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Abstract

We study the near-threshold J/ψ meson production on protons and nuclei by considering in-
coherent direct non-resonant K−p→ J/ψΛ and two-step resonant K−p→ Pcs(4459)0 → J/ψΛ
charmonium production processes. We calculate the absolute excitation functions, energy and
momentum distributions for the non-resonant, resonant and for the combined (non-resonant
plus resonant) production of J/ψ mesons off protons as well as off carbon and tungsten target
nuclei at near-threshold incident antikaon energies by considering these elementary produc-
tion channels as well as by assuming the spin-parity assignment of the hidden-charm resonance
Pcs(4459)0 with strangeness as JP = (3/2)− within six different scenarios for the branching
ratio Br[Pcs(4459)0 → J/ψΛ] of the decay Pcs(4459)0 → J/ψΛ. We show that the combined
observables considered reveal definite sensitivity to these scenarios, which means that they
may be an important tool to provide further evidence for the existence of the pentaquark
Pcs(4459)0 resonance and to get valuable information on its decay rate to the J/ψΛ final state.
Their measurements could be performed in the future at the J-PARC Hadron Experimental
Facility.
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1. Introduction

The study of the exotic hadronic states, the hidden-charm pentaquarks has received considerable
interest in recent years (see, for example, Refs. [1–7]) and becomes a hot topic after the discovery
by the LHCb Collaboration pentaquark resonances Pc(4380)+ and Pc(4450)+ in the J/ψp invariant
mass spectrum of the Λ0

b → K−(J/ψp) decays [8] and, especially, after the observation by the
Collaboration of three new narrow structures Pc(4312)+, Pc(4440)+ and Pc(4457)+ in these decays
[9], based on additional collected data and on an improved selection strategy, instead of initially
claimed Pc(4380)+ and Pc(4450)+ states. The quark structure of the above pentaquarks is |P+

c >=
|uudcc̄ >, i.e., they are composed of three light quarks u, u, d and a charm-anticharm pair cc̄. In a
molecular scenario, due to the closeness of the observed Pc(4312)+ and Pc(4440)+, Pc(4457)+ masses
to the Σ+

c D̄
0 and Σ+

c D̄
∗0 thresholds, the Pc(4312)+ resonance can be, in particular, considered as an

s-wave Σ+
c D̄

0 bound state, while the Pc(4440)+ and Pc(4457)+ as s-wave Σ+
c D̄

∗0 bound molecular
states [10–23]. More recently, the LHCb Collaboration discovered a new narrow hidden-charm
pentaquark with strangeness denoted as Pcs(4459)0 in the invariant mass spectrum of the J/ψΛ in
the Ξ−b → K−(J/ψΛ) decays [24]. Only the mass and total width of the Pcs(4459)0 were measured
[24], while its spin-parity quantum numbers, decay rates and the internal structure (loosely-bound
hadronic molecular state or tightly-bound compact pentaquark state) are still unknown. Since
the Pcs(4459)0 state is just below the ΞcD̄

∗ threshold, it is natural to interpret it as the hidden-
charm strange ΞcD̄

∗ molecule (see, for instance, Ref. [25] and those given below). However, there
exists other explanation [26] of the Pcs states, based on the quark model accounting for their
|udscc̄ > valence quark content. The existence of hidden-charm strange pentaquark resonances
Pcs, which are a strange counterparts of the Pc states, has been predicted a few years before the
LHCb observation [24] in some earlier papers (see, for example, [1, 2, 27–30]). Furthermore, these
resonances were suggested to be searched for in the Ξ−b → K−(J/ψΛ) [31, 32], Λb → η(J/ψΛ) [33],
Λb → K0(J/ψΛ) [34] and Λb → φ(J/ψΛ) [35] decays. It is worth noting that another hidden-charm
exotic state with strangeness – the strange hidden-charm tetraquark state Zcs(3985)− has been
observed very recently by the BESIII Collaboration in the processes e+e− → K+(D−s D

∗0 +D∗−s D0)
[36]. This state has the minimum quark content Zcs(3985)− = |ūscc̄ >. It is in the proximity of
the D−s D

∗0/D∗−s D0 mass thresholds and can be interpreted [37, 38] as strange molecular partner
with hadronic molecular configuration D−s D

∗0 − D∗−s D0 of the non-strange tetraquark resonance
Zc(3900)−, having the valence quark content Zc(3900)− = |ūdcc̄ > and possible hadronic molecular
structure D−D∗0 − D∗−D0. In addition, one needs to note that possible hidden-charm molecular
pentaquark states with double and triple strangeness have been investigated in Refs. [39] and [40],
respectively.

To understand better the Pcs(4459)0 state, observed in the Ξ−b decay at LHCb, it is also of
importance to investigate its production in other possible reactions. For example, the energy of the
negative kaon beam, which will be available at the K10 beam line in the extended J-PARC Hadron
Experimental Facility [41, 42], will be sufficient to observe the Pcs(4459)0 pentaquark during the
K−p → J/ψΛ process. In fact, in Ref. [43] the contribution of this pentaquark to the elementary
K−p → J/ψΛ reaction has been determined, employing two different theoretical approaches, i.e.,
the effective Lagrangian and the Regge models. It was shown that the Pcs(4459)0 can be also
searched for through a scan of the total and differential cross sections of this reaction.

In the present study, we consider the contribution of the Pcs(4459)0 state to charmonium J/ψ
production by K− mesons on protons and nuclei near threshold by using the standard Breit-Wigner
prescription for this contribution and by employing the available scarce experimental information on
the total cross sections of the K−p→ J/ψX and K−p→ φX processes to estimate the background
contribution. The consideration is based on the model developed in Ref. [44] and devoted to the
study the role of the pentaquark resonance Pc(4450)+ in J/ψ photoproduction on nuclei at near-
threshold incident photon energies of 5–11 GeV. We briefly recapitulate the main assumptions of the
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model [44] and describe, where necessary, the corresponding extensions. Additionally, we present
the predictions obtained within this expanded model for the J/ψ excitation functions, energy and
momentum distributions in K−p as well as in K−12C and K−184W collisions at near-threshold
incident energies. These predictions may serve as guidance for future dedicated experiment at the
J-PARC facility.

2. The model

2.1. Direct non-resonant J/ψ production mechanism

Direct non-resonant production of J/ψ mesons in antikaon-nucleus reactions in the near-threshold
center-of-mass K− beam energy region 4.2126 GeV ≤

√
s ≤ 4.6126 GeV 1) , corresponding to the

excess energies εJ/ψΛ above the lowest J/ψΛ production threshold
√
sth = mJ/ψ+mΛ = 4.2126 GeV

(mJ/ψ and mΛ are the J/ψ meson and Λ hyperon bare masses, respectively), 0 ≤ εJ/ψΛ =
√
s−√sth

≤ 0.4 GeV, or to the laboratory incident K− beam momenta 8.844 GeV/c ≤ pK− ≤ 10.728 GeV/c
2) , may occur in the following K−p elementary process, which has, respectively, the lowest free J/ψ
production threshold momentum (8.844 GeV/c):

K− + p→ J/ψ + Λ. (1)

We can neglect in the incident momentum range of interest the contribution to the J/ψ yield from
the processes K−N → J/ψΣ, K−p → J/ψΛπ0 due to larger their production threshold momenta
(≈ 9.19 and 9.46 GeV/c, respectively) in free K−N interactions. In line with [45], we ignore the
modification of the incoming high-momentum K− meson mass in the nuclear matter. Furthermore,
we also neglect the medium modification of the outgoing high-momentum J/ψ and Λ (see below)
masses in the present work.

Accounting for the attenuation of the incident antikaon and the final full-sized [46] J/ψ meson
in the nuclear matter in terms, respectively, of the K−N total cross section σtot

K−N and the J/ψN
absorption cross section σJ/ψN , we represent, according to Refs. [47–49], the inclusive differential
and total 3) cross sections for the production of J/ψ mesons with the momentum pJ/ψ off nuclei in
the direct non-resonant antikaon-induced channel (1) as follows:

dσ
(dir)
K−A→J/ψX(pK− ,pJ/ψ)

dpJ/ψ
=
(
Z

A

)
IV [A, σJ/ψN ]

〈
dσK−p→J/ψΛ(pK− ,pJ/ψ)

dpJ/ψ

〉
A

, (2)

σ
(dir)
K−A→J/ψX(pK−) =

(
Z

A

)
IV [A, σJ/ψN ]

〈
σK−p→J/ψΛ(pK−)

〉
A

; (3)

where

IV [A, σ] = 2πA

R∫
0

r⊥dr⊥

√
R2−r2⊥∫

−
√
R2−r2⊥

dzρ(
√
r2
⊥ + z2) (4)

× exp

−Aσtot
K−N

z∫
−
√
R2−r2⊥

ρ(
√
r2
⊥ + x2)dx− Aσ

√
R2−r2⊥∫
z

ρ(
√
r2
⊥ + x2)dx

,
1)In which the mass of the observed [24] hidden-charm strange pentaquark state Pcs(4459)0 is concentrated and

where it can be observed [43] in the K−p reactions.
2)Which are well in the near future within the capabilities of the planned K10 beam line at the J-PARC Hadron

Experimental Facility [41, 42].
3)In the full allowed phase space without any cuts on the angle and momentum of the J/ψ meson.
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〈
dσK−p→J/ψΛ(pK− ,pJ/ψ)

dpJ/ψ

〉
A

=
∫ ∫

PA(pt, E)dptdE

[
dσK−p→J/ψΛ(

√
s∗,pJ/ψ)

dpJ/ψ

]
, (5)

〈
σK−p→J/ψΛ(pK−)

〉
A

=
∫ ∫

PA(pt, E)dptdEσK−p→J/ψΛ(
√
s∗) (6)

and
s∗ = (EK− + Et)

2 − (pK− + pt)
2, (7)

Et = MA −
√

(−pt)2 + (MA −mp + E)2. (8)

Here, dσK−p→J/ψΛ(
√
s∗,pJ/ψ)/dpJ/ψ and σK−p→J/ψΛ(

√
s∗) are, respectively, the off-shell ”in-medium”

differential and total cross sections for the production of J/ψ in reaction (1) at the ”in-medium”
K−p center-of-mass energy

√
s∗; ρ(r) and PA(pt, E) are the local nucleon density and the nuclear

spectral function of target nucleus A normalized to unity 4); pK− and EK− are the laboratory mo-

mentum and total energy of the initial K− meson (EK− =
√
m2
K− + p2

K− , mK− is the rest mass of a

K−); pt and E are the internal momentum and removal energy of the struck target proton involved
in the collision process (1); Z and A are the numbers of protons and nucleons in the target nucleus,
MA and R are its mass and radius; mp is the bare proton mass. For the J/ψ-nucleon absorption
cross section σJ/ψN we will employ the value σJ/ψN = 3.5 mb motivated by the results from the
J/ψ photoproduction experiment at SLAC [54, 55] (cf. [47]). We also use σtot

K−N = 22 mb in our
present calculations for beam momenta of interest [56]. The quantity (Z/A)IV [A, σJ/ψN ] in Eqs.
(2), (3) represents the effective number of target protons participating in the direct non-resonant
K−p → J/ψΛ process. It is calculated according to Eq. (4), in which the first and the second
terms in exponent describe, respectively, the distortion of the incident antikaon and the full-sized
J/ψ meson final-state absorption. It accounts for as well the fact that in the momentum range of
interest J/ψ meson is produced and propagates inside the target nucleus at small laboratory angles
5) without [47] quasielastic rescatterings on the intranuclear nucleons.

Following [47–49], we assume that the off-shell ”in-medium” cross sections
dσK−p→J/ψΛ(

√
s∗,pJ/ψ)/dpJ/ψ and σK−p→J/ψΛ(

√
s∗) for J/ψ production in reaction (1) are equiv-

alent to the respective on-shell cross sections dσK−p→J/ψΛ(
√
s,pJ/ψ)/dpJ/ψ and σK−p→J/ψΛ(

√
s)

calculated for the off-shell kinematics of this reaction and in which, in particular, the free space
center-of-mass energy squared s, presented by the formula

s = W 2 = (EK− +mp)
2 − p2

K− , (9)

is replaced by the in-medium expression (7). In our calculations, the former differential cross section
was described according to the two-body kinematics of the process (1) (cf. [48, 49]):

dσK−p→J/ψΛ(
√
s∗,pJ/ψ)

dpJ/ψ
=

π

I2(s∗,mJ/ψ,mΛ)EJ/ψ
(10)

×
dσK−p→J/ψΛ(

√
s∗, θ∗J/ψ)

dΩ∗J/ψ

1

(ω + Et)
δ
[
ω + Et −

√
m2

Λ + (Q + pt)2

]
,

where

I2(s∗,mJ/ψ,mΛ) =
π

2

λ(s∗,m2
J/ψ,m

2
Λ)

s∗
, (11)

λ(x, y, z) =

√[
x− (

√
y +
√
z)2
][
x− (

√
y −
√
z)2
]
, (12)

4)The specific information about these quantities, used in our calculations, is given in Refs. [50–53].
5)Thus, for example, at a beam momenta of 9 and 10 GeV/c the J/ψ laboratory production polar angles in

reaction (1) proceeding on the free target proton being at rest are less than 2.089◦ and 5.452◦, respectively, (see
below).
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ω = EK− − EJ/ψ, Q = pK− − pJ/ψ, EJ/ψ =
√
m2
J/ψ + p2

J/ψ. (13)

Here, dσK−p→J/ψΛ(
√
s∗, θ∗J/ψ)/dΩ∗J/ψ is the off-shell differential cross section for the production of

J/ψ meson in reaction (1) under the polar angle θ∗J/ψ in the K−p c.m.s. This cross section is
assumed to have the form analogous to that proposed in Ref. [57] for φ mesons produced in the
free space K−p→ φΛ reaction near the φΛ production threshold, viz.:

dσK−p→J/ψΛ(
√
s∗, θ∗J/ψ)

dΩ∗J/ψ
= aebJ/ψ(t−t+)σK−p→J/ψΛ(

√
s∗), (14)

where t is the square of the 4-momentum transfer between the incident antikaon and final J/ψ
meson, and t+ is its maximum value, corresponding to the t where the J/ψ is produced at angle of
0◦ in the K−p c.m. frame. It can readily be expressed in terms of the total energies and momenta
of the incident K− meson (E∗K− and p∗K−) and final J/ψ meson (E∗J/ψ and p∗J/ψ) in this reference
frame. Indeed, we have

t = m2
K− +m2

J/ψ − 2E∗K−E
∗
J/ψ + 2p∗K−p

∗
J/ψ cos θ∗J/ψ, (15)

where
E∗K− =

√
m2
K− + p∗2K− , E∗J/ψ =

√
m2
J/ψ + p∗2J/ψ (16)

and

p∗K− =
1

2
√
s∗
λ(s∗,m2

K− , E
2
t − p2

t ), (17)

p∗J/ψ =
1

2
√
s∗
λ(s∗,m2

J/ψ,m
2
Λ). (18)

From Eq. (15), we straightforwardly get

t+ = m2
K− +m2

J/ψ − 2E∗K−E
∗
J/ψ + 2p∗K−p

∗
J/ψ. (19)

Taking into consideration Eqs. (15) and (19), we can represent the quantity t − t+, entering into
equation (14), in the form

t− t+ = 2p∗K−p
∗
J/ψ(cos θ∗J/ψ − 1). (20)

Equating expression (15) to its value in the laboratory system, one can then express the angle of J/ψ
meson production in the K−p c.m. frame, θ∗J/ψ, via the production angle, θJ/ψ, in the laboratory
frame (cos θJ/ψ = pK−pJ/ψ/pK−pJ/ψ). As a result, we arrive at

cos θ∗J/ψ =
pK−pJ/ψ cos θJ/ψ + (E∗K−E

∗
J/ψ − EK−EJ/ψ)

p∗K−p
∗
J/ψ

. (21)

Since the J/ψ angular distribution from the reaction K−p → J/ψΛ is experimentally unknown
and the quark structure of the J/ψ vector meson is similar to that of the φ vector meson (they,
respectively, are: |J/ψ >= |cc̄ >, |φ >= |ss̄ >) as well as because the J/ψ production on the proton
by the K− meson beam near the J/ψΛ threshold is similar to the φ meson production near the φΛ
threshold (see Fig. 1), we will assume that the slope parameter bJ/ψ in Eq. (14) is the same as an
exponential t-slope bφ of the differential cross section of the reaction K−p→ φΛ in the c.m. system
near the threshold 6) . The lowest incident K− beam momentum for which this cross section has
been measured [58] is p̃K− = 2.24 GeV/c. In Ref. [57] it has been fitted as (cf. Eqs. (14) and (20))

dσK−p→φΛ

dΩ∗φ
= ãeα̃(cos θ∗φ−1). (22)

6)The threshold antikaon momentum for φΛ production on a free proton being at rest is 1.762 GeV/c.
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Here, θ∗φ is the φ c.m.s. production angle in the K−p→ φΛ reaction and

α̃ = 2p̃∗K−p
∗
φbφ = 1.8, (23)

where initial antikaon momentum in the c.m. frame p̃∗K− is defined now as

p̃∗K− =
1

2
√
s̃
λ(s̃, m2

K− ,m
2
p) (24)

and final φ meson momentum in this frame p∗φ is given by

p∗φ =
1

2
√
s̃
λ(s̃, m2

φ,m
2
Λ). (25)

Here, mφ is the bare φ meson mass. The relation between the free collision energy squared s̃,
entering into the expressions (24), (25), and the total energy ẼK− and momentum p̃K− of the K−

meson inducing the reaction K−p→ φΛ is similar to that given above by Eq. (9). For p̃K− = 2.24
GeV/c we have

√
s̃ = 2.3299 GeV and p̃∗K− = 0.902 GeV/c, p∗φ = 0.466 GeV/c. So, using Eq. (23),

we readily obtain that bφ = 2.1 GeV−2. And, thus, in line with the aforementioned, the value of
the J/ψ slope parameter bJ/ψ in Eq. (14) is bJ/ψ = 2.1 GeV−2. It is interesting to note that this
value is close to the t-slope of the differential cross section of the reaction γp → J/ψp of ≈1.67
GeV−2, measured recently at GlueX [59] in the near-threshold energy region. We will employ it in
our subsequent cross-section calculations. The parameter a in the formula (14) can be determined

u
u
d

p

s
u

K -

s
u
d

Λ

c

c

( s )

( s )

J / ψ ( φ)

Figure 1: (Color online) Diagrammatic representation of the K−p → J/ψΛ and K−p → φΛ reac-
tions in terms of the quark lines.

from the normalization condition ∫
4π

aebJ/ψ(t−t+)dΩ∗J/ψ = 1. (26)
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This, with accounting for Eq. (20), yields

a =
p∗K−p

∗
J/ψbJ/ψ

π

[
1− e

−4p∗
K−

p∗
J/ψ

bJ/ψ
]−1

. (27)

We now focus on the ”in-medium” total cross section σK−p→J/ψΛ(
√
s∗) for J/ψ production in

reaction (1). According to the aforesaid, it is equivalent to the vacuum cross section σK−p→J/ψΛ(
√
s),

in which the free space center-of-mass energy squared s, presented by the formula (9), is replaced
by the in-medium expression (7). For the free total cross section σK−p→J/ψΛ(

√
s) no data are also

available, so we have to rely on some indirect way to estimate it. In particular, as a first step on
this way, one can make an estimate of the J/ψ/φ inclusive total cross section ratio, based on the
existing only one experimental data point (4.4±3.0) nb for the total cross section σK−p→J/ψX of the
process K−p → J/ψX and on the two data points (0.69414±0.15259) mb and (0.65±0.10) mb for
the total cross section σK−p→φX of the reaction K−p → φX, measured, respectively, at the closest
to each other high excess energies εJ/ψΛ =

√
s −√sth = 4.462 GeV and εφΛ =

√
s̃ −
√
s̃th = 5.687

GeV above the J/ψΛ and φΛ production thresholds
√
sth and

√
s̃th = mφ + mΛ = 2.135 GeV [56]

(or at the beam momenta of 39.5 and 32 GeV/c, correspondingly). Thus, at these excess energies
we have

σK−p→J/ψX/σK−p→φX ≈ 7 · 10−6. (28)

Then, accounting for the commonality in the J/ψ and φ production in K−p interactions, we assume
that the considered ratio of the total cross sections of the inclusive reactions K−p → J/ψX and
K−p → φX determined, respectively, at the same excess energies εJ/ψΛ and εφΛ in the threshold
regions εJ/ψΛ ≤ 0.4 GeV and εφΛ ≤ 0.4 GeV of our interest is the same as that of Eq. (28), derived
at the high excess energies (cf. Ref. [60]). On the other hand, in line with Ref. [61] we suppose that
this near-threshold J/ψ/φ inclusive total cross section ratio is the same as that of the total cross
sections of the exclusive reactions K−p → J/ψΛ and K−p → φΛ also determined, respectively, at
the same excess energies εJ/ψΛ and εφΛ in these threshold regions, i.e.

σK−p→J/ψX(
√
s)/σK−p→φX(

√
s̃) = σK−p→J/ψΛ(

√
s)/σK−p→φΛ(

√
s̃) ≈ 7 · 10−6, (29)

where, according to the preceding discussion, the center-of-mass total energies
√
s and

√
s̃ are linked

by the relation:
εφΛ =

√
s̃−
√
s̃th = εJ/ψΛ =

√
s−
√
sth. (30)

With this, we have √
s̃ =
√
s−
√
sth +

√
s̃th =

√
s−mJ/ψ +mφ. (31)

At incident antikaon energies
√
s ≤ 4.6126 GeV of interest, the c.m.s. energy

√
s̃ ≤ 2.535 GeV. The

latter one corresponds, as is easy to see, to the laboratory K− momenta in the region p̃K− ≤ 2.782
GeV/c. For the free total cross section σK−p→φΛ(

√
s̃) in this region we have adopted the following

parametrization of the available here experimental information [62] on it:

σK−p→φΛ(
√
s̃) = Bp∗φe−βp

∗
φ , (32)

suggested in Ref. [57] (Model 2). Here, the φ c.m. momentum p∗φ is defined above by Eq. (25) and
parameters B and β are: B = 315.31 µb/(GeV/c), β = 1.45 (GeV/c)−1.

The results of calculations by Eqs. (29)–(32) of the non-resonant total cross section of the
reaction K−p → J/ψΛ at the considered c.m. total energies are shown in Fig. 2 (solid curve). In
this figure we also show the predictions from the effective Lagrangian (Model I) and Regge (Model
II) approaches [43] (dashed and dotted-dashed curves, respectively) 7) . We see that while all the

7)The author thanks S. Clymton for sending these predictions to him.
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Figure 2: (Color online) The non-resonant total cross section for the reaction K−p → J/ψΛ as a
function of the center-of-mass energy W =

√
s of the antikaon–proton collisions. Solid and dashed,

dotted-dashed curves are calculations by (29)–(32) and within the Models I, II developed in Ref.
[43], respectively. The left and right arrows indicate, correspondingly, the center-of-mass threshold
energy of 4.2126 GeV for direct J/ψ production on a free target proton being at rest and the
resonant energy of 4.4588 GeV.

results, presented in Fig. 2, show a similar behavior, they differ significantly in strength among
themselves. Thus, at antikaon c.m. energies in the vicinity of the resonant energy W = 4.4588
GeV our parametrization (29)–(32) predicts an experimentally measurable background total cross
section of the order of about 1 nb and it is considerably larger (by factor of approximately 16) than
the results from the effective Lagrangian method (Model I) [43]. Whereas our calculations are much
closer here to the results from the another sophisticated theoretical hadronic approach developed
in Ref. [43] - Regge approach (Model II), namely: they are larger here than the latter ones only by
a factor of about 4. This enables us to hope that the use of the phenomenological model, described
above, for estimating the elastic background under the Pcs(4459)0 pentaquark peak is correct and
meaningful. And these estimates may serve as guidance for future dedicated experiment at the
J-PARC.

As was noted above (see also below), at the considered incident antikaon momenta the J/ψ
mesons are produced at small angles with respect to the K− beam direction. Therefore, we will
calculate the J/ψ momentum differential distributions from 12C and 184W targets for the laboratory
solid angle ∆ΩJ/ψ=0◦ ≤ θJ/ψ ≤ 20◦, and 0 ≤ ϕJ/ψ ≤ 2π. Here, ϕJ/ψ is the azimuthal angle of the
J/ψ momentum pJ/ψ in the laboratory system with z-axis directed along the momentum pK− of
the incoming antikaon beam. Then, integrating the full inclusive differential cross section (2) over
this angular domain, we can represent the differential cross section for J/ψ meson production in
antikaon-induced reactions from the direct process (1), corresponding to this angular domain, in

8
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Figure 3: (Color online) The kinematically allowed J/ψ and Λ momenta in the free space non-
resonant K−p → J/ψΛ reaction in the laboratory system at incident antikaon momentum of 9
GeV/c against their exit angles with respect to the beam direction in this system. Left and right
vertical arrows mark the maximum values of these angles allowed in the reaction at given antikaon
momentum. Upper and lower horizontal arrows indicate the values of the J/ψ meson and Λ hyperon
momenta, corresponding to these maximum values.

the following form:

dσ
(dir)
K−A→J/ψX(pK− , pJ/ψ)

dpJ/ψ
=

∫
∆ΩJ/ψ

dΩJ/ψ

dσ
(dir)
K−A→J/ψX(pK− ,pJ/ψ)

dpJ/ψ
p2
J/ψ (33)

= 2π
(
Z

A

)
IV [A, σJ/ψN ]

1∫
cos 20◦

d cos θJ/ψ

〈
dσK−p→J/ψΛ(pK− , pJ/ψ, θJ/ψ)

dpJ/ψdΩJ/ψ

〉
A

.

Before closing this subsection, let us more closely consider, using the relativistic kinematics,
more simpler case of the production of J/ψ mesons and Λ hyperons in the elementary reaction
K−p → J/ψΛ proceeding on a free target proton being at rest to get some feeling about their
kinematic characteristics allowed in this reaction at incident antikaon momenta of interest. As
known from the kinematics of two-body reaction with a threshold (as in present our case), the
laboratory polar J/ψ and Λ production angles θJ/ψ and θΛ range from 0 to a maximal values θmax

J/ψ

and θmax
Λ , respectively, i.e.:

0 ≤ θJ/ψ ≤ θmax
J/ψ , (34)

0 ≤ θΛ ≤ θmax
Λ ; (35)

9
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Figure 4: (Color online) The same as in Fig. 3, but for the initial antikaon momentum of 10 GeV/c.

where
θmax
J/ψ = arcsin[(

√
sp∗J/ψ)/(mJ/ψpK−)], (36)

θmax
Λ = arcsin[(

√
sp∗Λ)/(mΛpK−)]. (37)

Here, the J/ψ c.m. momentum p∗J/ψ is defined above by Eq. (18), in which the in-medium center-
of-mass energy squared s∗ should be replaced by the free space squared invariant collision energy
s determined by the formula (9); analogously, p∗Λ is the Λ c.m. momentum, which is equal to the
J/ψ c.m. momentum p∗J/ψ. Eqs. (34)–(37) imply that the following inequalities are fulfilled:

(
√
sp∗J/ψ)/(mJ/ψpK−) ≤ 1, (

√
sp∗Λ)/(mΛpK−) ≤ 1. (38)

Taking into consideration the relativistic relations between the J/ψ, Λ momenta p∗J/ψ, p∗Λ in the
K−p c.m.s. and their velocities v∗J/ψ, v∗Λ in this system

p∗J/ψ = mJ/ψv
∗
J/ψ/

√
1− (v∗J/ψ)2, p∗Λ = mΛv

∗
Λ/
√

1− (v∗Λ)2, (39)

these inequalities can be easily transformed to the following equivalent ones between the velocity
vcm of the K−p center-of-mass system in the laboratory frame and the above velocities:

vcm ≥ v∗J/ψ, vcm ≥ v∗Λ, (40)

where
vcm = pK−/(EK− +mp), v∗J/ψ = p∗J/ψ/E

∗
J/ψ, v∗Λ = p∗Λ/E

∗
Λ, E∗Λ =

√
m2

Λ + p∗2Λ (41)

and the J/ψ total c.m. energy E∗J/ψ is determined above by Eq. (16). From Eqs. (36), (37), (41)
we get, for instance, that θmax

J/ψ = 2.089◦, θmax
Λ = 5.807◦, vcm = 0.904, v∗J/ψ = 0.077, v∗Λ = 0.210
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at incident K− beam momentum of pK− = 9 GeV/c (or at the excess energy
√
s − √sth = 0.035

GeV) and θmax
J/ψ = 5.452◦, θmax

Λ = 15.3◦, vcm = 0.913, v∗J/ψ = 0.208, v∗Λ = 0.509 at K− momentum

of pK− = 10 GeV/c (at which
√
s−√sth = 0.250 GeV). So, as we approach threshold momentum

(8.844 GeV/c), the J/ψ’s and Λ’s become increasingly focused in a forward cones along the beam
direction in the laboratory frame. And, indeed, the velocity vcm of the K−p c.m.s. in the laboratory
frame is greater than the J/ψ meson and the Λ hyperon c.m. velocities v∗J/ψ and v∗Λ at these initial
antikaon momenta. Imposing energy-momentum conservation in the free space process (1), we find
two different solutions for the laboratory J/ψ meson and Λ hyperon momenta pJ/ψ and pΛ at given
production angles θJ/ψ and θΛ, belonging, respectively, to the angular intervals (34) and (35):

p
(1,2)
J/ψ (θJ/ψ) =

pK−
√
sE∗J/ψ cos θJ/ψ ± (EK− +mp)

√
s
√
p∗2J/ψ − γ2

cmv
2
cmm

2
J/ψ sin2 θJ/ψ

(EK− +mp)2 − p2
K− cos2 θJ/ψ

, (42)

p
(1,2)
Λ (θΛ) =

pK−
√
sE∗Λ cos θΛ ± (EK− +mp)

√
s
√
p∗2Λ − γ2

cmv
2
cmm

2
Λ sin2 θΛ

(EK− +mp)2 − p2
K− cos2 θΛ

. (43)

Here, γcm = (EK− + mp)/
√
s, sign ”+” in the numerators of Eqs. (42), (43) corresponds to the

first solutions p
(1)
J/ψ, p

(1)
Λ and sign ”-” - to the second ones p

(2)
J/ψ, p

(2)
Λ . In the case of zero J/ψ and Λ

production angles the expressions (42), (43) are reduced to the following more simpler forms:

p
(1,2)
J/ψ (0◦) = γcmE

∗
J/ψ(vcm ± v∗J/ψ), (44)

p
(1,2)
Λ (0◦) = γcmE

∗
Λ(vcm ± v∗Λ). (45)

As is easy to see, the momenta (44), (45) correspond to the respective J/ψ and Λ total energies:

E
(1,2)
J/ψ (0◦) = γcm[E∗J/ψ ± vcmp

∗
J/ψ], (46)

E
(1,2)
Λ (0◦) = γcm[E∗Λ ± vcmp

∗
Λ]. (47)

Interestingly, that

p
(1)
J/ψ(0◦) + p

(2)
Λ (0◦) = pK− , E

(1)
J/ψ(0◦) + E

(2)
Λ (0◦) = EK− +mp (48)

and
p

(2)
J/ψ(0◦) + p

(1)
Λ (0◦) = pK− , E

(2)
J/ψ(0◦) + E

(1)
Λ (0◦) = EK− +mp. (49)

As should have been, the relations (48) and (49) express the energy-momentum conservation in the
process (1), taking place on a free target proton at rest, in the laboratory frame for zero J/ψ and
Λ production angle. They correspond, respectively, to the J/ψ going forward (at 0◦) and Λ going
backward (at 180◦) in the c.m. system and vice versa. Being guided by Eqs. (44)–(47), for pK− = 9
GeV/c we have:

p
(1)
J/ψ(0◦) = 7.143 GeV/c, p

(2)
J/ψ(0◦) = 6.022 GeV/c; (50)

p
(1)
Λ (0◦) = 2.978 GeV/c, p

(2)
Λ (0◦) = 1.857 GeV/c

and
E

(1)
J/ψ(0◦) = 7.785 GeV, E

(2)
J/ψ(0◦) = 6.772 GeV; (51)

E
(1)
Λ (0◦) = 3.180 GeV, E

(2)
Λ (0◦) = 2.167 GeV.

For pK− = 10 GeV/c we also get:

p
(1)
J/ψ(0◦) = 8.714 GeV/c, p

(2)
J/ψ(0◦) = 5.478 GeV/c; (52)
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p
(1)
Λ (0◦) = 4.522 GeV/c, p

(2)
Λ (0◦) = 1.286 GeV/c

and
E

(1)
J/ψ(0◦) = 9.248 GeV, E

(2)
J/ψ(0◦) = 6.292 GeV; (53)

E
(1)
Λ (0◦) = 4.658 GeV, E

(2)
Λ (0◦) = 1.702 GeV,

so that the relations (48), (49) are, indeed, satisfied at these initial K− momenta 8) . An inspection

of the expressions (42), (43) tells us that the first solutions p
(1)
J/ψ and p

(1)
Λ as well as the second

ones p
(2)
J/ψ and p

(2)
Λ exhibit different dependences, respectively, on the production angles θJ/ψ and θΛ

within the angular intervals [0,θmax
J/ψ ] and [0,θmax

Λ ]. While the former fall off as the production angles
θJ/ψ and θΛ increase here, the latter ones increase as these angles also increase here (see, Figs. 3
and 4 as well) and

p
(1)
J/ψ(θmax

J/ψ ) = p
(2)
J/ψ(θmax

J/ψ ) = pJ/ψ(θmax
J/ψ ), (54)

p
(1)
Λ (θmax

Λ ) = p
(2)
Λ (θmax

Λ ) = pΛ(θmax
Λ ),

where

pJ/ψ(θmax
J/ψ ) = (pK−m

2
J/ψ cos θmax

J/ψ )/(
√
sE∗J/ψ), pΛ(θmax

Λ ) = (pK−m
2
Λ cos θmax

Λ )/(
√
sE∗Λ). (55)

With these, the J/ψ meson and Λ hyperon total energies EJψ(θmax
J/ψ ) and EΛ(θmax

Λ ) in the l.s.,
corresponding to their maximal production angles θmax

J/ψ and θmax
Λ , can be represented in the following

simple forms:
EJ/ψ(θmax

J/ψ ) = γcmm
2
J/ψ/E

∗
J/ψ, EΛ(θmax

Λ ) = γcmm
2
Λ/E

∗
Λ. (56)

In line with Eqs. (55) and (56), for pK− = 9 GeV/c we obtain then that pJ/ψ(θmax
J/ψ ) = 6.539 GeV/c,

EJ/ψ(θmax
J/ψ ) = 7.235 GeV and pΛ(θmax

Λ ) = 2.300 GeV/c, EΛ(θmax
Λ ) = 2.556 GeV. For pK− = 10

GeV/c we have pJ/ψ(θmax
J/ψ ) = 6.757 GeV/c, EJ/ψ(θmax

J/ψ ) = 7.433 GeV and pΛ(θmax
Λ ) = 2.076 GeV/c,

EΛ(θmax
Λ ) = 2.357 GeV (cf. Figs. 3 and 4).

Taking into account the above considerations and the results, presented in Figs. 3, 4, we can
conclude that, for example, the kinematically allowed J/ψ meson laboratory momenta and total
energies in the free space non-resonant K−p→ J/ψΛ reaction at given incident antikaon momentum
vary within the following momentum and energy ranges:

p
(2)
J/ψ(0◦) ≤ pJ/ψ ≤ p

(1)
J/ψ(0◦), (57)

E
(2)
J/ψ(0◦) ≤ EJ/ψ ≤ E

(1)
J/ψ(0◦), (58)

where the quantities p
(1,2)
J/ψ (0◦) and E

(1,2)
J/ψ (0◦) are defined above by Eqs. (44) and (46), correspond-

ingly. In analogy to J/ψ production, for Λ hyperon, the kinematically allowed momentum and
energy intervals look like those of (57) and (58), but in which one needs to make the substitution
J/ψ → Λ.

It is of further interest to calculate the J/ψ energy spectrum dσK−p→J/ψΛ[
√
s, pJ/ψ]/dEJ/ψ from

the considered reaction K−p → J/ψΛ as a function of the J/ψ total energy EJ/ψ belonging to
the interval (58). The differential cross section dσK−p→J/ψΛ[

√
s,pJ/ψ]/dpJ/ψ of this reaction can be

obtained from more general one (10) in the limits: pt → 0, Et → mp and s∗ → s. The integration
of this cross section over the angle θJ/ψ between the momenta pK− and pJ/ψ when this angle lies in

8)At them, the total energy in the entrance channel EK− + mp is equal to 9.952 GeV and to 10.950 GeV,
correspondingly.
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the allowed angular region (34) with accounting for the properties of the energy conserving Dirac
δ-function and the relation dpJ/ψ = pJ/ψEJ/ψdEJ/ψdΩJ/ψ yields:

dσK−p→J/ψΛ[
√
s, pJ/ψ]

dEJ/ψ
= 2π

1∫
cos θmax

J/ψ

d cos θJ/ψpJ/ψEJ/ψ
dσK−p→J/ψΛ[

√
s,pJ/ψ]

dpJ/ψ
= (59)

=

 2π
√
s

pK−p
∗
J/ψ

 dσK−p→J/ψΛ[
√
s, θ∗J/ψ(x0)]

dΩ∗J/ψ
for E

(2)
J/ψ(0◦) ≤ EJ/ψ ≤ E

(1)
J/ψ(0◦),

where

x0 =
[p2
K− + p2

J/ψ +m2
Λ − (ω +mp)

2]

2pK−pJ/ψ
, pJ/ψ =

√
E2
J/ψ −m2

J/ψ (60)

and the quantity cos θ∗J/ψ(x0) is determined by Eq. (21), in which one has to make the substitution:
cos θJ/ψ → x0, and the K− and J/ψ c.m. momenta p∗K− and p∗J/ψ are defined by formulas (17)
and (18), respectively, in which, in-line with the above-mentioned, one needs also to perform the
replacements: Et → mp, pt → 0 and s∗ → s. The expression (59) will be used by us for evaluating
the J/ψ energy spectrum, arising from the reaction K−p→ J/ψΛ proceeding on a free space proton
at rest, for incident beam momenta of 9 and 10 GeV/c (see below).

2.2. Two-step resonant J/ψ production mechanism

At K− meson center-of-mass excess energies
√
s − √sth ≤ 0.4 GeV of our interest, an incident

antikaon can produce a neutral hidden-charm strange pentaquark Pcs(4459)0 with pole mass Mcs =
4458.8 MeV directly in the first inelastic collision with an intranuclear proton 9) :

K− + p→ Pcs(4459)0. (61)

Then the produced intermediate hidden-charm pentaquark resonance can decay into the final state
J/ψΛ:

Pcs(4459)0 → J/ψ + Λ. (62)

Presently, as was noted above, neither the branching ratio Br[Pcs(4459)0 → J/ψΛ] of this decay,
nor spin-parity quantum numbers of the Pcs(4459)0 state with strangeness S = −1 have been
determined yet experimentally because of a limited statistics in the experiment [24]. Therefore, to
evaluate the J/ψ production cross sections from the production/decay sequence (61), (62), taking
place both on a vacuum proton and on a proton embedded in a nuclear target, one must rely on the
theoretical predictions. Among them, there are, in particular, the following theoretical guidelines,
based on the fact that the pole mass of the Pcs(4459)0 state is just about 19 MeV below the Ξ0

cD̄
∗0

threshold [24], so it is quite natural to consider it as the ΞcD̄
∗ molecular state with the spin-parity

quantum numbers JP = (1/2)− or (3/2)−. Thus, the recent study [63] of the Pcs(4459)0, using the
method of QCD sum rules, supports its interpretation as the ΞcD̄

∗ hadronic molecular state located
at 4.46+0.16

−0.14 GeV for spin-parity JP = (1/2)− and at 4.47+0.19
−0.15 GeV for JP = (3/2)−. On the other

hand, in Ref. [64], the Pcs(4459)0 resonance was studied in the diquark-diquark-antiquark picture
again with the QCD sum rules. The results obtained here support assigning the Pcs(4459)0 to be
hidden-charm compact pentaquark state with the spin-parity JP = (1/2)−. The QCD sum rule
approach was also exploited in Ref. [65] to calculate the magnetic dipole moments of the Pc(4440),
Pc(4457) and Pcs(4459) pentaquark states by considering them as the diquark-diquark-antiquark
and molecular pictures with quantum numbers JP = (3/2)−, JP = (1/2)− and JP = (1/2)−,

9)We remind that the threshold (resonant) momentum pRK− for the production of Pcs(4459)0 pentaquark on a free
target proton being at rest is pRK− = 9.983 GeV/c.
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respectively. Spectrum of the hidden-charm strange molecular pentaquarks Pcs has been studied in
Ref. [66] in chiral effective field theory. The authors found ten molecular pentaquarks Pcs in the
ΞcD̄

∗, Ξc
′D̄∗, Ξ∗cD̄

∗ systems and also predicted, in particular, the masses of the ΞcD̄
∗ bound state for

J = 1/2 and J = 3/2 to be 4456.9+3.2
−3.3 MeV and 4463.0+2.8

−3.0 MeV, respectively. These both two values
are consistent with the experimental mass of the Pcs(4459)0, supporting its interpretation as the
ΞcD̄

∗ hadronic molecular state with the spin-parity of either JP = (1/2)− or (3/2)−. Further, the
author in Ref. [67], interpreting the pentaquark Pcs(4459)0 observed by the LHCb Collaboration
[24] as the coupled strange hidden-charm hadronic molecule with the dominant s-wave channels
ΞcD̄

∗ and Ξ∗cD̄ with the spin-parity quantum numbers JP = (3/2)−, predicted adopting the one-
boson-exchange model that the partial decay width for the process (62) is around 0.1 MeV in the
resonance region. With this value as well as with the Pcs(4459)0 resonance total decay width in its
rest frame of about 20 MeV also predicted in [67] in this region, we get that the branching fraction
Br[Pcs(4459)0 → J/ψΛ] amounts to 0.5%. On the other hand, reexamining the results of Ref. [68]
and using the coupled channel unitary approach combined with heavy quark spin symmetry, Ref.
[69] also shows that this resonance can be assigned as a hadronic molecule composed of ΞcD̄

∗ with
possible JP quantum numbers (1/2)− or (3/2)− and the magnitude of the branching fraction of
its decay to the J/ψΛ channel is 3.31% for JP = (1/2)− and is 14.68% for JP = (3/2)−. Along
the way of s-wave ΞcD̄

∗ molecular scenario for the Pcs(4459)0 strange pentaquark, the production
mechanism of the Ξ−b → Pcs(4459)0K− decay has been investigated in Ref. [70] adopting an effective
Lagrangian approach and the value of branching ratio of this decay was estimated to be of the order
of 10−4. With this value as well as with an experimental estimation of the branching fraction of the
Ξ−b → Pcs(4459)0K− → J/ψΛK− decay, the branching ratio Br[Pcs(4459)0 → J/ψΛ] is evaluated
in [70] to be of the order of 1 ∼ 10%, which is consistent with the results of the analysis [71] of the
decay properties of the ΞcD̄

∗ bound state in the J/ψΛ mode. By exploiting an effective Lagrangian
for the PcJ/ψ coupling in combination with the branching fraction Br[P+

c → J/ψp] upper limit
of 5% and with the predicted masses of the predicted pentaquark states, the width of the decay
of the compact hidden-charm strange pentaquark denoted as P 1′0

c with |udscc̄ > valence quark
content to the J/ψΛ channel was computed in Ref. [72]. It turned out to be equal to 8.35 MeV.
Employing this value and the total decay width of 17.3 MeV of the Pcs(4459)0 resonance measured
by the LHCb Collaboration, the branching ratio Br[Pcs(4459)0 → J/ψΛ] could be estimated at
the level of 50%. It is also worth mentioning that the branching ratios of 1, 10 and 50% of the
Pcs(4459)0 → J/ψΛ decay were used in Ref. [43] to determine the contribution from this decay to
the total cross section of the K−p → J/ψΛ reaction within the effective Lagrangian method and
the Regge approach. Investigation of the Pcs(4459)0 pentaquark via its strong decay to J/ψΛ has
been performed in Ref. [73] within the QCD sum rule framework. The partial width of this decay
ΓPcs(4459)0→J/ψΛ was obtained to be ΓPcs(4459)0→J/ψΛ = (15.87± 3.11) MeV assigning the spin-parity
numbers of Pcs(4459)0 state as JP = (1/2)− and its structure as diquark-diquark-antiquark. If we
adopt an experimental magnitude of 17.3 MeV for the Pcs(4459)0 total decay width Γcs, we obtain
with the above partial decay width that the branching fraction Br[Pcs(4459)0 → J/ψΛ] even could
reach the value of the order of 90%. Based on the combined effective field theory applied to the
hadronic molecular picture of the Pcs(4459)0 pentaquark, Ref. [74] argues that its spin J = 3/2 is
preferable over J = 1/2. Accounting for both this argument and the aforesaid theoretical activities,
it is natural to assign the Pcs(4459)0 possible spin-parity quantum numbers JP = (3/2)− as well
as to adopt for the branching ratio Br[Pcs(4459)0 → J/ψΛ] of the decay (62) in our study the
following five conservative options: Br[Pcs(4459)0 → J/ψΛ] = 1, 3, 5, 10, 15 and additional one
with enhanced value of 50% of this ratio in order to see the size of its impact on the resonant J/ψ
yield in K−p→ J/ψΛ, K−12C → J/ψX and K−184W → J/ψX reactions.

Energy-momentum conservation in the process (61), proceeding on a proton embedded in a
nuclear target, leads to the conclusion that the mass of the intermediate Pcs(4459)0 resonance is
equal to the total K−p c.m.s. energy

√
s∗ defined above by Eq. (7). In line with this, we assume
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that its in-medium spectral function Scs(
√
s∗,Γcs), is described by the non-relativistic Breit-Wigner

distribution (cf. [44, 75–77]) 10) :

Scs(
√
s∗,Γcs) =

1

2π

Γcs

(
√
s∗ −Mcs)2 + Γ2

cs/4
. (63)

The in-medium Breit-Wigner total cross section for production of a Pcs(4459)0 resonance with spin
J = 3/2 in reaction (61) can be described on the basis of the spectral function (63), provided that
the branching fraction Br[Pcs(4459)0 → K−p] is known, as follows [44, 75–77]:

σK−p→Pcs(4459)0(
√
s∗,Γcs) = 4

(
π

p∗K−

)2

Br[Pcs(4459)0 → K−p]Scs(
√
s∗,Γcs)Γcs. (64)

Here, the center-of-mass 3-momentum of the colliding particles, p∗K− , is defined above by Eq. (17).
In line with [43], we employ in our cross-section calculations for the branching ratio Br[Pcs(4459)0 →
K−p] the value of 0.01%, which was chosen in [43] to be similar to that characterizing [78, 79] the
P 0
c → π−p and P 0

b → π−p decays 11) . Within the representation of Eq. (64), the free total cross
section σK−p→Pcs(4459)0→J/ψΛ(

√
s,Γcs) for resonant J/ψ production in the two-step process (61), (62)

can be represented in the following form [44]:

σK−p→Pcs(4459)0→J/ψΛ(
√
s,Γcs) = σK−p→Pcs(4459)0(

√
s,Γcs)θ[

√
s−(mJ/ψ+mΛ)]Br[Pcs(4459)0 → J/ψΛ].

(65)
Here, θ(x) is the standard step function and the center-of-mass 3-momentum in the incoming K−p
channel, p∗K− , entering into Eq. (64), is defined above by the formula (17), in which one has to
make the replacement E2

t − p2
t → m2

p (and s∗ → s). According to [44], majority of the Pcs(4459)0

resonances, having vacuum total decay width in their rest frames Γcs = 17.3 MeV decay to J/ψΛ
outside of the target nuclei of interest. Taking into account both this fact and the results presented
above by Eqs. (3), (4), we get the following expression for the J/ψ total production cross section
in K−A reactions from the production/decay sequence (61), (62):

σ
(sec)
K−A→J/ψX(pK−) =

(
Z

A

)
IV [A, σin

PcsN ]
〈
σK−p→Pcs(4459)0(pK−)

〉
A
Br[Pcs(4459)0 → J/ψΛ], (66)

where 〈
σK−p→Pcs(4459)0(pK−)

〉
A

(67)

=
∫ ∫

PA(pt, E)dptdEσK−p→Pcs(4459)0(
√
s∗,Γcs)θ[

√
s∗ − (mJ/ψ +mΛ)].

10) We neglect, for reasons of numerical simplicity, the medium modification of the Pcs(4459)0 mass and total
decay width in the present work.

11)Thus, in the work [78] the obtained results show that the experimental data point for the total cross section of
the reaction π−p→ J/ψn near the threshold is consistent with the contribution from the hidden-charm pentaquark
Pc(4312)0 by assuming branching ratios Br[Pc(4312)0 → J/ψn] ≈ 3% and Br[Pc(4312)0 → π−p] ≈ 0.05%. Combined
with the findings from the GlueX Collaboration relative to the branching fractions of the decays of the Pc(4312)+,
Pc(4440)+ and Pc(4457)+ states to J/ψp [59], one can assume that the value of about 0.05% for the quantity
Br[Pc(4312)0 → π−p] is quite reasonable. Based on this assumption as well as on the similarity of the magnitudes of
the total cross sections of K−p and π−p scatterings [43], one can evaluate the branching ratio Br[Pcs(4459)0 → K−p]
to be also around 0.05%. The same value of 0.05% was also used in Ref. [79] for the branching fraction Br[P 0

b → π−p]
in the study of the production of hidden-bottom pentaquark states P 0

b in π−p interactions. Following Ref. [43], we
chose in the present work more conservative value of 0.01% for the branching ratio Br[Pcs(4459)0 → K−p] to estimate
the lower limit of the total cross section for the K−p→ Pcs(4459)0 → J/ψΛ reaction near threshold for given value
of the branching fraction Br[Pcs(4459)0 → J/ψΛ]. Evidently, in case of use for the branching ratio of the Pcs(4459)0

decays to the K−p channel the aforesaid value of 0.05% instead of that of 0.01%, adopted in the present work, the
signal of Pcs(4459)0 can be even more clearly distinguished from the background.
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The quantity IV [A, σin
PcsN ] in Eq. (67) is defined above by Eq. (4), in which one needs to make

the substitution σ → σin
PcsN

12) . Here, σin
PcsN is the Pcs(4459)0–nucleon inelastic total cross section,

averaged over proton and neutron targets:

σin
PcsN =

Z

A
σin
Pcsp +

N

A
σin
Pcsn, (68)

where σin
Pcsp and σin

Pcsn are the inelastic total cross sections of the free Pcs(4459)0p and Pcs(4459)0n
interactions. Our estimates, based on the ΞcD̄

∗ molecular scenario for the Pcs(4459)0 strange
pentaquark, show that we can neglect quasielastic Pcs(4459)0N rescatterings in its way out of the
target nucleus. In this scenario, the cross sections σin

Pcsp and σin
Pcsn can be evaluated as:

σin
Pcsp ≈ σin

Ξ0
cp

+ σin
D̄∗0p, σ

in
Pcsn ≈ σin

Ξ0
cn

+ σin
D̄∗0n. (69)

Here, σin
Ξ0
cp(Ξ

0
cn) and σin

D̄∗0p(D̄∗0n) are the inelastic total cross sections of the free Ξ0
cp(Ξ

0
cn) and

D̄∗0p(D̄∗0n) interactions, respectively. In view of the similarity of interactions of Ξ0
c and Ξ−, D̄∗0

and D̄0 with nucleons due to their quark structures (Ξ0
c = |dsc >, Ξ− = |dss >, D̄∗0 = |uc̄ >,

D̄0 = |uc̄ >), we assume that σin
Ξ0
cp(Ξ

0
cn) ≈ σin

Ξ−p(Ξ−n), σ
in
D̄∗0p(D̄∗0n) ≈ σin

D̄0p(D̄0n) (cf. [80]). The knowl-
edge about the latter cross sections is scarce. Thus, for example, only very recently the ALICE
Collaboration made a first measurement of the two-particle momentum correlation function of the
pD− pairs in high-multiplicity pp collisions at

√
s = 13 TeV, which indicates the attractive nature

of the proton–D− interaction [81]. In our calculations we adopt for them the following constants
in the momentum regime above of 1 GeV/c of interest: σin

Ξ−p = 12.7 mb [82–84], σin
D̄0p = 0 [85],

σin
Ξ−n = 20.8 mb [86] and σin

D̄0n = σD̄0n→D−p = 12 mb [80, 85]. Using these values, we obtain that
σin
PcsN ≈ 22.7 mb for 12C6 and σin

PcsN ≈ 24.7 mb for 184W74. We will employ in our calculations an
arithmetic average of these results of 23.7 mb for the cross section σin

PcsN for both considered target
nuclei 12C6 and 184W74.

Now consider the J/ψ inclusive differential cross section arising from the production and decay
of intermediate resonance Pcs(4459)0 in K−A collisions. According to [57, 87], Eqs. (2), (66) and
energy-momentum conservation in the production/decay chain (61), (62), this cross section assumes
the form:

dσ
(sec)
K−A→J/ψX(pK− ,pJ/ψ)

dpJ/ψ
=
(
Z

A

)
IV [A, σin

PcsN ]

〈
dσK−p→Pcs(4459)0→J/ψΛ(pK− ,pJ/ψ)

dpJ/ψ

〉
A

, (70)

where〈
dσK−p→Pcs(4459)0→J/ψΛ(pK− ,pJ/ψ)

dpJ/ψ

〉
A

=
∫ ∫

PA(pt, E)dptdE

[
dσK−p→Pcs(4459)0→J/ψΛ(

√
s∗,pJ/ψ)

dpJ/ψ

]
.

(71)
and

dσK−p→Pcs(4459)0→J/ψΛ(
√
s∗,pJ/ψ)

dpJ/ψ
= σK−p→Pcs(4459)0(

√
s∗,Γcs)θ[

√
s∗ − (mJ/ψ +mΛ)]× (72)

× 1

Γcs(
√
s∗,pK−)

∫
dpΛ

dΓPcs(4459)0→J/ψΛ(
√
s∗,pJ/ψ,pΛ)

dpJ/ψdpΛ

,

12)Since the modulus pK− of the incident beam momentum pK− of interest is substantially larger than the modulus
pt of the struck target proton momentum pt (pK− ∼ 10 GeV/c, pt ∼ 250 MeV/c), we assume, using the formula
(4) for the quantity IV [A, σin

PcsN
] in Eq. (67), that the Pcs(4459)0 momentum in laboratory frame, equal to pK−+

pt, is parallel to the initial antikaon momentum pK− and, hence, the Pcs(4459)0 resonance moves in the nucleus
essentially in the forward direction.
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dΓPcs(4459)0→J/ψΛ(
√
s∗,pJ/ψ,pΛ)

dpJ/ψdpΛ

=
1

2Ecs

1

2J + 1
|MPcs(4459)0→J/ψΛ|2(2π)4δ(Ecs − EJ/ψ − EΛ)× (73)

×δ(pcs − pJ/ψ − pΛ)
1

(2π)32EJ/ψ

1

(2π)32EΛ

,

Γcs(
√
s∗,pK−) = Γcs/γcs, (74)

Ecs = EK− + Et, pcs = pK− + pt, γcs = Ecs/
√
s∗. (75)

Here, EΛ is the Λ hyperon total energy (EΛ =
√
m2

Λ + p2
Λ) and |MPcs(4459)0→J/ψΛ|2 is summarized

over spin states of primary and secondary particles matrix element squared describing the decay
(62). The decay amplitude MPcs(4459)0→J/ψΛ is generally contributed by partial waves with different
relative orbital angular momentum L [75–77]. The kinematically allowed angular momenta L for the

J/ψΛ originating from the Pcs(4459)0 decay can be estimated by using the constraint
√
L(L+ 1) ≤

p∗J/ψRstr [88, 89], where p∗J/ψ is the J/ψ c.m. momentum 13) and Rstr/2 is the strong interaction
radius. Thus, for example, for K− beam momentum of 10 GeV/c, belonging to the resonance region,
and for the free target proton at rest we have p∗J/ψ = 0.66 GeV/c, so that with a typical Rstr of one

fermi p∗J/ψRstr = 3.3, leading to L = 0, 1, 2. If Pcs(4459)0 pentaquark has JP = (3/2)− (preferred
option, see above), the allowed by the total angular momentum-parity conservation in its decay to
the J/ψ(1−)Λ(1/2)+ values of L are 0 and 2. The decay process Pcs(4459)0 → J/ψΛ with L = 1
is forbidden by the parity conservation. Since we are mainly interested in the resonance Pcs(4459)0

region, which is not far from the J/ψΛ threshold, we suppose here, analogously to the assumption
that the hidden-charm pentaquarks Pc(4312)+(1/2)−, Pc(4440)+(1/2)− and Pc(4457)+(3/2)− decays
to J/ψp are dominated by the lowest partial waves with zero relative orbital angular momentum
[77, 90–92], that the Pcs(4459)0 (3/2)− decays to J/ψΛ are also dominated by the lowest partial
wave with the relative orbital angular momentum L = 0 and the decay amplitude MPcs(4459)0→J/ψΛ is
determined by s-wave only. This means that the matrix element squared |MPcs(4459)0→J/ψΛ|2 results
in an isotropic angular distribution of the Pcs(4459)0 → J/ψΛ decay for the considered spin-parity
assignment of the the Pcs(4459)0 state. By taking this fact into account as well as integrating Eq.
(73) over the momenta pJ/ψ and pΛ in the Pcs(4459)0 rest frame, we can get the following relation
between |MPcs(4459)0→J/ψΛ|2 and the partial width ΓPcs(4459)0→J/ψΛ of the Pcs(4459)0 → J/ψΛ decay:

1

2J + 1

|MPcs(4459)0→J/ψΛ|2

(2π)2
=

2s∗

πp∗J/ψ
ΓPcs(4459)0→J/ψΛ. (76)

By using the relation (76) and accounting for the fact that (π/
√
s∗)p∗J/ψ = I2(s∗,mJ/ψ,mΛ), one

finds that the expression (72) reduces to a simpler form (cf. Eq. (10)):

dσK−p→Pcs(4459)0→J/ψΛ(
√
s∗,pJ/ψ)

dpJ/ψ
= σK−p→Pcs(4459)0(

√
s∗,Γcs)θ[

√
s∗ − (mJ/ψ +mΛ)]× (77)

× 1

I2(s∗,mJ/ψ,mΛ)
Br[Pcs(4459)0 → J/ψΛ]

1

4EJ/ψ

1

(ω + Et)
δ
[
ω + Et −

√
m2

Λ + (Q + pt)2

]
,

where the quantities ω and Q are defined by Eq. (13). It will be adopted in our calculations of
the J/ψ momentum spectrum from the processes (61), (62) in K−A collisions. Integrating the
full inclusive differential cross section (70) over the angular domain of ∆ΩJ/ψ=0◦ ≤ θJ/ψ ≤ 20◦,
and 0 ≤ ϕJ/ψ ≤ 2π of our interest, we can represent this spectrum, corresponding to that angular
domain, in the following form (cf. Eq. (33)):

dσ
(sec)
K−A→J/ψX(pK− , pJ/ψ)

dpJ/ψ
=

∫
∆ΩJ/ψ

dΩJ/ψ

dσ
(sec)
K−A→J/ψX(pK− ,pJ/ψ)

dpJ/ψ
p2
J/ψ (78)

13) We remind that in the case of off-shell target proton it is defined above by Eq. (18).
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= 2π
(
Z

A

)
IV [A, σin

PcsN ]

1∫
cos 20◦

d cos θJ/ψ

〈
dσK−p→Pcs(4459)0→J/ψΛ(pK− , pJ/ψ, θJ/ψ)

dpJ/ψdΩJ/ψ

〉
A

.

Before the end of this subsection, we calculate the J/ψ energy spectrum
dσK−p→Pcs(4459)0→J/ψΛ[

√
s, pJ/ψ]/dEJ/ψ from the production/decay sequence (61), (62), proceeding

on the free target proton at rest, as a function of the J/ψ total energy EJ/ψ in addition to that
from the non-resonant K−p→ J/ψΛ reaction (see Eq. (59)). The energy-momentum conservation
in the sequence leads, as is easy to see, to the conclusion that the kinematical characteristics
(maximal value of the production angle in the laboratory system, kinematically allowed momenta
and energies in this system, their two different angular dependences) of J/ψ mesons produced in it
and in this reaction are the same at given initial antikaon momentum. The differential cross section
dσK−p→Pcs(4459)0→J/ψΛ[

√
s,pJ/ψ]/dpJ/ψ can be obtained from more general one (77) in the limits:

pt → 0, Et → mp and s∗ → s. The integration of this cross section over the angle θJ/ψ between the
momenta pK− and pJ/ψ when this angle varies within the kinematically allowed angular range (34)
with accounting for the relation dpJ/ψ = pJ/ψEJ/ψdEJ/ψdΩJ/ψ yields:

dσK−p→Pcs(4459)0→J/ψΛ[
√
s, pJ/ψ]

dEJ/ψ
= 2π

1∫
cos θmax

J/ψ

d cos θJ/ψpJ/ψEJ/ψ
dσK−p→Pcs(4459)0→J/ψΛ[

√
s,pJ/ψ]

dpJ/ψ
=

(79)
= σK−p→Pcs(4459)0(

√
s,Γcs)θ[

√
s− (mJ/ψ +mΛ)]×

×

 √
s

2pK−p
∗
J/ψ

Br[Pcs(4459)0 → J/ψΛ] for E
(2)
J/ψ(0◦) ≤ EJ/ψ ≤ E

(1)
J/ψ(0◦).

Eq. (79) evidently shows that the J/ψ energy spectrum, which arises from the free space produc-
tion/decay chain (61), (62), exhibits a characteristic stepwise (flat) behavior within the allowed
energy range (58), where its dependence on EJ/ψ is completely absent.

3. Results and discussion

The vacuum elementary non-resonant J/ψ production cross section in the reaction K−p→ J/ψΛ,
determined on the basis of Eqs. (29)–(32), and the combined (non-resonant plus resonant (65))
J/ψ production total cross section are depicted in Fig. 5 for the considered spin-parity assign-
ment of the hidden-charm strange resonance Pcs(4459)0. From this figure one can see that the
Pcs(4459)0 state appears as distinct peak at W = 4.4588 GeV in the combined cross section, if
Br[Pcs(4459)0 → J/ψΛ] = 3, 5, 10, 15 and 50%. In these cases, at c.m.s. antikaon energies
around the peak energy the resonant contributions are much larger than the non-resonant ones of
about 1 nb. Therefore, the background reaction will not influence the direct observation of the
hidden-charm strange pentaquark Pcs(4459)0 production at these energies and in these cases. The
peak values of the combined cross section reach a well measurable values ∼ 10 and 100 nb, if
Br[Pcs(4459)0 → J/ψΛ] = 3 and 50%, correspondingly. If Br[Pcs(4459)0 → J/ψΛ] = 1%, then
the resonant and non-resonant J/ψ yields are comparable in the resonance region. It should be
pointed out that the peak strengths of the combined cross section of the reaction K−p→ J/ψΛ for
branching fractions Br[Pcs(4459)0 → J/ψΛ] = 1, 10 and 50% are similar to those determined in the
recent work [43]. In view of the above, it is natural to expect that the Pcs(4459)0 signal could be well
distinguished from the background reaction, if branching ratio Br[Pcs(4459)0 → J/ψΛ] ∼ 3% and
more. To see experimentally such peak structure in the combined total cross section of the reaction
K−p → J/ψΛ 14), it is enough to have the antikaon momentum resolution (and the momentum

14)The J/ψ mesons could be identified via the decays J/ψ → µ+µ− or J/ψ → e+e− with a branching ratios of
about 6% [93].
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Figure 5: (Color online) The non-resonant total cross section for the reaction K−p→ J/ψΛ (solid
curve), calculated on the basis of Eqs. (29)–(32). Incoherent sum of it and the total cross section for
the resonant J/ψ production in the process K−p→ Pcs(4459)0 → J/ψΛ, calculated in line with Eq.
(65) assuming that the resonance Pcs(4459)0 has the spin-parity quantum numbers JP = (3/2)−

and decays to K−p and J/ψΛ with branching fractions 0.01% and 1, 3, 5, 10, 15, 50% (respectively,
dashed, dotted, dashed-dotted, dashed-dotted-dotted, short-dashed and short-dotted curves), as
functions of the center-of-mass energy W =

√
s of the antikaon–proton collisions. The left and

right arrows indicate, correspondingly, the center-of-mass threshold energy of 4.2126 GeV for direct
J/ψ production on a free target proton being at rest and the resonant energy of 4.4588 GeV.

binning) of the order of 10 MeV/c. Thus, the c.m. energy range Mcs−Γcs/2 <
√
s < Mcs+Γcs/2 cor-

responds to the laboratory antikaon momentum region of 9.942 GeV/c < pK− < 10.024 GeV/c, i.e.
∆pK− = 82 MeV/c for the Pcs(4459)0. This means that to resolve the peak in Fig. 5 the K− beam
momentum resolution (and the momentum bin size) of the order of 10 MeV/c are required. This
requirement is expected to be satisfied at the K10 beam line at the J-PARC Hadron Experimental
Facility, where the antikaon incident momentum resolution is assumed to be ∆pbeam/pbeam = 0.1%
or 10 MeV/c for initial K− momentum of 10 GeV/c [41, 42]. Therefore, the high-intensity, high-
momentum and high-resolution K− beam, which will be available at this beam line, will allow to
study the pentaquark state Pcs(4459)0 in the reaction K−p→ J/ψΛ.

The model described above makes it possible to calculate the non-resonant J/ψ energy spectrum
from the considered K−p→ J/ψΛ elementary reaction, the resonant one from the production/decay
sequence (61), (62), proceeding on the free target proton being at rest. They were calculated
according to Eqs. (59), (79), respectively, for incident antikaon momenta of 9 and 10 GeV/c.
The resonant J/ψ energy spectrum was obtained for the considered spin-parity assignment of the
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Figure 6: (Color online) The non-resonant J/ψ energy spectrum in the reaction K−p → J/ψΛ,
calculated on the basis of Eq. (59) at incident antikaon momenta of 9 (left panel) and 10 GeV/c
(right panel) in the laboratory system (respectively, solid curves in the left and right panels). The
resonant J/ψ energy spectrum in the process K−p → Pcs(4459)0 → J/ψΛ, calculated in line with
Eq. (79) at the same incident antikaon momenta of 9 and 10 GeV/c as above, assuming that the
resonance Pcs(4459)0 with the spin-parity quantum numbers JP = (3/2)− decays to J/ψΛ with the
lower allowed relative orbital angular momentum L = 0 with branching fraction 1% (respectively,
short-dashed-dotted curves in the left and right panels). Incoherent sum of the non-resonant J/ψ
energy spectrum and resonant one, calculated assuming that the resonance Pcs(4459)0 with the spin-
parity combination JP = (3/2)− decays to J/ψΛ with the lower allowed relative orbital angular
momentum L = 0 with branching fractions 1, 3, 5, 10, 15 and 50% (respectively, dashed, dotted,
dashed-dotted, dashed-dotted-dotted, short-dashed and short-dotted curves in the left and right
panels), all as functions of the total J/ψ energy EJ/ψ in the laboratory frame. The two vertical
dotted lines in the left and right panels mark the range of kinematically allowed energies of J/ψ
mesons in this frame for the considered direct and resonant J/ψ production on a free target proton
being at rest at given initial antikaon momenta of 9 and 10 GeV/c, respectively.

Pcs(4459)0 resonance for branching fraction Br[Pcs(4459)0 → J/ψΛ] = 1%. These dependences,
together with the incoherent sum of the non-resonant J/ψ energy spectrum and resonant one,
calculated for six employed scenarios for the branching ratio of the decay Pcs(4459)0 → J/ψΛ, as
functions of the J/ψ total energy EJ/ψ are shown, respectively, in left and right panels of Fig. 6. One
can see from this figure that while the resonant J/ψ production cross section shows a flat behavior
at all allowed total energies EJ/ψ, the non-resonant cross section falls off quickly as EJ/ψ decreases.
At near-threshold incident K− beam momentum of 9 GeV/c its strength is substantially larger
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Figure 7: (Color online) The non-resonant J/ψ production total cross sections in the reactions
K−12C→ J/ψX (left panel) and K−184W→ J/ψX (right panel) (solid curves in the left and right
panels), calculated on the basis of Eq. (3). The resonant J/ψ production total cross sections in the
process K−p→ Pcs(4459)0 → J/ψΛ, proceeding on the intranuclear protons of carbon and tungsten
target nuclei. They were obtained in line with Eq. (66), assuming that the resonance Pcs(4459)0

with the spin-parity quantum numbers JP = (3/2)− decays to J/ψΛ with the lower allowed relative
orbital angular momentum L = 0 with branching fraction 1% (respectively, short-dashed-dotted
curves in the left and right panels). Incoherent sum of the non-resonant J/ψ production total
cross sections and resonant ones, calculated assuming that the resonance Pcs(4459)0 with the spin-
parity configuration JP = (3/2)− decays to J/ψΛ with the lower allowed relative orbital angular
momentum L = 0 with branching fractions 1, 3, 5, 10, 15 and 50% (respectively, dashed, dotted,
dashed-dotted, dashed-dotted-dotted, short-dashed and short-dotted curves in the left and right
panels), all as functions of the center-of-mass energy W =

√
s of the free antikaon–proton collisions.

The two arrows in both panels indicate the center-of-mass threshold energy of 4.2126 GeV for direct
J/ψ production on a free target proton being at rest and the resonant energy of 4.4588 GeV.

than that of the resonant J/ψ production cross section, calculated for the value of the branching
ratio Br[Pcs(4459)0 → J/ψΛ] = 1% for all allowed J/ψ total energies. Thus, for example, in this
case for the J/ψ mesons with total energy of 7.0 GeV their non-resonant production cross section
is enhanced compared to the resonant one by a factor of about 15. As a result, the J/ψ meson
combined differential energy distribution reveals some sensitivity to the employed variations in the
branching ratio of the Pcs(4459)0 → J/ψΛ decays only at ”low” (at 6.8–7.0 GeV) J/ψ total energies.
Here, the J/ψ combined yield is enhanced for the values of this ratio of 3, 5, 10, 15 and 50% by
sizeable factors of about 1.3, 1.6, 2.2, 2.8 and 7.0, respectively, as compared to that from the directly
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Figure 8: (Color online) The non-resonant momentum differential cross section for the production
of J/ψ mesons in the reaction K−12C → J/ψX (left panel) and K−184W → J/ψX (right panel)
in the laboratory polar angular range of 0◦–20◦, calculated on the basis of Eq. (33) at incident
antikaon momentum of 9 GeV/c in the laboratory system (solid curves in the left and right panels).
The resonant momentum differential cross section for the production of J/ψ mesons in the two-
step process K−p → Pcs(4459)0 → J/ψΛ, proceeding on the intranuclear protons of carbon and
tungsten target nuclei, in the laboratory polar angular range of 0◦–20◦. It was calculated in line
with Eq. (78) at the same incident antikaon momentum of 9 GeV/c as above assuming that the
resonance Pcs(4459)0 with the spin-parity quantum numbers JP = (3/2)− decays to J/ψΛ with the
lower allowed relative orbital angular momentum L = 0 with branching fraction 1% (short-dashed-
dotted curves in the left and right panels). Incoherent sum of the non-resonant J/ψ momentum
differential cross section and resonant one, calculated assuming that the resonance Pcs(4459)0 with
the spin-parity quantum numbers JP = (3/2)− decays to J/ψΛ with the lower allowed relative
orbital angular momentum L = 0 with branching fractions 1, 3, 5, 10, 15 and 50% (respectively,
dashed, dotted, dashed-dotted, dashed-dotted-dotted, short-dashed and short-dotted curves in the
left and right panels), all as functions of the J/ψ momentum pJ/ψ in the laboratory frame.

produced J/ψ mesons. If Br[Pcs(4459)0 → J/ψΛ] = 1%, then the combined J/ψ yield is practically
indistinguishable from the non-resonant background for all allowed J/ψ total energies. This implies
that in the case of the production and decay of the intermediate Pcs(4459)0 (3/2)− resonance the
differences between the combined results obtained by using a conservative values of the branching
fraction of the decays Pcs(4459)0 → J/ψΛ of 1 and 3%, 3 and 5%, 5 and 10%, 10 and 15% are also
sizeable and experimentally measurable. They are ∼ 20–30%. On the other hand, in the pK− = 10
GeV/c case, the combined yield is entirely caused by the presence of the Pcs(4459)0 resonance in
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Figure 9: (Color online) The same as in Fig. 8, but for the initial antikaon momentum of 10 GeV/c.

J/ψ production and shows, contrary to the previous case, practically flat characteristic behavior
at J/ψ total energies below 9.0 GeV. Its strength is strictly proportional to the branching fraction
Br[Pcs(4459)0 → J/ψΛ]. As a result, the differences between all calculations corresponding to the
adopted options for this fraction, are quite visible and experimentally distinguishable. Therefore,
the J/ψ meson energy differential cross sections measurements in the K−p → J/ψΛ reaction not
only in the resonance, but also in the close to threshold incident K− meson momentum regions
in future high-precision experiments at the J-PARC should provide both further evidence for the
existence of the hidden-charm strange pentaquark Pcs(4459)0 state and also clarify its decay rate.
Since the J/ψ production differential cross sections at beam momentum of 10 GeV/c have a well
measurable absolute values ∼ 1–30 nb/GeV and they are larger than those at antikaon momentum
of 9 GeV/c and for ”low” J/ψ energies by about of one to two orders of magnitude (compare left and
right panels of Fig. 6), the measurements in the resonance region are evidently favored compared
to those in the close to threshold domain.

Excitation functions for the non-resonant production of J/ψ mesons, for their resonant produc-
tion via Pcs(4459)0 resonance formation and its decay to J/ψΛ with branching ratioBr[Pcs(4459)0 →
J/ψΛ] = 1% as well as for the combined (non-resonant+resonant) J/ψ production in K−12C and
K−184W collisions are given, respectively, in the left and right panels of Fig. 7. The latter ones
are calculated using Eqs. (3), (66) and assuming that branching ratio Br[Pcs(4459)0 → J/ψΛ] = 1,
3, 5, 10, 15 and 50%. One can see that the resonant J/ψ production, contrary to the case of the
target proton being at rest (cf. Fig. 5), is smeared out by the Fermi motion of intranuclear protons.
Its strength, calculated for the branching fraction Br[Pcs(4459)0 → J/ψΛ] = 1%, is reduced by a
factor of about ten as compared to that of the non-resonant production for both considered target
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nuclei. Nevertheless, there are a sizeable distinctions between the results for the combined total
J/ψ production cross section corresponding to the considered conservative choices 1 and 3%, 3 and
5%, 5 and 10%, 10 and 15% for the branching ratio Br[Pcs(4459)0 → J/ψΛ] at the c.m.s. beam
energies of interest. They are ∼ 25–30% for the carbon nucleus. In the case of a tungsten target
nucleus these distinctions are somewhat lower, they are ∼ 15–20%. The additional enhancement
in the behavior of the total J/ψ production cross section on both target nuclei, produced by the
Pcs(4459)0 → J/ψΛ decays with the branching ratio of 1%, is small. It is about 10%. This means
that, if the branching fraction Br[Pcs(4459)0 → J/ψΛ] ∼ 3% and more, it can be accurately stud-
ied experimentally in the dedicated experiment at the J-PARC through the charmonium excitation
function measurements not only on the proton target (cf. Fig. 5), but also on the nuclear targets
near the threshold as well as the comparison of their results with the calculations based on the
present model with known total cross section of the direct process (1). Since the J/ψ meson pro-
duction cross sections on 184W nucleus are larger than those on the 12C by a factor of about five,
the collected statistics in the measurements on heavy target nuclei are expected to be substantially
higher than what could be achieved in measurements on the light nuclear targets. This should en-
able an accurate determination of the above fraction in the measurements both on light and heavy
nuclear targets. Evidently, the advantage of these measurements compared to those on the proton
target is that they could be performed with moderate K− beam momentum resolution and, hence,
there is no need to undertake in them a detailed scan of the nuclear J/ψ total production cross sec-
tion in the near-threshold region to provide further evidence for the existence of the hidden-charm
pentaquark Pcs(4459)0 with strangeness and to obtain valuable information on its decay rate to the
J/ψΛ mode.

The momentum dependences of the absolute non-resonant, resonant and combined J/ψ meson
differential cross sections, respectively, from the direct (1), two-step (61), (62) and direct plus two-
step J/ψ production processes in K−12C and K−184W interactions, calculated on the basis of Eqs.
(33), (78) for laboratory angles of 0◦–20◦ and for initial antikaon momenta of 9 and 10 GeV/c, are
depicted, correspondingly, in Figs. 8 and 9. The resonant momentum differential cross section for
the production of J/ψ mesons in the two-step process K−p → Pcs(4459)0 → J/ψΛ, proceeding on
the intranuclear protons of carbon and tungsten target nuclei was obtained for six adopted values of
the branching fraction Br[Pcs(4459)0 → J/ψΛ]. It is seen from these figures that the contribution
to the J/ψ production on both these nuclei, which comes from the intermediate Pcs(4459)0 state,
is much larger than that from the background process (1) in the ”low”-momentum regions of 4–6
GeV/c and 4–7 GeV/c for considered K− beam momenta of 9 and 10 GeV/c, respectively. In them,
the combined yield is entirely governed by the presence of the Pcs(4459)0 state in J/ψ production
and shows practically flat behavior. Its strength is strictly proportional to the branching ratio
Br[Pcs(4459)0 → J/ψΛ] used in the calculations with a value increasing by a factor of about 3 for
both K− beam momenta considered, when going from carbon target to tungsten one. As a result,
the differences between all calculations corresponding to the employed options for this ratio, are
well separated and experimentally distinguishable. Since the ratios between the differential cross
sections for the production of J/ψ mesons by 10 GeV/c K− mesons on 12C and 184W nuclei, and
the cross sections for their production on these target nuclei by 9 GeV/c antikaons in the above
”low”-momentum regions (plateau regions) are only about 1.5, this should enable an accurate
determination of this ratio – at least to distinguish between its conservative options of 1, 3, 5,
10 and 15% – also in the J/ψ meson momentum differential cross section measurements on light
and especially on heavy nuclear targets not only in the resonance region (at momenta of incoming
K− mesons around 10 GeV/c), but also at their momenta belonging to the threshold region (at
momenta ∼ 9 GeV/c). Such measurements could be performed in the future at the J-PARC Hadron
Experimental Facility using the high-intensity separated secondary K− beams.

Taking into account the above considerations, we come to the conclusion that the near-threshold
J/ψ excitation function, energy and momentum distribution measurements in antikaon-induced
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reactions both on protons and on nuclear targets will provide further evidence for the existence of
the pentaquark Pcs(4459)0 resonance and will shed light on its decay rate to the channel J/ψΛ.

4. Conclusions

In this paper we have calculated the absolute excitation functions for the non-resonant, resonant
and for the combined (non-resonant plus resonant) production of J/ψ mesons off protons at incident
antikaon c.m.s. excess energies above the lowest J/ψΛ production threshold below 0.4 GeV by con-
sidering direct non-resonant K−p→ J/ψΛ and two-step resonant K−p→ Pcs(4459)0 → J/ψΛ J/ψ
production channels as well as assuming the spin-parity assignment of the hidden-charm resonance
Pcs(4459)0 with strangeness as JP = (3/2)− within six different scenarios for the branching ratio
Br[Pcs(4459)0 → J/ψΛ] of the decay Pcs(4459)0 → J/ψΛ, namely: Br[Pcs(4459)0 → J/ψΛ] = 1, 3,
5, 10, 15 and 50%. Also, an analogous functions for the production of J/ψ mesons on 12C and 184W
target nuclei at the same near-threshold center-of-mass beam energies as in the case of proton target
have been calculated by considering aforementioned incoherent direct and two-step J/ψ production
processes within a nuclear spectral function approach. Furthermore, the non-resonant J/ψ energy
spectrum from the K−p→ J/ψΛ elementary reaction, the resonant one from the production/decay
sequence K−p → Pcs(4459)0 → J/ψΛ, proceeding on the free target proton being at rest, and
the incoherent sum of the non-resonant J/ψ energy spectrum and resonant one were calculated for
the considered spin-parity assignment of the Pcs(4459)0 resonance and for the adopted branching
fractions of its decay to the J/ψΛ final state at incident antikaon momenta of 9 and 10 GeV/c. In
addition to this, the momentum dependences of the absolute non-resonant, resonant and combined
J/ψ meson differential cross sections from the considered direct, two-step and direct plus two-step
J/ψ production elementary processes in K−12C and K−184W interactions were obtained for lab-
oratory angles of 0◦–20◦ and for initial K− momenta of 9 and 10 GeV/c as well. The combined
momentum differential cross sections for the production of J/ψ mesons in the direct and two-step
processes were determined for six adopted values of the branching fraction Br[Pcs(4459)0 → J/ψΛ].
It was shown that the Pcs(4459)0 state appears as clear narrow independent peak at c.m.s. energy
W = 4.4588 GeV in the combined cross section on proton target, if Br[Pcs(4459)0 → J/ψΛ] = 3,
5, 10, 15 and 50%. The peak values of this cross section reach ten and hundred of nanobarns, if
Br[Pcs(4459)0 → J/ψΛ] = 3 and 50%, respectively. Therefore, a detailed scan of the J/ψ total
production cross section on a proton target in antikaon-induced reactions in the near-threshold en-
ergy region in future high-precision experiments, for example, at the J-PARC should give a further
evidence for the existence of the hidden-charm strange pentaquark state Pcs(4459)0 and clarify its
decay rate to the J/ψΛ channel. It was also demonstrated that the presence of the Pcs(4459)0 pen-
taquark resonance in J/ψ production on nuclei in K−12C and K−184W collisions leads to a sizeable
and experimentally measurable differences (∼ 25–30% for 12C and ∼ 15–20% for 184W) between
the results for the combined total J/ψ production cross section on these nuclei corresponding to
the considered conservative choices 1 and 3%, 3 and 5%, 5 and 10%, 10 and 15% for the branching
ratio Br[Pcs(4459)0 → J/ψΛ] at all c.m.s. beam energies of interest. The additional enhancement
in the behavior of the total J/ψ production cross section on both target nuclei, produced by the
Pcs(4459)0 → J/ψΛ decays with the branching ratio of 1%, is small. It is about 10%. This offers
an indirect possibility of studying of the branching fraction Br[Pcs(4459)0 → J/ψΛ] experimentally
in the future dedicated experiment at the J-PARC via the near-threshold charmonium excitation
function measurements not only on the proton target, but also on the nuclear targets, if it ∼ 3% and
more. It was further shown that also the near-threshold J/ψ energy and momentum distribution
measurements in antikaon-induced reactions, respectively, on protons and on nuclear targets will
provide further convincing evidence for the existence of the pentaquark Pcs(4459)0 resonance and
will shed light on its decay rate to the J/ψΛ final state – at least will help to distinguish between its
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conservative (and realistic) options of 1, 3, 5, 10 and 15%. Such measurements could be performed
in the future at the J-PARC Hadron Experimental Facility as well.
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