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Abstract. The nonleptonic weak decays of Λ+
c → K̄0ηp and Λ+

c → π0φp are investigated from the viewpoint

of probing the N∗(1535) resonance and the possible φp state. For the Λ+
c → K̄0ηp decay, we study the invariant

mass distribution of ηp with both the chiral unitary approach and an effective Lagrangian model. Within the

chiral unitary approach, the N∗(1535) resonance is dynamically generated from the final state interaction of

mesons and baryons in coupled channels. While for the effective Lagrangian model, we take a Breit-Wigner

formula for the N∗(1535) resonance. We found that the behavior of the N∗(1535) resonance in the Λ+
c →

K̄0N∗(1535) → K̄0ηp decay within the two approaches is different. For the Λ+
c → π0φp decay, we consider

a triangle singularity mechanism, where the Λ+
c decays into the K∗Σ∗(1385), the Σ∗(1385) decays into the

π0Σ/Λ, and then the K∗Σ/Λ merge to produce the φp in the final state. This mechanism produces a peak

structure around 2020 MeV. In addition, the possibility that there is a hidden-strange pentaquark-like state is

also considered by taking into account the final state interactions of K∗Λ, K∗Σ, and φp. We conclude that it is

difficult to search for the hidden-strange state in this decay. However, we do expect nontrivial behavior in the

φp invariant mass distribution. The proposed Λ+
c decay mechanism here can provide valuable information on

the properties of these nuclear resonances and can in principle be tested by experiments such as BESIII, LHCb

and Belle-II.

1 Introduction

The nonleptonic weak decays of charmed hadrons provide

a useful platform to study hadronic resonances, some of

which are subjects of intense debate about their nature [1–

3]. For instance, theΛ+
c → π+MB weak decays are studied

in Refs. [4, 5] from the viewpoint of probing the Λ(1405)

and Λ(1670) resonances and extracting the πΣ scattering

lengths, where M and B stand for mesons and baryons. In

Ref. [6], the Λ(1670) and a0(980) resonances are investi-
gated in the Λ+

c → π+ηΛ decay. The role of the possible

Σ∗(1380) state with JP = 1/2− in the Λ+
c → ηπ+Λ decay

is also studied in Ref. [7] where the color-suppressed W-

exchange diagram is considered for the production of the

Σ∗(1385) with JP = 3/2+. Experimentally, in Ref. [8], the

decays Λ+
c → ηπ+Λ and ηΣ∗+(1385) was investigated by

the BESIII collaboration. On the other hand, in Ref. [9] the

role of the exclusiveΛ+
c decays into a neutron in testing the

flavor symmetry and final state interaction was proposed.

It was shown that the three body nonleptonic decays of Λ+
c

are of great interest to explore the final state interactions.

Analogous to the hidden-charm pentaquark states that

were observed in the J/ψp invariant mass spectrum via the

∗e-mail: xiejujun@impcas.ac.cn

Λ0
b → K−J/ψp decay by the LHCb collaboration [10, 11],

one may consider the possible existence of hidden-strange

pentaquarks Ps = uudss̄, in which the cc̄ pair is replaced

by ss̄ [12]. In fact, in the light flavor sector below 2

GeV, understanding the nature of the N∗(1535) resonance
with spin parity JP = 1/2− is very challenging [13, 14].

One peculiar property of the N∗(1535) is that it couples

strongly to the channels with strangeness, which is diffi-

cult to understand in the classical quark models. However,

the strange decay properties of the N∗(1535) resonance
can be easily understood if it contains large five-quark

components [15–18]. Within this pentaquark picture, the

N∗(1535) resonance could be the lowest L = 1 orbitally

excited uud state with a large admixture of [ud][us]s̄ pen-
taquark component. This makes the N∗(1535) heavier than
the N∗(1440) and also gives a natural explanation of its

large couplings to the channels with strangeness [19]. The

large N∗(1535) coupling to the KΛ channel obtained in

Refs. [15, 20] from the analysis of J/ψ → p̄K+Λ and

J/ψ→ p̄pη reactions has been challenged in Ref. [21].

At around 2 GeV, a φN bound state is predicted in sev-

eral models [22–24]. Such a φN states can be viewed as a

Ps pentaquark state. The forward-direction enhancement
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at around invariant mass W = 2.1 GeV in the γp → pφ
reaction [25, 26] may indicate the s-channel contributions
from nucleon excited state around 2.1 GeV [27].

In Ref. [28], the role of the N∗(1535) resonance in the

Λ+
c → K̄0ηp decay was investigated by taking the advan-

tage of the strong coupling of the N∗(1535) to the ηN chan-

nel and its large uudss̄ component. While for the possible

Ps state, it was studied in Ref. [29] in the singly Cabibbo

suppressed process Λ+
c → π0φp, as shown in Fig. 1 in the

quark level. However, the main difficulty is that the decay

Λ+
c → π0φp has a very limited phase space [12].

Λ
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d

W
+

u
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u

s̄
s

u

d

}

}

π
0

P
+
s

Figure 1. Quark level diagram for the Λ+
c → π0P+

s decay.

Furthermore, in Ref. [29], a contribution from triangle

singularities close to the physical region was also consid-

ered to the Λ+
c → π0φp decay, where the Λ+

c decays into

K∗Σ∗(1385), the Σ∗(1385) (≡ Σ∗) decays to the π0Σ (or Λ)

and the K∗Σ (or Λ) rescatter into φp in the final state. In

addition to the effects of the triangle mechanism, the final

state interaction of K∗Λ → φp and K∗Σ → φp are also

taken into account. If there was a Ps resonance, it must

couple to both the φp and K∗Σ/Λ and thus may be man-

ifest in the φp invariant mass distribution. Yet, because

of the small phase space and depending on the mass and

width of such a Ps state, it could be difficult to search for

it. Indeed, searching for the decay of Λ+
c → π0pφ was

done by the Belle Collaboration, and no significant signal

was observed with an upper limit on the branching fraction

of B(Λ+
c → π0pφ) < 15.3 × 10−5 at the 90% confidence

level [30].

2 The Λ+
c → K̄0ηp decay

The quark content of Λ+
c is cud, where the up and down

quarks are in a state of spin zero and isospin zero. Thus,

these two light quarks are flavor antisymmetric, and the

following simplified notation can be used for the Λ+
c :

Λ+
c =

1√
2
|c(ud − du) > . (1)

In theΛ+
c weak decay, the charm quark first decays into

a strange quark by emitting a W+ boson, then the W+ de-

cays into a pair of d̄ and u quarks, which is the most dom-

inated process for the charmed baryon decays. In Fig. 2

we show the mechanism for the decay of Λ+
c to produce

the K̄0 from the sd̄ pair and the insertion of a new q̄q pair

with the quantum numbers of the vacuum, ūu + d̄d + s̄s,
to construct the intermediate meson-baryon state MB from

the uud cluster with the assumption that the u and d quarks

in the Λ+
c are spectators in the weak decay. Thus, after the

hadronization these u and d quarks in the Λ+
c are part of

the baryon, and the u quark originated from the weak de-

cay forms the meson. In this process, the ud diquark in

Λ+
c is the spectator, and the uud cluster is combined into a

pure I = 1/2 state.
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Figure 2. Quark level diagram for the Λ+
c → K̄0MB decay with

the K̄0 emission from the sd̄ pair.

Following the procedure of Refs. [31–33], one can

straightforwardly obtain the meson-baryon states after the

q̄q pair production as

|MB〉 =
√
3

3
|ηp〉 +

√
2

2
|π0p〉 + |π+n〉 −

√
6

3
|K+Λ〉, (2)

where we have omitted the η′p term because of its large

mass threshold compared to other channels that we con-

sidered.

After the production of a meson-baryon pair, the final-

state interaction between them takes place, which can be

parameterized by the re-scattering shown in Fig. 3 at the

hadronic level for the Λ+
c → K̄0ηp decay. Finally, the

final-state interaction of MB, in I = 1/2, will lead to the

dynamical generation of the N∗(1535) resonance [34, 35].

Λ
+

c

K̄
0

η

p

K̄
0

η

p(a) (b)

Figure 3. Diagrams for the Λ+
c → K̄0ηp decay: (a) direct K̄0ηp

vertex at tree level, (b) final-state interaction of the ηp.

According to Eq. (2), we can write down the Λ+
c →

K̄0ηp decay amplitude T MB of Fig. 3 as [36],

T MB = VP

( √3
3

+

√
3

3
Gηptηp→ηp +

√
2

2
Gπ0ptπ0p→ηp

+Gπ+ntπ+n→ηp −
√
6

3
GK+ΛtK+Λ→ηp

)
, (3)

where VP expresses the weak and hadronization strength,

which is assumed to be a constant and independent of the
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final state interaction. The GMB denotes the one-meson-

one-baryon loop function, which depends on the invariant

mass of the final ηp system, Mηp. The meson-baryon scat-

tering amplitudes tMB→ηp are those obtained in the chiral

unitary approach, which depend also on Mηp.

On the other hand, because the N∗(1535) has a large

uudss̄ component, it can also be produced via the process

shown in Fig. 4 (a). After the N∗(1535) is formed with

uudss̄, it decays into ηp. The hadron level diagram for the

decay of Λ+
c → K̄0N∗(1535) → K̄0ηp is also shown in

Fig. 4 (b). However, we should note that the strangeness

component of N∗(1535) can not be guaranteed from the

decay process shown in Fig. 4. Indeed, the N∗(1535) can
also be produced from the process shown in Fig. 2, where

the sd̄ forms the K̄0, while the N∗(1535) is constructed

from the uud cluster and then it decays into ηp because of

its large coupling to this channel.

Λ
+
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u
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u

d

K̄
0 η

N
∗
(1535)

pΛ
+

c
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0

(a)

(b)

Figure 4. Quark level diagram for Λ+
c → K̄0N∗(1535) (a) and

hadron level diagram for Λ+
c → K̄0ηp decay (b).

The general decay amplitudes for Λ+
c → K̄0N∗(1535),

shown in Fig. 4, can be decomposed into two different

structures with the corresponding coefficients C1 and C2,

M = iū(q)(C1 +C2γ5)u(p), (4)

where q and p are the momentum of the N∗(1535) and
Λ+

c , respectively. The coefficients C1 and C2 for charmed

baryons decaying into ground meson and baryon states, in

general, can be calculated in the framework of the pole

model [37] or within the perturbative QCD approach [38].

In the present case, because the N∗(1535) resonance is not
well understood in the classical quark model, the values of

C1 and C2 in Eq. (4) are very difficult to be pined down,

and we have to determine them with future experimental

data. In this work, we take C1 = C2.

To get the whole decay amplitude of Λ+
c →

K̄0N∗(1535) → K̄0ηp as shown in Fig. 4 (b), we use

the effective interaction Lagrangian as in Ref. [39] for the

N∗(1535)Nη vertex,

LN∗Nη = −igN∗NηN̄ηN∗ + h.c.. (5)

Then the invariant decay amplitude of the Λ+
c →

K̄0N∗(1535)→ K̄0ηp decay can be written as

T N∗
= igN∗Nηū(p3, sp)GN∗ (q)(C1 +C2γ5)u(p, sΛ+

c ), (6)

where p3 is the momentum of the final proton. The sp

and sΛ+
c are the spin polarization variables for the proton

and Λ+
c baryon, respectively. The GN∗ (q) is the propagator

of the N∗(1535), which is given by a Breit-Wigner (BW)

form as,

GN∗ (q) = i
/q + MN∗

q2 − M2
N∗ + iMN∗ΓN∗ (q2)

, (7)

with MN∗ and ΓN∗ (q2) the mass and total decay width

of the N∗(1535), respectively. For ΓN∗ (q2), since the

dominant decay channels for the N∗(1535) resonance are

πN and ηN [40], we take the following form as used in

Refs. [41, 42]

ΓN∗ (q2) = ΓN∗→πN(q2) + ΓN∗→ηN(q2) + Γ0, (8)

with

ΓN∗→πN(q2) =
3g2N∗Nπ

4π

E1 + mp√
q2

√
E2
1
− m2

p, (9)

ΓN∗→ηN(q2) =
g2N∗Nη

4π

E2 + mp√
q2

√
E2
2
− m2

p. (10)

Here

E1 =
q2 + m2

p − m2
π

2
√

q2
, E2 =

q2 + m2
p − m2

η

2
√

q2
. (11)

We take g2N∗Nπ/4π = 0.037 and g2N∗Nη/4π = 0.28
as used in Ref. [43]. With these values we can get

ΓN∗→Nπ = 67.5 MeV and ΓN∗→Nη = 63 MeV if we take√
q2 = 1535 MeV. In this work, we choose Γ0 = 19.5

MeV for ΓN∗ (
√

q2 = 1535 MeV) = 150 MeV.

With all the ingredients obtained in the previous sub-

section, one can write down the invariant ηp mass distri-

bution of the Λ+
c → K̄0ηp decay as:

dΓ
dMηp

=
1

16π3

mp pK̄0 p∗η
MΛ+

c

|T |2 , (12)

where T is the total decay amplitude. The pK̄0 and p∗η are
the three-momenta of the outgoing K̄0 meson in the Λ+

c
rest frame and the outgoing η meson in the center of mass

frame of the final ηp system, respectively.

In Fig. 5, we show the numerical results for the

dΓ/dMηp with two models: Model I takes T = T MB, while

Model II takes T = T N∗
, MN∗ = 1535 MeV and ΓN∗ is

energy dependent as in Eq. (8). The results of Model I are

obtained with VP = 1 MeV−1. The results of Model II are

obtained with C1 = C2 = 47.2, which are normalized to

the peak of Model I.

For Model I, there is a clear peak around 1524 MeV

corresponding to the N∗(1535) resonance. The peak po-

sition of Model II is very close to the central value, 1535
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Figure 5. Invariant ηp mass distribution for the Λ+
c → K̄0ηp

decay. The solid and dashed curves represent the results obtained

in Model I and II, respectively.

MeV, estimated in the PDG [40] for the N∗(1535). The

peak position of Model I is also close to the value 1535

MeV, but with a narrow width. From the results of Model

I and II shown in Fig. 5, we see that these two different

descriptions of the N∗(1535) resonance give different line
shapes for the invariant ηp mass distributions. The find-

ings here are similar to that obtained in Refs. [44, 45]. For

the N∗(1535), the amplitude square obtained with the chi-

ral unitary approach does not behave like an usual BW

resonance, even at the peak position. Note that in the

chiral unitary approach, only the meson-baryon compo-

nents of N∗(1535) are included. However, in the works

of Refs. [46, 47], it was shown that the N∗(1535) contains
a mixture of a genuine quark state apart from the meson-

baryon components.

Up to now, we have considered only the contribu-

tion from N∗(1535), while the contributions from other

baryon resonances, such as, N∗(1650) 1
2

−
, N∗(1710) 1

2

+
,

N∗(1720) 3
2

+
, Σ∗(1660) 1

2

+
, Σ∗(1670) 3

2

−
, and Σ∗(1750) 1

2

−
,

are not taken into account. In Fig. 6, we show the Dalitz

plot for the Λ+
c → K̄0ηp decay, where we see that the the

decay of Λ+
c → K̄0N∗(1710) and Λ+

c → K̄0N∗(1720) have
very limited phase space, and N∗(1710) and N∗(1720) de-
cay into ηp in p-wave, hence, their contributions should
be much suppressed. On the other hand, in the N∗(1535)
energy region, the Dalitz plot overlaps with these Σ∗ reso-
nances from 1600 to 1800 MeV in the K̄0p channel, which

may make the analysis of N∗(1535) difficult. Fortunately,

the Σ∗(1660) 1
2

+
and Σ∗(1670) 3

2

−
decay into K̄0p in p-wave

and D-wave, respectively. These contributions will be sup-

pressed because of the higher partial waves involved. For

the Σ∗(1750) 1
2

−
, it decays into K̄0p in s-wave. However, it

lies in the kinematic end-point region and therefore the de-

cay of Λ+
c → ηΣ∗(1750) has a relative small phase space.

It is worthy to mention that both the N∗(1535) and

N∗(1650) are dynamically generated from the analysis of

the s-wave πN scattering [48–50]. Indeed, the effect of

the N∗(1535) and the N∗(1650) resonances are studied

in Ref. [51], where both effects of the N∗(1535) and the

Figure 6. Dalitz plot for Mηp and MK̄0 p in theΛ
+
c → K̄0ηp decay.

The N∗(1535) energy is shown by the vertical dotted line, which

the horizontal band represents the masses of Σ∗ states from 1600

to 1800 MeV.

N∗(1650) are seen in the mass distributions, but, their

manifestation is different. Thus, the contributions from

other N∗ and Σ∗ resonances might be small compared with

the contribution from the N∗(1535), and we expect that

their contributions will not change much the model predic-

tions here. If future experimental measurements provide

enough data to disentangle the contributions from these

resonances, one can also study them.

3 The Λ+
c → π0φp decay

Λ
+
c

P

Σ
∗+

P − q

K
∗0

q Σ
+ P − q − k

π
0k

φ

p
(A)

Λ
+
c

P

Σ
∗0

P − q

K
∗+

q Λ P − q − k

π
0k

φ

p
(B)

Figure 7. Triangle diagrams for the Λ+
c → π0pφ decay. (A): Σ+-

exchange. (B): Λ-exchange. The definitions of the kinematical

variables (P, q, k) are also shown.

In addition to the diagram shown in Fig. 1, the Λ+
c →

π0pφ decay can proceed through the triangle diagrams de-

picted in Fig. 7, where the decay of Λ+
c → (Σ∗(1385)K∗)+

can proceed by W-exchange diagram [52, 53]: (cd)u →
(du)u, and the duu are hadronized, together with a ss̄
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pair with the vacuum quantum numbers, into the Σ∗(1385)
(≡ Σ∗) and K∗. Then the Σ∗(1385) decays into π0Σ/Λ and,

after the production of the K∗0Σ+ and K∗+Λ, they re-scatter
into the φp in the final state, as shown in Fig. 7.

In Fig. 8, we show explicitly the W-exchange diagram

at quark level for the decays Λ+
c → Σ∗0(1385)K∗+ and

Λ+
c → Σ∗+(1385)K∗0.

Λ
+
c

u

d

c
W

+

u

s̄

s

u

d

K
∗+

Σ
∗0

(1385)

}

}

(a)

Λ
+
c

c

d

u

W
+

d

s̄

s

u

u

}

}

K
∗0

Σ
∗+

(1385)

(b)

Figure 8. Quark level W-exchange diagram for the Λ+
c →

(Σ∗(1385)K∗)+ decay. (a): Λ+
c → Σ∗0(1385)K∗+. (B): Λ+

c →
Σ∗+(1385)K∗0.

Next, to get the total decay amplitude of the decay

Λ+
c → π0φp. We first need the effective interaction for

the Λ+
c → (Σ∗K∗)+ vertex. Because the Σ∗K∗ threshold is

very close to the mass of Λ+
c , we consider only the S -wave

coupling, which can be written as

tΛ+
c →Σ∗K∗ = fIgΛcΣ∗K∗ ūμ(P − q)u(P)εμ(q), (13)

where fI is the isospin factor with fI =
√
6/3 for the

Σ∗+K∗0 and −√3/3 for the Σ∗0K∗+, and gΛcΣ∗K∗ is an effec-

tive coupling constant which can be estimated, in general,

from the branching faction of Br[Λ+
c → Σ∗(1385)K∗].

Second, we consider the Σ∗πΣ and Σ∗πΛ vertexes.

Since he decays of Σ∗ → πΣ and πΛ are in P waves, we

can write

tΣ∗+→π0Σ+ =
g

mπ
ū(P − q − k)uμ(P − q)kμ, (14)

tΣ∗0→π0Λ =
√
3
g

mπ
ū(P − q − k)uμ(P − q)kμ, (15)

with g = 0.69 obtained from the total decay width ΓΣ∗ =

37.13 MeV and the branching fraction of Br(Σ∗ → πΣ) =
11.7% [40].

Then the total decay amplitude for the processes

shown in Fig. 7 can be written as

t =
gΛcΣ∗K∗ g

mπ
�εφ · �k

∑
i=Σ,Λ

Ci

∫
d4q
(2π)4

×

i2mΣ∗

(P − q)2 − m2
Σ∗ + imΣ∗ΓΣ∗

i
q2 − m2

K∗ + imK∗ΓK∗

i2mi

(P − q − k)2 − m2
i + iε

, (16)

where we have defined CΣ =
√
6
3

tK∗0Σ+→φp and CΛ =

− tK∗+Λ→φp, and tK∗0Σ+→φp and tK∗+Λ→φp are T -matrix ele-

ments for the re-scattering processes. As discussed be-

fore, the K∗Σ∗ mass threshold is close to the mass of

Λ+
c and the range of the φp invariant mass for the decay

of interest is very small, which allows us to make non-

relativistic approximation for all the involved baryons and

vector mesons. Therefore, we take into account only S -
wave interaction for the re-scattering.

In Ref. [54], the interaction of K∗Σ, K∗Λ and φp in S -
wave is studied in the framework of the local hidden gauge

formalism using a coupled-channels unitary approach. In

the Isospin I = 1/2 sector, one pole around 1980 MeV

is found, which couples strongly to the channels of K∗Σ,
K∗Λ, and φN. In Fig. 9 we show the results of |tK∗+Λ→φp|2
(solid cure) and |tK∗0Σ+→φp|2 (dashed curve) in the model of

Ref. [54].

Figure 9. The square of the transition T -matrix elements for the

K∗+Λ → φp and K∗+Σ∗0 → φp as a function of the φp invariant

mass Mφp in the model of Ref. [54].

After performing the contour integration over the tem-

poral component q0 in Eq. (17), in the same way as shown

in Refs. [55, 56], and including the finite widths of the Σ∗
and K∗ resonances, we get

t = −gΛcΣ∗K∗gmΣ∗

mπ
�εφ · �k tT , (17)
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tT =
∑

i=Σ,Λ

Ci mi

∫
d3q
(2π)3

1

ωK∗EΣ∗Ei
×

1

k0 − Ei − EΣ∗ + iΓΣ∗/2
1

P0 + ωK∗ + Ei − k0

1

P0 − ωK∗ − Ei − k0 + iΓK∗/2[
P0ωK∗ + k0Ei − (ωK∗+Ei )(ωK∗ + Ei + EΣ∗ )

]
P0 − EΣ∗ − ωK∗ + iΓΣ∗/2

,

=

√
6mΣ+

3
tK∗0Σ+→φptΣT − mΛtK∗+Λ→φptΛT , (18)

where P0 = MΛ+
c , and

ωK∗ =

√
m2

K∗ + |�q|2, EΣ∗ =

√
m2
Σ∗ + |�q|2,

k0 =
√

m2
π0
+ |�k|2 =

M2
Λ+

c
+ m2

π0
− M2

φp

2MΛ+
c

,

Ei =

√
m2

i + |�q + �k|2 with i = Σ or Λ.

With the masses of the initial state Λ+
c , the neutral pion

in the final state and two of the intermediate states, for

example the K∗ and Λ, it is found that the region for the

Σ∗(1385) mass will produce a triangle singularity at the

physical boundary [57, 58]. However, because the S -wave
vertices attached to the Λc initial state and the φp final

state do not introduce any momentum dependence into the

loop amplitude, and the P-wave pionic vertices results in

a factor of the pion momentum, the above loop integral is

ultraviolet convergent.

In Fig. 10 we plot the |tΛT |2 of the triangle loop defined

in Eq. (18) for theΛ-exchange. It can be observed that |tΛT |2
has a peak around 2045 MeV, which is due to the triangle

singularity [29].

Figure 10. The square of the triangle amplitude tΛT of the process

in Fig. 7(B) for the Λ-exchange as a function of the invariant

mass of φp.

The φp invariant mass mass distribution for the Λ+
c →

π0φp decay then reads [40]

dΓ
dMφp

=
mpm2

Σ∗g
2
ΛcΣ∗K∗ g

2

16π3MΛ+
c m2

π

|�k|3|�pφ||tT |2, (19)

where �k is the π0 momentum in the rest frame of the Λ+
c ,

and �pφ is the φ momentum in the center-of-mass frame of

the φp system. Furthermore, we take also the approxima-

tion ∑
|�εφ · �k|2 ≈ |k|2, (20)

where the sum runs over the polarization of φ meson.

Here we present the numerical results for the φp invari-

ant mass distribution, dΓ
dMφp

, for the Λ+
c → π0φp decay with

three models: Model I represents the calculation of the tri-

angle diagrams in Fig. 7 with the re-scattering T -matrix el-

ements tK∗0Σ+→φp and tK∗+Λ→φp taken from Ref. [54], which

includes the contribution of a Ps state with a mass of about

1980 MeV; Model II is different from Model I by taking

the tK∗0Σ+→φp and tK∗+Λ→φp as constants, and it thus repre-

sents the case without any Ps resonance; Model III repre-

sents the results obtained from the pure phase space with-

out any special dynamic, which we take the total decay

amplitude tIII = c2. For the Model II, because of the very

small phase space and the closeness of the mass thresh-

olds, all of the involved hadrons, K∗, Σ/Λ, φ and proton,

can be treated non-relativistically. Hence, one may con-

struct a non-relativistic effective field theory describing

the interaction between vector mesons and baryons with

the leading order defined by a few constant contact terms,

then the total decay amplitude tII can be written as

tII = t, but with tK∗+Λ→φp =

√
6

2
tK∗0Σ+→φp

= c1

√
6

2

EK∗ + Eφ

4 f 2π
, (21)

where t is the amplitude shown in Eq. (17), and c1 is

constant. Besides, EK∗ and Eφ are the energies of K∗+
and φ meson in the φp rest frame. In this work we take

EK∗ = 892 MeV and Eφ = 1043 MeV, which are obtained

with the mass threshold of K∗+Λ. It is worth to mention

that tK∗+Λ→φp and tK∗0Σ+→φp are calculated in the extreme

non-relativistic limit from the vector mesons, while the

method should works well in the present case which fo-

cuses on the immediate vicinity of the thresholds. There

have been discussions about the validity of such an ap-

proximation in the case of vector-vector meson scatterings

in the far-below threshold region, see, e.g., Refs. [59–62].

In Fig. 11, the solid, dashed, and dotted curves repre-

sent the results of Model I, II, and III, respectively. The

parameter c1 of Model II has been adjusted to the strength

of the experimental data reported by the Belle Collabora-

tion [30] at its peak around Mφp = 2020 MeV. The results

of Model I and III are normalized such as to have the same

integrated partial width as Model II. The result of Model II

clearly shows a peak structure around 2.02 GeV. The ori-

gin of this peak is the triangle diagrams, in particular the

Λ-exchange in Fig. 7 (B) which has a triangle singularity

close to the K∗Λ threshold (	 2.01 GeV). The width of

this peak is comparable with the width of the K∗, which is
about 50 MeV. This is a quite natural consequence as the

φp invariant mass is the same as the K∗Λ invariant mass

so that its distribution inherits the width of the K∗. The

presence of a Ps state with a mass close to the lower end
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Figure 11. Invariant φp mass distribution of the Λ+
c → π0pφ

decay. The experimental data are taken from Ref. [30].

of the Mφp distribution results in a near-threshold enhance-

ment. Identifying such an enhancement in experiments is

difficult as it requires the data to have a high statistics. In

particular, it becomes much more difficult if the Ps mass

is close to the K∗Λ threshold because of the presence of

kinematic singularities there. In any case, the phase space

shown as Model III is very different from both Model I and

Model II. Despite the low statistics of the current Belle

data, the curve of Model II, whose shape is completely

fixed, has a remarkable agreement with the data. In partic-

ular, the data seem to indeed show a bump structure around

the K∗Λ threshold. More data are welcome to clarify the

situation.

4 Summary

We have studied the role of N∗(1535) and possible φp state

in the decays of Λ+
c → K̄0N∗(1535) → K̄0ηp and Λ+

c →
π0φp, respectively. For the Λ+

c → K̄0ηp decay, we first

employed the molecular picture where the N∗(1535) is dy-
namically generated from the meson-baryon interaction.

In such a scenario, the weak interaction part is dominated

by the charm quark decay process: c(ud)→ (s+u+d̄)(ud),
while the hadronization part takes place by the uud cluster

picking up a qq̄ pair from the vacuum and hadronizes into a

meson-baryon pair, while the sd̄ pair from the weak decay

turns into a K̄0. The following final state interactions of

the meson-baryon pairs are described in the chiral unitary

model that dynamically generates the N∗(1535) resonance
in the I = 1/2 sector. Second, we take a Breit-Wigner

formula to describe the distribution of the N∗(1535) in

the effective Lagrangian model. The above two descrip-

tions for the N∗(1535) resonance give different invariant

ηp mass distributions. Future experimental measurements

of the invariant ηp mass distribution studied in the present

work will be very helpful to test our model calculations

and constrain the properties of the N∗(1535) resonance.
For example, a corresponding experimental measurement

could in principle be done at BESIII [63] and Belle.

For the Λ+
c → π0φp decay, which was proposed to be a

channel to search for the hidden-strange φp states, we take

a mechanism that the Λ+
c decays into the K∗ and Σ∗(1385),

then the Σ∗(1385) subsequently decays into the π0Σ/Λ),
and the K∗ then interacts with the Σ/Λ) to produce the φp
in the final state. In the re-scattering of K∗Σ/Λ → φp,
we consider cases with and without a φp state. For the

case with the φp state, we take tK∗0Σ+→φp and tK∗+Λ→φp as

used in Refs. [54] which produces a resonance at around

1980 MeV. While for the case without the φp state, both

tK∗0Σ+→φp and tK∗+Λ→φp are constant. It is shown that the tri-

angle singularities can produce a peak at around 2.02 GeV

with a width similar to that of the K∗. The theoretical re-
sults of the φp invariant mass distribution agrees with the

existing Belle data [30]. If there is a Ps state, it could dis-

tort the φp invariant mass distribution. However, it is dif-

ficult to be identified in the decay Λ+
c → π0φp because of

its small phase space and the presence of triangle singular-

ities. We look forward to more precise data from the BE-

SIII, Belle-II and LHCb experiments in the future, which

will be decisive to illuminate the role played by triangle

singularities in this decay.
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