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Reaction dynamics of strange and charm hadron productions
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Open strange and charm productions are considered to play a central role in unraveling
the features of hadrons which include not only the ground states but also various excited
states, so called exotic hadrons as well. These reactions give insights into the dynamics of
quarks and gluons. To make a close link with the underlying QCD, we need microscopic
descriptions for the reactions. In this thesis, we study the reaction mechanism of the

photon- and pion-induced strange and charm productions.

In the first part, we investigate the photoproductions of K*¥ and K*A off the nucleon
targets focusing on the role of N* and A* resonances. An effective Lagrangian model
is employed with hadronic degrees of freedom. Some PDG resonances are taken into
account in the s-channel diagram process in addition to other mesons and baryons of
ground states. The resonance parameters are determined by the PDG data if available,
otherwise by using the SU(6) quark model. We find that the role of resonances is different
from each other. In the K*Y process, higher resonances scarcely affect the total and
differential cross sections. Instead, certain higher resonances play a crucial role in the
K*A process. However, in both cases, spin observables are more affected by resonances

rather than other background contributions, in general.

The structure and the interaction of charmed baryons are also important topics in hadron
physics. They have become even more interesting by the recent observation of the
pentaquark P containing cé. In the second part, therefore, we study the production
of the most fundamental process, 7~p — D*”Y,, where Y, denotes a charmed baryon.
Pion-induced K*A and D*A. productions off the nucleon targets are also investigated
with the effective Lagrangian and Regge models. Relying on the experimental data of
the K*A process, the production rate of the D*A. one is estimated. This study gives an

important clue to the upcoming J-PARC experimental project.
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Chapter 1

Introduction

1.1 Hadron production reaction

Understanding various reaction mechanisms is very useful for investigating hadron prop-
erties. Many experimental facilities are becoming more sophisticated and refiend and
the electromagnetic- or hadron-beam energies are also increasing. Consequently, reac-
tions are gradually extended to the strange and charm hadron productions which are the
main issues of hadron physics nowdays. A theoretical description of reaction dynamics
is very important. Quantum Chromodynamics (QCD) is known to be the fundamental
theory of strong interactions in the standard model. But the analysis in the low-energy
regime has difficulty because of its nonperturbative property, despite the success at high
energies. Thus various effective models are essentially needed to gain a clear insight
into the structures and features of hadrons with hadronic degrees of freedom instead of

guarks and gluons.

1.2 Strangeness productions

1.2.1 Nucleon resonances

Most of the evidence and features of nucleon resonances are derived from the partial-wave
analyses of pion-induced meson productions (1N — 7N, nN etc) and photon-induced
pion production (YN — wN) [1]. The information about the nucleon resonances which
lie below 1.8 GeV is well organized since there have been a lot of studies both theoretically
and experimentally. In comparison with this low energy region, relatively higher energy
regions still need a tremendous task. Examining the resonance properties mostly with

the 7N channel meets a limitation. Recently, two nucleon resonances N(2300) and

1



Chapter 1. Introduction 2

N(2570) are found in the decay of 1(3686) — ppmo [2]. Although such an experiment
from the charm sector helps us to confirm some resonances, it rarely happens. Therefore,

studying alternative reactions is attracting a lot of interest.

channel threthold channel threthold
(a) KY KA(1116) 1.61 (c) K'Y K*A(1116) 2.01
K¥(1193) 1.69 K*¥(1193) 2.08
(b) KY* KA*(1405) 1.90 (d) K*Y* K*A*(1405) 2.30
KA*(1520) 2.01 K*A*(1520) 2.41
KX*(1385) 1.88 K*¥*(1385) 2.28

TABLE 1.1: Strangeness reaction channels and their thresholds [GeV].

Open strangeness meson and baryon productions have been playing an important role
in resolving this problem. In Table. 1.1, the relevant channels and the corresponding
threshold energies are listed together. All these channels can be suitable candidates for
identifying the nucleon resonances higher than 1.8 GeV since their thretholds lie around

1.8 GeV or even larger than that energy.

To predict the resonance spectrum from the theoretical point of view, quark models are
employed. The constituent-quark model (CQM) [3-7] is mostly developed and widely
used. But in addition to the resonances confirmed in experiment, unobserved resonances
are anticipated and they are expected to couple weakly to the w/N channel but strongly
to the kaon one. This so-called “missing resonances” problem is another important
motivation for investigating strangeness hadron productions. Existence of these missing
resonances remains to be proved and these processes will promote the validity of the

constituent-quark model.

The strangeness degree of freedom is added besides the light quark ones, which leads
one to use SU(3) symmetry rather than SU(2) as done in the pion production process.
In strangeness channels, the partial-wave analyses method could not be as powerful as
before since the background contribution begins to come into play more than the 7N

channels.

1.2.2 Models of strangeness productions

Besides the abundant 7V scattering data, many experimental data have been produced
from the strange sector recently, especially in the photon-induced reactions of meson-
baryon final states. Correspondingly, remarkable progress in theoretical analyses is made

also. The most studied among them is the K'Y channel. Based on the experimental
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data [8-14], a lot of theoretical works have been carried out in the framework of tree-
level effective Lagrangians [15-19], Regge model [20-22], RPR (Regge-plus-Resonance)
model [23-25], and coupled-channel method [26-28].

An effective Lagrangian method considers a few single particle exchanges which are
mostly chosen to be ground state particles and thus describes the low energy regions
quite well. On the other hand, a Regge approach takes account of the exchange of whole
families of hadrons with all spins J. It leads one to extend the domain of energies of
applicability to high energies from the effective Lagrangian method. An RPR model
develops the standard Regge model since it incorporates N* or A* resonances in the s
channel in addition to the background contribution. In other words, because high ener-
gies are mostly described by the t-channel Regge background, the Regge parameters are
constrained by this region. Then low energy regions are supplemented by constructing s-
channel resonance exchanges. Because the background plays a crucial role in strangeness
production processes contrary to nonstrange ones, this model can be widely applied to

various reaction mechanisms.

[T T T T ]

- resonance + ]

1.0:_ background | background _

i ! ]
__0.8F ¢ resonance: high-energy .
< region | region 1
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FIGURE 1.1: RPR model for the 77p — KA.

Figure 1.1 explains schematically how the RPR model can be applied. When considering
the 7~p — KA reaction, only K*-reggeon exchange is allowed in the ¢ channel. We
first fix the K*-reggeon coupling to the high-energy data (Pra, = 3GeV/c). Then the
low energy region is filled with resonance terms besides the background contribution.
To understand a certain reaction process completely, we eventually need to reach a full
coupled-channel method. It incorporates the effect of all possible initial and final state

interactions.

The KY* channel is also sudied extensively. This channel is even more interesting since
the threthold is larger than that of the K'Y channel, which lies near the 2 GeV. Thus
examining this channel would be a good opportunity to extract the resonance properties

with a wider spectrum. One specific example is the KA*(1520) reaction. Based on
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the effective Lagrangian method [29-33] and the Regge model [34-37], the experimental
data [38-42] are analyzed in great detail.

1.2.3 Reactions studied in this thesis

In this thesis, we mainly focus on the K*Y channel. In contrast to the well studied
reactions (K'Y and KY™* channels), the K*Y and K*Y™ channels are still far from a
clear understanding. Both the effective Lagrangian method and the Regge approach are
utilized. In chapter 2, we explain the general framework of these two models. The pho-
toproductions yN — K*¥ [43] and yN — K*A [44] are investigated in chapters 3 and 4,
respectively, We concentrate on studying which baryon resonances near the threshold
come into play significantly as for the intermediate states. Not only the contribution of
backgrounds but also that of N* and A* resonances of spins up to 7/2 are taken into

account.

Photoproduction of the strange vector-meson (K™*) provides richer physics compared
with the K photoproduction. It is a vector meson with quantum number I(J¥) =
1/2(17), thus the exchange of the scalar meson k is allowed in the ¢ channel, which is
forbidden in the K'Y channel. Furthermore, the polarization of the K*-meson can be
taken as an important subject to be examined together with other polarization observ-

ables in terms of the spin-density matrices.

1.3 Charmed productions

1.3.1 Background

Charm- and bottom-quark physics becomes one of the most important issues in hadron
physics, as experimental facilities report new hadrons containing one or two heavy
quarks, either charm quarks or bottom ones, with unprecedented precision. Quarkonium-
like states called X, Y, Z are the main issues among them. For example, X (3872) and
Z:(3900) are found in the charm sector, and Z,(10610) and Z;(10650) in the bottom
sector. The Belle Collaboration, Babar Collaboration, and BESIII Collaboration have
announced new mesons [45-52], some of which were also confirmed by the LHCb Col-
laboration [53, 54| (see Refs. [55, 56] for reviews). These X, Y, Z states contain ¢, ¢ (or
b, b), and light quarks, which is different from the quark-antiquark states (¢q) as the
standard quark model describes. Thus quark dynamics become more complicated than
the case where only light u, d, and s quarks are considered. Moreover, these X, Y, Z

are resonances, not ground states. Many of them above decay channel thresholds are
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not sufficiently confirmed. Therefore, it seems that investigating the combination of of
heavy and light quarks is important. We need a more basis of the system of heavy and

light quarks and one suitable opportunity is a charmed baryon and its excited states.

While the mesons with charm have been extensively studied theoretically as well as
experimentally, charmed baryons have been less investigated. However, the charmed
baryons are equally or even more important, since they provide a good opportunity to
examine the role of both chiral symmetry and heavy quark symmetry in heavy-light
quark systems. Moreover, the structure and the production mechanisms of the charmed

baryons are much less known than those of light-quark baryons.

Meanwhile, the exotic states were a highly debatable topic in the baryon sector. Partic-
ularly, the pentaquark ©", whose quark content is uudds, was of great interest in the
2000’s whether it exists in nature. This issue firstly occurred by the predictions of the
mass of about 1530 MeV and the narrow decay width of less than 15 MeV in 1997 [57].
Then the observation of the ©F in the LEPS Collaboration [58] triggered off a wave of
controversy. On the other hand, in the charm sector, the first evidence for the exotic
states was found at HERA by the H1 Collaboration in 2004 [59]. The mass of such a
baryon is about 3099 MeV and the minimal constituent quark composition is expected to
be uudde. It can be a candicate for a charmed pentaquark state. Interestingly enough,
very recently, the so-called pentaquark charmonium state P, made of uudcé quarks, is
observed in A) — J/WK ~p decays [60]. This proves more obviously that exotic baryons
exist in nature in the heavy quark sector. It indicates that the heavy baryon sector can
give us a clue to unraveling the mystery of such multiquark states by analogy with (or

even better than) the light baryon sector.

1.3.2 Planned experiments

Having mentioned the background above, we explain the status of recent experiments
regarding charmed baryon productions. In 2012, the J-PARC (Japan Proton Accelerator
Research Complex) facility submitted a new proposal for the study of charmed baryons
via the pion-induced reactions at a high-momentum beam line [61]. The high pion beam
of up to 20 GeV/c will be made for the production of charmed bayons. This energy is
suited for producing charmed baryons with a fixed target and is able to produce excited
states of energy up to around 1 GeV excitation from the ground state. Once we have
a chance to observe various charmed baryons, it will provide very useful information

about the underlying quark dynamics inherent in them.

One of the general features of charmed baryons is the distinction of different excitation

modes of a three-quark system, the so-called p and A modes. For the equal quark mass
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system as in the case of light flavor baryons, they are degenerate. However, if one of
the three quarks is replaced by the charm quark which is heavier than the u, d, and s
quarks, the p and A modes split. This must be shown in the excited states of charmed
baryons and is known as an isotope shift caused by a kinematical effect. The separation
of the two modes makes us to understand the dynamics of the two light quarks, that is,
the diquark. Therefore, charmed baryons will provide a good opportunity for the study
of diquarks which is not well understood while is expected to play an important role in

various hadron physics.

1.3.3 Reactions studied in this thesis

In this thesis, we aim to examine the production rates of various charmed baryons with
the aid of a quark-diquark model in chapter 5 [62]. We focus on the mp — D*7Y,
process, where Y, is the ground or various excited charmed baryons. Then in chapter 6,
the production rate of the mp — D*~ AT reaction is estimated in comparison with the
7p — K*®A. Two theoretical methods, effective Lagrangians and Regge model, are
employed. The charmed reaction is not yet established both in theory and experiment.
The production rate of the total and differential cross sections for the mp — D*~ A} can

be useful for the future J-PARC experiments.



Chapter 2

Formalism

2.1 Effective Lagrangians

The most basic and common model when describing the hadron reactions is the tree-
level effective Lagrangians. It is known to describe the low energy region well. In
this model, there are two main ingredients: coupling constants and form factors. The
coupling constants can be determined by using SU(3) flavor symmetry or well-known
baryon-baryon potentials such as the Nijmegen potential together with the experimental
data of hadron scatterings and decays. However, the cutoff masses for the form factors

cause ambiguity in describing reactions.

For the description of hadron interaction amplitudes, we need to draw pictures for each

scattering process. According to Gribov [63],
The Feynman diagrams can be considered as a ‘laboratory of theoretical physics’.

Thus we construct tree-level diagrams classified as follows; so-called t-channel, s-channel,
u-channel, and contact terms. One simple example is the 7N — 7N reaction which is
expressed by diagrams in Fig. 2.2. In the effective Lagrangian method, interaction ver-
tices are given by “effective Lagrangians” and intermediate lines express propagators of
virtual particles which are contained in the Lagrangians. The corresponding Lagrangians

read

Epﬂ'ﬂ' - _’Lngmrp/J,(Tr : 8”71- - 6“7\' . Tr)’
- K
Lony = —gonn N | ply — 2257 o, | N+ Hee, (2.1)
2Mpn
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FI1GURE 2.1: diagrams for the 7N — 7 N.

for the t-channel exchange. Then we can compute the scattering amplitude in this

channel as

GprrdpNN (ko —k1)u(ko — k)] [ , ikpNN
Mp - Ipﬁk/{l _glu/ + ]\123 'Y - ;TNU )\(kz - kl))\ ,(22)

Other diagrams are calculated in a similar way.

As shown here, once we define the most general Lagrangians which satisfy symmetry
principles, we can calculate the scattering amplitudes. The causality makes sure that
the scattering amplitudes are analytic functions of momenta. An analytic function is
identified by its singularities [63]. The structure of these is proceeded with the help of

Feynamn diagrams. To be clear, we make the main hypothesis [63]:

Analytic properties of the exact amplitude coincide with those of the corresponding

perturbation-theory diagrams.

The only important point is to have the input objects - bare particles - to be point-like,

which is interpreted with some quantum field theory (QFT) scheme [63].

In this thesis, we apply this method to various reactions, and the concrete expressions for
the relevant effective Lagrangians and scattering amplitudes will be discussed in detail

from next chapters.
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2.2 Regge model

2.2.1 Motivation

Most reaction processes have a tendency for a forward peak. This becomes more obvious
as the production energy increses. Regge formalism is designed to fit this high energy
region where s is large and ¢ small. It is also applicable to the backward angle region
which corresponds to that of at large s and small u. When we measure the cross section
for a certain reaction process, the magnitude is usually governed by whether it contains
a t-channel process or not. This is due to the fact that there is a correlation between

the forward peak behavior in a s-channel process and the exchange of particles in the ¢

channel.
T KO T Kt
N 7 N 7
N 7 N 7
EN b 4 A ¥
N 7 N 7
K* forbidden
p >0 p Y
FIGURE 2.2: t-channel diagrams for the (a) 77p — KX.
50? Plab = 220 GeV/C F
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FIGURE 2.3: Differential cross sections for the 7~p — K°%? and 77p — KTX~ at
Piab = 2.20 GeV/c (left panel). Total cross sections for the same channels (right panel).
The data are from Ref. [64].

Pion-induced K-meson production can be a proper example to confirm this. It is
classified according to the charge sums of the initial or final particles as (a) Q = 0:
7p— K% and 77p - KX, (b) Q = 1: 7tn — K™% and 7tn — K2+, (c)
Q=-1: 7n— K, (d Q=2 77p - K'Y, Figure 2.2 depicts the t-channel
tree-level diagrams for the (a) 7~ p — KX process. After taking a careful look at the
Clebsch-Gordan coefficients for the (% X %) and (% X %) tables, we can find that there
is single charge exchange and isospin % or % for the 77p — K30, which indicates that
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K resonances such as the K*(892) and K*(1420) can be possible as for the intermedi-
ate states. Meanwhile, for the 7~p — KX, double charge exchange and isospin % is

allowed, none of which exists.

This fact is proved by the experimental data for the differential cross sections as shown
in the left panel of Fig. 2.3. Since the t-channel exchange turns out to be applicable only
for the 7~p — K30 channel, it reveals a very forward peak and the backward effects are
relatively much suppressed. On the other hand, the 7~p — KX~ has larger backward
contribution rather than other angle regions. The relevant total cross sections in the right
panel of Fig. 2.3 also support the effect of the existence of t-channel exchange. Except for
the threthold region, it is found that o(7~p — K°%%) > o(7~p — KTX7). It indicates
that including ¢-channel resonances may be an essential part for the descrption of high

energy regions.

7T+ K"' 7T+ KO
A ~N 7 7 A ~N 7 -
N b 4 N b 4
N 7 N 7
K* forbidden
n 0 n P

T KO Tt K+
N 7 N 7
N 7 N 7
A ¥ EN b4
~N 7 ~N 7

K* K*
n, Y p D

FIGURE 2.5: t-channel diagrams for the (c¢) 7~n — KYY~ (left panel) and the (d)
7tp — KTXT (right panel).

Concerning the (b) 7tn — K'Y channel, we can reach a similar conclusion as displayed
in Fig. 2.4, o(t™n — KTX% > o(r™n — KYS'). But when the charge sums are
Q = -1 and 2, only the (c) 7~n — K°Y~ and the (d) ntp — K+X* channels are
possible, respectively, and t-channel exchange is also allowed for each of them, as shown

in Fig. 2.5.
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2.2.2 Formula

For a two-body scattering process, A+ B — C+ D, we can express the scattering ampli-
tude M as a function of Lorentz invariant kinematic variables such as the Mandelstam

variables s, t, and u. From the following relation
4
s+t+u:Z:Mi2, (2.3)
i

where M; is the rest mass of initial and final particle ¢, it is possible to reduce to two

independent values; for example, M(s,t) or M(s,u).

To derive the Regge theory [65], we start with the partial-wave expansion for the am-

plitude A(s,t) in the physical region of the t-channel (s < 0, t > 4M?)

A(s,t) = mWi(zz + 1) A () Py(z), (2.4)
=0

where

2s

2zt = cos O +t—4M2’

(2.5)

in the equal-mass case. When s is large enough, the Legendre polynomials approximate

to
P(z) = Lil( 2_1)
ne = 2 d2] z
~ L4 o
- 211[!?22;)‘
_ Sl

that is, Pj(z) ~ 2! and A(s,t) ~ s'. After truncating the sum over the angular mo-
mentum [ at a certain maximum value .y, we would like to perform an analytical
continuation of Eq. (2.4) to the physical region of s-channel scattering (t < 0 and s is

large).

To achieve it, we first divide the amplitude A(s,t) in Eq. (2.4) into Ali(t),

o) Au#) 1 even
A0 _{ A(t) 1 odd } (27)
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then it is organized as
AE(s,t) = 8m > (2 + D)AF()(Pi(ze) £ Pi(—2)), (2.8)
1=0

because of Pj(—z) = (—=1)'P)(z). The amplitudes AT are referred to as even- and odd-

signatured amplitudes.

Cauchy’s theorem is employed to rewrite the partial-wave expansions as integrals. To-

gether with Residue theorem defined by

a g(a) 9(2)
fcfdz = 271'2; Resf(zn), Resf(a) = Resh(a) = ;gr(lz () (2.9)

Eq. (2.8) is rewritten as

(2.10)

+ = 41 + Pl(_zt):tf)l(zt)
A% (s, 1) = 4 /Cdl(2l+1)A @,

Here the contour C' is chosen as Fig. 2.6.

A

C

FIGURE 2.6: Integration Contour.

The crucial point of Regge theory is that the poles of the amplitude in the complex
l[-plane are closely related to bound or resonance states. The poles are known as Regge
poles, or reggeons, and are identified as ‘Regge trajectories’ a(t). These trajectories
connect hadrons with their families which have the same internal quantum numbers
(isospin, strangeness, charm, baryon number, etc.): a(M?) = J, where M and J are the

mass and the spin of a related hadron, respectively.

We can continue this partial-wave expansion from the physical ¢-channel region (s <
0, t > 4M?) analytically to the physical region of high-energy s-channel scattering (¢ <
0). We finally obtain

PR
A t) ~ BTt ) e ™ 0) ()7 (2.11)

S0
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which is the Regge representation for A% (s,t). The factors
€ =1+ 7m0l ® (2.12)

are called signature factors and sg is a scale parameter with the dimensions of squared
mass. The phase of the amplitude is determined by this signature factor since other
terms are known to be real in the s-channel physical region. Now, we are able to
describe high energy regions for the scattering process A + B — C + D, which has a
strong link with the collection of resonances of low-energy process in another crossing
channel, A4+ C — B + D.

2.2.3 Unitarity

It is also interesting to examine only a single term of the amplitude written in Eq. (2.4).

Then the problem of series convergence is temporarily avoided and the following is

obtained
2s
~ f(t)s. (2.13)
Using the optical theorem
Tot 1
Oig = ImA(s,t = 0), (2.14)

2o 2’191’\/5

A(s,t = 0) being the elastic scattering amplitude, we can derive
oot /L (2.15)

at large s. However, it violates the unitarity when resonances of higher spins are ex-
changed (J > 2). The Froissart bound [66] tells us that

o™t (s) < constant x log?(s/sp). (2.16)

Thus, it is indeed natural to include all the possible hadrons which lie on the same

trajectory to conserve the unitarity.

2.2.4 Regge trajectories

In numerical calculations, we need to know the actual value of the Regge trajectory,

a(t). As mentioned already, it is a collection of hadrons of the squared mass M?(t > 0)
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with the spin J.
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FIGURE 2.7: 7, w, and p Regge trajectories (left panel) and K and K* trajectories
(right panel).

Figure 2.7 displays the meson trajectories for the nonstrange (strange) sector in the left
(right) panel. For the nonstrange sector, the w and p trajectories overlap each other and
the 7 trajectory is located below them. The trajectory lines are determined from the

Chew-Frautschi plots [20]. The values are given by

ar(t) = 0.7(t— M),
a,(t) = 0.55+ 0.8t
au(t) = 0.4440.9¢. (2.17)

For the strange sector, the resonances are richer than the nonstrange one. The K and

K* Regge trajectories are chosen as

ag(t) = 0.7(t — M%)
ag-(t) = 0.25+ 0.83t. (2.18)

Usually, Regge trajectories have two signatures. One contains only odd spins of hadrons.
The other does only even spins. It is notable that the odd (K7(1270), K3(2320)) and
even (K (494), K5(1770), K4(2500)) trajectories are almost degenerated each other for
the K trajectory. The K* trajectory exhibits this behavior too.

The baryon trajectories are also need to be examined since the Regge approach is ap-
plicable to the backward regions in the u channel. For example, for the ¥ trajectory,
the higher spins of some resonances are unknown. Thus assuming that the quantum
numbers of those resonances are fixed, we are able to depict the ¥(1190) and ¥*(1385)
Regge trajectories in Fig 2.8.
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FicUuRE 2.8: ¥ and ¥* Regge trajectories.

The Regge lines are determined from Ref [67] and given by

052(1190) (U) = —079 + 087’&7
az*(1385) (U) = —027 —+ 09'LL (219)

The nucleon trajectories are classified as

aN(938) (U) = —034 + 099u,
OéN*(1520) (u) = 063 + 089“,

Other baryon trajectories read

aa(u) = 0.07+0.92u,
ap(u) = —0.65+ 0.94u,
az(u) = —0.95+ 0.84u. (2.21)

The duality ideas, supported by this amazing linearity of Regge trajectories, via the
Veneziano amplitude, brought about the concept of hadronic strings and the advance

on string theories [63].

2.2.5 General features

The Regge theory has the advantage that it determines the asymptotic behavior of the

cross section,

d
d—j(s — 00, t — 0) o s22(072 (2.22)
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at high energies. Among various contributions of Regge trajectories (reggeons), the
dominance is governed by the magnitude of the intercept, «(0). For example, the vector

reggoen is more prominent than the pseudoscalar reggeon.

The gamma function contained in Eq. 2.11 has a relation to the Feynman propagator

1/(t — M?). Using the definition of the gamma function

MNz)=(x—1D'(x—-1) (x> 1),
I'(l—x)

I'(—z) = — (x <0), (2.23)
we can derive that
'l -« Fl—t—MgSo/ 1 -1
Ia) = S = [ ( ! Mgsmf) - (= ML) o (2:24)

with a(t) = (t—MZ)a’. It implies that the closer we go to the pole, the more the results

of the Regge model will become similar to those of the tree-level Feynman diagram model.



Chapter 3
K™Y photoproduction

In chapter 1, we have mentioned that the K*Y channel can be a good opportunity for
investigating the nucleon resonances which lie near their thresholds, 2.08 GeV for the
K*¥ channel and 2.01 GeV for the K*A one. First of all, in this section, the K*X

photoproduction off the nucleon target is studied in a fully relativistic manner [43].

3.1 Motivation

Recently, new experimental data for the total and differential cross sections for the reac-
tion vp — K*TX° were announced by the CLAS Collaboration at the Thomas Jefferson
National Accelerator Facility (TJNAF) with high precision [68]. The Collaboration at
the Super Photon Ring-8 GeV (SPring-8) also reported new data for the spin-density
matrix elements for the reaction vp — K*OX+ [69]. As regards the K**X* production
channel, earlier experiments already exist, one is from the CBELSA/TAPS Collabora-
tion at the Electron Stretcher and Accelerator (ELSA) [70] and the other is from the
CLAS Collaboration [71, 72]. Considering all these data accumulated so far, we are
nearer than ever to gaining an insight into both the vp — K*°%F and the yp — K*T3°

reaction mechanisms together.

These two reaction processes have been studied theoretically using an effective La-
grangian method [73] as well as a chiral quark model [74]. K* photoproduction enables
us to study the x exchange contribution, which is forbidden to K photoproductoin be-
cause angular momentum and parity are violated in the 7Kk interaction. It turned out
that & exchange should play an important role in the yp — K*°3% reaction mecha-

nism [73]. Subsequently, the experimental data from the LEPS Collaboration supported

17
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the importance of scalar-meson exchange indeed [69]. Nevertheless, those previous theo-
retical results are still far from the new CLAS data [68]. Thus, we think it is worthwhile

to investigate these mechanisms again more systematically.

We employ a tree-level effective Lagrgngian method as done in Ref. [73], in which sev-
eral lowest-order Feynman diagrams are considered to construct scattering amplitudes.
They are the t-channel contribution (K*-, K-, and k- exchanges), the s-channel dia-
grams (NN (938)- and A(1232)-pole exchanges), and the u-channel diagrams (A(1116)-,
¥(1190)-pole, and ¥*(1385,3/2") exchanges). In the present work [43, 75], besides those
background terms, various baryon resonances are taken into account such as D13(2080),
S511(2090), G17(2190), D15(2200), S31(2150), G37(2200), and F37(2390) in the s chan-
nel [76]. Note that A resonances are also allowed here because of isospin conservation
in addition to nucleon resonances. These resonances have not been considered in the

previous theoretical work [73] and thus lead us to a more challenging area.

3.2 Formalism

*U
T , T ,
K,k ! VKK R !
p(p1) XT(p2) P N A* oF P 0 p NFAF 30
KD YK K*Y
// // /
A A H A
// // /

p ouYf ot p ADY Y p 520

(D vp — K*0x+ (I vp — K*t30

FIGURE 3.1: Tree-level Feynman diagrams for the yp — K*X.

We first define the effective Lagrangians for each vertex from the Feynman diagrams.
The relevant and generic tree-leval diagrams for the reaction vp — K*3 are depicted
in Fig. 3.1. k1 and p; are the momenta of the initial photon and nucleon, respectively,
while k9 and po denote those of the final K* and X, respectively. For convenience, we

classify this process as K*'%+ and K*tX° channels, respectively, from now on,

Myp — KO%T, () yp — K*x0, (3.1)
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Commonly included for both channels are K and x meson exchanges in the ¢ channel,
N, A, N* and A* baryon exchanges in the s channel, and ¥ and ¥*(1385) hyperons in
the u channel. K* exchange is allowed only for the (II) K**X° channel but not for the
(I) K*9%% one due to its electrically neutral vertex of yK*K* provided we ignore the
magnetic and quadratic moments of K*. A exchange is also absent from the (I) K*0XT
channel because of charge conservation. Consequently, contact term is required only for
the (II) K**+¥° channel to satisfy the Ward-Takahashi (WT) identity.

The scattering amplitude to each channel can be written as
M = 8;’112./\/1“%11,]\[6#, (3.2)

where the Dirac spinors of the nucleon and ¥ are represented by uxy and uy, respectively,

and €, and ¢, denote the polarization vectors of the photon and K*, respectively:

e1 = (0,cos0,0,—sinf)

(= {AZOLO0 L 0,0,1,0) (3.3)
"l =010 M1 I
+ Y €3 = M}K* (kg+, Ex+sin 0,0, Ex~ cos0)
satisfying €2 = €2 = —1, and otherwise zero. @ is the scattering angle between the

incoming photon and the outgoing K* meson in the center-of-mass (COM) frame.

3.2.1 K*, K, and k exchanges in the ¢ channel

The effective Lagrangians are constructed to satisfy symmetry principles. The ¢-channel

scattering amplitudes are obtained from the following Lagrangians:

Logege = —iex-AMK VK — K K,
Lok = gykre"P(0,A)) (0K3) K +He,
£’7K*K) = g’yK*HFuVRK;V + H.C., (34)

for the electromagnetic interactions. Here A, K}, K, and  stand for the photon,
the fields of K*(892,17), K(494,07), and (800,0") mesons, respectively [1]. The field
tensors for the photon and the K* meson are defined by F,, = 0,4, — d,A, and
K}, = 0,K;, — 0, K}, respectively. e~ denotes the unit electric charge e = VAamag with
the fine-structure constant ag = 1/137.04.

The coupling constants gyx«k are determined from the experimental data of the K*

decay width and the corresponding decay modes of I'(K* — K+) [1]. The decay width
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is expressed in terms of the coupling constant g+

2 K
(K" — Kv) = gyK*Kﬁv (3.5)

where k. is the three-momentum of the decaying particle

_ M. — M

ky = .
After calculating each decay width as [1]
D(K** - K*y) ~ 50.8MeV (9.9-107%) = 50KeV,
I(K* — K%) ~ 47.4MeV (2.39-1073) = 113KeV, (3.7)
we can easily obtain
chareed _ 0254 GeV ™!, gnoutral — _(.388 GeV ! 3.8
g,yK*K = u. (S s g’yK*K = . (§ N ( . )

using Eq. (3.5).

The vector-meson dominance model is employed to determine the coupling constants
IvK*k [77]
g = —0.119e GeV !, gugairal = _gghaEed. (3.9)

There remains some uncertainty for the x meson’s parameters since it is poorly estab-
lished. In the present work, they are chosen as M, = 800 MeV for the mass and I'y, =
550 MeV for the decay width.

The strong interactions are described by the following Lagrangians:

LNy = —JK*NY K*MY’)/“ — ﬁK*NYaVK*M?JuV N+ H.c.,
L 2M N
Lrkns = —igrnsK XysN +He,
LNy = —gHNgI_QEN + H.c., (3.10)

where Y designates A or X fields in which ¥ = 7 - X and 7 are the Pauli matrices.
N, A, and ¥ stand for the nucleon, A(1116,1/2%), and 3(1190,1/2%) baryon fields,
respectively [1]. The corresponding coupling constants for the K*- and k- interactions

are taken from the Nijmegen soft-core model (NSC97a) [78]:

gr*NA = —4.26, Kr«NpA = 2.66, grg+ny = —2.46, kg+ny = —0.47, guny = —5.32.
(3.11)
The value of gxny is calculated by using the SU(3) flavor-symmetry relation, which

gives g ny, = 3.58.
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The scattering amplitudes for ¢-channel exchanges are summarized as

A EK*JK*NY kp, R RPN T KT

(k1 —k2)a(k1 —k2)s] [ 5 kKNS e
X gaﬁ - M2 Y 2M (kl k2)5 )
v ¢ * vo
My = IK—gvthj\g;;NZ P k1akaps,
-2 *kIK
M =] Iy K rIrNE (k1 - kag"” — ki kh). (3.12)

"t — (M, — il /2)2

Note that each decay width is included by replacing M in the propagator by M — iI"/2
in the K* and x amplitudes. The K* decay width is chosen as '+ = 50.8 MeV [1].

3.2.2 N and A exchanges in the s channel

The effective Lagrangians corresponding to s-channel exchanges are expressed by

L’yNN = _N |:€NA—2]W HV@”A :|

E'YNA = eAH |:2M Y5 + (2M )2’758 :| NF“V +HC

UKy jpw

Li+ay = oMy

Y2 K,, +He, (3.13)

and by Lx»na written in Eq. (3.10). Here ey corresponds to the unit electric charge e for
proton and 0 for neutron interactions, respectively. The anomalous magnetic moments

of the nucleon are given by [1]
n=—191, K,=-+179. (3.14)

The A field, A(1232,3/2%), is described by the Rarita-Schwinger formalism [79, 80].
The electric and magnetic couplings are chosen as g; = 4.13 and g9 = 4.74 using the
experimental data for the helicity amplitudes [81, 82]. The coupling fx+ay is estimated

using the SU(3) flavor-symmetry relation and the quark-model prediction:

2M g+
M,

JKk*ax = — fona = —12.8, (3.15)

with f,ya = 5.5 [83)].

The scattering amplitudes for N and A exchanges are organized as follows:

wo _ g 9KNS | IKK* NS S
My Ns— M3 2My 2a
iek
X (f1+p1 + Mn) [€N7“+ Nduﬁkm] ;
2Mpy
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o g fK*AE kﬁ vp _ P v
M As—(MA—zFA/2)22M s 29"")
g1 g2 ) 5 pa
A - kS ghd — kS gt 3.16
X Bsa | a1 T @Ay )EPY v5(kT'g 19"%), (3.16)

where I'a ~ 116 MeV [1]. The detailed form of the Rarita-Schwinger spin projection
Ag, is referred to the Appendix B.

3.2.3 A, X, and ¥* exchanges in the u channel

The electromagnetic effective Lagrangians for the hyperon vertices are defined by

€M2A

Lisn = My Yo, 0" AFA,
- er
ﬁ,ygg = =X [GEA — QME O"w,aVAM]
_ g% 22* 95
Loz = eXy |2 750, | SF* + H.c. 3.17
and the strong interactions for the hyperon ones by
LrosNse = fK*NE* N~ S K, fK*NE* S0V Ny 5K,
2MK* (2]\/[ +)? mv
fK*NE* v Kl U Tk
o= Ny X OV K, + Hee, (3.18)

- (2Mg)?

and L~y written in Eq. (3.10). Here the transition magnetic moment between the
fields of 3 and A is known as pxp = 1.61+0.08 [1] and the (ex+, eso, ex—) correspond

o (1,0,-1), respectively. The anomalous magnetic moments of the ¥ are [1]
Ky+ = +1.46, Kyo = +0.65, Kky- = —0.16. (3.19)

In order to determine the coupling constants gX’ETZ,K, the experimental data for the ¥* —
>y radiative decay is needed. But only the upper limits of the hyperon decay rates
are known [84]. Moreover, ¥*~ — X7+ is known to be U-spin forbidden, which means
that its decay rate vanishes in the exact SU(3) symmetry. Instead, these decay rates
were estimated within several different theoretical predictions [85-90]. Since Ref. [89]
has computed the E2/M1 ratio as well as the hyperon radiative decay rates, we apply

the results of Ref. [89], so that g;/’ETE* are calculated as follows:

st = +2.66, ngz* +0.74,
gy = +1.10, 9722* +0.55,
9we = 4049, glo. = —0.39. (3.20)
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The coupling constant f lg(l*) N+ is chosen as —5.21 by SU(3) flavor symmetry. Considering
the possible Lorentz structure for the >* to the vector-meson and the nucleon, we can
construct the interaction Lagrangian in terms of three terms. The experimental and
theoretical information on f 1(<2£\)fz* are not well known thus these terms are excluded in
the present work, which seems to be reasonable, since these two coupling constants are

smaller than f}ﬁzm*.
The scattering amplitudes for hyperon exchanges are summarized as follows:

JK*NA ey

oo e,
M M MR 2y © e
IKK*NA ]
X (o — o + My) |7 — LENA jvpy,
(P2 — 1 + My) _’Y oMy 2,3_ ;
R JK*NY m 1ERY pay,
My, Yy M2 exy” + oMy

X (P2 — k1 + My) ’YV—Maljﬁkw ,

i 2My
M = T fé(lzNz* € g1 i g2
ST U T (M — iDse /2)2 2Mp [2My P (2My 2P
% (ky g™ — K097 v5 D g5 (kS 9”0 — kSg™), (3.21)

where 'y« = 36 MeV [1]. Similarly to the case of A exchange, the form of the Rarita-
Schwinger spin projection Ag, is referred to the Appendix B.

3.2.4 Contact term

In the case of the (IT) K**X° channel, contact term is included by the minimal gauge

substitution 0* — ie A" to the K* NY interaction

_ 1EK*NELKK*NY
2M N

ﬁ’yK*NZ = AVK*MEUMVN + H.C., (322)

to conserve the U(1) gauge invariance. The corresponding scattering amplitude reads

v ICIRNSERANS
A :

2
oMn (3.23)

3.2.5 Baryon resonances in the s channel

We now switch to the s-channel baryon resonances besides the basic background terms
discussed above. They are referred to as PDG resonances and included are D13(2080),
511(2090), G17(2190), and D;5(2200) for the nucleon resonances and Ss;(2150), G37(2200),
and F37(2390) for the delta ones [76], which lie near the threshold of the K*¥ photo-

production process.
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The relevant electromagnetic Lagrangians for those resonances read

LoNR, e = 261\};;NF(:F)U“V8VA“R+H.C.

LoNRy e = —ie [QENNFP (2MN) 9, NI+ ﬂ F™R, +H.c.,

LoNR, e = € [ ® J&V)?Nr,(f) - (2]2\3;)361,NF(:F)} O*FM R, + Hec,
LoNR, . = i€ [@J\}ZV)SNFW (2%) d NF(i)] 99° ' R 0 + H.c.{3.24)

according to the spin and parity chosen. R, R, R,q, and R, designate the spin-1 / 2
spin-3/2, spin-5/2, and spin-7/2 nucleon or delta resonance fields. I'® and P( ) a

defined by
I L I el BRI (3.25)
1 g Vu

We use the experimental data for the helicity amplitudes A; 3 [76] if possible, otherwise
apply the quark-model predictions of Ref. [3] to extract the transition magnetic moments
hi3. They are related linearly each other. The detailed relations are referred to the

Appendix B. In Table 3.1, all the relevant parameters are listed.

Resonance Ay Asg h1 ho
N* D13(2080) —0.020  +0.017  +0.608  —0.620
S11(2090) +0.012 _ +0.055 -
G17(2190) —0.034  +0.028  +7.69  —T7.17
D15(2200) —-0.002  —0.006  +0.123  40.011
A* S31(2150) +0.004 . +0.018 -
G37(2200) +0.014  —0.004  —2.31 4247
F37(2390) 4+0.024  +0.030  —-1.89  —1.54

TABLE 3.1: Transition magnetic moments hq o in Eqs. (3.24) extracted from the helicity
amplitudes A; 3 [GeV™2] [3, 76].

The strong interactions are expressed by the following Lagrangians:

LK*SR, e =
(Fy a2
1 r{Fxo
= Il Y 1 ol €0 — g (P Y0 | K* + Hec.
oy |9 ( MpT My a“) g2l 020 e
LKSR, e =
ZR [2M V_ (2MN)28V 7(2MN)2 Oy + H.c.,
LRy e = RuaX
91 (F) ®x_ Y () a prEuv
) 4+ ,Sr(F Sr®o, | 0°K* + He.,
@ T g ] ot e
EK*ZRWQﬂ: = zRuaﬁx
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9 (+) g2 (%) ig3 (+) a8 prkuw
T L2 £ T 3 K H.c(3.2

according to the types of spin and parity.

The strong coupling constants g1, g2, and g3 in Egs. (3.26) can be extracted from the

partial-wave decay amplitudes G ; predicted by a relativized quark pair creation model [5]:

Froks = Z [eNT (3.27)

s,l

where I'p_, g+x; is the decay width of a certain resonance R into the K*3 channel. In
Ref [5], the strong decays of nonstrange resonances into the strange final states, such
as A(1405)K, A(1520)K, 3(1385)K, AK*, and X K™, are organized systematically. In
the present work, we aim at studying the role of resonances near the threshold regions.
Thus it seems to be fair to take account of the contribution of the lower partial waves.
Correspondingly, only the leading terms, g1, are considered. The signs of these strong
coupling constants are determined phenomenologically. Concerning the values of the
decay widths, we use I'r = 300 MeV in common to reduce the free parameters. We

tabulate the relevant parameters in Table 3.2.

Resonance G, g1
N* D13(2080) —0.5 —0.238
S11(2090) -0.9 F0.909
G17(2190) —0.3 +5.63
D15(2200) +0.2 +1.11
A* S31(2150) —4.8 +2.54
G37(2200) +0.5 +8.32
F37(2390) +0.6 +5.02

TABLE 3.2: Strong coupling constants g; in Egs. (3.26) extracted from the decay
amplitudes G [VMeV] [5].

The scattering amplitudes for the resonance terms for each spin and parity finally read

—ie thl MIQ(*
2 2 g1
s — M3 (2My) Mg ¥ My
X (J1 4 p1 + M) THgHky,,,

M = I V) T ol gk ﬁ]

pv — [p & | 92 &) B
M /a+) RSTME 2My 7 @Myt (2My)2"
KRy (%) PRy ()
A r —T
x (k5 g"" — Kyg"®) (kS g — k§g™),
uv - I € 91 1“($) _ 92 1“($) _ 973k 1"($)
M = 00 [<2MN>2 o Myt (2My)> "%

K Rs AR
X Ag, Briaran (B k1 + p1) |:(2MN)2F‘(;F) + (2]\4;’[)31"(:!:)2315]
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R PR 0 kg,

pv - I € 9. _pE) 92 pE) 93 g pE)
Miryas) s M3 [(QMN)3 oot (2My) 0% (2My )2
KR + HR
X Agy B Bsiarazas (B k1 + p1) |:(2M]\7[)3F((S : + (2M]:[)4F(i)p16:|
x Ry ky (k" 9" — Kog P k=R (K g — Kg™H). (3.28)

Here the decay widths should be included in the Feynman propagators by replacing Mg
by Mpr — il'g/2. The details of the propagators of resonance fields up to spin-7/2 are
referred to the Appendix B [91-94].

3.2.6 Form factors

The relevant hadrons are not simply pointlike objects. To take account of the finite size
effect of hadrons, a phenomenological form factor is included at each vertex. It should
be chosen so as to conserve the gauge invariance, if necessary which is supplemented by
the inclusion of a contact term. Various efforts have been devoted not to violate the

gauge invariance [95-99]. We follow the prescription suggested by Ref. [98].

In the present work, two different types of form factors are taken into account, one is
for the mesonic (¢ = K*, K, k) and the other is for the baryonic (B = N, A, A, ¥, ¥* R)
vertices,

2 2
Ag — Mg
A% — ¢?

A4
Fp(q, Mp) = £ (3:29)

F@(QaM@) = - .
Ap +(¢? — MB)?

Here ¢ denotes the off-shell transfer momentum of the relevant hadron in each channel.

The cutoff masses, Ag and Apg, are determined by fitting to the experimental data.

The problem happens when the amplitude itself breaks the gauge invariance. For ex-
ample, in the process of the (I) K*YX* channel, the electric term of N exchange and ¥
exchange term do not satisfy the gauge invariance, but the sum does. In this case the

common form factor is introduced. The form is given by
Feom = FNFs(i+) — FN — Fy(r+). (3.30)

for the (I) K*YX+ and (IT) K**X° channels, respectively. In the process of the (IT) K*+x°

channel, a contact term is included additionally.

Finally, the scattering amplitudes can be written as

M(yp = K*SF) = [MFC + Ms)F2,, + MYF}
+ Mg Fi + MyF? + MAFR + My F2.
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+Mpy«F¥e + Ma-F3. (3.31)
for the (I) K*°X channel and

M(yp = K5 = [Mgs + MY + M| Fip + MY FR
+ Mg Fi + M F?
+MAFR + MAFR + MsF§ + My F3.
+ My« F2 + Mp-F3. (3.32)

for (II) K**X° channel, respectively.

Each amplitude also has an isospin factor which is summarized in Table 3.3.

channels IK* IK I,i IN, IN* IA, IA* IA IE IE*
Myp = K5 | x V2 V2| V2 —V2/3 | x V2 V2
(M)yp — K*x0 | 1 11 1 2/3 11 1

TABLE 3.3: Isospin factors to each channel for the vp — K*X.

3.3 Results

In this section, our numerical results are presented and discussed. Based on the experi-
mental data for the total and differential cross sections [68, 70, 72], the free parameters,
cutoff masses, are determined. Subsequently, a few spin observables are predicted, which
are expected to be measured at various experimental facilities. To optimize the free pa-
rameters to the data, the t-channel cutoff masses are primarily determined, and then

those corresponding to baryon exchanges are fixed. They are listed in Table 3.4.

A Ax A | AN Aa | A Ay As< | Ay Aa-
0.80 1.15 1.15|1.50 1.50 | 0.70 0.95 0.95| 1.00 1.00

TABLE 3.4: Cutoff masses [GeV] to each channel for the yp — K*X.

3.3.1 Total cross sections

In the left panel of Fig. 3.2, each contribution to the total cross sections is drawn
as a function of the photon energy E. for the the (I) K**XT channel. Note that the
data of open squares are estimated ones, based on the interpolating polynomial method

to the fourth order. In general, the total result fits the estimation from the CLAS
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FIGURE 3.2: Total cross sections for the yp — K**X* (left panel) and the yp — K**+X°
(right panel). The data are from Ref. [70] (black circles), Ref. [72] (open squares), and
Ref. [68] (black triangles).

data [72] pretty well, while it seems to be underestimated compared to the CBELSA /-
TAPS data [70]. K and A(1232)-pole exchanges play the most important role, while the

N* and A* resonance contributions are almost marginal over the whole energy region.

In the right panel of Fig. 3.2, the total cross section for the (IT) K**%~ channel is pre-
sented. Since we have used the same coupling constants for the corresponding vertices,
isospin factors chiefly control the relative strength between the two channels. It turns
out that the total result of this channel is a little smaller than that of the (I) K*°X% one.
Though the isospin factor of the K**X°A* vertex is larger than that of the K*N+A*
one, i.e. Igeiyon+/Igwos+a+ = V2, the t-channel contribution is prominent in the
(I) K*°%* channel rather than in the (II) K**X~ one. At any rate, with the domi-
nant effects of A(1232)-pole exchange on the total result, we can reproduce the CLAS
data [68] quite well. On the other hand, the N*, A* resonances and u-channel hyper-
ons have minute effects on the (II) K**X~ channel, which is similar to the (I) K*0%T
one. However, although resonance contributions are almost tiny, they can play a cer-
tain role in describing the polarization observables. They are expected to exhibit more
sensitive angular dependence than other contributions. Since there is also some ambigu-
ity in choosing the coupling constants, we tried to use other values from the Nijmegen

potential (NSC97f) [78]. But we reached the same conclusion.

In Fig. 3.3, each resonance contributions to the total cross sections are shown for both
channels. As will be checked in the next subsection, the N* and A* resonances have
some effects on the polarization observables, thus we need to scrutinize them. Although
(GG17(2190) has a large effect among the resonances, it is too small compared to the
total result. The magnitude of the resonance contributions is approximately 100 times
smaller than that of the background ones. The D15(2200) and G37(2200) are not shown
in Fig. 3.3, because they are almost negligible.
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FIGURE 3.3: Resonance contributions to the total cross sections for the yp — K*0X+
(left panel) and the yp — K*TX° (right panel).

3.3.2 Differential cross sections

0.6 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 06
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FIGURE 3.4: Differential cross sections for the yp — K*'X* in the range of E, =
(1.925 — 2.9125) GeV. The data are from Ref. [70] (black circles) and Ref. [72] (open
squares).

Figure 3.4 draws the numerical results of the differential cross sections do/dcos@ for
the (I) K*°%+ channel as functions of cos. As expected from the results of total cross
sections, there is almost no effect from N* and A* resonances. Near threshold regions,
the angular dependence of A-pole and t-channel (K and k) exchanges looks similar,
but as the energy increases, the t-channel contribution becomes large in the forward
direction. On the other hand, the u-channel exchanges (¥ and ¥*) come into play in

the backward direction.

We depict the differential cross sections for the (IT) K**X° channel in Fig. 3.5. Unlike
the (I) K*9X+ channel, K* exchange, A exchange, and the contact term are taken into
account besides other diagrams so as to satisfy the WT identity. Thus the angular
dependence looks different each other. There are some contributions of ¢-channel ex-

changes at the forward angles, but in general the A exchange governs its behavior over
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FIGURE 3.5: Differential cross sections for the yp — K*TX in the range of E, =
(1.85 — 3.75) GeV. The data are from Ref. [68].

the whole angular region. Excpet for the bump structure of the CLAS data [68] near

the threshold regions, our result is in good agreement with the data.

3.3.3 Spin observables

Having fixed the free parameters to the total and differential experimental data given

above, we are ready to display the predictions of the single-polarization observables. The

definitions of the photon-beam 3., recoil P,, and target T, asymmetries are followed

from Ref. [100]:

. do(ey) — da(eH)
T do(ey) + do(e))
P do’(s§ = %) — da(syE = —%)
Y T do(sE = VY 4 do(sE = 1
o(sy =3) +do(sy =—3)
o= da(sév = %) — da(sjyv = —%)
v do(s) = 3)+ do(s) = —3

(3.33)
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Here all the denominators are equivalent to the doynpol., that is, the unpolarized differ-
ential cross section. These polarization observables satisfy the following conditions in
the collinear limit

Yy =P,=T,=0at cost = £1. (3.34)

In the present work, we define the reaction plane by the z-z axes. Thus the y axis
is perpendicular to the reaction plane. €, and ¢ are the photon polarization vectors

defined in Eq. (3.3) in detail. 55 indicates the spin of a baryon B along the y direction.
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FIGURE 3.6: Photon-beam asymmetries X, for the yp — K*'X (upper panel) and the
vp — K*TX0 (lower panel) as functions of cos @ in the range of E, = (2.075 — 2.9125)
GeV.

We draw the numerical results of the photon-beam asymmetries ¥, in Fig. 3.6. It
turns out that the N* and A* resonances do not much come into play the 3, for both
the (I) K*'X+ and (IT) K**X° channels. While t-channel exchange governs the K*¥
channel mechanisms because of their large magnetic couplings, the A-pole contribution
pulls down ¥, to the negative direction. The effect of the A-pole contribution becomes

important with E, increasing.

In contrary to the 3, the resonances have some effects on the recoil asymmetries P, as
depicted in Fig. 3.7. Since we have taken into account rather large spins for resonances,
their effects on recoil and target asymmetries, defined as the subtraction between the
opposite spin directions of the polarized differential cross sections of the baryons, are
expected to be natural. But the absolute values of the total results are less than 0.15
over the whole energy region. Thus their effects are not so impressive. We present the
numerical results of the target asymmetries 7}, in Fig. 3.8. The effects of the resonances
on T}, tend to be very similar to those on P,. But the phases of the T}, and P, curves

for the corresponding channels are opposite to each other.

Let us switch to the description of the same oaservables as functions of E,, fixing the
angles 6 between § = 0° and 6 = 180°. In Fig. 3.9, we can find that, though the N* and
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FIGURE 3.7: Recoil asymmetries P, for the yp — K*°XT (upper panel) and the
vp — K*T3° (lower panel) as functions of cos @ in the range of E, = (2.075 — 2.9125)
GeV.
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FIGURE 3.8: Target asymmetries T, for the vp — K*%t (upper panel) and the
vp — K*TX0 (lower panel) as functions of cos @ in the range of E, = (2.075 — 2.9125)
GeV.

A* resonances seem to exhibit small effects, one can see a slight change of ¥, with E,
increasing. In particular, in the intermediate angles (60° < 6 < 120°), the influence of

the resonances is more clearly revealed.

Figures 3.10 and 3.11 draw the P, and T}, respectively. When the resonances are turned
off, both the P, and T}, have almost zero, independent of E,. When the resonances are
included, it turns out that both the P, and T}, in the intermediate angles start to rise
until certain regions and then falls off slowly, as F, increases. This tendency is more

obvious especially for the (I) K*°X+ channel.
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FIGURE 3.9: Photon-beam asymmetries ¥, for the yp — K*%* (upper panel) and
the vp — K*T3° (lower panel) as functions of E.,, the scattering angle being changed
from 0° to 180°.
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FIGURE 3.10: Recoil asymmetries P, for the yp — K*0%* (upper panel) and the
vp — K*TX° (lower panel) as functions of E., the scattering angle being changed from
0° to 180°.
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FIGURE 3.11: Target asymmetries T, for the yp — K*°X+ (upper panel) and the
vp — K*+3° (lower panel) as functions of E,, the scattering angle being changed from
0° to 180°.

3.4 Summary

We have studied K*3(1190) photoproduction, employing the effective Lagrangian method
at the tree-level Born approximation. We mainly took account of the N* and A* reson-
nce contributions besides the nonresonant background ones. The form factors are chosen

so as to satisfy the WT identity.

It turned out that the total cross sections for both the (I) K*%F and (II) K**X° pho-
toproductions are negligibly affected by the resonance contributions. Instead, they are
dominated by the Born diagrams such as the A-pole and K exchanges. The total
cross section for the (IT) K**X° channel turns out to be a little smaller than that for
the (I) K*X one because of the differences in the coupling constants and isospin fac-
tors. This tendency is obviously distinguished from the case of K'3(1190) photoproduc-
tion [15]. The differential cross sections for the (I) K*°X* channel are reproduced quite
well compared with the CLAS data [72], showing that the main dependence is due to the
A-pole and K exchanges. As for the (ITI) K**X° channel, the A-pole occupies almost

entire regions, exhibiting rather flat curves.

The photon-beam asymmetry 3}, is marginally affected by the resonance contribu-
tions, but because of the Born terms it has a negative value especially in the range
of —0.5 < cosf < 0. The recoil and target asymmetries P, and T, reveal some struc-

tures due to the N* and A* resonances in comparison with the Born terms, though their
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effects are almost invisible in the cross sections. The predictions of those polarization
observables will bring us useful guides for future experiments in understanding the role
of resonances in photoproductions, together with the double polarization observables
such as the polarization transport coefficients C;,, [101, 102]. They are expected to be
be measured by the CLAS, LEPS, and CBELSA /TAPS Collaborations.



Chapter 4
K*A photoproduction

We investigate the YN — K*A process focusing on the role of nucleon resonances in
a similar way as done in chapter 3. An effective Lagrangian method is employed at
the tree-level Born approximation. After determining the background parameters, we
extract the resonance couplings based on the experimental data and the SU(6) quark
model. It turns out that the relevant resonances play a different role compared with the

YN — K*3 process.

4.1 Particle data group

The 2012 edition of Review of Particle Physics [103] were much improved from those
in the 2010 edition [76], especially for the information about the N* resonances. This
revision is mainly based on a new multi-channel partial wave analysis [104]. So far
the existence and properties of N* resonances were determined by the partial wave
analyses of TN scattering data [105] but more investigation is needed for a complete
understanding. Anisovich et al. performed a multichannel partial wave analysis taking

both the pion- and photon-induced reactions off proton targets [104].

According to this analysis, a few new N* resonances were either newly found or re-
arranged in the N* spectrum [103, 106, 107]. The former ones are N(1880)1/2" and
N(2040)3/2% even though they are not well established. The latter ones correspond to
S511(2090) and D;5(2200), which were moved down to N(1895)1/2~ and N(2060)5/27,
respectively, with their photon decay amplitudes added. As for the N(2190)7/27, its
photon decay amplitudes were renewed. Whereas there has been only a two-star N (2000)
concerning the evidence for a J* =5 /2% state with a mass above 1800 MeV, it was split
(according to mass) into two two-star states, the N(1860)5/2" and N(2000)5/2F. A

36
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FIGURE 4.1: Spectrum of nucleon resonances.

noticeable thing is that the D13(2080) has disappeared in the PDG 2012 edition. Instead,
two new resonances with J¥ = 3/27 are included: N(1875)3/2~ and N(2120)3/2. The
old D;3(2080) seems to correspond to N(1875)3/2~ below the K*A threshold, though
the new data for the photon decay helicity amplitudes [103, 104] are very different from
the old ones [76, 108, 109]. A diagrammatic expression is shown in Fig. 4.1.

4.2 Motivation

Before the Review of Particle Physics was changed in 2012, a few theoretical works
were performed concerning the vp — K*TA process. Ref. [82] employed an effective
Lagrangian approach considering only Born term tree diagrams, the ¢-channel mesons
(K, K*, and k), s-channel nucleon, and wu-channel hyperon (A, ¥, and ¥*) contribu-
tions. In addition to those, nucleon resonances were included in Ref. [110], D;3(2080)
and D15(2200), which lie close to the threshold energy of K*A photoproduction. Others
such as S11(2090) and P;1(2100) were excluded since they are poorly confirmed exper-
imentally. Because of the complexity stemming from their higher spins, G17(2190) and
H19(2220) are not included too. It was found that the D13(2080) resonance played
an important role in describing the experimental data near the threshold region. A
Reggeized meson exchange model is also attempted to describe the behavior of the total
cross section [111]. However, they are all based on the preliminary experimental data

for the total and differential cross sections [112, 113].

The first high-statistics experimental data for both the total and differential cross sec-

tions for the reaction yvp — K*T A has been reported recently by the CLAS Collaboration
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at the Thomas Jefferson National Accelerator Facility (TJNAF) [68]. As for the total
cross section data, the threshold region was enhanced compared to the previous prelimi-
nary data depicted in the conference proceeding [112]. Though the original motivation of
Ref. [68] was to study the role of x(800) meson in the ¢-channel process, the new CLAS
data near the threshold gives us a clue in understanding the role of higher nucleon

resonances. The new data indicates that there are still missing parts in the previous

analyses.
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FIGURE 4.2: Total cross sections for the vp — K*TA with various theoretical results.

As discussed in Ref. [68] in detail, all theoretical results [73, 82, 110, 111] look different
from the new CLAS data. The explicit results are displayed in Fig. 4.2 with various con-
tributions. The thin- and thick-dashed curves are drawn from the effective Lagrangian
approach (O-K model) [82] and Reggeized model (O-N-H model) [111], respectively.
The thin-solid curve represents our model (K-N-O-K model) [110], which includes two
resonances (D;3(2080) and D;5(2200)) besides the Born term contributions. To match
the Born term parameters with the O-K model, some cutoff masses in form factors are
changed from Ag , = 1.25 GeV to Ag, = 1.1 GeV. The modified O-N-H model, which
is based on the O-N-H model but additionally includes extra resonances used in the
K-N-O-K model, are represented in the thick-solid curve. If one takes this situation
seriously, the production mechanism of the YN — K*A should be reanalyzed with the
new N* data employed.

4.3 Formalism

In this subsection, we account for the general formalism of an effective Lagrangian

approach. The tree-level Feynman diagrams relevant to the yIN — K*A reaction are
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FIGURE 4.3: Tree-level Feynman diagrams for the YN — K*A.

displayed in Fig. 4.3. We classify this process as

(D — KA,

(I1) yn — K*OA.

(4.1)

The t-channel process includes K*, K, and k exchanges. The nucleon and N* resonance

exchanges are taken into account in the s channel, and the u-channel process corresponds

to A, 3, and X* exchanges. The contact term is included to preserve gauge invariance

only in the (I) K**A channel.

because of charge conservation.

4.3.1 Nonresonant terms

The photon-meson interactions are described by the following effective Lagrangians:

Lygers = —ieg=Al (K*VKZZ _KZVK*TV>7
»C—yK*K = gny*KElwaﬁ (3,“4,,) (8(1[(;) K+ H.c.,

Lygcen = gyienAMRKY, + He,

K* exchange is also considered only in this channel

(4.2)
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and the electromagnetic (EM) interactions for the baryons are

— eR
Liny = =N [6N’Yu oMy quau] A"N,
Loan = ;;f Ao, 0" AFA,
Loax = ;‘](722 " APA + Hee.,
ie Zg’z/—‘AE* A * Uy
£7AE* = 2M g"/AE A’yy — 2MN ayA ’)/5EMF +HC (43)

The EM couplings for the spin-3/2 hyperon ¥* are related to the well-known magnetic
dipole (M1) and electric quadrupole (E2) moments. These coupling constants are de-

termined by the experimental data for the radiative decay width I's«_, 4 [1], which leads
t0 (¢Vaser 9Tns-) = (3.78,3.18).

Finally, the effective Lagrangians for the meson-baryon interactions are given by

Lxna = —iggnaNvAK +Hec.,
LiNA = —gHNANA/i+H.C.,
_ K Ic*
Lr+ny = —gr+*NyN wY—%JWYa” K** +H.c.,
N
ZfK NY I(<2)Nz
Liroense — —2BIN2® *K* YAV N — - *K* S*ys 0V N
K*NY M e Y5 (2MK ) V5
f(3)
+ﬁaﬁ(* S*ysN + Hee. (4.4)

Here Ay, K}, K, and x denote the photon, K*(892,17) vector meson, K (494,07) pseu-
doscalar meson, and x(800,07") scalar meson, respectively. N, A, ¥, and ¥* stand for
the nucleon, A(1116,1/2%), $(1190,1/2*), and X*(1385,3/2") hyperon fields, respec-
tively [1]. The F),, and K}, represent the field tensor for the photon and K* vector
meson, defined by F,, = 9,A, — 0, A, and K}, = 0, K} — 0, K}, respectively. Y denote
A or ¥ fields, and ¥ = 7- ¥ and ¥}, = 7 - ¥7. The baryon fields with spin s = 3/2 are
described by the Rarita-Schwinger field [79, 80].

Finally, the contact term is considered only for the charged K* production to conserve

the U(1) gauge invariance. The corresponding Lagrangian is given by

Logonn = _ZeK*ng *J\]};“K*NA Ao™ A, K*N + H.c. (4.5)

As for the details of the coupling constants and the structures of scattering amplitudes,

we refer to chapter 3.
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4.3.2 Nucleon resonances in the s channel

We use the PDG 2012 edition [103] as for the information about the N* resonances. We
consider, in this work, the N (2000) 5/2", N(2060) 5/2~, N(2120)3/2~, and N(2190) 7/2~
resonances near the threshold region. The values of the masses and decay widths are
taken from the Breit-Wigner ones [104, 114].

The EM Lagrangians are written as

. hl N + v
LoNR,,. = —ic [2MNNP,<, ) — ( 2MN) =0, NT* ﬂ F"™ R, +H.c.,
_ hi  grem _ _the s sn@® | gapur
£7N35/2i = e |:(2MN)2NFV — (QMN)38”NF O“F R, +H.c.,
hl NanlE= Zh’2 v (E a qfB muv
LoNRy (QMN)gNFi ) — (2MN)40,,NF< >] 0°9° F" R\ + Hoc.. (4.6)

The transition magnetic moments h 2 given in Eq. (4.6) are determined by the Breit-
Wigner helicity amplitudes from Refs. [104, 114] or by the predictions from the relativis-
tic quark model [3]: the parameters for N(2000)5/2%, N(2060)5/2~, and N (2120) 3/2~
are taken from Refs. [104, 114], whereas those for N(2190)7/27 are from Ref. [3]. All

the relevant parameters are organized in Table 4.1.

Resonances Aq As h1 ho
(2000) 5/27 | +32 (—18) +48 (—=35)  +0.114(—0.395) +1.22(—0.500)
N(2060)5/2~ | 467 (+25) +55 (—=37)  —2.45(4+0.027)  —3.81(—2.85)
N(2120)3/2~ | +130 (+110) +150 (+40) —0.827(—1.66)  +2.14(+2.31)
N(2190)7/27 | —34 (+10) +28 (—14) +7.87(—2.94) —7.36(+2.49)

TABLE 4.1: Transition magnetic moments hq 2 in Egs. (4.6) extracted from the helicity
amplitudes Ay 5 [GeV 2] [3, 104, 114] for the (I) K*+A ((II) K*°A) channel.

The effective Lagrangians for the strong vertices read

LK*ARy ), =
R, | Ap®) o 02 (+) ig3 (+) s

AT¢ L ATE) + AT®g, | K + He.,
iy [2M F oy 2” eay Y e
LK AR5/2i Ruax

g1 (F) 4 192 F) o 3\ g | gogerm

ATGP & AT ATg, | 9*K*m + Hec.,
[t " N T gt SR
EK*ARWQ:t = —Z‘Ruagx

91 + 192 ig3 N . »
[(QMN)?’AF(” ¥ (2Mp)* O AT £ (QMN)4AF( )81/] 0“9 K** + H.c..(4.7)
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The strong coupling constants in Eq. (4.7), g;, are obtained from the following relation,

Tnesien = Y |Gal?, (4.8)

s,l

where the explicit form of the decay amplitudes Gg; is given in Ref. [5]. Here, we
take account of the lowest partial-wave contribution for Gs; and thus only the lowest
multipole, i.e., the first term of Eq. (4.7), is considered as in Ref. [110]. The signs of
these strong coupling constants are determined phenomenologically. Because of lack
of information, we also assume that N(2000)5/2%, N(2060)5/2~, N(2120)3/2, and
N(2190)7/2~ may correspond to Fy5(2000), D15(2200), D;3(2080), and G17(2190) in
the PDG 2010 edition [76], respectively. However, as will be shown in the next section,
the N(2120)3/2 turns out to be distinguished from the old D;3(2080) that played an
important role in the previous work [110]. In fact, the D;3(2080) more or less corre-
sponds to the lower-lying 3-star N* resonance N (1875)3/27. Therefore, we have to
fit the parameters of the N(2120)3/2~ to the CLAS data. Table 4.2 list the relevant

parameters.

PDG Mpw Tpw | Gsu g1 gi(final)
N (2000) 5/2+ 2090 460 | +0.3 +1.37 +1.37
N(2060)5/2~ 2060 375 | £0.2 +542  +5.42
N(2120)3/2~ 2150 330 | 438 +1.20  +0.30
N(2190)7/2~ 2180 335 | 425 —44.3 —44.3

TABLE 4.2: The masses, the decay widths, and the strong coupling constants ¢; in
Egs. (4.7) extracted from the decay amplitudes G5; [vVMeV] [5].

4.3.3 Form factors

In an effective Lagrangian approach, a form factor should be considered at each vertex,
since it parameterizes the structure of the hadron. However, it is in fact rather difficult
to handle the form factors at an EM vertex, since it breaks the gauge invariance due to
its nonlocality [115]. To circumvent this problem, the prescription explained in Refs. [97—
99] is used. Though it is phenomenological, it provides a convenient way of dealing with
the form factors for an EM vertex. The form factors for off-shell mesons and baryons

are given by
oMM g
A P Mg+ (p* = MB)?

(4.9)

respectively, where M(g p), and p denote the the mass and the momentum of the off-shell

hadron, respectively. For the charged K* production, to conserve the gauge invariance,
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we consider a common form factor for the K* and N exchanges as
Feom = F+FN — Fg« — Fn, (4.10)

which is excluded for the neutral K* production since all the particle exchanges satisfy
the gauge invariance by themselves. The cutoff parameters are determined phenomeno-
logically. However, to reduce theoretical ambiguities due to the wide range of the cutoff

masses, we limit their values around 1 GeV.

Considering all the ingredients so far, the scattering amplitudes have the following forms:

M(yp = K*TA) = (Mg + My + M)F2, + MgFz + M F?
+MAFR + Mg FE 4+ Ms: Fa. + My« Fi. (4.11)

for the (I) K*TA channel and

M(yn — K*°\) = MgFE + MF2+ MyFy
—|—MAF[%+MEF§ —i—Mz}*Fg* —|—MN*F]%/* (4.12)

for the (IT) K*°A channel.

Each amplitude also has an isospin factor. In Table 4.3, we list them.

channels I~ I Ip | In, I | In Iy Is-
Myp—-KFA | 1 1 1 1 11 1
(Iyn — KON | x 1 1 1 1 -1 -1

TABLE 4.3: Isospin factors to each channel for the YN — K*A.

4.4 Results

In this section, we first present the results of the total and differential cross sections after
determining the cutoff masses by fitting them to the available exprimental data [68].
Then various spin observables are predicted and discussed. The cutoff masses chosen

are given in Table 4.4.

A Ax A | Anv | A Ay Ax- | An+
0.90 1.10 1.10 | 0.90 | 0.90 0.90 0.90 | 0.90

TABLE 4.4: Cutoff masses [GeV] to each channel for the YN — K*A.
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4.4.1 Total cross sections

In Fig. 4.4, we depict the total cross sections for the (I) K*TA and (II) K*°A channels in
the left and right panels, respectively. In the case of the (I) K**A process, resonances
play a decisive role in describing the CLAS data [68] in that the total result is in good
agreement with the experimental data. On the other hand, in the case of the (II) K*OA
process, resonances are not as important as the K**A one. The K* exchange and the
contact term are forbidden because of the neutral charge of the K*V. Nevertheless, the
total cross section is quite larger than that of the (I) K*TA process, since the neutral
coupling constant of the yK K* vertex is larger than the charged one by a factor of about
V2 (Eq. (3.8)), which gives rise to a twofold difference in the total cross section (see the
dashed curves in Fig 4.4 for comparison). Thus the main contribution to the total cross

section for the (IT) K*°A channel comes from the K exchange.
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FIGURE 4.4: Total cross sections for the yp — K*TA (left panel) and the yn — K*9A
(right panel). The data are from Ref. [68].
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FIGURE 4.5: Resonance contributions to the total cross sections for the yp — K*+tA
(left panel) and the yn — K*9A (right panel).

The details of resonance contributions are drawn in Fig. 4.5. In the case of the (I) K*TA
channel, it is found that the N(2000)5/2% is almost negligible and the N(2060)5/2~
gives a small contribution to the total cross section. Concerning N (2120)3/27, we first

assume that it corresponds to the old D;3(2080) (see Fig. 4.1). Then the effect of the
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N(2120) 3/2~ turns out to be overestimated in comparison with the experimental data,
namely approximately ~ 1.9 ub for the total cross section. Thus we put the strong
coupling constant of N(2120)3/27 as a free parameter and fit it to the experimental
data. The coupling constant g; is changed from +1.29 to +0.30, as shown in Table 4.2.
Consequently, the N(2120)3/27 is found to be as equally important as N(2190)7/2~.
With these two N* resonances considered, the CLAS data of the total cross section is
well reproduced. In the case of the (II) K*°A channel, the resonance contribution is

approximately four times smaller than that of the the (I) K*TA channel.

4.4.2 Differential cross sections
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FIGURE 4.6: Differential cross sections for the yp — K*TA in the range of E, =
1.7 — 3.9 GeV. The data are from Ref. [68].
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Figure. 4.6 shows the differential cross sections for the (I) K**A channel as a function
of cosf. There exist broad bump struectures in the range of 1.8GeV < E, < 2.3GeV,
which are not sufficient to be described by our model. But as F, increases our results
begin to match the CLAS data pretty well. Together with the Born terms, N* reso-
nances improve on the cross sections. At high energies, we again find discrepancy in
forward angle regions. This is the limitation of the effective Lagrangian method. More

sophisticated theoretical models may enhance the present results.
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FIGURE 4.7: Differential cross sections for the yn — K*°A in the range of E, =
1.9 — 2.7 GeV.

Figure 4.7 predicts the differential cross sections for the (II) K*°A channel. The corre-

sponding experimental data will be announced soon [116, 117].

4.4.3 Spin observables

Let us turn to the discussion of the polarization observables [118-120], which provide
important information on the helicity amplitudes and spin structure of a process. In
Appendix C, they are expressed in terms of the helicity amplitudes. The reaction takes
place in the x — z plane. The notation for the polarized differential cross sections are
given by [120]

do(B,T: R,V) = ;%(B,T; RV, (4.13)
where B, T, R, V stand for the polarizations of the photon beam (B), the target
nucleon (7'), the recoil A (R), and the produced K* vector meson (V), respectively, for

the vyIN — K*A process.

We begin with the single polarization observables. The definitions of the photon-beam
asymmetry (2;), the target asymmetry (7} ), and the recoil asymmetry (P,) are defined
by

dU(J—> U, Ua U) B d0(||7 Ua U7 U)
do(L,U;U,U) +do(||,U;U,U)’

Se =
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T _ dU(Ua Y; U7 U) B dU(U7 —Y; U7 U)
Y do(U,y;U,U) +do(U,—y; U, U)’
dU(Ua Ua Y, U) - dU(U7 U7 -Y, U)
P, = 4.14
V= @(0,U:9.0) § do(0,U:—y,0) (4.14)

where || and L stand for the linear polarizations of the photon along the direction of
the x and y axes, respectively (Eq. (3.3)). y and —y represent the polarization states
of the baryons in the direction of the y and —y axes, respectively. The U means that
the corresponding particle state is unpolarized.

1
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FIGURE 4.8: Photon-beam asymmetries ., for the yp — K*TA (upper panel) and the
yn — K*°A (lower panel) as functions of cos@ at £, = 2.15 and 2.65 GeV.

In the upper panel of Fig. 4.8, the photon-beam asymmetries 3, for the (I) K** A channel
are displayed. Similarly to the yIN — K™*¥ process as done in the previous chapter, the
beam asymmetry is close to with zero without the N* resonances. But when included,
it is found that X, becomes positive and has broad bump structures. The lower panel
of Fig. 4.8 shows the 3, for the (I) K*°A channel. We can see that including the N*
resonances does not exhibit a notable feature, since K exchange governs the total and

differential cross sections.

Figures 4.9 and 4.10 correspond to the results of the target and recoil asymmetries,
respectively. It is interesting that the shape the P, is clearly distinguished from that
of the beam asymmetry. The P, keeps its netagive value from the forward angle, and
turn positive around cosf = —0.5 until the backward angle. In the case of the recoil

asymmetries, the results are just opposite to those of the target asymmetries.

Next, we examine the results of the double polarization asymmetries. Among the many

different polarization observables in the vector meson photoproduction, only some of the
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Ey=2.65GeV

Ey=2.15GeV

FIGURE 4.9: Recoil asymmetries P, for the yp — K*TA (upper panel) and the yn —
K*OA (lower panel) as functions of cos 6 at E, = 2.15 and 2.65 GeV.

Ey=2.15 GeV ] Ey=2.65 GeV

T =5 0 05 1
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FIGURE 4.10: Target asymmetries 7, for the yp — K**A (upper panel) and the
yn — K*°A (lower panel) as functions of cos@ at £, = 2.15 and 2.65 GeV.
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double polarization asymmetries will be investigated, which are defined as follows:

CBT dO‘(T, 2 Ua U) B dO‘(T, —Z; Ua U)
2= do(r,z; U, U) +do(r,—z;U,U)’
CBR _ do(r,U;z,U) —do(r,U; —2,U)
= do(r,U;2,U) +do(r,U;—2,U)’
CTR _ do(U,z;2,U) — do(U, z; —z,U)
= do(U,z;2,U) +do(U, z; —2,U)’
oV _ do(U, z;U,r) —do(U,—z;U,r)
=z dagg, ,;'], U, r)) + cclia((%, 32; U, r))’
RV do yUsz, ) —ao\U,U; —2,T
Cew = do(U,U; z,r) + do(U,U; —z,7r) (4.15)

where r designates the circularly polarized photon beam (or produced vector meson)
with helicity +1. The CET, CBE CTR CTV and CEV are called the beam-target
(BT) asymmetry, the beam-recoil (BR) asymmetry, the target-recoil (TR) asymmetry,
the target-vector-meson (TV) asymmetry, and the recoil-vector-meson (RV) asymmetry.
The N* resonances reveal even more dramatic effects, in particular, in the case of the

(I) K** A channel.

17 T T T 1 T T T
EY =2.15GeV EY =2.65 GeV

0.5; 1 050 ]

FIGURE 4.11: Beam-target asymmetries C27 for the yp — K**A (upper panel) and
the yn — K*°A (lower panel) as functions of cosf at E, = 2.15 and 2.65 GeV.

In the upper panel of Fig. 4.11, the effects of the N* resonances on the BT asymmetry
for the (I) K**A channel are shown in comparison with the results without the N*.
While the CEBT vanishes in the very backward direction (cosf = —1) without the N*
resonances, the inclusion of them brings its value down to be negative (= 0.8). It implies
that the polarization of the proton chiefly depends on the N* resonances. Interestingly,
the effects of the N* resonances are not at all lessened even at a higher E,. The value

of the CET turns positive at the forward angle, as E, increases. The effects of the N*
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resonances on the (II) K*°A channel are different from those on the (I) K*TA one, as
depicted in the lower panel of Fig. 4.11. However, in this case, the BT asymmetry is

positive in the very backward direction and then turns negative as cosf increases.

1

EY =2.15GeV

FIGURE 4.12: Beam-recoil asymmetries CZ® for the yp — K*TA (upper panel) and
the yn — K*°A (lower panel) as functions of cosf at E. = 2.15 and 2.65 GeV.
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FIGURE 4.13: Target-recoil asymmetries CLF for the vp — K**A (upper panel) and
the yn — K*°A (lower panel) as functions of cos@ at E., = 2.15 and 2.65 GeV.

The upper and lower panels of Fig. 4.12 depict the BR asymmetries for the (I) K*TA
and (II) K*°A channels, respectively. Again, the effects of the N* resonances on C5F
are clearly seen in the case of the charged reaction. On the other hand, the N* effects

are tiny for the neutral channel. We come to the same conclusion for the TR, TV,
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o1

FIGURE 4.14: Target-vector-meson asymmetries C1Y for the yp — K*TA (upper
panel) and the yn — K*A (lower panel) as functions of cosf at E, = 2.15 and 2.65
GeV.

EY =2.15GeV E“{ =2.65 GeV

cosb cos0

FIGURE 4.15: Recoil-vector-meson asymmetries CZV for the yp — K*TA (upper
panel) and the yn — K*°A (lower panel) as functions of cosf at E, = 2.15 and 2.65
GeV.
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and RV asymmetries, as shown in Figs. 4.13-4.15, respectively. Future measurements of
the double polarization observables will be essential to scrutinizing the role of the N*

resonances in the yN — K*A reactions.

4.5 Summary

The aim of this chapter was to study the role of the N* resonances in describing the reac-
tion mechanism of YN — K*A. We took account of four N* resonances, N(2000)5/2%,
N(2060)5/27, N(2120)3/27, and N(2190) 7/2~ located near the threshold, based on
the PDG 2012 edition.

The N(2120)3/2~ and N(2190)7/2~ played a decisive role in explaining the experi-
mental data for the yp — K*tA. The total cross sections are in excellent agreement
with the CLAS data. The differential cross sections were also well described in the
range of 2.3GeV < E, < 3.5GeV, except for the bump structures near the threshold
and the forward angle data at higher energies. This feature of the N* resonances is
totally different from the case of K*3 photoproduction [43] studied in chapter 3. The
extracted resonance coupling constants based on the SU(6) quark model [5] indicate this
conclusion. Directly comparing Table 4.2 in this work with Table 3.2 in chapter 3, one
can verify the large difference, for example, gx+n.6,,/9K*rG,, ~ 1/8 due to the different

isospin factors.

We calculated the total and differential cross sections for the yn — K*CA. It turned
out that the effects of the N* resonances on the neutral channel are marginal. We also
predicted the the single and double spin observables for both channels. The contribution
of the N* resonances to them is prominent in the yp — K*TA reaction, while it is less

noticeable for K*°A photoproduction.

The yN — K*A can be regarded as a subprocess of the YN — KwA reaction. It
indicates that K*A photoproduction may be strongly coupled to another subprocess
such as the YN — K>*(1385) reaction. Therefore it is also interesting to study both
the YN — K*A and yN — K¥*(1385) processes within a coupled-channel formalism.



Chapter 5

Production rates of charmed

baryons

Having examined the role of resonances in the strange scattering processes, we now turn
our attention to the charm sector. The structure and the production mechanisms of the
charmed baryons are investigated in chapters 5 and 6. In this chapter, we study the
production rates of charmed baryons for the 77p — D*”Y,, where Y, is the ground or

excited states of charmed baryons, using a quark-diquark model.

5.1 Motivation

In the standard quark model, baryons and mesons are described as a three-quark state
(qqq) and a quark-antiquark state (¢q), respectively, For baryons there are two indepen-
dent internal motions of modes, p and A ones. They are degenerate in the light flavor
sector, and obviously split in the presence of one heavy quark exhibiting a different
spectrum. In the strange sector, the so-called isotope shift is already observed as seen
in the inversion of the mass ordering in ¥(1775)-A(1830). When we come to the charm
sector, it may also be important to examine the structure of baryons systematically.

Quark models [121, 122] exist for the study of the structures of charmed baryons.

Let us consider the reaction mechanism 7N — V' B, where V stands for a charmed vector
meson (D*) and B denotes a charmed baryon in ground or excited states (Ac, Xe...).
In Fig. 5.1, the corresponding ¢-channel process is drawn in which a charmed reggeon
is exchanged. It couples with a light quark in the initial nucleon and transforms into a

charm quark forming a charmed baryon in the final state.

53
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T %4
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q
N B d d

FIGURE 5.1: t-channel process for the #N — VB, where V = K* D* (left panel).
Quark-diquark structure (right panel).

In this chapter, we aim to compute the production rates of various charmed baryons, up
to the orbital excitations of d-wave (I = 2), compared to ground state production, using
a quark-diquark model [62]. In doing that, one assumption is made: we consider only
vector (V = D* or K*) reggeon exchanges assuming that they dominate. It is known
that at high energies the cross section shows a forward peak. Thus we compute the

differential cross sections only at the forward angle.

5.2 Quark-diquark model

Baryons can be described as a two-body system of a quark and a diquark. Then a heavy
quark and a light diquark constitute a charmed baryon which is schematically drawn in
the Jacobi coordinates in the left panel of Fig. 5.2. Here the p, A, and R, coordinates
are defined by

-7 )\:r1+r2—2r3 R :m(T1+T2)+mQT3
\/E b \/6 9 CIn 2m+mQ 9

assuming that the masses of two light quarks are the same. The p and A coordinates

(5.1)

are antisymmetric and symmetric, respectively, under the exchange of 1 and 7.

A quark model Hamiltonian with spin-spin interactions can be expressed as

1 1 1
Hy = —(p2 2 2 P2
0 5 (p1 + p3) + o P3 Mo
+ Vconf(HO) + Ves + ... (5.2)
With the definitions
3mmg

M =2m+mqg, m,=m, my= (5.3)

2m +mg’

we obtain the momentum conjugate to the above three coordinates

b, = mpba Dby = m)\)'\, Py, = MRcm' (5'4)
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Finally, in terms of these, the oscillator Hamiltonian reads

2 2 2
P23 P
Hy= | =2 + S Kp? Spear) 4 Lem, :
0 <2mp+2 p>+<2 my 2 > oM (5:5)

Since the last term does not affect on the intrinsic spectrum of the baryon, only the first

two terms play an important role. It turns out that A mode acts more collectively. Since

ﬁ

K(2m+m

m, < my and

bE

Il
ng‘

Il

w
N

Wy =

3
>
Il
—~
ot
(@)
~

we get w, > wy.

The color-magnetic (spin dependent) interaction in Eq. (5.2) has the following form

a  X(i)A(J) ,
Vos = — o(i)-o(j)- 5.7
cs %: ;22 (1) - o (4) (5.7)
The interaction is proportional to the inverse masses of the quarks. Thus it is found that
the diquark prefers to correlate strongly with light quark pairs, while the combination

of containing at least one heavy quark is suppressed.

FIGURE 5.2: Jacobi coordinates (left panel). A and p coordinates of a three-quark
system (right panel).

In right panel of Fig. 5.2, the relative motion of the quark and the diquark is depicted
by the A coordinate. The p mode is also implicit in this scheme. Due to the spin-spin
interaction, the pair of 35§ quarks (d°) is expected to have a lower mass than that of
38! quarks (d'). Even though there can be internal excitations of diquarks and mixing
of the A and p modes, we focus on the A motions of (orbitally) ground state diquarks of
the two kinds, d° and d', because the reaction mechanism shown in Fig. 5.2 excites the

A mode dominantly.
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The quark-diquark wave functions of the A modes are summarized in Appendix D. We
have then made a tentative assignment of these states with the nominal ones listed
in PDG when available [103] as shown in Table 5.1. We have also made arbitrary
assignment for the unknown states to fill the corresponding ones by simply guessing

their masses. The latter are shown in Table 5.1 with a * symbol.

5.3 Amplitudes

To obtain the production rates of various charmed baryons, the baryon matrix elements
should be computed. To do that, we introduce the following two interaction Lagrangians,
Lovv = feuasd'md"VOVP, (5.8)

»Cch = g@y“qv/“ (59)

where f and g denotes the coupling constants, and ¢ and ¢ the spinors of the light

(¢ = u,d) and charm quarks, respectively.

First, the matrix element of the 7V V coupling of Eq. (5.8), reads
(V)| Lavv|m(ke)V(9)) ~ 2fepoapkihee? — 2fk)kr x € €, (5.10)

where k;, ky, and q are the momenta of the initial pion, the final V', and the exchanged
V meson, respectively. e®? are the polarization vectors of either the final or the inter-
mediate vector mesons. Here we assume that the reaction energy is not too large since

the produced energy is limited to the range of s/s¢ < 2.
Next, we turn to the baryon matrix element of the V¢c coupling of Eq. (5.9),
(Lvge) = (909"Viua)
0 1
B t o-py 1% —o-V
= 9% <1,—> < 0 o-pi | i, (511)
me + B oV -V mq+Eq

where ; ¢ stand for the two component spinors for the initial light quark and the final
charm quark, respectively. Only the spatial component of the V meson is taken into

account, because it solely survives when contracted with the #V'V vertex . Thus we get

1 1
mq—l—Eq( ) pi) me + E.

_ Py Pi Vo4 Py P Ve (512
WmechEchqurEq) +w><<mc+Ec my + By i (5:12)

(Lvac) ~ ~a¢} | (@ )l V)|
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Finally, combining the matrix elements Egs. (5.10) and (5.12), we can express the scat-

tering amplitude as
tri~ 2fgkY ks x e J Gy (t), (5.13)

where the baryon transition current Jy; reads

Py D; . Dy D; i .
Jei= | Bryl : x _  eies s (5 14
f’L / xSOf |:mc_|_EC + mq+Eq +ZU <mC+Ec mq+Eq>:| ()Ole (} )

and the Regge propagator Gy (t) is expressed as

s ay(t)—1
Gy(t) = <50> [(1 = ay(t)). (5.15)
Here we have defined the effective momentum transfer
my my
= Py — Pp, 5.16
eff mq + My N Mg + Me B ( )

which takes into account the recoil of the center of mass motion due to the change in

the masses of ¢ and ¢ quarks [123].

Finally, we obtain a rather concise formula for the amplitude

PB 0 ; x|
o~ 1 - . Weff® . 1
tri (2(mc g > kyk(flel -oe li) Gy (t) (5.17)

Here e | denotes the transverse vector, and hence the transverse spin induces the tran-

sition, as expected for the vector (J¥ = 17) exchange process.

5.4 Production rates

We have computed the transition amplitudes t; from the nucleon i ~ N to various
charmed baryons f ~ B. For charmed baryons, we consider all possible states including

the ground, p-wave and d-wave excitations. The production rates are computed by

~

1
T Z |t1i|* x Phase space. (5.18)
fi
Using the results of the amplitudes as shown in Appendix D, we find

1
4|plv/s

VKO P—L . (5.19)

R(B(IT)) = e
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o8

In this expression, C is the geometric factor of the matrix element < flel - oeldessr® ]z>

determined by the spin, angular momentum and total spin of the baryon, while Iy, (L =

0,1,2) contains dynamical information of the baryon wave function. K is the kinematic

factor
Pp
K=k, ——————1) Gyt 5.20
Vi (2 = 1) G0 (5.20)
and ~ the following isospin overlap factor
1 for A baryons
= — for r ,
v \/§ Yy
1
= —— for ¥ baryons, 5.21
7 y (5.21)
=0 [AGh) (37 =E)
M [MeV] 1116 1192 1385
2286 2455 2520
C 1 1/9 8/9
R(Bs) 1 0.04 0.210
R(Be) 1 0.03 0.17
(=1 [AG) AG) =) 3G [2G) ¥E) TG)
M [MeV] 1405 1520 1670 1690 1750 1750 1775
2595 2625 2750 2800 2750 2820 2820
C 1/3 2/3 1/27 2/27 2/27  56/135 2/5
R(Bs) 0.07 0.11 0.002  0.003 0.003 0.01 0.01
R(Be.) 093 1.75 | 002 004 | 005 021  0.21
=2 [Ag) adH[=EH =@NH |z@ghH =@ =dh) =d)
M [MeV] 1890 1820 1840 1915 1880 2000* 2000* 2000*
2940 2880 1840  3000* | 3000* 3000* 3000* 3000*
C 2/5 3/5 2/45 3/45 2/45 8/45  38/105 32/105
R(Bs) 0.02 0.04 0.003 0.001 0.001 0.001 0.001 0.001
R(Be) 0.49 0.86 0.01 0.02 0.01 0.05 0.11 0.09

TABLE 5.1: Baryon masses M [MeV], spin-dependent coefficients C' and the ratios of
production rates R given in Eq. (5.19). The second and third rows are the ratios R
for the strange and charmed baryons, respectively, which are normalized to the ground
state A. They are computed at kX% = 4.2 GeV for the strange, and at k2% = 20 GeV

for the charmed baryons.

By using the baryon wave functions as summarized in Appendix D, the geometric factors

C' and the production rates R are computed. In Table 5.1, results are shown for both

charm and strangeness productions at the pion momentum in the laboratory frame,

kLab — 20 GeV for charm production and kL% = 4.2 GeV for strangeness production.

These momenta correspond to s/si, = 2 for both cases. The wave functions of strange
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baryons are obtained by replacing the charm quark by a strange quark. The rates R
presented in the Table 5.1 are normalized by that of the lowest A baryon.

5.5 Summary

We conclude that the A baryons are more produced than the ¥’s for both the strange
and charm reactions when comparing the states which have the same quantum numbers.
This is a consequence of SU(6) symmetry of the quark-diquark baryons. The charmed
resonances turn out to exhibit higher rates of productions than the strangeness ones,
except for the ¥(1/2%) and X(3/2") when comparing the corresponding states. The
A, resonances are similarly or even more produced than the ground state A.(2286).
This is owing to the large overlap of the wave functions when the momentum transfer
is large, typically around 1 GeV for charm production. Meanwhile, in the case of the
strange production, the A; resonances are much suppressed compared to the ground
state Ag(1116).

In our calculation, we assumed that vector (V) reggeon exchange is dominant. But
pseudoscalar (P) reggeon exchange also can be considered by replacing the transverse
spin by the longitudinal spin, e, - o — e|; - 0. Note that the amplitudes of the V' and

P reggeon exchanges do not interfere each other due to the spin selection rule.



Chapter 6

Pion-induced K*'A and D*~A[

productions

The aim of this chapter is to investigate both the 7~p — K*°A and n7~p — D*"A}
processes based on an effective Lagrangian method and a Regge approach. The total
and differential cross sections for the K* production are calculated and those for the D*

one are estimated.

6.1 Motivation

In 2012, a new proposal was submitted at the J-PARC (Japan Proton Accelerator
Research Complex) facility to investigate the charmed baryons via the pion-induced
reactions at a high-momentum beam line [61]. There has been only one attempt at
Brookhaven National Laboratory (BNL) in 1985 to search for the charm productions
associated with the mechanism 7~ p — D*~ B., where B, stands for a charmed baryon
in ground or excited states (B. = A, 31, ...) [124]. No evidence was found for these

reactions, but only an upper limit (95% confidence level) is estimated, namely 7-nb.

On the theoretical side, the differential cross sections do/dt for the strange and charm
productions, i.e. 77 p — K*OA and 7~ p — D*~ A}, were calculated as a function of
s/syn by using a simple Regge model [62] as shown in Fig. 6.1. s/sy, is the threshold
value of s: s (strange) = (my«+ma)? and sy, (charm) = (mp+ +ma,)? and the unit of
the cross sections is artibrary [au]. We simply considered only vector reggeon exchange

for a rough estimation of the relative strength. The Kaidalov’s prescription is employed,

60
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0:
W0F====~—e__ ]
— 10’1é- Strangeness T~~~ -

FIGURE 6.1: Forward differential cross sections do/dt(§ = 0) as a function of
s/stn Ref. [62].

which is based on the quark-gluon string model (QGSM) [125-128],

do factor s\2 [ s\ 2ev®-2
&= S av() (g) <SO> . (6.1)

Here pcy, is the relative momentum of the initial particle in the center-of-mass frame
and § is a universal scale parameter. At this moment, the role of 5 is not important.
The other scale parameter sg depends on flavors of the reggeon, and is determined by
the QGSM [125],

so(strange) = 1.66 GeV?, sg(charm) = 4.75 GeV?. (6.2)

The detailed form of Regge trajectories is referred to the Appendix E. The point here is
to examine the forward cross section do/dt(6 = 0) for strange and charm productions,
which seems to be plausible since a Regge model is designed to work best in the forward
angle region. The ratio of the charm to strange production turns out to be 10~3 near
the threshold and 10~ at high energy s/s¢, ~ 10. The J-PARC experiment is expected
to measure the total cross section most efficiently at s/sy, ~ 2. According to our results
in Fig. 6.1, the rate of charm production is smaller than strange production by a factor
about 10~* at this point. Thus, if one uses the data of the total cross sections for the K*
production, which is of the order of 10 [ub] [129, 130], the value for the D* production
is expected to be of the order of 1 [nb], using this simple Regge model.

In this chapter, we want to further elaborate the study of Ref. [62] on these two processes,
employing both an effective Lagrangian method and a Regge approach, placing emphasis
on the latter. In Ref. [126], the 7~ p — D~ A reaction is studied with the QGSM, relying
only on the D* reggeon. However, in this work, we consider the contribution of the D
and A, reggeons as well as that of the D* reggeon using the same model. As we will

show later, the D* reggeon plays a crucial role in describing the 7~ p — D*~ A} reaction.
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6.2 Formalism (Effective Lagrangian method)

In this section, we explain the general framework of an effective Lagrangian approach
to study both the 7~ p — K*YA and 7~ p — D*~ A7 reactions. The effective Lagrangian
method is known to be successful in describing hadron productions near the low energy

region.

6.2.1 Effective Lagrangians

T (kl) K*O(kz) T K0 T K0
o Phd \ / N v
X x \ / h d
~ e N /

M X A o
A K™ \ / AN
- 1l - A - \ / » - -
p(p1) Alp2) P n AP BT A

(a) (b) (c)

FIGURE 6.2: Tree-level diagrams for the 7= p — K*A.

We first start with the 77p — K*9A reaction. The relevant tree-level diagrams are
depicted in Fig. 6.2 in which k; and p; stand for the momenta of the initial = and
proton, respectively. ks and ps denote those of the final K* and A, respectively. In this
model, we consider (a) the ¢t-channel process (K and K* exchanges); (b) the s-channel

one (the nucleon exchange); and (c) the u-channel one (¥ exchange).

The invariant Feynman amplitudes are calculated from the following Lagrangians:

Lakir = —igrii+(KO'T- 7TK; — K;@“T -wK),
Lrgeis = grkrkre PO KT w0, K}, (6.3)

for the K* meson and pseudoscalar-octet-meson interactions. To determine the coupling
constant g, i+, the experimental data of the decay width I'( K* — K) [1] is used. From
the above Lagrangian L g+, the decay width can be expressed kinematically as
Kz

K" — Km) = Q%*KWW,
K*

(6.4)

where k; is the three-momentum of the decaying particle

VIME — (Mic + Mo)2|[MR. — (M — M)
kr = My , (6.5)




Chapter 6. Pion-induced K*°A and D*~A} productions 63

so that one can easily obtain g,k x+ = 6.56. Using the hidden local gauge symmetry [131]
and SU(3) flavor symmetry (Appendix F), we get the 7 K*K* coupling constant as
ki = 7.45GeV ™1 |

The interaction between the K* vector meson and the baryon octet is represented by

the following effective Lagrangian:

RK*NY

mO’MVYaV K*'u + :["I.C.7 (66)

Liny = —gr+Ny N |7,Y —

where Y designates A or 7- 3. We take the values of the coupling constants gr+ny and

ki+Ny from the Nijmegen soft-core model (NSC97a) [78].

For the pseudoscalar meson and baryon octet vertices, two types of couplings are possi-

ble: the pseudoscalar (PS) or the pseudovector (PV) couplings. The former one corre-

sponds to
LYYy = —igannNysT - TN,
'CE%A = —igrsalysm -+ He,,
Lifva = —igenaNyAK +He., (6.7)
and the latter one reads
PV 9rNN +
Liny = MNWVE)a“T'WN,
LrY, = 9™ R 9Mm. ¥+ He.
TEA M/& + ME 7#’75 ™ + C 9
v, = IENA N AOMK + He.. 6.8

Note that the t-channel process is equivalent each other because only at this case the
relevant baryons are on their mass shell. In other words, only EE{SN A and Ef(\]/\, A are
equivalent each other. But the s- and u-channel processes do not yield the same result
in two types. In the next section, we compare two different results according to the
types of Lagrangians. The coupling constants g,.nn, grza, and gxna are again taken

from the Nijmegen potential [78].

We tabulate all the relevant coupling constants in Table 6.1.

IrKK* InK*K* gnNN | gnSA | gKNA | GK*NA  KK*NA | JK*NS  KK*NY
6.56 |7.45GeV ' | 133 | 11.9 | -13.4 | -4.26 291 -2.46  -0.529

TABLE 6.1: The relevant coupling constants used in the 7—p — K*0A.
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6.2.2 Scattering amplitudes

The scattering amplitude for the 7N — K*A can be expressed as
M = ey M* up, (6.9)

where uy and wup stand for the Dirac spinors for the incoming nucleon and for the
outgoing A, respectively, and ¢, denotes the polarization vector of the outgoing K*

meson.
For t-channel exchange, the amplitudes are obtained as follows:

—igr KK

ME(PS) = IKWQKNA%W,
M (PV) = Ik Z“qj[j\%( M]‘C]VKJ]FV%A’Y”%/#(@ — k1),
M, = IK*WWW [% - maw(@ — k)M Kaak1£6.10)
and for s- and u-channel exchanges, we get
MG (PS) = INigi*f/}\Z%NN [’Y“ - Z\ZI]{V:V_A]\ZQI U‘“’} (k1 + 1+ Mn)vs,
ME(PV) = Iy e | SR ] (s M)
ME(PS) = I Ny ) | = AR

IJK*NY.  Gr2A iKK* Ny k2
ME(PV) = IEU “MZ s 1 MA’YQV5(¢2 — k1 + Mx) [’7“ - MUW} 6d1)

6.2.3 Form factors

We choose the following form of form factor

A4

F((LM) = A4+(q2_M2)27

(6.12)

which is also used in the photoproduction process as discussed in chapters 3 and 4.
Here ¢ and M denote the transfer momentum and the mass of the exchanged particle,
respectively. Note that we employ another type of form factor when investigating the
Regge model. The cutoff mass A is usually fitted to reproduce the experimental data.

The final form of the scattering amplitude is written as

M(n~p— K*A) = Mg - Fx + Mg+ - Fg« + My - Fy + My - Fs. (6.13)
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The isospin factor I turns out to be the same for all the channels, Ix = Ig+ = Iy =

I = V2.

6.2.4 Charm production

o D* T D*— T D*
o Phd \ / N v
X x \ / h d
~ - N 7/
M X A N
Ax0 0 i~
A0, D \ / AN
> 1> > L o» > >
D NS n AS P v AL

(a) (b) (c)

FIGURE 6.3: Tree-level diagrams for the 7~p — D*~AT.

Now we turn to the charm production reaction 7~p — D* A}. The amplitude for
this process is obtained just by replacing the strange mesons and the hyperons by the
charmed ones. The relevant Feynman diagrams are shown in Fig. 6.3. In principle,
the coupling constants for the charmed hadrons should be different from those for the
strange hadrons. In the present calculation, however, we use intentionally the same
coupling constants for the corresponding vertices. This might be considered to be a
good assumption if strange and charm quarks are sufficiently heavy. One exception
is the coupling constant g.p+p+. The dimensionful constant g,x+x~+ is related to the
dimensionless one grx+x* as grix*k* = Gnk*Kk*/Mg+. On the other hand, we normalize
the dimensionful constant for the 7D*D* vertex to be grp+p* = Jrk+K*/Mp+, which
means that g.p«p+ = Mg+/Mp+ - grx+r+. Typically, the coupling constants in the
strange and heavy sectors differ by a factor of order one; for instance g,k x* ~ gz=pD* /2,
while other relations are unknown. This is the main source of the possible uncertainty
in our present study. Keeping this in our mind, we expect that the present prescription

allows us to make a comparison between the strange and charm productions.

The form of the scattering amplitude is similar to that of the strange production ampli-
tude

M(r7p—= D*"Af)=Mp-Fp+ Mp+-Fp- + My - Fyn + Mg, - Fs,.  (6.14)

6.3 Results (Effective Lagrangian method)

We present our numerical results in this section. Te determine the cutoff parameters, the

experimental data of the total and differential cross sections for the 7=p — K*°A [129,
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130, 132, 133] are used. In general, the cutoff mass A depends on the reaction channel,
K, K*-, N-, and Y-exchanges. At this moment, to minimize the number of parameters
for a rough estimation of the production rate, two different values are employed, for the
meson exchanges and baryon exchanges, separately. With the same coupling constants
and cutoff masses, the total and differential cross sections for the #~p — D*~ A7 are
predicted and compared to those for the 77p — K*YA. The determined cutoff masses
are listed in Table 6.2.

channel A A+ Axn  As

7 p— KA | 0.55 0.55 0.60 0.60
channel AD AD* AN AEC

7 p— D*"A} | 055 0.55 0.60 0.60

TABLE 6.2: Cutoff masses [GeV] to each channel for the 7~p — K*°A and the 7=p —
D*~Af.

6.3.1 Total cross sections

We first depict the contributions of each channel to the total cross section for the 77 p —
K*OA. In the previous section, it is mentioned that there can be two types of couplings:
pseudoscalar (PS) and pseudovector (PV) ones. Figures. 6.4 and 6.5 correspond to the
results of the former and latter cases, respectively. It is drawn as a function of s/syy,

where sy, is the threshold value of s, i.e. s, = (mp+ +my)? = 4.05 GeV?2,

T p -> KA (linear) T p -> KA (og)
' [Effecti'\/e L‘agfan‘gi'an‘] ] 102;’*“ — ' [E‘ffectiyve I;ag'ran‘gi'an‘]é

100 - _________—.- ___________
Yt U R
TN, KK e e e ]
i ..... - .—'E
— -
o SO .\ —rotles g b K sl 3
—-— K* Ses
- K+K* \.\‘\
N@s) s 3
- XPS) s ]
— total®s) ‘ ]
‘ ‘ i
2 4 8
S/Sth

FIGURE 6.4: Total cross section for the 7~p — K*°A based on the effective Lagrangian
method with the PS Lagrangian. The data are taken from Ref. [129] (triangles) and
Ref. [130] (circles).

In both cases, it is found that the ¢-channel process makes the most dominant contri-
bution to the total cross section. K exchange plays a decisive role in explaining the
experimental data in the low energy region, whereas K* exchange governs its behavior

in the high energy region. This is so since the contribution of K exchange falls off as
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T p -> K™0A (linear) 7 p -> K*0A (og)

[Effecti'\/e I_‘,agfan‘gi'an‘] 1 [Effecti'\/e I_‘,ag'ran‘gi'an‘]é
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i — total(PV)
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FIGURE 6.5: Total cross section for the 7~p — K*°A based on the effective Lagrangian
method with the PV Lagrangian. The data are taken from Ref. [129] (triangles) and
Ref. [130] (circles).

s increases, while the effect of K* exchange becomes larger with s increasing. But, in
the end, it gets constant when s is large enough. The reason of this pattern of behavior

J=1 where

comes from the fact that the cross section is proportional to J — 1, 0 ~ s
J denotes the spin of an exchange particle in the ¢ channel. This relation is derived
by combining a single term of the t-channel partial-wave analysis and the optical the-
orem (Eq. 2.15). There is no interference between K and K* exchanges as explained
in Ref [62] in detail. Moreover, since the Lagrangian ££5, (Eq. (6.7)) is equivalent to
L2V (Eq. (6.8)), the contribution of K + K* exchange is the same for both the PS and

PV types.

On the other hand, baryon exchanges give almost marginal contribution at any energies.
One noticeable feature is that the phase between this baryon exchanges and meson
exchanges are different each other. In the case of the pseudoscalar (PS) type, the phase
is destructive at lower energies and becomes constructive from s/sy, ~ 2 (Fig. 6.4). In
the case of the pseudovector (PV) type, it is always constructive over the whole energy

region (Fig. 6.5).

The result of the total cross section matches the experimental data [129, 130] only in
the relatively low energy region (s/sy, < 2.1) and begins to deviate from the data as s
increases. It seems to be reasonable because the effective Lagrangian method is based
on the Born approximation and thus is constructed to describe mainly the lower energy

region near threshold.

6.3.2 Differential cross sections do/df)

In Figs. 6.6 and 6.7, the results of the differential cross sections do/dS) for the 77p —

K*OA are drawn as functions of cosf. @ is the scattering angle between the incoming
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FIGURE 6.6: Differential cross sections do/dS2 for the 7=p — K*A as functions of
cos # based on the effective Lagrangian method with the PS Lagrangian. The data are
taken from Ref. [130].
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FIGURE 6.7: Differential cross sections do/dQ} for the 7=p — K*°A as functions of
cos 6 based on the effective Lagrangian method with the PV Lagrangian. The data are
taken from Ref. [130].

m and the outgoing K* meson in the center-of-mass frame. Similarly to the previous

subsection, two types of results are illustrated separately.

K and K* exchanges are mostly dominant, especially in the forward angle region. When
they reach near cos ~ 1, the contribution of K* exchange is sharply reduced. But that
of K exchange keeps its rising behavior over the whole angle region. s-channel exchange
is known to exhibit the flatness in angle distribution. This is reflected in the PV type
more precisely rather than in the PS one as seen in the NV exchange. A relativistic effect
may shift it slightly. On the other hand, > exchange in the v channel becomes important

at backward angles though the magnitude is much smaller that of t-channel exchange.

Because of these different characters of each contribution, the dip structure appears in
the range of —0.6 < cosf < —0.2 and —0.8 < cosf < —0.4 for the PS and PV types,
respectively. As Pj,p, increases, this tendency becomes stronger for both cases, and in
the former case the the differential cross section is much deeper than the latter case.
This dip structure is not enough to describe the flatness of the experimental data [130]
between the intermediate angles —0.5 < cosf < 0. Only the very forward angle region

is well reproduced by using the effective Lagrangian approach.
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6.3.3 Differential cross sections do/dt

We show the results of the differential cross sections do/dt for the 7=p — K*YA in
Fig. 6.8. Only the PV type is considered here and will be applied to the Regge formula
in the next section since it seems to describe the total cross section better rather than
the PS type. They are drawn as functions of —t' = tnax — ¢, where the minimum and

maximum values of ¢ are expressed kinematically as

= M2+ M = ol (M~ M2ls - (M - D)
VI~ Oy + 70l — (Ol — 30,77
V= Oy + 3Pl — (00— 30 7. (6.15)

respectively. For each of fixed energies, ¢ varies between tp,;, and tpax (or —t' varies

between 0 and tmax — tmin). The differential cross section is defined in terms of the
Feynman amplitude M as
d 1 1
T > IMP, (6.16)

i —=
dt 647 (pem)?s 2 ooy

where s; and sy designate the spins of the nucleon and the A, respectively. \; stands
for the polarization label of K* meson and the p¢, the momentum of pion in the center-

of-mass frame.

Prene P, = 3.95 GeVic

do/dt [ub/GeV?]
do/dt [ub/GeV?]

do/dt [ub/GeV?]
do/dt [ub/GeV?]

FIGURE 6.8: Differential cross sections do/dt for the 7~p — K*°A as functions of ¢’
based on the effective Lagrangian method with the PV Lagrangian. The data are taken
from Ref. [132] (squares), Ref. [133] (stars), and Ref. [130] (circles).
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The contributions of t-channel exchanges decrease as —t’ increases, as expected. K
exchange governs do/dt near —t' ~ 0, whereas K* exchange becomes the main contri-
bution to do/dt. This feature does not change in general, even though Py}, increases.
The s- and u-channel effects are almost negligible. The results from the effective La-
grangian approach are in good agreement with the experimental data between —t' = 0
and —t' = 1.2GeV?, and they start to deviate from the data as —t' increases. Note
that the effective Lagrangian method can only explain the data in the smaller —t' region
when P, = 6.0 GeV/c.

6.3.4 Charm production

We now turn to the charm production, again based on the effective Lagrangian method.
In the left panel of Fig. 6.9, the results of the total cross section for the 7=p — D*~ AT
reaction are drawn as a function of s/s¢,. Note that sy, is different from the case of
strange production, i.e. sg, = (mp+ + mAC)2 = 18.4GeV?2. In contrast with the K*A
production, the effect of D exchange is very much suppressed in the D*A, production,
while D* exchange dominates the process. As mentioned in the case of the strange
production, the total cross section for the 7N — D*A. reaction is proportional to s’/
when s is large, so that D* exchange dictates the total cross section at higher energies.
All other contributions including D exchange have some effects on it only in the vicinity

of threshold.
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[ T £ r
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FIGURE 6.9: Total cross section for the 7~p — D*~ Al based on the effective La-

grangian method using PV Lagrangian (left panel). Comparison of the total cross

section for the 7~p — D*~ A} with that for the 7=p — K*°A (right panel). The data
are taken from Ref. [129] (triangles) and Ref. [130] (circles).

The result of the total cross section for the #~p — D*~ Al reaction is compared with
that for the 77p — K*PA in the right panel of Fig. 6.9. The total cross section for
the charm production is about 10 times smaller than that for the strange one near the

threshold region. When s/si, reaches around 10, the total cross section for the D*A.
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production becomes approximately 10% times smaller than that for the K*A production.

The reason for this smallness mainly comes from the form factors.

T p > (KA & DAL)

do/dQ [ub/sr]

FIGURE 6.10: Comparison of the differential cross section for the 7#=p — D*~AT
with that for the 77p — K*°A based on the effective Lagrangian method using PV
Lagrangian. The data are taken from Ref. [130].

The difference in the differential cross section do/dS) is also analyzed in Fig 6.10. As
expected from the data of the total cross section, D* exchange is dominant, particularly
in the range of 0 < cos@ < 1. In the backward region, . exchange governs the charm

process.

6.4 Formalism (Regge approach)

Having studied the effective Lagrangian method so far, we now switch to another model
to examine the same strange and charm productions. Spurred on the finding that the
effective Lagrangian method explains the experimental data only near low energy regions,
we will introduce a Regge approach, which is known to explain high energy scattering

quite well with unitarity preserved.

6.4.1 Regge propagators and trajectories

—d d 0 —d d 0
T s K7 T 4 /5 K*
///
u S U // d
P u u A p d»r" L s A
d d U U

(a) (b)

FIGURE 6.11: (a) Planar and (b) non-planar diagrams for the 7= p — K*°A.
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We first consider the 7~p — K*°A. The relevant diagrams are drawn in Fig. 6.11 by the
quark lines. In the Regge theory, the planar diagram is described by reggeon exchange
in the ¢ channel, whereas the non-planar one corresponds to reggeon exchange in the u
channel. In our process, the reggeons in the ¢ channel are dictated by the K and K*
trajectories, whereas the »-baryon trajectory leads to the reggeon in the u channel as

displayed in Fig. 6.11.

In the case of t-channel exchange, the Regge amplitudes are derived by replacing the

Feynman propagator P¥ by the Regge propagator PR [65] as follows:

) ) . 1 s \ox®) ,
PK:@ = Pg(s,t) = e—ima(t) Sk Flrax®lak,

F
PK*

1 R 1 s O\ arx(®)-1 /
= Py (s,t) = (e—imm(t)> (81{*) L[l — ag-(t)]a}6.17)
K*

where ak(t) and ag«(t) denote the Regge trajectories for the K and K* mesons, re-
spectively. sk and sk~ stand for the energy scale parameters. The Regge trajectories
for K and K* are taken from Ref. [134], respectively, as ax(t) = —0.151 4+ 0.617¢,
ag«(t) = 0.414 + 0.707t. The energy scale parameters are determined by using the
QGSM [125-128]: sk = 1.752 and sg+ = 1.662. In Appendix E, more details are

explained.
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FIGURE 6.12: K and K* meson trajectories.

In general, a Regge propagator is expressed in terms of a linear combination of the two
different signatures. However, when a Regge trajectory for a hadron with odd spins is
approximately the same as that for a hadron with even spins, that is, two trajectories are
almost degenerate, one of the signature is canceled out. As depicted in Fig. 6.12, which
are taken from Ref. [134], both the K trajectory and the K* one are almost degenerate,
respectively. Thus the Regge propagator can have either the signature 1 or e ""®K(x*)

as shown in Eq.(6.17) [20, 23]. Since we have these two different signatures, there are
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four different ways of selecting the signatures for both the K and K™* Regge propagators.

We will examine each case in the next section.

Within the framework of a Regge approach, the differential cross section do/dt must
comply with the following form when t approaches to zero

%(s — 00, t — 0) o 2072, (6.18)

In the case of u-channel exchange, we similarly replace the Feynman propagator by the

Regge propagator as done in the ¢ channel

PE = = P = () (o) 1[5 - astw] atoa9)

u— M2 55
As for the X trajectory, it is not easy to find some tendency like the K and K™ tra-
jectories. In Fig. 6.13, we depict two trajectories for s, assuming that the quantum
numbers for some unknown resonances are fixed [67]. In the present calculation, the
solid trajectory is taken into account, for which ax(u) = —0.79 4+ 0.87u [67], since it
contains the lowest-lying 3(1190). Based on this trajectory, we are able to determine the
scale parameter to be sy, = 1.569. We also assume that the X trajectory is degenerated
and two different signatures 1 and e~"™=(%) are considered as we did for the mesonic

cases.
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FIGURE 6.13: X trajectory [67].

The differential cross section do/du should obey the following condition when u ap-

proaches zero asymptotically

d
i(s — 00, u — 0) o s22W72, (6.20)
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6.4.2 Regge amplitudes and form factors

The key point of our model is to interpolate between the low and high energy regions
just by substituting the Regge propagator P® for the Feynman propagator P¥ from the
Feynman amplitude M defined in Egs. (6.10) and (6.11)

R(g
Tk(s,t) = MK(Svt)P;ISIF(((;)wv
R (s
TK*(S,t) = MK*(S,t)-Pé(I];;E(;;),
Ris,u
Ts(s,u) = ME(S’U)PJEDXFE(;L))' (6.21)

By doing that, we keep the structure at low energies which comes from the effective
Lagrangians, and the asymptotic behavior (Eqgs. (6.18) and (6.20)) is also conserved at
high energies. To prove the latter point, analytical calculations are essentially required
and done carefully. It is found that, in the limit of s — oo, one has Mg o< 0, Mg+ o st,
and My s3. The explicit forms are given in Appendix G. In this section, we use the
PV type because it fits the data of the total cross section better rather than the PS type

(see Figs. 6.4 and 6.5 for comparison).

In the previous section, when dealing with the effective Lagrangians, we take account
of the form factor which satisfies F'(¢, M) = 1 provided the relevant particle is on mass
shell ¢2 = M? (see Eq. (6.12)). Here we consider another type of form factor C(q),
which is only a function of the transfer momentum and is independent of the particle

mass

a

Clq) = T g2/A (6.22)

where a and A denote a dimensionless constant and a cutoff mass in units of GeV,

respectively.

The final form of the scattering amplitude for this strange process is given by
T(n p— K*A\) =Tk - Ck + Tk~ - Cgc» + Ts - Cs. (6.23)

Note that, since the Regge approach is not applicable to the s channel, N exchange is

excluded here.
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FIGURE 6.14: Planar and non-planar diagrams for the 7~ p — D*~ A} in the left and
right panels, respectively.

6.4.3 Charm production

Replacing the s quarks in Fig. 6.11 with ¢ quarks, we can display the quark diagrams
for the 7~ p — D*~ A process (Fig. 6.14). We can derive the Regge amplitudes for the
charm production in a similar way directly by using the expressions for the 7= p — K*YA

process:

/
Ap

s ap(t)
Tp(s,t) = Mp(s,t) (SD> F[—aD(t)]%,

s ap+(t)—1 a.
Tp-(s,t) = MD*<s,t>( ) L1 ap- (1) 2D

SD*

s \ 0=z 1 ak,
T: = — r|-- <. 6.24
o) = M) () 5 on)] pray 029
The final form of the scattering amplitude is expressed as
T(r"p—D"Af)=Tp-Cp+Tp--Cp++Tk, - Cs,. (6.25)

We can now directly compare the magnitude of the charm production with that of the
strange one. We consider the same signatures as in the strange production for both the

t- and u-channels, the values of which will be determined in the next section.

6.5 Results (Regge approach)

We are now in a position to discuss the numerical results from the Regge approach.
The Regge amplitudes behave typically as T' ~ s*() as s becomes very large, which in
general are in accordance with the experimental data. Thus, the intercepts a(0) play a
decisive role in explaining the experimental data at high energies. On the other hand,
the magnitude of the total cross section is determined by the coupling constants and

form factors.
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6.5.1 Form factors and phases

Before showing final results, we should fit free parameters, the dimentionless constant
a and the cutoff mass A in the form factor C'(¢q), and the phases, either a constant or

rotating one.
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FIGURE 6.15: Total cross sections for the 7~p — K*CA based on the Regge approach
without form factors. The data are taken from Ref. [129] (triangles) and Ref. [130]
(circles).

Figure 6.15 draws the s and ¢ dependence on the total and differential sections, respec-
tively, without considering the form factors. It is notable that the total cross section
is comparable in relative magnitude to that of the effective Lagrangian method (see
Figs. 6.4 and 6.5 for comparison). Taking a look at the slope of each channel, it is
implied that K* reggeon would play an important role by comparing its slope with that
of the experimental data. The t dependence is even more interesting. The slope seems
to be similar each other, but near small ¢ region the curve of K* exchange rapidly de-
creases, which is also shown in the experimental data. This fact also indicates that the

contribution of K* exchange could be dominant.

To reduce the ambiguity, the same values of cutoff masses are employed, which turns
out to be almost the same as the ones used in the effective Lagrangian method. The
dimentionless constnat a is fitted to the experimental data. It constrols the absolute
value of the cross sections. The free parameters contained in the form factors are listed
in Table 6.3.

channel ag QE* ay, AK AK* AZ
7 p—K*OA |06 09 1.6 |055 0.55 0.55
channel ap apx ays, AD AD* AEC

7 p—D*AF |06 0.9 1.6 |055 0.55 0.55

TABLE 6.3: Free parameters in form factors to each channel for the 7~ p — K*°A and
the 77p — D*~AT.
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It should be noted that the cutoff masses are related to the size of relevant hadrons. Since
we have determined the cutoff masses by fitting to the strange production, those for the
charmed production ought to be different. In Appendix H, the size of a charmed baryon
is calculated in comparison with the nucleon which is given by 0.5 fm. It turns out to be
0.512 fm. Threrfore, since the cutoff mass is in inverse proportion to the size of a relavant
hadron, the cutoff mass for the charmed production might be 0.55GeV - 0.5/0.512 =
0.537 GeV. However, this change does not affect the general result when employing
0.55 GeV.

np->KOA np -> KA
200 : ‘ 200 : ‘
i [Regge] i [Regge]
150 <o oK 1 as0f47 KK .
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FIGURE 6.16: Total cross sections for the 7~p — K*°A based on the Regge approach
according to the phases for each channel. The data are taken from Ref. [129] (triangles)
and Ref. [130] (circles).

There are all eight possibilities for the phases. We have examined each case in Fig. 6.16.
c and 7 in the parentheses denote the constant or rotating phases, respectively, for each
channel. Whatever phase we use, the contribution of K + K* exchange is the same
since there is no interference between them [62]. But when ¥ exchange is included, all
different results appear. Only the low energy region (1 < s/sy, < 2) is affected by the
change of the phase, and within 20% we have similar absolute values. We choose the

signature factor 1 in common for all the Regge propagators.

6.5.2 Total cross sections

In Fig. 6.17, each contribution to the total cross section is illustrated. K™* reggeon
exchange governs its dependence on s. The contribution of K reggeon exchange is
smaller than that of K* reggeon exchange and the gap gets larger as s increases. The
reason is clear from the value of ak () mentioned previously: the corresponding intercept
is smaller than that for the K* trajectory. We have seen in Figs. 6.4 and 6.5 that
the contribution of K* exchange in the effective Lagrangian method rises slowly as s
increases, which results in deviation from the experimental data. On the other hand, K*

reggeon exchange exhibits the s dependence of the total cross section correctly, so that it
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FIGURE 6.17: Total cross sections for the 7~p — K*°A based on the Regge approach.
The data are taken from Ref. [129] (triangles) and Ref. [130] (circles).

desribes the experimental data much better than K* exchange in the effective Lagrangian
method at higher values of s. 3 reggeon exchange in the u channel makes some effects

only on the threshold region and falls off more rapidly than ¢-channel exchange. This

can be understood from the behavior of the u-channel Regge amplitude: Ts ~ 57979,
6.5.3 Differential cross sections do/df)
T T T T T T 10>
Py = 4.5 GeV/e P = 6.0 GeV/c
= =
r 10" 3
ES E!
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— total Tl .
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- 05 0 0.5 1 1-1 05 0 0.5 1

FIGURE 6.18: Differential cross sections do/d2 for the 7~p — K*CA as functions of
cos @ based on the Regge approach. The data are taken from Ref. [130].

Figure 6.18 depicts the results of the differential cross section do/d) for the n7p —
K*OA. The K* reggeon in the ¢ channel makes a dominant contribution to the differential
cross section in the forward region, whereas the ¥ reggeon in the u channel enhances it
at the backward angles. The effect of K reggeon exchange is important to describe the
experimental data at the very forward angle. We already have found that the results
from the effective Lagrangian method deviate from the experimental data except for the
forward region. However, the Regge approach correctly describes the experimental data
at P,y = 4.5GeV/c over the whole angles. Moreover, on the whole, it elucidates the
flatness of the differential cross section between cos = —0.7 and cos# = 0.3, which was

never explained in the effective Lagrangian method.
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6.5.4 Differential cross sections do/dt

In Fig. 6.19, we draw the results of the 7~p — K*OA differential cross section do/dt as
functions of —t’ at four different values of Pj,;,. The most dominant contribution comes
from K* reggeon exchange. K reggeon exchange plays a crucial role in explaining the
data at the very forward angle together with K* reggeon exchange. A similar feature
can be also found in the case of KA photoproduction [20]. The effect of ¥ reggeon
exchange turns out to be tiny. Though the general tendency of the results from the
Regge approach looks apparently similar to that of the effective Lagrangian ones, they
are in fact different each other. The results from the Regge approach fall off faster
than those from the effective Lagrangian method, as —t' increases. The results from
the Regge approach are in better agreeement with the experimental data in comparison

with those from the effective Lagrangian method.

Py, = 3.93 GeV/c ] P, = 3.95 GeV/e 110

k%

do/dt [ub/GeV?]
=
=)

do/dt [ub/GeV?]

do/dt [ub/GeV?]
do/dt [ub/GeV?]

FIGURE 6.19: Differential cross sections do/dt for the 7=p — K*°A as functions of #'
based on the Regge approach. The data are taken from Ref. [132] (squares), Ref. [133]
(stars), and Ref. [130] (circles).

6.5.5 Charm production

We now discuss the results of the charm production. In the left panel of Fig. 6.20, we
draw each contribution to the total cross section of the #~p — D*”Al. D* reggeon
exchange dictates the s dependence of the total cross section. The effect D reggeon and

Y. reggeon exchanges is smaller than that of D* reggeon exchange.
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FIGURE 6.20: Total cross section for the 7~p — D*~ AT based on the Regge approach

(left panel). Comparison of the the total cross section for the 7~p — D*~ AT with that

for the 7=p — K*CA (right panel). The data are taken from Ref. [129] (triangles) and
Ref. [130] (circles).

In the right panel of Fig. 6.20, we find that the total cross section of the charm production
is approximately 10% — 10% times smaller than that of the strange production depending
on the energy range. The resulting production rate for D*A, at s/sgy, ~ 2, which is the
expected maximum energy J-PARC Collaboration can produce, is suppressed by about
factor 10% in comparison with the strange production. This implies that the production

cross section of D*A, is around 3 nb at that energy.

1 p -> (KOA & D¥A)

Ohsce. s/sg =2.31 e

do/dQ [ub/sr]

FIGURE 6.21: Comparison of the differential cross section for the 7~p — D*~ A} with
that for the 7~p — K*YA based on the Regge approach. The data are taken from
Ref. [130].

In Fig. 6.21, the differential cross section do/dQ) is also compared for both strange
and charm productions. D* reggeon exchange plays an crucial role through the whole
angle region, even at the backward angles. This is unexpected since u-channel exchange
usually comes into play backward angle regions. The form factor results in the rising

behavior in the ¢ channel at backward angles.
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6.5.6 Comparison with another model

So far, we have employed a minimal formulation for the Regge approach (except for the
form factor). In the literature, a phenomenological form factor is additionally introduced
to describe a better t-dependence, which exhibits a model dependence for the estimation
of the charm production. To discuss it briefly, we take a model of Grishina et al. [135]
as an example, where an additional ¢-dependent form factor is included. Their formula

for the total cross section takes the following form [135, 136]

20z ()
o= /C’g”K*K*gK*NAeXp(2R2 ) <S> dt, (6.26)
647 (Pem ) Sth
where R? = 2.13 GeV 2 [135] and a dimensionless factor C' is chosen to reproduce the
experimental data for the strange production. The Regge trajectory ag« is taken from
Ref. [134]. The results are drawn in Fig. 6.22 in which the solid curves correspond to the
results from the present work, whereas the dashed ones are obtained based on Eq. (6.26).
The slope obtained from Eq. (6.26) for the strange production seems to be slightly less
steeper than the present one. However, when it comes to the charm production, the
situation becomes very interesting. While the total cross section is strongly suppressed
near the threshold region than that of the present work, it turns larger than that, as
s increases. Considering the fact that Ref. [124] has experimentally measured only a
upper limit o ~ 7nb at the pion momentum Pi,, = 13 GeV /¢ for the charm production,
we find that the result derived from Ref. [135] is within this upper limit, while our result
slightly overestimates it: o = 2.3nb from Eq. (6.26) and 0 = 24nb from the present

work.

Tp->(KOA&DAL)

/St

FIGURE 6.22: Total cross section for the 7~p — D*~ A} (thicker curve) is compared
with that for the 7~ p — K*°A (thinner one).
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6.6 Normalization factor

In this section, we employ the prescription motivated by Totiv et al [137]. Regge model
generally explains the s dependence of the total cross section at high energies, whereas
its magnitude cannot be determined. To solve this problem, they introduced a normal-

ization factor to the Regge amplitude.

6.6.1 Formalism

The normalization factor is inserted into the Regge amplitude as follows:

PR(s,t)
Ti(s,t) = Mg(s,t)Nk(s,t)—L222
PE(0)
Pp.(s,t)
T * t = * t * t K77
K (87 ) MK (87 )NK (87 ) P[f;*(t) )
PR(s,u
Ts(s,u) = Mz(s,u)./\/'z(s,u);lg), (6.27)
5 (u)
where the corresponding normalization factor N is defined by [137]
_ A>(s) 2 _ / 2
N(s,t)_A(&t), Ast)= > [M(s, 1) (6.28)
8,8 A\ f
for the ¢t channel and
A>(s) 2 / 2
= A = 2
N(S,U) A(S,u)’ (S7u) Z}\ |M (87 u)’ Y (6 9)
81,87\ f

for the u channel.

Here, M’ is the reduced amplitude that excludes the isospin factor, the coupling con-

stants, and the Feynman propagator

My (s,t) = Miy(s,t) Ix garcrcr gena P (t),
MK*(S,t) = M/K*(S,t)IK* InK*K* gK*NAPIF(‘*(t%
Ms(s,u) = M&(s,u) Is grs Ny grsa PE(u). (6.30)

A®(s) represents the dominant term for the A(s,t) when s is largh enough. This method
removes the extra s and t dependence coming from the Lagrangians, whereas it keeps
the ratios of K and K* Regge amplitudes as dictated by the coupling constants, g,k i+,

grK*K*, and so on.
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For the K reggon, the dominant term is expressed as

1
A¥ = —— (M. — M?)(Mx — My), 6.31
K \/QMK*( K ﬂ')( A N) ( )

and

% (s8,t) =/ —2s%t, (6.32)

for the K* reggeon.

We still have a further problem. The asymptotic behavior of the differential cross section
given by Eq. (6.18) is not completely satisfied, since the ¢ dependence is not suppressed,
even though ¢ — 0. To deal with this problem, let us introduce additionally a form

factor C(t) defined by
0.6

o) = T=/a2

(6.33)

into A%.(s,t), so that we have
%x(s,t) =/ =282t C(t). (6.34)

Then, we are able to restore the correct asymptotic behavior of do/dt in Eq. (6.18)
phenomenologically. The form factor C(¢) is exactly the same as that used in the previous
section and the corresponding cutoff mass is chosen as A = 1.0 GeV. As will be shown in
the next subsection, it improves much the ¢ dependence of the differential cross section

do /dt, keeping the s dependence of the total cross section more or less satisfied.

For the ¥ reggeon, the dominant term reads

My KK*NY
AX(s) = V25—t [MQ ME /M3 +2) + 6-— "= My M3
RE*NS 2 2 2 V]2
+—2L= NME(2My + M. } . 6.35
The normalization factors satisfy the following condition
lim Ng(s,t) = lim Ng+«(s,t) = lim Nx(s,u) = 1. (6.36)
5§—00 5—00 §—00

6.6.2 Results

In Fig. 6.23, each contribution to the total cross section for the 77p — K*°A and the
7~ p — D*” A} is shown in the left and right panel, respectively. A striking difference

of this model from ours comes for the charm production. Whereas K* (vector) reggeon
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FIGURE 6.23: Total cross sections for the 7= p — K*°A (left panel) and for the 7= p —
D*~ A7 (right panel) based on the Regge approach using the Titov’s prescription. The
data are taken from Ref. [129] (triangles) and Ref. [130] (circles).

exchange dominates the whole energy region in the strange process, D (pseudoscalar)
reggeon exchange, in general, has larger values than D* (vector) reggeon one. It implies
that the dominant (leading order) term in the normalization factor does not reflect a

consistent result concerning the relative strength.
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FIGURE 6.24: Comparison of the total cross section for the 7=p — D*~ A} with that
for the 7~p — K*CA using the Titov’s prescription. The data are taken from Ref. [129)
(triangles) and Ref. [130] (circles).

In Fig. 6.24, the difference in the total cross section is depicted. At threshold it turns
out to be a factor of 10? and as s increases, the gap becomes large. When it reaches

s/s¢n = 10, the difference is nearly a factor of 10°.

6.7 Summary

In this chapter, we aimed at describing both the strange and charm productions by

the pion beam, based on both an effective Lagrangian method and a Regge approach.
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We started with the effective Lagrangian method to describe the 7N — K*A and
nN — D*A. reactions. The coupling constants were determined either by using the
experimental data or by employing those from a nucleon-nucleon potential. The cutoff
masses of the form factors were fixed to reproduce the experimental data. However, in
order to reduce the ambiguity of the effective Lagrangian method, we used the same

values of the cut-off masses for each case of meson exchange and baryon exchange.

We were able to explain the total cross section for the 7~ p — K*9A in lower energy
regions within the framework of the effective Lagrangian method. However, the results
from the effective Lagrangian method start to deviate from the data, as the square of the
total energy s increases. The magnitude of the total cross section for the 7p~ — D*~ AT
was approaximately 1000 times smaller than that for the 7N — K*A. As expected, the
t channel contributes to the differential cross section in the forward direction, whereas
the u channel does to that in the backward direction. The differential cross section
do/dt for the 7~p — K*YA tends to decrease, as —t' increases. The results of do/dt

were in agreement with the experimental data only at lower Ppay,.

We constructed the Regge propagators for K-, K*-, and YX-reggeons. Since the corre-
sponding trajectories are degenerate, we were able to consider the signature either to be
1 or to be a complex phase. We selected 1 as the signatures for all three Regge prop-
agators. Compared with the results from the effective Lagrangian method, the Regge
approach describes the experimental data much better, in particular, in higher energy
regions. The total cross section for the 7~ p — D*~ A turns out to 103-10° times smaller

than that for the 7~p — K*°A depending on the range of production energy.
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Summary

In this thesis, we have studied strange and charm hadron productions with the aid of

an effective Lagrangian method and a Regge approach.

In chapter 2, we explained the general framework of two theoretical models, the effetive
Lagrangian and Regge models. They are known to describe the reactions at low and

high energy regions, respectively.

In chapter 3, we started with the photoproduction YN — K*3, in which two different
final states, yp — K*°X* and vp — K*tX0, are considered. An effective Lagrangian
method is employed at the tree-level Born approximation. K and k exchanges in the ¢
channel, N-and A-pole exchanges in the s channel, and ¥ and ¥* exchanges in the u
channel are regarded as the background contribution. Additionally, K* and A exchanges
are included only in the K**X% channel because of charge conservation. The contact
term is required for the K** X0 channel too, to preserve gauge invariance. It was found
that the A-pole and K exchanges make a dominant contribution to the cross sections
of the CBELSA /TAPS and CLAS data rather than other exchanges for both channels.
Various N* and A* resonances listed in PDG are also taken into account in addition
to the background contribution. They are D;3(2080), S11(2090), G17(2190), D15(2200),
S31(2150), G37(2200), and F37(2390) in the s channel, which lie near the threshold of
K*¥ production. The resonance transition magnetic moments are derived by the helicity
amplitudes given by the PDG or by the SU(6) quark model. The other parameters,
strong coupling constants, are derived by using the SU(6) quark model. It has turned out
that all the resonance contributions make almost negligible effects on the cross sections
due to their small couplings. On the other hand, the spin observables are affected by

the resonance terms unlike by the background ones.

86
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In chapter 4, we continued to study the photoproduction, yIN — K*A, using effective
Lagrangians. The different charged states in the final state, yp — K**A and yn —
K*YA, were considered. Concerning the background terms, the t-channel mesons (K
and k), s-channel nucleon, and w-channel hyperons (A, 3, and ¥*) are included in
common for both channels. K* exchange and the contact term are possible only for the
K*tA channel. The four PDG resonances N(2000)5/2%, N(2060)5/2~, N(2120)3/27,
and N(2190) 7/2~ are also considered besides the background terms. Contrary to the
K*¥ photoproduction, some resonances play important roles in explaining the CLAS
data such as N (2120)3/2~ and N(2190)7/2~ for the K**A channel. But for the K*0A
channel, the effects of N* resonances are almost marginal. Since the values of the strong
coupling constants are the same for both channels, this different feature mainly comes

from the electromagnetic couplings.

In chapter 5, we moved on to the charm production reactions. Based on the process
7~p — D*” A}, the production rates of various ground and excited charmed baryons
(AFF, BF, 35t ) were predicted in comparison with the ground state A}. All possible
states including the ground, p-wave, and d-wave excitations are considered with the aid
of a quark-diquark model. We assumed that ¢-channel D* reggeon exchange governs this
process for the high energy reaction (kL*® = 20 GeV). This method was also applied
to the strange production reaction 7~p — K*OA at kL2 = 4.2 GeV. It has turned out
that the production rates of A baryons are larger than those of > baryons, which is a
consequence of the SU(6) symmetry of quark-diquark baryons. Moreover, some excited
A}’s are comparable in rate to the ground state A. or even larger. This will give a good

opportunity for the study of excited states.

In chapter 6, we examined the differences in the total and differential cross sections for
the 77p — D*~A} and the 7~p — K*CA reactions. For each of the two theoretical
methods, effective Lagrangians and a Regge approach, the production rates are com-
pared and discussed. When employing effective Lagrangians, K (pseudoscalar) and K*
(vector) exchanges are important in low and high energies, respectively, for the strange

J=1 in the t channel. For

production because of the property of the cross section, o ~ s
the charm production, the role of D (pseudoscalar) exchange is relatively smaller but
the importance of D* (vector) exchange at high energies is unchanged. For both reac-
tions, baryon exchanges give small contributions. However, the dominant vector-meson
exchange eventually violates the unitariry. Thus, a Regge model is taken into account
to describe the high energy region. The Regge parameters are fixed by using QGSM
(Quark-Gluon String Model). We have found that K*(D*) reggeon governs the whole
energy region for the stragne (charm) production. It is due to the intercept of Regge
trajectory, which is related to the Regge amplitude as 7' ~ s*©). It should be noted

that the K reggeon exchange also plays a crucial role in describing the forward angle
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region together with the K* reggeon one. The magnitude of the total cross section for
the 7~p — D*~A} was smaller than that for the 7~p — K*°A by a factor of about 10*
near threshold and about 10% at s/stn = 10.

Both photon- and pion-induced reactions are the commonly used scattering processes.
We have made a systematic study of strange and charmed productions of them. The
recent CLAS data of cross sections for the K*¥ and K*A photoproductions are well
described with the inclusion of N* and A* resonances. Our achievement will be the
basis for the future investigation of other unknown reactions such as K*A* and K*X*
photoproductions. The pion-induced charm production reaction is one of the major
experimental issues in J-PARC. As shown by using the quark-diquark model, this process
is useful to disentangle the structure of charmed baryons. To predict the production
rates of charmed hadrons, our Regge approach seems to be useful since it is desigened
to interpolate between the low and high energy regions. We want to study more the
microscopic dynamics of hadrons through various production reactions such as D*~ %7,

D*= AT, D*3*" DAY, DX}, and J/¢X pion-induced productions.



Appendix A

Notation and kinematics

A.1 Notation

The Bjorken-Drell convention is used for the metric and the y-matrices. We used two

types of spinors in the numerical calculation.

A.1.1 Metric

The metric in the Minkowski space is defined as

gUV = g,UJ/ = (Al)

o o o =
|
—

The space-time four-vector z# = (20, 2!, 22, 23) = (, 2, y, 2) is contravariant and thus

the covariant four-vector z,, is given as
= gwr’ = (t, —x, —y, —2). (A.2)

Note that the derivative operator is
0 0 0 0
9, = =(=—,V], H#=—=(=,-V]). A3
o O <6t ) oz, <8t > (A.3)
Based on these notations, we can express the scalar-product of two four-vectors as

a'b, = guwa'bt’ = a’’ —a - b,
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0
a'o, = aoa +a-V,
82
8“8# - @ - V . V <A4)

A.1.2 Pauli and Dirac matrices

The general form of the Pauli matrices is given as

01:<0 1)702:<0—z‘>703:<1 0)7 (A5)
10 i 0 0 -1

with the properties

tr(o") = 0,
tr(clo?) = 269,
COUNE
ool = 69 4 iikgh,
(0-a)(oc-b) = a-b+ioc-(axb). (A.6)

The Dirac y-matrices are represented by the Pauli matrices and the unit 2 x 2 matix

1 0 , 0 of 0 1
0 i 0.1.2. 3
= , Y= ) ,7 =1y . A7
7 (0—1) (—J’O) T (1 0> (A1)

They obey the following relations

" = 29",
()T = Ay,
{,7°} = o,
")t = A
()2 = 1 (A.8)

and have the following trace properties

tr(any odd #of 's) = 0,
tr(vv") 4g"”
tr(v9"y*y7) = 4(g" g™ — g g’ — g9’ ),
tr(y’) = 0,
tr(y*7"4°) = 0,
tr(yHy"y P40 = —dieteh, (A.9)
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Also note that the following identities

e“mﬁewag = —24,
eﬂyaﬁeuyals = _65ﬁ§7
e Be,5, = —2(6%0°, — 6°6%), (A.10)

which are derived from the last form of Eq. A.9.

A.1.3 Spinors

A.1.3.1 Bjorken-Drell representation

E, + M, 0
(os:=+3) = — 0 ( )= — A
UPJSZ )= Pz 7up782’:_7 i ———— szr’ipy
2 2M, Ep+M, 2 2M, VEpt+ M,
pz+’ipy _ Dz
EptM, Ept+M,
(A.11)
u(p,s)u(p,s’) = dss,
E
ul (p,s)u(p,s’) = MP(S&S/. (A.12)
P
A.1.3.2 Helicity based representation
E,+ M, 1 20 -p
u(p,s) = £ _F a7‘>‘> :>\|>\>7
2M, ( Ei%";\/‘[p ) 2|p|
E,+ M, 1
= W ( 22 lp| ) . (A.13)
EPJ’_MP
E, + M, 0
( N 1) 1 0 ( 1 ) 1 vV Ep + M,
up,SZ: —_) = — |p‘ ’up’szz_f —_ -
2 2M, ——— 2 20, 0
P VEr+M, p o
0 Byt M,
(A.14)
u(p, S)U(Pa S/) = 65,5’7
E
UT(pv 5)“(1)’ S,) = 71)65,3’- (A15)



Appendix A. Notation and kinematics 92

A.2 Kinematics

A.2.1 Mandelstam variables

M3 My
p1 P2
ky ko

M, My

FIGURE A.1: Mandelstam variables in the two-body process.

A scattering amplitude can be expressed in terms of the Lorentz-invariant Mandelstam

variables

s = (ki+k)?=(p1+p2)?
t = (k1—p1)° = (k2 —p2)*,
s = (ki—p2)®= (k2 —p1)% (A.16)
s = (ki +ko)? = M} + M3 +2|k|> + 2B, Es,
= (p1+p2)* = M3 + Mj + 2|p*> + 2E3Ey, (A.17)
t = (k1 —p1)? = M+ M2 —2(E\E5 — |k||p] cos 0),
= (kg —p2)? = M2 + M} — 2(E2E4 — |K||p] cos b)), (A.18)
u = (ky—p2)? = M?+ M? —2(E\Ey + |K||p] cos b)),
= (kg —p1)? = M2 + M2 — 2(Ey B3 + |K||p] cos ), (A.19)

where 6 is the scattering angle in the COM frame and

s+ttu=» M. (A.20)

A.2.2 Energy and momentum in two-body process

Combining the definitions B2 — k|2 = M2, E2 — |k|> = M2, and E| + Ey = Eey = /5,

one can easily derive each energy of initial particles in the center of mass (COM) frame
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Y41 <\//‘]\432 +pﬁ/ @

ky (\,/Mf e, 12:') 39 ks (V’MQQ gz —E)

FIGURE A.2: center of mass frame.

(Fig. A.2) as
Br= - (54 M2— M), Bp— —(s+ M2 — M2) (A.21)
2\/5 1 2./s ’
and similarly,
By = 2\[(5 +M; — Mj), Ey= 2\[(5 + M2 — M3). (A.22)

The three-momenta of the initial and final particles in the COM frame are

- M = Oh = 3LP) — (V= 3P)
[Pl = Pem = 2\[\/(8 — (Ms + My)?)(s — (M3 — My)?). (A.23)
k1(Erap, Fiap) ko(Ma, 0)

»
>

FIGURE A.3: laboratory frame.

In the laboratory (LAB) frame (Fig. A.3),

s = (B + M2)2 — E12ab
= (El2ab - kl2ab) + M22 + 2ElabM2
= M? + M3 + 2E), Mo, (A.24)
that is,
1
Elab(kl) = m(s - M12 - M22), Elab(kQ) = MQ. (A25)
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Using this relation, one can derive the three-momentum of the particle 1
krap = 2]%42\/(5 — (My + M3)?)(s — (M1 — M2)?), (A.26)
and using Eqgs. (A.23) and (A.26), we obtain
e = by 2. (A.27)

NG



Appendix B

Propagators and helicity

amplitudes

In chapters 3 and 4, when dealing with the resonance parameters, resonance propagators

and photon helicity amplitudes, we used the following forms.

B.1 Resonance propagators

The resonance field for a spin-3/2 is treated as the Rarita-Schwinger field [79, 80], and

the corresponding propagator with momentum p and mass M is written as

_ p+M

1 1 2
Aup(p, M) = PR Y [_gab’ + 5778 + 577 (YaPs — VgPa) + Wpapﬁ] (B.1)

3 3M

The propagators for spins-5/2 and -7/2 resonances are given by [91-94],

1

1 2
37,6"701 + m('yﬁpa - 'Yapﬁ) + m%pﬁpa] s

BsalRep) = (9 M) | g0 +
1, _ _ _ 1_ _
Aﬁlﬁz;alaz (R,p) = (36 + MR) 5(9B1a1g,32042 + gﬁlazgﬁzm) - 59&,329041042
1, L o o
_170(751'7041952a2 + V81 Ya298201 T VB2 Va1 9B1as T+ 752704295101)] ’

1 _ _ _ 3_ _ _
A515253;O¢16¥2a3 (R.p) = (p+ Mp) 36 Z |:_gﬁlalg,32a2gﬂsa3 + ?gﬂlmgﬁﬂsgaﬂm

P(a),P(B)

3 _ _ 3 _
+?7/517a1952a2g[33043_£7517019ﬂ2539a2043 ) (B'2)
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where the summation runs over all possible permutations of «;’s and 3;’s. Here the

following notations are used for convenience:

_ DPap _ p
Gap = Gap — ;}7257 Yo = Ya — ﬁazﬁv (B3)

and the mass of the resonance in the N* propagator is replaced as M — M —iI'/2 with
its decay width I'.

In principle, off-shell parameters may appear in resonance propagators and vertices.
However, in our numerical calculation, it turns out that such off-shell effects are negligible
since resonances come into play near the on-mass shell region [29], which has been verified

numerically.

B.2 Photon helicity ampltudes

From the effective Lagrangians £, g of electromagnetic vertices expressed in chapters 3

and 4, the helicity amplitudes are obtained using the following relations

1% ehi [pyMpg
A — = F Y B.4
1/2 <2 ) 2Mn\ My’ (B4)

for spin-1/2 resonances,

3+ eV 6 [2
A = = F— 7 Mp(Mr+ M
1/2<2 > 12 MNMR[1+4M]2V R(Mp ¥ N)]

3+ ev2 [pyMpg ha

it _ MpT M B
ey <2 > i\ h ¥4MN( rFMn)|, (B.5)

for spin-3/2 resonances,

5+ e D P ha
A = = + 7 il hi+ ——Mp(Mp+ M
1/2<2> 4\/EMN\/MNMR[1+4M]2V R(Mp & My)
5+ e D pyMp ha
A = = + il 7 hi + Mp+ M B.6
3/2<2 > awsMEN My [ 4MN( rEMy)|, (B.6)

for spin-5/2 resonances, and

7+ eV/70 p? P hs
A — = 7 7 hi+ —5 Mp(MrF M
1/2<2 > 7980 M2\ My My [ 1 g MrMr T N)]
7+ eV/42 p? p,Mp ha
A — = 7 7 h MrF+ M B.7
3/2<2 > 168 M3\ My {1]F4MN( R N)} (B7)

for spin-7/2 resonances.
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The helicity amplitudes, in which the transition magnetic moments hi o are included,

can be expressed as follows:

P(Ro Ny =2 2MN (2o (B.8)
x (2 + Mgl Y ol

where the three-momentum of decaying particle is p, = (M3 — M%,)/(2Mg).



Appendix C

Spin observables

In chapters 3 and 4, we exhibited the results of various spin observables. They can be

expanded in terms of the helicity amplitudes in the COM frame. Since the YN — K*Y

process is studied, the corresponding helicity amplitudes are decomposed as [120]

1
Hyy, = <AV,Af = +3
1
Hyy, = <AV,Af = +3
1
Hsy, = <AV,Af =3

1
Hyy, = <Av,)\f = _i‘T‘)\’Y =1L\N=+

(C.1)

1
T|A :1,/\i:—7>,
7 2

1
wazl,xi:+§>,
1
T =1 i:_7>7
A= 1A= =3

1
) )

where Ay, Ay, and A; y stand for the helicities of the photon, vector meson V, target

nucleon, and recoil hyperon Y, respectively. Note that parity invariance makes the

following relation

</\V,)\f‘T‘)\7,)\i> = (-, —Af‘T‘ Y

(C.2)

The 6 x 4 matrix F in helicity space is given by

Hyy  Hiyp

H,1 Hs;

_ Hso  Hip
B Hyo Hsp
Hy 1 Hy_q
Hy 1 Hs 1

Hz 1 —Hy 4
—Hy 1 Hy_
—H3 Hy
Hio —Hop
Hzi1 —Hya
—Hy Hs 4
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The general form of spin observable € is expressed as

TI'[]:AVAN.FTBvBy]

Q=
Tr[FFT] ’

(C.3)

from which we can construct any of spin observables. Here A,, Ay, By, and By are

given in terms of the elements of the corresponding density matrices.

The cross section intensity is defined by

4
7(0) = iTr(]-'}"T) = %Z > |Hia

i=1 a==%1,0

2, (C.4)

C.1 Single polarization observables

The polarized beam asymmetry X, target asymmetry Ty, recoil asymmetry P,, and

vector-meson asymmetry V; are defined by

_Tr[]-"afy”}"T]
"= R
_Tr[}"af’\,]ﬁ]
Yo TY[FFh
_TI“[F./—"TU?{/]
Yo Ty[FFT
Te[FFIQY]
At £ (C.5)
Tr[FFf)
where
3 1 1 2
vV _
Qj - \/;(Sxasyysz)a %(Sxx_syy)v ESZZa g(SxyvsyZ)SZI)v (CG)
with the following notation
) 01 0 . 0 —2 O 1 0 0
Se=—0=1 101 [, S5=— 0 —i [|[,S.=]00 0 C.7
\/§ y ﬂ ¢ ? ( )
010 0 = 0 0 0 -1

They have the property

3
Sjk = i(S]Sk + Sij) — 25jk137 TI‘Q}/QX = 35jk- (CS)
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Finally, with all these ingredients, we can express the nonvanishing single polarization

observables as

o I(0) = —Re{Hj Hi 1 —HjoHo+Hi 1His
—H3 Hy 1+ HjoHao— H; _1H21},
T,-I(0) = —Im{H; Hs_1— HjoHso+ HiHs:
+H; _Hy -1+ HyoHio+ Hj 1 Hiat,
Py/ . I(Q) = —Im{HZ7,1H2,—1 + H270H270 + Hi:lHQ’l
+H3 _Hy 1+ H3oHio+ H3 Hia},
V3
Vy - 2(0) = ——Im{Hjo(Hay — Ha1) + Hyo(Hs — H 1)
+H30(Han — Ho 1) + Hi o(Hi,n — Hi—1)},
\/g * * * *
V.Z’I.Z‘/y/y/ . I(Q) = 7R6{H47_1H471 + H37_1H3’1 + H27_1H271 + HL_lHLl},
1
Vo -I(0) = 2\7@{|H4,—1|2 — 2|Hyol* + |Haa|* + [Hs—1|* — 2|H3|* + |Hs 1 |
+|Hg, 1> = 2|Ha” + [Hoa|” + |H1,—1|* = 2|Hi 0> + [Hy,1|*},
\/g * *
Vg - Z(0) = —7Re{H4,0(H4,1 — Hy 1) + H3o(Hs 1 — Hz 1)
+H30(Ha,1 — Ho 1) + Hi o(Hi1 — Hi—1)} (C.9)

C.2 Double polarization observables

It is even more interesting to polarize simultaneously two of the four components. One

example is the beam-target (BT) asymmetry C’ET which is defined by

Tr[]-'a%a?v]ﬁ]

BT __
C = TREA

(C.10)

In total, six double polarizaton observables are possible, and among which we display

some of the nonvanishing ones. The beam-target (BT) asymmetries CE’-T are

OB T(0) = {IHu A+ 21 Hao + [ Hual? — [Hy ol — [Hyol — |,
+|Ha,—1|?| + Hao|* + |Hon|* — |Hi—1|* — |Hi0* — |Hi 1]},
Chl7(0) = —Im{H;_  Hyy— HjoHao+ Hj Ha 1
—Hj_Hy1+ HioHio— H3Hy -1},
ColT(0) = +Im{H; Hi1— HjoHio+ Hj Hi 1
+H3 _Hoy — HygHapo + H3 1 Ha 1},
COT - T(0) = +Re{Hj_Hs_1+ HjoHso+ Hj Hs,

+H; My 1 — HyoHio+ Hy Hig} (C.11)
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The beam-recoil (BR) asymmetries CE’.R are

cilt.1(0) = —%{\H4,—1\2 + |Haol? + |Haa|* + [Hz -1 * + [Haol* + |Hz1|?
—|Ha—1|* = |Hap|* — |Hop|* — |Hi,—1|* — [Hio* — |Hi1|*}
CO%-T(0) = Im{H; ,Hsy— Hj,Hso+ Hj Hs
—Hj _Hiy+ HyoHi0— Hy Hi-1},

CoF-I(0) = +Im{H; Hyy— H;oHio+Hj Hi
—H3 _Hyy + H3oHyo — H3  Hy, 1},
CLR-1(0) = —Re{Hj_Ho 1+ HjoHap+ Hj Hay
+Hj _Hy 1+ HjoHyo+ Hj Hy g} (C.12)

The target-recoil (TR) asymmetries C’Z-ER are

cIi-1(0) = —%{lfh,—ll2 + |Haol? + |Haa|* — [Hz—1|* — |Hzol* — |Hz.1|?
—|Ha,—1|* = |Hap|* — |Hop|* + |Hi,—1|* + [Hi0/* + |H11[*},
CIF-T(0) = Re{Hj Hi_1+ HjoHio+ H; Hi:
+H§,_1H27,1 + H;()HQ’O + H§’1H271},

CIF-T(0) = —Re{H; Hs_1+ HjoHso+ Hj Hs1
—H5 _Hy 1 — H3y0H10— Hj1Hiq},
CLF-T(0) = Re{Hj Hy_1+ HjoHzo+ Hj Hay
—Hj _Hy 1 — HjoHio— H5 Hiq}. (C.13)

The beam-vector-meson (BV) asymmetries Cgv are

1 /3
chl 1) = —2\/;{\114,1\2 — |Hya|* + [Hs —1|* — [Hs. |
+|Ha,—1* — [Ha|* + [Hy—1|* — [H1a]?},
V3 )
Cyr - T(O) = ==~ Im{H]_ Hyo+ Hig(Hy 1+ Hy) + Hiy Hy
—Hj3 _Hoo + Hjo(Ha,—1 + Ha1) — H3 1 Hap},
ﬁ * * * *
CpY - Z(0) = —7Im{H4,71H171 —Hj My —H3 Hyy+ H3 Hy 1},
V3

Coy - I() = Re{H}o(Ha,—1 + Han) + H3o(Hs -1 + Hs )

+Hj o(Ho,—1+ Ha1) + Hy o(H1, -1+ Hi)} (C.14)

2

The target-vector-meson asymmetries C%V are

1 /3
cly 7o) = —2\/;{|H4,1|2 — |Hya|* = [Hs —1|* + [Hs |
+|Ha, 1> — [Haa|* — [Hy—1|* + | H1 ]},
V3
Coy -Z(0) = — 5 Re{Hjo(Hs -1+ Hs1) + H3o(Ha—1 + Hap)

+H3o(Hy, -1+ Hip) + Hi o(Ha -1 + Ha21)},
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\/g * * * *
cryz0) = —TRe{H47_1H3,,1 — Hi H31+ Hy_1Hy 1 — Hj Hia},
\/§ * *
CZT;C‘// . I(e) = _TRQ{H4,O(H4,—1 + H4,1) — H370(H3’_1 + H3,1)
+Hjo(Ha,—1 + Hop) — Hio(H1,-1 + Hi1)} (C.15)

The recoil-vector-meson asymmetries CZ»I}V are

1 /3
Chl-1(0) = —2\£{!H4,—1!2 — |Hya|* + [Hs 1 |* — |Hs |
—|Ha, 1> + |Hon | — [Hy 1 |* + [H1a [},
\/g * *
Ciw-Z(0) = —— Re{Hyo(Hz, -1 + Hay) + Hyo(Hi,-1 + Hi)
+H30(Ha,—1 + Hap) + Hi o(Hs,—1 + H31)},
3 * * * *
CiY - ZT(0) = oRelHy _Ho 1 — Hy Hay + Hy o My — Hy oy Hyg}y
RV \/g * *
Cz’z’ . I(Q) = TRe{HZL,O(H&*l + H471) + H370(H3’,1 + H3’1)

—H;’O(HQ’_l + H2,1) — HT,O(HL—l + Hl,l)}- (C.lﬁ)
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Baryon wave functions

D.1 Three quark system
D.1.1 Spin (2° =8 = 4(S) + 2(p) + 2()\))

Three spin—% quarks cause a total spin S = % or §= %

The S = % states are symmetric under the exchange of any two spins.

xpy = alla)a(3)
4(5) X3 1 %(aaﬁ + afa + faa), 1)
Xs_1 = g(aBB+ pap+ Bpa),
X3 3 = BB

When considering the case of total spin § = %, there are two types of mixed symmetric

states, x and x3.
2 2

X

I
(7
=
3

| =
5

=

005 3) = (08— faa. (D2)

W= >
ol

- S Gndn ) hlie)
(

2
B (111—1’1 1)‘11>1—1>+ 1011 11)’10>11>
- 2 2122 2 2 122 29 292

(2aap — afa — pac).  (D.3)

S
X
=
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1 1 - 1
Xy = ;(0m2m3 2 2 )‘Om>‘§m5>
1 -1/1 1 -1 1
= (00555 5)P0)5 5 = 758 = Ba)s. (D-4)
X)I 1 = Z(lml )’1m>‘1m>
273 - 2 2 7
111 -1 11 1 -171 -1
= (12‘12212122\1 ~1)}53)+ (11022 22055
=~ JgPBat e (0B Ba)8 = (2880 + aBB + foB). (D)
D.1.2 Flavor (3% =27 =10(S) + 8(p) + 8(A\) + 1(A))
3 : wuu, ddd, sss,
6 : S (udd) = %[udd + dud + ddul,
3 (uss) = %[uss + sus + ssu,
S - 1
10(S) = P° (duu) = f[duu+udu+uud}, (D6)

(
(

S (dss) = f[dss + dsd + ssd],
(suu) = %[suu + usu + uusl,
(

[de + dsd + dds],

8 p-type is antisymmetric in 1 and 2, and 8 A-type is symmetric in 1 and 2.

D.1.3 SpinxFlavor wave functions (23 x 3% = 6% = 216)

56 (S)
10 x%¢° 281 (X9 + xP9°)/ V2
20 (A
x5! Y 28 (ot = xMoP)/V2
70 (p)
210 : xP¢° 18 : xS ¢P
28 (W +x*)/V2 1 xlet
70 (\)
210:X/\¢S 48:XS¢/\

’8: (9 — XN /V2 P1ixef

TABLE D.1: Spin-flavor wave functions of a baryon.

110 + 28 = 56(9),
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11428 = 20(A),
210 4+ 18 + 28 + 21 = 70(p),
210 + 48 428 + 21 = 70()). (D.7)

D.2 Two body system

When one of the three quarks in a baryon is heavy enough, the dynamics is governed

by the other light quarks.

Spin:  2x2=1(A)+ 3(9), (D.8)
Flavor: 3 x 3 =3(A) +6(95). (D.9)

For the ground and p-wave excited states, the following is possible ¢qq states

ground:  31Sp, 638, (D.10)
P — wave : g 1)\1, 6 3)\071’2, 3 3A0,172, 6 1p1. (D.ll)

D.3 Matrix elements

Let us calculate the matrix elements < f ‘ € -G elers® ‘z> for baryons B with various spin
and parity JP. For forward scattering, due to helicity conservation, it is sufficient to
consider only one helicity flip transition for a given J (remember that only transverse

polarization transfer is possible),
i— f=J.(N) = (J.(B),h) =1/2 = (~1/2,1) (D.12)
for J = 1/2 and 3/2, and
J.(N) = (J.(B),h) = —1/2 — (~3/2,1) (D.13)

for J = 3/2. Here h denotes the helicity of the vector meson V. Other amplitudes are

related to these elements by time reversal.

The total cross section is then proportional to the sum of squared amplitudes over

possible spin states. For J = 1/2

o~ (=172, 41|t + 1/2)) + [(+1/2, -1t — 1/2)
= 2[(=1/2,+1t| + 1/2)) (D.14)
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and for J = 3/2 and 5/2

o~ 2 (a2 2 a2 1l 1)) . ()

D.3.1 N(1/2%) — ground state baryons

First we consider the transition to A(1/2%) (of both charm and strangeness)

(000X’ ;V (+1)] €L - G eler ¥ 000X 1 /2) (D.16)

where the baryon orbital wave functions ¥, are given in this Appendix. Note that
since the diquark behaves as a spectator in the reaction (Fig. 5.1), the good diquark
component of x” for the nucleon is taken. The spectroscopic (overlap) factor of the good
diquark component in the nucleon is tabulated in below where isospin factor is included

also. Choosing the V polarization as €, , we have

<¢000Xi1/2‘\/§‘7— ¢Hers ‘¢000X11/2> = <Xli1/2“7— ‘Xi1/2> <¢000|\/§6@“'£ WOUOXDN)

where the spin and orbital parts are separated and o_ is the spin lowering matrix given

00
O'Z(l 0). (D.18)

The spin matrix elements are easily computed as

as

<X€1/2‘U—|Xi1/2> = 1,

<Xil/2“’—‘XA+1/2> = —2
<X§1/2‘0,’X/\+1/2> =

(XZgplo-|x*-1/2) = —\/z, (D.19)

where we have shown all relevant matrix elements in the following calculations. There-
fore, the remaining is the elementary integral over the radial distance r with Gaussian

functions. We find

AL/25) 0 (ooox”y | V20— €505 7 [ghooox”,y ) = o, (D.20)
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where the radial integral Iy is given by

/

o 3/2
Io = (tooo| V2% [¢hooo) = V2 (ié‘) e ters/ (A%

a? + a?
2

A% = (D.21)

The oscillator parameters are « and o’ are for the initial and final state baryons, respec-

tively.

Similarly, we calculate the transitions to the ground state ¥’s, picking up the x* part
for the nucleon wave function. Only the difference is the spin matrix element which are

computed by making Clebsh-Gordan decompositions. Results are

iGep & 1
B(1/27) <¢000X’11/2\\/§0_ e'def ‘¢000Xi1/2> = _510’
iGoss ® V2
B3/27) + (Yooox” | V20— €55 T [hoooxyy ) = 5.
Gogs @ 2
<¢000X§3/2}\/§J, eldeff ’¢OOOX§1/2> = —\/;I() s (D22)

where two independent matrix elements for ¥(3/2%) are shown.

D.3.2 N(1/2") — p-wave baryons

Let us first consider the transition to A(1/27). The rerelvant matrix element is given as

L 1 L
([, Xp]l_/12/2|\f20, edeff® ’¢000Xi1/2> = \/Q<X€1/2‘U ’Xil/2> <1/1010’\f262q6”'z |000)DD-23)

where the factor /1/3 is the Clebsh-Gordan coefficients in the state [¢o1, Xp]l_/ 2/2. The

radial part is computed as

L 1 )\3/2 4/
<w010|\/§61q6ff'95 }¢000> - W e_qgff/(4A2) =1 (D.24)

and so

I 1
A1/27) s (o, X1 V20 €0 [fonox” ) = \/;11 . (D.25)
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Other matrix elements can be computed similarly:

_ iy 2
AB/27) (o, X!, V20 el \¢000Xi1/2>:\/;11’

<[¢01’ Xp]?i/32/2 ‘ \/50'— ei(feff‘i WOOOX’i 1/2> =0 P

- iGrped 1
x(1/27): <[¢01,XA]3_/12/2}\f20, R |io00X 1 o) = ﬁh’

- WG T 1 /2
26/27): (Wou ol V2o T ooy a) = —3 \/g L.

([0, X/\]:i/g?m}\/ia, ¢iless-® Woooxil/ﬁ =0,
¥'(1/27) <[¢01,XS]1_/12/2‘\6‘7— I [oooxyy ) = —;\/zh,
(3/27): (lwor, xX*1 5| V2o 0T [onoxhya) = ;@f ,

(o, X2, VBo- 0517 oo ) = 21,
¥(5/27): <[¢01,XS]5,/12/2\\/§0_ eers® |¢000X3\rl/2> = _\/Ejla

o [4
<[¢01,Xs]i/§/2\\[20— e'dets® |¢000X11/g> =- I,)-’l- (D.26)

D.3.3 N(1/2") — d-wave baryons

Computations go in completely similar manner as before, except for the radial matrix

element

—— 1 [2(ad)®? (o/q\? _,» 2
(Y020 V2 %517 |1hggg) = 3 3( A; (Ag> e s/ (A% = [, | (D.27)
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The results are
AB/27): ([tho2, x” m\fa ¢'les s ® \¢000X+1/2> - gfz,
<[¢02,Xp}_3/2\\/§a_ 'es s ® \1/1000Xp_1/2> =0,
AGB/2): ([voz X” 1/2\\f0 elless T W000X+1/2> 2127
(o2, X* 3/2\\fa et 1% |hogox” 12) =0,
23/27) 0 (o x| V20 €T T oo o) = ﬁzz :
([tho2, X 3/2‘\[‘7 15T [hogo 12) =0,
/2% {[oa | V2o € [hoooxy ) = \/212,
([tho2, X’\]5_/32/2}\/§J, ¢iless-® Wooox’ll/ﬁ =0,
S(1/25) 0 ([oa X1 V20 €05 [ipoooxdy o) = \/EIQ :
(3/2%): ([voz2, X° 1/2\\f0' eies s ® |¢J000X+1/2> \/§I2a
{[Yo2, x° ,3/2\\[0_ ¢lless® |1/1000X71/2> =
S(5/27) 0 ([on XF1 D V20 €505 |iponox?d o) = @2 :
(o2, Xs]i/fﬂ\ﬁcr, eers® |¢000X’11/2> =0,
¥(7/27) - <[¢02,XS]7_/12/2\\@U_ ¢less® |¢000X1\H/2> = \/EI%
{[Yo2, X° 3/2\fa €'t |yhooox y j5) = 0. (D.28)

D.4 Baryon wave functions

We summarize the baryon wave functions used in the present calculations [138]. They

are constructed by a quark and a diquark, and are expressed as products of isospin, spin

and orbital wave functions. Here we show explicitly spin and orbital parts. For orbital

wave functions, we employ harmonic oscillator functions as given in Appendix D.

For spin wave functions, using the notation for angular momentum coupling [Ly, L]

we employ the three functions

X,

Xm
Xm

Lot

1/2
m )
1/2

m

3z, (D.29)
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where d° denotes the diquark spin function, and y the two component spinor for a single

quark. For the ground baryons we have three states

A1/2Y,m) = tooo(Z)xE,
2(1/25,m) = ooo(@)xh
S

%(3/27,m) = ooo(®)x (D.30)

A1/27,m) = [You(E), X2
AG3/27,m) = [Yor (D), X122,
S(1/27,m) = [or(@), X2,
S(3/27,m) = [oi(&), M,
S(1/27,m) = [or(E),x 2,
S(3/27,m) = [Yo(@), X107,
Y(5/27,m) = [or(&), X1/ (D.31)

Similarly, we obtain the wave functions for the | = 2 excited baryons.

Finally, the nucleon wave function is given by

N = %00\}5 (X%p + X’\¢/\> ; (D.32)

where ¢” and ¢* are the ispsoin 1/2 wave functions of the nucleon with three quarks.

D.5 Harmonic oscillator wave functions

We summarize some of the harmonic oscillator wave functions for low lying states.

Including the angular and radial parts, they are given by

wnlm(f) = lem(i‘)Rnl(T) ) (D'33)
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where R,,;(r) are

Roo(r) = ﬁ%(az/?)r?’

) = 57 (3) Y et

Rio(r) = fj’i(?-B)”z (1—§(ar)2> e~/

Roa(r) = ﬁ(;ﬂ))m(ar)%mz/z)r? (D.34)

The oscillator parameter « is related to the frequency w by
o = /mw = (km)Y/*, (D.35)

where k is the spring constant.



Appendix E

Regge parameters

E.1 Regge trajectories

For meson trajectories, we use the so called “square-root” trajectory [134]
a(t) = a(0) +y VT = VT — 1], (E.1)

where 7 is an universal slope and T" a scale parameter. Equation (E.1) can be approxi-

mated to a linear form
a(t) = a(0) + o't, (E.2)

in a high energy limit with the slope o/ = ~v/2V/T.

In the case of the p trajectory, the intercept is chosen to be a,(0) = 0.55 from many
evidences as explained in detail in Ref. [134]. Other parameters are determined by
using the relation between the mass and the spin of p and ps: ozp(Mg) =1 with M, =
769.0£0.9 MeV and a,(M},) = 3 with M, = 1688.84+2.1 MeV, which is given as [134]

v =3.6540.05 GeV~1, VT, = 2.46 + 0.03 GeV. (E.3)

The universal parameter v is applicable to all the trajectories.

In the case of the K™ trajectory, a similar relation is used to get the intercept and
the slope of the K* reggeon: ags(Mz.) = 1 with Mg« = 896.1 & 0.3 MeV and
ag+(M%.) = 3 with Mpcx0 = 1776 £ 7 MeV. Their numerical values are given as [134]

*
3

ag+(0) = 0.414 4 0.006, VT g~ = 2.58 + 0.03 GeV. (E.4)
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We finally extract the ¢ trajectory from the following relations [125, 134]

2050(0) = age(0) + s5(0), (E.5)

2oty = 1o, +1/0, (E.6)

where agq(t), ase(t), and ass(t) are the trajectories corresponding to p, K*, and ¢
mesons, respectively. We display all the numerical values of the related Regge trajec-

tories in Table E.1, including the cases of pseudoscalar reggeons and the corresponding

charm trajectories [134].

For the baryon trajectories, we use similar relations as Eqgs. (E.5) and (E.6) [137]:

200,(0) = gul0) + a5, (0), (1)
2/, = l/aizd—i—l/ags, (E.8)

where d denotes a uu diquark, and ags(u) is the ¥ trajectory taken from Ref. [67]
ags(u) ~ ax(u) ~ —0.79 + 0.87u. (E.9)

Since we know the value of ass(u) from the above, aj;(u) can be easily obtained. We
use this to get the X, trajectory, ag.(u). Another input parameter is the J/v trajectory,
azc(u), taken from Ref. [134]. In Table E.2, We summarize all the values of the baryon

trajectories.
7 p — KA 7 p— D* AT
a(0) VT [GeV] o [GeV~7 a(0) VT [GeV] o [GeV 2
aq(p) 0.55 2.46 0.742 qq(p 0.55 2.46 0.742
sq(K*) 0.414 2.58 0.707 cq(D*) -1.02 3.91 0.467
5s(¢9) 0.27 2.70 0.675 ce(J/) -2.60 5.36 0.340
qq(r)  -0.0118 2.82 0.647 qq(m) -0.0118 2.82 0.647
5q(K) -0.151 2.96 0.617 cq(D) -1.61105 4.16 0.439
5s(ns) -0.291 3.10 0.606 ce(ne) -3.2103 5.49 0.332
TABLE E.1: Mason trajectories from Ref. [134].
7 p — K*OA 7 p— D*AF
a(0) o [GeV 2 a(0) o [GeV~2

ds(¥)  -0.79 0.87 Ref. [67] dd -1.85 1.22
55(¢) 0.27 0.675 Ref. [134] | ée(J/v¢) -2.60 0.340 Ref. [134]

dd -1.85 1.22 de(X.) -2.23 0.532

TABLE E.2: Baryon trajetories.
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Let us check whether the baryon trajectories satisfy the correct relations between the
mass and the spin: a(M?) = J. For reference, we calculate the bottom part also. We
obtain the trajectories as a(Mg) = 0.442, (M2 ) = 0.971, and a(M%b) = 0.484 [1].
Note that there is some uncertainty in the charm sector, compared with the others.

However, we take it as a good approximation.

E.2 Regge energy scale parameters

N gKTA D*Ac are computed from

The energy scale parameters s ,and s

s = (Z mu_> Z mii |, (E.10)

b

where m; is the transverse mass of the constituent quark ¢ with my ~ 0.5 GeV, my ~
0.6 GeV, and m. ~ 1.6 GeV [126]. From these values, we can deduce the energy scale
parameters [126, 137]

(s}r(N:K*A)ZOéK(O) —_ (SWN)QW(O) X (SK*A)O‘%(O)7 (Ell)
(S%JX:K*A)Q(QK*(O)_D — (SﬂN)aP(O)_l X (SK*A)O%(O)_l’ (E12)
(SgN:K*A)Q(ads(O)—%) — (SWN)O‘Ed(O) X (SK*A)C@S(O)_I’ (E13)
(SgN:D*AC)QaD(O) _ (STrN)aﬂ(O) % (SD*AC)a7]C(O)’ (E14)
(ngy:D*Ac)z(aD* O)=1) = (™N)2p(0)=1 5 (gD Acyas/(0) =1 (E.15)
(sEND" ey 20ae0)=3) = (57N )2aul0) 5 (5D Aejacel0)-1, (E.16)

In Table E.3, we summarize all the related values.

* * . * . * . * ~D¥* -D* ¥
57rN SK A SD Ac S7[|'(N.K A S7}r{]¥K A Sgr}N.K A SEN.D Ac SEJY.D Ac SEJCV‘D Ac

1.5 1.76 546 1.752 1.662 1.569 5.434 4.748 3.513

TABLE E.3: The energy scale parameters



Appendix F

Isospin Factors

F.1 A vertex

The isospin structures of the A vertices in Eq. (3.13) are given as follows, respectively:
AI°N, AI-XK*, (F.1)

where [ stands for the isospin transition (3/2 — 1/2) matrices

0 0 00 N
1 0 0 1 2 0 1 0 2
I—=— , 0= — L IT=— V2 (F.2)
V6| V2 0 NG O V6l o o
0 6 00 0 0
Thus the A and nucleon vertex is expressed as
0 0
B 9 I 1 0
AI'N = /Z(A*+, AT, A%, A7) P
3 0 1 n
0 0
2 A+ A0
= g(A p+ An). (F.3)
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The AYXK* vertex has the form
—/3%F 0
1 2520 -3t
I[-2=—IWypt 41000 41050 = — vz , (F.4)
3 »m o V/2x°
0 V3%~
/35t 0
- - g = 250 %t K**
Al - SK* = L(A++, AT A% A7) V2
3 »- V230 K*0
0 V3E~
— Jlg(_\/§N+z+K*+ +V2ATSO K — ARt 0
+A'S KT + V2A'SO K0 4 VBATRT K. (F.5)
F.2 VVP vertex
The isospin structure of the VV P vertice in Eq. (6.3) is expressed as
1 1 .0 + +
6 2 _ - 1 1.0 0
6 - 70 2
1 1 0 + *+
RIS " vaW T eP P K
V = \/§w+ﬁ7p K - - 1,10 g0 (F.7)
B = S L
K*— K*O _¢
ﬁvvp = gVVPGMVaBTI‘(aMVl,aa‘@’P), (FS)
Tr[VVP] = LK*T TK* — LK*K* + LK*T K + LR’*Kw
V2 ve 1 ' v2 1 ’ 2\@
—K*Kop+V2p -mw+ —p - pn+ —wwn — — . F.9
¢ p TGP Pt geen \/éaﬁcim (F.9)



Appendix G

Structures of Feynman

Amplitudes

The analytical calculations for the amplitudes of the 7~p — K*YA reaciton is expressed.

G.1 K amplitude

> IMkP

8,8 A f

My = ﬂA’y5uN£:k’1‘. (G.1)

> (@nysun)(~anysun)ep ek kY
85,8 f A f

—Tr <Z uAuA> Vs <Z uNuN> Vs (Z EZE,,) kiKY
sf Si

—Tr (ﬁQ + MA)’V5(¢1 + MN)75 |:_guu M2 k2uk2y:| kl kl
K*
T (b + M) — M)~ + % b KK
— (M2.— M>»?*(My — M
M? 1

—t |(My — My)? (1 s M2, — M?)?

0ty = 01 (1 ) + g (O = M2

M? 1 1

4t [1 + + (My — MN)Q] —t
) M.~ 2ME. 2M7,.
Zawt”&. (G.2)
=0
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The dominant term is expressed as

1
AR = —— (M2, — M?)(My — My). G.3
K \/QMK*( K ﬂ')( A N) ( )
G.2 K* amplitude
/K* = 6“'/&’811/\ ’yy—mm,)\(kg—kl)/\ UNklakng*
My + My ®

— EuyaﬁfLA 5\]4)1 _:_pjjlj
N A

(1 + Kr*NA)Yw — KE*NA } unkiakope,.  (G.4)

> Mg

83,8 f A f
_ praf _w'v'a' B~ 1 . _ . (pl +P2)V u
E e e U [( + KEK*NA) Y — KK NA YT My
85,8 f A f
_ (p1+p2)u
X 1 x ;) — B I A )
uN [( + KK*NA) Yy — KEK*NA My & My

X (F1ak2e,) (Kiarkagrep)

IRNY-Y) _ +p2)y
= ewaBen vy < E UAUA) {(1 + KR*NA)YY — mK*NAi(pl ]
py My + My

B pl + D2)v
1+ R NA) Y — R
X (;w\ﬂw) [( + KK*NA) Y — KK NA NI My +MA] (Zs 5“)
X (k1akiarkagkop)
= BV Ty (hy + My) [(1 + KK*NA) Vv — KE*NA

(p1 +p2)1/’:|
My + My

kakQM/] (k1akia kagkapr)

(p1 +p2)
My + My

X (p1+ Mp) [(1 + KK*NA)Y — KK*NA

1
X |\ =Quu + —5—
2 2,2 K%(*NA
= —-28"t4+ 25t —m——~—
(MN + ]\/[A)2
—2s(M#. — M2 (M3 — J\ﬁv) + 2st(M2 4+ M% + M} + M3)

+25tK2 M2, — MziN
foona (Mg )MA+MN

2 2
95t 252 TKINA_(pp2 4 ag2 4 2 4 M2 4 2std — KONA
(MA+MN)2( g N K A) (MA+MN)2
—t [(1 + KEeNA )2 <2M]2VM§ + ME.(2M3; — AMy My + M3.)
—M2(4MyMp — 2M3, — Mﬁ)) — 4k Na (L + Kgeena ) (Ma — M) (M3 — M?)

2K2,.
N (MRMR(My + My )? — 2ME0EE - ME)OME + M)
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~ M7 ME(2MN My +2M% + ME.) + 2M2 M3 My — M}rMﬁﬂ
+t2 [(1 =+ KK*NA)Q <(MA — MN)2 —+ 2(M12<* —+ Mg))
o ZRNA (g2 M2 - M2)| - P rgewa)?
(MA + MN)2
+ [(1 + kiena)? <2M}<*M}’V(M§ — M%) 4+ M. (M3 —2MyMy — M%)
—2M2(M3 — MZE M3 — 2M & My M) — M2(M3 + 2My My — Mﬁ))
ke na(2 + R ) ((Mﬁ MMM, — M2M)

+(M3 + M3)M2ME, — (Mg M3 + M;&Mg)ﬂ
2 3 3
= SQZaxtw—i-sZaxtw—i—Zt‘T. (G.5)
rx=1 x=0 =0

The dominant term is

AR (s,t) = V/ —252t. (G.6)

G.3 X amplitude

IR .
My = apys(pe — k1 + Mx) [7“ - MNK+JEZ ka‘b] EQUN - (G.7)

> ML

85,8 A f
_ K+ Nsko
= Z uss (P2 — k1 + Mx) [7“ + WN—%(W”VV - ’YV’Y“)} UN

8,8 A f

_ /‘/ KJK*NE]{IQV/ ! ;U'/_ “/ A . M . * ,
iy [ a0 )| = o M) s ()

1 KK* k v v v
= —Tr <Z UEUE)'YS(ﬁQ - kl + Mz;) [7“ + M(’yuv - 'y'“):|
Sf

_ M/ K,K*NE]{QV/ l// u/_ ;U'l I/l B M
X (;ww) [7 +—2(MN+ME)(’Y Y =AY (B2 — k1 + Ms)vs
X (Z E;E#/>
Af

= —Tr(p2 + Ms)ys(p2 — k1 + Ms) [’y’“‘ + m(v“v” - 7”7’“‘)}

/ 'V”'K*NEkZV’ ’o ro
X + 2 4 —— = vV AR AV _ +
(P1 + Mn) [7 Q(MN+ME)(7 Y=ty )] (P2 — f1 + Mx)7s
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1
X [_guu’ + Wk;?uk?u’}

K*
= A%(S,U)
2 3
= sZaxuz + Zum (G.8)
x=0 x=0
The dominant term is
00 My 2072 2 KK*N% 2
AE (3) - \/%m [ME(MN/MK* + 2) + 6mMNME
/iz * l
jtﬁz\@mﬁV + Mf(*)} 2, (G.9)



Appendix H

Size of a charmed baryon

Let us estimate the size of a charmed baryon compared with the nucleon. The size of a
baryon can be obtained from the square root of an average of distance of COM (center

of mass), which is defined by

3

\% <R > = éZ(wz - Rcm)27 (Hl)

i=1

where the coordinate x; is depicted in Fig. H.1.

FicURE H.1: Relative coordinates for a three-body system.

We can express it in terms of the p and A coordinates as

/ 1
1 — Rem = Qmm—i—/n"/)\+ ?p,
T2 — Rem QmL—i—m’)‘ — 5P
€3 — Rem —2m2TW , (HL.2)
and
(R2) = L [2 A ey Lipny] (1.3)
3 L (2m+m/)? 2
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The <)\2> and the <p2> are calculated by using the harmonic oscillator wave function

defined in Eq. (D.33) for the lowest states,

() = / A A2 Y0 (A 00 ()

4o < <
- % AN emaRN / dQYE(A) Yoo(A)
31

—,
20@\

() = 2L (H.4)

Thus Eq. (H.3) is changed to
(IL5)

The oscillator paramter « is defined by

3K
oz% = Myw, =My [— = \/3mpK = \/SmK,
\ o
3K | mm/'K
2

To calculate the spring constant K, let us consider the case of the nucleon. The quark

core size of the nucleon is well known as around 0.5 fm experimentally. The constituent

light-quark mass is chosen as m’ = m ~ 0.35 GeV. Then Eq. (H.5) reduces to

1 1 7 1
N = = (0. 2 — (2. 12 H.
(R*) 302 "Il T vk (0.5 fm) (2.5GeV ™) (H.7)

and K is obtained as

K =0.0083 GeV?3. (H.8)

In the case of a charmed baryon, the constituent heavy-quark mass is given by m’ =

mq =~ 1.5GeV and Eq. (H.5) becomes

2 2
1 1 m5+2m 1
(R?) = Q -+ = (2.56 GeV™1)2 = (0.512 fm)?. (H.9)
moK | 3.5 2m+mg)z 43

Finally, it is found that the size of a charmed baryon is 0.512 fm, which is slightly larger

@w\»—-

than the size of the nucleon.
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