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Search for a DD bound state in the A, — ADD process
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We investigate the process of A, — ADD, by taking into account the contributions from the s-wave DD
interaction within the coupled-channel unitary approach, and the intermediate w(3770) resonance. In
addition to the peak of the y(3770), an enhancement near the DD mass threshold is found in the DD
invariant mass distributions, which should be the reflection of the DD bound state. We encourage our
experimental colleagues to measure the DD invariant mass distribution of the A, — ADD process, which
is crucial to search for the DD bound state and to understand the heavy-hadron heavy-hadron interactions.
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I. INTRODUCTION

Although the quark model was proposed by Gell-Mann
and Zweig more than half century ago [1,2], it is still valid
in classifying most of the known hadrons by now. Since the
X(3872) was observed by the Belle Collaboration in 2003
[3], many charmoniumlike states were reported experimen-
tally [4], and most of them cannot be explained as the
conventional mesons (gg) or baryons (¢gq) [5,6]. There are
many explanations about those states, such as tetraquark
states, molecular states, the conventional c¢ mesons, or the
mixing between different components [7—11]. However, it
is surprising that many resonant structures are observed
around the thresholds of a pair of heavy hadrons, such as
X(3872) and Z.(3900)* around the DD* threshold,
Z.,(3985) around the D,D* and D;D thresholds, and
X(3930) around DD, threshold. As discussed in
Ref. [12], such structures should appear at any threshold
of a pair of heavy-quark and heavy-antiquark hadrons
which have attractive interaction at threshold. Thus, the
experimental information about the threshold structures is
crucial to deeply understand the heavy-hadron heavy-
hadron interactions, and the internal structures of the
hidden-charm states [13,14].

In Ref. [15], one new hidden charm resonance with mass
around 3700 MeV [denoted as X(3700) in this article] is
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predicted within the coupled channel unitary approach
involving the D*D~, D°D°, D,D,, K*K~, K°K°, n*z",
7°7°, nn, and 7% channels. Later it was suggested to search
for this predicted DD bound state in several processes,
such as B — DDK [16], y(3770) — yX(3700) — yni,
y(4040) - yX(3700) = ynr, and ete™ — J/wX(3700) —
J/wny' [17]. According to the studies of Refs. [18,19], the
experimental data of ete™ — J/wDD measured by the
Belle Collaboration [20,21] are compatible with the exist-
ence of such a DD bound state around 3700 MeV, though
other possibilities cannot be discarded due to the present
quality of the Belle data. In Ref. [24], we have performed a
global fit to the data of yy — DD [22,23] and the e*e™ —
J/wDD [21], by taking into account the s-wave DD final
state interactions. Our results are consistent with the
experimental data considering the uncertainties of the fitted
parameters, and the modulus squared of the amplitude
ltpp—pp|* show a peak around 3710-3740 MeV [24].
Recently, a DD bound state with binding energy B =
4.0739 MeV was also predicted according to the lattice
calculation in Ref. [25]. Furthermore, the potential pro-
posed in Ref. [26] for a pair of heavy-antiheavy hadrons
predicts the X(3872) as an isoscalar DD* molecular state,
simultaneously, the existence of an isoscaler DD bound
state is also predicted. Thus, it is crucial to search for the
signal of this predicted state.

On the other hand, the decay of A,, is one of the important
tools to study the hidden charm resonances [27], such as
the processes of A, — J/wA, A, — w(2S)A [28-30]. The
process A, = AX? (X% = ccuii(dd), cess) is also proposed
to search for the XY Z states in Ref. [31]. In this work, we will
propose to search for the signal of the DD bound state in the
process of A, — ADD, which has not been measured
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experimentally. It should be pointed out that the A, — ADD
process, involving the Cabibbo-Kobayashi-Maskawa
(CKM) matrix element V.V, is expected to be larger than
the one of the process A, - AKTK~, involving V;,V .
with the branching fraction B(A, - AKTK™) = (15.9 £+
124+12+2.0)x10° measured by the LHCb
Collaboration [32].

Since the predicted mass of the DD bound state is lower
than the DD threshold, it will manifest itself as an
enhancement near the DD threshold, similarly as found
in Refs. [16,33]. For instance, a peak observed in the ¢w
threshold in the J/w — y¢w reaction [34] was interpreted
as the manifestation of the f(1710) resonance below the
¢w threshold [35]. In Ref. [36] the BESIII Collaboration
has seen a bump structure close to threshold in the K**K*0
mass distribution of the J/y — nK**K*° decay, which can
be interpreted as a signal of the formation of an #
resonance [37,38]. We expect there will be an enhancement
near the threshold in the DD invariant mass distribution in
the A, —» ADD decay. On the other hand, since the
w(3770), with a mass close to the DD threshold, mainly
decays into DD in the p wave, we will take into account the
contribution from the w(3770).

The paper is organized as follows: In Sec. II, we
introduce our model for the process A, — ADD.
Numerical results for the DD invariant mass distribution
and discussions are given in Sec. III, and a short summary
is given in the last section.

II. FORMALISM

In analogy to Refs. [39—43], the mechanism of the decay
A, = ADD (DD = D°D°, D*D™) can happen via three
steps: the weak decay, hadronization, and the final state
interaction. In the first step as depicted in Fig. 1, the b quark of
the initial A, weakly decays into a ¢ quark and a W~ boson,
followed by the W~ boson decaying into a ¢s quark pair,

1
Ap) = —=b(ud — du
As) = 5 blud = )
1 _
= V,,ccﬁs(ud— du) =V ,cCA, (1)

U > U
d > d
FIG. 1. The quark level diagram for the weak decay A, — Acc.

where we take the flavor wave functions A, =
b(ud — du)//2 and A = s(ud — du)/V/2, and V,, is the
strength of the production vertex that contains all dynamical
factors.

In order to give rise to the final state D°D°A (or
D*D™A), the quark ¢ and antiquark ¢ need to hadronize
together with the gg (=iu + dd + 5s) created from the
vacuum with JF€ = 07+, which could be expressed as the
mechanisms of the internal W~ emission and external W~
emission, respectively shown in Figs. 2(a) and 2(b). Thus,
we have

. - 1
H)" =V |c(iuu +dd +5s)cs —(ud — du

H =V, e Jes s ud = ) )
=V, (D°D° + D*D~ + D D;)A, (2)
for the internal W~ emission mechanism of Fig. 2(a), and
|H)* =V, x Cx D} DA, (3)
for the external W~ emission mechanism of Fig. 2(b). Here
the color factor C accounts for the relative weight of the
external W~ emission with respect to the internal W~

emission, and we take C = 3 in the case of color number
N, =3 [44-46].

U > U
d > d
(a)

C
W— S

b > >
G
s
u > u
d > d

(b)

FIG. 2. The mechanisms of (a) the internal W~ emission and
(b) the external W~ emission for the weak decay A, and the
hadronization of the c¢ through ggq created from the vacuum.
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The final states can also undergo the interaction of the
DD and AD, which may generate dynamically the reso-
nances. The interaction of the coupled channels including
AD was studied within a unitary coupled-channel approach
which incorporates heavy-quark spin symmetry, and two
resonances Z.(2790) and E.(2815) are identified as the
dynamically generated resonances [47]. Since their masses
are about 150-200 MeV below the AD threshold, their
contributions do not affect the structure close to the DD
threshold, which can be easily understood from the Dalitz
plot of Fig. 3. Thus, we neglect the AD interaction in this
work, because only the DD invariant mass distribution near
the threshold is relevant for the DD bound state.

The next step is to consider the final state interaction of
these channels to give D°D° (or D™ D™) at the end. We can
have the final states of D°D° (or D* D) through the direct
production in the A, decay, or the rescattering of the
primarily produced channels D°D°, D*D~, or D{ D5, as
shown in Figs. 4(a) and 4(b), respectively. Apart from the
three coupled channels D°D°, DT D, and D D5, we only
consider one light channel 75 to account for the width of the
DD bound state, as in Refs. [16—18,24].

Then, the total amplitudes for the A, — AD°D® and
A, = ADTD™ can be expressed as

S-wave — —
fr s ADODY — V,[1 +Gpip-tpip—popo

+ GDODUIDODO_,DODO

+ (14 C)Gpp-tps p-—popo) 4)

S-wave —
tAb—>AD+D_ — Vp[l + GD+D_tD+D_—>D+D_

+ Gpopotpopopp-
+ (1 + C)Gpip-tprp-—pp)s  (5)

where G, is the loop function for the two-meson propagator
in the /th channel,

0F £.(2815) 1
3600 - B
E 3400 | ]
=R
3
= 3200 | E
3000 - E
2800 fromrmremmseneesees Srremreneneeseseneeees Srereneeees 3
3600 3800 4000 4200 4400 4600
Mpp[MeV]
FIG. 3. The Dalitz plot for the A, — ADD. The green band

stands for the region of 3710-3740 MeV that the predicted DD
bound state lies in.

A
Ay
D'(D*)
D(D7)
(@)
A
D() D+
A (D7)
D()(Df)
()

FIG.4. Thedecays A, = AD°D°?and A, — AD* D", (a) direct
production, (b) the rescattering of the channels D°D°, D*D~,
or DI D;.

[ d'q 1 1
G =i i 2,0 2,7
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1672 2s m%

P (s 20y
Vs —s +mj —m} +2py/s
s+m%—m%+2p\/§>]

+1In
—s—m3 +m}+2py/s

with the subtraction constant a; = —1.3 (=1, 2, 3, 4
correspond to the channels D°D°, D*D~, D} D7, and nn,
respectively) and u = 1500 MeV as Ref. [15]. \/s = M
is the invariant mass of the two mesons in the /th channel.
my and m, are the masses of the two mesons in the /th
channel. In Eq. (6), p is the momentum of the meson in the
center of mass frame of the meson-meson system,

A2 (s, mi, m3)

P=Tos

with the Killen function A(x,y,z) = x> + y> + z% — 2xy —
2yz — 2zx.
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With the isospin doublets (D, —=D?), (D°, D7), we have,

ID*D") _%|DD,I—O,I3 —0)
+\}§|DD,I: 1,1, = 0), (8)

DOD0) _\%|DD,1_0,13 —0)
_%mb,z_ 1,15 = 0). (9)

Taking the averaged mass of D meson in Egs. (4) and (5),
it is easy to find that only the isospin / = 0 component of
the DD has the contribution to the A, — ADD process,'

Gpip-tprp-—pop0 + Gpopotpopo_, popo

_ _ =0

- GDDtDD—)DD’ (10)
Gpip-tprp-—pp- + Gpopotpopo_pp-

— _ =0

= Goplppopp- (11)

The scattering matrices f;,; in Eqgs. (4) and (5) are
obtained by solving the Bethe-Salpeter equation in coupled
channels,

t=[1-VG]7'v, (12)
where the elements of the diagonal matrix G are the loop
functions of Eq. (6), and the matrix element V;; is the
transition potential of the ith channel to the jth channel.
The transition potentials V; ; (i, j = D°D®, D"D~, D{ DY)
are tabulated in the Appendix A of Ref. [15]. We introduce
the potentials of ny — D°D° and nyp — D™D~ with a
dimensionless strength a = 50 to give the width of the
DD bound state, and the transition potentials of 7y — nn
and ny — D} Dy are not relevant and are taken as zero
[16-18,24]. Both the G, and ¢,_,; in Egs. (4) and (5) are the
functions of the DD invariant mass M pp.

The obtained modulus squared of the transition ampli-
tude |tp+p-_p+p-|* and |ty p-_ p+p-|* are shown in Fig. 5,
and one can find a peak around 3720 MeV, which could be
associated to the DD bound state. On the other hand,
from Fig. 5, the |tp+p-_p+p-|> is two times larger than
|tp+p-—p:p-|>, which indicates that the X(3700) state
couples mostly to DD channel.

In addition, we also take into account the decays A, —
AD®D® and A, - ADT D~ via the intermediate resonance
w(3770), which is depicted in Fig. 6. The amplitude can be

'One can also see this conclusion from Figs. 2(a) and (b), since
cc has isospin / = 0 and no has D,D,.

20 T T
—— D*D~ - DtD-
------ D+D~ — D+D;
16 |
e
S 12t
X
I8t
4
0 Lomemopmpommpmgmegrn /77 . BN s
3300 3400 3500 3600 3700 3800 900 4000
Mpp[MeV]
FIG. 5. The modulus squared of the transition amplitudes

ltpp-—pp-|* and |t p-_ p:p-|* calculated with Eq. (12).
A D(D")
Ay DO(D_)

¥(3770)

FIG. 6. The microscopic diagram for the decays A, — AD®D°
and A, - ADTD™.

written as

PV, X My, 3770)Pp

r-wave —
2 2 . T
Mg = My 3770) + iMy3770) Ty (3770)

. (13)

where the normalization factor V, is the same as the one in
Egs. (4) and (5), and we introduce the parameter f to
account for the relative weight of the y(3770) strength with
respect to the s-wave contribution of Egs. (4) and (5). pp is
the momentum of the D° (or D) in the rest frame of the
D°DP (or D*D™) system,

5 — A2(M2 L M3, M)

2M pp

(14)
We take the width for y(3770) energy dependent, which

is given by
/g2 2
~ M7, — 4M7,
Ly 3770) = Ty3770) ¥ ; —
\/ M.,/(3770) — 4M7,

with M,,3770) = 3773.7 MeV, T 3770) = 27.2 MeV, and
Mp = (Mp- + Mp)/2 = 1867.24 MeV [4].

(15)
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With the amplitudes of Egs. (4), (5), and (13), we
can write the differential decay width for the decays
A, = AD°D° and A, — AD* D",

dr PpoPAMAM ,

_ - 2 p-wave |2
_ — PoIPACATN (e 2 [ppvae2],(16)
dMDoDo (27[) MAb
dr _ i)D+pAMAMAb [Sowave|2 | |gp-wave|2 17
D™D ) My,
with

PA = . (Mf\b’ M%’ MZDD)
A 2M,,

(18)

Here we distinguish the masses of D° and D* when the
momenta ppo and pp+ are calculated with Eq. (14).

III. NUMERICAL RESULTS AND DISCUSSION

In our model, we have three free parameters, the global
normalization Vp, the color factor C, and . Vp is a global
factor and its value does not affect the shapes of the D°D°

1000 .
(a) total
— == p-wave
800 ------ s-wave
)
k=
=
—g 600
£ 400 |
=
=
~
S
200
O = 1 L L L L
3720 3750 3780 3810 3840 3870 3900
M popo[MeV]
900 .
(b) total
750 —- == p-wave |
Z
5 600 |
)
=
‘Q 450 +
5
~
< 300 |
~
S|
150 |
/\

0 L L L L
3720 3750 3780 3810 3840 3870 3900
Mp+p-[MeV]

FIG. 7. The D°D° (a) and D* D~ (b) invariant mass distribu-
tions of the processes A, — AD’D° and A, —» AD*D~. The
blue dashed curve shows the contribution from the meson-meson
interaction in the s wave, the green dash-dotted curve corresponds
to the results for the intermediate meson y(3770), and the red
solid curve shows the total contributions.

and DD~ invariant mass distributions. # represents the
relative weight of the y(3770) strength with respect to the
one of the s waves, and we take its value § = 0.15 to give
the contributions from the s-wave DD interaction and the
w(3770) with the same order of magnitude. Next, we show
the results with the color factor C = 3 and V, = 1, and will
present the results for different values of C and }.

We show the D°D? and D* D~ invariant mass distribu-
tions in Fig. 7. One can find a clear enhancement near the
D°DO threshold in the DD invariant mass distribution of
the A, — AD’DP, due to the presence of the X(3700)
resonance below the DD threshold. The enhancement
structure near the threshold is a little weaker for the
D™D~ invariant mass distribution of the A, - ADTD™,
because the D* D~ threshold is higher than the D°D° one
and farther away from the peak of X(3700).

In Fig. 8, we show the D°D® and D* D~ invariant mass
distributions with the different values of color factor
C = 3.0, 2.5, 2.0. One can find that the mass distributions
near the threshold do not change too much, since the value
of color factor C only affects the contribution from the
DDy loop of Fig. 4(b), which is smaller than the
contributions from the D*D~ and D°D°. On the other
hand, the s§ production in vacuum of Fig. 2(a) is slightly
suppressed with respect to the uiz and dd production, when
the effect of SU(3) breaking is taking into account.

1000

(a) — C=30
—me =25
_ 800 f C=2.0
z
E
E 600 |
2
£ 400 |
-
=
~
S|
200 |
0 L L L L L
3720 3750 3780 3810 3840 3870 3900
Mpopo[MeV]
900 ‘ ‘ ‘ ‘ ‘
(b) — C=30
—mm C=25
_ Ty C=20
£
£ 600 |
=
)
L 450 |
+
Q
S
< 300 F
=
=
=
150 |
0 L L L L L
3720 3750 3780 3810 3840 3870 3900
Mp+p-[MeV]
FIG. 8. The D°D° (a) and D* D~ (b) invariant mass distribu-

tions of the processes A, — AD°D® and A, - ADTD~ with
different values of C = 3.0, 2.5, 2.0.
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FIG. 9. The DD (a) and D* D~ (b) invariant mass distribu-
tions of the processes A, — AD°D® and A, - ADTD~ with
different values of g = 0.30, 0.15, 0.10.

However, the suppressed effect of the s5 production can be
absorbed by changing the value of C, which almost does
not affect the DD invariant mass distribution close to the
DD threshold.

We also present our results for the different values of
p =030, 0.15, 0.10 in Fig. 9. One can see that the
enhancement near the threshold will be identified difficultly
for the larger value of . Indeed, the y(3770) would
provide the dominant contribution for the A, — ADD
process; however, it is still expected to find an enhancement
near the DD threshold, especially the D°D° one, if the DD
bound state do exist, as predicted in Refs. [15,25].
Furthermore, since the w(3770) state couples to DD in
the p wave, the partial wave analysis of this reaction would
be helpful to test the existence of the DD bound state.

As we known, the absolute branching fraction is useful.
In our model, the exact value of V, is difficult to be
obtained even in terms of the effective Hamiltonian [48],
which inevitably introduces additional unknown parame-
ters. As we discussed in the introduction, the branching
fraction of this process is expected to be larger than the one

of A, - AKTK™, and could be precisely measurable by
the updated LHCb. At present, the LHCb Collaboration has
accumulated a large number of A, events, thus, we would
like to call the attention of the experimentalists to measure
the A, — ADD decay, which should be useful to confirm
the existence of X(3700) and to understand its nature.

IV. CONCLUSIONS

The study of the charmoniumlike states is crucial to
understand the heavy-hadron heavy-hadron interactions,
and also the internal structures of the hidden-charm states.
One DD bound state around 3700 MeV was predicted
within the coupled channel unitary approach [15], and also
the lattice investigation of the DD and DD, scattering
[24]. Although our previous studies on the ete™ —
J/wDD and yy — DD data support the existence of the
DD bound state, the other possibilities cannot be discarded
due to the present quality of the experimental data [18,24].
Investigating the processes involving the s-wave DD
system could provide the information about the existence
of the DD bound state.

In this paper, we have investigated the processes A, —
AD®D® and A, — AD*D~ within the coupled channel
unitary approach, by taking into account the s-wave meson-
meson interactions and the contribution from the inter-
mediate resonance (3770). The D°D® and D* D~ invari-
ant mass distributions in the A, — ADD reaction are
investigated, and our results show an enhancement struc-
ture near the DD threshold, which should be the reflection
of the DD bound state. Therefore, we strongly encourage
our experimental colleagues to measure the A, - ADD
process, which would be crucial to confirm the existence
the X(3700) resonance, and to understand the heavy-
hadron heavy-hadron interactions.
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