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We study the newly observed charmoniumlike state Zcsð3985Þ in the framework of chiral effective field
theory. The interaction kernel of the D̄sD�=D̄�

sD system is calculated up to the next-to-leading order with the
explicit chiral dynamics. With the fitted parameters extracted from the Zcð3900Þ data as inputs, the mass,
width, and event distributions of theZcsð3985Þ are very consistent with the experimental measurements. Our
studies strongly support the Zcsð3985Þ as the partner of the Zcð3900Þ in the SUð3Þf symmetry and the

D̄sD�=D̄�
sDmolecular resonancewith the same dynamical origin as the other charged heavy quarkoniumlike

states.Weprecisely predict the resonance parameters of the unobserved states in D̄�
sD�,B�

s B̄=BsB̄�, andB�
sB̄�

systems, and establish a complete spectrum of the charged charmoniumlike and bottomoniumlike states with
the IðJPÞ quantum numbers 1ð1þÞ and 1

2
ð1þÞ, respectively.

DOI: 10.1103/PhysRevD.103.L021501

I. INTRODUCTION

Very recently, the BESIII Collaboration observed a new
charged charmoniumlike state Zcsð3985Þ in the Kþ recoil-
mass spectrum from the process eþe− → KþðD−

s D�0 þ
D�−

s D0Þ at the center-of-mass energy
ffiffiffi
s

p ¼ 4.681 GeV
[1]. Its mass and width were measured to be Mpole

Zcs
¼

ð3982.5þ1.8
−2.6�2.1ÞMeV and Γpole

Zcs
¼ð12.8þ5.3

−4.4�3.0ÞMeV,
respectively. The minimal quark component in
Zcsð3985Þ− should be cc̄sū rather than the pure cc̄ since
it is a charged particle with strangeness. The mass of
Zcsð3985Þ is about 100 MeV larger than that of the
Zcð3900Þ, which is the typical mass difference between

the Dð�Þ
s and Dð�Þ mesons [2]. Another salient feature of

Zcsð3985Þ is the closeness to the D̄sD�=D̄�
sD threshold. It is

proposed in Ref. [3] that the newly observed Zcsð3985Þ− is
the U-spin partner of Zcð3900Þ− under the SUð3Þf sym-
metry. The Zcsð3985Þ has been intensively studied within a
very short time [4–10].

There are large similarities among Zcsð3985Þ [1],
Zcð3900Þ [11], Zcð4020Þ [12], Zbð10610Þ, and
Zbð10650Þ [13] (we will denote these states as Zcs, Zc,
Z0
c, Zb, and Z0

b, respectively, in the following context for
simplicity). They all lie few MeVs above the corresponding
D̄sD�, DD̄�, D�D̄�, BB̄�, and B�B̄� thresholds, respec-
tively. They dominantly decay into the open charm/bottom
channels [14]. In our recent work [15], we studied the
interactions of the isovector Dð�ÞD̄ð�Þ and Bð�ÞB̄ð�Þ systems
with the chiral effective field theory (χEFT) up to the next-
to-leading order. We find the invariant mass spectra of the
open charm/bottom channels can be described well and the
peaks originate from the poles in the unphysical Riemann

sheet. In other words, the previously observed Zð0Þ
Q states

can be well identified as the dynamically generated
molecular resonances from the Dð�ÞD̄ð�Þ and Bð�ÞB̄ð�Þ
interactions. The large similarity between the Zcs and

Zð0Þ
Q stimulates us to wonder whether the newly observed

Zcs has the same origin. This paper is devoted to answering
this question.
The discoveries of more and more near-threshold exotic

states [14,16–20] indicate some common features of QED
and QCD. For the very near-threshold bound states and
resonances, physical observables are insensitive to the
details of the interaction, which yields universality in both
hadronic and atomic sectors [21]. Meanwhile, the hadronic
molecules arise from the residual strong interactions
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between two color singlet objects, which is analogous
to molecules bound by the residual interaction of QED. The
separable scales in these near-threshold states lead to a
feasible approach to improvable expansion, which is the
basic idea of effective field theory.
The χEFT is generally accepted as the modern theory of

nuclear forces [22–28], which is built upon two pioneer
works of Weinberg [29,30], and has been successfully
applied to describe the low energy NN scatterings, light
and medium nuclei [23–25]. Recently, we generalized the
framework of χEFT to the systems with heavy quarks and
reproduced the hidden-charm pentaquarks successfully
[31,32]. Within χEFT, we predicted the existence of strange
hidden charm molecular pentaquarks Pcs in the isoscalar
ΞcD̄� system [33]. Our prediction was confirmed by the
new measurement of LHCb at the J=ψΛ final state [34].
Therefore, it is reliable to utilize the χEFT to depict the
chiral dynamics inside the D̄sD�=D̄�

sD systems, likewise.
The investigation could be extended further to Z0

cs in the
D̄�

sD� system, as well as their twin partners in the
B�
sB̄=BsB̄� and B�

sB̄� systems under the heavy quark
symmetry. Searching for these states would help us to
assemble the jigsaw puzzles of dynamical details of the
hadronic molecular physics.

II. EFFECTIVE POTENTIALS AND PRODUCTION
AMPLITUDES

Since these states are produced near the corresponding
thresholds, the interaction potential of a VP system (V and P
denote the vector and pseudoscalar mesons, respectively)
with the fixed isospin can be parametrized in the non-
relativistic form,

V ¼
X6
i¼1

Viðp0; pÞOiðp0; p; ε; ε†Þ; ð1Þ

where p and p0 represent the momenta of initial and final
states in the center-of-mass system (c.m.s), respectively. ε
and ε† denote the polarization vectors of the initial and final
vector mesons, respectively. Vi are the scalar functions to
be obtained from the chiral Lagrangians, while Oi are six
pertinent operators,

O1 ¼ ε† · ε; O2 ¼ ðε† × εÞ · ðq × kÞ;
O3 ¼ ðq · ε†Þðq · εÞ; O4 ¼ ðk · ε†Þðk · εÞ;
O5 ¼ ðq × ε†Þ · ðq × εÞ; O6 ¼ ðk × ε†Þ · ðk × εÞ; ð2Þ

with q ¼ p0 − p the transferred momentum and k ¼
ðp0 þ pÞ=2 the average momentum.
Within the framework of χEFT, the potential up to the

next-to-leading order (NLO) in the paired D̄sD�=D̄�
sD

system can be classified as the contact interaction, one-
eta-exchange (OEE) and two-kaon-exchange (TKE)

contributions. The contact potential Vct is parametrized
order by order in power series of q and k as

Vct ¼ ðC0 þ C1q2 þ C2k2ÞO1 þ
X6
i¼2

Ciþ1Oi þ…; ð3Þ

where Ci ði ¼ 0;…; 7Þ are the unknown low energy
constants (LECs), and the ellipsis denotes the higher order
terms.
The effective potentials arising from the OEE and TKE

contributions can be extracted from the LO chiral
Lagrangians,

L ¼ ihHv ·DH̄i þ ghHγμγ5uμH̄i
− ih ¯̃Hv ·DH̃i þ gh ¯̃Hγμγ5uμH̃i; ð4Þ

where the covariant derivativeDμ ¼ ∂μ þ Γμ. TheH and H̃
denote the superfields of the charmed and anticharmed
mesons, respectively. One can consult Refs. [33,35,36] for
their expressions. The axial coupling g ≃ 0.57 is extracted
from the partial decay width of D�þ → D0πþ [2]. The
chiral connection Γμ and axial-vector current uμ are
formulated as

Γμ ≡ 1

2
½ξ†; ∂μξ�; uμ ≡ i

2
fξ†; ∂μξg; ð5Þ

where ξ2 ¼ U ¼ exp ðiφ=fφÞ, with φ the normally used
matrix form of the light Goldstone octet [33], and the decay
constants fK ¼ 113 and fη ¼ 116 MeV (this is the nor-
malization in which fπ ¼ 92.4 MeV), respectively.
Now, the quantum number IGðJPCÞ ¼ 1þð1þ−Þ for the

Zc state is favored [2] (C parity for the neutral one). The JP

quantum number of the Zcs is undetermined, but IðJPÞ ¼
1
2
ð1þÞ is presumably used in most works [1,3,4,6]. Under

this assumption, the flavor wave function of the Zcs
reads [3]

jZ−
csi ¼

1ffiffiffi
2

p ðjD�−
s D0i þ jD−

s D�0iÞ: ð6Þ

One can easily get the OEE potential,

VOEE ¼ −
g2

6f2η

O3

q2 þm2
η
; ð7Þ

where mη is the η meson mass, and q2 ¼ p2 þ p02 −
2pp0 cosϑ (p ¼ jpj, p0 ¼ jp0j, and ϑ is the scattering angle
in the c.m.s of VP).
The TKE potential from the loop diagrams (see Ref. [15]

for the involved loop diagrams and Refs. [31,36] for the
calculation details) can be simplified into a compact form in
the heavy quark limit and SUð3Þf limit,

VTKE ¼ V1O1; ð8Þ
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with

V1 ¼ −
24ð4g2 þ 1Þm2

K þ ð38g2 þ 5Þq2
2304π2f4K

þ 6ð6g2 þ 1Þm2
K þ ð10g2 þ 1Þq2

768π2f4K
ln

m2
K

ð4πfKÞ2

þ 4ð4g2 þ 1Þm2
K þ ð10g2 þ 1Þq2

384π2f4Ky
ϖ arctan

y
ϖ
; ð9Þ

whereϖ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ 4m2

K

p
and y ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pp0 cosϑ − p2 − p02p

.
This result is obtained with the dimensional regularization,
and the divergence is absorbed by the unrenormalized
LECs introduced in Eq. (3).
The Zcs state is observed in the three-body decay of

eþe− → γ� → KþðD−
s D�0 þD�−

s D0Þ. By fitting the line
shape of the Kþ recoil-mass spectrum, we can extract the
resonance parameters and pin down the inner structure of
this state. The reaction is illustrated in Fig. 1, where the
diagrams 1(a) and 1(b) depict the direct production and
rescattering effect, respectively. The rescattering in
Fig. 1(b) can generate the Zcs state dynamically. Additi-
onally, we construct the following effective Lagrangians to
mimic the γ� → KVP coupling vertex:

Lγ�φVP ¼ gγF μν½ðP̃†
μuνP† − P̃†

νuμP†Þ
− ðP̃†uμP

†
ν − P̃†uνP

†
μÞ� þ H:c:; ð10Þ

where gγ denotes the effective coupling constant and F μν is
the field strength tensor of the virtual photon. ðP̃μ=P̃ÞPμ=P
denote the (anti)charmed vector/pseudoscalar meson fields
(e.g., see Ref. [33]). uμ is the axial-vector field defined
in Eq. (5).
With the above effective potentials, the KVP production

amplitude UðE; pÞ can be obtained by solving the following
Lippmann-Schwinger equation (LSE):

UðE; pÞ ¼ MðE; pÞ þ
Z

d3q
ð2πÞ3 VðE; p; qÞGðE; qÞUðE; qÞ;

ð11Þ

where MðE; pÞ represents the direct production amplitude
of γ� → KVP described in Eq. (10), E is the invariant mass
of the VP pair. The two-body propagator GðE; qÞ of the
intermediate state is given as

GðE; qÞ ¼ 2μ

p2 − q2 þ iϵ
; jpj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μðE −mthÞ

p
; ð12Þ

with μ and mth the reduced mass and threshold of the VP
system, respectively. In the calculation, we introduce the
Gaussian form factor expð−p02=Λ2 − p2=Λ2Þ (where Λ is
the cutoff parameter) to avoid heavily involving the ultra-
violet contributions [24,28,37].
The LSE of Eq. (11) is a three dimension integral

equation, which can be reduced to one dimension through
the partial wave decomposition. For example, the effective
potentials in Eqs. (3) and (7)–(9) can be projected into the
jlsji basis (where l, s, and j represent the orbital angular
momentum, total spin, and total angular momentum of the
VP system, respectively) via [38]

Vl;l0 ¼
Z

dp̂0
Z

dp̂
Xl0

ml0¼−l0
hl0; ml0 ; s;mj −ml0 jj;mji

×
Xl

ml¼−l
hl; ml; s;mj −mljj; mjiY�

l0ml0
ðθ0;ϕ0Þ

× Ylml
ðθ;ϕÞhs;mj −ml0 jVjs;mj −mli; ð13Þ

with Ylml
the spherical harmonics. We have demonstrated

that the S-D wave mixing effect is insignificant for the Zð0Þ
Q

states [15], so we only consider the S-wave interaction for
the Zcs state in this paper. The contact interaction in the S-
wave projection reads

Vct ¼ C̃s þ Csðp2 þ p02Þ; ð14Þ

where C̃s and Cs are the so-called partial wave LECs. They
are the linear combinations of the LECs introduced
in Eq. (3).
The differential decay width for γ� → KVP can be

expressed in terms of the production amplitude in
Eq. (11) as

dΓ
dE

¼ 1

12ð ffiffiffi
s

p Þ2ð2πÞ3 jUðEÞj
2jk1jjk�2j; ð15Þ

where
ffiffiffi
s

p
is the c.m.s energy of the eþe− collision. k1 and

k�2 are the three momentum of the spectator K in the c.m.s

*( )s�

(a) (b)

K

�

FIG. 1. Diagrams (a) and (b) describe the direct production and
rescattering contribution, respectively. The wiggly, thick, thin,
and dashed lines denote the virtual photon, vector meson,
pseudoscalar meson, and kaon, respectively. The gray circle
with cross stands for the effective γ� → KVP coupling, while the
gray box in diagram (b) signifies the rescattering T matrix of the
VP system.
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of eþe− and the three momentum of PðVÞ in the c.m.s of
VP, respectively.

III. NUMERICAL RESULTS AND DISCUSSIONS

We study the dΓ=dE distributions and extract the
resonance parameters of the Zcs state. The general pro-
cedure is to fit the Kþ recoil-mass spectrum measured by
the BESIII Collaboration [1]. We essentially have three free
parameters C̃s, Cs, andΛ that can be varied to match theKþ
recoil-mass spectrum. In our previous work [15], these
three parameters are well fixed by fitting the D0D�−
invariant mass distributions of the Zc state [39] (the double
D tag technique is used in this experimental analysis, in
which the background contribution is largely suppressed).
When the values of LECs and cutoff in Ref. [15] are fed
into the D−

s D�0=D�−
s D0 systems, we find a sharp peak

automatically emerges around 3.98 GeV in the D�−
s D0

invariant mass spectrum. The result is shown in Fig. 2,
where the blue dashed line is the production contribution in
Fig. 1. When the other incoherent contributions in experi-
ments are added up, the total line shape can quantitatively
describe the distributions of experimental events (the red
solid line in Fig. 2 with χ2=d:o:f ≃ 0.67). In other words,
we can describe these two states in an uniform framework
with the same set of parameters, which strongly supports
that the Zcs and Zc states are partners in SUð3Þf symmetry.

We have tried to refit the experimental data of Ref. [1] and
find the result is very similar. The line shape is slightly
shifted and the parameters have similar size but just with a
little larger errors (with χ2=d:o:f: ≃ 0.64). So the outputs
are given in terms of the fitted parameters of the Zc state
in Ref. [15].
The fit with the LO potentials alone (LO contact terms

plus the OEE) cannot reproduce the experimental data well
(the black dashed line in Fig. 2 with χ2=d:o:f: ¼ 1.21) and
cannot describe the event distributions around 3.98 GeV.
Including the NLO contributions in effective potential gives
rise to a resonance peak, which conforms to the bump
structure around 3.98 GeV in experiments. The improve-
ment of the fitting indicates that the χEFT in the hidden
charm sector tends to be convergent.
The peak lies above the D�−

s D0 threshold, which
corresponds to a pole of the production U matrix in the
unphysical Riemann sheet. This can be conducted through
analytical continuation of the Green’s function G defined in
Eq. (12),

Gbðpþ iϵÞ≡ Gaðpþ iϵÞ − 2iImGaðpþ iϵÞ; ð16Þ

where Ga and Gb denote the Green’s function defined in the
physical and unphysical Riemann sheets, respectively. The
pole position m − iΓ=2 reads

ðm;ΓÞ ¼ ð3982.4þ4.8
−3.4 ; 11.8

þ5.5
−5.2Þ MeV; ð17Þ

where the errors inherit from those of the fitted parameters
in Ref. [15]. The mass and width are highly consistent with
the experimental data [1]. Therefore, our studies strongly
support the Zc and Zcs as the SUð3Þf symmetry parters
and the resonances generated from the DD̄�=D̄D� and
D̄sD�=D̄�

sD interactions, respectively.
In addition, the formations and decay properties of these

resonances can be synchronously interpreted in the molecu-
lar configuration pictures (the compact tetraquarks do not
necessarily require their masses reside very close to the
threshold). The near-threshold production indicates the V
and PðVÞ mesons move very slowly, which renders them
have enough time to interact with each other. A strongly
attractive interaction can confine two particles for infinite
time, which corresponds to a stable bound state. If the
attraction is not enough strong but with a barrier to trap two
particles for a finite time, then a resonance with certain
lifetime is generated. In contrast to the bound states, the
resonances naturally decompose into their ingredients at the
end of their lifetime, i.e., the elastic decay modes would
contribute dominantly to the partial decay widths. Yet, the
inelastic decays with final states of a heavy quarkonium
and a light meson proceed via shorter distance interactions
(with r ∼ 1=mD), which are generally suppressed and thus
react with less probability. Thus, the inelastic channels only
contribute a small amount of the partial widths [11,13].

4.00 4.05 4.10 4.15
0

10

20

30

40

FIG. 2. The fit of the Kþ recoil-mass spectrum distributions in
the eþe− → KþðD−

s D�0 þD�−
s D0Þ transitions. The data with

error bars are taken from Ref. [1] at
ffiffiffi
s

p ¼ 4.681 GeV. The red
solid, blue dashed, purple dot-dashed, cyan dotted, and black
dashed lines denote the NLO fit, signal contribution with NLO

potentials, combinatorial background, D��
s Dð�Þ

s contributions
(extracted from the experimental measurements), and LO fit
(LO contact plus OEE), respectively. The line shape of the signal
is obtained using the fitted parameters of Zcð3900Þ in Ref. [15] as
inputs, i.e., C̃s ¼ 3.6 × 102 GeV−2, Cs ¼ −7.69 × 103 GeV−4,
and Λ ¼ 0.33 GeV (where the central values in Ref. [15] are
used).
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We can adopt the same framework to predict the
unobserved states in the D̄�

sD� system as well as the
B�
sB̄=BsB̄� and B�

sB̄� systems in the hidden bottom sectors.
The inputs for these systems come from the fitted param-
eters of the Z0

c, Zb and Z0
b states in Ref. [15], respectively.

The predictions are listed in Table I. We find that there
indeed exists a resonance in the D̄�

sD� system and two
resonances in the B�

sB̄=BsB̄� and B�
sB̄� systems, respec-

tively. They lie around 5–7 MeV above the corresponding
thresholds, and their widths coincide with those of the

observed partners. Including the observed Zð0Þ
Q states, we

can establish a complete spectrum for the 1ð1þÞ and 1
2
ð1þÞ

charged heavy quarkoniumlike states. The spectrum is
vividly illustrated in Fig. 3. These predicted states could
be reconstructed at the corresponding open charm/bottom
channels or the J=ψK and ϒðnSÞK (n ¼ 1, 2) final states,

respectively. Hunting for these states would be an in-
triguing topic in future experiments.

IV. SUMMARY AND OUTLOOK

In summary, we have generalized the framework of
χEFT to decode the nature of the newly observed exotic Zcs

state by BESIII [1]. The proximity to the D̄sD�=D̄�
sD

threshold and large similarity with Zc hint that this unusual
state may be a cousin of the Zc in SUð3Þf family. The
interaction kernel of the D̄sD� system is calculated up to
the NLO, which incorporates the LO contact terms, OEE
and the NLO contact terms, and TKE. When the LECs and
cutoff fitted from the Zc data are fed into the Zcs, iterating
the effective potential in LSE automatically generates a
sharp peak near the D̄sD�=D̄�

sD threshold in the D̄sD�
invariant mass spectrum. The mass and width from the pole
of the production U matrix are very consistent with the
experimental data, and the distributions of events can also
be well described. Our studies strongly support that the Zcs
and Zc are partners in SUð3Þf family, and they have the
same dynamical origin. Inspired by the Zcs results, we also
predict the resonance parameters of three unobserved states
in the D̄�

sD�, B�
sB̄=BsB̄�, and B�

sB̄� systems. We have
established a complete spectrum of the charged charmo-
niumlike and bottomoniumlike states. Looking for these
predicted states in experiments would help us to understand
the chiral dynamics, the manifestations of SUð3Þf and
heavy quark symmetries at the hadron levels, more deeply.
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FIG. 3. A complete spectrum of the charged charmoniumlike
(left panel) and bottomoniumlike (right panel) states with
strangeness S ¼ 0 and S ¼ −1, respectively. The blue solid lines
and red bands denote the central values and range of errors of the
masses, respectively. The observed and predicted states are
marked with † and boldface, respectively.

TABLE I. The resonance information of Zcsð3985Þ [1] and other predicted states in the D̄�
sD�, B�

s B̄=BsB̄�, and B�
s B̄� systems. The

superscript “†” means this state has been observed, while the unobserved states are marked with boldface. We define the masses and
widths of the resonances from their pole positions E ¼ m − iΓ=2 (with m the mass and Γ the width). The Δm represents the distance
between the resonance and its threshold, i.e., Δm ¼ m −mth.

Systems IðJPÞ Thresholds (MeV) Masses (MeV) Widths (MeV) Δm (MeV) States

1ffiffi
2

p ½D̄�
sDþ D̄sD�� 1

2
ð1þÞ 3977.0 3982.5þ1.8

−2.6 � 2.1 12.8þ5.3
−4.4 � 3.0 5.5þ1.8

−2.6 � 2.1 Zcsð3985Þ†
D̄�

sD� 1
2
ð1þÞ 4119.1 4124.2þ5.6

−3.7 9.8þ5.2
−4.8 5.1þ5.6

−3.7 Zcsð4125Þ
1ffiffi
2

p ½B�
sB̄þ BsB̄�� 1

2
ð1þÞ 10694.7 10701.9þ3.9

−2.7 7.4þ3.6
−4.4 7.2þ3.9

−2.7 Zbsð10700Þ
B�
sB̄� 1

2
ð1þÞ 10740.1 10747.0þ4.3

−3.1 7.3þ3.7
−4.6 6.9þ4.3

−3.1 Zbsð10745Þ
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