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Hadron interactions are formulated in terms of relativistic quark models., The constraints
of vector-meson dominance and partial conservation of axial-vector current are used to
select convenient quark-quark-meson vertex functions. These vertex functions correspond to
Llewellyn Smith’s model I. Interactions of hadrons are assumed to take place through quark
interactions, and coupling constants are evaluated using quark graphs. The results are con-
sistent with vector-meson-dominance and the ¢-w current-mixing model. Deviations from
SU(3) and the nonrelativistic additivity quark model are predicted.

I. INTRODUCTION

The nonrelativistic quark model has been a very
successful model in predicting decay widths and
coupling constants in hadron interactions.'™® How-
ever, when decays involving quark-antiquark an-
nihilation are considered, the model runs into
trouble, requiring the inclusion of SU(3)-noninvar-
iant space wave functions.®

Discussing the problem of the structure of the
meson wave functions from a relativistic point of
view, Llewellyn Smith? found that the wave func-
tions that give good predictions in annihilation pro-
cesses and preserve SU(3) are not the ones that
correspond to the weak-binding limit of the non-
relativistic quark model. We show, in simple
realizations of Llewellyn Smith’s models, that
his best solution is the only one compatible with
vector -meson dominance and partial conservation
of axial-vector current (PCAC).

Working with wave functions with a relativistic
structure, we keep, however, some of the funda-
mental assumptions of the nonrelativistic quark
models, in particular, the idea that quarks move
with small space momenta within hadrons, which
require a deep flat-bottomed potential with a long-
range force and massive quarks®'® (M = GeV).

Our basic assumptions will be that the hadronic
interactions take place through the quarks —an
assumption whose validity is still an open ques-
tion” — and that the quark currents (or their diver-
gences) are meson-pole -dominated.

It has been shown® that in the Bethe-Salpeter
formalism applied to quarks, vector-meson domi-
nance and the Goldberger -Treiman relation appear
as a result of the saturation of the quark-anti-
quark propagator by meson bound-state contribu-
tions. These are expected to dominate when the
meson is near its mass shell. Thus, from the
point of view of quarks, the electromagnetic decay
of vector mesons (or the weak axial-vector two-

4

body pseudoscalar-meson decay) will be described
by the graph of Fig. 1(a).* Neglecting three-body
interactions, the three-meson vertex will be pre-
dominantly given by a triangle (renormalized)
graph [Fig. 1(b)], which may be justifiably eval-
uated as a Feynman integral.® But in the four-
legged process the graph of Fig. 1(c) cannot be
treated as a Feynman graph because there will
be large contributions from poles in some chan-
nels. Only some kind of duality interpretation is
adequate. Baryon interactions will similarly be
decomposed into their quark constituents.

In Sec. II we discuss vertex functions which are
realizations of Llewellyn Smith’s models and show
that only model I is consistent with vector-meson
dominance and the Goldberger-Treiman relation
at quark level. The basic QQn and weak quark
axial-vector coupling constants are derived and
the results agree with additivity. In Sec. III we
evaluate coupling constants using the Bethe-Sal-
peter formalism. As the hadron interactions take
place through the same basic quark-level cou-
plings, the mass factors present in the quark ver-
tex functions determine SU(3)-breaking factors in
the various coupling constants. In general, the
results improve the SU(3)-symmetric limit and
nonrelativistic quark model.

II. MODELS FOR THE QQV AND QQP
VERTEX FUNCTIONS

Llewellyn Smith* discusses Bethe-Salpeter wave
functions for Q@ pseudoscalar- and vector-meson
bound states. These wave functions have the struc-
ture corresponding to the outer product of a spinor
and a conjugate spinor and can be described in
terms of four two-by-two matrices: y**, y==, x*~
X", the first corresponding to the positive-ener-
gy-positive-energy component, and so on. What
distinguishes Llewellyn Smith’s various models
is the relation between the x** and y~~ components
of the wave function in the limit of vanishing me-

)

2858



4
Q
v Y
Q
(a)
SO M
V\
~
~
g M
Q —_————
Q
7
7
//M
-
(b)
\\\XI lt M ///
N
N Q 7
—S> Q Q
Q
M_~ N
p W
- N

(c)

FIG. 1. Quark graphs for meson interactions: (a) An-
nihilation graph; (b) Triangle graph for three-meson
couplings; (c) Graph for a four-legged process. The
blob O represents the quark-quark-meson @QQM) vertex.

son masses. When these relations are imposed in
the Bethe-Salpeter normalization, the various
models become perfectly well defined, giving very
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different predictions in the evaluation of hadron
coupling constants. A general discussion of these
models is contained in Ref. 4. Model I is the mod-
el that satisfies SU(3) for the wave functions and
that can be made consistent with approximate
SU(6). Model III is the one corresponding to a
weak-binding limit and to a nonrelativistic struc-
ture of the wave function.

In the present paper we use quark-quark-pseudo-
scalar-meson (QQP) and quark-quark-vector-
meson (QQV) vertex functions which are simple
realizations of Llewellyn Smith’s models I, II,
and III. (See Table I.) They have the structure
of solutions of the QQ homogeneous Bethe-Sal -
peter equation with a separable potential® and this
simple model is occasionally used for orders of
magnitude estimates. Both the QQP and QQV ver-
tices include derivative and nonderivative cou-
plings, pseudovector and pseudoscalar couplings
for the QQP interaction and Dirac and Pauli-like
couplings for QQV. We write the vertex functions
as follows:

QQP:
Tolp,q)= W(p,qwsc[(%;) R+<%‘ﬁ> §w'—] (1)
QRV:
R P e e e

where m , (m,) is the meson mass and ¢ its mo-
mentum; M, p+3q are the quark mass and mo-
menta; G, R, F, and R’ are model-dependent con-
stants; s, v, e, and m are parameters which char-

TABLE I. Characteristics of Llewellyn Smith’s models and model parameters in QQV and
QQP vertex functions. [See Egs. (1) and (2) in the text.] x*~ and x~* are small in all three

models.

Vertex-function parameters

QQP QRV
Model Characteristics s v e m
I X't=x"
4 _ 0 0 1 0
X =X =const
mp
1 X =y
X 1 -1 0 1
X't = X"~ =const
I xXFt>> x=-
1 1 1 1
N 2 -2 2 2
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acterize the models; €/ is the vector-meson polar-
ization (q,e4=0 when g*=m %, and eLeh=g,q
—q.qs/m,%; and W(p,q) is a form factor required
for the convergence of some integrals and satis-
fies the quark on-mass-shell condition:

W(p,q)=1 when (p+3q)%=(p — 5¢)®= M2.

The quantities G and R (F and R’) can, in princi-
ple, be determined by solving the Bethe-Salpeter
and normalization equations. Table I shows the
characteristics of the different models and the
values of the parameters s, 1, ¢, and m.

We now compute for the various models,* the
neutral vector-meson electromagnetic coupling
constants f,, using the graph of Fig. 1(a), and
similarly the pseudoscalar-meson annihilation
parameter F,. The result, easily obtained with
the vertex functions (1) and (2), can be written in
the form

[ )

and

Fp= [ZM g4 / <Z—J) ] r, (4)

where g, is the ratio of axial-vector to vector
coupling for quarks; e; is the charge of quark @,
(i=®,,,7) in units of electron charge; gV is the
Clebsch-Gordan coefficient giving the @,@; con-
tribution to the vector meson V; %, [ are numbers
depending on the chosen model; and /, /[’ are the
loop integrals which in the approximation

mp/M,m, /M <<1

are independent of the meson masses. The quark
axial-vector coupling renormalization constant
and quark and nucleon Cabibbo angles have been
absorbed in I’. The loop integrals 7 and /' have
not necessarily the same values for the various
models.

In Table II are shown the parameters % and [ in
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the different cases as well as the mass dependence
of f, and F,. The experimental ratios of /}’s or
Fp’s for different vector or pseudoscalar mesons
strongly favor model I1.*

Let us now take the electromagnetic interaction
of quarks in the limit ¢> - 0 and consider first the
Dirac coupling. In that limit this coupling gives
the quark electric charge. As ¢®=0 is not far from
the vector-meson poles, it is reasonable to as-
sume that the quark electromagnetic current is
dominated by vector mesons. Graphically and
making use of Fig. 1(a), we have Fig. 2. The cor-
responding equations are, from (2) and (3),

S o = gl L
2,81¢; F\ZW) 7. (5a)
e =k
= ,,VU(’?%) FI. (5b)

To avoid contradiction between the left- and the
right-hand sides of (5b) in the sense that no depen-
dence on vector-meson masses should occur on
the right-hand side, we require that

e=k, (6)

and this constraint is only satisfied by model 1.
To satisfy Eq. (5b) one still needs to ensure

FI=1, (7)

but this is only a constraint of the form factor for
the QQV vertex. For model I the Dirac coupling
is then, in the limit ¢g®~ 0, consistent with a vec-
tor-meson-dominance description of the quark
electromagnetic interaction.

We treat in a similar way and in the same limit
the divergence of the weak axial-vector interaction
of quarks (Fig. 3) with the resulting equations:

2My,=v2 g F, (8a)

mp\~

1
= (Zl[gﬂ(m) v2 gQ[ s (Sb)
where

TABLE II. Annihilations in Llewellyn Smith’s models.
Annihilation parameters and mass dependences. [See Egs. (3) and (4) in the text.]

Annihilations

Pseudoscalar mesons

mp dependence

Vector mesons

my dependence

Model Parameter ! of Fp Parameter £ of £y,
I 0 const 1 my
I 1 Vmp 2 my
I 3 1/ mplt /2 2 m, 2
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is the over-all Q@n° coupling constant. If we as-
sume negligible mass dependence of the last fac-
tor in (9), which is strictly true in model I and is
justified in the other models if R is not too large,
then the consistency of (8b) requires that

v=1, (10)

a condition that is satisfied only in model 1. The
additional constraint is

VZ gol'=1. (11)

Equation (8a) contains nothing but a Goldberger -
Treiman relation for quarks.

It is remarkable that only model I satisfies vec-
tor-meson dominance and PCAC for quarks.'® It
is also the only model that predicts a Kawarabaya-
shi-Suzuki-Riazuddin-Fayyazuddin- (KSRF) type
relation!!:

JoFr=cmy, (12)

where in this model, from (5a), (8a), (10), and
(11),

c=V2g,I'/I=g,F/g,.

We shall use the experimental determination of
c to relate g, and g,.'"> From now on we restrict
ourselves to model I: s=v=0, e=1, m=0, [=0,
k=1.

Applying vector-meson dominance to the Pauli
coupling, one obtains

FR' 1
Zeig{Kfm_V}‘c:, (13)

where K; gives the anomalous contribution to the

J

d4
Tr{ k

_f(k,_

(b)

magnetic moment of the quark in units of the
quark mass. From relations (13) and with a mix-
ing angle 6 close to the ideal mixing angle, we
have approximately,

1 -(3)"2sin6(m,/m )

. 14
Ky 21+(§)1/2sine(mp/mu,)2 K e
and
_4 _(20mp/me) cose
Kx‘f;’ 1+(§)1'2sin6(mp/mw)2 o (15)

For ideal mixing of octet and singlet SU(3) states
(¢ =AX) and with m,2~m 2, (14) and (15) give

K. =K, Ky=(m,/my)K,. (16)

The first relation is the usual nonrelativistic
quark-model assumption; the second differs by
the factor (m,/m).

As we mentioned before, G and R (F and R’) can
be determined by solving the Bethe-Salpeter and
normalization equations, but to obtain such a solu-
tion a knowledge of the interacting Q@ potential
and form factor W(p,q) is required. As we do not
know these we use general arguments to relate G
to Fand R to R'.

Llewellyn Smith showed that in the case of a
spin-independent potential, the pseudoscalar and
vector relativistic wave functions for vanishing
(mp/M) and (m,/M) are related by SU(6). This
implies, in our model,

RG=R'F, (17)

a result which we take as more fundamental than
the form of the potential. On the other hand, the
normalization equation'® written in the rest frame
of the meson gives

— i i L
@ | T e O r

i i o i a0
Q)mr(k,—Q)%_%g,_M Y K—é{/—M:l}“lq R

(18)

where T' stands for I', or I';. The potential contributions have been neglected as in Ref. 4. Working out
the trace calculations for P and V mesons under the assumption (K®) <M? and comparing the results,
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Q pt Q
~ __P_ ==
Q v Q
(a) (b)
(aR?+bR)G*=(aR"*+bR')F?, (19)

where, in the approximation m,*(my?) <<M?, a and
b are integrals independent of the meson masses.
Equations (17) and (19) then give

G=F (20)
and
R=R'. (21)

We note that the separable-potential model, in
general, predicts R to be of the order of R’, but
a precise relation like (21) is model-dependent.
It also gives, for a dominantly scalar interaction,
R <1 and positive.

To find an estimate for R and R’, we use the
nonrelativistic quark-model result that the mag-
netic moments of the quark and the proton are
equal®: K =2.79/2m ., Equation (5a) for the
p meson becomes

mp _fp

V2 (22)
and combined with (13) gives
, [ 2.19 mp _mp

r= <2m proton mp) 2M  2M ° (23)

where the last expression is an approximate nu-
merical result. Itis worth recalling that R’ does
not depend on m,, but (23) shows that R’ (and R)
is small of order (m,/M). With (23) the QQV
coupling satisfies broken SU(6), universality.'°
Neglecting R, compared to 1, we derive from
(8a), (9), (12), (20), (21), and (22) an expression
for the basic quark-level weak axial-vector cou-
pling constant g, and pseudovector Q@ coupling
constant (g,/V) in terms of known quantities:

ga=c/N2 (24)
and

&o/M=fy/m, . (25)

Equation (25) is an additivity quark-model result.
In (24) with the experimental value of ¢, c=1, g,
agrees with the additivity result for axial-vector
weak decays for baryons, g,~0.70."

We have shown that Llewellyn Smith’s model I
contains PCAC and vector-meson dominance con-

1

Q [
P
_____ FIG. 3. Divergence of the
Q weak axial-vector coupling
v of quarks.

(c)

sistently built in. In general, we may say that in
this model the interactions of hadrons take place
through the quark currents and the interactions of
quarks are mediated by hadron fields. The model
is then dynamically consistent with a description
of the meson interactions through the splitting of
the mesons into the quarks and the rebuilding of
the mesons from the quarks.

III. HADRON COUPLING CONSTANTS

By reversing the argument of Sec. II we see al-
ternatively that in model I the vertex functions (1)
and (2) for the basic QQP and QQV couplings and
the constraints of vector-meson dominance and
pole dominance of the divergence of the weak ax-
ial-vector current impose on f, and F, the meson
mass dependences of Egs. (3) and (4) without the
need to use the graph of Fig. 1(a). For the inter-
esting cases we write their predictions for the
fy’'s and Fp’s:

F,=Fy (26)

and

Fo i fe i o i

(27)

Neither relation assumes mass degeneracy, but
none the less (26) remains the exact SU(3) rela-
tion. Equations (27), on the other hand, are brok-
en-SU(3) relations. They satisfy the first Wein-
berg sum rule'® and are typical of a current-mix-
ing model'® of w-¢ mixing. We refer to Ref. 4
for further discussion of Egs. (26) and (27).

We will now show how the mass factors appear-
ing in (1) and (2) affect other couplings and start
with PPV interactions [graph of Fig. 1(b)]. We
illustrate for the 7*77p [p=(3)!%(C® -NFH)] vertex,

(T (P VE@) [ 71=(b2)) = (by + P2) o (@®) - (28)

In the limit ¢ - 0 only the quark Dirac coupling,
fo/VZ, acts and if the QQp-vertex W(p,q) form
factor does not drastically modify the triangle-
graph integration, the evaluation of (28) from the
triangle graph of Fig 1(b) is then equivalent to the
evaluation of the Bethe-Salpeter normalization
equation, (18). We thus obtain the vector-meson-
dominance result,
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fpmr(o):fp . (29)

In each triangle graph, because of the symmetry
of the Bethe-Salpeter wave function,* only terms
odd in m, survive so that up to terms of order
(mp/M)?, the coupling constants f,,,(0) for ¢>=0
are proportional to the vector-meson mass [from
(2)] and are independent of the pseudoscalar-
meson masses. With the approximation f,,(0)

= fppy(m,?) and in the ideal mixing limit, we com-
pare in Table III the ratios I'(V — PP)/T'(p—~ nm)
predicted in this model with the SU(3)-symmetry
limit and experimental values.'’

It should be noticed that the mass dependence,
fppy(0)~m,, is again compatible with the current-
mixing model and that when the results for vector-
meson electromagnetic decays and PPV couplings
are combined, some general vector-meson-domi-
nance results are rederived. For instance,

fKKw(o) + fKK®(0) = l , (30)
fw f¢ 2
which is usually derived by saturating the hyper-

charge current form factor of the kaon by vector-
meson poles, and also the w-¢ mixing relation'®

_f.ljgm= Lcos?g. (31)
[}

The PVV couplings can be worked out in a simi-
lar way. One obtains for the f,,, coupling the re-
lation,

prﬂzmpz 2
[(%)I/ZCOSB+(%)1/2 Sil’l@]z 24fp7r7r ’ (32)

which, for ideal mixing, reproduces the SU(6),
result.’® In this limit using vector-meson domi-
nance, we obtain for the wmry coupling,

Fury®=4e2/m,?. (33)

Quark-model additivity calculations®'!* success-
fully predicted f,,,,%=4€?L yoon”- In the present
model this result comes about from (33) and the
numerical coincidence exploited in (23).

We note in a similar manner that the VVP cou-
plings are proportional to 1/m,2, and when the
experimental angle 6= 34° is used in decays in-
volving the ¢ meson, this factor helps to bring

TABLE III. Ratios I'(V —PP)/T(p—7m).

Decay Present work SU(3) Experimental

¢—~K'K~ 0.0216 0.0122  0.0150+0.0033
¢ ~K'K"0 0.0139 0.0078  0.0112+0.0026
K*—~Km 0.397 0.290 0.404 +0.080
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down the ¢ - my and ¢ — 7y rates as seems to be
experimentally required.! ' Our results on the
VVP couplings are in qualitative agreement with
the ones of Ref. 20.

Many of the results obtained so far in this sec-
tion have been derived by other approaches?°:??
involving either the two Weinberg sum rules or
in the nonrelativistic quark model,?® the use of
meson wave functions with large SU(3) symmetry
breaking. Some related relativistic calculations
are contained in Refs. 4, 8, and 24.

Formally, baryon couplings can be treated in a
similar way. The electric coupling to vector me-
sons is related to the Bethe-Salpeter normaliza-
tion equation provided, as before, that the poten-
tial-term contribution is neglected, and we obtain
relations such as

gPNN(O) 2%fp ’ (34)
g(uNN(O) E3(%fp) ’ (35)
and the relation
Zo000) |, 8upp(0) _ 1, (36)
fP fu

normally obtained by the saturation of the proton
electromagnetic current by p and w poles.

As the vertex integral only reduces to the nor-
malization condition at zero momentum transfer,
q¢*=0, one can make model-independent state-
ments only about the electric couplings. To eval-
uate the magnetic coupling, the weak axial-vector
decay coupling, and the couplings to pseudoscalar
mesons, whose matrix elements are linear in ¢,
some further assumptions are required. In a
three-body problem this also implies additional
complications.

The additivity rules for magnetic moments, as
well as for the other couplings referred to above,
may be rederived with a specific model?® by doing
the calculations in the Breit frame of the baryon,
neglecting the interacting quark-space momentum,
f:, and assuming that on the average it behaves as
if it were on the mass shell,?® (k2)~M2. For in-
stance, for the magnetic moment of the proton,
we then have

1
p‘pz“vzm"'l{p- (37)

To satisfy (37) the magnetic moment of the quarks
has to be mostly anomalous if we are working in
the Bethe-Salpeter formalism with massive quarks.
In the present model the anomalous magnetic mo-
ment of the 3 and A quarks differs from that of the
@ quark. Applying (14) and (15), in the extreme
case of quarks with only anomalous moment and

in the ideal miximg limit, tang=(3)!/2, we derive
corrections to the additivity calculations. From



2864 J. DIAS DE DEUS 4

TABLE IV. Magnetic moments of octet baryons (i prion=2.793).

Theoretical
No correction Correction
K, =K.=K, o and 8
Baryon B/H proton U B/ proton " Experimental
1+28/3
-3 - —= -1, -1.913
N 5 1.86 <l+ﬁ/9> 1.90
1 l—-a £0.1
- - -0. -0. .16
A 3 0.93 <1 5/9 0.53 0.73£0
1-a/9
+ 2. 2.66 2,5 £0.5
Z 1 793 <l +B/9>
(14) and (15) we obtain 3=0.03 and a=0.43,"" fopy ~My

where o and 3 are defined by
Ky =Ky(1+p),
K,=K;(1-0a).

The effect of these corrections on baryon moments
is shown in Table IV (experimental data from Ref.
27). In all cases the corrections act in the right
direction, but in the A case seem to be more than
required. The corrections « and 3 depend appre-
ciably on the mixing angle. With an angle §<35°,
as required by experiment,?® the value of the mag-
netic moment improves, for instance p,=0.57

for 6=33°. Note that large mixing angles, 6
>36.5° give a negative 3 and a correction in the
wrong direction for the magnetic moment of the
neutron.

IV. CONCLUSIONS

We started by using the criterion of consistent
Q@ -channel meson-pole dominance to select from
the three models of Llewellyn Smith the preferred
one: model I. The corresponding vertex function
was then systematically applied to hadron cou-
plings, assuming that hadron interactions take
place primarily through quark interactions.

Vector-meson dominance, satisfied at the quark
level, is then transmitted to the hadron level by
using the Bethe-Salpeter normalization equation.
The mass factors in the basic vertex functions
are SU(3)-breaking factors that affect all the cou-
plings to vector mesons. In particular, we have
the mass dependences,

fove™ 1/m,®.

The same mass factors are the origin of correc-
tions to the baryon magnetic moments. Because
there is no m, dependence in the QQP vertex func-
tion, axial-vector couplings to pseudoscalar me-
sons remain unchanged. This implies, for in-
stance, the validity of SU(3) for octet baryon pseu-
doscalar-meson couplings with F/(F+D)= 23 and of
generalized Goldberger-Treiman relations.

It should be mentioned that this model can be
tranposed without major modifications to the high-
energy region. A process A+B-A+B is des-
cribed by a graph of the type of Fig. 1(c) and in
the region of large s, ¢=0 the poles in the ¢ QQ
channel will then be dominant. Our model can in
this way be interpreted either as an exchange mod-
el with universality and factorization®® or as the
usual high-energy additivity quark model.’° We
may write the amplitude either as a sum over the
exchanged particles or as a sum over the inter-
acting quarks. This aspect has been exploited in
Ref. 31.
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A model for electroproduction is discussed. It is an extrapolation from the diffractive mod-
el for the hadron-hadron collisions. The principle involved in the extrapolation is the idea
that coherent particles can be produced when momentum transfer between the virtual photon
and the target proton can be sufficiently small. In the deep-inelastic region there are unavoid-
ably many incoherent products. A comparison of our model with that of Chou and Yang recent-
ly proposed for electroproduction is discussed. Multiplicity and momentum distributions of

the secondary hadrons are described.

I. INTRODUCTION

Various models™® have been suggested to de-
scribe the production processes in electron-proton
collisions with varying degree of physical and
mathematical details. In this paper we present yet
another view of the subject. Our description will
be mainly qualitative, stressing more the general
picture rather than technical details. We aim to
cover the whole inelastic region and offer a unified

view of the production processes as one goes from
the resonance region to the diffraction region and
to the deep-inelastic region. Conceptually, we
shall not hesitate to oscillate between the comple-
mentary pictures as viewed in the s and / channels.
In the s channel one has the more physical picture
that the geometrical considerations can provide,
while in the ¢ channel one has the mathematical de-
scription based on crossing symmetry and Regge
behavior. In fact, an objective of our study is an



