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Investigation of Exotic Baryons via Hadronic Scattering Processes

Dayoung Lee

Department of Physics, The Graduate School,

Pukyong National University

Abstract

This study aims to explore the possible existence of exotic hadrons, such as

tetraquarks and pentaquarks, predicted by quantum chromodynamics (QCD). We

employ the effective Lagrangian approach based on the tree-level Born approxi-

mation, combined with the Regge trajectory method. First, in the K+n → K∗0n

reaction, we focus on a potential S = +1 excited resonance P+∗
0 ≡ P ∗

0 , which is

presumed to belong to the extended vector-meson–baryon (VB) antidecuplet. The

P ∗
0 is characterized by MP ∗

0
≈ 2.5 GeV and ΓP ∗

0
≈ 100 MeV. An experimental

method is proposed to enhance the signal-to-noise (S/N) ratio, and the spin-parity

is analyzed through recoil-proton spin asymmetry. Next, The p̄p → ϕϕ reaction is

studied to investigate OZI violation at the hadronic level. Scalar and tensor mesons

generate a peak near Ecm = 2.2 GeV, while nucleons and their resonances domi-

nate near the threshold. Cusp structures arise from the Λ̄Λ and Σ̄Σ channels. The

spin density matrix elements (SDMEs) provide insight into the individual hadronic

contribution. Lastly, we also consider various nucleon resonances in the π−p→ ϕn

reaction, which involves a OZI-violating mechanism. Sub-threshold nucleon reso-

nances are crucial for reproducing the total cross section. The data near Ecm = 2.15

GeV cannot be explained by known nucleon resonances, leading to the introduction

of a hypothetical state that also reproduces the photoproduction data. Overall, this

work provides theoretical support for the possible existence of exotic hadrons and

offers concrete predictions that may guide future experimental searches for such

states.
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하드론 산란 과정을 통한 별난 바리온에 대한 연구

이 다 영

국립 부경대학교 대학원 물리학과

요약

본 연구는 양자색역학 (QCD)에 의해 생성될 수 있는 네쿼크(tetraquark), 다섯쿼

크(pentaquark)와 같은 별난 하드론의 존재 가능성을 탐구하는 것을 목적으로 한다.

이를 위해 나뭇가지 준위(tree-level)에서의 보른 근사를 기반으로 한 유효 라그랑지언

방법과 레제 궤적 기법을 사용하였다. 첫번째로 K+n → K∗0n 반응에서는 확장된

벡터 중간자-중입자(VB) 반십중(antidecuplet)에 속하는 S = +1 공명의 들뜬 상태

P+∗
0 ≡ P ∗

0에 대한 분석에 집중한다. 이 상태는 MP ∗
0
≈ 2.5 GeV, ΓP ∗

0
≈ 100MeV

의 특성으로 설명되었다. 신호대잡음비 (S/N)를 향상시키기 위한 실험적 방법을 고

안하였으며, 되튐(recoil)-양성자 스핀 비대칭 계산을 통해 스핀 홀짝성을 분석하였다.

다음으로 OZI 규칙을 명시적으로 위반하는 반응인 p̄p→ ϕϕ를 강입자 자유도에서 분

석하였다. 스칼라 및 텐서 중간자는 Ecm = 2.2 GeV 부근의 봉우리 구조를 형성하고,

핵자와그공명상태는문턱에너지부근에서 중요한기여를가진다. Λ̄Λ와 Σ̄Σ 채널의

열림은 뾰족 구조(cusp structure)의 원인으로 작용한다. 편광 관측 가능한 스핀 밀도

행렬 요소 (SDMEs) 분석을 통해 개별 기여를 구분할 수 있음을 보였다. 마지막으로,

p̄p → ϕϕ 반응과 유사하게 π−p → ϕn 반응에서도 다양한 핵자 공명을 고려하였고,

실험 결과를 재현하기 위해서는 문턱 아래(sub-threshold) 핵자 공명이 주요하게 작

용함을 확인하였다. 특히 Ecm = 2.15 GeV 부근의 실험값은 기존 핵자 공명만으로

설명할 수 없어, 가정된 핵자 공명을 도입하였다. 이 공명은 본 반응뿐 아니라 광생성

반응에서도 실험 데이터를 성공적으로 재현한다. 본 연구는 별난 바리온의 존재 가

능성을 이론적으로 뒷받침하고, 실험적 관측을 위한 구체적인 예측값을 제시하였다.

이러한 결과는 향후 관련 실험을 통한 별난 하드론들의 연구에 기여할 수 있을 것으로

기대된다.
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I Introduction

Quantum Chromodynamics (QCD) is the fundamental theory of the Standard

Model that governs the strong interaction between quarks and gluons in the nonper-

turbative regime. Formulated as a non-Abelian color-SU(3) gauge theory, QCD ex-

hibits two key features: confinement and asymptotic freedom. The simplest hadrons

are color-singlet combinations such as baryons (qqq) and mesons (qq̄), but more

exotic structures like pentaquarks (qqqqq̄) and tetraquarks (qqq̄q̄) are also theo-

retically allowed. Experimental evidence for such exotic states has been reported

continuously over the past several decades.

In 2003, the Belle experiment observed the tetraquark candidate X(3872), which

cannot be explained by the conventional quark model [1]. This state was later

confirmed by various experiments, including LHCb [2] and CMS [3]. Belle also

reported additional exotic candidates such as Y (4660) and Z(4430) [4], followed

by the discovery of many other tetraquark states [5]. In the baryon sector, the

P+
c (4312, 4440, 4457) states, which decay into J/ψp, were observed by LHCb [6].

These are potentially understood as bound states of vector mesons and baryons,

expressed as P+
c ∼ D∗Σc. At the same facility, a new pentaquark state (udscc̄)

containing a strange quark was also discovered through the decay process B− →
J/ψΛp̄ [7].

All experimentally confirmed exotic states so far involve heavy (charm) flavors.

The stability of heavy pentaquarks is explained in terms of color-spin interac-

tions between quarks, which contrast with conventional colorless hadronic interac-

tions [8]. A light-flavor exotic candidate, the S = +1 pentaquark Θ+, was predicted

based on the chiral soliton model [9] and observed by the LEPS experiment [10].

However, its existence remains controversial due to conflicting results across dif-

ferent experiments [11]. In chiral models based on the Weinberg–Tomozawa (WT)

interaction, the repulsive nature of the S = +1 channel makes it difficult to dy-

namically generate such a resonance.

The S = 0 hidden-strangeness state P+
s ∼ uudss̄ ∼ K∗Σ has been proposed as

a structure analogous to the P+
c [12, 13]. It plays a crucial role in explaining the

1



structure observed near Ecm ≈ 2.1 GeV in the γp→ ϕp reaction [14]. In particular,

this state has been shown to successfully reproduce the nontrivial features observed

in the angle-dependent cross section and spin density matrix elements (SDMEs).

The proposed exotic baryon Ps, which carries hidden strangeness like ss̄, is

strongly related to ϕ meson production. The ϕ meson is predominantly composed

of ss̄, and in the p̄p→ ϕϕ reaction, all three valence quarks in the proton can anni-

hilate with their corresponding antiquarks in the antiproton, producing a pure glu-

onic state from which the ϕϕ pair is formed. According to the Okubo–Zweig–Iizuka

(OZI) rule, this process should be strongly suppressed due to the disconnected

quark lines. Therefore, the p̄p → ϕϕ reaction represents a clear example of OZI-

rule violation. While this reaction can be explained through gluon emission or via

a two-step process involving intermediate ωω states, the experimentally observed

cross section, (2–4), µb, is more than two orders of magnitude larger than the

value expected from the ϕ–ω mixing effect [15–17]. This significant discrepancy

may be explained by the involvement of resonant gluonic states such as glueballs,

strongly coupled s̄s four-quark states [18, 19], instanton-induced interactions [20],

or hadronic rescattering mechanisms.

It has also been proposed that strange quarks can be directly knocked off from

the q̄q sea of the proton and antiproton, leading to the production of a ϕϕ pair. The

strangeness content of the proton and antiproton, such as the 1S0 s̄s component,

may result in ϕϕ production through shake-out or rearrangement processes [21].

Importantly, since this mechanism involves quark diagrams associated with higher

Fock-space components in the nucleon wave function, it does not violate the OZI

rule.

The study by Lu et al. suggested that rescattering effects via triangle diagrams

involving intermediate K̄K, ηη, and ππ states can contribute to double-ϕ produc-

tion [22]. These processes enable ϕϕ production without violating the OZI rule,

and a complete calculation is necessary for precise predictions in future studies.

The π−p→ ϕn reaction involves the ϕNN vertex and thus shares the same OZI-

violating mechanism as the aforementioned double-ϕ production. This makes the
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reaction a useful probe for exploring the possible existence of the exotic baryon Ps

and provides an experimental and theoretical platform for calculating quantitative

observables such as the scattering length. Moreover, based on the strong ϕNN∗

coupling [12], this process allows for the investigation of various N∗ resonances.

This study aims to investigate the possible existence and properties of various

exotic baryons through the analysis of the following three reactions.

In the K+n → K∗0p reaction, we investigate the possibility that a light pen-

taquark state exists as a bound or resonant state within the framework of vector-

meson–baryon (VB) interactions, based on current theoretical developments. Al-

though direct support from chiral dynamics is limited, the existence of such a state

has been suggested in the S = +1 channel [23]. Focusing on the peak-like structure

observed near
√
s ≈ 2.5 GeV, we interpret it as a signal of an excited pentaquark

state, P ∗+
0 ≡ P ∗

0 , considered to be a member of the extended VB antidecuplet

as proposed in previous studies [13]. This state is considered to be a member of

the extended VB antidecuplet, as proposed in previous studies [13]. Building upon

previous studies of the Ps state [12, 13], we extend the classification of possible

states according to the number of strange quarks: P0 ∼ qqqqs̄, P1 ≡ Ps ∼ qqqss̄,

P2 ≡ Pss ∼ qqsss̄, and P3 ≡ Psss ∼ qssss̄, where q denotes light flavor-SU(2)

quarks (u and d).

Based on earlier works [12, 13], we assign the mass of the S = 0 ground state

Ps to be approximately 2.071 GeV. Considering a typical mass spacing within

the antidecuplet [9], the mass of the S = +1 ground state P0 is estimated to be

around 1.89 GeV. Consequently, the peak observed near 2.5 GeV is interpreted

as a resonance, denoted as P ∗
0 (2500). This reaction offers several experimental

advantages: all final-state hadrons are detectable, the Fermi motion effect from the

deuteron target is minimized, and the vector meson polarization enables spin-parity

analysis.

To analyze this process, we perform a tree-level calculation based on the effective

Lagrangian method, incorporating Reggeized π exchange in the t-channel, Λ(1116)

exchange in the u-channel, and phenomenological form factors reflecting the spatial

3



extension of hadrons. A relativistic Breit–Wigner term with MR = 2.5 GeV and

ΓR = 100 MeV is introduced to model the resonance contribution. The results show

that the reaction is dominated by the s-channel resonance, t-channel π exchange,

and u-channel Λ exchange. Due to the lack of precise data, we explore several

spin-parity assignments (JP = 1/2±, 3/2±), all of which qualitatively reproduce

the peak structure. To improve the signal-to-noise (S/N) ratio, we propose specific

scattering angle and polarization conditions (θK∗ ≈ 0, kK · ϵK∗ ≈ 0), which can be

tested in kaon beam experiments with energies around 3.0 GeV, such as at the K1.8

beamline of J-PARC. We also suggest recoil-proton spin asymmetry as a method

for determining the spin-parity of the proposed resonance.

In the p̄p→ ϕϕ reaction, we analyze the OZI-rule–violating process within the

framework of hadronic degrees of freedom using the effective Lagrangian method at

the tree-level Born approximation. Although contributions from quark and gluon

dynamics, such as glueball states, may be relevant, our study focuses exclusively

on meson and baryon exchange diagrams. Specifically, we include ground-state

nucleons and s-wave resonances (N∗(1535, 1650, 1895)) in the t- and u-channels, as

well as scalar and tensor mesons (f0, f2) and a pentaquark-like state Ps(2071, 3/2
−)

in the s-channel.

Despite the expected suppression from the OZI rule, the ϕNN coupling (gϕNN =

−1.47) is sizable, approximately 10% of the OZI-allowed coupling gωNN in the Ni-

jmegen model [24]. This observation can be interpreted within the framework of

vector-meson–baryon coupled-channel dynamics [12]. Previous studies have shown

that the t-channel exchange of N∗(1535) [25] and the s-channel exchange of scalar

and tensor mesons f0 and f2 [26,27] are essential for explaining the bump structure

observed near W ≈ 2.2 GeV.

According to the results of this study, the total cross section near the thresh-

old increases significantly due to the contributions from the nucleon (N) and its

resonances (N∗). The scalar and tensor mesons, f0 and f2, generate a distinct

peak structure around W = 2.2 GeV, which qualitatively agrees with the JET-

SET experimental data. Additionally, the openings of the Λ̄Λ and Σ̄Σ channels
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lead to nontrivial cusp structures, while the contributions from η and Ps are found

to be negligibly small. Polarization observables were calculated by considering the

spin density matrix elements (SDMEs) of the final ϕϕ state, providing a valuable

tool for extracting information about the resonance couplings. These polarization

observables, together with the unpolarized cross section, play a crucial role in con-

straining the reaction mechanism. If future experiments confirm the violation of

the OZI rule, an amplitude analysis including spin-dependent observables will be

essential. This study provides the theoretical foundation for such investigations.

In the π−p → ϕn reaction, we investigate the possible existence of various N∗

resonances and the pentaquark state Ps. This reaction involves an OZI-violating

ϕNN∗ vertex, making it a suitable channel to explore exotic baryons. The numerical

analysis is performed using the effective Lagrangian method within the tree-level

Born approximation. It is found that subthreshold N∗(1535, 1650, 1895) resonances

in the s- and u-channels play a significant role in reproducing the total cross section.

However, the experimental data near Ecm ≈ 2.15 GeV cannot be explained

solely by known N∗ resonances. To address this, we introduce a hypothetical res-

onance, N∗(2150), which not only reproduces the π−p → ϕn data but also suc-

cessfully describes the γp→ ϕp data, supporting its possible existence. Although ρ

and b1 meson exchanges and their corresponding Regge trajectory effects are also

included in the t-channel, the dip-like structure observed in the data cannot be

explained without the inclusion of N∗ contributions.

Moreover, since the theoretical value of the scattering length for this reaction is

not yet established, we aim to provide predictions through further studies, including

the analysis of spin density matrix elements (SDMEs). This approach may serve

as a key theoretical foundation for understanding the properties of the pentaquark

state Ps and the structure of the ϕN interaction.

This study is organized as follows. In Sec. II, we investigate the possible ex-

istence of a pentaquark-like state P+∗
0 in the K+n → K∗0p reaction and propose

an experimental method to clearly observe this resonance. In Sec. III, we analyze

the OZI-violating reaction p̄p → ϕϕ at the hadronic level, including exotic states,

5



and provide a benchmark comparison with experimental data. In Sec. IV, we study

the π−p→ ϕn reaction involving the ϕNN∗ vertex, examining the roles of various

N∗ resonances and the pentaquark state Ps. Finally, in Sec. V, we summarize the

overall findings and discuss future directions.
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II Investigation of the P+∗
0 state via the K+n → K∗0p

Reaction

II.1 Theoretical framework for the K+n → K∗0p reaction

We outline the theoretical framework for the K+n → K0p reaction, which

serves as a basis for exploring the possible existence of exotic states such as P+
0 .

The relevant Feynman diagrams for the process are illustrated in Fig. II.1, where

the four momenta of the particles involved are also defined. The Yukawa interaction

vertices are described as follows:

LPBB′ =
gPBB′

MP
B̄′µΘµν(X)(∂νP )Γ5B + h.c.,

LV BB′ = − igV BB′

MV
B̄′µγν(∂µVν − ∂νVµ)Γ5γ5B + h.c.,

LPBB = igPBBB̄Γ5γ5P
†B + h.c.,

LV BB = gV BBB̄γ
µΓ5V

†
µB + h.c.,

LPPV = igPPV V
µ[P∂µP

† − P †∂µP ] + h.c.,

LPBB =
�fPBB

MP

�
B̄γ5(/∂P )B. (II.1)

Here, B′, B, P , and V denote the fields corresponding to spin-3/2, spin-1/2 baryons,

pseudoscalar, and vector mesons, respectively. We utilize the notation Γ5 = (I4×4, γ5)

to represent the parity (+,−) of B′. The term Θµν(X) signifies the off-shell pa-

rameter X-dependent term within the Rarita-Schwinger formalism [28].

Θµν(X) = gµν +Xγµγν . (II.2)

As illustrated in Fig. II.1, our analysis encompasses the P ∗
0 diagram in the s-

channel, hyperon (Λ(∗), Σ(∗)) exchange in the u-channel, and π exchange in the

t-channel. Given the absence of experimentally confirmed S = +1 baryon states to

date, we exclusively focus on the hypothetical V B pentaquark P ∗
0 . Concerning the

t-channel, while there could be additional meson exchanges, such as the axial-vector

meson b1(1235), we exclude them due to the scant information available regarding
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their decays [11].

K+(k1)

n(p1)

K∗0(k2, ϵ)

p(p2)

P ∗
0

(a) s channel

K+(k1)

n(p1)

K∗0(k2, ϵ)

p(p2)

π+

(b) t channel

K+(k1)

n(p1)

K∗0(k2, ϵ)

p(p2)

Λ(∗), Σ(∗)

(c) u channel

Figure II.1: The relevant Feynman diagrams illustrate the (s, t, u)-channel tree-
level contributions to the K+n → K∗0p process in the Born approximation. Solid
lines represent the nucleon and its resonances, while dashed lines denote scalar and
vector mesons. The four momenta (ki, pi) and polarizations (ϵ) for the vector meson
are also defined.

Following straightforward calculations, the invariant amplitudes for the Feyn-

man diagrams depicted in Fig. II.1 are presented as follows:

iMs
P ∗
0 (s=1/2) = −gK∗NP ∗

0
gKNP ∗

0
ū(p2)Γ5/ϵ

/qs +MP ∗
0

s−M2
P ∗
0
− iMP ∗

0
ΓP ∗

0

γ5Γ5u(p1),

iMs
P ∗
0 (s=3/2) =

igK∗NP ∗
0
gKNP ∗

0

MK∗MK
ū(p2)γ5Γ5(k2µϵν − k2νϵµ)γ

ν

×
�
/qs +MP ∗

0

�
∆µα(qs)

s−M2
P ∗
0
+ iMP ∗

0
ΓP ∗

0

�
gαβ +Xγαγβ

�
kβ1Γ5u(p1),

iMu
Y = −1

2
gKNY gK∗NY ū(p2)Γ5

(/qu +MY )/ϵ

u−M2
Y − iMY ΓY

Γ5γ5u(p1),

iMu
Σ∗(1385) =

i

2

gK∗NΣ∗

MK∗

gKNΣ∗

MK
ū(p2)k

ν
1 (gµν +Xγµγν)

× ḡµα(qu) (/qu +MΣ∗)

u−M2
Σ∗ + iMΣ∗ΓΣ∗

γβ (k2αϵβ − k2βϵα) γ5u(p1),

iMt
π =

2fπNN gPPV

Mπ
u(p2)γ5

/qt(ϵ · k1)
t−M2

π

u(p1). (II.3)

Here, the notation (s, u, t) = (q2s , q
2
u, q

2
t ) denotes the Mandelstam variables. In addi-

tion,M and Γ represent the mass and full decay width of the particle corresponding

to the field. In our calculations, we utilize the spin-1/2 hyperons Y = Λ(1116, 1/2+),

Σ(1192, 1/2+), Λ(1405, 1/2−), and Λ(1670, 1/2−), along with the hyperon reso-

nance Σ∗(1385, 3/2+). The polarization vector of K∗ is represented by ϵµ. The spin
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sum of the Rarita-Schwinger field yields the following expression:

∆µν(q) = −gµν + 1

3
γµγν +

2

3M2
qµqν − qµγν − qνγµ

3M
. (II.4)

To account for the spatial extension of the hadrons, we incorporate a phe-

nomenological form factor, defined as follows:

F (x) =
Λ4

Λ4 + (x−M2
x)
. (II.5)

In this expression, x represents the Mandelstam variable, and Mx denotes the off-

shell mass of the corresponding particle. The cutoff parameter Λ will be adjusted

to accurately reproduce the experimental data.

Given that the available data from Ref. [29] extends up to
√
s ≈ 5 GeV, which

approaches the asymptotic limit s→ ∞, it becomes imperative to account for the

higher-spin states of the exchange particles. To address this, we incorporate the t-

and u-channel Regge trajectories. Following the methodology outlined in Ref. [30],

the u-channel amplitudes for the Λ(1116), Σ(1192), and Σ∗(1385) are adjusted

using the Regge approach, wherein each trajectory α(x) is characterized by the

intercept α′.

M̃u
Λ,Σ(s, u) = CΛ,Σ(u)M′u

Λ,Σ

�
s

sΛ,Σ

�αΛ,Σ(u)− 1
2

Γ

�
1

2
− αΛ,Σ(u)

�
α′
Λ,

M̃u
Σ∗(s, u) = CΣ∗(u)M′u

Σ∗

�
s

sΣ∗

�αΣ∗ (u)− 3
2

Γ

�
3

2
− αΣ∗(u)

�
α′
Σ∗ . (II.6)

Note that the amplitude M′ represents the expression in Eq. (II.3) after removing

the denominator part of the propagator. The trajectories are specified as αΛ(u) =

−0.65+0.94u, αΣ(u) = −0.79+0.87u, and αΣ∗(u) = −0.27+0.9u. Additionally, the

phenomenological momentum-dependent hadronic coefficient is defined as follows:

CY (u) =

�
ηY Λ

2
Y

Λ2
Y − u

�2

. (II.7)
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Finally, the t-channel Reggeized amplitude for the π reads

M̃t
π(s, t) = Cπ(t)M′t

π

�
s

sπ

�απ(t) πα′
π

Γ[αX(t) + 1] sin[παπ(t)]
. (II.8)

Here, hadronic coefficient Cπ(t) is aπ/(1− t/Λ2
π)

2.

II.2 Numerical results and discussions

We present the numerical results for the reaction process along with detailed

discussions. All relevant couplings are established based on experimental data and

theoretical frameworks [11, 12, 31], as summarized in Table II.1, except for those

for P ∗
0 . To streamline our analysis, we denote the combined coupling as gP ∗0 ≡

gK∗NP ∗
0
gKNP ∗

0
hereafter.

Hyperon (Y ) gK∗NY gKNY Combined

Λ(1116, 1/2+) −4.26 −13.4 57.08

Λ∗(1405, 1/2−)
0.2− 2.7i 2.5 + 0.9i 2.93− 6.57i

Λ∗(1670, 1/2−)
−0.2 + 0.8i 0.2− 0.6i −0.52− 0.04i

Σ(1192, 1/2+) −2.46 4.09 −10.06

Σ∗(1385, 3/2+)
−5.48 −6.94 38.03

π fπNN = 0.989 gπKK∗ = 3.76 3.72

Table II.1: Strong couplings for the hyperon and pion vertices and their combina-
tions derived from theoretical models and experimental data [11,12,31].

The Regge parameters and cutoffs for the form factors are provided in Table II.2.

It is important to mention that we adopt X = 0 for simplicity in our analysis in

Eq. II.2.

The cutoffs for the form factors in Eq. (II.5) are chosen to be 1.0 GeV and

0.45 GeV for the (s, t) and u-channels, respectively, by fitting the data as shown in
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Hyperon (Y ) ηY sY [GeV2] ΛY [GeV]

Λ(1116, 1/2+) 2.60 1.21 0.45

Σ(1192, 1/2+) 0.66 1.21 0.45

Σ∗(1385, 3/2+)
0.66 1.21 0.45

π απ = 0.53 sπ = 1.00 Λπ = 1.00

Table II.2: Parameters for the Regge approach and cutoffs for the u- and t- channel
contributions [30].
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Figure II.2: (a) Total cross-sections for the non-resonant contributions as functions
of Ecm, shown separately as the background (BKG). (b) Total cross-sections includ-
ing the four possible spin-parity quantum numbers of the P ∗

0 : J
P = 1/2±, 3/2±.

Experimental data are obtained from various sources, including Refs. [32]. Data
points that deviate from the background description are marked with hollow cir-
cles.

Table II.2. In panel (a) of Fig. II.2, we depict the total cross-sections as functions of

the center-of-mass energy (cm)(Ecm), showcasing the non-resonant u- and t-channel

contributions separately. The lines represent contributions from the total (solid), π

(dotted), Λ(1116) (dashed), Λ(1670) (long-dashed), Λ(1670) (dot-dashed), Σ(1192)

(long-short-dashed), and Σ∗(1385) (long-dot-dashed). Experimental data are ob-

tained from both charged (circle) and neutral (square) channels [32]. We observe

that the Λ(1116) exchange in the u-channel is crucial for reproducing the strength
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of the cross-section near the threshold, while the contributions from other hyper-

ons are almost negligible, as inferred from their coupling strengths with the Regge

coefficients, as depicted in Tables II.1 and II.2. Conversely, the π-exchange contribu-

tion in the t-channel is significant for describing the relatively higher-energy region.

However, these non-resonant contributions fail to explain the peak-like structure

at Ecm ≈ 2.5 GeV. In the figure, data points beyond the description provided by

the background (BKG) are denoted with a hollow circle. Several explanations can

potentially account for the observed peak-like structure in the cross-sections: 1)

Single or combinations of resonances, which are the focus of our current investi-

gation; 2) Opening of meson-baryon scattering channels [33]; 3) Interferences of

scattering amplitudes [34]; and 4) Non-trivial kinematic singularities [35].

Considering the scattering of ground-state vector-meson and baryon multiplets

(8, 10, 1̄0) in the S = +1 channel, the possibility of channel opening appears less

likely due to their masses, which are approximately Mmax = MK∗ +M∆ ≈ 2.12

GeV. Although scatterings involving higher multiplets may contribute, this possi-

bility is beyond the scope of our current investigation. We also explore the interfer-

ences between the u- and t-channel amplitudes with various phase factors, yielding

no significant structures. Another potential source of interference could arise from

crossing the invariant-mass bands on the Dalitz plot for K+n → π+K−p, as a

function of Mπ+K− and MK−p, for instance. It’s worth noting that similar consid-

erations regarding interference possibilities have been explored theoretically and

experimentally for γp → π+K−p, with a focus on ϕ production [34]. It was found

that interference effects were negligible. Nontrivial effects, such as the triangle sin-

gularity [35], could also be introduced. For example, one might consider a triangle

diagram consisting of the P -V -B internal lines in the present work, where higher-

mass meson-baryon cuts can lead to singularities. However, achieving a peak at

Ecm ≈ 2.5 GeV would require very high-mass hadrons. Nonetheless, this remains

an intriguing subject for future exploration, and we leave it for subsequent studies.

Therefore, our focus lies in identifying the presence of a resonance within the

observed structure. It’s important to note that we explore four different spin-parity
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scenarios for P ∗
0 , namely JP = 1/2±, 3/2±, as there is currently no experimental

data available for reference. It has been verified that all these scenarios can qual-

itatively reproduce the peak-like structure effectively by adjusting the combined

couplings as follows:

g
1/2+

P ∗
0

= 0.65, g
1/2−

P ∗
0

= 0.15, g
3/2+

P ∗
0

= 0.70, g
3/2−

P ∗
0

= 0.23. (II.9)

It’s worth noting that the full decay width of P ∗
0 remains consistent across all

spin-parity quantum numbers, set at ΓP ∗
0
= 100 MeV. In panel (b) of Fig. II.2, we

present the total cross-sections for each case separately: JP = 1/2+ (solid line),

JP = 1/2− (dotted line), JP = 3/2+ (dashed line), and JP = 3/2− (long-dashed

line).

In Fig. II.3, the numerical results for the differential cross-sections for the an-

gular dependence dσ/d cos θ are presented for Ecm = (2.0, 2.5, 3.0) GeV in panels

(a), (b), and (c), respectively, illustrating each contribution. Here, θ denotes the

scattering angle of the final state K∗ in the cm frame. Notably, strong forward

and backward scatterings are observed from the hyperons in the u-channel and π

in the t-channel, respectively. Conversely, the s-channel contribution yields almost

flat curves, as anticipated. Around Ecm = 2.5 GeV, corresponding to the resonance

region (where we use 3/2−), a slight yet discernible angular dependence emerges.

As the energy surpasses the resonance region, the angular dependence markedly

separates into forward- and backward-scattering regions. Panel (d) presents the

angular dependence as a function of Ecm and cos θ. Notably, the resonance signal

becomes more pronounced around cos θ = 0, where the contributions from the t-

and u-channels are diminished or negligible. These observations suggest a potential

method for experimentally isolating the resonance P ∗
0 contribution, which we will

discuss below.

Now, we are in a position to discuss how to enhance the S/N for the P ∗
0 reso-

nance. As previously illustrated, the dominant contributions in the present reaction

process originate from the u- and t-channel interactions. Therefore, by focusing

solely on the forward-scattering region, where the hyperon-induced backward scat-
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Figure II.3: The differential cross-sections for the angular dependence dσ/d cos θ
[mb] at Ecm = (2.0, 2.5, 3.0) GeV are depicted in panels (a), (b), and (c) as functions
of cos θ, illustrating each contribution. Here, θ represents the scattering angle of
the final state K∗ in the cm frame. Panel (d) displays dσ/d cos θ as a function of
Ecm and cos θ. In this panel, we exclusively showcase the results for P ∗

0 (3/2
−), as

other quantum-number states exhibit negligible differences

tering is negligible, we can effectively eliminate this background. The subsequent

step involves reducing the contribution from the t-channel π-exchange. Remark-

ably, due to its vector-meson nature, the invariant amplitude for the π exchange

in Eq. (II.3) is directly proportional to kK · ϵK∗ , where kK represents the three-

momentum of the initial K+ meson. Consequently, when the polarization of K∗ is

fixed perpendicular to the reaction plane, where all particle momenta are defined,

the π-exchange contribution diminishes. In panel (a) of Fig. II.4, we display the
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Figure II.4: (a) Differential cross-sections dσ/d cos θ for kK · ϵK∗ = 0 for θ = 0
(solid), π/4 (dotted), and π/2 (dashed) in the cm frame. Here, we only present
the results for the P ∗

0 (3/2
−), as other quantum-number states do not significantly

differ. (b) The same as (a), plotted as a function of cos θ and Ecm for kK · ϵK∗ = 0
at θ = 0.

differential cross-sections dσ/d cos θ as a function of Ecm for kK · ϵK∗ = 0 at θ = 0

(solid), π/4 (dotted), and π/2 (dashed) in the cm frame. Here, we specifically focus

on the result for the P ∗
0 (3/2

−), as other quantum-number states exhibit minimal

variation. At θ = 0, where K∗ is scattered forwardly, the P ∗
0 signal is isolated

with minimal background contamination. As the angle increases, the S/N value

worsens, particularly at θ = π/4. Further increasing it to θ = π/2 enhances the

peak due to interference between the resonance and the u-channel contribution,

although the background contamination also increases. In panel (b) of Fig. II.4,

we plot the differential cross-section as a function of cos θ and Ecm. Across a wide

range of angles (−0.5 ≲ cos θ ≤ 1), clear resonance signals are observed, facilitating

their measurement in experiments. Additionally, we confirm that the unpolarized

cross-sections exhibit minimal dependence on the spin-parity quantum numbers.

Therefore, the discussions provided for Figs. II.3 and II.4 remain applicable to

other quantum-number cases without loss of generality.

Finally, we propose a physical observable for determining the spin-parity quan-

tum number of the P ∗
0 resonance. The polarizations of the involved particles, such
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as the target and recoil nucleons and K∗, are invaluable for this determination.

However, achieving a definite neutron polarization inside the deuteron target poses

challenges in experimental setups. As discussed earlier, to maximize the S/N , it’s

advantageous to set the K∗ polarization as kK · ϵK∗ = 0 (perpendicular configura-

tion). Consequently, we rely on controlling the recoil-proton polarization for deter-

mining the quantum number. Hence, we introduce the recoil-proton spin asymmetry

(RSA) defined as follows, with ϵK∗ perpendicular to the reaction plane:

Σ⊥ ≡ dσ↑/d cos θ − dσ↓/d cos θ

dσ↑/d cos θ + dσ↓/d cos θ

���
kK ·ϵK∗=0

(II.10)

where the notation (↑, ↓) denotes the (up, down)-spin polarization of the recoil

proton, respectively. In panel (a) of Fig. II.5, we illustrate the RSAs as functions

of cos θ at Ecm = 2.5 GeV. Note that the curves mainly comprise contributions

from the s-channel and u-channel, as the t-channel contribution is eliminated by

fixing the polarization as kK · ϵK∗ = 0. The spin-1/2 cases exhibit much smaller

asymmetry compared to the spin-3/2 ones. The P ∗
0 (1/2

±) amplitudes show weak

angular dependence and are relatively small due to their Lorentz structures in the

vicinity of Ecm = 2.5 GeV as follows:

u†(p2)γ0γ2
�
Ecmγ0 ±MP ∗

0

�
γ5u(p1)

≈ A(Ecm ±MP ∗
0
) +B(Ecm ∓MP ∗

0
)(cos θ, sin θ), (A,B) ∈ R. (II.11)

On the contrary, the P ∗
0 (3/2

±) amplitudes exhibit highly nontrivial angular depen-

dencies arising from the spin-sum of the Rarita-Schwinger field and the kinematic

factor kK · kK∗ ∝ t, as shown in Eq. (II.3). Consequently, the spin-parity quan-

tum numbers can be determined from Σ⊥(cos θ) for the spin-3/2 cases, whereas

fixing the parity for the spin-1/2 cases proves to be more challenging. In panel (b)

of Fig. II.5, the numerical results for the RSA as functions of Ecm are presented.

Each spin-parity case exhibits a distinctive curve shape above Ecm ≈ 2.2 GeV.

Once more, the spin-3/2 cases demonstrate different energy dependence, whereas

the spin-1/2 ones remain small and flat for the same reasons discussed above.
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Figure II.5: (a) Recoil-proton spin asymmetry (RSA) in Eq. (II.10) as functions of
Ecm for different spin-parity quantum numbers of P ∗0, with ϵK∗ perpendicular to
the reaction plane. (b) Σ⊥ as functions of cos θ at Ecm = 2.5 GeV following the
same approach.

The contents and formalism presented in this section are based on the author’s

previously published work [36].
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III Investigation of Exotic Baryons via the p̄p → ϕϕ

Reaction

III.1 Theoretical framework for the p̄p → ϕϕ reaction

p(k1)

p̄(k2)

ϕ(k3, ϵ3)

ϕ(k4, ϵ4)

f0, η, f2

(a) s -channel

p(k1)

p̄(k2)

ϕ(k3, ϵ3)

ϕ(k4, ϵ4)

p(∗), Ps

(b) t -channel

p(k1)

p̄(k2)

ϕ(k3, ϵ3)

ϕ(k4, ϵ4)

p(∗), Ps

(c) u -channel

Figure III.1: The relevant Feynman diagrams illustrate the (s, t, u)-channel ampli-
tudes for p̄p → ϕϕ. Solid lines represent (anti)proton and its resonances in the
diagrams, while dashed lines represent scalar, vector, and tensor mesons. The four
momenta (ki) and polarizations (ϵi) for the particles are also defined.

We outline the theoretical framework for the p̄p→ ϕϕ reaction, which serves as

the basis for our analysis. The relevant Feynman diagrams are provided in Fig. III.1,

along with the definition of the four momenta and polarization of the vector mesons.

The effective Lagrangians for the Yukawa vertices are defined as follows:

LSNN = gSNN N̄SN + h.c., LSV V =
gSϕϕ
mϕ

FµνF
µνS,

LPNN =
fPNN

MP
N̄γ5(/∂P )N, LPV V =

igPV V

MP
ϵµνρσF

µν
V F ρσ

V P,

LTNN = − igTNN

MN
N̄(γµ∂ν + γν∂µ)NT

µν + h.c.,

LTV V =
gTV V

2MV

hgµν
4
FρσF

ρσ − gσρFνρFσµ

i
Tµν ,

LV NN = −gV NN N̄

�
γµ − κV NN

2MN
σµν∂

ν

�
Γ5NV

µ,

LV NN ′ = − igV NN ′

MV
N̄

′µγν(∂µVν − ∂νVµ)Γ5γ5N + h.c.. (III.1)

where S, P , V , T , and (N,N ′) denote the scalar, pseudoscalar, vector, tensor

mesons, and nucleon fields for JP = (1/2±, 3/2±), respectively, while the vector

meson is given in the form of the antisymmetric field-strength tensor Fµν = ∂µVν −
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∂νVµ. Note that we employ the Lagrangians for the SV V and TV V interaction

vertices, given in Refs. [37, 38]. For the N ′, we employed the Rarita-Schwinger

formalism [28]. By straightforwardly computing the invariant amplitudes using the

interaction Lagrangians, we obtained the total amplitude, which is the sum of the

following contributions illustrated in Fig. III.2:

iMs
S =

2igSV V gSNN

MV

ν̄k2 [(k3 · k4)(ϵ3 · ϵ4)− (k3 · ϵ4)(ϵ3 · k4)]uk1
s−M2

S + iΓSMS
× FS

s ,

iMs
P = −4gPV V fPNN

M2
P

ν̄k2ϵµνρσk3µk4νϵ3ρϵ4σγ5/qsuk1
s−M2

P + iMPΓP
× FP

s ,

iMs
T = − igTV V gTNN

2MVMN
ν̄k2

ngµν
2

[(k3 · k4)(ϵ3 · ϵ4)

−(k3 · ϵ4)(ϵ3 · k4)]− gσρ(k3νϵ3ρ − k3ρϵ3ν)(k4σϵ4µ − k4µϵ4σ)
o

×∆µναβ (γαk1β + γβk1α)

s−M2
T + iΓTMT

uk1 × F T
s ,

iMt
N(∗)(1/2±)

= ig2
V NN(∗) ν̄k2Γ5

�
/ϵ4 −

κV NN(∗)

2MN(∗)
σµνϵ

µ
4k

ν
4

�  
/qt +MN(∗)

t−M2
N(∗)

!
×

�
/ϵ3 −

κV NN(∗)

2MN(∗)
σαβϵ

α
3k

β
3

�
Γ5uk1 × FN(∗)

c ,

iMu
N(∗)(1/2±)

= iMt
N(∗) |3↔4,t→u,

iMt
N ′∗(3/2±) =

g2V NN ′∗

M2
V

ν̄k2γ5Γ5(k4µϵ4ν − k4νϵ4µ)γ
ν

×
�
−gµα +

1

3
γµγα +

2

3M2
N ′∗

qµt q
α
t − qµt γ

α − qαt γ
µ

3MN ′∗

�
×γβ(k3αϵ3β − k3βϵ3α)γ5Γ5uk1 × FN ′∗

c ,

iMu
N ′∗(3/2±) = iMt

N ′∗ |3↔4,t→u. (III.2)

Here, qi±j ≡ (ki±kj) and the Mandelstam variables are defined by (s, t, u) = q2s,t,u.

We also define the tensor-meson propagator as follows:

∆µναβ(s) =
1

2
(ḡµαḡνβ + ḡµβ ḡνα)− 1

3
ḡµν ḡαβ, ḡµν = −gµν + qµs qνs

s
. (III.3)

To incorporate the spatial extension of the hadrons, it becomes necessary to intro-

duce phenomenological strong form factors to the amplitudes. In the present work,
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we use the following parameterization of the form factors:

FN,N∗,N ′∗
c (t, u) = 1−

h
1− FN,N∗

t (t)
i h

1− FN,N∗
u (u)

i
. (III.4)

where x = (s, t, u) and h denotes the hadron species. As for the t- and u-channel

amplitudes, we employ the following common form factor, satisfying Lorentz invari-

ance. Here, we consider similar vector-meson–baryon interactions as in the meson

photoproduction and interchangeability of t↔ u (k3 ↔ k4) in the t- and u-channel

amplitudes [39–41]:

F h
x ≡ F (x,Mh,Λh) =

Λ4
h

Λ4
h + (x−M2

h)
2
. (III.5)

Fitting available experimental data will determine the cutoff mass Λh later in Sec.

III.2.

Figure III.2: A loop contribution for B̄B channel opening for B = (Λ,Σ).

In p̄p scattering, B̄B channels can open and decay into two ϕ mesons. Hence,

in the energy region from threshold to W = 2.5 GeV, a cusp corresponding to the

Λ̄Λ and Σ̄Σ loops can appear at W = 2MΛ and 2MΣ, respectively. To describe

the cusp effectively, we consider the one-loop diagram as depicted in Fig. III.2.

For those Yukawa interaction vertices shown in Fig. III.1, we define the following

point-interaction Lagrangians to simplify the problem:

L4B =
g4B
M2

N

B̄B̄B′B′, LV BV B =
gV BV B

M3
N

B̄FµνF
µνB, (III.6)

where B = (Λ,Σ). The unknown couplings g4B and gV BV B will be taken as free
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parameters here. Straightforwardly, the amplitude for the loop diagram can be

computed as follows:

iMB̄B = −gB̄B ν̄ [(k3 · k4)(ϵ3 · ϵ4)− (k3 · ϵ4)(ϵ3 · k4)]u× Floop

×
Z

d4p

(2π)4
Tr[(/p+MB)(/p+ /q1+2 +MB)]

[p2 −M2
B][(p+ q1+2)2 −M2

B]| {z }
GB̄B(s)

, (III.7)

where the reduced coupling reads gB̄B ≡ g4BgV BV B/M
5
N . The integral representing

the B̄B loop, with cutoff regularization, is given by:

GB̄B(s) = 4i

Z 1

0
dx

h
I
(2)

B̄B
−∆I

(0)

B̄B

i
= − i

4π2

Z 1

0
dx∆ ln

∆µ

∆
, (III.8)

where x indicates the Feynman-parameterization variable and

I
(0)

B̄B
(x)− 1

16π2
ln

∆µ

∆
, I

(2)

B̄B
(x) = − ∆

8π2
ln

∆µ

∆
. (III.9)

Here, ∆ = −x(1 − x)s +M2
B and ∆µ = −x(1 − x)s + µ2, in which µ stands for a

cutoff mass, corresponding to the size of two baryon masses µ ≈ 2MB. To prevent

the unphysical increase of iMB̄B caused by the terms involving k3,4, we multiply

the form factor Floop = FN
s (s,MN ,Λloop) to iMB̄B. For simplicity, we consider the

isospin-averaged loop integral for Σ0,±.

In interpreting the reaction mechanism of the double ϕ production process,

the spin-density matrix element (SDME) is one of the useful observables. For the

current reaction process, there are nine independent SDMEs, considering the two

ϕ-meson helicities, which are defined similarly to those in the previous study [41].

The 0-th element of the SDME for the ϕ-meson with k3 (ϕ3) reads:

ρ0λϕ3
λ′

ϕ3

=
1

2NT

X
λp̄

X
λp

X
λϕ4

=±1

Mλp̄λpλϕ3
λϕ4

M∗
λp̄λpλ′

ϕ3
λϕ4

,

NT =
1

2

X
λp̄

X
λp

X
λϕ3

X
λϕ4

=±1

|Mλp̄λpλϕ3
λϕ4

|2,
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ρ4λϕ3
λ′

ϕ3

=
1

NL

X
λp̄

X
λp

Mλp̄λpλϕ3
0M∗

λp̄λpλ′
ϕ3

0,

NL =
X
λp̄

X
λp

X
λϕ3

|Mλp̄λpλϕ3
0|2. (III.10)

In this context, λh represents the helicity of particle h in a specific kinematic frame.

We can obtain the SDMEs for the ϕ-meson with k4 (ϕ4) by simply swapping the

subscript indices as 3 ↔ 4 in Eq. (III.10). To compare the SDMEs with experimen-

tal data, we need to boost the kinematic frame used for the theoretical computation

to the ϕ-meson rest frame. This involves using different spin-quantization axes, such

as the helicity, Adair, and Gottfried-Jackson (GJ) frames, as defined in Ref. [41].

III.2 Numerical results and discussions

We now present the numerical results for the current reaction process, accom-

panied by relevant discussions. We examine the relevant mesons contributing to the

s-channel in the current reaction process. For the scalar and tensor mesons near

the threshold, we select f0(2020, 2100, 2200) and f2(1950, 2010, 2150), respectively.

Based on experimental data from the Particle Data Group (2022) [42], the pseu-

doscalar meson η(2225) is known to be strongly coupled to ϕϕ, so we include this

meson in our calculations.

All the relevant numerical inputs for the mesons are listed in Table III.1. Here,

we show the reduced coupling constants gΦ = gΦϕϕgΦNN for Φ = (S, P, T ) to

overcome theoretical uncertainties, since theoretical and experimental information

for gΦϕϕ gΦNN are scarce. Ref. [42] provides the couplings for the η meson as

gη(ϕϕ,NN) = (−4.062, 0.5).

We next turn to the contributions of nucleon resonances in the t- and u-channels

of our numerical calculations. Xie et al. [26] highlighted the importance of the

strangeness content within nucleons for reproducing data, such as theN∗(1535, 1/2−).

Another study by Khemchandani et al. [43] used the coupled-channel method

within the framework of chiral dynamics, specifically the chiral unitary model

(ChUM), to demonstrate strong coupling of three s-wave nucleon resonances to
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Meson M − iΓ/2 [MeV] g(S,P,T )

f0(2020) 1982− i218

0.115f0(2100) 2095− i143.5

f0(2200) 2187− i103.5

f2(1950) 1936− i232

−0.1f2(2010) 2011− i101

f2(2150) 2157− i76

Table III.1: Relevant meson coupling constants for the s-channel contributions.

the ϕ-N channel: N∗(1535, 1/2−), N∗(1650, 1/2−), and N∗(1895, 1/2−). The re-

sulting couplings, denoted as gϕNN∗ , are listed in Table III.2.

Furthermore, as discussed in previous work [13], a possible pentaquark baryon,

Ps(2071, 3/2
−), is considered as a K∗Σ bound state that decays into ϕN . Its cou-

pling has been calculated using ChUM [12] and is presented in the table. Note

that we set the values of the tensor-interaction strength κN∗ to zero due to limited

information, except for κϕNN , which is fixed at −1.65 [44]. For simplicity in the

computations, we use a single cutoff mass Λh,loop = (550, 300) MeV for all hadronic

form factors with gΛ̄Λ,Σ̄Σ = (2, 1.2) by fitting available experimental data.

In panel (a) of Fig. III.3, we present the full calculations for the total cross-

sections σ ≡ σp̄p→ϕϕ as functions of the center-of-mass energy W , showing each

contribution separately. The experimental data are taken from Ref. [15–17]. The

ground-state nucleon (N) contribution is significant near the threshold, exhibiting

a shoulder-like structure, while the nucleon-resonance (N∗) contribution, including

Ps, becomes stronger as W increases. We verified that the effect of the Ps is much

smaller than other nucleon resonances. As expected, the scalar and tensor mesons

f0,2 are responsible for the bump structure around W = 2.2 GeV. Additionally,

there is a small but finite contribution from the η in the s-channel. Interestingly,

the nontrivial structure aroundW ≈ 2MΛ and 2MΣ is well reproduced by the inter-

ference between the cusp effects from the Λ̄Λ- and Σ̄Σ-loops and others. To clarify

this observation, in panel (b), we show the total cross-section with and without
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Nucleon M − iΓ/2 [MeV] gϕNN(∗)

N 938− i0 −1.47

N∗(1535, 1/2−)
1504− i55 1.4 + i2.2

N∗(1650, 1/2−)

1668− i28 4.1− i2.7

1673− i67 4.5 + i5.2

N∗(1895, 1/2−)

1801− i96 2.1 + i1.8

1912− i54 0.9− i0.2

Ps(2080, 3/2
−) 2071− i7 0.14 + i0.2

Table III.2: Relevant nucleon coupling constants for the t- and u-channel contribu-
tions [12,43].

the cusp effects. Although we try to explain the structure with the cusps from the

B̄B channel opening here, we admit that interference with unknown mesonic reso-

nances can also explain the structure. Moreover, the singularity from a complicated

loop can be responsible for it, as studied in different processes [35]. We want to

explore these possibilities in separate future works. We also test the impact of the

η contribution at W ≈ 2.25 GeV, which fails to explain the nontrivial structure.

Following a similar approach to Refs. [25–27], in panel (c), we attempt to re-

produce the data without the ground-state nucleon contribution by modifying the

cutoff masses for the form factors, providing a compatible result with the full cal-

culation shown in panel (a). As expected, the absence of the N contribution causes

the shoulder-like structure near the threshold to disappear in panel (c). Addition-

ally, the curve shows better behavior in the higher-energy region beyond W = 2.4

GeV compared to panel (a). We will further explore these two scenarios, N +N∗

(full) and N∗ only, in detail later. In panel (d), we present the numerical results

for the angular-dependent differential cross-section dσ/d cos θ as a function of W

and cos θ, where θ denotes the scattering angle of the ϕ3 in the center-of-mass sys-

tem for the full calculation. As shown, the angular dependence is symmetric about
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Figure III.3: (a) Total cross-sections σ ≡ σp̄p→ϕϕ as functions of W , showing each
contribution separately. Experimental data are taken from Ref. [15–17]. (b) Those
with and without the cusp effect in addition to the η contribution. (c) Those with-
out the ground-state nucleon (N) contribution. (d) Angular-dependent differential
cross-section dσ/d cos θ as a function of W and cos θ.

θ = π/2 since identical mesons are scattered in the final state. The cross-section

decreases as θ approaches π/2 from θ = 0.

To better understand the angular dependence of the present reaction process, in

panels (a - c) of Fig. III.4, we show the full results for dσ/d cos θ as a function of cos θ

at different energiesW = (2.1−2.3) GeV.We also display the separate contributions

in the panels. Near the threshold at W = 2.1 GeV, all contributions are nearly flat,

with the ground-state nucleon contributing the most to the cross-section. As the

energy increases, the N and N∗ contributions become more significant, leading
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Figure III.4: (a-c) Angular-dependent differential cross-sections dσ/d cos θ as func-
tions cos θ at differentW . (d-f) The same as functions ofW for the different angles.

to non-trivial angular dependences, such as convex and concave shapes. We also

observe that the meson contributions are maximized around W = 2.2 GeV. Note

that the N contribution primarily determines the total curves and their angular

dependences. In panels (d - f), we present the full calculation results for dσ/d cos θ

as functions of W for different angles θ = (0 − π/2). As already noted in panel

(d) of Fig. III.3, the magnitude of the cross-sections decreases mainly due to the

diminishing η and N contributions as the angle increases.

In panel (a) of Fig. III.5, we present the full results for the forward differential

cross-sections, dσ/dt, as functions of −t for different values ofW . As expected from

Fig. III.4, the curve shapes become more concave with increasing W due to the N

contribution. To make the current numerical results more accessible, we separately

fit the curves using single-exponential (dσ/dt = ae−b|t|) and a double-exponential

(dσ/dt = a′e−b′|t| + c′e−d′|t|) functions in the region below |t| < 0.2GeV2. It is

well discussed that the exponent fits indicate the Regge nature of the amplitudes.

However, even with the Feynmann propagator as in the present work, it provides
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Figure III.5: (a) Forward differential cross-sections dσ/dt as functions of −t for
different W . (b) The same as a function of −t and W .

simple exponent fits dσ/dt ∝ m−4 exp[−2t/m2] for small |t|, wherem stands for the

mass of the exchange particle in the t-channel. We also do not consider the Regge

propagator here since 1) our region of interest is confined at relatively low energy,

i.e., about 0.5 GeV above the thresholdW ≲ 2.5 GeV, and 2) the Regge trajectories

for S = 1/2 nucleon exchanges are not fully understood. The corresponding fit

parameters are listed in Table III.3. To better understand the overall t-dependence

of the cross-section, we plot it as a function of both −t and W . A bump structure

appears around W = 2.2 GeV, indicating the contribution from the f0,2 mesons.

W [GeV] a b a′ b′ c′ d′

2.1 4.64 −0.21 3.02 −0.21 1.63 −0.21

2.2 4.39 0.28 2.72 −0.38 1.75 2.03

2.3 2.05 0.42 2.06 0.60 0.02 −3.50

Table III.3: Parameters for the single (dσ/dt = ae−b|t|) and double exponent
(dσ/dt = a′e−b′|t| + c′e−d′|t|) fits. All the parameters are in the 1/GeV2 unit.

Now, we turn to the discussion of the spin-density matrix elements (SDMEs) as

defined in Eq. (III.10). The numerical results for ρλ00,10,1−1 are plotted in Fig. III.6
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Figure III.6: Spin-density matrix elements (SDMEs) ρλ00,10,1−1 as functions of cos θ
for the Adair, helicity, and Gottfried-Jackson (GJ) frames for λ = (0, 4), which
stands for the ϕ4 helicity (±1,0), at W = 2.2 GeV.

as functions of cos θ for the full calculation, shown across different kinematic frames,

namely, the Adair, helicity, and Gottfried-Jackson (GJ) frames, where λ = (0, 4)

represents the ϕ4 helicity at W = 2.2 GeV. According to Eq. (III.10), each SDME

approximately follows specific helicity-flip patterns:

ρ000 ∝ |M01|2 + |M0−1|2, ρ400 ∝ |M00|2,
ρ010 ∝

�
M11M∗

01 +M1−1M∗
0−1

�
, ρ410 ∝ M10M∗

00,

ρ01−1 ∝
�
M11M∗

−11 +M1−1M∗
−1−1

�
, ρ41−1 ∝ M10M∗

−10. (III.11)
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where the amplitude is defined as Mλ3λ4 . Here, we define the notation ∆λ34 =

|λ3 − λ4|. From the numerical results shown in Fig. III.6 and being understood by

Eq. (III.11), we clearly observe that the single (∆λ34 = 1) and double (∆λ34 = 2)

helicity-flip SDMEs become zero at cos θ = ±1, indicating helicity conservation. In

contrast, the ∆λ34 = 0 component remains finite [45]. We also find that ρ400 is not

exactly unity at cos θ = ±1 due to finite helicity non-conserving effects from the

f2 and N∗ contributions. As expected, the ∆λ34 = 2 contribution is very small,

as seen from ρ01−1. Notably, the shape of the SDMEs is primarily driven by the N

contribution, which plays a dominant role in the total cross-section.

In Fig. III.7, we plot ρ0,400 as a function ofW and cos θ for the Adair, helicity, and

Gottfried-Jackson (GJ) frames. The energy dependence of the SDMEs is shown to

be quite mild. At the same time, meson contributions, such as from the f0, introduce

a small but non-trivial structure aroundW = 2.2 GeV for helicity-conserving cases,

i.e., λ = 4 (∆λ34 = 0). As expected, the ∆λ34 = 0 contributions are significantly

larger than those with ∆λ34 = 1.

Finally, we turn to the discussion of polarization observables, which can provide

valuable insight into reaction mechanisms by examining various combinations of ϕ-

meson polarizations. In panel (a) of Fig. III.7, we present the numerical results for

polarized total cross-sections as functions of W for different combinations of ϕ3

and ϕ4 polarizations, denoted as (ϵϕ3 , ϵϕ4). The symbols ⊥ and ∥ indicate that the

polarizations are, respectively, transverse and parallel to the reaction plane, while ⊙
denotes the longitudinal polarization. It is evident from the Lorentz structure of the

invariant amplitudes in Eq. (III.2) that the amplitudes are sensitive to polarization

and are reduced by certain combinations.

The polarized total cross-sections show significant contributions from N and N∗

for identical polarization combinations, but these contributions decrease for differ-

ent combinations. As described by Eq. (III.2), the f0 amplitude becomes zero for

the combinations (∥,⊥) and (∥,⊙), whereas the η amplitude remains non-zero only

for (∥,⊙). In contrast, the f2 amplitude remains finite for both combinations. This

pattern is illustrated in panel (a) of Fig. III.8, showing the bumps corresponding
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Adair Helicity GJ

Adair Helicity GJ

Figure III.7: Spin-density matrix elements (SDMEs) ρ0,400 as functions of W and
cos θ for the Adair, helicity, and Gottfried-Jackson (GJ) frames.

to f0,2 and η, which suggests that meson signals can be enhanced by appropriately

adding or subtracting the contributions from different polarization combinations.

This approach is tested in panel (b) of Fig. III.8, where the f0 and f2 contributions

are more pronounced and better separated due to improved signal-to-background

ratios. In panel (c), we present the angular-dependent differential cross-sections in

the same manner as in panel (b) for W = (2.1 − 2.3) GeV. The f2 and η contri-

butions exhibit qualitatively flat curves near zero degrees, while the f0 component

shows distinctive angular dependence. Analyzing these polarized angular depen-

dencies allows one to isolate and study specific meson properties more effectively.

As mentioned previously, Ref. [25–27] considered that the N∗(1530) dominates

the background of the present reaction process, whereas we include more N∗ and

N contributions. To test these two different scenarios, we suggest measuring an

asymmetry characterized by the various combinations of the ϕ-meson polarizations
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Figure III.8: (a) Polarized total cross-sections as functions of W for the different
combinations of ϕ3 and ϕ4 polarizations, i.e., (ϵϕ3 , ϵϕ4). (b) Added and subtracted
polarized cross-sections for the different polarization combinations to enhance the
meson signals. (c) Polarized differential cross-sections as functions of cos θ in the
same manner as the panel (b) for W = (2.1− 2.3) GeV. (d) Polarization asymme-
tries in Eq. (III.12) as functions of cos θ with N +N∗ and N∗.

as follows:

Asymmerty ≡
dσϵ3ϵ4 − dσϵ′3ϵ′4
dσϵ3ϵ4 + dσϵ′3ϵ′4

. (III.12)

where the ϕ-meson polarizations are given by ϵ3,4 = (∥,⊥,⊙) and dσ ≡ dσ/d cos θ.

In panel (d) of Fig. III.7, we show the polarization asymmetries in Eq. (III.12)

as functions of cos θ for the full calculation with N + N∗ and that with N∗ only,

respectively. As seen in panel (a) of Fig. III.7, these two polarization combinations

contain much information on the baryon exchanges. It turns out that the angular
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dependences are distinctively different for the two cases, especially at cos θ = ±1

and cos θ ≈ 0, and these differences can be tested in experiments to pin down

a reaction mechanism. The contents and formalism presented in this section are

based on the author’s previously published work [46].
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IV Investigation of Exotic Baryons via the π−p → ϕn

Reaction

IV.1 Theoretical framework for the π−p → ϕn reaction

π+(k1)

p(k2)

ϕ(k3)

n(k4)

n(∗)

(a) s -channel

π−(k1)

p(k2)

ϕ(k3)

n(k4)

ρ, b1

(b) t -channel

π−(k1)

p(k2)

ϕ(k3)

n(k4)

p(∗)

(c) u -channel

Figure IV.1: The relevant Feynman diagrams illustrate the (s, t, u)-channel am-
plitude for π−p → ϕn. The solid lines represent the nucleon and its resonances,
while the dashed lines denote the scalar and tensor mesons. For each particle, the
four-momentum (ki) and polarization (ϵi) are defined.

To study the π−p → ϕn reaction, we employ the following theoretical frame-

work. The tree-level Feynman diagrams for the reaction are provided in Fig. IV.1.

The effective Lagrangians for the Yukawa vertices are defined as follows:

LPNN = igPNN N̄PΓ
±N + h.c.,

LV NN = gV NN N̄Γ±γ5Vµγ
µN + h.c.,

LPNN ′ =
gPNN ′

MPs

N̄(∂µP )Γ
±γ5N

′µ + h.c.,

LV NN ′ =
igV NN ′

MPs

N̄Γ±Fµνγ
νN ′µ + h.c.,

LV NN ′ =

�
− ig1
2MN

N̄Γ(±)
ν − g2

(2MN )2
∂νN̄Γ(±) +

g3
(2MN )2

N̄Γ(±)∂ν

�
ϕµνN ′′

µ + h.c.,

LPNN ′′ = −gπNN∗

M3
π

N̄Γ(∓)τ · ∂µ∂ν∂απN ′′µνα + h.c.,

LV NN ′′ =

�
ig1

(2MN )3
N̄Γ(±)

ν +
g2

(2MN )4
∂νN̄Γ(±) − g3

(2MN )4
N̄Γ(±)∂ν

�
×∂α∂βϕµνN ′′

µαβ + h.c.,

LV NN = gV NN N̄γ
µV †

µN + h.c.,

LV V P =
gV V P

MP
ϵµνσρFµνFσρP + h.c.,

LANN = gANN N̄γ
µγ5A

†
µN + h.c.,
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LAV P =
gAV P

2
·A+

1µ

�
V µP−�

. (IV.1)

where S, P, V, and (N,N ′, N ′′) denote the scalar, pseudosclar, vector, and nucleon

fields for JP = (1/2±, 3/2±, 7/2±), respectively, while the vector meson is given in

the form of the antisymmetric field-strength tensor Fµν = ∂µVν −∂νVµ. For N ′, we

employ the Rarita–Schwinger formalism [28]. Using the interaction Lagrangians, we

directly compute the invariant amplitudes to obtain the total amplitude Eq. IV.3.

In LPNN ′ and LPNN ′′ , we ignore the off-shell part of the Rarita-Schwinger fields

because the resonances are almost on mass shell. The following notations are used

Γ(±) =

γ5
1

 , Γ(±)
µ =

γµγ5
γµ

 (IV.2)

MN
s = −INgV NBgPNBū(k2)Γ

±γ5/ϵ
/qs +Ms

s−M2
s + iΓsMs

Γ±u(k4),

MN
u = −INgV NBgPNBū(k2)Γ

± /qu +Mu

u−M2
u + iΓuMu

/ϵγ5Γ
±u(k4),

MPs
s = −IN

igV NN ′

MPs

gPNN ′

MPs

ūk4Γ
±(k2µ/ϵ− /k2ϵµ)

(/qs +Ms)∆
µα

s−M2
s + iMsΓs

γ5Γ
±k1αuk2

MPs
u = IN

igV NN ′

MPs

gPNN ′

MPs

ūk4k1αΓ
± (/qu +Mu)∆

αµ

u−M2
u + iMuΓu

(k2µ/ϵ−/k2ϵµ) Γ
±γ5uk2

MN ′
s = ∓IN ′

igϕNN ′

2MN

gπNN ′

Mπ
ūNΓ

(±)
λ (kµ2 ϵ

∗λ − kλ2 ϵ
∗µ)

/qs +MN ′

s−M2
N ′

×∆α
µ(N

′, qs)Γ
(∓)k1αuN ,

MN ′′
s = ∓IN∗

igϕNN ′′

(2MN )3
gπNN ′′

M3
π

ūNΓ
(±)
λ kν2k

δ
2(k

µ
2 ϵ

∗λ − kλ2 ϵ
∗µ)

/qs +MN ′′

s−M2
N ′′

×∆αβρ
µνδ (N

′′, qs)Γ
(∓)k1αk1βk1ρuN ,

MV
t = −4i

gV BBgV V P

MP
ū(k2)γ5γ

αϵµνσρ
�
qtµ ·

gαν − qtαqtν

M2
t

t−M2
t

�
k2ρϵσu(k4),

MA
t = −igABB · b

2
ū(k4)

�/ϵ− /qtqt·ϵ
M2

t

t−M2
t

�
u(k2). (IV.3)

Here, qi±j ≡ (ki ± kj) and Mandelstam variables are defined by (s, t, u) = q2s,t,u.
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When the first term of LV NN ′ and LV NN ′′ of Eq. IV.1 is only considered.

∆
β1
α1

(N∗, qs) = −gβ1
α1

+
1

3
γα1

γβ1 +
/p

3p2

�
γα1p

β1 − pα1γ
β1

�
+

2

3p2
pα1p

β1 ,

∆
β1β2β3
α1α2α3

(N∗, qs) = − 1

36

X
P (α),P (β)

�
ḡ
β1
α1
ḡ
β2
α2
ḡ
β3
α3

− 3

7
ḡ
β1
α1
ḡα2α3

ḡβ2β3

−3

7
γ̄α1

γ̄β1 ḡ
β2
α2
ḡ
β3
α3

+
3

35
γ̄α1

γ̄β1 ḡα2α3
ḡβ2β3

�
. (IV.4)

To account for the spatial extension of hadrons, we introduce phenomenological

strong form factors into the amplitudes.

F h
x ≡ F (x,Mh,Λh) =

�
Λ4
h

Λ4
h + (x−M2

h)
2

�
. (IV.5)

where x = (s, t, u) and h denotes the hadron species. To preserve Lorentz invariance

in the s- and u-channel amplitudes, a common form factor is employed. here, we

consider similar vector-meson–baryon interactions as in the meson photoproduction

and interchangeability of s↔ u (k2 ↔ −k4) in the s- and u-channel amplitude [39–

41]:

FN,N∗(1/2)
c (s, u) = 1−

h
1− FN,N∗

s (s)
i h

1− FN,N∗
u (u)

i
. (IV.6)

The cutoff mass Λh is determined by experimental data, as discussed later in

Sec. IV.2.

As in Sec.II, we follow Ref. [29] in considering that, at sufficiently high energies,

the process approaches the asymptotic limit (s → ∞), where the contributions

from higher-spin exchange states can be effectively incorporated. In the present

calculation, we employ t-channel Regge trajectories, following the method outlined

in Ref. [47], which is applied to the ρ and b1 exchanges. The standard Feynman

propagators are replaced by the corresponding Regge propagators, as given below.

1

t−M2
ρ

=⇒ Pρ
Regge =

�
s

s0

�αρ(t)−1
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×
πα′

ρ

sin(παρ(t))

Sρ + e−iπαρ(t)

2

1

Γ(αρ(t))
,

1

t−M2
b1

=⇒ Pb1
Regge =

�
s

s0

�αb1
(t)−1

×
πα′

b1

sin(παb1(t))

Sb1 + e−iπαb1
(t)

2

1

Γ(αb1(t))
. (IV.7)

Here, the signature factor Srho,b1 becomes -1 due to the spin of the meson(J =

1) [48]. The values of each trajectory α(t) were taken from Ref. [47].

αρ(t) = 0.55 + 0.8t, αb1(t) = 0.75t. (IV.8)

Additionally, the phenomenological momentum-dependent hadronic coefficient was

defined as follows, as shown in Sec. I.1.

Cρ(t) =
aρ

(1− t/Λ2
ρ)

2
. (IV.9)

The mass scale parameter s0 is determined by fitting to experimental data, as will

be discussed in Sec. IV.2.

IV.2 Numerical results and discussions

We present the numerical results and corresponding discussions for the π−p→
ϕn reaction. Nucleon resonances are considered in the s- and u-channel contribu-

tions. As in Sec. III.2, the calculation is based on the strong coupling between

the s-wave nucleon resonances and the ϕN channel, as established using the chiral

unitary model (ChUM) in the study by Khemchandani et al. [43]. The resulting cou-

plings, gπNN∗ and gϕNN∗ , for N∗(1536, 1/2−), N∗(1650, 1/2−), and N∗(1895, 1/2−)

are listed in Table IV.1. As discussed in our previous work [13], the possible pen-

taquark baryon Ps(2080, 3/2
−) is treated as a K∗Σ bound state that decays into

ϕN . The coupling of Ps to the ϕN channel, calculated using ChUM [12], is also

presented in Table IV.1. The πNN∗ couplings were determined using the decay

widths provided in Ref. [49], and the total widths were taken from Ref. [50].
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M − iΓ/2 [MeV] gπNN(∗) gϕNN(∗) Λh[MeV]

N 938− i0 0.989 −1.47 1000

N∗(1535, 1/2−) 0.9− i0.3 1504− i55 1.4 + i2.2 540

N∗(1650, 1/2−)
1668− i28 −0.5− i0.5 4.1− i2.7

540
1673− i67 1.3− i0.6 4.5 + i5.2

N∗(1895, 1/2−)
1801− i96 0.5 + i0.3 2.1 + i1.8

540
1912− i54 0.1− i0.5 0.9− i0.2

Ps(2080, 3/2
−) 2071− i49.5 0.330 0.14 + i0.2 1000

Table IV.1: Relevant nucleon coupling constants for the s- and u-channel contribu-
tions [12,43,49].

To reproduce the sharp structure observed around Ecm ≈ 2.15 GeV, possible

N∗ resonances in the nearby energy region are considered. The couplings gπNN(∗)

are calculated using the decay widths provided by the PDG experimental data [42],

while the unknown couplings gϕNN(∗) are fitted to the experimental results. The

resulting values are listed in Table IV.2.

M − iΓ/2 [MeV] gπNN∗ gϕNN∗ Λh[MeV]

N∗(2120, 3/2−) 2120− i150 0.143 −0.10 1000

N∗(2190, 7/2−) 2180− i200 0.0063 1.0 1000

Table IV.2: Relevant nucleon resonance coupling constants for the s-channel con-
tributions, along with the fitted cutoff parameter Λh. gπNN∗ is taken from Ref. [42],
while gϕNN∗ is determined by fitting.

The coupling constants for the possible t-channel exchanges, ρ and b1, were

taken from theoretical and experimental studies in Refs. [50–53]. These values are

listed in TABLE IV.3. The mass scale parameter s0 was adjusted to reproduce the

experimental data and is also listed in Table IV.3. The constants of ρ appearing in

Eq. IV.9 were fitted with aρ = 5.6.

Panels (a) and (b) of Fig. IV.2 present the full calculations of the total cross

sections over different ranges of Ecm, with individual contributions shown sepa-
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M − iΓ/2 [MeV] gϕπ gπNN s0[MeV] Λh[MeV]

ρ(770) 763− i73 0.0243 3.363 1600 1600

b1(1235) 1229.5− i71 2.0MeV 8.83 1600 1600

Table IV.3: Relevant meson coupling constants for the t-channel contributions [50–
53], along with the fitted cutoff parameter Λh.

rately. The experimental data are taken from Ref. [54–58]. The enhancement near

the threshold is significantly influenced by the sub-threshold N∗ resonances. This

behavior also appears in coupled-channel approaches [59]. As Ecm increases, the

contribution from the ρ exchange becomes more significant. The N∗(2120) reso-

nance has a noticeable impact near Ecm ≈ 2.2 GeV, while the other contributions

remain relatively small. Panels (c) and (d) present the differential cross section

dσ/dΩ at θ = 0, plotted over different ranges of Ecm. The component-wise con-

tributions to dσ/dt exhibit a similar structure to that of the total cross section.

Panels (b) and (d) are plotted over a narrower range, Ecm = 1.9–2.3 GeV, to pro-

vide a more detailed view of the data in the region where experimental points are

concentrated.

As shown in panels (a) and (b) of Fig. IV.2, the known N∗ resonances alone

cannot account for the data around 2.15 GeV. Therefore, we performed calculations

under the assumption that a new resonance exists. As this state is not experimen-

tally established, its coupling constants were treated as free parameters and fitted

accordingly. The panels in Fig. IV.3 show the calculated (a) total cross section

and (b) differential cross section dσ/dΩ at θ = 0, including the contribution from

the assumed resonance N∗(2150). Fits were performed for four possible spin-parity

assignments, JP = 1/2±, 3/2±, and all cases except for JP = 1/2+ appear to

reproduce the experimental data well.

gN∗(2150) ≡ gϕNN∗gπNN∗ . (IV.10)

We carried out calculations for all four possible spin-parity combinations. The
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Figure IV.2: Total cross sections (a, b) and dσ/dΩ at θ = 0 (c, d) for the π−p→ ϕn
reaction with separated contributions. Energy ranges: (a, c) 1.9–3.5 GeV, (b, d)
1.9–2.5 GeV. Experimental data from Ref. [54–58].

mass and width were determined through fits based on the surrounding data, as

summarized in Table IV.4.

JP M − iΓ/2 [MeV] gN∗(2150) Λh[MeV]

N∗(2150)

1/2+

2150− i45

0.14

1000
1/2− i0.007

3/2+ 0.002

3/2− −0.004

Table IV.4: The fitted coupling constants of the hypothetical nucleon resonances
for the s-channel contributions.
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Figure IV.3: (a) Total cross section and (b) differential cross section dσ/dΩ at
θ = 0, including the contribution from the assumed resonance N∗(2150). The blue,
red, yellow, and green lines correspond to JP = 1/2+, 1/2−, 3/2+, and 3/2−,
respectively.

If such a resonance exists, it is expected to also contribute to ϕN photoproduc-

tion. We investigate this possibility through theoretical calculations. As shown in

Fig. IV.4, both reactions share the same vertex on the right-hand side, allowing us

to explore the effects of the same N∗ resonances and the Ps state. In this context,

π+

p

ϕ

n

n(∗), Ps

(a)

γ

p

ϕ

p

p(∗), Ps

(b)

Figure IV.4: (a) s-channel diagram for the π−p → ϕn reaction; (b) s-channel dia-
gram for the γp → ϕp reaction. Solid lines represent neutrons, dashed lines repre-
sent scalar and tensor mesons, and the wavy line denotes the photon.

photoproduction data were studied in 2019 [45]. The blue dashed lines in Fig. IV.5

represent the differential cross sections dσ/d cos θ calculated in Ref. [45], where the

N∗(2150) resonance was not included. As in the present study, the known N∗ res-

onances alone could not reproduce the experimental data around Ecm ≈ 2.15 GeV.

To investigate whether this structure can be explained by introducing N∗(2150), we

recalculated the cross sections using the same width and coupling constants fitted
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in that work, with the addition of N∗(2150). The red solid lines show the results

obtained using the parameters listed in Table IV.4. Panels (a–d) of Fig. IV.5 cor-

respond to JP = 1/2(+,−) and 3/2(+,−) assignments of N∗(2150). The inclusion of

the resonance improves the agreement with the experimental data. Taken together

with the results from the π−p reaction, this suggests the possible existence of such

a resonance.
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Figure IV.5: Differential cross sections dσ/d cos θ for the γp → ϕp reaction as a
function of Ecm. The red solid lines show the total contributions includingN∗(2150)
using the parameters from Table IV.4; the blue dashed lines indicate the results
without N∗(2150); and the green dotted lines represent the Pomeron-exchange-only
contribution. Panels (a–d) correspond to JP = 1/2(+,−) and 3/2(+,−), respectively.
The CLAS data, shown by triangles and circles, represent the charged and neutral
KK̄ decay modes of the ϕ, respectively [60].

Fig. IV.6 shows the differential cross section dσ/dt. The blue, red, green, and

purple curves correspond to Ecm ≈ 2.56, 2.90, 3.21, and 3.49 GeV, respectively,

which correspond to Plab = 3, 4, 5, and 6 GeV. Circles and squares indicate ex-

perimental data taken from Refs. [54, 57], respectively. The forward region (small

−t) is strongly influenced by t-channel contributions. At Ecm ≈ 3.49 GeV, a dip-

like structure appears around −t ≈ 0.5 GeV2, which is well reproduced only when

Regge contributions are included. Without Reggeization, this feature cannot be

adequately described. In order to adjust the depth of the deep structure by Regge,
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Figure IV.6: Differential cross section dσ/dt in Fig. IV.6. Blue, red, green, and
purple curves correspond to Ecm ≈ 2.56, 2.90, 3.21, and 3.49 GeV (Plab = 3, 4, 5,
and 6 GeV). Circles and squares denote data from Refs. [54, 57]

the phenomenological imaginary term was fitted as follows:

αρ(t) = 0.55 + 0.8t+ i0.15. (IV.11)

In this calculation, the scattering length a was calculated to be 0.14 fm.
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V Summary and Future Perspectives

Exotic baryons, such as pentaquarks, provide a unique window into the non-

perturbative regime of QCD. This study investigates their possible existence and

properties through three different reactions. First, to explore a potential S = +1

resonance P ∗+
0 ≡ P ∗

0 , the reaction K+n → K∗0p was examined, focusing on the

peak-like structure around
√
s ≈ 2.5 GeV. Second, the production of two ϕ mesons

in near-threshold proton–antiproton annihilation was analyzed to study the sub-

stantial violation of the Okubo–Zweig–Iizuka (OZI) rule and the possible existence

of the light pentaquark state Ps. Lastly, the π
−p→ ϕn reaction was investigated to

examine the ϕNN (∗) vertex, which is also related to OZI violation, along with the

associated N∗ and pentaquark states. These three processes were selected to probe

exotic baryons in distinct strangeness and kinematic regimes. In all cases, the ef-

fective Lagrangian method within the tree-level Born approximation was employed

as the theoretical framework.

In Sec. II, the K+n→ K∗0p reaction was studied using the effective Lagrangian

method combined with the Regge approach within the tree-level Born approxima-

tion. A potential S = +1 resonance, P ∗+
0 ≡ P ∗

0 , was proposed as an excited state

in the extended vector-meson–baryon (V B) antidecuplet, and was specifically con-

sidered in the s-channel. The u-channel includes various hyperon (Y ) exchanges,

while the t-channel involves pion (π) exchange.

It was found that the currently available experimental data at around Ecm = 2.5

GeV cannot be described solely by tree-level Born diagrams, even when includ-

ing Regge contributions. However, the data can be reproduced by introducing a

resonance characterized by MP ∗
0

= 2.5 GeV and ΓP ∗
0

= 100 MeV, with spin-

parity quantum numbers JP = 1/2± or 3/2±. To further investigate this pos-

sibility, we estimated the effective coupling constant of the resonance, defined as

gP ∗
0
≡ gKNP ∗

0
gK∗NP ∗

0
, by fitting to the experimental data for potential use in future

studies.

The differential cross section dσ/d cos θ is significantly affected by the t-channel

π and u-channel Λ(1116) contributions. These contributions enhance the forward
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and backward scattering in the center-of-mass (cm) frame, but their impact de-

creases as Ecm increases. In contrast, for the P ∗
0 resonance, the contribution remains

smaller than the background (BKG) for all spin-parity assignments, becoming no-

table only near Ecm = 2.5 GeV and especially around cos θ = 0.

To clearly observe a resonance with a relatively small contribution, we propose

an experimental approach aimed at enhancing the signal-to-noise (S/N) ratio by

suppressing background signals. By focusing on the forward-scattering region and

aligning the polarization of the K∗ meson perpendicular to the reaction plane, it

becomes possible to effectively suppress the contributions from the u-channel and

eliminate those from the t-channel. To identify the spin-parity quantum numbers of

the expected P ∗
0 resonance produced in the reaction, we investigate a polarization

observable known as the recoil-proton spin asymmetry (RSA), under the condition

kK · ϵK∗ = 0. For JP = 3/2±, the RSA exhibits a distinct angular dependence

and shows a noticeable variation near Ecm = 2.5 GeV. In contrast, for JP = 1/2±,

the RSA displays only mild dependence on both angle and energy, making parity

determination more challenging.

The conjecture that P ∗
0 is a member of the extended vector-meson–baryon (VB)

antidecuplet, analogous to the pseudoscalar–baryon (PB) antidecuplet for Θ+, re-

mains insufficiently explained within existing theoretical frameworks. Nevertheless,

ongoing discourse contemplates plausible explanations for these antidecuplet res-

onances [61]. Furthermore, more realistic theoretical studies will be conducive to

future experimental analyses, such as K+n→ K∗0p→ π0,−K0,+p. Such endeavors

will yield valuable insights into P ∗
0 , particularly in the K0p invariant-mass domain.

Relevant investigations are underway and will be detailed elsewhere. In Sec. III, we

investigated the production process of two ϕ mesons in antiproton–proton annihi-

lation near the threshold energy. This reaction exhibits substantial violation of the

Okubo–Zweig–Iizuka (OZI) rule, and we aimed to describe it at the hadronic level

without invoking explicit gluon degrees of freedom, such as glueball. This approach

emphasizes the significance of coupled-channel interactions between vector mesons

and baryons, which are implicitly incorporated into the phenomenological descrip-
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tion of strong interactions. This theoretical investigation also yields predictions for

upcoming experiments, such as E104 [62], planned at J-PARC, which will measure

polarization observables in this context for the first time.

We use an effective Lagrangian approach to study the present reaction, incorpo-

rating multiple interaction channels. In the t and u-channels, the exchanges of the

ground-state nucleon and its excited states N∗(1535, 1650, 1895, 2071) are consid-

ered, which have significant couplings to the ϕN channel. The pentaquark-like Ps is

also considered. The s channel includes the scalar f0(2020, 2100, 2200) and tensor

f2(1950, 2010, 2150) mesons, as well as the pseudoscalar η(2225). These exchanges

allow the study to capture key dynamics responsible for the observed cross-sections

and polarization patterns.

The numerical results show several interesting phenomena. The nucleon and

various resonances dominate near the reaction threshold, causing a rapid increase

in the total cross-section. The cusp structures appear near the Λ̄Λ and Σ̄Σ thresh-

olds, affecting the behavior of the nontrivial structures of the cross-section. In

addition, scalar and tensor mesons, such as f0 and f2, introduce distinct peaks

around 2.2 GeV in the cross-section. These contributions highlight the interplay

between baryon and meson contributions, challenging previous theoretical models

that considered only the N∗(1535) resonance.

The angular distribution exhibits symmetry about θ = π/2, due to the identi-

cal final-state particles, and the nucleon t-channel exchange dominates its shape.

The polarization observables were also analyzed using spin-density matrix elements

(SDMEs), which reveal detailed patterns in the scattering angles and helicity con-

servation and show that helicity-conserving components are dominant. These po-

larization patterns provide crucial information about the reaction mechanism and

can serve as benchmarks for future experiments.

The study concludes that a combination of meson and baryon contributions can

explain the observed violation of the OZI rule in the present reactions. The nucleon

resonances and scalar/tensor mesons contribute significantly to the near-threshold

dynamics. The presence of the Λ̄Λ cusp and the complex polarization observables
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further support the need for a more detailed experimental investigation. Upcoming

experiments at J-PARC will be essential for validating the theoretical predictions

presented in this study.

We emphasize that further experiments will be necessary to confirm the theo-

retical findings, particularly those concerning polarization and the role of excited

nucleon and meson states. In Sec. IV, the π−p→ ϕn reaction was studied to explore

various N∗ resonances and the pentaquark state Ps through ϕ meson production. It

was found that the subthreshold N∗ contributions in the s- and u-channels play a

significant role in reproducing the total cross section. As the theoretical value of the

scattering length for this reaction remains undetermined, we provide a prediction

based on our model.

However, the model fails to describe the experimental data near Ecm = 2.15

GeV, which led us to introduce a hypothetical resonance, N∗(2150). If such a reso-

nance exists, it should also manifest in photoproduction processes. This possibility

was tested in the γp → ϕp reaction, where our calculations successfully repro-

duce the experimental data near the same energy region, thereby supporting the

potential existence of the N∗(2150) resonance.

To reproduce the dip-like structure observed in the differential cross section

dσ/dt, Regge trajectories were employed in the t-channel. However, the calculation

fails to fully describe the experimental data, suggesting a significant contribution

from N∗ resonances. Further research is underway to analyze data, including spin

density matrix elements (SDMEs), and to provide theoretical predictions for the

scattering length. In summary, the first reaction, K+n → K∗0p, was analyzed to

explain the currently available data by introducing a potential S = +1 resonance

state, P ∗
0 . This state represents a new possibility for describing exotic phenomena

in QCD beyond traditional chiral interaction theories. The nature of the proposed

P ∗
0 resonance as part of the extended V B antidecuplet remains theoretically un-

clear, but future experimental analyses, such as K+n→ K∗0p→ π∗0,−K0,+p, may

allow for a more detailed and realistic understanding. Second, the p̄p reaction offers

new insights into the mechanism of double ϕ meson production, highlighting the
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importance of scalar and tensor mesons as well as OZI rule violation in QCD at

the hadronic level. The detailed analysis of cross sections, polarization observables,

and resonance contributions offers a comprehensive framework for understanding

this process and lays the foundation for future experimental efforts. Theoretically,

coupled-channel calculations provide an appropriate framework for directly inves-

tigating OZI rule violation [63], and related studies on the present reaction are

currently underway. Finally, the π−p → ϕn reaction was investigated to explore

various N∗ resonances and the hidden-strangeness exotic baryon associated with

the OZI-violating ϕNN∗ vertex. Subthreshold N∗ resonances were found to play a

significant role in reproducing the total cross section, and the data near Ecm = 2.15

GeV, which known resonances could not explain, were successfully described by in-

troducing a hypothetical N∗ in both this reaction and photoproduction. Further

analyses of this reaction, including dσ/dt, spin density matrix elements (SDMEs),

and the calculation of the scattering length, are planned.

Overall, this study investigates the possibility of exotic baryons and OZI-violating

mechanisms in QCD using an effective Lagrangian approach based on the tree-

level Born approximation, providing valuable guidance for future experimental pro-

grams.
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The notations used throughout this paper are summarized below. The gamma

matrices are given by

γ0 =



1 0 0 0

0 1 0 0

0 0 −1 0

0 0 0 −1


, γ1



0 0 0 1

0 0 1 0

0 −1 0 0

−1 0 0 0


,

γ2 =



0 0 0 −i

0 0 i 0

0 i 0 0

−i 0 0 0


, γ3



0 0 1 0

0 0 0 −1

−1 0 0 0

0 1 0 0


.

1 = I4 =



1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1


, γ5 ≡ iγ0γ1γ2γ3 =



0 0 1 0

0 0 0 1

1 0 0 0

0 1 0 0


.

The metric tensor in Minkowski space is given by

gµν =



1 0 0 0

0 −1 0 0

0 0 −1 0

0 0 0 −1


.
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The Dirac spinor of fermions and antifermions is given by

u1 =



√
E +M

0

pz√
E+M

px+ipy√
E+M


, u2 =



0

√
E +M

px−ipy√
E+M

− pz√
E+M


, ν1 =



px−ipy√
E+M

− pz√
E+M

0

√
E +M


, ν2 =



pz√
E+M

px+ipy√
E+M

0

√
E +M


.

The other Γ matrices used in the calculation are as follows:

Γ5 =

 1

γ5

 , Γ(±) =

γ5
1

 , Γ(±)
µ

γµγ5
γµ

 .
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Appendix A. Amplitude

A.1 The K+n → K∗0p Reaction

The tree-level Feynman diagrams for the reaction K+n → K∗0p are given as

follows.

K+(k1)

n(p1)

K∗0(k2, ϵ)

p(p2)

P ∗
0

(a) s-channel

K+(k1)

n(p1)

K∗0(k2, ϵ)

p(p2)

π+

(b) t-channel

K+(k1)

n(p1)

K∗0(k2, ϵ)

p(p2)

Λ(∗), Σ(∗)

(c) u-channel

Figure A.1: The relevant tree-level Feynman diagrams of theK+n→ K∗0p reaction
in the (s, t, u)-channels.

A.1.1 The P ∗
0 resonance in the s-channel

In the s-channel, it is assumed that the baryon resonance P ∗
0 exists, and the

Lagrangian for this case is given as follows. B and B′ represent spin-1/2± and

spin-3/2± baryons, respectively.

LPBB′ =
gPBB′

MK
B̄′µΘµν(X)(∂νK)Γ5B + h.c.,

LV BB′ = − igV BB′

MK∗
B̄′µγν(∂µK

∗
ν − ∂νK

∗
µ)Γ5γ5B + h.c.,

LPBB = igPBBB̄Γ5γ5K
†B + h.c.,

LV BB = gV BBB̄γ
µΓ5V

†
µB + h.c.. (A.1)

The case of JP = 1/2± amplitude is calculated by

Ms
P ∗
0 (1/2±) = ⟨K∗0p|LV NNLPNN |K+n⟩

= ⟨K∗0p|gV BB

�
B̄γµΓ5V

†
µB + B̄VµΓ5γ

µB
�

×igPBB

�
B̄Γ5γ5P

†B + B̄Pγ5Γ5B
�
|K+n⟩

= ⟨K∗0p|igV BBgPBBB̄γ
µΓ5V

†
µB × B̄Pγ5Γ5B|K+n⟩
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= igV BBgPBBup2γ
µΓ5ϵµ

i(/qs +Ms)

s−M2
s + iMsΓs

γ5Γ5up1

= −gV BBgPBBup2Γ5/ϵ
/qs +Ms

s−M2
s + iMsΓs

γ5Γ5up1 . (A.2)

The case of JP = 3/2± amplitude is calculated by

Ms
P ∗
0 (3/2±) = ⟨K∗0p|LV NNLPNN |K+n⟩

= ⟨K∗0p| − igK∗NR

MK∗

h
R̄µγν(∂µK

∗
ν − ∂νK

∗
µ)N + N̄(∂µK

∗
ν − ∂νK

∗
µ)

†γνRµ
i

×gKNR

MK

h
R̄αΘαβ(A,Z)(∂

βK)γ5N + N̄γ5(∂
βK)†Θαβ(A,Z)R

β
i
|K+n⟩

= ⟨K∗0p| − igK∗NR

MK∗

gKNR

MK
N̄(∂µK

∗
ν − ∂νK

∗
µ)

†γνRµ

×R̄αΘαβ(A,Z)(∂
βK)γ5N |K+n⟩

= − igK∗NR

MK∗

gKNR

MK
ūp2(−k2µϵν + k2νϵµ)γ

ν /qs +Ms

s−M2
s + iMsΓs

∆µα(qs)

×Θαβ(A,Z)k
β
1 γ5up1

= i
gK∗NR

MK∗

gKNR

MK
ūp2(k2µ/ϵ− /k2ϵµ)

/qs +Ms

s−M2
s + iMsΓs

∆µα(qs)

×(gαβ +Xγαγβ)k
β
1 γ5up1 . (A.3)

A.1.2 The Λ(∗), Σ(∗) exchange in the u-channel

In the u-channel, baryon exchanges such as Λ(∗) and Σ(∗) were considered. Using

the same Lagrangian as in Eq. A.1, the amplitudes are calculated by

Mu
(1/2±) = ⟨K∗0p|LPBBLV BB|K+n⟩

= ⟨K∗0p|igPBB

�
B̄Γ5γ5P

†B + B̄Pγ5Γ5B
�

×gV BB

�
B̄γµΓ5V

†
µB + B̄VµΓ5γ

µB
�
|K+n⟩

= ⟨K∗0p|igPBBB̄Γ5γ5P
†B × gV BBB̄VµΓ5γ

µB|K+n⟩
= igPBBgV BBūp2Γ5γ5

i(/qu +Mu)

u−M2
u + iMuΓu

ϵµΓ5γ
µup1

= −gPBBgV BBūp2Γ5γ5
/qu +Mu

u−M2
u + iMuΓu

/ϵΓ5up1 . (A.4)
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Mu
3/2± = ⟨K∗0p|LPBB′LV BB′ |K+n⟩

= ⟨K∗0p|gKNR

MK

h
R̄αΘαβ(A,Z)(∂

βK)Γ5N + N̄Γ5(∂
βK)†Θαβ(A,Z)R

α
i

×− igK∗NR

MK∗

h
R̄µγν(∂µK

∗
ν − ∂νK

∗
µ)Γ5γ5N + N̄γ5Γ5(∂µK

∗
ν − ∂νK

∗
µ)

†γνRµ
i
|K+n⟩

= ⟨K∗0p|gKNR

MK
N̄γ5(∂

βK)†Θαβ(A,Z)R
α ×− igK∗NR

MK∗
R̄µγν(∂µK

∗
ν − ∂νK

∗
µ)N |K+n⟩

= − igK∗NR

MK∗

gKNR

MK
ūp2γ5(−kβ1 )Θαβ(A,Z)

/qu +Mu

u−M2
u + iMuΓu

×∆αµ(qu)γ
ν(k2µϵν − k2νϵµ)up1

= i
gK∗NR

MK∗

gKNR

MK
ūp2γ5k

β
1Θαβ(A,Z)

/qu +Mu

u−M2
u + iMuΓu

∆αµ(qu)(k2µ/ϵ− /k2ϵµ)up1 . (A.5)

A.1.3 The π+ exchange in the t-channel

In the t-channel, π+ exchange was considered, and the Lagrangian is given by

LPPV = igPPV V
µ[P∂µP

† − P †∂µP ] + h.c.,

LPBB =
�fPBB

MP

�
B̄γ5(/∂P )B. (A.6)

The t-channel amplitude is calculated by

Mt
π = ⟨K∗0p|LPNNLPPV |K+n⟩

= ⟨K∗0p|fPNN

MP
N̄γ5/∂(τ · π)N × igPPBV

µ
�
P∂µP

+ − P+∂µP
�
|K+n⟩

=
igPPV fPNN

MP
ū(p2)γ5/qt

i

q2t −M2
t

ϵµ(−k1µ − k1µ)u(p1)

=
2gPPV fPNN

Mπ
ū(p2)γ5

/qt
q2t −M2

t

ϵ · k1u(p1). (A.7)

A.2 The p̄p → ϕϕ Reaction

The tree-level Feynman diagrams of the p̄p→ ϕϕ process are given by
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p(k1)

p̄(k2)

ϕ(k3, ϵ3)

ϕ(k4, ϵ4)

f0, η, f2

(a) s-channel

p(k1)

p̄(k2)

ϕ(k3, ϵ3)

ϕ(k4, ϵ4)

p(∗), Ps

(b) t-channel

p(k1)

p̄(k2)

ϕ(k3, ϵ3)

ϕ(k4, ϵ4)

p(∗), Ps

(c) u-channel

Figure A.2: The relevant tree-level Feynman diagrams of the p̄p → ϕϕ reaction in
the (s, t, u)-channels.

A.2.1 The meson pole in the s-channel

In the s-channel, the three possible meson poles were considered. The La-

grangians for the scalar meson f0 pole are given by

LSNN = gSNN N̄SN + h.c.,

LSV V =
gSV V

mV
FµνF

µνS. (A.8)

The amplitude is calculated by

iMs
f0 = ⟨ϕϕ|LSV V LSNN |p̄p⟩

= ⟨ϕϕ|gSV V

mV
FµνF

µνS × gSNN

h
N̄SN + N̄S†N

i
|p̄p⟩

= ⟨ϕϕ|gSV V

mV
FµνF

µνS × gSNN N̄S
†N |p̄p⟩

=
gSV V gSNN

mV
ν̄k2(k3µϵ3ν − k3νϵ3µ)(k4µϵ4ν − k4νϵ4µ)

i

s−M2
s + iΓsMs

uk1

=
2igSV V gSNN

mV
ν̄k2

[(k3 · k4)(ϵ3 · ϵ4)− (k3 · ϵ4)(ϵ3 · k4)]
s−M2

s + iΓsMs
uk1 . (A.9)

The Lagrangians of the η pole, which is a pseudoscalar meson, are given by

LPNN =
fPNN

MP
N̄γ5(/∂P )N,

LPV V =
igPV V

MP
ϵµνρσF

µν
V F ρσ

V P. (A.10)
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The amplitude is calculated by

iMs
η = ⟨ϕϕ|LPV V LPNN |p̄p⟩

= ⟨ϕϕ|igPV V

MP
ϵµνρσF

µν
V F ρσ

V P × fPNN

MP
N̄γ5(/∂P )N |p̄p⟩

= i
gPV V fPNN

M2
P

ν̄k2ϵµνρσF
µν
V F ρσ

V

i

s−M2
s + iΓsMs

γ5/qsuk1

= −gPV V fPNN

M2
P

ν̄k2ϵµνρσ(k
µ
3 ϵ

ν
3 − kν3ϵ

µ
3 )(k

ρ
4ϵ

σ
4 − kσ4 ϵ

ρ
4)

1

s−M2
s + iΓsMs

γ5/qsuk1

= −gPV V fPNN

M2
P

ν̄k2ϵµνρσ(2k
µ
3 ϵ

ν
3)(2k

ρ
4ϵ

σ
4 )

1

s−M2
s + iΓsMs

γ5/qsuk1

= −4gPV V fPNN

M2
P

ν̄k2
ϵµνρσk

µ
3 ϵ

ν
3k

ρ
4ϵ

σ
4

s−M2
s + iΓsMs

γ5/qsuk1 . (A.11)

The Lagrangians of the f2 pole, which is a tensor meson, are given by

LTNN = − igTNN

MN
N̄(γµ∂ν + γν∂µ)NT

µν ,

LTV V =
gTV V

2MV

hgµν
4
FρσF

ρσ − gσρFνρFσµ

i
Tµν . (A.12)

The amplitude is calculated by

iMs
f2 = ⟨ϕϕ|LTV V LPNN |p̄p⟩

= ⟨ϕϕ|gTV V

2MV

hgµν
4
FρσF

ρσ − gσρFνρFσµ

i
Tµν ×− igTNN

MN
N̄(γα∂β + γβ∂α)NT

αβ|p̄p⟩

= − igTV V gTNN

2MV

hgµν
4

(∂ρVσ − ∂σVρ)(∂
ρV σ − ∂σV ρ)− gσρ(∂νVρ − ∂ρVν)(∂σVµ − ∂µVσ)

i
× Gµναβ

s−M2
s + iΓsMs

ν̄k2(γα∂β + γβ∂α)uk1

= − igTV V gTNN

2MV
ν̄k2

hgµν
4

(k3ρϵ3σ − k3σϵ3ρ)(k
ρ
4ϵ

σ
4 − kσ4 ϵ

ρ
4)

−gσρ(k3νσ3ρ − k3ρσ3ν)(k4σϵ4µ − k4µϵ4σ)
i 1

s−M2
s + iΓsM2

×
�
1

2
(ḡµαḡνβ + ḡµβ ḡνα)− 1

3
ḡµν ḡαβ

�
(γαk1β + γβk1α)uk1

= −igTV V gTNN

2MV
ν̄k2

ngµν
2

[(k3 · k4)(ϵ3 · ϵ4)− (k3 · ϵ4)(ϵ3 · k4)]

−gσρ(k3νσ3ρ − k3ρσ3ν)(k4σϵ4µ − k4µϵ4σ)
o 1

s−M2
s + iΓsM2
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×
�
1

2
(ḡµαḡνβ + ḡµβ ḡνα)− 1

3
ḡµν ḡαβ

�
(γαk1β + γβk1α)uk1 . (A.13)

A.2.2 The N (∗) exchange in the t-channel

In the t-channel, various N resonances were considered. The Lagrangian for the

case of JP = 1/2± is given by

LV NN = −gV NN N̄

�
γµ − κV NN

2mN
σµν∂

ν

�
Γ5NV

µ + h.c. (A.14)

The amplitude is calculated by

iMt
N(∗) = ⟨ϕϕ|LV NNLV NN |p̄p⟩

= ⟨ϕϕ| − gV NN

�
N̄

�
γµ − κV NN

2mN
σµν∂

ν

�
Γ5NV

µ + V µ†N̄Γ5

�
γµ − κV NN

2mN
σµν∂

ν

�
N

�
×− gV NN

�
N̄

�
γα − κV NN

2MN
σαβ∂

β

�
Γ5NV

α + V α†N̄Γ5

�
γα − κV NN

2mN
σαβ∂

β

��
|p̄p⟩

= ⟨ϕϕ| − gV NNV
µ†N̄Γ5

�
γµ − κV NN

2mN
σµν∂

ν

�
N

×− gV NN N̄

�
γα − κV NN

2MN
σαβ∂

β

�
Γ5NV

α|p̄p⟩

= g2V NN ν̄k2ϵ
µ
4Γ5

�
γµ − κV NN

2MN
σµνk

ν
4

�
i(/qt +Mt)

t−M2
t + iΓtMt

×N̄
�
γα − κV NN

2MN
σαβk

β
3

�
Γ5NV

α|p̄p⟩

= g2V NN ν̄k2ϵ
µ
4Γ5

�
γµ − κV NN

2MN
σµνk

ν
4

�
i(/qt +Mt)

t−M2
t + iΓtMt

×
�
γα − κV NN

2MN
σαβk

β
3

�
Γ5ϵ

α
3uk1

= ig2V NN ν̄k2Γ5

�
/k4 −

κV NN

2MN
σµνϵ

µ
4k

ν
4

�
/qt +Mt

t−M2
t + iΓtMt

×
�
/k3 −

κV NN

2MN
σαβϵ

α
3k

β
3

�
Γ5uk1 . (A.15)

The Lagrangians for the case of JP = 3/2± are given by

LV NN ′ = − igV NN ′

MV
N̄

′µγν(∂µVν − ∂νVµ)Γ5γ5N + h.c.. (A.16)
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The amplitude is calculated by

iMt
N(∗) = ⟨ϕϕ|LV NN ′LV NN ′ |p̄p⟩

= ⟨ϕϕ| − igV NN ′

MV

h
N̄ ′µγν(∂µVν − ∂νVµ)Γ5γ5N + N̄γ5Γ5(∂µVν − ∂νVµ)

†γνN ′µ
i

×− igV NN ′

MV

h
N̄

′αγβ(∂αVβ − ∂βVα)Γ5γ5N + N̄γ5Γ5(∂αVβ − ∂βVα)
†γβN ′α

i
|p̄p⟩

= ⟨ϕϕ| − g2V NN ′

M2
V

N̄γ5Γ5(∂µVν − ∂νVµ)
†γνN ′µ × N̄

′αγβ(∂αVβ − ∂βVα)Γ5γ5N |p̄p⟩

= −g
2
V NN ′

M2
V

ν̄k2γ5Γ5(−k4µϵ4ν + k4νϵ4µ)γ
ν × /qt +Mt

t−M2
t + iΓtMt

∆µα

×γβ(k3αϵ3β − k3βϵ3α)Γ5γ5uk1

=
g2V NN ′

M2
V

ν̄k2γ5Γ5(k4µϵ4ν − k4νϵ4µ)γ
ν /qt +Mt

t−M2
t + iΓtMt

∆µα

×γβ(k3αϵ3β − k3βϵ3α)Γ5γ5uk1 . (A.17)

A.2.3 The N (∗) exchange in the u-channel

The u-channel also considers various N resonances in the same way as the t-

channel, and the Lagrangians used are the same as in Eq. A.15 and A.17. In the

t-channel amplitude, by 3 ↔ 4 and t→ u, they become the u-channel amplitude.

iMu
N(∗) = iMt

N(∗) |3↔4, t→u

= ig2V NN ν̄k2Γ5

�
/k3 −

κV NN

2MN
σµνϵ

µ
3k

ν
3

�
/qu +Mu

u−M2
u + iΓuMu

×
�
/k4 −

κV NN

2MN
σαβϵ

α
4k

β
4

�
Γ5uk1 . (A.18)

iMu
N(∗) = iMt

N(∗) |3↔4, t→u

=
g2V NN ′

M2
V

ν̄k2γ5Γ5(k3µϵ3ν − k3νϵ3µ)γ
ν /qu +Mu

u−M2
u + iΓuMu

×∆αµγβ(k4αϵ4β − k4βϵ4α)Γ5γ5uk1 . (A.19)
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π+(k1)

p(k2)

ϕ(k3)

n(k4)

n(∗)

(a) s -channel

π−(k1)

p(k2)

ϕ(k3)

n(k4)

ρ, b1

(b) t -channel

π−(k1)

p(k2)

ϕ(k3)

n(k4)

p(∗)

(c) u -channel

Figure A.3: The relevant tree-level Feynman diagrams of the π−p → ϕn reaction
in the (s, t, u)-channels.

A.3 π−p → ϕn Reaction

A.3.1 The N (∗) resonance in the s-channel

In the s-channel, various N (∗) poles are considered. The Lagrangians for the

case of JP = 1/2± are given by

LPNN = igPNN N̄PΓ
±γ5N + h.c.,

LV NN = gV NN N̄Γ±Vµγ
µN + h.c.. (A.20)

The amplitude is calculated as

Ms
N(∗) = ⟨ϕn|LV NNLPNN |π−p⟩

= ⟨ϕn|gV NN

h
N̄Γ±Vµγ

µN + N̄γµV †
µΓ

±N
i

×igPNN

h
N̄PΓ±γ5N + N̄γ5Γ

±P †N
i
|π−p⟩

= ⟨ϕn|igV NN N̄Γ±Vµγ
µN × gPNN N̄PΓ

±γ5N |π−p⟩
= igV NNgPNN ūk4Γ

±ϵµγ
µ i(/qs +Ms)

s−M2
s + iΓsMs

Γ±γ5uk2

= −gV NNgPNN ūk4Γ
±/ϵ

(/qs +Ms)

s−M2
s + iΓsMs

Γ±γ5uk2 . (A.21)

The Lagrangians for the case of JP = 3/2± are given by

LPNN ′ =
gPNN ′

MPs

N̄(∂µP )Γ
±N ′µ + h.c.,

LV NN ′ =
igV NN ′

MPs

N̄γ5Γ
±Fµνγ

νN ′µ + h.c.. (A.22)
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The amplitude is calculated by

Ms
N(∗) = ⟨ϕn|LV NNLPNN |π−p⟩

= ⟨ϕn| igV NN ′

MPs

�
N̄γ5Γ

±Fµνγ
νN ′µ + N̄ ′µγνFµνΓ

±γ5N
�

×gPNN ′

MPs

h
N̄(∂αP )Γ

±N ′α + N̄ ′αΓ±(∂αP )
†N

i
|π−p⟩

= ⟨ϕn| igV NN ′

MPs

N̄γ5Γ
± (∂µVν − ∂νVµ) γ

νN ′µ × gPNN ′

MPs

N̄ ′αΓ±(∂αP )
†N |π−p⟩

=
igV NN ′

MPs

gPNN ′

MPs

ūk4γ5Γ
± (k2µϵν − k2νϵµ) γ

ν /qs +Ms

s−M2
s + iMsΓs

∆µαΓ±(−k1α)uk2

= −igV NN ′

MPs

gPNN ′

MPs

ūk4γ5Γ
± (k2µ/ϵ−/k2ϵµ)

/qs +Ms

s−M2
s + iMsΓs

∆µαΓ±k1αuk2 . (A.23)

A.3.2 The N (∗) exchange in the u-channel

Calculating using the same Lagrangian as in the s-channel, Eq. A.20 and A.22,

we get

iMu
N(∗) = ⟨ϕn|LPNNLV NN |π−p⟩

= ⟨ϕn|igPNN

h
N̄PΓ±γ5N + N̄γ5Γ

±P †N
i

×gV NN

h
N̄Γ±Vµγ

µN + N̄γµV †
µΓ

±N
i
|π−p⟩

= ⟨ϕn|igPNN N̄PΓ
±γ5N × gV NN N̄Γ±Vµγ

µN |π−p⟩
= igPNNgV NN ūk4Γ

±γ5
i(/qu +Mu)

u−M2
u + iMuΓu

ϵµΓ
±γµuk2

= −gPNNgV NN ūk4Γ
±γ5

/qu +Mu

u−M2
u + iMuΓu

/ϵΓ±uk2 . (A.24)

Mu
N(∗) = ⟨ϕn|LPNNLV NN |π−p⟩

= ⟨ϕn|gPNN ′

MPs

h
N̄(∂αP )Γ

±N ′α + N̄ ′αΓ±(∂αP )
†N

i
× igV NN ′

MPs

�
N̄γ5Γ

±Fµνγ
νN ′µ + N̄ ′µγνFµνΓ

±γ5N
�
|π−p⟩

= ⟨ϕn|gPNN ′

MPs

N̄(∂αP )Γ
±N ′α × igV NN ′

MPs

N̄ ′µγνFµνΓ
±γ5N |π−p⟩

=
igV NN ′

MPs

gPNN ′

MPs

ūk4(k1α)Γ
± /qu +Mu

u−M2
u + iMuΓu

∆αµγν (k2µϵν − k2νϵµ) Γ
±γ5uk2
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= i
gV NN ′

MPs

gPNN ′

MPs

ūk4k1αΓ
± /qu +Mu

u−M2
u + iMuΓu

∆αµ (k2µ/ϵ−/k2ϵµ) Γ
±γ5uk2 . (A.25)

A.3.3 The meson exchange in the t-channel

In the t-channel, vector meson ρ and axial vector meson b1 were considered.

The Lagrangians for ρ exchange are given by

LV NN = gV NN N̄γ5γ
µV †

µN + h.c.,

LV V P =
gV V P

MP
ϵµνσρFµνFσρP + h.c.. (A.26)

The ρ meson amplitude is calculated by

iMt
ρ = ⟨ϕn|LV NNLV V P |π−p⟩

= ⟨ϕn|gV NN

h
N̄γ5γ

αV †
αN + N̄Vαγ

αγ5N
i

×gV V P

MP

�
ϵµνσρFµνFσρP + P̄FσρFµνϵ

µνσρ
�
|π−p⟩

= ⟨ϕn|gV NN N̄γ5γ
αV †

αN × gV V P

MP
ϵµνσρFµνFσρP |π−p⟩

= ⟨ϕn|gV NN N̄γ5γ
αV †

αN × gV V P

MP
ϵµνσρ (∂µρν − ∂νρµ) (∂σϕρ − ∂ρϕσ)P |π−p⟩

=
gV PP gV V P

MP
ūk4γ5γ

α

 
gtµ · −i

gαν − qtαqtν

M2
t

t−M2
t

− gtν · −i
gαµ − qtαqtµ

M2
t

t−M2
t

!
×ϵµνσρ (k2σϵρ − k2ρϵσ)uk2

=
gV PP gV V P

MP
ūk4γ5γ

α

 
2gtµ · −i

gαν − qtαqtν

M2
t

t−M2
t

!
ϵµνσρ (2k2σϵρ)uk2

= −4i
gV PP gV V P

MP
ūk4γ5γ

α

 
qtµ ·

gαν − qtαqtν

M2
t

t−M2
t

!
ϵµνσρk2σϵρuk2 . (A.27)

The Lagrangians for b1 exchange are given by

LANN = gANN N̄γ
µγ5A

†
µN + h.c.,

LAV P =
gAV P

2
·A+

1µ

�
V µP−�

. (A.28)
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The amplitude for the b1 meson is calculated by

iMt
b1 = ⟨ϕn|LANNLAV P |π−p⟩

= ⟨ϕn|gANN

h
N̄γµA†

µN + N̄Aµγ
µN

i
× b

2
·A+

1ν

�
V νP−�

|π−p⟩

= ⟨ϕn|gANN N̄γ
µA†

µN × b

2
·A+

1ν

�
V νP−�

|π−p⟩

=
gABB · b

2
ūk4γ

µ · −i

gνµ − qtµqν
t

M2
t

t−M2
t

 ϵνuk2

= −igABB · b
2

ūk4

/ϵ− /qtqt·ϵ
M2

t

t2 −M2
t

uk2 . (A.29)
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Appendix B. Spin Density Matrix Elements (SDMEs)

B.1 Frame Transformation

SDME is defined in the final meson rest frame, and a Lorentz transformation is

used to boost the CM frame into the rest frame of a particle moving in an arbitrary

direction with velocity v. Since the reaction plane is in the xz-plane, the velocity

in the y direction is zero.

γ −γvx/c −γvy/c −γvz/c

−γvx/c 1 + [γ − 1]v
2
x

v2
[γ − 1]

vxvy

v2
[γ − 1]vxvz

v2

−γvy/c [γ − 1]
vyvx

v2
1 + [γ − 1]

v2y
v2

[γ − 1]
vyvz

v2

−γvz/c [γ − 1]vzvx
v2

[γ − 1]
vzvy

v2
1 + [γ − 1]v

2
z

v2



=



1r
M2

M2+k2cm

− sin θkcmr
M2

M2+k2cm

√
M2+k2cm

0 − cos θkcmr
M2

M2+k2cm

√
M2+k2cm

− sin θkcmr
M2

M2+k2cm

√
M2+k2cm

1 + sin2 θ

−1 + 1r
M2

M2+k2cm

 0 cos θ sin θ

−1 + 1r
M2

M2+k2cm


0 0 1 0

− cos θkcmr
M2

M2+k2cm

√
M2+k2cm

sin θ cos θ

−1 + 1r
M2

M2+k2cm

 0 1 + cos2 θ

−1 + 1r
M2

M2+k2cm




(vx = v sin θ, vy = 0, vz = v cos θ). (B.1)

The Lorentz factor γ and β are defined as

β =
1q

1− v2

c2

, γ =
1p

1− β2
. (B.2)
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The SDME matrix and the frame transformation matrix are given by

ρ =


ρ−1−1 ρ−10 ρ−11

ρ0−1 ρ00 ρ01

ρ1−1 ρ10 ρ11

 , d1 =


1
2(1 + cosα) − 1√

2
sinα 1

2(1− cosα)

1√
2
sinα cosα − 1√

2
sinα

1
2(1− cosα) 1√

2
sinα 1

2(1 + cosα)

 .(B.3)

A frame transformation is possible as follows:

ρB = d1(−αA→B)ρ
Ad1(αA→B) (B.4)

The angle between the frames is given by [66]

αA→H = θcm,

αH→GJ = − cos−1

�
v − cos θcm
v cos θcm − 1

�
,

αA→GJ = αA→H + αH→GJ . (B.5)
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Appendix C. Extended Ward-Takahashi Identity

C.1 Local Symmetry and Ward-Takahashi Identity

To verify the gauge invariance of QED-like and hadronic processes, we examine

the Ward-Takahashi identity in both QED annihilation and hadronic reactions

at the tree level. This subsection includes explicit calculations that demonstrate

current conservation and gauge invariance.

e−(p−)

e+(p+)

γ(k1)

γ(k2)

q

(a) t -channel

e−(p−)

e+(p+)

γ(k1)

γ(k2)

q

(b) u -channel

Figure C.1: The Feynman diagram of the annihilation process

The amplitude of the annihilation process is given by

Mtotal = ϵ∗µ(k1, λ1)ϵ
∗
ν(k2, λ2)×Mµν

= ϵ∗µ(k1, λ1)ϵ
∗
ν(k2, λ2)× (Mµν

1 +Mµν
2 ) ,

Mµν
1 = − e2

t−m2
× ν̄γν(/q +m)γµu (q = p− − k1),

Mµν
2 = − e2

u−m2
× ν̄γµ(/̃q +m)γνu (q̃ = p− − k2). (C.1)

TheWard-Takahashi identity is satisfied when the amplitude of the form ϵ∗µϵ
∗
νMµν

satisfies k∗µϵ
∗
νMµν = 0 or ϵ∗µk

∗
νMµν = 0 [64, 65]. To verify this, the t-channel am-

plitude is calculated by

ν̄γν(/q +m)γµu× k1µ = ν̄γν(/q +m)/k1u

= ν̄γν(/p− − /k1 +m)/k1u (k21 = m2 = 0)

= ν̄γν(/p− +m)/k1u

= ν̄γν(/p−/k1 +m/k1)u

= ν̄γν(2/p−/k1 − (/p− −m)/k1)u (∵ (/p− −m)u = 0)
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= ν̄γν(2/p−/k1)u

= ν̄γν(k21 + p2− − (p− − k1)
2)u

= ν̄γν(m2 − t)u. (C.2)

Mµν
1 × k1µ =

−e2
t−m2

ν̄γν(−t+m2)u = +e2ν̄γνu. (C.3)

The u-channel amplitude is calculated by

ν̄γµ(/̃q +m)γνu× k1µ = ν̄/k1(/̃q +m)γνu

= ν̄/k1(/k1 − /p+ +m)γνu (k21 = m2 = 0)

= ν̄/k1(−/p+ +m)γνu

= ν̄(−/k1/p+ + /k1m)γνu

= ν̄/k1(−2/k1/p+ + /k1(m+ /p+))γ
νu (∵ ν̄(/p+ +m) = 0)

= ν̄/k1(−2/k1/p+)γ
νu

= ν̄γν(−k21 − p2+ + (p+ − k1)
2)u

= ν̄γν(−m2 + u)u. (C.4)

Mµν
2 × k1µ =

−e2
u−m2

ν̄γν(u−m2)u = −e2ν̄γνu. (C.5)

Therefore, the total sum of the two terms becomes 0, satisfying the Ward-Takahashi

identity.

Mµν
total × k1µ = (Mµν

1 +Mµν
2 )× k1µ

= +e2ν̄γνu− e2ν̄γνu

= 0. (C.6)

C.2 Local Symmetry for massive vector meson

If the local symmetry exists in QCD as well, hidden-local symmetry, for instance,

the extended Ward-Takahashi identity should be satisfied at the tree level.
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C.2.1 p̄p→ ϕϕ

The s-channel,N∗ of the t and u-channels, satisfies self-gauge invariance. There-

fore, for the case of N , it is sufficient to satisfy iMt+iMu(ϵ3 → k3 or ϵ4 → k4) = 0.

The amplitudes calculated in Eq. A.15 and A.18 are given by

iMt
N(∗) = ig2V NN ν̄k2Γ5

�
/k4 −

κV NN

2MN
σµνϵ

µ
4k

ν
4

�
/qt +Mt

t−M2
t + iΓtMt

×
�
/k3 −

κV NN

2MN
σαβϵ

α
3k

β
3

�
Γ5uk1 ,

iMu
N(∗) = ig2V NN ν̄k2Γ5

�
/k3 −

κV NN

2MN
σµνϵ

µ
3k

ν
3

�
/qu +Mu

u−M2
u + iΓuMu

×
�
/k4 −

κV NN

2MN
σαβϵ

α
4k

β
4

�
Γ5uk1 . (C.7)

Calculating the t-channel amplitude, we get the following

iMN
t (ϵ3 → k3) = ig2V NN ν̄k2γ5

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
/qt +Mt

t−Mt

×
�
/k3 −

κV NN

2MN
· i
2
(/k3/k3 − /k3/k3)

�
γ5uk1

= ig2V NN ν̄k2γ5

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
/qt +Mt

t−Mt
/k3γ5uk1

= ig2V NN ν̄k2γ5

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
(/k1 − /k3 +Mϕ)/k3

(k1 − k3)2 −M2
ϕ

γ5uk1

= ig2V NN ν̄k2γ5

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

� −k23 + (/k1 +MN )/k3
k21 + k23 − 2k1 · k3 −M2

N

γ5uk1

(∵ (/k1 +MN )/k3 = 2k1 · k3 − (/k1 −MN )/k3)

= ig2V NN ν̄k2γ5

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
×
−M2

ϕ + 2k1 · k3 − (/k1 −MN )/k3

M2
N +M2

ϕ − 2k1 · k3 −M2
N

γ5uk1

(∵ (/k1 −MN )uk1 = 0)

= ig2V NN ν̄k2γ5

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

� −M2
ϕ + 2k1 · k3

M2
ϕ − 2k1 · k3

γ5uk1

= −ig2V NN ν̄k2γ5

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
γ5uk1 . (C.8)
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Calculating for the u-channel, we get the following

iMN
u (ϵ3 → k3) = ig2V NN ν̄k2γ5

�
/k3 −

κV NN

2mN
· i
2
(/k3/k3 − /k3/k3)

�
/qu +Mu

u−Mu

×
�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
γ5uk1

= ig2V NN ν̄k2γ5/k3
/qu +Mu

u−Mu

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
γ5uk1

= ig2V NN ν̄k2γ5
/k3(/k3 − /k2 +Mϕ)

(k3 − k2)2 −M2
ϕ

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
γ5uk1

= ig2V NN ν̄k2γ5
k23 − /k3(/k2 −MN )

k23 + k22 − 2k2 · k3 −M2
N

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
γ5uk1

(∵ −/k3(/k2 −MN ) = −2k2 · k3 + /k3(/k2 +MN ))

= ig2V NN ν̄k2γ5
M2

ϕ − 2k2 · k3 + /k3(/k2 +MN )

M2
N +M2

ϕ − 2k2 · k3 −M2
N

×
�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
γ5uk1

(∵ ν̄k2(/k2 +MN ) = 0)

= ig2V NN ν̄k2γ5
M2

ϕ − 2k2 · k3
M2

ϕ − 2k2 · k3

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
γ5uk1

= ig2V NN ν̄k2γ5

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
γ5uk1 . (C.9)

Therefore, the sum of the two terms is given by

iMN
t (ϵ3 → k3) + iMN

u (ϵ3 → k3)

= −ig2V NN ν̄k2γ5

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
γ5uk1

+ig2V NN ν̄k2γ5

�
/ϵ4 −

κV NN

2MN
· i
2
(/ϵ4/k4 − /k4/ϵ4)

�
γ5uk1

= 0. (C.10)

C.2.2 π−p→ ϕn

In the π−p→ ϕn reaction, the (extended) Ward-Takahashi identity is satisfied

in the form iMs + iMu(ϵ → k3) = 0. The amplitudes calculated in Eq. A.21 and
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A.24 are given by

iM1/2−
s = −gV BBgPBBūk2γ5/ϵ

/qs +Ms

s−M2
s + iΓsMs

uk4 ,

iM1/2−
u = −gV BBgPBBūk2

/qu +Mu

u−M2
u + iΓuMu

/ϵγ5uk4 . (C.11)

By substituting ϵ→ k3, the amplitude is calculated by

iM1/2−
s+u (ϵ→ k3) =

�
iM1/2−

s + iM1/2−
u

�
= −gV BBgPBB

�
ūk2γ5/ϵ

/qs +ms

s−m2
s

uk4 + ūk2
/qu +mu

u−m2
u

/ϵγ5uk4

�
= −gV BBgPBB

�
ūk2γ5/k3

/qs +MN

s−m2
N

uk4 + ūk2
/qu +mN

u−m2
N

/k3γ5uk4

�
= −gV BBgPBB

�
ūk2γ5

/k3(/k3 + /k4 +mN )

(k3 + k4)2 −m2
N

uk4 + ūk2
(/k2 − /k3 +mN )/k3
(k2 − k3)2 −m2

N

γ5uk4

�
= −gV BBgPBB

�
ūk2γ5

k23 + /k3(/k4 +mN )

k23 + k24 + 2k3 · k4 −m2
N

uk4 + ūk2
/k2/k3 − k23 +mN/k3

k22 + k23 − 2k3 · k2 −m2
N

γ5uk4

�
= −gV BBgPBB

h
ūk2γ5

m2
ϕ + /k3(/k4 +mN )

m2
ϕ +m2

N + 2k3 · k4 −m2
N

uk4

+ūk2
(/k2 +mN )/k3 −m2

ϕ

m2
N +m2

ϕ − 2k2 · k3 −m2
N

γ5uk4

i
�

∵ /k3(/k4 +mN ) = 2(k3 · k4)− /k3(/k4 −mN ), (/k2 +mN )/k3 = 2(k2 · k3)− (/k2 −mN )/k3

�
= −gV BBgPBB

h
ūk2γ5

m2
ϕ + [2(k3 · k4)− /k3(/k4 −mN )]

m2
ϕ + 2k3 · k4

uk4

+ūk2
−m2

ϕ + [2(k2 · k3)− (/k2 −mN )/k3]

m2
ϕ − 2k2 · k3

γ5uk4

i
�

∵ (/k4 −mN )uk4 = 0, ūk2(/k2 −mN ) = 0
�

= −gV BBgPBB

"
ūk2γ5

m2
ϕ + 2k3 · k4

m2
ϕ + 2k3 · k4

uk4 + ūk2
−m2

ϕ + 2k2 · k3
m2

ϕ − 2k2 · k3
γ5uk4

#
= −gV BBgPBB [ūk2γ5uk4 − ūk2γ5uk4 ]

= 0. (C.12)

69



References

[1] S. K. Choi et al. [Belle], Phys. Rev. Lett. 91, 262001 (2003).

[2] R. Aaij et al. [LHCb], Phys. Rev. Lett. 110, 222001 (2013).

[3] A. M. Sirunyan et al. [CMS], Phys. Rev. Lett. 128, no.3, 032001 (2022).

[4] G. Cotugno, R. Faccini, A. D. Polosa and C. Sabelli, Phys. Rev. Lett. 104,

132005 (2010).

[5] H. X. Chen, W. Chen, X. Liu, Y. R. Liu and S. L. Zhu, Rept. Prog. Phys. 86,

no.2, 026201 (2023).

[6] R. Aaij et al. [LHCb], Phys. Rev. Lett. 115, 072001 (2015).

[7] R. Aaij et al. [LHCb], Phys. Rev. Lett. 131, no.3, 031901 (2023).

[8] W. Park, S. Cho and S. H. Lee, Phys. Rev. D 99, no.9, 094023 (2019).

[9] D. Diakonov, V. Petrov and M. V. Polyakov, Z. Phys. A 359, 305-314 (1997).

[10] T. Nakano et al. [LEPS], Phys. Rev. C 79, 025210 (2009).

[11] P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01

(2020).

[12] K. P. Khemchandani, H. Kaneko, H. Nagahiro and A. Hosaka, Phys. Rev. D

83, 114041 (2011).

[13] S. i. Nam, Phys. Rev. D 103, no.5, 054040 (2021).

[14] S. I. Shim, Y. Kim and S. i. Nam, Modern. Phys. Lett. A, 39, No.21&22,

2450101 (2024)

[15] L. Bertolotto et al. [JETSET], Nuovo Cim. A 107, 2329-2337 (1994).

[16] L. Bertolotto et al. [JETSET], Phys. Lett. B 345, 325-334 (1995).

70



[17] C. Evangelista et al. [JETSET], Phys. Rev. D 57, 5370-5381 (1998).

[18] H. W. Ke and X. Q. Li, Phys. Rev. D 99, no.3, 036014 (2019).
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