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Abstract
We investigate the reactionπ−p → π−J/ψp via the open-charm hadron rescattering diagrams. Due to

the presence of the triangle singularity (TS) in the rescattering amplitudes, the TS peaks can simulate the
pentaquark-like resonances arising in theJ/ψp invariant mass distributions, which may bring ambiguities
on our understanding of the nature of the exotic states. Searching for the heavy pentaquark in different
processes may help us to clarify the ambiguities, because ofthe highly process-dependent characteristic of
the TS mechanism.
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I. INTRODUCTION

The LHCb collaborations recently reported the observations of two resonance-like structures
in the invariant mass spectrum ofJ/ψp in the decayΛ0

b → K−J/ψp, which could be the long-
searching-for pentaquark states [1]. The narrower pentaquark candidatePc(4450) has a mass of
4449.8±1.7±2.5 MeV and a width of 39±5±19 MeV, while the pentaquark candidatePc(4380)
has a mass of 4380±8±29 MeV and a much broader width of 205±18±86 MeV [1]. These
observations have intrigued a lot of studies regarding the underlying structures of the two exotic
states. Many interpretations were proposed in the literature, such as the meson-baryon molecular
states [2–9], the pentaquark states composed of two diquarks and one antiquark (or one diquark
and one triquark) [10–18], the kinematic threshold effects[19–21], and so on. Some production
modes to search for these states were also proposed, such as the photoproduction processes [22–
24], or pion-induced reactions [25–28].

When studying these heavy pentaquark candidates, usually one will confront two issues, i.e.,
what their underlying structures are and how to search for them in experiments. In Ref. [19],
we pointed out that these resonance-like peaks may be resulted from some kinematic threshold
effects, in particular the triangle singularity (TS) mechanism. Some similar studies can also be
found in Refs. [20, 21]. The TS mechanism is a highly process-dependent mechanism, which is
very different from other dynamic mechanisms. This may bring ambiguities on our understanding
of the nature of those exotic states. We therefore need different kinds of processes to check this
mechanism. TheπN collisions could be a promising reaction to search for the heavy pentaquark
or the effects induced by the TS mechanism. An experiment to study the open-charm hadrons has
been proposed at the forthcoming J-PARC high-momentum beamline [29], which may offer a
good opportunity to study the heavy pentaquark.

The paper is organized as follows: In Section II, we will firstly give an introduction to the
TS mechanism; The explicit formalism of our model, including the rescattering diagrams and
the construction of the effective Lagrangians, will be described in Section II (A) and (B); The
numerical results will be given in Section II (C).

II. TS MECHANISM

The possible manifestation of the kinematic singularitiesof theS-matrix elements was first no-
ticed in 1960s and theoretical attempts were made to try to clarify the resonance-like structure, i.e.
whether they are caused by the kinematic singularities or they are genuine resonance peaks [30–
40]. Unfortunately, most of those proposed cases were lack of experimental support at that time.
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FIG. 1: Triangle diagram under discussion. The internal mass which corresponds to the internal momentum
qi ismi (i=1, 2, 3). The momentum symbols also represent the corresponding particles.
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The TS mechanism was rediscovered by people in recent years and used to interpret some exotic
phenomena, such as the largely isospin violations inη(1405)→3π, the production ofa1(1420), the
production of someXY Z particles and so on [41–49]. This mechanism is based on the study of
the analytic properties of theS-matrix. For the triangle rescattering diagram displayed in Fig. 1,
in some special kinematic configurations, all of the three intermediate states can be on-shell si-
multaneously, which corresponds to the leading Landau singularity of the triangle diagram. This
leading Landau singularity is usually called the TS. The physical picture concerning the TS is:
The initial stateska andkb firstly scatter into particlesq2 andq3, then the particleq1 emitted from
q2 catches up withq3, and finallyq2 andq3 will rescatter into particlespb andpc. This implies that
the triangle rescattering diagram can be interpreted as a classical process in pace-time when the
TS occurs, and the TS will be located on the physical boundaryof the scattering amplitude [36].
In Fig. 1, we define the invariantss1 = (ka + kb)

2, s2 = (pb + pc)
2 ands3 = p2a. The locations

of the TS can be determined by solving the Landau equations [50–52]. For instance, if we fix the
internal massesmi, the external invariantss2 ands3, we can obtain the solutions fors1, i.e.,

s±1 = (m2 +m3)
2 +

1

2m2
1

[(m2
1 +m2

2 − s3)(s2 −m2
1 −m2

3)− 4m2
1m2m3

± λ1/2(s2, m
2
1, m

2
3)λ

1/2(s3, m
2
1, m

2
2)], (1)

with λ(x, y, z) ≡ (x− y − z)2 − 4yz. Likewise, by fixingmi, s1 ands3 we can obtain the similar
solutions fors2, i.e.,

s±2 = (m1 +m3)
2 +

1

2m2
2

[(m2
1 +m2

2 − s3)(s1 −m2
2 −m2

3)− 4m2
2m1m3

± λ1/2(s1, m
2
2, m

2
3)λ

1/2(s3, m
2
1, m

2
2)]. (2)

By means of the dispersion representation of the triangle diagram, we learn that within the physical
boundary only the solution ofs−1 or s−2 corresponds to the TS of the amplitude, and we calls−1 and
s−2 as the anomalous thresholds [48, 51, 52]. For convenient, wedefine the normal thresholds1N
(s2N ) and the critical values1C (s2C) for s1 (s2) as follows [48],

s1N = (m2 +m3)
2, s1C = (m2 +m3)

2 +
m3

m1

[(m2 −m1)
2 − s3], (3)

s2N = (m1 +m3)
2, s2C = (m1 +m3)

2 +
m3

m2
[(m2 −m1)

2 − s3]. (4)

If we fix s3 and the internal massesm1,2,3, whens1 increases froms1N to s1C , the anomalous
thresholds−2 will move from s2C to s2N . Likewise, whens2 increases froms2N to s2C , s−1 will
move froms1C to s1N . This is the kinematic region where the TS can be present. We can also
use the discrepancies between the normal and anomalous thresholds to indicate the TS kinematic
region. The maximum values of these discrepancies read

∆max
s1

=
√
s1C −√

s1N ≈ m3

2m1(m2 +m3)
[(m2 −m1)

2 − s3],

∆max
s2 =

√
s2C −√

s2N ≈ m3

2m2(m1 +m3)
[(m2 −m1)

2 − s3]. (5)

If the above discrepancies are larger, usually it may be easier in experiments to observe some
effects induced by the TS in the corresponding rescatteringprocess.
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FIG. 2: π−p→ π−J/ψp via the open-charm hadron rescattering diagrams. The conventions of momentum
and invariants are the same with those of Fig. 1.

III. π−p→ π−J/ψp VIA THE TRIANGLE RESCATTERING DIAGRAMS

A. Possible rescattering processes recognizing the TS

Motived by the observations of the heavy pentaquark candidatesPc(4450) andPc(4380), we are
going to apply the TS mechanism to the charmed meson and baryon systems. We firstly introduce
some notations of the charmed hadrons in relevant with our discussions in Table I.

According to Eq. (5), we learn the point that to enlarge the TSkinematic region, we need to
enlarge the quantity[(m2 − m1)

2 − s3]. Physically, this quantity corresponds to the phase space
factor of the particleq2 decaying into particlespa andq1 in Fig. 1. However, the larger phase space
usually implies that the particleq2 will be more unstable, and if the intermediate state has a very
large decay width, the TS will be removed far away from the physical boundary, which will weaken
the influence of the TS over the physical amplitude [35, 43–45]. We therefore need a balance
between the phase space and the stability of the intermediate state. In another word, to observe the
resonance-like peaks induced by the TS, we will require thatthe phase space ofq2 decaying into
pa andq1 is relatively large, and at the same timeq2 should not be a very broad resonance. Taking
into account the above requirements, some possible rescattering processes where the TS may be
detected are illustrated in Fig. 2 for the pion-induced reaction π−p→ π−J/ψp.
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TABLE I: Properties and notations of the charmed hadrons in relevant with our discussion. The experimen-
tal values are taken from the Particle Data Group (PDG) [53].

Particle in PDGNotation JP Mass [MeV] Width [MeV]

Λ+
c Λ+

c
1
2

+
2286.46±0.14

Λc(2595)
+ Λ+

c1
1
2

−
2592.25± 0.28 2.6±0.6

Λc(2625)
+ Λ∗+

c1
3
2

−
2628.11±0.19 <0.97

Σc(2455)
++ Σ++

c
1
2

+
2453.98±0.16 2.26±0.25

Σc(2455)
+ Σ+

c
1
2
+

2452.9±0.4 <4.6

Σc(2455)
0 Σ0

c
1
2

+
2453.74±0.16 2.16±0.26

Σc(2520)
++ Σ∗++

c
3
2
+

2517.9±0.6 14.9±1.5

Σc(2520)
+ Σ∗+

c
3
2

+
2517.5±2.3 <17

Σc(2520)
0 Σ∗0

c
3
2
+

2518.8±0.6 14.5±1.5

Σc(2800)
++ Σ++

c2
3
2

−
? 2801+4

−6 75+22
−17

Σc(2800)
+ Σ+

c2
3
2

−
? 2792+14

−5 62+60
−40

Σc(2800)
0 Σ0

c2
3
2

−
? 2806+5

−7 72+22
−15

D0 D0 0− 1864.84±0.07
D± D± 0− 1869.61±0.10

D∗(2007)0 D∗0 1− 2006.96±0.10 <2.1
D∗(2010)± D∗± 1− 2010.26±0.07 0.0834± 0.0018
D1(2420)

0 D0
1 1+ 2421.4±0.6 27.4±2.5

D2(2460)
0 D0

2 2+ 2462.6±0.6 49.0±1.3
D2(2460)

± D±
2 2+ 2464.3±1.6 37±6

In Fig. 2, the rescattering diagramsπ−p → D̄Yc → π−J/ψp are divided into four categories
according to the quantum numbers of the intermediate anti-charmed meson̄D and charmed baryon
Yc, i.e.,

I) (a1)-(a3): BothD̄ andYc areS-wave states,

II) (b1)-(b4): D̄ is aP -wave state andYc is anS-wave state,

III) (c1)-(c2): D̄ is anS-wave state andYc is aP -wave state,

IV) (d1)-(d3): BothD̄ andYc areP -wave states.

The kinematic regions where the TS can be present are listed in Table. II for each of these diagrams.
From Table II, we can see that the diagrams of Fig. 2 which involve D̄1, D̄2 or Σc2 in the loops
have the relatively lager TS kinematic regions. This is because the phase spaces forD̄1 → D̄∗π,
D̄2 → D̄(∗)π andΣc2 → Λcπ/Σ

(∗)
c π are sizable, as discussed in the above section.

B. Formalism

To quantitatively estimate the rescattering amplitudes corresponding to Fig. 2, we will build
our model in the framework of heavy hadron chiral perturbation theory (HHChPT) [54–61].
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TABLE II: The TS kinematic regions corresponding to the diagrams in Fig. 2, in the unit of MeV.

Diagram #
√
s1N

√
s1C ∆max

s1

√
s2N

√
s2C ∆max

s2

(a1) 4317.74318.5 0.773 4151.44152.1 0.75
(a2) 4459.94460.7 0.806 4293.54294.3 0.78
(a3) 4524.54527.7 3.28 4293.54296.7 3.14
(b1) 4708.04726.3 18.4 4293.54310.2 16.7
(b2′) 4750.94794.5 43.7 4151.44189.2 37.8
(b2′′) 4750.94773.5 22.7 4293.54314.0 20.4
(b3) 4874.34893.4 19.1 4459.94477.1 17.3
(b4′) 4917.24962.4 45.2 4317.74356.7 39.0
(b4′′) 4917.24940.7 23.5 4459.94481.0 21.1
(c1′) 4665.84687.2 21.4 4151.44171.0 19.6
(c1′′) 4665.84674.1 8.28 4317.74325.6 7.83
(c1′′′) 4665.84670.7 4.83 4382.34387.0 4.62
(c2′) 4808.04830.3 22.3 4293.54313.9 20.4
(c2′′) 4808.04816.6 8.65 4459.94468.0 8.16
(c2′′′) 4808.04813.0 5.05 4524.54529.3 4.82
(d1) 5013.75033.2 19.6 4599.24616.9 17.7
(d2) 5049.55069.2 19.7 4635.14652.9 17.8
(d3′) 5092.45139.2 46.8 4493.04533.1 40.2
(d3′′) 5092.45116.7 24.3 4635.14656.8 21.8

In HHChPT, to encode the heavy quark spin symmetry (HQSS), the charmed meson doublets
(D, D∗) and(D1, D2) are collected into the following superfields

H1a =
1 + /v

2
[D∗

aµγ
µ −Daγ5], (6)

H2a = [D̄∗
aµγ

µ + D̄aγ5]
1− /v

2
, (7)

T µ
1a =

1 + /v

2

{

Dµν
2a γν −

√

3

2
D1aν

×γ5
[

gµν − 1

3
γν(γµ − vµ)

]}

, (8)

T µ
2a =

{

D̄µν
2a γν +

√

3

2
D̄1aν

×γ5
[

gµν − 1

3
γν(γµ − vµ)

]}

1− /v

2
, (9)

H̄1a,2a = γ0H†
1a,2aγ

0, T̄1a,2a = γ0T †
1a,2aγ

0, (10)
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whereH2a (T2a) is the charge conjugate field ofH1a (T1a), anda is the light flavor index. The
charmed baryonsΛc, Λc1, Λ∗

c1, Σc, Σ∗
c andΣc2 are collected in the following superfileds

Ti =
1

2
ǫijk

1 + /v

2
(B3̄)jk, (11)

Rµ =
1√
3
(γµ + vµ)γ5

1 + /v

2
Λ+

c1 +
1 + /v

2
Λ∗+

c1µ, (12)

Sij
µ =

1 + /v

2
B∗ij

6µ +
1√
3
(γµ + vµ)γ5

1 + /v

2
Bij

6 , (13)

X ij
µν =

1√
10

[

(γµ + vµ)γ5g
α
ν + (γν + vν)γ5g

α
µ

]

X ij
α , (14)

with the matrices

(B3̄)ij =





0 Λ+
c Ξ+

c

−Λ+
c 0 Ξ0

c

−Ξ+
c −Ξ0

c 0





ij

, (15)

(B6)ij =





Σ++
c

1√
2
Σ+

c
1√
2
Ξ′+
c

1√
2
Σ+

c Σ0
c

1√
2
Ξ′0
c

1√
2
Ξ′+
c

1√
2
Ξ′0
c Ω0

c





ij

, (16)

(X)ij =





Σ++
c2

1√
2
Σ+

c2
1√
2
Ξ′+
c2

1√
2
Σ+

c2 Σ0
c2

1√
2
Ξ′0
c2

1√
2
Ξ′+
c2

1√
2
Ξ′0
c2 Ω0

c2





ij

. (17)

For the charmed hadron decaying into one pion and another charmed hadron, we have the
following effective Lagrangians which respect the HQSS:

Lmeson= i
h′

Λχ
Tr
[

H̄2aT
µ
2bγ

νγ5(DµAν +DνAµ)ba
]

+ h.c., (18)

Lbaryon = −
√
3g2Tr

[

B̄3̄AµSµ + S̄µAµB3̄

]

+ ih10ǫijkT̄i(DµAν +DνAµ)jlX µν
kl

+ h11ǫµνσλv
λTr

[

S̄µ(DνAα +DαAν)X ασ
]

, (19)

whereAµ is the chiral axial vector containing the Goldstone bosons

Aµ =
i

2

(

ξ†∂µξ − ξ∂µξ
†) , (20)

with

ξ = eiM/fπ , M =







1√
2
π0 + 1√

6
η π+ K+

π− − 1√
2
π0 + 1√

6
η K0

K− K̄0 −
√

2
3
η






, (21)
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and the covariant derivative is defied asDµ=∂µ + Vµ, with the chiral vector

Vµ =
1

2

(

ξ†∂µξ + ξ∂µξ
†) . (22)

The reader is also referred to Refs. [57–61] for more detailsconcerning these effective La-
grangians. The coupling constants in the above interactions can be determined by the corre-
sponding decay widths measured in experiments. We adopt theaveraged values estimated in
Refs. [59, 61, 62],

h′ = 0.43, (23)

g2 = 0.565, (24)

|h10| = 0.85. (25)

By means of the quark model, the couplingsh10 andh11 will satisfy the relation|h11|=
√
2|h10|

[58]. The chiral symmetry breaking scale is set toΛχ=1 GeV, and the pion decay constant is taken
asfπ= 132 MeV. From Eqs. (18) and (19), one may notice that the dominant two-body decay
modesD̄1 → D̄∗π, D̄2 → D̄(∗)π andΣc2 → Λcπ/Σ

(∗)
c π are actuallyD-wave decays due to

the HQSS and the angular momentum conservation, which makesthe decaying particles become
relatively stable, although the phase spaces of these decaymodes are large enough. This is one
important advantage to be able to observe the effects resulted by the TS mechanism.

The effective Lagrangian in relevant with the vertexD̄Yc → J/ψp takes the form

Lct = gΛc
N̄H2J̄T3 + gΣc

N̄γµγ5H2J̄Sµ + igΛc1
∂µN̄H2J̄Rµ, (26)

whereN̄ is the isospin doublet(p̄, n̄), andJ indicates theS-wave charmonia

J =
1 + /v

2
[ψ(nS)µγµ − ηc(nS)γ5]

1− /v

2
,

J̄ = γ0Jγ0. (27)

For these short range interactions, from the dimensional analysis, it is expected that the couplings
gΛc

(gΣc
) andgΛc1

are of the order of magnitude ofm−2
D andm−3

D respectively, wheremD is the
mass of theD meson. Notice that in HHChPT, the heavy filedH2 (J) in Eq. (26) will contain a
factor

√

MH2
(
√
MJ ) for normalization. In addition, we will estimate the scattering amplitudes in

the static limit , which means the four velocity is set tov = (1, 0, 0, 0).
For the vertexπ−p → D̄Yc in Fig. 2, the effective interactions involving the fewest derivatives
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are constructed as follows:

La1 =
ga1
2mD

D τ · π τ · Σ̄c N, (28)

La2 =
ga2
2mD

D
∗
µ τ · π τ · Σ̄cγ5γ

µN, (29)

La3 =
ga3
2mD

D
∗
µ τ · π τ · Σ̄∗µ

c
N, (30)

Lb1 =
igb1√
2m2

D

D
µ
1 τ · ∂µπ Λ̄c N, (31)

Lb2 =
igb2√
2m2

D

D
µν
2 τ · ∂µπ Λ̄cγ5γνN, (32)

Lb3 =
igb3
2m2

D

D
µ
1 τ · ∂µπ τ · Σ̄c N, (33)

Lb4 =
igb4
2m2

D

D
µν
2 τ · ∂µπ τ · Σ̄cγ5γνN, (34)

Lc1 =
igc1
2m2

D

D τ · ∂µπ τ · Σ̄µ
c2
N, (35)

Lc2 =
igc2
2m2

D

D
∗
µ τ · ∂νπ τ · Σ̄µ

c2
γ5γ

νN, (36)

Ld1 =
gd1√
2mD

D
µ
1 τ · π Λ̄c1γ5γµN, (37)

Ld2 =
gd2√
2mD

D
µ
1 τ · π Λ̄∗

c1µ N, (38)

Ld3 =
gd3√
2mD

D
µν
2 τ · π Λ̄∗

c1µγ5γνN, (39)

whereτ , D andN represent the usual Pauli matrix, isospin doublets(D0, D+) and(p, n)T , re-
spectively. To our knowledge there is little information about the open-charm hadron near thresh-
old production inπN collisions, both in experiments and theories. The only available data come
from the BNL more than thirty years ago, where the upper limitfor each of the cross sections
σ(π−p → D∗−Λ+

c ) andσ(π−p → D∗−Σ+
c ) at 13 GeV pion-beam energy is about 7 nb [63].

In Refs. [64, 65], the authors estimated that the cross sections for the open-charm hadron near
threshold production are at the order of magnitude of 1 nb, bymeans of an effective Lagrangian
method and a Regge approach. A similar production rate was predicted within the generalized
parton picture in Ref. [66]. The charmed baryon production cross section of 1 nb was also as-
sumed for the J-PARC experimental design [29]. To determinethe coupling constantsga1–gd3, we
therefore assume that each of the cross sectionsσ(π−p → D̄Yc) is 1 nb at 20 GeV pion-beam
energy. According to this assumption, the estimated coupling constants are listed in Table III.

We should mention that the above estimations on the couplingconstants of the two contact
interactionsπ−p→ D̄Yc andD̄Yc → J/ψp will have larger uncertainties, and we only expect that
those crude estimations will make sense in the order of magnitude. Nevertheless, when the TS
being present in the rescattering amplitude, the line-shape behavior of the corresponding invariant
mass spectrum will mainly depend on the kinematics, which ismodel-independent.

Because there may be unstable particles appearing in the triangle rescattering diagrams, in
order to account for the width effects of the intermediate states, we will adopt the Breit-Wigner
type propagators when calculating the triangle loop integrals [35]. For instance, for the spin-0
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TABLE III: Coupling constantsga1 − gd3 adopted in our calculations, in the unit of 1.

ga1 ga2 ga3 gb1 gb2 gb3
0.035 0.020 0.025 0.024 0.018 0.023
gb4 gc1 gc2 gd1 gd2 gd3

0.017 0.027 0.009 0.024 0.026 0.029

charmed mesonD and spin-1
2

charmed baryonYc, the propagators read

G
(0)
D =

i

q2D −m2
D + i mDΓD

, (40)

and

G
( 1
2
)

Yc

=
i mYc

(1 + /v)

q2Yc

−m2
Yc

+ i mYc
ΓYc

, (41)

respectively. The propagators of other higher-spin charmed hadrons will take the similar for-
malisms with different spin projection operators. The Rarita-Schwinger spin wave functions for
particles of arbitray spin will be used in calculations [67–70]. The Breit-Wigner type propagator
will remove the TS from the physical boundary by a small distance, if the corresponding decay
width Γ is smaller [35, 40].

C. Numerical results

To observe the effects induced by the TS mechanism, we are particularly interested in the en-
ergy regions where the center-of-mass (CM) energies ofπ−p are located close to thēDYc thresh-
olds for the reactionπ−p → π−J/ψp. The numerical results for the invariant mass distributions
of J/ψp in the processπ−p → π−J/ψp via different triangle rescattering diagrams are displayed
in Fig. 3. For each of the diagrams in Fig. 2, the differentialcross section is calculated at the
correspondingD̄Yc threshold, and we did not take into account the interferenceterms between
different diagrams. For instance, theJ/ψp distribution displayed in Fig. 3 (a1) is calculated at√
s1=mD0 +mΣ0

c

, and only the contribution from the diagram of Fig. 2 (a1) is taken into account.
This is because for most of the diagrams in Fig. 2, the kinematic regions of the TS ins1 are well
separated, which can be seen from Table II. If we fix

√
s1 at one specific̄DYc threshold, usually

the TS ins2 can only be present in one of the diagrams, the contributionsfrom other diagrams
can then be taken as the background. Besides, the relative coupling strength and phases among
those diagrams are actually not well determined in our model. However, for the diagrams in Fig. 2
of which the pertinent couplings are constrained by the HQSS, such as diagrams (b2′) and (b2′′),
(b4′) and (b4′′), (c1′′) and (c1′′′), (c2′′) and (c2′′′), or (d3′) and (d3′′), the interference terms have
been included in calculations.

In Fig. 3, one may notice that many resonance-like peaks arise in theJ/ψp invariant mass dis-
tributions, and these peaks stay around theD̄(∗)Λc, D̄(∗)Σc, D̄(∗)Σ∗

c , D̄
∗Λc1 or D̄(∗)Λ∗

c1 threshold.
Besides, due to multiple decay modes of the intermediate state (particleq2 in Fig. 1), one may
observe two or three peaks at the same CM energy ofπ−p collisions, such as in Figs. 3 (b2),
(b4), (c1), (c2) and (d3). However, we did not introduce any genuine “pentaquarks” in the current
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TABLE IV: Total cross section ofπ−p→ π−J/ψp via the rescattering diagram in Fig. 2 at the correspond-
ing D̄Yc threshold.

Diagram #Cross Section [nb]

(a1) 0.003
(a2) 0.015
(a3) 0.011
(b1) 0.153
(b2) 0.056
(b3) 0.330
(b4) 0.113
(c1) 0.032
(c2) 0.166
(d1) 0.016
(d2) 0.024
(d3) 0.056

model. These peaks are just induced by the TSs of the rescattering amplitudes, which implies a
non-resonance explanation of the pentaquark candidate. Inaddition, because of the proximity of
these TS peaks to the meson-baryon thresholds, they may mix with the meson-baryon molecular
states, which are supposed to be genuine resonances, if those molecular states truely exist.

The line shapes of the invariant mass spectrum in Fig. 3 mainly depend on the kinematic con-
figurations of the corresponding loop integrals, which willnot be affected too much by the explicit
coupling formalisms of the rescattering diagrams. However, if the backgrounds are extremely
large compared with the contributions from the rescattering diagrams, the resonance-like peaks
induced by the TS in Fig. 3 may be absent. Here we use the word “background” to indicate the
contributions from the processes without theD̄Yc rescatterings for the reactionπ−p→ π−J/ψp.

The production cross sections of the reactionπ−p→ π−J/ψp via the rescatterings at different
D̄Yc thresholds are listed in Table IV. Those estimated cross sections are of the order of magnitude
of 10−3 to 10−1 nb, which are not very large. One of the reasons is that we assume relatively lower
production rates of the open-charm hadrons inπN collisions. But taking into the high luminosity
of the forthcoming J-PARC experiments, some effects induced by the TS mechanism may still be
observed.

IV. SUMMARY

In this paper, we investigated the reactionsπ−p→ π−J/ψp via the open-charm hadron rescat-
terings. When the CM energies being taken around theD̄Yc thresholds, the TS may be present
close to the physical boundary of the rescattering amplitudes. The TS peaks can then simulate the
genuine resonances, which implies the possibility that some of the resonance-like peaks observed
in experiments are resulted by the kinematic singularities. Being different from the genuine reso-
nances, the TS peaks are rather sensitive to the kinematic configurations of the pertinent production
processes. If the kinematic conditions of the TS are not satisfied, there will be no peaks appearing
in the physical amplitudes. However, one would expect that the genuine state should also appear
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FIG. 3: Invariant mass distributions ofJ/ψp in π−p → π−J/ψp via the open-charm hadron rescattering
diagrams in Fig. 2.W andEbeam represent the CM energy

√
s1 and the corresponding pion-beam energy

in the laboratory frame, respectively.

in the processes where the kinematic conditions of the TS arenot fulfilled. The presence of the
TS means that a combined study of the TS mechanism and other dynamic processes are neces-
sary. This should be crucial for our better understanding ofthose threshold enhancements. The
forthcoming J-PARC pion-induced experiment may offer us a good opportunity to check different
kinematic or dynamic mechanisms and clarify the ambiguities, with its high luminosity.
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