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CHAPTER I

INTRODUCTION

The K-nuclear systems have drawn considerable attentions. Experimentally,
the K~ p collisions provides information of interactions of the coupled KN — 7% —
7w\ system above the KN threshold. However, the interaction below the KN
threshold, which is dominated by the A(1405) resonance, is not well understood.
It is, therefore, essential to study the extrapolation of the KN interaction below
the threshold, by properly treating the A(1405) (Doté et al., 2009a; Hyodo and
Weise, 2008b). Historically, the A(1405) which is the lowest-energy negative-parity
baryon with nonzero strangeness, has been studied for some time. In the following
works (Akaishi and Yamazaki, 2002; Kaiser et al., 1995b; Takeuchi and Shimizu,
2009; Yamazaki and Akaishi, 2002), the A(1405) has been reexamined as a baryon-
meson resonance. It is found that the A(1405) may not be an elementary particle,
but the bound state of KN that becomes a resonance when there is a coupling
between the KN and 7% (Nacher et al., 2000; Hyodo et al., 2008).

The KN interaction has been studied in the vector-meson exchange model.
The basic ingredient of this method is the single meson exchange, which provides
the driving force (potential). The scattering equation is usually the relativistic
form of the Lippmann-Schwinger (LS) equation or the Blankenbecler-Sugar (BbS)
equation. The original idea was that, in the absence of any well-defined low-mass
scalar mesons, the potential should be due to the exchange of vector mesons. In
Durso, Siegel et al. and Landau (Durso, 1998; Siegel and Weise, 1988; Landau,

1983), the A(1405) has been successfully described in the coupled channel approach



with vector-meson exchange potential (Hyodo and Weise, 2008b).

A large number of works on KN interactions has been done in the chiral
coupled channel approach (Nacher et al., 2000; Hyodo and Weise, 2008a; Kaiser
et al., 1995a; Doté et al., 2009b; Entem et al., 2000; Bianco, 1998; Waas and Weise,
1997), where the interaction Lagrangian is determined by chiral SU(3) x SU(3)
symmetry of Quantum chromodynamics (QCD). The idea of chiral perturbation
theory is to realize that at low energies the dynamics should be controlled by the
symmetry of QCD and the lightest particles such as pions or nucleon.

The KN interactions derived in the above approaches are in momentum
space and energy dependent. It is inconvenient to apply such interactions to multi-
particle systems, for example, the K-nuclear states. There have been attempts to
construct KN potentials in r-space phenomenologically (Akaishi and Yamazaki,
2002) by reproducing transition amplitudes derived in the chiral coupled channel
approach (Hyodo and Weise, 2008b). However, these potentials are capable of
understanding only some parts of experimental data. We have been constructing
a potential in coordinate space for the coupled KN — 7% — A system, which is ex-
pected to reproduce the low-energy scattering data of the reactions K—p — K™ p,
K, 7%%° 7+~ 7= %F and 7°A, the properties of the A(1405) resonance, kaonic
hydrogen atom data, and transition amplitudes predicted by other theoretical ap-
proaches. In this work we derive the dynamical equations for the coupled-channel
KN system and evaluate the cross sections of the reactions K~ p — K p, Kn,
7980 7t¥~, #7XF and 7°A with the phenomenological potential for the coupled
KN system introduced in the work (Akaishi and Yamazaki, 2002).

This thesis is organized into four chapters. Chapter I is a brief introduc-
tion to the KN interaction and related work. In Chapter II, we also rewrite

the Lippmann-Schwinger equation in terms of radial part of the outgoing scat-



tered wave function. In Chapter III, we transform the radial part of Lippmann-
Schwinger equation into the matrix representation and construct the FORTRAN
codes. Some parameters and inputs are obtained from the chiral symmetry and
isospin basis. At the end of Chapter III we show how to compute cross section
of the scattering process in general case. Finally, in Chapter IV we present our
calculation of the K—p — K~ p, K%, 7°%°, 7#7¥~, 7%+ and 7°A cross section

compared with experimental data.



CHAPTER II

DYNAMICAL EQUATIONS FOR COUPLED

ANTIKAON-NUCLEON SYSTEMS

In scattering theory we convert the Schrodinger equation (SE) into an equa-
tion of amplitudes rather than wave functions. An integral form of the Schrodinger
equation dealing with the amplitudes is the Lippmann-Schwinger equation. In
this chapter we show how to convert from Schrodinger equation into Lippmann-
Schwinger equation using Green’s functions and partial wave expansions. Even-
tually, we manage to rewrite the Lippmann-Schwinger in term of radial part only

as shown in section 2.4.

2.1 Dynamical equations for coupled KN systems

We have studied the KN systems by using the scattering. This section
we try to solve the Lippmann-Schwinger equation for outgoing scattered waves

function. We start from the time-dependent Schrodinger equation

H{y) = Elip), (2.1)
for scattering process. The hamiltonian is given by

H=H,+V, (2.2)

where Hy = 2’% is the kinetic energy operator for free particles and V' is the

potential energy. In the absence of scattering, V' would be zero. Here we let |¢)



be the energy eigenket of Hj satisfied the homogeneous equation

Holg) = Elo). (2.3)

If scattering process is an elastic scattering process, there is no changing in energy,

we can use full hamiltonian SE with the same energy eigenvalue F,

(Ho +V)[¢) = El). (2.4)

Let o and 3 be the initial and final state, we have

(B — Ho)[Ya) = Vaglts) (2.5)

where V,5 is the interaction between the a and § channels (sum over repeated
indices), 1, and 13 are the eigen functions of the initial and final states, and F is
the energy eigen value of Hy.

Because of the continuity of the energy eigenvalues, we can use |¢) instead

of |1,) when V' is zero. But if there exists a potential, a general solution is

|%> = |¢a> + Va5’¢ﬁ>- (2-6)

1
E — H,
When (E — H,) is singular, the equation (2.6) has no meaning, so we can

eliminate the singularity in distinct ways by adding the denominator with a small

imaginary e,
1

|tha) = |da) + T, 1 ic

Vaglts)- (2.7)

This equation (2.7) is known as the Lippmann-Schwinger equation. It is a ket
equation independent of particular representations. If we confine ourselves to the

position basis by multiplying (7, s| from the left, thus equation (2.7) become

1
(7, s|tha) = (7, s|da) + <F,8\mvaﬁwﬁ>- (2.8)



Inserting the completeness relation, [ d*7|7,s')(7,s'| = 1, into the above equa-
tion, we have

1
Va7, s) =¢a(7?>5)+/d37ﬂ<q !m\r ST, 8 Vaglis). (2.9)

Consider term (7", s'|V,3|15) by inserting completeness relation again,
(7', s'|Vagltos) = /d‘o’f“(?ﬂ, §'|Vapli”, s") (™, " [ibg), (2.10)
the matrix element in position basis can be written as
(7, 8| Vag|, 8"y = Vo (7, ), S|, 8" = Vg (T, $)o (7 — 7). (2.11)
So, we get

(7', s'|Vaglba) /d3 7 Vas (T, ) (7 8|7, 8) (7, 8" |s)

= Va7, sYp(T, §), (2.12)
and,
1
UalF8) = a(75) 4 [ PR ST  7) VaalP ()
1
= 6ul) + [ 7 s Vo (). .13
Next, we write an operator # of the bra-ket notation in term of inverted
o0tue
Green’s function,
T — (2.14)
77 ) = —(T T .
’ 2m ' 'E — Hy +ie "’
satisfying the equation,
(V24 E)G(F, ) = 6B (7 — 7). (2.15)

Thus, the formal solution of the Lippmann-Schwinger equation for outgoing scat-

tered waves take the form

0al?) = 0ul) 4 53 [ PTG TVaal)5a(7). 2.10



The outgoing scattered wave consists of the initial free wave ¢, (), Green’s func-
tion G(7,7"), and the wave function for the final state ¥3(7). In next section, we

shown how to obtain each term in details.

2.2 The initial free wave

In this section we use the partial wave expansion and spherical harmonics
properties to write down the initial free wave function. Firstly, we decompose the

initial free wave function by writing
Ga(F) = (ry ska) = (2m) 72 exp(ika - 7)Xom, (2.17)

where exp(iEa -7) comes from plane wave. It is an eigenfunction common to the
free hamiltonian Hy = —%Vf, Xs.m. is the spin eigen vector of a particle. Since
we can construct the plane wave eXp(iEa -7) in a series of the product between
spherical Bessel (j;(kr)) and spherical harmonics (Y,,(6,¢)). By choosing the

z-axis along the direction of k. so that
exp(iky - 7) = exp(ikqrcost) (2.18)

is independent of the azimuthal angle ¢. Then, we obtain

o0
—

exp(ika - ) Xsme = €Xp(ika2)Xsm, = Z(Zl + 1)it g, (kor) P (cos®) Xom,  (2.19)
1=0
which is the partial wave expansion. Here the functions P,(cosf) are the legendre

polynomials

Pi(cosf) = ( n )éYz,O(@)- (2.20)

20+1

Using the addition theorem of the spherical harmonics, namely

Piteost) = (5175 ) D i Yino), 221

m=—



we can rewrite (2.19) as

exp(ika - )Xsm, =47 Y Y i ji(kat) Yo (B)Yim ()Xo, (2:22)

=0 m=-1
and the decorresponding development of the incident plane wave is simply

Pa(T) = 3/2 Z Z i g1(kar) Y, ( )Y (P)Xs,ms»

=0 m=-I

_ (;) S Z Ly (o Y () Yign (7) X, (2.23)

=0 m=-1

In the KN system, we include the spin eigenvector Xs,m, SO, We can write the

above equation as

% [eS) +1 .
bulfosmai) = (2] X S Vi, (220

=0 m=—1

Using
l+s

FXom, = > > _Clm, smg, IM)Y;IM (7), (2.25)

J=|i—s| M

and, then substituting into equation (2.24), we get

ot g () S5 i

=0 m=—1
l+s
X > Y C(lm, smg, JM)YIM (7). (2.26)
J=|l—s| M
Now we define
+1
ZIM (k) = > C(lm, smy, JM)Yi(k), (2.27)
m=—1
and
+1
ZIM (k) = Y C(lm, smy, JM)Yy, (k). (2.28)
m=—1

Then, combining all these equations together

%(E,s,ms,m:( ) S5 k) 20 ()i (5)

=0 JM

= (2) S itz e

ls JM

2 % N )
:(;) Yo > alkar) ZIM )Y (F)ouwder,  (2:29)

Wss' JM



finally, we get the initial free wave function as shown below
1
. 2\ 2 . .
Palk,T) = (—) > Gilka ) ZIM ()Y (7Y Sprbes- (2.30)
™

'ss' JM
2.3 The Green’s function

This section we write the Green’s function in equation (2.16) in terms of

spherical harmonics as

00 +1
=0 m=—1
00 +1
=> > alk )Y ()Y ()X, Xom,
=0 m=-1
0o +1 l+s
=> ik, 7)Y (F)XE s D 0 Y C(tm, smy, TM)YM (7)
1=0 m=—1 J li—s| M
=Y gk, 7)Y FYIM (#)
=0 JM
= Z gl(kv Fv 'Fl)Y}sJM*(f/)YE;IM(f)’ (2'31)
JMls

then we determine the radial part of Green’s function g¢;(k,7,7") in momentum

space by using

Lo . exp ik’ (7 — )
GIr) =~ | e dE.

According equation (2.22) we expand the plane wave in spherical harmonics , we

find that

I dk’ = , )
G F) = (27T) al—>o+/k’/2 k? —ie [47TZ Z Cakr )Y ()

=0 m=-1

oo+l
[47’(’2 Z jl/ k?“ l/m/(l%/i))/l;km/(f,)] . (232)

After carrying out the integrations over 8 and ¢/, one obtains

2 k/ k/ !
G, ) = ==Yy (Yo () /0 2 (2.33)



and hence

2
gl(k,'r_",f') = ——
m

> gi(K'r) ju (k')
k2 — k2 — e

10

k2dk . (2.34)

Since j;(—z) = (—1)'5;(2) we may write equation (2.34) as

oo s / - /.0

a7 =L [ HEDIE)

L% (k) ji(k'r")

:_%/0 K2 — k2 — e

1 [ 5,k (k')

:_E/O K2 — k2 — e

L[ 5(K'r)j (K"

:7/0 K2 — k2 — e

1 /°° Ji(K'r) i (K'r")
0

T k2 —k? — e

™

k'2 — k2 — e

o0

Applying the properties

1 /OO Ji(K'r) ju(k'')

1 /OO BTV
0

T k'2 — k%2 —qe

/ ! O ] _/ ] _k// ! !
k2dk _l/ jl( kr)jl( r)k’Qdk,'

o KPP — K2 —e

L0 (D)5 R ) (=0 5K )y
E/_Oo K2 — k2 — e ik
1 o [V K r)g(kr)
) /_OO Wiz O

1 /0 Gi(k'r) gy (K'r") 2k

T k2 — k2 —ie

™

— 00

(2.35)

S0 + 1),

(=1)%u(2),

(—1)'h"(2) (2.36)

and Cauchy’s theorem to the integration above, we get

gl(k,f’,f"»

for r < r’, and

gK’f,F,?ﬂ)

—ikgi(kr)h{Y (k') (2.37)

—ikgi(kr" )b\ (k) (2.38)

for r > r’, where j; is the spherical Bessel function, hl(l) and hl(z) are respectively

the first and second class spherical Hankel functions.
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2.4 Radial Lippmann-Schwinger Equation

In analogy to the initial state wave function, the scattered state can be
rewritten in the general form,
walr) = (2 ) S Rk Z RO, (239)
Wss' JM
where « stands for channels, and R?;{ls(k, r) are the radial parts of the scattered
wave functions. The radial wave functions R} ls(k r) depend on the total orbital
angular momenta [, and spins s, s of the initial and final states, considering that
only the total angular momentum J is conserved for a general interaction.
Finally, by substituting equations (2.30), (2.31) and (2.39) into equation
(2.16), we obtain a set of coupled integral equations for the radial parts of the

outgoing waves 1, () in the |JMls) basis,

Ry (ks ) = i(Ka)uag 0y sy

1wOss

Z/ 2 dr' g (ke 7,1 O‘B’,, o(r )R,, " (k’g,?"/)
(2.40)

where ag stands for the initial state, k, and kg are the momenta of channels a
and f3, respectively. g; is the radial component of the Green’s function G(, ) and
Vl?‘f :Z,,S,, is the radial part of the interaction from the channel 5 to o (Landau and
Péez, 1997).

In this chapter we have written down the Lippmann-Schwinger equation in
term of generalized radial function which is the integral equation and very difficult

to solve. Next step, we transform this equation into the matrix form and solve

numerically. The details will be shown in Chapter III.



CHAPTER III
THE METHOD OF SOLVING THE

LIPPMANN-SCHWINGER EQUATION

In this chapter we divide into three sections. Section 3.1 shows how to
transform integral equation to matrix equation. All required parameters are given
in section 3.2 with the framework of chiral symmetry. We also show how to
compute the analytical cross section for both direct process and cross process in

section 3.3.

3.1 The matrix representation of radial part of Lippmann-

Schwinger equation

This section we solve dynamical equations in case of s-wave of Meson-Baryon
interaction for the radial part of out scattered wave equation (2.40). Let kr’ = o/,

we get

12

Raa) = ifa)oons + [ sl Vsl Rl (3.1)

We use the numerical Gaussian-Legendre with the weight function w(z) cor-

responding to the size of each interval of integration. We changing variables

2m

Va/j(.fl) — ?Vag((??/) (32)

and substituting z”?g(x,2") = f(2'), the integral term of equation (3.1) will be

written as

e}

d2'Vis () f (') R (). (3.3)

2m

Ra =7 50104@ 297 4
(5) = ooy + s [
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Let 2’ = z; and « = z;, where the indices ¢ and j represent the final and initial
state, respectively. So, we can approximate the value of integration by using the

summation, and write into the matrix form as

[R]jx1 = [Al[ i (3.4)
Where
N
[Rs(x;)] = [Rj1], (3.5)
Jj=1
[A];}; is the inverse matrix of
N
> | Giban = Fw3))] = 143, (3.6)
j=1
in which we define
N om [N
ZFSB(%) = 7773 [Z f(mj)w(xj)vaﬁ(xj)] )
: k3 |4
Jj=1 j=1
and
jO(xi>6ozao = [le(saﬁ] (37)

In order to calculate equation (2.40) we consider the Green’s function for two cases,
first, for » > r’, (z; > z;), and second, for r < r’, (z; < z;). The radial Green’s

function for both cases can be written as

9o(xi, v5) = kjo(i)no(z;), (3.8)
and
9o(wi, v5) = kjo(x5)no(x;), (3.9)

where jo and ng are the spherical Bessel function of the 1% and 2"¢ kind for rank

[ = 0, respectively.
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3.2 Required parameters

This section we would like to get input parameter for KN channel by con-
sidering the chiral symmetry framework. The s-wave resonance in KN coupled-
channel system tells us that the strong interaction is invariant under the unitary
transformation of u, d and s quarks and the interactions among the channels KN,
7w and wA are related to each others. We then use the Weinberg-Tomozawa

Lagrangian with the lowest order momentum

- 1
= Tr | Biy'——
['WT 7’( 1y 4f2

(90, —0,29)B — B(90,P — GMQD(I))]) , (3.10)
where f is the meson decay constant, d, is the covariant derivative, ® is the

matrices of the octet pseudoscalar meson and B is the matrices of the octet baryon.

For KN sector, the Lagrangian in the particle basis takes the form

Lwiypae = 9, Cij Bi®:i Kp®,B;

(2%
= 2pK " KpK p +2a K KpK'n

+nK°KpK p+pK KpK’n + ..., (3.11)

where Kp is the interaction kernel in the particles basis and the coefficient between
the various channels, C;;, are the relative coupling strength. Because the strong
interaction is isospin conserved, so we can express Cj; in the form of isospin basis by
writing the physical states of KN system as linear combinations of the I = 0, 1,2
states and using the rules for adding angular momentum in quantum mechanics

and Clebsch-Gordan coefficients,

ILL)= Y CPBL L L), L), (3.12)

Izl+Iz2:Iz

The particle basis can be written in term of isospin basis related for KN, 7% and

A as

K p) = %uﬁvm ~ EN(0)), (3.13)
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|Kn) = \KN( )+ KN(0)), (3.14)

|79%0) = \/7|7TE |7rE( ), (3.15)
7ty = ﬂrz( ) = J5IFE() + IrE0)), (3.16)
; Liony + L
[mTET) = \/—IWE( )+ ﬁ' X(1)) + \/gl %(0)), (3.17)
IT0A) = |7A(1)). (3.18)
Then substituting these physical states into the Lagrangian (3.11), we get
Lwyyeym = 3KNO)KKN(0) + 1KN(1)K;KN(1) + ..., (3.19)

where K is the interaction kernel in isospin basis. The coupled interactions must
be related to the coupling strength coefficient, so we can write C;; for I = 0 and

I =1 states with the following matrices,

JENE

Ci%= ,for isospin I =0 (3.20)

—./2 4

where 7and j = 1, 2 refer to the KN and 7% channels, and

Cch! = -1 2 0 ,for isospin I =1 (3.21)

where iand j = 1, 2, 3 refer to the KN, 7% and A channels, respectively.

The interactions in the particle basis can be expressed in terms of interactions
in the isospin space similar to the physical states. The isospin basis interaction
terms are given as follows, for the processes K~ p — K p, K, 7=+, 773,

7030 and A

_ _ 1 - 1 -
(K plVIK p) = SCIV(r) + 5CIVA) (322)



_ 1 - 1
(K plVIR ) = =S CIRVo(r) + SCIE V! ()

(K pIVIAs*) = = Cl Vo) = 5CIE V()
(K- plVIrs7) = ——=ClV() + 50V 0)
(K pIVIr'S) = —=ClvO(n
(K plVIAA) = —=Ci V' ()

V2

K — K%, 7=%*, 7%~ and #°%°

_ _ B A 1 .,
(Ron|V|Kon) = 2CIRVO(r) + SCIF V' (r)

— _ 1 _ 1 .
(R'nlVirBf) = ZeCl V() = SV )
- _ 1 _ 1 .
<KO7’L|V’7T+Z > = %0{2 OVO(T) + 501]2 1V1(T)
_ 1 =X
(EonlV[a'S) = - i)

78T = 7%t 7% and 70%°
- [ I o 1,
(m 2+|V|7r Z+> = gc'zlz OVO(T) + 50212 1V1(r)
_ t 151} 8 1
(" THVIR T = ORIV - 5OV
_ 1 - 1 .,
(wSHVIRS?) = SCEOVO() + CEV(0)
7tYT — 7t% and 70%°
- +y- L 1—07,0 |y
(XTI VIrTET) = 5022 1% (7“)—}—5022 Vir)
_ 1 - 1
<7T+2 ’V|7TOEO> = _§C212 OVO(T’) + 50212 lvl(’r’)
7080 — 7030

1 -
(MSOVIrOS) = OV (r)

16

(3.23)

(3.24)
(3.25)
(3.26)

(3.27)

(3.28)
(3.29)
(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

where VY(r) and V!(r) are the isospin-based I = 0 and 1 potentials, respectively.

We expect that the potentials reproduce the low-energy scattering data of the

reactions K~ p — K~ p, K, 7°%°, 7t%~, 7#~2F and #°A, predicted by other

theoretical approaches.
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3.3 Cross Sections of KX N Collision

The cross section is an effective area measured around the colliding particles.
It is one of the most important properties of the scattering process. We can
calculate cross sections by considering the out scattered wave in equation (2.40). In
case of s-wave with the total orbital angular momentum [ =1’ =0, and s = s’ = 0,
the coupling state of the radial part can be solved by treating as a hard sphere

scattering. Assumming that V' (r) — 0 at » > R, so equation (2.40) becomes
Ro(ka, ) = jo(kar)0aa, + /T'er’g(k:a,r, r"VWVap(r')Rg(kg,1"). (3.38)

In Chapter IT we use the results from the radial part of the out scattered wave func-
tion to calculate cross section and compare them with the experimental data (Mast
et al., 1975; Mast et al., 1976; Armenteros et al., 1970; Humphrey and Ross, 1962;
Sakit et al., 1965; Evans et al., 1983; Kittel et al., 1966; Abrams and Sechi-Zorn,
1965; Kim, 1966; Siegel and Weise, 1988; Bangerter et al., 1981; Ciborowski et al.,
1982).

In general, there are two cases for analytical solution, a direct process and

an indirect process. Next we will give a brief details of both processes.

3.3.1 Direct Process (o« — «)

From the Schrodinger equation in the spherical coordinates, in the far-field
solution where the distance r > R and V(r) =~ 0, we have

10,0 Il+1)

’
r20r Or r2

Ri(r) = —K*Ry(r). (3.39)

The general solution and the asymptotically general solution can be written as
Ri(r) = ayji(kr) — byny(kr), (3.40)

Ry(r) = Ayji(kr)cosd, — Apny(kr) sin oy, (3.41)
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where a; and b; are constant coefficients, A; is the amplitude of the asymptotic
solution and ¢; is a phase shift due to the scattering potential. At the boundary,
r = R, (R being the range of the potential), the wave function and its derivative

should be continuous, so we have

r o dR(r) (kR)cosd; — nj(kR) sin 9,

-/
_ kRJ‘l

= . 3.42
Ri(r) dr |, _p Ji(kR)cosd, — ny(kR) sin §, b (342)
Then the phase shift becomes
Buji(kR) — kRji(kR)
4, = arct : 4
A ( Biy(kR) — kRnj(kR) 343)

According to the optical theorem, the phase shift depends on the energy of the
incoming particle and the total orbital angular momentum [. The total cross

section are given in term of phase shift in case of direct process

l=kR
4
ol = k_g > (20 + 1) sin? g). (3.44)
=0

3.3.2 Cross Process (ay — «)

When the potential is zero the radial part of the out scattering wave becomes
Re(r) = / P2 g (r, YV ()R (1), (3.45)

where @ # «p. The wave functions with the scatterer at large-distance are given

by
1 eikr
flpH)) = ——— | () — 3.46
(6% = G | 1O (3.46)
where f(6) is the scattering amplitude. Using the partial wave expansion, we get
the wave functions in terms of spherical was as

eikr

(3.47)

I
r

ooy 1
(Z|™)) = L EZ:(QZ + 1) fi(k)P,(cosd)
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where f;(k) is the partial-wave amplitude, and P, is Legendre function of rank .

For r > R can be written as

(Z|™)) = > i (21 + 1) Ry(r) Pi(cosb). (3.48)

3/2
@n)rE 2
From the equation (3.47) and (3.48) the definition of the partial-wave amplitude
is given by

fi(k) =i'e " R)(R)R. (3.49)

Therefore, the total cross section is

I=kR

O = 4T Y (21 + )| fi(k)]. (3.50)

1=0
In next chapter, we compare our the numerical results with experimental data of

all six channels of A N interactions.



CHAPTER IV

RESULTS AND CONCLUSIONS

In this chapter we present our results generated by FORTRAN program,
using parameters from Chapter I1I and the specific potential proposed by Akaishi

and Yamazaki (see equation (4.2)).

4.1 Numerical Results

We apply the Lippmann-Schwinger equation (2.40) to evaluate the cross
sections of the reactions K~ p — K p, K'n, 793°, 7= 2%, 77X~ and 7°A with the
potential constructed phenomenologically in the works (Akaishi and Yamazaki,

2002; Yamazaki and Akaishi, 2002). The employed potential takes the form
I 1 m\?
Vas(r) =V gexp | — <B> : (4.1)
where the range parameter b = 0.66 fm and Voi 5 are as follows:
Vin gy = —436 MeV, VT p v = —62MeV,

VIO = —412MeV, VL o = —285 MeV, (42)
Vé]:V?M = 0MeV, VII(]:V{WA = —285MeV.

Shown in Figures 4.1, 4.2, 4.3, 4.4, 4.5 and 4.6 are our results on the cross
section of the reactions K~ p - K p, K p— K, K p— 7%, K—p - 7~ X7,
K p — 7t¥~ and K—p — w°A, respectively compared with the experimental
data (Mast et al., 1975; Mast et al., 1976; Armenteros et al., 1970; Humphrey

and Ross, 1962; Sakit et al., 1965; Evans et al., 1983; Kittel et al., 1966; Abrams
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and Sechi-Zorn, 1965; Kim, 1966; Siegel and Weise, 1988; Bangerter et al., 1981;

Ciborowski et al., 1982).

o(mb)

160

140

120

100

80

60

40

20

Channel : K~ p— K™ p

. Mast et al. (1976)
. = Humphrey et al. (1962)
° Sakit et al. (1965)
—— Theoretical result
_ - ]
100 150 200 250 300 350

Figure 4.1 Theoretical cross section of the reaction K~ p — K~ p compared with

the experimental data from Mast et al., Humphrey et al. and Sakit et al. (Mast

et al., 1976; Humphrey and Ross, 1962; Sakit et al., 1965).

We plot our results of the elastic cross section of the reaction K= p — K™ p

compared to experimental data from Mast et al., Humphrey et al. and Sakit et al.

(Mast et al., 1976; Humphrey and Ross, 1962; Sakit et al., 1965). The solid line

in Figure 4.1 is our results. The diamonds represent data from Mast et al. The

squares and the circles are data from Humphrey et al. and Sakit et al. respectively.

It can be seen clearly that our results agree well with those of Sakit et al. at the
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laboratory momentum between 100-250 MeV/c, and those of Mast et al. at the
laboratory momentum between 225-350 MeV /c. However below 200 MeV /¢ we do

not have good agreement with Humphrey et al.

Channel : K~ p — Kn

50 T T
: . Mast et al. (1976)
Sr o Evans et al. (1983)
10 . o Humphrey et al. (1962)
i o Kittel et al. (1966)
35 + A Abrams et al. (1965)
I —— Theoretical result
30
:5\ -
£ o5t .
o
20 - .
15 i
10 7
5| - 1
s —
O | L | L | s 1 | L |
100 150 200 250 300 350

pr(MeV/e)

Figure 4.2 Theoretical cross section of the reaction K~p — K°n compared with
the experimental data from Mast et al., Evans et al., Humphrey et al., Kittel et
al. and Abrams et al. (Mast et al., 1976; Evans et al., 1983; Humphrey and Ross,

1962; Kittel et al., 1966; Abrams and Sechi-Zorn, 1965).

The inelastic cross section of the reaction K~p — K%n are shown in Figure
4.2. The data of Mast et al., Evans et al., Humphrey et al., Kittel et al. and
Abrams et al. (Mast et al., 1976; Evans et al., 1983; Humphrey and Ross, 1962;

Kittel et al., 1966; Abrams and Sechi-Zorn, 1965) are also given for comparison.
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The solid line is our results. The diamonds represent data from Mast et al. and
the open circles are data from Evans et al. Data from Humphrey et al., Kittel et
al. and Abrams et al. are represented by the open squares, the open diamonds and
the triangles respectively. We have found good agreement within error bars with
Evan et al. at the laboratory momentum 140 MeV /c and 280 MeV /c and Mast
et al. at the laboratory momentum 225 MeV /c. However at different laboratory
momentums we can not find good agreement with Evan et al. and Mast et al. For
the other experiments (Humphrey and Ross, 1962; Kittel et al., 1966; Abrams and

Sechi-Zorn, 1965) we cannot fit our results with their data at all.

Channel : K—p — 930

50 T T T T
: . Mast et al. (1975)
T . Kim (1966)
40 k —— Theoretical result
35 F i
30 F —— i
/'.5\ L B
E st i
S I ]
20 4 i
15 | i
T S — - -
I = ]
5 F #ﬁ ==
O 1 1 1 1 1 1
100 150 200 250 300 350
pr(MeV/e)

Figure 4.3 Theoretical cross section of the reaction K~ p — 7°%° compared with
the experimental data from Mast et al. and Kim et al. (Mast et al., 1975; Kim,

1966).
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We cannot fit our results with the data for the inelastic cross section of the
reaction K~ p — 7°%% as shown in Figure 4.3. However we can see the same
decreasing pattern as experimental data at every laboratory momentums. If we
manage to find some shifting factor to move our results up it could fit both exper-

imental data from Mast et al. and Kim et al.

Channel : K~ p — n~ 37

100 T T T
i . Bangerter et al. (1981)
9% o Ciborowski et al. (1982)
%0 . o Humphrey et al. (1962)
L = A Sakit et al. (1965)
70 —— Theoretical result
60 N
= i ]
E sot .
S

20 | Id, ]
30'}*? .'
20-— %-E—§E—E - ]

_ - s _
10 - %%ae%a

Figure 4.4 Theoretical cross section of the reaction K~ p — 7~ 3" compared with
the experimental data from Bangerter et al., Ciborowski et al., Humphrey et al.
and Sakit et al. (Bangerter et al., 1981; Ciborowski et al., 1982; Humphrey and

Ross, 1962; Sakit et al., 1965).

This figure (Figure 4.4) show our results of the inelastic cross section of

the reaction K~p — 7~ X%, The data from Bangerter et al., Ciborowski et al.,
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Humphrey et al. and Sakit et al. (Bangerter et al., 1981; Ciborowski et al., 1982;
Humphrey and Ross, 1962; Sakit et al., 1965) cannot be fitted by our theoretical
calculation. As we have seen already in previous figure (Figure 4.4) our numerical
results have the same decreasing pattern as the experimental data except those

from Humphrey et al. at the laboratory momentum between 100-250 MeV /c.

Channel : K—p — 7%~

140 - . Bangerter et al. (1981)
o Ciborowski et al. (1982)
1o L o Humphrey et al. (1962)
A Sakit et al. (1965)
—— Theoretical result
100
< g0+ N
£
= i ]
60 .
e = |
=
e AE
201 — _A_E = }
= . |
O 1 L 1 L 1 L T T t 1
100 150 200 250 300 350
pr(MeV/c)

Figure 4.5 Theoretical cross section of the reaction K~ p — 71tX~ compared with
the experimental data from Bangerter et al., Ciborowski et al., Humphrey et al.
and Sakit et al. (Bangerter et al., 1981; Ciborowski et al., 1982; Humphrey and

Ross, 1962; Sakit et al., 1965).

The inelastic cross section of the reaction K~ p — 77X~ are shown in Figure

4.5 we have the same decreasing pattern as experimental data at the laboratory
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momentum between 225-350 MeV /c with some shifting factor. For the laboratory
momentum lower than 225 MeV /c our slope does not decrease as fast as that found

in experimental data.

Channel : K~ p — m°A
50 [ T T

4 Mast et al. (1975)
45 r o Kim (1966)
| —— Theoretical result

40
35 F .
30 .

25 -

o(mb)

20 F .

15 .

100 150 200 250 300 350
pr(MeV/c)

Figure 4.6 Theoretical cross section of the reaction K~ p — 7°A compared with
the experimental data from Mast et al. and Kim et al. (Mast et al., 1975; Kim,

1966).

In the last channel, the inelastic cross sections from our calculation still
have the same decreasing behavior as the experimental data as shown in Figure
4.6 particulary at the laboratory momentum between 100-200 MeV/c. But at
the higher laboratory momentum our results produce a smooth curve unlike the

experimental data from Mast et al. they tend to move up and down.
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4.2 Conclusions

In our thesis, we have worked out the Lippmann-Schwinger equation for the
coupled K N system and the relations for interactions among various channels for
the coupled KN channels in the framework of the flavor SU(3) symmetry. The
cross sections of the reactions K p — K p, K p — K'n, K~ p — 7°%°, K—p —
72T, K p— 7%~ and K~ p — w’A are evaluated with the phenomenological
potentials (Akaishi and Yamazaki, 2002; Yamazaki and Akaishi, 2002).

The results shown in section 4.1 tell us that the theoretical cross sections
can reproduce the experimental data well for channel K~p — K~ p only. But for
the other channels the theoretical results and the experimental data are difference

with some shifting factors.

4.3 The final goal of the research

In our research, we have tried to develop a better version of potential for
the coupled KN in coordinate space. This potential is expected to reproduce the
low-energy KN scattering data better. Apart form that, we can also improve our
results by adding the coulomb interactions into the FORTRAN programs. This will
help us to get the theoretical cross section in range of the laboratory momentum
lower than 100 MeV /c. We can also consider to expand our calculation to include
d-wave, p-wave and so on. In this way, it could help us to get the theoretical cross

section in range of the laboratory momentum higher than 350 MeV /c.
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APPENDIX A

LIST OF SYMBOLS

I Isospin
I3 Third component of isospin

J Total angular momentum

JP Spin-parity

K Kaon

N Nucleon

D Proton

n Neutron

u Up quark flavour

d Down quark flavour

s Strange quark flavour
s Pion

Y Sigma baryons
A Lambda baryons

SU(3) Special unitary groups of transformation of order 3
CPT Charged conjugation parity and time reversal

Hy Kinetic energy operator for free particles (Hy = 213—;)
|) Eigenket of Hy

E Energy eigen value of H

Vag Interaction between the o and 8 channels

(0 Eigen functions of the initial states



Ji

ny

Clm
le

th ~

@ &

o
f(0)
fi(k)

Eigen functions of the final states

Initial free wave

Green’s function

Radial component of the Green’s function
Spin eigen vector of a particle

Spherical harmonics function

Azimuthal angle

Legendre polynomials

Spherical Bessel functions of the 1%¢ kind
Spherical Bessel function of the 2" kind
Hankel functions

Normalized coefficients

Radial function

Spin

Momenta

Weight function

Form factor

Covariant derivative

Matrices of the octet pseudoscalar meson
Matrices of the octet baryon

Relative coupling strength

Interaction kernel in isospin basis
Amplitude of the asymptotic solution
Phase shift due to the potential scattering
Scattering amplitude

Partial-wave amplitude



APPENDIX B

USE SUT-HPCC MACHINES

B.1 Connecting to SUT-HPCC machines via SSH Secure

Shell

B.1.1 Logging into SUT-HPCC machines

To get an access to the SUT-HPCC, a user must first fill an application form
(the identification card or student ID card are needed). The application form may
be obtained in one of two ways:

1. at the Computer Center, second floor, research building,

2. online application forms via WWW at “http://web.sut.ac.th/ccs/unc/”.

After registration, you will receive a User name and a Password for
the SUT-HPCC system (Linux system). To access this system, it’s neces-
sary to download and install programs PuTTY and WinSCP or SSH Secure
Shell. You can download PuTTY from “http://www.chiark.greenend.org.uk/
~sgtatham/putty/download.html”, WinSCP from “http://winscp.net/eng
/download.php”, and SSH Secure Shell from “http://www.cm.edu/webhosting/

download/SSHSecureShellClient-3.2.9.exe”.

B.1.2 Using SSH Secure Shell

In this thesis, we use SSH Secure Shell program to connect to SUT-HPCC.
After installed SSH Secure Shell for Windows, we can click on the SSH Secure Shell

Client icon on our desktop or click on the Start button then go to the Programs
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menu and select SSH Scure Shell Client. The SSH Secure Shell window will pop

up. Next we click on the “Quick Connect” tab (shown in Figure B.1),

“H| - default - SSH Secure Shell

” File Edit Wiew ‘Window Help
1Y o)
” &1 quick Cornect ||| Profiles

S8 % @n

35H Secure Shell 3.2.9 (Euild 2Z&3)

~
Copyright (c) 2000-2Z003 53H Communications Security Corp - http: /. www. a2
This copy of 53H Secure 3hell iz a non-commercial wersion. =
Thiz wversion does not include PEI and PECS #11 functionality.

-

Mot connected - press Enter or Space bo conneck r L%

72x11 l_:,;

Figure B.1 Connect to SSH Secure Shell.

and then in the “Connect to Remote Host” (Figure B.2) dialog, type in the Host

Name : suthpcc.sut.ac.th, User Name : m5110186, Port Number : 22, and

finally click on “Connect”.

“E - default -

” File Edt Wiew Window Help

H SR 30 BEE A O B ew

” &1 quick Cornect || Profiles

35H Becurg ]
USSR Connect to Remote Host - 53
Eiz 321227 !}_‘ Host Mame: I3'-Jt|"II:'Cfo-$'-Jt-Ele-th II Connect I T

= User Mame: |m511|]185 I Cancel |
I Part Mumber: |22
Authentication Method; |<F'r':lfi|e Seftings: j
s

Mok connected - press Enter or Space to connect | | Tixll l_ A

Figure B.2 Connect to Remote Host.

The program will ask for your password (Figure B.3).
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“H suthpee.sut.ac.th - default - SSH Secure Shell

” Fle Edt WYiew ‘Window Help
H ek s neE M
“ & Quick Conmect (] Profiles

S8 % &N

35H Zecure 3hell 3.2.9 (Build 283)
Copvright ([c)

| >

.25
Enter Password

This copy of
Thizs wersion

Passward: Ixxxxxxxxxxxx I

Cancel

i

b

72zt | 4

Connecking ko suthpee, sot, ac.th., .

Figure B.3 Enter Password screen.

B.1.3 Using SSH Secure File Transfer

The SSH Secure Shell client can also be used to copy files back and forth

between the server and our computer. In order to do that an user has to click on

the file transfer icon (shown in Figure B.4).

“# suthpee.sut.ac.th - default - S5H Secure Shell

” Fle Edt Wiew ‘Window Help

Hah 2 2ac s gale e
“ &1 Quick Cornect ] Profiles
heawvy. q limit 16 cpus/job |
extra.q limit 32 cpus/job
special.q unlimited [(Please Call to admin)
Disk Ouota for user @
Joft limit : 10 GEs/fuser, Hard limit : 15 GEs/fuser
Socratch Directory
fetatespartitionl /public [On compute-0-0, compute-0-13] 5
[m51101866suthpee ~15 ] 5|
hdl
Connected ko suthpec, suk.ac,th |55H2 - aes128-cbe - hnac-mdS - none | 72x11 [ =

Figure B.4 SSH Secure File Transfer icon.

This will bring up a window with two panels (Figure B.5), the left side is
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local file system of the client machine and the right side is files and folders in the

server. We can then just drag and drop the files from one side to the other.

f8 2:suthpce.sut.ac.th - default - SSH Secure File Transfer |Z||E|rg|

File Edit ‘iew Operation Window Help
H "2 S8 %3¢
;j Quick Connect  [__] Profiles

N [ hdd | B | B @ 2 | ek fhomejms1 10186 ~| | add

2E 0 2 & K7

Local Mame & Size | Type | P~ || Remote Mame & Size | Type e
laMy Documents System F... 1 || CZ)rintarn?4 Folder
:} Iy Computer Sysken F... ! rintarn?s Falder
‘—JM\; Metwork Places System F... I [Jrintarn7e Folder
2| Recycle Bin System F... | rinkarn?? Folder
@Internet Explorer System F... [ rinkarn7a Folder
| C)emarsinc File Folder 1 [C)rintarmn7a1 Folder
) fukure File Folder 1 [Co)rintarn7az Folder
\_IMew Folder File Folder  : )rinkarn79 Folder
|C)Mew Folder (2) File Folder 1 [Crinkarn?o1 Folder 1
IJIT:|'_.]2I><l:5cj2carfnoS‘l-szl:-kl 112... 414,532 JPEG Image L[ |[hrintarn?oz Folder bt
4 ' AR N < I >
Transfer | Queue |
/| Source File Source Directory | Destination Direckory. _Size | Status Speed Time
Connected ba suthpee, sut.ac.th - thomefmS1 10186 [S5Hz - aes128-che - hmac-mds - none | 102 items (1.8 KB) ;'é]

Figure B.5 SSH Secure File Transfer in a window with two panels.

B.2 Using the NAG FORTRAN libraries at SUT-HPCC

B.2.1 FORTRAN Source Codes

In order to use FORTRAN source codes, we need to make a directory, using a
command in the Linux “mkdir <directory name>”, and then use “1s” command
to see lists of files and directories. For example (Figure B.6), We create a directory
named “rintarn”, we can change directory to rintarn by using “cd <directory
name>” command.

Generally, a FORTRAN source file has an extension “.F”. In our work we

have five important files (Figure B.7).



‘8 suthpee.sut.ac.th - HPCC - SSH Secure Shell

File Edit Yiew ‘Window Help

[w5110186@suthpece ~]%

[w5110186@suthpoe rintarn]s

Connected to suthpee.sut.ac.th

H &k re #h] S0 % SN

;j Quick Connect || Profiles
rintarnil rintarn2h rintarnig rintarn51l
rintarni? rintarn2é rintarni? rintarn32
rintarnii rintarn2? rintarnd rintarnii
[w51101l86@=suthpeoe ~]§fnkdir rintarn
[w51101860suthpee ~]§] 1s
ah_read write rintarnl3 rintarn2? rintarnd
BB rintarnid rintarn2§ rintarnd0
BB_keepl rintarnl3 rintarn29 rintarndi
BE_keep2 rintarnlé rintarn?_gsub rintarnd?
Desktop rintarnl? rintarn3d rintarnd3
example rintarnl$ rintarn3i rintarnd4
matrix rintarnl® rintarn3l rintarndi
ubox rintarnl original rintarn32 rintarnié
p_doon rintarn2o rintarni3 rintarnd?
p_doon2 rintarn2l rintarnid rintarndg
01 keep BE Ex rintarn22 rintarn3is rintarnd9
:rintarn 5 rintarn23 rintarn3é rintarni
rintarnild rintarn24 rintarn3? rintarn50
rintarnil rintarn2h rintarnig rintarn51
rintarni? rintarn2é rintarnig rintarn32

rintarnés
rintarnéé
rintarna?

rintarni3
rintarnid
rintarnii
rintarnis
rintarni?
rintarnis
rintarni?®
rintarné

rintarned
rintarnél
rintarn6?
rintarné3d
rintarnéd
rintarnés
rintarnéé

S5H2 - aes128-che - hmac-mds - none

rintarn?il
rintarnt§2
rintarni?®

rintarné?
rintarnéd
rintarn6?d
rintarn?
rintarnio
rintarn?l
rintarniy2
rintarn?3
rintarnd
rintarnii
rintarnié
rintarni?
rintarn1é
rintarn?§l
rintarnt§2

9522

rintarn?9
rintarn?91
rintarn?92
rintarng
rintarnéo
rintarngol
rintarngo2
rintarngl
rintarng2
rintarn®
test
test.nb
¥Y

2

Figure B.6 Making a directory to contain source codes.

1. NAG:.sh is a script file to call NAG library from the server compile all

source code and execute the program using gsub.

2. PARACS.F is a source code file for configuration important parameters

used in MAINS.F, KAONIC.F and KP.F (see Appendix D).

3. MAINS.F is a main source code file for our calculation (see Appendix

E).

4. KAONIC.F and 5. KP.F are subroutines code for supporting the main

program (see section E.3 in Appendix E).

To create an executable program from source codes, this involves two main

steps, first compiling the source files to produce object files, and second linking all

the object files to form an executable file.

B.2.2 Compiling Multiple Source Files

The program is composed of several source files. They must be compiled

individually to produce object files with the suffix “.0”. These .o files are linked




‘8 suthpce.sut.ac.th - HPCC - S5H Secure Shell

File Edit Yiew ‘Window Help

BEelh 2 P4 &) S| @K

1 Quick Cannect ] Prafiles
matrix rintarnl? rintarn3l rintarndd rintarn3® rintarn?2
uhox rintarnl original rintarn32 rintarndé rintarné rintarn?3
p_doon rintarn2o rintarn33 rintarnd? rintarné0 rintarn?4
p_doon2 rintarn2l rintarn34 rintarnd§ rintarnél rintarn?j
01 keep BE_Ex rintarn22 rintarn3j rintarnd? rintarn6? rintarnie
rintarn rintarn23 rintarn3s rintarnd rintarné3 rintarn??
rintarnld rintarn24 rintarn3? rintarn50 rintarné4 rintarn?d
rintarnil rintarn2y rintarnig rintarn31l rintarnéd rintarn?8i
rintarni? rintarn2é rintarn3g rintarn3? rintarnéé rintarn?82
[m5110186@suthpee ~1% cd rintarn
[m511018§6@suthpce rintarnls ls
complie.sh fi EAONIC.F KP.F MATNC3.F PARLCE
[m5110136@suthpoe rintarn]é 1z -1
total 52
-rw-r--r-- 1 m5110186 m5110186 577 Jan 28 11:28
-rw-r--r-- 1 m5110186 wm5110186 11585 Jan 25 10:56
-rw-r--r-- 1 m51101588 m5110186 7732 Jan &7 00:; 07| EAONIC.F
-rw-r--r-- 1 m5110186 w5110186 2947 Jan 27 00:0S|KEP.F
-rw-r--r-- 1 m5110186 wm5110186 23515 Jan 28 11:01fMATINCS.F
—rw-r--r-- 1 m5110188 m5110185 1155 Jan 28 11:03):
-rw-r--r-- 1 m5110186 m5110156 325 Tan 27 00:03) PARACS
[m5110186[suthpoe rintarn]é I
Connected ko suthpec, sut,ac.th 55Hz - aes128-che - hmac-mdS - none | 5522

rintarngo2
rintarndl
rintarng?
rintarnd
test
test.nb

YY

|

|
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Figure B.7 Showing a script file and source code files for NAG FORTRAN Li-

braries.

together to form “myprog”.

A suthpcc.sut.ac.th - HPCC - SSH Secure Shell
File Edit ‘iew Window Help

& Quick Connect  _| Profiles

[m5110186@suthpee rintarn]é ls -1

total 52

—ruxruxe-x 1 m51101586 wm5110186 577
—rwxrwxe-x 1 m5110186 mS110186 1168
-rw-r--r-- 1 m51101586 m5110186 7732
-ry-r--r-- 1 mS5110186 m5110186 2947
-ry-r--r-- 1 mS5110166 w5110186 23815
-rw-r--r-- 1 m5110156 m5110186 1155
=rW-rw-r-- 1 m5110186 m5110186 328
[w5110186@suthpece rintarn]é 1s -1
total 52

-rwxewxe-x 1 mS110166 w5110186 577
—ruxrwxr-x 1 m51101586 m5110186 1133
-rw-r--r-- 1 mS5110186 m5110186 7732
-rw-r--r-- 1 m51101586 w5110186 2947
-ry-r--r-- 1 mS5110186 m5110186 23815
-ry-r--r-- 1 m5110166 w5110186 1155
-rw-rw-r-- 1

Connected bo suthpce.sut.ac.th

Apr
Apr
Apr
Apr
Apr
Apr
Apr

Apr
Apr
Apr
Apr
Apr
Apr

17 12:37 complie.sh

17 12:37 file management .sh
17 12:37 FAONIC.F

17 12:37 KP.F

17 12:37 MAINCS.F

17 12:37 nag.sh

17 12:37 PARACH

17 12:37 complie.sh

17 12:37 file management.sh
17 12:37 KAONIC.F

17 12:37 EP.F

17 12:37 MAINCS.F

17 12:37 nay.sh

m51101586 w5110186 328 Apr 17 12:37 PARACS
[m5110186@suthpce rintarnl§

SS5HZ - aes128-cbe - hmac-mdS - none  94x19

Figure B.8 Using Emacs editor to make a script file for compiling our programs.

First, we want to build a program from many input source files. To do this,
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we need to put the list of source files in the script file using emacs editor. In Figure

B.8 we create the script file in emacs called “compile.sh”.

‘8 suthpece.sut.ac.th - HPCC - S5H Secure Shell

File Edit Yiew ‘Window Help
B ek i #h | E S % @R

.ﬂj Quick Connect || Profiles

ARY_PATH

- /Wyprog

File Edit Options Buffers Tools Insert Help
# This is script file for complie Fortran program on SUT-HPCC.

#
#
W

export LM LICEHSE FILE=/share/appa/nag/fll3azZldgl/license.lic

export LD _LIBRARY PATH=/share/appa/nag/fll3azldgl/lib: fshare/apps/nag/fll3a2ldgl facml: LD LIBRY

g?77 -m3Z . /MAINCS.F KAONIC.F EP.F -L/sharefapps/nag/fll3aZldgl/lib -lnag_acml -L /share/apps/n\
ag/flliazZldgl/acml -lacml -lpthread -o mnyprog

--0-:**-F1 compliessh [8hell-script[bash])--L4--411

Connected to suthpee,sut.ac.th |55H2 - aes128-che - hmac-mds - none | 9522 ﬁ

{Rintarn Saengsai M5110186)

Figure B.9 Showing the script file in Emacs.

The details of the script can be seen in Appendix C. In Figure B.9 is the

script for compiling our FORTRAN program in SUT-HPCC.

‘A suthpee.sut.ac.th - HPCC - S5H Secure Shell

File Edt YWew ‘Wndow Help

H &Sk

&1 Quick Connect (] Profiles

2 B dh | E | % @R

P ]
MM EO
WATEF
NE 20
Is00
IS0
J6 &

IV 1

-EW-E--E--
-EW-E--E--
—EW-EW-E-=

1 n5110186 wm5110186 328 Apr 17 12:37 PARACS
[w5110186Fauthpee rintarnlé |. fconplie. sh

ICHMFLX O

1 m51l0186 w51l0186 23815 Apr 17 12:37 MAINCE.F £
1 m5110186 m511l0186 1155 Apr 17 12:37 nag.sh

0. loo.

0.00L

IREY 0
LIM&X 0O

RO 0.66

v -0.1

V1 -0.1
—[]

[w&110186Mauthpee rintarn]s I

Connected bo sukthpee, sut, ac.th S5HZ - aes128-che - hmac-mds - none | 94x21

54

Figure B.10 Showing the outputs when we use the compile.sh script.

We use “./compile .sh” on the command line in SSH window to compile
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the multiple source files (MAINS.F, KAONIC.F and KP.F file), and wait until the

word “COMPLETE!” occur on the window (Figure B.10).

‘8 suthpce.sut.ac.th - HPCC - §5H Secure Shell

File Edit Yew Window Help
H Sk 82 RFE M ED % SN

& Quick Connect || Profiles

drwg----—- 120 m5110186 m5110186 4096 Ape 17 12:37 .. e
—YWHIWHI—X w5110186 m5110186 577 Apr 17 12:37

=

=EWHEWHE =X 1 w5110186 m5110186 1188 Apr 17 12:37

Bt 4 Sl S 1 w5110186 m5110186 7732 Apr 17 12:37 KAONIC.F

—rW-r--r-- 1 w5110186 m5110186 2947 Apr 17 12:37 KP.F

=EW=E==L== 1 wm5110166 m5110186 23815 Apr 17 12:37 MAINCS.F

-ry-F--f—- 1 m5110186 m5110186 1155 Apr 17 12:37

—rW-rw-r-- 1 m5110186 m5110186 328 Apr 17 12:37 PARACS

[w51101860@suthpece rintarn]§ 1ls -1t

total 92

=ruxrwxe=x 1 m5110186 m5110186 38881 Apr 17 12:44

~IWKEWKE-X 1 m5110136 w5110186 577 Apr 17 12:37

—rirwr-x 1 m5110186 n5110186 1188 Apy 17 12:37 f

-rw-r--r-- 1 m5110186 n51101686 7732 Apr 17 12:37 KAOQNIC.F

-rw-r--r—- 1 m5110186 n5110186 2947 Apr 17 12:37 EP.F

-pip-r--r-- 1 m5110186 n5110186 23815 Apr 17 12:37 MAINCS.F

-rw-r--r-- 1 m5110186 n5110186 1155 Apr 17 12:37 nag.sl

—rw-ry-r—-- 1 m5110186 n5110186 328 Apr 17 12:37 PARACS

[m51101860suthpee rintarn]§ 1=

complie.sh file . B FAONIC.F FEP.F MJ\INCS.FD h PARACS
[w5110186@suthpes rintarn]é . 3
Connected ko suthpee,sut.ac.th 155H2 - aes128-che - hmac-mdS - none | 9421 ﬁ

Figure B.11 Showing the executable files “myprog” after compiling.

Then we use “1s” command to see the lists of files after compiling multiple
source files. If the compiling process is succeed, we get the executable files called

“myprog” (Figure B.11).

B.3 Using NAG FORTRAN Libraries

The NAG FORTRAN Library is a comprehensive collection of FORTRAN
77 routines for solving numerical and statistical problems. The word routine is
used to denote a subroutine or a function. For SUT-HPCC, the NAG FORTRAN
library is located in /share/apps/nag. It is a symbolic link into the NAG instal-
lation tree. This makes it possible to refer uniformly to the library with the flag
-L/share/apps/nag/f113a21dgl/lib -1lnag acml.

In order to use NAG FORTRAN library on the cluster we have to export
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the NAG license file across or all compute nodes. This can be done by writing a

script named “nag.sh” (Figure B.12).
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total 92
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Figure B.12 Creating nag.sh in Emacs.
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export MPICH HOME=/opt/mpich/gnu
export MPICH APP=/home/m51101686/BB/nag.sh
$MPICH _HOME /bin/upirun -np §HSLOTS -machinefile §TMPDIR/nachines
§MPICH APP
export LM LICEHSE FTL.E=/share/apps/nag/fll3azldgl/license.lic
export LD LIBRARY PATH=/share/apps/nag/fll3az2ldgl/lib: /share/apps/nag/f113a2ldgl/acnl:§LD %
LIBRARY PATH
rm CHANNEL#®
rm Check®
rm RESULT*
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Connected to suthpee.sut,ac.th S5HZ - aes128-cbe - hmac-mdS - none | 91x22 ﬁ

Figure B.13 Showing the nag.sh script in Emacs.

In Figure B.13 we show the details for writing NAG FORTRAN script for



the cluster (more detail in Appendix C).

B.4 Job submission by the qsub command
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Job submission is accomplished by using the gsub command, which takes a

number of command line arguments and integrates such into the specified com-

mand file. The command file may be specified as a filename on the gsub command

line.
For example :

> gsub -pe mpi 4 <script file name>

This job needed for executing parallel jobs and requests 4 cpu. the system

will randomly select nodes for the submitted job.

A suthpce.sut.ac.th - HPCC - SSH Secure Shell
File Edit View Window Help

& Quick Connect ] Profiles
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-EW-LW-L-- w5110186 n5110186 328 Apr 17 12:37 PARACS
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Your job 4030 ("nag.sh™) has been submitted
meII0Ioeluthpoe Cintarne

Connected ko suthpee.sut.ac.th S5H2 - aes128-che - hmac-mdS - none | 91x22 ﬁ

Figure B.14 Showing the qsub command for submitting job on SUT-HPCC.

When we log into the Front end via SSH. We can type

> gsub -pe mpi 4 nag.sh
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If we have jobs running on the cluster the results will print the word like:
“Your job 4030 ("nag.sh") has been submitted” (number 4030 is the job-ID

on the cluster SUT-HPCC) as shown in Figure B.14.
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Figure B.15 Checking the status of the job using “gstat” command.

After submitting job we can use command “gstat” to look at the status of
our job (see Figure B.15). Under the state column we can see the status of our
job. The meaning of each letters are following

4

‘r” : the job is running,

“t” : the job is being transferred to a cluster node,

“qu” : the job is queued (and not running yet),

“Eqw” : an error occurred with the job.

Another important thing to note is the job-ID for our job. If we need to
make changes to our job, for example, to delete the job from the cluster, we can
run command

> gdel 4030

where 4030 is the job-ID getting from running the command “gstat” The

SSH window will show the line “m5110186 has delete job 4030” (see Figure
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Figure B.16 Qdel is a command to delete the job from the cluster.

writing gsub script can be seen in Appendix C)
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Figure B.17 The list of our results.
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B.16) to confirm that our job has been deleted from cluster. (The details for

When our job is finished, we type “1s” to see the list of our results as shown

in Figure B.17. The result files are RESULTS1, RESULTS2, RESULTS3, RESULTS4,
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RESULTS5, RESULTS6. They contain over all parameters using in the calculation
and all numerical results. The number 1 to 6 in the name of the files refer to
the channels of the reaction K~ p — K~ p, K, 7'%° 7=2F, 7#7%~ and 7°A
respectively. The numerical cross section for each channels are given in CHANNEL
files. To check our steps of calculation we ask the program to write some numerical
computation into the files “Check 1-10” for cross checking. If something have gone
wrong with the source program we will be able to see in these files.

All output files are written in the form of text file which we can transfer

from SUT-HPCC account to analysis on our computer.



APPENDIX C

SCRIPT FILES FOR SUT-HPCC

C.1 Script for NAG FORTRAN Libraries

In order to use the NAG library on the SUT-HPCC cluster, we need to write
some script file calling libraries. Because the license for the NAG library can only
be used on the front end machine of the SUT-HPCC cluster. The following are
requirements we need to put in the script file:

1. the environment variables LM LICENSE FILE and LD LIBRARY PATH

are needed to point to the license file and library path using export command

export LM LICENSE FILE = /share/apps/nag/f113a21dgl/license.lic

export LD LIBRARY PATH

/share/apps/nag/£113a21dgl/1lib:/share/apps

/nag/f113a21dgl/acml: $ \$ $ LD LIBRARY PATH

2. to use only 32-bit executable program, this can be done by using the -m32
flag.

g77 -m32 ./MAINS.F KAONIC.F KP.F

GNU FORTRAN, g77, is an opensource substitute for f77 in Linux. It
reads our programs, MAINS.F, KAONIC.F and KP.F, written in the FORTRAN.
MAINS.F file contains source code for calculating the radial part of Lippmann-
Schwinger equation for the out scattered wave. We set all dynamical functions of
integral equations as a kernel and transform the integral equation into the matrix
form. Then we use the Gaussian-Legendre method to perform the iteration process

to obtain the eigenvalues and eigenstates. KAONIC.F and KP.F contain source
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code for kaonic potential parameters, subroutine and functions to support the
main program.
-L /share/apps/nag/f113a21dgl/1lib -lnag acml
-L /share/apps/nag/f113a21dgl/acml -lacml -lpthread -o myprog
./myprog
These three lines tell the location of the NAG Library and create the exe-

cutable file called “myprog”.

C.2 qgsub script for submitting jobs to the SUT-HPCC

cluster

The SUT-HPCC cluster will distribute requested jobs on its compute nodes,
depending on the current load of the nodes, the priority of the job and the numbers
of jobs a user has already running on the cluster. Direct login onto the nodes and
interactive executions of programs are strongly discourage. It can cause incomplete
execution of batch jobs. So, for submitting a job, programs require a small shell
script, which is a wrapper for the program to be run. Note that the script must be
an executable. If the program requires interactive input the input has to be piped
in by an external file. In this thesis we write a small shell script called nag.sh (the
example script shown in Figure B.13 in Appendix B).

Next we will describe how to write a script for gsub command. There are
some syntax that we have to follow. First we tell Linux which interpreter to use

#1$ /bin/bash

the “#! /bin/bash” option tells the operating system to use Bourne-again
shell (bash) to run this script.

Then we use the specific command in gsub.

#3$ -cwd
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The “-cwd” option is an option for changing a directory from the home
directory to the directory containning our source program. If it is not specified,
gsub will use your home directory as the working directory.

#$ -3

The “-8” option tells the gsub program to use the bash (Bourne) shell to
run the program.

#5 -3y

The “~j y” option is an option for merging the normal output and any error
messages into one file, typically with the name <job-name>.o<job-id>.

The gsub program will redirect standard output from nag.sh (stdout) to a file
called nag.sh.oNNNN where NNNN is the UNIX process number, and also redirect
standard error messages (stderr) to a file called nag.sh.eNNNN, again where NNNN
is the UNIX process number.

export MPICH HOME = /opt/mpich/gnu

export MPICH APP = /home/m5110186/rintarn/nag.sh

The first line tell the location of mpich home directory. The second line
specifies the location of nag.sh. In above example it is located in the directory
/home/m5110186/rintarn.

The usage of mpirun requires also some non-standard environmental vari-
ables, which is then filled by grid engine at the execution of the script. The formats
are

$ MPICH HOME/bin/mpirun -np $ NSLOTS -machinefile $ TMPDIR/
machines $§ MPICH APP

$ MPICH HOME/bin/mpirun tells where the location of mpirun is. The option
-np $ NSLOTS -machinefile tells the server how many CPUs needed. The details

will be described in the variables NSLOTS and the machinefile. Normally, $NSLOTS
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and $TMPDIR will be defined by the grid engine.

To check that the script runs correctly, we type “./nag.sh” at the command
line. If there is no error, we are ready to submit the job with the gsub command :

> gqsub -pe mpi N <script file name.sh>

gsub is a command for submitting jobs to the queue. It requires a shell
scripts, which is wrapped around the program to be run. Options can be either
defined as command line arguments or in the script file. The -pe <parallel
environment> is needed for executing parallel jobs. N is the number of the desired
CPU (we can choose between 1-8 for SUT-HPCC machines). The <script file
name.sh> in this case we use “nag.sh”.

Apart from qsub, there are other common gridengine commands.

> qdel NNNN

qdel is a command for deleting job. It requires the job-id(NNNN) and not the
job name, which can be ambigious.

> gstat

gstat is a command to show the status of the queue or of a specific job if
it is specified with the -j <job-id> option. The status of the job is indicated by
one or more characters:

T - running,

t - transfering to a node,

qw - waiting in the queue,

Eqw - an error occurred with the job,

d - marked for deletion,

R - marked for restart.



APPENDIX D

CONFIGURATION PARAMETERS

D.1 Bounds of integrations

Integrations in the LS equation are set bounds by using the parameters
LBOUND and UBOUND in PARACS file. The program reads these values to the
main program and prints values to A and B with

A = LBOUND as the Lower Bound of R,

B = UBOUND as the Upper Bound of R.

For the integration

/ \ f(R)R?dR, (D.1)

A is always zero in our calculation.

D.2 Integration points

Integrations are carried out numerically,

[ty =3 wgtr) D2

where MM 1is the number of integration points or Gaussian points, w; are the
Gaussian weights. ENERGY in the file PARACS is to control the values of the
center of mass energy. The program reads the energy values to main program and
prints to array WSTEP. NK is the number of energy or momentum points in

question.
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D.3 Selection of basis, isospin and the number of channel

ISO is a parameter for selecting the working basis. We can choose two
parameters, zero and one.

ISO = 1 for isospin basis

If we choose ISO = 1, this means we are using the isospin basis. In this case
we also have to specify the isospin quantum number of the systems by using the
parameter ISX. For the total isospin is zero we set ISX = 0. If the total isospin
is one we set ISX = 1.

In case of ISX = 0 we have to use a parameter J6 to select the number
of channel to be two (J6 = 2) which means we use only two channels in our

calculation. Those two channels are
KN — KN,
KN — 7YX,

In case of ISX = 1 we have to use a parameter J6 to select the number
of channel to be three (J6 = 3) which means we use only three channels in our

calculation. Those three channels are
KN — KN,
KN — 1%,

KN — 7A.

ISO = 0 for particles basis

If we choose ISO = 0, this means we are using the particles basis. In this
case we also have to specify the number of channel to be 6 channels (J6 = 6).
Those six channels are

K p— K p,
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K= p— K,
Kp—aty,
Kp—na Xt
K™ p — %0,

K p— 7°A.

D.4 Input the potential into the program

In this section we want to explain how to select the potential input by using
parameter ICMPLX and IV in the PARACS file. The main program reads these
values and pass them to the subroutine RMASS, CALLLINEAREQ, POTGUIDE,
XXINS1 and PHINT.

The type of Potential (ICMPLX)

We have to specify the type of potential by setting the value of ICMPLX in
the PARACS file. For the complex potential or optical potential we set ICMPLX
= 1. If the potential are real, we set ICMPLX = 0.

The theoretical potential (IV)

Next we have to choose the theoretical potential from three different models
by setting the value of IV in the PARACS file. If we choose IV = 1, this means
we are using the Akaishi-Yamazaki potential. If we choose IV = 2, this means we
are using the Chiral potential. If we choose IV = 3, this means we are using our

potential which can be defined by extra parameters V0, V1 and V2.

D.5 Relativistic and Non-Relativistic calculation (IREV)

We have to specify the details of calculation either relativistic or non-

relativistic by setting the value of the parameter IREV in the PARACS file. The
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main program reads this value and passes it to the subroutine RMASS. If we choose
IREV = 1, this means we are considering the problem in relativistic case. If we
choose IREV = 0, this means we are considering the problem in non-relativistic
case. In our work, we can choose both values because our system is a low-energy

process, there are not much differences in the results.

D.6 Highest angular momentum in question (LMAX)

We have to specify the highest angular momentum in our calculation by
using parameter LMAX in the PARACS file. The program read this value to the
main program. In case of LMAX = 0, this means we are considering the case of
s-wave. In case of LMAX = 1, this means we are considering the case of p-wave.
In case of LMAX = 2, this means we are considering the case of d-wave. But in
our work it is only a low-energy process, therefore, we consider only the case of

S-wave.
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FORTRAN SOURCE CODE

E.1 MAINS.F source code

This section we explain some important steps, we use for calculating the

numerical cross section of the reaction KN — KN, 7% and 7A in this thesis.

C This is FORTRAN source code for calculate the numerical cross C

C section of the reaction \bar{K}N \to \bar{K}N, \pi\Sigma and C

C \pi\Lambda on SUT-HPCC. C
R e — —f— 1~ — = — 1 = Rt C
C Modify October, 2009 - December, 2010 C

C by Rintarn Saengsai and Particles Physics Group, SUT, THAILAND C
C For Master Thesis, Physics M.SC. C

C Adviser are Assit.Prof.Chinorat Kobdaj and Prof.Dr.Yupeng Yan C

C This input file includes parameters:

C

C A : LOWER BOUND OF R

C B : UPPER BOUND OF R

C MM : NUMBER OF INTEGRATION POINTS
C WSTEP: CM ENERGY INTERVAL

C NK : NUMBER OF ENERGY (MOMENTUM) POINTS IN QUESTION
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C ISO : ISO=1 FOR ISOSPIN BASIS; IS0=0 FOR PARTICLE BASIS

C J6 : NUMBER OF CHANNELS

C ICMPLX: ICMPLX = 1 FOR COMPLEX POTENTIAL;

C ICMPLX = O FOR REAL POTENTIAL

C IV : LEAD THE PROGRAM TO CALL DIFFERENT POTENTIALS

C IREV : IREV = 1 FOR RELETIVIC CASE;

C IREV = 0 FOR NON-RELEVATIC CASE

C LMAX : HIGHEST ANGULAR MOMENTUM IN QUESTION

C-———— R R g T T —— C

Our FORTRAN program counsists of a main program (MAINS.F) and two

subprograms (KAONIC.F and KP.F) and a parameter program (PARACS).

E.1.1 FORTRAN code in MAINPROGRAM

This is a part of the program name and some declarations.

PROGRAM MAINPROGRAM

IMPLICIT DOUBLE PRECISION(A-H,0-Z)

DOUBLE COMPLEX PHAS

DIMENSION QLAB(10,100),SIG(10,100),QCM(10,100)
COMMON /PMASS/ AM(10,2),DELTA(10)

COMMON /PARA/ PPI,HB,QE,AMN(10),F2(10),Q2(10)
COMMON /CONTROL/ IV,ICMPLX,ISO,ISX,J6

COMMON /EO/ W,PHAS(10,0:20)

COMMON /POTFACTOR/ RO,VO,V1,V2
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HB=0.1973286D0
HBS=HB**0.5
QE=7.297D-03

PPI=4.DO*DATAN(1.D0)

E.1.2 READ and PRINT parameters

In the PARACS file, we define some parameters (the details for configuration

parameters are explained in Appendix D)

c-—————— g g C
0.0 LBOUND
100.0 UBOUND
500 MM
0.001 ENERGY
50 NK

0 IS0

0 ISX

6 J6

0 ICMPLX
1 Iv

0 IREV

0 LMAX
0.66 RO
-0.1 VO
-0.1 V1

-0.1 V2



OPEN

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

READ

(9, FILE='PARACS')

(9,%)
(9,%)
(9,%)
(9,%)
(9,%)
(9,%)
(9,%)
(9,%)
(9,%)
(9,%)
(9,%)
(9,%)
(9,%)
(9,%)
(9,%)

(9,%)

REWIND 9

A

B

MM

WSTEP

NK

IS0

ISX

J6

ICMPLX

Iv

IREV

LMAX

RO

VO

Vi

V2

For printing out these parameters we use command “PRINT*, '” to write the

following parameters into the output file called “nag.sh.oNNNN”.
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A&B 0. 100.
MM 500

WSTEP 0.001
NK 50

IS0 O

ISX 0

J6 6

ICMPLX 0O
Iv1

IREV O

LMAX O

RO 0.66

VO -0.1

Vi -0.1

V2 -0.1

E.1.3 Open a files for writing the calculation results

Before doing our calculation, we use “OPEN (UNIT=NN,FILE='<file name >',

STATUS='NEW')” to open new some files for writing our data and results.

OPEN(UNIT=60,FILE='Checkl',STATUS ='NEW')

OPEN(UNIT=61,FILE='Check2',STATUS ='NEW')

OPEN(UNIT=70,FILE='RESULT1',STATUS ='NEW')
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OPEN(UNIT=71,FILE='RESULT2',STATUS ='NEW')

OPEN(UNIT=80,FILE='CHANNEL1',6STATUS="'NEW')

OPEN(UNIT=81,FILE='CHANNEL2',6STATUS='NEW')

1. open “Check 1-10” for checking input data of the program,

2. open “RESULTS 1-6" for writing all data and all numerical results of six
channels,

3. open “CHANNEL 1-67” for writing theoretical cross sections calculated from

six channels of the reactions K p — K p, K°n, 7°%°, 77X ~, 7~ X+ and 7°A.

E.1.4 Starting numerical calculation

The MAINPROGRAM reads parameters from the PARACS file. In case of
“ISO = 07, that is, we select the particles basis for our calculation and the program

chooses all amplitudes (AM) below.

>>> IS0 =0

IF (ISO0.EQ.0) THEN
AM(1,1)=0.938272D0
AM(1,2)=0.493677D0
AM(2,1)=0.939565D0

AM(2,2)=0.497672D0
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AM(3,1)=1.192642D0
AM(3,2)=0.134977D0
AM(4,1)=1.18937D0

AM(4,2)=0.139570D0
AM(5,1)=1.197449D0

AM(5,2)=0.139570D0

C
AM(6,1)=1.115683D0
AM(6,2)=0.134977D0
C
ELSE IF (ISO.EQ.1) THEN
END IF
G o o C

To calculate the equation “W=WSTEP*DFLOAT(I)+AM(1,1)+AM(1,2)”, the
program will need “NK” to define the momentum points. “WSTEP” read the param-

eter “ENERGY” from the PARACS file to define the center of mass energy interval.

DO I=1,NK
W=WSTEP*DFLOAT (I)+AM(1,1)+AM(1,2)

WRITE (61,%) I,W

CALL RMASS(IREV)
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The command “CALL” is used for calling subroutines or functions in the main

file. The above example we call the “SUBROUTINE RMASS(IREV)” (section E.4.1).

DO LX=0,LMAX
CALL CALLLINEAREQ(A,B,MM,LX)

ENDDO

In this thesis we consider only the case of low-energy, so we call “SUBROUTINE
CALLLINEAREQ(A,B,MM,LX)” (section E.4.2). In case of s-wave, with the highest
angular momentum “LMAX = 07, the program reads the value LMAX from the
PARACS file.

DO JX=1,J6
QLAB(JX, I)=Q2(JX)*W/AM(JX, 1)
QCM(JX,1)=Q2(JX)
XT=0.D0
DO LX=0,LMAX
XT=XT+(2*LX+1) *ABS (PHAS (JX,LX) ) **2
SIG(JX,I)=4.DO*PPI*(Q2(JX)/Q2(1))*XT*10.D0
ENDDO
ENDDO

ENDDO

The parameter “JX” tell the number of possible channels. If we select “ISO

= 0” (in particles basis) the number of possible channels are 6 channel (J6 = 6),
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then the program will start to calculate “QLAB”, “QCM” and “SIG” for K—p — K p,

Kp—Kn Kp—1"3 Kposr St Kp—aty™, K p— mA.

G C
C DO JX=1,J6

DO I=1,NK
C WRITE(6,*) JX,QCM(JX,I),QLAB(JX,I),SIG(JX,I)

WRITE (70,%) I,QCM(1,I)*1000,QLAB(1,I)*1000,SIG(1,I)

ENDDO

WRITE(6,*) 'COMPLETE!'

C ENDDO
C

STOP

END
c--—————""""""""""—— C

The last step in our main program is to write the value of cross section,
SIG(JX,I), in laboratory momentum, QLAB(JX,I), corresponding to the number
of energy or momentum points used and the center of mass energy interval. Finally,
when the calculation are finished and all results are written to the output files,

the word 'COMPLETE!' will printed in the file "nag.sh.oNNNN".
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E.2 Source code for numerical functions

FORTRAN functions in this program are mathematical functions, they take
a set of input parameters and return a value in a single result. There are some
functions which are written into FORTRAN and can be used by calling from the
main program.

To write our functions at the end of the main program, first, we declare the
function name in the first line. Next, we declare variables and arguments in the
variables declaration section after the first line. Then, we write down the code for
calculation for which its values will be passed back to the main program. Finally,
we exit finish the function with RETURN and END statements.

The FORTRAN functions we have been using in our main program are CK1,

CK2, FJ, FN, FJD and FND (shown in sections E.2.1 - E.2.6).

E.2.1 Function CK1(X,S,L)

IMPLICIT DOUBLE PRECISION(A-H,0-Z)

DOUBLE COMPLEX CK1
CK1=FJ(S,L)*FN(X,L)-DCMPLX(0.D0,1.D0)*FJ(S,L)*FJ(X,L)
RETURN

END

IMPLICIT DOUBLE PRECISION(A-H,0-Z)
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DOUBLE COMPLEX CK2

C
CK2=FJ (X,L)*FN(S,L)-DCMPLX (0.DO0, 1.D0) *FJ (X,L)*FJ (S,L)
RETURN
END

G o o C

IMPLICIT DOUBLE PRECISION(A-H,Q0-Z)

C
IF (L.EQ.0) THEN
FJ=DSIN(X)/X
ELSE IF (L.EQ.1) THEN
FJ=DSIN(X)/X/X-DCOS (X) /X
ELSE IF (L.EQ.2) THEN
FJ=DSIN(X)*(3.D0/X**3-1.D0/X)-3.D0*DCOS (X) /X/X
END IF
C
RETURN
END
O T C

IMPLICIT DOUBLE PRECISION(A-H,0-Z)
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IF (L.EQ.O) THEN
FN=-DCOS (X) /X
ELSE IF (L.EQ.1) THEN
FN=-DSIN(X)/X-DCOS(X)/X/X
ELSE IF (L.EQ.2) THEN
FN=-DCOS (X)*(3.D0/X**3-1.D0/X)-3.DO*DSIN(X)/X/X

END IF

RETURN

END

IMPLICIT DOUBLE PRECISION(A-H,0-Z)

IF (L.EQ.O) THEN
FJD=DCOS (X) /X-DSIN(X)/ (X*X)
ELSE IF (L.EQ.1) THEN
FJD=2.D0*DCOS (X) /X/X-2.DO*DSIN(X) / (X*X*X)+DSIN(X) /X
ELSE IF (L.EQ.2) THEN
FJD=(6%Cos(x))/x**3 + ((3 - x*¥2)*Cos(x))/x**3 + Sin(x)/x**2 -
& (3*%(3 - x**2)*Sin(x))/x**4

END IF
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RETURN

END

IMPLICIT DOUBLE PRECISION(A-H,0-Z)

C
IF (L.EQ.O) THEN
FND=DCOS (X) / (X*X) +DSIN(X) /X
ELSE IF (L.EQ.1) THEN
FND=(2*Cos(x))/x**3 - Cos(x)/x + (2%3in(x))/x**2
ELSE IF (L.EQ.2) THEN
FND=-((-9/x*x4 + x*x(-2))*Cos(x)) - (3*Cos(x))/x*x2 +
& (3/xx*3 - 1/x)*Sin(x) + (6%Sin(x))/x**3
END IF
C
RETURN
END
C———— C
G C
C END OF PROGRAMS C
C 2010 C
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E.3 List of Subroutines

A FORTRAN function can essentially only return one value. To return two
or more values or none we need to use the subroutines. Our subroutines can be
found in MAINS.F, KAONIC.F and KP.F. The list of all subroutines are shown

in sections E.3.1, E.3.2, E.3.3 and E.3.4.

E.3.1 Subroutine in MAINS file

1. SUBROUTINE CALLINEAREQ(AA, BB, MM, LX)
2. SUBROUTINE PRINT(B, N, LX)

3. SUBROUTINE XXINS1(N, LX)

4. SUBROUTINE XXINS2(N, LX)

5. SUBROUTINE POTGUIDE(M, LL)

6. SUBROUTINE RMASS(IREV)

7. SUBROUTINE POINTOUT(N, AA, BB)

8. SUBROUTINE GAUSSPP(N, E, W)

E.3.2 Subroutine in KAONIC file

1. SUBROUTINE POTKAONICAY6(N)
2. SUBROUTINE POTKAONICAY2(N)

3. SUBROUTINE POTKAONICHNJH2(N, IP)

E.3.3 Subroutine in KP file

1. SUBROUTINE POTK(N)
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E.3.4 External Subroutine

1. SUBROUTINE FO7ANF(JJ, NRHS, A, LDA, IPIV, B, LDB, INFO)

E.4 Subroutine for calculate cross section

This section we show details of all subroutine in MAINS.F, KAONIC.F and
KP.F. These subroutines are used for calculating some parameters of the interac-

tion terms inside the integral equation given in Chapter II.

E.4.1 Subroutine RMASS(IREV)

IMPLICIT DOUBLE PRECISION(A-H,0-Z)

DOUBLE COMPLEX PHAS

COMMON /PMASS/ AM(10,2) ,DELTA(10)

COMMON /PARA/ PPI,HB,QE,AMN(10),F2(10),Q2(10)
COMMON /CONTROL/ IV,ICMPLX,ISO,ISX,J6

COMMON /EO/ W,PHAS(10,0:20)

DO I=1,J6

AMX=AM(T,1)*AM(I,2)/(AM(I,1)+AM(T,2))

AMN (I)=2.DO*AMX
DELTA(I)=(AM(I,1)+AM(I,2))-(AM(1,1)+AM(1,2))

ENDDO

DO I=1,J6

AP2=(AM(I,1)+AM(I,2))*%2
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AM2=(AM(T,1)-AM(I,2))**2
C
Q1= (W*W-AM2) * (W¥W-AP2) / (4. DO*W*W)
IF (Q1.LE.0.DO) THEN
Q2(I)=-DSQRT(-Q1)
ELSE
Q2(I)=DSQRT(Q1)
END IF
IF (IREV.EQ.0) THEN
F2(I)=AMN(I)
ELSE IF (IREV.EQ.1) THEN
END IF
ENDDO
RETURN

END

IMPLICIT DOUBLE PRECISION(A-H,0-Z)
DOUBLE COMPLEX A,B,PHAS

PARAMETER (NPX=10000)

DIMENSION IPIV(NPX)

EXTERNAL FO7ANF



COMMON

COMMON

COMMON

COMMON

COMMON

COMMON

COMMON

COMMON

/PMASS/ AM(10,2) ,DELTA(10)

/PARA/ PPI,HB,QE,AMN(10),F2(10),Q2(10)
/CONTROL/ IV,ICMPLX,ISO,ISX,J6

/EO0/ W,PHAS(10,0:20)

/QAQB/ BBX(NPX) ,BBW (NPX)

/FINAL/ A(NPX,NPX) ,B(NPX)

/POTCBL/ TSS(NPX,6,6),TDD(NPX,6,6)

/POTFACTOR/ RO,VO,V1,V2

CALL POINTOUT(MM,AA,BB)

CALL POTGUIDE(MM,LL)

IF (ICMPLX.EQ.0) THEN

CALL XXINS1(MM,LX)

ELSE IF (ICMPLX.EQ.1) THEN

CALL FO7ANF(JJ,NRHS,A,LDA,IPIV,B,LDB,INFO)

CALL PHINT(B,MM,LX)

999 FORMAT

RETURN

END

(E20.8,4E15.5)
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E.4.3 Subroutine POINTOUT(MM,AA,BB)

IMPLICIT DOUBLE PRECISION(A-H,0-Z)
PARAMETER (NPX=10000)
DIMENSION BX(NPX) ,BW(NPX)

COMMON /QAQB/ BBX(NPX) ,BBW(NPX)

HB=0.1973286D0

PPI=4.DO*DATAN(1.DO0)

CALL GAUSSPP (N,BX,BW)

DO I=1,N
BBX (I)=(BB+AA)/2.D0+(BB-AA)*BX(I)/2.D0
BBW(I)=(BB-AA)*BW(I)/2.D0

ENDDO

RETURN

END

IMPLICIT DOUBLE PRECISION(A-H,0-Z)
PARAMETER (NPX=10000)

COMMON /POTCBL/ TSS(NPX,6,6),TDD(NPX,6,6)
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COMMON /CONTROL/ IV,ICMPLX,ISO,ISX,J6

COMMON /POTFACTOR/ RO,VO,V1,V2

IF (IV.EQ.1) THEN
IF (ICMPLX.EQ.O) THEN
CALL POTKAONICAY6 (M)

ELSE IF (ICMPLX.EQ.1) THEN
END IF

ELSE IF (IV.EQ.2) THEN

END IF

RETURN

END

IMPLICIT DOUBLE PRECISION(A-H,0-Z)
DOUBLE COMPLEX CK1,CK2,SS

DOUBLE COMPLEX GK,GF

PARAMETER (NPX=10000)

COMMON /FINAL/ GK(NPX,NPX),GF (NPX)
COMMON /QAQB/ BBX(NPX) ,BBW(NPX)

COMMON /PARA/ PPI,HB,QE,AMN(10),F2(10),Q2(10)



COMMON /POTCBL/ TSS(NPX,6,6),TDD(NPX,6,6)

COMMON /CONTROL/ IV,ICMPLX,ISO,ISX,J6

DO I=1,N
XI=BBX(I)
DO JX=1,J6
X=Q2 (JX) *XI
IF (JX.EQ.1) THEN
GF (J6%(I-1)+JX)=FJ(X,LX)
ELSE
GF (J6%(I-1)+JX)=0.D0
END IF
ENDDO

ENDDO

DO I=1,N
XI=BBX(I)
DO J=1,N
WT=BBW (J)
SI=BBX(J)
DO JX=1,J6
X=Q2 (JX) *XI
S=Q2(JX) *SI
DO JY=1,J6
VR=TSS(J, JX,JY)*F2(JX)

IF (I.GT.J) THEN
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SS=WT*Q2 (JX)*CK1(X,S,LX) *VR+xBBX (J) *BBX (J)
ELSE
SS=WT*Q2 (JX) *CK2(X,S,LX) *VR*BBX (J) *BBX (J)
END IF
IF (I.EQ.J.AND.JX.EQ.JY) THEN
GK(J6*(I-1)+JX,J6%(J-1)+JY)=1.D0-SS
ELSE
GK(J6*(I-1)+JX,J6*(J-1)+JY)=-SS
END IF
ENDDO
ENDDO
ENDDO

ENDDO

RETURN

END

IMPLICIT DOUBLE PRECISION(A-H,0-Z)

DOUBLE COMPLEX B,DD,DT,D1,D2,FTHETA,FTH,PHAS
PARAMETER (NPX=10000)

COMMON /QAQB/ BBX(NPX) ,BBW(NPX)

DIMENSION B(NPX),DT(6)
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COMMON /PARA/ PPI,HB,QE,AMN(10),F2(10),Q2(10)
COMMON /POTCBL/ TSS(NPX,6,6),TDD(NPX,6,6)
COMMON /CONTROL/ IV,ICMPLX,ISO,ISX,J6

COMMON /PMASS/ AM(10,2) ,DELTA(10)

COMMON /EO/ W,PHAS(10,0:20)

DO JX=1,J6
IF (Q2(JX).GE.0.DO) THEN
X=BBX (J)*Q2(JX)
DD=(B(J6*(J2-1)+JX)-B(J6* (J1-1)+JX) )/ (X2-X1)
DD=DD/B(J6* (J-1)+JX)
D1=Q2 (JX)*FJD (X,LX)-DD*FJ (X, LX)
D2=Q2(JX) *FND (X, LX) -DD*FN (X, LX)

DT (JX)=D1/D2

END IF
ENDDO
C
DO JX=1,J6

IF (Q2(JX).GE.0.DO) THEN
IF (JX.EQ.1) THEN
FTHETA=Q2 (JX) /DT (JX)-Q2(JX) *DCMPLX (0,1.D0)
FTH=HB/FTHETA
ELSE
FTHETA=B (J6* (J-1)+JX) *EXP (Q2 (JX) *BBX (J) *DCMPLX (0,-1.D0) )

FTH=HB*BBX (J) *FTHETA* (DCMPLX (0, 1.D0) ) **LX
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END IF
PHAS (JX,LX)=FTH
END IF

ENDDO

999 FORMAT (I8,2E20.8)
RETURN

END



APPENDIX F

GLE (Graphics Layout Engine)

F.1 The example GLE source code for drawing graphs

I This sequence of graphs illustrates the six main channel
I to obtain the theoretical cross section of the reaction

I \bar{K}N \to \bar{K}N compared with the experimental data.

I Author: Rintarn Saengsai
I Date: December, 2010

! Project: Master thesis

I set page size A4 = 21 cm * 29.7 cm

I set graph size 20 30

set  texlabels 1  titlescale 1  boxwidth = 0.4
hinclude "graphutil.gle"

amove 1 19 | CHl - —————————-

amove 10 19 ! CH2 -—————————-

begin graph

size 10 10



xtitle "$p_ L (MeV/c)$"
ytitle "$\sigma(mb)$"

title "$Channel 2:K"-p \rightarrow \bar K~0 n$"

data "Ex1-2.CSV"

data "Ex1-2_2.CSV"
data "Ex1-2_3.CSV"
data "Ex1-2_4.CSV"
data "Ex1-2_5.CSV"
data "Ex1-2_6.CSV"

data "CH2"

xaxis min 90 max 355

yaxis min O max 50

dl marker fdiamond color blue msize .b*boxwidth
key "Mast \em{et} al (1976)"

d8 marker ftriangle color darkred msize .b*boxwidth
key "Armenteros \em{et} al (1970)"

d15 marker circle color red msize .b*boxwidth
key "Evans \em{et} al (1983)"

d22 marker square color green msize .b*boxwidth
key "Humphrey \em{et} al (1962)"

d29 marker diamond color magenta msize .b5*boxwidth

key "Kittel \em{et} al (1966)"
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d36 marker ftriangle color red msize .b5*boxwidth
key "Abrams \em{et} al (1965)"
d43 line smooth color black key "Theoretical result"

end graph

draw_box_plot 1
draw_box_plot 8
draw_box_plot 15
draw_box_plot 22
draw_box_plot 29

draw_box_plot 36

amove 1 10 ! CH3 -—-—————————-
amove 10 10 ! CH4 ————=-——-——-
amove 1 1 ! CH5 —-———=—=——=-

amove 10 1 ! CH6 -—————————-

set just bc amove pagewidth()/2 0.5

begin text width 17.2

\setstretch{.1} Figure 1. Theoretical cross section of the reaction
K™-p \rightarrow K™-p, K"On, \pi~0\Sigma~0, \pi~+\Sigma~-, \pi~-
\Sigma~+ and \pi~O\Lambda, compared with the experimental data.

end text

sub draw_box_plot dsO

set cap round
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for i = 1 to ndata("d"+num$(ds0))
local x = dataxvalue("d"+num$(ds0), i)
I avg min Q.25 Q.5 Q.75 max
¢ 1 2 3 4 5
local meanv = datayvalue("d"+num$(ds0), i)
local minv = datayvalue("d"+num$(dsO+1), i)
local g25 = datayvalue("d"+num$(dsO+2), i)
local g50 = datayvalue("d"+num$(dsO0+3), i)
local q75 = datayvalue("d"+num$(dsO+4), i)
local maxv = datayvalue("d"+num$(dsO+5), i)
amove xg(x)-boxwidth/2 yg(minv)
aline xg(x)+boxwidth/2 yg(minv)
amove xg(x) yg(minv)
aline xg(x) yg(q25)
amove xg(x)-boxwidth/2 yg(q25)
box boxwidth yg(q75)-yg(q25)
amove xg(x)-boxwidth/2 yg(q50)
aline xg(x)+boxwidth/2 yg(q50)
amove xg(x) yg(q75)
aline xg(x) yg(maxv)
amove xg(x)-boxwidth/2 yg(maxv)
aline xg(x)+boxwidth/2 yg(maxv)
amove xg(x) yg(meanv)

next i

end sub
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F.2 The GLE graph plots six channels in one product page
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Figure F.1 The example of GLE plots (theoretical cross section of the reaction

K p— K p, K, 7°2°, 773, 7= X% and 7°A, compared with the experimental

data).



APPENDIX G

USING TightVNC ON THE SUT-HPCC

In order to use TightVNC to access a Linux cluster on the SUT-HPCC, we
need to forward the connection through SSH Secure Shell. In Appendix B we have

already explained how to set up SSH and connecting to the SUT-HPCC.

G.1 The installation of Tight VNC Client

TightVNC is a free remote control software package, giving we full remote
access to our Linux system on SUT-HPCC. The steps for installing TighVNC
software are :

1. download the TightVNC file from

“http://www.TightVNC.com/download.php”,

2. install Tight VNC for windows, double click on the package and choose
option “Setup” in the dialog box,

3. install Tight VNC for Linux, use the command “rpm -ivh tightvnc-
server-x.x.x-x.1i386.rpm” at the command line (x.x.x-x. is a version number

of TightVNC).

G.2 Getting started with Tight VINC Client

1. We use SSH secure shell to login to the SUT-HPCC. If an user starts a
program Tight VNC for the first time he/she needs to set the Tight VNC password

on the linux host.



86

A suthpcc.sut.ac.th - HPCC - SSH Secure Shell

File Edit VYiew Window Help
H S8R i 280 A 40 % &x
&) Quick Connect ] Profiles
Job cqueue & Disk Quota N
gsub (SGE) example : gsub -g light.q myprogram
none 1 cpus/job
light.qg limit 4 cpus/job
nedium. o limit 8§ cpus/job
heavy.q limit 16 cpus/job
extra.q limit 32 cpus/job
special.q unlinited (Please Call to admin)
Disk Quota for user :
Soft limit : 10 GBs/user, Hard limit : 15 GBs/user
Scratch Directory
/state/partitionl/public [On compute-0-0, compute-0-13]
[m5110186@suthpce ~1§ vncserver
New 'suthpcc.sut.ac.th:12 (m5110186)' desktop is sumpcc.su!:.ac.
Starting applications specified in /home/m5110186/.vnc/xstartup
Log file is /home/mS5110186/.vnc/suthpcc,sut.ac.th:12.1log
[m5110186@suthpee ~15 I v
Connected to suthpce.sut.ac.th 155H2 - aes128-cbe - hmac-mdS - none | 80x24 @ Y/

Figure G.1 Connecting to the SUT-HPCC using the SSH Secure Shell and show-

ing how to start vncserver.

2. The vncserver program must be running on the linux host in order
for you to establish a connection using TightVNC. To do this, simply type
“vncserver” at the SSH window. Note that we need to put a display number
after “suthpcc.sut.ac.th:” in order to connect from TightVNC client to the

server (see Figure G.1).

New TightVNC Connection

TightYNC Server: Ihpcc.sut.ac.th:'lZ V‘ E] | Connect I -—

Connection profile T
O Low-bandwidth connection

—_.i—c (®) Default connection options
O High-speed network

Figure G.2 Inserting server name or IP address and the display number.
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3. Run the Tight VNC client on your PC (windows) by going to start manu
> AllPrograms > Tight VNC > TightVNC Viewer. Inserting a server name or
IP address and display number, in the “Tight VNC server” field, in our case it is
suthpcc.sut.ac.th:12. Then click on “Connect” (see Figure G.2). The display
number can be different each time we start vncserver depending on how many
people are using vncserver at the same time.

4. After, entering the TightVNC password we click on “OK” (see Figure
G.3).

TightVNC Connection @

Connecting to hpcc.sutac.th:12 ...

Status: Security type requested.

Standard YNC Authentication @

VN Host: {hpce.sutacth2 | =

w User name: |

m Password: \ —

[ OK I [ Cancel ]

Figure G.3 Entering the Tight VNC password at the password box.

5. A TightVNC window will appear on the desktop screen. It also
opens a terminal which can be used for typing Linux commands. TightVNC
can run application program on the server in graphic mode. For example
in Figure G.4 we show how to run Mathematica 7.0 by typing command
“/share/apps/Wolfram/Mathematica/7.0/Executables”

The Mathematica window will appear on Tight VNC screen(see Figure G.5).



& suthpee.sut.ac.th:12 (m5110186)

EDH EHS ool At Sl o

% Applications Actions & &% FriNov 26, 3:43PM Q
m5110186@ suthpec:~

(w51101888suthpee 8 1s

lahnag ~ p_doon * rintarnt3 rintarnis rintarn2_gsub rintarn? YY
read_urite rintarnid rintarn3 rint rintarng
rintarnt5  rintarnd_original rintarn3

rintarnif  rintarn20 test

tarn test.nb
e

| | [L) (vNC config)

Figure G.4 Showing how to run Mathematica 7.0 via Tight VNC.

Now we can use Mathematica like it is installed on our computer.

(m5110186)
FD He oo 0 Bg
4% Applications Actions @ &% @ FriNov 26, 337PM Q

v m5110136@suthpee: -
(druxrunr-x 10185 #511016 4096 Nov 1 17:07 rintarn13
1016 3:48 rintarnid

2z

#5L10186 4035 Now 16 1 1
Untitled:2
BloyBit bem Fopuar ol Cuphic Eoluin Biktes Wodow | elp
W= 1+2+434445.6474849
outde 45

2EEEEEEELE

|| [VNC config] [ ) m5110186@suthpc|# Untitled-2 *

Figure G.5 Showing the Mathematica window on Tight VNC screen.
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G.3 How to stop the vncserver process

After finishing our work on the server we need to stop the vncserver process.
Here we describe how to stop the vncserver process:

1. save and exit application program on Tight VNC

2. go to the terminal windows close Tight VNC desktop and then, go back
to command line in SSH secure shell.

3. we have to explicitly kill a particular process by type “vncserver -kill
: [display number]” at the command line to stop the vncserver process. Replac-
ing [display number| with the number of the Tight VNC that you created earlier.

In our case we type “vncserver -kill :12” (see Figure G.6).

"8 suthpcc.sut.ac.th - HPCC - SSH Secure Shell
File Edt View Window Help

8 aR s 8 BrRA S0 % @8

&) Quick Connect ] ProfiesJ

drwxrwxr-x 2 m5110186 m5110186 4096 Oct 28 02:59 rintarn2_ gsub .
druxrwxr-x 2 m5110186 m5110186 4096 Oct 28 06:19 rintarmn3
drwxrwxr-x 2 m5110186 m5110186 4096 Oct 29 11:50 rintarnd
druxruxr-x 2 m5110186 mS5110186 4096 Oct 29 13:09 rintarn3
druxrwxr-x 2 m5110186 m5110186 4096 Oct 31 23:40 rintarné
drixruxr-x 2 m5110186 m5110186 4096 Nowv 1 00:53 rintarn?
druxrwxr-x 2 m5110186 wmS110186 4096 Nov 1 00:31 rintarn8
druxrwxr-x 2 m5110186 m5110186 4096 Nov 1 00:33 rintarn9
druxrwxr-x 2 m5110186 m5110186 4096 Nowv 15 2009 test
-rw-rw-r-- 1 m5110186 m5110186 1275 Nov 18 16:49 test.nb
druxruxr-x 3 m5110186 m5110186 4096 Sep 24 15:47 ¥Y

[m5110186@suthpce ~]¢ cd .vnc

[m5110186@suthpcc .vncl§ 1s

passwd suthpcc.sut.ac.th:12.pid xstartup
suthpcc.sut.ac.th:10.1log suthpcc.sut.ac.th:13.log xstartup-~
suthpcc.sut.ac.th:1l.log suthpcc.sut.ac.th:2.log
th
3

suthpcc.sut.ac.th:12.log suthpcc.sut.ac.th:2.pid
86@suthpcc .vnc erver -kill :12
Killing Xwmc process ID 2909
uthpcc
v
Connected to suthpee.sut.ac.th S5H2 - aes128-cbc - hmac-mdS - none | 80x20 ﬁ Y,

Figure G.6 Showing how to stop the vncserver process in SSH secure shell.

If the killing process is succeed, we should see “Killing Xvnc process ID
29090” appear on SSH screen. This means that the vncserver process 12 has been

stopped.
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The work is part of a project which is proposed to derive a potential in coordinate space for the

coupled KN — 7% — A system. The potential is expected to reproduce the low-energy

scattering data of the reactions K p —> K p, K'n, 7°2°, 737, 772" and 7°A, the

properties of the A(1405) resonance, kaonic hydrogen atom data, and transition amplitudes

predicted by other theoretical approaches. In this work we derive the dynamical equations for the

coupled-channel KN system and evaluate the cross sections of the reactions K p —> 7'z’

7% and 7 " with a phenomenological potential for the coupled KN system.

Keywords: KN potentials, coupled-channel, A(1405) resonance, Lippmann-Schwinger (LS),

cross sections.

1. INTRODUCTION

The K -nuclear systems have drawn considerable
attentions recently. Experimentally, the K p collisions
provides information of interactions of the coupled
KN —7%—7A  system above the KN threshold.
However, the interaction below the KN threshold, which
is dominated by the A(1405) resonance, is not well
study the
extrapolation of the KN interaction below the threshold,
by properly treating the A(1405) [1, 2]. Historically, the
A(1405) which is the lowest-energy negative-parity

understood. It is, therefore, essential to

baryon with nonzero strangeness, has been studied for
some time. In recent works [3, 4, 5, 6], the A(1405) has
been reexamined as a baryon-meson resonance. It is found
that the A(1405) may not an elementary particle, but the

bound state of KN that becomes a resonance when there
is a coupling between the KN and 72 [7, 8].

The KN interaction has been studied in the vector-
meson exchange model. The basic ingredient of this
method is the single meson exchange, which provides the
driving force (potential). The scattering equation is usually
the relativistic form of the Lippmann-Schwinger(LS)
equation or the Blankenbecler-Sugar (BbS) equation. The
original idea was that, in the absence of any well-defined
low-mass scalar mesons, the potential should be due to the

*Corresponding author.
Tel: + 668 1748 4817 ; E-mail: m5110186(@g.sut.ac.th

exchange of vector mesons. In [9, 10, 11], the A(1405)
has been successfully described in the coupled channel
approach with vector-meson exchange potential [2].

Recently, a large number of works on KN interactions
has been down in the chiral coupled channel approach [7,
12, 13, 14, 15, 16, 17], where the interaction Largrangian is
determined by chiral SU3)xSU(3) symmetry of
Quantum chromodynamics (QCD). The idea of chiral
perturbation theory is to realize that at low energies the
dynamics should be controlled by the symmetry of QCD
and the lightest particles such as pions or nucleon.

The KN interactions derived in the above approaches
are in momentum space and energy dependent. It is
inconvenient to apply such interactions to multiparticle
systems, for example, the K -nuclear states. There have
been attempts to construct KN potentials in r-space
phenomenologically [3] or by reproducing transition
amplitudes derived in the chiral coupled channel approach
[2]. However, these potentials are capable of understanding
only parts of experimental data. We have been constructing
a potential in coordinate space for the coupled

KN — 7% — /A system, which is expected to reproduce
the low-energy scattering data of the reactions K p —>
K p, K'n, 7°2°, 7°%, 772" and 7°A°, the
properties of the A(1405) resonance, kaonic hydrogen

atom data, and transition amplitudes predicted by other
theoretical approaches. In this work we derive the

dynamical equations for the coupled-channel KN system

and evaluate the cross sections of the reactions K p —

© 2010 Thai Physics Society

Figure H.1 Proceeding in Thai Physics Journal series 6 page 1.
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#°2°, 7'L" and 7 Z' with the phenomenological

potential for the coupled KN system introduced in the
work [3].

2. DYNAMICAL EQUATIONS FOR COUPLED KN
SYSTEMS

We start from the Lippmann-Schwinger equation

;Vaﬁ
E-H,+ic

|va)=1d.)+

vy, O

where Vaﬁ is the interaction between the andp

channels(sum over repeated f), and ‘¢a> satisfied the

homogeneous equation
(E-H,)|¢,)=0. @)

In equation (2), H, is a hamiltonian of free particles.

The formal solution of the Lippmann-Schwinger equation
for outgoing scattered waves takes the form

V(P =4, () + [d'FG(F.F )y Py (F)s )

where G(?,?') is the Green's function, satisfying the
equation,

(V2 + k2 )G(F.7) = 8°(F 7). @

In the ‘JMLS > basis the radial part of the outing wave
v, () is derived as

Rf’:S{,LS (ka ,r) =Ji (ka ’r)5aa05LL’§SS' +

> [, (ko Wt (R 15 (ko)

sl

(%)
Where L, L' are the total orbital angular momentum of
initial and final states, S, S" are the spin of initial and final
states, J is the total angular momentum, k, , k  are the
momenta of channels ¢ and g, respectively. g, is the
radial component of the Green's function G(f",?') and
Vg’fzs (r') is the radial part of the interaction from the

channel g to & [18].

3. INTERACTION WITH CHIRAL SYMMETRY

Considering in the framework of SU(3) flavor
symmetry where the strong interaction is invariant under
the unitary transformation of #, d and s quarks, the
interactions among the channels KN , 7% and 7A are
related with each other. The relative coupling strengths C,/

may be expressed in the isospin basis with the following
matrices,

3

; 2 .
C' = (forisospin I =0) (6)

I -1 - 3
I=1 2 . .
G, = - 13 2 0 (for isospinI=1) (7)
== 0 0
2

where i =1, 2, 3 refers to the 7%, 7ZA and KN channels,
respectively.

The interactions in the particle basis can be expressed in
terms of interactions in the isospin space, for example, for

the processes K™ p — 7°2°, 7'% and 772",

(Ko z) = cr ()= 55 0)
®)

<K'p‘V‘7r+2‘> — _%C,';OVO(V)+%CI';]V1(r)
©)

<K7P\V\”°E°>=LCI’§‘V1(r) (10)

NG

where V°() and V' (r) are the isospin-based / =0
and 1 potentials, respectively. The determination of the
V°(r) and V'(r) is the final goal of the research project.
We expect that the potentials reproduce the low-energy
scattering data of the reactions K p —> K p, K'n,
722, 727, 772" and 7°A°, the properties of the
A(1405) resonance, kaonic hydrogen atom data, and

transition amplitudes theoretical

approaches.

predicted by other

Figure H.2 Proceeding in Thai Physics Journal series 6 page 2.
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4. CROSS SECTIONS OF KN COLLISION

Mainly for checking our numerical program, we apply
the Lippmann-Schwinger equation (5) to evaluate the cross

. . - 0570 -
sections of the reactions K p — 72, 7'Z and

772" with the potential constructed phenomenologically
in the works [3, 6]. The employed potential takes the form

2
Va'ﬁ(r)=Va"ﬁ exp _[’Z] (11)

where the range parameter b = 0.66 fm and V:zl.ﬂ are as
follows:
=0 _ =
ViD =—436 MeV, VAl =62 MeV

KN.,KN
Vs =—412 MeV, V3! - =-285 MeV (12)

KN 7%
1=0
V- =

v 0 MeV, Vg | =-285 MeV

140 1

— Theoretical
120 1

= Experimental

100 1

@
=3

Cross section [mb]
o
=3

50 100 150 200 250 300
PLAB [MeV/c]

FIGURE 1. Theoretical cross section of the reaction

Kp—> 712" compared with the experimental data from [19].

240
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S190- = Experimental
E
6 140
=1
o
3
g {
@ 90 1
J<4
S

I

-10 + + + + +

30 80 130 180 230 280
PLAB [MeV/c]

FIGURE 2. Theoretical cross section of the reaction

K_p —> % compared with the experimental data from [19].

240 +
— Theoretical
=190 1 = Experimental
E
§140 4
©
Q
]
? 90 4
<4
S
40
-10 + + + +
90 140 190 240 290
PLAB [MeV/c]
FIGURE 3. Theoretical cross section of the reaction

K p—> 7'z’ compared with the experimental data from [19].

Shown in Figs.1., 2., 3., are the theoretical results on the
cross section of the reactions K p > 7 X", K™ p —

727 and K p—> 7°%°, respectively.
5. REMARKS

In this work we have worked out the Lippmann-

Schwinger equation for the coupled KN system and the
relations for interactions among various channels for the

coupled KN channels in the framework of the flavor
SU@3) symmetry. The cross sections of the reactions

Kpo>7nX,Kpo>a'Ll ad K p—ora'L are
evaluated with the phenomenological potentials [3, 6].
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Numerical calculation of K N interaction based on chiral SU(3)
symmetry
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Abstract

Finding that the A (1405) consist of KN bound state with only small admixture of
elementary three-quark state suggests a reasonable model is possible with the KN = and
JU as elementary particles interacting via potentials or meson-exchange. In this work we
have derived the dynamical equations for the coupled-channel KN system. The cross
section of the reaction KN—KN is evaluated with one of the famous phenomenological
KN potentials and the theoretical results indicate that it is necessary to develop better
versions of KN potfentials. We use a method of coupled-channel Lippmann Schwinger
equations, which allows us fo evaluate the |I=0 amplitudes and obtain a good description
of the K'p— K p, Kn. %’ 'S . w2’ a’Across sections at low energies plus the
properties of the A (1405) resonance. By changing only the potential in the LS equations,
we get better versions of KN potentials and obtain the cross sections consistent with

experimental data.

Keywords: KN potentials, coupled-channel, A (1405) resonance, Lippmann-Schwinger
(LS), cross sections.
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