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In the present work, we investigate the production of the newly observed PΛ
ψsð4338Þ state in Ξ−

b decay,

where the PΛ
ψsð4338Þ is assigned as a ΞcD̄ molecular state. By using an effective Lagrangian approach, we

evaluate the branching fractions of Ξ−
b → PΛ

ψsð4338ÞK− via the triangle loop mechanism. The branching

fractions of Ξ−
b → PΛ

ψsð4338ÞK− are in the order of 10−4; the result is compared with our previous work of

Ξ−
b → PΛ

ψsð4459ÞK−. We also predict the ratio of PΛ
ψsð4459Þ and PΛ

ψsð4338Þ productions in the decay

Ξ−
b → PΛ

ψsK− → J=ψΛK−. The predicted branching fractions and their ratios could be tested exper-

imentally, which may be helpful for understanding the molecular picture of PΛ
ψsð4338Þ as well as other

hidden-charm pentaquark states with strangeness. Moreover, the experimental potential of observing
PΛ
ψsð4338Þ in the Ξ−

b → K−J=ψΛ is discussed.

DOI: 10.1103/PhysRevD.109.094003

I. INTRODUCTION

In the past two decades, significant progress in the
investigations of multiquark states has been archived on
both experimental and theoretical sides (see Refs. [1–13]
for recent reviews). At the birth of the quark model, the
notion of tetraquark and pentaquark states has been pro-
posed in addition to the conventionalmesons and baryons in
1964 [14,15]. Theoretical investigations on the possible
pentaquarks composed of light quarks [16,17] and con-
taining one charm quark [18,19] were performed after the
predictions made by the quark model. The so-called Θ
pentaquark, composed of uudds̄, was initially reported by
the LEPS collaboration in 2003 [20]. However, the exist-
ence of this state has not been confirmed by the subsequent
experimental measurements [21].
In 2015, the LHCb collaboration observed two penta-

quark candidates PN
ψ ð4380Þ and PN

ψ ð4450Þ in the J=ψp
invariant mass distribution of the decay Λb → KJ=ψp [22]
(henceforth, the new naming convention proposed by the
LHCb collaboration will be employed [23]), which turns a
new chapter of searching pentaquark states. Note that the
hidden charm pentaquark above 4 GeV was predicted in

Ref. [24]. Subsequently, with the data collected in runs I
and II, the LHCb collaboration updated their analysis of
the J=ψp invariant mass distribution of the decay
Λb → KJ=ψp, a new pentaquark state PN

ψ ð4312Þ was
identified, while the PN

ψ ð4450Þ split into two structures,
which were PN

ψ ð4440Þ and PN
ψ ð4457Þ, respectively [25].

Furthermore, in 2021, the LHCb collaboration found
evidence for an additional structure PN

ψ ð4337Þ in the
J=ψp and J=ψp̄ systems of the decay B0

s → J=ψpp̄ with
a significance in the range of 3.1 to 3.7σ [26].
The pentaquark candidates, PN

ψ ð4312Þ, PN
ψ ð4337Þ,

PN
ψ ð4380Þ, PN

ψ ð4440Þ, and PN
ψ ð4457Þ, are all observed in

the J=ψp invariant mass spectrum. Thus, their quark
components are most likely to be cc̄qqqðq ¼ u=dÞ. The
discovery of these states has prompted the proposal of
compact pentaquark interpretations with different quark
configuration [27–34]. A notable feature of these PN

ψ states
is that they are slightly below or above the thresholds of the

meson-baryon pairs, such as,Σð�Þ
c D̄ð�Þ,ΛcD̄�, χc1p,ψð2SÞp.

This proximity naturally leads to various molecular state
explanations due to the abundant thresholds nearby [35–58].
It is noteworthy that alternative explanations for PN

ψ ð4337Þ,
such as cusp effect [59] and reflection effect [60], have also
been proposed.
Along the line of PN

ψ series, a pertinent question arises:
does the hidden-charm pentaquark state with strangeness,
denoted as PΛ

ψs, exist? The spectrum of PΛ
ψs states has been

predicted in Refs. [61–66]. Utilizing the chiral effective
field theory, the authors of Ref. [63] predicted the masses of
½ΞcD̄�1=2, ½ΞcD̄��1=2, and ½ΞcD̄��3=2 molecular states to be
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4319.4þ2.8
−3.0 , 4456.9

þ3.2
−3.3 , and 4463.0þ2.8

−3.0 MeV, respectively.
The search for PΛ

ψs states has been suggested in the J=ψΛ
invariant mass spectrum of the decays Λb → J=ψηΛ [67],
Λb → J=ψK0Λ [68], and Ξ−

b → K−J=ψΛ [69,70].
Following the observations of the PN

ψ states, the LHCb
collaboration further made progress on the PΛ

ψs states. In
2020, the LHCb collaboration reported evidence of a
pentaquark candidate PΛ

ψsð4459Þ in the J=ψΛ invariant
mass spectrum with a significance of 3.1σ in the decay
Ξ−
b → K−J=ψΛ [71]. The measured mass and width are

m ¼ 4458.8� 2.9þ4.7
−1.1 MeV

Γ ¼ 17.3� 6.5þ8.0
−:57 MeV; ð1Þ

respectively. However, the JP quantum numbers of
PN
ψ ð4459Þ were not determined.
More recently, the LHCb collaboration announced the

observation of the PΛ
ψsð4338Þ state in the J=ψΛ invariant

mass spectrum of the decay B− → J=ψΛp̄ with the
significance more than 10σ [72]. The measured mass
and width are

mPcs
¼ 4338.2� 0.7� 0.4 MeV; ð2Þ

ΓPcs
¼ 7.0� 1.2� 1.3 MeV; ð3Þ

respectively. Meanwhile, the JP quantum numbers were
determined to be JP ¼ 1

2
−.

The observations of PΛ
ψs states have paved the way for

deeper understanding the multiquark states and generated a
heated discussion on their nature. Because of their prox-
imity to ΞcD̄ and ΞcD̄� thresholds, molecular interpreta-
tions to both PΛ

ψsð4338Þ [73–77] and PΛ
ψsð4459Þ [78–85]

have been proposed. It should be noted that the LHCb
collaboration has stated that the PΛ

ψsð4459Þ structure can
also be well described by a two peak structure [71].
Inspired by this fact, the authors in Refs. [78,79] inves-
tigated the possibility that the two substructures of
PΛ
ψsð4459Þ corresponding to ΞcD̄� molecular states with

JP ¼ 1
2
− and JP ¼ 3

2
−, which is analogous to the PN

ψ ð4450Þ
structure, contains two substructures, PN

ψ ð4440Þ and
PN
ψ ð4457Þ [25]. Additionally, PΛ

ψsð4338Þ has been inter-
preted as the strange partner of PN

ψ ð4312Þ. With the aim at
decoding the inner structure of PΛ

ψs states, the magnetic
moment of PΛ

ψsð4338Þ and PΛ
ψsð4459Þ states was estimated

by using the light-cone sum rules method [81] and the
constituent quark model [82]. In Ref. [86], the PΛ

ψsð4338Þ
structure was interpreted as the triangle singularity.
However, an analysis of the LHCb data on the decay B− →
J=ψΛp̄ reveals a pole corresponding to PΛ

ψsð4338Þ at
ð4339.2� 1.6Þ − ð0.9� 0.4Þi MeV [87], indicating that
the data does not support the PΛ

ψsð4338Þ structure resulting

from a kinematical effect. In Ref. [88], the authors found
that PΛ

ψsð4338Þ arise from the pole well above the Ξþ
c D−

threshold or the pole well below the Ξ0
cD̄0 threshold. As

indicated in Refs. [79,86], regarding the PΛ
ψsð4338Þ as a

partner of PΛ
ψsð4459Þ may be problematic, since the mass

gap of the PΛ
ψs states is different from that of the PN

ψ states.
It should be noted that the investigations on the pro-

duction mechanism, as well as the mass spectrum, and
decay behaviors, of the pentaquark candidates can also
provide beneficial information of their internal structures.
For instance, in our prior work [56], we examined
the production of PN

ψ ð4312=4440=4457Þ in the decay
Λb → PN

ψK; the results were in good agreement with the
LHCb data [25], which supported the molecular interpre-
tations of PN

ψ states. The production of PΛ
ψsð4459Þ in Ξ−

b →
PΛ
ψsK− was also estimated and the production ratio was

predicted to be of the order of 10−4 [89]. Building on these
findings, we can further explore the production mechanism
of the process Ξ−

b → PΛ
ψsð4338ÞK− with PΛ

ψsð4338Þ being a
ΞcD̄ molecule state by using an effective Lagrangian
approach. Additionally, it has been observed that the
PΛ
ψsð4338Þ lies at the boundary of the phase space of

the decay B− → J=ψΛp̄, and the theoretical description
of the resonance near the phase space boundary remains
an unresolved issue. Thus, searching PΛ

ψsð4338Þ in
other production processes, such as Ξ−

b → PΛ
ψsð4338ÞK−,

becomes interesting and crucial.
This work is organized as follows. After the

Introduction, the formulas of the PΛ
ψsð4338Þ production

in the decay of Ξ−
b , including the effective Lagrangians and

production amplitudes, are shown. The numerical results
and the relevant discussions are presented in Sec. III, and
the last section is devoted to a short summary.

II. THEORETICAL FRAMEWORK

We can first analyze the process Ξ−
b → PΛ

ψsð4338ÞK− at
the quark level, which is illustrated in Fig. 1(a). From the
phenomenological perspective, this decay occurs in two
steps, which are

(i) the bottom quark transits to charm quark by emitting
a W− boson that couples to the c̄s quark pair
consequently;

(ii) the c̄s quark pair and the uū created from vacuum
transit into K− and D̄, and then D̄ and Ξc form a
bound state, i.e., PΛ

ψsð4338Þ.
Here we phenomenologically describe the above two steps
by the operators HW and HT , respectively. Then, the
amplitude of the decay process Ξ−

b → PΛ
ψsð4338ÞK− can

be expressed,

hPΛ
ψsð4338ÞK−jHTHW jΞ−

b i: ð4Þ
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The estimation of the above amplitude at the quark level is
rather difficult, and in the present work, we try to evaluate
this amplitude at the hadron level by inserting a complete
basis formed by a baryon and a meson between HT and
HW , which is

hPΛ
ψsð4338ÞK−jHTHW jΞ−

b i
¼

X
B;M

hPΛ
ψsð4338ÞK−jHT jBMihBMjHW jΞ−

b i: ð5Þ

In principle, all possible bases that can connect the initialΞ−
b

and final PΛ
ψsð4338ÞK− should be taken into account. In the

present work, the PΛ
ψsð4338Þ is regarded as a Ξ0

cD̄0 mol-
ecule, indicating the dominance of the coupling between
PΛ
ψsð4338Þ and its components Ξ0

cD̄0. Therefore, at the
hadron level, the contributions from the diagram in Fig. 1(b),
where the initial Ξ−

b and final PΛ
ψsð4338ÞK− are connected

by Ξ0
cD�−

s by exchanging a D̄0 meson, are expected to be
dominant.
In the present work, we employ an effective Lagrangian

approach to estimate the diagram illustrated in Fig. 1(b).
The Lagrangian for the weak vertex ΞbΞcD�

s reads [90]

LΞbΞcD�
s
¼ D�μ

s Ξ̄cðA1γμγ5 þ A2p2μγ5 þ B1γμ þ B2p2μÞΞb;

ð6Þ

where A1, A2, B1, and B2 are the recombinations of the
form factors g1;2 and f1;2, which are

A1 ¼ −λa1fD�
s
m1½g1 þ g2ðm −m2Þ�;

A2 ¼ −2λa1fD�
s
m1g2;

B1 ¼ λa1fD�
s
m1½f1 − f2ðmþm2Þ�;

B2 ¼ 2λa1fD�
s
m1f2; ð7Þ

where λ ¼ GFffiffi
2

p VcbVcs and a1 ¼ 1.07 [91]. m, m1, and m2

are the masses of Ξ−
b , D

�−
s , and Ξ0

c, respectively. fD�
s
¼

0.247 is the decay constant of theD�
s , which is estimated by

twisted-mass lattice QCD [92].

The transition form factors of Ξ−
b → Ξ0

c could be para-
metrized in the form [90]

fiðQ2Þ¼ fið0Þ
ð1−Q2=m2

VÞ2
; giðQ2Þ¼ gið0Þ

ð1−Q2=m2
AÞ2

; ð8Þ

where mVðmAÞ is the pole mass of the vector (axial-vector)
meson. In Table I, we collect the parameters related to the
transition form factors of Ξ−

b → Ξ0
c [90].

Based on the SU(4) symmetry, the effective Lagrangian
of D�

sDK is [93]

LKDD�
s
¼ igKDD�

s
D�μ

s ½D̄∂μK̄ − ð∂μD̄ÞK̄� þ H:c:; ð9Þ

with gKDD�
s
¼ 5.0 [93]. In the molecular scenario,

PΛ
ψsð4338Þ is considered to be a molecular state composed

of D̄Ξc with JP ¼ 1=2− and the S-wave coupling of
PΛ
ψsð4338Þ and ΞcD̄ is [94]

LPΛ
ψsΞcD̄ ¼ gPΛ

ψsΞcDΞ̄cPψsD̄0 þ H:c:; ð10Þ

where gPΛ
ψsΞcD is the coupling constant of PΛ

ψs and ΞcD. As
an S-wave shallow bound state, the coupling constants of
PΛ
ψsð4338Þ and its components ΞcD̄ could be estimated

under nonrelativistic conditions [95,96],

g2PΛ
ψsΞcD

¼ 4π

4m0m2

ðm1 þm2Þ5=2
ðm1m2Þ1=2

ffiffiffiffiffiffiffiffiffiffi
32Eb

p
; ð11Þ

wherem0,m1, andm2 are the masses of PΛ
ψsð4338Þ,D, and

Ξc, respectively, and Eb ¼ m1 þm2 −m0 is the binding
energy of the S-wave shallow bound state. With the
measured mass of PΛ

ψsð4338Þ, the coupling constant is
estimated to be g ¼ 1.21.
With the effective Lagrangians listed above, we can

obtain the amplitudes of Ξ−
b ðpÞ→D�−

s ðp1ÞΞ0
cðp2Þ½DðqÞ�→

K−ðp3ÞPΛ
ψsð4338Þðp4Þ corresponding to Fig. 1(b), which is

(a) (b)

FIG. 1. Diagrams contributing to Ξ−
b → PΛ

ψsð4338ÞK− at the
quark level (a) and the hadron level (b).

TABLE I. The values of the parameters fið0Þ and gið0Þ in the
form factors of Ξ−

b → Ξ0
c transition [90].

Parameter Value Parameter Value

f1ð0Þ 0.533 g1ð0Þ 0.580
mΞb

f2ð0Þ −0.124 mΞb
g2ð0Þ −0.019

mV 6.34 GeV mA 6.73 GeV
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M ¼ i3
Z

d4q
ð2πÞ4 ½gpψsΞcDūðp4Þ�ð=p2 þm2Þ

× ½ðA1γαγ5 þ A2p2αγ5 þ B1γα þ B2p2αÞuðpÞ�

× ½igKDD�
s
iðp3β − qβÞ�

−gαβ þ pα
1p

β
1=m

2
1

p2
1 −m2

1

×
1

p2
2 −m2

2

1

q2 −m2
E
F ðq2; m2

EÞ: ð12Þ

In the present work, a form factor in the monopole form
is introduced to depict the internal structure of the
exchanged charmed meson and avoiding the divergence
in the loop integration. The concrete expression of the form
factor is

F ðq2; m2Þ ¼ m2 − Λ2

q2 − Λ2
; ð13Þ

where Λ ¼ mþ αΛQCD [97] with ΛQCD ¼ 220 MeV. α
is a model parameter, which should be of the order of
unity [98–100].

III. NUMERICAL RESULTS
AND DISCUSSIONS

With the above preparations, we can estimate the branch-
ing fractions of Ξ−

b → PΛ
ψsð4338ÞK−. The α dependence of

the branching fraction is shown in Fig. 2, where we also
present our estimations of the branching fractions for Ξ−

b →
PΛ
ψsð4459ÞK− with different JP assignments for PΛ

ψsð4459Þ
[56]. Here, we vary the model parameter α from 0.8 to 1.2,
which is the same as that of our previous investigations of
PN
ψ ð4312=4440=4457Þ [56] and PΛ

ψsð4459Þ [89] produc-
tions. From the figure, one can find the estimated branching
ratios increase with the increasing of model parameter α.

In particular, in the considered α range, the branching ratio of
Ξ−
b → PΛ

ψsð4338ÞK− is estimated to be ð0.75–1.06Þ × 10−4.
By comparing the branching ratios of Ξ−

b → PΛ
ψsð4338ÞK−

and Ξ−
b → PΛ

ψsð4459ÞK−, we find that the branching ratio
of Ξ−

b → PΛ
ψsð4338ÞK− is almost the same as that of

Ξ−
b → PΛ

ψsð4459Þð12−ÞK−, while it is about 1 order of
magnitude smaller than that of Ξ−

b → PΛ
ψsð4459Þð32−ÞK−.

To further check the relations of the production rates of
PΛ
ψsð4338Þ and PΛ

ψsð4459Þ states in Ξ−
b decays, we define

the following ratios:

R1 ¼
B½Ξ−

b → PΛ
ψsð4338ÞK−�

B½Ξ−
b → PΛ

ψsð4459Þð12−ÞK−� ;

R2 ¼
B½Ξ−

b → PΛ
ψsð4338ÞK−�

B½Ξ−
b → PΛ

ψsð4459Þð32−ÞK−� : ð14Þ

The α dependence of these ratios is presented in Fig. 3. The
ratio R1 is estimated to be 0.81–0.89, while the ratio R2 is
evaluated to be ð7.5–8.5Þ × 10−2. Our estimations find that
these two ratios are almost independent on the model
parameter, which can be tested by further experimental
measurements from the LHCb collaboration.
Before the end of this work, we would like to discuss the

experimental potential of observing PΛ
ψsð4338Þ in the decay

Ξ−
b → K−J=ψΛ. In Ref. [62], the branching ratio of

PΛ
ψsð4338Þ → J=ψΛ is estimated to be ð9.74þ2.69

−2.36Þ × 10−2.
Considering the small width of PΛ

ψsð4338Þ, and together
with present estimation, one hasBðΞ−

b → PΛ
ψsð4338ÞK− →

J=ψΛK−Þ ≃ BðΞ−
b → PΛ

ψsð4338ÞK−Þ × BðPΛ
ψsð4338Þ →

J=ψΛÞ ¼ ð8.84þ2.84
−2.63Þ × 10−6. In Ref. [89], with the

help of the relevant experimental measurement, we obtain
BðΞ−

b → PΛ
ψsð4459ÞK− → J=ψΛK−Þ ¼ ð6.25þ5.98

−4.98Þ× 10−6.
Thus, the ratio of the fit fractions of PΛ

ψsð4459Þ and

0.8 0.9 1.0 1.1 1.2
0.0

0.2

0.4

0.6

0.8

1.0

FIG. 3. The branching fraction ratios depending on the model
parameter α.

0.8 0.9 1.0 1.1 1.2
0

5

10

15

FIG. 2. The branching fractions of Ξ−
b → PΛ

ψsð4338ÞK− de-
pending on the parameter α. For comparison, we also present the
branching fraction of Ξ−

b → PΛ
ψsð4459ÞK− with different JP

assignments for PΛ
ψsð4459Þ [56].
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PΛ
ψsð4338Þ in Ξ−

b → J=ψΛK− is predicted to be

BðΞ−
b → PΛ

ψsð4459ÞK− → J=ψΛK−Þ
BðΞ−

b → PΛ
ψsð4338ÞK− → J=ψΛK−Þ ¼ 0.71þ0.71

−0.60 : ð15Þ

As shown in Fig. 4, the signal of PΛ
ψsð4338Þ can project into

the ΛK− invariant mass spectroscopy mainly in the region
2.0 GeV < mΛK− < 2.6 GeV. In Ref. [71], the LHCb
collaboration reported the J=ψΛ invariant mass distribu-
tions with 2.2 GeV < mΛK− < 2.8 GeV of the decay
Ξ−
b → J=ψΛK−, where the pentaquark state PΛ

ψsð4459Þ
was observed. In Fig. 5, we present the experimental data
from the LHCb collaboration, from which one can find the
data between 4.2 and 4.4 GeV have very large uncertainties.
In addition, the bin size of the experimental data is 20 MeV,

which is much larger than the width of PΛ
ψsð4338Þ. Further

precise measurements of the J=ψΛ invariant mass distribu-
tions with 2.0 GeV < mΛK− < 2.6 GeV may shed light on
the production of PΛ

ψsð4338Þ in the decay Ξ−
b → J=ψΛK−.

IV. SUMMARY

The notion of pentaquark can retrospect to the birth of
the quark model. After that, searching for possible penta-
quarks keeps intriguing for both experimentalists and
theorist. The first pentaquark candidate is theΘþ composed
of uudds̄ which were first reported by the LEPS collabo-
ration in 2003. However, the subsequent experiments did
not confirm the existence of these pentaquark states. The
breakthrough was made by the LHCb collaboration in the
year of 2015, and further updated in 2019, when a series of
hidden-charm pentaquark, PN

ψ states, were observed.
After the observations of PN

ψ , the LHCb collaboration
searched for the PΛ

ψs states in the decay Ξ−
b → J=ψΛK− and

B− → J=ψΛp̄. In the former process, the first hidden-charm
pentaquark state candidate with strangeness PΛ

ψsð4459Þwas
discovered. In the latter process, anther hidden-charm
pentaquark state with strangeness, PΛ

ψsð4338Þ, was discov-
ered with definitely JP quantum numbers. Theorists have
proposed various models to understand their spectrum,
decay behaviors, and production mechanism.
In the present work, we studied the production process

Ξ−
b →PΛ

ψsð4338ÞK− with an effective Lagrangian approach.
We first analyze the process Ξ−

b → PΛ
ψsK− at the quark level

and then estimate it at the hadron level via triangle loop
mechanism. The branching ratio of Ξ−

b → PΛ
ψsð4338ÞK− is

predicted to be of the order of 10−4. By comparison with
our previous work of Ξ−

b → PΛ
ψsð4459ÞK−, the branching

ratio of Ξ−
b → PΛ

ψsð4338ÞK− is very close to that of
Ξ−
b → PΛ

ψsð4459Þð12−ÞK−, and of 1 order of magnitude
smaller than that of Ξ−

b → PΛ
ψsð4459Þð32−ÞK−. The ratios

of PΛ
ψsð4338Þ and PΛ

ψsð4459Þ with JP ¼ 1
2
− and JP ¼ 3

2
− in

Ξ−
b → PΛ

ψsK− are estimated, the predicted ratios are almost
independent on the model parameter, and can be tested by
further experimental measurements from the LHCb
collaboration.
At last, we discussed the experimental potential of

observing PΛ
ψsð4338Þ in the decay Ξ−

b → K−J=ψΛ. The
ratios of the fit fractions of PΛ

ψsð4459Þ and PΛ
ψsð4338Þ in

Ξ−
b → J=ψΛK− are estimated, which is smaller than unity.

We explored the scope of the signal of PΛ
ψsð4338Þ projec-

ting into the ΛK− invariant mass spectroscopy and com-
pared the present estimations with the LHCb data. Then, we
suggested that the further precise measurements of the
J=ψΛ invariant mass distributions with 2.0 GeV <
mΛK− < 2.6 GeV may shed light on the production of
PΛ
ψsð4338Þ in the decay Ξ−

b → J=ψΛK−.

1.6 1.8 2.0 2.2 2.4 2.6 2.8

FIG. 4. The signal of PΛ
ψsð4338Þ in the ΛK− invariant mass

distributions.

FIG. 5. The J=ψΛ invariant mass distributions of Ξ−
b →

J=ψΛK− with 2.2 GeV < mΛK− < 2.8 GeV reported by the
LHCb collaboration [71]. The cyan band is the signal region
of PΛ

ψsð4338Þ.
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