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Focusing on recent measurement of the BT — DDy K™ process given by the LHCb Collaboration, we
propose that this newly observed near the D Dj threshold enhancement can be due to the contribution of
the y.o(2P), which is a P-wave charmonium below the D Dy threshold. By performing a combined fit to
the measured D} Dy, Df K", and DyK" invariant mass spectra, introducing the y.,(2P) can well
reproduce the near threshold enhancement in the Dy Dy invariant mass spectrum. When depicting the
whole D7 Dy invariant mass spectrum, the contributions from higher charmonium wy(4230) and

charmoniumlike state X(4140) are obvious. In addition, a charmed meson D*(33S;) with mass around
3015 MeV is found to be important to depict the Dy K™ invariant mass spectrum well. Especially, the
importance of node effect of the spatial wave function of the y ., (2P) is revealed, by which the anomaly of
the ratio I'(X — D™D™)/T(X — Dj D7) indicated by LHCb can be explained well. Finally, our scenario
of the newly observed enhancement structure resulting from the y.o(2P) is enforced.

DOI: 10.1103/PhysRevD.106.094037

I. INTRODUCTION

Very recently, the LHCb Collaboration found a novel
phenomenon of near threshold enhancement in the DY Dy
invariant mass distribution of the Bt — Dy D7y K™ process
[1]. If adopting the Breit-Wigner formula to depict
this enhancement structure, the extracted resonant para-
meters are M = 3956 £ 5(stat) £ 10(syst) MeV and I' =
43 £ 13(stat) & 8(syst) MeV [1]. Thus, this enhancement
structure is referred to be the X(3960) before decoding its
nature. In addition, the spin-parity test from LHCb suggests
that the X(3960) favors JP¢ =0"*. When checking
the data of the D Dy invariant mass distribution, a dip
around 4.14 GeV can be found, which was due to another
JPC = 0 state X,(4140) by LHCb [1].
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For understanding this novel phenomenon, some theo-
retical explanations were proposed. The X(3960) was
explained as a threshold structure due to the D D, inter-
action, where the interpretation of a virtual or bound state
below the D} Dy threshold [2,3], and the D} D7 molecule
description from the QCD sum rules method [4] and the
one-boson-exchange model [5] were proposed. In Ref. [6],
the near threshold enhancement signal of the X(3960) was
interpreted to be the off-shell contribution of the y.,(3930),
which is a P-wave charmonium state found in the
BT - DYD™ K" decay [7].

A main reason why most of theoretical groups tried to
categorize the newly observed X(3960) to be an exotic
hadronic state is due to the measured ratio

(X > D*D") B[B" - D'DK'|FFy._p.p g
=0.29 +0.09 £ 0.10 £ 0.08, (1)

given by LHCb when treating the X(3960) in the
B* — D{ D7 K" process [1] and the y.((3930) in the Bt —
D™D~ K" decay [7] as the same state (see Ref. [1] for more
details). Usually, the s§ quark pair excited from vacuum is
harder than the ui and dd pairs. The ratio is anomalous for a
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higher charmonium as indicated by LHCb [1]. It seems to
provide enough motivation to assign the newly observed
X (3960) as an exotic hadronic state. However, we must face
the fact that the coupled-channel effect is obvious for these
2P states of charmonium [8]. We still should be cautious
when definitely making a conclusion of the X(3960) to be an
exotic state.

Thus, we briefly introduce how the coupled-channel
effect plays the role in the spectroscopy behavior of these
2P states of charmonium. When solving the low mass
puzzle of the X(3872) [9,10], the importance of the
coupled-channel was realized [8,11-13], where the bare
mass of the y,.,(2P) can be decorated by the nearby DD*
channel. After observing the charmoniumlike state
X(3915) [14] in the yy — J/ww fusion process, the
Lanzhou group indicated that the X(3915) must have
0™ quantum number, which is a good candidate of the
charmonium y.(2P) [15]. Later, this prediction was
confirmed by the BABAR Collaboration [16]. Thus, the
Particle Data Group (PDG) once collected the X(3915) as
the charmonium y.(3915) into The Review of Particle
Physics (2012) [17] in a short time. Under this assignment
to the X(3915), we have to explain why the mass gap
between the X(3915) and Z(3930) = y,(2P) is smaller
than that between the y.o(1P) and y.,(1P), or that between
the y,0(2P) and y,,(2P) [9,10,18]. Finally, the Lanzhou
group clarified this issue by introducing the coupled-
channel effect, and found that the node effect of the spatial
wave functions of the discussed 2P charmonia is crucial to
exactly reproduce the narrow mass gap between the
X(3915) and Z(3930) [8], which supports the assignment
of the X(3915) as a y.4(2P) charmonium. In 2020, LHCb
observed the y.((3930) and y.,(3930) simultaneously in
the Bt — D*D™K™ decay [7], which is the first signal of
the y.o(2P) — DD decay mode. This observation confirms
that the y.(2P) state has narrow width [15], and
also checks the prediction from the Lanzhou group that
two P-wave charmonia y.o(2P) and y.,(2P) are close to
each other [8,19]. By these efforts, the name y.y(3915)
appeared in The Review of Particle Physics (2022)
[20] again.

Coming back to the LHCb’s observation of the near
threshold enhancement in the DDy invariant mass
spectrum [1], we should carefully check whether this
near threshold enhancement can be resulted by the
Xc0(2P) under considering the unquenched effect. In this
work, we carry out a serious study on this issue.
According to the measured mass of the y.(3930), we
conclude that the y.o(2P) is below and near the Dy Dy
threshold. However, the y.o(2P) can still contribute to
B — D} D; K" and should have obvious effect to the near
threshold enhancement in the D] D; invariant mass
spectrum if the width effect of the y.o(2P) is considered.
For depicting the dip at 4.14 GeV in the D Dy invariant
mass spectrum, we still need to introduce a scalar

Xo(4140) state similar to the treatment of LHCb [1].
Besides, we notice event accumulation around 4.2 GeV,
which also inspires us to test the contribution of the higher
vector charmonium (4230) [21-28] to B — Dy D;K ™.
In fact, these intermediate states like the y.(2P),
Xo(4140), and w(4230) have the reflections in the
D;K™, and DK™ invariant mass spectra. However, if
checking the Dy K™ invariant mass spectrum, one may
find the event cluster around 3 GeV compared with the
D} K™ invariant mass distributions, which indicates the
contributions from the higher charmed mesons [29,30].
Thus, in the present work, we perform a combined fit to
these measured three invariant mass distributions of the
B — D{D;K" decay by including the charmonia/char-
moniumlike intermediate states and charmed mesons
intermediate states simultaneously to test our proposal.
Moreover, if making a connection between the near
threshold enhancement and the y.4(2P), we still need
to suitably explain the anomaly of the ratio shown in
Eq. (1). Inspired by the node effect to solve the small mass
gap between the X(3915) and Z(3930) [8], we introduce
the node effect, and reproduce the anomalous ratio in
Eq. (1). In this work, we want to emphasize that this
anomaly of the ratio of I'(X — D*D™)/T'(X —» D Dy)
does not conflict with the P-wave charmonium assign-
ment to depict the near threshold enhancement in the
D{ D; invariant mass spectrum. Instead, reproducing this
anomalous ratio in the present work may further enforce
our scenario.

This work is organized as follows. In the following
section, we focus on the interpretation of three invariant
mass distributions, and in Sec. III, we present an explan-
ation to the abnormal coupling ratio. Finally, this work ends
with a short summary in Sec. IV.

II. DECODING THE ENHANCEMENT
STRUCTURES IN THE INVARIANT MASS
SPECTRA OF B* — D}D;K*

As discussed in the Introduction, there are two different
kinds of intermediate state contributions to the process
BT — KTD; DY as shown in Fig. 1. For the processes

K*(p)) . K*(p)
B(P BP) V.
il Di(p,) %) Ds(ps)
D7 (p;) D} (py)

(@) (b)

FIG. 1. The schematic diagrams of different intermediate
resonant contributions to the BY(P) — K*(p;)D{ (p,)D5 (p3)
decay. Diagram (a) presents the intermediate charmonium con-
tribution, while diagram (b) stands for the charmed meson
contribution.
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corresponding to Fig. 1(a), we consider the contributions
from charmonia y.o(2P), y(4230), and charmoniumlike
X(4140). For the process shown in Fig. 1(b), all the
possible charmed mesons above the D} K~ threshold with
proper J” quantum numbers like 0, 17, and 2* could be as
the intermediate state. According to the spectroscopy
behavior of the higher charmed mesons [29,30], there exist
several candidates like the D} (2600), D3(2460), D*(2°Py),
D*(13D,), D*(3S,), D*(2°P,), and D*(13F,) [20,29].
For depicting the event cluster around 3 GeV shown in the
D7 K™ invariant mass spectrum, finally we consider the
charmed mesons with mass around 3 GeV for simplicity.
Since the widths of the D*(23P,), D*(1°D;) and D*(13F,)
are all larger than 200 MeV [20,29], only the D*(33$,)
with the width to be 80.36 MeV is promising when
refining the Dy K™, DFK™, and D} D; mass spectra
simultaneously.

As discussed above, two kinds of intermediate resonant
contributions are considered for the Bt — KTD{Dj
process, which are B — K*(c¢) - K[(c¢) — D{ Dy]
and B — D*°(33S,)D} — (D*°(3°S,) - D;K*)Df. In
this work, the effective Lagrangian approach is employed
to describe the BT — DDy K™ decay, which has been
successfully applied to describe other similar B decay
processes [31,32]. Since the primary concern of this work is
to explore the role of different intermediate states in
describing the line shape of invariant mass distribution
of BY - DI D; K™, the effective Lagrangians relevant to
the weak decay of B meson can be constructed by
considering the invariance under the isospin and parity
transformation, which can be written as

Lyxx = igpxxXBK,
Lgyx = igp,xy,(0*B'K — B#KT),
Lepp, = igBD*Dl\.D;(aﬂDIB — D,0*BY). (2)

Here, X refers to the scalar y.o(2P) and X,(4140), while
the y(4230) and D*(33S) are abbreviated to be y and D*,
respectively.

For the (c¢) —» DiD; and D*(3%S,) - DK inter-
actions, the relevant effective Lagrangians based on the
heavy quark symmetry and chiral symmetry are [31,33-35]

‘CXDSDX = iQXD:DSXDst’
El//DSDS = igl[lDJDXWﬂ (aﬂDIDs - Dﬁ”DI),
Lppx = igpp xkD;(0*DIK — Do*K). (3)

With the above preparation, we obtain the decay ampli-
tude of the resonant contribution to the process
BT - DID7KT™, ie.,

9xp,b,9BXK
(P2 + p3)* = my +imxTx’
M, = 9y,0,98yk (P + DY) (P} - P5) (W)
(P2 + p3)* = my +im, T,
My, = 9o p.k 980, (P* + Ph)(PY - P5)3,,(D%)
(p1+ p3)* —m3. +impTp-

’

(4)

with gﬂl/(w) = —Guw + (p2;4 + p3ﬂ)(p21./ + p3l/)/ml2/} and
gﬂU(D*) = —Gw + (plﬂ + p3ﬂ)(pll/ + p3v>/m2D*'

In addition to the resonant contribution, there is the
background contribution for the discussed process. In the
realistic calculation, we consider a constant amplitude to
simulate the background term, which is,

Mbkg = Gbkg- (5)

And then, the total decay amplitude is the coherent sum
of each resonant amplitudes and nonresonant background
amplitude, i.e.,

Moo = Mgy + €i¢‘M;(L.0(2P) + €i¢2Mx0(4140)
+ €i¢3Mw(4230) + ei(p“MD*(ﬁs])’ (6)

where ¢; denotes the phase angle between the resonant
amplitudes and the nonresonant background amplitude,
which are considered as free parameters. Moreover, the
coupling constants gpg, Gy,(2P)> 9x,(4140)s Gy(4230)> and
gp+(3s,) are also treated as parameters, which can be
determined by fitting the experimental data. While the
masses and widths of the involved intermediate states are
fixed, and the concrete values of the resonant parameters
are collected in Table L.

The differential decay width of B* — Dy D7 K™ relative
to the invariant mass distribution of D} D7 is,

dar 1 1 . .
= (271)5 16m2 |MTolal|2|p1||p2|dgld923’ (7)
B

where p; and Q3 are the three momentum and solid angle
of the D} meson in the center of the D Dy system mass
frame, respectively. Similarly, one can obtain the differ-
ential decay width relative to the invariant mass distribu-
tions of DK™ and D;K™.

TABLE L. The resonant parameters of the involved intermediate
states.

State Mass (MeV) Width (MeV)
X0 (2P)] [7] 3923.8 17.4
X((4140) [1] 4133 67
w(4230) [1] 4230 55
D*(33S)) [29] 3015 80.36
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FIG. 2. Our best fit to the invariant mass spectra of (a) D] Dy, (b) D{ K", and (¢) Dy K* of the Bt — D D7 K™ process. Here, the red
solid step line indicates the total fitting results, while the individual contributions from background and the intermediate states are

also given.

In the following, we can simultaneously reproduce the
invariant mass distributions of DDy, DYK™, and D; K™
of the process BT — K™D Dy. Our best fit to the experi-
mental data is presented in Fig. 2 with y?/dof = 1.73 and
the corresponding parameter values are listed in Table I
Here, the candidates in Fig. 2 can be directly associated to
the differential width of B¥ — K™D D5 . Thus, our fitting
parameters have been calibrated to reproduce the decay
width of the process Bt — KD/ D; by using the exper-
imental ratio B(B* - K*D{D;)/B(B" - K*D"D™) =
0.525+0.033 [36] and branching ratio B(B' —
K*D"D7) =2.240.5+ 0.5 [20]. As shown in Fig. 2(a),
these two structures reported by LHCDb, i.e., the enhance-
ment near the D] Dy threshold and the dip near 4.14 GeV,
can be well reproduced by introducing the below-threshold
Xc0(2P) and the X((4140), respectively. In addition, the
event accumulation near 4.2 GeV can also be roughly
described by the introduced y(4230) contribution. It is
obvious that the present work provides an alternative
approach to explain the reported near threshold structure
in the D Dy invariant mass spectrum [1]. In our scenario, it
is not necessary to introduce a new charmoniumlike state
X(3960) as treated by LHCb [1].

In the present scheme, our fitting results also show a
good consistency with the invariant mass distributions of
Dy K* and Dy K. From Fig. 2(b) and 2(c) one can notice
that the reflection from the y .o (2P) plays the dominant role
for resulting in the broad structure around 3.2 GeV in both

'By fitting the experimental data [1], we can only extract the
value of |g, opp.p 9By..(2p)k|- Since we cannot give a quanti-
tative estimate of gp, op)k, the absolute value of g, p)p b,
cannot be obtained. Thus, it is not possible to directly compare
the absolute value of g, »p)p,p, e€xtracted by fitting data with the
result from the QPC model. Fortunately, we may obtain the ratio
of g, ,(2p)p* D~ 10 Gy (2p)p+ p; Dy combing with the data of B* —
K™ (x.0(2P)) - D{D; [1] and B* — K*(y,(2P)) - D" D~
[7], which is the main task in next section. By producing this
ratio, our scenario can be further tested.

DYK* and D;K™ invariant mass spectra. However, as
discussed in the last section, there exists an apparent
difference between the DY K+ and Dy K" invariant mass
distributions. Thus, for the discussed BT — DI D;K™
decay, we introduce an additional higher charmed meson
besides the intermediate charmonia. After introducing the
D*(33S,) resonant contribution, the shoulder-like shape in
the D7 K™ invariant mass distribution from 3.0 to 3.2 GeV
can be well depicted. Moreover, the interference between
the background term and the reflection contribution of the
D*(3%S,) in the D{D; invariant mass spectrum can
naturally explain the bump near 4.5 GeV in the D} D;
invariant mass spectrum, which can also be an important
hint of the intermediate D*(33S,) contributing to the
process Bt — DI D7K™. The refined properties of the
unestablished charmed meson D*(33S)) can be revealed by
the more precise experimental measurement of the BT —
Dy D;K™ decay at LHCb and Belle II.

III. EXPLANATION TO THE ABNORMAL RATIO
INVOLVED IN THE y,(2P)D*D~ AND
%e0(2P)D; D7 INTERACTIONS

After reproducing the invariant mass distributions of
DDy, DFK" and D;K™" in our scheme, we can further
extract the fit fraction of BT — K*(y.o(2P) — Dy Dy ) to
be (20.8 & 11.0)%, where the systematical and statistical
uncertainties of the experiments have been included. Then,
one gets the ratio’

B[B* - D*D-K*|FFe®)
B” ~ 5 ppks _ 0344020, (8)

_ (2P
B[B* = DI DyKHFFRCD.

“In this work, we do not adopt the LHCb’s value as given in Eq. (1).
In our scheme, we extract the ratio of B[B™—>D'"D K]

(2P _ (2P
FFEC) e and BB+ —D{DIKFFAE). by the

present experimental data.
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TABLE II. The values of the parameters obtained by fitting the LHCb data [1].

Parameters Values (x1077) Parameters Values
Gbkg 108.0 £ 9.1
\gm(2P)DSDSgBXLU<2p)K| (738 + 29) CIG:V2 ¢1 1.01 £0.01
‘gX0(4140>DSDSgBX0(4140)](‘ (346 + 92) GCV2 ¢2 4.67 +0.01
‘gy/(4230)DxDxgBy/(4230)K| 8.0£15 b3 1.12+£0.03
\gD*GaSI)D_‘KgBDx(_ggS])DS| 105+ 1.0 i 4.27 £0.06

In fact, this value in Eq. (8) is the ratio of I'(y.o(2P) —
D*D™) and T'(y.(2P) - D Dy), which indicates the
relative magnitude between the coupling of the y.,(2P)
with the D™D~ channel and that of the y.o(2P) with the
D} Dy channel. Considering the phase space integral and
taking the mass distributions of the y.(2P) into account,
the ratio of the coupling constants is obtained to be

Jr0@PID'D” 15 4 0.0s. )

9y0(2P)DF Dy

If making a naive theoretical estimate and considering
the SU@3) flavor symmetry, the ratio g, oppp-/
9yo2P)psp; = 1 can be got. In fact, the s quark has larger
mass than the u(q) quark, and the creation possibility of the
55 quark pair from vacuum is less than that of the uii(dd)
quark pair. Thus, this ratio is expected to be larger than 1.
Obviously, the extracted ratio shown in Eq. (9) does
not satisfy the above estimate. To some extent, there
exists an unexpected reversal between coupling strengths
9yo(2P)p+D- a0d g, op)psp-, Which should be explained
quantitatively.

As a main task of this work, we explain why the anomaly
of this ratio can happen by introducing the nontrivial node
effect. Generally, the transition matrix of the open-charm

process y.o(2P) — DDy can be expressed as

M = (DD 5)|T [xo(2P)). (10)
where 7 is the transition operator. In the quark pair creation
(QPC) model [37-45], which was extensively applied to
study the Okubo-Zweig-lizuka (OZI) allowed strong
decays of conventional hadron in the past decades, the
transition operator 7 is defined as

T = =37 (lm;1 - m|00) / dkdk 5 (ks + ko)

k; —k . .
Xylm< s 5 4))(??‘_m¢(3)4a)(3)4d;i(k3)bjtj(kzt)’ (11)

where Vy,,(k) = |k|Y,,(0, ®), )(%f‘_m, 4084 = (uit + dd +
55)/V/3 and ®}* = §,,,, are the spatial, spin, flavor, and
color parts of the wave functions, respectively. a; and ay

are the color indexes of the created quark pair from the
vacuum. In the QPC model, the parameter y is introduced to
represent the strength of the quark-antiquark pair creation

from the vacuum, which satisfies the relation y,;/,; =

V37, and is a universal value for the specific initial state
system.

In the center-of-mass frame of charmonium y .y (2P), the
transition matrix element in Eq. (10) is proportional to the
overlap integral of the wave functions in the momentum
space, which reads as

I(P’ me,meg, mq) = / dSP‘PnALAMLA (P + p)ylm(p)
* mq *
X lI’,,,BL,_!;MLB mCquP +p lI’nCLCMLC

m
x (7" P+ p>,
me +my

where P denotes the momentum of either outgoing meson,
and m. and m, are masses of charm(anticharm) quark
and the light quark, respectively. ¥, (p) stands for the
spatial part of the meson wave function, while the notation
A, B, and C refer to the y,(2P), D), and Dy states,
respectively. In the present study, the wave functions
obtained in the unquenched potential model [24] are
employed. For the nth radial excitation of a meson system,
its radial part of the spatial wave function R,;(p) has
(n — 1) nodes. For the involved y.(2P) state, its radial
spatial wave function only has one node, which allows us to

easily distinguish positive and negative values of the radial

wave function Rﬁ}f’(zp) (p)- Thus, the value of the integral in

Eq. (12) corresponding to some interval of integration can
be either negative or positive, where these two parts can be
partly canceled with each other. In fact, such kind of
cancellation is resulted from the node of radial wave
function. The sensitivity of I(P, m,, mz, m,) to the position
of the node of radial wave functions of the involved
hadrons is called the node effect.

By the effective Lagrangian of the y.,(2P)DD coupling,
one can obtain the decay amplitude of y.,(3930) — DD,
which is M, p)pp = G,2p)pp- This decay amplitude
can be calculated by the QPC model. By connecting the
decay widths deduced from these two amplitudes, the

(12)
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coupling constants g, oppp can be obtained. In the
present work, only the parameter y in the QPC model
should be fixed by reproducing the width of the y.,(2P),
which is 34.2 + 6.6 = 1.1 MeV [7]. By the calculation, one
gets y> = 40.9 + 8.2, which will be applied to the follow-
ing investigation.

In order to show the node effect to the decay width and
discuss possible theoretical uncertainty from the wave
function, we adopt a simple harmonic oscillator (SHO)
form to depict the radial wave function of the y.(2P).
Explicitly, it reads,

lIJnlm(p) :Rnl<pvﬂ>Ylm(Qp)’ (13)
(=M= 2n! P\’
o) = T ()
x Ly? <p—2> (14)
n ﬁz £

where the node position of the radial wave function is
determined by the oscillator parameter f. The value of /5 for
the y.9(3930) is 0.78 GeV, which is determined by the
unquenched quark model [24]. Thus, in our calculation, we
select a f range to be 0.68-0.88 GeV when taking the
uncertainty of the theoretical model into account.

For the y.o(2P), x.0(2P) — DD is an OZI-allowed
decay channel. Its decay width dependent on the parameter
p is presented in Fig. 3, where the node effect is obvious
since the calculated decay width becomes smaller when the
p value is close to 0.746 GeV near the estimated value
p =0.78 GeV from the unquenched quark model [24].
This fact show that the y.(2P) — DD decay can be
suppressed by the node effect. Thus, it is possible to get
weak coupling for the y.(2P)DD interaction when the
node effect is considered. In Fig. 3, we also list the
experimental width of the y.(3930) determined by
LHCD [7]. If reproducing this width value, we should take
B = (0.824-0.853) GeV, which is not obviously deviated
from the value 0.78 GeV mentioned above. We have reason
to believe that the node effect should be seriously consid-
ered when discussing the coupling of y.,(2P)DD.

In the following, we discuss how to estimate coupling
constant g, p)p:p;- If only taking central mass of the
Xc0(2P) as input, the process y.(2P) > DiDy is
kinematically forbidden. Although the y.(2P) is below
the threshold of D] Dy, the decay y.o(2P) — D] Dy still
can happen when considering the mass distribution
of the y,(2P),> which is similar to the case of the
ay(980) - KK decay. By the effective Lagrangian
approach, the decay amplitude of the y., — D Dj is

The mass gap between the y.(3930) = y,0(2P) and the
D D; threshold is 12 +2 MeV and the measured width of
2e0(3930) is 17.4 £ 5.1 + 0.8 MeV [7).

30 | E— Total width of 7.,(3930)
B Width of y.,(2P)—>DD
25F ]
=
(] - -
2 20
e R CDCCLTTTTCTRDEERRPRRPRRPORYY SRRRRE
T 15F 1
= |
10 F .
st :
0.70 0.75 0.80 0.85
B1GeV]
FIG. 3. The decay width of y.,(2P) — DD dependent on the

parameter 3. Here, the blue band indicates the uncertainty
resulted from the value of y. The horizontal gray band with
red dashed line stands for the measured width of the y.((3930)
[7]. The vertical dashed refers to f = 0.824 GeV, where the
estimated width of y,,(2P) — DD reaches up to the lower limit
of the measured width of the y.(3930).

M, oP)=Dt D= = Yye2P)pip-> DY Which the expression
of this decay width can be obtained. For y., = D{ D5, its
decay width can be also deduced by the QPC model. And
then, the expression of g, op)p:p: can be given by the
above preparation with the connection of the decay widths
from the effective Lagrangian approach and the QPC model.

We first check the g,  op)prp- Value when taking six
typical values of the mass distribution of the y.o(2P), all of
which are above the D D; threshold. By this way, these
Gy0(2p)p; Dy Value corresponding to the above typical mass
values are calculable. In Fig. 4, the results of g,  2p)psp-
dependent on several typical mass values of the y.(2P) are
collected, where four typical § values are taken. We may
conclude that the obtained g, op)p:p- Values are almost
stable when changing the mass of the y.(2P) as shown in
Fig. 4. Thus, we may adopt an extrapolation to estimate the
realistic g, p)prp- Vvalue, which is considered to be
consistent with the obtained stable value of g, p)psp-
corresponding to the mass range above the D/ Dy
threshold. We also check the node effect of g, p)pip:-
Our result shows that the coupling g, p)prp; 1s not
sensitive to these selected S values. For the given range,4
the node effect to g, p)p;p; is not apparent, which is
completely different from the behavior of the node effect

0 g,.,2P)D" D~

“The node effect of the coupling g, p)p:p; is obvious if
taking 8 < 0.5 GeV, which is deviated from the /3 value fixed by
the unquenched quark model [24].
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FIG. 4. The mass dependence of the coupling g, opypip: ON
different 8 values. Here, six typical values of the mass of y . (2P)
are adopted, which are 3.937, 3.939, 3.941, 3.943, 3.945, and
3.947 GeV, respectively. The uncertainty of g, op)prp- results
from the uncertainty of parameter y, and the red dashed horizontal
lines stands for the average values for different }.
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FIG. 5. The f dependence of the coupling constant ratio. The

horizontal red dashed line with gray band indicates the coupling
constant ratio extracted from LHCb data. The vertical dashed line
corresponds to f = 0.824 GeV.

With the above preparation, we further present the ratio
of g,co)2pptp; and g, opp:p; In Fig. 5, which is
dependent on the parameter . For a comparison, we also
list the corresponding ratio extracted from LHCb data [see
the value in Eq. (9)]. Figure 5 illustrates how the node effect
plays the crucial role to be responsible for explaining the
coupling reversal phenomenon. Here, in an extreme case,
the coupling constants ratio g, 2p)p+p-/ gy, (2p)p: p- cOUld
be zero when f# = 0.746 GeV. In particular, we find the
obtained ratio can overlap with the one extracted

from LHCb data if the f range is (0.702-0.722) GeV or
(0.773-0.807) GeV, where the later one is a litter bit smaller
than the f parameter range [(0.824-0.853) GeV] deter-
mined by the width of the y.,(3930). This small discrep-
ancy of the f range can be understood. Since the width of
the x.0(3930) is composed of its partial decay widths
from open-charm decay channel, two gluon gg process,
the hidden-charm channel like wJ/w [14], and even
electromagnetic transition, the realistic f range becomes
smaller if adopting the y.(2P) — DD partial decay
width to determine it. Finally, the anomaly of the ratio
9y.0(2P)D* D~/ Yo (2P)pt 0> Can be explained well, which not
only reflects the importance of the node effect, but also
enforces our scenario that the near D} Dy threshold
enhancement can be due to the y.o(2P) contribution.

IV. SUMMARY

Very recently, the LHCb Collaboration announced a near
threshold enhancement, referred to be the X(3960) before
deciphering its nature, in the D Dy invariant mass dis-
tribution of the process BT — DDy K™ [1]. The X(3960)
favors J¢ = 0** suggested by LHCb [1]. If relating the
X(3960) to the y.0(3930) reported in the BY — D*D~K™
decay [7], LHCb obtained the ratioI'(X - D*D™)/T'(X —
D{Dy) to be 0.29 +0.09 £ 0.10 £ 0.08 [1], which is not
consistent with of the naive expectation of assigning the
X(3960) as a charmonium y ., (2P). Thus, LHCb claimed
that the observed X(3960) should be a candidate of the
ccss tetraquark [1].

In this work, we propose that this enhancement phe-
nomenon near the DDy threshold is resulted from a
conventional P-wave charmonium y.(2P) below the
D} D; threshold [7,8,14-16,19,31]. For testing such sce-
nario, a combined fit to the measured D Dy, DJ K™, and
D; K™ invariant mass spectra is performed. Here, by
introducing the y.o(2P) contribution, indeed we reproduce
the near threshold enhancement in the D] Dy invariant
mass spectrum well. For depicting the whole Dj Dy
invariant mass spectrum given by LHCb, we also introduce
higher charmonium y(4230) [21-28] and a scalar char-
moniumlike state X((4140), which are as the inter-
mediate states in the discussed B™ — Dy D;yK* decay.
Additionally, we also reveal that the predicted charmed
meson D*(33S) with mass around 3015 MeV [29,30] may
play a crucial role when describing the Dy K" invariant
mass spectrum well.

In this work, another important issue is to explain the
anomaly of the ratio of I'(X —» D*D™)/T'(X —» D{Dy)
indicated by LHCb. Our study reveals that the node effect
of the spatial wave function of the y.(2P) is the main
reason to result in this anomaly of the ratio. Finally,
explaining the anomaly of the ratio of I'(X - D*D™)/
I'(X — D{ Dy ) enforces our scenario again, i.e., the newly
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observed enhancement structure near the D} Dy threshold
can be due to the y.(2P) contribution.

In summary, after observing the enhancement phenome-
non near the D} Dj threshold in B™ - DfD;K" [1]
inspired interest of the community in deciphering its
underlying mechanism. LHCb tried to assign this observed
enhancement structure as a tetraquark [1]. In fact, there is
no hurry to introduce an exotic state assignment before
exhausting possible conventional explanations. In this
work, an alternative explanation is proposed, where the
observed near threshold enhancement structure and the
corresponding anomaly of the ratio of I'(X - D*D™)/
['(X - D{D;) indicate the existence of a y.(2P)

charmonium below the D} D} threshold, which is a crucial
step to establish the y.q(2P) charmonium.
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