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Recently, the LHCb Collaboration reported on the evidence for a hidden charm pentaquark state with
strangeness, i.e., Pcsð4459Þ, in the J=ψΛ invariant mass distribution of the Ξ−

b → J=ψΛK− decay. In this
work, assuming that Pcsð4459Þ is a D̄�Ξc molecular state, we study this decay via triangle diagrams
Ξb → D̄ð�Þ

s Ξc → ðD̄ð�ÞK̄ÞΞc → PcsK̄ → ðJ=ψΛÞK̄. Our study shows that the production yield of a spin 3=2
D̄�Ξc state is approximately one order of magnitude larger than that of a spin 1=2 state due to the
interference of D̄sΞc and D̄�

sΞc intermediate states. We obtain a model independent constraint on the
product of couplings gPcsD̄�Ξc

and gPcsJ=ψΛ. With the predictions of two particular molecular models as
inputs, we calculate the branching ratio of Ξ−

b → ðPcs →ÞJ=ψΛK− and compare it with the experimental
measurement. We further predict the line shape of this decay that could be useful to future experimental
studies.

DOI: 10.1103/PhysRevD.104.034022

I. INTRODUCTION

In 2015, two pentaquark states Pcð4380Þ and Pcð4450Þ
were observed in the J=ψp invariant mass distribution of the
Λb → J=ψpK− decay by the LHCb Collaboration [1],
which have long been anticipated theoretically [2–11].
Since then, a large amount of theoretical works have been
performed to understand their nature. The most popular
interpretations include D̄ð�ÞΣð�Þ

c molecular states [12–20],
compact pentaquark states [21–23], and kinematical effects
[24,25]. The experimental results were updated in 2019 with
a data sample of almost ten times larger [26]. A new narrow
state, Pcð4312Þ was discovered. More interestingly, the
original Pcð4450Þ state splits into two states, Pcð4440Þ
and Pcð4457Þ. The masses and widths of these states are
tabulated in Table I. After the 2019 update, the pentaquark
states look more like D̄ð�ÞΣð�Þ

c molecules [27–40], but again
nonmolecular interpretations are possible, such as compact

pentaquark states [41–43] and even double triangle singu-
larities [44].
Most recently, the LHCb Collaboration reported on the

first evidence for a structure in the J=ψΛ invariant mass
distribution of the Ξ−

b → J=ψΛK− decay [45], hinting at
the existence of a pentaquark state with strangeness, i.e.,
Pcsð4459Þ. It should be noted that the existence of
pentaquark states with strangeness was predicted together
with their nonstrange counterparts in the molecular
picture [2,3]. The Pcsð4459Þ state is located close to
the D̄�Ξc threshold, leading naturally to a molecular
interpretation [46–51]. One interesting point to be noted
is that in addition to the four Pcs discovered experimen-
tally, there may be three more candidates which strongly
couple to D̄�Σ�

c with JP ¼ 1
2
−; 3

2
−; 5

2
−, as dictated by the

heavy quark spin symmetry [30,35,36,39]. As for penta-
quark states with strangeness, one expects 10 of them
[47,50,52,53].
In addition to the masses and widths of the pentaquark

states, the LHCb Collaboration also reported the produc-
tion yields of Pcð4312Þ, Pcð4380Þ, Pcð4440Þ, Pcð4457Þ,
and Pcsð4459Þ, which are collected in Table I. One notes
that the production yield for Pcð4380Þ is one order of
magnitude larger than that of Pcð4312Þ, which provides
an explanation why Pcð4312Þ was not observed in 2015.
However, we note that the sum of the production yields of
Pcð4440Þ and Pcð4457Þ is only half of that of Pcð4450Þ,
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which may indicate that something is missing, maybe a
new resonance as suggested in several works [19,54–56].
Clearly, understanding the production yields, particularly
the pattern shown in Table I, will greatly improve our
understanding of the pentaquark states.1

In the present work, we study the branching ratio of
Ξ−
b → PcsK−.2 The present work differs from those of

Refs. [64,65] in two ways. First, the weak production
formalism is different from that of Ref. [64] (see also
Ref. [66]), which allows for a prediction of the absolute
branching ratio of the Ξ−

b → PcsK− → J=ψΛK− decay
within a molecular model. Compared to Ref. [65], we
use different parametrizations of form factors and predict
the line shape of the Ξ−

b → PcsK− → J=ψΛK− decay.
Taking two molecular models for the Pcsð4459Þ state
[47,51], we compare the so-obtained branching ratios with
the experimental data. In the present work, we assume that
the Pcs state is dominantly a D̄�Ξc bound state.
Contributions from coupled channels with Ξ0

c or Ξ�
c are

suppressed in the weak decay of Ξb due to their light axial-
vector diquark. We also neglect the contributions from
other channels such as D̄Ξc and D̄ð�Þ

s Λc because of the
relatively larger gaps between the thresholds and the mass
of Pcs. We note that the studies based on the unitary

approach [47] and the one-boson-exchange model [51]
have shown that the couplings of the Pcs state to D̄Ξc and
D̄ð�Þ

s Λc are much smaller than that to D̄�Ξc.
The present work is organized as follows. In Sec. II, we

explain in detail the mechanism for the Pcsð4459Þ pro-
duction in the Ξ−

b decay, which involves a weak interaction
part and a strong interaction part. In Sec. III, we present the
numerical results and compare with the experimental data,
followed by a short summary in Sec. IV.

II. THEORETICAL FRAMEWORK

Assuming that Pcsð4459Þ is a molecule mainly com-
posed of D̄�Ξc, the Ξ−

b → PcsK− decay can proceed as
shown in diagram (a) of Fig. 1. The Ξb state first decays
into Ξc by emitting a W− boson which is then converted
into a pair of c̄s, which after hadronization turns into aDð�Þ

s .
Next the Dð�Þ

s meson emits a kaon and a D̄�. The final state
interaction of D̄�Ξc dynamically generates the Pcsð4459Þ
state which then decays into J=ψΛ, as shown in Fig. 2.
In addition to the W-emission diagram discussed above,

the Ξ−
b decay can also proceed via the internalW-exchange

mechanism shown in Fig. 1(b). The ssd cluster can either
directly hadronize into a Ξ− or, by picking up a pair of qq̄
from the vacuum, hadronizes into ΛK−. The former is
indeed a main decay channel of Ξ−

b [67], while the latter has
been studied in Ref. [64].

A. Branching ratio of Ξb → PcsK −
In the following, we describe how to calculate the

diagrams of Fig. 2. The effective Lagrangian responsible
for the Ξb → ΞcD̄

ð�Þ
s decay reads

(a) (b)

FIG. 1. External W-emission (a) and internal W-conversion (b) mechanism for the Ξb decay.

TABLE I. Resonance parameters of the newly discovered pentaquark states and their production ratios, defined as

R ¼ BðΛbðΞbÞ→PcðPcsÞK̄ÞBðPcðPcsÞ→J=ψpðΛÞÞ
BðΛbðΞbÞ→K̄J=ψpðΛÞÞ .

State Mass (MeV) Width (MeV) Rð%Þ
Pcð4312Þ 4311.9� 0.7þ6.8

−0.6 9.8� 2.7þ3.7
−4.5 0.30� 0.07þ0.34

−0.09 [26]
Pcð4380Þ 4380� 8� 29 205� 18� 86 8.4� 0.7� 4.2 [1]
Pcð4440Þ 4440.3� 1.3þ4.1

−4.7 20.6� 4.9þ8.7
−10.1 1.11� 0.33þ0.22

−0.10 [26] 4.1� 0.5� 1.1 [1]
Pcð4457Þ 4457.3� 0.6þ4.1

−1.7 6.4� 2.0þ5.7
−1.9 0.53� 0.16þ0.15

−0.13 [26]
Pcsð4459Þ 4458.8� 2.9þ4.7

−1.1 17.3� 6.5þ8.0
−5.7 2.7þ1.9þ0.7

−0.6−1.3 [45]

1We note that recently the electromagnetic properties of the
pentaquark states have been studied [57–62], which, if measured,
could also help improve our understanding of these states.

2In Ref. [63], a similar mechanism has been applied to study
the Dþ

s → πþπ0η decay and it is shown that both the branching
ratio and the πþð0Þη line shape are well described. In particular,
the large branching ratio of Dþ

s → aþ0 π
0ða00πþÞ is naturally

explained, while for a pure W-annihilation process one would
expect a much smaller value.
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LΞbΞcDs
¼ iΞ̄cðAþBγ5ÞΞbDs;

LΞbΞcD�
s
¼ Ξ̄c

�
A1γμγ5þA2

p2μ

m
γ5þB1γμþB2

p2μ

m

�
ΞbD

�μ
s :

ð1Þ

The A1, A2, B1, B2, A, and B can be expressed with the six
form factors describing the Ξb → Ξc transition [68] as3

A ¼ λfDs

�
ðm −m2ÞfV1 þm2

1

m
fV3

�
;

B ¼ λfDs

�
ðmþm2ÞfA1 −

m2
1

m
fA3

�
;

A1 ¼ −λfD�
s
m1

�
fA1 − fA2

m −m2

m

�
;

B1 ¼ λfD�
s
m1

�
fV1 þ fV2

mþm2

m

�
;

A2 ¼ 2λfD�
s
m1fA2 ; B2 ¼ −2λfD�

s
m1fV2 ; ð2Þ

where λ ¼ GFffiffi
2

p VcbVcsa1 with a1 ¼ 1.07 [70]. The decay
constants f

Dð�Þ
s

for D̄s and D̄�
s are set to be 0.247 GeV and

m;m1; m2 refer to the masses of Ξb, D̄ð�Þ
s , and Ξc

respectively.
Following the double-pole parametrization proposed in

Ref. [71], one can rewrite the form factors as

fV=Ai ðq2Þ ¼ FV=A
i ð0Þ Λ2

1

q2 − Λ2
1

Λ2
2

q2 − Λ2
2

: ð3Þ

Fitting to the results of the relativistic quark-diquark model
[69], we can obtain the values of Fð0Þ, Λ1, and Λ2, which
are tabulated in Table II.
The effective Lagrangians for the Pcs → D̄�Ξc and

D̄ð�Þ
s → D̄�K̄ read

LPcs1ΞcD̄� ¼ gPcs1ΞcD̄� Ξ̄cγ5

�
gμν − pμpν

m2
Pcs

�
γνPcs1D�μ;

LPcs2ΞcD̄� ¼ gPcs2ΞcD̄� Ξ̄cPcs2μD�μ;

LPcs1J=ψΛ ¼ gPcs1J=ψΛ
Λ̄γ5

�
gμν − pμpν

m2
Pcs

�
γνPcs1J=ψμ;

LPcs2J=ψΛ ¼ gPcs2J=ψΛ
Λ̄Pcs2μJ=ψμ;

LKDsD� ¼ igKDsD�D�μ½D̄s∂μK − ð∂μD̄sÞK� þ H:c:;

LKD�
sD� ¼ −gKD�

sD�ϵμναβ½∂μD̄�
ν∂αD�

sβK̄ þ ∂μD�
ν∂αD̄�

sβK� þ H:c:; ð4Þ

where Pcs1 and Pcs2 denote the Pcsð4459Þ state with JP ¼
1
2
− and 3

2
−, respectively. The gKDsD� and gKD�

sD� are the
kaon meson couplings to DsD� and D�

sD�, respectively.

(a) (b)

FIG. 2. Triangle diagrams for the Ξ−
b → PcsK− decay.

TABLE II. Parameters Fð0Þ, Λ1, Λ2 in the form factors of the
Ξb → Ξc transition form factors.

FV
1 FV

2 FV
3 FA

1 FA
2 FA

3

Fð0Þ 0.467 0.145 0.086 0.447 −0.035 −0.278
Λ1ð GeVÞ 5.10 4.89 6.14 4.69 4.97 4.58
Λ2ð GeVÞ 9.03 5.46 6.28 12.20 5.05 7.08

3Here we adopt the convention for the form factors of Ref. [69]
in which there exists an extra minus in front of fA2 and fV2 .
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We take gKDsD� ¼ 5.0 and gKD�
sD� ¼ 7.0 GeV−1 in the

present work, which are extracted from Ref. [72]. The
gPcs1ΞcD̄� , gPcs2ΞcD̄� , gPcs1J=ψΛ, and gPcs2J=ψΛ are the cou-
plings between Pcs and its components, whose values are
not known a priori, but they can be computed with the

compositeness conditions [73–75] or in molecular mod-
els, e.g., Ref. [47,51], or in lattice QCD.
With the effective Lagrangians above, the decay

amplitudes for ΞbðpÞ → D̄ð�Þ
s ðp1ÞΞcðp2Þ½D̄�ðqÞ� →

K̄ðp3ÞPcs1ðp4Þ read

MPcs1
¼ MPcs1

D̄s
þMPcs1

D̄�
s
;

MPcs1

D̄s
¼ i3

Z
d4q
ð2πÞ4

�
gpcs1ΞcD̄� ūðp4Þγνγ5

�
gμν −

p4μp4ν

m2
4

��
ð=p2 þm2Þ

× ½iðAþ Bγ5ÞuðpÞ�½−gKD�Ds
ðp1 þ p3Þα�

�
−gμα þ qμqα

m2
E

�

×
1

p2
1 −m2

1

1

p2
2 −m2

2

1

q2 −m2
E
F ðq2; m2

EÞ;

MPcs1

D̄�
s

¼ i3
Z

d4q
ð2πÞ4

�
gpcs1ΞcD̄� ūðp4Þγνγ5

�
gμν −

p4μp4ν

m2
4

��
ð=p2 þm2Þ

×

��
A1γαγ5 þ A2

p2α

m
γ5 þ B1γα þ B2

p2α

m

�
uðpÞ

�

× ½−gKD�D�
s
ερλητqρp

η
1�
�
−gμλ þ qμqλ

m2
E

��
−gατ þ pα

1p
τ
1

m2
1

�

×
1

p2
1 −m2

1

1

p2
2 −m2

2

1

q2 −m2
E
F ðq2; m2

EÞ: ð5Þ

The decay amplitudes of ΞbðpÞ → D̄ð�Þ
s ðp1ÞΞcðp2Þ½D̄�ðqÞ� → K̄ðp3ÞPcs2ðp4Þ read

MPcs2
¼ MPcs2

D̄s
þMPcs2

D̄�
s
;

MPcs2

D̄s
¼ i3

Z
d4q
ð2πÞ4 ½−igpcs2ΞcD̄� ūμðp4Þ�ð=p2 þm2Þ½iðAþ Bγ5Þ

× uðpÞ�½−gKD�Ds
ðp1 þ p3Þν�

�
−gμν þ qμqν

m2
E

�
1

p2
1 −m2

1

1

p2
2 −m2

2

1

q2 −m2
E
F ðq2; m2

EÞ;

MPcs2

D̄�
s

¼ i3
Z

d4q
ð2πÞ4 ½−igpcs2ΞcD̄� ūσðp4Þ�ð=p2 þm2Þ

×

��
A1γργ5 þ A2

p2ρ

m
γ5 þ B1γρ þ B2

p2ρ

m

�
uðpÞ

�

× ½−gKD�D�
s
εμναβqμpα

1�
�
−gσν þ qσqν

m2
E

��
−gρβ þ pρ

1p
β
1

m2
1

�

×
1

p2
1 −m2

1

1

p2
2 −m2

2

1

q2 −m2
E
F ðq2; m2

EÞ; ð6Þ

with mE the mass of the exchanged D̄� mesons.
We follow Ref. [37] and introduce a monopole form

factor to depict the off-shell effect of the exchanged D̄�
mesons,

F ðq2; m2Þ ¼ m2 − Λ2

q2 − Λ2
; ð7Þ

where Λ ¼ mþ αΛQCD with ΛQCD ¼ 220 MeV, and α is a
model parameter. In this way, the triangle diagrams are free of

any ultraviolet divergence. Collecting all the pieces
together, the decay width for Ξb → PcsK̄ could be
expressed as

Γ ¼ 1

2J þ 1

1

8π

1

m2
Ξb

jp⃗j
X

jMPcs1=Pcs2
j2; ð8Þ

where jp⃗j denotes themomentumof K̄ orPcs in the rest frame
of Ξb.
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B. J=ψΛ invariant mass distribution of the Ξ−
b → K −Pcs → K − J=ψΛ

With the weak decay vertices described in Eqs. (1) and (2), we can further work out the invariant mass distribution of the
Ξ−
b → J=ψΛK− decay. Parametrizing the intermediate Pcsð4459Þ state with a Breit-Wigner resonance, the amplitudes of

Fig. 3 read

A ¼ AD̄s
þAD̄�

s
;

AD̄s
¼ i

Z
d4q
ð2πÞ4 ūðp5Þϵμðp4ÞAμαPcs1=Pcs2

· ð=p2 þm2Þ ·AΞbΞcD̄s
uðPÞ

×
Aα

KDsD� · ð−gμα þ qμqα

m2
E
Þ

ðp2
2 −m2

2Þðp2
1 −m2

1Þðq2 −m2
EÞ

F ðq2; m2
EÞ;

AD̄�
s
¼ i

Z
d4q
ð2πÞ4 ūðp5Þϵμðp4ÞAμαPcs1=Pcs2

· ð=p2 þm2Þ ·Aβ
ΞbΞcD̄�

s
uðPÞ

×
Aνβ

KD�
sD� · ð−gμν þ qμqν

m2
E
Þð−gαβ þ qαqβ

m2
1

Þ
ðp2

2 −m2
2Þðp2

1 −m2
1Þðq2 −m2

EÞ
F ðq2; m2

EÞ; ð9Þ

where ðp4 þ p5Þ2 ¼ p2
45 ¼ M2

45 denotes the invariant mass of the J=ψΛ final state and

AΞbΞcD̄s
¼ iðAþ Bγ5Þ;

Aρ
ΞbΞcD̄�

s
¼ A1γργ5 þ A2

p2ρ

m
γ5 þ B1γρ þ B2

p2ρ

m
;

Aα
KDsD� ¼ −gKDsD� ðpα

1 þ pα
3Þ;

Aνβ
KD�

sD� ¼ −gKD�
sD�ϵμναβðqμpα

1Þ;

Aμa
Pcs1

¼ gPcs1ΞcD̄�gPcs1J=ψΛ

p2
45 −mP2

cs
þ iΓPcs

mPcs
γ5

�
gμν −

pμ
45p

ν
45

m2
Pcs

�
γν · ð=p45 þmPcs

Þ · γ5
�
gab −

pa
45p

b
45

m2
Pcs

�
γb;

Aμν
Pcs2

¼ gPcs2ΞcD̄�gPcs2J=ψΛ

p2
45 −mP2

cs
þ iΓPcs

mPcs

ð=p45 þmPcs
Þ ·

�
−gμν þ γμγν

d − 1
þ γμpν

45 − γνpμ
45

ðd − 1ÞmPcs

þ d − 2

ðd − 1Þm2
Pcs

pμ
45p

ν
45

�
:

The partial decay rate for Ξb → J=ψΛK̄ as a function of the invariant mass MJ=ψΛ then reads

dΓ
dMJ=ψΛ

¼ 1

2J þ 1

1

64π3
1

m2
Ξb

jp�
3jjp4j

X
jAj2; ð10Þ

(a) (b)

FIG. 3. Feynman diagrams for the Ξ−
b → ðPcs →ÞJ=ψΛK− decay.
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with

p�
3¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

Ξb
−ðmK−MJ=ψΛÞ2Þðm2

Ξb
−ðmKþMJ=ψΛÞ2Þ

q
2mΞb

;

p4¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

J=ψΛ−ðmJ=ψ −mΛÞ2ÞðM2
J=ψΛ−ðmJ=ψ þmΛÞ2Þ

q
2MJ=ψΛ

:

ð11Þ
III. RESULTS AND DISCUSSIONS

In this section, we explore the decay mechanism pro-
posed in this work. We divide our discussions into two
categories, those which only depend on the decay mecha-
nism explored and those which depend on a particular
molecular model.
In our framework, the parameter α is not known, though

its value is often assumed to be about 1 [76–79]. Therefore,
we first study how the calculated branching ratios depend
on the value of α. Varying α from 0.8 to 1.2, we plot the
values of Br½Ξb → Pcs1ðPcs2ÞK̄�=g2Pcs1=2ΞcD̄� in Fig. 4. One
can see that the branching ratios for Pcs1 and Pcs2 are
moderately sensitive to the value of α in the range studied.
As a consequence, in the following, we will take α ¼
1.0� 0.1 to take into account the uncertainties from α.

A. Model independent predictions

To compute the absolute branching ratio Br½Ξb → PcsK̄�,
we need to know the coupling constants gPcs1ΞcD̄� and
gPcs2ΞcD̄� . They can be determined model independently
with the compositeness conditions [73–75], as was done in,
e.g., Ref. [32] for the pentaquark states. With the exper-
imental mass of Pcs, the couplings read gPcs1ΞcD̄� ¼ 1.59
and gPcs2ΞcD̄� ¼ 2.76, corresponding to a cutoff Λ ¼
1.0 GeV (more details can be found in the Appendix).
With these couplings, we find, surprisingly, that the
branching ratio for the Pcs state with JP ¼ 3=2− is
approximately one order of magnitude larger than that
for the Pcs state with JP ¼ 1=2−, which are

Br½Ξb → Pcs1K̄� ¼ ð9.84� 1.04Þ × 10−5;

Br½Ξb → Pcs2K̄� ¼ ð9.48� 1.08Þ × 10−4: ð12Þ

In addition, using the experimental branching ratio
Br½Ξb → J=ψΛK̄� ¼ ð2.31� 1.37Þ × 10−4 (see the
Appendix on how to derive this), the mass, width, and
branching ratio R of the Pcs state given in Table I as inputs,
we can provide a model independent constraint on the
product of the two couplings in Eq. (4), gPcsD̄�Ξc

and
gPcsJ=ψΛ, within the decay mechanism studied in the present
work. The experimental branching ratio given in Table I is
R ¼ 2.7þ2.0

−1.4%. Using the formalism detailed in Sec. II B,
we obtain

gPcsΞcD̄�gPcsJ=ψΛ ¼
�
0.18þ0.10

−0.08 for JP ¼ 1
2
−

0.17þ0.10
−0.08 for JP ¼ 3

2
−
: ð13Þ

The above product can be used to constrain molecular
models.

B. Comparison with models

In order to produce the branching ratio R defined in the
introduction, in addition to the information derived above,
we need to know the partial decay width of Pcs into J=ψΛ.
For this, we turn to specific molecular models. In the
following, we study the unitary approach of Ref. [47] and
the one-boson-exchange (OBE) model of Ref. [51], cal-
culate the branching ratio R, and compare with the LHCb
measurement.
First, we focus on Ref. [47]. Note that the difference

between the definition of their couplings and ours (see the
Appendix for details) and with the branching ratios
Br½Pcs → J=ψΛ� ¼ 3.31% for Pcs1 and 14.68% for Pcs2
from Ref. [47], we obtain the couplings as gPcs1J=ψΛ ¼ 0.07
and gPcs2J=ψΛ ¼ 0.27. The branching ratios R for the spin-
parity assignment 1=2− and 3=2− are found to be

RPcs1
¼ Br½Ξb → Pcs1K̄�Br½Pcs1 → J=ψΛ�

Br½Ξb → J=ψΛK̄� ¼ 1.4� 0.8%;

RPcs2
¼ Br½Ξb → Pcs2K̄�Br½Pcs2 → J=ψΛ�

Br½Ξb → J=ψΛK̄� ¼ 60.3� 36.4%:

ð14Þ

In the OBE model of Ref. [51], the Pcsð4459Þ state is
interpreted as a JP ¼ 3=2− molecular state and the partial
decay width of Pcs → J=ψΛ is estimated to be 0.06–
0.2 MeV. The main decay mode is found to be
Pcs → K�ΞðωΛÞ, which accounts for 80% of the total
decay width. These numbers lead to an even smaller
branching ratio Br½Pcs → J=ψΛ� ¼ 0.6% − 0.8% corre-
sponding to the total decay width ranging from 10
to 25 MeV. For the coupling between the Pcs state with
JP ¼ 3=2− and its components, we adopt the value

FIG. 4. Dependence of the branching ratios Br½Ξb → PcsK̄�
on α.
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gPcs2ΞcD̄� ¼ 2.76 obtained from the compositeness condi-
tion. Using 0.7% as the central value for Br½Pcs → J=ψΛ�
and 0.1% as its error, we obtain

RPcs2
¼ Br½Ξb → Pcs2K̄�Br½Pcs2 → J=ψΛ�

Br½Ξb → J=ψΛK̄�
¼ 2.87� 1.75%: ð15Þ

All these numbers are compared with the LHCb meas-
urement in Fig. 5. It is clear that the result of the OBE
model seems to agree with the experimental measurement,
as well as the JP ¼ 1=2− case of the unitary approach.4 The
predicted branching ratio for JP ¼ 3=2− in the unitary
approach is however much larger than the experimental
number. Alternatively, one can also compare the product of
gPcsΞcD̄� and gPcsJ=ψΛ obtained from the two models with the
values predicted model independently in Eq. (13). With the
couplings of the Pcs state to the components obtained in the
Appendix, the products in the unitary approach read

gPcs1ΞcD̄�gPcs1J=ψΛ ¼ 0.111 for JP ¼ 1

2

−
;

gPcs2ΞcD̄�gPcs2J=ψΛ ¼ 0.745 for JP ¼ 3

2

−
; ð16Þ

while in the OBE model, one has

gPcs2ΞcD̄�gPcs2J=ψΛ ¼ 0.180 for JP ¼ 3

2

−
; ð17Þ

where we have adopted gPcs2ΞcD̄� ¼ 2.76 determined via the
compositeness condition as was done in Eqs. (14) and (15)
because it was not given in Ref. [51]. We find that both the
two products for the JP ¼ 1=2− and 3=2− Pcs states
obtained from the unitary approach [47] are not quite
consistent with the predicted values. The product for the
JP ¼ 1=2− case locates close to the lower limit and,
correspondingly, the central value of the predicted branch-
ing ratio is also close to the lower edge of the experimental
measurement, as is shown in Fig. 5. For the JP ¼ 3=2−

case, the product is over four times the size of the model
independent estimate.5 Thus, a much larger branching ratio
is naturally foreseeable. On the other hand, the product
from the OBE model is in good agreement with the model
independent estimate. We note that the OBE model [51]
differs from the unitary approach [47] in that they consid-
ered different coupled channels. In the OBE model, the
lighter channels such as ωΛ and K�Ξ account for about
80% of the total decay width of Pcs, while in the unitary
approach, the J=ψΛ and D̄�

sΛc modes dominate the
decay width.
Finally, in Fig. 6, we show the J=ψΛ invariant mass

distribution of the Ξ−
b → J=ψΛK− decay with all the

relevant couplings provided by the unitary approach of
Ref. [47] (see the Appendix for more details). They might
be useful for future experimental searches.

IV. SUMMARY

In this work, we studied the decay of Ξ−
b → PcsK− →

J=ψΛK− via a triangle mechanism. The decay consists of
three steps. First, Ξ−

b decays weakly into D̄ð�Þ
s and Ξc via the

external W-emission diagram. Using the relevant form
factors determined in the relativistic quark-diquark model,
this weak interaction part can be computed without any free
parameters. Followed by the creation of D̄ð�Þ

s and Ξc in the
first step, the D̄ð�Þ

s state then emits a kaon and a D̄�. The D̄�
and Ξc interact with each other to dynamically generate the
Pcsð4459Þ state, which then decays into J=ψΛ. From such
a decay mechanism, we derived a constraint on the product
of couplings of the Pcsð4459Þ state to the D̄�Ξc and J=ψΛ
channels. Determining the coupling between Pcs and the
D̄�Ξc channel using the compositeness condition, we
predicted the branching ratio Br½Ξ−

b → PcsK−�. These
can be useful to understanding the nature of Pcsð4459Þ
as a molecular state.
Using the predicted couplings by the unitary approach

[47] and the one-boson-exchange model of Ref. [51], we
calculated the branching ratios Br½Ξ−

b → ðPcs →ÞJ=ψΛK−�.

FIG. 5. Branching ratios R for Pcs1ðJP ¼ 1=2−Þ and
Pcs2ðJP ¼ 3=2−Þ. The red square and blue circle denote our
results given in Eq. (14), while the black diamond denotes the
LHCb measurement [45]. The results with the partial decay width
obtained from the OBE model of Ref. [51] (green triangle) is also
shown for comparison.

4We note that in the QCD sum rule approach of Ref. [80], it
was shown that the assignment of the Pcsð4459Þ state as a
diquark-diquark-antiquark structure with JP ¼ 1=2− is possible
by studying its strong decay to J=ψΛ.

5Note that the decay width of Pcs obtained from the two
models are not exactly the central value of the experimental data
with which the model independent products are derived.
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We found that in the unitary approach, the JP ¼ 1=2−

assignment is preferred, while the JP ¼ 3=2− assignment
gives a branching ratio much larger than the experimental
measurement. On the other hand, the 3=2 assignment in the
one-boson-exchange model of Ref. [51] yields a branching
ratio in agreement with the LHCb data. This can be traced
back to the drastically different partial decay width
of Pcs → J=ψΛ.
In principle, the present formalism can also be utilized to

study the Λb → J=ψpK− decay, where the four pentaquark
states, Pcð4312Þ, Pcð4380Þ, Pcð4440Þ, and Pcð4457Þ, were
discovered. This has been explored in Ref. [37], which,
however, suffers from the fact that the weak decay Λb →
D̄ð�Þ

s Σc is suppressed because the ud quark pair in Λb has
spin 0, but that in Σc has spin 1. As a result, the relevant
transition form factors are not known and therefore one
could not arrive at a quantitative determination of the
branching ratios. In addition, compared to the present case,
the suppression of theΛb → D̄ð�Þ

s Σc transition indicates that
other mechanisms may play a role in addition to the
external W-emission studied in the present work, which
complicates the study a lot.
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APPENDIX A: COUPLINGS FROM THE
COMPOSITENESS CONDITIONS

For Pcs, the ratio of the binding energy over the reduced
mass is approximately BPcs

=μD̄�Ξc
∼ 1.7%, which, though

larger than that for the deutron with BD=μ2mN
∼ 0.4%, is

still a small number. In Refs. [81,82], it was shown that the
compositeness condition works for the D�

s0ð2317Þ state,
whose binding energy is 45 MeVas a DK bound state. We
thus believe that the compositeness condition is applicable
in the present work.
With the assumption that the Pcs state observed by the

LHCb Collaboration can be interpreted as a molecular state
of D̄�Ξc with JP ¼ 1=2− or JP ¼ 3=2−, we can calculate
the couplings between the Pcs state and its components
with the compositeness condition, which is quite similar to
what was done in Refs. [32,82].
According to the compositeness rule [73–75], the cou-

pling constant gPcs1=2ΞcD̄� can be determined from the fact
that the renormalization constant of the wave function of a
composite particle should be zero. That is,

ZPcs
¼ 1 −

dΣPcs
ðk0Þ

d=k0

����
=k0¼mPcs

¼ 0; ðA1Þ

where ΣPcs
denotes the self-energy of Pcs1 and Pcs2.

Applying the effective Lagrangians listed in Eq. (4), the
self-energy ΣPcs1=2

reads (see Fig. 7)

FIG. 6. Invariant mass distribution of Ξ−
b → PcsK− → J=ψΛK− for Pcs with JP ¼ 1=2− (left) and JP ¼ 3=2− (right).

FIG. 7. Mass operators of the Pc.
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ΣPcs1
ðk0Þ ¼ g2Pcs1ΞcD̄�

Z
d4k1
ið2πÞ4 Φ

2½−ðk1 − k0ωΞc
Þ2�Aμ

Pcs1

1

=k1 −mΞc

Aν
Pcs1

−gμν þ kμ
2
kν
2

m2
D�

k22 −m2
D�

;

Σμν
Pcs2

ðk0Þ ¼ g2Pcs2ΞcD̄�

Z
d4k1
ið2πÞ4 Φ

2½−ðk1 − k0ωΞc
Þ2� 1

=k1 −mΞc

−gμν þ kμ
2
kν
2

m2
D�

k22 −m2
D�

; ðA2Þ

with

ωΞc
¼ mΞc

mΞc
þmD�

;

Aμ
Pcs1

¼ γ5

�
gμν −

kμ0k
ν
0

m2
Pcs

�
γν: ðA3Þ

TheΦ½−p2� ¼ expðp2=Λ2Þ is the Fourier transformation of
the correlation in the Gaussian form with Λ being the size
parameter which characterizes the distribution of compo-
nents inside the molecule. With all the formula above and
taking Λ ¼ 1.0 GeV, we obtain the couplings between the
Pcs states and D̄�Ξc, which are gPcs1ΞcD̄� ¼ 1.59 for JP ¼
1=2− and gPcs2ΞcD̄� ¼ 2.76 for JP ¼ 3=2−.

APPENDIX B: DETERMINATION OF THE
BRANCHING RATIO Br½Ξb → J=ψΛK̄�

Experimentally, the branching ratio of Ξb → J=ψΛK̄ has
been measured to be [83]

fΞb

fΛb

×
Br½Ξb → J=ψΛK̄�
Br½Λb → J=ψΛ� ¼ ð4.19� 0.29� 0.15Þ × 10−2;

ðB1Þ

where fΞb
and fΛb

refer to the b quark fragmentation
fractions into Ξ−

b and Λ0
b, the ratio of which is [84]

fΞb

fΛb

¼ ð6.7� 0.5� 0.5� 2.0Þ × 10−2; ðB2Þ

while the branching ratio of Λb → J=ψΛ has been mea-
sured by the CDF Collaboration [85]

Br½Λb → J=ψΛ� ¼ ð3.7� 1.7� 0.7Þ × 10−4: ðB3Þ

With all the ratios given above, one can compute the
branching ratio of Ξb → J=ψΛK̄

Br½Ξb → J=ψΛK̄� ¼ ð2.31� 1.37Þ × 10−4: ðB4Þ

The large uncertainty can be traced back to the exper-
imental uncertainty in the branching ratio Br½Λb → J=ψΛ�,
which accounts for about 50%, and the large uncertainty in
the ratio of fragmentation fractions coming from the
estimation of SU(3) breaking effects [84].

APPENDIX C: COUPLINGS FROM THE
UNITARY APPROACH

In our convention, the J=ψΛ partial decay widths of the
Pcs state with JP ¼ 1=2− and 3=2− are expressed as

ΓPcs1→J=ψΛ ¼ 1

2

g2Pcs1J=ψΛ

8π

1

m2
Pcs

jqj
X

jAPcs1
j2;

ΓPcs2→J=ψΛ ¼ 1

4

g2Pcs2J=ψΛ

8π

1

m2
Pcs

jqj
X

jAPcs2
j2; ðC1Þ

where the modules of amplitude squared are

X
jAPcs1

j2 ¼ ððmΛ þmPcs
Þ2 −m2

J=ψÞððm2
J=ψ −m2

ΛÞ2 þ 2m2
Pcs
ð5m2

J=ψ −m2
ΛÞ þm4

Pcs
Þ

2m2
J=ψm

2
Pcs

;

X
jAPcs2

j2 ¼ ððmΛ þmPcs
Þ2 −m2

J=ψÞððm2
J=ψ −m2

ΛÞ2 þ 2m2
Pcs
ð5m2

J=ψ −m2
ΛÞ þm4

Pcs
Þ

3m2
J=ψm

2
Pcs

; ðC2Þ

in which q denotes the momentum of J=ψ in the rest frame
of the Pcs state. With the expressions above, one can match
the couplings obtained in Ref. [47] to those in Eq. (4), the

values of which are gPcs1J=ψΛ ¼ 0.07, gPcs2J=ψΛ ¼ 0.27,
gPcs1ΞcD̄� ¼ 1.25, and gPcs2ΞcD̄� ¼ 2.17.
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