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1. Introduction

In the conventional quark model, mesons consist of quark and antiquark pairs, while (anti-)
baryons consist of three (anti-)quarks. Due to the non-abelian properties of quantum chromody-
namics (QCD), gluons can interact with themselves, forming glueballs. Despite extensive efforts to
search for glueballs, no such state has been established in experiments. Additionally, QCD predicts
the existence of hybrid states, which have an additional gluonic component in mesons or baryons,
and multiquark states, which have more than three constituent quarks bound in a resonance.

The search for these unconventional (or exotic) states has been ongoing for many years. Some
candidates for multiquark states have been suggested in the sector of light quark mesons, but they
remain controversial in the physics community. In 2003, the Belle collaboration reported the first
observation of an exotic resonance, X (3872), in the B — X(3872)K*, X(3872) —» n"n J/y
decay [M]. This resonance exhibits some exotic properties, such as a mass very close to the D°D*0
pair production threshold , but with an extremely narrow decay width of less than 1.2 MeV. Since
then, many exotic states, known as XY Z states, have been reported in experiments conducted by
Belle [2, B], BaBar [&, 8], BESIII [B, (1], and LHC [R, B].

Compared to the B factory, the T-charm factory provides us with a laboratory to study the
production mechanism of XY Z states. Whether in continuum production or subsequent hadronic
decay, these processes conserve the PC parity and/or G parity, which provides valuable information
for determining the quantum numbers of XY Z states.

BEPCII/BESIII has accumulated a large amount of data sets above 4 GeV with high integrated
luminosity. In this presentation, I will present the measurement results of XY Z states obtained from
these data sets using BESIII.

2. X(3872) state

The first exotic state, X (3872), was initially reported by the Belle Collaboration in 2003 [].
They observed an exceptionally narrow structure in the 77~ J/y spectrum in the decays B —
K*mtm~J/w. What makes this discovery particularly intriguing is that the mass of X (3872) is
very close to the D’D*? threshold, yet its decay width is less than 1.2 MeV. This behavior stands in
stark contrast to the decays of charmonium states with masses above the open charm threshold.

In addition to the mass and decay width of X (3872), its isospin-breaking decays are also note-
worthy. In the discovery decay channel of X(3872) — n"7n~J/y, the kinematic upper limit of
nt 7~ is found to be near the lower end of the mass spectrum of p(770)° [IM]. Since X (3872) and
J/y are isospin-scalar states, the decay X(3872) — p°J/w, where p° decays into 77, repre-
sents an isospin-breaking decay. Furthermore, the isospin-conserving decay X (3872) — @J/y has
also been observed, with a branching fraction ratio of % = B(X(3872) — wJ/y)/B(X(3872) —
rtaJ/y)=0.8+0.3 [IO].

The decays X (3872) — wJ/w and n* 7w~ J/y were investigated using 11.6 fb~! of e*e™ an-
nihilation data collected at center-of-mass energies ranging from /s = 4.008 GeV to 4.600 GeV
with the BESIII detector [[A]. In the mass distribution of @J/y shown in Fig. [, a resonance
corresponding to X (3872) was observed with a significance exceeding 50. The branching fraction
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ratio was determined to be % = B(X (3872) — wJ/y)/B(X(3872) — ntn~J/y) = 1.6705 +0.2,
where the first uncertainty is statistical and the second uncertainty is systematic.
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Figure 1: Invariant mass distribution of @J/y in the process e e~ — y@J /y for the full data set
(2.

Another isospin-breaking decay, X(3872) — 7%y.1, has also been observed experimentally.
Using a total of 9.0 fb~! of e*e™ collision data collected by the BESIII detector at center-of-
mass energies between 4.15 and 4.30 GeV, the decay process ete™ — yX(3872) was studied [[3],
specifically focusing on X (3872) — n%y.; with J = 0,1,2. Figure D displays the mass spectrum
of yJ/w within the X (3872) mass range, clearly showing a significant signal of y.; with a s-
tatistical significance exceeding 5. The measured relative branching fraction is B(X(3872) —
7°%1)/B(X(3872) — ntm=J/y) = 0.881033 £0.10.

Currently, the only experimentally established radiative decay process of X (3872) is X (3872) —
yJ /w[d], with a branching fraction of (8 4+-4) x 1073, Other processes, such as X (3872) —
vJ )y, yw(2S),yDTD~, were investigated using a 9.0 fb~! data sample collected at center-of-
mass energies ranging from 4.178 to 4.278 GeV with the BESIII detector [[3]. Evidence of
X (3872) — yJ/w was found with a significance of 3.50, and the relative branching fraction was
determined to be B(X(3872) — yJ/w)/B(X(3872) — ntn~J/y) = 0.79 £0.28. However, no
significant signals were observed for the X (3872) — yw(2S) and YD D~ decays.

3. Y states

3.1 y(4230)/Y(4260), w(4360), w(4500) and w(4660) states

The original Y (4260) was observed by the Babar Collaboartion [H] as a peak in the energy
dependence of the ete™ — w7~ J/y cross section and was confirmed by CLEO [IA], Belle [I]
and other experiments in the same process. A higher-statistics analysis by BESIII [IR] in 2017
revealed an asymmetry in the cross section and resulted in a shift of the peak position to a lower
mass. The Y (4260) or y(4260) was theorefore renamed y(4230) in the PDG book [IT].

te~ — D'OD*~mT at center-of-mass energies from

The Born cross sections of the process e
4.189 to 4.951 GeV were measured with a BESIII e"e ™~ annihilation data samples corresponding
to an integrated luminosity of 17.9 fb~! [[™]. In the cross section of energy dependence distribu-

tion, three vector resonances, ¥ (4230), y(4500) and y(4660) were observed as shown in Fig. B.
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Figure 2: Distribution of My, after selecting the X (3872) signal region [[3]. Points are data,
and shaded histograms shows the backgrounds. The solid line is the signal MC and is scaled using
subsequent fits; the dashed line is the component of the signal MC where ¥, and }; are interchanged.
Vertical lines show the J,; selection regions.

The resonances have masses of (4209.6 +4.7 +£5.9) MeV/c?, (4469.14+26.2 +3.6) MeV/c?, and
(4675.34+29.5+3.5) MeV/c? and widths of (81.6+17.849.0) MeV, (246.34+36.7+9.4) MeV,
and (218.3 £72.9£9.3) MeV, respectively, where the first uncertainties are statistical and the
second systematic.

The Born cross sections of the process ete™ — a7~ DD~ at center-of-mass energies from
4.190 to 4.946 GeV were measured with the BESIII e e~ annihilation data samples corresponding
to an integrated luminosity of 17.4 fb~! [Z0]. In the cross section of energy dependence distribution,
the vector resonances, y(4360) was observed as shown in Fig. B. The mass and width of the
resonance at about 4.4 GeV are determined to be (4371.642.5+9.2) MeV/c? and (167 +4 +
29) MeV, respectively, where the first uncertainties are statistical and the second systematic.

3.2 y(4415) state

te~ — DITD!™ is investigated using a semi-inclusive method with BESIII da-

ta samples collected at center-of-mass energies ranging from threshold to 4.95 GeV [l]. The
Born cross sections of this process are measured for the first time in this energy region with high

The process e

precision. Notably, it exhibits a large cross section of a few hundred picobarns, as shown in Fig. B.

In the energy-dependent cross sections, two resonance structures are observed around 4.2 and
4.4 GeV. The measured masses of these resonances are 4186.8 & 8.7 +30 MeV/c? and (4414.6 +
3.4+6.1) MeV/c?, with widths of (554 15+53) MeV and (122.547.5+8.1) MeV, respectively.
The first errors are statistical, while the second errors are systematic. Within the statistical and
systematic uncertainties, the mass of the first resonance is consistent with y(4160) or y(4230).
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Figure 3: The fit results of the dressed cross section line shape of ete™ — D**D*~ 7z [[T]. The
black and red points with error bars are data, including statistical and systematic uncertainties. The
blue curve is the total fit. The green, azure, and orange dashed curves describe three BW functions,
and the pink dashed curve is the three body phase space contribution.
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Figure 4: Cross section of the process e"e™ — a7~ D" D™ and fits with two resonances [E0]. The
black points with error bars are data. The red curve is the total fit. The black and green solid lines
correspond to the two Breit-Wigner, and the red dashed line describes the interference between the
two resonances.
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The mass of the second resonance is consistent with y(4415), although the measured width is
slightly higher than the world average value with a 30 deviation.
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Figure 5: Fitting results for the measured dressed cross sections of ete™ — D" D~ [O]. The
black dots with error bars are for the measured dressed cross sections. The black curve repre-
sents the fit; the green dashed, blue two-dashed, and red long-dashed ones are for the three BW
amplitudes from the fit, respectively, and the pink dot-dashed is for the PHSP contributions.

3.3 Y(4500) and Y (4710) states

Unlike the conventional charmonium state, the exotic Y states have a relatively large branch-
ing fractions transition into a vector charmonium plus light mesons. For example, the y(3770)
dominate decays into open charm final state, while y(4230) decays into D*)D(*) has not been
observed. Many Y states were searched in a few processes with J/y plus mesons, such as 777,
and 1’, together with additional processes Tt 7~ h., 7" 7~ y(3686), 0y, and so on. Recently, The
cross sections of ete™ — KK ~J/y at center-of-mass energies from 4.127 to 4.600 GeV are mea-
sured based on 15.6 fb~! BESIII e~ annihilation data [Z2]. Two resonant structures, ¥ (4230) and
Y (4500), are observed in the line shape of the cross sections as shown in Fig. B. The mass and width
of the first structure are measured to be (4225.342.34+21.5) MeV/c? and (72.9+6.1 +30.8) MeV,
respectively. They are consistent with those of the established Y (4230). The second structure,
Y (4500), is observed for the first time with a statistical significance greater than 8c. Its mass
and width are determined to be (4484.7 4+ 13.3 £24.1) MeV/c? and (111.1430.1 £15.2) MeV,
respectively. The first presented uncertainties are statistical and the second ones are systematic.

The neutral kaon process, ete™ — K?K?J /W was also investigate with BESIII data [3] with
integrated luminosity of 21.2 fb~! taken at center-of-mass energies from 4.128 to 4.950 GeV. Ex-
cept that Y (4230) state was observed in the energy dependence of the cross section with a statistical
significance of 26.00, there is no clear structure around 4.484 GeV. In addition, an enhancement
around 4.710 GeV, labeled as the Y (4710), is seen with a statistical significance of 4.2¢ as shown
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Figure 6: Cross sections of eTe™ — KTK~J/y, indicated by error bars with only statistical un-
certainties. They are fitted by a coherent sum of two Breit-Wigner functions indicated by red solid
curves. The Blue and green dashed curves are the amplitudes describing the resonances Y (4230)
and Y (4500), respectively. (a) corresponds to solution I, (b) corresponds to solution IT [Z2].

in Fig. @, and the mass and width of the Y (4710) state were measured to be (4704.0 +52.3 +£69.5)
MeV/c? and (183.24 114.0 £96.1) MeV, respectively.

4. Z ) states

Since the discovery of the ZX(3900) states by the BESIII [A] and BELLE [4] experiments,
which were subsequently confirmed by the CLEO experiments, several Z, states have been report-
ed from the analysis of eTe™ annihilation or b-flavored hadron decays, as summarized in Table 1.
These discoveries involve charmonium plus light hadrons or open charm mesons plus light hadrons.
However, our understanding of their production and decay properties remains limited, and their
intrinsic nature is still unclear, leaving questions unanswered regarding their exotic nature or kine-
matic effects.
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Figure 7: Maximum likelihood fits to the dressed cross sections of eTe™ — KgKgJ /v [3].

Table 1: An overview of Z. states and their properties: mass, width, /¢ quantum numbers, and

discovery processes and experiments.

State M (MeV/c?) T MeV) JPYC  Process Experiment
Z.(3900)F0  3888.4+25 283+25 1t  efem = aH0 (x50 /) BESIII, Belle
ete™ — n(+0(DD*)(=0) BESIII
Hy — X7t (n=J /) DO
ete” =t (nep™) BESIII
Z,(4020)F9 40241419 1345 1t7(?) etem = a0 (x(=0p,) BESIII, Belle
ete™ — n(+0)(D*D*)(—0) BESIII
Z(4050)* 4051128 82759 77t BY—= K~ (1%Xc1) Belle
etem = 70 (rHxeg12) BESIII Not Seen!
Z(4055)* 4054 £ 3.2 45+13 777 etem » T (nyY(29)) Belle
Z(4100)* 4096 + 28 15215 277 B Kt(rn,) LHCb
ete™ =m0 (x(=Hp,) BESIII Not Seen!
ete™ — n(+HIn(x(=+y,) BESIII Not Seen!
Z(4200)* 4196155 3701190 1t~ B K~ (xtJ/y) Belle, LHCb
Z(4250)* 42481150 1775350 7t B K~ (rtxa) Belle
ete” = ) (1P yeg12) BESIII Not Seen!
Z(4430)* 4478118 181+31 1= B° — Kt+(r 9(25)) Belle, LHCb
B — K~ (xtJ/v) Belle
Reo(4240) 4239459 220120 0= B0 K+ry(25) LHCb
Z.5(3985)F0  3982.572%  12.87%1 ? ete” —» K*(D; D+ D;~D°) BESIII
ete” — KY(DiD*~ 4+ D**D~) BESIII
Z,5(4000)% 400317, 131+30 1t Bt = ¢(J/HKT) LHCb
Z,5(4220)* 4216733 233755° 1t Bt = ¢(J/YKT) LHCb
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4.1 Z.(3985)* state

The processes e e~ — K (D; D* + D~ D) were studied using the BESIII e* e~ annihilation
samples [3] collected at five center-of-mass energies ranging from 4.628 to 4.698 GeV, with a total
integrated luminosity of 3.7 fb~!. An excess of events was observed near the D; D* and D~ D°
mass thresholds in the K™ recoil-mass spectrum for events collected at /s = 4.681 GeV, surpassing
the known contributions from charmed mesons (see Fig. B).

The observed structure exhibits a mass-dependent-width Breit-Wigner line shape, with the
pole mass and width determined to be (3982.5%)% £2.1) MeV/c? and (12.8737 £3.0) MeV, re-
spectively. The first uncertainties represent the statistical uncertainties, while the second uncertain-
ties are systematic in nature.

The significance of the resonance hypothesis is estimated to be 5.30 above the contributions
solely from conventional charmed mesons. This discovery marks the first candidate for a charged
hidden-charm tetraquark with strangeness, decaying into D; D*° and D:~D°.

4.2 7.,(3985)" state

The properties of the Z., state were further investigated in the neutral mode [P8], ete™ —
K2(DyD*~ +D:*D™). Using five center-of-mass energies ranging from 4.628 to 4.699 GeV, cor-
responding to an integrated luminosity of 3.8 fb~! collected by the BESIII detector, evidence of a
structure near the thresholds for D] D*~ and D™D~ production was observed in the Kg recoil-mass
spectrum, referred to as the Z.;(3985)°.

By fitting the data with a Breit-Wigner line shape, the mass of the structure was determined
to be 3992.2 £ 1.7 + 1.6 MeV/c?, and the width was found to be (7.7754 +4.3) MeV. The first
uncertainties are statistical, while the second uncertainties are systematic. The significance of
the Z.;(3985) signal was measured to be 4.60, accounting for both statistical and systematic
uncertainties. Notably, the mass of the Z.;(3985)" is close to that of the Z.,(3985)" (see Fig. B).

4.3 Search for Z- — K*J/y

The search for potential decays of ZE into K*J/y was conducted in the process ete™ —
K*K~J/y [2] using a BESIII data sample which has an integrated luminosity of 15.6 pb~! and
was collected at center-of-mass energies ranging from 4.127 to 4.600 GeV. Figure [ illustrates
the invariant mass distribution of K*J/w. No clear structure is observed in the invariant mass
distributions.

The KK~ invariant mass distribution exhibits a slight deviation from the phase space Monte
Carlo (MC) events. It can also be described by the intermediate states fy(980) and f>(1270). Sim-
ilarly, the K*J/y invariant mass distribution can be described by either the f5(980) and f>(1270)
intermediate states or the phase space events.

4.4 Search for Z/; — DD~

The potential existence of the Z/ state was investigated in the process eTe™ — KZ!, where

7! decays into D**D?~. The analysis utilized e*e™ collision data collected at center-of-mass
energies of /s = 4.661, 4.682, and 4.699 GeV, recorded by the BESIII detector [Z2]. An excess
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Figure 8: Simultaneous unbinned maximum likelihood fit to the K™ recoil-mass spectra in data at
Vs =4.628,4.641,4.661,4.681, and 4.698 GeV [T].

of ZI; — D**D;~ candidates was observed with a significance of 2.10, accounting for systematic
uncertainties, at a mass of 4123.5 3= 0.7 ¢ = 4.7 y5¢ MeV/c? as shown in Fig. .

However, due to the limited size of the dataset, a precise measurement of the width of this
state could not be obtained. Consequently, a range of width hypotheses were tested, and the corre-
sponding p-values were evaluated, as illustrated in Figure [Il. A local minimum p-value was found
at mo = 4124.1 MeV /c*> when assuming I'p = 10 MeV, resulting in a local statistical significance
of 4.10.

5. Summary

Using data from e"e™ annihilation collected with the BESIII detector, we investigated the
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Figure 9: Simultaneous fit to the recoil-mass RM (Kg) spectra in all datasets [(a)-(e)], and for all
the data points combined (f)[d].

isospin violation decays of X (3872) in the processes ete™ — @J/y, 7y, and 7t~ J/w. We
also measured the cross section for the processes ete™ — D**D*~ g+, ntx~D*D~, D:*D:~,
K"K~ J/y, and KgKgJ /v, searching for Y states in the energy-dependence of the cross section.
The X(3872) — @J/y and 7., were observed with significance larger than 5¢, and the ratio
of branching fraction was determined as Z = B(X (3872) — wJ/y)/B(X(3872) = ntn—J/y) =
1.610340.2, and B(X(3872) — 7%.1)/B(X(3872) — nt 7~ J/y) = 0.887033 +£0.10.

In the analysis of ete™ — K+ (D; D** 4+ D*~D"), we observed an excess of events above the
mass threshold in the K recoil-mass spectrum with a significance larger than 56. Its pole mass and
width were determined to be (3982.57)% £2.1) MeV/c? and (12.837 £3.0) MeV, respectively
This marks the first candidate for a charged hidden-charm tetraquark with strangeness. We also

10
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Figure 10: Invariant mass distributions of K*K~ (a) and K*J/y (b) in the process e"e™ —
K"K~J/y. The black dots with error bars indicate data from the signal region with all data sam-
ples, the red dashed curves indicate data from side band regions, the blue solid curves indicate
PHSP signal MC sample, and the pink dashed-dot curves indicated the weighted signal MC sample
(2.

searched for the neutral Z2, in the process e*e™ — Kg (D D*~ +D*D™), but no signal evidence
was observed. Additionally, we investigated the potential excited state Z. in the process eTe™ —
K*Zs,

BEPC-II has an updated program known as BEPCII-U [[8], which aims to increase the beam
energy of eTe™ collisions up to y/s =5.6 GeV. Additionally, it will provide a luminosity three times
higher than that of BEPCII over the energy range of /s = 4.7 ~ 5.0 GeV. The installation of the

upgraded machine is scheduled during the shutdown period from July to December in 2024. The

but no significant signals were observed.

BEPCII-U upgrade will significantly enhance the availability of high luminosity data for studies on

11
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various width hypotheses from the simultaneous fit to data samples at /s = 4.661,4.682 and 4.669
GeV [[2].

XYZ particles and other physics programs, including the investigation of charmed baryons.
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