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We study here theΛ0
b → J=ψpπ− reaction in analogy to theΛ0

b → J=ψpK− one, and we note that in both
decays there is a sharp structure (dip or peak) in the J=ψp mass distribution around 4450 MeV, which is
associated in the Λ0

b → J=ψpK− experiment to an exotic pentaquark baryonic state, although in Λ0
b →

J=ψpπ− it shows up with relatively low statistics. We analyze the Λ0
b → J=ψpπ− interaction along the

same lines as the Λ0
b → J=ψpK− one, with the main difference stemming from the reduced Cabibbo

strength in the former and the consideration of the π−p final state interaction instead of the K−p one. We
find that with a minimal input, introducing the π−p and J=ψp interaction in S-wave with realistic
interactions, and the empirical P-wave and D-wave contributions, one can accomplish a qualitative
description of the π−p and J=ψpmass distributions. More importantly, the peak structure followed by a dip
of the experimental J=ψp mass distribution is reproduced with the same input as used to describe the data
of Λ0

b → J=ψpK− reaction. The repercussion for the triangular singularity mechanism, invoked in some
works to explain the pentaquark peak, is discussed.

DOI: 10.1103/PhysRevD.93.094001

I. INTRODUCTION

Via the Λ0
b → J=ψpK− decay, the LHCb Collaboration

observed two hidden-charm pentaquark states, Pcð4380Þ
and Pcð4450Þ, in the J=ψp invariant mass spectrum [1].
Additionally, their resonance parameters are measured to be

MPcð4380Þ ¼ 4380� 8� 29 MeV;

ΓPcð4380Þ ¼ 205� 18� 86 MeV;

MPcð4450Þ ¼ 4449.8� 1.7� 2.5 MeV;

ΓPcð4450Þ ¼ 39� 5� 19 MeV: ð1Þ

Later, the LHCb Collaboration continued their studies and
measured the branching fraction of Λ0

b → J=ψpK− [2]

BðΛ0
b → J=ψpK−Þ
¼ ð3.04� 0.04� 0.06� 0.33þ0.43

−0.27Þ × 10−4: ð2Þ

At the same time, they also updated the branching fraction
of Λ0

b → J=ψpπ− [2]

BðΛ0
b → J=ψpπ−Þ
¼ ð2.51� 0.08� 0.13þ0.45

−0.35Þ × 10−5; ð3Þ

which is Cabibbo suppressed compared to the previous
one. However, the effect of Pcð4380Þ and Pcð4450Þ can
still be significant, because the reason for the suppression is
the presence of the different Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, VcbV�

cd for Λ0
b → J=ψpπ− and

VcbV�
cs for Λ0

b → J=ψpK−, which are global factors.
In Ref. [3], the LHCb collaboration first reported this

Cabibbo-suppressed decay Λ0
b → J=ψpπ−. In Fig. 2(d) of

Ref. [3], there is a peak in the J=ψp distribution, com-
patible with the one seen in the decay of Λ0

B → J=ψpK−,
although unfortunately with relatively low statistics. Hence,
if more data on the Λ0

b → J=ψpπ− decay are collected by
the LHCb collaboration, the Pcð4380Þ and Pcð4450Þ may
be more clearly seen. This decay can be a very efficient way
for the LHCb to check their previous results. Moreover, the
Pcð4380Þ and Pcð4450Þ may contribute differently to the
Λ0
b → J=ψpK− and Λ0

b → J=ψpπ− decays, therefore a
careful study of the second decay is of tremendous value
to better understand the properties of the two pentaquark
states. As remarked in Ref. [4], no claim of an exotic state
was done in Ref. [3], and also no reference to the peak of
Ref. [3] was done in Ref. [1]. Yet, the large impact of
the work of Ref. [1] is bringing new attention to the
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Λ0
b → J=ψpπ− reaction, which is under reconsideration by

the LHCb collaboration [5].
This triggers us to study the Λ0

b → J=ψpπ− decay, which
was also discussed in Refs. [4,6,7], and the following
branching fraction was given in Ref. [6]

BðΛ0
b → Pcπ

−ÞBðPc → J=ψpÞ
BðΛ0

b → PcK−ÞBðPc → J=ψpÞ ¼ 0.58� 0.05; ð4Þ

by assuming that the productions of both Pcð4380Þ and
Pcð4450Þ are mainly from the charmless Λb decays through
b → uus, while their cc contents are from the intrinsic
charms in the Λb baryon, i.e. Λb½bud� → ½ðuusÞud�½cc� →
K−Pc.
The Λ0

b → J=ψpπ− decay offers a new possibility to
study Pcð4380Þ and Pcð4450Þ. Before their observation,
the existence of hidden charm pentaquark states had been
discussed in Refs. [8–16] using various methods. Yet, the
experimental observation of these states triggered more
theoretical works. Various pictures have been proposed for
the nature of these states, such as meson-baryon molecules
[17–23], diquark-diquark-antiquark pentaquarks [24–27],
compact diquark-triquark pentaquarks [28,29], D̄-soliton
states [30], genuine multiquark states other than molecules
[31], and kinematical effects related to the so-called triangle
singularity [32–34] (for a more extensive summary, see
Ref. [4]). In addition to the mass spectrum, the production
of these pentaquark states in various decays and reactions
has been studied, including weak decays of bottom baryons
[7,35], photo-production [36–38], and the π−p → J=ψn
reaction [39]. In a recent work [40], the strong decays of
these states have been studied in the molecule picture.
In this work, we shall follow the same approach used in

Ref. [18] studying the Λ0
b → J=ψpK− decay. By using the

model of the π−p scattering studied in Ref. [41] and the
data of the J=ψp scattering studied in Ref. [18], we can fix
nearly all the parameters involved in this process, except
one overall strength and two parameters describing the
P-wave and D-wave π−p scattering, which, however, do
not affect the peak of J=ψp.
This paper is organized as follows. In Sec. II, we study

the weak decay process,Λ0
b → J=ψpπ−, and separate it into

three steps, weak decay, hadronization, and final state
interactions. This formalism is used to perform numerical
analyses in Sec. III, and some concluding remarks are given
in Sec. IV.

II. FORMALISM

In this section, we present the formalism of the Λ0
b →

J=ψpπ− decay, as depicted in Fig. 1. This process is
suppressed compared to Λ0

b → J=ψpK−, but the effect of
pentaquark states can still be important, as discussed in the
Introduction, and we will see explicitly in the following.
We shall follow the formalism proposed in Ref. [42], which

has been applied to study the decays of Λ0
b → J=ψpK−

[18,43], Ξ−
b → J=ψΛK− [44] and Λb → J=ψKΞ [45]. In

Ref. [18], only the narrow peak of the J=ψp distribution,
associated to the Pcð4450Þ state, was interpreted as a
molecular state of D�Σc type decaying into J=ψp.
Following Ref. [42], where B0 and B0

s decays into
J=ψπþπ− were studied, the Λ0

b → J=ψK−p decay was
addressed in Ref. [43]. The Λ0

b decay can be separated into
three steps, weak decay, hadronization, and final state
interaction. We shall discuss them in the following
subsections.
In the experimental paper [3], there are some structures

in the π−p mass distribution, which are associated to the
contributions of the N�ð1440Þ ð1=2þÞ, N�ð1535Þ ð1=2−Þ,
N�ð1650Þ ð1=2−Þ, and N�ð1520Þ ð3=2−Þ resonances,
although a partial wave analysis was not done there. In
our picture, we must keep in mind that the Pcð4450Þ state
was associated in Ref. [18] to a molecular state of D�Σc
interacting in S-wave, which decays into J=ψp also in
S-wave. Our formalism contains this J=ψp interaction, and
for consistency we must also take into account the π−p
S-wave interaction, to allow for possible interference. For
this purpose, we shall use the chiral unitary approach for
π−p and coupled channels developed in Ref. [41]. This
formalism, considering only pseudoscalar-baryon interac-
tion, produced the N�ð1535Þ, although using somewhat
unnatural subtraction constants. The N�ð1650Þ did not
show up in this approach, but it did in the related one of
Ref. [46], which relied upon off shell extrapolation of the
amplitudes. Within the on-shell factorization approach of
Ref. [41], the N�ð1650Þ was recovered in Ref. [47] by
including ρN and πΔ extra channels. The experimental data
of Ref. [3] shows a moderate peak for the N�ð1650Þ and a
more pronounced peak for the N�ð1535Þ, so the use of the
approach of Ref. [41] is sufficient for our purpose.
On the other hand, the Roper N�ð1440Þ appears in

P-wave, and the N�ð1520Þ, dynamically produced from the
interaction of pseudoscalar-baryon decuplet [48], appears
in D-wave of the π−p system. Both of them would
contribute incoherently to the π−p mass distribution. We
shall take into account some contributions of P-wave and
D-wave to show that they do not modify the J=ψp mass
distribution around the peak.

FIG. 1. Weak decay and hadronization mechanism of Λ0
b →

J=ψpπ− decay.

WANG, CHEN, GENG, LI, and OSET PHYSICAL REVIEW D 93, 094001 (2016)

094001-2



A. Weak decay and hadronization

The quark content ofΛ0
b is bud, where the u and d quarks

are in a state of spin zero and isospin zero. Hence, these two
light quarks are flavor antisymmetric, and the following
simplified notation can be used to describe the Λ0

b:

Λ0
b ¼jbijudi⇒ 1ffiffiffi

2
p jbiðjuijdi − jdijuiÞ ¼ 1ffiffiffi

2
p bðud − duÞ:

ð5Þ

In the Λ0
b decay, the b quark first decays into a c quark by

emitting a W− boson, then the W− decays into a pair of c
and d quarks, depicted in Fig. 1, which gives an overall
suppressed factor, VcbV�

cd:

Λ0
b ⇒ ½Vcb�cW− 1ffiffiffi

2
p ðud − duÞ

⇒ ½VcbV�
cd�ccd

1ffiffiffi
2

p ðud − duÞ: ð6Þ

As in Refs. [43,45], we will assume that the initial ud pair
of the Λ0

b acts as a spectator, and is transferred to the final
baryon. This is suggested by the analysis of the data of
Ref. [1], where in the K−p mass distribution only Λ� states
contributed, naturally coming from a final s quark plus the
ud pair in I ¼ 0, acting as a spectator in the process. In the
present case, the s final quark in the Λ0

b → J=ψsud is
replaced by a d quark, and the ud pair still remains as an
I ¼ 0 state.
In order to have a π−p at the end, the d quark and ud

pair must hadronize, which is accomplished by introducing
an extra qq pair with the quantum numbers of the vacuum,
uuþ ddþ ss. This is introduced between two quarks and
it is clear that the d quark coming from the b decay must
enter the hadronization process. This is so because the π−p
interaction in S-wave has negative parity. Since the ud
spectator pair has positive parity, it is the weak-decay d
quark that must carry negative parity prior to the hadro-
nization and be in an L ¼ 1 state, and it must be this
physical process which brings the quark back to its ground
state in the final π−p hadronic state. In order to keep the
original ud quark as a spectator and be transferred to
the final baryon, the d quark from the b decay must go
to the outgoing pion. Then the hadronization process
proceeds as

Λ0
b ⇒ J=ψdðuuþ ddþ ssÞ 1ffiffiffi

2
p ðud − duÞ; ð7Þ

where the first d quark together with the next qwill produce
a meson and the remaining three quarks a baryon.
In principle, the d quark contained in Λ0

b could also form
the meson together with the antiquark from the vacuum and
the remaining three quarks form the baryon, as depicted in

Fig. 2. However, this diagram is much suppressed due to
the large momentum transferred to the original d quark.
Further arguments are given in Ref. [49]. There is also an
interesting experimental feature supporting the spectator
assumption for the original ud pair. In this case, the final
state has only the isospin of the d quark coming from the b
decay and hence the total isospin of the final state is 1=2.
This is supported by the experiment of Ref. [3], where in
the π−p spectrum there is no trace of Δð1232Þ excitation.
Following the procedure used in Refs. [42,43,50], we

can hadronize the quark combinations Q ¼ dðuuþ ddþ
ssÞ 1ffiffi

2
p ðud − duÞ into pairs of ground state mesons and

baryons, and we find,

Q ⇒ π−p −
1ffiffiffi
2

p π0nþ 1ffiffiffi
3

p ηnþ
ffiffiffi
2

3

r
K0Λ; ð8Þ

and hence

Λ0
b ⇒ J=ψ ×

�
π−p −

1ffiffiffi
2

p π0nþ 1ffiffiffi
3

p ηnþ
ffiffiffi
2

3

r
K0Λ

�
: ð9Þ

We can clearly see that J=ψpπ− is one of the possible final
states, but we still need to consider the final state interaction
of the π−p and the other pairs of ground state mesons and
baryons, which have been studied in Ref. [41] and known
to be very strong.

B. Final state interactions

In this subsection we take into account the final state
interaction of ground state mesons and baryons of the octet,
as depicted in Fig. 3(b). Here we only consider the S-wave
scattering, and the P-wave scattering will be discussed in
the next subsection.
In Ref. [41], the S-wave meson baryon scattering was

studied in the strangeness S ¼ 0 sector in the coupled
channel unitary approach with six channels. The 6 × 6 tij
matrix is given by the Bethe-Salpeter equation,

tij ¼ Vij þ
X
k

VikGktkj; ð10Þ

FIG. 2. Weak decay and hadronization mechanism of Λ0
b →

J=ψpπ− decay, where the d quark contained in Λ0
b forms the

meson together with the antiquark from the vacuum and the rest
three quarks form the baryon.
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where i; j; k ¼ ðKþΣ−; K0Σ0; K0Λ; π−p; π0n; ηnÞ. The
matrices Vij and Gi have both been evaluated in
Ref. [41], and we briefly show the results here. The matrix
Vi;j is the transition potential obtained from the lowest
order meson baryon chiral Lagrangian

VijðsÞ ¼ −Cij
1

4fifj
ð2 ffiffiffi

s
p

−Mi −MjÞ

×

�
Mi þ Ei

2Mi

�
1=2

�
Mj þ Ej

2Mj

�
1=2

; ð11Þ

where Ei and Mi are the energy and mass of the baryon in
channel i, and the coefficients Cij are shown in Table I,
reflecting the SU(3) flavor symmetry. The couplings fi are
the pseudoscalar decay constants for the i channel, for
which we use

fπ ¼ 93 MeV;

fK ¼ 1.22fπ;

fη ¼ 1.3fπ: ð12Þ

The matrix Gi is the G-function representing the loop
integral of a meson and a baryon, for which we adopt the
dimensional regularization,

GiðsÞ ¼ i2Mi

Z
d4q
ð2πÞ4

1

ðP − qÞ2 −M2
i þ iϵ

1

q2 −m2
i þ iϵ

¼ 2Mi

16π2

�
aiðμÞ þ ln

M2
i

μ2
þm2

i −M2
i þ s

2s
ln

m2
i

M2
i

þ qiffiffiffi
s

p ½lnðs − ðM2
i −m2

i Þ þ 2qi
ffiffiffi
s

p Þ

þ lnðsþ ðM2
i −m2

i Þ þ 2qi
ffiffiffi
s

p Þ
− lnð−sþ ðM2

i −m2
i Þ þ 2qi

ffiffiffi
s

p Þ

− lnð−s − ðM2
i −m2

i Þ þ 2qi
ffiffiffi
s

p Þ�
�

ð13Þ

wheremi is the mass of the meson in channel i. The infinity
of integral is canceled by higher order counterterms. The
subtraction constants aiðμÞ are real constants, and stand for
the finite contribution of such counterterms. The unknown
parameters aiðμÞ are usually determined by fitting to the
data. In this work, we work at the regularization scale
μ ¼ 1200 MeV and use the following values for the
subtraction constants ai [41],

aKþΣ− ¼ −2.8; aK0Σ0 ¼ −2.8; aK0Λ ¼ 1.6;

aπ−p ¼ 2.0; aπ0n ¼ 2.0; aηn ¼ 0.2: ð14Þ

One needs to note that these subtraction constants aiðμÞ for
the channels of K0Λ, ηn, π−p and π0n are positive. With a
cutoff qmax in the cutoff method, the matrix Gi of Eq. (13)
would imply a subtraction constant aiðμÞ negative, not
positive. The need for values aiðμÞ > 0 is an indication that
one is including the contribution of missing channels in the
scattering amplitude [51]. However, in the production
process of Fig. 3(b) [see also Eq. (9)], the primary Λb →
J=ψMB is selective to just four channels, with particular
weights, which then propagate by means of the G function
of the figure. We are not justified to use the G function of
scattering to account for channels which would not
contribute there. For this reason at this point we shall
use the ordinary ~GiðMπ−pÞ function with a cut off in the
following analyses,

~GiðMπ−pÞ ¼
Z

d3q
ð2πÞ3

Mi

2ωiðqÞEiðqÞ
×

1

Mπ−p − ωiðqÞ − EiðqÞ þ iϵ
; ð15Þ

where Mi, Ei and ωi are the baryon mass, baryon energy
and meson energy of the i channel. We regularize by a cut
off j~qmaxj ¼ 1300 MeV, but the behavior of the J=ψp
distribution around the peak is not changed if other values
are used.

(a) (b)

(c)

FIG. 3. Diagrams for the Λ0
b → J=ψpπ− decay: (a) direct

J=ψpπ− vertex at tree level, (b) final state interaction of π−p,
and (c) final state interaction of J=ψp.

TABLE I. The coefficients Cij ¼ Cji for the S-wave meson
baryon scattering in the strangeness S ¼ 0 and isospin I ¼ 1=2
sector [41].

KþΣ− K0Σ0 K0Λ π−p π0n ηn

KþΣ− 1 −
ffiffiffi
2

p
0 0 −1=

ffiffiffi
2

p
−

ffiffiffiffiffiffiffiffi
3=2

p
K0Σ0 0 0 −1=

ffiffiffi
2

p
−1=2

ffiffiffi
3

p
=2

K0Λ 0 −
ffiffiffiffiffiffiffiffi
3=2

p ffiffiffi
3

p
=2 −3=2

π−p 1 −
ffiffiffi
2

p
0

π0n 0 0
ηn 0
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C. Amplitudes with and without the Pcð4450Þ
The next step is to take into account the final state

interaction of the primarily produced meson and baryon
pairs of Eq. (8). We can write the amplitude
MðMJ=ψp;Mπ−pÞ for Λ0

b → J=ψpπ−, still without the
effect of the Pcð4450Þ, as a function of the invariant
masses MJ=ψp and Mπ−p,

MðMJ=ψp;Mπ−pÞ

¼ Vp

�
hπ−p þ

X
i

hi ~GiðMπ−pÞti;π−pðMπ−pÞ
�

¼ Vpðhπ−p þ Tπ−pÞ; ð16Þ

where the coefficients hi are taken from Eq. (8),

hKþΣ− ¼ 0; hK0Σ0 ¼ 0; hK0Λ ¼
ffiffiffi
2

3

r
;

hπ−p ¼ 1; hπ0n ¼ −
1ffiffiffi
2

p ; hηn ¼
1ffiffiffi
3

p : ð17Þ

The factor Vp expresses the weak and hadronization
strength, and it also contains the overall suppression factor
VcbV�

cd. We note that the ~GiðMπ−pÞ function here is
calculated by using the cut off method with j~qmaxj ¼
1300 MeV, as listed in Eq. (15).
Now we take into account the Pcð4450Þ pentaquark

contribution, as depicted in Fig. 3(c). We can see that the
π−p production proceeds both at the tree level, as shown in
Fig. 3(a), and through rescattering of other original meson
baryon pairs, as depicted in Fig. 3(b). In addition, if the
pentaquark signal is a consequence of the excitation of a
molecular state, it can be taken into account in the present
approach by allowing for the J=ψp pair interaction. This is
done by means of the diagram of Fig. 3(c). Altogether,
the Λ0

b → J=ψpπ− amplitude MðMJ=ψp;Mπ−pÞ can be
written as,

MðMJ=ψp;Mπ−pÞ

¼ Vp

�
hπ−p þ

X
i

hi ~GiðMπ−pÞti;π−pðMπ−pÞ

þhπ−pGJ=ψpðMJ=ψpÞtJ=ψp;J=ψpðMJ=ψpÞ
�

¼ Vpðhπ−p þ Tπ−p þ TJ=ψpÞ; ð18Þ

where GJ=ψp is the G-function representing the loop
integral of J=ψ and proton, for which we use the same
dimensional regularization as Eq. (13), but with the
regularization scale μ ¼ 1000 MeV and the subtraction
constant aJ=ψp ¼ −2.3 [8,52]. The coherent sum of TJ=ψp
in Eq. (18) in S-wave holds strictly when J=ψp is in total
spin J ¼ 1=2, which is one of the possible spins of the

hidden charm states predicted in Ref. [52]. The case for
J ¼ 3=2 is explicitly done in Ref. [53].
Following the steps of Ref. [18], we have,

tJ=ψp;J=ψpðMJ=ψpÞ ¼
g2J=ψp

MJ=ψp −MPc
þ i ΓPc

2

; ð19Þ

where the three parameters have been fixed in Ref. [18]:

gJ=ψp ¼ 0.6; MPc
¼ 4449.8 MeV;

ΓPc
¼ 40 MeV: ð20Þ

Equation (18) can be used to calculate the invariant mass
distribution of the process Λ0

b → J=ψpπ−:

d2Γ
dM2

J=ψpdM
2
π−p

¼ 1

ð2πÞ3
4MΛ0

b
Mp

32M3
Λ0
b

jMðMJ=ψp;Mπ−pÞj2:

ð21Þ

This is a three-body decay and the invariant mass distri-
bution with respect to any of the two invariant masses is
evaluated by integrating over the other invariant mass.
Finally, we take into account the P-wave and D-wave

in π−p scattering to create the Roper N�ð1440Þ and
N�ð1520Þ, respectively, because there are signals of the
excitation of both resonances in the π−p mass distribution
[3]. Since the contributions of P-wave and D-wave add
incoherently to the other contributions, we take them into
account by means of the substitution below,

jMðMJ=ψp;Mπ−pÞj2
⇒ jMðMJ=ψp;Mπ−pÞj2 þ jMPðMπ−pÞj2
þ jMDðMπ−pÞj2; ð22Þ

with

MPðMπ−pÞ ¼ −VP
p cos θ

~pπ−

ð ~pπ−Þave
MN�ð1440Þ

π

× Im
1

Mπ−p −MN�ð1440Þ þ i
ΓN�ð1440Þ

2

; ð23Þ

MDðMπ−pÞ ¼ −VD
p
3cos2θ − 1

2

�
~pπ−

ð ~pπ−Þave

�
2 MN�ð1520Þ

π

× Im
1

Mπ−p −MN�ð1520Þ þ i
ΓN�ð1520Þ

2

; ð24Þ

where MN� and ΓN� are the mass and width of the Roper
N�ð1440Þ or N�ð1520Þ, respectively, and VP

p and VD
p

stands for the strength of the P- and D-wave amplitudes.
Both of them are free parameters independent of Vp, but
only their ratios VP

p=Vp and VD
p=Vp matter up to a global
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normalization, which will be fitted using the LHCb data
[3]. In Eqs. (23) and (24), ~pπ− is the π− momentum in the
π−p rest frame, and ð ~pπ−Þave is an average momentum
taken for ð ~pπ−Þave ¼ ðMmin

π−p þMmax
π−pÞ=2, which is put here

to have VP
p and VD

p with the same dimensions as Vp. The
other parameter θ is the angle between the momentum of
π− and J=ψ in the rest frame of the π−p system,

cos θ ¼ 1

2 ~pJ=ψ ~pπ−
ðM2

J=ψp −M2
Λ0
b
−m2

π− þ 2 ~p0
Λ0
b
~p0
π−Þ;

ð25Þ
where ~p0

Λ0
b
( ~p0

π−) is the energy of Λ0
b (π−) in the π−p rest

frame, and ~pJ=ψ ¼ ~pΛ0
b
( ~pπ−) is the J=ψ (π−) momentum in

this same frame, where ~~pΛ0
b
− ~~pJ=ψ ¼ 0. We give the

explicit forms for those variables below,

~pΛ0
b
¼

λ1=2ðM2
Λ0
b
;M2

π−p;m2
J=ψÞ

2Mπ−p
¼ ~pJ=ψ ;

~p0
Λ0
b
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Λ0
b
þ ~p2

Λ0
b

q
;

~pπ− ¼ λ1=2ðM2
π−p;m2

π;M2
pÞ

2Mπ−p
;

~p0
π− ¼ M2

π−p þm2
π −M2

p

2Mπ−p
; ð26Þ

where λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy − 2yz − 2xz.

III. RESULTS AND DISCUSSION

In this section, we perform numerical analyses using the
formalism described in the previous section. Our results for
the process Λ0

b → J=ψpπ− will be shown in several figures.
First in Fig. 4, we show the modules of the transition

amplitudes jtijj for the coupled channels, KþΣ−, K0Σ0,
K0Λ, ηn, π−p and π0n in I ¼ 1=2 and S ¼ 0. Both the
π−p → π−p and π0n → π0n transition amplitudes exhibit a
resonance structure around 1535 MeV, which is common to
all the unitary chiral approaches [46,54,55]. This reaction is
the same as in Ref. [41], where comparison to data is done.
Next we show results for the two invariant mass

distributions in the Λ0
b → J=ψpπ− process from Ref. [3].

In Fig. 5(a), we show the π−p invariant mass distribution
for the Λ0

b → J=ψpπ− decay. We make a fair fit to the π−p
invariant mass distribution by fitting the parameters Vp, VP

p

and VD
p . As we can see, the fit demands someN�ð1440Þ and

N�ð1520Þ contributions to explain the large peak around
1500MeV, but the S-wave contribution accounts mostly for
the region of small π−p invariant masses, as one would
expect. It also gives contribution at large invariant masses,
but this is more uncertain and in any case is not a matter of
concern to us, where our aim is to see the consistency of the
peak in the J=ψp mass distribution with the one observed

in the Λ0
b → J=ψpK− reaction. The effect of the Pcð4450Þ

state in this distribution is very small [difference between
the “SPD no Pc” and “Full” curves in the Fig. 5(a)].
Next we turn to the J=ψp distribution which is shown in

Fig. 5(b). With the choice of gJ=ψp ¼ 0.6, which is in the
range considered acceptable in Ref. [18], we obtain a peak
structure around 4400 MeV followed by a dip in this
distribution. The strength of this structure depends on the
coupling of the hidden charm state to the J=ψp. Note, that
although the Pc resonance of Eq. (19) has a mass of
4450 MeV, at this energy we get here a dip, and the peak-
dip structure observed comes from the interference with the
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FIG. 4. Modules of the transition amplitude jtijj as functions
of the invariant mass of the meson-baryon system:
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ηn → ηn, (c) π−p → π−p and π0n → π0n.
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rest of the amplitude of Eq. (18). This would justify that the
structure seen in this reaction corresponds to the one
observed in the Λ0

b → J=ψpK− reaction even if the peak
here is displaced about 40 MeV below the one observed in
Λ0
b → J=ψpK−. Note that this behaviour is relatively

common in hadron physics. For example, the f0ð980Þ
manifests itself as a clear peak in the πþπ− invariant mass
of the J=ψ → ϕπþπ− [56,57] and Bs → J=ψπþπ− [58]
reactions, but shows up as a dip in the S-wave ππ scattering
amplitude [59].
We observe that we do not get a very good agreement for

the J=ψp distribution for invariant masses above 5000MeV
inFig. 5(b). Particularly,weget a peak at the end of the J=ψp
distribution not supported by the experimental data. Our
input is only meant to get the region of small and inter-
mediate invariant masses, and in particular to understand the
behavior of the J=ψp distribution around the peak and
consistency with the Λ0

b → J=ψpK− reaction. We should
not worry about the discrepancies in other regions. Because

of that we refrain from giving the ratio of the rates of Eqs. (2)
and (3). A rough estimate of this ratio considering the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements and
phase space is given in Ref. [3]. We should also note that
other fits of the quality of Fig. 5(a) can be obtained for the
π−p distribution changing the various ingredients in it.
These changes bring also changes in the J=ψp distribution,
but the peak-dip structure around 4400 MeV is not altered.
The main point to stress is that, without the Pc state
(contained in our J=ψp → J=ψp amplitude) one obtains
a structureless distribution [double dotted-dashed curve in
Fig. 5(b)], and the inclusion of thePc state leads to the peak-
dip structure [solid line in Fig. 5(b)], in agreement with data
within errors.

IV. SUMMARY

Motivated by the recent LHCb data [3], we have studied
the Λ0

b → J=ψpπ− decay to investigate the hidden-charm
pentaquark state within the unitary approach. This model
has predicted the existence of two nonstrange hidden-
charm pentaquark states in the energy region where the
Pcð4450Þ has been seen. The decay mechanism we
employed has been previously adopted to successfully
describe the LHCb Λ0

b → J=ψK−p invariant mass distri-
butions. Our study showed that the hidden-charm penta-
quark state structure of a peak followed by a dip can be
clearly seen on top of the background, which is in agree-
ment with present, low statistics, LHCb data. Given the fact
that both the unitary model and the reaction mechanism
have been tested in describing the LHCb Λ0

b decay, we look
forward to updated experimental results on the Λ0

b →
J=ψpπ− decay, which can be very helpful to test the
existence of the pentaquark states and their nature.
There is an unexpected discovery in the study of this

reaction that cannot be left unnoticed. An interesting
observation was done in Ref. [32] about a possible
mechanism that would create the narrow peak in the Λ0

b →
J=ψpK− reaction without having to invoke any new state.
It was shown that the triangle diagram of Λb →
Λ�ð1890Þχc1 followed by Λ�ð1890Þ → K−p decay, which
has the intermediate propagators of Λ�, p, χc1, develops a
singularity when all the three propagators can be put on
shell in the loop, and this occurs at the magic invariant mass
of 4450 MeV for the J=ψp distribution. The calculation is
done in arbitrary units, because neither the Λb →
Λ�ð1890Þχc1 nor the Λ�ð1890Þ → K−p amplitudes are
known. However, the fact that the peak in the Λ0

b →
J=ψpπ− reaction appears about the same energy as in
the Λ0

b → J=ψpK− decay provides a challenge for the
triangular singularity mechanism. One might wonder
whether a loop with N�pχc1 as intermediate states, with
some particular N�, could produce a peak at about the
same energy, as seen in the experiment, and with the
same relative strength, but this would be a surprising
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FIG. 5. (a) The π−p invariant mass distributions and (b) the
J=ψp invariant mass distributions for the Λ0

b → J=ψpπ− decay
from Ref. [3]. The magenta dotted line shows the result of the tree
level and the S-wave π−p interaction [the term hπ−p þ Tπ−p of
Eq. (18)], the cyan dashed-dotted and green dashed lines
correspond to the contribution from the P- and D-wave π−p
system alone, and the red solid line stands for the result of our full
model. We also show the result without the J=ψp interaction with
the blue dashed-dotted-dotted line.
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coincidence. This argument reinforces the interpretation of
the narrow peak of the Λ0

b → J=ψpK− as a genuine new
exotic baryonic state. Nevertheless, a study along the lines
of Ref. [32] for the new reaction would be welcome.
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Note added in the proof—The study of related reactions
along the same lines allows us at this point to provide a
broader perspective on what has been done in this paper.
The results of Refs. [8,52] produce a hidden charm
pentaquark state that couples mostly to D̄�Σc in S-wave,
which we hint to correspond to the narrow pentaquark
state of Ref. [1]. The interaction used in Refs. [8,52]
borrowed from the local hidden gauge approach
[60,61,62] produces degenerate D̄�Σc states with JP ¼
1=2− and 3=2−, but this degeneracy could be broken as
shown in Ref. [11]. It is unclear which is the spin of the
narrow state in Ref. [1], because, although several options
are preferred, it is also clearly stated that “other options
are less likely”, but this does not mean ruled out. The
analysis of the present reaction, being now performed by
the LHCb collaboration, will help clarify the issue.
Meanwhile, our present study done in this paper assumes
a production vertex Λ0

b → J=ψpπ− of S-wave. Under these
conditions the J=ψp system can only be in J ¼ 1=2,
because J ¼ 3=2 with the π− in S-wave can not connect
with the 1=2þ of the original Λ0

b. To have J ¼ 3=2 for the
J=ψp system one needs a P-wave vertex and a different
formalism to the present one. This has been done in detail
in the work that studies the Λ0

b → J=ψKΛ reaction [53],
closely related to the present one. We do not wish to repeat
that work here and it is sufficient to mention that a signal
for the hidden charm state is also seen there, although,
depending on the circumstances, it can show as a dip
rather than as a peak.
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