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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+tn — K*On
reaction, we focus on a potential S = +1 excited resonance PS’ * = Fj, which is
presumed to belong to the extended vector-meson—baryon (VB) antidecuplet. The
Py is characterized by Mp: ~ 2.5 GeV and ['p: ~ 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 pp — ¢¢ reaction is
studied to investigate OZI violation at the hadronic level. Scalar and tensor mesons
generate a peak near E., = 2.2 GeV, while nucleons and their resonances domi-
nate near the threshold. Cusp structures arise from the AA and ¥ channels. The
spin density matrix elements (SDMEs) provide insight into the individual hadronic
contribution. Lastly, we also consider various nucleon resonances in the 77 p — ¢n
reaction, which involves a OZI-violating mechanism. Sub-threshold nucleon reso-
nances are crucial for reproducing the total cross section. The data near E¢,, = 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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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 (ggq) and mesons (¢q), but more
exotic structures like pentaquarks (gqqqq) and tetraquarks (qqgq) 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+ (4312,4440,4457) states, which decay into J/1p, were observed by LHCb [6].
These are potentially understood as bound states of vector mesons and baryons,
expressed as P ~ D*Y.. At the same facility, a new pentaquark state (udscc)

Cc

containing a strange quark was also discovered through the decay process B~ —
TR [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 ©1, 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 = 41 channel makes it difficult to dy-
namically generate such a resonance.

The S = 0 hidden-strangeness state P;" ~ uudss ~ K*3 has been proposed as

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



structure observed near E¢y, ~ 2.1 GeV in the yp — ¢p 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 P,, which carries hidden strangeness like s§, is
strongly related to ¢ meson production. The ¢ meson is predominantly composed
of s5, and in the pp — ¢¢ 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 ¢¢ pair is formed. According to the Okubo—Zweig-lizuka
(OZI) rule, this process should be strongly suppressed due to the disconnected
quark lines. Therefore, the pp — ¢¢ 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 ww states, the experimentally observed
cross section, (2-4), ub, is more than two orders of magnitude larger than the
value expected from the ¢-w mixing effect [15-17]. This significant discrepancy
may be explained by the involvement of resonant gluonic states such as glueballs,
strongly coupled §s 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 gq sea of the proton and antiproton, leading to the production of a ¢¢ pair. The
strangeness content of the proton and antiproton, such as the 'Sy 5s component,
may result in ¢¢ 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 KK, nn, and 77 states can contribute to double-¢ produc-
tion [22]. These processes enable ¢¢ production without violating the OZI rule,
and a complete calculation is necessary for precise predictions in future studies.

The 7~p — ¢n reaction involves the N N vertex and thus shares the same OZI-

violating mechanism as the aforementioned double-¢ production. This makes the



reaction a useful probe for exploring the possible existence of the exotic baryon P;
and provides an experimental and theoretical platform for calculating quantitative
observables such as the scattering length. Moreover, based on the strong ¢ N N*
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 Ktn — K*%p 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 = 41 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, Py T = Fy, 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 P; state [12,13], we extend the classification of possible
states according to the number of strange quarks: Py ~ qqqqs, P1 = Ps ~ qqqss,
P, = Py ~ qqsss, and Py = Psgs ~ qssss, where ¢ 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
P, to be approximately 2.071 GeV. Considering a typical mass spacing within
the antidecuplet [9], the mass of the S = +1 ground state Py is estimated to be
around 1.89 GeV. Consequently, the peak observed near 2.5 GeV is interpreted
as a resonance, denoted as Pj(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 7 exchange in the ¢-channel, A(1116)

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



extension of hadrons. A relativistic Breit—-Wigner term with Mr = 2.5 GeV and
I'r = 100 MeV is introduced to model the resonance contribution. The results show
that the reaction is dominated by the s-channel resonance, t-channel 7m exchange,
and wu-channel A exchange. Due to the lack of precise data, we explore several
spin-parity assignments (J© = 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 (g ~ 0, kx - €+ ~ 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 pp — ¢¢ 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 ¢- and u-channels, as
well as scalar and tensor mesons (fo, f2) and a pentaquark-like state P;(2071,3/27)
in the s-channel.

Despite the expected suppression from the OZI rule, the 9 NN coupling (gonn =
—1.47) is sizable, approximately 10% of the OZI-allowed coupling g,y 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 fy and fo [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 (IN*). The scalar and tensor mesons, fy and fo, generate a distinct
peak structure around W = 2.2 GeV, which qualitatively agrees with the JET-
SET experimental data. Additionally, the openings of the AA and X channels



lead to nontrivial cusp structures, while the contributions from n and Ps are found
to be negligibly small. Polarization observables were calculated by considering the
spin density matrix elements (SDMEs) of the final ¢¢ 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 7~p — ¢n reaction, we investigate the possible existence of various N*
resonances and the pentaquark state Ps. This reaction involves an OZI-violating
¢ N N* 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 FE., ~ 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 7~ p — ¢n data but also suc-
cessfully describes the vp — ¢p data, supporting its possible existence. Although p
and b; 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 ¢ N interaction.

This study is organized as follows. In Sec. II, we investigate the possible ex-
istence of a pentaquark-like state PJ *in the K*n — K*% reaction and propose
an experimental method to clearly observe this resonance. In Sec. III, we analyze

the OZI-violating reaction pp — ¢¢ at the hadronic level, including exotic states,



and provide a benchmark comparison with experimental data. In Sec. IV, we study
the m~p — ¢n reaction involving the ¢ /N N* 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.



II Investigation of the P,/* state via the K™n — K*p

Reaction

II.1 Theoretical framework for the K™n — K*’p reaction

We outline the theoretical framework for the Ktn — K% reaction, which
serves as a basis for exploring the possible existence of exotic states such as P(T .
The relevant Feynman diagrams for the process are illustrated in Fig. 1.1, where
the four momenta of the particles involved are also defined. The Yukawa interaction

vertices are described as follows:

Lppp = %BW@W(X)@”P)F;)B +h.c.,
Ip
Lvpp = —Zg]‘;TBHB’”v”(%VV — 0,V,)Ts75B + h.c.,
V7
Lppg = igpprBTsysP B+ h.c.,
Lvpp = gVBBBV”F5VJB + h.c.,
Lppy = igppyVF[PI,Pl— P9, P]+h.c.,
Losp = TEED Bag(aP)B. (IL1)
Mp

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 I's = (I4x4,75)
to represent the parity (4, —) of B’. The term ©,,(X) signifies the off-shell pa-

rameter X-dependent term within the Rarita-Schwinger formalism [28].
@HV(X) = Guv + XV V- (11.2)

As illustrated in Fig. IL.1, our analysis encompasses the Fj diagram in the s-
channel, hyperon (A, ¥(*)) exchange in the u-channel, and 7 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 Fj. Concerning the
t-channel, while there could be additional meson exchanges, such as the axial-vector

meson by (1235), we exclude them due to the scant information available regarding



their decays [11].

(a) s channel (b) t channel (c) u channel
K™ (ki) K*O(ks; ) KT(ky) ---1-- K*ks; ) KT (ki) --- K*O(ks; )
) N Pg s ’ //
/—»—{\ + OF ’
n(p:) p(p2) n(p:) p(p2) n(p1) p(p2)

Figure II.1: The relevant Feynman diagrams illustrate the (s,t,u)-channel tree-
level contributions to the K+tn — K*%p process in the Born approximation. Solid
lines represent the nucleon and its resonances, while dashed lines denote scalar and
vector mesons. The four momenta (k;, p;) and polarizations () for the vector meson
are also defined.

Following straightforward calculations, the invariant amplitudes for the Feyn-

man diagrams depicted in Fig. I1.1 are presented as follows:

FAAS _ ﬂs + MP(;‘

iMps(s=1/2) = ~9K*NF; NP3 U(p2)lsf —— M2, ~iMp:T px YsLsu(p1),
. 0 0 0

. 1JK*NPr*JKNP: _ ,

'LMSPO*(SZS/Z) = ]\/fKSMK 0 u(p2)75r5(k‘2u€y — /{:2,/5#)7

5 ﬁa + MP[;‘ Au&(Qs)
s = Mp. +iMp;T'p;

9ap + X¥a3 kffs)U(m),

; 1 - (qu + My )¢
,Mu - — * F F s
My 29KNY9K Ny u(p2) 5u = M}Q/ My Ty 575u(p1)
, U K*NS* JKNS* _
ZM%*(BSS) = 3 Me- Mg u(p2) kY (9w + Xy )

X gua(qu) (ﬁu + ME*)
2fr -k
iMb = Mﬂ(p2)75 i (€ I)U(pl). (IL3)

M, t— M2

7P (kanes — kapea) vsu(pr),

Here, the notation (s, u,t) = (¢2, ¢2, ¢?) denotes the Mandelstam variables. In addi-
tion, M and I 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 = A(1116,1/2%),
$(1192,1/2%), A(1405,1/27), and A(1670,1/27), along with the hyperon reso-
nance X*(1385,3/2%). The polarization vector of K* is represented by €,. The spin



sum of the Rarita-Schwinger field yields the following expression:

e e

1
AHV — [ % o v
(@) = =" + 7" + d'q i

3 3M?

(IL.4)

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

nomenological form factor, defined as follows:

A4

F@) = oy

(IL.5)
In this expression, x represents the Mandelstam variable, and M, denotes the off-
shell mass of the corresponding particle. The cutoff parameter A 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 — oo, 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 w-channel amplitudes for the A(1116), ¥(1192), and ¥*(1385) are adjusted
using the Regge approach, wherein each trajectory «(a) is characterized by the

intercept o’'.

~ s QA s (u)—3% 1
As(s,u) = Cas(uMiy — I 5 —ans(u) d,
, = Gy 2
~ S Qy* (u)*% 3
Lo(s,u) = COgs(u) M o r 5~ as (u) Al (IL.6)

Note that the amplitude M’ represents the expression in Eq. (I1.3) after removing
the denominator part of the propagator. The trajectories are specified as ap(u) =
—0.65+0.94u, ax(u) = —0.794-0.87u, and ax=(u) = —0.27+0.9u. Additionally, the

phenomenological momentum-dependent hadronic coefficient is defined as follows:

ny A% 2

2
Ay —u

Oy (u) = (IL7)



Finally, the t-channel Reggeized amplitude for the 7 reads

a (1) o

Mi(s,t) = GOM: = m—m T 8

Here, hadronic coefficient Cy(t) is ar/(1 —t/A2)2.

IT1.2 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 Py. To streamline our analysis, we denote the combined coupling as gp+g =

JK*NPr9KNF; hereafter.

Hyperon (Y) JK*NY JKNY Combined
A(1116,1/2+) —4.26 ~13.4 57.08
0.2 —2.71 2.5+ 0.9¢ 2.93 — 6.571
A*(1405,1/27)
—0.2 +0.82 0.2 —-0.67 —0.52 — 0.042
A*(1670,1/27)
$(1192,1/2%) —946 1.09 —10.06
—5.48 —6.94 38.03
$*(1385,3/2")
™ fovn = 0989  grgre = 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. 11.2.

The cutoffs for the form factors in Eq. (I.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') Ny sy [GeV?] Ay [GeV]

A(1116,1/2%) 2.60 1.21 0.45
$(1192,1/2%) 0.66 1.21 0.45
0.66 1.21 0.45

¥*(1385,3/21)
T oy = 0.53 sr = 1.00 A, =1.00

Table I1.2: Parameters for the Regge approach and cutoffs for the u- and ¢- channel
contributions [30].

(a) (b)

5 5
—— Total BKG
....... 1

41 = 8}1:([)%)) 4+ = KX EK"™#
..... **(1670) o KELE KM
—-— #(1192) — P$*(1/2")

3t —-— #*(1385) 3 N P$*(1/2#)

- P$*(3/2")
—=— P*$(3/24)

- KA K1
o K*IS$KIN

Figure I1.2: (a) Total cross-sections for the non-resonant contributions as functions
of Ecp, shown separately as the background (BKG). (b) Total cross-sections includ-
ing the four possible spin-parity quantum numbers of the Pj: J¥' = 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 I1.2. In panel (a) of Fig. I1.2, we depict the total cross-sections as functions of
the center-of-mass energy (cm)(Fcp, ), showcasing the non-resonant u- and ¢-channel
contributions separately. The lines represent contributions from the total (solid), 7
(dotted), A(1116) (dashed), A(1670) (long-dashed), A(1670) (dot-dashed), 3(1192)
(long-short-dashed), and ¥*(1385) (long-dot-dashed). Experimental data are ob-
tained from both charged (circle) and neutral (square) channels [32]. We observe

that the A(1116) exchange in the u-channel is crucial for reproducing the strength

11



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 I1.2. Conversely, the m-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 Fem =~ 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
(8,10,10) in the S = +1 channel, the possibility of channel opening appears less
likely due to their masses, which are approximately My.x = Mg+ + Ma ~ 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 — 77K p, as a
function of M+~ and M-, for instance. It’s worth noting that similar consid-
erations regarding interference possibilities have been explored theoretically and
experimentally for vp — 7 K~ p, with a focus on ¢ 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
FEem ~ 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 Py, namely J¥ = 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:

gt =065, gt =015, ¢iF =070, ¥ =023, (IL9)
It’s worth noting that the full decay width of Fj remains consistent across all
spin-parity quantum numbers, set at I'p: = 100 MeV. In panel (b) of Fig. 1.2, we
present the total cross-sections for each case separately: J& = 1/2% (solid line),
JP =1/27 (dotted line), J* = 3/2* (dashed line), and J* = 3/2~ (long-dashed
line).

In Fig. I1.3, the numerical results for the differential cross-sections for the an-
gular dependence do/dcos8 are presented for E., = (2.0,2.5,3.0) GeV in panels
(a), (b), and (c), respectively, illustrating each contribution. Here, 6 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 7
in the t-channel, respectively. Conversely, the s-channel contribution yields almost
flat curves, as anticipated. Around F.,, = 2.5 GeV, corresponding to the resonance
region (where we use 3/27), 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 E., and cosf. Notably, the resonance signal
becomes more pronounced around cosf = 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 Fj contribution, which we will
discuss below.

Now, we are in a position to discuss how to enhance the S/N for the P 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 I1.3: The differential cross-sections for the angular dependence do/d cos @
[mb] at Eem = (2.0, 2.5, 3.0) GeV are depicted in panels (a), (b), and (c) as functions
of cos @, illustrating each contribution. Here, 6 represents the scattering angle of
the final state K* in the cm frame. Panel (d) displays do/dcosf as a function of
Ecm and cosf. In this panel, we exclusively showcase the results for Bj(3/27), 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 m-exchange. Remark-
ably, due to its vector-meson nature, the invariant amplitude for the 7 exchange
in Eq. (IL.3) is directly proportional to kx - €+, where kg 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 m-exchange contribution diminishes. In panel (a) of Fig. 11.4, we display the
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20~

1511
P1%(3/2")

10F 4

do /dcos 6 [mb]

Figure II.4: (a) Differential cross-sections do/dcos@ for ki - €x+ = 0 for 6 = 0
(solid), m/4 (dotted), and 7/2 (dashed) in the cm frame. Here, we only present
the results for the P;(3/27), as other quantum-number states do not significantly
differ. (b) The same as (a), plotted as a function of cos8 and Ey, for ki - €x~ =0
at 6 = 0.

differential cross-sections do /dcos@ as a function of E.,, for ki -€x~ =0at § =0
(solid), /4 (dotted), and 7/2 (dashed) in the cm frame. Here, we specifically focus
on the result for the P;(3/27), as other quantum-number states exhibit minimal
variation. At ¢ = 0, where K* is scattered forwardly, the FJ signal is isolated
with minimal background contamination. As the angle increases, the S/N value
worsens, particularly at @ = /4. Further increasing it to ¢ = 7/2 enhances the
peak due to interference between the resonance and the wu-channel contribution,
although the background contamination also increases. In panel (b) of Fig. 11.4,
we plot the differential cross-section as a function of cos and E.p,. Across a wide
range of angles (—0.5 - cosf < 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. I1.3 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 Fj 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 kg - €x+ = 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 ex~ perpendicular to the reaction plane:

_doy/dcos® —doy/dcosf
~ doy/dcost +do| /dcosb ke =0

31 (I1.10)
where the notation (f,J) denotes the (up, down)-spin polarization of the recoil
proton, respectively. In panel (a) of Fig. I1.5, we illustrate the RSAs as functions
of cosf at E.n = 2.5 GeV. Note that the curves mainly comprise contributions
from the s-channel and wu-channel, as the t-channel contribution is eliminated by
fixing the polarization as kg - ex= = 0. The spin-1/2 cases exhibit much smaller
asymmetry compared to the spin-3/2 ones. The Pg(1/2%) amplitudes show weak
angular dependence and are relatively small due to their Lorentz structures in the

vicinity of E., = 2.5 GeV as follows:

ul (p2)70'72 Eemyo £ ]\/[PJ 75’[1/([)1)
~ A(Ecm + ]\/[Pg) + B(Ecm iy Mpg)(COS 9, sin 9), (A, B) € R. (1111)

On the contrary, the P (3/2%) amplitudes exhibit highly nontrivial angular depen-
dencies arising from the spin-sum of the Rarita-Schwinger field and the kinematic
factor kg - kg~ o t, as shown in Eq. (I.3). Consequently, the spin-parity quan-
tum numbers can be determined from ¥ (cosf) 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. IL.5, the numerical results for the RSA as functions of FE.,, are presented.
Each spin-parity case exhibits a distinctive curve shape above E., =~ 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 I1.5: (a) Recoil-proton spin asymmetry (RSA) in Eq. (I1.10) as functions of
FEen for different spin-parity quantum numbers of P*0, with e K* perpendicular to
the reaction plane. (b) X as functions of cosf at E., = 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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IIT Investigation of Exotic Baryons via the pp —

Reaction

II1.1 Theoretical framework for the pp — reaction

(a) s -channel (b) t -channel (c) u -channel
p(ki) (k3; 3) p(ki) —»—--- (ks; 3) p(ki) —— (ks; 3)
fO; ) f2 /// \\ //'
---< Y p™);Ps pOiPs Y
p(kz) (k4i 1) p(ke) —»—L -~ (Ka; 4) p(ks) —— (k4; 1)

Figure III.1: The relevant Feynman diagrams illustrate the (s, ¢, u)-channel ampli-
tudes for pp — ¢¢. Solid lines represent (anti)proton and its resonances in the
diagrams, while dashed lines represent scalar, vector, and tensor mesons. The four
momenta (k;) and polarizations (¢;) for the particles are also defined.

We outline the theoretical framework for the pp — ¢¢ reaction, which serves as

the basis for our analysis. The relevant Feynman diagrams are provided in Fig. I1I.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:

Lsny =
LpNN =

LNy =

Lryvy =
LynNnN =

Lynn' =

gsNNNSN +h.c, Lgyy = MFWF“”S,
me

PNN 19pPVYV y
fMp Ns(@P)N, Lpyy = L0, FI PP,

/ Mp
1YTNN
— My, N(Vu0p + 7 0u)NTH J: h.c.,

9g1rvv  Guv
2My 4
KVNN

—gvNNN Y — MUW@” [sNVH,

4

FpoFP7 — g°PF,, Fy,, TH,

where S, P, V, T, and (N, N’) denote the scalar, pseudoscalar, vector, tensor

mesons, and nucleon fields for J* = (1/2%, 3/2%), respectively, while the vector

meson is given in the form of the antisymmetric field-strength tensor F},,, = 9,V,, —
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0,V,,. Note that we employ the Lagrangians for the SVV and TVV 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. II1.2:

2i9SVVYSNN Uk, [(k3 - ka)(€3 - €2) — (k3 - €a)(€3 - k)] up,

iMS, = % FS,
WS My s— M2+ ilsMs s
M = _49PVVJ;PNN 17k2Guupak3u§4u€§p64a75¢fsukl < FP,

MP n S — MP + ZMPFP
s LYTVVIYTNN - Guw
Mrsw —= —_————V/I. — k‘ . k 3"
M7 oMMy g (ks - ka)(es - €4) o

— (k3 - €4) (e ka)] — g7P (ksvesp — kapes) (kageay — kap€as)
AB (ks + sk
" (%; 15.+ Y8 la)Ukl % AT,
S5 MT + ZFT]\/[T []

a gt 9 _ RYNNGM g e+ My
ZMN(*)(1/2i) = ZgVNN(*)Vk2F5 ¢/4 - m@uyﬁ ]fZ W

K * ()
X f3— e )Uagegkg Dsup, x FN7,
2M )

34 t—us

. u o . t
iMy@apry = My

2
. g e
zM?V/*(g/Qi) = ‘;\]}é\] Uro Y505 (Kap€ay — kayean)y”

a_qé‘,—ya_q;/l,yu

1 P
X =" g s el Sn
N7 I

X’yﬁ(kgaegg — kgﬁéga)75r5ukl X FCN/*,
34 t—u- (I11.2)

iMuN/* (3/2:(:) - T:Mﬁv/*

Here, gi+j = (ki £k;) and the Mandelstam variables are defined by (s, t,u) = ¢2, .

We also define the tensor-meson propagator as follows:

pvas Lopavp | pbovey _ Loyw_ap w , B
ARP(s) = 5(9"°9" + "9 — 39", ¢ = —g" - == (1IL3)

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:
o h . ih i
FNNN"(p )y =1— 1= FNY' (1) 1—-FENY"(u) . (I11.4)

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 ¢ <» u (k3 <> k4) in the ¢- and u-channel
amplitudes [39-41]:

4
Ah )
A+ (x — M?)?

T

FlM = F(x, My, Ay) = (IT1.5)

Fitting available experimental data will determine the cutoff mass Aj, later in Sec.
I11.2.

p(k1) B(q) P(k3)

p(ka) B(g—ki—ka) ¢(ka)

Figure I11.2: A loop contribution for BB channel opening for B = (A, X).

In pp scattering, BB channels can open and decay into two ¢ mesons. Hence,
in the energy region from threshold to W = 2.5 GeV, a cusp corresponding to the
AA and XX loops can appear at W = 2M, and 2Msy, respectively. To describe
the cusp effectively, we consider the one-loop diagram as depicted in Fig. IIL.2.
For those Yukawa interaction vertices shown in Fig. III.1, we define the following

point-interaction Lagrangians to simplify the problem:

Lig = S8 BBB'B, Lypvs =" 0P BE, PV B, (IIL6)
N N

where B = (A, X). The unknown couplings g4p and gypyp will be taken as free
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parameters here. Straightforwardly, the amplitude for the loop diagram can be

computed as follows:

iMpp = —gppV[(k3-ki)(es-ea) — (k3 - €a)(e3 - k)] u X Floop
d'p Tr[(p+ Mp)(p+ dh2 + Mp)]
(2m)4 [p? — M%}L(p +q142)? — M%]}’

Ggg(s)

(I11.7)
I

where the reduced coupling reads gz = gapgveve/M ]E{/ The integral representing
the BB loop, with cutoff regularization, is given by:
Z, h i A

_ o (2) © _ 1 Ay

B B 2
0 4= g
where x indicates the Feynman-parameterization variable and

O oy LB @y By B
Io5(2) 162 In A I o(z) = 52 In A (II1.9)

Here, A = —z(1 — x)s + M3 and A, = —z(1 — x)s + p?, in which p stands for a
cutoff mass, corresponding to the size of two baryon masses p ~ 2Mp. To prevent
the unphysical increase of M gp caused by the terms involving k3 4, we multiply
the form factor Fioop = FN (s, My Ajoop) t0 iM gg. For simplicity, we consider the
isospin-averaged loop integral for 30-F

In interpreting the reaction mechanism of the double ¢ 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
¢-meson helicities, which are defined similarly to those in the previous study [41].
The 0-th element of the SDME for the ¢-meson with k3 (¢3) reads:

0 1 XX X .
PN, T o Migapr ;A 4MAp>\p>\’3/\ Y
Ao dp A =41
I XXX X

Np = Mogapr a5

2
Ap Ap A g A =%l
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Pi N, TN, Mirpapa 30M§pxpx30v
X ¢
Ny = | Mpapa 30|2- (I11.10)
A Ap A

In this context, A, represents the helicity of particle h in a specific kinematic frame.
We can obtain the SDMEs for the ¢-meson with k4 (¢4) by simply swapping the
subscript indices as 3 <> 4 in Eq. (II1.10). To compare the SDMEs with experimen-
tal data, we need to boost the kinematic frame used for the theoretical computation
to the ¢p-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].

IT1.2 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 f(2020,2100,2200) and f2(1950, 2010, 2150), respectively.
Based on experimental data from the Particle Data Group (2022) [42], the pseu-
doscalar meson 7(2225) is known to be strongly coupled to ¢¢, so we include this
meson in our calculations.

All the relevant numerical inputs for the mesons are listed in Table II1.1. Here,
we show the reduced coupling constants go = gagsgann for ® = (S,P,T) to
overcome theoretical uncertainties, since theoretical and experimental information
for gose gonn are scarce. Ref. [42] provides the couplings for the 7 meson as
In(¢e,NN) = (—4.062,0.5).

We next turn to the contributions of nucleon resonances in the ¢- 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 the N*(1535,1/27).
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 —iT'/2 [MeV] 9(S,P.T)

f0(2020) 1982 — i218

f0(2100) 2095 — i143.5 0.115
f0(2200) 2187 —i103.5

f2(1950) 1936 — 9232

f2(2010) 2011 — 4101 0.1
f2(2150) 2157 — i76

Table III1.1: Relevant meson coupling constants for the s-channel contributions.

the ¢-N channel: N*(1535,1/27), N*(1650,1/27), and N*(1895,1/27). The re-
sulting couplings, denoted as gsn -+, are listed in Table IIL.2.

Furthermore, as discussed in previous work [13], a possible pentaquark baryon,
P,(2071,3/27), is considered as a K*¥ bound state that decays into ¢N. 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 sy« to zero due to limited
information, except for kgnn, which is fixed at —1.65 [44]. For simplicity in the
computations, we use a single cutoff mass Ap, 1o0p = (550, 300) MeV for all hadronic
form factors with gz, 55 = (2,1.2) by fitting available experimental data.

In panel (a) of Fig. IT1.3, we present the full calculations for the total cross-
sections o = o0p,¢4 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 (V) contribution is significant near the threshold, exhibiting
a shoulder-like structure, while the nucleon-resonance (N*) contribution, including
P, becomes stronger as W increases. We verified that the effect of the P; is much
smaller than other nucleon resonances. As expected, the scalar and tensor mesons
fo2 are responsible for the bump structure around W = 2.2 GeV. Additionally,
there is a small but finite contribution from the 7 in the s-channel. Interestingly,
the nontrivial structure around W =~ 2M and 2Msy is well reproduced by the inter-
ference between the cusp effects from the AA- and X¥-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 —iT'/2 [MeV] IsNN)

N 938 — i0 —1.47

1504 — i55 1.4 41422
N*(1535,1/27)

1668 — 28 4.1 —i2.7
N*(1650,1/27)

1673 — i67 4.5 4 5.2

1801 — 96 2.1 4 1.8
N*(1895,1/27)

1912 — i54 0.9 — 0.2
P,(2080,3/27) 2071 — i7 0.14 4 i0.2

Table I11.2: Relevant nucleon coupling constants for the ¢- and u-channel contribu-
tions [12,43].

the cusp effects. Although we try to explain the structure with the cusps from the
BB 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
n 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 do/dcos# as a function of W
and cos @, where 6 denotes the scattering angle of the ¢3 in the center-of-mass sys-

tem for the full calculation. As shown, the angular dependence is symmetric about
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Figure II1.3: (a) Total cross-sections o = 0,44 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 n contribution. (¢) Those with-
out the ground-state nucleon (/) contribution. (d) Angular-dependent differential
cross-section do/dcosf as a function of W and cos 6.

6 = /2 since identical mesons are scattered in the final state. The cross-section
decreases as 6 approaches 7/2 from 6 = 0.

To better understand the angular dependence of the present reaction process, in
panels (a - c¢) of Fig. I11.4, we show the full results for do /d cos 6 as a function of cos 0
at different energies W = (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 I11.4: (a-c) Angular-dependent differential cross-sections do/d cos 6 as func-
tions cos # at different W. (d-f) The same as functions of W 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 IV contribution primarily determines the total curves and their angular
dependences. In panels (d - f), we present the full calculation results for do/dcos 6
as functions of W for different angles # = (0 — w/2). As already noted in panel
(d) of Fig. II1.3, the magnitude of the cross-sections decreases mainly due to the
diminishing 7 and N contributions as the angle increases.

In panel (a) of Fig. IIL.5, we present the full results for the forward differential
cross-sections, do/dt, as functions of —t for different values of W. As expected from
Fig. I11.4, 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 (do/dt = ae~"*) and a double-exponential
(do/dt = a'e V!l 4 ¢e=Itl) functions in the region below [t| < 0.2GeVZ2. 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 IIL.5: (a) Forward differential cross-sections do/dt as functions of —t for
different W. (b) The same as a function of —t and W.

simple exponent fits do/dt oc m =4 exp[—2t/m?] for small |t|, where m 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 threshold W . 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 II1.3. To better understand the overall ¢-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 fp2 mesons.

W [GeV] a b a’ v d d’
2.1 464 -0.21 3.02 -0.21 163 -—-0.21
2.2 439 028 272 -038 175 2.03
2.3 2.05 042 2.06 0.60 0.02 —-3.50

Table IIL3: Parameters for the single (do/dt = ae ") and double exponent
(do/dt = a’e VIt 1 ¢e=@) fits. All the parameters are in the 1/GeV? unit.

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

defined in Eq. (II11.10). The numerical results for pSO,IO,l—I are plotted in Fig. I11.6
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Figure II1.6: Spin-density matrix elements (SDMEs) P(/)\0,10,1—1 as functions of cos 6
for the Adair, helicity, and Gottfried-Jackson (GJ) frames for A = (0,4), which
stands for the ¢4 helicity (£1,0), at W = 2.2 GeV.

as functions of cos 8 for the full calculation, shown across different kinematic frames,
namely, the Adair, helicity, and Gottfried-Jackson (GJ) frames, where A\ = (0,4)
represents the ¢4 helicity at W = 2.2 GeV. According to Eq. (ITI1.10), each SDME

approximately follows specific helicity-flip patterns:

(I11.11)



where the amplitude is defined as M,,,. Here, we define the notation A3y =
|[As — A\4|. From the numerical results shown in Fig. II1.6 and being understood by
Eq. (II1.11), we clearly observe that the single (AAg4 = 1) and double (AAgy = 2)
helicity-flip SDMEs become zero at cos§ = %1, indicating helicity conservation. In
contrast, the AXzy = 0 component remains finite [45]. We also find that pg, is not
exactly unity at cosf = 41 due to finite helicity non-conserving effects from the
fo and N* contributions. As expected, the AAs4 = 2 contribution is very small,
as seen from p{_;. 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. I11.7, we plot pgbA‘ as a function of W and cos @ 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 fy, introduce
a small but non-trivial structure around W = 2.2 GeV for helicity-conserving cases,
ie, A =4 (AXgy = 0). As expected, the Algys = 0 contributions are significantly
larger than those with Algy = 1.

Finally, we turn to the discussion of polarization observables, which can provide
valuable insight into reaction mechanisms by examining various combinations of ¢-
meson polarizations. In panel (a) of Fig. IT1.7, we present the numerical results for
polarized total cross-sections as functions of W for different combinations of ¢3
and ¢4 polarizations, denoted as (eg,, €4,). The symbols L 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. (II1.2) 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. (II1.2), the fy amplitude becomes zero for
the combinations (||, L) and (||, ®), whereas the  amplitude remains non-zero only
for (||, ®). In contrast, the fo amplitude remains finite for both combinations. This

pattern is illustrated in panel (a) of Fig. IIL.8, showing the bumps corresponding
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Figure IIL.7: Spin-density matrix elements (SDMEs) ,0864 as functions of W and
cos @ for the Adair, helicity, and Gottfried-Jackson (GJ) frames.

to fo2 and 7, 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. II1.8, where the fy and fo 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 f, and 7 contri-
butions exhibit qualitatively flat curves near zero degrees, while the fy 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 ¢-meson polarizations
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Figure II1.8: (a) Polarized total cross-sections as functions of W for the different
combinations of ¢35 and ¢4 polarizations, i.e., (€4,,€4,). (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 cosf in the
same manner as the panel (b) for W = (2.1 —2.3) GeV. (d) Polarization asymme-
tries in Eq. (I11.12) as functions of cos# with N + N* and N*.

as follows:

dOeze, — doer e,

Asymmerty = (IT1.12)

doeye, + dO'egeﬁ1 ’
where the ¢-meson polarizations are given by €34 = (||, L, ®) and do = do/dcos 6.
In panel (d) of Fig. II1.7, we show the polarization asymmetries in Eq. (III1.12)
as functions of cosé for the full calculation with N + N* and that with N* only,
respectively. As seen in panel (a) of Fig. II1.7, 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 cosf = +1
and cosf ~ 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 p — n

Reaction

IV.1 Theoretical framework for the ~p — n reaction

(a) s -channel (b) t -channel (¢) u -channel
(ki) (ks) “(ky) --- (ks) “(ka) ---

\\ . n(*) ///
p(kz) n(ks) p(kz) n(ks) p(kz)

Figure IV.1: The relevant Feynman diagrams illustrate the (s,t, u)-channel am-
plitude for 7=p — ¢n. 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 (k;) and polarization (¢;) are defined.

To study the 77 p — ¢n 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 = igpNNNPFiN+h.C.,
£VNN = g\/NNNl“i'yg,Vufy“N—i—h.c.,

LpNn = g;;N/N(E)MP)Fi%N’“—Fh.C.,
Ps
Lynn = ZgX[NN/ NT*F,~"N" + h.c.,
Ps
Lyny: = - 23\491 NT(E) — G AZQ )Qayzvﬂi) +1 ng’ )2]\71““[)&, ¢N! +hec,
N N N
Lpnnr = —%NF@)T'auay&lﬂN"“”ath.c.,
iy
_ 191 or(d) 92 () 93 o)
Lynnr = NTE) 4+ 9, NT&) — NT®Hg,
VN (2My)? : (2My)* (2My)*
xaaaﬁfﬁ“”szﬁ +he.,
Lyny = gunnNA"VIN +he,
Lvvp = LXZPP ePE,, Fy,P + hic.,
Linny = gANNJ\_f’y”75ALN+h.c.,
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where S, P,V, and (N, N’, N”) denote the scalar, pseudosclar, vector, and nucleon
fields for J¥ = (1/2%,3/2%,7/2%), respectively, while the vector meson is given in
the form of the antisymmetric field-strength tensor F),,, = 9,V,, — 0, V,,. 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 Lpyns and Lpynr, we ignore the off-shell part of the Rarita-Schwinger fields

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

O 1 (@) 1
75 Y5
& = 5 X, 1 =B""k (IV.2)
T
N i ds + M,
= —1 k k),
My N9vNBYPNBU(k2)T 75¢ TME i T u(ky),
N _ L ﬂu"‘M 2
= —1 ko)T I k
M, N9VNBIPNBU(k2) WS MZE T Mu¢75 u(ky),
Ps _ 19V NN’ JPNN' 4 (ds + M) Are
S VP v S e v TR 15T Frat,
P LJVNN' 9PNN' — + (du + M, )Aa
=1 kil k r*
Mo N, MR g, (Reuf-Raei) T,
- Zq¢NN QWNN' (£) 7.0 %X A _xp g/s_"]wN’
MY = FI I (ke — e TN
; TN oy ag, N (et = e
XAG(N',qs) T T kqun,
" IYpNN" GrNN" _  (+ ds + My
Mé\f = :FIN* (2‘(;4 )3 7}\47? ( )]{?gkg(kgf*)\ ]{;)‘ *,u) S_MJZV”
X AML(N", g )T F kakaghipun,
Gav — Qth2t
1% .gVBBYVVP _
M) = —42M7Pu(k2)'y5’yae“wp Qip - t—th; kapesu(ka),
b ?{_ Q/tQt‘G
.gABB - b _ M2
MPE = T2 (k) —— u(ky). (IV.3)
! 2 t— M?

Here, ¢i+; = (k; + k;) and Mandelstam variables are defined by (s,t,u) = qut’u.
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When the first term of Ly yn and Ly yn» of Eq. IV.1 is only considered.

) 1 2
At (N*.q) = —gat + 57%,0" + 33;;2 tard” =P+ g pan™
i} 1 X B BB 3 5 -
A (N,0) = —5¢ Go Go o — =00 Gy, 072
P(a),P(8)
3 3 B, B 3_ 5 _ _
—§’Ya17519a39a§ +£7&17519a2a3gﬁ263 . (IV.4)

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

strong form factors into the amplitudes.

A

FlM = F(x, My, Ap) =
A (z=DM2)?

x

(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]):
h ih i
FNN /25 yy=1— 1— FNN"(s) 1 =FENN"(u) . (IV.6)

The cutoff mass Aj, is determined by experimental data, as discussed later in
Sec. 1V.2.

As in Sec.II, we follow Ref. [29] in considering that, at sufficiently high energies,
the process approaches the asymptotic limit (s — o0), 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 p and b; exchanges. The standard Feynman
propagators are replaced by the corresponding Regge propagators, as given below.

1 s @ (t)—1

I » L — -
t— M2 pRegge -
p
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sin(ﬂ'af ()t)% 2 I(ap(t))’
1 b S by =
Foa o TR =
1
7T04f, Sy, + e~ ®) 1
X — 1 L . (V.7
sin(mop, (1)) 2 (o, (1)) ( )

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

1) [48]. The values of each trajectory a(t) were taken from Ref. [47].
a,(t) = 0.55+ 0.8t oy, (t) = 0.75¢. (IV.8)

Additionally, the phenomenological momentum-dependent hadronic coefficient was
defined as follows, as shown in Sec. I.1.

ap

)= a—ymy

(Iv.9)
The mass scale parameter sqg 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 77 p —
¢n reaction. Nucleon resonances are considered in the s- and wu-channel contribu-
tions. As in Sec. III.2, the calculation is based on the strong coupling between
the s-wave nucleon resonances and the ¢ N channel, as established using the chiral
unitary model (ChUM) in the study by Khemchandani et al. [43]. The resulting cou-
plings, g-nn+ and ggn -+, for N*(1536,1/27), N*(1650,1/27), and N*(1895,1/27)
are listed in Table IV.1. As discussed in our previous work [13], the possible pen-
taquark baryon P5(2080,3/27) is treated as a K*¥ bound state that decays into
¢N. The coupling of Ps to the ¢/N channel, calculated using ChUM [12], is also
presented in Table IV.1. The #NN* couplings were determined using the decay
widths provided in Ref. [49], and the total widths were taken from Ref. [50].
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N 938 — i0 0.989 —147 1000

N*(1535,1/27)  0.9-i0.3  1504—i55 14+4i2.2 540
L 1668—i28  —05-i0.5 41—i27

N*(1650,1/2") 540
1673 —i67  1.3—i0.6 4.5+ i5.2
1801 — 96 0.5-+i0.3 2.1+il8

N*(1895,1/27) ' o o 540
1912 -4 0.1-i0.5 0.9 —i0.2

P,(2080,3/27) 2071 — i49.5 0.330 0144402 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 F¢, =~ 2.15 GeV, possible
N* resonances in the nearby energy region are considered. The couplings g )
are calculated using the decay widths provided by the PDG experimental data [42],
while the unknown couplings g,y are fitted to the experimental results. The

resulting values are listed in Table IV.2.

N*(2120,3/27) 2120 — 2150 0.143  —=0.10 1000
N*(2190,7/27) 2180 =200  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 Ay,. g-yn+ is taken from Ref. [42],
while gynn~+ is determined by fitting.

The coupling constants for the possible t-channel exchanges, p and by, were
taken from theoretical and experimental studies in Refs. [50-53]. These values are
listed in TABLE IV.3. The mass scale parameter sy was adjusted to reproduce the
experimental data and is also listed in Table IV.3. The constants of p appearing in
Eq. IV.9 were fitted with a, = 5.6.

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

sections over different ranges of FE.y, with individual contributions shown sepa-
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M — ZT‘/Q [MBV] g¢7r gdgrNN So[MeV] Ah[MeV]
p(770) 763 — 173 0.0243 3.363 1600 1600
b1(1235) 1229.5 — 71 2.0MeV  8.83 1600 1600

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

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 F.p, increases, the
contribution from the p exchange becomes more significant. The N*(2120) reso-
nance has a noticeable impact near E., &~ 2.2 GeV, while the other contributions
remain relatively small. Panels (¢) and (d) present the differential cross section
do/dQ at 0 = 0, plotted over different ranges of E¢y,. The component-wise con-
tributions to do/dt exhibit a similar structure to that of the total cross section.
Panels (b) and (d) are plotted over a narrower range, Fe, = 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 do/dQ at § = 0, including the contribution from
the assumed resonance N*(2150). Fits were performed for four possible spin-parity
assignments, J© = 1/2% 3/2%, and all cases except for J© = 1/2% appear to

reproduce the experimental data well.

IN*(2150) = YpNN*GrNN*- (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 do /dS2 at = 0 (c, d) for the 7~ p — ¢n
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 —il/2 [MeV]  gn.2150) An[MeV]

1/2+ 0.14
1/2- , i0.007
N*(2150) 2150 — i45 1000
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 do/dQ) at
6 = 0, including the contribution from the assumed resonance N*(2150). The blue,
red, yellow, and green lines correspond to J© = 1/2%, 1/27, 3/2%, and 3/27,
respectively.

If such a resonance exists, it is expected to also contribute to ¢/N 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 P; state. In this context,
(a) (®

N 7

\\ n(*), PS ///

p n

Figure IV.4: (a) s-channel diagram for the 7~p — ¢n reaction; (b) s-channel dia-
gram for the vp — ¢p 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 do/d cos 6 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 E.,, ~ 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 J = 1/2(7) and 3/2(+7) assignments of N*(2150). The inclusion of
the resonance improves the agreement with the experimental data. Taken together
with the results from the 7~ p reaction, this suggests the possible existence of such

a resonance.
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Figure IV.5: Differential cross sections do/dcos@ for the yp — ¢p reaction as a
function of Eqy,. The red solid lines show the total contributions including N*(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 J© =1/2(+~) and 3/2(+:7), respectively.
The CLAS data, shown by triangles and circles, represent the charged and neutral
KK decay modes of the ¢, respectively [60].

Fig. IV.6 shows the differential cross section do/dt. The blue, red, green, and
purple curves correspond to Fe, ~ 2.56, 2.90, 3.21, and 3.49 GeV, respectively,
which correspond to P, = 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 E.,, ~ 3.49 GeV, a dip-
like structure appears around —t = 0.5 GeV?, 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 do/dt in Fig. IV.6. Blue, red, green, and
purple curves correspond to E.p, &~ 2.56, 2.90, 3.21, and 3.49 GeV (P, = 3, 4, 5,
and 6 GeV). Circles and squares denote data from Refs. [54,57]

the phenomenological imaginary term was fitted as follows:

0.55 + 0.8 4 i0.15. (IV.11)

a,(t)

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} T = P*, the reaction K*tn — K*'p was examined, focusing on the
peak-like structure around /s ~ 2.5 GeV. Second, the production of two ¢ mesons
in near-threshold proton—antiproton annihilation was analyzed to study the sub-
stantial violation of the Okubo-Zweig-lizuka (OZI) rule and the possible existence
of the light pentaquark state P. Lastly, the 7~ p — ¢n reaction was investigated to
examine the NN 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+tn — K*% 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, Py = Py, 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 (V) exchanges,
while the ¢-channel involves pion (7) exchange.

It was found that the currently available experimental data at around E¢p, = 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 M, P = 2.5 GeV and T py = 100 MeV, with spin-
parity quantum numbers JI = 1/2jE or 3/2i. To further investigate this pos-
sibility, we estimated the effective coupling constant of the resonance, defined as
9p; = 9KNPIIK NPy by fitting to the experimental data for potential use in future
studies.

The differential cross section do/d cos @ is significantly affected by the ¢-channel

7 and u-channel A(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 .y, increases. In contrast, for the P resonance, the contribution remains
smaller than the background (BKG) for all spin-parity assignments, becoming no-
table only near E.,, = 2.5 GeV and especially around cos = 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 ¢-channel. To identify the spin-parity quantum numbers of
the expected Fj resonance produced in the reaction, we investigate a polarization
observable known as the recoil-proton spin asymmetry (RSA), under the condition
ki - e€x = 0. For JP = 3/2%, the RSA exhibits a distinct angular dependence
and shows a noticeable variation near E.,, = 2.5 GeV. In contrast, for J* =1 / 2i,
the RSA displays only mild dependence on both angle and energy, making parity
determination more challenging.

The conjecture that P is a member of the extended vector-meson—baryon (VB)
antidecuplet, analogous to the pseudoscalar—baryon (PB) antidecuplet for ©%, 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 KTn — K*9p — 7%~ K%*p. Such endeavors
will yield valuable insights into Py, particularly in the K Op invariant-mass domain.
Relevant investigations are underway and will be detailed elsewhere. In Sec. 111, we
investigated the production process of two ¢ mesons in antiproton—proton annihi-
lation near the threshold energy. This reaction exhibits substantial violation of the
Okubo—Zweig—Tizuka (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 ¢ 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 ¢N channel. The pentaquark-like P is
also considered. The s channel includes the scalar f;(2020,2100,2200) and tensor
f2(1950, 2010, 2150) mesons, as well as the pseudoscalar 1(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 AA and £¥ thresh-
olds, affecting the behavior of the nontrivial structures of the cross-section. In
addition, scalar and tensor mesons, such as fo 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 6 = 7 /2, due to the identi-
cal final-state particles, and the nucleon ¢-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 AA 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 7~p — ¢n reaction was studied to explore
various N* resonances and the pentaquark state P; through ¢ 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 E., = 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 vp — ¢p 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
do /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*9p, was analyzed to
explain the currently available data by introducing a potential S = +1 resonance
state, Fj. This state represents a new possibility for describing exotic phenomena
in QCD beyond traditional chiral interaction theories. The nature of the proposed
Fj resonance as part of the extended V B antidecuplet remains theoretically un-
clear, but future experimental analyses, such as KTn — K*p — 70~ K0 p may
allow for a more detailed and realistic understanding. Second, the pp reaction offers

new insights into the mechanism of double ¢ 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 7~p — ¢n reaction was investigated to explore
various IN* resonances and the hidden-strangeness exotic baryon associated with
the OZI-violating ¢ N N* vertex. Subthreshold N* resonances were found to play a
significant role in reproducing the total cross section, and the data near F., = 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 do/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

O 1 O 1
10 0 0
o= 01 0 O
00 -1 0 -1 00
00 0 -1 -1 0 0 0
O 1 O 1
0 00 —1 01 0
) 0 0 7 0 0 0 -1
v o= :
= w0\ 10 0 0 O
-0 0 0 I 00
O 1 O 1
1 0010
0 0 0 0 1
1=1,= 270717273 _ .
0 1.0 0 0

0 0100

The metric tensor in Minkowski space is given by

O 1
1 0 0 O
0 -1 0 0
uv = .
0O 0 -1 0
0 0 -1
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The Dirac spinor of fermions and antifermions is given by

(@) 1 1 (@) 1 O
E+M Px—ipy Pz
E+M vV E+M
0 vVE+M Dz Dx+ipy
up = , V1= E+M , Vg = E+M
Dbz DPx—1Ppy 0 0
vV E+M VE+M
Px+ip pz
7T+J\)//[ — T vE+ M E+M
The other I' matrices used in the calculation are as follows:
O 1 O 1 O 1
1 5 Y5
_ +) +
B X r®=8"%, roB" "k
V5 1 Y

o1

0200000 0NN



Appendix A. Amplitude

A.1 The K™n — K*’p Reaction

The tree-level Feynman diagrams for the reaction K+tn — K*9p are given as

follows.
(a) s-channel (b) t-channel (c) u-channel
K™ (k1) K*0(ks; ) KTy ---1-- KOks; ) Kt(ky) --- K*O(ks; )
N P * 7/
/_:_\ + OF
n(p:) p(p2) n(p1) p(p2) n(p1) p(p2)

Figure A.1: The relevant tree-level Feynman diagrams of the K tn — K*p reaction
in the (s, t,u)-channels.

A.1.1 The Fj resonance in the s-channel

In the s-channel, it is assumed that the baryon resonance Fj exists, and the
Lagrangian for this case is given as follows. B and B’ represent spin-1/2+ and

spin-3/24 baryons, respectively.

Lppp = g]]:{BB/ B’“@W(X)((‘)”K)FE)B + h.c.,
1K
L9 " B, v * *
'CVBB/ = 74A‘;i? B v (8MKV — aVKH)Fg)’}/g)B + h.C.,
Lppp = Z'gPBBBT575KTB + h.c.,
Lvps = gveeBy*TsV]B+hec. (A1)

The case of JI' = 1/24 amplitude is calculated by

Mpejory = (K*p|Ly nNLpyN|K n)
= (K*lgvpp By'T5V,B + BV,I's7"B
xigppp BUsysP'B + BPysT'sB |K'n)
= (K*pligysegpresBYy'T5V,] B x BPysI's B|K ™ n)
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i(ds + M)
T
s — M2 +iM,T, 1> °"m

ds + My
Tsu,,. A2
s — MZ+iM,T, > 2 (A.2)

= igvBBYPBBUp, V' T'5€u

= —9vBBYPBBUp,'5¢
The case of J¥ = 3/24+ amplitude is calculated by

Mipezony = (Ep|lLynnLpny K n)

_ i
= (KOp| — ENR R (9,K; — 0, KN + N(9,K;; — 0,K3) 17 RF
h Mg i

<R R00,45(A, 2)(0PK) 15N + Nys(0PK)10us(A, Z)R® K *n)
K

1JK*NR JKNR

— K*O _ N K* o K* ‘I’ 14 12

< ) p| MK* j\/[K (a,u 1 al/ lj,) ’y R
X R%Ou5(AsZ)(0° K)ys N| K Tn)

1YK*NR JKNR _

- = MK* MK uPZ(_k2H€V + k’i2l’6/i)fy
x@aﬁ(A,Z)k/f%upl )
JK*NR YKNR s + M;

— JA N k i A“a
il ag et~ Ras) e A (@)

X (gap + X’yafyﬁ)klﬁ%upl . (A.3)

v ds + M
s— M2+ iMT

AF%(gs)

A.1.2 The A®, * exchange in the u-channel

In the u-channel, baryon exchanges such as A® and ) were considered. Using

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

Moy = (Kp|LpppLypp|K'n)
= <K*0p’ingB BF5’)/5PTB + BP’)/5F5B
XJv BB B’YMFE,VJB +BVMF5’Y“B |K+n>
= (K*ligpppBT5vsP'B x gy pp BV, Tsy"B|K n)

, _ i(gu + M)
t9PBBYV BB Up, 575u M2 1M, €ul'sy Uy,
_ + M,
= —9PBBYVBBUp,I's75 t . dlsuyp, . (A4)

w— M2+ iM,T,
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Msjpe = <K*0p’£PBB/€VBB’|K+7’L> :
= <K*OP’% RYOa5(A, 2)(° K)TsN + NT5(0°K)'0,5(A, Z) R

' i
x = NI R (0, = 0, ;)53 N + Ny (0,5 — 0,K5) 1 RY K n)
K*

« — a 1 * D v * *
= (KD N0 K) O0s(A, )R x — TR R (9,0 — 0, KN |K )

1YK*NR JKNR _
= e an i s(k)Oas(4,2)

XA (qu)v” (koper — kavey)up,

.JK*NR YJKNR _
= 9 M My up2'y5klﬁ@a5(A,Z)

u— M2 +iM,T,

u— M2 +iM,T,

A (qu) (kauf — F2€u)up, - (AD)

A.1.3 The 7" exchange in the t-channel

In the t-channel, 7+ exchange was considered, and the Lagrangian is given by

Lppy = igppyVHPOP! — P19,P] + hc,
»CPBB = f]]\}BB B’}%(@P)B (Aﬁ)
P

The t-channel amplitude is calculated by

ML = (K*p|LpnnLppv|KTn)

= (K*p| fﬁw Nysd(r-m)N x igpppV* P§,Pt — PT9,P |Ktn)
P

_ igppv fPNN (p2) g e
- t
Mp q? — M}

2
gpPvVfPNN _ I e kuu(pr). (A7)

= —— - up)VBra
M ( )VSQ?_Mt

H(_klu - klu)u(pl)

A.2 The pp — Reaction

The tree-level Feynman diagrams of the pp — ¢¢ process are given by
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(a) s-channel (b) t-channel (c) u-channel

p(ki) (ks; 3) p(ki) —»—-- (ks; 3) p(ki) —— (ks; 3)
To; ;T2 /// N //‘
---< Y p™);Ps piPs Y
p(kz) (k4i 1) p(ke) —»— -~ (Ka; 4) p(ks) —— (k4; 1)

Figure A.2: The relevant tree-level Feynman diagrams of the pp — ¢¢ 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 fy pole are given by

Lsnny = gsnwNSN+he.,
Loyygr=aZVip spuv g (A.8)
mys

The amplitude is calculated by

iMG, = (9d|LsyvLsNNIPP) h ;
= (66| L FIS x gsny. NSN +NS'™N. o)
|4

= <d)¢|gsvv F,, F'™S % gsnNNSTN|pp)

my )
S S — !
— WU}W (kguﬁgy — k3u€3u)(k4#641’ - k4’/€4“) s — M2+ .M Uk
; sVl
_ 2igsvvgsan " (ks - ka)(es - €a) — (ks - €4)(es - k4)]uk (A.9)
my 2 S—M§+iFsMs . '

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

LpNN = f]]T/][\;N Nvs(PP)N,
i
Lpyy = QJZ‘;‘/ euupUFﬁyF(/mP~ (AlO)
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The amplitude is calculated by

iM; = (¢d|LpvvLpNNIDPP)
= G o Y FE P x L s ) N )

PVVJPNN _ i
= Zg ]\éingfuypo'F'uVFpg M2 n lF M 75%5’111]{;1
QPVVf PNN _ 1
- M2 Uiy €uvpo (K5 €5 — kgey) (k€] — kfe€f) s — M2 il M, Vods Uk,
QPVVf PNN _ 1
= = M2 kQE,UVPU( ku V)(2kp60) . M2 +ZF M 75%5“4{:1
P s si¥ts
49PVVfPNN _ epypgkgﬁngEZ
= _ A1l
ME TR M2 4ir M, Voflstks (A1)
The Lagrangians of the fy pole, which is a tensor meson, are given by
i
LTy = ‘(]]\Z]]\;N (VuOy + 70, ) NTH |
1
ETVV _ grvv gﬂFpana - gUprng# THY (A12)
2My 4

The amplitude is calculated by

iMj, = <¢¢‘£TVV%PNN|17P> i

TVV TNN
— (00l I o PP =R Fa T N (3,0 450 N T )

2My 4

= UVIINN S0 5,7, 0,,) 0V — 07VP) — g7(0,V, ~ 9,V (00 Vi

2My,
G,uzzaﬂ B
X az g ar,ag, e 0efs  pd)u,
1 v
= _WIVVIINN g gL(kgpe;),g — kagesp)(khe] — kfe€))
2My, 4 i
1

_ggp(k31/0'3p - k3p0-31/)(k4a'64p - k4,u€4a') M2l M,
S S

1 1
x (55" +9"7g") = 595" (vakip + vaka)uk,

9gTvVVYTNN ng
= i Uk %[(ks +ka)(es - €4) — (k3 - €4) (€3 - a)]
|4 o 1

_gap(k3u03p - k3p03u)(k4064“ - k4“640) — M2 440 My
s S
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1 1
x i(g“ag”ﬂ + "5 — -g" 5™ (yakip + Vak1a) U, -

3

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 J¥ = 1/2% is given by

LynNN = —gVNNN Yy — I;‘;niN]iVO'uyau I'sNV# 4+ h.c.
The amplitude is calculated by
iMley = (9¢|LvnNLyNNIDD)
= (¢p¢| —gynny N yu= %%8” [sNVH + VHINT
N RV NN

X —gvnN N Ya—

2M
— K
=<WFMWWWW5w—;w@ﬁ”N
mn

o RV NN _
x = gynw N o= S My 7a0° T5NV®|pp)

Gagd” TNV +VEINTs 50—
N m

RVNN i(ge + My)

4%316? CsNV%|pp)

2 —
= U,y I ——0
TVNNVR S = oy A T N A T, M,

KVNN 1y i(de + My)

_ 2 o
= GuNNVke€yls v —

oMy M M2 1T, M,

KRVNN
X Yo — ST Uagkg Isesug,
9 KVNN e + My
= r — ————ouerk
iGUNNVR LS fa My Ouv€yhy t— M2 + LM,

RVNN
X }63 —

m@'aﬁﬁgkg F5Uk1.

The Lagrangians for the case of J* = 3/2% are given by

Lyny = —%ﬂN “a¥(8,Vy — 8,V,)Ds7sN + hec..

\%4

o7

(A.14)

KRVNN

2m
KVNN

(A.16)

Oa 586
N

(A.13)

BVNN G 0 N
N
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The amplitude is calculated by

iMbe <¢¢\£VNN/EV1\HV /|pp)

’Lg][\/;N Nt u(a Vv, —9,V, )1_‘575N+N’}/5F5(8 V, =0,V )T l/]\f/;u
\%4

Y98V — 95Va) 575N pp)

po

t — M? + Ty M,

o

= (¢¢| -
- % N80, Vs — 03Va)T5v5N + NysTs(0a Vs — 05Va)'! 'yBN’a 5p)
e gﬂvf’Nwm(a V, = 9,V.) Iy N x N'®
= g‘]/\];QN/ Uky V505 (—kap€an + kapean)y” ¥ & Mr
(k3a63,3 — k3gesa) Isysup,
= g‘]/\]fVQN Uky V515 (Kap€an —kavean)y” —~ ff[;f;[;t v

’Y’B(k:aaégﬁ — k3gesa) [5y5up, -

A.2.3 The N exchange in the u-channel

(A.17)

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.

iMyy = My 364 tu %
. _ FJVNN + M
= vnnvels Re = ourrew e ey
u u u
RVNN
fa — mffaﬁﬁffk&; Lsup, . (A.18)
ZMN( ) iMN(*)‘3<—>4, t—u
g NN v fu + M,
= I's(k k
MV Vky V5 5( 3u€3v — 31/53#)7 " — Mz% il M,
x AP (kyness — kagean) D Vs, - (A.19)

58



(a) s -channel (b) t -channel (c) u -channel

ki) (ks) “(ki) --- (ks) “(ki) --- (ks)
N n(*) ’ ’
p(ka) n(ks) p(kz) n(ks) p(ka) n(ks)

Figure A.3: The relevant tree-level Feynman diagrams of the 7~ p — ¢n reaction
in the (s, t,u)-channels.

A.3 “p — n 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

LpNnNy = igpNNNPFi’Y5N+h.C.,
LynN = gVNNNFiVN’YMN-f—h.C.. (A.QO)

The amplitude is calculated as

Ne = AenlLynnEpnn|T D) i
= <¢n|9VN]ﬁf NTEV A EN -+ Nv“VJFj;N
xigpnny NPTEAsN + NysTEPIN |77 p)

= (¢nligynn NTFV,y N x gpyn NPT 5 N p)
" i(ds + Ms)

= igynNgPNNUETFe s~ MZ 4T, M, Ty,

= —gVNNgPNNak4Fi¢S —(Zﬁ\j;;JrAjliiMs TEv5up, . (A.21)
The Lagrangians for the case of JI = 3/2% are given by

Loy = g%jv'maup)riz\f’” +he.,

Lynn = %ﬂN%FiFﬂWW’N +he. (A.22)

S
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The amplitude is calculated by

S
N ()

A.3.2

(on|Ly NN LPNN|T D)
= <¢nllgj\v4];j’ NAsT*F v N 4+ N"y" F,, Ty N

1
« IPNN' R0, PYTEN" + N'°T* (9, P)IN |7 p)

Ps
= (on| LN N TE (9, V,, — 0,V,) 7/ N x IENN! Nrap (g PYTN |xp)
Mp, Mp,
IgVNN' gPNN' _ + v s+ Ms -~
= '~ (k —k AFCT= (=K
Mp, My, 50 Bt = k@)Y T (=h1a)ur,
.gVNN’ JPNN' _ 4 ds + M o
= — s (ko d AFCTFE .(A.23
NI My, s (kopd—Faep) S MZ+iMT. lalk,- (A.23)

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

u
MN<*)

iMye = (on|Lpynkynn|Tp) i
= <¢n’igP1th NPT=sN + N[ ¥PTNV
]
xgyny NTEV,4*N + Ny*VITEN |7 p)
= (¢nligpnn NPT=ysN X guny NIV, +*N|x"p)

, = i(fu+ My) +
= T DEAH
LYYPNNIVNNUE L5 W= MZ 1 iM,T, el = ug,
_ + M,
= —gpNNGVNNUETEYs5 f - ¢y, . (A.24)

uw— M2+ iM,Ty,

(¢on|LpNNLy NN|T D) i
= (on|ZENN" N (9, P)TEN' + N'T=(9,P)'N
Mp,
i - _ -
x DN NysT - By N 4+ Ny F T35 N |7 p)
= (¢n|gﬁ N N (9o P)TEN" x %ﬂﬁ/wvz«ﬂwri%mﬂ—m
Ps Ps

VNN’ PNN' + fhu + My v +
= ki) ACHAY (e —k r
Mp,  Mp, Ws (k1a) u— M2+ iM,T,, 7" (kap€y — kauen) T ysus,
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ﬁu + Mu
— M2+ iM,Ty,

QVNN’ gPNN'
M . Mp,

Upy k1ol A (kaud—faen) T ys5up, - (A.25)

A.3.3 The meson exchange in the ¢t-channel

In the t-channel, vector meson p and axial vector meson b; were considered.

The Lagrangians for p exchange are given by

Lynn = gunnNy " VIN +he.,
Lyvp = %EWWFWF@P+h.C.. (A.26)

The p meson amplitude is calculated by

iM, = (on|Lvnnfvye|T p) i
= (¢nlgvnn Ny VIN + NVoy®ysN
x %—VPP 9P E, FysP + PE, Fye™? |x7p)

\ 7 le% VVP -,
= <¢n|gVNNN75rY VTN X gM_euyapF,uVFo'pPhT p>

= (dnlgvan Nysy VI x *"Xj]f T Dy = Dopu) (905 = pg) PImp)

gt gt gt gt <
_ gvPPIVVP _ e Ve Yon — Tz
= T Mp Y gw —i e S e
t t
x et P (k?gep — k2p€o’) Uko
gt gt =
gvpPPYvVVP _ Yav =2
= Tpuk‘/l’y{)va 2gtu : _ZW EHVUP (szUEP) qu
goa/ — 2 q2t B
.gvPPIVVP _ M,
= —4i TP 4’757 iy - ﬁ E'Lwopkgo-epUkQ. (A27)
t

The Lagrangians for b; exchange are given by

Lann = gannNy"3ALN +hee.,
gavp _
Lavp = 5 AL, VRPT (A.28)

61



The amplitude for the b; meson is calculated by
iMp, = <¢N\£ANNhCAVPI7T_p> i
_ _ b _
= (¢nlgany Ny"AIN + NA AN x 3 -AT VYPT |np)

_ b
= (¢n NAMATN x = AT VVP~ |n~

gABB'bf m .@gﬂ_ M? A v
= —up, Y -1 C—Aug
2 * — ME 2
(@) 1
b ¢/_ thrE
9gABB " 0 _ 8 M g
= ug, - Uk, - (A.29)
2 Y2 - M ?
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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 zz-plane, the velocity

in the y direction is zero.

o 1
gl —Yvz/c —Yvy/c —yv:/c
X VXV xVz
—yuzfe 1+ =13 [y-13 [ —1]%3
y 4
—yoyfe [y =122 T+ y=1F 0 =12
2
—gele =A% b -UT 1rh-1 1
1 = sin Okem 0 — cos Okem
2 2
MQ'\:I,kglu M%/I—kgm \/ M2+k2nl 3 M?kz M +kcm
B 1+sin®04-1+ &5 0 cosfsing4-1+ -5
— B e, VMR W2, e,
0 0 1 0
2 3 2 3
—F gosak”“ sin900s04—1+r1:5 0 14 cos?4— 1+FS
M thk(g,ln M2 +k2‘n M2 +k(21n M2 +k(2;nl
(vy =vsinb, v, = 0,v, = vcosh). (B.1)
The Lorentz factor v and 3 are defined as
B - G - P (B.2)

_ A2
1-% 1-p

63



The SDME matrix and the frame transformation matrix are given by

(@] 1 O 1
P—1-1 P-10 P—11 (14 cosa) —% sina 5(1 — cosa)
1 . .
pP= E pPo—-1  Poo  Po1 Ead = E % sin cos o —% sin « g(B-?’)

sinae (1 + cosa)

[N

Sl

P11 Po P11 %(1—00804)

A frame transformation is possible as follows:
p" = d'(—aasp)p?d (aasp) (B.4)

The angle between the frames is given by [66]

OAH = 9(31117
_1 v —cosbm
agGJ = —COS )
v oS Oem — 1
QAG] = QASH T OH-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.

(a) t -channel (b) u -channel
e (p-) > (ki) e (p-) > (k1)
\ ay
et (ps) > (ko) et (psy) > (k2)

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

The amplitude of the annihilation process is given by

Miotar = €, (k1, M€y (k2, Adg) x MH
= EZ(kl,)\l)E;(kg,)\Q) X (M/lw +M/2w),
2
v € N Z
MY = =g Y ) (a= - — R,
2
w € 3 v oy~
MY = e m (@ =po k). (CD)

The Ward-Takahashi identity is satisfied when the amplitude of the form €}, e, M*”
satisfies ke MM = 0 or e;ky M*” = 0 [64,65]. To verify this, the ¢-channel am-
plitude is calculated by

AN

v ﬁ‘l‘ m)}élu
V(- — K1+ m)fru (kf = m* = 0)

vy (d + m)yHu X ki, 77 (

77 (

V(P + m)fru
7" (P

77 (

AN

|

Y(P-F1 + mfr)u
Y(2p-F1 — (P— —m)f)u (* (p- —m)u=0)

|
N
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Mlluj X klM
The u-channel amplitude is calculated by

V(@ +m)yuxky = vki(f+m)yu
vf1(fr — Py +m)y"u (kKf = m® = 0)
v (=p+ +m)yu

(—faps + frm)y u

vfr(=2f1p+ + Fr(m +p1))y"u (* v(py +m) = 0)
v (= 2k1¢+)7 u
vy’ (—=k 44 (e — k1))
= 7y (—m? +u) (C4)
2
ME Xy, = 2 7y” (u —m?)u = —e?oy" u. (C.5)

Therefore, the total sum of the two terms becomes 0, satisfying the Ward-Takahashi
identity.

Mltioytal x kl# = (Milw + ng) X kl#
= +e*yu — 2y u
= 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 pp— ¢

The s-channel, N* of the ¢ and u-channels, satisfies self-gauge invariance. There-
fore, for the case of N, it is sufficient to satisfy iM;+iM,(e3 — ks or €4 — kq) = 0.
The amplitudes calculated in Eq. A.15 and A.18 are given by

v dt + M,

RVNN
Sy ek o M? + i, M,

2My

At . 9 _
iMye = 9yNNTk L5 Fa—

——0 56?1@5 Dsug, ,

2My
L9 KVNN fu + M
iMye = igynnkls K3 — My ey ky - ]\}3 n z'lq“LuMu
KVNN
}64 — m(fagqakf F5Uk1 . (C?)
Calculating the t-channel amplitude, we get the following
AN . _ KYNN ¢ dr + My
iMY (3 = k3) = igiNNTRYs fa — 5l 5 (fafa — Fada) Pa—
FGVNN t
k - 5(%3%3 _k3k3) V5Uky
ﬂt + M,

r _ KVNN %
= ngQ/NNVkQ% ¢4 = ' 5(554%4 — Kata) F3vysug,

2M N t — M,
. 4 KYNN 4 (F1 — ks + My)fs
= it e ) e s
oy KVNN B k3 + (F1 + MN)}{B
= GUNNVk V5 f4— My (¢4k4 Fags) K2 k2 — 2k -k — M2

(* (F1 + Mn)ks = 2k1 - ks — (F1 — Mn)ks)

. _ KVNN 1
= gy NNk Y5 f4— S x '§(¢4%4—l€4¢4)

—MZ + 2k - k3 — (F1 — Mn)Fs
MJQ\[+M¢%—2k1 'kg—MIQV
(* (k1 — Mn)ug, =0)

) _ KVNN 1
= gy NNVRY5 fa— oM ‘5(?—’4%4—%4@)

V5Uky

— M2+ 2k - ks
M2 2k k3 O

. _ RYNN 1
= gy NNk V5 4 — I '§(¢4%4—k4¢4) Vo, -
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Calculating for the u-channel, we get the following

N o _ KVNN _ fu + My
iMy (es = k3) = igynnViYs Ks S (%3}% Ksks) ~—r A,
K
X 4 — VNN (?—’4%4 — Kads) vsu,
w + M, K )
= ’LgVNNVkQ'YE)}é?)ﬁ L fa — 2‘]/\23] o (ke — Fafa) sk,
o k3(k3—k2+M¢) CRYNN G,
= GUNNVk V5 (k:g—k:) 2 DMn 5 (Faka — Fafa) vsur,

; 5 %3@‘72 - MN)
NN K2 + kQ — ks ks — M2 oMy
(* —ks(f2 — Mn) = —2k2 - k3 + %3(%2 + Mn))
M2 — 2ky - kg + f3(Fo + My)

M12V+M¢2>—2k:2-k3—M2
KVNN 1
(* Uk, (K2 + MN) =0)

— 2ky - k3 / ,WNN
= ’L 1/ —_—
JoNN k2’75 M2 2ky - k3 4=

. 2 —
= Wy NNV 5

2 Sk Fada) s,

: ~ KV NN
= iy NNk V5 f4 — M '5(9(4}{74—%‘47{4) V5, -

Therefore, the sum of the two terms is given by

iMiV(Eg — k‘g) + Z'./\/lq]y(ﬁg — /6‘3)

. _ RV NN
= —igy NNk Y5 4 — Sy *(554%4 — Fads) 75Uk,

. _ KVNN i
+igY NNk V5 f4 — M (¢4}é4 — Fads) sur,

=0. (C.10)

C.22 7 p—on

In the 7~ p — ¢n reaction, the (extended) Ward-Takahashi identity is satisfied
in the form iM; + iM, (e — k3) = 0. The amplitudes calculated in Eq. A.21 and
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A .24 are given by

iMYP = ~9VBBIPBBUY5¢ ]%;;-FJ\EIPSMS Uy,
iMY*™ = —gvBBIPBBIK, - ;,{23++]\24§LUMU #Y5Uk, - (C.11)
By substituting € — k3, the amplitude is calculated by
MU (o hg) = MY 1 imY
= —9vBBYPBB ng%fi s 5 Uk, + kz% 2 = s,
2
= —9vBBYPBB ukﬂsh%um + %j " N kesysuk,
= —9vBBYPBB UkyY5 éﬁfi;ﬁétg%? Uky + Uky ((}é ;2__%;3; Til];%i 25,

m3 + 3 (ks + my)
mi+m%\,+2k3-l_€4—m?\,
(k2 + mn ) fz = mj !
N+m¢ kg k3 — 2 V5Uk,
* Fa(ka + mn) = 2(kg - ka) — fs(ka — mn), (B2 +mn)ks = 2(k2 - ks) — (k2 — mn)fs
N md ot [20ks - ka) — Kk — )]

= —9vBBYPBB Uk,V5 Uy

U,

= —9vBBYPBB Uk,75 mé ¥ 2%s - Fa Uy
i, —m +[2(k2 - k3) — (F2 — mN)%?)]%uk;
m¢ — 2ko - k3
* (ks — mn g, =0, Uy (f2 —my) =0

- mi+2k3-k4 - —mi+2k2~k3

= —9vBBYPBB UkyV5 mum + Uk, W’%Wu

= —9VBBYIPBB [Uky V5Uk, — UkyV5Uky)

=0. (C.12)
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