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ABSTRACT

Charmonium is a bound state of a charmed quark and a charmed antiquark, and a charmoniumlike state is a
resonant structure that contains a charmed quark and antiquark pair but has properties that are
incompatible with a conventional charmonium state. While operating at center-of-mass energies from 2 to
5 GeV, the BESIII experiment can access a wide mass range of charmonium and charmoniumlike states, and
has contributed significantly in this field. We review BESIII results involving conventional charmonium
states, including the first observation of the M1 transition ¥ (2S) — y1.(2S) and the discovery of the
¥2(3823) state; and report on studies of charmoniumlike states, including the discoveries of the Z.(3900)
and Z.(4020) tetraquark candidates, the resolution of the fine structure of the Y(4260) state, the discovery

of the new production process e

¢~ — yX(3872) and the uncovering of strong evidence for the

commonality among the X(3872), Y(4260) and Z.(3900) states. The prospects for further research at
BESIII and proposed future facilities are also presented.
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INTRODUCTION

In the conventional quark model, mesons are com-
prised of a quark and antiquark pair, while baryons
are comprised of three quarks. A bound state of a
charmed quark (c) and a charmed antiquark (¢) is
named charmonium. The first charmonium state,
the J/1/, was discovered at BNL [1] and at SLAC [2]
in 1974, and since then, all the charmonium states
below the open-charm threshold and a few vector
charmonium states above the open-charm threshold
have been established [3]; the measured spectrum
of states agrees well with theoretical calculations
based on QCD [4-6] and QCD-inspired potential
models [7-9].

In addition to the charmonium states, the current
QCD-based theoretical framework describes almost
all of the other hadrons that have been observed to
date quite well, including three-quark baryons and
other quark-antiquark mesons [3]. Exotic hadronic
states with configurations not limited to two or three
quarks have been the subject of numerous theoret-
ical proposals and experimental searches [10,11].

e~ annihilation

These proposed exotic hadrons include hadron-
hadron molecules, diquark-diantiquark tetraquark
states, hadro-quarkonia, quark-antiquark-gluon
hybrids, multi-gluon glueballs and pentaquark
baryons.

Many charmonium and charmoniumlike states
were discovered at the BaBar [12] and Belle [13]
B factories during the first decade of this cen-
tury [14]. While some of these are good candidates
for conventional charmonium states, there are
other states that have properties that do not match
those of any of the unassigned cc states, which
may indicate that exotic states have already been
observed [5,15-17]. These candidate exotic meson
states are collectively called the XYZ particles, to
indicate that their underlying nature is still unclear.
Although this is not fully accepted within the high
energy physics community, practitioners in the field
use Zo(xxxx) to denote a quarkoniumlike state with
mass roughly xxxx MeV/c that contains a heavy
quark pair Q Q and with non-zero isospin, Y(xxxx)
for a vector quarkoniumlike state (called 1 (xo0mx)

© The Author(s) 2021. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.

1202 49qiadaQ O} UO JasN 3aulol|diqIeusz-AS3d Aq £€/18€9/281LAEMU/| |/g/aIo1lE/ISU/Wo0"dNO"dlWapeo.//:sdly oy papeojumoq


https://doi.org/10.1093/nsr/nwab182
http://orcid.org/0000-0002-1652-6686
mailto:yuancz@ihep.ac.cn
http://creativecommons.org/licenses/by/4.0/

Natl Sci Rev, 2021, Vol. 8, nwab182

by PDG [3]) and X(xox) for states with other
quantum numbers.

Although the BaBar [12] and Belle [13] ex-
periments finished data taking in 2008 and 2010,
respectively, the data are still used for various
physics analyses. In 2008, two new experiments—
BESIII [18], a T-charm factory experiment at the
BEPCII ete™ collider, and LHCb [19], a B-factory
experiment at the LHC pp collider—started data
taking, and have been contributing to the study of
charmonium and charmoniumlike states ever since.

The BESIII experiment at the BEPCII double
ring e"e™ collider observed its first collisions in the
T-charm energy region in July 2008. The BESIII
detector [18] is a magnetic spectrometer with an
effective geometrical acceptance of 93% of 47 and
state-of-the-art subdetectors for high precision
charged and neutral particle measurements. After
a few years of running at center-of-mass (c.m.)
energies for its well-defined physics programs [20],
ie. at the J/¢ and ¥/ (2S) peaks in 2009 and the
¥ (3770) peak in 2010 and 2011, the BESIII ex-
periment began to collect data for the study of the
XYZ particles, a program that was only mentioned
tentatively in the BESIII Yellow Book [20]. The first
data sample was collected at the {(4040) resonance
in May 2011 with an integrated luminosity of about
0.5 fb~'. This sample was used to search for the
production of the X(3872) and the excited P-wave
charmonium spin-triplet states via ¥ (4040) radia-
tive transitions. The size of the sample was limited
by the brief, one-month running time following the
¥ (3770) data taking in the 2010-11 run.

In summer 2012, the LINAC of the BEPCII
was upgraded so that the highest beam energy
was increased from 2.1 to 2.3 GeV, which made it
possible to collect data at higher c.m. energies (up to
4.6 GeV). A data sample of 525 pb~! was collected
at a c.m. energy of 4.26 GeV from 14 December
2012 to 14 January 2013, with which the Z.(3900)
charged charmoniumlike state was discovered [21].
This observation changed the data collection
plan for the 2012-13 run and had considerable
impact on the subsequent running schedule of the
experiment; more data points between 4.13 and
4.60 GeV dedicated to the XYZ related analyses
were recorded [22]. The highest beam energy was
further increased from 2.3 to 2.5 GeV in summer
2019, making it possible to collect data at even
higher c.m. energies (up to 5.0 GeV).

The data samples used for the XYZ study cover
the energy range between 4.0 and 5.0 GeV, with a
typical integrated luminosity of 500 pb~' at each
energy point. These data were also used for char-
monium studies together with a 448 million ¥ (2S)
event sample. Data samples with an integrated lu-
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minosity of 826 pb~! at 104 energy points between
3.8 and 4.6 GeV [23] were also used for the XYZ
study.

In this article, we review studies of charmonium
and charmoniumlike states from the BESIII [18]
experiment. We first introduce the study of conven-
tional charmonium states and then the XYZ states.
Finally, we discuss prospects for future studies with
the BESIII experiment, and also point out possible
studies at next generation facilities.

CONVENTIONAL CHARMONIUM STATES

The search for new charmonium states has always
been a high priority topic. With the data taken
at c.m. energies above 4 GeV, it is possible to
search for states predicted by theories that are still
unobserved [4-9]. These states include the excited
P-wave spin-triplet states x(2P) (] =0, 1, 2), the
excited P-wave spin-singlet state h.(2P), the D-wave
spin-triplet states ¥;(1D) (J = 2, 3; the ] = 1 state,
the ¥ (3770), was observed many years ago [3])
and the D-wave spin-singlet state 77, (1D).

The predicted mass of the D-wave charmonium
states (excluding the ¥ (3770), which is, in fact, a
mixture of the 13D; and 2 3S; vector states) is in the
3.81-3.85 GeV/c* range predicted by several phe-
nomenological calculations [7-9]. Since the mass
of ¥,(1D) is above the DD threshold but below
the DD* threshold, and v/, (1D) — DD violates
parity, the ¥, (1D) is expected to be narrow and its
dominant decay mode is ¥,(1D) — yx. [24].
The v, (1D) state, also called the 1/,(3823), was
discovered at BESIII [25] in this final state, and the
¥3(1D) state was observed by LHCb in its decay
into the D D final state [26].

The spin-triplet charmonium states are produced
copiously in e"e” annihilation and in B decays
and, thus, they are understood much better than
the spin-singlet charmonium states, including the
lowest lying S-wave state, the 7., its radial excited
partner, the 7.(2S), and the P-wave spin-singlet
state, the h.. Since these three states are all produced
in ¥ (2S) decays, the world’s largest ¥ (2S) data
sample at BESIII made it possible to study their
properties with improved precision. In addition,
the unexpected large production cross section for
eTe” — w77~ h, in the BESIII energy region [27]
opened a new mechanism for studying the h. and
n. (from h. — yn,.), and BESIII contributed the
world’s best measurements of the properties of these
states [28]. We report here the observation of the
M1 transition ¥ (2S) — y1.(2S) at BESIII [29],
a transition that has been sought for since the
first-generation BES experiment in the 1980s.
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Figure 1. The fit to the invariant-mass spectra for (a) KgKiyﬁ and (b) KT K~7%[29]. Dots with error bars are data, and the
curves are total fits and individual components. The lowest peaks correspond to the 1(2S) signals.

Discovery of the M1 transition
¥(28) — yn.(2S)

The production of 7.(2S) through a radiative
transition from ¥ (2S) involves a charmed-quark
spin-flip and, thus, proceeds via a magnetic dipole
(M1) transition. The branching fraction has
been calculated by many authors, with predic-
tions in the range B(¥(2S) — yn.(2S)) =
(0.1-6.2) x 10™* [30-32]. Experimentally, this
transition has been searched for by Crystal Ball [33],
BES [34,35] and CLEO [36]. No convincing signal
was observed in any of these experiments.

With a sample of 106 million ¥ (2S) events
collected at BESIII, the process ¥ (2S) — y1.(2S)
was observed for the first time with 71, (2S) —
KIK*7nT and K"K 7° decay modes. The final
K Kt mass spectra and the fit results are shown in
Fig. 1. For the number of 1,(2S) signal events, the
fit yields 81 =+ 14 for the KIK*7F mode and 46
=+ 11 for the K"K~ 7% mode; the overall statistical
significance of the signal is larger than 100 [29].

The mass of 7.(2S) is measured to be
(3637.6 & 2.9 & 1.6) MeV/c?, the width (16.9 &
6.4 £ 4.8) MeV, in good agreement with the PDG
world average values [3], and the product branching
fractions B(y(2S) — yn.(25)) x B(n.(2S) —
KKn) = (1.304£0.20£0.30) x 10~°. Com-
bining the production rate with a BaBar measure-
ment of B(1.(2S) — KKm), the M1 transition
rate is determined to be B(y(2S) — yn.(25)) =
(6.8 & 1.1 £ 4.5) x 107, This agrees with
theoretical calculations [ 30-32] and naive estimates
based on the J/{ — y 7, transition [36].

This study benefited from the BESIII detector’s
high resolution electromagnetic calorimeter, which
makes the detection of the radiative photon with
50 MeV energy possible [18]. Given the tiny transi-
tionrate and the low photon energy, it is understand-
able why this transition was not observed in previous
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studies [33,34,36]. This is the third M1 transition
observed in a charmonium system (the other two
are J/ — yn. and ¥(2S) — yn, observed in
1980 [37]); improved measurements of these
transitions and discovery of more M1 transitions
would improve the understanding of the high-order
effects involved in these transitions [9,38,39].

Observation of the v,(1D) state

The processes of eTe™ — w7~y x4, are studied

at the BESIII experiment using 4.1 fb™" of data col-
lected at c.m. energies from 4.23 to 4.60 GeV [25].
The ., are reconstructed via their decays into
v]/ ¥, with /¢ to €70~ (£ =¢, ). A clear signal is
observed as a 19 £ S event peak in the y x . invari-
ant mass distribution that is evident in Fig. 2(a). The
statistical significance of the signal is 6.20, its mass
is determined to be (3821.7 £ 1.3 & 0.7) MeV/¢?
and its properties are in good agreement with the
¥, (1D) charmonium state. The state is thus called
the 1,(3823) following the 3.80 ‘evidence’ in B
decays reported by Belle [40] in 2013. For the y x
mode, no significant 1/,(3823) signal is observed
(Fig. 2(b)), and an upper limit on its produc-
tion rate is determined. BESIII obtains the ratio
B[2(3823) — v x21/B[¥2(3823) = y xc1] <
0.42 at the 90% confidence level (C.L.), which also
agrees with expectations for the ¥, (1D) state [24].

With the observation of three D-wave spin-triplet
states (¥ (3770), ¥,(3823) and vr3(3842)), their
center of gravity, 3822 MeV/c?, is a good estima-
tion of the mass of the D-wave spin-singlet state,
N2 (1D). Since it cannot decay into open-charm
final states, 17,,(1D) is expected to be very narrow,
and the identification of it should be clear, if it is pro-
duced with large enough rate, ine™e™ — yn,(1D),
ete” — wn,(1D) or ete™ — 7T h.(2P) —
T Ty na(1D).
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Figure 2. Simultaneous fit to the Mecoilzr *7r =) distribution of (a) ¥ x » events and
(b) ¥ x 2 events [25]. The small peak in (a) is the v/,(3823) signal. Dots with error bars
are data, red solid curves are total fits, dashed blue curves are background fits and the
green shaded histograms are J/+ mass sideband events.

EXOTIC CHARMONIUMLIKE STATES

A revival of the study of charmonium spectroscopy
occurred in the early twenty-first century when
the BaBar and Belle B factories started accumu-
lating large data samples at the Y (4S) peak. The
high luminosity at these B factories enabled stud-
ies of charmonium states that are produced in a
variety of ways, including B decays, initial-state-
radiation (ISR) processes, double-charmonium pro-
duction, two-photon processes, etc. While the dis-
covery of the conventional charmonium states such
as 17.(2S) and x.(2P) were more-or-less rou-
tine, the observations of the X(3872) by Belle in
2003 [41] and the Y(4260) by BaBar in 2005 [42],
the first of the XYZ mesons, came as big sur-
prises; although these new states decay to final
states that contain both a ¢ and a ¢ quark, they
have properties that do not match those of any c¢
meson [S5,15-17].

All studies of XYZ states at the B factories have
low statistics and limited precision. In contrast,
BESIII can tune the c.m. energy to match the peaks
of the Y states, where event rates are high enough to
facilitate precise measurements of their resonance
parameters and search for new states among their
decay products.

New insights into the Y states

The Y states, such as Y(4260) [42], Y(4360) [43,44]
and Y(4660) [44], are produced directly or via the
ISR process in e "¢ annihilation and, thus, are vec-
tors with quantum numbers J°© = 1. These states
have strong couplings to hidden-charm final states
in contrast to the established vector charmonium
states in the same mass region, such as ¥ (4040),
¥ (4160) and ¥ (4415), which dominantly couple
to open-charm meson pairs [45,46].

In potential models, five vector charmonium
states are expected to be in the mass region between
4.0 and 4.7 GeV/c?, namely v (3S), ¥ (2D), ¥ (4S),
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¥ (3D) and v (5S), with the first three identified
with the well-established 1 (4040), ¥ (4160) and
¥ (4415) charmonium mesons; the masses of
the as yet undiscovered ¥ (3D) and ¥ (5S) are
expected to be higher than 4.4 GeV/c*. However,
six vector states in this mass region have been
identified, as listed above. These make the Y(4260),
Y(4360) and perhaps the Y(4660) states good
candidates for new types of exotic particles, stim-
ulating many theoretical interpretations, including
tetraquark states, molecular states, hybrid states or
hadro-charmonia [5,15-17].

The Y(4260) was first observed at the B
factories as a distinct peak in the wtm~J/¢
invariant mass distribution for ISR-produced
ee” — yrr T ]/ events [42,47]. Improved
measurements from both BaBar [48] and Belle [49]
with their full data samples confirmed the existence
of both the Y(4260) resonance and a non-Y(4260)-
resonance component in ete” — 71'"'71‘]/1//
around 4.0 GeV, but the line shape was parame-
terized with different models. The parameters of
the Y(4260) determined by fit to the combined
data from the two B-factory experiments and the
CLEO measurements [50] are My(4260) = (4251 &
9) MeV/c* and I'y(4260) = (120 £ 12) MeV [S1].
High precision BESIII measurements of the direct
cross section for the Y(4260) production in different
final states supply new insight into its nature. These
measurements include: eTe™ — w7 ]/ [52],
ete” — ntah [27], efe” — wxg [53,54],
ete” — D°D* T + c.c. [55], etc. [56].

Figure 3 shows the measured cross sections for
each of these final states. The Y(4260) structure
is evident, but its line shape is in fact not well
described by a single Breit-Wigner (BW) resonance
function. Instead, its line shape is peaked at around
4.22 GeV, which is substantially lower than the
average value from previous measurements [51],
and a distinct shoulder is observed on its high-
mass side that is especially pronounced in the
77w~ J/¥ mode. In order to describe this line
shape, two resonant structures in the Y(4260)
peak region are needed. The lower one has a mass
of (4222.0 & 3.1 & 1.4) MeV/c* and a width of
(44.1 &+ 4.3 £ 2.0) MeV, while the higher one has
a mass of (4320.0 & 10.4 & 7.0) MeV/c* and a
width of (101.47133 & 10.2) MeV. The mass of the
first resonance is ~30 MeV/c* lower than the world
average value at that time [S1] for Y(4260) and its
width is about a factor of 3 narrower. The second res-
onance is observed in the e*e™ — 7+ 7]/ pro-
cess for the first time. It is still not clear whether it is
anew state or just a new decay mode of the Y(4360)
observed in eTe” — mtmw T (2S) [43,44]. The
resonance parameters for the lower mass structure,
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Figure 3. From top to bottom are the measured cross sec-
tionsof e~ — wTw~J/v [52], e"e” — w T h. [27],
ete” — wxqg (53,54 and ete~ — PD*~ 7+ + c.c. [55]
as a function of the center-of-mass energy (E. . ). Dots with
error bars are the data and the dotted vertical line is the peak
of the Y{4220).

the Y(4220), are also measured in other decay
channels and listed in Table 1.

Since the resonant structure around 4.2 GeV/c?
is present in all of the above channels with similar
resonance parameters, Gao et al. [S7] applied
a combined fit to the measured cross sections
to determine the resonance parameters of the
low-mass Y(4220) peak with a resultant mass
of (4219.6 £ 3.3 & 5.1) MeV/c* and width of
(56.0 3.6 = 6.9) MeV. These values are very
different from those obtained in previous exper-
iments [S1]. The fit also gives the product of the
leptonic decay width and the decay branching frac-
tion to the considered final state. After accounting
for the unmeasured isospin partners of the mea-
sured channels, a lower limit on the leptonic partial

width of the Y(4220) is determined to be I',+,- >
(29.1 & 7.4) eV, where the error is the combined
fit error and those from different fit scenarios. Cao
et al. [58] analyzed BESIII, Belle and BaBar data on
charmonium as well as open-charm final states, and
aleptonic width of 0(0.1-1) keV was obtained. This
partial width is much larger than LQCD predictions
for a hybrid vector charmonium state [59].

In spite of the limited experimental information
that has been available between the time of its
discovery in 2005 and the recent BESIII measure-
ments, the Y(4260) has attracted considerable
attention. The BESIII measurements of its produc-
tion, decay and line shape in a variety of final states
enable more sophisticated theoretical investiga-
tions, and some analyses have been performed, such
as those in [58] and those quoted in [5,15-17]. The
presence of the nearby D** D*~, D D,(2420) and
wy g production thresholds, and its mass overlap
with the ¥ (4160) and ¥ (441S) conventional char-
monium states complicate its interpretation. Joint
experimental and theoretical efforts will likely be
required to gain a full understanding of the nature of
this state; these include precision measurements of
the cross sections of all the final states and applying
a more sophisticated theoretical description of the
coupled-channel effect and line shapes, and so on.

Discovery of the iso-triplet
charmoniumlike Z.(3900)
and Z;(4020) states

Searching for charged charmoniumlike states is one
of the most promising ways of establishing the exis-
tence of the exotic hadrons, since such a state must
contain at least four quarks and, thus, could not be
a conventional meson. These searches have concen-
trated on decay final states that contain one charged
pion and a charmonium state, such as /v, ¥ (25)
and h,, since they are narrow and their experimental
identification is relatively unambiguous.

The first reported charged charmoniumlike state,
Z.(4430)~, was found in the 77~ (2S) invariant
mass distribution in B — Km~y¥(2S) decays
by the Belle experiment in 2008 [60,61]. It was

Table 1. Resonance parameters of the Y(4220) state from different modes measured at BESIII. The cross sections measured
atac.m. energy of 4.226 GeV are also listed.

Mass Width 0 aty/s = 4.226 GeV
Mode (MeV/c?) (MeV) (pb)
ete” >t/ 42220+3.1+14 441443420 85.1+1.5+49
ete” =t h 42184733 £ 0.9 66.0745% £ 0.4 5524+2.6+89
e — wxeo 42185+ 1.6+ 4.0 282439+ 1.6 554460459
ete™ - 7tDD*~ +cc 42286 +4.14+63 770+ 68463 252£5+15
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confirmed by the LHCDb experiment seven years
later [62]. The Z.(3900)~ state was observed in the
7~ ]/ invariant mass distribution in the study of
ete” — T ]/ at BESIII [21] and Belle [49]
experiments, and the Z,(4020)~ state was observed
in the 77 ~h, system in eTe™ — 77w ~h, [63] only
at BESIIIL.

Observation of the Z,(3900) state

The BESIII experiment studied the efe” —
7w~ J /¥ process using a 525 pb~! data sample at
a c.m. energy of 4.26 GeV [21]. About 1500 signal
events were observed and the cross section was
measured to be (62.9 & 1.9 £ 3.7) pb, which agrees
with the previous existing results from the Belle [47]
and BaBar [48] experiments. The intermediate
states in this three-body system were studied by
examining the Dalitz plot of the selected candidate
events, as shown in Fig. 4.

In addition to the known £,(500) and f,(980)
structuresinthe 7w "7~ system, a structure at around
3.9 GeV/c* was observed in the 7*]/1/ invariant
mass distribution with a statistical significance
larger than 8¢, which is referred to as the Z.(3900).
A fit to the 7%J/v invariant mass spectrum (see
Fig. 4) determined its mass to be (3899.0 +
36 £ 49) MeV/? and its width to be
(46 % 10 £ 20) MeV.

A measurement performed at the Belle exper-
iment that was released subsequent to the BESIII
paper reported the observation of the Z.(3900)
state (referred to as Z(3900)" in the Belle pa-
per) produced via the ISR process with a mass of
(3894.5 + 6.6 + 4.5) MeV/* and a width of
(63 =24 £ 26) MeV with a statistical significance
larger than 5.20 [49]. These observations were later
confirmed by an analysis of CLEO-c data at a c.m.
energy of 4.17 GeV [64], with a mass and width
that agree with the BESIII and Belle measurements.
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BESII studied the spin-parity of the Z.(3900)
with a partial wave analysis (PWA) of about 6000
ete” — T TJ/Y events at /s =4.23 and
4.26 GeV [65]. The fit indicated that the spin-parity
J¥ = 1" assignment for the Z,(3900) is favored over
other quantum numbers (07, 17, 2~ and 2%) by
more than 70

The Z.(3900) mass determined from its 7]/
invariant mass distribution is slightly above the
DD* mass threshold. The open-charm decay
Z.(3900)* — (DD*)* was observed with much
larger rate than that to 7J/y¥ [66,67], and the
pole mass and width were determined with high
precision to be (3882.2 & 1.1 & 1.5) MeV/¢* and
(26.5 + 1.7 & 2.1) MeV, respectively.

In both the QCD tetraquark and the molecular
pictures, the Z.(3900)* states are the I3 = +1
members of an isospin triplet. BESIII confirmed
this by observing their neutral, isospin I3 = 0
partners: the Z,(3900)°, in both the 7°J/v [68]
and (DD*)° [69] decay modes. These observa-
tions establish Z.(3900) as an isovector state with
even G parity. From a PWA to the efe” —
7%7°] /4 data in the vicinity of the Y(4260) reso-
nance, it is found that the cross-section line shape of
ete” — 1°Z.(3900)° — 7°7°J /4 is in agreement
with that of Y(4220) (see Fig. 5) [70].

BESIII also searched for the Z.(3900) isospin
violating decay mode nJ/v¢ [71] as well as to
the light hadron final states wm [72], KK and
K Kn [73]. These modes were not observed and
the upper limits of the decay rates are one order of
magnitude or even smaller than that for Z.(3900)
— ]/, as naively expected.

Observation of the Z,(4020) state
The process eTe™ — 717 ~h, was observed at c.m.
energies of 3.90-4.42 GeV [63] with cross section

that is similar to that for eTe™ — T ]/ [52].
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Figure 5. The cross sections of ete~ — 7°7,(3900)° —
x%7%J/ [70]. Points with error bars are data, the red solid
curve is the total fit result, the red dashed (blue dotted) curve
is the resonant (non-resonant) component and the magenta
dash—dot line represents the interference of the two com-
ponents.

Intermediate states of this three-body system were
studied by examining the Dalitz plot of the selected
7+~ h, candidate events, similar to what was done
for the eTe™ — ™7~/ process [21]. Although
there are no clear structures in the 777~ system,
there is distinct evidence for an exotic charmonium-
like structure in the 7 £h, system, as clearly evident
in the Dalitz plot shown in Fig. 6. This figure also
shows projections of the M(r £h,) (two entries per
event) distribution for the signal events as well as
the background events estimated from normalized
h. mass sidebands. There is a significant peak at
around 4.02 GeV/c* (the Z.(4020)), and there are
also some events at around 3.9 GeV/c? that could
be due to the Z.(3900). The mass and width of the
Z.(4020) were measured to be (4022.9 & 0.8 &+
2.7) MeV/c* and (7.9 & 2.7 & 2.6) MeV, respec-
tively. The statistical significance of the Z.(4020)
signal is greater than 8.9¢.

In an analysis of the e"e™ — %%, process,
the Z.(4020)°, the neutral isospin partner of the
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Z.(4020)* was observed in the 7°h, system.
This indicates that the Z.(4020) is an isovector
state [74]. The open-charm decay of the Z.(4020)
was observed in ete™ — (D*D*)mr, with a rate
that is much larger than that for its decay into
wh, [75,76]. Partial wave analysis of efe” —
77~ (2S) is needed to confirm or deny the
decay Z.(4020) — wr(2S) [77].

Nature of the Z; states

Although many measurements have been per-
formed on the Z.(3900) and Z.(4020) states, the
experimental information is still not very precise.
From the experience of the Z.(4430) state, we
know that the resonance parameters determined
from a simple one-dimensional fit to the invariant
mass distribution [60] may differ from those based
on a full amplitude analysis with the interference
effects between different amplitudes considered
properly [61]. The same thing may happen with
the Z.(3900) and Z.(4020) states. Amplitude
analyses that are applied to the relevant final states
that extract the resonant parameters as well as the
couplings to different modes are essential to obtain
more refined information for understanding the
nature of these states. In addition, a PWA can also
provide measurements of Argand plots of the Z.
amplitudes, which can be used to discriminate
between different models for the Z, states.

The production of Z, states at a variety of c.m.
energies can reveal whether these states are from
resonance decays or continuum production. So
far, only the Z.(3900) state has been observed
both in ete™ annihilation [21] and in B-hadron
decays [78,79]. Searches for these states in different
production modes is of great importance.

These states seem to indicate that a new class of
hadrons has been observed. Since there are at least
four quarks within each of these Z, states, they have

G
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Figure 6. Dalitz plot(/\/lfrw versus /\/Ifﬁn, )for (a) selected e e~ — m T 7~ h, events and (b) the Z,{4020) signal observed in
the 7 h, invariant mass spectrum [63]. Points with error bars are data, the solid curves are best fits and the shaded histograms
are the non- *r ~ h, background estimated from the normalized h, sidebands.
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been alternatively interpreted as compact tetraquark
states, molecular states of two charmed mesons
(DD* + D*D, D*D*, etc.), hadro-quarkonium
states or other multiquark configurations; in some
phenomenological studies they have been attributed
to purely kinematical effects [5,15-17]. Since many
of these models require assumptions that are
hard to prove, it is essential that non-perturbative
studies such as lattice QCD (LQCD) provide a
way to understand their underlying nature; if the Z,
structures are not purely kinematical effects, they
should appear on the lattice since they are strong
interaction phenomena.

The currently available LQCD calculations that
are relevant to the Z.(3900) state have a number
of uncertainties, as has been recently reviewed
in [80]. These include the lattice spacing, the
volume, the physical 7 mass and the channels that
are considered in the calculation.

An early lattice study performed by Prelovsek
et al. [81] investigated the energy levels of two-
meson systems, including 7J/v¥, 7Ty (2S), pn.,
DD*, D*D*, etc., as well as tetraquark operators.
However, no convincing signals for extra new
energy levels apart from the almost free scattering
states of the two mesons were identified. Taking
DD* as the main relevant channel, the CLQCD
collaboration performed a calculation that was
based on the single-channel Liischer finite-size
formalism and found a slightly repulsive interaction
between the two charmed mesons [82,83]. The
results therefore do not support the possibility of
a shallow bound state for the two mesons for the
pion mass values of 300, 420 and 485 MeV/c%. A
preliminary study using staggered quarks found no
JP€ = 17 state distinct from the noninteracting
scattering states either, but the authors also pointed
out that future calculations with a larger interpo-
lating operator basis may be able to resolve this
state [84].

The HALQCD collaboration studied the prob-
lem using an approach where an effective potential
is extracted from the lattice data and then used
to solve the Schrédinger-like equations [85,86].
A fully coupled-channel potential for =]/, pn.
and DD* interactions is obtained, and a strong
off-diagonal transition between 7]/ and DD*
indicates that the Z.(3900) state can be explained
as a threshold cusp within their current config-
uration (m, = 400—700 MeV/c?). In order to
establish a definite conclusion on the structure
of the Z.(3900) state in the real world, full QCD
simulations near the physical point are being carried
out [85,86].

Recently, in order to clarify the mismatch
between these two approaches, CLQCD performed
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a two-channel lattice study using the two-channel
Ross-Shaw effective range expansion [87]. They
considered the 7]/ and DD* channels that are
most strongly coupled to Z.(3900) and found
that the parameters of the Ross-Shaw matrix do
not seem to support the HALQCD scenario. The
parameters turn out to be large and the Ross-Shaw
M matrix is far from singular, which is required for
a resonance close to the threshold. However, since
only two channels are studied, it is still not a direct
comparison with the HALQCD approach, in which
three channels were studied. In [80], the same three
channels that the HALQCD collaboration analyzed
were considered, namely 7J/¥, pn. and DD*.
However, the final results will not come very soon.

Whatever the nature of the Z, states turns out to
be, they will teach us a lot about the hadronic struc-
tures. Unless all these structures are purely kinemat-
ical effects (in which case it would have to be an as
yet unknown kinematic effect), they will suggest a
new category of hadrons beyond the conventional
meson and baryon picture. The observation of
similar states in the bottom sector [88] and recent
discoveries of structures with two pairs of charm-
anticharm quarks [89] and with a minimal
four-quark configuration cs id [90] confirm this
expectation. Additional searches for other conceiv-
able states should be performed and the theoretical
consequences of these new types of hadrons should
be investigated.

Comprehensive study of X(3872)
in the e" e~ collision

The X(3872) was first observed in B —
KEn T~ J/¢ decays in 2003 by Belle [41]. It
was confirmed subsequently by several other exper-
iments [91-94]. Prior to 2014, the X(3872) was
only observed in B meson decays and hadron col-
lisions. Since the quantum numbers of X(3872) are
JP¢ = 177, it can be produced via radiative decays
of excited vector charmonium or charmoniumlike
states such as the ¥ and the Y.

The X(3872) was observed at BESIII in the pro-
cess ete” — yX(3872) — yrtrn =]/, ]/ —
2707 [95] (seeFig.7(a)) and this first measurement
was subsequently improved with more data [96].
The c.m. energy dependence of the product of
the cross section o[eTe” — yX(3872)] and the
branching fraction B[X(3872) — nn~ ] /¥]
is shown in Fig. 7(b), where the red curve shows
the results of a fit to a BW resonance line shape
with a mass of (4200.67]7, £ 3.0) MeV/c? and
a width of (11532 =+ 12) MeV. These resonance
parameters are consistent with those of the ¥ (4160)
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charmonium state [3] or the Y(4220) (see the sec-
tion entitled ‘New insights into the Y states’) within
errors.

Using all the data samples available at c.m.
energies between 4.0 and 4.6 GeV, BESIII is able to
observe for the first time significant signals of
X(3872) — wJ/¥ [96] and X(3872) —
7% 1 [97], and search for other possible decays.

BESIII confirmed earlier observations of a large
X (3872) — D**D° + c.c. branching fraction and
found evidence for X(3872) — yJ/v with a signif-
icance of 3.50 [98]. No evidence was found for the
decays X(3872) — y ¥ (2S). The upper limit on the
ratio B(X(3872) — y¢(2S))/B(X(3872) —
v ] /¥) < 0.59 was obtained at the 90% C.L. [98],
which is inconsistent with LHCb [99] and BaBar
measurements [100] but consistent with a Belle
upper limit [101]. No significant X(3872) —
7°X 0, signals were observed.

The hadronic transitions of the X(3872) to
low-mass charmonum states via a single pion or a
rho meson violate isospin, and the large decay rates
of X(3872) — m°x. and X(3872) to pJ/v —
7T~ J/ relative to the isospin-conserved mode
X(3872) — wJ/¥ indicate that X(3872) is very
unlikely to be a pure charmonium state, such as the
Xc1(2P). The order of magnitude larger decay rate
to D**D° + c.c. than to the charmonium final state
favors the D*D + c.c. molecule interpretation
of the X(3872), as does the relatively smaller
production rate of X(3872) — y ¥ (2S) compared
with X(3872) — y]J/v, or at least that there is a
large fraction of molecular component in its wave
function in addition to a charmonium component.

BESIII measured the ratios of branching frac-
tions for X(3872) — yJ/v¥, y¥(2S), w]/¥,
7%, DD° + c.c,7°DD and y DD to that for
X(3872) — nw~J/¢. By combining these with
the measurements of the X(3872) properties from
the B factories, Li and Yuan [102] obtained the
absolute branching fractions of the X(3872) decays
into six modes by globally fitting the measurements
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Table 2. The fitting results of the absolute branching frac-
tions of the X(3872) decays [102]. The branching fraction of
the X(3872) decays into unknown modes is calculated from
the fit results.

Parameter Branching

index Decay mode fraction (%)

1 X(3872) > /Y 41577

2 X(3872) — D*D% +cc. 5241333

3 X(3872) > yJ/¥ L1758

4 X(3872) — y ¥ (28) 24403

5 X(3872) — %% 3.677%

6 X(3872) — o]/ ¥ 44733
X(3872) — unknown 3197305

provided by the Belle, BaBar, BESIII and LHCb
experiments (see Table 2). The branching fraction
for X(3872) — mtw "]/ is determined to be
(4.1717)%, which is in good agreement with earlier
estimates in [103] and [104]. By combining the
branching fractions of all of the observed modes,
the fraction of the unknown decays of the X(3872)
is found to be (31.973}1)%, which is an impor-
tant challenge for future experimental studies of
X(3872) decays.

With a very large sample of X(3872) —
7t 7J/{ events, the LHCb experiment reported
an improved measurement of its mass and a first
measurement of its width [105]. Limited by its ca-
pability of D*° reconstruction and mass resolution,
it is still not possible for LHCb to measure the line
shape of the resonance.

Commonality among the X{3872), ¥14260)
and Z;(3900) states

With data taken with a c.m. energy at and near the
Y(4260) resonance peak, BESIII discovered a clear
signal for X(3872) production in association with
a y ray [95], as shown in Fig. 7, and a clear signal
for Z.(3900) production in association with a 7
meson [70], as shown in Fig. 5. The c.m. energy
dependence of the eTe™ — y X(3872) cross section
is suggestive of a Y(4260) — yX(3872) decay
process, and that of the e"e™ — 7°Z,(3900)° cross
section is suggestive of a Y(4260) — 7Z.(3900)
decay process; these indicate that there might be
some common features to the internal structures of
the Z.(3900), Y(4260) and X(3872) states.

Many of the models developed to interpret the
nature of one of these three states do not consider
the possibility of a connection between them. With
data supplied by the BESIII experiments, some of
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Table 3. The numbers of observed events of discovery modes of the XYZ states at BESIII and other experiments. Here
the states are detected with X(3872) — n 7 ~J/v, N4260) — m+m—J/y, Z(3900F — m*J/yr, Z,(4020F — m*h,
and Y4660) — 7" ~¢(2S). The numbers for the Belle Il experiments are a simple scale according to those of the Belle
experiment. Here ‘- indicates not available. BESIII can detect other decay modes of these states while other experiments

can barely do so.

Experiment Data-taking time X(3872) Y(4260) Z.(3900) Z.(4020) Y(4660)
BESIII 3 months 20 6000 1300 180 250
BaBar 1999-2008 90 270 80 - 45
Belle 1999-2010 170 550 160 - 90
LHCb 2011-12 (B decays) 4000 - - - -
2011-18 (pp collision) 16 000 - - - -
Belle IT 2019-30 8000 28000 8000 - 5000

these models may be ruled out and others may need
to be revisited in light of these new observations.

SUMMARY AND PERSPECTIVES

With the capability of adjusting the e "¢ c.m. energy
to the peaks of resonances, combined with the clean
experimental environments due to near-threshold
operation, BESIII is uniquely able to perform a
broad range of critical measurements of charmo-
nium physics, and the production and decays of
many of the nonstandard XYZ states, as discussed
above in the context of the studies of the X(3872),
Y(4220), Z.(3900) and Z.(4020). Table 3 shows
the operating times associated with the discoveries
of the XYZ states at BESIII and other experiments,
including the previous generation B factories, BaBar
and Belle, and the new generation super-B factories,
LHCDb and Belle II. BESIII’s special advantages for
studying the XYZ states are evident.

We emphasize here that BESIII measured all the
known decay modes of the X(3872) and discovered
its new decay modes even though the numbers of
produced X(3872) events are much smaller than
those of other experiments. This is because the very
clean experimental environment of e™e™ collisions
in the t-charm threshold energy region uniquely
facilitates the isolation of signals for X(3872) decays
into final states with one or more photons with high
efficiency. This is especially true for final states that
contain an h. charmonium state like the BESIII
discovery of the Z,(4020) state and measurements
of Y(4220) and Y(4390) — w7 h, decays.
Neither the BaBar and Belle B factories nor the
LHCDb experiment has ever seen an h, signal.

BESIII has produced a considerable amount of
information about the XYZ and the conventional
charmonium states. In addition, there are data that
are still being analyzed and more data that will
be accumulated at other c.m. energies [56,106].
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Analyses with these additional data samples will
provide an improved understanding of the XYZ
states, especially the X(3872), Y(4260), Z.(3900),
and Z.(4020) states. The maximum c.m. energy
accessible at BEPCII was upgraded from 4.6 to
5.0 GeVin2019,and a 5.6 fb~! of data was accumu-
lated in the 2019-20 and 2020-21 running periods,
with more data planned for the future. This enables
a full coverage of the Y(4660) [44] resonance and
a search for possible higher mass vector mesons
and states with other quantum numbers, as well as
improved measurements of their properties.

At the same time, other experiments will also
supply information on these states. At the LHCDb,
in addition to the 3 fb™! of data at 7 and 8 TeV that
have been used for most of their published analyses,
there is a 6 fb™! of data sample at 13 TeV that is
being used for improved analyses of many of the
topics discussed above such as the X(3872) decay
properties and searches for the Y and Z.(3900)
states in B decays.

Belle IT [107] has collected about 200 fb~! of
data by mid-2021, and will accumulate 50 ab™!
data at the Y (4S) peak by the end of 2030. These
data samples can be used to study the XYZ and
charmonium states in many different ways [14],
among which ISR can produce events in the same
energy range covered by BESIIL A S0 ab™' Belle II
data sample will correspond to 2.0-2.8 fb™! of data
for every 10 MeV from 4-5 GeV. Similar statistics
will be available for modes like eTe™ — w7~ ]/
at Belle II and BESIII (after considering the fact
that Belle II has lower efficiency). Belle II has the
advantage that data at different energies will be
accumulated at the same time, making the analysis
much simpler than at BESIIL

There are two super 7-charm factories pro-
posed, the STC in China [108] and the SCT in
Russia [109]. Both machines would run at c.m.
energies of up to 7 GeV with a peak luminosity of
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10* cm™2 s !, which is a factor of 100 improvement
over the BEPCIIL This would enable systematic
studies of the XYZ and charmonium states with
unprecedented precision.
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