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Charged Pion Production in Proton-Proton Interactions
Between 13 and 23.5 GeV/c
.- Abstract

Dennis Baird Smith

Multiparticle production is examined using 40 000 inelastic

‘proton-proton interactions seen in the B.N.L. Hydrogen Bubble

Chamber at five incident beam momentai"l3, 18, 21, 24, and

" 28.5 GeV/c. We present cross sections for various inelastic

topologies. Using the sample of positively charged track momenta,
wevfind'that we can estimate both'the_n+ and protén momentum dis-
tfibutions.v .

The cross sections for n production in the reaction

pp — n + anything are given. For small values of n  laboratory

momentum, we find that the x_ groduction differential cross
vsec ion. is independent of beam energy, indicating tha? the
Hypothesis of Limiting Fragmentation already hélds at our
energies. V

The transverse and longitudinal center-of-mass momentum
distributions of both = 's and « 's are given for each ine}astic
topology and for each beam momentum. One parameter functions
successfully describe each distribution. The topology and beam
energy dependence of al% the longitudinal c.m. momentum spectra
can be described by two parameters. .The transverse momeiatum

distributions are consistent with a high energy limit that is

. independent of topology and that agrees well with a picﬁure of

"hadronic boiling."”
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- Two other analyses have examined all final charged particles.
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"I. INTRODUCTION

The high energy interactions of hadrons produce pions copiously.

This thesis documents an experimental study of multiple charged pion
production in high energy proton-proton interactions.

Many aspects of proton-proton interactions have already been studied-
extensively. 1,2 Some of these studies have conceﬁtrated on the more
accéss&bke final states, particulaily elastic proton~proton
3,k

sczttering., At high energies (above 6 GeV/c), total and elastic

cross section measurements show that the inelastic final states
zccount for three-quarters of the proton-proton interactions. 5,6
Counfer experiments at high energies have approached the study of
particlesproduction by measuring individually the momentum spectrum of
ezch species of outgoing charged particle ("inclusive" expe:riments).?-12
¥While succeeding in observing most of the inelastic events, these
experiments do not determine the number of remaining particles in the
final state.

Bubble chamber experiments, while observing the simultaneous
production of all final charged particles, have often relied on
kinematic reaction fitting (balancing energy and momentum) to identify
those reactions with no moré than one neutral particle among the out-
going par'(:icles.l'3 Although information is obtained about all outgoing
particles in these reactions, at high beam energies these analyses
studied only a small fraction of the total number of inelastic events.
b1k

In this experiment we determine the charged pion production in non=-
strange proton-proton interactions classified by the total number of
charged particles in the final state.

In November 1966, 70 000

pictures of proton-proton intersctions were taken in ‘the 80-Inch B.N.L.

Hydrogen Bubble Chamber at five widely separated beam momenta: 13, 18,
21, 24, and 28.5 Gev/c.15 2+ sser momentum the flux of incident
protons was approximately 1/2 evenz/proton, Section II of this thesis
describes the analysts of the WO 000 non-strange inelastic topology
events: from the scan of this film we found the events (and the number
of outgoing charged particles for each); from the measurements of these
events we determined the momentum spectra:of the charged pions. We
limit this énalysis.to the charged pion production in fingl states
containing four or more charged particles: excluding obvious strange
particle production, we do not identify specific final states of
exclusive reactions nor do we discuss our neutral particle production.
Tn Section TII the =~ laboratory production cross sections summed
over topology are presented. We exemine the beam energy dependence
of these cross sections to test the Hypothesis of Limiting Fragmenta-

+ -
tion.17 In Section IV we give the ® and momentum spectra for

each topology. We successfully parsmeterize all of the c¢.m..momentum

distributions.

e
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II. EXPERIMENTAL PROCEDURES
We first discuss the exposSure of the film, then the scan for

inelastic events, and finally the measurement of the charged tracks

in these events to determine the 1aboratory'homentum of the charged

final particles.

A. Recording the Events

Protons accelerated to beam energies by the A.G.S. were»scatterea
off an internal target. Beam Ci (the RF Separated Beam run in the
unseparated mode) guided.protons from the forward eléstic peak to
the 80-Inch Liquid Hydrogen Bubble Chamber.18 A special camera was
prepared for the chamber with all three views on the same reel of 46 mm
film ("LRL format" --as contrasted to the BNL camera with each view

9

) 1
on its own reel of 70 mm f£ilm), This camera waszused to take

70 000 triads divided into roughly equal numbers of triads with 13, 18,

24, 21, and 28.5 GeV/c ‘incident beam momenta.

B. Scanning the Film

The film was brought back to the Lawrence Radiation Laboratory for
analysis. The film was scanned for specific topologies.20 The
topology of an event is defined by the number of outgoing charged
tracks ("prongs”) and the presence or sbsence of visible strange
particle decays. A two-prong evept without a decay is called an

"elastic topology." The scanner sees an incident beam track and only

two outgoing tracks.

I

Strange particle decays are indicated by either a "kink" in the track
of an outgoing charged particle which decays or a "Vee" pointing back
at the interaction vertex from the decay of an outgoing neutral

particle. They cause the event to be classified as having a "strange"

topology; independent of the number of prongs.

Four or more final charged particles indicate inelastic particle
production and, if there are no visible decays, the events are

recorded as having an "inelastic topology."

In this thesis, we will only analyze events of inelastic topology,

excluding those of strange topology. Henceforth, by "pp interactions,"

we mean non-strange pp interactions.

The film was divided into two portions within each momentum interval. .

Approximately one-third was scanned exhaustively for the number of
incident beam tracks. All of the film was scanned for the inelastic
topology events.2O Both scans were performed twice. Any
disagreement between the two scanners was resolved if necessary by a
third "conflict" scan.

The scan resulted in 4O 000 i;elastic topology events. We saw

appreciable numbers of events with four through fourteen prongs!

Figure 1 shows a typical multi-pronged event,

LTSI &
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C. Topological Cross Sections

The results of the beam track scans were used to determine the
cross sections by topology for four or more final state charged
particles. The determination of pathlength and the calculation of
cfoss sections are described in Appendix A. Figure 2 displays the
cross sections (also given in Table I) as a function of incident beam
momenta. Fits to the four-, six-, and eight-prong production are the
results of calculations by G. F. Chew and A. Pignotti using a multi-
peripheral bootstrap model containing two parameters.and are shown as
solid curves on Figure 2. (The dashed lines through the,10-, 12-,
and lh-prong values are ouf freehand curves.)

D. The Laboratory Momenta of the Chégged Particles

We next determined the laboratory momentum of each outgoing track.

1. Measurshg-Procedure

The track image on the three views of the bubble chamber film was
approximated by measuring machines as three sets of points along the
images.. These three sets of points were then used to reconstruct the
charged particle's trajectory through the 80-Inch Bubble Chamber.

The curvature and angles of the trajectory in the bubble chamber's
magnetic field determine the laboratory momentum of the particle.

We measured the events by the Franckenstein II (except for the

13 GeV/c four prongs which were first measured by the Spiral Reader I).

The measured track momenta were produced by the procedure described in

Figure D, We made "second messurements" of the events which failed to
pass this procedure.

2. Modifications to SIOUX

Optical and magnetic constants appropriate to the 80-Inch Hydrogen

-6-
26-28

Bubble Chamber were introduced into the program SIO0UX. We used
the p+ range from 200 stoppirz ﬁ+ decays to find the range-energy
scale factor.29 Té check SIOUX's estimates of the uncertainties
("errors") in the measured momentum values, we used a sample of events
corresponding to the reaction Pr»a;mm*hT Minimum error estimates, or
floors, in the curvature measurements and in the angle measurements
were necessary to give us the theoretical X? distribution for four
constraints.

This sample of events from the reaction pp_appn+n— also allowed us
to determine our incident beam momenta to better than 0.1 O/o. We
determined our five beam momenta to be: 12.88, 18.00, 21.08, 2k.12,
and 28.44 Gev/c. The spread about a central value was designed to be
iess thén 0.5 °/o in the unseparated mode of the RF separated beam.

3, Rate of Successful Track Measurement

Tracks were omitted from the final sample in several ways. Using
criteria which did not bias the sample, the scannefs ruled seven per
cent of the events.unmeasurable.go

Entire events were rejected in PANAL, MATCH, and SIOUX. The passing
rate and the number of passing events are given for each beam momentum
and topolagy in Table II. (More than gk o/o of the events with four
through eight prongs passed; this fraction drops with increasing num-
bers of tracks.)

Individual track measurements failed in SIOUX. Table III and IV
give the numbers of positive and negative track momenta out of the
total number of positive and negative tracks in events which passed
SIOUX. (Roughly three percent of the positive and two percent of
the negative tracks fail SIOUX.)

Finally, additional tracks which passed TVGP were rejected for
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poor measurements, The main difficulties were with the fast outgoing
tracks which were confused with adjacent beam tracks and also a small
number of short tracks. These problems were only important in our
sample of positive tracks. Figure U4 shows the distribution in inverse
laboratory moments for positive tracks from 28 GeV/c four prongs. We
removed 2.7% of the track momenta (shown shaded) from this sample.

The relative contribution of these tracks to the transverse and
longitudinal laboratory momentum spectra:is shown in Figure 5. We
rejected less thanv2.2% of the positive tracks for all other topologies
and beam momenta. Figure 6 shows the distribution in inverse
lsboratory momentum for negative tracks in 28 GeV/c four-prong events.
Fewer than 0.3% of the negative tracks have inverse momenta smaller
than that of the beam.

E. Contamination in the Sample of Charged Pion Momenta

Most negative tracks will be x . Other negatively charged hadron
may be in the sample: K , £, 2, 0, and p, and . We expect a X
contamination of less than four percenl of the n  production from the
rate of K to n production at 19 GeV/c.8 Fvents with % decays are
not present in our sample of non-strange inelastic topology events.jo
Crossbsections for producing the last four are expected to be small

7,8,11

at these energies.
The positive track sample contains significant numbers of both n+
and protons. Reference 8 reported K+ production to be seven percent
of the ﬂ+- .Nearly all K+ contamination from YK production is absent
from our sample, since we see the decaying hyperon in the bubble cham-

ber. By arguments similar to those above for the negative baryons, we

may neglect the other positive baryons.

8-

. + . . <
F. Separation of n and Proton Momentum Distributions

Since an unknown mixture of the reactions:
+ - o,
Pp-opPp+ Nx +Nx + unseenn 's

pn + (5+1)x' + N + unseen n°'s

nn + (N+2)n+ + N % + unseen n's
produces our sample of non-strange events with 2I+2 final charged
particles (W > 1); our positive tracks are an undetermined comﬁination
of ﬂ+ and protons. In only a small fraction of the evegts_does energy-
momentum balance or ionization distinguisﬂ among the various reactions

31

Thus we introduce a new approach to the separation of
32

possible.
n+ and proton momenta.

The tracks moving backwards in the laboratory can only be n+, not
protons. Events producing a proton which moves backwards in the
léboratory fail to conserve energy. When the proton goes backward
in the laboratory, the-remaining final particles have a combined
momentum greater than that of the beam. However, baryon conservation
gives these remaining particles a combined mass of at least that of
the beam nucleon so that their energy is greater than that of the
target, so we have gained cnergy!

We use these known pions and the forward—backwgrd symmetry of
proton-proton interacfions in the c.m. to separate oat the n+
spectrum as explained in the following discussion (the details of the

procedure used are discussed in Appendix B):

The laboratory spectrum of backward pions is transformed to the
.c.m. We reflect this speétrum about the origin and transform it to

+ . .
the laboratory to estimate the mumber of x in a region of forward

laboratory momenta. Subtracting this distribution from the laboratory -

momentum spectrum of all positively charged tracks gives

-
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the corresponding forward proton spectrum.
This laboratory distribution of protons is transformed to the c.m.,

reflected and transformed to the labo:atbry to estimate the momentum

speci"-rum of the protons with low values of laboratory momenta. These
slow protons can be subtracted from the positive tfacks in the
laboratory frame to give us the “c'oz_jresponding pértion of the sl§m'1y
forward moving n+ spectrun. »- »

This procedure iterates to determine the entire 7r+ and pr:oton
spectrum. | '

For thi§ procedure to be uséful, the number of iterations had to be

low, since the errors rise with the absolute .sum of the numbers sub-

. tracted to determine the x spectrum. The maximum number of iterations,

which increases with increasing transverse momentum, is three for
tracks with transverse momenta less than 0.6 GeV/c at 28 GeV/c¢ beam

monmentum.

S 10~
ITI. NEGATIVE PION FRODUCTIOﬁ
Our sample of.events with four and more prongs contains all
production.. Here we put them all together to study the non-strange
"inclusive" reaction pp—n_ + anything. |

A, 1t~ Production Crcss Section.and Average t_ Multiplicity

Using the cross section for production of n final s, o, &s
given in Table I, the cross section for ' production through the

reaction pp—-n‘-A + anything is ?r‘:rzn no . The average % multipli- .

- city, (g‘,"cr s where g, is the total proton-proton cross section, is

T T

shown in Figure 7.

B. Laboratory Differential Production Cross Sections for

The forward-backward symmetry of proton-proton interactions in.
the overall c;m. enables us to give a complete description of the
x~ production spectra using only those = moving backwards in the
c.m., After checking that our c.m. s  momentum distribution was
forward-backvard symmeﬁrié, we reflected the forward = c.m.
momenta and transformed them back to the laboratory frame to
double the statistics of our x~ laboratory momenta distributions.

The momenta of the n~ are decomposed into a momentum component
along the beam direction (its longitudinal momentum fu) and a
component in the plane perpendicular to the beam direction (its
transverse momentum p, ).

a°o

We calculated the cross section, T apn
R 4P

in (2n+2)-pronged events with cross section g5 D Un is the rela-

=i Fn(E)ntrn s where,

tive production of n~ and 'Fn(B) is the fraction of these n~ falling

into the laboratory momentum interval, Ap jAPu. Our bins have width

'Apl =Ap, = 0.1 Ge\’/c.
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This cross section was evaluated in the lsboratory frame to check

vredictions of several current theories. These cross sections are

expected to become constant at high energies independent of the

o
dp,dpy
production at 13 GeV/c which is overlapped by those of the

We tested that was constant using the kinematic region of =~

four other beam momenta. , ‘
For each bin of lsboratory momentum, AP APy, the magnitude of the

cross sections at the five incident beam momente were ordered from first
first through fifth. FigurecB shows the distributions in rank as a
function of beam momentum. For example, the left colupn of Figure 8
gives the number of times the largest cross section occursvat each
besm momentum. The results show little correlation of:rank with beam
energy. - :
As & further test of the prediction, we used the x°-test to

see if, for each bin, AP APy 5 the measurements of the cross

section, d_ztr__ » can be represented by a single average value.

dp,dpn

‘ For each bin the miniinu&n Xg éhd éorresponding cenfidence level

are shoﬁn in Table- VI. In Figure 9, we display a histogram

of our x2 for four degrees of freedom. The least-squares averé.ges

of the cross sections are shown in Table VII.

The models of multi-particle production which predict the beam
energy independence of these cross sections are: fThe multi-peripheral
zodel, 3 the "parton” model,3” and the "Hypothesis of Limiting

Is’ra,gmen‘caﬁtion."l7 As the beam energy increases, these theories are
expected to demcribe pion production over ever-widening ranges of
leboratory momenta, so thet the number of pions satisfying the hypotheses

can increase without bound. But in our range of lsboratory n. momenta.

=12--

our measured cross sections are those expected for all higher

beam energies.

-C. Average 1 Tronsverse Momentum

The average of all % transverse momenta is shown as a function
of incident beam momentum in Figure 10. In this energy range, the
average transverse momenta have reached only ~80% of the constant

value reported at much higher (TeV) energies.3
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A | IV. CHARGED PION FRODUCTION BY TOPOLOGY 7 ’ - | 32/2 p?/2 o 1Py
e‘f A, Rate of Charged Pion Production : A _ EEL = NT (3/4) = (l)
( The number of events clagssified by the numbers of final charged
¥ particles, i.e., our charged miltiplicity distribution, is given in %Ni" = Ny oage P : " (2)

P Table IX for each of our beam momenta. . -
" + . where NT is the total number of tracks). These functions, suggested
. Using the # momentum spectrum estimated by the methods described 37,3

' ' ' ' - . i by the thermodynamical model 5 8had been used earller by Elbert et
in Section TII-F, we found the average number of % per event., ‘In '
) ’ : al., to obtain good fits to the distributions of c.m, momentum

Table X we list the @ifference between the number of % and "
' ) - components of plons produced in P2 GeV/c T p 1nteract10ns.

per event for each topology and beam momentxim. The excess number of 2
' The X° minimization procedure was used to determine the best fit-

+ - . .
%t per event over the number of n- appears to be somewhat independent +
parameters. In fitting the x histograms, it was necessary to

of cherged multiplicity at our higheSt momenta. At 28 GeV/c the determine Mi’ the sbsolute sum of the guantities subtracted to
i incident nucleons for four pro A i11 . ) . :
j{u _ prongs and above have & probability of determine N,, the number of st+. The error in Ni is taken as SNi =\ﬁ\'di.
.37 £ .02 for exchanging thei i3 . C - ~
' 3 - . chenging their positive charge For the « histograms the error is taken to be SNi = \iNi.
‘" v . i - Since the Poisson distribution is asymmetric for small numbers,
B. Transverse and Longitudinal Charged Pion Center-of-Mass Momenta ' 2
: . oy ' we only considered bins where N, » 5 for the X fits, With one
: Figure 11 shows the transverse and longitudinal c.m. momentum S , B ’
. . . . . ' adjustable parameter, the number of degrees of freedom is one less
distributions for pions of both charges, at each of the five beam ' :
' than the number of bins used.
momenta, and for all non-strange inelastic topologies. We display ’ :
. an  an There were approximately 30 degrees of freedom for the 4 and 6
: the data in separate histograms of c¢.m. momentum, . a—‘- , Summing :
; : Py OPu prongs' longitudinal c.m, momentum distributions and about 20 for
‘ over the dependence on the other momentum component. (The backward
- ' V . the remalnlng distributions. Figure 12 shows a histogram of confidence
v % c.m. momenta were reflected and added to the forward c.m. st~
D - . levels from the fits. Although the dJ.stnbutlon peaks at zero, only
momenta to double our statics for our forward 1t~ c.m. momentum distri- '
: : ‘ , four of the 94 fits have confidence levels of less than .01 and .-
- bution.) ST

T the ljorwest' confidence level we found wes Bxlo-u, showing that all of

. -

We studied the shape of the pion momentum distributions (the : :
o ' ¥ * the distributions are reasonsbly fitted.
differential cross sections can be found from the topology cross )
. . . ’ The coefficients a, end & for the % and 7 distributions are given
sectl_qns_ in Teble I) and found that we can represent each histogram .
] . ' . ' in Table XI for every combination of beem momentum end charged muitipli-
by functions of the form: ‘ - ‘ |

. + - . ’
city, The ® and n- coefficients can be seen to be close in value
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(within 10%). However, at each beam energy, the coefficients descri-
bing ﬂ+ transverse momentum distributions are consistently greater
than those describing the n".

Because of the better statistics, we study the topology.and beam
momentum dependence of the % transverse and longitudinal c.m.
momentum distribution coefficients. For each ﬁeam moméntum, Figure 13
shqws the 1ongitudinal and transverse cpgfficiéntsvas a function of
topolog&. Arlinear fit is adequate to-describe the dependencé on the
numbér of charged prongs. The results of the fits are superimposed
on the data of Figure 13 as solid curves. With the same functional
forms (1) and (2), the fits of 24 GeV/c n p interactions by Elbert
et al. also showed a linear dependence on the number of charged
prongs.

The coefficients a, of our longitudinal c.m. momentum distributiéns
are shown in Figure 14 for all topologies as a function of beam
momentum. The variation of the coefficients a, with the total c.m..

energy, Wcm, and the number of 1t~ pei event, n, is well represented

cHdn

W
cm

2
coefficients gives X = 27 for ¢ = 10.2 + 0.2 and d = 5.4 # 0.1

. A fit to ouwr 24 %~ longitudinal

by the function: au(n,W ) =

The curves corfesponding to the fit are shown superimposed on Figure
14 | It would be iinteresting to see if these coefficients are
capable of describing the shape of charged pion momentum distributions
by topology at much higher energies.

Figure 15 shows the transverse coefficients as a function of beam
momentum for all topologies. The total reaction energy dependence
of the transverse coefficients was fit separately for each topology_

to the function form:

a,(n,Wep) = e(n) + %ﬁ)‘ ' (3)

-16-
Our fits are superimposed on Figure 15. TFitting the coefficients
e(n) and f{n) with a linear dependence on topology gives
e(n)
£(n) = (5.9

(6.3 + 0.5) + (-0.3 + 0.3)n

i+

3,2) + (5.3 + 1.8)n

The only significant topology dependence is from the energy-dependent

term and agrees well with that of the longitudinal coefficient,

. + b+ 0.
au(n,1_) 5(10.2 + OEV)JC; (5.4 = 0 l)n.
If the energy dependence of eguation (3) holds, the asymptotic values
of the coefficients a; at high energy are consistent with beiﬁg inde-
pendent of tﬁe topology. »

Iﬁ the statistical thermodynamic model of R. Hagedorn, the thermo-
dynamic production of particles reaches a maximum temperature
T, = 160 MeV at the “boiling point of hadronic matter."37For
descriptions of the transverse momentum distributions by the

function (1), the temperature T gives a limiting value of a, = 6.25 .

PSS
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V. CONCLUSIONS
In our survey of inelastic non-strange proton-proton interaptions
over a wide range 6f beém ené}gies,vwe‘found manyvasﬁects of multiple
charged pion production which could be deécribed‘simply.

The cross section for production of 7" 's with slow laboratory

momenta via the reaction pp —» x + anything is constant independent

of the beam momentum. __The Hypothesis of Limiting Fragmentation holds
for n production at our energies. '

For different numbers of final charged particles, the shapes of .
secondary charged pion tkansverse and longitudinal c.m. momentum
diStfibutions can be accurately summarized by one-parameter functions.

In our energy range, the transverse momentum spectra appear to be

) undergoing a transition to an asymptotic distribution whose shape is

independent of the charged multiplicity ahd beam momentum.
The shapes of all of our longitudinal c.m. momentum distributions
are described by a simple two-parameter function which.shows the

dependence on beam momentum and number of final charged particles.

«18-
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APPENDICES

A. Calculations of the Topology Cross Sections

We completed a conflict scan of our film for all topologies except
two prongs. The scanners counted the beam tracks in a portion of the
film at each beam momentum. This appendix describes our calculafion
of the non-strange (excluding two prongs) topology cross sections at
our five momenta.

1. Determination of topology cross section

The partial cross sections were calculated as

N,
o = e (1)

i _~LpNyoq/M
Noo (1-e /7

where
1) Ni is the number of particles of a given topology in this
portion of the film corrected for scanning inefficiencies.
2)_ aT is the total proton-proton cross section.
3) N, . is the number of entering beam tracks.
4) 1 is the length of a track down the whole bubble
chamber = 139 + 1 cm.
. 5) pis the density of hydrogen in the BNL 80-inch bubble
chamber = 0,06138 + 0,00065 gn/cm>. -
6) N_ is Avogadro's pumber = 6.02252 x 10%3/mole.
7) M is the proton's gram atomic weight = 1.0073 gm/mole.
Equation (1) follows from the usual definition 6f a partial cross

N,
i

T p'Na7M5

The total path length is calculated from the attenuation of the total

section, s where P is the total path length.

number of beam tracks, th, as they travel down the bubble chamber of

~20-

length L: P = fLth e-x/k dx , where 1/) =
: o

‘
2. Values used in the calculation of the tcpolczv cross sections

N pan/M

a. Scanning efficiencies and the total number of events. Non-

strange topologies have no decays or '"Vee's" in the scan volume.

Multi-prongs with associated electron-positron pairs were taken as

normal multi-prpngs if the pair had both track; minimm ionizing and

had momenta less than l;O.MeV/c; If a péir had a 0° opening angle

and momenta less then 1.5 BeV/c, it was also treated as an associatéd.ei
For each topology end at each momentum, the total number of

events was inferred from the efficiencies e for the first or

1 fe2
second scanner finding an event in the (assumed) statistically
independent sample of all the events seen by the other scanner.
Then the probability of the confliect scan's missing an event may be
taken as (1- 61) (1- 62), which Table X¥IIshows iz less than 0.0005
for all topologies and beam momenta. The efficiency of the conflict
scan's finding an event is 1-(1- el) (1~ 62). The total number of
events is then the total number seen by the conflict scan divided by
its efficiency for finding an event, (This discussion is identical
to that of reference 39 except that the efficiency of a scanner is
defined as the total number that scanner sees out of all events seen
by the conflict'scah.) The error in the total number of events,
taken as the square root, disregards the errors in the efficiencies;
According to reference 40, either scamner‘'s ruiing a frame
unscannable resulted in all events in the frame being deleted. This

convention should not affect the total number of events, but we found

it slightly affected the number of events seen with many prongs.

™
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b; Beam track count. The scanners counted all the beem tracks

according to the instructions of reference 20.

¢. Length of non-interacting beam track. We used the conventions

bf reference 20 to determine the desired fiducial volume corresponding
to grids 3-26 on the scan table. On one scan table, using measured

events' reconstructed vertex locations, we found events under the lines

between.grids 2vend_§ and grids 26 and 27 The,difference in'the ver- .

tex y coordinaﬁes yielded 139 cm in space, whicn we use as a fiducial

length. Then with some events lying under these grid lines we examined

the effects of:

1) different scan tables

2) distortion caused by grid or film not moving in the focal

plane of its lens.
3) three different griq aligmment criteria given in_refer-
ence 20'.
We concluded that an error of i.1/6 grid zone or * 1 cm reconstructed
in bupble'ehamber,space was appropriate. - (This corresponds to a .7 Oé

error in the number of ub event.) The entry angle of the beam and the

protons' curvature in the magnetic field give a systematic extra track

length of .3 0/6.
A Master List tally by grid zone showed no ‘decline in the number of
events in our extreme grid zones.

d. Hydrogen Density, Avogadro's Number, and Proton Mass in amu.

Reference 29 gives our value of the density of liquid hydrogen in the

BNL 80-irich bubble chamber:

_vo.06158'£ 0.00065 gm/¢m5.

Reference L1 gives Avogadro's number and the proton's atomic mass.

(We took the errors on both of these numbers to be zero.)

-22=

e. Dependence on 0y, .

Because our bubble chamber is only 1/, of an interaction length for

protons in hydrogen, the variation of the number of pb/ event,

-4Lp a(TT?M_—_) 4

is small with respect to any varlatlon of the 1nput parameter, ap .

g
: (l—e

For example, a change of “T “from 39 mb to 30 or 50 -mb changes the ub/

event by 2.5 /o' We ‘chose our op from the results of reference 5

since they had measurements close to all of our momenta. The relatively
large uncertainty (+ 1.5 mb) of these measurements does not trouble us

since it accounts for a fractional error of only .U o/o in our expres-

~ sion.
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B. Procedure for Separatiﬁg n+ and Proton Momentum Spectra

We prepared histograms of the pionband proton c.m. momenta from the
sample of positive tracks'laboratory moménta by the following procedure:

(1) Transform the laboratory momentum éo the c.m. with a pion mass
and, if the longitudinal component of c.m. momentum is negative, con-
tinue with (2), otherwise go to (4).

(2) Reflect the c.m. momentum forward, -transform the mbmentum to
the laboratoiy as a pion, transform it to the c.m. as a proton, and
enﬁer it in the proton histograms with negative weight.

(3) Reflect the c.m. momentuﬁ backward, transform to the laboratory
as a proton, transform the c.m. as a pion, and include in the pion
histograms with positive weight. If the longitudinal component of the
c.m. momentum is negative iterate the procedure (i.e., return to (2)),
otherwise stop.

(4) Trensform the initial laboratory momentum to the c.m. as a
proton: 'if the c.m. léngitudinal momentum is positive continue with
5), otherwise stop.

(5) Reflect the c.m. momentum backwards, transform it to the 6.
laboratory as a proton, transform it to the c.m. as a pion, and give
it negative weight in“the pion distributions

(6) Reflect it forward and transform it to the laboratory as a
pion, transform it to the c.m. as a proton and enter it in the proton
histograms with positive weight. If the longitudinal c.m. momentum 7.
of the proton is positive, iterate the procedure (i.e., go to (5)),

otherwise stop.

2o
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Table I.  Non-Strange Inelastic Topology Cross Sections (mb)* i Table TIT. Tabulation of Track Loss

in Reconstruction Program STOUX
“Beam Momentum (in gev/e) : ‘

12:88 ' - 18.00 21.08 24,12 28,44 Number of Positively Charged Tracks Actually Passing SIOUX

Number of Potential Positive Tracks from Passing Events

Topology
(number of
prongs) .
‘ ¥ 3 g : Nominal Beam Momentum
b 13.0 +.b 12.8 =+.3 12.0 .3 11.8 .3 11.1 +.3 i‘,‘;’gﬁ; ° , ommzin 2213/03?@
6 3.9 .2 5.2 #.2 5.9 #.2 6.4 .2 6.4 %2
8 .55 £.07° 13 £1 18 %l 2.2 %1 25 %1 o 2l 28.
10 (.025%.008) (.13.:£.02) - ST 205 - .27 £.05 .80 +.08 » N 18 ‘21 ' o >
12 (.003£.003)  (.0202.006) (.032+.0B) (.06 *.01) (.09 *.02) 13351 18410 2683 . . 1206 11205
14 (.000%£.003) (.08b+.003)  (.002%.002)  {.006%.004) (.010%,005) . ggﬁe . 18521' c 17055 : 130539 ~11k09
I N o | 6 5591 10758 1159 9k50 9209
*Cross sections in parentheses calculated from scan of entire : 5676 " 10528 11772 - 9500 9392
exposure i : i ) '
- 8 990 . 3070 © L0883 1531 W37k
Table II. Number and Fraction of Measured Events . . ' . 110k0 3135 4185 koo k70
' “Buccessfully Reconstructed ‘ 10 . L 368 790 706 ‘ 1hek
. ' ‘ k2 372 798 ‘ 758 1440
FKumber of Nominal Beam Momentum (in GeV/c) : : .

Final Charged . : : 5 . i Bk 195
Pracks 13 18 21 24 28 12 j{ 2; gu 84 192
b 51k 6207 5685 b351 3803 _ ' : ‘ :

SHEE J9TLT 9115 .o71k .9682 1k -0 16 0 16 24
- ' 16 . _ 16 24
6 : 1419 2632 2943 2k0o 2348 ‘ :
~9692 L9627 L9681 .9635  +9690
8 208 627 837 808 89k : ) '
.ol55 .oUB6 BTT - PP .9k2T ’ -
10 7 62 153 15 2o \
8750 8857, .H00 .9111  .9266
12 1 5 12 12 28 /
: 1. ' LIR30 BsTL L6316  .84B5.
1k o 2 0 2 3

- 1. - .1l 1.
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Table IV, Tabulation of Track Loss
in Reconstruction Program STOUX

Number of Negatively
Number of Potential

Charged Tracks Actually Passing STOUX
Negative Tracks from Passing Events

Number of Nominal Beam Momcntum
Prongs (in .GeV/c? .
B 18 21 oy 28.5 . .
L Ry i 6173 ‘5642 314 3780
L51k - 6207 5685 k351 3803 , o .
6 2812 5234 5848 L3 4668 Table V. Non-Strange Produétion of w :
2838 526h 5886 L8oo k695 Crbss Section and Average Number per Event
8 597 1845 2li61 2386 2648
. 62k 1881 2511 2h2h 2682 Bean X .
10 28 ok 531 476 953 ;fomenwm) 13 18 21 2
28 28 532 4g2 960 (in GeV/c ) 353
' Cross Section 22.6 27.7 33.; 3%8 3
12 > 2 60 60 139 (mb) +,6 7 *, EX t,
2 & 6o 60 1%0 Average Number .58 T0 .78 8k -88
' ' per Event
wh 12 12 1 (all +.02)
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‘Table VI. Table VII.
X2 (and Confidence Level) from Least Squares Fit to the Laboratory

Least Squares Average of the Laboratory Differential Productlon
Differential Production Cross Sections for n~ for O. GeV/c < p,<0.7 GeV/c.

cross Sections for x~ for 0. GeV/c < p, < 0.7 gev/c.

Central Value of 0.1

Central Value of 0.1
GeV/c Bin Transverse

GeV/c Bin Transverse

Momentum (in GeV/c) . | Momentum (in Gev/c) '
.65 k6 2.5 3.4 .57 2.7 9.1 .65 L0053 .009 .023 .030 .okl  .O4T
(.33) (.6%) (.49) (.22) (.60) (.06) . $.001 *.002 #.003 +.004 *.004 #.005
S5 b6 5.4 6.1 1.1 2.1 2.8 3.3 s5 . .03 .02 035 .060 .08 .10 .18
T : ‘ (.33) (.97) (.29) .(.89) (.72) (.59) (.51) _ . £.001 £.005 .00k *.006 - +.006 £.008 +.008
X 1.5 2.2 1.7 10.h .98 hh .66 5.8 A5 : 008 .03k .06l .103 .166 .206 .2h0 '+‘2“7-
(.82) (.71) (.80) (.03) (.91) (.35%) (.%) (.21) ' © £.002 *.004 $.006 #.007 *.009 #.010 #.011 .01l
35 | k.0 3.1 2.7 3.3 3.2 5.3 1.8 8.5 5.4 .35 . .00k .036 .098 .167 .287 .386  .L469 BP Yy 5 TR 1+
(.k1) (.53) (.61) (.52) (.53) (.26) (.78) (.08) (.25) +.001 +.004 £.007 $.009 +.012 #.014 #£.016 #.016 *.017
5 3.5 5.7 27 5.8 3.2 3.0 2.4 3.6 63 .5 018 .085 .26 .78 .688 .81k .816 .Bl0 .T55
(.48) (.22) (.62) (.22) (.53) (.55%) (.67) (.46) (.18) +.003 +.006 +.011 +.016 #.020 #.022 #.022 *.022 *.021
.15 k.0 12,00 3.4 ka1 11.0 L6 2.k ' .15 022 .121 .k23 .88y 1.105 1.156 1.052
(.007) (.017) (.49) (.39) (.03) (.33) (.66) +.003 +.008 $.015 $.025. +.026 *.027 #.026
.78 6.1 2.5 1.6 8.2 ko k4.3 .05 .003 .009 .OTk 26 534 660 .59%
(-9%) (.19) (.65) (.81) (.08) (.41) (.36) +.001 £.002 £.006 #.012 *.017 *.020 #.018
- 35 -5 215 -.05 .05' .15 -5} .35 45 .55 -.3% -2 -.15 -.05 050 L1 .5 35 A5 55
Central Value of 0 1 GeV/c Wide Bin 1n Long1tud1nalc°mponent of » Central Value of 0.1 GeV/c Wide Bin in Longitudinal Component of
Laboratory Momentum (in GeV/c) Laboratory Momentum (in GeV/c)
Central Value of 0.1 Central Value of 0.1 .
GeV/c Bin Transverse GeV/c Bin Transverse
Momentum (in GeV/c) o Momentum (1n GeV/c)
: .65 .060 .06k .0T2 .0T9 .OTO .069 .066  .0T0  .OTL
(?62) (?éé) (%ég) (?52) (%5$) (?Ag) (?éi) (?%i) (?Lg) £.006 +.006 +.006 +.006 +.006 *.006 *+.006 +.006 *.006
| ' 55 .151 .13k L1209 131 .17 L1250 .12 .11 10D
> (?ég) (?%;) (?}é) (?i#) (?ég) (éig) %?gg;B) +.009 +.008 +.008 +.008 +.008 *.008 *.008 #.008 .008
| L v ' | A5 271 .2h7 .28 .53
'h5-(7i§) (?éz) (?52) (?é;) +.012 +.011 #.011 %.012
- | 35 .89 418
35 bk 2.5 ‘ . 35
T (.36) - (.64) » +,016 +.015
}65 _75>‘ .85 ',95 1.05 1.15- 1.2 -1.35 1.45 .65 .5 .85 .5 1.05 1.15 1.2 1f55‘ 1.5
Central Value of 0.1 GeV/c Wide Bin 1nIongitudinal Component of Central Value of 0.1 GeV/c Wide Bin in Iongitudinal Component of

' Laboratory Momentum (1n GeV/c - Laboratory Momentum (in Gev/c)



Table VITII. Average n~ Transverse Momentum as a

- =35-

Tunction of Beam Energy

Beém
Momentum
(in Gev/c)

-, Average «x

Transverse

.Momentum
(in cev/c)

135

.29k

+.006

18 21

;308v - .309
£,005 - +.005

2k

31h
~ +.006

28.5

%006
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Table IX.Relative Numﬁers of Events by Topology

Number of Events Seen by Both Scanners

Momentum 12.88 18.00 21.08 2k, 12 28.44
in GeV/c ) . .
topology
(number of
prongs)
Tk w9s 6ms . 61500 k758 Log8
6 1475 - 2827 3084 2548 2hly7
8 214 698 89k 872 . 975
10 8 72 47 145 278
12 1 ’ 11 16 - 20 34
1k 0 2 1 2 i

LA
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Table X.

Ayerage Difference Between the Number of

i and the Numker of = per Event

Number of
Prongs .
13
I 0.6
.0
6 0.
=,
8 0.
' +.
.10
12

o

BY 3%

Nominal Beam Mbmentum
{in Gev/c) .

18

+ O

+ O

-38-

Table XI -

CoefficientsDescribing Transverse Momentum Distributions of :t+
(in (Gev/c)™l) .

Number of
Final _ ' Nominal Beam Momentum
Charged (in Gev/c)
Travcks B .18 21 24 28
y 8.69 “8.1h . 7.92 7.85" 7.97
T +.15 13 . £k T +,15 +.15
6 9.35 +  8.20 833 8.08 8.17
*.20 .15 . £.13 +.14 %15
8 9.69 9.06 9.21 8.98 8.48
+.45 +.04 +.21 +,22 A.20
" 10 : 10.50 9.82 - 8.94 8.78
' +.93 +.58 + 47 +.33
2. o 14,19 17.33 14.38 11145
+11.68 6,47 5.64 32,05

Coefficients escribi.n Transverse Mementum Distributions of n -
) ng

(in (Gev/c)~
Number of N
Final : . Nominal Beam Momentum '
Charged (in Gev/c)

Tracks . - 13 18 21 - ol 28
L 8.15 7.86 7.72 7.57 T.hb
+.08 +.07 +.07 +.08 *.09°
6 8.76 8.18 8.09 7.92 7.82
+,12 +.08 +.07 +.08 +,08
8 10.25 8.87 8.80 8.47 8.19
+.32 +.15 +,12 +.12 +11
10 . 16.94 9.19 9.60 9.08 9.16
*7.00 +.51 +.31 +.32 +.21
12 ‘ o 1k.19 12.18 | -~ 12.31 10.36
+11.68 $2.50 . £1.94 +.84
1k . . ) 14.18

$13.46 -
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Table XI. continued :
) Table XII

Coefficients Describing longitudinal Center-of-kass *
WBER OF EVERTS. SEEN BY BOTH SCANNERS

Fomentwn Distributions of =@ (in (G 3L .
istributions of a° (in (Gev/c) ©) Momentun 12.82 8. . 21.08 o1z 28. 4
Rumber of _ in Gev/c
Final Nominal Beam Momentum topology
Charged (in Gev/c) .. (numder of . _ .
Tracks 13 18 21 o 28 prongs)
: h - 1652 1860 1591 1597 1311
i 3.21 2.52. 2.29 2.13 2.02
+,08 .06 - +.06 +,06 +,07 6 kg7 ™5 78k 868 59
6 L4 359 3.02 2.82 2.6 8 0 . 190 25k o2% . 291
. 1,15 .09 . %08 +.08 +,08 , o ' : -
) ' : ' 10 (1) (23) 49 ‘ 37 9k
'8 5.35 h.25 4,06 3.73 3.33 A ' :
- +.48 27 . 4,15 .1b +.12 12 (2) (2) (k) (8) (14)
10 5.10 5.4 - 5.36 b, 02 1k B (0) (0) (0) (1)
+.96 456 357 £.25 : ‘
. ¥ Because of the small statistics of the entries shown in parentheses,
12 9.54 7.26 5.89 - the corresponding topology cross sections were calculated using the
+8.84 42,99 +1° 6 nunbers of events seen in the scan of all the film. ('he number of
o == - uncounted beam tracks was estimated from the relative  nmumbers of
frames)) :
PROBABILITY OF SCANNER 1 MISSING AN EVENT
PROBABILITY OF SCANNER 2 MISSING AN EVENT
Coefficients Describing longitudinal Center-of-kass lomentum Moment;m 12.88 18. 21.08 k.12 28.h4
’ - L in GeV/c i . .
Distributions of = (in (GeV/c) 1) topology
. {number of
Mumber of . ' _ : prongs) :
g;lji}cd Nomina(i} Béfain/lkk;me_ntum b .01317 .024k3 .01380 .02228 .01819
tree in GeV/c N .01234 . .01k6 -.01976 .02
Prachs 15 18 o oL o8 _ , 0123 02569 01463 0197 02089
L : : 6 .01021 .01061 .01102 - .00824 L0065k
3.0k 2.57 2.39 2,33 2.12 1.00953 .01238  .006k49 ©.00981 .00981
1,05 +.0h +.0h +, 04 1.0k ' :
8 .00k6T J01433 .00783 L0L1LT .01026
6 4,14 3.56 3.31 3.01 2.85 .0 .011k6 .00LkT .01147 .00923
+,08 %,05 +,0h4 +,05 1,05 '
: 0 - .15 .01389 .01361 .02069 - .01079
8 5.27 .55 4,10 3,90 3, 4L .0 .01389  .00680 .01379 .0
+,29 +.12 +,09 .09 +,08 ' -
: ' 12 .0 .0 .0 .1 .0
10 8.45 5,42 k.37 - 5.3h 4. 06 .0 .0 .0 .0 .0
3.05 +. 49 +.24 .31 +,17 :
1k - .0 .0 .0 .0
12 7.48 7.15 9.27 5.33 ' .0 .0 .0 .0
13,37 +1,84 42,86 +.82
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. FIGURE CAPTIONS
Table XII. continued :
y Figure 1. Fourteen-prong in the B. N. L. 80-Inch Hydrogen Bubble
Komentun 12.88 18. 21.08 2412

28. 44
E 5 Chamber.
total pp 39.0 59.7 39.h 387 39.9
?izsjb§GCtl°n . Figure 2. (a) Topology cross sections as a function of beam momentum.
. .
(all £ 1.5 mb) The smooth curves through the four-, six-, and eight-prongs
total number 27326 31409 28640 291L9 2397 are the results of a fit to our data described in reference
of beam tracks . 5
’ : 21. Freehand (dashed) curves were drawn through the 10-,
w0/ ent 7.87 6.87 7.55 7.38 8.50
*.10 +.08 +.09 +.09 £.10 12-, and 1lk-prongs. (b) Topology cross sections of the
four-, six-, and eight-prongs on a larger scale (with
freehand curves through them).
Figure 3. Description of the measuring procedure.
Figure 4. Inverse laboratory momentum of positively charged tracks
, from 28 GeV/c four-prongs.

Figure 5. (a) Transverse and (b) longitudinal laboratory momentum of
positively charged tracks from 28 GeV/c four prongs.

Figure 6. Inverse laboratory momentum of negatively charged tracks
from 28 GeV/c four prongs.

Figure 7. Average number of n 's per proton-proton interaction as a
function of incident beam momentum.

Figure 8. Distribution of order of cross section magnitudes as a
function of incident beam momentum.

Figure 9. Distribution ofx2 from testing constancy of laboratory
differential production cross sections for = (see text).

Figure 10. Average transverse momentum of n~ as a function of incident
beam momentum.

Figure 1l. Transverse and longitudinal c.m. momentum distributions of -
ﬂ+ and n by topology and beam momentum. The curves super-

imposed on the data come from individual fits to each



Figure 12.

Figure 15.

Figure 1k.

Figure 15.

=3~
distribution as described in the text.
Distributions in the confidence level from the fits to
the transverse and longitudinal c.m. momentum distributions
described in the text.
Topology dependence of (a) longitudinal coefficient a, and
(b) transverse coefficient a,.
Longitudinal coefficient a, as a function of beam momentum
for each topology. The smooth curves are the result of a
fit to the coefficients of all topologies and beam momenta
described in the text.
Transverse coefficient a, as a-function of incident beam
beam momentum for each topology. The beam energy dependence
of the coefficients was fitbted separately for each topology

to give the smooth curves (see text).




L o . 46
-Topology Cross Sections pp Interactions .
o 4 Prongs . e .
15 1 T T T
L Topology ‘Cross Sections
pp Interactions
RIS
N ' . - S .- R L~ . .
. . 4 Prongs I\ {
10+ LA [ -
. - To]® ' -
) | b
3 / ‘ _
<
b I/ = q
107 J - by o171
| o /I 5 6 Prongs 1
10 P / A 7 ° i |
rongs ' //,
/¥ v
‘ —1
10t~ -/ T —1- 8 Prongs 1
I2 Prongs - I P ‘ - x
L _ g : - 0 L | | L 1
i T/ |1 ‘ ,_ N ¢) 5. 10 15 20 25
! - | 14 Prongs. - Beam Momentum (Gev/c)
i | / Be _ | o
/ - Figure 2b- 7
e | l I 1
10 15 20 - 25 30
ntum (Gev/

45

Beam Mome

_ Figure 2a.

30



LYRIC
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reads initial "Master List" (1list of conflict
scanned multi-prongs) to give both a "I\_/Iea.surement
ReQuest"” (t’atpe listing events to be measured) and
an intermediate Master List annotated with the

measurement requests

Franckenstein

I[) records séts 61’ points »a.long' the image of

LYRIC

. the track in each of the three views on a

"Data Measurement Tape" R

checks consisténcy and fiducial volume to give

a carefully formatted tape

finds most likely association of track images
in three views -

uses its Three View Geometry subroutines to

reconstruct the trajectory of three dimensional
tracks from ‘the sets of points from track images
to put out a "Soo Tape" of méasured momenta with

errors

compafes the Soo Tape with the measurement requests
on the intermediate Master List to give a "Data
Summary Tape" of measurements and a final Master

List with results of multi-prohg measurements

Figure 3.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United .
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents

that its use would not infringe privately owned rights.
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