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NJ Quark models and the structure of the A(1232) resonance I. INTRODUCTION
ﬁA MWV The MIT bag model! and the constituent quark model (CQM)2 are both
C.Y. Cheung

quite successful in describing hadronic static properties. A major ex-
RIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

tension of the original bag model has been the introduction of the pion
(m), as a fundamental field, into the bag model Lagrangian. 3-8 The

inclusion of the pion field is required to restore chiral symmetry, and

so the resulting model is often called the chiral bag model. Recently
Abstract

plonic effects have also been incorporated into the CQM.? Here the in-
We investigate the structure of the A(1232) resonance within a model

clusion of the pion field is not guided by any symmetry principle, but is
which contains pion (7) interacting with nucleon (N) and A. With a 7NN

simply necessitated by the fact that pions interact with baryons. In
(or mNA) vertex form factor obtained from quark models, we demonstrate

both cases, the three-quark core of a baryon is considered as a static,
explicitly that the perturbation series of m-N scattering converges rapid-

extended source of pions. It is assumed that point-like pions are .
ly. Thus a crossing symmetric solution to the m-N scattering problem can

coupled directly to u and d quarks in the core; from this one can then
be obtained reliably by perturbation expansion. We expand the 7-N scat-

deduce the effective plon-baryon interaction Hamiltonian. Now if the
tering series to fourth order in renormalized coupling constants, and

plon is second quantized, the result is an effective field theory of m-
then the (3,3) phase shift is calculated using both T- and K-matrices.

baryon interactions. This model differs from the old static pion-nucleon
The main results are: (1) The A-contribution 1s dominant in generating

(N) model in two respects. Firstly, the degree of freedom in the baryon
the observed resonance. (2) The observed resonance mass 1is equal to the

sector has been extended to include excited states of the nucleon (A and
dressed (renormalized) A mass; and it is shown that this result is inde-

z*v explicitly. Secondly, the WNN vertex form factor is no longer
pendent of the order of the perturbation expansion. Our calculation and

arbitrary; it can be obtained from the quark wave function which is in
results are compared with those of the cloudy bag model.

CERN H\:wW>Wﬂwmu szm<> The notion of coupling pions directly to quarks is taken more
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fundamental. Then, to be consistent, one has to sum over all possible
CM-P00067263
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turn determined by the static properties of the nucleon.

virtual quark states in a m-loop such as the one shown in Fig. 1. This,
however, leads to divergent baryon self-energies in the second quantized

version of the chiral bag model - the cloudy bag model (CBM).!? ye shall
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3.1 3,1
2hSH= > = < 2T > = 2
CFISE> = < T >
and < m__m.w > =< w__q_w > = /5, (5)
72\1/2 °
el - (2)" €2
£00) o & (o) (6)
mAA 5 “TNN

from the zeroth order quark spin-isospin wave functions of the baryon
cores. It is often assumed that the renormalized coupling constants

(f's) also obey the same relations (6).7*? However, when one splits the

N and A masses, relations (6) may no longer hold. Furthermore, coupling

a pion to a bound system of quark would inevitably involve the notion
off-shell bound states (or off-shell bags), of which we do not have any
knowledge. The issue 1is therefore more complicated than one would naive-
ly think. In view of the above remarks, we shall regard the renormalized
coupling constants fyya and fypp as free parameters to be fixed by experi-

mental data. The renormalized wNN coupling fgyy is fixed by experiment

t
@ mmzz = 0.08 . (7)

In Eqs. (2)-(4), u(k) is the vertex form factor. We have assumed u(k) to

be identical for the wNN, wNA and 7AA vertices. In the CQM with a

harmonic oscillator inter-quark potential, u(k) is given by
u(k) = ek?/6a? (8)
With point-like pions, the cut-off parameter a is related to the root
mean square radius of the baryon core by
ol = Trmg * (€]
A consistent fit to baryon masses, magnetic moments, and nucleon charges

radii mw<mmm.~:

-6 -

@ =1,2 fo~! ., (10)
In the nwz.m.q

u(k) = 3j,(kR)/kR , (11)
where R is the bag radius. Equation (11) can be well approximated by the
Gaussian form of Eq. (8) with!S

a=2 = 0.636 R2 . (12)
In the CBM calculation R was varied, together with fqyy and the dressed
A mass wp(= MpAMy), in order to obtain a fit to the total cross section
in the (3,3) channel. It turned out that R = 0.82 fm and wp = 280 MeV.
However, this solution is not unique. As shown in Ref. 6, another
possible solution is R = 0.22 fm and wp = = (equivalent to fuyp = 0). We
feel that R should not be considered as a free parameter in a scattering

calculation. In order to have a stable bag, and avoid multiplicity of

solutions, R should be determined separately by minimizing the total bag

energy, including the pion cloud contribution, with respect to the bag

radius:
9E(r)
ar

=0 . (13)
r=R

In a semi-classical mvvuomnerm the baryon mass spectrum and magnetic
moments have been studied with pionic effects included in the bag model.
The mass study also took into account the centre-of-mass correction and
the gluon magnetic interaction energy. The N and A bag radii were
determined to be around 1 fm. Nucleon magnetic moments and charge radii
have also been studied in the CBM.17>18 The pest fit to experimental
values corresponds also to R # 1 fm. Now substituting R = 1 fm into Eq.
(12) gives a = 1.25 maly. which is very close to that obtained in the cQM
[Eq. (10)]. So there seems to be an approximate agreement on the range

of the pion vertex form factor in the CQM and the bag model. We shall
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1
G = 16
(E) E-Hqytie (16)
that appears in the T-matrix approach by its real part, i.e.
P
G(E) * Gr(E) = o= arn
o

where P indicates that the Cauchy principal value is taken whenever the
energy denominator vanishes. And again, by unitarity, the on-energy-
shell K-matrix can be related to the phase shift:

4n 3
Kyg(k',k) = - 2 2 ¢ans k',k) . 18
33(k" k) 20 13 20033 Fa3(k’ k) (18)

The K-matrix approach has been used in many past calculations of m-N
scattering. For example in the 50's Blair and Chew29 used it to calcu-
late 7-N phase shifts by expanding the scattering amplitude to fourth
order in fgyy in the old static m-N model. More recently, several

13,21, 22 pave alse used the K-matrix approach in calculating

groups
n-N phase shifts. esww have, however, included only the lowest-order
diagrams. Moreover, convergence of the perturbation series has never
been established explicitly.

In an exact calculation, the T-matrix and K-matrix methods should
yleld identical results. This, however, is not guaranteed in a pertur-
bative calculation truncated at finite order. Therefore, a comparison of
the results from both methods actually provides a measure of the devia-
tion of our solution from the exact one.

Finally, we point out a kinematic ambiguity which is inherent to all
static models. In a strictly static sense, the total energy is given by

E=u = (@22)}2, (19)
However, in order to compare calculated results with experimental data,

one has to decide whether k is a laboratory or centre-of-mass quantity.

- 10 -

Both choices have been made in the literature.?22 However, it is obvious
that neither choice is satisfactory, because at the resonance energy
Elap and E¢ ., differ by as much as 35 MeV due to nucleon recoil. To
remedy this embarrassing situation, we identify k with the centre-of-mass
pion momentum; but instead of Eq. (19) we use the exact relation

E=u + (kZ2M3)V/2 -y . (20)
This prescription amounts to including kinetic energies of real nucleons

in our calculation.

IV. RESULTS AND DISCUSSION
The main results of this calculation are shown in Figs. 4 and 5.
Figure 4 corresponds to the T-matrix approach, and Fig. 5 the K-matrix
approach. While both methods are able to reproduce the data quite well,

the K-matrix method provides a better overall fit. In obtaining the

. fits, we have varied only two parameters, faNa and wp. As for fopp, we

used the quark model relation

4
fran = 5 fmun - (21)

The results are not very sensitive to small changes of fgap around this
value. In the T-matrix approach, the best fit values of the parameters
are fyyp = 0.624 and wp = 301 MeV; while in the K-matrix approach, funp =
0.523 and wp = 293 MeV. The fact that these two sets of parameters are
close in magnitudes indicates that higher-order corrections are not very
important. For comparison, the CBM’ parameters are fgna = o.w and wp =
280 MeV.

In order to examine the importance of different contributions, we
have also calculated separately the Chew-Low contribution and the A-

contribution. The former is obtained by setting fyya = 0, and the latter
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observed resonance energy, Ep, 1s equal to the dressed A mass, wp; and
this result is independent of the order of the vancnvmnHon,wxvmammoa.
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Appendix B
In this appendix, we write down explicit expressions for the
scattering diagrams shown in Fig. 2. First, we define some notations to

be used later:

1
Pysa(k' k) = &q0 - 3 T

1
Py/o(k' k) = T

QR0 R) = R K - 3 30 K
1 .
QR K) = = S0 SR (B1)

where the P's (Q's) are the usual isospin (angular momentum) projection

operators. (The arguments will be omitted in later use.) Also,

p(a,b) = AmWw\N + WH-w\NVAma\N + UDw\Nv (B2)
4 2 1
k) = — k) — ,
P9 = 25 w0 -
4 2 1
F,(k) = — k) — , B3
(k) g u‘(k) ™ (B3)

and .
I(E |,E,,E5) u.\.mﬁ:s&mueﬂmznm'sﬁ_.mmxméa-muzl . (B&4)

A. Second Order Amplitudes

Fig. 2(a):

Ao = Fy() £3hy vACEY Ey-u) [Ey-a2 8 M E-u) 17 oe2,-1).
(B5)
Fig. 2(b):

-1
Ay(d) = Fo(k) £3ys vAEYE) [B-upr-z4® A (E)]7 o(1,0) (B6)
where Ey is the intital nucleon kinetic energy in the 7-N centre-of-

mass frame, such that E = Eytw,. See Eq. (20) and the discussion

preceeding it. The crossed A amplitude [Fig. 2(c)] can be obtained from

- 18 -

A,(8) by crossing the external pions, i.e.,

k > -k' (isospin indices)
and (0g,R) « (-, R") . (B7)
Note that w's in F, and F, are from pion wave function normalizations,
and therefore should not be affected by Eqs. (B7).

B. Fourth Order Amplitudes

Fig. 2(d):

A (N,N,N) = A, (B=N, B'=N, B"=N)
= Fy(k) faun 1(9,0,0) p(4,1) (B8)

A,(4,N,N) = A(N, N, 4)

= F (k) £y £2y, T(utuy,0,4) Aw. - mv (B9)
B, BN = Py £l €3y, T mpa) o3, 3) (B10)

A, (4,A,N) = AN, A, 8)

5 10
= Fo (k) £y £20afpan T(ytuy, uy,0) oAa 3 v (B11)

9
y 1 16
A (BN, ) = F (k) HA:V+E>.o.sﬁ+e>v UAW. le (B12)
2 2 5 25
AL(8,0,8) = F (k) m=z> A HAEW+E>.E>.jm+€>v omw. HMV. (B13)

The crossed 4th order amplitudes [Fig. 2(e)] can again be obtained

easily from the corresponding A,'s by crossing symmetry [see Eq. (B7)].
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