
LARGE MOMENTUM TRANSFER KAON-
PROTON ELASTIC SCATTERING AT BEAM
MOMENTA OF 100 GEV/C AND 200 GEV/C.

Item Type text; Dissertation-Reproduction (electronic)

Authors KRUEGER, KEITH WILLIAM.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:14:35

Link to Item http://hdl.handle.net/10150/186768

http://hdl.handle.net/10150/186768


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
p;lgf'(s) or secti0n, they are spliced into the film along with adjacent pages. This 
i-.-WY nave I1C:_' :ssitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the tilm is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, 01 copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note wiII appear listing the pages in 
the aeljacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photogr:Ji'hed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand corner of a large sheet and to 
con tinue from Ie n to righ t in equal sections with small overlaps. If necessmy, 
sectioning is continued again-beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost alld inserted 
in to your xerographic copy. These prin ts arc available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been f'ilmed. 

University 
/v\icrofilms 

International 
300 N. Zeeb Road 
Ann Arbor, MI481 06 





8322646 

Krueger, I(eith William 

LARGE MOMENTUM TRANSFER KAON·PROTOI\I ELASTIC SCATTERING AT 
BEAM MOMENTA OF 100 GEV/C AND 200 GEV/C 

The University of Arizona 

University 
Microfilms 

I nternationai 300 N. Zeeb Road, Ann Arbor, MI48106 

PH.D. 1983 





PLEASE NOTE: 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check marl<_..,I_. 

1. Glossy photographs or pages ~ 

2. Colored illustrations, paper or print __ 

3. Photographs with dark background ~ 

4. Illustrations are poor copy __ 

5. Pages with black marks, not original copy __ 

6. Print shows through as there is text on both sides of page __ 

7. Indistinct, broken or small print on several pages .. ~ 

8. Print exceeds margin requirements __ 

9. Tightly bound copy with print lost in spine __ _ 

10. Computer printout pages with indistinct print __ 

11. Page(s) IFlddng when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages __ . 

15. Other ______________________________________ __ 

University 
Microfilnls 

International 





LARGE MOMENTUM TRANSFER KAON-PROTON ELASTIC 

SCATTERING AT BEAr~ MOI'1ENTA OF 

100 GeV/c AND 200 GeV/c 

by 

Keith William Krueger 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PHYSICS 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 983 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by KEITH W. KRUEGER -----------------------------------------
entitled LARGE MOMENTUM TRANSFER KAON~PROTON ELASTIC SCATTERING 

AT B£AM MOMENTA OF lOOGEV!c AND 200GEV/c 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of PhD -----------------------------------------------------------

Date 

Date 

Date 

S/II/e3 
Date 

~~.] ( 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Disser'tation Di(;?ctor Date V 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requi rements for an advanced degree at The Uni versity of AY'i zona and 
is deposited in the University Library to be made available to bor
rowers under rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source 
is made. Requests for permission for extended quotation from or re
production of this manuscript in whole or in part may be granted by 
the head of the lIlaj or depa rtment or the Dean of the Graduate College 
when in his judgment the proposed use of the m~terial is in the in
terests of scholarship. In all other instances, however, permission 
must be obtained from the author. 



Dedicated to my parents, William C. Krueger and Marie T. Krueger, 

without whose support over the years this dissertation may never have 

happened. 

iii 



ACKNm~LEDGMENTS 

The author would like to thank Paul Karchin, Dave Kaplan and 

Sean McHugh. They and I made this experiment a successful one. 

The author would also like to thank W. F. Baker, D. P. Eartly, 

J. S. Klinger, A. J. Lennox, R. Rubinstein, R. M. Kalbach, A. E. Pifer, 

Hans Kobrak and J. Orear. Each of them contributed in various ways to 

the experiment. 

Special thanks to R. t~. Kalbach for giving me the opportunity 

to work on this experiment, and to E. Jenkins for taking over as my 

official adviser after his death. The author would also like to thank 

R. Rubinstein for serving as my unofficial adviser after R. t·1. 

Kalbach's death. 

Thanks to Otto Edoh for being a friend throughout the ordeal 

at the University of Arizona. 

The work was supported in part by the Department of Energy 

and the National Science Foundation. 

iv 



TABLE OF CONTENTS 

LIST OF ILLUSTRATIONS 

LIST OF TABLES 

ABSTRACT .. 

1. INTRODUCTION 

2. THE APPARATUS AND EXPERIMENTAL METHOD 

An Overview ...... . 
Beam and Beam Line .. 
Recoil Arm and Target 
Forward Arm . . 

Cerenkov Counters 
Threshold 
DISC ..... 

Portakamp and Associated Equipment 
Analysis of Events . 
Monte Carlo ......... . 

Acceptance . . . . . . . . . 
Trigger Matrices ..... . 
Testing the Analysis Program 

3. NORMALIZATION OF CROSS-SECTIONS 

Identification of Kaons and Corrections 
for Contamination 
Kaons Tagged by Cb . . . 
Kaons Chosen by Cf Only 

Intensity Effects ..... 
Low Intensity Corrections 
Decays of Pions and Kaons 
Inelastic Backgrouna and Radiative Corrections 
Final Cross-Sections ............ . 

v 

Page 

vii 

ix 

x 

1 

6 

6 
6 

13 
15 
16 
Ie 
26 
32 
::>5 
39 
39 
52 
54 

58 

60 
60 
76 
80 
83 
84 
88 
98 



TABLE OF CONTENTS--continued 

4. DISCUSSION ................ . 

Comparison of Kaons, Pions and Protons. 
Comparison of Particle and Anti-Particle 
Energy Dependence .. .... .... 
Geometrical Scaling 
Final Comments 

APPENDIX . 

REFERENCES 

vi 

Page 

111 

113 
119 .... 119 
124 
124 

127 

131 



LIST OF ILLUSTRATIONS 

Figure 

1. Previous data of da/dt vs. t for TIP and kp 
from ref. 1 . . . . . . . . . . . . 

2. Sketch of experimental arrangement . 

3. Sketch of most important region of the 
apparatus 

4. Picture of recoil arm 

5. C3100 M phototube response characteristics 

6. -200 GeV theoretical photoelectron distribution 

7. +200 GeV theoretical photoelectron distribution 

8. +100 GeV theoretical photoelectron distribution 

9. -100 GeV theoretical photoelectron distribution 

10. -200 GeV Cb pressure curve 

11. Kinematic diagram 

12. p3-p3b 

13. p4-p4b 

14. e4-e4m 

16. Acceptance curve 

17. +100 GeV Cf ADC all elastics 

18. -100 GeV Cf ADC all elastics 

19. +200 GeV Cf ADC all elastics 

20. -200 GeV Cf ADC all elastics 

vii 

Page 

3 

7 

8 

12 

18 

22 

23 

24 

25 

28 

40 

41 

42 

43 

45 

61 

62 

63 

64 



LIST OF ILLUSTRATIONS--continued 

Figure 

21. +100 GeV Cf ADC for Cb = 1 

22. +100 GeV demonstration of contamination 

23. -100 GeV Cf ADC for Cb = 1 

24. -100 GeV demonstration of contamination 

25. -200 GeV Cf ADC for Cb = 1 

26. +200 GeV Cf ADC for Cb = 1 

27. Fraction of kaons as a function of Cf ADC 

28. +100 GeV fraction of kaons as a function of Cf ADC 

29. -100 GeV kaon cross-section compared to gray disk 
model . . . . . . . . . . . . . . . . . . . 

30. -100 GeV kaon cross-section compared to pp 

31. -100 GeV comparison of kp to TIp 

32. -200 GeV comparison of kp to TIp 

33. +100 GeV comparison of kp to TIp 

34. +200 GeV comparison of kp to TIp . 

35. Comparison of all our kaon data 

36. -100 GeV and -200 GeV do/dt versus -tis for kaon5 

37. -100 GeV and -200 GeV do/dt vs. -tis 

38. -100 GeV (do/dt)/(do/dt)t=O vs. -t . 0tot 

" 

viii 

Page 

66 

67 

68 

69 

70 

71 

78 

79 

112 

114 

115 

116 

117 

118 

120 

122 

123 

125 



LIST OF TABLES 

Table 

I. Refractive index. 

II. (1 - vic) x 10-5 

III. Mean number of photoelectrons 

IV. Fringe count. 

V. Beam momentum 

VI. Beam composition (%) 

VII. CB efficiency (%) 

VIII. Acceptance 100 GeV 

IX. Acceptance 200 GeV 

X. Contamination 

XI. Limits of ratios 

XI I. Intensity correcti ons 

XII I. L imi ts of anti -rates 

XIV. Decay information 

XV. Predicted R.C. 's . 

XVI. Elastics/number before cuts 

XVII. Corrections to raw cross-sections 

XVII I. -Kaon cross-secti ons 

XIX. +Kaon cross-sections 

XX. -Pion cross-sections 

XXI. +Pion cross-sections 

XXI I. Resul ts from other experiments 

ix 

Page 

20 

20 

21 

30 

31 

31 

33 

47 

48 

75 

82 

83 

85 

87 

92 

93 

100 

101 

103 

105 

107 

110 



ABSTRACT 

Measurements of the differential cross-section for elastic 

scattering of positive and negative kaons off of a proton target are 

given in this dissertation. The beam momenta were 100 GeV/c and 

200 GeV/c. The range of t, the four momentum transfer squared, 

measured was 0.4 < -t < 3.0. The experiment was performed at 

Fermilab. 

The data is consistent with previous exper~ments. Because of 

the much greater statistical accuracy of this experiment, it is now 

clear that the apparent equality of the pion and kaon cross-sections 

at larger t was due to poor sta~';stical accuracy. 

The experimenta'\ results are not predicted by any theory. 

Furthermore, the difference between the pion and kaon differential 

cross-sections is not explained by geometrical scaling, as it was 

in the past. 
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CHAPTER 1 

INTRODUCTION 

This dissertation contains results of an experiment investiga

ti~g elastic scattering by the strong force. The experiment was per

formed at Fermilab in Batavia, Illinois. It was given the official 

designation of E577 and was performed in the M6 east beam of the Meson 

lab. 

The experiment produced differential cross-sections at lab 

energies of 100 GeV and 200 GeV for positive and negative pions, kaons 

and protons off of protons in the approximate ranges of 0.4 < -t < 3.0 

and 0.9 < -t < 11.0 respectively. The exact range of t measured de

pended on the particle cross-section, the particle percentage of the 

beam and the running time at that energy. The results of this experi

ment have already been published (refs. 17 and 18) or will soon be pub

lished (ref. 25). Because particle identification is different for 

each particle, the data was divided among three people. The pions were 

given to Paul Karchin (ref. 21) and the protons to Dave Kaplan (ref. 

22) for their dissertations. I was asked to extract the kaons and that 

will be the primary matter of interest in this dissertation. 

The motivation and goals for the experiment given in the experi

mental proposal are given below. 

A number of models exist for high energy elastic scattering. 

Examples are constituent scattering models, eikonal models, quark-glue 
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hadron models and pomeron models. This experiment offered the oppor

tunity to extend the existing data and perhaps differentiate between 

the models. In addition there were a number of empirical questions 

to be answered. 

1. Do new diffraction-type phenomena appear at high energies? 

In pp elastic scattering, the -t = 1.4 (Gev/c)2 dip is not present at 

100 GeV, but appears at 200 GeV. Does similar behavior occur in the 

meson-proton case? (The units of t vlill a'iways be (Gev/c)2 in this 

paper and will often be omitted for brevity.) 

2. The pi-p data at 23 GeV has an abrupt change of slope at 

-t = 3; is this still present at 200 GeV? 

3. All measured k and pi meson-proton differential cross

sections appear to be equal around -t = 1 with no momentum dependence 

between 14 and 200 GeV/c. Is this fortuitous or does it continue to 

be true at larger values of -t? 

These three points are basically the motivation for this ex-

periment. An example of some of the previous data is shown in Fig. 1 

from ref. 1. 

There are many articles dealing with elast~c scattering in the 

literature~ but probably the best general review article is the one by 

Giacomelli (ref. 2). The t"eader who wishes more of an introduction 

than given here should refer to that article. Cross-sections in high 

energy elastic scattering are generally expressed as a function of the 

four momentum transfer squared do/dt, where 

2 2 t = (P1 - P3) = (P2 - P4) 

2 
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Figure 1. Previous data of da/dt vs. t for TIp and kp from ref. 1. 
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(see Fig. 11; the four indices refer respectively to the beam particle, 

the target particle, the scattered particle and the recoil particle). 

Capital P is the four momentum P = (E,t). Lower case p is the three 

momentum, and 

E=~2 

is the energy, with c = 1. 

Unfortunately there exists no comprehensive theory to predict 

da/dt or otherwise unify elastic scattering. There are two main types 

of theories. 

1. Diffractive models (ref. 3) such as the Chou-Yang model 

which explains elastic scattering as follows. The particles involved 

are thought of as two opaque disks passing through one another with 

scattering probability proportional to opacity. This theory is able 

to fit the low t p-p data, but not the high t p-p data. 

2. Quark models such as that due to Donnachie and Landshoff 

(ref. 4) try to explain elastic scattering as quark-quark interactions. 

These models work not at all at low t and at high t they predict only 

the t dependence and do not predict the magnitude of the differential 

cross-section. Donnachie and Landshoff predict the differential cross

section to be proportional to a power of t; for the pp differential 

cross-section the power is -8 and for the pi-p cross-section it is -7. 

Based on simple quark counting, their arguments appear to imply that 

-8 should apply to all baryon-baryon cross-sections and the -7 to all 

meson-baryon cross-sections. Unfortunately, our kaon data does not 

reach the high t region where this model might be applied. 



To further orient the reader before leaving the introduction, 

would like to mention the well-known black disk predictions. If an 

object scatters off a totally absorbing black disk of well-defined 

radius R, then the total cross-section equals the sum of the elastic 

and inelastic cross-sections and they each equal TIR2. Therefore, the 

total cross-section is 2TIR2 and the differential cross-section is 

where J 1 is the Bessel function or order one. This has long been known 

to give incorrect quantitative results, but the qualitative feature of 

a forward peak followed by a dip and then a second maximum is seen in 

higher energy p-p, p-p, pi-p, and n-p data for instance. 

Another simple idea to provide orientation is that t is pro

portional to the distance inside the objects one is probing. Using 

the uncertainty principle, X· P - h, we get 

r = ~ = 0.197 GeV-Fermi 
Ft r-t 

In this experiment, then, the distance probe goes from approximately 

0.29-0.06 Fermi. Compare that to the proton radius of about 0.8 Fermi. 

5 



CHAPTER 2 

THE APPARATUS AND EXPERIMENTAL METHOD 

An Overview 

To describe every detail of an experiment of this nature would 

be a very lengthy undertaking for both the writer and reader; there

fore, I will describe the more important and interesting features. 

Fig. 2 is an attempt to show the big picture of the experiment (nothing 

is to scale in this picture) and Fig. 3 shows the region where most of 

the apparatus is located (Fermi lab and the basics of our beam line are 

also described in ref. 2). 

The experimental design is essentially the same as other elas

tic scattering experiments. Interactions were produced by directing 

a beam of particles onto a liquid hydrogen target. The scattering 

angle and momentum of the recoil particle and the forward scattered 

particle were measured in the separate magnetic spectrometers shown in 

Fig. 3. Each spectrometer consisted of a magnet to find the momentum, 

multiwire proportional chambers to find the trajectory, and scintilla

tion counter hodoscopes to prov~de the trigger. The momenta and angles 

from this information were then used to determine if the event was 

elastic. 

Beam and Beam Line 

Protons are injected into the Fermilab Accelerator Main Ring 

in such a way that they are in bunches separated by approximately 19 ns. 

6 
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and with widths of about 1 ns. These 1 ns time periods are referred to 

as buckets. These buckets are significant in our experiment because we 

only get beam during these buckets and we cannot differentiate between 

events in the same bucket with our equipment. After injection the pro

tons are accelerated by a RF cavity at the rate of about 100 GeV per 

0.8 sec (ref. 2) to 400 GeV in 1981 and 350 GeV in the 1980 running 

period and the 1979 test run. They are then directed out of the Main 

Ring to be split among the experimental areas, namely Proton, Neutrino 

and Meson. There was a train of pulses at one microsecond intervals 

linked to the accelerator cycle and set to the portakamp, containing 

the hardware logic, to enable the electronics to be live. The elec

tronics is gated off most of the time to avo~d recording detector 

noise. 

Before reaching the meson lab the proton beam is split into 

two beams which are then directed onto two targets. Six secondary 

beams were derived from these targets so that six experiments could 

be performed simultaneously. For the M6 line the proton beam is di

rected onto a target of beryllium to create positive and negative 

kaons, pions, and protons by inelastic collisions, Due to a design 

error the beryllium was not the only source of secondary particles. 

The collimator around the target acted as a source of secondary par

ticles. The ratio, in our experimental beam, between these sources 

varied as a function of the horizontal angle on the target (which we 

could adjust by use of a magnet called an AVB) and the vertical angle 

(which was controlled by the accelerator crew). The particles from 



the collimator had the effect of broadening the beam spatially and it 

had unknown (probably similar) effects on the slope distribution of 

the trajectories of the beam particles. 

10 

From the Be target the experimental beam is guided to the hydro

gen target by a series of dipole magnets, focused by quadrupole magnets 

and trimmed by collimators. The collimators intercept odd angle and 

wrong momentum particles and reduce the flux if need be. The experi

mental momentum was switched between ± 200 GeV and ± 100 GeV by changing 

the currents of the magnets. 

At about 968 ft from the Be target, particles with different 

momentum were separated spatially in x. The P-hodoscope was placed 

here to obtain the deviation of each beam particle from the average 

momentum, but due to multiple hits in the hodoscope elements it could 

not be used in this way for each event. The momentum spread determined 

from the P-hodos~ope was always approximately ± 0.5% from the central 

momentum. The hodoscope had 32 elements of width 3 mm, placed so that 

they were 1/3 overlapping. In addition to the momentum information 

the P-hodoscope gave a measure of the number of particles in each 

bucket. 

The positional distribution of the beam as measured in the 

first beam chambers B1Y and B1X is essentially flat in y with a half 

width of 0.85 in and an asymmetrical distribution in x of half width 

0.41 in. These widths vary with different running conditions, but 

the variance is not large enough to change the acceptance in the re

gion of interest (1 discuss acceptance later in this chapter). The 
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slope distribution determined from the beam chambers for y has a stan

dard deviation of approximately 0.0003 and approximately 0.0002 for x. 

This was larger than the values derived from the widths of certain 

elastic variables which depend 'iargely on the beam slope distribution. 

The problem arises because the inefficient chambers integrate over 

several buckets. This results in a high probability that the hits 

in the two chambers used to find the slope are uncorrelated, i.e., 

the correct hit may be missing. The actual values of the slope stan

dard deviations were determined to be approximately 0.0001 for x and 

y from the widths of the kinematic distributions. 

Close to the end of the beam line there was a DISC (differen

tial isochronous and self collimating) Cerenkov counter to identify 

minority beam particles and calibrate the threshold Cerenkov counter 

in the forward arm. 

To measure the amount of beam passing through the experiment, 

there were two beam counters Bl and B2. If a particle passed through 

both B1 and B2 and failed to pass through anti-counter AI, it was de

fined as a good beam particle (Bl • B2 • Al = BEAt~). A1 was a scin

tillator with a 2 in diameter hole in it. The average BEMl intensity 

was approximately 7 million per I sec pulse, but frequently higher; 

this makes it impossible for the beam counters to keep an accurate 

count for several reasons. Because of this problem, near the target 

we had three scintillators set up to look at the target as a telescope 

which we called the N-hodoscope, seen in Fig. 4 on the left center 



Figure 4. Picture of l'ecoil arm. 
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edge. It was used as a monitor of the beam intensity. An N count con

sisted of a coincidence between Nl, N2, and N3. 

Tc assist in measuring the number of particles in a bucket, 

the X-hodoscope is similar in design to the P-hodoscope. It had 16 

elements of width 4.5 mm and an overlap of 1/3 between scintillators. 

Recoil Arm and Target 

The coordinate system in the recoil arm is cartesian. The 

origin of the system is at the center of the target. The z-axis makes 

an angle of 25 degrees with the beam line increasing towards the recoil 

magnet. The y-axis is vertical increasing upward. The x-axis is de

fined to make a right handed coordinate system. Using a series of 

PWCs (described below), we can measure the x and y positions of the 

recoil particle at different values of z and compute from that the 

particle's trajectory. The Rand S hodoscopes (called HI and H2 in 

Fig. 3) provide momentum and trajectory information (although it is 

crude information). These hodoscopes, in conjunction with the hodo

scopes in the forward arm, are used to choose events that have kine

matics close to elastic kinematics. The proper combinations of hits 

in these hodoscopes form the trigger matrices which will be described 

in more detail later. 

The target was cylindrically shaped, one meter long (this di

mension was parallel to the beam direction) and 3 in in diameter, but 

due to Al the useful beam was restricted to a 2 in diameter region. 

The target is encased in mylar, wrapped with aluminized mylar, and 

surrounded by a vacuum vessel with a long exit window on the side by 



the R counters allowing unrestricted passage of the recoil proton. 

Additionally it has exit windows on the ends, so the beam can pass 

through unrestricted. Fig. 4 is a photograph of the target region, 

part of the recoil arm and the reco; 1 magnet. In the pi cture the 

target is in the lower right hand corner blocked from view by one of 

the anti-counters; the tube base holder is in the foreground. 

The recoil particle travels through the R hodoscope (called 

HI in Fig. 3 and partially visible in Fig. 4) and then passes through 

multiwire proportional chambers (abbreviated MWPC~ sometimes just 

referred to as PWC). Station 'PI (Fig. 3) consists of 2 x and 3 y 

PWCs. An MWPC is a simple device consisting of a rectangular frame 

of thickness approximately 2 in enclosed with mylar; inside there are 

14 

a series of parallel wires at a positive potential of several thousand 

volts and a parallel plane on each side of the wires about 5 mm away 

at a negative potential. A special gas is used to produce a large 

number of electrons when a charged particle passes through the chamber; 

the gas also has a higher breakdown voltage than air. These electrons 

are then attracted to one (sometimes two or more) of the wires pro

ducing more free electrons by collision before reaching the wire. 

These electrons produce a current in the wire, which is detected and 

amplified by amplifier cards attached to the wires through connectors 

on the edges of the chambers (some of the connectors can be seen to 

the lower left of center in Fig. 4 and part of a chamber is seen to 

the right of that). The effective number of wires per inch in our 

experiment runs from 6.5 to 20 and the total number of wires per cham

ber from 48 to 680. 



The object covering the rear of the photograph (Fig. 4) is 

the 72D18 magnet. Hidden from view is an aperture of height 12 in 

and width 72 in through which the recoil proton passes. There is a 

vertical field in the magnet with field integral of 353.5 kgauss-in 

(the same under all running conditions). The field changes the tra

jectory of the proton in the x-z plane according to the relation 

p(GeV/c) = 0:000762(35~.5~ 
Slneout - Slneln 

where e is the angle between the particle's trajectory and the z-axis 

and the constant is to convert the units to GeV/c. The trajectory 

after the magnet is measured by chambers at stations P2, P3, and P4. 

Forward Arm 

The coordinate system in this arm is cartesian and has the 

same origin as the recoil ann. The beam line is the z-axis, the 

y-axis is the same as in the recoil arm, and the x-axis is then de-

fined to make a right handed coordinate system. The trajecto~y and 

momentum of the forward scattered pRrticle is obtained in a similar 

fashion to the method used in the recoil arm. There are two BMI09 

magnets in the forward arm; each has an aperture of 24 in width and 

8 in height. The two magnets have total field integrals equal to 

1316 kgauss-in at 100 GeV and 2607 kgauss-in at 200 GeV. 

The threshold Cerenkov counter was designed primarily to 

separate protons from less massive particles, but aposteriori identi-

fied kaons at 100 GeV. It will be discussed in the next section. 

15 
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The forward arm hodoscopes F-alpha (H3) and F-beta (H4) each 

consist of seven elements positioned in such a way that an elastically 

scattered particle that goes through the nth element in one goes 

through the nth element in the other. This correlation was part of 

the trigger for an elastic event. 

In the empty spaces between the target and the fi rst Br~109 

two helium bags were placed to reduce multiple scattering and absorp

tion from what it would be in air to a negligible amount. 

Cerenkov Counters 

Threshold 

The threshold counter (hereafter called Cf) consisted of a 

cylindrical tank approximately 91 ft long and 5 ft in diameter filled 

with He gas at a pressure below the threshold for radiation by protons. 

Radiation from pions and kaons is reflected from a segmented mirror at 

the end onto a single phototube. The phototube pulse is received in 

the portakamp and is recorded two ways: 

1. If there is a signal above a preset discriminator level, 

the latch is on; if the signal is below that level, it remains off. 

(This status is later recorded on magnetic tape as a 1 or a respec

tively.) 

2. As a digital representation of the integrated energy 

deposition; in other words, the analog signal goes through an analog

to-digital converter (ADC). This ADC signal depends on the number of 

photons that reach the phototube and their wavelengths. 
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See Fig. 5 for the response characteristics of the C3100M RCA photo

tube used. This figure is obtained from ref. 5 and is just a qualita-

tive reproduction to give a general idea of its characteristics. 

To get any Cerenkov radiaticol the condition vnlc > 1 must be 

met. This can be rewritten as 

vII c > n = 1 + en - 1) ~ 2 - n 

for n - 1 « 1; therefore, n - 1 > 1 - vic. It is convenient to ex-

press the relationship between n and vic this way, because they are 

both close to 1 for our experiment. 

When the above conditions are met, the mean number of photo

electrons produced is 

N = AL [1 _ 1 ] 
(vn/c)2 

N = 2AL [( n - 1) - (1 - *) ] 

where L is the length of the Cerenkov counter (5486 cm) and A is the 

number of photoelectrons produced per cm. A includes the efficiency 

of collecting the photons. A is variable but typically 150 cm- I 

(ref. 6) giving 2AL = 8.23 x 105. The exact value of A is not impor-

tant here because I will just use it to show the general relationship 

between pion and kaon Cerenkov radiation; it will not be used to 
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Spectal Response 

100 

10 

1 

200 600 

wavelength in nanometers 

Figure 5. C3100 M Phototube response characteristics. 



analyze the data. Since A is a multiplicative constant, if the true 

value is different from the one used, it will shift both the pion and 

kaon distributions. 

Now the index of refraction for He is (ref. 6) 

-6 P 
1 + 32.9 x 10 14.7 lblin 

The next three tables give information relevant to calculating the 

mean number of radiated photoelectrons. Table I has the index of re

fraction under the various running conditions of this experiment. 

Table II gives 1 - vic versus p. Table III shows the mean number of 

photoelectrons under different conditions. 

Figures 6 through 9 are plots of Poisson distributions 

= exp(-N)Nn 

Pn n! 

where n is the number of photoelectrons and N is the mean number of 

photoelectrons. The means are on the plots k(solid) and pi(dashed) 

weighted at each energy by the beam percentages for that energy in 

1980. Notice that for n < 4 at 100 GeV kaons are the dominant 

particle. This gives one the hope that pions and kaons can be sepa

rated by Cf alone at 100 GeV. In actuality, this was discovered ex-

19 

perimentally and then looked at theoretically as I will discuss later. 

At -200 GeV the k distribution is completely buried under the pi 

distribution. At +200 GeV the kaons are not quite so deeply buried. 
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Table I. Refractive index. 

Year p(GeV) PSI (n - 1) x 10-5 

1980 100 7.14 1.598 

1980 200 4.54 1. 016 

1981 -200 4.5 1.007a 

1981 200 4.15 0.940 

1981 100 8.52 1. 907 

aEarly on. He was contaminated. 

Table II. (1 - vic) x 10-5 

p(GeV) Prot. k pi 

99 4.49 1. 24 0.0994 

101 4.31 1.19 0.0955 

198 1.12 0.311 0.0249 

200 1. 09 0.305 0.0244 
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Table III. Mean number of photoelectrons 

Part. PSI P(GeV) N 

k 7.14 99 2.94 

k 7.14 101 3.35 

pi 7.14 99 12.3 

pi 7.14 101 12.4 

k 4.5 197 5.7 

pi 4.5 197 8.1 

pi 8.52 99 14.9 

k H.52 99 5.49 
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DISC 

Description. In contrast to the threshold counter pions, kaons, 

and protons all radiate in the DISC and no measure is made of energy 

deposition. The DISC (which will be referred to as Cb from now on) 

uses the difference in Cerenkov angle between the particles, which all 

have the same momentum; this property is what is implied by differen

tial. Isochronous means the photons from a single particle traveling 

along the counter axis arrive at the phototubes at the same time. 

Self-collimating means the Cerenkov light is made parallel to the axis 

of the counter; this happens when the Cerenkov light is reflected off 

of a spherical mirror. The light then passes through lenses which 

correct for chromatic and spherical aberrations and is focused onto 

an annular diaphragm aperture behind which are phototubes. Only for 

a certain range of pressure will light of a particular particle type 

pass through the diaphragm opening and be detected by the phototubes. 

There were eight photo tubes spaced evenly around the diaphragm 

opening. They were divided by electronic logic into two sets of four, 

up and down versus left and right. The identification of a particle 

by Cb required that three of four in each set have coincident signals 

and also that this be coincident with a BEAM count. This eliminated 

random signals from Cb. This coincidence is recorded as a scalar, 

Cb'B, so that we know the number of particles identified. It is also 

recorded as a latch for all triggers to assist in identifying the 

scattered particle. 

We also had the ability to vary the width of the diaphragm 

opening; this was necessary because the pion and kaon Cerenkov angles 



are close at 100 and 200 GeV. One is confronted with the problem of 

narrowing the diaphragm opening to ensure that pions are notidenti

fied as kaons and losing some of the kaons because their beam phase 

space results in their light cone being off of the diaphragm opening. 

In the end the diaphragm was set to ensure no more than 1/2% pion 

contamination in the kaon signal. 

Figijre10is an example of a Cb pressure curve. On the x-axis 

is the fringe count, which is proportional to the gas pressure, in 

arbitrary units and on the y-axis is the number of counts per million 

beam particles. 

On top of Cb and connected to it by pipes, so that it would 

have the same pressure, was an interferometer. A laser beam was 

directed into the interferometer to make the interference fringes. 

21 

A count of the number of fringes passing over a photodiode was sent 

into the dungeon (tile name given to the room containing the power 

supplies and the electronics of Cb). This count is proportional to the 

gas pressure. Unfortunately, due to equipment problems the zero of 

the fringe count was always shifted. This caused no great difficulty 

because we needed the fringe count only to record changes in pressure 

and for that it worked well. For rough pressure measurements there 

was a mechanical gauge connected to the Cerenkov counter. 

Beam momentum. Since the distance in fringes between the peaks 

of the different particles in the pressure curves such as Fig. 10 de

pends on the mon~ntum, there is a way to get the momentum from the dif

ference of the fringe counts for each particle. The general relation 

between velocity and momentum is: 
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Figure 10. +20U GeV Cb pressure curve. 
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For Cerenkov light the index of refraction equals 

1 
n = (vic) cose 

where e is the Cerenkov angle. For the interferometer n = kf, where 

f is the fringe count in absolute terms and k is a constant which de

pends on tne gas composition. From a Cern program we have the rela- . 

tion between momentum and fringe count at several values of momentum. 

See Table IV. 

Since the fringe count is shifted by some unknown number, I 

had to rely on the differences 

n1 - n2 = k(f1 - f2) = k f12 

substitute for vic from above to get 

I 2 2 122 
k f12 = vp + m1 - vp + m2 

p cose 

For p » m 

k • f12 = (m1 2 _ m22) 
(2p2 cose) 

Rearranging terms gives 

= (c/v1) - (c/v2) 
cose 

2k case = (m1 2 - m22) = 
(p2 • f12) 

constant 

The right hand side consists of constants which can be evaluated using 

the information from Table IV. For example, take pi and p at 100 GeV, 

the constant is approximately 6.0 x 10-8. This could also have been 

29 



Table IV. Fringe count. 

p 

100 

200 

Pion 

10034 

10010 

Kaon 

10406 

10104 

Proton 

11469 

10369 
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obtained from tile DISC manual (ref. 7) which states that 2k = 6 x 10-8. 

This is the same answer, since cose is approximately 1. With mass and 

energy expressed in GeV, we get 

(m12 _ m22) 1/2 
p = -~~---'---;;-

(f12 • 2.45 x 10-4) 

As a check try it at 200 GeV to get p = 199.93 GeV. Table V gives the 

average momentum for the different running conditions determined by 

this method. The estimated uncertainty is 0.5% based on the uncertain-

ty in finding the center of the peaks. 

~eam composition. The Cb pressure curves could also be used to 

find the composition of the beam broken down by particle :ype by silllply 

finding the ratios of the peaks to each other and then normalizing to 

100%. There are some electrons and muons added to the pions because 

the counter cannot tell them apart, but previous experiments found 

that number to be negligible. Table VI contains the composition of 

the beam for all our various running conditions. The variation between 
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Table V. Beam momentum. 

Year P(GeV) 

1980 -101 

99.3 

-198.0 

200.0 

1981 -99.8 

100.0 

-198.0 

201. 0 

Table VI. Beam composition (%) • 

p(GeV) Year pi k p 

-200 1981 94.5 4.73 0.756 

1900 95.8 3.83 0.41 

+200 1981 17.5 2.89 79.6 

1980 14.0 2.5 83.4 

-100 1981 92.08 4.9 3.03 

1980 90.77 6.02 3.21 

+100 1981 63.33 4.99 31.68 

1980 49.54 4.73 45.73 
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years is due to the fact that the primary energy of the protons hitting 

the Be target changed from 350 GeV in 1980 to 400 GeV in 1981. 

Tagging efficiency. Cb could not tag all particles of the type 

it was set for, even if the diaphragm was open up completely. This is 

due to beam divergence and photon statistics. The efficiency was meas

ured by taking the ratio of Gated BEAM.Cb to Gated BEAM (this will be 

defined in the next section) and then comparing to the numbers in Table 

VI. The efficiencies are in Table VII in percentages. 

More will be said about the Cerenkov counters when kaon identi

fication is discussed. 

Portakamp and Associated Equipment 

The portakamp is the place where the data is fed by cables 

from all the chambers, hodoscopes, etc. This is where the decision is 

made whether or not to put an event on magnetic tape. The pulses from 

the phototubes of the hodoscopes and other counters are put into dis

criminators. The output from each discriminator is then put into a 

latch and/or scaler. The latch information is used to do the trigger 

logic. The trigger logic is done by putting the appropriate discrim

inator outputs into coincidence to check that the Inatrix conditions 

(discussed in a later section) are met and that there is no veto. If 

there is an elastic trigger, a signal is sent to the PDP-II computer 

to read the event information and put it on magnetic tape. 

There are a number of ways to veto an event. First, the tar

get is surrounded on three sides by counters A2, A3, and A4. They 

are placed so as to record charged particles leaving the target in 
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Table VII. CB efficiency (%). 

p(GeV) Year k p 

100 1980 66. 63. 

-100 1980 60.2 

+200 1980 24. 

-200 1980 8.7 

+100 1981 81.9 

a direction which will not go through the main part of the apparatus. 

Any event that has a Signal from A2, A3, or A4 is vetoed on the assump

tion that it is an inelastic event. Second, if there is more than one 

count in the R, S, or F-alpha hodoscopes in one bucket, it is vetoed 

on the same assumption. With the F~beta hodoscope the event is vetoed 

if more than three elements are hit. There are many spurious hits in 

F-beta because the beam must pass through the mirror in Cf and may 

interact. Also these counters overl~p, so some of the time two coun

ters will be hit even if there is no interaction in the mirror. 

We did not learn until after we finished data taking that we 

had vetoed many elastic events. Additionally, we had beam counter 

problems; the beam counters were unable to keep an accurate count at 

hi gh intensity. The greater the beam i ntens ity duri ng a spi 11 the 

greater the probability of an event being vetoed. We had to project 



to zero intensity, using a spill by spill analysis to get various 

intensities, in order to normalize the data. 
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If a particle is scattered through the R hod6scope (HI) and 

passes through the S hodoscope (H2) in such a way that the combination 

of elements hit is the same as an elastic event, then the exberiment 

is gated off to preserve the event information in latches. What is 

meant by Gated Beam is that portion of Beam excluding the Beam ar

riving during the above described condition. (There are a number of 

other Gated quantities which are defined the same way.) Because the 

recoil arm is shorter and closer to the portakamp than the forward 

arm we must wait for information from'the forward arm to determine 

whether or not there is an elastic trigger. If the answer is yes the 

order is sent to the computer to read the event information from the 

latches, PWCs, and scalers and store it on magnetic tape. 

The outside logic, electronic logic outside the portakamp, 

was placed as shown in Fig. 2. We had two different groups of cham

bers (what we called 290 and Cornell chambers) with two different 

kinds of readout systems. Due to timing problems we had to have a 

station outside the portakamp to do the trigger logic for the Cornell 

chambers. The decision to read these chambers was made separately 

by this logic. 

Of great importance to ensure quality data was the program of 

the on-line PDP-II to monitor hits per wire in the chamber and hits 

per hodoscope element. By continuously displaying these on a CRT, 

we could note and fix sudden failures, such as a dead wire, an on 



wire (hot wire) or efficiency changes. Since the system is redundant 

in PWC planes some of the above failures are acceptable for a short 

while during a data run. 

35 

The beam line magnet power supplies were monitored on a system 

external to our experiment, but we had the information on a CRT. A 

watch system existed to give an alarm when a current drifted too far 

from its desired value. 

Analysis of Events 

The analysis of the events was done on the Cyber 175 computers 

at Fermilab. The E577 program started as a simple revision of a pro

gram for an earlier elastic scattering experiment, E290, and was ex-

tensively rewritten by Paul Karchin. will just give an outline 

here; if more detail is needed see ref. 21. 

Tracks are chosen in each arm and then checke. to see if they 

meet basic geometrical constraints, i.e., do the tracks from the for

ward and recoil arms, before the magnets, meet in the target and do 

the tracks before and after the magnets meet in the center of the 

magnet? If there is more than one choice meeting these constraints, 

then all possible combinations are used in the kinematic tests. 

The event is then analyzed kinematically as an elastic event. 

There are four quantities that were used as tests for an elastic 

event. 

1. The measured forward momentum minus the momentum predicted 

from the forward angle and the initial momentum. 
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2. the measured recoil angle minus the recoil angle predicted 

from the forward angle and the initial momentum; 

3. the measured recoil momentum minus the momentum predicted 

from the forward angle and the initial momentum. 

4. The last constraint is just that the event be coplanar 

(occur in a plane). This means that the projections of p3 and p4 in 

the x-y plane must be anti-parallel, within our resolution. 

This is how the above relations are derived for our experi-

mental situation shown in Fig. 11. 

Index 1 refers to the beam particle, index 2 to the target 

particle, index 3 to the forward scattered particle, and index 4 to 

the recoil particle. The following basic relations allow one to 

derive everything needed: 

t = (PI P3)2 = m1 2 + m3 2 - 2EIE3 + 2PIP3cos83 

t = (P2 P4)2 = -2m2(E4 - m2) 

-+ -+ -+ 
pI = p3 + p4 El + m2 = E3 + E4 

Knowing that for the forward particle p » m allows much simplifica-

tion, since then E = p. 

Equate the two different expressions for t to get 

-2m2(pl + m2 - p3 - m2) = 2m1 2 - 2plp3 + 2plp3coS83 

-m2pl - m2p3 = -m2p3 - plp3 + plp3coS83 

p3 m2pl 
pIll - COS83} + m2 
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Fi gure 11. Ki nemat i c di agram. 
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Call the momentum determined from the change in angle through the for

ward magnet p3b then 

Ip3 - P3b l < 3 sigmal 

where sigmal is the experimental standard deviation of this difference; 

this is condition I. 

In 0rder to get condition 3 the value of p3 computed above is 

used in the energy conservation equation giving 

If p4b is the momentum determined from the change in angle in passing 

through the recoil magnet, then 

Ip4 - P4b l < 3 sigma3 

where sigma3 is the experimental standard deviation of this difference. 

Now if the above value of p4 is used in the momentum conserva

tion equation, we get 

(p1 2 _ p32 _ p42) 
cos(83 + 84) = 2p3p4 

If 84m is the measured value of 84 then 

184 - 84m/ < 3 sigma2 

where sigma2 is the standard deviation of this difference. This is 

conditi on 2. 

Condition 4 is expressed as 

14>3 - <1>4 - 1T 1 < 3 s i gma4 

where <1>3 and <1>4 are the angles measured in the x-y plane of the 



projections of p3 and p4 onto the x-y plane; sigrna4 is the standard 

deviation of this difference. 

Figures 12-15 are examples of each of these four tests for 

events in the Cf adc region of kaon dominance at -100 GeV. 

Monte Carlo 

For those unfamiliar with the expression, a Monte Carlo pro

gram is just a computer simulation. For this experiment, I worked 

heavily on the Monte Carlo starting with a program written for E290; 

it was completely rewritten reducing the code by an order of magni

tude and increasing the speed by the same order. Vertical focusing 
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in the recoil magnet was added to the program which made approximately 

a 5% increase in acceptance at the lowest value of t. Interestingly, 

vertical focusing combined with the corkscrew effect (a reference to 

the spiral path a charged particle follows through the magnetic field) 

could change the y position at the S hodoscope by as much as 12 in. 

There are a number of ways in which the Monte Carlo is used and I 

will now describe each one in turn. 

Acceptance 

Acceptance is the fraction of elastic events occurring in the 

target that will pass through both arms without hitting any obstruc

tion and thereby cause a trigger. It is of course a function of t. 

The acceptance calculations include only the geometrical problem of 

whether or not particles pass through the apparatus and satisfy the 

conditions of the trigger matrices. To compute the acceptance one 

chooses randomly the phase space for a beam particle. The z position 
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of the interaction in the target is chosen randomly. The beam is then 

projected from the beam chambers to the interaction point. Then one 

chooses a value of t for the interaction and a value for phi (the angle 

in the x-y plane of the forward scattered particle's momentum projected 

onto the x-y plane). The forward scattered particle is projected 

through the forward arm checking at various values of z to see that it 

can physically pass through the apertures; if not the event is a failure. 

If the forward scattered particle survives to the end then the program 

goes back to the target and projects the proton through the recoil 

arm again checking at various values of z to make sure it can pass 

through the apparatus. If it does, then a check is made to see that 

the event satisfies the matrix requirements of the hodoscopes. 

Repeating this procedure many times gives the acceptance ex

pressed as 

A(t) successes(t) 
no. of trials(tT 

with fractional uncertainty of l/Jsuccesses(t). The actual equations 

used are different because one uses simple techniques to avoid looking 

at events which would not have a chance. 

Fig. 16 is a plot of the acceptance at 200 GeV. The acceptance 

near the edges of the range of our acceptance is not accurate and is 

unstable; it changes when the beam phase space distribution changes. 

Also our knowledge of the positions of hodoscopes and magnets is limit-

ed to approximately ± 0.06 in. Though we have data right to the limit 

of our acceptance, we do not know the acceptance there and cannot use 

that data. This problem is typical and unavoidable. r·1uch time was 
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spent testing the sensitivity of the acceptance to various parameters 

such as the divergence of the beam. In the end it was concluded that 

o~r acceptance was most affected by the variation in momentum and that 

the distribution of the slopes of the trajectories of the beam par

ticles were next in importance. More than a million events were 

created by Mente Carlo for each value of momentum shown in Tables 

VIII and IX. 

In Tables VIII and IX the acceptance is given for two differ

ent momenta near 100 and 200 GeV respectively. The acceptance is 

given in percentages. At 201 GeV the acceptance is nearly that of 

the 198 GeV acceptance; therefore, at 201 GeV the acceptance is given 

only in and near the region where interesting differences exist from 

198 GeV. The uncertainties given in the tables are statistical only. 

Compare the acceptance for p = 198 GeV with that for p = 201 GeV. 

For -t > 0.8 there is no statistically significant difference until 

approximately -10.5(GeV/c)2. Now make the same kind of comparison 

between 101.5 GeV and 99.5 GeV; significant differences appear by 

-t = 2.6. Unfortunately, our ability to choose the central mJmentulTI 

was limited to this inaccuracy, i.e., we wanted 100 GeV, but could 

get an energy 1% different. Also, it was difficult to keep the beam 

line magnet power supplies steady vJithin 0.5%, over the long term, 

so the central momentum may have drifted by this much after we meas

ured it. Since we had so little high t data at 200 GeV where accep

tance variations exist, it does not really cause any concern at this 

energy. For t < 0.9, at 200 GeV, we determined that the calculated 

acceptance was wrong based on the behavior of the cross-section 
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Table VIII. Acceptance 100 GeV 

-t 101. 5 99.5 

0.3 0.029 ± 0.001 0.040 ± 0.001 

0.4 0.130 ± 0.002 0.131 ± 0.002 

0.5 0.224 ± 0.003 0.224 ± 0.003 

0.6 0.338 ± 0.004 0.335 ± 0.004 

0.7 0.468 ± 0.006 0.467 ± 0,006 

0.8 0.601 ± 0.007 0.600 ± 0.007 

0.9 0.744 ± 0.003 0.741 ± 0.008 

1.0 0.906 ± O.OlD 0.880 ± 0.009 

1.1 1.03 ± 0.01 1.03 ± 0.01 

1.2 1. 20 ± 0.01 . 1.20 ± 0.01 
1.3 1.32 ± 0.01 1. 33 ± 0.01 

1.4 1.48 ± 0.01 1. 51 ± 0.01 

1.5 1. 65 ± 0.02 1. 66 ± 0.02 

1.6 1.80 ± 0.02 1. 79 ± 0.02 

1.7 1. 93 ± 0.02 1. 95 ± 0.02 

1.8 2.09 ± 0.02 2.07 ± 0.02 

1.9 2.25 ± 0.02 2.24 ± 0.02 

2.0 2.36 ± 0.02 2.38 ± 0.02 

2.1 2.52 ± 0.02 2.53 ± 0.02 

2.2 2.68 ± 0.02 2.71 ± 0.02 

2.3 2.83 ± 0.02 2.83 ± 0.02 

2.4 2.98 ± 0.02 2.93 ± 0.02 

2.5 3.11 ± 0.02 3.12 ± 0.02 

2.6 3.24 ± 0.02 3.07 ± 0.02 

2.7 3.22 ± 0.02 2.33 ± 0.02 

2.8 2.48 ± 0.02 0.89 ± 0.01 

2.9 1.04 ± 0.01 0.17 ± 0.003 

3.0 0.23 ± 0.003 0.0108 ± 0.0006 

3.1 0.0208 ± 0.0009 0.0002 ± 0.0001 
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Table IX. Acceptance 200 GeV. 

-t 198.U 201.0 

0.7 0.071 ± 0.002 0.OH95 ± 0.002 
0.8 U.448 ± 0.007 0.450 ± 0.007 

0.9 0.71 ± 0.01 

1.0 0.82 ± 0.01 

1.1 1. 01 ± 0.01 

1.2 1.15 ± 0.02 

1.3 1. 29 ± 0.02 

1.4 1.45 ± 0.02 

1.5 1. 55 ± 0.02 

1.6 1.77 ± 0.02 

1.7 1.89 ± 0.03 

1.8 2.00 ± 0.03 

1.9 2.17 ± 0.03 

2.0 2.31 ± 0.03 

2.1 2.47 ± 0.03 

2.2 2.62 ± 0.03 

2.3 2.73 ± 0.03 

2.4 2.92 ± 0.03 

2.5 3.10 ± 0.04 

2.6 3.21 ± 0.04 

2.7 3.30 ± 0.04 

2.8 3.33 ± 0.04 

2.9 3.52 ± 0.04 

3.0 3.53 ± 0.04 

3.1 3.68 ± 0.04 

3.2 3.65 ± 0.04 

3.3 3.67 ± 0.04 

3.4 3.78 ± 0.04 

3.5 3.77 ± 0.04 

3.6 3.72 ± 0.04 
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Table IX. Acceptance 200 GeV (~ontinued). 

-t 198.0 201.0 

3.7 3.70 ± 0.04 
3.8 3.76 ± 0.04 

3.9 3.84 ± 0.04 

4.0 3.91 ± 0.04 

4.1 4.00 ± 0.04 

4.2 4.10 ± 0.04 
4.3 4.09 ± 0.04 

4.4 4.09 ± 0.04 

4.5 4.10 ± 0.04 

4.6 4.26 ± 0.04 

4.7 4.17 ± 0.04 

4.8 4.29 ± 0.04 

4.9 4.20 ± 0.04 

5.0 4.35 ± 0.04 
5.1 4.24 ± 0.04 

5.2 4.24 ± 0.04 

5.3 4.30 ± 0.04 
5.4 4.28 ± 0.04 

5.5 4.31 ± 0.04 

5.6 4.47 ± 0.04 

5.7 4.49 ± 0.04 
5.H 4.50 ± 0.04 

5.9 4.46 ± 0.04 

6.0 4.61 ± 0.04 

6.1 4.66 ± 0.04 

6.2 4.60 ± 0.04 

6.3 4.59 ± 0.04 

6.4 4.66 ± 0.04 

6.5 4.75 ± 0.04 

6.6 4.75 ± 0.04 
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Table IX. Acceptance 200 GeV (continued) . 

-t 1Y8.0 201.0 

6.7 4.74 ± 0.04 

6.8 4.69 ± 0.04 

6.9 4.78 ± U.04 

7.0 4.70 ± 0.04 

7.1 4.66 ± 0.04 
7.2 4.72 ± 0.04 

7.3 4.57 ± 0.04 

7.4 4.65 ± 0.04 

7.5 4.67 ± 0.04 

7.6 4.65 ± 0.04 

7.7 4.74 ± 0.04 
7.8 4.85 ± 0.04 

7.9 4.92 ± 0.04 

8.0 4.94 ± 0.04 

8.1 4.95 ± 0.04 

8.2 5.04 ± 0.04 

8.3 4.96 ± 0.0Ll-

8.4 4.95 ± 0.04 

8.5 4.91 ± 0.04 

8.6 5.03 ± 0.04 

8.7 5.04 ± 0.04 

8.8 5.0<+ ± 0.04 

8.9 5.00 ± 0.04 

9.0 5.01 ± 0.04 

9.0 5.11 ± 0.04 

9.2 5.00 ± 0.04 

9.3 4.93 ± 0.04 

9.4 5.02 ± 0.04 

9.5 5.05 ± 0.04 

9.6 5.01 ± 0.J4 
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", abl e 1;(. Acceptance 200 GeV (continued) . 

-t 198.0 201.0 

9.7 5.05 ± 0.04 
9.8 4.96 ± 0.04 

9.9 4.98 ± 0.04 
10.0 4.99 ± 0.04 
10.1 4.95 ± 0.04 
10.2 4.91 ± 0.U4 
10.3 4.75 ± 0.04 4.92 ± 0.04 

10.4 4.57 ± U.04 5.01 ± 0.04 

10.5 4.3L ± 0.04 4.84 ± 0.04 

10.6 3.94 ± 0.04 4.76 ± 0.04 

10.1 3.56 ± O.O't 4.~9 ± U.O't 

10.8 2.97 ± 0.u4 4.30 ± 0.04 

10.9 2.4{j ± 0.03 4.02 ± 0.04 

11. U 1. 81 ± 0.02 3.56 ± 0.04 

11.1 1. 29 ± 0.02 3.13 ± u.04 

11. 2 0.87 ± 0.U1 2.49 ± 0.u3 

11. 3 0.55 ± 0.U09 1. 92 ± 0.02 

11. 4 O.3t: ± 0.006 1. 39 ± 0.02 
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compared to our IOU GeV data and previous experiments at 200 GeV; we do 

not report this data. The reason for this low t problem may be because 

the beginning of the active regions for the chambers was not always 

outside the acceptance defining hOdoscopes. This interpretation is 

supported by the 100 GeV data where no such problem exists because 

the first F-alpha element is shut off. At lOu GeV we do have a sig

nificant amount of data at high t, where there are significant accep

tance variations; different acceptances were used for different beam 

momenta . 

Trigg2r Hatrices 

Before the trigger matrices, defined below, can be used as 

part of the acceptance calculations, they must be determined by Monte 

Carlo methods. To find the combination of hodoscope triggers that 

correspond to an elastic event, the x position of Monte Carlo events 

at the z position of each hodoscope is stored until it is known if 

the event is completely accepted. If it is, the event statistics are 

entered into several scatter plots: x at F-alpha versus x at F-beta, 

x at R vs. x at S, and x at F-alpha vs. x at S. The edges of the 

hOdoscope elements are superimposed on these plots which then show the 

allowed combinations of elements corresponding to an elastic event. 

If each row of a matrix is identified with a hodoscope element and 

each column with the elements of another hodoscope, tnen the condi

tions for an elastic event can be nicely represented as matrices. 

Let 1 represent an allowed combination and 0 a combin6tion that is 

not allowed. For F-alpha and F-beta the matrix is the identity matrix 
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by design, at both 100 GeV and 20U GeV. The other two matrices at 

200 GeV are 

S 

1 1 0 0 0 0 

1 1 1 1 0 0 -t increases downward and 

R 1 1 1 1 1 0 to tne right in all these 
matrices 

1 1 1 1 1 0 

1 1 1 1 1 1 

U 0 1 1 1 1 

S 

1 1 0 0 0 0 

1 1 1 0 0 0 

1 1 1 1 0 0 

F 0 1 1 1 1 0 

0 0 1 1 1 1 

0 0 U 1 1 1 

0 0 U 1 1 1 . 

and at IOU GeV they are 

S 

1 0 U 0 0 0 

1 1 0 0 0 0 

R 1 1 1 0 u 0 

1 1 1 0 Li 0 

1 1. 1 0 0 0 

0 1 1 0 0 U 



S 
U 0 0 0 0 0 

1 0 0 0 0 0 

1 0 0 0 0 0 

F 1 1 0 U 0 0 

1 1 1 0 U 0 

1 1 1 0 U 0 

1 1 1 0 0 0 

'If an event in coincidence with a Beam trigger satisfies the 

conditions imposed by these three matrices ana if there is no veto, 

it is called a Master Trigger and the event information is recorded 
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on tape. The matrix conditions were set up in hardware logic. Some 

elastic events (a percent or less) did not satisfy the trigger matrices. 

This is because the trigger was set before the Monte Carlo was revised 

allowing us to get better statistical accuracy on our hodoscope plots, 

described above, using a modest amount of computer time. The number 

of experimental events lost did not warrant changing the trigger 

matrices; this small bias is incorporated into the acceptance calcu

lations. 

Testing the Analysis Program 

To normalize the data it is necessary to know the efficiency 

with which the program finds elastic events. The program may fail 

to reconstruct an event for one of two reasons: 

1. Because the efficiencies of the PWCs are less than 10u% 

there may not be enough data to reconstruct the event. 



2. Hits in chambers unrelated to an elastic event may come 

from electronic noise or an inelastic event occurring within a few 

bur.kets of the elastic event. The inelastic events are a potential 

problem because the PWCs have a 50-150 ns resolving time. The 

irrelevant chamber hits may cause the program to choose the wrong 

tracks. 

To find the program efficiency, elastic events simulating 

real elastic events were created by Monte Carlo and placed on magnetic 

tape. The first thing needed to accomplish this was the chamber ef

ficiencies which are variable, but typically above 90%. These num

bers were obtained from Dave Kaplan who spent considerable time 

measuring them using all tracks, not just the elastic tracks. There 

are some problems in determining chamber efficiencies; the worst case 

is upstream of the recoil magnet where we have only two x chambers. 

The second component needed was a way to properly simulate the noise 

background which the real data is embeddea in. Here the answer is 

obviously to use real data; then one is ensured of having the true 

background. The acceptance program provided the kinematics which is 

the last component. 

To put this all together the proper chamber hits were created 

(or a chamber was skipped randomly based on its efficiency) and 

placed among the hits already on a data tape and a new tape was 

created. Since most of the triggers at 200 GeV are not elastic, the 

elastic triggers were used as a selection of inelastic events. At 

IOU GeV about half of the triggers are elastic, so random triggers 

5S 
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were recorded to use as background. It was necessary to remove in a 

random fashion some of the hits already on the tape or else there would 

have been more hits per event than in the real data. 

The option of creating events without bQckground existed. 

This was the first thing done with the program to make simulated data. 

The analysis program was improved by trying it on fake events ana then 

determining why an event failed. It is impossible to recover all 

elastic events by tuning the analysis program. This does not matter 

as long as you have an accurate measure of the efficiency to correct 

the data. For typical chamber efficiencies the reconstruction effi

ciency is 93% at 100 GeV and 88% at ~OO GeV based on approximately 

500,000 events at each energy. These numbers are uncertain by 10% 

due mostly to uncertainties in chamber efficiencies and to a lesser 

extent uncertainties in proper background simulation. 

It is important to know if the program finds elastic events 

at all values of t with equal efficiency, because if it did not, 

that could cause serious errors in the shape of the differential 

cross-sec~ion. A possible t depenaence was searched for and found 

to be no more than 3%. This is a little surprising because the re

coil arm had four planes for meas'Jring x and two of these planes 

had gaps in x. Only two chambers were required to make a track. 

Monte Carlo studies showed that the fraction of events passing through 

the gap for any particular bin of t is never more than 50%. Further

more, of those that pass through the gap half pass through in such a 

way that they go through three chambers and the other half pass 

through only two. These latter events are the ones we wouid be 



most concerned about because they rely on the efficiencies of oniy 

two cnamDers. 

Because the numoer of actual elastic events recorded is a 

strong function of t, it is important to know if the analysis program 

shifts a significant number of events away from the actual value of 

t by more than the resolution in t. To do this a table of t lmeas

ured) versus t l~onte Carlo) was made. This showed that more than 

99% of the events are assigned a value of t within 0.1 (GeV/c)2 of 

the true value for -t < 3.U, but some small number of events are 

given a value of t as much as 0.3 (GeV/c)2 different from the true 

value. The effect of this is to fill in dips and to diminish peaks. 

Because it is only a small percentage of a peak it is of no concern 

there, but this effect could be the source of all events in a dip. 

We would not be able to detect a dip less tnan approximately 0.1 

lGeV/c)2 wide, but did, in fact, detect several dips wider than this. 

At 200 GeV the standard deviation of t (measured) - t (Monte Carlo) 

is approximately U.03 (GeV/c)2 at low t increasing to 0.2 (GeV/c)2 

at high t. Knowing all this one need know notning more about the 

analysis program to judge how well it finds elastic events. It can 

be thougnt of as a IIblack box ll with proven efficiencies as given 

above. 
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CHAPTER 3 

NORMALIZATION OF CROSS-SECTIONS 

Tnere are a number of problems to solve in order to normalize 

the data. That is the subject of this chapter. The main probiems 

in the experiment were finding the true number of beam particles, the 

identification of the scattered particle, and veto problems. 

Poisson statistics are assumed to be a good approximation to 

the actual statistical distribution throughout the following. fhe 

relationship between GB, Gated Beam, and True Beam, the actual number 

of Beam particles tif there were no disturbing effects) is 

G8 = True Beam [1 -eXp(-nbar)] 
nbar 

where nbar is the mean number of particles per bucket. This is de

rived by recognizing that 

(GB) True Beam = GN -- = 
GN a 

number of buckets x nbar 

where GN is Gated Nand (GB/GN)o is tne relation between G~ and GN at 

zero intensity. Dividing the following equation: 

GB = number of buckets [1 - exp(-nbar)] 

by the previous equation gives the first equation of this paragraph. 

We could get True Beam from GN, but it is not What we need. Due to 

a large pulse height and consequent dead time, the Beam counter 
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discriminator,may not register a beam particle in the next bucket. The 

N counters had no rate problem and counted even when the Beam counter 

discriminator was deadened and no trigger could occur. In other words, 

the N counters measure the beam passing through the experiment; this 

is greater than the useful beam. 

When Cb tags a kaon before an elastic event, that alone does 

not allow us to conclude that the scatter involved a Kaon. At high 

intensities there is a significant probability of having more than 

one particle in a bucket; the other particle is most ~ikely not a 

kaon. It was hoped that the X and P hodoscopes would give a direct 

measure of the number of particles in each bucket. Due to particles 

going through the same or overlapping scintillators, these hodoscopes 

would be expected to give wrong and contradictory co~nts of the number 

of particles in a bucket, at least, for some fraction of the events. 

A Monte Carlo study of particles going through the hodoscopes showed 

that tne experimental contradiction was much more than expected. We 

concluded tnat there were many spurious hits in the X and P hodoscopes 

due to knock-on electrons and/or hadrons produced in collisions in the 

end caps of the vacuum pipes and other equipment upstream of the hodo

scopes. This same problem was reported by an earlier experiment (ref. 

12). 

A reasonable estimate for the average nbar, taking into account 

the above mentioned problems~ is 0.25, but we do not really know. (In 

the final analysis, nbar was not needed, so it does not matter that 

nbar is not well determined.) If this were correct, the ratio be

tween buckets with more than one particle and buckets with only one 



particle would be 0.136. The corresponding ratio for true beam, beam 

in buckets with two or more particles divided by beam in buckets with 

one particle, is more than double that. 

There is an additional complication due to the vetoes. If 

V is the probability of a particle causing a veto, then the probabil

ity of a bucket not being vetoed is (1 - V)N where N is the number of 

particles in that bucket. Knowing this, it is easy to see that, even 

if 0e knew True Beam, it would not help us unless we knew V. 

Identification of Kaons and Corrections 
for Contamination 

Kaons Taggea by Cb 
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To help resolve the question of the forward scattered particles 

identity, we have the pulse height information from Cf in ADC (Analog

to-Digital Converter) units. Figures 17-20 show the ADC distribution 

for all elastic events. In these figures, the cb latch is allowed to 

be 0 or 1. (I will use the lower case, cb, when referring to the 

latch value and the upper case, Cb, when referring to the counter.) 

All histograms in this section are from the set of runs when Cb was 

set to tag kaons. The peak just above 400 in each case is the peak 

of the pion distribution; this is demonstrated by Cb tagged pions. 

The peak in the first channel is due to protons. Protons do not 

radiate in Cf, but the ADC is read whenever there is a trigger, so 

it represents what is termed the pedestal (electronic noise). In 

the -200 GeV data, Fig. 19, it may appear that the pedestal was at 

a higher level, but actually that first peak represents some other 
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kind of problem which came and went during the 1980 -200 GeV running, 

but appeared in no other data. 

65 

Figures 21, 23~ 25, and 26 show the Cf ADC plots for Cb tagged 

kaons (solid line). If you glance back at the unrestricted ADC distri

bution, Figs. 17-20, you will see in each case that the kaon peak is 

at a smaller ADC value than the pion peak, the difference being great

er at 100 GeV than at 200 GeV. In the -IUD GeV data, Fig. 23, there 

are a sufficient number of events to see the pion peak just above 400. 

Although the X and P hodoscopes give an incorrect count much 

of the time, they can be used in a restrictive way to find a sample 

of events where there is a high probability of there being one particle 

in a bucket. To make the pion contamination even more apparent, I have 

plotted as a dashed line in each of Figs. 21, 23, 25, and 26 the ADC 

distribution with the additional constraint that X and P both indi

cated one particle in a bucket. Now the contamination of the distri

bution represented by the solid line becomes clear, at least at 1UO 

GeV. In Figs. 22 and 24, I took the ratio of the dashed to solid, 

bin by bin, of the data in Figs. 21 and 23. There were not enough 

events at 200 GeV to make an equivalent plot interesting. These 

figures show the level of the pion contamination at the high ADC 

values and the level of the proton contamination at the low ADC val

ues. Obviously, these figures can be used to make ADC cuts at IOU 

GeV, but at 200 GeV the peaks are too close to allow cuts at high 

ADC that would reduce the pion contamination. (A cut can be made at 

a low value of the ADC to eliminate protons.) Because of this I 
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sought a numerical way to determine the proton and pion contamination 

in the tagged kaon distributions. 

I will now derive the relation used to find the contamination. 

Let a be the ratio of events with both X and P = 1 (X and P refer to 

the hodoscopes, of course) to all events, then 

and also 

a = events with X and P = 1 
all events 

k events with X and P = 1 
a = -------a~l~l~k--e-v-e-nt~s------

Since the X and P hodoscopes are blind to particle type, tnis latT.er 

expression may seem intuitively obvious; see the appendix for a more 

mathematical justification. 

I define cb = 1 to mean that Cb tagged the desired beam par

ticle. Then I define b to be the ratio of events with cb = 1 and X 

and P = 1 to all cb = 1 events (Cb set on kaons). lib" is not equal 

to "a" because of the contamination by protons and pions (call the 

number of contaminating particles c). Also, contributing to the dif

ference is the error rate for X and P tagging correctly more than one 

particle in a bucket (call that rate f). (See appendix.) In the 

following equations, I write in compressed symbolic notation, i.e., 

when I write (cb = 1) I mean the number of elastic scatters in the 

data set considered occurring at the same time that the cb latch 

registers one. The definition given above converted to an equation is 

b = (cb = 1, X and P = 1) = (k events X and P = 1) + f • c 
(cb - 1) -'-'-'-~"':"-;""---C-";""a-:;-ll~k--:-+ -c--'-----



b = (a + fc)/all k 
(l + c)/all k 

b + bc _ a + fc 
all k - all k 

therefore, the fractional contami~ation is 

We will also want to know the uncertainty in this quantity: 

.2 .... 
Sl~ 'iillk 

2 (a - b)2 + s i g (f) ->-----'---=-

(b - f)2 

where sig is the uncertainties of the variables in parentheses. 

It is easy to determine a and b from the data, but f can be 

mor~ difficult. At 100 GeV we have a measure of f that is concurrent 
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with the rest of the data. By restricting tne Cf ADC region to that of 

pion dominance, we get the following ratios: first, at -100 GeV, 

(cb = 1, X and P = 1, ADC > 420) 
(cb = 1, ADC > 420) = 0.15 ± 0.03 

and then at +100 GeV the ratio defined in the same way is 

0.113 ± 0.045 

Since a kaon was tagged, this pion region for X and P = 1 has events 

only to the extent that X and P err, so these ratios are equal to f. 

The only other measure is not concurrent with the kaon data. Tnat 

measure is from -100 GeV data with cb set on pbar; it is 



f = icb = 1, cf = 1, X and P = 1) = 
(cb = 1, cf = 1) 0.147 ± 0.019 

where cf = 1 means the latch of the threshold counter was on. The 

condition cf = 1 occurred when a meson went through Cf, but since Cb 

tagged a proton and X and P = 1, then X and P erred. For the 200 GeV 

data the weighted average of these three measures for f is used and 

the maximum variation for its uncertainty. 

In Table X the results of all contamination calculations are 

listed before and after Cf ADC cuts. The reader should realize that 

the greater the contamination, the greater the difference between a 

and b. When the contamination is zero, b = a. After ADC cuts a 

new value for b is calculated using only the data within the ADC 

cuts. This new value of b is within one standard deviation of a at 

± 100 GeV and at + 200 GeV) although, the deviations are all in tile 

same direction indicating there is some contamination overall. At 

-200 GeV we cannot reduce the contamination by ADC cuts. 

The contamination estimates in Table X, along with Figs. 21 

and 23, were used to make ADC cuts at 100 GeV; for positive energies, 

protons make up a large percentage of the beam and must be eliminated 

by an ADC cut. The cuts at 100 GeV are made so that the number of 

pions within the cuts equals the number of kaons outside the cuts. 

Except for eliminating only one probable proton elastic scatter at 

+ 200 GeV by a low cut at 30 Cf ADC units, we cannot make Cf ADC cuts 

at 200 GeV, but must correct the normalization by the contamination 

factors given in Table X. The role of Cf in the 200 GeV contamination 

corrections is primarily to get f and b. 
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Table X. Contaminations. 

Energy a b f c/ a 11 k 

200 0.6258 ± 0.0002 0.615 ± 0.076 0.144 ± 0.037 0.023 ± 0.165 

after cuts 0.618 ± 0.076 0.017 ± 0.163 

-200 0.6739 ± 0.0001 0.568 ± 0.087 0.144 ± 0.034 0.250 ± 0.257 

+100 0.6308 ± 0.0001 0.551 ± 0.026 0.113 ± 0.045 0.182 ± 0.070 

after cuts 0.599 ± 0.030 0.065 ± 0.066 

-100 0.6213 ± 0.0004 0.538 ± 0.019 0.15 ± 0.03 0.213 ± 0.061 

after cuts 0.599 ± 0.023 0.049 ± 0.054 



To fully appreciate this method one must realize all that is 

implicit in the hodoscope information. 

1. The intensity is measured by a, because a is a decreasing 

function of intensity. 

2. The veto rate is contained in a; also, a is an increasing 

function of the veto rate. 

3. The relative cross-sections are reflected in the ratio b. 
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If the pion cross-section is very much less than the I<aon cross-section 

then b will be very close to a. If the opposite is true then b will 

be very much less than a. These three features are easier to under

stand from the development in the Appendix. 

Kaons Chosen by Cf Only 

It is not obvious that without Cb one can choose a Cf ADC 

region where kaons are the predominant particle. If you look back at 

the theoretical distributions in Figs. 5-8, you will see that summing 

them will obscure tne kaon peak. The real situation had additional 

complications not considered in those theoretical curves. Among them 

are the variable response of the phototube as a function of wavelength; 

this would tend to broaden the distribution. Another factor which 

broadens the distribution is that there is a small ADC asymmetry in 

y, the vertical coordinate, probably due to a small misalignment of 

the mirror. (There is a linear variation of approximately 15 Cf ADC 

units between particles with trajectories that have a large positive 

value of y and those that have a large negative value of y as they 

pass through the Cf mirror.) A third factor, for large numbers of 



photons the phototube may be saturated distorting the high ADC part of 

the curve. Perhaps there are other complications as well. At first 

I tried to fit the distributions with Poisson curves, but could not 

get a satisfactory fit. I gave up in favor of another approach. 

What I do to search for a range of kaon predominance is to 

take the histogram of cb = 1, Cb set on kaons, X and P = 1 and scale 

it up to correct for Cb efficiency and to correct for the fact that 

this is a partial sampli due to the hodoscope requirement. This 

scaled histogram should represent all the kaons, so I then divide, 

bin by bin, by the total distribution to find the kaon fraction as a 

function of Cf ADC; these ratios for -100 GeV and +100 GeV are shown 

in Figs. 27 and 28. The scale factors are 2.397 and 2.675 for posi

tive and negative 100 GeV respectively. I use these figures as a 

guide to pick out a Cf ADC range where kaons are the predominant par

ticle and then compute the kaon fraction over this entire range. The 

contamination which has not been eliminated from these figures must 

be subtracted. For +100 GeV the range 90-210 is chosen which has a 

calculated kaon fraction = 0.927 ± 0.093. For -100 GeV the range 

chosen is 30-180; this has a calculated kaon fraction of 1.05 ± 0.074. 

The Cf ADC ranges differ because of the differences in the beam com

position. 

These histograms are for the 1980 running period wnich is the 

only time that Cb was set on kaons. In 1981 the pressure was higher, 

but if you look back at Table III, you will see that this merely adds 

a constant onto the mean number of photoelectrons for both the pions 

and kaons shifting both distributions by about the same number. 
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Figure 27. Fraction of kaons as a function of Cf ADC. 
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Figure 28, +100 GeV fraction of kaons as a function of Cf ADC. 



Slightly more conservative cuts were made for the 1981 data to ensure 

that the pion contamination remained small. 

In almost all the data taken without Cb set on kaons, it was 

set on protons. If a proton was tagged by Cb then the event was ntit 

considered as a possible kaon if the Cf ADC < 180. Since Cb ;s very 

efficient for protons and protons were not eliminated from the calcu

lations in the second paragraph above, the contaminations implied by 

those numbers (0.927 and 1.05) are higher than the actual contamina

tion. This is especially important for +100 GeV. 

The pion contamination is unimportant because the number of 

pions added into the kaon cross-section is small and the two cross

sections are similar enough that it will not produce much distortion 

of the kaon cross-section. Cf ADC chosen kaons are not used to nor

malize the kaon cross-section, but rather the normalization is based 

on the Cb tagged kaons. 

Intensity Effects 

At very high beam intensities, there are a number of problems. 

First, CB is a count of the number of buckets with particles not the 

number of particles, i.e., two or more particles in the same bucket 

are counted as one particle. Second, a large pulse will cause the 

voltage level in the beam counter discriminator to remain above 

threshold during the following bucket. Third, as mentioned previous

ly, there was a serious loss of elastics due to inappropriate vetoes; 

the veto rate is also a function of intensity. 
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When one plots elastics per Gated Beam (EL/GB) versus GB, the 

ratio is found to fall with intensity. If there were no veto problem, 

it would rise with intensity because GB counts buckets with particles. 

(Recall that to get an elastic trigger there must be a simultaneous 

pulse from the Gated Beam discriminator and the discriminators of the 

proper hodoscopes.) Additionally, when one plots EL/GN versus GN 

(Gated N) there is an even faster fall-off with intensity than for 

EL/GB. This is due to the problem mentioned earlier of GN counting 

even when we cannot have an elastic trigger due to a high pulse from 

the Beam counters during the previous bucket. A high pulse means a 

longer dead time. Because the intensity varied from spill to spill, 

we were able to do a spill by spill analysis and project our data to 

zero intensity where the intensity effects obviously go away. There 

is another way to make corrections for intensity effects, but it 

requires an accurate knowledge of nbar and the veto rate. 

Table XI lists the limits of the ratios discussed above 

projected to zero intensity and the ratio of Gated Beam to Gated N 

projected to zero intensity. 

The experiment can be normalized using GB or GN. This gives 

us a check of accuracy. I use an average of the two in the end. 

The two corrections are given by the relations: 

(EL/GB)O 
II = (EL/GB) = the GB intensity correction 

and 
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Table XI. Limits of ratios. 

Energy (EL/GB)O x 10- 7 (EL/GN)O x 10-4 (GB/GN)O 

200 0.821 ± 0.054 2.2 ± 0.11 2894 ± 95 

-200 2.72 ± 0.054 10.7 ± 0.3 4176 ± 101 

100 14.6 ± 1.1 74.6 ± 3.7 5329 ± 286 

-100 14.5 ± 1.2 76.0 ± 5.5 5776 ± 435 

_ (EL/GN)O (GB/GN) _ 
12 - TIT/GN) x (GB/GN)O - the GN into corr. 

Table XII contains II and 12 for each energy calculated from the num

bers in Table XI. 

As one sees in Tabie XII, the two methods of intensity correc

tions (GB and GN) agree within statistical errors. 1 have taken a 

1 ittle different approach to the problem than my coworker in ref. 21 

because that approach was not easily adaptable to the low statistics 

of kaons and, also, 1 wished to know the magnitude of the correction 

which is unobtainable from ref. 21. What he did is project the elas-
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tic pions/GN to zero intensity, but one cannot project elastic kaons/GI~ 

to zero intensity because the number of kaons is about an order of mag-

nitude less than the number of pions. Because the correction factor is 

the same for all particles, projecting elastic pions/GN to zero inten-

sity gives the same correction as I have computed above. Another 



83 

Table XII. Intensiti ,:orl~ections. 

Energy II 12 

+200 GeV 1.42 ± 0.09 1. 31 ± 0.08 

-200 GeV 1. 22 ± 0.025 1.15 ± 0.043 

+100 GeV 1. 59 ± 0.12 1.67 ± 0.12 

-100 GeV 1. 27 ± 0.11 1.15 ± 0.12 

difference with ref. 21 is that he chose not to use GB for comparison. 

The two methods are basically equivalent. 

The projection to zero "intensity amounts to taking the limit 

as the number of particles in a bucket of interest goes to one, not 

zero. What is being corrected for here are the vetoes due to particles 

which did not elastically scatter. A single particle may still cause 

unwanted vetoes. That is discussed in the next section. 

Low Intensity Corrections 

As stated before, even at very low intensity there may still 

be vetoes from A2, A3, and A4. These are due to a number of sources: 

knock-on electrons (delta rays) from the target, inelastic collisions, 

and electronic noise. Again it is possible to do a spill by spill 

analysis and project to zero intensity to find the zero intensity veto 

rate. Using the notation, A_ is a scaler count in the equations below, 

by definition the following equations are true: 



and 

Beam = Bl • B2 • Al 

Al = 1 - Beam 
Bl • B2 

1 - (81 • B2 • A) = 
Bl • 82 Al • A2 • A3 • A4 

Table XIII shows the rates for the different conditions. Column 4 is 

derived by subtracting column 2 from column 3. 

The numbers in the last column are then used to correct for 
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low intensity vetoes. There may be a particle type dependence in this, 

but there is no way to know for sure. An empty target test showed that 

half the vetoes came from outside the liquid hydrogen target. Based on 

this fact and the fact that the beam composition was different in each 

of the cases in Table XIII, if there is a particle type dependence, it 

cannot be more than a few percent. 

Decays of Pions and Kaons 

There is, of course, some probability that a pion or kaon will 

decay between Cb and the F-beta hodoscope. To estimate the fraction 

of decayed pions and kaons which do not trigger the experiment, or 

which fall outside the cuts, we must first understand the decay 

kinematics for our particular situation. For a particle of mass m 

which decays into two particles of masses ml and m2, the equations 

of conservation of energy and momentum in the rest frame of mare 

m = El + E2 = ~Pl? + m1 2 +~P22 + m2 2 



Table XIII. Limits of anti-rates. 

Energy 

-200 

200 

-100 

+100 

Al 

0.04 ± 0.005 

0.044 ± 0.005 

0.035 ± 0.005 

0.032 ± 0.005 

A1A2A3A4 

0.17 ± 0.005 

0.14 ± 0.005 

0.11 ± O. 005 

0.123 ± 0.005 

_ 22_ 2 2 pI - p2 ~ E1 - m1 - E2 - m2 
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A2A3A4 

0.130 ± 0.007 

0.096 ± 0.007 

0.075 ± 0.007 

0.091 ± 0.007 

From the above equations one derives the equations for energy in terms 

of the masses: 

and 

E12 = (m _ E2)2 

(m2 + m2 2 _ m12) 
E 2 = -'------;~--..!.. 2m 

A Lorentz transformation back to the lab frame is given by 

p 1 ab I = P 
.L 1 

EO 
y =m 
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where EO is the lab energy of the original particle. In Table XIV I 

give the decay mode, the fraction that decay by this mode (the branch

ing ratio), pI and El, which are the center-af-mass momentum and energy 

of the charged decay product. (Except for El, which I calculated, the 

information is from ref. 8.) 

If ecm is the angle between the original momentum and the 

momentum of the charged decay particle, then transforming to the 

laboratory frame one gets 

plabll = (El + pI cos ecm)y 

plab1 = pI sin ecm 

Let me discuss the case of k ~ mu + nu at 100 GeV. Making substitu

tions using data froln Table XIV, one gets 

plabll = 52.36 GeV + 47.7 GeV cos ecm 

plab1 = 0.236 GeV sin ecm 

The decay of a spin zero parent particle must take place isotropically 

in its rest frame. From this fact and the equations above, it is ob

vious that all but a small subset of kaons decaying before reaching 

the end of the BMI09 magnets (those with cos ecm approximately 1) 

will have a change of momentum large enough not to cause a trigger. 

The distance from Cb to the end of the last BMI09 magnet is 

about 5330 cm. The survival probability over this distance is 

exp(-5330 cm/dmean), where dmean = c tau p/m is the mean distance 

traveled in the lab before decay. Tau is the lifetime in the rest 
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Table XIV. Decay information. 

r~ode Fraction pI E1 

pi mu + nu 100% 0.030 GeV 0.109 GeV 

k mu + nu 63.5% 0.236 GeV 0.259 GeV 

k pi + pi 21.2% 0.205 GeV 0.240 GeV 

k 3body 15.3% variable 

frame. The other variables are speed of light, momentum and mass. 

Dmean is 7.5 x 104 cm for kaons and 5.6 x 105 cm for pions at 100 GeV. 

Dmean is simply twice this at 200 GeV. The surviving fractions after 

traveling this distance for pions are 0.991 and 0.995 and for kaons 

0.931 and 0.965 at 100 GeV and 200 GeV respectively. 

If the kaon decays after passing the end of the last magnet, 

the important question will be the change in the direction of travel of 

the charged decay product and subsequent spatial variation from the 

original path. The best way to do this would be by Monte Carlo, but 

since the fracti on of kaons decayi ng in thi s segment is Sill a 11 I wi 11 

estimate the number lost. The change in angle caused by the decay is 

0.236 GeV sin 8cm 
~8lab = (5~.3 GeV + 47.7 GeV cos 8cm) 

-3 For example when 8cm = n/2, 68lab = 4.51 x 10 . There is a 3 in full 

width to the position correlation between the F-alpha hodoscope and 

the F-beta hodoscope, as determined by Monte Carlo. This is due to 
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target size and the beam phase space distribution. Because the distance 

between the hodoscopes is approximately 1300 in, a change in angle at 

F-alpha of 10-3 will make a significant position change in the last 

PWCs and the F-beta hodoscope. 

Based on this, I estimate that at 100 GeV the kaon decays 

after the magnet are lost, except for those occurring in the final 

22% of the last 1300 in of the experiment. At 200 GeV the y factor 

is twice as much, so the angular deviation is half as much, which 

implies the final 44% is not lost. The decay probability for kaons 

over the last 1300 in is 0.041 for 100 GeV and 0.02 for 200 GeV. This 

means additional losses of 0.03 and 0.011. Any error in the estimate 

will, therefore, cause little error in the final cross-section. Sum-

ming these decay losses with the decay losses before reaching the end 

of the last BM109 gives a total survival probability for kaons of 

0.901 and 0.954 for 100 GeV and 200 GeV respectively. The final cross-

sections are corrected by these factors. 

For pions the angular deviation is approximately an order of 

magnitude smaller, because of the smaller value of pI and the larger 

value of y, so pion dec~y makes a negligible change in the cross-

sections and no correction is made for it. 

Inelastic Background and Radiative Corrections 

Table XVI contains ratios obtained in the following way. The 

number of elastics is divided by the number of events before the elas

tic test (listed in column 1 and definej in Chapter 2) is applied 

(the other three cuts [testsl have been applied). The question we 



are faced with is how to interpret these ratios. There are three rea

sons why an event may lie outside our ~uts: 

1. Due to the inefficiency of the analysis program and/or 

the non-Gaussian shape of the kinematic distributions, a good e"lastic 

event may lie outside our kinematic cuts. The Monte Carlo data shows 

that we could expect 0.014 of the total number of elastics to be in 

this category. For these events the correction is incorporated into 

the analysis efficiency. 

2. Radiative processes, either real or virtual, existing at 

a significant level would place some fraction of the elastic events 

outside our cuts. This would require a radiative correction (R.C.) 

of the form (ref. 9 and 10) 

~% = (d:~) exp(delJ = (d:~) (1 + del) 
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The left hand side is the true cross-section. The right hand side is 

the measured cross-section times a factor greater than one which cor

rects for tne fraction of events outside the cuts. Radiative processes 

would put tails on the kinematic distributions involving mOlnentum be

cause some of the momentum would go to the photon. It would also 

broaden the distributions involving the scattering angles. If radia

tive processes existed at a significant level, we would have to in

crease our measured cross-sections. 

3. The event is inelastic. If an inelastic background exist

ed under the elastic peak, we would have to reduce our measured cross

sections. An example of an inelastic process which might be kinemati

cally similar tu elastic kinematics is pi-p going to pi-delta; the 



delta then decays. Another possible source for inelastic background 

is the analysis program when it attempts to make an elastic event out 

of unrelated tracks. 

Understanding the source of the events which lie outside OUt' 

cuts is critical to deciding the correction needed, if any is needed. 

If they were all from source 2, we would need to increase the meas

ured cross-sections. If they were from source 3, we would need to 

decrease the measured cross-sections. 
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If we assume, for the moment, that inelastic processes are 

responsible for the events outside our cuts, then obtaining the cor

rection is a straightforward matter. Under the assumption that the 

background does not peak under the elastic distribution, then the 

differences between the ratios in Table XVI and what is expected by 

Monte Carlo (namely 0.986) is an indication of the existence of in

elastic background. If the ratios are significantly different, then 

the background distribution must be fitted with a curve to determine 

how much lies within the elastic cuts and underneath the elastic peaks. 

It is impossible to prove that the background does not peak under the 

elastic curves; however, it is quite improbable that any background 

would peak under all the elastic variable curves. Using different 

kinematic distributions we can make best case and worst case estimates 

of the background. At 100 GeV in the best case the ratio of back

ground to elastics is 0.00; in the worst case this ratio is 0.01. 

At 200 GeV the best case low t ratio of background to elastics is 

0.00; the WJrst case estimate is 0.01. For 200 GeV in the range of 

1.5 < -t < 2, the best case ratio of background to elastics is U.007; 
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the worst case ratio of background to elastics is 0.047. Based on this 

I will not make a background correction, but the possible background is 

part of the normalization uncertainty. 

Now I want to study the ratios of Table XVI to search for an 

indication of radiative processes. The differences between 0.986 and 

the ratios in Table XVI may be due to inelastic background and are not, 

in themselves, evidence of radiative processes. In general, the events 

outside the cuts could be some combination of inelastic background and 

good elastics perturbed by radiative effects. 

John Klinger, one of the members of our experimental group, 

did an estimate of the radiative corrections for this experiment based 

on the methods of ref. 10. He used cuts that were outside our final 

cuts, so his predictions should be underestimates. The values of del 

vary in an approximately linear fashion with t over the region of in

terest. In Table XV, sample values of del (the predicted radiative 

losses) are given in columns 2 and 4. Del differences (relative to 

the pi del) are given in columns 3 and 5. 

Not all of the elastic variables are equally sensitive to 

Bremstrahlung. The following arguments are intended to be a qualita

tive guide to tell us where to look. The classical amplitude for 

radiation by a particle of charge Q being scattered and undergoing a 

momentum change from pI to p3 is proportional to (ref. 11) 

( e· pI e . p3 ) ( 1 ) 
Q E1 - pI . k - E3 - p3 . 1< k 

where e is the unit vector in the direction of polarization and the 
-r A 

emitted photon has momentum k = kk. This formula obviously implies 
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Table XV. Predicted R.C. 's 

t = 0.75 dif.w.pi t = 1. 25 dif.w.pi 
del del 

100 GeV 

pi 0.047 0.058 

k 0.015 -0.032 0.022 -0.036 

P 0.005 -0.042 0.012 -0.046 

200 GeV 

pi 0.038 0.054 

k 0.010 -0.028 0.023 -0.031 

P 0.005 -0.033 0.013 -0.041 
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Table XVI. Elastics/number before cuts. 

El. Test El/No. Before Cut 

-100 GeV Kaons all t pi-k 

cp 4 - CP4m 0.990 ± 0.011 O. 000 ± O. 011 

p4 - p4b U.984 ± 0.011 0.000 ± 0.011 

84 - 84m 0.982 ± 0.011 -0.003 ± 0.011 

p3 - p3b 0.966 ± 0.011 -0.004 ± 0.011 

-100 GeV Pions 1.0 < t < 1.5 

cp4 - cP 4rn 0.990 ± 0.002 0.987 ± 0.007 

p4 - p4b 0.984 ± 0.002 0.984 ± 0.007 

84 - 84m 0.979 ± 0.002 0.965 ± 0.007 

p3 - p3b 0.962 ± 0.002 0.960 ± 0.007 

-100 GeV Kaons 1. 0 < -t < 1. 5 pi -k 

cp4 - cp4m 0.991 ± 0.034 -0.004 ± 0.035 

p4 - p4b 0.982 ± 0.034 0.002 ± 0.035 

84 - 84m 0.967 ± 0.034 -0.002 ± 0.035 

p3 - p3b 0.957 ± 0.034 0.003 ± 0.035 

+100 GeV Protons all t pi-p 

cp4 - cp4m 0.986 ± 0.007 0.006 ± 0.009 

p4 - p4b 0.983 ± 0.007 -0.001 ± 0.009 

84 - 84m 0.974 ± 0.007 0.007 ± 0.009 

p3 - p3b 0.955 ± 0.007 -0.003 ± 0.009 
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Table XVI. Elastics/number before cuts (continued). 

El. Test El/No. Before Cut 

+100 GeV Pions 

<p4 - <p4m 0.992 ± 0.005 

p4 - p4b 0.982 ± 0.005 

84 - 84m 0.981 ± 0.005 

p3 - p3b 0.952 ± 0.005 

+100 GeV Kaons 

<p4 - <p4m 0.991 ± 0.017 0.001 ± 0.018 

p4 - p4b 0.983 ± 0.017 -0.001 ± 0.018 

84 - 84m 0.979 ± 0.017 0.002 ± 0.018 

p3 - p3b 0.956 ± 0.017 -0.004 ± 0.018 

+200 GeV Protons all t pi-p 

<P4 - <p4m 0.973 ± 0.011 0.012 ± 0.012 

p4 - p4b 0.959 ± 0.011 0.012 ± 0.012 

84 - 84m 0.975 ± 0.011 0.012 ± 0.012 

p3 - p3b 0.954 ± 0.011 0.012 ± 0.012 

-200 GeV Pions 1. 5 < -t < 2 

<p4 - <p4m 0.985 ± 0.004 0.969 ± 0.017 

p4 - p4b 0.971 ± 0.004 0.915 ± 0.017 

84 - 84m 0.987 ± 0.004 0.965 ± 0.017 

p3 - p3b 0.966 ± 0.004 0.946 ± 0.017 
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Table XVI. Elastics/number before cuts (continued). 

E1. Test E1/No. Before Cut 

+200 GeV Protons 1.5 < -t < 2 pi-p 

<1>4 - <1>4m 0.941 ± 0.057 0.028 ± 0.059 

p4 - p4b 0.911 ± 0.057 0.004 ± 0.059 

84 - 84m 0.929 ± 0.048 0.036 ± 0.059 

p3 - p3b 0.923 ± 0.057 0.023 ± 0.059 



strong peaking of the radiation in the directions of pI and p3. Also, 

the 11k factor implies most of the photons are "soft," which means 

their energy is small compared to any of the energies involved in the 

collision. From this we can conclude that radiation would mostly be 

manifest in the measured momenta being smaller than expected; however, 

there are of course angular deviations from the original path. 

The width of the p3-p3b variable is about an order of magni

tude greater than that of p4-p4b (see Figs. 13 and 15), so the latter 

seems like a better place to look for radiative effects. Since the 

width of the coplanarity distribution is approximately three times 
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that of the recoil angle distribution (e4-e4M) (see Figs. 14 and 16), 

the latter is obviously more sensitive to radiation. In Table XVI the 

pion and kaon differences are given in the last column. If the inelas

tic background is the same for each particle then the sum of these dif

ferences should equal the predictions in Table XV. A glance at the 

table shows that there is no statistically significant difference in 

the ratios between particles. The differences are, in fact, most con

sistent with no difference between particles. The statistical accuracy 

is such that the probability that the predictions in Table XV are the 

correct reason for any differences between particles, but a statistical 

fluctuation obscured this difference in all the data of Table XVI is 

negligibly small. 

Is it possible that there is some other effect masking the 

radiative effect? This cannot be ruled out, but the numbers are most 

consistent with no differences between particles. One could also worry 

that the R.C. would put the event outside of more than one cut, but 
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this seems likely to happen only with a low probability for a number of 

reasons: 

1. It is the events which, if unperturbcd~ would be more than 

± 20 away from the center of the kinematic distributions, which are 

most likely to be lost by the radiative perturbation moving the event 

beyond ± 30. The probability of an event obeying this condition in 

several kinematic distributions is slight, because not only must the 

unperturbed event be on the edges of the distribution, but the pertur

bation caused by the radiation must move it away from the center in 

each case. 

2. For a given photon momentum the largest change in the 

momentum of the radiating particle happens when the photon is emitted 

parallel to the particle1s momentum; however, the largest change in 

angle happens when the two momenta are perpendicular. This means that 

the losses in the variables cp4-qAm and e4-e4M should be decoupled from 

the losses in the variables p4- p4b and p3-p3b. 

In conclusion, I find no evidence to support the predicted 

R.C. and will not make any corrections for it. The rest of this sec

tion is not critical to the main argument and may be sKipped by the 

reader. 

Note: The variable e4-e4m has been subjected to a 200 cut be

fore taking the ratio for the 200GeV data. This is in order to limit 

the study to the region of interest. The variable has a broad flat 

background due to the fact that we have only two chambers to measure 

e4m. 
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One should not put much significance in any changes in the 

ratios between low t and high t at 200 GeV in Table XVI. Part of the 

difference is due to the fact that the cuts were determined as a func-

tion of t from experimental data. This means there is more uncer'tainty 

in the placement of the cuts as t increases because most of the data 

is low t data. Another factor which shows up in the p4-p4b ratios is 

that the fraction of two point tracks (those depending on only two 

chambers to get the slope and intercept, in the recoil arm after the 

bend) goes from 0.08 to 0.15 for the higher t range shown in the table. 

(Recall that there are gaps in the PWC planes that measure the x posi

tions of the recoil particle after the bend through the magnet.) This 

accounts for 0.006 of the difference. 

Final Cross-Sections 

The final cross-sections are computed by the following for-

mulae: 

do _ E(t) x Cor 
dt - A(t) x N x B x delta t 

where E(t) = number of events as a function of t, A(t) is the accep-

tance, B = GB times the fraction of the beam particles that are pions 

for the pion cross-sections and for kaons B = GB Cb lthe coincidence 

between GB and a kaon being tagged by Cb), delta t = the bin width of 

t, 

N = 4.26 x 1024/cm2 = no. of scatterers/area 

and Cor is the combined corrections, computed by combining the 
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corrections found in the previous sections. They are given in Table 

XVII. 

Tables XVIII and XIX contain the kaon cross-sections. The pion 

cross-sections for the lower range of t is contained in Tables XX and 

XXI. See ref. 17 or 21 for the high t pion cross-section at -200 GeV 

and refs. 18 or 22 for the proton cross-sections for this experiment. 

There is up to a 10% difference in normalization between the cross-

sections in the following tables and those of ref. 21. Part of the 

difference is due to the radiative corrections that were made in ref. 

21 based on theoretical predictions. I have been unable to find any 

experimental evidence to substantiate the predicted R.C.s and there

fore make no correction. The other difference is that ref. 21 made 

a uniform 14% correction for the effects that were discussed in the 

section on low intensity corrections, based on theoretical considera-

tions. In this work those corrections were estimated experimentally. 

We also differ in the range of t reported. would prefer to 

report the high t data at 100 GeV and simply tell the reader that, in 

addition to the statistical uncertainty, there is some acceptance un-

certainty above t = -2.5 which increases with -to One reason for 

wanting to use this data is that the difference in cross-sections be-

tween pions and kaons is unaffected by the acceptance uncertainty; 

since whatever the acceptance is, it is the same for each. The -100 

GeV and -200 GeV pion differential cross-sections compare well in this 

region, indicating no major acceptance problem. 

All the cross-sections in the following tables are in micro-

/( / )2 . b 1 -30 2 barns GeV c . One mlcro- arn equa s 10' cm. 



Tab 1 e XVI I. Correcti ons to raw cross··secti ons. 

Energy 

-200 

+200 

-100 

+100 

Kaons 

1. 29 ± 0.36 

1. 76 ± 0.36 

1. 56 ± 0.17 

2.14 ± 0.22 

Pions 

1. 54 ± 0.18 

0.71 ± 0.21 

1.41 ± 0.17 

1.93 ± 0.21 

100 
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Table XVIII. -Kaon cross-sections. 

-t dt do Uncertainty dt 

-100 GeV 

0.45 0.05 746.0 14.2 

0.55 0.05 388.0 7.9 

0.65 0.05 183.0 4.4 

0.75 0.05 105.0 2.8 

0.85 0.05 56.2 1.8 

0.95 0.05 34.4 1.3 

1.05 0.05 21.8 0.93 

1.15 0.05 12.3 0.66 

1. 25 0.05 6.88 0.46 
1. 35 0.05 4.03 0.33 

1. 45 0.05 2.74 0.26 

1. 55 0.05 1.13 0.16 

1. 65 0.05 1.40 0.17 

1. 75 0.05 0.679 0.11 

1. 85 0.05 0.410 0.083 

1. 95 0.05 0.253 0.063 

2.05 0.05 0.134 0.044 

2.15 0.05 0.182 0.050 

2.25 0.05 0.092 0.034 

2.35 0.05 0.088 0.032 

2.45 0.05 0.037 0.021 

2.55 0.05 U.103 0.034 

2.65 0.05 0.046 0.023 

2.75 0.05 0.047 0.027 

2.85 0.05 0.041 0.029 
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Table XVIII. -Kaon cross-sections (contir.ued). 

~t dt do Uncertainty dt 

-200 kaons 

0.95 0.05 36.2 7.1 
1.05 0.05 27.6 5.8 
1.15 0.05 23.7 4.7 
1. 25 0.05 5.14 2.1 
1.40 0.1 3.30 1.2 
1.6 0.1 2.18 0.83 
1.85 0.15 0.51 0.29 
2.15 0.15 0.40 0.23 
2.45 0.15 0.14 upper 1 imit 
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Table XIX. +Kaon cross-sections. 

-t dt do Uncertainty dt 

100 GeV 

0.45 0.05 750.0 41.0 

0.55 0.05 412.0 23.0 

0.65 0.05 179.0 12.0 

0.75 0.05 100.0 7.7 

0.85 0.05 63.7 5.3 

0.95 0.05 34.2 3.6 

1.05 0.05 19.4 2.4 

1.15 0.05 13.8 1.9 

1. 25 0.05 6.92 1.2 

1. 35 0.05 4.63 0.97 

1.45 0.05 4.08 0.86 

1. 55 0.05 1.77 0.53 

1.65 0.05 0.747 0.33 

1. 75 0.05 0.54 0.28 

1. 85 0.05 0.64 0.29 

1. 95 0.05 0.60 0.27 

2.15 0.15 0.11 0.062 

2.45 0.15 0.03 upper 1 imi t 

2.75 0.15 0.038 0.027 

200 GeV 
0.95 0.05 28.1 4.9 

1. 05 0,05 25.7 4.4 

1.15 0.05 11.2 2.6 

1. 25 0.05 4.7 1.6 

1. 35 0.05 3.2 1.3 

1.45 0.05 3.4 1.2 

1. 55 0.05 1.2 0.67 
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Table XIX. +Kaon cross-sections (continued). 

-t dt do Uncertainty dt 

1.65 0.05 1.0 U.59 

1. 75 0.05 1.3 0.64 

1.85 0.05 0.90 0.52 
2.05 0.15 0.18 0.13 

2.35 0.15 0.22 0.13 
2.65 0.15 0.073 upper 1 imit 
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Table XX. -Pion cross-sections. 

-t dt do Uncertainty dt 

-100 GeV 

0.45 0.05 790.0 2.0 

0.55 0.05 401.0 1.1 

0.65 0.05 189.0 0.6 

0.75 0.05 100.0 0.4 

0.85 0.05 54.4 0.24 

0.95 0.05 30.4 0.16 

1.05 0.05 16.7 0.11 

1.15 0.05 9.62 0.078 

1. 25 0.05 5.52 0.055 

1.35 0.05 3.13 0.039 

1.45 0.05 1. 75 0.028 

1. 55 0.05 1.09 0.021 

1. 65 0.05 0.676 0.016 

1. 75 0.05 0.417 0.012 

1. 85 0.05 0.267 0.009 

1. 95 0.05 0.164 0.007 

2.05 0.05 0.108 0.006 

2.15 0.05 0.070 0.004 

2.25 0.05 0.04] 0.003 

2.35 0.05 0.026 0.003 

2.45 0.05 0.014 0.002 

2.55 0.05 0.008 0.001 

2.65 0.05 0.006 0.001 

2.75 0.05 0.005 0.001 

2.85 0.05 0.002 0.001 
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Table XX. -Pion cross-sections (continued). 

-t dt da Uncertainty dt 

-200 GeV 

0.95 0.05 25.6 0.348 

1.05 0.05 17.1 0.282 

1.15 0.05 9.78 0.165 

1. 25 0.05 5.48 0.11 

1. 35 0.05 3.19 0.071 

1.45 0.05 1.82 0.047 

1. 55 0.05 1.17 0.036 

1. 65 0.05 0.640 0.024 

1. 75 0.05 0.437 0.019 

1.85 0.05 0.289 0.015 

1. 95 0.05 0.161 0.010 

2.05 0.05 0.100 0.005 

2.15 0.05 0.078 0.005 

2.25 0.05 0.043 0.003 

2.35 0.05 0.025 0.002 

2.45 0.05 0.016 0.002 

2.55 0.05 0.010 0.002 

2.65 0.05 0.009 0.001 

2.75 0.05 0.003 0.001 
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Table XXI. +Pion cross-sections. 

-t dt do Uncertainty dt 

100 GeV 

0.45 0.05 803.0 16.8 

0.55 0.05 414.0 7.7 

0.65 0.05 189.0 3.7 

0.75 0.05 101.0 2.0 

0.85 0.05 55.2 1.2 

0.95 0.05 29.5 0.78 

1.05 0.05 16.4 0.52 
1.15 0.05 9.89 0.36 

1. 25 0.05 6.18 0.26 

1. 35 0.05 3.06 0.17 

1.45 0.05 1.87 0.13 

1. 55 0.05 1. 21 0.097 

1.65 0.05 0.868 0.079 

1. 75 0.05 0.480 0.056 

1. 85 0.05 0.317 0.044 

1. 95 0.05 0.141 0.028 

2.05 0.05 0.164 0.030 

2.15 0.05 0.075 0.019 

2.25 0.05 0.056 0.016 

2.45 0.15 0.037 0.007 

2.75 0.15 0.007 0.004 

+200 GeV 

0.95 0.05 21.2 0.68 

1.05 0.05 14.0 0.52 

1.15 0.05 8.02 0.34 

1.25 0.05 4.63 0.24 

1. 35 0.05 2.49 0.17 
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Table XXI. +Pion cross-sections (continued). 

-t dt dO" Uncerta i nty dt 

1.45 0.05 1. 63 0.13 

1. 55 0.05 1. 05 0.098 

1.65 0.05 0.568 0.067 

1. 75 0.05 0.407 0.055 

1.85 0.05 0.165 0.034 

1. 95 0.05 0.158 0.032 

2.05 0.05 0.032 0.026 

2.15 0.05 0.022 0.011 
2.25 0.05 0.042 0.015 

2.35 0.05 0.020 0.010 

2.45 0.05 0.019 0.009 

L.55 0.05 0.018 0.009 

2.75 0.15 0.004 0.003 

3.05 0.20 0.003 0.002 
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The results in Table XXII (the 100 GeV data conies from ref. 23 

and the 200 GeV data from ref. 19) can be compared with the results for 

this experiment. There is good agreement within the statistical errors 

without need to consider the normalization uncertainty. The normaliza

tion uncertainties for this experiment are approximately 12% for pions, 

13% for 100 GeV kaons, 20% for +200 GeV kaons and 28% for -200 GeV 

kaons; this is derived from Table XVII. 
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Table XXII. Results from other experiments. 

do 
dt 

--.. -

kp (-100 GeV, t = 0.45) 610 ± 70 

kp (+100 GeV, t = 0.55) 490 ± 80 

pi - P (-100 GeV, t = 0.45) 730 ± 30 

pi - P (+100 GeV, t = 0.45) 750 ± 50 

kp (+200 GeV, t = 0.975) 27 ± 20 

kp (-200 GeV, t = 0.975) 36 ± 15 

pi - P (+200 GeV, t = 0.975) 27 ± 7.9 

pi - P (-200 GeV, t = 0.975) 34 ± 6.3 



CHAPTER 4 

DISCUSSION 

The most obvious feature of our kaon data is the decrease in 

the rate of change of the differential cross-section with t (Figs. 31-

34; the dark points are the kaons). In the -100 GeV cross-section 

(Fig. 29) there is an abrupt change in the smooth fall of the cross

section around t = -1.55. In the -20 GeV data of ref. 15 one sees a 

change near the same value of t. In the -5 GeV data of ref. 14, there 

are two shoulders (regions where there are two slope changes which pro

duce structure in the differential cross-section which resembles a 

shoulder) near this value of t. It seems reasonable to suppose that 

the shoulders at higher energy are related to one or the other of 

these shoulders. Generally, it has been found that features in dif-

ferential cross-sections move toward lower t as s increases. 

It is interesting to compare the data with a standard textbook 

diffraction model. Frauenfelder and Henley (ref. 12) show that, if 

elastic scattering is considered as diffractive scattering from a gray 

disk with a Gaussian profile function, the following is obtained for 

the differential cross-section: 

d (J _ 

dt - a exp(bt) 

where a and b are constants and cos ecm ~ 1. This is clearly inade-

quate because it gives a straight line on a semi-log plot. This line 
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Figure 29. -100 GeV kaon cross-section compared to gray disk 
model. 
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is shown in Fig. 29. It works fine at low t, but falls faster than 

the data at high t. (The differential cross-section in this diffrac

tion model actually falls slightly more rapidly than exp(bt). At 
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-t = 3 it is 4% less than given by the relation above.) The high t 

data can be reconciled with the diffraction model if one assumes struc

ture within the kaon (proton), i.e., regions of greater density than 

that given by a Gaussian profile function. Such tuning of the model 

requires introducing new parameters; they mayor may not be compatible 

with quark models. 

Comparison of Kaons, Pions and Protons 

Figure 30 is a plot of the -100 GeV kaon data (the same as 

Fig. 29), with a sketch of the anti-proton differential cross-section 

superimposed. One notices that da/dt for the two particles are very 

different in shape. 

Figures 31 to 34 are plots of the kaon (dark pOints) and pion 

(light points) data for this experiment. Data from two other experi

ments performed at the same energies are plotted; these experiments 

covered a lower range of t (ref. 12 and 14). These experiments to

gether show the variation of the cross-sections from the optical point 

(t = 0) to -t approximately 3. The statistical accuracy is best for 

-100 GeV, but it seems to be a general feature that the pion and kaon 

cross-sections are close up to t of approximately -2, although they 

are distinctly different in slope, crossing at t of approximately 

-0.75 ± 0.2 for ±10a GeV. The uncertainty in the crossing point is 

due to the relative normalization uncertainty between the pion and 
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kaon cross-sections. The magnitude of this is derived from the con-

tamination uncertainty given in the last column of Table X after cuts 

(the other factors that go into the normalization are common to both 

cross-sections). At 200 GeV the data is not statistically accurate 

enough to tell where they cross. At our highest values of t, the 

differences between kaons and pions are quite large except for +100 GeV. 

The 20 GeV and 50 GeV data of ref. 15 show a similar general re

lationship between pions and kaons, i.e., the kaon differential cross

section does not fall as quickly with t as the pion cross-section. 

Comparison of Particle and Anti-Particle 

Figure 35 is a plot of all our kaon data. It shows that the 

kaan cross-sections for particle and anti-particle are indistinguish

able, within our uncertainties, over our t range. For 200 GeV pions, 

there is a difference of approximately 20% in absolute value between 

the differential cross-sections of particle and anti-particle. The 

relative normalization uncertainty between the two is 17% (assuming 

that the uncertainties are part of two independent Gaussian distri

butions, their uncertainties add in quadrature). 

Energy Dependence 

The cross-sections are approximately the same for 100 GeV and 

200 G~V kaons. The normalization uncertainties at 100 GeV and 200 GeV 

can be combined to give an estimate of the energy dependence. If the 

differential cross-section can be factored as 

do _ -n 
dt - s f(t) 
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where s is the center of mass energy, then the exponent n is approxi-

mately n ~ 0.0 ± 0.5 for kaons and n = 0.3 ± 0.4 for pions. Our data 

is consistent with either a slow change with energy or no change with 

energy whereas, at lower energies, there is a clear dependence on s 

of the differential cross-section. 

There is another way of factoring the cross-section as sug

gested by the constituent interchange model (eIN) (ref. 13). em is 
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a general framework for model building for which there are many specif-

ic models. elM is a large t theory and may not be expected to be valid 

for our data. Some of the models can be expressed in the following 

way: 

do ··n ( dt = s f tis) 

where tis = -0.25 ecm2 (ecm is the center of mass angle), n = S in the 

standard model, and f(t/s) is a function of tis which depends on the 

specific model. Figure 36 shows a plot of do/dt versus tis for kaons. 

According to the elM prescription the 200 GeV data has to be scaled 

by the ratio of 

[
S(20U Gev)ls = [(19.4 Gev)2JS = 249 
S(100 Gev)j 13.7 GeV 

to agree with the 100 GeV data. The difference for kaons between -100 

GeV and -200 GeV is between 10 and 30 from low tis to higher tis. 

Figure 37 is a plot of do/dt versus tis for our pion data. The most 

interesting aspect of Fig. 37, in relation to the elM model, is that 

it shows no tendency to a constant multiplicative difference between 
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-100 GeV and -200 GeV varying from approximately 20 to 500 from low tis 

to higher t/s. CIM may still hold at larger values of tis. For proton 

proton data the CIM prediction is a good description only for t/s 

somewhat greater than t/s of the dip (ref. 13). 

Geometricai Scaling 

In the past it was found that by plotting {do/dt)/(do/dt)t=O 

versus -t • 0tot the pion and kaon cross-sections agreed within 

statistical uncertainty (ref. ~4). Gtot is the total cross-section 

of the particle being scaled. This fact supported the concept of 

geolnetrical scaling as outlined in ref. 24. In Fig. 38 this plot is 

made for our data and that of ref. 19 and 20. It is found that geo

metrical scaling will not reconcile the two cross-sections. This 

model has also been tested by another recent experiment (ref. 15) 

and found to be inadequate. 

Final Comments 

There are no theories that predict the measured differential 

cross-sections. Nor are there any theories that quantitatively ex

plain the differences between the differential cross-sections of 

pions, kaons and protons, although the differences between these 

three particles fit qualitatively the black disk prediction. The 

greater the total cross-section, the faster the fall-off of the dif

ferential cross-section is the black disk model prediction. 

The work of Donnachie and Landshoff is not tested by the work 

reported in this dissertation, but it should be applicable to our 
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higher t pion data reported in ref. 17 and 21. The behavior of our 

higher t pion data seems different from t- 7, but it should be noted 

that the t-8 prediction for higher t proton proton data seems to be 

a good match to the data (ref. 4). 
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To show that 

(X & P = 1 
all events) 

APPENDIX 

= lk events X & P = II 
(all k) 

requires some simple understanding of probabilities. First a number 

of variables must be defined: 

f1 = fraction of the buckets with beam containing only one 

particle, 

f2 = fraction of the buckets with beam containing two par-

ticles, 

fk = fraction of the kaons in the beam, 

fp = fraction of pions and protons in the beam, 

e1 = efficiency of the X and P hodoscopes identifying cor-

rectly one particle in a bucket, and 

e2 = effi ci ency of the X and P hodoscopes identifying cor-

rectly blo particles in a bucket. 

In order to keep this section from being inordinately long and com

plicated, all cases of more than two particles in a bucket are ignored. 

Additionally, I will not include explicitly the veto rate or the dif-

ferences in the cross-sections, so the fractions above must be under-

stood to be effective values. 

If there is only one particle in a bucket, the probability 

that it is a kaon is fk and the probability that it is not a kaon is 
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fp. 8y definition these probabilities add to one, i.e, fk + fp = 1. 

For two particles in a bucket the probability distribution can be found 

by simply squaring (fk + fp) to get fk2 + 2fk fp + fp2 = 1. The com

bined probabilities for all buckets with particles is 

fl(fk + fp) + f2(fk2 + fp2 + 2fk fp) = 1 

with each term presenting one of the various possibilities. For 

example, f2 fk2 is the probability that there are two particles in a 

bucket and both are kaons. 

The unnormalized probability distribution for buckets that in

clude a scatter are different because when there are two particles in 

a bucket the probability of a scatter occurring is doubled. The dis

tribution in this case (which is the distribution of what I have pre

viously referred to as all events) written as the sum of the various 

possibilities is 

fl(fk + fp) + 2f2(fk2 + 2fk fp + fp2) = fl + 2f2. 

The probability distribution of (X & P = 1) is a subset of the above 

distribution. Deriving this distribution is a simple matter of mul

tiplying the first term by el and the second term by (1 - e2), the 

fraction of buckets with two particles that were identified as having 

only one particle. With this understanding we immediately write 

(X & P = 1) _ el fl + 2(1 - e2) f2 
(all eventST - fl + 2f2 

When we require that one of the beam particles be a kaon, the 

sum of the various possible combinations is 
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fl fk + f2 ( fk 2 + 2fk fp) = fk [n + f2 (1 + fp)] 

However, the buckets which include a kaon scatter have a slightly dif

ferent distribution because the term involving fk is multiplied by 2, 

but the term involving fk fp is not. The distribution in this case, 

which is the distribution of what has been called (all k), is 

flfk + f2(2fk 2 + 2fk fp) = fk(f1 + 2f2) 

from this we immediately write the ratio 

(k events X & P = 1) = e1f1fk + 2f2~1 - e2)(fk 2 + fpfk) 
all k fk f1 + 2f2) 

= e1f1 + 2(1 - e2)f2 
fl + 2f2 

This shows that the relation given at the beginning of the appendix 

is true. 

We can pursue this development to find bane c in these terms. 

Recall that c is the number of contamin?.ting particles and b is defined 

as 

= (X & P = 1, cb = 1) 
b (X & P = any, cb = 1) 

The probability distribution for (X & P = any, cb = 1) is that subset 

of the distribution of (all events), given above, that has at least 

one kaon. The sum of the various probabilities is 

f1 fk + 2 f2 lfk2 + 2fp fk) = fk [f1 + 2 f2 (1 + fp)] 

The probabilities for (X & P = 1, cb = 1) is the subset of the above 

for which X & P = 1, namely 



f1 e1 fk + 2 f2 fk(l + fp)(l - e2) = 

fk[fl el + 2 f2(1 + fp)(1 - e2)] 

Substitution gives 

b = fk[fl e1 + 2 f2(1 + fp)(1 - e2)] 
fk fl + 2 f2(1 + fp) 

b - a + 2(1 - e2) fp/(fl + 2 fll 
- 1 + 2 f2 fp/(fl + 2 f2) 

Comparing this with the equation for b in the section on kaon identi

fication, we see immediately that 

c _ 2 f2 fp 
all K - (fl + 2 f2) 
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