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with other measurements. They are in good
agreement and scaling is reasonably well satis-
fied.

The annihilation model also predicts scaling
in the ratio of the 7*- to 7™ -induced u-pair pro-
duction cross sections. The data are shown in
Fig. 2(b). The ratio is consistent with being a
function of M?/s only.

In conclusion, we have performed a number of
new tests of the Drell-Yan annihilation mecha-
nism. The observed spin alignment of the u pair
and the strong dependence of the cross section on
beam-particle species are in striking agreement
with the hypothesis that the production proceeds
through an electromagnetic quark-antiquark anni-
hilation.
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Data on muon-pair production by pions are used to determine the momentum distribu-
tion for valence quarks in the pion. The shape of a nucleon structure function is also ob-
tained and is compared with a calculation based on existing data.

In the two preceding Letters,! we have present-
ed features of high-mass muon-pair production
and compared the data with predictions from a
quark-antiquark annihilation model. In this Let-
ter, the data are used within the framework of
the model to obtain the momentum spectrum of
valence quarks in the charged pion.

© 1979 The American Physical Society

The general form of the Drell-Yan cross sec-
tion? in terms of the quark distribution functions
is given in Ref. 1. There are a number of sim-
plifications in its application to this experiment.
For a pion it follows from charge conjugation and
isospin invariance that the quark distribution
function is the same for both valence quarks. Fur-
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ther, if the kinematic region is restricted to M
>4 GeV/c? (x,>0.25), the contribution of sea
quarks in the pion is expected to be negligible.?
Then for pion-nucleon collisions the sum over
quark flavors reduces to two terms correspond-
ing to the two valence quarks in the pion. The
Drell-Yan cross section for 7”N interactions and
colored quarks becomes

d’0c ___ 8ma?® ()
dMdxy OM3(x,+x,) "5 1
X[%xzuN(x2)+%xzaN(x2)] (1)
or
2 4 2
Mt L0 ATES fr i), @)
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where f"(x,)=x4"(x,) and g% (x,) = g (x,) + Fx*
xd¥(x,).

Since M?/s =xx,, the cross section as a func-
tion of x, and x, is predicted to factor into a func-
tion of x, times a function of x,. Equation (2) is
used to test the factorization hypothesis and to
deduce the functions f"(x,) and g¥(x,). To use
Eq. (2), data with 4 <M <8.75 GeV/c? and xy
>—0.05 are binned in a rectangular grid of x,
and x,. Higher-mass pairs are excluded to avoid
possible contributions from unresolved resonanc-
es (T,T’). Figure 1 shows the distribution of
events in the x,-x, plane. The range of x, (0.25
<x,<1.0) is divided into fourteen bins and the
range of x, (0.05<x,<0.28) divided into nine bins.
The 85 populated bins are fitted with the form of
Eq. (2), yielding fourteen values of f"(x,) and
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FIG. 1. Distribution of events in the x;-x, plane.
Lines of constant xp (xp=x;—x,) and M (x;x,=M?/s) are
also shown.
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nine values of g"(x,). We find a x? of 65 for 61
degrees of freedom indicating good agreement
with the factorization hypothesis.

Only the normalization of the product f"(x,)
xg¥(x,) is measured in this type of experiment.
Additional information is required to fix the nor-
malization of the pion structure function. The
target-nucleon function g"(x,), cannot be normal-
ized directly to data from deep-inelastic lepton-
scattering experiments because such experiments
measure a different linear combination of quark
distribution functions. Several authors* have ex-
tracted the individual nucleon quark distribution
functions using fits to deep-inelastic lepton-scat-
tering data with the ¢® dependence expected from
quantum chromodynamics. In addition, a nucleon
sea-quark distribution has been determined by
Kaplan et al.> Over the interval 0.05<x,<0.28,
we normalize g¥(x,) to gxu”(x)+ x3%(x), where
the u—valence-quark distribution is taken from
Buras and Gaemers* with ¢°>=—m?2, and the u and
d sea-quark distributions are taken from Ref. 5.
In Fig. 2, the normalized nucleon structure func-
tion is shown together with the expected form.
The agreement in shape is excellent.® For com-
parison, Fig. 2 also shows the expected function
if both valence- and sea-quark distributions are
taken from Ref. 4. If these curves were used to
normalize g" (x,) the normalization would be 20%
smaller. A comparison of the resulting data
points with these shapes would have a x? confi-
dence level of 6%.
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FIG. 2. The nucleon structure function g" (x,) =§xz
X (x,) +%x2d ¥(x,) averaged over protons and neutrons
in the C, Cu, and W targets. Curve A is used to nor-
malize the data points and is described in the text.
Curve B is from Buras and Gaemers, Ref. 4. Curve C
is from Fox, Ref. 4.
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TABLE II. Nucleon—structure-function fits: x? per

= T T T T I T T T T -
E E degree of freedom (x2/DF) for fit to normalization
- s — curve of Fig. 2.
- —+—H\*\'\ -
/ ¢\¢\¢\¢\ | \'/DF
o' E *\ - 4.0<M<8.75, all p 5.1/8
, E 3 4.0<M<86.0, allp , 6.6/8
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FIG. 3. The pion structure function f "(x,) =x,@" (x,).

The pion structure function is shown in Fig. 3.
It has been fitted with the forms” x %" (x,) = ax,"?
X (1=-x,)® and x"(x,) =a(l -x,)’. The parameters
for these and other fits discussed below are sum-
marized in Tables I and II. Theoretical predic-
tions for the exponent b are in the range 0-2.0.°
It should be noted that the errors shown in Figs.
2, 3, and Tables I and II reflect only statistical
uncertainties. An overall normalization uncer-
tainty of 20% should also be applied to allow for
A -dependence uncertainties and other systematic
effects.

Using the values for a and b from fit 1 in Table
I, we obtain, including normalization uncertain-
ties,

[0xa™ (x)dx =0.14+0.03,

«25
1.0 g~
J @™ (x)dx =0.31£ 0.07.

If the fit is used to extrapolate these results to
x,=0, the integrals are 0.20+0.05 and 1.11+0.27,
respectively, for 0<x,<1.0. The first integral
represents the fraction of the pion momentum
carried by the # valence quark in the pion. Since
both pion valence quarks have the same distribu-

tion function, the first integral indicates that
about 40% of the pion momentum is carried by
valence quarks.

The second integral provides a sum-rule check
and a test of the color hypothesis. This integral
over O<x, <1 is expected to be 1 since a 7~ con-
tains one # valence quark. If quarks were color-
less it would be 3 since #(x) was obtained through
the use of Eq. (1). The value obtained is consis-
tent with 1, but is sensitive to the unobserved
low-x behavior of #™ (x).

As a consistency check, the pion and the nucle-
on structure functions obtained above can be used
to calculate the p-pair cross section as a function
of mass and x; using Eq. (2). Figure 4 shows the
results of such a calculation compared to the da-
ta. The curves, calculated from the structure
functions of Figs. 2 and 3, are in good agreement
with the data. The inset to Fig. 4(a) shows the
structure function applied to the whole mass
range M <9 GeV/c?. It falls below the data by a
factor of 2 at 2 GeV/c? and a factor of 15 at 0.6
GeV/c2.

We have investigated the sensitivity of our re-
sults to transverse-momentum and mass depen-
dence by performing the structure function fit in
different kinematic regions. The results are sum-
marized in Table I. The variation of the pion
structure function is described by the parameters
from the fit to the form ax,?(1 -x,)®. To gauge

TABLE I. Pion—structure-function fits.

Fit a b
4.0<M<8.75, allpp avx (1 —x,)° 0.90+0.06 1.27+0.06
4.0<M<6.0, all p , aVx, (1= x,)? 0.93£0.07 1.30£0.07
5.0< M<8.75, allp avx,(1—x,)? 0.81+0.10 1.23%0,11
4.0<M<8.75, p < 1.0 avx,(1—x,)° 1.17+0.08
4.0<M<8.75, p > 1.0 avx (1 -x,)? 1.21%0.09
4,0<M<8.75, allp, a(l—x,)° 0.52+0.03 1.01%0.05

953



VOLUME 42, NUMBER 15

PHYSICAL REVIEW LETTERS

9 ApRIL 1979

T T T T T

—~ (a)
B I0TE e _
< E 3
> — 3
S 3
N - _
£ L o2 i
51020 -
A g 3
P 3
= tlo" ++ + + Q\:
= - i
% 103 L0 R
° E 10 3
C T -

3 7 8 9

My (Gev/c?)
T PN
|O'| . <M.“'/-‘<4'5
Wt )

x 107

10-2 45<Mp, <55
£ |O.3 X |0'2 A
w . 55<My,<65
3 4 5 T e, \
10 . A
o x 10 65<M,, <875 !
-5 _L———‘
107 E% ¢ + ¢ “\’\. E|
10® .
I N N I S T S |
0.0 05 1.0

XF

FIG. 4. Data from Ref. 1 are compared with expecta-
tions based on the structure functions determined from
these same data (solid line). (a) Mass spectrum do/dM
vs M. The inset shows the extrapolation of the struc-
ture function to lower-energy measurements (Ref. 1 of
Ref. 1), with the additional constraint that x¢ > 0.1.

(b) Feynman-x distribution do/dxp vs xg.

the sensitivity of the nucleon function to mass
and p, effects, we give the x® for the fit of the
nucleon structure function to the calculated func-
tion shown in Fig. 2 (see Table II).

In mass, the intervals 4.0 <M <6.0 GeV/c? and
5.0<M <8.75 GeV/c® were used. The mean mass
in the lower interval is 4.7 GeV/c? while that in
the upper interval is 6.0 GeV/c®. No significant
variation in either the pion or nucleon structure
function was observed with mass. The fit was
performed in two p, regions: pr<1.0 and p,> 1.0
GeV/c. The pion function is the same in both cas-
es, within statistics. The nucleon function is
slightly flatter in the higher-p, region.

The effect of Fermi motion has been investigat-
ed with a Monte Carlo calculation.® It changes
the power of the pion function by 0.02 and has a
negligible effect on its normalization. It should
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be noted that the structure-function results de-
pend on the applicability of Eq. (2), and as noted
in the preceding Letter,' existing data are not in
good agreement with the scaling prediction of the
model.

In conclusion, we have used data on the pion
production of u pairs and the colored quark-anti-
quark annihilation model to determine the pion
quark distribution function for the region x >0.25.
The shape of the nucleon structure function ob-
tained is in good agreement with expectations. To
10% accuracy the pion quark distribution function
shows no evidence for dependence on mass or pr
in the kinematic range of this experiment. The
fraction of the pion momentum carried by its two
valence quarks is comparable to the fraction of
nucleon momentum carried by three valence
quarks.
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