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ABSTRACT

. Differential cross sections for the inclusive processes
a+p+c+X, where a and c‘ can be any of t*, k*, p or B, were
measured at 100 and 175 GeV using the Single Arm Spectrometer
Pacility of the Fermi National Accelerator Laboratory. The mea-
surements covered a range in x from 0.12 to 1.0 and in &!ron
0.1 to 1.25 GeV/c. Emphail.l was placed in the analysis on the
beam fragmentation region. Several models of the fragmentation
process were tested and were shown to be in good agreeynt.uiﬂ?
t.:he data. . '.l'fnou models suggest that the quark-parton picture
may play a central role in describing these low Py processsa.
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I. INTRODUCTION

A. Background

The trend in erperinents in elementary particl~ phveics
h”s always been to us> antvsnimly .:nor-\ enexaetic pavticles
for probes. This enables the fine structure of particles to
be studied with increasing resolution. In studying hadron-
hadron collisions, however, one is faced with an increasing
multiplicity of particles which are produced in a single col-
lision. Por example, production of over twenty charged par-
ticles in a single event is not uncommon 'uAloo GeV. For the
experimentalist it becomes a difficult if not impossible, task
to mpntify and understand the details of these reactions)
theorists also encounter difficulty in interpreting these
events in detail. It is for this reason that inclusive experi-
ments are performed.

In a single particle inclusive measurement, the rate of
production of some particle type ¢, from a collision involv-

ing particle types a and b, .is measured without regard to any

. ‘other particles which may be produced. The reaction is denoted

by

at+bera+
wvhere X includes everything not obsexved. The lLorent: invar-
fant cross section is written as

E¢:;;, = £s,p.)



Integrating the 1neiu-1ve cross section, then, gives

j]‘l‘:\ J‘ e € <h¢> a:[::.k(s) » where <n¢> is the mean mul- .

tiplicity of c-type particles in all ab collisions.

This -xély reflects the fact that reactions ‘which produce
more than one c-type particle will be counted morxre than once
vhen the integral over all ¢ momenta is uiéen.

In experiments with unpolan;cd beams, the invariant
“eross sections do not. depend on rotations abswt the beam axis.
fhere are, therefore, only three indcpendent variablas. We
used the set s, |P_| and 6.

ﬁ. inclusive cross sections are a statistical like
sanpling of all available exclusive processes, i.e. those in
whick all observables are completely determined and, hence,
exclude any other possible final state. Our hope Lﬁ using this:
approach was to average cver the uninteresting details of a re-
action, leaving a distribution which displays the salient re-
gularities of _th. physics. . | '

‘The topic of this thesis centei:l on the inclusive cross
sections in the projectile !_ragmentatio.n region. The process
of mject;lg'!raqmentation is sketched in Figure 1. The beas
particle passes by the target pa.ticle. Theio is an interac~
‘tion Detween particles A and. B. Particle A may then fragment,
wo@ueinq several particles, including particle C which hA
_detected. Since particle A had, mnnxy_. a very high momen- .
tua ia the laboratory frame of reference, its fragments will

~10~

EGMQ‘ O
PARTICLE TARGET

PARTICLE

rigure 1
pean Fragmentation
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also t_end\to have a considerable amount of forward momentum.
Particle B, the target, may also fragment in this process.
Because the target particle is at rest in the laboratory, its
fragments tend to move no:'e slowly. 1In our experimont, we '

only ivoked at ..igh momentum particles in the t_rward direction,

-80 we would see essentially only fragments of the beam particle.

This is roughly in the range of Fe'ynman xp H plcé"' /

C.M,
me

from 0.2 up to 0.8.

Experiments have been performed previously to study the
fragmentation region of the proton at high energies. These
have included both fixed target experiments at l’e.rmi National
Accelerator Lnbontoryl and colliding beam experiments at

cern. 2

In addition, sone bubble chamber measurements with in-
cident pions obtained limited statistics in the pion fragmen-
tation l:cqi.on.3 However, particle identification of the de-
tected fragment in these latter experiments was limited. Our
experiment extended the data to include particle .bem 6!
s*'s, v"'s, K''s, K7's and p's as well as protbnl. In addi-
.tion, we achieved reasonable statistical accuracy for most
i:eactionl and had excellent particle identification. Thirty-
six pouible. reaction types were measured at energies of 100

and 175 GeV, Some additional data wers taken at 70 GeV.

-12-
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B. Experimental Overview

The overview of our experunnt.iu shown in Figure 2.
Charged pions, kaons, and protons with momenta Py of 100 and
175 GeV/c were sclected by the beam line and were focussed to
a spot on the proton (Ll-lz) carget. The spectrometer was sec
at an angle 6 with respect to the incident beam axis. It ac-
cepted particles which were produced at a desired romentum P
as a result of an interaction at the target. The experiment
measured the single particle inclusive cross sections at var-
ious Pe and 6 or Py valﬁel. Our kinematic coverage was in the
range from Pe ™ 20 GeV/c to Pe = P, and from P = 0,1 GeV/c to
P.L- 1.25 GeV/c. At a given time, the beam line could provide
identified pions, kaons, and protons of a given energy and
charge. Similarly, the spectrometer could limult’avneoully mea-
sure yields of pions, kaons, and protons of a given momentum
and charge. Spectrometer measurements were made for charge po-
larities which were the same and opposite to those of the beam.
In addition to measuring the cross sections, the target area was
instrumented with a variety of detectors which allowed the mea-
surement of the charge ﬁultiplicity and pseudo-rapidity of the '
interaction that produced the particle detected in the ipectxb-
meter. Since this charge multiplicity information comnstituted
information over and above that obtained in a purely inclusive
treatment, this type of experiment is sometimes termed semi-
inclusive. '
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This experiment vas undertaken as a joint effort by mem-

bers of five institutions: RBrown University, CERN, Fermi Na-
tional Accelerator Laborxatory, Instituto di Pisica and Istituto
Nasionale di Pisica Nucleare in Bari, Italy, and M.IT. The
experiment ran in a two-year period from the Fall of 1975 to
the Sumoer of 1977 and used over 2500 beam hours for dats taking.
The data analysis being performed at M.I.T, for this ex-
periment has besn broken up into three parts. _Iptomt'iop
concerning the associated charge mnitipliéi;y will be cnhiyzd .
by L. Votts.! cross sections with X, above 0.7 will be the
subject of a Regge pole analysis by W. Mtkcnheads The cross
sections with Xy below 0.8 are the topic of this thesis.
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C. Physics Motivation
“The idea that hadrons are composed of quarks has had

amazing success in explaining many of the static properties

" of the hadrors. Predictions concerning internal guantum num-

bers, mass dirfferences, -und magnetic moments agree well -with
experiments. )

In deep inelsstic elcctl;on-nucloon scattering, Bjorken
scaling arises cut of a model where the nucleons are composed
of pointlike, quasi-free constituents cillod pa:ton-.‘ In-
elastic electron= and neutrino-hadron experiments h-v_. shown
that these partons can have the quantum numbers of quarks.
Thus the quark idea conceivably can play a role in explaining
the underlying dynamics of lepton-hadron processes.

In hadron-hadron interactions, the quark hypothesis has
bad a more limited role in the models of the dynamics. Most of
the wvork has been directed at the hlgh transverse momentumn
rcgime.7'° The reasoning is that these hadronic processes can
come about only through the hard, large angle scattering in-
volv!.ng the hadron's pointlike constituents.

ucently there have been several models dovol.oped which
concern themnlvu with low transverse momentum processes.
Three of these models will be examined and their predictions
compared with our data. These models are based on (1) a guark
fragmentation ordering schems, (2) a guark recombination pie-
ture, and (3) a guark counting and phase space idea. All three

~16-

of these theories rely on the quark content of the hadrons

" involved in order to predict the beam fragmentation distri-

butions. These models are atu:ucuvo' in that they may lead
to a unified picture in which to understand the static pro-.
percies of hadrons, lopton-htdton inceractions and hadron-
hadron interactions.
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II. EXPERIMENTAL DETAILS

A. Accelerator . .

The experiment was ﬁﬂomd at Permi latidnl Accelexa-
tor Laboratory in Batavia, Illinois. m accelerator, a pro-
ton synchrotron, is shown schematically in Figure 3. The ac~
celerator delivered 400 GeV protons for an average of one se-
cond.evary cycle. ZXach cycle lasted an avexage of 12 seconds.

Protons were preduced by ionizing hydrogen gas. These
protons vere successively accelerated to 750 keV by the Cock-
yoft Malton, to 200 MeV by a linear accelerator, and ﬁon to
8 GeV by a booster synchrotron. The protons entered the main
ring vhere they coasted while the preacceleration cycle vas
repeated 12 pore times to bring the total aumbex of protons to
over 2 x 1013,

The protons in the main ring were grouped into 1113
bunches wvhich were spread uniformly throughbut the ring's 6.28

kn circunference. This bunching of the particles had the effect

of forcing the exuléted protons to appear in charge buckets
separated by 19 ns. The protons were then accelerated to 400
GeV by ‘he main ring and extracted over a period of nboué-n
second. The extracted protons were shared between the Meson

‘ ‘Laboratory, Proteon Laboratory, and the Neutrino Laboratory so
that several sxperiments could run simultanecusly. -Our experi-
ment was located in the MGE beam line of the Meson Laboratory.

-18-
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B. M6E Beam Line

The basic configuration of the beam linc and spectrometer

elmnti has been described previously and the details may be

found in reference 9. Only a brief description, with tho em-

phasis on changes and additioas to the basic configuration,

will be described here.

The M6 beam line was one of six beam lines in the Meson

Laboratory and was situated at an angle of 2,7 mr with respect
to the extracted proton beam. The beam line limited the angu-

lar and momentum acceptance of the beam and determined the mo-

mentum, trajectory, and identity of each particle that entered

.

it., It did this with the aid of a system of dipole and quadru-
pole magnets, adjustable collimators, scintillation counter ho-
doscopes and gas Cerenkov counters.

A sketch of the M6 beam line is shown in Figures ¢ and 5.
The 400 GeV protons from the accelerator impinged on a beryllium
wire, which acted as the meson production target. The inter-
actions at the production target produced a spray of particles
of various types and momenta. The magnetic quadrupole elements
acted as lenses to form a point to parallel to point imaging
systen in the first stage. This ingin§ system collected the-
particles which passed through the néertuu stops and imaged
them at the first focus, Thase aperture stops were adjustable
oollimators which limited the vertical and horizontal angular
acceptance of the beam. The septa and main bend magnets (mag-
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§ ..i_.\ S¢ netic dipole elements) were set to allow only particles with
§ (g ,§§ the desired charge polarity aid momentum to pass through the
e s

Multipticity 22
]

system. Specifically, these magnets dispersed the beam hori-.

< . \ ‘ sontally at the first focus according to the momentim of the
i-g Qs particles in the beam. The momentum stop collimator was ad-
r . % ‘E'-' justed to transmit only particles with a momentum deviatfon
2 %g of less than I 0.4% from the nominal setting,
g '_’: g The second stage was also a point-'to parillel to point
?t 1:4 3 ': imaging system and acted mainly as a clean up stage to filter _
g out stray particles. Additional momentum dispersion was intro-
..... ? ducéd by a bend magnet. Also in this stage was a gas Cerenkov
; : 5 counter, BGAS@, used for pafticle identification. At the !o-'
:‘L,”é a 2 cus of this second stage was a trigger counter BTl and the mo-
°>S = 3 mentum hodoscope, BP, which tagged the momentum of the particle.
§ g g The third and final stage was again a point to parallel to
E 2 § . point imaging system and was the most he.avny instrumented of
‘E’é § ’g% the threel stages. Particles leaving the second focus first
§ \ ,:: S passed through BGAS, unothgx gas Cerenkov counter. They wvere
r .. 8™ then focussed into a parallel beam by the first set of quadru-
) i:ole lenses.- In this section there wcre two differential gas
Cu;-enkov cou;n:en which required a parailel beam to operate
‘-;‘ é satisfactorily. Also in the parallel region were bend magnets,
g § which recombined the momentum-disperscd beam so that the fimal
l->8 ) ' - focus would be achromatic. The llli set of lenses focussed the
@ ‘ . . parallel beam onto the liquid hydrogen target. En route to
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this third focus, the particles passed through the 6-¢ and
X-Y hodoscopes, and also through the second trigger counter,
BT2. The 0-¢ and X-Y hodoscopes allowed the ungie and posi-
.tion of each particle at the‘t-u:"'get‘ to be dotermined. The AVB
mgnets. aliowed the scattering angiu to be varied and will be
described in section D. The other counters, wire chambers and
hodoscopes surrounding the target area were used to measure
the charge nmultiplicities associated with an interaction and
will be described in sections F and G.
In addition to the major magnetic components described
above, there were a number of small trim magnets which are not
shown in the figures. These trim magnets could make minor
changes in the steering of the beam. These adjustments were
necessary both in the initial alignment of the beam and also
in the course of running when the extracted proton beam shifted :

slightly in position .

-24-

C. S8ingle Arm Spectromcter

The spoctrometer functions were similar to those of the
beam line. Any scattered particle entering the -acceptance of
the spectroveter had its momentunm, trajectory and 1¢!nnt1ty

-determined. The spectrometer is sketched in Figure 6.

Particles were collected from the hydrogen target by the
first set of quadrupole lenses. They were then focussed into
@ parallel beam in order to allow their proper identification
in the differential gas Cerenkov counter, SDIF. A snall bend
magnet preceding this counter swept low energy particles out
of the acceptance of the counter. In addition the particle's
vertical angle was mapped into vertical displacement in the ’
patiuol region and was tagged by the vertical angle hodoscope
(VAL). The second set of lenses brought this parallel beam
to a focus. Between the lenses and the focus was the string
of four bend magnets, which were used to analyze the momentum
of the scattered particle. One set of wire chambers before
the bend.magnen and three gets after them were used to track
the horizontal and vertical trajectories of the particles
.lex'ou the magnets. The particles also were required to pass -
through the two trigger counters ST1 and §T2 before they were
accepted. ' '

The particle identification in the spectrometer was pro-
vided by the (mm gas Cerenkov counters SGAS1, 5GAS2, and
SGAS3, in addition to snzr.' Also, a pair of slectron shower



SINGLE ARM SPECTROMETER

Spectromerer Bends
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g . -
3 counters and a muon calorimster were used to detect leptons.
[- 4 L . . L
g N c':. Unlike the beam line, the spectrometer had no adjustable
T —F—-.5¢ . . )
E.: é — j gé collimators, The total acceptance was limited only by the
-
g ==’_ apertures of the magnets themselves. 1In our analysis, however,
2. y
u"'\ we have chosen to use a smaller acceptance defined by software
] s & cuts on the cocordinates. )
=35 v .
* < ] magne n the beam line spectrometer were
o Q‘; All the ts in the beam 1li and t
s 0né. >
g §i] § > controlled by a computer system. Magnets could be set to spe-
8 .
(5] gi ) cific values by simply typing on a computer console. In addi-
s <1, H
§ a ’; tion the current and voltage readings of the magnet power sup-
P e ~
i"/ § E.‘E; :4;‘ plies could be monitored and displayed.
> @ ] : . .
E ;’g Fa ;_8"’ z s For the bend magnets, more accurate monitoring was desired.
&« - W .
=‘=/ * E - 3 - These magnets had small dummy magnets, of identical construction
'__‘
—) < _3_ ° ? é to the full sized magnets, placed in series with their power
rereleree @ e oL N .
‘.:. 2 . 2 supplies. These dummy magnets then had their wagnetic fields
z v [
" ._::- -monitored with both an NMR probe and a rotating coil device,
z .
3‘3 known as a Rawson probe.
=32 .
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D. AVB System
Because the spactromcter was 500 feet long it was imprac-

tical to move it in order to measure thi cross sections at aif-

ferent scattering angles. Instead, the heam vas steered verti-~

cally, through different aagies, onto the target by a system

of three bend magnets known as the angle varying bends (AVB).
Since the scattering angle was varied in the vertical plane

and the momentum analysis was performed in the horizontal plane,
measurements on one variable were decoupled, to first order,
from measurements on the other.

These bends could elither steer the beln down onté the tar-
get to make a positive angle with respect to the spectrometer
u_:u, or steer it up onto the target to make a negative angle.
The system was set s0 that the beam crossed the 0° axis at the
center of the target cells. .

To allow the beam to thread through the center of the
apertures of these magnets, the last two magnets were mounted
on hydraulic jacks, wvhich could be operated remotely in the
counting house. The jacking system imposed a limit of approxi-
mately 100 mr on the positive angle, In addition, in oxder to
keep the incident beam centered on the Y hodoscope and the
BT2 trigger counter, a ssparate jack stand was used to support
thease countexs. This jack stand was raised and lowered along
with tha AVB magnets. '

B. Target Assembly
The target assembly held six different targets:

Cell No. Contents Length

1 ' niquid hydrogen . 10*

2 Liquid hydrogen 0"

3 Liquid deuterium 10"

[ ] No target

5 Dummy or replica 10*
(empty)

6 Dummy or replica 20"
(empty)

Each target was placed in an insulated and evacuated chlnbez.‘
The ]:iquld hydrogen and liquid deuterium were produced by 1li-
quefying gas inside the target assembly via two closed-loop
refrigeration systems attached to the assembly. These rvafxig-
eration systems produced very cold helium gas, through the
throttling process, which entered a heat exchanger. The hydro-
gen (or deuterium) gas condensed on the .cxchanger and flowed
into the target cell. Dummy targets were constructed to be
identical to the liquid targets but remained empty. The target
assembly was motorized so that the desired target could be ponf-
tioned either locally or, remotely, at the counting house.

The target assembly was mounted on a motorized tilt stand.
This tilt stand could be moved so that the targcts always re-

" mained pannoi to the incident beam when the AVB system

changed the scattering angle, The tilt system pivoted about
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the nldpo}nt of the target cells. In addition to the target

assembly, all of the counters, hodoscopes and wire chambers

used tO measure charge multiplicity were mounted on this tilt )

frame,

«30~
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F. Scintillation Counters and Hodoscopes
The scintillation counters used in the beam line include

the two trigger counters, BTl and Bf!, the momentum hodoicope,-
BP, the 0-¢ and X-Y hodoscopes and two sets of hole counters,
BIS and BIJJAWS. The two trigger counters defined the acceptable
aperture of the beam line. A particle was required to pass
through both counters before signals from any other counters
could be considered valid. In addition, signals from the two.
sets of hoie or.jaw coﬁnteu, each with four movable jaws,
were used in the third stage of the beam line to veto the sig-
nals from the trigger counters. In this way, we could define
an agceptublo aperture smaller than the physical sizes of the
trigger counters. These jaw counters, which are not shown in
the figures, effectively eliminated any stray particles or
beam halo from triggering our system. Signals from another
counter, dE/dx, not shown in the ﬂgurel! and signals from BTl
were used to provide pulse height i_qtomtlon. This pulse
height information was used to monitor the double bucket rate:
i.e, the rate at which two or more particles came down our beam
1ine but were not resolvable in time by our counters. '
The momentum hodoscope, BP, consistad of ‘thirty scintilla-
tion counters, each 2.5 mm wide and placed laterally, in the

horizontal dircction, across the beam, This hodoscopc was

" placed at a location with a momentum dispersion of 4.44 om for

each percent deviation from the central or nominal smomentum.
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From a knowledge of which element was struck, we could detex-
mine the incident particle's momentum to within .06% by the

formula
. » (8P
$incident " T.40

vhere X(B:' is che horizontal dicplacement at tue BP 'hodo.lc:.pe
in centimeters. _
The 6-¢ and X-Y hodoscopes were fabricated according to

a new design employing fiber optic light guides and were able
to achieve a 1 mm resolution. Each hodoscope contained two
rows of scintillators each 3 mm wide except for the end pieces
which were only 2 mm wide. These two rows were arranéed to
overlap by 1 mm to provide a 1 mm wide logical bin as shown
in Figore 7. The number of elements in each hodoscope is list-
ed in Table I. The 8 and X hodoscope.. were used to determine
the horizontal position and ‘ungle of an incident particle at
the midplane of the target. Similarly the ¢ and Y hodoscopes
were used to derive the vertical angle and position. The
quantities were calculated by assuming that the entire distance

tween the 0-¢ hodoscopes and the hydrogen target acted as a
drift space:-i.e. that there wers no effects due to the pre-
sence of nq;letic elements and that simply straight line pro-
jections of pli'ticle trajectories were valid. This assumption
was a slight fiction in the region of the AVB magnets, but this
was ignored, since the effect wvas small. The calculation, then,
for the incident horizontal angle was

VAL
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Figure 7

ONE THIRD OVERLAPPED HODOSCOPES

“onm
e L. 3mm
lmm __;____J
| mm
el 0 ZLE2 20

Table I: Hodoscopes

Distance Decode
From Target No. of Element 1/3 Sense
Midplane Elements size. Overlapping Horiz.
133.23 m 30 2.5 mm No Boriz.
22.20 m 8 3 mm Yes Horiz
21.78 m 8 3 mm Yes Vert.
5.99 m 1n 3 m - Yes Boriz.
5.95 m 8 3 mm Yes Vert.
25.80 m 10 6.5 mm Yes Vert.

¢ Por hodoscopes with one third overlapping, the end elements

are 2/3 the size of the central elements.
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° - x(no} = x{nx}
incident -

whexe X{BO) l.lul X(BX) are the horizontal displacements of the
particle from the central trajectory at the 8 hodoscope and
the X hodoscope, respectively, and*2(B0) and X(BX) are the dis-
tances of the hodoscopes from the hydrogen target midplane,

The position at the target midplane is simply:

Xutdplane ™ X(BX) 4 04 aent? (BX)
Similarly for the vertical coordinates, we have

L Y(B$) - ¥(BY
$incident ™ nm—ﬂw}no =

':lncident - ““) + ’:lncident‘ (27)

In the tpoctrometei: oﬁ: most important counters were the
‘two trigger counters ST1 and §T2, through which scattered par-
ticles had to pass to be considered valid events. Additional
trigger counters, SPS and ST3, were used as triggers for
special studies, The hole counter SJAWS, with four movable
javs, provided signals which were used on occasion as a veto
of the trigger counter .:lqni-].: in order to define a smaller
triggering acceptance. However, this counter was not used in
our lnllybil..

Tae veotical angle hodoscope (VAL) is.~ onc-third over-
lapped »hodocc‘ope with ten 6.55 mm elements. This hodoscope was
placed in the parallol rcgion of the spectromoter. Im this
region production angles are translated into displacements from
the central :n.u. This hodoscope, therefore, told us the ver-
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tical angle coordinate of an event directly.
In ugdition to measuring particle trajectories, scintil-
lation counters placed around the target were used to measure

the charge multiplicity of an interaction. A small trigger

_counter, ITC, with a hole in the middle, lnd placed 1.7 meters
.downstream of the target midplane and at 0° with respect to

the beam axis, was used to signal the presence of an interac-
tion. but would not fire if the beam pasticle went straight ..
through the hole.

The multiplicity hodoscope is illustrated in Figure 8.
It was made with six slabs of scintillator arranged in the
shape of a hexagon. ELach slab had two lcyerlr. The inner la):er
was iegmented into three separate counters. Both discriminated
and pulse height information were available for these counters.
The outer layer was a single piece of scintillator viewed with
two phototubes. A signal from an inner layer counter required
the presence of a signal from the outer layer counter in order
to be valid. This reduced our unsitivity to contamipation
from delta rays. The multiplicity information in this region
'munted,toi essontially counting the numSet of +ralid signals.

Anuther‘ element of the multiplicity countex; array was the
multiplicity cgrinkov u&ay vhich was placed directly in front
of the ITC counter. This was not a scintillation counter, but

. wvas a Mgmul piece of plastic, segmented into six counters

as shown in Pigure 8. The amount of Cerenkov light produced
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MULTIPLICITY TARGET HODOSCOPES
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in a piet; of plnﬂc is proportional to the number of charged
particles traversing it. Pulse height information thus gave
us the charge nultiﬁlicxty in this region. Purther informa-
tion on the multirlicity system will be found in the PL.D. the-

sis ot L. Vottl.‘
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6. Multivire Proportional Chamber System

Our experiment had two logically independent multiwire
proportional chamber systems. One system was in the spectro-
meter and was '.lliid to measura the trajectories of the detected
particle. The other system was situated just downstream of the
target. This system was used to measure the charge multiplicity
of hadronic interactions.

There were a total of ten chambers in the spectrometer
system, as indicated in Pigure 6. Their locations with respect
to the middle of the hydxogen target and their number of wires
are listed in Table 2. The "H" preceding the name inﬁlcatol
that this chamber made measurements of horizontal position.

The V" chambers made measurements of vertical position. They
are not indicative of the direction in which the wires are
strung. EBEach chamber had wires which were lpﬁcoq 2 mm apart.
The pair of wire planes H1l1l and El2, and also the pair H21 and
H22, were located at approximately the same distance from the
target but were shifted 1 o laterally with respect to each
other. - Thiy allowed us to have two horizontal position mea-
surenents vithigftectivélf A 1 mo zesolutiqn. _ )

When & charged pazticlg passed near a wire in avpréportlon-
al chamber, a pulse was inducei on the wire. This pulse was '
reshaped and delayed for approximately 1.3 usec. If the par-

ticle which went through the chaxber generated a valid event
‘ trigger, the fast electroﬁicl sent a strobe pulse back to all

=38~

Table 1I: Spectrometer Wire Chambers
Distance from

Name  No. of Wires Target Midplane (ft.)
111 64 169.73
vi 32 170.40
a2 . 64 171.06
vz 32 ' 262.44
B21 64 263.64
H22 64 264.34
n 160 375.04
v3 (7] 275.72
-0} 160 ’ 455.53
4 64 456.40
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the chambers. This strobe gated the pulses from the wires into ﬂn mltlplicit} wire system shown in Pigqure § coamud
the data registers. When the computer began an event read- - . of nine .chambers, each with 288 wirea spaced at 2 me intcrvals..
in cyeie the wire chamber interface interrogated the chambers They were grouped into three separate packages of three cham-
for struck wire intormation and transferred it to the compater. be.s, which were rotated 60° with respect to each other. Their
Further information on tii~ spectrometer wize system ‘can be o consiruction, electrorics and operati~n were --h‘uu. td> thet of
. found elsevhere.l® the spectrometer wire chamber and, in fact, shared some systems
Essentially five ravw coordinates were required from the components., These chambers, however, had mylar plugs which
spectrometer wire information. They were the projections in deadened their response in the central portion of the chamber.
engle and position of the particle trajectory in the vertical These were used to eliminate some confusion arising out of the
plane, $¢ and Yg At the focus of the spectrometer; a similar : multiplicity information. ‘

pair of projections in the horizontal plane, ef and xits and
finally the horizontal position, Xy, of the particle before it
entered the berd magnets., These raw coordinates allovwed us to
determine the coordinates of the particle at the hydrogen tar-
get. .

The coordinate .31 could be determined just from the wire
nunbers of struck wires at Hll and Hl12. Since there were no
magnetic elements in the space between the chambers H21, H22,
H) and H4, a particle was assumed to follow a straight line
trajectory, .A straight llﬁe least squares fit gave us the re-
quired proje.ction-. V1 was located before the bend magnets.’
However, to first order, the bend magnets had no effect on the
vertical projection of the trajectory. 50 a linear first line
£it involving all four vertical chambers gave us the coordinates . \
¢, and Y.
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B. Gas Cerenkov Counters and Particle Identification

One of the strongest points of this experiment was the
particle identification power provided by our gas Carenkov
counter system. We were required to identify pions, kaons and
protons in the beam line and also in the spectrometer. For
this purpose in the beam line we had one threshold corenﬁév

countexr, BGAS, two differential Cerenkov counters, BDIF and

' BDISC, and a differemtial counter used in the threshold mode,

BGASS. In the spectrometer, wo had a differential counter;
SDIF, and three threshold Cerenkov counters, SGASl, SGAS2, and
SGAS3. ’

Cerenkov light is emitted when the velocity of a charged
particle exceeds the velocity of 1light ia ghat ledlun.. This
condition is expressed as:

v > ¢/n or § > % . .

The light can be detected with photomultipliers. The threshold
Cerenkov counters used this principlo. By varying the pressure
of the gas in the counter, and hencs the index of refraction in
the gas, we could change the minimum value of g to which we .
were sensitive. The index of refraction is related to the
pressure app;oximdéély-hy_ i '

n-1% :P(Pﬁl)
where x = 2.1 for He gas and x = 19,2 for 82 gas. So a typicel
strategy at a particular energy was to set the threshold so that
pions would be counted, Because the Qoloclty of the pions sa-

‘-§ 2=

tisties B8 > By > ’p' kaons and protons would not emit Ceren-
kov light. Note, however, that electrons and muons would
count in this counter.

The number of photons incident on the photomultiplier is

2
I' - “o L sin

where L is some quality factor determined experimentally and

b .
which includes the efficiency of the optics, L is the length
of the radiator, and 0, the angle of the Cerenkov cone of

light, is given by

cos oc - %?

.Ho would usually operate these counters just below the thresh-

old for the next heavier particle in order to achieve the uai-
ipum detection efficiency. Note, however, that the index of
refraction is a function of the wavelength of light, so that
the wavelengths to which the photomultiplier is sensitive
played a role in the settings for these counters.

The differential counters used the'prlnclple that the
Clrenkov.light is emitted in a cone with angle ec about the
trajectory of the particle. By placing a slit system to pass

1light emitted at one angle, the counter can be sensitive to a '

‘lingle particle type. These types of counters offer greater

rejection capabilitlolAthan do the threshold counters. Howvever,
they require the use of a parallel beam. Three of these dif-
ferential countexrs, BOIF, SDIF, and BGAS@, also had phototubes
which detected the Cerenkov lxght-ﬁhieh did not pass through the
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slit. 1In BGASP we "OR"ed the signals together to operate it
as a threshold countex. In BDIF (and SDIF) we retained the
two separate signals, called RING. and ANTI signals, and used
them in our particls identification strategy.

‘Batore taking data, a -variety of checks were made to on-

" sure that the Cerenkov system was working propﬁrly. The ef-

ticiency of the threshold counters was determined by measur-
ing the quality factor or, more precisely, N o times some aver-
age quantum efficiency of the photomultiplier tube. The dif-
ferent counters had movable mirrors to direct the :1n9 of Cer-
enkov light through the slit system, These mirror settings
had to be optimized. Furthermore, pressure scans were taken
to determine the settings for maximum response.
The logic for particle identification was designed to be
flexible so that different strategies could be used without in-
curring very much overhead. FPor the beam identification, how-
ever, it remained essentially unchanged. We used the following
definitions:
# = (BGAS or BGAS@ or BGAS:BDIFANTI or BGAS@+BDIFANTI)
.vetoed by BDISC or BDIFRING.

k = (BDISC or BDISC®BDIFANTI)
votood by BGAS or BGAS@ or BDIPRING

P = (BDIFRING) vetoed by BGAS or BGAS@ or BDISC or
BDIFANTI,

LY ¥ £

The use of these strict definitions with the cross vetoing vas
an attempt to give the lowest amount of contamination while in-
curring only a slight loss in efficiency.

In the spectrometer, varicus stoategies were egployed. Ore
stratejy vhish wau used for spectrometar enevjyies helow 100
GeV is listed below.

% = Any set of counters along with SGASl or SGAS2'5GAS).

k = 6GAS2 or SGAS2'SDIFANTI.

P = Default.
As will be discussed later, all possible combinations of Cer-
enkov counter firings must be accounted for in the spectrometer.
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I. Transport and Decode

m& settings for the magnets in the beam line and the.
spectrometer were dotominod by the use of a beam optics pro-
n The Salic idea of the program is
that the coordinates, angles, and momentum of a particle after 4

it has traversed an element of the beam line (mqnotic dipoic,

~ magnetic quadrupole, drift space, etc.) are related by a trans-

fer matrix to the doordinates, angles, and momentum of the pir-
ticle as it o.nto;'ed the element, as indicated in Pigure 9.  This
transfer matrix completely characterises the element, up to
second orcer in the power series expansion of the ugﬁotic

field about the central axis. The cumulative effect of all the

beanm elesients, therefore, is simply the product of transfer ma-
trices for every olmpt in the beam line. By specifying con-
straints on the optics (e.g., magnification at a certain point,
resolution, distance between magnets, etc.) one can have the
program find values for the magnets which give the best fits.
The settings for the beam line did not differ from those

used in reference 9. However, the spectrometer settings were

-changed to increase the vertical height acceptance at the hy-

‘drogen targe*. !heu'pa'tamete,n"aro listed ir the appendix.

.‘l'hQn parameters determined nut only the required field -
values in the magnets, but also enabled us to decode the coor—
dinates of .a particle at the target from measurements of its

coordinates aftsr it had traversed several magnetic elements.’

First ORDER TRANSPORT MATRIX
FOR A MiDPLANE SYMMETRIC SYSTEM

><_Q)>~-9~
| S
2 800 ¢
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S 8000
s & O 0O
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|L'.
X O > 9 «©

L 3 J INITIAL

Pigure 9
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The coordinates required were bgr Yoo e!, x!, and xl where
these were determined from the spectrometer wire chamber infor-
mation as detéribod previously.

The required coift‘iélen;i were determined, ’tolxh'lt ‘order,
by ixive'rtlng the matri: which described the &anlport‘!ran" Sos
sowe initial location to some final location, Por our decode,
we rcquired the matrix {(and its inverse) for the transport from
the target to the spectrometer focus, denoted by R1 and RII,
and the transport matrix-from the wire plane V1 to the focus,
denoted by R, and 822, our decode then is given by:

2
-1 - (x-1
x; = (Ry7) g%y - (Ry') g4 05

é =
P -1
Ry 56

-1 -1 -1

X, = (Ry7)g%g+ (Ry7)y5 0 + (R)7) 0P
-1 -1 P S

0 = (Rj7)g) Xg + (Ry7)gp 0g + (R)7) 0P
-1 -1

Yo = Ry 7133 ¥ + (B )guée

-1 -1
to~ Ry V3 ¥e+ (By7) gy ¢
These coeffients may be found in the appendix. In our
analysis, 411 calculations were carried out to second order.

Bowever, the higher order terms are small.

-§8-

J. Past Electronics
The fast electronics is described in more detail ia the’
Ph.D. thesis of W. Mtkenhnds, who had primary responsibility

for maintaining the system and it will only be outlined here.

There were basically two types of event: beam eventy and
spectrometer events. The logic equations used for the event
triggers are shown in Figure 10. The beam trigger, BT, is de-
fined to be a coincidence between two trigger counter signals,
BT1 and nz; with vetoes by two sets of jaw counter signals,
BT# and BJANS. These jaw counters ensured that a particle -
which went through both trigger counters but would miss the
target would not trigger the system. Three other logic sig-’
nals’ which were combinations of beam Cerenkov counter lignall
indicated whether the particle in the beam was a pion, kaon,
or a proton. These latter signals were mutually exclusive.

Furthermore, . none of these signals would appear if the combin-

- ation of Cerenkov signals indicated an ambiguous identifica-
“tion.. !‘ﬁully a BTC signal was defined to indicate the pre-

sence of ahy good particle identification in the beam. Bowever,
both the beam pion and beam proton signals could be countcd
down or sampled: i.e., we could ignore 2'“ - 1 pion or protoa
signals and only let the 2“:!: signal appear in the BIC signal.
The .spectrometer trigger, ST, was simply the coincidence be-
tween signals fxom the trigger counters ST1 and ST2.

A beam svent (BEV) was just a sampling Aot the beam trigger.



EVENT TRIGGER Losic

BT = BTI-BT2 - BTG - BJAWS

BPION = BT - (BGAS + BGAS®) - (BDISC + BDIFR)
BKAON ‘=BT - BDISC - (BGAS + BGASQ + BDIFR)

-49~-

BT - BDIFR - (BGAS + BGAS®@ + BDISC)

BTC = EPION/2™ + BKAON + BRROTON/2Nz

BPROTON

STI-ST2

BEV = ET/2N3

ST

BT -ST

OR
BT-ST:-BTC

SEV

rigure 10
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BT?. The ;:Ec of sampling, “3' was set according to the partic-
ular running conditions which were encountered. The beam '
events were an unbiased sampling of the beam conditions. These
BEV's were essential to our analysis, The spectrometer event
(SEV) was defined in two ways. One was simply as a conicidence
between the beam trigger and spectrometer trigger. The other

was to regquire, in addition, the pre-enc; of & BIC signal to
ensure good particle identification. In pargicular ve used

this sclieme when either beam pions or protons greatly outnumbered

-tha beam kaons and it was necessary to use the countdown faci-

lity. By requiring BTC along with the countdown facility we
could have approximately equal numbers of trlqgerl from pion-,
ﬁnon- and proton-induced events.

The occurrence of an event, either a BEV or an SEV, caused
ssveral things to happen. Pirst a signal, called "fast kill® was
generated to freeze the electronics and ensure that the inte-
grity of the stored information from the first event was not
destroyed by the occurrence of a second event; The computer
was then given an interrupt. Simultaneously, a gate signal

was sent to the CAMAC12 modules to latch all the logic signals,.

_ ecistiilation counter bit patterms and Cersnkov counter bit

patterns assnciatod with this event. In addition, this gate

otaxt.d the A/D converters which gave ﬁl information on the

pulse height of various signals. Also the flux scalers were

gated off. These flux scalers accumulated all the occurrences
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N\
of the signals BT, BPION, BKAON, and BPROTON from event to
event. Finally, if the event was an SEV, a signal was sent

to the multiwire proportional chambers to latch the wire num~

‘ ber pattern in each chamber and prepare fcr computer readovt.

The usa of this "fast kill® aethod obviated tho need to make

any dead time corrections.
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~
K. Online Computer System

The online computer used for dn.ta taking was a PDP 11/45
operating under a real time executive called spl:x.n The com-
puter and its puripheral configuration is shown- 1n'riquu 11.

‘Packs ruanning undex SPLX could cither be resident in merory

or loaded into memory when requested. This allowed high pri- -

" ority tasks to respond quickly but let many lower priority

tasks share the same area of memory.

The computer received interrupt signals from the event
trigg'er logic. The interrupt handler would then initiate a
dluét memory access (DMA) transfer, through the BDZLl, of
the information in the CAMAC crates into memory. If the event
was an SEV, the computer would also start a DMA transfer,
through the wire chamber interface, for the wire chambter infor-
mation. At the completion of the DMA transfers, the computer
then cleared the event information from the CAMAC crates and
released the "fast kill®, thereby allowing the electronics to
accept another event. Khen enough events had been taken to
£411 up a buffer, the computer wrote the block onto nine track
magnetic tape. Also, at the beginning and at the end of a run,
status and scaler information vas read by the Computer and
written onto magnetic tape.

In addition to the event logging duties, the computer pro-
auced histograms olt incident beam particle distributiomns, spec-
trometer particle distributions, and associated multiplicity
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information. These histograms
scopes or on the electrostatic
mation was 'neensl:ﬁ to ensure
was performing satisfactorily.
tions were computed at the end
Any wild fluctuations in these

could be displayed on stoxage

plotter as desired. This infox-

that the experimental nppdntul

Finally, approximats cross sec-

of each run by the computer.

cross sections would alert us to

the .possibility of oc.mipnent failure or misadjustment.
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L. Data Taking

Prior to the actual taking of data, saveral setup tasks
requiring the use of the beam needed to be completed. These
includea the timing and the checking of the efficiencies of
all the counters aund wire churﬁexl _lo the systei. Then extome .
sive online studies were undertaken to ensure the proper oper-
ation of all elements of the system. In addition, the online
studies provided us with the operating parameters of the exper-
iment, such as the momentum calibration of the bend magnets
and the final settings of the trim magnets.

The normal sequence of runs for a given kinematic point

wvas
Multiplicit
8ign of

Target erenkov VES'_I

Counter AVB Angle
20" li2 IN
20" empty I
20° empty IN -
20" llz IN -

Both signs of the AVB angle were used to eliminate small off-
sets between the true spectrometer axis and the beam axis.
This is illustrated in Pigure 12. Our cross sections wvere
averaged together with equal weightings for ths two AVB signs.
Thus, to first order, the final cross sections are independent
of the offset, A,

Mditional data were occasionally taken with the 10° u,
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and 10" empty targets in the same sequence as that with the
20" targets. These runs were used to check for any target

length dependences in our data, Also the same sequence of
runs was ropgated with the multiplicity Cerenkov counter ri-
moved, but usunlly_only at the smallest angle setting. This
was done to check that the extra background, due to.interac-
tions in this counter, was being removed in the empty target

. subtractions. : . L -

"o ) ) “ : ES
- Other special runs were taken in the ceurse of the experi-

ment. Thoy'includcd transmission runs, to measure our detec-
tion afficiency in the spectrometar; interaction trigéer Iuns,
to obtain charge multiplicity data; and "straight through”
runs, to verify our settings of the magnets and the steering
of the bcn-;
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-I1II. ANALYSIS

A, Overview

The data analysis was divided into three phases. 1In the
first phise, a program called PASS 1 operated on the raw cata
tapes on a run-by-run basis and wrote a disk data seﬁ contain-~
ing yields and fluxes. In the second phase, a program called
PASS 2 used this data set to compute the actual cross sections
for each reaction and wrote this into another disk data set.

A program in the third phase combined the cross sections, sub-
tracted the background, put in correction factors, and folded
in systematic errors. This last program wrote these final )
cross sections onto yet another disk data set. The data flow
is illustrated in Pigure 13.

Tha raw data tapes were also used for studies to deter-
mine correction factors for tha data and also to detect erron-
eous data. As an exarmple, every run on.every raw data tage
was run éhrough the computer in order to punch out selected
information. This allowed us to calculate approximate cross
sections by using the ica]erAinformation; N

The daca aualysis at M_I.T. was performed un the Labora-
tory for Nuclear Science's InsM 360/654computer system., This
system had two IBM 2314 disks svailable for public storage and

. four IBM 2311 disk drives on which private disk packs could be

mounted. The yields and fluxes from soveral hundred runa were
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written b;‘ the PASS 1 program onto a single 2311 disk. The
PASS 2 progranm nﬂ_ucod- this information and used only a small
dataset on the public disks to hold the resulting .cross scc-
tions from all the rurs. The last phase compressed the data
év_en further and 3G able tc write all the final 2ross secitons
into a dataset with only 100 kilobytes onto a public disk
which was readily accessible by our fitting programs.

This thelil vill describe the analysis of single bin
cross sections; i.e., the whole aperture of the spectroneter
at a particular kinematic setting was used to determine one
cross section for a given reaction type. Information utilizing
the associated multiplicity information will be the subject of
a leﬁanto analysis.

The next sections describe each of the three parts of the
analysis program. The last section describes thes corriction
factors and their estimated errors.
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B. Pass )

_ The Pass 1 program performed an event by event analysis
for each specified run. The raw data tapes were read in and
each event had its bit patterns decoded. FProm these bit pat-
terns, both the incident and production coordinates were cal-
culated, if possible, for an SEV. In addition, the incident
particle type and detected particle type were determined by a
look-up procedyre in a table specified as input for this run.
This anm;od the use 6! different Cerenkov counter strategies
on a run by run basis. Finally, if the particle.types were ac-
ceptable and the coordinates were within the accepun;:e cuts,
the event was entered into the yield planes. Thus PASS 1 was
the only event selection mechanism for the rest of the analysis.

For a beam event, only the incident particle types and
coordinates were calculated. The moments of these beam coor-
dinates and the statistics for each particle type were written
out to the disk for PASS 2 processing.

For either type of event, the fluxes associated with the
eveht were accurulated. These accumulated fluxes along with
the "end of run” scalers were also written onto disk.

The SEV's used 1ﬁiour.una1ysil were binned ln'ptoduction
coordina;em i.e., production &, production ¢, and production
8. For this 'zelnon we did not need a decodable incident track.
We required only that a particle have a non-smbiguous momentum

hodoscope pattern; that is, having at least one and at most two

adjacent slements firing. The beam particle identification
criteria were fairly tight, however. By this we mean that

we only nccepfo&‘Cerenkov patterns which we were fairly con-
fident represented the desired particle type and rejected all .
other patterns which could have been made by two or more par-

ticle types. This gave us an unbiased selection as long as .

the fluxes used in the cross sections corresponded to these

same criteria.

The events in the spectrometer were more complicated.
Here we had to account for every particle produced that enter-
ed our acceptance. Pirst we required good tracking in-the .
spectrometer. This tracking was done by the spectrometer wire
-chud.nn. A good chamber was one which had at most three ad-
jacent wires and a minimum of one wire which fired. The ver-
tical tracking algorithm allowed the loss of any two chambers
except the simultaneous loss of the ﬁrl.t two chambers in or-
der to still give a good vertical track. In the horizontal
plane, there were two Hl chambers and two H2 chambers. At
least one ot each was required in addition to either H3 or K4
to give a horizontal track: The stalistics on the number of
tracking failures were written onto the disk anu were used for
an upvnfd correction of the cross sections as described later.

Our particle !.dontincatlon critoria wore dotecrmined by
studies on thec.ronkov patterns which were .the most likely to

océur for the various particlc types. All possible Cerenkov
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patterns had to be identified. By a fitting procedure.described

later, we attempted to correct any possible misidentification
using these criteria. ' ’

Finally, events wers keot only if the decoded cvordinstee

were within nuy acceptance. The acceptance we used for .p was

-1,8 mr < ’p < 1.8 mr
The accoptance plotted in the dp' - BP plane described a paral-
lelogram. It had intercepts at values of

0;°"91°d «%1.3mr

and

c;“’““ =% 3.25m

with sides whose slopes were
_:_;p = =0.015 mr/%
P

;-:2 = 45.5 ¢/mx.
| 4 .

The total acceptance we used was 25 microsteradian percent.
These acceptances were determined by TRANSPORT predictions.
In addition studies were done to estimate the effect of
smeared resolutions on these acceptances.

the final fraction of events which survived all the above
critoria was about 30 to 358, The largest loss occurred in
the acceptance test which eliminated 50 to 558 of the events.

In addition to calculating yields and acoumulating flux

-G~

on .-ututxc-, PASS .llhnd a number of run diagnostic features.
Histograms _ot coordinatu, hodoscopes and wire chambers couléd
& printed out. Various beanm optics chécka could be made on
the d-lbl. Aluo efficiencies oti all the hodoscope elements, .
wita chambers and Cerenk2v counters were 'ca_lcuht.:ed ard Aryg-
Played. Por this reason PASS 1 was uud.on lélected_ms to
study and establish correction factors for the rest of the Gata.



c.PAss 2
The program PASS 2 was used to take the data from the disk

file produced by PASS 1 and produce fingle bin invariant cross

sections and erxors for all the reaction typei in a given rum,

The cross section can be written as

X .
E d%*77 Yiew Ee ] l

-Fr-.‘ JPJII FL‘),‘( P°’ Afl A_P“N'f"""j“ It.r:.t/A ConrgcTion F.a

where P, &, and A are the target density, length and atomic

. nurber, respectively, and N, is Avogadro's number, anpc is

the acceptance of_ our spectrometer. )

The yields put out by PASS 1 were not single hinryieldu,
but were binned in finer units. Since we wanted single bin
cross sections PASS 2 had to sum over the finer bins. However,
to be more accurate, PASS 2 corrected each of the.bins accord-
ing to its expected variation over the acceptance.

The flux used was normally the accumulated flux, for that
incident particle type, from all events, It was necessary in
some cases to override this choice and use either the scaler
information from the "end of run" scalers or a percentage of
the BT flux determineC by the fraction of the BEV's which )
were identified as the desired parﬂcle type. In any case,
it was necessary to determine the fraction of the flux which .
could have produced an event in the yield planes, Recall,

that to make an unbiased cut on the SEV's we must restrict the
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flux to the same incident oriteria that we placed on the SEV's.
%o do this we used the BEV events which -f:ou;d have represented
an unbiased sample of events. We found the fraction of Bﬁv's
which passed the identical hodoscope and particle identification
requirements and multiplied the PASS 1 flux number by this frac-
tion. This was the number which had to be used for the flux
in the cross section. _ .

A number of correction factors were upp'uéd aﬁ this point.
Sone of these are called rglol;xtion corrections. One of these
came from the angle offset. If there was mis-steering of the
beam, the average angle of the incident beam would not be zero. -
Since the cross sections fall rapidly with increasing angle, it
vas x'mcunry to corréct for this offset by using the moments
of the beam distributions determined from the BEV's. A second
correction arose from the straight line approximation for the
variation of the cross section across the bin. This correction
is proportional to the second derlvutive‘ of the cross section
with respect to the scattering angle.

Another correction was nceded because not all of the inci-
dent besm phass space could scatter with equal probability into

the accoptance of the spectromoter. PASS 2 took the incident

" beam distributions and calculated an average acceptance func-

tion for a given set of aoceptance cuts. This acted as an of-

* fective eotroct;ionv to the flux.

Additional corrections applied were for transmission and
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decay of particles in the spectrometer. Also the tracking loss

fraction, described in the PASS 1 section, wvas used in PASS 2.
These are described in more detail in section E.

PASS 2 then wrote the single bin cross scctions and their

errors ovt or the éisk. They wers, however, put out in a form

in which the.corrected yields and corrected fluxes (weights)
were recoverable for the purpose of combining runs.

~68~
D. Run Combination
This last phase searched the disk file produced by PASS 2

for all runs at a given kinematic point. A distinction was

made between the two AVB angles which occurroed at that point.

- For a given AVB angle and for each rcaction and tarqet type,

the corrected yields and fluxes were recovered and suwrmed over
all runs of the -m type. The background was then subtracted
to give ‘the cross section. A
Edenth- & NI
P& dp.dn pa anspNep

[ T Yiew, s (F) )X Ylﬂ"’mr'rv(i) ]

7 Fuuxpp, (%) Z Fux ':nvry(ft)

Ee d° 2 Ya
alcs “'P: =) =(A,m + A.:,,,")

where the A! 11 and Ampty

all runs in the sum of full or empty targets, respectively.

are the total errors coming from

The cross sections are then averaged, with equal weighting for
the positive AVD angle and the negative AVB angle.

In addition, a number of corrections were applied to these
data at this point. These will be described in the next sec—
tion and :I.ncludo multiple scattering-acceptance corrections,
the particle misidentification coxrections, ths double scat-
tering corrections and the radiative corrections. The cross
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sections were written onto the disk and were ready for plotting

or fitting.
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'B. Corrections and Errors

This section is a susmary of the various corrections ap-
Plied, the means by which they were determined, and their esti-
mated errors.

1. Transmission, Decay, and Absorption

ngnta which fell within our acceptance but did not -trigger
the system were the result of several effects. (i) inefficiency
in the trigger counters) (ii) absorption Iin the material of the
spectrometer; (iii) decays which depleted puticlei ‘fxrom the ‘
spectrometer acceptanco. These effects were studied by -j:eclal.
"straight through® runs . at 20, 30, 50, 100, and 175 GeV.

The transmission for a particle type a is defined as

"t, = BT'Ba-ST1-ST2/BT-Ba
The transmission numbers were taken with both full targets and
empty targets and with the multiplicity Cerenkov both in the
acceptance and out of it. This gave us absorption numbers for
the targets and the multiplicltf counter. Interpolations were
made for other energies. The increase in transmission with

energy was attributed to the decrease in the total cross sec-

‘tion, a decrease in the amount of gas used in the spectromcter

Cerenko7 counters and ca increase in tha number of seconcaries
!rou.intcractioﬁl which could s.t:ln‘tr:lg»get the iylte- due to
the increased shrinkage of their production angles.

Por plonl"' and kaons, there was also the possibility of
loss by décay._ It was difficult to separate the different




Tranamission Coxrections

Figure 14

-71-

1

160

1001~

|
(o] O
g 8 3
o, Ul UOISSIWSUDIL

90
80

180

120 140

80 100

Momentum in GeV/¢c

20 40 60

-72-

effccts, The assumption was made that the absorptioa loss

_acaled as the ratio of the cross sectiona. The transmissioa

is given by

ﬁ'.- (1~absorption) x (l-decay loss)

| S :

A model was devised by W. Altkenhead which predicted the loss
from decays. Note that just as a secondary froﬁ an interaction
with the material in the spectrometer could cause a trigger, ‘
a secondary from a decay process could also stay in the accep—
tance. This model predicted the probability of a decay which
caused no triggers, Purther details on this model and the
transmission studies will be found in the thesis of W, Aitkea-
head.§

The final total transmission numbers are plotted in Figure
14, The estimated erroxrs on the transmission corrections arxe
.038,° 0.3%, and 1% for pions, protons and kaons respectiwvely.
The errors on the absorption corrections-are about 0.5%. The
Gecay corrections are accurate to 0.1% for pions and 1% for
kaons.

2, Particle Misidentification

Bvery spectrometer Cerenkov bit pattern in .PAss 1 had to
have a particle type associated with it. This introduced some
error for the ambiguous definitions. By this we mean a defini-

tion. in which more than one particle type could give rise -to

that Cerenkov pattexn, For example, the patéun vhere no Cer-
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enkov counter fired could be the result of inefficiencies in
one or more of the counters and hence pions, kaons, and pro-
tons could give thia pattern.

To calculate the correction to the particle identifications,

a program was devised by R. Verdier of M.I.T., to fit the ef-
ficiencies of the Cerenkov counters and branching ratios for -
a run. For each of the five spectrometer Cerenkov signals,
SGAS1, SGAS2, ‘5GAS3, SDIFR and SDIFA, ve defined the efficicn-
cies for piqn, kaon, and proton detection, e.g. Oyt Oy .lp'
etc. This gave us fifteen variables. In addition, we defined
the branching satios B,), to be the fraction of beam events of
type a which went into spectrometer type b. This gave nine
variables, but we had the constraints that

IB, =1
bah

which reduced the number of variables to six. We were left
with 21 independent variables. We also had, for a given bun_
particle type, 32 numbers which were the number of times each
of the 32 = 25 possible Cerenkov patterns occurred in a given _
run. There were three beam particle types, so we were rxeally
trying to fit 21 variables to 96 numbers.

The ‘initial assusption was that the signals were uncor-
related. This meant the Cerenkov pattern. for a beam pion of

§GAS1 - BGASY « £GAS3 - BDIPR - BDIFK.
would have had a probability to occur given by
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The program then searched for the minimum x
uiol for the errors of the parameters. The assignment of Cer-
enkov patterns to particle types gave us the misidentification
numbers "ab' which were the fraction of the events where parti-
cle type b vas assigned to particle type a. Since every parti-
cle received some éuignment, we had )

:'; “ah

=1

There were some physical processes which could not be fit~-
ted by the simple model. A process such as k's decaying into
pions would give false efficiencies. However, by introducing
an extra variable in the fit, which was related to the probabi-
1ity of this decay, good results could be obtained. Tne fits
could then give slightly wrong efficicncies, but it was only
the cet of nuskers M,, which was relevait, "{‘hele corr‘_actionl
were generally io.g thar 2% but they oqcalionally were 48 large
as 8%, v . '

Although this procedure could be used on every run, it was

t.ﬁo time consuming. '.l'hexefdre only a few sets of runs, repre-

_sonung‘ all Cerenkov strategies which were actually employed,
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were fit and interpolated values were used to correct the cross
sections. The error in the cross sections associated with this
procedure is estimated at about 0,6%.

Since the beam particle idcntification was based on very
stringent reguirerents, .10 correction was made. Ve <stimate
the error in the cross sections to be less than 0.1%,

3. Multiple Scattering and Acceptance

A particle originally within our acceptsnce could scatter
out of it by multiple scattering and be lost. A particle could
similarly léltter_into our acceptance even if it was originally
outside of the acceptance. However, since our icceptince wvas
limited by steel apertures, this was unlikely. This net loss
of yield had to be corrected. This effect waa not taken into
account by the transmission studies since only the central por-
tion of the spectrometer was used in those -tudiep.

A similar effect occurred when our acceptance cuts in-
cluded part of an aperture stop. Again there would be a loas
of particles which had to be counted in the yield.

A series of studies were undertaken to estimate these ef-
fects. The study consisted of taking ever smaller definitions
of our acceptance in all three variables, op, .P' Gp. A typical
plot is shown in FPigure 15. The hope was thet for a small
enough accaptancﬁ. the cross section would be removed of these
effects and stay constant. These studies were run at 20, 30,
50, and 100 GeV. At the high energy end, we expected only the

(X

SAS VerricaL AnNGLE ACCEPTANCE
+100 GeV, T - T Cross Sections
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tpo:tm :'top effect to occur. We saw that we might have made
& 1/2% erxor by using our normal acceptance. At lowex snergies
the effect was not 30 clearly observed., However, we estimated
the inltiph scattering losses to the cross section to be

11 % 4% at 20 Gev, 5 % 1.5% at 30 Gev, 1 % 0.5% at SO Gev,

‘and 0.5 T 0.5% at higher eﬁe:glel.

4. Particle Tracking Loss

As mentioned pxeviously. the percentage of tracks in the
mtmto!‘ which could not be decoded was recorded for every
xun. Howsver, this number could not be used dinctiy to cor-
rect the cross l;ctionl because some of the events which fell
outside of our acceptance would also fail to track. 1In fact
we expected a higher percentage of these events to be reflected
in our total number of track failures.

By using itni‘ght through runs, which we knew gave events
in our good acceptance, it was determined that tl:le actual per-
centage of track failures due to electronic causes (i.e., noise
or inefficiency of the wires) was rather constant at about 2%.
In addition the number of ambiguous tracks (trackz of four or
more adjacent struck wires or two or more non-adjacent struck
wires) in@easﬁ fron near zero at 20 GeV to sbout At at 175
GeV. This was attributed to the ‘inereased multiplicity in in-
teractions of the particle with material in the spectrometer
and to increased production of delta rays. These nhumbers ‘were

used as’ our tracking corrections. The error in the cross sec-
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tion from this determination was about 0.5% at .20 GeV, incress-
ing to 0.75% at 175 Gev. ' ‘

The tr;eklng loss numbers recorded by PASS 1 were not used
except for the runs where we had a complete chamber_ failure.
These runs would have a larger number of tracking losses. For

these runs, the increases in the recorded ttnél::l.ng loss numbers

over the global average ,wex§ used to boost the correction fac-

tors described above.
S. Double Scattering
A particle which was produced in an interaction at the tar-

get could interact again, producing more particles and increas-~

Aing the apparent cross section. A p:ocedhxe was devised to ap-

proximately correct for thil effect. This method is an exten-
sion of the one used by Butler as originally suggested by L. Ro-
senson.’

We take the probability for a single scattering of particle
type a, in a region dz in a hydrogen ta':get, which produces a
particle .c 4n the solid angle A2 with momentum p_ to be

(9,,7‘,,?.—,)&: dn dp, .
1dp.

The probability of a double scatter occurring which produces a

P, (6, 4,pe) dQdpe dz = N, fLu

particle ¢ in the solid angle dn, with momentum p, is the inte-
gral 'ot the probability for a single scattering, times the pro-
bability of surviving to the first scattering location, times
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the probability for a single scattering, times the probabuit_:y
of surviving from the first locstion to the second and from
the second to the end of the target. This must be summed over
all possible intermediate put:l.clen

P;c(._Os.?,.P,) ZH -w.!.'F ‘9""4’"?')[“'- ew.(e,. t.)

P (0478, 8- #1,Ps- ) € 42z dp, d6, d @,

The 2 integrations are independent of the others and produce a

2
term ‘—°P'= vhere v _ = "o’l.ﬂz Oota1+ FOr the casc a = ¢

we will assume only the terms a = b = c contribute significantly.
For the case a ¥ ¢ we will only keep the terms a+a+c and a+c+C.

Writing this out we get for the case a = c:

N2 f:’,,‘ 1e " L x

LA (9s,¢nf’s)dn-s ‘!Ps

dndp 29 (0,,¢,p) & vdée 8,95~ B ps-P) dp, 40,44, d0,dp,
where dn.dp. is the ugqeptnnce of the spectrometer. Each of the
cross section terms %!%p rust contain & function terms which
correspond to the elastic scattering contribution. Thus we

have three integrals: (1) a term corresponding to doﬁblo inel-
astic scattering, (2i a term corresponding to uh elastic scatter
followed by inelastic scattering, and (3) a term corresponding

to an inelastic scattering followed by an elastic scatter. '

PJ JQS dfi = j Fl et x”'L(Ploel;¢|) ch dB, df,

+ { F"Iun ‘f"n‘(o,,e.,d)ae.J
+ “' F,““TK-INEL(P;uc.e..¢.)49.d¢',

vhere the cross sec:tons were multiplied by the correctior term

3
Py * P

The procedure, then, was to fit our cross sections to a
general form which was then integrated via a Monte-Carlo roce—
tine using the importance sampling technique.  This technigwee
gives better accuracy for integrals of functions with a Gaus-

sian behavior. It can be wr:l.ttcn as

IF(,()J,( aoVar 7. Fox;)eN/2

I )
2
Vhere x, are distributed as ¢™* /2 4na o is the approximation
to the width of the function F, '
" por the inelastic~inelastic term the integrals had to

. correctly account for the diffractive bohavior of leading par-

ticle reactions. Por this reason we normalized our high wmo-
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mentum h;;v!.or of the fits to integrals of diffractive scat-
taring cross sections published by Ayres et arld -

This whole procedure was very costly in terms of computer
time. Furthermore, integrable fits were not always obtainable.
We therefore computed corrections for only 15 of the 36 possible
reaction types. Each of the reu_!.nlng reaction types had a kine-
matic behavior similar to one of these 19, Scaling by the
satios of ‘_thc cross sectiona then allowed us to obtain the re-
uinin_g 'c.ormtionn. '

these corrections averaged around 1-2t with a few kinema-
tic points having a correction as large as 5-6%, ror. these
worst cases the error was estimated to be less than 1.75%.

6. Radiative Corrxections

Our raw cross sections included the effects of photon ra-
diation during the scattering process. Ccarrccthm for single
yho.ten internal bremsstrahlung have been made to our data using
"a method based on the equivalent radiator approach, due to

J.1. Friedman.l3

Righer order terms were included in an approx-
imate way.

The radiative correction formula can be summarized by:

- |de RTINS S TINLY
C[dnas' L1, - L1,

Ao (£.,E0)
Trve NEASURED J

. dnde’

where K is the energy of the incoming particle in the lab, E*
is the energy of the detected particle ¢ and 8 is the angle at
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~
wvhich ¢ is detected.
There were oniy two cases which were considered ‘to be
lnportqnt. These are illustrated in Figure 16. cCase A is

. where the incoming particle emitted a photon of energy ke

and then scattered from b with an .incident energy of only
Bo « fikc, Case B is where the detected particle c, which
was created with energy E', emitted a photon of energy fikc

and was then detected with an eneryy E' ~ #ikc. The emission

of -the photon is assumed not to change the direction of the
particle, lnd., hence, all calculations were perforwmed at the
scattering angle 8. In either case, the assumed value of
x= ;i- is smaller than the actual value.

I? and IB. then, represent the contribution from the
elastic scattering process for the two cases. This contribution
is non-zero only for the case a = c. I: and I: are the sum of
the contru?utionl from inelastic scattering at energies from
E' to !:o for the two cases. These four terms represent pro-
cesses which occurred at higher values of x but were detected
in our acceptance. Hence they should be removed from our mea-
sured c.oss 'l‘ecti:n.v. How_evu-.. a fraction of our cross lP.ctiOI;
at this volue of x could have also radiated out of our accep-
tance and the texm C cbructn for this depletion. .

- The exact !ornulni \_uea are listed in the appendix. llow-

" ever, it should be noticed that the integrals in the I: and I:
2 .
terms involve knowledge of & 'E rruge This, then, is an inte-
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Radiative Processes
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gral equation. The integrals were solved by iteration. The
first iteration used the fits determined for thn double scat-
tering corrections. The elastic cross sections were taken from
‘fits in Ayres et _l_!._.n Decause the corrections aver'ngod only
about 2% with a mlll_num of 6%, a gecond iteration vas not per-
formed, '

As mentioned prev:loucl} only 15 out of the 3§ possible re- ’
actions were parameterized by an integral fit function. The
other reactions were similar enough in their kinematic depen-
dences to one of these 15, that they could be suitably approxi-
mated. However, to reduce our sensitivity to the error intro-

duced by the fit, we set the correction to the ratio:

ds

dndE’

de
mve [dnJE’
TA4+I2+I04T)

' -
d* ]
L dn:r (Ec,E, e)f

|- el ,
ﬁn—‘JE'(E.'E'O) lpn,

This reduced to the first squation when a'b%%rl

- I,‘-I:-]rc x

MNERSVRED

.M

FT

- -

rr
- aﬁ‘r—l « We estimate the error in this procedure to
MEASURED ‘

be a maximum of 1.25% in the cross section.
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7. Other Systematic Uncertainties

In addition to the corrections discussed a number of other
sources of error were poniblo.' The beam occasionally delivered
more than one particle with a 1 to 2 nanosecond time difference.
The trigger counters were not able to resolve the .seconu and
succeedi.ng' particiel. Thus, we would underestimate the flux.
However, assuming the momenta of these pu‘ticies were uncor-
related, the event would likely be rejected. because of an am-
biguous track in the momentum hodoscope. PFurthcrmore, the
tight beam particle identification requirements would .rojcct
the two particles if they were of different types. For an
estimated worst case of 7% doubles rate in the beam, the worst
contamination of the cross sections would be 1.2% for pions at
negative beam energies (where pions comprised 92% of the beam).
The contamination would be smaller, by the fraction of the beam
population, for othor.pnucle types.

Electrons and muons vere present in the beam and would
give a pion signal in the Cexenkov counters. Since they do not

interact strongly, they would cause an overestimate of the flux.

Estimates of the contamination of the pion-induced cross sections

from online studies, were on the order of 0.58. One, shoald note
that slév lepto:iu would be swept out of the beam 'by the AVB
magnets before making a trigger.

Various electronic inefficiencies and other small effects
were estimated to add 0.5% to the systematic uncertainty. Table
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IIX lists the errors and their sources for a given point.

There was in addition an overall normalization ﬁncortainty.-'
The values used for the solid angle and momentum acceptance
were tl_noio predicted by the program TRAKSPORT. The 'vll.uel
of the coefficients which described the transport of particles
from the’hydrbgon target to the parallel region in the spectro-
reter were checked online. The measured values dif!en‘ed from
the predictions by 6.38. The coefﬂcient- which dot_emined the
acceptance included not only tho;o measured values, but also the
values which described the transport of particles from the para-
llel region to the spectrometer focus. We were unable to check
these values. These acceptance numbers determined the normali-
zation of the cross sections. We have, therefore, conservative-
ly assigned a normalization uncertainty, for the cross sections,

of 8.
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Table III: Systematic Uncertainties

Transmission

Absorption
Decay

Particle Identification
Spectrometer

Bean

Kultiple Scattering-~

Function of Spectrometer Momentum
Tracking Loss-

Function cf Spectrometer Momentum
Double Scattering

Radiative Corrections.

Electron and Muon Contamination
Double Buckets-

Function of Beam Energy

Miscellaneous Sources
Normalization - Acceptance

»

0.3
1.0
0.3
0.5
0.1
1.0

0.6
0.1

4.0 - 0.

0.5 - 0.75

1.8

Exrxor on

Cross Section (%)

1.3

0.5

3 -1

ol -

1 -
0.5
7.0

IV. -RESULTS AND INTERPRETATION

A, Final Cross Section

Our final cross sactions were available on the .dhk as
both p, Sweeis Or as x = p /p, sweaps. We heve plotted the
data in both variables ‘ll discussed below. Because of thw
enormous quantity of data, only a subset of our data will X
presented, However all our data will be publishec in a frtuxe
journal article.

A number of checks were applied to our data to check Ior
internal consistency., First, data with the 10" hydrogen tac-
get were compared to those with the 20" hydrogen target. The
agreément was within statistical errors. This agsured uvs
that there were no target length effects present. Only td»
20" data will be considered further. Next, runs which takex
with the multiplicity Cerenkov counter removed, were compared
with those in which it was present. Theére was a danger that
the dummy’ target subtraction would not fully remove the escess
events originating in the counter. The agreement was geserally
within our errors, ' . ‘

A nunber of data points in our proton cross secticas were
then compared with the data of Johnson, et al .1, and our
ptp AP X data were compared to the data of Capiluppi.

. st 1_1'..2 our data agree with these results within the 7%

normalization uncertainties,
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1. Py DGMM _

A subset of our cross sections have been plotted in
riquzi 17 as a function of the transverse momentum, Pye for
185/p1% = 0.3 and 0.6. Aditional plots may be found
in the nﬁpendix of this thesis, The cross -_ect'ionl are gen-
erally fit well with an exponential Py dependence at x = 0.6
and with a Gaussian form at x = 0.3. These functions were
uud M :lnthnto f.he* cross ucﬁionn as described later.

The crossover from a Gaussian bshavior to an exponential
occurs-at an x value which seems to depend on the particular
reaction. However, there are very few x values with extensive
P, coverage, which makes these crossover points difficult to
deternmine accurately. i

2. x Dependence

~ A subset of our cross sections has been plotted 15 Figure
18, 28 a function of the radial scaling variable, Xpe for fixed
vn.luen of Ppe This scaling variable is defined as
. CM

E

-

R cM
v Ewax
and has been shown by Taylor, et 11_." to produce scaling over

a wider range of energies thun the usual Peynman Hpe

cM C .
Poy 3pc|
X" p:hx Vs

Scaling is discussed in section B. Over our kinematic range

the values of x = Phb/Pi.b

e . X and Xp are all approximatoly

Figure 17. This figure contains plots of invariant differential
cross sections as a function of Py for values of
*=0.3 and 0.6. The symbols denote”

» unaveraged cross sections (data taken at
only one sign of the AVB angle)

© averaged cross sections (data taken at
both signs of the AVB angle)

T™he ﬁtt- are -b/c.v’.
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Figure 18. This figure contains plots of invariant differential
oross sections as a function of x, for values
of Pe” 0.3 and 0.5 GeV/c. The ly‘ﬂboll denote

x unaveraged cross sections (data taken at
only one sign of the AVB angle)

©  averaged cross sections (data taken at
both signs of the AVB angle)

The units are -b/Govz.
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equal. Additional plots of the %, dependences will be found:
in the appendix. )

- The x bebavior remains essentially unchanged over the
Py range in which we have data. This is discussed further in

'@ later section. The exceptions are cases in which we see

zesonance production, as in the reactions e P t'(+ X.
Bere the Py dependence of the resonance falls faster than the
fragmentation part of the cross section. An analysis of this
Micula: resonance behavior is found in Cutts, et g.n

3. x Dependence of Cross Sections Integrated Over Py

Some of the models we tested made predictions for cross
sections integrated over Py To obtain these cross sections’
we fitted the Pp dependence of our data to both an exponential
and a Gaussian form in Ppe The form we actually integrated
was chosen generally on the basis of the minimum xz per degree
of freedom. The integrals vere performed analytically.

These integrated forms have x dependences similar to the
unintogritod. Py constant, cross sections. Some of these are
plotted in Figure 19. These x dependences will be discussed
further in the following sections. Recause of the lack of
sufficiert x values v!.vth sufficient coverage of Py to do an -
integration, we ha;:o used the unintegrated data for testing
models in a number of cases where the absolute normalization
was unimportant. ‘

These cross sections have larger érror bars than the un-
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Figure 19.
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co. b
2
The invariant cross lection,-I“E:u ‘P: A dp?,
"
in units of mb and denoted by ">" is plotied as
a function of x. In plots i through 1,
comparison is made with the invariant diffosenthl
cross section, E,H + in units of mb/Gev<,

uuufod at +100 GeV, pe~0.5 GeV/c and denoted
by "x*.
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8. Bcaling
One proparty of high energy inclusive cross sections, which

bad been predicted by l'oynnnu and Yang, et 2.”

’ is known

as scaling. %e have defined the lorents invariant cross sec-

tica as ' ' o .
- 7

f (S, Pg) - EG d g

dpl

for unpolarized experiments we can replace P with Pio &nd P,

Thus vwe can write

' 3
.F(s'P*"P“ )= Ee &0
) i JP: d?'e
In the center of mass frame we can define
x =P
P
and rewrite the cross section as
.
z i
¢ ,X)e _Ec
FOPe)® e G

The scaling hypothesis is the statement
!(l.&.x) = !(&.x).
That is, £ is independent of s when written as a function of
x and p, .
In Pigures 20 and 21 we have plotted on the same graph our
cross sections tbx' 4incident energies of 175 and 100 GeV, corres=-

ponding to s values of 187.7 and 378.4 GeV2, As can be seen

-128-

rigure 20. Scaling Comparisrnw &s a Function of Py -

The unita are -b/G.vz.

o - Cross sections at s=187.7 chz

x - Cross sections st s=378.4 t:ovz
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the two sets of data generally agree to better than S% in
both py Svesps and x sveeps. In these comparisons our overall
normalisation uncertainty is not expected to play a role be-
cause it applies equally to both sets of data. The scaling
hypothesis thus appears to be valid vithin the accuracy of our
experiment. These data allow the first check of scaling at
thase energies for picn and kaon induced reactions.

. &
e
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€. The Quark Decay Model of Anderssom,

Gustafson, and Peterson
This fragmentation model by Andereson, at g." draws upon

some work of Field and Peynman in which the gquark decay func-
tions were determined.’ These quark decay functions, D:(l)
are phencmenological constructs which give the probability of
s quark, g, turning ints a hadron h with sowe function, 3, of
the quark's momentum. Sincs the total momentum of ali the ha-
drons must equal the .ln-utu of the quark, the D: functions

. must satisfy

1
4 h
hI‘ou 3 nqm -1

The assumption is made that these decay functione are indepen-
dent of the source of the Quark. Ideally these functions could
all be determined from lspton-hadron sxperiments. However,
since these experiments are not 'eowlceo; theoretical prejuci-
ces have éuidod the final forms.

The basic idea, then, is that a quark shaken loose in a

. hadvon-hadron collision will decay into an observable meson

via these zame quark doény functions. An obvious idea is to
guess that the fragmentation distributions in x, of the pro-
cass ln.clmm1 +p - ludwnz + X u; a convolution of the wmo-
mentum probability distributions, !q“(:)'.' of the quarks in

‘hadron, with the gquark decay functione quh) t
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where x is the quack's fraction of the total available momen-
tum and 3 is ludronz'l fraction of the quuk'! momentum, How-
ever, calculating this for the case of the roaction

ptp-~ e :
using the quark distributions vhich have been determined in the
proton, Das and Bwa found the resulting fragmentation function
fell off with x, much faster than the data indicated.l they
estimated that only apout 1% of the high x, cross section could
come from this process.

A second plico of data Andersson et al. used is the result
of a bubble chamber experiment in which the charge excess was
measured as a function of rapidity as shown in Figure 22."
For a 100 GeV pion, the rapidity in the center of mass for xp
= 0.1 is about 2.3. Hence it appears that about one-half to
two-thirds of the pions charge, on the average, is left in the
central region. This would indicate the interaction proceeds
via quark exchange, rather than some neutral particle exchange.

In the model they have developed, when a meson Lhtoractl
with the target, one of its valence quarks is wee (having no-.

gligible momentum) and remains in the central region after

- interacting. The other quark continues on with almost all of

et

the original momentum. This quark then fragments or decays

via the D= tunctim determined in lepton induced reactions.

This is illustrated in Pigure 23.
8o for the case of an incoming I", about egual probabilities
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Quark FRAGMENTATION MODEL
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are expected for either the u or the @ quark to stay im the
ocentral regicn. The quark momentum distributions asre
" A N . - .

= f; T3 $(x-1)

This yields a fxagmentation function given by
) h
F™ e =% D: (xg) + 3 D3(xy)

¥Wote that by iscspin snd charge conjugation invariance

the following are true:

py'=D) * Dz =Dz
Pr'=Ds*Dj =D;
D7D =D} «D;
Bence the predictions are:
Fv’-or’_ Ft'—ow"' i‘D:-"é D; -

1 'D]’-r’i D:-'! D’

£ vt F_'-"'-g i ‘D:*.; é‘D;-l D

{for the non-diffractive part)

For kaon bean piiticlu, th_oro way be scme SUl-breaking et!eeti.,
These have been estimated to have the effect that the s (or &) .
quark will carry.the momentum 50% more often than the nonstrange
quarks.?? Hence they predict ' '

k=

- + R
F* "= F* "z 04Dp) +0.¢Dg



~18]=
K "= pt ktow" 3 . L
F = F =04D, +06D;

These predictions are parameterless and give absolute cross
sections, Our data have been plotted along with the predictions
scaled by 3:—"]: in r-!.guxuv 24 an® 25. The values of %inel
were taken from Ayres, st g.“ For the reactions z* + P tex

- - A B
and * + p+ % + X, wva have subtracted a term — +
! 1x (-2

from our cross sections corresponding to the diffractive compon~-
ent. We see that the overall normalizations d6 not agree with
the data althougﬁ they are within a factor of two. However, a
more important defect is the fact that the fall off with increas~
ing x is slower than the data indicate.

8imilar predictions can be made for mesons going to kaons.
However, the functions used by Field and Feynman were derived
with very little data and assumed the k/s ratio approached 0.$
as x, - 1. Recent data suggest that the k/r ratio is about 0.1.2%
For this reason, Andersson, et al. reparameterized the decay
functions
Xt Xt xt

D“,.Dq, D: » where

D..“'= Dr.k. .
- - 4 -
Di = D = Du=D)= D} «D}

K‘ -
Dy = D:
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They also made the assumption

L - -

k K K

D. - D‘ - D'

With these assumptions, our data for PAg P x* + % are plotted
in Pigure 26 along with the modsl predic.ions, i.e.,

takt wak” «t 3
F-," = F *=3 D, +3D;

We see that the model suffers from the same problem of falling
off too slowly.

Putting aside the question of normalizations, the slopes
of the curves do not seem to agree well with the data. We
belisve the slopes are related to the requirement of the delta
functions in the quark momentum probability distributions. Yhe
delta function requirement was introduced without rigorous phy—
sical justification. We can ask whether a different assumptiom
will produce better agreement. We have replotted in Figure 27
the }(’ - 3t data along with the prediction using a §(x - 0.7}
function instead of §(x - 1), i.e., the case where ths fast
quark has only 70% of the incident meson's momentum. We noraal-
ized this curve at x = 0.3, We see that we have much better
agresment. However, this method corresponds to using valuves
of D3(x,/0.7). These decay functions were caly defined for
arguments between 0 and 1. Hence a naive application of this
delta tuncuon-nnwtha may result in unphysical results
when x> 0,7, l
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" Finally, Andersson et al. assume that for baryon fragmen-
tation only one valence quark is left in the central region.
In this case a diquark system carried most of the momentum and

decays. Hence they require the definitions
* ' ’
Doy @)= H,(2)

© wt
Dua @ =Dui= H,(®
and . -
D:u = Hy(2)
These functions could in principle be determined from high '
Bjorken x lepton production in which a valence quark is
"kicked out” by the virtual photon and what is left is a
diquark system. This system should produce particles in the
'lll' way that hadronic processes do. However, the data are
too skimpy for any parameterisations to be made. °
The assumptions in this model have been introduced in a
rather ad hoc fashion. For instance, we know that the valence
quark momentum distributions, t":, !;’, of the quiescent pion
are not delta functions and are probably not completely inde-

. pendent. The way the assumptions of the modsl have incorporated
these facts is not clear. K. Huang has suggested a more physi-
cal interpretation of this lodol..zs

. Assume that the quiescent pion has some joint momentum
probability distribution o(xl.xz) for its valencs quarks.
The process of interaction transforms this joint probability

-160-

distribution such that the resulting distribution is sharply

.p'ouud at x v 1, xy v 0, and Xg ™ 1, x, ~ 0. This comes

about because the interacting quark must be a wee quark; the
pion's remaining momentum must be carried by the other quark.
The final momentum disteibution can be appraximated by inde-
pendent delta functions .

G pinat (XieXa) ~ £ 80x-0 8(x2) +3 f’. (xa=1} $0x,)

The quarks then fragment according to the D‘I functions as be-
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Do tion Model of Das and Hwa
‘The basic idea of this recombination model by Das snd mu

1 1llustrated in Figure 28 for the reaction p + p» v’ + x.
Lat us assume that the incoming proton has valence qﬁnrk die-
tribations ulyy), Bixy), and dlxy), vhere the x, are equal to
th.m-nta of the 1mqurkdivuodlwth¢mtmof the
incoming proton. Then the argument is made that to produce a
plod at largs Feynaan x, & laxgs quark m,-mm is also
‘Yarge mast initiate the process The only quarks with.a res-
sonable probability of having a large momentum are the valence
quarks. The central assumption in this model is ﬂnt. the fast
quazk distribution is unchanged by the collision between the

hadrons. This allows the use of the valence quark distributioms’

. in the proton as determined by deep inelastic electroproduc~
tion. All other details of the interaction are not specific

in this =model. ‘l'ho. antiquark required to produce the pion can
either come from the incident hadron sea or can be produced by
a gluon from the interaction. Whatever their source, only anti-
quarks moving in the same direction as the incident hadron are
alloved to.recombine. These antiquarks woiuld not be present

in electroproduction and hence this process vould not be al-
lowed. The final element in this model is a monbimtm
probability function, R, which gives the probability that
quarks at x, and x, recombine to make a meson with some x.

Por this process, then, we have

=162~

'Recomaination MooeL

XTexex,

-

u (1)

i !X‘ ’ : : - ‘R(‘lo“) A4
: d{x
P d(x4) S/

x¥exoxq

ulx,) . ‘
y d(xe) | R(x .xd@

Pigure 28




baving a quark at x; and an antiquark at x,. ' The quark dis-

=163~ ‘ : =164~
. “ .

Ry

xde « ‘(F(x Xa) R(X1, X5, X) (X %a) " dx, dx R, = ok
]; " ' .1 .

vhere a is some normalisation constant. This symmetric form
r(xl,xz) is the momeatum probability distribution for
‘ gives the maximum probabiliity for recombination when x *x,.
. ) lo!o:m-mhotp+p-ot’+xnhaw
tributions should be uncorrelated aside from kinematical com~
»”
straints because of the sizable difference between x, and x, : X ;i:.' o .';_x.j Fu () F‘- (x-x,) dx,
Qo .

on the average. Das and Hwa assume .
: It should be noted that the antiquark di{stribution need not

F(x,,x.) = 'F‘(x.) F:' (x4) p(l_ X, xa) : | : be the sams as those in the initial hadron since the interac-

. tion could have created many qq pairs.
vhere lu—ll - %,] is the phase space factor and 8 is a con- vyae

stant. This is only an approximation since integration of
the joint quark probability distribution doces not reproduce
the single quark distributions.?®

The recombination function is upuud to be .léllo invax--
iant and is taken to be

These distributions have been generated and our data plot-

ted over them in Figures 29 and 30. The rq distributions were

taken from parameterizations of electroproduction data by

Pield and uynn.n." Por simplicity the antiquark distributions

were taken to be those determined by Field and Feynman also.

' Since our integrated results are similar to the unintegrated

X : .

R (x,,x;,%X)= ',R,_(-;?‘ ’ -;3) S(+ x;’ - |) +R cross ssctions, we-have plotted both sets of data. In either

: case we have normalized the data at one value of x. We have

where Rl represents the probability of rscombination of the -
- also.plotted the data for the reaction p + p - ¥ + X. Except

q and q and where R' represents all other recombination pro- .

- for normalization, this reaction should be similar to p + p

cesses involving the q, q§ and other constituents such as quark-

antiquark pairs and gluons. R' is expected to be small with

respect to Ry and will be ignored. ‘The form of R, is

taken to bes

+ v* ¢ X. Our data show that within errors, this is so.
These. predictions are not very -miiivc to the exact

form of the sea quark distributions, ¥3. P3. r. and ¥g.

Duks and Taylor bhave used this model and shown that these
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qz .mmkmum"mmlunmmmudobtdw
| @ ticn ratios??, o Gor | :
’ L3
+ : o
o 5- (x) - a-‘g'Q S' Fu(x.) FI (x x')dx'
. ﬂ - 3
S A TP [ Fax) Faleex)da
N « =i .
R > : and
. x - .
Lg s Ky = Yo B o Futnd Fabe-xd,
- S.a - " ~x
— a W P L Felx) Fu(x'!‘)""
LQ. 3 They assumed all the a's and p's were equal and cancelled in
s Py 2 - E, o the nti::. They have alsc assumed the forms u(x) = d({x)
hy .
bl . bl - - ou_(1-%) ¥ and s{x) = 8(x) = s_(1-x) s, They have fit aver- -
(3/d ©xx() /HAJIS Exx( ° 1 20
_ aged data from FNAL™ and ISR® from several Py values, since
L O no systematic Pp dependence over the low Py Tange was obser-
| © ved. They obtained the values n, = 8 ¥ 1 for the FNAL results
L and a somevhat higher value, about n, = 10, to accommodate
| © the ISR data. The FNAL results were fit-well by u = 1.2 1 9.1,
L° ng = 5.75°% 2.3, and s, = 0.235 ¢ 0.015.
x
L Our ratios have been fit by this process, although we
fo L™ . chose to fit the inverse of the ratios given above. The results
o g
- 2 -4 are shown in Figure 31. Our values are u, = 1.03 %t o.5s,
-/— | é n, = 12.9 14,6, n, = 3.62 £ 1.33, vhich are consistent vith
T T T T =TTV Ty o Duke and Taylor's determination. s, was not determined by our
o
2. b ) e . fite, ‘
= Ll - : . t. :
(q/d E,““U] /ng IS Eg "U v .This model is incomplete at presen It. only accounts for
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two-body recombination and hence does mot allow for reactions
which produce a baryonic fragment. A second difficulty is that
only the protofi's quark distridbutions have been determined with
any acciracy so that no pnﬁctlonl can be made for um.tng-
‘mantation. In this sense it complements the quark !ngmnu;
tion model vhose predictions are nov available for meson frag-
mentation but not for baryon fragmentation. It is also inter-
_estisg te note that ams of the original motivations for this
model was that a naive application of the quark !rngunnutioa
48eas 814 not predict the correct normalisation for the data,
as mnticned in section C. This model however, does not even
atte=mpt to predict the absolute normalizations, but instead
_used the a's and B's to scale the predictions to the data.
Although we could not use this modsl to make predictions
about the pion fragmentation cross sections, we have used this
model to attempt the inverse process. That is, we used our
data to txy to determine the pion's quark distributions by fit-

’0!.!’09*!"0!.

ung‘to the cross sections »* + pr
wepextexanartep- X"+ X, at P, = +100 GaV/c and
P, = 0.3 GaV/c. We immediately encountered two problems.

The first vas the diffractive peak in the »* + p » »* + x i@-’-I
action, We attempted to ramove this by subtracting terms of
the form 15—" + T;Vr "A and B vere evaluated at x- = 0.88.
and x = 0,92 where the error due to a fragmentation tail wvas
believed to be small. These terms ware motivated by the work

were

=174~

of Hsing?® vho dstermined that these werg the forms of the
significant triple Regge contributions. The second problem

- was ﬂn kngwn resonance p:oductiou of p°'s and £°'l in both

the e - Yd e X and e p* % ¢ X reactions. We hav-
attempted to remove this contribution by utmung these ’
cross sections at p, = 0.3 from a fit to the data assuming
one pion exchange. 1
The form of the pion dtltxumtim was assumed toO be:
s(x) = §(x) = 8, (1-3) "

G = ax) = 4, (1-x) "a
ulx) = I(x) = a.x ¢+ G x for x < .18

q{En(hy%wam)u:x»mu
m mn x form for the valence quarks is motivated by the
“Regge scaling” requirsmant as suggested by ruru.” The
results of this fit are shown in Figure-32. While the fits
are not .p'.r!cct, f.hcy seem to do remarkably well in predicting
the trend of ths data, especially with such a simple model and
such crude approximations. The values of the fit parameters

n = 1.51% 0.58
= 3.04 £ 0.26
¥ o0.28

B
n. - 0-.5
The vuul of the coc!!ichnu were 1u¢nulny undeternined al-

though the values
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a = 2,28
s, 0.66
d° = 4.66
and an overall normalization constant equal to 0.39 'qnvc a

Teasonable f£it with a xz = 72.9 for 20 degrees of freedom..



The fragmeatation model presented by Brodsky and Gunion

. can be wall tested by our ,n-n-.uo The essential point of this

model iw that by examining the behavior of the cross sections
as a function of (1-x), it can be determined vhether the ini-
tial intersction between hadrons in mediated by gluon exchange
. oF vee EE&Q or annihilation. Examples of the thres
possible eases are shown in Figure 33 for the reaction

3 ,o,i, e ’

The quark exchange or annihilation process is ths quantum
: .ga version of Feynman's wee parton exchange ».-o-.a
This model predicts the same (1-x) bshavior for both processes

- and does not propose to -distinguish between the two. In either

‘case, the imcident pion, which has a u and ¥ vilence quark; is-
‘Tequired to have in sddition an s and § quark pair tiken from '
its sea in order to make & K*. ‘Brodsky and Gunion impose this
conditica from the requirement of Yeynman scaling. Eithsr the

s or & quark 'is required to have rapidity in the central regioa.

This quark then interacts with the target via quark exchange
. or quark annihilation: into & color singlet with a wee quark-

* and the proten

from the target. The remaining quarks in the »
form color triplets which start to separate. The u and &
quarks in the beam particle, however, can form a XK' with some

fraction of the incident momentum x. This leaves the fraction

(1-x} of the incident momentum to be taken up by the remaining

=178~
GiLuon Excrance

c ’ .

Ngpecratons = 2

Wee Quarx Excuance

Nspectatons =

__d

Quanrx: ANNINILATION

®*]

. Pigure 33, Fragmentation Nodel of Brodsky and Gunion
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quark. This quark is. known as a lp«.;ntor. since it cannot
combine to form a detectable particle nor 4i4 it interact
vith the target.

By invoking the dlnn-ionﬁl counting ruxnn. the cross
sections x g% are predicted to have the torl.

(1~x) hlpo ctators™!

g .
Intuitively, as the number of spectators, which share the total
somentum, increases, ths probability for £inding a fragment '
with a large fraction of the xomentum, i.e., high x, must be
suppressed. Thus the above situation represents the lowast
order process. Since the incident pion can have more than one
Q3 pair from the sea, there will be contributions from proces-
ses with more spectators. However, these contributions will
have higher powers of suppression for large values of x.

The gluon exchange mechanism differs from quark exchange
in that a gluon is exchanged in the interaction. The gluon
changes the color of both the receiving and originating quark.
Thus wvhat are left are two separating color octets. Again the
u and & quarks can form a color singlet, the K*. However, now
there are two quarks left to share the momentum; i.e., two
spectators. Note that these quarks do not form a color singlet.
Therefore the counting rule predicts the power of (1-x) for
this process to be two greater than that for quark exchange.

The x which describes these reactions is the light cone or

-180-

N
infinite momentum fraction. The best approximation to this

variable is the radial scaling variable x, = £C°™'/EC:2" used
by Taylor, st a1,l® mhis variable becomes equal to the Peyn-
Ban x, a5 9 + ®. Our fits were made in terms of Xpe ,
The predicted powers of (1-x) shouléd be essentially inde-
pendent of transverse momsntum for small values of pt; The
exchanged quark or gluon absorbs the momentum transfer t prior
to the beginning of fragmentation. Por this reason, fits were
perforned on our cross sections for selected Py values, as well

‘as on the integrated cross sections. Soms of these fits are

shown in Pigure 34.

Tables 4,5, and 6 are summaries of the predicted ponn.nd
of ti:e povers determined by the fits. The agreepent with the
quark exchange predictions is generally good. It should be noted
that the predictions are for the minimum powers. Higher order
contributions can increase the observed powers. These powers
still seem to lie below the minimum alu;nblo for the gluon

exchange pr . The observed powers are essentially Py inde-
pendent as predicted. This justifies our use of unintegrated
cross sections in situations where the x dependence was involved.
Sowms reactions, hénnver. appear to have powers which ray
be the result of resonance production and decay which will pro-
duce hadrons in s nglon where they would normally be suppressed.
mumu;.hmtuctlonl’09¢t'.+x.m1' (890)
and x*(1420) resonance production is present.l? The average
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power for this reaction is 3, vhexeas the quark exchange min-
imm is predicted to-be 5. However, the source of discrepancy
in the other reactions has not been isolated,

This model is the most complete of the three atsousssd
bere. It makes predictions for all the reactiona with the
exception of those with a leading particle effect. In these
latter cases, the diffractive contributions to the cross sec-
tion complicate the fragmentation analysis.

V. DISCUSSION

We have seen that this experimant has provided a wealtk
of data in the low Py beam fragmentation region. This is the
first tine that high snergy data of high statistical accuracy
has been made available for a variety of beam particles otder
than protons. For example, Pp dﬁtzibutlono as a functiom of
’r are now available for 36 different reactions. Many theo~
ries now make predictions only for distributions integrated
over p,{ This new data provides input to nev models which may
include a Py dependence. Purthermore, scaling has nov beexn
shown to be valid within 5% for pion and kaon infuccd reactioms.

'A- for the models we have tested, the results are encouc-
aging. The model of Andersson, st al. seems to descride meson
fragmentation well, if minor changes ars made. This model emx—
ploys a set of phenomenological functions and is less appeal-
ing, in a sense, since the details of tl;o actual hadron-hadrom
scattering process are hidden. 3In addition the assunptioms of
the model are introduced in a rather ad hoc manner. Also the
case of baryons in fragmentation processes, both as fragmemts
and as projectiles, have not yet been tested since no detailed
predictions have been made.. Here our data can sexve as & geide.
If we belisve this model, we can use our distributions to deter-
lluhoththob:"t“mmu;'”!w@a. '

She model of Das and Hwa makes specific assumptions aboet.
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the !zap}amich process. Turthermore, this model is sensi-
tive to the quark distributions in the incident hedron and
allows us to determine thess also. These quark distributions,

- 4t should be noted, are not necessarily those of the quiescent
hadren. Many @f pairs cen be made during the interaction pro~ .
oess, some of which can recombine to ln)r.o‘ the cbhserved meson.
The dravback of this model is the fact that it describes only
the two-body recombination. An intsresting extension will be
one vhich allows the production of baryons.

The Brodsky and Gunion model is interesting in that it
makes predictioms about the exact nature of the interaction.

Our data show overvhelmingly that quark exchange or annihilation
is the dominant process. However, it remains to be understood
whether our data vhich have powers of (1-x) which are lower
than the minimum predicted are evidence of the breakdown of

the model or whether other processes, besides fragmentation,

exe in effect.

These three models each focus on a different part of the
vh.dicn-hdxcn interaction. The Brodksy and Gunion madel focusses
on the actual interaction mechanism. The model of Andersson
st al. really describes the final state interaction. * The Dae
and Hwa pictm_ is 'unuuvo to the gquark distribution m the
incident hadron. A eeiphto picture would unify all three
OoUncepts. '

All three of these models focus on the gquark content of
the hadrons. mn'. are some of the few models which employ

this idea in describing low py hadron-hadron collieiens. ‘_u,-u -
on the fairly good agresment batveen the predictions and data,
one .can be encouraged to believe that there may be lo-..nnl.fy— :
iag principle in describing hadronic and leptonic interactions.
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APPEMDIX I. Invariant Differential Cross Sections -

Pp Dependance

This appendix contains additional plots of invariant
differential cross sections as a functioa of Py for Xy values
of G.3 and 0.6. The symbols dono_ti

unaveraged cross sections (data taken at
only one sign of the AVB angle)

averaged cross sections ( data taken at
both signs of the AVB angle)

The unite are -b/c.v‘.
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APPENDIX IXX
Badiative Corrections for a + b+ ¢ + X

The formula used for the radiative corrections vas

do

TRVE

I'= [i+Ley [ln

. = C[d’d’

Eo
=

B 0 I

dn AE ’ MEAIVRED

——

E,
Eoe = N ;
| + 2Es 4in?68/a
m, ,
. L,
E. = 2

- 2E° n2 6/a

my,

e
e le ] g

Jﬁ

Ve Sy do
E.~E' do1

Se_ dv )
Eo’ E: dn

are the elastic scattering contributions, where

]

(E..G)l

KLAST.
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Ee= '°2 C- [l - a3 (v.-tv,)]g‘n
£le —fe = I3 = [1407(vsw)] (ﬁ':)v'
© 1 43E g
my - 'AE-
ana v‘=%9+%?:t_'m§-:%’ is the equi- . T
valent virtual radistor length, where ' .
"> Y. ) vo
Q=(t"-4mnl2t’) a.' t'z 2m e E, * Apapecos §<0 . I: = [' + 0.7 (V-*Va)](%o)
mlllndsaangimby . i
' [ ] 2 Enax
Sac = + & |Eer-E) ' xf o [inlewe /e )]  (E.Ea8)
Eof Eor ' EiaE Eq-E N dNdE,
' r- vl a2 )
S, = i’. + L (.___E".- E')
E *LE.

ol a‘ "t -
vhere =¥y = ?[ﬁL o &l)}

Q Qe
These functions give the mmmu spectzal distribution of ' '

the emitted photons.

. %
. » Q= (t*-4 m.m.,t)
m contirbutions from inelastic scattering are :

t = 'n.’ ”"n:_ aEcE(‘aP.P‘ cos 9 .

( < o e
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| + 2B 4in26/a
m o

lnd‘A!o = AE' = 1/2 of the enexgy acceptance of our spectrometer
Bom is the minimum incident energy kinematically permitted
to cause a particle ¢ to be detscted at energy E'.
z'm is similarly the maximum energy permitted kinematically
for a particle c produced by a scattering of particle
4 at energy go‘ The spectral functions sA and 83 are
defined exactly as in the elastic cass, but now involve

the integration variables.
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APPENDIX 1V. Spectrometer First Order TRANSPORT Cosfficients

This appendix contains a listing of all the magnetic
elements in the spectrometer and their settings for normal
data- taking. Also included ari the first order TRANSPORT
matrix elements described in Chapter II. The matrix labeled
®TRANSFORM 1" corresponds to the matrix ll described in
Chapter II, and the matrix labeled "rmsfomq 2" corresponds
to the matrix R,. The numbers in the fifth rows and
columne in these matrices describe the beam bunch length and

are not relevant to our analysis.
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