*1 F Fermi National Accelerator Laboratory

FERMILAB-Pub—86/31-E
7180.605

INCLUSIVE HADRONIC PRODUCTION CROSS SECTIONS MEASURED
IN PROTON-NUCLEUS COLLISIONS AT ¥s = 27.4 GeV*

J. A, Crittenden, Y. B. Hsiung, and H. M. Kaplan
Columbia University, New York, New York 10027 USA
and

J. R. Hubbard, Ph, Mangeot, and A. Pelsert
CEN SACLAY, 91191 Gif-sur-Yvette, France

and

G. Charpak and F., Sauli
CERN, Geneva, Switzerland

and
C. N. Brown, S. Childress, D, A, Finley, A. 8. Ito, A. M. Jonckheere,
H. Jostlein, L. M, Lederman, R. QOrava, S. R. Smith, X. Sugano, and K. Ueno
Fermi National Accelerator Laboratory, Batavia, Illinois 60510 USA

and

A. Maki
KEK, Ibaraki-ken, Japan 305

and

Y. Sakai, Y. Hemmi, K. Miyvake, and T. Nakamura
Kyoto University, Kyoto, Japan 606

and
M. R. Adams, H. D, Glass, D. E. Jaffe, J. Kirz, and R. L. McCarthy
State University of New York at Stony Brook
Stony Brook, New York 11794 TSA

and

R. Gray, R. E. Plaag, J. E. Rothberg, J., P. Rutherfoord, and K. K. Young
University of Washington, Seattle, Washington 98195 USA

April 1986

#Submitted to Physical Review D
# Operated by Universities Research Association Inc. under contract with the United States Department of Energy



Inclusive Hadronie Preducticn Cross Sections

Measured in Proton-Nucleus Collisions at Vs = 27.4 GeV

(Submitted to Physical Review D)

J.A.Crittenden,® Y.B.Hsiung,’ D.M.Kaplan®
Columtia University, New York, New York 10027

J.R.Hubbard, Ph.Mangeot, A.Peisertd
CEN SACLAY, 91191 Gif-sur-Yvette, France

G.Charpak, F.Szaull
CERN, Geneva, Switzerland

C.N.Brown, S.Childress, D.A.Finley, A.S5.Ito, A.M.Jonckheere,
H.Jostlein, L.M.Lederman, R.Orava,e S.R.Smith,
K.Sugano,g K.Ueno
Fermi National Accelerator Laboratory
Batavia, Illinois 50510

A.Maki
KEK, Ibaraki-ken, Japan 305

Y.Sakai,! Y.Hemmi, K.Miyake, T.Nakamura
Kyoto University, Kyoto, Japan 606

M.R.Adams,j H.D.Glass,k D.E.Jaffe, J.Kirz, R.L.McCarthy

State University of New York at Stony Brook,
Stony Brook, New York 11794

R.Gray, R.E.Plaag, J.E.Rothberg, J.P.Rutherfoord, K.K.Young
University of Washington, Seattle, Washington 98195



Present

Present Address:

IL 60510

Present

Present Address:

Astrophy
Present
Finland
Present
Present
Present
Present

Present

60680

Address:

Address:

sik, D=8

Address:

Address:

Address:

Address:

Address:

Address:

CEN SACLAY, Gif-sur-Yvette, France

Fermi National Accelerator Laboratory, Batavia,

Florida State University, Tallahassee, FL 32306
Max Planck Institute fur Physik and
Munchen-4Q,Federal Republic of Germany

University of Helsinki, SF-00170 Helsinki-17,

Columbia University, New York, New York 10027
Argonne National Laboratory, Argonne, I1 60439
University of Rochester, Rochester, NY 14627
KEK, Ibaraki-ken, Japan 305

University of Illinois at Chicage, Chicago, IL

Present Address: Aercspace Cerporation, 2350 E., El Segundo Blvd,

El Segundo,

CA 90245



ABSTRACT

We present results on the production of hadrons in collisions of
400 GeV/c protons with beryllium, copper, and tungsten nuclel,
The data cover the region from 5.6 to 8.0 GeV/c in the transverse
momentum of the final state hadron and from 73° to 102° in the
proton-nucleon center-of-momentum frame production angle 6*. The
restriction of the data to values of X (xT=2pT//§) greater than
fu enriches the sample with hard collisions of valence guarks.
Asymmetries about 8% = 30° reflect the presence of neutrons in
the target nuclei. The variation of the atomic weight dependence
parameter « with production angle is discussed in the context of
the phenomenology of nucleonic structure within nuclei. We also
extrapolate our measurements to a "deuteron™ target to minimize

nuclear effects and compare the result tc QCD calculations.



I. INTRODUCTION

Puring the past ten years measurements of the transverse
momentum  (pr)  spectra of hadrons produced in hadronic
interactions have proven useful in understanding these processes
in terms of quantum chromodynamical (QCD) models. Experiments®
performed at the Fermi National Accelerator Laboratory (FNAL)
indicated a steep dependence on DT of the invariant production

cross section Ed®a/dp?® (“p}s

). This dependence was shown to be
consistent with the effects of scaling violations 1in the
distribution and fragmentation functions and the dependence of
the strong coupling constant a, on momentum transfer if the
constituents in the colliding hadrons are assumed to have a
Gaussian intrinsic transverse momentum (kT) distribution with an
average value <kT>=850 MeV/c.? Later, experiments® performed in
the Intersecting Storage Rings (ISR) at CERN showed that the P
dependence flattens out at values of pT greater than 10 GeV/c as
predicted by the QCD models. These experiments demonstrated that
a final state hadron produced at high transverse momentum carrlies
a large fraction (>80%) of the momentum of its parent
constituent. The consistency of the QCD models with both the
FNAL and CERN experiments was particularly impressive since the
FNAL measurements were made at significantly higher values of the
scaling variable XT = 2pT//§} This implied that a much larger
fraction of the constituent interactions observed involved

valence quarks, while the CERN measurements were made in a



kinematic region favored by the interactions of gluons and sea
quarks. The ability of the models to provide a consistent
explanation of both measurements stimulated confidence in the QCD
approachf

The experiments performed at FNAL described above also
measured an unexpected dependence of the invariant cross section
on the atomic weight (A) of nuclear targets. The invariant cross
section was found to scale with a power of A as expected, but for
hadrons with transverse momenta above 2 GeV/¢, the power (a) was
measured to be significantly greater than 1.0. This apparently
collective interaction was surprising in view of the large
momentum transfers implied by the high transverse momenta of the
final state hadrons. Extensive work has been done on models®
which hypothesize multiple scatters, within the nucleus, of the
parteon which is eventually dressed to form the observed final
state hadron. It is generally assumed that the formation of the
hadron occurs outside the nucleus. (Recent experimental evidence
supports this hypothesis for nuclei as heavy as copper.%) Since
in most cases one of the scatters is of relatively low momentum
transfer, perturbative QCD calculations are excluded and these
models remain disturbingly phenomenologicalf In 1983
measurements of muon inelastic scattering from nuclear targets at
CERN® demcnstrated an atomic weight dependence ¢of the inelastic
structure functions of nucleons. An experiment performed at the
Stanford Linear Accelerator (SLAC)’ extended the measurements to

z large number of nuclear species for deeply lnelastic electron



scattering a&as well. The ensuing flurry cf thegretical
interpretations included the suggestion that quarks are more
loosely bound in nuclear matter than in free nucleons® and the
consideration of more conventional nuclear effects inveolving
interactions with the pion c¢louds surrounding nucleons in
nuclei.® The magnitude of the effect (10-20% differences between
the nucleon structure function in deuterium and that in a nucleus
as heavy as tungsten) is slight compared to that observed in the
producticon of hadrons with high transverse momenta. Its effect
on the latter process has been calculated'® and produces a slight
decrease in the expected value of a for transverse momenta above
L GeV/e.

These are the issues to be addressed by the measurements
presented here. The data to be discussed were taken during a
test run of experiment 605 at FNAL during the spring of 1982,
The experimental arrangement for that data run is described in
Section II. Details of the data acquisition are presented in
Section III. Section IV deals with the data analysis techniques
and Section V presents the physical measurements and a discussiocon

of these results.



I1. The Experimental Technique and the Apparatus

A. General

The E605 apparatus®! was designed to detect single charged
particles produced with high <fransverse momenta and pairs of
oppositely charged particles produced with high invariant masses.
A schematie diagram of the apparatus is shown in Fig. 1, as is
the standard coordinate system. About 10% of the 5x10° incident
protons per second interacted in the metal target located 10 cm
upstream of the first dipole analyzing magnet (SM12}. A forward
beam dump within SMI2 and the large vertical transverse momentum
kick of SM12 (5.5 GeV/c) allowed an instantaneous luminosity per
nucleon of 3x10°% cm °s”'. This luminosity was limited by
background singles rates 1n the spectrometer downstream of SMIZ.
The SM12/dump configuration permitted no neutral particles to
enter the downstream spectrometer directly from the target. The
chosen pgecmetry allowed charged particles of transverse momenta
between 4 and 9 GeV/c to traverse the open aperture of the SMl1Z2
magnet, the positively charged particles passing above the beam
dump and those of negative charge below. Due to a 3.4 mrad
vertical 1tilt of the incident beam the acceptance for positively
charged particles differed from that for negatively charged
particles. Accepted positive particles were produced with
center-of-momentum frame production angles 6% between 70° and
125°, while accepted negative particles were limited to

production angles between 80° and 120°. (The calorimeter trigger



requirement further reduced the angular range cof the recorded
data, as described in section III.) The spectrometer afrforded
measurement resolutions of 0.2% in momentum, 0.5% in transverse
momentum, and 0.3% in production angle. The resclution in these
variables was determined primarily by the angular divergence in
the incident beam and the multiple scattering of the final state

hadron in the target material.

B. Beam and Targets

Experiment 605 used a Meson Lab beam (M1), which was produced
by diffractive scattering of the primary beam arriving at the
Meson Lab from the main ring of the accelerator. The beam
arrived in 2 nancsecond bursts (referred to as bunches) 18.9
nanoseconds apart during a period of one second (called a spill)
every ten seconds. During this first run of the experiment the
beam had an X angle of 11 mrad and a Y angle of 3.4 mrad with
respect to the spectrometer Z axis. At the target the beam had
an angular divergence of 0.1520.05 mrad (rms) in the X dimension
and of 0.2520.05 mrad (rms) In the Y dimension. The divergence
in the Y dimension contributed significantly to the measurement
resolution in transverse momentum and in production angle. The
beam was measured te be 0.420.1 mm (rms) wide In the Y dimension

and 5.0+1.5 mm wide in the X dimension.



A target monitor constructed as a scintillstion counter
telescope viewed the target at a lab angle of 90°. The rate in
this counter (~400 Hz) was recorded each spill and served to
measure the number of protons interacting in the target. It was
calibrated by comparing its counting rate to the activation of
aluminum and copper feoils placed in the incident beam during a
dedicated run on the beryllium target. The copper and tungsten
target data were normalized with respect to the beryllium target
data by comparing the target monitor rate for each target to the
rate in a Secondary Emission Monitor (SEM) which measured the
beam flux upstream of the target. This comparison of the target
monitor rate for different targets was repeated each time the
target was changed, at intervals of approximately two hours.

Table I shows the dimensions of the beryllium, copper, and
tungsten targets. By scanning the target through the beam in
increments of the target width, the fraction of the beam passing
through the target was determined periodically throughout the
run. Typical measurements yielded targetting of 70%, consistent
with the transverse size of the beam expected from the beam
transport emulation programs and the measurements of beam size
mentioned above. About 10% of the incident beam particles
suffered inelastic nuclear collisions in the targets, so the
interaction rate was about 10 interactions per bucket, or 500
MHz. Table II lists the total integrated luminosities obtained
on each target. For the purposes of calculating cross sections

we used an effective integrated lumincsity which accounted for



attenuation of the incident beam in the target. The attenuation
factors were .87, .91, and .91 for the beryllium, copper, and
tungsten targets respectively. Contamination of the data sample
due to secondary interactions in the target was estimated to be
negligible compared to the roughly 10% statistical uncertainties

in the measurements of cross sections.

C. Magnets

The SM12 and SM3 magnet yokes were built with 2000 tons of
steel from the Nevis Laboratories cyclotron magnet. The SMi2
magnet was 14.6 meters long. 1t was tapered in the X dimension
to accomodate all particles produced with an X angle of less than
34 mrad with respect to the spectrometer axis, reaching an open
aperture of 0.9 m x 1.2 m at its downstream end. The resulting
magnetic field shape is shown in Fig. 2. The field was oriented
in the X directicn, deflecting charged particles in the vertical
plane. The chosen operating current was 2000 A, about half of
maximum excitation, and the resulting transverse momentum kick
was 5.5 GeV/c.

The SM3 aperture measured j.3 mx 1.7 m over 1its 3.2 m
length, with a slight taper in its X dimension. It was operated
at a current of 3200 A, rcughly three-quarters of full
excitation. The magnetic field was oriented 1in the same
direction as that of the SM12 magnet. Its shape Is shown in Fig.

2. The total transverse momentum kick was 0.72 GeV/c.



D. Spectrometry

Knowledge of the position and angle of a particle trajectory
downstream of SMi2 suffices to determine the momentum vector with
which the particle was produced in the target. Thus the momentum
measurement afforded by the SM3 magnet i{s redundant and serves to
distinguish particles produced in the target from particles
originating elsewhere. Fig. 3 shows the configuration of the
four stations of wire chambers and hodoscopes which sample the
particle’s position along its trajectory. The track
reconstruction algorithm may be simply desecribed as matching two
line segments at the SM3 bend plane and using the resulting
momentum measurement (accurate to about 1%) to determine if the
trajectory is consistent with originating in the target.
Finally, a global fit constrained to the center of the target Is
used to cbtain the best resolutionf

Station 1, located between the two analyzing magnets,
consisted of s8ix planes of nmulti-wire propoertional chambers and
two planes of scintillation hodoscopes. The proporticnal
chambers were of 2 mm sense wire spacing, yielding a spatial
resolution of 600 pym (rms). They operated at 90-95% efficiency
due to dead-time limitationsf The two planes of hodoscopes
measured the X and Y positicns of the trajectory with
scintillator paddles about 10 cm wide. (See Table III for the
dimensions of all scintillation hodoscopes.) 411 the hodoscope
counters were less than 1.5 m long and had c¢lip lines installed

on the signal cables at the phototube end, enabling their time



resolution Lo be less than the time between beam bunches.

Stations 2 and 3 each included six planes of drift chambers
with 200 pum (rms) resolution. Table IV lists the dimensions for
all wire chambers. The station 2 chambers were 90-95% efficient,
while those in station 3 were 85-90% efficient. These
efficiencies were limited by high background singles rates. The
singles rate in station 3 was about twice that in station 2, due
to low energy backgrounds resulting from electromagnetic showers
initiated in the Cherenkov mirrors located one meter upstream of
station 3. Station 2 had a single plane of scintillation
hodoscopes measuring the Y coordinate with paddles about 10 cm
wide. Station 3 measured the X and Y coordinates with two planes
of hodoscopes counters which were about 20 cm wide.

Ezch of the three sets of wire chambers in the first three
stations included three pairs of chambers, each palr measuring
the Y, U, or V coordinate. The U and V coordinates differed from
the Y coordinate by a small angle es such that tan BS = £1/4. The
resulting algebraic relationship between the three measured
coordinates for normally incident particles provided useful
discrimination in the track reconstruction algorithm. The paired
planes of drift chambers were offset by half a cell with respect
t{o each other, with the result that for normally incident
particles the sum of the drift times from the paired planes was a
constant. It was thus possible to efficiently reject pairs of

hits produced in interactions from neighboring beam bunches.
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Finally, station ¥ c¢onsisted of a plane of 20 c¢cm wide
hodoscope counters measuring the Y cocordinate and two planes of
proportional tubes with 2.5 cm wide cells measuring the X and Y
coordinates. This station was located behind the calorimeter,
three absorption lengths of concrete, and nine abscrption lengths

of zinc. It served to identify mucons.

E. Acceptance

The geometrical arrangement of the spectrometer elements
which serve to measure the particle trajectories and the location
of absorber in the SMi2 magnet determine the acceptance of the
apparatus. 4 simple means for specifying the single hadron
geometrical acceptance for the spectrometer 1s to consider a
projection of the apparatus® coordinate system onto the Y-Z
plane. For any point (Y,,2,) in this projection a linear
relationship is established between the Y and Z components of the

momenta (pY and py) of those trajectories which pass through that

point:
b, = | Yorlp _ gbeam ) L I(Zg)
Y Z,-Z Y Pz * 7,-Z
T T
where

Z, z”
mz,) =-% J dz J dz" BX(Z")
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and where YT and Z; are the Y and Z positions of the target,
egeam is the angle of the beam with respect Lo the spectrometer
axis in the Y-Z plane, BX(Z) is the X component of the magnetic
field along the trajectory, and q is the charge of the particle
for which the trajectory 1is considered. The geometrical
acceptance is defined by the most stringent of the aperture
restrictions. Since the angular acceptance in X is limited to
‘0-0“1<9x<0.019 radians, the quantity (pp-py)/py does not exceed
20% anywhere within the acceptancef Fig. 4 shows the area of
geometrical acceptance in the laboratory frame and transformed to
the proton-nucleon center-of-momentum frame. The five aperture
points indicated by straight lines in Fig. 4 are the upstream

end of the beam dump, the top and bottom of station 3, and the

upper and lower aperture limits at the exit of the SM1Z2 magnet.

F. Resclution

4 prinecipal goal of the 1982 data run was to take advantage
of the excellent measurement resolution afforded by the open
aperture and the high transverse momentum kicks of the analyzing
magnets. In order to reduce the effects of multiple scattering,
the SM12 magnet was filled with helium, and a helium bag was
placed between the exit of the SMiZ magnet and station 1, as well
as inside the SM3 magnet aperture. Fig. 5 indicates the

contributions cf wire chamber spatial resclution, multiple
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scattering in the target of the final state hadron, and target
length to the resolution in the measurement of momentum. Monte
Carlec studies indicated that the beam divergence was also a
significant contribution to the resclution in transverse momentum
and producticon angle. For example, effects of the beam
divergence raised the uncertainty iIin the measurement of
production angle in the tungsten target from 0.2% to 0.3% at 90°.
Fig. 6 shows the results of Monte Carlo resolution studiesi It
should be noticed that the measurements of momentum, transverse
momentum, and production angle are highly correlated. Thus, even
though the momentum resolution fe¢r the beryllium target was
gignificantly worse due to effects of the target length, the
measurement resolution in transverse momentum and production
angle was similar for all three targets.

Though good measurement resolution is more useful for
studying kinematically 1localized phenomena such as resonances
than for studying the shapes of c¢recss sections, 1t 1is also
valuable in measuring the slopes of steeply falling
distributions. In the case of the strong Pr dependence of single
hadron production our bin size 1s bounded below by the
requirement that the statistical errors be near 10%. The
resulting 200 MeV/c bin size is about 100 wide and the
contamination in any raw data bin due to resclution smearing 1Is

less than half a percent.
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G. Transverse Momentum Scale Determination

NMR probes in the SMi2 and SM3 magnets during the course of
the data run indicated that the magnitudes of the magnetic fields
were stable to better than one part in 104. Using lepton pair
events in the mass region of the upsilon rescnances, we have
estimated the uncertainty in our transverse momentum scale to be

.3%-_

H. Calcorimetry

The calorimetry served two functions: 1) a minimum energy
deposited in the gcalorimeter was one of the trigger requirements
for the hadron and electron triggers, and 2) characteristics of
the shower development allowed the off-line analysis to
distinguish electrons from hadrons. The calorimeter, situated
between stations 3 and 4, was longitudinally segmented into two
secticns: an electromagnetic part and a hadrenic part. Both were
sampling calorimeters consisting of plastic scintillators and
absorbers c¢f dense material. The electromagnetic part was
arranged in 32 layers of 3 mm lead and é mm scintillaters, a
total of 19 radiation lengths. The scintillators were grouped
into four modules {4, 9, 9, and 10 layers from the upstream end)
in the longitudinal direction. A 1.27 cm thieck 1lead sheet was
placed in front of the calcrimeter hetween the two planes of

hodoscope counters in station 3. This lead sheet and the thin
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first module (two radiation lengths) were designed to provide
good electron/hadron identification based on prototype test
results.'® In the horizontal and vertical dimensions the
calorimeter measured 2.9 m x 2.4 m. Each module was divided in
half in the horizontal directicn and into 12 segments in the
vertical direction. The 1light ocutput of each segment was
collected by a B-stage phototube through an acrylic light guide.
The hadronic part of the calorimeter consisted of two mcdules
in the longitudinal direction. The first module consisted of 12
layers of 2f5 cm thick iron sheets and & mm thick scintillator
paddles. The second module consisted of 20 layers of 5 cm thick
iron sheets and 6 mm thick scintillator paddles. Tne total
thickness amounted to 9 absorption 1lengths including the
electromagnetic part, which was one absorption Ilength thick.
These two modules measured 3.1 m x 2.6 m in cross section. The
transverse segmentation of the twoc hadronic modules was similar
to that of the electromaghetic part, but with 13 segments in the
vertical direction. The light output of each segment was
collected cn a wavelength shifter bar and transmitted to a
phototube through an acrylic light guidef The attenuation of the
light along the wavelength shifter bar was corrected by masking
the surface of the wavelength shifter with an aluminized mylar
sheet. The entire calorimeter was temperature-stabilized inside
a vinyl hutf Fig. 7 shows the structural design of the

calorimeter.
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The signals from the dynodes of all the phototubes of the
calorimeter were summed with an array of linear summing circuits.
The sum was used for the fast triggers. The signal from each
phototube ancde served as input to an B-bit analog-to-digital
converter with a Qquadratic response and four microsecond
conversion time.

Calibration of the phototube gains was accomplished using the
independent mecmentum measurement afforded by the SM3 magnet and
the tracking chambers. Fig. 8 exhibits the linearity of the
calorimeter response. An energy resolution for hadron showers of
OE/E = f75//E'(where the energy E is expressed in units of GeV)

was achieved.

I. Hadron Identification

Pions, kacns, and protons were distinguished by a
ring-imaging Cherenkov detector. The radiator vessel, situated
betwsen stations 2 and 3, measured 3 mx 3 m x 15 m and was
filled with helium at a pressure slightly higher than
atmospheric. Mirrors installed at the downstream end of the
radiator vessel reflected the Cherenkov photeons back upstream to
a4 multi-step avalanche chamber sensitive tc ultra-violet photons.
During the test run, only one of two photon detectors was
available, hence only half the aperture was instrumented with

mirrers. Furthermore, fast analog-to-digital converters for this
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detector had not vet been installed, sc¢ CAMAC analog-to-digital
converters were used, with the result that the readout time for
events with Cherenkov identification information was longer than
that for events without the Cherenkcv information by a factor of
fifty. In order to keep the total readout dead time under 15%,
less than 10% of the events written to tape contained Cherenkov
information. Details of the performance of the Cherenkov
detector are presented in Ref. 13, and measurements of the
atomic weight dependence in the production of identified hadrons
have been published in Ref. 17. For the purposes of the work
presented here, however, we have used the larger data sample of

unidentified hadrons.

III. The Data Acquisition

A, Triggering

Readout for single hadron events was triggered on two
conditions. The first derived from the five banks of hodoscope
counters. A hardware look-up table operating at 100 MHz received
the discriminated, synchronized hedoscope signals as inputs.!'*
Pre-loaded with combinations o¢f counters corresponding to a
particle produced in the target and traversing the open apertures

of the SM12 and SM3 magnets, this "trigger matrix"™ generated



17

information indicating whether allowed combinations of counters
fired. The rate capability of this device allowed the trigger to
distinguish individual beam bunches of incident beam particles in
the accelerator’s 53 MHz RF structure.

The seccnd requirement In the fast hadron trigger was
discrimination on the fotal energy depcsited in the calorimeter.
This requirement was used to reduce the trigger rate to a level
acceptable for recording on magnetic tapes. Fig. 9 indicates
the hadron trigger efficiency fclded into the acceptance,

comparing it to the geometrical acceptance alocone.

B. Event Readout and Storage

The data from 8000 channels of time-to-digital converters,
analog-to-digital converters, and latches were transferred at the
rate of 200 ns per 16-bit word to a buffer of one megabyte
capacity during the one second beam spill. A Unibus link to a
PDP-11/4% allowed these events Lo be recorded on magnetic tapes
during the nine seconds between spills. On the average half a
megabyte of data was stored per spill, +the most 1likely event
length ©being 250 16-bit words. Ten million events were recorded
during four days, with a readout dead time of less than 15%.

This data acquisition system iIs described in detail in Ref. 15.
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IV. The Data Analysis

A. The Monte Carlc Technique

A goal of the off-line physics analysis was to emulate the
apparatus comprehensively in software and generate simulated raw
data using Mcnte Carlo calculaticonal techniques. The
CERN-supported apparatus simulation software package GEANT'® was
employed to this end. Further routines were written to reproduce
the raw data format sent to magnetic tape by the data acquisition
system. Thus the tapes generated via the Monte Carlo technique
could be subjected to the same analysis routines as the raw data
tapes. This method allowed diagnostic investigation of all the
analysis routines, even at the level of the raw data unpacking
algorithms. Input parameters to the apparatus simulation, such
as wire chamber and hodoscope counter efficlencies, the spatial
resoluticn of the wire chambers, and the energy resolution of the
calorimeter, were '"measured" by analyzing the emulaticns of the
raw data tapes using routines identical to those which measured
these parameters on the raw data tapes themselves. An iterative
procedure was then employed to readjust the input parameters
until the analysis of the emulaticons yielded the same results as
analysis of the raw data tapes. Calibration triggers were also
simulated by the Monte Carlo routines. For example, pre-scaled
hadron triggers with energy deposition thresholds lower than
those in the single hadron triggers analyzed for c¢ross section

measurements were used to measure the response curves of the
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higher threshold triggers. Such analysls was carried out for
both the raw data calibration ¢triggers and the emulated
calibration triggers. An  iterative procedure then allowed
fine-tuning of the Monte Carlo simulation of the calorimeter

energy deposition requirement in the single hadron trigger.

The response of the apparatus to a variety of input physics
distributions was measured via the Monte Carlo technique and the
results inverted to generate cross sections from the raw data
distributiocns. The final c¢ross sections are those which, when
used as input to the Monte Carlo program, resulted in the
caleulation of fit values for the cross section identical to

those serving as input to within statistical errors.

B. Cuts and Weights Applied to the Data

The means of measuring cross sSections described above
requires analyzing the Monte Carlec data with software cuts
identical to those used in the analysis of the raw data. Such
cuts are used to eliminate from the final raw data sample events
which occur in kinematic regions where the efficiency of the
apparatus 1s too low to simulate reliably, or where contamination
from backgrounds may occur, such as near aperture points.
Following is a descriptive list of all cuts and weights. Table V

lists the cumulative number of events which passed the cuts.
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Track Reconstruction

At least one track was required te have been
reconstructed in the magnetic spectrometer. The
tracking subroutines required at least four of the six
chambers 1in station 1 to have fired, and at least three

of the six chambers in each of stations 2 and 3.

Hadron Identification

The track was required to point at a cluster of energy
deposition in the calorimeter. The energy depcsited was
also required to match the SM3 magnet momentum
determination to within three standard deviations of the
calorimeter energy resolution. All entries in the
hadron sample failed an electron identification
algorithm based on the energy deposited in the
electromagnetic part of the calorimeter. The positive
identification efficiency for this algorithm was
estimated to be 95%.'%7 Hadron tracks were further
required to fire no more than one of the two muon

chambers in station 4.
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SM12 Gecmetrical Aperture Cuts

The algorithm which reconstructed the particle
trajectory through the SM12 aperture used the momentum
as measured by the SM3 magnet to roughly determine the
particle position at the Z coordinate of the target. A
loose cut on the target position was applied. The
trajectory was then constrained to originate in the
center of the target and a new trajectory (and ancther
momentum} was determined. Aperture cuts were made on
the Y positicon of the trajectory at the most stringent
aperture points. The cuts were made 2¢ more stringent
than the surveyed position of the absorber, where o 1s
the spatial resolution of the traceback algorithm at the
Z position of the aperture point. The analysis was
repeated with 5¢ cuts te ascertain that these cuts
affected the final determination of the c¢ross sections

only at the level of about one percent.

X Angle Limits
The angle of any particle trajectory in the X-Z plane
was subject to the requirement 3 < |6x| < 26 mrad, where

ex was measured with respect tco the spectrometer axis.
This cut excluded regicns of uncertain efficiency due to
the construction of the calorimeter, which had a

vertical gap around X=0 about 5 cm wide.
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Hodoscope Aperture Reguirement

Particle trajectories which passed within 5 em of any
edge of the five hodoscope banks upstream of the
calorimeter were cut from the final data sample. This
cut, combined with the SM12 aperture cuts and the X
angle cuts, defined the gecmetrical acceptance of the

apparatus.

Trigger Matrix Requirement

Further c¢uts on individual trajectories ensured that the
trajectory considered indeed satisfied the hardware
trigger requirements. One such requirement was the
trigger matrix, which allowed only specific combinations
of the counters in three Y hodoscope banks upstream of
the calorimeter. A11 trajectories not passing through
an allowed combination of these counters were eliminated
from the data sample. Also, all five hodoscope counters

along the trajectory were required to have fired.

Calorimeter Trigger Efficiency

The other hardware trigger requirement was that the
energy deposited in the calorimeter exceed a specific
threshold. Given the track position at the calorimeter
and the energy deposited in each module of the

calorimeter, one can calculate the trigger efficiency



Weights

23

using the results of the analysis of the pre-scaled,
lower threshold, calibration triggers. Extensive
studies of various calorimeter efficiency cuts between
50% and 95% determined that systematic uncertainties in
the correction for this cut were smaller than the
statistical uncertainties (see section IV.A.). For the
results shown here we use a calorimeter efficiency cut

of 50%.

Tracking Efficiency

The tracking efficiency was calculated for each run
using the wire chamber efficiencies and the tracking
program requirements. Corrections due to correlations
in the chamber efficiencies were calculated and found to
be of the order of a few percent. Each track entered
into the final raw data sample was weighted by the
multiplicative inverse of the tracking efficiency for
the corresponding run. For the data runs included in
the final data sample the tracking efficiency was at

least 88% and typically around 97%.
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Nuclear Absorption in the Apparatus

There were three principal contributions to the
absorption of hadrons upstream of the calorimeter.
These were the absorption in the target, the absorption
in the Cherenkov counter mirrors (1.8% probability}, and
the absorption in the rest of the apparatus upstream of
the Cherenkov mirrors (1.2% probability). (It was
assumed that any inelastic collisicn in the Cherenkov
mirrors results in the production of several particles
at small angles, ruining the track reconstruction in the
station 3 drift chambers.) The largest of these
contributions was the absorption in the target. For
each track an interaction vertex was generated by Monte
Carlo method using the beam parameters. Given the
reconstructed production angle, an absorption
probability was computed and used to weight that
hadron’s c¢ontribution to  the data  sample. The
abscorption probability did nect exceed 15% for any
hadrons and the most 1likely value of the absorption

probability was 4%.

Dihacdron Event Correction
Less than 0.5% of the events in the single hadron event
sample contained two hadrons. For these events, a

welight was applied to each hadron. This weight was
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equal to the calorimeter trigger efficiency for that
track divided by the calorimeter trigger efficiency for
the entire event. This weight factor reconciled the raw
data sample with the Monte Carlo sample, for which no

two-particle events were generated.

Decay-in-Flight Correctiocn

Kaons and pions which decayed to mucons upstream of the
calorimeter wusually failed the calorimeter deposition
trigger requirement and always failed the off-line
hadron identification algorithm. It was also estimated
that negligibly few of the kaons which had decayed to
pions satisfied the target cut, even if the flight path
of the kaon had been successafully reconstructed. Thus
all hadron tracks were weighted by the inverse of a
decay probability. This decay probability was a
weighted sum of the decay probabilities for pions,
kacns, and protons, using relative yields obtained from
Ref. 1. The weights used were f53/f27/‘20 for positive
hadrons and .84/.14/.02 for negative hadrons. The
overall decay probabilities averaged 372% and did not

exceed 6% for any track.
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C. Backgrounds

The cuts described in the previocus section allowed some
background events to contaminate the data sample. These
background events were of two types. The first type consisted of
events containing an electron or a muon which had been
misidentified as a hadron by the c¢alorimeter informaticn. The
second type of background event contained a hadron produced
elsewhere than in the target. Estimates of the magnitude of the

contamination were calculated in the following manner.

Electron or Muon Misidentification

Electrons were identified by a large energy deposit in the
electromagnetic part of the calorimeter. The fraction of the
hadron sample identified as electrons was under .3%. Since the
efficiency for positive identification of the electron-finding
algorithm is estimated to be 95%, the contaminaticn of the hadron
sample by electrons should be less than 0.015%7

Muons may be misidentified as hadrons if they deposit a large
fraction of their energy (at least 70%) in the calorimeterﬁ The
number of tracks firing both muon chambers bui passing all other
hadron requirements was .06% of the total hadron sample. The
trajectories of muons which deposit most of their energy 1in the
calorimeter may deviate from straight lines enough to miss the

mucn identification window in the muon chambers in station 4.
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Analysis of a ¢lean muon sample (consisting of tracks originating
in the upstream end of the beam dump and traversing the concrete
absorber in the SM12 magnet) revealed that the number of muons
which satisfy all hadron requirements 1is less than half the
number of muons which fire both muon chambers but pass all other
hadron requirements. Since the hadron identification algorithm
requires that at least one of the muon chambers not fire, we

estimated the muon contamination to be under .03%.

Track Reconstruction Backgrounds

An estimate of hadrons produced in the interactions of bean
protons elsewhere than in the farget was obtained by analyzing
runs during which the target was removed from the beam. From a
total sample of 10'%  incident protons, the rate for producing
events passing all hadron analysis cuts was found to be less than
.5% of the rate for data with the target in place. These events
presumably contained hadrons produced in the target holder or in
the window of the beam pipe just upstream of the target holder.

Another source of background was secondary interactions of
hadrons in material downstream of the target, e.g. the beam
dump, which produce hadrons passing all analysis cuts. The
algorithm which traced particle trajectories through the SM12
magnetic field using the initial momentum estimate determined by
the Dbend angle in the 8M3 magnet produced é sharply peaked

distribution for the Y position of the tracks at the Z positicn
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of the target center. This target Y distribution was well
approximated as a Gaussian curve with a FWHM of 1.2 cm
superimposed on a low-level background. By fitting this
distribution we were able to estimate the contamination from
hadrons originating elsewhere than in the target. Arbitrarily
using a quadratic functicn te fit the background shape, we were
able to estimate the number of background trajectories passing
the target cut requirement. We estimated the background from

this source to be less than 1%.

V. Results and Conclusions

A. The P, Dependence of the Single Hadron Cross Sections
A typical parameterization for the transverse momentum

dependence at a fixed production angle is

do _ “n ,.__ b
Egps = Ao pp (I7Xp)7.

Since the measurements described in this publication were all
taken at a fixed center-of-mass energy, 1t 1s impossible here to

distinguish the X, dependence from the pp dependence. We
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therefore choose to fix b at values quoted in Jostlein et al.
{b=7.3 for positive hadrons and b=10.7 for negative hadrons) and
fit the data with the above parameterization to determine &, and
n. It should be borne in mind as cne interprets the fit results
that the parameters b and n are highly correlated. Thus a change
in b results in a similar change in n.

Table VI shows the values of A, and n for the different
angular regions covered for each target. Fig. 10 shows the
cross sections per nucleon obtained from the beryllium target
data as an example. These cross sections are averaged over the
cos 6% range indicated and cver the .2 GeV/c Pr bins specified by
the horizontal error bars. The vertical error bars indicate
statistical wuncertainties only. In addition, there are
normalizaticn errors of 10%, 17%, and 14% for the beryllium,
copper, and tungsten cross sections respectively.

Our data confirm the steep dependence on pT observed

! Qur values for n at 0*=90° agree with those measured

previcusly.
by Jostlein et al. to about one standard deviation, though the
Pr ranges of the fits (353<pT<5.5 GeV/c for Jostlein et al.)
differ. Our purpose in studying these fits is to quantify the
angular dependence of the slope of the invariant cross section
Versus pr (indicated by the value of n) as well as its magnitude
(indicated by the value of A,.) The fits may be considered
somewhat artificial due to the fact that we cannoct measure the

angular dependence of the parameter b. The positive hadron data

yield a slight indication that the c¢ross section falls more
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steeply at more forward production angles. The dependence of A,
on production angle shows that the cross section rises through
90° for positive hadrons and is consistent with being flat for
negative hadrons. Our measurements of the c¢ross secticn are
about 4% 1lower than those quoted in Antreasyan et al.,
independent of transverse momentum. This discrepancy might Dbe
accounted for by the normalization uncertainties (quoted as 25%
by Antreasyan et alf and 10% here for the beryllium target data)
and the transverse momentum scale uncertainties (1% for
Antreasyan et al. and 73% heref)

4 standard parameterization of the atomic welght (A)

dependence of these cress sections is

where o and d*0,/dp? are variable parameters whlch depend on P
and 6%*. For each bin a two-parameter fit to the cross sections
measured for the three targets yielded a x* for one degree of
freedom. The data presented here confirm the power law
dependence of the c¢ross sections on A {(<y?>=.77 for positive
hadrons and <y%>=1.0 for negative hadrons), as well as the values

of @ greater than 1 determined previcusly.!

Fig. 11 exhibits the
dependence of o on transverse momentum. The vertical error bars

indicate statistical uncertainties. Due to the relative
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uncertainties in the normalization for the three targets, there
is in addition a global uncertainty of .03 {(limit of error) in

these measurements of a.

B, The Angular Dependence of the Single Hadron Cross Sections

We present measurements of the angular dependence of single
hadron invariant cross sections in Fig. ?2 and Table VII. The
cross sections shown are averaged over the pT region from 5.6 to
8.0 GeV/c and over the contigucus cos 6% bins iIndicated by the
horizontal error bars. Here again there are additional
normalization uncertainties of 10%, 17%, and 14% for the
beryllium, copper, and tungsten cross sections respectively.

We have extrapolated our measurements on the three metal
targets to A=2,01, assuming the A parameterization. The result
is shown as the "deuterium" cross section per nucleen in Fig.
12. The vertical error bars indicate the extrapolations of the
statistical uncertainties. There is also a global normalization
uncertainty of 13%.

In the context of QCD models, the angular dependence of the
single hadron invariant cross section arises from a conveolution
of scaling distributicons (e.g. the x dependence of the nucleon
structure functions and the =z-dependence of the fragmentation
functions) with the angular dependencies of the constituent

scattering coross sections, and with various smearing effects,
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such as constituent multiple scattering, initial-state
interactions, etcf The relevant structure functions in the
region covered by the data fall with x.'® Therefore we can expect
them to contribute to a drop in the <¢ross section as the
production angle deviates from 90° at fixed transverse momentun,
since the average x cof the constituents increases as we approach
the kinematic limit. Lloyd-Owen et al.!? have reported that
measurenents at low X (xT<.1) in proten-proton collisions
indicate that a drop of a factor of two Dbecomes evident at
|6*-90°|~70°, far outside the range of acceptance for the
experiment described here. The authors, however, also show that
their results are inconsistent with effects of the scaling
distributicns alone and must include a significant contribution
from the angular dependence of the c¢onstituent subprocess. If
the effects of the structure functions in this kinematic region
are significant, then at higher Xp one can expesct the drop to
occur at angles closer to 907 since the measurements are made in
a region closer to the Kkinematic limit.'®’2° Indeed, our
measurement of the inclusive production of positive hadrons does
show such an effect, as the angular dependence is much stronger
than observed by Lloyd-Owen et al. The effect is not so c¢learly
evident in the negative hadron data, which cover a smaller
angular range and suffer from pocrer statistical precisionf

The angular dependence of the inclusive h+ ¢cross section also
exhibits an asymmetry about 90°. Two sources of asymmetry will be

discussed here. First, at high X1 where the dominant
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contributions are from quark-quark and quark-gluon scattering,the
constituent scattering cross sections favor forward angles.'?®
Furthermore, the structure function for the proton in the x
region these data cover is dominated by u quarks while that for
the neutron is dominated by d quarks. Since u guarks tend to
fragment into positive hadrons and d quarks tend to fragment into
negative hadrons, proton-neutron scattering should show an
ernhancement of positive hadrons in the proton directicn and an
enhancement of negative hadrons in the neutron directionf
(Antreasyan et al. extracted a p-"n" cross section from their
p-p and p-d data. They observed a suppressicn of mt production
relative to 7™ production for xT>.H and offered as a tentative
explanaticn that the data were taken at 8%=96°, slightly
backwards in to center—-of-momentum frame.) The fragmentation of
scattered gluons has no charge asymmetry and hence contributes
weakly to these consideraticns. Thus in proton-nucleus
interactions we may expect an enhancement c¢f positive hadrons in
the forward direction (8%<90°) and an enhancement of negative
hadrons in the backward direction {98¥>90°),

A quantitative estimate of these considerations may be
obtained from Monte Carlo computations of constituent scattering.
To this end we have employed a program based on the Lund Model.?!
The standard tenets of constituent hard scattering models are
used to set up the fragmentation to the final state hadron. This
fragmentation is emulated by the Lund string model, which has

rather successfully described measurements of fragmentation
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functions obtained from electron-positron collisions.?? We have
used default values for all parameters including EHLQ set not 1
structure functions.?? Hard constituent scattering was described
by version 4.2 of the subroutine Pythia and the fragmentation
process was provided by version 6.2 of the routine Jetset. The
deutercon was modelled simply by summing the c¢ross sections
cbtained from the emulations of proton-proton and proton-neutron
interactions. The aforementioned qualitative trends may be seen
in shapes of Lund Model cross sections, but we are required to
scale them up by a factor of 2f6 to obtain the comparison shown
in Fig. 12. Furthermore, the Lund Model predicts an angular
dependence for positive hadrons less steep than observed, as did
Field’s calculation for 7 production in m p interactions in a
similar kinematic region.!® We cannot, howaver, exclude the
possibility that residual effects of nueclear binding in our
extrapolation tc a deuteron cross section may yield disagreement
Wwith the Lund Model.

Alsc shown in Fig. 12 are the results cf a QCD calculation
to leading-log order by J.F.Owens.2?" His predictions of positive
and negative hadron production at pT=6 GeV/c from 400 GeV/e
proton-deuteron interactions are absclutely normalized and agree
well with the measured cross section, though again the predicted
angular distribution is less steep than observed.

Another source of asymmetry may arise from atomic weight
dependent effectsi An example 1is the effect discovered in deeply

inelastic muon-nucleus scattering and described in the
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Intr-oduotion.6’7 Since quarks in nuclei appear to carry smaller
fractions of the nucleon momentum than quarks in a free nucleon,
the constituent center-of-mementum frame appears to be moving in
the beam directicon as observed in the nucleon center-of-momentum
frame (which is the frame in which we calculate the produection
angle.} Thus the production of all particles should be biased
toward production angles smaller than 9007 The magnitude of the
effect is comparable to the statistical precision of these data
{=10%), however, and hence we can expect only a marginal
measurement of the effect. Its principal identifying
characteristic would be an enhancement with atomic weight, that
is, a rising at forward angles. Fig. 13 shows the dependence of
o on production angle. While the data are consistent with such
an effect, the statistical precisicn 13 such as to preclude an
unambiguous c¢onfirmation. Clearly the average value of a of
about 1.15 is due to effects consistent with multiple scattering
models 1in the P region considered. An angular asymmetry in a
multiple scattering model would result in an altered
interpretation of the angular dependence of «. However,
presumably due to the dearth of measurements of angular
dependencies in hadron production af high transverse momenta, the
literature on multiple scattering models includes no discussion
of angular dependencies.

Isospin invariance provides us with a simple, reliable
prediction concerning the angular dependence of the sum of n and

T inclusive production cross-sections. In proton-neutron
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interactions, the number of n+’s produced at an angle © must
equal the number of =7 ‘s produced at an angle 90°-6. Since
proton—proton interactions yield no angular asymmetries, we may
conclude that for protons incident on an unbcund assemblage of
protons and neutrons, the sum of the resulting ﬂ+ and 7
production c¢ross sections is symmetric about 9007 Asymmetries may
be interpreted as arising from nuclear effects.

In our case of wunidentified hadrons we may expect an
additional forward bias due to the larger admixture of K* and p
in the positive hadron samplie (~47%) than K and p in the
negative hadron sample (~16%). Fig. 14 shows the sums of the ht
and h~ preduction cross sections for each target. A slight
forward bias is indeed indicated, however, there is no atomic
weight dependence observed (see Fig. 15.) Once again, we have
used the assumpticon of a power law dependerice on the atomic
weight to present a "deuterium" orcess section. Since the
scftening of cconstituent structure functions in nuclei previously
observed would bias the production of all particles toward
forward angles independent of their charge, we conclude that the
magnitude of such an effect is not detectable in the sum of h*
and h cross sections at our level of precision. However, the
apparent manifestation of the effect in the production of
negative hadrons, which are B84% pions, leaves open the
possibility of detecting it in the sum of ' and " production

cross sections.
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Summary of Conclusions

In this section a number of physical processes have been
described and our measurements compared to the expected
manifestations of these processes. In the interest of clarity,

let us briefly summarize:

1. The dependence of the inclusive hadronic production

cross section on transverse momentum

Our measurements corroborate the earlier observaticns of
a steep dependence (~p;8) of the cross section and
extend the region investigated to transverse momenta c¢f
8 GeV/c. There is an indication that the dependence on

Pr steepens at more forward production angles.

2. The dependence of the in¢lusive hadronice production

creoss section on production angle

1% at lower

A compariscon ¢f our results with measurements
X indicate that effects due to the proximity of the
kinematic limit are appreciable. The difference in the
relative shapes of the positive and negative hadron

dependencies reflect the presence of neutrons in the

target materials, showing that the quark flaver flow in
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the fundamental constituent scattering is cbserved. The
production of positive hadrons is biased forward, as
expected from simple QCD considerations. The producticn
of negative hadrons is measured to be c¢onsistent with no

angular dependence in the region covered by our data.

The atomic weight dependence of the inc¢lusive hadronice

production cross section

The primary observation is the measurement of a=1.15
fairly independent of transverse momentum in the
kinematic region covered by the data. This result 1is
qualitatively consistent with constituent multiple
scattering models, but better measurements and more
detailed models are needed before a quantitative
understanding of the process can be achievedf
Measurements of the variation of the atomic welight
dependence with producticn angle are consistent with no
angular dependence in the inclusive production of
positive hadrons, but show evidence that a forward bias
is present 1in the production of negative hadrons in

nuclei of high atomic weight.
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Table I. Parameters of the targets

Be Cu W
Horizontal Width (mm) 3g.3 38.1 38.1
Vertical Thickness {(mm) .996 .914 1.059
Length (mm) icl.8 25.8 13.1
Nuclear Weight A 9.01 63.54 183.85
Density (g/cmB) 1.848 8.96 19.3
Number of Nucleons per 1.13 1.39 1.52

Unit Area (xlO25 cm—z)

42
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Table II. Integrated luminosities per nucleon on each target
Target Protons on Target Integrated Luminosity
per Nucleon
-2
{cm ™)

, 13 38
Beryllium (2.11+.21)x10 (2.392+.24) %10
Coppexr (2.48:.42)x1013 (3.441.58}x1038

13

Tungsten

{1.97+.28) x10

(2.994.42) x10°8




TABLE III. Parameters of the scintillation hodoscope planes

Y1 X1 Y2 X3 ¥3 ¥4

Z position (m) 21,01 21.04 28.32 46.66 46.92 51.87
Horizontal aperture (cm) 121.9 121.9 162.6 264.2 264.2 294.6
Vertical aperture (cm) 152.4 152.4 172.7 233.7 233.7 254.0
Segmentation 2 x 12 12 x 2 2 x 17 13 x 2 2 x 13 2 x 14
(horizontal x vertical)
Couniter Elements

Width (cm) 12.7 10.2 10.2 22.5 17.8 17.8

(11.00%  (19.1)2  (20.3)2
Length (cm) 61.0 76.2 81.3 116.8 132.1 147.3

Thickness (mm) 4,76 4.76 3.72 6.35 6.35 6,35

a
edge counters

44



Table IV. Parameters of the wire chambers

Aperture Wire Number of
Z X Y spacing wires
(m) {cm) (cm) {mm)

Station 1 Y1a 18.91 128.3 149.6 2.0 736

UlAa 19.17 128.3 152.4 1.94 896

{Proportional V1A 19.42 128.3 152.4 1.94 896

wire

chambers} Y1B 20.11 128.3 149.6 2.0 736

UlB 20.36 128.3 152.4 1.94 B96

V1B 20.62 128.3 152,4 1.96 836

Station 2 Yy! 27.55 167.6 178.8 10.0 176

(Drift [S[ON 27.80 167.6 182.9 9.7 208
chanbers}

v 28.06 167.6 182.9 9.7 208

Station 3 YY'* 45.79 269.2 233.3 20.0 112

(Drift uu' 46.04 269.2 242.6 19.4 144
chambers)

A'A 46. 30 269.2 242.6 19.4 144

Station 4 PTX 54.81 365.8 315.0 25.4 144

{Proportional PTY 55.85 363.2 375.9 25.4 142

tubes)




Table V. Number of events

passing off-line analysis cuts

Positive Hadrons

Negative Hadrons

Be Cu W Be Cu W
Track Reconstruction 112833 190955 122279 13776 17519 16709
Hadron Identification 108273 187473 188753 11518 16297 15598
Traceback Apertures 52201 120274 122930 4020 7339 7509
Hodoscope Matrix 57665 113620 116104 3634 6738 6925
Requirement
X Angle Cut 49354 97760 99673 3056 5656 5750
Hodoscope Apertures 46670 92514 94364 2970 5488 5565
Calorimeter Trigger 40293 79848 81692 2140 4112 4149
Efficiency Cut
Fraction of Events

36% 42% % % 23% 25%
Passing All Cuts 42 16 3 3
Number of Events in the
Kinematic Range of the 2678 4930 5018 342 664 675

Cross Sections Shown




Table VI. The values of the fit parameters A, and n for the invariant cross sections per nucleon

0
for positive and negative hadrons from each target. The functional form of the fit is

n n (l-xo)b), where p0=6.15 GeV/c and x0=2p0/ s, so that A, is the value

b -
f(pT)= A (l-xT) /(Po 0

o Pr
of the fit evaluated at 6.15 GeV/c. The parameter b is fixed at 7.3 for positive hadrons and at
10.7 for negative hadrons. The cross section is fitted over the region from 5.6 to 8.0 GeV/c

in transverse momentum.

czﬁne* Aoaeryllium n x°/D.F. A, copperx n Xx°/D.F. A, Tungscen n x°/D.F.
(pb/ (Gev/c>) (pb/(Gev?/c ) (pb/ (Gev? /)
--2 - -.1  6.81:.75  6.54t1.87 6.2/6 8.29.68 9.1081.35 12.0/8 8.13£.71 11.38:1.55  15.7/9

g, "1 +0  7.70:.48 9.54:1.02 10.9/8 9.49%.44  B.54.67  17.0/10 12.46£.55  9.73£.66  10.4/10
% g 0= .1 10.97.44 9.60:.62 10.4/10 12.53£.39  8.60£.44  7.7/9 14.02t.44  9.98£.47  9.6/9
&2 .1-.2 11.41%.40 10.37:.53 19.9/10 13.44%.36 9.99%.39 16.7/10 15.90+.43  10.03¢.39  10.9/10

©2 - .3 10.88+.45 10.41:.58 14.5/10 12,78:.39  9.91%.44  7.3/10 15.18+.45  9.73+.44 8.0/10
g Tr27 -1 421,63 3.50£1.92 2.2/8  4.83t.53  7.04£1.49 12.4/9  4.89:.63  2.24£1.56  3.2/8
3§'§ —-l1-.0  5.24¢.48  7.08£1.09 10.0/8 4.87£.36 6.88:.88 21.1/10 5.97+.43  6.024.85  11.4/9
Z2 .0 -.1  3.988.36 6.02£1.10 10.8/8  5.545.33  4.41¢.74 10.5/9  6.72:.39  6.78+.76  10.7/10

Ly



Table VII. The values of the single hadron inclusive invariant

cross section per nucleon as a function of production angle for *
the three targets. The cross sections are averaged over the
region from 5.6 to 8.0 GeV/c in transverse momentum and over
contiqguous cos 8* bins which are .05 units wide. The
uncertainties shown are statistical only. There are also
global normalization uncertainties of 10%, 17%, and 14% for the
beryllium, copper, and tungsten targets respectively.
Ié:d3 /dp3
<pp> <cos §%> (pb/(Gevzfca)
(GeV/c) Berylljium Copper Tungsten
5.98 -.174 4.57+.83 5.02%.70 7.28%.93
5.98 -.124 4.77+.60 6.62+.61 6.10%.61
5.98 -.074 5.11%.49 6.80t.47 7.69%.55
g 5.98 -.025 5.66%.45 6.46%.39 9.32%.52
g 5.98 .025 8.17+.48 7.86%.38 9.53%.45
E 5.98 075 7.04£.39 8.73%.36 9.47+.40
g 5.98 . 125 7.52+.138 8.97+.34 11.26%.43
* 5.98 .175 8.19%.40 9.13%.35 10.21%.39
5.93 .225 7.30t.38 8.69+.34 10.22%.40
5.98 .275 7.83%.51 8.46%.41 10.41%.49
6.00 -.175 3.31+.65 4.43+.64 3.46+.61
'é 6.00 -.125 3.23+.55 3.47+.46 4.60+.58
= 6.00 -.075 3.66+.49 3.88+.40 4.87+.49
15 6.00 -.025 3.49+.41 3.50+.33 3.89+.38
g 6.00 .025 2.70+.33 3.812.32 4.62+.38
6.00 .075 3.01+.36 3.88+.32 4.71+.38




FIGURE CAPTIONS

A schematic diagram of the E605 apparatus.

The Z pecsition dependence of the X components of the

SM12 and SM3 magnetic fields.

The configuration of wire chambers and hodoscopes in the

magnetic spectrometer.

The kinematic region of acceptance in the laboratory and
center-of~momentum frames. In the laboratory frame each
aperture point is represented by a straight line. The
five aperture points shown are the upstream end of the
beam dump, the top and bottom of the station 3 detection
planes, and the upper and lower aperture limits at the

exit of the SM12 magnet.

Contributions to the momentum measurement resoclution.

Estimates of the measurement resolution in momentum,
transverse momentum, and production angle for the three
targets. The estimates are obtained using Monte Carlo

techniques and the error bars are statistical.
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10,

1.

The structural design cf the calorimeter.

The linearity of the calorimeter response.

The fraction of events accepted as a function of
transverse momentum and production angle for positive
and negative hadrons produced in the beryllium targetf
The effect of the calorimeter trigger efficiency is
indicated. We assumed the production of hadrons is
independent of the azimuthal angle ¢. Since fcr both
positive and negative hadrons the gecometrical acceptarnce
was limited to 20% of 2w, the fraction of events

accepted does not exceed 20%.

The inelusive invariant cross sections per nucleon as a
function of transverse momentum for positive and
negative hadrons produced in the beryllium target. The
cross sections are averaged cver the contiguous cos 6%
bins indicated and over the pT bins specified by the

horizontal error bars.

The atomic weight dependence parameter a as a function
of transverse momentum for positive and negative
hadrons. The bins are identical to those in Fig. 10.
The vertical error bars indicate statistical

uncertainties only. There 1s an additional global
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12.

14.

uncertainty of .03 units due to relative neormalization
uncertainties in the data from the three nuclear

targets.

The 1inclusive invariant cross sections per nucleon as a
funetion of production angle for positive and negative
hadrons produced in each ftarget. The cross secticns are
averaged over the Py region from 5.6 to 8f0 GeV/c and
over the contiguous cos ©* bins indicated by the
horizontal error bars. The "deuterium" cross section is
obtained by extrapolating from the measurements on the
three metal targets, using the assumpticn cof a power law
dependence on the atomic weightf The Lund Model
calculation shown has been multiplied by a factor of 2.6
for purposes of comparison. Also shown is the result of

a leading-log QCD calculation.®"

The atomic weight dependence parameter a as a function
of production angle for positive and negative hadronsf
The bins are identical to those in Fig. 12. The
vertical error bars indicate statistical uncertainties
only. There is an additional global uncertainty of .03
units due to relative normalization uncertainties in the

data from the three nuclear targets.

The sums of positive and negative hadron inclusive
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15.

invariant cross sections as a funection of production
angle. The "deuterium"™ cross section is obtained by

extrapolatioen.

The atomic welght dependence parameter a as a function
of production angle for the sums of positive and
negative hadron cross sections. The bins are identical
to those in Fig. 14. The vertical error bars Iindicate
statistical uncertainties only. There is an additional
global wuncertainty of .03 units due to relative
normalization wuncertainties in the data from the three

nuclear targets.
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