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Based on a sample of (10.09 +0.04) x 10° J/y events collected with the BESIII detector operating
at the BEPCII storage ring, a partial wave analysis of the decay J/y — ynn' is performed. An isoscalar
state with exotic quantum numbers J”¢ = 177, denoted as (1855), has been observed for the first time

with statistical significance larger than 196. Its mass and width are measured to be (1855 £ 97°) MeV/c?

and (188 + 18f§’ ) MeV, respectively. The first uncertainties are statistical and the second are system-
atic. The product branching fraction B(J/w — yn,(1855))B(n,(1855) — ni') is measured to be
(2.70 £ 0.417018) x 107°. In addition, an upper limit on the ratio of branching fractions B(f(1710) —
')/ B(fo(1710) — zx) is determined to be 1.61 x 1073 at 90% confidence level, which lends support to
the hypothesis that the f(1710) has a large glueball component.

DOI: 10.1103/PhysRevD.106.072012

I. INTRODUCTION

Confinement is a unique property of quantum chromo-
dynamics (QCD), and can be probed via the spectrum of
mesons. While the quark model describes a conventional
meson as a bound state of a quark and an antiquark, lattice
QCD (LQCD) and QCD-motivated models predict a more
rich spectrum of mesons that includes bound states with
gluonic degrees of freedom, such as glueballs and hybrids.
Radiative decays of the J/y meson provide a gluon-rich
environment and are therefore regarded as one of the most
promising hunting grounds for gluonic excitations [1-4].

The spectrum of glueballs, states composed of only
gluons, is predicted by quenched LQCD [5-7]. The lightest
glueball is expected to have scalar quantum numbers,
JP€ =0, and a mass between 1.5 and 1.7 GeV/c?
[6,7]. LQCD calculations also predict that the branching
fraction of the J/y radiatively decaying into a pure scalar
glueball is 3.8(9) x 107 [3,4,8]. The f,(1710) is a strong
candidate for the lightest glueball, but this identification is
complicated by possible mixing with conventional mesons.
Recent partial wave analyses (PWA) of J/w — ynn [9]
and J/y — yKsK [10] by BESIII show that the product
branching fractions B(J/w — yfo) x B(fo = npor KsK)
are one order of magnitude larger for the f((1710) than for
the f((1500). Furthermore, the total measured branching
fraction of J/y — yf¢(1710), summing over all observed
fo(1710) decay modes, is currently 1.7 x 1073 [11], which
is compatible with LQCD calculations for a scalar glueball
[8]. Since glueball decays to the 75’ final state are sup-
pressed due to gauge duality [12], the %’ final state is a
crucial probe for distinguishing glueballs from conven-
tional mesons [13]. Assuming the glueball branching ratio
B(G — KK)/B(G — znx) is within the range of those
measured for the f((1710) in the Review of Particle
Physics by Particle Data Group (PDG) [14], Ref. [12]
predicts the ratio B(G — ni')/B(G — nx) to be less
than 0.04.

Hybrid mesons are an additional type of QCD exotic state
with gluonic degrees of freedom. They were first proposed
several decades ago [15-19], and have been the source of
more recent LQCD [20-23] and phenomenological QCD

studies [24-27]. Models and LQCD predict that the exotic
JP€ = 17" nonet of hybrid mesons is the lightest, with a
mass around 1.7-2.1 GeV/c? [20,23,28]. The predicted
decay widths are model-dependent; most hybrids are
expected to be rather broad, but some can be as narrow as
100 MeV [29]. To date, there has been experimental evidence
for as many as three isovector states with exotic quantum
numbers JP¢ = 17+ the 7, (1400), 7, (1600), and 7, (2015)
[30-33]. Finding an isoscalar 1= hybrid state is critical for
establishing the hybrid multiplet. Decaying to 7’ in a P-wave
is expected for an isoscalar 171 hybrid state [34-36].

In this paper, based on a sample of (10.09 4 0.04) x 10°
J/y events collected with the BESIII detector [37], we
present a partial wave analysis of J/y — yn’ to search for
1= and investigate the decay property of f(1710). The 5
is reconstructed via the decay channel yy, and the # is
reconstructed via the decay channels # — yztz~ and
7 — nata~. This paper is accompanied by a letter sub-
mitted to Physical Review Letters [38].

I1. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [39] records symmetric eTe”
collisions provided by the BEPCII storage ring, which
operates with a peak luminosity of 1 x 103 cm=2s~! at the
center-of-mass energy 3.89 GeV. BESIII has collected large
data samples in the energy region between 2.0 and 4.9 GeV
[40]. 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 (0.9 T in
2012) magnetic field. The solenoid is supported by an
octagonal flux-return yoke with resistive plate counter
muon identification 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 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
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the end cap region is 110 ps. The end cap TOF system was
upgraded in 2015 using multigap resistive plate chamber
technology, providing a time resolution of 60 ps [41-43].

Simulated data samples produced with a GEANT4-based
[44] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector and the
detector response, are used to optimize the event selection
criteria, to determine detection efficiencies, and to estimate
backgrounds. Signal MC samples for the process J/y —
ynn' with the subsequent decays # — yy and ' — nat ™
are generated uniformly in phase space. The decay 7' —
yrtn~ is simulated by taking into account both p — @
interference and the box anomaly [45].

An inclusive MC sample with 10.01 x 10° J /i decays is
used to study backgrounds. The known decay modes are
modeled with EVTGEN [46] by incorporating branching
fractions taken from the Particle Data Group [14], and the
remaining unknown decays are generated using the
LUNDCHARM [47] generator. The simulation includes
the beam energy spread and initial state radiation (ISR) in
the e*e™ annihilations modeled with the generator KKMC
[48]. Final state radiation (FSR) from charged particles is
incorporated with the PHOTOS package [49].

III. EVENT SELECTION

Charged tracks are reconstructed from hits in the MDC
and are required to have | cos 8| < 0.93, where 0 is the polar
angle defined with respect to the symmetry axis of the
MDC in the laboratory frame. Tracks must approach within
10 cm of the interaction point in the beam direction and
1 cm in the plane perpendicular to the beam where the
distances are defined in the laboratory frame. Each track is
assumed to be a pion, and no particle identification is
applied.

Photon candidates are required to have energy deposition
above 25 MeV in the barrel region (|cosé| < 0.80) or
50 MeV in the end caps (0.86 < | cos 6| < 0.92). To exclude
spurious photons caused by hadronic interactions and final
state radiation, photon candidates must be at least 10° away
from any charged tracks when extrapolated to the EMC. To
suppress spurious photons due to electronic noise or energy
deposits unrelated to the event, candidate showers are
required to occur within 700 ns of the event start time.

For the J/yw — yni/, n = ya"x~ channel, events are
reconstructed with two oppositely charged tracks and at
least four candidate photons. A five-constraint (5C) kin-
ematic fit under the hypothesis J/y — yynztn~ is per-
formed by constraining energy-momentum conservation
and the mass of one pair of photons to the nominal mass of
the n (m,) from the PDG [14]. If there is more than one
combination, the combination with the minimum )(%C is
retained. The resulting »2.. is required to be less than 15. To
suppress backgrounds from processes with three or five
photons in the final state, four-constraint (4C) kinematic

fits are performed by constraining energy-momentum
conservation under the hypotheses J/yw — 3yztx”,
J/y = 4yxtz=, and J/y - Syzta=. The yi.(4yntn)
is required to be less than all possible y3-(3y7"z~) and
X3c(Synta™). To reconstruct the ' candidate, the yztz~
combination with the minimum |M(yz"z~)—m,| is
chosen, where m, is the nominal mass of the #' taken
from the PDG [14]. The invariant mass distribution of
yztn~ is shown in Fig. 1(a). Events with |M(yz"n~) —
my| < 0.015 GeV/c? are selected for further analysis. The
a7~ invariant mass is required to be near the p° mass
region, 0.6 < M(z*zn~) < 0.8 GeV/c?. To suppress back-
grounds containing z° and backgrounds due to misrecon-
structed #, events with |M(yy) —myp| <0.04 or
|M(yy) —m,| < 0.02 GeV/c? are rejected, where M(yy)
are the invariant masses of all photon pairs except the
photon pair assigned to the 5 and m o is the nominal mass
of the 7° [14]. There is a clear ¢ signal in the y# invariant
mass distribution corresponding to J/w — ¢n’, ¢ — yn.
Since detector resolution is difficult to model in partial
wave analyses, and since the process J/w — ¢n’ is not our
primary interest, we exclude it by rejecting events with
|M(yn) —my| < 0.04 GeV/c?. According to the study of
inclusive MC, in order to further reduce the background
from J/yw — 3yzx*x~ with spurious photons, only events
with M(nn') <2.95 GeV/c?> are chosen for further
analysis.

For the J/w — ynyy', ¥ — natn~ channel, events are
reconstructed with two oppositely charged tracks and at least
five candidate photons. A six-constraint (6C) kinematic fit
under the hypothesis J/y — ynqyatz~ is performed by
constraining energy-momentum conservation and the
masses of two pairs of photons to m,,. If there is more than
one combination, the combination with the minimum )(éc is
retained. The resulting ;(éc is required to be less than 45. To
suppress backgrounds with four or six photons in the final
state, 4C kinematic fits are performed by constraining
energy-momentum conservation under the hypotheses
J/w = dyntx~, J/w = Syatam, and J/y — 6ynta.
The y3-(5yz"z~) is required to be less than all possible
Xic(@ynta~) and y3-(6ynta~). The natz~ combination
with the minimum |M (nz*z~) — m,;| is used to reconstruct
the 77/ candidate. The invariant mass distribution of nztz~
is shown in Fig. 1(b). Events with |M(nz*z~) —m,| <
0.01 GeV/c? are selected for further analysis. Backgrounds
containing a #° and backgrounds due to misreconstructed 7
are suppressed by rejecting events with |M(yy) — my| <
0.03 or [M(yy) —m,| < 0.02 GeV/c?, respectively. To
exclude J/w — ¢n', ¢ — yn, events with |[M(yn) —my| <
0.04 GeV/c? are rejected.

The invariant mass distributions of 71 and the Dalitz
plot for the selected ynn' candidate events from the two
decay channels are shown in Figs. 1(c)-1(f), respectively.
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Invariant mass distributions for (a,c,e) J/w — ynif', ' —» yax"=~ and (b,d,f) J/w — yni', i = nxtz~. (a,b) Invariant mass

distributions for ' candidates. The events between the blue arrows are the selected signal events, and events between the red arrows on
the same side are selected sideband events. The black points with error bars are data, the red solid line is the fit result, the blue dashed line
is the #’ signal shape from signal MC, and the green dashed line is the 2nd degree polynomial function for the background. (c,d)
Invariant mass distributions of the n#’ for the selected yni’ candidates. The points with error bars are data and the red line shows the
background events estimated from the 7' sideband. (e,f) The corresponding Dalitz plots for the selected yni’ candidates.

Clear structures in the #1' invariant mass spectrum are
observed.

Potential backgrounds are studied using the inclusive
MC sample of 10.01 x 10° J/y decays (as described in
Sec. II). No significant peaking background is observed in
the invariant mass distribution of the #'. Backgrounds are
estimated by the 7' sidebands in the data. The sideband
regions of #' — nx*n~ and ' — yxtr~ are defined as
M(nztr~) € [0.900,0.920] U [0.995,1.015] GeV/c? and
M(yztz~) € [0.903, 0.915] U [1.000, 1.012] GeV/c?,
respectively. The normalization factors for events in the two
sideband regions are obtained by a fit to data of the
invariant mass spectrum of M(nz*z~) and M(yz*z™).

The 7' signal shapes are determined from the shapes of
signal MC samples described with RooHistPdf [50], and
the backgrounds are described by 2nd degree polynomial
functions. The definition of the sidebands and the fit results
are shown in Figs. 1(a) and 1(b). The background levels for
J/w = ymi's nf > natx” and J/w -y, = yrtaT
estimated by the 7' sidebands are 8.3% and 13.1%,
respectively.

IV. PARTIAL WAVE ANALYSIS

After event selection, the numbers of remaining events
forJ/y — y',n' = nata” and J Jy — ynn' 0 — yata”
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are 4788 and 10 544, respectively. The four-momenta of the
reconstructed y, , and %’ are used to perform the PWA fit.

A. Analysis method

Using the GPUPWA framework [51], a combined PWA
fit is performed to the selected samples of J/y — yny,
W —ynta and J/w — yni', W = natx~. Quasi two-
body amplitudes in the sequential radiative decay processes
J/w — yX,X — ny' and hadronic decay process J/y —
nX,X - yy and J/yw — #'X, X — yn are constructed using
the covariant tensor amplitudes described in Ref. [52]. Let
Ay be the amplitude for a J/y decay process including
intermediate resonance X. For J/y radiative decays, the
general form of Ay is

Ax = Wﬂ(ml)elt(m2)ZAkU’/:y’ (1)

where the summation is over the number of independent
amplitudes and for J/y hadronic decays, the general form
of Ay is

Ax = (m)> MUY, (2)
k

where y,,(m,) is the polarization four-vector for the J/y;
e;(m,) is the polarization four-vector for the photon; m;,
and m, are the spin projections of the J/w and photon,
respectively; U’ is the kth independent partial wave
amplitude of J/y radiative decays to intermediate reso-
nance X with coupling strength determined by a complex
parameter A;; and U} is the kth independent partial wave
amplitude of J/y hadronic decays to intermediate reso-
nance X with coupling strength determined by a complex
parameter A;. The partial wave amplitudes U}” and U/, are
constructed using the four-momenta of the reconstructed
v

The amplitudes for the J/y radiative decay processes
J/w = vfo.vf2.vfs are given in Ref. [52]. For
J/w — yn;, where the 7, is an isoscalar state with exotic
quantum numbers J*¢ = 177, the 5, can decay into 75’ in a
P-wave [34,35] with two amplitudes:

Ulp = 9Pyt £, (3)

Ui(t;m)z = g fm), (4)
where ¢ is the metric tensor, p,, is the four-momentum of
the J/y, ¢ is the four-momentum of the radiative photon,
and fU) is the propagator for the process 5, — 1. Blatt-
Weisskopf barrier factors [53—55] are included in the orbital
angular momentum covariant tensors 7. Due to the special
properties (massless and gauge invariance) of the photon,
the number of independent partial wave amplitudes for a

J/w radiative decay is smaller than for the corresponding
decay to a massive vector meson, the details are given
in Ref. [52].

For the J/w hadronic decay processes J/y — Vi,
V — yn, where V is vector meson that has quantum
numbers JP¢ = 177, such as ¢, p, w and their excitations,
the corresponding amplitude is

Ul = 9" €uvapPy Ty ta1of ™. (5)
where, €,/ is the totally antisymmetric tensor, p1 is the
Vn’ is the

orbital angular momentum covariant tensor of the process

four-momentum of the # from the J/y decay, T’

J/w — Vi, and f%) is the propagator for the process
V — yn. The subscript P indicates J/w — Vi is in a P
wave. The amplitude of J/yw — Vi,V — yy is analo-
gously to Eq. (5). For the process J/y — hyif', hy = yn,
the corresponding two independent amplitudes are

Uty s = i f™, (6)
) F(2ua ~,, Iy
Ulhro = Tt Fonyal ™ ()

Hoov
phl phl
2

where Q’(‘Zl) =g — ,
1

the h,, and f") is the propagator for the process 7, — y1.
The superscript (2) on 7 indicates the orbital momentum
between h; and 5/ is 2. The subscripts S and D indicate
J/w — hyy' is in an S wave and D wave, respectively. The
amplitudes for the process J/w — hyn, hy — ynq are
analogously to Eq. (6) and Eq. (7).

In this analysis, resonance decays are described by a
Breit-Wigner (BW) function, parametrized by a constant-
width, relativistic BW propagator,

, P, is the four-momentum of

1

O B 8
! M? —s —LiMT’ ®)

where M and I" are the mass and width of the intermediate
resonance X, and 4/s is the invariant mass of the n1/, yn, or
vy system.

The complex coefficients of the amplitudes (relative
magnitudes and phases) and resonance parameters (masses
and widths) are determined by an unbinned maximum
likelihood fit to the data. The likelihood is constructed
following a method similar to that used in Ref. [56].

The probability to observe the ith event characterized by
the measurement ¢;, i.e., the measured four-momenta of the
particles in the final state, is

V2e(ED(E
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where €(¢&;) is the detection efficiency, ®(&;) is the standard
element of phase space, and M(;) = > y Ax(&;) is the
matrix element describing the decay processes from
the J/y to the final state yny'. Ax(&;) is the amplitude
corresponding to intermediate resonance X as defined
in Eq. (1) and Eq (2). ¢’ = [|M(&)e(&)D(£)d¢E is the
normalization integral.

The joint probability for observing N events in the data
sample is

L= ﬁ |M(5i)|2j§i)q)<fi) '

For technical reasons, rather than maximizing £, —In £
1s minimized, with

(10)

N
—InL==>"In|M&)P+Nind

i=1
N

- Z Ine(£;)® (¢
i=1

for a given dataset. The third term is a constant and has no
impact on the determination of the parameters of the
amplitudes or on the relative changes of —In £ values.
In the fitting, the third term will not be considered.

The free parameters are optimized by MINUIT [57]. The
normalization integral ¢’ is evaluated using MC with
importance sampling [58,59]. An MC sample of N, is
generated with signal events distributed uniformly in phase
space. These events are put through the detector simulation,
subjected to the selection criteria and yield a sample of N,
accepted events. The normalization integral is computed as:

(11)

o = [P LS mg)p. (12)

gen J

where the constant value of the phase space integral
J ®(&)dé is ignored.

Instead of modeling the background, the likelihood is
defined by the signal PDF [Eq. (11)] and the contribution to
the negative log-likelihood from background events in the
signal region is removed by subtracting out the negative

|

log-likelihood of events in the #’ sideband region in proper
proportion [60], i.e.,

—In ‘Csigna.l - (ll’l ‘Cdata Zwl

where —In Lo,y is the likelihood for the signal, In L, is
the likelihood calculated by Eq. (11) using the data sample,
In [I{Dackgmund is the likelihood calculated by Eq. (11) using

bdckground) ( 1 3)

the events of ith sideband, and w; is the normalization
factor for background events in the ith sideband region,
which is determined from the fit results of Figs. 1(a)
and 1(b).

The number of fitted events Ny for an intermediate
resonance X is defined as:

Ny =N, (14)
(o2

where N is the number of selected events after background
subtraction, and

(15)

i |AX f] s

gen J

is calculated with the same MC sample as the normalization
integral o’

The detection efficiency ey for an intermediate reso-
nance X is obtained by the partial wave amplitude weighted
MC sample,

Noee Ny
CX:ZIJ\',EH AX(&])|2’ (16)
an |AX(§11)|

A combined unbinned maximum likelihood fit is per-
formed for the two decay channels by adding the negative
log-likelihood of signal, —InLgen, for J/yw — yny,
7' — natx~ and that for J )y — yni', i’ — ynx~ together.
In the combined fit, the two decay modes share the same set
of masses, widths, relative magnitudes, and phases.

The product branching fraction of J/y — yX, X — nn is
obtained according to:

Nx, + Ny,

B(J/w = yX)B(X — ') = N (e
174

the subscript “a” and “b” indicate J /y — yni', ' = nn'x

and J/w — yni',f — ynta~, respectively; ey and ey,
are the detection efficiencies of the two different decay
channels calculated by Eq. (16); N, is the total number

Bl = natx)Bn = yy) +ex, - By =yt a7)B(n - yy))’

(17)

[

of J/y events; and B(y' — nztz™) = (42.5+0.5)%,
B(n = yy) = (39.41 £ 0.20) %, B(n = yntn™) =
(29.5 £0.4)% are the branching fractions taken from the
PDG [14].
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The product branching fraction of J/y — nX, X — yif
and J/w — #'X, X — yn can be calculated in a similar way
to Eq. (17).

B. PWA results

To construct a set of two-body amplitudes to use in the
PWA fit, a “PDG-optimized” set of amplitudes is first
determined. To describe the n7/ and yy") spectra, all
kinematically allowed resonances with J©C€ = 0+, 2++,
and 47+ (for the 5’ system) and J©¢ = 1+~ and 1=~ (for
the y5") systems) listed in the PDG [14] are considered.
Within the allowed phase space (PHSP) of the n#’ system,
four additional states [the f;(2102), f((2330), f,(2240),
and f4(2283)] reported in Ref. [61] and an additional scalar
state (the f((1810)) reported in Ref. [62] are also consid-
ered. Table I shows the complete set of resonances
considered from the PDG, Ref. [61], and Ref. [62]. All
possible sets of amplitudes corresponding to resonances
listed in Table I are evaluated. The statistical significance
for each resonance is determined by examining the prob-
ability of the change in negative log-likelihood values when
this resonance is included or excluded in the fits, where the
probability is calculated under the y? distribution hypoth-
esis taking into account the change in the number of
degrees of freedom. The masses and widths of the reso-
nances near 71y’ mass threshold [f,(1500), f,(1525),
f2(1565) and f,(1640)] as well as those with small fit

TABLE 1. The set of all intermediate resonances considered
when the PDG-optimized set of amplitudes is developed. States
with quantum numbers J7¢ = 07+, 27F, and 4™+ in the ny
spectrum and states with quantum numbers J*€ = 1+~ and 17~
in the y5") spectra are considered.

Decay mode 0+ 2+ 4+
Fo(1500)  £2(1525)  £4(2050)
£o(1710)  £>(1565)  f,(2300)

£o(1810) (621 f2(1640)  £,(2283) [61]
f0(2020) f2(1810)
f0(2100) f2(1910)

J/w = yX - yniy/ f0(2200) f2(1950)
f0(2330) f2(2010)

f0(2102) [61]1  f5,(2150)

f0(2330) [61] f,(2220)

/2(2300)

f2(2340)

[2(2240) [61]
1= 1+

(1420) hy(1415)

(1650) hy(1595)
¢(1680)

J)w =X -y $(2170)

p(1450)
p(1700)
p(1900)

fractions (<3%) are always fixed to the PDG [14] values.
The mass and width of the f,(2330), which corresponds to
a clear structure around 2.3 GeV/c? in the i’ mass
spectrum, are free parameters. All other masses and widths
are also free parameters in the fit. The final PDG-optimized
set of amplitudes is the combination where each included
resonance has a statistical significance larger than 5.
Results from the PWA fit using the PDG-optimized set
of amplitudes, including the masses, the widths, and the
statistical significances of each component, are shown in
Table II, where the uncertainties are statistical only.

In the next step, a search is performed for additional

resonances with JX€ =1, * 0*+ 2++ 4,;7,+, 17 and

lr_n_(’)’ where the subscript labels the composmon of the
resonance, by individually adding each possibility to the
PDG-optimized solution and scanning over its mass and
width. The significance of each additional resonance at
each mass and width is evaluated. The result indicates that a
significant 17" contribution (>76) is needed around
1.9 GeV/c? in the i’ system. The significances for all
other additional contributions are less than 5¢. Therefore,
an 7; state is included in the PWA.

In the final step, a baseline set of amplitudes is
determined by adding the #, state, with its mass and width
as free parameters, to the PDG-optimized set of amplitudes.
The statistical significances of all resonances in the PDG-
optimized set are then reevaluated in the presence of the 7,
state. Contributions from the f((2100), h(1595),,,
p(1700),,/, ¢(2170),,, f,(1810), and f,(2340) in the
PDG-optimized set of amplitudes become insignificant
(<30) and are thus omitted from the baseline set of
amplitudes, where the subscript labels the composition
of the resonance. The statistical significance of the
£4(2050) is reduced from 5.66 to 4.60, but is still retained.
By introducing the 7, the mass and width of the f(2020)
becomes more consistent with the average values in the
PDG [14]. In addition, a nonresonant contribution mod-
eled by a 0™" 5y system uniformly distributed in the
phase space, is included with a significance of 15.7¢. After
this amplitude selection process, the baseline set of
amplitudes includes eleven components. The isoscalar
state with exotic quantum numbers J©¢ = 1%, the 7,
has a mass of (18554 9,) MeV/c? and a width of
(188 + 18,,) MeV with a statistical significance of
21.40. 1t is denoted as 7, (1855).

The results of the PWA with the baseline set of amplitudes,
including the masses and widths of the resonances, the
product branching fractions B(J/w — yX)B(X — ny') and
B(J/y — n’X)B(X — yn), and the statistical significances,
are summarized in Table III. The fit fractions for each
component and their interference fractions are shown in
Table IV. The measured masses and widths of the f,(2020)
and f,(2010) are consistent with the PDG [14] average
values. The measured mass of the f((2330), which is
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TABLE II. The mass (M), width (I'), PDG mass (Mppg), PDG width (I'ppg), significance (Sig.) and the product
branching fractions B(J/y — yX)B(X — niy'), B(J/w — ' X)B(X — yn) and B(J/w - nX)B(X - yn') (B.E.) for
each component in the PWA fit using the PDG-optimized set of amplitudes. The uncertainties are statistical.

Decay mode Resonance M (MeV/c?) T’ (MeV) Mppg MeV/c?) T'ppg (MeV) B.F. (x107%)  Sig.
J/w = yX = yni’ fo(1500) 1506 112 1506 112 3.054+0.07 300
fo(1810) 1795 95 1795 95 0.07+001 7.60
f0(2020)  19354+5  266+9 1992 442 1.674+0.07 11.00
f0(2100) 2109411 253 +21 2086 284 0.334+0.03 520
fo(2330)  23274+4 4445 2314 144 0.07+0.01 85¢
£2(1565) 1542 122 1542 122 0.20+0.03 620
£-(1810) 1815 197 1815 197 0.37+£0.03 7.0
f2(2010)  20224+6  212+8 2011 202 1.36+0.10 8.8¢
£2(2340) 2345 322 2345 322 025+0.04 6.50
£4(2050) 2018 234 2018 234 0.114+0.02 5.60
Jw =X =y hy(1415) 1416 90 1416 90 0.14 £0.01 10.3¢
hy(1595) 1584 384 1584 384 041+£0.04 9.7¢
#(2170) 2160 125 2160 125 0244003 5.60
J/w = nX =y hy(1595) 1584 384 1584 384 0.50+0.03 1100
p(1700) 1720 250 1720 250 0.22+0.03 88¢

TABLE III.  The mass (M), width (I'), PDG mass (Mppg), PDG width (I'ppg), significance (Sig.) and the product
branching fractions B(J/y — yX)B(X — n1') and B(J/y — ' X)B(X — yn) (B.E.) of each component in the PWA
fit using the baseline set of amplitudes. The first uncertainties are statistical and the second are systematic.

Decay mode Resonance M (MeV/c?) T (MeV) Mppg MeV/c?) Tppg MeV) B.F. (x1073)  Sig.

£0(1500) 1506 112 1506 112 1.81+0.117012 300
fo(1810) 1795 95 1795 95 0.11 +£0.0110% 1116
f0(2020) 2010 £6% 203 9717 1992 442 228 +£0.1270% 24.60
Jw—yX—ym' fo(2330) 2312+77] 654107, 2314 144 0.10 +£0.02700 13.20
n1(1855) 1855+96 188+ 187 e e 0.27 +0.0410% 2140
£2(1565) 1542 122 1542 122 032 4 0.05+12 876
f2(2010) 2062 + 610 165 + 17710 2011 202 0.71+0.0670Y 1340
f4(2050) 2018 237 2018 237 0.06 £ 0.01°0% 4.60
0**+ PHSP . e 1.44 +0.151010 1570
Ty —=n'X—=ym h(1415) 1416 90 1416 90 0.08£0.0150% 10.20
Iy (1595) 1584 384 1584 384 0.16 £ 0.02:09 9,95

TABLE IV. The fit fractions for each component and the interference fractions between two components(%) in the PWA fit with the
baseline set of amplitudes. The uncertainties are statistical only.

Resonance £,(1500) fo(1810) £0(2020) £4(2330) hy(1415) hy(1595) 1,(1855) £»(1565)

f2(2010)  f4(2050) O PHSP

£o(1500) 21.94+1.4 —4340.4 16240.5 —1.040.1 1.6£02 —1.64£0.9 02400 02+0.1 0.6+0.1 0.0+0.0
fo(1810) 1440.1 =5.6+0.6 0.440.0 —0.1+£0.0 0.640.1 0.0+£0.0 —0.2+0.0 0.1+£0.0 0.0+0.0
f0(2020) 29.5+1.6 =3.740.5 0.0+0.2 —-3.6£04 02+£0.0 1.14£0.1 0.1+0.1 0.1£0.0 —
f0(2330) 14402 0.1£00 0340.1 0.0£0.0 —0.1£0.0 —0.240.0 0.0£0.0
hy(1415) 11402 —1.1£03 —024+0.1  0.1+0.1  0240.1  0.040.0
hy(1595) 21403 05+0.1-03+03 00+02 0.1+0.0
m (1855) 35405 00+£00-0.1+00 0000
£2(1565) 46407 -06+08 00400 —
£2(2010) 10.2+0.8 —0.1 £ 0.1
£4(2050) 0.8+0.2
0++ PHSP

13.4£1.1

2.0+£0.3
15.9+1.8

2.6£0.3

2.3+03
23£10
0.1£00
09=£0.1
0.2+0.1
0.0+£0.0
18.5£1.9

072012-10



PARTIAL WAVE ANALYSIS OF ...

PHYS. REV. D 106, 072012 (2022)

unestablished in the PDG [14], is consistent with the
results of Ref. [61], but our measured width is 79 MeV
smaller (3.40).

All other resonances considered have statistical signifi-
cance less than 30 when added to the baseline set of
amplitudes, as shown in Table V. To investigate additional
possible contributions, resonances with different JFC
(O%T, 1;;,2};1,*,4;1,*, 17, and 177.) and with different

m m
masses and widths are added to the baseline set of
amplitudes. No significant contributions from additional
resonances with conventional quantum numbers are found.
The most significant additional contribution (4.46) comes
from an exotic 17" component around 2.2 GeV. Changing
the JPC assignment of the 07+ PHSP component in the
baseline set of amplitudes to 1;}? 2;7, 4}%*, 17, and 177,
m m

TABLE V. Additional resonances considered, their JXC, the
change in negative log-likelihood (A 1n £) when each is added
to the baseline set of amplitudes, the change in the number of free
parameters (Adof), and the resulting statistical significance (Sig.).

Decay mode Resonance  JP¢ AlInL Adof Sig.

J/w = yX = ynpif/ f2(1525) 2Tt 6.3 6 1.96
f2(1810) 2t 27 6 070
Sfo(1710) 0 34 2 2le
f2(1910) 2t 39 6 llo
f2(1950) 27 2.6 6 0.60
£o(2100)  0** 11 2 lle
/2(2150) 2t 23 6 050
f0(2200) 0+ 04 2  0do
12(2220) 27 8.6 6 260
/2(2300) 2t 72 6 22
f4(2300) 4t+ 23 6 050
f0(2330) ott 1.5 2 120
12(2340) 2t 6.3 6 19

fo(2102) [61] 0T 0.1 2 020
f2(2240) [61] 27+ 29 6 070
f2(2293) [61] 2T 4.1 6 120
f4(2283) [61] 4Tt 0.9 6 O.lo

J/w > n'X - ynyf p(1450) 1= 34 2 2le
p(1700) 1= 038 2 070
p(1900) 1= 00 2 Oc
(1420) 17— 53 2 28c
®(1650) 1= 26 2  1.7c
$(1680) 1= 43 2 250
$(2170) 1= 04 2  0do

J/w = nX - yny/ hy(1415) 1= 1.3 4 050
hy(1595) 17— 8.1 4 29
p(1450) 1= 1.3 2 llo
p(1700) 1= 3.1 2 200
p(1900) 1= 6.1 2 3.0c
(1420) 1= 25 2 176
(1650) 1= 038 2 076
$(1680) 1= 21 2 150
$(2170) 1= 0.1 2  0.lo

results in a worse negative log-likelihood by at least 57.
Furthermore, additional non-resonant contributions with all
other JP€ assignments are found to be insignificant.
Figures 2(a)-2(c) show the invariant mass distributions
of M(nq'), M(yn), and M(yn') for the data (with back-
ground subtracted) and the PWA fit projections, respec-
tively. Figure 2(d) shows the cos 6, distribution, where 6, is
the angle of the 7 momentum in the 77’ (Jacob and Wick)
helicity frame (in which the 75 system is at rest and the
z-axis is defined by the momentum of the photon) [63].
This angle carries information about the spin of the particle
decaying to #n1/. The y?/ny;, value is displayed on each
figure to demonstrate the goodness of fit, where n;, is the
number of bins in each histogram, and y? is defined as:
5 Tbin (ni _ Ui>2

X :;T’

(18)
where n; and v; are the number of events for the data and
the fit projections with the baseline set of amplitudes in the
ith bin of each figure, respectively. In comparison, the
%/ values for the PDG-optimized set of amplitudes for
the distributions of M(ny'), M(yn), M(yy'), and cos 6, are
0.26, 0.43, 0.12 and 0.30 worse than baseline set of
amplitudes, respectively. Figure 3 shows the Dalitz plots
for the PWA fit projection from the baseline set of
amplitudes, the selected data, and the background esti-
mated from the " sideband. Figures 2 and 3 indicates that
the data and the PWA fit result (baseline set of amplitudes)
are in good agreements. Compared with the PDG-opti-
mized set, the negative log-likelihood value of the baseline
set is improved by 32 units and the number of free
parameters is reduced by 16.

C. Further checks on the 7, (1855)

Various checks are performed to validate the existence of
the 7, (1855). The fits are carried out by assigning all other
possible JP€ to the 5,(1855), and the negative log-like-
lihoods are worse by at least 235 units (21.8¢). To probe the
significance of the BW phase motion, the BW parameter-
ization of the 7,(1855) in the baseline PWA is replaced
with an amplitude whose magnitude matches that of a BW
function but with constant phase (independent of s). This
alternative fit has a negative log-likelihood 43 units (9.20)
worse than the baseline fit, which indicates that a resonant
structure is favorable. In the scenario 7, (1855) is removed
from the baseline set of amplitudes, the significance of
11 (1855) with different masses and widths are evaluated.
The changes of negative log-likelihood value are shown in
Fig. 4. The result shows that a significant 1= contribution
is needed around 1.85 GeV/c>.

To visualize the agreement between the PWA fit results
and data, angular moments as a function of M(nn’) can be
calculated for data (with background subtracted) and the
PWA model. For events within a given region of M ('),
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FIG. 2. Background-subtracted data (black points) and the PWA fit projections (lines) for (a,b,c) the invariant mass distributions of
(@) n', (b) yn, and (c) y/', and (d) the distribution of cos #,, where 6, is the angle of the 7 momentum in the #’ helicity coordinate
system. The red lines are the total fit projections from the baseline PWA. The blue lines are the total fit projections from a fit excluding
the 57, component. The dashed lines for the 1=+, 07+, 2%+ 4%+ and 1%~ contributions are the coherent sums of amplitudes for each J”€.
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FIG. 3.

the cos 0, distribution can be expressed as an expansion in
terms of Legendre polynomials. The coefficients, which are
called the unnormalized moments of the expansion, char-
acterize the spin of the contributing 77’ resonances. The
moment for the kth bin of M(ny) is

Ny
= Z W;Y9(cos 6:). (19)
i=1

For data, N, is the number of observed events in the kth bin
of M(n') and W; is a weight used to implement back-
ground subtraction. For the PWA model, N, is the number
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Dalitz plots for (a) the baseline PWA, (b) the selected data, and (c) background estimated from the #’ sideband.

of events in a PHSP MC sample, which is generated with
signal events distributed uniformly in phase space, and W;
is the intensity for each event calculated in the PWA model.

Neglecting 71’ amplitudes with spin greater than 2, and
ignoring the effects of symmetrization and the presence of
resonance contributions in the yz and y;’ subsystems, the
moments are related to the spin-0 (S), spin-1 (P) and spin-2
(D) amplitudes by [64]:

Vaz(Yd) = §% + P + D?, (20)

Var(Y0) = 28Pcos ¢pp + 4PD cos(dp — dp).  (21)
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(24)

where ¢p and ¢ are the phases of the P wave and D wave
relative to the S wave. Figure 5 shows the moments
computed for the data and the PWA model, using
Eq. (19), where good data/PWA consistency can be seen.
The need for the #7,(1855) P-wave component is apparent
in the (Y?) moment [Fig. 5(b)].

Weight sum/(10 MeV/c?)

Weight sum/(10 MeV/c?)

2 2f5 3
M(m)(GeV/c)

2 25 3
M(m)(GeV/c?)

Weight sum/(10 MeV/c?)

15 2 .
M(m)(GeV/c)

25

FIG.5. The distributions of the unnormalized moments (Y?) (L = 0, 1,2, 3 and 4) for J /yy — yny’ as functions of the 75’ mass. Black
dots with error bars represent the background-subtracted data weighted with angular moments; the red solid lines represent the baseline
fit projections; and the blue dotted lines represent the projections from a fit excluding the #; component.
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FIG. 6. Background-subtracted data (black points) and the PWA fit projections (lines) for the cos 6, distribution when the 7' mass is
restricted to the regions: (a) [1.5,1.7], (b) [1.7,2.0], and (c) [2.0,3.2] GeV/ 2. The red lines are the total fit projections from the baseline
PWA. The blue lines are the total fit projections from a fit excluding the #; component.

Figure 6 shows a comparison of the data and the PWA
projection of cos 6, in different M (') regions ([1.5,1.7],
[1.7,2.0] and [2.0,3.2] GeV/c?). There is a clear asymme-
try in the cos 6, distribution in the region [1.7,2.0] GeV/c?
largely due to the 7, (1855) signal, and the y?/ny;, of this
region indicates a good agreement between data and the
fitting results.

D. Discussion of the f,(1500) and f,(1710)

The dominant contributions in the baseline PWA are
from the scalar resonances. A significant signal for the
fo(1500) is observed with a large product branching
fraction (B(J/y — vfo(1500)) B(fy(1500) — ny') =
(1.81 £ 0.11,) x 1073). Since the mass of the f;(1500)
is close to the nn’ mass threshold and the f,(1500) has
other decay modes, we parameterize the f,(1500) with a
Flatté-like form with its mass and width as free parameters.
The Flatté-like propagator is

L{Zt(;SOO)) TME—g —;i\/gl"(s) ’ (25)
2 s 1
ro) =ar () (L) + 1 -ar (9

where the T in the first term of I'(s) is an effective
parameter corresponds to the decay mode f(1500)— 71/,
[ is orbital angular momentum of z#’ system, g is
B(fo(1500) — nr'), which is estimated to be 0.02 from
the PDG [14], the second term corresponds to all other
decay modes of the f;(1500), and T is a constant which
represents the total width of the f,(1500) listed in the PDG
[14]. p(s) is the momentum magnitude of #) in the ny’ rest
frame:

A S, — 8,/ 2
p(s) = \/W—sn/. (27)

The impact of using the Flatte-like parametrization for the
fo(1500) is assigned as a systematic uncertainty, which is
discussed further in Sec. V.

The ratio B(fy — n1')/B(fy — nz) can be calcu-
lated with the branching fractions measured in this analy-
sis and in J/w — yxta~, ya’z° [65]. The ratio
B(fo(1500) — nn')/B(fo(1500) — zz) is determined to
be (8.96 £ 2.80y,) x 1072, where the uncertainty is
statistical only. In comparison, the product branching
fraction  B(J/w — yfo(1810))B(fo(1810) — ny') s
(0.11 £ 0.01,) x 1073, If we consider the f,(1810) and
fo(1710) to be the same state, the ratio B(f,(1810) —
')/ B(fo(1710) — zx) is (1.397082) x 1072, where the
error includes both the systematic and statistical uncertain-
ties. If the f,(1710) is added to the baseline set of ampli-
tudes, the statistical significance of the f,(1710) is
216, the B(J/w — yfo(1710))B(fo(1710) = ny') is
(1.87 £ 0.54,) x 1077, and the B(J/w — yf(1500))x
B(fo(1500) — n1') becomes (1.98 4 0.064,) x 107, If
the fy(1810) is replaced by the f,(1710) with mass
and width taken from the PDG, the product branching
fraction B(J/w—yfy(1710))B(f¢(1710) = nn') becomes
(7.16 £ 2.214,) x 1077 and the negative log-likelihood is
worse by 29 units (7.30). There is therefore no significant
evidence for J/w — yf¢(1710) — yny'. To determine the
upper limits on B(J/y — yfo(1710))B(fo(1710) — nn')
for different scenarios, the same approach as that in
Ref. [66] is used. For each alternative fit, the upper limit
is determined at 90% of the integral of a Gaussian
distribution with mean and width equal to the fitting yield
and the statistical uncertainty. The maximum value is taken
as the upper limit.

V. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainty are divided into
two categories. The first category concerns the systematic
uncertainties related to event selection, which are appli-
cable to measurements of the branching fractions. These
sources of systematic uncertainties are described below.
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The second category of systematic uncertainties concerns
the PWA and will be treated later.

(i) Pion tracking. The MDC tracking efficiency of
charged pions is investigated using a clean control
sample of J/w — pprtzx~ [67]. The difference in
tracking efficiency between data and MC simulation
is 1% for each charged pion.

(i) Photon detection efficiency. The photon detection
efficiency is studied with a clean sample of J/y —
p°7° [68]. The result shows that the data-MC
efficiency difference is 1% per photon.

(iii) Kinematic fit. To investigate the systematic uncer-
tainty associate with the kinematic fit, the track helix
parameter correction method [69] is used. The
difference in the detection efficiency between using
and not using the helix correction is taken as the
systematic uncertainty.

(iv) #' mass resolution. The difference in the mass
resolution between data and MC simulation leads
to uncertainties related to the 7 mass window
requirement. This is investigated by smearing the
MC simulation to improve the consistency between
data and MC simulation. The difference of the
detection efficiency before and after smearing is
assigned as the systematic uncertainty for the 7’
mass window requirement.

(v) Other systematic uncertainties. The systematic un-
certainty due to the number of J/y events is
determined to be 0.43% according to Ref. [37].
The uncertainties on the intermediate decay branch-
ing fractions of 4/ = nata~, ¥ - yxtx~, and 5 —
yy are taken from the world average values [14],
which are 0.5%, 0.4% and 0.2%, respectively.

For the two 5’ decay modes, the systematic uncertainties
from pion tracking, four photon detection, number of J/y
events, B(n — yy) are common systematic uncertainties
and the other systematic uncertainties are independent
systematic uncertainties. The combination of common
and independent systematic uncertainties for these two
decay modes are calculated with the weighted least squares
method [70], and the total systematic uncertainty is
determined to be 4.8%. A summary of all systematic
uncertainties related to event selection is shown in
Table VI

Systematic uncertainties from the PWA impact the
branching fractions and resonance parameters. These are
studied below, and the statistical significance of the
171(1855) is recalculated in every variation.

(i) BW parametrization. Uncertainty from the BW

parametrization is estimated by the changes in the
fit result caused by replacing the constant width I,
of the BW for the threshold state f,(1500) with a
mass dependent width as described in Sec. IV D.
The statistical significance of the #,(1855) in this
case is 21.8c.

TABLE VI. Relative systematic uncertainties related to event
selection for the determination of the branching fraction (in %).

Common systematic uncertainties

Sources W —nrtn W —yntn
Pion tracking 2
Four photon detection 4
Number of J/y events 0.43
B(n = rr) 0.2
Total 4.5

Independent systematic uncertainties
Sources N -t N -yt
Another photon detection 1 e
Kinematic fit 1.5 2.6
7’ mass resolution 0.3 0.2
B(y' = natn) 0.5 e
By — yntn) e 0.4
B(n — yy) for another one 0.2 e
Total 1.9 2.6
Combined result 4.8

(i1) Uncertainty from resonance parameters. In the base-
line fit, the resonance parameters of the f,(1500),
f2(1565), £4(2050), 1 (1415),,, and h;(1595),, are
fixed to PDG [14] average values, and the resonance
parameters of f,(1810) are fixed to the previous
measurment [62]. An alternative fit is performed
where resonance parameters are allowed to vary
within one standard deviation of the PDG values
[14] and Ref. [62], and the changes in the results are
taken as systematic uncertainties. The statistical
significance of the 7, (1855) in this case is 20.6c.

(iii) Background uncertainty. To estimate the uncertainty
due to the background estimation, alternative fits are
performed using different ' sideband regions and
different background normalization factors. In de-
tail, the background normalization factors are varied
by one standard deviation, which is determined from
the fit results of Figs. 1(a) and 1(b). The statistical
significance of the #,(1855) is always above
21.16. The changes in the branching fractions and
resonance parameters are assigned as systematic
uncertainties.

(iv) Uncertainty from additional resonances. Uncertain-
ties arising from possible additional resonances
are estimated by adding the f((1710), f,(2220),
£4(2300), 1y (1595),,/, and p(1900),,/, which are the
most significant additional resonances for each
possible JC, into the baseline fit individually.
The resulting changes in the measurements are
assigned as systematic uncertainties. With the
addition of the fy(1710), f,(2220), f4(2300),
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TABLE VII.  Systematic uncertainties on the masses (in MeV/c?) and widths (in MeV) of the f,(2020), f,(2330),
11(1855), and f,(2010), denoted as AM and AT, respectively.
£0(2020) £6(2330) i (1855) £2(2010)

Sources AM AT AM AT AM AT AM AT
Breit-Wigner formula w0 0 0 i w0 i w0 %
Resonance parameters 5 i iRy 2 2 o o o
Extra resonances > o o 5 i e o 0
Background uncertainty 0 b B j71 B jS‘ 0 0
Total 3 i it B i i 50 50

TABLE VIII. Relative systematic uncertainties on the branching fractions of J/y — yX — yny’ or J/y — )X = yny' (relative

uncertainties, in %).

Sources Fo(1500) £o(1810) £(2020) £,(2330) 1,(1855) £>(1565) f,(2010) £,(2050) O** PHSP h,(1415) h,(1595)
Event selection j.'g
BricWigner formula 0,0 0GR g
Bamonnees 00 G0 0 g e E o, g
Resonance parameters jg fgs,s f(?.s irgb irg.l tgs tg.z t?A irz(t)ﬁ ir?m 33
Background uncertainty ~ *73 73 i oA 1y S S S SRR s 158 0%
Total +10.6 +329 +13.1 +103 +5.9 +38.5 +137 +55.0 +7.0 +12.0 +18.8
-7.1 —284 -83 -17.6 ~13.1 -55 -85 95 ~140 ~195 -8.0

h(1595),,/, and p(1900),,, the statistical signifi-
cances of the #,(1855) are 22.1¢, 21.20, 21.10,
19.00, and 21.10, respectively.

For each alternative fit performed to estimate the system-
atic uncertainties in the PWA fit procedure, the changes of the
measurements are taken as the one-sided systematic uncer-
tainties. For each measurement, the individual uncertainties
are assumed to be independent and are added in quadrature to
obtain the total systematic uncertainty on the negative and
positive sides, respectively. The sources of systematic
uncertainties affecting the measurements of masses and
widths of the f,(2020), f((2330), #,(1855), f,(2010)
and their contributions are summarized in Table VII. The
relative systematic uncertainties relevant to the branching
fraction measurements are summarized in Table VIIL

Including the systematic uncertainties, the ratio
B(fo(1500) — nn')/B(fo(1500) — zz) is measured to
be (8.9673%5) x 1072, where the error includes both the
systematic and statistical uncertainties. To include the
systematic uncertainties in the upper limit B(f(1710) -
')/ B(fo(1710) — zx), the additive systematic uncertain-
ties, i.e., the systematic uncertainties on the upper limit
associated with the PWA, are considered by performing
alternative fits and taking the maximum value as the upper
limit. The multiplicative systematic uncertainties, i.e. the
other systematic uncertainties, are taken into account by

dividing by the factor (1 — Scombined)s Where Scombined 1S
the systematic uncertainties associated with the event
selection and the uncertainty of branching fractions and
the uncertainty of J/w — yfy(1710) —» yzz [65]. The
upper limit on B(fy(1710) — n1')/B(fo(1710) — zx) at
90% CL is determined to be 1.61 x 1073,

VI. SUMMARY

In summary, a PWA of J/w — yni’ has been performed
based on (10.09 £ 0.04) x 10° J/y events collected with
the BESIII detector. An isoscalar state with exotic quan-
tum numbers JP¢ = 1=, denoted as #,(1855), has been
observed for the first time. Its mass and width are measured
to be (1855+9"F) MeV/c? and (188 & 1873) MeV,
which are consistent with LQCD calculations for the
17" hybrid [23]. The first uncertainties are statistical
and the second are systematic. The statistical significance
of the resonance hypothesis is estimated to be larger
than 190. The product branching fraction B(J/y —
yn1(1855))B(n,(1855) — ny') is measured to be (2.70+
0.41701%) x 107°. Further study with more production
mechanisms and decay modes will help to identify the
nature of #,(1855). The decay J/w — yfo(1500) — yny’
has also been observed (>300), while J/y —
vfo(1710) — yni is found to be insignificant. The ratio
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B(fo(1500) — nn')/B(fo(1500) — zz) is measured to be
(8.967393) x 1072, which is consistent with the PDG value
[14]. For the first time, the upper limit on the ratio of
B(fo(1710) — nn')/B(f¢(1710) — zx) at 90% confidence
level is determined to be 1.61 x 1073, The suppressed decay
rate of the f((1710) into ny' lends further support to the
hypothesis that the f,(1710) has a large overlap with the
ground state scalar glueball [12], and the f,(1710)/f((2020)
might be interpreted as flavor singlet [71].
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