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Inspired by the detection of T, tetraquark state by LHCb Collaboration, we perform a systemical
investigation of the low-lying doubly heavy charm tetraquark states with strangeness in the quark
delocalization color screening model in the present work. Two kinds of configurations, the meson-meson
configuration and diquark-antidiquark configuration, are considered in the calculation. Our estimations
indicate that the coupled channel effects play important role in the multiquark system, and a bound state
with J” = 17 and a resonance state with J© = 0™ have been predicted. The mass of the bound state is
evaluated to be (3971-3975) MeV, while the mass and width of the resonance are determined to be

(4113-4114) MeV and (14.3-16.1) MeV, respectively.
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I. INTRODUCTION

In the recent two decades, an increasing number of
charmoniumlike states have been observed experimentally,
which provide a good opportunity of searching for multi-
quark states. As the first confirmed charmoniumlike state,
Z.(3900) was first observed in the year of 2013 by the
BESII [1] and Belle [2] Collaborations in the z*J/y
invariant mass spectrum of the process ete™ — 7" J /)y
at a center of mass energy of 4.26 GeV, and then the authors
of Ref. [3] further confirmed the existence of Z.(3900) by
using the data sample collected by CLEO-c detector in the
same process but at /s = 4.170 GeV. The partial wave
analysis of the process eTe™ — xtz~J/y with the data
sample accumulated at /s = 4.23 and 4.26 GeV indicated
that the spin and parity of the Z.(3900) state are 11 [4].
The observations indicate that such a new particle cannot be
simply interpreted in the conventional quark-antiquark
and three-quark schemes. Thus, some exotic interpreta-
tions, such as tetraquark state [5-8], hadronic molecular
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state [9-17], have been proposed. Besides the resonance
interpretations, Z.(3900) has also been considered as the
kinematic effects [18-23], which indicated that Z,.(3900)
was not a genuine resonance.

In the resonance frame, the quark component of
Z.(3900) is ccqg. The flavor independence of the strong
interactions naturally indicates the possible existence of the
strange partner of Z.(3900), whose quark components are
c¢sq. Such kind of charmoniumlike states with strangeness
have been predicted theoretically in various model, such as
tetraquark scenarios [24,25], hadronic molecular model
[26,27], the hadro-quarkonium model [25] and initial single
chiral particle emission mechanism [28]. In the year of
2020, the BES III Collaboration observed a new states
named Z.(3985) in the K* recoil mass distributions
of the process ete™ — KTD;D*/KTD =D [29]. Later
on, the LHCb Collaboration reported their observation of
two exotic structures, Z.,(4000) and Z.(4220), in the
J/wK™" invariant mass spectrum of the BT — J/ypK™
decay in 2021 [30]. Since the observed masses of
Z.+(3985) and Z.,(4000) were similar, these two states
may be considered as the same one (hereinafter, we use
Z.+(3985) to refer to this state). It is interesting to notice
that Z.(3900) is located in the vicinity of the D*D
threshold, while Z.,(3985) is close to D} D threshold, thus
one can consider Z.(3985) as a strange partner of
Z.(3900). Consequently, the hadronic molecular [31-40],
compact tetraquark [41-43] and hadro-quarkonium [25]
scenarios have been proposed to decode the nature of
Z.+(3985).

Published by the American Physical Society
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FIG. 1. The similarity of the hidden charm and doubly charmed
states. Hereinafter, T'...; is used to refer the doubly charmed state
with strangeness.

In the naive multiquark scenario, if there are multiquark
states composed of ccqg, the states composed of ccg g are
also expected to exist and have been considered to be the
molecular D**D° states [44-60], and compact states
[61-63]. Recently, the LHCb Collaboration reported the
observation of the first doubly charmed tetraquark state
T/.(3875) in the D°D°z* mass spectrum just below the
D**D° mass threshold [64,65] with I(JF) = 1(1%). As
indicated in Fig. 1, the quark components of 7'..(3875) are
ccq @, which indicate that T..(3875) could be a good
candidate of compact tetraquark state. In Refs. [61,62],
the authors investigated the mass spectrum of the S—wave
doubly heavy tetraquark states QQgg based on the
improved chromomagnetic interaction model and found a
stable ccii d tetraquark state with 1(J7) = 0(1*) below the
D*+ DO threshold, which is well consistent with the observed
T$.(3875). Moreover, the QCD sum rule estimation in
Ref. [63] also supported the compact tetraquark interpreta-
tion. In addition, the observed mass of T.(3875) is only
several hundred keV below the threshold of D°D**, which
imply that T7.(3875) could be interpreted as a shallow
molecular state composed of D°D** + H.c. Further esti-
mations by using the quark models [44-48,57-59], QCD
sum rules [49-51], heavy quark symmetry [52—-54,60] and
Bethe-Salpeter equations [55,56] indicated that T.(3875)
could be a good candidate of D°D** + H.c. molecular state.

Similar to the relation between Z,.,(3985) and Z,.(3900),
one can expect the existence of the strange partner of
T..(3875), i.e., the tetraquark states composed of ccgs.
Actually, before the observation of T.(3875), the Lattice
QCD estimations in Ref. [66] predicted that the T .; state
with J¥ = 17 was about 10 MeV below the threshold of
DT D*~, while the estimations by using the heavy quark
symmetry in Ref. [67] found its mass to be about 180 MeV
above the corresponding threshold. In Ref. [68], the
predicted T,.; tetraquark state with J© = 11 was below
the threshold of D*D?~, while those with J© = 0% and 2+
were both above the corresponding thresholds. After the
observation of T}, the authors in Ref. [60] took advantage
of the experimental information on the binding energy of

T/, to fix the cutoff regulator of the loops in the Bethe-
Salapeter equation and a D?D* bound state with J© = 1
was predicted. Besides, the color-magnetic model estima-
tions in Ref. [69] implied that both T, and T ; system
could be stable against the strong interactions. However,
the state 7. was not found in the quark model but if the
mixing of S—D wave was taken into account, this state may
be obtained [59]. As mentioned above, theorists have not
reach an agreement on the existence of 7., tetraquark
states. In the present work, we perform a system estima-
tions of T'..; system by using the quark delocalization color
screening model (QDCSM) in an attempt to further explore
the existence of the possible bounded and resonant states in
the T,..; system.

This paper is organized as follows. After the introduc-
tion, the details of the QDCSM and resonating group
method (RGM) are presented in Sec. II. Our numerical
results and the related discussions for 7.5 system are given
in Sec. III, and the last section is devoted to a short
summary.

II. QUARK DELOCALIZATION COLOR
SCREENING MODEL AND THE RESONANTING
GROUP METHOD

A. Quark delocalization color screening model

The QDCSM is an extension of the native quark cluster
model [70-73] and also developed with aim of addressing
multiquark systems. For the tetraquark system, the
Hamiltonian reads,

4 p;

H — m l
Z - < " om,
=

where T, is the center-of-mass kinetic energy, who is
usually subtracted without losing generality since we
mainly focus on the internal relative motions of the
multiquark system. The interplay is two body potential,
which includes color-confining potential V gy, one-gluon
exchange potential Vgg, and the potential results from
Goldstone-boson exchange, V,, i.e.,

4
)=Tew+ 3 Vin). ()

j>i=l1

V(rij) = Veon(rij) + Voce(rij) + V,(ri;).  (2)

In the present work, we focus on the S—wave low-lying
positive Tz tetraquark system with positive parity. In this
case, the spin-orbit and tensor interactions vanish and the
potential Vogg(r;;) becomes,

1 44,
Voce(7i)) :Zazl%/lf'/lf
1 =z 1 1 4o;-0;

rij 7
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where m; is the quark mass, ¢; and A{ are the Pauli matrices
and SU(3) color matrices, respectively. The ai'® is the
quark-gluon coupling constant, which offers a consistent
description of mesons from light to heavy-quark sector. The
values of ;; are associated with the quark flavors and in the
present work they are fixed by reproducing the mass
difference of the low-lying mesons with S =0 and S = 1.
The confining potential Von(r;;) is,

Veon(rij) = —aca - A5 [ f(ry;) + Vo,,,.(,/la (4)

where the Vj, is determined by the mass differences of
iy

the theoretical estimations and experimental measurement
of each kind of meson, which is also quark flavor related
parameter. In the QDCSM, the function f(r;;) is defined as,

r%j if i, joccur in the same cluster,

flriy) = L .
‘eT if i, joccur in different cluster,
where the color screening parameter p;; relevant to the light
quarks can be determined by fitting the deuteron properties,
NN and NY scattering phase shifts [74-76], which are
Hgq = 045, pye = 0.19, and pg = 0.08. The parameter ;;
satisfy the relation ,ués = Hqqttss» Where g represents u or d
quark. When extending to the heavy-quark case, we found
that the dependence of the parameter y,.. is rather weak in
the calculation of the spectrum of P, states by taking the
value of y,.. from 10~ to 1072 fm~2 [77]. Moreover, when
ij is rather small, the exponential function can be

approximated to be,
—piir,
e il =1 _,uijrzzj + O(ﬂzzjr;b‘)- (6)

in the small r region. Accordingly, the confinement
potential between two clusters is approximated to be,

e
VCON(rij) - _acﬂ‘z? ’ 'lj <— + Voij>
Hij
R —acki - A5(ry + Vo), (7)

which is the same with the expression of two quarks in the
same cluster. Thus, when the value of the y;; is very small,
the screened confinement will return to the quadratic form,
which is why the results are insensitive to the value of y...
So in the present work, we take y.. = 0.01 fm~2. Then pu,,
and p,. are obtained by the relation y2, = p .. and
//L%C = ﬂMUﬂCC’ respeCtiV61Y'

The Goldstone-boson exchange interactions between
light quarks appear because the dynamical breaking of
chiral symmetry. For the 7. system, the 7 exchange
interaction vanishes because there is no unflavor quark pair

in the tetraquark state, and then the concrete form of the
Goldstone-boson exchange potential becomes,

.
Vi = Vi(ry) Z’l? A

with
2 2 2
Jen "My Ay
V,(r;;) = et S A—
)(( l]) 4z 12m,mj A% —m; x
Ay
X (6,61) Y(m)(rij)—$Y(A)(rij) .
X
x ={K.n}. 9)

where Y (x) = e™/x is the standard Yukawa function. The
A% is the SU(3) flavor Gell-Mann matrix. The mass of the K
and 7 meson is taken from the experimental value [78]. The
chiral coupling constant, g, is determined from the zZNN
coupling constant through,

2
@ — <§> 2 Gann M (10)

dr \5) 4r m}’
where the SU(3) flavor symmetry only broken by the
different masses of the light quarks. All the other model
parameters are the same as the ones in Ref. [79], which
were determined by reproducing the mass spectrum of the
ground mesons. With three different sets of parameters,
the authors of Ref. [79] extended this model to investigate
the ccss tetraquark system, and they found that some
charmoniumlike states could be interpreted as ccss tetra-
quark states. For the sake of completeness, we collect the
relevant model parameters in Table L'

In the QDCSM, the single-particle orbital wave func-
tions in the ordinary quark cluster model are the left and
right centered single Gaussian functions, which are,

1 \3i _Ca-ds)?
¢a<si>=( )

zb*
1 \3 _p3s)’
dp(=S;) = (@) e . (11)

The quark delocalization is realized by writing the single-
particle orbital wave function as a linear combination of the
left and right Gaussians, which are,

'As for the a¢°, it is determined by the mass difference of J /y

and 7. It should be noted that the coefficient of 6;-0; is

as¢/(3m2), since m, is much larger than m, and mj, thus, we
need a large a$¢ to reproduce the mass splitting between J/y
and 7,.
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TABLE 1. Three sets of model parameters involved in the
present estimations.

Parameters QDCSM1 QDCSM2 QDCSM3
Quark mass m,(MeV) 313 313 313
my(MeV) 536 536 536
m.(MeV) 1728 1728 1728
Confinement b(fm) 0.29 0.3 0.315
a.(MeV fm™2) 101 101 101
Vo, (MeV)  —2.3928 -22543 —-2.0689
Vo, (MeV)  —1.9137 —1.7984 —1.6429
Vo, (MeV)  —1.4175 —1.3231 —1.2052
V.. (MeV) —1.3448 —1.2826 —1.2745
Vo, (MeV)  —-0.7642  —0.6739  —0.5452
V., (MeV) 0.6063 0.7555 0.9829
OGE al 0.2292 0.2567 0.3019
als 0.2655 0.2970 0.3484
alc 0.3437 0.3805 0.4405
as? 0.3856 0.3604 0.3360
asc 0.5969 0.6608 0.7649
ase 1.5101 1.6717 1.9353

l//a(si’ 6) = (¢a(si) + €¢a(_si))/N(€)’
wp(=Si.€) = (Pp(=S;) + edy(S;))/N(e).
N(e) = V1 + e + 2ee /4, (12)

where the mixing parameter €(S;) is not an adjusted one but
is determined variationally by the dynamics of the multi-
quark system itself. This assumption allows the multiquark
system to choose its favorable configuration in the inter-
acting process. It has been used to explain the cross-over
transition between the hadron phase2 and the quark-gluon
plasma phase [80-82]. Due to the effect of the mixing
parameter €(s;), there is a certain probability for the quarks
between the two clusters to run, which leads to the
existence of color octet states for the two clusters.
Therefore, this model also includes the hidden color
channel effect, which is confirmed by Refs. [83,84].

B. The resonating group method

In the present work, the RGM is employed to carry out
the dynamical calculation. When dealing with the two-
cluster system in this method, one can only consider the
relative motion between the clusters, while the two clusters

The phase shift of NN interaction could be described with the
formalisms with hadrons only. After including the pseudoscalar,
vector, and scalar meson, especially the ¢ meson, the NN
interaction has been well described. In Ref. [80], the authors
concluded that the o-meson exchange can be replaced by quark
delocalization and color screening mechanism introduced by
QDCSM by comparing the NN scattering and deuteron properties
obtained by chiral quark model and QDCSM.

@
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FIG. 2. The meson-meson configuration [diagram (a)] and
diquark-antidiquark configuration [diagram (b)] in the T,
tetraquark system.

are frozen inside [85]. So the wave function of the T .5
system can be constructed as,

Wag = Alwal)wsps)] ® x.(R)]7, (13)

where the symbol A is the antisymmetry operator, which is
defined as

AII—P13, (14)

where the P;; indicates the exchange of the particle
positions with numbers 1 and 3 from the Fig. 2. [¢] = [222]
gives the total color symmetry. The symbols /, S, L, and J
represent flavor, spin, orbit angular momentum, and
total angular momentum of 7.; system, respectively.
w4 and yp are the wave functions of the two-quark cluster,
which are,

LN ) c
va = gaz) < m St

LY a5
Yp = 22b? e’s ’71,;5'3)(37 (15)

where 7;, S, and y represent the flavor, spin and internal
color terms of the cluster wave functions, respectively.
According to Fig. 2, we adopt different Jacobi coordinates
for different diagrams. As for the meson-meson configu-
ration in Fig. 2(a), the Jacobi coordinates are defined as,

Pa =Tq —Tg,:

mry, + myrg,
A=

P ="Fg, — Ty,

my +m2
R . m3rq3 -+ m4rq4
g =—>——
ms + my
R :RA —RB,
R, = miry, + marg, + msry, + marg, , (16)

m1+m2+m3+m4

where the subscript ¢/g indicates the quark or antiquark
particle, while the number indicates the quark position in
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Fig. 2(a). As for the diquark-antidiquark configuration as
shown in Fig. 2(b), the relevant Jacobi coordinates can be
obtained by interchanging r, with r; in Eq. (16).

Form the variational principle, after variation with
respect to the relative motion wave function y(R) =
> 1 x1(R), one obtains the RGM equation, which is,

/H(R,R’);((R’)dR’ = E/N(R,R’);((R’)dR’, (17)

where H(R,R') and N(R,R’) are Hamiltonian and norm
kernels, respectively. The eigenenergy E and the wave
functions can be obtained by solving the RGM equation. In
the present estimation, the function y(R) can be expanded
by Gaussian bases, which is

3/4 N

1 1
R :—E R E C.
)(( ) \/4—” : (ﬂb2> i i,L
X/ e s/ YL(S))dS), (18)

where C; ; is the expansion coefficient, and n is the number
of gaussian bases, which is determined by the stability of
the results. S; is the separation of two reference centers. R
is the dynamic coordinate defined in Eq. (16). After
including the motion of the center of mass, i.e.,

4\
¢C<Rc>=( ) (19)

b

one can rewrite Eq. (13) as,

ds; .
Yag = A;Ci,L/\M—ﬂ(H ¢a(si)g¢ﬂ(_si)
X H’YIASAWIBSB][SYL (gi)]JU(fM%][ﬂ]’ (20)

where ¢,(S;) and ¢;(—S;) are the single-particle orbital
wave functions with different reference centers, whose
specific expressions have been presented in Eq. (11).

With the reformulated ansatz as shown in Eq. (20), the
RGM equation becomes an algebraic eigenvalue equation,
which is,

> _CouHif = EY CruNg, 1)
JL ]

where N ZL; and H ﬁ}-y are the overlap of the wave functions
and the matrix elements of the Hamiltonian, respectively.
By solving the generalized eigenvalue problem, we can
obtain the energies of the tetraquark systems E and the
corresponding expansion coefficients C; ;. Finally, the
relative motion wave function between two clusters can
be obtained by substituting the C;; into Eq. (18). In the
resonating group method, with the increasing of the

distance between two clusters, the continuum state will
fall off toward its threshold, the energy of the bound state
remains unchanged, while a resonance state is will tend to
be stable. In this case, the fraction of kth-channel compo-
nent of the resonance state can be estimated by
L S—

k= vt
coefficients for ith channel estimated by Eq. (21) in the
channel coupling estimations.

As for the flavor, spin and color wave functions of the
tetraquark system, they are constructed in a two step way.
One can first construct the wave functions for the two
clusters, and then coupling the wave functions of two
clusters to form the wave function of tetraquark system.
The details of the flavor, spin and color wave functions of
tetraquark system are collected in the Appendix.

where C; indicates the corresponding

III. NUMERICAL RESULTS AND DISCUSSIONS

In this work, only the low-lying S—wave T tetraquark
state are considered and the spin of the tetraquark system
can be 0, 1, and 2. Thus, the spin parity of 7. tetraquark
states can be 0", 11, and 2, respectively. Moreover, in the
present estimations, both the meson-meson and diquark-
antidiquark configurations are considered. In general, there
are two types of color structures for the meson-meson
configuration, which are color singlet-singlet (1. ® 1.)
and the color octet-octet (8, ® 8.). The later color struc-
tures have been taken into account by the quark delocation,
which is realized by constructing the single particle orbital
wave function as a linear combination of the left and right
Gaussians with a mixing parameter e(s;). The mixing
indicates that there is a certain probability for the quarks
between the two clusters to exchange. Thus in the QDCSM
model, we only consider the color singlet-singlet structures.
As for the diquark-antidiquark configuration, both the
antitriplet-triplet (3, ® 3,) and sextet-antisextet (6, ® 6,)
structure are taken into account. All the relevant channels
for all possible quantum numbers are listed in Table II,

where F; S{;)(i shows the necessary basis combinations in
flavor (F"), spin (S%), and color (r{) degrees of freedom.

A. Bound state

With the above preparations, the low-lying S—wave T'..;
tetraquark states are systematically explored herein. In
Tables III-V, we collect the estimated eigenenergies of
the T,; tetraquark states with different J” quantum
numbers. In those tables, the index of the first column
represents the symbols of each channel and in the second
and third columns we list all the involved channels
and the corresponding theoretical threshold, respectively.
Moreover, E. is the eigenenergy obtained in the single
channel estimations, E,.. and E,;, are the eigenenergies
estimated by considering the coupled channel effects in
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TABLE II. The relevant channels for all possible J” quantum numbers.
JP=0* JP=1* JP=2%
Index Fi Sl 25 [ s kI Channels Index Fi; Sl 25 [ j; ki Channels Index Fiy Sl x5 [ s ki Channels
1 [1,1,1] DD 1 [1,3,1] DD+ 1 [1,6,1] D*Di*
2 [1,2,1] D*Dit 2 [1,4,1] D*Df 2 [2,6,4] (cc)(gs)
3 [2,1,3] (cc)(gs) 3 [1,5,1] D*Dit
4 [2,2.4] (cc)(g5) 4 [2,3.3] (cc)(g5)

5 (2,4,4] (cc)(g5)

6 (2,5,4] (cc)(@5)
TABLE IIl. The low-lying eigenenergies (in unit of MeV) of T, tetraquark states with J¥ = 0*.

QDCSM1 QDCSM2 QDCSM3
Index Channel Threshold E,. E.. E ix E,. E. E ix E,. E,.. Eix
1 DDy 3833 3836.3 38362 38362 38363 38363 38362 3836.2 3836.2  3836.2
2 D*D:t 4119 4119.7 4120.9 4121.2
3 (ce)(gs) 4589.3  4299.8 4585.1 42918 45747 42779
4 (cc)(gs) 4321.3 4316.5 4308.0
TABLE IV. The same as Table III but for the tetraquark states with J* = 1%,
QDCSM1 QDCSM2 QDCSM3

Index  Channel  Threshold E,. E,.. Epmix E,. E.. E nix E. E. Emix
1 DOD+ 3977 3978.2  3977.1  3971.1 3978.2 39777  3973.8 39782  3978.1 3974.8
2 D*DY 3975 3978.0 3978.1 3978.2
3 D*Di* 4119 4110.8 4117.2 4118.1
4 (ce)(g5) 45442 41282 45354 41272 45189  4124.1
5 (ce)(g5) 4132.7 4132.5 4130.7
6 (ce)(gs) 4337.5 4334.1 4327.8
TABLE V. The same as Table III but for the tetraquark states with J” = 2.

QDCSM1 QDCSM2 QDCSM3
Index Channel Threshold E,. E,. E ix E. E. Enix E,. E,. E ix
1 D*Di* 4119 4122.0 4121.5 4122.2 4122.1 4122.3 4122.2
2 (cc)(g5) 4367.1 4366.3 4364.1

each kind of configuration, and in both configurations,
respectively.

Additionally, we define the binding energy E; of the T, 5
tetraquark states as E,; = E; — E;(o0) to identify whether
or not the tetraquark states are stable against the strong
interactions, where E4(o0) is the lowest possible threshold
of the two meson structure estimated in the QDCSM. and i
represents the different situation of channel coupling. Such
a subtraction procedure can greatly reduce the influence of
the model parameters on the binding energies. If E;, > 0,
the tetraqaurk systems can fall apart into two mesons

via the strong interactions. If £, < 0, the strong decay into
two mesons is forbidden kinemetically and therefore the
decay can only occur via either the weak or electromagnetic
interaction.

For the T, tetraquark system with J¥ = 0%, there are
two channels in the meson-configuration and two channels
in the diquark-antidiquark configuration. The estimated
eigenenergies of T, state with J* = 0" are listed in
Table III. The theoretical thresholds of the meson-meson
channels are also presented for comparison. With the
parameters in QDCSMI, the single channel estimations in
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the meson-meson configuration find that the eigenenergies
are all above the corresponding threshold, which indicate
that the single channel estimations do not support the
existence of the bound states. In addition, when considering
the coupled channels effects in the meson-meson configu-
rations, we find the estimated eigenenergy is 3836.2 MeV,
which is above the threshold of D°D7. The lowest eigene-
nergy obtained by coupled channel estimations in the
meson-meson configuration is very close to the one of
the single channel estimations in the D°D7 channel, which
indicates that the coupled channel effect in the meson-meson
configuration is rather weak. As for the diquark-antidiquark
configuration, both the single channel estimations and the
coupled channel estimations indicate that the eigenenergies
are above the threshold of DD} . Different from the meson-
meson configuration, we find the eigenenergy obtained from
the coupled channel estimation is at least 20 MeV below the
lowest one of the single channel estimation, which indicate
the coupled channels effect in the diquark-antidiquark
configuration is much strong. Moreover, we extend the
coupled channel effect in both configurations, and the
eigenenergy is estimated to be 3836.2 MeV, which is still
above the threshold of D°D; . The results estimated with the
parameters in QDCSM?2 and QDCSM3 are very similar with
those obtained with the parameter in QDCSM1 and no stable
tetraquark state is found.

For the T, ; tetraquark system with J© = 1%, there are
six channels, including three channels in the meson-meson
configuration and three channels in the diquark-antidiquark
configuration. From Table IV, the estimated results of three
sets of model parameters are almost identical. When
considering the single channel estimations in the meson-
meson configuration, we find that the estimated eigen-
energy of D'D:* and D*D] channels are above the
theoretical threshold of the corresponding physical chan-
nels, which indicates that these channels are scattering
channels in single channel calculations. However, a bound
state in the D*D* channel with the bound energy about
1-10 MeV is obtained with all three sets of model

TABLE VL

parameters. Besides, by the coupling channels with the
meson-meson configuration, the estimated eigenenergy is
slightly above the lowest theoretical threshold of the D*D7,
which show that the effect of couple channels in the meson-
meson configuration is rather weak. For the diquark-
antidiquark configuration, the estimated eigenenergies
obtained for the single-channel and channel-coupled esti-
mations are above the theoretical threshold of the lowest
channel D*D} . Nevertheless, when the channel coupling
between the two configuration are taken into account, a
shallow bound state is detected, although the magnitude of
the bound energy is slightly different with different sets of
the model parameters.

In view of the above conclusions, we estimate the
average values of each terms in the Hamiltonian to examine
how a shallow D*D7 bound state with J© = 17 is created.
In Table VI, we present the individual contributions to E,
from the kinetic energy term, and the interaction potential
terms, respectively. In addition, the average values of each
term for two conventional D* and DY mesons without
interactions, i.e., the distance between the two mesons are
large enough, are also listed in the table for comparison.
Here, we define AE,. = E,. — E4, AE.. = E,..— E,, and
AE i« = Enix — E4. From our estimations, we find the
contributions from the confinement potential are always
positive, which indicate that confinement potential pro-
vides repulsive forces that prevent from the bounding two
mesons as a tetraquark state. For the kinetic energy term,
with more physical channels taking into consideration, the
properties of kinetic energy basically transforms gradually
from repulsion toward very strong attraction for QDCSM 1
and QDCSM2, while for QDCSM3, the repulsive inter-
action resulted from the kinetic energy term becomes weak
with more channels involved. Similar tendency appear in
the one-gluon-exchange interaction. Thus, the present
estimations imply that the kinetic term and the one-
gluon-exchange interaction favor of forming a tetraqurk
states rather than two individual mesons. Such a phenome-
non illustrates the very delicate competition between the

Contributions of each terms in Hamiltonian to the energy of the D°D}* bound state with J* = 1% in unit of MeV. E,

stands for the lowest possible threshold of two mesons estimated in QDCSM. Our estimations indicate the contributions of 7 meson
exchange potential are all less than 0.05 MeV in different sets of model parameters. Thus, the contributions from # meson exchange are
not presented.

QDCSM1 QDCSM2 QDCSM3

Hy Vcon Voae Vg Hy Vecon Voae Vi Hy Vecon Voae Vg
E,. 1081.3 -901.7 -506.6 ~0.0 1011.2 —-783.9 —554.2 ~0.0 917.9 -615.9 —628.8 ~0.0
E,.. 1073.9 —895.9 -505.8 -0.1 1008.8 —782.5 —-553.5 -0.1 917.1 —615.5 —628.5 ~0.0
E ix 1049.0 —-820.4 —558.1 —4.4 998.4 -752.4 -573.7 -3.5 915.3 —609.8 —-6354 -0.3
E, 1079.6 -903.3 -506.1 ~0.0 1008.7 —784.7 —553.8 ~0.0 915.0 —-616.3 —628.5 ~0.0
AE,. 1.7 1.6 -0.5 ~0.0 2.5 0.8 0.4 ~0.0 2.9 04 -0.3 ~0.0
AE,. -5.7 7.4 0.3 —-0.1 0.1 2.2 -0.3 -0.1 2.1 0.8 0.0 ~0.0
AE,. -306 829  -50 —44 —103 323  —199 35 03 5.5 72 03
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kinetic energy and the interaction potential from various
sources in the Hamiltonian.

For the T, tetraquark system with J = 2%, only one
physics channel in the meson-meson configuration and one
channel in the diquark-antidiquark configuration exists.
From Table V, one can find the eigenenergies obtained from
the single channel estimation is higher than the physical
meson-meson channel. After considering the coupled
channel effect between the meson-meson and diquark-
antidiquark configurations, the estimated eigenenergy is
still above the threshold of D*D*", which indicates that
there is no bound state in the 7. tetraquark system
with JP =27,

B. Resonance states

In the bound state estimations, we find one bound state
with J¥ = 17 while there is no bound state in the J* = 0F
and J¥ = 2% systems. In the following, we will employ the
real scaling method to explore the possible resonance states
in the T tetraquark system. To determine whether these
resonance states could be detected by the open channels,
we perform a channel coupling estimation by including all
the meson-meson and diquark-antidiquark channels in the
estimations.

The real scaling method is developed to identify the
genuine resonances from the states with discrete energies
with finite volume [86]. In this method, a factor S,,, which
is the distance between two clusters, is adopted to scale the
finite volume. So with the increase of the distance between
two clusters, the continuum state will fall off toward its
threshold, the energy of the bound state remains
unchanged, while a resonance state will tend to be stable.
If the energy of a scattering state is far away from the one of
the resonance, the coupling between the resonance and
the scattering states is rather weak, and the energy of the
resonance is almost stable. When the energy of the
scattering state approaches the one of the resonance due
to the increasing of S,,, the coupling will become strong,
and if S,, increases further, the energy gap between the
resonance and scattering states will increase and the
coupling will become weak again. In this way, an avoided
crossing structure appears. This is a general feature of two
interacting energy levels. Because of the continuum nature
of the scattering states, the avoided crossing structure will
show up repeatedly with the increasing of S,, as shown in
Fig. 3 and the resonance line corresponds to the energy of
the resonance state. In addition, from the slopes of
resonance and scattering states, the decay width can be
estimated by,

L = 41V (5)) YK (22)

|kr_kc ’

Energy (MeV)

S (fm)

FIG. 3. A sketch diagram of the resonance shape in the real-
scaling method.

where k, and k. are the slopes of the resonance and scattering
states, respectively. While, V ;.(S) is the minimal energy
difference between the resonance and the scattering state at
avoided crossing point. This method has been success-
fully applied to investigate the pentaquark [87,88], the
dibaryon [84], and the tetraquark systems [79,89,90].

In the present work, we expand the spacial wave function
with a set of Gaussians with differences S,,, (m =
1,2,3,...,n) and the distance with the relative motion of
two clusters can be scaled. So we calculate the energy
eigenvalues of the 7. tetraquark system by taking the
value of the largest distance (S,,) between two clusters
from 4.0 to 9.0 fm to check if there is any resonance state.
Here, we take the results of the QDCSMI1 as examples,
which are shown in Fig. 4 with different J© quantum
numbers. For the T, tetraquark system with J© = 0% as
shown in Fig. 4(a), one can note that the lower black
horizontal line corresponds to the physical threshold of
D} DY, while the upper blue horizontal line with the energy
to be about 4114 MeV, locates below the threshold of
D*D*, which corresponds to a resonance state since the
resonance behavior appearing in the Fig. 4(a) as the
finite space is constantly expanding. Moreover, the reso-
nance state is estimated by considering the full channel
coupling, and the present result indicates that its main
ingredient is D*D*. In other words, the effect of the
channel coupling push the energy of the physical channel
D*D[™* a bit below its threshold. In addition, the width of
this resonance state is estimated to be about 14.3 MeV
according to Eq. (22).

For the T,,; tetraquark system with J¥ = 1% as shown in
Fig. 4(b), it is obvious that the lowest red horizontal line
locates at the energy of 3971 MeV, which is below the

054021-8



PREDICTIONS OF THE STRANGE PARTNER OF T.. IN ...

PHYS. REV. D 109, 054021 (2024)

4300 4300
Fe

4250k et
e .
4200

4200f ¢

o
4114 MeV

4150 .
®e

4100 | "*

4300

. . ) .
a250f  °, .. . *4
. .

Energy (MeV)

b, B 4100
4000 “e..

4050f; ,
e

3900
4000

et
s 4200
.

e,
LT
LT

..
.....
450f.,, 0 Teee

.........
...........
............
cee

ceq
.....
............
.............

228 D'DY

...........................

DD}

3971 MeV

FIG. 4. The stabilization plots of the energies of the T, tetraquark systems.

threshold of the D°D{*, and this represents the bound
states of T, tetraquark system with J” = 1. This
conclusion is consistent with the estimations in the last
subsection. Moreover, two additional horizontal lines are
also presented, which stand for the threshold of D*D7 and
D*D; ™, respectively. The present estimations indicate that
there is no resonance state in the 7, tetraquark system
with J© = 17, and the bound state in the D*D}* channel
becomes the scattering state by the effect of the channel
coupling. For the T; tetraquark system with J© = 2% as
shown in Fig. 4(c), there is one horizontal line, which
represents the threshold of D*D?*. It is clearly to conclude
that there are no bound or resonant states in the 7.
tetraquark system with J¥ = 2+,

In addition, we perform the same estimations for the 7'.;
tetraquark system in the QDCSM2 and QDCSM3. The
results are similar to those of QDCSM1. We summarize the
results obtained from three sets of model parameters in
Table VII. By taking the coupled channel effects into
consideration, we find one resonance state with a mass
41134114 MeV for the T, tetraquark system with
JP = 0". The dominant component of the resonance state
is D* D" with the percentage of this component to be about
80%. Moreover, the decay width of this resonance state is
predicted to be 14.3-16.1 MeV. For the J* = 11 system,

TABLE VII. The energies and widths of the T tertraquark
states.
State Parameter sets

JP QDCSM1 QDCSM2 QDCSM3
Bound 1+ 3971.1 3973.8 3974.8
Resonance 0" 4114/14.3 4114/15.8 4113/16.1

there is a bound state with energy range (3971.1-
3974.8) MeV and no resonance state is obtained. For the
T .. tetraquark system with J* = 2%, no resonance or bound
state is obtained by the channel coupling estimations.

IV. SUMMARY

In the present work, the T'..; tetraquark system with the
quantum number J© = 0%, 1%,2% are systemically inves-
tigated to search for the possible bound state and resonance
state by using the RGM in the QDCSM framework. In the
model, both meson-meson and diquark-antidiquark con-
figurations are taken into account, and the single-channel
and the coupled channel calculations are preformed to
obtain the energy of the 7', ; tetraquark system. In addition,
a stabilization calculation is carried out to seek for possible
resonance states. Furthermore, to check whether the
estimated results are parameter dependent, three different
sets of model parameters are employed in the calculation
and we find the qualitative results of three sets of
model parameters for the 7'..; tetraquark system are very
similar.

From the present estimations, we find that the coupled
channel effects plays important role in the 7'..; tetraquark
system. After taking the coupled channel effects into
consideration, we predict one bound state with the energy
to be 3971.1-3974.8 MeV and J© = 1. Moreover, one
resonance state with J” = 07 is also obtained, the reso-
nance mass and width are estimated to be 4113-4114 MeV
and 14.3-16.1 MeV, respectively. The predictions in the
present work could be experimentally detected in the future
by LHCb and Belle II. Additionally the theoretical and
further experimental investigations for properties of the
T..s tetraquark could pave the way for possible doubly and
triply tetraquark states.
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APPENDIX: THE WAVE FUNCTION OF THE
OPEN HEAVY CHARM TETRAQUARK WITH
STRANGENESS

1. The color wave function

Plenty of color structures in multiquark systems will be
available with respect to those of conventional hadrons
such as gg mesons and ggq baryons. In this appendix, we
present how to construct the colorless wave function for a
tetraquark system.

For the meson-meson configurations, the color wave
functions of a gg cluster would be,

1 _ B _
Cliy = \/;(rr—l—gg—i-bb),

C[221] =rb, C[321] = —rg,
C?zu = gb, C[521] = —byg,
Chy=g7.  Chy =bF,

L
21— \/;(”’—99)7

C8
C). = L g+ 2bb Al
21 — 6(_rr_gg+ )’ ( )

where the subscript [111] and [21] stand for color-singlet
(1.) and color-octet (8,), respectively. So, the SU(3) gjor
wave functions of color-singlet (two color-singlet clusters,
1. ®1,) and hidden-color (two color-octet clusters,
8. ® 8,) channels are given, respectively,

X = C[1111]C[1111]’
X 1
X5 = \/g(c[22l]c[721] - C?zl]c[szl] - C?ZI]C[621]

+ Chy Chyy = Chyy Chyy + Coany Cayy

—~ Cly Chyy + C[721]C[22u>. (A2)

For the diquark-antidiquark structure, the color wave
functions of the diquark clusters are,

1

Chy = \é(rgwL gr).
Cct = : b+ b

o =\ 5(rb +b7).

s _ L b+ b 6 =bb

Cly = \/3lob +bg).  Cpy=bb,

, 1 ) 1
C[”] = z(rg—gr), C[H] = z(rb —br),
0 1
Ciy = E(gb — bg).

While the color wave functions of the antidiquark clusters
can be written as,

C [12] =rr,

Chy = 99-

(A3)

1
|z 2 _ _ [ laaan
Clog =TT, Cioy = \/;(rg+gr),

_ l_- -
szz] =99 C?zz] = \/;(rb—f—b 7),

The color-singlet wave functions of the diquark-antidiquark
configuration can be the product of color sextet and
antisextet clusters (6, ® 6,) or the product of color-triplet
and antitriplet cluster (3, ® 3,), which read,

¢ 1 2]
X5 = \/g(clecfzz] = ChyCiy + Ciy Chy

+ C?z] C?zz] - C[Sz] C[Szz] + Cgcgz)’

1
X4 = \/;<C[711]C[7211] -

ChyChuy + C[gn}c?zn])' (A5)

2. The flavor wave function

For the flavor degree of freedom, the different
coupling methods generate different flavor wave function.
From the Table II, the T, tetraquark flavor wave
function can be categorized as Fi, and F ii, where the
subscript m and d refer to meson-meson and the diquark-
antidiquark configurations, respectively. Distinctive struc-
tures are gotten the quark coupling arrange. For the
meson-meson structure, the coupling orders can be
accessed as,
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F, = (cq) = (c5), (A6)

while for the diquark-antidiquark structure, the flavor
wave function should be written as

Fj = (cc) = (g5) (A7)

3. The spin wave function

The total spin S of tetraquark states ranges from 0 to 2.
All of them are considered. The wave functions of two
body clusters are,

X1 = aa,

1
X10 = \/;(aﬂ + pa),
X1-1 = PP,

X00 = \/;(aﬁ - pa).

Then, the total spin wave functions S’ are obtained by
considering the coupling of two subcluster spin wave
functions with SU(2) algebra, and the total spin wave
functions of four-quark states can be read as,

S(l) = X00X 00>

6= \/%()(11)(1—1 = X100 T X1-1X11)s

S? = XooX'11»

St = x11x00-

S? = \/%()(11)(10 = X10X11)s

% = xuxn- (A9)
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