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We study a four-flavor model with unconfined color in the framework of the SU(2), ® 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 (E,l) &( 15,1) + (15,8) ® (15,8),
which explains successfully the observed AI = 1/2 rule, leads to the result that the—slope of the lineaﬁy
rising cross section o(v,(V, )N —p~(1*)X) must be more than twice as large at energies high enough to
produce the color-actet 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*-e” cross section and 7° -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), ® U(1) gauge
model® constructed in such a way as to lead to the
suppression of the AS=1 neutral current, for
which purpose the Glashow-Iliopoulos-Maiani
(GIM) 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), ® U(1) gauge model, and to pursue its
theoretical consequences from minimal constraints
which are imposed on all models in this frame-
work.

In Sec. II, we discuss an SU(2), ® U(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 <|k|<1) is defined so that the coefficients of
the color-singlet AC=AS=0 and AC=0,AS=1 cur-
rents are k cosé. and « sinf,, respectively, where
6. is the Cabibbo angle.

In Sec. III, we show that the parameter « is use-
ful in making a rough estimation of the ratio of the
slope of the linearly rising cross section,

o(v, (7, )N = pn"(p*)X), well above both charm and

1=3
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color thresholds to that below both thresholds (the
ratio is 1/k?).

The approximate AI=3 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
(27,1) part in the combination (8,1) ®(8, 1)+ (8, 8)
®(8,8), where (a,b) denotes the dimensional rep-
resentation of SU(3),®SU(3).. Following their
idea, we place a necessary condition for the ab-
sence of the (84, 1) amplitude on the AC=0,AS=1
part. In Sec. IV we find that the condition leads to
a rigid upper bound for &%, k,,,2=0.37. The para-
meter k represents a proportion of magnitude of
the color-singlet AC=0 current in the total
charged current. Therefore, when the neutrino
energy in the vN(UN) 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:

(Qd‘) (Q:) (‘ 3 a‘) ( )
i i 3 i ’
where

z‘: a;=0. (2)

The condition (2) guarantees that the usual hadron
spectroscopy is preserved among color-singlet
states.!? For example, in the Han-Nambu model?
a,=-3and a,=a,=%, in the Fritzsch—Gell-Mann
model' @;=0, and in the Tati model® a,=-1, a,
=0, and o,=1. Below we study the case a,=a,.
We 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

<d{) (cosqzb1 sin¢1> <d1>
H B -sing, cos¢,/ \s,/’

d, cosy, siny, 0 0 cosa
s;| _ |- siny, cosy, 0 0 0
d; 0 0 cosy, siny, || -sina
S5 0 0 - siny, cosy, 0

sina 0 cos¢, sing, 0 0
cosg 0 sing||-sing, coso, 0 0

cosa 0 0 0 cos¢p, sing,
-sing 0 cosp 0 0 -sing, cos¢,

This mixing scheme is the most general one which will realize the GIM mechanism in the four-flavor

model of the Han-Nambu type (a,=a,# @,).*®

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

JUBV =1 (cosp,+A,,+A,,) Z‘: Ayl = ve)d +5(sing, +A,,+A,,) Z Ty (1 =vs)s,

+3(-s8ing,+A, +A4A,;) Z Tyl = yg)d,+5(cosd, +A,,+A,,) ‘E Ty, (1=7vs)s,, (6)

where the 4,,’s are the (i, j) elements of the orthog-
onal matrix A which are given in Appendix A. For
the coefficients of 22#,7,(1 - %,)d, and 2Ji,y,(1

- ¥,)s,;, respectively, we must impose the restric-
tions

3(cosd,+ A, +A,,) =k cosb,, a

3(sing, +A,+A4,,) =k sind,

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

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

$[cose, +a, cos(d,+ 8,) + a, cos(p, + 8,)] =k cosb o,

3[sing, + a, sin(¢, + 8,) + a, sin(¢p, + 8,)] = k sind ,
(8)
where
a,=(cos%), cos?a + sin?y, cos?p)*/?< 1, (9)
a,8ind, = siny, cosg,

(10)
a,cosd,;=cosy, cosa .

r

From these we get

[k|<1. (11)
The case |«|=1 holds only when

sina=8ing =0,

A, =A;,=cos8¢, =cosf,, (12)

A=A, =8in¢, =sing,,.

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 x must be smaller than 1. The
leptonic charged current then must be effectively*

Jo=k [Tyl = vs)e+ T, y,(1 = y)u++++], (18)

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
(v, and v,).'*
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III. DEEP-INELASTIC NEUTRINO REACTIONS
AND PARAMETER «

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

[dzc(u N- u-X)]
above

dxdy
2 E _
= 0B (g, + (1= 3P 7],
(14)
[dza(ﬁ N- p.*X)j'
dxdy above
G*ME;
=*27—[qu(x)+(1 g5 (x)],

J

[d’o(qu-wL'X)}

- GzME,
dxdy 2

below K

[ d%e(V,N —~ u’X)} _ GF°ME;
dxdy below K

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

(av)abovo ~ l
2

(av)below K ’

(17)
(al'l')above ~ i

(aﬁ)below K’

where « 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
B:

(au)above = 1 1

(avjbelow (1 + ’Vj ? ’ (18)
(ai)a.bove > 1 i
(an'l)below 1+ 1’) K’

where »=2ME,;,/M,?, and M is the nucleon mass.
If we take E,~200 GeV, which is the available en-
ergy at present, and M~k X 70 GeV, which comes
from the popular value, sin®§,=~0.3, we obtain
r=~0.1/k2

k*x{cos?0 o [d(x) +u(x)]+ 2 sin®0 os(x) + (1 - y)?[d

where

q, (x) = x[d(x) +u(x)+ 2s(x)],

7, (x)=x[d(x)+u(x)+22 (x)],

(15)
g5 (%)= x[d (x) +u(x) + 2¢(x)] ,

Tz (x)=x[d (x)+u (x)+25 (x)];

x and y are well-known scaling variables, u(x)
=3u;(x) (7 (x)=3u,(x)], and u,;(x) [#,(x)], etc. are
the distribution functions of the ; quark (#%; anti-
quark), etc. with a fraction x of the momentum of
the proton. Note that the universal Fermi coupling
constant is given by G,/V2 =g%?/8M,?, where g is
the SU(2) gauge coupling constant and M, is the
weak-boson mass.'®

The cross sections below both color and charm
thresholds (denoted by “below’”) are

() +@ (0]},
(16)

k?x{c0s%0 o[ d(x) +#(x)] + 2 5in%6 . T (x) + (1 - y)7[d(x) +u(x)] } -

As shown in Eq. (17), the ratio (@).p.re/(®)perow
is very sensitive to the parameter k. The para-
meter k thus is useful as a touchstone for models
in the framework of the unconfined color gauge
theory.

IV. AI=3RULE AND UPPER BOUND FOR k2

The most promising and simplest way to under-
stand the AI=% 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)®SU(3), and all the
ordinary hadronic states belong to the singlet rep-
resentation of SU(3).. 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 AI=% 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) ®(15, 1)
+(15,8) ®(15, 8). - T

Thus the models!™!! along the line suggested by



168 MITUAKI KATUYA AND YOSHIO KOIDE 16

Kingsley and Fujii ef al., explain successfully the
AI=7% 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 (%, l) part

gives a rigid bound for k. 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

EIZ Joa [17‘.'}/9(1 - ys)di S;yo(l- Ys)uj+ u;7,(1 - Ys)dj Sy ’(1- 75)“{]

+ 11_2 Jao [77(79(1 - ys)digﬂ’p(l - ys)uj —#;7,(1 - Ys)djgﬂ’p(l -¥suyl, (19)

where the coefficients are given by

Soatzo)=(COSP, +A | + A )(sing, + A, +A,,)+(=)(coso, sing, + A\ A, + A3 Ag, +A LA L +ALAL) . (20)

See Appendix C. We require
fea=0,

(21)

which is a condition that the AC=0, AS=1 part of the color-singlet nonleptonic interaction does not involve

the AI=% term. The restriction (21) is written

9x? sin26 + sin2¢, + a,” sin(2¢, + 26,) + a,” sin(2¢, + 26;) + b,” sin(2p, + 27,) + b,® sin(2¢, + 27,) =0, (22)
r
where This means that the slope of the linearly rising
s e a1/ cross section o(v, (¥, )N = p"(u*)X) must be more
b;=(cos’y,; sin®a + sin®y, sin’g)*"*<1, (23) than twice'® as large at energies high enough to
b, siny, = siny, sin produce the color-octet states as it is at lower
i Sy i ’ (24) energies, even if the effects of the weak boson
b, cosy, = cosy, sina . and heavy leptons are taken into account.
The data of the v,(7,)N reaction show no visible
Equation (22) leads to an inequality change of the slope at present.!® This fact com-
pels us either to accept that the color degrees of
9k*sin26, <3, (25) freedom are still not excited at present energies

since a;?+b,2=1. Taking the popular value sinf,
=0.22, one obtains

k?<0.78. (26)

Moreover, in addition to the condition (21), we

must impose the restriction (7) on the model. Then

we get a more rigid upper bound,!”

or to abandon the cancellation mechanism of the
(84, l) representation.
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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 we 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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J‘(,C) =1 (cosp,+A +A,,) Z #;v,(1=v,)d;+ ':li(sm¢1+A12+A34) Z #;7,(1 = 75)s;
i i
+1(-sing,+A, +A,,) Z: Covo(l = v)d; + 3 (cosd, +A,,+A,,) ; Tavo(l = 7.)s,
+ %(COS‘DI _All)[alyp(l - Vs)dx —,y,(1 - Yo)d, | + 3 (sing, - Alz)[ﬁl'yn(l = ¥5)8, —i,y,(1 - ¥5)S,]

+3 (= sing, -Azx) [El7p(1 - 75)d1 - 52‘}",(1 - 75)d2]+ 3 (cos¢, ‘Azz)[Ex)’p(l - Y58, — Tyl - 75)52]

1 1 _ _

o3 (cosp,+A,, - 24,,) 7 (7,7 (1 = ys)d, + 7, (1 — y.)d, - 2u,v,(1 - v,)d,]
1 . 1. _ _

* 5 (sing,+A,,-2A4,,) i [7,7,(1 = v))s, +,7,(1 = ¥5)s, — 2,7,(1 — ¥,)s,]

1 . 1 _ _ _
o5 (-sing,+A, -2A4,,) 7 [C17,(1 = ¥)d, + T,y (1 = ¥,)d, = 2C,v,(1 - y,)d,]

1 1 _ _ _
+ 2_\/’3: (cosd,+A,,-24,,) 73: [Cl'yp(l ~¥s)S,+ CoYo(1=¥5)s, - 2¢,7,(1- ¥5)Ss)

+ A UYL= ¥)dy+ A 1,7, (1 = 7,)S5+ AggCoy,(1 = v:)dy+ A, To7,(1 = v5)s,

+ A 0¥, (1 = ¥5)d, + Aty (1 = ¥5)S,+ A Ta¥,o(1 = ¥5)dy + AuTay,(1 - v5)s, . (A1)
f
Here the A;; (,) elements of the matrix A defined A, = - cosy, sina cos¢, + siny, sinfpsing, ,
in Eq. (5) are (A2i)
A, = cosy, cosa coso, — siny, cosfsing,, (A2a) A,,= - cosy, sina sing, — siny, singcos o, ,
A, = cosy, cosa sing, + siny, cosgcosed,, (A2b) (A2))
A, = cosy, sina cos¢, - siny, singsing, , (A2c) Ay, = cosy, cosa cos ¢, — siny, cosBsing,, (A2Kk)

A,,=cosy, sina sing, + siny, singcos¢p,, (A2d) A,, = cosy, cosa sing, + siny, cosgcosp,,  (A21)

A,, = - siny, cosa cos¢p, — cosy, cosBsing . . . .
21 (& Z v, cosp 2’ A, =siny, sina cos¢,+ cosy, sinpsing,, (A2m)

(A2e)
A,,= - siny, cosa sing, + cosy, cosfcosd, , A, =siny, sina sing, - cosy, sinfcos¢,, (A2n)
(a2f) A siny, cosa cos¢, — cosy, cospsing
. . =- -co
A,,= - siny, sina cos, — cosy, singsing,, = ’ * ’ " ? v (A20)
(A2g) L _
A,,= - sing, sina siné, + cosd, Sinfcosd, , A, = - sinyd, cosa sing, + cosy, cosfcose, .
(A2h) (A2p)

Electromagnetic current

The electromagnetic current which couples to the photon with the coupling strength gg'/(g2+g’?)!/%=¢ is

Jom=% Z (v ui+Civ,0) — 5 E (@7, d;i +5,7,8)) + 3 (2, - ;) Z (@709, - T7,45)
i 7

i q=ty dy Sy C

1 1 _ _
+ o7 (@t a,-2a) D 73 @Yoty @742 - 2457,45) » (A3)

=ty dy s, C

where the a;’s are defined in Eq. (1) with the condition (2).

Weak neutral current

The neutral current which couples to the neutral weak boson Z with coupling strength ( g%+ g’?)!/2/2 has
the form



170 MITUAKI KATUYA AND YOSHIO KOIDE 16

J =4 iz:[ii‘-yp(l —vuy —dy(1 - v)d;]+3 Z [Civa(l = ¥5)c; = 517,(1 = v5)s;] - 2sin%0,,J 3™, (A4)
1

where sing,=g"/(g2+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 v,(¥,)N - u°(p*)X mediated by the weak
boson with mass My, is
dzoy(,;)= GFZME,,‘G'Q 1
dxdy K2 (1+7xy)?

[x2FYP + (1 = y)F 4P — (+)(1 = 5 y)x9F 2P, (B1)

where
r=2ME, /M2, (B2)

and M is the nucleon mass. The naive quark-parton model allows us to write Eq. (B1) far above both charm
and color thresholds as follows:

d®o G*ME 1 —
(G2)  -CeME sl (-, (B3a)
above
dZ?o; Gp*ME; 1 -
<dxd;>a,, - chz - (1 +7rxy)? [75(#) + (1 - V5] (B3b)
ove
By carrying out the y integral, Egs. (B3a) and (B3b) become
_GgME, (* q,(x) | - [(2+rx) 2(1+7x) }
(0,) apove = s j; dx r7) +3,(x) " ) In(1+7x) |, (B4a)
G *ME; (? 7 2+7rx) 2(1+7rx
(95) avove = I;,Kz vl dx {(;_I:(:L; +51§(x)|:((7.x)2) - ((rx)3 ) ln(1+yx)]} . (B4b)
Since
1 1
fexr Rl (85)
(2+7x)  2(1+7x) 1 6
(x>~ (rx)® (1479 > 595y (BS6)
for 1= x2>0 and »=> 0, the following inequalities hold:
G*ME 1 ! _
(@ aere > ozt a7y | dxla0+ 47,0), (B7a)
0
G*ME; 1 1 —
(Oare > Lz s [ ax(@te) + 1 as(0)] (BT)
0

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

(au(l’l))above > 1 i .
(au(i))below (1+'r) K?

(B8)

Heavy-lepton effect

Well above the charm and color thresholds, heavy leptons may be produced and may decay into u~(u*).
Then the cross sections observed are equal to or larger than the cross sections (B4a) and (B4b). We can
thus assert the inequality (B8) safely.
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APPENDIX C

The charged currents consist of two parts, color-singlet and octet parts:

=Z ZC JZ‘b/—_ZTr [celTr[Ug b]+Z;ZC J o= 585Tr[I 5], (C1)

where J 3,

and C% (a,b and 4,j are flavor and color indices, respectively) mean the current [Ta7.(1

~ %)) and its coefﬁments, respectively, and the trace is carried out over all color indices. The color-
singlet part of the current-current nonleptonic interaction is given by

(52T ) co10r stngtet = T2 oo TE [T EITET 4] - Tr[J2°T 1D + 55 fou(Tr[J5°) Tr [T 3E]+ Tr[I2°T 0D, (C2)

where

foen=Tr[CF]Tr[CG] - (+) Tr[C5CE].
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