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ABSTRACT

Multiparticle production in 150 GeV/c pion=-proton inter-
actions have been studied. 105,000 pictures of negative beam
interactions and 431,000 pictures of an enriched positive beam
interactions were taken at the Fermilab Proportional Wire Hy-
brid Spectrometer. A subsample of the film was scanned and
then measured on the M.I.T. and Rutgers PEPR systems. Some of
the negative beam film was remeasured on manual machines. The
events were processed through the CERBERUS~GEOMAT-PWGP-TRACK
ORGANIZER analysis chain to yield 6866 complete and charge
balanced 717p events and 1613 complete and charge balanced 7n'p
events.

Charge structure was examined by measuring forward-back-
ward fluctuations, charge transfer, zone graphs, and charge
exchanged across rapidity gaps. The data obey local compensa-
tion of charge to a degree accounted for by a leading charge
model in which each event proceeds through the production of
two leading clusters (particles) and a central cluster (fire-
ball). The inferred central fireball is found to decay nearly
isotropically at a temperature of 131 * 2 MeV for 71°p and 128
+ 3 for wtp.

Thesis Supervisor: Richard K. Yamamoto

Title: Professor of Physics
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CHAPTER I

INTRODUCTION

The study of high energy multiparticle production
reactions has resulted in the accumulation of a wealth
of empirical data. Gleaned from this knowledge are a
few general features which have become established as
rules. Among the more basic of these are the effects of
limited transverse momentum and small inelasticity.l
Limited transverse momentum refers to the fact that when
two hadrons interact, the particles produced carry small
guantities of momentum transverse to the direction of the
incident beam (typically 0.3 to 0.4 GeV/c). The trans-
verse momentum distribution falls exponentially. The
second feature summarizes the observation that in most
multiparticle reactions, two of the particles in the final
state carry a large fraction of the available energy
(about one-half). This is the effect of small inelasti-
city or the leading particle effect.

While these basic features stand out clearly, the
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complexity of multiparticle production reactions compli-
cates a more complete analysis. An n-body final state
resulting from the interaction between two unpolarized
particles requires 3n - 5 variables to completely
describe it. Traditionally the high energy physicist has
chosen one or two variables which he considered signifi-
cant and then studied the distributions of the variables,
having summed over the others. Obviously, as n becomes
large, a large amount of detail is buried in the summation.
Major features may be lost in this process, so care must
be taken in the selection of variables.

2

Van Hove“ has suggested that a fruitful method of

analysis might be to put aside the transverse ﬁamenta and
concentrate on the features of the longitudinal momenta.
A useful measure of longitudinal momenta is the rapidity
variable (defined in Chapter 1IV), especially since it
favors no particular reference frame, therefore showing
no bias for specific production mechanisms.

We shall use the rapidity measure and by summing
over the transverse momenta we reduce the degrees of
freedom by approximately a factor of three. Even so,
examining just one variable per particle is complicated
when one has six or more particles in the final state,

and physicists have turned to simpler distributions.
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Reactions in which only one or two particles in the
final state are identified and measured are known as
inclusive reactions. Such a reaction is

a+b->c+X
where X includes any particles produced in association
with ¢. In studying inclusive reactions one knows the
momenta of a and b and measures that of ¢. In addition,
reactions where a specific number of a given type of
particles are produced have been studied; these reactions
are known as semi-inclusive reactions. An example is
events which are classified according to the number of

charged particles in the final state. The reaction
a + b » n charged particles + X

where X includes any number and species of neutral parti-
cles is a semi-inclusive reaction.

Now, having selected the variables for study,
one can compare inclusive and semi-inclusive features with
the predictions of dynamical models. Many of the current
models of production fall into one of two broad classes:
multiperipheral-like models and diffractive- (or frag-
mentation- ) like models3 (Figure 1) . In the multiper-
ipheral models particles are produced along a linear

chain of repeating links. Only neighboring particles
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interact with one another. Correlations between particles
widely separated along the chain are strictly due to
kinematical constraints. The diffractive~like models
have two vertices; some models predict multiparticle’
production at just one vertex and some models predict
multiparticle production at both vertices.

Recently attention has focussed on the nature of
short range order in multiparticle production. It appears

4

in a number of ways. Wang® argued that the production

of wt 7~ pairs seemed likely from the observed multi-
plicity distributions. Clustering of particles in the
final state has been inferred from correlations between

neutral and charged particle multiplicities,5

4-23

two charged

particle correlations, 24

rapidity gap distributions,
fluctuation analyses,25 and charge transfer distribu-
tions.14,15,26-30 hig short-range order, or clustering,
must be explained by any serious model.

Here we examine the major features of multiparticle
production in pion-proton interactions at 150 GeV/c. We
shall present an analysis which concentrates on the lon-
gitudinal momenta (using the rapidity variable), accepts

the charge structure resulting from leading particle

effects, and searches for additional order in the final
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state. It is based on the results of two experiments
performed by the Proportidnal Hybrid System Consortium
with 150 GeV/c pi minus and pi plus beams incident on
the Fermilab Proportional Wire Hybrid Spectrometer. This
Spectrometer combines precision momentum measurements of
slow tracks in the 30-inch Hydrogen Bubble Chamber with
precision measurements of fast tracks in the downstream
proportional wire chambers to give good coverage of all
kinematic regions.

Chapter II describes the experimental apparatus
and the method of data taking. Chapter III describes
the scanning and measuring of the bubble chamber film
and the data reduction.

Chapter IV contains the analysis of the data.
First the semi-inclusive correlations between forward and
backward multiplicities are studied to test production
models. Next local compensation of charge is studied in
detail revealing the charge structure of many-body final
states. This charge structure suggests that most events
proceed through an intermediate state containing two
leading particles (or clusters) and a central fireball.
The fireball properties will be studied in detail.

Finally, in Chapter V we summarize the results and

discuss their relation to some current theoretical ideas.
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CHAPTER 1I

~ DATA :COLLECTION

The data for this work were taken in three runs
with the Proportional Wire Hybrid Spectrometer at the
Fermi National Accelerator Laboratory (Fermilab). The
first run was in March 1974, during which 105,000 pictures
were taken with a negative beam (about 94% pi minus).
This run will be referred to as Experiment 154. Enriched
positive beam runs were conducted in February 1975,
(158,000 pictures with about 40% pi plus beam) and Novem-
ber 1976 (273,000 pictures with about 60% pi plus beam).
These runs comprise Experiment 299 and will be referred
to as Experiments 299/50 and 299/60, respectively.

The main component of the Fermilab Proportional
Wire Hybrid Spectrometer is the 30-inch Hydrogen Bubble
Chamber. It serves as a visibie target, providing good
measurements of slow tracks and identification of fast
tracks. Upstream of the bubble chamber sits a tagging

system which identifies the incoming beam track. Down-
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stream sits a wire chamber system which makes use of the
bubble chamber fringe field to get good measurements of

fast secondaries.

A. FERMI NATIONAL ACCELERATOR LABORATORY

Fermilab is located on 6,800 acres just east of
Batavia, Illinois, about 30 miles west of Chicago,
Illinois (Figure 2). Construction of this laboratory was
begun in December 1968, and the first experiment using
this facility began on February 12, 1972, with an operating
energy of 100 GeV.

Three accelerators in series bring protons into
the main ring. A Cockcroft-Walton high voltage machine
produces 750 keV protons, a 145 meter long linear accel-
erator brings them up to 200 MeV, and a rapid-cycling
synchrotron (150 meters in diameter) boosts them to 8 GeV.
From the booster the protons are injected into the main
ring, a one kilometer radius synchrotron, containing 954
magnets. The main ring operates at energies up to 500 GeV
with intensities up to 2.5 x 1013 particles per pulse.

The protons are extracted from the main ring and

transported to the experimental areas about every 10 - 15
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seconds. There are four experimental areas: in addition
to the Internal Target Area located in the tunnel of the
main accelerator, there are the Meson Area, the Neutrino
Area, and the Proton Area. The Proportional Wire Hybrid

Spectrometer is located in the Neutrino Area.

B. BEAM LAYOUT

The Neutrino Area (Figure 3) was built principally
for the study of neutrino interactions. Muon beams and
hadron beams were added to provide a versatile physics
program. The primary proton beam‘'is extracted from the
Main Ring in the Transfer Hall (located near the Central
Laboratory in Figure 2) and directed to Neuhall (Enclo-
sure 99) located 3500 feet downstream. Two beam lines
enter Neuhall, one (NO) for the neutrino beam and the muon
beam, and one (N7) for the hadron beam. Far upstream,

a fast pulsed magnet, the G2 pinger, has knocked several
300 microsecond slices (pings) of the beam into the N7
line. Each of these pulses are timed to coincide with
the cycles of the bubble chamber.

Experiment 154 was run with four pings per accel-

erator cycle, Experiment 299/50 with six pings per
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SCHEMATIC OF THE NEUTRINO AREA
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éccelerator cycle, and Experiment 299/60 with eight
pings per accelerator cycle. In each experiment, the
bubble chamber was pulsed an equivalent number of times.

The N7 beam is steered east through a 3 inch by
5 inch channei in the hadron beam dump into Enclosure 100
where it is focussed onto the N3 beam production target
(5028 feet from the Transfer Hall). Several targets of
various sizes and materials are mounted on a remotely con-
trolled platform allowing the experimenter to choose the
optimum target. Immediately downstream from the target
a pair of magnets select the N3 beam production angle
for optimum flux and particle mix at the desired momentum.
The beam is accepted at a production ahgle of a few milli-
radians.

From Enclosure 100, a series of magnets along the
beam line bring the N3 beam to the Proportional Wire
Hybrid Spectrometer. These magnets, along with associa-
ted collimators, counters, and wire chambers, are
protected by the series of enclosures shown in Figure 4.
The beam momentum is defined by a set of dipole magnets
in Enclosure 101 and the horizontal momentum slit in
Enclosure 103. The momentum bite (Ap/p) is 0.2 per cent

per centimeter of slit. For Experiment 154 the slit was
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set at 4.5 cm, while it was set at 1.0 cm and 4.0 cm for
Experiments 299/50 and 299/60. Thus for all runs the
momentum bite is less than one per cent.

Figure 5 describes the magnet optics. Quadrupole
magnets focus the beam vertically in Enclosures 103, 108,
and 114, and horizontally in Enclosure 103 and Enclosure
110. Quadrupole magnets in Enclosures 112 and 114 focus
the beam for the bubble chamber and bending magnets in
Enclosures 112 and 114 direct i£ through the chamber
window. Numerous counters and wire chambers along the
beam provide the instrumentation required for beam tuning
and monitoring. A kicker magnet in Enclosure 105 controls
the beam intensity at the bubble chamber. Particles are
counted at the bubble chamber and when the desired
number is reached, the kicker magnet is turned on, direc-
ting the remaining incoming particles into the collimator
in Enclosure 108.

Enrichment schemes were employed for the positive
beam runs to increase the meson content of the beam.
During the first run (Experiment 299/50) a 100-inch res-
ervoir of water was inserted in the beam at Enclosure 103.
Since protons scatter out of the beam more strongly than
pions and pions more strongly than kaons, the relative

meson content was increased. Measurements during the
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beam setup showed that without the water filter the proton
to pion ratio was 4.9, the pion to kaon ratio 12.5, and
the pion to muon ratio 16. With the water filter the
proton to pion ratio dropped to 1.3 and the pion to kaon
ratio became:9.0. The muon contamination increased

with the pion to muon ratio becoming 4.0.

During the second positive beam run (Experiment
299/60) a fifteen foot long polyethylene filter was placed
in the beam in Enclosure 100, just downstream of the target
and upstream of the beam dump. Each end of the filter
was mounted on tracks so that each end could be moved
independently perpendicular to the beam. After adjusting
the positions of the filter and the beam dump to optimize
pion and kaon content in the beam relative to the proton
content, the proton to pion ratio was 0.4, the pion to
kacn ratio was 3.9, and the pion to muon ratio was 6.

The muon contamination in this scheme was reduced compared
to the water filter of Experiment 299/50 since the beam

was filtered before the mesons had time to decay.

C. UPSTREAM TAGGING TELESCOPE AND DOWNSTREAM CHAMBERS

Figure 6 is a schematic representation of the Pro-
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portional Wire Hybrid Spectrometer. The principal
component of the Spectrometer is the 30-inch Hydrogen
Bubble Chamber. An upstream Cerenkov counter and propor-
tional wire chamber system identifies the incoming beam
particles and the downstream proportional wire chambers
measure the trajectories of secondary particles from the
interaction in the bubble chamber.

Figure 7 shows the simple differential Cerenkov
counter located between Enclosures 105 and 106. The hoie
in the mirror M2 is two centimeters in diameter and two
meters from the mirror Ml. Therefore Cerenkov light at
angles in excess of five milliradians is directed into the
photomultiplier tube PM2 while light at smaller angles is
collected by the phototube PM1l. Both phototubes are RCA
C31000A. During the experiments the counter was filled
with about 7.2 psi of helium so that PM1 counted kaons and
PM2 counted pions. At 7.2 psi protons are below threshold
for Cerenkov emission.

Use of the Cerenkov tag requires accurate angular
and positional measurements of each incident beam particle.
One can then match the trajectories of beam particles
measured in the bubble chamber with those resolved by the
upstream telescope. The upstream tagging telescope consists

of three proportional wire chambers, each containing three
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planes of-wires set at 120 degrees relative to each other.
Each plane has 48 sense wires with 1.95 millimeter spacing.
The first chamber is located in Enclosure 114, about 175
- meters upstream of the bubble chamber. The second and third
chambers are located approximately 16 and 2.5 meters up-
stream. Theoretically, this telescope allows for a preci-
sion in determining the trajectory of .004 milliradians, but
multiple scattering results in a .05 milliradian dispersion.

The downstream system consists of four proportional
wire chambers composed of planes of 156 sense wires with
1.95 millimeter spacings. These chambers are located about
2, 2.4, 3, and 6 meters downstream. Each chamber (Figure
6) has a principal triplet of planes with the wires oriented
at 120 degrees to each other. Chambers D and F have one
extra staggered plane and chamber G has two extra staggered
planes for greater precision.

Figure 8 shows the momentum acceptance of the down-
stream system.3l Tracks with momenta greater than 50 GeV/c

have nearly total acceptance for all four downstream cham-
bers. Tracks with momenta greater than 20 GeV/c have near-
ly full acceptance in chambers D and E. The downstream

chambers measure particle trajectories to 0.14 milliradians
and obtain enhanced momentum resolution over the bare bub-
ble chamber due to the added path through the bubble cham-

ber fringe field. For example, 75 GeV/c secondaries are
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bent about 3.1 milliradians by the magnetic field in the
last half of the bubble chamber, and an additional 5.4
milliradians by the fringe field between the bubble chamber
and the downstream wire chambers.

Downstream of the entire spectrometer sits a muon
detector consisting of 100 centimeters of lead followed by
a 30 centimeter X 60 centimeter x 6 millimeter scintillator
which in turn is backed up by 320 centimeters of concrete
and another scintillator. During the Experiment 299 runs,
additional blocks of concrete and scintillators were added
to the muon detector.

In addition, during the Experiment 299/60 run a pro-
totype version forward gamma detector was installed immedi-
ately downstream of chamber G. For further details of this
detector and results see Reference 32.

Electrical noise in the proportional wire chamber
system is reduced by discriminating and amplifying the sig-
nal pulse from each sense wire in the immediate locality
of the planes. These digital signals are transmitted to
an area near proportional wire chamber B and a coihcidence
gate of scintillators S, and S strobes them into local
memory. At the same time, the 5erenkov counter and muon
detector signals are also stored in local memory. All sense

wires in the system and the Cerenkov and muon signals have
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their own l6-bit local memory words which allows storage

of time-~correlated information for 16 incident beam par-
ticles at a rate of approximately 8 MegaHertz. At the end
of a bubble chamber spill, the local memory is read out
into a PDP~9 (PDP-11 for Experiment 299) computer and the
data is eventually recorded on magnetic tape between accel-

erator cycles.

D. BUBBLE CHAMBER

The 30-inch Hydrogen Bubble Chamber which serves
as a visible target for the Proportional Wire Hybrid Spec-
trometer was brought from the Argonne National Laboratory
to Fermilab and began operation there in 1972, Figure 9
shows a cross section of the chamber as seen from down-
stream. Eleven fiducial marks are etched on the surface
of each window (22 fiducials in all). 35 mm cameras are
located at three of the four camera ports. Elliptical
xenon flash tubes illuminate the chamber from behind the
back glass. The large condensing lens between the
flash tubes and the chamber focus the light into rings
around the cameras. Thus only light scattered by bubbles

or fiducials reaches the cameras resulting in dark field
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illumination (negative film reveals black tracks on a
light background.)

The bubble chamber magnetic field is approximately
cylindrically symmetric about an. axis parallel to the camera
axes. During all three runs the magnet shunt current was
14.7 kiloamperes resulting in a central field of 25 kilo-
gauss. The sign of the field was set to behd beam par-
ticles upwards. Figure 10 presents the field profile

along a path from the center of the bubble chamber out.
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CHAPTER III

DATA REDUCTION

Figure 11 displays a flow chart demonstrating
the steps taken to reduce the data to its final form. The
purpose is to transform bubble chamber film and proportion-
al wire chamber data recorded on magnetic tape into a data
summary tape containing the measurements of each event ob-

served. This section describes each of the procedures.

A.. SCANNING AND PRE-DIGITIZING

The film was scanned for all events in a fiducial
volume defined to give sufficient track length of the
primary to check its direction, and sufficient downstream
length to allow fast forward-going tracks to separate.
Events were not measured for various reasons:

a.) the tracks in the film were too faint,

b.) there were more than ten incoming beam
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tracks,
c.) there were more than ten incoming secondaries,
d.) there were more than two events in the

fiducial volume,

e.) there was a secondary interaction within
5 mm (real space) of the primary vertex,

f.) there were more than two beam tracks, not
associated with the event, within * 2 mm of
the event's beam track,

g.) it was impossible to find the same number of
tracks emanating from the primary vertex in
all views,

h.) the number of tracks from the primary vertex
was odd, or

i.) there was a dark stopping track from the
primary vertex which was less than two
millimeters long in one or more views.

Rejection criteria g.), h.), and i.) were applied only in
Experiment 154 and rejection criteria d.) and f.) were
applied only in Experiment 299. For Experiment 299, cri-
teria b.) and c.) were merged and only frames with more
than 16 incoming beam and secondary tracks were rejected.
Table I summarizes the rejected data. Those events classi-

fied as frame rejects are unbiased rejections (criteria
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EVENT REJECTS

OTHER SCAN
TABLE REJECTS

REJECTED EVENTS

EXPERIMENT 154
1721
877

199

2797

TABLE I

EXPERIMENT 299
3252
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a.), b.), c.), d.), and f.)). Those events rejected due

to e.), g.), h.), and i.) are biased and listed as event
rejects.

The accepted events were predigitized on an image
plane digitizer (IPD), in preparation for semi-automatic
measuring on PEPR. Pre-digitizing consists of placing
approximate points (about 20 microns on film) at the vertex,
" at one or more "clear" points along the track and at a
point near the end of the track. If the tfack is obscured
by other tracks near the vertex, a "halt" point was added
to indicate the confused region. These points will be used
to guide PEPR's track follower. An extra minimum ionizing
track was predigitized with each event for reference in

bubble density measurements.

B. PEPR MEASUREMENTS

The predigitized scan data was converted to a
PEPR input tape by the program PREP (CHARON-LETHE for the
positive beam data). Then for each view PEPR performed a
precision measurement of many (seven or more) fiducials
and the tracks which had been predigitized. . PEPR, an acro-

nym for Precision Encoding and Pattern Recognition, is a
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semi-automatic measuring device designed and built at

M.I.T. by Professor I.A. Pless and co-workers. PEPR employs
a precision cathode ray tube, an optical system, and a
photomultiplier, all connected on-line to a PDP-10 com-
puter to precision measure and follow tracks in a bubble
chamber photograph. The bubble density of tracks is also
measured by sweeping and recording hits and misses. Furx-
ther details are found in>Reference 33.

All the PEPR measurements for Experiment 154 were
done at M.I.T. The film waslscanned and pre-digitized at
many of the universities in the Proportional Hybrid
System Consortium and sent to M.I.T. for measuring.

The Expériment 299 data was measured on the
PEPR systems at M.I.T. and Rutgers University. The data
sample used in this work consists of twenty rolls, ten
rolls of which were measured at each data center. The
M.I.T. measurements consist of four rolls from the Feb-
ruary, 1975, exposure (Experiment 299/50) and six rolls
from the November, 1976, exposure (Experiment 299/60).
Eight of these ten rolls were scanned and pre-digitized
at M. I.T. The other two were scanned and pre-digitized
at Johns Hopkins and at Rutgers and then sent to M.I.T.
for measuring. All ten rolls measured at Rutgers were

also scanned and pre-digitized there and came from the
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February,. 1975, exposure.

C. EVENT RECONSTRUCTION

The program CERBERUS merges the three views from
the PEPR output tape and makes a. number of "quality-control"
checks upon the data. The CERBERUS output is formatted
in Hydra bank structure for input into GEOMAT.

The Program GEOMAT matches the tracks' view-images

on the CERBERUS output and reconstructs them in three-space.34

Accurate reconstruction is strongly dependent on knowing
the locations of the cameras with respect to each of the
fiducial planes in the bubble chamber. The program PYTHYD
(developed at M.I.T.35) determines these locations given
the survey parameters of the fiducials and measurements

of these fiducials in each view on the measuring device
(PEPR) . PYTHYD also determines corrections to distortions
of the images on film caused by imperfections in the
camera lenses. Given these optical constants, GEOMAT
determines the momenta and angles of each track by parame-
terizing them as helices in space. Tracks of sufficiently
low energy are treated by a mass dependent fit. GEOMAT

also precisely determines the position of the primary



43

vertex from these fits to the tracks.

In order to use the proportional wire chamber
data one must know the coordinates of the proportional
wire chambers with respect to the bubble chamber.36 These
chamber coordinates are defined in two parts. First each
chamber's position is specified with respect to a propor-
tional wire chamber axis. Then this axis is defined with
respect to the x—-axis in the bubble chamber by a transla-
tion and a rotation. The distance of each plane from the
center of the bubble chamber along the beam direction has
been measured by standard survey techniques. Also the
orientation of the wires in each plane with respect to the
vertical were determined by survey measurements. The third
coordinate required to specify a chamber's location along
the x-axis is the perpendicular distance of the central wire
of each plane from the x-axis. These are determined by
using non-interacting beam tracks which pass through the
entire system. Approximately 1000 tracks will determine
these distances to within 0.1 mm. The program SURVEY
accomplishes this. The rotation and translation which takes
the proportional wire chamber system into the bubble chamber
system is determined by matching bubble chamber measurements
of non-interacting beam tracks with proportional wire

chamber date in the program FITROT.
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The program SURVEY also determines the beam momen-
tum by swimming tracks determined from fits to the upstream
proportional wire chamber data through the bubble chamber
magnetic field and comparing the predicted downstream
trajectory with the data in the downstream chambers.
Non-interacting beam tracks bend 8.5 milliradians in
passing through the magnet. Table II shows the beam
momentum whiéh gives the best agreement downstream for
each experiment.

Once the coordinate transformations between the
bubble chamber and the proportional wire chamber system are
determined one can proceed with the merging of the two. sets
of measurements. From the data in the upstream propor-
tional wire chambers, the expected trajectory of incoming
beam particles are determined and compared in the program
PWGP37 with the vertex reconstructed by GEOMAT. This iden-
~tifies the incoming beam track (through the recorded Ceren-
kov data), and the accompanying data for secondaries in“
the downstream proportional wire chambers. PWGP then uses
the vertex position in the bubble chamber and the deter-
mination of track intersections in the downstream propor-
tional wire chambers to reconstruct downstream tracks.

PWGP records these tracks without attempting to match them

with the bubble chamber tracks.



BEAM MOMENTA

TP
mtp (February 1975)

mtp (November 1976)

TABLE I1

146.8
145.8

146.8

1.3 GeV/c
0.3 GeV/c

1.2 GeV/c
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The program TRACK ORGANIZER38Amatches downstream
tracks to GEOMAT reconstructed tracks and recalculates their
momenta and angles. It also picks out tracks in the down-
stream proportional wire chambers which were seen in the
bubble chamber but not measured by PEPR.

The recalculation of momenta and angles performed
'by TRACK ORGANIZER uses the GEOMAT reconstructed vertex,
the precision measurement points in each of the views
measured and the trajectories of the downstream tracks
as measured by the proportional wire chamber system.

In practice the trajectory of the track is parameterized
by momentum and two angles at the vertex. The vertex is
fixed and not allowed to vary. These parameters are
adjusted to give the best fit through three measurement
points in each view and the slopes and intercepts of the
downstream track at the first proportional wire chamber.
For the Experiment 299 the program was modified to include
the vertex position and all the measurement points in the
fit.3% The inclusion of the vertex in the fit resulted in

a more accurate determination of the measurement errors

for a given track.
The reconstruction procedures for hooking up
proportional wire chamber tracks with bubble chamber tracks

can be checked by measuring non-interacting beam tracks in
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the bubble chamber and processing them through the data
reduction chain as though they were one-prong events. A
pseudo-vertex is inserted at the upstream end of the track,
after GEOMAT has reconstructed it. Figure 1l2a shows the
momentum distribution of beam tracks measured in the bub-
ble chamber. These tracks are Experiment 299/60 beam
tracks. Figure 12b shows the momentum distribution of
these same tracks, after they have been hooked up with
proportional wire chamber measurements. TRACK ORGANIZER,
having full use of the bubble chamber measurements and the
downstream proportional wire chamber méasurements, adjusts
the average momentum upwards closer to the actual beam
momentum and dramatically improves the resolution. Beam
tracks measured in each of the two earlier runs gave very
similar results.

From the TRACK ORGANIZER output, elastic events
have been identified and removed from the data sample.
Since the angle of the incident beam track is measured to
an accuracy of 0.05 milliradians (limited only by multiple
scattering), the transverse momentum of the beam is known
to 10 MeV/c. The recoil proton in the bubble chamber has
a momentum determination to a few MeV/c. Given these two
measurements, one can predict the trajectory of the out-

going fast pion for elastic events. By comparing this
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prediction to the observed trajectory in the downstream
wire chambers one can test the elastic hypothesis. The
program PWGEL40 performs this analysis. Figure 13 shows
the square of the radial distance between the predicted
and the observed positions in the farthest downstream
chamber (chamber G) for Experiment 299. The elastic sig~
nal stands out sharply. Two-prong events with R2 less
than ten millimeters squared were labelled elastic. This
results in a less than 7% contamination of elastics in the

two-prong inelastic sample.41

D. DATA SAMPLE

After scan table rejects'and odd multiplicities
were removed from the Experiment 154 data sample, 13492
events remained. Of these events, 0.5 per cent were re-
jected by the PEPR operator. 15.6 per cent failed in
GEOMAT for reasons such as poor fiducial measurements,
bad vertex reconstruction, or insufficient computer memory
for reconstruction. 9.1 per cent were rejected because
they did not have proportional wire chamber data. These
resulted from inefficiencies in the upstream chambers

making beam track reconstruction impossible, missing spills
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on the proportional wire chamber data tape, or an over-
flow in the recorded data resulting from an excessive num-
ber of signals in the chambers. Another 13.3 per cent

of the events were rejected because the vertex occurred
more than 10 centimeters downstream from the center of the
bubble chamber. This cut insured that all tracks would
have adequate distance to separate from other tracks in

the forward jet. After these rejects were removed and the
non-pion beam tracks were rejected 7790 events remained;
the multiplicity distribution of these reconstructed pion
events is shown in Table III. The analysis presented in
this work deals only with events which have all secondaries
from the primary vertex reconstructed with their charges
balancing the beam and target. These events are referred
to as "complete-charge balanced" events. Table III pre-
sents the number of "complete-charge balanced" events from
the first measurement of Experiment 154. These events total
5015.

Following the measurement and reconstruction of
all events in Experiment 154, a remeasurement list was pre-
pared. This list included all events in the fiducial
region which:

a.) were incompletely reconstructed,

b.) did not balance charge with the beam and
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EXPERIMENT 154 DATA SUMMARY

EVENTS COMPLETE COMPLETE
CHARGED RECONSTRUCTED CHARGE BALANCED CHARGE BALANCED
MULTIPLICITY FIRST FIRST AFTER
MEASUREMENT MEASUREMENT  RE~MEASUREMENT
2 1724 1546 1621
4 1481 1172 1406
6 1604 1023 1408
8 1432 722 1194
10 953 384 766
12 413 130 334
14 135 31 107
16 46 7 27
8 —2 —9 —
7790 5015 6866

TABLE IIT
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target, or

c.) had one or more tracks reconstructed using

only two views.

These events were then remeasured mostly by man-
ual measuring machines at M.I.T., Brown University, and
the University of Tennessee. A small number of these re-
measurements were done on the M.I.T. PEPR. Table III also
shows the number of complete-charge balanced events after
the remeasurements were completed. The remeasurement effort
increased the number of complete ten-prong events by al-
most a factor of two and improved the quality of the data
sample even more for higher charge multiplicities.

The experience gained from measuring the Experi-
ment 154 film on PEPR was applied to the development of a
modified PEPR software system prior to the measurement of
the Experiment 299 film. A new PEPR measurement method

was developed by A.Anderson and I.A.Pless42

which employed
a series of flying spot measurements in place of the former
flying line segment, resulting in more precise track angle
determination, better resolution of close and crossing

tracks, and elimination of much background. These improve-
ments led to more efficient track following, more reliable

measurements, and less reliance on the operator's assis-

tance. Since ninety degrees in the center of mass is
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about five degrees from the beam direction in the lab-
oratory, all particles in the forward hemisphere of the
center of mass are found in a forward cone in the labora-
tory within five degrees of the beam. This. concentration -
of tracks in the forward cone complicates the measuring
and reconstruction of tracks. Since systematic losses
of tracks here will bias the data against events with many
tracks in the forward hemisphere and for events with few
tracks in the forward hemisphere, one must take care a-
gainst such losses. Appendix I demonstrates that the
losses in the forward cone are small. This demonstrates
the success of the new PEPR measurement method.

Table IV displays the Experiment 299 Qata sample.
These data came from the 9574 events which remained fol-
lowing removal of scan table rejects and odd multiplicities.
Of these remaining data, 0.1 per cent were rejected during
the PEPR measurements. An additional 10.3 per cent failed
in GEOMAT for reasons associated with fiducial measurements,
vertex reconstruction, or insufficient computer memory.
Another 18.8 per cent were rejected for poor proportional
wire chamber data. A large fraction of the data consists
of proton or kaon beam events which were removed. Then,
after the events with vertices more than ten centimeters

downstream of the center of the bubble chamber were re-



EXPERIMENT 299

DATA SUMMARY

CHARGED EVENTS COMPLETE
MULTIPLICITY RECONSTRUCTED CHARGE BALANCED

2 433 392

4 416 335

6 495 342

8 430 278

10 300 161
12 175 80
14 73 20
16 26 5
18 _3 _0
2351 1613

TABLE IV
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jected, 2351 events remained in the data sample. The
final data sample, as Table IV shows, contains 300 ten-
prong events of which 161 are complete-charge balanced
events. This is a 54 per cent rate compared to the 40
per cent rate in the first measurement of Experiment 154.
Higher multiplicities show an even better improvement over
the Experiment 154 first megsurement.

In all the analysis results of Chapter IV weights
have been assigned to each event to account for losses
as a function of charged particle multiplicity. The events
of each multiplicity were weighted in all distributions
so that the sum of the weights of the events of that multi-
plicity equals the cross section for that multiplicity.
Charged multiplicity cross sections for m~p were determined
by counting beams entering the bubble chamber, correcting
for inefficiencies, missed two-prongs, close scatters,
short stubs, close V©9's, electron pairs, and unidentified
Dalitz electrons. The details of these corrections are
fully described in Reference 43. The cross sections and
the weights used in the analysis are given in Table V.
The ﬂ+p cross sections have been determined by normalizing

the distribution of W+p events to the inelastic cross sec-

1.44

—

tion of Ayres et Table V also displays the weights

used for W+p events.,
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CROSS SECTIONS AND WEIGHTS

T p o

CHARGED CROSS WEIGHT CROSS WEIGHT

MULTIPLICITY SECTION (ub/event) SECTION (nb/event)
(mb) (mb)

2 inelastic 1.80 = ,12 2.68 1.86 + .12 10.45

4 4.12 =+ ,10 2.93 3.80 + .20 11.34

6 4.47 + .10 3.18 4,34 + ,23 12.65

8 4.30 + .11 3.60 3.82 + .20 13.74

10° 3.09 £ .09 4.03 2.83 £ .16 17.58

12 1.78 * .07 5.33 1.90 = ,12 23.46

14 0.83 = ,05 7.76 0.89 = .07 44.50

16 0.39 £ ,03 14.44 0.36 = .04 72.00

TABLE V
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CHAPTER IV

- ANALYSIS

The purpose of this work is to determine the
charge structure in pion - proton interactions at
150 GeV/c. Having measured the kinematic properties and
charges of the particles produced, we will search for
systematic regularities, attempting to characterize the .
major features of multiparticle production. Wé will focus
first on properties in the longitudinal dimension (the
dimension along the direction of the beam) since most of
the available energy goes into this degree of freedom.
Momenta transverse to this direction are extremely limited
in most hadronic interactions.l

It will be useful to define a variable, y, called

45

rapidity. Given a particle's energy, E, and its longitu-

dinal momentum, P the rapidity is defined as

L’

y = % In {E +PL},
E - P,
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For two particles which have the same rapidity there exists
a longitudinal Lorentz transfdrmation to a rest frame in
which both particles move perpendicular to the bean.
Lorentz boosts in the longitudinal direction simply add

a constant to the rapidity of each particle, so that rapid-
ity differences are Lorentz invariant. It is often cus-
tomary to define rapidity in the center of mass, a conven-
tion which we shall adopt. In the future when we refer

to rapidity we shall mean rapidity in the center of mass.
Therefore, particles with positive rapidity are in the
forward hemisphere in the center of mass and particles

with negative rapidity are in the backward hemisphere.

The analysis of this data is based strictly on
measurements of charged particles, having in effect inte-
grated over the neutral particle structure. Furthermore
our knowledge of the identity of the particles is limited.
Ninety per cent of the protons with momenta below 1.4 GeV/c
have been identified in the M.I.T. measured film through
ionization measurements. We are unable to identify
higher momentum protons or kaons, which we expect comprise
about ten per cent of the produced particles. All uniden-
tified particles are assigned pion masses in this analysis.
This results in an error in the rapidity for a non-pion

which depends on the transverse momentum of the particle,
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but for a transverse momentum of 350 MeV/c it shifts
kaons of rapidity =-2.0 to -1.6, kaons of rapidity 0.0 to

0.5, and kaons of rapidity 2.0 to 2.5.

A. FORWARD-BACKWARD FLUCTUATIONS IN THE CENTER OF MASS

We begin this analysis with one of the coarsest
measures of charge structure, the forward-backward fluctu-
ation. The number of charged particles in the forward
hemisphere in the center of mass provides a test of the
relative merits of the fragmentation model and the multi-
peripheral model. Nussinov, Quigg, and Wang46,have shown
that fragmentation models favor events where an asymmetry
exists between the two hemispheres in the center of mass.
That is, for an n-prong event one should often find a
large fraction of the charged particles are in the forward
(or backward) hemisphere and a small fraction in the back=-
ward (or forward) hemisphere and one should seldom find
events where the particles are split equally between both
hemispheres. The multiperipheral model, on the other hand,
favors events in which the particles are equally split
between the two hemispheres.

Figures l14a and 14b present the cross sections
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for nyp charged particles in the forward hemisphere for
events with n total charged particles. Except for the
diffractive effects in four prong events which result in
"having three particles in one hemisphere and one in the
other, both the 7~p and the mtp data clearly favor the
multiperipheral model over the fragmentation model. These
semi-inclusive distributions show that events where the
two hemispheres have equal populations are the most prob-
able while events where most of the particles are in one
hemisphere are less likely.

Chao and Quigg47 have taken the forward-backward
distributions a step further by predicting the semi-inclu-

sive forward-backward fluctuation
<(nF - nB) 2>n

for multiperipheral models where the produced particles
are:

a.) pions,

b.) nt 17 clusters, or

c.) 7% 1" 71° clusters.
Their analysis deals specifically with proton-proton in-
teractions and they relate the fluctuation to the number
of produced pi'minuses, n_. They'find the fluctuation to

be 2 n. for independent pion emission, 4 n. (1 - p) for
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7+t 7~ cluster emission, and 4 n- (1 - ¥ p) for ot = 70

cluster emission. The variable p (= 2A/Y) is related to

the cluster mass where a cluster produced with a rapidity

y deposits particles in rapidity space at yzA and Y = ln(s/Mz);
The semi-inclusive fluctuations are plotted in

Figures 15a and 15b. Neither interaction scales linearly

with the number of "produced" particles (that is, n - 2).

On the other hand the data follows more closely a linear

relationship with the number of charged particles in the

final state. This is the prediction one gets from Chao

and Quigg's analysis for independent pion emission if all

final state particles are considered rather than'n - 2.

The nonlinearity of the fluctuation which sets in for higher

multiplicities (n > 12) may be evidence for some clustering.
We can conclude that the forward-backward fluctua-

tions indicate a multiperipheral - like production mechanism

through something resembling independent pion emission.

B. LOCAL COMPENSATION OF CHARGE AND CHARGE TRANSFER

More details about multiparticle production are
found by examining charge transfer data. In particular,

the question of local compensation of charge may be addressed.
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An additive quantum number, g, is locally compensated if
the g's of secondaries within an energy independent rapidity

48 An alternative definition states

interval nearly cancel.
that "each particle carrying the value g must almost always
be surrounded by a small collection of particles carrying

a total of -g located nearby in rapidity space.“49 A sim-
ilar idea was proposed long ago by Hagedorn and Ranft, >0
Local compensation of additive quantum numbers is a feature

51

naturally expected in any t-channel exchange picture and

leads through the unitarity equation to the asymptotic

decline of charge exchange,sz'53

and the shrinkage with
energy of the forward diffraction peak.49'52 Perhaps more
importantly, it summarizes the existing data on the fluc-
tuation of charges.48'54'55

‘The concept of charge transfer is a generalization
by Chou and Yan956 of charge exchange to multiparticle
final states. The chargé transfer, u, is defined as the
net charge transferred from one center of mass hemisphere

to the other:

u=%(Q, - gg) - %( Qp - Q J)rnitial

Final

where Qp (Qg) is the total charge in the forward (backward)
hemisphere. Several experiment527'57'62 have measured

charge transfer distributions in hadron-hadron interactions.
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The dispersion of u,

D2 (u) = <u?> - <u>?

is a measure of the event -~ to - event fluctuation. These
experiments have found D2 (u) to be smaller than required
by global charge conservation.

Figures l6a and 16b show the charge transfer
distributions for this experiment. The dispersion for
7"p is 0.94 * 0.03 and for ntp is 0.90 * 0.05. Note that
the 17 p distribution is shifted toward positive charge
transfer while the ﬁ+p is approximately symmetric about
zero. The widths of the two distributions, given by the
dispersion, are about the same.

To determine the extent of local compensation of
charge we will define a random charge model (RCM) where
the charge assignment of each particle in an event from
the data is randomly redefined in such a way as to conserve
charge for the entire event. The charge transfer distri-
butions which result from the random charge model are
shown in Figures l6a and 1l6b. This random charge model
gives charge transfer dispersions of 1.84 for the 1 p data
and 1.81 for the w+p data. These values are much larger
than the data, indicating that the data may observe local

compensation of charge.
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As a means of further determining the gxtent of
local compensation of charge we will consider a reassign-
ment of charges to each particle in an event from the data
in such a way that the first particle in rapidity has the
charge of the target, the last has the Charge of the bean,
and the remaining particles are paired off into adjacent
positive and negative pérticles. Figure 17 illustrates
this model. The choice of positive particle in each pair
is done randomly.. We shall refer to this model as the ex-
treme compensation model (ECM). In some sense, this is
the multiperipheral model in the strong-ordering limit.

The extreme compensation model gives charge transfer dis-
tributions with dispersions of 0.42 for 7"p and 0.42 for -
mtp. Both of these values show much stronger local compen-
sation than the data.

Quigg and Thomasl4 have suggested measuring the
charge transfer as a function of the number of negative
particles forward (f.) and backward (b_) as another means
of distinguishing between multiperipheral and fragmentation
models. In particular, while the fragmentation model

predicts a quadratic dependence,
<up o >= (b - £_){a(b_ + £_) + ¢} +4
—, -

the multiperipheral model should produce a charge transfer
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THE EXTREME COMPENSATION MODEL
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linear in the difference, or:

= —f +d-
<ub_,f > a (b_ . )

Here a, ¢, and 4 are arbitrary constants. Quigg and
Thomas also note that for independent pion emission in a
multiperipheral framework the slope (a) will be %.

The measurements of <ub_’ > for this experiment
are shown on Figures 1l8a and 18b. The data favors a
linear dependence (ﬁultiperipheral favored over fragmenta-
tion) but with slopes of 0.33 £ 0.01 for 7”p and 0.30 #*
0.02 for ﬂ+p, indicating a multiperipheral production,
but both seeming to favor some clustering over independent
pion emission. Quigg and Thomas have noted that such a

result may come from the production of clusters composed

of any number of pions.

C. ZONE GRAPHS AND CHARGE STRUCTURE

The notion of local compensation of charge led
Kryzwicki and Weingarten52 to formulate the technique
of "zone graphs." They further generalized the charge
transfer variable, u, by defining a function 2(y), called

a zone graph. For an event with n charged particles in
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the final state, where y, is the rapidity and qy is the

charge of particle i, the function is defined:

Z(y) = ~9dpeam °(Y - YBeanm

~Ararget Oy - YTarget)

n
*i_, 91 Oy - yy)
where 0(x) is the step funtion ( ©(x) = 1 for x>0, and

0 otherwise.) Zones are separated by rapidity gaps where
Z(y) = 0. Figure 19 illustrates the construction of a
zone graph for a hypothetical ten-prong event. Note that
there are two end zones (the beam zone and the target zone)
defined by the particles near the ends of rapidity space
required to compensate the beam and target charges. Each
zone is neutral and is, among other things, characterized
by three parameters:

a.) the position of the center of the zone, y,,

b.) the width of the zone, A,, and

c.) the multiplicity of the zone, .- N

The number of zones per event serves as the first
measure of zone structure. Figures 20a and 20b present
the distributions for the number of zones. Both inter-
actions rarely have just one or two zones. The random
charge model (RCM), on the other hand, frequently results

in one or two zone events. The 7~ p data has approximately
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one-quarter of its events in the one or two zone category
while the random charge model would suggest one-half. The
mtp data shows a similar effect. The extreme compensation
model does reduce the number of one or two zone events,
but it predicts too many events with a large number of
zones.

The obvious first step in trying to understand
the zone number distribution is to consider the well estab-
lished leading particle63 and leading cluster64 effects.
Even low energy data showed a large fraction (about one-
half) of the energy being carried off by two leading par-
ticles. 1In the 7 p data of this experiment 79 per cent
of the particles with the largest rapidity in an event
have the same charge as the beam and 81 per cent of the
particles Qith the smallest rapidity have the same charge
as the target. For the N+p data the beam and target
percentages are 76 and 77 respectively. For the remaining
events, where the first particles in rapidity do not have
the charge of the beam or target, the next two particles
combine to make the charge of the three particles that of
the beam (target) in 15 (13) per cent of the 7~ p events.
For the nm'p data these percentages are 17 and 14 for the
beam and target, respectively. Therefore in somewhat over

90 per cent of the events the fastest one or three parti-
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cles carry the charge of the beam and in somewhat over 90
per cent of the events the fastest one or three particles
in the target direction carry the charge of the target.
Let us define a leading charge model (LCM) where
these features are represented but where the charge
structure in the central region of rapidity is random.
We will use the data and retain the charges of the parti-
cles starting from the edges of the rapidity axis which
are required to obtain the beam or target charges. 1In
practice this is simply the two end zones. One additional
feature is added in defining the leading charges. One
expects that when a leading cluster is formed it may break
up in such a way that all the particles from the cluster
do not appear in the end zone. For a three particle tar-
get cluster, for example, the cluster decays into two pos-
itive and one negative particle (see Figure 21). In two
of every three events this results in a single particle
end zone (that is, the fastest particle is positive.) To
account for this we include plus-minus pairs which are
within 1.0 rapidity units of the beam end zone as belong-
ing to the beam cluster and plus-minus pairs which are
1.3 rapidity units of the target end zone as belonging to
the target cluster. These values were chosen since they

result in three-body leading clusters in the 7 p data
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which decay into a single-particle end zone in about two-
thirds of the events with more than two zones. Table VI
summarizes the resulting leading cluster composition.

To summarize the leading charge model (LCM),
leading particles or clusters are first identified in each
event in the data sample. The charges on these are left
fixed, while the charges on the remaining particles are
randomly reassigned, only with the restriction that charge
is globally conserved for the event (see Figure 22). As
Figure 20 shows, the leading charge model reproduces the
major features of the zone number distribution.

The semi-inclusive distributions for the number
of zones per event are shown in Figures 23a and 23b. Here,
as in the inclusive distributions, the leading charge model
(LCM) does a reasonable job of reproducing the data. Table
VII presents the semi-inclusive average number of zones
per event and compares these with the predictions of the
three models. The multiplicity dependence exhibited by
the data follows that of the leading charge model.

The average multiplicity of central zones is
summarized in Table VIII. The average multiplicities in-
crease with the charge multiplicity of the event. The
data generally fall between the extreme compensation model

and the random charge model, as does the leading charge model.



FORWARD CLUSTER SUMMARIES

BEAM CLUSTER BEAM END ZONE T p T P
MULTIPLICITY MULTIPLICITY (mb) (mb)
1 1. 8.64 9.26
3 1 3.55 2.93
3 3 1.75 1.65
5 3 0.47 0.57
5 5 0.60 0.58
7 5 0.06 0.05
7 7 0.23 0.15
other 0.02 0.07
15.37 15.26
2 zones 4,68 4,54
1l zone 0.72
TOTAL (n,, < 16) 20.78 19.80
TARGET CLUSTER TARGET END ZONE
MULTIPLICITY MULTIPLICITY
1 1 9.28 8.89
3 1 3.23 3.24
3 3 1.52 1.83
5 3 0.30 0.31
5 5 0.64 0.62
7 5 0.05 0.00
7 7 0.21 0.14
other 0.12 0.23
: 15.37 15.26
2 zones 4.68 4,54
1l zone 0.72
TOTAL (nch < 16) 20.78 19.80

TABLE VI

83
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THE LEADING CHARGE MODEL
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SEMI-INCLUSIVE ZONE DISTRIBUTIONS (m~p)
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SEMI-INCLUSIVE ZONE DISTRIBUTIONS (m* p)
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AVERAGE NUMBER OF ZONES

DATA

60+.02
15+.,02
68+.03
06+.05
51%£.08
79+ .16
56,33

.41+ .02

DATA

71+.03
21,04
69+.06
19+ ,09
72+ .14
85+,29
00x.75

48% .04
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ECM
3.0
4.0
5.0
6.0
7.0
8.0
9.0

ECM
3.0
4.0
5.0
6.0
7.0
8.0
9.0

4.66
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AVERAGE MULTIPLICITY OF CENTRAL ZONES

TP
CHARGED

MULTIPLICITY DATA RCM LCM ECM
4 2.00%.00 2.0 2.0 2.0

6 2.26+.02 2.3 2.2 2.0

8 2.42%.02 2.5 2.3 2.0

10 2.67+.03 2.7 2.5 2.0

12 2.82+.06 3.0 2.7 2.0

14 3.00%.12 3.2 2.9 2.0

16 3.08%.23 3.2 3.0 2.0
INCLUSIVE 2.54%,02 2.67 2.46 2.00

'ﬂ'+p
CHARGED

MULTIPLICITY DATA RCM LCM ECM
4 2.00%.00 2.0 2.0 2.0

6 2.28+,03 2.3 2.2 2.0

8 2.49% .05 2.5 2.3 2.0

10 2.64%.07 2.8 2.5 2.0

12 2.82%.11 2.9 2.7 2.0

14 3.09%.25 3.3 2.9 2.0

16 3.87£.72 3.2 3.2 2.0
INCLUSIVE 2.60%.04 2.66 2.48 2.00

TABLE VIII
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Figures 24a and 24b present the distribution of central
zone lengths. The random charge model differs from the
data principally in normalization since in the random
charge model many more particles appear in end zones.

The extreme compensation model has many more short central
zones and fewer long central zones than the data. The
leading charge model is the most successful of the three
in predicting the data. Table IX presents the data for
the average central zone lengths and the model predictions.

The rapidity distributions of central zones are
shown in Figures 25a and 25b. The leading charge model,
with random charge assignments among the central particles,
incorporates approximately the proper amount of local
compensation of charge.

Table X shows the charge transfer dispersion data
compared with the three models. It was compared earlier
to the random charge model and the extreme compensation
model. Now we see that the leading charge model success-

fully explains much of the behavior of the data.

D. RAPIDITY GAPS AND ASSOCIATED CHARGE-EXCHANGE

We shall now turn to studying rapidity gaps and
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AVERAGE CENTRAL ZONE

DATA
RCM
LCM
ECM

.76%.01
.81
.72
.54

TABLE IX

LENGTHS

.75%+.04
.79
.70
.52

91



FIGURE 25
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DISPERSION OF THE CHARGE TRANSFER

DATA
RCM
LCM
ECM

T P
0.94%.03
1.84
1.03
0.42

TABLE X

+
™ P

0.90£.035
1.81
1.00
0.42
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the associated charge exchanged across the gap. To do so,
we label each rapidity gap by its length and by the amount
of charge transferred across it. First the n charged
particles are ordered in rapidity so that y; < y, < ....

< y,. Then the ith rapidity gap has length
byy = Y341 T Y3

and carries charge

1
80; = (Joa5) - qp
j:l

where a5 is the charge of the jth particle and dp is the
charge of the target (see Figure 26). Note that odd
numbered gaps always carry even charge and even numbered
gaps always carry odd charge.

Previous authors®>/%3 have noted the absence
of large rapidity gaps with more than one unit of charge
exchanged. Figures 27a and 27b show the distributions
of rapidity gaps carrying charge 0, *1, or *2, End gaps
have been removed from these distributions. The gaps
carrying charge +2 are seen to fall more rapidly with gap
length than those carrying charge 0 or 1. This effect
has been interpreted as evidence that the exchanges in
multiparticle production carry charges 0 or +1 while the

charge exchange +2 gaps come from crossovers of particles
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RAPIDITY GAPS AND CHARGE EXCHANGE
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along a multiperipheral chain. Crossovers would be expect-
ed mainly.£or small rapidity gaps, just where the charge
exchange *2 gaps occur most.

One can define the probability (PAQ ( Ay)) for
finding a specific value of charge exchange for a given
gap length.55 This probability is normalized separately

for even and odd gaps so that

[
'—l

z P, (Ay)
AQ

AQeven

z P, (Ay) = 1
AQ

2Q04d4

Figures 28a and 28b show P,n. ,5(AY) distributions.
The probability of observing a gap with a charge exchange
of *2 decreases with the gap length.

‘The probability function PAQ: +2 (Ay) is compared
with the random charge model and the leading charge model
in Figures 28a and 28b. The extreme compensation model
never produces gaps with charges of *2. The random charge
model predicts a probability near one-half and approximately
independent of the gap length, while the leading charge
model preserves the fall off with gap length of the proba-

bility for exchange of *2 units of charge.

Before studying this effect semi-inclusively,we
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will define two variables which summarize the charge
exchanges across rapidity gaps. The first is just the
event-to-event average of the sum of the absolute value

of all exchanges in the event:66

n-1
Vl= ‘Z ,A Qj_l| , )
i=1
A second variable, which weights large gaps more than

small gaps is

Figures 29a and 29b present the measurements of Vl compared
to the predictions of the three models. The data clear-
ly shows for all multiplicities an absence of gaps carry-
ing a large amount of charge as compared to that allowed
by the random charge model. Furthermore the leading
charge model contains most of this effect.

Figures 30a and 30b present the measurements

and model predictions of V Again the absence of gaps

2.
with large amounts of charge clearly shows up for all

multiplicities. The leading charge model does a good
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job of explaining the data.

E. CENTRAL FIREBALL

The preceeding sections have demonstrated that
the leading charge model contains the principal charge
structure of the data. This model implies that the pion-
proton multiparticle production reactions of this experi-
ment may develop through a production mechanism in which
two leading particles (or clusters) are produced in asso-
ciation with a central fireball.” We will now turn our
attention to studying the properties of the isolated
central production., The leading charge model assumes
that the chérges of the pions in the central region are
random. This means that the pi plus and the pi minus
rapidity distributions must be similar. 1In fact this
obéervation is the first indication that the isolated

central production may come from a fireball. An earlier

investigation of inclusive rapidity distributions from

*The name "fireball" was invented by G. Cocconi®? in ref-

erence to an object which decays into pions isotropically.
We shall see that a large fraction of the products of

our central region behave as though they have been pro-
duced isotropically in some rest frame.
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this experiment showed there is no central region where
the pi plus and the pi minus rapidity distributions are

l.62 The difference between the rapidity distri-

identica
butions for pi plusses and that for pi minusses in 77 p
interactions passes through zero near y=0, but there

is no flattening of this difference about y=0. Figure

3la shows the 7 p asymmetry

do) _ do
dy/+ ~ dyf-
Aly) = .

do]  do
dy'-\‘--+ dy/-

As Figure 3la shows, the positive particles outnumber

negative particles for negative rapidities and the negatives
outnumber positives for positive rapidities. There is no
central region where both charges appear in egqual numbers.
Figure 31b shows the n~p asymmetry when only central
particles are included. A region of about two rapidity
units in extent appears where positive and negative

charges exist in equal numbers. Figures 32a and 32b
display the n+b inclusive and central fireball asymmetries.
These too are consistent with the appearance of a neutral
central region when only the fireball is examined while
the inclusive data shows a positive excess for all rapid-

ities.
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Van Hove®® has defined a cluster as an aggregate
of final particles such that in the rest system of this
aggregate the longitudinal and the transverse momenta
of the particles are similar. 1In Figure 33a the center
of mass longitudinal and transverse (along one trans-
verse direction) momenta of all final particles in the
m"p interactions are compared. The particles clearly
contain larger amounts of longitudinal momenta than trans-
verse momenta. This feature is the well known effect of
limited transverse momenta. Figure 33b shows a comparison
of the longitudinal and transverse momenta of charged
particles in the central fireball. These momenta are
defined in the center of mass of the charged particles
in the central fireball. The two components follow very
similar distributions. Figures 34a and 34b compare the
longitudinal and transverse momentum components for the
ﬂ+p reactions. Here also the longitudinal and transverse
momenta of charged particles in the central fireball fol-
low similar distributions. These data satisfy Van Hove's
definition of what constitutes a cluster.

Having shown that the momenta of charged parti-
cles in the fireball behave similarly tansverse to and
along the interaction axis, we shall now investigate

the angular distribution of these particles. Figure 35
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shows these distributions for the 7 p data as a function
of the particle momenta in the fireball rest frame. The
angle 8 is the angle between the particle's momentum vec-
tor and the beam direction. The distributions of particles
with momenta less than 400 MeV/c are completely isotropic.
53 per cent of the fireball population have momenta under
400 MeV/c. The particles with momenta between 400 and 600
MeV/c are nearly isotropic. 73 per cent of the particles
have momenta less than 600 MeV/c in the firéball rest
frame. It is this nearly isotropic behavior (along with
the random charge assignments) which leads us to refer

to these particles as the c?ntral fireball.

Figure 36 shows the angular distributions of the
n+p produced fireball particles. These data lead to the
same conclusions regarding isotropy as the m p data. The
secondaries with momenta in the fireball system less than
400 MeV/c are completely isotropic and represent 54 per
cent of the particles. 76 per cent of the fireball parti-
cles have momenta less than 600 MeV/c and these are al-
most isotropic.

Figure 37 shows the multiplicity distribution
for the central fireball. By studying the multiplicity
as a function of the mass of the fireball we can compare

with statistical theory predictions. The Fermi69 and
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ANGULAR DISTRIBUTIONS OF
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X 71

Landau70 theories predict an M* dependence, Pomeranchuk

devised an M dependence, and recent hydrodynamic models72
show the mass dependence hinges strongly on the sound
speed in nuclear matter. Feinberg73 has included a de-
scription of viscosity estimated by guantum—field methods
in the Landau model to derive an M%é dependence., We are
restricted to measuring the mass of the charged particles,
but the functional dependence should be the same. The

mass dependence of the average charge multiplicity is

presented in Figure 38. The best fit of the form

n = MP

yields b = .64 * .03 for the m p data and b = .64 * .03
for the 7¥p data.

Figure 39 displays the momentum distribution of
fireball particles. The two distributions were fit to
a Bose distribution of the form

2

for p < 800 MeV/c. These fits gave temperatures for the
fireballs of 131 + 2 MeV for 7 p (with x2 = 2.8 per degree

of freedom) and 128 * 3 MeV for ntp ( with x2 = 1.2 per
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MASS DEPENDENCE OF FIREBALL MULTIPLICITY
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FIGURE 39

FIREBALL MOMENTUM DISTRIBUTIONS
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degree of freedom). Therefore the temperatures of the
fireballs produced in the two reactions are approximately
the same.

With a temperature of about 130 MeV one would
expect production of resonances to be suppressed.73
Figure 40b presents the invariant mass distribution of
pi plus-pi minus pairs in the beam cluster of 7 p events.
There is a clear rho signal in the beam cluster. Figure
40a shows the invariant mass distribution for pi plus-pi
minus pairs in the central fireball of T p events. Here
a rho signal is undetectable indicating that rhos are
indeed suppressed in the central fireball. This result
is consistent with previous observations from this same

74

experiment that rho production is strongest in the

forward hemisphere and falls off in the central region.
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FIGURE 40

PI PLUS -PI MINUS MASS DISTRIBUTIONS
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CHAPTER V

CONCLUSIONS AND DISCUSSION

This work presents the results of a study of
pi minus- and pi plus- proton multiparticle production
reactions at 150 GeV/c. Forward-backward fluctuations
and charge transfer distributions favor a multiperipheral
production mechanism with some clustering of particles
in the final state. The details of zone graphs and
charge exchange across rapidity gaps are consistent with
a leading charge model in which events proceed through the
production bf three distinct groupings in phase space:
two leading particles or clusters and a central cluster.
A large fraction of the particles in the central production
region have features consistent with having come from an
isotropically decaying central fireball. Such a fireball
would have a momentum distribution of secondaries consis-
tent with a temperature of 130 MeV (131 + 2 MeV for w p
production and 128 * 3 MeV for 7*tp production). The

absence of rhos in the central fireball is consistent
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with the notion of a central fireball with such a temper-
ature.

While this leading charge model was based on
two empirical observations (the leading particle effect
and the absence of events with less than two charge zones),
it is related to more fundamental theoretical ideas about
multiparticle production. For example, Pokorski and
Van Hove30 have proposed a picture of multiparticle pro-
duction based on the notion that the valence guarks of the
hadrons pass through the interaction region retaining
their internal quantum numbers. They may pass through
unchanged or fragment into a leading cluster. In this
picture, the gluons of the interacting hadrons (which
should carry half of the momentum of the hadron based
on the interpretation of deep inelastic lepton-nucleon
experiments) produce the central particles, so that the
central fireball studied in Chapter IV comes from the
glue carried by the interacting hadrons.

Also, a Moscow group75 has developed a descrip-
tion of particle production based on the interaction of
virtual particles in a multiperipheral-like model. They
derive their model from the Bethe-Salpeter equation for
the scattering amplitude. In this model meson clusters

(fireballs) are created with a multiplicity that grows
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logarithmically with increasing energy. At energies
around 100 GeV there is on the average one fireball,
while at energies of about 1 TeV there are on the average
about two. This agrees with the old cosmic ray data67
which suggested two fireball production at these high
energies. This model has been compared successfully with
numerous inclusive distributions from proton - proton
events at 70 GeV/c.76

77 statistical and thermo-

Finally, the Hagedorn
dynamical theory of multiparticle production pictures
the particle spectrum as black-body radiation from a
continuous longitudinal distribution of decay centers

(fireballs). The fireballs emit according to Planck's

law

C

, (for bosons)

{eE/T - 1}
with a temperature determined by the mass spectrum.
Present knowledge of hadronic states yields a maximal
possible temperature (T,) of 160 MeV, and good fits to
momentum distributions are found using a temperature of

0.8 TO' When we express the fireball momentum distribu-

tions of Chapter IV in terms of the maximal possible

temperature we see that they also have temperatures
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like 0.8 T, ( (0.82 + .01) Ty for mp and (0.80 %= .02) T,
for f+b).

While it is interesting that these theoretical
ideas have features similar to those observed in this ex-
periment, the complexity of the final states and the
limitations of the data sample precludes any conclusive
statement about many details of the production mechanism.
Moreover, the absence of data on the neutral particles
prevents a complete description and understanding. In the
future, when larger data samples exist and measurements
of neutral particles become more complete, more of the
details will emerge.

In summary, we have found that many of the features
of charge structure in pion-proton multiparticle production
are consistent with the leading charge model. We have
studied the properties of the central production and found
a large fraction of the secondaries may emerge from an

isotropically decaying fireball of temperature 130 MeV,.
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APPENDIX I

LOSSES IN THE FORWARD CONE

Most of the particles produced in multiparticle
production at 150 GeV/c appear at very small angles in
the laboratory. .Ninety degrees from the beam in the center
of mass transforms to about five degrees in the labo-
ratory; so if roughly half the particles in an event are
produced in the forward hemisphere they will appear in a
tight jet in the laboratory. This makes measuring and
reconstructing the event confusing and difficult, partic-
ularly for the tracks in the forward hemisphere. The
accuracy of the measurements depends on being able to.
measure tracks at all angles equally well so that no
biases are introduced. |

The Experiment 299 beam consisted of protons as
well as pions, and the proton events were measured and
reconstructed along with the pion events. Since proton -
proton events are forward-backward symmetric, the distri-

butions of particles produced must also be forward-backward
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symmetric. Figures A-1l a) through A-1 h) show the semi-
inclusive angular distributions for proton-proton complete-
charge balanced events where ecm is the angle a particle
makes with respect to the beam direction in the center

of mass. Superimposed and cross-hatched are the distri-
butions for hooked-up tracks. These distributions show
good coverage for all angles for events with less than 16
prongs, but the 16 prong events do show some sizeable losses
of forward particles.

To quantify the level of losses in these distri-
butions we can count the number of particles in the for-
ward hemisphere (F) and the number in the backward hemi-
sphere (B), and compare these numbers. Since we expect
half the particles in each hi§togram to be in the for-
ward hemisphere we compute the ratio of F to (F+B)/2.

Table Al shows these ratios. But for 10 and 16 prongs, the
fraction exceeds 0.96, showing only small losses in the

forward hemisphere.
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CENTER-OF-MASS ANGULAR DISTRIBUTIONS
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SUMMARY OF FORWARD-BACKWARD DISTRIBUTIONS

IN PROTON-PROTON INTERACTIONS

CHARGED 2 F
MULTIPLICITY F B TF+BY
2 606 612 .995

4 896 900 .998

6 1234 1316 .968

8 1124 1204 .966

- 10 888 1092 .900
12 533 523 1.009
14 224 224 ©1.000
16 59 101 .738
<14 5505 5871 .968

TABLE Al
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