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We study a four-flavor model with unconfined color in the framework of the SU(2)l U(1) gauge model.

The presence of a color-octet charged current leads to a violation of the universality of the hadronic and

leptonic currents; therefore, heavy leptons are needed inevitably to compensate the violation. A condition for
cancellation of (84,+1 representation in the combination of current products (15,1) (15, 1) + (15,8) (15,8),
which explains successfully the observed EI = 1/2 rule, leads to the result that the slope of the linearly

rising cross section cr{v„(v„)N~ItL (p,+)X) must be more than twice as large at energies high enough to
produce the color-octet states as it is at lower energies, even if the effects of the weak boson and heavy

leptons are taken into account,

I. INTRODUCTION

The color quantum number was introduced in

order to reconcile the symmetric three-quark
model for baryons with quark-Fermi statistics. ' '
It is a widely held view that SU(3)' (color group) is
needed for hadron physics in order to explain the
zero-triality rule and to help us to understand the
hadronic e'-8 cross section and p 2y decay. '

A variety of recent experimental and theoretical
developments has led to the expectation that one
or more new kinds of flavor quantum numbers (be-
yond the usual triplet u, d, s) are needed for hadron
physics. ' The case for at least one new quark, c,
was first made in a four-quark SU(2)~ Ig|U(1) gauge
model' constructed in such a way as to lead to the
suppression of the 68 = 1 neutral current, for
which purpose the Glashow-Iliopoulos-Maiani
(GIN) current' is so aptly designed. Here the
four quarks are tripled with confined color.

It is our main purpose to study a four-flavor
model' with unconfined color in the framework of
the SU(2}~SU(1) gauge model, and to pursue its
theoretical consequences from minimal constraints
which are imposed on all models in this frame-
work.

In Sec. D, we discuss an SU(2)~ SU(1) gauge model
with 12 quarks and find that no color-octet charged
current can be introduced without violation of the
universality of the hadronic and leptonic currents.
If the color-octet components exist, therefore,
the heavy leptons have to be introduced inevitably
to compensate the violation. ' The parameter ~

(0 ~
~

tt
~

~ 1}is defined so that the coefficients of
the color-singlet bC=LS=O and BC=0, b, 8=1 cur-
rents are g cos8~ and x sin8~, respectively, where
8~ is the Cabibbo angle.

In Sec. III, we show that the parameter g is use-
ful in making a rough estimation of the ratio of the
slope of the linearly rising cross section,
cr(t „(P„)N-)t ()t )X), well above both charm and

color thresholds to that below both thresholds (the
ratio is 1/tt'}.

The approximate 4I =-,' rule obeyed by strange-
ness-changing amplitudes is one of the major
stumbling blocks for a weak Lagrangian made up
of the product of Cabibbo currents. A solution to
this problem was proposed by Kingsley, "and in-
dependently by Fujii et al." Their idea, which is
based on the three-triplet model, is to cancel the
(2 I, 1) part in the combination (8, 1)8 (8, 1)+ (8, 8)
181(8, 8), where (a, h) denotes the dimensional rep-
resentation of SU(3)z 8SU(3}c. Following their
idea, we place a necessary condition for the ab-
sence of the (84, 1}amplitude on the AC=0, ti, S=1
part. In Sec. Vf we find that the condition leads to
a rigid upper bound for z', z '=0.37. The para-
meter y represents a proportion of magnitude of
the color-singlet b,C = 0 current in the total
charged current. Therefore, when the neutrino
energy in the vN(7tN) collision is high enough to
produce color-octet states, a fairly large increase
of the cross section must be observed.

II. COLOR-OCTET CURRENT

The 12 quarks have the following electric charges:

where

The condition (2) guarantees that the usual hadron
spectroscopy is preserved among color-singlet
states. " For example, in the Ban-Nambu model'
n 3 and n, = n, = 3, in the Fritzsch-Qell- Mann
model' n, =O, and in the Tati model' nl 1 n2
=0, and n, =1. Below we study the case n, = n3.

%e assign these quark fields to doublets of the
left-handed gauge group SU(2)~ as follows:
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Here the fields (d,', s,') and (d,', s,', d,', s,') are given by the orthogonal transformations as

(4)

cosg, sin&/,

S2 —Slntl)2 CO8$2

0 0

cosQ

costt)3 81QL/)~ —Sinot

sinn 0 cosp, sing,

cosp 0 sin p —sing, cosfI5,

0 cosa 0

0 d,

S2

cos$3 81np~ d~

0 -sing, cosg, 0 —sin p 0 cos
p&

0 —sing, cos p, s,E

This mixing scheme is the most general one which will realize the GIN mechanism in the four-flavor
model of the Han-Nambu type (a, = oj, e a,)."

We obtain the color-singlet part of the weak charged current as follows:

Z'"-"'-'=y(COSI|I, +A»+A») g u, y, (1 —y, )d, +v(sing, +A„+A„)p u, y, (1 —y, )s,P

+ y(- sing, +A»+A„) p cIy,(1- y, )d, + v(cosp, +A»+A«) p c,y,(1-y, )s, ,

where the A„'8 are the (i, j) elementsof theorthog-
onal matrix A which are given in Appendix A. For
the coefficients of Zu, y,(1- y, )d, and Z yu, (1
—y, )s„respectively, we must impose the restric-
tions

y (cosQI+AII+As~) = K co88c,

—,
' (sing, +A»+A34) = II sin8c,

so that our theory may lead to results compatible
with the semileptonic interactions of ordinary had-
rons. Here g is arbitrary at present.

We can express the above restrictions in terms
of mixing angles defined in Eqs. (4) and (5),

—,
' [cos|t,+a, cos(p, +5,)+a, cos(p, +5,)]= IIcos8c„

—,
' [sin p, + a, sin(d, + 5,) + a, sin(4, + 5,)] = II sin8c,

From these we get

The case ~II~=1 holds only when

sinQt = sinp = 0,

A 11
=A 33

= Cos QI = CO88 c, (12)

AIs =As~ = sing, = sin8c

This condition (12) is necessary and sufficient for
the absence of color-octet components of the
charged current (see Appendix A for the detailed
forms of the charged current, the neutral current,
and the electromagnetic current).

If the color-octet component of the charged cur-
rent is involved in our theory, the absolute value
of the parameter y must be smaller than 1. The
leptonic charged current then must be effectively'4

where

aI = (cos t/JI cos 0+ 8111 $1 cos p) 4 1,

a, sin5, = sing, cosp,

aI CO85I = COB/I COSG .

in order to restore the universality of the semi-
leptonic and pure leptonic interactions. We thus
are forced to introduce at least two charged (neu-
tral) heavy leptons which are mixed with e and iI
(v, and v„)."
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III. DEEP-INELASTIC NEUTRINO REACTIONS

AND PARAMETER v.

We calculate the cross section far above both
charm and color thresholds and below both thres-
holds by using the naive quark-parton model, which

is the simplest framework that will lead to scaling.
In the asymptotic region, far above both charm

and color thresholds (denoted by "above"), we de-
rive the cross sections

where

q„(x) = x[d(x)+u(x)+ 2s(x)],

q„(x)=x[d(x}+u(x}+2c(x)],

q„-(x) = x [d (x)+ u(x)+ 2c(x)],

q„- (x) = x [ d (x) + u (x) + 2s (x)];

(15)

d'a (v„N- p,-X)
dxdy

d'cr(V„N- p'X)
dxdy

G 'ME " [q„(x)+(1 —y)' q„(x)],

(14}

, "[q„-(x)+(1—y)'q„-(x)],
G 'ME„-

x and y are well-known scaling variables, u(x)
=3u, (x) [u(x) =3u, (x)], and u, (x) [g,.(x)], etc. are
the distribution functions of the u, quark (u, anti-
quark), etc. with a, fraction x of the momentum of
the proton. Note that the universal Fermi coupling
constant is given by Gr/v2 =g'v'/8Mv', where g is
the SU(2) gauge coupling constant and Mv is the
weak-boson mass. "

The cross sections below both color and charm
thresholds (denoted by "below" ) are

"d'o(v„N- p, X)
[ dxdy

d'cr(v„N- p, 'X)
dxdy

- below&

G ME" y'x {cos'Hc [d(x) + u(x) ]+ 2 sin'H cs(x) + (1 —y)' [d (x) + ~ (x) ]),

GF'MEy, " x'x(cos'Hc[d(x)+u(x)]+2 sin'Hcs(x)+(1 —y)'[d(x)+&(x)]).

(16)

(a-„)~„1
( P)below

where n is the slope of the linearly rising cross
section. This relation (17) is slightly modified
even if the contribution of the weak boson is taken
into account (see Appendix B).

When the contributions of the weak boson and

heavy leptons are taken into account, we can derive
the following lower bounds as shown in Appendix
Bo

(a„)~„1
(a„)b„,„(l+r) x' '

(a) „1 1

(a„-)b„, (1+r) x' '

(18)

where r =—2ME„&„&/M~', and M is the-nucleon mass.
If we take E„=200 QeV, which is the available en-
ergy at present, and M~= g x VO GeV, which comes
from the popular value, sin'8~=0. 3, we obtain
r = 0 1/x'.

A comparison between Eq. (14) and Eq. (16) leads
to

(a„), „1
As shown in Eq. (1 t), the ratio (a)„„,/(a)„„,

is very sensitive to the parameter ~. The para-
meter z thus is useful as a touchstone for models
in the framework of the unconfined color gauge
theory.

IV. DI =
2 RULE AND UPPER BOUND FOR K

The most promising and simplest way to under-
stand the ~I=-,' rule is to take advantage of the
color degrees of freedom as demonstrated by
Kingsley and Fujii et al. ,

"'" Here we briefly re-
capitulate their idea, originally proposed in the
three-triplet scheme, using terms in the three
quartet scheme. The charged weak hadronic cur-
rent is postulated to belong to the representation
(15, 1}+(1, 8) + (15, 8) of SU(4}r I3 SU(3}c, and all the
ordinary hadronic states belong to the singlet rep-
resentation of SU(3}c. Note that (15, 8} and (1,8}
as well as (15, 1) components may contribute to the
matrix elements of the nonleptonic interaction of
ordinary hadrons. Therefore, the b, I= —,

' rule holds
if a condition for the cancellation of the (84, 1)
representation in the current-current interaction
is satisfied in the combination (15, 1}ISI(15, 1}
+ (15, 8) S(15, 8).

Thus the models" " along the line suggested by
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Kingsley and Fujii et al. , explain successfully the
hI= -,' rule, although they are not part of a gauge
theory. Here we try to accommodate their idea to
our theory. As a result of this accomodation, we
show that a condition for canceling the (84, 1) part

gives a rigid bound for g'. The reason is that we
need at least a comparable magnitude of (15, 8) to
that of (15, 1) for the cancellation of (84, 1).

A piece of the current product concerned with
nonleptonic decays of ordinary hadrons is

—,', f «[ uy, (l —y, )d, s, y'(1 —y, )u&+u, y, (1 —y, )d&s&y'(1 —y, )u, ]

+ —,', f» [u&y, (1 —y,)dP&y'(1 —y, )u& u&—y, (1 —y, )dP, y'(1 —y, )u&], (19)

where the coefficients are given by

f«&20&
= {cosP,+A»+A»)(sing, +A»+A„)+ (-)(cosQ, sing, +A»A»+A»A«+A»A„+A»A») .

See Appendix C. We require

,=0,

(20)

which is a condition that the hc =0, hS= 1 part of the color-singlet nonleptonic interaction does not involve
the n. I=-,' term Th.e restriction (21} is written

9g' sin28c+ sin2 Q, + a, ' sin(2$, + 25,) + a, ' sin(2$, + 25,) + b, ' sin(2$, + 2y, }+b,' sin(2$, + 2y) = 0, (22)

where

b( = (cos g& sill ot+ sill $( sin p) 4 1,

5) SlDy) = Sing] Slllp ~

5, cosy& = cosg, sinn .

Equation (22} leads to an inequality

(22)

(24}

9K sln28~ ~~ 3, (25)

since a,.'+ b&'= 1. Taking the popular value sine~
=0.22, one obtains

This means that the slope of the linearly rising
cross section a(v„(P„)N- p, {y,')X) must be more
than twice" as large at energies high enough to
produce the color-octet states as it is at lower
energies, even if the effects of the weak boson
and heavy leptons are taken into account.

The data of the v, (v, )N reaction show no visible
change of the slope at present. " This fact com-
pels us either to accept that the color degrees of
freedom are still not excited at present energies
or to abandon the cancellation mechanism of the
(84, 1) representation.

g' ~ 0.78. (28) ACKNOWLEDGMENTS

'=0.3V. (2'f)
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must impose the restriction (7} on the model. Then
we get a more rigid upper bound, "
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APPENDIX A

Here we present the general structure of the weak charged, electromagnetic, and weak neutral currents
in our theory Below w. e take g to be associated with the SU(2)~ gauge group and g'/2 with the U(1) gauge
group.

Weak charged current

The charged current which couples to the charged weak boson W' with the coupling strength g/2v2 is
given by
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d t" = —', (cosp, +A„+A„)g u, y, (1 —y, )d,.+ —,'(sing, +A»+A„) g u,.y, (1 —y,,)s;
5

+ —,'(—sing, +A„+A„)g c,y,(1 —y, )d,. + —,'(cosg, +A»+A«) g c,y, (1 —y, )s,

+ —,
'

(costf&t —A„)[u,y, (l —y, )d, —u, y, (l —y, )d, ]+ —,
'

(sinttt, —A»)[u, y, (1 —y,)s, —u, y, (1 —y, )s,]

+ 2 (- aint{&, -A„)[c,y, (l —y, )d, —c,y, (1 —y, )d,]+ —,
'

(cosset&t —A»)[cty, (1 —y, )st —c,y,(1 —y, )s,]
1 1

+ ~ (cos&ttt+A» —2A») ~ [u, y,(l —y, )d, + t7,y,(l —y, )d, —2u, y, (l —y, )d, ]

1 1
+ ~ (sintttt+A„—2A, ) ~,u, y, (1 —y,)st+u, y (1 —y, )s, —2u, y,(1 —y, )s, ]

( sjnttt, +A„2A,3} [c,y, (1 —y,}d,+ c,y, (1 —y,)d, —2c,y, (1 —y, ,)d, ]
1 1

1 1
+ ~ (costtt, +A„—2A„) ~ [c,y,(1 —y,}s,+ c,y, (1 —y, )s, —2c,y, (1 —y, )s,]

+ A„u,y, (l —y, )d, + A„t7,y, (1 —y, )s, + A»c, y,(1 —y,}d,+ A24c, y, (1 —y„)s,

+A» u, y, (1 —y, )d, +A, ,u, y,(1 —y, )s, +A„c,y, (1 —y, )d, + A42c, y, (l —y,)s, . (Al)

Here the A„. (i, j) elements of the matrix A defined
in Etl. (5) are

A3 costlj3 sinn cos (tt), + sing, Sin p sin(tt),

(A2i)

A„= c ot/rs, cosn costtt, —sing, cospsinp, , (A2a)

A„= cost{ad, coso. sing, + sint{t, cos p costtt, , (A2b)

A„= cost{t, sinn cosp, —sinttt, sin psinttt, , (A2c)

A„=cos{{,sinn sinttt, + sintIt, sinpcosg, , (A2d)

A21 = —Sin/2 COSA COSQ~ —Cosgo Cos p 8111/2,

(A2e)

gt2 Cos(y sing/+ CO8$2 Cos p Cosfjt)2 )

(A2f)

3
—8ln $2 Sln Q CO 8@3 —COS $2 Sln p Sill Q3

(A2g)
Sin/2 SinQ SU1(tt)3+ CO8$2 Sin p COS 43

(A 2h)

A„= —costtj3 sinn sing, —sin&3 sin p cosf2,

(A2j)

A~~ = cosijJ3 cos(x cos$3 —s111$~ cos psmttt3 ) (A2k)

A„=cost{a, cosa sintjt, + sing, cospcosp, , (A21)

A„= sintct, sinn costtt, + costjt, sin psinttt, , (A2m)

A„= sintlt, sinn sinqt, —costtt, sin pcostft„(A2n)

A43 —slQ$3 cosQ cos f3 —cos$3 cos p sin/3 j

(A2o)
A = —Sin/3 cosQ sin/3+ cos/3 cos pcos$3.

(A2p)

Electromagnetic current

The electromagnetic current which couples to the photon with the coupling strength gg'/(g'+g")t t'= e is

d,' =
& g(u, y,u, +c,y,c,) ——,

' g (d, y,d, +s,y,s,)+-,'(nt —a, ) g (q, y,q, —q, y,q, )
+=f4 tfy Sp C

1 1
+

2~&
(nt+o. , —2n, ) Z ~& (q, y,q, +q,y,q, —2q, y,q, ),

g-5' dy Sp C

where the n, 's are defined in Eq. (1) with the condition (2).

(A3)

Weak neutral current

The neutral current which couples to the neutral weak boson Z with coupling strength (g'+g")' '/2 has
the fOrm
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J,"'= ~ p [(((y,(1 —y, }(((—d, y,(1 —y, )d, ]+ -,' p [c,y, (1 —y,)c,. —s,y, (1 —y, )s,] —2 sin'8 (A4)

where sine~=g'/(g'+g")'~'.
The color-singlet parts of the electromagnetic and the neutral weak currents are identical to the currents

in the standard four-quark model.

APPENDIX B

Weak-boson effect

The differential cross section for the inclusive neutrino reaction ( „((„)N-p (i( )X mediated by the weak
boson with mass M~ is

G 'ME [xy'E"'"'+ (1 —y)E "'"' —(+)(1 ——' y) xyE"'"']
dxdy ((((' (1+rxy)'

where

r= 2ME„(p)/M—~', (B2)

and M is the nucleon mass. The naive quark-parton model allows us to write Eq. (Bl) far above both charm
and color thresholds as follows:

(B3a)

(
0'-

, [qp(x)+ (1 —y)'qp(x)] .
dxdp 1+rxy

By carrying out the y integral, Eqs. (B3a) and (B3b) become

( )
Gp'ME„' q„(x}

( )
(2+ rx} 2(1+rx}

( )((((', (1+rx) " (rx)' (rx)'

(B3b)

(B4R)

(1+rx) " (rx)' (rx)' (B4b)

Since

1 = 1
(1+rx} (1+r) '

(2+ rx) 2(1+ rx)
(rx)' (rx}' 3(1+r) '

for 1 ~ x ~ 0 and r ~ 0, the fol1.owing inequalities hold:

(o„)~,.& r, " dx[q„(x)+-,'q„(x)],G~'ME„1

(B5)

(op)„„,& ", " dx[qp(x)+-,'q„-(x)].G~ JI/IE„- 1

We can safely neglect the weak-boson effect on the cross sections below color and charm thresholds.
Therefore we can derive an inequality for the slope

(ov(p)}above
(n ( &)b ( (1+r) ((

(B8)

Heavy-lepton effect

Well above the charm and color thresholds, heavy leptons may be produced and may decay into i( (p, ').
Then the cross sections observed are equal to or larger than the cross sections (B4a) and (B4b). We can
thus assert the inequa, lity (B8) safely.
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The charged currents consist of two parts, color-singlet and octet parts:

(cl)J = g P C', jZ'„'»= s g Tr[C, ]Tr[J', ]+ g C,f(J'„'» —3 5&Tr[J',]),
as k, J

where J'„'» and C,", (a, b and f.,j are flavor and color indices, respectively) mean the current [q„y„(1
—y,)q»] and its coefficients, respectively, and the trace is carried out over all color indices. The color

singlet part of the current-current nonleptonic interaction is given by

(J,"'Jts)„„,„„„,= ,', f»(—Tr[J ]Tr[J~',] —Tr [J,"'Jts])+ —,', f«(Tr [J, «) Tr [Jt',]+Tr [J J",,]), (C2)

where

f„t„)= Tr [C;]Tr [C;]—(+) Tr [C'„C;]. (c3)
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