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The production of p, p, pairs with large longitudinal momentum has been studied in vr N col-
lisions. The data confirm an earlier result that most of the pair production takes place via longitudi-
nally polarized virtual photons as xp 1. The transverse-momentum distribution of the muon
pairs shows a marked narrowing in the same limit. The distribution of valence quarks in the pion is
extracted, and indicates a nonzero probability of having a single quark carry all available longitudi-
nal momentum. These results are compared with a @CD model of pion structure which includes
the effect of higher-twist corrections.

PACS numbers: 13.85.Qk, 14.40.Aq

After the first observation of a continuum of it,
+

p,

pairs produced in pX collisions, ' the mechanism for
this process was suggested to be the annihilation of a
quark and an antiquark to a virtual photon. 2 This pos-
sibility allows one to explore the distribution of quarks
in both the beam and target particles, and hence study
the structure of any long-lived hadron. In a previous
experiment we made the first measurement of the
structure function of the pion by this technique. Sup-
porting evidence for the applicability of the quark-
antiquark annihilation model in mX collisions comes
from comparison of m+C and m C cross sections, 4 5

observation of a 1+cos 0 decay angular distribution
for the muon pairs, approximate validity of the
M3do. /dM scaling law, and A' dependence of the
cross section on the atomic number of the nuclear tar-
get. 7

In a previous experiment we found an indication
that muon pairs which carry away a large fraction of
the incident pion momentum appear to have been pro-
duced via photons with longitudinal rather than
transverse polarization. This was anticipated in a view
of the quark-antiquark annihilation in which the
quarks contributing to this kinematic region are not
free particles but are subject to bound-state ("higher-
twise") effects. However, the result was not con-
firmed in a subsequent experiment. 'o According to
the concept of asymptotic freedom, effects associated
with initial-state masses will not survive at large
center-of-mass energies. Hence any longitudinal po-
larization of the virtual photon is likely related to a
"scale-breaking" effect, as is indeed explicitly predict-

ed in Ref. 9.
To clarify these issues we have performed a new ex-

periment on the forward production of muon pairs in
mX collisions. The goal was a detailed investigation of
the kinematic region in which most of the momentum
of the pion is transformed into that of the muon pair.
To search for scale-breaking effects the experiment
was performed with 80- and 255-GeV/c beam momen-
ta, chosen to allow comparison of continuum muon-
pair production at values of the scaling variable
7 =M /s —O. l. This Letter reports first results from
the 80-GeV/c data sample only.

The apparatus is described in considerable detail
elsewhere. " The 80-GeV/c pion beam was incident
on a tungsten target which preceded a double-magnet
spectrometer. The first magnet prepared high-mass
muon pairs for efficient recognition by a hardware
trigger processor, and also absorbed secondary hadrons
in low-Z material. The main portion of the detector
was a conventional charged-particle spectrometer
based on a large-aperture dipole magnet surrounded by
multiwire proportional chambers and drift chambers.
In a run of some 7.2X10' incident pions we collected
about 4 x 107 triggers of which 4060 were reconstruct-
ed as p,

+
p, pairs with M ) 4 GcV/c .'

The acceptance of the spectrometer was broad in all
kinematic variables describing the muon pairs. How-
ever, muons of less than 10-GeV/c momentum could
not penetrate the hadron absorbcrs, and so the accep-
tance was restricted to pairs of xF) 0.15, where XF
(Feynman x) is the fraction of available longitudinal
momentum. Correspondingly, the high-mass muon
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pairs with M ) 4 GeV/c were produced only from
antiquarks with fraction x ) 0.4 of the momentum of
the pion. [These variables are related by x„=(x„
—xz)/(I —r ); x xz = r, where xz is the momentum
fraction carried by the annihilating quark in a nu-
cleon. j The resolution in the various reconstructed
parameters of the muon pairs was limited primarily by
multiple scattering in the tungsten target and the
spread in incident pion momentum. Typical values for
the rms reconstruction errors were 0.14 GeV/c2 for
mass M, 0.04 for xF, 0.03 for x, 0.04 for x~, 0.13
GeV/c for PT, and 0.06 for cosg, .

We have fitted the angular distribution of the muons
in the muon-pair rest frame with the form 1+X cos 0.
We find X = 0.64 + 0.13 for 8 measured with respect to
the r -channel axis and A. = 0.66 + 0.17 using the
Collins-Soper axis, ' integrating over all high-mass
pairs. Of greater interest is the dependence of parame-
ter X on x as shown in Fig. 1 for the t channel. At
large x the angular distribution approaches the form
sin H„which is model-independent evidence of longi-
tudinal polarization of the virtual photon, as previously
reported. 8

%e have also compared the data to the most general
form of the angular distribution for lepton-pair pro-
duction via a virtual photon':

do- 2 2

dQ
~ 1 + X cos 8 + p sin28 cos@+ t0 sin 8 cos2@.

0.8—

0-

—0 8—

0.4 0.5 0.6 0.7 0.8 0.9

FIG. 1. The parameter A. as a function of x obtained
from fits to the angular distribution of the muons in the
muon-pair rest frame, using the form d o./d coss~ l
+ ~ cos29, where 8 measures the p,

+ direction with respect
to the t-channel axis. The solid curve is based on the QCD
model of Berger and Brodsky (Ref. 9) with the value
(kr2) = 0.62 GeV'/c' deduced from the observed pion struc-
ture function.

The statistical power of the fit is limited by the size of the data sample. We find no significant departures of
parameters p and ~ from zero in any region of x, but these parameters are also consistent with the slightly
nonzero values suggested in model calculations.

Additional evidence for modifications to muon-pair production at large longitudinal momentum comes from the
transverse momentum of the pairs. To minimize the effect of reduction of transverse phase space for high longitu-
dinal momentum, we define Feynman x in the center-of-mass frame as xF = PL/PL '" where

M +M~ (M —M~)2
p max '+2, s s2

&/2

T

We take the mass of the recoiling system, M„, to be 0.94 GeV/c . Our definition of PL
'" distributes uniformly in

x„ the reduction of phase space which occurs at high PT. The results for (P„) and (PT) are displayed in Fig. 2 as
functions of xF. The value of (PT) —1.0 GeV/c at moderate xF is in good agreement with the trend of (PT) vs s
observed in other muon-pair production experiments. ' The average transverse momentum drops dramatically at
large xF, in roughly the same region that the angular distribution changes its character.

Information as to the structure of the pion, and of the target nucleons, was extracted from the observed muon-
pair cross section according to the model of quark-antiquark annihilation:

=K, X, e x x~ [q (x ) q ~ (x~ ) + q „(x„)q~ (x~ ) ].dx~ dx~ 9sr

Here q (x) is the probability of finding a quark carrying momentum fraction x of its parent hadron, '6 and K is an
overall normalization factor representing the net effect of a large class of higher-order QCD corrections. ' Our ac-
ceptance was restricted to the region x ) 0.4, where only the valence quark distributions of the pion are signifi-
cant. Taking note of 6-parity invariance, we define the structure function of the pion as

F (x ) =x u" (x ) =x d" (x ),
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where the superscript v indicates a valence quark. Then the annihilation cross section simplifies to the expression

=X,F.(x.)F„(x„),
dx~ dx~ 9sr

where we have introduced an effective structure function for the tungsten nucleus

Frv (xrv) -x~(—, [0.4u~" (x~) +0.61~ (x~) ] + 9 S~(x~)).

In F+ the distributions u~", d~", and S~ are for the
valence u quarks, the valence d quark, and the sea
quarks of the proton, respectively, and the coefficients
0.4 and 0.6 arise from the relative proton and neutron
content of tungsten nuclei.

To use the above formalism the high-mass muon-
pair events (M ) 4 GeV/c and xF ) 0.15) were
binned into cells of size 4x„=0.05 by Ax& = 0.025. A
total of 143 cells were populated, labeled by twelve
values of x from 0.4 to 1.0, and sixteen values of x~
from 0.1 to 0.5. A fit was made with the cross section
d2o-/dx dx~, taking as parameters the values of the
pion structure function I' at the centers of the twelve
x„bins and the values of the nucleon structure func-
tion Fz at the centers of the sixteen bins of x~. The
X2 value for the fit was 123 for 116 degrees of free-
dom, indicating good consistency for a factorized form
of the cross section. The residuals between the fit and
the 143 cell contents showed no excessive contribution
to the X from any region on the (x„,x~) grid. The fit
values for the pion structure function are shown as
points with error bars in Fig. 3, in arbitrary units.

We have parametrized the pion structure function as

F (x )~x [(1—x„)&+@].

This form permits a finite intercept, y, at x = 1 as
suggested in various models. ' Table I gives the
results of four fits by d a-/dx de using the above
functional form for F . In fits a —c the nucleon struc-
ture function was fixed at the values obtained in the

t

factorized fit with the cross section described above,
while in fit d, I'& was taken from previous measure-
ments of the quark distributions in the nucleon. ' The
stated errors are statistical only. The inset in Fig. 3
shows the high-x region of the pion structure func-
tion superimposed with fits a and b.

We have explored various systematic influences on
the magnitude of the intercept y. With data only for
x ) 0.4 the parameter n could not be well deter-
mined, and so in fit c it was set equal to 0.4, a value
found in a previous experiment with greater accep-
tance in the low-x region. This is seen to have little
effect on parameter y. The analysis near x„=1 is
sensitive to the value of the pion beam momentum,
which was measured by two different methods with a
consistency of 0.5 GeV/c. " If we increase the beam
momentum assumed in the analysis by this amount,
parameter y is reduced by 0.0015 for fit b and by
0.0020 for fit c. The true value of x is also affected
by the smearing of the center-of-mass energy due to
Fermi motion. As a measure of this, if we omit the
Fermi-motion correction in the acceptance calculation
the value of y is reduced by 0.0007.

The nucleon structure function that we measure is
somewhat steeper than that found in lepton-hadron
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FIG. 3. The twelve fitted values for the pion structure
function, in arbitrary units. The solid curve is the functional
fit b described in the text. The insert shows the large-x re-
gion of the pion structure function. The solid curve is again
fit b while the dashed curve is from fit a.
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TABLE I. Functional fits to the pion structure function.

X /d. o.f;

0, fixed 138/126
0.0060 + 0.0016 130/125
0.0072 + 0.0021 132/126
0.0049 + 0.0012 192/140

1.12 + 0.18
1.59 + 0.18
1.37 + 0.07
1.72 + 0.16

0.05 + 0.54
0.92 + 0.38
0.4, fixed
1.58 + 0.35

scattering experiments with nuclear targets, ' but this
has little effect on the pion structure function, as illus-
trated by comparison of fits b and d. If we use I'z tak- Fit
en from Ref. 19, the parameters P and y of the fit to
the high-x region of the pion structure function are a
altered by less than 1 standard deviation. b

We do not make a measurement of the factor E as c

this would require a large extrapolation from our data,
which lie below x = 0.4.

Our several results on forward muon-pair produc-
tion in mX collisions are consistent with the predic-
tions of the QCD model of Berger and Brodsky. 9 They suggest that for x ) 0.5,

d g
dx d cos8

cx x (1—x ) (1+cos 8) + — sin 0,4(T)
'fr m'

t

where (kT2) is the average squared intrinsic transverse
momentum of the annihilating quarks. On integration
over angles this becomes

1

2 (kT')~F (x )~x„(I—x )'+—

Our best fit for the pion structure function (fit b of
Table I) for x ) 0.4 lies closer to this prediction than
earlier work which placed greater emphasis on the
low-x region. The result 7 = 0.0060+ 0.0016 corre-
sponds to a value of the intrinsic transverse momen-
tum of (kT) =0.62+0.16 GeV /c (with (M ) =23
GeV2/c4), which agrees well with the observed dip in

(PT2) at large xF to 0.56+ 0.08 GeV2/c2. Inserting

(kT) = 0.62 GeV /c into the predicted expression for
d2o-/dx„d cos0, we calculate the parameter X as a func-
tion of x to be the solid curve in Fig. 1.

Additional tests of the QCD predictions will be pos-
sible when we have completed the analysis of the
60 000 high-mass muon pairs collected with a 255-
GeV/c pion beam. Analysis of a subsample of that
data, 2' comparable in size to that described here, lends
quantitative support to the conclusions of this Letter.
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