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Recently, numerous vector charmonium(-like) states were reported by different electron-positron
collider experiments above 4.2 GeV. However, there is no consensus on the number of these states,
as the experimental analysis is based on the Breit-Wigner parametrization, which is channel-
dependent. In our work, we focus on the energy region [4.2,4.35] GeV and conduct a compre-
hensive analysis of eight different final states in e*e~ annihilation. Our findings indicate that only
one single charmonium-like state is sufficient to describe all the data well in the DD molecular
picture. The extracted pole position is . /s;,o(lizm) = (4227+4-£(50)) MeV. Beside the D;D
threshold effect which express itself as asymmetric lineshape of the Y (4230), the contribution of
the vector charmonium ¢ (4160) is necessary included perturbatively.
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Figure 1: Mass and width of the two vector charmonium-like states in various channels. The experimental
values are taken from [2, 3, 6—13]. The red dot denotes the pole location for the ¥ (4230) as extracted in this
work.

1. Introduction

Tens of exotic hadrons which are beyond the conventional quark model have been observed in
experiment. Among these exotic hadrons, charmonium-like states have large statistic data in e*e”
annihilation, for instance, BESIII collaboration has accumulated large statistic data in the energy
region [4.2,4.35] GeV. In this energy region, two vector charmonium-like candidates are claimed
to exist, i.e. Y(4230) (also known as ¢ (4230)) and Y (4320). The latter one is introduced in the
ete™ — J/yntn~,J/yn"7° processes to explain the highly asymmetric line shape [1-3]. On the
other hand, the Y (4230) is seen in the eight additional channels shown in Fig. 1, but with largely
inconsistent parameters. On the contrary, the latter ¥ (4320) does not show up in either of them. In
experiments by BaBar and Belle collaborations a state named Y (4360), with a mass of about 4345
MeV, was discovered in the ¢ (2S)n* 7~ [4, 5] final state. However, the recent BESIII measurement
of the same channel revealed that the Y (4360) emerges due to a subtle interference of the Y (4230)
and a state at 4390 MeV with a width of 140 MeV [6], which is thus in a mass range close to the
W (4415). A signal at 4390 MeV with the consistent parameters was also observed by BESIII in the
henmr [7] and J/Wn [8] final states. Since this state is outside the mass range in focus here, we do
not discuss it any further.

In the interested mass region, the findings raise the following questions:

1. Why does the observed width of the Y (4230) in D*Dx channel is twice as that in the J /Y n
channel [10]?
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2. What can the different lineshapes of Y (4230) in various channels tell us? Note that the DD*xr
cross section is about one order-of-magnitude larger than those of hidden charm decays.

3. Why are the cross sections of the Y (4230) in ¢c spin 1 (i.e. J/ynr and ¢’ channels) and
¢c spin 0 (i.e. homm channel) are of the same order? A large HQSS violation?

4. Why is the Y (4320) only seen in the ¢ (2S)nm channel?

5. Can we consider the apparent asymmetric lineshape in the J/¢n*n~ channel generated by
the opening of the D(2420)D channel?

To deepen our understanding of these vector charmonium-like states, various interpretations
have been proposed. Hadroncharmonium appears as a compact c¢ core surrounded by some excited
light quark cloud [14], which naturally explains the appearance of the Y (4230) in the J /s channel.
In addition, its mixing with a spin singlet c¢ core allows for its appearance in the /4.7 channel [15].
In this sense, this picture calls for another vector chamronium-like state, i.e. the ¥ (4320) mentioned
above. Moreover, this mixing scenario implies the existence of four heavy quark spin symmetry
partners [16]. For example, there should be two exotic 7. states, one in between the two vector
states, one significantly lighter than the Y (4230). Another interpretation is hybrid scenario which is
based on either phenomenological calcualtions [17-19] or heavy quark effective field theory [20].
The hybrid picture also calls for a mixing of two vector charmonium-like states with different c¢¢
spins. However, a recent study based on heavy quark effective field theory disfavors a pure hybrid
interpretation of the Y (4230) [21]. Another typical picture on the market is the compact tetraquark
picture which is made of heavy-light diquarks and anti-diquarks. This scenario calls for four non-
strange vector states with masses in the range [4220,4660] MeV [22, 23]. To obtain a negative
charge parity, an angular momentum of 1 is needed between diquark and antidiquark. However, M.
shifman argues that the heavy-light diquark does not exit [24] based on the heavy baryon decays
in QCD chemistry. In this picture, a preferred fit should also include both ¥ (4220) and Y (4320).
An alternative approach to compact tetraquarks, similar in spirit, but different in the realization, is
outlined in Ref. [25]. Thus, we see that three of the non-molecular scenarios prefer the presence of
both Y (4230) and Y (4320).

In this work, we address the above issues mentioned above in the assumption that the Y (4230)
is a D1(2420)D hadronic molecule, originally proposed in Ref. [26], and refined in Ref. [27]. A
similar analysis [28, 29] in the J/ymn channel indicates that there is no need to introduce the
pole of the Y (4230), whose structure is generated from the (4160) coupling to the DD channel.
However, the same scenario is unlikely to describe the other channels, especially the D D*r channel.
The same comment also applies to Ref. [29], where the Y (4230) is generated from an interference of
the neighboring charmonium states. We investigate the feasibility of a combined analysis involving
eight different final states excited in e*e™ annihilation, namely D°D* " n, J/yn*n~, JJYK*K~,
hern™n™, wtu™, xco(1P)w, J /yn and X (3872)y, in the mass range from [4.2, 5.35] GeV, under the
assumption that the Y (4230) is a D; D molecule. | Moreover, the cross section of the ete™ — u*u~
process is also included in our analysis.

IThe molecular scenario for the ¥ (4230) based on the J/ynrm and henn channels have already been advocated in
Refs. [30, 31].
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Figure 2: Diagram contributing to e*e™ — DD*r. a) tree level, b) Y (4230) contact term, c) Triangle, d)
¥ (4160) contact term, where for the last three the final state interactions in the doubly heavy subsystem are
included.

2. Fit strategy and Results

In the molecular scenario, the coupling of a dynamic generated state to the nearby foremost
continuum channel is maximal [32, 33], see also [34] for areview. More specifically, in our case, the
Y (4230) mainly couples to the DD channel, and the importance of the diagrams in its decays can
be analysed by the power counting scheme [35, 36]. Along this line, we present the most important
diagrams for each decay channel in the following subsections. Due to the limit of the processing,
we ignore the detailed formulae and the fitted parameters, which can be found in Ref. [37]. Before
going to the details, we present our fit strategy at beginning:

1. The resonance parameters of the Y (4230) and Z.(3900) are fitted simultaneously in the
D°D*~rx, J/yr*n~, JJWK*K~ and u*u~ channels, as well as these channel-dependent
parameters.

2. With the above parameters fitted, the remaining parameters in the y.ow, J/¥n and X (3872)y
channels are fitted to the corresponding cross sections.

3. Inthe last step, the parameters obtained in the previous two steps are used as initial parameters
for a global fit to all observables.

2.1 ete - D'D* n*

The D{(2420) predominantly decay to the D-wave D*r, which makes the DD molecular
Y (4230) predominantly decay to the D*Ds channel. The corresponding diagrams are shown in
Fig. 2. The fitted lineshape, the corresponding invariant mass distributions of the sub two-body
systems and the pion Jackson angular distribution are presented in Fig. 3. Diagram (a) is the D
tree-level contribution with its contribution illustrated by pink dot-dashed curves in Fig. 3. The
diagram (b) is the contribution of Y (4230) contact term with its contribution parameterized in
respect with Watson theorem [37]. Its contribution is indicated by blue dashed curves. Diagram (¢)
is the D triangle diagram with its contribution by the green long dashed curves. Its contribution
is enhanced by a very close by triangle singularity [40]. Thus we expect diagrams (a) and (c) to

D(J

DO
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Figure 3: Fit results for the DOD* x cross section, the D°D*~ invariant mass distribution and the pion

Jackson angle. DOD*~x* R-scan and XYZ data are from Ref. [38], D°D*~ invariant mass distribution is
from Ref. [39].
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Figure 4: Predictions for the D*x invariant mass distributions at center-of-mass energies 4.23 GeV (left
panel) and 4.3 GeV (right panel).

contribute significantly to the observables. Diagram (d) is ¥ (4160) contact contribution by the
purple dotted curves.

We can see from the figure that both the tree-level and triangle diagrams have significant DD
threshold effect. With the fitted parameters, we extract the pole position (4227 £ 4) — (25t4l)i MeV
of the Y (4230). The uncertainty is estimated by the uncertainties of the bare mass, the inelastic and
the bare coupling to the DD channel of the Y (4230) state in the J/yrr channel. The extracted
Z.(3900) pole is 3884 — 22; MeV with its mass higher than that of Ref. [41]. One can see that both
the contributions of the Z. and the D; give enhancements at the lower DD* (Fig. 3) and higher
D*r (Fig. 4) invariant mass distributions. The total contribution of the D-wave and S-wave gives a
flat pion angular distribution, which describes the data very well.

22 ete” — J/y(nn/KK)

Figure 5 present the leading diagrams to the e*e™ — J/ynnm process. (a) and (b) are the
box contributions which are illustrated by blue dashed curves in Fig. 6 (¢) is the triangle diagram
with its contribution illustrated by the green dotted curve. (e) is the J/ymr contact term (purple
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Figure 5: Diagram contributing to ete™ — J /Y. The thin lines in the box and triangle denote D* or D
mesons. a) and b) boxes, ¢) triangle, d) triangle counter term, e) Y (4230) contact term, f) (4160) contact
term, where for the last two the J/y/7 final state interactions are included.

dot-dashed curve in Fig. 6). In diagram (e), we also include the 77 — KK final state interaction [42—
45] which also naturally gives the J/wKK lineshape (Fig. 6). The large asymmetric lineshape
emerge at the DD threshold for both box and triangle diagrams. The leading effect for the J /KK
channel is driven by the 77 — KK final state interaction. The 7 — KK coupled channel treatment
provides us at the same time access to J /KK final state. The strangeness source is driven by the
strange box diagram, which does not introduce any additional parameters due to the SU(3) flavor
symmetry. When the center-of-mass energy goes beyond the D** DK ~ threshold, the strange source
is important.

23 ete” — henr

For the h.mr channel, we only include the box diagrams analogous to those for the J/ynx
channel shown in Fig. 5. However, in contrast to the J/y i channel, we exclude diagrams
containing a Z.(3900). This is based on the observation that Z.(3900) does not show a significant

I/
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Figure 6: Fit results for the J/yx*n~ cross section [2] and the J/yn* and n*n~ [46] invariant mass
distributions. The data for the J /¥ KK channel are taken from Ref. [13].
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Figure 7: Prediction for the h.n*n~ cross section. The data are taken from Ref. [7].

contribution to the i, invariant mass distribution. Additionally, we point out that the Z.(4020) is
not included in this work, since this would require a complete treatment of the {D;D*), D,D®)}
coupled channels for the vector charmonium-like states and of the {DD*, D*D*} for the sub-
systems. Another consideration is that we do not expect the effect of Z.(4020) on a significant
structure in the total cross section of 4.z, which has been demonstrated for the Z.(3900) in the
J/wm channel. One can see that the total cross section of the h.77 channel is of the same order as
that of the J/ymx channel(Fig. 7), which indicates a large Heavy Quark Spin Symmetry (HQSS)
violation in the molecular picture.

24 ete” — X(3872)y,J /v, xcow

Under the assumption that the ¥ (4230) is a DD hadronic molecule, its decays to the isospin
triplet D* D hadronic molecule Z.(3900) and the isospin singlet D*D hadronic molecule X (3872)
are analogous [47]. Thus, we first consider the X (3872)y two-body final state. For this channel, both
the triangle diagram and the contact contributions of the Y (4230) and the (4160) are considered
(Fig. 8). The considered diagrams for the J/yn and y.ow processes are analogous (Ref. [37]).
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Figure 8: Diagrams for the Y (4230) — X (3872)y process.
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Figure 9: Fit results for the ete™ — J/yn, ete™ — ycow and ete™ — X(3872)y cross section. The data
sets are taken from Ref. [8], Ref. [9], and Ref. [11], respectively.
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Figure 10: Diagrams contributing to e*e™ — u*p~. The hatched circle in the rightmost diagram is the
mixing of the two vector states driven by their common decays to the channels DD*x, J /ynm, xcow, J/Yn
and X (3872)y considered in this analysis.

The fitted results for these three two-body channels can be found in Fig. 9. One can see that the
contributions of the triangle diagram and the ¢ (4160) are constructive and destructive in X (3872)y
and y.ow channels, respectively. In the y.ow channel, the convolution of the w width is taken into
account. The statistic of the experimental data in the two-body channel are still not sufficient.

25 ete” - utu”

The reason why we are interested in the e*e™ — u*u™ process is that it may isolate production
from decay, since the total cross section is by far dominated by the real valued tree-level diagram
(first diagram in Fig. 10) and the hadronic cross sections only contribute significantly through
their interference with the mentioned dominating one. The mixing of the two vector resonances
is depicted here as the hatched blob. The imaginary part of this mixing amplitude is given
by the respective interference terms that contribute also to the various exclusive hadronic channels
discussed above. Therefore, the simultaneous study of the hadronic channels and the ete™ — u*u~
channel provides a sanity check for the size of the induced mixing of the vector states, which turn
out to be significant.

The results for the ete™ — u*u~ process are shown by the left panel of Fig. 11. The cross
section is completely dominated by the real tree level amplitude. Accordingly, following Eq. (1)

tree 2
Oete~—utu- = O—e“‘e*—m*u’ X|1+ﬂR+ﬂmix|
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Figure 11: Left panel: Fit results for the u*u~ cross section. The measured born cross section (upper panel)
and that with the cross section from the tree level amplitude subtracted (lower panel) in comparison with the
experimental data [12]. Right panel: Contributions of the real (orange dotted line) and imaginary (green
dashed line) parts from the mixing of Y (4230) and ¥(4160) to the cross section.

the signal of interest to us reads to very good approximation

Tete -yt~ — O'gf:__)m#_ ~ 20';rf:__)ﬂ+ﬂ_Re(ﬂR + Amix) -

This contribution is presented in the left-lower panel of Fig. 11. One can see that the real and the
imaginary part of the mixing amplitude are of comparable strength (right panel of Fig. 11). To
better describe the data, especially the ete™ — u*u~ data, a complex phase between charmonium
and virtual photon is included. This complex phase non-trivially mixes the real and imaginary parts
of the mixing amplitude, allowing both contributions to interfere with the tree level amplitude. We
see that the contribution of the 1 (4160) is more dominant than that of the ¥ (4230) in the energy
below 4.2 GeV. The peak at 4.23 GeV emerges from the interference of the two resonances and the
Y (4230) itself. The main predominant contribution to the imaginary part is the mixing between the
¥ (4160) and the Y (4230).

3. Summary and outlook

In this work, we simultaneously analyze the lineshapes of the eight channels in electron-
positron annihilation in a phenomenological way. The large asymmetric lineshapes stems from
the DD threshold. A combined fit of all the channels indicates a single vector charmonium-like

state Y (4230) emerging in the energy region [4.2,4.35] GeV with its pole position M)I;(Efmo) =

(4227 + 4) — i(25™) MeV. A pole Mgzlégoo) = 3884 — 22i MeV in the subsystems also exists,
which corresponds to the Z.(3900). Besides the vector charmonium-like state Y (4230), the analysis
also requires the presence of the conventional charmonium i (4160), especially around the energy
4.2 GeVinthe ete™ — u*u~ cross section. Our analysis is phenomenological and partly considers
the 7 — KK final state interaction. To better control the uncertainty of this analysis, a rigorous

framework in effective field theory should be developed.
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