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The decay process Ξ−
b → pK−K− is studied with the final-state interaction approach by considering the

contributions from the S-wave meson-baryon interactions, and also the intermediate state Λð1520Þ in the
D-wave. The low-lying resonances Λð1405Þ and Λð1670Þ have significant contributions, which are both
dynamically generated from the S-wave final-state interactions with isospin I ¼ 0. Furthermore,
the Λð1520Þ state also has important contributions from D-wave. With these resonances contributions,
the experimental data of the lower pK− invariant mass distributions are well-described. We also discuss the
contribution of another resonance in the S-wave with isospoin I ¼ 1, which cannot be ignored. Moreover,
some of the branching fractions obtained for the corresponding decay channels are consistent with the
experimental measurements.
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I. INTRODUCTION

The weak decays of charmed and bottomed hadrons can
not only be used to explore theCP-violation phenomena and
new physics beyond the standard model, but also be suitable
for exploring the nature of the intermediate resonances. In
particular, the three-body decays of charmed and bottomed
hadrons provide a good chance to study the properties of the
intermediate resonances, and also a good opportunity to
observe new resonances in the invariant mass spectra of
the final states. It is well-known that in 2015 the LHCb
Collaboration reported two pentaquarklike resonances, i.e.,
Pcð4380Þþ and Pcð4450Þþ in the J=ψp invariant mass
spectrum of the Λ0

b → J=ψK−p decay [1,2], which was
confirmed by a model-independent analysis of the data [3]
and in the Λ0

b → J=ψpπ− decay [4]. Furthermore, using the
data of Run I and Run II, in 2019 the LHCb Collaboration

updated their results for the Λ0
b → J=ψK−p decay, where

in fact three clear narrow structures, i.e., Pcð4312Þþ,
Pcð4440Þþ and Pcð4457Þþ, were found [5]. Therefore, in
recent years a large number of three-body charmed and
bottomed baryons’ decays, e.g., Λc and Λb decays, have
caught much attention experimentally [6–12], where more
discussions about the theoretical and experimental progress
on this issue can be found in the recent reviews [13–18], and
references therein. In Ref. [19], two Ξ states, Ξð1620Þ0 and
Ξð1690Þ0, were found in the Ξþ

c → Ξ−πþπþ decay. In the
Λ0
bπ

þπ− mass spectrum, two narrow resonances Λbð6146Þ0
and Λbð6152Þ0 were reported in Ref. [20] and another wide
one was found in Ref. [21]. Moreover, the three-body decays
of the Ξb state have also caught much attentions. In 2017, the
Ξ−
b → J=ψΛK− decay was first observed by the LHCb

Collaboration [22] with the suggestion of Ref. [23] to look
for the hidden-charm pentaquark states with open strange-
ness as predicted in Refs. [24–27]. Indeed in 2021, the
Pcsð4459Þ0 state was observed in the J=ψΛ invariant mass
distributions of the Ξ−

b → J=ψΛK− decay [28]. In the same
year, the Ω−

b → Ξþ
c K−π− decay was investigated by the

LHCb Collaboration [29], where four structures were
observed in the Ξþ

c K− invariant mass distributions, i.e.,
Ωcð3000Þ0, Ωcð3050Þ0, Ωcð3065Þ0, and Ωcð3090Þ0, which
were consistent with the previous measurements of the
LHCb Collaboration [30] and the Belle Collaboration
[31]. Besides, the LHCb Collaboration had performed the
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amplitude analysis in Ref. [32] for the decay Ξ−
b → pK−K−,

which was reported for the first time in 2017 [33], and where
the CP-violation effect was discussed and the contributions
from the resonances Σð1385Þ, Λð1405Þ, Λð1520Þ, etc., were
found. In the present work, this three-body decay, i.e.,
Ξ−
b → pK−K−, catches our interests to study the nature of

the intermediate resonances in this decay process.
Indeed, the motivation of studying the Ξ−

b → pK−K−

decay [33] was to look for CP-violation in the b-baryon
decays, which was also concerned in theories [34,35]. Even
though the CP-violation effect was not found with the
amplitude analysis in Ref. [32], as a byproduct they reported
that the resonances Σð1385Þ, Λð1405Þ, Λð1520Þ, etc., had
significant contributions to the decay amplitude. Λð1520Þ
and Λð1670Þ were observed with significance more than 5σ,
which motivated us to investigate (theoretically) the con-
tributions of the states Λð1405Þ and Λð1670Þ in the present
work. Although the Λð1405Þ resonance was predicted and
observed more than 60 years ago [36–38], its structure and
properties are still under debate. It was considered to be the
normal three-quark baryon in the quark model [39–41], but
the mass obtained was higher than the experimental result
[42]. On the other hand, it was confusing that the mass of the
Λð1405Þwas significantly lighter than the lowest nonstrange
negative-parity baryons Nð1520Þ [43]. Meanwhile, the
Λð1405Þ was dynamically produced in the coupled-channel
interactions [44–46] based on the interaction potentials from
the chiral dynamics, where the experimental data for the
cross sections were well-described. Note that, Ref. [46] only
used one free parameter in the loop functions, where the on
shell approximations were taken [47], and obtained con-
sistent results for the cross sections and the other exper-
imental data. Later, with the same method, which is also
called the chiral-unitary approach (ChUA) [48–51], the
Λð1670Þ state was also dynamically generated in the
strangeness S ¼ −1 and the isospin I ¼ 0 sector [52] and
assumed to be a bound state of the KΞ channel. Remarkably
the two-pole structure for the Λð1405Þ state was found for
the first time in the coupled-channel interactions with the
quark bag model [53]. Furthermore, the two-pole structure
of the Λð1405Þwas investigated in detail using the ChUA in
Refs. [49,54–62]. However, the cross sections of the
transition K−p → ηΛ were measured by the Crystal Ball
Collaboration [63], which supported the picture of three-
quark baryon for the Λð1670Þ state. In the chiral-quark
model, the Λð1670Þ in Ref. [64] could also be treated as a
three-quark state based on the analysis of the data of the
K−p → π0Σ0 reaction [65]. Thus, the structures and proper-
ties of the Λð1405Þ and Λð1670Þ are still with a lot of
controversies.
Recently, in Ref. [61] with the ChUA we systematically

revisited the interactions of the K̄N and its coupled
channels, and the single-channel interactions of the channels
K̄N and πΣ, respectively, where the nature of the Λð1405Þ
was discussed and that it was really two poles of the second

Riemann sheet or two molecular states. The latest exper-
imental results of the Ξ−

b → pK−K− decay in Ref. [32] can
probe the properties of the resonances Λð1405Þ, Λð1520Þ,
and Λð1670Þ. Based on the two-body interaction results of
Ref. [61], we can investigate the Ξ−

b → pK−K− decay with
the final-state interaction (FSI) approach and try to hint at
the molecular nature of the states Λð1405Þ and Λð1670Þ.
More discussions about these molecular states can be found
in the review of Ref. [16]. Note that, since the Λð1520Þ state
is located between the above two resonances and has a
significant contribution in the energy region that we are
interested in.We also take into account in our formalism and
ignore the less contribution resonances, such as the ones
Σð1385Þ, Σð1775Þ, Σð1915Þ, and so on, as found in
Ref. [32]. Using a realistic chiral meson-baryon amplitude
for the final-state interactions, Ref. [66] predicted the line
shapes of the πΣ spectrum of the Ξ0

b → D0πΣ decay, which
showed that the structure of the Λð1405Þ was destroyed by
the interference between the direct generation and rescatter-
ing procedures. One can look forward to what we get from
the Ξ−

b → pK−K− decay with the FSI under the ChUA,
which is a useful approach, such as a hidden charmed
pentaquark state with strangeness predicted in the decay of
Ξ−
b → J=ψΛK− in Ref. [23] as mentioned above, which

was confirmed by experiment [28]. More discussions and
applications for the heavy baryons three-body decays with
the FSI based on the ChUA can be found in Refs. [67–71].
Our work is organized as follows. In Sec. II, we will

introduce the formulas of the decay amplitudes with the FSI
and the ChUA. Next, our results are shown in Sec. III. At
the end, a short conclusion is made in Sec. IV.

II. FORMALISM

In the present work, we investigate the weak-decay
process of Ξ−

b → pK−K−, taking into account the FSI of
K−p with its coupled channels. The most important
contribution of the weak-decay process comes from the
W-external emission mechanism based on topological
classification [72,73]. Thus, we only consider the dominant
mechanism as shown in Fig. 1, and omit the other
contributions such as W-internal emission, W-exchange,
W-annihilation, etc.,1 which are suppressed by the color
factor [67,75]. As shown in Fig. 1, the ds quark pair in the
Ξ−
b has spin S ¼ 0 and has the flavor wave function
1ffiffi
2

p ðds − sdÞ, which is the most attractive “good” diquark

and can be assumed as a spectator in the weak-decay
process [67,76]. Meanwhile, the b quark in the Ξ−

b decays
into the u quark via an external emission W− boson. Then
the W− boson creates the ū and s quarks, which eventually
form a K− meson. The remaining quarks 1ffiffi

2
p uðds − sdÞ are

1In fact, these mechanisms can be obtained by rearranging the
quark lines of Fig. 1 or considering the absorption diagrams [72],
see more discussions in Refs. [67,74].
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hadronized by introducing the quark pairs ðūuþ d̄dþ s̄sÞ
from the vacuum to form a meson and a baryon, as depicted
in Fig. 1. We know that the Ξ−

b state has the quark
components with a flavor function as

jΞ−
b i≡ 1ffiffiffi

2
p jbðds − sdÞi; ð1Þ

and after the b quark decays into the u quark, we have the
uds cluster, proceeded as

jHi ¼ VPVubVus
1ffiffiffi
2

p juðds − sdÞi; ð2Þ

where VP represents the vertex factor of the weak decay for
the q̄q pair creation, which is assumed to be a constant,

independent on the invariant mass in our calculation.
More details can be seen in Refs. [77,78]. The Vq1q2
represents the element of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix for the transition of q1 → q2
quarks. With the formation of K− meson by the ū and s
quarks from the W− boson, the spectators, the d and s
quarks, become a part of the light baryon and the u quark
from b decay becomes a part of the meson combining the
q̄q pair generated from the vacuum. These processes are
formulated as

jHi ¼ VPVubVus
1ffiffiffi
2

p juðūuþ d̄dþ s̄sÞðds − sdÞi

¼ VPVubVus
1ffiffiffi
2

p
X3
i¼1

jP1iqiðds − sdÞi; ð3Þ

where the qi is the quark field and the Pij is the qq̄ pair
matrix element as follows:

q≡
0
B@

u

d

s

1
CA; P ¼

0
B@

uū ud̄ us̄

dū dd̄ ds̄

sū sd̄ ss̄

1
CA: ð4Þ

The SUð3Þmatrices for the pseudoscalar mesons and the
lowest-lying baryon octet can also be represented by the
corresponding hadron fields, i.e.,

P ¼

0
BBB@

1ffiffi
2

p π0 þ 1ffiffi
3

p ηþ 1ffiffi
6

p η0 πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
3

p ηþ 1ffiffi
6

p η0 K0

K− K̄0 − 1ffiffi
3

p ηþ
ffiffi
2
3

q
η0

1
CCCA; ð5Þ

B ¼

0
BBB@

1ffiffi
2

p Σ0 þ 1ffiffi
6

p Λ Σþ p

Σ− − 1ffiffi
2

p Σ0 þ 1ffiffi
6

p Λ n

Ξ− Ξ0 − 2ffiffi
6

p Λ

1
CCCA: ð6Þ

In Eq. (5), we take the standard mixing of the η and η0 in
terms of a singlet and an octet of SUð3Þ. Then the
hadronization processes in the quark level can be accom-
plished to the hadron level in terms of a pseudoscalar
meson and a baryon, we obtain the final meson-baryon
states for the hadronization procedure, given by

jHi ¼ VPVubVus

�
1

2
jπ0Σ0i þ 1

2
ffiffiffi
3

p jπ0Λi þ 1ffiffiffi
6

p jηΣ0i

þ 1

3
ffiffiffi
2

p jηΛi þ jπþΣ−i þ jKþΞ−i
�
; ð7Þ

where we neglect the irrelevant η0 state since it is too
massive and has no effect on the low-energy region in the
present work. The flavor functions of the mesons and
baryons we used are the same as the ones in the Appendix
of Ref. [74]. It is obvious that there is no K−p state directly
produced in the tree level of the Ξ−

b decay based on the
mechanism of Fig. 1. However, the final meson-baryon
states can go to further FSI, as depicted in Fig. 2. The
corresponding amplitudes with the contributions from the
rescattering mechanism can be written as

FIG. 1. The dominant diagram for the Ξ−
b → pK−K− decay

with the W-external emission mechanism, where P and B
represent the pseudoscalar mesons and baryons, respectively.
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MS−waveðM12;M13Þ ¼ D
�
1

2
Gπ0Σ0ðM12ÞTπ0Σ0→K−pðM12Þþ

1

2
ffiffiffi
3

p Gπ0ΛðM12ÞTπ0Λ→K−pðM12Þ

þ 1ffiffiffi
6

p GηΣ0ðM12ÞTηΣ0→K−pðM12Þþ
1

3
ffiffiffi
2

p GηΛðM12ÞTηΛ→K−pðM12Þ

þGπþΣ−ðM12ÞTπþΣ−→K−pðM12ÞþGKþΞ−ðM12ÞTKþΞ−→K−pðM12Þ þ ð2 ↔ 3Þ
�
; ð8Þ

where D is a free parameter, which can be determined later
by fitting the experimental data and have absorbed the
vertex factor VP, the elements of CKMmatrix Vub, Vus, and
a global constant C to match the events of the experimental
data. Note that, we use the label 1 for the proton, label 2 for
the K− from the same vertex as the proton, and label 3 for
the other K− directly created by the W-boson. The symbol
ð2 ↔ 3Þ means exchanging the labels 2 and 3 in the
amplitude MS−wave, which represents the symmetry of
identical particles K−K− in the final states. Mij is the
energy of two particles in the center-of-mass frame. GPB
and TPB→P0B0 are the loop functions and the scattering
amplitudes, respectively, which will be introduced later and
where P and B stand for the pseudoscalar meson and
baryon, respectively.
Note that the final states K−p are contributed with

isospins both I ¼ 0 and I ¼ 1. We calculate the rescattering
amplitudes in the isospin basis. For the isospin I ¼ 0, the
four coupled channels K̄N, πΣ, ηΛ and KΞ need to be
considered. For the isospin I ¼ 1, there are five coupled
channels K̄N, πΣ, πΛ, ηΣ, and KΞ. Then we decompose
the amplitudes of the physical states in Eq. (8) into the ones
with the isospin states, shown as

Tπ0Σ0→K−p ¼−
1ffiffiffi
6

p TI¼0
πΣ→K̄N; Tπ0Λ→K−p ¼−

1ffiffiffi
2

p TI¼1
πΛ→K̄N;

TηΣ0→K−p ¼−
1ffiffiffi
2

p TI¼1
ηΣ→K̄N; TηΛ→K−p ¼

1ffiffiffi
2

p TI¼0
ηΛ→K̄N;

TπþΣ−→K−p ¼
1

2
TI¼1
πΣ→K̄N −

1ffiffiffi
6

p TI¼0
πΣ→K̄N;

TKþΞ−→K−p ¼
1

2
TI¼1
KΞ→K̄N −

1

2
TI¼0
KΞ→K̄N; ð9Þ

where we have used the phase convention for the mesons
jπþi ¼ −j1; 1i, jK−i ¼ −j1=2;−1=2i, and for the baryons
jΣþi ¼ −j1; 1i, jΞ−i ¼ −j1=2;−1=2i in terms of isospin
states as used in Ref. [46].
In addition, the rescattering amplitude TPB→P0B0 can be

obtained by solving the coupled channel Bethe-Salpeter
equations of the on shell form

T ¼ ½1 − VG�−1V; ð10Þ

where G is a diagonal matrix composed of meson-baryon
loop functions. The element of the G matrix with the
dimensional regularization is given by [55]

GPBðMinvÞ ¼
2mB

16π2

�
aPBðμÞ þ ln

m2
B

μ2
þm2

P −m2
B þM2

inv

2M2
inv

ln
m2

P

m2
B
þ qcmðMinvÞ

Minv
½ln ðM2

inv − ðm2
B −m2

PÞ þ 2qcmðMinvÞMinvÞ

þ ln ðM2
inv þ ðm2

B −m2
PÞ þ 2qcmðMinvÞMinvÞ − ln ð−M2

inv − ðm2
B −m2

PÞ þ 2qcmðMinvÞMinvÞ

− ln ð−M2
inv þ ðm2

B −m2
PÞ þ 2qcmðMinvÞMinvÞ�

�
; ð11Þ

where Minv is the invariant mass of the meson-baryon
system in the coupled channels, and mP ðmBÞ is the mass
of the intermediate pseudoscalar meson (baryon). The μ
is the scale of dimensional regularization, following
Refs. [52,55,61], which is taken as 0.63 GeV, and aPBðμÞ
is the subtraction constant, taken as

aK̄N ¼ −1.84; aπΣ ¼ −2.00; aπΛ ¼ −1.83;

aηΛ ¼ −2.25; aηΣ ¼ −2.38; aKΞ ¼ −2.67: ð12Þ

In order to study the properties of the intermediate reso-
nances produced in the two-body interactions of the final

FIG. 2. The diagram for the pseudoscalar meson (P) and baryon
(B) final state interactions via the rescattering mechanism.
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states, these parameters are not regarded as free ones in our
calculation, see Ref. [78] for more discussions. Besides,
qcmðMinvÞ is the three-momentum of the particle in the
center-of-mass frame,

qcmðMinvÞ ¼
λ1=2ðM2

inv; m
2
P;m

2
BÞ

2Minv
; ð13Þ

with the usual Källen triangle function λða; b; cÞ ¼
a2 þ b2 þ c2 − 2ðabþ acþ bcÞ.
Furthermore, the matrix V denotes the S-wave inter-

action potentials for the coupled channels of K̄N, of which
the elements are taken from the lowest order chiral
Lagrangian [79–81]. Finally, the expressions for them
are given by [52]

VijðMinvÞ ¼ −Cij
1

4f2
ð2Minv −mi −mjÞ

×

�
mi þ Ei

2mi

�
1=2

�
mj þ Ej

2mj

�
1=2

; ð14Þ

where the mi, mj are the masses of the initial and final
baryons, and Ei, Ej the energies of the initial and final
mesons. For the meson decay constant, we take
f ¼ 1.123fπ , where the fπ ¼ 0.093 GeV is the pion decay
constant. The coefficient matrix elements Cij are sym-
metric, Cij ¼ Cji, given in Table I for the I ¼ 0 sector, and
in Table II for the I ¼ 1 sector, which are taken
from Ref. [46].
In addition, the uds cluster in Fig. 1 can form inter-

mediate particles directly and then decay into the final
states K−p. As implied in the experimental results of the
LHCb Collaboration [32], we consider the contributions of

the intermediate state Λð1520Þ as shown in Fig. 3. The
effective Lagrangians for the decay Ξ−

b → Λð1520ÞK− →
pK−K− in Fig. 3 are defined in general following [82],
where the weak interaction vertex is given by

Lweak
KΞbΛ� ¼ i

mK
ðΛ̄�

μÞð∂μKÞðgPVKΞbΛ� − gPCKΞbΛ�γ5ÞΞb þ H:c:;

ð15Þ

where gPVKΞbΛ� and gPCKΞbΛ� are the parity-violating (PV) and
parity-conserving (PC) couplings, respectively. To reduce
theoretical uncertainties, we assume gPVKΞbΛ� ¼ gPCKΞbΛ� ¼
gKΞbΛ� . The strong-interaction vertex is written as

Lstrong
KΛ�p ¼ −

igKΛ�p

mK
ðΛ̄�

μγ5Þð∂μKÞpþ H:c:: ð16Þ

Using the above effective Lagrangians and the Breit-Wigner
propagator [35,83], we can get the amplitude corresponding
to Fig. 3 as follows:

MΛ� ðM12Þ ¼ −
gKΛ�p

m2
K

ūpγ5½ΔμνðM12Þkμ2kν3�ðgKΞbΛ� − gKΞbΛ�γ5ÞuΞ−
b

M2
12 −m2

Λ� þ iΓΛ�mΛ�
; ð17Þ

where ΔμνðqÞ is the projection operator of spin S ¼ 3=2,
given by

TABLE I. The coefficient matrix elements Cij in Eq. (14) for
I ¼ 0 sector.

Cij K̄N πΣ ηΛ KΞ

K̄N 3 −
ffiffi
3
2

q
3ffiffi
2

p 0

πΣ 4 0
ffiffi
3
2

q
ηΛ 0 − 3ffiffi

2
p

KΞ 3

TABLE II. The coefficient matrix elements Cij in Eq. (14) for
I ¼ 1 sector.

Cij K̄N πΣ πΛ ηΣ KΞ

K̄N 1 −1 −
ffiffi
3
2

q
−

ffiffi
3
2

q
0

πΣ 2 0 0 1

πΛ 0 0 −
ffiffi
3
2

q
ηΣ 0 −

ffiffi
3
2

q
KΞ 1

FIG. 3. The Ξ−
b → pK−K− decay via the intermediate state

Λð1520Þ.
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ΔμνðqÞ ¼ ð=qþmΛ� Þ
�
gμν −

1

3
γμγν −

1

3mΛ�
ðγμqν − γνqμÞ

−
2

3m2
Λ�
qμqν

�
: ð18Þ

However, note that the Λð1520Þ state has the structure
and can not be regarded as a pointlike particle. Thus, we
introduce the following form factor developed in
Refs. [84,85] into the Λð1520Þ amplitude,

FðMijÞ ¼
Λ4

Λ4 þ ðM2
ij −m2

Λð1520ÞÞ2
; ð19Þ

where Λ stands for a phenomenological cutoff parameter,
which is taken as 1 GeV [86]. In fact, this parameter has
almost no effect on our fit, and it mainly influences the
high-energy region. Taking into account the symmetry of
identical particlesK−K− in the final states, we get the final
amplitude for the Λð1520Þ contributions,

MΛð1520ÞðM12;M13Þ ¼ −
DΛð1520Þ
m2

K

ūpγ5½ΔμνðM12Þkμ2kν3�ð1 − γ5ÞuΞ−
b

M2
12 −m2

Λð1520Þ þ iΓΛð1520ÞmΛð1520Þ
FðM12Þ þ ð2 ↔ 3Þ; ð20Þ

where DΛð1520Þ is a free parameter, which also can be
determined by fitting the experimental data the collected
couplings gKΞbΛ� , gKΛ�p, and a global constant C to match
the events of the experimental data. Besides, the mass of
Λð1520Þ is taken as mΛð1520Þ ¼ 1.519 GeV, and the width
of the Λð1520Þ is taken as ΓΛð1520Þ ¼ 0.016 GeV, which
are taken from the Particle Data Group (PDG) [87]. Note
that, the variablesMij are not completely independent, they
fulfill the following constraint condition, which means that
only two of them are independent,

M2
12 þM2

13 þM2
23 ¼ m2

Ξ−
b
þm2

p þm2
K− þm2

K− : ð21Þ
Finally, the three-body double differential width distri-

bution for the Ξ−
b → pK−K− decay is given by [87]

d2Γ
dM12dM13

¼ 1

ð2πÞ3
M12M13

8m3
Ξ−
b

1

2
ðjMS−wavej2þjMΛð1520Þj2Þ;

ð22Þ

where there is a factor of 1=2, since the two K− are
identical. Since the Λð1520Þ contributes in the D-wave, we
take an incoherent sum for the contributions of the S-wave
and the Λð1520Þ due to no interference between different
partial waves under the orthogonality relation, where one
should keep in mind that the scattering amplitudes of the
coupled channels evaluated by Eq. (10) are pure S-wave.
This is different from the experimental modeling, where the
nonzero unphysical interference would occur due to the
symmetrization of the Dalitz plot as discussed in Ref. [32].
Thus, these interference effects would lead to the source of
systematic uncertainties, but there is no such interference
effect in our formalism. Furthermore, since the states
Λð1405Þ, Λð1670Þ, and a new state with isospin I ¼ 1
(see the results later) are dynamically generated in the same
sector of the coupled-channel interactions; the interference
effect has been contained in the scattering amplitudes, see
Eq. (8), where more discussions can be found in Ref. [88].
In the present work, we aim at understanding the molecular

nature of these S-wave low-lying resonances. Thus, we
calculate the invariant mass spectrum dΓ=dM12 by inte-
grating the variable M13 in Eq. (22). In Sec. III, we also
evaluate the distribution dΓ=dM23 through Eq. (21).

III. RESULTS

As mentioned in the introduction, the LHCb Collabora-
tion had measured the decay process Ξ−

b → pK−K−, where
the pK− invariant mass spectrum was given. Note that
the two identical K− mesons lead to M12 and M13 having a
symmetry under interchanging the variables, thus
the experimental results are described by Mlow

pK− and

Mhigh
pK− variables, which are the lower and higher values

among M12 and M13 [89] due to their different energies.
Therefore, when fitting the invariant mass spectrum of pK−,
the limits of the integral in Eq. (22) are described by Fig. 4,
which are similar to what has been done in Ref. [75]. In fact,
due to two identical kaons, the regions Mlow

12 and Mhigh
12 , as

FIG. 4. Dalitz plot with the definitions of the regions Mlow
12

and Mhigh
12 .
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shown in Fig. 4, could also be for the variable ofM13. Thus,
when one folds the symmetry parts of Fig. 4 along
M12 ¼ M13, all the data can be described by the folded
Dalitz plot, which is really done in the experiments [32]
with mlow and mhigh.
In our calculation, only two free parameters need to be

determined by fitting the experimental data, i.e., D and
DΛð1520Þ, which represent the strength of the S-wave FSI and
the Λð1520Þ in the D-wave, respectively. They are uncorre-
lated and do not affect the line shape of their invariant mass
spectra. First, we make a combined fit of the LHCb
experimental data as shown Fig. 5, and the fitted parameters
and χ2=dof are given in Table III. We can see that our results
are in agreement with the experimental data. Note that we
only use one set of (two) parameters, see Table III, and
obtain good description for the two sets of experimental data
of Figs. 5(a) and 5(b). In Fig. 5(a), above the pK− threshold,
the contributions from the resonance Λð1405Þ are generated
by the coupled channel interactions of the S-wave with
isospin I ¼ 0 using the ChUA, which are shown by the
dashed (blue) line. In the middle-energy region, as shown by
the dash-dot (green) line, the structure of the Λð1520Þ state
is clear. As shown in Fig. 5(b) for the lower pK− invariant
mass distributions from 1.6 GeV to 1.8 GeV, the contribu-
tions from the Λð1670Þ state is particularly visible, which is
also dynamically generated in the S-wave FSI, recalling that

there is no contribution from the tree-level diagram. As
analyzed in Ref. [61], the Λð1405Þ corresponds to two
states; the one with higher mass is a pure K̄N molecule, and
the other one is a compositeness of the main components
of πΣ and small part of K̄N, while the Λð1670Þ is a bound
state of KΞ. In Fig. 5(b), the peak structures in the
total (solid, red) line and the one (dashed, blue) in the
S-wave FSI with isospin I ¼ 0 have obvious horizontal
dislocation, while the Λð1520Þ has almost no contribution.
This differences between them indicate that there will be
another resonance contributed in the S-wave FSI with
isospin I ¼ 1, see the dotted (magenta) line and the
following analysis.
Next, we plot the pK− and K−K− invariant mass

distributions in the full energy regions for the decay of
Ξ−
b → pK−K−, see the results of Fig. 6. Thus, the

horizontal axis of MpK− in Fig. 6(a) is in fact the full-

energy range of M12, Mlow
12 þMhigh

12 , whereas, the one in
Fig. 6(c) is for the region ofMlow

12 < 2.05 GeV. The results
of Fig. 6(a) are consistent with the line shapes as shown in
Figs. 7–11 of Ref. [32], where we do not compare these
experimental results with events one parts by one parts due
to the higher-energy region out of our concern as discussed
in the introductions. In Fig. 6(a) the peak structures near
the pK− threshold are contributed by the amplitudes of the
S-wave FSI and the D-wave Λð1520Þ, and the structures in

(a) (b)

FIG. 5. The invariant mass distributions of lower pK− in the Ξ−
b → pK−K− decay. The solid (red) line is the total contributions of

the S-wave with isospin I ¼ 0 and I ¼ 1, the Λð1520Þ and the background. The dashed (blue) and dotted (magenta) lines are the
contributions from the S-wave with isospins I ¼ 0 and I ¼ 1, respectively. The dash-dot (green) line is the Λð1520Þ contributions.
The dots (black) are the LHCb experimental data, the dark khaki and gray histograms are the combinatorial (Comb) and cross feed
(Crsfd) backgrounds, respectively, which all are taken from Ref. [32].

TABLE III. Values of the parameters from the fit.

Parameters D DΛð1520Þ χ2=dof

Fit results 810.08� 22.79 1.70� 0.04 86.38=ð46 − 2Þ ¼ 1.96
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the high-energy region are caused by the reflections of the
resonance structures which appeared in the low-energy
region. It is not surprising that there are two-peak struc-
tures for the contributions from the D-wave Λð1520Þ,
where a Breit-Wigner type amplitude is taken for its
contribution of the D-wave, see Eq. (20), and which were
also shown in the fitting results of Refs. [32,90,91].
Indeed, the Breit-Wigner type amplitude will also show
up some peak structures when it is projected to the higher-
energy region or the other energy variables, see more
discussions in Ref. [92]. For the invariant mass spectrum of
K−K− in Fig. 6(b), the main contributions also come from
the reflections of the amplitudes of the Λð1520Þ and the
FSI with isospins I ¼ 0, 1, of which the line shape is
similar to the part in the high-energy region of Fig. 6(a).
Figure 6(c) shows more detailed structures in the low-
energy region of Fig. 6(a). In Fig. 6(c), except for the
obvious structures of the states Λð1405Þ, Λð1520Þ, and

Λð1670Þ, there is another resonance appearing in the FSI
with isospin I ¼ 1. The peak of this state is close to the
threshold of ηΣ channel and has a typical cusp effect,
which spans from the pK− threshold to about 2 GeV, and
leads to a small horizontal dislocation in the line shape of
the total invariant mass spectrum and the one of S-wave
FSI with isospin I ¼ 0, see the solid (red) and dashed
(blue) lines, respectively, as shown in Figs. 5(b) and 6(c).
As done in Ref. [61], to extrapolate the scattering ampli-
tudes to the general second Riemann sheet, we found
a pole ffiffiffiffiffispp ¼ ð1579.52þ 264.40iÞ MeV in the isospin
I ¼ 1 sector, which has total angular momentum J ¼ 1=2
and is in agreement with the one ffiffiffiffiffispp ¼ ð1579þ
264iÞ MeV found in Refs. [52,93,94]. Unfortunately, this
resonance was not found in the experiments [32]. In fact,
this new state with I ¼ 1 is difficult to be detected in the
present Ξ−

b decay process, since its signal is destroyed
totally by the interference effects from the states Λð1405Þ

(a) (b)

(c)

FIG. 6. The invariant mass distributions of pK− and K−K− for the Ξ−
b → pK−K− decay. The results for different lines are the same as

Fig. 5. Furthermore, the dash-dot (goldenrod) line is the total contributions of the S-wave with isospins I ¼ 0 and I ¼ 1, the dashed
(black) vertical line is the threshold of ηΣ channel.
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and Λð1670Þ, as shown in the total results of Fig. 6(c).
Since this state is below the ηΣ threshold, which couples
strongly to the KΞ channel [52,93,94] and can decay into
the K̄N, πΣ, and πΛ channels in the isospin I ¼ 1 sector.
Therefore, some decay processes of the heavy hadrons,
such as Λb and Ξb baryons, B and Bs mesons, which
contain these final states of K̄N, πΣ, and πΛ, may be
detected for this new state. Thus, more accurate exper-
imental results are needed to find it in the future.
Furthermore, we calculate the branching fractions of the

corresponding decay channel. In our model, we do not
know the weak-interaction vertex factor VP in Eq. (7) and
the couplings in Eq. (17). Therefore we use the exper-
imentally measured branching fraction of the decay channel
via Λð1520Þ as the known input to calculate the branching
fractions of the decay channels via other resonances. In the
evaluations, except for the vertex factor and the couplings,
there is also a global constant C, which can be eliminated
by calculating the ratio as below. By integrating the pK−

invariant mass distributions of the dashed (blue) line for the
Λð1405Þ and the dash-dot (green) line for the Λð1520Þ in
Fig. 6(c) we obtain the ratio,

BðΞ−
b →Λð1405ÞK−;Λð1405Þ→ pK−Þ

BðΞ−
b →Λð1520ÞK−;Λð1520Þ→ pK−Þ ¼ 0.24þ0.04

−0.02 ; ð23Þ

where the integration limits for Ξ−
b → Λð1405ÞK− decay

are taken from the pK− threshold up to 1.6 GeV, and the

ones for Ξ−
b → Λð1520ÞK− decay from the pK− threshold

up to 1.8 GeV. The uncertainties come from the changes
of upper limits, 1.6� 0.05 GeV and 1.8� 0.05 GeV.
Analogously, we get the following fractions

BðΞ−
b →Λð1670ÞK−;Λð1670Þ→ pK−Þ

BðΞ−
b →Λð1520ÞK−;Λð1520Þ→ pK−Þ ¼ 1.12þ0.03

−0.04 ; ð24Þ

BðΞ−
b →RK−;R→ pK−Þ

BðΞ−
b →Λð1520ÞK−;Λð1520Þ→ pK−Þ ¼ 0.40þ0.01

−0.01 ; ð25Þ

where R represents the state from FSI with isospin I ¼ 1
as discussed above. The integration limits for the Ξ−

b →
Λð1670ÞK− decay taken from 1.6 GeV up to 1.9 GeV,
where the uncertainties come from the changes of lower
limits 1.6� 0.05 GeV. The ones for the Ξ−

b → RK− decay
from the pK− threshold up to 2 GeV, where the uncer-
tainties come from the changes of upper limits
2� 0.05 GeV. The decay branching fraction measured
by the LHCb Collaboration experiment is BðΞ−

b →
Λð1520ÞK−;Λð1520Þ→ pK−Þ ¼ ð7.6� 0.9� 0.8� 3.0Þ×
10−7 [32], and then combining the above values in
Eqs. (23)–(25), we obtain the other three branching
fractions

BðΞ−
b → Λð1405ÞK−;Λð1405Þ → pK−Þ ¼ ð1.80� 0.76þ0.30

−0.18Þ × 10−7;

BðΞ−
b → Λð1670ÞK−;Λð1670Þ → pK−Þ ¼ ð8.51� 3.62þ0.20

−0.33Þ × 10−7;

BðΞ−
b → RK−; R → pK−Þ ¼ ð3.08� 1.31þ0.08

−0.10Þ × 10−7; ð26Þ

where the first uncertainties are estimated from the experimental errors of BðΞ−
b → Λð1520ÞK−;Λð1520Þ → pK−Þ, and the

second ones are estimated from the integrations in Eqs. (23)–(25). The following results are measured by the LHCb
Collaboration [32],

BðΞ−
b → Λð1405ÞK−;Λð1405Þ → pK−Þ ¼ ð1.9� 0.6� 0.7� 0.7Þ × 10−7;

BðΞ−
b → Λð1670ÞK−;Λð1670Þ → pK−Þ ¼ ð4.5� 0.7� 1.3� 1.8Þ × 10−7: ð27Þ

For the ðΞ−
b → Λð1405ÞK−;Λð1405Þ → pK−Þ decay,

the theoretical value is consistent with the experiment
within the uncertainties. We can see that even though
the central values of our branching fraction of ðΞ−

b →
Λð1670ÞK−;Λð1670Þ → pK−Þ decay is about two times
larger than the one of the LHCb Collaboration measured,
our result is consistent with the measurement within the
uncertainties. For the predicted branching ratio corre-
sponding to the resonance generated by the FSI with
isospin I ¼ 1, further experimental measurements are
hopefully performed.

IV. CONCLUSIONS

The three-body decay of Ξ−
b → pK−K− is studied by

taking into account the final state interactions based on the
chiral unitary approach. The dominant Feynman diagram
contributions from the W-external emission mechanism
are considered in the weak-decay process. Our analysis
shows that the final states pK− can not be directly
produced in the S-wave at the tree level, and the rescatter-
ing effect of the final states is mandatory. We also take into
account the contributions from the state Λð1520Þ using the
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corresponding effective Lagrangian. Our fitting results for
the invariant mass distributions of lower pK− are consistent
with the experimental data. Then we present the detailed
pK− invariant mass spectra, where the resonances Λð1405Þ
andΛð1670Þ are dynamically reproduced in the S-wave final
state interactions with the isospin I ¼ 0, which indicates the
molecular nature of these two states. In addition, we find the
contributions in the invariant mass distributions from a
structure with isospin I ¼ 1, of which the pole is located
at ffiffiffiffiffispp ¼ ð1579.52þ 264.40iÞ MeV. However, this state
has not yet been observed experimentally. As discussed in
Refs. [52,93,94], this resonance is strongly coupled to the
KΞ channel, too. Furthermore, we calculate the branching
ratios of the corresponding decay channels. The result of the
branching fraction BðΞ−

b → Λð1405ÞK−;Λð1405Þ → pK−Þ
is consistent with the measurements of the LHCb
Collaboration within the uncertainties, while the one of

BðΞ−
b → Λð1670ÞK−;Λð1670Þ → pK−Þ is a little bigger

than theirs. We hope that the future experiments could search
for the predicted resonance around 1580 MeV with isospon
I ¼ 1 and make further measurements for its corresponding
branching fraction.
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