

ﬁq/(3770>63 53686
sents the estimated yield of the continuum production,
€ = 0.21 is the detection efficiency for continuum produc-
tion, Ly, 3770) = 2.93 fb~! is the corresponding integrated
luminosity, and s3779 and s3¢g¢ are the squares of the
corresponding center-of-mass energies. B is the multipli-
cative result of branching fractions of @ — n7 7",
n — 77, and 71° — yy quoted from PDG [4]. We consider
the 1/s dependency of the continuum contribution cross
section and scale the cross section from /s = 3.773 GeV

to /s =3.686 GeV. For a conservative estimate, the

difference in r,’; between ¢ = 90° and ¢ = —90°, 9.2%,
is taken as the uncertainty. All of the above contributions
are added in quadrature to obtain the total systematic
uncertainty as shown in Table I.

VII. SUMMARY

Using (2.712 +0.014) x 10° y(3686) events collected
with the BESIII detector in 2009, 2012, and 2021, the
decay w(3686) — wnn is observed for the first time. The
branching fraction is measured to be (1.65+0.02 £
0.21)x10‘5, where the first uncertainty is statistical and
the second systematic. However, due to limited statistics
and significant interference effects, possible resonance such
as excited &, or w resonances cannot be identified. A future
larger-statistics dataset, combined with theoretical input

incorporating potential interference effects, could improve
the understanding of the w#n and g systems.
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