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We search for a B decay mode where one can find a peak for a DD̄ bound state predicted in effective
theories and in lattice QCD calculations, which has also been claimed from some reactions that show an
accumulated strength inDD̄ production at threshold. We find a good candidate in the Bþ → Kþηη reaction,
by looking at the ηη mass distribution. The reaction proceeds via a first step in which one has the Bþ →
D�þ

s D̄0 reaction followed byD�þ
s decay toD0Kþ and a posterior fusion ofD0D̄0 to ηη, implemented through

a triangle diagram that allows theD0D̄0 to be virtual and to produce the bound state. The choice of ηη to see
the peak is based on results of calculations that find the ηη among the light pseudoscalar channels with
stronger coupling to theDD̄ bound state.We find a neat peak around the predicted mass of that state in the ηη
mass distribution, with an integrated branching ratio for Bþ → Kþ (DD̄, bound); (DD̄, bound)→ ηη of the
order of 1.5 × 10−4, a large number for hadronic B decays, which should motivate its experimental search.

DOI: 10.1103/PhysRevD.108.054004

I. INTRODUCTION

The search for hadronic states in the charm sector and the
description of their structure is attracting much attention
recently as evidenced by the large number of review papers
devoted to the subject [1–10]. We mention two examples:
the state Xð3872Þ couples strongly to D�D̄, and it is a
subject of debate concerning its nature as a D�D̄ molecule
or a compact tetraquark state [11]; and the Tccð3875Þ
[12,13], coupling strongly to DD�, is also thought to be a
DD� molecule state, but other opinions have also been
given (see list of references in [14]). Taking advantage of
this wave of enthusiasm on this subject we want to come
back to a recurrent problem, the possible existence of aDD̄
bound state, proposing a method to find it experimentally.
The state was predicted studying the meson-meson inter-
action in the charm sector in [15] and was bound about
20 MeV. The state was confirmed in posterior theoretical

studies [16,17]. More recently it was also found in lattice
calculations [18].
Several works have tried to see experimental evidence

for its existence. Since a DD̄ bound state cannot decay into
meson states containing cc̄, evidence for its existence has
been searched for in the DD̄ distribution close to the
threshold in several reactions. In [19] support for its
existence was found in the eþe− → DD̄ reaction looking
at the DD̄ spectrum close to the threshold. An updated
experimental work for this reaction was done in [20] and,
again, support for theDD̄ state from this reaction and γγ →
DD̄ was claimed in [21,22]. A more refined theoretical
work of these two latter reactions was done in [23] claiming
evidence for this bound state. In [24] three reactions were
proposed to observe this bound state, but they have not yet
been implemented. In [25,26] it was suggested to be found
in the ψð3770Þ radiative decay, ψð3770Þ → γD0D̄0, and in
[27] in the Bþ → D0D̄0Kþ and B0 → D0D̄0K0 decays,
looking in both cases for the D0D̄0 mass distribution close
to threshold.
In the present work we propose a different reaction, the

Bþ → Kþηη, looking for the ηη invariant mass distribution
where a peak is being expected. The reason to propose this
reaction is twofold. Among the light pairs of light pseu-
doscalar mesons into which this state could decay, the ηη
channel stands as one of the most important. On the other
hand, in the PDG [28] one finds that the reaction Bþ →
D�þ

s D̄0 has a very large branching fraction for a Bþ decay,
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of the order of 10−2. It might seem that this decay has
nothing to do with the Kþηη decay, but we will show
that a triangle diagram with Bþ → D�þ

s D̄0 followed by
D�þ

s → D0Kþ, and fusion of D̄0D0 to produce the DD̄
bound final state, with its posterior decay to ηη, has a
reasonable large branching fraction which would make this
decay easily accessible.
The DD̄ bound state with isospin I ¼ 0 looks now more

acceptable after the discovery of the Tccð3875Þ, but from
the theoretical point of view, it resembles very much the
f0ð980Þ, which couples strongly to KK̄, that has been
obtained within the chiral unitary approach [29–35]. Since
a general rule is that the binding of states becomes larger
when going from lighter to heavier quarks with the same
configuration [36], the existence of the DD̄ bound state
seems unavoidable, and with this conviction we propose
the new reaction with the Bþ → Kþηη decay which is
accessible by the LHCb and Belle Collaborations.

II. FORMALISM

The idea is to find an efficient mechanism to produce ηη
at the end. For this purpose it is not necessary to produce ηη
in a first step in a B decay. Instead, the idea is to produce
DD̄ since this is the main component of theDD̄ bound state
and ηη is only one decay channel. Yet, it is convenient to
have three particles in the final state because this allows one
to have different values for the invariant mass of any pair; in
particular, we can have an ηη invariant mass distribution
and observe the peak of the DD̄ bound state. The idea is
then to produce one particle and DD̄. Then the DD̄ can
interact, producing the DD̄ bound state. One way to
accomplish it is to produce D�þ

s D̄0, let D�þ
s decay to

KþD0, and then we have the pair D0D̄0 to interact and
proceed via DD̄ → ηη.
The choice of the first step is most welcome since the

process proceeds via the most Cabibbo favored mode for a
B decay, with external emission, as shown in Fig. 1 for the
complex conjugate B− → D�−

s D0 reaction. This favors a

large rate of this decay mode, and one finds the branching
fraction [28],

Br½Bþ → D�þ
s D̄0� ¼ ð7.6� 1.6Þ × 10−3: ð1Þ

This is a big rate for a B decay, which necessarily
involves a suppressed Cabibbo transition b → c. The next
step after the D�þ

s D̄0 production is to allow the D�þ
s decay

to D0Kþ (virtually) and then proceed with the D0D̄0

transition to ηη, where the peak of the bound state would
show up. This process is depicted in Fig. 2, through a
triangle diagram, which, however, does not develop a
triangle singularity [37], since D�þ

s → D0Kþ is kinemat-
ically forbidden and one cannot place the three intermediate
particles on shell [38].
We take the meson masses from the PDG [28],

mBþ ¼ 5279.34 MeV; mη ¼ 547.862 MeV;

mD0 ¼ 1864.84 MeV; mKþ ¼ 493.677 MeV; and

MD�þ
s

¼ 2112.2 MeV: ð2Þ

A. B+ decay to D� +
s D̄0

In the diagram of Fig. 2 we have a vertex D�þ
s → KþD0

which one can obtain from a standard Lagrangian, the
D0D̄0 → ηη scattering amplitude that one takes from [24]
and the Bþ → D�þ

s D̄0 transition, determined from the
experiment as described below.
The Bþ → D�þ

s D̄0 vertex has the typical structure of a
vector coupling to two pseudoscalars as follows:

t1 ¼ CϵμðPþ qÞμ; ð3Þ

where ϵμ is the polarization vector of the D�þ
s and C is the

coupling constant.
The Bþ → D�þ

s D̄0 width is given by

Γ½Bþ → D�þ
s D̄0� ¼ 1

8π

1

m2
B

X
pol

jt1j2q; ð4Þ

FIG. 1. Cabibbo favored process for a B decay, with external
emission at the quark level.

FIG. 2. Mechanism producing ηη through the rescattering of
D0D̄0.
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with

q ¼ λ1=2ðm2
B;m

2
D̄0 ; m2

D�
s
Þ

2mB
: ð5Þ

After some algebra, we obtain

X
pol

jt1j2 ¼ C2
X
pol

ϵμðPþ qÞμϵνðPþ qÞν

¼ 4C2

�
mB

mD�
s

�
2

q⃗2; ð6Þ

then the branching fraction can be written as

Br½Bþ → D�þ
s D̄0� ¼ Γ

ΓB
¼ 1

ΓB

1

2π
C2

q3

m2
D�

s

; ð7Þ

and using Eq. (1) we find

C2

ΓB
¼ 2πm2

D�
s

q3
ð7.6� 1.6Þ × 10−3 ¼ 0.00537 MeV−1: ð8Þ

B. Loop evaluation

We now evaluate the amplitude for the Kþηη triangle
diagram of Fig. 2. We construct the D�þ

s → D0Kþ vertex
by using the effective Lagrangian

LVPP ¼ −igh½P; ∂μP�Vμi; ð9Þ

where g ¼ mv
2fπ

, mv ¼ 800 MeV, fπ ¼ 93 MeV, and P, V
are the qq̄ matrices with u, d, s quarks, written in terms of
pseudoscalar (P) or vector mesons (V) as

P ¼

0
BBBBBB@

π0ffiffi
2

p þ ηffiffi
3

p þ η0ffiffi
6

p πþ Kþ D̄0

π− −π0ffiffi
2

p þ ηffiffi
3

p þ η0ffiffi
6

p K0 D−

K− K̄0 − ηffiffi
3

p þ
ffiffi
2
3

q
η0 D−

s

D0 Dþ Dþ
s ηc

1
CCCCCCA
;

ð10Þ

Vμ ¼

0
BBBBBB@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K�þ D̄�0

ρ− −ρ0ffiffi
2

p þ ωffiffi
2

p K�0 D�−

K�− K̄�0 ϕ D�−
s

D�0 D�þ D�þ
s J=Ψ

1
CCCCCCA

μ

; ð11Þ

where we have taken the ordinary η − η0 mixing of
Ref. [39]. The symbol h� � �i in Eq. (9) denotes the trace
in SUð4Þ. Note, however, that by using Eqs. (9)–(11) one is
only making use of the qq̄ character of the meson [40].
We find for this vertex

−it2 ¼ −igϵμ½ð2k − Pþ qÞμ�; ð12Þ

where the momenta are chosen according to Fig. 2. Then,
the loop amplitude is given by

−itL ¼
Z

d4q
ð2πÞ4 ð−iÞCϵ

μ½ðPþ qÞμ�gð−iÞϵν½ð2k − Pþ qÞν�

× ð−iÞtD0D̄0;ηηðMinvðηηÞÞ ×
i

q2 −m2
D0 þ iϵ

×
i

ðP − qÞ2 −m2
D�

s
þ iϵ

×
i

ðP − q − kÞ2 −m2
D0 þ iϵ

;

ð13Þ

where MinvðηηÞ is the invariant mass of the ηη system. By
doing the sum over polarizations for the vector meson D�

s
we get

X
ϵμ½ðPþqÞμ�ϵν½ð2k−PþqÞν�

¼
�
−gμνþðP−qÞμðP−qÞν

m2
D�

s

�
ðPþqÞμð2k−PþqÞν

¼m2
B−q2−2Pk−2kq

þ 1

m2
D�

s

½ðm2
B−q2Þð2Pk−2kq−m2

B−q2þ2PqÞ�: ð14Þ

We perform the q0 integration analytically using
Cauchy’s residues. For this purpose we use

1

q2−m2
D0 þ iϵ

¼ 1

2wDðqÞ
�

1

q0−wDðqÞþ iϵ
−

1

q0þwDðqÞ− iϵ

�
; ð15Þ

and keep only the positive energy part because we are
dealing with heavy particles that propagate mostly with
positive energy, as one can induce from the diagram of
Fig. 2. We do this choice for the three propagators. The
Cauchy integration picks up the pole q0 ¼ wD0ðqÞ. As a
consequence, we obtain the loop amplitude
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tL ¼
Z

d3q
ð2πÞ3 Cg½−m

2
D0 −m2

K þM2
invðηηÞ − 2wKðkÞwDðqÞ þ 2k⃗ · q⃗

þ 1

m2
D�

s

ðm2
B −m2

D0Þðm2
K −m2

D0 −M2
invðηηÞ − 2wKðkÞwDðqÞ þ 2k⃗ · q⃗þ 2mBwDðqÞÞ�

× tD0D̄0;ηηðMinvðηηÞÞ ×
1

2wDðqÞ
×

1

2wD�
s
ðqÞ ×

1

2wDðkþ qÞ

×
1

mB − wDðqÞ − wD�
s
ðqÞ þ iϵ

×
1

mB − wDðqÞ − wKðkÞ − wDðkþ qÞ þ iϵ
FHQSΘðqmax − jq⃗�jÞ; ð16Þ

with

k ¼ λ1=2ðm2
B;m

2
K;M

2
invðηηÞÞ

2mB
; ð17Þ

where we have used

ðP − kÞ2 ¼ M2
invðηηÞ;

2Pk ¼ m2
B þm2

K −M2
invðηηÞ;

2kq ¼ 2wKðkÞwDðqÞ − 2k⃗ · q⃗;

2Pq ¼ 2mBwDðqÞ: ð18Þ

In Eq. (16) we have the factor FHQS given by

FHQS ¼
mD�

s

mK�
; ð19Þ

which stems from consideration of heavy quark spin
symmetry [41] to obtain the correct width of the D� →
Dπ decay. On the other hand, the factor Θðqmax − jq⃗�jÞ
comes from the way that we regularize the loops in our t
amplitudes with the cutoff method. Indeed, in Ref. [42] it
was found that the T matrix evaluated in the form
T ¼ ½1 − VG�−1V with the G function regularized with a
cutoff, qmax, was equivalent to starting with a separable
potential

Vðq;q0Þ ¼ Θðqmax − jqjÞΘðqmax − jq0jÞV; ð20Þ

with

G ¼
Z
jqj<qmax

d3q
ð2πÞ3

w1ðqÞ þ w2ðqÞ
2w1ðqÞw2ðqÞ

×
1

s − ðw1ðqÞ þ w2ðqÞÞ2 þ iϵ
ð21Þ

with wiðqÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i þ q⃗2
p

. We take qmax ¼ 750 MeV as
suited in the study of Ref. [43]. Equation (20) automatically
implies that the t matrix has the structure

Tðq;q0Þ ¼ tΘðqmax − jqjÞΘðqmax − jq0jÞ: ð22Þ

Since qmax regulates the DD̄ loops in their rest frame, we
must take the factor Θðqmax − jq⃗�jÞ where q⃗� is the D̄0

momentum in the rest frame of ηη given by [38]

q⃗� ¼
��

ER

MinvðηηÞ
− 1

�
q⃗ · k⃗

k⃗2
þ wD0ðqÞ
MinvðηηÞ

�
k⃗þ q⃗; ð23Þ

with

ER ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

invðηηÞ þ k⃗2
q

: ð24Þ

Now the integral only depends on jk⃗j, and hence on
MinvðηηÞ.
The matrix elements for the DD̄ → j transition are

obtained using the Bethe-Salpeter equation T ¼
½1 − VG�−1V in coupled channels in Ref. [24], but since
the couplings of the state to the DD̄ bound state are
calculated there, we directly take the tD0D̄0;ηη transition
amplitude from this reference and write it with a Breit-
Wigner form as

tD0D̄0;ηηðMinvðηηÞÞ ¼
gD0D̄0gηη

M2
invðηηÞ −m2

D0D̄0 þ imD0D̄0ΓD0D̄0

;

ð25Þ

with the relevant quantities given by [24]

gD0D̄0 ¼ ð5962þ i1695Þ MeV;

gηη ¼ ð1023þ i242Þ MeV;

mDD̄jb ¼ 3722 MeV ðfor the bound stateÞ;
ΓDD̄jb ¼ 36 MeV: ð26Þ

Finally, the differential mass distribution for the ηη
system is given by

dΓ
dMinvðηηÞ

¼ 1

ð2πÞ3
1

4m2
B
kP̃ηjtLj2; ð27Þ
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where P̃η is the momentum of η in the ηη rest frame,

P̃η ¼
λ1=2ðM2

invðηηÞ; m2
η; m2

ηÞ
2MinvðηηÞ

: ð28Þ

III. RESULTS

In Fig. 3 we show the results of RT ¼ 1
ΓB

dΓ
dMinv

. We make
use of the value of the ratio C2

ΓB
from Eq. (8); hence, we can

predict not only the shape of the mass distribution but also
its strength. We indeed find in Fig. 3 a neat peak around the
mass of the DD bound state with the width predicted
in Ref. [24].
To find the feasibility of this experiment we integrate

RT over MinvðηηÞ to get the strength of the peak as
1
ΓB

R
dΓ

dMinvðηηÞ dMinvðηηÞ, and we obtain the following value

for the branching ratio of the reaction Bþ → KþDD̄jb;
DD̄jb → ηη, where DD̄jb means the DD̄ bound state,

B½Bþ → KþDD̄jb;DD̄jb → ηη� ¼ 1.47 × 10−4: ð29Þ

Taking into account that most of the hadronic branching
fractions reported in the PDG are of the order of 10−4 or
smaller, with some branching ratios of the order of 10−7,
this branching ratio is relatively big and could easily be
observed in experiments. This result can only encourage
experimental teams to perform this measurement that
would show for the first time the peak associated with
the DD̄ bound state.

IV. CONCLUSIONS

We have studied the reaction Bþ → Kþηη with the aim
of finding a peak in the ηη mass distribution corresponding

to a DD̄ bound state that has been predicted by several
theoretical frameworks, in lattice QCD simulations, and has
also been claimed to exist from the observation of a
concentration of strength around the DD̄ threshold in
reactions producing DD̄ in the final state.
To maximize the chances of observation we have

selected a reaction that in a first step produces a DD̄
which is allowed to interact and produce the ηη at the end.
The reaction chosen is Bþ → D�þ

s D̄0, which has a large
branching fraction for a B hadronic decay, of the order of
10−2. The D�þ

s decays to D0Kþ and the D0D̄0 interact and
produce the ηη. Technically the combined process is
evaluated by means of a triangle diagram where the DD̄
are virtual, a necessary condition to produce the DD̄ bound
state. The choice of ηη being produced by the D0D̄0

interaction is motivated because the DD̄ bound state only
decays in light meson pairs, where the cc̄ quarks have been
annihilated. From previous calculations one knows that the
ηη channel is one of the light pseudoscalar channels that
couples most strongly to the DD̄ bound state.
With this promising scenario we have evaluated the ηη

mass distribution for the Bþ → Kþηη decay, and we have
found indeed a clear peak around the predicted mass of the
DD̄ bound state. Then we have integrated the mass
distribution and found a branching fraction for Bþ →
Kþ (DD̄, bound); (DD̄, bound) → ηη of the order of
1.5 × 10−4. This is a relatively large branching fraction for
a B decay, which should encourage its search to finally find
a peak for this much searched for state.
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Note added.—While sending the paper to the Inspire web, a similar paper [44] appeared there dealing with a similar
reaction, B− → K−ηηc decay. While the reaction is also promising, the method and formalism used in [44] are different, and
no absolute rate is predicted. This latter reaction is also studied in [45] and branching ratios of the order of 10−4 are
predicted.
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