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Abstract: The analysis of the LHCb data on X(6900) found in the di-J/y system was performed using a mo-
mentum-dependent Flatté-like parameterization. The use of the pole counting rule and spectral density function sum
rule provides consistent evidence that both confining and molecular states are possible. Alternatively, the nature of
X(6900) cannot be distinguished if only the di-J/y experimental data with current statistics are available. Neverthe-
less, we found that the lowest state in the di-J/y system likely has the same quantum numbers as X(6900), and
X(6900) is probably not interpreted as a J/ —y(2S) molecular state.
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I. INTRODUCTION

Recently, LHCb Collaboration observed a structure
around 6900 MeV/c?, named as X(6900), in the di-J/y
invariant mass spectrum [1], with a signal statistical sig-
nificance above 5o . It is probably composed of four
(anti)charm quarks (cccc) and its widths [1] are determ-
ined to be 80+ 19 (stat.)+33 (sys.) and 168 +33(stat.)+
69(sys.) MeV in two fitting scenarios of Breit-Wigner
parameterizations with constant widths. Additionally, a
broad bump and a narrow bump exist in the low and high
sides of the di-J/¢ mass [1], respectively, where the
former might be a result from a lower broad resonant
state (or several lower states) or an interference effect,
and the latter was found to be a hint of a state located at
~7200 MeV, called X(7200).

This intriguing observation has aroused widespread
concern in the physics community. In accordance with
QCD sum rule, Ref. [2] pointed out that the lowest broad
structure between 6200 and 6800 MeV can be regarded as
an S-wave ccce tetraquark state with quantum numbers
JPC = 0** or 2**, while X(6900) can be considered as a
P-wave cccc tetraquark with JP€=0"* or 17*. In the
framework of a non-relativistic potential quark model
(NRPQM) for a heavy quark system, Ref. [3] deemed that
the lowest one can be interpreted as an S-wave state at
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approximately 6500 MeV, whereas X(6900) can be inter-
preted as a P-wave cccc state. Moreover, in NRPQM,
Ref. [4] takes X(6900) as a candidate for the first radially
excited tetraquarks with J€ =0** or 2**, or the 17~ or
2-+ P-wave state, and considered that there exist two
states below X(6900) with exotic quantum numbers, 0~
and 17, and may decay into the P- wave n.J/¢ and di-
J/y modes, respectively. Ref. [5] indicated, in an exten-
ded relativistic quark model, that the lowest broad struc-
ture should contain one or more ground ccce tetraquark
states, while the narrow structure near 6900 MeV can be
categorized as the first radial excitation of a ccce system.
Exploiting three potential models (a color-magnetic inter-
action model, a traditional constituent quark model, and a
multiquark color flux-tube model), Ref. [6] systematic-
ally investigated the properties of the states [Q10>1[0304]
(Q =c,b): a broad structure ranging from 6200 to 6800
MeV can be described as the ground tetraquark state
[ccllce] in the three models, while the narrow X(6900)
exhibits different properties in different potential models
and more data associated with determination of quantum
numbers are needed to shed light on the nature of these
states. Ref. [7] argued that the X(6900) structure can be
well described within two variants of a unitary couple-
channel approach: (i) with two channels, namely J/yJ/y
and J/yy(2S), with energy-dependent interactions, or (ii)
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with three channels, namely J/yJ/y, J/yw(2S), and
J/yp(3770), with only constant contact interactions. They
also predicted the existence of a near-threshold state
X(6200) [7] in the J/yJ/¥ system with quantum numbers
JPE€ = 0** or 2**. Similarly, in coupled-channel analyses,
Ref. [8] identified X(6900) as 2**, and provided hints of
the existence of other states: a 0'" X(6200), a 2**
X(6680), and a 0** X(7200). Ref. [9] predicted a narrow
resonance X(6825)of molecular origin located below the
Xxcoxeo threshold. Employing a contact-interaction effect-
ive field theory with heavy anti-quark di-quark sym-
metry, Ref. [10] implied that X(7200) can be regarded as
the fully heavy quark partner of X(3872). Ref. [11]
showed that the structure X(6900), as a dynamically gen-
erated resonance pole, can arise from Pomeron ex-
changes and coupled-channel effects between J/yJ/y,
J/yp(2S) scatterings. Based on the perturbative QCD
method, Ref. [12] found that there should exist another
state near the resonance at approximately 6.9 GeV, and
the ratio of production cross sections of X(6900) to the
undiscovered state is very sensitive to the nature of
X(6900). Besides discussing the nature of X(6900), Ref.
[13] studied the production of X(6900) in pp — J/wJ/w
reaction by using an effective Lagrangian approach and
Breit-Wigner formula and predicted that it is feasible to
find X(6900) in the pp collision in DO and forthcoming
PADNA experiments.

Generally, a molecular state may locate near the
threshold of two (or more) color singlet hadrons, such as
deuteron, Z,(10610) [14], Z.(3900) [15-17], and P.(4470)
[18,19]. We found that the X(6900) state is close to the
threshold of J/yw(3770), J/y2(3823), J/wi3(3842), and
xcoxer; and the X(7200)state is close to the threshold of
J/yp(4160) and y.0x.1(3872). In this study, inspired by
this and on the assumption that X(6900) couples to
I, I (3770), J/ypa(3823), J/ynp3(3842), and
Xcoxel processes (see Table 1), and X(7200) couples to
JIwd |y, J/yw(4160), and y.ox.1(3872) (see Table 2; for
details on the parameters of charmonia used in this ana-
lysis, see Table 3), a Flatté-like parameterization with
momentum-dependent partial widths for the two reson-
ances was used to fit the experimental data, and then the
pole positions of the scattering amplitude in the complex
s plane were searched. For S-wave J/yJ/y coupling, the
pole counting rule (PCR) [22], which has been applied to
the studies of "XYZ" physics in Refs. [23-26], and the
spectral density function sum rule (SDFSR) [25,27-30]
were employed to analyze the nature of both structures,
i.e., whether they are more inclined to be confining states
bound by color force, or loosely-bounded hadronic mo-
lecular states. We also examined the X(6900) — J/yy(2S)
coupling with a threshold below X(6900)'s mass of ~ 100
MeV. This threshold is far away from the mass of

X(6900), and thus it does not resemble a J/y —¥(2S) mo-
lecular state; however, the process is easily accessible in
experiments.

II. PARAMETERIZATION AND POLE
COUNTING

States X(6900) and X(7200) are parameterized using a
momentum-dependent Flatté-like formula. The non-res-
onance background shape is parametrized by the two-
body phase space of R — J/yJ/y times an exponential
function. To better meet the di-J/¥ spectrum, a Flatté-
like function that only considers the J/y¢J/y channel for
the structure below 6800 MeV was employed in the fit-
ting process. Given that we did not identify the lowest
state that contributes to the peak at approximately 6500
MeV or that corresponds to the dip (caused by destruct-
ive interference) below 6800 MeV, we did not analyze
the nature of the lowest state (named as X(6500) here-
after). The exclusion of X(6500) from the fitting process
led to divergence. It means that a state with the same
quantum numbers as X(6900) is essential to describe the
extremely deep dip below 6800 MeV by destructive inter-
ference. As mentioned above, the components of the fit
can be written as

_ gini(s)e?
My =—2200 :
S—]W1 +1M1F11(S)

o ginil(s)ei¢'
i = . 5
s—M? +1Ml-z§=1 T;(s)

(fieamy | S—4m?
Muor =coe’ V52 )VT’ (1)

where M| (T'y) is the line-shape mass (width) for X(6500),
m is the J/y mass [20], M; (i =2,3) corresponds to the
line-shape mass of X(6900) and X(7200), respectively; I';;
corresponds to the partial width of the j-th couple chan-
nel on the i-th pole; ¢, and ¢; are interference phases; g1,
gi,» co, and ¢ are free constants; n;;(s) combines the
threshold and barrier factors; and j=1 represents the
J/wJ/y channel (throughout the analysis). Note that 7;;(s)
and I';; can be expressed [20] as

.o l
nij(s) = (%) Fi(pij/po), Tij(s)= gijpij(s)n,'zj(s)9 2

where, [ is the orbital angular momentum in channel j,
pij is the center-of-mass momentum of one daughter
particle of channel j for two body decays”, po denotes a
momentum scale, g; is a coupling constant, and

1) For tow-body final states m, and my,, p = \/[s — (mg +mp)?[s — (mg —myp)?]/(4s); for p? <0, pj is done using analytic continuation p; =i | /—p?.
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pij(s) =2p;j/ Vs is the phase space factor. The factor p'
guarantees the correct threshold behavior. The rapid
growth of this factor for angular momenta />0 is com-
monly compensated at higher energies by the phenomen-
ological form factor Fi(p;j/po). The Blatt-Weisskopf
form factors are usually employed, eg [31-33],
Fl)=1, FX2)=1/(1+2), Fi2)= 1/(9+3z+z2) with
z=(pij/po)*. Refs. [34,35] set z=(p;;R)*and found that
R, varying between 0.1 GeV' and 10 GeV',is a phe-
nomenological factor (generally representing the "radius"
of a particle [34]) with little sensitivity to the partial
width. With pg and R being positive real values, it is easy
to find that p;;/po = p;;R. Therefore, p, varies between
0.1 GeV and 10 GeV, and was set as 2 GeV in this ana-
lysis.

Owing to limited data statistics, only two-channel
couplings were investigated, that is, A. S —S couplings,
B. P-P couplings, and C. S —P and P-S couplings,
where the former denotes the angular momentum of the
J/wJ/y channel and the latter other channels listed in
Tables 1-2. The corresponding pole positions of X(6900)
and X(7200) were determined.

A. S-S couplings

Constrained by the generalized bose symmetry for
identical particles and JPC conservation, the quantum
numbers of the S -wave J/yJ/y pair must be 0** or 2**.
Based on the 0** or 2** assumption for X(6900) and
X(7200), the other S -wave couple channels near the mass
of the two states were considered, as summarized in
Table 1. They could be divided into three cases for
X(6900) decays:

Case I: J/yJ/y and J/ynp(3770),

Case II: J/yJ/y and J/ynpr(3823),

Case III: J/yJ/y and J/yy3(3842).

For X(7200), J/yJ/¢¥ and the near-threshold J/y y(4160)
channels were used in the couple channel analysis. The
X(6500) state has the same quantum numbers as X(6900)
(similarly hereafter), as previously mentioned. Thus, the
total amplitude M satisfies

2

IM]? = +8G6., 3)

i M + Mnor
=1

where Mnor describes the coherent background (BG),
and the incoherent background 8.G. takes a parameteriz-
ation similar to Mnor. This background parameterization
is similar to the LHCb experiment [1]. Interestingly, two
sets of solutions with almost equivalent goodness of fit
were found in the three cases, one of which favors that
both states are confining states whereas the other sup-
ports that they are molecular bound states, using both
PCR and SDFSR mentioned above. The fitting results are
summarized in Table 4. Given that the fitting curves of
the three cases look very similar, we only drew the fit-
ting projections of two solutions in case I, shown in Fig. 1.

Each set of the parameters can be used to determine
whether the resonance structure studied in this paper is a
confining state or a molecular state. The definition of
Riemann sheets for two channels is listed in Table 5. The
pole positions in the s plane obtained by using paramet-
ers in Table 4 for all cases are summarized in Table 6.
For Solution I, the fact that pole positions of X(7200) on
the second and third sheets are equal in Case I and Case
IT indicates the X(7200) state hardly couples to the
J/yy(4160) channel, whereas its pole positions in Case
IIT manifests that it tends to be a confining state. Further-
more, it is evident for this solution in each case that the
co-existence of two poles near the X(6900) threshold in-

Table 1. Involved S-wave couple channels except for di- J/y.
JPC of di-J/y Couple channels of X(6900) Threshold/MeV Couple channels of X(7200) Threshold/MeV
I —p(2S) 6783.0
o+t J/w —y(4160) 7287.9
JIy—¢(3770) 6870.6
I —p(25) 6783.0
JIy—¢(3770) 6870.6
2+ J/y —y(4160) 7287.9
J/y—2(3823) 6919.1
J/v—y3(3842) 6939.6
Table 2. Involved P-wave couple channels except for di- J/y.
JPC of di-J/y Couple channels of X(6900) Threshold/MeV Couple channels of X(7200) Threshold/MeV
O Xeo = Xel 6925.4 Xco —Xe1(3872) 7286.4
0,1,2)~* J/w—w(3770) 6870.6 J/y —y(4160) 7287.9
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Table 3. Parameters for the involved charmonium states [20].

Jly Xc0 Xel Y(2S) W(3770) ¥2(3823) ¥3(3842) Xc1(3872) Y(4160)
Jre 1— 0 1+ 1 1 27" 37 1
mass/MeV 3096.9 3414.7 3510.7 3686.1 3773.7 3822.2 3842.7 3871.7 4191.0
n¥SHL, 135, 3Py 13p 2384 13D, 1’D, 13D; 23p) [21] 23D,
Table 4. Summary of numerical results for S —S couplings, where M, and M3 are the masses of X(6900) and X(7200), respectively;

g21 and g3 are the coupling constants of X(6900) and X(7200) decaying to J/yJ/w, respectively; gx is the coupling constant of
X(6900) — J/yp(3770), J/ypa(3823), and J/yy3(3842) in turn in the three cases, gs, is the coupling constant of X(7200) — J/yy(4160);
@i (i =2,3) is the interference phase as expressed in Eq. (3)".

Case | Case 11
Solution I Solution II Solution I Solution II Solution I Solution II
Xildof. 100.1/86 100.6/86 97.6/86 96.4/86 99.2/86 99.6/86
M, /MeV 6883.3+100.3 6881.9+203.2 6921.5+147.6 6850.0+136.7 6829.8+113.6 6850.0+107.8
g21/MeV 338.8+25.8 1029.1+91.1 1000.7+19.3 1006.6 +56.7 606.5+18.8 1005.9+54.1
822/MeV 110.9+123.0 1644.1£244.4 645.9+£56.9 1683.5+239.1 259.6+71.6 1661.9+245.5
¢o/rad 0.7+1.6 1.3+1.7 3.9+09 1.8+1.1 27+1.6 2.1+0.9
Mz /MeV 7195.1+212.8 7150.0 £747.5 7221.1+172.4 7165.6 +656.0 72222+182.9 7169.9+£583.2
g31/MeV 68.5+12.4 151.5+48.6 120.0+31.0 130.4+£52.3 110.0+32.2 127.2+£57.7
832/MeV 94.1+£92.9 832.3+245.7 0.0004 +151.9 774.5+262.8 0.0003 +155.4 772.7+251.7
¢3/rad 5.5+0.9 0.8+1.1 4419 1.1+1.0 52+14 1.2+09

“The remaining parameters which are not listed here are included in Table Al.

Table 5. Definition of Riemann sheets (i = 2,3).

1 I III v

pit + - - +

Pi2 + + - -
Table 6. Summary of pole positions obtained using central

values of parameters for § —S couplings. Here, the symbol
"Sol." denotes "Solution" throughout the analysis.

Case State Sheet 11 Sheet 11T
X(6900) 6885.4 — 68.0i 6874.4 —80.0i
! X(7200) 7202.2 - 16.6i 7187.1-18.0i
X(6900) 6947.6 — 172.0i 6810.4 —274.0i
SoLL 10 xa2000  7p08-3100 722083100
X(6900) 6845.2—117.0 6789.2 - 138.0i
m X(7200) 7221.9-28.0i 7221.9 -28.0i
X(6900) 6937.9 -97.0i 6527.3 -323.0i
! X(7200) 7210.7-27.5i 7037.3-47.5i
SoLll I X(6900)  6933.9-111.0i  6443.8—275.0i
X(7200) 7218.9 —24.0i 7067.9 —41.5
X(6900)  69333-113.0i  6452.3-275.0i
. X(7200) 7221.9-23.0i 7073.7-41.0i

dicates that it might be a confining state for S-wave
couplings. For Solution II in each case, the fact that only
one pole is found on sheet II near the second threshold
demonstrates that the two states tend to be molecular
states. Thus, in case of assuming X(6900) and X(7200) to
be JP€ =(0,2)** and considering the couple channels lis-
ted in Table 1, different conclusions concerning the good-
ness of fit being almost equivalent are drawn. This is
mainly caused by low statistics and unavailable informa-
tion on other channels. Consequently, it is impossible to
distinguish whether the two states are confining or mo-
lecular states under the current situation. More experi-
mental measurements in the coupling channels,
X(6900) — J/y(3770),  J/yya(3823),  J/yy3(3842),
Xc0Xcls and X(7200) — J/np(4160), x.0 xc1(3872), are
therefore in urgent need to clarify their nature.

At last, we also tested the situation in which X(6900)
couples to J/yJ/y and J/yy(2S). A solution that favors
X(6900) as a confining state was found. Meanwhile, we
could not find a good solution in favor of a molecular
state interpretation of X(6900).

B. P - P couplings
With the quantum numbers of the P-wave J/yJ/y
pair being (0,1,2)~*, coupling channel thresholds close to
the two states are summarized in Table 2. From this table,
the couplings can be divided into two cases:
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Fig. 1. (color online) Fitting projections of two solutions for
the S-S couplings in Case I with X(6900) — J/yJ/y and
J/y(3770), and X(7200) — J/yJ/y and J/yy(4160) couples,
where the dots with error bars are the LHCb data [1], the red
lines are the best fit, the green dashed lines show the coherent
BG, the purple dashed lines are the contribution of the inco-
herent BG, and the vertical lines indicate the corresponding
mass thresholds of X(6900) and X(7200).

Case I: X(6900) — J/yJ /¥, xcoxer; X(7200) — J/y /)y,
Xcoxc1(3872).

Case II: X(6900) — J/wJ/w, J/yw(3770); X(7200) —
JIwdy and J/yy(4160).

By employing Eq. (3) with the threshold and barrier
factors n;;(s) included, the fitting projections are shown
in Fig. 2, and the corresponding numerical results are lis-
ted in Table 7. Note that the parameterization with the P-
wave coupling assumption can also meet the experiment-
al data well, with almost equivalent goodness of fit in the
S -wave couplings. The pole positions in the complex s
plane are listed in Table 8. Note that the method adopted
in this study cannot distinguish a P-wave confining state
from a P-wave molecule, given that they both contribute
two pair of poles near the threshold.

C. S —Pand P-S couplings

Owing to the limited statistics but multiple states,
only two cases were considered in the analysis for the
S —P and P-S couplings:

< - Data

= E — total fit
% 150+ Vo meee- incoherent BG
g B coherent BG
8 100}
© A
s [ M.
T :
c 50 :
$) o ameeaes :
6500 7000 7500 8000 8500 9000
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8 100} g
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o 4
T
£ 50
$) o eeeemenay N
6500 7000 7500 8000 8500 9000
Mgi_y1y (MeV)
(b) Case 11
Fig. 2. (color online) Fitting projections for the P— P coup-

lings, where Fig. (a) shows X(6900) decaying to J/wJ/y and
Xcoxel> and X(7200) to J/yJ/y and y.ox.1(3872), and Fig. (b) il-
lustrates X(6900) — J/yJ/y and J/yw(3770), X(7200) — J/yJ/w
and J/yy(4160). Here, the descriptions of the components of
the figures are similar to those of Fig. 1.

Case 1 (S—-P): S-wave for X(6900)— J/yJ/y,
J/yy(3770); P-wave for X(7200) — J/yJ/y and
J/yy(4160).

Case II (P-S): P-wave for X(6900)— J/yJ/y,
JIyy(3770);  S-wave for X(7200) — J/yJ/y and
J /b (4160).

The following total amplitude is applicable for both
cases,

2

IMP? = +IMs] + B.G. 4)

ZZI M; + Mnor
P

By employing Eq. (4) with the respective threshold and
barrier factors, n;;(s) included, the fitting projections are
similar to Fig. 1. Two sets of solutions with almost equi-
valent goodness of fit were found in Case I. In comparis-
on, only one solution in favor of a molecular interpreta-
tion of X(7200) was found in Case II. The pole positions
in the complex s plane are summarized in Table 9. Based
on PCR, it may be concluded that Solution I favors
X(6900) as a confining state and Solution II supports that
it is a molecular bound state.
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Table 7. Summary of numerical results for P- P couplings,
where M, and M3 are the masses of X(6900) and X(7200), re-
spectively; g2; and g3; are the coupling constants of X(6900)
and X(7200) decaying to J/yJ/y, respectively; gz is the coup-
ling constant of X(6900) — y.oxe1 and J/yw(3770) in the two
cases, gz is the coupling constant of X(7200) — J/yy(4160);
i (i = 2,3) is the interference phase as expressed in Eq. (3)".

Case ] Case II
x2/dof. 95.7/86 95.6/86
M>/MeV 6866.9+51.4 6869.6 +60.2
821/ MeV 4679.6+128.6 4679.2+136.3
822/MeV 1010.1 +1520.1 2585.2+1828.7
¢y /rad 1.7+14 1.7+1.6
M3/MeV 7228.2 +50.1 7229.7+50.7
831/ MeV 568.8 +60.6 569.3+59.8
832/MeV 7105.6 +5964.6 8158.6+5610.5
¢3/rad 5.7+0.6 5.7+0.6

*The remaining parameters which are not listed here are displayed
in the Table A2.

Table 8. Summary of pole positions obtained using central
values of parameters for the P— P couplings.
State Sheet 11 Sheet 111
X(6900) 6838.7-119.0i 6840.9-113.0i
Case |
X(7200) 7220.8 -31.0i 7232.5-23.0i
X(6900) 6844.1-122.0i 6841.2-110.5i
Caes II
X(7200) 7221.4-32.0i 7234.4-22.0i
Table 9. Summary of pole positions obtained using central
values of parameters for S — P and P—S couplings.
Sol. State Sheet 11 Sheet 111
| X(6900) 6901.0-32.6i 6884.4-61.7i
X(7200) 7196.2-19.5i 7200.8 - 17.4i
Case |
- X(6900) 6894.8 —65.3i -
X(7200) 7097.8 - 17.6i 7128.1 -14.0i
X(6900) 6900.5 — 14.5i 6900.3 - 15.2i
Case 11
X(7200) 7362.2-67.9i -

III. SPECTRAL DENSITY FUNCTION
SUM RULE

Concerning S-waves, SDFSR can be utilized to
provide insights into the nature of the X(6900) state. Ref.
[27] pointed out that the spectrum density function w(E)
near threshold can be calculated by using the non-relativ-
istic S -wave Flatté¢ parameterization, and the renormaliz-
ation constant Z can be obtained, which represents the
probability of finding the confining particle in the con-

tinuous spectrum: the greater the tendency of Z to 1, the
more confining is the state. On the other hand, if Z tends
to 0, the state tends to be molecular.

Using a form similar to that in Refs. [25,27-30], the
spectrum density function of a near-threshold channel can
be expressed as

1 & \2UEQ(E) +T
w(E) = L g./i() 0
E—Ef+%gw/2,uE0(E)+%l~"o

2n

where E (E;)= +/s(M)-my, is the energy difference
between the center-of-mass energy (resonant state) and
the open-channel threshold, u is the reduced mass of the
two-body final states of the channel, 8 is the step func-
tion, g =2g/my;, is the dimensionless coupling constant of
the concerned coupling mode, and I is the constant par-
tial width for the remaining couplings, which mainly con-
tains the distant channels (the J/¢J/¥ process in this ana-
lysis).

By integrating Eq. (5), the probability of finding an
"elementary" particle in the continuous spectrum can be
obtained:

56

E
Z= f w(E)dE. (6)
Ewin

The integral interval takes E; as the central value. It is
pointed out in Ref. [30] that the integration interval needs
to cover the threshold of the coupling channel. Given that
the X(7200) state is of no significance (~ 3 o reported in
the LHCb experiment [1]), only the Z values of X(6900),
as listed in Table 1, are calculated. Expanding w(E) near
the threshold of each channel, and bringing X(6900)'s
mass M2 and width I2”° extracted from the second
Riemann sheet in Table 6, one can obtain the correspond-
ing Z value, where I'y = F21(M§°le) (see also Eq. (2)). The
numerical Z values are summarized in Table 10, where
the interval [E;—T,E;+T] covers all thresholds of the
calculated channels. The Z values in Solution I are all
slightly less than 50% in this interval, but rapidly ex-

Table 10. Summary of Z values for the S —S couplings of
X(6900).
Case [Ef-T,Ef+T] [Ef—2T,E;+2I]
I 0.459 0.671
Sol. 1 1I 0.379 0.592
I 0.468 0.681
I 0.184 0.344
Sol. I 11 0.243 0.418
111 0.259 0.438
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ceeds 50% in larger integral intervals. Hence X(6900)
may be considered as a confining state in Solution I. For
Solution II, the Z values are much smaller than 50% in
the interval [E;—T,E;+TI7, and also less than 50% in the
interval [E;—2I', E; +2T']. This suggests that the X(6900)
state is more likely a molecular state in Solution II. As a
conclusion, the nature of X(6900) is consistently drawn
from both PCR and SDFSR based on the current limited
data. Hence, we were not able to distinguish whether it is
a confining state or a molecular bound state.

IV. CONCLUSION

In this analysis, the channels J/yy(3770), J/yp2(3823),
JIYy3(3842), and xeoxer [J/yy(4160) and xcoxc1(3872)]
close to the threshold of X(6900) [X(7200)] were selected
to study their couplings. Fitting to recent LHCb data
through Flatté-like parameterization with momentum-de-
pendent partial widths, we found that the lowest state in
the di- ¢ mass spectrum with the same quantum numbers
as X(6900) is essential to describe the extremely deep dip
below 6800 MeV by destructive interference. The amp-
litude poles in the complex s plane were obtained. For
the S-wave J/yJ/y couplings, PCR and SDFSR were
imposed to determine whether the structures are confin-
ing states (bound by color force) or molecular states. The
two approaches provide consistent conclusions: both con-
fining and molecular states are possible, or the nature of
the two states cannot be distinguished if only the di-J/y
experimental data with current statistics are available. It

is also discussed in Ref. [12] that the current experiment-
al data are not enough to provide a definitive conclusion
on the nature of X(6900). In addition, the
X(6900) — J/yp(2S) coupling with the threshold far
away from X(6900)'s mass was taken into account. Our
results do not favor the X(6900) structure as a J/yy(2S)
molecular state. In the future, we are hoping to obtaine
more experimental data and more decay channels to clari-
fy the nature of X(6900) and X(7200) as well as determ-
ine their J°¢ quantum numbers. Reasonably, we suggest
that experiments measure X(6900) —» J/yy(3770),
I/ (3823), J/ynp3(3842), and xcoxcr; and X(7200) —
J/IY(4160), x.0xc1(3872) decays, which are expected to
be available in LHCb, Belle-1I, CMS and other (future)
experiments.

APPENDIX A: VALUES OF PARAMETERS

The remaining parameters which are not listed in Sec.
II are presented below. The parameter values for § —S§
and P - P couplings are displayed in Table Al and Table
A2, respectively.

For S — P coupling, in which X(6900) couples to S -
wave di-J/y and J/yp(3770), and X(7200) couples to P-
wave di-J/y and J/yy(4160), the parameter values are
listed in Table A3.

For P—S coupling, in which X(6900) couples to P-
wave di-J/y and J/yay(3770), and X(7200) couples to S -
wave di-J/y and J/yy(4160), the parameter values are
shown in Table A4.

Table A1. Parameter values for S —S coupling. Other parameter values are listed in Table 4.

Case [ Case II Case 11
Solution I Solution IT Solution I Solution IT Solution I Solution IT
g1/MeV’ (34.5+3.5)x10° (56.2+5.6)x 10° (35.0+3.6)x 10° (37.2+4.3)x10° (57.8+4.0)x 10° (28.2+3.8)x 10°
$1/rad 3.6+0.1 3.6+0.1 5.8+0.1 3.8+0.1 4.8+0.1 3.9+0.1
M, /MeV 6621.6+60.0 6726.8+164.0 6741.0+59.1 6683.3+155.9 6737.0+78.5 6671.0+101.6
g11/MeV 540.9+55.6 719.7 +66.0 296.4+22.2 5433+53.8 412.1+33.4 450.0+51.2
22 /MeV’ (11.9+0.8)x 10° (40.2+5.6)x 10° (71.3+£4.7)x10° (32.4+3.3)x 10° (35.0+5.6)x 10° (29.0+2.9)x 10°
g3/MeV’ (2.3+0.3)x 10° (2.0+0.6)x 10° (1.8+0.4)x 10° (1.6+0.5)x 10° (1.6+0.4)x 10° (1.6+£0.5)x 10°
Table A2. Parameter values for P- P coupling. Other parameter values are listed in Table 7.
Case I Case Il
g1/MeV’ (41.7+3.1)x 106 (41.7+3.1)x 106
$1/rad 4.1£0.1 4.0+0.1
M /MeV 6753.8+60.7 6748.7+85.5
g11/MeV 402.8+33.7 414.6+34.1
g2 /MeV’ (74.3 +8.9)x 10° (72.2+8.4)x 10°
g3/MeV’ (8.0+0.6)x 10° (7.9+0.6) x 10°
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Table A3. Parameter values for S — P coupling. Table A4. Parameter values for P-S coupling.
Sol. Sol. I x?/d.o.f. 97.23/87

x?/d.o.f. 98.2/87 103.3/87 g1/MeV’ (29.5+2.8)x 10°
g1/MeV’ (19.9+4.2)x 10° (41.8+5.4)x10° é1/rad 44+0.2

¢1/rad 3.4+0.1 33+0.1 M, /MeV 6742.8+17.9
M /MeV 6599.5 +24.4 6670.7+33.9 g11/MeV 1000.0 +80.8
g11/MeV 462.4+91.2 752.9+91.7 g2/MeV’ (20.0 £2.5) x 10°
g2/MeV’ (50.0+5.5)x 10° (25.0+1.3)x 10° ¢ /rad 23405

¢a/rad 2.0£0.5 1.1+0.2 M>/MeV 6900.8 +25.9
My /MeV 6896.1+27.4 6800.0 +28.7 221/MeV 550.0+31.6
g1/MeV 215.8+48.2 1000.0+41.0 gn/MeV 250.0 +40.6
g22/MeV 250.0+117.9 2550.0+587.5 g3/MeV’ (31.2+10.2)x 10°
g3/MeV’ (7.6+1.6)x 10° (7.4+2.9)x10° M3/MeV 72558 +115.4
M3/MeV 7199.0+102.9 71153 +263.8 g31/MeV 1377.9 £505.0
g31/MeV 400.0+106.3 400.0+127.5 232/MeV 3999.7 +2352.5
gn/MeV 1463.7 £257.6 3424.8+351.1

In addition, the parameters for both coherent and in-
coherent background terms, which were obtained from
fitting to the mass spectrum without the signal amplitude,
were fixed throughout default fitting to reduce the uncer-

tainty of the multiple interference. Regarding the coher-
ent background, ¢y =209 and ¢; = -6.9x 107 (Merl).
Concerning the incoherent background, which takes a
form similar to the coherent background, it has two para-
meters: ag = 240.7, a; = —4.5%x10™* (MeV_l).
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