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We present measurements of the production of high transverse momentump0 and h mesons inpp and
pBe interactions at 530 and 800 GeV/c. The data span the kinematic ranges: 1,pT ,10 GeV/c in transverse
momentum and 1.5 units in rapidity. The inclusivep0 cross sections are compared with next-to-leading order
QCD calculations and to expectations based on a phenomenological parton-kT model.
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I. INTRODUCTION

The study of inclusive single-hadron production at lar
transverse momentum (pT) has been a useful probe in th
development of perturbative quantum chromodynam
~PQCD! @1,2#. Early in the evolution of the parton model,
departure from an exponential dependence of particle
duction at lowerpT was interpreted in terms of the onset
interactions between pointlike constituents~partons! con-
tained in hadrons. Perturbative methods have been applie
QCD at largepT to provide quantitative comparisons wit
data. Such comparisons yield information on the validity
the PQCD description, and on parton distribution functio
of hadrons and fragmentation functions of partons.

This paper reports high-precision measurements of
production of p0 and h mesons with largepT . The
p0 production cross sections are compared with next
leading order~NLO! PQCD calculations@3#. As illustrated in
a previous publication@4#, our data, for both inclusive
p0 and direct-photon production, are not described satis
torily by the available NLO PQCD calculations, using sta
dard choices of parameters. Similar discrepancies have
observed@5,6# between conventional PQCD calculations a
other measurements ofp0 and direct-photon cross section
at largepT ~see also@7–9#!. The origin of these discrepan
cies can be attributed to effects of initial-state soft-gluon
diation. Such radiation generates transverse componen
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initial-state parton momenta, referred to below askT @10#.
Evidence of significantkT in various processes, and a ph
nomenological model for incorporating its effect on hig
pT cross sections, have been discussed extensively in
@5#; recent studies of photoproduction of direct photons
HERA may provide additional insights@11–15#. The inad-
equacy of NLO PQCD in describingkT-sensitive distribu-
tions has been discussed in Ref.@16#. In this paper, we fol-
low the phenomenological prescription of Ref.@5# in
comparing calculations with ourp0 data. We also presen
cross sections forh meson production at large-pT . As might
have been expected from previous measurements~see, e.g.,
@17#!, h relative top0 production shows little dependenc
on pT or on center of mass rapidity (ycm).

II. THE EXPERIMENTAL SETUP

The E706 experiment at Fermilab was designed to m
sure direct-photon production at high-pT , and to investigate
the structure of events containing direct photons. The d
collection phase of the experiment spanned three fixed-ta
running periods, and included a relatively low statistics co
missioning run in 1987-88@17–20#, and primary data runs in
1990 and 1991-92. The results presented here are from
recorded during the 1991-92 run. The E706 apparatus, o
ated in tandem with the E672 muon spectrometer, constitu
the ‘‘Meson West Spectrometer,’’ displayed schematically
Fig. 1. The experiment used a right-handed Cartesian c
dinate system, with theZ-axis pointed in the nominal beam
direction, and theY-axis pointed upward. The principal ele
ments of the Meson West Spectrometer are discussed be
©2003 The American Physical Society01-1
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FIG. 1. Plan view of the Fermilab Meson West spectrometer, as configured for the 1991-92 fixed target run.
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A. Beamline and target

The Meson West beamline was capable of transpor
either 800 GeV/c primary protons from the Fermilab Teva
tron or secondary beams of either polarity. We report here
results from studies using 800 GeV/c primary protons and a
530 GeV/c positive secondary beam. The beamline was
strumented with a differential Cherenkov counter@21,22# to
identify incident pions, kaons, and protons in second
beams. This helium-filled counter was 43.4 m long and w
located'100 m upstream of the experiment’s target. T
proton fraction at 530 GeV/c was determined via the Che
enkov counter to be 97%@21#.

A 4.7 m long stack of steel surrounding the beam p
was placed between the last beamline magnet and the t
box ~see Fig. 1! to absorb hadrons. A water tank was plac
at the downstream end of this hadron shield to absorb l
energy neutrons. During the 1991-92 run, two walls of sc
tillation counters were located both upstream and dow
stream of the hadron shield, which were used to iden
penetrating muons.

The target region during the 1991-92 run consisted of t
0.8 mm thick copper disks of 2.5 cm diameter, located i
mediately upstream of a liquid hydrogen target, followed
a 2.54 cm long beryllium cylinder, 2.54 cm in diameter. T
hydrogen target consisted of a 15 cm long mylar flask, s
ported in an evacuated volume, with beryllium windows
each end~2.5 mm thickness upstream and 2.8 mm thickn
downstream! @23#.

B. Charged-particle tracking

The spectrometer employed a charged-particle track
system consisting of silicon strip detectors~SSDs! @24#, a
dipole analysis magnet, proportional wire chambers~PWCs!,
and straw-tube drift chambers~STDCs! @25#. The SSD sys-
tem consisted of 16 planes of silicon wafers, arranged
eight modules. Each module contained two SSD plan
providing information along the horizontal~X! and vertical
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~Y! directions. Six 333 cm2 SSD planes were located up
stream of the target and used to reconstruct beam tracks.
hybrid 535 cm2 SSD planes were located'2 cm down-
stream of the Be target@26#. These planes had 25mm pitch
strips in the central 1 cm, and 50mm pitch strips beyond.
They were followed by eight 535 cm2 SSD planes of
50 mm pitch. The SSDs were instrumented to cover a so
angle of6125 mr. Figure 2 displays the reconstructed v
tex position as a function ofZ for a representative sample o
1991-92 data, showing clear separation of the different ta
elements.

The analysis dipole magnet imparted a transverse mom
tum impulse of'450 MeV/c in the horizontal plane to sin
gly charged particles. Downstream track segments were m
sured by means of four stations of four views~XYUV! @27# of
2.54 mm pitch PWCs and two stations of eight (4X4Y) lay-
ers of STDCs with tube diameters 1.03 cm for the upstre
station, and 1.59 cm for the downstream station. The ST
stations were installed prior to the 1990 fixed-target run, a
improved the angular resolution of the downstream track
system~to '0.06 mrad) to make it comparable to that of th
upstream system.

C. Calorimetry

The central element of the E706 apparatus was a fin
segmented liquid argon electromagnetic calorime
~EMLAC! used to detect and measure electromagnetic sh
ers @28,29#. The EMLAC had cylindrical geometry, with an
inner radius of 20 cm and an outer radius of 160 cm. It w
divided into four mechanically independent quadrants, wh
were further subdivided electronically to create octants. T
calorimeter had 33 longitudinal cells read out in two se
tions: an 11 cell front section, comprising'8.5 radiation
lengths, and a 22 cell back section, comprising'18 radia-
tion lengths. This front/back split was used for measuring
direction of incidence of showering particles, for discrim
nating between electromagnetic and hadronic showers,
1-2
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FIG. 2. Distribution of the reconstructed vertex position~along the beam axis! for the combined 530 and 800 GeV/c data. The clearly
resolved individual target elements are, from the left: two copper foils, the liquid hydrogen target~a mylar flask enclosed between two th
Be windows!, followed by the main beryllium target. The two silicon strip detectors~SSDs! immediately upstream and four downstream
the target can also be easily distinguished.
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for resolving closely separated electromagnetic showers.
longitudinal cells consisted of 2 mm thick lead cathodes~the
first cathode was constructed of aluminum!, double-sided
copper-clad G-10 radial~R! anode boards, followed by 2 mm
thick lead cathodes and double-sided copper-clad G-10
muthal (F) anode boards. There were 2.5 mm argon g
between each of these layers in a cell. The physical layou
illustrated in Fig. 3.

The copper-cladding on the anode boards was cut to f
strips. Signals from corresponding strips from allR ~or F)
anode boards in the front~or back! section were jumpered
together. The copper-cladding on the radial anode boards
cut into concentric strips centered on the nominal beam a

Slotted Spring
plate

Capacitor Bank

Front G-10 plate

Support Ring

Vertical Tapered
Plate Sections

R-Board

Lead Plate

Spacers

-Boardφ

3 
m

FIG. 3. The physical layout of the electromagnetic liquid arg
calorimeter~EMLAC!.
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The width of the strips on the firstR board was 5.5 mm. The
width of the R strips on the followingR boards increased
slightly so that the radial geometry was projective relative
the target, which was located 9 m upstream of the EMLA
The azimuthal readout was subdivided at a radius of 40
into inner and outer segments, with each innerF strip sub-
tending an azimuthal angle ofp/192 radians, and outerF
strips coveringp/384 radians. Subdivision of the azimuth
strips in the outer portion of the detector improved both
position and energy resolution for showers reconstructed
this region. It also reducedR–F correlation ambiguities
from multiple showers in the same octant of the calorime

Data acquisition and trigger-signal processing for the E
LAC was based upon the FNAL RABBIT system@30#. The
zero suppression features of this system were used ex
sively during the experiment’s 1987-88 commissioning r
to achieve tolerable deadtimes. However, zero suppres
limited our ability to quantify the effects of out-of-time
photon-induced showers and the tails of hadron-indu
showers, thereby compromising efforts to characterize
detailed response of the detector. Consequently, FASTB
modules@the ICBM ~Intelligent Control and Buffering Mod-
ule! and the Wolf interface@31,32## were developed by E706
to replace the original, CDF-designed, MX readout contr
lers. These FASTBUS modules enabled us to read in
channels and therefore eliminate zero suppression during
experiment’s two primary data runs.

The apparatus also included two other calorimeters
hadronic calorimeter~HALAC ! located downstream of the
EMLAC in the same cryostat, and a steel and scintilla
calorimeter~FCAL!, positioned further downstream, to in
crease coverage in the very forward region. The HALAC h
53 longitudinal cells read out in 2 sections: a 14 cell fro
section, comprising'2 interaction lengths, and a 39 ce
back section, comprising'6 interaction lengths. Each ce
1-3
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consisted of read-out planes separated by 3 mm argon
and a 2.5 cm thick steel plate.

The FCAL acceptance covered the beam hole region
the EMLAC. It was split into three longitudinally simila
sections. Each section was composed of alternating laye
1.9 cm thick steel absorber plates and 4.8 mm thick acr
scintillator sheets. The distance between steel plates wa
mm. The downstream module contained 32 steel abso
plates and 33 scintillator sheets; the other two modules w
comprised of 28 steel absorber plates and 29 scintilla
sheets. Together, the three modules constituted'10.5 inter-
action lengths of material.

D. Muon identification

The E672 muon spectrometer, consisting of a toroi
magnet, shielding, scintillators, and proportional wire cha
bers, was deployed immediately downstream of the FC
The combined Meson West Spectrometer was triggered
high-mass muon pairs in order to investigate the hadrop
duction of J/c, c(2s), xc , and B mesons@33–36#. E706
and E672 collected data simultaneously and shared trig
logic, the data acquisition system, and event reconstruc
programs. Data collected with the dimuon trigger were a
used for several technical studies, for example, theJ/c
→m1m2 signal was used to calibrate the momentum sc
of the tracking system.

E. Triggering

The E706 trigger selected interactions yielding high tra
verse momentum showers in the EMLAC@37#. The selection
process involved four stages: beam and interaction de
tions, pretrigger requirements, and the final trigger requ
ments. Beam particles were detected using a hodoscope
sisting of three planes~arranged inX, Y and U views! of
scintillator, located'2 m upstream of the target region
Each plane contained 12 scintillator strips. The widths of
strips transverse to the beam direction varied from 1 mm
the central region to 5 mm along the edges. The edge
individual strips in each plane were overlapped to avoid g
in acceptance. ABEAM signal was generated by a coinc
dence of signals from counters in at least two of the th
hodoscope planes. TheBEAM1 signal required that less tha
two hodoscope planes detected two or more isolated clus
of hits in coincidence withBEAM. This BEAM1 requirement
rejected events with multiple beam particles incident up
the target. A plane of four scintillation counters, referred
as beam hole counters, arranged to produce a 0.95 cm d
eter central hole was located downstream of the beam h
scope and used to reject interactions initiated by particle
the beam halo.

Two pairs of scintillation counters were mounted on t
dipole analysis magnet, one pair upstream and the o
downstream of the magnet. Each pair had a central hole
allowed noninteracting beam particles to pass through un
tected. AnINTERACTION was defined as a coincidence b
tween signals from at least two of these four interact
counters. A filter was used to reject interactions that occur
within 60 ns of one other to minimize potential confusion
05200
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the EMLAC due to out-of-time interactions.
For those interactions that satisfied both theBEAM1 and

INTERACTION definitions, thepT deposited in various re
gions of the EMLAC was evaluated by weighting the ener
signals from the fast outputs of the EMLACR-channel am-
plifiers by 'sinui , whereu i is the polar angle that thei th
strip subtends relative to the nominal beam axis. ThePRE-

TRIGGER HI requirement was satisfied when thepT detected
either in the inner 128R channels or the outerR channels of
any octant was greater than the threshold value
'2 GeV/c. A pretrigger signal was issued only if the signa
from a given octant satisfied the pretrigger requirement, th
was no evidence in that octant of substantial noise or sign
cant pT attributable to an earlier interaction, and there w
no incident beam halo muon detected by the walls of scin
lation counters surrounding the hadron shield upstream
the spectrometer. The pretrigger signal latched data from
various subsystems until a final trigger decision was mad

Localized trigger groups were formed for each octant
clustering theR channels into 32 groups of 8 channels. Ea
of the adjacent pairs of 8 channel groups~groups 1 and 2, 2
and 3, . . . ,31 and 32! formed aLOCAL group of 16 strips. If
the pT detected in any of these groups of 16 was abov
specified high~or low! threshold, then aLOCAL HI ~or LOCAL

LO! signal was generated for that octant. TheSINGLE LOCAL

HI ~SINGLE LOCAL LO! trigger required aLOCAL HI ~LOCAL

LO! signal from an octant that also satisfied thePRETRIGGER

HI. The LOCAL HI ~LOCAL LO! threshold was'3.5 GeV/c
('2 GeV/c). The SINGLE LOCAL LO trigger was prescaled
by a factor of'200.

In addition to these high-pT triggers, prescaled samples o
low-bias BEAM, INTERACTION, and pretrigger events wer
also recorded. The prescale factors for these triggers w
typically set at 156, 155, and 153, respectively. These low
bias triggers constituted'10% of the events recorded.

III. p0 AND h ANALYSIS

The data sample used in this analysis corresponds to
integrated luminosity of 6.8~1.1! events/pb for 530 GeV/c
pBe (pp) interactions, and 6.5 ~1.1! events/pb at
800 GeV/c. The following sections describe the analys
procedures and methods used to correct the data for lo
resulting from inefficiencies and selection biases.

A. Event reconstruction

The charged-track reconstruction algorithm produc
track segments upstream of the dipole magnet using infor
tion from the SSDs, and downstream of the magnet us
information from the PWCs and STDCs. These track s
ments were projected to the center of the magnet, and lin
to form the final tracks and the interaction vertex. T
charged-track reconstruction and vertex-finding methodol
are described in Ref.@37#.

The readout in each EMLAC quadrant consisted of fo
regions: leftR and rightR ~radial strips of each octant in tha
quadrant!, and innerF and outerF regions~azimuthal strips
divided atR540 cm). Strip energies from clusters in ea
1-4
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region were fitted to the shape of electromagnetic show
as determined from Monte Carlo simulations and isolat
shower data. These fits were used to evaluate the posi
and energies (ER and EF) of the peaks in each region
Shower positions and energies were obtained by correla
peaks of approximately the same energy in theR and F
regions within the same half octant; more complex alg
rithms were used to handle configurations with overlapp
showers in either theR or F regions. Any differences in
photon energy measured in theR and F views reflect the
intrinsic resolution properties of the calorimeter, and prov
a test of the quality of the Monte Carlo simulations. T
EMLAC’s longitudinal segmentation provided discrimin
tion between showers generated by electromagnetically
hadronically interacting particles. For individual showe
the ratio of energy reconstructed in the front section to
sum of energy in the front and back section of the EMLA
referred to asEFRONT/ETOTAL , also tested the Monte Carl
simulation of longitudinal shower development~see the de-
tector simulation section below!. An expanded discussion o
the EMLAC reconstruction procedures and performance
be found in Ref.@29#.

B. Data sample selection and corrections

Events contributing to measurements of cross sect
were required to have reconstructed vertices within the fi
cial volume of the Be or H2 targets. Vertex reconstructio
efficiencies were evaluated for each target using a deta
Monte Carlo simulation of the spectrometer, as descri
below. These efficiencies were used to correct reconstruc
losses and resolution smearing across fiducial boundarie
the targets. The vertex reconstruction efficiency was'1 for
the H2 and downstream Be targets, and 0.97 for the upstre
Be target.

Both p0 and h mesons were reconstructed via theirgg
decay modes. The photons were required to be within
fiducial region of the EMLAC, which excluded areas wi
reduced sensitivity. In particular, photons incident upon
gions of the detector near quadrant boundaries~which abut-
ted steel support plates!, the central beam hole, the out
radius of the EMLAC, and octant boundaries were exclud
from consideration. In addition,gg combinations were con
sidered asp0 or h candidates only when the two photon
were detected in the same octant, to simplify subsequ
analysis of the trigger response. A simple ray-tracing Mo
Carlo program was employed to determine the correction
losses to signal incurred from the application of these fi
cial requirements. Simulatedp0 and h mesons were al-
lowed to decay isotropically to two photons and were binn
in pT , rapidity, and vertex position. Photon pairs that sa
fied the energy asymmetry requirement were projected to
EMLAC, and selected on the basis of the fiducial accepta
criteria.

Only showers with at least 20% of their shower ener
deposited in the front part of EMLAC,EFRONT/ETOTAL.0.2,
were accepted as photon candidates to reduce the b
ground from hadrons. A full simulation of the showers in t
calorimeter was employed to correct cross sections
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this requirement, as well as for other larger effec
including resolution-smearing and reconstruction loss
Only gg combinations with energy asymmetr
@Agg[uEg1

2Eg2
u/(Eg1

1Eg2
)# less than 0.75 were consid

ered, to reduce uncertainties due to low energy photons.
Invariant mass distributions in thep0 andh regions for

photon pairs that satisfied the above requirements are sh
in Fig. 4 for representative low-pT intervals. Ap0 candidate
was defined as a combination of two photons, originating
the reconstructed interaction vertex, with invariant massMgg
in the range 100 MeV/c2,Mgg,180 MeV/c2. An h candi-
date was defined similarly as a two-photon combination
the range 450 MeV/c2,Mgg,650 MeV/c2. To obtain pro-
duction cross sections, combinatorial background in
p0 andh regions was evaluated as follows. Using the sa
acceptance criteria as for the peak regions, sideband reg
were defined to cover an equivalent mass range of
p0 and h peak regions. ThepT and rapidity distributions
from these side bands were then subtracted from the co
sponding distributions within thep0 and h mass ranges to
obtain the respective signals. This technique is appropriat
long as the combinatorial background depends appr
mately linearly onMgg . At pT below'2 GeV/c, the shape
of the combinatorial background in the signal regions is
linear, and a more sophisticated fitting procedure was use
evaluate the background. Thegg mass distributions were
fitted using Gaussians for signal and second and third-o
polynomials inMgg to represent the background. Several fi
were carried out for each distribution and then averaged
determine the combinatorial background in the peak regio
The signals were defined as the differences between the
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FIG. 4. gg mass distributions in the region of thep0 ~top row!
and the h ~bottom row! mesons from pBe interactions at
800 GeV/c, for several ranges ofgg pT-values. Curves are over
layed for thosepT bins where background to signal was determin
using a fitting procedure rather than sideband subtraction.
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tals and the averaged backgrounds.
The signals were corrected for losses due to the requ

ment on energy asymmetry and for branching fractions@38#
into gg decay modes. The correction for losses from
conversion of one or both of the photons intoe1e2 pairs
was evaluated by projecting each reconstructed photon f
the event vertex to the reconstructed position in the EMLA
The number of radiation lengths of material traversed alo
the photon path was calculated on the basis of a deta
description of the detector, and the photon conversion pr
ability evaluated, and used to account for losses from c
version.

C. Trigger response

As mentioned previously, theSINGLE LOCAL HI and
SINGLE LOCAL LO trigger decisions were based upon depo
tions of pT in the EMLAC within groups of 16 contiguou
radial strips. The efficiency of each trigger group of 16 w
evaluated as a function of thepT reconstructed within the
group, using data samples that were not biased in that reg
The sample used for obtaining the efficiency of theSINGLE

LOCAL HI trigger was based on information from octants th
fired theSINGLE LOCAL LO trigger. The sample used to evalu
ate the response of theSINGLE LOCAL LO trigger used infor-
mation from the octants opposite those that satisfied
SINGLE LOCAL HI trigger. In the case of thePRETRIGGER HI,
octants located opposite those that satisfied theSINGLE LO-

CAL HI trigger were used to measure the trigger efficien
for the trigger groups comprised of the inner and outeR
channels in each octant.

A probability to satisfy the trigger was defined for ea
p0 or h candidate based upon the energy deposition in
entire octant,P512)(12pi), wherepi is the efficiency of
the i th trigger group in the octant containing the candida
The inverse of this probability was applied as a trigg
weight to each meson candidate. Meson candidates with
ger probabilities ofP,0.1 were excluded from further con
sideration to avoid excessively large trigger weights. T
correction for losses from this requirement was determi
from Monte Carlo, and absorbed into the reconstruction
ficiency.

The cross sections presented in this paper combine re
from the INTERACTION, PRETRIGGER HI, SINGLE LOCAL LO,
and SINGLE LOCAL HI triggers. ThepT spectra, corrected
only for prescale factors, from a representative sample
these triggers are shown in Fig. 5. The transition points c
sen between the high and low threshold triggers were de
mined by comparing the fully corrected results from ea
trigger, and were different forp0 and h mesons, and also
depended on rapidity. Additional details on the trigger can
found in Refs.@37,39,40#.

D. Rejection of beam halo muons

Spurious triggers were produced by muons in the be
halo that deposited energy in the electromagnetic calorim
in random coincidence with an interaction in the target. P
ticularly in the outer regions of the EMLAC, such energ
depositions can satisfy the high-pT LOCAL trigger require-
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ments. This occurred much more frequently in data from
530 GeV/c secondary beam than for the primary 800 GeVc
beam because of the presence of an upstream interaction
get in the former case. To reduce this background, the
trigger logic relied on signals from the veto walls of scint
lator counters to reject events associated with such muon
the beam halo. In the off-line analysis, we employed e
panded requirements on the latched veto-wall signals,
direction of reconstructed showers@29#, the shower shape
~such muon-induced showers have a different shape
electromagnetic showers that originate from the interact
vertex!, and the totalpT imbalance in the event. For th
latter, we calculated the netpT of the photons and charge
particles which, based upon their initial trajectories, wou
have intercepted the EMLAC in the transverse plane wit
the 120° sector opposite the meson candidate (PT

away). In
interactions that generate a high-pT meson, the ratio of
PT

away to thepT of the meson should be near unity. Howeve
for events triggered by showers from muons in the be
halo,PT

away/pT should be very small, since the interaction
random coincidence with the muon is typically a soft inte
action. Candidates withPT

away/pT,0.3 were considered
likely to be due to muons from the beam halo and we
rejected.

To illustrate the effect of the above off-line requiremen
gg invariant mass distributions, both before and after ap
cation of the rejection criteria, are shown in Fig. 6 for t
530 and 800 GeV/c data, for gg pairs with pT
.7.0 GeV/c. The large muon-induced background at lo
gg mass values in the 530 GeV/c data is due to the occa
sional splitting of the muon-induced showers into tw
closely separated photon candidates. This happens bec
the reconstruction software assumes that the showers o
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pBe at 530 GeV/c
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PRETRIGGER HI
SINGLE LOCAL LO
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FIG. 5. pT spectra ofp0 candidates from 530 GeV/c proton
interactions on Be, selected via several different triggers and im
mented with significantly different prescale factors. The data h
been corrected only for trigger prescale factors.
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nate from the target region rather than from the beam ha
The 800 GeV/c data have very few muon-induced trigger
and is consequently not affected very strongly by these
jection criteria.

The impact of these rejection criteria on signal w
checked using more restrictive selection criteria to define
pure sample ofgg pairs. The fraction of signal lost by the
application of each of the muon-rejection requirements w
used to determine a correction to the cross section. The p
uct of the correction factors for muon rejection correspon
to an increase of'8% in the observed cross section atpT
54 GeV/c, and '10% at pT57 GeV/c, for the
530 GeV/c beam data. The corrections were much smal
for the 800 GeV/c data because of the lower muon conten

E. Detector simulation

The Meson West spectrometer was modeled using a
tailed GEANT @41# simulation. Because the full simulation o
electromagnetic showers requires extensive computing ti
we developed a hybrid approach usingGEANT-tracking
through the magnetic spectrometer and in the initial stage
shower development in the calorimeter. We used the stand
GEANT algorithms for tracking particles with energies abov
10 MeV, below which we relied on an empirical paramet
zation for the deposition of energy in the EMLAC@42#. This
cutoff was selected to be at the point at which bremsstr
lung still dominates energy loss in lead, and led to significa
improvement in processing speed. In doing this, we to
advantage of the steady advances in computational powe
the FNAL UNIX farms @43# to reach the desired level o
statistical accuracy.
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No offline muon
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muon criteria

 γγ Mass (GeV/c2)

FIG. 6. Effect of muon discrimination on the invariant mas
distribution in thep0-mass region, for candidategg pairs withpT

.7 GeV/c in the 530 GeV/c data~left! and in the 800 GeV/c data
~right!.
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As inputs to theGEANT simulation, we employed single
particle distributions, reconstructed events from data,
two event generators:HERWIG @44# andPYTHIA @45#. For the
analyses to be described, we choseHERWIG as the principal
Monte Carlo event generator because it provided a be
match to particle multiplicities in the data using just the d
fault parameters. Over 5.5 millionHERWIG events were
passed through theGEANT simulation. We weighted theHER-

WIG p0 andh spectra inpT and rapidity to match our mea
sured results, so that the corrections obtained from the Mo
Carlo were based on distributions in the data rather than
generator.

The calibration of the energy response of the EMLA
was based on the reconstructed masses ofp0 mesons in the
gg decay mode@29#. The steeply fallingpT spectrum for
p0 production, combined with the calorimeter’s resolutio
produced a small offset ('1%) in mean reconstructed pho
ton energies. Using the same calibration procedure in
simulated EMLAC as in the detector, we corrected this off
and minimized any potential biases in the calibration. W
also employed theGEANT Monte Carlo simulation to evalu
ate the mean correction as a function of photon energy
energy deposited in the material upstream of the EMLA
The impact of detector resolution on the energy scale and
the p0 and h production spectra was incorporated in t
overall reconstruction efficiency corrections.

To ensure that the Monte Carlo simulation reproduced
data, a special preprocessor was used to convertGEANT in-
formation into signals and strip energies as measured in
various detectors, and to simulate hardware effects, suc
channel noise and gain variations. The generated Mo
Carlo events were then processed through the same re
struction software used for the analysis of data, and ther
provided measures of inefficiencies and biases for the rec
struction algorithms.

Comparisons between results from the Monte Carlo sim
lation and the data for the distributions inER2EF and
EFRONT/ETOTAL are presented in Figs. 7 and 8. The Mon
Carlo results are in satisfactory agreement with the data,
dicating that the simulation treats shower development in
EMLAC properly. Figures 9 and 10 show thegg mass spec-
tra in thep0 and h mass regions for two minimum-pT re-
quirements, and compare these to the simulated spectr
addition to giving further evidence that the Monte Carlo pr
vides good simulation of the resolution of the EMLAC, th
agreement in the levels of combinatorial background in
cates that the Monte Carlo also provides reasonable sim
tion of the underlying event structure. Figure 11 shows
comparison between Monte Carlo and data for the sideba
subtracted energy asymmetry distribution (Agg) for photons
from p0 decays. The agreement indicates that the Mo
Carlo accurately describes the losses of low-energy phot

Reconstruction efficiencies forp0 andh mesons that sat
isfied theAgg and fiducial requirements were relatively hig
over most of the kinematic range. Figure 12 shows the pr
ability for a p0 to pass the selection requirements impos
on the Monte Carlo events at 530 GeV/c as a function of
pT , for different rapidity intervals. This probability include
losses due to the reconstruction algorithm, t
1-7
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EFRONT/ETOTAL requirement, and the 10% minimum trigg
probability requirement. The drop in efficiency at forwa
rapidities and highpT is attributable to the increased diffi
culty in separating the two photons fromp0 decays in this
kinematic region.
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FIG. 7. Comparison of distributions inER2EF for photons in
data~histogram! and Monte Carlo~points! from p0 candidates with
pT.3.5 GeV/c in the 530 GeV/c sample. The distributions ar
shown for various photon energy ranges and each has been no
ized to unit area.
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FIG. 8. Comparison ofEFRONT/ETOTAL distributions for pho-
tons in data ~histogram! and Monte Carlo ~points! from
p0 candidates withpT.3.5 GeV/c in the 800 GeV/c sample. The
distributions are shown for various photon energy ranges and
has been normalized to unit area.
05200
F. Normalization

Electronic scalers that counted signals from the beam
doscope, interaction counters, and beam hole counters
used to determine the number of beam particles inciden
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FIG. 9. gg mass distributions in thep0 signal region in
530 GeV/c data~histogram! compared to Monte Carlo~points! for
two requirements on the minimumpT of the photon pair. The dis-
tributions have been normalized to unit area.
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the target. Other scalers logged the state of the trigger
components of the data acquisition system. Information fr
these scalers was used to determine the number of b
particles that traversed the spectrometer when it was read
record data. This was corrected for multiple occupancy
the beam hodoscope beyond that excluded via

0.0 0.2 0.4 0.6 0.8 1.0

4.0 < pT < 5.5 GeV/c pBe at 800 GeV/c
−1.0 < ycm < 0.5

Energy Asymmetry

E
nt

ri
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 p
er
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.0
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0.0 0.25 0.5 0.75 1.0

5.5 < pT < 7.0 GeV/c

FIG. 11. Comparison of asymmetry in energy for photons fr
p0 mesons in data~histogram! and Monte Carlo~points! for 800
GeV/c pBe interactions, for thep0 pT intervals 4.0,pT

,5.5 GeV/c and 5.5,pT,7.0 GeV/c. These background
subtracted distributions have been normalized to unit area.

  

 

 

FIG. 12. Reconstruction probability forp0 mesons in the
530 GeV/c Monte Carlo sample as a function ofpT for three rapid-
ity intervals and different triggers. This probability reflects t
losses due to the reconstruction algorithm, theEFRONT/ETOTAL cri-
terion, and the individual trigger requirements~see text for details!.
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BEAM1 requirement~Sec. II E! and for absorption of beam in
target material.

The normalization of thep0 cross section at lowpT was
verified independently using events from the presca
BEAM andINTERACTION trigger samples. For these sample
the absolute normalization can also be obtained by
counting events. The normalizations at lowpT , as deter-
mined from the scalers and via event counting techniqu
were found to agree to 3% accuracy.

Based upon the good agreement between results f
these independent normalization methods, combined with
stability of the results from different parts of the run, a
evaluation of the internal consistency of the scalers, an
detailed analysis of the design, implementation and per
mance of the trigger, the net systematic uncertainty in ove
normalization is estimated to be'8%.

G. Secondary beam contamination

The 530 GeV/c cross sections were corrected for th
estimated small admixture of 2.75%p1 and 0.5%K1 in
the beam@21#. Although the percentage contamination
small, its effect at highpT is enhanced by the presence
two, rather than three, valence quarks in the incident mes
The effect of incidentp1 contamination was estimated u
ing our high-statistics study ofp0 andh meson production
in 515 GeV/c p2 collisions @4#. This is justified because
~a! neutral-meson production by incidentp1 and
p2 beams is expected to be similar from arguments ba
on isospin symmetry and previous measurements@46#; ~b!
the p1 component of the nominally 530 GeV/c positive
secondary beam also had a mean momentum of 515 Gec;
and ~c! the ratio of the measuredp0 cross section from our
Cherenkov-taggedp1 component of the positive seconda
beam to the corresponding cross section from the 515 Gec
p2 beam was consistent with unity at largepT @21#.

The effect ofK1 contamination was assumed to be h
that of thep1 contamination, consistent with previous me
surements at lower energy@47#, and with our own statisti-
cally limited data@21#. After correcting for beam contamina
tion, the cross sections at 530 GeV/c were reduced by'2%
at low pT and by'10% at highpT .

H. Summary of systematic uncertainties

The principal contributions to the systematic uncertain
in the cross sections arose from the following sources: c
bration of photon energy response,p0 andh reconstruction
efficiency and detector-resolution unsmearing, the ove
normalization, and, for 530 GeV/c data, beam contamina
tion. The relative systematic uncertainty forp0 production at
530 GeV/c is shown as a function ofpT in Fig. 13. Included
in the figure are the contributions from the major sources
systematic uncertainty. Other sources of uncertainty wh
contribute at the 1 to 2% level include: background subtr
tion, beam halo muon rejection, geometric acceptance, p
ton conversions, trigger response, and vertex finding. T
total systematic uncertainty is calculated by combining
quadrature all the individual uncertainties. The correspo
1-9
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ing uncertainties at 800 GeV/c are comparable to those a
530 GeV/c. The uncertainties forh production are similar to
those forp0 production, except for the uncertainty in th
trigger response, which is'5% at lowpT . The actual sys-
tematic uncertainties are quoted in the appropriate table
cross sections.

The secondary proton beam was determined to hav
mean momentum of 53062 GeV/c with an estimated half-
width of '30 GeV/c. This momentum spread introduces
small uncertainty ('5%) in comparisons of theory with
data. For the 800 GeV primary beam, the momentum bit
very small and the corresponding uncertainty is negligibl

IV. INCLUSIVE CROSS SECTIONS

A. p0 production

The inclusivep0 cross sections per nucleon versuspT ,
for protons on beryllium and liquid hydrogen targets, a
shown in Figs. 14 and 15 for 530 and 800 GeV/c beams,
respectively. Because of the steeply falling spectra, the
are plotted at abscissa values that correspond to the ave
values of the cross section in eachpT bin, assuming local
exponential dependence onpT @48#. These cross section
are also tabulated in Tables I and II. The corresponding c
sections as functions ofpT and ycm are reported in Tables
III–VI. For the values in the tables, the first uncertainty
statistical and the second is systematic; where only one
certainty is presented, the statistical and systematic un
tainties have been combined because of the large correla
between them.

Ratios of inclusivep0 cross sections per nucleon on B
target to those onp target are shown in Fig. 16. These rati
are compared with results from theHIJING Monte Carlo—a
program designed to simulate particle production inpp, pA,

FIG. 13. Relative systematic uncertainty forp0 production at
530 GeV/c as a function ofpT . Also shown are the contribution
from the various sources of systematic uncertainty.
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and AA collisions@49,50#. The HIJING results are seen to b
in good agreement with the data.

NLO PQCD calculations@3# are compared to data in Figs
17–27. The PQCD calculations for the Be target have b
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FIG. 14. Invariant differential cross sections~per nucleon! for
p0 production as a function ofpT in pp and pBe interactions at
530 GeV/c. Cross sections have been averaged over the full ra
ity range, 20.75<ycm<0.75. The error bars represent the com
bined statistical and systematic uncertainties.
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TABLE I. Invariant inclusive differential cross section
(Eds/d3p) per nucleon forp0 production in pBe collisions at
530 and 800 GeV/c, averaged over the rapidity intervals20.75
<ycm<0.75 and21.0<ycm<0.5, respectively.

pT pBe at 530 GeV/c pBe at 800 GeV/c
(GeV/c) @mb/(GeV/c)2# @mb/(GeV/c)2#

1.00–1.20 533664 706694
1.20–1.40 216627 301641
1.40–1.60 69610 125618
1.60–1.80 31.765.1 54.368.3
1.80–2.00 14.862.6 23.964.1
2.00–2.20 6.761.360.7 7.461.760.8
2.20–2.30 2.9060.1460.31 3.9260.2460.43
2.30–2.40 1.9560.1360.21 2.6760.2260.30
2.40–2.50 1.3460.1360.14 1.7760.1360.20
2.50–2.60 0.94560.08260.10 1.20860.09460.13
2.60–2.70 0.59360.01660.063 0.81860.04660.090

@nb/(GeV/c)2# @nb/(GeV/c)2#

2.70–2.80 374.369.7640 649633672
2.80–2.90 280.968.9630 448610649
2.90–3.00 189.666.8620 317.067.3635
3.00–3.10 136.163.1614 221.865.3624
3.10–3.20 97.362.7610 161.764.5618
3.20–3.30 73.162.367.8 116.263.3613
3.30–3.40 47.961.465.1 91.663.2610
3.40–3.50 35.961.563.8 62.162.266.8
3.50–3.60 25.9160.9862.8 43.961.864.8
3.60–3.70 17.9960.8161.9 33.661.663.7
3.70–3.80 13.3260.5061.4 26.461.262.9
3.80–3.90 10.1960.2961.1 20.661.062.3
3.90–4.00 7.36760.05560.79 14.5660.7661.6
4.00–4.10 5.41560.04160.58 10.8660.4461.2
4.10–4.20 4.05460.03260.44 8.5960.1260.95
4.20–4.30 3.06460.02660.33 6.44360.09660.71
4.30–4.40 2.23660.02160.24 4.70660.07360.52
4.40–4.50 1.68660.01760.18 3.65760.06760.41
4.50–4.60 1.28160.01460.14 2.83160.05460.32
4.60–4.70 0.97060.01260.11 2.15960.04660.24

@pb/(GeV/c)2# @pb/(GeV/c)2#

4.70–4.80 735610680 17276376190
4.80–4.90 557.168.3661 13436246150
4.90–5.00 427.867.1647 10496226120
5.00–5.10 335.966.3637 811618691
5.10–5.20 254.165.2628 658617674
5.20–5.30 198.064.8622 486616655
5.30–5.40 150.663.9617 411613646
5.40–5.50 117.063.4613 312610635
5.50–5.60 88.962.9610.0 243.767.8628
5.60–5.70 62.462.567.0 207.166.8624
5.70–5.80 55.862.366.3 159.566.1618
5.80–5.90 43.562.064.9 128.665.6615
5.90–6.00 35.161.864.0 103.465.3612
6.00–6.25 22.4460.8562.6 74.362.068.5
6.25–6.50 12.0660.6161.4 43.961.665.1
6.50–6.75 5.8860.4160.69 23.561.162.7
6.75–7.00 4.3160.3560.51 15.5860.8361.8
7.00–7.50 1.6660.1560.20 7.3160.4060.87
7.50–8.00 0.33560.06560.041 2.5660.2560.31
8.00–9.00 0.09860.02360.013 0.7260.1160.09
9.00–10.00 0.007460.005360.0010 0.06860.02460.009
10.00–12.00 0.02060.01960.003
05200
adjusted to account for nuclear effects using results fr
HIJING. In Fig. 17, NLO PQCD results using CTEQ4M pa
ton distribution functions@51# and BKK fragmentation func-
tions @52# are compared to the measured inclusivep0 cross
sections forpBe andpp interactions at 800 GeV/c. Theo-
retical results are presented for three values of factoriza
scale: m5pT/2, pT , and 2pT . In these comparisons, th
renormalization and fragmentation scales have been se
the value of the factorization scale. In addition to a subst
tial dependence on choice of scale, the expectations fo
these values ofm lie significantly below the data, for both
530 and 800 GeV/c incident protons.

TABLE II. Invariant inclusive differential cross section
(Eds/d3p) for p0 production in pp collisions at 530 and
800 GeV/c, averaged over the rapidity intervals20.75<ycm

<0.75 and21.0<ycm<0.5, respectively.

pT pp at 530 GeV/c pp at 800 GeV/c
~GeV/c) @mb/(GeV/c)2# @mb/(GeV/c)2#

1.00–1.40 335658 5906100
1.40–1.80 63612 114621
1.80–2.20 13.463.8 17.365.5
2.20–2.40 3.3560.8060.36 3.2560.4360.36
2.40–2.60 1.1560.1460.12 1.3360.2260.15

@nb/(GeV/c)2# @nb/(GeV/c)2#

2.60–2.80 451622648 693657677
2.80–3.00 207615622 315613635
3.00–3.20 99.064.6611 171.767.7619
3.20–3.40 52.863.365.6 91.764.7610
3.40–3.60 25.761.762.7 47.463.565.2
3.60–3.80 12.6360.9961.3 25.762.362.8
3.80–4.00 7.2260.2460.77 14.761.361.6
4.00–4.20 4.17860.06060.45 9.1860.6561.0
4.20–4.40 2.26460.03760.25 5.0360.1560.56
4.40–4.60 1.28260.02760.14 2.90660.09960.32

@pb/(GeV/c)2# @pb/(GeV/c)2#

4.60–4.80 758618683 16886646190
4.80–5.00 4451613650 10576366120
5.00–5.20 280.969.5631 600627667
5.20–5.40 163.967.6618 400621645
5.40–5.60 101.665.4611 256617629
5.60–5.80 59.864.066.7 163611619
5.80–6.00 38.863.364.4 98.467.9611
6.00–6.25 22.462.162.6 75.865.368.7
6.25–6.50 11.361.561.3 34.263.164.0
6.50–6.75 5.5360.9460.64 27.662.663.2
6.75–7.00 4.1460.7960.49 12.361.961.5
7.00–7.50 1.3460.3160.16 8.261.261.0
7.50–8.00 0.7060.2360.09 3.3560.6560.41
8.00–9.00 0.18260.09160.023 0.6760.1960.08
9.00–10.00 0.08360.09860.011
10.00–12.00 0.01660.01660.002
1-11
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TABLE III. The averaged invariant differential cross section per nucleon (Eds/d3p) as a function of rapidity andpT for inclusive
p0 production inpBe collisions at 530 GeV/c.

ycm

pT (GeV/c)

1.00–1.50 1.50–2.00 2.00–2.50 2.50–3.00
@mb/(GeV/c)2# @mb/(GeV/c)2# @mb/(GeV/c)2# @nb/(GeV/c)2#

20.750–20.625 339655 26.768.4 6.561.660.7 5806180662
20.625–20.500 409686644
20.500–20.375 293650 25.566.6 2.861.260.3 496623653
20.375–20.250 494615653
20.250–20.125 352649 30.167.0 4.161.260.4 513612655
20.125–0.000 587613662
0.000–0.125 278642 33.066.6 5.161.260.5 528.169.8656
0.125–0.250 502.168.2653
0.250–0.375 297643 31.565.9 2.761.360.3 454.967.6648
0.375–0.500 427.567.5645
0.500–0.625 346646 16.665.3 2.2760.9760.24 387.168.0641
0.625–0.750 341.367.8636

3.00–3.50 3.50–4.00 4.00–4.50 4.50–5.00
@nb/(GeV/c)2# @nb/(GeV/c)2# @nb/(GeV/c)2# @nb/(GeV/c)2#

20.750–20.625 69.364.667.4 9.6160.6661.0 2.53160.06560.27 0.58660.02060.064
20.625–20.500 85.465.569.1 13.961.261.5 2.87760.06260.31 0.67860.01960.074
20.500–20.375 79.165.168.4 14.461.061.5 3.26460.05360.35 0.78360.01860.086
20.375–20.250 80.963.268.6 17.161.161.8 3.61160.05160.39 0.90960.01860.099
20.250–20.125 89.963.369.6 17.861.161.9 3.87360.04260.42 0.96460.01760.11
20.125–0.000 91.563.369.7 20.061.262.1 4.19760.04160.45 1.04160.01760.11
0.000–0.125 88.662.969.4 17.2960.9661.8 4.00660.03860.43 0.92860.01560.10
0.125–0.250 77.662.468.3 15.4860.7261.7 3.72860.03560.40 0.93160.01560.10
0.250–0.375 79.062.568.4 16.7860.8561.8 3.42460.03260.37 0.87360.01560.095
0.375–0.500 74.762.668.0 13.1560.7761.4 3.15360.03460.34 0.74260.01460.081
0.500–0.625 65.362.666.9 13.961.061.5 2.67260.03360.29 0.62760.01460.069
0.625–0.750 55.562.665.9 10.1460.8961.1 2.15860.03060.23 0.46960.01260.051

5.00–5.50 5.50–6.50 6.50–8.00 8.00–10.00
@pb/(GeV/c)2# @pb/(GeV/c)2# @pb/(GeV/c)2# @pb/(GeV/c)2#

20.750–20.625 144.767.6616 24.962.062.8 1.5360.2260.18 0.01560.02660.002
20.625–20.500 202.968.6622 28.961.963.3
20.500–20.375 216.567.7624 40.162.164.6 2.0460.2360.24 0.05360.02660.007
20.375–20.250 237.667.8626 43.962.265.0
20.250–20.125 254.267.9628 48.462.365.5 3.3160.3060.40 0.05860.03060.007
20.125–0.000 269.068.2630 50.462.365.7
0.000–0.125 251.467.3628 46.162.165.2 3.0660.2760.37 0.15060.04960.019
0.125–0.250 269.067.7630 45.662.165.2
0.250–0.375 230.567.2626 42.862.064.9 2.6860.2860.32 0.02960.02160.004
0.375–0.500 183.266.6620 34.761.963.9
0.500–0.625 163.866.6618 24.961.862.8 1.5760.2360.19 0.01460.01460.002
0.625–0.750 110.965.7612 15.761.461.8
nc
ic

te
n-

ro-
In Fig. 18, NLO calculations using BKK and KKP@53#
fragmentation functions, andm5pT/2, are compared to the
p0 cross sections for 530 GeV/c pBe andpp interactions.
Although the calculations exhibit considerable depende
on choice of fragmentation function, both choices pred
yields that are significantly lower than the data.
05200
e
t

These discrepancies have been interpreted@4–7# as aris-
ing from additional soft-gluon emission in the initial sta
that is not included in the NLO calculation, and which i
duces sizeable partonkT prior to the hard collision~for a
different perspective, see the discussion in Ref.@9#!. Soft-
gluon ~or kT) effects are expected in all hard-scattering p
1-12
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TABLE IV. The averaged invariant differential cross section (Eds/d3p) as a function of rapidity andpT for inclusivep0 production in
pp collisions at 530 GeV/c.

ycm

pT (GeV/c)

1.00–2.50 2.50–3.00 3.00–3.50 3.50–4.00
@mb/(GeV/c)2# @nb/(GeV/c)2# @nb/(GeV/c)2# @nb/(GeV/c)2#

20.750–20.625 176643 4306200646 6861067.2 8.761.460.9
20.625–20.500 95063306100 6661567.0 10.061.461.1
20.500–20.375 118636 367640639 6261066.6 12.362.761.3
20.375–20.250 441639647 65.467.267.0 14.962.361.6
20.250–20.125 76632 458626649 76.666.968.1 15.462.461.7
20.125–0.000 535632657 82.067.268.7 14.662.561.6
0.000–0.125 115629 457620649 78.666.568.4 13.562.261.4
0.125–0.250 424619645 68.165.467.2 13.561.761.4
0.250–0.375 106628 396617642 63.865.766.8 11.261.661.2
0.375–0.500 369617639 63.766.066.8 14.162.061.54
0.500–0.625 130630 345618637 57.166.166.1 11.162.261.2
0.625–0.750 302618632 49.365.865.2 7.861.660.8

4.00–4.50 4.50–5.00 5.00–5.50 5.50–6.50
@nb/(GeV/c)2# @nb/(GeV/c)2# @pb/(GeV/c)2# @pb/(GeV/c)2#

20.750–20.625 2.0260.1560.22 0.61560.06260.067 104613612 27.564.663.1
20.625–20.500 2.4660.1460.27 0.51560.04660.056 166621618 21.064.262.4
20.500–20.375 2.7560.1160.30 0.64860.03660.071 206618623 40.565.464.6
20.375–20.250 3.3460.1260.36 0.83660.04660.091 193617621 40.165.064.6
20.250–20.125 3.32360.09160.36 0.81160.03760.089 232618626 41.565.264.7
20.125–0.000 3.56860.09560.39 0.91960.04060.10 239619626 62.866.467.1
0.000–0.125 3.57060.09260.39 0.80960.03460.088 267619630 52.065.565.9
0.125–0.250 3.31560.08360.36 0.84860.03760.093 251618628 52.465.665.9
0.250–0.375 2.97560.07360.32 0.72460.03360.079 235618626 38.664.864.4
0.375–0.500 2.79460.07860.30 0.68360.03360.075 199617622 31.264.363.5
0.500–0.625 2.36060.07560.25 0.62360.03460.068 178617620 25.364.262.9
0.625–0.750 1.92160.06960.21 0.44960.03060.049 117614613 21.764.162.5

6.50–8.00
@pb/(GeV/c)2#

20.750–20.625 2.0060.5760.24
20.625–20.500
20.500–20.375 2.6160.6660.31
20.375–20.250
20.250–20.125 2.9960.7060.36
20.125–0.000
0.000–0.125 3.6260.7060.43
0.125–0.250
0.250–0.375 1.7060.5060.20
0.375–0.500
0.500–0.625 0.9160.4160.11
0.625–0.750
igh

-
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cesses, such as the inclusive production of jets, h
pT mesons, and direct photons@54–57#. The Collins-Soper-
Sterman resummation formalism@58# provides a rigorous ba
sis for understanding these radiation effects, and there h
been several recent efforts to derive resummation presc
tions for inclusive direct-photon@59–63#, jet @64#, and dijet
05200
-

ve
p-

cross sections@65–67#. Compared to NLO calculations, th
calculation of Ref.@59# for inclusive direct-photon produc
tion, which includes the effects of soft-gluon resummati
near the kinematic threshold limitxT52pT /As→1, has a far
smaller sensitivity to scale, and provides cross sections c
to those of NLO calculations with a scale ofm5pT/2. Also,
1-13
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TABLE V. The averaged invariant differential cross sections per nucleon (Eds/d3p) as a function of rapidity andpT for inclusive
p0 production inpBe collisions at 800 GeV/c.

ycm

pT (GeV/c)

1.00–1.50 1.50–2.00 2.00–2.50 2.50–3.00
@mb/(GeV/c)2# @mb/(GeV/c)2# @mb/(GeV/c)2# @nb/(GeV/c)2#

21.00–20.875 462687 37612 6.561.960.7 477687653
20.875–20.750 8406180692
20.750–20.625 466683 59611 5.961.860.7 615655668
20.625–20.500 686650676
20.500–20.375 415675 58611 1.361.860.1 610650667
20.375–20.250 705651678
20.250–20.125 454673 56611 4.161.660.5 758645684
20.125–0.000 732646681
0.000–0.125 423666 45.869.3 5.461.660.6 766647685
0.125–0.250 7306100681
0.250–0.375 491670 31.968.5 4.561.460.5 750649683
0.375–0.500 588642665

3.00–3.50 3.50–4.00 4.00–4.50 4.50–5.00
@nb/(GeV/c)2# @nb/(GeV/c)2# @nb/(GeV/c)2) @nb/(GeV/c)2)

21.00–20.875 100.568.1611 20.062.062.2 4.0160.2860.44 1.03960.03660.12
20.875–20.750 124.167.6614 22.462.262.5 4.7360.3760.52 1.18060.03660.13
20.750–20.625 102.366.1611 25.862.562.8 5.5860.3160.62 1.51260.03860.17
20.625–20.500 118.465.2613 25.261.962.8 7.6260.4560.84 1.78560.04260.20
20.500–20.375 143.066.4616 30.062.163.3 7.4060.4060.82 2.02960.03760.23
20.375–20.250 144.565.7616 32.362.163.6 8.0060.3660.89 2.10160.03560.23
20.250–20.125 149.065.7616 28.162.263.1 7.9160.3260.88 2.16860.03660.24
20.125–0.000 144.465.8616 29.962.363.3 7.7560.3760.86 2.19260.03860.24
0.000–0.125 142.164.8616 32.161.863.5 7.9660.2960.88 2.12960.08760.24
0.125–0.250 143.464.6616 29.561.763.3 7.6260.2860.84 2.0260.1060.23
0.250–0.375 129.364.9614 29.561.863.2 6.8860.2260.76 1.87760.08660.21
0.375–0.500 127.365.5614 29.262.163.2 6.7660.2460.75 1.82860.08460.20

5.00–5.50 5.50–6.50 6.50–8.00 8.00–10.00
@pb/(GeV/c)2# @pb/(GeV/c)2# @pb/(GeV/c)2# @pb/(GeV/c)2#

21.00–20.875 268625630 54.363.766.2 3.5460.4260.42
20.875–20.750 326616637 68.164.367.8
20.750–20.625 411616646 82.864.169.5 7.5160.6360.89 0.1060.1060.01
20.625–20.500 505619657 109.365.6613
20.500–20.375 595618667 120.564.9614 11.1860.7061.3 0.5060.1160.06
20.375–20.250 635617672 141.565.3616
20.250–20.125 646618673 142.265.0616 12.7060.7561.5 0.6060.1660.07
20.125–0.000 639619672 135.265.2615
0.000–0.125 645628673 137.766.1616 13.9660.7861.7 0.7660.1560.09
0.125–0.250 646637673 132.467.2615
0.250–0.375 583629666 134.166.5615 9.9360.7361.2 0.4860.1660.06
0.375–0.500 526627659 107.066.0612
on
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for our energies, the calculations of Ref.@68# using
kT-resummation, and of Refs.@62,63#, which simultaneously
treat threshold and recoil effects in direct-photon producti
yield a substantially larger cross section than the NLO res
However, no such calculations are available for inclus
meson production. In their absence, we use a PQCD-b
05200
,
lt.
e
ed

model that incorporates transverse kinematics of initial-s
partons to study the principal consequences of additio
kT for high-pT production processes.

Because the unmodified PQCD cross sections fall rap
with increasingpT , the net effect of the ‘‘kT smearing’’ is to
increase the expected yield at higherpT . The modified par-
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TABLE VI. The averaged invariant differential cross sections (Eds/d3p) as a function of rapidity andpT for inclusivep0 production
in pp collisions at 800 GeV/c.

ycm

pT ~GeV/c!

1.00–2.50 2.50–3.00 3.00–3.50 3.50–4.00
@mb/(GeV/c)2# @nb/(GeV/c)2# @nb/(GeV/c)2# @nb/(GeV/c)2#

21.00–20.875 147664 98065806110 8361669.1 19.267.462.1
20.875–20.750 4106110645 108614612 18.764.162.1
20.750–20.625 225664 420663646 101614611 36.966.964.1
20.625–20.500 5706100663 111612612 18.063.662.0
20.500–20.375 269662 5606110662 144614616 26.665.562.9
20.375–20.250 600699666 130613614 37.166.064.1
20.250–20.125 254657 7606170684 117614613 31.065.263.4
20.125–0.000 6406110671 117612613 20.664.162.3
0.000–0.125 190647 669695674 127611614 23.764.562.6
0.125–0.250 7206110680 130610614 26.364.062.9
0.250–0.375 222647 511684657 115611613 22.563.662.5
0.375–0.500 699697677 102612611 22.465.162.5

4.00–4.50 4.50–5.00 5.00–5.50 5.50–6.50
@nb/(GeV/c)2# @nb/(GeV/c#2# @pb/(GeV/c)2# @pb/(GeV/c)2#

21.00–20.875 3.0260.2560.34 1.1860.1260.13 280646632 30.365.263.5
20.875–20.750 4.6660.6560.52 0.95760.07260.11 217625624 7061368.0
20.750–20.625 8.462.260.9 1.35060.08560.15 331634637 60.268.266.9
20.625–20.500 7.461.560.8 1.50460.09360.17 423636648 99612611
20.500–20.375 6.4160.6360.71 1.80860.08760.20 479641654 84.969.769.7
20.375–20.250 6.8660.6160.76 1.90160.08160.21 517639658 124612614
20.250–20.125 6.0060.2060.66 1.96360.08360.22 595641667 110611613
20.125–0.000 6.1460.3560.68 1.87860.08160.21 552638662 140613616
0.000–0.125 8.261.060.9 1.4960.1360.17 607668668 150617617
0.125–0.250 6.1960.5760.69 1.7160.2260.19 567688664 111614613
0.250–0.375 47.0860.5760.78 1.6860.2060.19 459661652 97612611
0.375–0.500 5.6960.5260.63 1.8160.2160.20 502664657 129616615

6.50–8.00 8.00–10.00
@pb/(GeV/c)2# @pb/(GeV/c)2#

21.00–20.875 4.2061.0060.50 0.08560.08560.010
20.875–20.750
20.750–20.625 8.861.661.0 0.2360.1760.03
20.625–20.500
20.500–20.375 14.061.861.7 0.5360.2460.07
20.375–20.250
20.250–20.125 13.861.761.6 0.9560.4360.12
20.125–0.000
0.000–0.125 12.762.161.5 0.6660.3060.08
0.125–0.250
0.250–0.375 9.661.761.1
0.375–0.500
rl
-
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ton kinematics have been implemented in a Monte Ca
calculation of the leading-order~LO! cross sections for high
pT particle production@69#, with the kT distribution for
each of the incoming partons represented by a Gaussian
^kT& as an adjustable parameter. Unfortunately, no such
gram is available for NLO calculations, and so we appro
05200
o

ith
o-
-

mate the effect ofkT smearing by multiplying the NLO
cross sections by the corresponding LOkT-enhancement fac
tors. Admittedly, this procedure involves a risk of doubl
counting since some of thekT-enhancement may already b
contained in the NLO calculation. However, we expect t
effects of such double-counting to be small.
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FIG. 16. The ratio of inclusivep0 production cross sections pe
nucleon inpBe to those inpp collisions, compared with predic
tions fromHIJING. The error bars represent only statistical contrib
tions to the uncertainties.

 

 

FIG. 17. Invariant differential cross sections~per nucleon! for
p0 production as a function ofpT in pBe andpp interactions at
800 GeV/c, compared to NLO PQCD calculations, with sca
choices ofm5pT/2, pT , and 2pT . The NLO calculations on Be
have been adjusted for nuclear effects. The error bars have sta
cal and systematic uncertainties added in quadrature.
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FIG. 18. Invariant differential cross sections~per nucleon! for
p0 production as a function ofpT in pBe andpp interactions at
530 GeV/c, compared to NLO PQCD calculations, with scalem
5pT/2, for BKK as well as KKP fragmentation functions. Th
NLO calculations on Be have been adjusted for nuclear effects.
error bars have statistical and systematic uncertainties adde
quadrature.

 

 

FIG. 19. Invariant differential cross sections~per nucleon! for
p0 production as a function ofpT in pBe andpp interactions at
530 GeV/c, compared tokT-enhanced NLO PQCD calculation
with scalem5pT/2. Comparisons are shown for both BKK an
KKP fragmentation functions. The NLO calculations on Be ha
been adjusted for nuclear effects. The error bars have statistica
systematic uncertainties added in quadrature.
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FIG. 20. Invariant differential cross sections~per nucleon! for
p0 production as a function ofpT in pBe andpp interactions at
800 GeV/c, compared tokT-enhanced NLO PQCD calculations
with scalem5pT/2. Comparisons are shown for both BKK an
KKP fragmentation functions. The NLO calculations on Be ha
been adjusted for nuclear effects. The error bars have statistica
systematic uncertainties added in quadrature.
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FIG. 21. Fractional difference between data andkT-enhanced
NLO PQCD calculations forp0 production inpBe interactions at
530 and 800 GeV/c as a function ofpT . The NLO calculations on
Be have been adjusted for nuclear effects. The error bars repr
only statistical contributions to the uncertainties.
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FIG. 22. Fractional difference between data andkT-enhanced
NLO PQCD results forp0 production inpp interactions at 530
and 800 GeV/c as a function ofpT . The error bars represent onl
statistical contributions to the uncertainties.

 

 

 

 

 

 

 

 

FIG. 23. Invariant cross sections per nucleon forp0 production
in pBe interactions at 530 GeV/c. Cross sections are shown vers
ycm for several intervals in pT . The curves represent th
kT-enhanced NLO QCD calculations for^kT&51.1 GeV/c and m
5pT/2, using KKP fragmentation functions, and have been adjus
for nuclear effects. The error bars have statistical and system
uncertainties added in quadrature.
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FIG. 24. Invariant cross section per nucleon forp0 production
in pBe interactions at 800 GeV/c. Cross sections are shown vers
ycm for several intervals in pT . The curves represent th
kT-enhanced NLO QCD calculations for^kT&51.1 GeV/c and m
5pT/2, using KKP fragmentation functions, and have been adjus
for nuclear effects. The error bars have statistical and system
uncertainties added in quadrature.

 

 

 

 

 

 

 

 

FIG. 25. Invariant cross sections forp0 production in
pp interactions at 530 GeV/c. Cross sections are shown vers
ycm for several intervals in pT . The curves represent th
kT-enhanced NLO QCD calculations for^kT&51.1 GeV/c and m
5pT/2, using KKP fragmentation functions. The error bars ha
statistical and systematic uncertainties added in quadrature.
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FIG. 26. Invariant cross section forp0 production in
pp interactions at 800 GeV/c. Cross sections are shown vers
ycm for several intervals in pT . The curves represent th
kT-enhanced NLO QCD calculations for^kT&51.1 GeV/c and m
5pT/2, using KKP fragmentation functions. The error bars ha
statistical and systematic uncertainties added in quadrature.

 
 

 

 

FIG. 27. Ratio of invariant cross sections forp0 production in
pBe interactions at 800 and 530 GeV/c as a function ofpT , com-
pared to conventional andkT-enhanced NLO QCD calculations us
ing KKP fragmentation functions. The NLO calculations have be
adjusted for nuclear effects. The error bars reflect only statist
uncertainties forpT.2 GeV/c.
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The ^kT& values used in the calculation of the L
kT-enhancement factors are similar to those employed
comparisons of kinematic distributions in data involving pr
duction of high-massgg, gp0, and p0 p0 systems, and
rely on the same LO program~see Refs.@4–6# for further
details!. For these comparisons, we used the LO version
the CTEQ4 distribution, BKK fragmentation functions, an
an average transverse momentum of 0.6 GeV/c for
p0 mesons relative to the fragmenting parton direct
~varying this parameter in the range 0.3 to 0.7 GeV/c does
not affect our conclusions! @70,71#.

Comparisons of thekT-enhanced calculations with data
530 GeV/c are displayed in Fig. 19, indicating reasonab
agreement for the chosen^kT& values. Similar conclusions
can be drawn from comparisons between calculations
data at 800 GeV/c, as illustrated in Fig. 20. A comparison o
a linear scale of the fractional differences between data
the kT-enhanced NLO calculations using BKK and KK
fragmentation functions is shown in Fig. 21 fo
pBe interactions at 530 and 800 GeV/c. The kT-enhanced
calculations using the KKP fragmentation functions are s
to reproduce the shape of thep0 cross section better tha
calculations using the earlier BKK fragmentation function
Similar conclusions can be drawn from comparisons of N
QCD with our data onpp collisions ~Fig. 22!.

Figures 23 through 26 show the cross sections for inc
sive p0 production as functions of rapidity forpBe and
pp interactions at 530 and 800 GeV/c, for several intervals
in pT . The peaking expected at a scattering angle near 90
the center of mass (ycm50) develops slowly as a function o
pT . The shapes and normalizations of the data are in g
agreement with thekT-enhanced calculations.

Both theoretical and experimental uncertainties are
duced in the ratio of invariant cross sections f
p0 production at 800 and 530 GeV/c, allowing, in prin-
ciple, a more sensitive test of the calculations. Figure
displays this ratio compared to the conventional^kT&50 and
kT-enhanced NLO results using KKP fragmentation fun
tions. Thê kT& values are those used in Figs. 19 and 20. T
energy dependence of the data is accommodated bette
the kT-enhanced theory. Similar results are obtained for
data on the hydrogen target~not shown!.

The results discussed in this section are not very sens
to the specific parton distribution functions used in the c
culations@4#, the quark distributions being of primary impo
tance here. Methods similar to the ones described in
paper have been applied to analyze high-pT hadron spectra
in pp, pA, and AA collisions, andkT effects have been
found important for describing data on inclusive producti
of charged mesons@49,72#.

B. h production

Cross sections for inclusiveh production are tabulated in
Tables VII–XII. Theoretical descriptions ofh-meson pro-
duction differ from thep0 case primarily because of differ
ences in the fragmentation of partons into the particles
interest. To investigate this aspect, we presenth/p0 relative
05200
in
-

of

d

nd

n

.

-

in

d

-

7

-
e
by
e

ve
l-

is

f

production rates as functions ofpT andycm ~for two ranges
of pT) in Figs. 28 and 29—the average value of the ratio
3,pT ,8 GeV/c is 0.4560.01 at 530 GeV/c, and 0.42
60.01 at 800 GeV/c.

TABLE VII. Invariant inclusive differential cross section
(Eds/d3p) per nucleon forh production inpBe collisions at 530
and 800 GeV/c, averaged over the rapidity intervals20.75<ycm

<0.75 and21.0<ycm<0.5, respectively.

pT pBe at 530 GeV/c pBe at 800 GeV/c

(GeV/c) @nb/(GeV/c)2# @nb/(GeV/c)2#

3.00–3.20 49.869.066.0 88618611

3.20–3.40 24.364.562.9 34.768.564.3

3.40–3.60 16.762.562.0 19.565.162.4

3.60–3.80 8.561.461.0 8.163.061.0

3.80–4.00 3.6860.2560.42 7.3460.7760.86

4.00–4.20 2.0060.1360.23 3.8960.3360.45

4.20–4.40 1.24760.07860.14 2.1860.1960.25

4.40–4.60 0.58660.04360.067 1.2060.1260.14

4.60–4.80 0.41160.02460.047 0.80560.07360.095

4.80–5.00 0.24460.01760.028 0.50260.04860.059

@pb/(GeV/c)2# @pb/(GeV/c)2#

5.00–5.25 132.669.2615 341627640

5.25–5.50 70.065.668.2 152615618

5.50–5.75 36.564.464.3 107612613

5.75–6.00 16.562.362.0 58.068.067.0

6.00–6.50 7.2560.9760.87 26.363.663.2

6.50–7.00 2.6360.4360.32 10.461.861.3

7.00–8.00 0.2260.1360.03 3.0260.6460.38

8.00–9.00 0.03460.04660.005 1.3360.4360.17

9.00–10.00 0.1160.2460.02

10.00–12.00 0.07360.05060.010

TABLE VIII. Invariant inclusive differential cross section
(Eds/d3p) for h production in pp collisions at 530 and
800 GeV/c, averaged over the rapidity intervals20.75<ycm

<0.75 and21.0<ycm<0.5, respectively.

pT pp at 530 GeV/c pp at 800 GeV/c

(GeV/c) @nb/(GeV/c)2# @nb/(GeV/c)2#

3.00–3.50 22.569.562.7 5161766.3

3.50–4.00 7.661.960.9 11.463.761.4

4.00–4.50 1.1960.1460.14 2.1360.3460.25

4.50–5.00 0.31160.03560.036 0.67860.09160.080

@pb/(GeV/c)2# @pb/(GeV/c)2#

5.00–5.50 7861269.1 220636626

5.50–6.00 24.165.062.9 108616613

6.00–7.00 2.461.360.3 20.664.862.5

7.00–8.00 0.4160.3160.05 4.461.860.6

8.00–10.00 1.0560.7060.14
1-19



APANASEVICH et al. PHYSICAL REVIEW D 68, 052001 ~2003!
TABLE IX. The averaged invariant differential cross sections per nucleon (Eds/d3p) as a function of rapidity andpT for inclusiveh
production inpBe collisions at 530 GeV/c. The units are pb/(GeV/c)2.

pT ~GeV/c!

ycm 3.00–4.00 4.00–4.50 4.50–5.00

20.750–20.625 149006900061800 105063106120 246662628

20.625–20.500 96063206110 318688637

20.500–20.375 247006500062900 142062806160 376668643

20.375–20.250 174062906200 424660649

20.250–20.125 214006380062500 191062506220 485657656

20.125–0.000 174062006200 516656659

0.000–0.125 264006340063100 133061706150 484651656

0.125–0.250 206061606240 365645642

0.250–0.375 227006330062700 148061206170 332639638

0.375–0.500 140061006160 341636639

0.500–0.625 134006410061600 123061006140 322636637

0.625–0.750 833674695 187628622

5.00–5.50 5.50–6.50 6.50–8.00

20.750–20.625 6562567.5 4.667.060.6 0.3560.3360.04

20.625–20.500 95620611 13.663.961.6

20.500–20.375 100626612 7.666.960.9 1.0360.4660.13

20.375–20.250 109618613 16.364.361.9

20.250–20.125 135619616 21.164.662.5 1.5960.4660.20

20.125–0.000 124617614 19.564.462.3

0.000–0.125 121618614 21.664.262.6 1.6860.4560.21

0.125–0.250 98615611 20.264.062.4

0.250–0.375 128620615 23.863.862.8 0.8260.4160.10

0.375–0.500 94615611 19.963.862.4

0.500–0.625 91614611 18.563.362.2 0.6860.3360.08

0.625–0.750 5661266.5 14.463.261.7

TABLE X. The averaged invariant differential cross sections (Eds/d3p) as a function of rapidity and
pT for inclusiveh production inpp collisions at 530 GeV/c. The units are pb/(GeV/c)2.

pT ~GeV/c!

ycm 4.00–5.00 5.00–6.00 6.00–8.00

20.75–20.50 5406250662 2961963.4 1.661.060.2

20.50–20.25 7006230680 5361666.2

20.25–0.00 116061906130 5861666.8 1.361.160.2

0.00–0.25 7406150684 7061868.2

0.25–0.50 8006110692 4661365.4 1.361.260.2

0.50–0.75 568673665 4961365.8
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TABLE XI. The averaged invariant differential cross sections per nucleon (Eds/d3p) as a function of rapidity andpT for inclusiveh
production inpBe collisions at 800 GeV/c. The units are pb/(GeV/c)2.

pT ~GeV/c!

ycm 3.00–4.00 4.00–4.50 4.50–5.00 5.00–5.50

21.00–20.875 1300061500061600 92065806110 116647614
20.875–20.750 136066206160 5006240658 87652610
20.750–20.625 4600061100065600 198066306230 5606130665 155643618
20.625–20.500 127065806150 5406160664 259648631
20.500–20.375 173006810062100 233065506270 6406120676 299649635
20.375–20.250 384065306450 7106150684 253656630
20.250–20.125 482006880065800 352065706410 5706130667 239648628
20.125–0.000 413065206480 94061406110 292653635
0.000–0.125 345006670064200 407066006480 120061606140 311664637
0.125–0.250 284065106330 122061806140 386676646
0.250–0.375 290006710063500 367063506430 117061306140 275657633
0.375–0.500 223062606260 109061106130 282648633

5.50–6.50 6.50–8.00 8.00–10.00

21.00–20.875 961061.1 1.5060.9360.20
20.875–20.750 22.568.962.7
20.750–20.625 5161666.1 6.862.060.8 0.5260.9360.07
20.625–20.500 4161164.9
20.500–20.375 3461264.1 4.361.660.5 0.5560.5260.07
20.375–20.250 5161166.1
20.250–20.125 86616610 6.461.560.8 0.6860.2360.09
20.125–0.000 7961369.5
0.000–0.125 93617611 8.362.261.0 0.6160.2860.08
0.125–0.250 7061868.4
0.250–0.375 6161567.3 7.461.860.9 0.4860.2760.06
0.375–0.500 5461366.5
ns

r

s-
TABLE XII. The averaged invariant differential cross sectio
(Eds/d3p) as a function of rapidity andpT for inclusive h pro-
duction in pp collisions at 800 GeV/c. The units are
pb/(GeV/c)2.

pT (GeV/c)

ycm 4.00–5.00 5.00–6.00 6.00–8.00

21.0–20.75 106064306120 7365068.7 6.963.660.8

20.75–20.50 3606520642 97649612 4.967.160.6

20.50–20.25 193064206230 194640623 14.467.661.8

20.25–0.00 188064406220 256647631 22.366.062.7

0.00–0.25 198064706230 167655620 16.967.662.1

0.25–0.50 123062506140 198650624 9.665.061.2
05200
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FIG. 28. Ratios of h to p0 invariant cross sections fo
530 GeV/c pBe interactions, as a function ofpT ~top!, and of
ycm ~bottom! for two pT ranges. The error bars reflect only stati
tical uncertainties.
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V. SUMMARY

The invariant cross sections forp0 and h production
have been measured inpp and pBe collisions at 530 and
800 GeV/c as functions ofpT andycm, over the kinematic
range 1,pT ,10 GeV/c, and 1.5 units in rapidity. Result
from kT-enhanced NLO QCD calculations are in reasona
agreement with our measuredp0 cross sections. Employing
the recent KKP fragmentation functions in the NLO QC
calculations was found to improve the description of the
tailed shape of ourp0 cross sections as a function o
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FIG. 29. Ratios of h to p0 invariant cross sections fo
800 GeV/c pBe interactions, as a function ofpT ~top!, and of
ycm ~bottom! for two pT ranges. The error bars reflect only stat
tical uncertainties.
e
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pT relative to theoretical results obtained using the ear
BKK fragmentation functions. Theh/p0 production ratio,
which provides information about the relative fragmentati
of partons into these mesons, was measured at 530
800 GeV/c.
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