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We study the nucleon structure function F, for deep-inélastic scattering of leptons on an isoscalar target. The
Owens-Reya parton distributions with charm added give good agreement with the data up to @2~ 100 GeV for the
case of no color production. If color is produced, we describe in detail what effect this would have on F, to leading
nontrivial order in Pati-Salam quantum chromodynamics with massive gluons.

The structure functions for electroproduction
(muoproduction) processes in the SU®4);;,v0r
X SU(4),010r unified gauge theory of Pati and Salam,’
involving integrally charged quarks and massive
gluons, have been discussed by Ozer and Pati.?
The structure functions can be decomposed as
follows:

P (@, 2)=FI(Q2, )+ FPUQ, 2)0(W-M )
1)

where F{!2¥ corresponds to the usual quantum-
chromodynamics (QCD) result for the production
of color-singlet hadronic states, F$°! corresponds
to the production of color-nonsinglet states, and
M, is the invariant mass of the lightest color-
octet hadronic final state transforming as (8, 8)
under SU(3);;,v0r X SU(3),010e- Of course, there
are scalar partons in the Pati-Salam theory;
however, Craigie and Salam® have shown that if
scalar-parton distributions are taken to be zero
for small @* and are generated dynamically at
larger @* values, then F{!%' should be indistin-
guishable from the conventional QCD result.
Since their effect would be small, we neglect
scalar partons below.

In the massive-gluon Pati-Salam model, color
states are produced through exchanges of both the
photon and its orthogonal color gauge partner
U.* Since the two contributions add with equal
and opposite strengths, except that the photon is
massless and the U has mass my, one gets a
damping factor a%=[m,?/(q* =m?)]? in F&! and
F!, The result in the simple parton model is
that for Q% >1-2 GeV?, one gets the following
simple expressions for the nucleon color struc-
ture functions:

FeolzQ | (2a)
F$° = 50 (x)pth (@2, WP) (2b)

col

where v(x) denotes the momentum distribution
function for any one of the octet of gluons within
the nucleon, and pf! is the scale-threshold factor
signifying that scaling (up to logarithmic correc-
tions) is not realized until W is several GeV above
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M ;. We use the form employed in Ref, 2:

pzt:gl (Qz? Wz) 102>1GeV2: G(W'Mcol)[l - (Mcol/W)Z]a . (3)

We always choose the exponent a so that ptt,
acquires a 75% saturation as W increases from
M to M +2 GeV.

Note in Eq. (2b) that the main increase in £,
due to color production comes from the gluon
partons and not from quark or scalar partons.
And since the gluons reside at low-x values, one
would expect color production to be a character-
istically low-x phenomenon.

The quark momentum distributions are impor-
tant to describe F§'¥', For this purpose we use
the Buras-Gaemers valence-quark parametriza-
tions® and the Owens-Reya sea and gluon para-
metrizations.® We further add the charmed sea
as described below. One defines u=u,+ &, d=d,
+&, and u~d=s~5=£, where the subscripts v
denote valence-quark distributions and ¢ denotes
the sea. The Buras-Gaemers valence-quark dis-
tributions are

3
xu,(x, @)+ xd,(x, Q%) = xM(l —x)"%
B(n,, 1+1,) (42)
2 =_1_ n — )4
xd (¥, @) B 1oy 3(1 = x)"a (4b)

with
17,=0.70-0.176s, n,= 2.60+0.80s ,
7,=0.85-0.24s, 7,=3.35+0.816s,

where s=1n[In(Q*/A%)/In(Q2/A?)], Q,>=1.8 GeV?,
A=0.5 GeV, and B(n;,1+n;,) is the Euler beta
function which ensures baryon-number conserva-
tion for all values of Q®>. The Owens-Reya sea and
gluon distributions are written in the form

(5)

X, @) =A (L = 2+ A'(1— )"
+Bets (6a)

%G (%, @) =A (1 —x)e+A (1 - x)"
+ Bge'cz" R (6b)
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where the coefficients and exponents are written
as polynomials in s. The coefficients inside these
polynomials in s are too numerous to enumerate
here but they are given in Ref. 6.

Using the above parametrizations, about 6% of
the parent nucleon’s momentum is unaccounted
for. We can reduce this to 1 or 2%by including
the Buras-Gaemers charmed sea® C=c+T=2c:

xCr, @)= @, (-1
X (1 = x){CQy/ (c(02)>3-2)’ (7

where (C(@%)),= f' dxx"'C(x,Q%), n=2, is the
charm quark’s nth moment which we calculate
from the Owens-Reya strange-quark distribution
using the well-known QCD formula’

(@), = (s(@)),
= [(c(@))n— (s (@2 Nnlexp[-diss], (8)

with dyg being proportional to the anomalous di-
mension of the spin-z nonsinglet operator. We
take ((Q,%)),=0.

We show in Fig. 1that, aside from several suspic-
iously low data points, the above partondistributions
give good agreement with the proton F2p structure
function at x=0.10 as measured by Gordon et al.®
over a large range of @, Further, the above
parton parametrizations give a good fit to the
Gordon et al. data over a large range of x, and
particularly over the range x <0.3 of importance
to this study. For example, Gordon ef al .® fit
their full F2 data over the ranges 0 <x <0.7 and
1 <@* <65 GeV? with a phenomenological formula.
We show in Fig. 2 how well the above parton
parametrizations agree with their phenomenological
formula for x= 0.30. The difference between the
two curves is less than the error in the data.

So far, we have just concerned ourselves with
parton distributions necessary to describe Fi!37,
To include the possibility of color production, we
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FIG. 1. Proton structure function Fy vs @, at x=0.10

together with data points from Gordon et al. (see Ref. 8).

need the leading-order quantum-chromodynamics
(QCD) correction to Eq. (2b); therefore, we must
solve the Altarelli-Parisi evolution equations® for
G(x, Q%) =8v(x, @) both below and above the color
threshold @,, for fixed x. Below color threshold,
G(x, Q%) evolves according to the conventional
QCD formalism?®; however, above color threshold,
the evolution of G(x, @?) is governed by the new
P, and P, calculated in Ref. 10:

Pole)=5Z (92)
pcc(z)=§1§(%§3—_£§_1> . (9b)

To solve these evolution equations, let us fol-
low the procedure of Feynman, Field, and Ross'!
and first define

A®BE[%ZA<§>B(z) ) (10)

Then we can write the Altarelli-Parisi evolution
equations for the parton distributions above color
threshold as follows:

4 [t 9) _ [P, Wﬂi‘ . [Pe Q2>J
dk
Glx, Q%) Pey Poe Gz, Q%]
(11)
where the P,, are given in Ref. 10 [the relevant
ones for this work being given in Egs. (9a) and
(9b)], = is the total quark distribution summed

over all flavors, n; is the number of quark
flavors which we take to be four, and

2 In(Q?%/A?) ]
K= In . 12
(11 -2n,) [ln(Q‘t..Z/A"’) (12)
Equation (11) can be written symbolically as
d - - - .
7 G, Q%) =P®G(z, @), (13)
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FIG. 2. Comparison of F§at x=0.30 as given by the
parametrizations in the text (solid line) and by the phe-
nomenological formula of Gordon et al. (see Ref. 8).
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FIG. 3. F, per nucleon for an isoscalar target at
x=0.16 and assuming M., =9 GeV. The solid curve is
the usual QCD result and the dashed curve includes the
contribution from F§°'. The data points are from Ball
et al. (see Ref. 12).

with an obvious notation. Then the solution to Eq.
(13) can be written

Glx, @2) = exp(kP ®) G(Q,?) . o (14)

We only need the gluon part of the solution since
mainly the gluon distribution v (x, Q*) =3G(x, @)
contributes to F$°!, One must also keep in mind
that Eq. (14) is applicable only for @?= @,,% and
that the boundary condition for Eq. (13) is chosen
so that G(x, @) from the evolution below color
threshold just matches that from Eq. (14) at @?
= Q-

After expanding Eq. (14) in x and evaluating the
integrals numerically, we find that for our pur-
poses it is sufficient to retain only the leading and
order-« terms. We find that the term of order «
typically varies from between 0 to 1% of the lead-
ing term for @,,” < Q*<100 GeV2.

In Fig. 3, we graph F, for an isoscalar-nucleon
target at x=0.16 and assuming M , =9 GeV. The
data points are taken from Ball et al.'? Note that
the Pati-Salam theory with our parton parametri-
zations does not agree with the large increase of
F, reported by Ball ef al. We find that this is
generally true for other values of x as well., In
addition, we do not predict as large an increase
in F, for color excitation as does Lehman.'® It
is important to note that the anomalously large
data points of Ball et al. have been reanalyzed
by Ball" and lowered to values more in line with
the conventional QCD prediction.

We show in Figs. 4(a)-4(c) the percentage in-
crease in F, above the conventional QCD pre-
diction for an isoscalar nucleon target due to
color production in the Pati-Salam model with
the parton parametrizations discussed above, We
examine the values M , =9, 11, 15, and 20 GeV
at x=0.05, 0,10, and 0.20.

Color production in deep-inelastic scattering
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FIG. 4. (a)—-(c) Percentage increase in F, above the
conventional QCD prediction for x=0. 05, 0.10, and
0.20, respectively, and M,,, = 9 (solid line), 11 (dashed
line), 15 (dotted line), and 20 (dash-dotted line) GeV.

may not be ruled out at the present time. Certain-
ly our theoretical results do not agree with the
data of Ball et al. for M, =9 GeV; however, we
have set up the theoretical machinery and made
predictions for M, > 9 GeV. One problem in
trying to observe color production is that, aside

from very small values of x <0.05, the increase
in F, due to color production may be less than

the experimental errors and thus may be lost in
the noise. We note that the Berkeley-Fermilab-
Princeton Collaboration and the European Muon

.Collaboration' have not seen the F, enhancement

of Ball ef al."* However, a word of caution is
that neither of these two more recent collabor-
ations smoothly spans the region 1 to 2 GeV? s@?
<20 GeV? for x <0.05, where we predict color
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production would most noticeably manifest itself.
Nonetheless, experimental techniques should be
further refined in order to lay to rest this contro-
versy over whether color can be seen in deep-
inelastic scattering.
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