
IS-T-70 5 

PROTON-PROTON INTERACTIONS AT 200 AND 300 GeV/c 

Fumio Ogino 

Ph. D. Thesis Submitted to Iowa State University 

Ames Laboratory, ERDA 
Iowa State University . 

Ames, Iowa 50011 
< 

.------N~~~~ an account of work 
'Ibis report was pre~ States Government . Neither 
sponsored by the Una the United States Enerp 
the United Stat~ nor nt A.dminlSt.rtdon, nur any of 
Research and Oc:•e opme f their contractors, 
their empk)yees,or no;he~ny em;loyees, makes any 
subcontr~~ctors , . lied or assumes any legal 
wananty, express ~~. Imp h~ accuncy completenes 
liability or responsib~'fo~=-~ion, appan;us, ptoduct or 
or uw:fulne• of anY m tl t its use woult' not 
proceu disclosed , or represenu q 

infringe privately owned riJhts. 

January 1976 

PREPARED FOR THE U.S. ENERGY RESEARCH AND DEVELOPMENT 
ADMINISTRATION UNDER CONTRACT NO. W-7405-eng-82 

NASTER 
jN 

DISTRIBUTION OF THIS DOCUM . 
ENT IS UNUM/TED. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



~---------------NOTICE----------------~ 

This report was prepared as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Energy Re­
search and Development Administration, nor any of 
their employees, nor any of their contractors, sub­
contractors, or their employees, makes any war­
ranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, com­
pleteness, or usefulness of any information, apparatus, 
product or process disclosed, or represents that 
its use would not infringe privatelyowned rights. 

Available from: National TPr.hnical Information Service 
U. S. Department of Commerce 
P. 0. Box 1553 · 
Springfield, VA 22161 

Price: Microfiche $2.25 



'\ 

iii 

Proton-proton interactions at 200 and 300 GeV/c 

by 

Fumio Ogino 

A Dissertation Submitted to the 

Graduate Faculty in Partial Fulfillment of 

The Requirements for the Degree of 

DOCTOR OF PHILOSOPHY 

Department: Physics 

·Major: Elementary Particle Physics 

Approved: 

~'~ 
For the Major Department 

Iowa State University 
Ames, Iowa 

1975 



iv. 

TABLE OF CONTENTS 

Abstract 
I. INTRODUCTION 

II. EXPERIMENTAL TECHNIQUES 

A. Beam 

B. Hybrid System 

c. Scanning of Bubble Chamber Film 

D. Scanning of Spark Chamber Film 

E. Measuring and .Data Sorting 
. . 

III. GEOMETRIC RECONSTRUCTION AND HOOKUP 

Page 
vi 
1 

6 

6 

8 

12 

13 

16 

25 

A. Bubble Chamber Track Rec.onstruction 25 

B. Spark Chamber Track Reconstruction 27 

C. Performance of HOOKUP 33 

IV. KINEMATIC FITTING AND'THE BACKGROUND 
. ANfU,YSIS 

4.8 

A. Analysis of Bare Bubble Chamber Data 49 

B. Background Studies using HOOKUP. Data 68 

V. EXPERIMENTAL RESULTS 

A. Cross Sections 

B. Single Diffractive Dissociation 

C. Double Excitation 

D .. Double Pomeron Exchange 

E. Two Particle Exclusive Azimuthal 
Correlation 

82 

83 

93 

105 

115 

130 



v 

VI. SUMMARY AND CONCLUSIONS 

VII. BIBLIOGRAPHY 

VIII. ACKNOWLEDGEMENTS 

IX. APPENDIX A: .HOOKUP OUTPUT FORMAT 

. X. APPENDIX B: . Z VARIABLE AND RAPIDITY 

141 

143 

147 

149 

. 150 



vi 

. . * Proton-proton interactions at 200 and 300 GeV/c 

Fumio Ogino 

Under the supervision of William J~ Kernan Jr. 
From the Department of Physics 

Iowa State University 

+ - . + - + -The reactions pp + pp TI 7T and pp + pp TI TI TI 7T at 200 

and 300 GeV/c were investigated using the Fermilab 30-inch 

Hydrogen Bubble Chamber and downstream Wide-Gap Spark Chambers. 

This analysis is based upon approximately 9500 4-pronged and 

6-pronged events. The cross sections were consistent with 

poineron dominance for these reactions. + -The final state pp TI TI 

is dominated by Single Diffractive Dissociation, whose features 

are quite similar to those observed at low energy. A strong 

. + - + -signal for Double Excitation was seen 1.n the pp 7T 7T 7T 'IT . 

final state and porneron factorization was found to be satis-

fied. + -In the pp 'IT TI final state, 66 events passed the 

criterion of Double Porneron Exchange defined by D. M. Chew 

However, these events were found to be severely contaminated 

by diffractive events. The two particle exclusive azimuthal 

correlations agreed well ~ith the prediction of a ph6to­

statistical· mortei~ 

* USERDA Report IS- T-705 .. This work was performed under 
Contract W-7405-eng-82 with the Energy Research and Develop­
meJ1t · A~ministration. 
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I . INTRODUCI' ION 

In r~cent years, there have been numerous ·studies on 

the rnultiparticle production processes, which play a dominant 

roie in high e~ergy particle collisions. The availability 

of the very ~igh energies for these studies is a consequence 

of the completion of two giant particle accelerators: the 

proton synchrotron at the Fermi National Accelerator Labor-

atory, U.S.A. and the Intersecting Storage Rings (ISR) at 

CERN, the European Organization for Nuclear Research. 

Experiments on multiparticle reactions at these machin~ 

energies are difficult; not only is an enormous number of par-

ticles involved, but also both the facilities and experiments 

are expensive. Yet, it is hoped that, with the help of 

advanced experimental techniques and. theoretical ideas, one 

can now probe hitherto unstudied regions. ot the strong inter-

actions: a force that is responsible for holding the nucleus 

together and for which the appropriate distances and times 

are less than l0-13 em and lo-23 seconds. 

The main topic of this dissertation is a study of ~he 

proton-proton multiparticle exclusive reactions: 

and 

+ -pp + pp 7T 7T 

pp + pp + - + -
7T 7T 7T 7T 

( 1.:..1) 

(1-2) 
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at incident proton beam momenta of 200 and 300 GeV/c. Of 
. . 

course, the multiparticle reactions are closely related to. 

the elastic s~attering, which has been studied extensively 

for different beams from the lowest energy to the highest 

available energy by many· authors (1,2). Thus the comparable 

· work on pp elastic scattering at 200 and 3oo GeV/c has a·lso 

been included in this thesis. 

The present analysis is based on data taken in an 

experiment performed at the Fermi National Accelerator 

Laboratory using the 30-inch Hydrogen Bubble Chamber and down­

s·tream Wide~Gap optical spark chambers. 1 The preliminary 

results were presented at an American Physical Society 

Meeting (3). 

The bubble chamber and spark chamber have been two 

independent detectors in High Energy Physics research during 

the past two decades. The bubble chamber is excellent for 

measuring the interaction vertex and the variables of slow 

tracks (less than 5 GeV/c) at fairly large angles. However, 

this detector is a poor instrument for the measurement of 

high momentum forward tracks. The spark chambers can detect 

these forward tracks, but are insensitive to the interaction 

vertex. In this experiment, these two detectors were 

1collaboration by 1\.rgonne National Laborato:ry, Fermi 
National Accelerator Laboratory, Iowa State University~ 
Michigan State University and University of Haryland. 
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combined to improve the experimental resolution for multi­

particle processes. Other aspects of the present experiment 

are reported elsewhere (4,5). 

Reactions (1~1) and (1-2} have been thoroughly studied 

up to 28.5 GeV/c. There are only two reports for reaction 

(1-1) above 2·8. 5 GeV/c; a bare bubble chamber experiment ·by 

a French-USSR collaboration at 69 GeV/c (6) and a bare 

bubble chamber experiment by the Argonne National Laboratory 

group at 200 c;;ev;c ( 7} . Our analyses of reaction ( 1-1) at 

300 GeV/c and of reaction (1-2} at both 200 and 300 GeV/c. 

are the· first data on these reactions in this h.igh energy· 

region. 

There are many_ways to present the data. The rapidity 

(the definition is given on page 108}, for example, is 

thought to be one of the important kinematic variables, and 

the study of the details of the reaction as a function of 

this variable is a major tool in understanding these pro­

cesses. The higher the energy of the incident proton beam, 

the larger is the rapidity difference available between the 

target fragmentation region and the beam fragmentation region. 

Thus, it ·becomes easy to separate the two regions and to ~tudy 

the properties of pomeron exchange, which is believed to be 

responsible for diffractive effects. However, because of 

limited statistics, neither earlier report, either at 69 

GeV/c or at 200 GeV/c, has been conclusive about the details 

of productioi:Lmechanism..e; for reaction (1..,;1}. 
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There are three distinct ways that the available data 

from the present experiment can be treated. These are: 

1. As a bare bubble chamber experiment. 

2. As a bare bubble chamber experiment, but using the 

downstream information to give a better estimate of· the 

background. 

3. For the highest precision in each event,·use only 

the "hooked-up" events between the bubble chamber and spark 

chamber. 

Due to the spark chamber trigger efficiency (about 40%) 

and due to the low percentage of four constraint events2 in 

the entire data sample, our present statistics are somewhat 

insufficient if method 3 alonE;l is used for the analysis of 

·the exclusive reaction·s (1-1) and (1-2). Therefore, .m~thods 

1 and 2 have b'een us.ed throughout this analysis in an. attell\pt 
I 

to provide the maximum information in the most useful fashion. 

Chapters II through IV of this dissertation describe the 

details of the experiment; in particular, attention is paid ~o 

the effect·of improved.resolution on the analysis of the 

exclusive channels. 

In chapter V, ·the experimental results are presented. 

The proton-prot·on elastic scattering at 200 and 300 GeV/c has 

·been·carefully studied to establish a self-consistent method 

2 '· 4C '· for . the phra::;;e 'four-constraint' is frequently 
·used in this dissertation. 
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to ·obtain the cross sections of the rnultiparticle excl us·i ve 

channels. Then the .characteristic features of reactions 

( 1-1) and ( 1-2) are presented. . The idea of porneron exchange 

is examined from four aspects: 

a. The energy dependence of the cross sections~ 

b. The study of Single Diffractive Dissociation 

* * c. The search for Double Excitation: pp + N N and 

the test of porneron factorization. 

d. The search for double porneron exchange processes. 

The exclusive· two particle azimuthal correlations are also 

discussed in chapter V. Chapter VI summarizes these investi­

gations. 
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II. EXPERIMENTAL TECHNIQUES 

This analysis is a study of the proton-proton exclusive 

reactions at 200 and 300 GeV/c using the 30-inch Hydrogen 

Bubble Chamber (Bc) 3 ·and downstream wide-gap spark chamhers 3 

(SC) at the Fermi· National Accelerator Laboratory. In this 

chapter, the experimental details; in particular, beam, 
. . . 

Hybrid System and .Film Measuring Systems are described. 

A. Beam 

The primary proton beam is first extracted f-rom the 2-km 

diameter main-ring of th~ Fermi National Accelerator Labor-

atory (Fermilab). It is transported to the target area, 

which is located about 1 km downstream from the extraction 

area. The intensity of the ~rimary proton beam at extraction 

is approximately 1013 protons/pulse. Secondary protons, 

produced in interactions with targets in the primary proton· 

beam line, are further transported through Hadron Beam Line 

N-3 for another 1.5 km to the 30-inch Hydrogen Bubble 

Chamber in the neutrino area. As the secondary protons pass 

through the slits, magnets, collimators and monitoring 

coWlters; ·the beam momentum is selected and the beain in ten-

sity is also reduced. During the course of the present 

experiment, multiple beam spills up to four pulses per one 

3The abb~eviations 'BC' and 'SC' are used throughout 
this dissertation. 
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accelerator machine cycle were made; the spills were sepa­

rated in time by approximately 250 msec. Some of the 

important components in the N-3 beam line are: 

a. Fast Flux limiting Beam Kicker, located approx­

imately halfway between the hadron target and the 30-inch 

HBC. 

b. A Cerenkov counter, downstream of the kicker. 

The kicker minimizes the fluctuation of the beam tracks 

and adjusts the center of the intensity distribution of the 

beam .at the desired value, for example, 7 protons/pulse. 

The Cererikov counter provides information on the particle 

type. This is useful for beam purity studies; however it 

is not essential for the present proton experiment. The 

beam is monitored by several counters: ·the wire propor­

tional chambers, scintillation paddle counters and the 

finger counters for the wide-gap chambers as well. These 

counters are useful in monitoring and controlling the 

distribution.s of the beam particles in the horizontal and 

. ve'rt.ical planes at the BC window. They are also used to 

veto taking a pic·ture for a bad beam spill. For this 

experiment, the lower and upper bounds of beam tracks were 

set at 2 and 13 respectively. For a beam spill outside this 

range, the BC did not take a picture. It should be noted 

that these counters are not reliable for absolute counting 

of beam tracks. 
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B. Hybrid System 

The unique feature of the hybrid system has already 

been briefly described irt chapter I. The details of the 

· system are reported elsewhere ( 8) • We. shall mention here 

only the essential.features that are required for the. 

discussion of this dissertation. Figure 2.1 shows a part of 

_the wide-gap spark chamber system; each gap of the dual SC is 

20 em; the active area is 75 (horizontal) x 100 (vertical) em; 

each of the four chambers has a set of mirrors for stereo 

views. The distance from the center of the BC to the most 

upstream chamber is about 4 m and to the 4th chamber it is 

about 7 m. The spark chambers are pressurized by. gas (Ne-

He mixture} and the entire spark chamber system is enclosed 

in an air-pressurized room~ This enclosure is necessary both 

to provide the dark background for photography and also as 

an isolation room because of the safety problems with hydrogen 

. leaks from BC. ·As shown in Figure 2. 2, the trigger sys.tem 

consists of beam deflection counters, ~counters and 

associated fast logic circuits, which are gated to count for 

4 msec during the beam spill. The SC are triggered when the 

electronic logic indicates either or both of the following 

cases: 

a. Multiparticle production de.fined by upstream beam 
. . . dE 

defle~tion counters and·dx ·counters behind the BC. 

b. Be~m deflecti6n trigger: a single ~article is 
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/+----=>.-PRECISION MIRROR 
. FOR 90° STEREO 

MIRROR 
FOR .10° 
STEREO 

HYDROGEN SAFETY 
ENCLOSURE AND 

DARK ROOM------,-------<~"'-

Figure 2.1. Wide-gap optical spark chamber 
{onc·of.two such chambers). 
Beam enters from the left. 

----
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Block diagram of Experiment 2B 
hybrid system. 
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detected by the ~ counters, but missed by the downstream 

B.D. counter which is aligned with the upstream B.D. counter 

·that-detecte(j the beam particle. 

As shown in Figure 2.2, the main trigger to the THYRATRON 

fires the spark gap, which subsequently triggers the 10-stage 

Marx generators. ·The l-1arx generators were already charged up 

in preparation for the beam. Each Marx generator supplies a 

high voltage pulse of 280 kV with a width of 60 nanoseconds 

to the central plate of the sc. Then sparks are generated 

along the ion trails of trajectories of particles which 

traversed the sC. The tracks and the images from mirrors 

are photographed by two 35-mm cameras: one camera for the 

upstream and another for the downstream pair of dual ·wide­

gap chambers. Each camera has two lenses: . one for the direct 

and the 10 degree mirror view and another lens which views 

the 90 degree mirror. Thus three different views for the 
.. 

tracks associated with the same event as seen in two spark 

chamber modules. are recorded on the same picture frame. The 

2 SC pictures and 3 BC pictures constitute.the complete set 
. . 
of pictures for one ·event. The quality of tracks is con-

trolled primarily by the termination resistors on the SC 

and by the power'supply voltage for the Marx generators. 

While the main trigger pulse fires the spark chamber, the 

delayed trigger pulse turns on the fiducial lights for the 

·sc frames and then the.data boxes are lighted to record 
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additional indicative information on film. The.cameras are 

then advanced by one frame, which takes about 100 msec. The 

entire process is completed within 250 msec and .the system 

is ready for the next beam spill. 

Another important featu·re of the system (not shown in 

Fig. 2.2) is the capability to· record data for two triggers 

in one beam spill. Spark chambers 1, 3 and 4 are fired on 

the 1st trigger. Then SC #2 is triggered for the second 

·event. in the BC. 

C. Scanning of Bubble Chamber Film 

As was anticipated, the scanning of the BC film was 

rather difficult. This difficulty is associated with the. 

large number of tracks produced in a narrow forward cone in 

interactions ·at these high energies. · .. The typical BC picture . · 

is shown in Figure 2.3. The scanners were instructed to 

search for all types of interactions on the film and record 

the following information for each event; 

a. Digitized scan codes which indicate the type of 

event as well as the estimate of measure:memt difficulty 

for the even.t. 

b. The number of beam tracks entering the chamber 

between the proper fiducials for every lOth frame. Special 

·. -at·tention is requested for overlap.ping events. 
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c. For each event that is measurable or worth trying, 

an approximate vertex location, the number of neutral parti- · 

-cle decays_and comments about the association of such 

decays with the primary vertex, neutron stars, the 

number of Dalitz pairs and comments about track identifica-

tion at the primary ·vertex, for example, every slow proton 

is flagged. All frames were scanned twice: the scanning 

efficiency for finding the event was bette~ than 95%. 

Tables 2.1 and 2.2 show the topological cross sections based 

on the results from our scan. The cross. sections are, how-

ever, normalized to the total cross sections as determined 

in previous reports from bare BC. experiments by the ANL 

group at 200 GeV/c and by the CALTECH 'group at· 3oo Gev)c. 

D. Scanning of Spark Chamber Film 

A typical spark chamber picture is shown in Figure 2.4. 

The scanners were requested to record the following data for 

a SC frame:· 

a. Trigger Code: As explained .in . section B, the 

system can·trigger chamber #1, #3, and #4 for the first 

event in the BC and then trigger chamber #2 for a second 

event during one beam spill. This is referred to as an 

"alternating trigger" •. If there are two events on one 

frame, they are recorded separately on the scan sheet with 
. . 

the same frame # and different trigger code. Sometimes the 



. Figure 2. 3. A 6-pronged proton-proton interaction at 
300 GeV/c, as~seen in bubble chamber. 
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Figure 2.4. The spark chamber photograph which is associated 
with the 6-pronged event in the BC which was 
shown in Figure 2.3. The spark chamber tracks 
from three ditferent views are recorded on the 
same frame; from the right direct views and 10 
degree views in SC il and SC #2, and indirect 
views of SC #1 and SC #2. The SC frame number 
is always larger than the corresponding BC frame 
number by one in the present experiment. 





..c 
II') 
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trigger system 'is changed so that all 4 chambers are fired 

on the same event in the bubble chamber, which is called a 

"nonalternating trigger". 

b. Tracks: Each of the 4 chambers has 2 gaps. The 

number of tracks is counted in each gap. The maximum number 

of tracks seen in either the direct view or the indirect 

view is the number of tracks in the chamber. 

c. Gamma Showers and Hadron Showers: sc #4 is used to 

detect the number of showers produced in a lead plate inserted 

between chamber #3 and chamber #4. All frames are scanned 

twice, but no attempt was made to estimate the scanning 

efficiency. Where the tagging information from the wire-

.chamber and trigger counters is available, only those·tagged 

events are· measured. 

E. Measuring and Data Sorting 

The pictures from the present experiment are different 

from previous experiments at Iowa State in that many tracks 

are involved in BC pictures and also there are 10 views which 

need to be measured for SC pictures. Thus it is vitally 

necessary to maximize·measuring efficiency. At Iowa State, 

the measurements· ha:ve be.en done by PDP 11/50 (previously 

EMR 6050) . controlled semi-automatic measuring machines; tile 

details of which are described in Reference 9. The· modifica­

tion of.the system for the present experiment is described 

in this section. 

I. 
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In order to overcome the difficulty in measuring this 

-fi ltn, .larger lenses we-re installed on the measuring machines. 

Accordingly, a. calibration was done for each measuring 

machine. One of the machines was chosen as a reference and 

all the fiducial measurements for .the determination of. optics 

constants were done. on this.machine. The BC has 22 fiducials 

on the glass windows. Both upstream and downstream SC have 

at least 34 visible fiducials in the direct view and 12 

visible fiducials in the indirect view. Using an average of 

18 measurements for each fiducial and the survey data on the 

fiducial positions, the optics constants for the BC and SC 

were determined by the standard program CAMADJUST. · '!'he spark 

·chamber I?oirit scatter (FR.IV!S) in space are about 100 llin in 

direct views and about 400 11m in 90-degree views. These 

optics constants were also used by the on-line programs to 

check the quality of track measurement. · In the actual 

measurement of events, 4 fiducials are measured in each view 

of the BC ~ictures. Among 10 views in sc film, six of them 

are optically unique, since ten deg.ree views and the. direct 

view are photographed on the same picture frame. Four 

fiducials .are also.measured in each of six views. 
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The ISU version of FID0, 4 which is a fiducial transfer-

mation program, then redetermined the magnification .factor 

for each event. As a result, all the measured data are nor­

malized to·the reference measuring machine. 

If the on-line program finds that the fiducial measure-

ment is poor, the measurer is asked to remeasure the fiducials. 

As soon as the fiducial measurement succeeds, the vertex and 

track measurements follow. In the case of BC film, the on-

line geometry program, HGEOM, reconstructs the track 

immediately after-the measurement. The measurer is requested 

to redo the measurement if the track RMS on the filmplane is 

larger thall 15 llm .. · The· request is ·displayed on the viewing 

4rsu version of FIDO was written by H. B. Crawley and 
it has been used widely by Experiment-2B collaborators. ·The 
main idea is int.roduced· below. The measured fiducial posi­
tions X and Y are transformed according to 

X' = AX + BY + C, Y' = - BX + AY + D (2-1) 

. where .the magnification is included in the parameters .A, B, · 
C and D. -We want to nunimize the chi-square, which is 
de~ined as 

X2 = 1: (X' .. - X.R)2 + (Y';- y .R)2 (2-2) 
. . 1 1 . 1 1 

l. 

· R R . 
where x. andY. are the locations of the reference fiducials. 
Differefitiating1 equations (2-2) by the 4 parameters in (2-1), 
we have 4 equations · 

. ' . . . 

!i__. ~= 
()A - 0 I ()B 0 I 

. 2 

~= 0 ac ' 

Solving these equations-simultaneously, we obtain 4 transfer-. 
rnation parameters·for each event. 
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screen of a display terminal. For a SC film, only a straight 

line ·fit is performed, since these detectors are not in a 

magnetic field. It is found.that HGEOM reconstruction 1s 

consistent ·with the results of the off-line ~econstruction 

progr.am TVGP. In fact, the vertex information from HGEOM 

· was used in conjunction with the tagging information of the 

wire:....proportional chamber and with the trigger counters to 

select useful sc pictures. 

The magnetic field used in the. on-line program was 

checked by two methods; 

a. TVGP reconstruction of beam tracks which traversed 

the entire chamber. 

b. The re.constructiori of Vee events, particularly K0 

meson candidates both by TVGP and HGEOM. 

It was found that the beam momentUm distribution has a peak 

at 300 GeV/c with a broad width in the higher momentum data. 

Although the statistics of events are very limited, it was 

also seen that the Missing Mass distribution for K0 meson 

candidates has a peak at the correct value (497.7' MeV). 

Since both BC and SC film measurements proceed simul-

taneously on different measuring ma~hines under computer 

control, the data tape contains the variable length BC track 

records as well as variable length sc records in an arbitrary 

order. In addition, the BC tracks, either positive or nega-
. . 

time, are arrange.d randomly within a record,. which HGEOM can 
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read, but TVGP cannot accept. TVGP requires the negative 

tracks first. However, the n·agitt'a of many tracks is so 

small at this high energy that it is difficult to be certain· 

of the sign of the curvature. For example, a beam proton of 

300 GeV/c in the magnetic field of 25 kG is qeflected by 

approximately 1.60 mrad. vertically.while it .travels through. 

63.5 em (eff.ective BC length) • In terlliS of vertical dis­

placemEmt, this corresponds to only l mrn! · Considering the 

fact that the BC position resolution is approximately 100 l.lm 

and that the tracks are not always as long as a beam track, 

one can easily imagine that large momentum measurement e~rors 

are associated with the analysis of the bare bubble .chamber • 

. The polarity of each track is determined, at Iowa State, 

according to the following procedure. For each.track, 3 
. . 

measured points A,· B and c are chosen in each of 3 views to 
. ~ ~ 

define the vector product X x Y, where the two vectors are 

those which connect·. the points A and B, and B and C respec-

tively •. Obviously, the direction of the vector product 

depends on the sign of the charge. The determination of the 

sign.of the charge first requires that .all such vectors in 

the three different views be in the same direction. However, 

the solution that was obtained this way sometimes does not 

!l'alitdy charge conservatio'n for th~ event as a whole' due to 

· wrong curvature determination in some views. If . this happens, 

the ·constraints. are redticeq from 3 ·views to 2 views to ·get the 
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14----- No 

Yes 

sort s. C. Records 
1) Roll -- Ascending order 
2) Frame-- Ascending order 
3) .Run II -- Descending order 
4) Trigger Code-- Descending 

order 

No 

Yes 

Locate all negative 
tracks before posi­
tive tracks 

Sort B. c. Records 
1) .Roll-- Ascending order 
2) Frame-- Ascending order 
3) Even~ -- Ascending order 
4) Run II --·Descending order 

F~gure 2.5. Data preparation ·flow chart. 
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best possible solution. For later HOOKUP processing, it is 

also important to have BC and SC frame numbers in a specific 

.order. All the above mentioned procedures for data prepara­

tion are summarized in·Figure 2.5. 

I .. 
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Table 2 .1.. Partial cross sections 200 GeV pp. 
Estimates by W. J. Kernan (all a in mb). 

PRD 2_, 2689 (74) PRL 29,·515(72) 

Top E.xp-2B ANL (2) ANL (1) 

-2 pr. 10.00 ± 0.44 .9. 77 ± 0 .·40 10.3 ±' 0.9 

4 6.04 ± 0. 30 5.91 ± 0.28 5.55 ± 0.28 

6 6.60 ± 0.31 6. 89 ± 0. 32 6.94 ± 0.31 

8 5.78 ± 0.28 5.73 ± 0. 2 8 5.78 ± 0.28 

10 4.67 ± 0.25 4.56 ± 0.24 4.41 ± 0.25 

12 3.07 ± 0.18 3. 23 ± 0.18. 3.43 ± 0.22 

14 .1.65 ± 0.13 1. 58 ± 0.11 1.70 ± 0.16 

16 0.75 ± 0.11 0.85 ± 0.08 0.87 ± 0.11 

18 0.35 ± 0. OS. 0.34 ± 0.04 0. 30 ± 0.07 

20 0.11 ± 0.03 0.12 ± 0. 0 3 0.17 ± 0.05 

22 0.05 ± 0.02 0.05 ± 0.02 0.05 ± 0.03 

24 0.01 ± 0.01 0.012 ± 0.008 

26 0.01 ± .0. Ol 0.004 :1; 0.004 

Total 39.0 . ± 1.0 Total 39 .. s ± 1.1 

(Used to normalize 2B. > 
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Table· 2. 2. P·artial. <;::r.oss · s~_ctions 300 GeV pp. 
· Estimates by w. J. Kernan (all cr ·in mb) • 

PRO 10, 2080 (1974) 

Top Exp-2B ·Cal Tech et al.. 

2 pr. 9 ~ 9.1 ± 0.15 10.49 ± 0~27 

4 5.43 ± 0.06 5.08. ± 0 ."19 

6 5. 72 ± 0~05 5.84 '± o·. 20 

·a 6.06 ± 0.06 5.86 ± 0.20 

10. 5.39 ± 0. 0 8 · .. 5. 09 ± 0.19 

12 3. 43 . ± 0.06 3.67 ·± 0.17 

14 2.41 ± 0.06 2.54 ± 0.15 

16 l-20 ± 0.02 1 •. 13' ± 0.12 

18. 0.67 ± 0. 02' a·~ 66 "± 0.07 

20 o.26. ± O.o02 0.26 ± 0.05 

22 0.12 ± 0.02 0.18 ± 0.04 

24 0.04 ± 0.02· 0.043 ± 0.026 

·26 0.0001 ± 0.0001 0.035 ± 0.020 

28 . 0.0001 .± o.oooi 

Total 40.68 ± o.55· 

(Used to. normalize 
2B data.) 

.. . .. . 

. .. 

. ·, .. 
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III. GEOMETRIC RECONSTRUCTION AND HOOKUP 

A detailed study of the background in the exclusive 

channels using the high-quality HOOKUP.data'is one of the 
. . 

unique aspects of the present experiment.. r.n addi tiori, it 

is useful. to present the results of our studies in. making 

the HOOKUP program itself work and the results of studies 

related to the resulting resolution, both for our own records 

and also as an aid to other groups working on.the same or 

similar programs. Thus, the details of BC and sc track 

reconstruction .and HOOKUP methods used at Iowa State are·. 
. . . : . . 

presented in this chapter. 

· A. Bubble Chamber Track Reconstruction · 

For BC ·track reconstruction, HGEOM had been used at 

Iowa State; however TVGP 5 . (Three View Geometry Program) was 

· adopted as an off-line BC track reconstruction program for 

the present ·experiment. Depending on the data taking 

period, the constants. use<] wlth TVGP are different. In 
. . 

Table 3.1, two of the primary sets of constants: (a) BC 

magnetic field.constants and (b) optic~ constants, are 

sununarized. 

5 . 
TVGP adopted for IBM 360/70 at Iowa State is a 

modified version of MS.U TVGP for CDC 3.600. The prime 
. ; reference to·.TVGP is still UCLRL Programming· Note, p-117 

.... ···:written by. F."· T. solmitz~ A~· ·D~ Johnson and T. B. Day, · 
· 1965 rio> . ·. · · · 
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Table 3.1. · TVGP constants. 

a.c. Magnet Constants. 

Roll·s AMPS SHUNT (mV) Kilogauss 

Not used at ISU 18 45 29~8 

500 - 800 16 40 26.9 

> 800 14.7 36.75 25.0 

Optics Constants 

Set Rolla Roll Group Data Taking Period 

1 505 500 599 Before Nov. 1973 

2 603 600 - 800 11/8/73 - 12/i0/73 

3 .812 801 - 1019 3/17/74 - 4/17/74 

4 1025 > 1024 ·After 4/17/74 

aRo11 that was used to determine the. constants for 
Roll Groups indicated. 
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The setting. error used in TVGP is 5 lJID which is con-

sistent with the RMS.distribution of the residuals from 

measured tracks~ . No floor was used for the measurement 

error of tracks .. 

B. Spark Chamber Track Reconstruction 

First of all, the idea of SC track reconstruction by 

the program SCTRK6 is briefly described. The tracks in the 

SCare photographed through two lenses: one for.the direct 

and for thelO degree view and another lens for·the indirect 

view. Since there is no magnetic field inside the sc 

enclosure,· SC ·tracks are always straight ·lines. The 

REAL TRACK 
iDEAL FILM PL.ANE 

REAL FILM 

Figure 3~ 1. · SC track reconstruction. 

6The pr·ogram.SCTRK.was written by B. Y~ Oh at 
. Michigan stci.tP. nn·i versi ty ( 19 7 3) • 
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straight line on the film and the lens form a plane (Figure 

3.1). Since there are two lenses, two planes can be con-

structed. The intersection of these two planes is the 

track location in real space. Incident~lly, the ideal film 

plane, which is a virtual reference plane shown in Figure 

3.1 is used in actual track reconstruction. The measured 

points are projected onto this plane. There are usually· 

more than one SC track seen in each of the SC views. Thus 

one needs to find the right pair of tracks in the direct 
q- . . 

and the indirect views. The next step is to calculate the 

position of the track image on-the 10 degree mirror (Figure 

2.1) using the informatiqn from the direct and indirect· 

views. This prediction is compared with the actual 10 

degree view tracks ·in order to resolve ambiguities _among 

the solutions. It is therefore, important to determine the 

location of the 10 .degree mirror precisely~ This determin-

ation was done using measured beam tracks. 

A schematic drawing of the four chambers and the 

coordinate system is shown in Figure 3.2. 

oro o~~ > X 

ch•l Ch.•2 cn•3 cn•4 
-~~ 

Upstream Chamber Downstream Chamber 

Figure 3.·2. sc. coorcH.nate systems. 
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Track reconstruction in the SC begins by using an 

individual· SC coordinate system. The results of recon-

struction in each spark chamber are then t_ransformed to the 

overall sc coordinate system according to the formula, 

x~ X+ AIJ ·. ( 1 I I TRIO) 

Yl = y + AIJ. ( 2 I I TRIO) 

z I = z + AIJ ( 3 I I TRIO) 

<PI = <P + AIJ (4,ITRIO) 
'ii: 

e I = e + AIJ (51 ITlUO) 

where AIJ(5,4). are module transformation parameters and 

ITRIO is an index indicating one of·the four spark cha~ers. 

The program SCTRK is written such that the ini ti.al 

results of· reconstruction are given at two fixed X posi-

tions: At A for: Chamber #1 and Chamber #2, and at B for 

Chamber #3 and Chamber #4 in Figure 3. 2. Then the recon­

structed positions are transformed to the overall spark 
. . . 

. chamber coordinate system: this .is chosen to be the same 

as the Chamber #1 coordinate system. whose origin is at A.· 

Therefore AIJ ·parameters for Chamber #1 are all zero and 

AIJ (1,2) is always zero too. When more than two spark. 

chambers are used for one. event, the average of the trans; 
. . 
. · . 

. formed v·alues. is calculated and t.hen the FRMS for· track 

matching o.tl f·lJe .f:i lm plane. is comp.uted .·. 'The two ·chambers 
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in the upstream module (or in the downstream module} are 

~ot _q~i~e optically in~ependent_of each other. This is 

becuase the tracks in the direct view and in the ·.10 o view 

for both Chamber _#i and Chamber #2 are recorded on the same 

film plane. This means, in terms of transformation param-

eters, that nonzero values for those parameters related to 

y and the azimuthal· angle in a module. transformation should 

not be allowed .. To be more specific the transformation 

. Chamber #2 -+ Chamb.er. #1 should be:. 

X' X 

Y' = y 

z' = z + AIJ ( 31 i) 

<P' = <P 

a• = a + .AIJ (512). 

On the other hand 1 the upstream two chambers are 

optically independent of the downstream two chambers. 

( 3-2) 

Therefore we are free to use all five AIJ parameters in a 

transformation from Chamber #3 coordinate system to the • spark chamber· coordinate system. 

Using the beam tracks from Rolls 820 and 821 and 

assuming that there are no correlations among parameters, 

the AIJ parameters were determined (Table 3.2). Only the 

events in which all spark chambers successfully fired were 

used.' This restriction makes it easy.to find the AIJ 
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paramete.rs. The expectation is that the distributions of 

reconstructed positions and angles from different spark 

chamber combinc;1tions are transformed, witl:l appropriate AIJ 
. . . ... . 

. parameters, to the similar ciistrib.utions as those calculated 

from the reconstruction using only chamber #1. Table 3.2 

shows ·the ISU parameters that result from these studies in 

matching up tracks. Table 3.3 shows the result of the beam 

track reconstruction using different spark chamber combina­

tions. It·is also possible to let the program determine 

the relative location of the spark chambers using the optics 

constants, instead of using the AIJ parameters. Such an 

attempt was made, but no sign~ficant improvement was 

observed. In order to present the· performance of· ISU SC'i'RK, 

the track ru1S distribution for Roll 60 3 is shown in Figure 

3.3. 

Table 3.2. AIJ parameters. 

·--' ~.h~ .. 

ISU Value 

•• 
X y ·z cp a 

Ch. # ·(em) (em) (em) ( rad.) (rad.) 

1 0.0 0.0 0.0 0.0 0.0 

2 0.0 0~0 0.40 0.000 -0.0195 
3· 229.6 o.o -13.5 0.0008 0.0020 

.4 ·.Not determined 
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Table 3. 3. Beam track reconstruction using 
different .ch.ambe.rs. 

Chamber z TH y PH FRMS 
Used (em) ( rad.) (em) ( rad.) (ll) 

1 -.98.3 0.0023 .. 17. 5 0.0125 

1-2 -98.3 0.0038 17.5 0.0121 7 

1-3 -9.8. 3 0.0023 17.5 0. 0125. .6 

The point to be 'emphasized here is that this data ~s domi­

nated by tracks matched up in chambers 1 and 3 and the peak 

of· the. distribution corresponds to an RMs value between 5 

ana 6 llni on the filin. 

c. Performance of HOOKUP 7 

Figure 3.4 shows the primary coordinate systems that 

are used in track.matching. Thedirection of the z axis 

is chosen to point in the same direction as the camera in 

the TVGP or SCTRK coordinate system; both the TVGP and the 

HOOKUP coordinate systems share·the origin at .the center 

of the BC back glass window; however, they have different 

directions for the axes. The HOOKUP program reads TVGP and 

SCTRK records and· then does the 'following· two tran~formations. 

7HOOKUP for the present experiment is a modified 
version of SLAC HOOK'{)P written .by D. Negra and J. · T. 
Carrol·l (ll) .. · Ma.jor .moO;ificatioris were made at Iowa State,· 
Michigan sta.te ·and un{versity of Notre Dame.· 
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<Hookup Coordinate System> 

Z=O Qt B.C. 
bock window . · 
glass·· 

. <JVGP C:S> 

Wide Gap Spark Chambers 

A B 

_<SCTRK C.S> 

Figure 3. 4. · coordinate systems for tl;"ack 
reconstruction · and HOOKUP .. 
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(1) Transformation of TVGP coordinates to HOOKUP 
. . 

coordinate system. 

X y 0 

y X 0 

z BC Tracks. = z + 0 

<P in HOOKUP <P BC Tracks 3/21T 
.. 

e coordinate .system e in TVGP c.s. 0 

( 3-3) 

The necessary sign change (12) in the error matrix is also 

performed. 

(2) Transformation of SCTRK coordinates to HOOKUP 

coordinate system. 

X X 454.2 

y y AA. (2) 

z = z + AA ( 3) 

~ sc Tracks <P sc Tracks AA (4) 

e in HOOKUP. c.s. e .in SCTRK c.s. AA ( 5) 

( 3,4) . 

The trans tormed BC track position is compared with 

the transformed SC track position at a fixed X positi~n: 

(X = 454.2 plane in .the HOOKUP coordinate system; see 
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Figure 3. 4) • Three steps are needed to find the values of 

.. ·the physical variables for each hooked-up track. The details 

are described in Refe.rence 11. tie ·shall summarize here the 

basic ideas; 

1. First Step:· After transformation (3-3), the vector 

for the BCtrack at the exit point is defined as 

z 

e 

v = y 

p 

along with an associated error matrix 

a= (5 x·s) errors. 

The program then follows this track through the BC 

Bending Magnet area and the follm..ring drift or free space. 

The position is then calculated inthe plane at X= 454.2.cm. 

By first order beam transport theory, the extended position 

is given by 

_·_b v-= R (drift) x R (bending) V 

zb 

where .Vb, = ab 

yb 

cJ>b ( 3-5) 

where R is· the beam transport matrix. This matrix R uses 
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the quantities B (the deflection angle) , R. and ~ that are. 

shown in Figure 3.5. 

I A_ I s I 

"'· .I ~BendinQ ··. "'~"' Drift Space~ 
1
1 

MaQnet ---.'~ y. b 
~· ---- I 

y:i:;_,· ~c:::m:_~_.-_-J,. . ...;.· --;.,-;:~:;--. -- ·: 
~: - ~-~-- :ub 

I I I 

1 S.C. plane· 

Figure 3.5; The deflection in the BC fringe field. 

The values of R. and s in Experiment 2B are: 

Bending Length (R.) = 116.84- X 6:f.·the BC end point. 

Drift.· Length (s) .= 337. 36 em. 

The error for vh: crb is given by 

b · T · 
cr = Rcr R • • • ( 4 x 4) errors • • • ( 3-6) 

2. Second St.ep: After the transformation ( 3--4) , the 

· SC track position at ·.fixed X = 454.2 em is written as 

zs 

vs = . es 

yS 

<l>s ( 3-7) 
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with the associated-error matrix 

as = ( 4 x 4) • ( 3- 8) 

Using the transformed BC and SC track positions and the 

associated errors (equations 3-5,6,7,8), the best HOOKUP 

candidate (s) are ·found by taking the lowest value of x2 , 

defined as: 

(3-9) 

3. Third Step: If. any HOOKUP candidate(s) are found, 
. -1 . 

·the quantities a :: (¢,A.,K) = (¢, tane, (pcos8) ) at the BC 

vertex are calculated. The BC measurement variables and 

errors at the. vertex. are-defined as 

<P rn 
<p• 

rn with a. m· being the 

a - A. = tane associated 3 X 3 m .m m 

(pmcos ern)- 1 -error matrix. 
K 

I!l 

The program calculates the set of .parameters a~ which fit 
. . . 

both the BC ·measurement and the sc .measurement, this is an 

~ which minimizes 

. (3-10) 
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whc.re o is the Coulomb scattering error f.ur IJw ru~d i liHI 
c 

between BC and SC. This xz means that there an! two indc-

pendent measurements of a. The details of the fitting 

program are described in Reference ll. Here only the methods 

used to determine AA parameters defined by Eq. 3-4 are 

discussed. 

Using the beam track pictures taken simultaneously by 

BC and SC, the AA parameters are determined; the BC - SC 

HOOKUP based on these parameters are then required t6 satisfy 

the following four conditions: 

. a. The distribution of x2 defined by . ( 3-9) 

should have a peak at 2 for 4 degrees of 

freedom; also ·the x2 defined by ( 3-10) has 4 

degrees of freedom (=. 7-3) and its peak should 

be at x2 
z 2. 

b .. The peak of the distribution of cvh- Vs) should 

be at 0.0. 

c. The momentum distribution shouln have a peak 

at 300 GeV/c for the present experiment. 

d.· The ",pulls" for ma,tching have the mean values 

at about 0 and a standard deviation a ~ 1. 

The pulls are defined as 

Pull (a) = 
a . - a f1t meas. 
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Using 300 GeV/c beam tracks (Roll 821) , AA parameters were 

determined, which are shown in Table 3. 4. 

Table 3.4. AA-Parameters 

Parameter 
in HOOKUP 
Program. 

AA(l} 
X 

(ern) 

454.2 

AA (2) 
y 

(em) 

-26.27 

AA( 3) 
z 

80.17 

AA ( 4) 
e 

(radians} 

-0.0049 

AA( 5) 

<P 
(radians) 

-0.0015 

The intrin$ic errors of sc tracks that were used in HOOKUP 

are summarized in Table 3.5. 

Table 3. 5. SC Errors 

Number of 
Modules· Used 

1 

2 

dZ 
(em) 

0 •. so 
0.25 

de 
(mrad.) 

3.0 

1.5 

dY 
(em) 

0.10 

0.10 

d¢ 
(mrad.) 

2.0 

0.5 

One now needs to examine whether the four. conditions 

mentioned earlier are satisfied. First, the HOOKUP beam 

momentum distribution shown in Figure 3.6 is centered at 

300 GP.V/c. The" Full Width at the Half Maximum (FWHM) is 

70 GeV/c, which corresponds to 10% error. This is a dra-

matic improvement in the accuracy of the r.1easurement. 
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. . 

Figure 3.7 shows the ~ 2 (defin~d by 3~10) for HOOKUP beam 

track, which i~ centered at 2. ·Figure· 3. 8a through 8d 

. show the. distributions cvh- Vs) for each of the possible 

. ·variables.· For each variable the Half ~Vidth at the Half 

Maximum of the.distribution is given in Table 3.6. 

Table 3.6. HWHM of BC {Extended)-SC. 

Roll 

821 
( 300 GeV/c Beam) 

y 
{ern) 

0.10 

z 
(ern) 

0.55 

8 
(mrad.) 

2.5 

cf> 

{rnrad.) 

0.55 

In the next seven figures, Figure 3.9a to 9g, the "pulls" 

for the variables asso.ciated with the track matching are 

shown. The."pull" widths for 300 GeV/c HOOKUP beam are 

summarized in Table 3.7. In general, the performance of. 

HOOKUP is satisfactory for the beam track, except for the 

narrow widths seen in the "pulls" for the curvature and the 

azimuthal angle at the BC vertex. This may reflect the 

fact that the full length of the beam was measured in the 

BC for each nf these HOOKLT beam track~. As a means of 

investigating this problem, the "pull" widths for HOOKUP 

tracks from subsarnples of 2·, 4 and 6 prong events are also 

shown in Table 3. 7. For the HOOKUP of t.hese events, the 

AA parameters determined from 300 GeV/c beam track data 
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Figure 3. 9. (Continued) • 

j. 



1 . 

46 

were . u5ed. In order to avoid contribution from false BC-

sc matching, only events whose sc track number'does not 

exceed the . BC prong number were used for the HOOKUP of 2, 

4 and 6 prongs. The cut on x2 of HOOKUP tracks I which will 

be shown in chapter IV was 25. 

Table 3.7. Pull Widths. 

Event Number of az 08 cry a a·Az· <I>SLP OK 
Type HOOKUP sc sc sc <~>sc 

· Tr.acks 

300 
GeV/c 444 0~68 1.02 0.76 0.68 0.21 1.27 0.21 
Beam 

2, 4 
and 6 507 0. 9 3 0.76 . 0. 9 3 0. 85. 0.68 1. 44 0.59 
prongs 

The 11 pull" widths for HOOKUP 2,4 and 6 pronged events 

are somewhat narrow, but are consistent with one, so that 

no attempt was made to introduce a scale ·factor in the er,ror 

matrix for TVGP.track, variables. The centers of the pull 

distributions for HOOKUP 2, 4 and 6 pronged events are 

slight.ly offset from zero; however they are within one 

. standard deviation of zero. Under the restriction that 

·only clean:sc events are used, th~ HOOKUP performance is 

again satisfactory for real events. 
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. . . . . 

Since th~ beam defiection in the magnetic field occurs 

vertically, .t.he fitted momentum distribution is sensitive 

to the variation of the vertical component (Y) of the AA 

· parameters. · Thus extreme care must be exercised when the 

AA parameters are changed or adjusted. The detailed studies 
. ' . 

·of HOOKUP ~lso indicate· th~t the BC single pulse operation 
. . . 

yields better HOOKUP than multiple pulse operation and that 

· -the use of 2 SC modules achieves b.etter HOOKUP ·results than 

using only one module. 

I ' .· 

j ,, ,, 
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IV. KINEMATIC FITTING. AND THE BACKGROUND ANALYSIS 

The bare BC even·ts alone constitute the complete Data 

Set and they are first analyzed independent of the sc data. 

Each bare BC event is geometrically reconstructed by TVGP . 

and then the kinematic fit is perfo~ed by SQUAW. 8 The 

. p.rogram ARROW9 is used to select out good 4-constraint 

events and then the Data Summary Tape (DST) for exclusive 

events is generated as well as a DST for semi-inclusive 

events, that" is, all events in particular topologies 

independent of the results of kinematic fitting. The HOOKUP 

dat.a is processed in a similar fashion.. Section one of this 

.chapter describes the bare BC data analysis and section two 

discusses the background in· 4-constrained (4C) events by 

comparing bare BC 4C and HOOKUP 4C events. The bare BC data 

presented here is based on 16139 events of 2, 4 and 6 

pronged samples taken during the initial experiment 2B 

running with the 30-inch Hydrogen BC and Wide-Gap Spark 

Chambers. The HOOKUP data are a compilation of data pro-

cessed by Iowa "State University and Michigan State University •. 

8 
_SQUAW adopted for IBM 360/70 at Iowa State.is a modified 

version ·of ANL SQUAW for IBM 360/75. We wish to thank the 
ANL group for providing us with this version of SQUAW (13). 

9
The .ARROW program used at l:SU is a modified version of 

the MSU _v¢rs~ori ·ot AR~OW (.14) ·• ISU. version of ARROW disp-lays 
the HOOI<UPin.forntation tog~ther··with TVGP and SQUAW results. 
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A. Analysis of Bare Bubble Chamber Data 
.. 

The kinematic 4c· fits are attempted for 2, 4 and 6 

pronged events for· the· following hypotheses: 

p + p -+ p + p 

+· p + p -+ p + p + TI + TI 

+ + p + p -+ p + p + TI + TI + TI + TI 

In SQUAW Fitting, the averaged angle and momentum are used 

for the beam track. The typical values for the."beam 

averaged variables" in the.HOOKUP coordinate system (Fig­

ure 3.4) are·shown in Table 4.1. The azimuthal angie of 

the beam at the. interaction vertex is calculated from. the 

. azimuthal angle at the BC ·entrance, ·the beam length ·and 

the m.agnetic · ~ield. 

Tabl~ 4.1. Beam Average. 

200 GeV/c 300 GeV/c 

Beam Momentum Error ± 4 GeV/c ± 5 GeV/c 

Azimuthal angles ~t 
the BC entrance 5.2 mrad. 4.3 mrad. 

Dip Angle 1.0 mrad. 0.5 mrad. 

Initially all the 4C events with SQUAW x2 less than 150 

are accepted. The disposition of events·used in this anal-
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ysis is presented·in Table 4.2 for 300 GeV/c pp and in 

Table 4.3 for 200 GeV/c pp data. The events are rejected 

if they have. an unacceptable ·fiducial measurement or an 

unmeasurable track or. are not in the fiducial volume. 

The fiducial volume restrictions imposed on the BC at 

the scanning .stage are different at· ISU 'and at the collclbor-

ating institutions. The fiducial volume used at ISU is 42 

em long in the beam direction (-21 ern < x < 21 ern in Figure 

3.4). MSU uses the same downstream cut at 21 ern; however 

·their upstream edge is located about 8 ern. further upstream 

than th~ ISU limit. The·distribution of vertex X positions 

for 4 pronged 4C and.6 pronged 4C events with x2 ~ 30 is 

shown in Figure 4.1. The weli-rneasured events that were used 

for the analysis of the 4C channels· comprise about 78% of 

the total measured events; namely 16139 events out of. 20704 

· · events. This reduction of events is mainly due to the 

measuring difficulties which subsequently cause TVGP failures. 

Before making any further x2 cut on 4C events, the 

foll~wing sele.ctiori c'riteria are applied to the SQUAW-ARROW 

output. 

a. The Ionization Check: If the track with the slow 

proton flag has TVGP momentum less than 1. 4 GeV/c, the 

proton interpretation is automatically accepted. 

b. Cu:t· on Feyninan X variable· of Track: If has been 
. . . . 

reported (7) that 'the syriunetric track distribution in the 



Figure 4.1. 

0 
0 .. 
0~------------~--------------------------------~ Ul 
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CM 

The position of the vertex along the incident beam direction; 
pp -)- pp n+n- and pp -+ pp n+n-n+n- at 200 and 300 GeV/c with x2 < 30. 
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Table 4.2. pp data at 300 GeV/c • 

. · ... 

2-Prongs 4-Prongs 6-Prongs 

· 300 GeV pp 
MSU MSU MSU 

FNAL ISU SUM FNAL ISU SU,t.1 FNAL ISU SUM 

Number Measured 1969 1491 3460 1779 883 2662 2109 ·994 . 3003 

PANAL Fails or 
Rejects 47 144 191 148 109 257 217 140 357 

Buffer O•Jerflow 0 0 0 0 0 0 o· 0 ... 0 

a·ad Track 51. 6 57 36 6 42 35 9 44 

K-Pong Failure 2" 45 66 33 25 5.8 65 34 99 

2-Pointer 157 3 160 52 1 53 41 1 42 

FRMS too Laqe 153 0 153 209 0 209 317 0 317 

Well-measure :I 
Events 1558 1293 2851 1311 742 2053 1441 710 2151 

4C' x2 < 150 1125 952 2077 393 309 702 319 298 617 



Table 4.3. ·pp ·data at 200 GeV/c. 

. 200 GeV/c pp 2-Prongs 

MSU MSU 
ANL ANL 

FNAL ISU SUM FNAL 

Number Measured 4188 552 4740 29.58 

PANAL Fails or 
Rejects 170 40 210 199 

Buffer Overflow 0 0 0 0 

Bad Track 113 2 115 83 

K-Pong Failure 115 9 124 69 

2-Pointer 184 3 187 56 

FRMS too Large 263 0 263 244 

Well-measured 
Events 3343 498 3841 2307 

4Ct x2 < 150 2321 365 2686 676 

4-Prongs 

MSU 
ANL 

ISU SUM FNAL 

403 3361 3091 

47 246 28.1 

0 0 17 

6 89. 72 

5 74 85 

0 56 53 

0 244 324 

345 2652 2259 

130 806 532 

6-Prongs · 

ISU 

. 387 

45 

0 

1 

8 

1 

0 

332 

124 

SUM 

3478 

326 

17 

73 

93 

54 

324 

2591 

656 

LT1 
w 
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CM frame, which is required in pp interactions, is satisfied 

for the pp -+ pp n + n- .channel if ·the pions are selected to be 

in the region of Feynman X between -0.6 and 0.6. The same 

cut is adopted in the prese~t· experiment for both 4-pronged 
. . 

4C and 6-pronged 4C events. If the 4C fit does not have 

pions in this . range,. the event is completely discarded 

even if the x2 is low. 

Figures 4. 2a- 2f show the x2 distribution for the SQUAW 

fits after selections (a} and (b) are performed. In the.se 

. distributions,· the experimental features are beautifully 

displayed: the x2 distribution for the elastic events and 

4-pronged 4C events are normal; the distributions of 6-

pronged 4C events· indicate a serious background problem. 

As the first step in understanding the problem, a chi-square 

cut· of 30 is applied to all the data. The track distribu­

tions in the Center of Mass (CM} frame with this x2 cut are 

shown in Figure 4.3. It is, in fact, remarkable that with 

a x2 cut of 30, all cha.nw:do have symmetric track dis'tribu­

.. tions .in ·the Feynman X variable. Without this .x 2 cut, the 

track distributions in X are poor, particularly for 6 pronged 

4C events. Another interesting feature found in the previous 

··experiment at 200 GeV/c ( 7} is a particular configuration of 

particles iri the forward ·and backward hemisphere of the ·CM 

frame. + -Of the events in the pp -+ pp n n channel at 200 

GeV/c,. 87% had three particles in one hemisphere and one 
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particle in the other hemi~phere. The rest.of t}J.e events 

·had two particles .in each hemisphere.· Since the ratio 

between three forward particles and three backward particles 

was one,. Derr~ck et · al. ( 7 ) , concluded that there were no 

losses in the kinematic fitting process. A similar test 

is made in the present experiment for 4 pronged 4C and 6 

pronged 4C· events with the x2 cut of 30 at each of the two 

energies. The location of a track in the Cl1 frame is 

identified by the CM rapidity variable for the track. The 

results are shown .in Tables 4.4a and 4.4b. 

+ -Table 4. 4a • CM track distr.ibutions in pp -+ pp 7T 7T . 

p 
GeV/c . 3 (F) : l(B) 2 (F) : 2(B) 1 (F) : 3 (B) 

200 .. 188 52 187 

300 169 50 182 

Table 4.4b. + - + -.CM track distributions in pp -+ pp 1r 1r 1r 1r • 

p 
GeV/c 1 (F) : 5(B) 2 (F) :i .4 (B) 3 (F) : 3(B) 4 (F) : 2(B) 5 (F) : l(B) 

200 34 43 58 41 37 

~00 50 48 66 39 48 
.. 
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Table 4. 4c sho.ws the charge distribution in the forward · 

(or ba~kward) hemisphere for the 6 pronged 4Ceventswith 

a x2 cut of 30 .and a 3 to 3 division of the particles 

between the forward and backward hemispheres: this result 

is used in· Chamber 5 in the study of double diffraction. 

Table 4.4c. Charge distributioria in the forward 
hemisphere.· 

p 
GeV/c .1+ 2+ 1- 3+ : 0-

200 

300 

4 

6 

52 

55 

a6 pronged 4c·events with 3 to 3 division of 
particles only.· 

2 

5 

bThe·notation indicates that .3 particles in the for­
ward hemisphere consist of 1 positive and 2 negative 
charges. 

The results shown in Table 4.4a and 4.4b are consistent with 

the results observed by Derrick et al. ( 7 ) 0 As far as --
·these data are concerned, there appears to be no loss of 

events in the kinematic fitting process. However, it is not 

possible to rule out all background problems simply with a 

chi-square cut alone~ Because of a large measurement error 

·for the fast-forWard-:-going track, SQUAW can adjust the momen-

~· 
. I' '· 

l 
r ,I 
\ 
~ 
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tum valu~ by a large amount without large increases in x2
• 

I~ the next several figures, this point is clearly demon-

strated. The missing mass square distributions for 4-pronged 

4q an~ 6-pronged 4C everits with a x2 cut of 30 are shown·in 

Figures 4 •. 4: 4a .and 4b for 200 GeV/c data and 4c and 4d for 

300 GeV/c data. In Figures 4. Sa and 4. Sb, the momentum. 
. . + -

imbalances for the channel pp -+ pp TI 1T are shown (with x2 

cut of 30) in the scatter plots .with the projection on each 

axis at. 200 and 300 GeV/c. Even after the chi-square cut 

of 30 'is applied, one sees many events with large missing 

mass square and a large momentum imbalance. It is evident 

in these figures that the resolution gets worse as the mul-
. . . ' . 

tiplicity and the beam momentum increase. As the CM track 

·distributions (Figure 4.3) clearly show, the two protons in 

·.each channel are often the most energetic particles in the 

CM frame. This.means that the beam associated proton in the 

laboratorY frame is often the fastest track. The BC. mea-

sureme.nt error for this proton is large and this in turn 

causes the difficulty. Thus it. is interesting to study the 

distribution~·of the missing mass square with respect to the 

group of particles but excluding the fast-forward proton·. 

This has been named the XMSQ distribution. With the fast 

proton eliminated, the background problem can be studied 

more efficiently~ . . Figures 4. 6a through 4. 6 d show the XMSQ 

distributions·: for the two exclusive channels at 200 and 

' ! 
1: 
'\ 
'. 
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Figure 4. 4. Missing-mass squared (~1M:~) distribution 
. for pp n+n- and pp n+n-1T+n- final ·states 
·at 200 ·and 300 GeV/c; bare BC data only. 
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300 GeV/c with the chi-square cut of 30. Most of the dis-

tributions are centered· at the proton mass square as 

expected. Again the width of the distributions increase as 

the multiplicity and the energy increase. The width of the 

XMSQ distributions also depends.strongly on the ·division of 

particles in the.CMframe. 

The events located in the tails of the XMSQ distribu•. 

tions in Figure 4.6 are most likely inelastic events. Thus 

one tentatively adopts the following cut on 4-pronged 4C 

and 6-pronged · 4C events: 

.. 

-3~0 GeV2 < ~Q < 5.0 GeV2 ( 4-1) 

The ·estimated contalnination of inelastic events is shown in 

Table· 4. 5 for all the available data. 

Table 4.5. The contamination estimated by XMSQ cut. 

200 

200 

300 

300 

# of 
n Events 

4 2652 

6. 2591 

4 2053 

6. 2151 

4C 
x2 < 30 

(A) 

427 

213 

401 

251 

4C 
with 

XMSQ Cut 

302 

119 

. 232 

102 

Estimated 
Inelastic 
Events in 

(A) 

29% 

44% 

42% 

59% 
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So far the problems in kinematic fitting with bare BC events 

at these high energies have been-pointed out, and a rough 

estimate of the contamination from inelastic events has been 

made. . However, another aspect of the background, namely, 

the loss of real 4C events has not yet been discussed. As 

the multiplicity increases, it is expected that the back-

ground becomes larger, but at the same time there may be 

increased losses associated with the difficulties in doing 

the· kinematic fits for·high momentum tracks with large errors. 

In the next section, both the contamination and the losses 

in the bare BC 4C _data are studied _using HOOKUP data. 

B. Background Studies using HOOKUP DATA 
. . . 

In the previo·us section, an extensive study was made of 

the background for bare BC 4C data. Yet, the reliability of 

the estimate must still be examined. Obviously, the funda-

mental solution of the problem is to improve .the accuracy 

of the track measurement and to minimize the uncertainty in 

the kinematic fitting. Using the high quality HOOKUP data 

·from the present experiment (the momentum resolution of the 

EJq>eriment 2B Hybrid System is approximately~= 0.04 p%), 

two unique methods are employed to study the background of 

bare 4C events. They are: (1) study of the kinematic dis­

tributi"ons of HOOKUP .4C events and (2) comparison of_the 

bare BC 4C and. HOOKUP 4C.data on an event-by-event basis. 

t 
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I 
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1. .Bubble chamber and spark chamber track matching by HOOKUP 

The details of the HOOKUP program, the parameters and 

error assignments have already been described in chapter III. 

If a BC event has one or more tracks whose TVGP momentum are 

greater than 15 GeV/c and .. if the tracks in the corresponding 

SC frame ·are equal to or smaller than the ·ac prong nwnbe·r, a 

HOOKUP attempt is made. If the TVGP momentum value for the 

track is greater than the beam momentum or the momentum is 
. . . 

negative, the momentum value is replaced by the beam momentum 

and the necessary azimuthal angle correction is made. Then 

HOOKUP is attempted. If there are 2 SC records for 1 or 2 

BC events (alternating trigger) , all possible combinations 

are tried and the best combination is used in later analysis. 

When the. x2 of .the direct matching (defined by· equation 3-9 · 

of chapter III) . between the BC tra.ck ·and. the sc track is less 

than 2501 the HOOKUP fit is initiated. If the final HOOKUP 

x2 (defined by equation 3-10 of chapter III) is less than 25 

and the momentu.m resolution ~p/p is less than 0. 50, the track· 

is accepted as a good HOOKUP track. In that case the HOOKUP 

record is substituted for the TVGP record for that. track. 

In addition, all HOOKuP information (106 words. per HOOKUP 

track) ·is stored in BLOCK 5 of the TVGP output FORMAT. Thus 

the HOOKUP output record looks exactly like the TVGP output 

record. Therefore the kinematic fitting program SQUAW can be 

Used with the HOOKUP data without any difficulty (APPENDIX A). 
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The SQUAw fit for HOOKUP events was performed under the 

same conditions that were used for the bare BC data analysis. 

The x2 distributions of all HOOKUP SQUAW events at the 2 

energies are shown in Figures 4.7a, 4.7b. and 4.7c. 

Although the statistics of data are very limited, the peak 

of the distributions appear to be located ·in the normal 

position. The disposition of HOOKUP 4C events· is given in 

Table 4. 6. 

Table 4.6. HOOKUP 4C events at 200-300 GeV/c. 

n x2 < 100 ·2 
X < 30 

2 239 208 

.4 120 70 

6 105 55 

The CM track distributions of HOOKUP 4C events at 200 and 

300.GeV/c are.shown in Figures 4.8a through 4.8f. The track 

distributions for HOOKUP 4 prong 4C events are not·syrnmetric, 

but there are more tracks in the forward hemisphere. This 

indicates that the beam diffractive events are more frequently 

recorded by the Hybrid System than the target diffractive 

.events. Of 70 4-pronged 4C events with x2 l'ess than 30, 18 

events have 1 forward to 3 backward division, 9 events have 

2 to 2 division and 43 events (61%) ·have 3 forward to 1 back-
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ward. division. Another interesting feature is seen in the 

HOOKUP 6 pronged 4C events. Of 55 6-pronged 4C events with 

· x2 less than 30, 21 events (42%) .are such that the six tracks 

are divided 3 forward and 3 backward in· the CM system. Of 

these, 12 events (22% of total events) have both effective 
. . . + -

masses for the 3 particle system (p7T 7T ) smaller than 3 GeV. 

This clearly indicates that the Experiment 2B Hybrid System 

is an exceedingly sensitive instrument for the detection of 

Double Diffraction events. 

Figure 4.9 is the missing mass squared distribution for 

HOOKUP 4C events •. The scatter plot of the momentum imbalance 

distributions for HOOKUP 4-pronged 4C events with a x2 cut of 

30. is presented in Figure 4.10. For convenience in comparing 

this piot with those of the bare BC events (4.5a and 4.5b), 

the same scale is used. Wh.ile the data points are scattered 

all over in the bare BC plots, most of the HOOKUP 4C events 

have the momentum imbalance within 200 MeV/c of zero. In 

general, the improvement . from "bar·e bubble chamber measure-

mei1t" to "hooked-up tracl{s"· is obvious in any of the dist~i-

bution:s presented in this section. 

2. Comparison of bare ac·4c and HOOKUP 4C events 

This part of the analy:::;ls is based upon the HOOKUP Sub­

samples of 11 rplls of pp data at 300 GeV/c (ISU data); they 

comprise about.l8% of the ISU bare BC 4-prongs and 23% of the 

:rsu bare BC~ · G..:..prongs. The X2 distribution (defined by equa-

:: 
II 
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tion 3-10 of.chapter III) for HOOKUP tracks from this data 

set is shown in Figure 4.11. The arrows in the figure 

indicate two different cuts used in this analysis; namely 

HOOKUP track X2
. cut of 25 and of so. Every HOOKUP event has 

two fitting results from SQUAW: (1) SQUAW result without 

using SC information (SQ) and (2) result of SQUAW using SC. 

. . information. (HQ) • . ~. ____ ,_ ___ .. ___ ~~ ---· -· 

c 
0 

. - . 2 - - . . ·-
HOOKuP X at 3·QQ GeV/c 

-
~,-------~~-----------------~ 

(25) 

1 

cO~OO 

x2 

(50) 

1 
llO .. OO 

Figure 4.11 •. x2 of HOOKUP 

60 .. 00 

Based on the assumption that HQ provides the best kine­

matic fit, the percentage of contamination from inelastic 

events. and o.f the losses d·uring the SQ fitting process can be 

., 

l 
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estimated using the fitting results of HQ and SQ for HOOKUP 

events. In the comparison between the HQ result and the SQ 

result, a strong condition is imposed on the data: that is, 

the fastest ti:"ack in the TVGP. record must be hooked. up. If 

it is not hooked up, the pair of data, SQ and HQ is completely 

discarded. By making this restriction, together with the cut 

on total SC track number, the study of the effect of improved 

resolution on the kinematic fitting and the estimate of the 

background can.be free from experimental bias. From the com-

parison between SQ and HQ, it is determined whether the 

kinematic fit was successful in: 

(1) SQ only 

(2) HQ only 
. . 

( 3) Both SQ and HQ! 

The contamination from inelastic events in the bare BC 4C 

fits is estimated by 

[SQ only] ( 4-1) 
[SQ only] + [Both SQ and HQ] 

The loss. of real 4C events from the bare BC 4C fits is 

estimated by 

[HQ only] ( 4-2) 
[SQ only] + [Both SQ and HQ] 

ThP. compart~on of SQ and HQ events; is; made for all events 
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whose SQUAW X2 are less than 100. No other cuts are applied· 

·· to SQUAW samples. The results are summarized in the Table 4. 7; 

One can tentatively conclude from this result that the 

contamination of inelastic events is about 30% for the bareBC 
. . . 

4-pronged 4C events and·is about 40% for the 6-pronged 4C 

·events at 300 GeV/c. The losses are much smaller than the 

contamination. These are about 10% for 4-pronged 4C events 

and about 20% for 6-pronged 4C events at 300 GeV/c. It is 

remark~le that the contamination estimates are consistent 

·with the trend of preliminary estimates made using the XMSQ 

cut ( 4-1) , which is shown in Table 4. 5. However, the estimate 

from the HOOKUP. analysis is consistently lower than the 

estimates derived. using the XMSQ cut ( 4-1) . 'rhe estimates 

from the HOOKUP data analysis should be taken as lower lilnits. 

of the.background for the following two reasons: 

(a) The x2 cut of 50 for HOOKUP tracks appears 

to be somewhat restrictive. 

(b) A study of event vertex location indicates 

that the HOOKUP events correspond to relatively 

well-measured bare BC events. 

T:Qerefore·· the .magnitude of real contamination is some-

where between the estimate using the XMSQ cut (4-1) and the 

estimate using the HQO~UP data. Thus the contamination is 

estimated to be between 30% and 40% for 300 GeV/c 4-pronged 

4C events • · It is about· 50% for 6-pronged 4C events at 300 

.CeV/c. 

., 
t 



Table 4.7. Background study. 

HOOKUP # o:f 
n xz cut EVENTS SQ ONLY HQ ONLY 

4 . 25 135 10 4 

6· 25 181 14 6 

-

4 50 158 15 4 

6 50 203 17 8 

--

BOTH 
X 2 (HQ) X 2 (SQ) 
Better Better 

15 2.0 . 

11 11 

18 . 22 

14· . 13 

- -· 

Estimate· ·Of 
.Contamination 

0.22 ± 0.08 

0.39 ± 0.12 . 

0.27 ± 0. 08 

0. 39 ± 0~11 

Estimate 
of Lo.sses 

0. 09 . ± 0.05 

0.17 ± 0.07 
' 
'. 

o .·o1 ± 0.04 

0.18 ± 0.07 

00 
0 

... 
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It. is al·so reasonatfle to asswne that the magnitude of 

the background-has an energy dependence similar to the con~ 

tamination rate estimated using the XMSQ cut, which is shown 

in Table. 4.5. Thus the background at 200 GeV/c is expected 

· to be lower by 5 to "!0% in each channel than the correspon-: 

ding vaiue at 300 GeV/c·; 
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. . . . 

V .. eXPERIMENTAL RESULTS 

The results to be presented in this chapter are based 

on the data.from Iowa State University, Michigan State 

University, Argonne National Laboratory and Fermi· National 

Accelerator L'aboratory. Analysis comparable to the present 

results are found in a review by J. Whitmore on recent results 

using the F.ermflab 30-inch Hydrogen Bubble Chamber· ( 15) . The 

primary purpose of the present investigation is to study the 

behavior of exchanged particles, especially the pomeron in pp 

in.teractions between 200 and 300 GeV/c. According to Regge 

Pole Theory, the strong interactions are dominated by the 

exchange, between the incident hadrons, of groups of reso-

nance states, which are usually called Regge Poles or Regge 

Trajectories. A tmique concept in Regge Theory is pomeron 

exchange, which is reaily a vacuum exchange between 2 par­

ticles. If this ide·a is accepted then as the energy increases 

it is expected that: 

a. The total cross sections become constant. 

b. The diffraction peak in elastic scattering shrinks. 

c. The polarization goes to zero. 

The.presently available experimental data are apparently 

consistent with these predictions. Thus it is of great 

interest to search for further experimental evidence of Regge 

Pole behavior of the pomeron at.Fermilab energies; for example, 

• pomeron factorization anq multiple pomeron exchange processes . 
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A. Cross Sections 

·The differential cross section .in· a Regge Pole model· has 

the following. energy dependence: 

dcr 
dt = (5-1) 

where S is the square of the center of mass energy, a(t) is 

the complex angular momentum and t is the square of the 

invariant momentum transfer. The relation (5-1) was ·compared 

with.the experimental energy dependence of total inelastic 

· two-body cross sections by D. R. 0. Morrison ( 16) • He found 

the experimental energy dependence of the form: 

p ~ri. 
crtot ex in (5-2) 

where P. is the incident beam momentum. At high energy, s 
l.n 

is directly proportional to Pin and the small t region gives 

most of the total cross section, so that Morrison concluded 

that the exponent n :i.n (S-2) is approximately equal to: 

n ~ 2 ~ 2a(O). (5-3) 

In this interpretation, the energy dependence of the cross 

·section ·is controlled by which trajectories are exchanged. 

For pomeron exchange, a(O) is approximately one so that the 

exponent n in (S-2) is zero. Thus the processes induced by 

pomeron exchange are expected to·have constant cross sections 

/i 
:r 
i 
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·for different energies. Reactions that proceed by meson 

exchange have a nonzero exponent. For the p trajectory, 

a (0) is· about -~, so that for these processes n is one. For 

~ exchange, n is expected to be about two. Therefore, the 

·contribution from meson exchange decreases. as the energy 

increases. Conseque·ntly, the two body inelastic processes 

are expected to be dominated by pomeron exchange at very 

high energy. A more exact and general approach to the 

problem is briefly described next. If the trajectory a(t) 

and .tn A (t) in equation (5-1) are linear functions. of t 

for the small ·t: region, then 

.tn A(t) = A 0 + At (t) 

and 

a(t) = ao + a 1 (t) . (5-4) 

Therefore equation (5-l) can be rewritten as 

(5-5) 

Integrating (5-5) over the entire t region, one obtains: 

(5-6) 

This indicates that pure pomeron exchange does not give a 

constant cross section. However in the region of 5 where 

I· 
i\ 
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qnly. pomeron exchange is important,· the decrease in the 

cross;..section with. increasing energy should be slow, i.e."' 

If the multiparticle exclusive reactions to be 

studied in this dissertation are mostly diffractive pro­

.cesses induced by pomeron exchange, the energy dependence 

of the cross sections sho~ld be comparable with the features 

discussed above. 

In the· present experiment, there are two ways to obtain 

. : +- +-+-
the cross sections for pp 1r 'IT final state and pp 1r 1r 1r 'IT 

final state: 

Method 1. Use bare BC data only. 

Method 2. Use bare BC data and HOOKUP data. 

Both methods start from the 4C events with x2 < 30 from 

bare BC. Method 1 uses primarily the XMSQ cut to calculate 

the cross sections. As discussed.in chapter IV, the back-

ground estimate from the. XMSQ cut of (4-1) would give an 

upper limit for inelastic contamination. Thus ·the use of 

method 1 would possibly provide lower cross sections than 

the real values. It is important to use the cleanest data 

samples available in the experiment when one studies such a 

debatable subject as Double Pomeron Exchange. Therefore, 

.the final data samples for,physics analysis were selected by 

.using ·the XMSQ cut in method 1 in addition to the x2 cut of 

·30, even though the corresponding.cross sections for those 

events are expected to be lower .than the real values. The 
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precise cut on XMSQ used in method 1 varies slightly for 

different particle configuration in the CM frame; however, 

·it is not drastically different from the cut (4-1). The 

cross sections· determined by method 1 are given in Table 

S.la. The 4C events shown in the column '4C corrected' 

are obtained using the XMSQ cut. These events are used 

to .discuss the physics of multiparticle exclusive reactions. 

For the. pp 1T+ 1T- final state, the statistics of the data in 

the present experiment (541 events at 200-300 GeV/c) are 

higher than those of any previous report at very high 

energies (123 events in Reference 6 and 191 events in 

Reference 7). The cross sections presented in the last 

column do not include the corrections for the events lost 

during the kinematic fitting process. This exclusion of 

the estimated lost events in the ·cross section calculation 

by method 1 was done intentionally in order to compare the 

results with those of the ANL experiment (7), in which the 

authors concluded that there were no such Josses of events. 

The ANL. group in their 200 GeV/c pp experiment reported a 

+ - . . 
<;:ross section of 6 80 ± 140 ]Jb for the pp 1T 1T f~nal state, 

which is in good agreement with 690 ± 50 ]Jb from the 

present experiment at 200 GeV/c using method 1. 

Now that it is confirmed that the technique of bare . 

BC data .analysis of the present experiment is consistent 

with the previous experiment by the ANL_ group (7), we shall 
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Table. 5 .la, Cross sections estimated by. method l.a 

Nwnber 4C 4C ·d Final of Events a ± 00 
·.Beam ·State Used x2: Cutb Correctedc (mb) 

pp 3841 2331 2953 6.60 
200 GeV/c + -pp 1T 1T 2652 427 305 0.690 

pp 
+ - + -pp 1T 1T 1T 1T 2591 213 123 0.313 

pp 2851 1947 2384 7 .19. 
300 GeV/c + -pp 'If. 1T 2053 401 236 0.620 

pp 
+ - + -pp 1T 1T 1T 1T 2151 251 115 o. 306 

aThe topological cross sections determined by Experiment 2B are used 
(Table 2.1 and 2.2). 

bx 2 cut was 50 for elastics and 30 for other final state. 

± 0.30 

± 0.050 

± 0.031 

± 0.22 

± 0.043 

± o. o·3o 

COnly a low t correction was made for elastic events. The averaged slope value 
of the elastic events fo:r: the t region between 0.06 and 0.30 (GeV/c) 2 is (10.0 ± 0.5) 
(GeV/c)- 2 at 200 and 300 GeV/c. The corrections for other final states are from 
XMSQ cut only a~d do not contain the correction for losses. · 

dThe errors included are the statistical errors and the uncertainty associated 
with normalization to the topological cross sections. The corrections for lost 
e.vents are not included i:t the cross- sections and error estimates for pp rr+rr- and 
pp rr+rr-rr+rr·- final states. 

00 
-...J 
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examine how accurate the bare BC analysis itself is. For 

this study, method 2 men.tioned earlier is used; namely, one 

compares, for the same event, the bare BC result with the 

HOOKUP result. The contami~ation and the losses of events 

for 4C channels with x2 < 30 are estimated from the results 

presented in Table 4. 7 in chapter IV. Although the detailed 

study of the background was done in chapter IV using HOOKUP 

data at 300 GeV/c only, it is assumed that the background 

has the same energy dependence as indicated by the XMSQ 

distributions shown ·in F·igure 4. 6. The cross sections 

determined by method 2 are given in Table S.lb. If one 

assumes that HOOKUP data provides the best result.of kine-

matic fitting, it is evident in Table 5.la and S.lb that 

the bare BC analysis s~gnificantly underestimates the cross 

. . . + - + - + -
sections for the channels pp 1T n and pp 1T n 1T n . It is 

also clear that the discrepancy between Table S.la and 

Table 5.lb arises from the difference in the background 

estimate between the two methods. The energy dependence 

of the cross sections determined by method 2 is shown in 

+ -Figure 5.1 for pp -+ pp n 1T channel and in Figure 5. 2 for 

+ - + -pp -+ pp 1T 1T 1T 1T channel. It is striking that the cross 

s~ctioris for the pp 1T + 1T- final state .is seen to level off. 

It also appears that the cross section at 69 GeV/c (6) is 

low when compared to the present data. This may be 

attributed to either the statistics of data (123 events) 

'. 
I 
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Table 5.lb. Cross Sections estimated by method 2. a 

Number 4C 4C ± · cScrb 
Final of Events Con tarn- a 

Beam State used x2 < 30 ination Losses ·Corrected (mb) 

200 GeV/c + - 2652 427 51 17 0 376 ± 27 0. 856 ± 0. 077 PP 1T TT ± 

+ - + - 2591 213 51 15 28 ± 11 190 ± 24 0.484 ± 0.069 p pp 1T TT TT TT ± 

300 GeV/c + -pp 1T 1T . 2053 401 108 ± 32 2 a·± 16 321 :!: .41 0.849±0.111 

p + - + -pp TT 1T TT 1T 2151 251 98 ± 28 45 ± 18 19 8 ± 37 0.527±0.100 

~he topological cross sections determined by Experiment 2.B are used 
(Table 2.1 and 2. 2). 

bThe errors includeC: are statistical errors, the uncertainty associated 
with normalization to the topological cross sections and the uncertainties 
in the estimates of contamination and losses. 

----=-. 
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or to the method of analysis: no kinematic fits were tr.ied 

in this bare BC work· by the French-Russian collaboration. 

+ - + -As shown in ·Figure 5.2, the cross section for the pp~ ~ ~ ~ 

final state al.so changes very little over a wide energy 

range. It should be noted that no error is assigned to the 

data point at 2·a. 5 GeV/c and therefore this point should 

not be considered seriously. The results shown in Figures 

5.1 and 5.2 strongly suggest pomeron dominance for these 

reactions at Fermilab energies. It is also possible to 

interpret the energy dependence of cross sections from a 

statistical model (17). 

The above results from the present experiment raise a 

serious question concerning the usefullness of SQUAW kine-

m~tic fitting using bare BC data only for the absolute 

determination of c'ross sections at Fermi lab energies. It 

was tacitly assumed in our bare BC analysis that the losses 

of real 4C events during the kinematic fitting processes 

could be ignored. There is conclusive evlllence in the 

present experiment that the losses cannot be disregarded 

and that the contamination of inelastic events is over-

estimated if one studies the missing mass squared distri-

bu.tions only. The results of the present experiment 

indicate that the bare BC analysis using the kinematic 

SQUAW fitting is incapable of determining the production 

cross s~ctions of.exclusive reactions properly 'at the 
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Fermilab energies. Throughout the rest of this chapter, 

·the bare BC ·analysis will be adopted to .discuss the physics 

in the multiparticle exclusive reactions at 200 arid 3·oo 

GeV/c, but the cross section is increased in each channel 

by the scale factor obtained from Tables S.la and S.lb. 

B. · Single Diffractive Dissociation 

The characteristic features of a low mass enhancement 

+ - + -in the p 1T 1T system from the pp 1T 1T final state are pre-

sented in this section, which.consists of four sub-sections: 

Mass Distributions, ~:.++ Production, Helicity Conservation 

* and Spin of N . 

Mass Distributions 

Figure 5.3a and 5.3b show the mass of the plT+lT- system 

in the pp 1T + 1T- final state. Of two possible combinations for 

+ - + -p 1T 1T system, the smallest M (p •lf e lT ) represents one data 

point in the figure. The formation of low mass states in 

this system is evident both at 200 and 300 GeV/c. The present 

statistical level prevents further study of fine structure 

in this low mass region. The feature of single diffractive 

dis.sociation in the pp 1T + 1T- 'final state is more sharply dis-

+ -played in the scatter plots of M(ps·'IT "'IT ) with respect to 

+ -M(pfe'IT •'If ) : Figure 5.4 (200 GeV/c) and Figure 5.5 (300 

GeV/c) show that the majority of events are associated with 

either target or beam .diffractive ·dissociation. 

I 
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A++ d ., 
u Pro uct1.on 

In inclusive experiments at Fer.rnilab energy, strong 

!).++ ( 1236) production was observed (18). Subsequent investi­

gations revealed that the inclusive /).++ production cross 

section is independent of energy (19) and that /).++ is a decay 

produc~ of a diffractively excited state (20). Therefore, in 

the pp 1T + 1T-- final state o.f the present experiment, !).++ pro-

duction is expected in the following decay channel: 

* pp ~ N p 

L ~++n-
L pn+ (5-7) 

It is also possible to have /).0 production in this channel: 

* pp ~ N p 

L 
(5-8) 

* Asswning that .the isospin of N is l.i 1 the production ratio be-
. + -

tween (5-7) and (_5-8) is 9 to L· However, both p 1T and p 1T corn-

* binations associated with N are kinematically constrained to 

have. masses inside the f). mass region 1 so that it is not 

meaningful to try to estimate the experimental ·production 
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rate for 6.++. and 6.0 using just a mass cut. We shall ·discuss 

here only ~e general trend of the data. Shown in Figure 

+ -5.6 are: (1) M(p•'IT "'IT ) at 200 and 300 GeV/.c in sm.;tllest 
. + * Figure 5.6a, (2) the mass of p'IT from N in Figure 5.6b and 

* ( 3) the mass of ·p 'IT from N in Figure 5.6c. It is clear. 

. . ++ 
from the figures that 1::. is a more dominant intermediate· 

state than 6.0
• The cross section for production of 6.++ (1236) 

over all the t region ·is presented in Table 5.2. The follow-

ing cuts were imposed to obtain·the cross sections: 

* 1. N Mass < 3 GeV 

2 + mb. t. f * h . th • p 'IT co 1.na 1.on rom N must ave a mass 1.n e 

range 1.12 GeV < M(p 'IT+) < 1~ 32 GeV. 

The results strongly indicate constant 6.++ production between. 

200 and 300 GeV/c .. 

Table 5. 2. ~::.++ production in the final state pp 'If+ 'IT-. 

200· GeV/c 300 GeV/c 

+ - 305 236 pp + pp 'IT 'IT 

t:t+ . events 115 97 

0 !).++ (mb) 0. 32 3 ± 0.046 0.349 ± 0.062 

li 
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Helicity Conservation 

The nature of .the low mass enhan·cement is not completely 

understood and therefore the interpretation of either helicity 

. + -conservation or non-conservation for the low mass p~ ~ 

system is obscure (21). Despite this problem, the subject is 

briefly discussed below. Helicity conservation can be studied 

* in two different frames: the Gottfried-Jackson Frame (N rest 

frame - T channel) and the Helicity Frame (S channel). Both 

frames are right-handed coordinate systems in which the z 

axis is defined as shown in Fig~res 5.7 and 5.8 andY axis is 

chosen along the normal to the production plane. · Helicity 

conservation holds if the azimuthal angular distribution of 

the outgoing particles in a particular frame is isotropic. 

Figure 5o9 displays the azimuthal.angular distributions for 

the proton, the tJ.++ and· the vector normal to the plane of the 

+ -(p·~ ·~ ) system in the T and S channels. (Note that the hor-

izontal scale is different in the 2 sets of plots.) Isotropyis 

well satisfied in the T-channel: x2 /DF = 1. 8.8 .fo.r proton, 0. 82 

f ++ ·. + -
or tJ. and 0. 55 for the normal. to (p • ~ •rr ) system. However, 

in the s channel, the proton distribution shows anisotropy 

Cx 2 /DF = 2.74). The other results are: x2 /DF = 0.92 for t+ 
and 1.69 for the normal to (p·~+·~~) system in the S-channe!. 

The data in both channels appear to be consistent with· 

helicity conservation except for the proton distribution in 

s-channel. This result is in contrast to the previous 

i 
' 
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. Gottfried.- Jackson Frame · 

p -:-:------
e 

p p Z- direction 
' 17'- .' 

Figure 5.7~. Gottfried-Jackson frame. 

Helicity Frame 

P. 

"-··~·-' p 

" p ,"" 
k." 

Z-direction 

Figure 5.8. Helicity frame. 
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pp_.N•p at 200 S 300 GeV/c 
· . · ~++p 426 events· 

T-Channel .. S;;_ Channel 

·P 

01----...__-~ o~--..A.----f 
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...... 
en 
t- 25 z 
UJ ~++ 

·~ A++ 

0 0 

25 
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o~--................ -- OL..----........ ~--
-1800 0° 180° 1800 0° 1800 

Figure ~.9 .. Azimuthal-decay angular distribution in the 
T-~hAnnPl ~nd S-channel coordinate cyatcms. 
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measurement hy the: .1\NI. group (7)·, where x?./OF::: 3.21 for the 

. . . ++ 
~ro~on and 2.99 for A in the S-channcl; x2 /DF = 1.79 for 

normal, l. 30 · for proton and 0 .. 91 for 6++ in the T-channel. 

The conclusion of Reference 7 is that T-channcl helicity 

is conserved. 

It has been known that the Gribov-Morrison spin parity 

rule holds in inelastic diffractive scattering; namely 

J - J. 
= p. { -1) f 1 

•1 
{ S-9) 

which simply states that higher spin states are allowed for 

N*. A detailed study of the spin assignment for· the p 1r+ 1T-

enhancement in pp interactions was made by the Iowa State 

group at 22 GeV/c (22) and by J. G. Rushbrooke tl al. (23) 

at 16 GeV/c. The conclusion of their work 1s that spin ~ is 

required for the 1450 MeV enhancement and spin-parity series 

7-
2 for the 1700 MeV enhancement. The effect of spin 

is seen in the polar angular distribution of the normal to 

* the decay plane in the N rest frame. Shown in Fi.gure 5. 10 

are the data from the present experiment at 200 and 300 · GeV/c 

with three different mass cuts. The distribution for the 

"1450" region is consistent with isotropy, which suggests 

spin ~- The other figures indicate the existence of higher 

spin states in the higher mass regions. 
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. * · pp-- N p at 200 S 300 GeV/c 
426 e\tents 
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Figure 5.10 . 
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C. Double Excitation 

The Double Excitation in the semi-inclusive channels at 

Fermilab energy was studied by A. Firestone et al. (24) in a 

.bare BC experiment on pp interactions at 300 GeV/c. At ISR 

energies, the inclusive Double Diffractive Dissociation was 

investigated by R. Webb et al. (25). Both works supported 

the hypothesis os pomeron factorization under different cuts. 
. + 

While A. Firestone et al. used the Mass Cut M2 (p•n ·n-) < 40.0 

GeV2
, R Webb et al. suggested in the te~t (25) that in their 

experiment with at cut: 0.15 < t < 0.53 GeV/c 2
, pomeron 

+ -factorization holds only for the mass region M(p•n •n ) < 

1.8.5 GeV. The present analysis attempts for the first time 

at Fermilab-ISR energies to study· the Double ·Excitation in . 

the exclusive channels with emphasis on the effects of any 

mass cuts on the tests for pomeron factori.zation. The 

hypothesis of pomeron factorization predicts: 

dcr * ctf(pp + pN ) dcr · * * 
dt(pp + N N ) 

dcr 
dt(pp + pp) 

= 
dcr * dt(pp + N p) 

( 5- io > 

The diagrams for each reaction in equation 5-10 are shown in 

-Figure 5.11 •. The differential cross.sections for these 

reactions· can be written in the fornr: 

= AIBJ(t)B~(t) 1
2

· ( 5-11) 
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p .p 

pf . pf 
.,-.,-

p p .,-
p~ 

p Ps p .,+ 

* * * (c) p·p- N N (a) pp-+ pN 

Figure 5.11. (a) and (d): Single diffractive dissociati6n, 
(b) El~stic ·scattering, and (c) Double 
e ;-:ci'tnt: i.on .. 
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where A is a constant and !3 ( t) is a residue function at each 

vertex in the diagram~ It is assumed that the residue func-

tion is approximately-exponential .for the small t region and 

then it is written as 

( 5-12) 

Also the optical theorem gives 

cr tot = 8 1 (0) 8 2 (0) . ( 5-13) 

Thus, from the above three equations, the factorization 

relatiori (5-10) leads .to. 

= 

where the abbreviation means: 

SD: Single Diffraction 

E1: Elastic Scattering 

DE: Double Excitation .. 

( 5-14) 

The equation (5~14) is s~t·i~fied at any t; thus, one obtains 

the following.· relations:. 

( 5-15) 

and 
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0 DE = ( 5-16) 

Equation 5~16 is different from the formula used in Reference 

24 by the factor involving the ratio of the slope parameters. 

One way to separate the decay products of target asso-

* . *· +-+-ciated N from those of beam associated N ~n the pp n n n n 

final state is to compare the CM rapidity10 between protons, 

positive pions and negative pions respectively. Then the 

combination p n + n- with the . smaller rapidi ties is assumed to 

be a target associated N* and the combination p TI+TI- with the 

* larger rapidities to be a beam related N . The corresponding 

+ - + - . 
. masses a·re referred to as M(P•n ·n )SLOW and M{p•n ·n .>FAST 

respectively. Figure 5.12 shows the scatter plots of 

+ - . . . + -
M{p·n •n ) SLOW with. respect to M(p•1r ·n ) FAsT· The low mal!!s 

. + -enhancements that were observed 1.n pp n n final state again 

stand out on both axes. In the lower left corner of the 

sc:ntter plot~ there .i.::; .a region where two mass· combinations 

10Rapidity is defined as 

E + p . 
v = R.n - __ IJ_._ 

E - P~·~ 

where E is .the energy and p 1 1 is the longitudinal component 
of the momentt.mi.·of. the particle. The first order approxi­
·mation of rapidity ·1s the· loriqitudinnl velocity. 
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have low masses of similar magnitudes. The events in this 

area represent Double Excitation. In Figure 5.13 the CM 

rapidity distribution for two distinct particle combinations 

are presented· for 200 and 300 GeV/c data. There are two 

data points (Y ( + -) and Y ( + - per event in 
. p 7T 7T SLOW p 7T 7T ) FAST 

the plot. It is 'evident that beam associated N* goes 

forward, the target associated N* heads backward and there 

is a rapidity gap between them in the CM frame. The data 

is symmetric and does not indicate· any sign of abackground 

problem. 

A more exact way to study the Double Excitation is to 

look at the particle configuration and charge distributions 

in the CM frame. In the present analysis, it was decided 

that a DoUble Excitation event is required to have: 

1. Three particles in the forward hemisphere and 

three particles in the backward hemisphere. 

2. Two positive.charges and one negative charge in 

each hemisphere (see Table 4.4C). 

In addition to Single Diffraction cross section and Elastic 

Scattering cross section, the slope value of the t distri­

butions is needed for the prediction of Double Excitation 

cross section using equation 5-16. The t distributions for 

Single Diffraction and Double Excitation events at 200 and 

300 GeV/c are presented. in Figure 5.14. It should be noted 

that the t for Single Diffraction is calc.ulated between the 
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200 GeV/c 
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(115 events) 
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Figure 5.13. 'The CM .rapidity distribution of two p 1T+1T­
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100,~----------------------------------~ 

pp-pp.,.+.,.-ot 200 a 300 GeV/c 
~69 events . (3: I ConfiC)urotion a X2< 30) 

10.-----~------~~~--~~~~~~~~ 
pp--pp.,.+.,.~.,.+.,.- at 200 a 300 GeVIc 

·~ 

~ ::> 
Cll 

~ 
v 
0 
~ 10 
~· 
z 
w 
> ·w 

., 5 

93 events (3:3Configuration X2<3P> 
5 eLBt 

. 0.3 0.4. 
· · -t (GeVIc)2 

0.2 0.5 

1~---~~--~-----L----~~--~~~~~~ 
0.0 0.1 0.2 0.3 .. 0.4. . 0.5 0.6 

-t(GeV/c) 2 

0.6 

Figure ·s.l4. The four-momentum transfer squared distribu­
tion between the target and slow proton (slow 
P rr+rr,... . ~y'stern) •. 
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target and slow proton in the. four pronged 4C events with 

x2 < 30 and only for events with a one backward to three 

forward division of the particles. For Double Excitation 
. + - . 

. events, t is between the target and the (p•TI ·TI >sLOW system 

in the 6 pronged 4C events (X 2 < 30) with a three to three 

particle configuration (two positive charge to one negative 

charge in each group in the CM frame). Using the averaged 

slope for elastic events: b = 10 ± 0. 5 at 200 and 300 GeV/c, 

the relation (5-.:15) bet.ween· slope paramete'rs. is well satisfied; 

. namely, 

and 

bSD - b = -4.05 . ER.. 

The estimated cross section for Diffractive Dissociation· 

strongly depends upon the mass cut that is used to define 

* the N • This is also true of the result of the test on 

pomeron factorization. Table 5.3 presents the cross sections 

* using different mass cuts for the N , together with the pre~ 

dieted Double Excitation cross section using equation 5-16. 

The agreement between the measured a DE and the predicted 

ODE becomes quite good as the mass cut is reduced. There is · 

no do.ubt that agreement with the prediction of pomeron · 
. . . . + -

factorization requires the mass cut M(p•TI •TI.) .S 2.5 GeV, 

which supports. the obsez;vation of R~ Webb et al. (25). 



. ·Table 5. 3. Double Excitation. 

·.··cut on 
. + -

M(p•1T •1T ) 

. (GeV) 

6 

3 

2.5 

2.0 

O:sD 

(llb) 

415 ± 64 

337 ± 44 

298.± 49 

206 ± 37 

a DE (Predicted) 

( llb) . 

49 ± 11 

33 ± 12 

25 ± 10 

12 ± 5 

# of 
D.E. 

Events 

133. 

30 

18 

8 

cr0E(Experimental) 

(llb) 

2 80 ± 6 3 

63 ± 20 

38 ± 15 

17 ± 9 
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D. Double Pomeron Exchange 

The Exclusive Double Pomeron Exchange (DPE) at Fermilab 

energies was first studied by Derrick et al. (26) in the 200 

GeV/c pp experiment using the bare 30-inch bubble chamber. 

+ -This analysis was based upon 191 events in the pp 7T n :final 

·state. Using a cut on the proton-pion effective mass· (M
2 

p7T 
> 

4 GeV2 ) for all combinations, 9 events were identified as DPE 

candidates. These were then used to obtain an upper limit of 

44 ± 15 ].lb for the DPE process. After a further cut on the 

+ - . pion-pion mass (M 7T 7T < 0 ~ 6 GeV), only 2 events (9 ].lb) were 

left, so these authors concluded that there is no exPerimental 

evidence for the DPE ~recess. D. M. Chew (27) took a dis­

tinctly different·· approach to the problem using a variable 

called z. TheZ variable is defined in terms. of the ratio 

between the square of the center of mass energy and the 
. . 

missing mass squared with respect to one of the protons . 

. Thus two Z variables. are defin.ed for each pp 'lf+ n- final 
. . . 

state (APPENDIX B) : 

· z :: in 5 
A ~ · :JCA 

s 
- in w­

XB 
(5-17) 

Accordi~g to the definition by. D. M. Chew (27), the DPE events, 

illustrated in J1'igu:r·e .. 5.15, ar-~ those whiC'!h hi'JvP.: 
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( 5-18) 

-........ 

' . 
Figure 5.15. . Double Pomeron Exchange 

Using this cut, the ANL experiment·had 17 OPE candidates, 

which corresponds to 60 ± 15 lJb. However, D. M. Chew pointed 

out that the stat.istics of the data are insufficient to argue 

the presence or absence uf the DPE process.· 

Since the present report has the most events in tnis 

+ -pp 'IT 'IT channel presently available at Fermi lab energies, an 

attempt will be made to clarify the· acc·umulated spec1Jlation 

about the OPE process. Before further discussion, it should 

be mentioned ·here that the very idea of multiple pomeron 

exchange is subject to a theoretical difficulty if the inter­

cept .C)£ the 1;.i'~jectory. is one (2 8) • · 
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Using the definition (5-18), the DPE cross sections in 

the present· experiment have been estimated (Table 5.4). 

Table 5. 4. Estimated DPE cross sections. 

p 

GeV/c 

200 

300 

DPE Candidates 

34 

32 

crDPE (Estimated). 
( lJb). 

95 ± 19 

115 ± 26 

The estimated DPE cross section at 200 GeV/c from the present 

data is higher than·the previous measurement (17 DPE events, 

60 ± 15lJb) by the ANL group. In Table 5.5, the config­

uration of the particles for the DPE candidates in the 

CM frame is presented. It should be noted that the dis­

tribution is symmetric in the CM frame and that 50% of the 

DPE candidates have a two-to.- two division of particles . in the 

CM frame. ~hown in Figures 5.16, 5.17 and 5.18 are the tri- · 

angle plots for events from the reaction pp -+ pp 1T + 1T- at 200 

GeV/c,. 300 GeV/c and the summed data from both energies. The 

DPE candidates are confined by the ZA = 2.3 line, the ZB 

2 .• 3 line and the solid line which defines the boundary due to 

the available energy. for the process. Of course, the two 
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Table 5.5. . Configuration of particles of OPE 
candidates in CM frame. 

p 
GeV/c 3F: lB . 2F : .2B lF : 3B 

.200 9 17 8 

300 10 to 6 

highly populated areas correspond to target and beam diffrac-

t~ve dissociation, discussed earlier in this chapter. 

Alternately, it ·is also possible to present ·the data using 

. the variables : 

and 

z 
.X 

( 5-19) 

(5-20) 

where ZA and ZB were defined previously and S
0 

~ 0.14 GeV 2
• 

Figures 5.19 and 5.20 show these new triangle plots for 

events at 200 and 300 GeV/c. Again the DPE candidates are 

located inside the smaller triangle in each figure. 

In order to examine the reliability of the definition 

of OPE (5-16) by D. M. Chew, we shall now investigate the 

contamination from diffractive events in our OPE samples 
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presented in Tables 5.4 and 5.5. Shown in Figure 5.21 are 

I + ,the mass distributions of. the. proton-lT combinations. The 

OPE candidates defined by equation 5-18 are shaded in the· 

figures. Although no strong signal for ~++ production is 

. seen in the OPE candidates, there are 31 events out of 66 OPE 
. + 

candidates that have M(plT) < .2 GeV. Figure 5.22 presents 

the distributions of: (a) ~ ; azimuthal angle between the . . pp 

two final state protons and (b) M(p•lf+.lT-) 11 t" The ~ , . sma es pp 

distribution for the OPE candidates is similar to those of the 

entire 4 pronged 4C events .that are dominated by Single 

Diffractive Dissociation; namely there is an excess of events 

between 90° and 180°. + -Of 5·41 events in the pp 1r 1r final 

state,.l93 events are b.etween 0° and 90° and 348 events are 
. . . 

between 90° and 180°. As for OPE candidates, 25 events are 

in 0°-90° and 41 events are in 90°- 180° regions. In .the 

distribution of M(p•lT+.lT-) 11 . t 24 events (36%) out of 
. . sma es 

+ -66 OPE c~didates have M(p•1r •1r ) 11 t < 3 GeV. These sma es 

events could wel.l be· candidates for interpretation as Single 

Diffra.ction. The mass o~ the two pion system is shown in 

Figure 5.23 together with the rapidity of the lT+lT- combina-

tion. There are 24 OPE candidates in the mass range 0.6 < 

+ -M(lT 1T ) < 0.94 GeV, in which seven events have the corre-

sponding M(p•lT+.lT-) < 3·GeV. The cut M(lT+lT-) < 0.6 
· , smallest 

· GeV used by the ANL group (26) was criticized in Reference 

27 as "far beiow beginning of OPE region." This argument 
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in Reference 27 is somewhat oversimplified, since the newly 

proposed cut on the Z variable (5-18) does not eliminate the 

possible contamination from p 0 production at all. We shall, 

for the moment, assuine that real DPE events are dominated 

by a low mass s wave 1T1T system; namely, events with 

+ -M(1T 1T·) < 0.6 GeV. There are 27 DPE candidates with M(1T+.1T-) 

< 0.6 GeV in the data sample of this experiment. In addition, 
. + -

17 events out of·24 DPE candidates with M(p•1r •1r) < 3 GeV 

also have M(1T+.1T-) < 0.6 GeV. Thus 63% of the good DPE 

candidates (M(1T+1T-) < 0.6 GeV) are associated with low mass 

+ -enhc;mcement of the p 1r 1T system where the mass is smaller 

than 3 ,GeV. In the previo·us section, it was shown that 

factorization· satisfied * pomeron is if N mass is assumed ·to 

* also be less than 2.5 GeV. A cut at 3 GeV for 'the N mass 

. gave a reasonable result. If these facts are taken into 

account, one can conclude that a large fraction of the good 

DPE candidates (M(1T+1T-) < 0.6 GeV) are Single Diffraction 

eventG. Therefore, the CUt• (5-18) proposed by D. M. Chew 

has serious difficulty in.selecting DPE events in that it 

does not provide clean separation of DPE events from diffrac-

+ -tive events in the low M(1T 1r ) region. There are 7 DPE 

candidates. in HOOKUP 4 pronged · 4C channel at 200. and 300 

GeV/c. Of these; 6 events are also DPE candidates when SC 

info~tion is not u·sed. One HOOKUP DPE candidate does not 

.have DPE fit when the s~ information is ignored. Thus, the 
~ 
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uncertainty of kinematic fitting for OPE candidates is 

. relatively small. This may be due to the ·fact that SO% of 

OPE candidates have two-to;.. two division of particles in the.· 

CM frame. 

In this section, so far two points have been.discussed: 

a. The definition of OPE by D. M .. Chew is questionable. 

b. The· OPE candidates from bare BC data are relatively 

clean. 

Now one needs to discuss the heart of the problem; that is, 

the experimental feature of good OPE candidates. It was 

pointed out earlier that 63% of good OPE .candidates 

(M(1T+.1T-) < 0.6 GeV) may be single diffractive events: 

Then, how about the remaining 37%. of OPE candidates with 

+ - . M(1T •'IT ) < 0.6 GeV? Since z variables are equivalent to 

rapidity gapS,. Up tO diSplaCementS Of the Order ·of 1(27) 1 

it is not wise to reexamine the rapidity distributions of 

OPE candidates. Rapidity distributions and the relations 

between.Z variables and rapidity are shown in APP~NDIX B. 

By s·t:udyin·g .all other distributions for OPE candidates with 

'+ - + -. M(1T •1r ) < 0 •. 6 GeV and M(p•1T •1r >smallest> 3 Gev,· it is 

found that there is one interesting feature in the distri-

bution of «~>pp" There are 8 events in 0°- 90°, but only 2 

events are in 90° - 180° range. This is a remarkable con-

trast to the «~>pp distribution of Single Diffractive events, 

which had a peak at 180° (Figure· 5.22). The excess of OPE 
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events in 0 < ~ < 90° region may be attributed to the pp 
. + 
small azimuthal angle between _lT and 1r and the overall 

+ -transverse momentum conservation in the pp 1r lT final state. 

In sunnnary, .the clean OPE signal is small in the present 
. + - . . 

experiment. Based on the restrictions M(lT •lf ) < 0.6 GeV 
. + - . . 

and M(p•lT •1r ) ·11 t > 3 GeV, one obtains 10 OPE. events . · sma es 

which correspond to 16 ± 7 11b. 

E. TWo Particle~ Exclusive Azimu.thal Correlation 

An extensive literature has built up in recent years on 

the examination of inclusive two particle correlations at 

high energies ( 5) • However, most of the studies were 

restricted to the central region and·to the specific particle 

multiplicity range: < n> $ n $ 2 < n >. In low multiplicity 

events, there are complications due to diffraction and the 

details of the two particle correlation are unexplored as· 

ye_t at Fermi lab energies. In this section, attention is paid 

to the two-particle correlations in the 4-pronged and 6-

pronged events in pp interactions at 200 and 300 GeV/c. ·we 

shall confine ourselves to the study of two particle azi.muthal 

correlations. 

The azimuthal angle between the transverse components 

of the momenta of particles i and j can be defined as. (Figure 

5 . ·2 b.} • . ·- . 
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<Pij (5-21) 

·From transverse momentum conservation,·one expects: 

1 
< coscpij .> a: - n-l , 

where n is the particle multiplicity. This means.that the 

two particle azimuthal distributions have a peak· at cp = 180 o. 

The peak becomes less p·ronounced as the multiplicity increases. 

-- .. -~~----··--~--. ------·---- --·---· .. 

Beam· 
j direction 

Figure 5.24. · Azimuthal angle between 
particle i and particle j. 

The distribution in azimuthal angle .for events with n par-

ticles would be given by: 
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do ·do 
d~ ·= 2 n 

'i' ~· 
1.) 

(5-22) 

i>j 

An inte·resting quantity to .measure is the Asymmetry Coeffi­

.cient .A0 : 

do 7T do 
d; d!p]/ J d; d$ •· 

0 

(5-23) . 

The proto-statistical model (29) , which makes only two 

assumptions; namely that transverse momentum is conserved 
____ , .... ____ .. _··-··~· -------: ... "--···-

and that't.Q.e distribution in transverse momentum is a 

Gaussian dlst·ribution would. predict· that: 

A = 1 
n n-r 

·where n is the particle multiplicity. For n = 4 this yields 

A4 = 0.33 and for n = 6, A6 = 0.20, both of which would be 

independent .of energy. Any deviation of the experimental 

results from the An predicted by the proto-statistical model 

would indicate the existence of correlations due to some 

additional dynamical effect. 

A recent study by Pratap et al. (30) at 205 GeV/c con­

cludes·::::- i'that the~e are azimu.thal correlations present which 

cannot be explained solely by energy and momentum conser­

vation ••• " •. This result. of Reference 30 is based upon 

studies of ·t.he inclusive and· semi-inclusive data. In order 
.. ~ 
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to .Wlderstand the ef.fect,· a comparison is made in the present . 

~xperi1t1ent between th~ asynunetry.coefficients in the 

exclusive channel and the same coefficients in the semi-

inclusive channel. For this comparison, the identity of the 

proton is not always known in the unconstrained events with 

missing neutrai particles, so the coefficients have b~en 

calculated. using only the charges, that is A++, A+-, A 

or Ace where the latter includes all charged pairs. The 

results reported here for the semi-inclusive channel use only 

the data from the Iowa State group, but the results at 200 

GeV/c is consistent with the .result atthe same energy 

reported in Reference 30 except for A in the 6-pronged 

events. These results .are presented in Table 5. 6. The 

prediction (5-24) is in excellent agreement with the 

exclusive channel data. This strongly suggests that the two-. 

particle exclusive azimuthal correlation is dominated by the 

kinematics. There are obvious differences between the 

coefficients for the exclusive channel and those for the 

semi-inclusive channel. An attempt to use the proto­

statistical model to explain the coefficients for the semi-

inclusive data requires an average number of neutral par­

ticles well in excess of the measured average number of 

neutral particles for each topology, again in agreement with 

the conclusions of Reference 30. However, the above result 

may possibly be explained without using additional dynamical 

.·. 



Table 5.6~ Two particle azimuthal correlation. a 

Topology or 
Ace A++ +-Energy Final States A A 

+- 0.32 ± 0.02 0. 31 ± 0.02 0.32 ± 0.02 pp 1T 1T 

200 All 4 prongs 0.15 ± 0.01 0.13 ± 0.01 0.16 ± 0.01 -· 
GeV/c + - + - 0.20 0.01 0.17 0.02 0.25 0.02 .0.07 0.03 PP 1T 1T 1T 1T ±' ± ± ± 

All 6 prongs 0;;08 ± 0.01 -0.01 ± 0.01 0.17 ± 0.01 -0~22 ± 0.03 

....... 
w 
~ 

+ - 0. 33 0.02 0.33 0.03 0.34 . pp 1T 1T ± ± ± 0 .• 02 

300 All 4 prongs 0.14 ± 0.01 .0 .12 ± 0.01 0.16 ± 0.01 

GeV/c + - + - 0.15 0.01 0.09 0.01 0.21 0.02 0.06 0.02 pp 1T 1T 1T 1T ± ± ± ± 

All 6 prongs 0.10 ± 0.01 0.02 ± 0.01 0.19 ± 0.01 -0.21 ± 0.02 

acoefficients for exclusive channels are determined from complete data 
set (Experiment 2B) . ·Coefficients for semi-inclusive channel~ are from ISU set 

.only. Errors indicated are statistical errors only. 
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argume~t, if one considers the distribution of neutral par­

ticles, especially of n°'s ~ssociated with a particular 

multipl.1ci ty.. The averaged ~o, s mtil tiplici ty in n pronged 

events is: 
N 

<no> '1 '.l I ( 5-25) 
= n CJ I . n crn n ' n n· 1=0 

where CJ n: 1r
0 1 s production cross section in n-pronged events. 

CJn1 n: the· partial cross section for n 1 neutral pion pro-, . 

duction in n-pronged events. Then the asymmetry coeffici·ent 

for n~ronged events is given by: 
--~- . -.:. ··-· .. --·-·· .. -- ~ 

.1 N CJ I 

~ = r n -, n 
( 5.;.26) CJ ' (n+rt')-1 ·n 

n'=O 

Since CJn' , n is not available, no attempt is ·made to examine 

this point of view. In order to display the energy dependence 

of the 4ifference between the exclusive and semi-inclusive 

channels,· Figure 5.25 shows Ace for 4 and 6-pronged events, 

both exclusive· and semi-inclusive from .this experiment and 

the earlier 28.5 GeV/c data of Reference 30. An important 

+ -point to note for the asymmetry in. the pp + pp 'IT 'IT channel 

is the lack of energy dependence, particularly the lack of 

any sign of a decrease with increasing energy. The asymmetry 

· coefficients for different particle combinations at 200 and 

300 GeV/c are given in Table 5. i for each exclusive reaction. 
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. a 
Table 5. 7 .. ·Asymmetry parameters for exclusive channels. 

Asymmetry Parameters 

Ace. 

.+ . p 1T 
.A 

Ap 1T 

+ -
Alf 1T 

+ + 
Alf 1T 

- -
Alf 1T 

Final States 

+ - + - + -pp 1T 1T pp 1T 1T 1T 1T 

0.33 ± 0.01 0.19 ± 0. 01 

0.29 ± 0.03 0.26 ± 0.04 

0.34.± 0.02 0.14 ± 0.01 

0.37 ± 0.02 0.28 ± 0. 01 

0.26 ± 0.02 0.18 ± 0.02 

0.16 ± 0.03 

0.07 ± 0.02 

aErrors indicated are statistical errors only. 
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+ -The data are plotted in Figure 5. 26 for pp 1T 1T final state 

; . . . . + - + - . 
. and ~n F~gure 5. 27 for pp 1T 1T 1T 1T final state. · The correla-

tion among pions is weaker than the correlation between proton 

and pion or between proton.and proton. This has been known 

as "rnass effects" (29). This "mass effect" was also seen in a 

Monte Carlo calculation. Using a simple Matrix Element of the 

Diffractive Excitation.Modeland the experimentally determined 

t slopes in. the density function, the program FOWL (31) 

+ -reproduced the features of the pp 1T 1T final state quite well 

including the mass distributions, transverse momentum 

distributions and asymmetry coefficients. 
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VI. SUMMARY AND CONCLUSION 

The results of the present analysis are summarized as 

follows: 

1 •. . + -The cross sections for the pp -+ pp 1T 1T channel are 

856 ± 77 llb at 200 GeV/c • and 849 ± 111 llb at 300 GeV/c. For 

. +· -·+ -the pp -+ pp 1T 1T 1T _1T channel, the cross sections are 

484 ± 69 llb at 200 GeV/c and 527 ± 100 llb at 300 GeV/c. 

These results are consistent with pomeron dominance for 

these reactions at Fermilab energies. 

2. ·I~ is found that the ma~ority of events in the final 

+ ~ state .PP 1T 1T are associated with beam or target Diffractive 

Dissociation. + The low mass system of p•1r •1r predominantly 

·decays via a. ft+ intermediate state. For. this system, 

helicity conservation was studied. The results of this· 

study were not conclusive, but it should be noted that they 

do not support the conclusions of the-ANL group at 200 GeV/c. 

. + -It is also found that the spin of the p 1T 1T system is con-

sistent with ~.· for the "1450" MeV region but that higher 

spin states are required for higher mass regions. 

3. Strong evidence of Double Excitation is seen in 

+ - + -. pp 1T 1T 1T 1T final state at 200 and 300 GeV/c. Pomeron 

factorization is well satisfied in the mass region 

+ -
M(p•1T_ •'JI' >smallest< 2 • 5 GeV. 
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4. Using the definition of Double Pomeron Exchange from 

the work of D. M. Chew and the largest number of events 

presently available in a pp experiment at Fermilab energies, 

66 events in the pp 1r + 1r- final state are identified as 

candidates for bPE ·events at 200 and 300 GeV/c. Of 24 OPE 
. . + - . . + -candidates w1th M(1T 1r ) < 0.6 GeV, 17 events have M(p•7r •1r ) 

+ -M(p•1r •1r >smallest< 3.0 GeV. This indi.cates that the 

definition of OPE by D. M. Chew does not provide a clean 

separation of OPE events from Single Diffractive events. 

It was· found that the distribution of azimuthal angle between 

protons is quite different between good OPE candidates and 

the Single Diffractive events. 

5. . The two particle .exclusive azimuthal correlation 

~asured in the present experiment agrees quite well with 

the prediction of the protostatistical·model and is 

independent of energy between 200 and 300 GeV/c. 

In conclusion, the success of various as~ects of this 

experiment involving sc~m.ning, measuring, reconstruction and 

HOOKUP, background analysis of kinematic fitting and physics 

analysis strongly indicates that the BC-SC Hybrid System is 

an exceedingly useful device for studying the multiparticle 

exclusive react::. ions at Fermi lab energies. 
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IX. APPENDIX A: HOOKUP OUTPUT FORMAT 

The output format of the ISU versio~ of HOOKUP is almost 

the same as that of TVGP or SQUAW. The 7th word of BLOCK! 

contains ~he length of BLOCKS, which in turn contains all 

BC-SC matching records, regardless of whether they are good 

or bad. The 30th word of BLOCK2 tells whether the SC informa-. 

tion was actually used for this event. BLOCK3 is the same as 

the input TVGP records. If we do have a good. BC-SC matching 

record for a track, this replaces the corresponding track 
•·, 

. . ~: ; 

record· l.n BLOCK4 of TVGP. When there are two mass interpre-

tations (proton and positive pion in the present experiment) 
. . 

and the matching attempt for the second interpretation is 

successful, both interpretations are replaced by the HOOKUP 

record. If no SC data exists or tbe matching attempt fails, 

the raw TVGP records are used. The subroutine EDIT has 

options to d~ the following: . 

a. Substitute data corresponding to the aver~qed 

beam curvature and angles into tQe beam'track 

data position. 

b. Check the·curvature .and·the associated error of 

HOOKUP tracks. 

If the ratio 1:!. p/p · is greater than 0. 5, · the 

HOOKUP track is not substituted into the TVGP 

record. 
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X. APPENDIX B: Z VARIABLE AND RAPIDITY 

The details.of variable definitions are described in 

+ -Reference 27. ·For the process AB +Ann B, two Z variables 

can be defined: 

ZA tn s !l.n 1 
- = 1-X M2 + - A An 1T 

(10-1) 

and 

ZB tn s !l.n 1 
- = 1-X M2 + - B Bn n 

(10-2) 

where A and B are protons in the present experiment and X is 

the Feynman variable. The Double Pomeron Exchange (DPE) 

candidates are those which have: 

and 

or 

and 

_ZB 
e < 0.1 

z "> 2.3 • 
B -

The rapidity_ gaps between particles are related to z 

variables as follows: 

s = !l.n < M ><M > 
.1.A .1.B 

, 

(10-3) 



and 

where 

YA(1T + ·1T 

+ Ya(1T •1f 

y + - = 1T 1T 

- ) 

- ) 
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<M > 
~ ZA + R.n .L1T 

<M,~A> ' 

<M > 
.L1T 

~ ZB + R.n 
<M.LB> 

Figure 10.1 shows the .rapidity distributions of ~ + · and 1T 

+ -in the final state pp 1T 1T ·at -200 and 300 GeV/c, in which 

OPE candidates are· shaded. . Figure 10. 2 is the rapidity 

distribution of protons. Figure 10.3 shows the scatter 

+ ·-plot of.y(1T) with respect to y(1T ). 
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The rapidity distributions for the n+ and n 
in the reaction pp -+ pp n+n- at 200 and 300 
GeV/c. The OPE candidates are shaded. 
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The rapidity distributi.on for the proton in the reaction pp-+ pp 1T 1T 

at 200 and 300 GeV/c. The DPE candidates are shaded. 



0 
0 

pp-pp., + .,-

at 200 8 300 GeV,t 
{541 events) 

~~----------------------------------~ 

0 
0 

en 

0 
0 

lo 
...... 0 
CL • 

;:• 
0 
0 

C'7 
I 

a 
a 

all events 

· .. · . . ~ . 

: ~::(;: .. (:> ;~ ... :. · .. 
.- ·. .. : . 

·· . .. .. ·• 

• o• I :.·• .":.,_'',: • 

... 

.• ..... 

: . . . . . ~ 6.: . 
• :·: 0. • • 

.:.· .. · ,• 

. . - . . 

.. . . 

~+------.-------.------~-----.------~ 1-5.00 -3.00 -l.OO 1.00 3.00 5.00 
Y(PI+l 

Rapidity 

0 
0 

~ 

OPE candidates only 
0 
0 

en 

0 
0 -

. • . . . .. 
lo 

....... 0 
a.. . 
~~ 

>-
I 

a 
0 

"" I 

a 
a 

~+------.------~------~----~------~ 1-5 . 00 -3.00 -t.OO 1.00 3 . 00 ;;,:;~ 
ICPI+l 

Figure 10.3. Scatter plot of the rapidity of n+ with respect to the rapidity of 
7T- for the reaction pp -+ pp 'IT + 7T - at 200 and 300 GeV/c. 




