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I. INTRODUCTION

In the past two decades, a large number of new had-
ronic states have been observed by large-scale scientific
facilities, several of which cannot be categorized as con-
ventional mesons or baryons. The states that do not meet
the expectations of conventional hadrons in the quark
model are known as exotic states. Theorists have conduc-
ted numerous studies in an attempt to explain the mysteri-
ous properties of these exotica. The experimental and the-
oretical effort required makes the study of these exotic
states an intriguing field in hardonic physics. These
achievements and progresses provide good opportunities
for us to investigate the internal structures of exotica, and
recent experimental and theoretical statuses can be found

in reviews [1-10].

Among the new hadronic states, charmonium-like
states are particularly fascinating and attract wide atten-
tion both experimentally and theoretically. Various ap-
proaches have been adopted to study their properties, in-
cluding phenomenological quark models, effective field
theories, QCD sum rules, and lattice QCD, and several
different interpretations have been proposed to reveal
their natures, such as compact tetraquarks, meson-meson
molecular states, conventional charmonia, hybrid states,
and kinematic effects. These investigations on charmoni-
um-like states covered masses, decay behaviors, produc-
tion processes, and magnetic moments. Although previ-
ous studies have not provided a unified explanation, it is
essential to explore every aspect of these states with dif-
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ferent configurations because this can help us to better
understand them and search for additional undetected
particles.

Besides mass spectra and production, strong decay
behaviors reflect the internal structures of charmonium-
like states and hence have been attracting increasing at-
tention. In literature, two-meson decay channels have
been widely studied [11-23]. For molecular states, these
decays usually occur through meson exchange processes,
and the fall-apart mechanism is generally assumed to es-
timate the partial decay widths of compact tetraquarks.
Moreover, a charmonium-like state can decay into one
light meson plus one charmonium-like state, and yet there
are few studies on this type of decay. Under the molecu-
lar hypothesis, the authors calculated the processes using
the effective Lagrangian approach [24, 25]. However,
these processes have not been investigated within com-
pact tetraquark configurations. In fact, the light meson
emissions of these XYZ states not only help us distin-
guish between compact tetraquarks and loosely bound
molecules, but also play an essential role as the connect-
ing bridges between different charmonium-like states.
Hence, it is important to study these decay processes for
charmonium-like states within compact tetraquark config-
urations.

Experimentally, several candidates have been ob-
served for excited compact tetraquarks. In 2016, a J7¢ =
0** structure X(4700) was discovered in the B —
J/y¢K* decay process by the LHCb Collaboration [26,
27], which had a mass of 4704 + 1071} MeV and a width
of 120+31743 MeV. Because X(4700) was found in the
J/y¢ invariant mass, it may include both a ¢¢ pair and s5
pair and be regarded as a radially excited ccss compact
tetraquark [28—31]. Another radially excited candidate is
the resonance Z.(4430), which was first observed in the
B — Kn~¢(2S) decay process by the Belle Collaboration
in 2007 [32]. This resonance was then confirmed in the
same process by the LHCb Collaboration and in the
B? — K-n*J/y decay by the Belle Collaboration [33, 34].
Its mass and decay width were remeasured to be 447812
MeV and 181+31 MeV, respectively [35]. For P-wave
candidates, there have been several 1~ charmonium-like
states. For instance, Y(4260) was reported in the process
ee” - ntnJ/y by the BaBar Collaboration and sub-
sequently confirmed by the Belle and BESIII Collabora-
tions [36— 38]. With increasing experimental data,
Y(4260) was renamed Y(4230), with a mass of
(4219.6+3.3+5.1) MeV and a width of (56.0+3.6+6.9)
MeV, respectively [35]. Moreover, the decay branching
fraction I'y-.-B[Y(4230)— ntn~h.] was measured to be
(4.6739+0.8) eV in the 7*n~h, channel [39]. ¥(4390) was
found in the e*e™ — n™n~h. cross sections at approxim-
ately 4.22 and 4.39 GeV by the BESIII Collaboration
[39], with a mass of 4391.5*%2 +1.0 MeV and a width of
139.57182+0.6 MeV, respectively. This structure was

also observed in the ete™ — nJ/y and ete” ->n*n D*D™
processes [40, 41]. Experimental information on the oth-
er P-wave candidates Y(4360) and Y(4660) can be found
in [38, 42-49].

In this study, we apply the *Py, model to four-body
systems and calculate the selected decays of the reson-
ances X(4700), Z.(4430), Y(4230), Y(4360), Y(4390), and
Y(4660). The final states are light mesons plus Z.(3985),
Z.(4020), Z.4(3900), or Z.(4000). According to previ-
ously theoretical and experimental studies, these char-
monium-like states are good candidates of compact tetra-
quarks. Here, we adopt compact tetraquark configura-
tions to investigate the decay processes among these XYZ
states. We find that the pion/kaon decay widths of
X(4700) and Z.(4430) are relatively small, whereas the
partial decay widths of Y(4230), Y(4360), Y(4390), and
Y(4660) are significant.

This paper is organized as follows: The formalism for
the strong decays of compact tetraquarks in the 3Py mod-
el is introduced in Sec. II. We present the numerical res-
ults and discussions for the selected charmonium-like
states in Sec. III. Finally, a short summary is given in the
last section.

II. MODEL

In this study, we adopt the 3Py model to calculate the
Okubo-Zweig-lizuka-allowed strong decays of compact
tetraquark states. In this model, a quark-antiquark pair
with the quantum number J7¢ =0** is created from vacu-
um and then goes into the final states [S0]. This model
has been widely employed to study strong decays for dif-
ferent types of hadronic systems with notable success
[51-66]. Moreover, several previous studies adopted the
formalism for compact tetraquarks [53, 67— 69]. In the
nonrelativistic limit, to describe the decay process
A — BC for a compact tetraquark, the transition operator
T in the 3Py model can be expressed as [58, 62-66]

T =-3y> (lml-ml00) / &> psd’ ps6’ (ps + ps)
m

xp (B200) 8, 80w b (o)l o). (1)

where v is the dimensionless ¢sgs quark pair production
strength, and ps and pe are the momenta of the created
quark gs and antiquark gg, respectively. Here, i and j are
the color indices of the created quark and antiquark,
¢° = (uit+dd + 55)/ V3, 0 =5;;, and x}°,, arethe fla-
vor singlet, color singlet, and spin triplet wave functions
of the quark-antiquark pair, respectively. Y7 (p)=
IpIY{"(6,.¢,) is the solid harmonic polynomial reflecting
the P-wave momentum-space distribution of the ¢sgs
pair.

063102-2



Light meson emissions of the selected charmonium-like states within...

Chin. Phys. C 47, 063102 (2023)

There are five possible rearrangements of the strong
decays of the compact tetraquarks cqcg:

A(c1,42,¢3,44) + P(g5,G¢) — B(q2,4q5,C3,44) + C(c1,Ge),
2

A(Cl ,CI2,537Q4) + P(CIS, q6) - B(Cl ’515753, q4) + C(q27 Q6)7
3)

A(c1,92,¢3,44) + P(q5,Gg) — B(c1,42,44,G¢) + C(g5,C3),
4

A(CI,Q2,E'3»‘?4) + P(QS, 66) i B(CI,QZ,E& 66) + C(CI5354),
&)

A(Cl,q2’53»¢?4) + P(QS’ q6) - B(cl7q2» C]S) + C(E37 ‘?4, q6)
(6)

In Fig. 1, we present all possible rearrangements, that
is, charmed(-strange) meson emissions, light meson emis-
sions, and baryon-antibaryon processes. Owing to the
limited phase space of the selected charmonium-like
states, we only focus on light meson emissions in this
study.

To investigate the strong decay behaviors of compact
tetraquarks, we present the Jacobi coordinates in Fig. 2.
Here, ¢; and ¢, denote quarks, and ¢; and g4 correspond
to antiquarks. p; =ryj—rp is the relative coordinates
between two quarks, pp = r3—ry4 is the relative coordin-
ates between two antiquarks, and
A= miry+mpry _ msr3 +mqrg

B mp +mp ms3+m

ordinates between quarlirs and antiquarks. With this defin-
ition, we can classify the excitations of compact tetra-
quarks into three types: p;—mode, p,—mode, and
A-mode. Empirically, the observations for p—mode ex-
citations are scarce for heavy-light systems. For instance,
most observed singly heavy baryons in experiments can
be assigned as A-mode excitations, and no p—mode heavy
baryon has previously been confirmed. In this study, we
only consider .-mode excitations for the initial states, that
is, np, =1, =n,,=1,,=0 and L, =L,,. Furthermore,
owing to phase space constraints, all the final states are
ground states.

With the transition operator 7, the helicity amplitude
MM MM s defined as

represents the relative co-

(BC|T|A) = 6*(Ps — Pg— Po)MMuMiMic (7
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Five possible rearrangements. (a) and (c) are

charmed(-strange) meson emissions, (b) and (d) are light

meson emissions, and (e) represents the baryon and anti-bary-

on decay modes.
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Fig. 2. Jacobi coordinates of compact tetraquarks.
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Here, we take the diagram (d) in Fig. 1 as an example.
Similar to the strong decays of conventional hadrons [58,
62— 66], the explicit formula of the helicity amplitude
MMM, Mic can be expressed as

MMM
==y VBEAERECY D D > D)

M., My, My, M, M5, m
X{(S1Ms,S2Ms,|S 12Ms S 3Ms,SaMs,|S 3aMs.,)
X(S12Ms ,S3aMs S aMs, ) X {LaM,S aMs,|JaM},)
X{(S1 Mg, S2|Ms,S 1oMs ) X{S3Ms.S¢Ms |S36Ms,)
X(S 12Ms,,S 36Ms  |JpM;,) X (S aMs,SsMs |JcM;,)
X (SsMs.S ¢Ms.|1 —myx (1m1 —ml00)

M,
X (D5 SC 108 G, w,, (), ®)

where (5068|9123 ¢2°) is the overlap of the flavor wave

functions. IZ:A'ZLE (p) represents the spatial overlaps of ini-
tial and final states, and relevant analytical expressions
are listed in the appendix. The decay width T'(A — BC)
can then be calculated directly,

|MM,AM,HMJ(. |2’

p 1
r=n-s
M;2J4+1 2

)
Ja !M/B’MJC
[M,Zx_(MB“'M('):][Mi_(MB_M(')Z]
where p=|p|= V 5, ,and My, Mp,
and M. are the masses of the hadrons A4, B, and C, re-
spectively.

In the *Py, model, we require the quark pair creation
strength y, harmonic oscillator parameters in the orbital
wave functions of the initial and final states, and differ-
ent types of quark masses to calculate the decays numer-
ically. In literature, y = 0.4 x V96 and a = 0.4 GeV are
widely used to investigate the strong decays of conven-
tional mesons [60], where the factor V96r originates
from different conventions. For conventional baryons,
@ =0.4/ V2 GeV is commonly adopted, where V2 origin-
ates from the different definitions of the relative coordin-
ates [70—74]. In compact tetraquarks, there is no experi-
mental information to restrict these parameters via the
known decay processes. In the cgcg states, the p; and p;
modes are similar to the excitations of conventional bary-
ons, whereas the 4 mode is analogous to conventional
meson systems. Thus, we adopt @, =, =0.4/ V2 GeV
and @, =0.4 GeV for the compact cqcg states, a = 0.4
GeV for light mesons, and y = 0.4 x V96r for the overall
strength. Moreover, the quark masses m,;;=0.22 GeV,
ms=0.418 GeV, and m.=1.628 GeV are employed in the
calculations [60, 75, 76]. Here, we adopt as few paramet-

ers as possible to semi-quantitatively estimate the strong
decays of cqcg tetraquarks and provide theoretical in-
formation for future explorations.

In this study, we investigate the decay behaviors of
the charmonium-like states X(4700), Z.(4430), Y(4230),
Y(4360), Y(4390), and Y(4660). Combining experimental
data and theoretical information, we tentatively regard
X(4700) as a cscs(2S) state; Z.(4430) as a cqcg(2S) state;
Y(4230), Y(4360), Y(4390), and Y(4660) as cqcg(1P)
states; and Y(4660) as a cscs(1P) state. The possible
quantum numbers of these states are listed in Table 1.
Here, in the notation )(S“S”, S12, S34, and S represent the
spin of c¢;q», spin of ¢3g4, and total spin, respectively.
The explicit expressions of ,\gg‘zs"“ are as follows:

X0 = 1(c192)0(E334)0Yo- (10)
X0 = 1(c192)1(@334)1)p» (11
X1 = 1(c192)0(@3G2)1), (12)
x1° = 1c192)1(@3G4)o); (13)
xi' = 1c192)1(@3Ga)y); (14)
X5 =1(c192),(334), ), (15)
Furthermore, Z.(3985), Z.(4020), Z.,(3900), and

Z.5(4000) are assumed to be the ground states of compact
tetraquarks, which are all J7(© = 1*) resonances. Under
these assignments, the Z.(3900) and Z.,(3985) reson-
ances have the spin wave function (y]° —x%')/ V2, and the
spin wave function for the Z.(4020) and Z.4(4000) reson-
ances is y{!.

Table 1.
states. The superscripts and subscripts S, 4, and 7 in the states

Notations and quantum numbers of the initial

correspond to spins 0, 1, and 2, respectively.

State Jrec ny L, Spin Candidate
X3S o+ 1 0 x°

" " X(4700)
XS o+t 1 0 X0
§s 1 0 1 XY

" . Y(4660)
g 1 0 1 Xo Y(4230)

AA 11 Y(4360
i : ° : & YE4390;
Y}s 1 0 ! V300
7AS 1+ 1 0 10_ 01y /3

ZA i Xl ! Z.(4430)
Zy 1+ 1 0 X
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III. STRONG DECAYS

A. X(4700)

In literature, the X(4700) resonance is usually ex-
plained as a radially excited compact cscs tetraquark, P-
wave conventional charmonium, D-wave c¢scs tetra-
quark state, or ground tetraquark state [28-31, 77-80]. In
the constituent quark model, there are two A-model
0** cscs states, which are predicted to be close to each
other. The partial decay widths of the Z.(3985)K and
Z.5(4000)K channels are estimated and listed in Table 2.
All of these partial widths are relatively small, which sug-
gests that the fall-apart process with two meson final
states may dominate. The small partial decay widths of
the X(4700) resonance may be caused by the radial 2§
excitations and P-wave suppression of the decay amp-
litude. Although the predicted partial decay widths are
small, these decay channels have the opportunity to be
observed in future experiments. Moreover, we find that
the Z.,(4000)K decay mode is forbidden at the tree level
under the X§5 assignment, and this selection rule is
independent of the parameters of the quark pair creation
model.

Table 2. Predictions of the X(4700) — Z.,(3985)/Z.;(4000)K
processes in MeV.

X(4700)
Decay mode o5 "
Xy Xg
Z.5(3985)K 0.25 0.08
Z5(4000)K 0 0.12
Total 0.25 0.20

1.2

1.0

0.8

0.6

Total (MeV)

0.4

0.2

0 L L L L
4700 4710 4720 4730 4740 4750

Mass (MeV)

Fig. 3. (color online) Total widths of Z.(3985)K and
Z.5(4000)K for the X(4700)/X(4740) resonances under different
assignments versus the masses of initial states.

Recently, the LHCb Collaboration observed a new
resonance X(4740) in the J/y¢ mass spectrum [81, 82],
which is probably the same state as X(4700). This reson-
ance may be explained as another radially excited com-
pact 0** ¢scs tetraquark, or even a 2** tetraquark. We
plot the mass dependence of the partial decay widths of
two 0** states in Fig. 3. As shown, the total widths of the
Z.5(3985)K and Z.;(4000)K channels remain small when
the mass varies from 4700 to 4750 MeV. We hope that
these estimations can provide a valuable clue to better un-
derstand the resonances X(4700) and X(4740), and more
theoretical and experimental efforts are required to re-
veal the relationship between observed resonances and
predicted states in the quark model.

B. Z.(4430)

In the constituent quark model, two A-model 17~ ra-
dially excited compact cncn tetraquarks lie at approxim-
ately 4.5 GeV. With these two assignments, the partial
decay widths of Z.(4430) are calculated and presented in
Table 3. Similar to the X(4700) case, these partial decay
widths are also small owing to radial excitations. Usually,
decay behaviors can help distinguish different assign-
ments for a new hadronic state. However, for the reson-
ance Z.(4430) under two 17~ assignments, its decays ex-
hibit the same behaviors. This situation can be under-
stood via the Clebsch-Gordan coefficient in the helicity
amplitudes. Although these two assignments have differ-
ent quantum numbers, the helicity amplitudes are found
to be the same after tedious calculations. Because of the
small partial decay widths and same decay behaviors,
other decay channels may be more suitable for clarifying
the nature of Z.(4430).

Table 3. Theoretical predictions of the strong decays of the
Z.(4430) states in MeV.
Z.(4430)
Decay mode s "
Zy Zy
Z:(3900)7 2.72x1073 2.72x1073
Z.(4020)7 8.60x 1072 8.60x 1072
Total 8.87x 1072 8.87x 1072

C. Y(4230), Y(4360), and Y(4390)

For A-model P-wave excitations, there are four
17~ cncin compact tetraquarks in the constituent quark
model. We tentatively assign Y(4230), Y(4360), and
Y(4390) as these configurations and calculate the partial
decay widths of the Z.(3900)r and Z.(4020)x channels.
The results are presented in Tables 4 to 6. The partial de-
cay widths are predicted to be approximately 0.11 ~ 5.64
MeV, except in the forbidden channels, which are signi-
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Table 4. Theoretical predictions of the strong decays of the
Y (4230) states in MeV.

information are required to clarify their internal struc-
tures.

Y(4230)
Decay mode D. Y(4660)
7 . . __

Y(4660) is a good candidate of P-wave c¢s¢s compact
23900y 1.27 065 076 065 tetraquarks. This state is divided into two structures,
Z:(4020)m 0 0.58 0.96 0.58 Y(4660) and Y(4630); however, several studies have in-

Total 1.27 1.23 1.72 1.23 dicated that Y(4630) should be the same structure as
Y(4660) [84—87]. Here, we follow the assignment of the
Table 5. Theoretical predictions of the strong decays of the Review of Particle Ph,ysw,s’ WhICh suggests t hat only one
. resonance Y(4660) exists in this energy region [35]. The
Y(4360) states in MeV. . . .
calculated partial decay widths are shown in Table 7.
Decay mode ¥(4360) These partial decay widths are significant, and the decay
el Y44 yph v4s behaviors are similar to those of their non-strange part-
2.(3900)r 473 1.20 011 1.20 ners Y(4230), Y(4360), and Y(4390). Compared with the
. +9 .
2.(4020) 0 0.64 0.68 0.64 total width 627 MeV, the total branch ratios .of the
Z.5(3985)K and Z.;(4000)K channels are approximately
Total 473 184 0.7 184 0.06 ~ 0.14, which can be tested in future experiments.
Table 6. Theoretical predictions of the strong decays of the Table 7. Theoretical predictions of the strong decays of the
Y (4390) states in MeV. Y (4660) states in MeV.
Y(4390) Y(4660)
Decay mode Decay mode
vgs v yp v4s vss Y44 ypA Y4S
Z:(3900) 5.64 1.47 0.22 1.47 Z:5(3985)K 8.81 2.78 1.42 2.78
Z.(4020)7 0 0.63 0.50 0.63 Z:5(4000)K 0 2.89 2.46 2.89
Total 5.64 2.10 0.72 2.10 Total 8.81 5.67 3.88 5.67

ficant enough to be tested in forthcoming experiments.
Moreover, the Y44 and Y45 assignments exhibit the same
decay behaviors for pion emissions.

In Ref. [83], the authors calculated the process
Y(4230) - Z.(3900)7 in the tetraquark scheme with the
quark-pion axial vector interaction and obtained an 8*1°
MeV partial decay width. When we adopt the same as-
signment, our result is 0.76 MeV, which is different from
theirs. Under the DD;(2420)+ H.c.. molecular scenario,
we also investigate the decay Y(4230) — Z.(3900)r using
an effective Lagrangian approach [25] and obtain a width
of 3.15+0.45 MeV. For the Y(4390) resonance, the
D*D + H.c. molecular interpretation is also popular in lit-
erature. In a previous study [24], the partial decay width
of the n*n~h. process was estimated to be 0.74 to 0.85
MeV with an effective Lagrangian approach. By subduct-
ing the branch ratio, one can obtain the width of the
Y(4390) — Z.(4020)7r process as approximately 10 MeV,
which is also larger than the present results under com-
pact tetraquark configurations. It should be emphasized
that Y(4390) — Z.(3900)z is significant under compact
tetraquark configurations, whereas the Zc(3900)r mode
should be suppressed for the D*D; + H.c. molecular inter-
pretation [24]. Thus, the Y(4390) — Z.(3900)7 channel
can help discriminate the nature of Y(4390) and Z.(3900).
More precise theoretical calculations and experimental

E. Further discussions

Our present calculations are based on the resonances
Z.(3900)/Z.5(3985) with a spin  structure of
(10— ¥/ V2, and Z.(4020) and Z.(4000) with a spin
structure of y1!. This is the normal mass hierarchy for
JPO =17 compact tetraquarks. However, these spin
structures may be inversed in realistic calculations, that
is, Z.(3900)/Z.5(3985) with y1!, and Z.(4020)/Z.s(4000)
with (y1°-x%")/ V2. Fortunately, because of the nearly
equal masses of these states, this does not change the res-
ults significantly.

In the constituent quark model, the commonly used
interaction is the Cornell potential, which can reproduce
the low-lying spectra of heavy quarkonium well. With
realistic wave functions, one can obtain the effective as
predicted to be approximately 400 MeV. Considering the
similarity between A-mode compact tetraquarks and char-
monia, we expect that the mass pattern and hierarchy can
be reproduced. Indeed, several previous studies [29, 80]
based on the diquark-antiquark pictures have revealed
masses and as in these ranges, and the experimental data
of charmonia also support the mass differences of com-
pact tetraquarks. We investigate the dependence on the
harmonic oscillator parameter «, for Y(4230) and
Y(4390) by fixing the relation @y = V2a, in Fig. 4. When
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Fig. 4.

a, varies in the large reasonable range 300 ~ 500 MeV,
the decay widths exhibit some changes, but our conclu-
sions remain the same.

Here, we apply the quark pair creation model to study
the decay behaviors of compact tetraquarks in an attempt
to estimate the light meson emissions of charmonium-like
states. There are a few investigations on light meson
emissions among compact tetraquarks, both theoretically
and experimentally. However, this type of process is im-
portant for studying the relationships of compact tetra-
quarks and requires more attention in future.

IV. SUMMARY

In this study, we adopt the 3Py model to investigate
the light meson emissions of the charmonium-like states
X(4700), Z.(4430), Y(4230), Y(4360), Y(4390), and
Y(4660) under compact tetraquark configurations. We
find that the pion/kaon decay widths of the radially ex-
cited states are relatively small, whereas the partial decay
widths of P-wave excitations are significant. Based on
our calculations, we expect that the Y(4390)—
Z.(3900)/Z.(4020)7r decay channels are more likely to be
measured by the BESIII and Belle II Collaborations,
which can provide valuable information to clarify the
nature of Y(4390), Z.(3900), and Z.(4020).

Our present calculations are preliminary. Here, we
employ a widely accepted approach and relevant para-
meters to semi-quantitatively estimate the magnitudes of
transitions between these charmonium-like states. Cur-
rent theoretical results and experimental data are not suf-
ficient to give definitive interpretations. We hope that our
preliminary explorations can provide information for fur-
ther research, and more theoretical and experimental
studies are encouraged to further discuss this topic.
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APPENDIX: SPATIAL WAVE FUNCTIONS

Harmonic oscillator wave functions for compact tetra-
quarks in the momentum representation can be expressed
as

wnLML(np| s lp, ’mp| 3np2’ lpzvmpz,n/bl/l’m/l)

o AR
73 X JE—
LT'(n,, +1, + E) ap,

T o A
— | X\ —
'F(npz + lpz + i) O’pz

=" (=) p,,

(=1 (=),
_ Y
2n! 2 1\
(_ 1 )mu (_l')lu,l ppl 73:| X <7>
,F(np/l + lp/( + i) ap
a4 0y (D (=4 Z/'1+% l/’2+%
Y Bo)Y) " Bo)Y) " (BOLn, (P, Jag )L, (b, )

72 =2 )
A % P | D, , 14 .
Ly (P%/a%)Xexp(—ip_ip_ p )’

2031 20/%,2 201[2)/(
(AD)
where
L mpi—mps
=== A2
Pp, o (A2)
- m4ﬁ3 - m3ﬁ4
= TP~ P A3
Pp, P (A3)
L (mz+my)(P1+ P2) — (my +mo)(P3 + Pa)
Bi= pitp 1 p3t+p ] (A4)

mip+mp+ms+my

Similarly, the harmonic oscillator wave function for
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ground mesons in the momentum representation can be

written as
1 7
¥(0,0,0) = (@) exp (—20[;> (A5)

where g, represents the relative momentum between the
quark and antiquark in the final mesons.

In this study, all the final states are ground states, that
iS, np,, = lp[ﬂ =ny, = lpm =m, = l/lﬂ =nc= LC =0. More-
over, we only consider A-mode excitations for the initial
states, and then n,, =1, =n,,=1,,=0. Here, we de-
note the spatial overlap integrals IZ:ELL (p) as
I(na,,14,,m,,,m), and the relevant formulas for the low-
lying states are presented below. We define

o= —2 (A6)
my+mp
my +my
= A7
= 2my +my +ms (A7)
=l (A8)
mp +ms
= (A9)
my +ms
cs= —L o (A10)
my+mp
11, 1,
Al:;ﬁ+ﬁC5+ﬁcl’ (All)
1 1
b=+, (A12)
oy 2«
1 2 1 2 1 2
/13 TQ%CS-FTQ%CQ-’-ECA’ (A13)
1 1 1
/142 7C3C5—7c2—7C1€4, (A14)
@ 4 @
1 1
/15 72C] - 2C5’ (AlS)
(04 a/p
1 1
Ao =——c3— —ca, (Al6)
ap a

_ A
fi= g (A17)
— /14
f2 2 (A18)
=t 15, (A19)
_ Ao frds
fa= a5 (A20)
fs =/13—%—f42f3, (A21)

and then, we can easily obtain the spatial overlap integ-
rals,

3 )
11(0,0,0,0) = \/a(l+f4+01fz—61f1f4)‘P‘Aoo,
(A22)

L2
N01,0.0.00 = ~20+ i+ erfr—er i fo)|P]
_Shileh=D Q}AA

/3 P
(A23)
1(0,1,1,-1) = 10, 1,~1,1) = {JCI(CIJ]:;_DJFZ A,
(A24)
with
TN/ 1N\ 1 a2
s0=() () Ga) (57
X exp —(]‘S‘P‘z)}, (A25)

063102-8



Light meson emissions of the selected charmonium-like states within...

Chin. Phys. C 47, 063102 (2023)

References

(1]
(2]
(3]

[10]
[11]

[12]
[13]

[14]
[15]

[16]

[17]
(18]

[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]

[34]

A. Hosaka, T. Iijjima, K. Miyabayashi et al., PTEP 2016,
062C01 (2016)

H. X. Chen, W. Chen, X. Liu et al., Phys. Rept. 639, 1
(2016)

R. F. Lebed, R. E. Mitchell, and E. S. Swanson, Prog. Part.
Nucl. Phys. 93, 143 (2017)

Y. Dong, A. Faessler, and V. E. Lyubovitskij, Prog. Part.
Nucl. Phys. 94, 282-310 (2017)

F. K. Guo, C. Hanhart, U. G. MeiBner et al., Rev. Mod.
Phys. 90, 015004 (2018)

S. L. Olsen, T. Skwarnicki, and D. Zieminska, Rev. Mod.
Phys. 90, 015003 (2018)

Y. R. Liu, H. X. Chen, W. Chen et al., Prog. Part. Nucl.
Phys. 107, 237-320 (2019)

N. Brambilla, S. Eidelman, C. Hanhart et al., Phys. Rept.
873, 1-154 (2020)

M. Y. Barabanov, M. A. Bedolla, W. K. Brooks et al., Prog.
Part. Nucl. Phys. 116, 103835 (2021)

H. X. Chen, W. Chen, X. Liu ef al., arXiv: 2204.02649
Z.L.Yue, M. Y. Duan, C. H. Liu et al., Phys. Rev. D 106,
054008 (2022)

G. Li and X. H. Liu, Phys. Rev. D 88, 094008 (2013)

H. W. Ke, Z. T. Wei, and X. Q. Li, Eur. Phys. J. C 73, 2561
(2013)

H. X. Chen, Chin. Phys. C 44, 114003 (2020)

H. Sundu, S. S. Agaev, and K. Azizi, Phys. Rev. D 98,
054021 (2018)

W. Chen, T. G. Steele, H. X. Chen et al., Eur. Phys. J. C 75,
358 (2015)

Z.G. Wang, Eur. Phys. J. C 79, 184 (2019)

X. H. Liu, L. Ma, L. P. Sun ef al., Phys. Rev. D 90(7),
074020 (2014), arXiv:1407.3684[hep-ph]

G. J. Wang, X. H. Liu, L. Ma et al., Eur. Phys. J. C 79, 567
(2019)

L. Y. Xiao, G. J. Wang, and S. L. Zhu, Phys. Rev. D 101,
054001 (2020)

J. Ferretti, E. Santopinto, M. N. Anwar ef al., Eur. Phys. J.
C 80, 464 (2020)

X. Liu, H. W. Ke, X. Liu et al., Phys. Rev. D 93, 074013
(2016)

Z. H. Wang and G. L. Wang, Phys. Rev. D 106, 054037
(2022)

D. Y. Chen, C. J. Xiao, and J. He, Phys. Rev. D 96, 054017
(2017)

D. Y. Chen, Y. B. Dong, M. T. Li et al., Eur. Phys. J. A 52,
310 (2016)

R. Aaij et al. (LHCDb Collaboration), Phys. Rev. Lett. 118,
022003 (2017)

R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 95,
012002 (2017)

W. Chen and S. L. Zhu, Phys. Rev. D 83, 034010 (2011)

Q. F.Liiand Y. B. Dong, Phys. Rev. D 94, 074007 (2016)
X. Liu, H. Huang, J. Ping et al., Eur. Phys. J. C 81, 950
(2021)

C. Deng, J. Ping, H. Huang et al., Phys. Rev. D 98, 014026
(2018)

S. K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 100,
142001 (2008)

R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 112,
222002 (2014)

K. Chilikin et al. (Belle Collaboration), Phys. Rev. D 90,

[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]

[60]
(61]

[62]
[63]
[64]
[65]
[66]

[67]

063102-9

112009 (2014)

R. L. Workman et al. (Particle Data Group), PTEP 2022,
083C01 (2022)

B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 95,
142001 (2005)

C. Z. Yuan et al. (Belle Collaboration), Phys. Rev. Lett. 99,
182004 (2007)

M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
118, 092001 (2017)

M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
118, 092002 (2017)

M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D
102, 031101 (2020)

M. Ablikim e al. (BESIII Collaboration), Phys. Rev. D
106, 052012 (2022)

B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 98,
212001 (2007)

X. L. Wang et al. (Belle Collaboration), Phys. Rev. Lett. 99,
142002 (2007)

X. L. Wang et al. (Belle Collaboration), Phys. Rev. D 91,
112007 (2015)

J. P. Lees et al. (BaBar Collaboration), Phys. Rev. D 89,
111103 (2014)

G. Pakhlova et al. (Belle Collaboration), Phys. Rev. Lett.
101, 172001 (2008)

Y. L. Han er al. (Belle Collaboration), Phys. Rev. D 92,
012011 (2015)

S. Jia et al. (Belle Collaboration), Phys. Rev. D 101, 091101
(2020)

S. Jia et al. (Belle Collaboration), Phys. Rev. D 100, 111103
(2019)

L. Micu, Nucl. Phys. B 10, 521-526 (1969)

A. Le Yaouanc, L. Oliver, O. Pene et al., Hardon
Transitons in the quark model (Gordon and Breach, New
York, 1988)

A. Le Yaouanc, L. Oliver, O. Pene ef al., Phys. Lett. B 72,
57-61 (1977)

W. Roberts and B. Silvestre-Brac, Few Body Syst. 11, 171-
193 (1992)

E. S. Ackleh, T. Barnes, and E. S. Swanson, Phys. Rev. D
54, 6811-6829 (1996)

T. Barnes, F. E. Close, P. R. Page et al., Phys. Rev. D 55,
4157-4188 (1997)

T. Barnes, N. Black, and P. R. Page, Phys. Rev. D 68,
054014 (2003)

B. Chen, K. W. Wei, X. Liu et al., Eur. Phys. J. C 77, 154
(2017)

Q. F. Lu, T. T. Pan, Y. Y. Wang et al., Phys. Rev. D 94,
074012 (2016)

J. Ferretti, G. Galata, and E. Santopinto, Phys. Rev. D 90,
054010 (2014)

S. Godfrey and K. Moats, Phys. Rev. D 93, 034035 (2016)
J. Segovia, D. R. Entem, and F. Fernandez, Phys. Lett. B
715, 322-327 (2012)

Z. Zhao, D. D. Ye, and A. Zhang, Phys. Rev. D 94, 114020
(2016)

C. Chen, X. L. Chen, X. Liu ef al., Phys. Rev. D 75, 094017
(2007)

Q. F. L, Eur. Phys. J. C 80, 921 (2020)

W. Liang and Q. F. Lii, Eur. Phys. J. C 80, 198 (2020)

H. Z. He, W. Liang, Q. F. Lii et al., Sci. China Phys. Mech.
Astron. 64, 261012 (2021)

J. P. Ader, B. Bonnier, and S. Sood, Z. Phys. C 5, 85 (1980)


https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://arxiv.org/2204.02649
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.88.094008
https://doi.org/10.1103/PhysRevD.88.094008
https://doi.org/10.1103/PhysRevD.88.094008
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1088/1674-1137/abae4b
https://doi.org/10.1088/1674-1137/abae4b
https://doi.org/10.1088/1674-1137/abae4b
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-019-6708-5
https://doi.org/10.1140/epjc/s10052-019-6708-5
https://doi.org/10.1140/epjc/s10052-019-6708-5
https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevD.90.074020
https://arxiv.org/abs/1407.3684
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.118.092001
https://doi.org/10.1103/PhysRevLett.118.092001
https://doi.org/10.1103/PhysRevLett.118.092002
https://doi.org/10.1103/PhysRevLett.118.092002
https://doi.org/10.1103/PhysRevD.106.052012
https://doi.org/10.1103/PhysRevD.106.052012
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevLett.101.172001
https://doi.org/10.1103/PhysRevLett.101.172001
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1016/0550-3213(69)90039-X
https://doi.org/10.1016/0550-3213(69)90039-X
https://doi.org/10.1016/0550-3213(69)90039-X
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1007/BF01641821
https://doi.org/10.1007/BF01641821
https://doi.org/10.1007/BF01641821
https://doi.org/10.1007/BF01641821
https://doi.org/10.1103/PhysRevD.54.6811
https://doi.org/10.1103/PhysRevD.54.6811
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1016/j.physletb.2012.08.005
https://doi.org/10.1016/j.physletb.2012.08.005
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1140/epjc/s10052-020-08488-5
https://doi.org/10.1140/epjc/s10052-020-08488-5
https://doi.org/10.1140/epjc/s10052-020-08488-5
https://doi.org/10.1140/epjc/s10052-020-7759-3
https://doi.org/10.1140/epjc/s10052-020-7759-3
https://doi.org/10.1140/epjc/s10052-020-7759-3
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/BF01546962
https://doi.org/10.1007/BF01546962
https://doi.org/10.1007/BF01546962
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://arxiv.org/2204.02649
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.88.094008
https://doi.org/10.1103/PhysRevD.88.094008
https://doi.org/10.1103/PhysRevD.88.094008
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1088/1674-1137/abae4b
https://doi.org/10.1088/1674-1137/abae4b
https://doi.org/10.1088/1674-1137/abae4b
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-019-6708-5
https://doi.org/10.1140/epjc/s10052-019-6708-5
https://doi.org/10.1140/epjc/s10052-019-6708-5
https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevD.90.074020
https://arxiv.org/abs/1407.3684
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.118.092001
https://doi.org/10.1103/PhysRevLett.118.092001
https://doi.org/10.1103/PhysRevLett.118.092002
https://doi.org/10.1103/PhysRevLett.118.092002
https://doi.org/10.1103/PhysRevD.106.052012
https://doi.org/10.1103/PhysRevD.106.052012
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevLett.101.172001
https://doi.org/10.1103/PhysRevLett.101.172001
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1016/0550-3213(69)90039-X
https://doi.org/10.1016/0550-3213(69)90039-X
https://doi.org/10.1016/0550-3213(69)90039-X
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1007/BF01641821
https://doi.org/10.1007/BF01641821
https://doi.org/10.1007/BF01641821
https://doi.org/10.1007/BF01641821
https://doi.org/10.1103/PhysRevD.54.6811
https://doi.org/10.1103/PhysRevD.54.6811
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1016/j.physletb.2012.08.005
https://doi.org/10.1016/j.physletb.2012.08.005
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1140/epjc/s10052-020-08488-5
https://doi.org/10.1140/epjc/s10052-020-08488-5
https://doi.org/10.1140/epjc/s10052-020-08488-5
https://doi.org/10.1140/epjc/s10052-020-7759-3
https://doi.org/10.1140/epjc/s10052-020-7759-3
https://doi.org/10.1140/epjc/s10052-020-7759-3
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/BF01546962
https://doi.org/10.1007/BF01546962
https://doi.org/10.1007/BF01546962
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://arxiv.org/2204.02649
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.88.094008
https://doi.org/10.1103/PhysRevD.88.094008
https://doi.org/10.1103/PhysRevD.88.094008
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1088/1674-1137/abae4b
https://doi.org/10.1088/1674-1137/abae4b
https://doi.org/10.1088/1674-1137/abae4b
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-019-6708-5
https://doi.org/10.1140/epjc/s10052-019-6708-5
https://doi.org/10.1140/epjc/s10052-019-6708-5
https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevD.90.074020
https://arxiv.org/abs/1407.3684
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.118.092001
https://doi.org/10.1103/PhysRevLett.118.092001
https://doi.org/10.1103/PhysRevLett.118.092002
https://doi.org/10.1103/PhysRevLett.118.092002
https://doi.org/10.1103/PhysRevD.106.052012
https://doi.org/10.1103/PhysRevD.106.052012
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevLett.101.172001
https://doi.org/10.1103/PhysRevLett.101.172001
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1016/0550-3213(69)90039-X
https://doi.org/10.1016/0550-3213(69)90039-X
https://doi.org/10.1016/0550-3213(69)90039-X
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1007/BF01641821
https://doi.org/10.1007/BF01641821
https://doi.org/10.1007/BF01641821
https://doi.org/10.1007/BF01641821
https://doi.org/10.1103/PhysRevD.54.6811
https://doi.org/10.1103/PhysRevD.54.6811
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1016/j.physletb.2012.08.005
https://doi.org/10.1016/j.physletb.2012.08.005
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1140/epjc/s10052-020-08488-5
https://doi.org/10.1140/epjc/s10052-020-08488-5
https://doi.org/10.1140/epjc/s10052-020-08488-5
https://doi.org/10.1140/epjc/s10052-020-7759-3
https://doi.org/10.1140/epjc/s10052-020-7759-3
https://doi.org/10.1140/epjc/s10052-020-7759-3
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/BF01546962
https://doi.org/10.1007/BF01546962
https://doi.org/10.1007/BF01546962
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://doi.org/10.1016/j.ppnp.2020.103835
https://arxiv.org/2204.02649
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.106.054008
https://doi.org/10.1103/PhysRevD.88.094008
https://doi.org/10.1103/PhysRevD.88.094008
https://doi.org/10.1103/PhysRevD.88.094008
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1140/epjc/s10052-013-2561-0
https://doi.org/10.1088/1674-1137/abae4b
https://doi.org/10.1088/1674-1137/abae4b
https://doi.org/10.1088/1674-1137/abae4b
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-015-3578-3
https://doi.org/10.1140/epjc/s10052-019-6708-5
https://doi.org/10.1140/epjc/s10052-019-6708-5
https://doi.org/10.1140/epjc/s10052-019-6708-5
https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevD.90.074020
https://doi.org/10.1103/PhysRevD.90.074020
https://arxiv.org/abs/1407.3684
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1140/epjc/s10052-019-7059-y
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1103/PhysRevD.101.054001
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1140/epjc/s10052-020-8032-5
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.93.074013
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.106.054037
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1103/PhysRevD.96.054017
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1140/epja/i2016-16310-0
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1103/PhysRevD.94.074007
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1140/epjc/s10052-021-09752-y
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.100.142001
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevLett.112.222002
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1103/PhysRevD.90.112009
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.118.092001
https://doi.org/10.1103/PhysRevLett.118.092001
https://doi.org/10.1103/PhysRevLett.118.092002
https://doi.org/10.1103/PhysRevLett.118.092002
https://doi.org/10.1103/PhysRevD.106.052012
https://doi.org/10.1103/PhysRevD.106.052012
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.98.212001
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevLett.101.172001
https://doi.org/10.1103/PhysRevLett.101.172001
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.92.012011
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.101.091101
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1103/PhysRevD.100.111103
https://doi.org/10.1016/0550-3213(69)90039-X
https://doi.org/10.1016/0550-3213(69)90039-X
https://doi.org/10.1016/0550-3213(69)90039-X
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1016/0370-2693(77)90062-4
https://doi.org/10.1007/BF01641821
https://doi.org/10.1007/BF01641821
https://doi.org/10.1007/BF01641821
https://doi.org/10.1007/BF01641821
https://doi.org/10.1103/PhysRevD.54.6811
https://doi.org/10.1103/PhysRevD.54.6811
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1140/epjc/s10052-017-4708-x
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.90.054010
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1016/j.physletb.2012.08.005
https://doi.org/10.1016/j.physletb.2012.08.005
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.94.114020
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1103/PhysRevD.75.094017
https://doi.org/10.1140/epjc/s10052-020-08488-5
https://doi.org/10.1140/epjc/s10052-020-08488-5
https://doi.org/10.1140/epjc/s10052-020-08488-5
https://doi.org/10.1140/epjc/s10052-020-7759-3
https://doi.org/10.1140/epjc/s10052-020-7759-3
https://doi.org/10.1140/epjc/s10052-020-7759-3
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/s11433-021-1704-x
https://doi.org/10.1007/BF01546962
https://doi.org/10.1007/BF01546962
https://doi.org/10.1007/BF01546962

Ning Li, Hui-Zhen He, Wei Liang ef al.

Chin. Phys. C 47, 063102 (2023)

[68]
[69]
[70]
(71]
[72]
(73]
[74]
[75]
[76]

[77]

W. Roberts, B. Silvestre- Brac, and C. Gignoux, Phys. Rev.
D 41, 182-194 (1990)

X. Liu, H. W. Ke, X. Liu et al., Eur. Phys. J. C 76(10), 549
(2016)

K. L. Wang, L. Y. Xiao, X. H. Zhong et al., Phys. Rev. D
95, 116010 (2017)

Q.F.Lu, L. Y. Xiao, Z. Y. Wang et al., Eur. Phys. J. C 78,
599 (2018)

W. Liang, Q. F. Li, and X. H. Zhong, Phys. Rev. D 100,
054013 (2019)

Q. F. Li and X. H. Zhong, Phys. Rev. D 101, 014017
(2020)

X. H. Zhong and Q. Zhao, Phys. Rev. D 77, 074008 (2008)
S. Godfrey and N. Isgur, Phys. Rev. D 32, 189-231 (1985)
S. Capstick and N. Isgur, Phys. Rev. D 34, 2809-2835
(1986)

P. G. Ortega, J. Segovia, D. R. Entem et al., Phys. Rev. D
94, 114018 (2016)

(78]

[79]
[80]

[81]

(82]
[83]

(84]
[85]

[86]

(87]

063102-10

H. X. Chen, E. L. Cui, W. Chen et al., Eur. Phys. J. C 77,
160 (2017)

Z. G. Wang, Eur. Phys. J. C 77, 78 (2017)

M. N. Anwar, J. Ferretti, and E. Santopinto, Phys. Rev. D
98, 094015 (2018)

T. Ovsiannikova (LHCb Collaboration), Acta Phys. Polon.
B 52, 1047 (2021)

R. Aaij et al. (LHCD Collaboration), JHEP 02, 024 (2021)
L. Maiani, A. D. Polosa, and V. Riquer, Symmetry 13, 751
(2021)

D. V. Bugg, J. Phys. G 36, 075002 (2009)

G. Cotugno, R. Faccini, A. D. Polosa et al., Phys. Rev. Lett.
104, 132005 (2010)

F. K. Guo, J. Haidenbauer, C. Hanhart et al., Phys. Rev. D
82, 094008 (2010)

L. Y. Dai, J. Haidenbauer, and U. G. Meilner, Phys. Rev. D
96, 116001 (2017)


https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1103/PhysRevD.41.182
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1140/epjc/s10052-016-4403-3
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1103/PhysRevD.95.116010
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1140/epjc/s10052-018-6083-7
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.100.054013
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.101.014017
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1103/PhysRevD.94.114018
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4737-5
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1140/epjc/s10052-017-4640-0
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.1103/PhysRevD.98.094015
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.5506/APhysPolB.52.1047
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.1007/JHEP02(2021)024
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.3390/sym13050751
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1088/0954-3899/36/7/075002
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevLett.104.132005
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.82.094008
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.96.116001

	I INTRODUCTION
	II MODEL
	III STRONG DECAYS
	A X(4700)
	B $\bm{Z_c(4430)}$
	C Y(4230), Y(4360), and Y(4390)
	D Y(4660)
	E Further discussions

	IV SUMMARY
	ACKNOWLEDGEMENTS
	APPENDIX: SPATIAL WAVE FUNCTIONS
	References

