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We perform a theoretical study of the Bþ → DþD−Kþ, B0 → DþD−K0 and Λb → DþD−Λ reactions
by looking at the production mechanisms, with special emphasis in the final state interaction of the
charmed mesons, which gives rise to the Xð3930Þ, coupling strongly to DsD̄s, and another state that we
call Xð3700Þ, coupling strongly toDD̄ that qualifies as aDD̄ bound state. The combined study of all these
reactions shows that the final state interaction responsible for the production of these resonances is more
important in the Bþ → DþD−Kþ reaction than in the Λb → DþD−Λ one. We have taken this into account
and shown that normalizing the DþD− mass distributions to the same value at the peak of the ψð3770Þ
production, the two mass distributions are quite different in a range of 10 MeVabove theDþD− threshold,
with a value about an order of magnitude bigger for the Bþ → DþD−Kþ reaction than for the Λb →
DþD−Λ one. The DþD− mass distribution by itself also shows an enhancement of about one order of
magnitude in the presence of the Xð3700Þwith respect to a calculation where this resonance is absent. We
make a call to measure these magnitudes in the coming LHCb upgrades, which would bring great support
to the existence of the bound DþD− state.

DOI: 10.1103/6w2t-tpmv

I. INTRODUCTION

A DD̄ bound state in isospin I ¼ 0 was predicted in
Ref. [1] using chiral dynamics, and has been posteriorly
confirmed in other independent theoretical works [2,3]. This
state would be the analog of the f0ð980Þ, which stems from
the interaction of ππ and KK̄ originated by chiral dynamics
[4,5], and can be considered as a KK̄ bound state, some-
thing already suggested in Ref. [6]. Since the strength of the
interaction is bigger in analog states containing heavier

quarks [7–9], it is intuitive to expect that a corresponding
bound DD̄ state should also exist.
Lattice QCD calculations in Ref. [10] led to the con-

clusion that there were bound states for DD̄ and DsD̄s. A
reanalysis of those lattice data done in Ref. [11] reached the
same conclusions. But further work along these lines has
claimed a weaker attraction [12]. All these calculations are
still done at relatively large pion masses, and the results
depend somewhat on the coupled channels used in the
analysis of the lattice data. The line of work is very useful
and one expects to have more compelling results in the
future.
After the work of Ref. [10] finding a DsD̄s bound state,

the work of Ref. [1] was reanalyzed in Ref. [13] from the
modern perspective given by the extension to the charm
sector [14,15] of the local hidden gauge approach [16–19].
It was found that the dynamics generated simultaneously a
state around 3700 MeV, coupling mostly to DD̄, and a state
around 3930 MeV, coupling mostly to DsD̄s, which was
identified with the Xð3930Þ seen in the DþD− mass
distribution in the Bþ → DþD−Kþ decay [20,21]. It was
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also shown that the state produces an enhancement in the
Dþ

s D−
s mass distribution close to threshold which is

compatible with the LHCb observation in the Bþ →
Dþ

s D−
s Kþ reaction [22]. It is well known that a state lying

below a hadron-hadron threshold and coupling strongly to
that hadron-hadron component leads to a significant
enhancement in the production cross section of this com-
ponent in different reactions [23]. Hence, there is a clear
evidence for the Xð3930Þ state and its strong coupling to
DsD̄s. The coupled channel analysis of Ref. [13] showed
that the existence of the DsD̄s bound state had as a
consequence the existence of a DD̄ state.
There are other works that also predict a DD̄ state using

different phenomenological models [24–28], and QCD sum
rules also predict the existence of the two states within
typical uncertainties of the method [29].
Numerous reactions had been proposed to observe the

DD̄ state. In Ref. [30] the radiative decay of ψð3770Þ was
suggested to observe this state, and a more elaborate
description of the process was done in Ref. [31]. Three
different methods were suggested in Ref. [32], and looking
for the decay of that state into γJ=ψ was suggested in
Ref. [33]. In Ref. [34] it was suggested to look for that state
in the Λb → DD̄Λ process. In Refs. [28,35] the investiga-
tion of the two states in Bþ → XKþ decays was also
suggested. A different process was proposed in Ref. [36] to
see the DD̄ bound state, looking for the Bþ decay to Kþηη,
taking into account the decay of that state into light
pseudoscalars which was investigated in Ref. [32]. A similar
strategy was also suggested in Ref. [37], but looking at the
ηηc decay. In Ref. [38] the production of theDD̄ state in pp
and pp̄ reactions was also proposed. The study with
femtoscopic correlation functions has also been suggested
as a method to see the DD̄ bound state in Ref. [39].
With so much study on these states and so many

suggestions to see the elusive DD̄ state, the experimental
situation is still unclear. Some hints of the production of the
state were observed in the eþe− → J=ψDD̄; J=ψDD̄�

reactions in Ref. [40]. The eþe− → J=ψDD̄ reaction was
further studied in Ref. [41], comparing to better data from
Ref. [42], and the presence of the DD̄ bound state was
favored to interpret the data which observed a broad peak
close to the DD̄ threshold. Further support for the existence
of theDD̄ state was found in Ref. [43] from the study of the
γγ → DD̄ reaction of the Belle [44] and BABAR [45]
collaborations, and a further study of that reaction done
in Ref. [46] claimed evidence for the DD̄ bound state.
With that situation, and the obvious interest that the issue

has raised in the scientific community, we retake the
problem and study simultaneously the Bþ → DþD−Kþ,
B0 → DþD−K0 and Λb → DþD−Λ reactions, measured
with relatively good precision by the LHCb collaboration in
Refs. [20,47,48], to make conclusions on the subject and

suggest further specific experimental measurements that
would allow more firm conclusions to be reached.

II. FORMALISM

A. Λb → D+D −Λ reaction

Our work follows closely the study of Ref. [34], but we
use the DD̄ and DsD̄s interactions from the work of
Ref. [13] based on the extension to the charm sector of
the local hidden gauge approach [16–19], instead of the
model of Ref. [1] used in Ref. [34]. The other modification
is in the treatment of the ψð3770Þ excitation. After the work
of Ref. [34], where predictions were made, there have been
data for the reaction from the LHCb collaboration in
Ref. [47] and we can compare our result with these data.
We describe below the Λb → DþD−Λ reaction at the

quark level. To have the particle in the final state, we need to
hadronize one pair of quarks, and we have two topologies
contributing to the process, described in Figs. 1 and 2.
One should keep in mind that the Λb wave function is given
by [49]

ψΛb
¼ 1ffiffiffi

2
p bðud − duÞχMA;

where χMA denotes the mixed antisymmetric spin
wave function and the Λ hyperon has overlap with the
sðud − duÞχMA component.
After the hadronization of the cu (or cd) quarks with an

s̄s pair in external emission in Fig. 1, we obtain the
component D−

s Dþ
s Λ, up to a global factor denoted by A,

which is to be determined from the experimental data. In

FIG. 1. External emission and hadronization of the cu (or cd)
component.

FIG. 2. Internal emission and hadronization of the cc̄ pair.

REN, LI, LIANG, XIAO, and OSET PHYS. REV. D 114, 074020 (2026)

074020-2



Fig. 2, we have internal emission and we hadronize the cc̄
pair, which gives

cc̄ →
X
i

cq̄iqic̄ ¼
X
i

P4iPi4 ¼ ðP2Þ44

¼ D0D̄0 þDþD− þDþ
s D−

s ; ð1Þ

where P is the qq̄ matrix written in terms of physical
pseudoscalar mesons that we write below

P ¼

0
BBBBBBB@

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 2η0ffiffi
6

p D−
s

D0 Dþ Dþ
s ηc

1
CCCCCCCA
;

ð2Þ

where the η − η0 mixing of Ref. [50] has been used.
Neglecting terms with η0 and ηc which do not play a role
here, Eq. (1) and the other three quarks lead to the
hadronized component

1ffiffiffi
2

p sðud − duÞðD0D̄0 þDþD− þDþ
s D−

s Þ; ð3Þ

and the 1=
ffiffiffi
2

p
sðud − duÞ three quark component has the

same overlap with the physical Λ state as with the
mechanism of Fig. 1. However, internal emission is color
suppressed [51], and then we give a weight Aβ to this
mechanism, having in mind that β ≃ 1=3.
Altogether, the two mechanisms of Figs. 1 and 2 give rise

after the weak decay to the hadronic components,

H ¼ fAð1þ βÞDþ
s D−

s þ AβðDþD− þD0D̄0ÞgΛ: ð4Þ

Our isospin phase convention for the multiplets is
ðDþ;−D0Þ, ðD̄0; D−Þ. Hence the I ¼ 0 DD̄ state is

jDD̄; I ¼ 0i ¼ 1ffiffiffi
2

p ðjDþD−i þ jD0D̄0iÞ; ð5Þ

and we see that the contribution of states inH of Eq. (4) has
I ¼ 0. We should note that inH we have the termsDþ

s D−
s Λ

and D0D̄0Λ that do not correspond to the DþD−Λ final
state that we want to study. However, they can give
contributions through final state interaction as shown
in Fig. 3.
Analytically, the terms of Fig. 3 give rise to a transition t

matrix for Λb → DþD−Λ,

tΛb
¼ Aβ þ AβGDD̄ðMDþD−ÞtDD̄;DD̄

þ 1ffiffiffi
2

p Að1þ βÞGDsD̄s
ðMDþD−ÞtDsD̄s;DD̄; ð6Þ

where GDD̄, GDsD̄s
are the loop functions of DD̄ and

DsD̄s, respectively, appearing in the contribution of the
t matrix tDD̄;DD̄, tDsD̄s;DD̄ with the Bethe-Salpeter equation
T ¼ ½1 − VG�−1V, with V the transition potentials between
the coupled channels. We follow strictly the steps of
Ref. [13] to calculate G and T.

B. ψð3770Þ contribution
In the experiment of Ref. [47], a clear signal for ψð3770Þ

excitation is seen in theDþD− spectrum close to theDþD−

threshold. We depict this contribution in Fig. 4.
The ψð3770Þ decays intoDþD− in P-wave, and the p̃Dþ

momentum is explicitly incorporated in Ref. [34]. Here we
include the full structure from the two vertices, although,
given the small interference of this term with the others,
the precise structure is not very important. The ψð3770Þ →
DþD− vertex gives us ϵμðpDþ − pD−Þμ and the Λb →
Λψð3770Þ vertex that goes as γμϵμ, for large mass of
the baryons and up to a global normalization, can be
parametrized as for the mesons, like ϵνðPΛb

þ pΛÞν. This
form allows to get a simple formula in terms of the
invariant masses shown in Ref. [52]. Labeling the particles

(a) (b) (c)

FIG. 3. Terms contributing to the Λb → DþD−Λ decay: (a) tree level; (b) rescattering of DþD− and D0D̄0; (c) rescattering of Dþ
s D−

s .

FIG. 4. Diagram for Λb → Λψð3770Þ and ψð3770Þ → DþD−

processes.
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as D−ð1Þ, Dþð2Þ, Λð3Þ, we obtain an easy structure for the
ψð3770Þ excitation as

tψ ¼ Aγ
M2

23 −M2
13

M2
DD̄ −M2

ψ þ iMψΓψ
; ð7Þ

with γ an unknown constant to be obtained from the data.
To evaluate the DþD− mass distribution (M12), we use the
formula in Particle Data Group (PDG) [53] accommodated
to the field normalization for baryons of Ref. [54],

dΓ
dM12dM23

¼ 1

ð2πÞ3
1

32M3
Λb

2M122M232MΛb
2MΛjtðtotÞΛb

j2;

ð8Þ

where

tðtotÞΛb
¼ tΛb

þ tψ : ð9Þ

In order to get dΓ=dM12, we integrate Eq. (8) over M23

with the limits of the PDG [53].

C. B+ → D +D −K + decay

The reaction has been analyzed in the LHCb work of
Ref. [20]. We proceed to describe it at the quark level as in
the previous section II A. In Fig. 5 we show the mechanism
of external emission with hadronization of the cū pair. This
hadronization utilizes Eq. (2) to yield

cū →
X
i

cq̄iqiū ¼
X
i

P4iPi1 ¼ ðP2Þ41; ð10Þ

and hence we get the hadronic component

H̃0 ¼ D−
s

�
D0

�
π0ffiffiffi
2

p þ ηffiffiffi
3

p
�
þDþπ− þDþ

s K−
�
; ð11Þ

with translated to the Bþ decay is

H0 ¼ Dþ
s

�
D̄0

�
π0ffiffiffi
2

p þ ηffiffiffi
3

p
�
þD−πþ þD−

s Kþ
�
: ð12Þ

Only the Dþ
s D−

s Kþ term can lead to the final state
DþD−Kþ through final state interaction.
We can also have the hadronization of the c̄s pair in the

external emission as shown in Fig. 6. Following the same
steps as before we have now

sc̄ →
X
i

sq̄iqic̄ ¼
X
i

P3iPi4 ¼ ðP2Þ34; ð13Þ

and we obtain

H̃00 ¼ D0

�
D̄0K− þD−K̄0 −

1ffiffiffi
3

p D−
s η

�
; ð14Þ

with translated to Bþ decay gives

H00 ¼ D̄0

�
D0Kþ þDþK0 −

1ffiffiffi
3

p Dþ
s η

�
: ð15Þ

Here the only good component is D0D̄0Kþ, which upon
final state interaction will produce DþD−Kþ.
There is another way to reach the desired final state with

the mechanism of internal emission, as shown in Fig. 7.
Once again we hadronize the cc̄ pair leading to the ðP2Þ44
combination, which translated to Bþ decay gives the
hadronic combination

H000 ¼ Kþ½D̄0D0 þD−Dþ þD−
s Dþ

s �; ð16Þ

and now the DþD−Kþ component contributes to tree level
and all the terms through rescattering. Then we give a
weight A0 to the mechanism of Figs. 5 and 6 with external
emission and a weight A0β to the mechanism of Fig. 7 with
internal emission,1 such that the final hadronic components
relevant to in the Bþ decay are given by

H ¼ Kþ½A0βDþD− þA0ð1þ βÞD0D̄0 þA0ð1þ βÞDþ
s D−

s �:
ð17Þ

FIG. 5. External emission in B− → D−
s cū followed by cū

hadronization.
FIG. 6. External emission for B− decay with hadronization of
the c̄s pair.

1As discussed in Ref. [55], the mechanisms of Figs. 5 and 6 do
not have to have the same weight in principle, but a fit to data of
different B decays showed that the weights could be equal within
errors. We take equal weights here.
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D. B0 → D +D −K0 decay

For B0 → DþD−K0 decay, the procedure is identical,
with a small change in the particles produced. We have first
external emission, shown in Fig. 8, with cd̄ for B̄0 decay.
This mechanism gives rise to D−

s Dþ
s K̄0 to which we give a

weight. Since the number of counts in the experiment is
much smaller than for Bþ decay, we must give these terms a
different weight, which we call A00. Next we have the
mechanism of Fig. 9, also with external emission, to which
we give a weight A00, as before. The c̄s pair hadronizes as

sc̄ →
X
i

sq̄iqic̄ ¼
X
i

P3iPi4 ¼ ðP2Þ34

→ Dþ
�
K−D̄0 þ K̄0D− −

1ffiffiffi
3

p ηD−
s

�
; ð18Þ

with translated to B0 decay will be

H̄0 ¼ D−
�
KþD0 þ K0Dþ −

1ffiffiffi
3

p ηDþ
s

�
; ð19Þ

and only the DþD−K0 term will be operative.
Then we have the internal emission shown in Fig. 10,

which hadronizes the cc̄ pair as

cc̄ →
X
i

cq̄iqic̄ ¼
X
i

P4iPi4 ¼ ðP2Þ44

→ K̄0½D0D̄0 þDþD− þDþ
s D−

s �; ð20Þ

with translated to B0 decay gives

H̄00 ¼ K0½D0D̄0 þDþD− þDþ
s D−

s �; ð21Þ

to which we give a weight A00β. The sum of contributions
for B0 from the three mechanisms of Figs. 8, 9, 10 gives

H̄ ¼ K0½A00ð1þ βÞDþD− þA00βD0D̄0 þA00ð1þ βÞDþ
s D−

s �:
ð22Þ

In addition, we will also have the contribution of the
explicit excitation of the ψð3770Þ which is depicted in
Fig. 11. In this case, the vertices are ϵμðpDþ − pD−Þμ and
ϵνðPB þ pKÞν, and the contribution of the term is given by
t0ψ and t00ψ for Bþ and B0 decays respectively, with

t0ψ ¼ A0γðM2
23 −M2

13Þ
M2

DD̄ −M2
ψ þ iMψΓψ

;

t00ψ ¼ A00γðM2
23 −M2

13Þ
M2

DD̄ −M2
ψ þ iMψΓψ

: ð23Þ

Since the ψð3770Þ has isospin I ¼ 0, the BKψð3770Þ
vertex is the same for Bþ → Kþψ and B0 → K0ψ .
Next we must proceed to implement final state inter-

action, which is shown diagrammatically in Fig. 12 for Bþ

and B0 decays, respectively. Analytically the diagrams in
Fig. 12 translate into

FIG. 7. Mechanism of internal emission for B− decay with
hadronization of the cc̄ pair.

FIG. 8. External emission for B̄0 decay with cd̄ hadronization
to Dþ

s K̄0.

FIG. 9. External emission for B̄0 decay with c̄s hadronization.

FIG. 10. Mechanism for B̄0 decay from internal emission and
cc̄ hadronization.

FIG. 11. Direct excitation of the ψð3770Þ state in the Bþð0Þ
decay.
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tBþ ¼ A0β þ 1

2
A0ð1þ 2βÞGDD̄tDD̄;DD̄

þ 1ffiffiffi
2

p A0ð1þ βÞGDsD̄s
tDsD̄s;DD̄; ð24Þ

tB0 ¼ A00ð1þ βÞ þ 1

2
A00ð1þ 2βÞGDD̄tDD̄;DD̄

þ 1ffiffiffi
2

p A00ð1þ βÞGDsD̄s
tDsD̄s;DD̄: ð25Þ

We can see that these amplitudes are the same, up to the
tree-level contribution. The total amplitudes will be

tðtotÞBþ ¼ tBþ þ t0ψ ;

tðtotÞB0 ¼ tB0 þ t00ψ ; ð26Þ

and the double differential width is then given by [labeling
D−ð1Þ, Dþð2Þ, and Kþð0Þð3Þ]

dΓ
dM12dM23

¼ 1

ð2πÞ3
1

32m3
B
2M122M23jtðtotÞBþð0Þ j2: ð27Þ

To obtain dΓ=dM12, we integrate Eq. (27) over M23 within
the limits of the PDG [53].
To calculate the decay amplitudes tΛb

; tBþ ; tB0 of
Eqs. (6), (24) and (25), we need the two-body scattering
amplitudes tDD̄;DD̄ and tDsD̄s;DD̄, which are evaluated in
Appendix with three different scenarios for the dynamical
generation of the Xð3700Þ and Xð3930Þ states: scenario I,
scenario II, and scenario III. They correspond to having a
width or not of the Xð3700Þ state, and to changes in the
position of the Xð3930Þ state. We will show the results for
all three scenarios.

III. RESULTS

We take the data for Bþ → DþD−Kþ from Ref. [20] and
for B0 → DþD−K0 andΛb → DþD−Λ from Ref. [47]. Due
to different normalizations of the data, we take the param-
eters A different for Λb, Bþ, or B0 decay. The parameter γ is
taken with the same value for all Λb, Bþ and B0 decays.

Similarly, the parameter β, which should be of the order of
1=Nc, with Nc the number of colors, is taken 1

3
in all cases.

Later, we shall make small changes in β to see the stability
of the results.
We make a combined fit to the data of the DþD−

mass distributions of all Bþ, B0, and Λb decays, restricting
ourselves to the region from threshold up to MDþD− ≃
3800 MeV. This is a restricted region but in this way we
avoid having to deal with potential contributions from the
χc2ð3930Þ as claimed in Ref. [20]. Hence, we do not aim
for a perfect description of the Xð3930Þ peak, and a
qualitative agreement could be considered sufficient.
The reason is that we do not pretend to obtain a good
fit to all the data, but rather to investigate how, with
improved statistics of these reactions, we can learn about
the existence of the DD̄ bound state.
We present three sets of results corresponding to the three

scenarios of Appendix mentioned above. In Fig. 13, the left
panel shows results obtained with two coupled channels,
DD̄ and DsD̄s, using the regularization parameters in
Eq. (A4) for scenario I, hence omitting the contribution
from the ηη channel. The ηη channel was introduced
empirically to account for the width of the predicted
Xð3700Þ state, as found in Ref. [32]. The right panel of
Fig. 13 displays the same mass distributions when three
coupled channels are considered, using the regularization
parameters in Eq. (A5) for scenario II. By comparing these
results for scenario I and scenario II, we can see that the
result for the first peak, corresponding to the ψð3770Þ
excitation, does not change much, but the strength and even
the shape of the second peak, corresponding to theXð3930Þ,
do change, although a signal of that resonance is predicted
in all the cases. It is interesting to see that by fitting only the
region of the ψð3770Þ excitation, where the Xð3700Þ state
below the DþD− threshold does not show up, we can still
obtain a qualitative signal for the Xð3930Þ excitation. The
reason is the presence of the tree-level contribution, which is
tied to the strength of both the Xð3700Þ excitation and the
Xð3930Þ excitation, and this term gives some contribution
in the region of the ψð3770Þ excitation.
Furthermore, the position of the second peak is slightly

lower than 3930 MeV in the right column of Fig. 13. This is
originated from the predicted mass and width of Xð3930Þ in
the three coupled channels DD̄, DsD̄s, and ηη, which are

(a) (b) (c)

FIG. 12. Diagrams for Bþ decay to DþD−Kþð0Þ: (a) tree level; (b) rescattering of DþD− and D0D̄0; (c) rescattering of Dþ
s D−

s .
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3903.6 MeV and 82.3 MeV, as given for scenario II in
Table I of Appendix. By adjusting the subtraction constant
aDsD̄s

as given in Eq. (A6) for scenario III, we obtain a

correct position of Xð3930Þ in Table I of Appendix. Thus,
we prefer to use the two-body amplitudes ti;DD̄

(i ¼ DD̄;DsD̄s) corresponding to scenario III to calculate

FIG. 13. Combined fit results of the DþD− invariant mass distribution for the Bþ → DþD−Kþ, B0 → DþD−K0 and Λb → DþD−Λ
reactions, with left column and right column corresponding to scenario I and scenario II respectively (See Appendix for details on
scenario I and scenario II). The experimental data are taken from LHCb measurements [20,47,48]. The solid lines denote our theoretical
results, and the dotted and dot-dashed lines are the treeþ S-wave rescattering and P-wave (ψð3770Þ) contributions, respectively. We fit
only the data in the region from threshold up to MDþD− ≃ 3800 MeV. The rest of the distributions are predictions.

TABLE I. Pole positions of Xð3700Þ and Xð3930Þ states in the complex energy plane for three different scenarios.

Scenario I Scenario II Scenario III

M [MeV] Γ [MeV] M [MeV] Γ [MeV] M [MeV] Γ [MeV]

Pole I [Xð3700Þ] 3725.4 � � � 3723.1 21.6 3724.1 26.2
Pole II [Xð3930Þ] 3930.4 13.7 3903.6 82.3 3931.4 44.6
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the Λb, Bþð0Þ decays, and our favored combined fit results
are presented in Fig. 14, giving a reduced chi-square of
χ2=d:o:f: ¼ 3.8. The corresponding fitted parameters are
determined as follows:

A0 ¼ 2426.2� 448.4; A00 ¼ 41.46� 7.37;

A ¼ 76.89� 24.86; γ ¼ 0.095� 0.03;

β ¼ 1=3ðfixedÞ: ð28Þ

These parameters correspond to Eq. (6) (A, β), Eqs. (7) and
(23) (γ), Eq. (24) (A0), and Eq. (25) (A00). We do not give
dimensions to these parameters since we compare to
experimental counts. The covariance matrix C of the
parameters A0, A00, A, γ is given by

C¼

0
BBBBB@

2.011× 105 2725.720 8756.160 −12.743
2725.720 54.300 123.433 −0.180
8756.160 123.433 618.231 −0.577
−12.743 −0.180 −0.577 8.398× 10−4

1
CCCCCA
:

ð29Þ

From the correlation coefficients

ρij ¼
Cijffiffiffiffiffiffiffiffiffiffiffiffiffi
CiiCjj

p ; ð30Þ

we can see that A0 and γ are relatively correlated
(jρ14j > 0.9), but the rest of the pairs of parameters are
only moderately correlated (jρijj≲ 0.7). The relatively
large correlations between the parameters mostly indicate
that there is a trade off in the contribution to χ2 from the
data of the different reactions. Also the big strength of the
ψð3770Þ peak is tied to the product of AiγðAi ¼ A0; A00; AÞ,
and not to the value of the individual parameters.
Once we see the kind of agreement that we get, we come

to the main purpose of the present work: what should be
done to observe a signal of the Xð3700Þ state? What we
expect is that the presence of this state below the DþD−

threshold should produce an enhancement of the mass
distributions close to the threshold. Unfortunately, the data
are not precise enough to see that, and the presence of the
strong ψð3770Þ peak in all the three reactions, not far from
threshold (3739 MeV), certainly does not help. Yet, very
close to threshold, we should see the effects of this state.
To understand the reasons of the proposal that we make

here, we go back to Eq. (6) and see the term with tDD̄;DD̄

that would account for the contribution of the Xð3700Þ
state goes with weight Aβ. On the other hand, tBþ from
Eq. (24) has a weight 1=2A0ð1þ 2βÞ in the tDD̄;DD̄

amplitude, and so has tB0 of Eq. (25) (with weight A00).
But tBþ has a tree level that goes as A0β while it has a
weight A00ð1þ βÞ in tB0 . If we wish to see the effects of the
Xð3700Þ resonance through tDD̄;DD̄, it is better to have a
small tree level to magnify the relative effect of the
resonance. This said, a comparative study of the Λb →
DþD−Λ and Bþ → DþD−Kþ reactions close to the thresh-
old should give information concerning this point.

FIG. 14. Combined fit results of the DþD− invariant mass
distributions for the Bþ → DþD−Kþ, B0 → DþD−K0 and Λb →
DþD−Λ reactions, corresponding to scenario III (See Appendix
for details on scenario III). The error bands represent the
uncertainties of the theoretical results, obtained by running with
different random values of the parameters within their errors, with
the constrains of the covariance matrix of Eq. (29). The
experimental data are taken from LHCb measurements
[20,47]. The solid lines denote our theoretical results, and the
dotted and dot-dashed lines are the treeþ S-wave rescattering
and P-wave (ψð3770Þ) contributions, respectively. We fit only the
data in the region from threshold up toMDþD− ≃ 3800 MeV. The
rest of the distributions are predictions.
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Actually, one already hints at a bigger enhancement close
to threshold for the Bþ → DþD−Kþ reaction than for the
Λb → DþD−Λ, as seen in Fig. 14, but we show that
comparison better in Fig. 15.
What we do in Fig. 15(a) is to take the two mass

distributions for Λb → DþD−Λ and Bþ → DþD−Kþ and
normalize them to the same ratio at the peak of the ψð3770Þ
excitation. We then examine the behavior very close to the
threshold. We observe that the mass distribution for the
Bþ → DþD−Kþ reaction shows a clear enhancement close
to threshold, which is not present in the Λb → DþD−Λ
reaction.
It will be interesting to show the ratio of these two mass

distributions, normalized to the peak of the ψð3770Þ as a
function of the DþD− invariant mass. We call this ratio
RðMDþD−Þ, given by

RðMDþD−Þ ¼ R̃ðMDþD−Þ
R̃ðMDþD− ¼ 3770 MeVÞ ; ð31Þ

with

R̃ðMDþD−Þ ¼ dΓ=dMDþD−ðBþ → DþD−KþÞ
dΓ=dMDþD−ðΛb → DþD−ΛÞ : ð32Þ

In Fig. 15(b), we show the ratio RðMDþD−Þ as a function of
the DþD− invariant mass, and we see that this ratio goes
from 1 at the peak of the ψð3770Þ, by construction, to
about 15 when approaching the DþD− threshold. Such a
huge factor is due to the presence of the Xð3700Þ state
below theDþD− threshold and should be seen in a devoted
experiment.
The implementation of this test should require precise

measurements of dΓ=dMDþD− in the invariant mass region
MDþD− ∈ ½3739; 3750� MeV for both the Λb → DþD−Λ
and Bþ → DþD−Kþ reactions. For the moment, there is
only one data point in this region, and the errors are
relatively large, particularly for theΛb → DþD−Λ reaction.
However, the demanding task for this test can be accom-
plished in the upcoming upgrades of the LHCb facility. The
detailed study done here should provide enough motivation
to do it.

IV. MODEL DEPENDENCE AND
UNCERTAINTY ESTIMATION

In the amplitudes of the ψð3770Þ state given in Eqs. (7)
and (23), we used a constant ψð3770Þ width, Γψ . Now, we
replace the constant width with an energy-dependent one,
considering its decay to DD̄ that practically accounts for
the total width,

ΓψðMDD̄Þ ¼ Γon

�
pDðMDD̄Þ
pDðMψÞ

�
3

; ð33Þ

with

pDðMÞ ¼ λ1=2ðM2; m2
D;m

2
DÞ

2M
; ð34Þ

and Mψ and Γon the nominal mass and width of the
ψð3770Þ. With the modified amplitude, we refit the
experimental data.The new fit yields a reduced chi-square
of χ2=d:o:f: ¼ 2.8, and the determined parameters are

A0 ¼ 2463.5� 349.5; A00 ¼ 45.86� 6.05;

A ¼ 61.02� 19.41; γ ¼ 0.099� 0.02;

β ¼ 1=3ðfixedÞ: ð35Þ

We observe an improvement of χ2=d:o:f:, and compared to
Eq. (28) the parameters have only changed moderately. The
resulting invariant mass distributions and ratios are shown
in Figs. 16 and 17, respectively, which are very similar to
those in Figs. 14 and 15. A direct comparison reveals that
the fit quality and extracted parameters exhibit very small

(a)

(b)

FIG. 15. (a) dΓ=dMDþD− for the Λb → DþD−Λ and Bþ →
DþD−Kþ reactions normalised to the same value at the peak of
the ψð3770Þ. (b) Ratio RðMDþD−Þ of Eqs. (31) and (32) for the
two reactions as a function of MDþD− , when the two differential
widths have been normalized at the peak of the ψð3770Þ
excitation.
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differences from those obtained using a constant width in
Figs 14 and 15.
We take advantage here to see the sensitivity of the ratio

RðMDþD−Þ to details of the model. We have so far discussed
three scenarios for the dynamical generation of the
Xð3700Þ and Xð3900Þ states: scenario I, scenario II, and
scenario III (see Appendix for details). By looking at
Table I, we see that the introduction of the ηη channel
changed the mass of the Xð3930Þ state but barely changed

the mass of the Xð3700Þ in 2 MeV. However, it was
responsible for the appearance of a width in the Xð3700Þ
state. Comparing with scenario II, scenario III only
changed the mass of the Xð3700Þ by 1 MeV. Our preferred
scenario is scenario III, which fits better the Xð3930Þ state,
but we are mostly concerned about the DþD− threshold
behavior, to which we come back below. Before that we
want to show the sensitivity of the results to changes of β
and the ηη transition potential vη.
To examine the sensitivity of our predictions to the

parameters vη and β, we vary their values by �25% around
their original values and refit the experimental data.
Figure 18 displays the resulting ratio of dΓ=dMDþD− for
the Bþ and Λb decays, in analogy to Fig. 15(b). As can be
seen, the ratio exhibits only weak sensitivity to variations in
both vη and β.
Next, we investigate the scenario where the Xð3700Þ

state is omitted. To obtain the amplitudes without Xð3700Þ,
we set Vij ¼ 0ði; j ¼ 1; 2Þ, and adjust aDsD̄s

¼ −0.86 in
Eq. (A6) of scenario III to keep the Xð3930Þ at the right
position. The fitted results are shown in Figs. 19 and 20.
From Fig. 19, we can appreciate changes in the line-shapes

FIG. 16. DþD− invariant mass distribution, same as Fig. 14 but
obtained using the energy-dependent width Γψ ðMDþD−Þ.

(a)

(b)

FIG. 17. Same as Fig. 15, but obtained using the energy-
dependent width Γψ ðMDþD−Þ.
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of the mass distributions with respect to Fig. 14 which
contains the Xð3700Þ. The most relevant information,
however, is found in Fig. 20 where, as can be clearly
seen, the ratio of invariant mass distributions undergoes a
significant change when the Xð3700Þ is switched off. The
ratio in the absence of the Xð3700Þ goes up to about 5 at
threshold, but it is about 1.5 atMDþD− ¼ 3745 MeV, while
when considering the Xð3700Þ state, it is around 7.
The size of the ratio RðMDþD−Þ in Fig. 20 in the absence

of the Xð3700Þ state is a bit disturbing, because it might
suggest the presence of a state below threshold when there
is none. For this reason, we go back to the Bþ → DþD−Kþ
reaction and show the results with and without the Xð3700Þ
state. We already showed in Figs. 13 and 14 the results for
the DþD− mass distribution of the Bþ → DþD−Kþ reac-
tion with the three scenarios, and we could see that the
differences are small close to threshold, particularly
between the scenarios II and III. We also showed the
DþD− mass distribution for scenario III in Figs. 14 and 19

with the Xð3700Þ and without it. To make the differences
more explicit, we define the ratio for the Bþ → DþD−Kþ
reaction as

R0ðMDþD−Þ ¼ R̃0ðMDþD−Þ
R̃0ðMDþD− ¼ 3770 MeVÞ ; ð36Þ

with

R̃0ðMDþD−Þ ¼ dΓ=dMDþD−ðwithXð3700ÞÞ
dΓ=dMDþD−ðwithoutXð3700ÞÞ : ð37Þ

(a)

(b)

FIG. 18. Sensitivity of the ratio RðMDþD−Þ to parameter
variations. Panel (a) shows the ratios obtained by varying vη
by �25% from its original value (vη ¼ 150, 200, 250). Panel
(b) illustrates the corresponding ratio under a �25% variation of
β (β ¼ 0.25, 0.33, 0.42). In all cases, the remaining parameters
are refitted to the data.

FIG. 19. DþD− invariant mass distribution, same as Fig. 14 but
without Xð3700Þ.
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We plot this ratio R0ðMDþD−Þ in Fig. 21. We can see that the
ratio grows steadily from 1 at 3770 MeV (by construction)
to values around 11 at threshold, indicating a strong
enhancement effect from the presence of the Xð3700Þ
state. Experimentally the test can be done as follows.
Take dΓ

dMDþD−
ðwithoutXð3700ÞÞ from our calculated result

(Fig. 19) and divide the experimental DþD− mass distri-
bution by this theoretical mass distribution, both of them
normalized to the same value atMDþD− ¼ 3770 MeV. The
test can be also done using any theoretical model for
the Bþ → DþD−Kþ reaction which reproduces fairly the
ψð3770Þ peak and does not contain the Xð3700Þ state.
There is another issue that we would like to raise here

about possible contributions of resonances in other channels
than DþD−, or triangle mechanisms. Actually, concerning
this latter issue, it was shown in Ref. [56] that there is a
triangle mechanism that enhances theD−Kþ invariant mass
around the energy of the X0ð2900Þ and X1ð2900Þ reso-
nances. Actually, it is easy to see that, with or without this
mechanism, the consideration of these resonances does not
influence our predictions at the threshold of theDþD− mass
distribution. To prove this, we rely upon the Dalitz plot

in Fig. 6 of the experimental paper [20]. There one can
see, indeed, an enhanced contribution at m2ðD−KþÞ≈
8.5 GeV2, corresponding to the X0ð2900Þ and X1ð2900Þ
resonances. In the same figure, we can see that the region of
the Dalitz plot for m2ðD−KþÞ ≈ 8.5 GeV2 has no overlap
with the region of mðDþD−Þ ≃ 3740 MeV (m2ðDþD−Þ≃
14 GeV2), such that the presence of those resonances in the
D−Kþ mass distribution cannot affect the DþD− mass
distribution around threshold.
It would be possible to find a triangle mechanism that

enhances the DþD− mass distribution at threshold. We
made a thorough search and found indeed a possible
mechanism depicted in Fig. 22. Actually, the Bþ decays
into D�

s0ð2317ÞD̄0 is reported in the PDG with a branching
ratio of 7.9 × 10−4, not too small. TheD�

s0ð2317Þ decays to
D0Kþ, and D0D̄0 can produce DþD−, enhanced by the
presence of the Xð3700Þ resonance below threshold.
However, there is no need to perform this calculation,
because a triangle diagram can only produce relevant
effects if it is close to a triangle singularity. Yet, the
diagram of Fig. 22 is very far away from this situation.
Indeed, to test how far it is, we apply Eq. (18) of Ref. [57].
In the closest kinematics to a possible triangle singularity
when the intermediate particles are placed on-shell in a
parallel situation, we find that the D̄0 momentum from
Bþ → D�

s0ð2317ÞD̄0 decay and from the D̄0D0 → DþD− at
the DþD− threshold, which should be equal to have the
triangle singularity, differ by more than 500 MeV, and in
this most favorable kinematical case, the corresponding
energy of the Bþ in Fig. 22 is 4243 MeV, far away from the
nominal mass 5279 MeV of the Bþ, by more than
1000 MeV. Conversely, if we choose the kinematical
situation in which the energy of the Bþ would be the
physical mass, the two D̄0 momenta differ by more than
1150 MeV.

V. CONCLUSIONS

We have studied the Bþ → DþD−Kþ, B0 → DþD−K0

and Λb → DþD−Λ reactions, considering the final state
interaction of the charmed meson pairs. This interaction
gives rise to the Xð3930Þ that couples mostly to DsDs and
another state Xð3700Þ that couples mostly toDD. The latter
state appears theoretically in many calculations and in some

FIG. 20. Comparison of the ratio of DþD− invariant mass
distributions with (solid line) and without (dashed line) the
Xð3700Þ state for the Bþ and Λb decay processes.

FIG. 21. Ratio R0ðMDþD−Þ of Eqs. (36) and (37).

FIG. 22. Triangle diagram leads to Bþ decay into KþDþK−.
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lattice QCD results, and experimental evidence for it has
also been claimed from the data of γγ → DD̄ [46].
Awaiting some evidence from a peak coming from decay
of that state into pairs of light pseudoscalars [32], one has to
rely upon reactions producing DD̄ pairs close to threshold.
The Bþ → DþD−Kþ, B0 → DþD−K0 and Λb → DþD−Λ
reactions are in principle ideal to make this test, and this is
why we study them here. Unfortunately, only 30 MeV
above the DþD− threshold, the data show a large con-
tribution from the ψð3770Þ vector meson which has a width
of 27.3 MeV. Thus, the expected enhancement of the
DþD− mass distribution close to threshold is not easy to
see, and certainly is not visible in the limited statistics and
resolution of the present data.
In spite of this, we have carried out a study of the three

reactions, looking in detail at the production mechanisms
and the final state interaction of theDD̄ andDsDs pairs, and
we have seen that this interaction is relatively magnified in
the Bþ → DþD−Kþ reaction compared to that of the Λb →
DþD−Λ reaction. In view of this, we compare the DþD−

mass distributions close to threshold for the two reactions
and we observe that there is a clear enhancement very close
to threshold in the first reaction which is not present in the
latter one. We have quantified the enhancement by normal-
izing the two mass distributions at the peak of the ψð3770Þ
and find that close to threshold the mass distribution for the
Bþ → DþD−Kþ reaction is about an order of magnitude
bigger than that of the Λb → DþD−Λ reaction. The
experimental test of this prediction demands precise data
in the invariant mass range MDþD− ∈ ½3739; 3750� MeV,
where right now there is only one data point. This test
should be feasible in next upgrades of the LHCb facility,
and the observation of this predicted relative enhancement
would provide great support to the existence of the DþD−

bound state. We also propose a different test by looking only
to the DþD− mass distributions of the Bþ → DþD−Kþ
reaction. In this case, the test should be done by dividing the
experimental DþD− mass distribution by our theoretical
one constructed without the Xð3700Þ state, or any reason-
able theoretical model that accounts for the ψð3770Þ
excitation and does not contain the Xð3700Þ state, where
a large enhancement of this ratio values around 10 at

threshold are expected, when the two mass distributions are
normalized to the same value at MDþD− ¼ 3770 MeV. The
present work should give an incentive to perform these
measurements in the coming LHCb upgrades.
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APPENDIX: THREE SCENARIOS FOR THE
DYNAMICAL GENERATION OF THE Xð3700Þ
AND Xð3930Þ STATES AND THE TWO-BODY

SCATTERING AMPLITUDES

We follow Ref. [13] including also the ηη channel to the
DD andDsD̄s, as done in Ref. [32]. The transition matrix is
given by

0
B@

ηη → ηη ηη → DD̄ ηη → DsD̄s

DD̄ → ηη DD̄ → DD̄ DD̄ → DsD̄s

DsD̄s → ηη DsD̄s → DD̄ DsD̄s → DsD̄s

1
CA: ðA1Þ

Then, we have the S-wave interaction and Vij reads as follows

V ¼

0
BBBBB@

0 −vη 0

−vη − 1
4

�
3
M2

ρ
þ 1

M2
ω
þ 2

M2
J=ψ

�
ð3s − 4M2

DÞ −
ffiffi
2

p
2

1
M2

K�þM2
Ds
−M2

D
ð3s − 2ðM2

D þM2
Ds
ÞÞ

0 −
ffiffi
2

p
2

1
M2

K�þM2
Ds
−M2

D
ð3s − 2ðM2

D þM2
Ds
ÞÞ − 1

2

�
1
M2

ϕ
þ 1

M2
J=ψ

�
ð3s − 4M2

Ds
Þ

1
CCCCCA
; ðA2Þ
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from where we see that, for the transitions involving ηη
channel, we only have the nonzero transition between ηη
and DD̄.
The two-body scattering t-matrix is given by

t ¼ ½1 − VG�−1V; ðA3Þ
and we use G, the loop function of intermediate mesons in
dimensional regularization [1].
Next, we present the pole positions of Xð3700Þ and

Xð3930Þ with different regularization parameters in the G
loop functions, corresponding to the following three
scenarios.

(i) Scenario I: Two coupled channels DD̄ and DsD̄s,
with vη ¼ 0 in Eq. (A2), and the same regularization
parameters in Ref. [39],

μ¼ 1500MeV; aDD̄¼−0.8; aDsD̄s
¼−1.58;

ðA4Þ

(ii) Scenario II: Three coupled channels DD̄, DsD̄s
and ηη, with vη ¼ 200, and the regularization
parameters as

μ¼1500MeV; aηη¼aDD̄¼−0.8; aDsD̄s
¼−1.58;

ðA5Þ
(iii) Scenario III: Same as scenario II, but with slightly

different aDsD̄s
adjusted to get the right position of

the Xð3930Þ,
μ¼1500MeV; aηη¼aDD̄¼−0.8; aDsD̄s

¼−1.4:

ðA6Þ
In Table I, we tabulate the predictions of pole positions

of Xð3700Þ and Xð3930Þ in the complex energy plane for
the above three scenarios. The two-body scattering ampli-
tudes corresponding to scenario III are given in Fig. 23. We
prefer to employ these two-body scattering amplitudes in
the calculations of Bþ, B0, and Λb decays.

FIG. 23. Two-body scattering amplitudes as a function of
ffiffiffi
s

p
obtained for scenario III. Left column:

ffiffiffi
s

p
∈ ½3600; 3800� MeV; right

column:
ffiffiffi
s

p
∈ ½3800; 4000� MeV.
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