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Abstract A dynamical study of the low energy nucleon-pion scattering phase shifts for S and P waves
with isospin I = 1/2 and I = 3/2 is performed in the chiral SU(3) quark model by solving a resonating
group method equation. The model parameters are taken to be the values fitted by the energies of the
baryon ground states and the kaon-nucleon elastic scattering phase shifts of different partial waves. Except

for the resonant channels, the numerical results are in qualitative agreement with the experimental data.
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1 Introduction

As is well known, the Quantum Chromodynamics
(QCD) is the underlying theory of the strong inter-
action. However, because of the complexity of the
non-perturbative effect of QCD at the low energy re-
gion, the QCD-inspired models are still needed to be
a bridge for understanding the observables. Since the
last 20 years, the constituent quark model (CQM) has
been quite successful in studying the baryon spectrum

and nucleon-nucleon (NN) interaction™ .

Never-
theless, the CQM needs a logical explanation, from
the underlying theory of the strong interaction, i.e.
QCD, of the source of the constituent quark mass.
Thus spontaneous vacuum breaking has to be con-
sidered, and as a consequence the coupling between
the quark field and the Goldstone boson is intro-
duced to restore the chiral symmetry. In this sense,
the chiral quark model can be regarded as a devel-
opment of the CQM and it is reasonable and use-
ful to describe the medium-range nonperturbative
QCD effect.

model, a chiral SU(3) quark model is developed to

By generalizing the SU(2) linear o
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describe the systems with strangeness[4’ I This
model can reasonably reproduce the energies of the
baryon ground states, the binding energy of the
deuteron, the NN scattering phase shifts of different
partial waves, and the hyperon-nucleon (YN) cross
sections by performing the resonating group method
(RGM) calculations'™ °. Inspired by these achieve-
ments, we try to extend this model to include an an-
tiquark to study the baryon-meson interaction. In
Refs. [7—9], we studied the S, P, D, F wave kaon-
nucleon (KN) phase shifts and fortunately, we got
a quite reasonable agreement with the experimental
data. At the same time, the results also show that the
effects of the s-channel quark-antiquark (qq) annihi-
lation interactions can be neglected in the scattering
processes, since they act only in the very short range.

In this work, we try to study the N7 scattering
processes in the low energy regime by employing our
chiral SU(3) quark model. The model parameters
are taken to be the values fitted by the energies of
the baryon ground states and the experimental data
of the KN elastic scattering. The qq annihilation and

creation interactions are not included as a first step.

*Supported by National Natural Science Foundation of China (10475087)

1) E-mail: hfbin@mail.ihep.ac.cn

948 — 953



%10 W

AR FE SU3) TRH

RIBFFARRE N B AH 949

A dynamical study of the S and P wave N7t scatter-
ing phase shifts is performed by solving a RGM equa-
tion. The results with the isospin of N7t I =1/2 and
I = 3/2 are both in qualitative agreement with the
experimental data except for the resonant channels
where the qq creation and annihilation interactions
are expected to give significant contributions.

The paper is organized as follows. In the next sec-
tion the framework of the chiral SU(3) quark model
is briefly introduced. The calculated results for the
isospin I =1/2 and I =3/2 N7t phase shifts of S and
P partial waves are shown in Sec. 3, where some dis-
cussions are presented as well. Finally, the summary

is given in Sec. 4.

2 Formulation

As is well known, the nonperturbative QCD ef-
fects are very important in light quark systems. To
consider the low-momentum medium-range nonper-
turbative QCD effect, an SU(2) linear o model™” ™
is proposed to study the NN interaction. In order
to extend the study to the systems with strangeness,
we generalized the idea of the SU(2) o model to the
flavor SU(3) case, in which a unified coupling be-
tween quarks and all scalar and pseudoscalar chiral
fields is introduced and the constituent quark mass
can be understood in principle as the consequence of
a spontaneous chiral symmetry breaking of the QCD

4,5
vacuuimn

!, With this generalization, the interacting
Hamiltonian between quarks and chiral fields can be

written as

8 8
H?ﬂmﬂfw<XkaHX%MwQ% (1)
a=0 a=0

where g4, is the coupling constant between the
quark and the chiral-field, and Ay a unitary matrix.
A1, -+, Ag are the Gell-Mann matrix of the flavor
SU(3) group, oy,
, Ts the pseudoscalar nonet fields. F(q?)

--, og the scalar nonet fields,
and mg, ---
is a form factor inserted to describe the chiral-field

[12—15]

structure and, as usual, it is taken to be

P = () @

with A being the cutoff mass of the chiral field.
Clearly, H¢" is invariant under the infinitesimal chiral
SU(3)r, x SU(3)r transformation.

From H¢", the chiral-field-induced effective quark-
quark potentials can be derived, and their expressions

are given in the following:

Vaa(rij) = _C(gcln moau A)Xl(maaa A7 Tij)x

e (D) Xa ()] + V22 (735), (3)
V7"a (rij) = C(gchu Mg, A)#%XQ(T”M? A’ Tij) X
(0i-0;) [ Na (D)X ()] + V" (1), (4)
and
VE(ry) = ~Clgas o, )2 x
{G(maarij)— <m/i > G(Arij)} X
[L-(oi+0;)][Aa()Xa(4)], (5)

2

m
Vten ij =C ch) Ta) A - X
£50) = Claa, s, ) e

frnc- () v}

with
Jan N
C(gcha m, A): 471_; A2 _m2 (7)
Xl(ma Aa T):Y(mT)——Y(AT), (8)
m

Glz) =+ (1%) Y (), (11)

x

H(z)= <1+%+%) Y (), (12)

and m,, is the mass of the scalar meson and m,, the
mass of the pseudoscalar meson.

In the chiral SU(3) quark model, besides the in-
teraction of the coupling between quarks and chi-
ral fields, which describes the nonperturbative QCD
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effect of the low-momentum medium-distance range,
to study the baryon structure and hadron-hadron
dynamics, one still needs to include an effective one-
gluon-exchange interaction ViJQGE to govern the short-
range behavior,

1 ey J Lo m L
Vi?GE = —9.9; ()‘i')‘j) {__55(rij)<m—2+

4 Tij 2

1 4 1 .
T Sy 700 ) Vi 09
M j
with
1 o e 3 1
VOGE 169193 ()\ - A ) Mg, 11, FL.(O'i_FUj)a (14)
itlha g

and a confinement potential Vig"“f to provide the non-

perturbative QCD effect in the long distance,

Vit = —ag; (A7 A5)rd; — af (AT X5). (15)

For the systems with an antiquark g, the total

. . . 8,9, 16
Hamiltonian can be written as! ]

H= ZT TG+Z VU+ZVZ5, (16)

i<j=1
where Tg is the kinetic energy operator for the center-
of-mass motion, and V;; and V;s represent the quark-
quark (qq) and quark-antiquark (qg) interactions, re-

spectively,

V VOGE+Vconf+Vch

13

(17)

8 8
V= ZVaa (T'z‘j)"‘zvm (rij)- (18)
a=0 a=0

Vis in Eq. (16) includes two parts: direct interaction

and s-channel contributions,

‘/’L_g:‘/icéir_|_‘/isgchan7 (19)
with
ler Vconf-i-VOGE—f—‘/;ih, (20)
where
VR = —af, (XA — e (CAAT), (21
1 1 = 1
VOSE = ~ 0,05 (— A AS) § — — = 8(ri5)  —5
4995( 5 ){Tig 5 (T5)<mgi+
1 4 1
m—is gmqlmq-s (O'i‘0'5)> }_
(NN Lfoibos), (22)
169195 i 5 mqiqu T,LF ag; Os5),
and

Ve =Y (—1)%vg, (23)
J
Here (—1)% represents the G parity of the jth meson.
Vihan s the s-channel qq interactions, which are not
included in the N —7t interactions in this preliminary
work.

All the model parameters are taken from our pre-
vious work® 9], which can give a satisfactory descrip-
tion of the energies of the baryon ground states and
the S, P, D, F wave KN elastic scattering phase
shifts. Here we briefly give the procedure of the pa-
rameters determination. We have three initial input
parameters: the harmonic-oscillator width parameter
by, the up (down) quark mass My, and the strange
quark mass m,. These three parameters are taken to
be the usual values: b, = 0.5fm, m, 4y =313MeV, and
ms =470MeV. By some special constraints, the other
model parameters are fixed in the following way. The
chiral coupling constant g, is fixed by

ngh _ § ’ gI%INTr m121 (24)
47t 5 4t M3E’

with g%y,./4m = 13.67 taken as the experimental
value. The masses of the mesons are also taken to
be the experimental values, except for the o meson,
where its mass is treated as an adjustable parame-
ter and taken to be 675MeV by fitting the S wave
KN phase shifts. The cutoff radius A~*

to be the value close to the chiral symmetry break-
[12—15]

is taken
ing scale . After the parameters of chiral fields
are fixed, the one-gluon-exchange coupling constants
gu and g, can be determined by the mass splits be-
tween N, A and A, ¥ respectively. The confinement

aC

us?

strengths a and af, are fixed by the stability

conditions of N, A, and =, and the zero-point ener-
and a2 by fitting the masses of N, ¥ and
Z+Q, respectively. All the parameters are tabulated

in Table 1.

gies a®®, a

llS7

Table 1. Model parameters.
myu/MeV 313
by /fm 0.5
gu 0.886
mg/MeV 675
al,/(MeV /fm?) 52.4
a%® /MeV —50.4

The meson masses and the cutoff mass: my =980MeV, mc=
980MeV, me =980MeV, mx =138MeV, mk =495MeV, my=
549MeV, m, s = 957MeV, and A=1100MeV.
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Equipped with the chiral SU(3) quark model with
all the parameters determined, the low energy N7
scattering phase shifts can be dynamically studied in
the frame work of the RGM. The wave function of

the five-quark system is taken as

Lp:A[QBN(&,&)QBH(&)X(RNH)]a (25)

where &; and &, are the internal coordinates for the
cluster N, and &3 the internal coordinate for the clus-
ter . Ry, = Rx — R, is the relative coordinate
between the clusters, N and 7. The ¢?N is the anti-
symmetrized internal cluster wave function of N, and
X(Rxr) the relative wave function of the two clus-

ters. The symbol A is the antisymmetrizing operator
defined as

A=1-) Py=1-3Py. (26)
iEN

Substituting ¥ into the projection equation
(00 |(H - E)[¥) =0, (27)

we obtain the integro-differential equation for the rel-

ative function ¥,
j{H(R, R)-EN(R.R)|x(R)dR =0, (28)

where the Hamiltonian kernel H and normalization

kernel A/ can, respectively, be calculated by

H(R,R')
N(R,R')

U

Eq. (28) is the so-called RGM equation. Expand-
ing unknown x(Ry.) by employing the well-defined

} = <[$N(€1,€2)(ng(€3)]5(R— Ry,)

A|[0n (€1,€)9 (6)6(R — Bz ) - (29)

basis wave functions, such as Gaussian functions, one
can solve the RGM equation for a scattering prob-
lem to obtain the scattering phase shifts for the two-
The details of solving the RGM
equation can be found in Refs. [8, 17—20].

cluster systems.

3 Results and discussions

A dynamical calculation of S and P wave N7t
phase shifts in the low energy region with isospin
I =1/2 and I = 3/2 is performed in the frame-
work of the chiral SU(3) quark model by solving

a RGM equation.

not consider the s-channel qq interactions, which, as

In this preliminary work we do

shown in Fig. 1, include four parts: annihilation to
a gluon (Fig. 1(a)), annihilation to a scalar or pseu-
doscalar meson (Fig. 1(b)), annihilation to a gluon
with the number of constituents changed (Fig. 1(c)),
qq creation from a gluon with the number of con-
stituents changed (Fig. 1(d)).

ing the number of constituents regard the N* and the

The processes chang-

A resonance.

|
|
|
|
. . ql/\qz
() (®)
qa; q q; a;
q, q, q, q
(©) @
Fig. 1. Feynman diagrams of the qg annihila-

tion and creation interactions.

Our calculated results are shown in Figs. 2 and 3.
Here we use the conventional partial wave notation
Ly o5, where the first subscript denotes the twice of

the isospin quantum number and the second one the

40

20

o/(*)

0 30 60 90 120
Eo/MeV

Fig. 2. The S-wave N7t phase shifts.
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twice of the total angular momentum of the N7t sys-
tem. The solid circles and the triangles correspond

respectively to the phase shifts analysis of Arndt et

al.?" and Roper et all®?.
45
(@)
30 Py
s
15 Pi3
—-30 L 1 L | L | L 1 L
0 30 60 90 120 150
30
(b)
20 - 4
L]
— L P33
SR L.
> H .
0 & » A ° 2 e . "
-10 Py
| | |
0 30 60 90 100
Eon/MeV
Fig. 3. The P-wave N7t phase shifts.

First we look at those scattering phase shifts
which cannot be influenced by the explicit qq creation
and annihilation interactions changing the number of
constituents (Fig. 1(c)—1(d)). These are the S;;, Sa,
P35 and Ps; channels. From Figs. 2 and 3 one can see
that except for the S3; channel, for which the results
are a little too repulsive, the calculated N7t phase
shifts are in qualitative agreement with the experi-
mental data. This means that the ¢t-channel qq and
qq interactions obtained from our chiral quark model
might be acceptable, and the s-channel qq interac-
tions may be unimportant in these channels which
is reasonable since in these channels there are really
no N7t resonance state in evidence. Now we focus on
the P;; and Ps3 channels. We cannot reproduce the
P;; channel phase shifts and the results for Ps;3 chan-

nel are less attractive, especially in the higher energy

domain. This can be easily understood because the
s-channel qq interactions are dominantly important
in these two channels, where P;; and P33 correspond
to the Roper and the A(1232), respectively. To get a
more satisfactory description of the N7t interactions,
the s-channel qq annihilation and creation interac-
tions would be considered in our future work.

It should be mentioned that our results are inde-
pendent of the confinement potential since between
two color-singlet clusters the confinement potential
scarcely contributes any effect’™ *'. Thus our numer-
ical results will almost remain unchanged even the
color quadratic confinement is replaced by the color
linear one.

Finally we’d like to emphasize that in this work,
all the model parameters are determined by the en-
ergies of the octet and decuplet baryon ground states
and the S, P, D, F wave KN phase shifts. In other
words, there’s no more free parameter in the N7
phase shifts calculation. If one changes the mass of
the o meson to be smaller, certainly the calculated
N7 phase shifts would be more attractive, but, con-
sequently, one cannot get the reasonable KN phase

shifts, especially for the S-wave.

4 Summary

In summary, we perform a dynamical study of S-
and P- wave low energy N7t scattering phase shifts
in the framework of the RGM by employing our chi-
ral SU(3) quark model. The model parameters are
taken to be the values fitted by the energies of the
baryon ground states and the S, P, D, F wave KN
phase shifts. As a preliminary study the s-channel qq
interactions are not included. The results of the non-
resonant channels are in qualitative agreement with
the experimental data. This means the ¢-channel qq
and qq interactions obtained from our chiral quark
model might be reasonable. To get a more satisfac-
tory description of the N7t interactions the s-channel

qq interactions will be considered in our future work.
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