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Fundamental Structure of Matters

2Sau Lan Wu The Discovery of the Higgs – the God Particle     September 20, 2012 

The Standard Model 

Standard Model 
All matter is made out of  
quarks and leptons 
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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).

Olsen, Skwarnicki, and Zieminska: Nonstandard heavy mesons and baryons: …

Rev. Mod. Phys., Vol. 90, No. 1, January–March 2018 015003-3

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

Rev Mod. Phys. 90, 015003



Forms of hadrons
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◈  Quark model (QM) 
✦ Identify hadrons as compound objects consisting of quarks and antiquarks

✦ Dynamics description inside hadrons


◈ New form of hadrons: 
✦ Multi-quark:  quark number >= 4 

✦ Hybrid state: the mixture of quark and gluon

✦ Glueball: composed of gluons 

◈ Identification from QM: challenging

✦ Exotic quantum states 

✦ Crypto exotic with particular properties

N. Brambilla, S. Eidelman, C. Hanhart et al. / Physics Reports 873 (2020) 1–154 69

Fig. 73. Graphic illustration of the most common proposals for the structure of exotic states. Details are given in the text.

4.3.1. Hybrids
Due to its non-Abelian nature, QCD allows for more colorless hadrons than just quark–antiquark mesons and three-

quark baryons. Of relevance for the present review are quarkonium hybrids or simply hybrids, which constitute the subject
of the present section, and multi-quarks, which will be discussed in the next sections. With the word ‘‘hybrid’’ we identify
conventionally quark–antiquark mesons with excited gluonic degrees of freedom. Gluons bring a new type of excitation
to the system, in addition to the rotational and radial motion of the quarks in ordinary (Q Q̄ ) systems discussed in the
previous section.

Predictions for various properties of hybrids with heavy quarks found in the vast literature on the subject rely on
different approaches. In particular, the interested reader can find predictions from the flux-tube model in Ref. [453,454],
from the Coulomb-gauge QCD approach in Refs. [455–457], from a constituent gluon model for gluelumps (short-distance
hybrids) in Ref. [458], from the constituent gluon model in Refs. [459,460] – see also the discussion below – and from the
QCD string model in Refs. [461–466]. An effective field theory description based on non-relativistic effective field theories
has also been developed. This is the Born–Oppenheimer effective field theory of Refs. [192,193,467–472] discussed in
more detail in Section 4.4.4. An independent source of information about the masses and splittings of hybrids comes
from lattice QCD calculations [130,131,473–477].

Models differ substantially in the way they describe hybrids. For example, in the flux tube model [478], hybrids are
described as phonon-type excitations, while in the constituent gluon model [459,460] they carry both color and spin.
Nevertheless, there is some consensus about few basic facts.

In addition, the excitation of the gluonic degrees of freedom contributes at least with approximately 1 GeV to the mass
of the system, so that the mass of the ground-state hybrid can be roughly estimated to be 2mh + 1 GeV, where mh is the
mass of the heavy quark. This gives about 4 GeV for the mass of the lowest charmonium hybrid and 11 GeV for the one
of the lowest bottomonium hybrid. Results obtained by different theoretical approaches, as well as determinations from
lattice QCD (mostly in the quenched approximation, but Ref. [131] is a 2+1 flavor dynamical lattice simulation, with a pion
mass of about 240 MeV, discussed in Section 4.5.1) for the lowest charmonium hybrid are collected in Table 10. We see
that, indeed, all predictions are generally consistent with each other and with the simple estimate made above for what
concerns the value of the mass of the lowest-lying hybrid. The situation for bottomonium hybrids looks similar. Indeed,
the most recent calculations place the mass of the lowest bottomonium hybrid around 11 GeV, also in agreement with
the simple estimate made above — see Refs. [192,466,468] for more details.

Clearly, as the table shows, there are also considerable differences between the different approaches. First, not all of
them identify the same hybrid state as the lowest-lying one. Moreover, also the (approximate) degeneracy pattern of the
different hybrid multiplets differ. These disagreements may serve to select among different approaches.

Quark model

New forms of hadrons

Physics report 873 (2020) 1-154



Beijing Electron Positron Collider (BEPCII)
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BESIII detector

LINAC

2004: Construction 

• Double rings 

• Beam energy: 

     1.0 - 2.3 (2.45)GeV 

• Designed luminosity: 

  1×1033 cm-2 s-1 

2008：test run 

2009-now: BESIII 
physics runs

e+

e-

World unique e+e- accelerator in charm physics energy region



BESIII detector

◈ Magnet: 1T Superconducting

◈ MDC: small cell & He gas


        σxy = 130 μm

        σp/p=0.5% @1GeV

        dE/dx = 6%


◈ TOF: plastic scintillator/MRPC

       σT = 80 ps Barrel

       σT = 110 (60) ps Endcap


◈ EMC:  CsI crystals

       ΔE/E = 2.5% @ 1GeV - Barrel

       ΔE/E = 5% @ 1GeV - Endcap


◈ Muon ID: 9 layer RPC
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Designed for neutral and charged particle with excellent resolution, PID, and large coverage

Has been in full operation since 2008, all sub-detectors are in a very good status!

Total weight 730 ton,

~40,000 readout channel

Data rate: 5kHz, 50Mb/s



BESIII Data samples

Data sets collected so far include

✦ 10×109 J/ψ events

✦ 2.7×109 ψ(2S) events

✦ 20 fb-1 ψ(3770)

✦ Scan data between 1.8 and 3.08 

GeV, and above 3.74GeV

✦ Large datasets for XYZ studies:


Scan with >500pb-1 per energy 
point space 10-20MeV apart

6

Totally about 50fb-1 integrated luminosity 

World largest J/ψ data sample : ~10 billion



Glueballs
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◈ The basic theory for strong interactions is quantum chromodynamics (QCD) 
✦ Gluon self-interaction: prediction of non-Abelian Gauge SU(3) QCD theory 
✦ Glueballs are unique particles formed with force carriers via self-interactions 
✦ Glueballs to QCD is just as important as Higgs Boson to EW

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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arxiv:2305.04869

◈ 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



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

10



Spin-Parity determination of the X(2370) in J/ψ→γK0sK0sη’
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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.

PHYSICAL REVIEW LETTERS 132, 181901 (2024)

181901-2

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



Spin-Parity determination of the X(2370) in J/ψ→γK0sK0sη’

12
PRL 132 (2024) 181901

◈ 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



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)

13

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



X(2370) in J/ψ→γK0sK0sη
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PRL 115 (2015) 091803

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

M. Ablikim,1 M. N. Achasov,9,f X. C. Ai,1 O. Albayrak,5 M. Albrecht,4 D. J. Ambrose,44 A. Amoroso,48a,48c F. F. An,With 1.31×109 J/ψ events



Observation of new decay modes of the X(2370)
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Observation of new decay mode: ܺ ʹ͵Ͳ ՜ ߨௌܭௌܭ

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 ሺଶଷሻܯ ൌ ʹ͵ʹͳ േ Ͷ ݐܽݐݏ േ ͷሺݐݏݕݏǤ ሻ MeV/ܿଶ

z ሺଶଷሻ߁ ൌ 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 ՜ ߟߨߨ

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 ሺଶଷሻܯ ൌ ʹ͵Ͳ േ ʹ ݐܽݐݏ േ ͷʹ Ǥݐݏݕݏ ����ܿଶ

z ሺଶଷሻ߁ ൌ ͳ͵Ͷ േ ͺ ݐܽݐݏ േ ͵ͲሺݐݏݕݏǤ ሻ ���

¾ Syst. errors sources: 

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

Preliminary

Preliminary

࣒Ȁࡶ ՜ ࣁ࣊࣊ࢽ

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 ሺଶଷሻܯ ൌ ʹ͵ͷʹ േ ͵ ݐܽݐݏ േ Ͷ Ǥݐݏݕݏ ����ܿଶ

z ሺଶଷሻ߁ ൌ 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)π0

5σ ηc



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

◈  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




Exotic 1-+ state

◈ Spin-exotic state of 1-+ : forbidden in conventional quark model

◈ Exotic state 1-+ provide an unique way for hybrid search: 

◈ LQCD predicts the lightest nonet of 1-+ hybrids: 1.7 - 2.1GeV 

✦ Can be produced in the gluon-rich charmonium decays
17

78 L. Kopke and N. Wermes, JAji decays

2.4. Glueballs, hybrids, and four-quark states

The colour force carried by the gluon is the central feature of the strong interaction. Most directly,
the existence of this force would manifest itself in particles that have gluon constituents like glueballs or
hybrid states, which can only exist because the gluon carries a colour charge. The unambiguous
identification of such states would be an essential proof of the validity of QCD. As of today, this
identification has not been achieved; the difficulty is largely due to the complexity of the particle
spectrum in the 1—2.5 GeV region, where q~,gg, q~g,and q~q~states are expected to exist. In
addition, states with different constituents may overlap in mass or mix with each other. Therefore it is
very important to find criteria by which one can distinguish the nature of the different objects. The jPC

values possible for five alternatives are listed in table 4. Naturally, states with quantum numbers
inaccessible for q~states are of particular interest in the search for “exotic” phenomena.
In the following sections we outline by which means theoretical models and QCD inspired

phenomenology may identify these quark and gluon compound states. The discussion is not intended to
be an exhaustive review of all models since excellent reviews [29] have been written on the subject.

2.4.1. Bound states of gluons
Glueballs, being singlet states in SU(3)colour and SU(3)flavour, can neither carry isospin, nor charge,

nor flavour. Although there are indications that bound states made of gluons exist, masses, widths, and
mixing with other states cannot be rigorously calculated yet. Glueball masses have been estimated in
the context of several models: lattice Monte Carlo calculations [30, 32, 33], bag models [36, 37],
potential models [38], effective lagrangian models [39], and QCD sum rules [40]. These models are in
approximate agreement on the general scale of the mass spectrum (see fig. 7); however, none is devoid
of problems. Of all approaches, the lattice technique [31],an attempt to perform true QCD calculations

Table 4
Allowed q~,qqqq, hybrid, and glueball states. Listed are the jP~combina-
tions that are allowed for the various states. If the valence gluons are
massless, the statesmarked by o) are forbidden by Yang’s theorem [228].A
0’ hybrid state is only allowed with one unit of angular momentum between

the qq system and the gluon~.
JPC q~ qqq~ q~g ggg

0” yes yes yes yes yes
O~ — yes yest2 — yes
o * yes yes yes yes yes
o yes yes yes
1 * yes yes yes yeso) yes
I + yes yes yes yes
* — yes yes yesx) yes

yes yes yes yes
2” yes yes yes yes yes
2’ — yes yes — yes
2 yes yes yes yes yes
2 yes yes yes yes
3” yes yes yes yes yes
1’ yes yes yes — yes
3 * yes yes yes’~ yes
3 yes yes yes yes

C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ$, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ! and " mesons are exactly stable and
"0 is rendered stable since its isospin conserving "!!
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that

500

1000

1500

2000

2500

3000

FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 243 & 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.
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� Isoscalar ିା is critical to establish the 
hybrid nonet
� Can be produced in the gluon-rich 

charmonium decays
� Can decay to િિԢ in P-wave

Æ Search for િ (ିା) in ۸Ȁૐ ՜ િિԢ

PRD 83,014021 (2011), PRD 83,014006 (2011), EP.J.P 135, 945(2020)



Spin-exotic mesons
◈ Over 3 decades, experimental evidence for 3 candidates with 1-+ state: 


✦ All 1-+ iso-vectors

✦  : seen in 


✦  : seen in , , , 


✦ : seen in  and 


◈ Some claims are controversial


◈  and  can be one pole

π1(1400) ηπ

π1(1600) ρπ η′ π b1π f1π

π1(2015) b1π f1π

π1(1400) π1(1600)

18



Observation of Exotic 1-+ Isovector state π(1600)

◈ CLEO-c results: evidence of an exotic P-wave  amplitude with  and but no significant phase motion

◈ PWA in  with higher  data sample @ BESIII: 


✦ First observation of Exotic 1-+ Isovector state  with a significance >10  better than other  
assumption 

✦ The significance of phase motion is also greater than 10  

η′ π 4σ
ψ′ → γχc1(χc1 → π+π−η′ ) ψ′ 

π(1600) σ JPC

σ

19
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Observation of An Exotic 1-+ Isoscalar η1(1855)

◈ J/ψ→γηη’ is a good channel for η1(1-+) search 

◈ Observation of an isoscalar 1-+ η1(1855) in J/ψ→γηη’ (>19σ) 

✦ PWA: quasi two-body decay amplitudes in the sequential decay processes with covariant tensor formalism


✦ M= 1855±9+6-1MeV, Γ=188±18+3-8 MeV, B(J/ψ→γη1(1855)→γηη’)=(2.70±0.41+0.16-0.35)×10-6


◈ Mass consistent with hybird on LQCD, and more interpretations (KK Molecule/Tetraquark)
20

parameters. The statistical significances of all resonances in
the PDG-optimized set are reevaluated in the presence of the
η1 state. Resonances with significance less than 5σ are
removed. The resulting baseline set of amplitudes contains a
significant contribution from an isoscalar state with exotic
quantum numbers JPC ¼ 1−þ, denoted as η1ð1855Þ. Its
statistical significance is 21.4σ, and its mass and width are

ð1855%9statÞMeV=c2 and ð188%18statÞMeV, respectively.
In addition, the baseline set of amplitudes includes four 0þþ

resonances [f0ð1500Þ, f0ð1810Þ, f0ð2020Þ, f0ð2330Þ], two
2þþ resonances [f2ð1565Þ, f2ð2010Þ], a nonresonant con-
tributionmodeled by a 0þþ ηη0 systemuniformly distributed
in phase space (PHSP), and two 1þ− resonances [h1ð1415Þ,
h1ð1595Þ] in the γη system. In addition, a 4þþ resonance
f4ð2050Þ with statistical significance 4.6σ is included.
The results of the PWA with the baseline set of

amplitudes, including the masses and widths of the reso-
nances, the product branching fractions J=ψ → γX → γηη0

or J=ψ → ηð0ÞX → γηη0, and the statistical significances,
are summarized in Table I. The measured masses and
widths of the f0ð2020Þ and f2ð2010Þ are consistent with
the PDG [34] average values. The measured mass of the
f0ð2330Þ, which is unestablished in the PDG [34], is
consistent with the results of Ref. [35], but our measured
width is 79 MeV smaller (3.4σ).
Figure 1 shows the invariant mass distributions of

Mðηη0Þ, MðγηÞ, and Mðγη0Þ for the data (with background
subtracted) and the PWA fit projections. Figure 1 also
shows the cos θη distribution, where θη is the angle of the η
momentum in the ηη0 (Jocob and Wick) helicity frame [37].
This angle carries information about the spin of the particle
decaying to ηη0. Figure 2 shows the Dalitz plots for the
PWA fit projection, the selected data, and the background
estimated from the η0 sideband.

TABLE I. The masses, widths, BðJ=ψ → γX → γηη0Þ or
BðJ=ψ→η0h1→γηη0Þ (B.F.), and statistical significances (Sig.)
for each component in the baseline set of amplitudes. The first
uncertainties are statistical, and the second are systematic.

Resonance M (MeV=c2) Γ (MeV) B.F.(×10−5) Sig.

f0ð1500Þ 1506 112 1.81% 0.11þ0.19
−0.13 > 30σ

f0ð1810Þ 1795 95 0.11% 0.01þ0.04
−0.03 11.1σ

f0ð2020Þ 2010% 6þ6
−4 203% 9þ13

−11 2.28% 0.12þ0.29
−0.20 24.6σ

f0ð2330Þ 2312% 7þ7
−3 65% 10þ3

−12 0.10% 0.02þ0.01
−0.02 13.2σ

η1ð1855Þ 1855% 9þ6
−1 188% 18þ3

−8 0.27% 0.04þ0.02
−0.04 21.4σ

f2ð1565Þ 1542 122 0.32% 0.05þ0.12
−0.02 8.7σ

f2ð2010Þ 2062% 6þ10
−7 165% 17þ10

−5 0.71% 0.06þ0.10
−0.06 13.4σ

f4ð2050Þ 2018 237 0.06% 0.01þ0.03
−0.01 4.6σ

0þþ PHSP & & & & & & 1.44% 0.15þ0.10
−0.20 15.7σ

h1ð1415Þ 1416 90 0.08% 0.01þ0.01
−0.02 10.2σ

h1ð1595Þ 1584 384 0.16% 0.02þ0.03
−0.01 9.9σ
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FIG. 1. 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),(e) the distribution of cos θη, where θη is the angle of the η momentum in the ηη0 (Jocob and Wick)
helicity frame for (d) all ηη0 masses and (e) ηη0 masses between 1.7 and 2.0 GeV=c2. 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. Note that the process J=ψ → ϕη0, ϕ → γη
is rejected, which leads to the depletion of events around 1.02 GeV=c2 in MðγηÞ.

PHYSICAL REVIEW LETTERS 129, 192002 (2022)

192002-5

Isoscalar (1-+) is critical to establish the nonet hybrid multiplet: partners for the Isovector (1-+)
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� Isoscalar ିା is critical to establish the 
hybrid nonet
� Can be produced in the gluon-rich 

charmonium decays
� Can decay to િિԢ in P-wave

Æ Search for િ (ି ା) in ۸Ȁૐ ՜ િિԢ

PRD 83,014021 (2011), PRD 83,014006 (2011), EP.J.P 135, 945(2020)

(hybrid kaons do not have exotic QNs)

An alternative fit is performed where resonance parameters
are allowed to vary within 1 standard deviation of the PDG
values [34], and the changes in the results are taken as
systematic uncertainties. The statistical significance of the
η1ð1855Þ in this case is 20.6σ.
Uncertainties arising from possible additional resonan-

ces are estimated by adding the f0ð1710Þ, f2ð2220Þ,
f4ð2300Þ, h1ð1595Þðγη0Þ, and ρð1900Þðγη0Þ, which are
the most significant additional resonances for each possible
JPC, into the baseline fit individually. The resulting changes
in the measurements are assigned as systematic uncertain-
ties. In all cases, the significance of the η1ð1855Þ remains
larger than 19.0σ.
Assuming all of these sources are independent, the total

systematic uncertainties are þ6
−1 MeV=c2 and þ3

−8 MeV for the
mass and width of the η1ð1855Þ, respectively. For the
branching fraction of the η1ð1855Þ, the total relative system-
atic uncertainty is determined to be þ5.9

−13.1%. Tables VII and
VIII of Ref. [27] summarize the systematic uncertainties.
The ratios Bðf0 → ηη0Þ=Bðf0 → ππÞ can be calculated

with the branching fractions measured in this analysis and
previous measurements for J=ψ → γπþπ−, γπ0π0 [39]. The
ratio B½f0ð1500Þ → ηη0%=B½f0ð1500Þ → ππ% is determined
to be ð8.96þ2.95

−2.87Þ × 10−2, where the error is the combined
systematic and statistical uncertainties. In comparison, the
upper limit on Bðf0ð1710Þ → ηη0Þ=Bðf0ð1710Þ → ππÞ at
90% confidence level is determined to be 1.61 × 10−3. The
suppressed decay rate of f0ð1710Þ into ηη0 is further
discussed in Ref. [27].

In summary, a PWA of J=ψ → γηη0 has been performed
based on ð10.09& 0.04Þ × 109 J=ψ events collected with
the BESIII detector. An isoscalar state with exotic quantum
numbers JPC ¼ 1−þ, denoted as η1ð1855Þ, has been
observed for the first time. The statistical significance of
the resonance hypothesis is estimated to be larger
than 19σ. The product branching fraction B½J=ψ →
γη1ð1855Þ%B½η1ð1855Þ → ηη0% is measured to be ð2.70&
0.41þ0.16

−0.35Þ × 10−6. Its mass and width are measured to be
ð1855& 9þ6

−1Þ MeV=c2 and ð188& 18þ3
−8Þ MeV, respec-

tively. The first uncertainties are statistical and the second
are systematic. The mass and width of the η1ð1855Þ are
consistent with LQCD calculations for the 1−þ hybrids [13].
The observation of the isoscalar η1ð1855Þ, combined with
previous measurements of the isovector π1 states, provides
critical information about the 1−þ hybrid nonet. Further
studies with more production mechanisms and decaymodes
will help clarify the nature of the η1ð1855Þ.
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FIG. 3. The distributions of the unnormalized moments hY0
Li (L ¼ 0, 1, 2, and 4) for J=ψ → γηη0 as functions of the ηη0 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 η1 component.
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without η1(1855) 



◈ X(1835) :

✦ Discovered by BESII and confirmed by BESIII in 



✦ Determination of Spin-parity to be 0-+ in 


        M= 1844±9+16-25 MeV/c2


            Γ=192+20-17+62-43  MeV/c2 

J/ψ → γππη′ 

J/ψ → γKsKsη

Observation of X( ) and X(1835)pp̄
◈  mass threshold enhancement X( ) :


✦ Discovered in  by BESII in 2003 and confirmed by BESIII and CLEO-c

✦ Further determination of Spin-parity to be 0-+

✦ No similar threshold structure in other channels → It can not be pure FSI effect


         M= 1832+19-5+18-17±19 MeV/c2,   Γ=13±19MeV/c2 (<76MeV/c2@90% C.L.)

pp̄ pp̄
J/ψ → γpp̄

21
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Direct link between the X( ) and X(1835)pp̄

◈ Anomalous  line shape near  threshold: first establish the direct link between the X(1835) and X( ) 

✦ Two models (Flatte formula/2-resonance) can fit data well: interpretations of  mass threshold as a molecule state or a 
bound state 

◈ Anomalous shape observed in  near  threshold 
✦ Two structures of X(1840) and X(1880) give a good description on data: interpretation of a bound state 

◈ Mass and width of the X(1835) in  are consistent with those in : 

✦ X(1835) contains a sizable  component

ππη′ Mpp̄ pp̄

pp̄

J/ψ → γ3(ππ) Mpp̄

J/ψ → γγϕ J/ψ → γKsKsη
ss̄

22

PRL 117, 042002
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FIG. 1. M(6π) distribution from J/ψ → γ3(π+π−) events.
The dots with error bars are data. The inset shows the data
between 1.75 and 1.95 GeV/c2.

mass threshold is caused by the background processes or
the distortion of the the event selection efficiency.
We perform an unbinned maximum likelihood fit to

the M(6π) spectrum between 1.55 and 2.07 GeV/c2 with
the X(1840) peak represented by the efficiency corrected
Breit-Wigner (BW) function convolved with a Gaussian
function to account for the mass resolution, which is de-
termined to be 4 MeV/c2 from the MC simulation. The
dominant background to the X(1840) peak is from the
non-resonant contribution of J/ψ → γ3(π+π−), whose
shape is obtained through MC simulation and the frac-
tion is free in the fit. The J/ψ → 3(π+π−)π0 back-
ground contributions are estimated with the data-driven
approach as described above. The remaining background
is described by a free second-order polynomial function.
Without explicit mention, all components are treated as
incoherent contributions. The fit quality is significantly
poor, which implies that a single resonant structure fails
to describe the M(6π) spectrum.
To resolve the discrepancy from data, two different

models for the line shape of the structure around 1.84
GeV/c2 are applied to investigate the resonances in the
M(6π) spectrum. With an assumption of the line-shape
of 3(π+π−) above the pp̄ mass threshold affected by the
opening of the X(1840)→ pp̄ decay (model I), we try to
describe the anomalous shape with a Flatté formula [33],

A = |
1

M2 − s− i
∑

j g
2
jρj

|
2

,

where M is a parameter with the dimension of mass, s
is the mass square of the 3(π+π−) combination, ρj is the
phase space for the decay mode j, and g2j is the corre-
sponding coupling strength. The

∑
j g

2
jρj term describes

how the decay width varies with s. Approximately,

∑

j

g2jρj ≈ g20(ρ0 +
g2pp̄
g20
ρpp̄), (1)
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FIG. 2. Fit result of the M(6π) distribution with Flatté for-
mula (a), sum of two coherent BW functions with constructive
interference(b). The dots with error bars are data, the solid
curve in red is the total fit result, the dashed line in blue is the
X(1840) signal for (a), and the sum of X(1840) and X(1880)
for (b), the dash-dotted line in green is the background events
from J/ψ → π03(π+π−), and the dotted line in magenta is
the sum of background.

where g20 is the sum of g2 of all decay modes other than
X(1840)→ pp̄, ρ0 is the maximum two-body decay phase
space volume [29] and g2pp̄/g

2
0 is the ratio between the

coupling strength to the pp̄ channel and the sum of all
other channels. This fit, as illustrated in Fig. 2(a), yields
M = 1.818±0.009 GeV/c2, g20 = 18.0±2.8 GeV2/c4, and
g2pp̄ = 51.4 ± 14.8 GeV2/c4. This model fit has a log L
that is improved over the simple Breit-Wigner one by
42.8. The significance of g2pp̄/g

2
0 being non-zero is 9.2σ.

The goodness of fit is studied using a χ2 test and the χ2

value per number of degrees of freedom (ndof) is found to
be χ2/ndof = 317.9/44, yet not enough to be acceptable
for a good description of data.

A comparison between the fit result of model I and the
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 and ψ(3686) → pp̄π0 ψ(3686) → pp̄η

◈ Data can be well described by the well-established N* states


◈ Ratio of the N(1535) decays is measured, which suggests a strong  components


               

ss̄

ΓN(1535)→Nη/ΓN(1535)→Nπ = 0.99 ± 0.05 ± 0.19

23

B ¼ Nnet

ϵ × Bðπ0 → γγÞ × Nψð3686Þ
; ð18Þ

as summarized in Table III. Compared to the previous study
on ψð3686Þ → pp̄π0 [12], there are some mild tensions,
which are attributed mainly to differences in the treatment

of continuum backgrounds in the PWA and several newly-
included ρ$ and N$ states in the baseline solution.

D. Amplitude analysis results of ψð3686Þ → pp̄η

A PWA is performed to the selected 31,441 candi-
date events for ψð3686Þ → pp̄η, where the background

TABLE III. Numbers used to calculate branching fractions of N$ states in ψð3686Þ → pp̄π0. Nsig is the fitted yield from PWA of
ψð3686Þ data sample. Ncon is the fitted yield from PWA of continuum data sample. Nnet is the net signal yield calculated with
Nnet ¼ Nsig − fc × Ncon, where fc is the normalization factor, ϵ is signal efficiency and B is branching fraction. Here, first uncertainties
are statistical and the second are systematic.

Resonance state Nsig Ncon Nnet ϵ (%) B (×10−6)

Nð940Þ 122215% 3266 656% 164 121188% 3276 39.71 113.9% 3.1% 11.9
Nð1440Þ 57118% 1383 953% 147 55627% 1402 38.34 54.2% 1.4% 14.1
Nð1520Þ 8109% 428 870% 81 6749% 446 38.43 6.6% 0.4% 2.0
Nð1535Þ 18894% 778 240% 77 18519% 787 39.61 17.5% 0.7% 3.6
Nð1650Þ 11146% 794 278% 79 10712% 804 43.75 9.1% 0.7% 3.2
Nð1710Þ 5043% 472 369% 100 4466% 497 39.73 4.2% 0.5% 4.0
Nð1720Þ 6983% 523 217% 83 6644% 539 39.93 6.2% 0.5% 2.4
Nð2100Þ 11107% 1033 551% 161 10245% 1063 44.90 8.5% 0.9% 3.8
Nð2300Þ 5633% 566 894% 222 4235% 664 43.75 3.6% 0.6% 3.0
Nð2570Þ 27716% 1041 2349% 187 24043% 1082 46.14 19.5% 0.9% 14.5

(a)

(c)

(b)

FIG. 2. Projections of the PWA fit at
ffiffiffi
s

p
¼ 3.686 GeV on the (a) pp̄, (b) pπ0, and (c) p̄π0 invariant mass distributions. The points with

errors are data, the blue curves are the fit result, the curves in various colors denote different resonant components and the yellow filled
histograms are the simulated background.
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with the MC simulated shape convolved with a Gaussian
function to take into account the resolution difference
between data and MC simulation. The background shape
is parametrized as a linear function. As an example, Fig. 6
shows the fit results to the selected candidates of the
ψð3686Þ data sample.
The detection efficiency is determined with the signal

MC samples generated based on the PWA results at
ffiffiffi
s

p
¼

3.686 GeV and 3.773 GeV. The ISR effect is included with
CONEXC, which depends on the Born cross sections as
input. Therefore, several rounds of iteration are performed.
First, the signal MC samples are generated by using the
Born cross sections with continuum process only. Then, the
detection efficiency ϵ is obtained and the observed cross
section σobs is calculated with

σobs ¼
Nobs

Lint × ϵ × Bðπ0ðηÞ → γγÞ
: ð20Þ

Next, a fit is performed to the energy-dependent observed
cross sections with statistical uncertainty only. The detail of
the fit is described in Sec. VII. The fitted line shape of the
cross sections is used as the input to generate signal MC

samples in the next iteration. The process is repeated until
the result is stable. Table V shows the obtained observed
cross sections.

VI. SYSTEMATIC UNCERTAINTIES

A. Uncertainties on observed cross sections

The systematic uncertainties on the observed cross
section measurement include several sources, as summa-
rized in Table VI. They are estimated as described below.
The integrated luminosity is measured using Bhabha

scattering events, with an uncertainty less than 1.0% [42].
The uncertainty related to tracking efficiency of proton is
estimated to be 1.0% using a control sample of J=ψ →
pπ−p̄πþ [43]. The uncertainty due to the PID efficiency is
studied with a control sample of J=ψ → pK−Λ̄þ c:c: [43],
which is taken to be 1.0% for proton and 2.0% for anti-
proton, respectively. The uncertainty from photon detection
is taken to be 1.0% per photon [44].
The systematic uncertainty due to the J=ψ veto require-

ment is estimated by varying the cut range within [0.044,
0.056] GeV with a step size of 0.002 GeV. The difference
between the average of re-measured branching fractions

(a)

(c)

(b)

FIG. 4. Projections of the PWA fit at
ffiffiffi
s

p
¼ 3.686 GeV on the (a) pp̄, (b) pη, and (c) p̄η invariant mass distributions. The points with

errors are data, the blue curves are the fit result, the curves in various colors denote different resonant components and the yellow filled
histograms are the simulated background.
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 and ψ(3686) → pp̄π0 ψ(3686) → pp̄η
◈ 


✦  (constructive 
interference)


✦  (destructive interference)


◈ 


✦  (constructive interference)


✦  (destructive interference)


✦ Violated from the “12%” rule

B(ψ(3686) → pp̄π0)/B(J/ψ → pp̄π0)

(11.3 ± 1.2) %

(15.4 ± 1.6) %

B(ψ(3686) → pp̄η)/B(J/ψ → pp̄η)

(3.1 ± 0.4) %

(4.2 ± 0.4) %

24

ΓNð1535Þ→Nη=ΓNð1535Þ→Nπ is determined to be 0.99#
0.05# 0.19, where the first uncertainty is statistical and
the second one is systematic.

IX. SUMMARY

In summary, using a sample of ð2712# 14Þ ×
106 ψð3686Þ events collected with the BESIII detector,
partial wave analyses of the decays ψð3686Þ → pp̄π0 and
ψð3686Þ → pp̄η are performed. The data can be well
described by considering several well-established N$

states.
Taking into account the interference effects in this

analysis, the improved measurement on branching fractions
of ψð3686Þ → pp̄π0 and ψð3686Þ → pp̄η are presented.
The deviations from previous BESIII results [12,13]
are attributed mainly to the absence of consideration of
interference effects in the previous measurements.
Combining BðJ=ψ → pp̄π0Þ from the PDG [3], the ratio
of Bðψð3686Þ → pp̄π0Þ=BðJ=ψ → pp̄π0Þ is determined
to be ð11.3# 1.2Þ% and ð15.4# 1.6Þ%, for constructive
and destructive interference, respectively. Combining

BðJ=ψ → pp̄ηÞ from the PDG [3], the ratio of
Bðψð3686Þ → pp̄ηÞ=BðJ=ψ → pp̄ηÞ is determined to be
ð3.1# 0.4Þ% and ð4.2# 0.4Þ%, for constructive and
destructive interferences, respectively. The “12% rule”
[47–49] is significantly violated in the pp̄η final state
but is confirmed in the pp̄π0 final state. The branching
fractions of severalN$ intermediate states are determined as
well in this analysis.
The ratio of ΓNð1535Þ→Nη=ΓNð1535Þ→Nπ is determined

to be 0.99# 0.05# 0.19, which is consistent with
ΓNð1535Þ→Nη=ΓNð1535Þ→Nπ ¼ 1.00# 0.40 averaged by the
PDG [3] based on fixed-target experiment results and
previous BESIII publications [12,13], but with much
improved precision. This result confirms the exotic property
of Nð1535Þ in an eþe− collider experiment for the first time
and suggests a strong ss̄ component in Nð1535Þ [2,50].
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TABLE IX. Fitted parameters of ψð3686Þ → pp̄π0 and ψð3686Þ → pp̄η, and corresponding branching fractions Bf . The first
uncertainties include both statistical and systematic. The second uncertainties of Bf are from Γee ¼ ð2.33# 0.04Þ KeV [3].

ψð3686Þ → pp̄π0 BfΓee (0.1 eV) ϕ ð°Þ ΔE (MeV) Bf ð×10−6Þ

Constructive solution 3.12# 0.26 65.0# 6.7 1.27# 0.09 133.9# 11.2# 2.3
Destructive solution 4.28# 0.32 −68.9# 5.7 1.27# 0.09 183.7# 13.7# 3.2

ψð3686Þ → pp̄η BfΓee (0.1 eV) ϕ ð°Þ ΔE (MeV) Bf ð×10−6Þ

Constructive solution 1.44# 0.15 58.9# 14.1 1.39# 0.14 61.5# 6.5# 1.1
Destructive solution 1.98# 0.16 −63.8# 12.1 1.39# 0.14 84.4# 6.9# 1.4
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ΓNð1535Þ→Nη=ΓNð1535Þ→Nπ is determined to be 0.99#
0.05# 0.19, where the first uncertainty is statistical and
the second one is systematic.

IX. SUMMARY

In summary, using a sample of ð2712# 14Þ ×
106 ψð3686Þ events collected with the BESIII detector,
partial wave analyses of the decays ψð3686Þ → pp̄π0 and
ψð3686Þ → pp̄η are performed. The data can be well
described by considering several well-established N$

states.
Taking into account the interference effects in this

analysis, the improved measurement on branching fractions
of ψð3686Þ → pp̄π0 and ψð3686Þ → pp̄η are presented.
The deviations from previous BESIII results [12,13]
are attributed mainly to the absence of consideration of
interference effects in the previous measurements.
Combining BðJ=ψ → pp̄π0Þ from the PDG [3], the ratio
of Bðψð3686Þ → pp̄π0Þ=BðJ=ψ → pp̄π0Þ is determined
to be ð11.3# 1.2Þ% and ð15.4# 1.6Þ%, for constructive
and destructive interference, respectively. Combining

BðJ=ψ → pp̄ηÞ from the PDG [3], the ratio of
Bðψð3686Þ → pp̄ηÞ=BðJ=ψ → pp̄ηÞ is determined to be
ð3.1# 0.4Þ% and ð4.2# 0.4Þ%, for constructive and
destructive interferences, respectively. The “12% rule”
[47–49] is significantly violated in the pp̄η final state
but is confirmed in the pp̄π0 final state. The branching
fractions of severalN$ intermediate states are determined as
well in this analysis.
The ratio of ΓNð1535Þ→Nη=ΓNð1535Þ→Nπ is determined

to be 0.99# 0.05# 0.19, which is consistent with
ΓNð1535Þ→Nη=ΓNð1535Þ→Nπ ¼ 1.00# 0.40 averaged by the
PDG [3] based on fixed-target experiment results and
previous BESIII publications [12,13], but with much
improved precision. This result confirms the exotic property
of Nð1535Þ in an eþe− collider experiment for the first time
and suggests a strong ss̄ component in Nð1535Þ [2,50].
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TABLE IX. Fitted parameters of ψð3686Þ → pp̄π0 and ψð3686Þ → pp̄η, and corresponding branching fractions Bf . The first
uncertainties include both statistical and systematic. The second uncertainties of Bf are from Γee ¼ ð2.33# 0.04Þ KeV [3].

ψð3686Þ → pp̄π0 BfΓee (0.1 eV) ϕ ð°Þ ΔE (MeV) Bf ð×10−6Þ

Constructive solution 3.12# 0.26 65.0# 6.7 1.27# 0.09 133.9# 11.2# 2.3
Destructive solution 4.28# 0.32 −68.9# 5.7 1.27# 0.09 183.7# 13.7# 3.2

ψð3686Þ → pp̄η BfΓee (0.1 eV) ϕ ð°Þ ΔE (MeV) Bf ð×10−6Þ

Constructive solution 1.44# 0.15 58.9# 14.1 1.39# 0.14 61.5# 6.5# 1.1
Destructive solution 1.98# 0.16 −63.8# 12.1 1.39# 0.14 84.4# 6.9# 1.4
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ψ(3686) → ΛΣ̄0π0

◈ Due to limited statistics, no separation power for the two  models (11 )


◈  is necessary to better describe data with its spin-parity 

Λ(1405) σ

Λ(2325) JP = 3/2−
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𝚲(𝟏𝟒𝟎𝟓) Flatté-like model: 

𝚲(𝟏𝟒𝟎𝟓)𝚲(𝟏𝟒𝟎𝟓) chiral dynamics model: 

 Faltte-like modelΛ(1405)

 chiral dynamics model (two poles)Λ(1405)



Summary

◈A set of interesting and important results from the light hadron spectroscopy achieved:


✦  Discovery of a glueball-like particle: X(2370) 

✦  Strong correlation between the X(1835) and  threshold enhancement. A molecule state or a 
bound state?


✦  Observation of An Exotic 1-+ Isoscalar state η1(1855) and Isovector state 


✦  …


◈With the more data, the more extensive and intensive investigation are ongoing, looking forward 
to new results in the near future.

Mpp̄

π(1600)
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