Chinese Physics C  Vol. 40, No. 4 (2016) 043101

D*D;(2420) and DD'*(2600) interactions and the charged
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Abstract: The D*D;(2420) and DD’*(2600) interactions are studied in a one-boson-exchange model. Isovector
bound state solutions with spin parity J* =17 are found from the D* D, (2420) interaction, which may be related to
the observed charged charmonium-like state Z(4430). There is no bound state solution found from the D D’*(2600)

interaction.
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1 Introduction

A resonant structure near 4.43 GeV in the 7%’
invariant mass distribution was first observed by the
Belle Collaboration [1], and is the first evidence of
the existence of charged charmonium-like states. The
mass M = 4433 + 4(stat) + 2(syst) MeV and width
I' = 457 15(stat) "o (syst) MeV were extracted by us-
ing a Breit-Wigner resonance shape. A higher mass
M = 4485722728 MeV and a larger width I" = 20044 +28
MeV were reported by the Belle Collaboration through
a full amplitude analysis of B® — ¢’ K*n~ decay and a
spin parity of J¥ = 1% was favored over other hypothe-
ses [2]. Recently, the LHCb Collaboration released their
new result on the B® — ¢’7~ K+ decay, which confirmed
the existence of the 1 resonant structure Z(4430) with
a mass 4475+ 7133 MeV and a width 17241313, MeV
[3].

The Z(4430) was observed in the ¢'m invariant mass
spectrum, which suggests that it should be an exotic
state beyond the conventional c¢ picture, which has a
neutral charge. Many theoretical efforts have been made
to understand the internal structure of the Z(4430) and
a number of explanations have been offered. Since the
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7(4430) carries charge, the hybrid interpretation is ex-
cluded [4]. Tt is natural to explain the charge car-
rier Z(4430) as a multiquark system in which, as well
as cC, there exist other light quarks. The first type
of multiquark explanation is the excited tetraquark [5—
10] where four quarks are in a color singlet. Another
type of multiquark explanation is a loosely bound state
composed of two charmed mesons [11, 12], or charmed
baryons[13]. There also exist several nonresonant expla-
nations, such as the threshold cusp effect [14] and a cusp
in the D*D,(2420) channel [15].

The Z(4430) mass measured by the Belle Collabo-
ration [1], M =4433 + 4(stat) + 2(syst) MeV, is close to
the D*D;(2420) threshold, so it has been popular to
explain the Z(4430) as a S-wave D*D;(2420) molecular
state with J” = 0~ in the one-boson-exchange (OBE)
model [16, 17]. A calculation in the context of the QCD
sum rule also favors the D* D, (2420) bound state expla-
nation with spin-parity 0~ [18]. The new Belle and LHCb
results suggest the spin-parity of Z(4430) is 1, however.
With such an assignment of spin parity, a new calcula-
tion by Barnes et al. suggests that the Z(4430) is either
a D*D; state dominated by long-range 7 exchange, or
a DD*(18,29) state with short-range components [19].
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It has also been suggested that the Z(4430) may be from
S-wave DD/ (2600) interaction because the Z(4430)
mass is very close to the DD/ (2600) threshold [20].

In this paper, the D*D,(2420) and DD’*(2600) in-
teractions will be studied by solving the Bethe-Salpeter
equation combined with the one-boson-exchange model.
The Z(4430) mass is close to the threshold of four con-
figurations, D* D/ (2430), D*D,(2420), DD'*(2600), and
D*D’*(2550). The large width of the D/ (2430), however,
I'= 384113 MeV [21], which means a very short lifetime,
makes it difficult to bind it and the D* together to form
a bound state with width about 170 MeV. The configu-
ration D*D’*(2550) has also been related to the Z(4430)
in the literature. However, its threshold is about 100
MeV higher than the Z(4430) mass. In this work, the
constituents will be treated as stable particles as in the
OBE model [16, 17]. However, the physical widths of
D,(2420) and D'*(2600) are about 27 MeV and 93 MeV,
respectively. Form factors will be introduced to compen-
sate the self energy effects. The non-zero width will also
introduce the three-body effect, which is not included in
the current work considering that the thresholds of the
three-body channels, such as DDw, D*D*m and DD*m,
are much lower than the mass of the Z(4430). It is also
the reason why the configuration D*D"* (2500) is ex-
cluded. Since only loosely bound states are considered,
only two configurations, D*D;(2420) and DD’*(2600),
will be included in the current calculation.

The paper is organized as follows. In the next section
a theoretical framework will be developed to study the
D*D, and DD'* interactions (we omit the numbers for
the masses, 2420 and 2600 respectively, here and here-
after) by solving the Bethe-Salpeter equation. In Section
3, the potential is derived with the help of effective La-
grangians from the heavy quark effective theory. The
numerical results are given in Section 4. A summary is
given in the last section.

2 Bethe-Salpeter equation for vertices

The Bethe-Salpeter equation is a powerful tool to
study bound state problems such as the deuteron [22].
A Bethe-Salpeter formalism was developed and applied
to study the Y (4274) and its decay pattern [23,24], the
¥.(3250) as D;; (2400)N system [25] and the N(1875) as
¥ (1385)K system [26]. In Refs. [27-29], the BB*/DD*
system was also studied by solving the Bethe-Salpeter
equation with boson exchange mechanism to explore
the possible relationship between the recently observed
7,(10610)/Z.(3900) and the BB*/DD* interaction. We
start from the Bethe-Salpeter equation for vertex |I7),

| =VGII), (1)

where V and G are the potential kernel and the propa-
gator for the two constituents of the system. The vertex

function of the system with two configurations can be
written as

|I')=I""P1|D*D,)+ """ |DD™), (2)

where I'p-p, and I'pp~ are the vertex functions after
separating out the flavor parts |[D*D,) and |[DD™). In
this paper SU(2) symmetry is considered, so the same
vertex function is used for both configurations.

The explicit flavor structures for isovectors (7') or
isoscalars (S) |D*D,) are [17]

|D*D,)f = 7(|D*+D°>+C|D+D*0>)
ID*D,)7 = 7(|D* DY) +¢|Dy D)),
|D*D,) %[(|D*+D —|D°DY))
(D+D* |DOD*O ):|,
\D* D) %[(|D*+D )+ | D DY)
+e(IDF D)+ DD, (@)

where ¢ =+ corresponds to C-parity C' = F. The flavor
structure for DD"* configuration is analogous to that of
the D*D; configuration.

The vertex function is rewritten as

N n
=3 T 6"i,a), (4)
=1 a=1

with ¢ = 1 or 2 for configuration D*D; or DD’ and
a stands for the different components in a configuration.
6% is the factor for |i,a) in Eq. (3) structure). After mul-
tiplying (4,b| on both sides, the Bethe-Salpeter equation
becomes

Ii= ZV”GTZ withV?' =" 676" (j,b|V]i,a).  (5)

b,a

The above equation is a coupled-channel equation for the
two channels D*D, and DD’* involved.

The Bethe-Salpeter equation is a 4-dimensional inte-
gral equation. It is popular to reduce it to a 3-dimensional
equation by a quasipotential approximation, and in prin-
ciple there exist infinite choices to make the quasipoten-
tial approximation. As in Ref. [27], we adopt the covari-
ant spectator theory [30, 31] to make the 3-dimensional
reduction. With the help of the onshellness of the heavier
constituent 2, D, /D", the numerator of the propagator
P =30 €, e,1, with €5, being the polarization vec-
tor with helicity A,. Different from Ref. [27], where the
off-shell constituent is a pseudoscalar particle D, con-
stituent 1 here is a vector meson D*. So we will make
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an approximation P{" =3, e‘fheﬂl with polarization
€1y, on shell. Such an approximation will introduce an
uncertainty of about several percent in the numerator of
the propagator, which will be further smeared by the in-
troduction of form factors which will be given in the next
section. Now, the equation for the vertex is of a form

Z V>\1A PP Gh | Y A’>' (6)

Js AL

A1)\2

Written down in the center of mass frame where P =
(W,0), the propagator is

5t (kS — B, (k)
2E,(k)[(W — E»(k))? - Ef (k)]

where k; = (k9 k) = (El(k),k) ky = (k3,—k) =

E1 (k), _k) Wlth Elyg(k) =1/ mLQ + |k3|2

The integral equation can be written explicitly as
E5(K))d5, x, (k)
kK W)@, (K), (8)

(7)

(W -

(W—Ej(k)—

_Z/dk’

27)3 )\1)\2A’)\’(
j, )\/ A/

with
Vi aaain (R K T)
i VA.A NA (k, k' W)

)2Ei(k)2EY (k')2EY (k')

(9)

\/2Ez
where the reduced potential kernel

12¢ (k. K\ W) =

A1 A2\,

FU VY, oy (koK W) (K'), (10)

with a factor as F'(k) = \/2Ej(k)/(W — Ei (k) + Ei(k)).
The normalized wave function can be related to the ver-
texas [, ) = Nf|w;m> = NY(F i),lGi |F;;A2> with the
normalization factor N'(k)=\/2Ei(k k)/(2m)°W.

A partial wave expansmn can reduce the 3-
dimensional integral equation to a one-dimensional equa-
tion,

(W —E7(|k|) — E; (|k]) ¢ (|k|)

Z/|k(l|22$vkl(|"‘7l|7|k/|)¢’z(|k’|)7 (11)

where k /I is the number of wave functions with a certain
spin-parity.

3 Lagrangians and potential

For a loosely bound system, long-range interaction
through the 7 exchange should be more important than

short-range interaction through heavier mesons. More-
over, in the isovector sector the isospin factors are —1/2
and 1/2 for p and w mesons, respectively [28]. The
cancelation between the contributions from these two
mesons introduces further suppression of the short-range
interaction. Hence, the heavier mesons, p and w, are not
considered in this paper. The ¢ exchange which mediates
the medium range interaction is included as in Ref. [17].
We will find that the o exchange is negligible compared
with 7t exchange.

The effective Lagrangians describing the interaction
between the light pseudoscalar meson P and heavy fla-
vor mesons are constructed with the help of the chiral
symmetry and heavy quark symmetry [32, 33],

Lompr =i [—i€apnD;" D “ DMV P,
Heaua DD 2 DOV P,,), (12)
. 5k . <—>a v
EDle:lg I:lea,u,u)\leb 0 D?;a Py,
~ —> ~
_ieaMuADi@ 0 aDi\bal/Pab} ) (13)
2¢") /DTG0
‘CDU)*DJP =
fx
[— (DD + Dy D)0 P
+(D) Dy + DID{) )P, (14)

h()%—h()
EDIDU)*D» = \/;7/1 I; VMDD M b7«
xXJ T

Sl pagegapom
4mD1 mD(,)* 1b aa
-8,0\Py, — D2, D)*10,0,P,,

+3beDg)*m<9a8ﬁ]P’ba]

1 I
= pOxigergrpe
|: 4mD1mD(’)* aa 1b

-0,0\Pa, — DT D% 0,8,Pys

+3DO*8 pe g, aﬁpab]} (15)

which corresponds to D = (D° D*,D}) and D =
(D°,D~,D7). The coupling constant g can be ex-
tracted from the experimental D* width with a value
g = 0.59 [32]. Falk and Luke obtained an approximate
relation k = ¢ in the quark model [34]. With the avail-
able experimental information, Casalbuoni and cowork-
ers extracted h' = (hy + hy)/A, = 0.55 GeV~' [33].
The coupling constant for D" decaying into Dm and
D7 can be extracted from the decay widths obtained
in the quark model as I'p~_p, = 10.84 MeV and
I'pr_pyr = 0.28 MeV [35]. The values are g’ = 0.086
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and b = (k) +h})/A, =0.42 GeV~'. The relative phases

between the Lagrangians are not fixed, which will be dis-

The form factor is introduced to compensate the off-
cussed later.

shell effect of heavy mesons, and is also required by the

convergence of the equation. It is also convenient to in-
The o exchange which mediates the medium range  terpret the form factors as self-energies, which is impor-
interaction is included as in Ref. [17]. The Lagrangians

tant in this work due to the large decay width of the
for the scalar ¢ meson read, heavier constituent, D,/D’* [30]. In this work, we adopt
Lpsprg= 2gU[D*D*U—|—D*D*U],

(16)
Lpp,=2g,[~D*D*s—D*D*s],

nA* "
ook (17) fl@*)= m : (20)
Eplplo:2‘9;[—D1D10'—D1D10']. (18)
1 Here n > 2 is adopted to make the equation convergent.
The coupling constant g, = g, = ——=g, with g. =3.73  We will present the results with n — oo, that is, an expo-
[36]. 2v/6 nential type of form factor f(q2) — e~ (m*=99*/4" "als0 to
With the above Lagrangians, we can obtain the po-
tential for direct and cross diagrams,

show the sensitivity of results to n. In the propagator of
the exchange meson we make a replacement ¢* — —|q¢?|
Vi ( plpl) =[98 ( ) to remove the singularities as in Ref. [31]. The form

Az AL P1:P2:P1sP2) = La Vi ag apag \P1 P2 P Pe factor for the light meson is chosen as a monopole type
+17 V;lg%kéx\,l (p1,D2; D5, P1)5 (19)  f(¢*®)=(A*—m?)/(A%>+]|¢?|). The cut-off can be related

6 df(q®
to the radius of the hadron r? = —— f(q2 ) , which
f0) dg* |-,
is about 0.5 —1 fm for a meson. The cut-off is about
Table 1. The flavor factors Iflj and IY for di-

1.4 — 2.7 GeV for exponential type or 0.5 —1 GeV for
rect and cross diagrams and different exchange monopole type. Such an estimation is very rough, so in
mesons.

where pg)z is the initial (ﬁngl) momentum for constituent
1 or 2. The flavor factor I/, is listed in Table 1.

this work we choose the cut-off as a free parameter from
0.8—2 GeV.
isospin 1 0 1 0
cxchange il e T ¢ il 4 Numerical results
D*D1— D*Dq 1 § 1 —lc §c _ _
2 2 2 To search for the bound state from the D*D,-DD’*
DD'* = DD’* 0 1 0 1 —%c gc interactions, the integral equation will be solved follow-
D* D1 — DD 0 3 0 0 0 ing the procedure in Ref. [27]. After discretizing |k| and
! 2 |k’| by Gaussian quadrature, the recursion method in
DD'™* — D*Dy _1 0 3 0 0 0 Refs. [37] is adopted to solve the nonlinear spectral prob-
2 2 lem. The numerical results are presented in Fig. 1. To
0 ) ) T B 3 T =
a kY : c " ) \ .
10} \ 1 3 )
\ ' Vol -
20} Y ' 1} . 0
emee(7(07) § ' oo 0(1%) \ . :
teoooe 0-(27) | [} ] o
30 0(2) ‘.‘ 0 ecoee 0+(1+) : :
4|===0) 3 : | === 027 . '
> —0) — (1) : g
5 \ R P !
% % b "\ . H d AY 3 =]
10} '\. .; : .'. .l
\. ) ’ y 0
20 L | ' L ] b 0
a-aemmee 0*(0*)0\ .. ' aeanee () (1+) .. :
30ftececs 0*(2*) .‘. .: : 41 F eecee 0+(1+) .: .
qo|=== 0@ ‘-‘ . i | ===0(") !! : 1
“ — () -‘. -: ' —1(1%) § 3 :
0.8 1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
A/GeV
Fig. 1.

color online) The binding energies E for the D* Dy system patterns (a) and (c)) and D*D,— DD’ system
g g y y

(patterns (b) and (d)) with the variation of cut-off A. The lines are for the results with n =2 in form factor in Eq.
(20) and the bands for results with n =2 — oo.
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show the sensitivity of the results to parameter n in the
form factor in Eq. (20), the results with n =2 — oo are
also presented as solid bands. The results suggest the
binding energies are not sensitive to n. In this work, all
quantum number J < 2 will be considered in the range
of cut-offs 0.8 < A <2 GeV.

In Fig. 1(b) and (d), the coupled-channel results with
both configurations, D*D;-DD’*, are presented, and are
almost the same as these with the configuration D* D,
only (Fig. 1(a) and Fig. 1(c)), which suggests that the
DD’ interaction is much weaker than the D*D; inter-
action and transitions between D*D; and DD’* are neg-
ligible. The S wave DD’ system carries spin-parity 1%,
which is consistent with the new experimental results,
and the DD’* threshold is very close to the Z(4430) mass
measured in the new LHCb experiment [3]. However, in
our calculation, no bound state solution is found from
the DD’ interaction with a coupling constant h” = 0.42
GeV~'. In this work, the coupling constant h” is de-
termined from the decay width predicted in the quark
model [35]. So, we increase the value of h""? to check if
the results are sensitive to h”"? , and find that even with
10h" there is no bound state produced from the DD’
interaction.

Different from Ref. [17], the 7 exchange is dominant
in the D*D; interaction in our model, and the effect of
o exchange is negligible. In the 7 exchange, the con-
tributions from D*D; — D, D* diagram, i. e., the cross
diagram, is much more important than the contribution
from the direct diagram D*D; — D*D;. Hence, the con-
tribution from the cross diagram D*D, — D,D* of the
7 exchange is dominant in the coupled D*D; — DD'* in-
teraction. Since diagram D*D; — D;D* is composed of
two D*D;7 vertices, the phase of the Lagrangian will
be canceled. Hence, its dominance guarantees that the
results are not sensitive to the relative phases of the La-
grangians, which are not well fixed.

There exists a bound solution with quantum number
J¥ =0~ with cut-off about 1.8 GeV (see Fig. 1(a) and
Fig. 1(b)). Such an S wave D*D; molecular state has
been related to the Z(4430) with the assumption that it
carries spin parity JF = 0~. However, the new experi-
mental results favor quantum number 17, which corre-
sponds to a P wave D*D; bound state. In the isovec-
tor sector, only two bound states are produced from the
D*D, interaction. One of them has quantum number
I¢(JP)=1-(1") which is consistent with the experimen-
tal observed quantum number of the Z(4430), JF =17 .

For the coupled D*D,-DD’* system, the cross di-
agram contribution from the 7 exchange for channel
D*D, — D,D* is dominant. So the results are only
sensitive to the square of the coupling constant, h'2, for
D, — D*w. The value b’ = 0.55 GeV~! in Ref. [33]
is extracted from the old experimental data, which cor-

responds to decay width I,,(D;(2420)) = 6 MeV [33].
Compared with the new suggested value in the PDG,
25+6 MeV [21], the largest possible value of k' is about
1 GeV~L. Tt is of interest to check the variation of re-
sults, especially for bound states with the Z(4430) quan-
tum numbers, with the variation of coupling constant h'.
The results are presented in Fig. 2.

0 T T T i J T
\
1oF | 179 \ -
20} \ ]
soLeeeeh’=055
-k’ =075
A0 ey’ = 0.95
50 : — :

10 | 1710 X
20 |

.
L)
.
\ L
30feeeeh’=055 “ b
\ 1
[ ]
q

E/MeV

-=h'=0.75

A0f e '=0.95

50 1 1 1
1.0 12 1.4 1.6 1.8 2.0

A/GeV

Fig. 2. (color online) The binding energies E for
coupled D*D.-DD"* system with the variation of
cut-off A. The lines are for the results with n =2
in form factor in Eq. (20) and the bands for re-
sults with n =2 — co.

With larger A’, bound states are generated from the
D*D,-DD’* interactions with smaller cut-offs. For ex-
ample, with a coupling constant h’' =0.95, the isovector
bound states with JZ¢ =1+ and J¥¢ =1+~ are gener-
ated with cut-offs about 1.3 GeV and 1.5 GeV, respec-
tively.

5 Summary

The new experimental results released by the LHCDb
Collaboration exclude the S wave D*D; molecular state
interpretation with quantum number J¥ = 0~ for the
7(4430). In this paper we discuss the possibility to in-
terpret the Z,(4430) as D*D; or DD'* molecular state
with quantum number J¥ =1%.

Isovector bound state solutions with spin-parity JZ =
1* are found from the D*D,(2420) interaction, which
may be related to the charged charmonium-like state
7(4430). Different from the Belle experiment [1], the
new observed mass of Z(4430) is above the D*D;(2420)
threshold. However, considering the current large uncer-
tainties and broad width, further more precise measure-
ments are expected. The Z(4430) is still a candidate for
the D* D, (2420) molecular state. On the theoretical side,
it is interesting to consider the possibility of interpreting
the Z(4430) as a resonance from the D*D;(2420) inter-
action [28], which can provide a mass above the threshold
and is still consistent with the conclusion in this work.

There is no bound state solution found from the
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DD'*(2600) interaction. A calculation with the coupled
D*D,-DD’* interaction is also performed, and it is found
that the results are almost the same as those obtained
from the D*D; configuration only.

The current work is performed with the assumption
that only channels with thresholds close to the mass
of the Z(4430) are important. A more comprehensive
study with more coupled channels and more sophisti-
cated treatment of the non-zero width of the excited D
meson will be helpful to further understand the internal
structure of the Z(4430) and the molecular states with

two excited D mesons.

In this work many molecular states are found from
the D*D,(2420) interaction, but only one of them can
be related to the observed Z(4430). This is not surpris-
ing because those states are not obtained with the same
cut-off, which should be the same for a given interaction.
Hence, the states obtained in this work do not exist si-
multaneously. Besides, the effect of some molecular state
predicted states may be too small to be observed in cur-
rent experiments. Further more precise experiments are
expected to check their existence.
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