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We present new measurements of no production at high transverse momenta (pr) for n and p
interactions on Be and Cu targets at 500 GeVlc. The observed dependence of the yields as a function

of pr and rapidity (y) is compared with expectations from leading-log QCD over a kinematic range in

which the inclusive cross sections fall by more than 4 order of magnitude.

PACS number(s): 13.85.Ni, 12.38.Qk, 25.40.Ve, 25.80.Ls

The measurement of inclusive single-particle produc-
tion at high transverse momenta in hadron-induced
collisions can be viewed as a high-energy analogue of the
Rutherford scattering experiment. Within the framework
of quantum chromodynamics (QCD), high-pT processes
are understood to proceed through the pointlike scattering
of quarks and gluons, which subsequently fragment into
jets of hadrons. Although the presence of hadronization
complicates the detailed analysis, the study of secondary

particle production at high transverse momenta has
nevertheless proved to be a most valuable probe of
hadronic matter at the constituent level [1].

In this paper, we present new measurements of x pro-
duction for tr and p interactions on Be and Cu targets at
500 GeV/c, and compare these results to leading-log
(LL) QCD calculations. The data were collected using
the E706 spectrometer at Fermilab, which features a 3-m
diam electromagnetic liquid-argon calorimeter (EM-
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LAC) with r-p readout, plus a sophisticated charged-
particle tracking system employing silicon microstrip
detectors in the vertex region and multiwire proportional
chambers for tracking downstream of the analysis magnet
[2l. We report here results obtained from an analysis of
-0.5 pb ' of x Be and -0.8 pb ' of pBe data ac-
quired during the 1987-1988 Fermilab fixed-target run.
The average beam momentum was 500 GeV/c, with an
uncertainty of ~ 2%; the momentum band was + 4%.

Figure 1(a) displays the reconstructed mass spectrum
of photon pairs having p7 ~ 3.5 GeV/c and lyl ~0.7.
The standard deviations of the x and tl mass peaks are
8 and 24 MeV/c, respectively, in agreement with ex-
pectations from our Monte Carlo simulation. Figure 1(b)
depicts the energy asymmetry distribution (defined as
lE„~ E„2l/l—E„,+E„2j)for yy pairs falling within the x

mass region (defined as 110-160 MeV/c ). The data in

Fig. 1(b) have been corrected for the background under
the x peak by subtracting the corresponding energy
asymmetry distributions for mass pairs falling into either
of two sideband regions: 75-100 MeV/c and 170-195
MeV/c . Also shown in Fig. 1(b) is a Monte Carlo
simulation, which agrees very well with the subtraction-
corrected data. The shaded histogram in Fig. 1(a) is the
mass spectrum of photon pairs with an energy asymmetry
less than 0.75; this restriction is employed to select an

especially clean sample of events for studying inclusive xo

production.
A major consideration in an experiment of this type is

the need to establish accurately an absolute energy scale.
We established our energy scale using those events in

which one or more photons converted into e+e pairs in

material downstream of the primary interaction, but
upstream of the analysis magnet. Such conversion elec-
trons are characterized by an oppositely charged pair of
tracks with a zero opening angle, and can be readily
identified. The momenta and energies of the constituents
of such e+e pairs can be measured independently using
the charged-particle tracking system and the EMLAC,
respectively, and used to study systematic effects. The
tracking system was calibrated using charged two-body
decays of Ks and J/ltr mesons. The electron energies
measured in the EMLAC were first corrected for energy
loss due to showering in the cryostat walls and in other
known material in front of the EMLAC. They were then
corrected empirically to match the corresponding
momentum measurements to account for other eA'ects

(such as possible argon leakage into low-density excluder
material located within the cryostat upstream of the active
region of the EMLAC). Subsequently, Monte Carlo
showers were used to convert our empirical electron
correction to one that was applicable to photons.

Figure 2 displays the fitted mean values of ye+e mass
combinations in the m region as a function of photon

energy, using electron momenta measured in the
charged-particle tracking system and photon energies
measured in the EMLAC (after applying the afore-
mentioned corrections). Because ye+e events are in

general characterized by single isolated photon showers in

the EM LAC, there is no need in such events to
disentangle overlapping showers. The absence of residual
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FIG. l. (a) The inclusive two-photon mass distribution for
500 GeV/c positive and negative data combined for pP~ 3.5
GeV/c and ly""l ~ 0.7. The shaded histogram displays the mass
of photon pairs with energy asymmetries ~0.75. (b) The
background-subtracted energy asymmetry distribution for
photon pairs having an invariant mass between 110 and 160
MeV/c . The histogram represents a Monte Carlo simulation of
this distribution.
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FIG. 2. The variation with photon energy (as measured in the
EMLAC) of fitted means of ye+e mass combinations in the
x region.
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pT
(GeV/c)

3.5-3.75
3.75-4.0
4.0-4.25
4.25-4.5
4.5-4.75
4.75-5.0
5.0-5.5
5.5-6.0
6.0-7.0
7.0-8.0
8.0-10.0

z +Be x +X
(pb/Ge V 2)

18400 ~ 400+ 2200
8900 ~ 200 ~ 1000
4370~ 110~500
2330 ~ 70 ~ 270
1080~ 40+' 130
665+' 28 ~ 76
284 +'12 +'33

86.6+' 6. 1 + 9.9
1 3.0 ~ 1.6 +' 1.5
1.8 ~ 0.6 + 0.2

0.20+ 0.14+' 0.02

p+Be x +X
(pb/Ge V 2)

3540 ~ 90+ 420
1890+60+ 220
920+'30~ 110
437+ 19~ 50
195+' 8 ~ 22
50~4~6

8.8 +' l. l +' 1.0
0.35+ 0.18 ~ 0.04
0.11+0.08+'0.01

TABLE I. Invariant cross sections per nucleon for inclusive
xo production in z Be and pBe collisions at 500 GeV/c,
averaged over IyI ~0.7 and the indicated pr bands. (The pBe
data were acquired using a higher pr-trigger threshold. ) The
first uncertainty is statistical, the second systematic; there are
also independent systematic uncertainties of + 0.9% in the
absolute pT scale, and ~2% in the mean value of the incident
momentum.

energy dependence in Fig. 2 provides confirmation that we
have correctly established the energy scale of the
EM LAC. Using the energy scale determined from
ye+e events, we obtain x and g peaks in their yy decay
modes, and an ro peak in its x y decay mode, within 1% of
the accepted mass values. We estimate that the un-

certainty in our corrected energy scale is + 0.9%.
Table I presents the invariant cross sections per nucleon

for inclusive x production in x Be and pBe collisions at
500 GeV/c. The data are for IyI ~0.7, and have been
corrected for acceptance (including reconstruction losses)
and trigger effects, and for background via sideband
subtraction. The dominant contribution to the systematic
errors presented in Table I is the uncertainty in the
absolute normalization (+'10%). Other effects (such as
uncertainties in the trigger corrections, in the procedures
used to linearize the energy scale, and in correcting for
reconstruction losses) are typically 2-3% each. The
results in Table I are in general agreement with trends
displayed by earlier experiments, which in the case of
n -induced collisions [3] are all at lower energy, whereas
for p-induced collisions [4] the energy of this experiment
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FIG. 3. Comparison with LL QCD (Owens, Refs. [6,7B of the inclusive cross sections per nucleon versus pr for x production at
500 GeV/c for the indicated rapidity intervals: (a) for rr Be collisions and (b) for pBe collisions. The error bars represent only statist-
ical uncertainties.
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falls between those of previous fixed-target and CERN
ISR experiments. We have also measured the inclusive
production of x 's from Cu. When the Cu and Be cross
sections are parametrized in the form A', the best-fit
value for a is 1.07+0.02, in both x - and p-induced
collisions. This result is similar to previous observations
at high pT [5].

Figures 3(a) and 3(b) display our results for three
rapidity intervals. Shown for comparison purposes are the
results of LL QCD calculations by Owens [6] for two
representative values of the scale parameter Q (pT and
pT/4), using his parton fragmentation functions, and a
recently extracted set of nucleon structure functions [7]
that update the earlier Duke-Owens parametrizations [8].
Comparison of the measured data and the QCD pre-
dictions reveals approximate agreement over a pT range in

which the inclusive cross sections decrease by more than 4
orders of magnitude, although the data fall more rapidly
with pT than predicted by the QCD calculations. (Other

LL QCD formulations exhibit similar behavior [9].)
When the discrepancies between the measured cross sec-
tions and the LL QCD predictions are parametrized as in-
trinsic transverse-momentum (kT) smearing, we require
an effective (kT) of approximately 1.25 GeV/c (and

Q -pT/2); this is consistent with what is expected from
extrapolation of lower-energy results on Drell- Yan and di-
photon production to our energy [10].
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