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1. Introduction

In the conventional quark model, mesons are made of quarktigliark pairs, while baryons
are made of three (anti-)quarks. Due to the non-abeliangpties of quantum chromodynamics
(QCD), gluons are allowed to interact with themselves, fagrglueballs. Much effort has been
devoted to search for glueballs, but no state is establishexperiments. Besides this, QCD also
predicts the existence of hybrid states, which have aniadditgluon component in mesons or
baryons, and multiquark states, which have more than thoestituent quarks bound in a reso-
nance.

Search for these kinds of unconventional (or exotic) stadésscontinued for many years. There
are some multiquark state candidates suggested in the sddight quark mesons, but they are
controversial in the physics community. In 2003, the Betibaboration reported for the first time
an exotic resonance (3872 observed in thé8* — X (3872K=*, X(3872 — " J/y decay.

It exhibits some exotic properties. It has mass very clogbadhreshold of th®°D*® mode, but

it has an extremely narrow decay width, less than 1.2 Me\e#tfiat, many exotic states, dubbed
XYZ sates, are reported in the Belle and BaBar experiments,Hitdxperiments and the BESIII
experiments.

Compared to th8 factory, ther-charm factory provides us a laboratory to study the pradnct
mechanism oKYZ states. Either in continuum production or subsequent méclfroduction, it
conserves the PC parity and (or) G parity. This obviouslyiges information on the determination
of XYZ quantum numbers. BEPCII/BESIII has accumulated many @d$eabove 4 GeV with large
integrated luminosity. In this talk, | present the BESIlIasarement results on tiéy'Z states with
these data sets.

2. X states

2.1 X(3872 state

The first exotic stateX(3872), established in experiments was reported by the Belle Bolla
oration in 2003 for the first time [1]. They found an extremabrrow structure in the spectrum
of m - J/y in theB* — K=" mJ/g decays. The most interesting thing is that it has a mass
very close to th®°D*° threshold, but the decay width is less than 1.2 MeV. This biebais quite
different from the charmonium decays with mass above the charm threshold.

The BESIII Collaboration searched for tg3872) state with data sets taken gf = 4009,
4229, 4260 and 4360 MeV via the process™ — yX(3872, X(3872 — m"m J/y [2]. They
X(3872) state was observed in the combination of four data sets imthg- ;,, mass distribution
as shown in Fig. 1 (a), and the mass was measured to be 38¥72 0.2 MeV. Cross sections
at these points were measured as shown in Fig. 1 (b). Thehlipescan be explained with the
resonancé’ (4260 [see Fig. 1 (b)]. This indicates that tiXg3872) state has strong coupling with
theY (4260, which implies that the two exotic states share much comifitpria nature.

2.2 X(3823 state

The X (3823 state was reported by the Belle Collaboration for the firsetin 2013 [3]. They
observed a structure in the(; mass distribution in th&* — yx.K* decays with significance
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Figure 1: (a) Invariant mass distribution af" 7~ J/y in the process™e™ — yrr* - J/ for the combined
four data sets, (b) distributions of measured cross section

3.80. Now it is identified with a charmonium state wili® = 1, but its width is determined to
be less than 12 MeV at the 90% confidence level. They alsolssdifor it in theyxc, final state,
but no signals were observed.

The BESIII Collaboration searched for it in the process™ — " X(3823), X (3823 —
YXc1 With data sets taken gtfs= 4230, 4260, 4360, 4420 and 4600 MeV [4]. The combined mass
distribution recoiling against™ i1~ is shown in Fig. 2 (a), where th@(3686) state is clearly seen,
and theX (3823 is observed with mass determined toMe= 38217+ 1.3+ 0.7 MeV. The cross
sections at these energies are measured as shown in Fig. 2 (b)
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Figure 2: (a) The mass distribution recoiling" 7, and (b) the measured cross sections.

2.3 X(4140 state

First evidence 0K (4140 was reported by the CDF Collaboration in 2009 [5]. They régubr
a @J/y threshold enhancement in the de@&y— K™ @J/y with significance of 3.8. However,
searches for this state in other experiments are contialeffie DO, Belle, and CMS experiments
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measured mass and width without consistency. The LHCb kimiddion observed this state with
significance of &a, and the partial wave analysis identified it a3"a = 1+ state.

The BESIII Collaboration searched for this state in the pssete™ — y@J/ using data sets
taken at/s = 4230, 4260 and 4360 MeV [6]. Themesons are reconstructed wich K —, KgKL
and " 1° decays, and thd/y decays are reconstructed wighe™ and u*u~ decays. No
signals are observed, and the upper limits of cross sediores e~ — yX (4140 process are set
at 90% confidence level. The ratR= % is determined to b& ~ 0.1 at energies
/S=4.23 and 4.26 GeV.

3. Y states

3.1 Y(4260) and Y (4360 state

TheY (4260 state was observed for the first time by the BaBar Collabmmati the initial state
radiation (ISR) process"e™ — }srY (4260, Y (4260 — mrt - J/y [7], and then confirmed by
the Belle [8] and CLEO [9] experiments. The weighted massweidth areM (Y (4260)) = 425949
MeV andr (Y (4260) = 120+ 12 MeV. Then BaBar searched for the dec¥y4260 — " m ¢/
in the ISR process, and they got a strong peak near 4.32 Gé&&/p€hk is not comparable with
the measured (4260 mass and width. Belle used a large data sample to study this ned
confirmed it, dubbing it a¥(4360. The current PDG values of(4360 mass and width are
M(Y(4360) = 4346+ 6 MeV andl (Y (4360)) = 102+ 12 MeV.

TheY states are allowed to couple to virtual photons and arettirproduced from the™ e~
annihilation events. The-charm factory is also thé factory. The scan data sets aroundYhaass
region are an ideal laboratory to studystates. The cross section for teee™ — nJ/{ process
[10] is measured above 3.8 GeV as shown in Fig. 3 (a), whenatahnarrow structure around 4.2
GeV is seen. A similar hint is also indicated in the crossisadlistribution for theete™ — wxo
process [11] (see Fig.3 (b)). A naive fit with a Breit-Wigneelgs mass and width inconsistent
with the'Y (4260 resonance.
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Figure 3: (a) The cross section distributions fetre~ — n @, measured by BESIII experiments (red), and
(b) the cross section f@"e™ — wxco.
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The cross section distributions within 4.2.4 GeV are further studied in the procese™ —
3/ [12]. Figure 4 (a) shows the measured cross sections ¥WMA data samples; each
has integrated luminosity larger than 80 pband Fig. 4 (b) withR scan data samples, each
has luminosity about 8 9 pb~t. Obviously, it fails to be described with a single resonanae
simultaneous fit with two Breit-Wigner resonances yieldsses and widths

My = 422244 MeV, Ty = 44+5 MeV,
M, = 4320+ 13 MeV, I, = 1012 MeV.
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Figure 4: (a) The cross section distributions for thee™ — "1 J/ process usingXYZ data samples,
and (b) the cross section fere~ — " 11 J/ usingR scan data samples.

Cross sections betweeyls = 4.0 ~ 4.4 GeV are also measured for taee™ — 1" 11 h, [13],
ni(DOIS*)jF, mh (/' [14] processes as shown in Fig. 5. The lineshapes of thesegses show
two peaks in the region.3 ~ 4.5 GeV. The two resonance parameters are measured in these pro
cesses, and the results are given in Table 1. These two resgmean be understood simply as the
established resonanc¥$4260 andY (4360 in the ISR processes. The scan data sets have better
energy resolution than that in the ISR measurements, sdhbgtcan be identified in the same

decay mode.

Table 1: Masses and widths of the vector charmonium states obsereeddifferent processes at BESIII
in the mass region between 4.2 and 4.4 @8VThe subscript 1 or 2 denotes the lower mass state or higher

mass state.

Process M; (MeV/c?) 1 (MeV) M, (MeV/c?) Mo (MeV)
ete” — wXeo 4230+8+6 38+12+2[11]
efe » /Y 42200+31+14  441+43+20 43200+£104+7.0 10147553+102[12]
efe” > he 42184752+09  660713°+04  43915723+10  1395'152+0.6[13]
ete” —» mDD* fcc | 42248+56+40 723+91+09  44001+9.3+21  1817+169+7.4
ete” — m T (3686 | 42095+7.4+14 801+246+29 43838+4.2+0.8 842+125+2.1 [14]
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Figure5: Measurement of cross sections for different exclusive gsses.

3.2 Y (4660 sate

TheY (4600 state was observed for the first time by Belle Collaboratidremvsearching for
the Y (4260 in the ISR process’e™ — ysgrrr" ¢’ [15] with a significance of 5.8, and then
confirmed by BaBar Collaboration in the same ISR process [h&dddition, Belle also reported a
peak with similar mass and width in tief A; invariant mass iete™ — yisrAZA; events. The
current PDG average of Belle and BaBar mass and width measuais aréM = 4643+ 9 MeV
andl' =72+ 11 MeV.

The BESIII Collaboration measured the cross sectioe@™ — /\j/(g with four scanning
data sets above tmgKg mass threshold [17] as shown in Fig. 6. A striking featurenat the
cross sections are almost distributed at the same valuetfrem A; mass threshold up to 4.6
GeV, and the cross section near the threshold is enhancexcertter-of-mass energy of BEPCII
will be upgraded from 4.6 to 4.9 GeV, and the full lineshapéhefY (4660 will be measured.

4. 7. states

4.1 Z;(3900 state

Using the 525 pb! data taken at/s = 4.26 GeV, the BESIII Collaboration searched for the
decayse e — m"mr J/g in 2013, and a narrow structure was observed infth@/( invariant
mass distribution [18]. A fit using a Breit-Wigner to represthe peak and a phase space lineshape
to represent the nonresonant contribution gives a mass atid of M = 38990+ 6.1 MeV and
[ = 46422 MeV, as shown in Fig. 7 (a). Due to decaysitad/y final sates, it is at least made
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Figure 6: The cross section fa"e™ — AéKg process. The blue solid curve shows the Born cross section
used to estimate the ISR factor, the dash-dotted cyan cemnetéls the prediction of the phase-space model.

of two charm quarkscf) and two charged light quarksc(_or du). They dubbed it th&:(3900*
state, and it was confirmed in the Belle [19] and CLEOc [20hddathe neutrak, state was also
observed in thete~ — n°m®J/y process [21] (see Fig. 7 (b)). Its isospir= 1 was established
in experiment.

An interesting thing is that the mass B8§(3900 is above and very close to thz‘+D° or
D*°D* mass threshold. Its open charm decay was subsequentlyhedaior in theete™ —
" DOD*~ events in the same data, and a very strong threshold enhantevas observed in the
DOD*~ invariant mass distribution [22] as shown in Fig. 7 (c), atsdisospin partner was also
observed in thete~ — m°(DD*)? events [23] (see Fig. 7 (d)). The solid curve in the figure show
the results of fit with a threshold modified Breit-Wigner t@mesent the peak and a phase space
shape to represent backgrounds. The average of mass ahdmilé two modes is determined to
beM = 38839+4.5 MeV andl" = 24.8+ 12.0 MeV. Due to very close proximity to the threshold
of (DIS*)i final states, the decay is expected to be dominated bg-thave component. Thus the
peak should have quantum numbers of the spin and paffity 17. The analysis of the angular
distribution for the bachelor pion gets a result consistéittt the expectation.

Since the mass and width of tfizD* threshold enhancement are inconsistent with that ob-
served in theZ,(3900 — 7rJ/y mode within statistical uncertainty, determinationJBfguantum
numbers in thet™ T J/ events is crucial to interpret the two structures as the saate decaying
into (DISO)i and =/ final states. A partial wave analysis was performed usinglLt82 fo*
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Figure 7: Observation 0fZ¢(3900 in (a) e"e” — m'm J/y, (b) e'e” — n°nJ/y, (c) e'e” —
mt(D°D*7), (d) ete~ — nP(DD*)°. Points with error bars are data, and solid curves are tla fibtre-
sults.

data sets taken gts= 4.23 and 4.26 GeV. The data events are described witAtpeak andtr-S
andD waves. Results of a simultaneous fit to the two data sets aversim Fig. 8. Thel” quan-
tum numbers 0Z(3900 state are determined to b& With statistical significance large thaw7
[24]. To resolve the mass and width inconsistency inZk@900 — (DD*)* andr*J/y modes,
a coupled channel analysis is necessary to perform a sinealtss fit to theet e~ — ﬂi(D[S*)jF
andrrtmJ/ events.

4.2 Z:(4020 state

Using the 13 data sets with center-of-mass energies bet®8ern 4.42 GeV, the BESIII
Collaboration searched for the precesg™ — " he, where theh, candidate is reconstructed
with the decayh. — ync, andn, reconstructed in 16 exclusive hadronic decay modes. Inmrttig
invariant mass distributions, a distinct structure withssaear 4020 MeV was observed [25] as
shown in Fig. 9. A fit with a signal Breit-Wigner (assumidf = 17) and a smooth background
shape gives the mass and widthvf= 40229+ 2.8 MeV andl" = 7.9+ 3.7 MeV. The statistical
significance of this narrow structure is about.9A neutral isopin partner aZ;(4020 was also
searched for and observed in tiee~ — °7°h, events in the data sets taken& = 4.23, 4.26
and 4.36 GeV. Figure 9 (b) shows results of fit to i invariant mass distribution [26], using a
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Figure 8: Projections tang: - (@, ¢) andmy, = (b, d) of the fit results witll? = 17 for theZ;, at/S=
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event..

signal Breit-Wigner to represent ti#(4020), with mass and width fixed to the measurements of
the charged(4020.

The mass 0%:(4020) is about 5 MeV above théD*D*)* mass threshold. Its decays into
open charm modes were searched for indhe™ — 7= (D*D*)* [27] and°(D*D*)° [28] events,
and strong enhancements near (tﬁéﬁ*)jﬁ0 threshold were observed as shown in Fig. 9 (c) and
(d). The solid black curve in Fig. 9 (c) shows the results of tofthe data points that includes an
efficiency weighted S-wave BW function (long dashes), thalgimatoric background shape (short
dashes) scaled to represent the non-resonant backgrouied e peak. The fit returns a ¢3
signal with mass and widtM = 40263+ 4.5 MeV andll = 24.8+ 9.5 MeV. Figure 9 (d) shows
results of a fit to théD*D*)® mass distribution. The peak is represented with a threshoidified
Breit-Wigner, and the pole mass and width were determindaid = 4025529+ 3.1 MeV and
r=434+8.0+5.4 MeV.
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Figure 9: Observation of th&@;(4020 state in the processes @)e~ — m" 11 hg, the inset shows evidence
of the Z;(3900) contribution in themy,. distribution; (b)e*e~ — m°rPh, (c) e*e~ — ¥ (D*D*)* and

(d) e'e” — mO(D*D*)°, the inset shows the recoiling mass distributiomffor the two data sets at 4.23
and 4.26 GeV. Points with error bars are data, solid curvesodal fit results, and shaded histograms show
backgrounds.

5. Summary

Observation of charmonium-like states opens a new windavthi® study of multiquark dy-
namics. Using the data sets above 4.0 GeV, we observed tlag ¥€4260 — yX(3872, and
found evidence foK(3823) inete™ — m" 1 X1, and hints ofY (4140 in ete” — y@J/Y. Cross
sections foete™ — m I/, mH T he, T Y(2S) and DD~ are measured, and two res-
onance structures are observed near 4.2 and 4.4 GeV, whichecanderstood a$(4260 and
Y (4360 states. Charged multiquark statesZgf3900 andZ;(4020 were observed ie"e™ —
mtmJ/g, mD°D* andete” — mrmh,, mD*D*~ processes, respectively. Their neutral
partners were also observed, thus the isospin vector islisstad. The spin and parity @ (3900 *
is determined as™1to distinguish against other hypothesis with statistigghificance large than
70. These studies indicate that the BEPCII/BESIII is an efficiefactory, and more data taking
is under consideration for improvetyZ studies.
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