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Possible molecular states of D*K* (D*K*) and new exotic states X;,(2900),
X1(2900), 7% ,(2900)° and T¢ ,(2900)**
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Two isosinglet hadron states X,(2900) and X;(2900) with J = 0 and 1, respectively, discovered by the
LHCD collaboration in 2020, are identified as molecular bound states of D*K*. Recently two structures
T4 ,(2900)° and T ,(2900)"" have been observed at the hadron spectra, and one would suspect if they
also are molecular states of D* and K*. As long as they are of the molecular structures of D*K*, the hadron
states must be in an isovector, namely 7¢,(2900)° and T¢,(2900)** are I3 = —1, 1 components of the
isovector. If it is the case, then the correspondmg T¢,(2900)" of I =1,13 =0, and 7%;(2900)" of
I = 0,13 = 0 so far have evaded experimental observation, but should be found by the future experiments.
To testify this ansatz, in this paper we study the possible molecular structures of D* K* and D*K* within the
Bethe-Salpeter framework. With reasonable input parameters it is found that D*K* isoscalar systems with
JP =07 and 1 have solutions. The result supports the ansatz of X,(2900) and X, (2900) being molecular
states of D*K*. Whereas for the system of D*K* with I = 1 the corresponding Bethe-Salpeter equation has
no solution. Thus we can draw a clear conclusion that 74 ,(2900)° and 7“ ,(2900) "+ should not be bound
states of D* and K*. The two structures observed by the LHCb collaboration may be caused by dynamics,

such as the well-recognized triangle anomalies or other mechanisms.

DOI: 10.1103/PhysRevD.106.114032

I. INTRODUCTION

In 2020 the LHCb collaboration reported two exotic
states X((2900) and X,(2900) in the D~K* invariant
mass spectrum [1]. Naturally the two states possess a
¢sud flavor structure. Very recently the LHCb collabora-
tion claimed that two new hadronic states 79 ,(2900)° and
T¢,(2900)** in the mass distributions of Dz~ and D z*
had been observed [2]. It strongly implies that the two
states have c5iid or c5ud flavor structures.

The masses and widthes of the X,(2900), X, (2900), and
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FX1(2900) = (1103 + 115) MCV,
mya oo0) = (2908 + 11 +2) MeV,
Tra_oo0) = (136 +23 £ 11) MeV.

Those states are composed with four different flavor
quarks (or antiquarks), thus they are distinct from the
previously confirmed exotic states such as X(3872),
X(3940), Y(3940), Z(4430)*, Z.,(4000), Z,(4220), and
Z,, Z),, T, [3-10].

Since X((2900), T¢(2900)°, and T%,(2900)** are
made of ¢5ud, c5id, and c5ud, respectively, they cannot
be identified as the traditional mesons that contain a quark
and an antiquark pair. Instead, they are suggested to be
multiquark exotic states that were predicted at the early
stage when the SU(3) quark model [11] was raised. In fact,
they might be molecular states, compact tetraquarks,
mixing of both structures or nonhadronic resonances
occurring due to dynamical effects [12,13]. To confirm
their structures, one needs to invoke a synthesis of
theoretical analysis and experimental observation.

Since the masses of X;(2900) and X;(2900) are near the
threshold of D* and K*, they are identified as D*K*
molecules. Similarly, as the masses of T¢,(2900)° and
T ,(2900)* " are close to that of D* and K*, one is tempted

Published by the American Physical Society
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to expect these new states may be molecular states of D*K*.
In some works the possible D*K* or D*K* molecular states
were proposed and studied [14-18].

Our starting point is that as long as T¢,(2900)° and
T4 ,(2900)** are molecular states composed of c3di and
c5ud, respectively, they would be the (I = 1,13 = —1) and
(I = 1,13 = 1) components of an isovector. If it is the case,
T ,(2900)* of (I = 1,15 = 0) corresponding to ¢5(uit —
dd) and T'%,(2900)* of (I = 0,13 = 0) for c¢5(uii + dd)
should exist and so far evade from experimental observa-
tion yet. We will probe this ansatz in this work.

Concretely, we study the possible bound state of D*K*
and D*K* systems within the Bethe-Salpeter (B-S) frame-
work where the relativistic corrections are automatically
included [19-33].

In this work we employ the one-boson-exchange model
to obtain the interaction kernels where the effective vertices
(D*D*M and D*D*M) are taken from the heavy meson
chiral perturbation theory [34-39] and the effective vertices
(K*K*M) are adopted from Ref. [17]. The exchanged
particles are some light mesons such as z, 5, p, and .
In Ref. [34] the authors indicated that the o exchange
makes an insignificant contribution, thus we omit it. The
B-S equation is solved in momentum space so the kernel
we obtain by calculating the corresponding Feynman
diagrams can be used directly rather than converting it
into a potential form in coordinate space.

In this work we are only concerned about the ground
states where the orbital angular momentum between two
constituent mesons is zero (i.e., [ = 0). For the molecular
states which consist of two vector mesons their J* may be
0%, 1%, and 2*. For D*K* system there are four isospin
states: = (K**D*~ = K*'D**)(I = 0) and - (K**D*~ +
KDY (I =1,1; = 0), KD~ (I =1,I; = -1),
K**D*(I = 1,13 = 1). For D*K* system there are also
four isospin states: K**D**(I = 1,15 = 1), 1= (K** D*'-

V2
KD (1 =1,1;=0), K°D*(I=1,I;=-1), and
JLE (K**D*0 + K*'D*+)(I = 0).

With the input parameters, these B-S equations are
solved numerically. In some cases there no solutions
satisfying the equation as long as the input parameters
are set within a reasonable range, it implies that the
proposed bound state should not appear in the nature.
On the contrary, a solution of the B-S equation with
reasonable parameters implies that the attraction between
two constituents is sufficient to build up a bound state, thus
a hadronic state (molecular) should be formed and emerge
in the nature.

After this introduction we deduce the B-S equations
and the corresponding kernels for the two vector systems
with different quantum numbers. Then in Sec. III we
present our numerical results along with explicitly

displaying all input parameters. Section IV is devoted to
a brief summary.

II. THE BETHE-SALPETER FORMALISM

In our early papers [22-24] we deduced the B-S
equations for the systems containing two vectors. It is
noted that the structures of the effective vertices are not the
same as that given in [22-24], so the new scenario needs to
be reformulated.

The quantum number J¥ of the bound state composed of
two vectors can be 0", 11, or 27,

A. The B-S equation of the 0* system

The B-S wave function of 0" state |S) composed of two
vectors is defined as the following:

(01T (x1)p5(x2)IS) = xs(x1. %2) g (1)

where ¢//(x;) and ¢5(x,) are the field operators of two
mesons, respectively. The relative coordinate x and the
center of mass coordinate X are

X =mx; +mxy, X =X — X, (2)

where n; = m;/(m, + m,) and m; (i = 1, 2) is the mass of
the ith constituent meson.

After some manipulations we obtain the B-S equation in
the momentum space

1 d4p/
ZS(P) = ZAW

ad pp! /

(PP xs(P') Doy G 9

(m)*?
(3)
where A, = ﬁ (p‘/,”n?ﬂ - 9,4/1)-

The relative momenta and the total momentum of the
bound state in the equation are defined as

P =mp) —Mp2. P\ =mp\ —nph,
P =p,+ p,=p\+ D5 (4)

where P denotes the total momentum of the bound state.
In this paper the exchanged mesons we consider are z, 7,
p, and o [30,31], and the Feynman diagrams corresponding
to these effective interactions are depicted in Fig. 1.
With the Feynman diagrams and the effective interaction
we obtain
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K™ (p.p') =

KS\O//W(P’P’, my) = iCy qpq,//mv

%
X gexv—q¥ 9" + ¢ ¢’

K& (p, p' mp) =

where P and V represent pseudoscalar and vector mesons.
The contributions from vector exchanges are included in

KO‘“'W’( p.p',my) and those for exchanging pseudoscalars

are included in K“a ' (p, p'.mp). The isospin coefficients
Cy and Cp are collected in Tables I and IL

Since the constituent meson is not a point particle, a form
factor at each interaction vertex among hadrons must be
introduced to reflect the finite-size effects of these hadrons.
The form factor is assumed to be in the following form:

A M3,

F(k) = A2_k2 ’

(6)

where A is a cutoff parameter.
It is not an easy task to solve Eq. (3). Defining

4 Pyl Doyt 1 7
Ko(p.p')=5Ko™ (p.p') (= g00) (e~ g, o 5
and using the so-called instantaneous approx1mat10n Po =
po = 0 for Ky(p, p’) the B-S equation can be reduced to

TABLE L. The isospin factor of the D*K* system.
C, c, C, c,
I1=0 _3V2 V6 _3v2 V2
2 6 2 2
I=1 V2 /6 V2 V2
2 6 2 2

TABLE II. The isospin factor of the D*K* system.
C, c, c, c,
I=0 3v2 V6 3v2 V2
2 6 2 2
- _V2 /6 _\2 V2
2 6 2 2

Crlop b e q,(p1 + PY)l[—9x k- pe“P*" 4, (P2 + Ph) ]

/
P —

A " o
k
N o o

A bound state composed of two vectors. (a) z () is exchanged. (b) p (w) is exchanged.

Koy (p. p'my) + Koy (p. o' ma) + Koz (p. p'me) + K (p. pfm,).
g X Al
qz_—mw[gD*D vg™(p1 + P+ 205 5y (@7 G — g4 g™)]

_ plzl/gﬂ/a/ + péﬂlgula/ _ pzy/gﬂla/ + pza/gl/ﬂ/]F(q)27

iR (5)

3/
WS(P)—z/é]g

where E;=/p>+m?, E=P’ the equal-time wave
function is defined as ys(p) = [dp®ys(p) and

[
E?—(E\+E,)?
(E\+E,)/E\E,

o(p-Pws(p), (7)

Ko(p.p') = Kov(p.p'.m,) + Koy (p.p'. m,,)

+ Kop(p.p'.m;) + Kop(p.p'.m,). (8)

The expressions of Koy (p,p’, my) and Kop(p, p’, mp) can
be found in Appendix B.

B. The B-S equation of the 1* system

The B-S wave function of 1" state |V) composed of two
vectors is defined as

(OIT (1) pos (x2)|V) = Jg&x()P 9)

where ¢ is the polarization vector of 17 state.
The corresponding B-S equation is

’ d4p/ o uu
axv(p) = We““"’ganAw/WKT “(p.p)
X E(Ia’a)’(r’)(V(p/)SJ/Pw/Ah//I’a (10)
where K“‘”‘" (p, p') is the same as K| @ (. p')in Eq. (5).
Detiing  K(p.p/) = St o p, (Pt
G ) (P22 — g, €ag€” Y the B-S  equation is
reduced to
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2 _ 2 i 3./
=3 [ SR K e e). (1)

with
Kl (pv p/) = KIV(p’ p/’ m/)) + KIV(p’ p/v mw)
+ Kip(p. P’ m,) + Kip(p.p'omy).  (12)

The expressions of Ky (p,p’, my) and Kp(p, p’, mp) can
be found in Appendix B.

C. The B-S equation of the 2* system

The B-S wave function of the 2% state composed of two
vectors is written as

O[T )¢ ()| T) = %mmxzw, (13)

where £% is the polarization tensor of the 2+ state.
The B-S equation can be expressed as

LYY d*p' ad ! / /
)(T(p) = g‘c’j Al//t/l (271_)4 K2 (p’ p )811(1’)(T(p )AZﬂ/ﬂ”

(14)

where Kga’””,(p, p') is the same as Kg“,"”/(p, p')in Eq. (5).

I
KS"™ (p.p") _ax (Poy Pt
N — 22 > A (P2 P2j
Ka(p.p') = === (F2 — gur) X

— 9u1)€qw the B-S equation can be reduced to

Defining

(Plupu
mi

2 _ 2 i 35/
o v = [ SR ke ). (9

where

Ky(p.p') = Koy(p.p'.m,) + Koy (p.p'. m,,)
+ Kyp(p.p'.m,) + Kop(p.p'.my,).  (16)

The expressions of K,y (p,p’, my) and K,p(p, p’, mp) can
be found in Appendix B.

III. NUMERICAL RESULTS

Now let us solve the B-S equations (7), (11), and (15).
Since we are interested in the ground state of a bound state,
the function y,;(p) (J stands for 0,1, or 2) only depends on
the norm of the three-momentum and we may first integrate
over the azimuthal angle of the functions in (7), (11),

or (15)
i [ dp )
E/WKj(p’p )s

to obtain a potential form U,(|p|,|p’|), then the B-S
equation turns into a one-dimensional integral equation

(Ey + E,)/E\E,
E? — (E| + Ey)*

P’ Dy (')
(17)

As long as the potential U, (|p|, |p’|) is attractive and strong
enough, the corresponding B-S equation has a solution(s)
and we can obtain the mass of the possible bound state. We
explained how to solve the one-dimensional integral
equation in Refs. [22-26]

w,(Ipl) =

’

/ dp'|U, (Ip

A. The results of the D*K* system

In our calculation the values of the parameters gp:p:p,
9 kPs 9D D v QB*D*V’ and gg-g+y are presented in
Appendix A. In Refs. [40,41] the authors suggested a
relation: A = m + AAgcp where m is the mass of the
exchanged meson, A is a number of order O(1), and
Agcep = 220 MeV. The masses of the concerned constitu-
ent mesons, mp: and mg- are directly taken from the
databook [42].

Now let us try to calculate the eigenvalues of these
systems of D*K*(JF =0%,1=0), D'K*(JF =17,
[=0), D'K*(JP =2*,1=0), D'K*(JP =0",1=1),
D'K*(JP =1*,1=1), and D*K*(JP=2"1=1),
respectively. We find that no value of A can satisfy the
equations of the systems with 7 =1, i.e., these B-S
equations are unsolvable. It implies that the effective
interaction between the two constituents is repulsive. For
the system with / =0, J =0, or J = 1 the B-S equation
has a solution. It implies that D*K* can form an isospin
scalar bound state with J = 0 or J = 1 by exchanging light
mesons. However the B-S equation of the system with
I =0, J = 2 still has no solution even if we vary the value
of A within a larger range. It seems that the attractive
interaction between the two constituents is sufficiently
strong for a J =0 or J = 1 system but very weak for a
J =2 one. In Ref. [17] the authors obtained the same
results with a similar approach. In Table III several places
are symbolized by the mark “—,” which means that such
bound states cannot exist due to the fact that the corre-
sponding B-S equation has no solution. In Table IV the
values of A with different binding energy AFE are presented.
The corresponding wave functions with different binding
energy AE are depicted in Fig. 2. In 2020 LHCb collabo-
ration found two exotic states X((2900) and X;(2900) and

TABLEIIL.  The value of A for the D*K* system (AE =33 MeV).
ot 1 2+

I=0 3.144 4.424

I1=1 e
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TABLE IV. The value of 4 for the I =0 D*K* system with TABLE V. The value of 4 for the D*K* system
different AE (in unit of MeV). (AE =33 MeV).

5 10 15 20 25 0" 1" 2+
JP=0" 2.765 2.867 2.947 3.008 3.066 I=0 2.118 2.766
JP=1% 3.669 3.868 4.021 4.151 4.265 I=1

some theoretical works suggested that they should be D*K*
molecular states. Our calculation supports the proposal that
the two states should be D*K* molecular states with I = 0.
In Ref. [43] the authors suggested that X,(2900) is
probably a compact udsc state with the quantum number
JP = 0%, but they could not explain the structure of
X1(2900) simultaneously.

B. The results for the D*K* system

The signs of the isospin factors C,, and C, for the D*K*
system in Table II are opposite to those for D*K* shown in
Table I. It seems that the effective interactions for the D*K*
system with / = 0 would be repulsive. However the cou-
pling constants gp-pv =—gppry and gpopey =—05. 5oy
make the interactions for D*K* systems with / = 0 still
being attractive. Indeed numerical results in Table V support
the inference, i.e., the B-S equations have solution(s) except
the J = 2 system.

For the system with / =1 the contributions from
exchanging p and o nearly cancel each other and the
contribution from exchanging z is canceled partly by
that of the 7 exchange so that the interaction between
the two constituents may be very weak whether it is
attractive or repulsive. As we expected, in this case
these equations have no solution. Numerical results indi-
cate that these bound states [K*'D*"(I=1,13=1),

—— AE=5MeV
r — -AE=10MeV
- - - AE=15MeV
- — AE=20MeV
r--— AE=20MeV

1.5 2.0

FIG. 2. The unnormalized wave functions of the bound state
D*K* (JP = 0%) with different binding energy.

(KD —KOD*)(I=1.13=0), and KDl = 1,
I3y =~1)] should not exist but that —s(K* D"+

K**D**)(I = 0) can form a molecular state. Our calcu-
lation indicates that the two new structures T¢,(2900)° and
T¢,(2900)*", recently reported by the LHCb collabora-
tion, should not be explained as D*K* molecular states.
Instead, in Ref. [44] it is suggested that the two peaks were
resonancelike structures induced by the threshold effects.

Moreover we find there may exist an isoscalar D*K*
state possessing a positive charge.

IV. A BRIEF SUMMARY

In this work we study whether D*K* and D*K* can form
hadronic molecular states. We extend our previous works,
where the B-S framework was applied to the systems of one
vector and one pseudoscalar or two vectors [22-26], to
study possible bound states with the concerned isospin-spin
structures.

In order to obtain the interaction kernels for B-S
equations by using the heavy meson chiral perturbation
theory and the effective interaction to obtain the effective
vertices, we eventually are able to calculate the correspond-
ing Feynman diagrams where z, #, p, or @ are exchanged.

Our final results indicate that D* and K* can form two
I = 0 molecular states with / =0 and J = 1. Naturally,
the two states are identified as X((2900) and X,(2900).
As for the D*K* system, I = 1 bound states cannot exist,
thus we draw a definite conclusion that 79 ,(2900)° and
T¢,(2900)*" cannot be explained as a D*K* molecular
state. Moreover, it is also noted that there should be an
I =0 D*K* state with a positive charge.

Since the parameters are fixed from data that span a
relatively large range we cannot expect all the numerical
results to be very accurate. The goal of this work is to study
whether D*K* or D*K* can form a molecular state. Our
results, even if not accurate, have obvious qualitative
significance. Definitely, further theoretical and experimen-
tal works are badly needed for gaining better understanding
of these exotic hadrons.
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APPENDIX A: THE EFFECTIVE INTERACTIONS

The effective interactions can be found in [34-36]
*, <—)ﬂ *at =k (_)ﬂ = %]
Lppp=gpppD}0 DN FM)peespap + 9o b p(Dyf 0 D) (M) pupaps (A1)

LD*D*V = igD*D‘V(DZU auDZI)(V)Im + lgD D*V (DZ”D*DT D;MTDZD)(aﬂVU - auv,u)ba

+igpprv (D3 0,Da) V)i + idy. 1y (D} D& = DY D)3,V = 9V, )b (A2)
|
where a and b represent the flavors of light quarks. In In the chiral and heavy quark limit, the above coupling
Ref. [34] M and V are 3 x 3 Hermitian matrices constants are gp-p-p = Gppp = f_g,, 90DV = —9b by =
\n/_%+% put K+ —ﬂ%, Ippv =G py = —\2AgyMp.  with  f, =
~ S 0 132 MeV [35], g =0.64 [36], k=g, $=0.9, gy =59
m -ty K [45], and 4 = 0.56 GeV~! [46].
a = 5 The effective interactions
and, Ligp = grxp(PK* 0°PKP)e, 5 +He.,  (A3)
i RON + *+
V2 + V2 P K 9K KV
o Lioxy = iIPEV (KM, K+ KV, K
- 4 w *0 H u
P V] + V3 K 2
+ K*VYK},), (A4)
K K*O ¢
respectively. | with K}, = 9,K; —9,K,, and V, =9,V, -9,V .
APPENDIX B: KERNEL
_2iCPgD*D*PgK*K*PF(q)2 2 2 2 2.0
Kop = [=p-p"? +nmmM*(p —p')* +p*p”l. (B1)
: (p—p)*+m}
iCVg/D*D*VgK*K*VF(q>2 {9(P - P/)2 4 2 2
Koy = + [6p* + p*(2p° - 9p - P')
Y =p-p)? - m}) 2

— M2 (p* +2p* = 3p-p') +p - p? —4M*nna(—p* +p - p')]/(2m,?)
+ (M, + p?)[6p* + p*(2p* — 9p - P') + My (3p +2p"* —5p - p)
+p-p? 4 2M 0 (—p +p - )]/ (2miPmy?)

+ [6p* + p*(2p? = 9p - p') + p - P> + M?n? (=5p* = 2p* +Tp - p')]/ (2m22)}

Ak Ty * 2
+ ’C[V_gf;’_vj,’)(f_”nfé‘]‘) {3(p7 = p')2/(4my?) + [(12M%1m> +3(p + p')?)]/4
+

[p?p? + M?n*(p* = p) + 2M°mimy(p* —p - p') —p - P/ (4my?)
— (p* = p?)[p’p"” + My *(p> = p?) + 2M*n iy (p* = p - P) — p - P”)/ (4my*my?)
+[p’p ’2+M2nz (p* = p"?) +2M*npma(p> —p - ') —p - p"?]/ (4my?)
+(p* = p?) M (p — p')> = p°p* +p - 7/ (4my my?)
+ (MPnyny +p?)[p°p'* + My (6p° + p'* = 3p - p') + M?n,* (4p*> = 2p - p')
—p-p? + Mn*(p* +p - p))/(4m2my?) — (MPnyn + p?) (p* — p'?)[p*p"
+ M (p? —p-p') —p -+ (M?)(—p* + p - p)]/ (4m*my?my )}, (B2)
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_41CP91_) * P PF(q)
3[(p—p')* + mp)

p= SUp) 2<P—P’>2v

legDDngKVF()
Kv="p-pr-my 20

+(p* - p?)(2p* - p’p”

+ (p* - p?)[=(P°P?) + M (p°
+[p’p ’2+M2nmz(6p —4p-p) -
+

lCVgDDVgKKV ( )

[—(p—p')* — m}]
+3p - p"?]/(3m?) 4+ 2[p*(2p* + p”*

_ iICv9ppvIk K VF( )
= -p)r-m P
+ (p* - p”)(6p*

{2(p - p)* + [2p* + p*(p”

(B3)

p’?)?/(3my?) + 2[6M*nn, + (p +p')*]/3

-p- p'2)/(6m12m\/2)
—-p-p)+p-p?/Bm’my?)

P p?+ M (p*+p-p)/(3m?)
8M?nmop” +2p* +p - p”? +p(p” +4p - p))]/(6m?)}

—6p-p') +4M*nn(p* —p - p)

=3p-p') + M (—p* +p - p')]/(Bmy?}), (B4)

p'?)?/(3my?) + 2[6M*nn, + (p +p')*]/3

—7p*p? +p-p?)/(30m*my?)

+ (p* = p?)[-(P’p?) + M*n*(p* —p - p') + p - p’?]/(B3my?>my?)

+2p*(p* — p"?)[=(p°p?) + M*n*(p*
+ [p*p"> + M?nyn,(6p* — 4p - p')
+2p?[p*p"* + M?n 1, (6p* — 4p - p')
+ [40M?n,p* + 6p*
lCVQD *D* VgKKVF( )
[~(p - p')* —m7]
—2[p*(2p* + p”
+ [~14p* + 20M% 1, (p> = p - P')
—4[p*(2p° +p”

{-2(p-p')*

—=p-p) +p-p?/(15m > my>my?)
—p-p”?+ My (p>+p-p)]/3my°
—p-p?+ M (p> +p-p)l/(15m°my?)
—p-p?+p*(7p”* + 12p - p)]/(30m,*)}

=3p-p)) + M?n2(—p* +p - p)]/(3my?)
—9p - p? +p*(=7p"* +30p - p')]/(15m,?)
=3p-p) + M2’ p*(-p* +p-p)

+ M?nyny(=3p* = 3p - p’* + p?p* + 5p%p - p')]/(15m*my?)}, (BS)

. 4iCP912) ppt (Q)
p=
3[(p-p ) + ’”P]

SUp) 2([’ - P')z-
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