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We consider here a relativistic generalization of a field-theoretic model of composite hadrons with
quarks as constituents proposed earlier. The quarks are assumed to occupy fixed energy levels in hadrons
at rest, with the hadron mass being given additively in terms of the quark energies. These quark field
operators for hadrons at rest are next Lorentz-boosted to describe hadrons in motion, using the fact that
quark operators are Dirac field operators with known transformation properties. Static properties of bar-
yons are utilized to estimate the quark-field-operator parameters. The Dirac Hamiltonian for the quark
field operators also has a nonvanishing expression for quark-pair-creation processes. The covariant gen-
eralization of this Hamiltonian is used to describe strong-interaction vertices. The quark-field-operator
parameters and the harmonic-oscillator wave function are next utilized to describe quantitatively the
pion-nucleon coupling constant, as well as N* - Nw, p > 2w, ¢ - 2K and K* - Kn. The results agree
with experimental values reasonably well, indicating that the above Hamiltonian may be the dynamical

origin of the three-particle vertices of hadronic strong interactions as well as an explanation of the

Okubo-Zweig-lizuka rule.

I. INTRODUCTION

Earlier! we had considered a field-theoretic
model of hadrons described by quark operators
taken as Dirac field operators. We had confined
our attention to the rest frame of the hadrons. In
this frame of reference, a simple ansatz was made
for the quark field operators satisfying transla-
tional invariance and usual equal-time anticom-
mutation relations. No attempt was made for
Lorentz covariance, since we were confining our
attention to a specific frame of reference with had-
rons at rest. The Dirac Hamiltonian for quarks
was seen to contain four components: the quark
and antiquark Hamiltonians, and the quark-pair-
creation and pair-annihilation Hamiltonians, where
the latter two components were seen in general
not to vanish within our ansatz. It was presumed
that the particle and/or antiparticle Hamiltonians
with some potential-like interaction yield hadrons
as eigenstates of the total Hamiltonian, where we
take the field-theoretic version of the potential.?
The origin and the nature of the potential were
kept arbitrary. Some of the eigenvalue equations
for hadrons were given, from which conventional
equations for the wave functions of the hadrons
can be derived. In the nonrelativistic limit our
eigenvalue equation would merely be pedagogic;
but it really was a generalization of the same in
the sense that the effects on the eigenvalue equa-
tion of both the “large” and ‘“small” Dirac compo-
nents were retained here. Thus if we have “rela-
tivistic” quarks inside the hadron (at rest), the
effect of this is technically retained. With this
approach, mainly the effects when hadrons were
at rest were calculated.

It was also conjectured that the pair-creation
component of the Dirac Hamiltonian may give rise
to the strong decays of hadrons in the quark model
consistent with the Okubo-Zweig-Iizuka rule.® This
was used to estimate kaon decay of the ¢ meson.
Also, the quark-pair-annihilation component with
minimal electromagnetic coupling gave 7°~ 2y and
n- 2y without the use of partial conservation of
axial-vector current (PCAC) or vector dominance,
in an agreeable manner.

However, this model was nonrelativistic since
we confined oar attention to hadrons at rest. In
the present model we further generalize the con-
cepts to describe hadrons in motion. For this pur-
pose, we use Lorentz boosting in an essential man-
ner. It had been pointed out by the author® that if
we have nonrelativistic systems, we can in a suit-
able manner generate the class of corresponding
relativistic systems by Lorentz boosting in a man-
ner similar to the little group method of represen-
tation of the Lorentz group as given by . igner®
and used by Weinberg® in the context of field the-
ory. In this paper we'give a concrete realization
of the above scheme® to describe hadronic dy-
namics.

In the context of the quark model, Lorentz boost-
ing was considered earlier by many authors.”
However, this was confined to wave functions only
and was thus limited in scope. We carry out here
a similar operation for field operators,® which
very much enlarges the perspective for many pos-
sible calculations. The present modeldiffers from
I even when hadrons have arbitrarily small momenta
through the introduction of S(L(p)), where p is
the four-momentum of the hadron, L(p) is the cor-
responding Lorentz transformation, and S(L) is
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the corresponding 4 X4 matrix D(3,0)HD(0, z)
representation of the Lorentz group.® The present
model and I agree only when the hadron is at rest.

While considering the Lorentz boosting of the
quark field operators representing constituents of
hadrons, we introduce some new concepts. We as-
sume that the constituent-quark field operator has
a specific frequency (energy) when it describes
the hadron af rest. This assumption is made in
the context of the Hartree-Fock self-consistent
method of calculation of energy levels'® where it
will be an approximation; it will also be true e.g.,
in the MIT bag model'! where quarks occupy fixed
energy levels inside the bag. We do not know how
far such an assumption will be exact: It will de-
pend on the mechanism of the formation of the
bound state. However, we assume this to be a
good approximation, and use it in an essential
manner throughout the present paper.

As in I, we shall have Dirac field operators de-
scribing constituent quarks of hadrons at rest. In
Sec. II, by Lorentz boosting of these operators,
we genevate the quark field operators which de-
scribe quarks as constituents of hadrons in mo-
tion. In this manner, with different Lorentz boost-
ings, we describe quarks as constituents of dif-
ferent hadrons in motion.

We next note that a field operator is a space-time
parametrization of all the states of the “particle”
for which it stands. Thus e.g., the quark field op-
erators in the electromagnetic current may cor-
respond to constituents of any hadron with any vel-
ocity. We assume that @*(x) is such a quark field
operator. We thus have three types of quark field
operators: @Q(x), which describes it as a consti-
tuent of some hadron at rest, @* (x), which de-
scribes it as a constituent of some hadron with
four-momentum p generated from Q(x) by Lorentz
boosting knowing that it is a Dirac field operator,
and Qf(x), which represents any @*”’(x). Since
quarks are in some manner universal, it is as-
sumed that @(x) is universal to whichever hadron
the quark @ may belong, except for the time de-
pendence of the above operator, which depends on
the hadron we take in a manner stated earlier.

To be definite, we assume that quarks are per-
manently confined to hadrons, owing to some mech-
anism which we do not at present understand.'?> We
thus have an unphysical vector space spanned by
the quark field operators. The physical vector
space is the vector space of hadrons, obtained as
eigenstates of the Hamiltonian as in I, and subse-
quently Lorentz-boosted as in Sec. II of the pre-
sent paper. Thus we assume that @°(x) has mean-
ing only as some Q*®(x), i.e., quarks have no
physical meaning except as constituents of had-
rons. Thus the question of quark propagators does

not enter into the picture; however, we can have
hadron propagators through quark interactions.
The theory can probably be generalized to include
quark propagators, but we do not consider this
here. In Sec. II we also mention in what way Q%(x)
is related to Q¥ (x).

When hadrons are in motion the details of the
present paper differ from I. Hence in Sec. III we
determine the parameters of the quark field op-
erator again from static properties of baryons.
For this purpose we use the charge radius, g,/gy,
and the magnetic moments of the baryons. The
parameters of ® and N quarks (i.e., the masses)
remain unaltered and the A quark becomes heavier.
The agreement with experiments is better than
usual although not as good as we had in I. Section
III thus determines the quark parameters as well
as the radius of the harmonic-oscillator wave func-
tion of the baryons, and to some extent, that of the
mesons through pion charge radius.

In Sec. IV, we discuss the quark-pair-creation
component of the Dirac Hamiltonian which we use
to describe the strong interactions of hadrons.

For this purpose, we first replace the expression
for the quark-pair-creation term by a relativistic
expression, which agrees in the rest frame of had-
rons with the expression we had in I. In Sec. V,
we use this expression to calculate Gy, and the
widths for N*~ Nr, p-2r, ¢~ 2K, and K*-Kr.
We shall see that now the only free parameters
available to us are the radius of the harmonic-
oscillator wave function of the mesons and the en-
ergy level of the ® quark in the K* meson, since
the other parameters have been fixed in Sec. III,
and the nature of the field operators has been fixed
in Sec. II. The agreement with experimental val-
ues is very reasonable. However, both for bary-
ons and mesons R?=15 GeV™? seems to be more
appropriate to conventional assignments of the
colored-quark model with hadrons as color sing-
lets.

In Sec. VI we discuss various general aspects
of the model as well as the possible limitations
of the present calculations.

II. LORENTZ BOOSTING

Let $o(x) be the Dirac field operator of a con-
stituent quark @ of a hadron of mass m in the
rest frame of the hadron. We then write, as in I,

Pa(N=Q(N +Q(x) , (2.1)

where Q(x) annihilates the quark and @ (x) creates
the antiquark. For x°=/=0, we next use the Four-
ier transforms

Qx) = (2m)™372 f u(®)Q; ®exp(ik-X)d%k (2.2)
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and
Q(x) = (2m)3? f @G, @ exp(-ik- Dk . (2.3)
We have used the notation®
2
u@®=(7 (kj (2.4)
go+k
and
3k
v(&) = g‘ (2.5)
F &)

Q.(k) and § (k) are the two-component quark-an-
nihilation and antiquark-creation field operators,
which satisfy the anticommutation relations

[QIr(E)p Q;s (E/)L = [Q—Ir(ﬁ) ’ QIS(E’)]4
=6,,6(k—k’) . (2.6)

It was shown in I that in such a case the Dirac
field operator ¢q(x) satisfies the usual equal-time
anticommutation relations provided we have

&) +g%K2=1. 2.7

In addition to (2.4) and (2.5), we also use the ob-
vious notations

ur(E) = u(E)u[r ’ (2-8)
v, (&) = v®) vy, 2.9)
and recognize that
QK = Z Qn(ﬁ)un (2.10)
r=+1/2
and
Q-I(E) = Z Q-Ir(E)Uh (2.11)

r=+1/2

f and g could be arbitrary functions of k? satisfy-
ing (2.7). However, taking g as a constant ap-
peared to be a reasonable approximation regard-
ing derivation of some results along with the iden-
tification g =(2mg) ™!, which we shall continue to
take here.

In I we had next considered the Dirac Hamil-
tonian density

Feg(%) = 9§ (0) (—id* V +Bmq) g () .

The Hamiltonian above has quark and antiquark
components which, along with some potential-like

(2.12)

QY (x) = U(L(p)) S(LIpNQUL(p) *x) U (L(p))

= @02 (p%/m)* [ P @@ (L(pVk) exp{=[ L(p] - xbah

interaction, are expected to generate the hadronic
states as the eigenstates of the total Hamiltonian,
as described in L

Now we want to Lorentz-boost the above field
operators to describe quarks as constituents of
hadrons in motion. Such a Lorentz boosting will
require a knowledge of the spacetime dependence
of the field operators. Equations (2.2) and (2.3)
essentially describe the space behavior of these
field operators. We next assume that the time de-
pendence of each constituent field operator is
given by a fixed frequency. This essentially as-
sociates with each constituent a fixed energy level.
Thus, if @,,Q,,Q, are three quarks forming a
baryon at rest, then we assume that

Qi(x)=Q;X)exp(~irgmt) ,

where each A; is positive and A, +A, +A;=1. For a
physical background of such an idea, we may re-
collect the self-consistent Hartree- Fock approxi-
mation, where each constituent has a fixed energy
eigenvalue in the average potential of the others.!°
In such a picture clearly the above comment (2.13)
is an approximation. In the MIT bag model, e.g.,
the quarks occupy specific energy levels inside
the bag, and thus the above comment may be ex-
act.! How good such an approximation may be
will obviously depend on the dynamics of forma-
tion of hadrons as bound states of quarks. In the
absence of adequate knowledge regarding this,?
the approximation (2.13) can only have a posteriori
justification. In the present model of Lorentz
boosting this assumption enters into the dynamics
in an essential manner.

Now the quark field operator Q(x) with time de-
pendence given by (2.13) describes the consti-
tuent quark of a specific hadron at rest. Let &
= (k° k), where k°= )z is the fractional energy car-
ried by the constituent quark @ for the above had-
ron. Let the hadron have four-momentum p, and
let L(p) be the corresponding Lorentz transforma-
tion given as,® for ©=0,1,2,3 and ¢,j=1,2,3,

(2.13)

Lo, =Ly,=p"/m
and (2.14)

p'p’

Lus= St Slpoem

We then define,* with (2.2) and (2.13),

(2.15)

(2.16)
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In (2.16), we have taken

o O () = S(L(pN () .17
and
UCL(p) Q(YU™HL(p)) = (p°/m)* 2Q (L(p)E).
(2.18)
Also,’
S(L(PN =[(p°+m)/@m) |'? + [2m(p°+m) | V*a- D .
(2.19)

We have taken the Lorentz-contraction factor
(p°/m)V? in (2.18) so that we can take e.g.

(Qr (LK), Q1(L'k"], =6,,6,(Lk — L'k") ,  (2.20)

which becomes consistent with
U(L[Q,®), QL (KN, U™ML)=5,5(k-k) (2.21)

as needed from (2.6) for constituent quarks of a
given hadron. ‘We shall regard equations such as
(2.20) as a generalization of the anticommutators
(2.6) for arbitrary Lorentz boosting of quark field
operators, which may even belong to different had-
rons. Equation (2.20), though it looks innocuous,
is obviously a substantial generalization of quark
dynamics, and in the present context, is an as-
sumption,' since it relates quark field operators
of different hadrons in different Lorentz frames.
It can describe so-called “spectator quarks” of
the quark model.

We have thus used two types of constituent-
quark field operators: Q(x) and @“»(x). We
should also have a third type of quark field oper-
ator which a priovi does not belong to any specific
hadron. E.g. the quark field operators in the elec-
tromagnetic current can correspond to a quark of

2@ = [ 6, +F, R ulE, s, K kid ket

x[(Pliu/z)(kx)fd)}(l/z)( kz)fm?(q/z)(ks)t‘ 6’;(1/2)(}?1)*@}'(-1/2)(kz)+m¢(1/z) (k3)+ ] Ivac> ’

where we have the normalization'*

>

1:/ (&, + K, + k) (R, Ky, K;) PR 0%had ke

With (2.18), we now define®*®
| p1,2B)) = m/ PO 2UCL(PY) |y 2(0))
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any hadron in any frame of reference. Such quark
field operators we call @*(x) and make a simple
prescription as to how these are to be treated. We
shall assume that these field operators break up
as in (2.1), and further that, when it gets contract-
ed with the quark field operator of a known hadron
in a known frame of reference, we shall replace

QF(x) = aQ* P (x) , (2.22)

where p is the four-momentum of the above hadron
and we shall determine that @ =1 from some con-
sistency requirements.

We thus assume that Q*(x) contains within itself
components such that it can annihilate the @ quark
of any hadron in any Lorentz frame, and during
contraction with the constituent-quark field oper-
ator belonging to a hadron, appropriate @*?(x)
gets projected out, and all other components of
Q%(x)become irrelevant. We now imagine hadronic
dynamics as follows: The vectors spanned by quarks
constitute an unphysical vector space. Only the vec-
tor space of hadrons constructed from quark field
operators as in I and subsequently Lorentz-boosted
using (2.18) form the physical vector space. Thus
any quark field operator @*(x) that occurs in any
Hamiltonian must be replaced by @“®’(x) corre-
sponding to some hadron of four-momentum p.
Otherwise, Q*(x) has no meaning. This model ob-
viously corresponds to permanently confined
quarks.

We shall now consider Eq. (2.22) to determine
a, and for this purpose, shall explicitly evaluate
the matrix elements of the electromagnetic cur-
rent between spin-3 proton states. As in I, we
shall take the colored-quark model with baryons
as color singlets, and thus'

(2.23)

(2.24)

(2.25)

= f—“zi (pO/WL)f 5(E1 +E2 + ES)V(EI ’ E2 ’ Ex)dskldskzdskil

3V2

X [(?}'(1,2)(L(p)k1)*@*}(1,2)(L(p)k2)’31’;(_1,2)(L(p)k3)*

= @y (LD "®F oy (LIPIE) T s 2y (L(PIE,) T Ivac) .

(2.26)
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We have taken the Lorentz-contraction factor in
(2.25) such that, using (2.20) and (2.24), we get

(1B D1B)) = m/pISL B - 57
=6(p-p") .
In the above, and subsequently, L= [L,-,»], the space
part of the Lorentz transformation, L.
Now the electromagnetic current is given as
JH = D eqBE (DY &) (2.28)
Q

i,

(2.27)

where i is the color index. We shall now evaluate
(b1 @® T4 by, -

Thus, by (2.22), the current effectively becomes

TNV = [l Y L 0(0),4QP(0)

i,Q
=@nal [ 3 eqQ™ Pk
i,Q

xQEPR\PRAk’ . (2.29)
In (2.29), we have substituted from (2.16)
QLD () =(p°/m)Y 2 P (R)Q AL(p)k) . (2.30)
We now use®
STHLYHS(L) = Ly, v" (2.31)
and that, for any fixed », with (2.8),
SO, 4K, 4Ry (K, Ky, )
x %, (K,)y"u (K, d% d®k,d%k, = 6,, . (2.32)

In (2.32) we have used that u(k,,k,,k,) is even in K;.
We then obtain, using (2.20), that

(P12®NIHO) | p,,2(0)) = (1) 2| ?p¥/p° .

Hence, with the normalization (2.27), we obtain
that it is consistent to take in (2.22) @ =1, such
that

QW =-@- ()

becomes the general prescription in dealing with
Q°(x), when @Q°(x) gets contracted with the quark
operator of a hadron of four-momentum p.

The procedure followed in (2.25) along with (2.18)
will be the general description for hadrons with
arbitrary momenta. As noted earlier, this tech-
nique has similarity with the little-group method
of representation of the Lorentz group.®®

(2.33)

(2.34)

III. STATIC PROPERTIES

The present model differs appreciably from I
even when small momenta are involved for the
hadrons, since the spin rotations involved in (2.15)
had been earlier ignored. These spin rotations had

been e.g. responsible for the determination of
SU(6) mixing as discussed by Le Yaouanc ef al.” We
shall now consider the changes involved in the
determination of quark parameters (i.e., the
masses) in this context as compared to L

For this purpose, in this section we shall con-
sider (a) the charge radius of the proton, (b) the
magnetic moments of the nucleons and A, and (c)
the charge radius of the pion. Along with g ,/gy
derived earlier, these will be adequate to deter-
mine the quark parameters of the model and the
radius of the harmonic-oscillator wave functions
of the baryons and the m meson. This is the ob-
jective of the present section. Except for the
charge radius of the proton and pion, where there
is not too much disagreement, the above results
agree quite well. For the charge radii, the dis-
agreement is no worse than in other models.

We shall now explicitly take in (2.26)

I 3R*\3/4 R? .
u(kl,kz,ks):< :z ) exp[—? Z (ki—k,)z].

i<J

(3.1)

We note that for the electromagnetic current with
t=(p-p') [using Dirac spinors for a moment in-
stead of (2.8)].

popzo
X[y F () +i0"q, F()]u (D),
(3.2)

2 2
BB THO) 5, ) = (zrrra(L) @)

such that we get in the Breit frame
GE(D = 2m*(p°/m)(p, (D) I°0) [ p,®) ,  (3.3)

where {=-4p® and
{
GE(O=F, () + o F2(0) .

Similarly we obtain
(pr (=BT (O] p,(B))

R GRS BRSO NER

where
1
G5(1) = 3 [F () +2mF, (D] .

We now use (2.26), (3.1), and (2.29) along with
(2.20). This yields, from (3.3),

, 3R? \*2 3R? .., -
G&() = <—2—n—) f exp [— T (k12+k12)] dk,
x ik, P &) yub P (k) (3.5)

In (3.5) we have, with (2.20),
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dm .
s (3.6)

E; = Ex
Clearly, we have used that k9=k}°=m/3; m is the
mass of the proton. We now use that g,=g5=¢ is
a constant, as in I, and write with (2.7)

FE&) =1 - 58K - sg kI (3.7

This will be a valid approximation when g% <R?,
as we shall later see to be true. Then the integra-
tion in (3.5) is straightforward and we obtain

2g2 2g4
G4(1) = (1+ —g— T+ 275;2 T) exp(+ R*7), (3.8)

where we have substituted

T=t/<1—4—tn?> . (3.9)

Clearly
GE(O=GE} (1),

where GY¥(t) stands for the “nonrelativistic” form
factor. We may notice the similarity of (3.8) and
(3.10) with the results derived by Licht and
Pagnamenta’ on the basis of Lorentz-boosted wave
functions as well as the differences. Equation
(3.8) includes terms involving g, which could not
be included by Licht and Pagnamenta with a non-
relativistic quark model, where g vanishes. Fur-
ther, (3.10) does not have an overall factor
[1-1t/(4m®)]"* which was present in the calcula-
tions of Licht and Pagnamenta. Although the basic

—

(3.10)

(zin)‘c [EX 2D/ 2x1/2) Mo = (Bra (=D (O [ py,.(B))

o

= (2m)73 v ex 3—R2(§’2 B | @, 7= O ®)y P (R
= o p| - 4 1 Ty Ak P (k) v uy P (k) .

Clearly, on the right-hand side of (3.14), we are
to neglect all contributions involving |pl?, which
results in some simplifications. We proceed with
the calculations using (2.4), (2.8), and (2.17). Fur-
ther, we retain only the first two terms on the
right-hand side of (3.7), and perform the integra-
tion in (3.14) using (3.6). We then obtain
2
u,:{;(1-§i}{2>+%g. (3.15)

Similarly, one can obtain directly or from sym-
metry that

p"=-%u, . (3.16)
From (3.13) and (3.15) one obtains
g=1.64 GeV™!, (3.17)

and from (3.13) and (3.16) one obtains

P. MISRA 18

ideas are similar, ours is an explicit use of Lor-
entz boosting with field-theoretic ideas in Sec. II
and probably is more consistent. Except for this
discrepancy, our result is a confirmation of the
results of Licht and Pagnamenta where more
heuristic ideas were used. In particular, we have
carefully identified the transformation property of
the current in (2.33) to give the identification
(2.34) which, as far as we are able to understand,
did not have a parallel in the approach of Licht
and Pagnamenta.

From (3.8), we obtain that the charge radius of
the proton is

4

4
Ra?=R*+%g%+ 9%2 . (3.11)

In the above, we have taken g; =gy = constant.
We now note that the calculation of g ,/gy in I for
n—p+e+7, remains unaltered, since for this no
Lorentz boosting is needed. Here we had’

5
IgA/gV|= 5(1 —%‘;ﬁm) .

Substituting that'® |g /gy |=1.25, we thus obtain

(3.12)

gogg= 3

R? 16 -+ (3.13)

We next proceed to calculate the magnetic mo-
ments of the proton and the neutron using (3.4).
Taking the low-energy limit, we thus obtain for
the magnetic moment of the proton, with (3.6),

(3.14)

£=1.70 GeV™!. (3.18)

In both (3.17) and (3.18) as well as (3.13) we have
taken '

R?*=15 GeV 2. (3.19)

Equations (3.17) and (3.18) reflect the error in
taking g, =g;. We shall usually take for ¢ and N
quarks

£=1.67T GeV™'. (3.20)

When we do not assume that g, =g;, we obtain
asinl

-1 A ge2. g2
Bp=5 [l - oz (886" +8x )}
+ % (88 +8y) (3.21)

and
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1 2 4 o 3]
By = 2—1;;[- 3 * e (285" +48%)
- % 285+ 48y)-

We get reasonable agreement for (3.13), (3.21),
and (3.22) if we take (3.19) and

gp=1.62 Gev™!

(3.22)

(3.23)
and

gq=1.11GevV™" . (3.24)

Thus the values obtained here for the ¢ and N
quarks are almost the same as in I. However, we
note a comparatively worse agreement with the
expression of the charge radius of the proton
which becomes

R42=18.77 GeV ™2,
such that
R, =0.86 fm . (3.25)

We note that the expression (3.25) is, after all,
better than one usually gets in such models.

For the A magnetic moment, one similarly de-
rives

1 1 4g,2 2
T e  m—— —L ——
bae- 5 o (-0 ) -5 (3.26)

(T (=P 520V [ () = (2n)-3<R"2)3’2< ﬁ«) f exp [_ R

T

In the above equation,

> My

ki=k, - = (3.31)
17817 %0 p
and we have taken
- 2\ 3/4 1 -

u,,(k)z( ”" ) exp(-z Rj2K?). (3.32)
This yields, in the same way as (3.8),

GE (1)=(1 +3g%1)expER 2T , (3.33)
where

' =t/[1=¢t/(4m,®)] . (3.34)
Hence

2

Ren®)n= SRe 3¢, (3.35)
If we take also

R,%2=15 GeV~?, (3.36)

then we obtain
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such that we obtain, with p,=-0.67 nuclear mag-
netons,

£2=1GevV™!. (3.27)

Equations (3.23), (3.24), and (3.27) with mg = (2gg) ™
give us

my,=308 MeV ,

My=292 MeV ,

and (3.28)

m\=500 MeV .

Thus we notice that the A quark appears to be
heavier than what we had estimated in I, although
@- and N-quark parameters remain unchanged.

We shall now determine also the charge radius
of the pion, which is a simpler problem. We take
in the colored quark model in the same manner as
(2.26),

In* @) = —lg (6 me [ 60k +Epdus )ik,

75
x®HL(pk,)"
X T(L(plky)lvac), (3.29)
and then estimate, similar to (3.5),
(k;* +Ef)]d3k1 [f&,) f(k,> +g7%k, - k,]. (3.30)
(Re® )y=0.31 fm?, 3.3M

which does not agree completely with recent anal-
ysis of the experimental value'® of the parameter
given as (0.5+0.07) fm?, but has similar dis-
agreement as one obtains from vector dominance.
Taking R,%=22.5 GeV~? will make it agree better,
and then we get

R )r=0.4 fm?. (3.38)

We notice that there are two possible effects
which may vitiate the above results and which
have not been included above. A part of the baryon
momentum may be carried by gluons, as appears
to be the case from deep-inelastic scattering,
which would change the results above. Also, the
electromagnetic interactions can occur through
neutral-vector-meson exchange, which has not
been estimated or included above. We cannot have
full confidence in the parameters until we estimate
these. Thus the values are to be regarded as tent-
ative and we proceed with them in that spirit only.
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Our purpose in this section has been to calculate
the quark-field-operator parameters and R? of the
baryon and meson harmonic-oscillator wave func-
tions for use in calculations involving strong de-
cays. Because of the comments already made re-
garding other possible effects we do not take seri-
ously the form factors derived in (3.8) and (3.33),
since for large momentum transfers we are not
very confident about the validity of the harmonic-
oscillator wave function and we are not sure which
other effects wiil start playing a role. In the above
calculations we regard the charge radius as com-
paratively unreliable, since the charge radius de-
pends on the square of the momentum transfer,
whereas g ,/gy and the magnetic moments depend
on at best a linear contribution from momentum
transfer.

IV. QUARK-PAIR-CREATION TERM

The quark-pair-creation component of the Dirac
Hamiltonian is given from (2.12) as’

Vara(x) =Q(—ia- V +Bmg)Q(x) . (4.1)

We shall first attempt to replace (4.1) by a co-
variant generalization of the same. For this pur-
pose, we note that the quark-antiquark pair cre-
ated in (4.1) may belong to different hadrons. As
in (2.13), let the respective energy components of
the quark and antiquark be £’° and £°, and thus let
k’ and k be four-momenta of the quark and anti-
quark in the vest frame of the respective hadrons.
When Vgtg operates as a perturbation Hamiltonian,
there will be overall energy-momentum conserva-
tion. Thus, with the remaining quarks as spectator
quarks, we shall effectively have in the rest frame
of hadrons

k=-k. (4.2)

=~

L',\L — -3
VELE(0)= (2n) <mm,

mm

Hence, in momentum space, (4.1) gives rise to the
operator with e.g., Q(k") =u(k"Q,(k"),

QRN (-a K +Bmg) Q)
QRN mg+ 3y 'k~ 57"RQME) . (4.3)

In (4.3) we have used that, with (2.4), (2.5), and
4.2),

a&) YOk =R 0(EK) =0 .

Equation (4.3) suggests that we may replace
Votg(x) by

Vorg() =Q(x) mg — 5ivD ,+5iv"8,)Q(x) . (4.4)
We repeat that (4.1) and (4.4) are equivalent for a
quark-antiquark pair-creation process with zero
total momentum for the pair-created in the rest
frame of the two hadrons, and further we note that
it is symmetric in the pair-created process and is
invariant in form.

Now we imagine a general quark-pair-creation
process, with the pair created belonging to differ-
ent hadrons in arbitrary Lorentz frames. For
such a process, with the ideas presented before
Eq. (2.22) in mind, we write the quark-antiquark
pair-creation Hamiltonian as

V150 = Q5 (0 lmg — 5iv*8 ,+5iv*8,)Q (%) .
(4.5)

For evaluation of matrix elements using (4.5), Eq.
(2.34) with appropriate identifications must be uti-
lized.

We shall now explicitly do so. Let us assume
that the quark and the antiquark created in (4.5)
are contracted with the quark and antiquark which
are constituents of hadrons of four-momenta p’
and p, respectively. Then by (2.34) and (2.15) we
obtain, with L= L(p) and L' = L(p’),

04,10 1/2
L ) fdskd3k'Q,*(L'k')z?(i’)S“(L’)[mQ+%r“(Lk)“—é—y“(L’k’)“]S<L)v(E)Q1(Lk)

0,70\ 1/2
:(2n)'3(p /’,> fd3kd3k’Q;(L’k’)ﬁ(k')[mQS"(L’)S(L)+%S“(L’)S(L)y“ku

- 57 R STHLNS(L) | v(K)Q, (Lk) . (4.6)

We shall repeatedly need (4.6), and thus shall evaluate the same for small momenta of the hadrons. Then

we have from (2.19), and with p’ = -p,

1 b5p
SISy =1\ . . ,
bG-p
where

b=m+m)/2mm’) .

Further, by (2.4) and (2.5),

4.7

(4.8)
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(k% =f)5 k

Yok o@ = 4.9
gK* - f°
and
a(R) v iy =[ f'R"°- gk, (k"% - f)5-K'] . (4.10)
In (4.9) and (4.10), we have taken f=f(k?) and f’=f (k?).
Hence from (4.6), (4.7), (4.9), and (4.10) we obtain that for small hadronic momenta,
HOE (2n)‘3f AR dk'QULEYE{ G R/ (1=f) + %K% +f'g(k° - k"))
- @R -f) +g%R2 +fg (k"= kO]
+b(G P (g =k =R +g(f K2 +fK'?)]
-gb(G KNG D@ R gkO+E) +1=F—F']}Q, (LK) . (4.11)

In (4.11), we have utilized the earlier identifica-
tion that myg = (2¢g)7".

We note that in (4.11) there is no free parameter,
except, sometimes k° and k’°, the energy levels
of the antiquark and the quark in the respective
hadrons in their rest frames. We shall utilize
(4.11) for our subsequent calculations through
field-theoretic identifications at small momenta.

V. STRONG COUPLINGS

We shall now proceed to generate strong inter-
actions of hadrons from our quark model without
any new strong-interaction parameters. For this
purpose we shall obviously utilize the Hamiltonian
(4.5) or (4.11), generalized from the nonrelativistic
expression (4.1) as given in I. Since the problem
becomes extremely complicated, we shall adopt
the following technique, often applied in quark-
model calculations. The present model is also a
substantial generalization of the earlier ideas of
this type as described below since here we take
mesons as composite objects instead of being ra-
diative fields'® for these interactions. Our ideas
are similar to Ref. 14; only here we do not have
an ad hoc pair-creation contribution in hadronic
matter, but take the corresponding component of
the pair-creation Hamiltonian obtained from the
Dirac Hamiltonian (2.12) and generalized in the
last section. The technique consists of calculating
the contribution from field-theoretic Hamiltonians
for small hadronic momenta and then identifying
this contribution with the contribution using (4.11),
which is the small momentum version of (4.5).
This determines the field-theoretic coupling con-
stants, which we shall subsequently use assuming
that these coupling constants remain unaltered for
momentum transfers relevant to the physical prob-

lems. Besides the complexity of the problem, we
have two additional reasons for adopting this pro-
cedure. Firstly, although we have tried our best
to be logical in Sec. II, we do not yet have adequate
confidence that this model will describe relativistic
hadrons. The second and more important reason
is that we do not know how far the harmonic-oscil-
lator wave functions will be valid when overlap in-
tegrals with large momentum transfers come into
the picture, as will automatically happen in actual
physical problems. Hence we have adopted the
philosophy that these wave functions may be good
enough when small momentum transfers are in-
volved, and that the relativistic effects can be best
taken care of by the field-theoretic methods. At
least as a first approximation this attitude will be
useful, and we adopt this here.

Now we shall proceed to generate strong-inter-
action dynamics with the above technique.

A. Pion-nucleon coupling constant

The field-theoretic Hamiltonian is given as
3l (x) = GN(x) v, 7 T(xN(%) , (5.1)

which, when |p|<m,, gives the contribution

(132 (P () [3e/(0)] D2 ©))

_ -9/2 + > =
= (2m) 2 m V. ur 12y (6 Pts (12 -
m

(5.2)

We shall obtain the value of G by identifying (5.2)
with the corresponding expression derived from
(4.11) in the quark model.

For this purpose, we take proton and 7" states
as in (2.26) and (3.29) and take, for small mo-
menta,
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- €;; R
I"1/2(9)>: 3_\;—_;— (po/m)fﬁ(kx+k2+k3)u(k1,kz,ka)d3k1d3k2d3k3
X [(P}(1,2)(L(p)k1)*iﬂ‘;u/2)(L(p)k2)+fﬂ?(_”2, (L(p)ks)*" ;(-1/2)(L(p)kl)+
X g/, AL PVRL) " RE ) o) (L(pR;)  IIvac) (5.3)

We note that for the present problem, in (4.6), L corresponds to Lorentz boosting of 7* and L’, the Lor-
entz boosting of the neutron. Hence, using (3.1) and (4.6), we obtain, after some integrations for momen-
ta of spectator quarks,

=\ 4=\ [ 1 _ 1 . 3R2\¥2 /R, 2\¥4 -
(s BT B V70000 21,00 =3 x 7 (=500 6 (o) " (B) o)

m
x f @ity ;5 (R[S ™HLNS(Lmg + 58S (LIS (L) v Ry, = 5 v k], ST (L)S(L)]
Xv_,,,(Ky)exp[-3R, k)%= § R* (k2 +k, ) | . (5.4)

We shall have some contributions of the type 'ﬁ_llz(ﬁl’)' .. vl/z(ﬁg'), which arise from a different spin com-
bination in quark space. These contributions have been included in the above, since as can be seen, these
will finally give the same contribution. in (5.4), we have also utilized (2.20), repeatedly, which yields

E{:E,—gﬁ, (5.5)

k7 =k, -5, (5.6)
and also we have

ky=-K!, k°=m/3, k{°=m,/2. (5.7)

In writing the time components in (5.7), (2.13) has been utilized. Neglecting terms such as p?, the expo-
nential in (5.4) is simplified as

-~ - 3R? z L -

expl-$R K* - R +E)) = exp [~ FRe @ gy ] (5.8)

where
_ 2R*+R,?

A SBRE 4R, (5.9)

One then uses simplifications leading to (4.11) and thus gets from (5.4)
o 4 5 /3R®V/2 (R, A\** . _
(ny,o (D)1 @) VE+5(0) [ p,,,(0)) = - 57‘5(%‘) (—;—) (2m™i -

% Jul o L GELF L= 1) +8 K +7 18y = k)]
~@RDIf (= FD +87RS" + 11 g (k1= k7]
+b@ DIrifi (g™ — ki = k%) 48 (F RS + 1R
- bg@ KNG D)@ RNg® +-1) +1=f{ = fI ] vy

3 2 2 . .
X exp ,:— —R-—%Ii"— (k, — )\p)z] a’k, . (5.10)
In (5.10), f1=F&?), f2=5@&2?), and
b=(m+m,/2mm,) . (5.11)
We now use (3.7) and make a straightforward integration, and neglect terms such as p>. We then obtain
e 52. _ 3R2 3/2 R 2 3/4‘ -
(nl/z(—-p)ﬂ (p)lVé*é(O)l[),/z(ﬁ»: - 3_"/.? X (27{) 3x (W) X< ﬂ" > zau;(l,z)(é'p)uul/z) , (5.12)

where
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a=35b(g7 = k{°- k) +38(R1° -k} (A= 1)

2 r5 b o - " L V(B0
3¢ ':74— (A2 +2)) + 3 287t +R°+R2O) - ) A =2 (R]°—Eyg °)]

" 3R*+R,’
gl 10 —1———35("'”5)]
T (3R%+R,%? [ g 8 '
In (5.13),
N=%-x, M=i-x. (5.14)

Hence, comparing (5.12) and (5.2), which should
be the same, we get

20
G=axn¥x 3T3x Vm, Xxm XR,3?

3R2 )3/2
On taking R*=R,%>=15 GeV™? and g=1.67 GeV~?, as
earlier, we get @=0.798, such that (5.15) yields

G=15.8xa@=12.6, (5.16)

compared to the experimental value of 13.5. At
this stage we shall be satisfied with the above
rough agreement. We notice that this “deter-
mines” R,%, which value we had assumed earlier
in (3.36), anticipating the results here.

B. N* > Nn

We shall consider the above decay process
with the quark-pair-creation Hamiltonian in a

(5.13)

r

similar manner. However, since we are inter-
ested in a rough verification we shall take N***
and p as nonrelativistic objects and thus for
N¥3'=~p,,,+17 (P wave), we shall take our field-
theoretic Hamiltonian as

3¢ (x) = mL P12(0[8,7 (%) — 10,1 (¥ *N3 " (x).

With this nonrelativistic form of the field theory
we calculate the width of N* and substituting I
=0.115 GeV, we obtain

m ~10 GeV™!. (5.17)
my

We next note that

(P1/2(-D)1* @) |37 (0) INg5* ()

= ;fz— (2m=o2 (=9)|p|sinet®.  (5.18)

_1_
@2m 2
We shall compare (5.18) with

(P12 (D)1 ) V+5(0) IN23* (D)) . (5.19)

We note that in the quark model

R € e e e e o
[N:/Jrz (6»: _6&]‘ 5(k1"'kz"'ks)u(kpkzaks)d3k1d3k2d3k30>}(1/2)(k1)*6>§(1/2)(kz)f6>§(1/2)(k3)*|Vac> ) (5.20)

with u(k,,k,,K,) given by (3.1). The contribution
to (5.20) comes exactly in the same manner as in

the previous subsection and we finally get, with
as in (5.13),

(Bry2(=P)1" ()| VE+5(0) N33 7(0))

~ -3._1: 3R2 3/2 <E—'ﬁ>3/4
=@m= 7= (3R2+R,,2> T

X QUL 20 POy, - (5.21)

We now compare (5.18) and (5.21), which yields

|fl - 3/4 4 3/2 3R2 &2
-~ =an ﬁVm,R,, <3R2+R,,2) (5.22)

~8 GeV™', (5.23)

which is in rough agreement with (5.17).

r

C. p->2rm

The field-theoretic Hamiltonian taken here is

3/ (%) = fr€iepf ()7;(x)8 ,m,(x) (5.24)
which, on substituting I'=0.152 GeV, yields
fp=6.05. (5.25)

Further, for small momenta we have

(r* (@ (=P 3¢/ (0)|p* (0))

= “o/2 ___=ifp _
(2m) oy

which will be the expression to be compared with
the corresponding expression from the quark mod-
el to determine f, from the quark model. We thus
take!

% |p|sinde’® , (5.26)
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| o7 () = —lé [ ok, +&u, @)d%, d*%,

X @4 1o (k) Wy k) vae) . (5.27)

In the quark model, for p*—~n*7° the spectator @
quark may go to 7* or to 7°. Through (4.11) one
can easily satisfy oneself that both these contribu-
tions will be identical. Taking into account this
fact, one obtains, in the quark model,

(T @ (=p)VE5(0)] o) (O))

1 R.2\3/4/9\3/2 ..
=(27) '4_27_§_<_"L) <§> 2(1”;—1/20'13171—1/2,

(5.28)
where
— 1 =1
a= Py (g7 =-my)
1 5 .2 8
+ E—Z[Eg + 3mﬂ(2+gmw)
1 /10g3 35g* )
- g <9m1, C e (5.29)

In (5.29), we have taken u (k) =u, (k) and gp=£€x=8&
as earlier. Also in (4.11), k°=k'°=m /2 has been
used. Comparison of (5.28) with (5.26) yields
8ve — .. ‘
I /'pl = an/ 5 My mpR,,S/Z . (5.30)
With m,=0.3 GeV or g=1.67 GeV™', one gets «a

=2.156, such that (5.30) yields for f, as determined
from the quark model

£,/ ~5.95 . (5.31)

The agreement between (5.31) and the experiment-
al value (5.25) is quite good. We may further note
that if we use equivalence of (5.28) and (5.25), and
then use (5.24), we get

CBAXVIXm,E  (ais ap s
I‘(p-Zn)f _~—9X_27 —lel XC!R,, (532)
=147 MeV , (5.33)

which is well within the experimental error for the
width of p meson.

We note that in Secs. VB and VC, no new pa-
rameter has been used.

D. ¢ > 2K

We first remark that the present model through
Lorentz boosting as in Sec. II differs quantitatively
from what we had done in I although for both the
starting point is the pair-creation Hamiltonian
(4.1).

As in Sec. VC, here we obtain, on the basis of
the quark model using (4.11), and taking the ¢ me-
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son as a pure A-quark-antiquark pair,

(K* @)K~ (-p)|VE+5(0)] 9, (0))

5 1 R 2V, - -
=(2m3 ( "-> GP2aug_y,, 6 Prieyn

2V3 m
(5.34)
where
a=blmy— wy)
1 5x 1
+ ~7[ 6 2 gs” +§bg6,(l +g@w@)J
T
1 /10bg,® 357,84
- R,,"< 9 " Tgxan (5.35)
In (5.35),
b=my™!, (5.36)

we is the occupied energy level of the ® quark in
the K" meson at rest, and A\, =1 - wp/my,. We have
also taken the harmonic-oscillator wave functions
of all the mesons to be same as that of 7 meson.
As in the last section, one then makes a field-the-
oretic identification, and then estimates the re-
sult corresponding to (5.32) as

te- 32\/;7”1(2 =3,2p 3
I'(¢p-K'K )Am [Blra?R,? . (5.37)
Let us next consider the process ¢—K K °. This

yields, parallel to (5.37),

32V my2

=13 412 3
9x27m®lp PaR,*,

I'(¢p~-K°K°-= (5.38)
where @’ is defined in a manner similar to (5.35),
with corresponding change of some parameters.

In the present case, in contrast to the earlier
cases, we for the fractional energy of the ® quark
in K' is not unambiguously defined. We first as-
sume that the fractional energies are proportional
to the respective quark masses. Then in (5.35) we
obtain

w,=0.188 GeV, A,=0.62. (5.39)

Substituting these, we obtain, for R,>=15 GeV 2,
«=0.469, (5.40)

Similarly, with the corresponding parameters
changed, one obtains

a’=0.459. (5.41)

Using the above values in (5.37) and (5.38), one de-
rives

I'(¢p—-K°K°)/T(¢p—~K'K)=0.635 . (5.42)

We note that the above value is much below the
world average, which is'® 0.74+0.06. However,
Kalbefleisch el al.'® obtain the above ratio as
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0.60+0.06, and the value in (5.42) is well within
this range.
One then obtains from (5.37) and (5.38) that

M(¢p~K'K™)+T(p~KK°) =2.45 MeV .  (5.43)

Clearly (5.43) is too small. We attribute this to
the wrong value of wp in K*.

We note that the assumption that the fractional
energy of the constituents is proportional to the
quark mass as made above is likely to be true on-
ly when the binding energies are negligible. In the
present case for mesons this is obviously not so.
Let us for a moment imagine the hydrogen atom,
with the proton as infinitely heavy. Then effective-
ly the whole binding energy will “belong” to the
electron, and w, =m,~ B. Thus, the binding en-
ergy “shared” by constituents may even be inver-
sely proportional to the respective masses of the
constituents. However, in the absence of mass
level spectroscopy generating the occupied energy
levels for the constituents, it is futile to use any
rule of thumb except the above qualitative com-
ments. We note that the ®-quark energy level in
K" enters the first term in (5.35) in a sensitive
manner. Hence we now use that equation to deter-
mine wp. Thus if we take as a rough assignment

wp=0.158 GeV (5.44)
such that
A, =0.68=1-1x,, (5.45)

we then obtain

a=0.538 (5.46)
and, keeping A, unaltered,

a’'=0.514 . (5.47)
This yields

T'(¢p-~KK%/I'(¢p~K'K™)=0.61, (5.48)

which is within the value of Ref. 19. We then ob-
tain, instead of (5.43),

T'(p—~2K)~3.2 MeV , (5.49)
which is in fairly good agreement with experi-
ments.'®

E. K*—>Km

Here, with field-theoretic identifications as
done earlier, parallel to Eqs. (5.32), (5.37), and
(5.38), we obtain

16VTmmy |-
*t L Ktp0) = n K 3,2p 3
'K K*'1° X 2Tm ce [PlPa’R, (5.50)
and
TE* -K°1") =2 (K*'-K*1°) , (5.51)

a:%b(g"-%m,,—xlm,()+%g()\lm,< —im(E =1

[ZA+20)+3b(\m, +3my+2¢7Y

—L g0 me —3m) (= A,) ]

£* 106 . 35(1+2 )\2)]
R,,“[Qg 16 x 27

In (5.52) obviously

(5.52)

b=(my+me)/ 2mgmy) . (5.53)

Also, A, has been determined earlier in (5.44).
One then obtains

a=1.22, (5.54)
such that we have
T(K*) =56 MeV , (5.55)

which is in reasonable agreement with experi-
mental value of about 50 MeV. We note that in
this subsection we have no free parameters, since
A, has been determined in Sec. VD.

V1. DISCUSSIONS

Let us now first explicitly note the basic as-
sumptions of the present theory. We have as-
sumed that hadrons can be described by quark field
operators in the rest frame of these hadrons, and
a simple, but not conventional ansatz is made for
these field operators in this frame of reference.
We next assume that constituent quarks occupy
fixed energy levels when the hadron is at rest, and
the mass of the hadron is given additively in terms
of these energies. Thus the quarks as constituents
do not lie on a mass hyperbola. The above as-
sumption, however, gives space and time depen-
dence of quark field operators as constituents of
hadrons. To obtain the corresponding field oper-
ators for hadrons in motion, we Lorentz-boost the
above field operators, knowing that these are Dirac
field operators and hence have known transforma-
tion properties under Lorentz transformations. In
Eq. (2.20), we assume the conventional anticom-
mutators for the corresponding field operators,
which are defined through (2.18).

We next generalize the quark field operators to
bring in @*(x), which includes all the above type of
field operators corresponding to the quark as con-
stituent of any hadron in any frame of reference.
E.g., this generalized quark field operator enters
into the electromagnetic current. For specific in-
teraction processes Q°(x) becomes equivalent to
some QL»(x); without this identification @*(x) has
no meaning. Thus in this theory, quarks enter
only as constituents of hadrons, and can have no
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meaning otherwise.

We next use this theory to estimate the quark
parameters through the nonrelativistic properties
of baryons. In particular, g,/gy and the mag-
netic moments of baryons are used to fix these
parameters as well as the radius of the harmonic-
oscillator wave function of the baryons. The
charge radius of the proton and of the pion have
also been calculated, but have not been used to fix
the parameters.

We next generalize the quark-pair-creation term
of the Dirac Hamiltonian to a covariant form,
which is then utilized to generate strong interac-
tions. With the radius of the harmonic-oscillator
wave function of the meson as the same as that of
the baryon, this estimates Gy, fairly well. With-
out any more new parameters, N*— N7 and p— 27
are also predicted in a reasonable manner.

W e next estimate the energy level of the ® quark
in K* to get correct I'(¢ — 2K). Withthis parameter
fixed, we calculate I'(K*), which agrees reasonably
with the experimental value.

We note that in this manner we have generated
successfully five strong-interaction processes
quantitatively in terms of only quark-model pa-
rameters and quark-model harmonic-oscillator
wave functions. The success of the model indicates
that broadly speaking, these ideas may be valid
and may be at the basis of the Okubo-Zweig-Iizuka
rule,® as was conjectured in L

We note that in the context of the present model
hadronic dynamics is extremely complicated.

E.g., hadron-hadron scattering will have three
possible types of contributions. (i) We can have
exchange reactions for this scattering where con-
stituents will get exchanged,?® and we shall have
overlap integrals of the hadron wave functions.

(ii). The potential which binds hadrons and is sat-
urated in a manner we do not know may have resi-
dual contributions for hadron-hadron scattering
corresponding to residual potential for atom-atom
collisions. (iii) The quark-pair-creation terms
discussed in Secs. IV and V will give rise to nor-
mal hadron exchanges as in field theory, and will
contribute to hadron-hadron scattering in a con-
ventional manner. In field theory we only consider
the third type of interactions. With a covariant
form of the quark-pair creation in (4.5) this con-
tribution is expected to have relativistic covariance
as well as normal unitarity, analytically, and cross-
ing-symmetry properties. Hence, for processes
where the contribution (iii) dominates, the general

model-independent analyses using the above prop-
erties only are expected to continue to be valid.

Let us next consider electromagnetic interac-
tions of hadrons. It can be easily seen that such
processes can take place with intermediate neu-
tral vector mesons, since, as in I, (vac|J%0)

x |p3(k)) does not vanish. This will not be equiva-
lent to vector dominance, but it may give similar
contributions. It is possible that the lack of ac-
curacy in charge radius of proton and pion as esti-
mated earlier may be due to such a contribution.
We expect that any correction to the form factor
(3.8) has to vanish when /=0 since this estimates
the charge of the proton as a bound state, and in
this sense the contribution through e.g., p° will be
totally different from what one gets from the vec-
tor dominance model.

Although we have estimated the form factor of
the proton and the pion, we do not take these ex-
pressions seriously. Firstly, the effect of inter-
mediate vector mesons has been ignored as stated
above. Further, large momentum transfers probe
the hadronic wave functions in regions where the
harmonic-oscillator approximation for these may
not be valid. When we have adequate confidence
in the model, we can use this model to estimate
the large-momentum-transfer behavior of the had-
ron wave functions. It will also become worthwhile
to estimate the effects of e.g. SU(6) mixing, in or-
der to be able to generate static results better,?!
which we have ignored here.

W e should finally like to remark that although the
model has mathematical complications, the physi-
cal ideas are mostly simple and straightforward.
It is nice to see that these simple ideas can gen-
erate strong-interaction processes in a quantita-
tive manner, predicting strong-interaction cou-
pling constants in terms of quark-model param-
eters and the harmonic-oscillator wave functions
of the hadrons only, and without any parameters
outside the quark model. All the same, we would
like to comment that because of complications of
hadron dynamics as envisaged here, we consider
the ideas of the present paper as more relevant
than the agreement with the experimental results
that has been achieved.
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