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Abstract: Inspired by the recent observation of a very narrow state, called 7., by the LHCb collaboration, the pos-
sible bound states and low-lying resonance states of the doubly-heavy tetraquark states cciid (T..) and bbiid (Tpp)
are searched in the framework of a chiral quark model with an accurate few-body method, the Gaussian expansion
method. The real scaling method is also applied to identify the genuine resonance states. In the calculation, the
meson—meson structure, diquark—antidiquark structure, and their coupling are all considered. The numerical results
show: (i) For T, and Ty, only I(J Py = (1%) states are bound in different quark structures. The binding energy var-
ies from a few MeV for the meson—meson structure to over 100 MeV for the diquark—antidiquark structure. For ex-
ample, for T,., in the meson—meson structure, there exists a weakly bound molecule DD* state around 3841.4 MeV,
1.8 MeV below the D°D**, which may be a good candidate for the observed state by LHCb; however in the
diquark—antidiquark structure, a deeper bound state with mass 3700.9 MeV is obtained. When considering the struc-
ture mixing, the energy of system decreases to 3660.7 MeV and the shallow bound state disappears. (ii) Besides

bound states, several resonance states for Too(Q = ¢,b) with I(JP) = 1(0%),1(17),1(2+),0(1%) are proposed.
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I. INTRODUCTION

Recently, the LHCD collaboration [1] reported the ob-
servation of a very narrow state, called T, in the

cco
D°Dz* invariant mass spectrum. The binding energy
and the decay width is:

Smpw =—-273+61 5%} keV/c?,
Tpw =410+ 16543718 keV. (1)

The LHCD collaboration also released a decay analysis, in
which the unitarised Breit—Wigner profile was used [2].
The mass with respect to the D** D threshold and width
reads,

omY =-360+407) keV/c?,
¥ =48+2" kev. 2)

This observation has two points worth our attention.
Firstly, different from the hidden charm or hidden bot-

tom exotic hadron states previously observed experiment-
ally, this is the first observation of an exotic state with
open double charm. Dating back to the year of 2002, the
SELEX collaboration first reported the observation of the
doubly-charmed baryon Z.(ccd) in the channels A} K~ n*
and pD*K~ [3, 4]. Fifteen years later, the LHCb collabor-
ation also found the doubly-charmed baryon Z}(ccu) in
the AfK n*n* mass distribution [5]. The value of the
mass is 100 MeV higher than the E!. observed by the
SELEX collaboration. Secondly, the mass of the ob-
served T, is just a litter lower than M(D°)+ M(D**), with
a very small binding energy. Undoubtedly, the observa-
tion of T}, will open a brand new window to search for
new hadron states beyond the traditional hadrons, both
experimentally and theoretically.

The discoveries of T. and Z/} have an important im-
pact, since they indicate that two identical charm quarks
can exist in a hadronic state, which inspires some theoret-
ical studies on possible doubly-charmed tetraquarks and
their partner states, doubly-bottomed tetraquarks. Histor-
ically, the first study of QQgg was made in early 1980s
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[6], with the observation that the system will be bound,
below the Qg+ Qg threshold, if the mass ratio M/m be-
comes large enough. This was confirmed by Heller et al.
[7, 8] and Zouzou et al. [9]. The first phenomenological
attempt to estimate doubly-heavy tetraquark mass was
carried out by Lipkin using the nonrelativistic quark mod-
el in 1986 [10]. The author pointed out My <3935MeV,
60 MeV above the threshold, and 7}, was a bound state
with the binding energy of 224 MeV.

Until now, there have been many articles published
about the doubly-heavy tetraquarks QQgg (Q = c,b;
q =u,d,s), such as the color—magnetic interaction (CMI)
model [11-16], quark models [17-35], the QCD sum rule
approach [36—46], lattice QCD simulations [47-55], ef-
fective field theory [56—58] and others [59—64]. One of
the controversies is whether QQgg tetraquarks with two
heavy quarks Q and two light antidiquarks g are stable or
not against the decay into two Qg mesons. Actually, this
dispute has a long history, due to the lack of experiment-
al information about the strength of the interaction
between two heavy quarks. The other important question
is, if the Tpp is bound, is it tightly bound or loosely
bound?

Most theoretical calculations predict that the double-
bottom tetraquark states, at least the 17 states, lic below
the open-bottom threshold. Conversely, for doubly-
charmed tetraquarks, some works suggest they are above
the open-charm threshold [18, 25, 36, 37, 39, 48, 65]. In
Ref. [65], the authors stated that T, was a I(J©)=0(1")
state around 3929 MeV (53 MeV above the DD*
threshold) and all the double-charm tetraquarks were not
stable. Karliner et al. [18] predicted the mass of T(cciid)
with J¥ = 1* to be 3882 MeV, 7 MeV above the D°D**
threshold and 148 MeV above the D°D*y threshold
against the strong and weak decays. In lattice QCD simu-
lations, the authors [48] showed that the phase shifts in
the isospin triplet ( = 1) channels indicated repulsive in-
teractions, while those in the 7 = 0 channels suggested at-
traction, although neither bound states nor resonance
states were found in the 7T..(IJ¥ =01%). Some works are
in favor of them as tightly bound states [11-13, 23, 35].
The common feature of research obtaining a deeply
bound state is that the diquark —antidiquark structure is
employed. For example, in Ref. [12], the mass splitting
indicated that the mass of 7., with color structure 6®6
lay above the DD* threshold, but the mass of 7. with
color structure 3®3 lay at 71 MeV below the DD*
threshold. On the other hand, in Ref. [14], Li ef al. ob-
tained a loosely-bound molecule state with a 470-keV
binding energy, which was consistent with the recent ex-
perimental data [1, 2]. In their work, only the
meson—meson structure was considered. These theoretic-
al works suggest that color structures and quark—quark in-
teractions may play an important role in the T states.

The discovery of the T, state provides a chance to

check the quark—quark interactions for various theoretic-
al approaches based on quark degrees of freedom. In the
quark model, quark —quark interactions within the con-
finement scale (~ 1 fm) have undergone a wide check in
the hadron spectrum, where the unique color structure,
singlet, is accepted. When we apply quark—quark interac-
tions to multiquark systems, Casimir scaling is employed
for generalization [66], although this generalization may
cause anti-confinement in multiquark systems [67]. In the
Casimir scaling scheme, the two-body interactions used
in color singlet ggg and ¢g systems are directly extended
to quark-pairs with various color structures, and the ef-
fects of color structure are taken care of by the Casimir
operator A;- 4;.

With the accumulation of experimental data on multi-
quark systems, it is time to check Casimir scaling in de-
tail. Here, we apply the chiral quark model (ChQM) to
the tetraquark system Tpp with meson —meson and
diquark —antidiquark structures, and generalize the
quark —quark interactions used in color-singlet baryons
and mesons to multiquark systems using Casimir scaling.
The contributions of each term in the Hamiltonian for dif-
ferent color structures are extracted, and used to study the
effects of color structure. In this way, we are trying to
make clear why the diquark—antiquark structure leads to
deeply bound states, whereas the meson—meson structure
brings about weakly bound states. In the present work, we
investigate the doubly-heavy tetraquarks cciid and bbid
with the quantum numbers I(JP)=1(0%),1(1%),1(2%),
0(1%) constrained by the Pauli principle in the framework
of the ChQM. Single-channel and various channel-coup-
ling calculations are performed to show the influence of
color structure. Meanwhile, the possible resonance states
are also searched with a real scaling method [68] in the
complete coupled channels.

The paper is organized as follows. In the next section,
we present the chiral quark model (ChQM) and the accur-
ate few-body computing method —the Gaussian expan-
sion method (GEM) [69]—as well as the wave functions
of the four-body Tpo system. In Sec. III, we present and
analyze our results. Finally, a summary is given in the
last section.

II. THEORETICAL FRAMEWORK

A. The chiral quark model

Many theoretical methods have been used to uncover
the properties of multiquark candidates observed in ex-
periments since 2003. One of them, the QCD-inspired
quark model, is still the most effective and simple tool to
describe the hadron spectra and hadron—hadron interac-
tions, and has produced great achievements. It has been
used in our previous work to investigate the tetraquark
systems and obtain some helpful information [70-72].
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Here, the application of the chiral quark model in doubly-
heavy tetraquark states Ty is quite expected.

The Hamiltonian of the chiral quark model can be
written as follows for a four-body system,

52 .
Py 1234
H= +
Z 21112 2,1134 211234
C . G
+Z VE+VE+ VE+ V. (3)
i<j=1 x=nKn
C,Gx,o0

The potential energy terms Vi represent confine-
ment, one-gluon exchange (OGE) Goldstone boson ex-
change and scalar o-meson exchange, respectively. Ac-
cording to the Casimir scheme, the forms of these poten-
tials can be directly extended to multiqaurk systems with

the Casimir factor 4;-A; [66]. Their forms are:

VG = (—acr; = N - A5, )
e el 1 2n
_—/1 Aj[rlj—wa'i‘o'jé(rij)], (5)
e_r.//ru(#./)
orij)= ———, (6)
T Al ()
4 gch mfzr aya
T = Y A48, 7
g 47r12mm,A— m”z’f )
2 2
gm mK
vE = 924, 8
ij 47T 12m,m]A2 —m mKV Z 17 ( )
2 2 2
n :gﬂ M —A,] m,v
i Ax 12m;m; Az—m% T
X[/18/18 cosfp — /10/10 smep] 9
A3
v = Y(m)(rl-j)——)gY(AXr,‘j)}(r,w(rj, (10)
my
2
o 8o A%
i~ an Ag—m?,ma
Ay
X |Y(mgrij) — —Y(Agrij) |, (11)
meg

where Y(x)=e*/x; {m;} are the constituent masses of
quarks and antiquarks, and y;; are their reduced masses;

(my +my)(m3 +my)

H1234 = ; 12)
miy+my+ms3+my

Pij=Di—p)/2, p1234 = (P12—p3a)/2; ro(uij) = so/uij; o
are the S U(2) Pauli matrices; A, A° are SU(3) flavor and
color Gell-Mann matrices, respectively; gfh /4r is the
chiral coupling constant, determined from z-nucleon
coupling; and «; is an effective scale-dependent running
coupling [73],

@

as(ij) = ———————-
" o2 +2)/AY)

(13)

All the parameters are determined by fitting the
meson spectra, from light to heavy, and the resulting val-
ues are listed in Table 1.

Table 1. Model parameters, determined by fitting the meson
spectra.
Quark masses /MeV my =mq 313
mg 536
me 1728
mp 5112
Goldstone bosons s 0.70
(fm~! ~ 200 MeV) Mg 3.42
my 2.77
mg 2.51
A =As 42
Ay =Ag 5.2
g2, /(4m) 0.54
6,(%) -15
Confinement ac./(MeV fm~2) 101
A/MeV —78.3
OGE 0] 3.67
Ap/fm™! 0.033
Ho/MeV 36.98
so/MeV 28.17

With these model parameters, we obtain the list of
relevant meson spectra for D® and B® in Table 2. By
comparison with experiments, we can see that the quark
model can successfully describe the hadron spectra.

B. Wave functions of Tg

For the Tgp (Q =c,b) system, there are two quark
configurations —the meson-—meson structure (MM) and
the diquark —antidiquark structure (DA) —which are
shown in Fig. 1. Both structures and their coupling ef-
fects are considered in this work.
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Table 2
quark model in comparison with the experimental data [74]
(in unit of MeV).

The mass spectra of cii, cd, bii, bd in the chiral

State Meson 1J%) Energy Expt [74]
cii Do %(0*) 1862.6 1864.8
D*0 %(1’) 1980.6 2007.0

cd D* %(0*) 1862.6 1869.6
D %(r) 1980.6 2010.3
bit B %(O*) 5280.8 52793
B*~ %(1‘) 5319.6 5325.2

bd B° %(o-) 5280.8 5279.6
B0 %(1-) 5319.6 5325.2
©—1T©:
@4 2@

Fig. 1. (color online) Two types of conﬁguration of

Too (Q =c,b). Figure (a) represents the meson—meson struc-
ture; figure (b) is the diquark—antidiquark structure.

The wave functions of tetraquark states should be a
product of spin, flavor, color and space degrees of free-
dom. For the spin component, we denote o and S as the

spin-up and spin-down states of quarks, and the spin
wave functions for the two-quark system are

X11 =aa, x10= %(0,3"‘,301), X1-1 =18,

Yoo =%(aﬂ ~ pa), (14)

then total six wave functions of the four-body system are
obtained, which are shown in Table 3. The subscript of y
represents the spin values S| and S, of two sub-clusters.
The superscript of y stands for the total spin S (§;®S, =
S) and the third projection Mg of S for the four-quark
system.

For the flavor component, the flavor wave functions
with isospin =0 and 1 are also tabulated in Table 3. The
subscript 00 or 10 of y represents the total isospin / and
the third projection I, of .

For the color component, more richer structures in the
four-quark system will be considered than conventional
qq mesons and gqq baryons. For the meson—meson struc-
ture in Fig. 1, in the SU(3) group, the colorless wave
functions can be obtained from 1®1=1 or 8®8 =1. For
the diquark —antidiquark structure, the colorless wave
functions can be obtained from 3®3 =1 or 66 =1. The
detailed expressions of these functions can be found in
Table 3.

Because the quark contents of the presently investig-
ated four-quark systems are two identical heavy quarks
(Q=c,b) and two identical light antiquarks (i,d), the
wave functions of Tpo should satisfy the antisymmetry
requirement. Then we collect all the color—spin bases of
Too states for possible quantum numbers according to
the constraint from the Pauli principle in Table 4.

Table 3. Wave functions of spin, flavor and color for Ty,.

Spin Flavor

Color

00 _

1, - _
ng = X00X00 X _E(Cd(:ﬁ — ciicd)

1 T
X = \/g(Xll/\,/l—l —X10X10 +X1-1X11) X' = =3 (cdeii+ ciicd)
11 _
Xo1 = X00X11

X16 = X11X00

1
Xii= %(XIIXIO_XIOXII)

Xﬁ =X11X11

1 _ _
1®1:x = 5(7r+gag+bb)(7r+gg+bb)

. 2 - _ -
8®8 :,\("2 = % (3brrb+3grrg +3bggb +3gbbg + 3rggr
+ 37bbr + 2Frir +2gggg + 2bbbb — Frgg
— ggir—bbgg — bbrr — ggbb — rbb)
- . 3
3034 :%/»(rg?g —rggr+grgr—grrg
+ rbFb — rbb¥ + brbF — brib
+ gbgh — gbbg + bgbg — bggb)
_ 6 -
606: y = 1—‘/; (2rriF+2gggg +2bbbb + rgrg + rggr
+ grgr + grig + rbrb + rbb + brbv
+brib + gbgh + gbbg + bgbg + bggh)
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Table 4. Color—spin bases for T, system. The bases can be
read as the notation: [(ci)’(cd)’?15 for meson—meson struc-
tures, [(co)’] (@d)$}1* for diquark—antidiquark structures. The
superscripts S, S, represent the spin for two sub-clusters;
S (S1®S,=15) is the total spin of the four-quark states. The
subscripts ¢; and ¢, stand for color. For T, states, replace ¢
quark with b quark.

1JP) 1(0%) 1(1%) 12 0(1*)
[em(ed®  [(cw)ed)il'  [(c)i(cd)}l*  [(ct)}(cd)]'
[(cn(edyl”  [cm(edyg]'  [cwylcdyl*  [(ci)y(cd)g]!
(e} (ed)1® [} cd®'  [cal@Dil  [(ci)}(cd)i!

Bases [(cig(cd)gl”  [(cig(cd)y]! [(cing(cd)g]’
[(cog@dR)®  [(co)i(ad)y]! [(c@)] (cd)]"
[(co) (ad)}1° [(ci)g(cd)y]!

[(coxgtad)}]!
[(col@a)})!

Next, we discuss the orbital wave functions for a four-
body system. These can be obtained by coupling the or-
bital wave function for each relative motion of the system:

W = [, (i) W, (raa)], WL, (riosa) 17 (15)

where [; and [, are the angular momentum of two sub-
clusters. W, (ri234) is the wave function of the relative
motion between the two sub-clusters with orbital angular
momentum L,. L is the total orbital angular momentum of
the four-quark state. In the present work, we only con-
sider the low-lying S-wave double heavy tetraquark
states, so it is natural to assume that all the orbital angu-
lar momenta are zero. In GEM, the spatial wave func-
tions are expanded in series of Gaussian basis functions:

Pinax

W)= ) a5 (), (16)

n=1
Yo (r) = Nur'e ™" Yyu(F), (17)

where N,; are normalization constants,

172

21+2 2 - l+%
LG DAEN (18)

A _[ QI+ 1)

¢, are the variational parameters, which are determined
dynamically. The Gaussian size parameters are chosen
according to the following geometric progression:

Vi = (19)

1
2’

This procedure enables optimization of the expansion us-
ing just a small number of Gaussian functions. Then, the
complete channel wave function ¥ IA;I’M’ for the four-quark
system is obtained by coupling the orbital and spin, fla-
vor, and color wave functions obtained in Table 4. Fi-
nally, the eigenvalues of the four-quark system are ob-
tained by solving the Schrodinger equation:

HyM = g, (20)

III. CALCULATIONS AND ANALYSIS

In the present work, we are interested in looking for
the bound states of low-lying S-wave Tyg (Q = c¢,b) sys-
tem. The allowed quantum numbers are I(JF)=
1(07),1(1%),1(2%),0(1*) under the constraints of the Pauli
principle. The possible resonances of these states are
searched with the help of the real scaling method (RSM).
For bound state calculations, we aim to study the influ-
ence of the color structures on the binding energy.

A. Calculation of bound states

The low-lying eigenvalues of iso-vector Tpo states
with I(JP)=1(0%),1(1%),1(2*) are shown in Table 5.
From the table, we can see that the low-lying energies are
all higher than the corresponding theoretical thresholds,
no matter whether in a meson —meson structure, a
diquark —antidiquark structure or even considering the
coupling of the two structures. No bound states are found.

Table 6 and Table 7 give the mass of iso-scalar T,
and Ty, with I(J?)=0(1*). The first column is the
color —spin channel (listed in Table 4). The second
column refers to the color structure including 1x 1, 8x8
and their mixing, as well as 3x3, 6x6 and their mixing.
The following two columns represent the theoretical mass
(E) and theoretical thresholds (Etheo). The last column
gives the binding energy AE = E — Ethe,. In Table 6, we

Table 5. Low-lying eigenvalues of iso-vector Ty states
with 1(JP) = 1(0),1(1*),1(2*) (in units of MeV). MM and DA
represent the meson —meson structures and diquark — anti-
diquark structures, respectively. E.. is the energy considering
the coupling of MM and DA. Erye, and Eg, is the theoretical
and experimental threshold.

1(J") MM DA Ecc Etheo Egxp
10") 37268 4086.6 37267 37252(D°D*) 37344
T 1(17) 38448 41333 38447 38432 (D°D**) 3871.8
1(2*) 39628 41594  3962.7 3961.2(D*Op**) 4017.3
1(0") 10562.3 10730.2 105623  10561.6 (B~B°) 10558.5
Tpy 1(17) 10601.2 10741.1 10601.1 10600.4 (3—3’*0) 10604.5

12*) 10639.9 10751.6 10639.9 10639.2(8*‘3*0) 10650.5
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Table 6. Mass of iso-scalar T, states with I(J©)=0(1%) (in Table 7. Mass of iso-scalar Ty, states with 1(J”)=0(1*) (in
units of MeV). units of MeV).

Channel color structure E Etheo AE Channel color structure E ETheo AE
[(ct){(cd); 1" 1x1 3843.8 38432 (D°p*t)  +0.6 [(bi)d(bd)11! 1x1 10590.3  10600.4 (3~B*°) —10.1
[(c)d(cd)i]! 8x8 4168.7 +325.5 [(bi)3(bd)i]! 8x8 10765.7 +165.3

I1x1+8x8 3842.0 -12 1x1+8x8 10566.7 -33.7

(i)} (cd)d]! 1x1 3843.8 38432 (DOp*) +0.6 [(bin)] (bd)0]! 1x1 10590.3  10600.4 (B*~B%) —10.1
[(cm)}(cd)]! 8x8 4168.7 +325.5 [(bi)g(bd)31" 8x8 10765.7 +165.3
Ix1+8x8 3842.0 -12 I1x1+8x8 10566.7 -33.7

[(c@)}(cd)!]! 1x1 3961.9 39612 (D*Op+) +0.7 (b))} (bd)!]! 1x1 10629.8  10639.2 (B~ B") —94
[(cig(cd)i]! 8x8 4102.3 +141.1 [(bin) (bd)i]! 8x8 10738.5 +99.3
I1x1+8x8 3958.7 -25 1x1+8x8 10598.8 -40.4

all 11 mixing ~ 3841.7 38432 (D°D*) ~1.5 all 1x1mixing 105518 106004 (B"B**) 436

MM structure mixing 3841.4 38432 (D'D*+) —1.8 MM structure mixing  10545.9  10600.4 (B~ g*o) —54.5
[(conad)l]! 6x6 4115.1 38432 (DOD*) +271.9 [(bb)ad)}]! 6x6 10746.8  10600.4 (B~ B+") +146.4
[(cc)%(mi)g]l 3%3 3704.8 -138.4 (b))’ 3%3 10298.9 -301.5
DA structure mixing  3700.9 —142.3 DA structure mixing  10298.2 -302.2

MM and DA mixing 3660.7 38432 (D°D**) —182.5 10576.8 -23.6
MM and DA mixing 10282.7'%" 106004 (B-B**) —317.7

find that there are no bound states in the single-channel 10516.7% —83.7

calculation except for the diquark—antidiquark 3 x 3 struc-
ture. When considering the coupling of 1x1 and 8x8
color structures in the meson —meson configuration, a
loosely bound state with mass M =3841.4 MeV is ob-
tained with the binding energy 1.8 MeV, which is consist-
ent with the recent experiment data from LHCb. In
diquark —antidiquark coupling calculations, a tightly
bound state with mass M =3700.9 MeV is obtained with
the binding energy 142.3 MeV. We obtain the lowest
state with mass M =3660.7 MeV, a tightly bound state
with binding energy 182.5 MeV, by considering the com-
plete channel coupling effects including both
meson—meson and diquark—antidiquark structures.

The same calculations are extended to the T, system

Table 8.

in Table 7. With the increase of m, the bound states are
easier to obtain. When considering the single channel, for
1x 1 and 3 x 3 color structures, there are bound states, ex-
cept for 8 x8 and 6 x 6 color structures. The mixing of the
meson—meson structure leads to a bound state at 10545.9
MeV, which has 54.5 MeV binding energy. The mixing
of diquark—antidiquark structures obtains a deeper bound
state. When considering the coupling of meson—meson
and diquark —antidiquark structures, we find two bound
states with masses 10282.7 and 10516.7 MeV.

We compare our results with some recent calcula-
tions in Table 8. From the table, we can see that for T, of
0(1%), there is controversy as to whether there are bound

Results for T.. and Ty, tetraquarks with 0(1*) in comparison with the other theoretical calculations (in units of MeV). N

stands for "no bound state". In the second column, (MM) represents only meson—meson structures considered, (DA) stands for only

diquark—antidiquark configurations, and (MM+DA) represents the coupling of meson—-meson and diquark—antidiquark structures.

Tee This work [11] [13] [15] [18] [19] [211 [23] [24] [25] [26] [31] [33]1 [34]  [35] [40] [48] [52]
~1.8 (MM) 79 96 98 N N -1 -1823 N -1 -23 N N ~150 -3 N —23.3+11.4
~142.3 (DA)

~182.5 (MM+DA)

o This work [15] [18] [20] [21] [22] [23] [24] [25] [31] [33] [34] [35] [49]  [51] [52] [53] [55]
~54.5(MM)  —268.6 —215 —150 =35 —120.9 —317 —54 —102 173 N —145 —278 —30 ~ -57 —189+13 —143 3434 —128+24+10 —167+19
~302.2 (DA)

-317.7'" (MM+DA)
-83.7%" (MM+DA)
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states. Our one shallow bound state with binding energy
1.8 MeV is consistent with Refs. [21, 26, 40], also in the
case where only meson-meson structures are considered.
In lattice QCD calculations, a few works support a bound
state, also with small binding energy [52]. If one con-
siders diquark—antidiquark structures in the calculations,
a deeper bound state for 7. of 0(1") is also obtained, as
in Refs. [23, 35]. For Ty, of O(1%), the situation becomes
much clearer. Almost all works obtained bound results. In
the case of considering the meson—meson structures, our
result with binding energy 54.5 MeV is consistent with
Refs. [21, 24] in the quark model and also Ref. [49] in the
lattice QCD calculation. No matter for 7. or Tj,, when
diquark —antidiquark structures are taken into account,
deeper binding energies will appear, which seems to be
somewhat misleading. In some other works, the same
conclusions are obtained, such as in Refs. [12, 14, 29,
31].

In order to understand the mechanism of forming the
bound states for different color structures and their coup-
lings, the contributions of each term in the Hamiltonian
for T.. with 0(1*) are given in Table 9. In the table, K,
and K, are the kinetic energy of the two sub-clusters, and
K3 represents the relative kinetic energy between these
two clusters. VECOUML refer to confinement (C), color
Coulomb (Coul), and color—magnetic interaction (CMI).
V™o represent pseudoscalar meson 7, = exchange and
scalar meson ¢ exchange. To understand the mechanism,
one has to compare the results in the tetraquark calcula-
tion to those of two free mesons which are listed in the
last column in Table 9. For color singlet channels (index
1, 3, 5), the attractions provided by z and o are too weak
to overcome the relative kinetic energy to bind two color
singlet clusters together, and these channels are scatter-
ing states when they stand alone. Coupling these color

Table 9.

singlet channels adds more attraction, and a shallow
bound state is formed (see the column headed by 1+3+5).
The effect of coupling color octet—octet channels is very
small, adding 0.3 MeV to the binding energy (see the
column headed by MM). If only the meson—meson struc-
ture is considered, the reported result from the LHCb col-
laboration can be explained by the molecular state.
However, for a multi-quark system, more color struc-
tures are possible, in which the diquark —antidiquark
structure with color representations 3x 3 and 6 x 6 are of-
ten invoked. For the 3 x 3 channel (column headed by 8),
the strong attractions from # meson exchange, ¢ meson
exchange and CMI overcome the repulsion from the kin-
etic energy and bind two "good diquark/antidiquark" [75]
to form a deep bound state. The channel coupling
between 3x3 and 6 x 6 channels adds a little more bind-
ing energy to the system. The attraction from z-meson
exchange in "good diquark" is very large because of its
compact structure, as does the color magnetic interaction.
The calculations without invoking pseudoscalar ex-
change do not obtain a bound state of T.. [17], support-
ing this statement.

From quantum mechanics, one knows that the physic-
al states are the linear combinations of all possible chan-
nels in various structures. So channel coupling with inclu-
sion of different structures is needed. Clearly, the effect
of this channel coupling will push the lowest state down
further. A deep bound state with binding energy 182.5
MeV appears. Unfortunately, the shallow bound state in
the meson —meson structure is pushed up above the
threshold and so disappears. Experimentally, if there is
only one weekly bound T.. state, diquark —antidiquark
configurations should be abandoned, or the quark—quark
interaction in the diquark structure should be modified
with the accumulation of experimental data.

Contributions of each potential in the system Hamiltonian of T, with 1(J*)=0(1*) for different color structures and their

couplings (in units of MeV). In the first row, to save space, we give labels in the sequence 1 ~ 8 for the eight channels of 7., with

0(1%), as listed in Table 4.

Channel 1 2 3 4 5 6 7 8 14345 MM DA MM+DA po4p+
K 5168 3172 3598 3228 3596 3473 1194 1912 4422 4402 1922 321.8 516.7
K 359.8 3228 5168 3172 359.6 3473 2954 10522 4422 4402 10506  929.7 359.3
K 34 307.3 34 307.3 3.0 3234 3954 2623 17.4 255 267.0 189.9 0
ve 3904 2642 —3904 -2642 3358 -300.8 —2712 —4129 3931 -393.6 —4156  —432.8 -390.0

yCoul  —6129 —517.8 6129 5178 -543.8 —539.1 5064 —621.6 6148 —6147 —623.6  —645.8 -612.7
yemi 1131 66 -113.1  —6.6 387 779  —68 3506 1187 —120.1 3567 —3464  —112.1
% 0 55 0 55 0 6.5 25 86.7 0.9 1.1 86.2 75.4 0
VT 0.5 569 -05  -569  -04  —639 283  -530.6 —108  —129 —5274  —464.6 0
veo -13 =205  -13  -205 1.1  -222  —185 538 -5.6 61 538  —488 0
E 38438 41687 3843.8 41687 39619 41023 41151 37048 38417 38414 37009  3660.7 3843.2
AE 40.6 43255 +0.6 43255 407 +141.1 42719 -1384  -15 18 -1423  -1825 0
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In the discussion of hadronic states, the electromag-
netic interaction is almost neglected due to the small
coupling constant a ~ 1/137. However, for the weakly
bound state, Ep/M << 1, the electromagnetic interaction
may play a role. To investigate the role of the electric
Coulomb force, we add the Coulomb potential LTI

the system Hamiltonian and solve the Schrodinger réjqua-
tion in the same way as above. The results show that the
states are stable against the inclusion of the electric Cou-
lomb interaction. The lowest eigen-energies are changed
to 3840.7, 3700.2 and 3660.2 MeV in the MM structure,
the DA structure and structure mixing respectively.

In order to learn about the nature of doubly-heavy tet-
raquark states, we calculate the distances between any
quark and quark/antiquark, which are shown in Table 10.
We need to note that, for Ty, because the heavy quarks
Q are identical particles, as well as the light antiquark &
and d, the distance ry, in the Table 10 actually is not the
real value between the first quark Q and the second anti-
diquark . It should be the average:

2 _2 _ 2 _ 2
Fip =3 =Ty =73

1
:Z(rZQ.W+r2QlJ4+r2Qm2+r2Q}J4). (21)

The numbers '1,2,3,4' are as shown in Fig. 1. From the ta-
ble, for the weakly bound state of 7., with mass 3841.4
MeV, with just the meson—meson structure considered,
the distance ri3 and rys between two sub-clusters is lar-
ger than the distance within one cluster, which indicates
that it is a molecular DD* state. On the contrary, the
tightly bound states 3700.9 and 3660.7 MeV are
diquark—antidiquark structures. Furthermore, from the ta-
ble we can see that although the @d is a good diquark, its
size is sightly larger than that of the cc diquark. This
should be from the color—electric interaction, not the col-
or—magnetic interaction.

B. Calculation of resonance states

In our work, we are also concerned about the pos-

Table 10. The decay widths of predicted resonances of T,
and T, systems. (unit: MeV).
1(JP) Tec Thp
Resonance states r Resonance states Tr
100" 11309 23
1(1%) 4639 10 11210 62
11318 21
12%) 4687 9 11231 73
11329 0.4
0(1%) 4304 38 10641 2

sible resonance states of iso-vector and iso-scalar Tpp.
To find the genuine resonances, the dedicated real scal-
ing (stabilization) method is employed. In our previous
work [76], this method was used successfully to explain
the Z.;(3985) observed by the BESIII collaboration [77].
To realize the real scaling method in our calculation, we
need to multiply by a factor o the Gaussian size paramet-
er r, in Eq. (19) just for the meson—meson structure with
color singlet—singlet configuration. In our calculation, «
takes values from 1.0 to 3.0. With the increase of «a, all
states will fall off towards their thresholds, but bound
states should be stable and resonances will appear as an
avoid-crossing structure as in Fig. 2 [78]. In the figure, at
the avoid-crossing structure, there are two lines. The up-
per line is a scattering state with larger slope, which will
fall down to the threshold. The lower line represents the
resonance state, which tries to keep stable with a smaller
slope. When the resonance state and the scattering state
interact with each other, this brings about an avoid-cross-
ing point as in Fig. 2. With the increase of the scaling
factor o, the energy of the other higher scattering state
will fall down, will interact with this resonance state
again and another avoid-crossing point will emerge. In
our work, we set the number of repetitions of avoid-
crossing points to 2, owing to the large amount of compu-
tation required. Theoretically speaking, with the continu-
ous increase of a, avoid-crossing points will appear in
succession. Then we have found a resonance state. For
bound states, with the increase of a, they always stay
stable. We show the results for the Ty system with all
possible quantum numbers in Figs. 3—10 by considering
the complete channel couplings.

Figure 3 represents the T, states for 1(0*). The four
horizontal blue lines are the thresholds of D°D*(0®
0-0), DD**(1®1 —>0) and their excited states
D°D*(2S) and D**D*+(2S). Higher energies are not lis-
ted here. We found no resonances for this state. From
Fig. 4, two thresholds D°D** and its excited states
D°D**(2S) appear clearly. Around an energy of 4639
MeV, we found the avoid-crossing phenomenon, which
represents a genuine resonance state. In Fig. 5, we can see

Energy(MeV)

Fig. 2. (color online) Stabilization graph for the resonance.
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4400 |
Sa300 [
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4100
4000
3900
3800
3700 [ 4D°D*
3600 |- ]

3500 L 1 L
1.0 1.5 20 25 3.0

DD™*(28)

1D°D*(2S)

Fig. 3.
T, states for I(J*) = 1(0*) with respect to the scaling factor a.

(color online) Stabilization plots of the energies of

Tee 11°
5000 f-

4900
4800
4700
4600
4500

>
54400
2 4300

w
4200 [
4100
4000
3900
3800 | ]

3700 L L L
1.0 1.5 2.0 25 3.0

{D°D™(2S)
14639 MeV

Fig. 4.
T, states for I(J7) = 1(1*) with respect to the scaling factor a.

(color online) Stabilization plots of the energies of

Tce 12*
5000

4900
4800
4700
4600
4500
8 4400
2
L] 4300 [~
4200
4100
4000
3900
3800 R

{D0D"(2S)
4687 MeV

Fig. 5.  (color online) Stabilization plots of the energies of
T, states for 1(J*) = 1(2*) with respect to the scaling factor a.

that the energy of the lowest resonance state is about
4687 MeV for T. with 1(2%). For iso-scalar T.. with
0(1%), a bound state with mass 3660 MeV is obtained and
the lowest resonance state shows with a stable energy of
4304 MeV in Fig. 6.

For iso-vector and iso-scalar T}, states, there are also
some resonance states found. They are states with masses
of 11309 MeV for 1(0%), 11210 and 11318 MeV for

4600

4500
4400

4300 4304 MeV
4200 |,
3 4100

2
4000 .
w DD+

3900 [~

A DD™

T

3800
3700

T

Jbound state
3600 B

3500 L L L L
1.0 15 2.0 25 3.0

Fig. 6. (color online) Stabilization plots of the energies of
T, states for 1(J?) = 0(1*) with respect to the scaling factor a.

Typ 10

11400 B'EO(ZS)

11309

11300 F
11200
11100

11000

>
o
@ 10900
f=)
w L.
10800
10700 f
*R*0
10600 F B,_%
BB
10500 A
10400 ! . :
1.0 1.5 2.0 25 3.0
o
Fig. 7.  (color online) Stabilization plots of the energies of

Ty states for 1(JF) = 1(07) with respect to the scaling factor a.

11500 Top 117
A e " —— —
11400 BB*(2S)
X S 11318
11300 F —y 3
11200 F i S 411210
BB
10400 L L L L L
1.0 15 20 25 3.0 35 40

Fig. 8. (color online) Stabilization plots of the energies of
Ty states for 1(JP) = 1(1*) with respect to the scaling factor a.

1(1%), 11231 and 11329 MeV for 1(2%), and 10641 MeV
for 0(1*). There may be more resonance states with high-
er energies, which may be too wide to observe or too dif-
ficult to produce. So in our work, we only give the reson-
ance states with energies as low as possible.

Furthermore, we calculated the decay widths of these
resonance states using the formula taken from Reference
[78]:
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11600

11500

=B*B*(2S)
11400 [~ g
11300 711329
11200 11231
11100 |
5
5 11000

10900
10800
10700

10600 B

10500 L L L
1.0 1.5 20 25 3.0 3.5

Fig. 9.
Ty states for I1(JF) = 1(2*) with respect to the scaling factor a.

(color online) Stabilization plots of the energies of

Tpp 017
10900

10800 |-

10700

410641 MeV
10600 B—?ﬂ

Energy

bound state
10500 1

10400

10300 - R
bound state

L L L
1.0 15 20 25 3.0

Fig. 10. (color online) Stabilization plots of the energies of
Ty states for 1(J7) = 0(1*) with respect to the scaling factor a.

SIS e

T = 4|V(a)| 222l
Vs =)

(22)

where V(a) is the difference between the two energies at
the avoid-crossing point with the same value a, and S,
and S are the slopes of the scattering line and resonance
line, respectively. For each resonance, we obtain the val-
ues of the decay width at the first and the second avoid-
crossing point, and then we give the average decay width
of these two values. The results are shown in Table 10. It
should be noted that the decay width is the partial strong
two-body decay width to S-wave channels included in the
calculation. For example, for T, of 1(1%), there is a res-
onance state with energy 4639 MeV, which has the de-
cay width of 10 MeV in Table 10. This decay value is just
the partial width to the D°D** channel (see the threshold
in Fig. 4). For T, of 0(1%), the decay width of resonance

(4304) with 38 MeV is the partial decay to D*D**,
DD** and D*D* channels (see the thresholds in Fig. 6).

IV. SUMMARY

In the framework of the chiral quark model, we un-
dertake a systematic calculation for the mass spectra of
doubly-heavy Too with quantum numbers
I(JP)=1(0%),1(17),1(2*), 0(1*), to look for possible
bound states. Also, some resonance states are found with
the real scaling method.

In bound state calculations, we analyze the effects of
different color structures, such as 1x1, 8x8 for
meson—meson structures and 3 x 3, 6 x 6 for diquark—anti-
diquark structures, on the binding energy of Tpo. The
masses of states with isospin 7 =1 are all above the cor-
responding thresholds, leaving no space for bound states.
For T.. with 0(1*), we find that in the meson —meson
structure, a loosely bound state at 3841.1 MeV is ob-
tained with a 1.8 MeV binding energy, which is consist-
ent with the recent observed experiment at LHCb. But in
diquark —antidiquark structures, CMI potential, z-ex-
change and o exchange offer more attractions and a
tightly bound state with mass 3700 MeV is obtained. The
couplings of meson —meson and diquark —antidiquark
structures can not be neglected, which leads to more
deeper bound states and destroys the loosely bound state.
For the heavier Ty, system with 0(17), the same conclu-
sions are obtained, similar to the case of T,., and it looks
easier to find more deeper bound states. For example, a
bound state 10545.9 MeV with binding energy 54.5 MeV
is obtained when only meson—meson structures are con-
sidered. If only diquark—antidiquark structures are taken
into account, two bound states emerge with binding en-
ergy 302.2 MeV and 23.6 MeV. When considering the
coupling of meson—meson and diquark—antidiquark con-
figurations, these two states will have deeper binding en-
ergies of 317.7 MeV and 83.7 MeV.

For resonance state calculations, some resonances are
found. For T,.., the energies of the possible resonances
are 4639 MeV for 1(1"), 4687 MeV for 1(2%), 4304 MeV
for 0(1%). For Ty, the resonance energies are larger than
T.., which takes 11309 MeV for 1(0*), 11210 and 11318
MeV for 1(1%), 11231 and 11329 MeV for 1(2%), 10641
MeV for 0(1*). Hopefully, our results in this work by the
phenomenological framework of the chiral quark model
may be confirmed in future high energy experiments.
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