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We look at the mass distribution of the Dþ
s π

− in the B0 → D̄0Dþ
s π

− decay, where a peak has been
observed in the region of the D�

sρ, D�K� thresholds. By creating these two channels together with a D̄0 in
B0 decay and letting them interact as coupled channels, we obtain a structure around their thresholds, short
of producing a bound state, which leads to a peak in the Dþ

s π
− mass distribution in the B0 → D̄0Dþ

s π
−

decay. We conclude that the interaction between the D�K� and D�
sρ is essential to produce the cusp

structure that we associate to the recently seen Tcs̄ð2900Þ, and that its experimental width is mainly due to
the decay width of the ρ meson. The peak obtained together with a smooth background reproduces fairly
well the experimental mass distribution observed in the B0 → D̄0Dþ

s π
− decay.

DOI: 10.1103/PhysRevD.107.056015

I. INTRODUCTION

After the X0ð2866Þ, now called Tcsð2900Þ, by the
LHCb Collaboration [1,2], in the D̄K spectrum of
Bþ → DþD−Kþ, many works have followed to explain
this resonance from a compact tetraquark, sum rule
derivations or molecular structure interpretations, among
other (see references in [3]). The molecular picture as a
D̄�K� state studied from different perspectives, has
obtained a broad support [4–12]. It is worth mentioning
that such bound state was already predicted in [13] with
properties very close to those observed experimentally. The
X0ð2900Þ as found in the work of [13] has I ¼ 0, and
JP ¼ 0þ, being the latter in agreement with the quantum
numbers associated to it in [1,2].
Interestingly, the D�K� system was also investigated

in [13] and three states were found corresponding to
I ¼ 0; JP ¼ 0þ; 1þ and 2þ. The 2þ state was identified
with the D�

s2ð2573Þ state, and served to set the scale for the
regularization of the loops, allowing predictions in the other
sectors. There, the I ¼ 1 interaction of the D�K� and D�

sρ
channels was also studied and, in Sec. III E of Ref. [13], for
CðcharmÞ ¼ 1; SðstrangenessÞ ¼ 1 and I ¼ 1, it was
stated: “For J ¼ 0 and J ¼ 1 we only observe a cusp in the
D�

sρ threshold.” This corresponds to a barely missed bound
state, or virtual state.

The recent finding by the LHCb Collaboration of a state
observed in the Dþ

s π
−, Dþ

s π
þ mass distributions in the

B0 → D̄0Dþ
s π

− and Bþ → D−Dþ
s π

þ decays, respectively,
at 2900 MeV [14], gives us an incentive to reopen the issue
and look at it from our perspective. Indeed, the state
branded as Tcs̄ð2900Þ with JP ¼ 0þ, as seen in Dþ

s π
−

and Dþ
s π

þ, exhibits an I ¼ 1 character and it has also been
associated with JP ¼ 0þ. On the other hand, 2900 MeV is
just the threshold of theD�K� channel. Thus, one is finding
a I ¼ 1 JP ¼ 0þ state in the threshold of D�K� (the D�

sρ is
only 14 MeV below neglecting the ρ width), which could
correspond to the cusp found in [13].
In the present work we look again at the interaction of

D�K� and D�
sρ channels, taking into account the K� and ρ

widths and also the decay of the states found into the Dsπ
channel where it has been observed, and compare our
results with the experimental findings.
We find a peak in the Dsπ distribution at the right place

and a width in agreement with experiment, being the shape
of the mass distribution also in good agreement with the
experimental observation.

II. FORMALISM

For I ¼ 1 in the sector with C ¼ 1; S ¼ 1, we have two
coupled channels,D�K� andD�

sρ. It was shown in [13] that
the system in J ¼ 0, as assumed in the experimental work,
was barely short of binding but produced a cusp close to the
energy of the two near by channels, D�

sρ and D�K�. In
Ref. [14] a peak is found in the Dsπ invariant mass in the
B0 → D̄0Dþ

s π
− and Bþ → D−Dþ

s π
þ decays. To visualize

the process by means of which this decay can proceed, let
us look at the B weak decay at the quark level. In order to
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have a b quark rather than a b̄ quark, we look at the reaction
B̄0 → D0D�−

s ρþ. We produce this state with the external
emission Cabibbo favored decay shown in Fig. 1 (top). In
Fig. 1 (bottom) we depict the direct decay B̄0 → D−

s D0πþ
that we consider as background.
We produce D0D�−

s ρþ with cd̄ hadronization with ūu,
and D�−

s ρþ forming an I ¼ 1 object. The direct production
of the coupled channel D̄�K̄� involves more complicated
topological structures necessarily suppressed with respect
to theD0D�

sρ
þ production [15]. On the other hand, the πD−

s
where the state is observed is not a coupled channel of the
vector-vector (VV) channels that we have considered. It is a
pseudoscalar-pseudoscalar (PP) decay channel which can
be incorporated in the scheme via the box diagram of Fig. 2.
Still, we can have a more efficient decay channel

D�þK�þ → DþKþ, which is the one shown in Fig. 3.
The smaller π0 propagator in Fig. 3 compared to the K
propagator in Fig. 2 makes the source of imaginary part in
the VV potential more important for the mechanism of
Fig. 3, which was evaluated in Ref. [13]. We, thus, neglect
the contribution of the diagram Fig. 2, and add the
contribution of the box diagram in Fig. 3 to the D�K�
potential obtained from vector exchange [13]. Then, we

evaluate the scattering matrix using the Bethe-Salpeter
equation with the D�K� and D�

sρ channels,

T ¼ ½1 − VG�−1V; ð1Þ

where G is the diagonal loop function for the intermediate
mesons and V the transition potential. However, the state is
observed inDsπ. Hence, the mechanism by means of which
the reaction proceeds is given in Fig. 4.
The amplitude for this process is given by,

t ¼ aGρD�
s
ðMinvÞtρD�

s ;K�D� ðMinvÞṼðπDs;MinvÞ ð2Þ

where a is a normalization constant that we do not evaluate,
unnecessary to show the shape of the πDs mass distribution
in the B̄0 decay, and Minv is the invariant mass distribution
of the Dsπ final state. The vertex function Ṽ corresponding
to the triangle loop of Fig. 5 can be easily evaluated. Note
that in principle we should also consider the tρD�

s→ρD�
s

transition, but the triangle loop withD�
sρ intermediate state,

with a π replacing theK, is zero becauseD�
s andDs have no

overlap with the u, d quarks of the pion.

FIG. 1. Top: B̄0 decay to D�−
s cd̄ with hadronization of the cd̄

pair to produce D�−
s D0ρþ. Bottom: B̄0 decay into D−

s D0πþ
(contribution to the background).

FIG. 2. Box diagrams accounting for the D�K� → Dþ
s π

þ
decay.

FIG. 3. Box diagrams accounting for the D�þK�þ → DþKþ
decay.

FIG. 4. Mechanism by means of which the resonance is
produced and decays into πþD−

s .

FIG. 5. Triangle diagram accounting for the R → πD̄s decay of
the R resonance of I ¼ 1 generated with the ρD̄s, D̄�K̄� coupled
channels.
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Since any normalization of the triangle diagram can be
incorporated in the coefficient a of Eq. (2), we do not care
about the values of the vertices but only about their
structure,

K̄� → πK̄∶ϵ⃗K� · ð2k⃗ − P⃗þ q⃗Þ
D̄� → D̄sK∶ϵ⃗D� · ð2P⃗ − q⃗ − 2k⃗Þ
R → K̄�D̄�∶ ϵ⃗K̄� · ϵ⃗D� : ð3Þ

We have assumed the resonance to be in J ¼ 0, hence the
ϵ⃗K̄� ϵ⃗D̄� coupling, and we have also assumed that the vectors
have small momenta with respect to their masses, which is
true when K̄�, D̄�, are close to on-shell in the loops from
where the largest contribution to the vertex comes in the
integration. This allows us to neglect the ϵ0 component of
the vectors. We take P⃗ ¼ 0, in the πD̄s rest frame and,
then, the structure of the triangle diagram of Fig. 5 is
given by

Ṽ ¼ −i
Z

d4q
ð2πÞ4 ϵ

l
K̄�ϵlD̄�ϵiK̄�ϵ

j
D̄�

ð2kþ qÞið2kþ qÞj
ðP − q − kÞ2 −m2

K þ iϵ
1

ðP − qÞ2 −m2
K� þ iϵ

1

q2 −m2
D� þ iϵ

: ð4Þ

The loop function Ṽ is naturally regularized with a cutoff qmax, the same one used to regularize the D�K� and D�
sρ loops

when studying their interactions. This can be seen since the coupled channel approach with a cutoff regularization is
equivalent to using a separable potential Vθðqmax − qÞθðqmax − q0Þ, which leads to a separable t matrix, tθðqmax −
qÞθðqmax − q0Þ [16], in this case, tρD�

s ;K�D� of Eq. (2). The equivalent qmax used in [13] was 1100 MeV.
We split the propagators into the positive and negative energy parts as,

1

q2 −m2 þ iϵ
¼ 1

2ωðqÞ
�

1

q0 −ωðqÞ þ iϵ
−

1

q0 þωðqÞ− iϵ

�
; ð5Þ

with ωðqÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q⃗2 þm2

p
, and keep only the positive energy part for the heavy mesons D̄�, K̄�, retaining the two terms for

the kaon propagator. The q0 integration is then easily done using Cauchy’s residues. After summing over the internalK�,D�
polarizations, we find,

Ṽ ¼ −
Z

d3q
ð2πÞ3

ð2k⃗þ q⃗Þ2
8ωK�ðqÞωD�ðqÞωKðq⃗þ k⃗Þ

θðqmax − qÞ
P0 − ωD�

s
ðqÞ − ωK�ðqÞ þ iϵ

�
1

P0 − k0 − ωD� ðqÞ − ωKðq⃗þ k⃗Þ þ iϵÞ

þ 1

k0 − ωK� ðqÞ − ωKðq⃗þ k⃗Þ þ iϵ

�
; ð6Þ

where the sharp cutoff in three momentum discussed above
is incorporated. The above expression shows the different
cuts of the loop diagram when pairs of the internal particles
of the loop are placed on-shell.
Then, we consider that the transition amplitude for B̄0 →

D0D−
s π

þ is given by a constant background (considering
the dominance of s-wave in the coupling of the bottom
meson to the pseudoscalars), see Fig. 1 (bottom), together
with the scattering amplitude of the diagram in Fig. 4,
which accounts for the interaction of the VV coupled
channels. It reads as

t0 ¼ aGρD�
s
ðMinvÞtρD�

s ;K�D�ðMinvÞṼðπDs;MinvÞ þ b ð7Þ

Therefore, the mass distribution of πD−
s in the B̄0 decay

is given by,

dΓ
dMinv

¼ 1

ð2πÞ3
1

4M2
B
pD0 p̃πjt0j2; ð8Þ

where

pD0 ¼ λ1=2ðM2
B;m

2
D0 ;M2

invÞ
2MB

; p̃¼ λ1=2ðM2
inv;m

2
Ds
;m2

πÞ
2Minv

:

III. RESULTS

The different contributions to the potential for the case of
C ¼ 1; S ¼ 1; I ¼ 1 and JP ¼ 0þ are given in [13]. We
also show them in Table I. We notice that, for the D�K� →
D�K� tree-level amplitude, contrary to the case of the
Tcsð2900Þ, where the interaction driven by ρ-exchange was
three times bigger than for ω-exchange, these two
exchanges have similar strengths in this sector but also
opposite sign, and therefore, the interaction is negligible in
this transition element. This element is also zero forD�

sρ →
D�

sρ due to the OZI rule. Instead we get a relatively large
transition potential for D�

sρ → D�K�. The situation with
two channels, where the diagonal elements of the potential
are null, but there is an appreciable nondiagonal transition
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potential, appears often in hadronic physics problems. The
existence of this transition potential V12 when V11, V22 are
zero acts as a source of attraction in channel 1. Indeed, it is
shown in Sec. 6 of [17] that one can eliminate channel 2
and obtain the same amplitude t11 using an effective
potential in one channel, Veff ¼ V11 þ V2

12G2, and since
ReG2 < 0 the new term acts as an attractive potential.
Thanks to that, one can obtain the Ωð2012Þ state from the
coupled channels πΣ�, ηΩ, with null diagonal potentials
[18–22], and a cusp like structure for the Zcsð3985Þ from
the interaction of the D�

sD̄� and J=ψK� channels [23].
For an illustration we show first the results with the same

parameters used in [13], α ¼ −1.6, Λ ¼ 1200 MeV in
Fig. 6 (top) (not shown in [13]), where the tree-level
amplitudes of Table XIVof [13] and the box diagram with
intermediate DK in the D�K� channel, Fig. 3, are included
for I ¼ 1; J ¼ 0. As discussed in [13], a cusp is obtained in
the D�

sρ threshold. The fact that there is not a sharp cusp
near the D�K� threshold is related to the box diagram of
Fig. 3 which allows for the decay into DK. Since we have
now the new information of the Tcsð2900Þ mass and decay
width, we can slightly adjust the parameters in order to
reproduce them. This was done in [24], obtaining α ¼
−1.474 and Λ ¼ 1300 MeV. With this new set of param-
eters we plot jTj2 for C ¼ 1; S ¼ 1; I ¼ 1 in Fig. 6 (bot-
tom). We still obtain a cusp but now the strength of the peak
accumulates more around the D�K� threshold.
It is clear that even though the peak is already visible

around the position seen in the experiment, the width
obtained [around 16 MeV in Fig. 6 (bottom)] is much
narrower than the observed one. Next, we consider the
decay width of the ρ and K� mesons by means of the
convolution of the two meson loop function with an energy
dependent width,

G̃ðsÞ ¼ 1

N

Z
M2

max

M2
min

dm̃2
1

�
−
1

π

�
Im

Gðs; m̃2
1;M

2
2Þ

m̃2
1 −M2

1 þ iΓðm̃Þm̃1

;

with

N ¼
Z

M2
max

M2
min

dm̃2
1

�
−
1

π

�
Im

1

m̃2
1 −M2

1 þ iΓðm̃Þm̃1

; ð9Þ

where M1 is the nominal mass of the vector meson,
Mmin ¼ M1 − 3.5Γ0, Mmin ¼ M1 þ 3.5Γ0, with Γ0 the
resonance width at the nominal mass of the ρ and K�
mesons, and

Γ̃ðm̃Þ ¼ Γ0

q3off
q3on

Θðm̃ −m1 −m2Þ ð10Þ

with

qoff ¼
λ1=2ðm̃2; m2

1; m
2
2Þ

2m̃
; qon ¼

λ1=2ðM2
1; m

2
1; m

2
2Þ

2M1

;

ð11Þ

where m1 ¼ m2 ¼ mπ for the ρ, and m1 ¼ mK;m2 ¼ mπ

for the K�. The result when we take into account the decay
widths of the vector mesons is plotted in Fig. 7. Now the
cusp obtained for J ¼ 0 has softened because of the
consideration of the decay widths of the vector mesons.
The position of the cusp is similar, it shows up slightly
above the D�K� threshold and around 2920 MeV, with a

TABLE I. Tree-level amplitudes for Charm ¼ 1,
Strangeness ¼ 1, and Isospin ¼ 1, D�K� → D�K� (V11),
D�K� → D�

sρ (V12), and D�
sρ → D�

sρ (V22) in the case of
J ¼ 0. Last column: V evaluated at threshold.

Amplitude ∼ Total

V11
g2

2
ð 1
m2

ρ
− 1

m2
ω
Þðp1 þ p3Þ:ðp2 þ p4Þ 0.11g2

V12 4g2 − g2ðp1þp4Þðp2þp3Þ
m2

D�
− g2ðp1þp3Þ:ðp2þp4Þ

m2
K�

−6.8g2

V22 0 0

FIG. 6. Results with the potential of Table XIV of [13], and
including also the box diagram of Fig. 3, with the parameters used
in Ref. [13], α ¼ −1.6, Λ ¼ 1200 (top), and with the new
parameters fixed to obtain the Tcsð2900Þ [24], α ¼ −1.474,
and Λ ¼ 1300 MeV (bottom).
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width coming basically from the decay of the ρ into ππ. All
the results shown here have been evaluated using “model
B” for the box diagram in [13] with Λ ¼ 1300 MeV as in
[24]. We notice that the results are practically the same for
Λ ¼ 1200 MeV and 1300 MeV. Most of the width comes
in both cases from the decay of the vector mesons instead.
These results are summarized in Table II, where we also
include for completeness what we obtain with the present
input for J ¼ 1 and J ¼ 2 [13].
Finally, we show the result of the invariant mass

distribution of the decay B̄0 → D−
s D0πþ, Eq. (8), in

comparison with the LHCb experimental data [14]
in Fig. 8.1 In Eq. (8), we adjusted the constants a and b
to reproduce well the experimental data around the
Tcs̄ð2900Þ resonance, and we obtain a ¼ 2.1 × 103 and
b ¼ −1.45 × 103. As can be seen, our model describes well
the experimental data. A peak is obtained around the
threshold of the D�K� channel and a sharp dip, caused
by the interference between the triangle loop in Fig. 4, the
cusp obtained in the scattering amplitude shown in Fig. 7,
and the background. Since these results were obtained
fixing the subtraction constant to obtain the Tcsð2900Þ, this
also supports the molecular picture of this state as D�K̄� of
[24]. Thus, our model strongly supports the Tcs̄ð2900Þ as a
cusp structure originated by the nondiagonal interaction
D�K� → D�

sρ, with a width mainly due to the decay of the ρ
meson into ππ.
Concerning the poles of the amplitudes, we have looked

into the second Riemann sheet, where we have replaced,

GI → GII ¼ GI þ ip
4π

ffiffiffi
s

p ; Im p > 0; ð12Þ

for the D�
sρ channel, where p is the momenta in the c.m.

frame. The pole appears just below the threshold of D�
sρ at

ð2880 − i5Þ MeV. This is considering the width of the ρ
and K� mesons using the convolution of Eq. (9), and the
small width is due to the vector mass convolution. If the
widths of the vector mesons are set to zero, the pole appears
at ð2906 − i16Þ MeV. The state appears now slightly above
the D�K� threshold. The fact that the mass has increased,
gives more room for decay into theD�

sρ,D�K� channels, in
spite of neglecting the widths of the vector mesons,
increasing the imaginary part of the pole position.
We have also investigated the dependence of the results

by changing the substraction constant in dimensional

FIG. 7. jTj2 for C ¼ 1; S ¼ 1; I ¼ 1; J ¼ 0 with α ¼ −1.474.

TABLE II. Position and width of the cusp/state obtained in
comparison with the experiment.

I½JP� ffiffiffiffiffi
s0

p Γ0 Experiment

1½0þ� 2920 (Cusp) 130 m ¼ 2908� 11� 20
Γ ¼ 136� 23� 11

1½1þ� 2923 (Cusp) 145 � � �
1½2þ� 2834 19 � � �

FIG. 8. Invariant mass distribution forDsπ from the decay B →
D̄Dsπ compared to the experimental data from Ref. [14].

FIG. 9. The same as Fig. 8 for different values of the subtraction
constant in the function loop evaluated with dimensional
regularization.

1We compare with the data of the Dþ
s π

þ mass distribution in
the Bþ → D−Dþ

s π
þ analogous decay of [14], where the peak is

clearly seen.
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regularization and the corresponding cutoff. We show the
results in Fig. 9, where the corresponding value of qmax used
in the evaluation of the triangle loop for every value of the
subtraction constant is determined by demanding that the
G function of the D�

sρ channel is the same at threshold.
Then,we obtain a cutoffqmax ¼ 1100 MeVforα ¼ −1.474,
qmax ¼ 1000 for α ¼ −1.38, and qmax ¼ 1200 for α ¼
−1.60. We have adjusted the background in every case with
the best fit. We observe that the peak of the distribution is
compatible with the data within this range of qmax and α.
Once the value of α is obtained, we have conducted another
test, by varying qmax in the triangle loop, Eq. (6), from

1100 MeV to 1000 MeV and 1200 MeV and the results
barely change. This can be seen in Fig. 10.
Finally, it is interesting to give a band of errors by

changing the background, we do this in order to show the
sensitivity of the results to this background. To obtain this
band, we have kept the value of a, needed to get the
strength of the peak of the distribution, and varied the
parameter b of the background by 5% (up and down). This
is shown in Fig. 11. As can be seen, the band obtained
overlaps with the errors of the data.

IV. CONCLUSIONS

We have studied the B0 → D̄0Dþ
s π

− decay in the region
of the D�

sρ, D�K� masses, by considering explicitly the
interaction of these two coupled channels within the
framework of the local hidden gauge approach. A peak
is observed experimentally in the Dþ

s π
− mass distribution

that we associate to the structure created by the production
of the D�þ

s ρ channel in the B0 → D̄0D�þ
s ρ− decay fol-

lowed by a transitionD�þ
s ρ− toD�K� which decays finally

to Dþ
s π

−. The process involves the interaction of D�þ
s ρ−,

D�K� coupled channels in isospin I ¼ 1, JP ¼ 0þ,
which is relatively weak but creates a threshold structure.
Indeed, the diagonal interaction terms of this system
are null, but the transition potential between the two
channels acts as an attraction, short of binding, but
which gives rise to a strong cusp. When the widths of
the ρ and K� are considered, this cusp gives rise to a peak
structure in very good agreement with the experimental
findings. The peak can be considered as a virtual
state created by the D�

sρ, D�K� interaction in coupled
channels.
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FIG. 10. The same as Fig. 8 for different values of the cutoff in
the triangle loop of Eq. (6).

FIG. 11. The same as Fig. 8 but with the error band obtained
by changing the parameter for the background (b) 5% up
and down.
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