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Investigation of charm, then color, excitation through right-handed, color-octet currents is suggested as a
more economical way than adding new flavors for avoiding the conflict of the Weinberg-Salam model with
present v and v data. The effects from simply adding to the Glashow-Iliopoulos-Maiani current a new right-
handed color-octet weak current (the analog of the usual Cabibbo current) are calculated and compared with
available charged-current and neutral-current data. A color-octet piece in the weak currents, in general,
does not change the lowest-order predictions for the Weinberg-Salam model for (i) elastic and quasi-elastic
v- or v-nucleon scattering, (ii) neutral-current-induced parity-violating transitions in atomic physics, and (iii)

coherent neutrino-nucleus scattering.

The alternative ideas of “new flavors beyond
charm”! and of “ charm, then color excitation”?3
have been generated and developed recently be-
cause of measurements of rapid rise in R and of
“anomalous” ue events in the 4-GeV region of ee
annihilation. In neutrino physics, recent analy-
ses®® have shown that models® with new flavors
can be compatible with present data.”° On the
other hand, although it can account for the dimuon
production in v and v experiments and is in fair
agreement with the data on elastic vp and vp scat-
tering, excitation of charm alone seems not to be
adequate to account for the anomalous do?/dy dis-
tributions or for increases in (%)’ and ¢”/¢" ob-
served in high-energy v and v charged-current re-
actions. Therefore, the question that arises is
whether excitation of charm, then color, in the
economical three-quartet model with integral
charges can account for these latter data.

In this paper, to study this possibility pheno-
menologically, we add a right-handed color-octet!!
weak current to the usual Glashow-Iliopoulos-
Maiani, (GIM) current, viz.,
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Here the sum ¢ (g) runs over the three-valued
SU(3) coror (SU(3)g1avor) index and L (R) denotes the
usual left- handed (right-handed) combination of y
matrices. We have chosen the color-octet current
to transform in the same way under SU(3) o, aS
the terms of the left-handed Cabibbo current trans-
form under ordinary SU(3)y;4.:, and have allowed
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the color-octet Cabibbo angle ¢ to differ from 6.
In an SU(2) X U(1) gauge setting, the neutral cur-
rent then is given by
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where J;™ is the usual electromagnetic current in
the three-quartet model with integral electric
charges, i.e., the charges of the quark quartets
are given by the following matrix:

“ One’, “twoﬂl “three’}
u 0 1 1
d -1 0
Q"= (3)
s -1 0 0
c 0 1 1

When color is excited in strong interactions, e.g.,
in the mass spectrum, the difference in the direc-
tions “two” and “three” becomes defined and the
color-octet Cabibbo angle ¢ then is operationally
significant, just as empirical knowledge of the
strangeness direction in ordinary SU(3);;aver
makes the usual Cabibbo angle significant.

The color-octet currents in Egs. (1) and (2)
transform as singlets under the ordinary
SU(3)g1avor- Below color threshold, these right-
handed color-octet currents do not contribute, and
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assuming that the quark parton «*(x) = su(x), etc.,
the structure functions and cross sections are
identical with those of the single-quartet Wein-
berg-Salam model. When the threshold is crossed,
kinematic effects'? associated with the production
of “heavy quarks” can postpone the effects due to
excitation of color; when a heavy quark is pro-
duced, the appropriate scaling variable!? is

z.= Q2+m‘!2

M+ P+ @+m A7)0

and the structure functions include

4

9,(j=1 (charm), 2 (color), and 3 (colored charm))

=0(W - W,).

There are three thresholds— the charm threshold
associated with the production of cc mesons, the
color associated with color-octet g¢ mesons where
q denotes u, d, and s quarks, and the colored
charm threshold associated with color-octet cc
mesons (the last is not relevant for the above weak
current). For the charm threshold we use W,
=2.25 GeV since m,,~2.25 GeV in v and m+m,,
~2.8 GeV in v, and m, =1.5 GeV from the J/¢
mass. From the color step in R in ee annihilation
at about 4 GeV we choose W,=5.0 GeV as for the
production of color-octet mesons or quark-anti-
quark pairs at about 4 GeV and treat as a free pa-
rameter the effective mass of the struck parton
(i.e., current quark) in the color-excited hadronic
final state. We find m,=4.0 GeV, which is consis-
tent with struck-parton mass- shell production con-
straints near the color threshold. For production
of a color-octet meson or a quark-antiquark pair
the constraint m,?= (k+p)®> ~m2+2k «p, so m,?
~my’ near threshold where m, and k& are the in-
variant mass and momentum of the color-excited
state, and p=g+2P~ k. For formation of a color-
excited baryon at® about M, ~4.3 GeV the constraint
M2 ~m,%+ 2k « (1 - 2z)P gives near threshold m,?
= My(M, - 2M), or m,22 (3.1 GeV)?. (See Figs. 1
and 2,)t%15

It is also to be noted that a color-octet piece in
JO (J%)) in general does not change the lowest-
order predictions for the Weinberg-Salam model
for (i) elastic and quasielastic vp and vn scatter-
ing, (ii) parity-violating transitions in atomic
physics induced by neutral currents, and (iii)
coherent neutrino-nucleus scattering (of relevance
to supernova explosions) because only the color-
singlet part of J© (J #’)contributes to matrix ele-
ments of J (7#’) between color-singlet states.

We have carried out our calculation of the con-
sequences for inclusive v and v scattering of this
right-handed color-octet weak current-using the
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FIG. 1. Average y for scattering of antineutrinos on
an isoscalar target in the standard Weinberg-Salam
model with a new right-handed color-octet weak current,
the analog of the usual Cabibbo current. The flat dashed
lines labelled ‘“above” and ‘below” display the values
obtained [directly from Eq. (9)] in the scaling limit for
a 5% sea momentum fraction for the regimes ‘“above”
both the charm threshold and the color threshold and
‘“below” both of them. The HPWF data points (Ref. 7)
are shown.
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quark-parton model with spin 3 partons. In listing
the predictions, we list first the quantity calculated
for the regime “below” all thresholds, i.e., the
standard Weinberg-Salam result,*5 and then the
same quantity but calculated for the regime far
“above” all three thresholds. This clearly displays
the predicted differences in the two regimes. We
also neglect the usual Cabibbo angle since cos?6,
~1,

We first consider the consequences for charged-
current inelastic v and v scattering. The differ-
ential cross section in the scaling limit is

d?e*¥:%N G*ME
dxdy ~— w
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where N denotes an isoscalar target and the same
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FIG. 2. ¢"¥/¢"¥ curves corresponding to Fig. 1.
Solid dots are HPWF data points (Ref. 7) and open
squares are CF data (Ref. 8).
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equation with N replaced by p holds for a proton
target, and x =Q*/2Mv and y =v/E are the usual
scaling variables. We will approximate the sea
distributions by assuming #=d=s=5=%, and €=
c=0 with [ §(2)dz<< [u(z)dz. The isoscalar differ-t
ential cross sections are found to be

x[(u+d)+2&(1 - y)?], below

do*¥ G*ME )
ody - w X x{(u+d)+4¢
+[5@+d)+2&](1-y)?}, above
(8)
x[28+w+d)(1-y)], below
do.ﬂN _ GzME ™ 9
m = p X A[B(u+d)+ 3

+(+d+28)(1-v)?], above.

(7)

This model, then, predicts that do*¥/dy should
change from ~1 to ~[1+3(1 - »)?]; the coefficient
of 2 is smaller than the 1 of the vector six-quark
model and so is less inconsistent with the apparent
flat do/dy behavior of existing data. On the other
hand, there is the desirable change of do”"/dy
from ~(1-y)? to ~[5 + (1 - ¥)?] which could account
for the observed behavior of the y anomaly.

The model is successful in predicting that both
o /o*¥ and (v)°¥ increase with energy. It gives

1( 8 fz(ﬁ+d)dz>’ below (0.38)

+ -
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o.vN - . (8)
o <1 2 szEdz > b (0.85)
—(1+ - =—=————— ), above (0.
11 3 [zu+d)dz/)’ ov
or approximately a 150% increase; and
1 z(@+d)d
—<1 + j—z(f‘l—)—f) below (0.29)
4 J z(u+d)dz.
OM=d 5 1 [e28de
—< + = ———), above (0.42)
12 3 jz(u+d)dz
I B (9)
1 1 z(ﬁ+d)dz>
—(1-~ b .
2< 6 T_z(u+d)dz , below (0.50)
P~ 95
11 above (0.45)

so there is only a small change in {y)*Y. Shown in
the parentheses are the values obtained for the
case of a 5% sea momentum fraction.

The predictions of the model for hydrogen ex-
periments, assuming u(z)=2d(z), are
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so here also 0™ /0** and (y)* show large increases,
whereas (v)”? does not.

We now turn to the neutral-current processes.
Quantities for neutral-current processes are de-
noted by placing a tilde over the symbol. Neglect-
ing the diagonal terms Ss and sea components #u
and dd, we find the neutral-current inclusive cross
section for vp to be, with x,=sin?0,,
ds”?  G*ME «x
dxdy 1 2

{1 =2x,)2u+(-1+3%x,)%d

+[(=3x)2u+ (Gxy2d)(1- y)?}, below
(11)
and, neglecting the diagonal Cc terms, find

do**  G®ME x

i 5{(1 —Sxp Ex Au+ (1 —2x,+ 4x,2)d

+[(& ~ 4, 10,2

+(& —2x,+2x,2d](1-y)}, above.
(12)

The expressions for d6”?/dxdy are obtained by the
interchange 1+ (1- %)%, and the vn and Un cross
sections can be obtained from the above results by
interchanging the u and d distributions (r denotes
a neutron target).

For the convenient value of x, ~2  the predic-
tions of this model with charm, then color, exci-
tation for the cross-section ratios which involve
neutral currents are

below above
R,y =0*"/a*¥ 0.23 0.28
Ry, =07V /o"¥ 0.44 0.31
N [N 0.64 0.92.

This model predicts the last quantity to eventually
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rise. These quantities awe to be compared with the
corresponding experimental measurements:

HPWF’ CFs® CERN
R,y 0.29:0.04 0.25:£0.04 0.28+0.04°
0.22+0.03°
Ry 0.39+0.10 0.36+0.11 0.38+0.06'°
0.43+0.12°
¥ /o*¥  =0.6110.25 0.59+0.14,'°

where HPWF denotes the Harvard-Pennsylvania-
Wisconsin-Fermilab experiment and CF the Cal-
tech-Fermilab experiment. In computing the theo-
retical ratios we have, of course, assumed that
the cross section in the numerator and the cross
section in the denominator are both above or both
below, in the respective cases.

Finally, as a future test of this model, we give
the predictions for hydrogen experiments, which
are

below above
R,,=0""/0"* 0.31 0.36
R;,=0"/0" 0.34 0.29
o7 /ov* 0.73 1.00.

It is amusing that for x,=32, the asymptotic neu-
tral-current inclusive cross sections for neutrinos
and antineutrinos on hydrogen are found to be equal
in the present model, unlike the 11/15 ratio of the
Weinberg-Salam model and of the asymmetric
five-quark model of Achiman, Koller, and Walsh.®
We have discussed in this paper possible inclus-
ive effects in v and 7 scattering of charm, then
color, excitations. These effects are probably
not unique, so we briefly mention here in closing
the more striking exclusive experimental signa-
tures®:

(i) Mesons or baryons with multiple electric
charges (and possibly® multiple hypercharges) not
present among the usual color-singlet Q@ mesons
and QQQ baryons. Here @ is a generic label for a
quark so Q=u, d, s, or c.

(ii) Color-excited states such as color-octet
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Q@ mesons and QQQ baryons, with large widths
and possibly large partial widths with missing en-
ergy, which do not decay directly by strong ccup-
lings into ordinary color-singlet hadrons but only
radiatively. The color-octet right-handed currents
considered in this paper will give transitions into
color-singlet hadrons through cross terms involv-
ing the GIM current in second order in the semi-
weak coupling constant. They do not connect single
Q’s with color-singlet states.

(iii) Free integrally charged quarks.

In final states which lie in the kinematic regions
associated with the antineutrino anomalies, in
particular in the high-y and x=0.15 region, the
presence of a right-handed color-octet weak cur-
rent implies the occurrence of events which have
the signature of the 7 particle-antiparticle pairs
(signature iii) responsible for the anomalous pe
events of ee annihilation and the occurrence of
events with color-octet gg mesons which decay in
part into ordinary color-singlet hadrons by rad-
iating high-momentum (a few GeV) photons (sig-
nature ii). There will also be events with color-
octet baryons. Signatures for color-octet baryons
are high-momentum photons from (gqq)s = (999), +v,
and possibly free quarks from (qqq); = (¢q); + q,* if
the diquark mass is sufficiently small (the latter
is an allowed transition in the case® of the popular
color-octet vector-meson-exchange mechanism).

Note added in proof. Data from the recent CDHS
experiment [M. Holder ef al., Phys. Rev. Lett. 39,
433 (1977)] for average y and 0?/c" are energy
independent from 30 to 200 GeV. Based on a 4-
GeV threshold for color excitation as suggested
by the data for ee annihilation, the present article
therefore demonstrates the existence of a signifi-
cant limit on the presence of right-handed color-
octet weak hardronic currents. The requirement
that a theory naturally satisfy the normalizations
of both the chiral SU(3) x SU(3) algebra and the

“algebra of the weak gauge group, e.g., SU(2) X U(1)

or SU(2), XSU(2)zXU(1), strongly constrains the
option of left-handed color-octet weak hadronic
currents (i.e., ad hoc multiplicative factors must
occur in lepton currents so as to preserve lepton-
hadron universality of the weak interactions).
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151 the figures shown, we have used the following quark-
parton distribution which is consistent with measure-
ments of vW, for deep-inelastic scattering of muons
from a liquid deuterium target [H. L. Anderson
et al., Phys. Rev. Lett. 37, 4 (1976)]: the valence
dlstmbutlon &, +d,)=0.474(1 —2)3+3.45(1 —2)*+3.440

—2)1/21/2 which satisfies the usual valence-quark nor-
malization constraint of equaling three when integrated
with respect to z over the interval from zero.to one,
and the sea distribution £=0.0234 (1 -2z)%/%/z which
represents a 5% sea momentum fraction. In obtaining
this distribution we have used the the electromagnetic
current for integrally charged quarks, Eq. (3), and
have only used electromagnetic data for x< 0.2 because
of the ambiguities in the choice of the correct scaling
variable for large x.
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FIG. 1. Average y for scattering of antineutrinos on
an isoscalar target in the standard Weinberg-Salam
model with a new right-handed color-octet weak current,
the analog of the usual Cabibbo current. The flat dashed
lines labelled “above” and “below” display the values
obtained [directly from Eq. (9)] in the scaling limit for
a 5% sea momentum fraction for the regimes “above”
both the charm threshold and the color threshold and
‘“below” both of them. The HPWF data points (Ref. 7)
are shown.
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FIG. 2. cr;”/cr""' curves corresponding to Fig. 1.
Solid dots are HPWF data points (Ref. 7) and open
squares are CF data (Ref. 8).



