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Abstract:
abundant novel phenomena, theorists have paid more attentions to them for revealing the underlying mechanism
relevant to these XY Z states. And then,
we mainly introduce the theoretical progresses on the study of XY Z states from our group, which include (1) the
hadronic molecular state explanations to Y (3940), Y (4140) and Y (4274); (2) the non-resonant explanation to Y (4260)
and Y (4360); (3) the P-wave charmonium assignment to Y (3915), Z(3930) and X (4350); (4) the initial single pion
emission mechanism and the observation of Z.(3900).

In the past 12 years, dozens of charmonium-like states have been reported in experiment, Facing so

In this talk, I first gave a concise review of the observed XY Z states.
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1 Introduction

Due to experimental big progress on the observation
of charmonium-like XY Z states, theoretical study of
XY Z have became a hot research field full of challenges
and opportunities. Studying charmonium-like XY Z s-
tates will be helpful to deepen our understanding of non-
perturbative QCD.

In the following, I mainly focus on the XY Z states
produced by B meson decays, the vy fusion, et e~ annihi-
lation, and the hadronic decays of Y (4260). By combing
with the progresses made by our group, In this talk I
illustrate the present research status.
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2 The observed XY Z states

Since the first charmonium-like state X (3871) report-
ed by BaBar in B meson decay B — KJ/yntn~ [1] ,
more and more charmonium-like states have been ob-
served in the the past 12 years. According to the dif-
ference of production mechanism, these observed XY Z
states can be categorized into five groups, which corre-
spond to B meson decay, eTe~ annihilation via initial
state radiation, double charmonium production process,
~7 fusion, and hadronic decays of Y (4260).

In Table 1, I summarize these observed charmonium-
like states, where the XY Z states listed in the first, the
second, the third, the fourth and the fifth columns cor-
respond to B meson decay, ete~ annihilation via initial
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state radiation, double charmonium production process,
~v fusion, and hadronic decays of Y (4260), respectively,
which provides an ideal platform to explore XY Z states
experimentally.

For the connivence of reader, I also show the produc-
tion and decay information relevant to these XY Z states
in Eq. (1)-(5).

Table 1. The observed charmonium-like states.
A B C D E
X (3872) Y(4260)  X(3940)  X(3915)  Z.(3900)
Y (3930) Y(4008)  X(4160)  X(4350)  Z.(4020)
Z1(4430) Y (4360) Z(3930) Z.(4025)
Z(4051) Y (4630) Z.(3885)
Z(4248) Y (4660)
Y (4140)
Y (4274)
Z(4200)
Z71(4240)
X(3872)K — J/ymtn K
Y (3940) K — J /pwK
Z+(4430)K — /'nt K
B +
—<{ ZT(4051)K K (1)
Z+(4248) K S
Y (4140)K
J/ oK
Y(4274)K }%/W’
Y (4260) — J/ymtn~
Y (4008)
ete” — Y (4360) » —¢'nta . (2)
Y (4660)
Y (4630) — A A,
X (394 D*D
e o (3940)J /v — D*DJ /¢ 7 3)
X (4160)J /¢ — D** D*= J /a)
X (3915) — DD
vy = X(4350) = J/ve (4)
Z(3930) — J /pw
Z.(3900)7F — J/ypmEaT
Z.(4025)7F D*D*)*r¥
e . .(4025)7F — ( VEw )

Facing so abundant novel phenomena, a crucial task
is to reveal the underlying mechanism behind these phe-
nomena. The observed XY Z states have stimulated ex-
tensive discussion of them, which have came a hot re-
search filed in present hadron physics.

3 The hadronic molecular state explana-
tions to Y'(3940), Y (4140) and Y (4274)

X (3872) is the first reported charmonium-like state
in B meson decay B — KJ/¢yntn~ [1]. According to
the quark model estimate, the mass of X (3872) is not
consistent with that of a 2°P; charmonium (y/,) state.
Additionally, the observed decay mode X (3872) — J/vp
is isospin violation. Thus, different theoretical explana-
tions were proposed, which mainly include:

e The molecular state assignment was proposed in
Refs. [2-6].

e X(3872) was also explained as the 17+ cusp [7].

e The S-wave threshold effect due to the D°D%
threshold was suggested in Ref. [8].

e In Ref. [9], the hybrid charmonium assignment to
X (3872) was indicated.

e The diquark anti-diquark bound state [10] and the
tetraquark state [11, 12] were given.

e X(3872) may have a dominant c¢ component with
some admixture of D°D*°+ D°D*° [13, 14].

Thus, further experimental and theoretical joint effort
will be helpful to test different theoretical proposals of
X(3872).

In the following, I want to further introduce the
hadronic molecular assignment to Y (3940), Y (4140) and
Y (4274) since there exist similarities between Y (4140)
and Y'(3940). Firstly, the production processes of
Y (4140) and Y (3940) through B meson decays are very
similar, i.e.,

J =Y (4140

B— K+ JIve ( ) .
J/vw =Y (3940)

Secondly, there exits mass gap relation:
MY(4140) - MY(3930) ~ M¢ - Mw'

Thirdly, ¥ (4140) and Y (3940) are close to the D;D? and
D*D* thresholds, respectively, and satisfy another mass
relation

MY(4140) - QMD; ~ MY(3940) —2Mp-.

Just considering these similarities, Liu and Zhu pro-
posed a uniform molecular picture of Y (4140) and
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Y (3940) in Ref. [15], where the flavor wave functions
of Y (4140) and Y'(3940) are [15]

Y'(4140)) = [D;*D;7),

1 _
Y(3940)) = ——[|D*D) +|D" D"~ }
YEu0) — [ID"D)+|p D)

respectively. To test this molecular state assignment to
Y (4140) and Y (3940), a dynamical calculation was per-
formed in Ref. [15] via adopting the one boson exchange
model, where the pseudoscalar, vector and ¢ mesons are
considered in the calculation, by which the effective po-
tentials of the D*D* and D*D* interactions were ob-
tained. With these effective potential, Liu and Zhu found
the corresponding bound state solutions, which support
the D*D? and D*D* molecular state explanations to
Y (4140) and Y (3940) [15].

In 2010, CDF reported a charmonium-like state
Y (4274) by analyzing the J/1¢ invariant mass spectrum
[16]. In Ref. [17], Liu, Luo and Zhu suggested Y (4274)
to be an S-wave D,D,((2317) molecular state, and pre-
dicted the existence of its partner, an and the S-wave
DD, (2400) molecular state [17].

Just shown Fig. 1, there exist two event cluster-
s around the ranges of AM ~ 1.27 GeV and 1.4 <
AM < 1.5 GeV, which are marked by yellow and pink.
The structure around AM ~ 1.27 can be related to
the D,D’,(2460) or D?D.,(2317) system. The other
one in the range 1.4 < AM < 1.5 GeV may result
from the D,D,;(2536), D,D(2573), D:D’,(2460) and
D:D,,(2536) systems since the event cluster in the range
1.4 < AM < 1.5 GeV just overlaps with the correspond-
ing thresholds. Further experimental study of these
event clusters will be a interesting task.
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Fig. 1. (Color online.) The mass difference

AM = m(utpu  KYK™) — m(utp™) distribu-
tion (histogram) for events in the B' mass
window [16]. Besides Y(4140), one explicit
enhancement appears around 4274 MeV. Here,
the purple dashed line is the background from

the three-body phase space. The blue solid line
is the fitting result with resonance parameters
of Y(4140) and Y (4270) resonances in Ref.
[16]. The vertical red dashed lines denote the
thresholds of D D%, DsDs(2317), Ds D%, (2460),
D*Ds0(2317),  DsDs1(2536),  DsDs2(2573),
D% D%, (2460) and D? Dg1(2536). Taken from Ref.
[17]

4 The non-resonant explanation to

Y (4260) and Y (4360)

For explaining Y (4260) and Y (4360), different ex-
otic state explanations were proposed in literature, like
a charmonium hybird [18-20], diquark-antidiquark state
with the conponent [es][¢5] [21, 22], different molecular s-
tates [23-28], and a charmonium hybrid state that couple
to DD, and DD, channels [29]. Additionally, there were
extensive discussion of Y'(4260) as conventional charmo-
nium [30-33]

In this talk, I introduce the non-resonant explanation
to Y (4260) and Y (4360) [34, 36].

For ete™ — J/ymt ™ process, there exists direct pro-
duction of J/¢mtn~ by the ete” annihilation. Here,
the virtual photon from the ete™ annihilation directly
interacts with J/¢¥7mt7~. Besides the e*e™ annihilation
directly into J/¢mT7w~, another important production
mechanism of eTe™ — J/¢m ™7~ is through the interme-
diate charmonia (see Fig. 2 for more details).

e I/ e I/
T >vw#< L
et T et T
Fig. 2. (color online). The diagrams relevant to

ete”™ — J/mt ™. Here, Fig. 1(a) corresponds
to the eTe™ annihilation directly into J/¢m™ 7™,
Figure 1(b) is from the contributions of interme-
diate charmonia. Taken from Ref. [36].
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Fig. 3. (Color online). The obtained fitting re-
sult (solid [red] line) and the comparison with
the experimental data (blue dots with error bar)
measured by BaBar [35]. We also give the ob-
tained fitting result by adopting the dipole form
for Fnor(s) ([green]| dashed line). Here, our re-
sult is normalized to the experimental data. Tak-
en from Ref. [36].

The result shown in Fig. 3 indicates that the Y (4260)
structure can be reproduced by the interference of pro-
duction amplitudes of the ete™ — J/¢YmTn~ processes
via direct eTe~ annihilation and through intermediate
charmonia 1(4160) /1 (4415) [36].

The similar idea was applied to study Y (4360) in Ref.
[34], where Y (4360) signals can be described when intro-
ducing the interference of 1(4160) and 1 (4415) with the
continuum contribution. This fact shows that Y (4260)
and Y (4360) are not genuine resonances. The non-
resonant explanation to Y (4260) and Y (4360) can natu-
rally answer why Y (4260) and Y (4360) are still missing
in the R value scan and the corresponding open-charm
decay channels.

5 The P-wave charmonium assignment
to Y (3915), Z(3930) and X (4350)

If checking the PDG data [37], we found that there
are three P-wave ground states x.o(3415), x.:(3510) and
Xc2(3556). The observation of X (3915), X (4350) and
Z(3930) provides us good chance to study the radial ex-
citations of P-wave charmonium family. In the following,
I summarize conclusion of the P-wave charmonium as-
signments to x.0(3415), x.1(3510) and x.»(3556) in Ref.
[38]:

e X(3872) and Z(3930) can be regarded as x.,(2P)
with JPC = 1++ [13, 14] and x/,(2P) with JFC =
27T respectively.

e X(3915) can be a x., state [38], since its mass is
close to the predicted mass of x/, predicted in Ref.
[45]. Under this assignment can explain why the
mass difference between X (3915) and Z(3930) is
smaller than that between X (3915) and X (3872)
[38].

e X(4350) was explained as x7,(2P) [38].

The above assignment to charmonium-like states ob-
served in vy fusion can be supported by the further s-
tudy of two-body strong decay of X (3915), Z(3930) and
X (4350) [38], which are shown in Figures 4 and 5.
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Fig. 4. (Color online.) The dependence of the de-

cay width of Z(3930) and X (3915) on R under
Xe2 and X.o assignment for Z(3930) and X (3915),
respectively. The green band denotes the region
of R resulting in the theoretical values consistent
with Belle data. The solid lines with blue error
bands are our calculation result. Taken from Ref.
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Fig. 5. (Color online.) The variation of the decay
width of x7; (J = 0,1,2) with R value. Here,
we set the upper limit of the masses of P-wave
states with the second radial excitation as 4.35
GeV. The yellow dash line and shaded grey band
shown in diagram of x., denote the central value
for the error of total width of X (3915) measured
by Belle. Taken from Ref. [38].

6 The initial single pion emission mech-
anism and the observation of Z.(3900)

Belle observed two charged bottomoniumlike states
Z,(10610) and Z,(10650) by studying the ete™ annihila-
tion into hidden-bottom dipion channels [39]. Z,(10610)
and Z,(10650) have two interesting properties. Firstly,
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the masses of Z,(10610) and Z,(10650) are close to that
of BB* and B* B*, respectively. Secondly, Z,(10610) and
Z,(10650) are charged states.

The initial single pion emission (ISPE) mechanism
[40] was proposed to understand two bottomonium-like
structures Z,(10610) and Z,(10650). The physical pic-
ture is that the emitted pion with continuous energy dis-
tribution produces B® and B™ with low momentum.
Thus, the intermediate B®) and B™) can easily interact
with each other to transit into hidden-charm dipion fi-
nal states together with one bottomonium. Under the
ISPE mechanism, we explained why two bottomonium-
like structures Z,(10610) and Z,(10650) appear in the
Y (nS)m* and hy(mP)7* invariant mass spectra, and are
close to the BB* and B* B* thresholds, respectively [40].

If the ISPE mechanism is a universal mechanism ex-
isting in heavy quarkonium dipion decays, we can natu-
rally apply this mechanism to study the hidden-charm di-
pion decays of higher charmonia, which is due to the sim-
ilarity between charmonium and bottomonium [41]. This
investigation can provide more predictions for the future
experiment as an important test of the ISPE mechanism.

In Ref. [41], we predicted charged charmonium-like
structures in the hidden-charm dipion decay of high-
er charmonia and charmonium-like state Y (4260). The
typical peculiarity of predicted charged charmonium-like
structures is that they are near the DD* or D* D* thresh-
old.
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Fig. 6. (Color online.) The invariant mass spec-
tra of J/ymt, 9(29)7nT and h.(1P)nt for the
Y (4260) decays into J/wrt 7™, ¥(28)nt 7~ and
he(1P)m™ 7~ . Here, the solid, dashed correspond
to the results considering intermediate DD*+h.c.
and D*D* respectively. The vertical dashed lines
and the dotted lines denote the threshhold of D* D
and D*D* respectively. Here, the maximum of
the line shape is normalized to 1. Taken from
Ref. [41].

In 2013, BESIII announced the observation of a
charged charmonium-like structure Z.(3900) in ete™ —
J/YrtrT at /s = 4.26 GeV [42], which is around the
DD~ threshold. Almost at the same time, Belle also
observed Z,(3900) [43]. The observation of Z.(3900) is
consistent with our prediction in Ref. [41].

According to this research status, we studied

[44], where other two mechanisms (the direct production
and final state interaction) were included in the calcula-
tion. The Z.(3900) signal can be well reproduced. Thus,
it is possible that Z.(3900) is not a genuine resonance.
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Fig. 7. (Color online). The distributions of the

J/¢rt invariant mass spectrum of Y (4260) —
atn~J/w. The blue dots and green triangles
with error bars are the experimental data given
by BESIII [42] and Belle [43], respectively. The
red histograms are our results considering contri-
butions of the ISPE mechanism to the Y (4260) —
7 t7™ J/v decay.Taken from Ref. [44].

7 Summary

In this talk, I gave a brief review of the present re-
search status of XY Z states. Before closing this section,
I summarize the conclusions:

e The hadronic molecular state explanations to
Y (3940), Y (4140) and Y (4274) were given in Ref.
[15, 17].

e The non-resonant explanation to Y (4260) and
Y (4360) was suggested in Refs. [34, 36].

e The P-wave charmonium assignment to Y (3915),
Z(3930) and X (4350) was proposed in Ref. [38].
Here, X(3915), Z(3930), and X (4350) were ex-
plained to be x.,(2P) with JF¢ = 0, .,(2P)
with JP¢ =27+ and x/,(2P), respectively.

e According to ISPE  mechanism, charged
charmonium-like state near DD* threshold was
predicted in Ref. [41], which may correspond to
the observed Z.(3900) [44].

In the following years, we still need to pay more ef-
fort to reveal these underlying mechanisms behind these
novel phenomena, which will be an intriguing research
issue.

Z.(3900) by considering the ISPE mechanism in Refipaits-s
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