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Study of Quark Structure Functions
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The quark structure functions of the proton are determined through a combined analy-
sis of the reactions pN llX and eN eX. The valence-quark structure function of the
pion is also given by analyzing the xN @AX data measured by the Branson et al.

The simple picture that hadrons are made of
quarks has been shown to be very fruitful in de-
scribing both hadron and lepton interactions. The
quark structure functions were mostly obtained
by analyzing lepton-hadron inelastic reactions.
However, the procedure suffers from the fact
that the sea-quark distributions have not been
well determined, especially in the large-x re-
gion (x )0.1). They are rather small quantities
obtained by taking the difference of two structure
functions v W, and W, of neutrino and antineutrino
experiments with rather large errors. ' In addi-
tion, the quark structure functions for mesons
are difficult to obtain this way.

As the experimental measurements of dilepton
production in hadron interactions become more
refined, they provide a very useful additional
means to analyze the quark structure functions
via the Drell-Yan model. ' This method, of course,

depends upon the consistency of the two-way ap-
proach. As we shall show later, in some kine-
matic region the differential cross sections for
dilepton production in pp are sensitive to the
valence-quark distributions as in ep deep inelas-
tic scattering. Thus they provide a detailed con-
sistency check of the Drell- Yan model. On the
other hand, once the method is shown to work,
measurements of the same distributions for the
reactions rN —l lx, in similar kinematic regions,
can be used to obtain the pion valence-quark dis-
tributions. In other kinematic regions the lepton-
pair distributions are sensitive to structure func-
tions like the sea-quark distributions that are
hard to obtain in lepton reactions. Thus further
information on the structure functions can be ob-
tained this way. We report the results of such
an analysis.

The differential cross section for lepton-pair
production in the Drell- Yan model is

m'do /dmdx =-'no. '(x '+4m'/s) '-'{-'[u (x )u (x )+u (x )u (x )]

—,'[d~(,)dr(x, ) ds(x, )dr(x, )]+—,'[s (x,)s (x,)+s (x )s (x )1]

where

x, =-,'[(x,'+4m'/s)~'+x, ], x, =-,'[(xF'+4m'/s) ' x„], (2)

m is the lepton-pair mass, xF = 2p, */vs, p, * is the longitudinal momentum of the lepton pair in the c.m.
system of the particles B and T, and p, is positive along the beam direction. The superscript B (T)
stands for the beam (target) particle in the reaction. The factor of 3 right in front of the curly bracket
in Eq. (1) comes from the fact that the structure functions u, d, and s are already summed over three
colors. Moreover, the structure function vW, in ep inelastic scattering is expressed in terms of the
same distribution functions by

v W, ' (x) =&~u (x) ++d~(x) + ~ u (x) + t d~(x) +—,
' s~(x) +—,' s~(x),

where u and d contain both the valence and the
sea quarks, and we assume all quarks in the sea
to be the same, ' i.e., u~(x) = u, ~(x) +u, ~(x), d~(x)
=. d, ~(x) +d,~(x), u~(x) = d~(x) = u, ~(x) = d, ~(x) = s~(x)
=s~(x). Note that Eq. (1) is quadratic in the quy, rk
distributions, while Eq. (3) is linear; thus the
color scheme for quarks can be tested.

There a.re two kinematic regions where Eq. (1)
becomes especially simple. To be specific, we

! consider first the proton-proton or proton-nucleus
interactions. In the case of m'/s being small
relative to xz, from Eq. (2), x, =xF, x, =0, and

Eq. (1) becomes

m' do/dm dxF =fs~(x,)2v W, '~(x,), (4)

where f= 8vo. '/[9(xF'+4m'/s) ~'], and the approxi-
mation is good if x, is large enough (a0.2) so that
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FIG. 1. The "vg &" obtained using Eq. (4) with the da-
ta of Ref. 4. The data points are lowered by a factor of
8 (see text).

some of the s~(x,) contributions can be neglected.
Equation (4) can be applied to both pp and
p-[ ~(p+n)] interactions. Therefore, in this
kinematic region, the distribution in xF gives a
direct check of consistency of the Drell-Yan
model with the quark model in ep inelastic scat-
tering, Unfortunately no measurements of this
type are available for dilepton mass large enough
to fully justify the application of the Drell-Yan
model. However, we shall use the presently
available data to perform such a comparison.
The "vR',"obtained from the measurements by
Branson et al. ' of pN - A@X at E»b = 225 GeV is
presented in Fig. (1). The J/g contributions have
been subtracted using the fit given in Ref. 4. This
"vW," is compared to the vW, '~ measured in ep
inelastic scattering. ' We see that the agreement
in shape is reasonable. With use of s(x,) =0.15,
our "vS'," is about a factor of 3 too big in mag-
nitude compared to vW, '~. (Note that color sym-
metry is used here for the quarks. ) However,
we are encouraged by the fact that the xF distribu-
tions do not change very much as the mass of the
dilepton changes; therefore we hope that such
agreement in shape will hold in larger mass
regions where the model is expected to work bet-
ter. In any event, we see the importance and
relevance of the measurements of xF distributions.

Another interesting kinematic region is at xF = 0

, -Ii ..~
(i.. ' ii

|Ili

il

l

I

0.001—

I I I I I

0. 1 0.2 0.3 0.4 0.5 0.6
x

FIG. 2. The sea-quark distribution obtained using Eq.
(5) with the data of Ref. 6. The open points are from v,
v reactions. The solid curve is a fit by the sea.-quark
distribution.

0

but varying m'/s. Equation (1) simply becomes

d g P e(P +f1 ) l2
ms

dm AF g =0xF 0

~fs~(x)[vW, '~(x) + vw ~ '" ~'(x)], (5)

where x = (m~/s) ~' and the approximation is good
for large x (20.2). Given the experimentally mea-
sured vS ~, vW, "~ '") ', and the dilepton distri-
butions at xF =0, we can obtain' s~(x). Recently
very good measurements of pN - A@X at xF=0,
E&,b=400 GeV, and m„-„varying from 5 to 14
GeV/c' have been made at Fermilab. ' The sea-
quark distributions thus obtained are shown in
Fig. 2, We see that the sea-quark distribution
is rather steep, -(1-x)', in the large-x region.
The data points for the sea-quark distribution ob-
tained in v and v inelastic scattering are shown
in the same figure. They are in agreement with
the sea-quark distribution obtained from lepton
pair production data. Notice also that the mag-
nitude of the pp —~ cross section is consistent
with the quarks having three colors.

Provided with this new sea-quark distribution
and the improved vW, measurement in ep and en
inelastic scattering of Atwood, ' we have reana-
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lyzed the up- and down-valence-quark distribu-
tions for the proton. The following constraints
are used for the valence-quark distributions:
u, (x) ~ vx and d„(x) ~ vx as x -0, f'x 'u„(x) dx

=2, and j'x 'd„~(x) dx =1. The former is given
by the argument that the valence-quark distribu-
tions are controlled by secondary Regge poles as
x -0; thus they go to zero roughly like vx. The
latter two simply give the normalization that
there are two up quarks and one down quark in
the proton. These constraints play a very im-
portant role in our fit to obtain the quark distribu- .

tions in the small-x region (x &0.2), because the
division between the sea and valence quark is
rather arbitrary and the data are not very precise.
The results are'
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u, ~(x) = 2.99 Kx(1 -x)~(1+5.99x- 2.63 vx),

d ~(x) = 1.02 Kx (1-x)'(1.0+5.75x),

s~(x) =0.145(1 -x)"(1+10x).
(6)

=f '&ll' '"'"' '(x )q'(x )— (7)

Given vW, (x,), we can learn about q'(x, ). It is
given in Fig. 3 using the measurements (Ref. 4)
of v'N- ppX at E„b——225 GeV with J/g subtracted.
Here again the q, ' obtained has too high a nor-

We consider these to be first-order estimates of
the quark distributions. There can be scaling-
violation effects, e.g. , the effects from asymp-
totically free gauge theory. The large scaling
violation observed in pp —pX measured at Fermi-
lab' can also be attributed to the production of
new quark states' like charm. All these effects
contribute mostly to the region of x &0.2. While
these effects will not change very much of our
analysis of the data given by Ref. 6, it is very
important to compare the structure functions for
x &0.2 from both the ep -eX and pp -flX experi-
ments when they are available.

Since our results on the proton structure func-
tions obtained in pN - A@X are in reasonable
agreement in shape with those obtained in elV -ex,
we now apply a similar method to &N -llew to ob-
tain an estimate for the pion structure functions.

Using Eq. (1) and assuming the valence-quark
and valence-antiquark distributions in the pion
being given by the same function q'(x, ), and ig-
noring some of the sea-quark contributions ap-
propriate in the kinematic region of m'/s «x F,

xi ~x F and x2 0, we obtain

d~(7I + m' )/2, (p+gg ) i'2
m3

dm dxF
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FIG. B. The valence-quark distribution of the pion ob-
tained using Eq. (7) with the data of Ref. 4. The data
points are lowered by a factor of 8.5 (see text).

malization (about a factor of 3 in the case of
quarks having three colors, the same as in the
case of "vW, "); however, we think that the x
variation can well reflect that of the & structure
function because the x variation does not depend
strongly upon the dilepton mass. Of course, this
should be tested in the future. We have also
analyzed the data on m+N - AX at 150 GeV/c. '0

The x dependence obtained is consistent with that
at 225 GeV. We determine the normalization of
q„'(x) by requiring that q„'(x) ~ Vx as x —0 and
that f'x 'q, (x)dx=1. We obtain

q„'(x) = 0.54 vx (1-x)'"(1+7.9x), (6)

which is plotted in Fig. 3 compared to the data
points with the magnitude adjusted. The pion
valence-quark distribution is substantially flatter"
than that of the proton as given in Eq. (6).

The pion sea-quark distribution s "(x) can also
in principle be determined by making use of data
on r'R scattering. However, because subtrac-
tions between data points are involved, we are
unable to obtain a meaningful s'(x) with the ac-
curacy of the present data.

Summarizing, we have shown that "vS"," com-
puted using the Drell-Yan model from the longi-
tudinal-momentum distributions of the continuum
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dilepton production in pN interactions at E»q
= 225 GeV4 is in reasonable agreement in shape
with vR', '~. The origin of the factor-of-3 discrep-
ancy between theory and the data of Ref. 4 can be
due to at least one of the three reasons: (1) low-
mass effect, (2) failure of color symmetry, (3)
systematic error in the data. We are not too con-
cerned with possibility (1), because, as stated
above, the x distribution does not change too
much as the dilepton mass changes; with possibil-
ities (2) and (3) only time can tell. Using the
mass distribution of dilepton production in pIV

interactions at E&,&= 400 GeV, ' we have deter-
mined the sea-quark distribution for x ~ 0.2; it
behaves like (1-x)' for large x. The valence-
quark distributions of the pion are also obtained
from the longitudinal-momentum distributions of
the dileptons produced in n'N reactions at Ei,q

= 225 GeV. 4 They are substantially flatter than
those for the proton.

Such studies ought to be further carried out as
more dilepton production data, at various ener-
gies and especially at high dilepton masses, be-
come available in the future, It is foreseeable
that the sea-quark distribution of the pion and
the strange-quark distribution of the kaon can be
determined this way.
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