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Evidence of doubly OZI-suppressed decay 7, — w¢
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Using a sample of (10087 £ 44) x 10° J/y events collected with the BESIII detector at the BEPCII
collider, the first evidence for the doubly Okubo-Zweig-lizuka (OZI)-suppressed decay 5, — w¢ is
reported with a significance of 4.0¢. The branching fraction of 5, — @¢ is measured to be B(n, = w¢) =
(3.86 4 0.92 +0.62) x 1073, where the first uncertainty is statistical and the second is systematic. This
result provides valuable insights into the underlying mechanisms of charmonium decays, particularly for
processes such as . — VV (where V represents a vector meson).
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I. INTRODUCTION

The 7., as the lightest and S-wave spin-singlet charmo-
nium state, plays a fundamental role in the study of
charmonium decays. Although 7. was observed by the
Crystal Ball experiment [1] more than forty years ago, its
properties remain under investigation. To date, only the
exclusive decay modes with a total branching fraction of
approximately 60% have been experimentally observed,
many of which are measured with limited precision and
large uncertainties [2]. As a result, our understanding of the
1. properties remains incomplete.

The decays of 5. into vector meson pairs (7. — VV,
where V denotes a vector meson), which are Okubo-Zweig-
lizuka (OZI) suppressed processes [3], have long posed a
significant puzzle in charmonium physics. According to the
helicity selection rule (HSR) [4], these decays are highly
suppressed at leading order in quantum chromodynamics
(QCD). The branching fractions of . - ww and 1, — ¢¢
have been well measured by the Beijing Spectrometer III
(BESIII) experiment [5,6] and Belle experiment [7].
However, both results are significantly larger than theo-
retical predictions [8], challenging explanations based
solely on the quark model and perturbative QCD calcu-
lations. Nonperturbative models, such as the intermediate
meson exchange model [9] and the charmonium light Fock
component admixture model [10], have been proposed as
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potential solutions. Nevertheless, further investigations are
required to fully understand these processes.

The decay 5, — w¢, which proceeds via a doubly OZI
(DOZI) suppressed process as shown by the Feynman
diagram in Fig. 1, is expected to provide deeper insights
into the underlying mechanisms of decays n. — VV. Such
insights could offer valuable constraints for theoretical
models. Several well-established models have been devel-
oped to study the mechanisms of DOZI decays in J/y and
n. systems [11,12]. However, among the DOZI decays of
n., the decay 1, — w¢ has neither been observed exper-
imentally nor investigated theoretically. To date, only an
upper limit on its branching fraction has been reported by
BESIII, based on a sample of (223.7 &+ 1.4) x 10° J/y
events [6].

In this paper, utilizing a significantly larger data sample
of (10087 4 44) x 10% J/y events [13] accumulated at the
BESIII detector, we present the first evidence for 77, — w¢
and determine its branching fraction, benefiting from both
the increased data sample and an improved method for
background suppression.
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FIG. 1. An example of Feynman diagram for 7, — wd.
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I1. BESIIT DETECTOR AND MONTE CARLO
SIMULATION

The BESII detector [14] records symmetric e'e™
collision events provided by the BEPCII storage ring [15]
in the center-of-mass energy ranging from 1.84 to
4.95 GeV, with an achieved peak luminosity of 1.1 x
10% cm™2s7! at /s = 3.773 GeV. BESIII has collected
large data samples in this energy region [16]. The cylin-
drical 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(T1) electromagnetic calorimeter (EMC),
which are all enclosed in a superconducting solenoidal
magnet providing a 1.0 T magnetic field. The magnetic
field was 0.9 T in 2012, which affects 11% of the total J /y
data. The solenoid is supported by an octagonal flux-return
yoke with resistive plate counter muon identification
modules interleaved with steel. The momentum resolu-
tion of charged particle 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 was 110 ps. The
end cap TOF system was upgraded in 2015 using
multigap resistive plate chamber technology, provides a
time resolution of 60 ps, which benefits 87% of the data
used in this analysis [17-19].

Simulated data samples produced with a GEANT4-based
[20] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector and the
detector response, are used to optimize the selection
criteria, to determine the detection efficiencies and to
estimate backgrounds. In the simulation, the beam energy
spread and initial state radiation in the e™ e~ annihilations
are modeled with the generator KKMC [21]. An inclusive
MC sample consisted of 10! J/y events, including the
production of the J/y resonance, are generated to study the
backgrounds. All particle decays are modeled either with
EVTGEN [22,23] using branching fractions taken from the
Particle Data Group (PDG) [2], when available, or other-
wise estimated with LUNDCHARM [24,25] package. Final
state radiation from charged final state particles is incorpo-
rated using the PHOTOS package [26]. The signal events
from J/w — yn. are generated with the modified JPE
model [27,28]. In this model, the M1 transition is assumed
to follow the form factor E x exp(—E2/84%) with
f =65.042.5 MeV. Here, E, represents the energy of
the radiative photon. These parameters also follow the
previous results [27] with the 5, mass 2984.1 MeV/c?
and the width 30.5 MeV. The decays 7, — w@,
w— a2’ 7% —>yy and ¢ - KTK~ are generated
with the EVTGEN generator [22,23] model. Specifically,
the 7. — w¢ decay is generated with HELAMP model; the

o — n 7" decay is generated by the OMEGA DALITZ
model [29]; and the ¢y — K+ K~ decay is generated by the
VSS model [22,23].

III. EVENT SELECTION

A. Common selection

In this analysis, the 7, candidates are produced via the
radiative decay J/y — yn.. Consequently, the 5, — w¢
candidates are selected via the final state of 3yztz~ KTK".
Candidate events are required to have exactly four charged
tracks with zero net charge and at least three photon
candidates.

Charged tracks detected in the MDC are required to
satisfy | cos 8| < 0.93, where 6 is the polar angle defined
with respect to the z-axis of the BESIII detector. The
distance of closest approach to the interaction point (IP)
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 the specific ionization energy loss
(dE/dx) measured by the MDC and the flight time in the
TOF to form the likelihood values L£(h) for h = K and «
hypotheses, individually. Charged kaons and pions are
identified by requiring £(K) > L(x) and L(z) > L(K),
respectively.

Photon candidates are identified using isolated showers
in the EMC. The deposited energy of each shower must be
more than 25 MeV in the barrel region (| cos 8| < 0.80)
or more than 50 MeV in the end cap region (0.86 <
|cosf| < 0.92). To exclude showers originating from
charged tracks, the opening angle subtended by the
EMC shower and the position of the closest charged track
at the EMC must be greater than 10 degrees as measured
from the IP. To suppress electronic noise and showers
unrelated to the event, the difference between the EMC
time and the event start time is required to be within
[0, 700] ns.

A primary vertex fit is performed for the selected
KtK-n"n~ candidate, and a successful vertex fit is
required. To improve the resolution and suppress back-
ground contributions, a five-constraint (5C) kinematic fit is
performed by imposing energy-momentum conservation
under the hypothesis of KK~z 7~ yyy, with the invariant
mass of two photons constrained to the known z° mass [2].
The best combination is selected based on the minimum
X2c» and events are required to satisfy y2. < 20 for further
analysis. This requirement is determined by optimizing
the Figure-of-Merit S/+/S + B, where S is the number
of signal events from the signal MC sample and S + B is
the total number of events in data.

B. Further selection

Additional selection criteria are applied to further sup-
press the significant background contributions. To suppress
the background from events without z° in the final state and
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to minimize the wrong combination of z° for the signal, the
decay angle of 7° is defined as
E, —E,

Cos(edeca ) = > (1)
' pJ’]}’z

where y, and y, are the photons forming the 7°, E, and E,,
are the energies of photons, and p, ,, is the momentum of
the two-photon system. A requirement of | cos(fyecay)| <
0.95 is imposed. Studies based on the signal MC sample
indicate that this z° decay angle requirement reduces the
wrong combination rate of 7° candidates to less than 1%.

After applying all the above selection criteria, the
distribution of the invariant masses of 'tz 2" and
KTK~, M0 versus My - for the accepted candidates
in data, is shown in Fig. 2. In this figure, a cluster of events
is observed in the w¢ signal region, along with a horizontal
band for the ¢ signal and a vertical band for the w signal.
The w¢ signal region is defined as |M -, — MEPS| <
40.0 MeV/c?, and [My+g- — MyPS| < 15.0 MeV/c?, as
shown in Fig. 2. These signal regions are set to be
approximately three times the fitted mass resolution around
the known @ and ¢ masses [2]. To further suppress
backgrounds from processes such as J/w — ¢y, — yw,
o — 1727, 7° = yy, an i veto is applied. Events with
an invariant mass M .+ ,-3, in the range 943.0 < M+ -3, <
969.0 MeV/c? are vetoed.

After applying all the event selection criteria, the dis-
tribution of the invariant mass M g+ g- ,+,-,0 for the surviv-
ing candidate events in data is shown in Fig. 3. In this
figure, the 7, signal is clearly observed. A prominent J/y
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FIG. 2. The distribution of M +,-, versus Mg:g-. The
horizontal and vertical bands correspond to the ¢ and w signal
regions, respectively. The red box represents the w¢ signal
region. The green box represents the ¢ sideband region (right
 and wrong ¢). The cyan boxes represent the w sideband region
(wrong w and right ¢). The black boxes represent the non-w/¢
region (wrong @ and wrong ¢). Because of the phase-space
limitation there are no enough events below 0.9 GeV/c?
in M KYK—-

N\': 8o '+‘ Data |
2 — DataxQ i
s 60 . Data x (1-Q)
= }i
x®
Q40
52
> ;

0 s

2.8

|\ — (e Yl
FIG. 3. The distribution of Mg+ g-,+,-,0 for the survived

candidate events in the w¢ signal region. The black dots represent
data, the red line is for the Q-weighted events and the blue dotted
line is for the (1-Q)-weighted events. These notations Q and
1-Q represent the probabilities by which an event is defined to be
signal and background, respectively (further details will be in the
next section).

peak is also visible, indicating the presence of background
events with a K*K ztz~ 2" final state but without a
radiative photon. A more detailed discussion of this figure
is provided in the second paragraph of Sec. IV.

IV. BACKGROUND SUBTRACTION
A. Background study

The potential background contributions are investigated
based on the analysis of J/y inclusive MC sample with a
topology analysis tool [30]. The background is found to be
relatively high and can be categorized into two types,
i.e., background without w or ¢ (namely non-w/¢ back-
ground thereafter) and background with @w¢ but no 7,
intermediate state (namely non-7. background). Due to
possible decays such as ., - oK+ K™, 5, = ¢atn 7° and
e = K*K-ntn 2" (without intermediate states), these
backgrounds may produce a peak in the 7, region of the
M g+ k- -0 distribution. Because of the C-parity conser-
vation, backgrounds from J/w — w¢ and J/y — 1w
are forbidden.

B. Non-w¢ background estimation

To estimate the contribution of the non-@/¢ background,
a Q-weight method is employed. This method, detailed in
Ref. [31], assigns a weight ranging from 0-1 to each event,
representing the probability of the event being either signal
or background. The Q-weight method has been widely used
in various experiments such as CLAS, Crystal Barrel, and
BESIII [5,32,33]. The total sum of the Q-weights for all
events corresponds to the number of signal events, while
the sum of (1-Q)-weights corresponds to the number of
background events.

In the Q-weight method, a set of variables E serves as
coordinates to define an n-dimension space. The distance
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TABLE I. Definitions and normalization of coordinates in the
multidimensional space.
Coordinate Description Ay
cos(6,) Polar angle of the radiative 2
photon in the laboratory (lab)
frame
cos(6,,) Polar angle of the @ 2
in the 5, rest frame
Do Azimuthal angle of the @ 2r
in the 7, rest frame
cos(6,) Polar angle of the ¢ 2
in the 5, rest frame
®y Azimuthal angle of the ¢ 2r
in the 5, rest frame
cos(fg+)  Polar angle of the K™ 2
in the lab frame
Pr- Azimuthal angle of the K™ 2z
in the lab frame
m*(weh) Invariant mass square Standard
of the w¢ system deviation
m?(yw) Invariant mass square Standard
of the yw system deviation
m?(y¢) Invariant mass square Standard
of the y¢ system deviation
Aw/ Amax Normalized slope parameter 1

of the w Dalitz plot

dl% ; between the ith and jth events in this space is defined

i _gl 2 -
as:di; =Y, (ékAf") , where &, represents the kth variable

and A, is a normalization factor for the kth variable.
The variables E and the corresponding normalization
factors A;, are listed in Table I. For events with
My kim0 < 2950.0 MeV/c?, all variables are used.
For events with My g0 > 2950.0 MeV/c?, only
the variable m?(w¢) is used due to significant changes
in its distribution.

For each event in the real data, a subdataset will be
generated for this seed event. Specifically, 200 events from
the real data are selected, which are 200 nearest events to
the seed event based on the smallest dl% ; values, to generate
the subdataset. Based on the generated subdataset, a fit on
the distribution of a set of discrimination variables U is
carried out, and the Q-weight for the this seed event will be
determined based on this fit. The variables Mg+g- and
M ;-0 are used as discrimination variables r. Hence
the subdataset is constructed from candidate events
within a broad range of My+x- and M+ - 00 Mgrg- <
1120.0 MeV/c? and 582.0 < M+, 0 < 982.0 MeV/c?
(see Fig. 2). A two-dimensional (2-D) unbinned maximum
likelihood fit is performed on the distribution of Mg+ -
versus M . -0 to extract the yields of w¢ signal and non-
/¢ background in the subdataset.

In the 2-D fit, the ¢ signal in the M g+ - distribution is
modeled using the signal MC shape convolved with a

Gaussian function, while the continuum background is
described by an inverse-ARGUS function [34]. The w
signal in the M+, - distribution is modeled using the
signal MC shape convolved with a Gaussian function, and
the continuum background is described with a second-order
Chebyshev polynominal. In the fit, the signal MC sample is
extracted from the process J/yw — yw¢. The overall
probability density function (p.d.f.) in the 2-D fit is the
sum of four components, i.e., the ¢ and w signal, the non-¢
and w background, the ¢ and non-w background, as well as
non-¢ and non-@w background. Each component is the
product of the corresponding functions for the Mg+ -
and M+, distributions. Through this procedure, the
Q-weights are determined for the each individual candidate
event according to the fit result in each subdataset. Using
these Q-weights, the distributions for Q-weighted signal
events and (1-Q)-weighted non-w/¢ background events are
shown in Fig. 3. The Q-weight method for estimating the
non-w/¢ background has been thoroughly validated using
MC samples in this analysis.

V. SIGNAL EXTRACTION

A. Fitting method

In Fig. 3, the . — w¢ signal is evident after adopting
the Q-weight method. To extract the 7, signal yield,
an unbinned maximum likelihood fit is performed on the
M g+ -+ -n0 distribution. In the fit, the line shape of the
n. — w¢ signal is modeled using the MC simulated sample
generated by an M1 transition

E3 x BW(m) x f4(E,), (2)

where E, is the energy of the radiative photon as
described in Sec. II, and BW(m) is the Breit-Wigner
function of the 7.,

1 2
o mz—M%‘FlMRFR ’

BW(m) (3)

where m = My g+, and f,(E,) is a function that
damps the diverging tail arising from the E; dependence. In
this analysis, the damping function f,(E,) [28] adopted

from the CLEO collaboration [27] and is given by

fa(E,) = exp(—E;/85%), (4)

where the form factor parameter f = 65.0 £ 2.5 MeV.
The non-w/¢ background is described by the p.d.f.
extracted from the corresponding background curve in
Fig. 3, with its amplitude fixed to the results obtained
from the Q-weight method. The background from J/y —
yw¢ without the 5. signal is described by an ARGUS
function [34], with its parameters left free in the fit.
Previous studies indicate no significant structures in the
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FIG. 4. The M g+ g-,+,-0 distribution of the accepted candi-
dates for 7. — w¢. The black dots with error bars represent data
and the blue curve represents the accumulated fit curve. The
red dashed curve represents the signal, the orange dotted curve
and green dash-dot curve represent the non-w/¢ background
estimated by Q-weight method and the non-n. background,
respectively.

distribution within the region of interest. Additionally,
contributions from resonances peaking in the low-mass
region are expected to be small, based on the results of
amplitude analyses [35,36]. Interference between the 7,
signal and the continuum 0~ contribution is not consid-
ered in the fit.

The fitting result is shown in Fig. 4. The obtained 7,
signal yield is N, = 118 4= 28, where the uncertainty is
statistical only. An input-output check is performed to
validate the reliability of the fitting procedure, and no
significant bias is observed.

B. Numerical result

The branching fraction of 7. — w¢ is calculated using

Nobs

B(n. - ,
(e = ) Ny By By By By e

(5)

where N, is the total number of J/y events, and € =
5.01% is the signal detection efficiency. B, By, B,,, and
B, are the branching fractions of the decays J/y — y1,.,
¢ — K"K, w— ntx 2" and 2° — yy, respectively, cited
from the PDG [2]. With these inputs, the branching fraction
is determined to be B(1. — wg) = (3.86 £0.92) x 107,
where the uncertainty is statistical only. This result is
consistent with the corresponding upper limit of 2.5 x 10~
at the 90% confidence level reported in the PDG.

VI. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainty are considered
in the measurement of the branching fraction, including
external input parameters, signal detection efficiency, and
signal extraction.

The uncertainty of the total number of J/y events is
0.5% according to Ref. [13]. The uncertainties in the

branching fractions of J/y — yn,, @ —» atx 7’ ¢ —
K*K~ and 7° — yy, taken from the PDG [2], is 10.0%.

The tracking efficiencies for charged pions and kaons
are studied with the control samples of /' — zt 2~ J/y —
ata I and J/y — p°7° = zta= a0 [37], as well as
J/w—KIK*(892) +c.c.— KYK n~+c.c. [37], respec-
tively. The efficiency difference between data and MC
simulation is less than 1% per pion or kaon. Therefore, the
total systematic uncertainty due to tracking for the four
charged particles is assigned as 4.0% in total. The PID
efficiencies for charged pions and kaons are estimated
with control samples of J/y — "z~ z° [37] and J/y —
K*tK~n° [37], respectively. The efficiency difference
between data and MC simulation is less than 1% per pion
or kaon, leading to a total systematic uncertainty of 4.0%
for PID. The photon detection efficiency is studied with the
control sample of J/y — p°z° — 7" 72~ 2° [38]. The differ-
ence in the efficiency between data and MC simulation,
1%, is taken as the uncertainty of per photon, resulting in a
total systematic uncertainty of 3.0% for the three photons.
The uncertainty in the kinematic fit arises primarily from
inconsistencies in the kinematic variables of charged tracks.
A helix parameter correction is applied to the signal MC
sample to minimize data-MC differences [39]. The result-
ing change in detection efficiency, 6.0%, is considered as
the systematic uncertainty. The uncertainties of ¢ and @
signal regions are due to resolution differences between
data and MC simulation. Fits to the M+ -0 and Mg+ -
distributions of data are performed using the corresponding
MC simulation shapes convolved with Gaussian functions.
The resulting changes in detection efficiency, 0.5% for w
and 0.1% for ¢, are assigned as systematic uncertainties.

The uncertainty of the z° decay angle requirement is
studied with the control sample of J/w — n* 72~ z°. The
efficiency difference between data and MC simulation,
1.0%, is taken as the systematic uncertainty. The uncer-
tainty of the #' veto is studied using an alternative signal
MC sample generated by varying the input form factor
parameter f by +1o. The resulting efficiency difference,
0.1%, is taken as the systematic uncertainty.

The uncertainty of the 7. signal MC shape is studied with
alternative signal MC samples. These include variations in
the signal model parameters by 1o and the use of a
damping factor employed by the KEDR experiment
[40,41]. The alternative option of f,(E,) used by the
KEDR experiment [40,41]

_ Ej
EyE, + (E, — Ep)*’

fa(Ey) (6)

2

my, —m;, .

712/::1” : . The largest char 12€ 1n the measured
v

branching fraction, 1.5%, is taken as the systematic
uncertainty. The uncertainty due to the . width is studied
by varying the world average #, width within its

where E, =

012012-5



M. ABLIKIM et al.

PHYS. REV. D 112, 012012 (2025)

TABLEII.  Sources and assigned systematic uncertainties in the
branching fraction measurement.

Source Uncertainty (%)
Total number of J/y events 0.5
Intermediate branching fractions 10.0
Tracking efficiency 4.0
PID 4.0
Photon detection 3.0
Kinematic fit 6.0
 signal region 0.5
¢ signal region 0.1
Decay angle of 7° 1.0
7' veto 0.1
Signal MC shape of 7, 1.5
n. width 3.0
Nonpeaking background description 2.5
Non-w¢ background 7.6
Fit range 1.0
Total 16.0

uncertainty. The resulting largest change in the branching
fraction, 3.0%, is assigned as the systematic uncertainty.
The uncertainty of the shape of the J/y — yw¢ non-
peaking background is studied with an alternative fit
performed by replacing the ARGUS function with a
third-order Chebyshev polynomial. The resulting change
in the signal yield, 2.5%, is taken as the corresponding
uncertainty. The uncertainty of the Q-weight method
is studied with MC sample. MC sample containing
background and signal are generated and subjected to
Q-weight method. The deviation between the number of
generated signal events and the sum of obtained Q-weight
is determined to be 7.6%, which is taken as the systematic
uncertainty of the method. The uncertainty in the fit
range is studied by performing alternative fits with
different ranges: [2775.0,3100.0] MeV/c? and [2825.0,
3100.0] MeV/c?. The largest change in the signal yield,
1.0%, is taken as the systematic uncertainty.

All systematic uncertainties are summarized in Table II.
The total systematic uncertainty is calculated as the square
root of the quadratic sum of the individual contributions.
The 5. signal significance is estimated from the change
of likelihood and the change of number of degrees of
freedom with and without the 7, signal included in the fit.
The significance varies during systematic checks, and
the minimum value, 4.00, is taken as the final signal
significance.

VII. SUMMARY AND DISCUSSION

Using a sample of (10087 & 44) x 10° J/y events [13]
collected with the BESIII detector at BEPCII, we report
the first evidence for the doubly OZI-suppressed decay

n. — ¢ with a significance of 4.0¢. This result is achieved
after effectively suppressing the high and complex back-
grounds using the Q-weight method. Although potential
interference effects are not considered in this analysis,
they may have an impact on the measured branching
fraction. The branching fraction of 7, — w¢ is determined
to be B(n, = w¢p) = (3.86 = 0.92 4 0.62) x 107>, where
the first uncertainty is statistical and the second is system-
atic. This result, together with the previously measured
branching fractions of 7. — ww and 1, — ¢¢ [5,6], pro-
vides robust inputs for studying the mechanisms of OZI-
suppressed decays in J/w and 5. systems [11,12].
Furthermore, this analysis offers important insights for
establishing theoretical models based on the helicity
selection rule (HSR) and contributes to a deeper under-
standing of the 7, — V'V process.
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