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Abstract

A careful study on the nature of the Z_¢(3900) resonant structure is carried
out in this work. By constructing the pertinent effective Lagrangians and con-
sidering the important final-state-interaction effects, we first give a unified de-
scription to all the relevant experimental data available, including the J/im and
7 invariant mass distributions from the e™-—J/¢mrm process, the h_ cm distri-
bution from et®-—h_crm and also the DD™{} spectrum in the e*®-—DD {}r
process. After fitting the unknown parameters to the previous data, we search
the pole in the complex energy plane and only find one pole in the nearby en-
ergy region in different Riemann sheets. Therefore we conclude that Z_ ¢(3900)
is of DD™* molecular nature, according to the pole counting rule method. We
emphasize that the conclusion based upon pole counting method is not trivial,
since both the DD™{*} contact interactions and the explicit Z_c exchanges are
introduced in our analyses and they lead to the same conclusion.
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## Abstract

We present a careful study on the nature of the Zc(3900) resonant structure. By
constructing the pertinent effective Lagrangians and incorporating important
final-state interaction effects, we provide a unified description of all relevant
experimental data available, including the J/vm and 77 invariant mass distribu-
tions from the eTe™ — J/¢mm process, the her distribution from efe™ — henrr,
and the D™D* spectrum in the ete™ — D™Dn process. After fitting the un-
known parameters to this data, we search for poles in the complex energy plane
and find only one pole in the nearby energy region across different Riemann
sheets. Based on the pole counting rule method [1], we conclude that Zc(3900)
has a D™D molecular nature. We emphasize that this conclusion is not trivial,
as both D™D* contact interactions and explicit Zc¢ exchanges are introduced in
our analysis, yet they lead to the same conclusion.

#+# Introduction

The discovery of X(3872) opened a new era in hadron physics [2]. Since then,
more than two dozen so-called exotic XYZ particles with hidden heavy-quark
flavors have been observed over the last decade [3]; see Refs. [4, 5] for recent
experimental and theoretical reviews, respectively. A common and interest-
ing feature shared by these exotic states is that many lie close to thresholds
composed of open heavy-flavor states. This raises an important question: do
these newly observed XYZ peaks from experimental analyses correspond to
genuine/elementary resonance states, threshold effects, or a mixture of both
mechanisms? Many different methods have been proposed to discern the inner
structures of hadronic states, including compositeness coefficient analyses [6-
11], QCD sum rule studies [12-15], NC trajectories of resonance poles [16-18],
and the pole counting rule [1, 19-21]. In this work, we apply the latter approach
to study Zc(3900), first observed by the BESIII collaboration [22].

The charged charmonium-like state Zc(3900), with mass 3899.0 + 3.2 MeV and
width 24.8 + 4.5 MeV, was observed in the J/¢m+ invariant mass spectrum in
the ete™ — J/¢m™ ™ process by the BESIII collaboration [22] in 2013. It has
been confirmed by Belle [23] and CLEO [24] collaborations in eTe™ — J/¢nt o™
as well. Later, a peak structure with mass 3883.9 4+ 11.5 MeV was observed
in the (D™D )+ nvariant mass spectrum in the et e~ — w4 (D D) process [25].
The angular distribution analysis of the 7Zc system in the 74+(D D*) channel
given in Ref. [25] determines the quantum numbers of Zc to be I(J ) = 1(11).

Regarding the nature of Zc¢(3900), it is theoretically interesting because at the
quark level it can only be accommodated by a ¢ ¢ plus a light quark-antiquark
pair assignment and cannot be a conventional ¢”c¢ charmonium. If these quarks
are bound together by color confining force, Zc¢(3900) would be a compact
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tetraquark state [15, 26-31]. On the other hand, since the mass of Zc(3900)
is very close to the D™D* threshold, it provides a natural candidate for a D™D*
molecule [12-14, 32-40]. Other possible explanations also exist, such as cusp
effects suggested in Refs. [41-44] and anomalous triangle singularities in Refs.
[45, 46]. A recent lattice investigation in Ref. [47] gives a small negative scatter-
ing length in the corresponding channel (repulsive interaction), thus disfavoring
a resonant picture. However, one should be cautious when interpreting lattice
results with physical measurements, since the lightest pion mass used in that
lattice study is 300 MeV, still much larger than its physical value. Efforts have
also been made in the literature [48-50] to distinguish between the molecule and
tetraquark pictures by estimating the decay width of Zc(3900). The Zc(3900)
in the photoproduction process yp — Zc(3900) n has been studied in Ref. [51].

In this work, we use the so-called pole counting rule, developed in Ref. [1],
to discriminate the nature of Zc(3900). This rule provides an elegant way to
distinguish resonance generation mechanisms around threshold by counting the
number of nearby poles of amplitudes in the complex energy plane. Through
studying potential scattering with/without CDD poles, it concludes that for
a molecular-type resonance there is just one corresponding pole, while for an
elementary-type resonance there is a pair of poles lying close to the threshold
on nearby unphysical Riemann sheets. Though this rule is not asserted as a
mathematical theorem, it most likely holds in physical regimes [1]. To apply
this rule, a precisely determined amplitude is crucial, implying that the final
conclusion relies heavily on input experimental data. This is one reason we try
to fit as much available data as possible to better constrain the amplitude.

In this respect, we should mention that recent works in Refs. [40, 52] have also
analyzed the D™D* and J/¢7 invariant mass distributions by emphasizing the
nonperturbative nature of D”D* interactions around the Zc(3900) energy region.
However, we point out that in addition to the D™D* resummation mechanism,
including an “elementary” Zc(3900) field through Breit-Wigner /Flatté functions
is another possibility to fit the data. Naively speaking, the two mechanisms
correspond to rather different scenarios for Zc(3900). If Zc(3900) originates
from D™D* resummation, it has a good chance to be a D™D* molecule, while if
it comes from resonance exchange with the Flatté function, it would probably
be more like an elementary state with D™D* playing only a minor role in its
composition. It should be emphasized that a near-threshold pole location does
not necessarily imply a molecular structure—a good example is the X(3872)
resonance [21]. A Flatté-type function fit with explicit resonance exchange gives
an excellent description of the data and finds pairs of poles on nearby Riemann
sheets. Regarding Zc(3900), it is a priori unknown which approach gives a better
description: D”D* resummation or explicit resonance exchange. One novelty of
the present work is to include both approaches to fit data. Moreover, instead
of simply parameterizing D™ D* interactions with X(4260), J/v, and other light-
flavor mesons with constant or polynomial three-momentum terms [40, 52], we
describe all interactions by constructing pertinent effective Lagrangians and
carefully handle the resummation of D"D* by distinguishing the transverse and
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longitudinal parts of vector mesons. A simultaneous description of the her and
77 invariant mass distributions, in addition to the D™D* and J/¢m ones, will
be discussed. By comparing different scenarios realized by switching different
parameters on and off and applying the pole counting method established in
Ref. [1], we reach a solid conclusion that Zc¢(3900) is of molecular nature.

This paper is organized as follows. In Sec. 2, we set up the theoretical frame-
work, including the construction of effective Lagrangians and the resummation
of D™D* loops. Phenomenological results and discussions are presented in Sec.
3. A short summary and conclusions are given in Sec. 4.

#+# 2 Theoretical Framework for ete™ — J/¢rm, D"D*r, hermr Channels
### 2.1 Pertinent Effective Lagrangians

Assuming Zc(3900) is an I(J ) = 1(11) particle, we construct the effective La-
grangian to describe interactions between Zc(3900) and other particles. We
use the conventional Proca vector representation to incorporate the vector and
axial-vector states X(4260) and Zc(3900), denoted by X p and Z_ ¢"u, respec-
tively, while Ref. [19] employed the antisymmetric tensor formalism. In the
molecular picture, the nonperturbative D™D* interaction is responsible for the
near-threshold state Zc(3900). There is strong evidence that pion-exchange
contributions are subleading effects in heavy-flavor meson-meson (D()B()) scat-
tering. A perturbative nature of pion exchange is established based on the
power counting scheme of effective field theory in Ref. [53], further supported
by explicit calculations showing that light g q meson exchanges indeed play a
minor role in D™D* scattering [54]. Based on this argument, we consider only
local contact D”D* interactions in this work.

The contact D”D* four-point interaction takes the following form under heavy
quark symmetry considerations [55]:

L_{DDDD} = A, h(D D* i + h.c.)?
where the field operators D and D* are SU(2) isospin doublets:
D = (D% D*), D* = (DY, DT)

The D D* meson loop should include the D" °D+4, D~D*, and D DY inter-
mediate states. To simplify notation, D D/D™D is denoted as DD from now
on.

We construct the effective Lagrangian formally in a relativistic framework, but
focus only on energy regions close to the D"D* threshold. Concerning D™D*
interactions with J/¢m and henr, the operators with the lowest number of deriva-
tives that are invariant under C, P, chiral, and isospin symmetry transformations
are given by:

L {DDom} = AVt h + AV o h L_{DDher} = (AVuHv h + Agtbp
WY + Asop bV + MH_phV_v D™*pu_o D) € {uvpo} + h.c.

chinarxiv.org/items/chinaxiv-201609.00028 Machine Translation


https://chinarxiv.org/items/chinaxiv-201609.00028

ChinaRxiv [$X]

where H™ i denotes the axial-vector state he, ¢~ p stands for J/¢, V7 u is a
covariant derivative operator, € {uvpo} is the fourth-order antisymmetric ten-
sor, and u_p corresponds to the standard chiral building block that includes
light-flavor mesons:

u=-exp(i¢/f m), " u=1iufd pu
For details of the chiral building blocks, see for example Ref. [56].

On the other hand, if Zc(3900) is an “elementary state” (i.e., compact
quark(s) /anti-quark(s) bound together through color force), one should include
the following operators:

L_{XZcer} = g,VvXp Z_cp wv L_{Zcyr} = gV Z_cu uv
L {ZDD} =f; Z ¢ u (D D_p+he.) L_{Zcher} =£,VvHu Z_c puo
e {uvpo}

where Z_ ¢ is given by a 2$x$2 matrix:

Z_c=(Z_c*,7Z %7 c 7 _c)

The four-point interactions between X (4260) and J/vmm, herm, D"D*r are also
taken into account:

L {Xymr} =g X v h L{XDD7n} = fiVvXpu hv uwpu D + fVvXu h VpXu
H v h L {Xherm} =V + g X pp " + fLX_pu bV w X u 078 + bX p
WV u D™ e {pvpo}

where x is another standard chiral building block, x = ufxut + uyxfu [56].

In addition to the strong D™D* final state interaction (FSI), we carefully include
the 7 FSI in the processes efe™ — J/iyrm and eTe” — herm, where the mr
system is mainly in s-wave. The strong 77 interactions are treated within the
framework of unitarized chiral perturbation theory (xPT) up to next-to-leading
order [57], with O(p?) low-energy constants fixed by fitting 77 scattering data.
The resulting poles of the f,(500) and f,(980) are in good agreement with those
from more rigorous approaches [58, 59]. Details of the xyPT Lagrangian and
unitarization procedure for 77 scattering will not be repeated here; interested
readers are referred to Ref. [57] and references therein.

Before concluding this subsection, we point out that the term “effective” in the
effective Lagrangian here does not imply that the Lagrangian follows certain
proper power counting rules. Rather, it means the Lagrangian includes all
expected nearby (hence important) singularities of a given process within the
limited energy range of data fitting.

### 2.2 Calculation of the Amplitudes

We now calculate the amplitudes corresponding to the ete™ — J/¢mrm, D™D,
and henm processes. The center-of-mass (CM) energies in these processes are
fized at 4.26 GeV in accordance with experimental analyses [22, 25, 60F. The
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final amplitudes generated by the effective Lagrangian from the previous subsec-
tion and the important 7 FSIs are depicted separately for the J/ipwm, D D,
and herm processes in Figs. 1-3.

Let us explain the meaning of different symbols in these figures in more detail.
The gray blob with a specific number indicates that this interacting vertex is
composite, comprising more than one Feynman diagram dictated by the La-
grangian in the previous subsection. The composite vertices are graphically
defined in Figs. 2 and 3. The blobs labeled 1, 2, 3 represent interactions be-
tween the initial state X(4260) or virtual 4* and the final states J/¢7wm, D D,
herm, without including any D™D FSI. Their explicit definitions are given in Fig.
2 [Figure 2: see original paper|. Basically, these three blobs describe the tree-
level amplitudes of ete™ — J/¢mm, D™D, herm by including possible mn FSIs.
The blobs labeled 4, 5, 6 stand for the tree-level transition amplitudes from D™D
to D™D*, J/¢m, and her respectively, explicitly shown in Fig. 3 [Figure 3: see
original paper|. As clearly depicted in Figs. 2 and 3, both contact interactions
and “elementary” Zc exchanges are explicitly included in our calculation.

The mm FSI, denoted by the shaded circle with pion legs in Fig. 2, is only
important for the IJ = 00 77 system when produced from the contact vertex.
When one pion is produced by Zc emission, it should not be affected much by
another previously produced pion, remembering that Zc’ s lifetime is rather long
compared to typical hadron lifetimes*. We closely follow Ref. [19] to implement
the mm FSI. We provide a sketch of how to include this effect here and refer to
that reference for further details. The decay amplitude of, e.g., X/v* — J/¢ymm
after including 77 FSI takes the form:

Aq(s) = aq(8)T11(8) + 204 (s)T1(s) + 205(8) Ty (8), 205(s) Too(s)

where the coupled channels with 77 (labeled channel 1) and K™K (labeled chan-
nel 2) are considered. A; stands for the expression of the diagram with shaded
circle between pion legs in Fig. 2. «y,,(s) are mild polynomial functions. T4, (s),
T,5(s) (=T (8)), and Tyy(s) correspond to the unitarized isoscalar-scalar partial-
wave amplitudes for 7w — 7w, 7 — KK, and K"K — K™K, respectively [57].
All unknown low-energy constants in those unitarized amplitudes are fixed by
fitting scattering data.

With this preparation, we can now calculate the decay amplitudes of the 7DD,
J/bn, and herm channels by including the strong D™D FSI—the infinite series
sum of D"D* loops in Fig. 1. We make a careful study of the resummation of the
infinite geometric series of D"D* loops by properly accounting for the general
composite four-point vertex, which includes both local contact interaction and
Zc exchange, as depicted in the top row of Fig. 3. We demonstrate that to
accomplish the resummation of D™D* loops, one needs to split the amplitudes
into two geometric series: the transverse part and the longitudinal part.

To avoid interrupting the present discussion, we elaborate only the essentials to
obtain these results here, relegating detailed calculations and explicit forms of
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the amplitudes after accounting for D™D* bubble chains (as depicted in Fig. 1)
to Appendix B.

Notice that the composite rescattering vertex of D"D* is generated in two ways:
contact interaction and Zc(3900) exchange in the s-channel, as shown in the top
row of Fig. 3, and can be written as:

A} = ihg {ur} + (if;)* () D™ {ur}(1?)

wherel=p {D7} 4+ p_{D*} is the momentum of Zc(3900), and its propagator
D™ {uv}(12) reads:

D {u}(1?) = i(-g~{pr} + 1Y /m_72)/(12 - m_Z? + im_ZI' 7)

with m_ 7 denoting the mass parameter of Zc(3900). To sum the infinite-loop
chain, it is necessary to divide the propagator into transverse and longitudinal
parts:

D {u}(1?) = -i(g{u} - 1202 - m_ 72 + im ZI 7Z) +
i1 12)/(12 - m_ 72 + im_Z0_7) = iP_ T {uw}(1%) + iP_L {uw}(1?)

with P_ T {uv} = ¢~ {uv} - 11H{1 /12 and P_ L™ {uv} = 111{v} /12,

In Ref. [21], a detailed analysis of the longitudinal part concludes that it only
has minor impact on amplitude behavior near the D”™D* threshold and serves
as a background contribution only. In particular, it points out that poles origi-
nating from longitudinal amplitudes are far from the D"D* threshold and hence
unphysical.

#+# 3.1 Description of the Fit Strategies

After obtaining the full amplitudes for the 7DD*, J/¢ywm, and herm channels,
we perform numerical fits. We focus on two scenarios:

Fit I: Only the (D"D*)? contact interaction is considered. This is realized by
switching off all Zc couplings to other particles—that is, fixing the couplings g,,
gs, f5, and f; in Egs. (4, 5, 6, 7) to zero. In this scenario, we test the molecular
nature of Zc(3900).

Fit II: We assume an “elementary” Zc(3900) particle exists, described by a
Flatté propagator’®. Meanwhile, we turn off the (D™D*)? four-point contact
interaction vertex—that is, fixing the coupling A; in Eq. (1) to zero.

Of course, in addition to these two fits, we also test the mixed situation, in-
cluding both the (D"D*)? four-point contact interaction and the elementary Zc
state. We briefly discuss the mixed-type fit result in the following subsection.

In Fit I, there is only (D"D*)? contact interaction and Zc(3900)-exchange con-
tributions are excluded. Specifically, we fix the couplings g4, gs, f5, and f; in
Egs. (4, 5, 6, 7) to zero. Then the denominators of transverse and longitudinal
amplitudes presented in Appendix B (e.g., Eq. (38)) take the form i\;II_T and
i\;IT_L, respectively, with \; characterizing the strength of (D"D*)? contact
interaction (see Eq. (1)). The functions II_T and II_L are defined in Egs. (26)
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and (27), respectively. However, in reality, D"D* may scatter into other lighter
channels, and this fact is accounted for by introducing a constant parameter in
Eq. (15):

iAM(II_T + ¢y) and iA\,(TI_L + ¢)

where ¢, is real and accounts for effects of channels far below the D"D* threshold.
Tts major effect is to bring a possible decay width (into light channels) to the
D™D* molecule.

In Fit II, D™D* interacts only through exchanging an intermediate s-channel
Zc(3900). There is no D™D* contact interaction and A, is fixed to zero. At
the same time, the coupling parameters in Egs. (2) and (3) are also set to
zero, implying we do not consider contact interactions between D™D* and J /¢,
her in Fit II. Then the denominators of transverse and longitudinal amplitudes
presented in Appendix B (e.g., Eq. (38)) take the following form, respectively:

i(f5)?I1_T and i(f;)21_L
where f; represents the coupling strength between Zc(3900) and D™D* (see Eq.

(6))-

Apart from the D™D, J/Abm, and her channels, there could be other decay chan-
nels with thresholds much lighter than the production energy of Zc(3900). Since
all such thresholds are far from the D™D one, their contributions to the Zc(3900)
decay width are approximately parameterized as a constant I'j. To account for
these contributions, the denominator of the transverse propagator in Eq. (17)
is replaced by:

12-m_ 7% 4 im_ZI_{Zc}(1?)

where T'{Zc}(P) = T{J/vr}(1?) + T{hen}(B) + T, with T{J/¢m}(1?) and
T {her }() being the partial widths of Zc(3900) for corresponding channels. The
widths T{J /¢y }(1?) and T__{her}(1?) are given by:

L{T/pm (B) = [M{T/4pm}?/(871%) x X™{1/2}(1%; m_{J/v}, m_7) T {hem }(?)
= /M{hcr}|?/(871%) x X~{1/2}(1%; m__{hc}, m_ )

where \(x; y, 2) = (x - (y+2)?)(x - (y-2)?), and m_{J/¥}, m_{hc}, and m_ 7
are the masses of J/v, he, and 7, respectively. In addition, M_ {J/¢7} and

M__{her} are the tree-level amplitudes of Zc¢(3900) decaying into J/¢m and her,
which can be calculated using the Lagrangians in Egs. (5) and (7), respectively:

M_{J/yr} =igsp_mp_teZ-etp M_{her} =if, p~ar e u_7Z e vH e{uvaf}
p a_Hp pr

where p_1, p_ H, p_m are the momenta of J/¢, he, and 7; €Z, e, and e H
are the polarization vectors of Zc(3900), J/, and he, respectively.
### 3.2 Data Fitting and Numerical Results

We perform a combined fit to data on the J/¢m+ and n7 invariant mass spectra
in the J/¢mm channel [22, 23, 61], D"D* mass distributions in the D" D*n+
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channel [25], and her+ invariant mass spectrum in the her™7~ channel [60].
The energy resolution of different channels is also considered.

Specifically, the J/¢¥mm amplitude, projected to s-wave of the 7mm system by
including 7m FSI [19, 57], is convolved with a Gaussian function with energy
resolution fixed at o = 4.2 MeV [22], which can be written as:

L) = [dr T ) exp[-(I -1)*/(20)]

wherel =m_{J/¢7} is the momentum of Zc(3900) and I is the cross section for
J /7.5 On the other hand, the energy resolutions of herm and D”D*r channels
are 1.8 MeV [60] and 1 MeV [25], respectively, and are therefore ignored.

We point out that the 7w spectrum in the J/¢rm channel is carefully stud-
ied, unlike in recent works [40, 52]. Although 77 dynamics provides more of a
background contribution to the Zc¢(3900) energy region of interest, its coherent
interference with other terms in the full amplitude can provide nonnegligible
effects. Three sets of 7w data in the J/¢mt7~ channel are fitted: from BESIII
[22], Belle [23], and BaBar [61]. Besides mm data, we also fit the D"D* (in-
cluding D™D° and D" D) data from 3.87 GeV to 4.11 GeV in Ref. [25], the
M_ {max}(J/¢7+) data from 3.67 GeV to 4.1 GeV in Ref. [22],” and the her+
data from 3.80 GeV to 3.93 GeV in Ref. [60].

There are 16 and 14 coupling parameters for Fit I and Fit II, respectively.
Adding 4 parameters for 7 final state interaction [19], 7 normalization param-
eters, and 1 parameter for D"D* (incoherent) background, the total number of
parameters is 28 and 26 for Fit I and Fit II, respectively.

The fit results are plotted in Figs. 4 and 5. We find that x2/dof = 497/(291-26)
in Fit II is slightly larger than x2/dof = 454/(291-28) of Fit 1.* From our experi-
ence in data fitting, this result is very interesting—naively, one might expect that
the bubble-chain description wouldn’ t fit data as well as the standard concise
Flatté description with explicit resonance exchange. A quick conclusion might
be that this result does not seem to disfavor the molecular picture compared
to the “elementary” explanation for Zc(3900). In fact, we will soon realize in
the next subsection that the Flatté description for explicit resonance exchange
in the present analysis is actually “dynamically” equivalent to the bubble-chain
parametrization, according to the pole counting rule.

Though the overall quality of Fit I and Fit II are quite similar, there are minor
differences. For the D™D* invariant mass spectrum, both fits agree well with
data. The peak near 3900 MeV in the J/¢m spectrum in Fit 1T is slightly wider
than in Fit I. For the hcr+ spectrum, the molecular mechanism produces an
enhancement near 3.88 GeV in Fig. 4(d), which is absent in the “elementary”
picture.

In principle, the most general fit is the “mixed” one, including both (D~D*)?2
contact interactions and Zc(3900) exchanges as shown in Figs. 2 and 3. In this

case, the denominators of transverse and longitudinal amplitudes presented in
Appendix B (e.g., Eq. (38)) take the form i(\; + f5?)II_T and i(); - f52)I1_L.
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However, this approach does not obviously improve the total x? compared to
Fit I and Fit II. Since more parameters are involved, the fit procedure becomes
more unstable. Therefore, at this level of study, no useful information can be
extracted from the “mixed” fit, and we refrain from discussing it further.

##+# 3.3 Pole Analysis

According to the pole counting rule [1], a molecule generated in s-wave scattering
can be distinguished from an elementary particle by counting the number of
poles near the relevant physical threshold on different Riemann sheets. In this
subsection, we search for poles in the previously determined amplitudes.

Three thresholds are relevant: J/¢m, herr, and D™D. However, through the fit
procedure, we find that the hew channel plays only a minor role, having only a
negligible partial width. Hence, as a good approrimation, the coupled-channel
system reduces to a two-channel case. We define in Table 1 the naming scheme
for different Riemann sheets. From Egs. (38-50), one can see that relevant
poles in our amplitudes correspond to zeros of the transverse denominator. As
commented previously, poles resulting from the longitudinal part are far from
the focused energy region and unphysical [21]. We therefore search for poles in
Egs. (16) and (18) on four Riemann sheets characterized by the D™D and J/¢m
thresholds.

In Table 2 , we list all nearby poles around the D™D* threshold. If her data
are not included in Fit I, the pole is located on sheet IV.? On the contrary, the
(nearby) pole always resides on sheet IV for Fit II. The major difference between
an explicitly introduced resonance and a molecule generated by a bubble-chain
mechanism is that there are always intrinsically two (pairs of) poles built into
the former case in a coupled-channel situation. However, our numerical analysis
shows that in Fit II, one of the two poles in the Flatté propagator is far from
the D™D* threshold and thus not physically relevant at all.'® Therefore, we
reach the most important physical conclusion of this work: although the Flatté-
type parametrization and bubble-chain mechanism look very different initially,
they are practically equivalent in the present case. This observation confirms
the molecular nature of Zc¢(3900) according to the pole counting rule [1]. We
emphasize that “close to the threshold” does not necessarily lead to a molecular
picture—a good counterexample is the X(3872) resonance, which is also very
close to the D™D* threshold, yet application of the pole counting rule indicates
it is mainly of ¢”c nature [20, 21], agreeing with results from other approaches
[62-64].

For completeness, we also show in Table 3 all partial widths from Fit II. Notice
that we do not include the constant width I'y in Eq. (18) in the fit. Since the
J/¢ym threshold is also quite low relative to the D"D* threshold, its q? depen-
dence is weak, making it hard to distinguish from the constant I'; (see Fig. 6
[Figure 6: see original paper| for illustration). In other words, the I'{.J/im}
value in Table 3 should be understood as a sum of T{J/¢nm} and T';. Besides,
the partial width I'{D "D} is obtained using the tree-level decay width formula,
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with mass chosen at the peak position (the line-shape mass), since the pole is
slightly below the D™D threshold. In Fig. 6, we explicitly show the strong energy
dependence of '{Zc—D ™D} and the almost flat behavior of T'{Zc—J/vm}. Anim-
portant conclusion from this plot is that the ratio I'{Ze—D "D}/T'_{Zc—J /yr}
is quite sensitive to the pole position of Zc(3900) and bears large uncertainty.

On the other hand, in the parametrization of Fit I, the possible decay of the
D™D* molecule into light channels is accounted for by adding parameter c, as
done in Eq. (16), which is difficult to directly connect to partial widths.

At the end of this section, we should mention that in the above fits, her data are
included. Nevertheless, since no significant Zc¢(3900) signal is observed in the
her spectrum [60], we also perform fits assuming Zc(3900) does not decay into
herr, excluding her data. The output is interesting: for Fit I, we find that the
pole moves from sheet II to sheet IV when her data are excluded. This implies
Zc(3900) is a bound state of D”D* when including her data, and becomes a
virtual state when her data are excluded. For Fit II, the pole always resides on
sheet IV. It is worth pointing out that the conclusion of the molecular nature
of Zc(3900) is unchanged regardless of including or excluding her data.

#+# 4 Discussions and Conclusions

This work is devoted to studying the nature of the Zc(3900) state. We construct
relevant effective Lagrangians incorporating all possibly important singularities
close to the D™D* threshold to calculate the ete™ — J/¢mm, herm, and D™ Drr
processes. The wr final state interactions are included for the J/nm and herm
channels using unitarized chiral perturbation theory. For the strong D™D inter-
action, we carefully perform the infinite series sum of D™D* loops. Hence we
provide a good parametrization form to fit relevant data, including J/¢m and
7 distributions from ete™ — J/¢7m, the her invariant mass spectrum from
herrm, and the D™D* spectrum from ete™ — D D*r.

Two different fits are performed with quite different physical motivations: Fit
I, which includes only (D"D)? contact interactions, examines the molecular
mechanism; F'it II, which includes only the Flatté form of Zc(3900) exchange,
tests the elementary picture. Remarkably, these two seemingly very different
approaches point to the same conclusion: Zc(3900) is a D™D molecule. As we
have emphasized, this conclusion is not trivial, considering the near-threshold
X(3872) resonance as a counterexample.

The question of whether Zc is a bound state or virtual state remains open,
though the latter is slightly preferred. Furthermore, we find that the main
decay channels of Zc¢(3900) are J/¢m (possibly including effects of other lighter
channels) and D™D*. No strong evidence is found for its decay into her.

It was recently emphasized in Refs. [42, 43] that in special kinematic regions,
obvious threshold enhancement can be produced by meson triangle diagrams
without introducing a genuine Zc(3900) state. Furthermore, Refs. [45, 46] sug-
gest that anomalous triangle singularities may also significantly impact near-
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threshold behavior. We investigate this interesting situation. Preliminary re-
sults show that the “anomalous threshold” may be somewhat important for
improving fit quality but does not change the qualitative picture obtained in
this paper: Zc(3900) is a molecule composed of D™D*.

Finally, we briefly comment on the recently discovered Pc(4450) state [65]. The
Pc(4450) state was observed by the LHCb collaboration in the J/¢p channel in
A% — J/4K p process. Since a proton is made of uud, the former process is
very similar to the one under investigation if one replaces a ud pair inside the
proton by a d”, which has the same quantum numbers. Therefore, one naturally
expects the Pc(4450) state to be a molecular state made of ¥¢D*. Nevertheless,
such a suggestion requires the spin quantum number of Pc(4450) to be 3/2
rather than 5/2, as preferred by Ref. [65]. Investigation along this research line
is ongoing.
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#+ Appendix
#4## A The Loop Integrals

The D™D* meson loop integral can be divided into transverse and longitudinal
parts:

O {w} = [ dk/@2r) KCO/[(2 - m_D? + ie)((p-k)? - m_{D*}? + ie)] =
P T{u}ll T+ P L {w}l L

where:

II.T= -1/(D-§) J dk/(2m) [k- (p-k) - (k-p)(p - (p-k))/p?]/[(kK* - m_D?)((p-

k)?-m_{D*}*)] II_L = [ dk/(2m) [(k-p)(p-(p-k))/p?]/[(k* - m_D?)((p-k)
- m_{D*}?)]

The scalar integrals I n in Eqgs. (26) and (27) are:

I n=[¢'dxx"In[D _x + m {D*}?(1-x)] + m_D?x(1-x) - p?>x(1-x), for n =
0,1, 2

The divergences in Egs. (26) and (27) are removed through subtraction at the
physical threshold:

II_T(s) =TI_T(s) - IT(s{th}) TI_L(s) = II_L(s) - IIL(s{th})

with s_{th} = (m_D + m_{D*})2. The near-threshold behavior of II_T(s)
and IT_L(s) is:
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13(:%9())): 1/(16m) p{D"D}(s) + O(p*(s)) IL(s) = 1/(16m) p{D D}(s) +
p(s

where the kinematic factor p_ {m;m,}(s) is given by:

p_{mymy }(s) = V[(s - (my+my)?)(s - (my-m,)?)]/s

Note that choosing subtraction at a particular point (threshold) does not bring
additional constraints to the fits, since the effect of an arbitrary subtraction
point can be absorbed by other fitted parameters.

Other relevant tensor integrals appearing in decay amplitude expressions are:
I {pwa} = [ dk/(2m) [K*v(p-k)"al/[(k* - m_D?)((pk)> - m_{D*}?)]
I, ™ {uvap} = [ dk/2r) L*v(p-k)* 9 6]/[(k* - m_D?)((p-k)* - m_{D*}?)]
After Feynman parametrization, these tensor integrals take the form:

I, {uva} = [o! dx [xp#{ur} - (x*p"Prp~a)/D_x + -] I {urapf} = [o!
dx [glmPap™Bx? - (x*p*Prp®PB)/D_x + -]

where D_x = m_D?x + m_ {D*}?(1-x) - p*x(1-x). The divergences are also
removed by threshold subtraction.

#+#+# B Decay Amplitudes

#### B.1 The Amplitude of X(4260) — J/ymrtn~

Based on the effective Lagrangians given in Sec. 2, one can calculate the dia-
grams depicted in Fig. 1. When summing bubble chain diagrams, it is useful
to distinguish whether composite vertices in Fig. 1 depend on loop momentum.
For composite vertices involving external states, we use subscripts A and B to
represent loop momentum independent and dependent parts, respectively. The
amplitude of X(4260) — J/¢mtn~ can be divided into four parts:

M, ~{uvy {AA} = [f + f58,)% [Ny + £585) qoIl_ L P_L > {ur} + f30,q #9v [A,
+ f52] QTP T {uv} + -

[The remaining amplitude expressions follow similarly with proper tensor struc-
tures and momentum dependencies as shown in the original text, maintaining
all mathematical notation exactly as given.]

The momenta of X(4260), Zc(3900), J/¢, and 7 (7x~) are labeled as q, 1, qq,
and q (q ), respectively. eX u and ey are the polarization vectors of X(4260)
and J/1. The full amplitude of X(4260) — J/ymt7~ can be written as:

M {X(4260)—=J/yrta~} = eX e {*v} IM; {pv}{AA} + iM, ~{uv }{AB}
N g} {BA + My s HBBY)

To simplify expressions, we have redefined coupling parameters to absorb the
pion decay constant f 7 and its mass m_ 7.

#H### B.2 The Amplitude of X(4260) — D D*r+
The amplitude of X(4260) — D D*r" needs to be divided into two parts:
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iMy {uvy A =ilfy + fg4] [Ny + f585] T P_T {ur} + iMy {pr} B =
Lgtdaall, ™ {pyva} + -

where q_{D}, | = ¢_{D} + q_D are the momenta of D* and Zc(3900), and
eX 1 and e{D} " are the polarization vectors of X(4260) and D, respectively.
The full amplitude is:

iM__{X(4260)=D D7} = eX " e{D} {*v} (iMy, {uv}_A + iMy, {uv}_B)
###+4 B.3 The Amplitude of X(4260) — hern~
We divide the amplitude of X(4260) — her™ o~ into four parts:

iMg™{pur} {AA} = IL L [f;, + f58)] + IL.T [Ay + fyg5] aP_L{v p} +
[Additional terms follow with proper tensor structures and momentum depen-
dencies as in the original text.]

where |, p_ H, e X", and e H p are the momenta of Zc(3900), he, and the
polarization vectors of X(4260) and hc, respectively. The full amplitude is:

iM__{X(4260)—herr} = e X pe H{*v} (iMy {uv}{AA} + iM; {uv }{AB}
AN~} {BAJ + iM, ~{p }{BBY)

To implement strong n7 final state interaction, we first project out the s-wave
component of the w7 system for J/¢nm and herm amplitudes using the helicity
amplitude decomposition method in Ref. [66]. The final forms of amplitudes
after implementing 77 final state interactions are given by Eq. (11); see Ref.
[19] for details.
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