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Abstract Inspired by recent progresses in observations of
the fully charmed tetraquark states by LHCb, CMS, and
ATLAS collaborations, we perform a systematic study of
the ground states and the first radial excitations of the S-
and P-wave cccc system. Their mass spectra, root mean
square (r.m.s.) radii and radial density distributions are stud-
ied with the relativized quark model. The calculations show
that there is no stable bound states for the fully charmed
tetraquark states, and the r.m.s. radii of these tetraquark
states are smaller than 1 fm. Our results support assigning
X(6600) structure, My 600y = 6552 £ 10 £ 12 MeV, as
one of the 07 (1S) and 277 (1S) states or their mixtures.
Another structure also named as X(6600) by CMS Collabo-
ration, My 6600) = 6.62:&0.03‘1’8:8% GeV, may arise from the
lowest 1 P states with J©C€ = 0= 1=+, and 2~ The possi-
ble assignments for X(6900) include the 0T+ (25), 2T+ (25)
states, and the highest 1P state with JP¢ = 0=F. As for
X(7200), it can be interpreted as one of the highest 2 P states
with JP€ = 0=, 171, and 2~ 1, and the 38 states can not
be completely excluded from the candidates.

1 Introduction

Since the first observation of X(3872) by Belle in 2003 [1],
a series of exotic hadrons named as XYZ states emerged
like bamboo shoots after a spring rain. These discoveries
in experiments have motivated theorists to devote a great
deal of energy in studying the inner structure of these new
states. In general, these new observed states can not be cate-
gorized as the conventional mesons or baryons, and they are
commonly explained as compact tetraquark states, hadronic
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molecular states or admixture of these two states. Among
these new hadrons, the states composed of fully heavy quark
components are especially interesting. It was supposed that
the interactions between heavy quarks (antiquarks) are dom-
inated by the short range one-gluon-exchange (OGE) poten-
tial rather than the long-range potential resulted from light
meson exchanges. Thus, the configurations comprised of four
heavy quarks are easier to form compact tetraquark states
instead of the molecules.

In 2020, the LHCb collaboration studied the J /vy J /v
invariant mass spectrum using the pp collision data at center-
of-mass energies of 4/s=7, 8 and 13 TeV [2]. They observed
a broad structure above the J /vy J /i threshold ranging from
6.2 to 6.8 GeV and a narrow structure around 6.9 GeV/c?
with the significance of larger than 5o. At the ICHEP 2022
conference, the ATLAS collaboration reported their obser-
vation of several fully charmed tetraquark excesses decaying
into a pair of charmonium states in the four u final states
[3]. They not only confirmed the existence of the X(6900)
structure reported earlier by LHCb Collaboration but also
observed a broad structure at lower mass and a structure
labelled as X(6600). In addition, the CMS Collaboration
also reported their studies on the J/vJ /¢ mass spectrum,
which were carried out by using proton-proton data at center-
of-mass energies of 13 TeV [4]. The existence of X(6900)
was confirmed with significance larger than 9.40. Besides
X(6900), the CMS collaboration also observed two structures
in the J /v J /¢ channel, which were labeled as X(6600) and
X(7200). All of the experimental data about the fully charmed
tetraquark states are collected in Table 1.

Actually, the full-heavy tetraquark states were already
studied in the literatures [5-36] before the experimen-
tal observations. The recent breakthroughs in experiments
in searching for the fully charmed tetraquark states have
inspired again the intensive discussions. People employed
many methods/models to carry out their studies on the struc-
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Table 1 The experimental data

for the fully charmed tetraquark States Mass Width
states LHCb model I [2] X(6900) 6905 + 11 +7 MeV 80 £ 19 + 33 MeV
LHCb model I1 [2] 6886+ 11+ 1 MeV 168 £ 33 £ 69 MeV
ATLAS [3] X(6200) 6.22 £ 0.03%00¢ GeV 0.31 £0.127007 GeV
X(6600) 6.62 +0.03002 GeV 0.31 +0.0970% Gev
X(6900) 6.87 £ 0.03700° Gev 0.12 +0.0470% Gev
CMS [4] X(6600) 6552410+ 12 MeV 124 429 £ 34 MeV
X(6900) 6927 £9 £ 5 MeV 122 422 £ 19 MeV
X(7200) 7287 £19 £ 5 MeV 95 446 £ 20 MeV

ture, the production, and decay property of these new states
[37-69]. The most popular interpretations about these new
discoveries are compact tetraquark states [70-79]. In Ref.
[34], Lii et al. analyzed the mass spectrum of the S-wave
full-heavy tetraquark states with a extended relativistic quark
model. In their studies, the X(6900) was categorized as the
first radial excitation of cccc system. Using the method of
QCD sum rules, Wang made possible assignments of the
X(6600), X(6900) and X(7300) in the picture of tetraquark
states with the JP€=0"" or 17~ [16-18,37]. In Ref. [39],
Wang et al. studied the mass spectra of the S- and P-wave
cccc and bbbb systems with a nonrelativistic quark model,
where X(6900) was suggested to be the candidate of the
first radially excited tetraquarks with JX¢=0"* or 2*+, or
the 17+ or 2= P-wave states. Besides, other interpreta-
tions, such as coupled-channel effects of double-charmonium
channels [80-84], cc hybrid [85], and a Higgs-like boson
[86] were also proposed. In summery, although many theo-
retical researches about the fully charmed tetraquark states
have been reported, the interpretations for X(6900), X(6600),
X(7200), etc. are still controversial.

In our previous work, we used the relativistic quark model
to study the mass spectra, r.m.s. radii and the radial density
distributions of the singly and doubly charmed baryons. At
present, we extend our previous method to analyze the fully
charmed tetraquark states. We hope this study can help to
shed more light on the nature of these new exotic states.
The paper is organized as follows. After the introduction,
we briefly describe the phenomenological method adopted
in this work in Sect. 2. In Sect. 3 we present our numeri-
cal results and discussions about the full-charmed tetraquark
states. And Sec IV is reserved for our conclusions.

2 Phenomenological method adopted in this work

The relativistic quark model has been successfully extended
to study the mass spectrum of the S-wave tetraquark state
[34]. In the following, we give a brief introduction to
the Hamiltonian of relativized quark model. The Hamilto-
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nian for a four-body system is composed of the relativistic
kinetic energy term, the confining potentials and one-gluon
exchange potentials [8§7—-89],

_ f oge
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where the relativistic kinetic energy term is,
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In Eq. (3), F; - F; stands for the color matrix and F reads
A
cn for quarks,
Fo=1{ 2, 9% s)
—=+ for antiquarks

withn =1,2---8.
The one-gluon exchange potential Vl.(;.ge is composed of a

Coulomb term VISO“], hyperfine interaction Vi}}yp and spin—
orbital interaction Vij",

oge __ y,Coul hyp
Vi = VEM VP v (©6)

All of the one-gluon exchange potentials can be expressed
in terms of a smeared one-gluon exchange propagator G
which can be written as
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Fig. 1 Jacobi coordinates for
the four-body system
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The hyperfine interaction VP includes tensor interaction
and the contact interaction,

hyp
V'lj — Vit;,ns + V'ij_()nt (9)
with
1 (3818, 1
Vi = (Brrt s s
3mimj rij
( L )N‘ (10)
N — — 77— ,
3}’1-2]. rij 81‘,] Y
2S;-S; ~
V.qont — i J 2 G(»:‘ 11
Y 3mim; Y (in

For the spin—orbit interaction, it can also be divided into two
parts which can be written as,

— yss0(v) so(s)
Vi =V Vi (12)
with
~ ~so0(v)
VoM _ S; - Lij 3G??(V) S; - Lij 9G};
Y 2ml.2rl~j orij Zmﬁr,-j orij
~s0(V)
+(Si+sj)‘Lij IG; (13)
Mim;ri; 3rij
and
~ 7s0(s)
iy __Si-Ly VY S, Ly 0V (14)
Y 2ml.2rl~j 8r,~j 2m§rl~j 31’,‘/‘
~ ~ ~so(v)
In Egs. (10), (11), (13) and (14), G§j, ij, Gij and

f/’so(s)

.. are achieved from the é(rl- ) and confining potential

Vij.onf(r,- ;) by introducing momentum-dependent factors,

- M %+a~ minm %Jret
Gi=\%7) G55 (15)
& EE; / EE;
~. mim %+€c - mim %+€c
G;. = G(rij 16
Y (EiEj) (r”)<E,-Ej> (o
Lte 1te
~ mim i\ 27T esem mam ;27 sem
Geo = (E’_ E{) G(np( 2 E%) (17)
it it
2 %"‘fso(s) 2 %+€so(s)
2 i 2
12 El 12 El
with E; =  /m? + Piz," where p;; is the magnitude of the

momentum of either of the quarks in the ij center-of-mass
frame.

The internal motions of the quarks in a four-body system
can be expressed by three sets of Jacobi coordinates as shown
in Fig. 1. As for the Jacobi coordinates in Fig. 1a, they can
be defined as,

rip=ry—r] (19)
r34 =14 —13 (20)
R:rl+r21‘73+r4 22)

According to the Jacobi transformation, the other two sets
of coordinates can also be expressed in terms of 12, 734, and
r. The wave function for a fully charmed tetraquark state is
composed of color, flavor, spin, and spatial parts. The calcu-
lations in this work are based on the Jacobi coordinates in
Fig. 1a. Under this picture, the colorless wave function can be
expressed as [(Q102)3(0304)3) and [(Q102)6(0304)5)
which are antisymmetric and symmetric under the exchange
of Q1 Q7 or O304, respectively. In the flavor space, the fully
charmed tetraquark state [Q Q2][Q3 Q4] is always sym-
metric, where the square bracket denotes the flavor sym-
metry. For a double quark (antiquark) system in the fully
charmed tetraquark state, its spin wave function is antisym-
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metric singlet or symmetric triplet and they can be expressed
as {01 021° {0304} and [Q1 021", [03 041", respectively.

In this work, the Gaussian basis function is employed to
construct the spatial wave function of the tetraquark state,
and the Gaussian basis reads

_ 2 N
Gutmy (1) = Noar e ™" Vi, (F) (23)
with
21+2(2Un)l+3/2
Ny= |2 24
"t JrTQL+ D! 24)
l r"max nm;;—l
Vn:_zv 'n ="ral| —— (25)
Ty ral

In Eq. (25), nyqy is the maximum number of the Gaussian
basis functions. The total wave function of the spin and spatial
parts with the angular momentum (J,M) can be written as,

ij = Z CK[[(¢n12112(r12) ® XSIZ)jcz

X (¢n34l34 (1'34) ® X534)jb]j ® ¢nl (r)]JM (26)

where « is the quantum numbers {n12,/12,512,ja,134,034,534,

Jbsn,l,j} of the basis. Theoretically, a tetraquark state with
total angular momentum J is the superposition of all the
bases. The basis can be classified by the total orbital angular
momentum L = [15+I34+[. The tetraquark states with differ-
ent orbital angular momentum L but with same J € will mix
with each other, for example, the 0™ state of L=0 will cou-
ple with L=2, and L=4 states through spin—orbital and tensor
potentials. This interaction will influence the mass spectrum
slightly, thus we neglect this mixing mechanism in this work.

According to the Pauli exclusion principle, the total wave
function of a tetraquark should be antisymmetric, and all
possible configurations for fully charmed tetraquark are pre-
sented in the third column of Table 3. For a S-wave tetraquark
state, its possible spin and parity quantum numbers are
JPC =0t+ 117, and 2. For the P-wave states, there are
two orbital excited modes, the p-mode with the orbital exci-
tation in the diquark or antidiquark, i.e., (/12,/34,/)=(1,0,0) or
(0,1,0), and the A-mode with the orbital excitation between
the two clusters, i.e., (I12, [34,1) = (0, 0, 1). Besides of the
conventional quantum numbers, i.e., J©¢ = 0=+, 177 27,
377, the P-wave can also access exotic quantum numbers,
ie, JP¢ = 07—, 17", 27—, For simplicity, each configu-
ration in Table 3 can be expressed as |CS/A;2S+1 L), where
¢=3 or 6 stand for the color configuration, C and § are the
C-parity and the total spin angular momentum of the config-
uration.

For a four-body system, the calculations of the Hamilto-
nian matrix elements become laborious even with Gaussian
basis functions. This process can be simplified by introduc-
ing the ISG basis functions. These new sets of basis functions
can be written as [90],
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where ¢ is the shifted distance of the Gaussian basis. Taking
the limit ¢ — 0 is to be carried out after the matrix elements
have been calculated analytically. For more details about the
calculations of the Hamiltonian matrix elements, one can
consult the Refs. [90,91].

After all of the matrix elements are evaluated, the mass
spectra can be obtained by solving the generalized eigenvalue
problem,

Minax
> (Hi./ - EN::/)C/ =0, (i=1-nny (28)

j=1

Here, H;; denotes the matrix element in the total color-flavor-
spin-spatial base, E is the eigenvalue, C; stands for the corre-
sponding eigenvector, and N ; 1s the overlap matrix elements
of the Gaussian functions, which arises from the nonorthog-
onality of the bases and can be expressed as,

Nij = (¢n12112m112|¢n’lzlizml/lz) X <¢"34134m134|¢”§4lé4mlé4)
X <¢nlm[|¢n/l’m1/>
B (2 /7vn12vn,12)112+3/2 § <2 /71)’134])"%4)134-5-3/2

Vnjp + Vni, Vnyy + Vnly,

-\ 143/2
" (2,/vnvn ) (29

Vp + vy

3 Numerical results and discussions
3.1 S- and P-wave tetraquark states

The results of the relativized quark model depend on the
input parameters such as the constituent quark mass and the
parameters in the Hamiltonian. Up to now, there has been no
solid experimental data for the spectrum of pure tetraquark
states, it is impossible for us to fix these parameters by fitting
present experimental data.

In most cases, these parameters were determined by fitting
them to the experimental masses of the mesons or baryons
[30,33,35,92-94]. In the present work, all input parameters
are listed in Table 2 and taken from the original Refs. [§7-89]
where they successfully reproduced the excremental data of
mesons and baryons. In our previous work, predictions for
heavy baryons with these parameters were indeed consistent
well with the experimental data [91]. Recently, these param-
eters were already extended to study the tetraquark states
in a uniform frame. As for the accuracy of the relativized
quark model, it depends on the quenched approximation and
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Table 2 Relevant parameters of the relativized quark model

me (GeV) o] o o3 y1 (GeV)
1.628 0.25 0.15 0.20 z

2 (GeV) 3 (GeV) b (GeV?) ¢ (GeV) 00 (GeV)
V1072 4/1000/2 0.18 —0.253 1.8

Ky €c €s0(v) €t €30(s)
1.55 —0.168 —0.035 0.025 0.055

relativistic corrections. Considering these two effects in Ref.
[87], they claimed that the average accuracies are 25 MeV for
light and heavy-light mesons and 10 MeV for heavy mesons,
respectively. We expect that the uncertainties of predicted
masses of the tetraquark states are limited in a reasonable
range.

In order to investigate the convergence and stability of the
numerical results, we plot the masses of the configurations

137;3 81) and |3} ;3 Po) in Fig. 2aand theirr.m.s. radii \/ (r%,)
in Fig. 2b. In these figures, the wave function is expanded
with Gaussian basis n?nax =23 33 43 53 63 73 and 83,
respectively. We can see that the results decrease with the
basis number and converge to a stable value whenn? . > 63.
In this work, the calculations are carried out with n3 = 83

max
Gaussian basis to ensure the stability of the final results.

In general, the physical state of a tetraquark are the mix-
tures of different configurations with the same quantum num-
ber of JPC. Thus, the calculations are carried out in two
stages. In the first stage, the masses of different configurations
shown in the third column in Table 3 are obtained by solving
the Schrodinger equation with the variational method. The
masses and the r.m.s. radii for the ground and the first radi-
ally excited states are also presented in Table 3. In the second
stage, the mixing effect is considered and the masses of phys-
ical states are obtained by diagonalizing the mass matrix in
the basis of eigenstates obtained in the first stage. The mass
matrix, the eigenvalues, and the eigenvectors for the ground

states and the first radial excitations are summarized in Tables
4 and 5, respectively.

In the OGE model, the interaction between the two
quarks within a color-sextet diquark is repulsive, while
that in the color-anti-triplet one is attractive. On the other
hand, the interaction between the diquark and antidiquark
of |(0102)6(03 Q4)6) configuration is attractive and is
much stronger than that of the |(Q1Q2)§(Q3 04)3) one.
From Table 3, one can see that [61;! Sy) configuration is
located lower than the |37;! Sp). This can be explained by
the stronger attractive potential between diquark and antidi-
quark in |6T) configuration. This also applies to the p-mode
excitations, i.e., 6, <3,. If the A-mode excitations are also
considered, the relationship is slightly complicated, where
the relationship between different color configurations is
6, <35 <3, <64, which can be seen in Table 3. This is
the result of the competition of various interactions among
quarks.

From Table 3, it is shown that the r.m.s. radii . / (;'122 /3 4) of

[37) and |3§) states are smaller than those of the |6) and
|6§), respectively. This is also due to the attractive inter-
actions between the two quarks within a color-antitriplet
diquark and repulsive ones in a color-sextet diquark. On
the other hand, the stronger attraction between diquark and
antidiquark in |(Q 02)6(03 Q4)5) configuration makes the

situation of /(r2) being opposite to ,/(r]22 /34). For exam-

ple, /(r122/34) and /(r2) are 0.383 fm and 0.309 fm for

the ground state of |3T) configuration, while the results are
0.456 fm and 0.235 fm for |6T) one. To further understand the
inner structures of different configurations, we also plot the
radial density distributions which are obtained by the wave
functions from quark model. The distribution functions are
defined as,

w(r12/34)=/I\I/(l‘lz,1‘34,1‘)|2d1‘d1‘34/12d§212/34

Fig. 2 The dependence of the 95
mass and r.m.s. radius on the
number of Gaussian basis 9
~85
>
[0
o 38
A
s 7.5
=
7
6.5
2 3 4 5
3
n
max
(a)

CU(r)=v/|‘IJ(I'12,1'34,I‘)|2dl'12dl'34a’§2 (30)
2
_ —a— |3_;3SI>
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=
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Table 3 Predicted mass (MeV) and the r.m.s. radius (fm) of different configurations of the S-wave and P-wave tetraquark states. In this table, I and
II denote the ground and the first radially excited states, respectively

L Jre Configuration 1 1I
Mo by VO M feha V)
S-wave 0t+ 13%:' So) = [1Q Q1410 01;1° 6503  0.383 0.309 6937  0.492 0.490
16%:! So) = [[QQIRIQ ORI 6482  0.456 0.235 6879  0.707 0.303
1+= 13737 $1) = [ QL[0! 6517  0.386 0.310 6932 0.471 0.528
2+t 13%:7 $2) = [[Q QI3[0 013 6544  0.393 0.320 6952  0.468 0.548
P-wave 0+ 13737 Po) = [I1Q Q1[0 011", A1° 6796  0.412 0.444 7146 0.457 0.699
13553 Po) = 7 (1Q Q1. P11 Q01 1%+c.c.) 6862  0.500 0.338 7232 0.573 0.540
6,733 Po) = 7 ([1Q Q1 PIGIQ 0N +c.c.) 6743 0.581 0.264 7114 0.730 0.290
17t 35 PO =137 Po) = [IQONIIOORKIL AN 6796 0.414 0444 7146 0457 0.699
1353 1) = %([[[QQ]O, P[0 013 +c.c.) 6862 0.500 0.338 7232 0573 0.540
633 1) = [([[[QQ](), ]}][QQ]g]uc.c.) 6740 0.578 0.263 7110 0.727 0.289
2+ 13,37 P2) = [IQ QK10 Q131" AT 6797 0415 0.444 7147 0.457 0.700
13533 Py) = %f [[QQ]O, P[0 013 P +c.c.) 6862  0.500 0.338 7232 0.573 0.540
6:% Py) = 7 ([1Q Q1§ PRI 0N P4c.c.) 6732 0.573 0.262 7101 0.719 0.288
0~ 13513 Po) = 7 (11Q 1, piIQ 011 -c.c.) 6862 0.500 0.338 7232 0573 0.540
1653 Py) = 7 (10 Q15 PRI O -c.c.) 6743 0.581 0.264 7114 0.730 0.290
1= 135731 P = [IIQ QL0 01, A1 6791 0.411 0.440 7142 0.458 0.697
13,3 Pp) = = ([[[QQ]O 1001 -c.c) 6862  0.500 0.338 7232 0.573 0.540
16, ;! Py = [[[QQ]6[QQ]6]O, Al 6883 0.529 0.343 7249 0.715 0.374
16,:% P1) = %([[[QQ]&, P10 012 -c.c.) 6740  0.578 0.263 7110 0.727 0.289
13,55 P1) = [[[QQ]l[QQ]é]z, A 6808 0.417 0.451 7155 0.456 0.704
27~ 13,57 P2) = [[[Q QN[OOI 1%, A7 6808 0.417 0.451 7155 0.456 0.704
13,23 P2) = J5(1Q Q. p[Q 013 FP-c.c.) 6862 0.500 0338 7232 0573 0.540
16,3 Py) = %([[[QQ]&, p]g[QQ]gP-c.e.) 6732 0.573 0.262 7101 0.719 0.288
37 13,57 P3) = [IQ Q1[0 01317, AP 6809 0417 0.451 7156 0.456 0.704
Fig. 3 Radial density 1 1
distributions of the ground state —r Jr —r /r
(a) and the first radially excited 0.8 . _r12 S 08 . _rlz 34
state (b) of 01+ (]37;3 Sp)) : :
(E 06 50,6 ’
8 r' \ 3 ,' 1
3 04r B 04/
il T\ 13518 )1 = |3%'s -1
02 o2pf %,
0 — 0 =
0 3 0 3
r(fim) r(fim)
(a) (b)
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Fig. 4 Radial density

distributions of the ground state . —n 2/ r3 4 _rlz/ r34
(a) and the first radially excited 0.8 " - 0.8 S
state (b) of 0+ (1673 Sp)) N =
E 0.6 E 0.,
Sod f, o4l
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Fig. 5 Radial density 1 1
distributions of the ground state _r12/ L34 _rlz/ L34
(a) and the first radially excited 0.8 R 0.8 -t
state (b) of 177|373 51)) = =
E 0.6 ,:‘\‘ g 0.6
304} Z 04 A\
= | 3’;3sl>—1 . | 3’;3sl>—u
0.2}, R 0.2
0 R 0
0 1 2 3 0 1 2 3
r(fim) r(fm)
(a) (b)

where €212/34 and 2 are the solid angles spanned by vectors
ri2/34 and r, respectively. Some of the results are shown in
Figs. 3,4, 5, 6, 7 and 8. It can be seen that the radial density
distributions are in the range of 1 fm, which indicates that
the four quarks are confined into a compact state. Second, the
peaks for the first radial excitations are located more outward
compared with their ground states. Third, for the A-mode
excitation, e.g. |3;\";3 Py),itis shown in Fig. 6 that the r2w(r)
peak is located more outward than that of r122 /34 (r12/34),
while the situation is opposite for p-mode excitation, e.g.
|35:3 Po) in Fig. 7.

It is shown in Tables 4 and 5 that the masses of the lowest
physical states are pulled down by the mixing effect, while the
highest states are raised up. The percentage of different color
configurations (denoted as basis) of the physical states are
listed in the fifth column in Tables 6 and 7. One can see that
some physical states have strong mixing effect, while some
states are dominated by one component. For example, there
are 37.6% |3%;! So) and 62.4% |6T;! Sp) components in the
tetraquark state 07 (6450), while 0~+(6796) is dominated
by 96.6% |3j{;3 Pp) component.

Up to now, there have been many interpretations about
the fully charmed tetraquark states such as the diquark—
antidiquark configuration, the meson—meson configuration,

molecule states, even mixtures of either two of them, and the
coupled-channel effects. Commonly, the 3,®3.and 6, ® 6,
configurations are called the diquark—antidiquark configura-
tion, which is illustrated in Fig. 1a. The representations of
Fig. 1b, c are called the meson—meson configuration, which
is given by the product of two color-singlets (1. ® 1.) and
the product of two color-octets (8, ® 8.). As for the cccc sys-
tem, the configurations of Fig. 1b, ¢ are equivalent to each
other. The color relations between the diquark—antidiquark
and meson—-meson configurations can be expressed as fol-
lows,

111) =\/I|§3>+,/%|66) (31)
3 3
188) = —,/z|§3)+,/1|66) (32)
3 3

To investigate the inner structure of the fully charmed
tetraquark, we also obtain its proportions in the meson—
meson configuration and the r.m.s radii of these states, which
are shown in the last four columns of Tables 6 and 7.
For 071(6450) as an example, it is composed of 37.6%
137:1 S0)3e ® 3¢) and 62.4% |61 S)(6, ® 6.) compo-
nents. This state contain 54.1% 1, ® 1. configuration and
45.9% 8. ® 8. ones. In addition, predicted masses of other

@ Springer
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Fig. 6 Radial density

distributions of the ground §tate —TI 2/ L34 _rlz/ T34
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state (b) of 077 (|3;";° Pp)) _ _
gl: 0.6 - E 0.6
N§ 0.4 \ 3 N§ 0.4 3
S AN |35p )1 N A N e
0.2} i 02t [/ \\\,
0 ] AN 0 ’ S
0 1 3 0 1 2 3
r(fim) 1(fm)
(a) (b)
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E 0.6 'r\‘ g 0.6
304 \ s Zo4 +s
N e | 3,7P)1 ' 7N | 3,7P)1
02p/ \ 02f 1 N
0 S 0¥ =
0 1 2 3 0 2 3
r(fim) r(fm)
(a) (b)
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collaborations for the ground states of the cccc system are
listed in Table 8. The 8. ® 8, configurations in the table are
studied in different QCD sumrules [95,96] and a lattice-QCD
inspired quark model [48]. In Ref. [48], the author analyzed a
complete set of four-body configurations, including diquark—
antidiquark, meson—meson, K-type configurations and their
couplings. Here, we only list the result of 8, ® 8. (meson—
meson) configuration. In Ref. [70], they studied the 3, ® 3,
(diquark—antidiquark) and molecular configurations using
the inverse Laplace transform sum rule. Another description
for the tetraquark are the butterfly(short for but) and flip-flop

@ Springer

configurations adopted in Ref. [97], where their results are
larger than those of others. The results in the last column
were obtained using a two-body Bethe—Salpeter equation
by considering the meson—meson components plus diquark—
antidiquark components. It can be seen that our results are
roughly compatible with those in Refs. [34,48,70,95,96].
Our results are consistent well with those of Ref. [34] where
they adopted the same method in their calculations except not
considering the spin-dependent interactions in the Hamilto-
nian.
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Table 8 Predicted masses of the ground states of tetraquark state in different configurations. All results are in units of GeV

JPC  This work [34] 8. ®8.[95] 8.®8.[96] 8.®8.[48] 3.®3.[70] Molecule [70]  Flip-flop [97] But [97] [98]

0+t  6.534 6542 6.54701° 6.4470-11 6.403 6411 £0.083  6.029+0.198 6.850 6.874 534
6.450 6435  6.36701¢ 6.52011 6.346 6.450 £ 0.075  6.376 £ 0.367

1= 6517 6.515 6477018 6.325 6.870 6913 6.07

2t 6.544 6.543  6.527017 6.388 6.913 6.990

3.2 The newly observed tetraquark states

In order to exhibit the mass spectrum of the fully charmed
tetraquark states more obviously, the results are also dis-
played in Fig. 9. The model predictions for the 1S-wave
tetraquarks are 077 (6450), 077 (6534), 17(6517), and
27+ (6544), which are higher than the J/v J /v threshold.
This indicates that there may not exist bound tetraquark
states cccc in the scheme of relativistic quark model. From
Fig. 9, one can see that the mass gaps between the ground
states and the first radial excitations are about 300—400
MeV. This behavior is very similar with that of the doubly
charmed baryon spectra. Another important feature about
the mass spectrum of the tetraquark states is that the pre-
dicted tetraquark states in theory are much richer than the
experimental data. One possible explanation about this fea-
ture is that some higher resonances have large decay widths
and their signals annihilate in the background signals. Even
if these resonances are observed in experiments, they may
appear as a broad structure in the invariant spectrum. Finally,
some states are located very near with each other, e.g.
071 (6450), 071 (6534) and 277 (6544). If the mass splitting
of these states is smaller than their decay widths, they will
overlap with each other and contribute to a broad structure
in the invariant spectrum.

The recently experimental data of the full-charmed
tetraquark states were all observed in the J /¢ J /y invariant
spectrum, which means these new tetraquark states should
have positive C-parity. All of the predicted cccc states with
positive C-parity are shown in Fig. 10. The LHCb Collabo-
ration reported a broad structure in the vicinity of 6.5 GeV
in 2020. In this energy region, the CMS Collaboration also
observed a structure named X(6600) with a measured mass to
be 6552+10+12 MeV. Itis shown in Fig. 10 that model pre-
dictions for the 1S tetraquark states, 07 and 27+, are located
in the range of this structure, thus these 1S states are good
candidates for this structure. For the 1P-wave tetraquarks,
the low-lying 0=+ (6666), 177 (6624), and 27" (6647) are
all located in a structure which was also named as X(6600)
by ATLAS Collaboration but with a measured mass to be
6.62 + 0.03f8:8f GeV. This structure may be interpreted as
a mixture of these low-lying 1 P states.

As for the X(6900), the reported results by LHCb, CMS,
and ATLAS Collaborations do not consist well with each
other. Itis shown in Fig. 10 that the lowest 2.5 state 0" (6861)
is consistent with the experimental data 6886+ 11 £ 1 MeV
and 6870 + 30f?8 MeV. On the other hand, the 2§ states
01+(6955) and 211(6952), and a P-wave 0~ (6939) state
are compatible with the results 6927 £9+5 MeV. If X(6900)
was treated as a S-wave radial excitation, it can decay into
the lowest two-charmonium channels 1.1, and J /v J /¢ via
S-wave transition. The decay widths of these decay channels
will be broad because of the large phase space. As a P-
wave tetraquark state, X(6900) can also decay into J /v J /¢
channel with a P-wave orbital excitation, but its width is
kinetically suppressed.

The CMS Collaboration also reported a tetraquark state
named as X(7200) with a measuring mass to be 7287+ 19+5.
It can be seen in Fig. 10 that the high-lying 2P state
0~"(7298) is located in the range of this structure. This
means the 077 (7298) is a possible candidate for X(7200) in
the framework of relativistic quark model. Considering the
decay width of X(7200) plus the uncertainties of the quark
model, the 17"(7338) and 2~ (7321) can not be completely
excluded. In our present work, we do not include the pre-
dicted results of the 3S states. According to the mass gaps
between the ground states and the first radial excitations, we
can roughly estimate the order of magnitude of 3§ states to
be 7200-7300 MeV. This implies the 3S excitations might
also be the candidates of X(7200) state.

4 Conclusions

In this work, we have systematically investigate the mass
spectra, the r.m.s. radii and the radial density distributions
of the S- and P-wave cccc system. The calculation is car-
ried out in the frame work of relativistic quark model, where
the Coulomb term, confining potential, tensor potential, con-
tact interaction, and the spin—orbital interaction are all con-
sidered. We first analyze the masses, r.m.s. radii, and radial
density distributions of different color configurations which
are categorized by 3. ® 3. and 6. ® 6.. Then, we obtain
the mass spectrum and r.m.s. radii of the physical states by
considering the mixing effect.

@ Springer
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Fig. 9 Mass spectrum for the 7500
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The results show that the r.m.s. radii of the cccc system
are less than 1 fm, and the radial density distributions are
also in this range. This implies that the full-charmed systems
are compact tetraquark states. For the S-wave states, the pre-
dicted masses are all higher than the thresholds of heavy
charmonium pairs, which means no stable bound states exist
for cccc system. The results also show that the relationship
of different color configurations among the mass spectrum
is 6, <3, <3, <6, for P-wave full-charmed tetraquarks.

@ Springer

The broad structure in the vicinity of 6.5 GeV reported
by LHCb Collaboration and the X(6600) structure with
Mx @600y = 6552 & 10 £ 12 MeV may arise from the
low-lying 1S tetraquark states 07 (6450), 07+ (6534) and
27+ (6544). The masses of low-lying 1P ccCc system with
JPC = 0=t 17F, and 2 are predicted to be 6666,
6624, and 6647 MeV, respectively. Another tetraquark state
also named as X(6600) which were reported with a mass
6.62 £ 0.03700% MeV by ATLAS Collaboration may be a
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mixture of these low-lying 1 P states. As for the X(6900), the
01+ (6861), 071 (6955), 271(6952), and 0~ 7(6939) states
are possible candidates for this structure. The definite J©'¢
quantum number for X(6900) can be determined by studying
its decay property in the future. Finally, the calculations sup-
port assigning X(7200) as a 2P state 0~ (7298). Certainly,
other two 2 P states 1 ~7(7338), 271 (7321) and the 35 states
may also be the candidates for this structure.
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