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We have analyzed the reaction χc0 → p̄KþΛ reported by the BESIII Collaboration, taking into account
the contributions from the intermediate Kð1830Þ, Nð2300Þ, and Λð1520Þ resonances. Our results are in
good agreement with the BESIII measurements, and it is found that the anomalous enhancement near the
p̄Λ threshold is mainly due to the contribution of the Kð1830Þ resonance. We also show that the
interference of the high-mass N� and Λ� can not produce the anomalous enhancement near the p̄Λ
threshold.

DOI: 10.1103/PhysRevD.102.036003

I. INTRODUCTION

The hadronic decays of the charmonium states could be
used to understand the mechanisms of the charmonium
decays and provide a good place to search for the light
baryons and mesons, since the charmonium states are the
SU(3) singlets, and the final states could provide an isospin
filter [1–7]. For instance, we have studied the reactions of
χc0 → Σ̄Σπ and χc0 → Λ̄Σπ, which could be used to search
for the baryon state Σð1430Þ with JP ¼ 1=2− and to
understand the two-pole structure of the Λð1405Þ reso-
nance [8,9].
In 2013, an anomalous enhancement near the p̄Λ

threshold was observed by the BESIII Collaboration in
the χc0 → p̄KþΛ process [10]. Assuming the relative
angular momentum L ¼ 0 between p̄ and Λ, the BESIII
Collaboration made a fit to the data of the p̄Λ mass
distribution and gave a state with M ¼ 2053� 13 MeV
and Γ ¼ 292� 14 MeV [10]. On the other hand, the
similar anomalous enhancements near the p̄Λ (or pΛ̄)
threshold were also observed in other processes, such as the
J=ψ → pK−Λ̄þ c:c:, ψ 0 → pK−Λ̄þ c:c: [11], B0 →
pΛ̄π− [12], B− → J=ψΛp̄ [13], and ψð3680Þ → γχcJ →
γp̄K�þΛþ c:c: [14].
Most often, an enhancement close to the threshold is an

indication of the bound state or resonance below the

threshold [15,16]. For instance, a peak observed in the
ϕω threshold in the J=ψ → γϕω reaction [17] was inter-
preted as the manifestation of the f0ð1710Þ resonance
below the ϕω threshold [18]. In Ref. [19], the BESIII
Collaboration has seen a bump structure close to threshold
in the K�0K̄�0 mass distribution of the J=ψ → ηK�0K̄�0
decay, which can be interpreted as a signal of the formation
of an h1 resonance [18,20].
The nature of the anomalous enhancement near the p̄Λ

(or pΛ̄) threshold is not clear. The anomalous enhancement
near the p̄Λ threshold may be interpreted as a quasibound
dibaryon or simply as an interference effect of high-mass
N� and Λ� states, as mentioned by Ref. [10]. By inves-
tigating the pΛ̄ systems of J ¼ 0, 1 within the chiral quark
model and the quark delocalization color screening model,
Ref. [21] has shown that there is no S-wave bound state. On
the other hand, a preliminary study in the chiral effective
field theory of Refs. [22,23] showed that the S-wave p̄Λ
interaction is weak and could not generate a bound state
[24]. The enhancement near the p̄Λ threshold seems
unlikely to be a quasibound dibaryon. In addition, the
partial wave analysis performed by Ref. [11] has shown
that the enhancement near the pΛ̄ threshold in the J=ψ →
pK−Λ̄ process cannot be due to the high-mass N� and Λ�
interference effect. One purpose of this work is to check
whether the enhancement structure near the p̄Λ threshold in
the χc0 → p̄KþΛ process can be interpreted as the high-
massN� andΛ� interference effect or not. Also, some of the
high-mass excited kaon states such as the K2ð2250Þ,
K3ð2320Þ, and K4ð2500Þ have been observed in the p̄Λ
(or pΛ̄) mode [25], which implies that the high excited
kaons could couple to the p̄Λ (or pΛ̄) channel. One can
naturally ask whether the anomalous enhancement near the
p̄Λ threshold is due to the high-mass excited kaon states or
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not. We would like to propose that the enhancement near
the p̄Λ threshold in the χc0 → p̄KþΛ process may be an
indication of the excited kaon below the p̄Λ threshold. This
is another purpose of this work.
Based on the fact that the p̄Kþ mass distribution has a

clear peak around 1520 MeV associated to the Λð1520Þ
state and the ΛKþ shows a peak structure around 2200–
2300 MeVassociated to the N� states [10], we will consider
the contributions from the intermediate Λð1520Þ and N�

resonances in the χc0 → p̄KþΛ reaction. In addition, we
will consider the contribution from the excited kaons in this
reaction.
This paper is organized as follows. In Sec. II, we will

present the mechanism for the reaction of χc0 → p̄KþΛ,
and in Sec. III, we will show our results and discussion.
Finally, a summary is given in Sec. IV.

II. FORMALISM

In this section, we will present the mechanism for the
reaction χc0 → p̄KþΛ. In addition to the direct diagram of
Fig. 1(a), we take into account the contribution from the
intermediate excited kaon (denoted as K� below), as shown
in Fig. 1(b). According to the Particle Data Group (PDG)
[25], there are several K� states close to the p̄Λ threshold,
such as the Kð1830Þ, K2ð2250Þ, and K3ð2320Þ; however,
only the Kð1830Þ [IðJPÞ ¼ 1=2ð0−Þ] could couple to the
p̄Λ in S wave, and the vertex χc0 → KK̄ð1830Þ is also in S
wave. We thus only consider the contribution from the
intermediate Kð1830Þ state in the present work because the
contributions from the higher angular momentum hypoth-
eses are expected to be strongly suppressed near threshold.
From the measurements of the χc0 → p̄KþΛ reaction

shown in Fig. 6(a) of Ref. [10], one can find a clear peak
around 1520 MeV in the p̄Kþ mass distribution, associated
to the Λð1520Þ state, and a broad peak around 2200–
2300 MeV in the ΛKþ mass distribution, which corre-
sponds to the intermediate N� states. In this work, we
consider the contribution from the Nð2300Þ resonance,
which could couple to the ΛKþ in P wave, as shown in

Fig. 1(c), although there are four N� states in this region
[Nð2190Þ ð7=2−Þ, Nð2220Þ ð9=2þÞ, Nð2250Þ ð9=2−Þ, and
Nð2300Þ ð1=2þÞ] [25], and also the one from the Λð1520Þ
as shown in Fig. 1(d).
The total amplitude for the χc0 → p̄KþΛ reaction

considered in this work can be written as

Mtotal ¼MdirectþMKð1830Þ þMNð2300Þ þMΛð1520Þ; ð1Þ

where the Mdirect, MKð1830Þ, MNð2300Þ, and MΛð1520Þ are
the amplitudes from the direct diagram,Kð1830Þ,Nð2300Þ,
and Λð1520Þ, respectively.
The amplitude of the direct diagram and the Kð1830Þ

term can be expressed as

M ¼ Mdirect þMKð1830Þ

¼ Vp

�
1þ αM2

N

M2
p̄Λ −M2

K� þ iMK�ΓK�

�
; ð2Þ

where Vp is an unknown normalization factor, α is the
weight of the contribution from the intermediate Kð1830Þ
state with a mass of MK� and a width of ΓK� , MN is the
average mass of the nucleons, and Mp̄Λ is the invariant
mass of the p̄Λ system. The parameter α is dimensionless
because we have included the M2

N in the numerator
of Eq. (2).
The amplitude for the intermediate Nð2300Þ term is

MNð2300Þ ¼ Vpβ=MNð2300Þ
MΛKþ −MNð2300Þ þ iΓNð2300Þ=2

× hmp̄jσ⃗ · p⃗p̄jmNð2300ÞihmNð2300Þjσ⃗ · p⃗ΛjmΛi;
ð3Þ

where β is the weight of the contribution from the
intermediate Nð2300Þ state with a mass of MNð2300Þ and
a width of ΓNð2300Þ, MΛKþ is the invariant mass of ΛKþ

system, σ⃗ is the Pauli matrix, mR denotes the polarization
index of state R, and we will sum over the polarizations of
theNð2300Þ, p̄, and Λ. p⃗p̄ and p⃗Λ are the three momenta of
the p̄ and Λ in the χc0 and KþΛ rest frames, respectively.
The amplitude for the intermediate Λð1520Þ is

MΛð1520Þ ¼
Vpβ

0=M3
Λð1520Þ ×D3

2
− ×D0

3
2
−

Mp̄Kþ −MΛð1520Þ þ iΓΛð1520Þ=2
; ð4Þ

with the term D3
2
− for Λ̄ð1520Þ → p̄Kþ vertex,

D3
2
− ¼ hmp̄j½ðk̃KÞiðk̃KÞj −

1

3
k̃2Kδij�σiσjjmΛ̄ð1520Þi; ð5Þ

and the term D0
3
2
− for χc0 → ΛΛ̄ð1520Þ vertex,

(a) (b)

(c) (d)

FIG. 1. The diagram for the reaction χc0 → p̄KþΛ, (a) the
direct diagram, (b) the contribution from the intermediate
Kð1830Þ resonance, (c) the contribution from the intermediate
Nð2300Þ resonance, and (d) the contribution from the intermedi-
ate Λð1520Þ resonance.
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D0
3
2
− ¼ hmΛ̄ð1520Þj

�
ðp̃ΛÞiðp̃ΛÞj −

1

3
p̃2
Λδij

�
σiσjjmΛi; ð6Þ

where β0 corresponds to the weight of the contribution
from the intermediate Λð1520Þ resonance with a mass of
MΛð1520Þ and a width of ΓΛð1520Þ,Mp̄Kþ is the invariant mass

of p̄Kþ system, and k̃K and p̃Λ are the three momenta of
Kþ and Λ in the p̄Kþ and χc0 rest frames, respectively.
Finally, the invariant mass distributions of χc0 → p̄KþΛ

read

d2Γ
dM2

p̄KþdM2
p̄Λ

¼ 1

ð2πÞ3
4Mp̄MΛ

32M3
χc0

jMtotalj2; ð7Þ

d2Γ
dM2

ΛKþdM2
p̄Λ

¼ 1

ð2πÞ3
4Mp̄MΛ

32M3
χc0

jMtotalj2; ð8Þ

where Mp̄, MΛ, and Mχc0 are the masses of p̄, Λ, and χc0,
respectively. Since there is no interference between the
different partial waves, the jMtotalj2 in Eqs. (7) and (8) can
be substituted by

jMtotalj2¼V2
p

����1þ αM2
N

M2
p̄Λ−M2

K� þiMK�ΓK�

����
2

þV2
p

���� βp̃Λp⃗p̄=MNð2300Þ
MΛKþ−MNð2300ÞþiΓNð2300Þ=2

����
2

þV2
p
jk̃Kj4jp⃗Λj4
M6

Λð1520Þ

���� β0

Mp̄Kþ−MΛð1520ÞþiΓΛð1520Þ=2

����
2

:

ð9Þ
The p̄Kþ and ΛKþ mass distributions can be obtained

by integratingMp̄Λ in Eqs. (7) and (8), respectively, and the
p̄Λmass distributions can be obtained by integratingMp̄Kþ

in Eq. (7). For a given value of M2
12, the range of M2

23 is
defined as

ðM23Þ2max ¼ ðE�
2 þ E�

3Þ2 −
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E�2
2 −M2

2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
3 −M2

3

q �2
;

ðM23Þ2min ¼ ðE�
2 þ E�

3Þ2 −
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E�2
2 −M2

2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
3 −M2

3

q �2
;

ð10Þ
where E�

2 and E
�
3 are the energies of particles 2 and 3 in the

rest frame of particles 1 and 2, respectively, andM1 andM2

are the masses of particles 1 and 2, respectively. The masses
and widths of the baryons and mesons except for Nð2300Þ
involved in this work are taken form PDG [25] as
follows: Mp̄¼938.272MeV, Mχc0 ¼3414.71MeV, MKþ ¼
493.677MeV, MΛ¼1115.683MeV, MKð1830Þ¼1874MeV,
ΓKð1830Þ¼168MeV,MΛð1520Þ¼1519.5MeV, and ΓΛð1520Þ ¼
15.6 MeV. For the Nð2300Þ, we do not take the measured
mass and width due to the larger uncertainties and take
MNð2300Þ and ΓNð2300Þ as free parameters.

It should be stressed that we do not consider unitarity
constraints on the full amplitude Mtotal of Eq. (1). One has
to do further loops with the other two final particles to
account for the three-body unitarity. For instance, the p̄ and
Kþ of Fig. 1(b) can undergo the rescattering. In this case,
the invariant mass of Kð1830Þ gets a distribution, and we
no longer have a resonant contribution. It implies that those
contributions are very small usually, with only one excep-
tion that the loop gives rise to a triangle singularity where
the Kð1830Þ, Kþ, and p̄ are placed on shell in the loop. It is
easy to test that there is no triangle singularity following
Refs. [26–28]. In summary, the correction of implementing
the three-body unitarity is extremely small and can be
neglected in this work.

III. RESULTS AND DISCUSSIONS

With the above formalism, we will fit our model to the
p̄Kþ, ΛKþ, and p̄Λ mass distributions of the events
reported by the BESIII Collaboration [10]. It should be
pointed out that the p̄Kþ and ΛKþ mass distributions are
not corrected by the detector efficiency,1 but the p̄Λ mass
distribution is given with the acceptance correction. In
order to directly compare our results with the BESIII
measurements, we take two different normalization factors
in our fit, Vp for the p̄Kþ=ΛKþ mass distribution and V 0

p

for the p̄Λ mass distribution. There are seven model
parameters, 1) α, the weight of the contribution from the
intermediate Kð1830Þ state, 2) β, the weight of the
contribution from the intermediate Nð2300Þ state, 3) β0,
the weight of the intermediate Λð1520Þ state, 4) the mass
and width of the Nð2300Þ state, 5) the unknown normali-
zation factor Vp for the p̄Kþ=ΛKþ invariant mass dis-
tribution, and 6) the unknown normalization factor V 0

p for
the p̄Λ invariant mass distribution.
With the model presented above, we make a fit to the

BESIII measurements, including the p̄Λ, p̄Kþ, and ΛKþ

mass distributions [10]. The χ2=d:o:f: is 393.7=ð115 − 7Þ ¼
3.6, and the fitted parameters are tabulated in Table I,2 where

TABLE I. The model parameters obtained by fitting to the
BESIII measurements [10].

Parameter α β β0 MNð2300Þ ΓNð2300Þ Vp V 0
p

Value 104.0 45.6 6.8 2354.6 252.0 0.010 0.022
Error 2.1 3.2 0.5 18.5 3.3 0.001 0.001

1The data of the p̄Kþ and ΛKþ mass distributions are not
corrected by the detector efficiency. We have communicated with
Wen-Biao Yan and Cong Geng, two of the authors of Ref. [10].
The curves of the detector efficiency distributions for p̄Kþ and
ΛKþ approximate to be flat, and there is no fine structure in the
efficiency distributions.

2In this table and the following tables, the fitted masses and
widthes of the resonances are in MeV.
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both the fitted mass and width of Nð2300Þ are consistent
with the PDGvalues [25] within errors.With the fitted values
of the parameters, we calculate the p̄Λ, p̄Kþ, andΛKþ mass
distributions and compare our results with the BESIII
measurements [10], as shown in Fig. 2. One can see that
our results are in good agreement with the BESIII data,
especially in the p̄Λ mass distribution the anomalous
enhancement near the p̄Λ threshold can be well reproduced.
The Kð1830Þ plays an important role for the anomalous
enhancement. In addition, Fig. 2(c) shows that the peak
around 2200–2300MeV in theΛKþ mass distribution could
mainly result from the Nð2300Þ.
In addition, we also perform the fit again by taking the

mass and width of Kð1830Þ as free parameters, since they
have large uncertainties [MKð1830Þ ¼ 1874� 43þ59

−115 MeV,
ΓKð1830Þ ¼ 168� 90þ280

−104 MeV] [25]. The χ2=d:o:f. is
382.5=ð115 − 9Þ ¼ 3.6, and the fitted parameters are tabu-
lated in Table II. With the parameters of Table II, we present

the p̄Λ, p̄Kþ, and ΛKþ mass distributions in Fig. 3,
which are also in good agreement with the BESIII
measurements. The χ2=d:o:f: is the same as that of above
fit, and the fitted mass of Kð1830Þ is closer to the p̄Λ
threshold, which implies that the more precise measure-
ments near the threshold should be useful to constrain the
mass of Kð1830Þ.
Reference [10] has mentioned that the enhancement

structure near the p̄Λ threshold could simply be explained
as an interference effect of high-mass N� and Λ�. In order
to check this hypothesis, in addition to the direct diagram
contribution, we will only take into account the contribu-
tions from the Nð2300Þ and the excited Λ resonances Λ�’s.
Although there are two states around 2000 MeV, Λð2100Þ
(7=2−) and Λð2110Þ (5=2þ) [25], their contributions are
expected to be strongly suppressed since both of them
couple to the p̄Kþ in F wave. Several Λ� (1=2−) with
masses around 2100 MeV have been predicted by the quark
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FIG. 2. The p̄Λ (a), p̄Kþ (b), and ΛKþ (c) mass distributions for the reaction χc0 → p̄KþΛ. The curves labeled as “direct,” “K�,”
“Nð2300Þ,” and “Λð1520Þ” show the contributions of Figs. 1(a), (b), (c), and (d), respectively, and the curves labeled as “directþ K�”
are the contributions of the direct term and the intermediate Kð1830Þ state in Eq. (2). The “total” curves correspond to the total
contribution of Eq. (1). The BESIII data are taken from Ref. [10].

TABLE II. The fitted parameters by taking the mass and width of Kð1830Þ as free parameters.

Parameter α β β0 MNð2300Þ ΓNð2300Þ Vp V 0
p MKð1830Þ ΓKð1830Þ

Value 47.515 26.928 4.0252 2351.6 252.01 0.018 0.038 1944.0 204.53
Error 14.579 8.7114 1.2638 16.233 6.8169 0.005 0.011 13.475 27.586
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model [29]. For simplicity, we take into account the
contribution from one Λ� (1=2−) which couples to the
p̄Kþ in S wave,3 as shown in Fig. 4. The corresponding
amplitude can be expressed as

MΛ� ¼ Vpα
0MN

Mp̄Kþ −MΛ� þ iΓΛ�=2
; ð11Þ

where α0 is the weight of the contribution from the
intermediate Λ� resonance with a mass of MΛ� and a width
of ΓΛ� . The full amplitude can be rewritten as

ðM0Þtotal ¼ Mdirect þMNð2300Þ þMΛ�
: ð12Þ

In this case, we have eight parameters, (1) α0, the weight
of the contribution from the intermediate Λ� resonance,
(2) β, the weight of the contribution from the intermediate
Nð2300Þ, (3) the mass and the width of the Λ�, (4) the mass
and width of the Nð2300Þ, (5) two unknown normalization
factors Vp and V 0

p. With the amplitude of Eq. (12), we
make a fit to the BESIII data [10] and find χ2=d:o:f ¼ 5.54,
which is larger than that of the above cases. The fitted

parameters are tabulated in Table III. We also present the
p̄Λ, p̄Kþ, and ΛKþ mass distributions in Fig. 5. Although
the p̄Kþ and ΛKþ mass distributions can be well repro-
duced, the anomalous enhancement near the p̄Λ threshold
is not found in the p̄Λ mass distribution. This can be
explained by the Dalitz plots of the χc0 → p̄ΛKþ as shown
in Fig. 6. It shows that the high mass N� and Λ� give the
contributions in the energy regions of 2100–2600 MeV of
the p̄Λ mass distribution, not only in the energy regions
near the p̄Λ threshold, which is in agreement with Fig. 5(a)
[see the curves labeled as “Nð2300Þ” and “Λ�”]. Based on
the partial wave analysis, the BESIII Collaboration has also
concluded that the enhancement in the J=ψ→ p̄ΛKþþc:c:
cannot be due to the interference effects between high-mass
N�’s and Λ�’s [11].
Finally, in Fig. 7, we show that the results for jMj2

extracted from the BESIII data [10], dividing the measured
p̄Λ mass distribution by the phase space factor of Eq. (7).
One can see that the peak should be below the p̄Λ threshold
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FIG. 3. The p̄Λ (a), p̄Kþ (b), and ΛKþ (c) mass distributions for the reaction χc0 → p̄KþΛ, by taking the mass and width of Kð1830Þ
as free parameters. The explanations of the curves are the same as those of Fig. 2.

FIG. 4. The diagram for the contribution from the intermediate
high-mass Λ� resonance.

3Indeed, if several Λ� s with JP ¼ 1=2− around 2100 MeVare
taken into account, the contributions can be described with the
Breit-Winger form of one Λ�, by adjusting its mass and width.

ENHANCEMENT NEAR THE P̄Λ … PHYS. REV. D 102, 036003 (2020)

036003-5



 0

 100

 200

 300

 400

 500

 600

 2000  2100  2200  2300  2400  2500  2600  2700

(a)

ar
b.

un
it

Mp
_

Λ (MeV)

Total
direct+Λ*

Λ*
N(2300)

direct
BESIII

 0

 20

 40

 60

 80

 100

 120

 1400  1600  1800  2000  2200  2400

(b)

ar
b.

un
it

Mp
_
k+ (MeV)

Total
direct+Λ*

Λ*
N(2300)

direct
BESIII

 0

 20

 40

 60

 80

 100

 120

 1600  1800  2000  2200  2400

(c)

ar
b.

un
it

MΛK+ (MeV)

Total
direct+Λ*

Λ*
N(2300)

direct
BESIII

FIG. 5. The p̄Λ (a), p̄Kþ (b), and ΛKþ (c) mass distributions including the Nð2300Þ and high mass Λ state. The curves labeled
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FIG. 6. The Daliz plots for the χc0 → p̄KþΛ.

TABLE III. The model parameters obtained by fitting to the BESIII measurements [10], taking into account the interference of
Nð2300Þ and Λ�ð1=2Þ.

Parameter α0 β Vp V 0
p MΛ� ΓΛ� MNð2300Þ ΓNð2300Þ

Value 1.16 17.1 0.046 0.093 2085.1 183.2 2402.1 252.0
Error 0.13 1.4 0.004 0.008 8.9 20.1 12.2 2.3

WANG, DUAN, WANG, and LI PHYS. REV. D 102, 036003 (2020)

036003-6



if the first point of Fig. 7 is neglected because of the limited
statistics. Thus, if the anomalous enhancements near the
p̄Λ threshold in the processes χc0 → p̄KþΛ [10], J=ψ →
pK−Λ̄þ c:c:, ψ 0 → pK−Λ̄þ c:c: [11], and B0 → pΛ̄π−
[12] are due to the K� resonance, there will be a peak
structure around 1900 MeV in the Kπ, Kππ, Kϕ modes of
the processes χc0;J=ψ ;ψ 0→KKπ;KKππ;KKϕ. Searching
for the structure in those processes would be helpful to
understand the anomalous enhancements near the p̄Λ
threshold.

IV. SUMMARY

In this work, we have analyzed the anomalous enhance-
ment near the p̄Λ threshold in the χc0 → p̄KþΛ reaction
measuredby theBESIIICollaboration [10].Our results for the

p̄Λ, p̄Kþ, andΛKþ mass distributions are in good agreement
with the BESIII measurements [10]. We find that the
anomalous enhancement near the p̄Λ threshold is mainly
due to the contribution of the Kð1830Þ. We have also shown
that interference of the high-mass N� and Λ� can not
reproduce the anomalous enhancement near the p̄Λ threshold.
It is an usual way to identify the peak structure in themass

distribution as a resonance, such as Nð2300Þ and Λð1520Þ
in this work, although sometimes the kinematic effects can
also give rise to the peak or cusp structure [30–34].
However, one should be very careful for the enhancement
near the threshold, which usually indicates the existence of
the bound state or resonance below the threshold. One
purpose of the work is to check whether the BESIII
measurements can be described or not by introducing the
resonance Kð1830Þ below the p̄Λ threshold.
We suggest to confirm the peak structure around

1900 MeV in the Kπ, Kππ, and Kϕ modes of the processes
χc0; J=ψ ;ψ 0 → KKπ; KKππ; KKϕ, which will help to
understand the anomalous enhancement near the p̄Λ
threshold.
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