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A SURVEY OF THE FERMILAB RESEARCH PROGRAM 

G. Giacomelli, A. F. Greene, and J. R. Sanford 
Fermi National Accelerator Laboratory 

Batavia, Illinois 60510 

ABSTRACT 

A survey is made of the experimental research program at the 

Fermi National Accelerator Laboratory covering the approved experi-

mental proposals. These experiments are divided into physics topics 

and a comparison is made of the kinematic ranges of the measure-

ments and the techniques used. 
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1. INTRODUCTION 

This report represents a survey of the experimental research at the 

Fermi National Accelerator Laboratory. It is representative of the program 

as of January 1, 197 5, which is two and one-half years after the accelerator 

began operation for high-energy physics. During this period the accelerator 

has operated principally at 300 GeV with early running at 200 and lately 

at 400 GeV. Most of the experiments discussed in this report may be clas -

sified as first generation. However, many experiments are now becoming 

rather complex and the entry into the second generation is definitely begin

ning. A brief look at the table of contents shows that the experiments cover 

a large portion of the field of high-energy particle physics, suggesting that 

the Fermilab program is rather comprehensive. 

For this survey we have divided the approved Fermilab high-energy 

physics experiments into subtopics. Basically, we have separated the 

studies involving strong, electromagnetic, and weak interactions, and have 

inserted the approved Fermilab experiments into the categories which best 

describe the emphasis of their measurements. The category of strong 

interactions is further divided into total cross sections, elastic scattering, 

inclusive reactions, etc., because the number of experiments is so large. 

It should be noted, however, that in the section on total cross sections we 

have collected all of the experiments independent of the type of interaction. 

This seems appropriate since tnese measurements are very fundamental, 

and it is interesting to compare the experiments using hadrons, photons, 

and neutrinos. This framework for describing experiments is found to be 



-2 -

generally useful in outlining the overall research program and in comparing 

new proposals with previously approved work. 

For each physics subject the experiments are analyzed in terms of the 

ranges of kinematic variables. For example, total cross sections depend 

only on one variable which is the total center-of-mass energy or incident 

momentum. Neglecting polarization effects, elastic scattering depends on 

two variables which are the total center-of-mass energy and the scattering 

angle. Single particle inclusive reactions depend on three variables: the 

total center -of-mass energy, the angle, and the momentum of the observed 

final-state particle. More complex experiments are not easily classified 

and a more general comparison is made. For each subject we usually give 

a very brief description of the physics measurements, with the primary 

emphasis on tables of the approved experiments where the ranges of kine -

ma tic variables are listed, and on graphs where there is a pictorial descrip

tion of the ranges of variables for the experiments. 

Throughout the report experiments are referred to by number. That 

number is the one assigned to the proposal by Fermilab. Section 17 contains 

a list of these experiment numbers together with the institutions participating 

in the research, and where the experiments are treated in this report. 

In each section we have included a few physics results if they are 

available. These results are of the simplest and most general type and are 

presented in the form of a data compilation. We could not attempt to be 

complete or enter into any detailed analysis since this would become a task 

outside the purpose of this report. 
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There is an unevenness in this report when comparing one section with 

another. In some cases this is due to the availability or lack of physics 

results and in others due to the varying ease in describing the work. Since 

we expect to reissue this description in the future, an effort will be placed on 

strengthening some of the weaker sections. It will also be necessary to 

modify the tables and graphs as new experiments are approved and as results 

are available. 

The information contained in this report has come from a large variety of 

sources. Principal among these are the experimental proposals to Fermilab, 

published papers, and unpublished reports. Throughout this paper, and 

particularly when referring to the list of approved experiments, one may 

question the status of the proposed measurements. A source of information 

for questions of this type is the Experimental Program Situation Report 

which is published quarterly in "NALREP, "the Fermilab monthly newsletter. 

If the experiment is complete then perhaps there are publications associated 

with the work. At the time of this writing a general publications file is being 

developed. It is expected to be available for reference in later editions of 

this report. 

A few caveats are in order. It is clear that the kinematic ranges stated 

in the tables cannot be completely exact. We apologize for this as well as 

for mistakes and omissions. We hope that readers will inform us of dis -

crepancies which they find. 
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2. TOTAL CROSS-SECTION EXPERIMENTS 

There are several ways of obtaining information on the total cross 

sections for the interaction of particles with various targets. The most 

accurate and most common technique for making these measurements is the 

transmission method. This technique relies on a system of counters to 

identify and count the beam particles, a target where the beam particles are 

absorbed, and a series of cylindrical transmission counters. The ratios of 

the rates measured by these transmission counters with and without the tar-

get are used together with an extrapolation to zero solid angle to measure 

the total cross section. 

Another method is to study the elastic differential cross sections at 

very small angles[ It I< 0.01 (GeV/c)
2

] and to obtain the total cross section 

through a fit to the differential cross section in the coulomb-nuclear inter-

ference region. Neglecting spin effects the differential cross section may be 

written as: 

2 
da + ( i+ 2) a tot 

(J 
bt/2 c2 ebt _ 2 ( p+acjl) 2a G (t)2 tot "' e 

d It I 
p 161T 

It I 4..Jrr 
( 2 .1) 

'--..,--' '- V'" -
Coulomb Nuclear Coulomb-Nuclear 

Term Term Interference Term 

C = 
2a G2 (t)eiml> is the coulomb amplitude; 

It I 
G ( t) = the proton form factor; 

acjl = the phase of the coulomb amplitude; 

a = the fine structure constant; 
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p = the ratio of real-to-imaginary part of the forward elastic scattering 
amplitude: 

crtot = the desired total cross section; and 

b = the slope of the differential cross section. 

The fits to Eq. ( 2 .1) can in principle be used to obtain CJ , p, and b. In 
tot 

practice the fits are usually done by fixing crtot and b to values given by other 

measurements and thus to determine p. 

From elastic scattering in the diffraction region[0.01 < jt j < 0,5 

2 
(GeV /2) ] it is possible to obtain the total cross section through an extra-

polation to t=O and the use of the optical theorem. However, in most cases 

this is used as a check of the normalization of the elastic cross sections 

rather than a determination of crtot' 

Another technique for measuring the total cross section is to count the 

number of interactions in a certain fiducial volume and to determine carefully 

the beam flux. This is a satisfactory method when the statistics are limited 

because of the type of detector being used or because the interactions are 

quite rare. This method is used in determining total cross sections from 

bubble-chamber exposures, whether they be of hadrons or of neutrinos. It 

is also used in electronic-neutrino experiments. The neutrino and antineutrino 

total cross-section measurements will be further discussed in Section 12. 

A different kind of transmission method is used for five experiments, 

specifically Experiments # 27 A and # 305 with incident neutrons, Experiments 

# 82 and# 226 with incident KL
0

; and Experiment# 8 with incident neutral 

hyperons. In this case a neutral particle detector, in the form of a forward 

multiparticle spectrometer, is set up in the neutral beam. The detector 

has a small efficiency for the wanted neutral particle but is highly 
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selective in mass and momentum and is stable in time. It can thus be used 

as a "neutral particle monitor" and the total cross section may be determined 

from the relative number of counts with and without absorbers in the neutral 

beam. 

Table 2, 1 lists all of the approved Fermilab experiments that are 

expected to give substantial results on total cross sections independent of the 

form of the governing interaction force. (For a more complete listing of the 

diffractive elastic scattering experiments bearing on this subject see Section 

3.) In each case the type of target particle to be used, the range of incident 

momentum, and the experimental approach are given. This information is 

shown in Fig. 2.1 where the long-lived hadron measurements by various 

experiments are given together with the momentum range covered. 

Figures 2.2 and 2.3 show compilations of the high energy total cross 

sections for the long-lived charged hadrons and for neutrinos producing 

charged muons. The energy dependence of the cross sections is strikingly 

different for the two cases: linear dependence on laboratory energy for 

neutrinos and only re.latively small energy dependence for the hadrons. 

More detailed analysis shows that, with the exception of antiprotons, all high 

energy hadron-hadron cross sections are rising. At 100 GeV the neutrino 

cross section is still more than 10
11 

times smaller than the hadron cross 

sections. 
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Table Z .1. Summary of Total Cross-Section Measurements. 

Note: The energy range quoted usually assumes the accelerator running at 
300 GeV. The upper energy limit of some experiments will rise with 
the accelerator energy. The target particles are shown as: p - proton 

(Hz), d - deuteron (DZ), A - heavy nucleus. 

Beam Particle 
and 

Exp. Number 

Protons 

# 36A and 
# 186 

# 69A 

# 104 

Neutrons 

#4 

#Z7A and 
# 305 

Pions 

# 69A 

# 104 

Kaons and 
Antiprotons 

# 69A 

# 104 

Target 
Particle 

p 
d 

p,A 

p, d, A 

p, d, A 

A 

p,A 

p, d, A 

p, A 

p, d, A 

Incident 
Momentum 
(GeV/c) 

50-400 

50-ZOO 

z 3-Z80 

30-Z80 

40-Z80 

50-ZOO 

z 3-Z80 

50--180 

z 3-Z40 

Experimental 
Method 

calculation from elastic scattering 
in the coulomb-nuclear interference 
region 

calculation from elastic scattering 
in the coulomb-nuclear interference 
region 

transmission measurements 

transmission measurements 

transmission measurements 
using dissociation events 

calculation from elastic scattering 
in the coulomb-nuclear interference 
region 

transmission measurements 

calculation from elastic scattering 
in the coulomb-nuclear interference 
region 

transmission measurements 



Beam Particle 
and 

Exp. Number 

Neutral 
Kaons 

# 82 and 
#226 

Neutral 
Hyperons 

#8 

Charged 
Hyperons 

#97 

Photons 

#25A 

Neutrinos 

#1A 

#21A 

#28A 

#45A 

#53A 

Target 
Particle 

A 

p,d 

p 

p, d,A 
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Table 2 .1. (continued) 

Incident 
Momentum 
(GeV /c) 

30-120 

100-250 

100-250 

60-250 
(tagged 
beam) 

Experimental 
Method 

transmission measurements using 
0 + -K - ,,. ,,. decay detector 

transmission measurements 

extrapolation from elastic 
differential cross sections 

interactions and hadron production 

( WB = Wide Band beam; NB = Narrow Band beam; 
QT = Quadrupole Triplet beam) 

A 10:< 200 interactions in calorimeter with 
(WB, NB, associated µ spectrometer; 
&QT) electronic experiment 

A 30-< 200 interactions in calorimeter with 
(NB) associated µ spectrometer; 

electronic experiment 

p,A 10-< 150 interactions in 15-ft bubble chamber 
(WB) with hydrogen and neon 

p 10-< 150 interactions in 15-ft bubble chamber 
(WB) with hydrogen 

p, A 10-<150 interactions in 15-ft bubble chamber 
(WB) with hydrogen and neon 



-9-

Table 2 .1. (continued) 

Beam Particle Incident 
and Target Momentum Experimental 

Exp. Number Particle (GeV /c) Method 

# 310 A 10-<200 interactions in calorimeter with 
(WB, NB, associated µ spectrometer; 
&QT) electronic experiment 

Antineutrinos 

#1A A 10-<200 interactions in calorimeter with 
(WB, NB, associated µ spectrometer; 
&QT) electronic experiment 

#21A A 30-< 200 interactions in calorimeter with 
(NB) associated µ spectrometer; 

electronic experiment 

# 31A p 10-< 100 interactions in 15-ft bubble chamber 
(WB) with hydrogen 

# 172 p,A 10-< 100 interactions in 15-ft bubble chamber 
(WB) with hydrogen and neon 

# 180 p,A 10-< 100 interactions in 15-ft bubble chamber 
(WB) with hydrogen and neon 

# 310 A 10-<200 interactions in calorimeter with 
(WB, NB, associated µ spectrometer; 
&QT) electronic experiment 
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Beam Particle (Target Particle Shown in Parenthesis; 
p-proton,d-deuteron, A-heavy nucleus) 

Protons 

I 36(p), 186(d) 

}--69(p,AJ--1 
I 104( p,d,A) 

Neutrons 

t-- 4(p,d,A) 

f---218 305 (A) 

Pions (+,-) 

r69(p,AJ---1 
I 104(p,d,Al 

Kaons(+,.=l, Antii:irotons 

}--69(p,A)--{ 
I . 104(p,d,A) I 

I 

I 

Error Estimates 

Sta Hstical { + } Systematic 
I "to 3,.o 

I 

0 100 200 300 400 500 
Incident Momentum (GeV/cl 

Fig. 2.1 Total cross -section measurements of long-lived hadrons. 
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Fig. 2.2 Compilation of charged hadron total cross sections. 
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Fig. 2. 3 Compilation of neutrino and antineutrino total cross sections 
where charged muons are produced. Points represent data available 
at the time of the XVII International Conference on High Energy 
Physics, London, July 1974. 
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3. ELASTIC SCATTERING EXPERIMENTS 

The first elastic scattering experiments at Fermilab were those using 

the internal proton beam and the hydrogen gas jet target. The experimental 

apparatus consisted of a series of small solid-state recoil detectors which 

2 
allowed measurements for It I 5 0.1 ( GeV I c) . Later generation experiments 

in the Internal Target Area will use a magnetic recoil spectrometer enabling 

measurements of larger angle scattering (up to !ti "'3 (GeV/c/j. 

The experiments in the external beam lines all use single or double 

arm spectrometers. Most measurements concern the diffraction region 

[0.01 <It[< 0.5(GeV/c)
2

]; in two other cases they involve very small or large 

angle scattering (Exp. # 69A and Exp. # 1 77 A respectively), and in two 

cases they involve backward scattering (Exp. # 12 and Exp. # 290). Measure -

ments using beam particles other than protons are at present limited to 

approximately 250 GeV I c incident momentum. This is expected to change 

when new high energy secondary beams become available in the Proton Area. 

Table 3.1 describes in an abbreviated fashion all of the presently 

approved elastic scattering measurements at Fermilab. The approximate 

beam momentum and [ t !-range are given. The upper beam momentum or 

highest It !-values may be subject to some adjustment when the beam fluxes 

and cross sections are better known. Two experiments will yield polari -

zation information on the scattering processes. Experiment# 61 employs a 

polarized proton target in a conventional secondary beam and Experiment 

# 313 examines the polarization of the recoil proton produced in scattering of 

the internal proton beam. Figures 3 .1 and 3. 2 describe in graphical form 

the kinematic regions covered by some of the experiments. 
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Figure 3.3 is a compilation of,,. -p elastic scattering angular distri-

butions from 5 to 200 GeV/c. The distributions can be described by the form: 

da = AeBt + Ct
2

, 
dt ( 3 .1) 

2 
where C/B , which describes the deviation from an exponential int, is small. 

It can be seen that the ,,. -p elastic scattering data have only a minor energy 

dependence; in particular, the local slope of a fixed t-value increases slowly 

with energy. This is indicative of a slow shrinkage of the diffraction pattern. 

It also appears that the higher order terms int become less important with 

increasing energy. 
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Table 3.1. Summary of Hadron Elastic Scattering Measurements. 

Note: The target particles are shown as: p-proton (Hz), ct-deuteron (Dz), 
A-heavy nucleus. 

Beam 
Particle 
and Exp. 
Number 

Protons 

Target 
Particle 

#7 p 

#36A and p 
#186 d 

#61 p 
(polarized) 

#69A p,A 

#96 p,d 

# 1 77 A p 
(tests) 

#198 p 

# Z89 

# 313 

Neutrons 

#1Z 

# Z48 

Pions 

#7 

4 
He 

p 

p 

p 

p 

Incident 
Momentum 

(GeV/c) 
It I-Range 
( GeV I c) Z Experimental Apparatus 

50-ZOO 0.06--Z. forward spectrometer and 
recoil arm 

50-400 0.001-0.09 internal beam and recoil 
50 -400 0. 0 3 -0 .1 Z detector 

50-150 0.15-1.5 double arm spectrometer 

50-ZOO 0.001-0.3 forward spectrometer 

50-175 0.0Z-0.8 single arm spectrometer 

300( Z00-400 4. -ZO. double arm spectrometer 
later) 

50-400 0.15-3. internal beam and recoil 
spectrometer 

50-400 

50 -400 

40 -Z80 

40-Z80 

50-200 

0.1-0.3 

0. 2 -1. z 

internal beam and recoil 
detector 

internal beam and recoil 
spectrometer with 
polarimeter 

O.OOZ<!ul<i. neutron counters and for
ward magnetic spectrom
eter 

0.1-3.5 neutron and recoil spec
trometers 

0.06--2. forward spectrometer and 
recoil arm 
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Table 3.1. (continued) 

Beam 
Particle Incident 
and Exp. Target Momentum It !-Range 
Number Particle {GeV/c) (GeV/c) 2 Experimental Apparatus 

Pions 

# 61 p 50-150 0.15-1.5 double arm spectrometer 
(polarized) 

#69A p,A 50 -200 0.001 -0.3 forward spectrometer 

#96 p,d 50 -1 75 0.02-0.8 single arm spectrometer 

# 290 p 10, 50, 80 O<!u!<0.8 two magnetic spectrom -
eters 

Kaons and 
Antiprotons 

#7 p 50--200 0.06-1. forward spectrometer and 
recoil arm 

# 61 p 50--200 0.15--0.5 double arm spectrometer 
(polarized) 

#69A p,A 50--200 0.001 -0.3 forward spectrometer 

#9 6 p,d 50 -175 0.02-0.8 single arm spectrometer 

Neutral 
Hyperons 

#8 p,d 100-250 0.1 -0.6 decay particle spectrom -
eter and proton detector 

Charged 
H,):'.Eerons 

#97 p 100-250 
v 

0.1 -0.6 Cerenkov counter, decay 
particle spectrometer and 
proton detector 
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Note: Target Particle Shown in Parenthesis; 
p- proton, d- deuteron, A- heavy nucleus 

Coulomb-Nuclear Diffraction Lorge-Angle 
Beam Region Region Region 
Particle 

Protons 

Neutrons 

Pions(+,-

Koons(+,-
Anti-
Protons 

t---36( p),l86(d)1--t 
t-61( p) -----i 

---69( p,A )-----1 

---96(p,d)--t 

t--198(p)--t 
289(He4)1----1 

69( p,A) 
96(p,d) 

69( p,A) 

0.001 0.01 0.1 2 1.0 
ltl (GeV/c) 

O<IUl<0.8 
1
290(p)

1 

10.0 

Fig. 3.1 Elastic scattering measurements of long-lived hadrons. 
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Fig. 3.2 Proton-proton elastic scattering measurements. 
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1 /2 

( 4.6) 
2 'Ira (t= 

1 + tan __,P'-
2
--

Most of the parameters in this expression are self-evident; a (t=O) is the 
p 

intercept of the effective p -trajectory at t = 0. 

A large variety of methods is used to measure the reactions described 

above. The n-p charge exchange reaction is measured with a magnetic 

spectrometer to detect the forward-going proton, and with an array of 

counters to detect the recoil neutrons at large angles. At Fermilab the ir - -p 

charge exchange reaction is measured with an elegant photon detector, com-

posed of 140 narrow finger counters which locate the electromagnetic shower 

position to about :l mm and integrate the total energy loss. Thus, the photon 

energy is measured to about :7% (full-width) for 100 GeV /c ·,,0 •s. ir-p back-

ward scattering will be measured with a double-arm magnetic spectrometer. 

Measurement of the associated production reactions will be possible using 

the Single Arm Spectrometer Facility to detect the forward-produced K+. 

KSo regeneration is measured with a v 0 
-spectrometer, where the pions from 

0 + -
the decay K - ir ir are focused into parallel rays (see Section 8 for a further 

description of this experiment}. 

Table 4.1 lists the five approved experiments to study these two-body 

reactions. In the table are given the Regge-trajector_ies expected to dominate 

each reaction. In the case of backward scattering, reactions ( 4. :l} and ( 4.3) 

above, the common kinematic variable for describing them is u, the four-

momentum transfer from the incident beam particle to the outgoing proton. 
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4. CHARGE EXCHANGE SCATTERING AND OTHER TWO-BODY REACTIONS 

Five experiments have been approved to study specific two-body 

exclusive reactions. These reactions are: 

np- pn 

+ + + 
1Tp-K~ 

- K+y*+( 1385) 

n-p charge exchange or 
n-p backward scattering 

'IT -p charge exchange 

1T-p backward scattering 

associated production 

KS
0 

regeneration 

( 4.1) 

( 4.2) 

( 4.3) 

( 4.4) 

( 4. 5) 

The interest in these reactions stems from the fact that within the framework 

of Regge pole models they are described in a relatively simple form, involving 

the exchange of a small number of Regge trajectories. For example, the 

p-trajectory dominates the 'IT -p - 1T0 n reaction, the 'IT-trajectory (with p- and 

A
2 

- contributions) is expected to describe n-p charge exchange, w-exchange 

0 0 * + ++ should dominate the KL p - KS p reaction, K -exchange for 'IT p - K ~ , and 

baryon exchange for 1T-p backward scattering. 

One of the features of these relatively simple reactions is that it is 

possible using the Regge pole model, isospin conservation, the optical 

theorem, and the like, to derive various relations. These formulas connect 

the reactions to one another, to elastic scattering, and to total cross section 

differences. For example, pion charge exchange can be used to provide a 

consistency check on the differences of pion total cross -section measure-

ments using the following expression: 
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The u-variable has a parallel meaning to the t-variable used in the other 

scattering reactions. 

Figure 4.1 shows a compilation of the differential cross sections for 

ir -p ... ir
0 n scattering from 5 to 101 GeV /c. The dominant features are the 

slow shrinking of the forward peak, the strong energy dependence of the 

absolute value of the cross section, and the dips at It I = 0 and = 0.6, the 

latter appearing to be less prominant as the energy increases. 

r 

I 

( 

( 

( 
(. 
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Table 4.1. Summary of Two-Body Scattering Experiments. 

Reaction 
and 

Exp. Number 

np-<'pn 
# 12 

+ + + 
tt p-K ~ 

-K+y*~1385) 
#99 

0 
TI' p-'11' n 

-n°n 
# 111 

Incident ft I or !u [ 
Momentum Range 
(GeV/c) (GeV/c)2 

40-280 0.002<lul<1. 

30-120 It l<0.01 

20-150 t . <It l< o.6 min 

20-200 o< It I< 1.5 

10,50,80 O<[uf<0.8 

Dominant 
Exchanged 

Trajectories 

TI' 

w 

Experimental 
Aeearatus 

magnetic spectrom -
eter and neutron 
detectors 

magnetic spectrom -
eter to detect 
K0 -'11' +TI'- decay 

single arm magnetic 
spectrometer 

photon shower 
detector 

two magnetic 
spectrometers 
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Fig. 4.1 Compilation of 11" -p - 11"
0

n differential cross sections. 
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5. INCLUSIVE REACTION EXPERIMENTS 

An inclusive reaction of order one is defined as 

a+ b - c + X. ( 5 .1) 

We shall refer to "a" as the incident particle, to ''b" as the target particle, 

and to "c" as the produced particle which is identified and whose momentum 

and production angles are measured. The system X, also referred to as 

"anything," is unobserved. 

Reaction (5.1) is usually observed with a single arm spectrometer. 

The spectrometer would have magnets and gas Cerenkov counters when 

particle "c" is charged. It has a calorimeter or shower detector when par-

ticle "c" is neutral. Also bubble chambers have been used to provide infor-

0 0 
mation on inclusive processes; the information is unique for KS and A 

production (also see Section 9). 

Reaction (5.i) is kinematically defined by three variables, for example 

the center-of-mass energy, the polar angle, e, and the momentum, p, of 

particle "c." The azimuthal angle, </>, is ignorable because polarization 

effects are not examined with the exception of A 
0 

production in bubble 

chambers. There are many different choices for the three independent 

variables, for the cross sections, and for the scaling laws. Moreover, the 

conventional notation changes appreciably for inclusive reactions due to 

strong, electromagnetic, or weak interactions. In the last two cases, inclu-

sive reactions are better known.as deep inelastic processes. Table 5.1 

gives a list of definitions used in describing the three types of interactions. 
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Another classification of inclasive reactions may be based on the 

transverse momentum value of the observed particle. One speaks of small-

pt and of large-pt phenomena. The latter have always been associated with 

interactions at small distances. It may also be worthwhile to recall that the 

average transverse momentum in processes due to strong interactions is 

small, about 350 MeV I c, and slightly dependent on center -of-mass energy. 

On the contrary, the average transverse momentum squared in processes due 

to weak interactions grows linearly with the laboratory energy of the incoming 

particle. 

We have separated the inclusive reactions according to the type of 

experiments. In this section we shall discuss strong interaction processes 

only. The electromagnetic interaction experiments will be described in 

Sections 10 and 11 and those for weak interactions are discussed in Section 12. 

Table 5.2 gives a list of the beam survey experiments which have been 

completed or will be performed in the different beam lines available at 

Fermilab. These are standard measurements that are made in each beam 

line during the initial stages of the first experiment in that line. 

domains covered by these surveys are shown in the Peyrou plot of Fig. 5.1. 

A special class of inclusive reactions involves very small target 

recoils along with diffraction dissociation of the incoming beam particle. 

These reactions are extensively studied with the internal proton beam. We 

shall refer to them as reactions of the type 
' 

p + p - p +MM, ( 5.2) 

where MM =missing mass. The target (or recoil particle) could be a proton 
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or a deuteron. We shall use the following kinematic variables: the four -

momentum transfer squared, t, and the missing mass, MM. Table 5.3 and 

Fig. 5.2 illustrate the ranges of values for the approved Fermilab experi-

ments. 

Table 5 .4 lists the main features of the studied photon-producing 

reactions 

a+b-y+X, ( 5. 3) 

where "a" can be either a proton or a pion and ''b" is usually a nuclear tar -

get. In reality, these experiments examine the strong production of rr 0
, TJ 

0
, 

etc. Figure 5.3 illustrates the (x, pt) domains covered in the approved 

experiments with incident protons. 

Table 5.5 lists the main features of the more general inclusive 

reactions for the production of charged particles by incident pions, kaons, 

protons, and antiprotons: 

( ::) + p -(::) + x. ( 5 .4) 

The (x, pt) ranges covered by these experiments are illustrated in Fig. 5.4 

(for incident protons) and Fig. 5.5 (for incident TI, K, p). 

There exists another group of experiments which can be included under 

single particle inclusive experiments, but can be considered separately. 

These involve direct single lepton production. Two experiments (#70 and 

#100A) used the proton beam in the Proton Area and Experiment #184 relied 

on the variable energy available using the internal proton beam. Experiment 

# 335 will measure direct muon production in the forward direction (at 1. 6 

mrad). For this purpose it will use the first stage of a charged particle 
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beam as a diffracted proton beam, and the second and third stages as a 

spectrometer. At large center-of-mass production angles the ratio, direct 

single lepton/pion, is 10 -
4 

independent of pt. Experiment #335 should find 

out if this also holds true at small angles. 

The apparatus of several of the single lepton experiments is now being 

expanded to include the possibility of detecting dileptons. These experi

ments are classified as multiparticle experiments and are included in 

Section 7. Table 5.6 summarizes the experiments on single lepton production. 
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Table 5.1. Notation for Inclusive Measurements. 

Weak or Electromagnetic Interactions Strong Interactions 

N 
A::---<~ ( Ph I Eh ) 

hadrons(MX) 

).J:.----4~ x 
(missing mass,M M) 

ll.. = momentum four -vector 
p, ti'= laboratory momentum and scattering angle 

p*, e* =center-of-mass (c. m.) momentum and scattering angle 

2 . 2 e 
q (=-t) =4E E sin-µ 

0 µ 2 2 
"' (Eh+ E )E e 

µ µ µ 

v- = Eh = EO 

2 

- E 
µ 

(Eh+ E )
2

E e 2 
µ µ µ q 

x = -:--'~-"' 
2mNv 

1 
w=

x 

v 
y =-

EO 

v = xy 

Eh 
= 

Eh+ E 
µ 

= 
q2 

2mNEO 

e 
2 . 2 µ 

= - p sin -
mN µ 2 

(involves muon information only) 

Eh 2 
u =x(1-y)"' --e 

2mN h 

(involves hadron information only) 

s = E 
c.m. 

t = (Jaa - .Rel 
2 

pl = p 
t 

= p sine = p 

* * * 
P11 = p = p cos IJ 

£ 

x l = 
P1max 

* sine 

pll Zpfl 
x =x=---"' 

II pllmax -:J"S 

xR = Jxl2 + xll2 

* 

* E + p * __ -'£n \ II Rapidity = y • E -
c - p I' 

* IJ * Pseudorapidity = ri "' -£n tan 2 

~ * (y"'"' ri , for m small) 
c 

* Lab rapidity = y lab = y beam - y 

2 2 2 
MM = M = (o + o - oc) 

X ""'a ·"'b ""' 
"' s ( 1 - x) 

Invariant Cross Section, 
3 2 

f=Eda=~~ 
d

3 2 dr!dp 
p p 

=f(s,pl,pll) 
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'!able 5.2. Summary of Beam Survey Experiments (p + A - c + 
a Nuclear Target and c is the Observed Particle. 

X), Where A is 

Experimental 
Area, Beam & 

Exp. Number 

Meson Area 

M1 Beam 
# 104 

M2 Beam 
#111, #51A 

M3 Beam 
#4, #27A 

M4 Beam 
# 82 

M6 Beam 
#96 

Neutrino Area 

NO Beam 
15-ft B. C. 
Users, 
#1A,#21A 

Note: A fixed nucleon target is assumed. 
Range of Variables 

of Observed Particle (c) 
Particle Center-of-

Incident Identity Mass Angle 
Proton & Lab Lab With 

Momentum Momentum Angle 300 GeV 
(GeV /c) (GeV /c) (mrad) Incident 

200, 300 

200, 300 

200, 300 

200,300 

200, 300 

300,400 

± ± ± 
TT ,K ,p 
2 3-200 

± 
p, 7T 

20-300 

n,n 
40-280 

0 
KL 
30-120 

± ± ± 
rr ,K ,p 

50-175 

± ± 
rr ' K 
10 -200 

3.6 5.2. 

1.0 1.4. 

1.0 

7.5 10.8. 

• 3.5 5.1 

0 o· 

Experimental 
Apparatus 

magnetic spec
trometer (beam 
line) with gas 
" Cerenkov counters 

magnetic spec
trometer (beam 
line) with gas ., 
Cerenkov counters 

neutron calorim
eter; forward 
multi particle 
spectrometer 

forward multi
particle spec
trometer 

magnetic spec -
trometer (beam 
line) with gas 
y 

Cerenkov counters 

magnetic spec -
trometer (Ni 
beam line) with 

" gas Cerenkov 
counters and 
Cerenkov coun
ters looking 
directly at pro
duction target 
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Table 5.2. (continued) 

Range of Variables 
of Observed Particle ( c) 

Particle Center-of-
Incident Identity Mass Angle 

Experimental Proton & Lab Lab With 
Area, Beam& Momentum Momentum Angle 300 GeV Experimental 
Exp. Number (GeV/c) (GeV/c) (mrad) Incident AEparatus 

Ni Beam 300,400 
± 

TT 0 o· magnetic spec-
20-200 trometer (beam 

line) with gas 
Cerenkov counters 

N3 Beam 300, 400 hadrons 1. -15. 0-22. magnetic spec -
20-200 trometer (beam 

line) with gas 
• Cerenkov counters 

N5 Beam 300,400 hadrons 1. -15. 0-22. magnetic spec-
20-200 trometer (beam 

IJne) with gas 
Cerenkov counters 

Proton Area 

P-East 
#25A 200, 300, 400 '( 0-1. 0-14° magnetic spec-

60-2 50 trometer (beam 
line) and lead 
glass counters 

# 87A, # 358 200, 300, 400 n:40-280 0 o· forward multi-
y:i0-250 particle spec-

trometer 

# 100A 200, 300, 400 
± ± ± 

"TT ,K ,p 80. -90° single arm mag-
10-75 netic spectrom-

~ter with gas 
Cerenkov counters 

P-Center 
# 70 200,300,400 

0 50. -100. 65 ° -104° magnetic spec-'(, TT 

10-200 trometer and lead 
glass counters 

P-West 
#95A 200, 300,400 '( 17. -100. 24° -104° magnetic spec-

10-200 trometer and lead 
glass counters 



Experimental 
Area, Beam & 
Exp. Number 

# 284 

Incident 
Proton 
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Table 5 .2. (continued) 

Range of Variables 
of Observed Particle ( c) 

Particle 
Identity 

& Lab 

Center-of
Mass Angle 

With 
Momentum Momentum 

Lab 
Angle 
(mrad) 

300 GeV 
Incident (GeV/c) (GeV/c) 

200, 300,400 
± ± ± 

rr 'K 'p 
< 2.5 

------
variable variable 

Experimental 
Apparatus 

single arm mag
netic spectrom
eter with gas 
" Cerenkov and 
lead glass 
counters 

Note: General surveys of charged and neutral hyperon production will be 
done in the M2 Beam using diffracted protons by Experiments # 8 

and # 9 7. See Section 8. 
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p*(GeV/c) 
2 

p
0 

= 300GeV/c 
Y5=23.76GeV 
P. = ll.84GeV/c 
CM 

10 

,,-\ 
\ 
\ 

N3,N5 
Beams 
\ 
\ 

M48eaj 

Mt Beam I 
68eam 

M2,M3 1Baama 
NO NI Beams 

Fig. 5.1 Peyrou plot of some beam survey experiments. 
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Table 5.3. Summary of Inclusive Reaction Studies of the Type pp - p +MM, 
pd - d +MM Where the Recoil (p,d) Is Detected at Large Angles. 

Notes: 1) An incident momentum of 300 GeV/c is assumed. 
2) The grouping of experiments is an indication of a continuing 

experimental program. 

Exp. Number 

#14A 

II 221 

# 321 

#36A 

#186 

# 317 

#67A 

#188 

#51A 
(also with in
cident 'Tf 1S) 

Incident 
Momentum 

Target ( GeV I c) 
a b C, CH

2 
200, 300, 400 

40 -400 

p 40-400 

p 40-400 

d 40 -400 

p,d 40-400 

p 40-400 

p,d 40 -400 

p so -250 

It I-Range 
( GeV I c) 2 

0.02-0.2 

0.02-0.2 

0.01-0.23 

.001 -0.1 

0 .03-0 .12 

0.01 -0.1 

0.1 -0.6 

0.1-0.6 

0.1-0.45 

Missing 
Mass Range 

(GeV) 

1. -10. 

1. -8. 

1. -14. 

1. -5. 

1. -12. 

1.-8. 

1.5-10. 

1.5-10. 

2. -10. 

Experimental 
Apparatus 

external proton 
beam and solid 
state recoil de -
tectors 

internal beam and 
solid state recoil 
detectors 

internal beam and 
solid state recoil 
detectors 

internal beam and 
solid state recoil 
detectors 

internal beam and 
solid state recoil 
detectors 

internal beam and 
solid state recoil 
detectors 

internal beam and 
scintillation 
counters 

internal beam and 
scintillation 
counters 

secondary beam 
with scintillation 
counters and 
spark chambers 

-



Exp. Number Target 

#96 p,d 
(also with in-
cident rr 1s, K's) 

=carbon 
= polyethylene 
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Table 5. 3. (continued) 

Incident 
Momentum 

(GeV/c) 

50-175 

Jt!-Ran~ 
(GeV/c) 

0.02-0.8 

Missing 
Mass Range 

(GeV) 

1.-8. 

Experimental 
Apparatus 

secondary beam 
with single arm 
magnetic spec -
tr om et er 
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Missing Mass(GeV) 

Fig. 5.2 Approximate ranges of inclusive reactions of the type pp - p + MM, 
pd - d + MM where the recoil ( p, d) is detected at large angles. Incident 
momentum of 300 GeV/c is assumed. 

-
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Table 5.4. Summary of Photon-Producing Reaction Studies. 

Incident 
Particle 

and Incident 
Exp. Momentum Pt-Range 

Number ( GeV I c) (GeV/c) x-Rang:e Experimental Apparatus 

Protons 

# 63A 40-400 0.1 -3. 0.01-0.9 internal beam and lead glass 
counters 

#70 200,300,400 1.8 -8. 0-0.6 external proton beam and lead 
glass counters 

#95A 100 -400 0.2-5. 0-0.7 external proton beam and lead 
glass counters 

#120 30-300 0.001-0.04 0-0.7 internal beam and lead glass 
counters 

# 268 300 0.3-5. -0. 2 -0.5 secondary beam and photon 
shower detector 

Pions 

#192 100-300 large aperture magnet with 
NaI( Tl) absorption counters 

#268 100,200 0.3 -3. -0.2 -0.5 secondary beam and photon 
shower detector 

# 350 100,150,200 0.1-1.7 0.8-1. secondary beam and photon 
shower detector 
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Fig. 5.3 Kinematic regions covered by the photon-producing reaction 
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Table 5. 5. Summary of General Inclusive Reaction Studies. 

Reaction 
and 

Experiment Number 

Note: A = nuclear 
target 

# 3Z4 

p + p -(:: )+ x 
# Z84 

#100A 
(nuclear targets) 

and 
# 300 

(Hz• Dz targets) 

• +A-(~:)+x 
# 258 

p + p - (~:) + x 
# 30Z 

Incident 
Momentum Pt -Range 

(GeV/c) (GeV/c) x-Range ExperimentalApparatus 

40 -Z50 

40,80,160 

50 -400 

0.3-0.67 0.7-0.95 proton recoil spec
trometer and forward 
spark chambers 

0.05-1.5 0.15-0.8 single arm spectrom
eter; observe multi
plicity of X 

0.1-3. 

0.01-Z. 

-1.-0.1 Z.5 GeV/c backward 
spectrometer 

-1.-0.1 Z.5 GeV/c backward 
spectrometer 

zoo ,300 ,400 1. -7. 0-0.Z single arm magnetic 
spectrometer 

zoo 1.-6. 

zoo 1.-5. 

0-0.Z 

-0 

single arm magnetic 
spectrometer 

double arm spec -
tr om et er 
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Fig. 5.4 Kinematic regions covered by general inclusive reactions 
initiated by protons: 
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p + p (A) .... ir + X 

-+K±+ X 
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Fig. 5.5 Kinematic regions covered by general inclusive reactions 
initiated by 'Ir, K, p: 
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Table 5.6. Summary of Direct Single Lepton Production. 

Reaction 
and 

Exp. Number 

Note: A = 
nuclear target 

pA -µ 
± 

+X 

#100A 

#184 

# 335 

Incident Lab 
Momentum Angle 
(GeV/c) (mrad) 

Center-
of-Mass Pt-Range 

Angle ( GeV / c) 

200, 300. 400 50-100 -70° -90° 2.-5. 

200, 300, 400 80 -90 • 1.5-5.5 

30 -300 80 -90• 0.85-2.5 

300 1.6 1.3. 0.14-0.35 

Experimental 
Apparatus 

single arm magnetic 
spectrometer 

single arm magnetic 
spectrometer 

internal beam and 
single arm magnetic 
spectrometer 

single arm magnetic 
spectrometer 
(charged particle 
beam line) 
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6. DIFFRACTION DISSOCIATION EXPERIMENTS 

Under the general category of diffraction dissociation we shall classify 

a number of reactions characterized by: i) small momentum transfers, 

ii) no quantum numbers exchanged, and iii) essentially no energy dependence 

of the cross section. These reactions are thought to proceed via Pomeron 

( P) exchange and may be further classified as beam or target fragmentation 

reactions, as illustrated in Fig. 6.1. 

Generally, in the laboratory frame of reference, the beam fragmen -

tation reaction can be described as a nearly elastic process where the tar-

• get particle recoils at about 90 in the lab and a sort of jet of 2 or 3 particles 

goes forward at very small angles. Target fragmentation is a nearly elastic 

reaction where the scattered beam particle retains most if its momentum 

and is scattered at only a very small angle. Diffractive events lead to the 

production of a relatively small number of particles whose characteristic. 

rapidity distribution is sketched in Fig. 6.1. The center-of-mass rapidity is 

. * * * defined as y = ifn (E + p
1
/E - p

11
) (see Table 5.1). 

So far at Fermilab there are two principal efforts directed at beam 

particle dissociation. One of these, involving neutron dissociation, is 

accomplished with a "V" spectrometer used to detect the reaction nA - (rr-p)A 

where the A in Experiment# 27 A represents nuclear targets from carbon to 

lead. Experiment #305, by the same participants, includes also the use of 

a high pressure gas target with hydrogen, deuterium, and helium gases. 

These experiments have also looked at the coulomb dissociation process 

where the exchanged particle is a photon rather than a Pomeron. This 
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process is observable at very small angles [for It I < 0.004 ( GeV I c) 
2

] and is 

2 
known to be dependent on Z 

The other approved beam dissociation experiment at Fermilab 

(Experiment# 86A) involves fragmentation of pions using a streamer 

chamber filled with helium gas. The helium serves as the target and also 

as the detector of the interaction when it recoils coherently. The streamer 

chamber allows a study of the forward particles produced in the dissociation 

process. The use of helium also has another feature. Because of the 

quantum numbers of the helium nucleus, the only particle exchanges which 

can contribute are the Pomeron and its negative signature counterpart (P and 

P' respectively) and the w. This then enables a simpler understanding of the 

reaction. 

Experiment #9 6 and #118A will study target fragmentation reactions 

induced by different types of particles ( ,/, K±, p ±). One should thus be able 

to see if the process is independent of the projectile particles. Experiment 

# 11 SA will have charged particle detectors surrounding the production tar

get to allow a more detailed look at the multiplicity of tar get fragments. 

Table 6.1 serves to explain more specifically the details of these 

approved experiments. It should be noted that some of the missing mass 

experiments listed in Table 5. 3 may also be classified as diffraction 

dissociation experiments in which there is fragmentation of the target 

particle. 



Table 6.1. 

Reaction 
and E~. Number 

Note: A =nuclear 
target 

Beam Particle 
Dissociation 

-
n+A-(" p) +A 

#27A 

and 

(A 
# 305 4 

= p,d,He also) 

4 
TI+ He - v's + He

4 

#86A 

Target Particle 
Dissociation 

(::)· ,-(::rx 
#96 

#118A 

-45 -

Summarl of Diffraction Dissociation E~eriments. 

Incident 
Momentum lt J-Range 

{GeV/c) (GeV/c) 2 

40-280 <;;o.3 

100 -200 0.01-0.09 

50 -175 0 .02-0.8 

50, 100, 175 0.15-1.5 

Missing 
Mass Range 

{GeV) 

1.1-3. 

1.1 -5. 

1.-8. 

1. -10. 

Experimental 
Aeearatus 

forward multi-
particle spectrom-
eter 

helium -filled 
streamer chamber 

single arm spec -
tr om et er 

single arm spec -
trometer; 
observation of 
multiplicity of X 
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P"" 

(b) 

0 

p 

b 

I non ""'1 I a op npanan I 

(c) (d) 

Fig. 6.1 Pictorial descriptions of production processes with characteristic 
rapidity distributions. P indicates Pomeron exchange. 

· (a) Fragmentation of the beam particle, a. 
(b) Fragmentation of the target, b. 
( c) Double fragmentation of a and b. 
( d) Central collision production reaction. 
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7. MULTIPARTICLE EXPERIMENTS 

The group of experiments labeled somewhat arbitrarily as multi -

particle experiments covers a collection of various physics interests 

including both neutral and charged particle final states. The principal 

feature is the motivation to observe and study all final-state particles with 

a goal of separating and analyzing specific channels. We have separated 

this work into five categories. The diffraction dissociation experiments 

discussed in Section 6 might also be included here, but for the purpose of 

this analysis they are discussed separately. We shall mention a few of the 

features of the experiments in each of the five categories and then describe 

them further in Table 7 .1. 

7 .1 General Multiparticle Physics 

The multiparticle spectrometer associated with Experiment# ii OA is a 

general purpose instrument. This specific experiment has a wide range of 

physics objectives, such as the study of the s - and t-dependences of the 

cross sections for peripheral processes, searches for new resonant states, 

measurement of"-" and K-lT elastic and inelastic scattering, and a study of 

the properties of high multiplicity events. Experiment # 260, a study of 

large-pt phenomena, will utilize this facility with the addition of calorimeters. 

It is included under those experiments discussed below. 

It is expected that eventually another general purpose multiparticle 

spectrometer may be available for studies of hadron interactions. This is 

the spectrometer incorporating the Chicago cyclotron magnet now used for 

exploring muon interactions (Experiment #98). At present only one 
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experiment with an incident hadron beam has been approved for that 

apparatus (Experiment #331 ). This potential limited use does not yet permit 

lts inclusion here. 

7. 2 Photon Final States 

Some of the experiments designed to study reactions with multi-photon 

final states have as a possible objective the association of the photons with 

the annihilation of a monopole-antimonopole pair. This is one of the specific 

goals of E:iqieriments #22, #192, and #230. (Also see Section 13.1 and 

Table 13.1.) Another possibility is that high energy interactions might pro

duce massive lepton pairs and massive photon pairs. Such is the physics 

inter est of Experiments # 9 SA and # 19 2. 

7 .3 Large-pt Phenomena 

The group of experiments designed to study large-pt pheno'mena are 

also referred to as "searches for hadron jets. " The interest in this type of 

multiparticle physics has come from the experimental observation that 

inclusive cross sections do not decrease with increasing pt as rapidly above 

pt "' 1.5 GeV I c as they do below. Explanations of this are varied but range 

from production of new particles to possible observation of parton-parton 

collisions. In some sense, these experiments are extensions of the ideas of 

the normal inclusive experiments described in Section 5 with emphasis on a 

specific kinematic region and interest in production of particles other than 

the leading one. 
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7 .4 Dilepton Production 

As mentioned in Section 5, many of the experiments studying dilepton 

production are extensions of the work begun in examining single lepton pro-

duction. The relatively large ratio of direct muon production to pion pro

duction (-10 -
4

), and its relatively constant value over a wide range of kine -

matic variables, is not understood. It is thought that it could arise from 

decays of vector mesons or more exotic particles such as the intermediate 

vector bosons, charmed particles, etc. (Section 13 should also be consulted 

as a cross reference.) 

The recent discoveries, first at Brookhaven and SLAC and then at 

Frascati and DESY, of a number of neutral, narrow dilepton resonances 

+ - + -
( e e , fl. fl. ) has produced new impetus in this area of research. Thus, the 

list of experiments of this type will most certainly grow in the next few 

months. It may be worthwhile to recall that at high energy the effective 

mass of a dilepton system is given by 

( 7 .1) 

where e £+ 
1 

_ is the angle between the two leptons and pt+, p 
1 

_ are the 

momenta of the positively and negatively charged leptons respectively. In 

some experiments the angle, e
1
+

1 
-, is fixe"d by the position of the spectrometer 

arms and the effective mass distribution is measured as a function of the 

momenta of the outgoing leptons. In other experiments both leptons go 

through a single spectrometer at forward angles. 
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7. 5 Miscellaneous 

The basic objectives of the experiments labeled miscellaneous appear 

adjacent to each entry. One of these includes a study of particle multiplicity 

from pions hitting nuclear targets (Experiment #178), which is primarily a 

study of the early evolution of hadronic states. Another experiment (# 302) 

- ± involves a test of charge conjugation using the reactions pp - rr + X, and 

Experiment #357 is a charmed particle search hoping to detect the reaction 

pp - CC+ X, C - Krr (where C is a charmed particle). 
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Table 7.1. Summary of _1\/lultiparticle Experiments. 

Physics Emphasis In•' lrlent 
and Beain MO'llf'ntum Experimental 

Exp. Number Particle ( G '~ \~.!.S_ Apparatus 

General Multi-
particle Physics 

# 110A ,,. 50-200 general multiparticle 
spectrometer 

Photon 
Final States 

# 22 p 300 sweeping magnets with lead 
converter and proportional 
wire chambers 

#95A p 100-400 lead glass counters 

# 192 ,,. 100-300 large aperture magnet with 
NaI( Tl) absorption counters 

# 230 n 40-280 lead converter and wide-gap 
spark chambers 

Large!\ 
Phenomena 

#236A ,,., K, p 20-280 magnetic spectrometer with 
photon and hadron calorimeter 

#246 ,,. 300 symmetric pair of calorimeters 
on either side of the beam 

# 260 'IT, p -200 general multiparticle spectrom-
(also see # 11 OA) eter with photon and hadron 

calorimeters 

Dilepton 
Production 

# 87A 'I 10-250 forward magnetic spectrometer 

# 192 ,,. 100-300 large aperture magnet with 
Nal(Tl) absorption counters 

# 288 p 200-400 double arm magnetic 
spectrometer 

# 305 n 40-280 forward magnetic spectrometer 
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Table 7 .1. (continued) 

Physics Emphasis Incident 
and Beam Momentum Experimental 

Exp. Number Particle (GeV /c) Apparatus 

# 325 p 100-400 single arm magnetic spectrom-
eter with muon arm 

# 331 1T 'p 50-300 large multiparticle spectrom-
eter 

# 337 p 300 two muon range telescopes 

# 358 n 40-280 forward magnetic spectrometer 

# 365 1T 200 forward muon spectrometer 

# 366 n 40-280 two particle mass focusing 
spectrometer 

Miscellaneous 

# 178 1T 100-175 multip!jcity determination 
using Cerenkov pulse height 

# 302 p 200 test of charge conjugation 
invariance using a double arm 
spectrometer 

# 357 p 300 charmed particle search using 
two arm riagnetic spectrom-
eter with erenkov counters 
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8. HYPERON AND NEUTRAL KAON EXPERIMENTS 

The main aims of the two approved hyper on experiments are: i) the 

study of hyper on production (the survey part of the experiment); ii) the study 

of hyperon elastic scattering and of their total cross sections; iii) eventually, 

the study of some of their decay modes. One of the experiments (#8) involves 

neutral hyperons, while the other (#97) involves charged hyperons. The two 

experiments are located in the Meson Area, at the end of the M2 beam which 

10 
will be used as a diffracted proton beam to transport fluxes of up to 10 pro-

tons per pulse to the hyperon production target. This is immediately 

followed by a 30 kG sweeping magnet with an insert used as a beam dump. 

The channel of the insert is straight for the neutral hyperon experiment and 

curved for charged hyperons. Charged hyperons are identified with gas 

., 
differential Cerenkov counters, while neutral hyperons are identified in a 

v 0 -spectrometer via their decay into charged particles. It should be noted 

that the neutral hyperon beam could also be used for KS
0 

physics. 

The KL
0 

physics at Fermilab is presently done in the M4 beam of the 

Meson Area. Because of the relatively large production angle ( 7 .5 mrad) the 

neutral kaon portion of the beam is enhanced somewhat to a level of about 

one kaon to six neutrons; furthermore, the length of the beam ( 1 ,600 feet) 

0 
insures that no KS are present. So far only two experiments have been 

approved for that beam line, both using apparatus consisting of a v 0 
-

spectrometer with wire spark chambers and a magnet. The main aim of the 

two experiments is the study of KS
0 

regeneration in vacuum, carbon, poly

ethylene, by electrons, etc. Ancillary measurements will yield information 

on crtot(KL
0

A) and on the differential cross section for KL
0

p - KL
0
p. 
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Table 8 .1 describes briefly the approved hyper on and neutral kaon 

experiments. 
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Table 8.1. Summary of Hyperon and Neutral Kaon Experiments. 

Particle Type 
and 

Exp. Number 

Neutral Hyperons 
#8 

Charged Hyperons 
# 97 

Neutral Kaons 
# 82 

Neutral Kaons 
#226 

Major Physics Emphasis 

survey of neutral hyperon production and 
decay; measurement of /\-N total and 
diffraction elastic scattering cross sections 

survey of charged hyperon production and 
decay; measurement of small angle hyperon 
elastic scattering 

measurement of Ks
0 

regeneration in vacuum, 
carbon, and CHfc; ancillary measurements of 

0 0 0 
crtot(KL A), dcr dt (KL p - Ks p) 

coherent Ks
0 

regeneration by electrons; 
ancillary measur5ments of a tot ( KL

0 
A), 

dcr/dt (KL0 p - Ks p) 
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9. HADRON INTERACTIONS IN BUBBLE CHAMBERS 

Two bubble chambers are in operatiOn at the Laboratory. One is the 

30-in. chamber with associated hybrid systems. The other is the recently 

completed 15-ft chamber. 

The first physics studies were done in the 30-in. bubble chamber filled 

with hydrogen and exposed to 200-GeV protons. Approximately 0.2 million 

pictures were taken with several incident beams during the first year of 

operation (June, 1972 - June, 1973) and about one million additional pictures 

were taken during the second year (June, 1973 - June, 1974). Much of this 

increase in picture-taking was due to improvements in the accelerator opera

tion and to the acquired ability to send up to four fast beam pulses to the 

bubble chamber during each 7-sec accelerator cycle. 

The hadron beams to the bubble chambers are capable of operating at 

energies up to 400 GeV /c. A beam tagging system is in operation in the 30-in. 

beam line and a similar one is being built for the 15-ft line. This system 

provides for identification of each beam particle sent to the bubble chamber. 

The information available from the computer includes the incident particle's 

position, direction, and momentum as derived from a set of upstream pro

portional wire chambers. Particle identification is performed with a 

differential Cerenkov counter. The computer also records whether the beam 

particle has triggered the downstream hybrid spectrometer system or 

penetrated a thick muon identifier.beyond. 

Some methods have been introduced for enriching the fraction of wanted 

particles in the bubble-chamber beams. For example, in the two 200 GeV I c 
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rr + exposures in the 30-in. chamber a water filter in the beam was utilized 

+ + 
to enhance the rr (and K ) content with respect to the protons. This is done 

+ using the fact that the pN total cross section is much larger than the rr N 

+ (and K N). Other methods, including retargeting of secondary particles or 

using decay products, are being studied for enhancing the fluxes of p and K 

for future experiments. These techniques, if successful, are expected to be 

available for use in the beam lines to both bubble chambers. 

Presently there are available for the 30-in. bubble chamber two dis-

tinctly different hybrid systems, one involving proportional wire chambers 

and the other using optical wide-gap spark chambers. These systems are 

presently maintained and operated by the groups that constructed them 

(Experiments # 2B and # 154), although they are frequently utilized by other 

experiments through special arrangements. Both hybrid systems utilize the 

bubble chamber fringe field and the relatively long lever arm to gain addi-

tional momentum and directional accuracy. The bare bubble chamber has a 

momentum resolution of ±10% for secondary particles of 15 GeV/c, which 

means that in a typical 100 GeV /c exposure one can momentum analyze only 

the particles produced in the backward hemisphere. The addition of the 

hybrid system brings in an improvement of about a factor of seven, allowing 

momentum measurements of leading particles near 200 GeV I c with errors 

of about ± 10%. The hybrid systems also use lead converters between the 

last two sets of chambers, allowing the detection of forward-going gamma 

rays and thus permitting study ~f reactions involving rr01 s. 
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Early bubble-chamber experiments were capable of yielding quickly 

the main features of strong interactions in the new high-energy domain 

opened up by the Fermilab accelerator. This information concerned total 

cross sections, differential elastic scattering, charged multiplicity, moments 

of the multiplicity distribution, and some inclusive cross sections. Many of 

these early results are now superseded by higher statistics data from counter 

experiments. Nevertheless, the bubble chamber plays a major role in some 

specific studies, among which one may single out the following: 

( i) Study of the average charge multiplicity and of the higher 

moments of the multiplicity distribution for different incident particles at 

different momenta. 

(ii) Study of some specific subjects connected with the multiplicities 

of charged particles, like Koba-Nielsen-Olesen ( KNO) scaling usually 

expressed as: 

< n> CJ 
___ n_ = f-n-

CJ. 1 <n> ine 
( 9 .1) 

That is, the quantity < n> CJ I CJ. 
1 

is a function only of n/ < n> and is thus 
n me 

independent of energy. ( n is the number of charged particles from an inelastic 

reaction, and CJ and CJ. 
1 

are the total n-particle and inelastic cross sections 
n ine 

respectively.) 

(iii) Study of the inclusive production of short-lived neutral and 

charged particles, like K0
, fl. 

0
, A.0 , etc. 

- + 
(iv) Study of some exclusive channels such as 1T p - 1T p1T 1T . 

( v) Study of some diffractive phenomena. 
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(vi) Study of various types of correlations. These range from 

charge-charge correlations to pt - and rapidity-correlations for inclusive and 

semi-inclusive processes. 

(vii) Study of factorization properties when changing the incident 

beam particle. 

(viii) Study of resonance production (Ci.(1236), p, A
1

, A
2

]. 

Tables 9.1 and 9.2 summarize the approved exposures for the 30-in. 

and 15-ft chambers respectively. The 15-ft hadron program is a newly 

emerging one. The engineering run (Experiment # 2 34) has been completed 

and only a few additional experiments have been approved. The primary 

15-ft activity for the near future will be the neutrino program for which it 

was specifically built (see Table 12 .2). 

Figure 9.1 is representative of some of the early results from the 30-in. 

bubble-chamber research. It suggests a functional form for the charged 

prong ratio, n/<n> when plotted against <n> a fa. 
1
. This function is 

n ine 

independent of energy as shown by the data from pp collisions at different 

energies, suggesting KNO scaling. 
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Table 9 .1. Summary of 30 -In. Bubble-Chamber Experiments. 

Note; Typical exposures are for 50,000-100,000 pictures. One of the two hy
brid systems is used during most of the exposures. 

Incident 
Particle and 
Momentum Hydrogen Fill Deuterium Fill 

_ _,_( G.:;:..;.e..:.V..:./..:.c"--) _ Experiment Number Experiment Number 

Protons 

100 

200 

300 

400 

500 

+ rr (with 
protons) 

60 

100 

150 

200 

300 

100 

150 

200 

300 

400 

p 

40 

100 

# 252 

#2B, #141A 

#2B, # 37A 

#138 

# 207 

# 228 

#2B, #121A 

# 299 

# 217 

# 277 

#2B, #125 

#154, #299 

#2B, #137 

#143A, #281 

# 215 

#344 

# 311 

#194 

# 280 

# 209 

#196 

#295 

#218 

# 338 

# 345 

Hydrogen and 
Neon Fill 

Experiment Number 

#161 

#163A 
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Table 9 .2. Summary of 15 -Ft Bubble -Chamber Hadron Experiments. 

Note: Typical exposures are for 25 ,000 -50 ,000 pictures. 

Incident Particle 
and Momentum 

(GeV/c) 

Protons 

300 

+ . 
rr (with protons) 

150 

1T 

100 

200 

250 

Hydrogen Fill 
Experiment Number 

# 343 

#341 

#83A 

# 234 

Hydrogen and 
Neon Fill 

Experiment Number 

#89 
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t 

pp - n charged particles 

a 50 GeV/c 

n 

o 69 GeV/c 
• 102 GeV/c 
• 205 GeV/c 
.::. 303 GeV/c 

2.0 3.0 

Fig. 9 .1 Bubble chamber data on p-p interactions suggesting Koba
Nielsen-Olesen (KNO) scaling behavior. The curve is an empirical 
fit to the data. The points at 50 and 69 GeV / c are from data 
obtained with the Mirabelle chamber at Serpukhov, while the other 
data were obtained using the 30-inch bubble chamber. From 
Physical Review Letters~. 1624 (1972). 
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10. ELECTROMAGNETIC INTERACTIONS INITIATED 
BY PHOTONS AND ELECTROMAGNETIC RADII 

10.1 Photoproduction Experiments 

The approved photoproduction experiments use either a tagged or a 

broad band untagged photon beam. The first is a multistage beam 

('rr
0 

-y - e -y) while the second is a simpler beam obtained directly from 

they-decays of TT
01 s followed by filtering out the neutrons. 

A measurement of the total cross section for the photoproduction of 

hadrons (Experiment #25A) will use the tagged photon beam. It is a classical 

type of total cross section measurement for neutral particles where one 

measures: 

( i) the incoming fluxes of photons of known energy, and 

(ii) the number of interactions leading to hadrons. 

Two other experiments that will use the tagged photon beam will study elastic 

and inelastic Compton scattering and </> photoproduction in a two-body reaction 

(Experiments #152B and #263 respectively). 

Using the broad band photon beam, Experiment #87A measures the 

general features of photoproduction phenomena at high energies and forward 

angles and also some specific items like the direct production of lepton pairs 

(see Section 7). Their work will also include a systematic search for JP= 1 

boson resonances, which should be directly coupled to the photon. 

These experiments are summarized in Table 10.1. 

10. 2 Electromagnetic Radii 

The electromagnetic radius of a particle, "a, 11 may be determined 

from a measurement of its elastic scattering with electrons: 
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a+e -+a+e. (10.1) 

In such a case the measured cross section deviates from the electromagnetic 

cross section due to point scattering: 

( d:~) measured = ( d:~) point 

(10,2) 

charge 

2 
where for small q ( = -t), 

2 r, 1 2 2 J -2 

Fa "' Li+ 6 q <ra > (10.3) 

The objective of this type of experiment is the determination of the effective 

2 
radius of particle "a " < r > ' a 

- - -
In Experiment # 216 measurements will be made of TT -e and K -e 

elastic scattering. It is planned to determine the effective pion radius to a 

precision of a few per cent and the effective kaon radius to ±20%. The 

incident beam energy is expected to be 100 GeV and measurements will be 

confined to q 
2 

( = -t) < 0.086( GeV I c)
2 

using a hydrogen target. 

A more difficult measurement is that to determine the electromagnetic 

. 0 
radius of the K . For this one studies the reaction: 

0 - 0 -
KL + e .... KS + e . (10.4) 

Such a study is planned in Experiment# 226 involving measurement of 

coherent regeneration of K
5
° by electrons using a spectrometer to detect 

0 + -
the decay K .... TT TT (also see Section 8). 

Table 1O.2 is a summary ofthe experiments to measure electro-

magnetic radii. 
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Table 10 .1. Summary of Photoproduction Experiments. 

Incident 
Type of Beam Photon 

and Energy Jt I-Range Experimental 
Exp. Number Reaction (GeV) (GeV fc)Z Apparatus 

Note: A=heavy 
nucleus 

Tagged 'I 

#25A atot: 
'IP - hadrons 60-250 hadron counters 
yd - hadrons and lead glass 
yA- hadrons shower detectors 

#152B 'IP - 'IP 20-250 forward shower 
- y+hadrons spectrometer 

and recoil 
detectors at 
large angles 

# 263 'IP-<J>+p 20-195 0-2. forward magnetic 
<J>-K+K- spectrometer 

Unt~ged 'I 

II 87A yA - bosons +X 10-250 forward magnetic 
(bosons with Jp=i-) spectrometer 
yA - 1+1-x 
( l = lepton) 
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Table 10.2. Summary of Experiments on Electromagnetic Radii. 

Reaction 
and 

Exp. Number 

TT e -4- Tr e 

Ke -Ke 

#21o{tests) 

0 - 0 -
KL e - Ks e 

# 226 

Incident 
Momentum 

(GeV/c) 

100 

30-120 

It I-Range 
(GeV /c) 

< 0.086 

< 0.01 

Experimental 
Apparatus 

forward magnetic 
spectrometer 

magnetic spectrometer to 
detect K0 

- "+"-decay 
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11. BLECTROMAGNETIC INTERACTIONS INITIATED BY MUONS 

The present effort in muon experiments at Fermilab is concentrated on 

the study of inclusive reactions at large transverse momenta (deep inelastic 

scattering) and in exploratory measurements of the produced hadrons. 

Using the notation of Table 5.1, the double differential cross section 

for lepton-hadron deep inelastic scattering may be written as: 

. 2 e 2 e 
(2 w1 sm 2 + w2 cos 2 ). (11.1) 

Generally, the w1 and W2 structure functions depend on q
2 

and v. However, 

in the one photon exchange approximation, scale invariance requires that as 

v and q
2 

become large enough (the Bjorken limit), w1 and w2 depend only 

upon a single dimensionless variable, w = 2mp v /q
2

. W1 is proportional to 

the cross section for virtual photons with transverse polarization, while w2 

is proportional to the sum· of the cross sections for both transverse and 

longitudinal polarizations. A separation of W 1 and W 2 is equivalent to a 

separation of these two cross sections. 
2 

Measurements at small q allow an 

evaluation of crtot ( yp) for real photons by performing an appropriate extrapo-

lation. 

Experiment # 26 studies the classical deep inelastic (inclusive) reaction 

+ + 
µ +Fe - µ + X ( 11.2) 

at as high a q
2 

as possible. For this purpose they use a long heavy target 

followed by an iron magnet. Besides comparing their results to the pre-

dictions of Eq. ( 11.1) using the structure functions determined in e-d deep 
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inelastic experiments at SLAC, they compare directly their own data at 

different energies. These data are obtained with a configuration of 

''geometrical scaling" of their apparatus, such that one can compare directly 

the experimental distributions and ascertain any violations of scale invariance. 

Experiment # 9 8 has a 1.2-m liquid hydrogen (and deuterium) target, a 

large forward magnetic spectrometer (using the magnet of the former 

University of Chicago cyclotron), a forward y-ray detector, and a muon 

identifier. The equipment, triggered by muons which have lost energy in the 

scattering process, yields data on many exclusive processes at small q
2 

values, including µe - µe scattering, as well as data on inclusive and semi-

inclusive processes. One of the main features of this apparatus is that it is 

possible also to make a partial study of the final state hadrons. 

The ranges of variables (incident energy, E
0

, energy loss, v, and four 

momentum transfer squared, q
2

) covered by the two experiments are 

summarized in Table 11.1 and illustrated in Fig. 11.1 together with neutrino 

experiments. 
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Table 11.1. Summary of Muon Experiments. 

Reaction and 
Experiment Number 

+ + 
µ +Fe - µ + X 

#26 

Incident 
Energy 
(GeV) 

56,150 

+ + 
µ p - µ +(observed X) 100,150 
+ + 

µ d - µ + (observed X) 
#98 

Ranges of 
Variables 

2 2 
1 < q < 80(GeV/c) 

v < 150 GeV 

2 2 
0.5<q < 30(GeV/c) 

20 < v < 80 GeV 

Experimental 
Apparatus 

heavy nuclear target 
and µ-spectrometer 

H 2 (Dz) tar get; final 
state particles 
measured using 
large aperture spec -
tr om et er 
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Full muon efficiency limit 
for neutrino counter 

200 experiments 
C\I -- Neutrino () ...... 

Counter > 
Q.l Experiments (!) --C\I 
c:r 

100 " -- " --- " --
. -·-·-·- Exp~26 --------\ 
1E_xp~9_8 ·-·:::-::.., _______ J 

50 100 150 200 
Zl=Eo-Eµ. (GeV) 

0 0.25 0.50 0.75 1.0 
y=ZI/ E0 

Fig. 11.1 Ranges of q
2

, v for inclusive lepton-hadron interactions. 
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12. WEAK INTERACTION EXPERIMENTS 

This section will be confined to neutrino physics, although some infor -

mation on weak interactions will likely come also from studies of the decays 

of hyperons and kaons (see Section 8). 

The Fermilab facilities are extremely well suited to studies of neutrino 

interactions. The principal advantages are the high energy of the accelerator 

(up to 400 GeV) and the high beam intensities (over 10
13 

protons/pulse). The 

intensity is an obvious factor when dealing with rare interactions but the high 

energy is also a great help since the neutrino total cross section varies 

linearly with energy up to the highest energies measured so far (-150 GeV). 

The basic neutrino experimental facilities consist of two large elec-

tronic detectors with hadron calorimeters and muon magnetic spectrometers. 

The calorimeter normally serves as a target and as a detector of the energy 

of the produced hadrons. It is usually capable of making energy measure -

ments with a resolution of approximately 15-30o/o(half-width). The muon spec-

trometer is used to identify the secondary muon in charged current inter-

actions and to measure its momentum to an accuracy of approximately ±15-20%. 

Hence, the neutrino energy, E0 ~ E + Eh d , is usually known to 
µ a rons 

approximately ±20-30%. A recent feature has been the observation of neutral 

current events without secondary muons. In this case one is forced to rely 

more heavily on the hadron calorimeter information, and it is also very 

useful to determine the neutrino energy from its source, for example using 

dichromatic focusing where there is momentum selection of secondary pions 

and kaons before decay into neutrinos. These electronic experiments are 
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described in Table 12.1. The ranges of kinematic variables are illustrated 

in Fig. 11.2 together with muon experiments. Note that high q
2 

-values are 

easier to obtain with neutrino experiments since there is no 1 I q 
4 

factor 

from the photon propagator in the expression for the differential cross 

section [comparing Eq. ( 11 .1) with a similar expression for neutrino pro-

duction]. 

The 15 -ft bubble chamber was recently brought into operation, and it is 

expected that this will become a primary tool for the study of neutrino inter -

actions. Experiments have already been approved for hydrogen and for neon/ 

hydrogen fills of the chamber, and there are future possibilities for using 

deuterium and track-sensitive targets. The bubble chamber is supplemented 

by an external muon identifier made of metallic absorbers and proportional 

wire chambers. The presently approved 15 -ft bubble chamber experiments 

are shown in Table 12.2. 

The present neutrino beams in use are the wide band and dichromatic 

beams. Others are also available using the bare target or a quadrupole 

focusing triplet. For descriptions of these beams see the "Design 

Description of the External Experimental Areas at the Fermi National 

Accelerator Laboratory, 11 July, 1974, by T. E. Toohig. 

We shall concentrate on three aspects of neutrino physics, which for 

the present moment are interesting because of the newness of the obser-

vations. Further aspects connected with new particle searches, specifically 

± 0 
W , W , heavy leptons, dilepton, and trilepton final states, will be dis -

cussed in Section 13. 
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12.1 Total Cross Section Measurements 

Table 2.1 describes the experiments capable of contributing to these 

measurements. Present experiments are limited to accuracies of about 

±20%, primarily due to systematic uncertainties. It is hoped that future 

experiments will be able to perform measurements at the ±5 to ±10% level. 

The major features of the results are: i) the linearity of the total cross 

section with neutrino energy, and ii) the ratio of the antineutrino to neutrino 

total cross sections of about 1/3. See Fig. 2. 3 for a compilation of recent 

results. 

12.2 Inclusive or Deep Inelastic Measurements 

From a series of assumptions about the form of the weak interaction, 

namely i) the scaling hypothesis for hadron coupling, ii) that nucleons con-

sist predominantly of spin-1I2 fermion constituents, and iii) there exists 

maximal V-A interference, one obtains the following expressions for the 

differential cross sections: 

( 12.1) 

(12.2) 

Most of the variables are defined in Table 5.1. Other variables are G, the 

coupling constant at the hadron vertex, and F 
2
(x), one of the structure 

functions describing the hadron vertex. F 2(x) can be taken from measure-

ments of e -d scattering. 
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12. 3 Studies of Neutral Current Events 

Until recently when one referred to neutrino or antineutrino inter -

+ 
actions it was thought that a µ or µ always accompanied the reaction. Now 

it has been observed that in about 15% and 30% of the events (for v and v 

respectively), interactions occur where a charged lepton is not seen, but 

instead the v or v keeps its identity. The existence of these events places 

further demands on the detection systems and complications on the analysis. 

For example, the determination of total cross sections will likely now be 

done in two pieces, one for charged current cross sections and the other for 

neutral currents. Much more effort will now be required in a careful 

determination of the secondary hadron energy and in knowing the energy of 

the incident v or ;;-, 
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Table IZ,t. Summar~ of Electronic Neutrino Exeeriments. 

Type of Description of Apparatus 
Exp. Number Focusing Effective 

and System Calorimeter Muon Major 
Stage of and Size Calorimeter Spectrometer Physics 

OeveloEment Beam §Eill (Metric Tons) Description Descri2tion Emehasis 

Note: SC"Spark 
Chambers 

Wonder Building 

# ZIA - Phase I Narrow -140 tons 80 liquid magnet: general features of v 

I Before t /74) Band scint. counters 5-ft diam. { V) interactions with 
I slow spill) 5-ft square 8-ft of iron emphasis on total 

4-in. steel 16 kG cross sections 
SC: every 4th SC: 

5-ft square 

#ZIA - Phase II Narrow -120 tons 70 liquid same but general features of v 
( t /74 - Present) Band scint. counters SC: (V) interactions with 

I slow spill) 5-ft square 5ftXlOft emphasis on total 
4-in. steel and cross sections 
SC: every 2nd lOftXIOft 

#254 Narrow Same as present version search for a second 
Band of apparatus for Exp. #ZtA. muon neutrino by 

I slow spill) measuring the ratio of 
total cross sections for 
w and K produced 
neutrinos 

#l6Z Narrow Same as present version investigation of neutral 
Band of apparatus for Exp. #ZIA. current events 

I fast spill) 

# 3ZO Narrow Same as present version study of neutral 
Band of apparatus for Exp. #ZIA, current events 

(fast spill) 

New Laborator;r E 

#356 New Narrow -140 tons 80 liquid two magnets, studies of deep 
Band scint. counters each: inelastic distribution 

(fast spill) 5-ft square 11.5-ft diam. for v ( ;::;- ) interactions 
4-in. steel 8 ft of iron 
SC: every 2nd 19 kG 

large SC 

La.borator;:t C 

# tA - Phase I Bare -20 tons 16 liquid magnet: general features of v 
I Before 9 /73) Target for full scint. mod. IZ-ft diam. { V) interactions 

I fast spill) events iO-ft square 16 ft of iron 
I 60 tons 18-in. thick 17 kG 
max.) SC: every 4th SC: 

8-ft square 
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Table 12.1. (continued) 

Type of Description oI Apparatus 
Exp. Number Focusin~ Effective 

and System Calorimeter Muon Major 
Stage of and Size Calorimeter Spectrometer Physics 

Develoement Beam Spill ( l\'letric Tons) Description Description Emphasis 

Note: sc~Spark 

Chambers 

Ii 1A - Phase II Broad and - 20 tons same but same but investigation of neutral 
(9/73-10/74) Narrow for full extraµ SC: current events; general 

Band, events identifier 10-ft square features of \I ( V) inter-
Quad ( 60 tons I 14 in. of actions 

Triplet n1ax.) steel) 
{fast spill) 

# 1A - Phase Ill Broad and - 20 tons 15 liquid magnet: search for dimuon 
(10/74 - Present) Narrow for full scint. mod. 12-ft diam. events; general features 

Band, events 10-ft square 16 ft of iron of v (V) interactions 
Quad ( - 80 tons 18-in. thick 17 kG 

Triplet for dimuon SCo every 4th SC: 
(fast spill) search) µ identifier I 1 0-ft square 

target 
I 28 in. of 

steel) 

Extended 
Laborator;r C 

#310 Broad and 160-350 tons 16 liquid magnet: general features of v 

Narrow scint. mod. 12-ft diam. (V) interactions 
Band, 10-ft square 16 ft of iron 
Quad 18-in. thick 17 kG 

Triplet SC: every Znd + 
I fast spill) Lead plates: 24-ft diam. 

every Znd 6 ft of iron 
+ -15 kG 

iron plate with drift 
calorimeter chambers 

absorber 
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Table 1 Z. Z. Summary of Neutrino Experiments Using the 15-Ft Bubble Chamber. 

Notes: 1) All presently approved experiments use the wide band beam with 
fast spill. 

2) It is likely that the external muon identifier {EM!) will be available 
for many experiments. . 

13 
3) For calculation of the numbers of events two horns and 1x10 

incident protons per pulse at 300 Ge VI c are assumed. 

Incident Particle 
and 

Experiment Number 

Neutrinos 

#45A 

#28A 

#53A 

#155 

Antineutrinos 

#31A 

#17Z 

#180 

Chamber Fill 
and 

Approx. Tonnage 
(Metric Tons) 

Hz 
1.4 tons 

Hz and Ne 
-8 tons 

Hz and Ne 
-zo tons 

Hz 
1.4 tons 

Hz 
1.4 tons 

Hz and Ne 
fill undecided 

Hz and Ne 
fill undecided 

Number of 
Pictures 

and Approx. 
Number of Events 

300 K pictures 
-1 z,000 events 

50 K pictures 
-1 Z ,000 events 

50 K pictures 
(spec. targeting) 

100 K pictures 
-60 ,000 events 

50 K pictures 
-Z,000 events 

200 K pictures 
-2,000 events 

50 K pictures 

50 K pictures 

Major 
Physics 

Emphasis 

general features 
of v interactions 

general features 
of v interactions 

sear ch for v pro -
duction through 
decay of particles 
other than ir, K 

general features 
of v interactions 
with a request for 
use of plates 

test of external 
muon identifier 

general features 
of v interactions 

general features 
of ii interactions 

general features 
of Ii interactions 
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13. PARTICLE SEARCHES 

In this section we shall describe the work at Fermilab to search for 

new particles. One of the obvious features of the Fermilab accelerator is 

that it opens up a new mass range for particle production, particularly for 

those produced with small cross sections or for production by pion or other 

secondary particle beams. This description will concentrate on, if we may 

quote Bjorken, "well established undiscovered particles. " Examples are 

magnetic monopoles, quarks, the charged intermediate vector bosons ( W±), 

0 0 0 
the neutral vector bosons ( W or Z or \Ii ) , heavy leptons, charmed par -

ticles, long-lived particles, and super-heavy elements. The recent dis -

+ - + -
covery of narrow resonances in the e e and fl. fl. final states has given new 

impetus to particle searches. Several approved experiments are extending 

their measurements and there are many new proposals. Since this has all 

been happening so quickly we have added this information within the context 

of what had already been prepared on this subject. 

Some experiments are designed specifically as searches for new 

obJects. These are easy to classify. However, there are other more 

general experiments (such as those studying neutrino physics) which might 

uncover new phenomena or new particles. These experiments are classified 

according to the types of particles that they may be able to observe. Of 

course, these capabilities will change as there is an understanding of these 

phenomena and a further developm.ent of theoretical models. 

In most parts of this section the description is accompanied by a table 

which normally gives the following information: 
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( i) the production reactions of the particle (and its identified decay 

products if it is unstable), 

(ii) the mass limit, 

(iii) the upper limit for the total production cross section to be set by 

the experiment if the particle is not observed, and 

(iv) the type of detection method used. 

When considering the mass limit it is useful to refer to the center -of-mass 

energies possible at the momenta of the various particle beams. 

Proton Lab Momentum 
( GeV I c) 

100 
200 
300 
400 
500 

Center-of-Mass Energy 
(GeV) 

13.8 
19.4 
23.8 
27 .4 
30. 7 

If the particle being looked for is a boson, it can be produced singly and the 

mass limit can in principle be almost equal to the center-of-mass energy . 

(The simplest production reaction is of the type pp ..... BNN where B is the 

new particle and N is a nucleon. ) If the particle is a fermion it must be pro -

duced in pairs and the mass limit is at most one -half of this energy. (The 

- -simplest production reaction is then of the type pp ..... FFNN where F and F 

are the new particles. ) In practice one must be considerably above the 

threshold energy in order to have an appreciable production cross section. 

In determining the upper limit for the total production cross section 

there are some problems connected with the fact that the experiments can 

measure the differential production cross section only for specific angles 

and momenta. Hence, the total cross section, determined by integration, is 

model dependent. 
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13 .1 Magnetic Monopoles 

The detection techniques are based on the following expected properties 

of a monopole: 

( i) The magnetic monopole should have a large magnetic charge, 

g = ngD, (13.i) 

with n = 1, 2, 3, ... and gD = 137e/2. This implies that relativistic 

2 . 
monopoles have large ionization losses equal to 4,700n times that of mini-

mum ionizing particles. Such losses can be readily detected. 

(ii) The magnetic monopoles are produced in pairs and annihilate 

immediately into many photons. These might be the cause of the so-called 

Schein events with multiple photons found in cosmic rays. 

The first method above allows two further possibilities: a direct type 

of measurement when one looks at the magnetic monopoles as soon as they 

are produced, or indirect measurements, when it is assumed that the mono-

poles have stopped and are trapped in materials and observed later. The 

monopole candidates in two Fermilab experiments are studied indirectly and 

are either extracted and accelerated in solenoids or they should produce a per-

turbation in the current of a superconducting solenoid. Three other experi-

ments are searches connected with multi -y production. Experiment # 20 2 is 

a search for tachyon monopoles in the cosmic ray flux; it is not associated 

with the accelerator operation, but only with the large magnetic field of the 

15 -ft bubble chamber. The experiments that are expected to produce results 

from searches for monopoles are described in Table i 3. i. 
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13.2 Quarks 

The detection techniques for quarks are based on their ionization: 

relativistic quarks with charge ±1eI3 ionize at a level of 1 /9 that of normal 

particles; quarks of charge ±2e/3 ionize at the level of 4/9 normal; ±4e/3 

particles (di-quarks) ionize at the level of 16/9 normal, etc. All of the 

standard approved quark searches rely on these ionization properties through 

measurement of energy loss in a counter telescope. In addition, one can 

actually use a specific feature of fractional charges by remembering that a 

charge 1e/3 particle of 100 GeV/c momentum needs a beam line set at 300 

GeV I c in order to be transported. Thus, one ca:n run a beam line at a 

nominal momentum higher than that of the accelerator, avoiding all charge 

1 e particles. This technique is often referred to as the "super-momentum 

method. " 

In Experiment# 276 it is planned to search for integrally charged 

quarks of the type proposed by Han and Nambu in a scheme of hadron struc -

ture different from that normally referred to (and involving fractional charge). 

It is assumed that these particles would attach themselves to target nuclei, 

thus forming an atom with one electron less than the original nucleus. The 

identification of the particles might then be possible through studying the 

chemical properties of the target. 

The approved quark search experiments are described in Table 13.2. 

A compilation of the upper limits for -1e/3 quark production at several accel

erators is shown in Fig. 13.1. The limits are at approximately the 
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two-standard deviation level and have been computed assuming isotropic 

production in the center-of-mass frame (solid lines) and forward peaking as 

in normal hadron production (dashed lines). 

13. 3 Intermediate Charged Vector Bosons ( V) 

The experiments with intended searches for the charged intermediate 

± 
vector bosons ( W ) may be classified as follows: 

( i) Production Initiated by Neutrinos 

The experiments look for differences in what one would expect from normal 

neutrino (or antineutrino) interactions. An example would be dimuon events 

such as: 

- + + 
v A - µ WA, W 

µ 
+ 

-µ v 
µ 

- + - -
v A - µ WA, W - µ v µ µ 

(13.2) 

( 13. 3) 

The signature in reaction (13.2) would be a low energyµ in the forward 

+ 
direction and a high energyµ at large angles with transverse momentum 

S mW/ 2. A more indirect method would be to look for deviations from the 

predictions of four -fermion interactions. 
± 

For example, a W could manifest 

itself in a deviation of the neutrino total cross section from a linear depend

ence on E ; in the reaction v A - µ - + hadrons, the existence of a W± would 
v µ 

. 2 2 
be signaled by an excess of events m the ( q , v) plot at low q (x) and large 

v(y). (See Table 5.1 for definitions of these terms and Fig. 11.1 for the 

kinematic region covered by the neutrino experiments.) 
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(ii) Production Initiated by Protons and Photons 

The reactions to be studied involve single lepton production and are 

generally the same experiments described in Table 5.6. The reactions 

looked for are of the type: 

__ _± ± ± ± ± 
pA - W + X, W - µ v , or W - e v , 

µ µ 
( i 3 .4) 

or a similar reaction with incident photons. Consequently, one looks for a 

peak in the transverse momentum distribution ofµ± ore± directly produced 

at large angles. In practice these experiments have rather limited sensi-

tivity. 
± 

Table i 3.3 summarizes the experiments capable of looking for W 

particles as we have discussed. 

13.4 Intermediate Neutral Vector Bosons (W
0 

or z 0 
or ~0 ) 

The neutral vector bosons, as in the case of the intermediate charged 

± 
bosons ( W ) , may be looked for in reactions initiated by neutrinos and by 

protons. Examples of possible production reactions are: 

0 0 +- +-
v A .... W + X, W - µ µ , e e 
µ 

and 

0 0 +- +-
pA - W + X, W - µ µ , e e . 

Experiments must be capable of detecting two charged leptons in 

order to undertake such a search. The experiments of this type with 

incident protons are listed in Table 7 .1. Most of the neutrino counter 

experiments have, or will have, the capability of detecting two charged 

( 13. 5) 

(i3.6) 

muons (see Table 12.1). The iS-ft bubble chamber work will be useful in a 

search for the w0 
particularly using the external muon identifier or with 

a hydrogen and neon mixture. Those experiments are listed in Table 12.2. 
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One possible (but unlikely) explanation of the recently observed narrow 

peaks in the dilepton mass spectrum at 3.1, 3.7, and 4.1 GeV is that they are 

intermediate neutral vector bosons. 

13.5 Heavy Leptons 

There are theoretical models which predict the existence of many types 

of heavy leptons. Examples are the following: 

(i) Sequential leptons. These would be members of the known lepton 

family with accompanying neutrino, 

- - -
(e ,v ), (µ ,v ), (l.. ,v,), e µ ,.. 

(13.7) 

where"- indicates the new member. New quantum numbers would accompany 

the new particles. 

(ii) Excited leptons. These would be excited states of the presently 

known leptons which could decay electromagnetically as follows: 

* * e .... e'I or e1T, µ .... µ'/ or µrr. (13.8) 

These decays preserve their electron or muon identity. 

(iii) Gauge leptons. These particles are required by various gauge 

theories which attempt to unify weak and electromagnetic interactions. 

These theories predict lepton families as follows: 

- 0 + 
(e , v , E , E ), 

e 

0 + 
where E and E are the new leptons, and 

0 + - 0 + -- 0 + -E .... e e v or E .... e µ v or E .... e + (hadrons) 
e µ 

+ + + + + + E .... e v v or E .... µ v v or E .... (hadrons) + v . 
e e µ e e 

(13.9) 
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- 0 + 
The (fl. , v , M , M ) family would have similar decays. 

fl. 

(iv) Heavy quasistable leptons. These particles would have a larger 

mass than the muon, decaying weakly to the known leptons. 

Table 13.4 describes in a bit more detail some of the experiments which 

will look for heavy leptons. Some of these experiments are the same as 

those which will look for vector bosons. The production and decay reactions 

shown are only examples. One can easily use some imagination to suggest 

several ways in which heavy leptons might be observed. 

13. 6 Charmed Particles 

Because of the recent interest in this subject (as evidenced by the 

large number of recent proposals), we shall elaborate on the searches for 

+ - + -
charmed particles, including the e e , fl. fl. uncharmed states. 

In considering charmed particles we recall that the basic quark triplet 

(u, d, s) could be extended to a quartet (u, d, s, c). The four quarks would 

have electric charges +2e/3, -1e/3, -1e/3, and +Ze/3 respectively; the 

u, d, s quarks have "charm number" equal to zero while the c-quark does 

not. In this model the quark structure of uncharmed bosons is for example, 

+ - + - + + or =du, K = su, and for charmed bosons, D =de, F = sc. From reviews 

of predictions of properties of charmed particles (see for example "Search 

for Charm," by M. K. Gaillard, B. W. Lee, and J. L. Rosner, FERMILAB-

Pub-74/68-THY and Addenda) one can assume the following: 

(i) Charmed meson masses are about 2-3 GeV while charmed baryons 

should be considerably heavier (5-8 GeV). 
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(ii) The production cross section of charmed mesons should not be 

much smaller than 1I1 O that of the strange· particle cross section. 

-13 
(iii) The lifetime of charmed particles. is of the order of 1 O sec. 

(iv) Strong and electromagnetic interactions conserve "charm" quantum 

number, so that charmed particles (C) are produced in pairs, 

+ 
pN - C + C + X. (13.10) 

(v) Weak interactions do not conserve charm quantum number, so that 

one may look at single charmed particle production, 

± 
v N - C + X. 
µ· 

(13.11) 

+ + + 
(vi) There are sizable branching ratios for C - µ (or e ) + v, 

C
+ + + 

- µ (ore ) +hadrons and for C - Krr. 

-13 
A feature of assumption (iii) ( T - 10 sec) is that the simultaneous 

observation of the production and decay vertices of a charmed particle is 

possible only in nuclear emulsions. Table 13.5 lists experiments which 

might yield information related to the existence of charm. Some specific 

groups of these experiments will be described below. 

Production of Charmed Particles in Hadron-Nucleon Collisions 

( i) With emulsions. In principle in any of the emulsion exposures 

performed at Fermilab it would be possible to see charmed particles by 

looking at tracks which decay a short distance after the production vertex. 

In practice, the limits which can be obtained may not be very meaningful if 

the production cross section is smaller than what is assumed in ( i) above. 
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(See Section 14 for a discussion of the emulsion experiments.) 

(ii) In the direct production of µµ, ee, and µe pairs, 

+ -
hN - C + C + X (h indicates hadron) 

+ + + 
C - µ + X ore + X, (13.12) 

- - -
C - µ + X ore + X. 

All the dilepton experiments may give some information on such processes, 

but a signal may not be easily identified as charmed particle production and 

decay. 

(iii) The standard resonance physics experiments. If charmed bosons 

0 + + 0 ± - -13 
decay into K rr , K rr , and K rr + states with T - 1 0 sec, then they would 

appear as very narrow Krr bumps in standard resonance physics experiments 

with counters or bubble chambers (see Sections 7 and 9). The main problems 

for these experiments are mass resolution and background. 

Production of Charmed Particles in Neutrino-Nucleon Collisions 

Experiments capable of contributing here could be neutrino counter and 

15 -foot bubble-chamber experiments (as those described in Section 12) and 

possibly an emulsion stack exposed to a neutrino beam (Experiment #247). 

Production of cc States ( 4', J) 

The quark states consisting of cc are a possible interpretation of the 

resonances at 3.1, 3.7, and 4.1 GeV recently observed in the dilepton 

experiments at Brookhaven, SLAC, Frascati, and DESY. A number of 

Fermilab experiments will likely yield information on these particles. They 

can be located in Table 13.5 through the ee andµµ final states. 
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13.7 Long-Lived Particles 

There are a number of experiments at Fermilab employing time-of

flight and other techniques to look for long-lived heavy particles produced in 

proton interactions. These are described in Table 13.6. 

13.8 Super -Heavy Elements 

In a theory recently proposed by Lee and Wick, it is suggested that 

there exists a new state of high density, high mass nuclear matter with high 

baryon number. While this theory is only one example, there are several 

experiments intending to search for heavy nuclear states. These are 

described briefly in Table 13. 7. 

-
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Table 13.1. Summary of Magnetic Monopole Searches. 

Note: The magnetic charge, g = ng
0

, where g
0 

= 137e/2. 

Prod. Reaction 
and 

Exp. Number 

Incident 
Momentum 

(GeV/c) 

Limits 
Prod. Total 

Magnetic Mass Cross Section 
Charge (GeV) (cm2 ) 

Note: A =nuclear target 
M, M = monopole, antimonopole 

pA-M+ M+X 
#3 

#76 

pA- Multi""/ 
# 22 

1T N- Multi-'/ 
#192 

nA- Multi-'/ 
# 230 

'(A-hadrons 
#25A 

Cosmic Rays 
# 202 

300, 400 0.01<n<10. 15. 

300, 400 o .03<n< 34. 15. 

300 10. 

200 10. 

30 -280 10. 

50-200 10. 

10 -42 

10 -42 

10 
-38 

10 -38 

10 -38 

Experimental 
Technique 

trapped monopoles 
observed through 
their electro -
magnetic proper -
ties in a super -
conducting magnet 

trapped monopoles 
observed with 
counters after 
acceleration in a 
solenoid 

search for Schein 
events 
search for Schein 
events 
search for Schein 
events 

search for 
structure in 
photon total cross 
section into 
hadrons 

\I 
study of Cerenkov 
radiation of parti
cles accelerated by 
longitudinal mag
netic field of 15-ft 
bubble chamber 
(not accelerator 
associated) 



Table 13.2. 

Prod. Reaction Incident 
and Momentum 

Exp. Number ( GeV I c) 

Note: A = nuclear target 
q, q = quark, antiquark 

pA - q + q + X 
#72 

ii 7 5 

# 297 

pA - q + q + X 
(beam dump 

analysis) 

300 

200,300 

400 
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Summarl: of Quark Searches. 

Limits 

Prod. Total 
Charge Mass Cross Section Experimental 

(x e) (GeV) (cm 2 ) Technique 

-35 
±1/3 3. -11. 1.2 X10 measurement of 
±2/3 3. -11. 1.2x10-35 dE/ dx in primarily 
±4/3 3. -11. 5. x10- 31 undeflected beam 

±1/3 2.-9. 10 -37 measurement of 
±2/3 2. -11. 10 -36 dE/dx in charged 

beam; use of 
supermomentum 

±1I3 
-35 

3. -13. 10 measurement of 
±2/3 3. -13. 10 -35 dE/dx in charged 
±4/3 3. -13. 10-31 beam 

# 276 300 -400 integral > 1. 2 
-35 

10 search for Han
Nambu quarks 
through analysis 
of chemical prop
erties of a beam 
dump 



\ 
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-32 
10 ......,l""'"'""'ll"'"'""'T-..,.---r-,.-T""_,.._,..._.._,.......,........,....-,--,-.......... 

CERN-ISR 

---- - CERN-ISR -----------------

-C\I 
E 

10-36 (,) --0 

0 
Fermilab Exp.•75 

IFermilab Exp~75 
-... I ... ....... I 

IH EP ', I ,., 
CERN-PS 

--Isotropic 
---e-6Pt 

Fig. 13.1 Upper limits for the production of -1e/3 quarks in pN col
lisions at CERN-PS, Serpukhov (!HEP), Fermilab, and the CERN-ISR. 
Solid lines were drawn assuming isotropic quark production in the 
center-of-mass frame; dashed lines were drawn assuming an expo
nential dependence on pt. 
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Table 13.3. Summary of Searches for the Intermediate Vector Bosons (W±). 

Prod. Reaction 
and 

Exp. Number 

Incident 
Momentum Mas.s 

(GeV /c) (GeV) 

Note: A = nuclear target 

v (or v) Induced Reactions 

Limits 
Prod. Total 

Cross Section 
(cm2 ) 

Experimental 
Technique/ Apparatus 

( WB - wide band beam; NB - narrow band beam; QT - quadrupole triplet beam) 

+ -
v A-W +µ +X 

µ w+ -µ+v 

# 1A and 
# 310 

# 21A and 
# 356 

crT(v N) 

# 1A and 
# 310 

#21A 

10-< 200 
(WB, NB, 
and QT) 

30-< 200 
(NB) 

10-<200 
(WB, NB, 
and QT) 

30-< 200 
(NB) 

In 15 -ft bubble chamber: 

+ -vA-W +µ +X 
µ w+ + 

-µ+v 
-e v 
-hadrons 

For neutrinos: 
# 28A, # 45A, #53A 10-< 150 

(WB) 

15. 

15. 

15. 

15. 

1 o. 

look for two-muon 
events with high 
energy µ + at a 
large angle 

look for two-muon 
events with high 
energy µ + at a 
large angle 

deviation from 
linearity of crT vs. 
E and<q2> vs. 
Ev 

v 

deviation from 
linearity of crT vs. 
~~ and < q

2
> vs. 

study of specific 
reactions in 15-ft 
bubble chamber 



Prod. Reaction 
and 

Exp. Number 

For antineutrinos: 
#31A, #172, #180 
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Table 13.3. (continued) 

Incident 
Momentum 

(GeV /c) 

10-< 100 
(WB) 

Mass 
(GeV) 

10. 

Limits 
Prod. Total 

Cross Section Experimental 
( cm2) Technique/ Apparatus _____ _,__ __ 

study of specific 
reactions in 15 -ft 
bubble chamber 

Note: B. R. =branching ratio 

Proton and Photon Induced Reactions (in most experiments one searches for 
a peak in the pt distribution of the lep
tons) 

#48 

# 70 

# 100A and 
# 300 (H2 , D2 

targets) 

# 184 

± 
pA-W +X 

w±-e±+ 

# 70 

+ -yA-W +W +X 
W±_ ± µ + .. . 
w±-e±+ .. . 

#87A 

300,400 15. 

200, 300, 400 15. 

200, 300, 400 15. 

. 50-400 15 . 

200, 300,400 15. 

10-250 10. 
(wide band 
photon beam) 

-37 
10 XB.R. 

-37 
10 XB. R. 

-37 
10 XB.R. 

-36 
10 XB. R. 

single arm magnetic 
spectrometer with 
muon polarimeter 

single arm magnetic 
spectrometer 

single arm magnetic 
spectrometer 

internal beam and 
single arm magnetic 
spectrometer 

single arm magnetic 
spectrometer 

forward magnetic 
spectrometer 



Prod. Reaction 
and 

Exp. Number 

+ -pA-W +W +X 
± ± w -µ + ... 
± ± W -e + ... 

# 288 
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Table 13.3. (continued) 

Incident 
Momentum 

(GeV /c) 

Limits 
Prod. Total 

Mass Cross Section 
(GeV) (cm2 ) 

200, 300,400 15. 
-36 

10 xB.R. 

Experimental 
Technique I Apparatus 

two arm magnetic 
spectrometer 
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Table 13.4. Summary of Heavy Lepton Searches. 

Prod. Reaction 
and 

Exp. Number 
Mass Limit 

(GeV) Experimental Technique 

Note: A = nuclear target 

+ 
v A-\ + X (>- indicates a heavy lepton) 

fl ,+ + -(\ -1-1 vv 

Neutrino exp. with 
electronic detectors 
and 15-ft bubble 
chamber (see 
Tables 12.1 and 12.2) 

#247 

± 
v,A-\ +X 

c.. ± ± 
A -rr v 

#28A 

\ 

± 
pA-\ +X 

,± ± -(\ -µ vv 

# 48 

# 70 

# 100A and 
# 300 (HZ' Dz 

targets) 

# 354 

± -
pA-\ \ +X 

± ± 
-fl e + ... 

± ± -fl fl + ... 
± ± -e e + ... 

# 288 

10. 

10. 

1 o. 

10. 

10. 

look for wrong-sign muons in v 
interactions fl 

production followed by decay of par -
ticles with T = 1 O - 1 z -1 O -i 5 sec; 
emulsion experiment 

use of special targeting to obtain v\ 
and observation of interactions in 
15-ft bubble chamber 

search for production of direct muons 
having helicity opposite to muons from 
pion decay 

study Pt distribution of single lepton 
production 

search for muon-like heavy particles 
with long lifetimes 

search for muon-like heavy particles 
with long lifetimes 

study Pt distribution of dilepton events 



Prod. Reaction 
and 

Exp. Number 

+ -
yA_.,\. \. +X 

± ± -µ e + ... 
± ± 

-µ µ + ... 
± ± -e e + ... 

# 87A 
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Table 13 .4. (continued) 

Mass Limit 
(GeV) Experimental Technique 

study Pt distribution of dilepton events 
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Table 13. 5. Summary of Experiments Planning to Yield Information 
on the Existence of Charm 

Incident Particle 
and 

Exp. Number 

Protons 

#8 

#95A 

# 288 

# 325 

# 357 

# 363 

Neutrons 

# 305 

# 358 

# 366 

Pions 

#86A 

# 192 

#234 

# 331 

Observed 
Final 
State 

flµ, J\µ 

2y, 3y 

ee,µµ,eµ 

µµ, µ"' µK, µp 

1TK, "", KK, pp 

K/,, ratio 

µµ, 1TK, KK, Kp 

µµ,ee,hadrons 

µµ, KK, pp 

µµ, ee, multi-y 

0 Ks +,,•s,J\+rr's, 
decay of long
lifetime particles 

µµ 

Experimental Apparatus 

neutral hyperon spectrometer with 
added muon counters 

photon shower detectors 

two arm magnetic spectrometer with 
muon and shower detectors 

single arm magnetic spectrometer 
with Cerenkov counters and separate 
muon arm 

t:;ro arm magnetic spectrometer with 
Cerenkov counters 

singl~ arm magnetic spectrometer 
with Cerenkov counters to look for 
thresholds in K /,, production 

multiparticle spectrometer with muon 
and shower detectors; employing 
trigger on wide-angle pairs 

multiparticle spectrometer with muon 
and shower detectors and hadron 
calorimeter 

two partic~e mass focusing spectrom
eter with Cerenkov counter and muon 
detectors 

streamer chamber for detection of V's 
with two-muon trigger 

large aperture magnet with NaI photon 
identifiers and muon detectors 

15-ft bubble chamber exposure 

large multiparticle spectrometer with 
muon detectors 



Incident Particle 
and 

Exp. Number 

Pions (cont. ) 

# 365 

Photons 

#25A 

#87A 

Neutrinos 

Electronic 
Experiments 
(see Table 12 .1) 

15-ft Bubble 
Chamber Exp. 
(see Table 12 .2) 

# 247 
(tests) 

• 
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Table 13.5. (continued) 

Observed 
Final 
State 

p +Missing 
Mass ( µ), 
p +Missing 
Mass (2µ), µµ 

µµ,ee,hadrons 

dimuon events 

decay of par -
ticles with T 

= 10-12_10-15 

sec 

Experimental Apparatus 

missing mass determination using 
recoil proton spectrometer with 
forward muon spectrometer 

primarily relies on use of shower 
detectors 

multiparticle spectrometer with muon 
and shower detectors and hadron 
calorimeter 

hadron calorimeter with associated 
muon spectrometer 

bubble-chamber exposures with 
hydrogen and with hydrogen and neon 
fillings 

hybrid emulsion - spark chamber 
apparatus 
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Table 13.6. Summary of Searches for Long-Lived Particles. 

Incident 
Proton Limits 

Exp. Momentum Lifetime Mass 
Number (GeV/c) (sec) (GeV) Experimental Technique 

# 72 300 3.1-11. time -of-flight measurements in 
charged beam line 

#115 300 
-3 

10 -1. particles penetrating neutrino 
shield, stopping and decaying in 
hadron calorimeter 

#187 300 >10 -7 
1.4-14. time -of-flight measurements in 

charged beam line 

10 3 -10 
7 • #199 300,400 examine with Cerenkov counter 

previously irradiated targets 

# 239 300 
-3 3 

10 -10 
, . 

use of Cerenkov counter at 90 to 
primary proton target 

# 330 300 >10-7 2. -14. search for neutral particles 
(tests) employing time -of-flight and a 

hadron calorimeter 

# 354 300,400 >10 -7 1. -14. search for charge 1e and 2e 
particles in charged beam line 
using Cerenkov counters and 
time -of-flight 
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Table 13. 7. Summary of Searches for Super -Heavy Elements. 

Prod. Reaction 
and 

Exp. Number 

Note: A = nuclear target 
z*':' =super-heavy element 

** pA - Z + X 

# 142 

# 147 

# 285 

Experimental Technique 

exposure of a heavy target to a proton 
beam and subsequent use of neutron 
counters to look for decays of particles 
with excess neutrons 

use of plastic detectors to look for 
heavily ionizing particles produced in 
collisions of protons with heavy element 
foils 

exposure of a nuclear (uranium) target to 
a proton beam and subsequent use of 
diffusion, centrifuge processes, and 
mass spectroscopy to look for high mass 
objects 
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14. EMULSION EXPERIMENTS 

Until about 19 55 the nuclear emulsion technique played a dominant role 

in particle physics. The advent of the bubble chamber and of more sophis -

ticated counter experiments resulted in a decline of interest in emulsion 

experiments. There now seems to be a revival of the technique, at least 

judging from the number of exposures performed at Fermilab. The physics 

interests cover the fields of elementary particle and nuclear physics. The 

main physics subjects studied in the Fermilab experiments are: 

( i) Study of the charged multiplicity and of the higher multiplicity 

moments. For all events one determines the average number of fast tracks, 

< n >, of grey tracks, <n >, and of heavy-prongs, < Nh>. From these it is 
s g 

possible to obtain the average number of charged particles in nucleon-

nucleon collisions, <nch>, and information on the propagation of newly 

formed hadronic states as well as nuclear excitations. 

* * (ii) Pseudorapidity distributions, using the variable n = -ln tane /2. 

The main purpose is to identify groups of particles (clusters, jets) going 

together. These should yield information on the mechanism of particle pro-

duction, in particular, on the fireball( s) produced. 

(iii) Search for new short -lived particles with lifetimes in the range 

15 -12 10 - < T < 10 sec. The emulsion technique represents a unique tool for 

detecting particles in this lifetime range. The proposed charmed particles 

and some types of heavy leptons have given new impetus to these studies. 

(See Section 13). 

(iv) Direct production of electron-positron pairs. 
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(v) Study of diffraction dissociation and coherent events. 

(vi) New measurements of the 1To lifetime. 

(vii) Angular distributions and other features as a function of the type 

of nuclear excitation. 

Item ( i) above may be considered to be a standard measurement, which 

every group makes. The other measurements are less standard and interest 

in these may vary from one experiment to another. There also seem to be 

variations in the techniques used in the emulsion exposures. These include, 

for example, use of foils of heavy elements interleaved in the emulsion stacks 

and heavy element wires imbedded in the emulsion material itself. Incident 

beam densities range from 10
4 

to 10
5 

particles per cm
2 

Emulsion stacks have been exposed to a 200 GeV proton beam for 

Experiments#90, #103, #105, #114, #116, #117A, #156, #171, #183, 

#189, and a similar exposure for #271 remains to be done. Experiments 

#181, #195, #232, #233, #237, #242, #244, #250, and #275 have com-

pleted their exposures to a 300 GeV proton beam. Irradiation by a 400 GeV 

proton beam remains to be done for Experiments # 2 38, # 2 4 3, # 2 45, # 2 49, 

#251, #265, #279, #292, #329, #336, #346, and #364. Four experiments 

have been approved for exposures to 1T at 200 GeV; Experiments #264 and 

# 328 are complete and Experiments # 339 and # 362 remain to be done. A 

+ 
µ beam at 150 GeV has been used in exposures for Experiments #205A and 

# 255, while a high energy electron exposure for Experiment # 340 is not yet 

complete. Experiment #247 involves a test of a hybrid emulsion-spark 

chamber apparatus exposed to a neutrino beam. 
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15. MISCELLANEOUS EXPERIMENTS 

This section describes a collection of experiments which do not easily 

fit into any of the previous categories. For the most part they involve the 

development of detectors, some for future use in particle identification at 

higher particle beam energies. So far there are three independent studies 

of transition radiation detectors with plans for use of these devices in very 

.., 
high energy particle beams where Cerenkov counters are not as effective. 

Other detector projects include development of ionization measuring 

devices and thus particle identification using sampling with drift chambers 

or by measuring the total energy from a nuclear cascade. The external 

muon identifier ( EMI) is used for neutrino experiments in the 15-ft bubble 

chamber. The EMI relies on hadron absorber provided by the chamber 

magnet coils (with additional zinc) and on proportional wire chambers to 

identify as muons penetrating particles leaving the chamber volume. There 

is one primarily nuclear chemistry experiment at the Laboratory and there 

have been a number of measurements of the effects of radiation resulting 

from high energy proton bombardments. All of these experiments are listed 

in Table 15.1 with a brief notation as to the primary emphasis of the 

measurements. 
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Table 15 .1. Summary of Miscellaneous Experiments. 

Type of Study 
and 

Exp. Number Major Physics Emphasis 

Transition Radiation Detectors 

# 206 

# 229 

# 261 

Other Detectors 

# 32 

# 34 

# 155 

# 327 

Nuclear Chemistry 

#81A 

General Radiation Studies 

# 108 

#211 

test of transition radiation techniques 
using interleaved radiators and propor
tional chambers 

test of transition radiation techniques 
using styrofoam radiators and Na! and 
proportional chamber detectors 

test of transition radiation techniques 
using radiation foils and Na! detector 

test and calibration of a total nuclear 
cascade detector using a Na!( Tf) detector 

ionization spectrometer development 

development of external muon identifier 
( EMI) for use in 15-ft bubble chamber 
neutrino experiments 

test of particle identification by ionization 
sampling using multiwire drift chambers 
(ISIS) 

survey of nuclear reactions from high 
energy proton collisions with heavy nuclei 

studies of radiation effects from high 
energy proton bombardments 

studies of radiation effects from high 
energy proton bombardments 
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1 7. LIST OF EXPERIMENTS 

This section is included as a cross reference for this survey. Through

out the report, due to the limited space in the text and tables, we have 

referred to experiments only by their number. Here we show the numbers 

for the approved experiments, a short title indicative of the type of physics 

being done, and a list of institutions participating in the work. Adjacent to 

each entry is given the section numbers in this report where the experiment 

is referred to. The total number of approved experiments shown here is 184. 

For a more complete list of all proposals to Fermilab, one should refer to 

the "Fermilab Research Program Reference Book for 1974-1975", and 

updated versions of it. Copies of this book are available at the libraries 

of the U.S. high energy physics laboratories and at CERN. Information on 

the progress of the approved experiments can be obtained from the Experi

mental Program Situation Report, usually published quarterly in "NALREP, 11 

the monthly report of the Laboratory. 



Experir(lent Short Title -
Number Section Number 

1A Neutrino-2, ~. 1Z, 13 

2B 30•ln. Hybrid-9 

3 Monopole-13 

4 Neutron Cross Section-2, S 

7 Elastic Scattering-3 

8 Neutral Hyperon-3, 8, 13 

1Z Neutron Backward Scattering-3, 4 

14A Proton-Proton Inelastic-5 

ZIA Neutrino-Z, 5, 12, 13 

22 Multigamma-7, 13 

Z5A Photon Total Cross Section-
2, 5, 10, 13 

26 Muon-11 

27A Neutron Dissociation-2, 5, 6 

ZBA 15-Ft Neutrino/Hz & Ne-Z, 12, 13 

31A 15-Ft AntineutrinofH
2

-2, 1Z, 13 

32 Detector Development-15 

34 Detector Development-15 

36A Proton-Proton Scattering-2, 3, 5 

37A 30-In. p-p @ 300-9 

45A 

48 

51A 

53A 

61 

63A 

67A 

69A 

70 

72 

75 

76 

BIA 

15-Ft Neutrino/H2 -Z, 12, 13 

Muon Search-13 

Missing Mass-5 

15-Ft Neutrino/H2 or Ne-2, 12, 13 

Polarized Scattering-3 

Photon Search-5 

Proton-Proton Missing Maas-5 

Elastic Scattering-2, 3 

Lepton-5, 13 

Quark-13 

Quark-13 

Monopole-13 

Nuclear Chemistry-15 
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Participating Institutions 

Fermilab, Harvard, Pennsylvania, Wisconsin 

ANL, Duke, Fermilab, Iowa State, Maryland, 
Michigan State, Notre Dame, Purdue, Toronto 
Wisconsin 

LBL 

LBL, Michigan 

ANL, Fermilab, Indiana, Michigan 

Michigan, Rutgers, Wisconsin 

Carleton, Michigan State, Ohio State 

Columbia, SUNY-Stony Brook 

Caltech, Fermilab 

BNL, VP! 

UC-Santa Barbara, Fermilab, Toronto 

UC-San Diego, Cornell, LBL, Michigan State 

Fermilab, Massachusetts, Northwestern, 
Rochester 

CERN, Hawaii, LBL, Wisconsin 

ANL, Carnegie-Mellon 

Stanford 

Louisiana State, Max Planck Inst. 

Fermilab, JINR-Dubna, Rochester, Rockefeller 

Caltech, UC-Los Angeles, Fermilab 

Fermilab, IHEP-Serpukhov, !TEP-Moscow, 
Michigan 

BNL, Fermilab, Yale 

Northeastern 

BNL, Columbia 

ANL, Ferrnilab, Harvard, LBL, SLAC, Suffolk, 
Wyoming, Yale 

Fermilab, Hawaii, Northern Illinois 

Illinois-Chicago Circle, Imperial College, 
Rutgers, Upsala 

Fermilab, Rutherford, Yale 

Columbia, Fermilab 

BNL, Yale 

Fermilab, NYU 

Ferrnilab 

ANL, BNL, Carnegie-Mellon, Chicago, lllinois
Chicago Circle, LASL, Orsay, Purdue, Reid 
College 



Experiment Short Title -
Number Section Number 

82 K
0 

Regeneration-2, 4, S, 8 

83A 15-Ftrr--p@l00-9 

86A Pion Dissociation-6, 13 

87A Photoproduction-5, 7, 10, 13 

89 15-Ft rr - -p & Ne@ 200-9 

90 Emulsion/Protons (a; Z00-14 

95A Photon Search-5, 7, 13 

96 Elastic Scattering-3, 5, 6 

97 Charged Hyperon-2, 3, 8 

98 Muon-11 

99 Associated Production-4 

100A Particle Search-5, 13 

103 Emulsion/Protons@ 200-14 

104 Total Cross Section-2, 5 

105 Emulsion/Protons@ 200-14 

108 Beam Dump-15 

llOA 

111 

114 

115 

116 

117A 

118A 

120 

121A 

125 

137 

138 

141A 

142 

143A 

147 

1528 

154 

Multiparticle-7 

Pion Charge Exchange-4, 5 

Emulsion/Protons @I 200-14 

Long-Lived Particles-13 

Emulsion/Protons @ 200-14 

Emulsion /Protons @ Z00-14 

Inclusive Scattering-5, 6 

Photon Search-5 
+ 

30-In. rr -p @ 100-9 

30-In .• --p@ 100-9 

30-ln. rr - -p @ 200-9 

30-ln. p-p@ 400-9 

30-In. p-p @ 200-9 

Super-Heavy Elements-13 

30-In. n - -p @ 300-9 

Super-Heavy Elements-13 

Photoproduction-1 O 

30-In. Hybrid-9 
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Participating Institutions 

UC-San Diego, Chicago, SLAC 

Fermilab, Tohoku 

Orsay, Washington 

Columbia, Fermilab, Hawaii, Illinois 

UC-Berkeley 

Cracow 

Fermilab, Johns Hopkins 

ANL, Bari. Brown, CERN, Cornell, Fermilab, 
MIT, Northeastern, Stanford 

Fermilab, Yale 

Chicago, Harvard, Illinois, Oxford 

ANL, Fermilab, SLAC, \Visconsin 

Chicago, Princeton 

Tennessee 

BNL, Fermilab, Max Planck Inst. , Rockefeller, 
Washington 

Tata Inst. 

Fermilab 

Caltech, UC-Los Angeles, Fermilab, Illinois
Chicago Circle, Indiana 

Caltech, LBL 

SUNY -Buffalo 

LBL 

Barcelona, Fermilab, Lyon, McGill. Montreal, 
Ottawa. Strasbourg, Valencia 

Hiroshima, Kinki, Osaka City, Science Educ. Inst. 
of Osaka, Tokyo 

Bari, Brown, Fermilab, MIT 

Chicago, Harvard, Wisconsin 

UC-Davis, LBL 

CERN 

UC-Berkeley, Fermilab, LBL 

BNL, Michigan, Rochester 

ANL, Fermilab, Iowa State, Tu1aryland, Michigan 
State 

ANL, ORNL 

BNL 

ottawa, Strasbourg 

UC-Santa Cruz 

Bro'NTI., Fermilab, Illinois, IIT, Indiana, Johns 
Hopkins, MIT, Rutgers-Stevens, Tennessee, Yale 

-



Experiment 
Number 

155 

156 

161 

163A 

171 

172 

177A 

178 

180 

181 

183 

184 

186 

187 

188 

189 

192 

194 

195 

196 

198A 

199 

202 

205A 

206 

207 

209 

211 

215 

216 

217 

218A 

221 

226 

228 
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Short Title -
Section Number 

15-F1 EM! Test-12, 13, 15 

Emulsion/Protons @ 200-14 

30-In. p-p & Ne @ 300-9 

30-In. " - -p & Ne @ 200-9 

Emulsion/Protons @ 200-14 

15-Ft Antineutrino/H2 & Ne-2, 12, 13 

Test Proton-Proton Elastic-3 

Multiplicities 

15-Ft Antineutrino/H
2 

& Ne-2, 12, 13 

Emulsion/Protons@ 300-14 

Emulsion/Protons@ 200-14 

Particle Search-5, 13 

Proton-Deuteron Scattering-2, 3, 5 

Particle Search-13 

Proton-Nucleon Inclusive-5 

Emulsion/Protons @ 200-14 

Multigarnma-5, 7, 13 

30-In. p-d (al 100-9 

Emulsion/Protons @ 300-14 

30-In. p-d @ 400-9 

Proton-Nucleon Scattering-3 

Massive Particle Search-13 

Tachyon Monopole-13 

Emulsion/Muons@ 150-14 

Detector Development-15 

30-ln. p-p @ 500-9 

30-In. p-d @ 300-9 

Beam Dump-15 

30-In. "--p@ High Energy-9 

Test Form Factor-10 

+ 
30-In. " -p @ 200-9 

30-In. " - -d @ 200-9 

Proton-Proton Inelastic-5 

K
5
° -Electron Regeneration-2, ·~. 1 O 

+ 
30-In. " /p-p @ 60-9 

Participating Institutions 

Hawaii, LBL 

Tokyo 

Wisconsin 

Duke, Fermilab, North Carolina 

Washington 

UC-Berkeley, Hawaii, LBL, Washington 

Cornell, Lebedev Inst., McGill, Northeastern 

Cornell, Fermilab, MIT 

Fermilab, IHEP-Serpukhov, !TEP-Moscow, 
Michigan 

Harvey Mudd 

Lebedev Inst. 

Chicago, Harvard, Pennsylvania, Wisconsin 

Fermilab, JINR-Dubna, Rochester, Rockefeller 

Columbia, Fermilab 

Imperial College, Rutgers, Upsala 

Stanford 

Fermilab, Houston, Rice, Stanford 

Carnegie-Mellon, Fermilab, Michigan, 
SUNY -Stony Brook 

Air Force Cambridge, Emmanuel College, 
Mississippi State, Singapore 

Carnegie-Mellon. Fermilab, Michigan, 
SUNY-Stony Brook 

Imperial College, Rochester, Rutgers 

Fermilab, Pennsylvania 

Colorado, Princeton 

Kinki, Osaka City, Tokyo 

Fermilab, Hawaii, Maryland 

SUNY -Stony Brook 

Caltech, Indiana, Iowa State, Tufts, Vanderbilt 

CERN, Fermilab 

UC-Berkeley, Fermilab, LBL 

UC-Los Angeles, Fermilab, Notre Dame, 
Pittsburgh 

UC-Davis, LBL 

UC-Davis, Cracow, Warsaw, Washington 

Columbia, SUNY-Stony Brook 

UC-San Diego, Chicago, SLAC, Swiss Fed. Inst. 
of Tech., Wisconsin 

Michigan, Rochester 



Experiment 
Number 

229 

230 

232 

233 

234 

236A 

2 37 

2 38 

2 39 

242 

243 

244 

245 

246 

247 

248 

249 

250 

251 

252 

254 

255 

258 

260 

261 

262 

263 

264 

265 

2 68 

271 

2 75 

276 

277 

279 

280 

Short Ti tie -
Section Number 

Detector Development-15 

Multigamma-7, 13 

Emulsion/Protons @ 300-14 

Emulsion/Protons @ 300-14 

15-Ft Engineering Run-9, 13 

Hadron Jets-7 

Emulsion/Protons@ 300-14 

Emulsion/Protons@ 400-14 

Long-Lived Particles-13 

Emulsion /Protons @ 300-14 

Emulsion/Protons @ 400-14 

Emulsion/Protons @ 300-14 

Emulsion/Protons f?· 400-14 

Hadron Jets-7 

Test Particle Search-13, 14 

Neutron Elastic Scattering-3 

Emulsion/Protons @ 400-14 

Emulsion/Protons @ 300-14 

Emulsion/Protons @ 400-14 

30-In. p-p @ 100-9 

Neutrino-12 

Emulsion/Muons @ 150...:14 

Pion Inclusive-5 

Hadron Jets-7 

Detector Development-15 

Neutrino-12, 13 

¢ Photoproduction-10 

Emulsion/rr - @ 200-14 

Emulsion/Protons @ 400-14 

Photon Inclusive-5 

Emulsion/Protons @ 200-14 

Emulsion/Protons@ 300-14 

Quark-! 3 
+ 

30-In. rr -p @ 300-9 

Emulsion/Protons @ 400-14 

30-In. p-d@ 200-9 
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Participating Institutions 

BNL 

Michigan 

Tennessee 

Barcelona, Belgrade, Bucharest, Fermilab, 
Lund, Lyon, McGill, Nancy, Ottawa, Paris, 
Quebec-Cresala, Rome, Strasbourg, Valencia 

Fermilab, Florida State 

Fermilab, Washington 

Washington 

Washington 

Fermilab, Pennsylvania 

Nagoya 

Aichi, Kanan, Nagoya, Yokohama 

SUNY-Buffalo 

SUNY -Buffalo 

Fermilab, Lehigh, Pennsylvania, Wisconsin 

Brussels, Fermilab, Rome, Strasbourg, 
Univ. College Dublin, Univ. College London 

Michigan 

Cracow 

Kinki, Kobe, Osaka City, Tokyo 

Kinki, Kobe, Osaka City, Science Educ. Inst. 
of Osaka, Tokyo, Wakayama J\led. College 

Michigan. Rochester 

BNL, Caltech, Fermilab, Purdue 

SUNY-Buffalo 

Chicago, Princeton 

Caltech, UC-Los Angeles, Fermilab, Illinois
Chicago Circle, Indiana 

BNL 

Caltech, Fermilab 

Fermilab, l\'IIT, Minnesota 

Mississippi S1ate, Tennessee 

Air Force Cambridge, Mississippi State 

BNL, Caltech, LBL 

Bucharest, CERN, Cornell 

Kiel 

ANL, Chicago, Fermilab, Purdue 

Purdue 

Harvey M1:1dd, Tennessee 

ANL, JINR-Dubna, Montreal, Moscow 



Experiment Short Title -
Number Section Number 

ZS! 30-In. Hybrid-9 

284 

Z85 

288 

289 

Z90 

292 

295 

297 

299 

300 

302 

305 

310 

311 

313 

317 

320 

321 

324 

325 

327 

328 

329 

330 

331 

335 

336 

337 

338 

339 

340 

341 

343 

344 

345 

Particle Production-5 

Super-Heavy Elements-13 

Dilepton-7, 13 

Proton-Helium Scattering-3 

Backward Scattering-3, 4 

Emulsion/Protons @ 400-14 
+ 

30-In. rr -d @ Z00-9 

Quark-13 

30-ln. Hybrid-9 

Particle Search-5, 13 

C-Test-5, 7 

Neutron Dissociation-2, 6, 7. 13 

Neutrino-2, 12, 13 

30-ln. p-p @ 100-9 

Proton-Proton Polarization-3 

Proton-Nucleon Inelastic-5 

Neutrino-12, 13 

Proton-Proton Inelastic-5 

Inclusive Scattering-5 

Dimuon-7, 13 

Detector Development-15 

Emulsion/rr - @ 200-14 

Emulsion/Protons @ 400-500·14 

Test Particle Search-13 

Dimuon-7, 13 

Muon Search-5 

Emulsion/Protons @ 400-14 

Dimuon-7 

30-ln. rr - -d @ 400-9 

Emulsion/rr- @ 200-14 

Emulsion/e - @High Energy-14 

+ 
15-Ft rr -p@ 150-9 

15-Ft p-p @ 300-9 

30-In. p-p @ 30-60-9 

30-In. p-d @ 100-9 
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Participating Institutions 

Iowa State. Maryland, Michigan State. Notre Dame 

Fermilab, Northern Illinois 

Columbia. Fermilab 

Columbia, Fermilab 

Fermilab, JINR-Dubna, Rochester 

Arizona, Fermilab, JINR-Dubna, Max Planck Inst. 

Bucharest, CERN, Cornell 

Fermilab. Strasbourg, Weizman Inst. 

BNL, Yale 

Brown, Cincinnati, Fermilab, Illinois, IIT, 
Indiana, Johns Hopkins, MIT, ORNL, Rutgers, 
Rutgers-Stevens, SUNY-Albany, Tennessee, Yale 

Chicago, Princeton 

Princeton, Saclay 

Fermilab. Northwestern, Rochester, SLAC 

Fermilab, Harvard, Pennsylvania, Wisconsin 

Cambridge, Fermilab, Michigan State 

Indiana 

Fermilab, JINR .. Dubna, Rochester, Rockefeller 

Caltech, Fermilab 

Columbia, SUNY-Stony Brook· 

Pennsylvania 

Chicago, Princeton 

MIT, Oxford 

Lebedev Inst. 

Lebedev Inst. 

Michigan 

Chicago, Princeton 

Caltech, Chicago, Ferrnilab, Princeton, 
Rockefeller 

Nishinomiya 
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Experiment Short Title ... 
Number Section Number 

346 Emulsion/Protons @ 400-14 

350 Neutral Meson Inclusive-5 

354 Particle Search .. f3 

356 Neutrino-1Z, :13 

357 Particle Search-7, 13 

358 Dimuon-7, 13 

362 Emulsion/" - @ 200-14 

363 Particle Search-13 

364 Emulsion/Protons @ 400-14 
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366 Particle Search-7, 13 
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