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Abstract In this work, we perform a systematical investi-
gation about the possible hidden and doubly heavy molecular
states with open and hidden strangeness from interactions of
DO P BRI B p® p p™ p) ) pt) gt g
and DY DP/BX B in a quasipotential Bethe-Salpeter
equation approach. The interactions of the systems consid-
ered are described within the one-boson-exchange model,
which includes exchanges of light mesons and J/vy/7T
meson. Possible molecular states are searched for as poles
of scattering amplitudes of the interactions considered. The
results suggest that recently observed Z.;(3985) can be
assigned as a molecular state of D*Dy + Dl_);*, which is
a partner of Z.(3900) state as a D D* molecular state. The
calculation also favors the existence of hidden heavy states
Dy Dy/ B By with spin parity J¥ = 0%, DyD}/B, B} with
1, and D¥D}/B;B¥ with 0%, 17, and 2*. In the doubly
heavy sector, the bound states can be found from the interac-
tions (D* Dy + DD¥)/(B* By + BB}) with 17, Dy D/ B, B¥
with 17, D*D}/B*B} with 11 and 2%, and D} D}/B} B}
with 17 and 2*. Some other interactions are also found
attractive, but may be not strong enough to produce a bound
state. The results in this work are helpful for understanding
the Z.5(3985), and future experimental search for the new
molecular states.

1 Introduction

After the observation of X (3872) at Belle, more and more
exotic hadrons are observed in experiment [1]. How to under-
stand the origin and internal structure of such states becomes
an important central issue of hadron physics. With the accu-
mulation of the experimental information, the molecular state
becomes one of the most important pictures to explain these
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exotic states. For example, the hidden charm pentaquarks
observed recently at LHCb are just a little below correspond-
ing thresholds and exhibit an excellent spectrum of S-wave
molecular states [2-9].

In the tetraquark sector, the first exotic state X (3872) was
soon explained as a molecular state due to its closeness to
the DD* threshold [10-12]. In the past decade, more and
more structures were observed near the D™ D™ /B®) p(*)
thresholds, such as the Z;(10610), Z;(10650), Z.(3900),
and Z.(4020) [13-15] (see Fig. 1). Recently, BESIII Col-
laboration announced observation of a new exotic candidate
Z:5(3985)" in ete” — KT(D;7 D*® + D~ D) near the
D~ D*0/Dy*~ D? threshold. It has a mass of 3982.55:2 +
2.1 MeV and a width of 12.81’2:3 +3.0MeV [16]. The LHCb

also reported a structure Z.;(4000) at 4003 £ 64_“114 MeV,
which is very close to the Z.;(3985), but has a much broader
width of 131+ 15426 MeV [17]. In 2009, the Y (4140) state
which is below the D} D} threshold was reported by the CDF
Collaboration in the exclusive B — K J/y¥ ¢ decay [18,19],
and confirmed at DO and CMS in 2013 [20,21].

Since the observation of these states, much theoretical
efforts have been made to understand their origin and inter-
nal structures. Besides interpretation of the X (3872) as a
D D* molecular state with quantum numbers / Gurey =
0~ (17), two Z, states are also widely taken as the candi-
dates of the BB* and B* B* molecular states [22,23]. The
Z:(3900) and Z.(4020) are good partners of the Z, states,
and also be interpreted as molecular states of systems D D*
and D*D* [24-28]. However, As shown in Fig. 1, though
these states are very close to the thresholds, the two Z; and
two Z. states, especially the Z.(3900), are actually beyond
the thresholds, which seems to conflict with the definition
of the molecular state as a loosely bound state. Moreover,
many lattice calculations disfavor existence of a D D* bound
state [29-32]. Therefore, many authors suggested that the
Z.(3900) is a virtual state instead of a bound state from the
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Fig. 1 The experimental masses of X (3872), Z.(3900), Z.(4020),
Z»(10610), Z.(10650), Z.s(3985), and Y (4140) with relevant thresh-
olds. The values are from the Review of Particle Physics [1]

D D* interaction [33,34]. Since the virtual state locates on
the second Reimann sheet, its effect on the invariant mass
spectrum should appear beyond the threshold. As discussed
in Ref. [35], the attraction between two hadrons will exhibits
itself as a structure even if it is not bound. Hence, the molec-
ular state interpretation of these states, especially if we cat-
egorize virtual state as a molecular state, is still the most
reasonable and widely accepted [36].

The observation of the hidden charm state with strangeness
Z5(3985)~ provides more confidence of the molecular inter-
pretation of these charmonium-like states. Since the mass
of the newly observed state is nearly 100 MeV larger than
Z-(3900), which is the mass difference between D;* and
D* meson, the state is recognized as a molecular state of
Dy~ D*® + Dy*~ DU in the literature [37-45]. In Ref. [37],
the mass and width were well reproduced with an assign-
ment of Z.4(3985) as a U/ V-spin partner of Z.(3900). The
states Z7, Zps and Z; were also predicted as the U/V-
spin partner states of the charged Z.(4020), Z,(10610) and
Z(10650), respectively. Similar conclusion can be found in
Ref. [38], and the study was also extended to the D{ D'
systems [39]. In Ref. [40], within a Dy~ D*Y molecular state
picture, authors found a pole located at 3982.34 —i0.53 MeV
on the third Reimann sheet of the complex energy plane by
solving the Bethe—Salpeter equation with the on-shell fac-
torization. The structure of Y (4140) was also explained as a
D} Dj molecular state [46—51]. In Ref. [46], the authors pro-
posed that the Y (4140) can be taken as a partner with hidden-
strangeness of the Y (3930). In Refs. [47-49], the scalar
D D molecular state was studied with the QCD sum
rules, and their result favors the assignment of the Y (4140)
as a molecular state. Chen et al. suggested that the Y (4140)
state should be considered as a mixed state of three pure
molecule states D*0 D*0, D** D*~ and D+ D~ [50]. How-
ever, most molecular state interpretations suggested spin par-
ity 0%, which is inconsistent with the quantum numbers deter-
mined at LHCb, JP€ = 1%+ [52]. The LHCb result disfa-
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vors the assignment of the ¥ (4140) as an S-wave DS D%
molecular state. Anyway, the previous studies strongly sug-
gests existence of DS(*) DS(*) molecular states.

In our previous studies, the Z. and Z; states were stud-
ied within the one-boson-exchange model by solving the
Schrodinger equation or the quasipotential Bethe—Salpeter
equation (qBSE) [22,27,53]. If we extend such study to
the Z.; state in the molecular state picture, a problem
will appear. Different from the D™ D® /B®) B®™ interac-
tion, no light meson can be exchanged between a charmed
meson and a charmed strange meson. If we do not intro-
duce the heavy meson exchange, no bound states can be
produced from corresponding interactions. In Ref. [27],
the J/4 exchange was included in the study of D) D™
system, and found essential to reproduce the Z.(3900)
as in other approach [26]. And a further study of the
systems DB /B D) and DB /B DI qug-
gest that the J/¢¥ or T exchange is really important to
reproduce the experimentally observed states Z.(3900),
Z.(4020), Z;,(10610), and Z;(10650) [54]. The new exper-
imental observation of Z.;(3985) inspires us to explore
the possible molecular states from interactions D) DE*)
/ BOB® p®pW ; pWpH pep gt g ) and
D% D /B ) B ) withthe J /¢ or T exchange included.
In the calculation, the potential of the interactions will be con-
structed with the meson exchange and inserted into the qBSE
to obtain the scattering amplitudes. The molecular states are
searched for as the poles of the scattering amplitudes.

This article is organized as follows. After introduction,
we present the details of theoretical frame in Sect. 2, which
includes flavor wave functions, effective Lagrangians, con-
struction of potential and a brief introduction of the qBSE
approach. The numerical results for the states produced from
the interaction considered will be given in Sect. 3. Finally,
article ends with summary and discussion in Sect. 4.

2 Theoretical frame

First, we should construct the flavor wave functions. Since
the systems considered in the current work contain one u/d
quark at most, the isospins of states are fixed. We first present
the wave functions for systems DD} and D*D}. Since the
thresholds of these two systems are very close, under the
SU(3)r symmetry, the flavor wave functions for charged and
neutral states can be expressed as [37],

- _ 1 *0 y— 0 ry—
X pepyropy) = 5 (1P D0) +nID°DIT)),
| - -
|X0D*DX+DD;*):E(|D*+Ds)+’7|D+D: ). M
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where n = & corresponds to the Z state with Gy,y = =+.
To make the calculation practicable, the masses of Ds and
D, as well as D} and D* mesons, will be chosen as their
average value. To check the effect of such treatment, we will
also consider the direct wave functions without mixing as
ID°D}7),

X,

_ *0 y—
D*DJ—'D D), IX

DD*>

|x° = |D**D;), |X° = |DTD!7). )

For the DD} states, the flavor function with a definite
charge parity C is constructed as

1 _
IX%Sb;> = %(le DY) —

Different from the SU(3)r symmetry, the C parity is well
defined because the masses of D;f and Dy, as well as the
masses of D;“+ and D}~ mesons, are almost the same.

The flavor wave functions for hidden charm systems
D*D¥ and D Dy can be written easily as

C|D}~D})). 3)

X,

_ *0 yx— 0 _
D*DQ—'D D7) XY 50 =

|Dy DY),

|x© = |D** D). 4)

For doubly charm system with strangeness D*D;/DD},
the closeness of the total masses of two channels also lead to

strong mixing. Here, we construct the wave functions analo-
gous to the D*D;/D D} as

1
|XB*DX+DD;‘) = E(ID*OD;L) + ﬁlDODer)),
1
|XD*D;+DD*) = EQDHD?) + DT D). (5

Though this construction is not the standard U/V spin, we
still define a G’ = & which corresponds = =+. Direct wave
function without mixing will be also considered as hidden
charmed system D*Dg/DD?.

The wave functions for D*Dg*
constructed as,

and D D; states can be

X5 ps) = IDODF), IXF ) = D" DY),
XS5 = ID*FDF), X35 = DT D). ©)

For the doubly charm system with double strangeness
Ds(*)Ds(*), the wave function has a form of

++ + +
X P o) = D57 D). ™
The wave functions for the hidden bottom and doubly bottom
systems can be obtained analogously.

To achieve the potential kernel for the interactions, the
meson exchange model will be adopted. The Lagrangians
under the chiral symmetry and heavy quark limit will be
introduced to depict the vertices of the meson exchanges. The
Lagrangians for heavy mesons interacting with light mesons
read [55-59],

2
Lpepip = fg SV PE P 0V By,
.28 ~
+i Tga/LuAvaPZMTP;)LavPab
JTT
2g
Lppp = 77(7%73;‘; + P P Py,
o

4 %@;zﬁb + BB )9 P
Lppy = —ﬁﬁgvP;ﬂ’Zv “Vpa + ﬁﬁgvﬁzﬁbv - Vap,
Lpspy = —2V228vv" €508 (PbPZ”T + PZ“P,I)(a“Vﬂ)ba
— 2V2hgy v erap Bal B, + PAB @4 VE ),
Lppey =V2Bgy Py Pa v Vg
— 220y PR P 0,V — 80V 1) a
2By Py B -V
—i2V2hgy Pe T B 0V — V) aps
Lppy = —V2BgyPyPiv - Vi +V2Bgy Py Pyv - Vop,
Lpepy = —2V2hgv v e1,ap (P Pat" + PREPH @4V,
— 2V2igy v erap Bal By + PAB 0% VE ) .
Lpepry = V2Bgy Py - Pilv .V,
—i2V2hgy PP 0,V — 90V )b
- ﬁﬂgvﬁﬂﬁgv -Vab
— i2vV2hgy P TR (3, — 0V 1) ab
Lppy = —28PyPyo — 28,7, B0,
Lpeprg =285P5 - Prlo +2g,P) - Prlo, 8)

where the velocity v should be replaced by i ? /2. /mim
with the m; y being the mass of the initial or final heavy
meson. PMWT = (D®O, p&+ pHTy op (&= B0,
B9, and satisfy the normalization relations (0|P| G (07))

Mp and (0|P;|Qq(17)) = €y~/Mp+. The P and V
denote the pseudoscalar and vector matrices

0
ﬁ%ﬂ T+ K+

P= - =3 0
b4 \_/% K2 )
- _Zn
K K 7
P(i}%w ,0+ K*t
V = - =p"+0 0 9
0 7 K )
K* K*O ¢
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The parameters involved here were determined in the litera-
ture as g = 0.59, 8 = 0.9, A = 0.56 GeV~!, and gs = 0.76
with f; = 132 MeV [60-63].

In Refs. [26,27], contribution from the J/v exchange
is found important in the DD* interaction to produce the
Z:(3900) observed at BESIII. In the current work, we also
consider such exchange with the couplings of heavy-light
charmed mesons to J /v, which are written with the help of
heavy quark effective theory as [59,64],
oy ulv D" D

L A = —7 *
DG DGy 11¥ &0y,

—yhD* G DR 4y DD D),
’CDZ)I_)(A,)J/x// = 8D; Dy €ppuard’ Yt

(D3 TD* + D* 3 T D),
L bty = 8Dy - D@ D. (10)

where the couplings are related to a single parameter g» as
80Dy 8D DY

p— mp - 8PPey = 282 /my, (11

with go = /my /2mp fy) and fy = 405 MeV. For the bot-
tom mesons, analogous Lagrangians can be obtained under
the heavy quark symmetry for 7" exchange. The parameters
can be obtained by similar relation in Eq. (11) by replacing
the mass by these of bottom mesons with fy = 715MeV
[65].

With the help of standard Feynman rule, the vertices can
be easily obtained from the above Lagrangians. The potential
interaction can be constructed as [9],

Voo = I"T M Pe, f(g),
Vy = 1N, Do Py (g7, (12)
where the propagators are defined as usual as
i
Ppo = —q2 — m%’,a

_;/.v+ m vm2
P 8 261612/ Vo 13
q- —my

We introduce a form factor f (qz) = A% / (q2 — A%) to reflect
the off-shell effect of exchanged meson with m, being the
mp,v,s and g being the momentum of the exchanged meson.
The current form factor can avoid overestimation of the con-
tribution of J /¢ exchange.

In our approach, we collect the coefficients for the inter-
action of states as flavor factors Il.d’c. As discussed in Refs.
[53,54], for the hidden heavy state, the cross diagram appears
in the [DD;"]/[BB;"] and Dy D;‘/BS B;" cases due to the cou-
pling between the two parts as shown in Eqgs. (1) and (3).
For the states DD;/B B, D*L_);‘ /B*B;*, Dy Dy /BB and
DD} /B B?, there is no cross diagram. For the doubly
heavy states, there is no cross diagram from the coupling
in the D®D®/B® B and the D™ D;®/B;* B
cases. However, in such cases, the # channel is allowed,

@ Springer

which provides cross diagram. In Table 1, flavor factors Il.d
and I of certain meson exchange i of certain interaction are
listed for direct and cross diagrams, respectively.

In the above, we construct the potential of the interac-
tions considered in the current work. The scattering ampli-
tude can be obtained with the gBSE [27,34,53,66,67]. After
the partial-wave decomposition, the gBSE can be reduced to
a 1-dimensional equation with a spin-parity J© as [27],

p//zdp//
(2m)3

IMY ) = V)0 D)+ Z/

)“//
. P . P
iV PG NiMLL, @ p), (14)

where the M’" (p/, p) is partial-wave scattering amplitude,
and the Go(p”) is reduced propagator with the spectator
approximation in the center-of-mass frame as [27],

8 (py 2 —mj)
Go = "2 _ 2 =
12 m

st(p)® — En)
© 2ER[(W — Ep)? — E7

15)

As required by the spectator approximation, the heavier
particle (remarked with %) satisfies p}° = E,(p”) =

JJm> +p"2. The p;° for the lighter particle (remarked as /)

is then W — Ej, (p”) with W being the center-of-mass energy
of the system. Here and hereafter, we define the value of the
momentum in center-of-mass frame as p = | p|.

The partial wave potential can be obtained from the poten-
tial in Eq. (12) as

,
VI =2 [ deosd 0], @Vin(w' p

+nd’ OV (P, P, (16)

where 7 = P P P,(—1)’/~/1=/2 with P and J being parity
and spin for system, and two constituent heavy mesons. The
initial and final relative momenta are chosen as p = (0, 0, p)
and p’ = (p'sind, 0, p’ cos). The d{k,(e) is the Wigner
d-matrix. An exponential regularization was also introduced
as a form factor into the reduced propagator as Go(p”) —
Go(p"e 2" =D/ 47 27,

3 Numerical results

With the preparation above, we can obtain the scattering
amplitudes of the interaction of hidden heavy and doubly
heavy systems, and the molecular states can be searched for
as the poles in the complex energy plane. Because we are
only interesting in the pole of the scattering amplitude, we
only need to find the position where |1 — V(2)G(z)| = 0
with z being the complex continuation of the center-of-mass
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Table 1 The isospin factors 11.‘1 Channel 7d Ic
and I for direct and cross . " L -
diagrams and different exchange K N K ¢ Jv K U K ¢ IV
mesons. Here we use notations .
P& = p&) or B, [PPS] 1 - n
P =D or BY, PP} 1 1 -2c e e
[PP}] = P*Ps + PP, 5 S RIS L L
[PPF] = P*P, + PPF PP = P71 o ne ~u
D D% V2 1 1 ) _ L _L
[PyPS] — PPy 3 7 7 3 C ﬁC ﬁC
OB s peBL |
PIPY — PP (3] (N
[PP] — [PP] ce 1 o 1 n
PP _, pepH) 1 - 1
PP > PP 2] 11 2] 1 1

energy of the system W [27]. In addition, we take two free
parameters A, and A, as A for simplification.

3.1 Numerical results with single-channel calculation

In Tables 2, 3, 4 and 5, we present the results for the binding
energy E p with single-channel calculation. Here, the binding
energy is defined as Ep = M, —z, with the M, and z being
the threshold and the position of the pole of the bound state.
For single-channel calculation, the pole is at real axis of the
complex energy plane. In the current work, we only consider
the spin parities which can be produced in S-wave. Here we
scan the values of cutoff A in a range smaller than 5 GeV and
present results with some selected values of cutoff A if there
is a bound state produced from the corresponding interaction
with a binding energy smaller than 40 MeV.

The results for the systems of two pseudoscalar mesons
are listed in Table 2. Only state with spin parity 0 can be
produced in S-wave for two pseudoscalar mesons. In the
charmed sector, the bound state can be produced from the
hidden charmed systems DDy and D, D,. However the cut-
off required to produce the former state is much larger than
the later one. For the hidden bottom systems BB, and B, B;,
the interactions are still attractive, but a cutoff larger than 5
GeV is required to produce a B By bound state. The attraction
in the B By interaction is strong enough to form a bound state
at a cutoff of about 1 GeV. No bound states is found in the
doubly charmed and doubly bottom systems, D Ds, DDy,
BBy, and B Bs. Hence, our results support the existence of
deeply bound states Dy Dy and B, B with 0T, and the DD,
interaction are considerably attractive.

The results for the systems of a pseudoscalar meson and a
vector meson are listed in Table 3. The spin parities for these
systems are 171 in S wave. Here, the bound states with differ-
ent Gy, v spins introduced in Eq. (1) are listed for the hidden
charmed strange system D* D 4+ D D¥. The calculation sup-
ports the existence of a state with Gy,v + at a cutoff

Table 2 The binding energies Ep = My, — z of the bound states from
the interactions D(S>Ds / B(”Bs and DmDs / B(”Bs with some selected
values of cutoff A. The “- - -” means that no bound state is found in the
considered range of the cutoff. The cutoff A and binding energy W are
in the units of GeV and MeV

JP DDy Dy Dy DDy Dy Dy
A Eg A Eg A Ep A Eg
0t 44 1.1 1.6 03
47 88 21 84
49 184 24 195
JP BB, B By BB; By By
A Ep A Ep A Ep A Ep
ot 1.0 1.4
15 98
1.8 18.7

of about 3 GeV, which is relevant to the state Z.;(3985)
observed at BESIII recently. No bound state can be found
with Gy,y = — from the D*Dy + DD;" interaction. In the
bottom sector, the B* B + BE’;‘ interaction with Gy, v = +
is still attractive while a cutoff larger than 5 GeV is required
to produce a bound state. There is still no bound state pro-
duced from the interaction with Gy vy = —. For the dou-
bly charmed system, we still consider the system with G’, a
D*Dg + DD state with G’ = — can be found at a cutoff of
about 2 GeV, and a state with the same G’ spin is produced
from the interaction B* B; + B B; at a smaller cutoff of about
0.8 GeV.

The D* D + DD} bound state with Gy/v = + can be
related to the Z.;(3895) state observed at BESIII. In the liter-
ature, itis suggested as the U/ V -spin partner of the Z.(3900)
observed before the Z.;(3985) [37]. It should be reminded
that light meson exchanges have considerable contribution to
binding of D D* system. In our previous study, the calcula-
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Table 3 The binding energies of the bound states from the interactions
Dys) D}/ B(s) B}, and D(y) D / B(s) Bf with some selected values of cut-
off A.The Gy,v,G’, and C are defined in Egs. (1, 3, 5). Other notations
are the same as Table 2

J?  D*Ds+ DD? D*D; + DD*
GU/V=+ GU/VZ— G =+ G =-—
A EB A EB A EB A EB
1t 31 14 oo ... 20 04
33 108 cee e cee ... 23106
34 19.1 cee e 24177
JP DD} DD}
C=+ C=- -
A Ep A Ep A Ep
1+ 14 0.8 1.8 1.0 3.40 0.1
1.7 9.7 23 7.8 3.42 10.5
1.8 15.8 2.6 16.8 3.43 18.1
JP  B*B; + BB! B*B, + BB;
GU/V:+ GU/V:_ G/:+ G = —
A Ep A Ep A Egp A Ep
1+ 0.8 09
12 100
14 196
JP BB} B, B!
C=+ C=— _
A Ep A Ep A Ep
1+ 0.9 0.9 0.8 0.2 2.84 1.5
1.3 8.1 14 6.3 2.90 12.8
1.6 20.1 1.8 15.0 2.95 23.5

tion suggests that the J /¢ exchange is essential to reproduce
the Z.(3900) [27,54]. As shown in Table 1, only J /1 meson
involves in D®) DS(*) interaction. Hence, the J /¢ exchange
is essential to reproduce both Z.;(3985) and Z.(3900). In
Table 4, we present the binding energies of the D™ D)
states with only J/v exchange and of the D™ D sys-
tems. Generally speaking, there is no significant difference
between two cases as expected, which means it is reasonable
to consider D) [)‘5*) state as strange partner of D™ D™ state
in the SU(3)r symmetry. Moreover, we can expect that the
binding of the hidden charmed strange system D* Dy + D D¥
is loosely than the hidden charmed system D™ D) because
more light exchanges are allowed for the latter state.

In Table 3 we also present results for the systems
Dy D¥/B; B with different C parities. One can find that the
bound states are produced from both Dy D and By B¥ inter-
actions with two C parties at small cutoffs. The two bound
states of the Dy l_);‘ system appears at cutoff of about 1.5 GeV,

@ Springer

Table4 The binding energies of some bound states with selected value
of cutoff A. The result for the D(*)ljs(*) systems are listed in the 2—
4th columns. The results for the D™ D™ only with J/v exchange are
listed in 5—7th columns. The cutoff A and binding energy Ep are in the
units of GeV and MeV

JPG  Ze Z. only with J /v
System A Ep System A Ep
0t DD, 46 54 DD 46 03
1**  D*Dy+DD: 32 50 DD* 32 08
o+ D* D 44 48 D*D* 44 06
1+ D*D} 44 55 D*D* 44 09
2t D* D} 44 61 D*D* 44 1.1

and the BB} system is bound at a smaller cutoff of about
1 GeV. For doubly heavy systems Ds D}/Bg B, the spin par-
ity is 1*. A bound state can be found at a cutoff of about
3.4 GeV from the Dy D} interaction and a bound state can
be produced at a cutoff of about 2.8 GeV from the B;B;
interaction.

In Table 5, the binding energies of the bound states with
two vector mesons, D D}/B, By, and Df D}/B By,
are presented. Three spin parities 0", 17, and 2™ can be pro-
duced from S-wave interaction of two vector mesons. For
the D} D} system, a bound state with 1+ appears at cut-
off of 1.7 GeV. The D¥D} bound states with 0F and 2+
are also produced with a relatively small cutoff of 1.4 and
2.0 GeV, respectively, which is consistent with the predic-
tion of existence of a 0%+ molecular state from the D* D¥
interaction [46—50]. The bound states are produced from the
DDy interaction with three spins, but cutoffs larger than
4 GeV are required. In the bottom sector, the B*BS* interac-
tion is still attractive for three spins, but not strong enough
to produce bound state at a cutoff smaller than 5 GeV. Three
bound states can be found in the B B} interaction for three
spins at small cutoff as the D D interactions. The cutoffs to
produce DS(*) DS(*) and BS<*) BS(*) states are much smaller than
these for D™ DS(*) and B™ ES(*) states because exchanges of
light meson 7 and ¢ take part in former interactions.

In the doubly charmed sector, no bound state is found from
the D* D} and D} D¥ interactions with spin parity 0" while
bound states can be produced at cutoffs of about 3 GeV for
spin parities 17 and 2. In the doubly bottom sector, the
interactions become more attractive, one can find small cut-
offs are required compared with these in the charmed sector,
and a bound state can be found from the B*B; interaction
with 0.

In our calculation we adopt the widely used assumption
that no ss component in o meson. Hence, it can not be
exchanged between the mesons considered in the current
work. In Ref. [68] where the J /v exchange was not included,
the o exchange is proposed to play the most important factor
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Table 5 The binding energies of the bound states from the interac-

tions D}, D}/ B(,B{, and D DY /B B{ with some selected values
of cutoff A. Other notations are the same as Table 2

. -
JP D*D: D*D¥ D¥D¥

A EB A EB A EB A EB

ot 4.2 1.3 1.3 09
45 1.8 1.6 78
4.7 15.4 1.8 16.6

1t 4.2 1.7 14 0.6 295 05 3.00 04
4.5 8.4 1.8 7.7 3.03 8.2 3.20 11.0
48 226 21 185 3.07 232 325 18.8

2t 4.1 0.8 2.0 1.1 3.21 0.4 3.00 09
45 92 28 84 3.23 102 3.10 11.2
4.7 18.1 32 16.1 324 257 315 216

JP BBy B!B} B*B} BIB?
A Ez A Ep A Ep A Ep

ot e e 0.8 0.7 39 1.4
1.2 8.2 4.2 8.7
1.5 20.5 4.4 20.3

1" e e 0.8 0.4 1.2 0.7 1.8 0.7
1.2 5.7 1.7 8.8 23 6.8
1.6 18.3 2.0 19.8 2.6 14.3

2t e e 1.0 0.7 2.0 0.6 2.1 0.2
1.8 8.1 2.7 8.7 2.5 11.5
22 13.8 2.9 15.3 2.6 19.2

to form a molecular state to interpret the Z.;(3985)7. As a
complement, the influence of o exchange in our calculation is
listed in Table 6. Here, the Lagrangians in Eq. (8) for the ver-
tices PPo and P*P*o are also applied to the heavy-strange
meson. The binding energies of bound states with selected
value of cutoff A are presented. One can find that there is
no significant difference between cases with and without o
exchange. It suggests that if we include the J /v exchange,
the contribution from the o exchange may be smeared in our
theoretical frame.

3.2 Numerical results with coupled-channel calculation

Now, we consider the coupled-channel effect between the
systems considered in the current work. The results for hid-
den charmed systems and doubly charmed systems are listed
in Tables 7 and 8, respectively. Only the systems with the
same quark constitutes and spin parity can be coupled. With
couplings, the position z of states above the lowest thresh-
old involved will acquire an imaginary part, which corre-
sponds to the width as I” = —2Imgz. To compare with the
single-channel results, in the Tables we present the position

Table 6 The binding energies of some bound states with some selected
values of cutoff A. The results with o exchange are listed 3—4th
columns. The result without o exchange are listed 5-6th columns. The
cutoff A and binding energy E g are in the units of GeV and MeV

system JFC/G With o Without o

A Eg A Ep
DD, ot 4.4 6.7 4.4 1.1
D*Dg + DD} 1+ 3.1 5.9 3.1 1.4
D*D} of 42 6.1 4.2 1.3
D* D 1t 42 6.8 42 1.7
D*D 2t 4.1 5.1 4.1 0.8
DDy ot
D*D; + DD} 1++
D*D; 0t
D*D; 1+ 2.95 1.2 2.95 0.5
D*D; 2t 3.21 L5 3.21 0.4
Dy Dy ot 1.6 1.1 1.6 0.3
D; D} 1+ 1.4 1.9 1.4 0.8
D: D} of 1.3 1.9 1.3 0.9
DiD} 1t 1.4 1.6 14 0.6
DD 2t 2.0 2.6 2.0 1.1
D, Dy 0t
DD} 1+ 3.41 6.1 341 1.2
D! D; 0t
DI D} 1+ 3.0 0.4 3.0 0.4
DD 2+ 3.0 1.3 3.0 0.9

as My, — z instead of the position z of the pole, with the M,
being the nearest threshold.

In the first part of Table 7, we present the results for
D™ D§*) interactions. For the spin parity 0", only interac-
tions DDy and D* D} involve in the hidden charm strange
system. In Tables 2 and 5, bound states are found at cutoff of
4.4 GeV and 4.2 GeV from the interactions D D and D*D;k,
respectively. After coupling effect is included, two poles are
found near the D Dy and D* D¥ thresholds at about 4.2 GeV.
In the bottom sector, as in the single-channel calculation, no
bound state is produced from the BB; — B* B} interaction
in the range of cutoff considered. For hidden charm hidden-
strange system DD, — D} l_);‘ with 0", two poles are pro-
duced near two thresholds at a cutoff of about 1.5 GeV, and the
variation of the position of lower pole is much slower than the
higher one, which is consistent with the results in the single-
channel calculation. The result for the system B By — B} B‘;“
with O is analogous but with smaller cutoff.

For hidden charmed strange system with 17, three chan-
nels D* Dy, Dl_);k, and D*l_);k involve. In the single-channel
calculation, we study the former two channels by construct-
ing a U/V spin wave function under the SU(3)r symme-
try. There, the masses of D, and D, as well as D} and D*

@ Springer
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Table 7 The M;; — z of the

ot 1t
poles from the hidden-heavy
coupled-channel interaction. A My, —z A My —z
The cutoff A and position of the DD, D*D* D* D, DD* D*D*
pole z are in units of GeV and
MeV, respectively 4.2 1.9 1.7+4.2i 3.7 09
4.3 6.0 3.8 +7.0i 3.9 10.0 1.0 +0.87i
4.4 134 5.8+ 11.1i 4.0 19.2 2.8 4 0.00i 0.2+ 0.04i
4.1 35.3 4.1+ 0.007 0.7+ 0.13i
ot I
A M —z A My —z
D; Dy DD} D Dy DD
1.6 0.3 7.8+0.11i 1.4 0.8 0.6 + 0.00i
1.7 1.0 11.7+0.21i 1.5 2.5 1.7+ 0.01i
1.8 22 16.6 + 0.37i 1.6 5.4 3.240.0Li
ot 1+
A M, —z A My —z
BB B* B B* By BB B* B
ot 1t
A M —z A My —z
By By BIB¥ BB BIB
1.0 0.5 3.4 4 0.00i 1.0 1.8 2.2+0.01i
1.1 2.5 5.4 +0.00i 1.1 33 3.7+ 0.02i
1.2 3.8 8.2 +0.00i 1.2 53 5.7+ 0.02i

mesons, will be chosen as their average values. However,
these masses are different in experiment, which leads to larger
violation of symmetry than the C parity in Eq. (3) where the
difference between the masses of Ds(* mesons with different
charges is very small in experiment. Here we take wave func-
tions in Eq. (2) to perform the coupled-channel calculation
to discuss the effect of violation of symmetry, and results for
D*Ds — DD} — D*D¥ system with 17 are given in Table 7.
Generally speaking, the results with such treatment are con-
sistent with single-channel calculation. Poles are produced
near the D* Dy and DD thresholds but with a little larger
cutoff, which reflects effect of violation of the SU(3)r sym-
metry. The pole near D*D;‘ threshold appears at a cutoff of
about 4 GeV, which is analogous to the single-channel result.

For the hidden charm hidden strange systems, the wave
functions can be constructed with fixed C parity, which can
be well defined. Since the D} D has a C = — parity, we
only consider D} Dy — DD} system with 1=, Two poles
are reproduced near D Dy and D} D} thresholds at a cutoff
of about 1.4 GeV. The above results suggest that inclusion
of couplings between the channels considered in the current

@ Springer

work affects the single-channel results very small. And vio-
lation of SU(3)r symmetry provides visible effect, but the
conclusion is unchanged.

In Table 8, the results for doubly charmed and doubly-
bottomed systems with coupled-channel calculation are pre-
sented. No pole is found from all systems considered with
07, which is consistent with the single-channel results. For
strange system DD} — D* Dy — D* D, poles are found near
the D* Dy and D D} thresholds with spin parity 17 at cutoff
of about 2.2 and 2.3 GeV, respectively. In doubly bottom sec-
tor, the poles are found at cutoffs of about 1.4 and 1.2 GeV,
respectively. As in the hidden heavy sector (see Table 7), such
results are different from the single-channel results with U / V
spins quantitatively, but the conclusion is analogous qualita-
tively. The poles near the D* D} and B* B} thresholds appear
at cutoffs of 2.5 and 1.2 GeV, which is similar to the values
in the single-channel calculation. For the hidden-strange sys-
tem, the poles are found near two thresholds of D} Dy—D} D}
system at cutoffs of 2.3 GeV and 3.3 GeV, and two thresh-
olds of By B; — B} B system at cutoffs of 1.2 and 2.6 GeV,
respectively.
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Table 8 The M;, — z of the poles from the doubly heavy coupled-
channel interaction. The cutoff A and M,;, — z are in units of GeV and
MeV, respectively

ot 1t
A M —z A My —z
DDy D*D} D* Dy DD} D*D}
2.20 1.6
2.33 16.7 0.6+ 1.7i
2.40 32.5 5.2+0.0i 1.5+3.9
2.50 S 20.4+0.0i 444540
ot 1t
A M, —z A My, —z
D, Dy Di DY Dg Dy Di DY
2.30 cee 0.2+ 1.8i
2.70 cee 35.0+6.9i
3.31 0.1
3.40 21.9
ot 1t
A My, — z A M, — 2
BB, B*B B*Bg BB} B*B;
1.2 . 4.9+ 0.0 1.742.2i
1.3 S 7.7+ 0.0i 4.343.0
14 0.1 11.7 4 0.0i 52442
0+ 1+
A My —z A My —z
B By B} B} B} By B} B
1.2 cee 0.2 4 0.66i
2.1 cee 36.74+7.7i
2.6 4.8
2.8 21.0

4 Summary and discussion

Inspired by the newly observed Z.;(3985)~, we study pos-
sible hidden and doubly heavy molecular states with hidden

and open strangeness from interactions of D® D{*'/B® B,

D DWIBHB® DB D @& B ® and D& p&)
B B;™ in a qBSE approach. In the interactions of these
systems, the light meson exchanges, as well as the J/vy/T
exchange, are included to construct the potential to find
molecular state as a pole of the scattering amplitude.

The DD} interaction is considered with the U/ V spins,
a bound state is produced at a cutoff of about 3 GeV with
spin parity 17 and G,y = +, which can be related to the
experimentally observed Z.;(3985). An obvious difference
between the hidden charmed interaction and hidden charm
strange interaction is that only J/v exchange happens for

the latter. If we take only the J/v exchange, an explicit
calculation suggests that very similar binding energies can be
obtained for two systems, which suggests that the Z.;(3985)
can be seen as a partner of Z.(3900) state with 16(JPC) =
17(177) in the molecular state picture. Since light meson
exchange is possible for hidden charm state, the Z.(3900)
state is more deeply bound than the Z.;(3985) in molecular
state picture. The interaction of D* l_);‘ and its bottom partner
are also attractive, but much weaker than DD;‘ interaction,
which makes it difficult to produce a bound state at a cutoff
required to reproduce the the Z.;(3985).

Besides above states, the calculation favors the existence
of hidden-heavy states Dy D;/Bs By with 0%, D;D¥ /B B}
with 1%, D*D¥/B*B¥ with 0%, 1*, and 2*. The exper-
imental search for the D*D/B}B¥ molecular states is
strongly suggested by our results. In the doubly heavy sec-
tor, the bound states can be found from the interactions
DD} /BB} with 1t and G' = —, D;D}/BsB} with 17,
D*D¥/B*B¥ with 11 and 2%, and D¥D¥/B}B¥ with 17
and 2%, Some other interactions are also found attractive,
but may be not strong enough to produce a bound state.

In the calculation, we discuss the roles of the meson
exchanges. The J/y¥/7 exchange is found very important
to form a molecular state. The contribution of such exchange
overwhelms the contributions from light meson exchanges,
as well as the o exchange in our approach, which need
future studies. In Ref. [27], an analysis also suggests that
the J/v¢/7 exchange is equivalent to the contact interac-
tion in other approach [26]. The current results seem to show
the importance of short-range interaction in formation of a
molecular states, which is consistent with the conclusion in
our previous work [27,54] and other approach [26], where
the short-range interaction is found essential to reproduce the
Z.(3900). We also perform a coupled-channel calculation to
check the effect of coupling between different interactions.
The results suggest that the conclusion is almost unchanged
compared with the single-channel calculation. Of course, in
the current work, only channels composed of open heavy
flavor mesons are considered, further studies are required to
give more precise prediction.
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