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Baryons are viewed as the two-body bound states, composed of a quark and a new pointlike object which can

be regarded as two quarks glued together (diquark). The spin of the diquark can be either zero or one, and its

charge is simply the sum of charges of the individual quarks that form the diquark. From the group—
theoretical point of view the diquarks are regarded as spinors from the (reducible) representation 6 X 6 of the

SU(6) group. We discuss the scaling properties of the diquark model and make a number of predictions

concerning the scaling behavior of the invariant structure functions of the proton and the neutron target. We
stress that the umbilical cord with the current algebra can easily be broken, and that most predictions of the

diquark model can be obtained without reference to the Dashen-Gell-Mann program.

DIFFICULTIES WITH THE ORDINARY QUARK MODEL

In the quark model of Gell-Mann and Zweig, one
deals with the three elementary pointlike objects,
characterized by spin-parity 2' and fractional
charges -„--'„and ——,'. Mesons are bound states
of qq (quark-antiquark) type, while baryons are
three-body bound states of qqq type. This model
has been remarkably successful in providing an
acceptable explanation for almost all aspects of
particle phenomenology such as mass spectra,
magnetic moments, electromagnetic and strong
decay rates, scaling, etc. Recently, however,
several problems have appeared, including the
difficulties in understanding, within the boundaries
of the usual symmetl ic ggQ' configuration fol the
nucleons, why the ratio of the scaling functions
(t W, )„,„„,„/(vW, )„„,„drops so low (-0.29) at the
threshold (-1 and, equally disturbing, why the
predicted SU(6) baryonic multiplets 20 are still
not seen. Both difficulties can be easily resolved
within the framework of the diquark model, ap-
parently without the penalty of having to explain
embarrassing disagreements with experiment
elsewhere. This initial success of the diquark
model, together with the obvious advantage from
the computational point of view of dealing with two
bodies instead of three, encourages us to consider
the possibility of the quark-diquark configuration
in the nucleon quite seriously.

cording to which two quarks in the baryon are
glued together (diquark), leaving only one relative
coordinate free. ' We remain faithful to the idea
that quarks are equipped with spin —„and that it
is meaningful and profitable to regard them as
different states of the fundamental 6-dimensional
spinorial representation of SU(6) group (which
mixes spin and unitary spin degrees of freedom).
Using the obvious notation we can put this state-
ment in the succinct form by writing

6'

(The electric charges of (P, X, and X quarks are
respectively —', , ——,, and --, .) With the assump-
tion that the quarks carry SU(6) degrees of free-
dom, the essence of the group-theoretical aspect
of the diquark picture can be expressed in the fol-
lowing two equations:

6 x 6 =21+15

21 x 6= 56+70.

In the ordinary quark model, baryons are re-
garded as the bound states of three quarks with
two relative coordinates as the expressions of the
internal space-time degrees of freedom. We
adopt here a somewhat modified point of view ac-

The antisymmetric representation 15 leads to the
controversial 20 and another 70 via

15x 6=20+70.

Since the baryonic multiplet 20 has not been ob-
served thus far, it is conceivable that the diquarks
from 15 do not couple to quarks. This is the di-
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quark model explanation for the absence of 20.'
No statement of similar simplicity can be made
within the framework of the ordinary quark model.

The SU(3) content of 21 is reflected in the sym-
bolic statement

21 = (6] x 3 + $3] x 1,

where the curly brackets enclose the irreducible
representations of SU(3) and the factors 3 and 1
refer to the diquark spin degrees of freedom. In
other words, there is an SU(3) sextet of axial-

vector diquarks and an SU(3) triplet of scalar
diquarks. We will denote by n the mixing angle be-
tween these two irreducible representations of
SU(3). The presence of n, of course, means
breaking of SU(6) symmetry. However, the SU(6)
symmetry can be restored by setting n equal to
w/4, meaning that in this case (6] and (3)will enter
in 21 with the same weight.

The new SU(6) basis for baryons is formed from
the tensor products of the diquark and the remain-
ing quark states. In particular, for the proton and
the neutron wave functions, we will have

Iprotont) = [(2d„Xt—Wd»'2 —Md, o(P +d,&&tP )»no'+3&ood' coso'],
$18

I
protont) = [(2d,",Xt —Md, , Kt —Md~t, (Pt+ d,, (Pt) sino. + 3too(Pt coso],

Ineutron ) = [(-2dI,(Pt+ Md, ,tP + Md,

orat

—d„X ) sino. +3tooXtcosn],

I

neutront) = [(-2d~t, tPI+ ~d, ,tP&+ Md, ~~St —d„Xt) sinn+3tooXt coen],1

where

d,', =tP'd", d,', = (tP'3ft+3f'~Pt), d,', =X'X',=1

d" = (tP" tPt+tPt(P') d" =-'[(tP'3f'+K'(P')+(5"X'+of'tP")] d = (3f'X'+X'3f')1 1 -+

dt, =tP'(P", d" = (tP'3f'+X'(P') d,', =X'X',1

f„=—.'[(tP'X'+ 3f'tP') —(tP'X'+3f ttP')] .

Note that the electric charges of diquark states are

(d»
I
charge Id») =l,

(d, , Icha~ge Id, ,) = --,',
and

(too I
charge If») = '

~

There exist, of course, other diquark states that
do not appear in the proton or the neutron wave
functions. They can be found in the wave functions
of A, Z, and:- baryons, or in the wave functions
of the 2 baryonic decouplet, and the wave func-

tions of baryons from the SU(6) representation 70.
The subscripts of d and t states refer to the

isotopic spin T and the third component T, of the
isotopic spin. For example Qyp stands for the
T=1, T, =O axial-vector diquark state, tpp stands
for the T = 0, T, =0 scalar diquark state, etc. The
arrows attached to d» and d„, states stand for three
possible directions of spin 1, while the spin of the tpp

state is zero and therefore there is no need for a
special superscript. Note that in the nucleonic wave
function only T = 0 and T = 1 diquarks participate. It
so happens that the T =0 diquarks also carry spin
0 (scalar diquarks), while the T =1 diquarks are
equipped with spin 1 (vector diquarks).

Many interesting physical questions can be an-
swered solely from the knowledge of the Clebsch-
Gordan coefficients that appear in (1). The cal-
culations are elementary. We give a small sample
of examples that involve averaging over the quark
and the diquark helicities:
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probability that the proton is found in the (d'-quark, isoscalar diquark) state = 2 cos'o(t, o6'~t»(P),

probability that the proton is found in the ((P-quark, isovector diquark) state = —, sin n(d»d' ~d„(P),

probability that the proton is found in the (3I-quark, isovector diquark) state =
& sin n(d»X ~d»X),

etc.

Note that the squares of the individual compon-
ents of the nucleonic wave function that appear on
the right-hand sides of these equalities are func-
tions of the space-time coordinates. In the scaling
region this dependence upon the space-time is re-
placed by the dependence upon the scaling variable
(. We will make use of the given set of examples
later on, when we discuss the rates of specific
electroproduction processes that depend in a cruc-
ial way upon the SU(3) degrees of freedom in the
nucleonic wave functions.

Baryonic currents in the diquark picture that we
have described in the preceding article involve
only one relative coordinate. They read

spin-averaged components of the nucleonic wave
function in the configuration space. These com-
ponents differ in the isospin number of the par-
ticipating diquark, which is either 0 or 1, and in
the manner in which the scattering takes place, i.e.,
whether the quark or the diquark piece of the
electromagnetic current is engaged in the scat-
tering process (see Fig. 1). We denote the de-
scribed four components of the nucleonic scaling
function by f; f(]), and state the normalization
conditions

E,(q,) =~ exp(iq, 'X,/2) +—' exp(-iq~ X,/2), VIRTUAL PHOTON

where X,./2 are the 3 x 3 Gell-Mann matrices act-
ing on the single quark components of the baryonic
wave function, while &u, /2 are the 9 x 9 matrices
in the space of diqua, rks whose SU(3) section is
reducible and split into the direct sum of (6) and

(3 f. In the present article we allow for more free-
dom by considering the most general case of two

bodies, i.e.,

NUCLEON

FINAL
HADRONIC
STATE

F,.(q,) =—'exp(iq, X, ,)+—'exp(iq„X, ,) . (2)

We believe that the novelty of having to deal
with two space-time coordinates, instead of one,
will not upset appreciably the validity of our basic
conjecture, namely that the Dashen-Qell-Mann
program can be trusted for large values of the
momentum transfer and/or for values of the
scaling variable close to the threshold $ = l. On
the other hand, by using the most general expres-
sion for the two-body currents, we gain consid-
erable leeway when comparing the predictions of
the model with the experimental data.

At this point it should be emphasized that most
of the structure of the diquark model can stand
without the scaffolding of the Dashen-Gell-Mann
program, although reference to the latter will
become desirable when specific model calcula-
tions are being contemplated.

The currents of the most general type (2) give
rise to the four different independent spin-aver-
aged components of the nucleonic scaling func-
tion vW„corresponding to the four different

0)

FIG. 1. Graphic representation for the scaling com-
ponents f0~'&~ |,'( ) of the nucleonic structure functions
(1/$) (&8'2) in the diquark model.
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Among other things, these normalization condi-
tions guarantee thai the positive-definite quantities
f,"",will be significantly different from zero. on at
least one sector of the 0~ $~1 interval. In partic-
ular, it is impossible for a diquark to play al-
ways the role of a spectator. For some values of
$ the electrons will necessarily scatter on di-
quarks as well.

The SU(6) content of the nucleonic wave func-
tion in the diquark model is given by (1). It leads
to

—(tr Wg) p„„„=—t'n cos'tkf t't($) +—,', cos'tgf,($)

+—,', sin'tkf, '( ])+-,",sin'tk fdt((),

(PWg)neutron
=-

tn Cos Qf tt($) tg Cos Af tr($)

(3)

+—,', Sin'tk f et( () +—,', Sin'tk f id(() .

The integrals over the proton and neutron struc-
ture functions

1

proton, neutron
g

( Wn)proton, neutron
0

are equal to

proton neutron '

In the usual quark model with fractional charges,
the theoretical value of AI is 3. Experimentally,
raI,„,= 0.2 d: ('? ). The diqua rk model gives

AI(n) =
tg + tg sill tk i

Q
2 4 . 2

Iproton 18 18 SM ~ ineutron 18 +18 Sln Q.

Note that

I +I =—+& sin n~——V 2 2 7
proton neutron 18 18 ~

which represents a modification of the well-known
Bjorken lower bound I, +I„,„„,„2.To get a
rough estimate of the value of the phenomenologi-
cal mixing parameter n, we consider the experi-
mental data for the difference

model for baryons, we have made rough calcula-
tions of the mass spectra, the magnetic moments
for the —,

' baryonic octet, and the ~g„/gp ~

ratio
for the neutron. A comparison with experiment
favors in all cases a small value for a, giving
assurances that the diquark idea, as far as we can
tell at present, is not self-contradictory.

Nevertheless, from a quantitative point of view
the situation is less gratifying, since the discrep-
ancies between various predicted values of n are
large, ranging all the way from n = 0 to tk = ti/4.
This instability of the parameter n should be in-
terpreted as an early warning against taking an
overly optimistic attitude toward the diquark mod-
el. Although it is already clear that the diquark
picture is capable of answering in at least qualita-
tive fashion a considerable number of important
physical questions, it appears unlikely that the
diquark model will develop into a complete physi-
cal theory in the sense that all dynamical issues
will eventually get resolved in the outlined narrow
framework. Presumably the nucleon spends a
fraction of its time in the usual 3-quark configura-
tion, and a sizable fraction of its time in the
quark- diquark conf iguration. On the phenomeno-
logical level this ambivalent behavior of the nuc-
leon can be accounted for by introducing the as-
sociated probabilities P, and P„, 0» P, , P„»1,
P, +P~=1, and by calculating the quantities of
physical interest according to the following rule
of averaging:

au )g- quark contiguration d(' )diquark configuration

In the present article we do not consider further
this more general framework, nor do we attempt
to go deeper into the diquark model by trying to
answer the more fundamental question of why the
quarks spend a good fraction of their time glued
together in pairs.

I et us now return to the four functions f; d($)

about which we know at this point very little. To
get a rough idea of the behavior of the individual

foe td($) components on the interval 0~ $~1, we
consider the sum rules for the quantities

a number which lies in the interval

0 16&l. o=~l(n) =0.389

aI,„,=0.2 +('?) .
We note that the experimental data favor a small
value for n, and def initely rule out the values above
ct = ti/4, say. (Compare the ease with which the
diquark model accommodates the experimental
value for AI with the difficulties of the ordinary
quark model in this area. ) In a search for pos-
sible inconsistencies in the described diquark

proton, neutron ( g) protonuteutron
0

Experimentally, these quantities are known with
considerable accuracy, namely

J' „„„=0.15 + 0.01, J„,„„,„=0.11+ 0.01 .

From (3) we obtain

(Q +Do)o+ (3@i+3D, ) =8„,„„,„,
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where the four entities Q» and D, , are the first
moments of the corresponding fo" tn functions, i.e.,

Note that all four entities Q, , and D, , are posi-
tive-definite, and furthermore limited to the in-
terval [0,1],

0(Q
(5)

cos'n'[f $(h)+f '(h)]+ s 'o'[3f f(h)+3f l(h)]
COS'O[4f ou(() +fo~($)]+ Sin'O[2 f io($) + 11f i~($)]

(6)
on the interval 0~ $ ~1. Specifically, we assume
that

11D, «2Q, , Do «Qo,

5 . 2
neutron ~proton 8

(5
p ( proton neutron) '

This last condition serves to assure us that the
constraints (5) will indeed be satisfied as well.
Note the implicit assumption

+J ( 5
proton neutron

which represents a tight upper bound, almost
saturated by the experimental numbers J „„„=0.15
and J' „,„=0.11.

Under the existing conditions, the solution of
the system (4) is given by

Q, =—', (4Z„,„„,„—Jp,.„„)/sin'o. .
In the limits $-0 and $-1, respectively, we have

R($~ )
fo(h)+3tan'&fi(h) (( 0)f~~(() + 11 tan'n f i~(()

The inequalities (5) place a severe constraint on
the type of solutions that one can expect from the
system of equations (4). Nonetheless, for n small
but finite, the system (4) still has a variety of so-
lutions from which we must select the one which
does not contradict the observed behavior of the
ratio

(
~

)
(vWn)„,„„,„
(vW, )„...„

We have derived these expressions on the basis
of the assumption that the f ', , functions are large
at the threshold $-1, while the functions f,",are
large for small values of $, g-0. This conjecture
about the behavior of the foo'," functions on the in-
terval 0 ~ $ ~1 is based on the earlier estimate of
the magnitude of their first moments Qo, and Do,
Of course, a knowledge of the first moment by
itself does not provide us with sufficient informa-
tion to determine the exact shape of the associated
function, but in the implicit presence of some ad-
ditional assumptions about the "reasonable" be-
havior of the function in quest&on, it is possible
to make the conclusion that we made earlier, i.e. ,
that the function will be "large" in the area whose
location is determined by the value of its first
moment. A better idea about the exact shape of a
function can be obtained by considering higher mo-
ments as well.

The domain of variation of the ratio R($
~

ct) is
rather restricted. It is not difficult to verify that
under the most general circumstances

R(h
I

tt-) —~

irrespective of the value of the parameter n. For
comparison we mention that the SU(3)-symmetric
quark-parton model predicts'

4 ~R~3,
while the SU(2)-symmetric quark-parton model
results in'

4.
Experimental data' show no indication that any one
of these three different constraints on the ratio
R is in imminent danger of being violated. In the
case the threshold behavior of the functions f',
and f to is the same, i.e.,

f 'o(()

I-i f t(&)

we have

R("=4+2t~. .

Similar reasoning about the behavior of the func-
tions fo~ and f," for small values of ( leads to

1+2 tan~a
1+11tan'a '

For sufficiently small values of n these numbers
can be made consistent with the available data.

Notice, again, the ease with which the diquark
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model accommodates the scaling data at $-1, as
opposed to the difficulties of the symmetric quark
model in this area. In the symmetric quark mod-
el the scaling functions of 6' and X quarks in the
nucleon should be the same, and one cannot es-
cape the prediction

R(1
i
n)

2 x (charge of X quark)'+(charge of 6 quark)'
2 && (charge of 6' quark)'+ (charge of K quark)'

=2
3 ~

This prediction is in flagrant disagreement with
the existing data.

OTHER PREDICTIONS OF THE DIQUARK MODEL

At the threshold g-1 the dominant contribution
to the wave function of either proton or neutron
target comes from the fo, components; the f", ,
components are small at the threshold. This has
definite experimental consequences. Consider the
exclusive processes

e +P-e +Z'+K'

e +P e +AD+K

and let us limit our attention to those events in
which the K' meson is produced in the direction
of the momentum of the virtual photon: q =k',

&
-k„~.

For such events it was observed' that the ratio of
the differential cross sections

der(e +P-e +Z'+K')
do(e +P-e +A'+K")

rapidly decreases with an increase in the momen-
tum transfer variable. For a fixed value of the
missing mass, this means that the ratio A tends
to zero when the scaling variable E becomes
larger [g= —q'/2M~v= (1 —(M' -M~')/q') ']. Now,
if the K' mesons are emitted in the forward di-
rection, i.e., in the direction of the virtual pho-
ton, we can envisage the described processes to
proceed as illustrated in Fig. 2. In other words,
a single A.X quark pair is created from the vacuum,
X combines with one of the 6' quarks of the proton
to form the K' meson, while A. joins the remain-
ing two quarks in the proton to produce either A'

(isospin 0) or Z' (isospin 1), depending on whether
these two quarks were caught in the isospin-0 or
isospin-1 state (recall that the isospin of the X

quark is 0).
On the basis of this line of reasoning, we can

make the following prediction:

probability that the proton is found in the (6'-quark, isovector diquark) state
probability that the proton is found in the (6'-quark, isoscalar diquark) state

tan'n f,'(()
fo(() '

a result which we obtained by looking directly at the Clebsch-Gordan coefficients in the proton wave func-
tion (1), and taking into account the probabilistic interpretation of the q'uantities f, ,(g).

A similar method can be used to arrive at the prediction

do(e +p-e +Z'+K')
do (e +P - e + Z'+K')

probability that the proton is found in the (X -quark, isovector diquark) state
probability that the proton is found in the (d'-quark, isovector diquark) state

=2

a prediction which should be valid everywhere,
i.e., irrespective of whether K mesons are pro-
duced in the forward direction or not.

The obtained formula for the ratio A can be ex-
pressed in terms of the quantity R ($ l n), dis-
cussed previously. For g sufficiently close to
the threshold, we obtain

Since R(gin) is known experimentally over most
of the interval 0 & g &1, we have in (7)a specific pre-
diction which can be, and should be, tested ex-
perimentally. The presently available data for
A lie in the interval 0.1 6 $C 0.25, which region
of ( axis is presumably too far removed from
the threshold to provide a sensible test of (7).
In fact, the covered sector of the g axis is better
suited for checking another prediction of the di-
quark model, namely
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PROT PROT

FIG. 2. E1.ectroproduction ofX+ mesons in the "for-
ward" direction, as envisaged in the described diquark
model of baryons.

FIG. 3. Klectroproduction ofK+ mesons in the "back-
ward" direction, as envisaged in the described diquark
model of baryons.

l -~(&l ~)
24 —33(l -ft(& l ~))

where A. ' is the same ratio of the cross sections
as A, but referring this time to the events in
which it is Z' and A' that are produced in the di-
rection of the current, instead of K"s (Fig. 3).

Within the framework of the diquark model
there exists room for a potentially large number
of predictions of the type that we have discussed
in this section. Some of them have been repro-
duced already in somewhat different form by
Nachtmann' and by Cleymans and Close. ' How-
ever, these authors do not work with diquarks,
but talk instead about the "sea of wee partons, "'
or about the "core" or the "shell" of the nucleon. '

Some of their assumptions come very close in
spirit to the assumptions that we have made in
the described diquark model of baryons, but the
basic underlying philosophy is different, and the
degree of similarity among the three different ap-
proaches to the threshold behavior of the nucleon-
ic scaling functions remains to be clarified.

SPIN-1 P'ARTONS

The basis of the parton model is the observation
that the electroproduction structure functions for
free pointlike spin-0 or spin--, objects scale. This
property of spina 0 and & is not shared by the par-
ticles of higher spin. Since the diquark model
deals with spin 1, aside from spins 0 and 2, the
issue of scaling must be approached with care.

Consider the most general current matrix ele-
ment between two spin-1 particle states of the
same (nonvanishing) mass,

(,p jq„(0)jqp)=, ,~{[~' ~~F,(q')+~'q~' qF(q')j(p'+p)„+F, (q')(~' q~'-~' q~'Q
Popo

q is the four-momentum transfer q=p'-p, q'& 0, e', and e~ are the components of the polarization four-
vectors of the particles in question, and F,(q'), F,(q'), and F,(q') are the three form factors, analogous
to the two form factors in the spin- —, case, and the one form factor in the case of particles with spin 0.
Note that F,(0) = l, which is the consequence of the normalization condition for the particle states in ques-
tion.

Starting from this most general expression for the current matrix element of spin-1 particles, it is a
straightforward procedure to derive the expressions for the corresponding spin-averaged invariant struc-
ture functions W, and W, . They read (v=p ~ q/M, M is the mass of the particles in question)

2~"' "'=3M

2 2 2 I 7 2 2

~.(q', v)=
3 F,(q') &- ~. +F,(q')2, +F,(q')q' l- ~, +3 F,'(q')-F, '(q')~. »+

22M ' 4l' 3 ' ' 4M 2M
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For the pointlike particles the form factors
must be constant. The minimal deviation from
scaling is achieved by setting the form factor F,
to zero, andby making F, and F, equal, i.e., F,
= F, = 1. In this case the violations of scaling are
only in the first order in q', i.e., ($ = -q'/2Mv),

ponents of the nucleonic vR'2 functions can also
be supplied by a small internal form factor, as
illustrated by

and

—2Mb W, = —,
' — 1 —

~ E5(1 —()

and
Of course, it is up to experiment to tell us whethe:
the introduced internal form factors are indeed
different from unity, betraying a nontrivial inter-
nal structure of the objects that were initially in-
troduced as "elementary. "

An interesting fact is that the combination

v W, —2M $ W, = —,
' $5 (1 —$)

does scale, although the individual structure func-
tions 5', and vg 2 do not. The described violations
of scaling will be small as long as -q'/6M'« l.
If we allow for the possibility that the spin-1 di-
quarks possess an internal structure, reflected
in the nontrivial decreasing form factors F„F„
and E„ the violations of scaling due to the spin-1
character of these objects can always be neutral-
ized by a suitably chosen decreasing internal form
factor. For example, the choice E, =0 and Ey F2
= (1 —q'/6M') '~' results in perfect scaling for
vg „although it does not provide a similar cure
for 5', .

The described spin-induced violations of scaling
will have the following effect on the fo'," compo-
nents of the nucleonic vW, functions. The fo,
components and the f, component will remain un-
affected, since the scattering takes place on the
objects with spine —,

' and 0, respectively. The f',
component will acquire the scale-vioi~ting factor
1 —q'/6M', i.e.,

We recall that this "minimal" violation of scaling
is achieved for the E, =E, =1, F, =O choice for the
internal form factors of the (axial-) vector di-
quarks-par tons.

If the degrees of freedom expressed in F,.(q')
are partially preserved by allowing that E, and

F, be functions of q2, constrained by the require-
ment F, = F, =f,(q') and F, =0, we will have

VIOLATIONS OF SCALING

Recent data' show unmistakable signs of small
deviations from scaling for large values of -q2.
For small fixed values of the scaling variable $,
(S 0.25, there is an upward shift of data points
for v W„while in the interval 0.25 ' ]~ 1 the
trend of data is reversed, i.e., for a fixed $ vW,
slowly decreases as —q2 becomes larger. This
curious behavior of scaling data can find a qualita-
tive explanation in the diquark model. (It cannot
be accounted for in the quark model. ) The focal
point of the argument is the already described
violations of scaling due to the spin-1 character
of vector diquarks. These kinematical, spin-in-
duced violations of scaling are in the opposite di-
rection from the violations of scaling that one
would expect from a possible internal structure of
the constituent. ' A competition between these two
effects can in principle explain what is observed
experimentally.

As we have seen earlier, for small values of $

the electrons tend to scatter mostly on diquarks,
while for larger values of ( they land most of the
.time on quarks. A hypothetical internal form fac-
tor of quarks explains the downward trend of scal-
ing data for 0.25' $, while in order to explain the
violations of scaling for )S0.25, one must assume
that the scale-violating term 1 —q'/6M„' that
multiplies the vector diquark component of vW'2

prevails over a small intrinsic form factor. Un-
fortunately, quantitative estimates are difficult
to make since ignorance about the exact value of
the mass of vector diquarks is compounded by
our ignorance concerning their possible internal
form factor.

OUTLOOK

Similarly, the quark and the scalar diquark com-
We would like, once again, to caution against

too optimistic a view on the ability of the pre-
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sented diquark model to produce everywhere re-
liable quantitative predictions. There are indica-
tions that the nucleon spends about 50% of its time
in the usual 3-quark configuration (P, = —,'), and

50% of tile 'tlIIle lll tile qllal'k-diqual'k coIlflgul'atloll.
To get more reliable quantitative estimates in the
scaling region, one should perhaps start with the
phenomenological scaling functions

1 nucleon nucleon nucleon
2) po

~
( W2 )3-quark configuration+ Pd

~
( ~ W2 )dtqu~k court~tauon r

where

1 proton—(IrW, ), „„„„„„„,„„„,„= ',f .
~ „„—„(t')+,f~ „„„—(

1 neutron

W2)3-quark configuration 9 f tp quark ($) + 9 f 31 q nark($ )r

and

—(v W, )d,. „„„„~„„„.,„=—,', cos'tx fo($)+,—'gcos'n fo($) +,'9 singe f;(g) + —,",sin'tk fr($),

1—(fr W, )„".'"'"„",
„~ „„.„=,—', COS2tk f;($)+ —,', COSgtX f,($)+ ~tgeingn ftu(g)+ P;Sin'n ftd(g)

[all f($) functions are normalized to unityj. In
this representation for the nucleonic structure
functions we deal with the three real parameters
P„P~, and a, and with the six a priori unknown
scaling functions f~,„k($), f3I,„k($), and
f'o, ($). These three parameters and the functions
f(t) should be determined by comparing the pre-
dictions of the model with the scaling data for the
proton and the neutron spin-averaged targets.
After all these numerous degrees of freedom are
satisfied, we still hope to have some predictive
power left. In particular, we should be able to
make definite predictions about the rates of vari-
ous exclusive channels in electroproduction ex-
periments, an area of considerable experimental
and theoretical interest where the knowledge of
the target wave function plays an important role.
Qther areas where the predictions of the diquark
model could be tested include the deep-inelastic
neutrino-nucleon scattering, the physics of high
p events, the Drell-Yan process P+P-(p. +p, )
+hadrons, the deep-inelastic scattering of elec-
trons on polarized targets, etc.

DIQUARK MODEL—SYNOPSIS

Group- theoretical aspects

The quarks are regarded as spinors from the
fundamental 6-dimensional representation of the
SU(6) group that mixes spin and the unitary spin
degrees of freedom. Their quantum numbers are

electric charge

hypercharge

baryon number

2 1 1
3 3 3

1 1 2
3 3 3

1 1 1
3 3 3 ~

The diquarks are the spinors from the (re-
ducible) representation 6 X6 of the SU(6) group.
There are in total 36 diquark states which fall
into the two irreducible representations of the
SU(6) group, namely 15 and 21 (6 x6=15+21).
The SU(3) content of these irreducible represen-
tations is

21=f6) ~3+/3) ~I

and

L5= (3) x 3+(6) x 1,

where the curly brackets enclose the irreducible
representations of SU(3), while the numbers out-
side the brackets count the degrees of freedom
associated with the ordinary spin. In other words,
in 21 we find an SU(3) sextet of axial-vector di-
quarks and a triplet of scalar diquarks, while
in 15 the situation is rever sed, i.e., we have a
sextet of scalar diquarks and a triplet of axial-
vector diquarks. The SU(3) representation ('E)
consists of an isotopic singlet with hypercharge 3

and electric charge 3, and an isotopic doublet
I
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with hypercharge —3 and electric charges —3

and 3, respectively.
The SU(3) representation f6 j contains an iso-

topic singlet with hypercharge ——', and electric
charge —3, an isotopic doublet with hypercharge

3 and e le ctr ic charge s ——', and —,', and finally
an isotopic triplet with hypercharge —', and electric

2 1charges —3, 3, and-, .
Since the isospin of nucleons is 2, and no X

quarks are present, we expect to find in nucleons
only the diquarks with isospins 0 and 1. The
isospin-0 diquark in the nucleon comes from the
SU(3) representation (3), while the isospin-1
diquark is supplied by f 6). (There is another
isospin-0 diquark from (6j, but this one does
not show its presence in the nucleonic wave func-
tion, because it carries hypercharge ——', which
cannot be neutralized by an accompanying quark
to yield the required nucleonic hypercharge 1„)
Consequently, in the case of nucleons we find an
accidental match between the ordina, ry spin and
the isospin of the diquarks, a convenient circum-
stance from the "mnemonic" point of view (scalar
diquarks are also isoscalar, and vector diquarks
are also isovector).

Dynamical assumptions

Diquarks and quarks are both regarded as point-
like objects until proved otherwise. Baryons are
bound states of the quark-diquark type. The well-
established SU(6) baryonic multiplets 66 and 70
of the lowest mass are built from the diquarks
supplied by the irreducible representation 21,
i.e., 6 && 21=56+ VO. In the case of low-lying
baryons the relative orbital angular momentum
between the quarks and the diquarks is zero. Non-
zero orbital angular momenta may be associated
with the baryons that lie higher in mass. The
other diquark irreducible representation 15 leads
to the baryonic multiplets 20 and VO via 6 ~ 15
= 20+70. Since the experimental status of 20 is
uncertain at present, it is not clear whether the
diquarks. from 15 do indeed couple to quarks.

The two bases, one in the reducible space
6 x 21, and the other one in the sum of the ir-
reducible spaces 56 and 70, are connected by the
known matrix of the Clebsch-Gordan coefficients.

In the case of nucleons these Clebsch-Gordan
coefficients are given by

1
~

proton ) =—[(2d„K' —v 2 d, , K —~ 2 d„P ' + d,;6 ) sinn+ 3t » 6' cosn],
~18

~

neutrons) = . [(-2d,",P~+ v 2d, ,(P + v 2d~, K~ —d„DTt) sinn+ 3t»gtt coen],
418

and similarly for the "spin down" states ~proton~) and
~

neutron~) .
n is a phenomenological parameter that breaks the SU(6) symmetry and mixes the SU(3) representations

(6) and {3).The SU(6) symmetry can be restored by setting n=m/4. d, „d„,and d» are the com-
ponents of the isospin-1 diquark, while t„ is the isospin-0 diquark from (3).

The spin-averaged invariant electroproduction structure functions of the nucleon in the scaling region
are obtained from the expression

—(vW2)„„„„„=(nucleon~(charge of quark)'E, ,„($)+(charge of diquark)'E~, ($)
~

nucleon),

where E „„„(g)and E~, „„„(()are the pieces of the
electromagnetic current operator that act on the
individual quark and diquark components of the
nucleonic wave function. The coefficients in

1—(vW2) t „= ~~ cos Qf 0($)+ ~~ cos &f0($)

+ —,', sin'nf', (&)+ —,", sin'of', (g)

—(vW, )„,„„,„=—,', cos'nf', ($)+ —,', cos'of~o($)

+ —,', sin'of', (])+ —,', sin'ny", (()

are therefore the result of the combination of the

squares of the quark and the diquark charges with
the values of the Clebsch-Gordan coefficients in
the nucleonic wave function in the diquark model.
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