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We study the chiral interactions of the hidden charm DD* system within chiral effective field theory.
Chiral Lagrangians are constructed by incorporating the chiral symmetry, heavy quark symmetry, as well as
proper charge conjugation properties of the heavy mesons. The interacting potentials of the S-wave DD*
system are calculated up to the second chiral order at a one-loop level, where complete two-pion exchange
interactions are included. We further investigate the behaviors of the potentials in coordinate space, and
their bound state properties. Our studies indicate that there exists an interacting strength ordering among
considered four channels: str.[0T(17F)] > str.[07(177)] > str.[17(177)] > str.[17(171)], where str.
stands for the strength of the DD* interaction. Moreover, we find that X(3872) can be treated as a
good candidate of the 0 (1*+) molecular state. DD* also tends to form 0~ (1*~) and 1*(17~) molecular
states, and we expect future experiments to search for the predicted multiple structures around the DD*

mass region.
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I. INTRODUCTION

In past two decades, abundant exotic hadrons have been
discovered by upgraded z-charm and b factories, such as
BESIII, LHCDb, Belle, BABAR, etc. Till now, various forms
of exotic quark matters arise in hadron spectroscopy:
pentaquarks (P, and P, states), fully charmed tetraquark
candidates [recently discovered X(6900)], hidden charm
tetraquark candidates (some XY Z states), etc. For example,
X(6900) was discovered by LHCb recently [1], which
appears to be a nontrivial structure in the di-J/y invariant
mass spectrum. Subsequently, the LHCb Collaboration also
reported two structures X((2900) and X;(2900) in the
BT — DTD™K™ decay [2], which are supposed to have
four different flavors: c¢sud. Until very recently, LHCb
observed a doubly charmed structure 7T,.. [3] that is
extremely close to the D°D** threshold (the mass differ-
ence is =273 £ 61 £ 57|} keV). T, has a minimal cciid
content. Therefore, it may still be an ongoing progress that
other forms of multiquark structures are prepared to be
uncovered. The rapidly growing numbers of exotic hadrons
urgently demand us to extend our knowledge about non-
perturbative QCD.
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Although the studies of the exotic hadrons on exper-
imental side are in advance, their natures and inner
structures are still unclear. Theorists try to understand
them with all kinds of methods and models (see
Refs. [4-9] for reviews of theoretical as well as exper-
imental status).

For example, people still cannot truly understand the
nature of the first observed XYZ state, X(3872) [also
known as y.(3872)]. X(3872) was discovered by the Belle
collaboration in B*~ — K*~z"z~J/y [10]. It may be
regarded as a charmonium y/,(2P), but its mass would
be much lower than a quark model estimate (e.g., the
Godfrey-Isgur (GI) model calculation in Ref. [11]).
Furthermore, it also has a large decay ratio in the isospin
violation process X(3872) — J/wp. It is noteworthy that
X(3872) is almost located at the D°D* threshold, so it is
believed that the interaction between DD* is responsible
for the formation of X(3872).

Besides X(3872), there are many other XYZ states that
may be strongly related to open-charm thresholds. The
charged charmoniumlike state Z.(3900) was observed in
the process ete™ — J/watx~ [12,13]. With the mass
slightly above the DD* threshold, it may originate from
the DD* interaction. Other states such as Z.(4020) [14],
Y(3940) [15], and Y(4140) [16] are close to respective
D*D* and D:D; thresholds too. There also exist some
higher XYZ states that are close to excited open-charm

thresholds: Z; (4430) [17] with D*l_)(ll>, recently discovered
Y(4626) [18] [and Y(4620) [19]] with D:D,,, and etc.
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Taking into account the interactions of these open-charm
meson pairs, people have tried to explain these XY Z states
with various phenomenological models, such as the one-
boson-exchange model [4,20].

Therefore, for understanding the XY Z states mentioned
above, it is crucial to elaborately investigate corresponding
charmed- anticharmed meson interactions within a proper
theoretical framework. Chiral effective field theory
(ChEFT) is the powerful formalism that just satisfies the
need. Other than phenomenological models, in ChEFT, the
interactions between hadrons are strictly and systematically
calculated up to a given order, while all contributions
such as the multipion exchange are contained completely.
Especially, in our case (i.e., heavy-heavy system),
Weinberg’s scheme is adopted [21,22], which has been
widely used to investigate the nucleon-nucleon interaction
[23-44] (see Refs. [45-49] for reviews). So it is natural to
extend the framework to the sector of the heavy hadron
interactions.

The authors in Refs. [50,51] have already made attempts
to study heavy meson systems with heavy meson chiral
effective field theory (HMChEFT). The authors in Ref. [50]
calculated the potentials of the doubly bottomed system
BB with contact and two pion exchange mechanisms under
HMChHEFT. Later, the authors in Ref. [51] developed
corresponding techniques and investigated the doubly
charmed system DD*, then further utilized the
Schrodinger equation to search for bound state solutions.
Following the same procedures, the authors in Refs. [52-58]
studied the interactions of other heavy hadron systems.

With the experience in the studies of the doubly heavy-
flavored systems mentioned above, it is natural to extend
them to the heavy-antiheavy flavored systems, which will be
directly linked to the charmoniumlike states talked before.
Note that this extension is not straightforward; for example,
the interactions of the heavy-antiheavy flavored systems
should be constructed by properly considering the charge
conjugation properties of the fields in the heavy quark limit.

In this work, choosing the charmed-anticharmed
system DD* as an example, we will try to study the
DD* interactions up to the second chiral order O(e?) at
then one-loop level using Weinberg’s scheme. The con-
tribution carrying contact interactions, the contributions of
one-pion exchange (OPE) and two-pion exchange (TPE)
will be included completely. As mentioned above, different
from calculated doubly heavy-flavored systems before
[50,51], additional symmetries (the charge conjugation
symmetry) as well as proper charge conjugation states
should be concerned when constructing the DD* inter-
actions and DD* scattering amplitudes.

Following the strategy in Ref. [51], we will iterate the
obtained DD* potentials into the Schrodinger equation, to
see whether the DD* interactions are strong enough to form
bound states. It is noteworthy that under the one-boson-
exchange model, the authors in Refs. [20,59-62] also

studied the DD* system, they considered one boson
(z, o0, p, w, etc.) exchange mechanism. They found that
DD*in the J*€ = 17+, I = 0 channel [J7¢ of X(3872)], as
well as some other channels, are strong enough to form
bound states. Therefore, results and conclusions presented
in this work may be a comparison to theirs. In addition, the
authors in Ref. [63] also studied the DD* system and
X(3872) in the one-boson-exchange model. Also, the
authors in Ref. [64] studied the DD* hadronic molecules
in effective field theory early in 2006. Possible DD*
molecular states also have been studied extensively in
various methods [65-84].

This paper is organized as follows. In Sec. Il we describe
the concerned DD* Lagrangians by considering the chiral
symmetry and heavy quark symmetry, as well as by
properly taking into account the charge conjugation proper-
ties of the heavy mesons. In Sec. III we calculate the
potentials of the DD* system up to the second chiral order
O(e?) at one-loop level using Weinberg’s scheme. In
Sec. 1V, after solving the Schrodinger equation with
calculated DD* potentials, we investigate the bound state
properties in the considered four channels. Then we discuss
the behaviors of the potentials in coordinate space to further
understand the DD* interactions and the mechanisms of the
bound state formations. Later we discuss the obtained
molecular states and their discovery potentials in detail.
The last section is the summary.

II. CHIRAL LAGRANGIANS OF THE
DD* SYSTEM IN HMChEFT

Like Refs. [50,51], we adopt HMChEFT, and derive the
Lagrangians and effective potentials in a strict power-
counting scheme. In this framework, the amplitudes or
potentials are arranged according to the chiral order ¢ =
p/A, (p stands for the momentum of a pion, or a residual
momentum of a heavy meson, or the D — D* mass
splitting). In this work the flavor SU(2) symmetry is
considered.

We first show the Lagrangians of the concerned DD*
system at leading order. First, the DD*zx Lagrangian at
O(e") is needed [85-87]:

Ly, = —((iv- 0H)H) + (Hv-TH) + g(HyysH)
—éé(Ha””I:Iaﬂ,), (1)

where the H field describing the (D, D*) doublet is

1+¢ . i
H=— (Piy" + iPys),
_ , 1
H=y"H'Y* = (Pi"y" + iPTys) ;L ’5,
P = (D°,D"), Py = (D*O,D*+)ﬂ. (2)
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v =(1,0,0,0) stands for the four velocity of the H field.
The axial vector field u and chiral connection I' are
expressed as

L=3.08  w=3{08 0

where £ = exp(i¢h/2f), f is the bare pion decay constant,

and
PR
¢=f2<“f ”) @)
T T

For studying the DD* system under HMChEFT, we also
need to describe the interaction between an anticharmed
meson and a pion. Applying charge conjugation trans-
formation to Eq. (1), the Lagrangian of the interacting part
is given by

£

Hp — _<Hcv : FHC> +g<HCﬁYSHc>v (5)

where g = 0.59. In the above, H. field represents the
anticharmed meson doublet (D, D*) in the heavy quark
limit, and the subscript ¢ stands for charge conjugation.

|

2.h —~ =
LSy = DITe[Hy, HTe[H " H | Tr(r )
+ EXTr[Hy,«*H|Tr[H .y*7,H

Dy (Trl(v- DH

+ DyTe[Hy,ysHTr[H 1"7s
C]Tr()(Jr)

LSy =D: <Tr[<v-DH>y,,<v-DH)}Tr[HmHC] +Ce) +

Note that H,. is defined as charge conjugation of H in
Eq. (1):

. - 1—¢
Hc = (Pcyyu + chJ/S) 2 ’
e T 75 o
He=yHey =—= (P& + iPlys),
P.= (D" D7), P;, = (D*,D"),. (6)

Then, the contact Lagrangian at O(e”) is needed for
O(€") and O(e?) amplitudes, which can be constructed as

O - -
‘C’gl-32H‘ = DaTr[HyﬂH}Tr[HcyﬂHc]
+ Dy Tr[Hy,ysH|Tr[H y*ysH ]
+ E,Tr[Hy,wH|Tt[H .y"7,H ]
=+ EbTr[HJ/,,}’ST“H]TT[FICW}’S%HC}a (7)
where D,, D,, E,, E, are four independent low energy
constants (LECs).
For the loop diagrams in the potentials (or the ampli-

tudes) at order O(e?), we also need O(e*) contact
Lagrangians to cancel their divergences:

H|Tr(x )
+ E}Te[Hy,yst* H]Tr[H y*yst H | Tr(x 1), (8)

DY, (Tr[(v- DH)y,H|Tr[(v- DH.)y*H ] + C.c.)
AT, (0 DH,)| + He) + Diy(Tel((0- DY H)y, HITA,pH,] 4 Hee] + Ce)

)75
DZI(Tr[(D DH)y,rs(v- DH)|Tt[H y*ysH ] + C.c.) +

v-DH
v-DH

)
)

7,7 (v- DH)|Tr|H y*7,H.] 4 C.c.) +
vurst (v - DH)|Tr[H y*yst,H.] + C.c.) + ..., 9)

‘C2H2H = DY([Te[(D*H)y,ys(D"H)|Tt[H y,ysH,.| + H.c.] + C.c.) + DS (Tt[(D*H)y,ysH|Tr[(D*H . )y,ysH.| + C.c.)
+ DY(Tr[(D*H)y,ysH|Tt[H .y, ys(D*H,)] + H.c.) + D{([Tt[(D*D*H)y,ysH|Tr[H .y, ysH ] + He] + C.c.)
+ E‘f([Tr[(D”H)yﬂyST“(D”I:I)]Tr[I:ICyDySTaHC] +He]+Cec)+ ..., (10)

where

X = ETpE £ e, X =m2. (11)

In the above Lagrangians, H.c. and C.c. stand for Hermitian
conjugation and charge conjugation, respectively. Notice
that the finite parts of the above Lagrangians could also
contribute to the potentials, however they will bring a large
number of LECs.

[

In present work, we will adopt Weinberg’s scheme
[21,22]. Our previous works [50,51] have already applied
Weinberg’s power counting scheme to investigate the BB
and DD* systems. The scheme states that with the standard
power counting scheme, one first calculates effective
potentials [the sum of the two-particle irreducible (2PI)
diagrams], then uses them to solve the Lippmann-
Schwinger or Schrodinger equation, so complete contri-
butions containing the two-particle reducible (2PR)
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diagrams can be retrieved. Here we refer to Refs. [50,51]
for more details.

III. POTENTIALS OF THE DD* SYSTEM
IN HMChEFT

We will investigate four channels in the DD* system:
C parity C = %1 and isospin / =0, 1. Therefore we
consider the following flavor wave functions [59-62]:

0.0) = 3 [(ID°D") +|D* D))
+e(IDDY) + D"+ D))
1,0) = 3 [(1D°D) - |D*D))
+e(IDODY) D D)),
1) = 5D D)+l D)),
1.-1) = 5(DD7) +eD*D7). (1)

where the parameter ¢ = F stands for C = +1.

We first calculate the elastic scattering amplitudes in the
processes DD* — DD* with the defined DD* states (12).
Here the contributions up to O(e®) are considered.
According to the chiral Lagrangians in the previous section,
there exist tree-level contact and OPE diagrams at the
lowest order O(€”). While at O(€?), there emerge one-loop
diagrams carrying contact interactions, one-loop OPE and
TPE diagrams.

Let us focus on the order O(€?) first. At O(e°), there are
two tree-level diagrams which are depicted in Fig. 1.
Obviously, Fig. 1(a) stands for a contact contribution while
Fig. 1(b) stands for a OPE contribution.

Here we stress that in our depicted diagrams (such as in
Fig. 1), the (double-)solid line stands for D(D*) as well as
antiparticle D(D*), depending on the concrete term in the
expanded isospin amplitude (7, ,0), where |1,0) is
defined in Eq. (12). Notice that we label the momenta of the
external fields as p, for initial D, p, for initial D*, p5 for
final D and D, and p, for final D* and D*.

At this order, we use the following Lagrangians: the
O(e'") Lagrangian (1) that depicts the DD*x vertex, the

(@) (b)

FIG. 1. Tree-level diagrams of the DD* system at O(e®).
The solid, double-solid, and dashed lines stand for D (or D),
D* (or D*¥), and 7, respectively.

O(e") Lagrangian (5) describing the DD*x vertex, and the
O(e°) contact DD*DD* Lagrangian (7). Consequently, the

contact amplitudes for the diagram of Fig. 1(a) are

calculated to be

ME% =4(D,+3E,—cD,—3cE,)e(p,y)-*(py) forI=0,
(13)

0)

MEG) =4(D,—E,—cDy+cEy)e(py) - € (pg) forlI=1.

(14)

The OPE contributions of Fig. 1(b) read

1
ﬁp‘g(l?z)l?‘f*(m) for7=0,  (15)

2
I
M) ==L pee(pa)p-e*(ps) forI=1. (16)
(b) —-m

In the above expressions, p = p; — p4 denotes the momen-
tum transfer, the superscript (0) of M stands for the chiral
order O(e°). The parameter ¢ appearing in M has been
defined in Eq. (12), which takes & 1 for C = +1.

Then, we consider the contributions at order O(e?),
which are illustrated in Figs. 2—4. We can see that there are
three types of the diagrams. The diagrams in Fig. 2 all carry
O(€") contact interactions, which can be treated as one-
loop corrections to Fig. 1(a). In Fig. 3, the diagrams all

KX XX

(a3) (ad)

XX
XX XK

(al0) (all) (al2)

(al3) (al4)

FIG. 2. Diagrams carrying contact interactions at O(e?).
The solid, double-solid, and dashed lines stand for D (or D),
D* (or D*¥), and 7, respectively.
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I I I I
I I I I
I I I I
(b1) (b2) (b3) (b4)
77 “N -
{ ; ( ; :1/ \‘
| | = |
I I I~ — I
(b5) (b6) (b7) (b8)
Il/ \‘ 4[/ \\:| l/ \‘ I l/ \‘ I
I I I I
I I I I
I I I I
(b9) (b10) (b11) (b12)
FIG. 3. OPE diagrams at O(e?). The solid, double-solid, and

dashed lines stand for D (or D), D* (or D*), and x, respectively.

contribute to OPE interactions, which are just one-loop
corrections to Fig. 1(b). Besides the above contributions,
there appears to be a new type of diagrams at this order:
TPE interactions. They are shown in Fig. 4.

Notice that Figs. 2-4 may only represent typical dia-
grams having different topologies. For example, each
diagram shown in Fig. 2 represents both direct channel
DD* — DD* and cross channel DD* — DD*. The combi-
nation of these two channels depends on the specific
isospin amplitude (I,0|T|I,0), where the direct channel
and cross channel generally both appear. Formally, the
typical diagrams in Figs. 2—4 are the same as those in the
doubly charmed system DD* investigated in our previous
work [51], i.e., both the systems have the same topology in
Feynman diagrams. Although, there is no cross channel in
the DD* system.

We now focus on the O(e?) contribution carrying contact
interactions first (Fig. 2). Involved vertexes are the O(e)
contact interaction (7), O(e') DD*z interaction (1) and
O(e') DD*z interaction (5). Combined with the defined
flavor wave functions (12), their isospin amplitudes can be
written as

(cl) (c2) (c3) (c4)
(c5) (c6) (c7) (c8)
(c9) (c10)

FIG. 4. TPE diagrams at O(e?). The solid, double-solid, and
dashed lines stand for D (or D), D* (or D*), and 7z, respectively.

2
2 g *
Méa)l) - _4172951(140 —cA)Je €, (17)

2
g *
MDy) ==4(=3+d)(-2+d) 72 (Aogar = cAigis) e e,

(18)

2
2 g N
Mga;) = _4F (AO - CAI)QSSngg c €, (19)

> g
MEaL) = =475 (=Aogs + dAggs) — cA1 gy + 2¢A g5

f2
— cdAgss)T5e - €, (20)
@ g
M5 = _4JE (Ag = cAy)gssIe - €, (21)
@ g
M6 = —4]72 (Aogss — cAyga) e - €%, (22)
@ g
Mia = —4]72 (Aogss — cArg ) Ihe €, (23)

MEE;) :—4<d—3)(d—2)%<A0+CA1)955J§288*, (24)

2
g .
M2y ==4(d=3)(d-2) F(AO + A )ggsThe e, (25)

2
M)y =—4(d=3)(d~2) ]%(Ao +eA)gss e €, (26)

2
MP = —4(d—3)(d_2)j%(A0+cA1)gsngze.e*, (27)

2 34
MEM)12+13) = _5]72 (Aogs1 — cA1gys)[(d - 2)(9m1'52(w1)
+ 5«)]1272(0)2)}5 - €, (28)
o _ 3ne Do
M(al4) = _E(d_ l)JTz(Aogsl —CA1g5s)0 e €. (29)

In the above, c still takes F for C = %.d is the space-
time dimension coming from the dimensional regulariza-
tion. Ay and A; are constants depending on different
diagrams and isospin I, which are collected in Table I.
Also, in these expressions € and €* are the abbreviations of
the polarization vectors &(p,) and &€*(p,), respectively.
Each J is a loop function defined in Refs. [50,51]. For the
following OPE and TPE amplitudes these notations apply.

Notice that, one should further expand these amplitudes
(17)~(29), later the variables g,; and gy (embed in the
constants A;) in them have to be replaced as the following:
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TABLE I. The constants appearing in the amplitudes (17)—(29).
Ao A] A() A] (] (25}
A %(gfl —952) ?T(gfl - 95) %gfl + igfz —%gfl + %gfi 6 6
Ap %(gfl - 972) ?I(gfl - 952) %gfl + }Igf/l —%gfl + %gﬂ 0 0
Ap %(Qfl - 972) %(gfl - 95) —%gfl + %gf/l %Qfl + }Tgf/l 6 =6
Au %(gfl _gf/l) %(gfl _gfﬂ) %Qfl +%ng _%gfl +4519f/1 -6 -6
Ags %(gfl - 395) ?‘;(gfl - 372) _%gfl + %9/1 %gfl + igﬂ —6 6
Aus ?19/‘1 JF%ng %gf] +%gf,1 (=951 +952) (=901 +9712) o -0
Ay %gfl +%gf/1 %gfl +%9ﬂ i(—gfl +972) i( gr1 + 952) - 6
Aas 290 +39p 29 +39p i (=951 +952) i (=951 +9p2) 0 —6
Ang 29m + 295 29 595 =951 +952) =95 +ng) -0 0
Aato 43_1(9_7‘1 - g_f,{) ?T(gfl - Q_le) —%gfl + 4519/',1 %gfl + 49;51 0 =6
Aaii %(gfl - 395) ?‘;(gfl - 372) —%g_fl +4STQ_M %gfl +49f/1 -6 0
As2113 9r1 + 395 91+ 395 951 — 912 951 = 9pa 0 6
Aas gn + 39f/1 gr + 39/‘1 gr1 — 9ra g — 9 =6 -
9s19p1 = Do, 9ss9p1 = Dy, ME?Q) =0, (39)
95192 = E,, 955952 = E,. (30)
. o .. 3 g*

Then we consider the OPE contribution showing in 742 —_= d—2)8,J% (@) + 8,J5 (w
Fig. 3. To describe the O(e') DD*x, DD*3x, DD*x, and (b10+11) 2¢ f4 ( 2(@1) 2(@)]
DD*3x vertexes, we utilize the chiral Lagrangians (1) and L Poep: e 40
(5). According to the flavor wave functions (12) corre- pr—m?’ (40)
sponding isospin amplitudes are

4
@) _ poep-& @ 3T (a—ya,um
My, = —4cAf 75, S (31) M 2cAf 7(d—1)0,J3 e (41)
@) g g PP € 7
=4dc(d-3)(d-2)A3)0n——>, 32 2 2m
My = 4c(d =3)(d -2) Aln e (32) M2, = 44 2m2L+_1Og %,
1o f 1672 u pr—m
@ p-ep-€ (42)
M(b 3 = _4CAf4 J5 —2, (33)
where A is a constant depending on each diagram and
MEQ‘) = 4c(d-3)(d-2)AL ngp Ep - i . (34) isospin I, and we collect them in Table II. Note th-at in
f Eq. (42), M s stands for the tree-level OPE amplitude
[Egs. (15) or (16)] where the pion decay constant f has to
MEZ)S) =4cAZ; 7 : JO%, (35)  be replaced by its O(e?) correction f(?)
! Final piece is the TPE contribution depicted in Fig. 4.
Here we need O(e') DD*n, DD*2x, DD*x, and DD*2x
ME )) —4cA Jo%’ (36) vertexes. Using the chiral Lagrangians (1) and (5), the
70— isospin amplitudes of the TPE are written by
7 2m p-ep-€
M, =4eAL { (2m2L+—1 ( ))}7 ) I
(®7) 721377 1622 S\ ) )| pr=m? M) = ~4laiAST] = iAis + A5t = 245)J1,
37
(37) + q5(A; — Ays — Asy + As)JT)
ME%) =0, (38) + (A1 —Ajs — A5y +As)I e - €, (43)
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2
. g *
ME?Z) = 41174 [~a0AsT3) + qo(A) = As)J3, + (A — As)T3)e - e

2

+4lf4

[~ 0A5J11 + qo(A; = 2A5)J§2 + (A, _AS)J§4 + qo(A; —As)ng + (A _AS)J§3]‘1'€Q - €, (44)

2
2 . g o
MEC%) =—4i(d - 3)JT4 [—q0q*AsJi, + (d —2)qoAsT3, + qog* (A1 —2As)J35, + G* (A — As)J3, — (d = 2)qo(A) — As)J3,
+ q0G* (A1 —As)J3, + G*(A) —As)J3; — (d=2)(A) — As)J3,)e - €

. 92 *
—4l<d—3)f [—qoAsJS, + qo(Ay —245)J5, + (A — As)J3, + qo(A) —As) I3, + (A — As)J53]q - eq- €5, (45)

e
2 -
MECQ) 41174[ qoG*AsIT) + (d = 1)qoAsIL + qog*(Ay — 2A5)J%, 4+ G*(A — As)JE, — (d — 1)qo(A — As)JE,

+ qoq* (A1 — As)J5, + G (A — As)JT — (d — 1) (A — As) T, e - €, (46)

4
2 9 = *
MP = —4A1f_4 (G275, = (d+ 1)J§ + @The- e

+ 4Af TS =I5 4 (d+3)J5 = 2q°0%, + (d+3)J%, — ¢°T)q - eq - €, (47)

[—q*J5, + G*JE, — (2d + 1)@ I8, +2G* I8, + (d = 2)(d + 1)J5, — (2d + 1)g*JE, + G*JE ]e - &

(06) f4
4
_4A(d_3)?4 [J% qsz +(d+3)-]§1 -2 2J§2+(d+3)-]42 qsz]q eq - € (48)
M) = —4cA,(d - 3)f JB(PPe-e +p-ep-e), (49)
4
2 - ped *
MEL‘)) = —4A1f4[ G5 — (d+ 1)) + G Te
+4Af4 IR = GI% + (d +3)I5 —2q°I% + (d+3)J5, —¢*I%]q - eq - € (50)
4
M@) :4A1(d—3)%[—212JR + g% — 2d + D) @IE + 24 % + (d = 2)(d + 1)J5, — (2d + 1)G*I%, + G*I% e -
4
—4A(d - 3)f 5 = @ T% + (d +3)J5, =275 + (d +3)J5, = §°Ti5]q - eq - €. (51)

TABLE II. The constants A (as well as w;,) appearing in the OPE amplitudes (31)—(42).

Ap Ap Aps Apy Aps Aps Ay Apg Apg Ap10+11 Apia Ao

3 3 1 I 3 _ _ 3 3 3

=0 —i6 —i6 —i6 —i6 o e 1 7 1 7
=1 1 T I i i i C1 - - C1 _1 _1
6 6 16 16 2 2 1 g g g

oy 5 0 -5 -5 - - _ - - 0 -5 _

a)z =5 -5 5 0 - - - - - 5 - -
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TABLE IIl. The constants appearing in the TPE amplitudes (43)—(52). Note that we have A5, = As.
Ay As As A As As W ()
Ac —T3 ? - § 3 - 5 -
As _3Tl é - é ?’ - 0 -
Acy § = - ¥ ; - 5 -
AcS ? - - ? - - -0 1)
A(r6 § - - ? - -0 0
Ac7 1_2 - - IS_(’ - - -0 0
Ag T—é - - 1576 - - -6 0
AL'9 %2 - - IS_6 - - -0 0
Ao % - - % - - = -0
M M
2 -
My = dei(d =35s8 (Pee +prep-e). (52 v=- (55)

where A, As, A5, and As; are constants collected in
Table III.

Notice that in the above amplitudes (17)—(52), the loop
functions J?j/b(m, w), Jﬁ’/h(m,a)l,a)z), Jg-(ml, ms, q),
JiTj/S(ml, m,, ®, q), and in/B(ml, m,, @y, ®,, q) are abbre-
viated as Jl-“j/ b, J?j/ h, ij, Jl-Tj/ S, and JS/ B, respectively. The
corresponding constants w; and @, for different diagrams
are listed in Tables I-III. These loop functions J are
calculated using dimensional regularization, with the
modified minimal subtraction scheme.

Besides the one loop diagrams in Figs. 2—4, at this order
O(e?) tree-level amplitudes also emerge. For example,
there are O(e*) contact contributions that come from
the O(e?) contact Lagrangians (8)—(10). The LECs in
Egs. (8)—(10) actually consist of two parts: the finite parts
that will induce large amounts of unknown parameters, and
the divergent parts which are used to renormalize the O(€?)
one-loop diagrams. In this work, the finite parts of the
LECs in Egs. (8)—(10) are ignored due to the lack of fitting
data available.

In our work, we consider S-wave interactions, therefore
we have the following substitutions for the terms related to
the polarization vectors:

F-7 - 1, (53)

T R
T R — 54
€-pE pr P (54)

After calculating the scattering amplitudes of the DD*
system in the four channels, the DD* potentials in
momentum space can be obtained via the relation:

VII2M T[2M

Note that in Eqgs. (17)—(52), we did not show the fac-
tor H M i H M 1

In this work, we aim to investigate whether the DD*
interactions are strong enough to form molecular states,
therefore we are interested in the DD* potentials at
coordinate space. With the help of Fourier transformation
we can get the potential V(r):

V(r) = / (;’T")SV(p)el‘w. (56)

Because V(p) is a polynomial of p, the integral will be
highly divergent with the increasing of the order. Here we
renormalize the potential by introducing a Gaussian cutoff
exp(—p>"/A*") with n = 2 as in Ref. [51].

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we substitute the calculated potentials
into the Schrodinger equation and explore whether the DD*
interactions are strong enough to form bound states. Later
we discuss the behaviors of the DD* potentials V(r) in
detail.

In this work, we use the following parameters: m, =
0.139 GeV, the D — D* mass splitting 6 = 0.142 GeV, the
decay constant f, = 0.086 GeV, the renormalization scale
u =4zxf, and the bare coupling constant g = 0.65 as in
Ref. [51]. In our paper we ignore the isospin breaking in the
isospin doublet (D)0, D)+,

For the LECs D,, D, E,, and E, in Eq. (7), we lack
available data that can be fitted, so we use the resonance
saturation to estimate them. With the expressions in
Appendix, we obtain D, = —13.23, E, = —-11.49, D, = 0,
and E, = 0.
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A. Bound state properties of the DD* system

We first investigate whether the DD* interactions are
strong enough to form bound states. The DD* system has
the quantum numbers C = 41 and I = 0, 1; i.e., there are
four channels: 19(JPC) =0T(17F), 0=(117), 17(11F),
and 17(177).

For the reliability of our investigation, we will leave the
cutoff parameter A undetermined. Generally, A is adopted
below the p meson mass in nucleon-nucleon ChEFT [32].
Also, in our previous work, we used A = 0.7 GeV [51].
In this paper, we will vary the cutoff at the vicinity of
0.7 GeV to search for the bound state solutions, where a
relatively wide range will be adopted.

We solve the Schrodinger equations with the DD*
potentials V(r) (56). We present the A dependences of
calculated masses, binding energies and root-mean-square
(rms) radii in Table I'V. In Table IV, with A ranging from 0.3
to 1.1 GeV, we can see that there are various bound state
solutions appearing in the considered channels.

We now discuss the bound state properties in the

0F(17+), 0=(177), 17(17), and 1*(177) channels.

1.0*(1*Y)

For the 0" (17") channel, the bound state solution
appears at A = 0.4 GeV, its binding energy then becomes
deeper with increasing A. However it disappears at
1.0 GeV. The binding energy varies from 0.1-8.1 MeV
which is within one order of magnitude. As for the rms
radius, we can see that except a large radius (9.0 fm) at
A = 0.4 GeV, the radius is basically around 2 fm.

In a word, in our HMChEFT calculations, the DD*
interaction in the 0" (1*7) channel is strong enough to form
a bound state. In this channel we have a loosely bound state
with the mass around 3872 MeV, the binding energy
4-5 MeV and the rms radius about 2 fm. This solution
just corresponds to X (3872), so our estimates indicate that
X(3872) indeed can be treated as a good candidate of
0" (1*+) DD* molecular state, or we can say the DD*
interaction is strongly responsible for X(3872).

2.0-(1*7)

We now focus on the 0~(117) channel. In Table 1V, there
exists a shallow bound state solution within only a narrow
cutoff range A = 0.7-0.8 GeV. The binding energy E is
0.2-0.3 MeV which is quite small. Consequently, the
solution has a large radius with around 7 fm. So we
conclude that in the 0~(1%7) channel, the binding between
DD* is relatively weaker comparing to the 07 (17F)
discussed above, but their interaction is still strong enough
to form a shallow bound state.

3171+
In this channel, there is no bound state solution in the all
range (A = 0.3-1.1 GeV). Combining with the bound state
property in the channel 17(177) that will be discussed
below, we conclude that the DD* interaction in the 1~(17F)
channel is the weakest among all four channels.

4.17(1+7)

For the 17(177) channel, we can find a bound state
solution beginning with a relatively large cutoff
A = 1.0 GeV. Different from the solutions in previous
channels, in this channel, the binding energy just becomes
deeper and deeper with increasing A. At A = 1.0 GeV, we
have the binding energy £ = 13.3 MeV with the rms radius
rams = 1.0 fm. Because of the large cutoff needed to
produce the bound state, we can say that the binding in
the 17(1%7) channel is weaker than that in the 07 (17) or
0~ (17") channel. In general, we find that the strongest
binding of the DD* system is in the 0*(17*) channel, the
next is in the 07(17~) channel, then in the 17(177)
channel, the final is in the 17(17") channel.

B. The behaviors of the DD* potentials

In the previous subsections, we explore the bound state
properties in the four DD* channels. We find that, with
some reasonable cutoffs, there will emerge bound state
solutions. In this section, to give a deep understandings of

TABLE IV. The bound state solutions in the four DD* channels. The cutoff parameter A, calculated mass M, binding energy E, and
rms radius r, are in units of GeV, MeV, MeV, and fm, respectively.

0t (1) 0= (1+7) 1=(1+%) 1+(1%7)
A M E Frms M E Frms M E Frms M E T'rms
0.3 - - - - - - — - _ _ _ _
0.4 3.875.7 0.1 9.0 - - - - - - - - -
0.5 3874.4 1.4 32 - - - - - - - - -
0.6 3872.2 3.6 2.1 - - - - - - - - -
0.7 3870.0 5.8 1.8 3875.6 0.2 8.0 - - - - - -
0.8 3868.6 7.2 1.6 3875.5 0.3 6.4 - - - - - -
0.9 3867.7 8.1 15 - - - - - - - - -
1.0 - - - - - - - - - 3862.5 13.3 1.0
1.1 - - - - - - - - - 3813.0 62.8 0.6
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the bound state properties and the DD* interactions, we
further discuss the behaviors of the DD* potentials V(r).

Back to Table IV, we see around A = 0.6 GeV the
solution in the 0*(1*") channel is close to the location of
X (3872) most. For a more delicate investigation, here we
set the cutoff to be A = 0.62 GeV after fitting the mass of
X(3872). With this cutoff we now present V(r) of all
channels in Fig. 5.

For the 07(17") channel, we see that the OPE contri-
bution and the contribution carrying contact interactions are
attractive, where the former is relatively weak. And the TPE
contribution provides a strong repulsive force. Our numeri-
cal estimate reveals that with the increase of the cutoff A,
the attractive contributions as well as the repulsive TPE
contribution all become stronger, however their cancella-
tion just leads to a stable total potential V(r).

In the 07(177) channel, the behaviors of the TPE
contribution and the contribution carrying contact inter-
actions do not differ from those in the 0" (17") channel
discussed above, whereas the OPE contribution changes to
be repulsive. Thus, they lead to a weaker attraction
comparing to the O (1*") channel. That explains why

the binding energy in this channel is always smaller than
that in the 0" (17") channel (see the binding energies in
Table IV).

For the 17(17") channel, the OPE contribution is
repulsive while the TPE contribution and the contribution
carrying contact interactions are attractive. The cancellation
between them makes the line shape of the total V(r)
basically follow the line shape of the potential carrying
contact interactions. Observing the amount of the total
V(r), we see that, although attractive, it is not strong
enough comparing to the amount in the 07(17") or
0~(1*7) channel.

At the 17 (177) channel in Fig. 5, all the contributions
are attractive. However at the middle range
r = 6-12 GeV~!, the total V(r) is repulsive, which orig-
inates from the repulsion of the TPE. This causes the
attraction of the 17 (177) channel to be weakened. Indeed,
there is no bound state solution at A = 0.62 GeV. Actually,
when looking at Table IV we need a considerably high A to
obtain a bound state solution.

In general, through analyzing the potentials V(r)
depicted in Fig. 5, we have understood the specific

0.12 — 7T T T T T T T T T T T T T 1 0.12 — 7T T T T T T T T T T T T T T T 1
R 1 Lo, — g
0° (1) channely 0081 =, 07(1"") channel
- '\
0.04 |.... N, .
] Lo, .
-~ i RN
> 000 - N et s
] ] [ i ]
N
< 1 0%k J ]
A - II <4
-0.08 |- . -
- --- contact] ] - . - === contact] 1
012 k- J 4
....... 1—1t [ , ST ]
—cmee 21 o016 e l—emee 211 ]
Total [~ Total | ]
1 — 1 020 P TR T SN SR P SR | ——
14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
T T T 001 T T T T T T T T T
17(17") channel { %907
001 f g 3 _
-0.01 | 1'(17) channel -
% I
o 1 -0.02 .
= [
> | 003 7
- === contact -0.04 = === contact]
....... 1-1t ST 1
—mee 211 1 -0.05 memee 211 -
Total Total
-0.02 " 1 " 1 " 1 " 1 " 1 " 1 " 1 1 1 1 1 -0.06 " 1 " 1 " 1 " 1 " 1 " 1 " 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
r(GeV') r(GeV™')
FIG. 5. The potentials V(r) of the DD* system at A = 0.62 GeV. The label “contact” stands for the contribution carrying contact

interactions. Here the 07 (17") channel has a bound state solution with a mass around 3872 MeV.
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mechanism of the bound state formation in each channel.
Depend on the distinct behaviors of the contribution
carrying contact interactions, OPE and TPE contributions
in the four channels, the total potentials V(r) all present
attractive line shapes but with different strengths. We find
that the most attractive potential is in the 07 (17) channel,
then in the 0~(177) channel, then in the 1*(1%~) channel,
the final is in the 17(17") channel.

Combining with the discussions of the bound state
properties in Sec. IVA, we conclude that there is a
hierarchy of the strengths in the DD* interactions:

str.[07(17F)] > str.[07(177)] > str.[I17(117)]
> str.[17(1771)], (57)

where str. stands for the strength of the DD* interaction.
Note that despite discrepancies in details, this conclusion is
consistent with the one-boson-exchange model calculations
[20,60,62].

C.07(1*7) and 1*(1*~) molecular states

In previous two sections, we point out the strength
ordering in the DD* interactions. But that does not mean
they can all produce bound states. From Table IV we
already found that only the O0T(1tF), 07(177), and
17(17) channels have bound state solutions. In this
section we focus on the 07 (177) and 17(1%7) channels
that have no direct experimental indications.

As discussed in Sec. IVA, the solution with the mass
around 3872 MeV in the 0" (17) channel just corresponds
to X(3872). That means X(3872) has a strong relation to
the DD* interaction, in other words, X(3872) is a good
candidate of the 0" (17") molecular state. In other two
channels 0~(1*~) and 1*(17~), DD* also tends to form
molecular states.

From Sec. IVA, we have learned that, in the 0~(177)
channel, the shallow bound state solution has the binding
energy 0.2-0.3 MeV with A = 0.7-0.8 GeV. Hence we
plot the potential V(r) at A = 0.8 GeV in Fig. 6. From
Fig. 6, the OPE and TPE contributions are repulsive, so the
binding of the calculated 0~ (17~) molecular state is mainly
provided by the potential carrying contact interactions.
Also, we can see that the attraction is mainly provided in a
range round 2-8 GeV~'.

In other channel 17 (177), we have a molecular state with
a considerable binding energy at A = 1.0 GeV. Its poten-
tial V(r) is depicted in Fig. 7. All the contributions are
attractive, but the binding is mainly provided by the TPE
contribution. Also, it is basically a short range attraction.

In general, the 0~(1*7) and 17(177) molecular states
have different binding mechanisms under the competitions
of the contribution carrying contact interactions, OPE and
TPE contributions. As we know, the experiment has not
observed any possible structures that can fit into our

0y T T T T T T 1
!
! 07(17) channel
010} \ _
\
\
Z oosp N .
3 W\
= "\
<
N
- = = - contact] |
........ 1-n ||
——— 2 g
Total
_010 " 1 " al " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
o 2 4 6 8 10 12 14 16 18 20

r(GeV'")

FIG. 6. The potential V(r) of the DD* system in the 0~(177)
channel at A = 0.8 GeV. The label “contact” stands for the
contribution carrying contact interactions. Here this channel has a
bound state solution.

predicted 0~ (17") and 17(1*") molecular candidates
yet, so we briefly discuss their discovery potentials in
the following.

We first focus on their decay patterns. The 0~ (177) state
has possible two body hidden charm decay channels 7.
and J /yn. It can also have three body strong decays such as
J/wr°z° and h.(1P)zz. In other possible channels such as
DD, J/yntn~, and D°D°z°, the signal can be over-
whelmed by X(3872). It may also have a baryonic decay
channel pp, radiative decay channels y7., ¥x.0 YXc1> Y2
and yn.(25).

The 11 (177) state has possible two body hidden charm
decay channels n.p, J/yz, h.(1P)x, and w(2S)z, three
body decay channels n.zz, y g%z, y 177, ¥ 77, a baryonic
decay channel pp, and radiative decay channels y7., yx .o
YXe1s YX 2 and yn.(2S). So it has more decay channels than
the 0~ (177) state.

These two possible molecular states can be produced in
various production mechanisms. For example, they can be
searched in the e e~ collisions at the BESIII and Belle 11
experiments. It is also promising to collect them in the b
decay processes, such as B — X(0~(177)/17(117)) + K.

In fact, some decay channels listed above have already
been measured in experiment. For example, J/wx is the
discovery channel of famous Z.(3900) [12,13,88,89]. It is
possible that our predicted 17 (177) state is the neutral
component of isovector Z.(3900), although there exists a
discrepancy in mass. On the other hand, if the 17(117)
state is different from Z.(3900), there may exist more than
one enhancement around 3.8-3.9 GeV in the J/yx invari-
ant mass spectrum. Because of the limited resolution in the
invariant mass distributions of Refs. [12,13,88-91], we
cannot pin down this issue now. We hope more sophisti-
cated studies in the future can clarify this problem. As for
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FIG. 7. The potential V(r) of the DD* system in the 1+ (1%7)
channel at A = 1.0 GeV. The label “contact” stands for the
contribution carrying contact interactions. Here this channel has a
bound state solution.

the h.(1P)z and y(2S)z channels, no structure is found
around 3.8-3.9 GeV so far.

The J/wn decay channel of the 0~(1%~) molecular state
has also been studied in some experiments. In 2004,
BABAR measured the invariant mass spectrum of the
J/wn in the process B — J/ynK [92]. In Fig. 8, we can
see that there seems to be a peak around the DD* threshold.
In the measurement of Ref. [93], a small enhancement also
can be seen in their J/yn invariant mass spectrum. These
enhancements may be related to our predicted 0~(117)
molecular state. In addition, a hint appears in the 7.@
invariant mass spectrum in Ref. [94] too. However, in these
experiments the number of the events around this region is
limited, we hope experiments can pay more attention on
these channels, especially the J/w# in the future.

In addition, BABAR measured a kaon momentum spec-
trum in B — X(cc)+ K [95]. The X(3872) signal is
located around 3.8-3.9 GeV. With more refined data in

6lllilllllllllllllllll

DD’

S

N

Candidates/(6.25 MeV)

3780 4050 4320

M(J/yn) (MeV)

4590

FIG. 8. The J/w# invariant mass distribution in the process
B — J/ynK, where the data comes from the BABAR measure-
ment [92].

the future, we hope there will emerge fine structures if our
predicted 0~ (177) and 17(177) states exist.

Other production mechanisms such as the low energy pp
collision at PANDA are also promising. The 0~(17~) and
17(177) states can be produced through the s or ¢ channel
in the pp scattering process.

V. SUMMARY

In our previous paper [51], we studied the doubly
charmed system DD* in the framework of HMChEFT.
We applied the obtained DD* chiral interactions to inves-
tigate possible exotic states. The predicted molecular state
is consistent with the latest finding 7. [3]. In the present
work, we extend it to investigate the charmed-anticharmed
system DD*. As we mentioned in Sec. I, various XYZ
states were observed around open-charm thresholds, there-
fore the elaborate heavy-meson interactions studied here
may help us to reveal the natures and inner structures of
these charmoniumlike states.

The generalization of the previous work is not straight-
forward. In this work, we first construct DD* interacting
Lagrangians by properly considering the charge conjuga-
tion properties of the fields in the heavy quark limit. We
then calculate S-wave DD* potentials up to O(e?) order at
one-loop level using Weinberg’s scheme. Complete con-
tact, OPE and TPE interactions are included. For a deeper
understanding of the DD* interactions, we further solve the
Schrodinger equations to find the bound state solutions
using the calculated potentials.

Behaviors of the DD* potentials as well as bound state
properties are analyzed in detail. In considered four
channels, ie., I19(JFC) =0T(17), 0-(177), 1=(1"+),
and 17(177), distinct behaviors appear depending on the
competitions of the contribution carrying contact inter-
actions, OPE and TPE contributions. This leads to a
specific mechanism of the bound state formation in each
channel. For example, in the 0"(17") and 0~(177)
channels, relatively large repulsions of the TPE contribu-
tions cause them to have weak bindings.

Combining the potential behaviors and the bound state
properties, we conclude that there exists a strength ordering
of the DD* interactions in the four channels that would lead
to different binding abilities:

S0 (17)] > str. 07 (177)] > str.[1F(177))]
> str.[17 (1)) (58)

where str. stands for the strength of the interaction.

Further, our investigation reveals that the DD* inter-
action in the 07 (17") channel is strongly responsible for
experimentally discovered X(3872), so X(3872) can be a
good candidate of the 0" (17") molecular state. In addition,
DD* also tends to form molecular states in the 0~(17~) and
17(177) channels.
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We also examine the potential behaviors of the 07(177)
and 17 (177) molecular states in detail, and point out their
formation mechanisms. Their discovery potentials are also
discussed. We hope future experiments such as BESIII,
LHCb, and Belle II can further study them in the ete™
productions and b decays, to search for the predicted
multiple structures around the DD* mass region.
Besides, we also expect that they can be searched in future
PANDA experiment.
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APPENDIX: DETERMINATION OF THE
UNKNOWN LECS

Assuming contact contributions from Eq. (7) are equiv-
alent to the p, @, and ¢ exchanges, we will be able to extract
D,, Dy, E,, and E,,.

For the p, w, and o exchanges, we need corresponding
interacting Lagrangians for the DYDHV and DHWDWg
vertexes:

‘CHV = lﬂ<HUy(_V”)H> + i’1<H6m/F,w(p)H>’ (Al)

[’Ho' = YGs <HUI:]>’ (AZ)
as well as their charge conjugations:

ﬁHcV = _iﬁ<Hc‘Uﬂ(_Vﬂ)Hc> +i/1<[:ICUﬂDF””(V)HC>, (A3)

EHCO' = gs<HcoHc>’ (A4)
where F,, (V) =0,V,-0,V,+[V,.V,] and
; i+£ p+
V= % v (AS)
- 2w
’ ViV

In above, H and H, has been defined in Egs. (2) and (6),
gy =35.8, =09, 1 =0.56 GeV~! [96], g, = %% [97].

By matching the DD* — DD* amplitudes in the two
ways, we get

g% Po B9
Dy~==5—"7 7 Eq~ =77
ms;  4my, 4m;
D,~0,  E,~0. (A6)
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