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A Cloudy Quark Bag Model of

S, P, and D Wave Interaction,_ for :the

Coupled Channel Antikaon-Nucleon System

Chapter 1

Introduction

1.1 History of the Cloudy Bag Model

Nucleons _re made of quarks, and the interactions between quarks (therefore

the nucleons) constitute the strong interaction, The theory for the strong
s

interaction between, quarks is Quantum Chromodynamics, or QCD[]., 2]. Al-_

_ though this theory is so complicated that no one h_s yet found an exact

- solution, there a.re a number of phenomenological models which incorporate

- the features expected from QCD. One of them is the bag model developed

by the MIT group, the MIT bag model[3, 4, 5, 6]. In the MIT bag model,

quarks are confined to an extended region of space-time. A constant energy

= density is associated with the volume of the bag and the balance between

- this density and field pressure dynamically determines the bag configuration.
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The MIT bag model has been remarkably successful in explaining the

static properties of the low-lying hadrons[5, 7]. There is however one major

difficulty in this model, namely the lack of chiral symmetry. This symmetry

is an important property of QCD itself. Further, experiments have shown

that besides isospin, the chiral SU(2)xSU(2) is the best symmetry in the

strong interaction[8]. A classic example of a chiral symmetric theory is the

a-model[9] in which the massless nucleon couples to an isospin scalar field a
I

and an isospin vector field _r. The potential of the a and _r fields provides a

mechanism for spontaneous symmetrT breaking. According to the Goldstone's

theorem[10, 11], this eventually gives a finite mass to the nucleon and leaves

a massless boson field.

The difficulty of lack of chiral symmetry was recognized by the MIT

group soon after the original MIT model was developed. In 1975, Chodos

and Thorn[12] made a simple generalization of the a-model to the original

MIT bag model. The phenomenological fields cr and _ in the a-model are

coupled to the quarks on the surfact of the bag to conserve the chirality.

A number of extensions to the original MIT bag model have been devel- •

oped to restore chiral symmetry by introducing the pion field as a Goldstone

boson[13, 14, 15, 16, !7]. Among them, the little brown bag, proposed by

the Stony Brook grr'lp[13, 14] was a combination of nonlinear a-model and

the original MIT bag model. With the idea of a two phase picture of phys-

ical hadrons, Brown and Rho proposed that the interior of the static MIT

bag contains asymptotically free, massless quarks, while the exterior contains

pions-the Goldstone bosons of SU(2)xSU(2). The typical value of the bag

radiu,,_ is about 0.3 fm, a small number due to the tremendous pressure of

=..



pion field outside the bag.

Jaffe continued. Brown and collaborators' work in a different direction[15].

He worked with a classical pion field and took the view that the MIT bag

should not be drastically altered by the coupling to the pion field. In fact, in

the perturbation expar _ion procedure used by Jaffe, the first term is exactly

the MIT bag model.

In the early 1980s the Cloudy Bag Model(CBM)[18, 19, 20, 21, 22, 23, 24]

was proposed by the TRIUMF group. As with Jaffe's bag model, the CBM

also uses a perturba.tive approach. However, it has two distinguishing features

which differ from Jaffe's model: (a) using a quantised pion field and (b)

letting the pion penetrate into the interior of the bag. Although it is contrary

to the two phase picture of hadrons to have a pion field inside the bag, there

are reasons to justify it and it is consistent within the approximation level of

the model[16, 17, 23, 24]. First, the probability of creating qq objects with

the quantum number of the pion is non-zero for a finite distance between_

quarks. Therefore the pion field will have finite probability to get into the

_ interior of the bag. Also, since the surface of the bag (nucleon) must be

dynamic due to its emitting and absorbing the pion field, the tirae-averaged

: pion field will penetrate into the bag to some extent. Finally, due to the static

nature of the bag model, we are restricted to study low energy interactions,

and therefore, a long wavelength approximation of pion field is acceptable

and in this limit the pion field penetrates all space.

The CBM Lagrangian is a highly non-linear model. Any real calculation

has to be carried out in a perturbation expansion fashion. The zeroth order

term of such a perturbation expansion is just the MIT bag model. The CBM

%
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was very successful in a number of calculations, such as predicting the axial

current couphng constant ga, the P3a resonance, and the nucleonic charge

radii and magnetic moments[25, 26]. Nevertheless, with the original surface

coupling CBM Lagrangian, there is no obvious prediction for low energy pion-

baryon scattering. A volume pseudovector coupling CBM was introduced

later by applying a unitary transformation to the surface coupling quark

field[27]. Weinberg's effective Lagrangian for the pion-nucleon system[28, 29]

is found within the volume coupling CBM, and in fact the pion-nucleon

scattering was studied in detail for volume coupling CBM[30, 31, 32, 33,

34]. The volume coupling CBM was also extended from SU(2) to SU(3) for

studying the kaon-nucleon and S-wave antikaon-nucleon scattering[35, 36].

1.2 History of the KN Interactions

In _his thesis, we study the/(N system in the region of center of mass energy

from 1250 to 1550 MeV.
E

K-'p

(1.1) z
K-p _ 7r°E°

E

71-- _+

7r0A r

Within this energy range, the K N system couples to the two body channels

7rA, xE, and three body channels 7r_rE. At sub-threshold energy, this system

couples to the resonances A(1405) (S-wave) and _(1335) (P-wave). Above
=
=
K

E

[
E

._
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the threshold, the system couples to the A(1520) (D-wave) at COM energy

1520 MeV.

Several kinds of experimental data exist for the /_N system. The scat-

tering cross sections from 70 to 513 MeV/c of K- incident momentum,

mainly from hydrogen bubble chamber experiments, consist the largest por-

tion of the data[37, 38, 39, 402 41, 42, 43, 44, 45, 46]. At zero momen-

tum, the K-p branching ratios are _Iso measured and reported by different

groups[47, 48, 49, 50]. Below the threshold, there are also data derived from

7r_ mass spectra of the A(1405) production processes[51, 52] and data de-

rived from _rA mass spectra of the _(1385) production processes[53]. There

are also experimental data on the X-ray of 2p-ls transition of K-p atomic

state.

Although there are large numbers of experimental data on the A'N in-

teractions, there is not yet a theory which can describe a11 these data in

a consistent way. Unexplained experimental results include the nature of

A(1405), the shift and width of 15' state of kaonic hydrogen, the branching

ratios of K-p at rest. This helps make this system more difficult and also

more intereGting.

1.3 The Layout of Thesis
=_

_

In this thesis, we first extend the Cloudy Bag Model from S-wave only to__

P- and D-wave. This is our theoretical foundation for studying the KN

_ system. We derive the potential i'rom the CBM and use it as the driving term

in a coupled channel Lippmann-Schwinger Equation. Then we introduce the

_

.
__

--_

2



numerical methods used for 3olving the coupled channel Lippmann-Schwinger

Equation. Next we deduce the parameters of the model from fitting the model

to experimental data with the method of minimizing X2, We also introduce
z

some of the applications of the extended CB M for the/fN system. Finally,

we discuss the conclu'_ions from this study and some future directions to

study.



Chapter 2

The Cloudy Bag Model

2.1 The Basic Cloudy Bag Model Lagrangian

In the early 1980's, there was a great deal of interest in extensions of the

:. MIT bag model to incorporate Partial Conservation of Axi.al-vector Current

(PCAC). One of the models extending the MIT bag model is the Cloudy Bag

Model developed by the TRIUMF group[20, 21, 19, 25, 23, 22, 24, 54].

-- As we mentioned in the introduction, most physicists believe that Quan-

tum Chromo-Dynamics (QCD) is the best candidate for a theory for the

interactions between quarks and gluons. But because of tilehigh degree of

• difficulty, no one has found a solution of QCD yet. (The numerical solution

- of lattice QCD may not be too far from reality due to the rapid development

of massive parallel computers.)

The QCD theory is an SU(3) gauge theory of quarks and gluons based
_

_- on the symmetry of an internal quantum number called "color". The non-

: Abelian nature of SU(3) leads to some of the most important features of

QCD. First, at high-momentum transfer or short distances, the interactions
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between quarks become weaker and weaker until the point when quarks be-

come free from each other-- "asymptotic freedom". Second, it appears that

at large distances the interactions grow stronger and stronger and it takes

infinitely large energy to separate single quark from hadrons. This leads to

the confinement of quarks into color-singlet states. Although there is no the-

oretica.1 proof of quark confinement based on QCD yet, the fact that people

have yet to see a free quark experimently supports this assumption.

There are several models which try to incorporate these important fea-

tures of QCD to study the strong interaction. The bag mode] developed by

the group at MIT is one of them[3, 4, 5]. In the MIT bag model, the "quark

confinement" is achieved by only allowing the quarks to stay inside a small

space-like cavity--the bag, not outside of the cavity. The bag acts like an

infinitely high potential wall. Inside the bag, quarks move freely like in free

space, therefore the "asymptotic freedom". In a mathematical manner, the

MIT bag model can be described by the Lagrangian density[12, 15]

£-.M!T = (2@ _ q- B)O_

l

-.qq6.

where q is the quark field, B is a universal constant called the "bag pressure",

v is the vohlrne of the bag, 8_ is a step-function of the bag defined as

1 where x inside bag
0_(_) = (2.2)

0 where z outside bag

and 5o is the surface delta function defined byI

0"0_ = n_6, (2.3)



9

n" being the outward 4-normal to the bag surface. For a static spherical

bag, these functions are reduced to the regular step-function and the Dirac

6-function I

e_(_) -_ e(R- r) (2.4)

_.(_) -_ 6(R- _) (2.5)

The equations of motion for the MIT bag model are obtained by demand-

ing the action S

=/d_ _M,_(_) (2.6jS

is stationary under arbitrary changes in the field configurations

q --., q + 6q (2,7)

q _ q.6_/ (2,8)

0,, -_, 0,, -t- ego (2.9)

6° --_ 6. - en.a6. (2.10)

The results are the Dirac Equation inside the bag

i #q(_)=0 _< R, (2.11)

the linear boundary condition

_

: i _q(_)=q(_) _= R, (2.12)

and the condition for the bag pressure

(2.13)



10

Now, let us study t:h,l%_i:_;mmetryof the MIT bag model under the "chiral

transformation". In an infinitesimal chiral transformation, the quark fields

transform as

where ¢ is the Pauli matrices for th,_',isospin SU(2), and gis an infinitesimal
]

parameter. The MIT Lagrangian density transforms as

i

L: --+ L + _q¥. _sqr. (2.16)

and it does not vanish. The source of this non-vanishing term is the surface
I

term ½qqSo. It is "chiral-odd" because it changes the chirality of the quark

hitting the bag surface, therefore, violating the chiral symmetry. Because of

the lack of invariance of the Lagrangian density under the chiral transforma-

tion, the current A_' associated with the transformation is not conserved. It

has the form
-. "7

A" = q'_v"_s-_qO,, (2.1.7)

and a non.vanishing divergence

-¢

-* T

O,A_' = iqTs-_qr, (2.18)

The lack of chiral symmetry presents an essential problem for the MIT

bag model, since the e_:periments have shown that chiral symmetry is a good

symmetry of strong interactions. For example, Pagels has concluded that,

"SU(2)×SU(2) is a good hadron symmetry to within 7%. This makes chiral
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SU (2) x SU(2) the most accurate hadron symmetry after isotopic in variance" [8].

In an ideal chiral, symmetric world, the quarks are massless and the pions,

as the Goldstone bosons_ are massless, and we would have the conserved ax-

ial current O,A_ = 0. But in the real world, the pions have a small mass

(compare to other hadrons), and the axial current is only partially conserved

(PCAC)[551,

where f, is the pion decay constant and ¢ is the pion field.

There are many models to restore the chiral symmetry in the MIT bag

model[12, 56, 13,15].One remarkable way to solve this problem is the Cloudy

Bag Model[20, 21, 25, 27, 19] by ghe TRIUMF group. In the original CBM,

the pion fields are introduced into the picture. The pions intera ;t with quarks
i

on the surface of the bag to compensate the chirality change of quarks hitting

the surface. The CB M Lagrangian density has the form

£CBM = _C:1_ q- B 0,,- qei_"_6/tqSo -t- _ D, (2.20)

Here ¢ is the three-vector field of pions, ¢ is the magnitude of the pion field,

and ¢ is the unit vector giving its direction in isospin space

¢ := (2.21)
= _ .- ¢/, (2.22)

- The D,¢ in (2.20) is the "covariant derivative"

D._= (0.¢)$+ f _i_(¢/f)0.$ (2.23)



12

Unlike prior hybrid bag models, the CBM allows the pions to penetrate

into the interior of the bag. This may sound unrealistic but it does have its

justification. In the MIT bag model and the CBM, a bag is a static spher-

ical cavity with a sharp boundary. Since the bag is meant to simulate the

confinement generated by' quark gluon interaction, it is impossible to believe

that the bag remains static and unperturbed by the interaction of quarks

and pions on the boundary. The very concept oi' the interior and exterior _

of the bag, therefore, is"by no means clear cut. Letting pions penetrate into

the bag does not make the CBM inferior to other bag models which excludes

pions from the interior of the bag, but if anything, more realistic.

Now let us consider the chiral transformation

q _ q -'ig.'_/27sq (2.24)

--, _*+ gf + f(g× 6) × $[1 -(¢/f)cot(¢/f)] (2.25) -

The CBM Lagrangian density (2.20) is invariant under this chiral transfor. --

rnation

C9£ 012 O,q) + 0/2 6(0,@) .._/2 . =
6/2 = -_q 6q "4-c3(c3.q---'-_6( 6?1-_q + °_uoq)

O/2b._,+ 0/2 -,
!

= 0 (2.2s)
=

Further there is conserved axial current associated with this chiral transfor-
-

mation _F

O.d"= o (2.27) --

_

--
_

-.
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where the axial current has the form

.Zt_' = _'y"'7_TqO,,+ f¢0"¢ + -_-(O"¢)sin(2¢/]) (2.28)

Now if we go back to the rem world in which the chiral symmetry is

broken and the pion has a finite mass mr, the CBM Lagrangian will have a

mass term for the pions

i 2¢_= (2.29)
The subscript 'b' is added because this term 'breaks' the chiral symmetry.

Once the chiral symmetry is broken, the axial current is no longer conserved,

and it has a non, vanishing divergence

8,A fm_¢ (2.30)

This is the same e.s the PCAC condition Eq. (2.19)..

r

2.2 Volume-Coupling Cloudy Bag Model
__,

A direct consequence of PCAC in the energy pion-nucleon scattering is the

: Woi_....erg._omozawa relation[28, 29] originally developed in the late 1.960's.

= According to the Weinberg.Tomozawa relation, the S-wave scattering length

: of a pion on an), target (otb:er than another pion) of isospin _, is ex_ctly

aT -L (1 + m._ .-1=: = mT) IT(T+ I)-- T,(T,-_. 1)- 21 (2.31)

: Here T is the total isospin, L = 0.11m_,"1 is a convenient length[28], the

term in parenthesis is the center of mass correction_ and the term in the

= _quare brackets is 2C_t. T,_. We can see that the scattering length is purely
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isovector coupling in the soft-pion limit. The values of scattering lengths

predicted by this relation compare very well with experimental values[28]. If

the CBM is a valid candidate for meson-baryon interaction, one would expect

the CBM to repeat the successes of the Weinberg-Tomozawa relation. But

unfortunately, the original CBM has no obvious prediction for low-energy

pion-nucleon scattering[27]. However, we can perform an unitary transfor-

mation on the original CBM Lagrangian density so the Weinberg-Tomozawa

relation appears explicitly[27].

Consider the following unitary transformation on the Lagrangian density

q --., q_ = Sq (2.32)

q._ q,_ =qS (2.33)

with

S = exp {i¢. ¢('rs/2.f)] (2.34)

With this transformation, the CBM Lagrangian density (2.20) becomes

-

After expanding the operators S and St as
co

n

s,st = E [#:_.<_'_,/2S']tin!
I'i-'O

.- _o,(¢I2f)± i(.'. 7>,_,,),in(¢/2I) (2.36)
we can find

S(O,,S _) = -i0_,(¢/f)(¢ . ¢/2)'rs - i(O_,¢ . 'F/2)'r5 sin(C/f)

-i(co,(¢//)- 1)($ x cg,,<j).._'/2 (2.37) -
_

=__

_

_
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and

st(O_,S) = i0_,(¢/f)($ . ¢/2)75 + i(0_,¢ . _/2)75 sin(C/y)

(co,(¢/y)-11( x 0. 1.el2 (2.38)

Recalling the definition of the covariant derivative of the pion field (2.23),

we find

S(O,,S t) = 'i75(D_¢"/f ) • ?/2 - i (cos(C/f) - 1)(¢ × ¢9_,¢)oe/2 (2.39)

and

S (O,,S)=iTs(D_,¢//).¥/2-i(cos(¢lf)- 1)(¢ x 0_,¢). ¥/2 (2.40)

Now, if we define the "covariant derivative" of the quark field as

After some algebraic manipulations, the transformed Lagrangian density fi-

- nally becomes
=

= .-Tq_,q,,,6oq-7 4--_fq,_7_'75"rq,,,.(D_,¢)av (2.42)

" Note in (2.42) the interaction term with a step function 8_. We see that the=

original CBM Lagrangian (2.20) density which had surface coupling, has now
=

been transformed into a volume-coupling Lagrangian density.

: To determine S-wave pion scattering from a bag, we expand the La-

grangian density (2.42) to the lowest order in the pion field. The covariant

derivative of the quark fields leads to an interaction term quadratic in the

pion field:
- 1

£o = 2/2[q_7°_/2q,o] . (¢ × 0o$)0_ (2.43)
3
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Notice in (2.43), the term in square brackets is the isospin density for the

hadronic bag target, and the (¢× 00¢) term is the pion isospin density which is

independent of z at the zero momentum. Therefore the S-wave pion-baryon

interaction at threshold has the form

= _/d3z£°H,

1 ..
= _-_t. _ (2.44)

which is completely equivalent to the W-T relation Eq. (2.31).

2.3 The S-Wave KN Interaction in the CBM

The Cloudy Bag Model has had some success in describing the low energy

pion-nucleon interactions[20, 21, 25, 27]. Accordingly it is natural to think

about applying this model to the kaon-nucleon and antikaon-nucleon interac-

tions. One of the differences between kaon-nucleon and pion-nucleon system

is the strangeness of the kaon. Consequently we need to include the strange

quark in to the Cloudy Bag Model. The old SU(2)×SU(2) symmetry' is no

longer enough now, and so we use the SU(3)×SU(3) symmetry group for the

kaon-nucleon and antikaon-nucleon interactions. Replacing the SU(2) Pauli

matrices _ in the volume coupling CBM Lagrangian (2.42) by the SU(3) Gell- _

Mann matrices _,, we obtain the SU(3)xSU(3) CBM Lagrangian for both the

antikaon-nucleon and the kaon-nucleon interactions[54, 35, 36]

i ,-, 1_ 5 1 1 -, -,
f_. = (5 q J_ q- B)O,,- -_qq o + _(i),¢')2 + .2_]_.7,Ts,_q. (D_,¢)0_ (2.45)

In using (2.45) it is important to keep in mind that the quark fields q are in the

SU(3) space instead of the SU(2) u and d quarks, that the meson fields ¢ are
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the SU(3) octet instead of the SU(2) pions, that B is the phenomenological

"bag pressure", and that f is the meson decay constant. The volume 0

function O_ is 1 inside the bag volume and 0 outside, while 6, is a surface

g-function. For a static, spherical bag, as used throughout this thesis, 0_ and

g° reduce to the regular step function O(R-r)and Dirac g-function g(R-r).

The covariant derivatives of meson fields (2.23) and quark fields (2.41) are

also generalized from SU(2) to SU(3)

D,¢ = (0t,¢) _ + fsin(¢/f)Ot, _ (2.46)
i

D,,q = c3,q - _(cos(¢/f) - 1)_. (_ x O,,¢)q (2.47)

Here ¢ = I¢1, ¢ = ¢/¢, and the SU(3) cross product is defined as

(ft. × B)_ = __,f_A,,Bb (2.48)
a,b

with f_t_ the SU(3) structure constants. i

If we take a limit of the meson field ¢ = 0, i.e. remove the explicit

meson fields, the Lagrangian density (2.45) reduces to the original MIT bag

model Lagrangian density (2.1). Since we know that the MIT bag model was

quite successful in the static properties of baryons, we assume that we can

perturbatively expand the field configuration around the MIT bag model, or

equivalently, around ¢ = 0.

For small ¢, keeping only terms up to order of ¢2, the covariant derivatives

reduce to

0.¢" (2.49)
._ and
: i _t*

Dr,q _ i)t,q + --_ . (¢ x i),,¢)q (2.50)
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Substituting the covariant derivatives into Eq. (2.45), we get a linearized,

volume coupling, SU(3)xSU(3) CBM Lagrangian density[35, 36]

£CmM -- a # q--B Oy-- _qq o-F,(0.$)2

+_-:'y,_q . (O.¢) (2f12 _'r_ . ((; × O,$)q (2.51)

Notice that the Lagrangian density (2.51) can be broken up into pieces:

_.CBM : _-'MIT "_ _KG Jt- '_,-_-L:c (2.52)

Here LM,fT is the free MIT bag Lagrangian given in Eq. (2.1), £ga is the

Klein-Gordon Lagrangian density for the free meson field,

1

£Ka = _(0,¢) 2 (2.53)

and the s-channel and contact interaction Lagrangian densities are

01V D "*

c..=_j__q.(0.¢) (2.54)
11 _ "* "*

£c = (2f) 2q7"_. (¢ x O,,¢)q (2.55)

As usual, the energy-momentum tensor T w is defined asi55]

TW = 0£ v- 0£ . 0£. 0rC -g_£ (2.56)o(O.q)°_q+o qT((6_+ 0(a.¢)
and the Hamiltonian is obtained in the canonical way[20, 35, 36]

dH

= fd'3x T°°(x)= fIMZT+ f-IKo+ [-Io+ & + f-I,,d (2.57)

here ffMIT describes the free MIT bag, /:/Ka the free mesons, and H,,d is a

"normal-dependent" term due to the derivative coupling interaction

-7 4--F°(x×$):q- °'Y°'r_'_q) (2.s8)
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Figure _.. The Feynman diagram representation of the basic OBM interac-

tion at the quark-meson level. The solid lines are quarks and the dashed

...... lines are mesons.

Since the "normal-dependent" term is canceled in the S-matrix, we will not

consider it further 1. The two interaction Hamiltonian terms are

= _ .fd3x
0,,

-_f q_t'"/s._qO,¢ (2.59)

and

H_ = dax _-q7 _',_. (¢ × 0t,¢)q (2.60)

The s-channel and the contact interactions/:/, and/_/_ are represented by the

Feynman diagrams shown in Fig. 1.

For calculational purposes, it is convenient to project the CBM Hamilto-

nian onto the space of colorless baryon states[26, 24]:

H = ff._ Bto(BoI_IIB_)B_ = HMIT q" HKG "4-H, + H_ (2.61)
Bo,B_

where B0t and B_)are the creation and annihilation operators for three quark

bags of type B0 and B_, and IB0) and I.B_) are bare baryonic states.

1The interested reader can refer to page 242 of "Particles and Fields" by David Lurid,

Interacience Publishers, New York, 1968.
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The Fourier transformation of meson fields is written in terms of the

meson annihilation and creation operators ai and a!,

d3k [ai(k)e ik'x + a!(k)e -'k'x] (2.62)=rj

The normal commutation relations are obeyed by mi and a!

[ai(k),a}(k')] = als a3(k - k') (2.63)

[ai(k),aj(k')] = [aJ(k),a}(k')] = 0 (2.6.4)

With the help of Eq. (2.62), we now project the free Hamiltonian onto

baryon-meson states

Ho = HM,T + HKC = _ msoBtoBo "4-_ f dakwka!(k)ai(k) (2.65)
Bo i

where ms0 is the MIT bare bag mass. In the next sectiona we project the

interaction Hamiltonian onto the specific baryon and meson states.

2.3.1 The S-Wave Hs Interaction: BMA_/2 Vertex

The s-channel interaction term/:/, (2.59) has been studied in Ref. [35]for

S-wave interactions and we now review that work. For convenience, we write

the interaction term here as

& fuaz e -. -._']q7 7s Aqc3,¢ (2.66)

From its structure, we see that f/o involves a quark transition from the initial

state to the final state or absorbing or emitting a meson. From the baryon

level, the corresponding interaction represents a baryon transition from its
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Figure 2. The Feynman diagram representation of a baryon absorbing a me-

son and transition from initial state B to final state B' via CBM interaction

Ho.

initial state to its final state via the interaction with a single meson. Its

Feynman diagram representation is shown in Fig. 2.

To project /?/, onto the baryon space, we first integrate the right hand

side of Eq. (2.66) by parts,

--2-_0, [qT_'TsAq] . ¢ (2.67)

Using the Dirac equation for the MIT bag (2.11), we see that the last

term vanishes. Applying the linear boundary condition (2.12), and the rela-

tion (2.3), the second term of Ho is transformed to

qTt"ys_q • $ = -_'-f6°qTsf_q ' ¢ (2.68)2f

Notice that the space derivative part in the first term can be converted to a

surface integration over a infinitely large surface, and so it too vanishes (the

quark field is located inside the bag). We now eliminate the space derivative
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^

part of H, by rewriting it a_

Before we continue any further, it is necessary to analyze the system in

which we are interested, Our interest is in the /£N system, including the

ETr, h', channels to which it can couple.

/£N _ _rE (2.70)

7rA

In this system, the total strangeness equals -1 and the total angular momen-

tum equals 1/2 (we are looking at S-wave only at this point). For the energy

range near KN threshold, the only possible intermediate state is A_/2, and

so we will calculate the vertex for the BM --_ A_/2 transition.

The bare state A_/2 is considered as a bag containing three quarks, two in

a ls state and the third in a lpl/2 state. The three quarks have flavor u, d,

and s, and form a SU(3) singlet. The transition BM _ A_/2 can be viewed

as one quark absorbing a meson and being excited from the ls state to l/h/2
state.

For a MIT bag of radius R, the s quark wave function is[7]

qlM(r'_)--N'(J°(w°r))O(R''''M_-'_''-_ijl(w,r)(_. .) - "j_'_ _ (2.71)

and lpl/._ wave function is[7]

qlM½(r,_) = NP"--L( -Jl(wPlr)(_" .) ) 8(R r)xMe -'_p_t (2.72)
\ ]

=
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i

Here X is the spin-flavor wave function of the quark, j0 and jl are the spherical

Bessel functions, w° _ 2.04/R, and wpl _ 3.81/R are the quark energy level

of ls and lpl/2 state, and :Na and Npl are the normalization constants of

respective quark wave functions.

We project the Hamiltonian ft° onto the baryon space:

Ho = _ [Bto<Bo[_IolA;/_>A_/2+ A_}2(A_/aI[-t,iBo}Bo ] (2.73)
Bo

In (2.73) we keep only the terms related to the process in which we are

interested, BM _ A_/2. After substituting the Fourier transformation of the

meson fields (2.62), we can write the Hamiltonian for BM _-+A_/2 as

: H! °) = y_ Jdak [V0!')(k)ai(k)+ V0(/')t(k)a!(k)] (2.74)
_- t

where the superscript (s) labels the interaction as S-wave. The vertex func-

tion is given by

V(j)(k) (2.rS)

Applying the quark wave functions, we can evaluate the function va;/2_(k )

= _[35]

:_ vi;/2,_(k) = (A_/21Ho[a)

- 1 _^;/,o(k)
= 2--].'S(AT/_.IA,IB)"s (2.76)

where a represents the channel BMi, i labels the t/pe of meson (including

< its charge state), °*(AI/a[A_[B>oi represents the matrix element in spin-flavor

_ space, and finally, the form factor function u is:
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Table 1. The coupling constants A_ for different channels a.

"= .-N, Npt2R'_jo(w,R)jo(wv_R)jo(kR) + N, Np_(w_ + w. - wpx)

× f0Rdrr 2 [jo(wor)jo(wvlr ) + j_(w,r)jl(wv_r)]jo(kr ) (2.77)

The Wigner-Eckart theorem tells us that the spin-flavor matrix elements

are

°f(h;/_[,_, B)°f= _2(Isis;IMiM I, IM;O0) (2.78)

where the bracket on the right-hand side is a Clebsch-Gordan coefficient,

and the coupling constants _A can be calculated by using the SU(6) quark

wave function[35, 57]. The values of these coupling constants are listed in -"

the Table 1.

2.8.2 The S-Wave H_ Interaction: BMB'M' Vertex

The contact interaction H_ (2.60) has also been studied in Ref. [35] for the

S-wave K N interactions. We review this interaction term now. We start

with the interaction Hamiltonian:

f= ×o.¢')q (2.79)

The structure of this Harffiltonian/:/¢ shows a quark making a transition from

its initial state to the final state by absorbing a meson and then emitting an- /_

other one. At the baryon level, we are studying the process BM --, B'M'.

-_=
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Figure 3. The Feynman diagram representation of a baryon absorbing a

meson and emitting another one while transition from initial state B to final

state B' via the CBM interaction Ht.

This corresponds to a baryon transition from one state to the other by ab-

sorbing a meson and emitting another, as shown in Fig. 3. Because the

baryons in the initial and the final states belong to the octet, the quarks in

' these baryons are ali in ls state. Thus the quarks in the process must have

the ls state as their initial and final state.

For S-wave BM _ B'M' scattering, the spatial derivative part of the in-
^

teraction Hc vanishes, and only the time derivative part contributes. Substi-

tuting the Fourier expansion of meson fields (2.62), we obtain the interaction
.

. Hamiltonian/:/c for the transition BM _ B'M':

= _.. fd3k Vo,j(k', k)a!(k')aj(k) (2.80)
H_

1tr3

: Here the vertex function is given by

Vo,/(k', k) = _ r_,t ,_ tr., k)Bo (2.81)•u 0 ,,-'_atk_ ,
So.S_-

[

=.
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With the Is quarkwavefunction(2.71), we have[35]

1 .! B' i u_,(k' k)
v_,(k', k) = 2f-----_. ( I- _f_,,,AjlB)"s, (2s2)

and so the form factor is

' u_,(k',k)= N2,[w(k)+w'(k')]foRdrr2[j_(w,r)+j_(w,r)]jo(kr)jo(k'r)

(2.83)

The spin-flavor matrix elements in Eq (2.82) are reduced by the Wigner-

Eckart theorem:

i

"/(BI - -_fj,,_AjlB)°/ -
E _ t,I,,_ (I_,iB,;XM,iM,IIB,I_,;I0) (1BIB;IyiMIIBIM;Z0) (2.84.)

I

The coupling constants ,,¢_ are then calculated with the help of the explicit

form of the SV(6) wavefunction of the baryon octet[5?]. The values of these

coupling constants are listed in the Table 2[35]

2.4 The P- and D-Wave/_N Interactions in the CBM

Part of the original work in this thesis is the extension of the CBM /(N

interaction from S-wave[35] to P- and D-wave. Although the P- and D-

wave CBM has been studied for the KN interactions, and there is some

simblaritie_ between KN and /_N contact interaction terms Ht, there are

more differences than similarities. First of all, the physics of these two system

are very different. The K N interaction is relatively weak at the threshold
.'_

energy, while the [iN interaction is much stronger. In fact the existence

of resonances in the threshold energy range, leads to new set of diagrams

(processes) possible for antikaons.
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kt, I

1=0 I=1

R N _rE _rA R N xE 1rA

RN _3 __. 0 -1- -1-2 4 2 2 4

• _r_ _x__ -2 0 -_ -1 0

,rA 0 0 0 _. 0 04

• _t)ITable 2 The coupling constan'_s ,,_,, for different incoming and outgoing

channels a and 3.

2.4.1 The P-Wave H, Interaction: BM_/2 Vertex

For the energy range we are interested in, the only possible intermediate

particle for the P-wave RN Ho interaction is the neutral A_i/2, The I2;/2 is

' an excited state of the _ hyperon. This excited slgrna has spin _, positive

parity, _nd mass 1385 MeV. Only the neutral member '_/2s_*°of the triplet

: couples to the K N system, The bare state of the E_/2 is a_sumed to be a

member of the 1_,0.oi' SU(3). The quark constituent of the bare neutral state

is uds, with the quarks staying in the ls state, The transition BM _ _/2

= can, be viewed as one quark changing its state (including the flavor, spin) to

another after absorbing a meson,

Similar to what we have seen previously in the case of BM ,--) A_/_ H,

interaction, with thehelp of the Fourier transformation (2,62) of the meson
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fields, we can project/:/. (2.69) to the baryon space:

= . . V(P)ttU_a*t k_l (2.85)
t

where the vertex function is

V_P)(k) ,_o.,= _s/2v_;/_o(k)B ° = _o,t •,_3/2(_/21H.I_)Bo (2.86)

The superscript (p) in the above equation indicates the P-wave interaction.

The vertex function v_.;/_a(k) in (2.86) can be written explicitly as
t

i f d3x ikr , '
v_;/,.,(k) = _ j 7-_-_e ' (_s/21Z6oqa°'ysAiqx,+ ia,,wkqx°_/°TsA,qxolB)

(2.87)
Here we have substituted the ls quark wave function since the quark initial

and final are both 1,_. Notice in (2.87) that 7t1°7°,'¢sqlo= 0, so the second

term vanishes for the BM .--, I:,_/z process. After using the ls quark wave

function (2.71), we obtain

i N_. /' dSx ik.r.

(2.88)
To simplify the vertex function, we start with the partial wave expansion

t

of the plane wave

L

e'k'r = 4z"_ iLjz,(kr)Y_M(k)Yz, M(+) (2.89) ;
LM

and the relation

_. += )_ v,;(.)_, (2.90) =
q

=_=__
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where aq are defined as

= _:_(_,:L_) (2._i)0"4-1

ao = a, (2.92)

Substitutionyields:

1 N"2, -2 [daz

v_:;/2'_(k) = 2"74_r ¢(27r)a2wk ,I 5,4_ LM_-_iL'TL(kr)Y'_M(k)YLM(r)

414_ , ^ s! ,
×#o(_,_)j_(_._)_E_/__(_) <_._/_J_,_lB/"j(2.93)q

Using the fact that the surface 6-function 6. is just, 6(R-r), and integrating

over the solid angle, we find the vertex function:

1 -2iNOR _

v_';/2=(k) = 2f _/(20r)a2wk _q Y_(_:)J°(w°R)Jl(w'R)jl(kR)°J(_;/_[Aiaq[B)°/
(2.94)

: At this point, it is appropriate to add in the spin indices we have previ-

ously ignored. Let the E]_/2 has spin p, and baryon B has spin v, then the

: Wigner-Eckart theorem tells us

'/(r,_/2(u)lA,_rqlB(_,)) °j - ,_(½_,; lq[ a_z,_g)(IBiB;'a 1MiMIIBIM; 10) (2.95)

: Substituting this back into the expression for vg;._(k), we get the final

-_ expression for the vertex function

vrq..,(k;/z,v) - A_ (-2iNOR 2) 4]-__- -- _i,_><IBi_;
2f V/(2_r)a2_kV'3 (_'v;lqla "s IMiMII_IM;10)

x Y_*(.__.)(k)jo(woR)jl(w.R)jl(kR) (2.96)
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a KN _rE _rA

Table 3, The coupling constants A_ for different channels _.
)

The coupling constants A_ in (2.96) are calculated using the explicit SU(6)

spin-flavor wave function of the baryons. In practice) they are calculated

using a Mathematica TM symbolic manipulation program package we have

developed specifically for this purpose and verified with tedious hand calcu-

lation for several cases. The values of these coupling constants are listed in
.

Table 3.

2.4.2 The D-Wave Hs Interaction: BMA_/2 Vertex

The A_/2(1520 ) is an excite state of the A hyperon with -1 strangeness, 0

charge and negative parity. With spin 3/2, the A_/2 couples to the KN sys-

tem in the D-wave interaction. It is a special H, interaction of the CBM

Hamiltonian and is added in to others. The bare state of A_/2 is composed

of u, d, and s quarks and is assumed to be a SU(3) singlet with total spin

3/2. The space wave function configuration of the quarks is ls21pa/2. Cor-

respondingly the transition BM _ A_/2 can be viewed as one quark in B

absorbing a meson and changing its state from ls to the 1pa/2 one of the A_/2

(or vise versa). Flavor may also change during the transition.
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As in the S and P wave case, we project the Hamiltonian flo

H! d) = _ id3k [Vo,(.d)(k)a/(k)+ V_d)t(k)a!(k)] (2.97)
t

with the vertex fimction

Vo,(.d)(k)= A;_2v^;/,_(k)Bo = A*3_2(A;/21HolalBo (2.98)

The superscript (d) indicates the interaction is in D-wave.

The vertex function v^_/_<,(k) can be written explicitly as

i f d_z _kr
VA_/_a(k) - 77J '

x °Y(A;/2[6oqXps/2",lsAiql,+ (w° + wk - wva)qlp3/," 7 "ysAiqx°[B)°#(2.99)

where we have used the ls and lp_/2 quark wave function as the initial and

final wave function. The lp3,,, quark wave function is given in Ref [7], and

we rewrite it here for convenience,

M l_)Np3 ( Jl (wl_3r))O(R_r)e-iW,3tvM(o,
qlp,/,( r, = _-x]," 4b) (2.100).)

where y is the spin-angle function, Nv3 is the normalization constant and

wp3 _ 3.20/R is the energy level of the lp_/_ state.

The spin-angle function in (2.100) can be expanded in terms of spherical

harmonics and 2-component spinors

aM - mi1 a _M)YlmX M-Di (2.101)
Di

Accordingly, since A_/2 and A_/2 share the same SU(3) flavor function, we

expand the A_/_ spin-flavor wave function as

1 1. _M)y1Di[Aa/2),l (2.102)lA;/2)°s= _ (lm; ]M - ,_11_,
Di

=

m



32

We now further calculate the vertex function of BM --_ A_/2 with the

spin-flavor wave function of A_/2:

.^;_,_(k;_,v) = <h;/2(_,)lV_dllB(v))

i I 47rNoNpa )q i mill'= .... r_M(k)

x °J(AT/2(_- m)lA,o'_lB(v))'j JdaxY_-q(.)Y;..(.)YLM(.)jL(kr)

x {6o[j,(w,r)j,(w, ar)+ jo(w°r)j2(wpnr)]

+ 8_(w° + w, - wpa)b',(w°r)j,(wp3r) - jo(wor)j2(w,,3r)]} (2.103)

Completing the integral, and using the relations

jo(woR) = jl(w°R) (2.104)

j2(wp_R) = ii(wpiR) (2.105)

we find

v^;/_.(k;_,_)

-- 27 v/_-)_2,_kL,EE(-1)"P, 2/275L+.. 1Vi-(/_)'_i_),::(k)
o]/A*

× \,,,/2(, - m)IA,"qlB(_')>°s(no;10[L1;10>
3

x <lm;½_-ml1½;i,u>(LM; 1 - mlLZ;lq> (2.106)

The form factor function u(k) is defined as

u(L.) ,( k ) = - N.Npa2R2jo(w°R )j_ (wpaR)jL( kR)ha/_

-NoN,3(w° + w_ - w.3)

x _Rdrr_jL(kr)[j,(w.r)j,(wpar) -- jo(w°r)j2(w,3r)] (2.107)
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We now apply the Wigner-Eckart theorem to both isospin and spin, in which

case we write

°'<A7/2(,- m)lA_,lB(v))°s

- -x/_A_*(l_v,'1q1_11;_,1_ m>(IBis;IMiMIIBIM;O0> (2.108)

where A_ is calculated using explicit SU(6) quark spin-flavor wave functions.

We explicitly calculated the A's with the Mathematica package and verified

several elements by hand calculation. The coupling constants A_ are the

same as in the BM _ A_/: case, so we adopted the same notation for them:

v^l/,_(k; #, v) = (/BIB; IMiMIlBIM; 00) (2_r)32wk

/,M
z

x E(-1)"(lm; 1 1 a_ - mlz_;_) (LM;1- mlLZ;Zq)
mq

:: X(1 . 1 .1_v,lql_1,_, --m> (2.1oo)

After some lengthy algebraic manipulation with the Clebsch-Gordan coeffi-

cients and 6j symbols, we obtained

1 3
E(-1)"(lm; ½. - m[l_; _#)(LM; 1- miLl; lq)

_ mq

×<½v;lq½1;½,-m)

_- V/..g :_ 1 _ 6M(.._.,)(1 "LMI½L; 3.- _v, 5-) (2.11.0)
--- 3 Z,1 g

where the object with big braces _ a 6j symbol. Notice that

1 1 3 10> 0 for L yt 2 (2.111). (-_v;LMI-iL; _.)(LO; lOlL1; =
_

z

.
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and. 'that

_ _ = _ (2.112)3 2_1 _ 2

After these manipulations we finally obtain a clean expression for the vertex

flmction:

_^;,,_(k;_,_) = F/(I_i_;I_,iMII_I_,;00)(½_;2_- _1½2;_}

x vf_ Yi_,_v) (]_)_k (2.113)

Here u(_)/2,(k ) is defined in nq. (2.107) and the coupling constant A,_is listed
in Table 1.

2.4.3 The P- and D-Wave Rrc Interaction: BMB'M'

Vertex

While the particles involved in the P and D-wave process BM _ B/M / are

no different from the ones in S-wave, the vertex function now gets much more

complicated due to spin and angular momenta. For example, we showed in

Subsection 2.3.2, that the spatial derivative part of the /:/_ vanishes in S-

wave, yet this is no longer true in the P- and D-wave. To make the formulas

more clear, we separate the time part and the spatial parts. Using the same

technique we used in the 5'-wave case, we can project the Hamiltonian onto

the baryon space:

f I:csI- tH,. = H_, + Ht. = __, dak [V:)I_+ .o/jj_,(k')aj(k) (2.114), ,

t,3
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V:_. --= _ B2v_t(k',k)Bo (2.115)
Bo,B_

v_; - _ -%,"_' k)Bo (2.118)
So,S_

where _O_...,arb,, k) and -vO_,_-_'°/'", k) stand for the vertex functions corresponding

to the time and spatial derivative parts of the H. interaction.

We start from the simpler one, the time derivative part v_ta(k',k) and

'write it out explicitly

1 -i

v_(k',k) = 4f-%-(y_)S2wk_/(27r)S2wk,

× °J(B'I jd_O.q_.Y,,,ja_(,,,_+ wk,)'r°e'(k-k')"qxolB) °'¢ (2.117)

Notice that the initial and final quarks are in are la state. Using the la

state quark wavefunction (2.71) and the partial-wave expansion of plane

wave (2.8,9), we have

v_t(k', k)

1 N._ -_(,_,+_,)

× "_<B'lf,,,s_jlS>°sfd_ O_[jo_(_.,)+j_@0_)]

x y_i'(i*)"j,(kr)j,,( ' ^ ' * ^k,)Y,:(k)_,_,(i)Y,,_,(,)_(.)(2._18)
lm Vm I

Integrating over the solid angle produces

v_t_(k ', k)
1 (wk+_k,) i ^ ^

= 2f2 2r_-v/2wk -°t(B' t _ _fi,o._/B) °! _ Yt:(k)Y_,,_(k')2Wk, lm

×g _.
#

/oRdrrZ[j2o(wor) + j_(wor)]jt(kr)j,(k'r) (2.119)
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We have already seen the spin-flavor matrix elements in Subsection 2.3.2.

They can be expressed as

i

.s <B'I- -_I_,_jAjlB>°s

- _ _','(I_i_;IMiMII_.rM;I0)(I_,IB,;IM,iM,IX_,IM,;I0) (2.1.20) _-
I

_t,I,
with the values of "'_s_.listed in Table 2. Finally we put the spin indices back

in, which merely add another 6.,. on the expression of'-u_ct/I.,)k)

_t,I?

,_, ,k.) = 6.,.2,_,_o_._ok' _,_-_ _._(k)_._(k')lm

x (IRi.B;I"MiMII_IM;1'0)(I_,i_'; IM'iM,IIB,IM,;IO)

fo×N._ d_'[jg(_°_)+ j_(_°_)]j_(k_)j,(k'_)(2.121)

The angular momentum makes the derivation of v0o,(k , k) a little more

complicated. We first write

rc, ,__, k)oo,kK ,
I -£

4p V/(27r)32wky/(27r)a2Wk,

X °t(B' /d3:r,O_,q_ofeoAj(k'+ k).wei(k-k')'rq_o[B)°Y (2.122)

where q_o and q_o are the initial and final quark wave functions involved in

the process. Substituting in the explicit form of q_o (2.71), and using the

identity

[tr. A, cr.BI = 2itr. (A x B) (2.123)

we reduce'u_a_r__'*r_.,,k) to
=

1 i

v_(k',k) = 2f _ _/(2zc)a2wk _(2_r)32w_,
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x W drdi2_ rjo(w,r)ja(w,r) "y(B'lfi,qAj_rlB) °y

. [e-'k"r(r X k)e 'k'r + (r × k')e-'k':re 'k'r] (2.124)

Notice that r x k and r x k' are just the angular momentum operators acting

on e ik'r and e ik'r. So, by applying the partial wave expansion (2.89), we

obtain

1 8_riN_
v-"-' k) -

^ ^ _0Rlmm_

×"s<B'lf,,,jaj . (2.12S)
We put the spin indices in and call the last part of Eq. (2.125) A:

A = fdaY,:,LY,

= _(-1) qfdfl.Y,_,,nqY...'S(B'(#)[,f_,,jAja_qlB(/_))°s (2.126)
q ',

where a_q is defined in Eq. (2.91) and Eq. (2.92). The operator Lq is defined

_ts

1

L±, = =f._(n, =t=n_) (2.127)

Lo = L, (2.128)

By using the Wigner-Eckart theorem and pages of manipulations of the

Clebsch-Gordan coefficients, 3j symbols and 6j symbols, we bring .A into

the form
=

A = "(B'I/_,,jAjo'IIB)" _(-1)}+J+'_l + 1)(2/+ 1) i
: J l I J

/.' _,; lml_t; Jm' + _,')(-_,'; Im'l-_l; J,_' + _,') (2.129)3 X_2
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toll

_Sa

I=0 1=1

K N _rE _rA [iN 7rE _rA

[iN s 1 1 1- -_ _ 0 ,_ d 4
_ _ 4 0 1 2 2

2--_ -_ _ -_ -_
_rA 0 0 0 xi 2

4 -_ 0

Table 4 The coupling constants _°.I for different incoming and outgoing

channels a and/3.

In (2,129) S(B'llf_,_jAjo.llB)Sis obtained by applying the Wigner-Eckart the-

orem in the spin space:

_ s(B,IIf.,_jAj_,tlB)s
°s(B'(_')I/_,,j.x___IBu)4= (-1)_-"' -u' -q u

(2.130)
The object with the big parentheses is the 3j symbol. Detailed calculations

with SU(6) quark spin-flavor wave function reveals the relation

4(B'IIf_,,j_j,_IIB)4

-- _ _0_x"z(IBis; IMiMIIBIM;IO)Us,in,;IM'iM,IIs,IM,;I0) (2.131)
I _

18,I
The values for the coupling constants ,,/_ are calculated by the Mathematica

package and double checked by careful hand calculations. The are listed in

Table 4.
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By substituting all these relations back into - _'rb,,,,_._ _., k#), we obtain

cmtl.! I

vo_K #, k#)
1 1

2p 27r2X/2wk2wk/

× ,_-_,_t3.(iszs;.,x' IMiMIlslM; I0)(Is,iS,; IM,iM, IIs,IM,; IO)
I

× __, _., (½u;Iml_l;JM)(]#';tm'1½i;JM)Y_,(k)Y._,(k')
JM lmm I

J" [ l I J

The equations (2.121) and (2.132) have the : ame form as the equations (2.8)

and (2.9) in Ref. [36], but as shown in the Table 2 and the Table 4, the

coupling constants (or the spin-flavor matrix elements)are now different[58].

They have to be recalculated, in this case, by the Mathematica package.
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Chapter 3

Explicit Equat ions

3.1 The Coupled KN System

The antikaon-nucleon interaction at low energy is not a simple one. Even at

zero kinetic energy.(KN threshold = 1432 MEV), K-p couples to the open-

or nearly open- strangeness -1 channels:

K-p

I_°n -5 MeV

_r+_'- +95 MeV
g-p --_ (3.!) :

_r°_° +104 MeV

7r-_+ .103 MeV

v°A +181 MeV

There are also numbers of resonances in this energy range which makes things

more complicated. These includes A*(1405), ]E*°(1385)_and A*(1520). In the

rest of this chapter, we will apply the Cloudy Bag Model to this complicated _

system and solve the resulting equations numerically.

w
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We assume isospin symmetry and thus use the 2 isospin channels _](I =

0) and _(I = 1) instead of 3 charge channels _r±E_ and 7r°_°. As long as

there is no isospin breaking, we can express the 3 charge channels in terms

of isospin channels. The _](I = 2) channel is not included since it does not

couple to the K'N system. The relation between charge channels and isospin

channels are

-_2 1IK-p)= I0,0)+_11,0)) (3.2)

_ IO,O>+ 1
lR'%> = -_ ,_11,0>) (3.3)

1 I 1 1
l,_+z-) = _12,0)'-_I ,o)'+_lo,o)' (3.4)

: I.,,-°r_°) = _12 o)'-_ o_ , -_I ,o>' (3.5)
1 1 1 1

I_-_+>= _12,o>'+_1 ,o>'+ _1o,o>' (3.6)
I,r°A>= I1,o>" (3.7)

When do use charge channel, we include the mass difference between K-p

and /_0n. So in this thesis, when we need to consider the mass difference

of K-p and /_°n, we use explicit charge channel for them, otherwise we

: use isospin channel for them. We call the former "charge basis" and the

- later "isospin basis" even though the _ channels are always in isospin basis

throughout this thesis.

We list the channel assignment in Table 5.
i

m

=

=

i i
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a 1 2 3 4 5

ChargeBasis K-p /(°n E_" (I = 0) E_r (I = 1) A_r°
, ,, ,, , ,_ , , .,,.,,,

Isospin Basis /_N(I=0) KN(I=I) E_r (l= 0) E_r (I = l) ATr°
• J J , ......... ,,,

Table 5. Channel assignment with "charge basis" and "isospin basis".

3.2 The CBM Interaction for the/(N System

In Chapter 2 we studied the basic interaction vertices of the to/_N interac-

tion in the CBM. The potential between incoming channel a and outgoing

channel/3 can be written as a sum of 5 terms

vt_(k'#',k/1 ) = v_)(k'#',ktz)+ v(})(k'#',k#)+ v_)(k'#',k#)

(d),., , (,),,, ,
-Vv_,,LK/_, k#)+ v_=kK U, kkL) (3.8)

Where k is momentum and # is spin. The Feynman diagram representation

of these potentials are shown as Fig. 4.

The potential v(") is composed of two H0 vertices with a A_/2 as an inter-

mediate state:

1 ,

v_)(k'"' k')= (13[H°[A_/2)E- M: (A1/alH']a) (3.9)

where the form factor uh_/_, is defined in Eq. (2.77). After we substitute the

expression of the BMA_/_ vertex, Eq. (2.76), we find the potential to be
h h

(")'"' ' 6uu' _" (IB,is,; IM'iM'IIB'IM,; 00) :_

(a
× oo>,,, - ..-
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'N M M' / \ M M ''/

\ h_ J \ J

(_) (bl

M M ''/
\ i'

Figure 4. The full Feynman diagrams of 5 CBM potentials for the S-, P-,

and D-wave/_N system interactions.
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The partial wave expansion of this potential is

,,_r . _ ^ (.) , ,- k)v..(k # k#)v¢_(")'u"-'(,_,k) - _ _ df2kdf_k,_Yl.,,(k')Yi,_(
m+#=M ml+#l--M

×(zm,;½.'lq;JU)(Im;½.11½;Ju)

&°6J½2p 4,rvr_,-',Y_k E- M: 2
×(lB,is,;IM'iM'IlB'IM';00)(I_iS;IMiMIIBIM;00) (3.11)

The Kronecker symbol in Eq. (3.11) shows this diagram contributes to S-

wave interaction only, while the Clebsch-Gordan coefficients shows it is an

isospin-0 interaction.

The potential v(b) in (3.8) consists of the time derivative part of Ht. It

can be written as

v(b)ro_k'#', k/z)

= (_'IH_,I_)
_. _t,I

6.,.(_k+ _k,)_ ..0_(Isi_;IMi,,,lIBh,;.U)(I_,iB,;h_'iM'IIB,IM,;Ii)- 9._'v__7, _-T

ZX E • ^ ^1 2 r2_(k)Yt_(k )N; dr [j02(_.r)+j_(w,r)]jz(kr)j_(k'r) (3.I2)
lm

The partial wave expansion of potential v (b) is

(_),u.,_, _ _ [ 7r . _v(O(k I#1,k#)_,,(_')_,_(_, _o
m+#=M m'+#_=M

x (/ra1; ½#111½;JM)(lm; tT#l/I;_Jg) (3.13)

The integration in (3.13) is quite straight forward. Using the orthogonality

relationship of Y_,, and _,*,, we obtain:

lo" -_(_).u,., k) = (w_ + w_) N_ drr*[jg(wo, ") + j_(wor)lj,(kr)j,(klr)
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× _ (IB,iB,;IM,iM,.IIB,IM,;Ii)"'_'_F(IBiB; IMiMII_IM; Ii>!

(3._4)

The potential v(c) is the spatial derivative part of Ht. lt is

v(c)tb,,,'
_.. ,_, k#)

= (:_,'IHo°I_/,)

1 _Y:/ luiMlI_IM;Zi)
= 27r2x/,2w,2W,; _ (lB,is,; IM,iM,Ils,IM,; li)-_ (IBis;I

x _ _ (.f#;Im[-_l,11 'JM) (_#,;1lm,ill; gM)yl_,,(_)y,.,,,(_, )
JM Imm e

x (-2)_/61(1+ 1)(21+ 1)(.-1)J+'+_ _ _
l I J

'
Unhke the previous potentials v (_) and v(b), the partial wave expansion of

v(c) is complicated. By definition,

(O,*s, ^ (0 , ,
,_ _k',k) E E /'dn_,ln_,'_"--- k),a_(k_,k_)7Y,,_,(k'IY,_(

- m+p=M ml+pl=M '

x (lm';I_#lI-_,'_"JM)(Im; I-_-#lI_;'JM) (3.16)

- Using the orthogonal relations of the spherical harmonics and the properties

of the Clebsch-Gordan coefficients, after some lengthy manipulations, we

obtain

(:).w,k, k) = -2 t ! 1
= v_ L , 4n_-_V/6_l+ 1)(21+ 1)(--1)J+'+} _ a_: l I d
=
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I 0 I 2

1
J= II--_i 0 4 6

1
J=l l+il 0 -2 -4_

Table 6. The values of quantity Au for l < 2.

x_ <I..i8.;I_t.iM.II_.1,,.;z.:gfi <I8iB;XMi.IIBIA,;Ii)I

We define Au as

A'J=(-2)V_l(l+ 1)(2l.+1)(-1)_+'+__ _ (a.ls)
l I J

The values of A u for I < 2 are tabulated in Table 6 and they are summarized
m

as

A,J = 2(Z+1) J = l- _ (a.19)
1

-21 J = l +-_

The final form of partial wave expansion of v(c)

(c),iJ:_,
'v¢_, tx ,k)

21.

- 4_rv/2wk,2W_

o_,(I_iB; IMiMIISIM;Ii) (3.20)
× _ (lB,is,; IM,iM,IIB,IM,;li)Tr_I -

The potential v(a) corresponds to the incoming baryon absorbing a meson, "

becoming a virtual A_/2 and then the A_/2 emitting a meson, and becoming

=
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the outgoing baryon. The potential v(d) has the form

_(a){i.._,,_
_=t" _*, kli)

1

= _(_7(#z')lH'lh'_/2(v)) E- M] (A;i'(v)lH'la(tz))V

_ A_X,_A
- Jk(h"iB';2_S_,iM,ISs,SM,;00)(2y), (sBi_;SMiMISBSM;00)

x u(Ai!/#t(k')u(l!/2<_(/c)_,2wk E-1 MI _,, Y2(v__.)(k)Yl(..-_.,)(k)"^ ^'

1 , - mul½2; _2,I_,) (3.21)

We define the partial wave expansion of v(d) as

71" ,, " dv_ t , "--
m+li=M ml+lIl=M

× (t._'; {_,'ll½;JM)(lm; xI#llI,'' JM) (3.22)

The final form of v(a), reached after a few pages of integration and Clebsch-

Gordan coefficient re-coupling, is'

(<l),lJ,,_,k): v_t= ire ,

1Ai/2_tt

= 61i'SJl 4'xVl2Wji,2wk E- M_l If 2

-: ×(SB,iB,;SM,iM,ISB,IM,;00)(SBi_;SMiMISBSM;00) (3.23)

The potential v(") is similar to v(a) except now the virtual particle is a E_/l

instead of a A_/_., and for v(_) the potengial is in P-wave instead of D-wave

- for v(d) •

v(=)rt._,,, 1
0:t='" .k#z) - _(_l(#;)lH°l:_;/_(_'))., E ....M; (:_'_/_(_')I'H°I<_(_)) (3.24)
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Recall the Eq. (2.96), we obtain ........

v(_)tl.s,,l

(2N_R')' (jo(w,R)jx(woR)) _ jx(k'R)jl(kR)

6_r2 E- M S X/'2wk'2wk

, ^ 11

V

×<18,iB,;IM,iM,IIB,IM,;lO)_ i0> (3.25)_--}:-(IBiB;1M'iMIIBIM;
In a similar manner, we carry out the partial wave expansion for v(*)::

(_),,s, (NoRjo(woR)) 4 1 j_(k'R)j:(kR)

vt3= kk', k) = oCa6s] 3_r E- M; V/2wk,2wk

×(I_,iB,;XM,i_,IIB,I_,;10)_ __(IBiB; IMiMII_IM;10) (3.26)
where the relation j:(woR) = jo(w°R) has been used in the derivation.

3.3 The Coupled-Channel Lippman-Schwinger Equa-
tion

In the previous section we discussed the potential describing/(N system in

the CBM. In this section, we show how to solve for [iN scattering using the

Lippman-Schwinger equation.

The operator form of the Lippman-Schwinger equation is

T = V + VGT (3.27)

where V is the potential operator, T is the T-matrix operator and G is the

Green's function operator defined as

1 -

G = E(+)- H0 (3.28)

= E
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The superscript (+) means that the energy E approaches the real axis from
i

above the above of the cut on the first/E sheet.

Taking the matrix element between states I_,k'_') _nd la, k'g), and using

the completeness relations of the quantum states 17,pr,), we obtain

V_(k'#', pv)T_(pu, k_t)
T_(k'#', k#) = V_=(k'# _ k#) + _/dSp, _,_ _-_$_-- _-_-(_ (3.29)

Here a and/3 are the indices for incoming and outgoing channels, k and k'

are the COM momenta, arid # and _t_ are the spin quantum numbers for the

incoming and outgoing channels. The energy of intermediate channel 7 at

COM momentum pis Ev(k ) . The matrix elements are defined as

T_(k'#', k#)= (_,k'#'lTla, kt_) _ (3.30)

and

V_,.(k'_t', k#)= {B,k'l_'lVla, k#) (3.31)

Substituting the partial wave expansions of T and V into (3.29) enables us

to reduce the Lippman-Schwinger equation to a one dimensione.1 form instead

of the original 3 dimensional form. We define the partial wave expansion form

of the T and V as

4

,rlJ_, _ 1#, 1 jM)(im;l# 1.jM )
m-f._t=M ml+_tt=M

×
V/JJtt., k) - __, _ (lm'; ½/z'll½;JM)(Im; ½t_lI½;JM)

m+p---M rnl+pg=M

(')/× 7 dak'dakYi_"(]e')Yl'_'(k)V°_'(k'l_"k#) (3.33)
E

=

=

2
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1
where T t± (V t±) is sometimes used as a shorthand for j = i :k _.

Notice that we have carried out the partial wave expansion for ali the po-

tential terms in Section 3.2. Substituting Eq. (3.32) and Eq. (3.33) into the

full space Lippman-Schwinger equation (3.29), we obtain the one-dimensional,

coupled-channel integral equations'

_ [ p21,rlJ/_ tj

'v'J,_.' k) VA_(k',k) + 2 _ Jo_dP (3.34)-_t3_,_,", = 7r E( +) - E.c(k)

All of our scattering calculations are based on Sq. (3.34).

3.3.1 Scattering Equations

The one-dimensional Lippman-Schwinger Equation (3.34) can be solved ana-

lytically only for very limited cases--such as single-channel separable poten-

tial. We solve it nurnerically for the coupled-channel/_N system in the CBM.

The ie prescription in (3.34) is handled with the Haftel-Tabakin rnethod[59]

extended to coupled-channel case. The Haftel-Tabakin method uses a prin-

ciple value subtraction to remove the singularity oi' the (3.34) at E = E.r(p).

We let ko_ be the "on-shell" momentum of channel 7, that is
!

E.r(k_)- E (3.35) :

we thus write
-

_2foo°°dp pgVo.r(k',p)T._(p , k)7r E(+)- E.r(p)

-= _ [P'Vo'r([:P_)T'Y_'(P,k) 2p.rkLV#.r(k',k_)T._,_(k_,k)]2 fo_dp [ Z(+)- E.r(p) - k_ -p9 + ie"if

/?2 2 V_.r(k, ko_)T.r_,(ko_,k) dp 1 _-+- × 2p.rko_ , (3.36) :
7r k_ - p2 + ie :

_
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where Pr is the "reduced mass" in a relativistic sense

-d"_dP'I (3.37)

The second integral in Eq. (3.36) can be carried analytically

JodP k_ _ p2 + ie = 2ko_
(3.38)

Since the integrand in the first integral in Eq. (3.36) now vanishes at the

on shell point, it is no longer singular and the ie is not needed. We can

now use the Gaussian quadrature method to approximate the integral by a

summation over a Set of grid points:
N

fo_dP ==_ _ w, (3.39)i=I

Applying Gaussian method to the first part of Eq. (3.36), and with

Eq. (3.34), we obtain

: : v_(k',k)

+ _-_2fo_"dp [p'Va,(k',p)T,_,(p,k) 2p.rk_V_._(k',ko_)T.r_,(ko.r,k)]

Z2 2o,kIVo_(k,' k) i- × ko_)r_(k_ dp (3.40)

= y_(k',k)

g [p_V_.r(k',p,)T.r,.(p,, k) 2p-_kIVa.r(k', ko._)T.,,,(ko_, k)]
2 _wi

+ _ "_ E-E.f(pi) k_ - p_7 i=l

-- _ 2i p.rko_Vm_(k ' , ko_)T_,_(ko_, k) (3.41)
,y

Here {piti = 1,N} are the Gaussian grid points and {w_li = 1,g} are the

: corresponding weight factors.

f
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. We define

V_,(p,.,, p,n ) forn= 1. . . N and rn = 1. . . N

V_(k0a,p,_) forn=g+l and m= 1...g
v._,_ = (3.42)

V_,(p,,k,o,_) forn=l...N and ro=N+1

V_a(ko_,ko_) forn=g+l and ro=N-4-1

T_,,(p,, pm) forn=l...Y and m = l . . . N

T_.,_= T_(ko_,p,_) forn=N+l and m= 1...N (3.43)
Tt3_(p,,,,ko,,) forn=l...g and m= N + l

T_,,,(ko_,ko,,,) forn=N+l and m= g + l

and

2 _.p_ for n = 1...N
s-s_(p.) (3.44)

= I for: +
/

Now using Eq. (3.41) produces the set of linear equations

' N+I

T_.,,,,_ = V,_,.,,_+ _ _ V_.,,G,,T,,,,.,,,, (3.45)
_' i=1

whereT_,m_ areunknowns.We havenow n2(N + i)2unknowns and n2(N +

1)2 equations (n is number of channels and N is the number of Gaussian grid

points). We can therefore solve these equations for the T-matrix elements.

We line up the elements of T, V, and G up an orderly fashion and obtain a

matrix equation

(1- VG)T = V (3.46) -

The set of linear equations (3.46) can be solved using Gaussian elimination

method (the inverse of the matrix (1 - VG) is not actually calculated). In
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our case, the potential V is taken as the sum of 5 individual terms (shown

in Fig. 4). We thus solve for/_N scattering as a 5 channel problem with 24

or 32 Gaussian grid points used in each channel.

3.3.2 Bound State and lesonance

If a physical system has a bound state or pole at some energy, the T-matrix

must have a pole at the energy (although not all poles of T will be bound state

or resonances). From matrix version of Lippman-Schwinger Equation (3.46),

we can see there are two occasions in which T-matrix can have poles. Either

the potential matrix 1/"has a po_le, or the matrix (1 - VG) is singular. The_

first type of pole is called a "fixed, or potential pole" ("fixed" since it is

independent of potential strength). We are not interested in this type of

pole because it depends on details of the model as opposed to the dynamic

characteristic of the model. The second type of pole, the so-called "dynamic

pole", occurs where (1 - VG) is singular. It depends on the potential's

- strength and it what we are interested in. Mathematically, the equations for

a dynamic pole, a singular (1 - VG), is equivalent to equation

- der(1 - VG) = 0 (3.47)

This type pole is called "moving pole" because its position varies with the

= strength of the coupling. The position of the pole on the complex energy

plane directly reflects the character of the bound state or resonance of the

system. We look for the position of the pole by searching for the solution of
1

Eq. (3.47) on the complex energy plane[60, 61]. The search with the nuclear

potential alone is quite straight forward. We will concentrate on the nuclear

J
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plus Coulomb interaction. The nuclear case can be treated as a special case

of that (with zero Coulomb potential).

3.3.3 Bound State With Coulomb Interaction

The bound state problem with the Coulomb interaction in addition to the

hadronic interaction raises some special difficulty due to the singularity of

the Coulomb potential at q --=0 in the momentum space:

VV(k,p,,k_ ) = Z,Z.,e _ 6",,, (3 48)
27r_ Ik,- kl 2 '

/

The Kwon-Tabakin-Lande method[62] is used to remove this singularity,

along with Landau's extension to the couple channel problems[60, 61].

Due to the limitation of this method in the open channel, which we will =_

show later, we assume that there is no Coulomb interaction in the open

channels. This does not propose too big of a problem in our case because the
_=

/_°n has no Coulomb interaction at all and the ETrand ATrthresholds are far

below the K-p threshold, the particles in these channels are quite energetic
=

therefor not affected much by Coulomb forces. This will however limit the

applicability of the calculation when applied to branching ratios.

We start from the partial wave decomposition of the Coulomb potential

k) = E E /da da, •_ Yt,_,(k')Y_,, (k)Va (k'/z', k_) -:
m+l_=M ml+t.d=M

x <lm'; _1#'ii_;1JM><Im; _-._tll½;JM>2 (3.49)
Z1Z2e 2 :-:

= (3.50)

where zk,k = (k '2 q- ka)/2k'k and Q,(zk,k)is the Legendre function of the -

_

=

m
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second kind
1

--[_P.(t)dt (s.51)Qt(z) = _._l -z--_ _

As we see from the the first few I values,

1 log [z + 1Q0(_)= _ _7---TI (3152)

O_(z) = _ log .z_--L--_l- 1 (3.53)

!. _  )logI +1 3A (3.54)Q'(_) = 4 i_---c-i[-2

all of them have singularities at z - 1.

We look back at the integral term in Eq. (3.34), and notice that the

potentiaI V is the sum of the nuclear potential V N and the Coulomb potential

V c (we omit the indices IJ with the understanding that ali the computation

is done in the partial-wave basis). The explicit form of the integral term is

:0{,'N' )_ VAx(k ,p)T._c,(p,k) ..,,_c ,,.,
_ ,p)T_(p,k) = IN + ic (3.55)

dp E(+)- E_(p) + E(+)- E_(p)

The nuclear part I N can be easily approximated by Gaussian quadrature
_

method as we did in solving the T matrix case. The Coulomb part, however,

has two possible singularities. One of the possibility is E_(p) = E and the

" other is p = k_. The Kwon-Tabakin-Lande rnethod[62] can only remove the

second singularity. One way to avoid the first singularity is to deal with

= closed channel. That way, the energy E is below the threshold and the E_(p)

- is always above threshold therefore there is no sinbularity. That is why we

assumed from very beginning that there is no Coulomb interaction in _he

-_ open channels.

=1__
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The Kwon-Tabakin-Lande method[62] removes the p =-ka singularity by

subtracting the singular part out of the original integral

I° = f0.. @fvg(v,p)T,.(p,k)E- E.c(p)

[ E - E.v(p) (E- E.r(k')).8(zk,p)

ka S_,( k')T,,,( k', k )

_ B- E_(k,) (3.58)
We understandthatI/_ and S_, vanishexceptwhen the channel/3isthe

same as 7 and there is a Coulomb interaction in that channel. The function

S_.y(k') is defined as s

G t

]o_ vL(k,pl (3.57/,.%,(k')= @ p,(_,_)
and for a closed channel

- 2k, - p _,_-_Tj)J
7rZ1 Z2 ez

where

W,(z) = _ _Pv..l(z)P,_.,,(z) (3.59)l'=l

We take 'W-1 = 0 and the Lande's subtraction integral It as

1, = - (3.60)_r.,o p Pt(zk,,) =

The values of lt for the first few I has been calculated and tabulated in

Ref. [62]. We list their results in Table 7.
r

2The definition of a non-vanishing Stw here is different from the St in Ref. [62] by a

conatant factor.

_

-2

S--

(
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lto i '

Table 7. The values of Lande's subtraction integral li.

Notice that the integrand in the first term on the r.h.s of Eq. (3.56) has

no singularity any more. We now can apply the Gaussian quadrature method

to it along with the nuclear part It¢:

I c +I N

.-- _,v;_(k',p,)p,T,_(p,,k)_ k"r,_(k',k)
,=1 E- E,(p,) (E- E.._(k'))P,(zk,n,)

V/3,(k,p,)T._,(p,,k) 2p.f 2 N ,

k'_S_,(k')T,_(k',k) _ ie,_p, ko,V_T_o(_ k) (3.6_)
"+ E- E._(k')

The step-function Or, which equals to 1 for the open channels and 0 for

the close channels, is inserted because we do not make the principle value

subtraction in the closed channels. The superscript I of S_ is suppressed

with the understanding we always solve the Lippman-Schwinger Equation in

the one-dimensional form.

With this subtraction method, Eq. (3.34) becomes

2 k'_S_,(k')T,_(k ', k)
T_:,(k',k) = V_(k',k) + _(k',k) + -

+ EE c, k,2T,- w,v_..,(k,p,:) --
v , ,:1 [ E - E.y(pi) (E .-. E._(k'))Pl(zj,,_,,)
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2 N 2 N k, ]2p.yko_V_( k, ko.y)T._,,(ko_, k)x-- [p,v_,(,p,)r,_(p,,k) _'+- w_ - O_ J
- 2is,p, _ V_,T_(_, k) (3.82)

Next we define the matrix elements of V c

/(;, )/
v4,(p.,p_) ,_,,_=_...N ,,.a ,_# m

c _ a(_,,,,,) w_ n = m = 1... Nv.',.., - ,(p.)- E,_. ,_,v_(_.._,)
0 , n=N+l orm=N+l

(3.63)
and use Eq. (3.42) as the definition of V N, Eq. (3.43) as the definition of T,

and Eq. (3.44) as the definition of G. We obtain
N+I

T_,.,_=V.Z,.,o+V.°_,_o+E E (v£,,+v£.,.)a.r,..mo (3.64)
"_ i=1

Eq. (3.64) can be expressed in the matrix form

(1 - VG)T = Y (3.65)

V = V c + V N (3.66)

The condition for T having a pole at energy E is the complex equation

da(1 - VG) = 0 (3.67)

In practice, the real part and. the {maginary part of this equation are solved

simultaneously for the position of the pole on the complex energy plane. We

use the "charge basis" (see Table 5 for the meaning of each channel) for the

Coulomb plus the CBM potential. The Coulomb potential only occurs in

K-p channel, or channel 1.

For the case of nuclear potential only, we use the same procedure but

without the Kwon-Tabakin-Lande subtraction in any of the channels.
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3.4 Numerical Method

The computation for T-matrix elements or searching for the pole position8 is

very numerically intensive. Therefore, it is valuable to find a raGre economical

method for the task. We have done that by noticing that the potential matrix

V is often symmetric due to the symmetry principle in the physics. Special

methods are developed to take the advantage of the symmetry of the potential

matrix. We will discuss the new methods in the rest of this section.

3.4.1 Searching for Pole Positions

When searching for pole positions, the computation time can be saved dra-

matically by utilizing the symmetric property of potential matrix V[63]. To

start, we write Eq. (3.67) as

det [6ij - V}jGj]M×M - 0 (3.68)

where V and G were defined before. We take M = rich x (N q-1) as the size of

our "super" matrices. First we notice that the matrix G is a diagonal matrix.

If none of the elements of G are zero, the reformulation is particularly simple.

After we factor out all elements of G, Eq. (3.68) becomes

P × D = 0 (3.69)

where

P:HG, (3.70)
,/

and

D=,aot --v,j],,,,,,,, (3.7,)

7-
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If needed, the calculation of P would be very easy. More important, the

calculation of D--which is ali that is needed to determine the eigenenergies--

now requires only the evaluation of a symmetric complex matrix instead of

a general complex matrix.

If there are Borne elements of G which vanish, the reformulation is more

complicated, but still possible. For example, consider the case in which the

lth element of G vanishes while none of the others do. In this case tile lth

column of the matrix in Eq. (3.68) looks like

0

1 ...... lth row (3.72)

0

We can thereby eliminate ali other elements on the lth row without changing

the value of the determinant. Specifically, we define

= / J ifj =zG_ (3.73)
t Gj otherwise

and

[ 0 ifi=lorj=l
V_ = _ (3.74)

t I/_j otherwise

Eq. (3.68) is then equivalent to

der [6q- Vi}G}].x/V = 0 (3.75)
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Since there are no elements of G_ which vanish, and the potential is symmet-

ric,

= y',, (3.76)

Eq. (3.75) is equivalent to Eq. (3.68) and the symmetric Eq. (3.71) D = 0

can be used.

3.4.2 Solving for T-Matrix Elements

Following the same line of reasoning as used in searching for pole positions,

. the computation time for solving the Lippman-Schwinger equation for the

T-matrix elements can also be dramatically reduced.

: The numerical solution of Lippman-Schwinger Eq. starts from Eq. (3.46).

In the simplest case, if none of the elements of G is zero, everything is very

easy. Eq. (3.46) can be reformulated as

(G -l - V)(GT) = V (3.77)

Since G-1 - V is a symmetric matrix, we can now solve a symmetric linear

- system of equations for GT first, which is much faster than to solve a general

: system. From GT we can easily obtain the value of T since G is a diagonal

matrix and its inverse is very quick to calculate on the computer.
=

If there are some elements of G which vanish, the reformulation is a little

more complicated. For example, consider the case in which the last element

of G vanishes when none of the others do (if the vanishing one is not the last

2-- element, we can always rearrange the order of the column and row to make

=
_

==
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it last one without changing the final answer). The linear system looks like

1-vg 0 t t_ := v v_ (3.78)
-vrg 1 t_ tM vr VM

Here the matrix v is an (M- 1) x (M- 1) symmetric matrix, the matrix g

is a (M- 1) x (M- 1) diagonal matrix, the matrix t is a (M- 1) x (M- 1)

matrix, v, and t, are (M- 1) x 1 row matrices, v_ and t, are (M - 1) x 1

column matrices, and VM and _M are the lower right corner elements of V

and T. We now split the system (3.78) into the following:

(1-,g)t = v (3.79)

(1- vg)to = (3.80)

-v_gt + t_ = v_ (3.81)

-v,gt_ +fM = VM (3.82)
_

We can now solve for t and t,_.first with symmetric v matrix first (which is

also faster), and then come back to solve for t_ and i_M if needed.

If there are more than one elements in G which vanish, we can follow

the procedure recursively and finally solve a symmetric system instead of a

general system.
_=

3.4.3 Timing Benchmark =

The computing time saved by this new method are considerable. For in-

stance, for calculating the energy of the kaonic hydrogen 1S level, the new _-

method took 1716 seconds of CPU time on a Ridge Turbo computer whereas .=

the old one took 2988 seconds. In both methods, the final result is the same,

_

r

E
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(-239,9, 1207.5) eV for shift and width. For thecase of calculating T-matrix

Iements, the direct LU decomposition method took 1214 second on the RISC

System/6000 Model-530 to calculate a set of scattering amplitudes while the

new method took 493 seconds to give the same results.
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Chapter 4

The Fitting Procedure

F

There are several parameters contained within the CBM description of the

K N interactions. We determine these parameters by fitting the scattering

and other observables predicted by this model to the experimental data.

In this thesis work we studied different kinds of data including the K-p

scattering sections [37, 38, 39, 40, 41, 42, 43, 44, 45, 46], the K-p threshold

branching ratios, the 7rZ mass spectrum for K-p .4 7r+_r-(_-Tr+), and the

7r°A mass spectrum for K-p --_ 7r+Tr-(Tr°A). In the rest of this chapter, we

will first shown how to compute these experimental observables from the

CBM theory. Then, we will introduce the procedures of fitting the model

parameters against these data.

_

=_
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4.1 K-p Scattering Cross Sections

Even at low energy, the K-p scattering process has many different, coupled

final states.

K-p

/_on

7r+I]-
K-p (4.1)

_0_0

7r-_+

7r°A

There are yet other channels, but their branching ratios are so small that

we assume we can ignore their coupling without significantly change of the

physics.

The low energy K-p scattering cross sections have been measured for

several decades. The most common method of measuring the cross sections

are the bubble chamber experiments. For a typical bubble chamber experi-
=

ment, a bea,m of antikaons is introduced into a superheated liquid hydrogen

chamber. The charged particles (including the K-, _'s from the interaction)

cause the hquid hydrogen to boil and forn_ bubble trails. The particles and

accordingly the trails are bent in a magnetic field to assist particle identifica-

tion. Tens of thousands of photographs of these trails are taken, and the path

length of the antikaons are measured. The total cross section is calculated

by the formula[38]

" I = Ioe -'p_ (4.2)
_

_
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and

a_ = l-'_'

where (pNo/A) is the number of protons per unit volume, Ii is the observed

K- path length in the ith momentum bin, n_ is the number of interactions

J is the crossof the jth event type in the ith momentum bin, and finally, a i

section for the production of event type j averaged over momentum bin i.

Experimentally the small angle scattering is excluded since it is dominated

by the Coulomb interaction. The cutoff angle varies from experiment to

experiment with 10° a typical value.

Scattering with very low laboratory momentum is not included since the

length of the final particles' trails are so small as to make them indistinguish-

able from "at rest" events.

We have extended the TRIUMF's CBM [iN interaction from S-wave

only[35] to the S-, P-, and D-wave and analyzed data up to 520 MeV/c.

Correspondingly we do not have to limit ourself to the very low energy as

occurring with only S-wave. This is important since it has been reported

that even at K- lab momenta as low as 150 MeV/c, there are P-wave

contributions in the reactions K-p _ 7r'_:E_[45]. Also, at K- momenta

around 390 MeV/c, there is a clear signal of A(1520) which is a D-wave

resonance[37]. The data (either read from tables or off graphs) are from

references[37, 38, 39, 40, 41, 42, 43, 44, 45, 46] and are plotted in Fig. 5, .

6, 7, 8, 9, and 10. We see from these plot that there are considerable er-

rors, especially at low momenta where the tracks are short and the Coulomb

correction large. This clearly indicates the need for a statistical fit.

_

=

_

,=

=

=
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momentum below 520 MeV/c.
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In Chapter 3, we have already described how we solved the coupled-

channel Lippman-Schwinger equation (3.29) for the T-matrix elements. The

differential cross sections are related to the T-matrix elements by

da_ kt--
d'--'_ = 16_'4PaPaT_]]_ [T_"(k'#" k#)[2 (4.4)

where the bar over the summation means that it is the sum over final spin

states and average over the initial spin states. The p's are the "reduced mass"

defined in Eq. (3.37). The momentum for incoming channel a and outgoing

channel f_ are labeled as k and k'. The total cross sections, defined as the

integral of differential cross sections over the solid angle, are

/ a_ (4.5)a_,, =, dfl d'-'_

Using the reverse transformation of Eq. (3.32), we have

I_=(k'#', k#)

1 _+ ' lTir,( $.,.Pt(cos= 2_r--"/_'_[(/+ 1)T_.(k ,k)+ k',k)] 0)l

1

+.yj 2: [T_+_(k',k)- T_=(k',k)](.'li_. (i ×k')l.>P,'(_o_0)(4.6)I

Substituting the above relation into the total cross sections yields

= +l]r_:(k',k)[ (4.7)
l=O

In practice, the computation is always carried out in the "charge basis" to

permit a direct comparison to data (See Table 5 for the channel assignment).

The incoming channel is always K-p, or channel number 1. The outgoing

channel varies depending on the reactioI:, measured. For the K-p ela_stic
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scattering and E;-p _/f°n charge exchange reaction, the outgoing channels

are lan._ _: i/'

f .... 2 [ ]a(K-p ¢- K':p) = 167rp_E (l +1)[T_+(k ', k)['+ l l__(k' , k)l 2 (4.8)
l=,O

k'

a(K°n ,---K-p) = 16.p,p=-_

l=O

The 7rE channels requires a few more steps. Even. though we solve the

Lippman-Schwinger equation (3.34) in the "charge basis", the T-matrix ele-

ments related to wE channels are always formulated in the isospin basis. To

calculate the scattering cross section, we need first to add the amplitudes

coherently, and then take the sum of the square of the moduli, With the

explicit form of the Clebsch-Gordan coefficients, we have

a(E+Tr - _- K'-p)

= 16_pap_-_ (l+ 1) Tl+(k',k) + ' Tl+(k',k)
l=O

l1 t- I l- 2]+l -_T_ (k', k) + --_T_ (k',k) (4.10)

a(Z,°_r° _- K-p)

I L- lOTrpap"k-,=o (l+ 1) T_+(k',k) + L T__(k',k) (4.11)

o.(2-7r + _ K-V)

-- 167rpap_7_ (l+ 1) Tl+_(k',k) ..... 1T'+rk'

+l _/_T.I, (k',k)--_TIi (k',k) (4.12)
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The 7r°A T-matrix elements are computed in the charge basis with Ir°A

being the channel number 5. Accordingly, the cross section for K-p --_ _r°A

is

k'

/=0

(4.13)

4.2 The A(1405) Resonance

_: Strongly coupled to (Tr_)° channels and lying about 30 MeV below the/_N

threshold, lies the A(1405) resonance, an I = 0 state of the S = -1, and

JP--- _1-[64]. Since. Ir_ scattering is not directly accessible to experiment

: this resonance can be observed directly only in the (_r_) ° system of theft-

nal states of production experiments. It was first reported by Alston in

= the reaction K-p .4 _27rTr_rat 1.15 GeV/c[65]. By now this resouance has

been seen in many other experiments. Thomas[51] reported a respectable

signal for A(1405) in the reaction 7r-'p ---, (_±Tr:F)g° at 1.69 GeV/c. How-

-: ever, the cleanest and highest statistics sample of A(1405) was obtained

from the reaction g-p _ 7r"'_r+(_r_)° at 4.2 GeV/cby Hemingway[52]. In

: Hemingway_s experiment, the K- beam of 4.2 GeV/c is introduced to the

,. CERN 2m hydrogen bubble chamber and the reactions K-p _ _2+(1660)_r-,

: _+(1660) --o A(1405)Tr+, and A(1405) --o (Tr_)° are used to isolate the

-_ A(1405) signal. The _2+Tr- mass distribution is read off the Fig. 4 of Ref. [52]

and p!.otted in as Fig. 11 in this thesis. Notice that we did not plot the

= error b_r in Fig. 11. In the original paper, only 7 error bars were given for

the total of 14 energy bins. Only those data 'with error bar are used in the

- _

z

-
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fitting procedure. The rest of data are used for determine the total number

of events (therefore the normalization of the theoretical curve).

Although the experimental signal of A(1405) is clear, the theoretical in-

terpretation of its nature is not totally clear. Due to its strong coupling to 7r_

channels and close proximity to the /_'N threshold, the A(1405) resonance

dominates the low energy /_'N system. Over the years, much theoretical

works has been done on the description of A(1405)[66, 67, 68, 35, 69, 70, 71,

72]. The following are some of the possible interpretations of the nature of

tke A(1405): The A(1405) is (a) a three-quark s-channel resonance, (b) a

quasi-bound-state of the K.N system, (c)some kind combination of case (a)

_.nd (b). In this thesis, we follow the method used in Ref. [35]. We let the

/f/V system couple to a three-quark bag with the correct quantum number of

A(1405), then fit the _r_ mass spectrum for K-p --_ _Tr_rTrat 4.2 GeV/c[52]

within the model, and finally use the deduced fit to determine the nature of

A(1405).

In Chapter 3, we have already described how the bare three-quark state

couples to the KN system via the interaction v(")(k'#',k#) (the Feynman

diagram is shown in Fig. 4). To calculate the 7r_ mass spectrum, we use

the impulse approximation together with a Watson final-state-interaction

model[37, 72] to obtain the necessary matrix elements. There are accordingly

a good number of assumptions in this model and a detailed reproduction of

the data is not expected.

In the final state interaction model, the relative S-wave two-particle sub-.

system of a multi-particle final state is assumed to have the asymptotic wave
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Figure 11. Hemingway's data of invariantmass distributionof the _+_r-

system from the reaction K-p -, _+Tr-Tr+'_ - at 4.2 GeV/c.
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function

¢(rl,r2)c_ exp[iQ.(r1+r2)/2]¢o.(r)
e_

= exp[iQ. (rl + r2)/2] sin (kt + 6)_r (4.14)

where r = Irl - r21 is the separation of the two particles, k is the relative

momentum of the two particles in their COM system, and 5 is the scattering

phase shift. Inserting this wave function into the impulse approximation ma-

trix element describing the reaction amplitude produces the matrix element

M = fd3rld3r2IId3r_ F(1, 2; a)¢(rl, r2)
#1

= / d3rxd%2 H d3r_ f(1,2;a)exp[iQ. (rl + r2)/2]

(sinkr cos/ct . )× 6+ 6 e6 (4.15) :

where a includes all degrees of freedom other than particle pair (1,2). The

function F(1,2;a) is a product of"initial and final state wave functions for

all particles except (1,2).

If the (1,2) interaction range is small relative to the size parameters

in the wavcfunction product F(1_2; a), the momentum dependence of the

integral (4.15) will be dominated by the second term. This means

sin 5_

Mtx k (4.16)

This should be a good approximation to the k dependence of the matrix :-

element if a resonance peaks in a narrow range of momentum.

Replacing the slowly-varying integral over F in the matrix element (4.15) _-
c

by a constant_ the rate of the vr_ events, which is proportion to the square

=

F
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of the matrix element, at energy E, is given by

dN _sin= 6 .

d"E = U_p(k, Q) (4.17)

Here C is a factor independent to the momentum k, p(k, Q) is the density of

final states for particle (1, 2) with total momentum Q and it can be approx-

imated by

p(k, Q) = kQ (4.18)

Finally then, we have the number of events per unit energy interval as

dN sin2 6

dE k

oc ka_r,,___r, (4.19)

oc k,p_r. [T°a(k,k)[ 2 (4.20)

The overall normalization is not determined since, at best, the model gives
_

the shape of the mass spectrum. In the practice, we fix the overall normal-

ization by setting equal the area under the theoretical mass spectrum curve

to the total event number in the experiment.=

4.3 The _(1385) Resonance
=

Discovered by Alston in 1960173, 74], the :E(1385) is a P-wave resonance
z

strongly coupled to the "IrAchannel. Similar to the A(1405) resonance, the

I_(1385) is below the KN threshold, and is best observed in the _'A system
=

within the final states of production experiments. Aguilar-Benitez fitted the

7r°A mass spectrum for the :reaction K-p --_ ATr%r+Tr- at 4.2 GeV/c and gave

five different fits to the _(1385) resonance parameters[53]. In this thesis, we

z
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are only' interested in the neutral member of the _(1385) triplet for the obvi-

ous reason that only it is reached by the K-p scattering. The experimental

7r°A mass spectrum for the reaction K-p _ ATr°_+lr- at 4.2 GeV/c is read

off from the Fig. 10 of Ref. [53] and plotted as Fig. 12 in this thesis.

The theoretical calculation of the _r°A mass spectrum is similar to the

7r_ mass spectrum of the A(1405) resonance. We use again the Watson's

final state interaction theorem. For the case of P-wave resonance, Eq. (4.16)
z

becomes[37]
sin 6_egt

M oc kt+l (4.21)

where l = 1 for a P-wave resonance. The rate of production for _r°A events

now is

dN C sin2 b'l ,
= Q) (4.22)

Replacing the density of states by kQ and letting l = 1, we obtain

dN sin_61
dE k_

' O'Irh,--_'A

o¢ k (4.23) :
2

o¢ P----_[Tls+(k,k)[2 (4.24) .

One problem using the data from Ref. [53] is the large background. In the

reference, the authors fitted the data with a polynomial background term and

a resonance term, but they did not give the parameters of the background. --

We assumed a polynomial background as

];,(M) = ao + al + a_ (4.25) -

_

=

S---
L
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Figure 12. Aguilar-Benitez's data of invariant mass distribution of the 7r°A

system from the reaction K-p ---, ATr°Tr+Tr- at 4.2 GeV/c. The solid line is-

_

- our polynomial fit to the background.
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where Mo is the mass of the resonance. To determine the background_ a

Breit,Wigner resonance form is added to it and the whole sum is used to fit

the mass spectrum.
i

dN.N.= fbk(M) + --'-- bMi°r2° (4 26)
dM (M - Mo)2 + M2oF2 '

The mass and width of this Breit-Wigner form is given by the best fit of

Ref. [53] with M = 1384.1 MeV and F --=34.8 MeV. The parameters are

ao _- -7754.73

al = 15303.0

a2 = -7402.42

b = 158.648

The background is subtracted from the original data and the output is used

as the pure 7r°A spectrum for our final fitting program.

4.4 The K-p Threshold Branching Ratios

Even at the zero momentum, the K-p system is strongly coupled to the open

channels, E±,°'__,°, _r°A, and K-p itself. The threshold decay branching

ratios of the K-p atom are defined as

rate(K-p _E-_r__._.__+= ) (4.27)
rate(g-p _ E+Tr-)

ra_.._te(K_p_ charged particles)
Rc = rate(K-p _ aii final states) (4.28)

.oh)
P_ = rate(K-p _ all neutral states') (4.29) :

--__
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• L , , j, , - _ _ = b,...._.,,,.,.,m -.-_,..q ..

Humphrey 0:655 ± 0.011 0.186 _ 0,017

Tovee 2,34 ± 0.08

Nowak 2.35 ± 0.07 0.664 ± 0,011
,

Goossens 0.206 _ 0.015
..... _.... , _ .. m_ _--'''_'''''_ '--..m_. .............. '_

Table 8. The K-p zero momentum branching ratio data.

These branching ratios have been reported b.y different groups[.47, 48, 49_ 50].

Some of the data are tabulated in Table 8.

Numerically;itisnot possibleto calcu.latethe decayrateofthe K"p

systematzeroenergy.The method we usedistocalculatetheK-p scattering

crosssectionatverylow.energiesE tofinda set.ofbranchingratioatfinite

energies.And thendecreasingtheabsolutevalueof E untilthethebranching

ratiosstabilizedon theirlimit,whichisuseda.sthetheoreticalvaluesofthe

branchingratios.

The thre.sholdbranchingratiosareverysensitivetothe method _orin.

cludingisospinsymm,trybreaking.Inour CBM, we a_sumeisospinisgood

= and onlybreakltbyusingphysicalmassesfor_heantikaonsand nucleons_t

calculation_tage.We thusdo not expectour model togivethe branching.=

" ratio close to the experimental data,
_

=

:i
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4.5 Fitting The Experimental Data

Earlier in this chapter, we discussed the experiments which studied the low

energyK N interactionsand how we would calculatethesephysicalobserv.

ablesmeasuredintheexpe:iments.Inthisthesis,we te_tedhow wellthe

CBM couldreproducethesedataby actuallysearchingforthebestfittot._e

data.

There arefourgroupsofexperimenteddataincludedinourfitting.The

firstisK"p scatteringcrosBsectionsup to520 MeV/c of K- laboratory

momentum, includingelasticscattering,chargeexchange,and reactionsto

_rE,z'Achannels[37,45,46,41,42,43,,14,38,40},Thisgroupcontribute_

thelargestnumber ofdatapointstothefit.

The seconddata group isthe I_+_r'"m_ss spectrumforthe reaction

R'-p-_ E+_-_+z"- st 4,2GeV/c[52].These arethe data which signal

theexistenceofA*(1405).

The thirdgroup isthezero.energydecaybrs_nchingratiosofthe K-p

atom[47,49,50].And thela.stgroupofdataisthemass mpectrumof_r°A

in the reaction K-p _,, A_r%r+z'-[53], Theae d.ats indicate the 1]°(I385)

resonance.

The.re are 7 different independent parameters in the CBM, They are the

radius of the bag R, the bare ma.sses of the 3 reson_,ces, m_ for A(_'), .m; ..
-{,. ..

for Z(_ ), and m_ for A(] ), and finat.ty, the 3 coupling constants, fI=o tor

all is.os.pia 0 channel_, gfI=1 'for all isospin I channels with kaons, and f_'=l
:=

for' isospin 1 channels with pions, It is quite a challenge to fit all these data

well with only ? parameters, The goodness of the fit,ring is a measure of how
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....mL_La . " _:_--__L.'.'.J.-... _- -

Data Type Number of Data Point
'l Lt '" _'

Scattering 300

_r_ Spectrum 7

BranchingRatios 3
_)_ • - .t_ .

_rA Spectrum 200

Table 9.A listofdifferentdatatypeand number ofdatapointsineachof

= them.

good we understandthe/_N interactionand theCBM. Sincewe must solve

coupledintegralequationtocalculateobservables,itisalsozmmericanyvery

intensivetorunthesefiton a computer.

The chi.squareisdefinedas

/ frh _ \ a

x = / (4.30)

f,e_._,istheexperimentalvaluewhereg istheindexfordifferentdatagroups,,_,,

oi"ith pointindata.groupg,cr_,,:istheexperimentalerrorofthisobservable,

and f_,_isthe,correspondingtheoreticalcalculationofthisobservablefrom

theCBM. We rrfinimizetheX 2bysearchingina multidimensionalparameter

hyperspaceusingthe'_nlsl_subroutizmoftheCoreMath Library(CMLIB)

- fromNationalInstituteofStandardsand Technology.

Becauseof the large,differencebetweenthe number ofdata pointsof

different type of data, (7 points for _rZ_mass spectrum and 300 points for

K"p scattering data), _nd apparent inconsistency in the estimates of error
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of different groups, we often find one type of data overwhelmed by others.

To give a fair chance to different data types, we did some variations to the

standard X2 fit. Basically, we manual adjusted the weight factors for various

data groups and then repeated the chi-square minimization. The new chi_

square, we call it X_ is defined as

We can see that Eq. (4.30) is a special case of Eq. (4.31) with all wg = 1.

4.5.1 Fit 1

First, we fit the low energy K-p scattering cross sections with only the S-

wave CBM. By "low energy", we mean the laboratory momentum for scatter-
L

ing below 250 MeV/c. This set of data has been used by most other groups

in their study of the S.wave K-p interactions. The center-of-momentum

energies of the scattering system range from the K'-p threshold of 1432 MeV

up to 1470 MeV. This set of data should net have much influence on the

resonances such a_ A*(I405), A*(1520), and _'(1385). The parameters from

this fit is listed in Table 11. The theoretical calculation of the different scat.
L

ter!ing cross sections and mass spectra are shown, in Figures 13-191_and the

bra_nching ratios are listed in Table 10. ..

4._.2 Fit 2
t

Thi_ is a straight X2 fit to the low energy scattering data and the _r_ mass

spectrum data of K-p _, _rz'[52], all within the S-wave onty Cloudy Bag

_

-
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K'p --->K'p
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',, Fit 1
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=

Figure 13. The K-p -_ K-p elasticscatteringcrosssectionscalculatedby

theCBM withtheparametersetsfrom thelowenergy_ts.
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Figure 14. The K-p _ /_'°n charge exchange cross sections calculated by

the CBM with the parameter sets from the low energy fits.
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+m =,=
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- Figure 15. The K-p -_ 7r+E- reaction cross sections calculated by the

: CBM with the parameter sets from the low energy fits.
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Figure 16. The K-p .-, 7r-Z,+ reaction cross sections calculated by the _r

CBM with the p_rameter sets from the low energy fits. :-
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Figure 17. The K-p -_ _r°_° reaction cross sections calculated by the CBM
_

with the parameter sets from the low energy fits.
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Figure 18. The K-p -+ _r°A reaction cross sections calculated by the CBM

. with the parameter sets from the low energy fits.
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: Figure 19. The 7r_2mass spectrum calculated by the CBM with parameter

sets from the low energy fits. The histogram is Hemingway_s data.
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TRIUMF (A) 1.04 0.649 0.157

Fit 1 2.08 0.629 0.336

Fit 2 1.66 0.623 0.284

Fit 3 1.48 0.650 0.169

Fit 4 1.00 0.654 0.123

Table 10. The K-p threshold branching ratios calculated by the CBM with

different parameter sets.
_

Model. These are basically the same data used by the TRIUMF group[35].

The parameters of this fit, however, are different from the ones listed in the

reference. This is no surprise because the numerical fitting procedures are

not the same. And the experiment data used in two fits are not necessarily

the same either. The parameters from this fit a:'e listed in Table 11. The the-

oretical calculation of the different scattering cross sections and mass spectra

are shown in Figures 13-19, and the branching ratios are listed in Table 10.

4.5.3 Fit 3
r

The major extension of this thesis beyond the TRIUMF's CBM is the P-

and D-wave interactions. With the S-, P-, and D-wave interactions, it is

possible for us to include the scattering cross sections with higher incident
_

momentum and the _(1385) resonance data. In this fit we include all of

the four data groups (scattering cross sections, branching ratios, xE ma_s

ffi

Y

5

=
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spec_rum_ and _A maz._ spectrum) _md run _ straight X: fi_.. The p_ametar8

.are listed in T_ble 1I, the theoreticel curves arc shown in Figu.reB20.27, and

' thebranchingr._tio,sfromthi_set,ofp._ameterareli.stedT_bleI0.

4.5.4 Fit 4

As we mentioned _t 'the beginning of this chapter_ due t,o the Isrge di_er.

enceofthe number o,fdatapointsit_differentdatagroup,i:t_.8oftentos_

one type of aata overw.helmed by other,s ii we .simply do the standazd X_

fit, _b give a fair chance t,o all the data, we de:ig:ned a q:t w_th m_nu,'al}y

a_ljustable weighted X_ (4,3t), Afte_ adjusting the weight matma_ly and ex.

arnini.ngdozensoffittingresa,lts,,we pickedthe one we thoughtto be the

be.strepresentingaLItheexperimentalconstr.Mnts.The weightfactor,s_re

= W._ = l

"W_ _,_.A,_.,ra,tio = O0

, W, A = 6

We do not includethebranchingratiodata,Thi.__model does,.m,tproduce

reasonablebranchingratiovaluefortherea,_onwe menti,onedpreviously,
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Fi_,,,re21,The K-_ --,/_'°r_cb,_.rge,exch_z_g.ecrossa.ection._calcu.i.atedby

:' theCBM wi,_htheparameters.et_fromfitt£ngal.tofthedata.,
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Figure22.The JE"p --,_r+E- res,ctloncrosssectionscMculatedby the
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Figure 23. The K-p -_, _-Y_,+ re._ction cross sections c.atcu.|ated by the

CBM with the parameter sets from fitting all of the data.
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Figure 24.The K-p _ _r°Z°reactioncrosssectionscalculatedby theCBM

withtheparameterset_from fitting_llofthedata.
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Figure 25.The K-p _ _r°Areactioncrosssectionscalculatedby theCBM

withtheparametersetsfromfittingallofthedata,
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Figure 26. 'The _E mass spectrum calculated by the CBM with parameter °

sets from fitting all of the da_a.
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Figure 27, The _rA mass spectrum calculated by the CBM with the pa-

rarneter8 h'om fitting _11 of data. The "data" points shown in the plot is

Aguilar-Benitez's data after background subtraction.
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TRIUMF(A) 1.00 1630 N/A N/A 120 100 110-.,

Fit 1 1.29 1554 N/A N/A 87 80 75

Fit2 0.95 1588 N/A N/A 126 82 146
- : .... " , ,, . ,,,,' . . .. . -=:_ ,.,.m.m,.=w._

Fit 3 1..23 1577 1421 1558 96 100 79

Fit 4 1.32 1542 1417 1546 103 96 78
mN_ -- ......... m i I i ii J [ ...... ' , ,, J L I

Table 11. Final parameters of different fits. _I,_• .__eradius R is in fm. Others

parameters are in MeV. _-
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Chapter 5

Applications of the Cloudy Bag Model

: 5.1 The T-matrix Elements on the Complex Energy
Plane

1

In Chapter 4, we have shown the numerical methods used for solving the

coupled-channel Lippmann-Schwinger Equation (3.29) for T-matrix elements.

We study the detail of CBM T-matrix behavior in this section. The I = 0,

S-wave K N T-matrix elements of 4 diffetent fits are plotted in Fig. 28 and

Fig. 29.

Fit1fitsonlylowenergyK-p scatteringcrosssections,ltdoesnotmatch

_ the Tr_ mass spectrum at all. We do not expect it having any resonance

: structure in the I = 0, S-wave channels. The real part of its T-matrix

element changes sign once at near above the _r_ threshold and once at near

: below the K N threshold. The imaginary part shows a sharp peak near the

- vE threshold and a big _shoulder'. The big 'shoulder' peaks slightly at some

--_ place between 1400 MeV and the _'N threshold. It does not show any sign of

: having a resonance at 1405 MeV. However, from Fig. 30, the 3D plot of the
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f _-_ _:N[I=0, L=0, J=1/2]

-2.0 I ' t +
Fit 1

6.0 --- F,2 _
-- -- TRIUMF (A)

E

E 2.0 -"-

-2.0
1300 1400 1500 1600 _

=

EcoM[MEV]

Figure 28. The K N Soz T-matrix elements of low energy fits, The TRI- _
L

UMF's T-matrix elements are shown for comparison_ The arrows show the

Tri?,and K N thresholds. -_

#

=

_

_

==
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f "_ZN--,_ [I=O, L=O, J= 1/2]

-- Fit3

2.0 --- _,_ -

- L l00 "rr ,

-2.0 - -_' t ' "; 1 ;
-- Fit=

6.0 .... _i,, --

1300 1400 1500 1600

EcoM[MEV]

_- Figure 29. The [(N Sol T-matrix elements of full fits. The TRIUMF's

T-matrix elements are shown for comparison. The arrows show the _rE and
i

- R N thresholds.

-

_

_
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T-matrix elements on the complex plane, it shows that there are two poles of

the T-matrix elements. One is very close to the _r_ threshold and the other

is very near /_N threshold (the search routine shows that the position is

above the threshold). The first pole causes the rapid change of the T-matrix

elements near lr]E threshold. But the second pole is too far away from the

real energy axis and too weak to cause a big peak on the real energy axis.

It, however, causes the sign change of the real part T-matrix elements below

/_N threshold.
=

Fit 2 fits low energy scattering and the _'E mass spectrum. Just as we

mentioned in Chapter 4, it behaves very much like TRIUMF's fit. The real

part changes sign below ION threshold and the imaginary part peaks (with

an asymmetric shape) at the same position. The 3D plot (Fig. 31) shows

that it also has a pole above RN threshold.

Fit 3 fits all the data. But due to the large number of scattering and

rA data points5 the constraint of _r_ mass spectrum is not very significant.
g-

Actually, the fit does not give a good mass spectrum shape, as we saw in

Chapter 4. The real part of the T-matrix elements also changes sign below =

/TrN threshold. But, the imaginary part shows two broad, asymmetric peaks,

one below/_N threshold and the other above the _r_ threshold. The 3D plot --=--

(Fig. 32) shows that there are two poles on the complex energy plane. One _

near NN threshold and the other near 7rE threshold. Both of them are very
_

close to the real energy axis. r
-

Fit 4 is our "best" fit of the new CBM. It gives good scattering cross

sections, good lte mass spectrum, and good _rA mass spectrum. The shape
-

of the T-matrix curves on the real energy axis are very similar to the one of
_

L

2------
r
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- Figure 32. The [_N Sm T+rnatrL_elernent_ of fit 3 on complex energy plane.
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fit 2 and the one of TRIUMF"s. The magnitude are about 30% larger. But

dnce we only calculate the shape of _rE mass spectrum, not the m_gnitude,

this fit is also very good on the _rE mass spectrum.

There axe other resonances in the coupled RN, _r_, and _rA system. The

E(1.385) is in the channel I = 1, L = 1, J = 3/2 and the A(1520) is in

the channel I = 0, L = 2, J 3/2. The plots of T.rn_trix elements of

these channels (Fig. 34 and Fig. 35)show cleaxly the resonance shape at the

energieswe expected.

5.2 The Pole Positions in the CBM

In the energy range from. 1300 to 1550 MeV, the /_'N system couples to
:.

severalresonances,includingA(1405)inS,E(1385)inPs/_,and A(1520)in

D3/2.Inthisthe_sis,we extendedtheoriginal/('NCBM interactionfrom S.

wave toP. and D-wave.Inthinsection,we applytheextendedCloudyBag

Model toexplorethecIMsicquestionoftherelationbetweentheproperties

of a resonance and the poles of the corresponding T.matr_x[75, 76]. Experi.

mentally, physics is conducted along the real energy axis, and it is there that

a resonance produces a chaxacteristic signature in T. ConventionaUy_ (for

theory), physical values of energy _re those obtained by approaching the real

axis of the first (physical) energy _heet from. above, with bound state and

resonance poles appearing az poles of T off the positive energy axis[75, 76],

Convez_tionand experimentconcurthata poleinT on thesecond(unphya.

ical)energysheetneartherealpositiveaxisproduc_sa narrowre_.onance

along the positive real axis. And from a theoretical point of view, one of
_r

__=

_

_
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f_A--,_^[L= 1, J=3/2]

' I t I "f

--_ t,.'ttB
1.0 - --- F,, -

® 0.0

-I .0 , { _ ,
--.-- Ftr3

1.u - --- F,, -

E 0.0 ---- '

1300 1400 1500 1600 _

EcoM[MEV]

Figure 34. The Pla _rA T.m_trix elements of fit 4.



115

f _ _, _,_ [I=0, L=2, J=3/2]

f ' I ' 1 '

-- Fit 3=lll_ =l=_,

U._ ,,_ - - -- Ftt4 -

® v.v

I-0.2 _ , = _ :
" F_t3

0.6 - --- _,, -

-n.___ ,....... l..... _.... .____,_________
1300 1400 1500 1600

-- EcoM[MEV]

- Figure 35. The Do3 R N T-matrix elements of fit 4.

=
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thebestways to characterizea model ofkN scatteringisby knowingthe

singularities,poles,and branchcutsofT inthecomplexenergyplane.As

a matterofconvention[75,76],we considerpolesoft tobe eitherresonant
r,

poles(onthesecondenergysheet)orbound statepoles(onthefirstenergy

sheet)--eveniftheyarenot neartherealenergyaxis.The conditionsfor

whicha poleon thesecondenergysheetmay actuallycausea resonancede-

pend on a number offactors_sucheztheexistenceand proximityofother

poles,diITerentchannelopenings,etc.Nevertheless,we searchforpoleseven

farfromtherealenergyaxisinan efforttounderstandbetterthesometimes

puzzlingbehaviorofT alongtherealaxis.

In Chapter3,we alreadystudiedthe numericalmethods forsearching

the polepositions.Inthiscase,itisnuclearinteractionsonly(theCBM

interactions).The polepositionsaredeterminedby

_'_t(1- VG) = 0 (5.I)

withV beingtheCBM potential.

5.2.1 $I/2Resonances

Inthe$I12channel,the/_N systemcouplestotheA(1405)I = 0 resonance.

The plotsofT-matrixelementson thecomplexplaneinlastsectionclearly

shows therearepolesinthischannel.However,therearetwo polesinthis

channel,thepositionofbothpolesarelistedinTable12.As a comparison,

' we listtheresonanceparametersdeducedfromrealaxisT-matrixbehavior.

Resultsfrom othermodelsarealsolistedasa comparison.
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Parameter set (Er, E_) (MEV)
l,,p ,

Fitl (+2,-27)

FitI (-104,-0.6× 10-4)

Fit2 (+17,.31)

Fit2 (-80,-76)
. L . ,, i

Fit3 (+5,-21)

Fit3 (._29,-4)
Fit4 (1.2,-13)

Fit 4 (-114,-74)

TRIUMF (A) (+13,-12)

TRIUMF (A) (-95,-76)

r_[77] (._8,.32)

AHW[68] (-14,-25)

Table 12. The S-wave resonazace pole positions in complex energy plane.

The numerical uncertainty is approximately +2 MeV.

=
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Fit 3 (-48,-12)
Fit 4 (-46,- 12)

Table 13. The Ps/2 resonance pole positions in complex energy plane. The

energy given in the table is relative to the RN threshold which is _t 1435

MeV.

5.2.2 P3/2 Resonance

The E(1385) is a P3/2 resonance. The positions of the pole is listed in Ta-

ble 13. The published result of.mass and width for I]°(1385) is (1383.7 :k 1.0,

36 :k 5) MEV[64].

5.2.3 Ds/2 Resonance

The A(1520)isa Ds/2resonance.The polepositionsarelistedintheTable14.

The publishedresultoitheresonancem_ssand widthis(1519.5:k1.0,15.6:k

1.0) MeV[64].

5.3 Kaouic Hydrogen

With its negative charge and heavy m_s, the K- can slip inside of the

electron orbit in a ordinary hydrogen and form a "kaonic hydrogen" with

the Coulomb interaction between the negative charged K- and the positive

charged proton. A hydrogen-like atom can be described semi-classically by

-

_
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Parameter set (E,, E_) (MEV)

Fit3 (+81,-6)
Fit4 (+83,-6)

Table 14. The D3/2 resonance pole positions in complex energy _ lane. The

energy is the relative to the K'N threshold which is at 143,5 MeV,

the Bohr mode], and its Bohr radius are

, = (5.2)
7Tie2

wherem isthereducedmassand n istheprinciplequantum number ofthe

state.The mass ofthe K- (493.646MeV) isabout 1000 timesthemass

oftheelectronand thereducedmass ofthekaonichydrogenisabout 650

timesthereducedmass oftheordinaryhydrogen.From F.,q.(5.2),theBohr

radiusofthekaonichydrogenisabout650 timessmallerthanthehydrogen

forthesame principlequantum number. For thels level,theBohr radius

ofthekaonichydrogenisabout83 fm. At sucha shortrange,the strong

interaction causes a significant shiR to the energy level from its value of the

Bohr energy level. Also the coupling to other channels gives the energy level

a significant width. However, the shift and width of the 2p level is negligible

because the Bohr radius of the level is too large for the strong interaction to

have a significant effect to this state. Therefore, the shift and width of the

- Is level can be effectively measured by measuring the X-ray emitted from

the kaonic hydrogen transition from 2p to la level.

: Experimentally,antikaonsfrom thebeam arestoppedintheliquidhy-

-

-

_

-
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drogen and the X, ray lines from kaonic hydrogen atoms are identified. The

results of the shift and width measured by three different groups[78, 79, 80]

are shown in Fig. 36.

TheoreticaUy, the Coulomb plus nuclear bound state probhm is solved

for different parameter sets. With the bound state energy (relative to KN

threshold) as (Es, EI), the shift and width are defined as

= -.ER - Es (5.3)

r = -2E, (5.4)

where Es is the Bohr energy for the kaonic hydrogen with pure Coulomb

interaction. The shift and width are plot in Fig 36 alone with experimental

data.

We note that in all cases the calculated shift e is toward the less bound

(negative) while _he experimental shifts are toward the more bound (posi-

tive).

=
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Shift and Width

I I I t T'_

1000 -
D <]

800 -i ,

V
A

> 6oo- _,,, -
L,, ODavies

400 - 0 Izycki _
_Bird
/_ Fit 1 --
<]Fit 2

200 - _7Fit 3 T
D Fit4

-_ 0 _ t--I "ki_ J.... '-500 -300 -100 I 'J1 0 300 500

_ _ [eV]
_

. Figure 36. The experimental values and theoretical prediction of the CBM

of the ls kaonic hydrogen shiKs and widths.
2

2
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Chapter 6

Summary and Conclusions

ffi

E

6.1 Summary

We have extended the Cloudy quark Beg Model (CBM) from S- to S-D-waves

for the coupled (KN, 7r_, 1rA)system. The parameter_ of this extended CBM

are determined by fitting to the K-p scattering cross section (6 different

channels of a total of 300 data points), the _rY_mass spectrum from the

K-p --, _lr_r_r reaction (7 data points), the K-p threshold branching ratio

(3 data points), and the _rAmass spectrum from the K-p _ ATr_r_rreaction

(200 data points). Four sets of CBM parameters are obtained by fitting -_
_

different combinations of data. The low-energy fits, 1 and 2, show a small X3,i

per degree of freedom (1,.5 for fit 1 and 2.0 for fit 2). Actually, if we compare

our fit 2 (Fig. 13 and Fig. 14) to Schnick's potential model[S1],(Fig.37) we

can see they are equally good at momenta less than 250 MeV/c. This is _

• because the error bars of the scattering data are very large at low energy.

The data are derived from the photographic pictures of the particle trails of

bubble chamber experiments, and at low momenta, the trails are very short,
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order of miUimeters, Lad Lte very h_rd to meuure accurately. While tenm of

thousands of photographs _re _alyzed but only hundreds of events are uDed

to determine the crotona,ections.

The overall quality of the fit differs when higher momentum scattering

da_a are included, Fit 3, which include higher energy scattering data _ well

a_ all other data, shows a large X2 per degree of freedom, Mixing _he low

and higher momenta data together tends to make the higher momenta data

doz_nat, e LLe fit. This is because at higher energy_ the A(1520) resonance

data are very well determined, in f_ct the error be,rs look tiny compared

to low energy ones. Other data (_E reals spectrum, brrmching ratio) are

" overwhelmed by them a_ weil. A weighted X_ fit (4) is designed to give a

more b_lanced fit by giving less emphasis to the A(1520) data,

As described in the thesis, our model wa_ not constructed to provide _n

accurate description of isospin-breaking effects. Therefore it is not surprising

to see it fail to produce the K-p threshold branching ratio. In fact, in fit 4,

which we considered to be our best fit, wa.s not fit to branching r_tio d_ta at

all. And yet even when the branching ratio data are included in the fit 3, it

-- doe.s not have much influence on the fit due to the large number and smalt

" error of scattering data. From our experience with • weighted X_ fit_ the ft+,

to the scattering data turns out bad if we try to increase the importance of7_

the branching ratio.

- We have used the extended CBM to study resonances to which the R N

system couple, specifically, the A(I405), E(I385) and A(1520). In fit 4va

-. description of the A(1405), the scattering amplitudes sh.ow an a_ymmetric
--

_. peak in the imaginary p_rt and a sign change in the real part between 1400
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MeV and the R'N threshold 1435 MeV. However, the position of the pole

in the complex energy plane found by the search routine is above the /_N

threshold. The asymmetry peak and sign change are a consequence of the

interference between the pole and the threshold itself. This is a unique feature

of the coupled.channel system.

For the other two resonances, I](1395) and A(1520), the scattering am-

plitudes show _standard resonance ,hape. The poles in these ca_es are at

the locations consistent with the energies deduced from the study of the

T-matrices.

The kaonic hydrogen shift and width calculation are consistent with those

found by others. While all the experirr_ent shows the shift towards more

bound, e> 0, all conventional theoretical calculations show shift towards the

less bound, _ < 0. The accepted view now is that experiment might well be

in error.

6.2 Future Directions

To obtain better underitandi_ng of the low energy _'N system, more high

quality data are needed, Perhaps the lcoxrunissioning of the KAON _ccelerator

will provide more experimental results in near future, Al.so, a definitive X-ray

experime_t of kaonic hydrogen transition would go a long way in supporting

or ruling out the CBM prediction. On the other hand, it i_ important to

inveztigatehow to incorporateis,ospinsymmetry breakingeffectinto the

CBM, ltmay be the].astpieceofthepuzzleofthebranchingratioand the
_

, kaonichydrogen.
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Another direction is to apply this extended CBM in the nuclear environ-

ment, that is, to study the K- - A system. Since the nuclear environment test

the off-energy shell (small r) part of the T-matrix, this would be a valuable

adjoint to the present work.

L

L

z
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._ Appendix A

The Quark ,Wave Functions of the MIT Bag Model
J

For a static spherical MIT bag with radius R, the massless quark wave func-

tion is governed by the Dirac equation insi ie the bag

=

and the linear boundary condition

i #q(x)-- q(x) r = R, (A.2)

_

_ where ?_= -'7 •r.

" The Dirac equation (A.1) can be rearranged as

iOtq = Hq (A.3)

_- where the Hamiltonian H is defined as

] H = _.p = -la. V (A.4)
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and the 4 x 4 matrices a sae defined as

,_= (A.5)
tr 0

with _r as the Pauli matrices.

The total angular momentum J is defined as the sum of the orbital angular

momentum] and the spin _'/2

2:

J =l.-_- (A.6)

where _' is defined as

Z' = (A.7) :
0

i

The total angular momentum J is conserved because it commutes with

the Hamiltonian H

[J,H] = [l+._/2,H]

= [_×p +_/2, _. pi

= iaxp-iaxp

= 0 (A.8)

If we define the operator K as _ =

K = B(_'. l + 1) (A.9)

we find that it commutes with both H, and J.

[K,H] = [_.l,a.p]+[fl, a.p]

= -2_a. p+ 2fla.p

= 0 (A.10)
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and similarly

[K,J]= o (A.lt)

Noticethatwe havetherelation

i

_'_= (Z.l + I)_= l_ + ro.l+ I - J_+ _ (A.12)

So theeigenvalueofK isrelatedtoeigenvalueofJ by therelation

as=J(J+l)+_= J+ (A.13)

or

With allthesehelp,we cannow solvetheDiracequationfortheeigenstate

ofH, j2 j,and K. Inspheric'_lcoordinates,we have

l-

a 0

(c,._)(_.p)= -i_b.-#+iz._= -i_ +i(#K-I) (A.IS)

and

(_,.r)(_,,r)(_,,p)=_(_.p) (A.IS)

So we gettheidentity

i

(_. p)= --i(_.+)O, + ;:(_,..)(3K'- I) (A.17)

Noticethat¢x:=7s_, thenfora stationarysolutionq,we can writethe

Dir_.cequation(A.3)as

0 I 3
- Hq =--{7,(/2+) _ + - q = Eq (A,I8)_c r

-
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and q is _h,o e/genft_nctiou of js Jx _nd K, La we me_'tioned before.

J,_._ = M;_,_ (A.20)

Kq_,_ = -_@," (A.2i)

Fortheconvenience,we writeq

j,M_t_

¥ v'j,v' (A .22)
_J,/.,

where ¢,_'"and .L_,_LtePaulispinor_v_ithtotal_ng'ulaxmomentum, jrn,JM WJ,,L

_d

(o" l + 1)_r'_'b_ -'_'" (A.23)• = --_j,_

(o,. I+ I_'J,l, J,L (A.24)

We know thatthespin.anglefunctionsy_ hastheproperty

Then we c_n write _v and _, ,_
:.

_,u = _?(r)y_ (A.26)

_M,,_
J,x, = if(r)_v_ (A.27)

the I and l_ are ret,_ted t,,oJ and _ by the relation
=

1

-_ = j(J+I)-i(i+I)+i (A,28)

= J(J + i)- I"(_'+ I)+ _i" (A.29)

_
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For the spin.angle function _, we know that J = l ± 1/2, For the c_e

J = I- 1/2, we have

z = (A.S0)

1' - _¢- 1 (A.31)

and for the case J = I + i/2, we have

I = -_- 1 (A.32)

l' = -_ (A.33)

Now let us go back to Eq. (A.18)., using the identity

(at. _)y_' = - Yi,_ (A.34)

we have

_rr. g(r) = El(r) (A.35)

: These setof equationscan be rewrittena,s

: ---dr_ + -r_r + r2 g = 0 (A.37)

_ _/ 2di ( _( I))/ = 0 (A.38)" dr-'Y+-rd-rr+ E_-- _rs-
_

. and thesearethedifferentialequationsforthesphericalBesseland Hankel
=

" functions,The sphericalHankelfunctionisnot relatedinthisc_sebecause

itdivergesatr = 0. Forthec.a_eofJ = I- I/2,s = I and P = I--I,,the

solutionfor 9 _s(up toa constant)
E

-_ .q(r,) = j,(Er) (A,39)

i
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Usingtheidentity

j;(z)= jI-1- l+ljt(=) (A.40)z

we canfindthat

f(_) = _ _ + -T--9 - i,__(E_)= j,,(E,.) (A.41)
Thereforethe4-componentquarkwave functionis

qM,.=N ( j,(Er),_ )-N(j,(Er) )yM (A.42) '-ij,,(Er )Y_ -i( ¢t ._)/,,(Er)

Fortheca_eofJ = I+ 1/2,_ = -(l+ I),and Ie= I+ I,thesolutionfor

g is

g(r) = jl(Er) (A.43)

Using the identity

j_(z) = _j_(z) - jl+,(x) (A.44)

11

we can find

f(r) - N _ + --- = --j,+_(Er)= -j,(Er) (A.45) .

There fore the 4-component quark wave function is

The normalizationconstantN isdeterminedby thecondition

fdsz = (A.47)qtq 1
Y

and theenergylevelE isdeterminedby theboundarycondition(A.2).Also

' please notice that ali above derivation is done inside the b_g, _o the wave -_

function is only valid inside the bag. Outside the bag, the wave functions

vanish.

m_
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$I/2 Quark Wave Function

For $1/2 quark wave function, l = 0, J = 1/2, l' = 1 and _ = -1. So we have

q_=N(j°(w'r) )X" (A.48)

The boundarycondition(A.2)impliesthat

jo(w,R)= j1(w,R) (A.49)

o and thelowestsolutionis
- 2.04

: _o _ (A.50)

P1/2 Quark Wave Function

For P1/2 quark wave function, l = i, J -- 1/2, l' -- 0 and _ = 1. We have

" = Y_,l/2=
q""

" (A.51)

- The boundarycondition(A.2)impliesthat

_ jo(%,_R) = -j_(wj,,R) (A.52)

_ and thelowestaolutionis
3.81

m_
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Ps2 Quark Wave Function

For Ps/_ quark 'wave function,/= 1, J = 3/2, 1_ = 2 and _ = -2. We now

have

q"'_' i(o..,')J,C,,',,.,,')

The boundary condition (A.2) impliei that

j,(,,.,,,.,R)=-j, (_n) (A.55)

and the solution is

3.20 (A.56)

/
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Appendix B

Additional Fits

We give more fits in this appendix. Fc2.n.n.n.7 is a fit which fits only to the

scattering data and fc2,n,n.n.cl is a fit which fits to the scattering data with

manually assigned equal error bars. The final parameters of these two fit8
_

are listed in Table i5. And the theoretical curves are shown in Figures 38-

_: 44. The curves labeled _s tc2.n,n,n.7 corresponding to the fit fc2on.n.n.7 and

tc2.n.n.n.cl corresponding to fit fc2.n.n.n.cl.

. ._._.ciU_1,191623.[ _5_a].... J___.__

Table 15. Final pararaeters of the additional fits. The radius R is in fm,

and other parameters are in MeV.

.2

=
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m

Kp Kp

100

--- tc2.n.n.n.7

80 --- tc2.n.n.n.cl

6O
A

J_
E
D

40

2O

0 1O0 200 300 400 500 600

IncidentMomentum (MeV/c)

Figure 38. The K-p --, K-p elastic scattering cross sections calculated by
z

the CBM with the parameter sets from the additional fits.
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/

K'p ---, K°n

50 ---"-| --r- ' , ' ,- . , "- -i '

--- tc2.n.n.n.7

40 --- tc2.n.n.n.cl

,_, 30
LO
E

_ 20
q

10

-_ 0 .... '-' I' ' '_.... _ '
0 100 200 300 400 500 600

Incident Momentum (MeV/c)

Figure 39.The K-p _ R°r_chargeexchangecrosssectionscalculatedby

theCBM withtheparametersetsfromtheadditionalfits.
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K-p --->T_,'=+

200 ._ , . , • --, . , . -, -
1 _ tc2.n.n.n.7

..... tc2.n.n.n.cl
150

E _00

5O

0 , I
0 100 200 300 400 500 600

Incident Momuntum (MeV/c)

Figure 40. The K-p --, 7r+E- reaction cross sections calculated by the

CBM with the parameter sets from the additional fits.

/
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K-p -->Z+_-

80 ----_I"' ' ' ' ' ' ' ' ' _--
. tc2.n.n.n.7

--- tc2.n.n.n.cl
60-

E 40 -

°- _ '

20 _,

-i

=

0 _ t _j I ,i _ I _ 1 J _ I, , i

_- 0 100 ' 200 300 400 500 600
" Incident Momuntum (MeV/c)

Figure 41. The K-p _ '_-E+ reactioncrosssectionscalculatedby the

CBM withtheparametersetsfromtheadditionalfits.
-
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- _o oKp--> rc

2O

tc2.n.n.n.7
--- tc2.n.n.n.cl

15

_EIO
t3

5

0 -- ' * ' ' ' ' ' J ........._-- r

0 1O0 200 300 400 500 600

Incident Momentum (MeV/c)
.

Figure 42. The K-p -_ _o_]0 reaction cross sections calculated by the CBM

with the parameter sets from the additional fits.
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K'p A

20 , , .\,\. , . , . , . , .
--\" _ tc2.n.n.n.7

.-. 15 , tc2.n.n n cl

_10 ',,

?/ m

0 _ t I I I I_ , I_ , I i

0 100 200 300 400 500 600
-

Incident Momentum (MeV/c)

Figure 43. The K-p --, 7r°A reaction cross sections calculated by the CBM
-

° with the p_ameter sets from the additional fits.
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200 ....., ' ,, ' ' , " ' ,-- , - , ,'........
I
|

',, -- -- tc2.n.n.n.7
--- tc2.n.n.n.cl

150 /r_, __E ___ ,

0

_ ',._ xN 'co 100 ',

kt --" ' \
50 ' \

-- t _.l.- .... 1 I I ,, -

1300 1350 1400 1450 1500

Invariant Mass (MEV)

Figure 44. The _, mass spectrum calculated by the CBM with parameter

sets from the additional fits.
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