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Is Pcs(4459) one state or two?
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The LHCb collaboration reported recently a charm-strange pentaquark statePcs(4459) found in theJ/ψΛ invariant mass distribution. Using
a coupled channel unitary approach combined with the local hidden gauge formalism, we investigate theD̄(∗)Ξ(∗,′)

c interactions, together
with theJ/ψΛ and other coupled channels, with the constraints of the heavy quark spin symmetry. We dynamically reproduce thePcs(4459)

state in the coupled channel interactions, which is a degenerate state ofD̄∗Ξc and analogous to thePc(4450) state before. Furthermore, we
make more predictions for future experiments.
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1. Introduction

Several years after the stateΘ+(1540) was ruled out from
the Particle Data Book, the authors of Refs. [1, 2] pre-
dicted in 2010 some pentaquark-like resonances with hid-
den charm and hidden charm strangeness around the en-
ergy range of 4200 MeV – 4600 MeV. Later, similar pre-
dictions were made in Refs. [3–10] for the hidden charm
sector. Several years later, two pentaquark-like resonances
were found by the LHCb Collaboration in 2015 in the de-
cay Λ0

b → J/ψK−p [11, 12], one of which was named as
Pc(4380)+ with a large width and the other onePc(4450)+

with a small width. In a further work of Ref. [13], these find-
ings were confirmed by a model-independent analysis of the
data. Furthermore, these two states were also found in the
Λ0

b → J/ψpπ− decay [14]. In 2019, the LHCb Collabo-
ration updated the results of these twoPc states with more
data in the Run-2, which in fact were three narrow struc-
tures [15],Pc(4312), Pc(4440) andPc(4457). Note that the
former broad onePc(4380) could neither be confirmed nor
refuted in the new results. The same conclusion had been
reached before in Ref. [16] based on the analysis of the old
data.

One thing should be mentioned that Refs. [1, 2] also
made the predictions of hidden charm strangeness statesPcs

as the partners ofPc states under the SU(4) flavour sym-
metry, of which the decay properties were investigated in
details in Ref. [17]. These predictions were revisited in
Ref. [18] by taking into account the heavy quark spin sym-
metry (HQSS) [19–21]. Moreover, the possible pentaquark-
like states with the hidden charm strangeness were also pre-
dicted in other theoretical models [22–24]. As suggested in
Refs. [18, 22, 25], some of these predicted pentaquark-like

states could be searched for in the decay processΞ−b →
J/ψΛK−. Besides, looking for these states in theΛb de-
cays was also proposed in Refs. [26,27]. Recently, the LHCb
Collaboration reported a resonance structure ofPcs(4459) in
the J/ψΛ invariant mass distributions of the decayΞ−b →
J/ψΛK− in Ref. [28], which caught much theoretical atten-
tions [29–38]. Furthermore, more discussions on the progress
of the pentaquark states and the other exotic states can be
found in the reviews of Refs. [39–50] both in theories and
experiments.

In view of the new finding of the LHCb Collaboration
for the Pcs(4459) state [28], and based on the results of
Refs. [1, 2, 18], we revisited the interactions ofD̄(∗)Ξ(∗, ′)

c

and their coupled channels as discussed in Ref. [51]. We will
introduce our formalism in the next section. And then, we
show the results of the coupled channel interactions with the
formalism of HQSS. Finally, it is our conclusion.

2. Formalism

As done in Ref. [8], considering the lowest order constraints
of HQSS [19–21], we utilize the coupled channel unitary
approach (CCUA) [52–54] to investigate the interactions of
D̄(∗)Ξ(∗, ′)

c and their coupled channels, which are nine chan-
nels ηcΛ, J/ψΛ, D̄Ξc, D̄sΛc, D̄Ξ′c, D̄∗Ξc, D̄∗

sΛc, D̄∗Ξ′c,
D̄∗Ξ∗c in the JP = 1

2

−
, I = 0 sector, and six channels

J/ψΛ, D̄∗Ξc, D̄∗
sΛc, D̄∗Ξ′c, D̄Ξ∗c , D̄∗Ξ∗c in the JP =

3
2

−
, I = 0 sector. In addition, a single channel ofD̄∗Ξ∗c

with JP = 5
2

−
was not taken into account in the present

work since it could not couple to theJ/ψΛ channel in the
s-wave; see more details in Ref. [18]. Note that theD̄∗Ξ∗c
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channel with spinJ = 1
2 , 3

2 , 5
2 was considered in Ref. [18]

under the constraint of the HQSS, but not in Refs. [1,2].
For the scattering amplitudes (T ) in the CCUA, we solve

the coupled channel Bethe-Salpeter equation with the on-
shell prescription, given by

T = [1− V G]−1 V, (1)

whereG is made of the meson-baryon loop functions andV
constructed by the potentials of the coupled channel interac-
tions. Note thatG is a diagonal matrix, of which the elements
are the loop functions, and we take the explicit formula of di-
mensional regularization [54]. Thus, the subtraction constant
aµ in the loop functions is the only free parameter, of which
the value will be discussed later. For the potentials, the el-
ements ofV matrix can be referred to Ref. [18] for more
details.

One should know that the HQSS only gives the constraint
on the coupled channel interactions, where the strengths of
the interactions are not specified. Therefore, as done in
Ref. [8], we exploit an extension of the local hidden gauge
(LHG) approach [55–58] to determine the interaction po-
tentials by the mechanism of exchanging vector mesons be-
tween the interactions of mesons and baryons. As found in
Refs. [59, 60], the LHG formalism worked well in the hid-
den charm sector, since it gave a general consistent explana-
tion for many observed hadronic molecular candidates. Thus,
with the LHG formalism, the low energy constants of the
HQSS can be determined as [18],

µ1 = µ3 = µ24 = µ34 = 0, (2)

µ2 =
µ23√

2
= µ4 = λ = −F, F =

1
4f2

(p0 + p′ 0), (3)

µ12 = −µ13√
2

=
µ14√

3
= −

√
2
3

m2
V

m2
D∗

F, (4)

with fπ = 93 MeV andmV = 800 MeV, wherep0 andp′ 0

are the energies of the incoming and outgoing mesons in a

certain channel. Note that the reduction factorm2
V /m2

D∗ is
explicitly used in the non-diagonal elements because of the
transition processes with the exchange of aD∗ meson. The
zero values forµ24 andµ34 are owing to the neglect of pion
exchange in our formalism; see more discussions in Ref. [8].

3. Results

As discussed above, the subtraction constantaµ in the meson-
baryon loop functions is a free parameter in our formalism.
Thus, it is an open issue in our framework how to determine
its value. Note that the value of this parameter will affect
the lowest strength of attractive potential to form a bound
state, which will be discussed later. One can recall that due
to no experimental data available, a central value ofaµ(µ =
1GeV) = −2.3 was used in Refs. [1, 2] for the predictions,
which was chosen in order to match the cutoff in the loop
function with the masses of the exchanged vector mesonsρ
andω. The only way in practice is that one can use some ex-
perimental data to fix its accurate value. This is really done in
Ref. [61], where a value ofaµ(µ = 1GeV) = −2.09 was de-
termined by the newest experimental results of Ref. [28] for
the findings of threePc states. This value was confirmed in a
further work of Ref. [62] with the fitting of the experimental
J/ψ p invariant mass distributions.

Naturally, one can use this value ofaµ(µ = 1GeV) =
−2.09 to make the predictions for thePcs states, which was
the motivation of Ref. [18], and where the results of|T |2 are
shown in Figs. 1 and 2 for the sectorsJ = 1/2 andJ = 3/2,
respectively. In Fig. 1 for theJ = 1/2 sector, one can see that
there are five resonance structures, which appear in the am-
plitudes of the channels̄DΞc, D̄∗Ξc, D̄Ξ′c, D̄∗Ξ′c andD̄∗Ξ∗c .
The corresponding poles of these peaks in the second Rie-
mann sheets are obtained at(M+i Γ/2) = (4276.59+i7.67)
MeV, (4429.89 + i7.92) MeV, (4436.70 + i1.17) MeV,
(4580.96 + i2.44) MeV, and(4650.86 + i2.59 MeV. Note
that these poles are all small widths, and two higher ones are

FIGURE 1. Results of the modulus squared of the amplitudes for the sectorJ = 1/2, I = 0.
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FIGURE 2. Same as Fig. 1 for the sectorJ = 3/2, I = 0.

loosely bound and locate at the energy positions nearby the
certain thresholds. Indeed, the corresponding couplings of
these poles for a certain channel indicate that their dominant
channels are the ones̄DΞc, D̄∗Ξc, D̄Ξ′c, D̄∗Ξ′c andD̄∗Ξ∗c ,
respectively; see more results in Ref. [18]. Thus, these pre-
dicted states are assigned as the molecular states ofD̄Ξc,
D̄∗Ξc, D̄Ξ′c, D̄∗Ξ′c and D̄∗Ξ∗c , correspondingly. Further-
more, as found in Ref. [18], two lightest states,D̄Ξc and
D̄∗Ξc, also couple strongly to the open channelsD̄sΛc and
D̄∗

sΛc, respectively, which lead to their widths of around 15
MeV. Besides, constrained by the HQSS, all these states can
couple to the channelsηcΛ andJ/ψΛ, which are most likely
the decay channels of these states to be observed. Especially,
the channelJ/ψΛ is analogous to the oneJ/ψN in the hid-
den charm sector [8] where the new pentaquark peaks have
been observed [15]; see more discussions in Ref. [18].

For the results of theJ = 3/2 sector, there are also
four states predicted, which can be clearly seen from the
peaks of Fig. 2. Similarly, their corresponding poles in
the second Riemann sheets are found at(4429.52 + i7.67)
MeV, (4506.99 + i1.03) MeV, (4580.96 + i0.34) MeV and
(4650.58 + i1.48) MeV, all of which the widths are nar-
row. Once again, from their corresponding couplings to a
certain channel [18], these poles couple mostly to the chan-
nelsD̄∗Ξc, D̄Ξ∗c , D̄∗Ξ′c andD̄∗Ξ∗c , respectively. Thus, three
higher poles are also loosely bound. One can see that the
lightest stateD̄∗Ξc also couples to the open channelD̄∗

sΛc

strongly, which also leads to a sizable width of around 15
MeV. Moreover, the channelJ/ψΛ again sufficiently couples
to all these states, and thus, this channel is a good candidate
for the observation of these predicted structures.

Therefore, it is not surprising that a resonance structure
of Pcs(4459) was found in theJ/ψΛ invariant mass distribu-
tions of theΞ−b decay as reported by the LHCb Collaboration
recently [28]. In view of the new finding for thePcs(4459)
state, we can determine the value of free parameteraµ with
the mass ofPcs(4459), which is tuned asaµ(µ = 1 GeV) =
−1.94. Compared to the one ofaµ(µ = 1 GeV) = −2.09

for the predictions [18], this value is closer to the “natural
values”aµ = −2 [54]. Note that due to not enough statis-
tics for the present data on theJ/ψΛ invariant mass distri-
butions, we can not obtain the value ofaµ by fitting the ex-
perimental data as done in Ref. [62] for the case of threePc

states. With the new tuned valueaµ = −1.94, the modulus
squared of the amplitudes are similar to Figs. 1 and 2 above,
and just the peak structures become more narrow and move
to higher energies. Therefore, the loosely bound poles as dis-
cussed above have moved to the corresponding thresholds,
which leads to no stable poles in the second Riemann sheets
for these peaks, as shown in the results of Ref. [51]. There
are only four poles found in the second Riemann sheets for
two cases of spinsJ = 1/2 andJ = 3/2. The first pole,
(4459.07 + i6.89) MeV, is a bound state of̄D∗Ξc, which is
in fact a degenerate state with two poles of spinsJ = 1/2
andJ = 3/2, since the pion exchange is neglected in our for-
malism as discussed above. We assign thisD̄∗Ξc molecular
state as the observedPcs state. One can see that the width of
this pole is in good agreement with the reported one of about
17 MeV, which just has a difference of 3 MeV. Compared to
the results obtained above withaµ = −2.09, the mass of this
pole has become about 30 MeV higher. In view of the ob-
tained results, a conclusion can be made that thePcs(4459)
state may be a degenerate state with spinsJ = 1/2 and
J = 3/2, which is analogous to the case ofPc(4450) state
before. Note that the two-pole structure for theD̄∗Ξc bound
state was also predicted in Ref. [24], where a mass differ-
ence of about 6 MeV was obtained. But, at the present data’s
statistics, the two-pole hypothesis for thePc(4450) state is
not confirmed or refuted [28]. The second stable pole locates
at (4310.53 + i8.23) MeV, which is in theJ = 1/2, I = 0
sector and a bound state ofD̄Ξc with a 56 MeV binding en-
ergy. It will be interesting to see that the mass of such pred-
icated states is close to or even smaller than thePc(4312)
state while thes quark is instead ofu or d quark. This pole
is also consistent with the prediction of Ref. [29] within the
uncertainties. The third one is at(4445.12 + i0.19) MeV,
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FIGURE 3. Results for the inverse potential1/V66 and1/(V66 + V 2
67G77) (solid lines) compared with the real parts of the loop function

(dashed lines) for thēD∗Ξc channel with differentaµ, where the vertical line corresponds to the location of the threshold.

which is also in theJ = 1/2, I = 0 sector and a bound state
of D̄Ξ′c with a small binding energy of just 0.23 MeV. Note
that, as found in Ref. [51], the two poles of thēD∗Ξc state
and the one of̄DΞc state also couple strongly to the channels
D̄∗

sΛc andD̄sΛc, respectively, also discussed above, which
lead to quite large branching fractions on these decay chan-
nels compared to theJ/ψΛ channel. Thus, these two decay
channels will be good candidates for searching for two states
D̄∗Ξc andD̄Ξc in the future experiments.

From the results obtained above, one can see that an in-
creased value of parameteraµ causes all of the poles be-
come less bound and move to higher masses. Therefore,
when we tune the parameteraµ = −2.09 asaµ = −1.94,
some of the loosely bound poles move to the corresponding
thresholds, such as the possible bound statesD̄Ξ′c, D̄∗Ξ′c,
D̄∗Ξ∗c with J = 1/2, I = 0, andD̄∗Ξ′c, D̄Ξ∗c , D̄∗Ξ∗c with
J = 3/2, I = 0. One can recall that the corresponding
bound states found in Refs. [1, 2] became more bound, for
example the bound state of̄D∗Ξc with a pole at 4370 MeV,
which located even below the threshold of theD̄∗

sΛc chan-
nel. But, taking theD̄∗Ξc channel for example, which was
denoted as the channel 6 in the lower indexes, we show the
results of the real parts of the loop functionG66 with differ-
ent values ofaµ compared with the inverse potential1/V66 in
the left part of Fig. 3. Note that the imaginary part of the loop
function below the threshold of the bound channel is zero for
the case of bound state. From the left panel of Fig. 3, one can
see that the potential ofV66 cannot contribute such bound
pole of 4370 MeV, which can be seen in the cross points
for the poles. Note that the vertical line indicates the cor-
responding threshold. One can be refer to Refs. [63, 64] for
more discussions about the pole affected by the free parame-
ters of the loop functions. In fact, the reason of such bound
pole as we found is the strong coupling between the chan-
nelsD̄∗Ξc (channel 6) and̄D∗

sΛc (channel 7). Thus, due to
V77 = µ3 = 0, see Eq. (2), the diagonal potentialV66 will be
enhanced by an off-diagonal transition potentialV67 via the
coupled channel effect, which finally strengthens the attrac-

tive interaction by an “effective” potential ofV66 + V 2
67G77.

This enhancement effect can be shown in the right panel of
Fig. 3, where we show the results of the real parts of the loop
function G66 compared with1/V66 and1/(V66 + V 2

67G77)
usingaµ = −1.94. From the right subfigure of Fig. 3, one
can see that the intersection point of the pole becomes more
bound for the “effective” potential ofV66 + V 2

67G77. There-
fore, it is easy to find such a bound pole of 4370 MeV for
the “effective” potential withaµ = −2.3 used in Refs. [1,2].
Analogously, the same effect lead to such a bound state of
D̄Ξc [1,2] with the contribution from the channel̄DsΛc.

4. Conclusion

In the present work, we revisited thes-wave interactions of
the J/ψΛ channel and its coupled channels, using the cou-
pled channel unitary approach combined with the local hid-
den gauge formalism and the heavy quark spin symmetry.
In our formalism, since there is a free parameter ofaµ in the
loop functions, we made predictions for thePcs states by tak-
ing its value from the investigation of threePc states. With
the observation of thePcs(4459) state, we can determine its
value from the mass of thePcs(4459) state. Thus, from our
updated results, a pole(4459.07 + i6.89) MeV bounded by
the channel̄D∗Ξc can be assigned as the observedPcs(4459)
state. Since this pole is in fact two nearly degenerate states
with spin paritiesJP = 1

2

−
andJP = 3

2

−
, thePcs(4459)

state maybe has a two-pole structure, analogous to the pre-
vious Pc(4450) peak observed by LHCb too, which can be
looked for with higher statistics data in the future. Besides,
there is strong evidence of aJP = 1

2

−
bound state of̄DΞc

with a stable pole at(4310.53 + i8.23) MeV. Furthermore,
there may be the possible loosely bound statesD̄Ξ′c, D̄∗Ξ′c,
D̄∗Ξ∗c in theJ = 1/2, I = 0 sector andD̄∗Ξ′c, D̄Ξ∗c , D̄∗Ξ∗c
in the J = 3/2, I = 0 sector, which are very dependent
on the value of the free parameter ofaµ. Using the present
data with not enough statistics, the existence of these possible
states is put into question for the threshold effects. Although
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the interaction potentials from the local hidden gauge formal-
ism are attractive, it depends on the model parameter and
the neglected momentum dependent terms, as well as pion
exchange potential, whether they are bound states or virtual
states, as found in Ref. [59]. To search for these molecu-
lar states in future experiments, especially for theD̄Ξc state
and twoD̄∗Ξc states, we propose two decay channelsD̄sΛc

andD̄∗
sΛc, respectively, since their predicted decay branch-

ing fractions are much larger than the ones of theJ/ψΛ chan-
nel. On the other hand, two other decay channels,J/ψΛ and
ηcΛ, are also suggested for future experiments, which can
be distinguished by the different spin nature of these bound
states. We hope that future experiments can check our pre-
dictions to understand the nature of thePcs states.

Acknowledgments

This work is partly supported by the Fundamental Research
Funds for the Central Universities (JJW), and NSFC un-
der Grant No. 12070131001 (CRC110 cofunded by DFG
and NSFC), Grant No. 11835015, No. 12047503, and by
the Chinese Academy of Sciences (CAS) under Grants No.
XDB34030000 (BSZ). This research is also supported by
the Spanish Ministry of Science and Innovation (MICINN)
(Project PID2020-112777GB-I00), by the EU Horizon 2020
research and innovation programme, STRONG-2020 project,
under grant agreement No. 824093, by Generalitat Valen-
ciana under contract PROMETEO/2020/023 (JN, EO).

1. J. J. Wu, R. Molina, E. Oset and B. S. Zou, Prediction of nar-
row N∗ andΛ∗ resonances with hidden charm above 4 GeV,
Phys. Rev. Lett.105 (2010) 232001,https://doi.org/
10.1103/PhysRevLett.105.232001 .

2. J. J. Wu, R. Molina, E. Oset and B. S. Zou, Dynamically
generatedN∗ and Λ∗ resonances in the hidden charm sec-
tor around 4.3 GeV,Phys. Rev. C84 (2011) 015202,https:
//doi.org/10.1103/PhysRevC.84.015202 .

3. W. L. Wang, F. Huang, Z. Y. Zhang and B. S. Zou,ΣcD̄ and
ΛcD̄ states in a chiral quark model,Phys. Rev. C84 (2011)
015203,https://doi.org/10.1103/PhysRevC.84.
015203 .

4. Z. C. Yang, Z. F. Sun, J. He, X. Liu and S. L. Zhu,
The possible hidden-charm molecular baryons composed of
anti-charmed meson and charmed baryon,Chin. Phys. C36
(2012) 6, https://doi.org/10.1088/1674-1137/
36/1/002,10.1088/1674-1137/36/3/006 .

5. S. G. Yuan, K. W. Wei, J. He, H. S. Xu and B. S. Zou, Study
of qqqcc̄ five quark system with three kinds of quark-quark
hyperfine interaction,Eur. Phys. J. A48 (2012) 61,https:
//doi.org/10.1140/epja/i2012-12061-2 .

6. J. J. Wu, T.-S. H. Lee and B. S. Zou, Nucleon Reso-
nances with Hidden Charm in Coupled-Channel Models,Phys.
Rev. C85 (2012) 044002,https://doi.org/10.1103/
PhysRevC.85.044002 .

7. C. Garćıa-Recio, J. Nieves, O. Romanets, L. L. Salcedo and
L. Tolos, Hidden charm N and Delta resonances with heavy-
quark symmetry, Phys. Rev. D87, (2013) 074034,https:
//doi.org/10.1103/PhysRevD.87.074034 .

8. C. W. Xiao, J. Nieves and E. Oset, Combining heavy quark
spin and local hidden gauge symmetries in the dynamical gen-
eration of hidden charm baryons,Phys. Rev. D88 (2013)
056012,https://doi.org/10.1103/PhysRevD.88.
056012 .

9. T. Uchino, W. H. Liang and E. Oset, Baryon states with hidden
charm in the extended local hidden gauge approach,Eur. Phys.
J. A 52 (2016) 43,https://doi.org/10.1140/epja/
i2016-16043-0 .

10. M. Karliner and J. L. Rosner, New Exotic Meson and Baryon
Resonances from Doubly-Heavy Hadronic Molecules,Phys.
Rev. Lett.115 (2015) 122001,https://doi.org/10.
1103/PhysRevLett.115.122001 .

11. R. Aaij et al. [LHCb], Observation ofJ/ψp Resonances Con-
sistent with Pentaquark States inΛ0

b → J/ψK−p Decays,
Phys. Rev. Lett.115 (2015) 072001,https://doi.org/
10.1103/PhysRevLett.115.072001 .

12. R. Aaij et al. [LHCb], Study of the production ofΛ0
b

and B
0

hadrons in pp collisions and first measurement
of the Λ0

b → J/ψpK− branching fraction,Chin. Phys.
C 40 (2016) 011001, https://doi.org/10.1088/
1674-1137/40/1/011001 .

13. R. Aaij et al. [LHCb], Model-independent evidence for
J/ψp contributions toΛ0

b → J/ψpK− decays,Phys. Rev.
Lett. 117 (2016) 082002,https://doi.org/10.1103/
PhysRevLett.117.082002 .

14. R. Aaij et al. [LHCb], Evidence for exotic hadron contribu-
tions toΛ0

b → J/ψpπ− decays,Phys. Rev. Lett.117 (2016)
082003,https://doi.org/10.1103/PhysRevLett.
117.082003 .

15. R. Aaij et al. [LHCb Collaboration], Observation of a narrow
pentaquark state,Pc(4312)+, and of two-peak structure of the
Pc(4450)+, Phys. Rev. Lett.122 (2019) 222001,https:
//doi.org/10.1103/PhysRevLett.122.222001 .

16. L. Roca and E. Oset, On the hidden charm pentaquarks inΛb →
J/ψK−p decay, Eur. Phys. J. C76 (2016) 591,https:
//doi.org/10.1140/epjc/s10052-016-4407-z .

17. C. W. Shen, J. J. Wu and B. S. Zou, Decay behaviors of
possibleΛcc̄ states in hadronic molecule pictures,Phys. Rev.
D 100 (2019) 056006 ,https://doi.org/10.1103/
PhysRevD.100.056006 .

18. C. W. Xiao, J. Nieves and E. Oset, Prediction of hidden charm
strange molecular baryon states with heavy quark spin symme-
try, Phys. Lett. B799 (2019) 135051,https://doi.org/
10.1016/j.physletb.2019.135051 .

19. N. Isgur and M. B. Wise, Weak Decays of Heavy Mesons
in the Static Quark Approximation,Phys. Lett. B232 (1989)

Supl. Rev. Mex. Fis.3 0308045

https://doi.org/10.1103/PhysRevLett.105.232001�
https://doi.org/10.1103/PhysRevLett.105.232001�
https://doi.org/10.1103/PhysRevC.84.015202�
https://doi.org/10.1103/PhysRevC.84.015202�
https://doi.org/10.1103/PhysRevC.84.015203�
https://doi.org/10.1103/PhysRevC.84.015203�
https://doi.org/10.1088/1674-1137/36/1/002, 10.1088/1674-1137/36/3/006�
https://doi.org/10.1088/1674-1137/36/1/002, 10.1088/1674-1137/36/3/006�
https://doi.org/10.1140/epja/i2012-12061-2�
https://doi.org/10.1140/epja/i2012-12061-2�
https://doi.org/10.1103/PhysRevC.85.044002�
https://doi.org/10.1103/PhysRevC.85.044002�
https://doi.org/10.1103/PhysRevD.87.074034�
https://doi.org/10.1103/PhysRevD.87.074034�
https://doi.org/10.1103/PhysRevD.88.056012�
https://doi.org/10.1103/PhysRevD.88.056012�
https://doi.org/10.1140/epja/i2016-16043-0�
https://doi.org/10.1140/epja/i2016-16043-0�
https://doi.org/10.1103/PhysRevLett.115.122001�
https://doi.org/10.1103/PhysRevLett.115.122001�
https://doi.org/10.1103/PhysRevLett.115.072001�
https://doi.org/10.1103/PhysRevLett.115.072001�
https://doi.org/10.1088/1674-1137/40/1/011001�
https://doi.org/10.1088/1674-1137/40/1/011001�
https://doi.org/10.1103/PhysRevLett.117.082002�
https://doi.org/10.1103/PhysRevLett.117.082002�
https://doi.org/10.1103/PhysRevLett.117.082003�
https://doi.org/10.1103/PhysRevLett.117.082003�
https://doi.org/10.1103/PhysRevLett.122.222001�
https://doi.org/10.1103/PhysRevLett.122.222001�
https://doi.org/10.1140/epjc/s10052-016-4407-z�
https://doi.org/10.1140/epjc/s10052-016-4407-z�
https://doi.org/10.1103/PhysRevD.100.056006�
https://doi.org/10.1103/PhysRevD.100.056006�
https://doi.org/10.1016/j.physletb.2019.135051�
https://doi.org/10.1016/j.physletb.2019.135051�


6 C. W. XIAO, J. NIEVES, E. OSET, J. J. WU, AND B. S. ZOU

113, https://doi.org/10.1016/0370-2693(89)
90566-2 .

20. M. Neubert, Heavy quark symmetry,Phys. Rept.245 (1994)
259, https://doi.org/10.1016/0370-1573(94)
90091-4 .

21. A.V. Manohar and M.B. Wise,Heavy Quark Physics, Cam-
bridge Monographs on Particle Physics,Nuclear Physics and
Cosmology, Vol. 10 (Cambridge University Press, Cambridge,
England, 2000).

22. E. Santopinto and A. Giachino, Compact pentaquark structures,
Phys. Rev. D96 (2017) 014014,https://doi.org/10.
1103/PhysRevD.96.014014 .

23. R. Chen, J. He and X. Liu, Possible strange hidden-charm
pentaquarks fromΣ

(∗)
c D̄∗

s and Ξ
(′,∗)
c D̄∗ interactions,Chin.

Phys. C41(2017) 103105,https://doi.org/10.1088/
1674-1137/41/10/103105 .

24. B. Wang, L. Meng and S. L. Zhu, Spectrum of the strange hid-
den charm molecular pentaquarks in chiral effective field the-
ory, Phys. Rev. D101 (2020) 034018,https://doi.org/
10.1103/PhysRevD.101.034018 .

25. H. X. Chen, L. S. Geng, W. H. Liang, E. Oset, E. Wang and
J. J. Xie, Looking for a hidden-charm pentaquark state with
strangenessS = −1 from Ξ−b decay into J/ψ K− Λ, Phys.
Rev. C93 (2016) 065203,https://doi.org/10.1103/
PhysRevC.93.065203 .

26. A. Feijoo, V. K. Magas, A. Ramos and E. Oset, A hidden-
charmS = −1 pentaquark from the decay ofΛb into J/ψ, ηΛ
states,Eur. Phys. J. C76 (2016) 446,https://doi.org/
10.1140/epjc/s10052-016-4302-7 .

27. J. X. Lu, E. Wang, J. J. Xie, L. S. Geng and E. Oset, The
Λb → J/ψK0Λ reaction and a hidden-charm pentaquark state
with strangeness,Phys. Rev. D93 (2016) 094009,https:
//doi.org/10.1103/PhysRevD.93.094009 .

28. R. Aaij et al. [LHCb], Evidence of aJ/ψΛ structure and ob-
servation of excitedΞ− states in theΞ−b → J/ψΛK− decay,
Sci. Bull.66 (2021) 1278,https://doi.org/10.1016/
j.scib.2021.02.030 .

29. H. X. Chen, W. Chen, X. Liu and X. H. Liu, Establishing the
first hidden-charm pentaquark with strangeness,Eur. Phys. J.
C 81 (2021) 409,https://doi.org/10.1140/epjc/
s10052-021-09196-4 .

30. Z. G. Wang, Analysis of thePcs(4459) as the hidden-charm
pentaquark state with QCD sum rules,Int. J. Mod. Phys.
A 36 (2021) 2150071,https://doi.org/10.1142/
S0217751X21500718 .

31. K. Azizi, Y. Sarac and H. Sundu, Investigation ofPcs(4459)0

pentaquark via its strong decay toΛJ/Ψ, Phys. Rev.
D 103 (2021) 094033, https://doi.org/10.1103/
PhysRevD.103.094033 .
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