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THE INCLUSIVE REACTIONS pp-+ Jf- + anything AND pp-+ P + anything 

AT 6.6 GFN/C COMPARED TO HIGHER ENERGIES 

Eugene Ralph Gellert 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

October 27, 1972 

ABSTRACT 

The 1f-, 1f+, and proton inclusive distributions resulting from the 

ii 

exposure of a liquid-hydrogen bubble-chamber to. a 6.6 GeV /c .proton beam 

are studied and compared to higher energies. In the target region 

(Feynman's ~ < -0.4) the Jf- laboratory differential-cross-section is 

found to be energy independent, provided that p..L < 0.6 GeV/c. However, 

the structure function p(x,p..~..,s) = Ed3a/dp3 is found not to be energy 

* independent in the central region (p 11 ~0), but the non-scaling term is 
.1 

consistent with s-4 dependence. The Jf+ spectra behave quite differentlyo 

In the target region the Jf+ laboratory differential-cross-section is 

found to exceed that at higher energies, whereas in the central region 

p is found to be energy independent for small transverse momentum, at 

least in incident momentum interval. 6.6 to 28.5 GeV/c. For protons p 

is found to decline with energy in the interval 6.6 to 24 GeV/c (and 

possibly to ISR energies and above) in both the target and central 

region, with the greatest decline occurring in the central region. 

Graphs of various single and double differential cross sections are 

presented. 
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I. INTEODUCTION 

'In this paper we prec.cnt single particLe spectra for the 

+ 

inc1usi '""' + anythinf, ami. Pli -> p + anything at 

These spPctra are compared with higher energy experiments 
. 0 

in order to dch~:r-:rnin<~ i r p:ionization and ll.mitint~ fragmentation occur 

at energies as low as 6.6 GeVjc. 

Section II presents a brief theoretical background on the subject 

of inclusive reactions and defines many of the variables used in the 

remainder of the paper. 

Section III discusses the various experimental procedures, including 

+ the separation of 1t 's and protons. Cross sections are presented in this 

section. 

Section IV reports on the 1t spectra. Some of the results presented 

here have already been reported in an earlier paper (Ge-2). 

+ Section V reports on the 1t and proton spectra. The results reported 

in a preliminary paper on the proton spectra are not repeated here (Ab-2). 

Finally, a brief summary of our results, together with the conclusions 

of this experiment, is given in section VI. 

l 



II. THEORETICAL BACKGROUND AND CHOICE OF VARIABLES 

A. Introductory Remarks 

In this section we only touch on the many theoretical papers which 

have come out on the subject of inclusive. reactions. We mention those 

predictions of the various theories which can be tested by our data, 

and '"e discuss the variables normally used to study these theories. 

The reader int:er~.."sted in a thorough treatment should consult one of 

the review articles which have appeared recently (Be-7, Fr~l, Qu-1, 

Ra-1, Yo-2). Two extensive data compilations have also appeared 

recently (Di-1, La-1), and there are several conference proceedings 

devoted primarily or entirely to inclusive reactions (Da-2, Ox-2). 

B. The appropriate Independent Variables 

l. General Comments 

Let us consider the reaction pp ~ rr + anything. If we ignore 

the internal properties of the blob recoiling against the rr-, there 

are four kinematical variables needed to describe this reaction. It 

is usual to chose as one of these fou'r variables Ec.M., the center-of­

momentum energy of the e~tire sy~t'em (or,. equivaleritly, the incident 

momentum, Pb , or s, the Mandelstam variable). It is also usual to . earn ·-

use the three components of the 1( momentum for the remaining three 

variables. In the center-of-momentum cylindrical coordinate system 

* these three variables are: p11 , the momentum component parallel to the 

incident beam direction; Pi , the momentum component perpendicular to 

the incident beam direction; and ,, the azimuthal angle about the 

2 
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incident beam direction. (If the possibility of confusion exists as 

to whether a variable is to be evaluated in the C.M. or the laboratory 
-)(-

system, followinl! Frazer (Fr-1), we shall rksi;_Ttn~·.c by v ~lk C.M. value 

of the variabl··· .· und. we ~:hall designatE Ly v OJ' v ( lat) che vulue of the 

vari<.:. tl.::: in t ilc' .:.abun:l.Lory system.) Of course, because both our beam 

and target are unpolarized, no structure is possible in the azimuthal 

an{:';le, unless there are experimental biases. We therefore suppress the 

variable <J> in the remaindt~r of this paper. 

If orw wunts to compare distributions at different incident energies 

in the hope that these distributions might be equal, it seems reasonable 

to chose a set of' two Ti momentum variables for which most of the data are in 
I 

same domain, independent of the incident energy. Therefore, because of 

the well known limiting nature of the p .J.. distribution, we use p..J...and for 

the longitudinal variable p 11 ( lab) or the scaling variables x or y_ 

(defined later) • 

It should be pointed out that other authors do chose other variables. 

Fbr example, the choice ~lob' tbeam, blob' and ~ is ofte,n made in connection 

with Regge models. Scaling in~ (defined in the next section) and f~defini-
2 ' 

tely implies sealing in t and M /s, for certain regions of phase space. We 

shall not pursue these other possibilities however. 

2. Different Definitions of Feynman's x. 

In his paper on the parton-bremsstrahlung-model, Feynman has defined 
* l/2 

a variable ~ by the equation ~ = 2pll /s , in order to study the pion-

ization region (i.e. ~ ~ 0) (Fe-1). Other papers define slightly different 

x's, all equivalent at the high energies at which Feynman's theory was 

developed. In order to avoid confusion, we shall refer to these slightly 

different x's by the use of subscripts; we define 

3 



2p * /c-l/2 * * xl II '"' P11 /Eo II.B.l 

X- X-

X,-., PI/Po II.B.2 
c: 

-x- ·'.' 
x3 P11 /p max II.B.3 

XL_ * * ) 
pll / P\1, max(P-'- TI.B.4 

_,_ 

"he l'<' E
0 

are tlw C. M. enert~Y and momentum, respectively, of 
-)(-

(~.itlh.T uf tllv iu...:i,kuL lJl'Otons; p is Lhl: <:dJsolute maxilliWri C. M. 
max 

* * momentum of the n for a given value of s (P :=. P
0 

and therefore 
- max 

* -
x2 : 2) for an outgoing proton); and pi\ max (p..l) is the maximwn value 

J .. 

* of pll for a given ~ and p.l-. 

It is .immediately obvious that all four definitions are essentially 

identical at high energies. However, this is far from true at our low 

energy of 6.6 GeV/c (table 1). 

Because x2 has become the most popular definition of ~' our more 

recently made plots are presented in tenns of this variable. We warn 

the reader that some of our earlier plots are presented in tenns of 

x_s, however. 

3. Plots in the Laboratory 

Benecke, Chou, Yang, and Yen work in the lab. or beam rest frame, since 

4 

these frames are most appropriate for their beam and target fragmentation picture 

(Be-l). Because of the symmetry between target and beam in our proton-proton 

experiment, these two frames are equivalent, and we simply plot our distrib-

utions in terms of pll (lab) in order to compare with -this theory. 

"'\. 
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Table II.l Values of the 4 different 

* x's for 2 different values of Ii,and Pll 

for :rr from pp ~rr+anytbin,'" at G.G Gev/c • 

• a a a a Pu c, '\-I , ) xl .X) )(.5 )( 
L 4 li'-· I '- -- ---

b 
L.54u o.n 0.82 l.OO l.OO 

c 
0.66 0.76 l. 2':'10 0.92 l.OO 

a. See Eqn. s III.B.l to III.B.4 for the definitions of x
1 

to x4. 

+ This table does not apply to rr and proton production. 

b. 

c. 

-··---------··----·--~~---------

4. Ra;eidity 

A::ctr.er frequently used longitudinal variable is the rapidity, l.. (Fe-l, 

5 

Wi-l). It can be defined in any of the following equivalent ways 1n (Ul'j frc:tme. 

y }en[ (E+p II)/ (E-p 11 ) J II. B. 7a 

.en{ (pll+ 
2 

(p II + l-l2)1./2J/ 1-L} -l 
sinh (P,,/1-l) II. B. 7b 

-l 
tanh (p 11 /E) II.B.7c 

where the longitudinal mass 1-l ( .2 2)1/2 = m + p.L . II. B. 7d 

This variable has the useful property that a change in Lorentz 

frames is accomplished merely by thP. .addition of a constant to all values 

of -;[_, so that all frames are put on an essentially equivalent basis •. 



We also note that the rapldi ty is a f'unction only of a particle's 

longi tudi.nal velocity, ~I\. We ,~an see !~his l.y suLsti tut j nc the well 

known re la :. ~ o::.:: 

y "' E/m 

--:! ~- 41> 
and 11 = ~y = P/m 

jnto equation 'Ta. 'I'he result is 

y == tJn ((l + ~")/(1 - ~u)] II.B.8 

Because ¥... is a monotor1ically increasint>: function of the longitudinal 

veJo,·it..v, i I. is ··alll'tl t.l1P rapid.i t..v. 

c. Testing Scaling and Limiting Fragmentation models 

Followj_ng Frazer (Fr-1), we define an invariant production-cross-

section by: 

p(p
11

,pj_, s) == Ed
3

07'dp
3 

II.C.l 

where E and p are the energy and momentum of the .outgoing particle 

in question (in this case the :n:-) in the frame of interest and~ is the 

Mandelstam variable which is equal to the invariant mass squared of the 

entire reaction. 'I'he function ..f' is invariant under Lorentz transformations, 

an'.i Ternoves an u11interesting phase-space factor, E. 

According to· the scaling hypothesis, which Feynman develops from 

. . * 
his parton-bremsstrahlung-model (Fe-l), the function p(pll ,p..L ,s) 

actually only depends on pJL and x (see III.B for a discussion of 

the various x's ), that is 

* p(p I I ' P.L 's) II.C.2 

On the other hand, according to the limiting-distribution hypothesis of 

Benecke, Chou, Yang, and Yen (Be-l), J' approaches an asymptotic limit 

for large ~-given by: 

6 



UdUU·.)/ do 

p(p II' P..L ,s) ,= p(pl\ ,p..J-) 
n.c.3 

( ) d t ~arry a si~nificant 1~action of the provided that p II lab .oes no 

l/2 Both models have been shown to be equivalent at high energy s · . 

energies (Ve-l). 

the dl.fferential cross section over the uninteresting If we average 

azimuth angle ~' we obtain: 

dp3 2:n:p..1- dp.J.. dpll 

Equations l and 4 are combined to yeild: 

n.c.4 

. 2 2 2 l/2 2 
p(p II ,p J..'s) = (Pu + p~ + m ) d tr rr.c.5 

2:n:pJ.. dp ~p II 
where m d.s the mass of the outgoing part1cle. 

From equations 5 and 3, it is evident that the content of equation 

3 can equally·well be expressed by the statement that the laboratory 

differential-cross-section is independent of tltne total c.M. energy of 

l/2 
the reaction, s , for small values of p II , that is: 

2 
d (J (p,,,~ rr.c.6 
dp dp 

..L II 

This is the form in which the limiting-distribution hypothesis was 

stated by BCYY (Be-l). (It is only when we compare distributions at 

different p II' for example, when we compare distributions having the 

same p ...L-and .! ( eq. 2), that it is important to use p rather than the 

or&inary differential cross section, in order to eliminate an uninterest-

ing phase space factor.) 

Obviously we can integrate equation 6 ;)\'er all p..J-. Now it is true 

that the limits of integration: depend on .s (for the :n:-

7 



1 
,max 

2 
+m 

1( 
- (2nL + m )2\.....,.l ~ 

---p rr+ j "'- z s 

at high energies). 2 
However it is well known that d 07' dp .L dp II 

is very small at large p.L. Therefore even at infinite energies the 

integral between p for our experiment and p, at infinite energies 
. :J. ,max .-,max 

is completely necligible. Thus, integratine; equation 6 yields. 

u.c.r 

~~,· a1~''' ,1,'t':ilt<' a t\Jn,~t.ion £by Lh<' equation: 

* 2 * 2 
( ) == s p ...L... max ( ) 1 F PI\, 8 p pll ,p..L,s. cp..L 

0 

rr.c.B 

According to the previous discussion, scaling (eqn. 2) implies that F 

depends only upon ~' i.e~ scaling implies the relation: 

rr.c.9 

Similarly, we define a function B(y,s), where.y_ is the rapidity defined 

by equations II.B.7,"by the relation 

p2. . 
B(y, s) = 5 :J.. , max ( ) 

P y,p..L..,s 
0 

2 

dp..l... n.c.1o 

The limiting-distribution hypothesis of BCYY implies 

that: · B(y,s) = B(y). JI. c. fl 

We note that equations II.3.? aad II.C.5 oan.be combined to 

yeild 2 
~ = (c/rr)d ir/~dp J.. II.C.12 

am therefore 
B = (c/Tr)du/dy II.C.13 

This last relation is very useful for relating the number of 

particles produced at a given energy to the value of JP• 

8 
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Of course we can also intee:;rate f over all x. 

X. 
J,max 

G . ( 1J , s ) = r f dx . 
.J ..J.. Jx. . J 

J ,m1.n 

We define 

n.c.l4 

(see the previous section for a discussion of the different definitions 

of~). Therefore scaling (eqn. 2) implies that 

G(p ,s) = G(pJL). 
..J,;. . 

n. c.l<=;· 

1 
D. s -i, Dependence Near x = 0 

If a three - particle elastic - scattering Mueller graph is 

relevant for the description of the central region (Mu-2), Abarbanel 

(Ab-1) showed that we can w:rite 
1 

-g (p j_) s -4 

This equation can be integrated to yield 

* F(p I\= 0, 

oc 

s) = jfdPi = ~- bs-V4 
0 

We may divide by a;-a<.> (and multiply by rc) to obtain 

F}t,(p~1 == o, s) ==?!. \~dp-L2 = c- d's-~ a:,. 
C<:: 

or, because' 

We can also write 

2 2 
S=2rottE. +mL.t+m 

g ~m '9 bm 

-'N 
c - dPbm 

n.D.l 

II.D.2 

II.D.3 

n.n.4 

Because of the factorizibility of the Regge amplitude when S -4 <D, c 

should be a universal constant .. 
1 

Ferbel recently published a plot of FF vs P-4 for several reactions, 
bm 

I 
using the worlds published data (Fe-2). It strongly supports the idea 

that c = 0.76 ± 0.05 describes all the reaction xp ~ rc +anything. 

9 



III. EXPERIMENTAL PROCEDURES 

A. The Exposure 

From mid-August to November 1, 1965, we exposed the Alvarez 

72-inch liquid-hydrogen bubble-chamber to 6.6 and 5.4 GeV/c protons 

from the Bevatron external-beam (We-1). We took a total of 

493,000 pictures at both energies (table l). All 493,000 pictures 

were scanned and measured for events with strange-particle signatures 

(that is events with V' s or decays of some of the charged tracks). 

However, less than half the 6.6 sample was scanned and measured for 2,4, 

and 6-prong events with non-strange signatures, because of the much 

larger cross-sections for these events (table 5). Also, the 5.4 GeV/c 

sample was not scanned for non-strange events. 

The results of investigating various exclusive reactions contained 

in this data have been reported elsewhere ( see ref. Ge-l, Be-12, Co-l to 6, 

Du-1 & 2, and Ma-2). They will not be discussed here. 

B. The Beam-Line 

Our beam-line was originally set up by William Chinowsky for 

a 6.0 GeV/c proton-proton experiment, and was slightly modified for 

our experiment - by the addition of another collimating slit, 

spectrometer, and quadrapole magnet - by Gerald Allen Smith and 

Arthur Barry Wicklund (Ki-1, Du-1). 

c. The Beam-Momentum Determination 

Both the average incident momentum, p, and the spread in 

10 
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Table III.l The proton exposure 

Nominal momentum 

No. of pictures 

Total path length on film 

(event.s/~-tu) 

Rolls of filJn (total) 

Rolls scanned and measured for: 

2-prongs 

4-prongs 

6-prongs 

(both 4- and 6-prongs 

8-prongs 

10-prongs 

Strange particles 

Events measured and n tted for: 

2-prongs 

4-prongs 

6-prongs 

8-prongs 

10-prongs 

5.4 GeV/c 

142 000 

6.1±0.:.? 

21') 

0 

0 

0 

0 

0 

0 

215 

0 

0 

0 

0 

0 

6.6 GeV/c Total 

351 000 493 000 

14.7±0.4 20.8±0.45 

5113 

65 

138 

226 

71 

24 

24 

518 

23 385 

37 052 

3 636 

0 

0 

733 

6<=i 
/ 

138 

226 

71) 

24 

24 

733 

23 385 

37 052 

3 636 

0 

0 

ll 



momentum,6 p, are determined by measuring the curvature of long 

trac'<:s in the hydrogen bubble-chamber with the ,Franckenste~n measuring 

machines. We find, that when the beam first becomes visible in the 

bubble chamber, it has an average momentum of 6.607 GeV/c for the 

6.6 exposure, and 5.423 GeV/c for the 5.4 exposure (table 2). The 

momentum changed from time to time during the film taking. These changes, 

which averaged t20 MeV/c, seem to have occurred wh~n m~gnets M3 and Q3 and 

the beam defining collimator (called the uranium mass slit on the layout 

drawings) were moved in order to get the beam to enter the center of the 

vacumn tank window. This was necessary because_ the beam was aimed 

somewhat high during the early part of our run, so that many of the 

beam particles missed the vacuum tank window and went through l l/2 to 

3 inches of steel (table 2). Also, during the first few rolls, the 

current in Ml and M2 was varied, with a resulting change in moment~ 

12 

of about± 100 Mevjc. (Fig. lor ref. Du-1 is a diagram of the beam layout.) 

Each event was measured on the Franckenstein, SMP, or Spiral 

Reader (table 3), and processed through the programs POOH or PANAL, 
• 

TVGP, and SQUAW (the two prongs were processed through SIOUX instead 

of TVGP and SQUAW) (Po-l, Al-l, So-l, Da-3). 

Considerable errors are introduced if one uses the measured 

u )) 
beam momentum for each event, rather than the beam average momentum. 

l' Jl 
In table 4, we compare the beam average momentum with the value of 

the beam momentum obtained when some events of the 4-prong sample 

are fit to the best kinematic hypothesis (including the missing-mass 

hypothesis) using only measured momenta as input. We observe a considerable 

spread in momentum. The very large spread in momentum for Spiral. Reader I 

is clearly due to the fact that we can measure, at most, 40 em. of the 

beam track on that machine. The shift in momentum for the SMP' s and 

Spiral Reader can be 
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Table III.2 Beam-momenta for this experiment 

(all momenta are in MeV/c 

Nominal momentum 

5400 66oo 

Normal 

beam 

Normal 

beam 

Highb 

beam 

l. Average measured spread for each ±39 ±35 ±49 
roll-interval 

2. Momentum bite determined from bean ~ ±30 
optics 

3. Average difference in momentum 0 
between different groups of rolls 

E._ 

4. Average momentum at y = -85.95 ern. 5423 
(beginning of bubble-chamber 

visible region) 

s. Average momentum at y = 0 
e 

5402 
(center of bubble-chamber) 

~ ±30 "'- ±30 ~· ..... 

±20 ±20 

6607 6568 

6586 6547 

a. All quantities (except no.2) are determined by the measurement 
of long tracks on the Franckenstein. 

c 

d 

b. These are protons that carne in above the vacuum - tank window, 
and therefore went through l} to 3 inches of stainless steel. This 
column is only computed for the first 109 rolls, where the entire 
beam was aimed high .and therefore a substantial number of protons 
are in this category. These events are used in this paper. 

c. If the coulomb scattering in l} to 3 inches of steel is added to 
this number, it will agree with the measured spread (item no.l). 

d. These values do not include the effects of the six tun-up rolls 
taken at 6510 and 6705 (normal beam) (6545 and 6675 for the high 
protons). 

e. This quantity is computed by subtracting a 0.248 MeV/c per em. 
energy loss in hydrogen (from Pa-l). 

13 



ToEolog~ 

2-pro!lc_:s 

4-prongs 

6-prongs 

Strange 

Table III. 3 Meas'lring machines used for this experiment 

Franck-

ensteins 

a.. 
0 o/o 

50 "' rv < 

100 

Particles 100 

Per cent of events of each 
topology measured on each 
mac:hine 

Spiral Reader I Spiral Reader 
(40cm (80cm 

SMP'S radius} radius2 

0 o/o 32 o/o (jt~ o/o 

10 4o 0 

0 0 0 

0 0 0 

a. except for rc-measurements which were done on the Francl~enstcin' s, 

but are not part of the sample reported in this paper, because there 

is no ionization information available for them. 

14 
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Table III.4 Deviation of the fitted momentum from the beam average 
a 

value 

machine 

Franckenstein 

s.M.P. 's 

Spiral Reader I 

( 40 em. radius) 

b 
Sid .n. in 

P fitted 
(MeV/c) 

22 

76 

-65 

~'llrl.!ad in 

pfitted 
(MeV/c) 

±92 

±245 

±403 

d 
Avr!.· l.!rror· 

assumed 

in TVGP 
(MeV/c) 

±78 

±135 

±174 

a. The beam average value of the momentum at bubble-chamber coordinate 

y = -85.95 is the value obtained from the measurement of long tracks. 

This is a roll dependent quantity. 

The fitted momenta are the values of momenta obtained from 

fitting 4-prongs (all constraint classes) for a sample of events 

processed without the beam-averaging procedure. A correction is 

made for energy loss in order to calculate the values at bubble-

chamber coordinate y -85 ·95. 

b. · the average value of P -P fitted beam avg. 

d. 

the spread in the distribution Pfi tted-Pbeam avg. 

the average value of the distribution of TVGP assumed errors for 

this same sample of events. 

15 



explained by optical distortions in these machin0s, if these 

distortions have not been fully corrected for. In 

fact the Spiral Reader had a bent mirror at one time (Ga-S). The 

.'_! 

Franckenstein measures in the film plane, and should not be subject. 

to opt::.cal distortion. We assume that the shift in momentmn for events 

measured on the Franckenstein was due to distortions in the bubble chamber 
(j ..,) 

optical system. Since these distortions affect both the beam average and 

fitted momentum, we cannot be certain which is correct. 

A beam average procedure was employed in this expt=:riment, 

using the roll~dependent average beam momentum determined from the 

previously menti.ouedi long-track study. 

We have included this section for purposes of completeness. 

However, we point out that. errors in the beam momentum determination, 

or in the determination of the momentum of outgoing fast tracks, should 

have very little effect on the results presented in this thesis~ This 

is because most of the positive tracks we plot are ir1 the backward C.M. 

hemisphere, and most of the rc-' s do pot go too fast in the lab. (section 

G). It is easy to measure the momentum of such tracks fairly accurately. 

Also, we depend mainly on ionization, rather than kinematic fitting, to 

identify the particle mass assie;nments for each track. 

The underestim,ation. ~f errors in 1VGP, one instance of which is 

shown in table 4, has caused our caluclation·of the confidence level to 

be'· tao low .. This riieans tha·Cs.ome· good :tits were thrown out or fit to 

lower constraint class reactions (the actual confidence level cutoff was 

0 
2 to 3 /o, and even higher for four constraint events measured on the 

Spiral Reader). However, because we normalize our events to the prong 

16 
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cross sections (and the elasti<..: cross section) (see section D), this fact 

should not introduce· any error into the inclusive distributions presented in 

this paper. A small error of about 3 °/o.may well be introduced into 

distributions plotted for different exclusive reactions, however. 

D. Topological Cross-Sections 

The 2-prong eleastic and inelastic cross sections, and the 4-prong 

cross section for this experiment, bave already been reported by E. Colton 

(Co-l). We briefly summarize his procedure here. 

(l) A 10 roll sample, consisting of 7209 usable frames is 

selected for investi(Sation. 

(2) The path length is determined by looking at 1/10 of these 

frames - 722 frames to be exact. The total number of beam 

tracks on these frames is counted (a double scan procedure 

is employed), and the number of interactions is calculated 

according to the usual formula 

( -rax 
Nint = NBT l - e ) 

where N. t is the number of interactions of all kinds, 
l.n 

NBT is the number of beam tracks, f is the density of the 

liquid hydrogen in the bubble chamber, G" is the total pp 

cross section at 6.6 GeV/c, determined from the world data 

(41± lmb.) and ~ is the length of the fiducial volume scanned. 

The path length for these 722 frames was therefore N. t/a-. 
l.n 

As a check, the number of interactions on thes~ frames are also :, 

counted, yielding a cross section of 43. 6±1. 7mb. A double scan 

was performed which yielded a 99.3 °/o efficiency for both 

scans. This number was taken into account in determining the 

cross section. 



('J) All t.he cvenL~ found are t.hen measured on the SMP' s, an<i 

proc~..~ssed through TVGP and SiUAW. Tbc cJ.astic <'vents are 

identified through kinematic fitting, and subtracted from 

the total 2-prong sample, to obtain the 2-prong inelastic 

cross section. 

The 2-prong inelastic cross section and the 4-prong cross section 

found by the above procedure are listed in table 5. They agree with 

the world data (Ha-l). Further calculations must bl? performed in order 

to obtain the elastic, .and therefore the total 2-prong cross section, 

however. 'l'h.Ls is be<~ause proton traeks below 100 MeV/c cannot be seen 

in the bubble chamber. Because the elastic events are extremely 

peripheral, many of them fall into this category. Also, protons in 

the 100 to 250 MeV/c range cannot be seen if they have relatively large 

transverse momentum (required by kinematics for the elastic events) and 

are dipping or rising. This is quite obvious if we make a scatter plot 

of the laboratory momentum, p, against the azimuth angle about the beam 

direction, Cf (fig. 1). The result of this loss is a dip in diJ7dt near 

t = 0 for the elastic event's (fig. 18 of ref. Co-l). Colton finds that 

a p:ood straight line fit can be made to the data for t < -0.05 and the 

optical point at t=O, if we assume t,hat the real part of the forward 

scatterit:J.g amplitude is zero. Colton then uses this fit to correct 

his data, yeilding an elastic cross section of 10.16±0.55 mb. However, 

18 

at 6.8 GeV/c, Foley et al. obtained an elastic cross section of ll.79±0.22mb 

(Fo:-1), and cross sections at nearby eJ:?.ergies are also in this range (Ha-l). 

Also, a,s Colton points out, Foley ~-al._ have deterJI1i:rt~d thB:~ ~_!le ~at~~ 

of the real to the imaginary part of the scattering amplitude in the vicinity 

of 6~6 GeV/c is c..:lose to -0.33 for t=O (Fo-2). Therefore 

;.! 
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produced in the elastic reaction pp ~pp at 6.6 GeV/c. 
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+ \rm(f)} 2 

so that at G ~ 0 

d7;"dJl=\rm f(o)}
2 

[1 + 0.33
2
] = l.ll \ Im f(o)l

2 

Raising the entire curve on fig. 18 of ref. Co-l by this ll 
0 
/o is 

still consistent with the data, and results in an elastic cross section 

of 11.28±0.61 mb, in agreement with the world's data. However, since 

the cross section is more accurately determined in other experiments) 

we use the value of Foley et al. (11.79 ± 0.22 mb) in calculating 

the 2-prong cross sections in this paper. 

[One plot (fig. V.lOa) was made using 10.16 mb as the value of the 

elastic cross section. We have not bothered to correct this plot, but 

the reader can do so by multiplying all the elastic points by 11.79/10.16.] 

We determined the 6 to 4-prong ratio by scanning selected rolls 

of film for both 4 and 6-prongs. Unfortunately, the scanning of this 

sample was not as accurate as it might have been. From the second 

scan and check scans we were able to estimate the maximum error 

introduced in the 6 to 4-prong ratio by this inaccuracy. This error 

was much greater than the statistical error in the number of 6-prong 

events, and is essentially the entire error quoted ife>r this ratio in 

table 5. 

The 6-prong cross section is then determined by multipling this 

ratio by the previously determined 4-prong cross section. 

The eight and Um .. pronr, cross sections are determined in the 

same way. Here, there are so few events, that only the statistical 

errors are given. 
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Table rrr.5 Topological Cross Sections and related quantities 

at 6.6 GeV/c 

21 

Topology 

. b 
Total cross sect1on 

Total inelastic-cross-sectionc 

2-prongs 
d 

elastic 
· 1 t• e J.ne as 1c 

4-prongsg 
- h 6-prongs 

i 
8-prongs 

i 10-prongs 

f 
total 

Strange particlesj 

I h 
or6-prong ~-prong 
018-pron~v4-prongi 

a: -;u: i 
10-prong 4-prong 

2-prongs 

elastic 

inelastic 

4-prongs 

6-prongs 

total 

2-prongs 

elastic 

inelastic 

4:..prongs 
6-prongs 

total 

Cross Sectionsa 
(mb) 

41 

28.8 

11.79± 0.22 

16.83± o. 70 

28.62 

10.50 

0.727 

0.022 

± l 

± 0.8 

± 0.73 

± o.46 
± 0.094 

± o.oo8 

0.009 ± 0.005 

0.674 
Cross Section Ratios 

o.o692 ± o.oo84 

0.0021 ± o.ooo8 

0.0009 ± 0.0005 

Events remaining after fiducial k 
criteria are imposed 

6286 

12908 

l~:H94 

25535 

2750 
k 

Path length after fiducial criteria 
are imposed (events/~b) 

0.619 

0.767 

0.711 

2.43 
3.78 
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Table III.5 (continued) 

a. Dalit::: }-~airs do not make an important contribution to any of 
th.e ~ross sections presented here. (see ar)penrli.z A) 

b. from other experiments - see Ha-l 

c. the sum of all the topological cross sections listed below 
except the elastic cross section. 

d. from Fo-l for 6.8 GeV/c. See text for why our value was not used. 

e. calculated from the results reported in ref. Co-l 

f. 

g. 

h. 

j. 

k. 

sum of elastic and inelastic 2-prongs 

from ref. Co-l 

The error in U"" / (]"' is almost entirely the result 
6-prong 4-prong 

of uncertainties in scanning efficiency, not the statistical 
error in the number of events scanned. The 6-prong cross section 
was obtained by multiplying this ratio by the 4-prong cross section. 
The error in the 6-prong cross section thus obtained is due almost 
entirely to the error in this ratio. 

The error presented is essentially the result of the statistical 
''rror ol' '7 and j event:; (ror Lhc g-pron,~s and lO-pron1:n, rcnpcctive.ly); 
no attempt was made to estimate the scanning biases. 

Arthur Barry Wicklund (Argonne Nat'l Lab.), personal communication, 
1968. He also reports that the strange particle cross section at 
5.4 GeV/c is 0.624 mb. 

refers only to the fiducial criteria used for this paper 

--v·-·-----·--··-----••-'----~----.. --.~------------'----·--·-·-··----""--"-·- ... ~----·•·------------
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Contamination by Duli tz-pairs doe:.; not al'fc<.:t ~ of the results 

presented in this paper (see appendix A) • 

In order to insure that there is a reasonable amount of track to 

measure, we restrict the volume of the bubble chamber in which the 

interaction must take place. Along the beam direction, there is a 

about 170 em. length over which an interaction is visible. Our most 

severe volume cut (in terms of the number of events lost) restricts the 

allowed region for the interaction vertex to the central 120 em of this 

length. Restrictions are also placed on the other two dimensions. 

To eliminate non-beam events, the .beam momentwn is restricted 

to be between 6350 and 6850 MeV/c, and the entering angle is restricted 

to be~ng within 5 degrees of the average entering angle. 

We found that this fiducial cut significantly improved the accuracy 

of our measured momentum. 

The effect of this cut on the total number of events in the physics 

sample can be seen by comparing tables l and 5. 

The path lengths listed in tables l and 5 were determined from the 

cross sections reporte<ill in table ~5. 
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E. Cross Sections by Constraint Class and the Nmnber of rr's in the 

Final State 

The only unseen hadrons produced in appreciable quantities 

are rr's and neutrons. We shall ignore the small ~~aunt of photons 

which are produced, for exar.1ple, by?decay. We shall also ignore 

deuteron and kaon final states. Since the only final state particles 

are therefore pions, neutrons, and protons, it is obvious that adding 

a neutral particle means increasing the number of pions by one for any 

;i-..-en topology (refer to table B.l). 

We present below, a table of cross sections by constraint class 

and number of pions. These numbers came from ref. Co-l whenever possible, 

t-~xcepi. for tl1c prl'Vious.Ly dJ.scu:3scd ca~:e of 'the clar:tic cross section. 

Rough estimates were made of the other numbers. 

Table III.6 Cross Sections by constraint class and number of :n: 's 
(mb) 

No. of constraints 2-;eronf:;S 4-Erongs 6-J2rOnE;S 

4 11.8±0.2 ( O:n:) 3.0±0.2 (2rr) o . 28 ±e • o4 ( 4:n: ) 

l 7 .0±0.3 ( l:n:) ~).1±0.4 (3:n:) o. 40±0 .06 (5:n:) 

0 9- 9±0.6 (~2:n:) 2. 4±0. 4 (> 4rc) 0. 05 ±0. 03 (~ 6rc) 

Total 10.')±0.5 

24 
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F. How the Plots Are Made 

r~ac.:h t r·uc..:l\ 1 ~; :u;sit~ned. a wei ~~ht, eonsistin1~ of the product of 

thr(;e nurn!Jt!I'S, u::; wi.l.l be (·!xplailll)d below. Denute the wcic;ht l'o:r: track 

i by w.. For each plot that we wish to make, we accumulate histograms 
- l 

of w. and 
J. 

2 
w .• 

l 
The ~ histogram gives the value of the data points and 

the square root of the w
2 

histogram gives the error of the data points. 

2 
(Actually, we add a typical track to the w histogram. This means that 

1 1 

our error corresponds to (n+l) 2 rather than n2 , where n is the number of 

events per bin. This is a more correct procedure if n is experimentally 

determined rather than theoretically predicted.) 

In the following discussion we suppress the subscript i. We just 

said that we can write 

III.E.l 

We shall call w
1 

the topology weight. It gives the number of microbarnS 

-t 
for each track of a given topology, and is calculated from the cross sections 

and numbers of events presented in table 5, i.e. 

wi "" fS/no~ of events. III.E.2 

It is necessary to use this procedure because we have measured different 

amounts of film for the different topologies. 

We call w2 the distribution weight. It depends on the particular 

distribution being plotted. 2 
For example, when we plot d fi/dp~pl\(lab), 

w2 is given by 

· w2 = 1/ (APJ..APII (lab) ) III.E.3 

~The elastic events are treated as a separate topology, for the reasons 

explained in section D. 



where !::::,. p ~nd 6p II are the bin widths of the weight histogram. Similiarly, 

* if we want to plot f, we accumulate a weit:;ht histogram in t::,p t::,p 
1
, where 

. _L I 

{see eqn. II.c.s) 

. * 
w,-, E~j (2np /::::,.p 6p ) 

c.. . ...!-. .L. II 

We call w
3 

the sampling weight. It depends on what fraction of 

the total number of tracks are used. If all .the tracks are used once, 

it is simply set to one. If we take advantage of the symmetry of pp 

interactions in order to increase our statistics, by considering a 

given track frist in the target rest frame (laboratory) and then in 

the beam rest frame~as we do for the rc~, we set w3 equal to~ each 

time we accumulate the track. If the subtraction method is used, w3 

may be set to -1 and -k as well (see the next section) • 

. ; 
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G. Identification of Particles 

l. Out line of the Problem 

In this paper we report only on those events having ao strange 

particle signature (no charged particle decays and noV's). There are 

+ + 
therefore six possible particles of interest: the :rr-, K-, proton, and 

deuteron (Dalitz-pairs can be ignored, as is shown in appendix A.) 

Since the :rr is the only negative particle produced in appreciable 

quanti ties, all net~ative tracks are assumed to be :rr- 's. Identification 

of the positive particles is not so simple. 

2. Particle Identification Through the Application of Energy-Momentum 

Conservation to the Entire Event 

In principle, those events having at most one neutral particle 

can be identified by the application of energy-momentum conservation. 

Furthermore, there are inequality conditions for events with two or 

more missing neutrals. In practice, however, the errors in the measured 

momentum often prevent the reliable determination of the final state by 

this method - except for those events with no unseen particles (see 

Appendix B). However, only a small fraction of the events have no unseen 

final state particles (table 6). To do an inclusive experiment, we must 

be able to identify a particle, no matter what other particles are produced 

along with it. .Therefore, another, or at least an additional particle 

identification method, must be employed. 



3. Particle Identification Through the Use of Measured Bubble-Density 

It is well known that the bubble density of a track, relative 

to a minimum ionizing track, is given by 

EBD 
~) 

l:l+M'-
') 2 ' 

~~{_ p 

III. F.l 

where ~ is the velocity of the particle that made the track and 

~ and £ are its mass and momentum. Of course, in practice, dipping or 

rising tracks are forshortened, and this increases the track density 

(TD) on tpe film. 

For those events measured on the Spiral Reader, the darkness of 

each track (pulse height) is recorded. These pulse heights can be used 

2 
to calculate a bubb.Le-density X for the entire event. For a given 

1\inc~natie hypoth~.~8iG, 'I'D :i:; computed for each tra<~k, based on the~ 

momentum, angle, and supposed mass of that track. These TD's are 

compared with the TD's determined from the pulse height measurement, 

2 
and a X is computed for the entire hypothesis • For those events 

measured on the Franckensteins and SMP's (about half the 4-prongs and 

all the 6-prongs), no pulse height information is· n;corded. However, 

all the 4-prongs were looked at by a person, who determined which of 

the various predicted track densities were correct (hypotheses with 

incorrect track densities were rejected). When these events were 

measured ancl processed (1967), the track densities determined from 

the Spiral Reader pulse-hights .were somewhat less accurate than could 

be estimated by a person. 
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Unfortunately, the 6-prong data contains no track density 

information. However, for reasons that will be stated a.t the end of 

section 5, this is not thought to be too important. 

Fig. 2 displays the allowed region in P..l..Pnspace for outgoing 

1( 
1 s and protons. The regions of bubble density< 2 and BD < 1.5 are 

-)(­

marked off by very heavY lines. Almost all the 1( 
1 s having p \\ ( 0 

* are distinguishable, but protons with p
11
> -0.16 GeV/c cannot be 

+ -
separated from the 1( background on the basis of bubble density alone. 

[Fig. 2 also shows that tracks at very high lab momenta must be protons. 

F'or case in programming, we do not make use of this fact, however. Using 

these events does not significantly increase the region of phase sp~ce 

that we can se~.J 

Fig 3 is a distorted version of figure 2, with a selection of 

events plotted on it. It so happens that we have only plotted the 

2 and 31( final states from 4-prong reactions. We also tabulate the 

number of particles in the various regions of these scatter plots 

(table 7). 

Because the proton distribution for 2-prongs is more sharply 

pc~aked backward and forward than for these 4-prongs, a lare;er fraction 

of thl~ p1vto1w from :::>-pron1; t~vcnt:.> :~ltould uc .i(lentifiablr:: f'rorr1 thr..:ir 

bubble densities. Even so, the situation is not satisfactory;, since 

* we are quite interested in protons near p n= o. 

4. Determination of the 1(+ Spectrum 

We have just shown that the use of 1neasured bubble densities 

enables us to identify a1rnost all the 1( + tracks in the backward hemi-

sphere of the c. M. system. Because the target and beam are identical 

+ particles, we therefore know the 1( distribution everywhere in the 

c.M. system, and, in fact, everywhere in all frames. 
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GeV/c 
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z. 
XBL '7'29-l6EJ4 

Fig. III.2 Allowed phase space, in both the lab. and C.M., for outgoing 1( 's 

+ - I and protons frorn t.he reaction pp -+ pp1( 1( at 6.6 GeV c. Four 

curves of constant C.M. momentum are (irawn on each graph. (p* = 
1 1* 3* *) 4P x- z'P rp , and p • There are a 1 so ll curves of 

max' max' 11 max max * 
( 

D 80 -z,f o -, 8 o ) ~.:ond;::mt c.M. scatterint_r, ant•1e e = 0 ' l ' ./0 ••• , J L) • 

CUrves of plab = 0.938 anti 1.327 GeV/ c, which correspond to proton 

relative bubble densities (RBD) of 2 and L5 1 are also drawn on 

each graph. A proton with RBD ') 2 can easily be distint':Uished 

from a rc , whereas a proton with RBD < · 1. 5 cannot. 
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Fig. III.3 p..Lvs. p 11 scatter plots (Peyrou plots) for rc+'s and 
+ - + - 0 protons from the reactions pp -+pprc rc, pprc rc rc, and 

+ + - . . . 
pnrc rc rc at 6.6 GeV/c. (See fig. 2 for an explanation 

of the various curves.) The different axes are not 

drawn to the same scale, in order that the data points 

may be more clearLy seen. 
+ a. :rc in the Jo110ratory system 
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In actual fact, each backward rc+ is plotted twice. One time it 

is plotted with its true momentum, and the other time it is plotted 

* reflected throught pll = 0 (because of the obvious symmetry, plots in 

the x variable are only plotted .for positive ~·) The sampling weight, 

+ w-, L> set to l ( ;,;ee sed. ion F) because, although each rr is plotted 
) 

Lwi ,~~' .• 
+ -on.Ly ltalf or \ll1.~ rr 'san~ plottt~d.. 

+ 
We have ;just shown that the 1f distribution can be. determined 

on the basis of bubble density alone. As a practical matter we make 

'..lS:" of the kinematic fit information and the bubble density information 

for the entire event. This can only improve the situation, enabling us 

to identifY some of the small number of backward 1f+'s which cannot be 

identified on the basis of their measured bubble densities alone. Also, 

for the reasons detailed in Appendix B, we always accept the result 

of a 4-constraint fit. 

) . Determination of' the Proton Spcdra - the Method of Subtracted 

Distributions 

We have just seen that it is not possible to isolate all the 

proton tracks in the backward C.M. hemisphere by the use of bubble 

densities. However, for the purposes of this paper, we do not need to 

be able to identify each particle; but only to obtain particle distributions. 

+ If, as previously mentioned, we ignore the small amount of K and deuteron 

production, there are only two types of positive tracks: + the rc and proton. 

Now, we obviously know the positive particle distribution everywhere 



(in the laboratory frame). However, we have just seen that we also 

lu1ow the. n + di_;d, 1··ibui.ion <:vvr.vwh(~rc. We thcrcfon' ,_~an simply subtract 

+ 
the n distribution from the total positive distribution, to obtain the 

proton distribution everywhere. 

The actual procedure used in this paper also makes use of the 

fact that some protons can be identified and that 4-constraint fits 

are very :reliable. We also restrict ourselves to the backward C.M. 

hemisphere for protons. 

We now detail the exact procedure used in calculating our proton 

distributions. In the following discussion, tracks are considered most 

likely to be protons on the same basis that tracks are considered to be 

+ n 's in section 4. 

(1) 

(2) 

(3) 

* All tracks most likely to be protons are added if p I (proton) 
meas 1 

I 
( 0. The l+-vector is determined fucDJn p

1 
b and the proton 

meas a 
mass, where plab is determined from the measured curvature 

and magnetic field. It depends only slightly on the particle 

mass, except for low momentum particles, for which particle 

identification is not a problem. 

The sampling weight, w
3
, is set to 1. Because of our 

previously mentioned confidence in 4-constraint fits, steps 2 

and 3 are omitted for 4-constraint fits. 

If a track is considered most likely to be a + 
1l ' and if (i) 

* ( +) '0 d ( .. ) meas 38 / P 11 n r an u Plab ') 9 MeV c, than a "proton" 

4-vector is formed from 
me as 
Plab and the proton mass. 

This 4'-vector is transformed to the C.M. and called p * 

(proton). If (iii) p~ (proton) ~0, we add this "proton" 

4-vector to our distribution (w
3 

= 1). 

If a track is considered most likely to bean+, and if 

~ 
p' la.b by first reflecting (l.) p* (n+) ?o, , we calculate 

1\ 
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* + * r * + the 4-vector p {:rc ) about p . = 0 Lso that p 11 {:rc ) = 
* + . . 1\ .. ·new 

-p {:rc ) , while p· = p ·
1
d], and then transforming 

\l old· J_,new J,..,o · · 
this new pion 4-vector back into the laboratory. If (ii) 

I 

plab > 938 MeVjc, we 
. ~ 

form a "proton" 4-vector tran ..;,. ' · · vlab 

and the proton mass. This 4-vector is transformed into 

* the C.M. system, and called p {proton). If (iii) 

* p 
1
' (proton) t 0, w~ subtract this proton 4-vector f'rom our 

distribution (w3 = -l). 

* . (4) All the "proton" 4-vectors are .now r~flected through p = O, 
. . . \\ 

and plotted again with. the same value of w3• 

Figure V.lOa shows the differences in t~e proton distributions if 

one uses or does not use this subtraction procedure. They can be as 

much as 30 °/o for the 2-prongs. 

Finally, we must note that because no bubble density measurements 

were performed on the 6-prong sample (for historical reasons), all the 

+ 6-prong :rc and proton spectra have an unknown systematic error. However, 

the smallness of the 6-prong cross section should prevent this error f'rom 

making a serious contribution to the error of the total spectra. Further-

more, there are very few missing mass events in the 6-prong sample, so the 

problem of particle identification is very much simplified. Also, 

the :rc+ spectra do not seem all that different f'rom the :rc- spectra, and 

the trend of the data with increasing prong number is continued, so 

things should not be too far off. 
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The strategy that we just described is a modification of a 

procedure first developed by J. Anderson and D. Smith ( Sm-4, An-4). 

+ Their method allows one to determine the rr and proton distributions, 

even if no bubble dc'nsities have been measured. 
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Table III. 7 Number of particles in various regions of p 11 P..J.... space for 
some events fit to pp ~pp ~+~-, pp~+~-~0 and p~+~+~-

at 6.6 GeV/c. 

Per Cent 
of Particles 

No. of Particles in each 
Bubble Density 

* hemis£here 
P II P(lab) 

for Protons + + (MeV/c) ~ 12rotons ~ protons 

a 
~0 < 938 > 2 5123 0 38 0 

938 to 1327 1.5 to 2 2780 0 21 0 

)1327 < 1.5 5428 15560 41 100 -
133llb 15560 b 100 100 

<o < 938 
a 

11860 8922 95-0 )2 55 

938 to 1327 1.5 to 2 448 3344 3.6 20 

) 1327 (1.5 175 4052 1.4 _&_ 
12483b· 16318b 100 100 

+' 
a. B. D. -::: 1 for ~ s with plabz 938 MeV/c. 

n - n_ F H . + 
b. assymetry parameter A = + = 0.0321 ± 0.0062 for ~ and 0.0237 ± 0.0056 for protons n n . 

F B 
* .... where nF = the no. of particles for which p 11 > 0 and 

* ~ = the no. of particles for which p 11 <. 0 
lAl 
'-0 

...... 
'-· 

b, __ 

<""· ,__ 

r· 
-~.,... 

f' . 
"""'""'-

' 
............ 

. (.~ 
\., 

c.~~ 

--'11,~~ 



H· Particle Production Cross Sections 

In inclusive rea~.:tions, we count each particle of a particular 

type, regardless of what other particles are produced along with it. 

It is therefore relevant to tabulate the cross sections with which 

different particles are produced. 

Since essentially all the negative particles are n's, the 

number of :rr-'s per event depends only on the topology. Therefore, 

~-1w Jt prod.1.wtlon <Toss-sectjom~ can be eal.cuJated trivially from the 

topologi.caJ cross-sed,ious prc~>cnte\l in Lable 5 ( L e. A 4;-pronL_; gi v~::; 

one rc and a 6-prong gives 2rt's.). The total :rr production cross-section 

is 11. 95±0.50 mb. 

+ Because both :rr 's and protons contribute to the positive particle 

cross section, a different procedure must be used. Consider a sample of 

events of some definite topology. By definition, the average number of 

particles of type ~ is simply the total number of particles of type ~ 

divided by the total number of events. We obtain the total number of 

+ :rr 's and protons by a procedure similar to that used for making plots. 

Phis pr<..1Cedtu•e was clescrilJed in tile twu preceedinl:': sections. 

+ Specifically, we obtain the total number of :rr 's by counting 

+ the number of :rr 's in the backward c. M. hemisphere and multipling by 

two. This takes advantage of the symmetry of the pp system, eliminating 

the problem of identifying fast particles. The total number of 

protons is obtained by using the subtraction method described in the 

preceeding section. + The average numbers of :rr 's and protons, together 

with the production cross-sections obtained form them, are listed in 

tables 8 and 9. 



Table III. 8 

2-prongs (inel.) 

2-prongs 

6-prongs 

total inelastic 

elastic 

total 

a. from table 5 
t.he 

e 

I . 

rr+ production cross sections according to 

the number of charged particles in the 

final state (prongs) for 

pp ~ rr + + anything at 6.6 GeV/c 

r !\ f 1 ' I'll' ' f. j I 'II 
a 

1\. v ,' ~. No. P ,.;-Hill• ~t :ion a 

l~ru~;;s ~c· t~ t.:i u n X ol' outt•:oirw: Ct.·o:::s Section 
{mb} r;+i-s {mb} 

d 
16.83 ± 0.70 0.883 ± 0.028 14.86 ± 0.78 

d 
10.50 ± 0.46 L46o ± 0.011 15.33 ± 0.68 

d 
0.727 ± 0.094 2.28 ± 0.04 L66 ± 0.22 

c 
28.06 ± 0.84 1.135 ± 0.020 31.9 ± Ll 

n. 79 ± 0.22 0 0 

c 
39.8 ± l.O 0.833 ± 0.019 3L9 ± l.l 

b. '"average is reduced and the error is increased to account for 

the fact that the uncorrected values give ( nrr+} + ( n t )= pro on 
2.05 for 2 prongs, whereas 2 is the maximum lUlowed. 

c 

c 

c 

f 

f 

c. combined statistical error and error in interaction cross section (s) 

d. statistical error only 

e. strange particle events and events with more than 6 prongs are not 

included (see table 5 for their interaction cross sections) 

f. calculated from the individual production cross sections listed above. 
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Table III. 9 

2-prongs (inel.) 

4-prongs 

6-prongs 

e 
total inelastic 

,~lastic 

total 
e 

Proton production cross sections according 

to the nwnber of L:har1;cd p:u·til:h~~; in the 

firm I state (prongs) for 

pp ~ p + anything at 6.6 GeV/c 

Interaction a Avg. No. Production a 

Cross Section X of outgoing Cross Section 
(mb) protons (mb) 

16.83--± 0.70 1.116 ± 0.030 b 18.78 ± 0.93 

10.50 ± 0.46 1.535 ± 0.014 d 16.12 ± o. 72 

o. 727± 0.94 1.70 ± 0.04 
d 

1.23 ± 0.16 

c 
2e.o6 ± 0.84 1.288 ± 0.020 36.1 ± 1.2 

11.79 ± 0.22 2 23.')8 ±, .44 

39.8 ± l.l 1.499 ± o.onc 59-7 ± 1.3 

a to f. see footnotes on previous table 
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TV. RESULTS: n: SPECTRA 

A. Comparison with Higher Energies in the Laboratory System 

Dennis Smith showed that for proton-proton collisions from 

13 to 28.5 GeV/c the dataare consistent with the hypothesis of limiting 
2 

fragmentation in the target region, that is d cr/dp~dp 11(lab) is independent 

of the overall _energy of the reaction (Sm-l). He therefore only tabulates 

d
2
01dl?.J.. dp 11averaged over all his energies rather than for each energy 

separately. We compare our 6.6 GeV/c data with his (fig. 1 and table 1). 

For seven equal intervals in p~, from 0.0 to 0.7 GeV/c, we plot d2~/dp-Ldp 11 
for n:- versus p 11 (lab) for both experiments~·* Various vertic;l lines are 

drawn on fig. l in order to show the. relation between the c. M. and lab. 

systems for each pJLinterval. The rightmost pair of broken lines on each 

plot are the minimum and maximum values of p
11
(lab) for!= 0 for D. Smith's 

data, and the rightmost pair of solid lines are the same thing for our 6.6 GeV/c 

data. Going left, the next set of lines correspond to the minimum and maximum 

values of Pu(lab) for ~3= -0.5. Clearly p11 (lab) changes slowly with !' for 

constant ~3 , in this region of ~. 3 Finally, the two leftmost pairs of lines 

indicate the minimum value of pi\ (lab) possiblE> over the range of Jj_ and ! 

in question. 

tHowever, before making this plot, we must first divide the values given 

. by D. Smith (in Table VII of ref. Sm-1) by 2. This is necessary because 
2 2 

he has actually tabulated d u/dp..,.~..dp 11 (beam rest frame)+ d0'""/dp..,.~..dp11 (lab) 
in order to improve his statistics, just as we do, but he has not divided 

the sum by two, as we do (Sm-2). 

-¥ 2 . 
We plot d ~/dp~d~ 1 rather than f (defined by equation II.C.l) only because 

2 
D. Smith chose to do this. As we demonstrated in section n.c, d rf/dP..J_dP 11 
(lab) can be independent of the incident particle energy if and only if 

p(pJ2 pl\, s) = p(p_L'pl\). 
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Fig. IV.l d21f'jdp~dp 11 vs. p11(1ab) of the 1!- for 7 different intervals in P..L­
from 0 to 0.7 GeV/c for pp~1!- +anything. The open circles (o) 
are D. Smith's data from 13 to 28.5 GeV/c (ref. Sm-1) and the solid 
circles (•) are from this experiment at 6.6 GeV/c. The 3 pairs of 
solid lines delimit (1) the lower kinematic limit of p 11 (lab), and· 
(2) and (3), the reoions where it is possible to have x~ = -0.5 and 
x = o, respectively, for the 6.6 GeV/c data. The brok~n lines 
d~limit the same regions for the 13 to 28.5 GeV/c data. (Some of 
~hese lines lie beyond the plot boundries, and are therefore not shown.) 
drawn.) 

a. pJ- = 0.05 GeV/c ~· p~ = 0.15 GeV/c 
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Table IV.l. A comparison of t}fis experiment (6 .6 GeV/c) with 

D. Smith (l3 td 28.') GeV/c - ref. Sm-l) for the 
.. '\ . .. , .... '··"' ... 2 - !1t (lab) reaction pp ~ rr + anything: d v/dp.J.. dp,vs. 

!'or '( intervals ill,IJ..· [ l.~~~JnLion of' the data in 

fi '· l] 

d lfdpJ..dPu IJ.b/O.Ol(GeV/c) Cross Section 

2 
Plt(1ab) =13 to p =6.6 Ratio P_L. P.J.. p 

2 beam beam 
(GeV/c) (GeV/c) (GeV/c) 28.5 GeV/c · GeV/c Smith/this expt. 

0.05 0.0025 -0.35 1,.5 ± 0.5 0.60 ± 0.4 2.5 ± L9 

-0.25 4.5 ± l.O 5.80 ± Ll 0.78 ± 0.23 

-0.15 37.0 ± 3.0 43.0 ± 3.0 0.86 ± 0.09 

-0.05 147.0 ± 6.0 125.2 ± 5.0 Ll8 ± 0.07 

0.05 267 .o ± 8.5 215.2 ± 6.5 1.24 ± 0.05 

0.15 330.0 ± 10.0 203.9 ± 6.3 1.62 ± 0.07 

(). ~) 29rl.o ± (). 0 184.9 ± 6.0 1.61.± 0.07 

0.15 0.0225 -0.25 11.0 ± L5 8.5o·· ± L3 1.29 ± 0.27 

-0.15 60.5 ± 4.0 67.0 ± 3. 7 0.90 ± 0.08 

-0.05 211.5 ± 7·5 213.6 ± 6.6 0.99 ± 0.05 

0.05 444.5 ± 11.5 362.4 ± 8.5 1.23 ± 0.04 

0.15 552.5 ± 13.0 413.7 ± 9·0 L34 ± o.o4 

0.25 578.o ± 13.5 397.8 ± 8.8 L45 ± 0.05 

0.3) 526.0 ± 13.0 337.7 ± 8.1 1.56 ± 0.05 

0.25 0.0625 -0.25 9.0 ± 1.5 4.80 ± LO L87 ± 0.50 

-0.15 42.5 ± 3.0 . 46.5 ± 3.1 0.91 ± 0.09 

-0.05 113.0 ± 5.5 100.6 ± 4.') 1.12 ± 0.07 

0.05 239.0 ± 8.0 203.2 ± 6.4 1.18 ± 0.05 

0.15 344.0 ± 10.0 274.7 ± 7.4 1.25 ± 0.05 .. 
0~25 407.0 ± 11.0 293.3 . ± 7.6 L39 ± 0.05 

0.35 4o8.o ± n.o 294.5. ± 7.6 1.39 ± 0.05 

0.45 . 4q).O ± n.o 264.4 ± 7.2 1.53 ± 0.06 .. 

0.55 377·5 ± 10.5 23L9 ± 6.7 1.63 ± 0.07 

. .. : 
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Table IV.l {continued 

2 2 
d vjdp..Ldp11 1J.b/O.Ol(GeV/c) Cross Section 

.2 p == 13 to p =6.6 Ratio 
p pl. P (lab) beam beam 

'.) II 
(GeV/c) ( GeV I c)'- (GeV/c) 28.5 GeV/c GeV/c Smith/this expt 

o.3s 0.122:_) -Oo Z) 2.0 ± 0.') •. , i\ 

v ... :. ± 0.2 10.0 ± 10.3 

-0 0 l"l 18.0 ± 2.0 l~ ± l-9 0.98 ± 0.15 .LI.-' • ./ 

-0.05 49.0 ± 3.5 44.8 ± 3.0 1.09 ± 0.11 

-0 ,(YJ 83o) -t 1-f,') r.o 0 1+ ± 4.0 1.04 ± 0.08 

0. I~.> 1}1) 0 
1
) ± (). 0 l ;2;2. (, ± ~). () l.L'( ± 0.07 

0.2'5 193.0 ± 7-0 l4o.6 ± 5. 4 1.30 ± 0.07 

·o.3s 234.0 ± 8.0 1')0. 9 ±5-5 1.55 ± 0.08 

o.45 236.5 ± 8.0 151.2 ± 5.5 1.56 ± 0.08 

0.55 248.0 ± 8.5 140.1 ± 5.3 l. 77 ± 0.09 

0.65 - 244.5 ± s.o 130.9 ± 5 .l 1.87 ± OolO 

0.75 209.0 ± 7-5 10') .8 ± 4.6 1.98 ± o.n 

0.45 0.2025 -0.15 4.00± 1.00 1.20± 0.50 3.33 ± 1.62 

-0.05 17.0 ± 2.00 15 .o ± 1.80 1.13 ± 0.19 

0.05 30.5 ± 3.00 38.2 ± 2.80 0.80 ± 0.10 

0.15 51.5 ± 3.50 48.5 ± 3.20 1.06 ± OolO 

0.25 83.0 ± 4.50 66.2 ± 3. 70 1.25 ± 0.10 

0.35 103.0 ± s.oo 63.4 ± 3.60 1.62 ± 0.12 
Oo 4L) 120.0 ± ') .')() 83.2 ± 4.10 1. )~)l- ± 0.10 

o.y> 12~). ') ± ~) .)0 79-7 ± 4.00 1.55 ± 0.10 

0.65 1Y5 .5 ± 6.00 81.1 ± 4.00 1.67 ± O.ll 

0.75 123.5 ± 5 .so 68.7 ± 3. 70 1.80 ± 0.13 

0.85 . 124.0 ± 5.50 65 ·9 ± 3.60 1.88 ± 0.13 

0.95 126.5 ± 6.00 55.1 ± 3.30 2.30 ± 0.18 

0.55 0.3025 -0.05 1.50± 0.50 o.8o± o.4o 1.87 ± 1.13 

0.05 10.0 ± 1.50 6.40± 1.20 .1.56 ± 0.38 

0.15 16.5 ± 2.00 15.8 ± 1.80 1.04 ± o.n 

0.2') 30.0 ± 3.00 29.3 ± 2.50 1.02 ± 0.13 

0.35 42.5 ± 3.00 33.8 ± 2.60 1.26 ± 0.13 

0.45 55.0 ± 4.0 36.6 ± 2.7 1.50 ± 0.16 

. 0.55 59-0 ± 4.00 42.4 ± 2.90 1.39 ± 0.13 

O.Ui 7'> .) ± 4.')0 3(}.(J ± 2 .t3o 1.91 ± 0.18 

0-75 67.0 ± 4.00 42.8 ± 2.90 1.57 ± 0.14 

0.85 64.5 ± 4.00 39.7 ± 2.80 1.62 ± 0.15 



P..L. 
(GeV/c) 

o.o6s 

r 1 
LJ ~j 

2 
p.J. 2 

(GeV/c) 

o.11:?Z;J 

" ' 

,J u ;,_) / d ,y .'J •) ~~~t ·~~ 4 .. 

Table IV.1 {continued.) 

2 . 2 
d <1/dp~p/1 1-Lb/O.Ol(GeV/c)- . 

pi I p =13 to Pbeam=6 · 6 
(GeV/c) beam 

28•5 Gev/c GeV/c 

O.g) 65.5 ± 4.00 38.0 ± 2.80 

0.~ 63.5 ± 4.00 40.5 ± 2.80 

1.15 GL5 ± 4.00 32.) ± 2.50 

1.25 61.0 ± 4.00 2'(.7 ± 2.1+0 

1.35 56.5 ± 4.00 23.7 ± 2.20 

1.45 52.5 ± 4.00 ' 23.2 ± 2.20 

(). 0') L50± 0.')0 0.60± 0.40 

(). ]') 11.'>0:! I .00 ;? • \ )L) ± l) • tk) 

o. 2'5 11.5 ± 1.50 7.10± 1.20 

0.35 15.0 ± 2.00 9.80± 1.40 

0.45 20.5 ± 2.00 17.5 ± 1.90 

0.55 23.5 ± 2.50 18.4 ± 1.90 

0.65 30.0 ± 3.00 20.1 ± 2.00 

0.75 32.0 ± 3.00 20.6 ± 2.00 

0.85 36.0 ± 3.00 19.3 ± 2.00 

0.95 39-5 ± 3.00 18.5 ± 1.90 

1.05 3'5 .o ± 3.00 15.2 ± 1.80 

l.l5 34.s ± 3.00 17.5 ± 1.90 

1.2) _)3.0 ± 3.00 17.h ± 1.~) 

l. 3~) )') .0 ± .5.oo l). u ± 1.70 

1.45 35.) ± 3.00 12.8 ± 1.60 

47 

Cross Section 
R<\.-tlo 

Smith/this expt. 

l. 72 ± 0.16 

1.57 ± 0.15 

1.90 ± 0.19 

2.20 ± 0.24 

2.38 ± 0.28 

2.26 ± 0.28 

2.50 ± 1.86 

1. :'~' ± o.:~~:; 

1.62 ± o.35 

1.53· ± 0.30 

1.17 ± 0.17 

1.28 ± 0.19 

1.49 ± 0.21 

1.55 ± 0.21 

1.87 ± 0.25 

2.14 ± 0.27 

2.30 ± 0.34 

1.97 ± 0.27 

1.90 ± 0.27 

2.')+ ± 0.38 

2.77 ± 0.42 
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Fig. IV.2 d
2

trfdp.Ldp
11 

vs. p 11 (lab) for p:= 0.21, 0.41, and 1.03 (GeV/c) for pp-+1T- +anything. A 

comparison of this experiment (6.6 GeV/c) with Akerlof et al.. (12.4 GeV/c - ref. Ak-1). --
A broken line joins points having x3 = 0.489. This graph is obtained by transforming 

the points of fig. 3. Please note: The data point is at the apex of the triangle 

symbols, viz. ~and v. It is at the center of all other symbols, viz. GJ , ~, etc. 
~ 

8; . 
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We observe that for ~)'( -0.4, our data is in good agreement 

with D. Smi tiJ 's, \~xc,:~vt for our hi1~hcst 1~ int(!l'Val ( J'or vrhich P..L"' 

lp · p = 1. 35 GeV_/ e). However, our data fall:..; below Smith's 2 ·..1- ,max' :.L ,max 

for ~3'-; -0.4. There is also some disagreement at the very lowest pfl' 

·where the differential cross section for our energy is always less than 

for higher em:rc;y. t 

A similar comparison is made with the 12.1l GeV/c counter data of 

Akerlof et al. . (Ak-l) in fig. 2. 
2 2 

The upper two curves (p _t.. = 0.21 (GeV/c) , 

(!Orresponding to fig. le). show agrecm_~pt at small values of p//(lab), while 

2 2 
the next two curves (pJL = 0.4l(GeV/c) , corresponding to fig. lg) do not 

quite agree, even for small p
11

; the 6.6 <-'Urve is always below the 12.4 

curve. The comparison with Akerlof et al. and the comparison with D. Smith 

are therefore in agreement. 

We notice that Akerlof et al. 's points are not uniformly spaced in 

pll(lab). Therefore, in order to make a bin-by-bin comparison with their 

points in the lab, as we did for D. Smith's points, we would have to 

accumulate a histogram for our G.6 data with a non~uniform bin width. This 

is rather a~kward. This is the only reason that we do not present a tabular 

form of fig. 2. 

-t We do note, however, that the n can have more backward momentum for 

higher energy reactions. Also, we have not corrected for the fact 

that our most backward bin in p is partly below the kinematic limit, 
II 

while that for the higher energy experiment is not. 



B. Comparison with Hi _f;her Energy in the Central Region 

Next, we invcsti~_~atc -the properties of the central rq:,ion, i.e. the 

region of small I xj. Because the value of p
11

(lab) for x = 0 depends 

strongly on ~' the lab. system is not appropriate for the study of this 

50 

region, a!1ci •:e therefore compare data in the C.M. system, chosing Feynman' s-

~and pJLas our variable (Fe-1). Because the data tabulated by D. Smith is 

averaged over a variety of energies, it is not possible, strictly speaking, 

to transform it to the C.M. system, and we therefore confine our attention 

to the 12.4 GeV/c counter data. 

Fig. 3 displays f vs x3 for three different values of !]_, for both 

our data and Akerlof et al. 's. (also see table IV.~.) • We bin our 6.6 GeV/c 

data so that the center of each of our bins is equal in both 
2 

~ and p...L. to one 

of Akerlof's points. (Tr1e effect of our having to take a larger bin in p-L 

than does Akerlof is not crucial.) Clearly, there is no agreement for x~ 0 

where p(l2.4)-.:; 2p(6.6). We also note that the ratio p(l2.4)/p(6.6) increases 

with increasing p ~· 

Because the one particle distribution. for points should be fairly smooth, 

the single high 6.6 GeV/c data point at 
2 2 

and p = 0.21 (Gev/c) ..L . 

is believed to be a statistical fluctuation. 
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Fig. IV.3 fvs. x3 for p_i = 0.21, 0.41, and 1.03 (GeV/c)
2 

for pp-+ rr- + 

anything. A comparison of this experiment (6.6 GeV/c) and 

Akerlof et al. (12.4 GeV/c - ref. Ak-1). Our points are 

averaged over bins centered on Akerlof's points, with bin 

widths b.x = Akerlof's spacing in x
3

, andllpf.= 0.1 (GeV/c)
2

• 

Please note: The data point is at the apex of the triangle 

symbols, viz. band V. 
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Table rv.2. A comparison of this experiment (6.6 GeV/c) with 

Aker1of et a1. (12.4 GeV/c - ref. Ak-1 for the 

reaction pp -t rc- + anything: p vs. x
3 

for three 

values of pi. [tabulation of the data in fir,. 3] 

f = Ed3 vjdp3 3 2 
(J.lb-c /GeV ) Ratio 

x3 p 
beam 

= 12.4 p 
beam 

6.6 f12.4 I P6.6 

0.052 2170 ± lOO 1.91 ± 0.23 

0.100 3910 ± 430 2050 ± 99 1.67 ± 0.19 

0.149 3390 ± 340 2030 ± 101 l. 78 ± 0.19 

0.197 2740 ± 250 1536 ± 91 l. 74 ± 0.18 

0.246 2140 ± 170 1233 ± 83 L34 ± 0.13 

0. 29') 1620 ± llO 1214 ±. 86 l.ll ± O.ll 

0.343 1247 ± 75 1124 ± 86 1.10 ± O.ll 

0.392 968 ± 58 882 ± 79 1.01 ± O.ll 

o.44o 734 ± 37 730 ± 75 1.02 ± 0.14 

0.489 544 ± 27 536 ± 66 0.54 ± 0.06 

0.538 415 ± 21 772 ± 82 o. 75 ± 0.12 

0.586 303 ± 15 402 ± 62 0.61 ± o.n 

0.635 210 ± ll 345 ± 59 0.48 ± 0.10 

0.683 124.4± 6.2 260 ± 53 0.27 ± 0.06 

0.732 60.3± 3.0 219 ± 50 

0.781 34 ± 23 

0.829 12 +17 
-·I 2. 

0.878 ,<13 
0.926 ~14 

0.975 0 
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Table IV.2 {continuedl 

. 3 3 3 ?-0-:= Ed Ci /dp (1-lll-L: /Gc". ) 
._\ . . Ratio 

2 =12.4 p :OC· 6.6 fl2.4/ f6.6 ...J2.:!::._ -4- p 
beam bearn 

0.41 0.052 1280 ± 140 573 ± 61 2.24 ± 0.34 

0.100 1210 ± 120 547 ± 60 2.20 ± 0.33 

o. JNJ lQ()(J ± 96 .530 ± 60 2.01 ± 0.29 

0.197 919 ± 73 431 ± 55 2.13 ± 0.32 

0.246 '768 ± 54 544 ± 63 L4l ± 0.19 

0.29') 641 ± 38 441 ± 58 1.45 ± 0.21 

0.343 525 ± 32 376 ± 56 L40 ± 0.22 

0.392, 395 ± 20 286 ± 50 L38 ± 0.25 

0.440 302 ± 15 222 ± 45 L36 ± 0.29 

0.489 211 ± ll 159 ± 4o L33 ± 0.34 

0.538 108 ± 34 

0.586 115 ± 36 

0.683 23 ± 30 

0.732 36 ± 24 

0.781 13 ± 18 

0.829 13 

0.878 14a 

0.926 0 

'1.03 0-057 41 ± 23 

0.105 97.2± 6.8 32 ± 21 3.0 ± 2.0 

0.153 84.6± 5-9 ll ± 15 8 ±ll 

0.201 73.4± 5-l 43 ± 24 L7 ± Lb 

0.250 64.3± 3.9 33 ± 22 2.0 ± 1.3 

0.298 52. 7± 2.6 /( ll 4.6 

0.346 40.9± 2.0 57 ± 28 0.71 ± 0.35 

0.394 32.7± 1.6 i 12 2.6 



Table IV.2 (continued) 

3 3 f= Ed (J"/dp. 
. 3 2 

(J..Lb'-c /GeV ) Ratio 

2 
=12.4 6.6 . f 12.4/f 6.6 p...L ~ 

p p 
beam beam 

1.03 0.442 23.4 ± 1.2 12 ± 17 2.0 ± 2.8 

o.2t91 15-98 ± 0.80 1:12 ~ L3 

0.539 10.12 ± 0.~! l 't..l3 ~ o. 74 

0.587 5-89 ± 0.29 ,...~ 13 > 0.43 

0.635 3.23 ± 0.16 '£l4a ' 0.22 
0.683 L53 ± 0.09 ~l4a '~ 0.10 

0.732 0.628 ± o.o44 0 

a. This data point is not plotted on fig. 3 in order to avoid a 

confused figure. This upper limit represents a single data point 

at the center of the bin. Also, part of the bin is beyond the 

kinematic limit. 

---···---.... ---------.. - ............... - ....... __ .... __ ...... .._....-. ......... ,.._..r_ ... ~ ... ,.--~ .. 4-- .. ~ .... -....--................... - .... -~-- .. 

We also compare our data with the 12 and 24 GeV/c bubble chamber 

experiment of Muck et al. (Mu-1, 3). To investigate the ~ dependence 

of the structure function p, we plot p against 
-l/4 s . 

' 
as suggested by 

Abarbanel (Ab-1), for fixed values of p~and ~·. In fig. 4 we take 

x .~ 0, and plot the distribution for fixed p l-values. (Also see table 

5.) In fig. 5, we take p = 0.2 GeV/c, and plot the distribution for 
J.. 

fixed x
1 

values. In both cases we see that the data~re consistent 

-l/4 with an s · dependence, although it can be fit by other ~dependences 

as well. (The straight lines are drawn to guide the eye.) Finally, fLg. 

6 is 

been 

Ferbel'·s graph 

. d 2 1ntegrate over Pj_ 

(Fe-2) with our points added to it. [Here p has 

at X = 0, and the result multiplied by rr/ (T.f"~~ 

where G:j-01.) is the pp cross section at infinite energy.] 
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Fig. IV.4 f= Ed
3
v/dp

3 
vs. s -fl- for pp ~ .rr- + anything for 5 intervals 

in p..L and IY*I < O.l (see eqn. II.B.7 for def. of Y*). The 

data are from this experiment (6.6 GeV/c) and Muck et al. 

, (12 and 24 GeV/c - ref. Mu-1). Please note: We plot lOx f 
rather than f for p.L) 0.4 GeV/ c. 



P..L 

(GeV/c) 
-

0 - 0.2 

0.2 - 0.4 

0.4 - 0.6 

0.6 - 0.8 

0.8 ..,. l.O 

Table IV.3. A comparison of this experiment (6.6 GeV/c) and Muck et al. 

(12 and 24 GeV/c - ref. l-.J:u-1) for the reaction pp ~ n:- + 

I *' ~ 
anything for Y j<.o.l [tabulation of data in fig. 4j 

3 3 3 2 \ *I/ f' =Ed ()jdp (J.lb - c jGeV) for YI<.,_O.l 

p 
=24 GeV/c 

p =12 GeV/c p =6.6 GeV/c Ratio 
beam · beam beam P24/Pl2 

---

28100 ± 1200 22930 ± 760 15170 ± 480 1.225 ± 0.067 

13060 ± 470 10040 ± 300 6220 ± 180 1.301 ± o. 061 

4260 ± 190 2970 ± 110 1645 ± 72 1.434 ± 0.083 

1128 ± 84 780 ± 55 449 ± 32 1.45 ± 0.15 

303 ± 31 202 ± 19 90 ± 13 1.5 ± 0.2G 

Ratio 
~12/P6.6 

L5ll ± 0.064 

l.tl4 ± 0.067 

l .h·.-, 
•v~ ± 0.10 

l. 74 ± 0.17 

2.24 ± 0.39 

V1 
V1 
Ill 
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-l/4 fvs. s for pp_,'TI" +anything for x
1 

=,0, 0.1, and 0.2, 

and p = 0.2 GeV/c. The data are from this expt. (6.6 GeV/c), 

MUck et al. (12.& 24 GeV/c - ref. ~ru-1), an ISR expt. (225 
-- 0 

to 1500 GeV/c - ref. Be-6), and a value calculated from "1t 

production at the ISR (as plotted by Muck et al. ) • The 

straight lines are drawn through the points by eye. 
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FF(o) = J:; lE*(d20"fdp~dp...J.)d~ ~*=0 vs. pincident -± for 
To0 J1 

the reactions xp -+ y + anything, where x = p, K+, :rr +, or r 
+ and y = n- or p. This is Ferbel 's plot (ref. Fe-2) with the 

n- point for this experiment replotted correctly and the 

. :rr + and proton points added (see section V). 
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c. Comparison with Higher Energy Using the Rapidity 

Still a third variable that is sometimes advocated in comparing 

inclusiYe o.ata is the lab. rapidity variable, y = tanh -l[-P (lab )/E,lab )l. 
_II . ' ~ 

In fig. 7 we -::ompare our data with Akerloi' et al. 's in this variable. 

The exact same set of points are plotted as in fig. 2 Because we are 

still in the lab., the curves will agree and disagree for exactly the 

same points as on fig. 2. To make a plot of fvs. y-ymin' we would 

shift each set of points rigidly to the right, but Akerlof et al. 's 

points would be shifted further right than ours, because y . is less 
. m~n 

for their points. We indicate the relative shift of their points by 

attaching a rightward pointing arrow to some of them. For the lowest 

p , the curves would have a crossover point • .l.. . 
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Pbeam - 6.6 12.4 

p_i = 0.21 

Pl = 0.41 

Pi = 1.03 

• 0 

A 

0.5~~~~~~~~~~~~~~~~WL~~~~~~~~~~~~~ 
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2 . 2 
Fig. IV. 7 f vs. y for p...L = 0.21, 0.41, and 1.03 (GeV/c) for pp --+ rc + 

anything. A comparison of this experiment (6.6 GeV/c) with 

Aker1of ~ al. (12.4 GeV/c _: ref. Ak-1). A broken line joins 

points having !x
3

j ~ 0.489. This graph is obtained by 

transforming the points of fig. 3. Please .note: the data 

point is at the apex of the triangle symbols, viz • .b and 

){. It is at the center of all other symbols .. 
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D. One Dimensional Distributions for 'T'>is Experiment 

1. Longitudinal and transverse Distributions: 4-prongs, 6-prongs, and 

Combined Data 

'. ari c)c;_s J.;)J1E';it~ldinal ci L stributi ons for the 4-prc.~~s, 6-prongs. and 

c11mbined 4 1wd (1-pronr: sample are presented r First we plot 

(fig. [\a) the integrated structure f\mction FF vs. x
2

, where 

2 . 
l'"'p 

1 \ ..L,max 2 * 
- J E(d (Jidp dp 1 )dp . 
CJT.,.., o II -. . :.J.. 

IV.D.l 

The 6-prongs contribute only to the center of the plot. The 

error bars attached to the data points represent the statistical errors 

only. We also plot the laboratory differential cross section (fig. Bb), 

and the integrated structure function B(y,s) (eqn. II.C.lO) vs. the 

laboratory rapidity, y (fig. Be). The error bar at ~in fig. Be is the 

6-prong normalization error, and the error bar at b (which is smaller than 

the symbol to whicl1 it is attached) is the maximum contribution that this 

error can make to the error of the combined sample. 

2 
l·ie alsc.1 plot the transverse distribution G

2
(p..l,s) vs. p..L.? where 

G
2 

is given by eqn. II.C.l4 (fig. Bd). We draw 2 exponentials (straight 

lines on the semi-log plot) through the "all-prong" data points. They 

seem to represent the data fairly well. The '~reak-point" between the 

. 2 I 2 steep and less-steep exponential seems to be at about pJ- = 0.24 (GeV c) • 

(The three points nearest the "break-point" are 20 to 30 ° lo too high, 

but all the remaining points are within 10 ° I o of' one of' the curves.) 

This "double-exponential" fall-off with p~ is well known. 

Not surprisingly, the 6~prongs have a steeper decrease with pj_ than 

the 4-prongs. 
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6.6 GeV/c. The upper curve of each plot ([]) is the combined 4 
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uncertainty in the cross-section ratio~/o4 , which causes a maximum 
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a. FF vs. x2 (using VTc0 = 39.5 mb) 
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2. Longitudinal and Transverse Distributions According to the Number of rr' s 

in the Final State and Combined Data. 

We plot rr distributions both according to the number of produced 

pions (including neutrals) and for the total sample. In fig. 9 we plot 

F ·ts x
3

, where .f is defined by equation n.c.s; and (h, vs. p
2

, where G3 is 

G3 

defined by e4J.uation_ II. c.14. The various reactions· giving different 

numbers of pions are listed in Table 4. 'l'able 4 also gives the cross sections 

for these dif;ferent reactions. 

In order to more easily see the fraction of F and G contributed by 

each of the various final states, we also plot F/F and G/Gt t 
1 

(fig. 10). 
total o a 

Figures lOa and lOd show that the two 3n final states are similar in shape and 

2 
magnitude, except for small .! or small p...L , where the final state containing 

the neutron is larger. 

Table Iv.4 

3:n:'s 

4:n: IS 

n- production cross sections according to the 

number of n 1 s in the final state for pp ~ n:­

+ anything at 6.6 GeV/c 

Reaction JT Produc:hion C:ross Section 

+ - b 
pp ~ ppn J( 2.90 ± 0.12 mb 

+ - 0 2.29 0.09 mbb pp ~ pp:n: JT J( ± 
+ + - b 

pn:n: J( n 2.77 ± 0.11 mb 

+ - ..... 0 
pp ~ pp:n: n mm (mm> 2n: .' s) 

0.10 mbb,c + + - (mm ; n + n °) 2.36 PH· :n: n: mm ± 

+ + + - ' n: :n: n: n: mm (mm > 2n's) 

all 6-prongs l. 45 ± 0.19 mb 

a. See text for a definition of the production cross section. 

b. Statistical error and normalization error only - does not 

include systematic errors of up to 10% from wrong fits. 
+ + - . 

c. We have neglected the small amount of d:n: n :n: final states in 

our plots of the 3n sample. The total 4-prong cross section 

includes deuteron final states. 

a 
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Fig. IV.lO Fractional contributions of various final states to F and G (see 
fig. caption for definitions of F and G.) for pp ~ n- + anything 
at 6.6 GeVjc. - - + _ 

0 a. F/Ft t 1 vs. x3 for the. two 3n final states: ppn rr n and o a .· + + -
pnrr rr n • 

b. <F. vs. x
3 

for the two contributions to 4rr final states: 
4-prongs (> 4rr only) and 6-prongs (all are> 4rr). (See 
text for details.) 

c. F/F' · 1 vs. x
3 

for 2n, 3n, and> 4n: final states. 
0 I tota 2 . + -

d. G Gtotal vs. + ~.L_for the two 3n f~nal states; ppn rr n and 

2 pnn n.rr. 
e. f1 vs. P..L. for the two contributions to:> 4n: final states: 

4-pro.ngs ( ~ 4rr 2only) and 6-prong~ (all are ~ 4rr) (see text). 
f. G/Gtotal v?~ p..Lfor 2n, 3rr, and> 4n final states •. 

(r~-'"!?:';·~ 11ote: t~1e data p0i11t is a+: +.1.,~ "rex of tne triangle s;)'lrbols, 
-~-. 1\. d- \ v <-. u ~n ". 1 
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Next, we investigate the different repctions having four or more n's 

in the final state. Aside from a small number of deuteron events, the 

4-prong final states in this elass all produce unconstrained fits. 

We do not attempt the di ffi•2ult task of separating these un,!onstrained 

fits. Instead, we compare the 6-prongs with all those 4-prongs hav~_ ng 

four or more n 's in the final state (Of course, all the 6-prongs are 

produc:ed with four or more n's. ). The cross sections for these two processes 

are quite di f'f'erent (table 4). Despite this, the shapes of the ! and Q 

distributions for both of these processes are in very good agreement. 

In order to see this, for each process we normalize F and G to the n 

production-cross-seetion for that proeess. 

Let ~ represent the 4n 4-pronrs and £ represent the 6-pront_~:s. The 

most obvious way to normalize F a 

(j) =Ffq-
1 a a a 

is to define 

IV.D.3 

We could then compare~ and ~· We can equally well multiply ~ and 

1:\ by some fUnction of p.J... and ~' and then make the same comparison. 

In fact, for convenience, we do ,just that. We define 

and IV.D.5 

(Ftotal is the ! for n; independent of the number of n '.s produced.) 

Then, in figure lOb and lOe, we plot! vs x
3 

and rvs. Pi· As previously 

mentioned, the shapes of these two distributions are in very good agreement. 

fThe term i.n brackets is adopted as a matter of convenience only. If F /u: 
a a 

and Fb/~ are equal, then o; + \ = (Fa + Fb)/Ftotal' and similarly for Q_. 

This makes it easier to compare these two plots with the previous two plots.j 
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E. Two Dimensional Distributions for.this Experiment 

We now plot f for five equal intervals in PJ_ from 0 to 1 GeV/c, 

against both x
3 

and the rapidity, y_ (fig. 11). Fig 11 shows thatp falls 

off more r.apidly as x
3 

increases. Also, it appears that the initial fall-off 

of f with x3 is less rapid at higher values of p~ In order to more clearly 

see any such differences in the shape of the j' vs. x3 curves for different 

+ 
~we plot B. vs. p-Lfor six intervals inx3 (fig. llb), where B. is defined by: 

R(x,Ji.,s) = f(x,JC.L,s)/y(o,~,s). LV .E.l 

The first two data points in p , for all :x:
3 

show: a definite rise in R with p , 
..!- l - :..L: 

a rise which generally becomes steeper with increasing p • The three curves 
. :....L-

representing the smallest ~ continue to rise, gradually flattening out, 

whereas the higher-~ curves show a definite turnover before p 1 reaches its -
maximum value. The curves certainly are not flat. However, suppose that p 

could be factorized, i.e. suppose that we could write: 

rr~x,p.l..,s) = g(x,s)h(p.us). 

According to our definition of B_, ( eqn. 1) we would then have: 

R(x,p~s) = g(x,s)/g(O,s) = R(x,s). 

Therefore, the observed dependence of B. upon p~ means that f is not factoriza­

ble for this data. 

tTo be precise, R is the ratio of 
above, divided by-( y) for a bin 
running from 0.0 to av 0.1. 

(f~v for a bin in P..1... and ~ as defined 
with the same Pj_boundaries and x3 
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b. R(x
3

,p..L,s) vs~ P-~..for 6 intervals in x
3
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= f (x3,P.t.,s)/f(O,pJ..,s). For f(x3 = 0) we actually 
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3 
in the x

3
-interval. 

68a 



P..L =0.0 P.L =0.4 p.L=0.8 . p__c=0.8· p.L=0.4 p.l=O.O 

2 0 0 o. 0 ~ I I' ' ' II I I I ' I I I 'I I I I I I I I ' I I I ' 'I ' I' I I' ' I I I I ' I I I I l > 12000 
Pj_ =0.0-0.2 • 

~ 6000 + 
• • • • • • 

• • .. + .. ............ 
C'? 
u 
I 

..a 
::t 

C'? 
~ 

'"'d 
........... 
b 

C'? 
'"'d 
.~ 

II 

0.. 

2000 
1200 
600 

200 
120 

60 

20 
12 

6 

Ymtn 
+ 

+ 

t 

t 

t 

l j 

+ • .. 
.. 

• .. 
• II 

• • • 
.lo. 

• .j. 

+ t 

t t t 

p..L=0.2-0.4 
+ • 

• + Ymax 

• • • • • • t 
• 

p .L =0.4-0.6 • • 
• • 

.lo. 
.lo. • • • • t 

.lo. 

p..L=O.S-0.8 
~ • f t 

t t t 
t 

p.L=O.S-1.0 

t t ~ 

l t 
t t t 

2~~~~~~~~~~~~~~~~~~~~ 

-2 -1 0 1 2 3 4 5 

y = tanh- 1(p 11 /E) 
XBL 722-386 

Fig. IV .ll Two dimensional spectra for pp ~ 1!- + anything at 6.6 GeV/c ••• 

c. P vs. y for 5 intervals in p. (the lab. rapidity y = tanh -l(p /E). ) -) - ~ n 

g? 



tJ J I i.) 

F. Average Transverse Momentum 

In this section we present the average transverse rr momentum, 

for all events, and for the 4 and 6-prong samples separately (Table 

5). We observe that ( p) is smaller for 6-prongs than for 4-prongs. 
:J..av 

This agrees with the previously mentioned fact that p falls off more 

steeply with p~ if there are more rr's in the final state (figs. lOb 

and llb). 

We also observe that < p > is increasing with increasing energy, 
~v 

although very slowly (Table 5). From 6.6 to 28.5 GeV/c incident 

momentum, < P...l.) increases only about 17 ° jo. 
· av 

Previously we have observed that the ratio p(l2.4)/p(6.6) increases 

fairly rapidly with increasing p j_ (sections IV.A and IV.B). At first 

glance this might seem inconsistent with the slow increase of ~PJ-~ 
av 

with increasing energy. H~wever, this is not so. Because _p fulls 

off exponential-ly with.p_f (fig. IV.9b), the ratio ... p(l2.4)/p(6.6) 

can increase rapidly with p 
2

, if p 2 is large, even though ( p > 1 ..J,... ...1_ av-

is almost energy independent. 



Table IV.5. Average n transverse momentum for pp~ n- +anything 

for incident momenta from 6.6 to 28.5 GeV/c 

p . 
beam 

6.6 13a 18a 2la 24a 28.5a 

(p,) of n-_._ av 0.272b 0.294 0.308 0.309 0.314 0.318 

(GeV/c) ±o.oo4c ±0.006 ±0. 005 ±0.005 ±0.006 ±0.006 

a. From .ref. Sm-1. 

b. See table V. 3 for a list of ~p .J! according to the number of 
av _ + 

of prongs)for all 3 outgoing particles: rt 's, rt 's, and protons. 

c. The quoted error for 6.6 GeV/c is the estimated measurement 
uncertainty. The statistical error and the uncertainty in the 
ratio U6 / 04 yield a much smaller error, ± 0.0012 
GeV/ c. -prong -prong 
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V ;. RESULTS: :1! + AND PROTON SPECTRA 71 

'A. Comparison with Higher Energies in the Laboratory System for :~!+Production 

Dennis Smith (~-1) has not reported his :1!+ distributions, 

so we cannot compare with him as we did for the :1! • There is, however, some 

data available from a 28.5 GeV/c bubble chamber experiment that,'was conducted 

2 
at Brookhaven (Si-1, Pa-3). For three values of p.l.., we plot do-/dp_Ldpilvs. pll 

(lab) for both the Brookhaven data and our own data (fig. l). It is apparent 

./section 
that our eros~ exceeds Brookhaven's cross section. In particular consider the 

interval p...L-= 0.2 GeV/c and -0.2< p\1<..0.0 GeVjc. Despite the poor statistics, 

it is obvious that our experiment has a larger differential cross section here 

than the higher energy experiment does. This is also true for the interval 

p = 0.4 GeV/c and O<p<O.l GeV/c. This is very different from the situation 
:.L II 
for the :1! data, for which the differential cross section is energy independent 

in this region (for the :I! data look back at fig. IV .J e and f for the first 

interval and fig. IV.ic and d for the second interval). 

A similar comparison is made with the 12.4 GeV/c counter data of Akerlof 

et. al. (fig.2). Fbr small or negative pll' ·our cross section exceeds the 

higher energy cross section, in agreement with our comparison with the 

Brookhaven experiment. 

We shall discuss possible reasons for this behavior in the next section, 

after first describing the behavior of f near x = 0. 
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Fig. V.l A comparison of this experiment (6.6 GeV/c) with Sims et al. 

(28.5 GeV/c - ref. Si-1) for pp ~ 1f + + anything: d
2

u/dp..Ldp" 

vs. p"(lab) for p~ = o.o4, 9.16, and 0.64 (GeV/c)
2

• [This 

graph is made by transfonning the points of fig. 3J 
Please note: (1) The errors are not shown for most of Sims' 

data points because they are not shown 

in ref. Si -1. 

(2) The data point is at the apex of the triangle 

symbols, viz. /l and){ • It is at the center 

of the diamond:~. 
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Fig. V.2 A comparison of this experiment (6.6 GeV/c) with Akerlof et al. 

(12.4 GeV/c- ref. Ak-l) for pp ~~++anything: d1i/dp~p 11 vs. 
2 2 [ p

11
(lab) for PJ- = 0.22, 0.43, and 1.06 (GeV/c) • This graph is made 

by transforming the points of fig. 5 J 
Please note: the data point is at the apex of the triangle symbols, 

viz. band 'j7. 



B. Comparison with Higher Energies in the Central Region for n+Production 

As previously mentioned, Feynman's~ or the rapidity are the best 

* variables for studying the central region (p 1 ,~o). Therefore, we compare 

cru.r data with the Brookhaven data at 28.5 GeV/c by making a graph and 

table off vs. x2 (fig. 3 and tablel) •. 

For p..l..= 0.2 deV/c and I >t2l<o.2, the average value of the ratio 

p(28.5 ) / p(6.6) is 1.06 ± 0.06. The data points for the two energies 

are in agreement! 

By way of comparison, for the n data, the average value of 

p(28 .5) / p(6.6) is 1.8' for this s~me interval. [ The values of this 

ratio for the n are: 

xl Ratio t 

0 2.07 ± 0.06 

0.1 1.81 ± 0.15 

0.2 1.61 ± 0.15 J 

t The value of p(28.5) used in calculating this ratio is determined 
by drawing a straight line through p(24) and p(6.6) on fig. IV.5. 
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Xz ·; ... Pll Po 
Fig. v.3 A comparison of this experiment (6.6 GeV/c) XBL 729-1673 

with Sims et al. (28.5 GeV/c~- ref. Si-l and Ha-2) for 

pp ~ n: + + anything. p vs. x2 for 3 values of pj_: 0.04 

CV &\l), 0.16 (4J) 0), and o.64 (41/J..) (aev/c)
2

• 

[The bins in x2 and p3,_are the same for both experiments 

(p~= 0.035 to 0.045, 0.14 to 0.18, and 0.54 to 0.74 
(GeV/c) respe>etively • J 
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Table V.l. A comparison of this experiment (6.6 GeV/c) with 76 

Sims et al. (28.5 GeV/c - ref. Si-1 and Ha-2) 
+ . . . 

for pp --+ 1r + anything: f vs. x2 for three values 

of pl • [Tabulation of the data in fig 3] 

y = Ed3cr/dp3 (mb-c3/ael) Ratio 
2 a 

PJ.. PJ... pb = 28.5 pb = 6.6 earn earn 
(GeV/c {GeV/c) x2 (GeV/c) (GeV/c) p(28.5)/p(6.6) 

b 
0.2 0.04 0.01 29.9 ± 2.9 30.1 ± 2.3 0.96 ± 0.12 

0.03 26.5 ± 2.9 31.3 ± 2.4 o.81 ± o.n 

0.05 27 ·9 ± 2.9 32.7 ± 2.6 0.91 ± 0.12 

0.07 31.5 ± 2.9 30.5 ± 2.5 1.42 ± 0.19 

0.09 27.9 ± 2.9 22.2 ± 2.2 1.23 ± 0.18 

0.11 25.2 ± 2.9 22.6 ± 2.3 l.ll ± 0.17 

0.13 17.9 ± 2.9 22.7 ± 2.3 0.93 ± 0.19 

0.15 ·25.2±2.9 19.2 ± 2.3 1.23 ± 0.20 

0.17 15.1 ± 2.9 20.5 ± 2.4 0.93 ± 0.22 

0.19 18.2 ± 2.9 16.2 ± 2.2 0.95 ± 0.18 

0.22 10.1 ± 2. 9 19.1 ± 1.8 0.66 ± 0.20 

0.26 9·3 ± 2.9 15.2 ± l. 7 0.58 ± 0.20 

0.30 6.9 ± 2 .. 4 15 ·9 ± 'l. 9 0.80 ± 0.30 

0.36 4.1 ± 1.8 8.6 ± 1.2 l.OO ± <;2.49 

0.44 3.3 ± 1.5 4.1 ± 0.9 1.9 ± 1.1 

0.52 1.7 ± 0.6 

. 0.60 3~4 ± LO 

0.68 0.74± 0.57 

0.76 1.2 ± o. 72 

0.84 0 ± 0.27 



(j •, ~ u 0 " I {) ~. >" . '• . 1 

0 ... -.,,,.} ·~ ~:;! 

-· - ,.,_..-~~.,~~·*Ef,...,o&ql;-,llft)W'~~~"'~~\\I(;'fl'.'*":i~"'·"'o{jtli'.,,.,;ll ... ..; ... '*'f:l'l' ... ~fl~llli4>:~·"'~ftiii;Q-Yl'*"'~~~ 

Table V.l. {continued} 11 

3 3 3 2 
2. 

.f = Ed vjdp : (mb-c /GeV ) 
Ratio 

P..L P..L p =28.5 pb = 6.6 beam earn. 
(GeV/c) (GeV/c) x2 (GeV/c) {GeV/c) p(28.5)/(p(6.6) 

0.4 0.16 0.01 8.78 ± 0.91 
0.03 7.13 ± 0.74 

0.05 7.36 ± 0.78 

0.01 7.53 ± o.81 

0.09 10.5 ± 1.1 6,45 ± 0.15 1.63 ± 0.2') 

0.11 10.1 ± 1.1 7.18 . ± 0.84 1.41 ± 0.22 

0.13 8.2 ± 1.1 1·01 ± 0.19 1.16 ± 0.20 

0.15 7.2 ± 1.0 4.74 ± 0.66 1.52 ± 0.30 

0.17 7.6 ± 1.0 6.53 ± 0.84 1.16 ± 0.21 

0.19 6.2 ± 1.0 4.65 ± 0.76 1.33 ± 0.31 

0.25 5.3 ± 0.9 3.42 ± 0.28 1.55 ± 0.29 

0.35 3-57 ± 0.69 3.98 ± 0.38 0.90 ± 0.33 

o.45 1.82 ± 0.52 1.63 ± 0.26 1.17 ± 0.37 

0.55 1.10 ± 0.24 

0.65 0.42 ± 0.17 

0.75 0.24 ± 0.15 
0.85 0.18 ± 0.14 

0.95 o. ± o.o6 

0.8 0.05 0.63 ± 0.09 
0.11 0.54 ± 0.09 
0.17 0.60 ± 0.09 
0.23 0.45 ± 0.08 
0.29 0.38 ± 0.01 
0.35 0.55 ± 0.10 
0.41 0.44 ± 0.15 --0.27 ± 0.08 1.63 ± 0.74 
0.47 0.31 ± 0.15 0.43 ± 0.10 0.72 ± 0.38 
0.53 0.32 ± 0.15 0.19 ± 0.01 1.7 ± 1.0 
0.59 0.24 ± 0.08 
0.65 0.084 ± 0.052 
0.71 0.059 ± 0.045 
0.11 o. ± 0.020 



Table V.l (continued) 

a. From fig. 3c of ref. Si-1. The quantity that Sims et ~· call I x/, 
is what we call J x

2
J (eqn.II.B.2) according to T. Hanlon (Ha-2). 
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There is some question as to whether or not Sims et ~· have 

actually plottedfor a quantity which is 0.953 x.t at their .e~ergies~ 

This is because, according to their figure caption they actually plot. 

. (2 . ~ 
. I (:;,")~·rr ~Jcr 2 
--- ) _ ... ~·""'""· E ~ d p ..L 
lot-f,Sl iK 'fS/:t?. · dp?dx 

'2 
where a and f3 are the. limits of p ..L for the bin in question. If the 

x in this equation ie x1. (eqn.II.B.l) the quantity which they plotted 

was indeed .f , but if they meant x
2 
for~ here too, their results 

must be mutiplied by 1.049 before being compared withours. Because 

this is uncertain (Ha-2), we just used the quantity that Sims et al. 

plotted)with no correction factors applied. 

b. Only these errors.are actually given in Si-l. All the other errors 

for the 28.5 GeV/c data are interpolated from these errors. 
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We do note, however, that for this same transverse momentum and 

for x2 between 0. 05 and 0. 08, f increases by 50° /o when we go from 

Brookhaven to ISR energies (fig. 4). 
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Also, at higher transverse momentum, f does increase with increasing 

energy, even at ordinary accelerator energies. However, this increase 

is at a much slower rate than for the :rr spectra. A comparison of our 

data with that of Akerlof et al., for both signs of the pion charge, 

confirms this fact (figs. V.5 and IV.3). 

We do not believe that we have reached true scaling in the central 

+ region for the reaction pp~ ~ + anything, since the ISR point is 50 ~ 

higher, and since we have not even reached scaling in the target 

fragmentation region. 

+ The difference in behavior between the ~ and ~ spectra is not so 

hard to understand. The final state for pp interactions has charge 

+2 and baryon number 2. If both outgoing baryons are protons there will be 

equally many negative and positive pions (we neglect the small amount of 

strange particle production). On the either hand, some of the baryons may 

be neutrons, in which case there will be'an excess of positive pions. 

Obviously, the ratio ~+/o;;- decreases with increasing prong number. 

For 2-prongs only positive pions can be produced, whereas for 20-prongs 

+ an excess of one or two ~ 's can have little effect on V:+/ ~· Therefore 

this ratio, which is 2.67 at our energy, tends toward one at high energies. 

+ -This explains whyf increases more slowly for~ 's than for~ 's. 



80 

At acclerator energies jJ is not only not increasi~g rapidly, it is 

flat (near x = 0) or falling with energ Y, for the :rr +. This may be 

++ + 
because there is a large ~ contribution to the :rr production cross 

+ ++ 
section at our energy; prcbably about 1/3 of our :rr 's come from A . 

++ 
The ~ production-cross-section is probably decreasing with increasing 

energy. We base this assertion on the fact that the total cross section 

is observed to be almost energy independent above our energy~ Therefore, 

neglecting baryon anti-baryon pairs, the baryon prpduction cross section 

must also be flat. Because more and more baryon resonance channels 

open up as the energy increases, it is likely that the fraction of baryons 

++ ++ 
produced from the decaY of the ~ decreases, and therefore the ~ 

cross section decreases. 

++ 
The[i 's are produced fairly peripherally. This means that the 

:rr +, s resulting from i{+ decay will be in the proton fragmentation region. 

Because ~+ production probably decreases with increasing energy, 

the :rr+'s resulting from its decay also decrease. For this reason 

the structure function should decrease with increasing energy;in the 

fragmentation region, as we observe. 

+ It turns out that at our fairly low energy, many of tbe :rr 's from 

-f+ 
~ · decay reach the central region. This implies, for the reason 

previously stated, that f decreases with increasing energy in this region 

++ 
also. However, at ·fuigher·- ene~gies the contribution of the li. to the 

central region becomes less important, and;D is expected to increase 

because of the increasing pion multiplicity. This is consistant with 

our observation of a flat region at acclerator energies, 

followed by a risin~ from acclerator to ISR energies. 
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Perhaps it is interesting to note that ·n-ear :x = ·o, } _ increaElcs 

slowly with ene?:"gy for pions produced in the 11on-exotic reactions 
+ + n p ~ n + anything, n~p ~ n + anything and p ~ n + any~hing (Ga-l; 

Be-3; Cr-1; Sh-1; Mo-l). We emphasize that these reactions are similar 

only in that, near ~ = b, jP increases slowly with energy at accelerator 

energies, and in that for the proton breakup region (slow or backward 

lab. momenta), the lower energy differential cross section exceeds the 

higher energy cross section: the absolute va tues of the normalized structure 

functionS are quite different for these different reactions at accelera-

tor energies (fig. rv.6). 
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Fig. V.4. "Invariant single-particle inclusive spectra (p + p 
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+ ~- + ••• )plotted as a function of x at the indicated 
2 p_cvalues from ISR data" (ref. Ra-2) " and from 28.5 GeV/c 

bubble chamber data." [Figure and caption copied from ref. 

Pa-3. The variable x is what we call x2.J 

N.B. The data point is at the center of the triangle for 

this plot. 
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Fig. V.5 A comparison of this experiment (6.6 GeV/c) with Akerlof 

. + 
et al. (12.4 GeV/c -ref. Ak-1) for pp_.1r + anything;Jvs. 

x2 for 3 values of pr: 0.22(,&- ), 0.43(• &<>),and l.o6 

(•&.6.) (GeV/c) 2 . The first symbol of each pair above is for 

our data, and the second is for Akerlof's. The x2 bin width 

of our points is equal to their separation, and the p~ bin 

width is 0.1 (GeV/c) 2 for the 2 smallest p~ values, and 
2 2 2 ~ -

0.2 (GeV/c) for pJL = l.o6 (GeV/c) • 

Please note: the data point is at the apex of the triangle, 
viz. ~ and i. 
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c. Comparison with Higher Energies for Proton Production 

Proton-proton elastic scattering has been extensively studied 

(see pp 25 et seq. of ref. Be-13 for a data compilation and list of 

references). These studies show that the differential cross section 

dCT'/dt is almost energy independent when plotted against the appropiate 

variable. In fact, Krisch showed that da-tjdt depends only on ~ *p...l. for 

* pp reactions from 5 to 32 GeV/c, where ~ is the C.M. proton velocity 

(Kr-1). [The term dCY"t/dt is introduced by Krisch to take account of the 

symmetry of the initial state in pp interactions. 

(du/dt) = (do-t/dt) · · observed forward 

It is defined by 

t 
+ (dC7 /dt )b k d. ac war 

Clearly it is only near 90°, where the forward and backward cross-

. t 
sections ar~ of comparable magn~tude, that (dG7dt)observed and d~ /dt 

are very different] 

. Consider the plot of do--T/dt vs. f3*2pl_. It is energy independent 

and decreases rapidly with .B*2p~. Now suppose that we want to plot da" +/dt 

against p~ instead of ~*2p~ Each point ~*2p~ = ai is mapped onto a 

point p
2 

= a./~*2 , i.e. the entire curve is stretched by a factor 1/.~*2 ..L. ]. 

( ~*2 < 1) • The larger (3* is, the smaller that the stretching will be. 
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Alternatively, we may first look at d<r+/dt vs. pi_for small ~~very 

stretched). As~* increases, the curve will shrink (become less stretched). 

The effect is illustrated below. 

d·q-+ 

dt 

0 

A 

(3*2 2 
a. 

. p ..1-

]. 
0 

B 

a> energy 
l>R..*. >h ~* > 9 

~hJ.g low ·' 

a. 
]. 

high energy 
low energy 

a. a. 
]. ]. 

~*2 (3.*2 
high low 

2 
p..L.. 
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We emphasize that if dv+/dt vs. ~*2pjLis energy independent (which it 
t 2 . 

appears to be) then d<r / dt vs. p .J.. must shrink. The percent of 

shrinkage is given by 

,i = 100 1- ~ l/~*iow - l/$*~igh l = 
100 

'1-.fl 

l l/f3*2 ) 
low 

Therefore the percent shrinkage from 6.6 GeV/c to infinite energies is 

4 = 1oo X (1 - o.BT) = 26 °/o. 

Because so much work has already been done on elast.ic scattering, 

and because of the difficulty in determining our elastic cross-section 

(see section III.D), we feel that there is no point in comparing our 

differential elastic cross sections with higher energies. Therefore, 

in comparing with higher energies, we omit the region of high x where 

elastic scattering is dominant. 

Allaby et ·aL have presented a graph of J vs. x2 for proton 

production in the region 6.6 to 24 GeV/c. They obtain the,6.6 data 

points, for pJ-= 0.65 GeV/c only, from our earlier paper (Ab-2). We 

add to this graph our data points at p = 0.15 and 0.35 GeV/c. [we ...L . 

also replot our p-L = 0.65 GeV/c data points using the same bins that 

we use for the lower two momenta, for convenience] The result is 

figure 6. Fbr most points error bars are not shom1 because the point-

to-point error is less than the size of the point. There is also a 

~ 0/o normalization error for our data, and systematic errors of up 

to ±15 °/o for the other experiments. These errors are not shown on 

the plot. 

It is evident that for the lowest two momentum intervals of fig. 6b, 

our data exceed the higher energy data. For x
2 

> 0.2, we exceed 
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Fig. v.6 A comparison of this experiment (6.6 GeV/c) with higher acclerator 

energies (from f~g. 9f 0f ref. Al-4, also presented on pp 239 of 

ref. La-1) for pp ~ p + anything. :For this expt. APJ- = ±0.05 GeV/c. 

For most points error bars are not shown because the error is 

smaller than the size of the point. 

a. (upper fig.) fvs. pll(lab) 

(lower fig.) 
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0 .· 0 
Allaby's 24.0 GeV/c data by 50 /0 for p-'-= 0.15 GeV/c, and by 30 /0 

for p...l... = 0.35 GeVjc. 

Allaby. 

For p = 0.65 GeV/c we are in agreement with 
..l... 

For x
2 

< 0.1 we exceed the higher energy data by an even greater 

amount: the value off at 6.6 GeV/c is 2 to 2~ times as large as at 

24.0 GeV/c. 

That fC6.6)/f(24) decreases with increasing p...L is not at all 

surprising. This is just a consequence of the fact that (p..J..) is · av 

still increasing with energy. We have noted similar behavior for 

the n + and n-. 

The decrease of f with energy at accelerator energies is also 

expected. There are very few baryon anti-baryon pairs produced at 

these energies. Therefore, unless there is an increase in the 

proton to neutron ratio, the fact that the total pp cross section is 

almost energy independent above 6.6 GeV/c means that the strueture 

function must decrease with energy. This can readily be seen by 

considering the behavior of B(y,s) with increasing energy, where 

00 

B(y,s) = 1 _f(y,pJ...,s)dpj_= (c/n)dO/dy I r. C. 10 and 13 

It is well known that if fCx,pJls) is energy independent above some value 

of~ (scaling has occurred), increasing the energy only increases the 

length of the central plateau of a ;[ vs. l. plot (r. is the rapidity defined 

* by eqn.s II.B.7). Now y increases from 1.32 at 6.6 GeV/c to 1.97 at max 

24 GeV/c, a 48 °/o increase. This means that if B(y,s) vs. l. had a 

rectangular shape at 6.6 GeV/c, the total number of protons produced 

must increase by 48 °jo if scaling has occurred. Because ;[actually 

is larger at large y* (see fig. lOc) even for inelastic events, the 



increase will be somewhat less than this. The effect is illustrated in 

B 

fig. 7. 

* y 

Fig. v.7a Inelastic rapidity 

distribution at 

6.6 GeV/c 

'B 

additional protons 

* y 

Fig. V.7b Inelastic rapidity 

distribution at 

24 'GeV/c assuming that 

scaling has already 

set':in at 6.6 GeV/c. 

However, as previously mentioned, the total cross section does not 

increase with energy (and the inelastic cross section increases very " 

slowly, if at all). Therefore the structure function must decrease 

with energy. Since the structure function at small pj_contributes most 

strongly to~' it must therefore decrease by about 48 °jo on the average. 

This is indeed what we observe. 

Furthermore, as we. increase the beam momentum, the "leading proton" 

makes a smaller and smaller contribution near x = 0. Since baryon 

anti-baryon pair production is not important even nea:r x = 0 at 24 GeV/c, 

the structure function should fall more rapidly with increasing energy 

near x = 0 than elsewhere, as we observe. 
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++ 
Our high _point· at x

2 
= 0. 85 arid p ..L.. = 0.15 may be due to h decay, 

as explained in the previous section. For a peripheral ~++, kinematics 

requires the proton to be fast and forward too. 

The better agreement in the lab. frame for small I x I is probably 

fortuitous (fig. 6a). 

We compare our results with the ISR results of Ratner et al. 

(Ra-2). We observe a siniilar effect with respect to the ISR points 

(fig. 8). There appears to be a 60 °/o decrease from 6.6 GeV/c to 

ISR energies (1100 GeV) for p = 0. 4 GeV/ c, greater than the 
.J.-

0 
approxi~ately 30 /0 decrease from 6.6 to Allaby et aL ':s 24.0 GeV/c 

data, i.e. f seems to still be decreasing from 24 GeV/c to ISR 

energies. 

According to J. C. Sens ( Se-1), the ratio pfp is 0.55 ± 0.10 

at ISR energies and x = 0. Recently the British-Scandinavian 

Collaboration has reported the ratio pfP integrated over the outgoing 

proton momentum range 0.3 < p < 1.2 GeV/c (in the ISR lab., i~e. almost 

) 
0 0 . 

in the C.M. , for 5 C.M. angles from 90 to 29 for 1500 GeV equivalent 

incident energy.(table 4 of ref. Al-5). If we average their reported 

-values, we obtain pjp = 1.~6 ± o._ll (or pfp = 0.53 ± 0.03). It therefore 

appears that scaling has not been reached even at ISR energies. Whether 

}'will continue to fal~ at these energies depends on whether or not the 

contribution from "leading protons'~ is falling faster than the contribution 

from baryon anti-baryon pairs is increasing. 
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B. One Dililenslonal··m:s--crtbut±onsc f'or·th:i:s -~t 

We plot for the positive outgoing particles (the~+ and proton), 

the same CJ_uanhties that we plotted for the~ in section IV.D.l, i.e. 

various longitudinal distributions for the elastic, 2-prong inelastic, 

4-prong, 6-prong and combined samples (figs. 9 and 10). We notice the. 

* well known clustering at p 11 ~o for those events with a large number of 

particles in the final state. We also notice that whereas the ~ 

distributions fall off fairly rapidly with increasing x2 (figs. rv.8a 

and V. 9a), the proton distribution increases with increasing ~' even 

when we exclude the elastic events (fig. lOa). 
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It should be pointed out that plots of F(x2 ) vs. x2 (see eqn. II.C.8) ,_af~ther 

different than plots of the ordinary cross section, d cT/dx2 vs. x2 

(not shown). Not only does the energy factor multiplying the ordinary 

cross section (eqn. rr.c.8) make the distribution fall more slowly with 

increasing x2 , but it greatly changes the behavior of different mass 

* distributions near pll = 0. For example, even though there are twice 

* as many~ 's as protons near pll = 0, the structure fUnction for~ 's 

is only half that for protons in this region. (table v.~). Clearly, 

* this is because near pll = o, the proton rest mass is a major contrihuter 

to the proton energy, so that it has a much higher value of energy than 

does the lighter pion. 

We note that the total ,{ distribution decreases ~ rapidly than 

does the 1r distribution, at large x
2

• Just the opposite is true of __ 

the pions from 4-prongs alone: the ~+ distribution decreases more 

rapidly for them. The difference is due to the fact that the Tf 's are 

also produced in 2-prongs, whereas 1f's are not. As previously mentioned, 

for fewer prongs there is a less rapid decrease off with x
2

• 

/ 
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=· FF vs. x2 (using OToo = 39.5mb). 
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Table V.2. Comparison of pion and proton distributions a.t' x:::: o. 

Particle ratiosa 

structure function ratiosb 

a. from plots of d(J/dx2 (not shown) 

Ratios 

+ rr /proton 

5-5 

1.4 

rr-/proton 

2.1 

·b. from figs. IV.8a and V.9a and lOa. We tabulate F(rr )/F(proton) 

for x::::: O, where F is defined by equation II.C.8. 

+ The completely different nature of the proton and rr 
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distributions is also evident in plots of the laboratory differential 

cross - section vs p \\ (lab) (fig. 9 b ' and lOb ) and the integrated 

structure function vs. the laboratory rapidity, y (fig. 9c and lOc). 

Only the protons have appreciable cross sections ·at large laboratory 

momentum. 

The proton rapidity plot is plotted against an expanded rapidity 

scale. This is done because the kinematic limit in rapidity for the 

heavy proton is less than for the light pion. We observe that most 

of the pions lie within the kinematic limits for protons. 



2 
Finally, we plot the transverse distributions G2 (~,s) vs. pJ-, 

where G2 is given by eqn. II.C.l4 (figs. 9d and lOd). We draw two 

exponentials through the "all-prong" data points by eye, just as we 

did for the~- distribution (section IV.D, page 60). + The ~ ·data 
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are represented fairly well by these two curves, with the "break-point" 

occurring at about p~= 0.25 (GeV/c)
2

• In fitting the proton data, 

we ignore the two bins for which p_i. < 0.1 (GeV/c)
2

• Backward elastic 

protons in this region have laboratory momentum not much larger than 

p.&.' and are therefore often nbt seen (see section III.D). Two curves, 

with a "break-point" at about pi= 0.47 (GeV/c) 2
, represent the 

remaining points fairly well out to about p~ = 1.8 (GeV/c)
2

. It 

then appears that another even-less-steep exponential is needed. 

If we compare all the transverse distributions (figs. IV.Bd, V.9d, 

and V.lOd), it is evident that + the ~ has a gentler slope than the 

2 
~ at large ~' and that the proton has a gentler slope than either 

2 pion for all p~ The fact that protons have a gentler slope than pions 

is, of course, well known. This same behavior can be seen in a table 

of the average transverse momentum (table 3). Also, we note that 
. + 

(p,) · is smaller for the ~ than for the ~ for both 4 and 6-prongs. 
- av 

However the large value of (P.) for 2-prongs (which only contribute 
-av 

to the~+ sample, of ccurse) more thari compensates for this. The 

result is that for "all-prongs" <P. ')' is larger for ~ + than fc)r ~-. 
-av 

One last remark: the solid curves on fig. lOa are the results 

that we obtain if we do not use the subtraction method to calc"Lllate 

~he proton spectra (see section III.E), but instead assume that all 
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Table V. 3 Average transverse momentum for pp +X + anythi.ng for an 

. incident momentum of 6.6 GeV/c, where X=~-, ~+, or p.a 

<p.L.)av. 

(MeV/c) 

topology ~ ~ 
+ proton 

all events 272 ± 1 288 ± 1 378 ± lb 

elastic ------ ------ 371 ± 2b 

2-prong (inel.) 325 ± 3 387 ± 2 

4-prong '278 ± 1 259 ± 1 375 ± 1 

6-prong 228 ± 2 217 ± 2 343 ± 3 

a. Please Nbte: The errors quoted in this table are statistical errors 

only, and are useful only for comparing different values in this 

table with each other. To compare these results with other 

experiments an estimated measurement uncertainty of about ±4 MeY/c 

must be added to this error. 

b .• (pJ./" is too large because elastic events with srnaJ.l p_1_(and av 
therefore small p (lab) half the time) were lost - see section 

" III. D. 

the tracks called protons on the basis of bubble density and 

* kinematic fits, and for which p t o; are indeed protons. If 
1\ 

we do not use the subtraction method, our results will be about 

30 °/o too high for the 2-prongs and 15 °/o too high for the 

4-prongs near !. = 0. This is because there are many 1t +s in _._this 

region of laboratory momentum, so that if one cannot cleanly separate 

+ 
these two particles, there will be serious 1t contamination in the 

proton sample. 
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·, Finally, we mention that some proton distributions for this experi-

ment have been presented in an earlier paper (Ab-1). While w.e do not 

plot these distributions again in this paper we should point out that 

if an error in the axes labeling is corrected in this other paper 
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( dVJdp 
1
, should read dV/d I P,, \), the distributions· plotted there are 10 to 

15 ° fo higher for small ~ than those we calculate using the subtraction procedure 
.. 

employed in this paper, even,though the 6-prongs were not included in 

that earlier paper. However, in this other paper, the method of sub-

tracted distributions was not used, except for some missing mass reactions, 

and both forward and backward protons were included, at least for some 

final states. 

I'!. Two Dir::ensional Distributions for this Experiment 

Fbr both outgoing ~+'sand protons, we now plot p vs. x
2

, for 

five equal intervals in pJ-from 0 to 1 GeV/c (ftgs. 11 and 12). 

Although the structure function is much larger for ;r+ than for 

iT , the shapes of both pion distributions seem somewhat similar (figs. V,ll 

and 

for 

IV.lla): there appears to be a somewhat more pronounced shoulder 

+ 
the 1't events at x2 = 0.2 and P..1..= 0.1 GeV/c. For both plots, f 

falls off less steeply with ~ for higher transverse momentum. On 

the other hand, the proton distribution rises with x for low p and 
..J2 

is fairly flat for large p • 
:.J.. 

We can summarize the above paragraph by saying that the structure 

function cannot be factorized into functions of longitudinal and trans­

verse momentum at 6.6 GeVjc. 
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VI. SUMMARY AND CONCLUSIONS 

We have shawn that, for the reaction pp -71'C + anything, scaling 

occurs in the limiting fragmentation region for incident beam momenta 

as law as 6.6 GeV /c, i.e. the laboratory differential-cross-section 

d2ajdp~p 11 is energy independent for p~< 0.6 GeV/c and Feynman's x 

* '<. -0.4. Scaling has not yet occurred in the central region (p 
11 

::t 0), 
I 

but the non-scaling term is not in disagreement with the s- q: dependence 

derived from Mueller's optical theorem. 

. + The react1on pp -7 1C + anything has been shawn to behave quite 

differently. There is no scaling in the limiting fragmentation region: 

the laboratory differential cross section at 6.6 exceeds that at 28.5 

GeV/c. In the central region scaling appears to have occurred for small 

transverse momentum, that is the structure function seems to be energy 

independent between 6.6 and 28.5 GeV/c. This may be fortuitous because 

the structure function then increases by about 5CJl/o from 28.5 to 1300 GeV/c. 

For the reaction pp -7 p + anything, the structure function decreases 

in both the limiting fragmentation and central regions, with the 

greatest decline occurring in the central region. As we explained in 

* * * section v.c, from a consideration of a da/dy vs. y plot (where y is 

the C .M. rapidity), for P. of a particle "x" to remain constant as the 

beam energy increases the number of particles of type "x" must increase 

wi t'h Energy. However the total :pp. cross section remains· constant, so 

that auditional protons must come from nucleon anti-nucleon pairs. 

These are difficult to produce, and therefore f decreases with energy. 

Furthermore, as the energy increases fewer and fewer of' those protons 

not corcing fran nucleon anti-nucleon pairs contribute near x = 0. This 

explains why f declines most rapidly near x = o. 
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There are no such restrictions on pion production, so that pions 

are produced much more copiously, and therefore jP does not decrease with 

+ energy for pions (except for~ 'sin the fragmentation region and 

acclerator energy region, as noted above). 
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APPENDICES 

"i 
l 

~- j 

I 

A. Dalitz-Pair Production. 

It is well known that 1.16 °/o of the time the n° decays into 

e + e -'i instead of "&l(Pa-l). The possibility exists that electrons may 

be confused with charged pions. We therefore estimate the cross 

section for Dalitz-pair production in our experiment. 

If we ignore the deuteron and kaon, there are in general four 
() 

reactions for ead1 topology which produce n 's. One reaetion, reaction 

number 2 (see table B.l for a list of reactions), is a one constraint 

0 
l1 • reaction that produces a single The other three reactions are 

0 
missing mass reactions, so that the number of 11 's must be estimated. 

First, we calculate the average number of charged pions in all missing 

mass reactions, taken as a group, with the use of an approximate 

knowledge of their relative production rates (see table l). These 

rates are taken from ref. Co-l or are estimated by us. Then, we 

estimate the average number of pions produced in missing mass reactions. 

This is done by looking at the number of pions produced in higher topology 

reactioqs for which we know the number of produced pions. For example, 

table III._6 shows that while 2, 3, 4, !¥ld ~ final states are 

produced in reasonable numbers, final states with 6 or more n's are 

extremely rare. We therefore estimate that the 2-prong missing mass 

reactions have, on the average, 3.5 n's in them (this may be 

somewhat high, since the 5n cross section seems fairly low). To get the 

0 average number of 11 's, we subtract the average number of charged n's 

from this number. A similar procedure is followed for the 4-prongs, 

except that we now only consider final states with 4 or more n's , 



Table A.l Average number of no's for missing mass reactions 

Topology 

2-prongs 

4-prongs 

6-prongs 

React 
no. 

3 

5 

9 

3 

5 

9 

3 

5 

9 

a 
Fractio no. of 

of = chgd. r of l: chgd.x 
TT's mm 

~ Pvg. 

react ~ 

0 

l 

2 

2 

3 

4 

4 

5 

6 

0.18 1.03 

0.61 

0.21 

0.28 . 

o.61 2.83 

O.ll 

0.38 

0.60 4.64 

0.02 

b Est. c 
no. of No. of 
all nO's 

ff's (diff.) 

3.5 2.47 

4.5 1.7 

6.1 1.46 

a. See table l of appendix B for a list of missing mass reactions 

b. see text 

c. est. no. of all "'T's - avg. no. of charp;t;-d TT's 
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Table A. 2 Dalitz Pair Production .:::..;o.. ____ _ 

. 
(' 

Fraction b o-
f o, 

Avg. u- cr 0 1t s - ( l or 2 
a X . . = 0 X decaying - . . .,.... 

React no. of (Reactwn) (1r ) into Dahtz-paus) <... .... 

Process No. 1r0
' s (mb) · (mb) Dalitz-pairs (mb) ... 

2 prongs ~pseudo 4-prongs 2 l 2.06 2.06 L. 

3 '5 ' 9 2. 5 9 ~ 9 24 . 8 ,, ..... . 
26.9 0.0116 .312 \.,.• 

. 0; 
4 prongs ~pseudo 6-prongs 2 1 2.3 2.3 

3,5,9 1.7 2.4 ~ ' 
6 . 4 0. 0116 • 07 4 c: 

6-prong ~pseudo 8-prong 2 1 .207 .207 e. .. 
3,5 ,9 1.46 .047 .069 .0032 

.276 o.on6 -....: 

4-prong ~pseudo 8 prong (see above ) 6.4 .000035 .ooo44 c: 
.0036 

8-prongs ~ pseudo 10 prong all 1 (?) .022 .022 .0116 .0002 

6-prongs -;. pseudo 10-prong (see above ) .276 .000035 .00002 

.0002 

a See table 1 of appendix B for a list of reaction numbers. 

.b· •. :from l?a-1 

...... 
0 
1-' 
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0 
when we estimate the number of~ 's that are produced. 

We now are in a position to calculate the ~O production cross 

section for each topology. The results of this calculation are presented 

in table 2. Then, from the fraction of ~0 's decaying into Dalitz pairs, 

we calculate the Dalitz-pair cross-section (table 2). 

* Sections IV and V show that pions like to cluster about p = o. 
0 * T~erefore, let us consider the decay of a ~ with p = 0. Although, 

from kinematics, the e+e- system can have a mass as high as the ~0-mass, 

in fact it usually has a very small mass (Sa-l). This is because the 

virtual 6 prefers to be near its mass-shell value. Therefore, the 

+ - 0 e e system usually carries away about half the energy of the ~ -mass, 

in the ~0 rest frame (which we are assuming to also be the overall 

C.M. of the reaction). Let us consider the case in which this energy 

is equally divided between the electron and positron. The electron will 

1 
therefore have an energy of about~~ The Lorentz transformation 

equation from the C.M. to the lab is 

Consider an electron going directly forward. Because of the light 

mass of the electron, its energy and momentwn are almost equal, and we 

can therefore write 

(2.01 + l. 75 )Xbn~o = 127 MeV/ c, 

A.2 

where y and~refer to the velocity of the C.M. as seen in the laboratory, 

for pp interactions at 6.6 GeV/c. Similarly, if the electron comes 

directly backward, we write 

p (lab) = (-2.01 + L75)X~ O = -9 MeVjc. 
1\ ~ 

A.3 
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+ -We should point out that the e e mass is not small compared to 

the electron mass, so that one electron may carry away considerably·. 

more energy than the other. In fact, the energy partition is fairly 

uniform (fig. 8 of ref. Sa-l). Therefore, one electron may have a 

laboratory momentum up to 254 MeV/c. Of course, in this case the 

other electron would be practically at rest in the laboratory. 

From the above considerations, we crudely assume a linear 

fall-off in the e + production-cross-section from 0 to 127 MeV/ c. 
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This means that 60 °/o of the time, either the electron or the positron 

will have a momentum of less than 50 MaV/c. Now, our scanning instructions 

state that a track is to be considered part of a Dalitz-pair if it curls 

up in the bubble chamber. This means that the maximum radius, for our 

approximately 4o em wide chamber, is 10 em. At 17 kilogauss, this is 

a momentum of 50 MeV/c. We therefore can reject 60 °/o of the Dalitz-

pairs by just glancing at the scan table. In addition, practically all 

ttwr:e eled;rons ~~an be dic.tingui.shed from pions b.v their bubble densitiet:;. 

This means that for the 4-prongs, where the bubble density was determined, 

there should be no Dalitz-pairs in our sample. 

If no Dalitz-pairs were rejected, table 2 indicates that we would 

have a 0.074mb (10°/o)contamination of our 6-prong sample. Even this 

is not disasterous when compared to the 13 °/o error in the 6-prong 

cross section. However, for the reasons just stated, we only expect 

a 4 °/o contamination of our 6-prong sample. Similarly, we only expect 

a 6 °/o contamination of our 8-prong sample and a 0.8 °/o contamination 

of our 10-prong sample. These corrections are very much smaller than 

the statistical errors of the cross sections reported for these topologies. 



i 

' 
Our 4-prong distributions should be similarly unaffected. If 60 °/o 

of the Dalitz-pairs are rejected by just glancing at the event .on the 

scan table, there is only 1 °/o contamination. 

We therefore conclude that Dalitz-pair production does not 

affect our results. 
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B. Reliability of 4-constraint Fits 

It is well known that, for bubble chamber events, four constraint 

fits are quite reliable. This is illustrated by fig. l. Most .of the 

spurious l and 0 constraint fits are eliminated by the application of 

bubble density information, while the 4-constraint fits all survive. 

For a system in which the beam and target are identical particles, 

the outgoing particles must have identical distributions with respect 

to the beam or target. This means symmetry about the 90° scattering 

angle in the overall C.M. system. 

This symmetry is observed for the primary 4-constraint reaction, 

reaction number l (see table l for a list of reactions), but it is 

not obs.erved the most important 1-constraint reactions. For example, 

+ - 0 + + - 0 the reactions pp ~ pp rc rc rc and pp ~ p rc rc rc n have about a 10 / o 

forward-backward assymetry (even after bubble density criteria are imposed). 

Amgiguities among 4-c fits do occur (see table 2). The fact that 

+ -there are many more K and deuteron 4-c fits ambiguous with pp ~ pp rc rc , 

than there are unambiguous K and deuteron 4-c fits, coupled with the 

fact that the K and deuteron cross sections are believed to be small, 

leads us to conclude that most of these ambiguous K and d fits are 

spurious. 
0 

DiscardinG these K and d fits, we are left with a 7 /o 

ambiguity level (and therefore a maximum error of 3~ 0
/o) in the reaction 

+ -pp ~pprc rc . This is before bubble density criteria are imposed. Am~iguity 

levels among l-constraint fits are much worse. (see table 3). 

.. 
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No. ot 
Events 

D = Removed By 
15 Bu.bb I e Density . . 

\0 

5 

0 

. , ' 2. 
~4-C ~l-C 

~ 

l Z . 
itmm 

Comp~~'&on 

= RernG\.in iVl~ 
A .f te'C'" S. o. 
Compa.~ iso.n 

Fig. B.l The effect of comparing actual and predicted bub~le 

densi tie's for a sample of 15 4-prong events having 

one and only one 4-constraint fit. The comparison 

is performed by looking at events on the scan 

table. 

·-,.., 
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Table B.l Reactions for which fits are attempted 
- 2, 4 and 6-prong non-strange topologies 

. . 

Reaction 

No. 

l 

2 

3 
4 

5 
6 

7 
8 

9 
10 

ll 

12 

a 
No. of 

Constraints 

4 

1 

0 

l 

0 

4 

l 

0 

0 

4 

l 

0 

2-prongs 

(event type 

PP ~ PP 
pp:rro b 

c 
PP mm 

+ 
p1! n 

+ d 
p1! mm 

d:rr + 

ci1r + 1( 0 

+ e 
<l:rr nun 

+ + f 
1( 1( mm 

a. from kinematic fitting 

4-prongs 

2) (event type 

+ -
PP1f 1f 

+ - 0 
PP1f 1f 1f 

+ - c 
PP1f 1f mm 

+ + -
p1! 1( 1( n 

+ + - d 
P1f rr 1f mm 

+ + -
ci1r 1f n 

+ + - 0 ci1r 1( 1( 1{ 

+ + - e 
dn: rr rr mm 

+ + + - r 
n: :rr n: n: mm 

+ -
PPK 'K 

+ - 0 
PPK K 1f 

+ -
PPK K mm 

6-prongs 

3) (event type 4) 

+ + - -pp1! 1( 1( 1( 

+ + - - 0 pp:rr j[ 1( 1( 1( 

+ + - - c 
PP1f 1f :rr :rr mm 

+ + + - -
p1! 1f 1f 1f 1f n 

+ + + - - d 
P1f 1f 1f 1f 1f mm 

+ + + - -
d1f :rr 1( 1{ 1( 

+ + + - - 0 ci1r 1{ 1( 1( 1{ 1( 

+ + + - - e 
dn n: 1f n: n: mm 

+ + + + - -
j[ n: 1{ 1( n: 1{ JTilll 

+ - + -
PPK K n: 1f 

+ - + -
PPK K 1f 1f 1r0 

+ - + -ppK K 1f n: mm 

b. 
. 0 

Therefore pp ~ ppn: is also referred to as react. 2, E.T.2 
0 

mm mass (2n: 's) c. 

d. mm mass ( nt-rr
0 

) 

f. mm mass (2n' s 
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Table B.2 A sample of 4-prong events having at least one 

4-constraint fit (before bubble density criteria 

imposed). 

Only one 4c fit 

react. l(:rr)a 
II 6(d) 

lO(k) 

Two !~-C fits 

both are react. 1 (:rr) 

reacts. l and 6 (:rr) d_) 

reacts. 1 and lO(rr, 1<:) 

reacts. 6 and lO(d,K) 

Three 4-c fits 

More than three 4-C's 

Total 

Number of events 

1185 

11 

93 

n8 

30 

l 

1203 

242 

15 

3 

l463b 

a. see table l for a list of reactions by reaction no. 

b. composed of 824 S.R. events and 639 F' stein events -

a ratio not too different from the almost 50/50 

ratio of the entire 4-prong sample. The S.R. events 

are somewhat more ambigious than the F'stein events. 
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Table B.3 A sample of 4-prong events having no 4-constraint 

fit:> and at .least one 1-constraint f:i.t. (be t'orc 

bubble density are criteria unposed). 

Onl,y one l-C fit 

react. 2 (:ret 

4 (n) 

7 (d) 

ll (K) 

Two l-C fits 

two react. 2's (1t)a 

reacts. 2 and 3 (1t,n) 

two react. 4's (n) 

reacts 2 and 7 (1t,d) 

reacts 4 and 7 (n,d) 

reacts 2 and ll(:rc, K) 

reacts 4 and ll(n,K) 

2 reacts 7 (d) 

reacts 7 and ll(d, K) 

2 reacts ll ( K) 

Three 1-C fits 

More than three 1-C fits 

Total 

Number of events 

455 

979 

154 

9 

1597 

51 

434 

251 

160 

151 

7 

6 

2 

5 
l 

1068 

566 

376 

3607 

a. see table l for a list of reactions by reaction number. 
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Table B.3 (continued) 

b. composed of 2302 S.R. and 1305 F'stein events. The ratio of S.R/F'stein 

is somewhat different than in table 8/19-2 because some 4-C S.R. events 

_were wrongly rejected. Most were later caught and measured· on the F'stein!s. 
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