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Recently, several pentaquark states Pcss, with global flavor c̄cssn, have been predicted within a
theoretical framework based on unitary coupled channels. We study theoretically the feasibility to observe
the Pcss with IðJPÞ ¼ 1

2
ð1
2
−Þ in the decays Ξ0

b → ηηcΞ0 and Ω−
b → K−ηcΞ0. Indeed, within the model, the

ηcΞ0 channel is the lowest mass pseudoscalar-baryon channel to which this pentaquark state couples, thus
we can expect to observe its signal in the ηcΞ0 invariant mass distribution of the mentioned decays. We
identify the dominant weak decay processes and then implement the hadronization into the different
meson-baryon channels in the final state, linked by flavor symmetry. The dominant meson-baryon final
state interaction is then implemented to generate the full amplitude, implicitly accounting for the dynamical
emergence of the pentaquark states. We obtain a clear Breit-Wigner-like resonant signal in the spectrum of
the Ω−

b decay, exceeding that in the Ξ0
b decay by two to three orders of magnitude. In the case of the latter

decay, the resonant state would manifest as a significant dip in the spectrum. We study the feasibility of
searching for these b-hadron decay modes and analyzing their resonant components using the current and
future data samples from the LHCb experiment.

DOI: 10.1103/PhysRevD.110.034016

I. INTRODUCTION

Pentaquark research has become highly active in the past
decade, spurred by notable experimental findings from the
LHCb collaboration, which reported hidden charm penta-
quark candidates such as Pcð4380Þ, Pcð4312Þ, Pcð4440Þ,
Pcð4457Þ, Pcð4337Þ without strangeness [1–3], as well
as containing a strange quark, Pcsð4459Þ [4] and
Pcsð4338Þ [5]. Several theoretical models, in particular
those based on meson-baryon molecular interpretations,
have sought to elucidate their nature (see Refs. [6–12] for
reviews on the subject). Several states were indeed pre-
dicted [13–21] before their observation by LHCb.

A logical progression would be to explore the potential
existence of hidden-charm pentaquarks with strangeness
S ¼ −2, denoted as Pcss, for which there is currently no
experimental evidence. This contrasts with theoretical pre-
dictions of models relying on implementing unitarity in
coupled channels, based on potentials derived from t-channel
vector meson exchange [22,23], which have predicted several
Pcss states in the range about 4500–4700 MeV. Other
theoretical approaches are based on the meson exchange
model [24], sum rules [25–27] and quark models [28,29].
The states in Refs. [22–24] emerge as generated from the

intricate nonlinear dynamics involved in the unitarization
of the meson-baryon scattering amplitudes. In particular,
the lowest mass pole predicted in Ref. [23], was found in
the pseudoscalar-meson–baryon interaction with quantum
numbers IðJPÞ ¼ 1

2
ð1
2
−Þ and flavor c̄cssn, which was

associated to a molecular pentaquark state with mass about
4500 MeV and width of the order of 10 MeV, predomi-
nantly coupling to D̄Ωc and D̄sΞ0

c, and less strongly to ηcΞ.
This theoretical backdrop prompts exploration of poten-

tial experimental reactions aimed at observing such a state.

*Contact author: oset@ific.uv.es
†Contact author: luisroca@um.es
‡Contact author: Mark.Whitehead@glasgow.ac.uk

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 110, 034016 (2024)

2470-0010=2024=110(3)=034016(9) 034016-1 Published by the American Physical Society

https://orcid.org/0000-0002-4462-7919
https://ror.org/043nxc105
https://ror.org/017xch102
https://orcid.org/0000-0001-8067-5320
https://ror.org/03p3aeb86
https://orcid.org/0000-0002-2142-3673
https://ror.org/00vtgdb53
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.110.034016&domain=pdf&date_stamp=2024-08-12
https://doi.org/10.1103/PhysRevD.110.034016
https://doi.org/10.1103/PhysRevD.110.034016
https://doi.org/10.1103/PhysRevD.110.034016
https://doi.org/10.1103/PhysRevD.110.034016
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


This endeavor can draw inspiration from the success story
of the pentaquark with hidden charm and single strange-
ness, Pcs. Indeed this state was anticipated by coupled
channel unitary models [13,14,30], and the Ξ−

b → J=ΨK−Λ
decay was proposed in Ref. [31] to observe its signal.
This reaction was later employed by the LHCb collabora-
tion to experimentally observe this pentaquark for the first
time [4].
Encouraged by this successful example, in the present

work we study the possibility to see the Pcss pentaquark
with IðJPÞ ¼ 1

2
ð1
2
−Þ in the ηcΞ0 spectrum in the Ξ0

b →
ηηcΞ0 andΩ−

b → K−ηcΞ0 decays. The choice of ηcΞ for the
observation of the Pcss state is justified since the D̄Ωc and
D̄sΞ0

c channels are closed for decay.
We also discuss if these reactions could be attainable in

an experimental facility such as LHCb.

II. FORMALISM

A. Summary of the unitary coupled channel model

We first provide a brief summary of the model from
Ref. [23] for generating the pentaquark state with flavor
c̄cssn and IðJPÞ ¼ 1

2
ð1
2
−Þ, further details can be found in

that reference. The model follows the techniques of the
chiral unitary approach [32–38] to sum up the coupled
channels ηcΞ, D̄sΞ0

c and D̄Ωc, implementing unitarity, and
starting from kernel potentials based on t-channel vector
meson exchange mechanisms. The required vertices are
obtained using a formalism based on heavy quark spin
symmetry and the local hidden gauge approach [39–43]
properly extrapolated to the charm sector [44,45].
Within this model, the S-wave pseudoscalar-baryon (PB)

tree level potentials are given by [23]

Vij ¼ g2Cijðp0 þ p00Þ; ð1Þ

where the subindices denote specific pseudoscalar-baryon
channels, p0ðp00Þ are the on-shell center of mass energy
of the initial(final) meson, g is a coupling constant defined
in [23], and the coefficients Cij ¼ Cji are given in Table I.
Note the dependence on the inverse of the squared masses
of the vector mesons exchanged in the t-channel.
Building upon the potentials of Eq. (1), within the

framework of the coupled channels unitary approach, exact

unitarity can be incorporated into the meson-baryon inter-
action. To this aim, we use the Bethe-Salpeter equation

t ¼ ð1 − VGÞ−1V; ð2Þ

where G represents a diagonal matrix containing the
meson-baryon loop functions. It is worth interpreting
Eq. (2) as the coupled channel resummation shown in
Fig. 1, where each intermediate step includes all of the
possible PB states listed in Table I.
The loop function,Gl, for the meson-baryon channel l, is

regularized by means of a three-momentum cutoff, Λ:

Glð
ffiffiffi
s

p Þ ¼
Z
q<Λ

d3q⃗
ð2πÞ3

1

2ωlðqÞ
Ml

ElðqÞ
·

1ffiffiffi
s

p
− ωlðqÞ − ElðqÞ þ iϵ

; ð3Þ

with q ¼ jq⃗j, ωlðqÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þ q2
q

, El ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

l þ q2
q

, and

mlðMlÞ the mass of the meson(baryon). The value of the
cutoff stands as the primary source of uncertainty within
the model, naturally ranging between Λ ¼ 600 MeV and
800 MeV [23]. A potential issue with the cutoff method
in the heavy hadron sector arises from the presence of a
pole in the integrand of Eq. (3) for

ffiffiffi
s

p
in the range

½mþM;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Λ2 þm2

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Λ2 þM2

p
�. This means that nearffiffiffi

s
p

∼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Λ2 þm2

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Λ2 þM2

p
, the result for the real

part of the loop function may not be reliable, as the
integrand above the pole cannot adequately compensate
the sharp increase before the pole in the proper evaluation
of the principal value. This concern with the cutoff method
for heavy hadrons is also discussed in Refs. [46–48].
In the present work, it only affects the ηcΞ0 channel for
Λ ∼ 600 MeV since, for this channel,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Λ2 þm2

p
þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Λ2 þM2
p

¼ 4489 MeV, which is close to the mass of
the predicted pentaquark state, around ∼4500 MeV.
However, since at energies close to the pentaquark mass
we are significantly above the ηcΞ0 threshold, the real part
of its loop function must be small, with the imaginary part
dominating the behavior. Therefore, for Λ ∼ 600 MeV, we
consider only the imaginary part in the ηcΞ0 loop function
as a suitable approximation. This procedure is commonly
used when one has a situation like this [49].
The high nonlinear dynamics involved in Eq. (2) leads to

the emergence of poles in the tij scattering amplitudes on

FIG. 1. Unitarization of the pseudoscalar-baryon interaction.

TABLE I. Cij coefficients of the PB interaction in the c̄cssn
sector.

ηcΞ D̄sΞ0
c D̄Ωc

ηcΞ 0 1ffiffi
6

p
m2

D�
s

− 1ffiffi
3

p
m2

D�

D̄sΞ0
c

1
m2

ϕ
− 1

m2
J=ψ

ffiffi
2

p
m2

K�

D̄Ωc − 1
m2

J=ψ
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the second Riemann sheet. From the position of these
poles, the value of the mass and width of the generated
resonances can be inferred. In the present case, for
IðJPÞ ¼ 1

2
ð1
2
−Þ, a pole was found in Ref. [23] corresponding

to a state of mass 4535 MeV and a width of 9 MeV for
Λ ¼ 600 MeV, and M ¼ 4479 MeV, Γ ¼ 12 MeV, for
Λ ¼ 800 MeV. The difference between the results for both
cutoff values is to be considered as a measure of the
uncertainty in our model. Additionally, from the residue of
the amplitudes at the poles, the couplings of the generated
resonances to the different channels can be obtained. We
found in Ref. [23] that this pentaquark couples mostly to
D̄Ωc and D̄sΞ0

c and very weakly to ηcΞ (explicit values of
the couplings can be found in Table IV of Ref. [23]).
However, since ηcΞ is the only open channel for the
generated state, it is the only source of the width of the
pentaquark.
The generated pentaquark described in this section is to

be understood as dynamically arising from the coupled-
channel effects, and the present study aims to investigate its
production in Ξ0

b → ηηcΞ0 and Ω−
b → K−ηcΞ0 decays.

B. Formalism for Ξ0
b → ηηcΞ0

In this section we explain the mechanism for the
Ξ0
b → ηηcΞ0 process for which we follow an analogous

formalism to that used in previous studies such as the
calculation of Ξ−

b → J=ΨK−Λ [31], Λþ
c → πþMB [50]

(with MB a meson-baryon pair), or Λb → J=ΨΛð1405Þ
[51], which are based on a methodology initially pro-
posed in [52].
The reaction mechanism, prior to the final state inter-

action (FSI), is diagrammatically depicted in Fig. 2, and can
be understood by dividing it into three parts.
Weak decay: First the b quark within the Ξ0

b state
undergoes a weak transition to form a cc̄ pair and an
s-quark, as illustrated in the left part of Fig. 2, resulting
in a final three-quark system sus. This transition is
characterized by the matrix elements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix VcbV�

cs. This process
is commonly referred to as an internal W-emission diagram.
External W-emission, which is color favored, does not
work for this decay but it is possible in Ω−

b → K−ηcΞ0,

as will be discussed later. Further discussion and justifi-
cation of the suppression of alternative topologies for
weak mechanisms at the quark level can be found in
Refs. [50,53].
Hadronization: The cc̄ pair combines to create the ηc

meson, while the virtual sus three-quark state undergoes
hadronization to form a meson-baryon pair. This hadroni-
zation proceeds via the generation of a q̄q pair with vacuum
quantum numbers, in a philosophy in the line to the 3P0

model [54,55]. In the present process, the formation of a q̄q
pair between the lower u and s lines is not possible. Indeed,
initially strong correlation between the u and s quarks of
the original Ξb state is assumed, with the quarks moving
independently within a potential well. Since the Ξb

(JP ¼ 1=2þ) resides in the ground state of the three-quark
ðusbÞ configuration, the relative angular momenta between
the individual quarks are all zero. Following the weak
transition, but before the hadronization process, the three-
quark state ðsusÞ must be in a p-wave to produce a
pentaquark with JP ¼ 1=2−. As the initial u and s quarks
are regarded as spectators and initially possess L ¼ 0, the
only possible scenario is for the upper s quark to carry an
angular momentum of L ¼ 1. Since the final-state mesons
and baryons are in their respective ground states and in
S-wave in relation to each other, all angular momenta in the
final state are zero. Therefore, the q̄q pair is constrained to
be produced solely between the upper s and u quarks, as
depicted in Fig. 2.
To evaluate the scattering amplitude for the process

depicted in Fig. 2, let us start by considering the wave
function of the initial Ξ0

b in flavor space [56–58]:

jΞ0
bi ¼

1ffiffiffi
2

p jbðus − suÞi;

which is antisymmetric in the lighter quarks. After the weak
process, but before the hadronization, the three-quark state
turns into

1ffiffiffi
2

p jsðus − suÞi;

which preserves the same antisymmetric flavor and spin
correlation given that the initial u and s quarks are
considered as spectators.
To incorporate the hadronization, we introduce the q̄q

pairs, leading to the final quark flavor state:

jHi≡ 1ffiffiffi
2

p ηcjsðūuþ d̄dþ s̄sþ c̄cÞðus − suÞi

¼ 1ffiffiffi
2

p ηc
X4
i¼1

jP3iqiðus − suÞi;

where
FIG. 2. Dominant quark diagram for Ξ0

b → ηcMB decay, prior
to the final state interaction.
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q≡

0
BBB@

u

d

s

c

1
CCCA and P≡ qq̄τ ¼

0
BBB@

uū ud̄ us̄ uc̄

dū dd̄ ds̄ dc̄

sū sd̄ ss̄ sc̄

cū cd̄ cs̄ cc̄

1
CCCA; ð4Þ

which corresponds to the quark-antiquark representation of the pseudoscalar meson matrix

P ¼

0
BBBBBB@

π0ffiffi
2

p þ ηffiffi
3

p þ η0ffiffi
6

p πþ Kþ D̄0

π− − 1ffiffi
2

p π0 þ ηffiffi
3

p þ η0ffiffi
6

p K0 D−

K− K̄0 − ηffiffi
3

p þ 2η0ffiffi
6

p D−
s

D0 Dþ Dþ
s ηc

1
CCCCCCA
; ð5Þ

where for the η and η0 we have assumed the usual physical mixing between the singlet and octet SUð3Þ states [59].
The hadronized state jHi can now be written as

jHi ¼ 1ffiffiffi
2

p ηc

�
K−uðus − suÞ þ K̄0dðus − suÞ þ 1ffiffiffi

3
p ð−ηþ

ffiffiffi
2

p
η0Þsðus − suÞ þD−

s cðus − suÞ
�
; ð6Þ

where we omit the bra-ket notation for simplicity. The
ηcηsðus − suÞ term is the only one in Eq. (6) that exhibits
an overlap with one of the channels1 responsible for gene-
rating the Pcss in our model, namely ηcΞ0. Actually, this
term overlaps with the antisymmetric component of the Ξ0

baryon. Indeed, the Ξ0 state comprises a combination of
both symmetric and antisymmetric flavor wave functions:

Ξ0 ¼ 1ffiffiffi
2

p ðϕMSχMS þ ϕMAχMAÞ; ð7Þ

where ϕMSðMAÞ stands for the mixed-symmetric (antisym-
metric) flavor wave function upon permutation of quarks 2
and 3, while χ serves a similar purpose for spin [58,60].
Specifically, the antisymmetric flavor component2 required
in the present case is [60]:

Ξ0 ∼ −
1

2
sðus − suÞ;

thus the amplitude for the process of Fig. 2 leading
to ηcηΞ0 is

M ¼ ChHjηcηΞ0i ¼ Cffiffiffi
6

p ; ð8Þ

where C is a global factor incorporating the weak inter-
action process, including matrix elements of the two

γμð1 − γ5Þ Wqq vertices, essentially given by the corre-
sponding CKM matrix elements, as well as the W propa-
gator. Additionally, C encompasses dynamical factors
of the matrix elements for the hadronization process, except
for the flavor structure which is explicitly taken into
account in M.
Final state interaction: The final, yet crucial, stage in

producing the pentaquark, Pcss, involves accounting for the
final state interaction of the ηcΞ0 pair, depicted in Fig. 3(b).
This interaction has to be added to the tree level of Fig. 2,
more simply represented by Fig. 3(a). In Fig. 3 the square
represents the tree level production of Fig. 2, while the
circle represents the meson-baryon scattering matrix t11
from Eq. (2) and Fig. 1.
The decay amplitude for the Ξ0

b → ηηcΞ0 process,
represented in Fig. 3, can thus be written as

MðMinvÞ ¼ C
1ffiffiffi
6

p �
1þ GηcΞ0ðMinvÞtηcΞ0;ηcΞ0ðMinvÞ

�
; ð9Þ

where G denotes the same meson-baryon loop function as
in Eq. (3), tηcΞ0;ηcΞ0 is the ηcΞ0 → ηcΞ0 unitarized scattering

FIG. 3. Final-state interaction of the meson-baryon pair. The
square denotes the production mechanism of the ηηcΞ0 as
depicted in Fig. 2, and the circle the coupled channel meson-
baryon scattering matrix t11 in Eq. (2) and Fig. 1.

1Note that the last term in Eq. (6) would generate the state
D−

s Ξþ
c , not the D−

s Ξ0þ
c of Table I.

2There is a different sign convention in the Ξ0 flavor state with
respect to Ref. [60], as explained in Refs. [53,61].
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amplitude [element t11 in Eq. (2)], and Minv ≡MηcΞ0 is the
invariant mass of the ηcΞ0 system in the final state. While it
seems that the 1=

ffiffiffi
6

p
in Eq. (9) could have been absorbed in

the global factor C, it is important to retain it in this form
in order to compare the relative strength with the Ω−

b →
K−ηcΞ0 process, which we will describe in the next section.
Finally, the ηcΞ0 invariant mass distribution can be

expressed as

dΓ
dMinv

ðMinvÞ ¼
1

ð2πÞ3
MΞ0

MΞ0
b

pηpηc jMðMinvÞj2; ð10Þ

where pη and pηc denote the modulus of the three-
momentum of the η in the Ξ0

b rest-frame, and the modulus
of the center-of-mass three-momentum of the ηc in the final
ηcΞ0 system, respectively.

C. Formalism for Ω−
b → K − ηcΞ0

In this section, we focus solely on the differences and
particularities of the Ω−

b → K−ηcΞ0 decay with respect to
the process Ξ0

b → ηηcΞ0, as its formalism parallels that of
the preceding one.
In Fig. 4(a), we see that the internal W-emission is

analogous to Fig. 2, but now the external W-emission
mechanism is also possible, Fig. 4(b). In the latter case,
the q̄q production of the hadronization process must occur
between the c̄ and s quarks in order to have the opportunity
to produce any of the final states of Table I.
Considering that now the Ω−

b flavor state is just

jΩ−
b i ¼ jbssi;

which is symmetric under the exchange of the 2nd and 3rd
quarks, the resulting quark flavor state after the hadroniza-
tion shown in Fig. 4(a) is given by

jHi≡ ηcjsðūuþ d̄dþ s̄sþ c̄cÞssi

¼ ηc
X4
i¼1

jP3iqissi;

which, in terms of pseudoscalar mesons, is

jHi ¼ ηc

�
K−ussþ K̄0dss

þ 1ffiffiffi
3

p �
−ηþ

ffiffiffi
2

p
η0
�
sssþD−

s css

�
: ð11Þ

Now the only overlap with one of the possible channels of
Table I comes from the first term, which goes as K−ηcΞ0.
More specifically, we now require the mixed-symmetric
part of Eq. (7), which is [60] (with the extra minus sign of
footnote 2 incorporated)

Ξ0 ∼
1ffiffiffi
2

p 1ffiffiffi
6

p ðsusþ ssu − 2ussÞ;

and thus, the amplitude for the process of Fig. 4(a) (internal
emission) is

Mie ¼ ChHjK−ηcΞ0i ¼ −
Cffiffiffi
3

p : ð12Þ

Note that the global coefficient C is the same as in Eq. (8),
but Eq. (12) differs from Eq. (8) in the flavor coefficient.
The implementation of the final state interaction onto the

internal emission diagram of Fig. 4(a) is represented by the
same mechanism as in Fig. 3, but with the replacement of
Ξ0
b by Ω−

b and η by K−. The resulting amplitude for this
process is

MieðMinvÞ ¼ −C
1ffiffiffi
3

p ð1þGηcΞ0ðMinvÞtηcΞ0;ηcΞ0ðMinvÞÞ:

ð13Þ
For the external emission process, Fig. 4(b), the css

quarks form anΩc and the q̄q pairs are inserted between the
s and c̄ quarks. This leads to the final state in flavor space
being

jHi≡Ωcjsðūuþ d̄dþ s̄sþ c̄cÞc̄i

¼ Ωc

X4
i¼1

P3iPi4 ¼ ΩcP2
34

¼ Ωc

�
K−D̄0 þ K̄0D− −

1ffiffiffi
3

p ηD−
s

þ
ffiffiffi
2

3

r
η0D−

s þD−
s ηc

�
; ð14Þ

from where we can see that although there is no tree level
decay into K−ηcΞ0, such a final state can be produced via
coupled channels from the transition D̄0Ωc → ηcΞ0, as
illustrated in Fig. 5.
Therefore, the amplitude for the external emission

process of the Ω−
b → K−ηcΞ0 decay is

MeeðMinvÞ ¼ NcCGD̄0Ωc
ðMinvÞtD̄0Ωc;ηcΞ0ðMinvÞ: ð15ÞFIG. 4. Dominant quark diagrams for Ω−

b → K−ηcΞ0 decay,
prior to the final state interaction.
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Note that the external W-emission is enhanced by a factor
of the number of colors, Nc ¼ 3, compared to the internal
W-emission. This arises from the need to sum over the three
possible quark colors in the hadronization process in
Fig. 4(b), unlike in Fig. 4(a) where the color is fixed in
the final meson. There is indeed an ambiguity in the relative
sign when compared to the internal emission process,
Eq. (13), which affects the interference between these
two terms. However, as we will see in the results section,
theΩ−

b → K−ηcΞ0 decay spectrum is largely determined by
the external-emission mechanism, rendering this ambiguity
in sign rather inconsequential.
Finally, the expression for the invariant mass distribution

is the same as in Eq. (10) but substituting the Ξ0
b by Ω−

b and
the η by K−, and the amplitude is now M ¼ Mie þMee.

III. RESULTS

In Fig. 6, we show the ηcΞ0 invariant mass distributions
for the Ξ0

b → ηηcΞ0 and Ω−
b → K−ηcΞ0 decays. In each

plot, the solid line represents the result obtained with
a cutoff of Λ ¼ 600 MeV, while the dashed line corre-
sponds to Λ ¼ 800 MeV. The dotted lines in the plot for
the Ω−

b → K−ηcΞ0 decay represent the results obtained
by changing the sign in Eq. (15) to account for the
ambiguity in its relative sign compared to Eq. (13), as
explained in the previous section. The plots clearly show
that the uncertainty resulting from this effect is very
small, primarily as a result of the considerable predomi-
nance of external emission relative to internal one in
this decay.
Although there is a global arbitrary normalization factor,

the relative strengths between the different reactions reflect
genuine theoretical predictions. An immediately striking
observation from the figures is the significant difference
in intensity and shape between the distributions of both
decays, calling for a deeper examination of the underlying
reasons. Regarding the large difference in strength in favor
of the Ω−

b decay, it is a consequence of the interplay of
various contributing factors. Firstly, the Ω−

b decay is pre-
dominantly governed by the external W-emission mecha-
nism. This amplitude enjoys a Nc ¼ 3 enhancement, see
Eq. (15), with respect to the internal W-emission amplitude

in Ξ0
b decay, Eq. (9). In addition, the latter one is suppressed

by a 1=
ffiffiffi
6

p
factor. When these amplitudes are squared to

compute the spectrum, the Ω−
b decay ends up with a

magnitude approximately 50 times larger, solely due to
numerical flavor and color coefficients. In addition, we see
in Fig. 7 that the factorG3T31 ≡GD̄0Ωc

tD̄0Ωc;ηcΞ0 in Eq. (15)
is typically about four times larger than the factor G1T11 ≡
GηcΞ0tηcΞ0;ηcΞ0 in Eq. (9), which contributes an extra factor
of 16 in the distribution in favor also of the Ω−

b decay.
Combining this with the previously mentioned factor of 50
results in an 800-fold enhancement of the Ω−

b spectrum
compared to that of the Ξ0

b. On the other hand, the reason
for the strong dip seen in the Ξ0

b distribution is the
interference between the FSI, Fig. 3(b), and the tree level
process, Fig. 3(a). Mathematically, the tree level is
accounted for by the 1 term in Eq. (9), which interferes
with the G1T11 term from the FSI in that equation. It can be
seen in Fig. 7 that at the resonant position, the real part of
the G1T11 term coincidentally takes a value very close to
−1, leading to a destructive interference with the þ1 term

FIG. 6. The ηcΞ0 invariant mass distributions for Ξ0
b → ηηcΞ0

and Ω−
b → K−ηcΞ0 decays, for two different values of the meson-

baryon regularization cutoff, Λ. The dotted lines in the lower panel
represent the analogous results changing the sign of Eq. (15).

FIG. 5. Final-state interaction for the external emission process.
The square denotes the production mechanism of the K−ηcΞ0 as
depicted in Fig. 4(b), and the circle the coupled channel meson-
baryon scattering matrix t31 in Eq. (2).

E. OSET, L. ROCA, and M. WHITEHEAD PHYS. REV. D 110, 034016 (2024)

034016-6



of the tree level mechanism. This dip phenomenon is a
well-known feature in scattering theory, typically arising
from strong interference between a resonance and a
nonresonant background. In fact, if the tree-level contri-
bution was absent, the spectrum for Ξ0

b decay would closely
resemble that of Ω−

b decay, except for the numerical factor
800 explained above. It is worth mentioning that the
occurrence of peak and dip structures near thresholds in
the interactions between heavy-quark and heavy-antiquark
hadrons, which experience attractive interactions at thresh-
old, is discussed in Ref. [62].
Summarizing the previous discussion, we can conclude

that the ηcΞ0 spectrum in the Ω−
b → K−ηcΞ0 exhibits a

strength approximately 800 times larger than that in
Ξ0
b → ηηcΞ0. Additionally, the Pcss state considered in

the present work would appear as a Breit-Wigner-like
shape in the former decay, while in the latter, it would
manifest as a significant dip.
The decay modes under study are chosen as those that

can provide the best access to the Pcss states. Another
important factor is whether or not these decay processes
can be reconstructed and analyzed at current or future
facilities. The requirement to study beauty baryon decays
limits this discussion, at present, to the current and future
upgrades of the LHCb experiment, where the proton-proton
collisions provide access to all beauty hadrons. Using the

Run 1 and Run 2 datasets, several decay modes of the Ξð0;−Þ
b

and Ω−
b baryons have been observed [63–68]. However,

the sample sizes from Run 1 and Run 2 are unlikely to be
sufficient to observe the decays in question and certainly
not large enough to enable amplitude analyses, where
Oð1000Þ candidates are required. These observations are of
processes that are well-suited to the strengths of the LHCb
experiment, reconstruction of charged tracks of hadrons
and muons. We now consider the relative strengths and

weaknesses for the decay processes considered here to be
detected and reconstructed by the LHCb experiment.

(i) Ξ0
b → ηηcΞ0: This process will be challenging to

reconstruct at LHCb due to the presence of neutral
particles in the decays of the η (e.g., γγ or πþπ−π0)
and Ξ0ð→ Λ0π0Þ mesons. The relatively long-lived
Λ0 baryon introduces a secondary challenge because
it will often decay downstream of the LHCb vertex
locator. Such candidates are reconstructed using the
downstream tracking detectors only with reduced
efficiency. Finally, the ηc meson appears in all three
final states and can be reconstructed in hadronic final
states such as pp̄.

(ii) Ω−
b → K−ηcΞ0: Compared to the Ξ0

b decay mode
above, the yield of Ω−

b baryon decays will be
suppressed by the ratio of production fractions in
the pp collisions at the LHC. However, swapping
the η meson for a charged kaon brings a large
improvement in the reconstruction efficiency and
will likely mean that this process is more promising
to study first.

(iii) Ω−
b → K0

SηcΞ−: While we have studied the decay
Ω−

b → K−ηcΞ0, the Ω−
b → K̄0ηcΞ− mode, to be seen

experimentally in Ω−
b → K0

SηcΞ−, which has the
same strength in our approach due to isospin
symmetry, seems the most promising channel to
study at the LHCb experiment. Reconstructing this
final state requires no neutral particles because the
K0

S → πþπ− and Ξ− → Λ0π− decay modes can be
utilized. Similar to the Λ0 baryon, the K0

S meson
reconstruction efficiency is lower than for a charged
kaon given the two-track final state and long lifetime
that means many candidates will decay downstream
of the LHCb vertex detector. Nevertheless, consid-
ering all of the particles involved, this process
should be the most straightforward to study using
LHCb data samples.

It should also be noted that the branching fractions of all
three decay modes are unknown, but given the quark-level
processes involved, it is reasonable to expect they are all of
similar magnitude and will not be significantly suppressed.

IV. CONCLUSIONS

In light of previous theoretical predictions of several
pentaquark states Pcss, with global flavor c̄cssn, based on
formalisms implementing unitary in coupled channels,
we have studied the feasibility of seeing the anticipated
IðJPÞ ¼ 1

2
ð1
2
−Þ pentaquark in the ηcΞ0 spectrum in the

decays Ξ0
b → ηηcΞ0 and Ω−

b → K−ηcΞ0. The theoretical
model employed to generate the pentaquark is based on
techniques similar to the chiral unitary approach, aiming
to implement unitarity in coupled channels into the meson-
baryon scattering amplitudes. The only input of the unitari-
zation procedure is the tree level pseudoscalar-baryon
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FIG. 7. GT terms contributing to the final state interaction using
Λ ¼ 800 MeV. The index 1 stands for ηcΞ0 and 3 for D̄Ωc.
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potentials obtained from vector meson exchange mecha-
nisms with Lagrangians derived from appropriate exten-
sions of the local hidden gauge approach to the heavy quark
sector. The pentaquark states emerge dynamically as poles
in unphysical Riemann sheets of the unitarized pseudo-
scalar-baryon amplitudes, without the necessity of includ-
ing them as explicit degrees of freedom.
In the present work, the pentaquarks are generated in

the Ξ0
b and Ω−

b decays by implementing the ηcΞ0 and
D̄0Ωc final state interaction, considering all the possible
pseudoscalar-baryon coupled channels significant to gen-
erate the pentaquark according to the model. To evaluate
the tree level Ξ0

b and Ω−
b decay amplitudes, necessary

before implementing the final state interaction, we identify
the dominant mechanisms at the quark level. Sub-
sequently, we implement the hadronization, after the weak
transition, incorporating the generation of q̄q pairs within
the philosophy of the 3P0 model. The different channels
are related by flavor symmetry considerations at the
quark level.
We provide, up to a global factor, the ηcΞ0 invariant mass

distributions for the Ξ0
b → ηηcΞ0 and Ω−

b → K−ηcΞ0

decays which manifest a large difference in both strength
and shape between the two decays. The strength notably
favors the Ω−

b decay by about a factor 800, primarily
influenced by flavor and color numerical coefficients in the
elementary amplitude. Furthermore, the spectrum for the
Ξ0
b decay manifests the resonance as a distinctive dip in its

shape, resulting from the interference between nonresonant
tree level production and the resonant final state interaction
responsible for the pentaquark generation. On the other
hand, the Ω−

b decay leads to a very clear peak resembling a
Breit-Wigner distribution.
Therefore, for both theoretical and experimental reasons,

we recommend searches using the Run 3 and Run 4
datasets from LHCb to focus initially on searching for
Ω−

b → K0
SηcΞ− decays and studying the different contrib-

uting amplitudes to search for the Pcss states. Following
this, the focus should first switch to study Ω−

b → K−ηcΞ0

decays and then finally to the Ξ0
b → ηηcΞ0 process,

possibly requiring data samples from the proposed
LHCb Upgrade 2 project [69].
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