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Abstract: Inspired by the newly observed X((2900) and X;(2900) states at LHCb, the K*D* and KD, interactions
are studied in the quasipotential Bethe-Salpeter equation approach combined with the one-boson-exchange model.
The bound and virtual states from the interactions are searched for as poles in the complex energy plane of scatter-
ing amplitude. A bound state with /(J Py = (0(0") and a virtual state with 0(17) are produced from the K*D* interac-
tion and KD, interaction, and can be related to the X((2900) and X;(2900) observed at LHCb, respectively. A
bound state with 1(J©) = 0(17) and a virtual state with I(J*) = 0(2*) are also predicted from the K*D* interaction,
with the same « value, to reproduce the Xq 1(2900), which can be searched for in future experiments.
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I. INTRODUCTION

In the past couple of decades, a growing number of
new hadron states have been observed experimentally,
and investigations of the nature of these new states have
become one of the most intriguing topics in hadron phys-
ics. Among these new hadron states, some are difficult to
assign as conventional mesons or baryons, and they are
thus considered good candidates for QCD exotic states,
such as hadronic molecular states, compact multiquark
states, and hybrid states (for recent reviews, we refer to
Refs. [1-11]).

Very recently, the LHCD collaboration observed two
new states, Xy(2900) and X;(2900), in the K*D~ invari-
ant mass distribution of B* — D*D~K*. The resonance
parameters of these two states are reported to be [12]:

mx,2900) =(2866 +7) MeV,

I'x,2900) =(57.2+£12.9) MeV,

myx,2000) =(2904 + 5) MeV,

I'x, 2000y =(110.3 +11.5) MeV. €))

The J¥ quantum numbers of X((2900) and X;(2900) are
0" and 1-, respectively [12].

Since X,(2900) and X;(2900) are observed in the
K™D~ channel, the only possible quark components of

these states are udcs, which indicates that they are com-
posed of quarks with four different flavors. Such states
are particularly interesting since they obviously cannot be
assigned as a conventional hadron. In 2016, another sim-
ilar structure, X(5568), was reported by the DO collabora-
tion in the By invariant mass distribution, which is also a
fully open flavor state [13]. However, after the observa-
tion of the DO collaboration, the LHCb, CMS, CDF, and
ATLAS collaborations negated the existence of X(5568)
[14-17]. Thus, the present observation of Xy(2900) and
X1(2900) has brought attention back to the existence of
fully open flavor states.

Considering four different flavor quark components
of X,p(2900) and X;(2900), one can naturally consider
these states as tetraquark candidates. In Ref. [18], the
mass spectrum of exotic tetraquark states with four differ-
ent flavors is investigated by using a color-magnetic in-
teraction model, and the masses of states with
1(J?) = 1(0%) are reported as 2607 and 3129 MeV, while
those with 7(J”) = 0(0") are 2320 and 2850 MeV. After
the observation of X((2900) and X;(2900), the authors of
Refs. [19, 20] indicated that the Xy(2900) can be an
isosinglet compact tetraquark state, while the estimations
in Ref. [21] indicate that the X;(2900) should be a radial
excited tetraquark with J© =0%. As for X((2900), the in-
vestigations in Refs. [21, 22] support that the X;(2900)
can be assigned as a P-wave compact diquark-anti-
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diquark tetraquark state. However, the calculations in an
extended relativized quark model indicate that the pre-
dicted mass of 0* udsc is different from that of the
X0(2900), which disfavors the assignment of the Xy(2900)
as a compact tetraquark [23].

It should be noticed that in the vicinity of 2900 MeV,
there are abundant thresholds of charmed and strange
mesons, such as K*D*, KDy, and KDy. In Refs. [24, 25],
the possible molecular states composed of (anti-)charmed
and strange mesons have been investigated. Considering
the J© quantum numbers of X,(2900) and X(2900), the
former can result from the K*D* interaction, while the
latter can result from the KD; interaction. In Ref. [26],
the structure corresponding to X,(2900) and X;(2900) can
be interpreted as the triangle singularity. In Ref. [27], the
estimation from the one-boson exchange model indicates
that the interactions of K*D* are strong enough to form a
molecular state. Thus, X(,(2900) can be interpreted as a
K*D* molecular state. Such an interpretation is also sup-
ported by the estimations in Refs. [22, 28].

In molecular interpretations, we construct the one-bo-
son-exchange potential of K*D* and KD, interactions.
The scattering amplitude can be obtained with the help of
the quasipotential Bethe-Salpeter equation (qBSE) from
the interaction potentials, and the poles of the scattering
amplitudes are searched for in the complex energy plane.
In the current work, both bound and virtual states will be
considered in the calculation to discuss the relation
between the experimentally observed states X;(2900)/
X1(2900) and the K*D*/K D, interactions.

This work is organized as follows. We present the
formalism used in the present estimation in the following
section. The numerical results and related discussions are
given in Section III, and the last section is devoted to a
short summary.

II. FORMALISM

In the current work, we will consider two interactions,
the K*D* and KD, interactions. The possible isospins of
the states composed by K*D* and KD; could be 0 and 1,
and the corresponding flavor functions are

|K*D*,I — 0> :L I:K*JrD*— —K*OD*O],
2
_ 1 _
|K*D*,I= 1) - [K*+D*_+K*OD*O:|,
V2
_ 1 _
KD, 1 = 0) v |k D7 - K°DY].
_ 1 _
KDy, I=1) -7 [K+D; + KOD‘f]. 2)

In the one-boson-exchange model, the K* meson and

D* meson interact by exchanging x, n, p, and w mesons.
For the KD, interaction, the n and n exchanges are for-
bidden, and only vector exchanges are allowed. Here, the
vector exchanges are included explicitly, so we do not
consider the contact terms as discussed in Refs. [29-33].
To describe the interaction, we need the effective Lag-
rangians at two vertices. For the charmed meson part, the
effective Lagrangians can be written with the help of
heavy quark and chiral symmetries as [34-38]

2 YU Fy*
-Lp‘pp = Fgeﬂmﬂfoa”?b” Vaaﬁ ]Pba’
s

Lppy == N2BavPy- P, v- Vi,
+i2 V22gy PP, 0,V = 0,V bas
Lppv == V2PagvPra- P, v- Vg

- %iﬂ;ﬂmvv 0V ()
where the velocity v should be replaced by i?/ \mimy,
with m;y being the mass of the initial or final heavy
meson. P =(D°,D,D;) and P* = (D*°,D*", D) satisfy
the normalization relations (0|P|Qq(07)) = \/Mp and
(OISBZIQq(l‘)) =€,4/Mp.. P and V are the pseudoscalar
and vector matrices:

V3l +p . .
—\/6 K
0
P= T — \/gz/% +n KO s
K KO _n
V6
0
ptw + ot
P K
\/E 0
K I_(*O ¢

which correspond to (D°,D7,D5). The coupling con-
stants have been determined in the literature with the
heavy quark symmetry and available experimental data:
g=059, =09, 1=0.56, B, =1.1, and A, =-0.6, with
gv =59 and f; =0.132 GeV [39-44].

To describe the couplings of the K meson with ex-
changed pseudoscalar and/or vector mesons, the effect-
ive Lagrangians used are:

Lggv =—iggkxv KV*9,K+H.c.,

.8K'KV
Lrkv =IT

+ KTV, K1),

s s *UVT s
K"V, K + K™V, K™
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Likxp=8xkpe” #K"9,PK" +Hc., (5)

where K* =gtK™ —9"K*. The flavor structures are
K*TA-7tK* for an isovector 4 (=x or p) meson, and
K*'K*B for an isoscalar B (=7, w) meson. With the help
of the SU(3) symmetry, the coupling constants can be ob-
tained from the ppp and pwr couplings. g, is suggested
to be equivalent to gny, = 6.2, and gy, = 11.2 GeV ™! [45-
47]. The SU(3) symmetry suggests gx-kp=8KkKw=
gppp/(za)s and 8K'K'm = gK*K‘n/[_ mm —4a)] = gwpﬂ/(za)
with @ = 1 [48-51].

In fact, the above vertices have been applied to study
many XYZ particles and hidden-strange molecular states
[44, 49-54]. Hence, in the current work, we only need to
reconstruct the vertices I'y; for charmed or strange
mesons to the potential considered here as

Ve = ENDPef2(g7), Vi = BTGP 3@, (6)
where the propagators are defined as usual as

—g" +q'q Im3;
P = = @)
q v

and we adopt a form factor fpv(g?) to compensate the
off-shell effect of the exchanged meson as f.(¢%) =
e =4/ with m, being mpy and g being the mo-
mentum of the exchanged meson. This treatment also re-
flects the non-pointlike nature of the constituent mesons.
The cutoff is rewritten in the form of A, = m, + @, Aqcp,
with Agcp being the scale of QCD and taken as 0.22
GeV [55]. The flavor factors Ipy for certain meson ex-
change and total isospin are presented in Table 1.

With the potential, the scattering amplitude can be ob-
tained with the qBSE [56-58]. The gBSE with fixed spin-
parity J” is written as [29, 50, 59]

pNde//
(2n)?

IML(p' . p) =1V (0 p) + Z f
&
iV (' P NGo(p NIML (P p), (8)

where the sum extends only over nonnegative helicity 1”.
Go(p”) is reduced from the 4-dimensional propagator by

Table 1.
total isospin. The n and n exchanges are forbidden for the

Flavor factors Iy for certain meson exchange and

KD, interaction.

I I I, 1,
I=0 -3v2/2 1/V6 -342/2 1V2
I=1 V2/2 1/V6 V2/2 1/V2

the spectator approximation, and in the center-of-mass
frame with P = (W,0) it reads

1

G "y — .
) = B W —Enp" )P — E2p)]

)

Here, as required by the spectator approximation, the
heavier meson (h=D*,D;) is on-shell, which satisfies

PP =Ey(p”)= \Jm?+p”?. p/® for the lighter meson
(I=K",K) is then W—E,(p”). A definition of p=|p| is
adopted here. The partial-wave potential is defined with
the potential of the interaction obtained above as

VI(pp) =2n f dcost [d), @) Via(p',p)

+’7df,1,p(9)fv/1'—/l(l’,ap)], (10)

where n= PP Py(-1)’~/=", with P and J being parity
and spin for the system, K*/K meson or D*/D; meson.
The initial and final relative momenta are chosen as
p=(0,0,p) and p’ =(p’sin6,0,p’ cosh). d4,(0) is the
Wigner d-matrix. In the gBSE approach, a form factor is
introduced into the propagator to reflect the off-shell ef-
fect as an exponential regularization, Go(p) — Go(p)
[e~*ki-mD* /A2 where k; and m; are the momentum and
mass of the strange meson, respectively. The cutoff A, is
also parameterized as in the A, case. @, and «, play ana-
logous roles in the calculation of the binding energy.
Hence, we take these two parameters as one parameter «
for simplicity [44]. This parameter is also used to absorb
the uncertainties of our model, such as the inaccuracy of
heavy quark and SU(3) symmetries in the Lagrangians.

III. NUMERICAL RESULTS AND DISCUSSION

The scattering amplitude obtained above includes the
variation of the energy of the system, W. After continu-
ation of W to a complex energy z, the pole can be
searched for in the complex energy z plane. The bound
state corresponds to a pole at the real axis under threshold
in the first Riemann sheet. If the attraction becomes
weaker, the pole will move to the real axis under
threshold in the second Riemann sheet, which corres-
ponds to a virtual state [60]. In the current work, we will
consider both bound and virtual states from the K*D* and
KD, interactions.

A. States from K*D* interaction

In the current work, we will consider six states from
the K*D* interaction with isospin I=(0,1), spin
J=(0,1,2), and parity P =+, which can be obtained in
the S wave. In our model, the only free parameter is « in
the cutoff. Usually, a small value of « should be chosen.

063102-3



Jun He, Dian-Yong Chen

Chin. Phys. C 45, 063102 (2021)

For a cutoff A smaller than 3 GeV, a should be smaller
than 10. In the following, we present the results with « in
a larger range, from 1 to 20, for discussion. The results
with very large « are unreliable because it corresponds to
a very small radius of the constituent hadrons. The res-
ults for the states from the K*D* interaction are presen-
ted and compared with the experimentally observed
X0(2900) in Fig. 1 (here we use the term "virtual energy"
to denote the deviation between the pole of a virtual state
and the threshold).

Among the six states considered in the current work,
four bound states can be produced from the K*D* interac-
tion in the large range of « considered here. The bound
states with 1(J¥)=0(0*) and O(1*) appear at small a,
about 4, and two bound states with 2* are found at « lar-
ger than 10. Usually, a larger cutoff corresponds to a
stronger interaction, which leads to larger binding energy
for a bound state. The binding energies of the four bound
states increase with increasing «.

Here, we also consider the possible virtual states from
the interaction. Different from bound states, a virtual state
leaves the threshold further with decreasing o and weak-
ening of attraction. The bound state with I(J¥) = 0(2*) ap-
pears at @ about 10, and the energy increases rapidly with
the increase of @. However, if we reduce a, a pole can be
found at the second Riemann sheet, and leaves the
threshold with the decrease of «. The pole moves to a po-
sition about 40 MeV below the threshold at a about 2,
and disappears there. No virtual state can be found for the
case with 0(0%) and 1(2%) if we reduce «. For the 0(1%)
case, a virtual state is also found, but it disappears very
rapidly with the decrease of «.

Among the four bound states produced from the
K*D* interaction, two bound states with 0(0") and 0(1%)
require a small value of «. For the 0(2*) state, only a vir-
tual state can be produced with small @. Since the

0 T T T T T
0(0") ——
10 |E o(1") ——
129 ——1
02") —— 1
s} 3
U
g 4
w3 | ]
Xo1
50 1 1 1 1 1 1 ]
2 4 6 8 10 12 14
a
Fig. 1. (color online) Binding or virtual energy E of bound

or virtual states from the K*D* interaction with the variation
of a. Here E=M,;,-W, with My, and W being the threshold
and mass of the state respectively. The circle, square, dia-
mond, and triangle are for the states with 1(J*) = 0(0*), 0(1"),
1(2%), and 0(2%), respectively. The lines with the cyan bar are
for the experimental mass and uncertainty, respectively, of the
X0(2900) state.

Xp(2900) and X;(2900) were observed in the K* D~ chan-
nel, the allowed quantum numbers are 0" and 1-. Hence,
the current results support the assignment of the X,(2900)
observed at LHCb as a 0(0™) state from the K*D* interac-
tion. As shown in Fig. 1, the experimental mass of the
X0(2900) can be reproduced at a about 6. With such a
value of «, a bound state with 0(1*) and a virtual state
with 0(2%) can be also produced from the K*D* interac-
tion.

B. States from KD, interaction

The X;(2900) state cannot be reproduced from the
K*D* interaction in the S wave. Here we consider anoth-
er system with a threshold close to the mass of X;(2900),
the KD, interaction. We will consider two states from the
KD, interaction with 7 =(0,1) and J* = 1-, which can be
obtained in the S wave. The results are presented in Fig. 2.

[T

20 | —

E(MeV)

30 | B

50 1 1 1 1 1 1 1 1

Fig. 2.
bound or virtual state from the KD, interaction with the vari-
ation of a. The circles indicate the state with 1(J*) = 0(17). The
lines with the light green bar are for the experimental mass
and uncertainty, respectively, of the X;(2900) state. Other con-
ventions are the same as in Fig. 1.

(color online) Virtual or binding energy £ of the

Among these two states, only the isoscalar interac-
tion is attractive. However, the bound state with 0(17) ap-
pears at a very large a value, about 16, which corres-
ponds to a large cutoff A of about 4 GeV. It is unreliable
to assign the X1(2900) as a bound state. As with the 0(2*)
state of the K*D* interaction, if we decrease «, a virtual
state with 0(17) from the KD, interaction can be found in
a large range of «, from about 4 to 16. Such a state can be
related to the experimentally observed X;(2900). To re-
produce the experimental mass of X;(2900), the value of
a should be chosen as about 6, which is also the value to
reproduce the X((2900).

IV. SUMMARY

In the current work, inspired by the newly observed
X0,1(2900) at LHCb, the K*D* and KD; interactions,
which have thresholds about 2900 MeV, are studied in
the qBSE approach. The bound and virtual states from the
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interaction are searched for as poles in the complex en-
ergy plane of the scattering amplitude, which is obtained
from the one-boson-exchange potential.

A bound state with 0(0%) is produced from the K*D*
interaction. The radius R of the bound state can be estim-
ated as R~ 1/+/2uEg, with u and Ep being the reduced
mass and binding energy [7]. The experimental binding
energy, about 35 MeV, leads to a radius of about 1 fm for
the K*D* bound state. Considering that the constituent
mesons have radii of about 0.5 fm, this supports the as-
signment of X((2900) as a K*D* molecular state. The
state with 0(0%) from the K*D* interaction has been sug-
gested in many different approaches [22, 27, 28, 61].

A virtual state with 0(17) is also produced from the
KD, interaction, with a reasonable choice of parameter.
Different from the assignment of X,(2900) as a K*D*
state with 0(0™), the interpretation of X;(2900) is under
debate in the literature. In Ref. [62], a molecular state can
be produced from the KD; interaction by solving the
Bethe-Salpeter equation. In Ref. [22], the X;(2900) was
interpreted as the P-wave c¢sud compact tetraquark state
with 17. In Ref. [27], the X;(2900) cannot be explained as
a molecular state from the interaction considered.

These two states can decay into the K* D~ channel in
S and P waves, so can be related to the X;(2900) and
X1(2900) observed at LHCb, respectively. The Xy(2900)
state, as an K*D* molecular state, should be prone to sep-

arate to K* and D* mesons. Considering that K* and D*
have decay widths of about 50 and <2 MeV, this gives
the X((2900), which is quite close to the experimental
value. For the X;(2900) states, the current study suggests
that it is a virtual state. The virtual state is in the second
Riemann sheet, which leads to a cusp at threshold, which
may correspond to a larger width if we assume it is a res-
onance, which is also consistent with the experimental
value larger than 100 MeV.

Besides these two states, a bound state with 0(1*) and
a virtual state with 0(2*) are produced from the K*D* in-
teraction with a small a value, about 6, which is also the
value to reproduce the X, ;(2900). The mass order of the
0(0*) and 0(1%) states predicted in Ref. [27] is consistent
with our results, and in both models, very large cutoff is
required to produce a 0(2") bound state. In Ref. [28],
masses of 2.722 and 2.866 GeV for the 0(1%) state, and of
2.866 GeV for the 0(2%) state, were predicted with the
X0(2900) as input. In Ref. [61], a different mass order
was predicted: 2866, 2861, and 2775 MeV for 0(0F),
0(1%), and 0(2%), respectively, which follows their previ-
ous work in Ref. [25]. The low mass of the 2* state was
also found in studies of f; and D, mesons [63, 64]. Such
an explicit difference in the mass order may be from the
explicit form and treatment of the interaction. More the-
oretical research and experimental searches for such
states, especially the mass order of these states, will be
helpful to understand the X(2900).
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