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Abstract Recently the LHCb collaboration reported a new
exotic state 7 which possesses cciid flavor structure. Since
its mass is very close to the threshold of D D** (or D*0 D)
and its width is very narrow, it is inclined to conjecture that
T+ is amolecular state of D?D**+ (or D*O D). In this paper
we study the possible molecular structures of D™ D™ and
B® B™ within the Bethe—Salpeter (B-S) framework. We
employ one boson exchange model to stand the interaction
kernels in the B-S equations. With reasonable input param-
eters we find the isospin eigenstate \/LE(DOD*‘|r — D*Opt)

(JP = 17) constitutes a solution, which supports the ansatz
of T} being a molecular state of D D** (or D** D). With
the same parameters we also find that the isospin-1 state
\%(D*OD*Jr + D*D*t) (JP = 01) can exist. Moreover,

we also study the systems of B® B™) and their counterparts
exist as possible molecular states. Consistency of theoretical
computations based on such states with the data of the future
experiments may consolidate the molecular structure of the
exotic state 7,.f.

1 Introduction

Recently the LHCb Collaboration reported a new exotic
state 7,7 in the D°DO7 " invariant mass spectrum. Appar-
ently 7. possesses a cciid flavor component. The differ-
ence between its mass and the mass threshold of DOD** is
~273+61 £ 5]} keV and its width is 410 £ 165 £ 437}3
keV [1,2]. The new state attracts great interest because it
is the first double-charm tetraquark which was measured.
Since 2003 many exotic states [3-9] such as X (3872),
X (3940), Y (3940), Z(4430)*, Z.;(4000), Z.s(4220), Zp,
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Z;, P.(4312), P.(4440), P.(4457) have been measured. Tg;
have been observed in experiments and the achievements
broaden our field of view about the flavor structure of exotic
states.

It is difficult to attribute so many exotic states into a bas-
ket determined by the traditional hadronic picture where a
meson contains a quark and anti-quark pair and a baryon is
composed of three valence quarks. Instead, it is suggested
that they should be multi-quark states which are predicted
by the SU (3) quark model [10]. During these years it turns
out to be a hot topic to discuss the structures of exotic states.
Those new states are often proposed to be molecular states,
compact tetraquarks, a mixing of both structures or dynami-
cal effect [11,12].

The mass of T, is very close to the mass threshold of
DYD*t or (Dt D*Y) so naturally many authors suggested
that 7. could be a loose D° D** (D D*°) bound state [13—
18]. Some authors also consider it as a tetraquark [19,20].
Generally a compact tetraquark has a wide decay width
whereas a molecular state has a relatively narrow one. View-
ing the width of 7,7 we also tend to accept T as a DO D*+
(DT D*0) bound state. In this paper we study the possible
bound state of DOD*, DY D** and D*¥ D** systems within
the Bethe-Salpeter (B—S) framework where the relativistic
corrections are automatically included.

In this work we will study the systems composed of two
charmed or bottomed mesons and the scenario has not been
explored in the B—S framework yet. In our early papers [21-
23] we deduced the B—S equations for the systems containing
one vector and one pseudoscalar, two pseudoscalars and two
vectors respectively. Following the approach in [21-23] we
investigate the systems with two charmed or bottomed con-
stituents such as 7,;\.. Since the interaction kernels are not the
same as given in [21-23] and the objects under investigation
are new it needs to re-study the whole scenario.

If the interaction between two constituents is attractive
and large enough a bound state could be formed. In this
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work we employ the one-boson-exchange model to calculate
the interaction kernels where the effective vertices are taken
from the heavy meson chiral perturbation theory [24-29].
The exchanged particles are some light mesons such as , p
and w. We ignore the contribution from n exchange because
its mass is larger than 7 and there exists an additional sup-
pression factor % at the effective vertex (see Appendix A).
In Ref. [24] the authors indicated that o exchange makes a
secondary contribution, thus we also do not include it. With
the effective interactions we derive the kernel and establish
the corresponding B—S equation. 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.

With all the input parameters, these B—S equations are
solved numerically. In some cases there no solution which
satisfies the equation exists as long as the parameters are set
within a reasonable range, it implies the proposed bound state
should not emerge in the nature. On the contrary, a solution
of the B—S equation with reasonable parameters implies that
the corresponding bound state is formed. In that case, the
obtained B—S wave function can be used to calculate the
decay rate of the bound state.

After this introduction we deduce the B-S equations and
the corresponding kernels for the two meson systems with
different quantum numbers. Then in Sect. 3 we present our
numerical results of the binding energies along with explic-
itly displaying all input parameters. Section 4 is devoted to a
brief summary.

2 The Bethe-Salpeter formalism

Initially, people employed the B—S equation to explore the
bound states of two fermions. Later this approach was
extended to study the bound states made of one fermion
and one boson [30-32]. In Refs. [33-37] the B-S equation
was used to study the spectra of the meson-meson molecu-
lar states and then deal with their decays. The method was
extended to explore some other systems in our early papers
[21-23,38].

In Ref. [34,35] the B-S equation for a bound state made
of two pseudoscalars was deduced. Later we deduced the
B-S equations for a system composed of one pseudoscalar
and one vector or two vectors which are one particle and one
antiparticle [21-23].

In this work we are only concerned with the ground
states where the orbital angular momentum between two con-
stituent mesons is zero (i.e. [ = 0). For a system whose con-
stituents are two pseudoscalars or one pseudoscalar and one
vector, its J is 0" or 1*. For the molecular states which

@ Springer

consist of two vector mesons their J* may be 0F, 1T and
2%+,

Obviously, these systems composed of two charmed (or
bottomed) hadrons (off-shell ) should belong to the same rep-
resentations of isospin. In this case, the total wave function
for the combined systems of D? and D (D*0 and D**) must
be symmetric under group O(3) x SU(2) x SUs(2), where
SU;(2) and SUg(2) are isospin and spin groups respectively.
For the DY D™ system its total spin is 0 so its isospin should
be 1. Instead, for the D*OD*t system its isospin is O as
JP =11, whereasitis 1 as J¥ = 0T or J¥ = 2. For the
D*T DY or D*OD* systems two isospin states are possible:
3§D:1w+DWD+x1=mmm§ﬂDHDO—DWDﬂ

2.1 The B=S equation of 0 which is composed of two
pseudoscalars

The B-S wave function for the bound state |S) of two pseu-
doscalar mesons can be defined as following:

OIT p1(x1)P2(x2)[S) = x(x1, Xx2), ey

where ¢1(x1) and ¢2(x2) are the field operators of two
mesons, respectively, the relative coordinate x and the center
of mass coordinate X are

X =mx; +mx2, x=x1—x2, (2)

where n; = m;/(m1 + my) 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

—an [ L ks (A 3
&@%—1/QM4ARM&@)L 3)

where A; is the propagator of the ith mesonand A = ﬁ,
1=
Ay = 1.
2=
The relative momenta and the total momentum of the
bound state in the equations are defined as

p=mpi—mp2 p =mp|—mp.
P =pi+pr=p|+p, )

where P denotes the total momentum of the bound state.

D° and DT can constitute two possible bound states:
%uﬁDHJﬁD%mmlz1md%uﬂDhJﬁD%
with I = 0. Since only / = 0 is considered and the total spin
wavefunction is symmetric the system of an isospin-scalar is
forbidden and the isospin-1 state is reduced to DD . The
exchanged mesons between the two pseudoscalars are vector
mesons, obviously we only need to keep the lightest vector
mesons p and w [34,35], the Feynman diagrams correspond-
ing these effective interactions are depicted in Fig. 1.
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Fig. 1 A bound state composed of two pseudoscalars. In the Feynman diagram (a) o exchange should also be included

With the Feynman diagrams depicted in Fig.1 and the
effective interactions shown in appendix A we obtain the
interaction kernel

Ks(p, p') = Kso(p, p'.my) + Kso(p.p', my),
Kso(p, p',my) =iCsp g%mv
(p1+ P - (p2+ph) — (p1+ P} - q(p2+ ph) - q/m?,

g% —m3,
F(g), ®)
where ¢ = p; — p}. For exchanging p the expression

Kso(p, p’, m,) includes the contributions from figures Fig. 1
(a) and (b) but for exchanging w it only includes the contri-
bution from figure Fig. la. Cso = 4 for p and w. 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:

2 2

O — ©)
T A2 2
where A is a cutoff parameter.

Solving the Eq. (3) is rather difficult. In general one needs
to use the so-called instantaneous approximation: p, = po =
0 for Ko(p, p") by which the B-S equation can be reduced
to

E? — (E| + E»)? B i d3p/ / /
mws@ = Q/WKs(p,p)l/fs(p),
)

where E; = ,/p? + ml.z, E = PY and the equal-time wave

function is defined as ¥, (p) = [ dp® Xs(p) . For exchange
of a light vector between the mesons, the kernel is

Ks(pv p/) = KSO(p5 p/’mp) + KSO(p5 plvma))a (8)

where the expressions of Kgo(p, p’, my) can be found in
Appendix B.

2.2 The B-S equation of 1 which is composed of a
pseudoscalar and a vector

The B-S wave function for the bound state |V) composed
of one pseudoscalar and one vector mesons is defined as
following:

(OIT g1 (x1)¢py (x2)|V) = x,, (x1, x2)€", ©))

where € is the polarization vector of the bound state, x,, is
the B—S wave function, ¢ (x;) and ¢g (x2) are respectively
the field operators of the two mesons. The equation for the
B-S wave function is

d4 /
X (P = Ay / S Kvap (0 P (e A (10

Here A| = —— and Agyy = ——
= G 4 Ao = g ,
propagators of pseudoscalar and vector mesons. We multiply

an e; on both sides, sum over the polarizations and then

deduce a new equation

(—m:‘n';z”‘ —8ua) arethe

X, (p)
= ! S e (o, 2, ()
BRI R WAz
na B
Pa Py o PP B 1
222 L g, 1
X( m% g )( M2 gu, ( )

With the Feynman diagrams depicted in Figs.2 and 3 we
eventually obtain

Kvag(p, ') = Kviag(p, p'.mp) + Kyaup(p, p',my)
+Kviap(p. p's me)
+Kvaap(p, p'smey) + Kviap(p, p'smz),

KV]ozﬂ(P, P/» mV) = CV]gDDV {gD*D*V |:gaﬂ(l72 + P/z)

“(p1+ P + gap 5

q-(p1+pDg-(p2+ pg)}
my

+2¢ . . [a“(pi+ pDP = 4P (p1 + pD)°] }

@ Springer



144 Page 4 of 11

Eur. Phys. J. C (2022) 82:144

n ——- P2 P —— Pa
D0 8 D0 Do el D*
7~k Tk
* * 0
D * 13 a D+ D " M a D
P2 Pl P Pl
(a) (b)

Fig. 2 A bound state composed of a pseudoscalar and a vector by exchanging

21 p 2 p———y 4!
Do Do D° D+
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Fig. 3 A bound state composed of a pseudoscalar and a vector by exchanging p. In the two Feynman diagrams (a) and (c) exchange of w also is

also taken into account

l—F(q)Z

g% —my,

Kvaup(p. p'smy) = Cvae" P (g g1y — q),81)
x(ph = pDee™ " (g g1y — a)8i) (P2 — P

xﬁ(—g“ +q"q™ /my)F(q'),
q- —my
i
Kvap(p, p',mp) = Cv3giD*PﬁCI&%§F(4/)2,
q-—mp
12)
where ¢' = p; — p). The contributions from Fig.2 are

included in Ky34p(p, p’, my) and those from Fig.3a, b are
included in Ky 148(p, p’, my). When the bound state is an
isospin-scalar Cy| = —% and Cyp = % for p, Cy1 = % and
Cyy = —% for w and Cy3 = % for 7r. When the bound state
is an isospin-vector Cy| = % and Cyp = % for p, Cy1 = %
and Cyp = % for w and Cyj3 = % for 7.

@ Springer

. N pg P, PP
Defining Kv (p, p') = Kyap(@) ("2 = 8" (S —

gﬁ) and setting pg = go = 0 we derive the BS equation
which is similar to Eq. (7) but possesses a different kernel,

E? — (E| 4 E»)? i [ dp ) ,
m%ﬁﬂ = E/WKv(p,p)wv(p),

(13)
where

Ky(p,p) = Kvi(p,p',m,) + Kya(p, p',mp)
+Kvyi(p,p’, my)
+Kva(p,p', my) + Ky3(p, p's mz), (14)

where the expressions of Ky (p, p’,mv), Kva(p,p’, my)
and Ky3(p, p’, mp) can be found in Appendix B.
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Fig. 4 A bound state composed of two vectors. a 7 is exchanged and in fact there totally are four diagrams like those in Fig.3. b p (w) is exchanged

and there are four (two) diagrams like those in Fig.3

2.3 The bound state (0*) composed of two vector mesons

The quantum number J % of the bound state composed of
two vectors can be 07, 17 and 2%. The corresponding B—S
wave function |S’) is defined as following:

(OIT ¢ (x1)py (x2)1S") = X, (x1, x2)g"". (15)

The equation for the B—S wave function is derived as

1 d4p/ / !
X, (P) = 7 A1 WKS‘“ M (p. p)
X, (P Doy gaar 8™ (16)
where A, = pZi — gui)-

J J
With the Feynman diagrams depicted in Fig.4 and the
effective interaction we obtain pg

KM (p, 'y = KM (p, plomp)
RS (p, pl o)
RS (p, ' )
RS (p, p' ) + KX (p, )
FRE (p, ! ),

/ !
qu /mVZ _ gvv

2
qz_mv

KW i (p.p.my) —lC01

% [gm,)*vg"‘“(pl + Py =28, (0% 8y — q“gau)}
x [gD*D*Vg“ H(p2+ Py

/ !
+2g;)*D*v(qa S — q" ga’\/)]F(Q)za

/v n’ /mV gvv’

q/2 _ m%/

KS‘“’“‘ (. p, mv)—lCo2

x [gu*mvg"‘“(m + o) =28, (@ g — q’“gau)]

!
X[gD*D*Vga " (p2 + p/l)v’

+2g;)*1)*v(q/a Su'v — q/l/« ga’v’)]F(q/)zs

ad’ 2 afuy

Koz " (p.p'smp) = Coagy, . €
xqu(p1 + PP pe? PV gy (p2 + p’2>,s/q7MzF<q>2
aa 2 afuy

Koy " (p.p'smp) = Cougy, . €

/s —1
xq, (1 + Py e P ! (py + P/l)ﬂ’q,z — F(q')?*.
—mp

(17)

The contributions from Vector-exchanges are included in
K‘w ! (p, p’,my) and K02 ! (p, p, mv) and those for
exchangmg pseudoscalars areincludedin K QWU (bl mp)
and Kgf ! (p, p', mp). When the bound state is an isospin-
scalar Cog; = —% and Cpp = 3 for p, Co1 = %andCoz = —%
for w and Cp3 = —% and Cog = % for 7. When the bound
state is an isospin-vector Co; = % and Cpp = % for p,

1 1 1
Coi = % 5andC04=§
for .

. " P2y Do/
Defining Ko(p, p') = 1Ko " (p, p) (47 = gu)

( pl“—’;“ — guy) we derive the B—S equation which is similar

and Cpp = % for w and Cyz =

m

to Eq. (7) but possesses a different kernel.
The B-S equation can be reduced to

— (E1 + E»)? i / sy N
= == A ? K El ’
(E1+ Ex)/E L E> v, (P 3| @ny o, PV, (p)

(18)
where
Ko(p, p) = Koi1(p, p'.mp) + Koo (p, p', mp)
+Ko1(p, p', me) + Koo(p, p', me,)
+K03(P9 p/v mJT) + KO4(p7 p/9 mﬂ)s (19)

The expressions of Ko (p, p’, mv), Ko2(p, p’, mv), Ko3(p.
p’, mp) and Kog(p, p’, mp) can be found in Appendix B.

@ Springer
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2.4 The B-S equation of 17 state which is composed of
two vectors

The B-S wave function of 17 state |V’) composed of two
axial-vectors is defined as

(01T G (x1) o (x2)| V') = 222y (21, x)e™ PT. (20)

VoM

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

Xl(P) = EAAwUEUPwAluA

6M?
d4p/ .,
% / (27‘[)4 K;xa e (p, p/)saot/a)/a/

X (PDE” P Ay, 1)

where Kim/“”“/(p, p’) is the same as Kga/““/ (p, p') in Eq.
7).
Defining K (p, p') = X

P1uDiy
gu’A’)( m?

reduced to

E? — (E| + Ep)?

ad !

2
6M 2

- guk)saa’w/g/sa/Pw/ the B-S equation is

: d3 /
@ =5 [ S5 K, e

(E1+ E))/E1Ex ! (2m)
(22)
with
Ki(p,p) = Kii(p.p',mp) + Kia(p, p'. mp)
+K11(p’ p/r mw) + K12(pa p/r mw)
+K13(p, 0, mz) + Ki4(p, ps my). (23)

The expressions of K11(p, p’, mvy), Ki2(p, p’, my), K13(p,
p’,mp) and K14(p, p’, mp) can be found in Appendix B.

2.5 The B-S equation of 2% state |7’) which is composed
of two vectors

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

/ 1 !’
0IT¢" (x1)¢* (x2)|T") = Wl (x1, x2)e*%, (24)

where ¢ is the polarization vector of the 27 state.
The B-S equation can be expressed as

1 A d4q o’ ! ’
X (p) = 5¢ Atpa on) K, (P, P)éaa
X2 (@) Doy, (25)
where Kga/”“/(p, p') is the same as Kga/““/ (p, p) in Eq.

17).

@ Springer

(P.P) INwo Doy Py
S e e P, (P

! !
2 M PP P P
5 e" (

. K
Defining K>(p, p') = ml 8uwn)
(m:;—?“ — 8ux)€ae the B=S equation can be reduced to

E? — (E| + E»)?

i &y , ,
m‘/’z(p) = Ef(sz K (p. p)Y, (),

(26)
where
Ko(p,p) = Ka1(p, p',mp) + Koo (p, p'. m,p)
+K21(p, P, me) + Kno(p, p', me,)
+K23(p’ p/7 mJ‘[) + K24(ps plv mﬂ)' (27)

The expressions of K1 (p, p’, mv), Ko (p, p', my), K23(p,
p’, mp) and Kp4(p, p’, mp) can be found in Appendix B.

3 Numerical results

Now let us solve the B-S Egs. (7), (13), (18), (22) and (26).
Since we are interested in the ground state of a bound state the
function 7 (p) (J represents S, V, 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), (13), (18),
(22) or (26)

i d3p/

~ — K ) / )

> / ) 7(p.p)
to obtain a potential form U, (|p|, |p’|), then the B-S equation
turns into a one-dimension integral equation

(E1+ Ep)/E1En

VP = =

/dlp/l Usdpl. 10" Dy (p'D.
(28)

When the potential Uy (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.

Generally the standard way of solving an integral equation
is to discretize and perform algebraic operations. Concretely,
welet |p| and |p’| take n (n is sufficiently large) order discrete
values Q1, Q», ..., O, and the gap between two adjacent
values be A Q, then the integral equation is transformed into n
coupled algebraic equations. wJ(Ql), I/IJ(QQ), .. .w](Qn)
(the subscript J denotes S, V, 0, 1 or 2) constitute a column
matrix and the coefficients would stand as an n x n matrix M,
thus these algebraic equations can be regarded as a matrix
equation with a unique eigenvalue 1. If one can obtain a
value of E which satisfies the equation with reasonable input
parameters and E is not far from E| + E» the corresponding
eigenvector should exist as a bound state.

In our calculation the values of the parameters

/ .
8opv: &ppips Epprys &pepry and 8 ey ATC presented in
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Appendix A. Supposing T, is a D°D** bound state, by
fitting its mass we fix A = 1.134 GeV. In Ref. [39,40] the
authors suggested a relation: A = m + aAgcp where m is
the mass of the exchanged meson, « is a number of O (1) and
Aocp = 220 MeV ie. A ~ 1GeV for exchanging p or w.
The value of A we obtained locates within the range.

The masses of the concerned constituent mesons mp,
mp+, mp and m g+ are directly taken from the databook [41].

3.1 The results of D™ D™ system

Now let us try to calculate the eigenvalues of these systems
of D'DY(JP =0*t,1 = 1), D°D*tU? = 11,1 = 1),
DD*t(JP = 11,1 = 0), DD (JP = 0+, 1 = 1),
DOp*+t(JP =17, 1 =0)and D'D*T(JP =2, 1=1)
respectively. Apparently with the parameters A and coupling
constants, not all B-S equations are solvable. For DOD*+
system with / = 0 the B-S equation has a solution. It
implies that D D** can form an isospin scalar bound state
by exchanging light mesons. In Ref. [42] the authors also
obtained the same results with similar approach. For the
D°D*t (I = 1) or D°D* (I = 1) system, employing a
larger A and coupling constant we can obtain a solution. It
may imply the effective interaction between the two con-
stituents is weak. For the D*YD** system we can obtain
an eigenvalue 18.51 MeV, the corresponding eigenstate is a
bound state of / = 0 and / = 1. In Table 1 there are many
places symbolized by “x” or “~" which means such bound
states cannot exist due to the symmetry restriction or the B—S
equation has no solution. However in Ref. [43] D* D* system
with J = 1 and isospin I = 0 was suggested to exist, which
contradicts to our result. The reason is that the authors of
Ref. [43] did not symmetrize and antisymmetrize the flavor
wave functions of D* D* for I = 0 and I = 1 states [44,45].
Instead, we redo the calculation as the total symmetry of the
wave-function including flavor, spin parts and orbital angular
momentum is taken into account. For the D*0 D** system the
spin wave-function is symmetrized and/or antisymmetrized
so that the flavor wave functions need to be correspondingly
symmetrized and antisymmetrized when ! = 0. For I = 1
and I = 0 states of D*0 D** the symmetric and antisymmet-
ric flavor wave-functions were considered in Ref. [46].

3.2 The results of the B® B™ system

Considering the flavor SU(3) symmetry and heavy quark
effective symmetry we generalize those relations as g,,, =

8ppv: 8gprp = Spprpr 8pprv = Spprve 8prprv = Eprpry
andg’ =g’ which should be anot-bad approxima-
. B*B*V D*D*V
tion.

We use the same parameter A fixed for the D D* systems
to solve the B=S equation for the B®) B*) systems. We find
that two states which are the counterparts of D® D™ can

exist. The binding energy of each state shown in Table 2
is apparently larger than that of the corresponding state of
D™ D™ since the mass of B®*) meson is larger than that of
D™ meson (Fig. 5).

4 A brief summary

In this work we study whether two charmed (or bottomed)
mesons can form a hadronic molecule. We employ the B-S
framework to search for possible bound states of D) D)
[47] and B® B™_ In Ref. [21,22,34,35,38] the B-S wave
functions for the systems of one vector and one pseudoscalar,
two pseudoscalar mesons and two vectors were studied. It is
noted that all those works are dealing with bound states made
of one particle and one-antiparticle, no matter they are pseu-
doscalar or vector bosons. In comparison, this work is con-
cerning particle-particle bound states(charmed D™ D™ or
bottomed B™ B™)). Since the two constituents are accounted
as identical, symmetrization of the total wavefunctions is
necessarily required. In this work we deduce the interaction
kernels for these systems and solve these B—S equations.

In order to obtain the interaction kernels for B—S equations
we use the heavy meson chiral perturbation theory to calcu-
late the corresponding Feynman diagrams where 7, p or w
are exchanged. All coupling constants are taken from rele-
vant references. For making predictions we use the binding
energy of T\ to fix the parameter A under the hypothesis that
7.} is a bound state of D’ D** with I = 0 and J = 1. With
the same parameters we confirm that D*0D*+ with I = 1
and J = 0 should exist. For the D* D** system with I = 1
and J = 2, alarger A or large coupling constants are needed
to form bound states.

Considering the flavor SU (3) symmetry and heavy quark
spin symmetry we employ the same parameters to calculate
possible bound states of B®)B®)_ Two states which are the
counterparts of D™ D™ can exist. The binding energy of
each state is apparently larger than that of the correspond-
ing state of D™ D® since B®*) meson is heavier than D)
meson.

Since the parameters are fixed from data which span arela-
tively large range we cannot expect all the numerical results to
be very accurate. The goal of this work is to study whether two
charmed (or bottomed) mesons can form a molecular state.
Our results, even if not accurate, have obvious qualitative
significance. Definitely, further theoretical and experimental
works are badly needed for gaining better understanding of
these exotic hadrons.
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Table 1 The binding energy of the ground D D™ system (in unit of MeV)

DDt (01 DOD* (1) D p*t (o) D p*t(1t) D p*t(2t)
I1=0 X 0.273 X - X
I=1 - - 18.51 X -
Table 2 The eigenvalues of the ground BB™ system (in unit of MeV)
BBt (0h) BOB*t(11) B*0B*(01) BB (1) BB+t (2h)
1=0 X 17.38 X - X
I=1 - - 62.37 X -
08 0.30
— 0.25 —Bff‘~‘+(1=o,/=1)
—'D" (1=0,J=1) - - - B"B"(I=1,J=0)
- -~ D"D"(1=1,7=0)
8 ~ 020
8 5
= <)
= = 0.5
< =
x
0.10
0.05 -
\-—>>""”’r’ 0.00
1 2 0
Ipl (GeV)
(@)
Fig. 5 The unnormalized wave functions of the bound states
Data Availability Statement This manuscript has no associated data or L pp*y = ig DDV gpmy (0w Vﬁ — 8ﬂ Vo) ba
the data will not be deposited. [Authors’ comment: Since our manuscript wut _
is a theoretical paper all results are included in it. Using the necessary x(3,Dp D" — 0y D b D), (A2)
formula and parameters we provided in the paper anyone can check the _ * T
theoretical results.] EDD*P = &oprp Db (fuM)ba D,
+8 e p Dy (9uMpa DY, (A3)
Open Access This article is licensed under a Creative Commons Attri- B
bution 4.0 International License, which permits use, sharing, adaptation, [jD* pip = Eprprp ( DZM 9 D :;aT) G v M) Evpa (A4)
distribution and reproduction in any medium or format, as long as you -
give appropriate credit to the original author(s) and the source, pro- Loy =18pspiy DZU O DZI)(V) ga
vide a link to the Creative Commons licence, and indicate if changes . S #t
were made. The images or other third party material in this article +ig D*D*V (Db D' =D b D;")
are included in the article’s Creative Commons licence, unless indi- ( aM Y, — 0, VM Yba (A5)

cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

Appendix A: The effective interactions
The effective interactions can be found in[24-26]

Lypy = 8ppy(Dp dp DZ)(Vﬂ)ba, (A1)

@ Springer

where a and b represent the flavors of light quarks. In Refs.
[24] M and V are 3 x 3 hermitian and traceless matrix

n_ M+ +

atwT K

T~ - iT/_E + \/Lg K° and

K~ KO —\/g n

ﬁ o+ *+

ATV K

A 1

K* K_*O ¢
respectively.
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In the chiral and heavy quark limit, the above coupling

8V 8V — &

constants are g,y = T, 8ppey = X 8pipey =
—_ 2g __Bgv. g

8pprp = f”VMDMD*,gD*D*V = =75 Spepry =

—V2)gvMp+ with f; = 132 MeV [25], g = 0.64 [26],
k=g,B=009, gy =59[48]and A = 0.56 GeV~! [49].

Appendix B: Kernel

Kso(p.p'.my) =iCsi1 8,
(P+p)? +4mmE* + (p* —p
(p—p)? +my
iCvigppy F(@)?
—(p—p)? —mj

12 2
I p @ @1

Kyi(p,p',my) =

x { — &pepey PP LAMMM? + (p + p)*1/m3

- 380*[,*‘/([’2 - p/z)z/m%/
— &pepey P2(F — P/ (m3m3)

+4mmg., . M*(—p* +p- p’)/fﬂ%}

iCv2g%, F(q)?
Kya(p,p'.my) = ~® +Dpf’)vz )
x[—8nimaM*(p — p)* — 4p°p” +4p - p]
iCysg? . F(q)?
Ky3(p,p/,mp) = peer
—(p+p)?—mp
x [—(p+ @ — (p*(p + @)*/m2%)] (B2)
iCog,,., F@?

Ko =
T A=) —m2]

x {=16n17,M* — 4(p + p)?
B (mmM? +p?)?(p*> — p?)?
(mzm%m%,)
+ (i M? = p?) (P — p?)*/(mim?)
+ i M* —pH)(p* — P/ (mim3y)
— 4(p? — p?)?/m3y, — (mmM* + pH) [4n1nM>
+ (p+p)21/(mim)
+ IM? — pH[AmnaM?* + (p +p)*1/m}
+ B M? — pH 4 M* + (p + p)?1/m3}
iCO1E o ey & ey F (@7
—(p-p)?—
+pH(@* —p-p)/(mim3)
iCoig”. ., (q)2
4-(p—-p)?—

(11 + m2)*M* (1 M?

{[8( ?

+ mmM)P*p? —p-p?)
— 43 M* + 4nynap® M? + 3pY) (p — p))?)/ (mim3)
— 24(p—p)* + 4(miM* = 3pP)(p— P)*
+8(p’p” —p-pH/mi
+ [4mM* = 3pH)(p — p)* + 8(p’p”
iCo2g;}. ., F(@)?
A[—(p+p)2 — m}]
_ (mmM? + )@ —p?)’
(mimsm3,)
+ iM% =)@ — p)?/(mim?)
+ (M = p*)(® = p*)?/(mim7)
— @@ = p)/my — (M +p)[4nmM?
+ (@ —p)’)/(mim3)
+ (0 M? = D)4 M + (p — p)?1/mi
+ (3 M* = P AnimM® + (p — p)*1/m3)
N2
lCOZgD*D*Vg/D;D*V z(q) 1+ m2)> M> (mima M?
—(p+p)—my

+ pH(p? + p-p)/(mim3)

iCg”, ., (ql’)2

4[—-(p+p)? -
+ mmMH@E*p* —p-p?)
— 4 M + 4771772P2M2
+3p") (p + p)?1/(mim3)
- 24<p+p) +[4miM* = 3pH)(p +p)’
+8(p’p” —p-pH/mi

+ [4(n3 M2 -3p")(p +p)’
+ 8(p*p” —p-pH)l/m3}
iCo3g?, . F(q)? "
P—p)2+md
+ mmM*(p - p)* +p*p?
iCosg). ., F )

—p-pA)1/m3}

Koy = {(=16n1mM? —4(p — p')?

{[(

Koz =

Koy =2
P+p)+m%
[—p-p? +mmM*(p+p)* +p*p?] (B3)
iCrig?, . F(q?
Ky =— o vy {nimM*my,

—(p—-p)? -

+ [my, + (- p)’ ](p+p) }
x[(3m3 + pHmi +m3p*1/ Gmim3my)
4icugmwg;w*vF(q)2

“p—p)— mmaM?(m7 + m3)

iCiig?, . F(@?
—(p—p)?—my

(P —p- p)/(3m1m2) -
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x {[42m3 + pHm} + 4m3p*1(p — p')*
+20m} +md)(p - p? — pPp)}/ Gmim3)
iCng?, . F(q)?
—(p+p)? —mj
+ m3p*1{dmmM>m3,

2 N2 /N2 2.2 2
+ [my + (P +p)71p—p)7}/ Gmymimy,)

K =—

[(3m3 + p*)m?

iC128 pepry &y F ()2
4 b nimM?(m? 4 m3)(p*
P} 1 2
—(p+ P/)Z —my,
+p-p)/Gmimd)
. 2 N2
iCipg o F ()
—~ DY {[4(2m5 + pPIm]
—(p+p)— my,
2.2 N2
+4m5p~l(p +p)
+2(m? +m3)(p - p”? — p*p?)}/(Bmim3)
4iC13g%, . F(q)?
Ki3=- Ll M (p — p')?
3—-(p—-p) - mp
4iCug’, . F(q)?
Ky = = Dbl mmM*(p +p')* (B4)
3 —(p+p)2—md
iCng?, . F(q)?
Kz] = — D D/ ;/ 2 g%*D*V[Sm%pZ + 2p4
—(p—p) —my

+5m}3m3 + pH)ldnimM>m’,
+m%y + (p— p)21(p + 02}/ (15mim3m?)
4iC21gD*D*Vg/D*D*VF((I)2

2
mmM
—(p—p)?—mj
x (5m} + 5m3 +4p»)(p* — p - p)/(15mim3)
. 2 2
iCrg D*D*VF((])

S {120m}(@2m3 + p?)

AP (=20 M? + 5m3 + 2pD)1(p — p)2/(15mm3)
+2(=6mima M’ + Smi + 5m3 +2p7)(p - p”
—p’p?)/(15mim3)}
Koy — _lCZZgz*D*VF(q/)Z [Sm%pz n 21)4
—(p+p)?—mj,
+5m7 (3m3 + pHI{AnnaM*my,
+mY + (@ +p)2(P — p)*}/ (A5Smimdm?)
4iC228D*D*Vg/mD*V F(q)?
—(p+p)?—mj,
x (5m} + 5m3 + 4p)(p* + p - p)/(15mim3)
iCng, . F(q)?
—(p+p)2—mj,
x{[20m?}(2m3 + p?) + 4p> (=21 M? + 5m3 + 2p)]
x(p +p)2/(15m}m3)
+2(=6mimM?* + 5m?} + 5m3 + 2p?)

ninaM?
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x(p-p? — p*p?)/(15mIm3))

4iCxg%, . F(q)?

Ky =—- DL M (p - p)’
3—(p—-p)?—myp
4iCoug?, . F(q)?

Koy = —= DLl mmM*(p+p)? (B5)
3—(p+p)?—md

where q = (p — p’) and q = (p + p’).
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