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Two-body open charm strong decays of the 2P and 3 P charmonium states are studied by the Bethe-Salpeter
method combined with the 3P, model. The wave functions and mass spectra of the 2P and 3P charmonium
states are obtained by solving the Bethe-Salpeter equation with the relativistic correction. The strong decay
widths and relative ratios of the 2P and 3P charmonium states are calculated. Comparing our results with the
experimental data, we obtain some interesting results. Considering the X*(3860) as the y.o(2P), the total
strong decay width is smaller than the experimental data. But the strong decay width depends on the parameter
y in the 3P, model, and the mass and width of the X*(3860) have large errors, we cannot rule out the possibility
that the X*(3860) is the y.o(2P). The X(4160) is a good candidate for the y .o (3P), not only the strong decay

width of the y.(3P) is same as the experimental data, but the relative ratios % ~0.0019 < 0.09,

% =0 < 0.22 are consistent with the experimental results of the X(4160). Taking the
X(4274) as the y.,(3P), the strong decay width is consistent with the experimental data, so the X(4274) is a
good candidate for the y .., (3P). Assigning the X (4350) as the y ., (3P), the corresponding strong decay width
is slightly larger than the experimental data. To identify if the X (4350) is y.,(3P), many more investigations
are needed. All of the strong decay widths and relative ratios of the 2P and 3P charmonium states can provide

and

the useful information to discover and confirm these particles in the future.

DOI: 10.1103/PhysRevD.106.054037

I. INTRODUCTION

Since the Belle Collaboration reported the first observa-
tion of the X(3872) [1], many more charmoniumlike states
have been observed experimentally. Belle observed the
X (4160) from the process ete™ — J/wD*D*, which has
the mass and width M = (41563 +£15) MeV and
I = (1397," £ 21) MeV, respectively [2]. They also gave

the upper limits of relative ratios: % < 0.09,

% < 0.22. The X(4140) was first observed by
the CDF Collaboration in the exclusive decay B — J/w¢K
[3], then another charmoniumlike states the X(4274)
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also was observed in the same decay channel [4].
These two charmoniumlike states also were observed
by LHCb Collaboration [5,6], the mass and natural width
of X(4140) and X(4274) were M = (4146.8 +2.4) MeV,
I'=(228)MeV, and M = (427478) MeV, T = (49 + 12)
MeV [7], respectively. In 2010, BABAR observed the
Z(3930) in the yy production of DD system [8]. Now
the Particle Data Group gives the mass and width of the
7Z(3930) as M = (3927.2 £2.6) MeV and I' = (24 + 6)
MeV [7]. And the properties of Z(3930) are consistent with
the expectations for the y.,(2P) state [9,10]. Belle also
explored a charmoniumlike state X(4350) in the process
J/w¢ in 2010, the extracted mass and width were
(4350.6729) and (1374 +4) MeV [11]. The X*(3860)
was observed in the process ete”™ — J/wDD by Belle
in 2017, the corresponding mass and width are M =
(386273519) MeV  and T = (201753*18%) Mev  [12],
respectively.

The properties of these charmoniumlike states have
inspired great interest in both theoretical and experimental
research fields of hadronic physics. Many theoretical

Published by the American Physical Society
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approaches have studied the properties of these charmo-
niumlike states [13-28]. Reference [15] investigated that the
X (4140) and X (4274) can be both interpreted as the S-wave
csc s tetraquark states of J© = 17. Reference [16] com-
puted the open-charm strong decay widths of the y.(3P)
states and their radiative transitions, and they suggested the
X(4274) could be interpreted as the y.,(3P) state. Taking
the Z(3930) as y/,(2P), the Ref. [19] investigated the decay
Z(3930) into J/ww. Considering the X(4350) as the y”,,
the Ref. [23] analyzed the mass and calculated the open
charm strong decay of the X(4350), which were consistent
with the existing experimental data. The results of Ref. [25]
preferred the J°€ = 0"+ assignment for the X*(3860) over
the 27" assignment, which was also in agreement with the
experiment. Calculating the observable quantity (such as the
spectrum or the strong decay width) of these charmonium-
like states, then comparing with the experimental data, may
help us to better understand the quark structure of the
charmoniumlike states.

In addition to the mass spectrum and strong decay width,
the electromagnetic decay also can help us to determine the
structure these charmonium-like states. According to El
transition widths for the y.,(2P) — yJ/w and y.(2P) —
yyw(2S) and other results, the Ref. [29] argued that the
X(3872) may be a y.;(2P) dominated charmonium state
with some admixture of the D°D*® component. The
Ref. [30] calculated the one- and two-photon decay widths
of Y(3940), Z(3930), X(3915), and X(4160) mesons.
Considering X(4660), X(3872), X(3900), X(3915), and
X (4274) as 538,, 23P,, 2' P, 23 P, and 33 P, respectively,
the Ref. [31] studied the E1 and M1 transition width, and
annihilation decays of these charmonium states. But the
electromagnetic decay widths of these charmonium states
are about the order of keV, which are smaller than the
results of Okubo-Zweig-lizuka (OZI)-allowed strong
decay. These electromagnetic decays can only be detected
experimentally when large amounts of data are available in
the future. For now, the strong decay widths and the relative
ratios of these charmonium states are good ways to
determine their properties.

In this paper we will focus on the strong decay widths of
the 2P and 3P charmonium states. The relativistic correc-
tion of the 2P and 3P charmonium states are larger than
that of the corresponding 1P states, therefore, we need a
relativistic model. The Bethe-Salpeter (BS) method is a
relativistic framework that describes the bound state with
definite quantum number, the corresponding relativistic
form of wave functions are the solutions of the full Salpeter
equations. Using the BS method, we have discussed the
properties of some radial excited states in previous work,
such as the semileptonic and nonleptonic B, decays to the
Z(3930) and X(4160) as the y,(2P) and y,(3P) [32], the
strong decays of the X(3940) and X(4160) as radial high
excited states the 7.(3S) and 7.(4S) [33], the radiative E1
decay of the X(3872) [34,35], two-body strong decay of

the Z(3930) which was the y.,(2P) state [36]. All the
theoretical results are consistent with the experimental data
or other theoretical results. So the BS method is a good way
to describe the properties and decays of the radially higher
excited states. In this paper, we will study the strong decays
of the 2P and 3P charmonium states by the BS method with
the 3P, model.

For the 2P and 3 P charmonium states, the dominant decay
is the OZI-allowed two-body open charm strong decay. We
will adopt the 3P, model to calculate the two-body open
charm strong decay. The 3P, model was used to calculate
the decay rates of the meson resonances in Ref. [37], which
assumed that the gg pair is produced from vacuum with
quantum number J7¢ = 07+ (3 P)), was applied to calculate
the strong decay of heavy-light mesons [23,38] and heavy
quarkonia [26,39]. We also studied the strong decays of some
heavy quarkonia by the 3P, model combine with the BS
method in Refs. [33,36,40], the results were in accordance
with the experimental data or other theoretical results. So we
take the same model to calculate the two-body open charm
decay of the 2P and 3P charmonium states.

The paper is organized as follows. We give the formu-
lation of two-body strong decay of charmonium state in
Sec. II. In Sec. III, we show the numerical results and
discussions. We give the corresponding conclusions in
Sec. I'V. Finally, we present the instantaneous BS equation
and the relativistic wave functions of P-wave charmonium
states in the Appendices.

II. TWO-BODY STRONG DECAY
OF CHARMONIUM STATE

To calculate the two-body open charm strong decays of
the 2P and 3P charmonium states by the relativistic BS
method, we extend the P, model to relativistic form: H =
—ig f d*xyry [36,40]. Here y is the dirac quark field,
g = 2ym,, m, is the quark mass of the light quark-pairs, y is
a dimensionless constant that describes the pair-production
strength. In this paper, we take y = 0.35, which is the best-
fit value for the usual 3P, model [28]. Combining the 3P,
model with the BS wave functions of the initial and final
mesons, the corresponding amplitude in Fig. 1 can be
written as

P2 P22
c
25 4f2
P2
A
g
Pq P12
B
F1, 411
p1 ‘ P11
FIG. 1. The Feynman diagram of two-body open charm strong
decay.
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4
M = (BC|H|A) = —ig/(;lT‘f’)4

Trlyp(q)S3 ' (P2)xp, (ar2)ip, (a71)ST! (P1)]-

(1)

Integrating out the momentum ¢ with instantaneous approximation, and neglecting all the negative energy contributions
which have very small influence on the amplitude [40], then the leading order amplitude Eq. (1) is the overlap integration of
the positive BS wave functions for the initial and final states,

M = (BC|H|A) :g/ G 1 V

(2z)’

where 1" (q), ¢p, (d71), and @} (G,) are the positive
BS wave functions of the initial meson A, finial meson B
and C, respectively. @ = y°¢"y°. G, Gs1. G, are the three
dimensions relative momentum between the quark and
antiquark of the initial meson A, finial meson B and C,

respectively. Gy =¢ —7m(l';;m£ Pr,Gp=q+ e fi’;m Ppy.

p ¢ and P 1> are the three momentum of finial mesons B and

C. W12 = 4 /miﬁd’s + é?l

Finally, the two-body open charm strong decay width of
the 2P and 3P charmonium states can be expressed as

|Pf1

3
87rM2 2J +1 3)

\/[Mz_(Mfl —M )| [M? = (M +Mp>)?]/

(2M), which is the three momentum of the final mesons.

where |ﬁf1 |=

III. NUMERICAL RESULTS AND DISCUSSIONS

In order to fix the parameters in Cornell potential
in Eq. (A8) and masses of quarks, we take a =

e=127183, 1=0.21GeV?, Agep =027 GeV, a=

TABLE 1.
Data Group [7].

(| g @ o @i ] (1-

P @)

M—C()I—Cl)z)

0.06 GeV, m,=1.62GeV, m,=0.305GeV, my=
0.311 GeV, m,; = 0.500 GeV, etc. [41,42], which give
the best to fit the mass spectra of the ground charmonium
states and other heavy meson states. The corresponding
mass spectra of the P-wave charmonium states are shown
in Table I which are obtained by solving the coupled
Salpeter equations Eq. (A7).

A. XcO(ZP) and )(00(3P)

First, we study the higher charmonium states with
JPC = 0%, y.0(2P) and y.o(3P), and give the two-body
open charm strong decay results in Table II. The mass
M, p) =3836.8 MeV is close to the result of the
screened potential model (3842 MeV) [29] and the non-
relativistic potential model (3852 MeV) [26]. Limited by
phase space, there is one decay mode 0™ — 070~ for the
Xc0(2P), the corresponding decay channel only includes
DD within the kinematic ranges. And we also get the total
strong decay widths of the y(2P): T = 21.0 MeV, which
is in accordance with the result of the linear potential
quark model (22 MeV) [24] and the usual 3P, model
(23 MeV) [28].

Belle reported a charmonium-like state X*(3860), and
they claimed that the X*(3860) seems to be a candidate of

The Mass spectra of P-wave charmonia (unit in MeV) [42]. The experimental data from the Particle

Screened potential

Godfrey-Isgur

Experimental data from the Particle

(n®*1L;)JPC  Our results model [29] nonrelativistic model [26] Data Group
(13130)0Jr+ 3414.7(input) 3433 3445(3424) 3414.71 £ 0.30
(231'70)0++ 3836.8 3842 3916(3852) cee
(33P0)0++ 4140.1 4131 4292(4202) S
(13P1)1++ 3510.3(input) 3510 3510(3505) 3510.67 £ 0.05
(23P|)1Jr+ 3928.7 3901 3953(3925) S
(33P1)1++ 4228.8 4178 4317(4271) .
(]3p2)2++ 3556.1(input) 3554 3550(3556) 3556.17 £ 0.07
(23P2)2++ 3972.4 3937 3979(3972) cee

(3 P2+ 4271.0 4208 4337(4317) =
(11P1)1+_ 3526.0(input) 3519 3517(3516) 3525.38 £0.11
(2'P1)1+_ 3943.0 3908 3956(3934) .
(31P1)l+_ 4242 .4 4184 4318(4279)
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TABLE II. The strong decay type and decay widths of the y.o(2P) and y.,(3P) (unit in MeV). The results in the
parentheses are calculated with M, ,p) = 3862.0 MeV and M, 3p) = 4156.0 MeV.
Meson State Mode Our result LP(SP) [24] [26] [27] [28]
Xco 23P, DD 21.0(16.4) 22(28) 30 e 23
33P, DD 0.17(0.13) 0.04(0.08) 0.5 2 e
D*D* 79.0(69.4) 21(30) 43 67
DD, 1.7(1.8) 8.9(9) 6.8 3
D:D* 2.7(=)
Total 81(71) 33(39) 51 72

the y.o(2P) state [12]. Reference [24] studied the strong
decays of the X*(3860) as y.o(2P) by linear potential (LP)
and screened potential (SP) models, and they gave a similar
value I" = 22-28 MeV. The analysis of Ref. [43] showed
that the X*(3860) was an indication of the y.,(2P) state.
Assuming the X*(3860) as the y.(2P), the Ref. [44]
calculated the strong decay of the y.o(2P), the total decay
of the X*(3860) state ranged from 110 to 180 MeV with
R =2.3-2.5 GeV~!, the corresponding decay mode and
total decay width were consistent with the experimental
data. Taking the X*(3860) as the y.o(2P), we get the strong
decay width I' = 16.4 MeV, which is smaller than the
center value of the X*(3860): (20173*3%) MeV. But the
strong decay width is related to the parameter y in the 3P,
model, the result increases with the parameter y. In addition,
considering the large uncertainties of the mass and decay
width for the X*(3860), we cannot exclude that the
X*(3860) is y.o(2P). And more investigations are needed
to confirm the property of the X*(3860) in the future.

By solving the Eq. (A7), we get the mass of y.(3P) as:
M,  3p) = 4140.1 MeV, which is close to the result of the
screened potential model (4131 MeV) [29]. The dominant
strong decay of the is OZlI-allowed two-body open charm
strong decay. And there are two decay types: 07 — 070~
and 0"t — 1717, while the decay mode 0" — 071~ is
forbidden. Therefore, the final mesons include DD, DD,
and D*D* within the kinematic ranges, and there is no DD*.
The decay channel y.o(3P) — DD has the largest phase
space, but due to the node structure of y.,(3P)’s wave
functions, the integrand (which consists of the overlapped
wave functions) oscillates accordingly in the amplitude. The
positive contribution of the integrand almost cancels the
negative contribution in y.(3P) — DD, leading to a
smallest value of y.(3P) — DD in Table 1. So the
dominant contribution comes from y.(3P) — D*D*,
which is consistent with the result of the screened potential
model [29]. Then we calculate all of the two-body open
charm strong decays, the total strong decay width I', 3p) =
81 MeV is close to the result of the unquenched quark
model (71 MeV) [27].

The X(4160) was observed by Belle from the process
ete” — J/wD*D* [2]. References [29,45] discussed

possible interpretations for the X(4160) based on the
Nonrelativistic quantum chromodynamics calculations and
the potential model, two likely assignments for the X (4160)
were y.0(3P) and 7,.(4S). Reference [46] calculated the
strong decays of the 7.(nS), and they found both that the
explanation of the X (3940) as .(3S) is possible and that the
assignment of the X(4160) as 7,.(4S) cannot be excluded.
Reference [47] calculated the strong decay of the X(4160),
which was assumed as the y.o(3P), y.1(3P), .2(2D), or
17.(4S) by the 3P, model, they thought that the excited
charmonium state 7.(4S) cannot be ruled out as an assign-
ment for the X(4160). Considering the X(4160) as the
n.(4S) state, we also calculated the strong decay

of the 5.(4S) in Ref. [33], the ratio of the decay width

I_F((Dl)g)) of 1.(4S) was larger than the experimental data of

the X(4160), thus, the X (4160) was not the candidate of the
1n.(4S). In this work, the mass of y.(3P) is close to the
X(4160), assigning the X(4160) as the y.o(3P), the total
strong decay width I, 3p) =71 MeV is rough consistent
with the result of experimental results for X(4160):
(139%¢]' £21) MeV. Then we calculate relative ratios

I'(y.0(3P)>DD) ~ (y.0(3P)>DD*) __
W’V 0.0019 < 009, and W =0<

0.22, both of which agree with the experimental results
of X(4160) by the Belle Collaboration [2]. Therefore,
X(4160) is a good candidate for y.y(3P).

B. Xcl(ZP) and XCI(SP)

Using the BS method, we get the masses and wave
functions of the y.(2P) and y.(3P). The M, op) =
3928.7 MeV is close to the result of the nonrelativistic
potential model (3925 MeV) [26]. The two-body open
charm strong decay results have been shown in Table III.
For the y., (2P), there is only one decay mode 17+ — 0717,
so the final state include DD* state. The corresponding
decay width I, op) = 103 MeV is the same as the results
of linear potential quark model (102 MeV) [24], but smaller
than the results of other methods.

The mass M,,  (3p) = 4228.8 MeV is larger than the result
of the screened potential model (4178 MeV) [29], but
smaller the than results of the relativized Godfrey-Isgur
model (4317 MeV) and nonrelativistic potential model

054037-4
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TABLEIII. The strong decay type and decay widths of the y.; (2P) and y.,(3P) (unit in MeV). The results in the
parentheses are calculated with M, 3p) = 4274.0 MeV.
Meson State Mode Our result [16] LP(SP) [24] [26] [27] [28]
Xel 2’P, DD~ 103 .- 102(127) 165 127
33P, DD~ 14.3(24.9) 6.6 7.1(5.3) 6.8 20 e
D*D* 9.0(14.7) 28 0.2(1.1) 19 26
D,D? 6.0(10.2) 6.3 11(8.0) 9.7 .
D:D; 0.42.9) 2.5 5.5(-) 2.7 2
DD, 0.01(0.02) 0.2 0.001(-) 0.1 e
Total 29.7(52.7) 43.6 23(14) 39 48

(4271 MeV) [26]. The two-body open charm strong decay of
Xc1(3P) have three decay modes: 17" - 0717,1717,070"
and include five final states: DD*, D*D*, D,D*, D:D?,
DD,. The dominant strong decay channels are DD*, D*D*,
and D,Dj}. The ratios between different partial width are
independent of the strength parameter y, they are

(¢, (3P)>D'D (., (3P)>D,D})
W”Oa” and% 0.42, which can

be explored in the future experiment. The total strong decay
width ', (3p) = 29.7 MeV, which is similar to the result of
the hnear potentlal quark model (23 MeV) and the relativ-
ized Godfrey-Isgur model (39 MeV) [26], but smaller than
the result of the unquenched quark model (48 MeV) [27].

Some charmoniumlike states with J?¢ = 1++: X(3872),
X(4274), have been discovered in experiments [7]. They
may be the good candidates for the y.; (nP). Reference [48]
calculated the EIl radiative and strong decays of the
X(3872) as all possible 1D and 2P cc¢ states. The
Ref. [49] explored the 13D,, 1°D5, and 2' P; charmonium
candidates for X(3872), and the 1°D,, 13D; were favored
candidates for the X(3872), both have prominent radiative
decays. The X(3872) was examined by the molecule model
and the charmonium model in Ref. [50], the author thought
that the X(3872) may fit more likely to the excited *P;
charmonium than to the molecule. The quantum number of
the X(3872) is the same as y.;(2P), but its mass is about
50 MeV lighter than the result of our prediction.
Considering the X(3872) as the y,.,(2P), we have calcu-
lated the radiative E1 decay widths of the X(3872) through
the BS method in Ref. [34], the result was in agreement with
the experimental data. However, there is no two-body open
charm strong decay for X(3872), which has a narrow width
Iyas7) < 1.2 MeV [7]. Because the mass of X(3872)

happens to lie around the DD* threshold, many authors
believed that it is an ideal candidate for the DD* exotic
hadrons. Various scenarios have been discussed in the
literature Refs. [51-55], but until now, the nature of the
X (3872) still remains unclear, many more investigations are
very essential to understand the property of the X(3872) in
the future.

Reference [16] calculated the strong decay of X (4274) as
xc1(3P) with M = 4317 MeV, and they got the width

' =43.6 MeV. Reference [27] gave the decay width of
xc1(3P): T = 48 MeV, which was consistent with exper-
imental data, and it was possible to assign X(4274) as the
xc1(3P) state. Considering the X(4274) as the y.;(3P)
state, we calculate its strong decays by the BS method.
The total strong decay width I' = 52.7 MeV is larger than
29.7 MeV with M, 3p) =4228.8 MeV, so the strong
decay width is sensitive to the mass of the y.;(3P). The
total strong decay width I' = 52.7 MeV is in agreement
with the world average data I'y(4274) = (49 & 12) MeV [7].
Therefore, the X(4274) is a good candidate for the y,., (3P)
state. Assigning the X (4274) as the y.((3P), the relative

Ty, (3P)—>D D*) F(;m(3P)—>D D )

which can pr0V1de more useful 1nf0rmat10n t0 observe the
X(4274) in the future experiment.

ratios are

C. ZcZ(ZP) and ZcZ(3P)

By solving the Eq. (A7), we also obtain the mass of
)(62(2P) and )(02(3P), the MLQ(zp) = 3972.4 MeV is in
accordance with the relativized Godfrey-Isgur model
(3979 MeV) and the nonrelativistic potential model
(3972 MeV) [26]. M, ,3p) = 4271.0 MeV is smaller than
the mass in the relat1v1zed Godfrey-Isgur model
(4337 MeV) and the nonrelativistic potential model
(4317 MeV) [26]. The two-body open charm strong decays
of the y.,(2P) and y.,(3P), are shown in Table IV. The
X (2P) state has two decay modes: 2tT — 0707,071",
and the corresponding final states include DD, DD*, and
D,D,. We find that the dominant channels are DD and
DD*, the y.,(2P) — DDy is very small with the small
phase space. Then the total strong decay width
[, ,p) =46 MeV, which is smaller than the results of
the nonrelativistic potential model (80 MeV) [26] and the
usual 3P, model (60.5 MeV) [28].

There are three decay modes for the y.(3P):
27t -5 0707,0717,1717, and six strong decay channels
DD, DD*, D*D*,D,D,, DD, and DD?. The total strong
decay width I' = 36 MeV is consistent with the results of
linear potential quark model (43 MeV) and screened
potential quark model (30 MeV) [24]. y.,(3P) — D*D*
is the dominant decay channel, which contributes about
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TABLEIV. The strong decay type and decay widths of the y.,(2P) and y.,(3P) (unit in MeV). The results in the
parentheses are calculated with M, ,p) = 3930.0 MeV and M, ,3p) = 4350.0 MeV.

Meson State Mode Our result LP(SP) [24] [26] [27] 28]
Xe2 23P, DD 24.6(20.4) 42 o 32
DD~ 21.1(6.9) 37 e 28
DD, 0.6(-) 0.7 e 0.5
total 46(27.3) 80 e 60.5
33pP, DD 5.7(8.7) 8.1(7.3) 8.0 7
DD* 2.22.7) 17(13) 2.4 3
D*D* 24.3(28.6) 4.2(7.1) 24 39
DD, 0.4(0.9) 1.0(0.6) 0.8 0
D,D; 3.04.2) 0.3(1.4) 11 e
DiD; 0.6(1.8) 4.8(-) 7.2 1
DD, —0.9) 1.0(0) 1.1 .-
DD] —(10.9) 7.3(0) 12
DD, —(1.4)
D*D, —0.3)
Total 36(60) 43(30) 66 50 -

68% of the total strong decay width. We also predict the

; : C(x(3P)=DD) I(y,(3P)=DD")
relative ratios WNO.B and oGP D)~

0.091 with M, ,3p) = 4271.0 MeV.

Reference [56] studied the strong decays of the y.;(2P)
and y.;(3P), the mass of y.,(2P) was very close to the
experimental data of the Z(3930), but the decay width
I'~ 68 MeV, which was three times that of the experi-
mental value. The Z(3930) was assigned to the y.,(2P),
and the strong decay width was I' =19.0 MeV in the
Ref. [57]. Assigning the Z(3930) as the y.,(2P), we have
taken two methods to calculate the OZI-allowed two-body
strong decay processes of the y ., (2P) state in detail: the BS
method and the extended P, model in Ref. [36]. The total
decay width is consistent with the experimental data, which
means that Z(3930) is a good candidate for the y.,(2P), so
we only list the total strong decay width of the y.,(2P) in
this paper.

X(4350) was observed by Belle in the ¢J/y mass
spectrum, which is a candidate for the y.,(3P) [11]. The
open-charm decay of y.,(3P) with R = 1.9~ 2.3 GeV~!
was well consistent with experimental data of the X (4350),
which showed that the X(4350) as a good candidate of
X2 (3P) in Ref. [23]. Assigning the X (4350) as the y.,(3P)
state, the Ref. [24] studied its the strong decay, and got the
decay width which was about 90 MeV. Considering the
X(4350) as the y.,(3P), some new decay channels are
allowed with the increasing mass, such as DDy, DD, DD,,
and D*D,. So the total decay width increases to
I' =60 MeV, which is consistent with the results of
the nonrelativistic potential model (66 MeV) [26], but
larger than the result of experimental data I'x3s0) =

(1373% = 4) MeV. Thus, if one takes the y.,(3P) as an

assignment of the X (4350), the precision measurements are
needed in further experiments. The relative ratios

(r2(3P)>DD)
oGP —p by ~ 030 and & Son =5
M

yo3p) = 4350.0 MeV, also can provide evidence to
discover the X(4350) for the future experiment.

LwaBP)=DD) 094 with

D. h.(2P) and h.(3P)

Finally, we study the higher charmonium states with
JP€C=1%", h.(2P) and h.(3P). The M, op) =
3943.0 MeV is consistent with the mass of the relativized
Godfrey-Isgur model (3956 MeV) and the nonrelativistic
potential model (3934 MeV) [26]. The M, ;3p) =
4242.4 MeV is close to the results of the nonrelativistic
potential model (4279 MeV) [26]. And the two-body
open charm strong decay results are shown in Table V.
The h.(2P) has one decay mode 17~ — 0717, and only
can decay into DD*. The total strong decay width
[, 2p) = 48 MeV, which is smaller than the results of other
theoretical models.

The main decay modes of the h.(3P) include
1"~ > 0717,1717,0°0". The final states DD*, D*D*,
DD}, D;D};, DD, are allowed. The total strong decay
width I, 3p) = 31 MeV is in accordance with the result of

TABLE V. The strong decay type and decay widths of the
h.(2P) and h.(3P) (units in MeV).

Meson State Mode Our result LP(SP) [24] [26] [28]
h. 2'p, DD* 48 64(68) 87 67
3'p, DD* 16.0 14(11) 30 .-

D*D* 3.6 4.8(7.5) 22

D,D? 6.4 6.5(6.3) 15

DD 0.2 3.6(-) 7.5

DD, 4.6 15(5.0) 28

Total 31 44(30) 75
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the screened potential quark model (30 MeV) [24]. The
main decay channel i.(3P) — DD* contributes about 52%
of the total strong decay width. The corresponding relative

. . T'(h.3P)>D*D* )~ I'(h.(3P)»DD3)
ratios: W ~ (.23 and W ~ 0.40 can

provide theoretical assistance to confirm the 4.(3P) in
future experiments.

IV. SUMMARY

In conclusion, we have studied the two-body open charm
strong decays of the 2P and 3P charmonium states by the
BS method combined with the 3P, model. The wave
functions and mass spectra of the initial 2P and 3P
charmonium states are obtained by solving the BS equation
with the relativistic correction. Considering the relativistic
correction, the masses of some 3P charmonium states in
our model will have a difference with the results of the
nonrelativistic potential model. Then we get the two-body
open charm strong decay widths of the 2P and 3P
charmonium states.

Considering the X*(3860) as y.o(2P), the narrow strong
decay width is smaller than the experimental data, because
the strong decay width depend on the parameter, and there
are large errors in the mass and the width of the X*(3860),
we cannot rule out that the X*(3860) is y.(2P). Taking the
X(4160) as the y.o(3P), the total strong decay width is in
accordance with the experimental result of the X (4160) with
the uncertainty. In addition, because of the node structure of
the y.0(3P)’s wave functions, the integrand oscillates
accordingly in the amplitude, the decay X(4160) — DD
is strong suppressed. Then the relative ratios

1"()({ (3P)—>DD) Iy (3P)—>DD ) o

0. 22 are consistent with the experlmental resuls. Therefore,

the X(4160) is a good candidate for the y.o(3P).
Assigning the X(4274) as the y.,(3P), we find that the

total strong decay width is in agreement with the data of the

X (4274), so the X (4274) resonance is a good candidate for

the y.;(3P). The relative ratios W ~ 0.59 and

L1 (3P)=D,D;)
T(tc1(3P)>DD")
experiments.

The Z(3930) has been confirmed as the y.,(2P) state in
our previous work, so we only show the strong decay width
in this work. Considering the X(4350) as y.,(3P), we find
that the total strong decay width of the y.,(3P) is larger
than the result of the X(4350), thus, if we take the y.,(3P)
as an assignment of the X(4350), we need many more
investigations in the future.

Finally, we also calculate the two-body open charm
strong decay of the h.(2P) and h.(3P), and give the total

strong decay widths of the h.(2P) and h.(3P). The
(h,(3P)—>D*D*)
W~023 and

~ 0.40 can give the theoretical assistance in

~0.41 can provide useful information in

corresponding relative ratios

L(h.(3P)=D,D;)
T(h,(3P)=DD")
future experiments.
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APPENDIX A: INSTANTANEOUS
BETHE-SALPETER EQUATION

The BS equation which is used to describe the heavy
mesons can be written as [58]

(1 = m (@) (B +ma) = i / %vw,k,qmm, (A1)

where y(g) and P are the wave function and the momen-
tum of the bound state, respectively. g is the relative
momentum between quark and antiquark in the meson,
P = ml"i'mszL q, p» = m1+m2P g and m;, m, are the
momentum and the mass of the quark and antiquark,
respectively. The V(P,k,q) is the interaction kernel
between the quark and antiquark.

In order to solve Eq. (Al), the instantaneous approxi-
mation is adopted in the interaction kernel V(P, k, ¢) [59]:

V(P.k.q) = V(Ik—|).

For convenience, the relative momentum ¢ is decom-
posed into two parts g and q |,

¢' =qj +d\.
q) = (gp/M)P", ¢ =q"—q). qp=P-q/M.
Then Eq. (A1) can be expressed as
2(q1-q1) = Si(p)n(q.)S2(p2)- (A2)

n(q)) is related to three-dimensional BS wave function
@, (q") as follows:

V(ky, CIL)QDp(kli)- (A3)

n(q) = /(dsz;;

S1(py) and S,(p,) are the propagators of the quark and
antiquark, which can be decomposed as

Aip(q) INACH)
J(i)q, +aM—w;+ie  J(i)q,+a;M+aw;—ie’
(A4)

Si(pi) =
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with

w; = \/m} + g7,

T A )] (A9

1
A?;;(Qi) 2
ip

where i =1, 2 for quark and antiquark, respectively,
and J(i) = (=1)"*1.

The positive and negative energy projected wave
functions ¢5* (g, ) are defined as

P

w500 = Mh(a0) Dona0 D as e (a0)

Then under instantaneous approximation, with contour
integration over g, on both sides of Eq. (A2), we obtain the
full Salpeter equation:

(M — o) —0,)p5"(q0) = AT, (g)m,(q0)A5,(q1),
(M + o) + 0y)p,7(q1) = —A7,(q0)n,(91)A5,(9.1),
®y~(q1) =9, (q1) =0. (A7)

The wave functions are different for the bound states
with different quantum JP¢ (or J?). First, we give the
original BS wave functions for the different bound state,
then reduce the wave functions through the last equation of
Eq. (A7). Finally the numerical result of the wave functions
and mass spectrum are obtained by solving the first and
second equations in Eq. (A7). And the detailed solution of
the Salpeter equation also has been discussed in Refs.
[41,42,60,61].

To solve the Eq. (A7), we take the Cornell potential as
the instantaneous interaction kernel V, which include a
linear scalar interaction and a vector interaction. In the
momentum space and the center of mass system of the
bound state, the interaction potential is read as

V(@) = V.(@) + 70 ® V. (@
V@) == 5+ Vo) P(@) +

2 al(g)
37 (¢* +a?)’

);
A
2 (q + a2)2 ’
(A8)

127
33-2N;

is the running coupling constant. In order

where A is the string constant and a(q) =

log(a+q /Noep)
to fit the data of heavy quarkonia, a constant V| is often
added to confining potential. We also introduce a small
parameter a to avoid the divergence in the denominator.
The constants 4, a, V, and Agcp are the parameters that
characterize the potential.

APPENDIX B: THE RELATIVISTIC
WAVE FUNCTIONS

In this paper, we focus on the OZI-allowed two-body
open charm strong decay of the 2P and 3P charmonium
states. The detailed wave functions have been obtained in
Refs. [41,42,60,61]. We mainly introduce the relativistic
BS wave functions of the y.9, ¥.1» X2, and h,. in this
section.

1. The relativistic BS wave function of the y
with JP€=0++

The original BS wave functions of the y. with
JP€ = 0" can be written as

i/

Po++(q) =M |:Mfl (q.) + %fz(éu) + f3(q1)

(B1)

20|

where M is the mass of bound state y.,, fi(g,) is the
original radial wave functions that are related to |g|>.
Taking Eq. (B1) to Eq. (A7), the relativistic BS wave
functions and the mass spectrum can be obtained by
solving the Salpeter equations (A7). Then the relativistic
positive BS wave function is shown as

P 1
o5 (q1) = Ai(qy) +MA2(QL) +MLA3(‘]L)
/)
+ L Ayq,). (B2)
The corresponding coefficients are
2
A1: (w1+w2)QL |:f m1+m2f2:|
2(myw; +myw;) | + W,
_ (m-m)qi [f Lt }
2(myw; +myw;) o+,
M mg +m2 M (] +(U2 :|
A + ’ A -~ + 9’
ot ] g Mt

where m;, m, and w; = \/m? + ¢*, @, = \/m3 + ¢* are

the masses and the energies of the quark and antiquark in
the y .o state.

2. The relativistic BS wave function of the y .,
with JP€=1++

The original BS wave functions of the y,, with J’¢ =
17" is constructed by P, ¢, and the polarization vector e,

054037-8
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1

/n PV”%L] ’ (B3)

. P P
p1++(q1) = lfﬂuaﬁMQ‘ieﬁ {917”+92M7’”+93 M7”+94 e

where ¢ is the polarization vector of the axial vector meson. The corresponding relativistic positive BS wave function is
obtained in Eq. (B4) by solving Eq. (A7),

, PY P q1 gn 1 ) + @
++ _ AL =
@ (q1) = leﬂmﬂﬁf]"i'fﬂif" |:Bl Byt Byt B Bi=35 9 Jrm1 +my 2|
1 M - M
Bz:__[mglm}, g~ M=) o p MmAm) o (B4)
2 wq +CUZ nmiyw» +m20)1 mla)2—|-mza)l

3. The relativistic BS wave function of the y,, with J/¢=2++*

The original BS wave function of the y,, is constructed by P, g, the polarization tensor ¢,, and the gamma matrices,

tmtan) + T o)

+ Meurat hs(a) + Hrotas) + $emta,) + Pt n(a) (B5)

) P
2 (q1) = €ud g, {}h (q1)+ MhZ(QJ_) +

where €, is the polarization tensor of the y ., with J PC = 2%+, According to the solution of Eq. (A7), we get the relativistic
positive BS wave function,

v P q Pd
P2 (q1) = €uq' 4" [CI(QJ_) + Mcz(fu) + ﬁ@(fu) + F;CAL(QJ_)
’ P q Pd
+ Me,, v q", [CS(QJ_) +MC6(‘IJ_) + ﬁ@(gl) + lecs(cu) , (B6)
where the coefficients are
1
C, = Zh 2 hy + 2M?w,hs — 2M*myhg),
1 ZM(mla)z—i—mza)l)[(wl +@y)q1 hs + (my +my) g1 hy + Wy hs myhe)
1
C, = - h - 2 hy = 2M*myhs + 2M? ,
2 M (myy + myw,) [((my —my)q7 hs + (0 — @7)q7 hy myphs + @, 6]

1 m; +m 2M? 1w, +w 2M?
C3—[h3+ ! 2h4— ] C4_—|:¥h3+h4—7h:|,
2 | + @, myw, + mrw,; 2 |my +my myw, + myw,;

1 | + W, 1 m +m
Cs=—=|hs ———hg]|, Co=—=|——"hs+ hgl,
3 2|:5 m1+m2 6:| 6 2|: CU1+CU2 5+6
C7_% | — Wy |:h _w1+th6:|’ ngg m1+m2 |:_h5+w1+a)2h6:|‘
2 mla)2+m2w] mg +m2 2 m]a)2+m2a)1 nmy —|—m2

4. The relativistic BS wave function of the h, with JP¢=1*"

The original BS wave functions of the /. with JP¢ = 17~ also is constructed by P, g, and the polarization vector e,

pr-(a) = a1 n(a) + Loia(a) + B (g +

i M 4. t4(q.) |75 (B7)

M2

where € is the polarization vector of the /... The corresponding relativistic positive BS wave function is obtained in Eq. (B4)
by solving Eq. (A7),
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P q Pd
»(g) =qL-€ |:Kl (1) + MKZ(‘IJ_) +MLK3(QL) + —MZL Ky(q.)|7ss (B8)
where the coefficients are
K—l|:t +M[:| K l|:m1+ 2[ +t:|
! 2 ! m, —|—m2 2P 2 2 (] + o) 2P
M - M
Ky = - M@= @) K, = - Mlm tm)

my, + myq

miw» +m2601
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