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Fundamental Structure of Matters
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๏ SM well describes fundamental structure of Matters, including 
EW and strong interactions 
• Gluons mediate strong interactions 
• QCD (SU(3) non-Abel gauge theory) is the basic theory for 

strong interaction 
๏ Hadron spectroscopy can provide us clues for the understanding 
of fundamental structure via the hadron property study

decrease with increasing distance. For distance scales of the
order of 1 m, αQED ≃ 1=137; at a distance scale of 0.002 fm,
comparable to the Compton wavelength of the Z0 weak vector
boson, αQED ≃ 1=128.
In QCD, the gluon-gluon interaction includes additional

vacuum polarization diagrams that have virtual gluon loops as
shown in Fig. 2(b). These gluon loops modify the QCD
coupling strength αs in a way that is opposite to that of its
QED counterpart: they cause αs to decrease at short distances
and increase at long distances (Gross and Wilczek, 1973;
Politzer, 1973) as illustrated in Fig. 3. The relatively small
value of the coupling strength at short distances, αs ¼
0.1185" 0.0006 at r≃ 0.002 fm, results in what is called
“asymptotic freedom” and facilitates the use of perturbation
expansions to make reliable (albeit difficult) first-principle
calculations for short-distance, high-momentum-transfer
processes such as those studied in the high-pT detectors at
CERN’s Large Hadron Collider (LHC). In contrast, for
distance scales of that approach r ∼ 1 fm, which are character-
istic of the sizes of hadrons, αs ∼Oð1Þ and perturbation
expansions do not converge. This increase in the coupling
strength for large quark separations is the source of “confine-
ment,” i.e., the reason that isolated colored particles, be they
quarks or gluons, are never seen. The only strongly interacting
particles that can exist in isolation are color-charge-neutral
(i.e., white) hadrons.

B. The QCD dilemma

InQCD, the component of the standardmodel (SM) of eleme-
ntary processes that deals with the strong interaction, the eleme-
ntary particles are the color-chargedquarks andgluons.However,
a consequence of confinement is that these particles are never
seen in experiments. Although the QCDLagrangian is expected,
in principle, to completely describe the spectrum of hadrons and
all of their properties, there is no rigorous first-principle trans-
lation of this into any useful mathematical expressions.
The quark and gluon composition of hadrons can be

hopelessly complex, as illustrated in the inset on the right
side of Fig. 3. For distance scales on the order of 1 fm, the
typical size of a hadron αs ∼ 1 and the pattern illustrated in the
figure is just one of an infinite number of possible quark-gluon
configurations that are subject only to the constraints that they

have appropriate quantum numbers and are color neutral. In
fact, while the traditional three quarks form baryons and
quark-antiquark pairs form mesons the prescription works
well for the meson octets and the baryon octet and decuplet
that were known at the time quarks were first introduced, it
fails in a number of other areas. Soon after the quark model
was proposed, it was realized that these simple rules failed to
provide a satisfactory explanation for the properties of the
lowest-mass scalar-meson octet (Jaffe, 1977a) and were
unable to provide a simple explanation for the positive parity
of the lowest-lying excitation of the proton, the JP ¼ 1=2þ

N&ð1440Þ (the “Roper resonance”) (Alvarez-Ruso, 2010) or
the mass of the lowest-lying excitation of the Λ hyperon, the
JP ¼ 1=2− Λð1405Þ (Close and Dalitz, 1980).
A fundamental process that can be computed with

perturbative QCD is quark-quark elastic scattering at high-
momentum transfer. This shows up in high-energy pp
collider experiments as events with two high transverse
momentum jets of hadrons that are nearly back to back in
azimuth. The theoretical description of this process is based
on calculations of the diagram shown in the inset on the left
side of Fig. 3. Here, in lieu of a beam or target of isolated
quarks, the beam and target particles are quarks contained
inside the colliding protons. The momentum distribution of
quarks inside the proton is governed by long-distance QCD
and approximated by universal parton distribution functions
that are taken from fits to data from hadron-collider mea-
surements at lower center of mass (c.m.) energies, deep-
inelastic lepton-proton scattering experiments, etc. The
fundamental QCD qq → qq process at the core of the
diagram has been computed up to Oðα3sÞ, but the properties
of the final-state quarks cannot be directly measured and,
instead, have to be inferred from the jets of hadrons that they
produce; for this, empirical “fragmentation functions” are
employed. Thus, even processes that are amenable to
perturbative QCD calculations involve significant long-
distance QCD effects in both the initial and final states.
This nearly total disconnect between the hadrons that we

observe in experiments and the quarks and gluons that appear

(a)

(b)

FIG. 2. (a) The lowest-order QED vacuum polarization diagram
for electron-electron scattering. (b) The lowest-order QCD
vacuum polarization diagrams for quark-quark scattering.

hadrons

hadrons

FIG. 3. The behavior of the QCD coupling strength αs as a
function of the inverse momentum transfer 1=Q or, equiva-
lently, the quark separation distance r. Descriptions of the data
points and the associated references are provided in Patrignani
et al. (2016).
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✦ High Energy: 
•  running, widely confirmed experimentally (Nobel 
Prize 2004)


✦ Low Energy: 

• Self-interaction of gluons → Glueballs

αs

QCD predictions



Glueballs
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Review on Glueball Hunting Davide Vadacchino
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Figure 7: A summary of estimates of the unquenched glueball spectrum. In light blue, the results from
Ref. [61], in light orange and green, the results from Ref. [68], in red, the results in Ref. [70], in purple the
results from Ref. [67], in brown, the results from Ref. [63], in cyan the quenched results from Ref. [48].

combinations of fermionic operators, additional states were observed to appear upon inclusion of
glueball operators in the variational basis. Curiously, no new state appears within the energy range
considered. This is an indication that further study is needed on the e�ects systematics introduced
by the choice of the variational basis.

At this conference, a calculation of the scalar glueball mass with # 5 = 4 clover improved
twisted mass fermions was presented, see Ref. [63]. The low-quark mass regime was explored,
with <c ⇠ 250 "4+ and while in the pseudo-scalar and tensor channel the masses were roughly
found to agree with the corresponding quenched values, a new light state was observed in the scalar
channel. Notably, the mass of the first and second excited states was found to be similar to that
the ground state and first excited quenched glueballs, respectively. The spectrum is displayed in
in the left-hand panel of Figure 6. It is suggested that the new low-lying state is cc or a @@̄ state.
A similar calculation was performed for # 5 = 2 + 1 + 1. The fact that the mass of the additional
low-lying state was shown to depend strongly on <c suggests that it might contain a large quark
content. The above results illustrate the need to improve our understanding of the unquenched
glueball spectrum, especially in the continuum limit. However, the most pressing questions are on
the e�ects of mixing.

A summary of the estimates of the spectrum in unquenched lattice QCD at finite lattice spacing
is displayed in Figure 7.

The formalism to study the e�ects of mixing on the spectrum was described in detail in Ref. [65]
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◈ Lattice QCD (LQCD) is a non-perturbative method from the 
first principles in theory. 


◈ Different lattice QCD groups (including lattice simulations 
with dynamical quarks)

✦ Predictions on masses and production rates of pure glueballs

✦ Consistent results and expected to be reliable.


◈ Lattice QCD predictions on glueball masses: 
✦ 0++ ground state: 1.5 - 1.7 GeV/c2

✦ 2++ ground state: 2.3 - 2.4GeV/c2

✦ 0-+ ground state: 2.3 - 2.6GeV/c2

◈ Special Importance of Glueballs：Glueballs to QCD is just as important as Higgs Boson to EW 
✦ Unique particle made of pure force (bosons) 
✦ Direct proof of self-interactions of gluons — Direct proof of non-Abel gauge interactions of QCD 
✦ Direct proof of origin of mass from strong interactions



Glueball production in J/ψ Radiative decay
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◈  Gluon rich environment 

◈  Isospin filter: final states dominated by I=0 
processes


◈  Spin-parity filter: C parity must be +, so 
Jpc=0-+, 0++, 1++, 2++, 2-+ …


◈  Clean environment in e+e- collision: very 
different from p-p collision

~ ααs4 ~ ααs6

◈Rich glueball production in J/ψ 
radiative decays: 

✦ Glueball production rate in J/ψ 
radiative decays could be higher 
than normal hadrons

~ ααs4~ ααs2

➡ J/ψ Radiative decay is an ideal place to search for glueballs



Glueball Decays

◈  Flavor symmetric decays 

◈  No rigorous predictions on decay patterns and their branching ratios 

◈  The glueball decays could be the analogy to Charmonium decays since they all 
decay via gluons (OZI suppression) [PLB 380 189(1996), Commu. Theor. Phys. 23.373 (1995)]


✦  e.g. the 0-+ glueball could have similar decays of ηc
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Historical Glueball Candidates 

◈ Many experiments searched for glueballs over the past 4 decades


◈ Many historical glueball candidates, but with some difficulties/controversies. 

✦ Scalar Glueball candidate (0++)：f0(1500), f0(1710)


✦ Tensor Glueball candidate (2++): f2(2340)


✦ Pseudoscalar Glueball candidate (0-+):  η(1405) 
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Historical Glueball Candidates — Scalar f0(1710) 

◈ The f0(1710) was discovered in J/ψ→γπ+π-  and J/ψ→γK+K- by MarkIII in 1987 as θ2(1720)


✦ Jpc = 2++ from a simple fit to the angular distribution 

✦ The significance of 2++ state is ~3σ better than 0++ assumption

7
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FIG. 12. Fit to J/P~y~+ncont. aining four interfering
Breit-Wigner amplitudes. The additional peak corresponds to a
possible signal for the f'(1525)~n.+m.

FIG. 13. Single-track kaon efficiency vs momentum: (a) non-
decaying kaons, (b) kaons decaying in the drift chamber.

has been taken from the analysis of the K+K channel
presented later.

EV. THE yK+K FINAL STATE

Introduction

The 8(1720) was first observed by the Crystal Ball Col-
laboration in the gg mode, using 2.2& 10 produced
J/lt's. A spin analysis favored J =2+ at the 95% C.L.
The statistics for this analysis were limited, and no al-
lowance was made for the possible presence of thef'(1525).
The Mark II experiment later observed the g(1720) in

the K+E mode. Their analysis was able to distinguish
the 8(1720) from the nearby f'(1525) signal.

Kinematics

Since the outer radius of the drift chamber (1.1 m) is
comparable to the proper decay length of a kaon (3.7 m),
kaons produced in J/g decays often decay within the
Mark III detector. The detection efficiency for single
kaons as a function of momentum is studied using Monte
Carlo events. The results are in Fig. 13; the efficiency for
detecting kaons falls rapidly below 0.500 CxeV/c, and is
negligible below 0.200 GeV/c.
The minimum and maximum kaon momenta for dif-

ferent K+E masses are displayed in Fig. 14. The van-
ishing minimum momentum that occurs at mzz —1.35
CxeV is the result of a kinematic crossover which takes
place when the velocity of the K+E system is equal to
the velocity of the kaons in the K+K center of mass.
This kinematic effect combines with the kaon detection
efficiency to produce a reduction in the overall efficiency
in the 1.4-GeV/c mass region. This is significant for the
f'(1525) branching-ratio measurement and spin analysis.

Event selection

The events are required to have one to four cleanly iso-
lated photons. Charged tracks must be well measured in

the drift chamber, and identified as being consistent with
kaons by the TOF system. Figure 14 shows that the max-
imum kaon momentum is always above 1 GeV/c . The
ability of the TOF system to separate kaons from pions at
momenta above 1 GeV/c is very limited. Each track is
required to be consistent with the kaon hypothesis within
the 2.5o., corresponding to a weight )0.05, where the—x /2weight is defined by e " with

tmeas t pred
2
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FIG. 14. The minimum and maximum kaon momenta vs

K+K

Although vr-K separation of TOF may be ambiguous for a
single high-momentum track, the pair identification is
satisfactory because the second kaon has low momentum.
It is further required that the track is not consistent with
the pion hypothesis. This is done by requiring that the
relative TOF weight, weight (m )/weight (IC), be less than
one for each charged track. This cut introduces a slight
momentum dependence in the efficiency for kaons with
momenta above 1 GeV/c. The overall efficiency for the
K+K system is almost independent of the individual
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kaon momenta, except for low m~x masses.
Kinematic fits are performed to impose energy and

momentum conservation. These fits produce an improve-
ment in the resolution and aid in rejecting background
events. Fits to the J/g~yK+E hypothesis are per-
formed using all of the "isolated" photons in the event
and the fit with the smallest X is used. The confidence
level for the kinematic fit is required to be greater than
0.02. Monte Carlo studies indicate that less than 5% of
these events contain a decay kaon. The distribution of
events obtained after making the event selection cuts is
shown in Fig. 15.
The background events not eliminated by TOF and

kinematic fitting are those containing extra low-energy
photons. The dominant contribution comes from the de-
cay J/lt ~K*+-K+, where K*~K~ . The contribution
of these events in the mzx &2.0 GeV/c region is es-
timated to be —30 events, or S%%uo of the total. This back-
ground is not rejected.

mf ——1.527+0.008 GeV/c
rf.=0.087+0.037 CxeV/c
m ~——1.72+0.007 CseV/c 2,
I ~——0.132+0.015 GeV/c

The quoted errors are statistical only. Allowing the two
Breit-Wigner amplitudes to interfere does not improve the
fit.
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Mass-plot analysis for the f'( 1525)/8(1700) region
Two states are apparent in the K+K mass plot shown

in Fig. 15. The lower peak is identified with the f (1525),
while the upper peak has a mass consistent with that of
the 8(1720).
To extract the masses and widths for the f'(1525) and

the 8(1720), the mass plot is fitted with two incoherent
Breit-Wigner amplitudes, and a parametrization of three-
body phase space. The fit is shown in Fig. 15. The pa-
rameters obtained are

Spin analysis for the f'(1525)/8(1700) region
The next step is to perform a spin analysis using the

production and decay angular distributions. The calcula-
tion of the production and decay angular distribution for
this case has already been described in the discussion of
the f(1270). In the present case, the spin will not be as-
sumed; fits will be performed to the J =0+ and 2+ hy-
potheses.
For the J=O case, the angular distribution is complete-

ly determined. For J=2, the four parameters,
(x,y, p„,y~) are a priori unknown, and allow the angular
distributions to vary greatly in shape. The ability to
separate different values of the spin is compromised by
this uncertainty. For some values of x and y, states withJ=2 will have a highly peaked distribution in cosOz,
which allows them to be distinguished from J=O states.
However, if the cos8x distribution is approximately flat,
it is very difficult to distinguish different spins without
high statistics.
The spin analysis is performed separately for thef'(1525) and the 8(1720) mass regions, defined to be

f'(1525): 1.45 & m +z & 1.60 GeV/c

8(1720): 1.60& m +z & 1.85 GeV/c

Additional cuts were made on the track angles to restrict
the fiducial volume

cos8r
I
&0 95

I
cos8

The final event sample contains 103 events in the f'(1525)
region and 239 events in the 8(1720) region. The two res-
onances are too close in mass to be fully isolated from
each other. Using the previous incoherent Breit-Wigner
fit as a guide, the 8(1720) contamination in the f'(1525)
region is -20%%uo, and the f (1525) contamination in the
8(1720) region is —5%. The influence of this contamina-
tion will be studied by performing fits over subintervals of
these two regions.
The Monte Carlo acceptances are displayed for the

f'(1525) and 8(1720) regions in Fig. 16. The differences
in the acceptance between the f'(1525), and the 8(1720)
are due to kinematic effects and K decays.
The fit procedure is performed under a variety of con-

ditions. The first group of fits is performed over the fullf'(1525) region. Two fits to J=2 are made: one has the
relative phases P„and (()„ fixed at zero; the other allows
them to vary. A second group of fits is performed over a
restricted mass region, which contains less background
from the 8(1720). The results for this second group are
consistent with those from the full mass region, which are
displayed in Fig. 17. The curves are a smoothed fit to
Monte Carlo events which have been weighted by the ac-
tual fit results. This indirect technique is necessary be-
cause the acceptance function is never explicitly evaluat-
ed, but appears only in the form of a normalization in-
tegral. The results for the spin analysis of the f'(1525) re-
gion are summarized in Table I. Spin 2 is clearly favored.
It is evident that the acceptance effects are large for

this mass region. The cosO& distribution for J=O before
acceptance corrections is 1+cos Oz, whereas after the
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TABLE II. The 0(1720) spin-analysis results. The upper group of fits are performed over the full mass region. The lower group
of fits are performed over a restricted mass region.

Full 0(1720)
region

1.60&m &1.85 GeV/c
239 events

Partial 0(1720)
region

1.675&m &1.850 GeV/c
177 events

Fit J=O
Fit J=2
(fixed phases)

Fit J=2
(variable phases)

Fit J=0
Fit J=2
(variable phases)

lnW =—644.9
1nW =—636.7

x =—1.07+0. 16, y„=0
y =—1.10+0. 16, (py ——0

lnW =—636.5
x =—1.07+0. 16, g „=0.6+0.6
y =—1.09+0.15 y =—0. 1+0.5

jnW =—438.8
lnW =—432.9

x =—1.14+0.20 g„=0.0+1.1
y =—1.28+0.20 gy ——0.0+0.9
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FIG. 18. The fit results for the 0(1720) spin analysis. The histograms display the events used in the fit. (a), (b), and (c) ~nd~cate the
fit results for the J=O fit, (d), (e), and (f) for the J=2 fit. (See Fig. 9 for details. )
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◈ The f0(1710) was firstly changed to be 0++ from a full PWA of J/ψà γKK @ BESI. Lots of studies at 
MarkII, DM2, BESI,BESII, BESIII


◈ The f0(1710) favors to be a scalar glueball or large glueball content: controversy of dynamic 
mixing mechanism 
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Historical Glueball Candidates — Scalar f0(1710) BES Collaboration / Physics Letters B 642 (2006) 441–448 443

the cluster is greater than 18◦, and the angle between the clus-
ter development direction in the BSC and the photon emission
direction is less than 30◦.

The total number of layers with hits associated with the two
charged particles in the muon counter is required to be less than
four in order to remove γµ+µ− events. To remove the large
backgrounds from Bhabha events, we require that (i) the open-
ing angle of the two tracks satisfies θop < 175◦ and (ii) the en-
ergy deposit by each track in the BSC satisfies ESC < 1.0 GeV.
We require θop > 10◦ to remove γ conversions that occur at low
π+π− mass. In order to reduce the background from final states
with kaons and electrons, both tracks are required to be identi-
fied as pions by TOF or dE/dx when the momenta are lower
than 0.7 GeV/c. In other cases, at least one track is required to
be identified as a pion by TOF.

Requirements on two variables, U and P 2
tγ , are imposed

[11]. The variable U = (Emiss − | #Pmiss|) is required to sat-
isfy |U | < 0.15 GeV. Here, Emiss and #Pmiss are, respec-
tively, the missing energy and momentum of charged parti-
cles. The variable P 2

tγ = 4| #Pmiss|2 sin2 θγ /2 is required to be
< 0.0045 (GeV/c)2, where θγ is the angle between the missing
momentum and the photon direction. The U cut removes most
background from events having multikaon or other neutral par-
ticles, such as K∗(892)±K∓, γK+K− events. The cut on P 2

tγ

is used to reduce backgrounds with π0s.
In order to reduce the dominant ρπ background, events

with more than one photon satisfying |Mγ1γ2 − Mπ0 | <

0.065 GeV/c2 are rejected. Here Mγ1γ2 is the invariant mass
of the two isolated photons with the smallest angle between
the plane determined by these two photons and the direction of
#Pmiss in all possible photon combinations. Mγ1γ2 is calculated

using Pmiss and the angle between #Pmiss and the γ direction.
The advantage of this method is that it uses the momenta of
the charged tracks measured by the MDC, which has good
momentum resolution, and is independent of photon energy
measurement.

Finally, the two charged tracks and photon in the event are
kinematically fitted using four energy and momentum conser-
vation constraints (4-C) under the J/ψ → γπ+π− hypothesis
to obtain better mass resolution and to suppress backgrounds
further by using the requirements χ2

γπ+π− < 15 and χ2
γπ+π− <

χ2
γK+K− . If there is more than one photon, the fit is repeated

using all permutations and the combination with the best fit to
γπ+π− is retained.

For J/ψ → γπ0π0, the π0 mesons in the event are iden-
tified through the decay π0 → γ γ . The isolated photon is re-
quired to have the energy deposited in the BSC greater than 80
MeV and come from the interaction point. The number of iso-
lated photons is required to be greater than four and less than
seven. A 4-C kinematic fit to J/ψ → 5γ is performed, the com-
bination of five photons with the smallest χ2 is selected, and a
kinematic fit chi-square χ2

5γ < 15 is required. For five photons,
there are 15 combinations from which to construct two π0s.
To select π0s, we choose the combination with the smallest ∆,

where ∆ =
√

(Mγ1γ2 − Mπ0)2 + (Mγ3γ4 − Mπ0)2 and require

Fig. 1. Invariant mass spectrum of π+π− and the Dalitz plot for
J/ψ → γπ+π− , where the lightly and dark shaded histograms in the upper
panel correspond to J/ψ → π+π−π0 and other estimated backgrounds, re-
spectively.

|Mπ0
1,2

− Mπ0 | < 40 MeV/c2. To reduce background with ωs,

events with the invariant mass of a π0 and one photon in the
ω mass interval |Mγπ0

1(2)
− Mω| < 30 MeV/c2 are rejected. To

further suppress backgrounds with more than one neutral parti-
cle recoling to the π0π0 system, the recoiling mass squared of
the π0π0 system is required to be less than 4.8 (GeV/c2)2.

Fig. 1 shows the π+π− mass spectrum for the selected
events, together with the corresponding background distribu-
tions and the Dalitz plot. There is a strong ρ0(770) peak mainly
due to background from J/ψ → ρ0π0. A strong f2(1270)

signal, a shoulder on the high mass side of the f2(1270), an
enhancement at ∼ 1.7 GeV/c2, and a peak at ∼ 2.1 GeV/c2

are clearly visible. The lightly shaded histogram in Fig. 1 cor-
responds to the dominant background J/ψ → π+π−π0. The
data taken at the e+e− center of mass energy of 3.07 GeV,
with a luminosity of 2272.8 ± 36.4 nb−1, are used to determine
the continuum background. The sum of continuum background
and the other possible backgrounds, such as J/ψ → γ η′ (η′ →
γρ0,ρ0 → π+π−), J/ψ → K∗(892)±K∓, . . . , is estimated to
be 3.8% of the data in the whole mass range and is shown as
the dark shaded histogram in Fig. 1.

Fig. 2 shows the π0π0 mass spectrum and the Dalitz
plot. The shaded histogram corresponds to the sum of es-
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FIG. 2. The helicity amplitudes versus invariant mass K1K2.

theoretical moments of radiative decay Jyc ! gXsX 2
PPd, Tr ; T s j, l, md with 011 and 211 components can
be written as [19]
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where B10 is the helicity amplitude for 011 component,
A10, A11, and A12 are those for 211, and g ; 2 cosf
represents the interference between 011 and 211.
The objective function is defined as

L2 ≠ sN 2 T dV 21sN 2 Td , (18)
and the standard Minuit Program in CERN LIBRARY
is used to minimize L2. The invariant mass spectrum
K1K2 (from 1.44–1.86 GeVyc2) is divided into 14 bins

FIG. 4. The separated 211 from fJ s1710d.
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the cos θη 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 ηη0 resonances. The
moment for the kth bin of Mðηη0Þ is

hY0
l i≡

XNk

i¼1

WiY0
l ðcos θiηÞ: ð19Þ

For data, Nk is the number of observed events in the kth bin
of Mðηη0Þ and Wi is a weight used to implement back-
ground subtraction. For the PWA model, Nk is the number

of events in a PHSP MC sample, which is generated with
signal events distributed uniformly in phase space, and Wi
is the intensity for each event calculated in the PWAmodel.
Neglecting ηη0 amplitudes with spin greater than 2, and

ignoring the effects of symmetrization and the presence of
resonance contributions in the γη and γη0 subsystems, the
moments are related to the spin-0 (S), spin-1 (P) and spin-2
(D) amplitudes by [64]:

ffiffiffiffiffiffi
4π

p
hY0

0i ¼ S2 þ P2 þD2; ð20Þ

ffiffiffiffiffiffi
4π

p
hY0

1i ¼ 2SP cosϕP þ 4PD cosðϕP − ϕDÞ; ð21Þ

)2’)(GeV/cM(
1.5 2 2.5 3

)2
E

ve
nt

s/
(1

0M
eV

/c

0

100

200

300

400

Data
0
2
4
1
1

)
1
ηPWA fit projection (exclude 

PWA fit projection (baseline fit)

 =   1.57bin/n2(a)

)2)(GeV/cM(
1 1.5 2

)2
E

ve
nt

s/
(2

0M
eV

/c

0

100

200

300

400
 =   1.52bin/n2(b)

)2’)(GeV/cM(
1 1.5 2 2.5

)2
E

ve
nt

s/
(2

0M
eV

/c

0

100

200

300

400  =   1.24bin/n2(c)

cos
-1 -0.5 0 0.5 1

E
ve

nt
s/

0.
05

0

200

400

 =   1.77bin/n2χ(d)

FIG. 2. Background-subtracted data (black points) and the PWA fit projections (lines) for (a,b,c) the invariant mass distributions of
(a) ηη0, (b) γη, and (c) γη0, and (d) the distribution of cos θη, where θη is the angle of the η momentum in the ηη0 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 η1 component. The dashed lines for the 1−þ; 0þþ; 2þþ; 4þþ and 1þ− contributions are the coherent sums of amplitudes for each JPC.

)4/c2)/(0.1 GeV4/c2’)(GeV(2M
2 4 6 8

)4
/c2

)/
(0

.1
 G

eV
4

/c2
)(

G
eV

(2
M 0

1

2

3

4

5

0

10

20

30

40

50

60

70

80(a)

)4/c2)/(0.1 GeV4/c2’)(GeVη(2M
2 4 6 8

)4
/c2

)/
(0

.1
 G

eV
4

/c2
)(

G
eV

(2
M 0

1

2

3

4

5

0

20

40

60

80

100(b)

)4/c2)/(0.1 GeV4/c2’)(GeVη(2M
2 4 6 8

)4
/c2

)/
(0

.1
 G

eV
4

/c2
)(

G
eV

(2
M 0

1

2

3

4

5

0

1

2

3

4

5

6

7(c)

FIG. 3. Dalitz plots for (a) the baseline PWA, (b) the selected data, and (c) background estimated from the η0 sideband.

M. ABLIKIM et al. PHYS. REV. D 106, 072012 (2022)

072012-12

PRD 106 (2022) 072012

but S only decreases by 4.7, corresponding to a significance
of less than 5σ. Therefore the parameters for these
resonances are set to their PDG values.
In addition to the resonances included in the nominal

solution, the existence of extra resonances is also tested.
For each additional resonance listed in the PDG, a
significance is evaluated with respect to the nominal
solution. No additional resonance that yields a significance
larger than 5σ also has a signal yield greater than 1% of the
size of the data sample. Additionally, an extra f0, f2, f4,K!

or K1 amplitude is included in the fit to test for the presence
of an additional unknown resonance. This test is carried out
by including an additional resonance in the fit with a
specific width (50, 150, 300, or 500 MeV=c2) and a
scanned mass in the acceptable region. No evidence for
an additional resonance is observed. The scan of the 2þþ

resonance presents a significant contribution around
2.3 GeV=c2, with a statistical significance larger than 5σ
and a contribution over 1%. However, this hypothetical
resonance interferes strongly with the f2ð2340Þ due to their
similar masses and widths, and is therefore excluded from
the optimal solution.

B. MI amplitude analysis

1. MI amplitude analysis formalism

The MI amplitude analysis follows the same general
procedure as that described in Ref. [10]. The amplitudes
are extracted independently in bins of KSKS invariant
mass. Only the 0þþ and 2þþ amplitudes are found to be
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FIG. 3. Distributions of the (a) KSKS and (b) γKS invariant
mass spectra. Markers with error bars are the data and the red
histograms are the fit results for the MD analysis. The pull
distributions [(data-fit)/error] are shown below each plot.
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FIG. 4. Angular distributions including (a) the cos θ distribu-
tion for the radiative photon, (b) the cos θ distribution of one KS
in the KSKS rest frame, and (c) the azimuthal distribution of one
KS in the KSKS rest frame. Markers with error bars are the data
and the red histograms are the fit results for the MD analysis. The
pull distributions [(data-fit)/error] are shown below each plot.
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✦ High production rate of J/ψà γf0(1710)
 

                 BESII: PLB 642 (2006) 441 
 

                BESIII: PRD 98 (2018) 072003

B[J/ψ → γf0(1710) → γππ] = (4.0 ± 1.0) × 10−4

B[J/ψ → γf0(1710) → γK0
s K0

s ] = (2.00+0.03
−0.02

+0.31
−0.10) × 10−4

✦ Decay suppression in f0(1710)à ηη’


 
                BESIII: PRD 106 072012(2022)
B[ f0(1710) → ηη′￼/f0(1710) → ππ] < (2.9±+1.1

−0.9) × 10−3
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Historical Glueball Candidates — Scalar f0(1500) 

Volume 291, number 3 PHYSICS LETTERS B 24 September 1992 
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Fig. 3. (a) The ~rc ° invariant mass spectrum. (b) The 1111 invar- 
iant mass spectrum. The histograms represent the final fit. 

with p =  1 fm. In the helicity formalism, W~(q)= 
Wt(q) for any l. When using Zemach's method 
w~(  q ) = ( qp ) - ' w t (  q ). 

The interpretation of the qn final state interaction 
requires the presence of the ao (980) (see fig. 3a). We 
have attempted our own determination of the mass 
and width of the ao(980), using the regions of  the 
Dalitz plot which are less affected by the reflection of 
possible ~q resonances, i.e. using the regions w i t h  
Mz(~n) > 1.4 GeV 2. Fitting a relativistic one-chan- 
nel S-wave Breit-Wigner function Fo [ ao (980) ] to the 
q2n mass spectrum, we find 

mao=982+2  MeV/c 2, F , o = 5 4 +  10MeV/c  2, 

in excellent agreement with the Particle Data Group 
values [7]: m = 9 8 3 . 3 + 2 . 6  MeV/c  2, and F = 5 7  + 11 
MeV/c 2. The errors were estimated by trying several 
forms of background and fitting regions. In the fol- 
lowing, we shall use our values to represent the 
a0(980). 

The other qn known resonance which could be 
present in the Dalitz plot is a2 ( 1320): for complete- 

ness, we shall introduce it, using a D wave Breit- 
Wigner function F2[a2(1320) ], with ma2 = 1334 
MeV/c 2, and Fa2 = 113 MeV/c 2, the standard values 
for the a2(1320) observed in its q~ decay mode [7]. 

The interpretation of the ~llq final state interaction 
is more involved. Let us first dispose of the f2(1270). 
It has been shown in ref. [ 3 ] that the f2 ( 1270)--. n°r~° 
represents ~ 20% of the 3n ° annihilations. Using a 
ratio of branching ratios [ 6 ], 

B[f2(1270)-*'qrl--*47] =2.4×  10 -3,  
B [ f2 (1270) ~ n°/~°--.4y ] 

we would expect a contribution of less than 300 events 
to our rlqn sample, i.e. < 1.5%, an unmeasurable 
quantity: any attempt to introduce the t"2(1270) in 
the fit confirms this conclusion. 

The rl• enhancement at ~ 1400 MeV/c 2 (see fig. 
3b), is tentatively attributed to the fo (1400). The en- 
hancement at ~ 1550 MeV/c 2, on the other hand, 
cannot be easily identified with any known single res- 
onance. It may correspond to an overlap of several 
resonances: one of them could be the f2 ( 1515 ) ob- 
served in reaction (2) [ 3 ]; this may decay into qrl 
and should therefore be introduced in this analysis. 
This is done, imposing the mass, width and quantum 
numbers observed in [ 3 ], i.e. 

f2(1515): m=1515MeV/c 2, F=12OMeV/c 2. 
Note that t"2 ( 1515) is different from f~ (1525) whose 
main decay mode is KI(  [ 7 ]. The absence off~ (1525) 
in pp--,KI~ n ° [8] leads us to estimate that it could 
contribute at most 1% to reaction (1). However, 
f2( 1515 ) differs from f~( 1525 ) only by a small dif- 
ference in width and a non-measurable difference in 
mass. Under these conditions, the results of  the fit 
will have to be treated as a possible mixed contribu- 
tion of both states. With these masses and widths, 
neither f2( 1515 ) nor f~( 1525 ) can explain the total- 
ity of the broad qq enhancement observed at ~ 1550 
MeV/c2: we are therefore led to introduce another 
resonance, called temporarily X j(1550),  with a cen- 
tral mass in the vicinity of 1550 MeV/c 2 and a width 
around 250 MeV/c 2. Nothing is known, a priori, on 
its spin. We shall first assume JeC=0++ and check 
later that this assignment is unique. 

The fitting method used is identical to the method 
applied in the analysis of  our 3n ° annihilation data 
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◈ The f0(1500) was discovered by Crystal Barrel in 1992

✦ An unique 0++ candidate since f0(1710) was f2 at that time 

◈ Disfavors to its interpretation of a scalar glueball 
✦ Lower production rate of J/ψà γf0(1500)

 
 

                BESIII: PRD 98 (2018) 072003

B[J/ψ → γf0(1500) → γK0
s K0

s ] = (1.59+0.16
−0.16

+0.18
−0.56) × 10−5

B[J/ψ → γf0(1710) → γK0
s K0

s ] = (2.00+0.03
−0.02

+0.31
−0.10) × 10−4

but S only decreases by 4.7, corresponding to a significance
of less than 5σ. Therefore the parameters for these
resonances are set to their PDG values.
In addition to the resonances included in the nominal

solution, the existence of extra resonances is also tested.
For each additional resonance listed in the PDG, a
significance is evaluated with respect to the nominal
solution. No additional resonance that yields a significance
larger than 5σ also has a signal yield greater than 1% of the
size of the data sample. Additionally, an extra f0, f2, f4,K!

or K1 amplitude is included in the fit to test for the presence
of an additional unknown resonance. This test is carried out
by including an additional resonance in the fit with a
specific width (50, 150, 300, or 500 MeV=c2) and a
scanned mass in the acceptable region. No evidence for
an additional resonance is observed. The scan of the 2þþ

resonance presents a significant contribution around
2.3 GeV=c2, with a statistical significance larger than 5σ
and a contribution over 1%. However, this hypothetical
resonance interferes strongly with the f2ð2340Þ due to their
similar masses and widths, and is therefore excluded from
the optimal solution.

B. MI amplitude analysis

1. MI amplitude analysis formalism

The MI amplitude analysis follows the same general
procedure as that described in Ref. [10]. The amplitudes
are extracted independently in bins of KSKS invariant
mass. Only the 0þþ and 2þþ amplitudes are found to be
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FIG. 3. Distributions of the (a) KSKS and (b) γKS invariant
mass spectra. Markers with error bars are the data and the red
histograms are the fit results for the MD analysis. The pull
distributions [(data-fit)/error] are shown below each plot.
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FIG. 4. Angular distributions including (a) the cos θ distribu-
tion for the radiative photon, (b) the cos θ distribution of one KS
in the KSKS rest frame, and (c) the azimuthal distribution of one
KS in the KSKS rest frame. Markers with error bars are the data
and the red histograms are the fit results for the MD analysis. The
pull distributions [(data-fit)/error] are shown below each plot.
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✦ No strong suppression in f0(1500)à ηη’
 

 
                BESIII: PRD 106 072012(2022)

B[ f0(1500) → ηη′￼/f0(1500) → ππ] = (1.66±+0.42
−0.40) × 10−1

B[ f0(1710) → ηη′￼/f0(1710) → ππ] < (2.9±+1.1
−0.9) × 10−3



Historical Glueball Candidates — Tensor ξ(2230)

◈ First observed by MarkIII is J/ψà 
γKK in 1980’s, then by BESI in 
1990’s in J/ψ à γKK, γππ, γ  with 
very narrow mass peak.


◈ It was a tensor glueball candidate 
due to good flavor symmetric 
decay property.


◈ Difficulty: it was not confirmed by 
BESII, nor BESIII with much higher 
statistics. 

pp̄
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FIG. 2. Dalitz plots for (a) the K+K channel and for
(b) the KseKse channel.

p I A AMk mlllNII

I.O l.5 2.0 2.5 3.0
MASS (GeY/cz)

FIG. 1. EE invariant-mass distribution for the fu11 sample
of 5.8 x 106 J/P for (a) the E+E final state and for (b) the
EqEq~ final state, ~here the four-pion background is shown
crosshatched. Fits to the 1.9-2.6-6eV/c mass region are
displayed in the insets.

detected. Such events cannot be distinguished
kinematically from J/P yE+K signal events. The
J/i'- K+K no final state, which is dominated by
the K'+-K* intermediate state, produces a smooth
distribution of events throughout the 1.9-2.6-Gevic2
mass region. The Dalitz plot is shown in Fig. 2(a),
where diagonal bands corresponding to the f' and 8 are
visible. Two K"* bands are evident and e+e
events appear at the boundary.
In order to check that the g signal events do not

arise from K' +K * or e+ e y backgrounds, events
having 0.7 (GeV/c )2 (Mx2„( 0.9 (GeV/c2)2 or

~cos(8x„) ~ ) 0.99, in the center-of-mass frame of the
charged-particle pair, have been removed. Each of
these cuts reduces the number of signal events by
12'/o; the significance of the signal does not vary appre-
ciably. Since these criteria bias the acceptance against
higher-spin states, they have not been applied in the
determination of the ( parameters. As a further
check, the ( is observed in the E+E mass distribu-
tion of the first data set, Fig. 3(a), and it is confirmed
in the second data set, Fig. 3(b), with comparable sta-
tistical significance.
For the combined data set, an unbinned maximum-

likelihood fit is performed in the 1.9-2.6-GeV/c mass
region to extract the mass and the width of the (. This
fit includes a smooth background plus a Breit-Wigner
resonance convoluted with a Gaussian resolution func-
tion. The mass resolution as determined by Monte
Carlo simulation is 10 MeV/c2. The results of the fit,
which is displayed in the inset in Fig. 1(a), are

m(g) = 2.23Q +0.006 +0.014 GeV/c2
f'(() = () Q26+a a +Q Ql'7 GeV/c

where the first error is statistical and the second sys-
tematic. The systematic error includes an uncertainty
due to the background shape as well as a contribution

PRL 56 (1986) 107

J/ψ → γK+K−

J/ψ → γK0
s K0

s

VOLUME 76, NUMBER 19 P HY S I CA L REV I EW LE T T ER S 6 MAY 1996

FIG. 1. Invariant mass spectra of (a) p1p2, (b) K1K2, (c)
K0

SK0
S , and (d) pp.

statistical significances of the j signal in the p1p2,
K1K2, K0

SK0
S , and pp modes are, respectively, 4.6s,

4.1s, 4.0s, and 3.8s [23]. The statistical significance
of a signal is determined by the difference between the
logarithm of the likelihood value for the fit with the sig-
nal and that for the fit without the signal [1].
The parameters of the j(2230) (mass Mj , width Gj ,

and branching ratio B) measured in each channel are
listed in Table I. The systematic errors of mass and
width are due to the uncertainty of the background
shape and event selection criteria. The systematic errors
of branching ratios [24] are due to the uncertainty of
detection efficiency, the uncertainty of background shape,

TABLE I. Mass, width, and branching ratios of j(2230). The
first error is statistical and the second is systematic.

Decay Mj Gj BsJyc ! gjdBsj ! Xd
mode (MeV) (MeV) s1025d

p1p2 2235 6 4 6 6 19113
211 6 12 5.611.8

21.6 6 2.0
K1K2 223016

27 6 16 20120
215 6 17 3.311.6

21.3 6 1.2
K0

SK0
S 223218

27 6 15 20125
216 6 14 2.711.1

20.9 6 0.8
pp 2235 6 4 6 5 15112

29 6 9 1.510.6
20.5 6 0.5

FIG. 2. Fitted invariant mass spectra of (a) p1p2, (b)
K1K2, (c) K0

SK0
S , and (d) pp.

the systematic error of the number of produced Jyc, and
event selection criteria.
The measured parameters in KK channels are in agree-

ment with the MARK III’s results [1]. The measured
branching ratio for the p1p2 decay mode is larger
than the MARK III’s upper limit BsJyc ! gjdBsj !
p1p2d , 2 3 1025 (95% C.L.) while the branching ra-
tio for the pp decay mode is within the MARK III’s up-
per limit BsJyc ! gjdBsj ! ppd , 2 3 1025 (95%
C.L.) [1].
In conclusion, our results show that j(2230) does exist

and two new nonstrange decay modes of j ! p1p2

and pp are observed. These new discoveries give very
important evidence for the identification of js2230d.
Compared with other mesons, js2230d has many dis-

tinctive properties [17]. (1) Flavor-symmetric decays to
pp and KK [24]; with the phase spaces removed, the
decay probability of j ! p1p2 is of the same order
as that of j ! K1K2. (2) Narrow width; the width of
j(2230) is only about 20 MeV. (3) Large production rate
in radiative Jyc decays; from the mean values of the
branching ratios of the BES’s results and the PS185 ex-
perimental upper limit [6,25] Bsj ! ppdBsj ! KKd ,
1.5 3 1024 (99.9% C.L.) which assumes Gj . 10 MeV,
one can roughly estimate that BsJyc ! gjd is of the
order 3 3 1023 or even larger [26]. This means that the
production rate of j in Jyc radiative decay could be as
large as or larger than those of some conventional qq

3504

PRL 76 (1996) 3502
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worsens the NLL values by 21.2 and 33.0, respectively. The
spin-parity assignment JPC of the Xð2500Þ as 0−þ is
significantly better than the 0þþ hypothesis, with the
NLL value improving by 44.1 units. Changing the spin-
parity assignment of the Xð2500Þ to 2þþ, resulting in 10
additional free parameters, worsens the NLL value by 0.5,
instead. Therefore, the preferred assignment for the
Xð2500Þ is pseudoscalar. If we replace the two tensor
states f2ð2300Þ and f2ð2340Þ by a single one with free
resonance parameters in the fit, the NLL value is worsened
by 14.7. In this case, a statistical significance test of the

f2ð2340Þ yields a value of 6.1σ. The narrow fJð2220Þ
(alternatively known as the ξð2230Þ), which was seen in
J=ψ → γKþK− at MarkIII [31] and BES [32], but not seen
in J=ψ → γK0

SK
0
S at CLEO [33], is also studied. When

included in the PWA, the statistical significance of the
fJð2220Þ is found to be 0.8σ. The upper limit on the
branching fraction ratio Bðξð2230Þ → ϕϕÞ=Bðξð2230Þ →
KþK−Þ at the 90% C.L. is estimated to be 1.91 × 10−2. For
the description of the nonresonant contribution, the stat-
istical significance of additional non-resonant contribu-
tions with JPC ¼ 0þþ or 2þþ is less than 5σ. Additional

TABLE II. Fraction of each component and interference fractions between two components (%) in the baseline solution. The errors are
statistical only.

Resonance ηð2100Þ ηð2225Þ Xð2500Þ 0−þ PHSP f0ð2100Þ f2ð2010Þ f2ð2300Þ f2ð2340Þ
ηð2100Þ 54.2% 1.5 43.5% 1.2 15.2% 1.0 −64.0% 2.2 0.0% 0.0 0.0% 0.0 0.0% 0.0 −0.1% 0.0
ηð2225Þ 41.0% 1.6 15.9% 0.7 −60.6% 1.7 0.0% 0.0 0.0% 0.0 0.1% 0.0 −0.1% 0.0
Xð2500Þ 3.2% 0.3 −15.7% 1.0 0.0% 0.0 0.0% 0.0 0.0% 0.0 0.0% 0.0
0−þ PHSP 42.8% 2.3 0.0% 0.0 0.0% 0.0 0.0% 0.0 0.0% 0.0
f0ð2100Þ 6.5% 0.6 0.1% 0.0 0.1% 0.0 −0.5% 0.0
f2ð2010Þ 5.9% 0.8 6.0% 0.7 −18.6% 1.6
f2ð2300Þ 8.8% 1.4 −22.0% 3.5
f2ð2340Þ 38.4% 2.8

(a) (b) (c)

(d) (e) (f)

FIG. 2. Superposition of data and the PWA fit projections for: (a) invariant mass distributions of ϕϕ; (b) cos θ of γ in the J=ψ rest
frame; (c) cos θ of ϕ1 in the X rest frame; (d) cos θ of Kþ in the ϕ1 rest frame; (e) the azimuthal angle between the normals to the two
decay planes of ϕ in the X rest frame. Black dots with error bars are data with background events subtracted and the solid red lines are
projections of the model-dependent fit. (f) Intensities of individual JPC components. The red dots, blue boxes and green triangles with
error bars are the intensities of JPC ¼ 0−þ, 0þþ and 2þþ, respectively, from the model-independent fit in each bin. The short-dashed,
dash-dotted and long-dashed histograms show the coherent superpositions of the BW resonances with JPC ¼ 0−þ, 0þþ and 2þþ,
respectively, from the model-dependent fit.
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J/ψ→γΦΦ

◈ Large production rate of f2(2340) in J/ψ→γ(KK/ηη/η’η’/φφ):  
substantially lower than the LQCD prediction for tensor glueball


✦ B(J/ψ→ f2(2340)→ ) =  (PRD 87,2013,092009)


✦ B(J/ψ→ f2(2340)→ ) =  (PRD 93,2016,112011)


✦ B(J/ψ→ f2(2340)→ ) =  (PRD 98,2018,072003)


✦ B(J/ψ→ f2(2340)→ ) = (PRD 105,2022,072002)


◈ Difficulty: Many wide tensor mesons  and large overlaps in the 
mass region of 2.3GeV (2++ glueball mass from the LQCD predictions)


✦ Studies are strongly model dependent.

γ γηη (3.8+0.62
−0.66

+2.37
−2.07) × 10−5

γ γϕϕ (1.91 ± 0.14+0.72
−0.73 × 10−4

γ γKsKs (5.54+0.34
−0.40

+3.82
−1.49 × 10−5

γ γη′￼η′￼ (8.67 ± 0.70+0.16
−1.67 × 10−6

sample of Nacc accepted events. The normalization integral
is computed as:

Z
dξωðξÞϵðξÞ ¼ σ0 →

1

Nacc

XNacc

k

!
dσ
dΦ

"

k
: ð8Þ

Since data contains the contribution of signal and
background, the contribution of non-ϕϕ background events
is taken into account by subtracting the negative log-
likelihood (NLL) value obtained for events in the ϕϕ
sidebands from the NLL value obtained for events in the
ϕϕ signal region, i.e.,

Lsig ¼
Ldata

Lbkg
; ð9Þ

−lnLsig ¼ −ðlnLdata − lnLbkgÞ: ð10Þ

The number of the fitted events NX for an intermediate
resonance X, which has NWX

independent partial wave
amplitudes Ai, is defined as

NX ¼ σX
σ0

· N0; ð11Þ

where N0 is the number of selected events after background
subtraction, and

σX ¼ 1

Nacc

XNacc

k

####
XNWX

j

ðAjÞk
####
2

ð12Þ

is the measured cross section of the resonance X and is
calculated with the same MC sample as the measured total
cross section σ0.
The branching fraction of J=ψ → γX;X → ϕϕ is calcu-

lated as:

BðJ=ψ → γX → γϕϕÞ ¼ NX

NJ=ψ · εX · B2
ϕ→KþK−

; ð13Þ

where the detection efficiency εX is obtained by the partial
wave amplitude weighted MC sample,

εX ¼ σX
σgenX

¼
PNacc

k j
PNWX

j ðAjÞkj2
PNgen

i j
PNWX

j ðAjÞij2
; ð14Þ

NJ=ψ is the total number of J=ψ events, and Bϕ→KþK− ¼
ð48.9% 0.5Þ% is the branching fraction of ϕ → KþK−

taken from Ref. [25].

B. PWA results

In this analysis, all possible combinations of JPC ¼ 0−þ,
0þþ and 2þþ resonances [28] listed in the PDG [25] are

evaluated. Given the small phase space of J=ψ → γϕϕ,
J ≥ 4 states should be suppressed. The changes in the NLL
value and the number of free parameters in the fit with and
without a resonance are used to evaluate its statistical
significance. In the baseline solution, there are three 0−þ

resonances (ηð2225Þ, ηð2100Þ, and Xð2500Þ), one 0þþ

resonance (f0ð2100Þ), three 2þþ resonances (f2ð2010Þ,
f2ð2300Þ, and f2ð2340Þ), and the direct decay of
J=ψ → γϕϕ, which is modeled by a 0−þ phase space
distribution (0−þ PHSP) of the ϕϕ system. The statistical
significance of each component in the baseline solution is
larger than 5σ. The masses and widths of the three 0−þ

resonances are free parameters in the fit. The resonance
parameters of the 0þþ and 2þþ resonances are fixed to the
PDG [25] values due to limited statistics. The masses and
widths of the resonances, product branching fractions of
J=ψ → γX, X → ϕϕ, and the statistical significances are
summarized in Table I, where the first errors are statistical,
and the second ones are systematic. The fit fraction of each
component and their interference fractions are shown in
Table II. Figure 2(a) shows a comparison of the data and the
PWA fit projection (weighted by MC efficiencies) of the
invariant mass distributions of ϕϕ for the fitted parameters.
The comparisons of the projected data and MC angular
distributions for the events with ϕϕ invariant mass less than
2.7 GeV=c2 are shown in Fig. 2(b)–2(e). The χ2=nbin value
is displayed on each figure to demonstrate the goodness of
fit, where nbin is the number of bins of each figure and χ2 is
defined as:

χ2 ¼
Xnbin

i¼1

ðni − νiÞ2

νi
; ð15Þ

where ni and νi are the number of events for the data and
the fit projections with the baseline solution in the ith bin of
each figure, respectively.
Various checks are performed to test the reliability of the

model-dependent PWA solution. Replacing the pseudosca-
lar state ηð2100Þ by either ηð2010Þ [29] or ηð2320Þ [30]

TABLE I. Mass, width, BðJ=ψ → γX → γϕϕÞ (B.F.) and
significance (Sig.) of each component in the baseline solution.
The first errors are statistical and the second ones are systematic.

Resonance M (MeV=c2) Γ (MeV=c2) B.F. (×10−4) Sig.

ηð2225Þ 2216þ4þ21
−5−11 185þ12þ43

−14−17 ð2.40% 0.10þ2.47
−0.18 Þ 28σ

ηð2100Þ 2050þ30þ75
−24−26 250þ36þ181

−30−164 ð3.30% 0.09þ0.18
−3.04 Þ 22σ

Xð2500Þ 2470þ15þ101
−19−23 230þ64þ56

−35−33 ð0.17% 0.02þ0.02
−0.08 Þ 8.8σ

f0ð2100Þ 2101 224 ð0.43% 0.04þ0.24
−0.03 Þ 24σ

f2ð2010Þ 2011 202 ð0.35% 0.05þ0.28
−0.15 Þ 9.5σ

f2ð2300Þ 2297 149 ð0.44% 0.07þ0.09
−0.15 Þ 6.4σ

f2ð2340Þ 2339 319 ð1.91% 0.14þ0.72
−0.73 Þ 11σ

0−þ PHSP ð2.74% 0.15þ0.16
−1.48 Þ 6.8σ

M. ABLIKIM et al. PHYSICAL REVIEW D 93, 112011 (2016)
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Experimental results

BESIII 
Ȁɗ ՜ ɀԄԄ [PRD 93, 112011 (2016)]

� f2(2010), f2(2300) and f2(2340) stated in 
S�p reactions are observed with a 
strong production of f2(2340)

� Consist with double-Pomeron 
exchange from WA102@CERN

ܚ۰ ۸Ȁૐ ՜ ઻܎૛ ૛૜૝૙ ՜ ઻૖૖ ൌ ૚Ǥ ૢ૚ േ ૙Ǥ ૚૝ି૙Ǥૠ૜ା૙Ǥૠ૛ ൈ ૚૙ି૝

BESIII PRD 105,072002 (2022)

ܚ۰ ۸Ȁૐ ՜ ઻܎૛ ૛૜૝૙ ՜ ઻િᇱિᇱ ൌ ૡǤ ૟ૠ േ ૙Ǥ ૠ૙ି૚Ǥ૟ૠା૙Ǥ૚૟ ൈ ૚૙ି૟

ܚ۰ ۸Ȁૐ ՜ ઻܎૛ ૛૜૝૙ ՜ ઻િિ ൌ ૜Ǥ ૡି૙Ǥ૟૞ି૛Ǥ૙ૠା૙Ǥ૟૛ା૛Ǥ૜ૠ ൈ ૚૙ି૞
BESIII PRD 87,092009 (2013)

BESIII PRD 93, 112011 (2016)

ܚ۰ ۸Ȁૐ ՜ ઻܎૛ ૛૜૝૙ ՜ ઻۹ܛ۹ܛ ൌ ૞Ǥ ૞૝ି૙Ǥ૝૙ି૚Ǥ૝ૢା૙Ǥ૜૝ା૜Ǥૡ૛ ൈ ૚૙ି૞

BESIII PRD 98,072003 (2018)

substantially lower than the LQCD prediction



Historical Glueball Candidates — Pseudoscalar η(1405)

◈ First discovered by MarkII in 1980, named as 
η(1440) with complicated structures. 


✦ Believed as the first glueball candidate due to its 
large production rate in J/ψ radiative decays 

◈ Lots of studies at MarkII, MarkIII, DM2 and BES:

✦ No longer a 0-+ glueball candidate due to its large 

different mass from latest LQCD prediction （Lack 
of reliable LQCD predictions in 1980’s）
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from hits in the sixteen cylindrical drift chamber 
layers wich cover 85% of 47r sr. Charged particle iden- 
tification over 75% of  47r sr is provided by 48 time- 
of-flight (TOF) counters. Photons are detected in eight 
l ead- l iqu id  argon (LA) shower counter modules. The 
detection efficiency for photons with energy greater 
than 0.4 GeV which fall within the LA solid angle 
(64% of  47r sr) is greater than 90%. 

This analysis is based on a total sample of  360 000 
observed ~> 2-prong hadron events with energies near 
the peak of  the 4(3095) and 680 000 observed hadron 
events with energies near the peak of  the 4 ' (3684) .  
From the 4 '  data, 92 000 events corresponding to the 
decay 4 '  -~ 7r÷ 7r- 4, as identified by the missing mass 
recoiling against the 7r+Tr - system, were used in the 
analysis [ 1 ]. The total  event sample corresponds to 
660 000 4 decays * 2 

Events with four charged tracks, one of  which was 
identified as a kaon by  the TOF system, and a photon 
were constrained kinematically according to the hy- 
pothesis 

4 ~KsK-+rr~7 ,  KS "+ 7r+Tr- • (1) 

The 4 was assumed to be at rest for the direct 4 de- 
cays and was given a momentum determined by the 
recoiling 7r+rr - system for the 4 decays originating 
from 4 '  events. Fig. la  shows the KS K+- 7r ~ invariant 
mass distribution for events which satisfy this 5-con- 
straint (5C) fit with ?(2 < 15. A peak is observed near 
1.4 GeV/c 2. A possible source of  background can 
arise from the decay 

4 -~ KS K+-7r~ 7r0 • (2) 

To check this, we analyzed events consistent with (2), 
that is, events with an identified charged kaon, three 
charged pions, and a 7r 0 observed to decay into 77. 
No signal was observed near 1.4 GeV/c 2 and we esti- 
mate the feeddown to (1) from this final state to be 
less than two events in the mass region below 1.6 
GeV/c 2. We known of  no other backgrounds which 
would simulate the observed signal. 

The mass and width of  the peak, as determined 
from a fit to the distribution in fig. 1 a with a relativ- 
istic Brei t-Wigner of  adjustable central mass and 

n n~+O .03 width, are M = " ~+0 .01  GeV/c 2 and I '  = u.uJ_0.02 a .'*'*_ 0.015 

*2 The ff trigger efficiency was determined from analysis of 
the sample of ~' --, ~ r r + n  - decays. See ref. [1 ] for details. 

2 0  - -  
( o )  I t 

c~ 

(D 
o n 

q (b o 

0 3  

z~ 20 w 
> 
w 

10 

1.0 I 15 210 215 

MKs K + Tr-T- (GeV/c 2 ) 

Fig. 1 KsK-+Tr ~ invariant mass for (a) events which satisfy the 
5C fit to process (1) and (b) events which satisfy the 2C fit 
to process (3). Shaded regions show combinations with 
MKsK_+ < 1.05 GeV/c 2. 

GeV/c 2. The errors include our estimated systematic 
uncertainties. The mass, width, and decay mode of  
our observed structure are consistent with those of  the 
E(1420) meson observed in hadronic interactions + l ,  
and we henceforth use this name to refer to it. The 
product ion of  this state in a radiative decay of  the 
4 establishes its charge conjugation parity (C-parity) 
to be even. 

Based on our estimated detection efficiency of  
0.060, we calculate for the branching fraction product  

B(4  ~ 7E) × B(E ~ KsK-+Tr ~) = (1.2 + 0.5) X 10-  3 

With the assumption that the E is an isoscalar and the 
assmnption of  equal K S and K L production,  we esti- 
mate the decay rates into the K+K - n o and KOK0~r 0 
modes and determine the branching fraction prod- 
uct * 3 

+3 Due to the limited angular acceptance of the detector, the 
efficiency depends strongly on the photon angular distri- 
bution with respect to the beam axis. This distribution is 
proportional to 1 + cos20 for spin 0 and is not uniquely 
predicted for spin 1. In our quoted branching ratio deter- 
mination, we have assumed an isotropic distribution. If 
the E spin were zero, the branching ratio product should 
be increased by 19%. 
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Shed new lights on  puzzleη(1405)/η(1475)

13

J
H
E
P
0
3
(
2
0
2
3
)
1
2
1

1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6

)
2

c
E

ve
n

ts
/(

0
.0

1
5

G
e

V
/

0

2000

4000

6000

8000

10000

12000

14000

)2c)(GeV/0πS
0K

S

0(KM

1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6

χ

-5

0

5

Data

Total Fit

S
0

K
P-wave

)0π
S

0
 (K→

-+
0

0π
S-wave

)S
0

K
S

0
 (K→

-+
0

0π
0(1320)2 a→

-+0

S
0

K
0

(892)
*

 K→
++1

0π
0

(980)0 a→
++1

S
0

K
0

(892)
*

 K→
++

2

0π
0

(980)0 a→
-+

2

(a)

0.95 1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45

)
2

c
E

ve
n
ts

/(
0
.0

0
4
G

e
V

/

0

500

1000

1500

2000

2500

3000

3500

4000

)2c)(GeV/S
0K

S

0(KM

0.95 1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45

χ

-5

0

5

(b)

0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1

)
2

c
E

ve
n
ts

/(
0
.0

0
4
G

e
V

/

0

1000

2000

3000

4000

5000

6000

7000

)2c)(GeV/0π
S

0(KM

0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1

χ

-5

0

5

(c)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
v
e
n
ts

/0
.0

1
6

0

200

400

600

800

1000

1200

1400

1600

ψ in J/γθcos

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

χ

-5

0

5

(d)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
v
e
n
ts

/0
.0

1
6

0

500

1000

1500

2000

2500

0π
S

0
K

S

0
 in K

S

0
K

θcos

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

χ

-5

0

5

(e)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
v
e
n
ts

/0
.0

1
6

0

200

400

600

800

1000

1200

1400

1600

1800

0π
S

0
K

S

0
 in K0π

θcos

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

χ

-5

0

5

(f)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
v
e
n
ts

/0
.0

1
6

0

500

1000

1500

2000

2500

S

0
K

S

0
 in K

S

0
K

θcos

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

χ

-5

0

5

(g)

Figure 4. Superposition of data and the MD PWA fit projections for invariant mass distributions
of (a) K0

SK
0
Sπ

0, (b) K0
SK

0
S , and (c) K0

Sπ
0. The cos θ distributions of (d) γ in J/ψ helicity frame,

(e) K0
S and (f) π0 in K0

SK
0
Sπ

0 system helicity frame, (g) K0
S in K0

SK
0
S system helicity frame. The

pull projection of residual is shown beneath each distribution correspondingly.
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FIG. 4: PWA fit projections on (a) M(γlowφ), (b) M(γhighφ), (c) M(γγ) and the angular
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◈ η(1295) and η(1475) are generally assigned to be the first radial excitation of the ground states of η and η’


✦ η(1405) - η(1475) puzzle :Whether or not the η(1405) - η(1475) are 1 or 2 states?


◈ PWA of J/ψ→γKsKsπ0: Two isoscalar states η(1405) and η(1475) around 1.4GeV can well fit data


◈ PWA of J/ψ→γγΦ：observed η(1405) with 18.9σ, while η(1475) can not be excluded (3.9σ)

  

2311.07043 BESIII

JING, SAKAI, GUO, and ZOU

PHYS. REV. D 100, 114010 (2019)

The triangle diagram develops 
a triangle singularity, but
Schmid theorem comes into 
play. It says that TS can be 
reabsorbed into tree level with
a change in the phase.

A triangle singularity develops in triangle djagrams
when the three intermediate particles can be 
simultaneously placed on shell and are collinear 

Motivation

Triangle sigularity?



X(2370)
◈ Discovered by BESIII in  in 2011J/ψ → γπ+π−η′￼

14

M(MeV/c2) Γ(MeV/c2) Sig.
X(1835) 1836.5±3.0+5.6-2.1 190.1±9.0+38-36 >20σ

X(2120) 2122.4±6.7+4.7-2.7 83±16+31-11 7.2σ

X(2370) 2376.3±8.7+3.2-4.3 83±17+44-6 6.4σ

76 

 
• BESIII confirmed X(1835)  
• BESIII observed X(2120)/X(2370) 

PRL., 106 (2011) 072002  

X(2370)  could be a good candidate for 0-+ glueball  

X(2120)   X(2370) 
X(1835) 

• X(2370) mass consistent with LQCD 0-+ glueball mass 
• J/\ Æ JS+S-K’ is a good place to observe 0-+ glueball 
• X(2370) decay pattern seems similar to Kc ? 
 
Æ Jpc, more decay modes of X(2370) 

◈ Confirmed by BESIII in  and  (new mode)J/ψ → γπ+π−η′￼ J/ψ → γKK̄η′￼

PRL 106, 072002 (2011)

~225M J/ψ

EPJC (2020) 80:746

PRL 117(2016) 042002

1.31×109 J/ψ



◈ Its mass is consistent with LQCD prediction on 
the 0-+ glueball


◈Produced in the gluon-rich J/ψ radiative decays


◈Observed in flavor symmetric decay modes of 
 and  — favorite decay modes of 

0-+ glueball 


◈  Determination of its spin-parity is crucial

π+π−η′￼ KK̄η′￼

X(2370) - good candidate of 0-+ glueball

15
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decay length of K0
S candidate, i.e., the distance between the

average position of the eþe− collisions and the decay vertex
of K0

S, is required to be greater than twice the vertex
resolution. With these selections, the miscombination ofK0

S
reconstruction is significantly suppressed to be less than
0.1%. The reconstructed K0

S candidates are used as an input
for the subsequent kinematic fit.
Photon candidates are identified using showers in the

electromagnetic calorimeter (EMC). The deposited energy
of each shower are required to have at least 100 MeV in the
barrel region (j cos θj < 0.80) and the end cap region
(0.86 < j cos θj < 0.92). To exclude showers from charged
tracks, the angle between the shower position and the
charged tracks extrapolated to the EMC must be greater
than 10°. The difference between the EMC time and the
event start time is required to be within [0, 700] ns in order
to suppress electronic noise and energy deposits unrelated
to the event.
For the J=ψ → γK0

SK
0
Sη

0, η0 → γπþπ− channel, each
candidate event is required to have at least three positively
charged tracks, at least three negatively charged tracks and
two photons. A four-constraint (4C) kinematic fit under the
J=ψ → γγK0

SK
0
Sπ

þπ− hypothesis is performed by enforc-
ing energy-momentum conservation. If there is more than
one γγK0

SK
0
Sπ

þπ− combination, the one with the smallest
χ24C is chosen. The resulting χ24C is required to be less than
40. The η0 candidates are required to have the invariant
mass satisfying jMγπþπ− −mη0 j < 15 MeV=c2, where mη0

is the known mass of η0 [26]. If there is more than
one γπþπ− combination, the one with the minimum
jMγπþπ− −mη0 j is selected. The πþπ− (from η0) invariant
mass is required to be in the ρ mass region, 0.55 <
Mπþπ− < 0.90 GeV=c2. To suppress background events
containing a π0 or η, events with jMγγ −mπ0 j <
20 MeV=c2 or jMγγ −mηj < 30 MeV=c2 are rejected,
where mπ0 and mη are the known masses of π0 and η,
respectively [26].
For the J=ψ → γK0

SK
0
Sη

0, η0 → πþπ−η, η → γγ channel,
each candidate event is required to have at least three
positively charged tracks, at least three negatively charged
tracks and three photons. A 4C kinematic fit is performed
under the J=ψ → γγγK0

SK
0
Sπ

þπ− hypothesis and the com-
bination with the smallest χ24C is chosen if more than one
combination is found. In order to reduce background and to
improve the mass resolution, a five-constraint (5C) kin-
ematic fit is performed to further constrain the invariant
mass of the two photons to mη. Among three γγ combina-
tions, the one with the smallest χ25C is chosen, and χ25C < 50
is required. The η0 candidates must satisfy jMπþπ−η −mη0 j <
10 MeV=c2. To suppress background events containing a
π0, events with jMγγ −mπ0 j < 20 MeV=c2 are rejected,
where the photon pairs are all possible combinations of
the radiative photon and photons from η.

All the above selection criteria aim to improve the signal
extraction efficiency and signal-to-noise ratio. The mass
windows for peaking signals of K0

S and η0 correspond to
approximately 3 standard deviations to their respective
known masses [26]. Others are determined by optimizing
the figure of merit (FOM) ϵS=

ffiffiffiffiffiffiffiffiffiffi
Ndata

p
, where ϵS is signal

efficiency with simulation MC sample, andNdata is the final
selected event number in data. With above criteria, the
event numbers of final selected candidates are 4046 and
1395 for the η0 → γπþπ− channel and the η0 → πþπ−η
channel, respectively.
No significant peaking background contribution has

been found in the measured invariant mass spectra. The
remaining background component is from non-η0 proc-
esses, which are estimated from the η0 mass sideband
regions of 20 < jMγπþπ− −mη0 j < 30 MeV=c2 and 30 <
jMπþπ−η −mη0 j < 40 MeV=c2. The corresponding back-
ground fractions are 6.8% and 1.8% for the two channels,
respectively.
Figure 1 shows the mass distributions with the above

selection criteria for the η0 → γπþπ− and η0 → πþπ−η
channels. Similar structures are observed in the two
channels. The two-dimensional distributions of MK0

SK
0
S

versus MK0
SK

0
Sη

0 indicate a strong enhancement near the
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FIG. 1. Invariant mass distributions of the selected events: (a)
and (b) The two-dimensional distributions of MK0

SK
0
S
versus

MK0
SK

0
Sη

0 for the η0 → γπþπ− and η0 → πþπ−η channels, respec-
tively. (c) and (d) The K0

SK
0
Sη

0 invariant mass distributions
with the requirement MK0

SK
0
S
< 1.1 GeV=c2 for η0 → γπþπ−

and η0 → πþπ−η channels, respectively. The dots with error bars
are data. The shaded histograms are the non-η0 backgrounds
estimated by the η0 sideband. The solid lines are phase space
(PHSP) MC events with arbitrary normalization.
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f0(980)

PRL 132 (2024) 181901

◈ Analysis advantage of J/ψ→γK0sK0sη’:

✦ Almost background free channel (exchange symmetry and 

C-parity conservation)


✦ 10billion  data


✦ Very good BESIII detector performance


◈ Similar structures  in η’→π+π-η / γπ+π- modes:

✦ Evident f0(980) in K0sK0s mass threshold 


✦ Clear signal of X(1835),X(2370),ηc with f0(980) selection


◈ Best PWA fit can well describe the data: 
✦ Spin-parity of the X(2370) is determined to be 0-+ with 

significance larger than 9.8σ w.r.t. other Jpc assumptions

J/ψ
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◈ Analysis advantage of J/ψ→γK0sK0sη’:

✦ Almost background free channel


✦ 10billion  data


✦ Very good BESIII detector performance


◈ Similar structures  in η’→π+π-η / γπ+π- modes:

✦ Evident f0(980) in K0sK0s mass threshold 


✦ Clear signal of X(1835),X(2370),ηc with f0(980) selection


◈ Best PWA fit can well describe the data: 
✦ Spin-parity of the X(2370) is determined to be 0-+ with 

significance larger than 9.8σ w.r.t. other Jpc assumptions

J/ψ

K0
SK

0
S mass threshold from the f0ð980Þ and a clear

connection between the f0ð980Þ and the structure around
2.4 GeV=c2, Xð2370Þ, in the invariant mass spectra of
K0

SK
0
Sη

0. By requiring MK0
SK

0
S
< 1.1 GeV=c2, the structure

around 2.4 GeV=c2 becomes much more prominent in
the K0

SK
0
Sη

0 mass spectrum. In addition, there is a clear
signature from the ηc.
A partial wave analysis (PWA) is performed to inves-

tigate the properties of the Xð2370Þ. To reduce complex-
ities from additional intermediate processes, events
satisfying MK0

SK
0
S
< 1.1 GeV=c2 are used. The K0

S and η0

momenta are constrained to their known masses, respec-
tively. The signal amplitudes are constructed with the
covariant tensor formalism [27] and parametrized as
quasi-sequential two-body decays: J=ψ → γX, X → Yη0

or X → ZK0
S, where Y and Z represent K0

SK
0
S and K0

Sη
0

isobars, respectively. Because of the parity conservation,
the possible JPC of K0

SK
0
Sη

0 system (X) are 0−þ, 1þþ, 2þþ,
2−þ, etc. In this Letter, given the suppression of phase space
factor, only spin J < 3 states of the X and possible S-wave
or P-wave and D-wave decays of intermediate states are
considered. An unbinned maximum likelihood fit is
performed on the combined data of the two η0 decay
modes. The non-η0 background contribution is taken into
account in the fit via the subtraction of the negative log-
likelihood values with the events estimated from the η0

mass sideband region.
The optimal PWA fit shows that data can be well

described with a process combination of the decay of
f0ð980Þη0 from the resonances of the Xð1835Þ, Xð2370Þ, ηc
and a broad 0−þ structure denoted as Xð2800Þ, and the
nonresonance components of ðK0

SK
0
SÞSη0 and ðK0

SK
0
SÞDη0

for the S wave and D wave in the K0
SK

0
S system,

respectively. The Xð1835Þ, Xð2370Þ, and Xð2800Þ are
described by nonrelativistic Breit-Wigner (BW) functions,
where the intrinsic widths are not energy dependent. The
masses and widths of the Xð1835Þ and ηc are fixed to
previous measurements [26,28]. The masses and widths
of the Xð2370Þ and Xð2800Þ are floated in the PWA fit. The
mass line shape of f0ð980Þ is parametrized by the Flatté
formula [29] with the BESII measurement [30]. The JPC of
the Xð2370Þ and Xð2800Þ are assigned to be 0−þ. The
statistical significance of the Xð2370Þ is greater than 11.7σ,
which is determined from the changes of log-likelihood
value and degrees of freedom in the PWA fits with and
without the signal hypotheses for every systematic varia-
tion. The mass, width, and product branching fraction
of Xð2370Þ are measured to be 2395$ 11ðstatÞ MeV=c2,
188þ18

−17ðstatÞ MeV=c2 and B½J=ψ → γXð2370Þ&×
B½Xð2370Þ→ f0ð980Þη0&×B½f0ð980Þ→ K0

SK
0
S& ¼ ð1.31$

0.22ðstatÞÞ× 10−5, respectively. Figure 2 provides the
comparisons of the mass and angular distributions between
data and PWA fit projections, as well as the individual
contributions from each component. The χ2=nbin value is

displayed on each figure to demonstrate the goodness of fit.
A broad 0−þ structure is needed in the optimal PWA fit to
describe the effective contributions from possible high-
mass resonances such as Xð2600Þ [31] and the tail of ηc line
shape, which is denoted as Xð2800Þ (with a mass of 2799
and a width of 660 MeV=c2). The Xð2800Þ have been
checked with various alternative PWA fits. For example,
if the ηc line shape is parametrized without a damping
factor [32], the significance of Xð2800Þ is reduced to 3.1σ.
If the Xð2800Þ is not included in the PWA, the spin parity
of Xð2370Þ remains to be 0−þ with a significance greater

FIG. 2. Comparisons between data (with two η0 decay modes
combined) and PWA fit projections: (a),(b), and (c) The invariant
mass distributions of K0

SK
0
Sη

0, K0
SK

0
S, and K0

Sη (two entries for
one event), respectively. (d),(e) and (f) are the angular distribu-
tions of cos θ, where θ is the polar angle of (d) γ in the J=ψ rest
system; (e) K0

SK
0
S in the K0

SK
0
Sη

0 rest system; and (f) K0
S in the

K0
SK

0
S rest system (two entries for one event). The dots with error

bars are data. The solid red histograms are the PWA total
projections. The shaded histograms are the non-η0 backgrounds
described by the η0 sideband. The dash-dotted blue, short dashed
green, long dashed cyan, dotted magenta, and dash-dot-dotted
violet show the contributions of the nonresonant contribution,
Xð2370Þ, Xð1835Þ, Xð2800Þ and ηc, respectively.
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the possible JPC of K0
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factor, only spin J < 3 states of the X and possible S-wave
or P-wave and D-wave decays of intermediate states are
considered. An unbinned maximum likelihood fit is
performed on the combined data of the two η0 decay
modes. The non-η0 background contribution is taken into
account in the fit via the subtraction of the negative log-
likelihood values with the events estimated from the η0

mass sideband region.
The optimal PWA fit shows that data can be well

described with a process combination of the decay of
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and a broad 0−þ structure denoted as Xð2800Þ, and the
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which is determined from the changes of log-likelihood
value and degrees of freedom in the PWA fits with and
without the signal hypotheses for every systematic varia-
tion. The mass, width, and product branching fraction
of Xð2370Þ are measured to be 2395$ 11ðstatÞ MeV=c2,
188þ18

−17ðstatÞ MeV=c2 and B½J=ψ → γXð2370Þ&×
B½Xð2370Þ→ f0ð980Þη0&×B½f0ð980Þ→ K0
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0
S& ¼ ð1.31$

0.22ðstatÞÞ× 10−5, respectively. Figure 2 provides the
comparisons of the mass and angular distributions between
data and PWA fit projections, as well as the individual
contributions from each component. The χ2=nbin value is

displayed on each figure to demonstrate the goodness of fit.
A broad 0−þ structure is needed in the optimal PWA fit to
describe the effective contributions from possible high-
mass resonances such as Xð2600Þ [31] and the tail of ηc line
shape, which is denoted as Xð2800Þ (with a mass of 2799
and a width of 660 MeV=c2). The Xð2800Þ have been
checked with various alternative PWA fits. For example,
if the ηc line shape is parametrized without a damping
factor [32], the significance of Xð2800Þ is reduced to 3.1σ.
If the Xð2800Þ is not included in the PWA, the spin parity
of Xð2370Þ remains to be 0−þ with a significance greater
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Compared with LQCD prediction on Lightest 0-+ Glueball

◈ The measurements are in a good agreement with the predictions on lightest pseudoscalar glueball  
✦ The spin-parity of the X(2370) is determined to be 0-+ for the first time 
✦ Mass is in a good agreement with LQCD predictions 
✦ The estimation on B(J/ψ→γ X(2370)) and prediction on B(J/ψ→γG0-+) are consistent within errors 

(assuming ~5% decay rate,  B(J/ψ→γ X(2370)) = (10.7+22.8-7 )×10-4)

18

X(2370) measurements: 

Jpc = 0-+ with significance >9.8σ 

M = 2395 ±11+26-94 MeV 

Γ  = 188+18-17+124-33 MeV 
B(J/ψ→γX(2370))B(X(2370)→f0(980)η’)B(f0(980)→K0sK0s)   
                     = (1.31 ± 0.22+2.85-0.84 )×10-5

LQCD prediction on lightest pseudoscalar glueball: 

Jpc = 0-+  

M = 2395 ±14 MeV 

B(J/ψ→γG0-+) = (2.31 ± 0.80) ×10-4

PRL 132 (2024) 181901

PRD 100 (2019) 054511
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photons from 3.20% to 0.16%. The miscombination of
pions is also studied and found to be negligible. To further
suppress background events containing a π0, events with
any photon pair within a π0 mass window (0.10 < Mγγ <
0.16 GeV=c2) are rejected. The decay J=ψ → ϕK0

SK
0
S with

ϕ → γη leads to the same final state as the investigated
reaction J=ψ → γK0

SK
0
Sη. Therefore, events in the mass

region jMγη −mϕj < 0.04 GeV=c2 are rejected.
After applying the selection criteria discussed above, the

invariant mass spectrum of K0
SK

0
Sη shown in Fig. 1(a) is

obtained. Besides a distinct ηc signal, a clear structure
around 1.85 GeV=c2 is observed. The K0

SK
0
S mass spec-

trum, shown in Fig. 1(b), reveals a strong enhancement near
the K0

SK
0
S mass threshold, which is interpreted as the

f0ð980Þ by considering spin-parity and isospin conserva-
tion. The scatter plot of the invariant mass of K0

SK
0
S versus

that of K0
SK

0
Sη is shown in Fig. 1(c). A clear accumulation

of events is seen around the intersection of the f0ð980Þ and
the structure around 1.85 GeV=c2. This indicates that the
structure around 1.85 GeV=c2 is strongly correlated with
f0ð980Þ. By requiring MK0

SK
0
S
< 1.1 GeV=c2, the structure

around 1.85 GeV=c2 becomes much more prominent in
the K0

SK
0
Sη mass spectrum [Fig. 1(d)]. In addition, there is

an excess of events around 1.6 GeV=c2.
Potential background processes are studied using a

simulated sample of 1.2 × 109 J=ψ decays, in which the

decays with measured branching fractions are generated by
EVTGEN [14] and the remaining J=ψ decays are generated
according to the LUNDCHARM [15] model. Simulated events
are subject to the same selection procedure applied to data.
No significant peaking background sources have been
identified in the invariant mass spectrum of K0

SK
0
Sη.

Dominant backgrounds stem from J=ψ → γK0
SK

0
Sπ

0 and
J=ψ → γK0

SK
0
Sπ

0π0. These non-η backgrounds are consid-
ered in the partial wave analysis (PWA) by selecting events
from data in the η sideband regions defined as 0.45 <
Mγγ < 0.48 GeV=c2 and 0.60 < Mγγ < 0.63 GeV=c2, and
they account for about 2.5% of the total number of events
in the η signal region.
A PWA of events satisfying MK0

SK
0
Sη
< 2.8 GeV=c2 and

MK0
SK

0
S
< 1.1 GeV=c2 is performed to determine the

parameters of the structure around 1.85 GeV=c2. These
restrictions reduce complexities due to additional inter-
mediate processes. The signal amplitudes are parameter-
ized as sequential two-body decays, according to the isobar
model: J=ψ → γX, X → Yη or ZK0

S, where Y and Z
represent the K0

SK
0
S and K0

Sη isobars, respectively. Parity
conservation in the J=ψ → γK0

SK
0
Sη decay restricts the

possible JPC of the K0
SK

0
Sη (X) system to be 0−þ, 1þþ,

2þþ,2−þ, 3þþ, etc. In this Letter, only spins J < 3 and
possible S-wave or P-wave decays of the X are considered.
The amplitudes are constructed using the covariant tensor
formalism described in Ref. [16]. The relative magnitudes
and phases of the partial wave amplitudes are determined
by an unbinned maximum likelihood fit to data. The
contribution of non-η background events is accounted
for in the fit by subtracting the negative log-likelihood
(NLL) value obtained for events in the η sideband region
from the NLL value obtained for events in the η signal
region. The statistical significance of a contribution is
estimated by the difference in NLL with and without the
particular contribution, taking the change in degrees of
freedom into account.
Our initial PWA fits include an Xð1835Þ resonance in

the f0ð980Þη channel and a nonresonant component in one
of the possible decay channels f0ð980Þη, f0ð1500Þη or
f2ð1525Þη. All possible JPC combinations of the Xð1835Þ
and the nonresonant component are tried. We then extend
the fits by including an additional resonance at lower
K0

SK
0
Sη mass. This additional component, denoted here as

the Xð1560Þ, improves the fit quality when it is allowed
to interfere with the Xð1835Þ. Our final fits show that
the data can be best described with three components:
Xð1835Þ → f0ð980Þη, Xð1560Þ → f0ð980Þη, and a non-
resonant f0ð1500Þη component. The JPC of the Xð1835Þ,
the Xð1560Þ, and the nonresonant component are all found
to be 0−þ. The Xð1835Þ, Xð1560Þ, and f0ð1500Þ are
described by nonrelativistic Breit-Wigner functions, where
the intrinsic widths are not energy dependent. The masses
and widths of the Xð1835Þ and Xð1560Þ are derived by
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FIG. 1 (color online). Invariant mass distributions for selected
events: Invariant mass spectra of (a) K0

SK
0
Sη and (b) K0

SK
0
S;

(c) scatter plot of MK0
SK

0
S
versus MK0

SK
0
Sη
; (d) K0

SK
0
Sη invariant

mass spectrum for events with the requirement MK0
SK

0
S
<

1.1 GeV=c2. Dots with error bars are data; the shaded histograms
are the non-η backgrounds estimated by the η sideband; the solid
histograms are phase space MC events of J=ψ → γK0

SK
0
Sη with

arbitrary normalization.
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Qualitatively, we can clearly observe:  similar decay 
patterns of the X(2370) and ηc if phase space allows

In the upper KK mass band of 1.5-1.7GeV 
range, clear signals of both X(2370) and ηc

In the lower KK mass band of f0(980), no 
X(2370), nor ηc

Observation and Spin-Parity Determination of the Xð1835Þ in J=ψ → γK0
SK

0
Sη
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Observation of new decay modes of the X(2370)

20

Observation of new decay mode: ܺ ʹ͵͹Ͳ ՜ ଴ߨௌ଴ܭௌ଴ܭ

ICHEP2024 5

¾ Almost background free channel

¾ 1D mass spectrum fit

z Signal: efficiency weighted BW*PS(J/\ÆJX) factor

z Background: Chebyshev polynomial 

¾ Statistical significance: >> 5³

¾ Mass and width (preliminary):

z ௑ሺଶଷ଻଴ሻܯ ൌ ʹ͵ʹͳ േ Ͷ ݐܽݐݏ േ ͸ͷሺݐݏݕݏǤ ሻ MeV/ܿଶ

z ௑ሺଶଷ଻଴ሻ߁ ൌ ͳͺʹ േ ͳ͸ ݐܽݐݏ േ ͷͻሺݐݏݕݏǤ ሻ MeV

¾ Syst. errors sources: 

z fit range, background shapes, intermediate states, possible 
interference

Preliminary

Preliminary

Observation of new decay mode: ܺ ʹ͵͹Ͳ ՜ ߟ଴ߨ଴ߨ

ICHEP2024 6

¾ Almost background free channel

¾ 1D mass spectrum fit

z Signal: efficiency weighted BW*PS(J/\ÆJX) factor

z Background: Chebyshev polynomial 

¾ Statistical significance: >> 5³

¾ Mass and width (preliminary):

z ௑ሺଶଷ଻଴ሻܯ ൌ ʹ͵͹Ͳ േ ʹ ݐܽݐݏ േ ͷʹ Ǥݐݏݕݏ ����ܿଶ

z ௑ሺଶଷ଻଴ሻ߁ ൌ ͳ͵Ͷ േ ͺ ݐܽݐݏ േ ͵ͲሺݐݏݕݏǤ ሻ ���

¾ Syst. errors sources: 

z fit range, background shapes, intermediate states, 
possible interference

Preliminary

Preliminary
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Observation of new decay mode: ܺ ʹ͵͹Ͳ ՜
ܽ଴ሺͻͺͲሻ ଴ߨ

ICHEP2024 7

¾ Clear ܽ଴ሺͻͺͲሻ signal in ݉గబఎ spectrum

¾ 1D mass spectrum fit

z Signal: efficiency weighted BW*PS(J/\ÆJX)*PS(XÆa0S) factor

z Background: Chebyshev polynomial

¾ Statistical significance: >> 5³

¾ Mass and width (preliminary):

z ௑ሺଶଷ଻଴ሻܯ ൌ ʹ͵ͷʹ േ ͵ ݐܽݐݏ േ ͹Ͷ Ǥݐݏݕݏ ����ܿଶ

z ௑ሺଶଷ଻଴ሻ߁ ൌ ͳ͵Ͷ േ Ͷ ݐܽݐݏ േ ͸ʹ Ǥݐݏݕݏ ���

¾ Syst. errors sources: 

z fit range, background shapes, possible interference

Preliminary

ܽ଴ሺͻͺͲሻ signal region
݉గబఎ െ ͲǤͻͺ ൏ ͲǤͲͷ GeV

Preliminary

First observation of ,  and  
with significances >>  and accompanied with 

X(2370) → K0
s K0

s π0 X(2370) → π0π0η X(2370) → a(980)η
5σ ηc



Observation of the X(2370) in the 5 golden decay modes

21

◈ The 0-+ glueball decays could be the 
analogy to  decays 

• Decay modes of X(2370) , , ,
, ,  observed, consistent 

with 0-+ glueball

ηc

→ππη′￼KK̄η′￼KK̄π
ππη KK̄η a(980)π

Such high similarity between the X(2370) and ηc decay modes 
strongly supports the glueball interpretation of the X(2370)



Discussion on X(2370) decay properties 

◈ Normal  mesons, hybrids and multiquark states 
can hardly explain all 5 decay modes ( , , 

, , ) with different quark flavor 
combinations. 

✦ e.g., LQCD calculation shows that mixing between 
 and  components should be very small for 

  meson at ~ 2GeV


◈ The high similarities between X(2370) and  decay 
modes strongly suggest it decays via gluons

qq̄
ππη′￼ KKη′￼

ππη KKη KKπ

uū + dd̄ ss̄
0−+ qq̄

ηc

22

Discussion on X(2370) properties — Decays 
• Normal qqbar mesons, hybrids and multiquark 

states  can hardly explain all 5 decay modes 
( h’pp, h’KK, hpp, hKK, KKp ) with different 
quark flavor combinations. 

• e.g., LQCD calculation (PRD 83 (2011) 11502) shows 
that mixing between uubar+ddbar and ssbar 
components should be very small for 0-+ qqbar 
mesons at ~2GeV. 

 

• The high similarities between X(2370) and hc 
decay modes strongly suggest it decays via 
gluons. 

 
• Narrow decay partial widths  next page 

30 

 PRD 83 (2011) 11502 PRD 83 (2011) 11502



Narrow Decay Partial Widths of the X(2370)

◈ For 5 golden PPP decay modes: similar number of events under the X(2370) peak 
— No dominant decay modes, similar to  

◈ Naive estimation on the BR of each mode ~5-10%, i.e., partial width of each decay 
modes is ~10MeV 

◈ This would be very hard to be explained if there were quark content ( , qqg, 
multiquark) in X(2370) for OZI allowed decays 

✦ Typically OZI allowed decay partial width ~100MeV


✦ OZI allowed decays usually have dominant decay modes


◈ X(2370) decays should be OZI suppressed decays as , i.e., via gluons!

ηc

qq̄

ηc

23



Discussion on X(2370) properties — Production

◈ Richly produced in    radiative decays — just as glueball expectation


◈ In the above 2.3GeV mass region as LQCD 0-+ glueball prediction, X(2370) is the unique 0-+ particle 
produced in these “5 golden modes” and in  radiative decays, i.e., no other 0-+ particles in this 
mass region can be called as “richly produced” if they have not shown up in 10 billion such a huge 

 data sample.


✦ The production property shows that we only have one qualified candidate X(2370) for 0-+ 
glueball 

✦ We are facing a situation: Either we finally identify X(2370) as 0-+ glueball, or LQCD may face a 
big challenge in the glueball predictions  —— similar to the situation before the Higgs boson 
discovery

J/ψ

J/ψ

J/ψ

24



Summary

◈ Glueballs are important predictions from LQCD:  
✦ Unique particles formed  by gluons (force carriers) due to non-Abelian Gauge self-interactions of 

gluons


◈ The X(2370) observed in  radiative decays is the first particle consistent with 0-+ glueball 
✦ Spin-parity quantum numbers are determined to be Jpc = 0-+

✦ Measurements and predictions on mass and rich production rate are consistent within errors


✦ Decay properties: observation of 5 golden decay modes of , , , , ,   (in 
analogy to )


— Glueball-like particle, X(2370) is discovered by BESIII

J/ψ

ππη′￼KK̄η′￼KK̄π ππη KK̄η a(980)π
ηc

25
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Golden decay modes in 0-+ glueball search

◈ Typically, PPP (3 pseudoscalar mesons, such as , , ) modes are 
believed as golden decay modes in 0-+ glueball searches 
✦ S wave decays for 0-+ mesons, no suppression factor, dominant decay modes 

✦ PPP modes are  strongly suppressed in 0++, 2++ meson decays  — spin-parity filter

◈ PP (2 pseudoscalar mesons) modes are mostly forbidden for 0-+ mesons 
◈ VV (2 vector mesons, such as , , , K*K*) 
✦ P wave decays for 0-+ mesons — suppressed decays, especially near mass 

threshold

✦ All JPC mesons allowed, not a spin-parity filter

◈ Baryon modes 
✦ All JPC mesons allowed, not a spin-parity filter

ππη ππη′￼ KKπ

ωω ϕϕ ρρ

27



Interpretation

◈ The X(2370) decay properties observed: disfavor the interpretation of  meson

✦ Observed decay modes (  dominant decays) and suppressed decay modes are consistent between the X(2370) and 

✦ A good agreement with the glueball interpretation 

◈ The X(2370) production properties observed: 
✦  richly produced in  radiative decays as the glueball expectation


◈ Mass, spin-parity:  consistent with 0-+ glueball prediction

qq̄
ηc ηc

J/ψ

28

X(2370) ηc Interpertation on the X(2370)

f0(980)η’ √ √ Disfavors      meson with pure              component

f0(980)η Suppressed Suppressed Disfavors       meson with pure       component

f0(1500)η √ √ Disfavors       meson with pure        component

qq̄ uū/dd̄

qq̄ ss̄

qq̄ ss̄

In the mass region larger than 2GeV, the only particle X(2370) for the 0-+ glueball candidate 
in  radiative decays and five golden decay modes ( , , , , )J/ψ ππη′￼KK̄η′￼KK̄π ππη KK̄η



◈ Controversy:  with PS subtraction, Γ(f0(1710)→ππ:KK )=1:2.43, in contrast to the flavor symmetry 
property of a pure glueball


◈ Difficulty:  needs to be understood from first principle of QCD (not just phenomenological understanding) 
✦ What causes the flavor symmetric breaking?

✦ Dynamic mixing mechanism: mixing between f0(1500)/f0(1710), or even with f0(1790)

29

Historical Glueball Candidates — Scalar f0(1710) 

but S only decreases by 4.7, corresponding to a significance
of less than 5σ. Therefore the parameters for these
resonances are set to their PDG values.
In addition to the resonances included in the nominal

solution, the existence of extra resonances is also tested.
For each additional resonance listed in the PDG, a
significance is evaluated with respect to the nominal
solution. No additional resonance that yields a significance
larger than 5σ also has a signal yield greater than 1% of the
size of the data sample. Additionally, an extra f0, f2, f4,K!

or K1 amplitude is included in the fit to test for the presence
of an additional unknown resonance. This test is carried out
by including an additional resonance in the fit with a
specific width (50, 150, 300, or 500 MeV=c2) and a
scanned mass in the acceptable region. No evidence for
an additional resonance is observed. The scan of the 2þþ

resonance presents a significant contribution around
2.3 GeV=c2, with a statistical significance larger than 5σ
and a contribution over 1%. However, this hypothetical
resonance interferes strongly with the f2ð2340Þ due to their
similar masses and widths, and is therefore excluded from
the optimal solution.

B. MI amplitude analysis

1. MI amplitude analysis formalism

The MI amplitude analysis follows the same general
procedure as that described in Ref. [10]. The amplitudes
are extracted independently in bins of KSKS invariant
mass. Only the 0þþ and 2þþ amplitudes are found to be
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FIG. 3. Distributions of the (a) KSKS and (b) γKS invariant
mass spectra. Markers with error bars are the data and the red
histograms are the fit results for the MD analysis. The pull
distributions [(data-fit)/error] are shown below each plot.
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FIG. 4. Angular distributions including (a) the cos θ distribu-
tion for the radiative photon, (b) the cos θ distribution of one KS
in the KSKS rest frame, and (c) the azimuthal distribution of one
KS in the KSKS rest frame. Markers with error bars are the data
and the red histograms are the fit results for the MD analysis. The
pull distributions [(data-fit)/error] are shown below each plot.
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◈ Experimentally: 
✦ World largest J/ψ data sample : ~10 billion 

✦ Physics channels with few background 

✦ GPU technique helps to speed up PWA  [J.Phys.Conf. Ser. 219, 042031]


✦ It takes a long time in PWA for the complicated interference and comprehensive test of different combinations


◈ Theoretically: 
✦ Guidance from ηc decays


✦ Now we have prediction on glueball production rate from LQCD: B(J/ψ→γG0-+) = 2.31 ± 0.80 ×10-4 

✦ Luckily, for the X(2370), there is no other 0-+ resonance nearby (in ~200MeV range) in J/ψ radiative decays 

Many thanks to the efficient work: 
The BESIII detector maintenance and offline software teams, computing center 
The BEPCII accelerator operation team which provide stable detector operation


