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Using E1 radiative transitions y(3686) — yy.; from a sample of (448.1 +2.9) x 10° y(3686) events
collected with the BESIII detector, the decays y.; — X7 pKS + c.c.(J =0, 1,2) are studied. The decay
branching fractions are measured to be B(r., — Z'pK§ +c.c.) = (3.52+£0.19 £0.21) x 107,
B(yes = ZTpKY +c.c.) = (1.53 £0.10 £ 0.08) x 107, and B(y, —» T pK} +c.c.) = (825+0.83 £
0.49) x 107>, where the first and second uncertainties are the statistical and systematic ones, respectively.
No evident intermediate resonances are observed in the studied processes.

DOI: 10.1103/PhysRevD.100.092006

I. INTRODUCTION particles. Quarkonium systems, especially charm anticharm
states, are regarded as a unique laboratory to study the

. : SL JPC _ g
The first charmonium states with J* = J7 discovered interplay between perturbative and nonperturbative effects

after the J/y and y(3686) were the y.;(J =0,1,2)

*Corresponding author.
gushan@ihep.ac.cn

“Also at Bogazici University, 34342 Istanbul, Turkey.

"Also at the Moscow Institute of Physics and Technology, Moscow 141700, Russia.

LAlso at the Functional Electronics Laboratory, Tomsk State University, Tomsk, 634050, Russia.

4Also at the Novosibirsk State University, Novosibirsk, 630090, Russia.

Also at the NRC “Kurchatov Institute”, PNPI, 188300, Gatchina, Russia.

'Also at Istanbul Arel University, 34295 Istanbul, Turkey.

bAlso at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany.

"Also at Key Laboratory for Particle Physics, Astrophysics and Cosmology, Ministry of Education; Shanghai Key Laboratory for
Particle Physics and Cosmology; Institute of Nuclear and Particle Physics, Shanghai 200240, People’s Republic of China.

'Also at Government College Women University, Sialkot—51310. Punjab, Pakistan.

JAlso at Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) and Institute of Modern Physics, Fudan University,
Shanghal 200443, People’s Republic of China.

“Also at Harvard University, Department of Physics, Cambridge, Massachusetts 02138, USA

'Also at State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, People’s Republic of China.

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further

dlsmbunon of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI. Funded
by SCOAP’.

092006-3


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.100.092006&domain=pdf&date_stamp=2019-11-18
https://doi.org/10.1103/PhysRevD.100.092006
https://doi.org/10.1103/PhysRevD.100.092006
https://doi.org/10.1103/PhysRevD.100.092006
https://doi.org/10.1103/PhysRevD.100.092006
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

M. ABLIKIM et al.

PHYS. REV. D 100, 092006 (2019)

in quantum chromodynamics (QCD). Experimental stud-
ies of charmonium decays can test QCD and QCD-based
effective field theory calculations. The y.; states belong
to the charmonium P-wave spin triplet, and therefore
cannot be produced via a single virtual-photon exchange
in electron-positron annihilations as are the J/y and
w(3686). Until now the understanding of these states has
been limited by the availability of experimental data. The
world’s largest data set of w(3686) events [1] collected
with the BESII [2] detector, provides a unique oppor-
tunity for detailed studies of y.; decays, since they are
copiously produced in y(3686) radiative transitions with
branching fractions of about 9% each [3].

Many excited baryon states have been discovered by
BABAR, Belle, CLEO, BESIII, and other experiments in
the past decades [3], but the overall picture of these states
is still unclear. While many predicted states have not yet
been observed, many states that do not agree with quark
model predictions are observed (for a review see
Ref. [4]). Therefore the search for new excited baryon
states is important to improve knowledge of the baryon
spectrum and the understanding of the underlying proc-
esses which describe confinement in the nonperturbative
QCD regime. Experimentally, exclusive decays of y.; to
baryon/antibaryon (BB) pairs, such as pp, £, AA [5-8],
have been investigated. However, there are only a few
experimental studies of y,, to BBM (M stands for meson).
These channels are ideal to search for new excited baryons
in intermediate states, which decay into BM and BM.

This paper reports the first measurements of the branch-
ing fractions of y. — Z*ng—l-c.c. via the radiative
transition y(3686) > yy.;, where =+ — pa°, K)—ntn,
and 7° — yy. The charge-conjugate state (c.c.) is included
unless otherwise stated. We also report on a search for
possible excited baryon states in the invariant-mass spectra
of pKY, and =K.

I1. BESIII DETECTOR

The BESIII detector is a magnetic spectrometer located
at the Beijing Electron Positron Collider (BEPCII) [9].
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 Csl
(TI) electromagnetic calorimeter (EMC), which are all
enclosed in a superconducting solenoidal magnet provid-
ing 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
a 4z solid angle. The charged-particle momentum reso-
lution at 1 GeV is 0.5%, and the dE/dx resolution is 6%
for the 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 of the TOF barrel part is 68 ps, while that of
the end-cap part is 110 ps.

III. DATA SET AND MONTE
CARLO SIMULATION

This analysis is based on a sample of (448.1 +2.9) x
10% y(3686) events [1] collected with the BESIII detector.

GEANT4-based [10] Monte Carlo (MC) simulation data
are used to determine detector efficiency, optimize event
selection, and estimate background contributions. Inclusive
MC samples were produced to determine contributions
from dominant background channels. The production of the
initial w(3686) resonance is simulated by the MC event
generator KKMC [11,12], and the known decay modes
are modeled with EVTGEN [13,14] using the branching
fractions summarized and averaged by the Particle Data
Group (PDG) [3], while the remaining unknown decays
are generated by LUNDCHARM [15]. The final states are
propagated through the detector system using GEANT4
software.

In addition, for the optimization of the selection criteria
and the determination of the efficiency, exclusive MC data
sets with 4 x 10° events are generated for each signal
mode. Here, the y(3686) — yy.; decay is generated
assuming an El transition [16,17], where the photon polar
angle 0 in the ete™ center-of-mass frame is distributed
according to (1 + Acos?0). For J =0, 1, and 2, 1 is set to
1,—1, and {5, respectively. The decays y.; — £ pKY,
2t = pa®, K% - zta~, 2% — yy are generated by using
the phase-space model (PHSP).

IV. DATA ANALYSIS

For the reaction channel w(3686) — yy.;, with y.; —
STpKY, = — pa®, 2° - yy, and K§ — 277, the final-
state particles are ppaTz~yyy. Charged tracks must be
in the active region of the MDC, corresponding to
|cos | < 0.93, where @ is the polar angle of the charged
track with respect to the beam direction. For the antiproton
(p), the point of closest approach to the interaction point
must be within =1 cm in the plane perpendicular to the
beam (R,,) and +10 cm along the beam direction (V).
Due to the long lifetime of the K9 and =, there is no
requirement on R,, or V_ for the track candidates used to
form the K% or =t candidates. Photon candidates are
reconstructed by summing the energy deposition in the
EMC crystals produced by the electromagnetic showers.
The minimum energy necessary for counting a photon
as a photon candidate is 25 MeV for barrel showers
(| cos @] < 0.8) and 50 MeV for end-cap showers (0.86 <
|cosf| < 0.92). To eliminate showers originating from
charged particles, a photon cluster must be separated by
at least 10° from any charged track. The timing of the
shower is required to be within 700 ns from the
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FIG. 1. The distribution of the z*z~ invariant mass versus the
pn? invariant mass. The black solid box in the center is the signal
region, the blue long dashed boxes show the Kg and X" mass
sideband regions, and the green dashed boxes are the events from
non-K% and non-X* candidates.

reconstructed event start time to suppress noise and energy
deposits unrelated to the event. Events with two positively
charged tracks, two negatively charged tracks, and at least
three good photons are selected for further analysis. The
TOF (both end-cap and barrel) and dE/dx measurements
for each charged track are used to calculate the p value
based on the y3;, values for the hypotheses that a track
is a pion, kaon, or proton. Two oppositely charged tracks
are identified as a proton/antiproton pair if their proton
hypothesis p values are greater than their kaon or pion
hypothesis p values. The remaining charged tracks are
considered as pions by default. The numbers of protons and
antiprotons as well as the negatively and positively charged
pions should be equal to one.

The K9 candidate is reconstructed with a pair of
oppositely charged pions. To suppress events from com-
binatorial background contributions, we require that the
't~ pair is produced at a common vertex [18].

Next a four-constraint (4C) kinematic fit imposing
energy-momentum conservation is performed under the
pprta”yyy hypothesis. If there are more than three photon
candidates in an event, the combination with the smallest
Xic is retained, and its x5 is required to be less than those
for the pprtn~yy and ppatn~yyyy hypotheses. The value
of y3c is required to be less than 50. For the selected signal
candidates, the yy combination (y;y,) with an invariant
mass closest to the 7° mass is reconstructed as a z°
candidate, and the remaining one (y3) is considered to
be the radiative photon from the y(3686) decay. The yy
invariant mass is required to satisfy [M,, —m| <
15 MeV/c?. Here and throughout the text, M, represents
a measured invariant mass and m; represents the nominal
mass of the particle(s) i [3]. To reduce background
events with A — prt, M, —my| >6MeV/c? is
required. Figure 1 shows the scatter plot of the ztz~
invariant mass versus the pz° invariant mass of data. To
select events which contain both a K (s) and a =T candidate,
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FIG. 2. The X" pKY invariant-mass distribution in the vicinity
of the y.,; states. Dots with error bars are data, the red solid line
histogram is the y,; line shape from the MC simulation, and the
arrows indicate the y.y, .1, and y., signal regions.
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My g =g | <8 MeV/c? and |M 0 —myg+| <20MeV/c?
are required (black solid box in Fig. 1). The widths of the
mass intervals are chosen to be 3 times the invariant-mass
resolution.

The X* ﬁKg invariant-mass distributions of the 937
events that passed all selection criteria and the MC
simulated events are shown in Fig. 2. Clear signals are
observed in the y ., y.1, and y., mass regions. The y .y, 11,
and y., decays are defined as [3.36, 3.46], [3.48, 3.54],
and [3.54, 3.58] GeV/c?, respectively, as indicated with
arrows in Fig. 2.

A hint of a structure in the invariant-mass distribution of
the ng subsystem in the y ., signal region can be seen in
Fig. 3(a). Considering the width and mass, it is most likely
the £(1940)~ with M = 1940 MeV/c?, T = 220 MeV,
and I(JP) = 1(37) [3]. Other excited X* states are most
likely excluded because their widths are much larger. For
the fit to the invariant-mass distribution M PKY> several

contributions are considered, namely the line shape from
the phase-space model, the normalized Kg and 1 mass

sidebands in the y ., signal region (described in detail in the
background analysis), and the £(1940)~ signal from the
MC simulation, where the mass and width of £(1940)~ are
fixed to the world average values [3]. To estimate the
statistical signal significance of the £(1940)~ contribution,
we use the quantity /—21In(Ly/Lya), Where L, and
L are the likelihoods of the fits without and with
£(1940)~ signal, respectively. The statistical significance
of the £(1940)~ signal is obtained to be 3.26. The
signal significance is reduced to 2.3¢ if the width of
2(1940)~ is taken as the lower value of 150 MeV [3].
The signal significance is reduced to 0.56/2.8¢ if the
mass of X(1940)~ is taken as the lower/upper value of
1.9/1.95 GeV/c? [3]. For all other invariant-mass distri-
butions of the two-body subsystems, the description using
the phase-space model is in good agreement with data, as
shown in Figs. 3(b) and 3(c), and Fig. 4.

Possible background contributions are studied with
the inclusive MC sample of 5.06 x 108 simulated
w(3686) decays. Peaking background contributions in
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FIG. 5. Fitto the 2" pK g invariant-mass distribution in the y.;
mass region of [3.3, 3.6] GeV/c?. Dots with error bars are data,
the red solid curve shows the result of the unbinned maximum-
likelihood fit, the green-shaded histograms are the events from
the normalized K(S) and X" mass sidebands, the blue solid line is
the sum of the peaking and flat background components, and the
violet long dashed curve is the contribution of the peaking
background normalized according to the sideband events.

the y.; mass regions are dominated by the channels
Xeg = A7 AYAT = pa, A" > pr7)  and  yo -
pppta(p™ — xta"). Other background events, mainly
from the channels y(3686) — =" pK*(X* — pa’, K* —
K92% KY —» ztz),  w(3686) - KOA~SH (A~ - pa°,
Tt - pn% K} > 72tz7) and  y(3686) > J/wn'zn® x
(J/w = pA°z~,A° — pxt) are not peaking in the y.,
mass regions. The amount of background events is
estimated by using the normalized Kg and X mass
sideband events, as shown in Fig. 1. The blue long
dashed boxes are the selected K9 mass sidebands
(1.1694 < M 0 < 1.2094, 0.466 < M+,- <0.482 and
0.514 < M+ ,- < 0.530 GeV/c?) and the * mass side-
bands (0.49 < Mgy <0506, 1.1094 <M 0 < 1.1494

and 1.2294 < M 0 < 1.2694 GeV/c?), and the green

dashed boxes are those from non-Kg and non-X*
sidebands (1.1094 <M ;0 <1.1494 and 1.2294 < M ,,0 <
1.2694 GeV/c?, 0.466 < M,,- <0.482 and 0.514 <
M+, < 0.530 GeV/c?). The normalized background
contribution in the y.; mass regions is estimated as half
of the total number of events in the four blue sideband
regions minus one quarter of the total number of events in
the four green sideband regions of Fig. 1, and shown as a
green-shaded histogram in Fig. 5.

An unbinned maximum-likelihood fit to the Tt pK g
invariant-mass distribution is performed for the total selected

signal candidates, as shown in Fig. 5. The complete
formula for the fit is PDFy = Ny X PDFggpy + NoX
PDF pegiingbke + N3 X PDFpyp. The parameters Ny and
N5 are free, and N, is fixed to the number of events
determined from the Kg and T mass sidebands.

Here, PDF gy is the sum of the signal line shapes of
the three y.; resonances each convolved with a Gaussian
function related to the y,.; mass resolution, where the width
of the Gaussian function is fixed to each of the MC-
simulated values. The line shape of each resonance is
described by

PDF, = BW(M) x E} x D(E,), (1)

ignal,y.,
where M is the ETpKY invariant mass, BW(M) =

S S
(M=m,,,)*+0.25T5 |

and F{; ) ::I_li 2the mass and width of the corresponding y.;,
Ey = e
rest frame of y(3686) and D(E, ) is the damping factor [19]
which suppresses the divergent tail due to the E; depend-
ence of PDF g,y It is described by exp(—E3 /8f%) where 8
is one of the free parameters in the fit. For all three
resonances the same S value is required. The fit result f =
(68.7 £ 13.0) MeV is consistent with the value measured
by the CLEO experiment [20].

The peaking background component PDFqykingbie 18 the
same as the signal distribution. It is used to describe the
distribution of the normalized events from the Kg and X*
mass sidebands where clearly the three y.; resonances can
be identified. The PDFyypy, is described by a first-order
polynomial.

For the unbinned maximum-likelihood fit, f, the
masses and widths of the y,.; resonances, and the two
coefficients of the polynomial are taken as free parameters.
The event yields of the fitted y,; — =T ﬁKg signals are
listed in Table I.

The branching fractions for y., — =T i)l(g are
calculated as

is the Breit-Wigner function, with m,

is the energy of the transition photon in the

NZL‘./
Blres — ZPKY) = (2
! T Nyess) x € x [1;B; )

where N, (3636 is the total number of y(3686) events, € is

the corresponding detection efficiency as listed in Table I,
which is obtained by weighting the simulated Dalitz plot

TABLE I.  Number of signal events (N%.), detection efficiency (¢), and branching fractions B(y.; — £ pK?Y),
where the first uncertainty is statistical and the second is systematic.

Mode N% e(%) B(r.; = =t pKY)

ZXeo = 2T PKY 493 £ 26 9.05 £0.05 (3.524+0.19 £0.21) x 107*
el = 2T PKS 258 £ 17 10.96 £0.05 (1.534+0.10 £0.08) x 107*
X2 = 2T PKY 129 4+ 13 10.40 + 0.05 (8.254+0.83 £0.49) x 1073
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distribution with the distribution from data, and []; B; =
By (3686) = yxes) X B(E" = pa®) x B(KY - zntz7) x
B(z° — yy), where the branching fractions are taken from
the PDG [3]. The results of the branching-fraction calcu-
lation for the decays y.; - =+ ng are also listed in Table I
with statistical and systematic uncertainties.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties on the y. — ng
branching-fraction measurements are listed in Table II.

The systematic uncertainty of the photon-detection
efficiency is studied by considering the decay J/y —
atza~ 7% [21] and is about 1% for each photon, so 3% is
assigned for the three photons in the final states.

The uncertainty related to the particle identification
(PID) and tracking of the proton and antiproton is studied
with the control samples of J/y and y(3686) — pprtn~
[22]. The average differences of efficiencies between MC
simulations and data are 0.4%, 0.4%, and 0.3% for the
proton from y.y, y.1,» and y., decays, respectively, with
the transverse momentum and angle region of our signal
channel considered. Similarly for p, they are 0.4%, 0.3%,
and 0.3%, respectively, so the uncertainties on the proton
and antiproton pair PID and tracking are 0.6%, 0.5%, and
0.4% for y.9, x.1> and y., decays, respectively.

The uncertainty associated with the 4C kinematic fit
comes from the inconsistency between data and MC
simulation, as described in detail in Ref. [23]. In this
analysis, we take the efficiency with the correction as the
nominal value, and the differences between the efficiencies
with and without correction, 0.4%, 0.4%, and 0.3% for y .,
xc1> and y.o, respectively, as the systematic uncertainties
from the kinematic fit.

The uncertainty associated with the K g reconstruction is
studied using J/w — K*(892)*KT, K*(892)* — Kin*

TABLE 1I.
tions (in %).

Systematic uncertainty sources and their contribu-

Source B(ZCO) B()((rl) B()(('Z)
Photon detection 3.0 3.0 3.0
PID and tracking 0.6 0.5 0.4
4C kinematic fit 0.4 0.4 0.3
KY reconstruction 1.2 1.2 1.2
7° mass window 0.3 0.3 0.3
KY mass window 0.3 0.3 0.3
>+ mass window 0.1 0.1 0.1
Efficiency 1.0 0.9 0.4
Signal line shape 1.4 1.9 0.4
Mass and width of y,; 3.0 0.4 39
Fit range 0.9 1.4 0.8
Background shape 2.8 14 L5
Intermediate decay 2.1 2.6 22
Number of w(3686) 0.6 0.6 0.6
Total 6.0 5.2 5.9

and J/y — ¢K3K*zT control samples and is estimated
to be 1.2% [24].

The uncertainty related with the 7z° (K%, =) mass
window requirement is studied by fitting the z° (K9,
1) mass distributions of data and signal MC simulation
with a free Crystal Ball (Gaussian, Gaussian) function and
a first-order Chebyshev polynomial function. We obtained
the selection efficiency of the z° (K9, £*) mass region,
which is the ratio of the numbers of z° (K%, =) events with
and without the z° (Kg, 1) mass window, determined by
integrating the fitted signal shape. The difference in
efficiency between data and MC simulation, 0.3%
(0.3%, 0.1%), is assigned as the systematic uncertainty.
The systematic uncertainty from the veto of the A mass
window is negligible due to the high detection efficiency.

The uncertainty of the detection efficiency is studied by
changing the number of bins in the Dalitz plot. The
maximum differences of the signal detection efficiency,
1.0%, 0.5% and 0.4%, are taken as uncertainties for y ..,
xe1» and y., decays, respectively. The uncertainty of
assuming (3686) — yy.1(y.») as a pure El transition
is studied by considering the contribution from higher-
order multiple amplitudes [25] in the MC simulation,
the differences of the efficiency, 0.8% for y.; and 0.2%
for y., are taken as the systematic uncertainties. For
Xeo = 2T PpKY, there is a possible structure in the pK$
invariant distribution. The corresponding systematic uncer-
tainty is estimated by mixing the y., — ZtZ(1940)~ MC
sample and the PHSP signal MC sample in a proportion,
which is obtained from fitting the M K9 distribution. The

difference between the efficiencies before and after mixing,
0.1%, is considered to be the systematic uncertainty. The
total uncertainties associated with the efficiency for y,
Xe1, and yo, are 1.0%, 0.9%, and 0.4%, respectively.
The systematic uncertainty due to the signal line shape
is considered by changing the damping factor from

E2
exp(—E2/8f?%) to WEO—W used by KEDR [26], where
2
My

—m
Ey= % is the peak energy of the transition photon,
and the differences in the fit results for y.o, y.1, and y.,
1.4%, 1.9%, and 0.4% are assigned as the systematic
uncertainties.

The uncertainty associated with the detector resolution is
studied by allowing the width of the Gaussian function to
be free, and no changes are found for the y.g, y.1, and y.,
signal yields; thus these uncertainties are neglected.

The systematic uncertainties due to the y., y.1, and y.,
masses and widths in the fit are studied by changing them
from free to the world average values [3]. The differences of
the y .0, ¥c1, and y ., signal yields, 3.0%, 0.4% and 3.9% are
taken as the systematic uncertainties.

The uncertainty from the determination of y.; signal
events due to the fit range is obtained from the maximum
difference in the fit results by changing the fit range
from [3.30, 3.60] to [3.30, 3.65] or [3.25, 3.60] GeV/c>
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The maximum differences in the fitted yields for y.g, y.1>
and y., are 0.9%, 1.4%, and 0.8%, respectively.

The uncertainty due to the estimation of the background
contribution using the K% and £+ mass sidebands can be
estimated by changing the sideband ranges. Changing the
mass range of Kg from [0.466,0.482],[0.514, 0.530] GeV/c?
to [0.464, 0.480],[0.516, 0.532] GeV/c?, and the mass range
of X+ from [1.1094, 1.1494], [1.2294, 1.2694] GeV/c? to
[1.1074, 1.1474], [1.2314, 1.2714] GeV/c?, and varying the
non—Kg, non-X" mass region accordingly, the differences of
Xe0s Xe1, and y .o signal yields are 0.3%, 0.1%, and 0.5%,
respectively. The uncertainty from the shape of the non-y ..,
background is estimated by changing the polynomial degree
from the first to the second in fitting the =+ p K’ 2 invariant mass,
and the differences in the fit results are 2.8%, 1.4%, and 1.4%,
respectively. The total uncertainties associated with the back-
ground shape are 2.8%, 1.4%, and 1.5% for y .o, Y1, and y.»
decays, respectively.

The systematic uncertainties due to the secondary
branching fractions of w(3686) — yy.o(xe1-xe2)s 2T —
pr’, K§ > 727, and 2° — yy are 2.0% (2.5%, 2.1%),
0.6%, 0.07%, and 0.03% [3] respectively. Therefore, the
uncertainties of the secondary branching fractions are
2.1%, 2.6% and 2.2% for y., y.» and y. decays,
respectively.

The number of w(3686) events is determined to be
(448.1 4 2.9) x 10° by counting inclusive hadronic events
from w(3686) decays [1], and thus the uncertainty is
about 0.6%.

The total systematic uncertainty is the sum in quadrature
of all uncertainties added for each y.; decay.

VI. SUMMARY

Using the (448.1 4 2.9) x 10° y(3686) events accumu-
lated with the BESIII detector, the study of y.; —
2*[7[(2(] =0,1,2) was performed for the first time,
and clear y,.; signals were observed. The branching
fractions of y.; — ZTpK) were determined to be

(3.5240.194+0.21) x 1074, (1.53 £0.10 £ 0.08) x 1074,
and (8.25+0.834+0.49) x 10 for J=0,1, and 2,
respectively, where the first and second uncertainties are
the statistical and systematic ones, respectively. Due to the
limited statistics, no evident structure is observed in
the invariant mass of any subsystem.
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