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Abstract: We review the recent BESIIT measurement of eTe™ — mtthe in which its line shape is studied between

the center-of-mass energies of 3.9 to 4.42 GeV and an iso-vector charmonium-like state Z.(4020) is observed in the

invariant mass of mth. at the BESIII experiment. The charged ZC(4020)i is the second observed Z. state following
Z.(3900), while the Z.(4020)° is the first observed neutral Z. state. The line shape of o(ete™ — mrth.) is also re-
analyzed in view of searching for the Y state and the existence of the Y(4220) state is confirmed and compared with

the previous work of the BESIII experiment.
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1 Introduction

In the quark model, one quark and one anti-quark
form mesons while three quarks form baryons [1]. How-
ever, hadronic states with other configurations, called
exotic states, are also allowed according to the the-
ory of Quantum Chromodynamics (QCD). These exotic
states include glueballs, hybrids, multi-quark states and
hadron molecules. There is great interest in searching
for these exotic states, but no solid experimental evi-
dence was found until recent breakthroughs in the char-
monium region, such as the well-established X(3872) [2—
7], Y(4260) [8-11], Y(4660) [12] and so on.

The Y(4260) state was first observed by the BaBar
Collaboration in the initial-state-radiation (ISR) process
ete” —>yrmtT 7 J /P and then confirmed by the CLEO
and Belle experiments using the same technique. It car-
ries the quantum number JC =1-". Moreover, there
is a broad structure near 4.008 GeV which is labeled as
Y (4008) in the Belle data [10]. Recently, both BaBar
and Belle updated their results with full data sets, and
further confirmed the existence of the Y(4260) [13, 14],
as shown in Fig. 1 and Fig. 2.

To further understand the nature of the Y(4260), an
investigation into the other hadronic/radiative transition
between the Y(4260) and other lower mass charmonium
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states, like 7trth,, /7°J /U and yx.5(J=0,1,2), is desir-
able [15-18].
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Fig. 1. (color online) The cross section of the de-

cay process of ete”™ — mTn~J/ by the BaBar
experiment [13].

It is important to study different signatures of the
established exotic states. The basic properties such as
the spin, parity, isospin, and width of these states must
be determined experimentally. The most direct way is
to search for electrically charged states that can decay
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into hidden charm final states, since such states contain
at least four quarks, and therefore cannot be conven-
tional mesons. The Belle Collaboration reported the ob-
servation of a similar state with nonzero electric charge:
7(4430)", in a study of B—>Km™p(2S5) decays [19] re-
ported in 2008. This state has not been confirmed by
BaBar [20] using the same decay process. However, it
has recently been confirmed by LHCD in 2014 [21] with
very high significance, and the quantum number is de-
termined to be 17 [22]. As the minimal quark content
of such a state is cédu, this observation could be inter-
preted as the first unambiguous evidence for the exis-
tence of mesons beyond the traditional qq model. The
Z.(3900) state was observed in the 7t£J/{ mass spec-
trum in the ete™ — ™ J /1 process at BESIII using
the data sample collected at the center-of-mass energy
(Ecm) Eom = 4.26 GeV [23]. This state has been con-
firmed recently by the Belle [14] and CLEO-c experi-
ments [24]. The observation of Z.(3900) has stimulated
considerable interest from both theoretical and exper-
imental sides. Different models have been proposed,
such as tetraquark [25], molecule [26], hadroquarkonium
states [27], or other configurations [28]. Soon after,
the study of the (DD*)*, m*h. and (D*D*)* system
in the processes ete™ — (DD*)*m, ete™ — (nFh.)m*
and ete” — (D*D*)*m with the same data sample have
been performed at BESIII, and strong near-threshold
peaks have been observed, which are named Z.(3885)
[29], Z.(4020)[30] and Z.(4025) [31], respectively. These
states may indicate that a new type of hadron has been
established.
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Fig. 2. (color online) Comparison of o(ete™ —

it he) from BESIII and CLEO-c, o(ete™ —

97%h,) from BESIII and o(ete™ — ntn™J/)
from Belle. The enlarged plot between 4.15 and
4.65 GeV is shown at the top of the right corner.
The errors are statistical only (the numerical re-
sults are from Refs. [23, 30, 32, 33]).

However, the reported charmonium-like states are
charged. By contrast, the investigation of neutral

charmonium-like states is quite rare. The first attempt
was to search for Z.(3900)° in the neutral process ete™—
m°n°J /P by CLEO at Ecy = 4.170 GeV [24], but the
significance of the Z.(3900)° signal was 3.50. The first
unambiguous neutral charmonium-like state observed is
the Z.(4020)° observed in the 7i°h, mass spectrum in the
process of ete™ — n®7t°h, process with the BESIII data
(see Ref. [32]) at 4.23, 4.26 and 4.36 GeV. These results
are interesting because hybrid models, which are popu-
lar, consider the fact that only the neutral Z. can mix
with charmonium states, while their charged partners
cannot. Thus, if this mixing is substantial, as it is in the
case of some models for the X(3872) at least, we might
see surprises in the Z% width and decay branching frac-
tions, which would be striking evidence for the validity
of the hybrid idea.

In this paper, we give a brief review and perspective
concerning the line shape of the process ete~™ —mmth, and
the Z.(4020) state.

2 Born cross section of eTe” —mh,

The process ete™ — mrm~h, process was first ob-
served by CLEO-c using a data sample at Ecy = 4.170
GeV with 586 pb~!, with the measured cross section

=(15.64+2.34+1.943.0) pb. Together with the scan sam-
ple around 4.000 and 4.260 GeV, the cross section shows
a hint of rising at 4.260 GeV [33]. An improved mea-
surement may shed light on understanding the nature
of Y states and may also be used to search for possible
charged intermediate charmonium-like states.

The BESIII experiment, operated at the Beijing Elec-
tron Positron Collider (BEPC) II, is a tau-charm fac-
tory which has collected data from FEcqy = 2.0 to 4.6
GeV [34]. Starting from the end of 2012 to 2013, BE-
SIII detector collected about 3.3 fb~! data samples at 13
energies ranging from 3.900 to 4.420 GeV. Using a full
reconstruction of the final state particles, BESIII has re-
ported the cross section measurement of both charged
and neutral ete™ — mtn~h, modes at different ener-
gies [30, 32]. Here the h, is reconstructed via its electric-
dipole (E1) transition h, — ym. with 1. reconstructed
with its 16 hadronic decay modes: pp, mrmn KTK~™,
T pp, 2(KTK™), 2(ntn), 3(mwtm), 2(mtm ) KTK ™,
KsK*nF, KiK*ntatn—, KtK-n’, K*K™n, ppm®,
e, mn i, 2(wt ), and 2(7tt ). Here K3
is reconstructed in its wt7t~ decays, and 1 in its yy fi-
nal state. The ratios of cross section between neutral
and charged mode (R..) at each energy point are cal-
culated, where the common systematic uncertainties in
the two measurements have canceled. The combined ra-
tio for the 3 energies R, ., obtained with a weighted
least squares method [35], is determined to be 0.63+0.09,
which agrees within uncertainties with the expectation
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based on the isospin symmetry (=0.5).
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Fig. 3. (color online) The fit to cross section of

eTe”™ — mmhe from BESIII and CLEO-c (error
bars). Solid curves show the best fits, and the
dashed ones are individual components. Panel(a)
is the fit with the coherent sum of a phase space
amplitude and one BW function (the shaded
part), and panel(b) is the coherent sum of two
BW functions (from Ref. [36], the shaded region
denotes the Y(4220)). Here, o(eTe™ — n’n’he)
(square with errors) multiplied by a factor of 2
is based on isospin conservation between neutral
and charged channels. The dotted-dashed line de-
notes the Y(4260), while the long-dashed line de-
notes the potential Y(4230) from the wyco line-
shape.

Based on the BESIII and CLEO-c¢ measurements, an
attempt to fit the ete™ — mrm~h, line shape has been
done by BESIII [36]. The fit to the line shape results
in a narrow structure labeled as Y(4220) and a possi-
ble wide structure labeled as Y(4290). In this work, we
add the measured cross section of the neutral channel,
eTe” —7°7t°h, [30], multiplied by a factor of 2 which ac-
counts for the isospin conservation between charged and
neutral channels, to re-fit this line shape closely following
the method introduced in Ref. [36].

Assuming that the cross section follows the three-
body phase space and that there is a narrow resonance

around 4.2 GeV (model I), the fit results are listed in
Table 1, where M and [}, denote mass and width of
resonance, respectively. ¢ denotes the interference be-
tween phase resonance and phase space, and I.+.- is the
partial width. The statistical significance of the Y (4220)
is calculated to be 7.90 by comparing the fit x2s with
and without the Y(4220) signal and taking into account
the change of the number-of-degrees-of-freedom (NDF).
Figure 3(a) shows the final fit with the Y(4220).

Assuming that the cross section decreases at high en-
ergy, we fit the cross sections with the coherent sum of
two relativistic BW functions with constant widths [36]
(model II). The fit results are listed in Table 2, in which
the definitions of M, I\, and I.+.- are same as the ones
in Table 1. The statistical significance of the Y(4220) is
calculated to be 4.60 with the same method mentioned
before. Figure 3(b) shows the final fit with the Y(4220)
and Y(4290).

Table 1. Results of fit with model I.
solution A solution B
M (421847) MeV/c?
Tiot (42+19) MeV
é (39.8+21.3)° (220.1£20.5)°
Tyt xB(rrhe) (0.4£0.2) eV (6.4£2.2) eV
x?/NDF 15.75/12
Table 2. Results of fit with model II.
solution A solution B
M,y (4231413) MeV/c?
rk, (14+£36) MeV
Mo (4288+12) MeV/c?
rz, (210+69) MeV
¢ (315.3£138.2)° (215.6:£12.4)°

(I‘CJrCf XB(TITIhC))l

(It o— X B(mmhe))2
x2/NDF

(0.0940.10) eV (3.041.4) eV
(15.7+2.6) eV (19.742.7) eV
7.01/10

From the two fits shown in Fig. 3, we conclude that it
is very likely that there is a narrow structure at around
4.22 GeV/c?, although we are not sure if there is a
broad resonance at 4.29 GeV/c?. One can find that
these results are strongly consistent with those reported
in Ref. [36]. One more point is that the significance of
Y (4220) in the two fit model is a bit larger than that in
Ref. [36] due to the addition of 3 points from the neu-
tral mode. Nevertheless, the uncertainties of resonant
parameters of the Y(4220) are still large. The reason
can be attributed to the lack of the measurement above
4.42 GeV and the lack of high precision measurements
around the Y(4220) peak, especially between 4.23 and
4.26 GeV. Measurements from the BESIII experiment
above 4.42 GeV and more precise data at around the
Y (4220) peak will be crucial to settle this problem.
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One more interesting thing is that the location of
Y(4220) in ete” — mwtmh, is similar to the structure
observed in eTe™ —wx. The measured mass and width
for this structure are (4230+8+6) MeV /c? and (38+12+2)
MeV [37], respectively. Similar situations occur in the
ete” -t J /P [14] and nJ/ [38]. Tt is likely that
these structures are the same. However, more data sam-
ples between 4.15 and 4.25 GeV are needed to confirm
such a conjecture. In Ref. [39], the author has treated
the structures in the line shape of o(ete™ — mwrm™h,)
and o(ete™ —wx) as the same and fitted them simul-
taneously, and obtained the resonant parameters of the
Y (4220) with smaller uncertainty. For the broad Breit-
Wigner peak around 4.29 GeV, it is difficult to take it
as a structure, or a parameterized background. More
data are required above 4.42 GeV in order to draw a
convincing conclusion. Nevertheless, the Y(4220) can be
regarded as a good candidate for a charmonium-hybrid
lying in the mass region predicted by QCD-based calcu-
lations [40].

3 Charmonium-like state Z.(4020)

In the selection of T~ h,, the intermediate states
are studied by examining the Dalitz plot. Figure 3(a)
shows the projection of the M (mt*h,.) (two entries per
event) distribution for the 7tm~h. candidate events.
There is a significant peak at around 4.02 GeV/c?
(named Z.(4020)* hereafter). Similarly, in the M (n°h,)
mass distribution for the eTe™ —7n°n’h, events, there is
also a significant peak, which could be the isospin partner
of Z.(4020)*, at around 4.02 GeV/c? (named Z.(4020)°
hereafter).

The M (mt*h,) or M (7°h,) distributions summed over
the 16 1. decay modes are fitted simultaneously at three
energy points to extract the parameters of the struc-
tures and the signal event yield. The mass and width
of the Z.(4020)* are measured to be 4023.6+2.2+3.8
MeV/c?, and 7.9+2.7+2.6 MeV, respectively, with a
statistical significance of 8.90 (see Fig. 4(a)), while the
mass of Z.(4020)° is determined to be (4023.6+£2.2+3.8)
MeV /c? with a statistical significance larger than 50 (see
Fig. 4(a)). Here, the width of the Z.(4020)° is fixed as
its charged isospin partner due to the limitation of sig-
nal events. Details of the various sources of systematic
uncertainties in the mass and width measurement of the
Z.(4020) can be found in Refs. [30, 32].

With the same calculating method for the com-
bined ratio R,m., the combined ratio R,z, between the
neutral mode ete~ — m°Z.(4020)° and charged mode
ete” —tZ.(4020)F for 3 energies is determined to be
(0.9940.31) with the same method as for the combined
R, , Wwhich is consistent with the expectation of isospin
symmetry (=0.5) within 1.60 based on the assumption

that Z.(4020) is an iso-triplet.

Table 3 shows the measured resonance parameters
of the charged and neutral Z.(4020) states. The mass
difference between the neutral and charged Z.(4020) is
1.04+2.2 (stat.) MeV/c?, which is in good agreement
with zero within uncertainty. The mass of Z.(4020) is
only ~6 MeV above 2mp+, and this state looks like a
charmed-sector version of the Z,(10650) observed in the
process ete” — 7t hy, (np) by the Belle experiment [41].
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Fig. 4. (color online) The sum of the simultaneous
fit to the M, .+, distribution (a) (from Ref. [30])
and sum of the simultaneous fit to the M oy, dis-
tribution at /s = 4.23, 4.26 and 4.36 GeV(b)
(from Ref. [32]).

Table 3. The resonance parameters of the Z.(4020)
and Z.(4025).

state mass (MeV/c?) width/MeV
7 (4020)* 4022.940.842.7 7.942.742.6
Z¢(4020)° 4023.942.24+3.8 Fixed (=7.9)
7 (4025)% 4026.3+2.643.7 24.645.643.7
Z¢(4025)° 4025.513943.1 23.0+6.0+1.0

Compared to the Z.(4025) observed in the process
ete” — (D*D*)*n* at Eqy = 4.26 GeV using an 827
pb~! data sample based on a partial reconstruction tech-
nique [31], the resonance parameters of Z.(4020) agree
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with that of Z.(4025) with 1.50 (see Table 3). If they are
the same state, one can obtain I'(D*D*)/T'(rt*h, ) =1245,
which means that the coupling of Z.(4020) to the D*D*
mode is larger than to the t*h, mode. The observa-
tion of both Z.(4020) and Z.(4025) states show the exis-
tence of at least one isospin triplet just above the D*D*
threshold. If this is the charmed-sector equivalent of the
Z,(10650), then it has J¥ =17F, in which case there is,
at present, no obvious candidate for an isospin-singlet
counterpart. Compared with the similar decay in B fac-
tory, if such a state exists with a mass that is above the
2mp+ threshold and with a relatively narrow width, it
might be accessible in B~ —K~D*D* decays. BaBar has
reported large branching fractions for B~ — K~ D*°D*°
(1.14£0.1%) and K-D**D*~ (0.134+0.02%) but did not
publish any invariant mass distribution [42].

There is a small bump around 3.9 GeV in the
mth, mass spectrum, and weak evidence of the charged
Z.(3900) signal decaying into 7*h, is observed (see the
inset of Fig. 4(a) [29]). A significance of 2.10 is obtained.
An upper limit of o(ete™ — Z.(3900)*nT — m*mh, at
90% C.L. is given:

o(ete” —Z.(3900) "~ —mtm h.) <11 pb. (1)
By contrast

o(ete™ —7Z.(3900) n~ —mtnJ Ab)=(13.5+2.1) pb.
(2)
One notices that the production rate of Z.(3900) to 7th. is
much lower than that of to 7tJ /. Similarly, no Z.(4020)
has been seen by BESIII and Belle in 7tJ /1 mode. How-
ever, the strong decays Z*(3900)—h.(1P)n* are OZI
super-allowed, since the decays to the (77r); final states
are OZI super-allowed, where (7t71)p denotes the P-wave
nirt system.  We expect to observe the Z*(3900) in the
h.(1P)7* final states once the statistics are large enough.
So far, no precise measurement of the quantum num-
bers of Z.(4020) has been performed, but the signature
JP =17 is favored. The electric charge of Z.(4020)"
implies that it contains ud, and decaying to h.(1P)mt
indicates that it contains at least a pair of charm quarks
(c€). Therefore, the quark components of Z.(4020)* are
ccud, and the same as that of Z.(3900)* which decays to
J/p7t. This may suggest that Z.(4020) is a tetraquark
state. While the spins of ¢ and ¢ are in the same direction
for J/{ and are in different directions for h., a further
study of Z.(3900)% and Z.(4020)* decays into m=J/{
and 7tth, can provide information about whether the c
and ¢ in Z.(3900)* and Z.(4020)* are tightly bound.
The location of Z.(4020)*, which is close to the D*D*
mass threshold, makes it a possible D*D* molecule state
with constituents [cd][uc].
It is well known that hybrid mesons are formed
by combining a gluonic excitation with quarks (qqg).
Whether Z.(4020)° could be a hybrid meson is unknown.

In the following, the quantum number, theoretically pre-
dicted mass region and decay width for charmonium hy-
brid mesons will be discussed briefly. Hybrid mesons can
have the quantum numbers for spin parity and charge
conjugation (JXC) in combinations such as 0=—, 0+,
1=+, 27~ etc., which are unavailable to conventional
mesons and as such provide a potential sharp signature
for hybrids [43]. Even when hybrid and conventional
mesons have the same JF¢ quantum numbers, they may
still be distinguished. The essential reason is that al-
though superficially identical in their overall quantum
numbers, the two states have different internal structures
which give rise to characteristic selection rules [44, 45].
The flux tube model, which is the most widely cited
model for hybrids, predicts theoretically the mass of the
lightest charmonium hybrid state M (H,)=4.1-4.2 GeV.
Widths of the lightest hybrid charmonia calculated in
the this model support the theory that some of these
cc hybrids are likely to be rather narrow [40]. The first
two points about the JX¢ and mass make the Z.(4020)
the possible candidate for the lightest charmonium hy-
brid state. However, the width of Z.(4020)° is fixed as
that of Z.(4020)* due to the low statistics. Whether the
width of Z.(4020)° is consistent with that of the charged
partner, or not, needs a large data sample to test. There-
fore, the probability of Z.(4020) being a hybrid state is
inconclusive based on the current experimental results.
The favored possible models mentioned above for
Z.(4020) are all essentially phenomenological models
whose only connection with the fundamental field theory
QCD is that they use degrees of freedom from QCD. It
would be desirable to have a theoretical framework based
firmly on QCD that describes all the XYZ mesons.

4 Summary and outlook

The Born cross section of the isospin process
ete” —mrth, is measured and the charmonium-like state
Z.(4020) is observed in the invariant mass of 7th.. Both
the ratio of the Born cross section ete~™ — 77th, and
ete” — mZ.(4020) between charged and neutral modes
are generally consistent with the isospin expectation.

The line shape of o(ete™ — mrmh,) is very dif-
ferent from that of o(ete™ — mrn~J/). Two pos-
sible charmonium-like Y states (Y(4220) and Y(4290))
are fitted in the line shape of o(ete™ — mmh.). How-
ever, the contribution from Y(4260) cannot be excluded
absolutely. The difference in the line shape between
o(ete™ — mwm~h,) and o(ete™ — mtm~J/P) implies
that the former does not mainly come from Y (4260) de-
cay. However, it is also hard to draw a conclusion as to
whether there are any extra Y states in the o(7trth,) line
shape.

Z.(4020)° is the first significant observed neutral Z.
state. There has been other subsequent research on the
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neutral charmonium-like state, for instance, the signifi-
cant signal of Z.(3900)° in the process ete™ — I /Y
and Z.(4025)° in the process ete” — (D*D*)°n® have
been observed by the BESIII experiment [46, 47]. These
results are helpful in understanding the nature of Z. and
even other XYZ particles. For instance, the observa-
tion of the isospin triplet Z.(4020)/Z.(3900) predicted by
isospin conservation and the radiative transition process
Y (4260) — yX(3872) [48], together with the transitions
to the charged charmonium-like state Z.(3900), suggest
that there might be some commonality which establishes
a relationship among different XYZ particles, for exam-
ple, the X(3872), Y(4260) and Z..

The observation of charged charmonium-like family
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