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Abstract of the Dissertation

"Ratios of Single Hadron. Produced at High Transverse
Momentull in 400 GeV I c Proton-Nucleon Collisions"

by

Henry Donald Glass

Doctor of Philosophy

in

Physics

State University of New York at Stony Brook

1985

We have measured ratios of single hadrons produced at high

PI in 400 GeV/c proton-hydrogen and proton-deuterium collisions.

A Ring Imaging Cherenkov detector was employed to
+

identify "-,

+
K-, P and p in the momentum range 80-150 GeV/c. Our acceptance

*was defined by the region 5.0<PI<8.0 GeV/c and 65<8 <95°. We

+ + + - - - -
cOllpar~ our measurements of the ratios K / .. , pI .. , K I.. , pI .. ,

and ..+/ ..- to the results of the Chicago-Princeton experiment and

to the Lund high Pr physics Monte Carlo.

iii



Table of Contents

........

..........

...

•• vi
vii

viii
1
1
5

• • • • •• 7
• • • • • • • • • •• 7

• • • • • •• 8
• • • • • •• 9
• • • • •• 10
· . • • .• 11

• . . . • •. 11
12
13
13
IS
16
18
19
19

• • •• 20
. . . . • .. 22

22
23

• • • • • • • •• 23
24
25
26
28
29
31
31
32
34
34

. . . • • . . . . . . . . . .. 36
37
39
40
40
41
43
45
45
46
50
50

·.....·.....

·...

·.....

............

..........

......

........................

...

.....

...

............................

.......

.....

......

.........
........

· .

· .· .

III.

II.

IV.

List of T4bles
List of Figure.
Acknowledgments
I. INTRODUCTION

High transverse mo.entull hadronic interactions
The Lund Model

APPARATUS •••••••••
Beall
Target
Magnets •••••••
Magnet inserts
Hodoscope.
Chambers
Calorimeter
Cherenkov Counter Description •.•••••••••••••••

Cherenkov ring imaging technique.
Radiator vessel
Purification systea "
Mirror••••••••••
Mirror alignment
Calcium fluoride window
Photon detector.

DATA ACQUISITION
Trigger Logic
Trigger Matrix

Matrix system components
Matrix hardware description
Matrix software ••••••

Calorimeter logic
DC Logic ••••••••
Readout system
Cherenkov ADC systems ••••••
Collection of data
Cherenkov sparking

DATA ANALYSIS ••••••
Event analysis; tracking
Traceback •.•••••••••
Calorimeter analysis
Analysis of Cherenkov data

Calculation of ring centers •••..••.
Calculation of cluster coordinates
Finding photon candidates
Selecting the solution
Calculating photon positions
Radius calculation
Particle identification

Systematic radius corrections
Mirror alignment corrections

iv



52
53
54
55
57
60
61
63
6S
65
66
67
69
70
72
72
73
74
74
74
78
81
82
83
85
86
87
87
89
92

III
120

.....

......................

.......................

v.

Index of refraction
Particle Yields and Systeaatic Corrections ••.••••.
M~nte Carlo description
Misidentification ••.•••
Photon reconstruction efficiency ••••••••••••
Zero-photon correction
Mean number of photons
Corrections for sparking
Protons below threshold
Decays in flight ••.••••
Target fla8k corrections •••••••
Calorimeter efficiency correction
Species dependence of calori-eter trigger

Cr088 section -ea8ure.ent
RESULTS AND DISCUSSION .••••..

Invariant cross section
Like-sign particle ratios
w.'w- ratios .••••••••••••.
Dependence of particle ratios on 8*
Sources of systeaatic error •••.•••.
Discu8sion ••••••••••••

Baryon production
Program description
Co.pari8on with 8tandard parameters
Gluon radiation .••••.••••••••
Structure function comparison
Definition of QZ ••••.
Conclusions

Reference8 •••••••
Tables •••••••••
Figure captions
Figures .••••••••

v



List of Tables

92
93
94
95
96
91
98
99

100
101
102
103
104
106
101
108
110

........................

...........................

1st order QeD cross sections ••••••••••••••••.•••.•••
Hodoscope8 ••••••••••••••.••••••••••••••••••••••••••

KWPC parameters .
Drift Chamber paraaeters ••••••••••••••••.•.•••••••.

Calorimeter attenuators •••••••.•••••••••.•••••••••••
Lumino.1 ties .

Event reconstruction cuts ••••••••...•......•••.•••
VIII. Fiducial geometry cuts

Cherenkov identification su-.ary •••••••••••••••••.
Misidentification factors

Spark rate analysi8 .
Calorimeter thresholds •••.•.••.••••••••••••••.••.
Single particle invariant cross sections ••••••••

Like-sign particle ratios
'1+/'1- ratios .

8* de-pendence ......•.............................
Systematic error estimates ••••••••••••••••••••••

1.
II.
III.
IV.
V.
VI.
VII.

IX.
X.
XI.
XII.
XIII.
XIV.
XV.
XVI.
XVII.

vi



L
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20a.
20b.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39 •
40.
41.
42.
43.
44.
45.
46.

List of Figures

Parton .odel ..... """"""""""""""""""""""""""""""""""
Feynman diagra.. """""""""""""""""""""""""""""""""""
E605 apparatus """"""""""""""""""""""""""" .. ".... "..
l)ullp and colli••tor "... ".. "... ".""" .. , .... ""."""".".
Cha.b.rs and hodo8cope8 .•.•••••••••••••••••••••••••
Caloriaeter .""""""""""""."""""""""""""""".""".""",,.
Radiu8 V8" mountu." "". """. """""". """"""""""""""""
Cherenkov detector "".""""""."""""""""""""""."""""""
Multistep chaaber """"""""""""""."""".".""""""""""".
Trigger Matrix block diagra•.•••••••••••••••••••.•
Trigger Matrix card schematic •••••••.•••••••.•••••
IX:: LOlie """"""""""".""."""""""""""""."""".""""""""
Cherenkov On-line dilplay .•.•••••••••••••••••••••.
Single photon resolution ••••.•••..••••••••••••••••
Mirror a1 ignment """"".""""""."""""""".""""""""""""
Mirror drift I • I I •••• I I ••••••• I •••••• ,. I ,. ,. I

Index of refraction calibration ••••••••••.••••.•••
Index of refraction VI time .••.••.••••••••••••.•••
Photon number distributionl for w, K, p ••••••••••.

Photon reconstruction efficiency ••••••••••.••••••
b-parameter VI two-photon separation •••••••••.•••

Two-photon separation .
Mean number of photons va run •••••.••.•.••••••••.•
Live factor vs run ... I ••••••• I •• I ••••••••• 1.1 ••• I I

Calorimeter efficiency curve •.••.••••.•.••.•••••..
Average trigger efficiency ••.••••.•••••••.••••••••
Parton cr08S sections ,. I •••••••••

Single pion cross section•••••••.•.••••••.••.•••.•
K+ I '1+ ratio, Hydrogen I ••••••••••••••••••••••• I

p/'l+ ratio, Hydrogen ,. I I ••••••• I • I •• I •••

K-/'I- ratio, Hydrogen •.••.••.•••••••.••••.••....••
p/w- ratio, Hydrogen ••••....••••.•....•.........•.
w+ 1.,- ratio, Hydrogen •••.•..••.•.•.••••.•.•..••...
K+/'I+ ratio, Deuterium •.•.••.••..•••••••...•..••••
p/'l+ ratio 1 Deuteriu•.... I • I ••••••••• I • I ••• I I •••••

K-/'I- ratio, Deuterium .••••.•••.••.•.••••...••.•.•
p"jw- ratio, Deuteriu1I I ••••••••• I I ••••• I • I • I ••••

*1+1.- ratio, Deuterium I •••••••• I •••• I • I • I •• I.

K+/'I+, 8 dependence, Hydrogen .••••.•••............
•+1.-, e dependence, Hydrogen ..........•.•.•.....•
K+/'I+, e dependence, Deuterium ••••••.•••.••••..•.•
'1+/w-, 9 dependence, Deuteriu•••••••.•.••..••.••..
u-quark/d-quark structure functions ••••••••••.••••
gluon/u-quark structure functionl ••.•....••.•...••
Lund Monte Carlo, Gluon radiation study •••.•••••••
Lund M.C., Structure function comparison ...•......
Lund M, c. t Q2 study .. I I •••• I • I • I •••• I I ••••••• I • I ••

vii

120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
139
140
141
142
143
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
164
166



Acknowledgments

"Oh, to be wafted away
from.thie black Aceldama of sorrow,

Where the dust of an earthy today
is the earth of a dusty t01lOrrow."

froa the collected works
of Reginald Bunthorne

A long time ago, at some point in the remote past, I became

a graduate student in high energy physics. During this period of

my life I have encountered a wide variety of people who have

helped me get to where I am today (wherever that is). It is

appropriate at this point in my thesis (before we encounter the

sex and violence in Chapter One) to thank as many people as I can

think of who provided useful advice, suggestions, comments, and

food and water along my journey.

First, I would like to thank all of those people who

collaborated in Experiment 605 at Fermilab, especially my fellow

graduate students David Jaffe, Jim Crittenden, Bob Hsiung, Yoahi

Sakai, Bob Plaag, Bruce Straub, Richard Grey, and Takuo Yoshida,

all of whom deserve my gratitude for their efforts above and

beyond the call of duty. They know as well as anyone that the

only thing better than being a graduate student is not being a

graduate student.

viii



I would also like to thank all the people I worked with on

the Ring _ Imaging Cherenkov Detector, especially Dick Hubbard,

Phillippe Kangeot, George Coutrakon, Fabio Sauli, Anna Peisert,

Georges Charpak, Jacques Tichit, Jean Claude Santiard, and others

froll the CERN, Saclay, and Stony Brook group••

I also extend my thank. to the cast of thousanda on E60S,

including Chuck Brown, John Rutherfoord, Mark Adams, Steve Smith,

Bill Luk, Dan Kaplan, .y advisor Bob McCarthy, and everyone el.e.

There were a number of ways in which "life" at Fersilab was

made more tolerable. One of the lIore outstanding way. was the

foning of the "Not Ready for Beam Ti.. Players", a group devoted

to the performance of Gilbert & Sullivan operettas. I was

fortunate in being involved in two performances, "Trial by Jury"

and "Patience". I have never had as much fun in .y life as I had

while working this group of highly talented people, including

Maestro Herman White, directors Carol Wilkinson and Dick

Gustavson, Kevin Ford (that smug-faced idiot), Karen Simpson,

Ellen Taylor, and my solicitor Leon Lederean.

In the land beyond Fermilab there are a number of small

towns, including Geneva and St. Charles, both of which I spent

80me time living in and getting to know the local folks. My

favorite local folks include John and Joan Larson and their

family, especially Jaaie &Jan, Charlie, Bob, Nate, Laurie, and

Julie.

ix



In addition to thanking all the above people, I extend my

thanks to Jll gods, demons, spirits, supre.e beings, and mystical

forces that provided their a8sistance to me, whether solicited or

not.

I thank Scott Sherwood, 'H08S' Crotts and others for

introducing me to their unique brand of Oriental philosophy, and

especially for teaching me that all obstacles can be overcome

through deteraination.

I would like to thank Ko. and Dad, who were never quite sure

what their son was up to all these years.

Finally, I cannot possibly thank enough my wife ("gosh, are

we really married") Shar, who has told me on many occasions how

glad she will be when I finish my thesis and become a normal

person again (whatever that i8). Hubba hubba.

x



CHAPTER. 1

Introduction

High transverse .a.entu. hadronic interactions. The

motivation for studying the inclusive production of high

transverse moaentu. particles is to gain a further understanding

of the dynamics of the hard scattering of hadronic constituents.

High Pr scattering is currently described by the QCD- ieproved

parton .odel (1-4]. Figure 1 shows the parton model description

of a high PT hadron collision, as well as the related processes

of deep inelastic lepton-nucleon scattering and the annihilation

+ -of e e into hadrons. The parton model factors the scattering

process into several distinct parts:

functions

a) The interacting

hG (x,Q2). which
q

hadrons are described by structure

give the probability of finding parton

q with momentum fraction x in hadron h.

blOne constituent fro. each hadron interacts in a hard
....

collision with differential eros, section daldt. These cross

sections have been calculated to first order in perturbative QCD

(5.6) and are tabulated in Table 1 for a variety of subprocesses

important in high PI hadron production. Figure 2 shows the

corresponding Feynman diagrams for these subprocesses.

1



c) Following the hard scattering, each parton fragments into

-
a jet of observable hadrons, where the probability of observing a

hadron with momentum fraction z of the parent parton i. given by

the fragaentation function D(Z,Q2).

The above pieces de8cribing the interaction can be combined

to give the inclusive cross section for producing a high PT

hadron (51):

2

E :~:(P1P'~+X) • ~ ~ JfdX. Jf~ a:(x,Q')

abcd

x G~(x,Q2) ~(a~d) ! D~(z,Q2)
dt Z

( 1.1)

The functions D(x,QZ) and G(Z,Q2) have a QCD determined

dependence on Q2 [7], which can be interpreted as the square of

the energy scale of the reaction. QCD has the property that as

one looks at scatterings at higher and higher momentum transfers

(or alternatively, s..ller and smaller impact parameters) the

effectiye coupling constant beco.es smaller, so that one can

approximate quark-quark scattering by the scattering of free

particles. The QeD coupling constant a depends on the value ofs

Q2 according to



12..
-

a (Q2) •
s (33-2n

f
)log(Q2/AqcD2)

(1. 2)

3

where n
f

i8 the nuaber of active quark flavors, and AqcD is a

scale para..ter approxiaately equal to 0.25 GeV. The exact

definition of QZ one uses depends on the process one is studying.

For exa~le, we see froa Figure Ib that in deep inelastic

lepton-nucleon scattering that there is only one relevant Feynaan

diagram in the problem, and Q is simply the ao..ntu. transfer.

On the other hand, we see in Figure 2 that high-PT hadron

scattering involves many different subprocesses, and it is not

clear which combination of kine..tic variables correspond to Q2,

One pos.ible definition of Q2 is the ar--etric combination [8]

~

2stuQ2 • _
(1. 3)

_....... ..
where 8, t, and u are the Mandelata. variables describing the

parton scattering.

'"".. '""The variables s, t, and u are defined in terma of the

four-momenta of the incoming and outgoing partons. Let us call

the four-momenta of the partons in Figure 18 Pa , Pb' Pc' and Pd'

Then we define the Mandelatam variables by



.....
s • (Pa + P )2

.b ( 1.4)•
t • (Pa

_ p )2
C....

U • (Pa ~ p )2
d

Another possible definition of Q2 is

......
QZ • tu/s

(1. 5)

2which is just qT' the square of the transverse ao..ntua acquired

by each scattered parton.

4

Hard hadronic collisions exhibit a typical four jet

structure. There are usually two roughly back-to-back high Pr

jets, plus two low PT jets resulting froa fragmentation of the

beam and target remnants. In addition, there is a diffuse

background of particles due to initial and final state soft gluon

radiation (9). Observation of exactly this sort of structure has

been ~raaatically seen in the recent CERN SppS Collider

experiments (IO}. At low Ji, however, this jet structure is

rather difficult to observe (Ill. Instead. it is more profitable

to study the relatively small rate of events, produced with

typically a few %of the jet cross section. which result in a

single leading high PT hadron carrying most of the momentum of



the parent quark. One expect. that this leading hadron in fact

often contain. the original scattered quark as one of its

constituents.

The structure. functions for nucleons can be derived from

5

..asure.ente of deep inelastic lepton-nucleon scattering.

Several different para..terizations of theee functions now exist

[12-14}.

The lituation with regard to the fragmentation functions is

less clear, although a relatively simple laboratory for studying

the fragmentation process exists in + ­e e annihilation

experi.ents. The major problem is that the assumption that the

scattered partons frageent independent of the remainder of the

hadronic system is only approximately correct. Early independent

fragmentation modele, such as the well known Feynaan-Field model

[lS-17}, have recently been superseded by models which attempt to

describe the whole event rather than treating the fragmenting

parton in isolation [18-22}.

The Lund model. One such model which has enjoyed a certain

amount of success in describing the hadronlzation process is the

Lund -odel [23-27}. The general idea of the Lund sche.. is that

quarks emerging fro. a hard collision are attached by a color

flux tube, or string, to the other quarks involved in the

collision. As the scattered quark move I away from the

interaction region, the stretched string breaks in a number of



6

feature of the Lund model froe the

of view is that it is available in a wellpointexperi..nter's

places. A quark-antiquark pair materialize at each point where

the string has broken, and the syst•• evolves to the point vhere

on. has a number of a..ll atrings, each atring having a quark and

antiquark at opposite ends. These quark-string-antiquark

entities, which we observe aa .esons, fora 8 collimated jet of

particle. travelling in the direction of the original aeattered

quark. In addition to treating quarks as points at the end of

the string, the model treats gluons as kinks in the middle of the

string [25}. Pinally, a simple .odel of baryon production is

..de by allOWing diquark-antidiquark pairs to aaterializ. at the

ends of strings.

An attractive

documented Honte Carlo progr.. [28-29]. An experi..nter can

easily make his own theoretical calculations and directly compare

his experimental results with Lund model predictions. An example

of such a comparison ia presented in Chapter 5, where we discuss

the results of measure..nta of particle ratios at high PT,



with a typical beam

spill lasted about

CHAPTER 2

Apparatus

Fe~ilab Experi.ent 605 was designed to measure high-pt

leptons and hadrons emerging fro. proton-nucleus collisions at

both 400 GeV/c and 800 Gev/c. We describe below the experimental

apparatus as configured in the run between January and July 1984.

E605 is a collaboration of the State University of New York at

Stony Brook, Columbia University, the University of Washington,_

Fe~ilab, CERN, CEN-Saclay, Kyoto University, and REK.

Figure 3 shows the .ajor coaponenta of the experimental

apparatus. In the discussion that follows, we eaploy a

right-handed coordinate system in which z points in the beam

direction, y points up, and x completes a right-handed coordinate

systea.

Beam. Our experiment was situated at the end of the

Meson-East beam line. Protons were accelerated in the Fermilab

Main Ring and Energy Saver to 400 GeV/c momentua, and then

extracted to the various experimental areas. Our experiment ran

intensity of 4x1011 protons/spill. Each

12 seconds, and spills were delivered about

once every 40 seconds. The protons within a spill were bunched

7



into "bucket.", with each bucket la.tins about 1 nanosecond and

vith an interval of 18.9 n. betveen bucket.. Beaa position va.

aea.ured by a .et of .insle wire ionization cha.ber. (SWICS),

which vere re.otely reaoved froa the beaa during data taking.

Beaa po.ition at the target location vas ....ured by takins

target .c.ns using our thin solid targets. Beaa intensity was

.anitored by a Secondary Eaissions Monitor (SEM), and the total

SEM count for each spill vas recorded on tape. Targeting vas

monitored by a four counter hodoscope (AMON) placed at jO degrees

relative to the beaa direction at the z-po.ition of the target.

The size of the beaa at the location of the target vas .008

inches in the y-direction. The angular divergence of the be..

was 60 ~rad horizontally and 68~rad vertically.

Target. Tvo target holders vere used. One was a device

that held .everal saall solid targets. The.e vere aade of

berylliua, copper, and tuns.ten. A reaote control svitch alloved

us to move anyone of these targets into the beaa. The other

target .yetea used, and the one for vhich data are described

here, vas an 8 inch Ions etainle.s steel fla.k which held either

liquid hydrosen or liquid deuteriua. The flask vas cylindrical

with a 2 ineh dia.eter and had heaispherical endeape. The walla

of the entire fla.k vere .001 inch thick. Surrounding the flask

va. an evacuated containaent ve••el with .001 inch thick

8

stainle.. steel vindow. at either end. Data vere taken with



liquid hydrogen and liquid deuteriua targets, interspersed with

empty target runs to measure baeksround produced in the steel

windows. The hydrogen target was measured via eheaieal analysis

to be 99.999% pureH
2

• The deuteriua gas, however, was actually a

mixture of 95% D2 and 5% hydrosen deuteride (HD).

The resolution in PT was estisated to be 3.0±0.2% ras, and

was doainated by the effect of target length (2.6%) and the beam

divergence (1.4%).

Hagnets. Downstreaa of the target was a set of 3 dipole

magnets, called 8HO, 8M12, and 8M3, whose purpose was to sweep

away low momentua charged particles and to measure the moaentum

of the high-PT particles under investigation. These magnets were

placed as shown in Figure 3. During the data run described here

the magnets were all run with the sa.. polarity. The direction

of the magnetic field was in the negative x direction, causing

positive particles to bend downward. The magnet currents were

2000A, 4000A, and 4200A for SMO, 8M12, and 5M3, respectively.

During the last part of the liquid hydrogen running, the magnets

were all run with reversed polarity in order to gain a better

understanding of the difference in acceptance for positive and

negative particles. The magnetic fields of all three magnets

were measured with a flip coil.



Magnet inserts. A tungsten collimator oriented at !36

milliradians production angle vas placed at the entrance to SM12

as .hown in Figure 4. The purpole of the collimator vas to

obstruct the passage of neutral particles into the magnet

aperture. The previous test run of E605 had shown that neutral

particles, particularly photon8 t provided a serious background,

and the colliaator vas one of several steps taken to cut down

this source of background. Another step taken vas to insert

tungsten-capped lead "teeth" along the top and botto. valls of

SM12. These served to intercept photons and other particles and

contain shovering. Finally, a long copper beam dump vas placed

partvay down the magnet. It served to intercept and absorb the

10

uninteracted beam as well a8 any low transverse-momentum

secondaries. These inserts proved to be largely successful in

cutting down the neutral background; however, an effect we had to

confront vas the scattering of particles from the surface of the

colli.ator. Charged particles scattering in this way could

traverse paths similar to those of high-PT particles emerging

fro. the target, and .any of our lov threshold triggers were

faked in this way. We were able to remave this background in the

off-line analysis, as will be described in Chapter 4.



A variety of different types of particle detectors were

arrayed at four z-positions called stations in order to collect

11

tracking information. The type. of detectors employed, 8.

described below, were scintillation counter hodo8copes, aultiwire

proportional chambers, drift chambers, and proportional tubes.

In addition, a calorimeter provided energy aeasure-ents for

electrons and hadron., and a ring imaging Cherenkov counter

provided hadron identification.

Hodo8copes. Scintillation hodoscopes were placed at

stations 1, 2, 3, and 4 in order to provide information for the

fast trigger and as an aid in tracking. The locations of these

hodo8cope planes are as shown in Figure 5, and their

specifications are presented in Table 2. The counters were

constructed of Nuclear Enterprises NElla plastic scintillator.

Attached to one end of each counter was a Plexiglas light guide

and Hamamatsu R329 photomultiplier tube. Signals from these

phototubes were used in the fast trigger, as described in the

next chapter.

Chambers. A set of 6 multiwire proportional chambers (KWPC)
-

was placed at station 1, as shown in Figure 5. These planes

measured the Y, U, and V coordinates of the particle

-1trajectories, where U and V are oriented at angles ttan (1/4) to

the Y-axis. The MWPC gas was a mixture of 25%

(82.6%Ar/17%C02/0.4%Freon) and 75% (50%Ar/50%Ethane) bubbled



through ethyl alcohol at 28°F. This particular mixture was chosen

so as to ~llow chamber operation at high rates without discharge

problem••

Stations 2 and 3 each had a set of 6 drift chamber planes,
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alBo meaBuring Y, U, and V coordinates. The chaaberB were

operated with a 50% argon/50% ethane gaB mixture and bubbled

through ethyl alcohol.

A set of 3 proportional tube planes, .ea.uring X and Y

coordinates, was placed behind concrete absorbers at station 4.

These tubes were used to identify muons, most hadrona having been

absorbed in the calorimeter and following concrete and zinc

absorber. TheBe tubes were operated with the same

argon/ethane/alcohol gaa mixture.

A summary of the various chamber parameters is presented in

Table 3 for the MWPC's and in Table 4 for the Drift Chambers.

Calorimeter. The electron-hadron calorimeter was located as

shown in Figure 3. Its purpose was twofold: 1) to provide fast

linear electron and hadron Bums for the trigger logic, and 2) to

identify particles as being either muons, electrons, or hadrons

in the off-line analysis by measurement of the energy deposition

in the various parts of the calorimeter. The calorilDElter

consisted of two major parts as shown in Figure 6: 1) an electron

calorimeter, which was built of alternating layers of lead and

scintillator for a total of 19 radiation lengths. It was read



out at 4 longitudinal positions. 2) A hadron calorimeter, built

of alternating layers of iron and scintillator for a total of 9

absorption lengths. It was read out at 2 longitudinal positions.

Both sections of the calorimeter were divided into a left and a

right segment. In addition, the hadron part was segaented in the

y-directioD into 13 counters and the electron part into 12

counters. Further details regarding the calori.eter are found in

reference [30).

Cherenkov Counter Description

Cherenkov Ring Imaging techniques. When a charged particle

traverses a mediua of index of refraction n with a velocity 8c

which is greater than the velocity of light in that medium (c/n),
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photons are emitted in a cone of angle 8 with respect to the
c

particle trajectory, where this angle is defined by

cos 9 a
c

1

8n (2.1 )

These photons, when reflected from a spherical mirror with radius

of curvature R, are focussed onto a ring in the focal plane,

which is located a distance f aR/2 fro. the mirror. The radius of

this ring is given by raftane •
c

The center of the ring is



deterained by the angle of the particle trajectory with respect
-

to the optical axil o~ the .irror. Once the polition of the ring

center is deterained, each detected photon give. an independent

measure88nt of the ring radiul. The particle "'1, and thul its

identity, ia determined by ca.binins the ..alure..nt of the ring

radius with a mo..ntu. aea8ureaent (fra. tracking inforaation).

Ring radius, particle "IS, and ao..nt~ are related by

14

r • f,/ (n2 -1) _ (a/p)2
(2.2)

In the above equation we have made the approximations that the

aoaentu. and energy of the particle are the same, and that the

index of refraction n i. very clo8e to 1. These are very good

approximations for our experi..ntal condition8, where we use a

heliua radiator with n-l.0ooo38, and the Cherenkov threshold Yt ­

lIS. (This Y i8 jU8t the ratio of particle energy to re8t mass:

Wanate that in equation (2.2) and in a considerable part of

the following discu8sion, we find it more convenient to use the

quantity" • n2-1. We call n the refractivity of the aediua.

Figure 7 shows the expected ring radii for _, K, and p 88

functions of momentu. given an 8 ..ter focal length, and

n2-1_75xlO-6•



The -ean number of detected photons is given by [50}
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(2.3)

where L i8
-1 -1the radiator length, a/hc-370 em eV ,and t(E) is

the overall photon detection efficiency a8 a function of energy.

The integral i8 evaluated over the range in which the photon

detector i8 sensitive. The Cherenkov angle, 8 ,
c

is also a

function of photon energy, becau8e the index of refraction varies

with photon energy.

disper8ion.

This effect i. known aa chroaatic

The development of the Ring Imaging Cherenkov Counter was a

major effort on the part of the E605 Collaboration [31-36}. We

present here a full de8cription of the various hardware

components of the Cherenkov counter; in Chapter 4 we will

de8cribe the Cherenkov data analysis procedure.

An overall view of the Cherenkov detector is shown in Figure

8; the-_aajor part8 consisted of the radiator vessel, purification

systea, .irrors, and photon detectors. We describe each of these

parts in detail below.

Radiator vessel. The Cherenkov radiator vessel was an

aluminum box 15.2 • long and measuring 3.1 x 2.8 .2 in cross

section at its downstreaa end. The walls were constructed from



3/32 inch aluminu. sheet, except the upstream wall which was 1/32

inch. All joints were welded. Structural support was provided

by an external network of I-bea•• and aluminum channels. the two

detector ports were located on either side of the vessel. outside

the experimental aperture.

Pure helium was used as the radiator gas. Heliu. has a very

2 -6low refractivity (n -1 • 75 x 10 for 8 eV photon.), enabling us

to extend _/K separation to very high 808enta. Helium also has a

low chroaatic dispersion in the vacuum ultraviolet, which is

essential for achieving good spatial resolution in our photon
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detector. the radiator gas was maintained at roo. temperatur~

(typically 60 OF, although we also operated the counter at a

teaperature as low as 45°F) and at a pressure of about 1.02

atmospheres. The vessel was wrapped in ther.al insulation in an

effort to keep the interior of the vessel at a uniform

te.perature. Since the refractivity of a gas is inversely

proportional to the temperature, a degrading of ring radius

resolution would have resulted if the temperature within the

radiator vessel were not uniform to within 1-2 degrees C.

Purification system. The purification systea is shown in

Figure 8. Its purpose was to conserve helium usage, remove

iapurities fro. the gas, and to measure the transmission of

ultraviolet light in the gas.



---
Helium was introduced into the vessel using boiloff from a
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liquid helium dewar. Automatically operated valves controlled

gas flow, maintaining the vessel at a pressure of 5-10 inches of

water above atmospheric pressure.

Gas was recirculated first into a 12. long control tube,

which was used to measure the gas transmission. A 8 eV light

source [34], placed at one end of the tube, was directed towards

a UV-sensitive phototube at the other end of the control tube.

The gas transmission was measured by comparing the phototube

readings when the control tube was evacuated to when it was full.

The transmission was found to be 75-80% during the run.

Oxygen was removed from the radiator gas by mixing it with a

small amount of hydrogen and co.bining them to fora water in a

Deoxo Catalyzer. The water was then removed in a dryer, while

other contaminants and any resaining water were frozen out in a

liquid nitrogen trap. Clean helium gas was then pumped back into

the radiator vessel. Care needed to be taken to monitor the

level of excess uncombined Hz gaa, which, due to its low boiling

point, could not be frozen out in the LNz trap. By virtue of its

large refractivity (n2 -1 • 450x10-6) [55], the concentration of

Hz gas in the radiator could be measured from the size of the

observed Cherenkov ring radii. The vessel was purged once during

the course of the 800 GeV run with pure helium when the Hz

concentration reached 2%. Higher levels of Hz could not be



tolerated, because its high chraaatic dispersion would have

-
adversely affected photon resolution.

Mirrors. An array of 16 .irrore was placed near the

down_tre.. end of the radiator ve.sel, as shown in Figure 8.

Each .irror ..asured 25 X 26 inch2 in area, and was ground froa

7/8 inch thick plate gla88 into a spherical Burface with a 16 •

radius of curvature. Use of such a large thickness of glass bad

the drawback of introducing approxiaately 0.2 radiation lensths
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of aaterial into the aperture. However, it was considered

impractical to aanufacture thinner mirrors that were sufficiently

rigid to .aintain the required optical qualities. A thin layer

of alu.inum was deposited on the mirror surface, and covered by a

layer of MgFz• The reflectivity of the mirrors was measured to be

about 75% at 1500 A. The mirrors were produced by the Muffoletto

Optical Co~any of Baltimore, HD I53}.

The mirrors were aounted in a large rectangular aluminum

frame. The weight of the .irrors was supported by steel wires,

running vertically and suspended froa the fra-e. Each mirror was

held in its own aluainua frame, and supported at three point by

viton cushions. Three independently adjustable threaded rods

were connected to each mirror frame, allowing each mirror to b.

independently oriented.



Mirror alignment. Tbe mirrors were aligned 80 that 2

1

colu~s of airrors.(8 mirrors) pointed at one detector, and the

other 2 columns pointed to the other detector. Alignment angles

were chosen so as to minimize the detector area required to

observe photons emitted by all tracks within the experimental

aperture. Rather than aligning the mirrors so that they all lay

.----

on a spherical surface, they were deliberately "defocussed".

What this means is that the rings from adjacent mirrors were well

separated on the detector plane and were non-overlapping_ This

was done so that we could always identify from which mirror a

given photon was reflected. This feature proved very useful in

the data analysis •

The mirrors were aligned using a point light source placed

at a specific point in the detector plane. A grid containing the

outline of each mirror'. reflection by the light source was taped

to the upstream wall of the vessel. The mirrors were finely

adjusted until their projections fit into their respective

"boxes" on the grid. Using this method, we aligned every mirror

to within tlO .. in image position in the detector plane. A .ore

accurate -eaaurement of the mirror alignment angles was performed

using the data itself, as will be described in the next chapter.

Calcium fluoride window. The window separating the radiator

gas from 2the detector gas was a 4 x 8 array of 10 x 10 em CaF 2

crystals glued to a brass fra~. Each crystal was 4 sa thick and



had a trans.ission of about 70% at 8 eV t vith a high-energy

cutoff at 9.2 eV. The particular fra.. and glue used were chosen

because their theraal expansion characteristics were siailar to

those of CaF2 • [36J

Photon detector.. Each of the two photon detectors was a
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aultistep proportional of the type de.cribed in

references [35-36]. The active area of each chaaber vas 40 x 80

ca2• A scheaatic diagraa of the chaaber i. shown in Firure 9.

The chaaber was operated with a He(97%)/TEA(3%) gas aixture. The

photosensitive gas triethylaaine (TEA) haa an ionization

potential of 7.5 eV, and a 3% aixture of TEA in heliu. haa an

absorption length of about 1 .. for photons above this energy and

less than 9.2 eV. The chaaber operated as follows: a photon

crossing the CaF2 window enter8 the conversion gapt a region of

low electric field (100 volts/..). Here the photon ionizes a TEA

molecule producing a single photoelectron. This electron drifts

into the pre-aaplification gap, where there i8 a high electric

field (750 volts/..). Here the electron avalanches, multiplying

by a factor of 104• A portion of this avalanche is tran8ferred

through the transfer gap to the last stage of the chamber, a

proportional wire ch••ber (2 cathode wire planes and 1 anode

plane). The electron avalanche multiplies and collects on an

anode wire for a total gain of about 107• Induced charges are

recorded on each cathode plane; typically, the induced pulse is

spread over 5-6 cathode wires.



The proportional ch..ber planes consisted of wire. spaced

every 1... Each adjacent pair of vires was ganged together

before being read out into the prea8plifier cards, 80 fro. the

electronics point .of view the chaaber was segeented into channels

spaced every 2... Anode vire. ran vertically, and cathode wires

(u and v coordinates) were oriented at ±45 degrees. We note that

the u and ~ coordinates in the Cherenkov counter are not the ss..

as the u and v coordinates in the MWPC'. and drift chaabera.

There were a total of 192 anode channels and 2 x 384 cathode

channels.
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CHAPTER 3

Data Acquisition

In this chapter we describe the ..thod used to acquire data

from the experi.-nt. In particular, we discuss the trifler logic

and the readout syste••

TriSler Logic. Signals fro. the phototubes attached to the

scintillation bodoscopes described in the previous chapter were

sent to LeCroy Kodel 4416 EeL Discriminators. The high voltagea

on the phototubes were adjusted so that mini.u. ionizing

particles produced 60 mY pulses. We then set the thresholds on

the discriminators to 30 mv. Their output pulses were set to

approximately 12 nanoseconds width. The pulses fro. the

phototubes were not synchronized; that is, the light fro. a

particle that bits a hodoscope counter close to the phototube

will arrive at the phototube earlier than the light from a

part-icle hitting at the far end. This time jitter is as large as

10 na for the longest counters (X4). The trigger logic

electronics deaanded that the pulses in a given bucket be

synchronized and this was achieved by sending the output from the

discriminators into the University of Washington pulse stretcher

modules. These pulse stretchers were gated by the accelerator RF
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signal, which waa a sine wave with a period equal to the ti••

between buckets. The pul.e stretchers synchronized the

discri.inator pulse. to the RP signal. Synchronization of the

pulaes by the stretcher .adules allowed us to achieve one bucket

ti.. resolution in the trigger logic. The output aigna18 of the

pul.e stretchers were then fanned out to several places: 1) Each

channel was aent to a coincidence register card setting a bit

which was read out into the data strea. if the event caused a

trigger. 2) Each channel was sent to one or more trigger ..trix

modules. 3) Each half-bant of counters (left and right halves of

each bank) was sent to a hodoscope te~inator module. where the

logical OR of the half-bant wa. perfor.ed.

Trigger Matrix

Matrix sfstea co.ponents. The trigger matrix system was

essentially a fast lookup table that provided a set of outputs

according to whether any allOng a possible set of "roads", or

combinations of countera, were satisfied. A block diagram of the

matrix system is shown in Figure 10, and simplified sche.atic of

a matrix card is shown in Figure 11.

A total of 8 trigger matrices were employed in the

experiaent, divided into two large groups called the Y Matrices

and the Huon Matrices. Both operated in aiailar ways, their

major operational difference being their inputs: for the Y
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Matricea, information was input fro. hodoacope counter banks Yl,

Y2. and Y3; the ~uon Matrices used input fro. Yl. Y2. and Y4.

Each group of matrices wa. further subdivided into quadrants:

Up-Left. Down-Left. Up-Right, and Down-Right. An Up utrix

triggered on track. that went over the bea. duap (positively

charged particles), while a Down aatrix triggered on tracks

passing below the duap (negativea). Left and right siaply refer

to left and right halve. of the apparatus as seen by an incident

proton. Each quadrant, hereafter siaply referred to as a matrix,

produced a single logical output: true. if any coabination of 3

counters. one fro. each bank, matched an entry in the lookup

table, and false if otherwise.

Matrix hardware description. Each trigger aatrix was

composed of 4 modules. or printed circuit cards. Three of these

cards, called "matrix aodules", were identical; the fourth card,

called a "terminator module", was u.ed to collect infomation

from the 3 matrix modules and logically OR them to produce a

single logical NIM output.

Each matrix aodule was essentially a 12 x 8 x 4 lookup

table. The lookup table information for each module was loaded

into six 256 x 4-bit Random Acce.. Memory (RAM) integrated

circuit chips. Fujitsu Kodel KB7072 [54). These RAMs operated

via emitter-coupled logic (EeL), had 8 Address inputs and 4

output bits, and had a cycle time of 12 DS. They were program.ed
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via the on-line PDP 11/45 computer through the CAMAC system.

Input to each RAM were 4 counters fro. one hodoscope bank, and 4

counters fro. a second bank. The output bits of each chip

corresponded to the allowed set of counters in the third bank

which coapleted correct matrix co.binations. These output bits

were then logically ANDed with the actual set of third hod08cope

plane hita to form the matrix module output.

Matrix software. One of the most significant features of

the trigger matrix systea was that all coabinations of hodo.cope

hits were checked simultaneously, providing for the greatest

pos8ible speed. To achieve thie, every possible combination of 4

x 4 arrays of counters had to be programaed into each RAM. The

steps required to load the matrix with a given pattern are

described as follows:

Firat, a physically reasonable trigger matrix pattern had to

be generated, con.isting of a subaet of all p08sible roads

traversed by particles eaerging fro. the target. This was done

via a Monte Carlo prograa. This program produced a set of matrix

maps corresponding to the set of allowed hodo8cope roads for a

given set of magnet currents. These asps were further edited by

hand to add or remove individual matrix combinations. For
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exaaple. "hot cells", or matrix combinations satisfied by

uninteresting beamlike particles, were removed at this stage.

These maps then had to be tran8formed, via a program called



TIMAT, into a coapact table of values describing the inforaation

to be loaded into each RAN chip. Progr•• TRMAT read a file

containing the aatrix hardware map, which described all the

nec••aary data pertaining to every RAM in the matrix syste.,

na..ly, ita location (CAHAC crate and station number, and module

subaddre8s) and the particular combination of hodoscope inputs (a

set of 4 x 4 x 4 counters) treated by that RAM. TRMAT then

generated a di8k file containing the loading pattern for all the

RAMs. A nuaber of such files, corresponding to different magnet

setting8 and running conditions, were generated. The

experi.en~er 8elected which matrix file he wished to load at the

beginning of a data run. The final step was performed by the

on-line program, which read the satrix table disk file selected

by the u.er and iS8ued the appropriate instructions required to

load the ..trix. The loading peoce•• was performed via a JORWAY

Branch Driver and branch highway. This loading process WBS

performed about once every 5 to 10 runs, and took about one

minute to execute. In addition, while a data run WBS in

progres8, the PDP read back and checked the contents of each RAM

periodically and notified the experimenter. if any errors had

been detected.

Calorimeter logic. We utilized pulae height inforaation

from the calorimeter to provide a nu.ber of trigger logic

8ignals. To do this, we first produced analog sums of the pulse
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heights from th. phototubes in various sections of the

caloriaeter. Four of the•• 8U•• , called EUL, EUR, EDL, and EDR,

were created by s~ing pulse heights fro. either the Left(L) or

Right(R) halves of the calorimeter, while restricting the sua to

either the upper(U) or 10wer(D, for down) 9 counters in that

half. For example, EUL susaed the upper 9 counters on the left

side. The four aignals EUL, EUa, EDL, and !DR were then all

attenuated by th. sa.. factor and discriminated, thereby

converting analog signals to logical levels.

In addition to the above, we also made the logical aignals

ETFI and ERI. Both ETFI and !HI su.-ed the pul.e height over the

entire calorimeter, but were then attenuated by different factors

before being discriminated. We set the attenuation factor of EHI

higher than ETFI, and EUL, EUR, EDL, and EDR midway between ETFI

and EHI. These attenuation factors were changed during the run a

number of times to account for different running conditions, and

are listed in Table 5. All of the above signals were made by

summing over both the electron and hadron parts of the

calorilHter.

The motivation for these signals was as follows: ETF! was

set to a low attenuation level for use primarily as a study

trigger in evaluating the calorimeter trigger efficiency. The

signals EUL, EUR, EDL, and EDR were used as inputs to those

triggers requiring both a calorimeter energy deposit and a
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hodoscope road satisfying the trigger aatrix. ERI was designed

as a siaple, high energy calorimeter (-100 GeV) trigger,

regardless of the preaence of hodoscope roads.

DC Logic. A block diagram of the DC Logic ayatea ia shown

in Figure 12. the DC Logic is a flexible system allowing for the

li.ultaneous generation of up to 16 different triggers. Inputl

to the DC Logic are provided to two places, the trigger Fan-In

(IF1) Module, and the DC Logic Bus.

the purpose of the tFI aodule is to generate a start signal

for the DC Logic. When the DC Logic receives luch a signal, it

latches the signall on the DC Logic Bus, creating a set of DC

logic levels which are then processed. The IFl generates a start

signal whenever any of its inputs are present in the logical true

state. We used two inputs to the TF1, called EIFIL and ETFIR.

To make ETFIL, we first performed majority logic (3 out of 4) on

the hodoscope banks X1L, Y2L, X3L, and Y3L; then we defined the

coincidence of this signal with the ETFI signal from the

calorimeter logic as ETFIL. ETFIR was done in a similar way

using the right-hand hodoscope banks.

The bits on the DC Logic Bus were drawn from the trigger

Matrix output. and the calorimeter logic. To sisplify the

trigger logic, we reduced the four Trigger Matrix outputs

(YUL,YUR, YDL, YDa) to two by performing the logical OR's of

corresponding left and right outputs. We made YU-YUL.or.YUR and
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YD-YDL.or.YDR and used the.e two signals a. inputs to the DC

Logic Bue. Siailarly! we aade the corresponding calorimeter

signals EU-EUL.or.fUR and ED-EDL.or.EDR and input the.e to the

Logic Bus. 1inally, the two reaaining calori..ter signals ETFI

and £HI were input to the Bus without further modification.

Once the DC Logic has received a start signal fro. the fFl

module and latched the inputs on the Logic Bus, it then performs

logical operations on theee inputs via the Pin Logic Modules,

which are hardware programaable (via switches) printed circuit

cards. We created the follOWing hadron trigger bits in the Pin

Logic Modules: EYU-YU·EU, EYD-YD' ED , EftI , and ETF!. ETFI was

prescaled by a factor of 64. All of theee trigger bits were then

input to the Trigger Store Module, which perfo~d the logical OR

of these inputs to provide the final trigger. This final trigger

caused the Trigger Generator Output (TOO) Module to generate

readout gates for the event.

Readout syst.m. The event was read out by the Nevis

Transport System [37J. The Transport system was a co..unicatfons

system between the data acquisition electronics, the on-line

computer, and the readout buffer (Mega..~ry). Its purpose was

to supervise the readout of each event in an orderly fashion.

This readout order was: 1) The trigger bits, namely, all bits

from the DC Logic Input Bus, the TFI module, and the TGO module,

were read out by coincidence register (CR) cards through
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Transport. 2) Bod08cope hite, KWPC hite fro. fro. station 1, and

prop tube hits from station 4 were read out fro. other CR cards

through Transport. Data compreseion was performed on the CR

cards prior to readout; that is, only th08e channel. having

nonzero data were read out. 3) Drift chamber hit. and drift

timee were recorded by Ti.. to Digital Converters (TDCs) and then

compressed and read out through Tran8port. 4) Caloriaeter pulse

height information vas recorded and digitized on Nevis Quadratic

Analog to Digital Converters (ADCs) and read out. 5) Cherenkov

pul.e height information was recorded on Sac lay and LeCroy ADCe,

as de8cribed in detail below. All the above information was

organized by the Transport system, which inserted identifying

header words before each block of data and a word count at the

end of each block. The event wae stored in the event readout

buffer, the University of Washington Megame.ory, a 4-aegabyte

memory appended to the on-line PDP [561. The readout process

took about 10-40 ~sec to perform, depending on the event length.

During the course of a typical spill, approxiaately 1000 events

consisting of several hundred data words each were sequentially

stored in the megamemory. At the conclu8ion of the spill, the

PDP du~d the entire megsaemory contents onto 6250-bpi tape.

One tape typically was sufficient to record about 100,000 events.

The readout system had a very higb rate capability, (of order 10

kHz) due to the fact that .ost of the readout procedure could be

performed without any aasistance from the on-line computer.
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Cherenkov ADC syste.s. Two ADC syst..s were e~loyed for

perfo~ing analog-to-digital conversion of Cherenkov pulse height

information. The east chamber used ADCs built for CERN by LeCroy

(Model 4200 Fast-Encoding Readout ADCs (FERA), nov co...rcially

available). These were 10-bit linear ADe's. The west cha.ber

used ADCs built by the Saclay electronics group, and were 7-bit

bilinear ADe's. Both ayste.. perfo~d autoaatic pedestal

subtraction and data coapression. This vas the first utilization

of either syste. in an experi..nt, and both proved to be fairly

successful.

Collection of data. A sumaary of the data collected with

the liquid hydrogen and deuteriu. targeta i. presented in Table

6, vhere we list the nu.ber of protons on target for each target

type, a8 well aa the empty target running. In addition, the

table also shows the total integrated lu.inosities. We recorded

200-500 triggers in a typical spill, and each data tape was

sufficient to record 80-100 k triggers. We recorded a total of

22 data tapes for the hydrogen target and 35 tapes for the

deuteriu. target.

During the data taking, the on-line PDP computer routinely

transferred a portion of the data to our VAX 11/780 computer for

monitoring purposes. We ran a program on the VAX that was rather

similar to the program used in the main off-line analysis. Its

purpose was to check that all parts of the apparatus were
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functioning properly. For example, we periodically checked the

perforaance of the Cherenkov chamber. by reconstructing photons

on the VAX. Chamber voltages were readjusted if we saw that the

pul.e heights were either too high or too low.

Figure 13 shows the on-line display of the data fro. one

chamber for a typical event as generated by our VAX program. On

the left and right sides of the figure we see the histograms of

the raw pulse height. of the u and v cathode planes; at the top

of the figure is the anode pulse height histogram. The

rectangular box represents the 40 x 80 cmz chamber area. Within

the chamber we see the anode and cathode coordinates as

reconstructed by the program, represented by the vertical lines

for the anodes and the lines running at !4So for the cathodes.

The '+' sign ahows the expected location of the ring center, with

a circle drawn about it at a radius of 70 ma. The '*' symbols

are drawn at the triple intersection of an anode and two cathode

coordinates, and represent the locations of the photons which

have been reconstructed by the program.

Cherenkov sparking. During the course of the data taking we

addressed a number of problems regarding the Cherenkov chambers.

The .ajor hardware problem we encountered was that of sparking.

Both cha.bers sparked across their pre-a~lification (PA) gaps

during spills, with a sparking rate proportional to beam

intensity. Following a spark, the chamber required typically
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10-SO .illiseconds for the electric field in the PA gap to return

to its normal value, and during this time there was no

amplification of photoelectrons and hence no detection of

photons.

While one pos8ible solution would have been to reduce the

field in the PA gap, doing so was shown to result in very low

pulse heights in the proportional cha8ber, and therefore poor

photon reconstruction efficiency. We therefore kept the electric

fields high, tolerating a sparking rate of 10-20 Hz. To .onitor

the sparking, we set up two logic bits, one for each chaaber.

Whenever a spark occurred, which we detected by monitoring the PA

gap voltage, we set the spark bit and left it gated on for 50

milliseconds. Theee bits were read out with each event, and in

this way we knew the cha.ber status for each event. Analysis of

these events is described in the next chapter.
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CHAPTER. 4

Data Analyetl

In this chapter we de8cribe the ..thods u8ed to extract the

hadron crOS8 sections and ratios fr~ the raw data. Particular

eaphasis i8 placed on the procedures used to perfora particle

identification.

Event analysi8; tracking. There were three major parts in

the analysis of each event. The first part consi8ted of using

the inforaation fro. the drift chaabers and MWPC's to find

tracks. The second part traced the particle trajectory back

through the 5K12 and SMO analysis magnets to the target position.

In the third part, hadron identification was perfo~d using data

fro. the ring-iaaging Cherenkov counter.

The data tapes were analyzed using the CDC Cybers installed

at Fe~ilab. Because of memory limitations and CPU-time

considerations, the analysis of each tape was broken up into two

distinct jobs. The first job co.pressed a raw data tape into a

1st pass data 8u.-ary tape (DST-1). If an event satisfied any of

the hadron triggers as discussed in the previous chapter (these

were EHI, EYU, EYO, and ETFI) , it was analyzed for tracks. The

tracking program, JACTRACK [37-38], worked as follows: first, the
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that the track point

The tracker also made

drift ch~ers in stations 2 and 3 were searched for sets of

y-u-v triplets. These triplets were required to contain at least

one associated pair of hits (e.g., y and y'), with a consistency

check being required on the sum of the drift ti..s. After all

triplets are found, a search for doublets (2 associated hits in

either y-u-v) which are not subsets of the previously found

triplets. Tbese triplets and doublets were required to be

consistent with a track pointing to an energy deposition cluster

in tbe hadron calorimeter. The tracker then looped over all

combinations of station 2 and 3 doublets and triplets and made a

list of all track candidates which were consistent with a track

emerging from the target. This required

toward the target in tbe non-bend x view.

checksum cuts on all track candidates, requiring that the sum of

the drift times in associated hits be consistent with the

measured track angle.

Each of the drift chamber track candidates which survived

the above cuts was then checked to see if it could be matched

with a track segment in the station 1 KWPC's. For each track, a

ainiau. of 4 chamber hits was required in each of stations 2 and

3 (out of 6 hits maximum per station), and a minimum of 3 hits

were required in station 1. Typical chamber efficiencies were

between 85-95%. Drift chamber efficiency was uniform as a

function of drift time, except for the region very near the field
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wires, where the efficiency dropped to 65-85%, depending on the
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challber. The overall tracking efficiency, as calculated using

the individual cha.oer afficiencies, wae eatimated to be about

96% for a typical run.

Traceback. Any event sati.fying a hadron trigger vaa

written to DS1-1, along vith tracking inforaation and -a.entua,

which was calculated using the .aasured field in 5M3. A second

pass was then made on the data tapes, in which traceback to the

target and Chereokav analysis were performed. The traceback

procedure, FLIPSWIM (39}, worked as follows: Magnets SMO and SM12

were divided into a number of 18 inch long sub-wagneta. Starting

with the known track direction and position at station 1, the

particle was traced to the effective bendplane of each sub.agnet,

where a PT kick was calculated fro. the ..gnetic field asp. This

procedure continued through all the sub-aegneta, unless the

particle track was rejected for hitting a point outside the open

aperture. When the track had been traced to the z-position of

the target (z--130 inches), the initial Pr and 8 (polar angle) of

the track were calculated, provided the track satisfied the

target constraint cuts IXtgtl<O.6 inches and IYtgt l<1.2 inches.

In this phase of the analysis, a large number of background

events were rejected, mainly because these events originated from

sources other than the target. The details of the number of

events passing each stage of the above analysis are presented in



Table 7. In the Table, " triggers' gives the number of events

we analyzed for each trigger type. 'N tracks' gives the number

of triggers for which tracks were reconstructed. We see that EYU

and EYD have a higher fraction of track. reconstructed than for

ERI. This is because EYU and lYD both required Trigger Matrix

roads to be satisfied. 'N target' gives the number of tracks

which were succesfully traced back to the target poeition. We

note that most of the surviving events are ERI triggers. Thia ia

because it was relatively easy for a secondary hadron e..rging

from the collimator to fake a high Pt track (satisfying the

Trigger Matrix) and to pass the low threshold EU and ED

calorimeter triggers. These background tracks had a aore

difficult time satisfying the higher energy threshold EHI

trigger. The nuaber of events in parentheses in the 'N ovl' rows

indicate the number of EYU and EYD triggers which simultaneously

satisfied the EHI trigger.

In Table 8 we list the number of events passing a further

set of cuts which were imposed following the traceback analysis

and before the Cherenkov analysis.

Caloriaeter analysis. The calorimeter was used in the

analysis of the hadron data for two purposes: 1) to reject

leptons, and 2) as an aid in tracking by requiring a hadron track

to point to an energy deposit cluster in the caloriaeter. A

cluster is defined as a set of adjacent counters (typically 2-3

counters) which have recorded an ADC pulse height above pedestal.
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The charge as aeaaured by the calori..ter ADe'a .uat first

be converted to an energy eeasureaent. Thia was done for each

counter by comparing the collected charge to the .ceentu. of each

track passing th~ough that counter. Por high ~aentu. particles

we can .aka the approxi.ation that the energy deposit ia equal to

the .caentu.. In order to relate energy to charge depoaited we

firat correct the charge deposited for the attenuation of light

along the length of the counter8. That is, we collect less light

fro. a particle which hits the calori..ter at a position far fro.

the phototube8 than we collect frca a particle which dep08ita the

8a.e energy but hits near the phototubes. After this correction

i8 ..de, the histogra. of the ratio of collected charge to

particle eoaentu. is approximately gaussian in shape. The ras

width of this gaussian is the energy resolution of the

calorimeter (6E/E-7S%IJE). The peak value is chosen as the scale

factor converting charge to energy. This value is, in general,

different for each counter.

We required a .iniau. of 30 GeV per cluster in order to

reject muons. Muons fail this requirement because they will

leave only a minima. ionizing deposit of about 5 GeV on average.

Electrons and hadrons can be distinguished by the longitudinal

development of their showers. Electrons interact with a heavy

atom (such as lead) via bre.sstrahlung, which creates an

electromagnetic shower. This shower develops very quickly, and
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electrons deposit .ast of their energy in the first few modules
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of the calorimeter (i.e., in the EM portion). Hadrons, on the

other hand, begin to shower after they experience an inelastic

collision with a heavy nucleus, and for asterials containing

heavy nuclei, the nuclear interaction length is lonser than the

radiation lensth. Hadronic showers will thus take longer to

develop and are spread over a greater 10Dsitudinal distance than

electroaagnetic showers. In the caae of our calori..ter, we

expect .ost hadrons to deposit a significant part of their energy

in the last two modules (i.e., the hadronic portion). We 1II8de

the requirement that hadrons deposit less than 90% of their

energy in the EM portion of the calori..ter. Any particle

depositing more than this fraction was considered to be an

electron. The fraction of hadrons lost by this requirement was

estimated to be about 0.5%.

Analyais of Cherenkov data.

Analysis of the Cherenkov data for a ~iven event was

performed only for those events surviving the tracking and

traceback analyais. Having dete~ined via the calorimeter that

these events were hadrons, the Cherenkov counter was required to

identify the particular species of hadron. The Cherenkov

analysis was perfo~d by the CERKOV patch of the main analysis

program and operated in the following way:



Calculation of ring centers. Cherenkov photons emitted

along the path of a particle traver.ing the Cherenkav radiator

ve.lel may .trike one or eare airrors and be reflected onto one

or both photon detectors, producing one or more ring imagel.

These rings each have a center which is defined by reflecting the

particle trajectory off each relevant airror and onto the

appropriate detector as if this trajectory were the path being

taken by a photon. These ring centers were used as reference

point. in the .ubsequent analysis for calculating ring radii.

For each track 9 a ring center was calculated for every airror

that could conceivably intercept photons fro. that track. While

geoaetrical aberrations introduced by the apparatus distort the

rings froa perfect circ.ularity, the ring "radiuI" is defined for

each photon as being equal to the distance from the measured

photon position to the nearest calculated ring center. Ihe

non-overlapping of ring images fro. neighboring .irrors allowed

us to measure ring radii unaabiguously.

Calculation of ~ !L and ! cluster coordinates. Both

csthode planes and the anode plane of each chamber were scanned

for clusters, or groups of adjacent wires having a pulse height

greater than a certain threshold. For simple clusters, which are

clusters having only one maximum, the coordinate is calculated by

a center of gravity method. Ihe amplitude, or pulse height

8u.-ed over all the channels in a cluster, is stored for each
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cluster. Multiple clusters, which have more than one peak, are

divided at the minimu. points into separate clusters. Single low

or high channels in the cathode planes are ignored when searching

for a.xi_ and ainiaa, but no attellpt at smoothing is done.

except in those cases where individual channels are dead, in

which case they are set equal to the average of neighboring

channels. There were never more than five dead channels during

any run. and they were often repaired eoon after being discovered

by the aonitoring progra••

A masking procedure was e~loyed to prevent spurious

coordinates from being considered in the analysis. The

requirement was that each cluster coordinate must lie within 100

.. of any caleulated ring center. If there were no ring centers

for a given detector in a particular event, the data fro. that

detector was simply not analyzed. A maximum of 20 cluster

coordinates fro. each wire plane was allowed, after aasking, and

if that number was exceeded, the event was cut as being too noisy

to analyze correctly. The number of these overflow events was

less than 0.5% of the data. We have no reason to believe there

was any bias in theee overflow events with regard to particle

type.

Finding photon candidates. The list of cluster coordinates

in the u, v, and x planes were searched for triplets. Candidates

were accepted with the following criteria: 1) the x-projection
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calculated from the u and y coordinates aust be within 2 .. of

the x- coordinate. 2) The amplitude correlation between all
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three planes Rat be sufficiently good. The aaplitude

correlation factor wal calculated according to

w •uv

A
u + Ay - IAu - Ayl

A + Au v

(4.0

where Au and A are the u and v a.plitudea.
y

The above function

was constructed so that its range was O~W ~l, and 80 that W -1uv uv

for perfect correlation (A -A ). It was required that W ~O.5 foru v uv

a candidate point to be accepted.

correlation function

Similarly, a cathode-anode

w
UYX

A +Auv x

(4.2)

wa8 constructed, where A wa8 the anode amplitude and A was thex uv

sum of the cathode amplitude8.

good candidate point.

We a180 required W ~O.5 for auvx



Any u-v-x triplet satisfying the above criteria was Itored

in the lilt of candidates. A saximu. of 100 candidates were

allowed. This situation occured, with subsequent event

rejection, in only 0.1% of the events. The candidates were then

ordered, with the candidates having the best amplitude

correlation being placed at the top of the list.

Selecting! subset of candidates as the solution. The

candidate list was aearched for the beet po.sible subset of

candidates. Starting with the candidate point with the belt

amplitude correlation. and working down the list, eaeh candidate

is assigned to the "solution list" if the following criteria are

met: 1) The candidate doea not share any of its u, v, and x

coordinates with a candidate already in the list. 2) Failing the

above, an attempt to "split" a shared coordinate was made. The

amplitude for this shared coordinate was divided among the two

candidates in such a way that both candidates Itill satisfied the

amplitude correlation criteria. If it was pOlsible to do this.

the candidate was added to the list. This procedure attempted to

recover from the fairly co.-on situation in which cathode pulses

in either the u- or v- view overlapped. Such an overlapping was

les8 co.-on in the anode plane, since pulses in the anodes were

in general only one channel wide.
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After the solution list was generated according to the above

procedure, a "quality factor" w.s calculated. This was defined

as the fraction of the total available aaplitude (Iu.-ed over all

three coordinate .plane.) actually u.ed by the candidate.. For

example, if there was a cathode cluster which wal not a.sociated

with any of the candidate pointe in the solution list, then the

quality factor for this solution would be lel8 than 1.

Folloving the construction of the initial solution list, an

atteapt vas made to i~rove the quality factor of the list by

either rejecting or adding candidates to the list. We rejected a

candidate fro. the list if ita a.plitude correlation vas the

lowest of any candidate in the list and if it had at least one

shared coordinate. We added a candidate to the list if it had

the higheat aaplitude correlation of any candidate not already in

the list and shared at moat one coordinate vith any of the

candidates in the liat. Each time the solution list was changed

(either by rejecting or adding a candidate) a new quality factor

was calculated. This procedure stopped when: 1) 100 iterations

of the above procedure had been performed. (This never

happened). 2) A solution that was identical to a previously

triad solution was constructed. 3) It was impossible to either

reject or add a candidate. When this happened, the solution list

having the highest quality factor was chosen as the best

solution. Typically, this procedure required 1888 than 10
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iterations, and ended with a solution having a quality factor of

greater than 95%.

Calculating photon positions. The final list of candidates

was used to calculate the photon x and y coordinates. For

photons whose u-v-x clusters were not shared by other photons,

this calculation was straightforward; for photons containing a

aingle shared coordinate, the other two non-a.oiguous coordinates

were used to calculate the photon position. A aaxi~ of 20

photons were allowed froa each detector, but we never encountered

an event having more than 15 photons in a chamber.

Radiua calculation. Each photon was assigned to a Cherenkov

ring and its radius calculated. The correction for spherical

aberrations waa applied at this stage, and was done in the

following way: a "model photon" waa e.itted fro. the particle

trajectory at a point approxi.ately halfway down the Cherenkov

radiator, at an azi~thal angle equal to that of the real photon,

but at a polar angle e equal to the maximum allowed Cherenkovc

angle. This photon corresponded to one emitted by a particle

travelling with velocity a • 1. This photon was then traced to

the appropriate mirror and then reflected onto the detector

surface. Its radius was ..asured and the reduced radius, defined

as the radius of the real photon divided by the radius of the

model photon, was calculated. The reduced radius is a quantity

which is corrected for spherical aberration effects. For a given



particle type, one expects the reduced radius to depend only on

-
the particle moaentua and the index of refraction of the medium.

While it is true that the expected value of the reduced

radius il independent of a large number of factors, the standard

deviation of the distribution of real photons is not independent

of theBe factors. We calculated the error in the expected value

of the reduced radiul for each photon, taking into account the

chromatic dispersion of the radiator, astigmati.m (uncorrectable

spherical aberrations due to uncertainty in the eaislion point of

the photon), the mo..ntum resolution of the tracE, errors in

mirror alignment, and the intrinsic resolution of the chamber.

We measured the 8ingle photon resolution using very high aomentua

(>100 GeV/c) muon tracES and found it to be 1.2 .. ras, as shown

in Figure 14. Chromatic dispersion was the single most important

contribution to the resolution, accounting for 0.75 am, and is

about the value one expects when uaing a 99%He/l%H2 mixture aa

the radiator gas.
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Particle identification. At this point we tested the

combined list of reconstructed photons and their radii against

each of the particle hypotheses ~, K, and p. We assumed that

each photon was either a real Cherenkov photon or a random photon

produced by other means such aa scintillation. We measured the

mean number of random photons (those photons not lying near a

Cherenkov ring but within the 100 mm mask) to be about 1.1 for a

typical event.



For each particle hypothesis, we initially calculate the sum

2of X. , where
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(4.3)

Thi8 8um i8 carried out over all photons. In this equation, r i

i8 the ..a8ured photon reduced radius, Pj is the expected value

of the reduced radius for particle type j, and Gij is the

standard deviation of the predicted di8tribution of radii about

Pj • The values of Gij vary from photon to photon primarily

because the effect of uncorrectable a8tigaatism is senaitive to

the photonls azimuthal angle •• Also, Gij depends on particle

hypothe.i. due to the uncertainty in particle momentum. For

protons slightly above threshold, the ring radiu8 changes rapidly

with momentum, and Gij i8 large (e.g., Gij-6.0 mm at 120 GeV/c

typically). On the other hand, the ring radius for wls is

practically insenaitive to .o..nt~ and Gij is typically 1.2 mao

2After calculating X. , we then calculate a confidence level

2for this value of X and n degrees of freedom (corre8ponding to n

photons) [52)



1 JG t(n-2) -y/2dy e y

X2

(4.4)
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where r(n) i. the ulual Ga..a function:

(4.5)

We then atte~t to improve this confidence level by

rejecting the photon having the worst X2 and aaaigning it to the

random photon category. The probability for a random photon to

lie within a diatance 4r of a Cherenkov ring of radius r is given

by

P(Ar)
.1(r+Ar)2 ­

A

• P(A).4'rrAr
A

(r-Ar)2 ]
• peA)

(4.6)

where peA) is the probability for a rando. photon to lie within

an area A. We measured P(A)-25t5% for an area A_I04 ..2 by

measuring the number of photons lyinl outside the Cherenkav ring.

The next step is to recalculate the confidence level for this



2hypothesis by calculating X for n-l good photons and folding in
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the probability of seeing 1 randoa photon. If this new

confidence level is less than the previously calculated value, we

stop and call the higher confidence level the probability for

particle hypothesis j to be correct.

On the other band, if we find that rejecting a photon

i~roves the confidence level, we continue in an iterative

process to reject the photons with the worst x2 and recalculate

the confidence level. We continue until we reach a 80lution with

n good photons and a rejected photons such that the confidence

level ia maximized, and we call thia value the probability for

particle hypotheaia j to be correct. If we reject all photons,

we reject this particle hypothesis and assign a probability of

zero.

The above procedure is repeated for each of the three

particle hypotheaes 7, K, and p and a probability assigned to

each. We then decide the particle identity on the basis of the

hypothesis having the highest probability. In most cases, all

but one of the hypotheses will be rejected and particle

identification ia unambiguous.

There are two way. for the particle to be assigned to a

category other than w, K, and p: 1) There are no reconstructed

photons in the event. We a88ign the particle to the "No Photons"

category. 2) We do reconstruct photons, but the probability for



all photons to be rando. is greater than any of the probabilities

for the particle ~o be ~, K, or p. In this case we alsign the

particle to the "ambiguous" category. The number of such

aBbiguoua events. is about 10-12% of the number of zero photon

events, and is consiatent with the nu.ber of zero photon events

expected to contain rando. photons.

A particle identification su...ry for the hydrogen and

deuteriu. data is presented in Table 9.

Syate.-tic radius corrections. Corrections to the reduced

radius measurement were applied which took into account a variety

of changing conditions during the course of the run. The two

most important corrections required by the Cherenkov progra.

were: 1) corrections for changes in the airror alignaent angles,

and 2) corrections for the changing value of the refractivity of

the radiator gas. Theae quantities fluctuated over the course of

the run, sometiaes changing significantly over the interval of a

few hours. The way in which these quantities were monitored is

described as follows:

Mirror align.ent corrections. For every track whose photons

are intercepted by a given sirror, one can calculate the x and y

coordinates of the ring center in the detector plane. This can

be done provided one knows the orientation angles of the mirror.

If, as was observed to occur, the airror angles drift from their

original values with time, then the ring center will be displaced
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by an amount ~x and ~y from its original position. While it is

true that each track will in general have a different ring

center, all of these ring centers will be displaced by the same

amount when a given mirror's orientation angles change. An

approximate relation is that changing a mirror's alignment by 1

milliradian results in displacing all the photons reflected by

that mirror by 16 ma.

We calculated the ring center displacements Ax and Ay for

each mirror every run and wrote these values into a survey file
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which was later read by the analysis progra•• The calculation

was performed by making a scatter plot of ring radius vs

azimuthal angle' for each photon hittinl a given mirror. Now if

the mirror alignment is known precisely, the points on the

scatter plot will lie on the straight line r-ro·constant, where

ro is the radius of the ring. Since the mirror alignment is not

known precisely, we ..asure rand' with respect to some point

which we believe to be the ring center but is actually displaced

from the true ring center by the unknown amounts Ax and Ay. The

points on the r vs • scatter plot will then lie on the curve

r • Axcos+ + ~ysin+

+ ~ r~ - Axzsinz, - Ay2cosZ+ + ~xAysin2,
(4.7)



We then fit the scatter plot to this equation and extract 6x and

6y for each mirror. Fisure 15 illustrates thia procedure.

Figure 16 shows the drift in 6y for a typical mirror over

the cours. of a few days. The effect of theraal stresses in the

mirror fra..s and supports were sufficient to account for the

observed motion. The IDOtion of each airror waa to a large extent
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independent of the .etion of other mirrors. Each mirror's

orientation drifted in a randoa walk fashion about sowe noainal

orientation. Ring centera were obaerved to drift by up to 1.5 ..

per day, although they were typically more stable, and no rins

center drifted by more than 10 .. froa its original position over

the course of the run.

Index of refraction. After airror alignments were

corrected, each raw data tape was reanalyzed and the first 1000

muon tracks were selected for studying the index of refraction of

the radiator gaa. Starting froa the relation

(4.8)

2we can calculate the refractivity n-n -1 if we measure the ring

radius, particle aass and momentu.. We made a histogra. of the

distribution of n2_1 for Cherenkov photons from muon tracks via

this procedure. as shown in Figure 17. This histogram was fitted



to a gaussian, and the peak vas then used as the value of n2 -1 to

be used for that run. A8 can be aeen froa Figure 18, the

refractivity typically oscillated with a period of one day,

corre8ponding to the circadian temperature cycle of the

experimental environment.

Particle Yields and Syatematic Corrections

The data were grouped into bins in total ao..ntua p and

transverse momentum PT' where the bin widths were chosen to be 10

GeV/c in p and 0.5 GeV/c in Pr. Both bin aizes were larger than

the resolution in P and PT, respectively, and were chosen so that

rea.onable statistics could be gathered in each bin. Binning in

P was done beeause many of the aysteaatic corrections applied to

the data were functions of total momentum.

The raw yields of each particle type were then corrected for

a number of effects, including particle misidentification, zero

photons, sparking, belov threshold protons, decay. in flight of

kaons, target flask effects, and calorimeter efficiency. Each of

these corrections is described in detail below. We first begin,

however, with a discussion of the Cherenkov Monte Carlo program,
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which proved invaluable in identifying and calculating

corrections for many of these systematic effects.



Monte Carlo description. The Cherenkov Monte Carlo program,

CARLOV, was identical in all respects to the main analysis

progra., except that in8tead of analyzing real events it analyzed

si.ulated events-generated by a Monte Carlo 8ubroutine which was
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substituted for the u8ual raw data unpacking routine. For each

event, we start with a track of given ao.entua and arbitrarily

choose the particle type (w, K, or p). We generate a random

number of photons cho8en according to a Pois8on distribution.

The point of .aission of the photon along the particle path and

its azimuthal angle. are chosen for each photon according to a

flat random number distribution. The ..an Cherenkov angle 8 isc

dete~ined by particle aaS8 and mementua, but the actual value of

e chosen for each photon is smeared by a gaussian to account forc

chromatic dispersion.

Each photon is then traced to a airror and reflected onto a

detector plane, and we record its position. After all Cherenkov

photons have been generated in this way, we generate a random

number of background photons according to a Poisson distribution

with mean equal to 1.0. We simply choose random points on the

detector plane for the location of these photons and record their

positions.

The next step is to convert the photon hits into digitized

ADC pulse heights in each of the cathode and anode planes. This

is done in such a way a8 to model the pulse shapes and the



distribution of puIs. height of real photon hits as closely as

possible. This info~tion is then stored in the Cherenkov ADC

c~n blocks and pas.ed to the .ain Cherenkov analysis progra.

for processing. The progra. then analyzes the above data in the

s... way it would analyze real data. Th. nu.ber of reconstructed

photons is compared with the nu.cer of generated photons, thereby

providing us with an eatiaate of the software reconstruction

efficiency. We a180 coapare the progra.' a conclusion of the

particle type with the particle type generated by the Konte

Carlo, and this gives us an estiaate of the particle

identification efficiency as well as the probability for

misidentification (confusing one particle type with another).

Misidentification. For each particle type there is a

probability that the analysis progr.. will .isidentify it as

being some other type. The cause of this aisidentification,

surprisingly, has very little to do with photon resolution, aince

nearly all particles in our acceptance had momenta below 150

GeV/c implying ~/K separation was at least 8 am (about 6 sigaa).

Instead, the major source of aisidentification is the photon

background. One expects a non-negligible fraction of events to

have a background photon located in a region where one would

expect to see Cherenkov photons, and one can easily be misled by

the presence of such photons. This is particularly true for

those events in which we base the particle identification on the
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location of a single photon. We shall see that protons are

-
particularly sensitive to this type of sisidentification.

Figure 19 sbows the pboton nusber distribution for particles

identified by the prograa as being _, K, or p. We observe that

the ..an nuaber of Cherenkov photons is particle type dependent,

and ia equal to 2.67 for identified pions, 2.26 for kaons, and

1.43 for protons. The fraction of events which are identified on

the baaia of a single photon i8 21.9% for pions, 31.7% for kaone,

and 67.0% for protons. A further piece of inforaation regarding

misidentification can be learned by studying the number of

background photons as a function of particle type. For +-,
-.,

K+, and p, we find in a typical run that there are an average of

1.10 photons per event which do not lie on or near the expected

Cherenkov ring radius for that particle type. For K-, however,

we find 1.48 extra photons, and for p we find 3.67 extra photons.

This implies that rare particle types, such as K and p, are

contaminated by events haVing aany stray photons in which one of

these photons happens to lie near the expected ring radius.

We ran the Monte Carlo and studied how often each generated

particle type was misidentified by the program. We then

estimated correction factors for each particle type, where we

defined the correction factor has the probability for a particle

which as been identified as belonging to type i to really be type

i. These correction factors, which we list in Table 10, depend



to 80ae extent on the relative particle abundance., and we quote

in the Table an error for each factor which a.sumes a 10%
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syste..tic error in relative particle abundance. It is worth

noting that vhile .'. are correctly identified 99% of the time,

one out of three antiprotons is _i.identified.

Photon reconstruction efficiency. We observed fro. the

Konte Carlo study that photon reconstruction efficiency is a

function of the nu_ber of photon hits on the ehaaber, and can be

described by

£m
b(l-.)

• e
(4.9)

where _ is the number of photon hits, € is the single photon
m

reconstruction efficiency (i.e., the probability of

reconstructing an individual photon), and b is a parameter

determined by fit to be equal to 0.022±.001. This is seen in

Figure 20a, which shows a plot of £ versus the number of photon
m

hits m. The value of the parameter b is linearly dependent on

the value of the two-photon minimu. separation, as seen in Figure

20b, and the value of b given above is consistent with a

two-photon minimum separation of 10±2 ma. Figure 20b was

obtained via the Monte Carlo by varying the mean cathode pulse

width, which directly affects the two-photon separation.



The two-photon ainimua separation i8 defined 8S the miniaua

distance for which two photons can be aeparately resolved. We

histogra...d in Figure 21 the distance between the two closest

photons in each event for a large nuaber of real events. We see

that there are few eventa with photons closer than 10 me.

If we generate a photon hits, each of which haa a
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reconstruction probability £ ,
a

then the probability of

reconstructing n of these photons is given by

P (a,n)· ~n(1-E ).-n ( I(al )f)rec a a n.-n (4.10)

neglecting efficiency correlations. If we now generate photons

according to a Pois8on distribution with .ean equal to ~

11
P (m). ~ e-~
pots II!

(4.11)

then the probability of reconstructing n photons is given by a

folding of the Poi.aon distribution with the reconstruction

efficiency:



P(n) -L:
~n

P i (a) • P (a,n)po s rec
(4.12)
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which can be explicitly written as

I
~n

• n(1 )a-nII t -ta •

(a-n) 1
(4.13)

The mean of this distribution is given by

CD

(x) -L: P(n)'n

n-O
( 4.14)

CD

"I e-Ii I ~..n(l_. )e-D• •
(n-l )I

(.-n)l
n-l ~

This mean value (x) is always less than the mean ~ of the

original Poisson distribution. A point worth mentioning here is

that if the photon reconstruction efficiency were not dependent

on the nu.ber of photon hits (i.e •• £ .£ for all values of m).
m

then the above distribution P(n) would simply reduce to a Poisson

distribution with mean v-~t. Such a reduction cannot be made if.

as we have observed, t depends on a.
m



Zero-photon correction. We are interested in determining

with what frequency.we do not reconstruct any photons. That is,

if we assu.. that we can identify a particle on the basis of
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reconstructing at least one photon, and the nuaber of

reconstructed photons is deter.ined by 80.. distribution P(n),

then we must correct the nu.ber of particles we identify by a

factor which accounts for the probability of reconstructing zero

photons:

Nobs

(4.15)

We call tid the particle identification efficiency.

Poisson distribution, we have

For a

£ • 1-e-~
id (4.16)

where ~ is the mean of the distribution. As we have seen in the

previous section, the nuaber of reconstructed photons differs

from a Poisson distribution, and we aust use the expression



GD

~ _ 1 e-~ ~ ~ (1-£ )n
~id - i.J nl n

n-O

(4.17)
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for the identification efficiency. Thia quantity can be

calculated once we know the photon reconstruction efficiencies

£, which were calculated via the Monte Carlo, and the aean
n

nu.ber of photons ~, whoae calculation ia described in the next

section.

Mean nu.ber of photon•• The ..an nuaber of photons i8

proportional to the square of the Cherenkov ring radius, and for

a particle type i with ao.entua p can be expressed by

(
rt(p) )2

~ (p) • J!o --i fO (4.18)

2where Q-n -1 is the refractivity and J!o is the mean nuaber of

photons for an infinite-momentum particle. To calculate ~o' we

took a sample of pions from each run and calculated the aean

nuWlber of " scal ed" photons, where we scaled the number of photons

observed for each pion by a factor

finite-mo.entua effects:

which accounts for

"ecaled • "obe ( (4.19)



.-
We call the observed aean nu.ber of acaled photons <x b >.o s This
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ia related to <x>, the .ean nu.ber of reconstructed photons

governed by the distribution P(n), by

<x> <x><x >. --. -~-
obs tid 1-P(0) (4.20)

since we must correct the obaerved aean by the particle

identification efficiency in order to properly account for

zero-photon events. For the distribution P(n) we observe in our

data, we obtain the following expression for <x b ):o s

Q)

I I
.. 0(1 )m-o

e-ll It £ -t
11

(n-1 )!
(m-n)!

(4.21)
<x >. 0-1 ~n

obs CD

1 - .-~ I ~ ()-. l"n! n

0-0

In principle we can invert this equation to obtain lto' This

cannot be done analytically, and we instead constructed a table

of <x b > V8 ~, measured <x b > as we described above, ando S 0 8

looked up the corresponding value of ~ in the table.



The value of ~ was calculated for each detector and for

each run, and is shown in Figure 22. The aean number of photons

was typically 2.5 to 2.75 during the periods of optiaal chaaber

performance.

Corrections for sparking. As mentioned in chapter 3, we

atte8Pted to monitor the occurrence of sparking in the photon

cha.bera by setting a bit to be read out in the event record

every time a spark was detected. The effect of a spark is to

leave the chaaber dead for a time interval of the order 10-50

milliseconds, and we find that it was not possible to distinguish

an event containing no photons due to sparking froa a perfectly

noraal event which just happens to contain no photons. We

present in Table 11 the 8u-.ary of a separate analysis of normal

events and events which have the spark bit set. We see that the

fraction of events which have been positively identified is lower

for the spark events than for the normal events, as expected.

Nevertheless, we do see that eare than 50% of the spark events

can be identified.

We needed to check if sparking occured in those events which

did not have the spark bit set. This could be determined by

seeing if there were more zero-photon events than could be

accounted for by applying the zero-photon correction as described

previously. In, fact, we did observe such a zero-photon excess

in certain runs, which led us to believe that the spark bit
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failed intermittently. this situation was corrected by
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calculating a live factor, or "non-sparking" factor, for each

chamber and for each run. this live factor was calculated by

dividing the number of identified hadrons, corrected for

aisidentification and zero-photon effects, by the total number of

hadrona:

(4.22)

In the above expression, Ni is the nuaber of identified hadrons

of type i, f i is the misidentification correction, and £i is the

particle identification efficiency. This calculation is su..ed

over all particle types, but only for particles with momenta

above proton threshold.

the live factors for each detector are plotted va run number

in Figure 23. the corrected yield of each particle type is then

given by

Ni(p,PT)fi(p)

£i(P),t (4.23)

these yields were subsequently corrected for protons below

threshold, decays in flight, and target flask effects.



Protons below threshold. Protons below threshold (110
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GeV/c) have an iden~ification efficiency of zero. To account for

their nu.ber in a statistical way, we first calculated the number

of identified ~IS and K's below 110 GeV/c and applied all the

correction procedures discussed previously, and then simply

identified all excee. hadrons as protoD••

We checked the validity of this procedure by calculating the

number of protons above threshold via two aethode and compared

the results: first, we counted the number of positively

identified protons and applied the standard correction

procedures; and second, we subtracted the number of ~'s and K's

from the total number of hadron events. The two methods agreed

to within statistical errors.

Decays in flight. We had to correct the number of observed

kaons for decays in flight. The major decay modes of charged

+ + + +
kaons are K-~-v (branching ratio • 64%) and K-~-wo (B.R. •

21%). We neglected all other decay modes. For the case of K~v,

a kaon decaying in this faahion before hitting the caloriaeter

will leave only a minimum energy deposit in the calorimeter and

will not set any of the hadron triggers. For the case K~~o, the

combined energy deposit of the two pions will generally look like

a single cluster in the caloriaeter, provided the K decays after

the 5M3 magnet. In most ca,es, however, the decay angle between

the K and the charged pion will be sufficiently large so that we



will not be able to reconstruct a track. We estimate that only

0.1% of the decays K~wo will be reconstructed for 100 GeV/c
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kaons. This fraction rises to about 0.2% for 200 GeV/c kaons.

So by concluding that all K decays are either not triggered or

are rejected in the analysis, we can correct for the. si8ply by

multiplying the kaon yield in each eo.ent~ bin by a factor

f decay
mx/pc't

• e
(4.24)

where p is the average aoaentum of the bin, ct - 370.9 em is the

decay constant for kaons, and x is the distance fro. the target

to the front face of the calorimeter (2030 inches). The

correction factor for a 100 GeV/c kaon is about 5%.

+ +
Pions decay via w-~-v (100% branching ratio) and have a

longer lifetime than kaons (ct-780.4 cm). We find that the decay

probability for .'s is les8 than 1% for all interesting momenta,

and so we neglect their decay in the analysis.

Target flask corrections. A certain fraction of the events

we analyzed came fro. beam-target flask interactions, as well as

from interactions of the beam with either of the two windows at

either end of the vacuum box containing the target. To correct

for this background, we interspersed normal target running with a

number of empty target runs. The particle yield due solely to



beam-liquid interactions is given by

"( N
fuU

) YY • Yfull - Neapty empty (4.25)
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where Nfull and Nempty are the nuaber of protons on target for

the full- and empty- target running, respectively. The above

expression INst also be corrected for the fact that an "e1llpty"

target is not really empty but contains H2 (or D2) gas. While

this correction is of the order of 3%, it only affects the

absolute no~alization of the crols-sections and cancels out in

the calculation of particle ratios.

Calori.eter efficiency correction. The probability for a

hadron to satisfy the EHI (total energy deposit) trigger after

depositing an amount of energy E in the calorimeter is given by

the error function

x-E 2

.(E) • erf [E:Et ] • ~. ~Ee-t (~) dx
(4.26)

where Et is the energy threshold for the calorimeter trigger.

The energy E as measured by the calorimeter must first be



corrected by an attenuation factor which depends on the
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-x-position of the track. The threshold Et varies from counter to

counter and 80atly depends on differences in phototube gain. The

threshold for e.ch counter was ..asured by studying pre-scaled

hadron events. These preacaled events were triggered in the 8ame

way as EHI triggers (total energy deposit), but with a lower

attenuation factor, and therefore a lower threshold (typically

50-60 GeV). We plotted the fraction of the pre-scaled events

satisfying the ERI trigger as a function of calorimeter energy

deposit, and fitted the resulting distribution to the function

shown above.

A plot of the distribution for a typical counter is shown in

Figure 24. The EftI trigger thresholds were measured for every

counter and are listed in Table 12. As shown in Figure 25, the

average efficiency for positive and negative particles is

somewhat different, making comparison of positive and negative

yields subject to systeaatic error. To minimize this error, we

made two requirements: 1) the trigger efficiency for each hadron

track we accepted was required to exceed 10%. 2) For every

hadron that satisfies the above requirement, we ..ke the

additional demand that the "analogous" opposite sign ~rack also

have a trigger efficiency exceeding 10%. An analogous ~rack i8

defined by the track having opposite sign to the original track,

*but having the same PT and 9 • The azimuthal angle for this track



i8 cho8en to be -+, where • i. the azieuthal angle of the

original track. The effect of this requirement i8 to in8ure as

well 88 p08sible that the acceptance8 for positive. and negatives
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are the 8.-. This ainiaiz.. the 8y.tematic error due to

+ -caloriaeter trigger efficiency in the • /. ae8sureaent.

We used a lower attenuator setting for the ERI triggers in

the early part of our data run, re8ulting in lower thresholds

than listed in Table 12. Table 5 lists the attenuator settings

for the different runs; the thresholds with a given attenuator

setting equal to a is given by

(4.27)

where E7 is the EHI thre8hold given in Table 12, and a is the

attenuator 8etting.

The thresholds of the EYU and EYD triggers were measured in

a similar way to the EHI triggers. When calculating the trigger

efficiency for a given track, if more than one trigger (EYU, EYD,

or EHI) was set, we u8ed the lowe8t threshold among those

triggers which had been set.

Species dependence of the calorimeter trigger. We checked

whether the efficiency of the caloriaeter trigger depended on

particle type. thi8 concern arose because of the fact that



different particle types have different nuclear interaction cross
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sections. In par~icular, the total cross aection for

proton-proton collisions at 100 GeY/e beas ~ntus is atot(pp) ­

40 .b, while the corresponding cross sections for st s and K's are

• 25 mb and ~tot(Kp) • This iaplies that

hadronic showers initiated by .'s and K'. begin later in the

calori-eter than proton initiated showers, which aight result in

the calorimeter responding differently to different particle

types. We checked this hypothesis by measuring the calori.eter

trigger thresholds for each individual particle type using the

method described in the last section. We found no difference in

threshold to within ±l GeY.

Cross section measurement. The inclusive cr08S section for

pprlb+X was calculated using the formula

(4.28)

where the various quantities in this expre8sion are:

N(Pr)- the observed particle yield in the bin Pr to Pr+6Pr'

L-the integrated luminosity, which is equal to

number of protons

N No p,l, the
p

on target times No (Avogadro's number) times

the target density times the target length.



e(PT)- the overall efficiency for events in this PT bin.

The overall efficiency ia the product of all the various

efficiencies discussed in the previous section, and include
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particle identification efficiency, calori.eter trigger

efficiency, and tracking efficiency.

a(PT)- the geometrical acceptance, which is defined as 4.

tiaes the fraction of particles produced at a given PT whose

trajectories pass through the experimental aperture. The

acceptance was calculated via a simple Monte Carlo prograa.



CHAPTER 5

Results and Discussion

We present our measuregents of the invariant cross sections

and ratios of cross sections aa functions of transverse .omentum

*PT and center of moaentum production angle &. Following a

discussion of systematic error, we compare our data to general

expectations within the framework of the Quark Parton Model. We

conclude by making a detailed comparison with the Lund Monte

Carlo.

Invariant cross section8. The naive parton model (2]

predict8 that the crOS8 8ection for the inclu8ive reaction pp

+
~ +X should fall aa a pover of PT'

1---N
PT ( S.l)

where f ia a function of the dimensionless variables XT-2PT/~;

*and cos & . N is expected to be equal to 4 for di.ensional

rea80ns (40], since the cross section Ed3aldp3 has unit8 of

(c.2GeV-2], which in natural units (h-c-l) is equal to

(energy-4]. However, earlyaeasurements {40} found N-a, leading
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to the realization that the production mechanism. were more
-

complicated than the naive parton .adel suggested. Froa a more

sophisticated QCD analysis of the problem, one finds several
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different subprocesses contributing to high-PT production

[5-6,8} . For example, Figure 26 shows a calculation showing the

relative contribution of gluon-gluon, gluon-quark, and

quark-quark subprocesses on pion production. In fact, one notes

from the figure that above 6 GeV/c in siaple quark-quark

scattering becomes the dominant subprocess.

+ +
The cross sections for the reactions pp ~ ~-+x and pd ~ ~-+x

are presented in Table 13 and Figure 27. We show the results

from the Chicago-Princeton (CP) experiment (41-44) in the figures

for comparison. We note that our result8 are within a factor of

two of CP in the region in Pr where our acceptances overlap. We

note that although 80.. systematic errors affecting the shape of

the data still r...in, we conelude that none of these errors

affect the particle ratios. We now continu. with the main thrust

of our discussion, namely, the particle ratios.

Like-sign particle ratios. Th . K+' + I +e rat10s Y t p.,

and p/w- are presented in Table 14 and Figures 28-37. Also

displayed in the figures are the results of the Chicago-Princeton

(CP) measurements of these sa.. quantities, but at a lower Pr

[41-44]. (There is a small region of overlap around 6 GeV/e PTo)

We have extended their measurements by 1 to 2 GeV/c in Pr , and

are in agreement with the general features of their data.



..+,..- ratios. Measure.ent of the relative production of
+..
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and involved a detailed knowledge of the calorimeter

efficiency. Such a study was undertaken and is described in the

previous chapter,. where we took note of the sOMwhat different

efficiencies for positive and negative particles. the results

for + -.. ,.. +
are presented in table 15 and Figure 32 for pp ~ ..-x,

and table 15 and Figure 37
+for pel ~ ..-x. In addition,

measure_nts from the CP experiMnt bave been included in each

figure.

*Dependence of particle ratios ~ ~ We divided the data

into bins *according to center of ...s angle e for tbe particle

ratios X+,.+ and ..+,..-. The results are shown in rable 16 and

Figures 38-41. The other particle ratios did not contain enough

*events for us to sake a ll8aningful measureMnt of the e

dependence.

Sources of slste_tic error. One advantage to the

measure.ent of particle ratios is that it is relatively free of

systeaatic error, a8 compared to making an absolute cross section

measurellent. Only those errors which depend upon particle type

contribute to the systeaatic errors in the particle ratios.

Particle ratios are given by

(5.2)



where Y
i

and Y
j

are the corrected particle yields for particle

types i and jresp8ctively. The corrected yielda were discu8sed

in the previou8 chapter and can be written
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where Ni , the raw yields, are corrected by the

(5.3)

misidentification

factor f i , the detection efficiency t i , and the sparking

.-

correction J,. The factor 2i is a "generic" correction factor

which include8 corrections which apply to only certain particle

types: protons must be corrected to account for the nu.ber below

threshold, kaons must be corrected for decays in flight, and the

.+/.- ratio must be corrected for the difference in calorimeter

trigger efficiency for positive and negative tracks.

By writing the expression for the particle ratios with all

the correction factors shown explicitly,

we see that the particle. ~atio Rij is juat the ratio of the raw

counts Ni/N
j

, multiplied by a series of correction factors. The



total error in Rij can b. expressed as

The terms in square brackets represent the statistical error
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where we use GN-IN. The function Sya{···} represents the

syat...tic error due to uncertainties in calculating the

correction factors. We assume that the errors in the individual

correction factors add in quadrature, allowing us to write

a 2

+ ••• + (:.ll)
. Zj (5.6)

The problem re.ains to determine the individual errors. In the

following discussion, we estimate the liait of error for each

correction factor, so that our estimate for the overall

systematic error is rather conservative.

The error due to uncertainty in the particle detection

efficiency £i depends on the error in aeasuring the mean number

of photons and in calculating the photon reconstruction

efficiency. The error in the ..an number of photons for a



particle with a given mo..ntu. depends in turn on the error in

the momentu. meaaureaent and the error in the refractivity

measurement. The photon reconstruction efficiency was calculated

via Konte Carlo, and its error depends upon how well we aodelled
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real pulaea in the Konte Carlo. We find that the error in

only beeo..s significantly large for particles with momenta

slightly above Cherenkov threshold. Given

distribution of the particles in our data, we estiaate atJE to be

equal to 1% for ~'s, 2% for KIs, and 6% for protons.

The sparking correction is important only in calculating the

pis ratio. This is 80 because one needs to know this correction

in order to be able to calculate the nu.ber of protons below

threshold. We can write the pI_ ratio aa

The teras in square brackets are evaluated only for particles

below proton threshold (110 GeV/c). N i. the total number of

such particles, and ~ i8 the sparking correction. The dependence

of the error in the pi- ratio on J i8 given by



(5.8)
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This nu_ber is -1.5. The li.it of error on~, which depends on

the error in Ei for every particle type i, i8 estimated to be 5%,

leading to an estiaate of 7.5% for the li.it of error on the

contribution of ~ to the 8ysteaatic error in the pi_ ratio.

Table 17 lists the overall systeaatic error estimates on

each of the particle ratios. In addition to the contributions to

the error discussed above, we include contributions of 0.5% to

the K/_ ratios to account for the error in calculating the nu.ber

of K decaya, and a contribution of 10% to the + -" /- ratio to

account for the error in calculatinl the calorimeter trigger

efficiency. We note that the p/,,- ratio has the highest

systematic error estiaate, 13.4%, and its ..in contribution, 9%,

C08e8 fro_ p misidentification.

Discussion. The aajor features of the data are easy to

understand within the fra.ework of the Quark Parton Model. At

high PI' we expect mostly quark-quark scattering as the dominant

subprocess, with a small amount of quark-gluon scattering whose

rate relative to qq di_inishes with PI {6]. From knowledge of

the quark content of me80n8, we can reach the following

conclusions:



frar-entation of

Both +~ (UQ) and K+(us) result primarily from the

a scattered u quark, while ~-(du) results
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priaarily fro. d quark fragaentation. K-(su), on the other hand,

contains no valence quarks in co-.on with nucleons, and it is

reasonable to suggest that K- arise fro. the frar-entation of a

scattered gluon.

If we assert that quark frar-entation is more or less

+ +
independent of Pr' the K I~ ratio should be constant at high PT'

and should reflect the relative difficulty of producing S8 pairs

during fragmentation coapared to producing the lighter quarks.

In fact, we observe a fairly constant ratio of about .4 above

about 4 GeV/e Pr for both pp and pd data, although we see a

slight deereas. with higher Pr.

The K-/~- ratio should fall with PT, reflecting the falloff

of the gluon structure function at high x. Our data (as well as

CP) does show a strong drop with PT in the hydrogen data, falling

to almost zero at 8 GeV/c PT' We see a drop in the deuterium data

as well, although the slope of this drop is somewhat less.

+ -The _ /_ ratio should be very different in pp and pn

scattering. Fro. measurements of deep-inelastic scattering, it

is now known that the ratio of the u quark to d quark structure

functions in the proton riae at high x, aa shown in Figure 42.

One possible explanation for this is the idea, proposed by the

Stockholm group [45-48], that the d-quark and one of the u-quarks
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in the proton fora a loosely bound diquark system, whose

effective structure function peaks at very low x. Only the

reaaining u-quark has an appreciable probability of being found

at high x, leading to the prediction that the highest PI

collisions are the result of u-u quark scatterings, while u-d and

d-d scatterings are suppressed. This in turn implies a very high

+ -
~ I~ ratio at high PT' rising well above the value of 2 that one

expects fro. simple quark counting.

The situation is entirely different in pn collisions. The

structure function. of the neutron are deterained by isospin

s~try, and we have the relations d (x)-u (x) and u (x)-d (x).
n P n p-

Therefore, there are equal numbers of u and d quarks in the pn

*scattering system at all values of x and at 9 _90 0
, which leads

+ -to the expectation that ~ I~ is equal to 1 at all value. of PI"

+ -By assuming that the v~ I~ ratio in proton-deuteron scattering

can be approximated by averaging the predictions for

proton-proton and proton-neutron scatterings, we conclude that

the + -
~ 111 ratio should rise with PI at a rate one-half that of

the rise in proton-proton scattering" Our measurements confirm

these simple predictions with~n systematic errors, except for the

point at 5.75 GeV/c, which shows a measure.ent of les8 than 1,

which is surprising in terms of the above discussion.

---- ---------------------1



Baryon production.

l ••s well understood

The production of baryons at high PI is

than 88.on production [49]. In the Lund
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.adel, baryons are produced froa the creation of

diquark-antidiqu.~k pairs durinl the fra,.entation process. The

.adel a••igna a fixed probability for the creation of diquark

+pairs relative to quark pairs, leadine to a p/w ratio which i.

independent of PT. We see froa our data that at higher PT the

+ratio p/w approaches a constant value of about .1, having fallen

off froa higher values at low PT. It has been suggested [45] that

the scattering of diquarks are responsible for the large nuaber

of baryons seen at low PT' but this process is not expected to

contribute significantly at higher values of PT.

Production of p'a are expected to be very ...11, considering

the fact that antiprotons do not share any valence quarks in

co.-on with nucleons. The situation here is siailar to K-

production, and one aight suggest that gluon fragmentation is

responaible for high PT piS. We observe a falloff of p/.- with

PT in both the hydrogen and deuteriu. data, but in both cases the

ratio see•• to level off to a minimal value of 0.025. This

leveling off is .een by CP in hydrogen but not in deuterium,

where they instead observe the ratio falling to zero at 6 GeV/c.



We have made a detailed co~ari80n of our data with the Lund

Konte Carlo prograa for bigh-PT phy8ics, and we Bu...rize our

finding. in Figures 28-46. In the following di8cu88ion, we first

discU88 80.. of. the general feature8 of the Lund progra., and

then we describe bow we .odified various paraaeter8 and switches

in the progr.. in order to achieve better agre...nt with our

data. We finally draw so.. phylic8 conclusions based on the

above exercise.

Progr.. description. We used progra. PYTHIA version 4.1

{57} to generate high-PT Konte Carlo events, which were then

pa8aed to the Lund fragaentation routines in progra. JETSET
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version 6.1 [58]. These progr..a are based on previously

published versions (28,29}. These eventa were generated in the

following way: firat, one parton ia chosen fro. each of the

colliding hadrons (we are allowed to choose either pp or pn

collisions). The -amentu. and flavor of each parton ia chosen

according to the distribution functions 2G(x,Q ). These partons

are then allowed to collide and their scattering angles are

chosen according to the 1st order QeD scattering cross sections
A

da/dt. The program then fragments each parton jet along with the

bea. and target fragaents according to the Lund string model.

The progra. keeps track of all partitles which have been created

in the fragaentation proce.~; in addition. particles are created

following the parton fragaentation via the deacy of unstable



particlel. We are then left with a large number (typically

20-50) final Itate particles, including photons, electrons,

neutrons, protons, piona, and kaona. We then histogram the

*values of PT and e of all final state charged stable hadrons

(i.eo, w, K, p) which have PT greater than 2 GeV/c. We repeat

this process for the next Konte Carlo event.

In each prograa run we generated 50,000 hard scattering

events, which led to the production of about 5000 w's, and

smaller nu.bers of K's and protons, with PT greater than 2 GeV/c.

In .ast events, we find that the scattered partons fragment to

such a degree that their .a..nta are divided a-ang a large nuaber

of particles, none of which have a very high PTo Because of this,

we find that the Lund Honte Carlo is a very inefficient way to

study the production of high-PT single particle.; on the other

hand, its availability and its simplicity of program structure

made it easy for a non-expert to use. To model proton-deuteron

interactions, we made two program runs, one with proton-proton

scattering and the other with proton-neutron scattering. We then

approximated proton-deuteron scattering by averaging the results

of the above runs and ignoring any nuclear effects.

Comparison with standard paraasters. The Lund program has a

number of parameters set by default to certain 'reasonable'
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values. Two of these which govern the details of tM

fragmentation process are P(s)/P(u) and P(qq}/P(q}. The



para.eter P(s)/P(u) gives the relative probability of creating an
-

si quark-antiquark pair out of the vacuu. as co~ared to creating
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a uu pair. This par...ter is set by default to 0.3. The other

par...ter, P(qq)JP(q), gives the relative probability for

creating a qq-qq diquark-antidiquark pair to that of creating

just an ordinary qq pair. This is set to 0.1 by default.

Besides these paraaeters, the pr08ra. has a number of

switches allowing us to choose among several options. One switch

allows us to choose which set of structure function

para..terizations we wish to use. By default we use the EHLQ

structure functions (14]. Another switch allows us to change t~e

definition of Q2. Also, one can turn on or off the siaulation of

initial and final state gluon radiation. and one can select among

several options for QCD matrix ele..nts.

The standard progr.. predictions are shown in the solid

curve~ in Figures 28-31 for each of the particle ratios. We make

+ -the following observations: the Lund prediction for' " is in

excellent agreement with the hydrogen data but disagrees with the

deuteriua data. For those· ratios involving K's and protons,

however, the Monte Carlo predictions are clearly incorrect. We

+ +see that the prediction for K /, is low, while the prediction

for (-,,- has too shallow a slope, so that it is too low below 5

+GeV/c PT and too high above this PT' The predictions for pi' and

p/~- are consistently too high in both the HZ and 0z data.



We haveattespted to adjust enough parameters to get

predictions in reasonable agreement with the data for all the

8S

particle ratios. The first major step was to correct the

fras-entation paraaeters P(s)/P(u) and P(qq)/P(q). We lowered

P(qq)/P(q) to a value of 0.05. The result can be seen in the

dalhed curves in ligures 28-37, and ia in very good agreement

with the data for p/~-, but we lee that for the p/~+ ratio, we

.adel the high-PI (>5GeV/c) very well, while our predictions for

low PT are much too low. This lends support to the idea that

scattering of constituent diquarks is responsible for the

ano..lou81y high production of low-PT protonl. We could not make

a quantitative study of this hypothesis because constituent

diquarkl were not an available option in the Lund Monte Carlo

progra•• We allo railed the parameter p(s)/P(u) to a value of

0.5, which, as we see in the dashed curves in Figures 28-37,

gives us reasonably good agreeaent for the K+/~+ ratio, but

pushes the K~/~+ prediction in the wrong direction, that is, much

too high.

Gluon radiation.-- The BOst recent version of the Lund

program, version 4.1, atte~ts to model the radiation of gluons

by the initial and final state parton.. By this we mean that the

interacting partons can radiate a significant portion of their

energy away 8a gluons, both before and after the primary

collision. We explored the possibility that a significant number



of K- resulted from the fragmentation of theae radiated gluons by

aimply SWitching off this process in the Lund program. The

results are shown in Figure 44. We see little or no change in

any of the particle ratios. This leads us to susgest that gluon

radiation ia not a significant factor in the generation of

high-PT hadrons. On the contrary, we discovered in runnins that

Lund Monte Carlo that we generated larger numbers of high-PT

hadron. by turning off the gluon radiation. In the re..inder of

our analysis, we will continue to leave out gluon radiation

effects.
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Structure function comparison. Figures 42 and 43 show

ratios of structure functions, as para..terized by EHLQ(14] and

Duke-Owens(I2]. We see that in Figura 42, which shows the ratio

of the u-quark to d-quark structure functions, that while both

para..terizations have the 8a.. general shape, EHLQ is somewhat

higher than Duke-Owens. We alao see a slight difference in the

ratios of the gluon to u-quark structure functions in Figure 43.

We ran the Lund Monte Carlo with the Duke-Owens structure

+ -functions to see if our data, particularly ~ Iw in the case of

u-quark to d-quark structure functions, could distinguish between

the two parameterization.. Our results are shown in Figure 45.

We find it hard to favor one set of structure functions over the

other.



Definition of ~ We explored the possibility that Q2 should

be defined in 80.. other way. A reasonable alternative which

se... to have so.. physical justification is

(5.9)

This is just the square of the transverse momentu. acquired by
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each scattered parton. We ran the Lund progr.. with this

definition of Q2. The result is seen in Figure 46, and we see

little effect on the particle ratios.

.--. Conclusions. We have .easured particle ratios in

proton-proton and proton-deuteron collisions and cowpared our

results to the Lund Honte Carlo. We find the good agree.ent with

the
+ •standard Lund -adel in the _ /. ratio in hydrogen, but doe.

+ -not agree as well with the • /. ratio in deuterium. We find

that the standard Lund model i8 not consistent with our

measurements of the K/. and pl. ratios, but better agree..nt can

be obtained via .adification of the Lund parameters governing the

details of the fraz-entation process. In particular, we find we

can obtain good agree..nt with the measurements of K+/w+ by

setting the paraaeter P(s)/P(u) • O.5±.05, and we obtain good

agreement with p/w· by setting the par.water P(qq)/P(q) •

+O.05±.OO5. However, we observe that the pl. ratio cannot be fit



to the Lund model over the range 2<PT<8 GeV/c, and suggest that
-

the anoaalously large nu.oer of protons seen at lower values of

PT are due to the scattering of diquark constituents as described

in {45-48]. We also observe that the ratio 1-/.- falls off at

high PT .uch faster than predicted by the Lund model.
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subprocess

TABLE I

1st order QeD cross sections
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TABLE II

Hodoscopes

No. of Aperture Aperture z- counter counter
Plane counters width x width y position width length

(inches) (in. ) (in. ) (in. ) (in. )

Xl 12 48 60 807. 375 4 30

Yl 12 48 60 805.875 5 24

Y2 17 64 68 1114.94 4 32

X3 13 104 92 1836.95 8.665 46
(4.341)

Y3 13 104 92 1847.20 7.00 52
(7.50)

Y4 14 116 100 2035.50 7 58
(8)

X4 16 126 114 2131.12 8 57
(7)
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TABLE III

MWPC parameters

width width No.of wire
plane z-pos x y wires spacing

(in. ) (in. ) (in. ) (in. )

UIA 746.777 50.5 59.6 896 .078

YIA 756.666 50.5 58.88 736 .080

VIA 766.831 50.5 59.6 896 .078

UIB 786.809 50.5 59.6 896 .078

YIB 776.930 50.5 58.88 736 .080

VIB 796.805 50.5 59.6 896 .078
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TABLE IV

Drift chambers

width width No. of wire
plane z-pos x y wires spacing

(in. ) (in. ) (in. ) (in. )

U2 1083.610 66.0 72.0 208 .388

U2' 1085.734 66.0 72.0 208 .388

Y2 1093.015 66.0 70.4 176 .400

Y2' 1095.141 66.0 70.4 176 .400

V2 1103.369 66.0 72.0 208 .388

V2' 1105.493 66.0 72 .0 208 .388

U3 1801. 404 106.0 95.50 144 .796

U3' 1804.154 106.0 95.50 144 .796

Y3 1811. 370 106.0 91.84 112 .820

Y3' 1814.120 106.0 91.84 112 .820

V3 1821. 325 106.0 95.50 144 .796

V3' 1824.075 106.0 95.50 144 .796
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TABLE V

Calorimeter attenuator settings (dB)

Runs ETFI EU/ED EHI

943-948 (H) 2 4 4

949-981 (H) 2 2 4

986-999 (D) 2 2 6

1015-1016 (D) 2 5 7

1017-1070 (D) 2 3 7

1103-1122 (H) 0 3 7
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TABLE VI

Luminosities

protons number
on of integrated

Target target nucle~2s luminos!iY
(em ) (em )

LH2(full) 4.32xlO14 8.6xlO23 3.7xlO38

"(empty) 1.16xl014 4.8xlO 22 5.6xl036

LD2( full) 8.25xl014 2.0xl024 1.6xl039

" (empty) 2.63;1014 4.8xl022 1.3x1037
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TABLE VII

Event reconstruction cuts

Hydrogen Data (magnets normal)

EYU EYD EHI

N triggers 118,284 76,878 1,117,426

N tracks 73.060 48.659 162.786

N target 626 530 13.302
N ovl ( 529) ( 392)

Hydrogen data (magnets reversed)

EYU EYD EHI

N triggers 58,370 59,130 422,599

N tracks 38.258 41.912 87,899

N target 522 690 7168
N ovl (163) ( 360)

Deuterium data

EYU EYD EHI

N triggers 800,268 401,622 1,507,706

N tracks 505.620 264,638 110,132

N targ 5379 5572 28.385
N ovl (2231 ) (I 628)
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TABLE VIII

Fiducial geometry cuts

cut Hz data Dz data

Target events 21394 35477

Ixl > 4" at calorimeter 18259 31343

Iyl > 4.2" at collimator 16191 27101

Ixl < 0.6" at target 15663 26031

Iyl < 1.2" at target 15054 24968

Trigger efficiency >10% 14501 23286
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Hydrogen data

TABLE IX

Cherenkov identification summary

100

Pos.

Neg.

"
5428

2654

K

2160

274

£ No phot

349 2201

20 949

Ambig Ovflow

257 69

127 13

Deuterium data

-- Pos.

Neg.

'If

6655

8573

K

2689

830

£ No phot

513 1754

92 1397

Ambig Ovflow

340 38

369 35



TABLE X

Misidentification correction factors

Particle . factor

+ .98±.01'If -
K+ .91±.Ol

p .70±.O5

'I 1.00±.Ol

K .82±.03

- .67±.06p
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TABLE XI

Spark Rate Analysis

Non-Spark events (bit not set):

102

chamber

EAST

WEST

Spark events (bit set):

chamber

EAST

WEST

N events

8190

3856

N events

450

395

N identified

6439

3249

N identified

269

223

% identified

78.6

84.3

% identified

59.8

56.5



TABLE XII

Calorimeter thresholds (EMI trigger, att-7)

counter (R) Et(GeV) counter (L) Et(GeV)

1 120.2:t8.6 1 129.St9.9

2 113. 9t 7.1 2 132.9t10.3

3 101.8t6.5 3 134. 7±10. 7

4 10S.9t7.3 4 129.9:t9.S

5 119. 0:t9.1 5 134.0±8.2

6 123.6±10.7 6 143.9±12.9

7 114.6±11.5 7 130.1 ±13. 8

8 126.8:t8.6 8 126.6:t9.8

9 120. 3±8. 3 9 129.6±9.9

10 93.9±9.3 10 110.0±20.0

11 9S.1:t6.3 11 101.4±8.3

12 91.9±8.8 12 111.4:t6.7

13 93.7±7.1 13 107.4±8.3
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+pp'" 7f +X

PT
(Gev/c)

5.76

6.22

6.71

7.21

7.70

8.20

8.70

9.20

TABLE XIII

Single particle invariant cross sections

Ed)aldp'J
(cm2 GeV-Z)

(3.43±0.09)x10-35

(1.75±0.07)x10-35

(7.40±0.43)x10- 36

(3.50±0.33)x10-36

(l.09±0.23)x10-36

(2.97±0.69)x10-37

(6.67±3.75)x10-38

(2.70±2.29)xlO-38
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PP .., 7f +X

PT Ed3 (J/dp 3

-35
5.75 (l.78±0.07)x10

6.20 -36(8.37±0.49)x10

6.71
-36(2.32±0.29)xI0

-367.21 (1.28±0.18)xlO

7.70 -37(3.51±0.93)x10

8.20 -37(1.05±0.62)x10

9.20 -38(3.14±2.00)x10



+pd ... 1J +X

6.20

6.71

7.21

7.70

8.20

8.70

9.20

pd ... 1J +X

6.20

·6.71

7.21

7.70

8.20

8.70

TABLE XIII, continued

Edl aldp3

(1.74tO.04)x10-3S

(8.49tO.32)x10-36

(S.73tO.26)x10-36

(1.93±0.lS)x10-36

(S.Sl±0.71)x10-37

(9.46±2.94)x10-38

(S.00±2.06)x10-38

Ed3 aldp 3

(1.67±0.04)xlO-3S

(6.88±0.29)xlO-36

(3.64±0.21)x10-36

(1.l3±0.12)xlO-36

(2.60±0.SO)xlO-37

(8.33±4.07)xlO-38
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TABLE XIV

Like-sign particle ratios

Hydrogen data

PT K+/1r+ + K- /1r- p/1f-~

5.3S . 468:!:. 028 . 198:t.Oll . 112:!:.019 .023±.017

5.75 .442±.016 .13l±.008 .092± .011 .032±.009

6.20 .458±.022 .142±.01l .076±.012 .021± .009

6.71 .430±.034 .1l0±.01 5 .044±.025 .022±.019

7. 21 .430±.OS2 .107±.02a .042±.034 .024±.026

7.69 .373±.062 .026±.017 .013±.043 .004±.004

8.20 .37S±.IS3 .038±.042

Deuterium data

PT K+/1f+ + K- /7,- p/Tr-P.l.!!..-

5.34 .486±.034 .201±.022 .098±.007 .023±.OO5

5.76 .453±.O17 .128±.O08 .088±.OQ5 .01S±.OO3

6.22 .394±.015 .126±.008 .080±.006 .021±.004

6.73 .424±.023 .108±.01O .075±.009 .020±.006

7.22 .409±.027 .107±.012 ~043±.009 .031±.012

7.70 .383±.045 .100± .025 .059±.02l .005±.009

8.21 .349±.079 .102±.039 .089±.OS3
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TABLE XV

+ -
~ ratios

PT + - + -
'If 1'1 (H) lI' 111 (D)

5.75 2.3l:t.09 O.92±.03

6.20 2.46±.12 l.O3±.03

6.71 2.S8±.I7 1. 21± .05

7.21 2.93±.37 1.62±.09

7. 70 3.I8±.66 1. 80± .17

8.20 2.83±1.13 2.19±.43
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TABLE XVI

*L dependence

Hydrogen data

K+/1f+

PT * * *65 <8 <75 0 75 (8 <85 0 85 <8 <95 0

5.73 .52±.02 .37±.03 . 30± .08

6.20 .46±.03 . 47± .04 .32±.06

6.71 .52±.06 .36±.04 .25±.OS

7.19 .34±.07 .54±.O9 .42±.15

7.70 .42±.11 .35±.O9 .33±.12

+ -
'If 11f

PT * * <S5° *65 <8 <75 0 75 <8 S5 <9 <95 0

5.73 2.73±.14 1.76±.13 1.05±.24

6.20 2.77±.20 2.2S±.19 2.09±.31

6.71 3.63±.49 2.36±.22 2.19±.43

7.19 3.14±.66 2.95±.60 2.12±.64

7.70 3.18±1.14 3.22±1.02 3.01 ±1. 40

lOS



TABLE XVI, continued

Deuterium data

K+/'1+

PT * <75 0 * <85 0 *65 <9 75 <9 85 <9 <95"

5.75 .46±.02 •3S± .03 .56±.13

6.21 .40±.02 .37±.02 . 45± .06

6.72 .45±.03 .3S±.03 .33±.07

7.20 .42±.04 .42±.04 .37±.06

7.69 .39±.07 .45±.07 .35±.10

+ -
'I /1r

PT * <75 0 * <S5° * <95 065 <9 75 <9 85 <8

6.21 1.20±.05 0.91±.04 0.74±.OS

6.72 1.44±.OS 1.02±.07 1.0S± .16

7.20 2.19±. 20 1. 3S±.11 1.28±.17

7.69 2.91±.56 1. 39± .19 1.42±.30

8.22 2.51±.93 2.53±.74 1.54±.61
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TABLE XVII

Systematic~ estimates

Ratio O'R/R(limit of error)

K+'1I+ .035

K-'1I- .052

p/1l- .121

p/1l- .134

+ - .10.411 111
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Figure Captions

Figure 1a. . Parton model diagram

scattering.

of hadron

III

Figure lb. Parton model of deep inelastic lepton-nucleon

scattering.

Figure lc.

Figure 2.

+ -Parton model of e e annihilation.

1st order QCD Feynman diagrams for parton

subprocesses important in high-PT hadron scattering. Shown are

diagrams for scattering of identical quarks (q q ~ q), quarks
a a a a

of different flavors (qaqb~aqb)' quark-gluon scattering (q~g),

and gluon-gluon scattering (g~g).

Figure 3. Plan and elevation views of the experimental

apparatus.

Figure 4. Elevation view of magnets SMO and SM12, target,

collimator, and beam dump.



Figure 5. Schematic view of the wire chamber and hodoscope

planes in Stations I, 2, and 3. Shown in the figure are wire

directions and hodoscope segmentation. Not shown are the Station

4 muon identification hodoscope and proportional tube planes.

Figure 6. Schematic view of the calorimeter.

Figure 7. Expected radius va momentum curves for w, K, and

-6p for refractivity n-75xlO and mirror focal length 8 m.

Figure 8. Schematic view of the Cherenkov detector, showing

Radiator vessel, photon detectors, mirrors, and purification

system.

Figure 9. Schematic view of multistep avalanche chamber.

Also shown is an illustration of the process by which a photon is

112

detected through

avalanche.

photoionization and subsequent electron

Figure 10. Block diagram of the Trigger Matrix. The symbol

D refers to LeCroy 4416 Discriminators, PS refers to Pulse

Stretcher Modules, CR refers to Nevis Coincidence Register cards,

and T refers to Trigger Matrix Terminator Modules.



Figure 11. Trigger Matrix card schematic diagram. Shown

are line receivers (input from pulse stretcher modules), Random

Access Memories, and interconnections to Terminator module and

CAHAC system. Not shown are details of CAHAC logic.

Figure 12. Schematic of Fast Trigger Logic and DC Logic

system. Symbol D means discriminator, I means linear sum, 3/4

means 3-out-of-4 majority logic, and PIS means pre-scaler.

Figure 13. Typical on-line display of a Cherenkov event.

Details of figure explained in text (Chapter 3).

113

Figure 14. Single photon radius histogram.

fit to gaussian of width a-1.2 mm.

Histogram is

Figure 15a. Illustration of mirror alignment technique.

True center of circle is at '.'; preliminary guess for center of

circle is at '+'. Photon '*' is measured to have radius rand

angle ~ with respect to '+' center; true radius is r o '

Figure 15b. Plot of measured radius r vs angle ,. Dashed

curve is for situation when true circle center is known. Solid

curve (see equation 4.7) is for situation when mirror is

misaligned and circle center is not known.



Figure 16. Position of y-coordinate of ring center va time

for a typical mirror.
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Figure 17. 2
Distribution of measured refractivity n -1 using

ring radii from muon tracks.

Figure 18. 2Refractivity n -1 VB time.

Figure 19. Distribution in number of detected photons for

each particle type ~, K, and p.

Figure 20a. Monte Carlo calculation of photon

reconstruction efficiency VB number of generated photons. Error

bars are Monte Carlo statistical errors.

Figure 20b. Monte Carlo calculation of dependence of

parameter b (from equation 4.9) on two-photon minimum separation.

Figure 21. Distribution of distance between two nearest

photons in an event. Separate histograms are shown for east and

west chambers.



Figure 22. Histograms of mean number of photons nu vs run

-
number. Separate histograms are. shown for east and west chambers

and for hydrogen and deuterium runs.

Figure 23. Histograms of live factor ~ vs run number.

Separate histograms are shown for east and west chambers and for

hydrogen and deuterium runs.

Figure 24. Histogram showing fraction of prescaled triggers

(ETFI) satisfying ERr trigger as a function of energy. This

histogram is for a typical calorimeter counter.

Figure 25. Average trigger efficiency for the EHI trigger

with attenuator setting of 7 dB. Solid curve is for negative

particles, and dashed curve is for positives.

Figure 26. Contributions to single pion cross section from

parton subprocesses qq~q, q~g. and g~gg. Figure taken from

ref; (40J.

Figure 27. Single pion invariant cross sections.
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Figure 28. + +K /~ ratio, hydrogen data, as measured by this

116

experiment (E605, black circles) and Chicago-Princeton (CP, open

circles). Superimposed on the experimental points in Figures

28-37 are theoretical curves for standard Lund Monte Carlo (solid

curve), and modified Lund (P(s)/P(u)-O.5, P(qq)/P(q)-0.05, dashed

curve) .

Figure 29.

Figure 30.

Figure 31.

Figure 32.

Figure 33.

this experiment

+
p/~ ratio, hydrogen data.

K-/~- ratio, hydrogen data.

p/~- ratio, hydrogen data.

+ -w /w ratio,.hydrogen data.

+ +K /w ratio, deuterium data. as measured by

Figure 34. p/w+ ratio, deuterium data.

Figure 35. K-/~- ratio, deuterium data.



.-
Figure 36.

Figure 37.

p/w- ratio, deuterium data.

+ -
~ /~ ratio, deuterium data.

117

Figure 38. K+/w+ ratio, hydrogen data, binned according to

* *e. Dark circles are for 65<9 <75°, open circles are for

* *75<8 <85°, and triangles are for 85<8 <95°. Curves in Figures

38-41 are predictions from modified Lund Monte Carlo (P(s)/P(u) •

0.5, P(qq)/P(q) • 0.05).

*e .

*e .'

*e .

Figure 39.

Figure 40.

Figure 41.

+ -
~ /Y ratio, hydrogen data, binned according to

+ +K /w ratio, deuterium data, binned according to

+ -w /~ ratio, deuterium data, binned according to

Figure 42. Ratio of u-quark to d-quark structure functions

vs x, with QZ fixed at 64 GeV2 • Solid curve is EHLQ

parameterization [ 14} , and dashed cUrve is Duke-Owens

parameterization [12}.



x,

Figure 43. Ratio of gluon to u-quark structure functions vs

-at fixed Q2 • 64 GeVl. Solid curve is EHLQ(14), dashed curve

118

is Duke-Qwens[12}.

Figure 44a. Lund Monte Carlo predictions superimposed on

particle ratio measurements, hydrogen data. Solid curves in

Figures 44 a and b are modified Lund (same as dashed curve of

Figures 28-37), and dashed curves are modified Lund but with no

gluon radiation.

Figure 44b. Lund Monte Carlo predictions for deuterium

data.

Figure 45a. Lund Monte Carlo structure function comparison,

hydrogen data. Solid curves in Figures 45 a and b are modified

Lund plus no gluon radiation, EHLQ structure functions. Dashed

curves are with same parameters but using Duke-Owens structure

functions.

Figure 45b. Lund Monte Carlo structure function comparison,

deuterium data.



4 C I Q2 d h d dFigure 6a. Lund Monte ar 0 stu y, y rogen ata.

Solid curves in Figures 46 a and b are same as dashed curves in

Figure 45, and correspond to defining QZ according to equation

(1.3). Dashed curves use definition of equation (5.9).

Figure 46b. Lund Monte Carlo Q2 study, deuterium data.
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