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Where are 3P and higher P-wave states in the charmonium family?
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How to hunt for higher P-wave states of charmonium is still an open topic when 2P charmonia were
identified. In this work, we present an unquenched quark model calculation to illustrate the spectroscopy
behavior of these 3P, 4P, and 5P states in charmonium family. For the 3P charmonia, the predicted masses
are around 4.2 GeV and their two-body open-charm decay behaviors were given, by which we propose that
searching for these 3P states via their open-charm decay channels from yy fusion and B decay can be
accessible at future experiment like LHCb and Belle II. We continue to calculate the masses of these 4P and
5P charmonia. Combing with these calculated results of higher P-wave states of charmonium, we find that
the coupled-channel effect becomes more obvious with increasing the radial quantum number, which can
be understood well by the modified Godfrey-Isgur model with screened potential.
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I. INTRODUCTION

As the frontier of particle physics, how to quantitatively
depict nonperturbative behavior of strong interaction has
attracted extensive attention from both theorist and exper-
imentalist. Studying hadron spectroscopy which has close
relation to the dynamics of quark interaction can provide
key hint to deepen our understanding of nonperturbative
behavior of strong interaction. With the promotion of
experimental precision, more and more charmoniumlike
XYZ states were observed in the past two decades.
Obviously, it is a good chance to identify exotic hadronic
states [1] and construct conventional charmonium family
[2] (see review articles [3—5] for recent progress).

Focusing on the charmonium family, we may notice
that most of charmonia collected by the Particle Data Group
(PDG) were found in the 1980s, which inspired the Cornell
model [6]. Among these reported charmonia, vector char-
monia is the main body, which include J/y [7,8], w(3686)
[9], w(3770) [10], w(4040) [11], w(4160) [12], and
w(4415) [13]. The exploration of vector charmonia with
mass above 4 GeV may shed light on the Y problem [14,15]
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involving in charmoniumlike XYZ states (see Refs. [3,4]
for more details). Additionally, most of the remaining
discovered charmonia in the J/y family correspond to
1P states, which are h.(3525), y.0(3414), y.1(3510), and
¥(3556). After finding out X(3872) [16], X(3915) [17],
and Z(3930) [18], constructing 2P charmonium states
becomes possible [19-22], which means that the radial
quantum number of P-wave states accessible at the present
experiment only reaches up to 2. Taking into consideration
this situation, we may ask an interesting question: where
are 3P and higher P-wave charmonia?

Until now, theorists have not paid enough attention to
the studies on the 3P and higher P-wave states of
charmonium due to the absence of experimental data.
For the 3P charmonia, the calculation from the quenched
quark model like the Godfrey-Isgur (GI) model [23]
suggests that their masses are located in the range of
4.25-4.33 GeV. Additionally, the GI model can also predict
the masses 4P states to be around 4.6 GeV [23].1 There
were some recent coupled-channel calculations of the
higher P-wave charmonia in Refs. [38—40]. The authors
of Ref. [40] assigned the X(4274) as y.;(3P) state, and
further tried to categorize the reported charmoniumlike
states X(4500) and X(4700) as the y.o(4P) and y.o(5P)

'Although we give a short review of the study of charmonium,
it is far from being complete. In the last decades of last century,
there were bunches of researches on quarkonium spectroscopy,
including, but not limited to, nonrelativistic calculation [24-31],
Bethe-Salpeter equation [32-35], etc. The interesting reader may
refer to the review article of [36,37].
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state, respectively [38]. In fact, we still need to make more
efforts when establishing the 3P state and higher P-wave
states of charmonium. Obviously, this opportunity is being
left to us.

Before carrying out the present work, we have accumu-
lated rich experiences when identifying 2P charmonium
states [19-22]. By adopting an unquenched quark model
[19], we calculated the mass spectrum of the y.;(2P) states
and found that the mass gap between y.((2P) and y.,(2P)
can reach 13 MeV, which is consistent with the mass
difference between Z(3930) and X(3915). This observa-
tion also supports X(3915) as y.(2P) state [20]. Soon
after, the LHCb Collaboration confirmed our prediction by
analyzing the B — DDK process, where X(3915) as the
Xc0(2P) state was established definitely [41,42]. Obviously,
these established 2P charmonium states can be as good
scaling point if further exploring higher states of P-wave
charmonium.

Borrowing the research experience of establishing 2P
charmonium states [19-22], we find that the coupled-
channel effect should be seriously considered if obtain-
ing the information of mass spectrum of 3P and higher
P-wave charmonia, since more open-charm decay chan-
nels for these 3P and higher P-wave charmonia are
allowed. In this work, we adopt an unquenched quark
model [19], which was once applied to successfully depict
these 2P charmonia as given by experiment [41,42].
Along this line, we may continue to study these 4P
charmonium states and even higher P-wave charmonia. In
our calculation, the mass spectrum and strong decay
behavior of these discussed 3P and higher P-wave
charmonia are given, which are valuable to further
experimental searches for them.

This work is organized with three parts. After the
Introduction in Sec. I, we illustrate the adopted unquenched
quark model and give the corresponding numerical results
of these 3P and higher P-wave charmonia (see Sec. II).
Finally, this work ends with the summary in Sec. IIIL.

II. PREDICTING THE 3P STATES AND HIGHER
P-WAVE STATES OF CHARMONIUM UNDER
AN UNQUENCHED QUARK MODEL

A. The adopted unquenched quark model

The Cornell model was constructed to depict the
interaction between quarks and antiquarks [6] with the
accumulation of abundant charmonium observations. Later,
inspired by the Cornell model, different versions of
potential models were developed by different groups
[23,43-47]. Among these potential models, the GI model
[23] was extensively applied to study meson and baryon
families. In the present work, we firstly use the GI model to
give the bare masses of these discussed P-wave charmonia,
which are important input in our calculation of the
unquenched quark model.

The GI model is a semirelativistic potential model which
has a Hamiltonian [23]

H=\/p* +m}+\/p2 +m+V(pr), (1)

where m; and m, are the masses corresponding to the quark
and antiquark, and p is the relative momentum in the
center-of-mass frame. The potential between quark and
antiquark is represented by V(p,r), which is composed
of the long-range linear color confinement interaction
S(r) = br+c and the short-range one-gluon-exchange
interaction G(r) = —4a,(r)/(3r). In the nonrelativistic
limit, the potential V(p, r) can be simplified as the familiar
nonrelativistic potential. In the GI model, the relativistic
correction is considered by smear transformation and the
momentum-dependant factors. With the smear transforma-
tion, the above interaction can be smeared as

G(r)(s(r))=/d3r’/>i,-(r—r’)G(r’)(S(r’)), (2)

where p;;(r —r’) is the smearing function with the detail
form, i.e.,

/ 6?1 —o2(r-r')?
pij(r—r') =—e™% (3)

2

with

1 1 dm;m; |4 2m;m;
2 — 2|l | — 2 LT (4
% = %0 L+2 |:(mi+mj)2] ] o [m,-erJ} )

Here, m;(m;) denotes the quark mass, while ¢, and s are
the universal parameters [23]. Additionally, z is the circular
constant.

In the center-of-mass system, the relativistic potential
depends on the momenta of the interacting quark and
antiquark. Hence, the semirelativistic correction with the
momentum dependance is introduced as [23]

- () o ()

E.E. E.E.

In this equation, we define E, = (p? +m2)'/? and E; =
(p? + m?%)!/2, and the parameter e; refers to different types
of interactions. In Ref. [23], the details of the GI model can
be found.

To fix the parameters in the GI model, we should repro-
duce the mass spectrum of charmonia with the well-
established low lying states (1., 1.(2S) J/w, y(3686),
Xco(1P), xe1(1P), ¥ (1P), and h.(1P)) as employed in our
former work [19]. Here, the reproduced mass of the llSO,
138y, 218y, 2354, 335, 1'P,, 13P,, 13P,, 1°P,, 1°Dy, 1°D,,
13D5, and 23D, states of charmonium family are 2.996,
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TABLE 1. The bare masses of these discussed P-wave char-
monia give by the GI model. (Units: GeV).

States 1P 2P 3P 4P 5P
Yeo(nP) 3.417 3.885 4.256 4.574 4.849
Ye1(nP) 3.500 3.936 4.294 4.606 4.887
X2 (nP) 3.549 3.974 4.327 4.635 4914

3.098, 3.634, 3.676, 4.090, 3.513, 3.417, 3.500, 3.549,
3.805, 3.828, 3.841, and 4.172, respectively, where all
values are in unit of GeV. With the parameters as input, the
low-lying charmonia can be reproduced well. In Table I, the
bare masses of these discussed P-wave charmonia are
collected.

Under the unquenched picture, the coupled-channel
effect due to the interaction between the bare state and
intermediate mesonic loops should be emphasized, which
shown in Fig. 1. Through the intermediate meson loops, the
bare state is dressed, and the mass of the bare state is shifted
to a physical mass.

To quantify the self-energy correction, the coupled-
channel equation is constructed as [19,48-50]

P (s) =M

bare

—-s+1I(s) =0, (6)

where My, and TI(s) are the bare mass and self-energy
function, respectively. s represents a pole on the complex
energy plane. Since the condition P~!(s) = 01is fulfilled, the
coupled-channel result is determined as s = (M yy — il'/2)%.
In the result, M, and I" are the physical mass and decay
width corresponding to a physical state, which can be
compared with the experimental results directly. The self-
energy function I1(s) is the summation of IT,,(s), where the
subscript denotes the nth hadronic channel coupled with the
bare cc state. In the charmonia system, the narrow width
approximation s & Mghy — 1M, I" works well, which was
employed in Eq. (6). Then, the real part and the imaginary
parts of Eq. (6) are separated, i.e.,

M}%hy = M%are + Rel'[(Mghy),
TmIT( M?>
r= _M’ (7)
Mphy

FIG. 1. The self-energy hadronic loops of the higher P-wave
charmonia. Here, ¢ = u, d, s and the hadronic loops are
composed of charmed and charmed strange mesons.

where M., and I can be calculated directly. In Eq. (7), with
the first equation, the physical mass can be determined, then
the decay width is also obtained with the second equation.
We find that it is an easy way to get the coupled-channel
result with Eq. (7), which is a crucial step when investigating
these higher P-wave charmonia.

With the dispersion relation, the imaginary part and
real part of the self-energy function are linked by the
integral, i.e.,

* g Imi(2) (8)

Rell,,(s) = l73 S
-

ﬂ Sth.n
In this equation, P represents the principal value of an
integral, and sy, ,, is the threshold of the nth channel. Since
the optical theorem is employed in the realistic calculation,
we should take all possible intermediate channels into our
calculation, which is obviously an impossible task. To solve
the problem, the once subtracted dispersion relation was
introduced by Pennington et al. in Ref. [49]. In the present
work, we also use the once subtracted self-energy function

s — S

p [ ar M)

Rell, (s) = e (2= 9)(z=50)

©)

T

where s, represents the subtraction point. Generally, a
ground state which is much lower than the threshold of the
first OZI-allowed channel is chosen as a subtraction point.
For the discussed charmonia family, the J/y particle is
chosen as subtraction point /sy = 3.097 GeV.

With the method of once subtraction, we only consider
the hadronic channels with threshold lower than the bare
mass of the discussed state when performing the calculation
of the self-energy function. Thus, we just need to consider
the self-energy function with a limited number of inter-
mediate hadronic loops, by which the coupled-channel
effects become calculable.

Before calculating the real part of self-energy function,
its imaginary part must be determined first, which is written
as [51]

ImlL, (M?) = —22PEgE|MYS(P)P. (10)

The subscript B and C represent the two mesons involving
in intermediate meson loops. P is the momentum of meson
B in center-of-mass frame. This momentum can be
expressed through P = A'/2(M?, M%, M%)/(2M), where
Ax,y,z) = x* +y* + 22 = 2xy — 2xz — 2yz is the Killen
function. Eg ) is the energy of particle B(C), which is

Epc) = /P2 + MZB(C). M™5(P) is the amplitude depicting

the interaction between initial particle and intermediate
meson loops, which is given by the quark pair creation
(QPC) model [52-55]. With the QPC model, the transition
operator is expressed as
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T= —37207 m; 1, —=m|0,0) / d’p3d’p48° (ps + ps)

m(P3—P +
oy (BT sl e)den. (1

where ¢t, y**, @3*, and Y are flavor, spin, color, and
orbital wave functions of the created quark pair, respec-
tively. Psy), b; and dZ are the momenta and creation
operators of the quark and antiquark, which are created
from the vacuum. The y in the equation depicts the strength
of a quark-antiquark pair created from the vacuum.

With the transition operator, the amplitude MS(P) is
expressed as

MES 4o(P) = (BC.LS|TA), (12)

where L and S are the relative orbital angular momentum
and spin between BC, respectively. To calculate the
amplitude quantitatively, the masses and wave functions
of the initial and final states should be determined, which
will be represented in the next section.

B. The 3P charmonia

With the quenched quark model, the bare masses of 3P
charmonia are completely determined and collected in the
Table I. The physical masses of these discussed 3P
charmonia are calculated by the coupled-channel equation,
where the self-energy corrections from the intermediate
hadronic loop are introduced. To quantify the self-energy
function, we should take the spatial wave function as input,
which can be obtained by solving the Schrédinger equation
with the GI Hamiltonian. In Fig. 2, the spatial wave
functions of these bare 3P charmonia and the employed
charmed mesons are shown.

4
3 -~ " X(3P)
2 — %2(3P)
1
—~ 0
N
(32
P
>
L 2
(0] 1 2 0 1 2
nv'_, ) —— Dy (2400) — D4(2420)
o - - - D,'(2317) 2 - - - D,(2430)
1 1
0 0

0 1 2 3 0
p (GeV)

FIG. 2. The adopted the spatial wave functions of y.;(3P),

D{!), D;(2400), D}(2317), D;(2420), and D, (2430) states in

the momentum space.

Besides the spatial wave functions, the channels
employed in the 3P charmonium calculation also need
to be clarified. Here, more open-charm channels are
involved in the calculation of the 3P charmonia, since
their bare masses of 3P charmonia are around 4.2 GeV.
In the once subtracted scheme, the contribution of the open-
charm channels with mass thresholds lower than the mass
of a bare state need to be summed in the self-energy
function. More specifically, DD, D*D*, D{D;y, and
D*D}~ channels are included in our calculation for
X«0(3P). The DD*, D*D*, D;(2400)D, D,(2420)D,
D,(2430)D, D} D;~, D;™D;~, and D’J(2317)D; chan-
nels are considered in the coupled channel calculation of
xc1(3P). For y.,(3P), the involved coupled channels are
DD, DD*, D*D*, D,(2420)D, D,(2430)D, D{Dy,
Dy Di~, and DiTDi~. We list the experimental masses
of these employed 1S and 1P charmed and charmed-
strange mesons in Table II.

In the calculation of 3P charmonia, the mixing scheme
of D{(2420) and D;(2430) should be considered. In the
heavy quark symmetry, D,(2420) and D,(2430) are
mixture bewteen the D(13P;) and D(1'P,) states which

satisfy the relation

|D(2430)) cos® sin@\ /|D(1'P)) 3
<|D(2420)>> <—sin0 0089> (ID(13P1)>)’ (13)
where the mixing angle was fixed to be § = —54.7° in the
heavy quark limit [57].

Now the only unknown parameter is the coupling
constant y. Through the decay width of y(3770) and
w(4160), the y value is determined as y = 0.4 [19].
With the above preparation, we may predict the spectros-
copy behavior of the discussed 3P charmonia.

The self-energy function Rell(s) and the corresponding
function s — M%, . dependent on s for each 3P charmonium
are illustrated in Fig. 3. The physical mass is found by the
abscissa of the intersection at the cross of red solid line and
the dashed line, which is the solution of the real part of
coupled-channel equation in Eq. (7).

When making comparison of the coupled-channel cor-
rections of y.o(3P), y.1(3P), and y.,(3P) shown in the

TABLE II. As input parameter, the masses of these involved
charmed and charmed-strange mesons employed in the 3P
charmonium calculation are taken from PDG [56].

State D D* Dy D;
Mass (GeV) 1.867 2.009 1.968 2.112
State D;{(2400) D;(2420) D,(2430) D;(2460)
Mass (GeV) 2.325 2.422 2.427 2.463
State D?,(2317) Dy (2460) D,;(2536) D,(2573)
Mass (GeV) 2.317 2.460 2.535 2.569
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FIG. 3. The real part of self energy functions of the y.;(3P)

states are shown. To outstand the prominent contributions, only
the major channels are plotted individually, and the contribution
of the remaining channels are combined in the Rell .. (s) part
with the gray solid line. Here, the black dashed line represents the
function s — M}, while the red solid line is the total self-energy
function. The blue, green, and purple solid lines denote the self-
energy functions of the D*D*, DD, (2430), and DD* channels,
which provide the prominent self-energy contribution to the 3P
charmonia.

Fig. 3, we find that their mass shift between the bare mass
and the physical mass are obvious and in the same order
of magnitude. After including the coupled-channel cor-
rection, their physical masses still satisfy the relation
M, 3p) > M, p) > M, 3p)- In the top diagram of
Fig. 3, the comparison of the total self-energy function
Rell(s) (red solid line) and the self-energy function of the
D*D* channel of y.o(3P) (blue solid line) are given, which
show that the mass shift of y.,(3P) is dominated by the

TABLEIIL. The obtained physical masses of y,.;(3P) are listed.
The bare mass, decay width and 6M = My, — My, are also
shown here.

State My (GeV) My, (GeV) M (MeV) Ty (MeV)
ro(3P)  4.256 4.204 -52 72
ra(BP) 4294 4.206 —88 48
1a(3P) 4327 4218 ~109 50

contribution of the D* D* channel. In the middle and bottom
diagrams in Fig. 3, the self-energy functions of ., (3P) and
X2 (3P) are also illustrated. For the discussed y.;(3P) and
X2 (3P) states, not only the D*D* channel provides an
obvious contribution to the self-energy correction, but also
the DD* and DD;(2430) channels also provide a large
contribution. In Table III, the masses and decay widths of
3P charmonia are listed here, where their partial decay
widths and corresponding branching ratios are shown in the
Table IV.

Our calculation shows that the physical mass of
xeo(3P) is 4.204 GeV. Its mass gap between the bare
and physical mass is My — Mp,e = =52 MeV. And
the total decay width is determined as I, 3p) =72 MeV.
In these allowed decay modes of y.(3P), the D*D*
channel has the largest partial decay width and branching

ratio, which are calculated to be I“f;gp) = 66 MeV and

B(x.o(3P) = D*D*) = 93%, respectively, which makes
us understand why the D*D* channel plays crucial role
in the coupled-channel analysis to the y.(3P) state as
shown in Fig. 3. The physical mass of the y.,(3P) state
is My, = 4.206 GeV, which is close to the physical

TABLE IV. The partial decay widths and corresponding
branching ratios are shown. The sign X means that the corre-
sponding channel is included in the self-energy function, but their
decay process is kinematically forbidden. The zero decay width
listed in this table represents the corresponding decay width far
smaller than 1 MeV, which can be ignored in our discussion.

)(50(3P) )(01(3P) )(62(3P)
Channels I' MeV) B (%) T MeV) B (%) T" MeV) B (%)
DD 2 3 7 14
DD* 20 42 3 6
D*D* 67 93 26 54 39 78
DD;(2400) ~0 ~0
DD, (2420) X X X X
DD, (2430) X X X X
DDy 3 4 ~0 ~0
D{D;~ 2 4 1 2
Dyt Dy~ X X X X X X
D D5 (2317) X X
Total 72 100 48 100 50 100
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mass of the y.o(3P) state, but the mass shift of y.,(3P) is
My — Mypge = —88 MeV. Its  total decay width is
48 MeV, where the partial decay widths of the D*D*
and DD* channel are 26 MeV and 20 MeV, respectively.
With the partial decay widths, the corresponding branching
ratios of D*D* and DD* channel can be obtained to be 54%
and 42 %, respectively. In addition, the partial decay widths
of the DDy(2400) and D{ D:~ channels are 0.1 MeV and
2 MeV, respectively. The physical mass of the remaining
state y»(3P) is My, = 4.218 MeV, which has 109 MeV
mass shift compared with bare mass My, = 4.327 GeV.

The total decay width of y,(3P) is T, ,3p) = 50 MeV,
D*

which is composed of the partial decay widths Ff*m p) =

DD _ DD* Dy Dy
39 Mev,T20, - 7.0 MeV.IPH,,) =3 MeV. I ()
0.1 MeV and T, 75, = 1 MeV. The branching ratios of

the D*D* and DD decay channels are 78% and 14%,
respectively, where the main decay channel for y.,(3P)
is D*D*.

In summary, as demonstrated above, the physical masses
of y.0(3P), xc1(3P), and y.,(3P) are close to each other,
and these 3P charmonia are not narrow states. How to
distinguish these 3P states becomes a challenge in exper-
imental analysis if these 3P states appear in the same decay
channel.

At present, the experimental data of the yy — DD
[18,58] and B — KDD [41,42] processes reveal the
existence of the 2P charmonia around 3.9 GeV. Thus,
searching for the 3P charmonia via yy fusion process and B
decay is suggested, i.e., we encourage our experimental
colleague to measure yy — D)D) and B - KD*) D*)
and analyze the corresponding D)D) invariant mass
spectrum.

Of course, hunting for these 3P charmonia via their
hidden-charm decay channels from yy fusion process and B
decay is an interesting issue. Until now, experiment has
reported two charmoniumlike states Y (4140) and Y (4274)
by measuring the B — KJ/y¢ process [59,60], which have
mass close 4.2 GeV. Meanwhile, the Y(4140) and Y (4274)
have spin-parity quantum number with J*¢ = 1+, and the
possibility of determining Y (4140) as a y.,(3P) state is
proposed by the narrow decay width of y. (3P) state
through an explicit calculation with unquenched quark
model and QPC model in Ref. [61]. The similar opinion
is also indicated in Ref. [62]. By fitting the data in the
B — Ky (1P)zm process, a narrow state around m =
4144.5 GeV 1is found, which is assumed as a same state
with Y(4140) and suggested as a candidate of y.;(3P).
However, since Y (4274) has full width ' = 49 + 12 MeV
[56] consistent with our theoretical result, it is also possible
to assign Y (4274) as the y ., (3P) state. This conclusion was
also made in Refs. [40,63]. For enhancing this conclusion,
further theoretical and experimental studies around these
3P charmonia are needed in near future.

C. Higher P-wave states

In the above section, we present the results of the 3P
charmonia via an unquenched quark model. In the follow-
ing, we may continue to discuss higher P-wave charmo-
nium states involved in these 4P and 5P states.

First, we focus on the 4P charmonia. With the once
subtracted scheme, there is 15 intermediate channels
should be included in the self-energy function of the
Xco(4P) states, which are the DD, D*D*, DD,(2420),
DD,(2430), D*D}(2400), D*D,(2420), D*D;(2430),
DD(2'S,), D*D3;(2460), D{ Dy, Di*D}~, D{ D;;(2460),
DDy (2317), Dy D, (2536), D™Dy, (2460) channels.
For y.;(4P) and y.,(4P), there are 20 and 22 intermediate
hadronic loops contained in Rell(s) function. Thus, the
whole calculation of the 4P states becomes more compli-
cated compared with former study of the 3P state. In Table V,
the involved charmed and charmed-strange mesons are
summarized with the corresponding masses as input.

With the above preparations, the coupled-channel results
for the 4P charmonia are given in Table VI. And the partial
decay width of the discussed 4P charmonia are shown in
Table VII. Our results show that the coupled-channel
correction to the masses of 4P charmonia is about
200 MeV, which makes their physical masses become
My (xc0(4P)) =4.358 GeV, My (x.1(4P)) =4.378 GeV,
and My (r2(4P)) = 4.397 GeV. In addition, we also
obtain the total decay widths of these 4P charmonia as

TABLE V. The adopted masses of these involved 1D, 28, and
2P charmed and charmed strange mesons are listed, which are
taken from Ref. [23].

State D(2'Sy) D(2%s,) D(2°p,) D(2°P,) D(2'P))
Mass (GeV) 2.583  2.645 2932 2952  2.933
State D(2’P,) D(1'D,) D(1°D,) D(1°D,) D(1°Ds)
Mass (GeV) 2957  2.827  2.816 2834  2.833

Sute  D,(215) D,(2%,) D,(2°P,) D,(2°P,) D,(2'P))
Mass (GeV) 2.675 2.735 3.005 3.033 3.024
Sute  D,(2°P,) D,(1'Dy) D,(I'Dy) D,(1'D,) D,(1°Dy)
Mass (GeV) 3.049 2910 2.898 2915 2916

TABLE VI. The physical masses and corresponding decay
widths of 4P, 5P states with a coupled-channel analysis are
listed here.

State Myye (GeV) My, (GeV) oM (MeV) Ty (MeV)
Xeo(4P) 4.574 4.358 -216 43
Y1 (4P) 4.606 4.378 —228 41
X2 (4P) 4.635 4.397 —238 27
xe0(5P) 4.849 4.504 —345 17
xc1(5P) 4.887 4.511 -376 19
X2 (5P) 4914 4.524 -390 15
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TABLE VII. The calculated partial decay widths and corre-
sponding branching ratios of the y.;(4P) charmonia are listed.
Here, we only show the channels which have decay widths larger
than 1 MeV.

x«0(4P) DD D*D* D(2420)D D,(2400)D*  D{D;y
I MeV) 7 22 10 3 1

B (%) 16 51 23 7 2
2c1(4P)  DD* D*D* D3(2460)D D, (2400)D*

r MeV) 15 12 10 3

B (%) 37 29 24 7

X2(4P) DD D*D* D(2420)D D,(2430)D D,(2460)D
rMeV) 2 17 3 2 3

B (%) 7 63 11 7 11

shown in Table VII, where the D*D* channel still has main
contribution to the full widths of y.;(4P) states.

For the 5P charmonia, more channels should be con-
sidered, where y.o(5P), y.1(5P), and y.,(5P) have 33, 53,
and 56 intermediate channels, respectively when perform-
ing the coupled-channel analysis. In Table VI, we predict
the masses of y.o(5P), y.1(5P), and y.,(5P).

Now, we obtained mass spectrum of higher P-wave
charmonia with an unquenched quark model. In Fig. 4,
we make comparison of the bare masses and physical masses
of higher P-wave charmonia with different radial quantum
numbers. We find that the bare masses are linear relation with
increasing radial quantum number n. When the coupled-
channel effect included, such linear relation was violated,
which can be understood by the modified GI model.

As unquenched potential model, the modified GI model
was employed in Refs. [14,15], which was applied to study

25 XcO(np) Xc1(np) Xcz(np)
r 2 .
Mphy_ [ ] ° A @
Mzbare: o o A
— 20f
>
(]
e
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0 1 2 3 4
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FIG. 4. The comparison of the obtained physical and bare
masses for the discussed P-wave charmonia are given. Here, the
red solid curve is the result of the modified GI model when
taking 4 = 0.13 GeV.

higher vector charmonia. Here, the linear confinement
interaction in the GI model (see Sec. Il A) is replaced by
the screened confinement interaction Ref. [64], i.e.,

S(r) =br+c— $(r) = 1)(1—:—»")+ ¢, (14)

where an additional parameter u is appeared in the
screened potential. With selecting the parameter y, the
strength of the screened confinement interaction can be
controlled. We find that the mass spectrum behavior of
the obtained P-wave charmonia shown in Fig. 4 can be
mimicked by the modified GI model when y = 0.13 GeV.
By this study, we also illustrate why the modified GI
model by introducing the screened potential can achieve
a similar result as obtained by the coupled-channel
model [64].

III. SUMMARY

After establishing 2P charmonia [19-22,41,42], how to
explore higher P-wave charmonium states becomes an
intriguing research issue, especially, with the running of
Belle II [65], and Run-II and Run-III at LHCb [66].
Obviously, valuable hints can be given by theoretical
investigation around higher P-wave charmonium states.

In this work, we first focus on the 3P charmonia by
presenting their spectroscopy behavior. In fact, the studying
of these 2P charmonia revealed the crucial role of the
coupled-channel effect on mass spectrum [19]. Thus, we
adopt an unquenched quark model to depict the spectros-
copy behavior of these 3P charmonia. Our result shows that
these 3P states have mass around 4.2 GeV. Hunting for
these 3P states via their open-charm and hidden-charm
decay channels from yy fusion and B decay is suggested.

Under the same framework, we may continue to predict
the spectroscopy behavior of 4P and 5P charmonia. We
find that mass shift of physical mass and bare mass
becomes more obvious with increasing the radial quantum
number n. For understanding this phenomenon, we take the
modified GI model to mimic the spectroscopy behavior of
higher P-wave charmonia, which shows that the modified
GI model and the coupled-channel model, both of which
are unquenched quark model, can get the similar result
when studying meson spectroscopy.

When studying XYZ data [59,67-69], multiquark state
explanations and some other possible effects resulting in
these novel phenomena was proposed [70-81]. For the
coupled-channel effect, there still exist large uncertainties
in the calculation. Thus, how to distinguish these contri-
butions from that from the coupled-channel effect should
be paid more attention especially when identifying 3P and
higher P-wave charmonia by combing with the present
XYZ data.

As emphasized by the present experimental progress,
Belle II and LHCb will become the main force of finding
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out charmoniumlike states. In the past 18 years, the
experiments have brought us big surprises. In the following
years, we have reason to believe that the study of hadron
spectroscopy enters a new era. As an important part of
hadron spectroscopy, we should pay more attention to the
charmonium family. We hope that the present work can
inspire the experimentalist’s enthusiasm of exploring
higher states of charmonium family.
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