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We present results on the production of high transverse momenflend  mesons inm p and 7 Be
interactions at 515 Ge\¢/ The data span the kinematic rangesf;<11 GeVCk in transverse momentum and
—0.75<y,.,<0.75 in rapidity. The inclusiver® cross sections are compared with next-to-leading order QCD
calculations and to expectations based on a phenomenological partoodel.
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[. INTRODUCTION can be attributed to the effects of initial-state soft-gluon ra-
diation. Such radiation generates transverse components of

The study of inclusive single-hadron production at largeinitial-state parton momenta, referred to belowkgs[10].
transverse momentunp{) has been a useful probe in the Evidence of significank; in various processes and a phe-
development of perturbative QCIPQCD [1,2]. Early in  nomenological model for incorporating its effect on the cal-
the evolution of the parton model, a departure from an expoculated highpy cross sections has been extensively dis-
nential dependence of particle production at lpwwas in-  cussed in  Refs. [4], [5]. Recent studies of the
terpreted in terms of the onset of interactions between point?hotoproduction of direct photons at the DE8jycollider at
like constituentgpartons contained in hadrons. Large; is ~ HERA may provide additional insiglit1-15. In this paper,

a regime where perturbative methods have been applied #& follow the phenomenological prescription of R¢g]
QCD to provide quantitative comparisons with data. SuchVhen comparing calculations with ow” data.
comparisons yield information on the validity of the PQCD

description, and on the parton distribution functions of had- II. EXPERIMENTAL APPARATUS

rons and the fragmentation functions of partons.

This paper reports high-precision measurements of the
production of #° and » mesons with largep; by a Fermilab E706 was a fixed-target experiment designed to
515 GeVk =~ beam. The data were accumulated during themeasure the production of direct photons, neutral mesons,
1990 and 1991-1992 fixed-target runs at Fermilab. F#le and associated particles at high[4,16—18. The spectrom-
production cross sections are compared with next-to-leadingter, designed and built for this experiment, was located in
order(NLO) PQCD calculation$3]. As illustrated in a pre- the Meson West experimental hall and included a precision
vious publication[4], our data for both inclusiver® and  charged particle tracking system and a large acceptance lig-
direct-photon production are not described satisfactorily byid argon calorimeter. Figure 1 shows key elements of the
the available NLO PQCD calculations using standardMeson West spectrometgt9].
choices of parameters. Similar discrepancies have been ob- The tracking system consisted of silicon microstrip detec-
served[5,6] between conventional PQCD calculations andtors (SSD$ in the target region, and multiwire proportional
other measurements of higit 7° and direct-photon cross chambers(PWC9 and straw tube drift chambefSTDC9
sections(see alsd7-9]). The origin of these discrepancies downstream of a large aperture analysis magaéf. The

SSD system contained 16 planes of silicon wafers, arranged
in 8 modules. Each module contained two SSD planes, one
*Deceased. providing X-view information and the other providing

A. Spectrometer
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FIG. 1. Plan view of the Meson West spectromet@mitting
muon identification The Z axis of the coordinate system for the
experiment was oriented along the nominal beam axis.

FIG. 2. The longitudinal distribution of reconstructed vertices
for the 1990(top) and 1991-1992bottom) target configurations.

Y-view information. Six 3<3 cn? SSD planes were located dinal cells, read out in two sections: an 11 cell front section
upstream of the target and used to reconstruct beam tracks-g.5 radiation lengthsand a 22 cell back sectiofr~18
Two hybrid 5x 5 cn? SSD planes25 um pitch strips in the  ragiation lengthis The longitudinal cells consisted of 2-mm-
central 1 cm, 50um beyond were located downstream of hick ead cathodekhe first cathode was constructed of alu-
the target. These were followed by eight<5cn? SSD  minym), double-sided copper-clad G-10 radid®) anode
planes of SQum pitch. The analysis dipole imparted a trans- ;544 followed by 2-mm-thick lead cathodes, and double-
verse momentum impulse in the horizontal plane o sided copper-clad G-10 azimuth@b) anode boards. There

~450 MeVic to charged particles. Downstr_eam track S€9were 2.5 mm argon gaps between each of these layers in a
ments were measured by means of four stations of four view:

(XYUV) of 2.54 mm pitch PWCs and two stations of eight Zell. The copper cladding on the anode boards was cut to

(4X4Y) layers of STDCs with tube diameters 1.04 ¢ap- form strips. Sigpals from corresponding strips on&(br ©)
stream stationand 1.63 cr{downstream station anode boards in the frorfor back section were jumpered

In the 1990 run, the target consisted of two 0_8_mm_thicktogether. The copper cladding on the radial anode boards was

copper foils followed by two pieces of beryllium. The up- cut intq concentric s_trips cente_red on the nominal beam axis.
stream Be piece was 3.7 cm long, while the downstream B&N€ width of the strips on the fir® board was 5.5 mm. The
piece was 1.1 cm long. For the 1991-1992 run, the targedidth of the R strips on the followingR boards increased
was reconfigured to include a liquid hydrogen tarf20] slightly so that the radial geometry was projective relative to
contained in a 15.3-cm-long Mylar flask and supported in arthe target. The azimuthal readout was subdivided at a radius
evacuated volume with beryllium windows at each ¢ad  of 40 cm into inner and outer segments, with each inher
mm thickness upstream and 2.8 mm thickness downsireanstrip subtending an azimuthal angle of192 radians and
The liquid hydrogen target was flanked by two 0.8-mm-thickouter ® strips coveringzn/384 radians. Subdivision of the
copper disks upstream and a 2.54-cm-long beryllium cylin-azimuthal strips in the outer portion of the detector improved
der downstream. Figure 2 shows the reconstructed vertegoth the position and energy resolution for showers recon-
position alongZ as determined by the tracking system for structed in this region. It also reduc&e® correlation ambi-
representative samples from the 19®@p) and 1991-1992 guities from multiple showers in the same octant of the calo-

(bottom) runs. The individual target elements are clearly re-rimeter.
solved, as are several of the SSDs. The spectrometer also included two other calorimeters: a

Photons were detected in a large, lead and liquid-argohadronic calorimeter located downstream of the EMLAC
sampling electromagnetic calorimetéMLAC), located 9  within the same cryostat and a steel and scintillator calorim-
m downstream of the targg21]. The EMLAC had a cylin- eter positioned further downstream to provide instrumenta-
drical geometry with an inner radius of 20 cm and an outeition in the very forward region. The E672 muon spectrom-
radius of 160 cm. It was divided into four mechanically in- eter, consisting of a toroidal magnet, scintillators, and
dependent quadrants, which were further subdivided elegroportional wire chambers, was deployed immediately
tronically to create octants. The calorimeter had 33 longitudownstream of the calorimetef82—-25.
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The beamline was instrumented with a differential Cher-octant. If aLOCAL HI (or LOCAL LO) signal was generated in
enkov countef26,27] to identify incident pions, kaons, and coincidence with th@RETRIGGER Hiin the same octant, then
protons in secondary beams. This helium-filled counter wa& SINGLE LOCAL HI (Or SINGLE LOCAL LO) trigger was gener-
43.4 m long and was located100 m upstream of the ex- ated for that octant.
periment’s target. At the end of the beamline was a 4.7-m- Trigger decisions were also made based upon global en-
long stack of steel surrounding the beam pipe and shadowin@fgy depositions in an octant. 8LOBAL LO signal was gen-
the EMLAC to absorb off-axis hadrons. A water tank was€rated if the totalpr in an octant exceeded a low global
placed at the downstream end of this hadron shield to absoffréshold value. TheocAL® GLOBAL LO trigger required a
low-energy neutrons. Surrounding the hadron shield and nelgoincidence of thesLOBAL LO signal with PRETRIGGER HI
tron absorber were walls of scintillation countdk&W) to ~ @NdLOCAL LO signals from the same octant. TheCAL LO

identify penetrating muons. During the 1990 run. there asrequirement was includgd to suppress spurious global trig-
! ity p 'ng mu uring 5 W gers due to coherent noise in the EMLAC.

one wall at the upstream end and two walls at the downs .
The SINGLE LOCAL LO and LOCAL® GLOBAL LO triggers

stream end of the hadron absorber. Prior to the 1991-1992 A
- were prescaled to keep them from dominating the data
run, an additional wall was added to the upstream end.

sample. Prescaled samples of beam, interaction, and pretrig-
ger events were also recorded. Further details concerning the

B. Trigger E706 trigger can be found elsewhd,18,28,2%
The E706 trigger selected events yielding high transverse
momentum showers in the EMLAC. The selection process [l. ANALYSIS METHODS

involved several stages: beam and interaction definitions and
pretrigger and higlpy trigger requirements. Beam particles
were detected using a hodoscope consisting of three plan
(arranged inX, Y, andU views) of scintillator strips, located

~2 m upstream of the target region. BEAM signal was
generated if the beam hodoscope registered hits in time cétom the 1990 run plus 1.4 pB from the 1991-1992 ryn

1 — . .
incidence from at least two of the three planes. In addition, d@md 0.23 pb” of 7~ p qlata. The following subsections de-
scribe the data analysis procedures and the methods used to

BEAM1 signal was generated if the hits in at least two of the o .
hodoscope planes were considered to be isolated. Scintil _prrect the data for losses due to inefficiencies and selection

tion counters centered on the target with a 0.95-cm-diamete}2S€s- Additional details may be found in several of our
central hole were used to reject interactions initiated by parP'€vious papergl6,18,21.
ticles in the beam halo. _

Interactions were detected using two pairs of scintillation A. Reconstruction

counters mounted on the dipole analysis magnet, one pair on Two major aspects of the event reconstruction procedure
the upstream side and one pair downstream. Each pair hadwiere particle track and calorimeter shower reconstruction.
central hole that allowed non-interacting beam particles tarhe charged-track reconstruction algorithm produced track
pass through undetected. AMTERACTION was defined as a segments upstream of the magnet using information from the
coincidence between signals from at least two of these fousSDs, and downstream of the magnet using information
interaction counters. A filter was used to reject interactiongrom the PWCs and STDCs. These track segments were pro-
that occurred within 60 ns of one another to minimize potenjected to the center of the magnet and linked to form the final
tial confusion in the EMLAC due to out-of-time interactions. reconstructed tracks, whose calculated charges and momenta
For those interactions that satisfied both 8Em1 and  were used in physics analyses and to determine the location
INTERACTION definitions, thepy deposited in various regions of the primary interaction vertex. The charged track recon-
of the EMLAC was evaluated by weighting the energy sig-struction is described in detail in RdfL8].
nals from the fast outputs of the EMLAR channel ampli- The readout in each EMLAC quadrant consisted of four
fiers by a factor proportional to s#h, where; is the polar  regions: leftR and rightR (radial strips of each octant in that
angle that theth strip subtended with respect to the nominal quadrank and inner® and outerd. The distributions of en-
beam axis. The?PRETRIGGER Hisignal required that th@r  ergy from clusters of strips in each region were fit to the
detected in either the inner or out@rchannels of any octant shape of an electromagnetic shower as determined from
be greater than the pretrigger threshold value. This signallonte Carlo simulations and isolated-shower data. These fits
was issued only when there was no evidence in that octant afere used to evaluate the positions and energies of the peaks
substantial noise or significamt; attributable to an earlier in each region. Peaks of approximately the same energy in
interaction, and there was no incident beam halo muonhe R and® regions within the same half octant were com-
detected by the VW. bined to obtain the final shower positions and energiesre
Localized trigger groups were formed for each octant bycomplex algorithms were used to handle configurations with
clustering the inputs from the channels into 32 groups of 8 overlapping showers in either tieor ® region. The EM-
channels. Each of the adjacent pairs of 8 channel groupsAC readout was also subdivided longitudinally into front
formed a group of 16 strips. If ther detected in any of these and back sections. This longitudinal segmentation provided
groups of 16 was above a specified high low) threshold,  discrimination between showers generated by electromag-
then aLOCAL HI (or LOCAL LO) signal was generated for that netically or hadronically interacting particles. An expanded

This paper presents results fof and » production by a

g&S GeVE 7~ beam on beryllium and liquid hydrogen tar-
gets. The data sample used in this analysis corresponds to an
integrated luminosity of 7.5 pit of = Be data(6.1 pb !
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discussion of the EMLAC reconstruction procedures and (x10%
performance can be found in R¢R21].

2

S B B P e B LA
1.0 <pp < 1.5 GeV/e 1L5<pr<2.0 GeV/c | 20<pp<25 GeV/c |
I < —40_ .- —
B. Event selection and meson signals 1

es per 5 MeV/e
n
T
1

Events contributing to measurements of cross sectionsg )

were required to have reconstructed interactions vertices® | ; 4 -10j - Jaol 1
within the fiducial volume of the Be or Htargets. Bothr® 05k m,:.-—-—-'f"‘;’*mf;g

and » mesons were reconstructed via theyr decay modes. I j.*" ] - oo

Only those showers which deposited at least 20% of their ~ |-© | [ o ™==d 1 & e
energy in the front part of EMLAC were considered gs ° 0.1 0z ° 0.1 oz ° 0.4 02
candidates, to reduce the background due to showers frori ¥y Mass (GeV/c?)
hadronic interactions. Only thosgy combinations with en- FIG. 3. yy mass distributions in the region of the for several

ergy asymmetryA, =|E ;—E,|/(E,;+E,;)<0.75 were p; bins. Curves are overlayed for thope bins where the back-
considered in order to reduce uncertainties due to low energground to the signal was determined using a fitting procedure rather
photons. Photons were required to be reconstructed withithan sideband subtraction.

the fiducial region of the EMLAC to exclude areas with re-

duced sensitivity. In particular, regions of the detector neapolynomials for the background. The combinatorial back-
quadrant boundarigsvhich abutted steel support platetie  ground in the peak regions was determined from the resultant

central beam hole, the outer radius of the EMLAC, and oc4it parameters, and subsequently subtracted from the total
tant boundaries were excluded. In additigfy,combinations  entries within the peak.

were restricted to the same octant to simplify the trigger
analysis. A simple ray-tracing Monte Carlo program was em-
ployed to determine the correction for these fiducial require-
ments. Trigger corrections were evaluated on an event-by-event
Signals have been corrected for the 25% loss due to theasis using the measured efficiencies of the trigger groups
energy asymmetry cut and for the branching fractions for théesponsible for the formation of a given trigger. For example,
yy decay mode$30]. The correction for losses due to the th€SINGLE LOCAL Hi trigger corrections were based upon the
conversion of one or both of the photons irgde~ pairs  €fficiencies of the 32 groups of 16 in the triggering octant.
was evaluated by projecting each reconstructed photon frorhhese efficiencies were evaluated as functions ofpthee-
the event vertex to the reconstructed position in the EMLAC constructed within the trigger group, using data samples that
The radiation length of material traversed was calculatedvere unbiased with respect to the trigger group. From these
based upon detailed descriptions of the detectors encouffficiencies, a trigger probability was definefl=1—TI(1
tered. The photon conversion probability was evaluated and Pi), Wherep; is the efficiency of theth trigger group in
used to account for conversion losses. The average corref€ octant. The inverse of this probability was applied as a
tion for conversion losses per meson was 1.19 for the Bé&rigger weight to each meson candidate. Meson candidates
target in the 1990 rufl.16 in 1991—-199Pand 1.24 for the with trigger probabilities ofP<0.1 were excluded from fur-
H, target. A full event simulatiofdescribed beloywas em- ther consideration to avoid excessively large trigger weights.
ployed to correct for other effects including reconstructionThe correction for losses from this requirement was deter-
smearing and losses. mined from Monte Carlo, and absorbed into the reconstruc-
The yy invariant mass distributions in the® and » mass  tion efficiency.
regions for photon pairs that satisfied the above requirements The cross sections presented in this paper utilize the re-
are shown in Figs. 3 and 4 for sevesa} py intervals. Az®  sults from a combination of triggers. Going from low to high
candidate was defined as a combination of two photons witl®T. the triggers were INTERACTION, PRETRIGGER Hj
invariant mass,M,,, in the range 100 Me\(7’2<Mw
<180 MeV/c?. An 7 candidate was defined as a two-photon x10%
combination in  the range 450 Me¥I<M,,  R4Fid L 35 Gevic| 535 <p, <40 GeVic| [40<py <45 Gevic]
<650 MeV/c?. Combinatorial background under thd and £ | + 1 + Jeo + y
7 peak regions was evaluated as follows. Sideband region:& 1 i ]
were defined to cover a mass range equivalent to that in thed | ¥ 1°r +f 17 ", 1
0 . . . . . 8 40k .
- and 5 peak regions. Distributions from these sidebands 5 2o 11 11 ]
were subtracted from the distributions within th€ and » = ] + ok I - ]
mass ranges to obtain the respective signals. This techniqu | ™ T B P W0, " - .
is appropriate as long as the combinatorial background de I 1 ~f [ ]
pends approximately linearly oM ,,. The combinatorial ool e ]
background shape is not linear at loyw; (below o4 06 08" 04 06 08 °'4WMafs'6(Gewc%)8
~2 GeV/c), and a fitting procedure was used to evaluate

this background. The/y mass distributions at loy: were FIG. 4. yy mass distributions in the region of thefor several
fit using Gaussians for signal, and second and third ordep; bins.

C. Trigger corrections
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FIG. 5. Effect of muon rejection requirements on the invariant  FIG. 7. Comparison of the background subtracted energy
mass distribution in ther°-mass region, for candidatey pairs with asymmetry distribution in ther® signal region in the datéhisto-
3<pr<3.5 GeVk (left) and 7<p;<10 GeVk (right). gram and Monte Carlo simulatiot®). Shown are the comparisons

for two p; intervals, 4.&p;<5.5GeVt and 55pg
LOCAL®GLOBAL LO (1990 rup or SINGLE LOCAL LO (1991—  <7.0 GeVk. The distributions have been normalized to unit area.
1992 run, andSINGLE LOCAL HI. The transition points cho-
sen between the lower and hlgher threshold triggers WErEocaL HI trigger was used exc|usive|y for botho and 7
determined by comparing the fully corrected results frommesons.
each trigger, and were different fer® and » mesons, and

also depended on rapidity. Fpr>4.0 GeVk, the SINGLE D. Beam halo muon rejection

-— V¥ Spurious triggers were produced by muons in the beam
T T "] halo that deposited energy in the electromagnetic calorimeter
[ Pr>6.5GeVfe in random coincidence with an interaction in the target. Par-
ticularly in the outer regions of the EMLAC, such energy
depositions can produce background at lpywmass values
due to the occasional splitting of the muon-induced showers
B ] into two closely separated photon candidatese Fig. 5.
- 17 The pretrigger logic used signals from the VW to reject
] events associated with such muons in the beam halo. The
off-line analysis employed expanded requirements on the
010 015 020 latched VW signals, and imposed requirements upon the di-
i rection of reconstructed showers, the shower shape, and the
total pr imbalance in the event to further reduce this back-
ground. The effects of these off-line rejection requirements
on theyy invariant mass distribution are shown in Fig. 5 for
vy pairs with 3<p;<3.5GeVt (left) and 7<pt
<10 GeVCk (right). The rejection requirements completely
eliminate the large muon-induced background in the hggh-
bin while having very little effect on the signal. A more
detailed description of these requirements can be found in

Pr>3.5GeV/e

Entries per 2 MeV/v.:2
T T
Entries per 4 MeV/c2
I

mBe at 515 GeV
-0.75<y,, <075

0.06 0.08 0.10 I 0.12 I 0.14 I 0.16 I 0.18 0.20 0.22 0.24 Ref [16]
vy Mass (GeV/cz)
FIG. 6. Comparison between dathistogram and the Monte E. Detector simulation
Carlo (@) for yy combinations in ther® mass region for two re- The Meson West spectrometer was modeled via a detailed
quirements on minimunp;. The distributions have been normal- GEANT [31] simulation. A preprocessor was used to convert
ized to unit area. GEANT information into the hits and strip energies measured
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FIG. 8. Combined relative systematic uncertainty gt pro- OF|G- 10. Invariant differential cross sectiofyser nucleo for
duction as a function of; (solid line). Also shown are the contri- 7 production as a fungtlon @ in 7~ p and 7~ Be interactions at. _
butions from the various sources of systematic uncertainty. 515 GeVk. Cross sections have been averaged over the rapidity

range, —0.75<y.,=<0.75. The error bars represent the combined

. . tatistical and systematic uncertainties.
by the various detectors. The preprocessor simulated hard- 4
ware effects, such as channel noise and gain variations. q lativel I t of the ki
Monte Carlo generated events were then processed throu%\" 7 MESoNs Were refatively smail over most ot the kine-

the same reconstruction software used to analyze the da atic range. More information on the detailed simulation of
This accounted for inefficiencies and biases in the recont- e Meson West spectrometer can be found in Reff]. We

struction algorithms. Reconstruction inefficiencies fof ~ €mPloyed single particle distributions, reconstructed data,

20 P L L L L BN B L L L B R
§ - T T T T % 105 2‘. 0 . ]
S = 7 production at 515 GeV/c 1
13 10 —075<y,, <0.75 .
N ]
i ® T Be [pb/(GeV/c)2 per nucleon] ]
= E
2 15| 4 O 7 p [nbAGeV/c)* ]

v 102 fa

stat and sys uncertainties combined §

NLO Theory
05 — - p=pp/2

T

3 4 5 8 7 8 9 10 11
ool pr (GeV/e)

2 4 6 8
pr (GeV/c)

FIG. 11. Invariant differential cross sectiofiser nucleon for
FIG. 9. Ratio of production cross sections by 515 G\~ 70 production as a function gy in =~ p and 7~ Be interactions at
beam on Be from the 1991-1992 fixed target run to those obtained15 GeVk. Cross sections have been averaged over the rapidity
from the 1990 run. The error bars reflect only statistical uncertainfange,—0.75<y.,,<0.75. The error bars have statistical and sys-
ties for pr>2.0 GeVk. The dashed line is a fit to the ratio af tematic uncertainties added in quadrature. Overlayed on the data are
cross sections. NLO PQCD results.
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TABLE I. Invariant differential cross sectionEdo/d®p) per
nucleon for the inclusive reaction™ Be— 7°X at 515 GeV¢, av-
eraged over the rapidity intervat 0.75<y.,,<0.75.

Pt 7 Be at 515 GeV¢
[GeVic] [ ub/(GeVic)?]
1.00-1.20 258 36
1.20-1.40 98 14
1.40-1.60 39.946.0
1.60-1.80 20.62.6
1.80-2.00 9.61.3
2.00-2.20 3.68 0.36-0.43
2.20-2.30 2.1340.054-0.25
2.30-2.40 1.47%50.038:0.17
[nb/(GeVk)?]
2.40-2.50 964 27+112
2.50-2.60 686 17+78
2.60-2.70 50% 14+58
2.70-2.80 318.69.7+-36.4
2.80-2.90 246.27.3+£28.1
2.90-3.00 171.94.3+19.5
3.00-3.10 128.83.3£14.5
3.10-3.20 91.62.6+10.3
3.20-3.30 72.81.9+8.2
3.30-3.40 48.81.3£5.5
3.40-3.50 35.21.0+4.0
3.50-3.60 26.8f0.66+ 3.0
3.60-3.70 19.9830.50+2.2
3.70-3.80 15.020.36+ 1.7
3.80-3.90 11.260.30+ 1.2
3.90-4.00 8.320.11+0.92
4.00-4.10 6.2830.040+0.69
4.10-4.20 4.8180.034-0.53
4.20-4.30 3.64610.027£0.40
4.30-4.40 2.8530.023+0.31
4.40-4.50 2.1880.019-0.24
4.50-4.60 1.671£0.015-0.18
4.60-4.70 1.2890.013£0.14
[pb/(GeVk)?]
4.70-4.80 1006 11+110
4.80-4.90 764.£9.6+-83.8
4.90-5.00 611.948.667.2
5.00-5.10 480.77.3+52.9
5.10-5.20 369.76.1+-40.8
5.20-5.30 301.£5.5+33.3
5.30-5.40 240.2 4.9+ 26.6
5.40-5.50 193.44.3+21.4
5.50-5.60 152.83.7£17.0
5.60-5.70 117.63.2+13.1
5.70-5.80 92.62.8+10.3
5.80-5.90 78.62.6£8.7
5.90-6.00 57.942.2+6.5
6.00-6.25 41.F1.2+4.7
6.25-6.50 25.520.91+2.9
6.50-6.75 15.420.68+1.8
6.75-7.00 5.860.50+ 1.0
7.00-7.50 4.530.25+0.53
7.50-8.00 1.320.13£0.16
8.00-9.00 0.362 0.050+0.046
9.00-10.00 0.0450.022+0.006
10.00-12.00 0.003%0.0031+0.0005
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and the HERWIG [32] physics generator as inputs to the
GEANT simulations HERWIG calculations ofr° and » spectra
were weighted i and rapidity using our measured results
in an iterative fashion so that the final corrections were based
on the data distributions rather than on the output of the
physics generator.

Spectral effects were particularly important to the calibra-
tion of the EMLAC's energy respong@1]. The calibration
of the energy response was based on the reconstructed
masses ofr® mesons in theyy decay mode. The steeply
falling 7% pr spectrum, combined with the calorimeter’s
resolution, results in a small offsét=1%) in the mean re-
constructed photon energies. We accounted for this offset,
and for potential biases in the calibration procedure, by cali-
brating the simulated EMLAC in the same manner as the real
detector. We also employed the simulation to evaluate the
mean correctiorfas a function of photon energfor energy
deposited in the material upstream of the EMLAC. The im-
pacts of detector resolution on the energy scale calibration
and on ther® and » production spectra were incorporated in
the overall reconstruction efficiency corrections.

Figure 6 compares they mass spectra in the® mass
region to the simulation for two different minimumy; cut-
offs. In addition to providing evidence that the Monte Carlo
simulated the EMLAC resolution well, the agreement be-
tween the levels of combinatorial background also indicates
that the Monte Carlo provided a reasonable simulation of the
underlying event structure. Figure 7 shows a comparison be-
tween the Monte Carlo simulation and the data for the back-
ground subtractedyy energy asymmetry in ther® signal
region, for twop+ intervals. This figure illustrates that the
simulation accurately describes the losses of very low-energy
photons.

F. Normalization

Electronic scalers that counted signals from the beam ho-
doscope, interaction counters, and beam hole counters were
used to evaluate the number of beam patrticles incident on the
target. Other scalers logged the state of the trigger and of
components of the data acquisition system. Information from
these scalers was used to determine the number of beam
particles that traversed the spectrometer when it was ready to
record data. This number was corrected for multiple occu-
pancy in the bean{~3%), the absorption of beam in the
target materia{~6% for the Be target ane3% for H,), and
for the = content of the beam which was measured to be
~0.5%[29].

The normalization of the lowp; 7° cross section was
independently verified using events from the prescaled beam
and interaction trigger samples. In these samples, the abso-
lute normalization is obtained simply by counting the re-
corded events selected by these triggers. For theseplow
events, the normalization as determined via the scalers and
via event counting techniques agreed to 3% accuracy.

An analysis of negative secondary beam production by
800 GeVt primary protons indicates a smalk1%) K~
component in the incident 515 Ged/beam. The meson pro-
duction cross sections were corrected for is component
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TABLE II. Invariant differential cross sectionEda/d3p) for
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A cross-check of the systematics can be obtained by com-

the inclusive reactionr~ p— 7°X at 515 GeVE, averaged over the paring the results for meson production from the 1991-1992

rapidity interval —0.75<y.,<0.75.

data sample to the results from the 1990 data sample for
independent analyses. The ratio of th& and » production

[GE\T//C] W[ib%é;\s//g%m cross sections from the 1991-1992 run to the 1990 run is
shown in Fig. 9. A fit to the ratio of° cross sections yields
1.00-1.50 16358 0.982+0.006, which is well within the systematic uncertain-
1.50-2.50 524.1 ties described earlier in this section.
5 The secondary pion beam was determined to have a mean
[nb/(Gevie)'] momentum of 51% 2 GeV/c with an estimated halfwidth of
2.50-2.75 45% 34+53 ~30 GeVk. This momentum spread introduces a small un-
2.75-3.00 172 14+ 20 certainty (=5%) in comparisons of theory with data.
3.00-3.25 97.28.4£11.0
3.25-3.50 34.%3.8£3.9 IV. RESULTS AND DISCUSSION
3.50-3.75 18.22.6+2.1 A. 70 production
3.75-4.00 9.915+1.1
4.00-4.25 4.720.12+0.52 The inclusiver® cross sections per nucleon vergusare
4.25-4.50 2.6120.086+0.29 shown in Fig. 10 for 515 Ge\WW =~ beam incident upon
4.50-4.75 1.3160.048+-0.14 beryllium and liquid hydrogen targets. The statistical and
2 systematic uncertainties are combined in quadrafGe.
[Pb/(GeVie)] Note that the cross section is in units of pb/(Ge) per
4.75-5.00 72233+ 79 nucleon for the Be target and in nb/(GeY? for the H,
5.00-5.25 396 24+ 43 target. The measurements on beryllium were obtained using
5.25-5.50 215 16+ 24 the combined statistics from the 1990 and 1991-1992 runs.
5.50-5.75 138 13+ 15 Because of the steeply falling spectra, the data are plotted at
5.75—6.00 70.49.4+7.9 abscissa values that correspond to the average values of the
6.00—6.50 32.44.1+3.6 cross section in eacpy bin, assuming local exponentipk
6.50—7.00 11.22.3+1.3 dependencg¢35]. The cross sections are also tabulated in
7.00-8.00 3.730.87+0.44 Tables 1-IV. S _
8.00—10.00 0.330.19+ 0.04 In Fig. 11, the measured inclusive’ cross sections are

under the assumption that meson production ¢ abeam

is half that of am~ beam[26,33.

G. Summary of systematic uncertainties

The principal contributions to the systematic uncertainty
arose from the following sources: calibration of photon en-

0

compared to NLO PQCD resulf8] using Glick-Reya-Vogt
(GRV) [36] parton distributions, Kniehl-Kramer-fer
(KKP) [37] fragmentation functions, and factorization scales
of u=p¢/2, pr, and 2+ (the renormalization and fragmen-
tation scales have been set equal to the value of the factor-
ization scale The PQCD calculations for the Be target were
adjusted to account for nuclear effects using tneNG
Monte Carlo calculatiof38]. The large scale dependence in
the calculations is insufficient to raise the predicted cross
sections up to the values indicated by the data.

ergy response,m~ and » reconstruction efficiency and . . ) .
: X - These discrepancies have been interpréded?] as aris-
detector-resolution unsmearing, and overall normalization, P P ]

The relative svstematic uncertainty for® oroduction is M9 from additional soft-gluon emission in the initial state
ys A Y P . that is not included in the NLO calculation, and which results
shown as a function gf in Fig. 8. Included in the figure are

howi h but ¢ h ) in sizable partork; before the hard collisioffor a different
curves showing the contributions from the major sources OE]erspective, see the discussion in H&f). Soft-gluon (or

systematic uncertainty. Other sources of uncertainty WhiCly ) effects are expected in all hard-scattering processes, such
c_ontrl_bu'Fe at the 1%—2% Ieyel !nclude background subtr_a(:;,j1s the inclusive production of jets, high- mesons, and di-
tion, incident beam contamination, beam halo muon rejecpact photong39-43. The Collins-Soper-Sterman resumma-
tion, geometric acceptance, photon conversions, trigger réion formalism[43] provides a rigorous basis for understand-
sponse, and vertex finding. The total systematic uncertaintjrg these radiative effects, and there have been several recent
is calculated by combining in quadrature all the individual efforts to derive resummation descriptions for the inclusive
uncertainties. The uncertainties fgrproduction are similar  direct-photor{44—48, jet[49], and dijet cross sectioi§0—

to those form® production, except for the uncertainty in the 52]. The calculation of Ref[44] for inclusive direct-photon
trigger response, which is’5% at lowp;. The actual sys- production, which includes the effects of soft-gluon resum-
tematic uncertainties are quoted in the appropriate tables shation near the kinematic threshold limik{(=2ps/\/s
cross sections, except at lopt, where the statistical and —1), has a far smaller sensitivity to scale, compared to
systematic uncertainties have been combined because of tht-O calculations, and provides cross sections close to those
large correlation between them. of NLO calculations with a scale g = p+/2. Also, for our
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TABLE IIl. The averaged invariant differential cross sectidadg/d®p) per nucleon as a function of rapidity apg for the inclusive

reactionm Be— 7°X at 515 GeVt.
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pr (GeVic)
1.00-1.50 1.50-2.00 2.00-2.50 2.50-3.00
Yem [ ub/(GeVic)?] [ ubl/(GeVic)?] [ ub/(GeVic)?] [nb/(GeVk)?]
—0.750—0.625 13330 13.4-3.7 1.87-0.86+0.22 377-26+43
—0.625—0.500 404+ 24+ 46
—0.500—0.375 176-29 18.6-4.5 2.5770.083+0.30 36924+ 42
—0.375—0.250 339+ 16+ 39
—0.250—0.125 15627 23.4:4.1 2.555¢ 0.055+ 0.30 379-16+43
—0.125-0.000 408+ 15+47
0.000-0.125 17331 19.8-4.0 2.554+ 0.045+0.30 414- 14+ 47
0.125-0.250 396+ 12+ 45
0.250-0.375 12622 24.9-45 2.430-0.049+0.28 397 12+ 46
0.375-0.500 357+ 12+41
0.500-0.625 14624 15.0-3.2 2.2670.052+0.27 371 13+43
0.625-0.750 337+12+39
3.00-3.50 3.50-4.00 4.00-4.50 4.50-5.00
[nb/(GeVk)?] [nb/(GeVk)?] [nb/(GeVk)?] [nb/(GeVk)?]
—0.750—0.625 61.4-5.7+6.9 10.48-0.98+1.2 2.226:0.072+0.24 0.626:0.022+0.068
—0.625—0.500 61.6-5.8+6.9 11.76:0.96+1.3 2.794-0.057+0.31 0.778-0.019+0.085
—0.500—0.375 74.14.1+8.3 14.42-0.47+1.6 3.342-0.044+0.37 0.872-0.016+ 0.096
—0.375—0.250 69.33.4+7.8 15.11+0.57+1.7 3.705-0.041+0.41 0.964-0.017+0.11
—0.250—0.125 77.92.9+8.7 17.49-0.66+1.9 4.107-0.038+0.45 1.128-0.018+0.12
—0.125-0.000 8442.4+9.4 18.74-0.53+ 2.1 4.607-0.040+0.51 1.241-0.018+0.14
0.000-0.125 8751.7+9.8 18.32-0.54+ 2.0 4.5806- 0.037+0.50 1.257-0.018+0.14
0.125-0.250 8551.7+9.6 18.76:0.61+2.1 4.571-0.038+0.50 1.236:0.017+0.13
0.250-0.375 8531.7-9.6 18.82:0.61+2.1 4.720-0.040+0.52 1.275:0.018+0.14
0.375-0.500 82:61.9+9.3 17.710.63+2.0 4.576-0.041+0.50 1.254-0.019+0.14
0.500-0.625 7881.8+8.8 18.710.58+2.1 4.305-0.041+0.47 1.1710.019+0.13
0.625-0.750 70.81.8+8.0 15.11#+0.51+1.7 3.858-0.040+0.42 1.015-0.018+0.11
5.00-5.50 5.50-6.50 6.50—8.00 8.00-10.00
[pb/(GeVk)?] [pb/(GeVk)?] [pb/(GeVk)?] [pb/(GeVk)?]
—0.750—0.625 177.2:8.5£20 31.8:2.1+3.6
_
—0.625—0.500 212.87.5+23 44.1+2.2+4.9 2.08+0.26:0.24 0.108-0.05G=0.013
—0.500—0.375 253.5:8.2+28 52.1+2.3+5.8
+ +
—0.375—0.250 306.5:9.0+34 65.3+2.6=7.3 4.46x0.3550.52 0.03%-0.024+0.005
—0.250—0.125 326.7#8.8+36 73.4-2.8+8.2
—0.125-0.000 356:69.0+ 39 75.8-2.8+8.5 6.8320.4320.79 0.19%-0.066-0.024
0.000-0.125 380:99.0+42 88.4-2.9+9.9
-
0.125-0.250 383:%78.9+42 82.5-2.8+9.2 8.43:0.46-0.98 0.355-0.080=0.043
0.250-0.375 387%9.2+43 83.2:2.8+9.3
"
0.375-0.500 375609.6+41 71.9-2.9+8.1 7.40x0.46-0.86 0.3930.093%0.048
0.500-0.625 34359.4+38 76.1+2.9%8.5 6.48-0.49+0.75 0.133:0.069+0.016
0.625-0.750 29948.9+33 56.9+ 2.6+ 6.4

energies, the calculations of Refd7], [48], which simulta-

tional ky for highpt production processes.

neously treat threshold and recoil effects in direct-photon Because the unmodified PQCD cross sections fall rapidly
production, yield a substantially larger cross section than thavith increasingpr, the net effect of the Ky smearing” is to
NLO result. However, no such calculations are available folincrease the expected yield. Modified parton kinematics have
inclusive meson production. In their absence, we use &een implemented in a Monte Carlo calculation of the
PQCD-based model that incorporates transverse kinemati¢sading-order(LO) cross sections for hight particle pro-

of initial-state partons to study the consequences of addiduction[53], with the k; distribution for each of the incom-
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TABLE IV. The averaged invariant differential cross sectidad@/d®p) as a function of rapidity ang; for the inclusive reaction
7 p—w°X at 515 GeVE.

p7 (GeVic)
2.50-3.00 3.00-3.50 3.50-4.00 4.00-4.50
Yem [nb/(GeVi)?] [nb/(GeVk)?] [nb/(GeVk)?] [nb/(GeVi)?]
—0.750—0.625 1.97+0.29+0.22
+71+ + 15+ +
—0.625—0.500 291> 7133 SLe1555.7 5.5:3.7x06 2.95+0.34+0.32
—0.500—0.375 3.59+0.34+0.39
-+ + -+
0.375—0 250 300+ 62+ 34 50.6+9.4+5.7 3.9+2.9+0.4 3,83+ 0 28+ 0.42
—0.250—0.125 3.60+0.29+0.40
-+ '+ -+ +
0.125-0.000 294+ 32+ 34 77£12+8.6 16.13.0+1.8 3,89+ 0.21+ 0.43
0.000-0.125 4.64+0.23+0.51
-+ + +
0.125_0.250 349+ 31+ 40 76+10+8.6 22.74.0+25 4,085 0.21+ 0.45
0.250-0.375 4.23+0.20+0.47
+ 25+ -+ -+
0.375_0.500 371+25+42 67.9-9.2+7.6 20.8-3.3+2.3 4,005 0.2 0.44
0.500-0.625 3.90+0.25+0.43
0.625-0 7503, 289+27+33 73+11+8.2 16.8-4.6+1.9 3240 24+0.37
4.50-5.00 5.00-5.50 5.50—6.50 6.50—-8.00
[nb/(GeVk)?] [pb/(GeVk)?] [pb/(GeVk)?] [pb/(GeVk)?]
—0.750—0.625 0.4930.091*+0.054 119 30+13 45+ 15+5.1 32416504
—0.625—0.500 0.68-0.11+0.07 262+ 67+29 69+ 18+7.7 e
—0.500—0.375 0.96-0.10+0.10 320r54+35 76+17+8.5 92413403
—0.375—0.250 0.901 0.095+0.099 27 45+31 71+17+7.9 e
—0.250—0.125 1.127#0.096+ 0.12 36650+ 40 61+14+6.9 7512 550.9
—0.125—0.000 1.16-0.10+0.13 408+ 55+ 45 62+13+6.9 e
0.000-0.125 1.1160.095+0.12 32546+ 36 89+16+9.9 03427411
0.125-0.250 1.4240.11+0.16 341+ 48+ 38 69+ 14+ 7.7 ceee
0.250-0.375 1.2870.100+0.14 380r 50+ 42 103+ 18+12 6425009
0.375-0.500 1.1040.099+0.12 360-51+40 59+ 15+ 6.6 e
0.500-0.625 1.090.11+0.12 253+ 47+ 28 57+14+6.4 7.7:2.7+0.9
0.625-0.750 0.930.11+0.10 223+ 46+ 25 58+ 16+ 6.5

ing partons represented by a Gaussian with one adjustable Comparisons of th&;-enhanced calculations with data at
parameter (k;)). Unfortunately, no such program is avail- 515 GeVkt are displayed in Fig. 12, indicating good agree-
able for NLO calculations, and so we approximate the effecment for this(k;) value for points withp;=4 GeV/c. Fig-
of ky smearing by multiplying the NLO cross sections by theure 13 shows ther™ Be cross sections at 515 GeWersus
corresponding LCkr-enhancement factors. Admittedly, this rapidity for several intervals ipy. The shapes and normal-
procedure involves a risk of double counting since some ofzations of the data are in reasonable agreement with the
the k1 enhancement may already be contained in the NLCk;-enhanced calculations far=4 GeVic.
calculation. However, we expect such double-counting ef- In a previous publicatior16], this experiment reported
fects to be small. results for7° production inpp and pBe interactions at 800

In the calculation of the LCkr-enhancement factors we and 530 GeVé¢. This offers the opportunity to compare pro-
employ(ky) values representative of those found from com-duction cross sections by incidenf” andp beams. In Fig.
parisons of kinematic distributions in data involving produc- 14, the ratio of invariant cross sections fo? production by
tion of high-massyy, y#°, and#%#° systems with calcula- 515 GeVk =~ and 800 GeV¢ p beams is shown as a func-
tions relying on the same LO prografsee Refs[4—6] for  tion of x; (comparing results at approximately the same in-
further detail$. For these comparisons, we used the LO vercident momentum per valence quarBoth theoretical and
sions of the GRV parton distributions afi@here appropri- experimental uncertainties are reduced in a ratio allowing, in
ate KKP fragmentation functions, and an average transversgrinciple, a more sensitive test of the calculations. In this
momentum of 0.6 Ge\W for the 7° mesons relative to the figure, the data are compared to conventiod&k{=0) and
fragmenting parton directiofvarying this parameter in the ki-enhanced NLO results using KKP fragmentation func-
range 0.3—0.7 Ge\/ does not affect our conclusions tions. Thek-enhanced theory accommodates the data better
[54,55. than the conventional theory.
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FIG. 12. Invariant differential cross sectiofger nucleon for FIG. 14. Ratio of 515 Ge\ 7~ to 800 GeVEt p beam=® pro-

7° production as a function gfy in =~ p and#~ Be interactions at  guyction cross sections as a functionaf, compared to conven-
515 GeVk. Cross sections have been averaged over the rapidityional andk,-enhanced NLO QCD results.

range,—0.75<y.,=<0.75. The error bars have statistical and sys-
tematic uncertainties added in ql_Jadrature. The curves represent then differ from the 7% case primarily because of differences
kr-enhanced NLO QCD calculations fokr)=1.4 GeVk. in the fragmentation of partons into the particles of interest.
_ To investigate this effect, we present relative produc-
B. » production tion rates as functions gt andy,, (for two p; range$ in
Cross sections for inclusive production are tabulated in

Tables V-VIII. Theoretical descriptions afmeson produc- TABLE V. Invariant differential cross sectionEda/d>p) per
nucleon for the inclusive reactiom™ Be— X at 515 GeV¢, aver-

= — 3 aged over the rapidity intervat 0.75<y.,,<0.75.
& | mBe—n"Xat515GeV/c
é 1052—_1 _____ B Bl YT R Sl Tt FRRRREE' ¥ LRRELEFEE Pt w Be at 515 GeV¢
A W0<ppdsOeVle ] [Gevic] [nb/(GeVk)*]
g o o lSSmOGVIe 3.00-3.20 55.£7.6x7.0
8 40<py <45 GeVie ] 3.20-3.40 24.84.0+3.0
R SRR s 3.40-3.60 17.£2.1+2.1
-; F 4.5 <pp<5.5GeVic ]
S 10 e ] 3.60-3.80 7.980.98+0.95
L e Tt 3.80-4.00 4.470.21+0.52
SN P3Py <63 GV ] 4.00-4.20 2.46#0.099+0.29
_________ N 4.20-4.40 1.5210.062+0.18
o 6.5 <pp <80 GeVie ]
3 . ; 3 [pb/(GeVi)?]
T ! R N 4.40-4.60 931 41+ 108
P 1 8.0<pp<10.0 GeV/e 4.60-4.80 57% 25+ 67
wE T e NLO Theory ] 4.80-5.00 356: 16+ 41
: fp =14 Gevle 3 5.00-5.25 194.89.6+22.7
af gmentation|
VO 5.25-5.50 111.56.4£13.0
06 04 02 00 02 04 06 5.50-5.75 70.84.8+8.2
Yom 5.75-6.00 33.823.1+4.0
FIG. 13. Invariant cross sections per nucleon #8rproduction 6.00-6.50 2031.5+2.4
in 77~ Be interactions at 515 Ge¥/ Cross sections are shown ver- 6.50-7.00 6.3&0.73+0.76
sus y.n for several intervals inp;. The curves represent 7.00-8.00 1.230.22+0.15
kr-enhanced NLO QCD calculations f¢k)= 1.4 GeVk. The er- 8.00-9.00 0.22%0.084-0.029
ror bars have statistical and systematic uncertainties added in 9.00-10.00 0.0350.040+0.005
quadrature.
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TABLE VI. Invariant differential cross sectionEdo/d®p) for
the inclusive reactionr” p— X at 515 GeVEt, averaged over the
rapidity interval —0.75<y.,<0.75.

PHYSICAL REVIEW D 69, 032003 (2004

TABLE VIII. The averaged invariant differential cross section
(Edo/d®p) as a function of rapidity ang+ for the inclusive reac-
tion = p— 7X at 515 GeVE. Units are pb/(GeW)?.

pr 7~ p at 515 GeVE
[GeVic] [nb/(GeVk)?]
3.00-3.50 76639
3.50-4.00 9.239+1.1
4.00-4.50 1.780.31£0.21
[ pb/(GeVk)?]
4.50-5.00 40611050
5.00-5.50 1233114
5.50-6.00 1918+2
6.00-7.00 7.24.7+0.9
7.00-8.00 0.3Z20.98+0.05

pr (GeVic)

Yem 4.00-5.00 5.00-6.00
—0.75—0.50 560+ 550+ 64 —
—0.50—0.25 96Q-460+110 75+43+8.7
—0.25-0.00 1186 360+ 140 39+ 39+4.6

0.00-0.25 1866 430+ 220 149+ 47+17

0.25-0.50 1036270+ 120 155-50+18

0.50-0.75 976220+ 110 44+-43+5.1
V. SUMMARY

The invariant cross sections fat” and » production have
been measured fotr~p and 7~ Be collisions at 515 Ge\/
as functions ofpt andy,,, over the kinematic range<ipt

Fig. 15. Also shown are predictions for the ratios from the<11 Gevk and—0.75<y.,,;<0.75. The measured inclusive
PYTHIA [56] andHERWIG [57] Monte Carlo event generators. 70 cross sections are larger than the results of NLO PQCD
The ratios fromHERWIG are much smaller than both our mea- calculations, but agree witk-enhanced calculations for

surements and the results fraraTHIA.

pr=4 GeV/c. The measuredy/7° production ratios, which

TABLE VII. The averaged invariant differential cross sectidbdg/d®p) per nucleon as a function of
rapidity andpy for the inclusive reactionr”Be— 57X at 515 GeVe. Units are pb/(Ge\)?.

Yem Pt (GeV/C)
3.00-4.00 4.00-4.50 4.50-5.00
—0.750—0.625 142066300+ 1700 690- 260+ 80 290+ 89+ 34
—0.625—0.500 890230100 281 62+33
—0.500—-—0.375 17106-5700+2100 1310-180+150 342£52+40
—0.375—0.250 183 180+210 461+ 45+ 53
—0.250—-—0.125 274064600+ 3400 1730-150=200 586+ 53+ 68
—0.125-0.000 2230140+ 260 562£47+65
0.000-0.125 278062300+ 3400 1776130210 58447+ 68
0.125-0.250 2436140+ 280 6575576
0.250-0.375 239062500+ 2900 239@- 150+ 280 689+ 52+ 80
0.375-0.500 23008140+270 695-51+80
0.500-0.625 1830622002200 2050-120*=240 656-47+76
0.625-0.750 2096120+ 240 60144+70
5.00-5.50 5.50-6.50 6.50-8.00
—0.750—0.625 3715+4.3 6.9-4.6£0.8 0.49:0.49+0.06
—0.625—0.500 7922+9.2 23.14.9x2.7
—0.500—0.375 14222+ 17 18.7#4.3x£2.2 1.32£0.48+0.16
—0.375—0.250 126:17+15 32.5-5.7+-3.8
—0.250—0.125 158-17+18 36.9-4.5+-4.3 3.66£0.72+0.45
—0.125-0.000 14520=17 43.0:5.6+5.1
0.000-0.125 13919+16 33.7:5.3-4.0 3.60:0.78-0.44
0.125-0.250 19922+23 46.0:5.5+54
0.250-0.375 22722+ 26 48.4-5.4+57 4.41+0.86+-0.54
0.375-0.500 22022+ 26 46.4-6.5+55
0.500-0.625 18621+22 41.9-5.9+49 3.90£0.78+0.47
0.625-0.750 17418+ 20 36.2:5.2+4.3
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