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NK and AK states in the chiral SU3) quark model
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The isospinl=0 andl =1 kaon-nucleor§, P, D, F wave phase shifts are studied in the chiral($Ujuark
model by solving the resonating group meth@IGM) equation. The calculated phase shifts for different
partial waves are in agreement with the experimental data. Furthermore, the structured Kf stees with
L=0,1=1, andL=0, I =2 are investigated. We find that the interaction betw&eandK in the case of. =0,
=1 is attractive, which is not like the situation of théK system, where th&wave interactions betwedx
andK for both1=0 andl =1 are repulsive. Our numerical results also show that when the model parameters are
taken to be the same as in our previdl¥ andY N scattering calculations, th&K state withL=0 andl=1 is
a weakly bound state with about 2 MeV binding energy, while the one it is unbound in the present
one-channel calculation.
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[. INTRODUCTION to this issue based on the constituent quark model. But up to

In the framework of the constituent quark model, to un-NOW, Most of them cannot accurately reproduceithephase
derstand the source of the constituent quark mass, spontari@lifts up toL=3 in a sufficient consistent way. In this work
ous vacuum breaking has to be considered, and as a congi€ perform a RGM calculation d&-, P-, D-, andF- wave
quence the coupling between quark field and Goldston&N phase shifts in our chiral quark model. Comparing with
boson is introduced to restore the chiral symmetry. In thigother’s previous work7], a RGM calculation includingr
sense, the chiral quark model can be regarded as a quid = boson exchanges, we obtain correct sign§gf P,
reasonable and useful model to describe the medium-randeys, D13, Dos, F15 andFy; waves, and foPy;, Dgs, andD5
nonperturbative QCD effect. By generalizing the (8Ulin- channels we also get a considerable improvement on the the-
ear o model, a chiral S(B) quark model is developed to oretical phase shifts in the magnitude.
describe the system with strangengss This model has About the structures aiK states, Sarkast al. have made
been quite successful in reproducing the energies of the study on a baryon level in their recent wgf, and they
baryon ground states, the binding energy of deuteron, thebtained aAK resonance state with=0 andl=1 near the
nucleon-nucleon(NN) scattering phase shifts of different threshold. This state has also been investigated by Kolomeit-
partial waves, and the hyperon-nucle@fiN) cross sections sev and Luta in the-BS(3) approach[10]. In the present
by performing the resonating group meth@®GM) calcula-  work we analyze the property of the one-gluon-exchange
tions [1,2]. Recently this model has been extended to sysOGE) interaction inAK states withL=0 and our results
tems with antiquarks to study the baryon-meson interactiongpow that the OGE interaction is attractive fior1 while
and meson-meson interactions. With the antiquajkin the  renyisive forl=2. When the model parameters are taken to
meson brought in, the complexity of the annihilation part inpe the same as in our previous work which successfully re-
the interactions will appear. We started our study from theproduced theNN phase shifts and th& N cross sections
KN elastic scattering processes because irKikesystem the 1,2], we find that theAK with L=0 andl=1 is a weakly
annihilations to gluons and vacuum are forbidden and th§, ,nd state with a binding energy of about 2 MeV in our
u(d)s can only annihilate to kaon mesons. We calculated th%resent one-channel calculation.
KN phase shifts o§ andP partial waves in the chiral S@3) The paper is organized as follows. In the next section the
quark model and fortunately, we got quite reasonable agregramework of the chiral S(8) quark model is briefly intro-
ment with the experimental data when the mixing betweery,ced. The results oKN phase shifts and\K states are

scalar mesonsrg and og is considered[3]. All of these  ghown in Sec. IIl, where some discussions are made as well.
achievements encourage us to extend our study to Sonlﬁnally conclusions are given in Sec. IV,

higher partial waves oKN scattering and to some otheq 5
systems with an antiquai such asAK, NK", and so on.

Actually, theKN scattering process had aroused particular Il. FORMULATION
interest in the pag—8] and many works have been devoted

A. Model
As is well known, the nonperturbative QCD effect is very
*Mailing address. important in light quark systems. To consider the low-
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momentum medium-range nonperturbative QCD effect, a
SU(2) linear o model[11,17 is supposed to study theN
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2 2
A
Clgenm,A) = S22 7

= m’
) . . 47 A —mP
interactions. In order to extend the study to the systems with

strangeness, we generalized the idea of th€5W model to

the flavor SU3) case, in which a unified coupling between
quarks and all scalar and pseudoscalar chiral fields is intro-
duced and the constituent quark mass can be understood in
principle as the consequence of a spontaneous chiral symme-
try breaking of the QCD vacuurfll]. With this generaliza-
tion, the interacting Hamiltonian between quarks and chiral
fields can be written as

Xi(m,A,r) =Y(mr) - %Y(Ar), (8)

A 3
Xo(m,A,r) =Y(mr) - (E) Y(Ar), (9

8 8
1
H"= gorfF(07) 9| 2 oaha+i2 waxm) b Y09 =" e, (10)
a=0 a=0

where g¢, is the coupling constant between the quark and
chiral field, and\q a unitary matrix.A4, ... ,\g are the Gell-
Mann matrix of the flavor S(B) group, oy, ... ,0g the scalar
nonet fields, andm, ..., the pseudoscalar nonet fields.
F(g? is a form factor inserted to describe the chiral-field
structure[13,14 and, as usual, it is taken to be

A2 1/2
F(o?) = <A2—+qz> \ (2

with A being the cutoff mass of the chiral field. Clearyt"
is invariant under the infinitesimal chiral $8) transforma-
tion.

From Hf'h, the chiral-field-induced effective quark-quark
potentials can be derived, and their expressions are given

G(x):)—l(<1+)—1(>Y(x), (11

H(x):<1+§+§2>Y(x), (12
X X

andm(,a being the mass of the scalar meson aqgthe mass
of the pseudoscalar meson.

In the chiral SU3) quark model, the interaction induced
by the coupling of chiral fields describes the nonperturbative
QCD effect of the low-momentum medium-distance range.
i-EO study the hadron structure and hadron-hadron dynamics,
one still needs to include an effective one-gluon-exchange

the following: interactionvi‘j’GE which governs the short-range behavior,
Vaa(rij) == C(gchv maavA)Xl(mO'a7Avrij)[)\a(i))\a(j)]
1 1 = 1 1
+V|0..z(rij)v (©)] ijGE: Zgigj()\i(:')\f){:_Eé(rij)<%+F
1) i qj
m2 4 1 s
- Ta + O +Viee 13
Vo (1ij) = C(gen My, A) 1quimqjX2(m,7a,A,rij)(gi - o) quimqj(m )] OGE (13
X[Na(DNa())] + Vt::(rij), (4)  with
and
. 1 3 1
e Vooe=~ 76000 \) 5L (i + o)), (14
I _ Ta i
Ve (1)) = = C(Qen maa’A)4mqimqj G(m, rij) o

and a confinement potentisf®" "to provide the nonpertur-
bative QCD effect in the long distance,

Ta

A 3
- (m—> G(A) (L (07 + o) TNalDNa()],
Ve T= —af (N A)rZ - a%(AE - 19). (15)

For the systems with an antiquaskthe total Hamiltonian
can be written a$3]

(5

2
m7T
V(i) = CGen M., A) . {H(mwarij)

12fT1qimqj 5 4 4
AN L H=XT-Te+ X Vi+ 2 Vs, (16)
o H(Ary) ([3(0; - Ty) (o) - Tyj) = 07 - 0] =1 I=<i=1 =1
X[\ (S)\ ()] 6) whereTg is the kinetic energy operator of the center of mass
all)Aal)l, motion, andV;; and Vs represent the quark-quatigg) and
with quark-antiquarkqq) interactions, respectively,
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Vij zvicj)GE+ vicjon fy Vﬁh, (17)
8 8
V= 2V, (1) + 2V, (). (18)
a=0 a=0

V5 in Eg. (16) includes two part$3,15: direct interactions
and annihilation parts,

Vis=Vig + Vg, a9
with
dir con f OGE h
Vis =Vis +Vig +Vig. (20
where
f xy 2 *
VM = m el (- A A IrE-aR(- N AE), (2
oce_ 1 o1 m 1 1
Vis = 4905~ RN ){E‘ E&ﬁ@(m—a + P
4 1 1
+ g—mqims(m “05) | ¢~ 1699
. 3 1
X(= N -AE) —L-(oy+05), (22)
i 5ri§
and
h - chi
Vig =2 (- DOV, (29
i

Here(-1)®i represents th& parity of thejth meson. For the

NK and AK systemsu(d)s can only annihilate into a kaon

meson—i.e.,

Vi = Vi (24)
with
VK :CK(l_"Q"’F) (2+3"q')‘q>
ann 2 s 6 c
(38 + 3 )\;> ,

X| ———— | 4(r), 5
15 f (r) (25)

whereCK is treated as a parameter and we adjust it to fit thd'9

mass of kaon meson.

B. Determination of the parameters

PHYSICAL REVIEW C 70, 064004(2004

TABLE |. Model parameters. The meson masses and the cutoff
masses: m,,=980 MeV, m,=980 MeV, m,=980 MeV, m_,
=138 MeV, m¢=495 MeV, m, =549 MeV, m,,=957 MeV, and
A=1100 MeV.

NN, YN cases KN case
¢°=35.264°  ¢°=-18°
by (fm) 0.5 0.5 0.5
m, (MeV) 313 313 313
ms (MeV) 470 470 470
au 0.886 0.886 0.886
Os 0.917 0.917 0.917
m, (MeV) 595 675 675
ac, (MeV/fm?) 48.1 52.4 55.2
as (MeVv/fm?) 60.7 72.3 68.4
a® (MeV) -43.6 -50.4 -55.1
0 (MeV) -38.2 -54.2 -48.7
g_gh - (§>Zg’2\‘i7ﬁ2 (26)
47 \5) 4rx Mﬁ’

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 our previous work it is taken to
be 595 MeV[2] for the NN and YN cases while 675 MeV
for the presenkN case. The cutoff radius ™! is taken to be
the value close to the chiral symmetry breaking scale
[13,14,16,17. After the parameters of chiral fields are fixed,
the one-gluon-exchange coupling constapteindgs can be
determined by the mass splits betwednA and 3, A, re-
spectively. The confinement strength, al, and a are
fixed by the stability conditions oN, A, and E and the
zero-point energiea’’, a2, anda® by fitting the masses of
N, 3, andE+Q, respectively.

In the calculation,7 and ' mesons are mixed by, and
7g With the mixing angledS taken to be the usual value
—-23°. For theKN case, we also consider the mixing between
o, andog. The mixing angles® is still an open issue because
the structure ofo meson is unclear and controversial. We
adopt two possible values by which we can get reasonable
KN phase shifts. One is 35.264° which means thand e
are ideally mixed byry andog, and the other is —18° which
is provided by Dai and W{i18] based on their recent inves-
ation.
The three sets of model parameters are tabulated in Table
I. The first column is for the case fitted YN and YN
scattering, and the second and third columns are for the case
fitted by KN scattering. For each set of parameters the octet

We have three initial input parameters: the harmonic-and decuplet baryons’ masses can be well reproduced in our

oscillator width parameteb,, the up (down) quark mass

myq), and the strange quark mass These three parameters

are taken to be the usual value,=0.5fm, myg

=313 MeV, andn,=470 MeV. By some special constraints,

model[3,19.
Ill. RESULTS AND DISCUSSIONS
A. KN phase shifts

the other model parameters are fixed in the following way. A RGM dynamical calculation of thes-, P-, D-, and

The chiral coupling constart., is fixed by

F-wave KN phase shifts with isospin=0 andl=1 is made,
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FIG. 1. KN Swave phase shifts as a function of the laboratory I 11
momentum of kaon meson. The hole circles and the triangles cor-
respond respectively to the phase shifts analysis of Hystoal.

[20] and Hashimotd21].

§ (deg)

and the numerical results are shown in Figs. 1-4. Here we
use the conventional partial wave notation: the first subscript
denotes the isospin quantum number and the second one
twice of the total angular momentum of théN system. The
solid lines represent the results obtained by considefihg
=35.264° while the dotted lines -18°.

Actually, some authors have studied tK& scattering
processes on a quark level. One recent wjdfk—a RGM
calculation includingo and = boson exchanges—gave an
opposite sign of thes,; channel phase shifts. And another
previous work based on the constituent quark model con-
cluded that a consistent description of both isospiwave
channels is not possibl22]. From Fig. 1 one can see that
we obtain the right sign of th&,; channel phase shifts, and
our results are in agreement with the experimental data for
both isospin =0 andl =1 channels, although f@&;; they are
a little repulsive.

For higher-angular-momentum resul(fsigs. 2—4, com- R T S R R
paring with the recent RGM calculation of Lemagtal.[7], 0 200 400 600 800 1000
we now get correct signs @4, Pg3, D13, Dgs, F15 andFgy; P, (MeV)
waves, and foiPqy, Dos, andDy5 channels we also obtain & £ 2 KN P-wave phase shifts. Same notation as in Fig. 1.
considerable improvement on the theoretical phase shifts in
the magnitude. We also compare our results with those of the
previous work of Black[5]. Although our calculation Black's work and our present one. The effects of the cou-
achieves a considerable improvement for all partial wavespling to the inelastic channels and hidden color channels are
the results of theP;3 channel are too repulsive in both expected to be considered in future work.

§ (deg)

064004-4



NK AND AK STATES IN THE CHIRAL SU3) QUARK MODEL PHYSICAL REVIEW C 70, 064004(2004)

20 8
- F
15 6 5 I
1
5 10 —
(]
3 s
©w 5 w
0 I
21
Sl b s e e P B B | Low oo
0 200 400 600 800 1000 0 200 400 600 800 1000
P, (MeV) P, (MeV)
D 2
4 + F
L 05 N F.,
=3 —
g g
© w
3k
R PUUNS TSN DU SO SR
0 200 400 600 800 1000 0 200 400 600 800 1000
Pap (MeV) P,, (MeV)
3+ D13 1+ F15
i g
8 s
~ (=]
2]
YR [ SR U S S R S U W Aot PUNEPEET S PR SRTSE S S VT S [ SIS W S N S S
0 200 400 600 800 1000 0 200 400 600 800 1000
Py (MeV) P, (MeV)
6} D15 4 | F17
=2 r=]
g 3
© [2=]
6l
SN B SR TR DA %) A TN TR U N
0 200 400 600 800 1000 0 200 400 600 800 1000
P (MeV) P,, (MeV)
FIG. 3. KN D-wave phase shifts. Same notation as in Fig. 1. FIG. 4. KN F-wave phase shifts. Same notation as in Fig. 1.

Since the annihilation interaction is not clear, its influenceThis is because in the&KN system the annihilations to
on the phase shifts should be examined. We omitted thgluons and vacuum are forbidden andd)s can only
annihilation part entirely to see its effect and found thatannihilate to a kaon meson. This annihilation part origi-
the numerical phase shifts only have very small changesating from theS channel acts in the very short range, so
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FIG. 6. The GCM matrix elements of OGE.

FIG. 5. AK Swave phase shifts as a function of the energy of . . .
the center of mass motion. The solid lines represent the results=0, | =2 state. Although in our calculations there is no ob-
obtained by considering=35.264° while the dotted lines -18°.  Vious I=1 AK resonance state, theK L=0, I=1 state is

really an interesting case, because it has an attractive inter-
that it plavs a nonsianificant role in th&N scatterin action, and when some other effects, such as coupling chan-
play 9 9 el effect, are considered, it might be a resonance or even a

Pprocess. bPund state
From the above discussion, one sees that our theoretica We did an analysis to see the contributions from different

S ST Wayes s st are 35001 pans ofthe eracions i (K siats. Figr  shows e
conclude that our chiral S@) quark mddel can also be ap- fiagonal matrix elements of the one-gluon-exchange poten-

. . : — tial in the generator coordinate meth6@CM) calculation
plleq for the KN system in which an antllquark IS there [23], which can describe the interaction between two clusters
besides fouu(d) quarks. Mo_reover,_some |pformat|on of the and K qualitatively. In Fig. 6,s denotes the generator
quark-quark and quark-antiquark interactions has been ol jinate andvCCH(s) is the OGE effective potential be-
tained which is useful for developing this model to study thetWeen the two clusters. One sees that the one-gluon-
other hadron-hadron systems. exchange potential is attractive for 1 while strongly repul-
sive forl=2. This means that the OGE interaction plays an
B. AK states important role in .theAK system. ' ' .

In our calculation, the tensor force is also included. Since

In Ref. [9] a AK resonance state with=0 andl=1 has the kaon meson is spin zero, the tensor force of pion ex-
been obtained near the threshold. In the present work wehange, which plays an important role in reproducing the
perform a RGM dynamical calculation to study the structureshinding energy of deuterof2], now nearly vanishes and the
of AK states in the framework of our chiral &) quark  nondiagonal matrix elements betwe8mwaves and waves
model. offer pimping contributions to thAK system.

First we calculated th&wave AK phase shifts using two To study the existence of a resonance or a bound state of
sets of parameters fitted by thKeN phase shifts calculations, the AK system, we solve the RGM equation for the bound
although there is no experimental data to be compared. Thetate problem. The results show that if the parameters are
results are shown in Fig. 5, from which we can see that theaken to be the values fitted B§N phase shifts, thAK states
phase shifts are positive for the isospml channel while are unbound for both=1 andl =2, though theAK state with
negative forl=2. This means that the interaction betweeen L=0 andl=1 has attractive interaction. However when we
andK is attractive in the.=0, | =1 state and repulsive in the take those parameters determined by the nucleon-nucleon
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phase shifts of different partial waves and the hyperonthe theoretical phase shifts in the magnitudeRgy, Dy3, and
nucleon cross sections, we get a weakly bound statekof D;5 channels. It turns out that our chiral 8) quark model
with about 2 MeV binding energy for=1 while unbound is quite successful to be extended to studyKihesystem, in
for 1=2 in the present one-channel calculation. Certainlywhich an antiquarlsis there besides four(d) quarks. At the
the channel coupling between(AK) sy03232 and same time some useful information of quark-quark and
(NK")_ s 30,372,312 Should be considered further, because thequark-antiquark interactions is provided.
effect of quark exchange between these two channels is re- Also, we have studied th&K systems using our model. If
markable. It is expected that the energy of ii€ L=0 and  the parameters are taken to be the values fitteyphase
I=1 state will be decreased once the channel coupling ishifts, theSwave AK states for botH=1 andl=2 are un-
considered. bound, though the interaction betwearandK is attraction
Here we would like to mention that our results of b&tN for the I=1 state. However, when we take the parameters
phase shifts andK states are independent of the confine-determined by th&IN phase shifts and théN cross sections,
ment potential in the present one-channel two-color-singletwe find that there is a weaklyK bound state with. =0 and
cluster calculation. Thus our numerical results will almostl=1, and the binding energy is about 2 MeV in our present
remain unchanged even the color quadratic confinement isne-channel calculation.

replaced by the color linear one. To examine if(AK) s30.3/2,321S possible to be a reso-
nance or a bound state, the channel coupling between
IV. CONCLUSIONS (AK)s30.3/2,32and (NK")| 530 3/2,32Would be considered in

. . our future work.
In this paper, the chiral S@3) quark model has been ex-

tended to the system with an antiquark, and $heP-, D-,

and F-wave KN phase shifts have been studied by solving ACKNOWLEDGMENTS
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