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Resonating group method study of kaon-nucleon elastic scattering
in the chiral SU(3) quark model
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The chiral SWY3) quark model is extended to include an antiquark in order to study the kaon-nucleon system.
The model input parametebg, m,, mg are taken to be the same as in our previous work which focused on the
nucleon-nucleon and nucleon-hyperon interactions. The mass of the scalar énisscimosen to be 675 MeV
and the mixing ofoy and og is considered. Using this model the kaon-nucl&and P partial waves phase
shifts of isospirl =0 andl =1 have been studied by solving a resonating group method equation. The numerical
results ofSy1, Sy1, Po1, Pos andPy, partial waves are in good agreement with the experimental data while the
phase shifts oP,3 partial wave are a little bit too repulsive when the laboratory momentum of the kaon meson
is greater than 500 MeV in this present calculation.
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[. INTRODUCTION Actually, theKN scattering had aroused particular interest

As is well known, the nonperturbative quantum chromo-I" the past due to the kaon meson's high penetrating power
dynamics(QCD) effect is very important in the light quark [13,14, which makes the kaon one of the deepest probes of
system, but up to now there is no serious practical approaci® nuclear medium in the energy range between 0 and
to really solve the nonperturbative QCD problem. Peoplel G€V/c. The model based on hadronic degrees of freedom
still need QCD-inspired models to help. Among these mod{15] can give a good description dfN interaction, but
els, the chiral S(B) quark model1] has been successful in Buettgenet al. had to add the exchange of a short range
reproducing the energies of the baryon ground states, the~0.2 fm) repulsive scalar meson in order to reproduce the
binding energy of deuteron, the nucleon-nuclgbiN) scat-  Swave phase shifts in the isosgdir 0 channel. The range of
tering phase shifts of different partial waves, and thethis repulsion is smaller than the nucleon radius, which
hyperon-nucleoriYN) cross sections by the resonating groupclearly shows that the quark substructure of the kaon mesons
method (RGM) calculations [1,2]. In the study of the and nucleons cannot be neglected. In R&$], the KN phase
dibaryon structure, the binding energy of tHeparticle ob-  shifts are calculated within a constituent quark model by
tained from this model is around the threshold of twg3],  numerically solving the RGM equation. In that calculation,
consistent with the recent experimental estimation from thehe quark-quark potential includes gluon, pion, and sigma
binding energy of the doubl& hypernucleu$4]. Inspired by  exchanges and the ground state energies of mesons can be
these achievements, we try to extend this model to the syseproduced, but the agreement of the obtained results with
tems with antiquarks to study the baryon-meson interactionghe experimental phase shifts is quite poor. Recently, Véang
With the antiquarkq) in the meson brought in, the complex- al. [17] gave a study on thKN elastic scattering in a quark
ity of the annihilation part in the interactions will appear. As potential model. Their results are consistent with the experi-
a first step we start with the study &N elastic scattering mental data, but in their model, a factor of color octet com-
processes because in tH&l system the annihilation to glu- ponent is added arbitrarily and the size parameter of har-
ons and vacuum is forbidden and the(ds) can only anni-  monic oscillator is chosen to b®,=0.255 fm, which is too
hilate to kaon mesons. small compared with the radius of nucleon.

Another motivation of the present work came from the The goal of the present work aims at studying #i
discovery of the®*(1540 pentaquark state, an exoi¢n or  elastic scattering phase shifts 8fand P partial waves of
K° resonance reported by some laboratories recentlisospinl=0 andl=1 in the framework of the chiral SB)
[5—-12. The strangeness quantum number of Biparticle  quark model by carrying on a resonating group method cal-
is S=+1 and the upper limit of the width is about culation. We take the same input model parameters
I'e <25 MeV. It may be the first exotic hadron observed andb,, m,, mg as in our previous workl,2], which successfully
has triggered great interest and heated discussions. Howevexplained the existindNN and YN experimental data. The
the nature of this particle, its isospin, parity, and angulardifference is that in the present work the mass of the scalar
momentum, is still going to be determined. In order to obtainmesono is chosen to be 675 MeVin our previous work
a reasonable interpretation of the data of wieldssystem, a m;=595 or 625 MeV and the mixing between, and og is
prior understanding of the kaon-nucleon interaction on aonsidered. By this means the attractioncofmeson inKN
quark level is important and necessary. S1 partial wave can be reduced a lot. Except for the case of
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P13, the numerical results of different partial waves are in  From Eqgs.(5) and (6) the SU3) chiral-field-induced
agreement with the experimental data. In comparison witlquark-quark potentials can be derived, and their expressions
the previous resultfl6,18, our calculation achieves a con- are given in the following:
siderable improvement on the theoretical phase shifts. In this o
sense, it means that our model also works well when an Vo, (Fij) = = C(Gen My, A) Xy (Mg, A Fip)[Na(D)Na(1)]
antiquark is added in the systdiat least for theKN system, FVS(r) %)
so that one can regard that the interactions between two A
quarks obtained from this model is almost reasonable, which
is useful for studying the structure of tH@*(1540 pen- m2
G(m rlj)

taquark state from the constituent quark model point of view. V. (Fj) = = C(Gen My, A) 2
The paper is organized as follows. In the next section the Mg Mg,

framework of the chiral S(B) quark model and the RGM A \3 -
approach applying to thEN system are briefly introduced. - <m_) G(Ary) (L - (o7 + o ]INa(DNa())],
The calculated results of the isospin0 andl=1 KN phase Ta
shifts of SandP partial waves are shown in Sec. lll, as well (8)
as some discussions are made in this section. Finally, conclu-
sions are drawn in Sec. IV, and
Il. FORMULATION ET
V.. (rii) = C(gep, M, , A E—Xo(m, , A1) (0 - o
A. The model 7Ta( |]) (gch a )12mqimqj 2( a |J)(0'| O'J)
Following Georgi’'s ideq19], the interaction Lagrangian XN, (9)
of the quark-chiral S(B) field can be written as
_ _ with
L= = gen( SR+ Y2 ), (1) ) ,
with g., being the quark—chiral-field coupling consta, C(gch,m,/\):%1 > n12m’ (10
and ¢z being the quark-left and quark-right spinors, respec- 4m A=
tively, and
. A
S =exdimN\/f], a=1,2,...,8, 2) Xy(m,A,r) =Y(mr) - EY(Ar), (11
where, is the Goldstone boson field ang the Gell-Mann
matrix of the flavor S@3) group. Generalizing the linear A3
realization of2 from the SUY2) case to the S(B) case, one Xo(m,A,r) =Y(mr) - (-) Y(Ar), (12
obtains m
8 8
3= E Oahgt |E Taka, (3) Y(x) = le_x, (13
a=0 a=0 X
and the interaction Lagrangian
1 1
8 8 G(x)=—<1+—>Y(x), (14)
L ==gcnt) E Okt |2 TalaYs | ¥, (4) X X
a=0 a=0

andm, _being the mass of the scalar meson ang the
where)\, is a unitary matrix,op, ...,og are the scalar nonet mass of the pseudoscalar meson.
fields, andﬂTo,...,’iTg the pseudoscalar nonet fields. Clearly, As mentioned in Ref[24] in the chiral Sw3) quark
L, is invariant under the infinitesimal chiral $8).  model the interaction induced by the coupling of chiral field
X SU(3)r transformation. Consequently, one obtains the indescribes the nonperturbative QCD effect of the low-

teractive Hamiltonian as momentum medium-distance range. To study the hadron
structure and hadron-hadron dynamics, one still needs an ef-
fective one-gluon-exchange interactivfi°E which governs

=g:F(q Ohg i 2, T\ 5 i
Hen =G 2 N E 2 a%) ®) the short-range perturbative QCD behavior,
Here we insert a form factd¥(g?) to describe the chiral-field GE_ . 1
structure[20,21]. As usual,F(¢?) is taken as Vo= _9 g\ MDY — 5( rij) E Tz
2 \1/2 ! %
F(g? :< ) , 6 4
(@) A%+ © *3 (o7-0y) | ¢ +Vose (15)
Mg, Mg,

and the cutoff masa indicates the chiral symmetry breaking
scale[20-23. with
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Vooe=" 169G N~ 5L (o1 + o)), (16)
il

and a confinement potentisf°" which provides the nonper-

purbative QCD effect in the long distance,

Vconf a”()\c C)r” _aUO()\c )\C) (17)

For theKN system, we have to extend our chiral SJquark

model to the case with an antiquark. Now, the total Hamil-

tonian ofKN system is written as

H= ET ~To+ E v,1+2v|5,

i<j=1 i=1

(18)

whereTg is the kinetic energy operator of the center of mass

motion, andV;; and Vs represent the interactions between
quark—quark(q—q) and quark-antiquarkg—q), respectively,

VOGE Vconf+ Vﬁha (19)
8 8
=2V, (1) + 2 Vo, (). (20)
a=0 a=0

The interaction between(d) ands includes two part$25]:
direct interaction and annihilation parts,

ler vlasnn, (21)
with
Vi =Vi +Ve +Ve (22
and
VM= el (- A AR - aR(- AT AY), (23
* 1 1 1
VZGE _glgs( A Ng ){riS 7575(“5)(%"'_2
4 1 .
+ gmqims((fi '0'5))} - 1_69igs(_ )\ic')\g )
3 1
—L-(o+09), (24)
Cmgmgry 7
(25)

=3 -1
j

Here (-1)®i describes thé& parity of thejth meson. For the
KN system,u(d)s can only annihilate into & meson, i.e.,

VE"'= Vi (26)
with
VK 2 oK (1—aq-aq—) <2+3>\q->\q>
am an 2 spin 6 color
38+3\ - Ao A2
x(—q q) —eAr, (27)
18 flavor r
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TABLE |. Model parameters. The meson masses and the cutoff
masses: m,,=980 MeV, m,=1430 MeV, m,=980 MeV, m,
=675 MeV, m,=138 MeV, mg=495 MeV, m,=549 MeV, m,,
=957 MeV, A=1500 MeV fork and 1100 MeV for other mesons.

m, (MeV) 313
ms (MeV) 470
by (fm) 05
au 0.886
Us 0.755
ac, (MeV/fm?) 52.40
a’s (MeV/fm?) 75.30
aﬁﬂ (MeV) -50.37
(MeV) -66.80
CK, (fm?) -0.137
=2
ann: - Sen . (28)

Amm - (fh+ 2’
whereg, is the effective coupling constant of chiral field in
the annihilation case anth represents the effective quark
mass. Actually,m is quark momentum dependent; here we
treat it as an effective mass. In the present form of the anni-
hilation interactionVX, , a form factorF(g?) [Eq. (6)], which

is also used in the vertex of the quark—chiral-field coupling,
is inserted to flatten the sharp behavior of thunction. In
this work we treaC,,, as a parameter and adjust it to fit the
mass of kaon meson.

B. Determination of parameters

We have three initial input parameters: the harmonic-
oscillator width parameteb,, the up (down) quark mass
my), and the strange quark masg These three parameters
are taken to be the same as in our previous warg], i.e.,
b,=0.5 fm, my4, =313 MeV, andm;=470 MeV. By some
special constraints, the other model parameters are fixed in
the following way: the chiral coupling constagy,, is fixed

by
3 2

H
with g2,/4m=13.67 taken as the experimental value. The
masses of the mesons are also adopted to the experimental
values, except for the meson, where its mass is treated as
an adjustable parameter; in this work, it is adopted to be 675
MeV. The cutoff radiusA ™ is taken to be the value close to
the chiral symmetry breaking scg20-23. After the param-
eters of chiral fields are fixed, the one-gluon-exchange cou-
pling constantsy, and g; can be determined by the mass
splits betweerN, A andX, A, respectively. The confinement
strengths,, a, andag are fixed by the stablhty conditions
of N, A, andE, and the zero point energie$, a2, anda®
by fitting the masses dfl, X, and= +Q, respectively. About
cX _ we adjust it to fit the mass of kaon meson. The resultant

ann
model parameters are tabulated in Table | and the masses of

2

e Mo
4m ME’

2
Yen

4ar (29)
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TABLE Il. The masses of octet and decuplet baryons. m oo \34 2m o\ 34 fi §§
In(Ené)=| - ) exp - myo| 2+ 22|
27 37 4 3

(38)

N 3 E A A 2 B Q

Theor. 939 1194 1334 1116 1237 1375 1515 1657
Expt. 939 1194 1319 1116 1237 1385 1530 1672

w m, 34 o m,
be)=( 2! +"}ns) exp[— Eﬁsé}. (39
octet and decuplet baryons obtained from this set of param- !
eters are listed in Table II.

In our calculation, the meson mixing between the flavor 2 sl ® 5
singlet and octet mesons is considered, ie.y’ mesons are Z(Rem) = ;(4mu +my | exp - E(4mu +MYRCm |-

mixed by 7y, 7s: (40)
7' = ngsin 675+ 7yc0s6°S,
Here ¢n(&1,&,) and ¢x(&;) denote the internal wave func-

7= 15c086°°— 7osin 67, (300 tion in coordinate space of clustét and K, respectively.
with the mixing angle¢”s taken to be the usual value —23° #n(£1,£>) represents the antisymmetrized wave function of
and o, € mesons are ideally mixed by, og: clusterN and ¢x(&;), the wave function of clustef with N

and K further specifying all the quantum numbers of the
relevant clustery,q(Rkyn) is the trial wave function of the
€= 0vCOSE5— osin 65 (31) relative motion between interacting clusté¢sand N, and

I8 7o ’ Z(R.m) is the wave function of the motion of the total center
with #5=35.264°, which means that only acts on theu(d) of mass. The oscillator frequeney is associated with the
quark, ande on thes quark, respectively. Under this ideal width parameteb, by the constituent quark mass;:
mixing, the scalar meson exchange interactions betwédn
and s are totally vanished, so that the attraction force of
scalar meson betwedf andN can be reduced a lot. E =Mo. (41

|

0 = 0gsin 65+ 0,cos 6°,

C. The RGM h lying to the KN it . . . .
© approach applying fo the Y system The symbolA is the antisymmetrizing operator defined as

In this section, we present the applying of the resonating
group methodRGM) to theKN system. We take the follow-
ing choice of the coordinates to construct the total wave
function of the system:

A=1-> P,=1-3P,,. (42)
ieN

SandT denote the total spin and isospin of t&l system,

SRR (32 respectively. Substituting’ into the projection equation
ri+rs
§2=r3—T, (33 (8¥|(H-E)|[W)=0, (43
§3 =rg—ry, (34) where
r +ry+rg Myry,+my E=Ec*En+t B (44)
Ry = - 32 3_ Lrj-n4+$SSS, (35) K+t ENT Erel
’ with E, Ex, Ey, and E,¢ being the total energy, the inner
My(ry + o+ r3+1,) +Mds energies of clusters andN, and the relative energy between
Rem = Am, +m, . (36) clustersK andN, respectively, we obtain RGM equation
u

Here,r; is the coordinate of théh quark,&; and &, are the

internal coordinates for the clust®, and &; the internal fﬁ(R',R)Xrel(R)dR=0, (45)
coordinate forK. Ry is the relative coordinate betweédh

andN, andR. ,, is the center of mass coordinate of the total

system. with
Following the cluster model calculatiofi26-29, the
RGM wave function is written as L(R'",R)=H(R',R) -ENR’,R), (46)
W = Al (&1, &) (€ xre R ZRem) sty (37)

where the Hamiltonian kerné{ and normalization kerne\/
with can, respectively, be calculated by
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H(R,’R) Lo _f * -y ’ - 7 D
{N(RI,R)} LYR, R = | Y w(RNL(R',RY n(RAR'dR. (55)

corresponding wave function of the two-cluster system.
For a scattering problem, the relative wave function is
expanded as

:<[$N(§1,§2)(}K(§3)5(R' C Re)Z(Rer e {I:H Solving Eg.(53), we can get the binding energy and the

X AL pn(£1, &) (€2 SR - RKN)Z(Rc.m.)]ST> . (47)

n

In the actual calculation, the unknowp,, is determined Xeel(Ren) = 2 GUH (R, S), (56)
in the following way: First, we perform a partial wave ex- i=1
pansion,
L TJL(RKNas)
Rkn) = R 4
Xrel( KN) % Xrel( KN)! ( 8) _ {piUL(RKNys)v RKN < RC
. [hi (kenRicn) = sihy (KenRin) IRkn— Rin = Re
and then, for a bound-state problem(RKN) is expanded as (57)
n . + . . .
L Re=S G wuy | WI'Fh h{ being Lth spherical |.—Iankell functions kg
Xrel\"*KN i o =v2uxnErel the momentum of relative motion, ai a cut-

off radius beyond which all the strong interactions can be
WHUKN P disregarded. The complex paramet@sand s are deter-
Xexp{ (Rn=S) }YLM(S‘)dS‘ mined by the smoothness conditionRiy=R: andc;’ s sat-
isfy =L,c;=1. Performing variational procedure, kth
L partial-wave equation for the scattering problem can be de-
= E G RKNU “(Ren S)Yim(Rin) (49) duced as

with S Lic=M (i=1,.,n), (58)
=1

3/4 1
u-(Ren, S) = 47TRKN< wl;KN> EXP{‘ Ew/-LKN(RiN + 32)} with

X i (0unRenS) (50) EL /CL kL ’CL"'/Cer, (59

where§ is called the generate coordinatgq is the reduced ~ =L L
mass ofkKN system, and, the Lth modified spherical Bessel Mt =K, - K, (60)

function. Usuallyy,e(Rkn) is also expanded as and

Xrel(Rin) = E XreI(RKN)YLM(RKN) (51) IE}]:fTJL(R’,S)EL(R’,R)TJL(R,Sq)R’RdeR, (61)

so equivalently, Eq(49) can be written in a compact form where the RGM kerneL*(R’,R) is defined in Eq(55). Be-
fore solving Eq.(58), we have to calculate the kernE]h.
Considering the asymptotic form of spherical Hankel func-

L - L ~
Xrel(Rin) = 21 ciu-(Ren: S).- (52) tions, K can be written as

Now all the information about the relative wave function is L= pipy(LF — KE®), (62)
contained in the coefficients’ s which are left to be solved.

Performing variational procedure, one can deducétla R ( 72 g2 A2 L(L+1) )
.y ; ) K- = | u(R,S)| - —+ -
partial-wave equation for the bound-state problem, i f re RS) 21 AR 2 R rel
n L
Xu-(R,S)dR. 63
2 Lig=0 (i=1,..n), (53) (RS) €3
j=1 Having solved Eq(58), the Smatrix elementS- and the

_ phase shiftss, are given by
with

g = ?id = <
ﬁiLj:fUL(R',S)EL(R’.R)uL(R,ﬁ)R’RdedR, (54) zcls (64)
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FIG. 1. KN Swave phase shifts as a function of the laboratory momentum of kaon meson. The solid lines represent the results obtained
by considerings>=35.264° while the dotted lined>=-18°. The hole circles and the triangles correspond respectively to the phase shifts
analysis of Hyslopet al. [29] and Hashimotd30].

lll. RESULTS OF KN PHASE SHIFTS stituent quark modelCQM), in which the calculated phase
AND DISCUSSIONS shifts of §;, Pps, P11 Waves have opposite sign and thg

ARGM dynamical calculation is made to study the partia|channel is too repulsive for the experimental data, we ob-
wave phase shifts dfN scattering by using the Hamiltonian, tained the correct sign and reproduced the experimental data
Eq. (18), and the calculated phase shifts ®and P waves quite well. This means that a reasonable interaction between
with isospinl=0 andl=1 are shown in Figs. 1 and 2 with K andN can be obtained from the chiral ) quark model
solid lines. when the mixing ofoy and og mesons is considered as ideal

For theSy;, Poy, P11, and Pz waves(here the first sub- mixing and the mass of ther meson is taken to be 675
script refers to the isospin quantum numband the second MeV, which is closely consistent with the relatiom,
one to twice of the total angular momentum of the systent\m2+(2my? from the dynamical vacuum spontaneous
2J), our results are in agreement with the experimental datébreaking mechanisiB1]. We also compare our results with
While for the P53 channel our numerical phase shifts are toothose of the previous work of Blackl8]. Although our
repulsive when the laboratory momentum of the kaon mesonalculation achieves a considerable improvement on the
in greater than 500 MeV an8;; channel a little repulsive. theoretical phase shifts in the magnitude &g, S;;, Poy,
Comparing with the results of the recent resonating grougP;;, Pg3 waves, the results of thé;; channel are too repul-
method calculation of Lemairet al. [16] based on a con- sive in both Black’s work and our present work. Maybe the

soF 10
60
40
? 1 Fy
2 2 =
“w L “w
0
.20_
A R RS R IR0 ) MR E—— L P PR
0 200 400 600 800 1000 0 200 400 600 800 1000
P, (MeV) P, (MeV)
5_
Pos ar P13
=)
<)
T
w
PRRR | Lo | -10_|||||||||||||||||x|
0 200 400 600 800 1000 0 200 400 600 800 1000
P, (MeV) P (MeV)

lab lab

FIG. 2. KN P-wave phase shifts. Same notation as in Fig. 1.
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effects of the coupling to the inelastic channels and hiddeithat the energies of thEN system for bothS and P waves

color channels should be considered in future work. are located above th€N threshold, which means that there
Since there is something uncertain in the annihilation in4s no bound state. As a consequence, it can be said that the

teraction part, its influence on the phase shifts should bﬂewly observed exotic baryo®* cannot be explained as a

investigated. We omitted the annihilation part entirely to seeN resonance state orkN bound state in our present cal-
the effect, and found that the numerical phase shifts onlyylation.

have very small changes. This is because the annihilation
part acts in the very short range, so that it plays a nonsignifi-
cant role in theKN scattering process.

One thing should be mentioned: in our present one chan- The chiral SWY3) quark model is extended to the system
nel calculation forKN scattering process the confinementwith an antiquark, and th&N scattering process is studied
potential contributes pimping interactions between the twdy using this model in the framework of the resonating group
color singlet clustersK and N. Thus our numerical results method. We take the same initial input parameters as in our
will almost remain unchanged; even the color quadratic conprevious work, which successfully explained the existitg
finement is replaced by the color liner confinement or anand YN experimental data. The difference is that in the
improved one which is presently unknown. present work the mass of the scalar mesas chosen to be

Recently we became aware of R§B2] written by Dai 675 MeV (in our precious workm,=595 or 625 MeV and
and Wu, in which an investigation based on a dynamicallythe mixing of oy andoyg is considered. Except for the case of
spontaneous symmetry breaking mechanism predicted th&,,, the numerical results of different partial waves are in
the mass otr meson ism,=677 MeV and the mixing angle agreement with the experimental data. In comparison with
betweena, and og is #5=-18°. Using thism, and 65, we the previous results, our calculation achieves a considerable
calculated theKN phase shifts and the results are shown asmprovement on the theoretical phase shifts. It seems that
dotted lines in Figs. 1 and 2. One can see thattNephase our model can work well for the&KN system, in which an
shifts can be also explained quite well by taking this group ofantiquarks is there besides foun(d) quarks, and the inter-
parameters. It is comprehensible because in both of these twtions between two quarks obtained from this model might
cases the attraction of is reduced, just in different ap- be reasonable, which would be useful to study the structure
proaches. Whert®=35.264° (ideal mixing, the reduction of the ®*(1540 pentaquark state from the constituent quark
comes from the interaction betweefd) ands quarks van-  model point of view.
ished, while6>=-18°, the interaction of between twau, d
quarks, is strongly reduced. ACKNOWLEDGMENTS
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